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Abstract 
 The investigation of protein-ligand interactions is essential in the development and 

discovery of biologically active small molecules.  However, due to the complex nature of the native 

cellular environment, the elucidation of these fundamental biochemical processes remains 

challenging. Our lack of understanding of protein-ligand interactions in their native biological 

setting has hindered the discovery of new drug targets, and has influenced the progression of the 

pharmaceutical industry. Owing to the advancements made in the fields of organic synthesis, 

chemical biology, and proteomics, the ability to identify cellular targets of small molecules has 

come to fruition through the development of photoaffinity labelling (PAL), which involves the 

design and synthesis of a chemical probe capable of covalently modifying the target of interest 

through exposure to UV-light. Although PAL has proven to be effective, this technique harbors its 

own set of limitations which originate from the challenges associated with the development of a 

suitable chemical probe. In summarizing the requirements involved in a PAL experiment, current 

synthetic methods for the preparation of photoactive diazirines will be outlined, as well as their 

use for target identification studies in the recent literature.  

 Herein, we describe our efforts to apply PAL to a class of small molecules capable of 

regulating muscle stem cell differentiation to be used as therapeutic treatment for Duchenne’s 

Muscular Dystrophy. The large-scale synthesis of this class of biologically active small molecules 

will be discussed, along with the design and synthesis of a PAL probe in order to identify their 

cellular target(s), and shed light on their mechanism of action. 

 Lastly, our work toward and atom-economical synthesis of 1,4-benzothiazines using our 

developed methodology for the selective installation of aryl carbon-sulfur bonds will be outlined.  

  

 

 

 

 

 

 



3 

 

Résumé 

L’étude des interactions entre protéines et coordinats est essentielle au développement et à 

la découverte de molécule biologiquement active. Cependant, la nature complexe de 

l’environnement cellulaire naturel rend difficile l’analyse des processus biochimiques 

fondamentaux. Notre compréhension limitée des interactions protéine/coordinat dans leur milieu 

naturel a jusqu’ici empêché la découverte de nouveaux composés ciblés ce qui ralenti les progrès 

de l’industrie pharmaceutique. Toutefois les développements récents dans les champs des 

recherches en synthèse organique, en chimie biologique et en protéomique permettent d’identifier 

les cibles cellulaires de petite molécule grâce au développement d’une technique d’étiquetage par 

photo affinité (PhotoAffinity Labelling ou PAL), il s’agit de concevoir et de synthétiser une sonde 

chimique capable de modifier par covalence la cible recherchée après exposition a une lumière 

ultra violette. Bien que PAL se soit révélé efficace, la méthode rencontre ses propres limitations 

dues à des problèmes provenant des difficultés liées au développement de sondes chimiques 

convenables. Les méthodes de synthèses actuelles dans la préparation de diazines photoactives 

seront soulignées, ainsi que leurs utilités à identifier des cibles déjà décrites dans des publications 

récentes. 

Ici, nous allons décrire nos travaux dans l’application de PAL a une catégorie de petites 

molécules capables de réguler la différentiation de cellules souches musculaires utilisées pour le 

traitement thérapeutique de la dystrophie musculaire de Duchenne.  La synthèse à grande échelle 

de cette classe de petites molécules biologiquement actives sera abordé, ainsi que la conception et 

la synthèse d’une sonde PAL afin d’identifier leurs cibles cellulaires et d’illuminer leur mécanisme 

d’action.    

Pour finir, nos travaux sur la synthèse atome-economique des 1,4-benzothiazines en 

utilisant notre méthodologie développée pour l’installation sélective de liaisons aryl carbone-

soufre sera soulignée.  
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1 - Diazirines in Photoaffinity Labelling 

1.1 - Introduction  

Unraveling the intricate interactions of proteins and their ligands is crucial for the development 

of active pharmaceutical agents, and also aids in the understanding of enzyme structure.1 A 

significant challenge in these studies is the elucidation of enzyme-substrate complexes at an 

atomic-level resolution. Our lack of understanding of these protein-ligand interactions in their 

native biological setting has hindered the discovery of new drug targets, as currently less than 1.5% 

genes in the human genome are used as pharmaceutical targets.2  Despite the recent technological 

advancements in the screening capabilities for the identification of biologically active small-

molecules, in some cases their biological targets and mechanisms of action remain unclear.3-4 

Having the ability to identify cellular targets of biologically active small-molecules provides the 

opportunity to discover new molecular pathways and therapeutic targets for currently untreatable 

diseases. In 1962, Frank Westheimer and coworkers introduced the concept of photoaffinity 

labelling (PAL) through the modification of the active site of chymotrypsin using a photo-induced 

acylation reaction involving the generation of a reactive carbene within the enzyme’s active site.5 

This was the first reported example of a light-triggered covalent modification of an enzyme, thus 

introducing the concept of photoaffinity labelling (PAL). During the past 40 years, this technique 

has been successfully applied in the fields of structural biology, chemical biology, and medicinal 

chemistry for the identification of cellular targets of biologically active small-molecules, 

characterization of ligand-binding sites, and the identification of unknown receptors or enzymes.6-

8 Since its initial discovery, PAL has emerged as an important tool for studying protein-ligand 

interactions.  

In this thesis, we will describe our efforts to apply PAL to the development of 

pharmacological agents capable of regulating muscle stem-cell differentiation. As a point of 

departure, we will review the synthesis and recent uses of photoactive diazirines in PAL studies 

from 2012-2017. In Chapter 2, we will describe our efforts to apply PAL towards a specific class 

of phosphatases with the long-term goal of developing of stem cell-based therapeutic strategies 

targeting skeletal muscle disorders. 
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1.2 - Overview of Chapter 1  
 In Section 1.3 the general mechanism of PAL will be discussed along with the requirements 

of developing and designing a suitable probe, including the commonly used groups for photo-

crosslinking and reporter tagging. General methodologies for the synthesis of diazirines, including 

several recently developed methodologies, will then be discussed in Section 1.4. Finally, Section 

1.5 will discuss the use of diazirines in PAL studies published within the past 5 years. 

1.3 – Concept of PAL 

 1.3.1 – Mechanism of a PAL Experiment 

 In a PAL experiment, a bifunctional probe that has been functionalized with a reporter 

group and a photoactivatable group, is introduced into cell culture and binds to its biological target 

(Figure 1.3.1.1).9 Upon irradiation with a specific wavelength of UV light, the photolabile group 

is activated, generating a highly reactive intermediate that forms a covalent bond with its cellular 

target; thereby permanently binding the small molecule to its biological target. Following cellular 

lysis, a tagging unit is introduced that reacts with the reporter group on the probe molecule to 

provide the tagged complex. Depending on the type of tagging unit that is applied, a range of 

purification techniques can be used to isolate the ligand-enzyme complex, which can then be 

analyzed using tandem pull-down experiments/mass spectrometry, or gel electrophoresis to 

identify the cellular target of the small molecule. Using this approach for target identification is 

advantageous because it does not require pre-purification of the macromolecule and is therefore 

amenable for use in the study of complex biological systems.  
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Figure 1.3.1.1 – General Workflow of a PAL Experiment 

 Although PAL has many advantages over previous methods used to probe small molecule 

interactions with their cellular targets, this technique comes with its own set of challenges. Firstly, 

a suitable photoaffinity probe needs to be designed that does not perturb the native biological 

activity of the small molecule. In essence, the introduction of the photoactive and reporter groups 

creates a new derivative, which must maintain the pharmacokinetic profile of the parent compound 

in order for the PAL study to be successful. This, in itself, poses many challenges during the design 

and development stages of the probe molecule. Therefore, these groups need to be small and 

installed in the optimal positions on the probe to prevent them from interfering with the overall 

biological activity of the parent molecule. They must also be photo-activated with fast kinetics, 

and preferably with low-wavelength light (< 300 nm) to avoid damage to the biological system. 
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The rate of photolysis is extremely important and must occur in a very short period of time to avoid 

the potential of non-specific labelling. Additionally, the reporter group must be accessible to the 

tagging group to allow subsequent cross-linking. For these reasons, a considerable amount of 

research has been devoted to the design and development of various photoactive and reporter 

groups, which has led to a diverse array of PAL constructs.10  

 1.3.2 – Photo-Crosslinking Groups 

 As previously mentioned, the photoactive group needs to be relatively small in size as well 

as readily activated under mild conditions to prevent any irradiation damage to the cellular 

material. This has led to the design and development of several different photoreactive groups, 

including benzophenones (1.3.2.1),11 pyrimidones (1.3.2.2),12 arylazides (1.3.2.3),13 diazirines 

(1.3.2.4),14 and tetrazoles (1.3.2.5) (Figure 1.3.2.1).15 Of these, the most commonly employed 

groups in PAL experiments are benzophenones, arylazides, and diazirines.  

 

Figure 1.3.2.1 – Photoactive Groups 

 The drawbacks to using benzophenones are their relatively large size, and that they often 

require a prolonged irradiation time, which can cause damage to the biological system or lead to 

non-specific labelling.16 The use of an arylazide also comes with significant drawbacks as they 

require short wavelengths (<300 nm) to be activated, which has the potential to damage cellular 

components. Additionally, upon irradiation, arylazides are known to undergo rearrangement 

reactions to a ketamine intermediate that can significantly decrease the yield of the photo-

crosslinking reaction and can lead to non-specific labelling.17 Therefore, amongst these three 

photo-crosslinking groups, the diazirine has proven to be the most popular choice owing to its 

relatively small size, overall chemical stability, and facile manner in which it undergoes photolysis 

to provide a highly reactive carbene intermediate.  

The excitation wavelength for diazirines is in the 350-380 nm range, significantly lowering 

the possibility of causing UV-irradiation damage to the cell. Upon photolysis, diazirines expel N2 



18 

 

to form the singlet carbene species 1.3.2.6, along with a small amount (~30%) of its diazo-isomer 

1.3.2.7 (Figure 1.3.2.2).18 Upon further irradiation the diazo-isomer can be converted to the singlet 

carbene; however, this process is relatively slow and can lead to non-specific labelling or 

hydrolysis. To solve this issue, Brunner et al. developed the trifluoromethyl-phenyldiazirine group 

(TPD) 1.3.2.8.19 They reasoned that the strong electron-withdrawing effects of the trifluoromethyl 

substituent would stabilize the diazo-isomer, and prevent it from undergoing further undesired side 

reactions. Additionally, the presence of the trifluoromethyl and phenyl groups  to the diazirine 

are thought to provide stability during the extrusion of N2, thereby supressing the formation of the 

diazo-isomer. Since this report in 1980, the TPD group has become increasingly popular amongst 

the research community. 

 

Figure 1.3.2.2 – Initial Products of Photolysis of Diazirines 

 After the loss of N2, the singlet carbene 1.3.2.10 is an extremely short-lived species, having 

a half-life of ~ 1 ns, and can undergo intersystem crossing to generate the triplet carbene 1.3.2.12 

(Figure 1.3.2.3). The singlet carbene itself is known to possess nucleophilic, electrophilic, and 

ambiphilic properties that are dependent on its neighbouring substituents. They rapidly undergo 

insertion reactions into nearby O-H, C-H, and N-H bonds in a non-discriminant manner to generate 

tagged complex, such as 1.3.2.11. On the other hand, triplet carbenes behave like diradicals and 

will first undergo hydrogen abstraction from nearby X-H bonds, followed by recombination to 

form the same tagged species as the singlet carbene. However, after the initial H-atom abstraction, 

intermediate 1.3.2.13 can also extract a second hydrogen atom from an adjacent X-H bond, 

resulting in a formal reduction of the carbene species to generate 1.3.2.14. Another potential 

undesired side reaction of the triplet carbene is oxidation with O2 to generate the corresponding 

ketone 1.3.2.15.20 
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Figure 1.3.2.3 – Photolytic Pathway of Phenyldiazirines  

 In addition to their small size and long wavelengths required for activation, diazirines have 

become the most widely used photoreactive group in PAL studies due to their overall chemical 

inertness to a large variety of reaction conditions including strongly basic, strongly acidic, 

oxidizing and reducing; something that cannot be said about their arylazide counterparts. However, 

their use in PAL studies is limited by their ease of synthesis as it is more challenging and often 

requires multiple steps.21 

 1.3.3 – Reporter Tagging-Groups  

 In traditional PAL studies, the reporter group is directly installed onto the small molecule 

probe before it is administered into the cell culture. Commonly used groups include radioisotopes, 

fluorophores, and biotin affinity tags.21 Reporter groups are used to facilitate the detection of the 

photo-crosslinked complex and to help in further isolation and purification of the tagged 

biomolecule. However, directly functionalizing the small molecule probe with the reporter group 



20 

 

often leads to reduced biological activity and significantly impacts the cell permeability due to 

their bulky size (Figure 1.3.3.1).22  

 

Figure 1.3.3.1 – Commonly Used Reporter Groups 

For these reasons, an alternative method for reporter group tagging was developed in 2003 

by Carolyn Bertozzi et al., wherein an appropriate functional handle is appended to the probe 

molecule that could be selectively ligated after photo-crosslinking through the addition of a 

reporter tag.9 This approach, known as bioorthogonal chemistry, allows for chemical reactions to 

occur inside of a living system without interfering with any of the native biochemical processes 

(Figure 1.3.3.2).23 This proved to be an extremely important method as it allowed for the capturing 

of biological targets in living cells; significantly expanding the scope of PAL studies.10 

 

Figure 1.3.3.2 – A General Bioorthogonal Reaction. Bioorthogonal handles A and B selectively react in 

the presence of native biological molecules 
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 One of the most important aspects of bioorthogonal chemistry is the design and 

development of appropriate reporter and ligation groups that will selectively react in a high yield, 

without the generation of toxic by-products.24 Since 2003, several different bioorthogonal 

reactions have been developed including the Bertozzi-Staudinger ligation of triarylphosphines and 

azides,25 the 1,3-dipolar cycloaddition between alkynes and azides,26-27 the Diels-Alder 

cycloaddition between strained alkynes/alkenes and tetrazines,28 and even Suzuki-Miyaura type 

coupling reactions.29  

 A classic Staudinger reaction involves the addition of a phosphine/phosphite to an azide to 

generate an aza-ylide intermediate, which is hydrolyzed to provide the amine (Figure 1.3.3.3). This 

reaction was modified by Carolyn Bertozzi and coworkers by introducing an electrophilic methyl 

ester trap ortho to the phosphorus atom. Upon formation of the aza-ylide, an amide bond is formed 

via and intramolecular cyclization instead of undergoing hydrolysis to form the amine. The 5-

membered ring intermediate is then hydrolyzed to provide the ligation product.25  

 

Figure 1.3.3.3 – General Mechanism of the Bertozzi-Staudinger Ligation 
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However, amongst these commonly employed ligation reactions, the  most commonly used 

bioorthogonal reaction has been the 1,3-dipolar cycloaddition, or “click reaction”.27 This reaction, 

between an alkyne and an azide, has been widely used in bioorthogonal chemistry for several 

reasons. Firstly, both of these functional groups are small and therefore their incorporation into the 

probe can have negligible effects on its biological activity. Secondly, there are many well 

established methodologies to synthesize and install alkyne and azide substituents from relatively 

simple precursors.30-31 The general workflow for a copper-catalyzed bioorthogonal reaction is 

depicted in Figure 1.3.3.4 and involves the installation of either an alkyne or an azide onto the 

probe molecule, which, after photo-crosslinking with its biological target, can be ligated by the 

addition of the reporter group containing the complimentary functional handle. In the presence of 

a copper catalyst, they will undergo a 1,3-dipolar cycloaddition (CuAAC) to provide the 1,4-

disubstituted triazole containing the photo-labeled complex bound to the reporter group. 

 

Figure 1.3.3.4 – Cu-catalyzed Bioorthogonal Click Reaction  

 The Cu-catalyzed 1,3-dipolar cycloaddition reaction has been studied extensively over the 

years along with its mechanism, which is known to involve dinuclear copper interactions.32 

Compared to the Bertozzi-Staudinger ligation, it has a much faster reaction rate, utilizes simple 

functional handles, and readily occurs in aqueous solutions; making it the most popular choice for 

bioorthogonal reactions for in vivo imaging.33 However, the use of Cu(I) catalysts is known to be 

toxic to biological systems due to the formation of reactive oxygen species in the presence of O2.
34 

To alleviate this issue, several different approaches were taken. In 2004, Bertozzi and coworkers 

developed the copper-free click reaction by taking advantage of the ring strain found in 
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cyclooctynes. The ring strain found within the cyclooctyne promoted the [3+2] cycloaddition with 

an azide under physiological conditions without a Cu(I) catalyst to form the triazole (Figure 

1.3.3.5).35  

 

Figure 1.3.3.5 – Strain-Promoted Alkyne-Azide Bioorthogonal Cycloaddition  

Although the use of strained cyclooctynes, such as OCT, have been proven to successfully 

label glycoproteins in living cells without any observed cytotoxicity,35 they suffer from 

significantly lower reaction rates compared to the Cu-catalyzed counterpart, and OCT is poorly 

soluble in water. To address these issues, several different structurally distinct cyclooctynes have 

been developed wherein functional groups have been added to the cyclooctyne core to improve 

the reaction kinetics as well as its solubility profile in water. In an effort to further increase ring 

strain, a derivative of OCT was made where two benzene rings were fused to either side of the 

alkyne in place of the aryl ether, and an N-functionalized amide was introduced into the 

cyclooctyne scaffold (Figure 1.3.3.6). By making these structural modifications, the kinetics of the 

cycloaddition reaction were significantly improved from 0.0024 M-1S-1 with the parent compound 

OCT, to 0.96 M-1S-1 with the biarylazacylcooctynone analog (BARAC).36  

 

Figure 1.3.3.6 – Modified Cyclooctyne adduct BARAC leads to improved reaction kinetics  
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 Although the structural modifications made to OCT led to a substantial increase in the 

kinetics of the bioorthogonal cycloaddition with the synthesis of BARAC, its reaction rate with 

azides was still ~10 times slower than that of a terminal alkyne in the presence of a Cu(I) catalyst.37 

This prompted further exploration into the development of a biocompatible Cu-mediated click 

reaction. In general, as the concentration of copper in the cell decreases, its cytotoxicity decreases; 

however, so does the rate of the reaction during the Cu-catalyzed azide-alkyne cycloaddition 

(CuAAC).38 In 2012, Uttamapinant et al. demonstrated that an azide coupling partner containing 

a functional group capable of chelating to copper, significantly increased the kinetics of the 

cycloaddition reaction by increasing the concentration of copper at the reaction site (Figure 

1.3.3.7).39 They showed that the use of picolyl azide derivatives led to a 25-fold increase, compared 

to non-chelating azides, in specific protein labeling inside of living cells, even with a ten-fold 

decrease in the concentration of copper loading. To demonstrate the utility of this approach, they 

went on to successfully detect metabolically labeled proteins and RNAs in cells. 

 

Figure 1.3.3.7 – Bioorthogonal CuAAC using copper-chelating Azides  

 In this section, the general mechanism of a PAL experiment has been described along with 

the requirements of designing a probe molecule to study protein-ligand interactions. Of utmost 

importance during the design of a PAL probe is that the derivations made to the parent scaffold do 

not interfere with the native biological activity of the parent compound. This poses several 

challenges, and oftentimes the effort required in optimizing the structure of a suitable probe is 

comparable to that of structure optimization studies in an early drug discovery program.40 
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1.4 - Synthetic Strategies to Install Diazirines   

1.4.1 – General Synthesis of Diazirines  

 Since the popularity of utilizing diazirines in PAL studies has significantly increased over 

the past decade, several different groups have focused their attention on optimizing their synthesis. 

However, the scope of substrates can vary significantly, making it extremely difficult to develop 

a general set of conditions to prepare diazirines. For this reason, there have been several different 

synthetic routes adopted for the synthesis of diazirines that largely depend on the neighbouring 

substituents on the parent molecule. However, all synthetic pathways flow through the common 

diaziridine intermediate 1.4.1.1, which upon treatment with an oxidant forms the desired diazirine 

1.4.1.2 (Figure 1.4.1.1).41 Since this transformation was reported by Schmitz and coworkers in 

1961, it has become the most widely used method for the preparation of diazirines.21 

 

Figure 1.4.1.1 – Oxidation of Diaziridine to Diazirine by Schmitz et al. 

 As discussed in Section 1.3.2, a drawback to using diazirines in PAL studies is the 

formation of its diazo-isomer, which can lead to non-specific labeling. This prompted the search 

for a more suitable diazirine moiety that upon photo-excitation would provide a higher conversion 

to the carbene species, or would form a more stable diazo-isomer species that would not undergo 

subsequent off-target labeling; factors that are largely controlled by the neighbouring substituents 

to the diazirine. During the time of the development of the (trifluoromethyl)phenyldiazirine (TPD) 

photo-cross-linking group in 1980, the effectiveness of PAL studies were hindered by the 

availability of a photoactivatable group that was chemically stable, rapidly photoactivated, and 

generated a highly reactive species upon photolysis.42 Although diazirines were being employed 

in PAL studies in the late 1970’s, their efficiencies were limited by the formation of the unstable 

diazo-isomer species which led to non-specific labeling or hydroylsis.43 By developing the TPD 

group, Brunner et al. more or less solved this problem, since the diazo-isomer generated upon 

photolysis was stabilized by the electron-withdrawing effects of the adjacent trifluoromethyl 
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moiety.19 The synthesis of TPD was straightforward and commenced with oxime formation of 

commercially available 2,2,2-trifluoroacetophenone 1.4.1.3, followed by tosylation to afford 

1.4.1.4 in a 64% yield over two steps (Figure 1.4.1.2). Condensation onto the tosyl-oxime with 

liquid ammonia at -78°C provided the diaziridine 1.4.1.5, which was then oxidized using freshly 

prepared Ag2O to yield the diazirine 1.4.1.6 in a 95% yield after distillation. Since this initial report 

in 1980, a myriad of different conditions have been developed for the synthesis of TPD groups as 

well as aliphatic diazirines. 

 

Figure 1.4.1.2 – Brunner’s Synthesis of TPD 

 Aside from selected examples reporting the synthesis of diaziridines from the 

corresponding amidines,44-45 they are usually prepared over a series of steps originating from the 

ketone starting material. The general pathway involves oxime formation of the ketone 1.4.1.7, 

followed by either mesylation or tosylation to form the sulfonyl ketoxime 1.4.1.8 (Figure 1.4.1.3). 

Treatment of the sulfonyl ketoximes with liquid ammonia affords the diaziridine 1.4.1.1 which 

undergoes oxidation to generate the diazirine 1.4.1.2.21 However, since the chemical structure of 

each individual probe molecule varies significantly, different sets of reagents and conditions have 

been developed to arrive at these common intermediates.  

 

Figure 1.4.1.3 – General Synthesis of Diazirines  

In 2012, Dubinsky et al. provided a comprehensive review of synthetic strategies used to 

construct diazirines, highlighting the methodologies reported between 2006-2012.21 A general 
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scheme summarizing the syntheses is presented in Figure 1.4.1.4.46-51 This chapter will therefore 

cover new literature examples from within the past 5 years. 

 

Figure 1.4.1.4 – Previous Syntheses of Diazirines 

1.4.2 – Novel Methods of Diazirine Synthesis 

 Regardless of the other conditions being used, the key step in the synthesis of the 

diaziridine intermediate involves the addition of liquid ammonia onto either the ketone, or sulfonyl 

ketoxime, at -78°C. The use of liquid ammonia as a reagent poses several technical challenges as 

it requires proper experimental equipment for the setup and can be dangerous if not handled 

properly.52 Other alternative protocols have been developed that describe the use of liquid 

ammonia as a solution dissolved in an organic solvent, such as ether, methanol or DCM, which 

helps to simplify the reaction setup.53  

 In 2017, Protasova et al. reported a novel method for the synthesis of TPDs using a solid-

supported polystyrene sulfonyl-chloride as a polymer equivalent to mesyl/tosyl chlorides (Figure 

1.4.2.1).54 The oximes were prepared from the corresponding ketone starting materials using 

hydroxylamine hydrochloride, and then subsequently immobilized onto the polymer resin to afford 

the sulfonyl ketoxime 1.4.2.2 via reaction with the commercially available sulfonyl chloride linker 

1.4.2.1. Following treatment with an ammonia solution in dioxane, 1.4.2.2 underwent functional 

cleavage to provide the diaziridines 1.4.2.3. Using this approach, they showed that the conditions 

were amenable to a variety of different functional groups to provide diaziridines in good to 

excellent yields.  
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Figure 1.4.2.1 – Protasova’s Solid-Supported Synthesis of Diaziridines 

 To expand the scope and increase the impact of the developed methodology, they wanted 

to showcase the ability to perform further modifications on the resin bound sulfonyl oximes 

1.4.2.2. Since there had been prior literature precedent for the CuAAC click reaction performed 

on solid-support,55 they wanted to explore the reactivity of the alkyne substituted oxime 1.4.2.4 

towards azides (Figure 1.4.2.2). Gratifyingly, they found that 1.4.2.4 was capable of undergoing 

cycloaddition reactions in the presence of a variety of azides with catalytic amounts of CuI to 

provide the triazole adducts 1.4.2.5. In the same manner as above, they were treated with the 

ammonia solution in dioxane to afford the para-substituted diaziridines 1.4.2.6 in low to moderate 

yields.  
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Figure 1.4.2.2 – CuAAC Click Reaction on Solid-Support Resin 

 To demonstrate that the diaziridines could be oxidized to the diazirines, they used standard 

conditions consisting of either I2 with NEt3 in DCM (conditions A), or MnO2 in DCM (conditions 

B), on selected substrates (Figure 1.4.2.3). Oxidation proceeded smoothly to afford the diazirines 

in excellent yields. Therefore, this novel method is suitable for the synthesis of structurally diverse 

diazirines, and represented the first reported example of a solid-supported modification of sulfonyl 

oximes with CuAAC that conserved the sulfonyl oxime functionality.  
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Figure 1.4.2.3 – Oxidation of Selected Substrates to Diazirines 

 In 2015, Lei Wang and coworkers reported a one-pot procedure for the synthesis of TPDs 

from their corresponding tosyloxime derivatives.56 While synthesizing diaziridines using liquid 

ammonia under standard conditions, they observed small amounts of diazirine formation in the 

crude reaction mixture; hypothetically being derived from diaziridines. Further investigation and 

optimization provided two separate methods for the one-pot transformation (Figure 1.4.2.4). They 

found that heating the tosyloxime and liquid ammonia mixture to 80°C led to complete conversion 

of the starting material with the diazirine being the sole product obtained. To investigate the role 

of liquid ammonia in the formation of the diazirine, they treated the tosyloxime derivative with 

gaseous NH3 at 80°C and found that the diaziridine was detected as the sole product, indicating 

that liquid ammonia was essential for this process. In line with these results, they postulated that 

the anionic NH2
- species generated from liquid NH3 may be responsible for the formation of the 

diazirine.57 To probe this hypothesis, they screened different sources of NH2
- using alkali amides. 

They found that 5 equivalents of lithium amide added to the liquid ammonia/tosyloxime mixture 

at 0°C led to complete conversion of the tosyloxime to the diazirine. With two optimized methods 

in hand, they explored the substrate scope of the one-pot transformation. They found that both 

methods readily produced the desired products in high yields, regardless of the electronic 

properties of the neighbouring substituents on the aromatic ring (Figure 1.4.2.5). As an application 

of their methodology, they synthesized a (trifluoromethyl)diazirinylphenylalanine derivative, 

which has previously been used as an important building block for the investigation of various 
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biological molecules.58 Using their developed methodology, they synthesized the desired analog 

in a shorter sequence of steps in a significantly higher yield than previously reported. 

 

Figure 1.4.2.5 – Wang’s One-Pot Procedure of Diazirines from Tosyloximes 

 To account for the observed formation of the diazirine, which requires oxidation, they 

proposed a mechanism in which NH3 attacks the tosyloxime to form the aminal, which then expels 

TsOH to form the diaziridine. At an elevated temperature, liquid NH3 undergoes self-ionization to 

form NH2
- that deprotonates the diaziridine to form the anionic intermediate. This species then 

rearranges to the diazirine, generating H2 gas and NH3 in the process. When lithium amide is used 

as the NH2
- source, the same sequence of deprotonation/rearrangement occurs, however LiH is 

generated as the by-product. 
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Figure 1.4.2.6 – Plausible Mechanism for the One-Pot Transformation 

As mentioned in Section 1.3.2, one of the limiting factors to diazirines being employed in 

PAL studies is their often tedious, and lengthy synthesis. Recently, in conjunction with the 

development of a methodology to prepare azo-benzene derivatives, Wang and coworkers 

developed a one-pot procedure for the synthesis of aliphatic diazirines from their corresponding 

ketones.59 Simultaneous treatment of the ketone with NH2OSO3H and liquid ammonia, followed 

by addition of tBuOK to dehydrogenate the diaziridine, afforded the aliphatic diazirines in 

moderate to excellent yields. Using this approach, they tested the scope of the reaction and found 

that these conditions were amenable to a variety of different substrates. Of particular interest, are 

the substrates containing carboxylic acids and hydroxyl groups, since these can serve as functional 

handles to append the diazirine tags to more complex substrates, making this methodology quite 

attractive for the synthesis of PAL probes. 
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Figure 1.4.2.4 – Wang’s One-Pot Synthesis of Aliphatic Diazirines 

 In this section, the general methods for the synthesis of diazirines have been discussed, 

along with several novel methods that have been published since 2012. Consistent throughout each 

methodology is the use of ketone starting materials that proceed through a diaziridine intermediate, 

followed by a formal oxidation to provide the diazirine. With the recent advancements in synthetic 

techniques to prepare diazirines, it is expected that their use in PAL studies will continue to flourish 

in the years to come.   

1.5 – Diazirines in Target Identification 
Over the past decade, the prevalence of diazirines in PAL studies has increased 

significantly.21, 60 Whether to probe the binding sites of small molecules on known biological 

macromolecules, or to discover completely unknown cellular targets, they have become the most 

popular choice of photo-crosslinking groups amongst chemical biologists. In this section, the use 

of diazirines in recent PAL studies will discussed.  

 1.5.1 – Applications of Aryl Diazirines in PAL 

 The sirtuins represent a class of NAD+ -dependent lysine deacylating enzymes that consist 

of seven isoforms (SIRT1−SIRT7).61 The role of SIRT2 has been well characterized and it is 

known to be involved in several key cellular processes including apoptosis, metabolism, and 

bacterial infection.62-64 However, its dysregulation has been implicated in many serious diseases, 

including cancer and several neurogenerative disorders,65-67 therefore prompting the search for a 

suitable small molecule pharmaceutical agent that is capable of modulating this enzyme.  Based 

off of previous work that identified a class of chromon-4-one derivatives that served to selectively 
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inhibit SIRT2,68-69 the group of Kristina Luthman developed a diazirine-based PAL probe to 

identify the binding site of the chromone-derived inhibitors.70  

 

Figure 1.5.1.1 – Luthman’s PAL Probe for SIRT2 Binding Site Identification 

 Their previous SAR work identified 1.5.1.1 as the most potent inhibitor of SIRT2 in their 

assays, which led them to construct the TPD derivative 1.5.1.2, which demonstrated similar 

potency as the parent compound (Figure 1.5.1.1). Using short irradiation times, 3 x 10s, to avoid 

photoactivation of the diazo-isomer, 1.5.1.2 was cross-linked to SIRT2. Following trypsin digest 

and analysis by LC-MS/MS, they identified a tryptic peptide with the amino acid sequence 

175IAGLEQEDLVEAHGTFYTSHCVSASCRHEYPLSWMK210 displaying an increase in mass 

units of 298.11807 Da, corresponding to incorporation of the probe into this fragment (Figure 

1.5.1.2).  

 

Figure 1.5.1.2 – SIRT2 Apo-Structure With the MS/MS Identified Amino Acid Sequence Highlighted. The 

Active Site is Framed 
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Further examination of the apo-structure of SIRT2 showed that this amino-acid sequence 

was in the region that had been previously hypothesized to contain the binding site of the chrom-

4-one SIRT2 inhibitors. However, the precise amino acid residue that was modified by the cross-

linked probe could not be identified. During MS/MS analysis they were unable to isolate the cross-

linked complex and instead observed fragmentation of this species. Since it was evident from the 

initial MS/MS analysis that the probe was indeed covalently attached to this sequence, the 

fragmentation of the complex was attributed to the lability of the newly formed cross-linking bond 

between the probe and an amino acid residue, an issue that had been encountered previously in the 

literature.71 Nevertheless, this report served as the first attempt at a PAL target identification study 

within the sirtuin family.  

The G protein-coupled receptor (GPCR) family, consisting of five main classes, constitutes 

the largest group of membrane bound proteins that together make up more than 30% of marketed 

pharmaceutical drug targets.2 The human adenosine receptors (AR) are a member of the largest 

class of GPCRs and are comprised of four subtypes: A1, A2A, A2B, A3.
72

 Amongst these subtypes, 

A2AAR antagonism has been exploited in the modulation of CNS stimulatory effects through 

elevated expression levels in the striatum. Numerous small molecule A2AAR antagonists have been 

developed for the treatment of Parkinson’s disease,73 while several promising applications are 

currently under investigation, including those for Alzheimer’s, ADHD, and cancer 

immunotherapy.74 Significant efforts have been made to identify the binding sites of A2AAR using 

the X-ray structure of the protein bound by the high affinity antagonists 1.5.1.375 and 1.5.1.476 

which significantly bolstered our understanding of their mechanism of action (Figure 1.5.1.3). 

Recently, Muranaka and coworkers developed a diazirine-based PAL analog 1.5.1.5 based off the 

structure of 1.5.1.3 to further validate the antagonists binding site on A2AAR using tandem MS 

analysis.77 
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Figure 1.5.1.3 – Muranaka’s PAL Probe for Antagonist Binding Site Identification  

 Using the human A2AAR (hA2AAR), they found that 1.5.1.5 had been selectively cross-

linked to the amino acid residue Tyr271 in TM7 (Figure 1.5.1.4). Subsequent docking studies 

confirmed that the diazirine moiety was in close proximity to this residue, further supporting their 

findings from the cross-linking experiment. This study represented the first reported example of 

PAL being used on human A2AAR for target identification studies. 

 

Figure 1.5.1.4 – Photolabeled Tyr271 in TM7 on hA2AAR Crystal Structure 
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In response to low levels of oxygen tension in the body, tumor angiogenesis and metastasis 

is regulated by the hypoxia inducible factor (HIF).78 Under hypoxic conditions, HIF-1 dimerizes 

with HIF-1, leading to the expression of genes involved in metastasis, angiogenesis, resistance 

to apoptosis, and cell proliferation of tumors.79 Elevated expression levels of HIF-1 in solid 

tumors directly correlates with aggressive tumor growth and therapeutic resistance, which often 

leads to a poor clinical outcome. In 2010, Lee and coworkers reported the synthesis of LW6 

(1.5.1.6),80 which potently inhibited HIF-1accumulation through its degradation, and  has since 

been used in additional studies as an HIF-1 inhibitor.81-82 Although proven effective as an 

inhibitor, the molecular target of LW6 was unknown, which significantly hindered the ability to 

perform structure optimization studies. To determine its cellular target, Lee further developed a 

bifunctional PAL analog (1.5.1.8) of LW6 containing a TPD group and a terminal alkyne reporter 

(Figure 1.5.1.5).83 Additionally, they synthesized analog 1.5.1.7, containing only the terminal 

alkyne to perform initial cellular localization experiments, and found that it was primarily situated 

in the mitochondria. Intracellular oxygen tension is controlled through the electron-transport chain 

(ETC) via mitochondrial respiration, and its pharmacological inhibition leads to an increase in 

intracellular oxygen concentration, inducing the degradation of HIF-1Therefore the 

mitochondrial localization of 1.5.1.7 suggested that LW6 acted to inhibit mitochondrial 

respiration. Subsequent PAL was performed followed by ligation with a fluorescent dye and then 

lysate analysis using in-gel fluorescence. From this analysis, they identified malate dehydrogenase 

2 (MDH2) as a protein that was bound to 1.5.1.8. MDH2 is a key mitochondrial enzyme in the 

Krebs cycle, and is also involved in the mitochondrial ETC.85 With this finding, they proposed that 

LW6 acted to bind to MDH2 to block the Krebs cycle, which inhibits mitochondrial respiration 

and therefore increases the local oxygen tension. These results not only allowed them to propose 

a mechanism of action of LW6, but will allow for further structure optimization studies to be 

performed on this scaffold.  
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Figure 1.5.1.5 – Structure of HIF-1 Inhibitor LW6 and PAL Probes 

Recently, Chicca and coworkers reported the design and synthesis of highly potent N-alkyl-

2,4-dodecadienamide analogs for the inhibition of endocannabinoid (EC) uptake.86 The 

endocannabinoid system (ECS) is a lipid signalling network responsible for modulating 

neurotransmission and the immune system, and its dysregulation has been implicated in many 

neurological disorders including anxiety, depression, and nociception.87 Previous work 

demonstrated that pharmacological inhibition of selected endogenous agonists, mainly 2-

arachidonoyl glycerol (2-AG) and N-arachidonoylethanolamine anandamide (AEA), was a viable 

method for the treatment of diseases related to the central nervous system.88 However, existing 

inhibitors lack potency and selectivity,89 hindering our understanding of the EC cellular uptake 

pathway. By performing a structure-activity relationship (SAR) study on the natural product 

(2E,4E)-N-isobutylamidedodeca-2,4-dienamide (1.5.1.9), they synthesized a panel of 634 analogs 

and screened their activity for the inhibition of AEA uptake (Figure 1.5.1.6). From these studies 

emerged a potent analog 1.5.1.10, containing the bis-arylmethoxy group, that displayed activity to 

reversibly block the uptake of both AEA and 2-AG in the low nM range. Based off of the structure 

of 1.5.1.10, they synthesized PAL analog 1.5.1.11 containing a TPD group to probe this biological 

pathway. 
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Figure 1.5.1.6 – Chicca’s PAL Probe for EC Uptake Inhibition   

To probe the mechanistic pathway of EC uptake inhibition, 1.5.1.11 was injected into the 

basolateral amygdala (BLA) of mice and subjected to in situ UV-irradiation.  They found that 

1.5.1.11 irreversibly blocked EC membrane transport from occurring upon photolysis and 

significantly reduced the anxiety levels in mice. This result demonstrated that the control of EC 

membrane trafficking plays a crucial role in the brain and demonstrated utility of this technique 

and probe 1.5.1.1 for the future study of lipid membrane transport and target identification studies.  

1.5.2 – Applications of Aliphatic Diazirines in PAL 

 Histone deacetylases (HDACS) are a class of enzymes responsible for the deacetylation of 

-N-amino groups on lysine residues (Kac) on histones following post-translational modification 

(PTM).90 The Kac modifications can be deacetylated by either epigenetic readers, such as 

bromodomains, or erasers, such as HDACs. Numerous reports have indicated that the 

dysregulation of HDACs is intimately associated with the progression and onset of several serious 

diseases including Alzheimer’s,91 neurodegenerative disorders,92 and cancer.93 Over the past 

several years, considerable efforts have been made to develop HDAC inhibitors as potential 

drugs,94 as well as designing “one-step” fluorescent chemical probes to detect and monitor HDAC 

activity.95-96 However, these methods can suffer from significant background fluorescence signals 

and only provide information on the enzymatic activity of HDACs, but do not provide insights 
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into their exact cellular targets. With these current limitations in mind, Xie and coworkers 

developed bifunctional probes that were capable of monitoring HDAC activity as well as 

identifying their cellular targets through tandem PAL.97 They synthesized two HDAC inhibitor 

probes, 1.5.2.1 and 1.5.2.2, which are one-step fluorescent activation probes to monitor HDAC 

activity in a continuous manner (Figure 1.5.2.1). In the presence of HDAC, the appendant N-acetyl 

group is deacetylated to form the free amine 1.5.2.3, which undergoes an intramolecular 

substitution reaction with the O-Nitrobenzoxadiazole (NBD) to form the N-NBD 1.5.2.4 as a 

highly fluorescent species.98 

 

Figure 1.5.2.1 – Xie’s HDAC Probes  

 After initial screening confirmed the ability of 1.5.2.1 and 1.5.2.2 to fluoresce when reacted 

with the HDACs, SIRT1 and SIRT2, they designed a bifunctional PAL probe 1.5.2.5, consisting 

of an aliphatic diazirine and a terminal alkyne reporter group (Figure 1.5.2.2). To examine whether 

or not 1.5.2.5 was capable of labeling SIRT1 and SIRT2 in a complex proteomic environment, 

they subjected the probe to UV-irradiation in cell culture. Upon examination in a gel fluorescence 

assay, they were pleased to find clear fluorescent bands that corresponded to the molecular weights 

of the two HDACs, indicating that labeling was successful. In a follow-up experiment, they 

administered 1.5.2.5 to a mammalian cell culture overexpressing epigenetic eraser BRD4-1 and 
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reader SRT2 to determine if the probe was capable of differentiating between the two. Gratifyingly, 

they found that 1.5.2.5 could indeed differentiate between the two as a large fluorescence was 

observed selectively for SIRT2. In summary, this report displayed the ability to synthesize highly 

fluorescent HDAC probes capable of monitoring their activity in a continuous manner. 

Furthermore, the bifunctional probe 1.5.2.5 proved to be efficient for the selective labeling of 

epigenetic erasers in a complex cellular environment, displaying the potential of this probe for 

future proteomic profiling studies. 

 

Figure 1.5.2.2 – Xie’s bifunctional PAL Probe for HDAC Inhibitors  

 As mentioned in Section 1.3.3, considerable efforts have been made to develop copper-free 

methods for reporter ligation reactions for in situ live-cell imaging applications. However, the 

effectiveness of cyclooctyne derivatives is limited by their bulky size, and their synthesis can pose 

challenges. In 2014, Li and coworkers reported the design and synthesis of two alkyl diazirine 

minimalist linkers for in situ live-cell imaging applications, containing a cyclopropene moiety as 

a reporter group to allow for protein labeling via a Cu-free tetrazine-cyclopropene ligation 

reaction.99 Based off of their previous work designing the terminal alkyne minimalist linker 

1.5.2.6,14 they further modified this scaffold into linkers 1.5.2.7 and 1.5.2.8 (Figure 1.5.2.3). 

Although 1.5.2.6 proved to be effective to label a number of different kinases, the use of the 

terminal alkyne group required subsequent CuAAC conditions for ligation reactions and therefore 

could not be used for live-cell imaging.  
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Figure 1.5.2.3 – Li’s Second-Generation Minimalist Probes 

After the design and synthesis of the second-generation minimalist linkers, they wanted to 

test their efficacy in labeling experiments by synthesizing BRD-4 targeting probes. BRD-4 is an 

epigenetic reader and a member of the bromodomain that recognizes Kac residues located on 

histones which is involved in cell-cycle control, DNA damage pathways, and chromatin-

remodeling.100 Recent work has shown that benzodiazepine-derived compounds, such as (+)-JQ1, 

are nanomolar inhibitors of BRD-4,101-104 while affinity-based pull-down experiments have 

confirmed BRD-4 to be their cellular targets.105 However, their potential off-targets have not been 

identified in situ at the proteome level due to limitations in the ability of chemical probing 

techniques. Therefore, they synthesized two bifunctional probes (1.5.2.9 and 1.5.2.10) of (+)-JQ1 

containing their novel cyclopropene handles (Figure 1.5.2.4). Additionally, they synthesized probe 

1.5.2.11 containing their first-generation terminal alkyne linker for comparison in their assays. 

With the two cyclopropene probes in hand, they evaluated their efficiency to simultaneously image 

and covalently label the BRD-4 protein. Following UV-irradiation, the labeled samples were 

separated and visualized using in-gel fluorescence scanning. Strong fluorescent bands of 1.5.2.10-

BRD-4 complex labeling were observed after only one minute of cyclopropene-tetrazine ligation 

reaction time; however, the fluorescent signal of 1.5.2.9-BRD-4 complex took 60 minutes to 

achieve comparable intensity. Comparably, the 1.5.2.11-BRD-4 complex was detected after 5-60 

minutes of click reaction time under CuACC conditions. Further in situ target identification studies 

using 1.5.2.10 confirmed its ability to label BRD-4 in live mammalian cells, even in the presence 

of a 10-fold amount of (+)-JQ1 as a competitor.  
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Figure 1.5.2.4 – Li’s BRD-4 Targeting PAL Probes  

Further large scale pull-down/MS-MS/MS analysis of the cell lysates was then performed 

to deconvolute any unknown targets of (+)-JQ1, as well as to compare the results obtained between 

1.5.2.10 and 1.5.2.11. From this, they initially identified several hundred different tagged proteins, 

but were able to narrow this down to a list of highly-probable off targets. To confirm that these 

were truly cellular targets of (+)-JQ1, two of that tagged proteins, DDB1 and RAD23B, were 

screened in additional target validation assays. Western-Blot analysis of HepG2 cell lysates 

enriched with anti-DDB1 and anti-RAD23B antibodies revealed that both proteins had been 

tagged by 1.5.1.9 and 1.5.1.10, but not in the presence of a 10-fold amount of (+)-JQ1, indicating 

that these are truly cellular off-targets of (+)-JQ1. Through the development of cyclopropene-based 

probes capable of simultaneous live-cell imaging and proteomic profiling, Li and coworkers have 
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successfully identified several cellular off-targets of (+)-JQ1, and have set the stage for further 

target identification studies in this area. 

 The study and classification of complex glycolipids is essential for our understanding of 

the modulation of proteins, cell signaling transduction, and cellular recognition.106 Fatty acid esters 

of monogalactosyldiacylglycerol (MGDG) constitute 80% of all membrane lipids found in green 

plant tissues, and have been shown to possess anti-tumor,107 anti-viral,108 and anti-inflammatory 

activities.109 In 2003, Larsen and coworkers identified dilinolenoyl MGDG (1.5.2.12), which 

exhibited anti-inflammatory activity in human peripheral blood neutrophils;110 however, its 

mechanism of action remained unknown (Figure 1.5.2.5). With this in mind, Liu et al. synthesized 

the bifunctional probe 1.5.2.13,111 by incorporating the aliphatic diazirine minimalist linker 

described by Li in 2013.14 Endogenous proteomic labeling using 1.5.2.13, followed by affinity 

pulldown/LC-MS/MS analysis identified the cross-linked target as toll-like receptor 4 (TLR4). 

Toll-like receptors are pattern recognition molecules that have been implicated in the pathology of 

inflammation.112 In particular, TLR4 is responsible for the immunological response leading to the 

activation of downstream signaling pathways that induce systemic inflammation.113 Therefore, the 

anti-inflammatory effects of MGDG were attributed to its ability to inhibit TLR4, resolving the 

longstanding question of its mode of action in the cell. 

 

Figure 1.5.2.5 – MDGD and its Bifunctional PAL Probe 
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 The dysregulation of protein kinases (PKs) has been implicated in the progression of cancer 

by modulating cell growth, angiogenesis, and metastasis.114 Of the over 500 known PKs, many of 

them are considered promising therapeutic targets.115 Dasatinib (1.5.2.14) is a promising FDA 

approved drug for the treatment of chronic myelogenous leukemia (CML) that acts as a dual Bcr-

Abl and Src family tyrosine kinase inhibitor.116 Although significant effort has been made in recent 

years, the majority of the kinase inhibitors developed thus far display non-selective inhibition. This 

is due to the highly conserved ATP-binding pocket shared amongst most kinases, resulting in poor 

discrimination between kinase sub-types.117 To determine potential cellular off-targets of 

Dasatinib, Shi and coworkers developed PAL probe 1.5.2.15 containing a terminal alkyne reporter 

group and an aliphatic diazirine (Figure 1.5.2.6).118 In the proteomic profiling study, they identified 

several new cellular targets through pull-down/LC-MS analysis. Most notably from this analysis 

was the identification of 6 serine/threonine kinases (PCTK3, STK25, eIF-2, PIM3, PKA C-, 

and PKN2) that were further validated by pull-down/immunoblotting experiments. Although these 

results were preliminary, and would require further investigation into Dasatinib’s pharmacological 

effects on the newly cellular targets, they hypothesized that these kinases may be potential off-

targets of Dasatinib.  

 

Figure 1.5.2.6 – Dasatinib and its PAL Probe for Off-site Target Identification  

 Voltage-dependent anion channel-1 (VDAC-1) is a -barrel membrane protein responsible 

for ion transport between the mitochondria and cytosol, and is involved in apoptosis and 

mitochondrial respiration.119 The effects of membrane lipids on VDAC-1 function have been 
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garnishing interest recently due to the observed changes in mitochondrial lipid composition during 

cellular apoptosis and neurogenerative diseases.120-121 The binding of cholesterol  to VDAC-1 has 

multiple pronounced effects on its voltage-dependent gating, oligomerization, and selectivity. 

NMR studies in conjunction with molecular modelling have identified five potential binding sites 

on VDAC-1 for cholesterol; however, experimental evidence confirming these interactions is 

lacking.122-123 Recently, Budelier and coworkers developed two bifunctional PAL probes of 

cholesterol (1.5.2.16 and 1.5.2.17) to identify its binding sites on VDAC-1 (Figure 1.5.2.7).124 

Proteomic analysis of the cell lysates identified a binding pocket on VDAC-1 localized to the 

amino acid residues Thr83 and Glu73. Further, mutation of the Glu73 residue to glutamine resulted 

in a shift of the cross-linked residue from Glu73 to Tyr62 within the same binding pocket, indicating 

that the cholesterol substrate is tightly held in the pocket in a very specific orientation. This led the 

authors to hypothesize that cholesterol regulation of VDAC-1 may be mediated by the specific 

binding site at Glu73. This was the first reported example of using PAL to map a sterol binding site 

with such specificity.  

 

Figure 1.5.2.7 – Budelier’s Bifunctional PAL Probes of Cholesterol for VDAC-1 Active Site Labeling 

 



47 

 

1.6 - Summary 

 As demonstrated in this chapter, PAL is an extremely powerful technique for the study of 

protein-ligand interactions that can be used to probe complex biological pathways or in target 

identification for the future development of active pharmaceutical agents. Through the 

combination of synthetic organic chemistry, chemical biology, and proteomic profiling, PAL has 

progressed into an all-encompassing strategy that enables the study of target-receptor complexes 

in their native biological settings. In recent years, there has been a significant increase in the use 

of diazirines as photoreactive agents owing to their small size and superior crosslinking ability. 

This, in combination with recent advances in synthetic methodologies to prepare diazirines, have 

accounted for their increased prevalence in PAL studies. Owing to the recent advancements in 

proteomic analysis and MS techniques, it is expected that the use of diazirines in PAL studies to 

probe protein-ligand interactions will continue to surge. 
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2 - Design and Synthesis of Inhibitors of eIF2 Phosphatase 
2.1 - Introduction  
 Duchenne Muscular Dystrophy (DMD) is a lethal genetic disorder that afflicts 1 in 3600 

males worldwide.1 Characterized by progressive muscular degeneration and weakness, this disease 

is caused by an absence of dystrophin, a protein that is responsible for maintaining strength in 

muscle cells and protecting them from injury. In the absence of this protein, muscle cells become 

extremely fragile and susceptible to irreversible damage. Patients suffering from DMD can start 

to experience muscle weakness as early as age 3, first affecting the muscles in the pelvic area and 

thighs, and later moving onto the skeletal muscle in the arms and calves. Oftentimes, the child will 

require the use of a wheelchair by their 10th birthday, while the disease gradually progresses to 

affect the respiratory system as well as the myocardium of the heart, which leads to 

cardiomyopathy. Eventually, these muscles completely deteriorate, resulting in death at an early 

age. The severity and rapid onset of the symptoms create many challenges for children suffering 

from DMD as well as their loved ones since they eventually become fully dependent on their 

caregivers for survival. Current therapeutic treatments for DMD are extremely limited and are 

aimed solely at treating the symptoms of this disease to delay their progression and make day-to-

day life easier.  

The complex nature of the human genome makes the development of therapeutics aimed 

at curing or treating genetic diseases a very challenging feat. However, the ease in which a healthy 

human body can rapidly regenerate damaged skeletal muscle tissue after injury prompted 

biologists to closely examine this process at a cellular level. In 1961, while examining the 

peripheral region of the skeletal muscle fiber of a frog, Alexander Mauro discovered the presence 

of certain cells which were “intimately associated” with the muscle fiber.2 As he was the pioneer 

behind this discovery, he chose to call the newly discovered cell line satellite cells, owing to their 

position underneath the basal lamina of the muscle fiber (Figure 2.1).3 It was later discovered that 

this cell line was also present in higher vertebrates, including humans, and that they remained in a 

quiescent or quiet state until activated by injury.4 It was also noted that repeated cycles of injury 

and regeneration did not cause a depletion in the number of satellite cells, suggesting that these 

cells have the capacity to self renew.  
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Figure 2.1.1 – Satellite Cell in its Niche Under the Basal Lamina 

Since their discovery, researchers have been looking for ways of exploiting the 

regenerative capacity of satellite cells to treat skeletal muscle disorders. However, the relatively 

low-numbers of satellite cells in the human body complicate their use as donor cells. This has 

motivated considerable efforts to develop ex vivo culture conditions for their cultivation, which 

remains a desirable but challenging objective.5 When taken out of the body, satellite cells exit 

quiescence, and enter into the myogenic program, thereby losing two innate features of adult stem 

cells: the ability to differentiate and self-renew.5 By studying the molecular mechanisms that 

underlie satellite cell activation, a better understanding of how this pathway can be controlled for 

therapeutic benefit can be gained. 

2.2 – Maintaining Quiescence in Skeletal Muscle Stem Cells 
 Owing to their fundamental importance for survival and their potential as therapeutic 

targets for skeletal muscle disorders, satellite cells have received considerable attention from 

researchers attempting to understand the molecular pathways leading to their maintenance and 

differentiation. Key contributions of Buckingham et al. have shown the involvement of the paired 

homeodomain family of transcription factors known as Pax3 and Pax7 during skeletal muscle 

development and repair. Pax3 and Pax7 are key regulators of satellite cell survival, and are 

responsible for the expression of myogenic determination genes Myf5 and MyoD, whose 

expression leads to rapid muscle differentiation.6 More specifically, the upregulation of Pax7 is 

responsible for the satellite cell’s ability to self-renew, whereas the activation of MyoD leads to 
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satellite cell differentiation into muscle tissue, as it is one of the earliest markers of myogenic 

commitment.6 In the quiescent state, Pax7 is upregulated while MyoD is downregulated (Figure 

2.2.1). However, when skeletal muscle is damaged in the body, the satellite cell is activated, 

leading to the upregulation of MyoD. At this point, the satellite cell can either commit to 

differentiation to generate muscle tissue, or it can self-renew and return to the quiescent state.  

 

Figure 2.2.1 – Satellite Cell Activation Pathway 

 There are two, characteristic features of satellite cells that distinguish them from embryonic 

stem cells. Firstly, satellite cells remain in a quiescent state until activated in response to damage. 

Secondly, the majority of these cells already express Myf5, meaning they are primed for 

differentiation.7 However, the cell prevents translation of Myf5 through the microRNA pathway, 

thereby inhibiting the activation of the myogenic program.8 Moreover, the transcripts for Myf5 are 

sequestered in RNA granules in the quiescent satellite cell, further inhibiting their accumulation. 

During activation, they dissociate from the granules and the concentration of Myf5 rapidly 

increases.8 This process of suppression though aggregation of proteins into RNA granules is a 

conserved biological process that is also prevalent in cells that have been exposed to various forms 

of stress.9 When a cell is under stress it stores mRNAs in stress granules and releases them only 

after the threat has been resolved. It is well known that this process can be mediated by 

phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2 (eIF2 at serine 

residue 51 (S51).9 This molecular process has been studied extensively, since it has significant 

implications in many serious diseases including Alzheimer’s and various forms of cancer.10 

In 2015, Crist and coworkers questioned whether phosphorylation of eIF2at S51 could 

dictate the assembly of RNA granules in quiescent satellite cells in a manner that could maintain 

quiescence ex vivo. Support for the feasibility of this hypothesis was provided by the isolation of 

single myofibers from the extensor digitorum longus (EDL) muscle of wild-type miceUsing 

immunoblotting assays containing antibodies against Pax7 and phosphorylated-eIF2P- eIF2, 
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they showed that levels of P-eIF2were 5 times higher in freshly isolated satellite cells than in 

cells that had been cultured over a period of 3 days.5 They also showed that satellite cells that had 

activated the myogenic program and were expressing MyoD had undetectable levels of P-

eIF2strongly suggesting that this protein is intrinsically involved in the activation pathway.  

In a very different biochemical cascade, known as the unfolded protein response (UPR), 

cells phosphorylate eIF2in response to stress. This silences transcription to preserve energy until 

the stress has been addressed. In response to oxidative stress, appropriate genes are activated to 

trap reactive oxygen species (ROS).7 In the context of the UPR, a kinase known as PERK is 

responsible for the phosphorylation of eIF2in response to oxidative and ER stress. With this in 

mind, Crist and coworkers then went on to show that PERK is indeed activated in the quiescent 

satellite cell alongside Atf4, Chop,  and BiP, three UPR target genes that are required to ensure cell 

survival during ER stress.5 Given the breadth of life-threatening diseases linked to malfunctions 

in the molecular machinery responsible for the phosphorylation/dephosphorylation of eIF2, a 

tremendous amount of research has been dedicated to finding ways to control this process using 

small-molecule pharmaceuticals. Therefore, it was further hypothesized that pharmacological 

inhibition of the eIF2phosphatase would prevent the activation of satellite cells and promote 

self-renewal.  

Crist and coworkers then examined whether the inhibition of eIF2dephosphorylation 

would supress the activation of the myogenic program during an ex vivo culture. Satellite cells 

were isolated and cultured in the presence of 10M sal003, a potent derivative of the small 

molecule salubrinal, which is hypothesized to interfere with the eIF2phosphatase GADD34/PP1 

(Figure 2.2.2).11-12  

 

Figure 2.2.2 – Chemical Structures of sal003 and Salubrinal  

After a 4 day culture the satellite cells were found to have a 3-fold increase in the numbers 

of Pax7+MyoD- cells that retained their regenerative capacity.5 Immunoblotting assays using 
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antibodies against Pax7 confirmed the positive effect of sal003 to suppress satellite cell entry into 

the myogenic program during an ex vivo culture. To test whether satellite cells cultured in the 

presence of sal003 would retain their stem cell properties to self-renew and regenerate damaged 

muscle tissue, they were engrafted into a mouse model of Duchene muscular dystrophy (Dmdmdx). 

After a 4-day ex vivo culture period, the cells were engrafted into the Tibialis anterior muscle of 

the hindlimbs of Dmdmdx. Using in vivo imaging to quantitatively measure over time the 

bioluminescence from the engrafted cells, they found that the sal003-treated satellite cells had a 

much more intense signal than the control.5 Additionally, they found that the engrafted sal003-

treated satellite cells gave rise to higher numbers of dystrophin+ and Pax7+ cells than freshly 

isolated cells, demonstrating that these engrafted cells retained the two key features of adult stem 

cells. Therefore, they were able to show that the small molecule, sal003, promoted the ex vivo 

expansion of satellite cells that retained their regenerative capacity, making sal003 a potential 

therapeutic to aid in stem cell transplantation. 

Although these preliminary results were promising, there were still several major 

limitations to using sal003 as a pharmacological inhibitor of satellite cell activation. Firstly, sal003 

must be administered at a 10 M concentration to achieve the optimal effect. If this culture 

technique were to become a viable method for treatment of skeletal muscle disorders, a more potent 

analog would need to be developed that yields higher activity at a lower concentration. Secondly, 

although sal003 displayed activity to expand satellite cells in culture, its efficacy to do so remains 

an area of improvement, as over time the majority of the cells had entered the myogenic program 

(Figure 2.2.3). Ideally, the satellite cell culture would be expanded in size to nearly completely 

undifferentiated populations. 



61 

 

 

Figure 2.2.3 – The Ideal Compound Would Expand Satellite Cells That Maintain Their Ability to Self-

Renew 

These two points alone significantly hinder the likelihood of this technique ever becoming 

a suitable therapeutic method. Therefore, in order for this method to become a viable treatment 

option for stem cell transplantation, more potent analogs that are benchtop stable need to be 

developed and synthesized. 

2.3 – Pharmacological Inhibition of eIF2Phosphatase  

 2.3.1 – ER Stress-Induced Apoptosis and the UPR 

 All eukaryotic species respond to endoplasmic reticulum (ER) stress through a series of 

pathways collectively known as the unfolded protein response (UPR).13 This pathway is essential 

for cellular homeostasis, and its malfunction is implicated in many serious diseases as well as viral 

infections. Therefore, this pathway has received considerable attention as a potential therapeutic 

target.14-15  

Regular ER function can be disrupted by various forms of intracellular and extracellular 

stimuli, resulting in the induction of ER-stress. This can be triggered by a myriad of conditions 

including but not limited to, the reduction of disulfide bonds, the impairment of Golgi protein 

transport pathways, the expression of mutated ER proteins, the inhibition of ER-associated 
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degradation, or the depletion of ER calcium levels. Under stress, unfolded proteins accumulate in 

the ER lumen, resulting in the activation of the self-protective mechanism, the UPR. In mammalian 

cells, the UPR signaling pathway is mediated by three ER membrane associated sensors: RNA-

dependent protein kinase (PKR)-like eukaryotic initiation factor 2 (eIF2) kinase (PERK), 

inositol requiring transmembrane kinase/endoribonuclease 1 (IRE1), and activating transcription 

factor 6 (Atf6). These three sensors work in conjunction with one another to deal with the stress at 

hand; however, if the survival signal is inadequate to relieve cells from the stress, they may 

undergo apoptosis as a self-preservation mechanism to destroy the ER-stress damaged cells. In 

this Section, the UPR signalling pathway through PERK will be discussed. 

 

Figure 2.3.1.1 – Cellular Response to ER-Stress via PERK 

PERK is a type-I ER transmembrane protein capable of recognizing the accumulation of 

misfolded proteins at its N-terminal luminal domain. Its activation is initiated by the dissociation 

of BiP from the luminal domain of PERK, which triggers its dimerization and autophosphorylation 

(Figure 2.3.1.1). Activated PERK then phosphorylates eIF2 at Serine reside 51, shutting down 

global protein translation in the cell to reduce the protein intake into the ER. Additionally, eIf2 

phosphorylation leads to the specific translation of Atf4 (eIF2activating transcription factor-4), 

which activates the transcription of several pro-survival genes such as those associated with the 

generation of molecular chaperones that serve to shuttle the misfolded proteins our of the ER 

lumen, amino-acid metabolism, and redox homeostasis. However, under severe or prolonged ER 

stress conditions, Atf4 activates the transcription of proapoptotic factor CHOP. CHOP is a 

transcription factor that in turn upregulates several proapoptotic factors, none more significant than 
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GADD34. The CHOP mediated translation of GADD34 leads to the assembly of the 

GADD34/PP1 complex and ultimately the dephosphorylation of eIF2causing the recovery of 

protein translation in the ER.16 However, if the dephosphorylation event, which is mediated by the 

GADD34/PP1 complex, occurs before the cell has dealt with the stress at hand, the cell will 

accumulate misfolded proteins in the ER lumen, leading to cellular apoptosis.  

 2.3.2 – A Small Molecule Inhibitor of ER Stress-Induced Apoptosis 

Since it is well understood that the production of the GADD34/PP1 complex can lead to 

cellular apoptosis during ER stress, researchers have focused much of their attention on finding 

ways to inhibit this complex to promote cellular recovery and survival. In 2005, in a screen of over 

19,000 compounds that protected rat PC12 cells from ER stress-induced apoptosis, Michael Boyce 

and coworkers identified a small molecule which they termed salubrinal (Figure 2.3.2.1).11  

 

Figure 2.3.2.1 – Chemical Structure of Salubrinal 

They found that salubrinal inhibited ER stress-induced apoptosis in a dose-dependent 

manner in cells that were treated with tunicamycin, a protein glycosylation inhibitor. To determine 

how salubrinal protects cells from apoptosis, they examined its effects on several known 

components of the UPR. Using an immunoblotting assay, salubrinal was found to rapidly promote 

the phosphorylation of eIF2along with the production of several translational genes associated 

with the UPR.11 Initially, they hypothesized that salubrinal was activating one of the protein 

kinases known to phosphorylate eIF2 To examine this, they tested its effects on mouse embryos 

lacking the ability to produce the kinase PERK, and found that salubrinal retained its ability to 

induce eIF2phosphorylation, indicating that salubrinal does not activate PERK. Furthermore, 

they investigated whether salubrinal acted to inhibit the dephosphorylation event from occurring. 

An in vitro dephosphorylation assay using lysates of cells that overexpressed an active fragment 

of GADD34 effectively dephosphorylated eIF2whereas the same cell lysates treated with 

salubrinal did not. Following several mechanistic studies and assays, they proposed that salubrinal 
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acted by disrupting the formation of the GADD34/PP1 complex, thereby preventing the 

dephosphorylation of eIF2 

As a direct application of salubrinal’s ability to act as a selective pharmacological inhibitor 

of eIF2dephosphorylation, they selected the herpes simplex virus (HSV) to use as a disease 

model. During HSV infection, a protein kinase gets activated leading to the phosphorylation of 

eIF2to slow down the viral protein synthesis and reproduction.17 To negate this effect, HSV 

encodes ICP34.5, a protein homologous to GADD34, which then forms a complex with cellular 

PP1 and leads to eIF2dephosphorylation.18 Consistent with their earlier findings, they found that 

salubrinal acted to both induce the phosphorylation of eIF2and inhibit the dephosphorylation of 

eIF2in HSV-infected cell lysates.11 Therefore, this pioneering work by Michael Boyce and 

coworkers brought to light the beneficial effects of inhibiting of the dephosphorylation of specific 

substrates in the context of the UPR, and set the stage for the further development of therapeutic 

agents in this field.  

2.3.3 – Previous Structure Optimization Studies on Salubrinal 

Since the initial discovery of salubrinal in 2005, there have been two structure optimization 

studies conducted in order to improve efficacy. The first study from Long et al. was published 

later in 2005, and biological assays were done in collaboration with Michael Boyce and coworkers. 

However, in the case of salubrinal, its biological target is unknown, posing several challenges and 

limiting the ability of the medicinal chemist to optimize its structure to achieve optimal potency. 

In the case of salubrinal, the general hypothesis is that it inhibits the GADD34/PP1 complex in 

some manner that prevents it from dephosphorylating eIF2Whether this occurs through direct 

binding or through indirect binding causing a downstream signalling process remains unclear. 

Attempts have been made to synthesize biotinylated derivatives of salubrinal and use them for 

target identification; however, nothing has been reported regarding the success of these probes. 

Nonetheless, research groups have spent considerable amounts of time synthesizing derivatives of 

salubrinal in order to gain some insights into which functional groups are essential for compound 

activity and which groups can be modified.   

In the initial cell-based activity assay in 2005, Long et al. report the synthesis and EC50 

values of 26 novel derivatives and compare their activities to that of salubrinal for the protection 
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of ER stress-induced apoptosis brought upon by tunicamycin, in rat PC12 cells.19 EC50 values in 

this instance are defined as the concentration of the compound that produces half of the maximal 

rescue from cell death. The synthesis of the analogs commenced by refluxing the appropriate 

amine in the presence of anhydrous chloral to give the chloralamides 2.3.3.1, which were 

subsequently converted to the amines 2.3.3.2 via chlorination and quenching with an ammonia 

solution in ether. Addition of the amines to synthetically prepared isothiocyanates in refluxing 

THF resulted in the formation of thioureas 2.3.3.3. Using this approach, derivatives were 

synthesized where the alkene was reduced to the alkane, as well as exchanging the aromatic rings 

on either side of the compounds for heterocyclic structures or even alkanes, without much loss in 

compound activity (Figure 2.3.3.1). Next, they explored the importance of the trichloromethyl 

moiety by substituting it for -CF3, -CBr3, -CH2Cl2, and -CO2Et groups. Only the -CBr3 and the -

CH2Cl2 derivatives retained any activity, albeit greatly reduced compared to that of the parent 

compound containing the -CCl3 group. Therefore, they deemed the trichloromethyl moiety 

essential for compound activity. Furthermore, they reported the synthesis of a biotinylated 

derivative of salubrinal where they exchange the -R2 group for biotin and show that it has similar 

activity to that of salubrinal. However, they claim that target identification studies are underway 

and that the results will be reported in due course. Unfortunately, nothing was ever published, 

which suggests that the affinity labelling experiment was unsuccessful.  
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Figure 2.3.3.1 – Initial Cell-Based Activity Assay Study by Long et al. 

 Although they failed to synthesize any derivatives that were more potent than salubrinal, 

this initial study was beneficial since it showed that modifications to the external portions of the 

parent compound could be tolerated, whereas exchanging the -CCl3 moiety resulted in a dramatic 

decrease in overall activity. Additionally, this was the first published synthetic route to this class 

of compounds, which paved the way for the second cell-based activity assay conducted by Liu et 

al. in 2012. In this study, 27 novel salubrinal derivatives were synthesized and tested for their 

ability to protect neonate rat cardiomyocytes from tunicamycin-induced apoptosis.20 Using a 

slightly modified synthetic route, they were able to assemble a small compound library starting 

from aromatic aldehydes (Figure 2.3.3.2). Reacting the aldehyde with malonic acid in pyridine 

gave the unsaturated carboxylic acids 2.3.3.9, which were converted to the cinnamamides 2.3.3.10 

using thionyl chloride followed by quenching with aqueous ammonia. Refluxing in toluene with 

chloral hydrate provided the corresponding chloralamides 2.3.3.11 that were readily converted to 

the chlorides 2.3.3.12, a key synthon throughout their study. Substitution of the chloride with 

potassium thiocyanate yielded the isothiocyanates 2.3.3.13. Finally, refluxing in THF with 

commercially available anilines provided the desired products 2.3.3.14 that were isolated 

following column chromatography.  
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Figure 2.3.3.2 - Liu’s Synthetic Route to Salubrinal Derivatives  

 The newly synthesized compounds were then screened for their ability to rescue cells from 

tunicamycin-induced ER stress using salubrinal as a positive control. Replacing the amino-

quinoline ring with 2-methoxyaniline yielded substrate 2.3.3.15 which was roughly 3-fold more 

potent than salubrinal in their assay. Furthermore, replacing the phenyl substituent and the amino-

quinoline moiety with thiophenyl, provided 2.3.3.17, which had an even lower EC50 value of 4 

M.  
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Figure 2.3.3.3 – Synthesis of Aminothiazole Derivatives  

 Based on these preliminary results, Liu et al. designed and synthesized several novel 

thiazole-based derivatives of salubrinal (Figure 2.3.3.3). Friedel-Crafts acylation of substituted 

acetic acids, followed by bromination, and finally thiazole cyclization with thiourea provided the 

aminothiazole derivatives 2.3.3.20. When combined with the chloralamide derivative 2.3.3.7 in 

DMF in the presence of potassium carbonate, substitution occurred to yield to the desired thiazole 

derivatives 2.3.3.21. In their biological assay, 2.3.3.22 (herein referred to as PP1-24) proved to be 

~50-fold more potent than salubrinal with an EC50≤ 0.3 M. Interestingly, when they replaced the 

para-chloro on PP1-24 with a proton, a dramatic drop in activity was observed for 2.3.3.24. 

Moreover, replacing the proton on the thiazole ring with a much larger substituent, such as a phenyl 

group, resulted in a cardiotoxic compound 2.3.3.25. Regardless, they developed several analogs 

with markedly increased potency compared to that of salubrinal. With this preliminary assay data 

and the help of 3D-QSAR studies, the authors concluded that changing the steric and electronic 
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profile of the -R2 substituent has the largest impact on the overall activity of the compound (Figure 

2.3.3.4).  

 

Figure 2.3.3.4 – Substitution of -R2 Led to Most Prominent Changes in Compound Activity 

Although they make no further progress determining the cellular target or biological 

mechanism of action of this class of compounds, they show that even minor chemical 

modifications to this scaffold can lead to the development of more potent analogs, therefore setting 

the stage for further work in this area. 

 2.3.4 – Structural and Functional Analysis of the GADD34/PP1 Complex 

  During the time that these two initial studies were conducted, the innate specificity of 

salubrinal to effect cellular eIF2phosphorylation was thought to arise from its disruption of the 

GADD34/PP1 complex. Whether it prevented this complex from forming and subsequently 

recruiting and dephosphorylating eIF2or it targeted the complex after formation causing its 

dissociation, remained unknown. However, the exact molecular basis by which GADD34 initially 

recruits PP1 to form the complex, as well as how this complex binds to its substrate eIF2were 

not understood. This lack of understanding significantly hindered the ability to develop small 

molecule therapeutics aimed at inhibiting this holoenzyme.  

 In 2015, Meng Choy and coworkers provided a complete structural and functional analysis 

of the GADD34/PP1 complex wherein they elucidated the process of GADD34 mediated 

recruitment of PP1 and subsequent binding to its substrate eIF2he GADD34 domain was 

found to consist of an ER-targeting helix, 4 central PEST repeats, and a C-terminal PP1-binding 

domain. Using the crystal structure of the holoenzyme, it was identified that GADD34 uses two 

specific motifs, RVxF and  to selectively bind PP1 to form the functional phosphatase (Figure 

2.3.4.1). Two residues, Phe558 and Val556, that constitute the RVxF motif in GADD34, were 

found to bind the hydrophobic RVxF-binding pocket present on the surface of PP1. Additionally, 
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GADD34 binds to PP1 via the  motif, with His565 forming a -stacking interaction with Tyr78 

in PP1.  

 

Figure 2.3.4.1 – GADD34/PP1-Binding Domain Highlighting the Two Primary Interaction Sites  

Previously, it had been hypothesized that it was this activated complex that recruited 

eIF2via a specific binding site within the C-terminal PP1-binding domain of GADD34. 

However, immunoprecipitation experiments confirmed that GADD34 recruitment of eIF2is 

mediated by the GADD34 PEST domain and occurs independently of PP1. This study 

demonstrated that instead, GADD34 acts as a scaffold that brings PP1 close in proximity to the 

substrate eIF2With a better understanding of the molecular machinery responsible for the 

formation and recruitment of eIF2by this holoenzyme, the authors wanted to probe the effects 

of salubrinal on this process. By reconstituting a purified GADD34/PP1 complex in vitro, they 

examined the ability of salubrinal to dissociate the holoenzyme. Surprisingly, no dissociation of 

the complex was observed. In fact, high concentrations of salubrinal seemed to enhance the 

binding of GADD34 to PP1. Additionally, the presence of salubrinal had no detectable effect on 

the binding of PP1 or eIF2 to GADD34. This information alone highlights the need for the 

understanding of the mechanism of action of this class of molecules. Moreover, the structural 

information of the GADD34/PP1 holoenzyme gained through this study may provide new avenues 

for the identification of small molecules that disrupt this complex. 
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 2.3.5 – A Piperazine-Derived Compound Capable of Inactivating eIF2 

 The development of salubrinal and its analogs have significantly impacted our ability to 

study the cell’s response to ER stress and has therefore aided in our understanding of diseases that 

are implicated by the dysregulation of the eIF2dephosphorylation pathway. However, salubrinal 

has a broad scope of working concentrations and its cellular target remains illusive, prompting the 

search for a new small molecule probe. In a high-throughput screen for compounds that inhibit ER 

stress-induced cell death, Hong et al. identified the small molecule AMC-01 and its derivatives 

(Figure 2.3.5.1).22 Using thapsigargin, a UPR activator that raises cytosolic Ca2+ concentrations, 

over 50,000 compounds were screened for their cytoprotective effects, using salubrinal as a 

positive control. From this screen came 26 active compounds, 4 of which shared a benzyl-

piperazine benzamide core.  

 

Figure 2.3.5.1 – AMC-01 and its Derivatives  

 In their assay, all 4 of the AMC compounds displayed lower EC50 values than salubrinal, 

with the most potent analog being AMC-01 having an EC50 value ~3-fold lower than that of 

salubrinal. Using immunoblotting, they showed that the AMC compounds are capable of inducing 

eIF2phosphorylation in a dose-dependent manner at lower working concentrations than 

salubrinal. To determine the mechanism by which the AMC compounds were inducing 

eIF2phosphorylationthey examined its effects on all four of the kinases that are known to 
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phosphorylate eIF2under stress conditions once the UPR has been activated. They found that 

RNA-dependent protein kinase PKR was readily activated by pre-incubation with AMC-01, 

whereas it had no detectable effect on PERK. This suggests that AMC-01, in part, helps to activate 

PKR in response to stress leading to prolonged eIF2phosphorylation. Another possible 

mechanism of action of AMC-01 could be the inhibition of eIF2dephosphorylation via 

interactions with the GADD34/PP1 complex, a mechanistic hypothesis shared with that of 

salubrinal. However, they provide no evidence of this and state that mechanistic investigations are 

currently underway.  

 As detailed in this Section, a considerable amount of work has been devoted to the design 

and development of small molecules that rescue cells from ER stress-induced apoptosis. Through 

structure optimization studies it has been shown that modifications made to the salubrinal scaffold 

can lead to enhanced potency at lower administered concentrations. After the discovery of sal003’s 

ability to expand skeletal muscle stems ex vivo by Crist and coworkers, we were approached and 

asked to solve the problem of synthesizing more potent compounds for their assays with the 

prospect of developing a therapeutic treatment to aid in stem cell transplantation.  

2.4 Synthesis of sal003 and Analogs 

 2.4.1 – Synthesis of sal003 and Analogs  

 In collaboration with Dr. Colin Crist (McGill University, Lady Davis Institute for Medical 

Research) we planned to develop and synthesize more potent analogs of sal003, which enable ex 

vivo expansion of muscle stem cells that retain regenerative capacity. Furthermore, we set out to 

design a suitable PAL of sal003 to be used to identify its cellular target(s) and provide valuable 

information regarding its mechanism of action.  

 As a point of departure, we planned to synthesize a panel of salubrinal derivatives that had 

been previously reported by Liu and coworkers. Although the biological contexts are vastly 

different, it serves as a crucial point of comparison, since in both cases it is hypothesized that 

sal003 and its analogs suppress protein translation by inhibiting the dephosphorylation of eIF2. 

But before any analogs could be made, of utmost importance was the ability to reproduce the 

synthesis of sal003 in our lab and ensure that its activity was consistent with that of material 

purchased from Sigma-Aldrich.  
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In the work published by Liu in 2012 they provide an extremely brief overview of the 

synthesis of this class of compounds wherein they state the reagents used in each step but provide 

no experimental/characterization data of any intermediates. Additional literature searches for any 

experimental details proved futile and any references found were patents containing very minimal 

information. Nevertheless, using the scheme provided by Liu as a rough guideline, commercially 

available benzaldehyde was converted to the unsaturated carboxylic acid 2.4.1.1 by refluxing in 

pyridine in the presence of malonic acid and catalytic amounts of piperidine (Scheme 2.4.1.1). 

Amidation proceeded smoothly via acid chloride formation followed by quenching with cold 

NH4OH to yield 2.4.1.2. A mixture of the cinnamamide and chloral hydrate were then heated to 

reflux in toluene for 12 hours using a Dean-Stark trap to yield the chloral amide 2.4.1.3, which 

was isolated via vacuum filtration. It was found that using 2 equivalents of chloral hydrate was 

required in order to drive the reaction to completion. Subsequent chlorination of 2.4.1.3 using 

thionyl chloride with a catalytic amount of DMF provided 2.4.1.4 almost quantitatively as a light-

yellow powder. The chloride was then converted to the isothiocyanate 2.4.1.5 using potassium 

thiocyanate in refluxing acetone. With compound 2.4.1.5 in hand, the last remaining step was the 

coupling of 4-chloroaniline with the isothiocyanate, a seemingly simple transformation that has 

been reported to proceed in 2 hours in refluxing THF.20 Initial attempts to reproduce this were 

unsuccessful, and resulted in complete recovery of starting materials. Following the  

mechanochemical procedure reported in 2012 by the Friščić group,23 2.4.1.5 was combined with 

4-chloroaniline in a mortar and ground manually with a pestle for 10 minutes to yield the coupled 

product 2.4.1.6 (sal003) in a 78% isolated yield as a white powder following column 

chromatography, with the remaining mass balance being unreacted starting material.  
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Scheme 2.4.1.1 Initial Synthesis of sal003  

After obtaining this promising result, the coupling reaction was run in a Retsch MM200 

mill for 25 minutes at 30 Hz, isolating 2.4.1.6 in a 92% yield following flash chromatography.  

Aside from ease in isolation/purification of the product, this solvent-free method provides a 

greener alternative to the synthesis of a class of biologically active compounds, an extremely 

attractive feature should these molecules ever become marketed pharmaceuticals. However, the 

limiting feature of the ball-milling reaction in the lab is the scalability, as the combined maximum 

mass of reagents placed into the Teflon jar cannot exceed 250 mg. However, for the purposes of 

preliminary biological screening, this provides more than ample amounts of material. In the cases 

where a compound exhibited a high potency, an alternative approach would have to be taken in 

order to synthesize larger quantities of these materials. It was hypothesized that refluxing in THF 

did not provide a sufficient amount of thermal energy to form the thiourea moiety, whereas the 

mechanical energy provided during ball-milling did. Therefore, in the interest of scalability, this 

process was investigated further. It was found that heating the isothiocyanate with the aniline in a 

sealed vessel at 80°C for 12 hours in THF, led to complete consumption of starting material and 

allowed for the gram-scale synthesis of analogs. 
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Scheme 2.4.1.2 – General Synthetic Pathway of sal003 Analogs 

 With an optimized synthetic procedure, we next assembled a library of compounds for our 

preliminary biological assays. Following the general synthetic pathway depicted in Scheme 

2.4.1.2, a number of different anilines were coupled to isothiocyanate 2.4.1.11 to provide a panel 

of compounds with differing substituents on the aniline (Table 2.4.1.1). In the initial stages of the 

compound synthesis and development, we selected anilines containing electronically and sterically 

different functional groups at varying positions on the ring to gain some preliminary insight into 

how this effects the overall compound activity. In the case of analog 2.4.1.17, 2-

thiophenecarboxyaldehyde was carried through the synthetic pathway depicted in Scheme 2.4.1.2. 

Compound 2.4.1.33 was synthesized using benzyl protected 4-hydroxybenzaldehyde, which was 

subsequently deprotected to provide 2.4.1.35. For compound 2.4.1.34, 4-methoxybenzaldehyde 

was carried through the synthesis depicted above. The rationale behind the synthesis of these three 

compounds will be discussed in Section 2.5. 
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Table 2.4.1.1 – Synthetically Prepared sal003 Analogs 

As discussed earlier in Section 2.3.3, an extremely potent analogue from Liu’s work was 

PP1-24, containing a thiazole ring in place of the thiourea group. The synthesis of the amino-

thiazole ring started with the alpha-bromination of commercially available 4-chloroacetaphenone 

to yield 2.4.1.36 as a white crystalline solid. This was converted to the amino-thiazole through a 

substitution/condensation reaction under basic conditions using thiourea to obtain 2.4.1.37. At first 

glance, the final substitution reaction between the amino-thiazole and chloride 2.4.1.4 seemed to 

be relatively straightforward, with Liu reporting conditions of K2CO3 in DMF at room temperature. 

Initial attempts to reproduce this result were not successful, and no reaction was observed even 

when the temperature was increased to 100 ºC.  
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Scheme 2.4.1.3 – Synthesis of PP1-24  

 Owing to the earlier success of coupling the isothiocyanate with anilines in the solid state, 

this reaction was tested under the same set of conditions. Unfortunately, no reaction was observed 

and only starting material was recovered. Further investigation of this seemingly simple reaction 

prompted us to question the innate nucleophilicity and pKa of the amino-thiazole. If the amine was 

not acidic enough to be deprotonated by K2CO3, nor was it nucleophilic enough to undergo 

substitution as the neutral species, a much stronger base would need to be used. Satisfyingly, pre-

mixing sodium hydride with 2.4.1.37, followed by addition of the chloride 2.4.1.4 led to the desired 

coupled product 2.4.1.38 in a 64% isolated yield. 

2.4.2 – Synthesis of AMC-01 

 As discussed in Section 2.3.5, the AMC series of piperazine-based compounds proved to 

be more effective inhibitors of ER stress-induced apoptosis than salubrinal. In parallel with the 

design and synthesis of novel sal003 analogs, we wanted to synthesize AMC-01 for testing in our 

assay. However, no syntheses have been reported for this class of compounds in the literature, 

prompting us to develop a relatively straightforward and convergent approach (Figure 2.4.2.1).  
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Figure 2.4.4.1 – Structures of Salubrinal and AMC-01 

The synthesis began by reducing commercially available 5-bromo-2-

methoxybenzaldehyde to the alcohol (2.4.2.1) using NaBH4 in methanol, followed by conversion 

to the alkyl bromide coupling partner 2.4.2.2 using PBr3 in DCM (Scheme 2.4.2.1). This was then 

coupled to Boc-protected piperazine 2.4.2.3 to generate the desired C-N linkage, which was 

subsequently Boc-deprotected using TFA in 1,2-dichloroethane to afford 2.4.2.4 in a 92% yield 

over two steps. The Boc-deprotection was problematic at first as no reaction was observed in DCM 

at room temperature, prompting further investigation. After refluxing the mixture in DCM, a small 

amount of the desired product spot became visible via TLC, which suggested that heating was 

necessary. The solvent was then switched to 1,2-DCE to allow the temperature to be increased 

further, and the reaction proceeded to completion after 2 hours to provide the desired free amine 

2.4.2.4.  To synthesize the second coupling partner, commercially available 4-biphenylcarboxylic 

acid was converted to the acid chloride 2.4.2.5 using thionyl chloride in a 96% yield. The amine 

was then coupled with the prepared acid chloride 2.4.2.5 in DCM to afford AMC-01 (2.4.2.6) as 

an off-white solid in a 76% isolated yield.  
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Scheme 2.4.2.1 – Convergent Synthesis of AMC-01 

 At this point, no further analogs have been synthesized; however, this is an avenue that we 

plan to pursue further in the future as well as synthesizing a PAL of AMC-01 to be used for target 

identification in the context of inhibiting ER stress-induced apoptosis.  

2.4.3 – Design and Synthesis of Hybrid Compounds 

At this point in the project we had two structurally diverse classes of small molecules, with 

two separate hypothesized mechanisms of action. In the case of sal003, it was believed that it acted 

to inhibit the dephosphorylation of eIF2, whereas in the case of AMC-01, it was believed that it 

acted to promote the phosphorylation of eIF2Therefore, we hypothesized whether the 

combination of the potential active components of both classes of compounds would have a 

synergistic effect to maintain quiescence in satellite cells by simultaneously inhibiting 



81 

 

dephosphorylation, and promoting phosphorylation of eIF2With this in mind, we designed two 

distinct hybrid molecules as synthetic targets that are comprised of functional groups deemed 

essential from both classes of compounds (Figure 2.4.3.1). The rationale behind the design of these 

compounds was two-fold. Firstly, the components of both classes of compounds that had been 

deemed essential for activity from previous assays could be combined in a way that would be 

synthetically feasible and potentially provide highly potent compounds. Secondly, the hybrids 

were a completely novel class of compounds that would allow us access to brand new IP space, 

should they prove to be potent analogs.  

 

Figure 2.4.5.1 – Design and Structures of Hybrid Molecules  

 To prepare these compounds, a combination of procedures used to synthesize the sal003 

analogs and AMC-01 were employed. The synthesis and characterization of these two novel 

compounds was conducted by undergraduate student Océane Marescal. The synthesis of 2.4.3.1 

began by treating commercially available 4-chlorobenzamide with chloral hydrate in refluxing 

toluene to yield the chloralamide 2.4.3.3 that was then converted to the chloride coupling partner 

2.4.3.4 with thionyl chloride (Scheme 2.4.3.1). The chloral amide 2.4.3.4 was then coupled with 

2.4.2.4 in refluxing 1,2-DCE with NEt3 to yield the desired compound 2.4.3.1 and the first hybrid 

compound in a 52% isolated yield.  
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Scheme 2.4.5.1 – Synthesis of Hybrid Compound 1 

 The synthesis of hybrid compound 2 began by converting intermediate 2.4.2.5 into an 

amide by quenching the acid chloride with ammonium hydroxide to provide 2.4.3.5 quantitatively 

(Scheme 2.4.5.2). Heating the amide to reflux in toluene in the presence of chloral amide afforded 

chloral amide 2.4.3.6, which was treated with thionyl chloride to afford the chlorinated coupling 

partner 2.4.3.7. This was then combined with the free amine 2.4.4.4 in a similar fashion as above 

to undergo substitution and provide our second hybrid compound 2.4.3.2 in a 58% isolated yield.  

   

 

Scheme 2.4.3.2 – Synthesis of Hybrid Compound 2 
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In conjunction with the testing of these compounds in our preliminary biological assay, we 

would like to test the effects of co-administering sal003 and AMC-01 to see if any synergistic 

effects can be observed.   

2.4.4 – Biological Activity of Analogs 

 All synthesized compounds were then tested in a bioluminescence assay for their ability to 

expand satellite cells at an administered concentration of 10 M. Satellite cells isolated from 

Pax3GFP/+; tg(actb-luc) mice were cultured in 96 well plates under normal conditions in the 

presence of sal003 and its analogs. At different culture times luciferase activity was analyzed by 

addition of D-luciferin to satellite cells and measured quantitatively using a bioluminometer. 

Proliferating satellite cells undergoing self-renewal show an increase in luciferase levels compared 

to the control (DMSO). Whereas cells that activate the myogenic program will begin to 

differentiate and therefore not self-renew, resulting in a plateau of luciferase levels. However, the 

preliminary assay only provides data on whether the cell culture has increased in size and does not 

identify if the cells have maintained their ability to self-renew, or if they have begun to 

differentiate. The analogs that display an increase in luciferase levels would then be tested in a 

secondary immunofluorescence screen containing antibodies against Pax7 and MyoD as well as 

an immunoblotting assay containing antibodies against total and phosphorylated eIF2P- eIF2. 

In these assays, compounds are tested for their ability to upregulate Pax7 and maintain high levels 

of P-eIF2 Top analogs from these two screens will then be evaluated for their effectiveness to 

expand satellite cells that retain their regenerative capacity in a preclinical mouse model of 

Duchenne muscular dystrophy.  

The assays were performed in the laboratory of Dr. Colin Crist by MSc. Candidates Victor 

Chichkov and Graham Lean. The initial luminescence expansion assay was conducted to confirm 

that the sal003 being synthesized in the lab would perform as well as the sal003 being purchased 

from Sigma. It was found that this was in fact the case, as 2.4.1.6 had almost identical expansion 

numbers as the purchased material (Figure 2.4.4.1). In the same assay, four other synthesized 

compounds from Liu’s work were screened to see if any trends were observed between the potency 

of compounds in their ability to protect cells from ER stress and expand skeletal muscle stem cells 

in culture. Satisfyingly, we observed similar trends with regards to potency as compounds 2.4.1.14 
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and 2.4.1.17, two potent compounds from Liu, had a greater ability to expand satellite cells than 

the parent compound sal003.   

 

 

Figure 2.4.4.1 – Luminescence Assay Results at 4-day culture time with Corresponding Chemical 

Structures. Synthesized sal003 maintains identical activity to the purchased material. 

 We proceeded by screening another set of compounds in the luminescence assay to see if 

we could begin to understand how the minor structural modifications were changing the 

compounds activity. From this assay, it was found that over a culture period of 9 days, compound 

2.4.1.18 bearing the meta hydroxyl group, had a greater ability to expand the satellite cell 

population in culture than sal003 (Figure 2.4.4.2). Additionally, compound 2.4.1.15 produced 
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almost identical results to that of sal003 and would therefore need to be investigated further. Also, 

compound 2.4.1.20, containing bis-CF3 groups in the meta positions, proved to be interesting as 

initially there was no expansion of cell numbers until day 5, when the luminescence signal began 

to rapidly increase. This observed lag of expansion, followed by rapid growth is an intriguing 

feature, which prompted us to examine compound 2.4.1.20 further. 

 

 

Figure 2.4.4.2 – Luminescence assay results of additional compounds after 9-day culture period  

 Further screening identified that compound 2.4.1.21, bearing a tert-butyl group para to the 

thiourea, proved to be more efficacious to expand the population of satellite cells than sal003, 

while 2.4.1.22 and 2.4.1.23 exhibited no activity (Figure 2.4.4.3). Until day 7 of the assay, 

compound 2.4.1.21 displayed identical expansion kinetics to sal003. After this time period, the 
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expansion numbers with sal003 reached a plateau, whereas with 2.4.1.21 they continued to 

increase in size. This was a very interesting observation and we were interested to see if the 

expanded cell numbers maintained P-eIF2in our secondary screen. 

  

 

Figure 2.4.4.3 – Compound 2.4.2.21 is more efficacious to expand satellite cells than sal003 

We next asked whether 2.4.1.20 could maintain its ability to expand skeletal muscle stem 

cells over a prolonged period of 13 days at a lower working concentration than sal003. If the dose 

of sal003 administered is less than 10 M, it loses its activity in our assay. Therefore, we examined 

the effects of lowering the concentration of 2.4.1.20 to 5 M and comparing its activity to that of 

sal003 at 5 M (Figure 2.4.4.4). It was observed that 2.4.1.20 maintained its ability to expand 

satellite cells at 5 M, while sal003 proved to be ineffective at this concentration. In fact, 

compound 2.4.1.20 administered at 5 M is more potent in our assay than sal003 at 10 M.  
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Figure 2.4.4.4 – Compound 2.4.1.20 maintains its ability to expand muscle stem cells at 5 M, the 

concentration at which sal003 loses activity 

As previously discussed, the luminescence assay only provides information on the ability 

of the compounds to expand the muscle stem cell culture and does not determine whether they 

have exited quiescence and activated the myogenic program. To determine this, the compounds 

were screened in the secondary Phospho-eIF2assay for their ability to maintain phosphorylated 

eIF2thereby maintaining quiescence. They were screened relative to thapsigargin, which 

potently increases levels of P-eIF2 From this assay, it was found that compound 2.4.1.20 was 

more efficient at maintaining P-eIF2than sal003, demonstrating that it is capable of expanding 

skeletal muscle stem cells ex vivo that maintain P-eIF2Figure 2.4.4.5). Disappointingly, 

compounds 2.4.1.15 and 2.4.1.19, which showed better expansion numbers than sal003 in our 

luminescence assay, were not efficient at maintaining P-eIF2That being said, we were very 

pleased with the results we had obtained using compound 2.4.1.20. Not only did it outperform 

sal003 in both of our preliminary assays, but it also a novel compound itself, making these results 

even more exciting as it allows us to access new IP space.  
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Figure 2.4.4.5 – Compound 2.4.1.20 is more efficient than sal003 to maintain P-eIF2 

 With the preliminary results that we have obtained, we could begin to draw conclusions as 

to how the structural modifications impacted activity. The introduction of the Bis-CF3 groups led 

to enhanced activity, as did the bulky tert-butyl group. It is well known that the introduction of 

CF3 groups onto a drug scaffold can lead to a higher degree of lipophilicity and metabolic 

stability.24 Whether the enhanced activity of compounds 2.4.1.20 and 2.4.1.21 is due to the 

enhanced lipophilicity remains unknown at this point and requires further investigation. However, 

it was quite apparent that even very minor modifications made to the scaffold of sal003 

dramatically changed its ability to expand muscle stem cells. This of course draws attention to the 

longstanding question of what is the cellular target of sal003 and what is its mechanism of action 

in the cell. With the design and synthesis of a photoaffinity label (PAL) of sal003, we hope to 

identify this in the context of maintaining quiescence of satellite stem cells and then apply this 

knowledge to the broader scope of cells that have activated the UPR in response to ER stress.  
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Compound MuSC Expansion P-eIF2 

Sal003 (Sigma) Yes Yes 

2.4.1.6 (sal003) Yes Yes 

2.4.1.13 No tbd 

2.4.1.14 No tbd 

2.4.1.15 Yes <Sal003 

2.4.1.16 No No 

2.4.1.17 No tbd 

2.4.1.18 Yes No 

2.4.1.19 No No 

2.4.1.20 Slow >Sal003 

2.4.1.21 Yes tbd 

2.4.1.22 No No 

2.4.1.23 No No 

2.4.1.24 tbd tbd 

2.4.1.25 tbd tbd 

2.4.1.26 tbd tbd 

2.4.1.27 tbd tbd 

2.4.1.28 tbd tbd 

2.4.1.29 tbd tbd 

2.4.1.30 tbd tbd 

2.4.1.31 tbd tbd 

2.4.1.32 tbd tbd 
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2.4.1.33 tbd tbd 

2.4.1.34 tbd tbd 

2.4.1.35 tbd tbd 

2.4.1.38 Yes tbd 

2.4.2.6 (AMC-01) No tbd 

2.4.3.1 (Hybrid 1) No No 

2.4.3.2 (Hybrid 2) No No 

 

Table 2.4.4.2 – Summary and Screening Results of sal003 Analogs 

 One of the major challenges and limitations for us during the development of analogs was 

that we were receiving the results from the luminescence assay in several distinct pieces at different 

timepoints, which made it difficult for us to directly compare the activity of all our compounds. 

However, this did not deter us from assembling a library of sal003 analogs that were then screened 

in our biological assays for their ability to expand muscle stem cells and maintain P-eIF2.   

2.4.3 – Separation and Biological Activity of sal003’s Enantiomers 

It is well known that stereoisomeric compounds differ in their pharmacodynamic and 

pharmacokinetic properties.25 In the case of enantiomers, these compounds will have identical 

chemical and physical properties, however the change in three-dimensional conformation can 

often have significant impacts on their pharmacological effects on the human body. Moreover, it 

is often the case that one of the enantiomers is responsible for the biological activity of the 

compound while the other is inactive or causes undesired side-effects.25 

One of the numerous limitations preventing sal003 from becoming a marketable 

therapeutic aid for stem cell transplantations is that it is only active in concentrations of 10 M 

and higher. However, the sal003 purchased from Sigma Aldrich, as well as the samples synthesized 

in our lab that have been used in the biological studies, have all been administered as a racemic 

mixture. Since its initial report in 2007, no one has drawn attention to the fact that sal003 contains 
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a center of chirality, and that every time it has been used in biological studies, it has been 

administered in racemic form (Figure 2.4.3.1).  

 

Figure 2.4.3.1 – Chiral Center of sal003 Indicated by Asterisk 

Based on the reasons mentioned above, it would be of significant value if we were able to 

evaluate the biological activity of the individual enantiomers in our assay. However, before this 

could be accomplished, it needed to be determined first if the enantiomers could be separated using 

chiral HPLC, and secondly, whether or not they would be isolable and stable. Preliminary runs 

with sal003 using an analytical chiral HPLC column (Chiralpak IC 250 x 4.6, 5 M) furnished 

promising results, as two distinct peaks were resolved (Figure 2.4.3.2). 

 

Figure 2.4.3.2 – Chiral HPLC Chromatogram Showing Resolution of sal003’s Enantiomers  

Subsequent scaling up to a semi-preparatory sized system using a Chiralpak IC 250 x 10, 

20 M column eluting 77:33 Hexanes/Isopropanol, allowed for milligram quantities of each 

enantiomer to be isolated, and then tested in our assay for their ability to expand satellite cells, 

using racemic sal003 as a positive control.  
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Figure 2.4.3.3 – Luciferase assay results for sal003 enantiomers (E1= enantiomer 1, E2= enantiomer 2) 

 Under our normal culture conditions, it was found that one of the enantiomers, termed E2, 

had a greater ability to expand satellite cells than the other (Figure 2.4.3.3). To confirm that these 

results were not an anomaly, different concentrations of each enantiomer were combined and 

evaluated. The rationale behind this is that a 50-50 mixture of each enantiomer should perform 

similarly to the racemic sal003, whereas a 75-25 mixture of E2/E1 should produce better results 

than the 75-25 mixture of E1/E2. Satisfyingly, this was precisely what we saw as the 50-50 mixture 

resulted in almost identical expansion numbers as racemic sal003. Although preliminary, these 

results support our initial hypothesis that the individual enantiomers have different abilities to 

expand satellite cells ex vivo. Moving forward, they will be tested in our secondary screen for their 

ability to maintain P-eIF2Additionally, we would like to determine the absolute configurations 

of the enantiomers for characterization purposes as well as to provide us with some insight into 

the three-dimensional structure of the binding pocket of the cellular target.  

2.5 – Design and Synthesis of a sal003 PAL  
 Although we have shown that it is feasible to synthesize novel derivatives that are more 

potent than sal003 by making only minor modifications to its scaffold, the longstanding questions 

of its exact cellular target and mechanism of action remain unanswered. We planned to address 

this issue by designing and synthesizing a PAL of sal003 to be used for target identification in the 

context of ex vivo expansion of skeletal muscle stem cells. As discussed in Chapter 1, one of the 

biggest challenges in designing a functional PAL is ensuring that the probe maintains similar 

biological activity to that of the parent compound. Oftentimes, this is accomplished through initial 
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screening of compounds wherein functional groups are interchanged at different positions on the 

molecule to determine which aspects of the molecule are essential for activity, and which can be 

altered without noticeable change. We planned to follow this approach by appending a diazirine 

moiety to the sal003 scaffold to allow for cellular labelling.  

Our first strategy was to synthesize derivatives of sal003 containing a trifluoromethyl-

diazirine moiety owing to their success in other PAL studies in the recent literature. The most 

feasible way to append this to sal003 would be to synthesize an aniline derivative containing the 

CF3-diazirine, and then couple this aniline to isothiocyanate 2.4.1.5. Inspired by the success of 

compound 2.4.1.20 to expand muscle stem cells that maintained high P-eIF2levels, we wanted 

to mimic its structural features by installing the CF3-diazirine in the meta position on the aniline 

(Figure 2.5.1). 

 

Figure 2.5.1 – Desired Probe Based off of the Structure of Compound 2.4.1.20 

Using a combination of modified procedures, the desired aniline was prepared in 8 steps 

from commercially available 2,2,2-trifluoroacetophenone.26-27 Using classic nitration conditions, 

200 mmol of 2,2,2-trifluoroacetophenone was treated with a mixture of sulfuric and fuming nitric 

acid to obtain the single addition product 2.5.1 in a 77% yield (Scheme 2.5.1). Iron-mediated 

reduction of the nitro group to the amine, followed by Boc-protection provided 2.5.2 in an 80% 

yield over two steps. The formation of the tosyl-oxime proceeded smoothly as the ketone was first 

treated with hydroxylamine hydrochloride to give the oxime, which was then protected with tosyl 

chloride to provide 2.5.3 as a mixture of E/Z isomers. Condensation with liquid ammonia provided 

the diaziridine 2.5.4 as a yellow oil in a 66% isolated yield after purification. Finally, oxidation to 

the diazirine under standard conditions followed by Boc-deprotection in TFA, provided the desired 

aniline coupling partner 2.5.5 as a dark orange oil. Using the standard conditions, the coupling 

reaction with isothiocyanate 2.4.1.5 in THF was successful to provide our initial sal003 probe 

2.5.6. A yield of 45% was obtained for this as the reaction was stopped prematurely once the 
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product spot became visible through TLC because the stability of the diazirine compound in 

solution at 80°C is unknown. Following the standard work-up procedure, 2.5.6 was purified and 

isolated using column chromatography to yield the desired compound as a yellow powder.  

 

Scheme 2.5.1 – Synthesis of Probe 2.5.6 

 After completing the synthesis of 2.5.6, it was of utmost importance to ensure that the 

diazirine was photoactive. The most direct way to assess this was to dissolve the probe in methanol 

and irradiate the sample with long-wave UV light.28 If the diazirine is photoreactive, it should 

undergo a formal -OH insertion with methanol to provide the methyl ether (Scheme 2.5.2). When 

this experiment was run in the lab, complex reaction mixtures were obtained with no evidence for 

the formation of 2.5.7. This is something that will be investigated further. 

 

Scheme 2.5.2 – Photolysis of Probe 2.5.6 
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 Moving forward, 2.5.6 needs to be further tested for its photoactivity, as well as its activity 

in our assays to ensure that it maintains the ability to expand skeletal muscle stem cells that retain 

P-eIF2These are experiments that are currently underway.  

 In parallel with the synthesis of 2.5.6, we wanted to prepare probe analogs of sal003 

containing both a diazirine unit and an alkyne group to perform pull-down/MS analysis of the cell 

lysates for target identification experiments. From our initial investigative studies, it seemed as 

though modifications made to the Region B on the compound had the largest impact on overall 

activity, whereas Region A tolerated changes without noticeable effects (Figure 2.5.2). Therefore, 

we identified that Region A was potentially modifiable whereas Region B would tolerate only 

minor structural modifications. With these preliminary results, we proposed to synthesize a 

derivative containing a diazirine and alkyne units to Region B on the molecule in hopes that it 

would have a negligible effect on the biological activity compared to the parent compound sal003.  

 

Figure 2.5.2 – Potentially Modifiable Regions of sal003 

 The most traditional approach to append these functional groups to sal003 would involve 

a cross-coupling reaction to install the terminal alkyne and a Grignard reaction to append the 

ketone pre-cursor for the diazirine. However, the most direct approach to a bifunctional probe 

would be to replicate the work reported by Li et al. in 2013 wherein they report the synthesis of a 

minimalist linker unit that contained both a diazirine and a terminal alkyne.29 This is beneficial 

from a synthetic standpoint since depending on the complexity of the parent compound, it can be 

a difficult task to install the diazirine and alkyne separately, and in a selective manner. To avoid 

this complication, they developed 3 linker probes with different functional handles at the terminal 

sites to allow them to be appended to the parent compounds through simple substitution or 

coupling reactions (Figure 2.5.3).  
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Figure 2.5.3 – Li’s Minimalist Terminal Alkyne Linkers  

 Our plan was to synthesize L3 and append it to the left-hand side of sal003 by incorporating 

a phenol onto the aromatic ring as a functional handle. Following the procedure reported by Li, 

ethyl acetoacetate was alkylated with propargyl bromide to yield 2.5.8 (Scheme 2.5.3). After 

ketone protection under standard conditions, the ester was reduced with LiAlH4 to give 2.5.9 in an 

85% yield over two steps. The acetal was then hydrolyzed under acidic conditions to provide the 

free ketone 2.5.10, a key intermediate in the synthesis of all 3 linker probes. The ketone was treated 

with neat liquid NH3 at -78°C, slowly warmed to room temperature, and then heated at 40°C to 

yield the N-H imine. This was treated with hydroxylamine-o-sulfonic acid to provide the 

diaziridine, which was oxidized using I2 to yield the diazirine 2.5.11 in a 65% yield over three 

steps. The free alcohol was then converted to the alkyl iodide under standard Appel conditions to 

yield the desired compound 2.5.12. 

 

Scheme 2.5.3 – Synthesis of L3 

 Before L3 could be appended, the proper derivative of sal003 had to be synthesized 

containing a phenolic handle on the left-hand side. In order to simplify the purification in between 

steps, methyl and benzyl protected phenols were carried through the general synthesis of sal003 

analogs to yield compounds 2.4.1.33 and 2.1.34, which could then be deprotected to provide the 

desired free phenol (Figure 2.5.3). However, attempts to deprotect 2.4.1.34 using BBr3 were met 
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with failure and led to decomposition of starting material. Therefore, hydrogenation conditions 

were employed to deprotect 2.4.1.33. This quickly proved to be problematic as 2.4.1.33 is insoluble 

in traditional organic solvents used for hydrogenation; prompting us to seek an alternative 

approach. Gratifyingly, when 2.4.1.33 was treated with an excess of BBr3 in DCM at -78 °C, the 

free phenol 2.4.1.35 was obtained in an 56% isolated yield following column chromatography. 

With the phenolic handle installed onto sal003, we wanted to first test the efficacy of these three 

compounds in our preliminary biological assay to ensure that they maintained similar activity to 

that of sal003 before the actual probe was synthesized. The three test probes were then tested for 

their ability to expand satellite cells in an ex vivo culture using sal003 as a positive control.  

 

Figure 2.5.4 – Synthesis of Test Probes 

 Unfortunately, all three compounds showed a significant decrease in their ability to expand 

skeletal muscle stems compared to sal003 (Figure 2.5.5). In the case of the benzyl derivative 

2.4.1.33, it led to cell death after 3 days in culture. The introduction of the phenol in the para 

position, whether protected or not, changes the overall electronic properties of the compound, 

which can lead to adverse changes in its biological activities. We believed that the electron-

donating capability of the phenol in the para position could potentially lead to a fragmentation of 

the compound in culture, which could account for the loss of activity. After obtaining these 

disappointing results from the assays, we set out to synthesize derivatives wherein the phenol is in 

the meta position. Placing this in the meta position will change the electronics of the compound, 

and we hypothesize that eliminating the electron-donating ability of the phenol will allow for 

retention of activity. The synthesis of the meta-protected and free phenol are currently underway.  
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Figure 2.5.5 – Luminescence Assay results displaying poor activity from test probes 

2.6 - ISRIB 
 Through our initial assays, we have shown that pharmacological inhibition of 

eIF2phosphatase permits the ex vivo expansion of skeletal muscle stem cells that maintain P-

eIF2When the cell expresses elevated levels of P-eIF2 general translation initiation is 

hindered; however, certain mRNAs get selectively translated under these conditions with the 

exemplary transcript being the Atf4 gene. To quantify the expression levels of Atf4 in the quiescent 

satellite cell, Crist and coworkers replicated a previous assay and replaced the Atf4 coding region 

with the luciferase gene, which produces light through an enzymatic reaction and allows the 

expression level to be quantified based on how much light is produced.30 Next, to determine if Atf4 

expression is increased independently of mRNA levels, they cultured cells in the presence of a 

small molecule ISRIB (Figure 2.6.1), which is known to reverse the effects of P-eIF2at nM 

concentrationsTherefore, by comparing the expression levels of the Atf4-luciferase construct 

when cultured with ISRIB to the control group, they can determine to what extent Atf4 is 

unregulated at the protein level independent of mRNA level.  

 

Figure 2.6.1 – Symmetrical structure of ISRIB 
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 However, purchasing even small quantities of ISRIB from chemical suppliers is extremely 

expensive and therefore we wanted to be able to synthesize ample quantities in the lab. The 

synthesis of ISRIB is simple and required the mixing of two cheap, commercially available 

reagents, trans-1,4-diaminocyclohexane and 4-chlorophenoxyacetyl chloride, with triethylamine 

to afford 2.6.1 in a 97% isolated yield. This facile one-step synthesis allowed for the preparation 

of gram-scale quantities of ISRIB. 

 

Scheme 2.6.1 – Synthesis of ISRIB 

 Additionally, a SAR study was conducted with ISRIB by Sidrauski et al. in 2015 wherein 

they synthesized an analog improving the EC50 value to 600 pM in cell culture.32 Following their 

reported procedure as a rough guideline, commercially available 4-chloro-3-fluorophenol was 

reacted with tert-butyl bromoacetate to afford 2.6.2 which was readily saponified to yield 2.6.3 as 

white solid (Scheme 2.6.2). This was then converted to the acid chloride 2.6.4 under standard 

conditions. In similar fashion as above, the acid chloride was reacted with the diamine to provide 

the desired ISRIB analog 2.6.5 in an 88% yield.  

 

Scheme 2.6.2 – Synthesis of ISRIB Derivative 
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 With the two compounds in hand, they were tested for their ability to reduce P-eIF2a 

translation, and mediate the expression levels of Atf4. It was found that satellite cells cultured in 

the presence of 2.6.1 and 2.6.5 displayed significantly lower levels of Atf4 expression compared 

to the control, or cells cultured with sal003 (Figure 2.6.2).  

 

Figure 2.6.2 – Atf4-Luciferase Assay  

 Furthermore, they went on to show that satellite cells treated with 200 nm of ISRIB led to 

an overall decrease in the number of cells that had not activated the myogenic program (Figure 

2.6.3).  This was confirmed using an immunoblotting assay using antibodies for Pax7 and MyoD. 

Further investigations are currently underway to examine the effects of ISRIB on skeletal stem 

cell activation in live mice. 

 

Figure 2.6.3 - ISRIB decreases numbers of satellite cells that have not activated the myogenic program 

after 3-hour culture 

2.7 – Conclusion and Future Work 

 In this chapter, we have discussed the importance of eIF2Phosphatase in maintaining 

quiescence in satellite cells, and how its pharmacological manipulation is a potentially viable 
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approach to developing therapeutics for the treatment of skeletal muscle disorders. Currently, the 

use of satellite cells as a treatment option is limited by their rarity in the human body, encouraging 

their cultivation ex vivo. However, ex vivo culture of satellite cells is extremely challenging as once 

they are taken out of their niche in the body, they immediately differentiate and activate the 

myogenic program. By studying the molecular mechanisms that underlie satellite cell activation, 

Colin Crist and coworkers identified the dephosphorylation of eIF2to be a key event in this 

process and that by treating freshly isolated satellite cells with a small molecule known to inhibit 

this pathway, sal003, they were able to culture stem cells ex vivo that maintained P-eIF2

 By performing a structure optimization study on sal003, we synthesized several novel 

compounds that were more potent at a lower effective concentration. However, our ability to 

develop more potent analogs was significantly hindered by our lack of understanding of their 

cellular targets or biological mechanism of action. We planned to address this issue by designing 

and synthesizing PAL probes of sal003 to be used in target identification. An initial probe 

containing a diazirine photoactivable group has been synthesized and will be tested for activity in 

preliminary assays.  

 The future endeavours of this project are three-fold. Firstly, additional sal003 analogs need 

to be synthesized and tested in the interim to allow us to gain a better understanding of which 

positions on the molecule are amenable to modification. Secondly, the enantiomers of sal003 need 

to be tested further to determine if one stereoisomer is in fact more active than the other. If this 

proves to be the case, this could prompt the investigation of an enantioselective synthesis. In 

parallel with this, the enantiomers of our more potent analogs need to be resolved on the chiral 

HPLC and screened in our assays for activity. Finally, the number one priority of this project is to 

identify the cellular target and mechanism of action of sal003 in the quiescent satellite cell. The 

identification of its cellular target would allow for rapid structure optimization studies to develop 

highly potent analogs based off of the binding site on its biological target. Furthermore, we would 

like to extend our sal003 PAL studies to a more widespread application and use them for target 

identification in cells that have activated the UPR in response to ER stress. Owing to the prevalence 

of the dysregulation of the eIF2dephosphorylation pathway in many life-threatening diseases, 

the ability to manipulate and control this by small-molecule intervention would have serious 

implications in the pharmaceutical industry.  
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3. Benzothiazine Synthesis 
3.1 – Introduction  
 Benzothiazines are a privileged class of heterocycles with wide ranging applications as 

pigments and pharmacophores.1-2 1,4-Benzothiazines have attracted particular interest, due to their 

antibiotic, antiemetic, and antipsychotic activities (Figure 3.1).3 This heterocyclic scaffold is also 

found in nature, and is a key component of pheomelanin, a particular form of the ubiquitous bio-

polymer melanin, which has a red-hue. The efficiency of melanogenesis, coupled with the 

prevalence and importance of 1,4-benzothiazines in materials and medicinal chemistry motivated 

us to develop an efficient, easily diversifiable and scalable synthesis that was inspired by 

pheomelanogenesis. These efforts are complementary to more traditional cross-coupling 

strategies, which include annulation reactions of 2-aminobenzenethiols with diketones or halides 

at elevated temperatures. Although effective, these methods suffer from significant drawbacks 

including pre-functionalization of starting materials, limited substrate scope, and poor control over 

regioselectivity. Transition-metal catalyzed cross-coupling reactions have been developed for the 

synthesis of 1,4-benzothiazines, but these transformations also require substrate 

prefunctionalization, and employ transition metals. Therefore, a transition metal free synthesis of 

1,4-benzothiazines that retains a broad substrate scope while using readily available feedstock 

chemicals under mild reaction conditions would be attractive. This chapter details my efforts 

towards this goal, and builds upon preliminary work conducted by Ms. Elizabeth Li (M.Sc. Lumb 

Group), Mr. Zheng Huang (Ph.D. Candidate, Lumb Group) and Dr. Kenneth V. N. Esguerra (Ph.D. 

Lumb Group). 
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Figure 3.1 – Relevance of the 1,4-benzothiazine core 

3.2 – Overview of Chapter 3 
In section 3.3 the 1,4-benzothiazine heterocycle will be discussed in the context of 

pheomelanogenesis (i.e. the biosynthesis of red pigments). Current methodologies for the synthesis 

of benzothiazines will be then be discussed in Section 3.4. In Section 3.5, our bio-inspired 

methodology for the selective installment of aryl C-S bonds through the nucleophilic addition of 

thiols to ortho-quinones will be discussed, in order to create the context for our synthesis of 1,4-

benzothiazines. This synthesis is discussed in Section 3.6, which discusses the optimization and 

scope of our bio-inspired approach to 1,4-benzothiazines. 
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3.3 – 1,4-Benzothiazines in the Production of Pheomelanin 
Melanogenesis is a complex biological process that is conserved throughout nature, and is 

responsible for the pigmentation of skin, the browning of fruits, and the colouring of hair.4 Early 

studies into this process identified that it results in the production of pigment polymers that can be 

classified as either: eumelanin (black), or pheomelanin (red). Extensive investigations have been 

conducted in order to characterize eumelanin intermediates from its starting material building 

block tyrosine 3.3.1, and what is known about its biosynthetic pathway, whose first steps are 

abbreviated in Scheme 3.3.1. Initially, 3.3.1 is oxidized by the enzyme tyrosinase to generate 

dopaquinone 3.3.2, which can undergo an intramolecular cyclization reaction with the appendant 

amine to arrive at cyclodopa 3.3.3. At this point, cyclodopa 3.3.3 is susceptible to undergo a redox 

exchange process with dopaquinone 3.3.2 to generate the corresponding oxidized dopachrome 

3.3.5, and the reduced dopa 3.3.4. Dopachrome is a highly reactive species that can then undergo 

a series of complex polymerization reactions to generate the pigment eumelanin. The process of 

redox exchange is essential in the production of melanin pigments and occurs because the product 

generated after the intramolecular cyclization (3.3.3) is a highly electron-rich species that can 

reduce the electron-poor species (3.3.2) in a facile manner to generate 3.3.4 and 3.3.5, respectively.  

 

Scheme 3.3.1 - The First Steps of the Biosynthetic Pathway of Eumelanin in Melanogenesis 



108 

 

Significant efforts have been made to study and characterize the intermediates in the 

eumelanin process. However, structurally speaking, little was known about its complimentary 

pheomelanin process until the 1960s. In 1964, degradative studies confirmed the presence of 

nitrogen and sulfur atoms in pheomelanin structures. Subsequently, it was observed that the 

enzymatic oxidation of dopa 3.3.4 in the presence of cysteine 3.3.6 gave rise to the same 

pheomelanin trichochrome compounds 3.3.7 and 3.3.8 that were observed from isolation of 

feathers from New Hampshire hens (gallus gallus) (Scheme 3.3.2).5-6 Further investigations 

identified that regioisomers 5S- and 2S- cysteinyldopa were intermediates in the biosynthesis of 

these trichochrome products.7 It was then hypothesized that these intermediates arose first from 

oxidation of dopa 3.3.4 to dopaquinone 3.3.2, followed by addition of cysteine 3.3.6 to generate 

the regioisomers 3.3.9 and 3.3.10 (Scheme 3.3.2).8 
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Scheme 3.3.2 - Early Isolation of Trichochromes and Proposed Incorporation of Cysteine into 

Pheomelanin Pigments by Prota et al. 

Interest into the synthesis of the cysteinyldopas increased when it was discovered that 5S-

cysteinyldopa 3.3.9 was present in elevated levels in the urine samples of individuals afflicted with 

Harding-Passey melanoma, while levels in healthy patients are almost undetectable.9 This 

prompted Itoh and Prota to apply a biomimetic strategy to the direct synthesis of these 

cysteinyldopa compounds (Scheme 3.3.3).10 By mixing dopa 3.3.4 and L-cysteine 3.3.6 in a pH 

6.8 phosphate buffer in the presence of mushroom tyrosinase, they reported the one-step synthesis 

of 5S-cysteinyldopa 3.3.6, along with its regioisomer 2S-cysteinyldopa 3.3.7, and the double 

addition product 3.3.8. The isolation of the di-thiol adduct 3.3.11 was a clear indication of redox 
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exchange. This marked this first reported synthesis and isolation of these compounds, which were 

characterized by UV-Vis and 1H-NMR analysis.  

 

Scheme 3.3.3 – Itoh’s Synthesis of Cysteinyldopas using Mushroom Tyrosinase  

In another context, Novellino and coworkers reported a one-step synthesis of the 

cysteinyldopas using ceric ammonium nitrate (CAN) under acidic conditions and a large excess of 

cysteine.11 In this case, the 5S isomer was also obtained as the major product along with trace 

amounts of 2S- and di-thiolated adducts. To our knowledge, these are the only two reported 

syntheses of these compounds utilizing a thiol addition to quinones. This can be attributed to the 

difficulty of working with ortho-quinones owing to their tendency to undergo redox-exchange. 

While this process is important in melanogenesis, it complicates more general reactions between 

ortho-quinones and sulfur nucleophiles as it leads to the formation of undesired di-thiol adducts. 

There are currently no strategies to supress redox-exchange, and factors governing this process 

remain poorly understood. 

It was later reported by Thompson et al. that the rate constant for the thiol addition of cysteine 

3.3.6 to dopaquinone 3.3.2 was 3 x 107 M-1sec-1, to generate regioisomers 3.3.9 and 3.3.10 (Scheme 

3.3.4).12 The same authors later reported an additional rate constant of 8.8 x 105 M-1sec-1 for the 

redox exchange process between dopaquinone 3.3.2 and the cysteinyldopas, a rate constant ~30 

times less than the thiol addition.  As previously discussed in this section, the biosynthetic pathway 
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of the black pigment eumelanin involves the nitrogen cyclization of dopaquinone 3.3.2, bearing a 

rate constant of 7.6 sec-1. Therefore, it was concluded that production of pheomelanin occurs only 

if there is a large concentration of cysteine present, i.e. if it is higher than 1 µM. These results, 

calculated via pulse radiolysis, are consistent with the belief that the dictating factor of the pathway 

dopaquinone takes in melanogenesis, i.e. whether it undergoes cyclization to form dopachrome, or 

whether it undergoes thiol addition to form the isomeric cysteinyldopa compounds 3.3.9 and 

3.3.10, is the concentration of cysteine present in the melanosomal compartments of the cell. 

 

 

Scheme 3.3.4 - Calculated Rate Constants for the Thiol Addition of Cysteine to Dopaquinone, and for the 

Redox Exchange between dopaquinone and Cysteinyldopa Products 

Our understanding of the early stages of melanogenesis are summarized in Scheme 3.3.5, 

including the key step of the cysteine sulfur addition to the ortho-quinone dopaquinone 3.3.2.13 

This step has been defined as the branch point in the pathways of the production of eumelanin 

(black pigment) and pheomelanin (red pigment). First, tyrosine 3.3.1 is oxygenated to dopaquinone 

3.3.2 by the enzyme tyrosinase. In the absence of cysteine, 3.3.2 undergoes intramolecular 

cyclization to provide cyclodopa 3.3.3, a highly electron-rich species that is prone to undergo redox 

exchange with dopaquinone 3.3.2 to generate dopachrome 3.3.4. After a series of 

oxidation/polymerization reactions, eumelanin is produced. However, in the presence of cysteine 

(3.3.6), it will add to dopaquinone 3.3.2 via the thiol moiety to generate the 5S- (3.3.9) and 2S- 
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(3.3.10) cysteinyldopa regioisomers. These intermediates then undergo a subsequent oxidation 

reaction to give 5S- 3.3.12 and 2S- 3.3.13 cysteinyldopaquinones, which then are then attacked in 

an intramolecular fashion by the appendant amine followed by condensation and tautomerization 

to generate the 1,4-benzothiazine intermediates 3.3.14 and 3.3.15. Following the production of 

benzothiazines 3.3.14 and 3.3.15, a series of more complex oxidative processes ensue in the 

presence of O2 to generate the pheomelanin pigment in a rapid and uncontrolled fashion; steps that 

are not well understood at this point.  
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Scheme 3.3.5 – Biosynthetic pathway displaying the branch point in Melanogenesis 

 The exact feedback mechanism by which cysteine concentrations are regulated is still 

unclear, but it is hypothesized to be regulated by the specific transcription of enzymes in the 

melanosome.14 It is known that the enzymes melanocyte stimulating hormone (MSH) and agouti 

signalling protein (ASP) play a large role in the regulation process. When the MSH receptor is 

activated, eumelanin production is initiated through an increase in tyrosinase production. 



114 

 

However, if the MSH receptor is blocked or ASP is overexpressed, pheomelanin production will 

occur in place of eumelanin.15 

3.4 – Previous Syntheses of Benzothiazines  
 The ubiquity of the benzothiazine scaffold in pharmaceutical agents and materials 

chemistry has prompted synthetic chemists to develop methodologies that will allow them to 

access this heterocyclic core in a simple fashion.1 The challenges in developing a diversifiable 

synthesis stem from the synthetic limitations of installing aryl C-S and C-N bonds in a mild, 

selective manner. Herein, current methods for the synthesis of 1,4-benzothiazines will be 

discussed. 

 3.4.1 – Transition Metal-Free Condensation Reactions 

 Of the methods that will be discussed in this section, transition metal-free condensations 

between β-diketones/organic halides and 2-aminobenzenethiols is the most traditional and 

straightforward approach. A simple, yet elegant example of using this strategy was reported by 

Munde and coworkers wherein they developed a solvent free approach to the oxidative 

cyclocondensation of 2-aminobenzenethiols and 1,3-dicarbonyls using a catalytic amount of 

hydrazine hydrate and air (Figure 3.4.1.1).16 Although the scope was narrow, they obtained the 

1,4-benzothiazine in excellent yields. 

 

Figure 3.4.1.1 – Munde’s Preparation of 1,4-benzothiazines  

They reasoned that hydrazine hydrate is used to first oxidize the thiol to the disulfide, 

followed by condensation of the amine onto one of the carbonyls. This then triggers a cyclization 
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event, breaking the disulfide bond and releasing the desired 2,3-disubstituted benzothiazine after 

rearrangement (Figure 3.4.1.2). Their mechanistic proposal for the formation of the disulfide bond 

is based on previous work by Iyengar et al. who reported the use of catalytic amounts of hydrazine 

hydrate to convert thiols to disulfides.17  

 

 

Figure 3.4.1.2 – Mechanistic Proposal for the Hydrazine Hydrate Catalyzed 1,4-Benzothioazine Synthesis  

In 2008, Sabatini et al. reported the synthesis of a small library of 3-phenyl-1,4-

benzothiazine derivatives utilizing the condensation between 2-aminobenzenethiols and -bromo 

acetophenones in DMF at room temperature (Figure 3.4.1.3).18 The reported substrate scope is 

relatively narrow, with only 20 compounds being reported, and much of the variability stemming 

from the -bromo acetophenone coupling partners. They attributed the drop in yields to the 

spontaneous oxidative dimerization at the C2 position, a side reaction that is known to occur when 

using polar solvents (Figure 3.4.1.4).19   
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Figure 3.4.1.3 – Sabatini’s Method for 3-phenyl-1,4-benzothiazines 

Although the -bromo acetophenones need to be prepared prior to use, they provide much 

better regioselective control than the 1,3-dicarbonyls, since the thiol will preferentially undergo 

substitution at the position before the amine. Additionally, the use of potassium carbonate in 

DMF at room temperature provides a very mild set of conditions to access the 1,4-benzothiazine 

heterocyclic core in a convergent, selective manner. 

 

Figure 3.4.1.4 – Observed C2 Dimerization Leading to Diminished Yields 

Recently, Yi et al. reported a radical based route to the synthesis of substituted 1,4-

benzothiazines from 2-aminobenzenethiols and a variety of ketones (Figure 3.4.1.5).20 They show 

that these conditions are tolerant of a variety of different ketones including -unsaturated, cyclic, 

linear, and fluoroalkyl, allowing them access to several novel benzothiazine derivatives. 

Additionally, they performed a variety of control experiments in order to probe the mechanism of 

the reaction and they found that all four reactions were inhibited by the presence of TEMPO, 

supporting their initial hypothesis that the reaction proceeded through radical intermediates.  
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Figure 3.4.1.5 – Yi’s Radical Route to 1,4-benzothiazines 

Mechanistically, they proposed the in situ formation of a thiyl radical when the thiol is 

heated under an air atmosphere (Figure 3.4.1.6). The thiyl oxidatively couples to the enol, which 

is generated from the treatment of the ketone with base, to form the carbon centered radical species. 

This species subsequently undergoes a single electron transfer process to generate the ketone, 

which upon further heating in the presence of base, will undergo intramolecular condensation with 

the appendant amine to provide the desired 1,4-benzothiazine product.  
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Figure 3.4.1.6 – Mechanistic Proposal for the Radical Formation of 1,4-benzothiazines  

 Consistent between literature examples that use this transition-metal-free approach is the 

issue of pre-functionalization of starting materials and narrow substrate scope that is significantly 

hindered by the requirement of 2-aminobenzenethiol starting materials. To overcome these 

limitations, numerous transition-metal catalyzed methods have been developed for the 

construction of the 1,4-benzothiazine core.  

 3.4.2 – Transition-Metal Catalyzed Cross-Coupling Approaches  

 The use of transition-metal catalysis for the synthesis of 1,4-benzothiazines has become 

increasingly popular. In 2016, Zhang and coworkers reported the copper-catalyzed coupling of 

cyanamide and an isothiocyanates (Figure 3.4.2.1).21 Mechanistically, they proposed the initial 

generation of a thiourea intermediate via the addition of ammonia onto the isothiocyanate, 

followed by C-S bond formation in the presence of CuTC and K2CO3 to form a Cu-S species that 

immediately undergoes another cross-coupling reaction with the alkyne. Finally, a Cu-mediated 

intramolecular hydroamination reaction affords the desired 1,4-benzothiazine. They then go on to 

show that these conditions are tolerant of electron-withdrawing and donating substituents on both 

coupling partners, and assemble a library of 24 compounds that includes heteroaromatics and aryl 

halides. Nevertheless, the substrate scope is still relatively limited by the commercial availability 

of the aryl-isothiocyanates as well as the substituted terminal alkynes.  
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Figure 3.4.2.1 – Zhang’s Cu-Catalyzed Tandem Cyclization Strategy 

 Another example of a transition metal catalyzed synthesis comes from Jiang and 

coworkers, who developed novel conditions for the palladium-catalyzed double C-S bond 

formation coupling reaction using Na2S2O3 as the sulfur source (Figure 3.4.2.2).22 They show that 

these conditions are tolerant to several differentially substituted aryl-halide starting materials 

including unprotected alcohols as well as the presence of additional sulfur atoms without affecting 

the coupling reaction. Noteworthy from this example is the use of Na2S2O3 as the sulfur source. 

Compared to free thiols, sodium dithionite is a cheap, benchtop stable salt that is relatively odour-

free, greatly simplifying the reaction setup. The obvious drawback to this methodology is the need 
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for the preparation of the N-tosylated aryl-halide starting materials, which requires two-steps from 

commercially available 2-iodoanilines. 

 

Figure 3.4.2.2 – Jiang’s Pd-catalyzed Synthesis of 1,4-benzothiazines 

 As mentioned in Section 3.1, the development of transition-metal catalyzed approaches to 

the synthesis of 1,4-benzothiazines has solved many of the issues relating to regioselectivity and 

limited substrate scope that are commonly encountered in the more traditional metal-free methods. 

However, current metal-catalyzed methodologies still suffer from significant drawbacks; most 

notably being the limited substrate scope that they can access. Owing to the importance of this 

heterocyclic scaffold, the need for a diversifiable synthesis of substituted 1,4-benzothiazines 

providing access to a large substrate scope is highly desirable.  

3.5 – Sulfur Addition to ortho-Quinones: A Mild Synthesis of Aryl C-S Bonds 
      In our group, we have often drawn inspiration from chemical processes that occur in 

nature, with the objective of adapting these processes into a laboratory setting. Over the past 

several years we have been examining the addition of sulfur nucleophiles to ortho-quinones using 

a biomimetic approach. As a more general methodology for aryl C-S bond formation, thiol addition 

to ortho-quinones has been severely underexploited, most likely due to the difficulty of working 

with ortho-quinones as reagents.  

 This work has origin in an initial experiment performed by Dr. Kenneth Esguerra, who 

investigated the reaction of ortho-quinone 3.5.1 and ethanethiol using N,N-diisopropylethylamine 

as a Brønsted base (Scheme 3.5.1). Using these conditions, catechol 3.5.2 was isolated as a single 
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regioisomer with C-S bond formation occurring exclusively at C6 in 85% isolated yield. This result 

demonstrated aromatic C-S bond formation under remarkably mild reaction conditions, which 

motivated our work to develop this transformation into a more general methodology. 

 

Scheme 3.5.1 - Initial Experiment Investigating the Addition of Sulfur Nucleophiles to ortho-Quinones 

Following this initial investigative experiment, the project was undertaken by Ms. 

Elizabeth Li who screened reaction conditions for C-S bond formation using 3,5-di-tert-butyl-

ortho-quinone 3.5.3 as a model substrate, due to its commercial availability and stability (Table 

3.5.1). Crude reaction mixtures were treated with acetic anhydride (3.0 equiv.) and catalytic 

amounts of 4-dimethylaminopyridine (DMAP), to generate the bis-acetate, which is redox stable, 

and avoids complications of air-oxidation during isolation and purification. Initially, the reaction 

conditions developed by Dr. Kenneth Esguerra were compared with those previously reported in 

the literature. A slight change made to the procedure by lowering the equivalents of ethanethiol to 

1.5 lead to the generation of 3.5.4 in 88% yield (Entry 1). Degassing the solvent by purging with 

N2 immediately prior to use increased the reaction yield to 99% (Entry 2). Previous methodologies 

employing sulfur addition to ortho-quinones reported the use of acidic conditions, ranging from 

strongly acidic (2M sulfuric acid),11 to mildly acidic (3:3:10 acetic acid/water/CH3CN).23 

Therefore, the addition of ethanethiol to quinone 3.5.3 under acidic conditions was examined next, 

employing para-toluene sulfonic acid (p-TsOH) as a Brønsted acid to obtain 3.5.4 in a 63% yield 

(Entry 3). Finally, strongly basic conditions were evaluated by using sodium thiolate, returning 

3.5.3 in a 79% yield (Entry 4). These preliminary reactions demonstrated that the conditions using 

DIPEA as a mild Brønsted base were the most efficient, meriting further investigation. 
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Table 3.5.1 - Initial Experiments with ortho-Quinone 3.2.3  

Further examination of the reaction scope using ortho-quinone 3.5.5 and thiophenol 

provided a mixture of products, including the desired thiol adduct 3.5.6, the di-thiol adduct 3.5.7, 

and the reduced bis-acetylated catechol 3.5.8 (Figure 3.5.1A). The isolation of the di-thiol adduct 

3.5.7 was a clear indication of redox exchange, i.e. that the thiol adduct 3.5.6 catechol was 

oxidizing to the quinone, and allowing for a second thiol addition to occur at C6. The bis-acetylated 

catechol 3.5.8 isolated is the product generated from the redox-exchange of starting material 

quinone 3.5.5, and product 3.5.6. As previously discussed in this section, redox-exchange is a 

process that is known to occur between electron-rich catechols and electron-poor quinones. To 

further investigate the effects of redox exchange on ortho-quinone 3.5.5, its ethanethiol adduct 

was generated in solution, and instead of bis-acetylation of the product catechol, another equivalent 

of starting material quinone was added. This mixture was stirred for 1.5h, upon which acetic 

anhydride/DMAP was added. This lead to the generation of complex mixtures, from which 3.5.9, 

3.5.10, and 3.5.11, were isolated (Figure 3.5.1B). The remaining mass balance also could not be 

accounted for, verifying our hypothesis that redox-exchange was a deleterious process occurring 

during the thiol additions performed with ortho-quinone 3.5.5. 
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Figure 3.5.1 - Experiments Probing Redox-Exchange  

Further optimization studies were carried using ortho-quinone 3.5.1 and 2-propanethiol, in 

an effort to promote thiol addition and prevent redox exchange from occurring. Numerous different 

additives were screened for their ability to enhance the sulfur addition step, including a variety of 

Lewis acids. From this screen, magnesium bromide diethyl etherate (MgBr2
.Et2O) was identified 

as the optimal additive, with the hypothesis being that it acted as a Lewis acid to enhance the 

electrophilicity of C6 and therefore promote sulfur addition. The fully optimized conditions are 

provided in Scheme 3.1.2 and involve using 1.5 equiv. of thiol, 3 equiv. of DIPEA, 0.25 equiv. of 

MgBr2
.Et2O in a 0.05 M solution of 1,4-dioxane. These conditions provided the desired C6 sulfur 

adduct 3.5.12 in a 96% yield along with the reduced/acylated catechol 3.5.13 in a 3% yield.  For a 

full explanation of the optimization procedure see Elizabeth Li’s thesis.24 
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Scheme 3.5.2 – Optimized reactions conditions for the addition of 2-propanethiol to ortho-quinone 3.1.1 

 With optimized conditions in hand, a variety of 4,5-substituted quinones were then 

evaluated using ethanethiol, thiophenol, and 2-propanethiol (Table 3.5.1). Sulfur addition remains 

efficient across a range of 4,5-substituted quinones (entries 3.5.14-3.5.22), with coupling occurring 

exclusively at C6. In order to explore the regiochemistry of the reaction further, a variety of 4-

mono-substituted quinones bearing electron-rich/poor substituents (entries 3.5.23-3.5.34) were 

tested. In all cases, 1,6-addition products were observed. The diminished yields of adducts 3.5.32-

3.5.34 can be attributed to the overall stability of the ortho-quinone starting material, as it is prone 

to undergo decomposition when exposed to air.24 When 1,2-napthoquinone and 1,2-ortho-quinone 

were examined, addition was observed exclusively at C3 and C4 respectively. The crude reaction 

mixtures were treated with Ac2O/DMAP to simplify purification by protecting the catechol. Upon 

examination of the substrate scope in Figure 3.4.1, it is evident that under these conditions, the 

reaction preferentially undergoes a 1,6-addition as demonstrated with the 4,5-substituted and 

mono-substituted quinones. The only outliers were observed for when ortho-quinone was used as 

the coupling partner (entries 3.5.38-3.5.40), in which case 1,4-addition was the only observable 

product. 
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Table 3.5.1 – ortho-Quinone substrate scope 

 After examining the completed substrate scope, it was evident that our developed 

conditions were amenable to a broad range of quinones and provided a highly selective and mild 

procedure for the installation of aryl C-S bonds. Drawing inspiration from the biosynthetic 

pathway for the production of pheomelanin, we planned to show synthetic utility of our developed 

methodology by showing its direct application for the synthesis of novel 1,4-benzothiazines.  

3.6 – Synthesis of Benzothiazines   

 3.6.1 – Scope of ortho-Quinones with L-cysteine  

 As previously mentioned in Section 3.4, the challenges in developing a diversifiable 

synthesis of benzothiazines stem from the synthetic limitations of installing aryl C-S and C-N 

bonds in a mild, selective manner. By taking advantage of the regioselectivity that our aryl C-S 

bond methodology provides, we sought to apply this to a synthesis of benzothiazines. This idea 
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originates from an initial experiment conducted by Dr. Kenneth Esguerra, wherein sulfur adduct 

3.6.1.1 was prepared by the addition of L-cysteine ethyl ester to ortho-quinone 3.5.1 under non-

optimized conditions (Figure 3.6.1.1). The addition proceeded smoothly and yielded the desired 

aryl C-S bond adduct that now contained an appendant nitrogen nucleophile that could be used as 

a functional handle. Catechol 3.6.1.1 was then oxidized by the addition of phenyliodine diacetate 

(PIDA) to generate the ortho-quinone in-situ, which immediately underwent a 

condensation/rearrangement reaction with the appendant nitrogen, generating benzothiazine 

3.6.1.2 in a 90% isolated yield. Noteworthy features of this method are the generation of the 

benzothiazine with complete regiocontrol, using a transition metal-free process that readily occurs 

at room temperature. Moreover, benzothiazine heterocycle contains a free phenol as well as an 

ester that can be used as functional handles for additional synthetic manipulation. 

 

Scheme 3.6.1.1 – Initial synthesis of benzothiazine from L-cysteine ethyl ester 

 After obtaining these promising results, we wanted to apply this methodology to the 

synthesis of the functionalized pheomelanin monomer unit 3.6.1.4 (Figure 3.6.1.2). However, 

using our optimized C-S coupling additions to couple 3.6.1.6 to ortho-quinone 3.6.1.5 lead to the 

generation of complex reaction mixtures, which we attributed to the free amine moiety on the thiol 

when used in conjunction with less stable ortho-quinones than 3.5.1. This prompted us to use the 

N-Boc protected cysteine analog, which could be subsequently deprotected after the C-S coupling. 
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Figure 3.6.1.2 – Complex Reaction Mixtures Obtained using the Free Amine with More Complex 

Substrates 

Using the commercially available N-Boc-L-cysteine methyl ester as the thiol source, the 

scope of the ortho-quinone was then evaluated (Table 3.6.1.1). Under our optimized conditions 

for C-S bond formation, the cysteine analog was added to the ortho-quinone to generate the 

catechol-sulfur adduct (C-S adduct). Gratifyingly, 1H-NMR analysis of the crude reaction mixtures 

always displayed the C-S adduct as the major product obtained, which allowed us to proceed with 

the Boc-deprotection without any purification. Subsequent Boc-deprotection using a DCM/TFA 

(1:1) mixture at room temperature provided the free amine adducts (FA adducts) in near-

quantitative yields. It was found that a large excess of TFA was needed in order to drive the 

reaction to completion. Using identical conditions as Dr. Kenneth Esguerra (1 equivalent of PIDA 

in DCM at room temperature), the FA adducts were oxidized to the ortho-quinones in situ, which 

then underwent condensation/rearrangement to afford the 1,4-benzothiazine derivatives. This 

reaction sequence was then applied to a variety of ortho-quinones to test their scope. 

 As discussed in Section 3.4, the substituents on the ortho-quinone starting material play a 

large role in determining its overall stability in the reaction media. To that end, several 4-mono-

substitued quinones were evaluated (Table 3.6.1.1), recognizing that these are challenging 

substrates. The addition of protected cysteine 3.6.1.7 proceeded smoothly in almost all cases to 

provide the C-S adducts in good yields. Not surprisingly, the yields decreased slightly for the 4-

bromo adduct as the quinone itself is noticeably unstable. Nevertheless, the material was carried 

through and the benzothiazines were isolated in moderate to excellent yields. The use of 4-bromo-
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ortho-quinone to provide benzothiazine 3.6.1.9 is notable for its complementarity to more 

traditional cross-coupling reactions.  

Following these promising results, more highly substituted ortho-quinones were then 

examined. Consistent with the results seen in Section 3.4, sulfur addition occurred selectively at 

C6 for all substrates, even when a 3,5-disubstituted quinone is used (3.6.1.11). It was also found 

that these conditions tolerated the presence of additional heteroatoms (entries 3.6.1.13 and 

3.6.1.14). Compound 3.6.1.14 is particularly interesting, not only because it is a highly-

functionalized substrate, but also because it is a synthetic, unnatural amino-acid that could 

potentially be interesting for peptide chemists. Additionally, 3.6.1.14 is the N-Cbz protected, 

methyl ester derivative of the pheomelanin monomer described in Section 3.3 and to our 

knowledge is only the third reported synthesis of this monomer unit. The use of the protecting 

groups is crucial as it simplifies isolation during the purification procedure and allowed us to scale 

up the synthesis of 3.6.1.14 to 5 mmol, providing the first example of a scalable synthesis of this 

pheomelanin monomer unit.  
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Table 3.6.1.1 – Scope of ortho-Quinone with N-Boc-L-cysteine ester  

 3.6.2 – Scope of 2-aminothiols with L-dopaquinone  

 Next, we investigated the scope of the 2-aminothiol. L-dopaquinone derivative 3.6.2.6 was 

selected as the coupling partner since the benzothiazine products generated would constitute a new 

class of unnatural amino-acids. Unfortunately, the commercial availability of 2-aminothiols is 

limited, requiring that we prepare a small family of derivatives following the procedure of Mercey 

et al. (Figure 3.6.2.1).25 
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Table 3.6.2.1 – Synthesis of 2-aminothiol compounds  

 The synthesis begins by the conversion of commercially available 2-aminoalcohols 

(3.6.2.1) into their thioamide derivatives using methyldithioacetate, which acted as both a latent 

protecting group for both nitrogen and sulfur. The thioamides were then treated with 

methanesulfonylchloride and NEt3 to provide thiazoles after purification on a silica gel column 

(3.6.2.3). The thiazoles were then heated to reflux in 5M HCl to generate the HCl salts of the 2-

aminothiols in their disulfide forms, which were then protected with Boc-anhydride, and then 

reduced with tributylphosphine to provide the desired 2-aminothiol compounds. It was found that 

the stability of these compounds varied significantly and therefore they needed to be stored in the 

freezer under an inert atmosphere to prevent disulfide bond formation.  

With the desired thiol-coupling partners in hand, the next step was to couple them with L-

dopaquinone derivative 3.6.2.6 using our optimized conditions. These reactions proceeded 

smoothly using aminothiols 3.6.2.5, 3.6.2.6, and 3.6.2.7 to provide the desired aryl C-S product in 

moderate yields (Table 3.6.2.2). The remaining mass balance can be attributed to the reduced 

catechol product, which was observed in all three cases. This was not an unexpected result as 

working with quinone 3.6.2.6 is not a trivial task since it needs to be prepared immediately before 

use and starts to decompose if exposed to air. Unfortunately, when aminothiols 3.6.2.8 and 3.6.2.9 
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were used as coupling partners the reaction failed to take place and only the reduced catechol was 

observed in the crude 1H-NMRs.  

 

Table 3.6.2.2 – Scope of 2-aminothiols with L-Dopaquinone 

 Compounds 3.6.2.10-3.6.2.12 were then treated with TFA in DCM to successfully liberate 

the free amines (Figure 3.6.2.3). When these compounds were subjected to our original reaction 

conditions for oxidative cyclization, it was evident that the ortho-quinone was being generated in 

situ since the reaction mixture turned from yellow to bright orange. But it appeared as though the 

subsequent condensation/rearrangement failed to take place as over a period of ten minutes the 

mixture turned to dark purple/brown and then finally black. Attempts to monitor the reaction 

progress by TLC suggested complex reaction mixtures, which where further observed by crude 

1H-NMRs. In each case, complete decomposition of starting materials was observed without 

detectable quantities of the desired products.  
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Figure 3.6.2.3 – Unsuccessful benzothiazine syntheses leading to complex reaction mixtures 

 To rationalize these results, we considered our proposed reaction mechanism. After the 

formation of ortho-quinone 3.6.2.15, the appendant amine condenses to form intermediate 3.6.2.16 

(Figure 3.6.2.4). From here, a formal 1,5-H shift, consisting most likely of a proton transfer 

mediated by acetate, is required for the formation of 3.6.2.17. We suspect that amino-thiols 

possessing an ester at C2 have sufficiently acidic hydrogen atoms at C2 to allow for rapid proton 

transfer under the mild reaction conditions. For thiols lacking this electron withdrawing group, the 

corresponding C-H bond is less acidic, preventing the formal 1,5-H shift from occurring. Under 

these circumstances, imine 3.6.2.16 could be hydrolyzed to regenerate ortho-quinone 3.6.2.15, 

which would be susceptible to nucleophilic attack by nitrogen nucleophiles in an intermolecular 

fashion. This remains our working hypothesis, since additional mechanistic insights were 

precluded by the complexity of the reaction mixtures. 
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Figure 3.6.2.4 – Necessary 1,5-H Shift Required for Benzothiazine Synthesis 

Since we hypothesized that the problematic step in the formation of 3.6.2.17 was the 

deprotonation at C3 which caused the reaction to stall at the imine intermediate 3.6.2.16, we 

wondered whether the addition of a non-nucleophilic base to the reaction mixture would facilitate 

the formal 1,5-H shift. To this end, NEt3, DIPEA, and pyridine were screened for their ability to 

facilitate this process using 3.6.2.18 as the model substrate (Table 3.6.2.1). Bases were added either 

at the start of the reaction or after a 10 minute time period. In all cases, the starting material was 

completely consumed; however, there was no detectable trace of benzothiazine 3.6.2.19 in the 

crude 1H-NMRs. This led us to conclude that our oxidation conditions using PIDA would not be 

amenable to this transformation, prompting us to consider an alternative approach. 
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Table 3.6.2.1 – Screening of bases to facilitate 1,5-H Shift 

 In our search for alternative conditions to prepare the benzothiazines in Figure 3.6.2.3, we 

came across the work of Katherine Franz and coworkers, who reported the synthesis and isolation 

of benzothiazine-metal complexes through a similar oxidation/condensation route originating from 

the C-S adduct 3.6.2.20 (Scheme 3.6.2.5).26-27 Under an air atmosphere, 3.6.2.20 is oxidized using 

either CuCl2·H2O or Ni(OAc)2 and NEt3, to afford a stable, isolable benzothiazine-metal complex 

(3.6.2.21). Noteworthy from this example is the formation of the benzothiazine in the absence of 

an ester on C2 of the amino-thiol chain, suggesting that the relative acidity of the proton at C2 is 

not a factor under these conditions. Therefore, we hypothesized whether we could apply these 

conditions to prepare analogous benzothiazine-metal complexes which could be hydrolyzed upon 

work-up to provide our desired substrates. Under identical conditions reported by Franz, 3.6.2.18 

was treated with either CuCl2·H2O or Ni(OAc)2 and NEt3 under an air atmosphere. However, no 

reaction was observed in either case.  
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Scheme 3.6.2.5 – Franz’s Synthesis of Benzothiazine Metal Complexes and our Efforts to Prepare Metal 

Complex 3.6.2.20 

 

3.7 – Conclusion and Future Work 
 Building off of previous work conducted by Dr. Kenneth Esguerra, Mr. Zheng Huang, and 

Ms. Elizabeth Li who demonstrated the utility of aromatic C-S bond formation through the 

nucleophilic addition of thiols to ortho-quinones, the methodology was applied to a novel synthesis 

of 1,4-benothiazine derivatives. Under mild reaction conditions, a small library of 1,4-

benzothiazine analogs were synthesized via a three-step sequence entailing the nucleophilic 

addition of cysteine to ortho-quinones under our optimized conditions, followed by Boc-

deprotection, and finally oxidation of this C-S adduct which underwent a subsequent 

condensation/rearrangement reaction with the appendant amine to generate the benzothiazines. 

This sequence was used to synthesize compound 3.6.1.17, which is a synthetic, unnatural amino-

acid, as well as the N-Cbz protected, ethyl ester derivative of the pheomelanin monomer described 

in Section 3.3. The scope of the 2-aminothiols was then investigated, and it was found that 

substrates lacking an ester at C2 on the aminothiol were unable to undergo the formal 1,5-H shift, 

causing the reaction to stall at the unstable imine species 3.6.2.16, which underwent 

decomposition. With this as our mechanistic hypothesis, we screened the addition of several non-
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nucleophilic bases to facilitate the 1,5-H shift; however, this too resulted in decomposition of 

starting material. 

 Future endeavours for this project involve the further diversification of benzothiazine 

3.6.1.17, by manipulating the functional handles on the scaffold to synthesize a library of non-

natural amino acids. This includes triflating the free phenol to perform cross coupling reactions 

(3.7.1), as well as saponifying the ester on the thiazole ring (3.7.2) for decarboxylative cross 

coupling purposes (Figure 3.7.1). Since we were unable to show scope on the 2-aminothiol end, 

this approach would still provide access to a diverse array of non-natural amino acids.  

 

Figure 3.7.1 – Future Endeavours for the Diversification of 3.6.1.17 
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1. General Experimental  
All chemicals and solvents were purchased from Sigma Aldrich, Alfa Aesar, TCI, or Oakwood 

Chemicals. All solvents were dried and purified using an MBraun MB SPS 800 or Innovative 

Technology PureSolv MD 7. Unless otherwise stated, reactions were performed in flame-dried 

glassware under a nitrogen or argon atmosphere. Column chromatography was conducted using 

200-400 mesh silica gel from Silicycle. 1H-NMR spectra were acquired using Bruker Ascend 500 

MHz, Bruker Ascend 400 MHz, and Varian Inova 400 MHz spectrometers. Chemical shifts (δ) 

are reported in parts per million (ppm) and are calibrated to the residual solvent peak. Coupling 

constants (J) are reported in Hz. Multiplicities are reported using the following abbreviations: s = 

singlet; d = doublet; t = triplet; q = quartet; m = multiplet (range of multiplet is given). 13C-NMR 

spectra were acquired using Bruker Ascend 125 MHz, Bruker Ascend 100 MHz, and Varian Inova 

100 MHz spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) and are 

calibrated to the residual solvent peak. High resolution mass spectrometry was performed by Dr. 

Nadim Saade and Dr. Alexander Wahba in the Mass Spectrometry Facility at McGill University. 

High resolution mass spectra (HRMS) were recorded using a Bruker maXis Impact TOF mass 

spectrometer by electrospray ionization time of flight reflectron experiments. Low resolution mass 

spectra were recorded in the Lumb Group laboratory using an Agilent 5975C TAD Series 

GC/MSD EI-quadrupole mass spectrometer. All infrared spectra were recorded in the Integrated 

Laboratory Facility (Rm. 121) on a Bruker ALPHA FT-IR spectrometer. Analytical thin-layer 

chromatography was performed on pre-coated 250 mm layer thickness silica gel 60 F254 plates 

(EMD Chemicals Inc.). Solid state experiments were carried out in a Retsch MM200 mill at a 

frequency of 30 Hz using a 10 cm3 teflon grinding jar and 2 stainless steel balls of 12 mm diameter.  

 Unless otherwise stated, all reactions proceeded to complete conversion. All NMR Yields 

were calculated from crude reaction mixture NMRs acquired with 30µL of nitromethane as an 

internal standard. 
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2. General Procedures for sal003 Derivatives:  

 

a) General Procedure A 
In accordance with a previously described method, a flame-dried round bottom flask the 

appropriate aromatic aldehyde (1 equiv.) was combined with malonic acid (2 equiv.) and 

piperidine (0.1 equiv.) in anhydrous pyridine (0.5 M) and heated at 100˚C for 8h.1 The 

reaction mixture was cooled to room temperature, quenched with 2M HCl, extracted with 

DCM, dried with MgSO4 and concentrated in vacuo. The obtained solid was then washed 

with water and collected via vacuum filtration to afford 2.4.1.7. 

b) General Procedure B 
In a flame-dried round bottom flask equipped with a Teflon-coated stir bar, 2.4.1.7 (1 

equiv.) was added to a mixture of SOCl2 (3 equiv.) and DMF (0.05 equiv.) in anhydrous 

THF (0.3 M) and heated at reflux for 2h. The reaction mixture was cooled to room 

temperature, the solvent removed in vacuo, and the residue was carefully added dropwise 

to a cooled solution of NH4OH (5 equiv.). The obtained solid was then vacuum filtered and 

washed with water to yield the amide 2.4.1.8. 

c) General Procedure C 
In a round bottom flask equipped with a Teflon-coated stir bar, 2.4.1.8 (1 equiv.) was 

combined with chloral hydrate (2 equiv.) in Toluene (0.5 M) and heated at reflux for 12h. 

The reaction mixture was allowed to cool to room temperature, placed into an ice bath, and 

the obtained solid was collected via vacuum filtration and washed with cold toluene to 

yield the chloral derivatives 2.4.1.9.  
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d) General Procedure D 
In a flame-dried round bottom flask equipped with a Teflon-coated stir bar, 2.4.1.9 (1 

equiv.) was added to a mixture of SOCl2 (3 equiv.) and DMF (0.05 equiv.) in anhydrous 

THF (0.3 M) and heated at reflux for 2h. The reaction mixture was cooled to room 

temperature, the solvent removed in vacuo, and the obtained solid was washed with cold 

hexanes and dried under vacuum to yield the chlorinated compounds 2.4.1.10 as solids. 

e) General Procedure E 
In a round bottom flask equipped with a Teflon-coated stir bar, potassium thiocyanate (1 

equiv.) was combined with 2.4.1.10 (1 equiv.) and refluxed in acetone (0.5 M) for 1h. The 

reaction was cooled to room temperature, the white solid was filtered off and the filtrate 

was concentrated under reduced pressure to afford the isothiocyanates 2.4.1.11. 

f) General Procedure F 
In a pressure vial equipped with a Teflon-coated stir bar, 2.4.1.11 (1 equiv.) was combined 

with the appropriate aniline and dissolved in THF (0.2 M). The pressure vial was sealed 

with the screwcap and heated at 85ºC for 8h. The mixture was cooled to room temperature, 

the vial was opened, the white solid was vacuum filtered and washed with cold EtOAc to 

afford the analogs 2.4.1.12. In the case where there was no precipitate formed, the solvent 

was removed in vacuo and the solid was suspended in cold EtOAc and vacuum filtered to 

obtain 2.4.1.12. 

3. Synthesis and Characterization of Compounds in Chapter 2 

a) Synthesis of Starting Materials  

 

The reaction was carried out according to general procedure A using benzaldehyde (5.31 g, 50.0 

mmol, 1 equiv.), malonic acid (10.41 g, 100.0 mmol, 2 equiv.), piperidine (0.49 mL, 5 mmol, 0.1 
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equiv.), and pyridine (100 mL, 0.5 M). Compound 2.4.1.1 (6.96 g, 47.0 mmol) was obtained as a 

white solid in 94% isolated yield.   

1H NMR (300 MHz, Acetone-d6) δ 10.78 (bs, 1H), 7.75 – 7.65 (m, 3H), 7.48 – 7.40 (m, 3H), 6.55 

(d, J = 16.1 Hz, 1H) ppm; 13C NMR (75 MHz, Acetone-d6) δ 167.0, 144.6, 134.6, 130.2, 128.9, 

128.1, 118.3 ppm. Analytical data matches that reported in the literature.2 

 

The reaction was carried out according to general procedure B using 2.4.1.1 (100.0 g. 0.675 mol, 

1 equiv.), SOCl2 (146.8 mL, 2.025 mol, 3 equiv.), DMF (2.61 mL, 33.75 mmol, 0.05 equiv), THF 

(675 mL, 1 M), and then NH4OH (120 mL, 5 equiv.) to afford 2.4.1.2 (87.42 g, 0.594 mol) as a 

white powder in 88% isolated yield.  

1H NMR (300 MHz, Acetone-d6) δ 7.62 – 7.54 (m, 3H), 7.43 – 7.31 (m, 3H), 7.12 (bs, 1H), 6.75 

(d, J = 15.8 Hz, 1H), 6.74 (bs, 1H) ppm; 13C NMR (75 MHz, Acetone-d6) δ 167.0, 140.1, 135.3, 

129.4, 128.8, 127.6, 121.7 ppm. Analytical data matches that reported in the literature. 

 

 

The reaction was carried out according to general procedure C using 2.4.1.2 (87.42 g, 0.594 mol, 

1 equiv.), chloral hydrate (196.49 g, 1.19 mol, 2 equiv.) and toluene (600 mL, 1 M) to obtain 

2.4.1.3 (148.72 g, 0.505 mol) as white crystals in 85% isolated yield. 

1H NMR (500 MHz, Acetone-d6) δ 8.06 (d, J = 9.4 Hz, 1H), 7.68 (d, J = 15.7 Hz, 1H), 7.63 (dd, 

J = 7.8, 1.8 Hz, 2H), 7.47 – 7.37 (m, 3H), 6.94 (d, J = 15.7 Hz, 1H), 6.78 – 6.69 (m, 1H), 6.18 – 
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6.08 (m, 1H) ppm; 13C-NMR: (125 MHz, (CD3)2CO): 165.1, 141,7, 135.0, 129.8, 128.9, 127.8, 

120.7, 102.2, 81.1 ppm. Analytical data matches that reported in the literature.3 

 

The reaction was carried out according to general procedure D using 2.4.1.3 (148.72 g, 0.505 mol, 

1 equiv.), SOCl2 (110 mL, 1.515 mol, 3 equiv.), DMF (1.96 mL, 25.25 mmol, 0.05 equiv.), and 

THF (505 mL, 1 M) to afford 2.4.1.4 (150.16 g, 0.480 mol) as a light yellow powder in 95% 

isolated yield. 

1H-NMR: (500 MHz, (CD3)2CO): 8.78 (d, J= 10.8 Hz, 1H), 7.75 (d, J= 15.4 Hz, 1H), 7.64 (m, 

2H), 7.43 (m, 3H), 6.92 (d, J= 15.4 Hz, 1H), 6.82 (d, J= 10.8 Hz, 1H) ppm; 13C-NMR: (125 MHz, 

(CD3)2CO): 164.8, 143.5, 134.6, 130.3, 129.0, 128.1, 119.2, 99.6, 75.0 ppm. Analytical data 

matches that reported in the literature.3 

 

The reaction was carried out according to general procedure E using 2.4.1.4 (150.16 g, 0.48 mol, 

1 equiv.), potassium thiocyanate (46.65 g, 0.48 mol), and acetone (480 mL, 1 M) to afford 2.4.1.5 

(153.05 g, 0.456 mol) as a yellow solid in 95% isolated yield.  

1H-NMR: (500 MHz, (CD3)2CO): 8.80 (d, J= 9 Hz, 1H), 7.76 (d, J= 16.1 Hz, 1H), 7.65 (m, 2H), 

7.45 (m, 3H), 6.91 (d, J= 16.6 Hz, 1H), 6.61 (d, J= 9 Hz, 1H) ppm; 13C-NMR: (125 MHz, 

(CD3)2CO): 165.2, 143.4, 142.1, 134.6, 130.3, 129.0, 128.1, 119.2, 99.3, 73.0 ppm. Analytical data 

matches that reported in the literature.3 
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The reaction was carried out according to general procedure A using 2-thiophenecarboxaldehyde 

(4.67 mL, 50.0 mmol, 1 equiv.), malonic acid (10.41 g, 100.0 mmol, 2 equiv.), piperidine (0.49 

mL, 5 mmol, 0.1 equiv.), and pyridine (100 mL, 0.5 M). Compound S3.1 (6.47 g, 42.0 mmol) was 

obtained as a beige solid in 84% isolated yield.   

1H-NMR: (500 MHz, CDCl3):  7.91 (d, J=15.6 Hz, 1H), 7.45 (d, J= 5.0 Hz, 1H), 7.33 (d, J= 3.5 

Hz, 1H), 7.11 (dd, J= 5.0, 3.6 Hz, 1H), 6.27 (d, J= 15.6 Hz, 1H) ppm. Analytical data matches 

that reported in the literature.  

 

The reaction was carried out according to general procedure B using S3.1 (4.63 g, 30.0 mmol, 

1equiv.), SOCl2 (6.53 mL, 90.0 mmol, 3 equiv.), DMF (116 L, 1.5 mmol, 0.05 equiv.), THF (100 

mL, 0.3 M), and then NH4OH (53 mL, 5 equiv.) to afford S3.2 (4.04 g, 26.4 mmol) in 88% isolated 

yield. 

 1H-NMR: (300 MHz, (CD3)2CO):  7.66 (d, J= 15.6 Hz, 1H), 7.51 (d, J= 5.2 Hz, 1H), 7.33 (d, 

J= 3.7 Hz, 1H), 7.10 (dd, J= 5.1, 3.6 Hz, 1H), 6.97 (bs, 1H), 6.47 (d, J= 15.1 Hz, 1H), 6.38 (bs, 

1H) ppm. Analytical data matches that reported in the literature.  



145 

 

 

The reaction was carried out according to general procedure C using S3.2 (3.06 g, 20 mmol, 1 

equiv.), chloral hydrate (6.62 g, 40 mmol, 2 equiv.), and Toluene (40 mL, 0.5 M) to afford S3.3 

(5.53 g, 18.4 mmol) in 92% isolated yield. 

1H-NMR: (300 MHz, (CD3)2CO):  8.08 (d, J= 9.1 Hz, 1H), 7.79 (d, J= 15.6 Hz, 1H), 7.56 (d, 

J= 5.2 Hz, 1H), 7.39 (d, J= 3.5 Hz, 1H), 7.12 (dd, J= 5.0, 3.7 Hz, 1H), 6.70 (d, J= 6.3 Hz, 1H), 

6.67 (d, J= 15.6 Hz, 1H), 6.10 (dd, J= 9.3, 5.3 Hz, 1H) ppm. Analytical data matches that reported 

in the literature. 

 

The reaction was carried out according to general procedure D using S3.3 (4.51 g, 15 mmol, 1 

equiv.), SOCl2 (3.26 mL, 45 mmol, 3 equiv.), DMF (58 L, 0.75 mmol, 0.05 equiv.), and THF (50 

mL, 0.3 M) to afford S3.4 (4.54 g, 14.25 mmol) in 95% isolated yield. 

1H-NMR: (300 MHz, (CD3)2CO):  8.77 (d, J= 10.5 Hz, 1H), 7.89 (d, J= 15.0 Hz, 1H), 7.61 (d, 

J= 5.2 Hz, 1H), 7.46 (d, J= 3.5 Hz, 1H), 7.14 (dd, J= 5.2, 3.7 Hz, 1H), 6.80 (d, J= 10.7 Hz, 1H), 

6.65 (d, J= 15.2 Hz, 1H) ppm. Analytical data matches that reported in the literature.  
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The reaction was carried out according general procedure E using S3.4 (3.19 g, 10 mmol, 1 equiv.), 

KSCN (972 mg, 10 mmol, 1 equiv.), and acetone (20 mL, 0.5 M) to afford S3.5 (3.25 g, 9.5 mmol) 

in a 95% isolated yield. 

 1H-NMR: (500 MHz, (CD3)2CO):  8.77 (d, J= 9.2 Hz, 1H), 7.89 (d, J= 14.5 Hz, 1H), 7.62 (d, 

J= 5.1 Hz, 1H), 7.47 (d, J= 3.4 Hz, 1H), 7.16 (dd, J= 5.1, 3.8 Hz, 1H), 6.65 (d, J= 15.4 Hz, 1H), 

6.57 (d, J= 9.6 Hz, 1H) ppm. Analytical data matches that reported in the literature.  

b) Synthesis of sal003 Analogs in Table 2.4.1.1 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-chloroaniline (510 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.6 

(1.67 g, 3.6 mmol) as a white powder in 90% isolated yield. 

 1H-NMR (400 MHz, DMSO-d6) δ 10.38 (s, 1H), 8.99 (d, J = 8.7 Hz, 1H), 8.27 (d, J = 9.5 Hz, 

1H), 7.68 – 7.53 (m, 5H), 7.48 – 7.38 (m, 6H), 6.79 (d, J = 15.8 Hz, 1H) ppm; 13C-NMR: (125 

MHz, DMSO-d6) δ 181.2, 164.8, 141.6, 138.3, 135.0, 130.4, 129.5, 129.1, 129.0, 128.3, 125.2, 

121.3, 101.9, 70.1 ppm. Analytical data matches that reported in the literature.4 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 2-chloroaniline (410 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.13 

(1.72 g, 3.7 mmol) as a white powder in 93% isolated yield. 
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1H-NMR (400 MHz, DMSO-d6) δ 9.97 (s, 1H), 9.08 (d, J = 8.8 Hz, 1H), 8.60 (d, J = 9.5 Hz, 1H), 

7.74 (dd, J = 8.1, 1.6 Hz, 1H), 7.67 – 7.38 (m, 8H), 7.35 (td, J = 7.7, 1.5 Hz, 1H), 7.26 (td, J = 7.7, 

1.7 Hz, 1H), 6.83 (d, J = 15.8 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 182.8, 164.8, 

141.5, 136.3, 135.0, 130.4, 129.9, 129.9, 129.5, 129.3, 128.2, 128.0, 127.5, 121.3, 102.0, 70.5 ppm. 

 Analytical data matches that reported in the literature.4 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 2-methoxyaniline (451 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.14 (1.65 g, 3.6 mmol) as a white powder in 90% isolated yield. 

1H-NMR (400 MHz, DMSO-d6) δ 9.82 (s, 1H), 9.02 (d, J = 8.7 Hz, 1H), 8.47 (bs, 1H), 8.00 – 

7.83 (m, 1H), 7.66 – 7.38 (m, 7H), 7.22 – 7.12 (m, 1H), 7.07 (dd, J = 8.3, 1.4 Hz, 1H), 6.94 (td, J 

= 7.6, 1.4 Hz, 1H), 6.82 (d, J = 15.8 Hz, 1H), 3.84 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) 

δ 181.6, 164.7, 152.2, 141.4, 135.0, 130.3, 129.5, 128.2, 127.6, 126.6, 126.4, 121.4, 120.2, 111.9, 

102.1, 70.3, 56.1 ppm. Analytical data matches that reported in the literature.4 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-methylaniline (429 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.15 

(1.56 g, 3.5 mmol) in 88% isolated yield. 

1H-NMR (400 MHz, DMSO-d6) δ 10.25 (s, 1H), 8.97 (d, J = 8.6 Hz, 1H), 8.14 – 7.90 (m, 1H), 
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7.66 – 7.53 (m, 3H), 7.49 – 7.35 (m, 6H), 7.18 (d, J = 8.2 Hz, 2H), 6.76 (d, J = 15.8 Hz, 1H), 2.29 

(s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.1, 164.7, 141.5, 136.5, 135.0, 134.8, 130.4, 

129.7, 129.5, 128.2, 124.0, 121.3, 102.2, 70.2, 21.0 ppm. Analytical data matches that reported in 

the literature.4 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), methyl 2-aminobenzoate (518 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.16 (1.79 g, 3.7 mmol) in 92% isolated yield. 

1H-NMR (400 MHz, DMSO-d6) δ 10.33 (s, 1H), 9.02 (d, J = 8.9 Hz, 1H), 8.92 (d, J = 9.4 Hz, 

1H), 7.83 (ddd, J = 23.9, 8.0, 1.4 Hz, 2H), 7.67 – 7.37 (m, 8H), 7.31 (td, J = 7.6, 1.2 Hz, 1H), 6.88 

(d, J = 15.8 Hz, 1H), 3.81 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 182.8, 166.7, 164.8, 

141.5, 139.6, 135.1, 132.8, 130.6, 130.4, 129.5, 128.3, 128.2, 125.8, 124.5, 121.4, 101.9, 70.5, 

52.8 ppm. Analytical data matches that reported in the literature.4 

 

 

The reaction was carried out according to general procedure F using 2.7.5 (1.37 g, 4 mmol, 1 

equiv.), 2-methoxylaniline (451 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.17 (1.67 g, 3.6 mmol) as a white powder in 91% isolated yield.  

1H-NMR (500 MHz, DMSO-d6) δ 9.81 (s, 1H), 9.00 (d, J = 8.8 Hz, 1H), 8.49 (s, 1H), 7.90 (d, J 

= 7.7 Hz, 1H), 7.70 (d, J = 15.5 Hz, 1H), 7.64 (d, J = 5.1 Hz, 1H), 7.49 – 7.41 (m, 2H), 7.18 – 7.10 

(m, 2H), 7.05 (dd, J = 8.4, 1.3 Hz, 1H), 6.92 (td, J = 7.7, 1.3 Hz, 1H), 6.56 (d, J = 15.5 Hz, 1H), 
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3.82 (s, 3H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 181.6, 164.5, 152.1, 140.0, 134.4, 131.9, 

129.1, 128.9, 127.6, 126.6, 126.4, 120.2, 119.9, 111.9, 102.1, 70.2, 56.1 ppm. Analytical data 

matches that reported in the literature.4 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 2-aminophenol (437 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.18 

(1.51 g, 3.4 mmol) in 85% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.24; IR (neat) v = 3287.4, 3210.6, 3083.0, 3026.1, 2955.5, 1494.7, 

1452.0, 1342.6, 1206.4, 1136.0, 742.0 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 9.93 (s, 1H), 9.78 

(s, 1H), 9.02 (d, J = 8.8 Hz, 1H), 8.55 (bs, 1H), 8.02 – 7.81 (m, 1H), 7.66 – 7.35 (m, 7H), 7.08 – 

6.72 (m, 4H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.4, 164.7, 150.1, 141.4, 135.1, 130.3, 

129.5, 128.2, 126.7, 126.0, 121.4, 118.8, 115.8, 102.1, 70.3 ppm; HRMS: Calcd. for 

C18H16Cl3N3NaO2S: [M+Na]+: 465.9921 m/z, found 465.9920 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 2-(methylthio)aniline (501 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.19 (1.80 g, 3.8 mmol) in 95% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.36; IR (neat) v = 3311.1, 3250.4, 3033.9, 1654.4, 1608.8, 1492.0, 

1274.5, 1090.5, 1072.1, 992.0, 887.1, 766.7, 711.5, 686.8, 602.5, 513.4, 480.3 cm-1;  1H NMR 
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(400 MHz, DMSO-d6) δ 9.76 (s, 1H), 9.07 (d, J = 8.8 Hz, 1H), 8.35 (s, 1H), 7.66 – 7.53 (m, 3H), 

7.52 – 7.38 (m, 5H), 7.35 – 7.24 (m, 2H), 7.18 (td, J = 7.5, 1.6 Hz, 1H), 6.83 (d, J = 15.8 Hz, 1H), 

2.42 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 183.0, 164.7, 141.5, 136.4, 136.0, 135.0, 

130.4, 129.5, 129.3, 128.2, 127.7, 126.6, 125.3, 121.4, 102.2, 70.5, 15.1 ppm; HRMS: Calcd. for 

C19H18Cl3N3NaOS2: [M+Na]+: 495.9849 m/z, found 495.9862 m/z. 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 3,5-Bis(trifluoromethyl)aniline (625 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to 

afford 2.4.1.20 (2.10 g, 3.7 mmol) in 93% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.51; IR (neat) v = 3232.1, 3070.2, 2998.7, 2945.5, 1656.0, 1621.6, 

1503.4, 1376.5, 1274.3, 1174.9, 1131.1, 954.8, 896.3, 837.2, 811.3, 767.7, 681.1, 490.1 cm-1; 1H-

NMR (400 MHz, DMSO-d6) δ 10.79 (s, 1H), 9.03 (d, J = 8.8 Hz, 1H), 8.62 (d, J = 9.4 Hz, 1H), 

8.33 (s, 2H), 7.84 (s, 1H), 7.68 – 7.53 (m, 3H), 7.43 (q, J = 8.1, 7.3 Hz, 4H), 6.84 (d, J = 15.8 Hz, 

1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.6, 164.9, 141.7, 141.6, 135.0, 131.3, 131.0, 

130.7, 130.4, 129.5, 128.3, 127.6, 124.9, 123.1, 122.2, 121.2, 119.5, 117.9, 101.7, 70.0 ppm; 

HRMS: Calcd. for C20H14Cl3F6N3NaOS: [M+Na]+: 585.9720 m/z, found 585.9712 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-tert-butylaniline (637 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 
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2.4.1.21 (1.82 g, 3.76 mmol) in 94% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.54; IR (neat) v = 3233.6, 2962.3, 1659.8, 1625.4, 1550.5, 1450.6, 

1289.5, 1037.7, 986.7, 834.4, 827.6, 805.1, 739.4, 633.3, 520.3, 490.3 cm-1; 1H NMR (400 MHz, 

DMSO-d6) δ 10.25 (s, 1H), 8.97 (d, J = 8.7 Hz, 1H), 8.10 (s, 1H), 7.65 – 7.54 (m, 3H), 7.43 (m, 

8H), 6.77 (d, J = 15.8 Hz, 1H), 1.28 (s, 9H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.1, 164.7, 

147.9, 141.5, 136.5, 135.0, 130.4, 129.5, 128.2, 125.9, 123.5, 121.3, 102.2, 70.2, 34.6, 31.6 ppm; 

HRMS: Calcd. for C22H24Cl3N3NaOS: [M+Na]+: 506.0598 m/z, found 506.0601 m/z. 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-aminophenol (437 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.22 

(1.51 g, 3.4 mmol) in 85% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.16; IR (neat) v = 3197.9, 3083.5, 3025.7, 2957.1, 1654.9, 1617.1, 

1500.8, 1341.2, 1203.5, 1030.9, 887.7, 792.4, 764.0, 682.6, 554.1 cm-1; 1H NMR (500 MHz, 

DMSO-d6) δ 10.06 (s, 1H), 9.49 (s, 1H), 8.95 (d, J = 8.7 Hz, 1H), 8.19 – 7.49 (m, 4H), 7.49 – 7.36 

(m, 4H), 7.20 (d, J = 8.0 Hz, 2H), 6.75 (dd, J = 22.7, 11.9 Hz, 3H) ppm; 13C NMR (101 MHz, 

DMSO-d6) δ 181.3, 164.6, 155.8, 141.5, 135.0, 134.9, 130.4, 129.5, 128.3, 126.4, 121.3, 115.8, 

102.3, 70.3 ppm; HRMS: Calcd. for C18H16Cl3N3NaO2S: [M+Na]+: 465.9921 m/z, found 

465.9911 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), morpholine (345 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.23 
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(1.62 g, 3.84 mmol) in 96% isolated yield. 

1H NMR (500 MHz, DMSO-d6) δ 8.36 (d, J = 8.9 Hz, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.68 – 7.63 

(m, 2H), 7.61 (t, J = 8.8 Hz, 1H), 7.56 (d, J = 15.8 Hz, 1H), 7.47 – 7.39 (m, 3H), 6.80 (d, J = 15.7 

Hz, 1H), 3.93 – 3.82 (m, 2H), 3.83 – 3.73 (m, 2H), 3.64 (pt, J = 6.5, 3.6 Hz, 4H) ppm; 13C NMR 

(126 MHz, DMSO-d6) δ 182.7, 164.6, 141.7, 134.9, 130.4, 129.4, 128.4, 121.4, 102.7, 71.6, 66.1, 

49.0 ppm. Analytical data matches that reported in the literature.4 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 3-(trifluoromethyl)aniline (494 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.24 (1.82 g, 3.76 mmol) in 94% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.40; IR (neat) v = 3195.7, 3092.7, 1654.3, 1617.5, 1505.2, 1328.6, 

1164.4, 1127.9, 1040.4, 967.4, 931.5, 831.5, 770.5, 716.1, 619.4, 560.3 cm-1-; 1H NMR (500 MHz, 

DMSO-d6) δ 10.57 (s, 1H), 9.01 (d, J = 8.8 Hz, 1H), 8.42 (d, J = 9.5 Hz, 1H), 8.14 (d, J = 1.9 Hz, 

1H), 7.77 (dd, J = 8.1, 2.0 Hz, 1H), 7.64 – 7.38 (m, 9H), 6.81 (d, J = 15.8 Hz, 1H) ppm; 13C NMR 

(126 MHz, DMSO-d6) δ 181.0, 164.8, 141.6, 140.3, 135.0, 130.4, 130.3, 129.8, 129.5, 129.5, 

128.3, 127.0, 125.5, 123.4, 121.5, 121.2, 119.5, 101.9, 70.0 ppm; HRMS: Calcd. for 

C19H15Cl3F3N3NaOS: [M+Na]+: 517.9846 m/z, found 517.9856 m/z. 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 3,4,5-trimethoxyaniline (733 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 
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2.4.1.25 (1.86 g, 3.6 mmol) in 90% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.23; IR (neat) v = 3220.7, 3067.5, 2942.2, 2830.4, 1502.5, 1334.3, 

1229.1, 1167.4, 1129.9, 1097.9, 1043.0, 1007.6, 840.7, 811.5, 718.1, 690.7 cm-1; 1H NMR (400 

MHz, DMSO-d6) δ 10.31 (s, 1H), 8.91 (d, J = 8.7 Hz, 1H), 8.04 (d, J = 8.9 Hz, 1H), 7.66 – 7.59 

(m, 2H), 7.56 (d, J = 15.8 Hz, 1H), 7.49 – 7.37 (m, 4H), 6.83 (s, 2H), 6.74 (d, J = 15.8 Hz, 1H), 

3.77 (s, 6H), 3.66 (s, 3H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 180.7, 164.6, 153.2, 141.5, 

135.3, 134.9, 134.6, 130.4, 129.5, 128.3, 121.3, 102.2, 101.6, 70.2, 60.5, 56.3 ppm; HRMS: Calcd. 

for C21H22Cl3N3NaO4S: [M+Na]+: 540.0289 m/z, found 540.0286 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-nitroaniline (552 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.26 

(1.68 g, 3.52 mmol) in 88% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.26; IR (neat) v = 3283.5, 3196.7, 3080.9, 3025.9, 2938.4, 1661.1, 

1629.3, 1492.5, 1330.7, 1202.7, 1111.6, 969.3, 892.4, 802.0, 765.1, 703.5, 545.9 cm-1; 1H NMR 

(400 MHz, DMSO-d6) δ 10.86 (s, 1H), 9.07 (d, J = 9.4 Hz, 1H), 8.65 (d, J = 9.4 Hz, 1H), 8.23 (d, 

J = 9.2 Hz, 2H), 8.01 (d, J = 9.2 Hz, 2H), 7.67 – 7.53 (m, 3H), 7.53 – 7.34 (m, 4H), 6.82 (d, J = 

15.8 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 180.8, 164.9, 145.9, 143.2, 141.7, 135.0, 

130.4, 129.5, 128.3, 125.0, 121.8, 121.2, 101.6, 69.9 ppm; HRMS: Calcd. for C18H15Cl3N4NaO3S: 

[M+Na]+: 494.9823 m/z, found 494.9804 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (335.6 mg, 1.0 mmol, 
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1 equiv.), 2-(trifluoromethyl)aniline (126 L, 1.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to 

afford 2.4.1.27 (407 mg, 0.82 mmol) in 82% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.42; IR (neat) v = 3204.4, 3101.3, 3013.1, 1660.0, 1627.4, 1520.6, 

1319.4, 1206.5, 1171.5, 1121.8, 1055.8, 1023.4, 991.0, 814.2, 768.3, 722.0, 669.7, 555.6 cm-1; 1H 

NMR (500 MHz, DMSO-d6) δ 9.86 (s, 1H), 9.11 (d, J = 8.9 Hz, 1H), 8.65 (d, J = 9.6 Hz, 1H), 

7.74 (d, J = 7.7 Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.65 – 7.55 (m, 4H), 7.51 – 7.39 (m, 5H), 6.85 

(d, J = 15.8 Hz, 1H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 184.1, 164.7, 141.5, 137.3, 135.0, 

133.1, 132.7, 130.4, 129.5, 128.2, 127.7, 126.5, 126.5, 125.8, 125.6, 125.1, 122.9, 121.4, 102.1, 

70.6 ppm;HRMS Calc. for C19H15Cl3F3N3NaOS [M+Na]+ = 517.9846 m/z, found [M+Na]+ = 

517.9832 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), aniline (365 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.28 (1.66 g, 

3.88 mmol) in 97% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.44; IR (neat) v = 3280.6, 3193.4, 3081.2, 1656.6, 1615.6, 1504.0, 

1449.6, 1337.2, 1126.7, 1098.0, 1036.1, 987.9, 883.6, 763.8, 657.4, 605.4, 559.9, 477.8 cm-1; 1H 

NMR (500 MHz, DMSO-d6) δ 10.33 (s, 1H), 8.99 (d, J = 8.7 Hz, 1H), 8.16 (d, J = 9.5 Hz, 1H), 

7.65 – 7.51 (m, 5H), 7.50 – 7.33 (m, 6H), 7.18 (t, J = 7.4 Hz, 1H), 6.78 (d, J = 15.8 Hz, 1H) ppm; 

13C NMR (126 MHz, DMSO-d6) δ 181.1, 164.7, 141.5, 139.2, 135.0, 130.4, 129.5, 129.2, 128.3, 

125.4, 123.7, 121.3, 102.1, 70.2 ppm; HRMS: Calcd. for C18H16Cl3N3NaOS: [M+Na]+: 449.9972 

m/z, found 449.9964 m/z. 
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The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 3-chloroaniline (423 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.29 

(1.77 g, 3.84 mmol) in 96% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.45; IR (neat) v = 3260.8, 3190.9, 3089.4, 3057.0, 2993.5, 1654.1, 

1618.3, 1502.1, 1337.1, 1206.9, 1131.2, 1103.7, 1040.0, 966.7, 827.5, 806.9, 764.7, 706.6, 559.5 

cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.44 (s, 1H), 9.00 (d, J = 8.7 Hz, 1H), 8.35 (d, J = 9.4 

Hz, 1H), 7.88 (s, 1H), 7.66 – 7.54 (m, 3H), 7.42 (dt, J = 14.4, 7.9 Hz, 6H), 7.22 (d, J = 6.9 Hz, 

1H), 6.80 (d, J = 15.8 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.2, 164.8, 141.6, 140.9, 

135.0, 133.2, 130.8, 130.4, 129.5, 128.3, 125.0, 122.8, 121.8, 121.3, 101.9, 70.1 ppm; HRMS: 

Calcd. for C18H15Cl4N3NaOS: [M+Na]+: 483.9582 m/z, found 483.9576 m/z. 

 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 2-amino-4-chlorophenol (574 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.30 (1.26 g, 2.64 mmol) in 66% isolated yield as a brown solid following purification using 

silica gel chromatography eluting EtOAc/Hexanes (1:1). 

Rf = (EtOAc/hexanes 1:1): 0.27; IR (neat) v = 3219.8, 1657.9, 1600.83, 1505.0, 1341.7, 1193.8, 

1036.6, 823.5, 719.5, 510.3 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.48 (s, 1H), 9.79 (s, 1H), 

9.02 (d, J = 8.8 Hz, 1H), 8.67 (bs, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.65 – 7.53 (m, 3H), 7.44 (dp, J 

= 15.3, 8.1, 7.2 Hz, 4H), 6.92 (d, J = 2.4 Hz, 1H), 6.88 – 6.78 (m, 2H) ppm; 13C NMR (101 MHz, 

DMSO-d6) δ 181.5, 164.7, 151.0, 141.4, 135.1, 130.3, 129.5, 129.3, 128.2, 127.0, 126.1, 121.4, 
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118.6, 115.4, 102.0, 70.2 ppm;  HRMS: Calcd. for C18H15Cl4N3NaO2S: [M+Na]+: 499.9531 m/z, 

found 499.9518 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-(trifluoromethyl)aniline (502 L, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 

2.4.1.31 (1.78 g, 3.6 mmol) in 90% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.45; IR (neat) v = 3027.2, 1662.1, 1627.0, 1549.0, 1493.8, 1319.7, 

1166.7, 1108.0, 1063.9, 1015.8, 971.4, 892.1, 806.7, 705.7, 679.8, 540.7 cm-1; 1H NMR (500 

MHz, DMSO-d6) δ 10.63 (s, 1H), 9.03 (d, J = 8.7 Hz, 1H), 8.47 (d, J = 9.4 Hz, 1H), 7.88 (d, J = 

8.5 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H), 7.66 – 7.54 (m, 3H), 7.43 (td, J = 10.5, 6.4 Hz, 4H), 6.81 (d, 

J = 15.8 Hz, 1H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 181.1, 164.8, 143.2, 141.6, 135.0, 130.4, 

129.5, 128.2, 126.3, 125.8, 125.0, 124.8, 123.6, 122.8, 121.2, 101.8, 70.0 ppm; HRMS Calc. for 

C19H15Cl3F3N3NaOS [M+Na]+ = 517.9846 m/z, found [M+Na]+ = 517.9842 m/z. 

 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (1.58 g, 4.0 mmol, 1 

equiv.), 4-iodoaniline (876 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.32 

(1.93 g, 3.48 mmol) in 87% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.45; IR (neat) v = 3334.0, 3305.8, 3025.5, 2951.1, 1661.3, 1609.1, 

1548.3, 1491.5, 1303.6, 1202.9, 1071.0, 1056.2, 973.1, 888.5, 762.2, 748.1, 722.6, 651.1, 576.7, 

538.1, 501.1 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.36 (s, 1H), 8.99 (d, J = 8.7 Hz, 1H), 8.26 
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(d, J = 9.4 Hz, 1H), 7.70 (d, J = 8.7 Hz, 2H), 7.66 – 7.52 (m, 3H), 7.49 – 7.37 (m, 6H), 6.78 (d, J 

= 15.8 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-d6) δ 181.0, 164.7, 141.5, 139.2, 137.8, 135.0, 

130.4, 129.5, 128.3, 125.6, 121.3, 101.9, 89.5, 70.1 ppm; HRMS: Calcd. for C18H15Cl3IN3NaOS: 

[M+Na]+: 575.8938 m/z, found 575.8913 m/z. 

 

The reaction was carried out according to general procedure F using S3.6 (1.76 g, 4.0 mmol, 1 

equiv.), 4-chloroaniline (510 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.33 

(1.93 g, 3.44 mmol) in 86% isolated yield. 

Rf = (EtOAc/hexanes 1:1): 0.52; IR (neat) v = 3195.6, 3066.4, 3010.1, 2947.9, 1655.0, 1600.3, 

1507.0, 1200.1, 1170.5, 1014.2, 889.1, 823.3, 723.4, 510.8 cm-1; 1H NMR (500 MHz, DMSO-d6) 

δ 10.38 (s, 1H), 8.89 (d, J = 8.7 Hz, 1H), 8.25 (d, J = 9.5 Hz, 1H), 7.59 (dd, J = 18.9, 8.8 Hz, 4H), 

7.52 (d, J = 15.7 Hz, 1H), 7.48 – 7.36 (m, 7H), 7.37 – 7.31 (m, 1H), 7.08 (d, J = 8.8 Hz, 2H), 6.64 

(d, J = 15.8 Hz, 1H), 5.16 (s, 2H) ppm; 13C NMR (126 MHz, DMSO-d6) δ 181.2, 165.0, 160.2, 

141.2, 138.3, 137.2, 129.9, 129.1, 129.0, 128.9, 128.4, 128.2, 127.8, 125.2, 118.8, 115.8, 102.1, 

70.1, 69.8 ppm; HRMS: Calcd. for C25H21Cl4N3NaO2S: [M+Na]+: 590.0001 m/z, found 589.9983 

m/z. 

 

 

The reaction was carried out according to general procedure F using S3.7 (1.46 g, 4.0 mmol, 1 

equiv.), 4-chloroaniline (510 mg, 4.0 mmol, 1 equiv.), and THF (20 mL, 0.2 M) to afford 2.4.1.34 

(1.74 g, 3.52 mmol) in 88% isolated yield. 
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Rf = (EtOAc/hexanes 1:1): 0.35; IR (neat) v = 3256.1, 1660.6, 1600.0, 1501.9, 1343.8, 1260.3, 

1201.2, 1170.6, 1142.4, 1016.3, 979.4 825.4, 727.7, 526.4 cm-1; 1H NMR (400 MHz, DMSO-d6) 

δ 10.40 (s, 1H), 8.89 (d, J = 8.7 Hz, 1H), 8.26 (d, J = 9.5 Hz, 1H), 7.65 – 7.48 (m, 5H), 7.42 (t, J 

= 9.7 Hz, 3H), 6.99 (d, J = 8.8 Hz, 2H), 6.64 (d, J = 15.8 Hz, 1H), 3.80 (s, 3H) ppm; 13C NMR 

(101 MHz, DMSO-d6) δ 181.2, 165.0, 161.1, 141.3, 138.3, 129.9, 129.1, 129.0, 127.6, 125.1, 

118.7, 114.9, 102.1, 70.1, 55.8 ppm; HRMS: Calcd. for C19H17Cl4N3NaO2S: [M+Na]+: 513.9688 

m/z, found 513.9681 m/z. 

 

 

 

Compound 2.4.1.33 (1.14 g, 2 mmol, 1 equiv.) was suspended in dry DCM (50 mL) and cooled to 

-78°C under an N2 atmosphere. BBr3 (1 M in DCM, 5 equiv.) was added and the reaction mixture 

was stirred at room temperature for 2 hours. The reaction mixture was quenched by the slow 

addition of methanol (10 mL), concentrated in vacuo and then purified using silica gel 

chromatography (7:3 EtOAc/Hexanes) to afford 2.4.1.35 (537 mg, 1.12 mmol) as an off-white 

solid in a 56% yield.  

Rf = (EtOAc/hexanes 1:1): 0.16; IR (neat) v = 3206.0, 1657.3, 1601.6, 1490.2, 1338.6, 1192.6, 

1167.0, 1014.2, 887.5, 824.1, 791.1, 725.8, 508.8 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.36 

(s, 1H), 9.93 (s, 1H), 8.84 (d, J = 8.7 Hz, 1H), 8.23 (d, J = 9.5 Hz, 1H), 7.60 (d, J = 8.5 Hz, 2H), 

7.50 – 7.36 (m, 6H), 6.82 (d, J = 8.2 Hz, 2H), 6.56 (d, J = 15.7 Hz, 1H) ppm; 13C NMR (126 MHz, 

DMSO-d6) δ 181.2, 165.2, 159.8, 141.7, 138.3, 130.1, 129.1, 129.0, 126.0, 125.2, 117.6, 116.3, 

102.1, 70.1 ppm; HRMS: Calcd. for C18H15Cl4N3NaO2S: [M+Na]+: 499.9531 m/z, found 

499.9519 m/z. 
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c) Synthesis of Compound 2.4.1.38 

 

Compound 2.4.1.36 was prepared according to a known procedure.5 A 50 mL round-bottom flask 

equipped with a Teflon coated stir-bar was charged with 1-(4-chlorophenyl)ethan-1-one (10 mmol, 

1.0 eq), NBS (10 mmol, 1.0 eq), p-TsOH (15 mmol, 1.5 eq), and CH3CN (20 mL). The resulting 

mixture was refluxed for 12 hours before cooling to room temperature and adding water (20 mL). 

The reaction mixture was then extracted with EtOAc (3 x 30 mL), dried over MgSO4, filtered, and 

concentrated in vacuo. The crude product was purified by recrystallization with hexanes to obtain 

2.4.1.36 (2.08 g, 8.9 mmol) as white needles in 89% yield. 

1H NMR (300 MHz, CDCl3) δ 7.93 (d, J = 8 Hz, 2H), 7.48 (d, J = 8 Hz, 2H), 4.41 (s, 2H) ppm; 

13C NMR (125 MHz, CDCl3) δ 190.2, 140.5, 132.2, 130.4, 129.2, 30.6 ppm. Analytical data 

matches that reported in the literature.5 

 

In a 100 mL round-bottom flask equipped with a Teflon coated stir-bar, 2.4.1.36 (999 mg, 4.3 

mmol, 1.1 eq), thiourea (296 mg, 3.9 mmol, 1.0 eq) and NaOAc (7.79 mmol, 2.0 eq) were dissolved 

in EtOH (45 mL) and refluxed for 12 hours. The mixture was cooled to room temperature, poured 

over ice, and the resulting precipitate was vacuumed filtered and washed with water (50 mL) to 

afford 2.4.1.37 (707 mg, 3.35 mmol) as a yellow solid in 78%. 

1H NMR (300 MHz, DMSO-d6) δ 7.79 (d, J = 8.7 Hz, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.07 (s, 2H), 

7.05 (s, 1H) ppm; 13C NMR (125 MHz, DMSO-d6) δ 168.8, 149.1, 134.2, 132.0, 128.9, 127.7, 

102.8 ppm. Analytical data matches that reported in the literature.6 
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In a flame-dried 25 mL round bottom flask equipped with a Teflon-coated stir bar, 2.4.1.37 (464 

mg, 2.2 mmol, 1.1 eq.) was dissolved in anhydrous THF (8 mL) and cooled in an ice-bath. NaH 

(60% dispersion in mineral oil, 92 mg, 2.4 mmol, 1.2 eq.) was added slowly and the mixture was 

stirred for 15 minutes. Chloral amide 2.4.1.4 (626 mg, 2 mmol, 1 eq.) was dissolved in anhydrous 

THF (7 mL) and added rapidly to the reaction mixture, which was then stirred for 1 hour at rt. The 

solvent was removed in vacuo and the crude mixture was purified using silica gel chromatography 

(9:1 DCM/hexanes) to yield 2.4.1.38 (633 mg, 1.3 mmol) as a white solid in 65%. 

1H NMR (500 MHz, DMSO-d6) δ 8.99 (d, J = 9.1 Hz, 1H), 8.70 (d, J = 9.0 Hz, 1H), 7.88 (d, J = 

8.6 Hz, 2H), 7.62 – 7.55 (m, 3H), 7.51 – 7.36 (m, 5H), 7.29 (s, 1H), 7.01 – 6.90 (m, 2H) ppm; 13C 

NMR (125 MHz, DMSO-d6) δ 166.4, 165.3, 148.5, 141.4, 135.1, 133.8, 132.3, 130.3, 129.5, 

129.0, 128.2, 127.8, 121.4, 104.7, 101, 7, 70.5 ppm. Analytical data matches that reported in the 

literature.4 

d) Synthesis of Compound 2.4.2.6 

 

In a 250 mL round bottom flask equipped with a Teflon coated stir bar, 5-bromo-2-

methoxybenzaldehyde (2.15g, 10 mmol, 1 eq.) was dissolved in MeOH (50 mL) and cooled in an 

ice bath. NaBH4 (95 mg, 2.5 mmol, 0.25 eq.) was added slowly and the mixture was stirred at rt 

for 1 hour. The reaction mixture was diluted with 1M HCl ( 10 mL) and extracted with DCM (3 x 

50 mL). The organic layers were combined, washed with brine (50 mL), dried over MgSO4, 

filtered, and concentrated in vacuo to yield 2.4.2.1 (2.06 g, 9.5 mmol) as a white solid in 95% that 

was used without further purification.  
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1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 2.5 Hz, 1H), 7.37 (dd, J = 2.5 Hz, 8.7 Hz, 1H), 6.75 

(d, J = 8.7 Hz, 1H), 4.64 (s, 2H), 3.84 (s, 3H), 1.87 (s, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ 

188.5, 156.3, 138.3, 131.3, 112.9, 111.8, 61.1, 55.6 ppm. Analytical data matches that reported in 

the literature.7 

 

In a 250 mL round-bottom flask equipped with a Teflon coated stir-bar, 2.4.2.1 (2.06 g, 9.5 mmol, 

1.0 eq) was dissolved in DCM (100 mL) and cooled to 0˚C in an ice bath. In a separate 50 mL 

round bottom flask, PBr3 (1.79 mL, 19 mmol, 2.0 eq) was dissolved in DCM (10 mL) and slowly 

added to the cooled solution, and then stirred at rt for 15 minutes. The reaction mixture was then 

concentrated in vacuo and the resulting slurry was carefully quenched with a cold, saturated 

NaHCO3 solution (100 mL). The reaction mixture was then extracted with DCM (3 x 30 mL), 

dried over MgSO4, filtered, and concentrated in vacuo to obtain the alkyl bromide 2.4.2.2 (2.34 g, 

8.36 mmol) in 88% which was used without further purification.  

1H NMR (300 MHz, CDCl3) δ 7.47 (d, J = 2.5 Hz, 1H), 7.41 (dd, J = 2.5 Hz, 8.7 Hz, 1H), 6.78 

(d, J = 8.7 Hz, 1H), 4.50 (s, 2H), 3.90 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) δ 156.5, 133.4, 

132.7, 128.2, 112.7, 112.5, 55.9, 27.6 ppm. Analytical data matches that reported in the literature.8 

 

 

In a 500 mL round-bottom flask equipped with a Teflon coated stir-bar, piperazine (92.87 mmol, 

2.0 eq) was dissolved in DCM (210 mL) and cooled to 0˚C in an ice-bath. Boc2O (46.43 mmol, 

1.0 eq) was dissolved in DCM (20 mL), then added to reaction mixture dropwise and stirred for 1 
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hour. The reaction mixture was gravity-filtered, washed with cold DCM (2 x 30 mL), and 

concentrated in vacuo. Water (75 mL) was then added, and the resulting mixture was gravity 

filtered. The solution was saturated with K2CO3 before being extracted with EtOAc (3 x 30mL), 

dried over MgSO4, filtered, and concentrated in vacuo to yield the Boc-protected piperazine 2.4.2.3 

(12.97 g, 69.65 mmol) in 75% as a white solid. 

1H NMR (300 MHz, CDCl3) δ 3.38 (m, 4H), 2.79 (m, 4H), 1.80 (s, 1H), 1.45 (s, 9H). Analytical 

data matches that reported in the literature.  

 

In a 250 mL round-bottom flask equipped with a Teflon coated stir-bar, xx (9.07 mmol, 1.0 eq), 

xx (9.07 mmol, 1.0 eq), and NEt3 (8.841 mmol, 1.0 eq) were dissolved in 1,2-dichloroethane (90 

mL) and refluxed for 18 hours at 85˚C. The mixture was then washed with water (3 x 30 mL), dried 

over MgSO4, filtered, and concentrated in vacuo. The crude mixture was then dissolved in a 1,2-

dichloroethane/TFA (1:1) mixture (20 mL) and heated at 80°C for 12 hours. After cooling to rt, 

the mixture was carefully washed with sat. NaHCO3 (50 mL) and brine (50 mL), dried over 

MgSO4, filtered and concentrated in vacuo to yield 2.4.2.4 (2.38 g, 8.34 mmol) in 92% as a white 

powder which was used without further purification. 

1H NMR (300 MHz, DMSO-d6) δ 7.46-7.36 (m, 2H), 6.95 (d, J = 8.6 Hz, 1H), 3.75 (s, 3H), 3.48 

(s, 2H), 3.30 (s, 4H), 2.98 (m, 4H), 1.36 (s, 1H) ppm.  
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Was prepared according to the procedure for compound 2.4.1.4. Biphenyl-4-carboxylic acid (1.98 

g, 10 mmol, 1 eq.) was dissolved in anhydrous THF (50 mL), followed by the addition of DMF 

and SOCl2 (2.2 ml, 30 mmol, 3 eq.). The mixture was heated at reflux for 2 hours, cooled to rt and 

the solvent removed in vacuo to yield the acid chloride 2.4.2.5 (2.06 g, 9.5 mmol) which was used 

in the next step without purification. 

1H NMR (500 MHz, Acetone-d6) δ 8.27 – 8.23 (m, 2H), 7.99 – 7.93 (m, 2H), 7.83 – 7.79 (m, 2H), 

7.58 – 7.54 (m, 2H), 7.52 – 7.48 (m, 1H) ppm. Analytical data matches that reported in the 

literature.  

 

In a flame-dried 250 mL round bottom flask equipped with a Teflon coated stir bar, 2.4.2.4 (570 

mg, 2 mmol, 1 eq.) was dissolved in anhydrous 1,2-dichloroethane (20 mL), NEt3 (0.51 mL, 4 

mmol, 2 eq.) was added and the mixture was stirred at 60ºC for 30 minutes. The mixture was 

cooled to rt, 2.4.2.5 (433 mg, 2 mmol, 1 eq.) was added and the reaction was stirred and heated at 

reflux for 6 hours. After cooling to rt, the mixture was washed with 1M HCl (20 mL), dried with 

MgSO4, filtered and concentrated in vacuo. The crude mixture was purified using silica gel 

chromatography to yield 2.4.2.6 (707 mg, 1.52 mmol) as a yellow solid in 76%.  

1H NMR (500 MHz, Acetone-d6) δ 7.72 (dd, J = 12.6, 7.8 Hz, 4H), 7.60 – 7.46 (m, 5H), 7.44 – 

7.36 (m, 2H), 6.96 (d, J = 8.7 Hz, 1H), 3.85 (s, 3H), 3.66 (bs, 2H), 3.58 (s, 2H), 2.52 (s, 4H), 1.30 

(s, 2H) ppm; 13C NMR (126 MHz, Acetone-d6) δ 169.0, 157.1, 142.0, 140.1, 135.5, 132.2, 130.6, 

128.9, 128.9, 127.9, 127.7, 126.9, 126.7, 112.7, 112.2, 55.3, 55.0, 53.0 ppm. Analytical data 

matches that reported in the literature.9 
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e) Synthesis of Compounds 2.4.3.1 and 2.4.3.2 
 

 

Compound 2.4.3.3 was prepared according to the procedure for 2.4.1.3 using 4-chlorobenzamide 

(1.56 g, 10 mmol, 1.0 eq), chloral hydrate (3.31 g, 20 mmol, 2.0 eq), and toluene (100 mL) to 

obtain 2.4.3.3 (1.97 g, 6.5 mmol) as white crystals in 65%.  

1H NMR (300 MHz, (CD3)2CO) δ 8.33 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.6 Hz, 2H), 7.53 (d, J = 

8.8 Hz, 2H), 6.85 (s, 1H), 6.21 (d, J = 9 Hz, 1H). 13C NMR (125 MHz, (CD3)2CO) δ 165.8, 132.5, 

129.5, 128.8, 128.6, 102.1, 81.7. 

 

Was prepared according to the procedure for 2.4.1.4 using 2.4.3.3 (1.42 g, 4.70 mmol, 1.0 eq), 

SOCl2 (1.02 mL, 14.11 mmol, 3.0 eq), DMF (catalytic amount, 1 mol%), and THF (50 mL) to 

obtain 2.4.3.4 (1.24 g, 3.85 mmol) as a yellow powder in 82%. 

1H NMR (300 MHz, (CD3)2CO) δ 9.07 (d, J = 9.8 Hz, 1H), 7.98 (d, J = 8.8Hz, 2H), 7.57 (d, J = 

8.8 Hz, 2H), 6.89 (d, J = 10.2 Hz, 1H). 13C NMR (125 MHz, (CD3)2CO) δ 165.7, 138.3, 131.3, 

129.9, 128.7, 99.7, 74.8. 
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Was prepared according to the procedure for 2.4.2.6 using 2.4.2.4 (200 mg, 0.70 mmol, 1.0 eq), 

2.4.3.4 (225 mg, 0.70 mmol, 1.0 eq), NEt3 (89 L, 0.70 mmol, 1.0 eq), and DCE (10 mL) to obtain 

The crude product was purified using a column of 1:1 EtOAc:Hexanes and concentrated in vacuo.  

Rf = (EtOAc/hexanes 1:1) 0.6; 1H NMR (500 MHz, (CD3)2CO) δ 8.23 (d, J = 9.5 Hz, 1H), 7.96 

(d, J = 8.5 Hz, 2H), 7.54 (m, 3H), 7.37 (dd, J = 8.7, 2.5 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 5.63 (d, 

J = 9.6 Hz, 1H), 3.84 (s, 3H), 3.55 (s, 2H), 3.21 (s, 2H), 2.91 (s, 2H), 2.59 (s, 4H) ppm; 13C NMR 

(125 MHz, (CD3)2CO) δ 166.8, 157.2, 137.4, 132.5, 130.8, 129.7, 128.5, 112.7, 112.2, 102.6, 79.7, 

55.3, 54.7, 52.9, 29.7 ppm; HRMS: Calcd for C21H23BrCl4N3O2 (M+H)+: 567.97278 m/z, found 

567.97223 m/z. 

 

A flame-dried 50 mL round-bottom flask was charged with 2.4.2.5 (1.36 g, 6.29 mmol, 1.0 eq). 

Dry, degassed THF (20 mL) was added dropwise until the compound dissolved. In a separate 100 

mL round-bottom flask equipped with a Teflon coated stir-bar, NH4OH (50 mL, excess) was 

cooled to 0˚C in an ice bath. While stirring, 2.4.2.5 dissolved in THF was added dropwise to the 

NH4OH. Water was then added. The resulting mixture was stirred for one hour before being 

vacuum filtered to afford 2.4.3.5 (1.22 g, 6.16 mmol) in a 98% isolated yield. 

1H NMR (300 MHz, CDCl3) δ 7.89 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H), 7.62 (d, J = 7.0, 

2H), 7.51-7.35 (m, 3H), 5.88, (d, J = 128.5 Hz, 1H) ppm; 13C NMR (125 MHz, CDCl3) δ 168.0, 

143.2, 139.7, 133.6, 129.5, 128.5, 127.3, 126.9 ppm. 
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Was prepared according to the procedure for 2.4.1.3 using 2.4.3.5 (1.18g, 6.0 mmol, 1.0 eq), 

chloral hydrate (1.99 g, 12.0 mmol, 2.0 eq), and toluene (50 mL) to afford 2.4.3.6 (1.30 g, 3.78 

mmol) as white crystals in 63% isolated yield. 

1H NMR (300 MHz, (CD3)2CO) δ 8.25 (d, J = 9.2 Hz, 1H), 8.06 (d, J = 8.5 Hz, 2H), 7.80 (d, J = 

8.5 Hz, 2H), 7.73 (d, J = 7.1 Hz, 2H), 7.55-7.38 (m, 3H), 6.81 (d, J = 6.0, 1H), 6.29-6.21 (m, 1H) 

ppm; 13C NMR (125 MHz, (CD3)2CO) δ 166.5, 144.5, 139.8, 132.5, 129.0, 128.4, 128.1, 127.1, 

126.9, 102.3, 81.7 ppm. 

 

 

Was prepared according to the procedure for 2.4.1.4 using 2.4.3.6 (1.03 g, 3.0 mmol, 1.0 eq) and 

SOCl2 (0.65 mL, 9 mmol, 3.0 eq), DMF (catalytic), and THF (40mL) to afford 2.4.3.7 (1.01 g, 

2.79 mmol) in a 93% yield. 

1H NMR (300 MHz, (CD3)2CO) δ 9.01 (d, J = 10.4 Hz, 1H), 8.06 (d, J = 8.6 Hz, 2H), 7.8 (d, J = 

8.6 Hz, 2H), 7.73 (d, J = 7.0 Hz, 2H), 7.56- 7.40 (m, 3H), 6.94 (d, J = 10.4 Hz, 1H) ppm; 13C 

NMR (125 MHz, (CD3)2CO) δ 166.3, 145.1, 139.6, 131.3, 129.0, 128.7, 128.3, 127.1, 126.9, 99.9, 

75.0 ppm.  
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In a 50 mL round bottom flask equipped with a Teflon-coated stir bar, 2.4.3.7 (635 mg, 1.75 mmol, 

1.0 eq), 2.4.2.4 (499 mg, 1.75 mmol, 1.0 eq), and NEt3 (366 L, 2.63 mmol, 1.5 eq) were dissolved 

in DCE (20mL) and refluxed at 80˚C for 4 hours. The resulting mixture was then gravity filtered 

and concentrated in vacuo. The crude product was purified using a column eluting 6:4 

Hexanes:Ethyl Acetate to afford 2.4.3.2 (621 mg, 1.02 mmol) in 58% yield.  

Rf = (60:40 Hexanes/Ethyl acetate) 0.65; 1H NMR (500 MHz, (CD3)2CO) δ 8.15 (d, J = 9.6 Hz, 

1H), 8.03 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 7.0 Hz, 2H), 7.54-7.38 (m, 

4H), 7.35 (dd, J = 8.7, 2.6 Hz, 1H), 5.65 (d, J = 9.6 Hz, 1H), 3.82 (s, 3H), 3.52 (s, 2H), 3.20 (s, 

2H), 2.92 (s, 2H), 2.58 (s, 4H) ppm; 13C NMR (125 MHz, (CD3)2CO) δ 167.4, 157.1, 144.4, 139.8, 

132.6, 129.0, 128.5, 128.1, 127.1, 126.8, 112.6, 112.2, 102.9, 79.7, 55.2, 53.1 ppm; HRMS: Calcd 

for C27H28BrCl3N3O2 (M+H)+ = 610.043047 m/z , found 610.0425 m/z. 

f) Synthesis of Compound 2.5.6 

 

The reaction was carried out according to general procedure F using 2.4.1.5 (335.6 mg, 1.0 mmol, 

1 equiv.), 2.5.5 (201 mg, 1.0 mmol, 1 equiv.), and THF (5 mL, 0.2 M) to afford 2.5.6 (242 mg, 

0.45 mmol) in 45% isolated yield following purification on a silica gel column eluting 

EtOAc/hexanes (4:6).  

Rf = (EtOAc/hexane 4:6): 0.28; IR (neat)  = 3271.2, 3196.2, 3086.6, 2995.5, 1655.9, 1617.3, 

1502.6, 1339.8, 1262.2, 1155.1, 972.0, 809.3, 764.8, 682.7, 558.4, 486.3 cm-1; 1H NMR (400 
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MHz, DMSO-d6): (s, 1H), 8.98 (d, J = 8.7 Hz, 1H), 8.34 (d, J = 9.4 Hz, 1H), 8.03 – 7.13 

(m, 10H), 7.02 (d, J = 7.9 Hz, 1H), 6.79 (d, J = 15.8 Hz, 1H) ppm; 13C NMR (101 MHz, DMSO-

d6) δ 181.2, 164.8, 141.6, 140.4, 135.0, 130.4, 129.5, 128.4, 128.3, 124.7, 123.7, 122.7, 121.2, 

120.9, 120.5, 101.8, 70.0, 28.7, 28.3 ppmHRMS Calc. for C20H15Cl3F3N5NaOS [M+Na]+ = 

557.9907 m/z, found [M+Na]+ = 557.9897 m/z. 

 

4. General Procedures for the Synthesis of Compounds in Chapter 3 

a) General Procedure for Thiol/Quinone C-S Coupling for Compounds in Table 

3.5.1 
A flame-dried 10 mL round bottom flask equipped with a Teflon coated stir-bar and a rubber 

septum was charged with ortho-quinone (0.5 mmol, 1 eq), magnesium bromide ethyl etherate 

(MgBr2·Et2O) (0.125 mmol, 0.25 eq), and dry, degassed dioxane (5 mL).  In a separate, flame 

dried 10 mL round bottom flask, thiol (0.75 mmol, 1.5 eq) and DIPEA (1.5 mmol, 3 eq) were 

dissolved in dry, degassed dioxane (5 mL). Using a syringe, the resulting solution was rapidly 

added to the test tube containing the quinone, and the reaction mixture was stirred at rt for 1.5 

hours.  Ac2O (3 eq) and DMAP (12.217 mg, 0.10 mmol, 0.20 eq) were then added sequentially, 

and the reaction mixture was stirred for another 2 hours at rt. The reaction mixture was then 

extracted with EtOAc (3 x 10 mL), washed with 2M HCl, dried over MgSO4, filtered and 

concentrated in vacuo.  The residue was then purified on silica gel to afford the C-S coupled 

product. 

5. Procedures for the Synthesis of Starting Materials 

a) General Procedure for the Generation of quinone 3.2.1 
Quinone 3.5.1 was generated according to a procedure previously reported by our group.10 

b) General Procedure for the Generation of mono-substituted ortho-quinone 
coupling partners 
A 25 mL round bottom flask was charged with a Teflon coated stir-bar, catechol (0.5 mmol, 

1 eq), and sodium meta-periodate (0.55 mmol, 1.1 eq). Dichloromethane (DCM) (10 mL) 

was then added to dissolve the flask contents, upon dissolution, deionized water (5 mL) 

was added, upon which the clear mixture turned dark orange. The flask was then equipped 
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with a rubber septum and stirred for 45 minutes. The reaction mixture was then diluted 

with DCM and H2O, and extracted with DCM (3 x 25 mL). The mixture was then 

concentrated in vacuo and then used immediately in the next reaction.  

c) General Procedure for the Generation of 4,5-substituted ortho-quinone 

coupling partners 
All 4,5-substituted ortho-quinones were synthesized according to a procedure previously 

reported by our group.11 

d) General Procedures for the Synthesis of 1,4-benzothiazines from ortho-
quinone 

i. General Procedure for the L-Cysteine/Quinone C-S Coupling  
A flame-dried 10 mL round bottom flask equipped with a Teflon coated stir-bar and a 

rubber septum was charged with ortho-quinone (0.5 mmol, 1 eq), magnesium bromide ethyl 

etherate (MgBr2·Et2O) (0.125 mmol, 0.25 eq), and dry, degassed dioxane (5 mL).  In a 

separate, flame dried 10 mL round bottom flask, N-Boc-L-cysteine ester (0.75 mmol, 1.5 

eq) and DIPEA (1.5 mmol, 3 eq) were dissolved in dry, degassed dioxane (5 mL). Using a 

syringe, the resulting solution was rapidly added to the test tube containing the quinone, 

and the reaction mixture was stirred at rt for 1.5 hours. The reaction mixture was then 

extracted with EtOAc (3 x 10 mL), washed with 2M HCl, dried over MgSO4, filtered and 

concentrated in vacuo to yield the sulfur-catechol adduct as crude material. 

ii. Boc-Deprotection/PIDA Oxidation – General Procedure  
The crude reaction mixture was then dissolved in a 1:1 mixture of DCM/TFA (10 mL) and 

stirred for 6 hours at rt. After disappearance of the starting material indicated by TLC 

analysis, the reaction was washed with sat. NaHCO3 (20 mL), brine (20 mL), dried over 

MgSO4, filtered and concentrated in vacuo to yield the free amine. This material was then 

transferred into a flame-dried 50 mL round bottom flask that was equipped with a Teflon 

coated stir-bar and a rubber septum and dissolved in dry, degassed DCM (20 mL). PIDA 

(1 eq.) was then added to this mixture and the reaction was stirred for a further 1.5 hours at 

rt. The reaction mixture was then washed with brine (20 mL), dried over MgSO4, filtered 

and concentrated in vacuo. The residue was then purified on silica gel to afford the 1,4-

benzothiazine product. 
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6. Synthesis and Characterization of Compounds 

a) Compounds in Table 3.5.1 
Compound 3.5.22 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

2-propanethiol (70 L, 0.75 mmol) 

Quinone (135.2 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 5% EtOAc in Toluene 

Yield of Product: 

3.5.22:  101 mg, 0.24 mmol, 47% 

Characterization: 

Rf = (5% EtOAc in toluene): 0.4; IR (neat) v = 2958.0, 1762.3, 1457.0, 1437.0, 1364.1, 1294.6, 

1237.1, 1207.0, 1156.0, 1067.9, 1050.9, 1030.9, 1007.6, 939.0, 901.6, 730.8, 694.8 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 7.55 (d, J=7.4 Hz, 2H), 7.42 (t, J= 6.9 Hz, 2H), 7.35 (m, 1H), 7.15 (s, 1H), 
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5.31 (s, 2H), 3.46 (hep, J= 6.8 Hz, 1H), 2.35 (s, 3H), 2.31 (s, 3H), 1.42 (s, 9H), 1.10 (d, J=6.8Hz, 

6H); 13C NMR (125 MHz, CDCl3) δ 168.5, 168.0, 157.7, 143.1, 142.2, 138.2, 137.9, 128.4, 127.6, 

127.2, 124.4, 121.7, 74.3, 38.5, 35.4, 30.6, 23.1, 20.7, 20.6; HRMS: Calc. for C24H31O5S: [M+H]+: 

431.1887 m/z, found 431.1887 m/z.  

Compound 3.5.30 

 

Procedure: The reaction was carried out according to the general procedure 1. 

Amounts of Reagents: 

Thiophenol (77 L, 0.75 mmol) 

Quinone (69.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 9:1 Toluene/EtOAc 

Yield of Product: 

3.5.30: 103 mg, 0.31 mmol, 62% 

Characterization: 
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Rf = (toluene/ethyl acetate 9:1): 0.6 IR (neat) v = 3059.9, 2936.8, 2838.8, 1767.8, 1472.1, 1368.2, 

1192.9, 1168.5, 1040.9, 1012.4, 883.9, 746.0, 691.0 cm-1; 1H NMR (500 MHz, CDCl3) δ 6.77 (d, 

J= 2.9 Hz, 1H), 6.59 (d, J= 2.9 Hz,1H), 3.80 (s, 3H), 2.92 (q, J= 7.4 Hz, 2H), 2.33 (s, 3H), 2.29 

(s, 3H), 1.33 (t, J= 7.4 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 168.1, 168.0, 157.4, 143.5, 134.5, 

133.0, 132.4, 132.3, 129.4, 128.0, 114.0, 107.9, 55.7, 20.7, 20.2; HRMS: Calcd. for C17H16NaO5S: 

[M+Na]+: 355.0611 m/z, found 355.0597 m/z. 

Compound 3.5.31 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

2-propanethiol (70 L, 0.75 mmol) 

Quinone (69.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 9:1 Toluene/EtOAc 

Yield of Product: 

3.5.31: 101 mg, 0.34 mmol, 68% 
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Characterization: 

Rf = (toluene/ethyl acetate 9:1): 0.6 IR (neat) v = 2965.4, 2929.6, 2866.7, 1767.3, 1437.0, 1367.7, 

1192.8, 1168.9, 1120.4, 1039.7, 1011.2, 882.5 cm-1; 1H NMR (500 MHz, CDCl3): δ 6.86 (d, J= 

2.9 Hz, 1H), 6.63 (d, J= 2.9 Hz, 1H), 3.78 (s, 3H), 3.37 (hep, J= 6.7 Hz, 1H), 2.31 (s, 3H), 2.27 

(s, 3H), 1.29 (d, J= 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 168.2, 168.1, 157.2, 143.3, 135.7, 

131.4, 115.2, 107.5, 55.8, 37.9, 23.1, 20.7, 20.3; HRMS: Calcd. for C14H18NaO5S: [M+Na]+: 

321.0767 m/z, found 321.0761 m/z. 

Compound 3.5.33 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

Thiophenol (77 L, 0.75 mmol) 

Quinone (93.5 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 95:5 Toluene/EtOAc 

Yield of Product: 
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3.5.33: 76 mg, 0.2 mmol, 40% 

Characterization: 

Rf = (toluene/ethyl acetate 95:5): 0.5 IR (neat) v = 1770.3, 1572.1, 1450.5, 1367.3, 1243.6, 1186.1, 

1148.9, 1009.2, 946.0, 896.6, 747.8, 690.0, 615.5 cm-1; 1H NMR (500 MHz, CDCl3): δ 7.42 (m, 

2H), 7.37 (m, 3H), 7.23 (d, J= 2.2 Hz, 1H), 7.03 (d, J= 2.2 Hz, 1H), 2.30 (s, 6H); 13C NMR (125 

MHz, CDCl3) δ 167.7, 167.4, 143.4, 139.6, 134.5, 133.1, 131.7, 130.2, 129.7, 128.7, 124.9, 119.0, 

20.6, 20.2; HRMS: Calcd. for C16H13BrNaO4S: [M+Na]+: 402.9610 m/z, found 402.9592 m/z. 

Compound 3.5.34 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

2-propanethiol (70 L, 0.75 mmol) 

Quinone (93.5 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 4:1 Hexanes/EtOAc 

Yield of Product: 
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3.5.34: 66 mg, 0.19 mmol, 38% 

Characterization: 

Rf = (hexanes/ethyl acetate 4:1): 0.3; IR (neat) v = 2978.8, 2925.1, 2865.5, 1761.6, 1402.9, 1366.3, 

1184.7, 1150.5, 944.9, 859.0, 768.5, 686.8 cm-1; 1H NMR (500 MHz, CDCl3): δ 7.41 (d, J= 2.2 

Hz, 1H), 7.24 (d, J= 2.2 Hz, 1H), 3.39 (hep, J= 6.7 Hz, 1H), 2.32 (s, 3H), 2.27 (s, 3H), 1.31 (d, 

J= 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 167.7, 167.5, 143.4, 141.1, 133.4, 131.3, 124.8, 

118.6, 37.9, 23.1, 20.6, 20.3; HRMS: Calcd. for C13H15BrNaO4S: [M+Na]+: 368.9797 m/z, found 

368.9754 m/z. 

 

Compound 3.5.35 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

Ethanethiol (56 L, 0.75 mmol) 

Quinone (79.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 
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Purification: 1:1 Hexanes/EtOAc 

Yield of Product: 

3.5.35: 65 mg, 0.22 mmol, 43% 

Characterization: 

Rf = (hexanes/ethyl acetate 1:1): 0.6; IR (neat) v = 2968.9, 2934.3, 1763.4, 1367.6, 1179.9, 1091.5, 

1005.5, 767.0, 739.4, 584.4 cm-1; 1H NMR (500 MHz, CDCl3): δ 8.36 (m, 1H), 7.84 (m, 1H), 7.56 

(m, 2H), 7.36 (s, 1H), 3.01 (q, J= 7.4 Hz, 2H), 2.45 (s, 3H), 2.35 (s, 3H), 1.36 (t, J= 7.4 Hz, 3H); 

13C NMR (125 MHz, CDCl3) δ 168.3, 168.1, 138.7, 135.7, 133.4, 131.5, 128.0, 127.3, 126.5, 

125.3, 122.5, 121.7, 28.2, 20.8, 20.4, 14.2; HRMS: Calcd. for C16H16NaO4S: [M+Na]+: 327.0662 

m/z, found 327.0653 m/z. 

Compound 3.5.36 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

Thiophenol (77 L, 0.75 mmol) 

Quinone (79.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 
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Purification: 5% DCM in Toluene 

Yield of Product: 

3.5.36: 62 mg, 0.18 mmol, 35% 

Characterization: 

Rf = (5% DCM in toluene): 0.3; IR (neat) v = 2994.0, 1762.3, 1367.4, 1205.0, 1179.7, 1154.1, 

1091.7, 1005.6, 986.9, 739.3, 584.7 cm-1; 1H NMR (500 MHz, CDCl3): δ 8.37 (d, J= 8.1 Hz, 1H), 

7.88 (d, J= 8.1, 1H), 7.55 (m, 2H), 7.42 (s, 1H), 7.29 (m, 4H), 7.22 (m, 1H), 2.47 (s, 3H), 2.30 (s, 

3H); 13C NMR (125 MHz, CDCl3) δ 168.1, 168.0, 138.8, 137.3, 135.3, 132.0, 131.2, 130.1, 129.4, 

128.3, 127.5, 127.1, 127.0, 126.8, 125.8, 121.8, 20.7, 20.5; HRMS: Calcd. for C20H16NaO4S: 

[M+Na]+: 375.0662 m/z, found 375.0656 m/z. 

Compound 3.5.37 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

2-propanethiol (70 L, 0.75 mmol) 

Quinone (79.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 
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Purification: 1:1 Hexanes/EtOAc 

Yield of Product: 

3.5.37: 62 mg, 0.20 mmol, 39% 

Characterization: 

Rf = (hexanes/ethyl acetate 1:1): 0.6; IR (neat) v = 3070.7, 2963.4, 2926.5, 2865.8, 1769.2, 1364.7, 

1153.5, 1089.5, 1012.1, 764.0 cm-1; 1H NMR (500 MHz, CDCl3) δ: 8.48 (m, 1H), 7.85 (m, 1H), 

7.56 (m, 2H), 7.51 (s, 1H), 3.40 (hep, J= 6.8 Hz, 1H), 2.46 (s, 3H), 2.35 (s, 3H), 1.33 (d, J= 6.8 

Hz, 6H); 13C NMR (125 MHz, CDCl3) δ: 168.3, 168.0, 138.5, 136.6, 133.0, 132.1, 128.1, 127.2, 

126.6, 126.2, 121.7, 39.1, 23.3, 20.8, 20.4; HRMS: Calcd. for C17H18NaO4S: [M+Na]+: 341.0818 

m/z, found 341.0810 m/z. 

Compound 3.5.39 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

Thiophenol (77 L, 0.75 mmol) 

Quinone (51 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 



179 

 

1,4-Dioxane (10 mL, 0.05 M) 

Purification: 5% EtOAc in Toluene 

Yield of Product: 

3.5.39: 81.6 mg, 0.27 mmol, 54% 

Characterization: 

Rf = (5% EtOAc in toluene): 0.4; IR (neat) v = 2968.4, 2934.2, 1762.3, 1367.9, 1180.5, 1154.7, 

1145.2, 1092.0, 1006.2, 767.2, 739.5, 686.9, 584.7 cm-1; 1H NMR (500 MHz, CDCl3): δ 7.38 (m, 

2H), 7.31 (m, 3H), 7.12 (m, 2H), 7.05 (dd, J= 7.6, 1.8 Hz, 1H), 2.28 (s, 3H), 2.27 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ = 168.2, 167.71, 143.2, 141.1, 133.4, 132.1, 131.8, 129.4, 129.0, 127.9, 

126.6, 122.1, 20.7, 20.2 ppm; Calcd. for C16H14NaO4S: [M+Na]+: 325.0505 m/z, found 325.0511 

m/z. 

Compound 3.5.40 

 

Procedure: The reaction was carried out according to general procedure 1. 

Amounts of Reagents: 

2-propanethiol (70 L, 0.75 mmol) 

Quinone (54 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

Acetic Anhydride (142 L, 1.5 mmol) 

DMAP (12.3 mg, 0.1 mmol) 
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1,4-Dioxane (10 mL, 0.05 M) 

Purification: 95:5 Toluene/EtOAc 

Yield of Product: 

3.5.40: 76.5 mg, 0.29 mmol, 57% 

Characterization: 

Rf = (toluene/ethyl acetate 95:5): 0.4; IR (neat) v = 2966.3, 2927.9, 2866.9, 1767.7, 1446.5, 

1367.7, 1190.4, 1159.3, 1141.2, 1008.4 cm-1; 1H NMR (500 MHz, CDCl3): δ ): 7.33 (dd, J= 7.9, 

1.5 Hz, 1H), 7.21 (t, J= 8.1 Hz, 1H), 7.09 (dd, J= 8.1, 1.5 Hz, 1H), 3.37 (hep, J= 6.7 Hz, 1H), 

2.33 (s, 3H), 2.28 (s, 3H), 1.29 (d, J= 6.7 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ: 168.2, 167.8, 

143.1, 142.3, 131.1, 130.0, 126.3, 122.0, 38.0, 23.2, 20.7, 20.4; HRMS: Calcd. for C13H16NaO4S: 

[M+Na]+: 291.0662 m/z, found 291.0662 m/z. 

b) Compounds in Table 3.6.1.1 
Compound 3.6.1.8  

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine ethyl ester (186 mg, 0.75 mmol) 

Quinone (61.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 
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Purification: 50:50 Hexanes/EtOAc 

Yield of Product: 

3.6.1.8: 78 mg, 0.33 mmol, 66% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 50:50): 0.68; IR (neat) v = 3393.9, 3269.6, 3215.9, 2980.7, 1708.7, 

1558.5, 1448.9, 1368.6, 1212.1, 1162.4, 1081.6, 1013.9, 833.0, 712.4, 590.4 cm-1; 1H NMR (500 

MHz, CDCl3) δ 7.34 (s, 1H), 6.62 (d, J = 1.7 Hz, 1H), 6.59 (d, J = 1.8 Hz, 1H), 4.39 (q, J = 7.1 

Hz, 2H), 3.65 (s, 2H), 2.28 (s, 3H), 1.40 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 

163.4, 154.1, 144.2, 142.5, 127.7, 125.0, 118.8, 113.3, 62.5, 22.6, 21.8, 14.2 ppm; HRMS: Calcd. 

for C12H13NNaO3S: [M+Na]+: 274.0508 m/z, found 274.0501 m/z. 

 

Compound 3.6.1.9 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine ethyl ester (186 mg, 0.75 mmol) 

Quinone (93.5 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 50:50 Hexanes/EtOAc 
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Yield of Product: 

3.6.1.9: 54 mg, 0.18 mmol, 36% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 50:50): 0.44; IR (neat) v = 3374.9, 3305.5, 3076.4, 2980.8, 1709.9, 

1550.8, 1410.1, 1368.6, 1301.8, 1207.7, 1159.3, 1071.2, 1014.8, 960.2, 909.5, 833.3, 729.9, 583.0 

cm-1; 1H NMR (400 MHz, CDCl3) δ 7.00 (s, 1H), 6.96 (s, 1H), 4.43 (q, J = 7.1 Hz, 2H), 3.68 (s, 

2H), 1.44 (t, J = 7.1 Hz, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 163.1, 154.6, 145.5, 128.7, 

127.0, 124.8, 120.8, 116.1, 62.8, 22.5, 14.2 ppm; HRMS: Calcd. for C11H9BrNO3S: [M-H]+: 

313.94920 m/z, found 313.94921 m/z. 

 

Compound 3.6.1.10 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine methyl ester (154 L, 0.75 mmol) 

Quinone (69.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 50:50 Hexanes/EtOAc 

Yield of Product: 
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3.6.1.10: 73 mg, 0.29 mmol, 58% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 50:50): 0.43; IR (neat) v = 3384.0, 3289.3, 3003.8, 2951.0, 2839.4, 

1711.1, 1615.5, 1559.6, 1434.1, 1293.6, 1211.2, 1136.7, 1085.2, 1033.7, 989.8, 906.4, 828.3, 

727.9, 570.3 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.43 (bs, 1H), 6.35 (d, J = 2.6 Hz, 1H), 6.32 (d, 

J = 2.6 Hz, 1H), 3.92 (s, 3H), 3.79 (s, 3H), 3.68 (s, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ 

164.1, 162.3, 156.1, 141.3, 126.8, 124.2, 104.4, 98.4, 55.6, 53.1, 22.6 ppm; HRMS: Calcd. for 

C11H11NNaO4S: [M+Na]+: 276.0301 m/z, found 276.0304 m/z. 

 

Compound 3.6.1.11 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine methyl ester (154 L, 0.75 mmol) 

Quinone (68.1 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 60:40 Hexanes/EtOAc 

Yield of Product: 
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3.6.1.11: 60.4 mg, 0.24 mmol, 48% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 60:40): 0.57; IR (neat) v = 3368.3, 3005.2, 2946.3, 2920.1, 2856.6, 

1709.5, 1565.1, 1435.6, 1321.3, 1285.7, 1232.4, 1098.4, 1021.9, 879.6, 791.2, 721.4, 616.1 cm-1; 

1H NMR (500 MHz, CDCl3): δ = 7.23 (bs, 1H), 6.91 (s, 1H), 3.94 (s, 3H), 3.61 (s, 2H), 2.21 (d, J 

= 5.7 Hz, 6H) ppm; 13C NMR (125 MHz, CDCl3) δ = 163.9, 150.6, 144.4, 134.2, 129.1, 125.2, 

121.4, 120.8, 53.1, 22.1, 19.1, 15.3 ppm; HRMS: Calcd. for C12H13NNaO3S: [M+Na]+: 274.0508 

m/z, found 274.0497 m/z.  

 

Compound 3.6.1.12 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine ethyl ester (186 mg, 0.75 mmol) 

Quinone (156.2 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 60:40 Hexanes/EtOAc 
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Yield of Product: 

3.6.1.12: 159 mg, 0.36 mmol, 73% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 60:40): 0.55; IR (neat) v = 3384.1, 2960.7 2906.7, 2870.1, 1713.2, 

1581.4, 1506.4, 1431.5, 1221.1, 1169.3, 1093.6, 1011.5, 952.3, 907.5, 863.4, 828.2, 728.8, 549.0 

cm-1; 1H NMR (400 MHz, CDCl3): 7.24 (d, J = 8.8 Hz, 2H), 6.94 (s, 1H), 6.67 (d, J = 8.8 Hz, 2H), 

4.37 (q, J = 7.1 Hz, 2H), 3.48 (s, 2H), 1.38 (t, J = 7.2 Hz, 4H), 1.33 (s, 9H), 1.28 (s, 9H); 13C NMR 

(101 MHz, CDCl3) δ 163.2, 155.6, 150.6, 147.5, 145.5, 144.6, 142.2, 128.7, 126.4, 120.7, 115.0, 

110.8, 62.5, 35.7, 34.2, 31.5, 30.5, 22.4, 14.2 ppm; HRMS: Calcd. for C25H31NNaO4S: [M+Na]+: 

464.1866 m/z, found 464.1873 m/z.  

Compound 3.6.1.13 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine methyl ester (154 L, 0.75 mmol) 

Quinone (142.6 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 40:60 Hexanes/EtOAc 
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Yield of Product: 

3.6.1.13: 117 mg, 0.29 mmol, 59% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 4:6): 0.40; IR (neat) v = 3332.0, 3032.8, 2951.2, 1703.3, 1516.8, 

1438.1, 1217.0, 1085.0, 1001.0, 907.9, 727.6, 696.6, 573.5 cm-1; 1H NMR (500 MHz, CDCl3): δ 

7.35 (m, 5H), 6.62 (d, J = 11.2 Hz, 2H), 5.10 (s, 2H), 4.90 (s, 1H), 3.93 (s, 3H), 3.65 (s, 2H), 3.47 

– 3.38 (m, 2H), 2.73 (t, J = 7.0 Hz, 2H) ppm; 13C NMR (125 MHz, CDCl3) δ 163.8, 156.3, 154.3, 

144.5, 143.1, 136.4, 128.6, 128.4, 128.2, 128.1, 125.6, 118.4, 113.0, 66.8, 53.2, 41.7, 36.2, 22.5 

ppm; HRMS: Calcd. for C20H20N2NaO5S: [M+Na]+: 423.0985 m/z, found 423.0981 m/z.  

 

Compound 3.6.1.14 

 

Procedure: The reaction was carried out according to the General Procedure described above. 

Amounts of Reagents: 

A. N-Boc-L-cysteine methyl ester (154 L, 0.75 mmol) 

Quinone (171.7 mg, 0.5 mmol) 

MgBr2
.Et2O (32.3 mg, 0.125 mmol, 25 mol%) 

DIPEA (245 L, 1.5 mmol) 

1,4-Dioxane (10 mL, 0.05 M) 

B. TFA/DCM (10 mL, 1:1) 

PIDA (161 mg, 0.5 mmol) 

DCM (20 mL) 

Purification: 50:50 Hexanes/EtOAc 
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Yield of Product: 

3.6.1.14: 128.4 mg, 0.28 mmol, 56% over 3 steps 

Characterization: 

Rf = (hexanes/ethyl acetate 50:50): 0.37; IR (neat) v = 3341.3, 2954.4, 2926.3, 1706.5, 1499.2, 

1438.8, 1212.9, 1021.9, 735.4, 696.7, 576.4 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.48 (s, 1H), 7.33 

(d, J = 11.3 Hz, 5H), 6.56 (d, J = 12.7 Hz, 2H), 5.38 (d, J = 8.4 Hz, 1H), 5.10 (s, 2H), 4.61 (d, J = 

6.9 Hz, 1H), 4.18 (q, J = 7.3 Hz, 2H), 3.93 (s, 3H), 3.63 (s, 2H), 3.02 (qd, J = 13.9, 5.5 Hz, 2H), 

1.25 (t, J = 6.9 Hz, 3H) ppm;13C NMR (125 MHz, (CD3)2CO)): δ 171.3, 163.7, 156.0, 154.7, 

145.5, 141.0, 129.0, 128.3, 127.7, 127.6, 125.4, 118.5, 114.0, 65.9, 60.8, 55.3, 52.3, 37.3, 21.9, 

13.6 ppm; HRMS: Calcd. for C23H24N2NaO7S: [M+Na]+: 495.1196 m/z, found 495.1202 m/z.  
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