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CHAPTER 1 

 INTRODUCTION 
 

Parts of this chapter are reprinted with permission from Dutter, B. F., Mike, L. A., Reid, P. R., 

Chong, K. M., Ramos-Hunter, S. J., Skaar, E. P., and Sulikowski, G. A. (2016) Decoupling 

Activation of Heme Biosynthesis from Anaerobic Toxicity in a Molecule Active in Staphylococcus 

aureus. ACS Chem. Biol. 11, 1354ς1361. Copyright 2016 American Chemical Society.  

1.1 Background 

 Metals play a crucial role in virtually all biological systems. Owing to their unique 

reactivity due to the accessibility of d-orbitals, metals are critical components of enzyme 

catalysis, energy transfer pathways, and of various structural motifs.1,2  The ability of bacteria to 

acquire and manage nutrient metals in the niche they inhabit is of utmost importance to 

survival and bacteria have evolved systems to accomplish these tasks tailored to the 

environments they inhabit.  

 

1.2 Metal acquisition 

Iron 

The main obstacle to iron acquisition in the majority of systems is the low solubility of 

Fe(III).1,3 Ferric iron predominates under aerobic conditions and its low solubility means it exists 

in generally inaccessible forms. For example, in neutral or alkaline soils, iron exists primarily as 

polymeric iron oxides.4 In the human host, Fe is predominately bound to heme in 
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hemoproteins, but is also found in Fe storage proteins such as transferrin and lactoferrin 

(extracellular) and ferritin (intracellular).2,3 

Siderophores 

 One of the primary methods of iron acquisition by bacteria is the production of 

siderophores. Siderophores are low molecular weight molecules that tightly bind ferric iron. 

Bacteria typically secrete siderophores into their environment, whether inside a host or in soil, 

where the molecule will bind/solubilize ferric iron and be reabsorbed by the organism to 

provide it with nutrient iron.1,3,4  

 Siderophores are generally produced by nonribosomal peptide synthesis, which will be 

discussed in further detail in Chapter 2.3 Certain functional groups with high affinity for Fe(III) 

ǇǊŜŘƻƳƛƴŀǘŜ ƛƴ ǎƛŘŜǊƻǇƘƻǊŜΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ ŎŀǘŜŎƘƻƭǎΣ ƘȅŘǊƻȄŀƳƛŎ ŀŎƛŘǎΣ ʰ-hydroxycarboxylic 

acids, and hydroxyphenyl oxazolines or thiazolines (Figure 1.1).1,3 Siderophores typically contain 

three of these functional groups, in various combinations, to result in a very strong hexadentate 

complex with Fe(III). Despite this, many siderophores exist with fewer metal binding groups 

resulting in tetra- and bi-dentate complexes. These are thought to solubilize Fe(III) in the 

environment for transfer to stronger chelators.1 

 

 

Figure 1.1. Common iron chelating motifs found in siderophores. 
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 In Gram negative bacteria, siderophores are transported into the cell in several stages. 

First, receptors on the outer membrane recognize and bind the siderophore-Fe(III) complex and 

use the energy of the TonB-ExbB-ExbD system to transport the molecule across the outer 

membrane and into the periplasm. ABC-transporters in the cell membrane then recognize the 

siderophore-Fe(III) complex and transport it into the cytoplasm.1,2  The siderophore-Fe(III) 

uptake process in Gram positive bacteria generally involves recognition of the molecule by 

lipoproteins receptors in the cell wall and transfer to ABC-transporters which pump the 

molecule into the cytoplasm.1 

 Once internalized, the bacterium must liberate Fe from the siderophore complex. This is 

primarily accomplished by reduction of Fe(III) to Fe(II). Hexadentate siderophores have a much 

lower affinity for Fe(II) than Fe(III) permitting the Fe to be released and utilized for cellular 

processes. This also allows recycling of the siderophore.1,2,3 
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Figure 1.2. Siderophores produced by pathogenic bacteria. 
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Siderophores are produced by bacteria in numerous niches. The best studied are 

siderophores of pathogens and in general, production of siderophores by pathogenic bacteria is 

associated with increased virulence.3 Enterobactin (1.1) is a triscatecholate siderophore 

produced by several Gram negative enteric pathogens including Escherichia coli and Salmonella 

enterica subsp. Typhinurium. Enterobactin was one of the first pathogenic siderophores 

identified.1,3 Yersiniabactin (1.2) is produced by species including Yersinia pestis, the causative 

agent of the bubonic plague. Loss of genes encoding yersiniabactin is associated with decreased 

virulence in mouse infection models.3 Acenitoferrin (1.3) is an amphiphilic siderphore produced 

by Acenitobacter haemolyticus.  Studies have suggested that its ability to pass through 

membranes allows the bacterium to steal iron from host ferritin during infection.5 

Mycobacteria, including the pathogenic Mycobacterium tuberculosis, express several 

siderophores with various roles. Exochelins (1.4) are secreted into the extracellular 

environment to scavenge for iron.1,6 In contrast, lipophilic mycobactin (1.5) is membrane 

associated and typically not secreted though evidence suggests a role in iron acquisition 

through vesicle secretion.7 

 Soil bacteria also rely on siderophores to solubilize iron as well as sequester it from 

competing organisms. The saprophyte Streptomyces coelicolor produces several siderophores 

including desferrioxamines B and E and coelichelin, which will be the subject of Chapter 2.4,8 S. 

coelicolor and many other soil bacteria encode multiple siderophore uptake systems, several of 

which can recognize and transport siderophores produced by other organisms in a process 

commonly referred to as siderophore piracy.9 
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Non-siderophore mediated iron acquisition 

 Many pathogens are able to acquire iron in the form of heme from host hemoproteins.2 

This will be discussed below in the section on Staphylococcus aureus heme acquisition.  

Divalent metal acquisition  

 While much is known about bacterial iron acquisition, the specific processes involved in 

Zn(II) and Mn(II) acquisition have not been as extensively studied and are focused mostly on 

pathogens. In the host environment, extracellular Zn(II) is mostly bound to albumin leaving very 

little in solution. During infections, immune cells secrete proteins of the S100 class, such as 

calprotectin, which bind and sequester Zn(II) and other divalent metals. Despite this, many 

pathogens are able to scavenge sufficient quantities of Zn(II) to promote infection. The ZnuD 

protein of many Gram negative pathogens is an outer membrane protein that scavenges Zn(II) 

and passes it to the periplasm via a TonB dependent mechanism.10 

 There also exist many porins in the outer membrane of Gram negative pathogens that 

allow metals such as Mn(II) to passively diffuse into the periplasm where they are recognized by 

substrate binding proteins (SBPs) and transported across the cell membrane via ABC-

transporters.11  

Some evidence exists for the production of zinc chelators by bacteria. In particular, S. 

coelicolor is hypothesized to produce coelibactin, a compound believed to be involved in zinc 

uptake given that its expression is under the control of the zinc uptake regulator (Zur). 

Coelibactin has never been isolated in culture and the exact structure is not known given the 

uncertainty surrounding its release from its NRPS.8 
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1.3 Metal homeostasis 

  Bacterial metal homeostasis is generally controlled by protein metal sensors which bind 

specific metals at given concentrations and induce some effect at the gene level in response.11 

Some sensors induce relatively small changes specific to that metal while others induce global 

changes in gene expression including genes tangentially associated with metal acquisition. The 

best example of this is the ferric uptake regulator (Fur) protein. Fur binds Fe(II) in iron replete 

conditions. This complex binds to control regions, called Fur boxes, of genes under its control 

which suppresses their expression. Examples include genes for siderophore biosynthesis, but 

also extend into other areas such as cell metabolism and virulence factor expression.1 Under Fe 

deplete conditions, Fur will dissociate from the Fur boxes inducing expression of the genes of 

this regulon.  

 

1.4 Iron acquisition and homeostasis in Staphylococcus aureus 

 Staphylococcus aureus is a Gram positive pathogen of humans primarily causing skin and 

soft tissue infections, but can also be responsible for more severe diseases including toxic shock 

syndrome and necrotizing pneumonias.12 S. aureus requires iron for normal cellular function 

and evasion of the immune system during infection. In addition, the availability of iron controls 

the expression of numerous virulence factors.13  While S. aureus is capable of acquiring iron by 

secretion of siderophores, heme is its preferred iron source during infection.14 

Heme acquisition through the Isd system 

  During an infection, heme is made available to the bacterium by secretion of hemolysins 

which lyse red blood cells causing a release of hemoglobin. Once hemoglobin is liberated, S. 
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aureus utilizes the the Isd (iron surface determinant) system to scavange heme from 

hemoglobin and pass it through the cell wall and membrane and into the cytoplasm where it 

can be degraded to release free iron or stored associated with the membrane for incorporation 

into hemoproteins.15 This system consists of several proteins each occupying a step along the 

path from extracellular hemoglobin to release of intracellular iron.15 

 

Figure 1.3. Schematic of Isd system shuttling heme into the bacterial cytoplasm.  

 

Heme toxicity and heme sensing 

Despite the value of heme as a nutrient iron source, heme is toxic to the bacterium in 

high concentrations.16 In order to overcome heme toxicity, S. aureus employs a two component 

system called the heme sensor system (HssRS) to sense heme and activate a response to 

alleviate heme toxicity. HssS is a transmembrane histidine kinase that senses toxic levels of 
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heme through an undetermined mechanism. Upon activation, HssS autophosphorylates and 

transfers the phosphate to an aspartate residue of its cognate response regulator, HssR. HssR is 

a cytoplasmic protein which, upon phosphorylation by HssS, binds the direct repeat of the 

promoter for the heme regulated transporter (hrtAB), a gene encoding an efflux pump that 

alleviates heme toxicity.17,18,19 The mechanism by which HrtAB alleviates heme toxicity is not 

well understood. 
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Figure 1.4. Activation of HssRS by heme. HssS is a transmembrane histidine kinase (A) which in 
the presence of toxic concentrations of heme autophosphorylates (B). HssS can then 

phosphorylate its cognate response regulator HssR and when phosphorylated, HssR can bind 
the promoter of hrt  (C) Inducing expression of HrtAB, an efflux pump which alleviates heme 

toxicity (D). 
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High throughput screen for activators of HssRS in S. aureus 

 Since heme toxicity in S. aureus is not well understood, the Skaar lab conducted a high 

throughput screen for activators of the heme stress response to identify potentially useful 

chemical probes to study this system. To accomplish this, a strain of S. aureus harboring a 

plasmid with the hrt promoter fused to a luciferase reporter was constructed. This strain was 

used to screen the Vanderbilt Small Molecule Library. Molecules that produced a luminescent 

response were run through a secondary screen using a catechol oxidase reporter and a tertiary 

screen for the ability of the molecule to preadapt S. aureus to toxic concentrations of heme. 

The top two hits which will be the subject of several chapters of this dissertation are shown in 

Figure 1.5.  
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1.5 Statement of Dissertation 

 The work presented herein involves the application of chemical synthesis to study two 

distinct questions in the realm of bacterial metal acquisition and homeostasis. The first aims at 

developing a concise total synthesis of the Streptomyces coelicolor produced siderophore 

coelichelin.  While this molecule can be obtained from culture, a synthetic route would enable 

more flexibility in using it as a chemical probe. The second project focuses on studying the 

activities of the two molecules identified in the screen for HssRS activators. In both cases, 

libraries around these scaffolds were prepared and screened for activity to establish structure-

activity relationships. These data were utilized in later work to develop chemical probes for 

target identification to help elucidate their mechanism of action and better define heme 

toxicity in S. aureus.  
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CHAPTER 2 

PROGRESS TOWARD THE TOTAL SYNTHESIS OF COELICHELIN 

 

2.1 Introduction 

 Coelichelin is a nonribosomal peptide produced by the bacterium Streptomyces 

coelicolor.1 The goal of this work is to develop a laboratory synthesis of the molecule for 

confirmation of the proposed structure and to establish a convenient and flexible route to 

provide significant quantities of the material and derivatives for biological studies.  Coelichelin 

could potentially be a useful chemical tool to study metal acquisition pathways and bacterial 

responses to iron depletion. For these kinds of experiments, sȅƴǘƘŜǘƛŎ ŎƘŜƳƛŎŀƭǎ ǎǳŎƘ ŀǎ нΣнΩ-

bipyridine, are often used as iron chelators to sequester iron in growth media.2,3,4 Natural 

product siderophores may be superior to synthetic chelators in such experiments as they are 

likely more selective for ferric iron. However, the use of many natural product siderophores is 

limited by their availability since most are only accessible by isolation from the producing 

organism. A convenient synthetic route to a natural product siderophore would provide ample 

material to conduct these experiments as well as study the basic biology of the siderophore 

itself. Coelichelin is an attractive target because it is structurally interesting but accessible using 

chemistry developed for the synthesis of similar siderophores. In addition, no chemical 

synthesis of coelichelin has been reported to date.  
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2.2 Background 

Traditionally, discovery of bioactive natural products involves screening of biological 

extracts for activity against systems of interest, fractionation of active extracts using 

chromatographic methods to identify active components, and structure determination.5 Many 

medically and industrially important compounds have been identified through these methods 

including antibiotics, antifungals, antineoplastics, cardiovascular drugs, and pain medications.6 

While this process has been fruitful, it can be tedious and self-limiting depending on the 

conditions of isolation and stability of the natural products being isolated.5 The inception of the 

genomic age has introduced the possibility of predicting natural products from genomic 

information7 allowing these limitations to be circumvented.  

Many antimicrobial drugs are either derived from or are themselves metabolites of 

microorganisms, and of these natural product based drugs, approximately half come from 

actinomycetes.8 Considerable work to characterize the numerous biosynthetic pathways in 

actinomycetes as well as homologous pathways in other organisms, has provided invaluable 

information that can be applied to search for sequence similarities in whole genomes to 

identify gene clusters encoding biosynthetic pathways.7  

Nonribosomal peptide synthesis 

 Nonribosomal peptides (NRPs) constitute a rich class of bacterial (and fungal) 

metabolites, many of which are used clinically including bacitracin, cyclosporine, and 

daptomycin. They are synthesized by modular mulitenzyme complexes called nonribosomal 

peptide synthetases (NRPSs) which function similarly to polyketide and fatty acid synthetases.9 
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 Each module is minimally composed of an adenylation domain (A-domain) and a 

thiolation domain (T-domain, also referred to as a peptidyl carrier protein or PCP). The A-

domain activates the amino acid to be added to the growing peptide by reaction with ATP to 

transfer AMP to the amino acid and release pyrophosphate. The A-domain recognizes a specific 

amino acid to be activated for each module and this can be discerned from the amino acid 

sequence of the domain and thus, predicted from genomic data.10,11 Since the NRP is 

synthesized from module to module, the sequence of A-domains determines the primary 

sequence of the NRP.9 

 The T-ŘƻƳŀƛƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŀ пΩ-ǇƘƻǎǇƘƻǇŀƴǘŜǘƘŜƴȅƭ όпΩ-PP) cofactor bound to the protein 

through a conserved serine residue. After amino acid activation by the A-domain, the thiol of 

ǘƘŜ пΩ-PP reacts with the activated carboxylate forming a thioester linkage and displacing AMP. 

The amino acid is now bound to the module and can be acted upon by modifying domains such 

as epimerases and N-methyltransferases. The chain is elongated by condensation domains (C-

domians) which catalyze the attack of the amino group of a module on the thioester carbonyl of 

the substrate of the previous module bound to the T-domain. Many NRPSs have a terminal 

thioesterase domain which will hydrolyze the completed peptide from the NRPS though some 

lack this function and rely instead on nonenzymatic reactions to achieve hydrolysis of the 

thioester.9  

Identification of coelichelin from genome mining 

 Utilizing genome sequences from an ordered cosmid library from S. coelicolor12, Challis 

and coworkers identified a region on cosmid SCF-34 with sequence homology to NRPSs. This 

region codes for a 3643 amino acid protein with a predicted molecular weight of 390 kDa. The 
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gene was determined to be part of a large gene cluster consisting of ~20 genes spanning ~29 

kbp. The functions of these genes were hypothesized based on sequence homology and the 

cluster determined to provide the components and biosynthetic machinery for siderophore 

synthesis as well as proteins involved in siderophore secretion and reuptake (Figure 2.1.A).13  

 

Figure 2.1.  Coelichelin gene cluster and NRPS. A. Organization of coelichelin gene cluster: blue 
= NRPS (cchH), light green = ornithine ʵN-oxidase (cchB), dark green = ʵN-hydroxy-L-ornithine 

formyl transferase (cchA), orange = genes involved in siderophore secretion and reuptake, red = 
RNA helicase, purple = chitinase, grey = unknown function. B. Organization of coelichelin NRPS: 

A = adenylation domain, T = thiolation domain, E = epimerase, C = condensation domain. 
 
 
 The functions of each module were determined based on conserved sequence similarity 

to known NRPS modules and the order is depicted in Figure 2.1.B. A notable feature of this 

NRPS is the lack of a terminal thioesterase domain responsible for releasing the final product 

from the synthetase. Taking this into account, analysis of the module sequence in cchH led to 

the two hypothesized structures 2.1 and 2.2 (Figure 2.2). Challis and coworkers favored 2.2 

arguing that a thioesterase domain would be required for 2.1 while 2.2 could be released by 

ŀǘǘŀŎƪ ƻŦ ǘƘŜ ʵ-amino group on the thiosester in a favored 6-exo-trig closure.13 
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            2.1          2.2 

Figure 2.2. Proposed structures of coelichelin based on genomic information. 

 
 

Isolation of coelichelin from culture 

 Challis and coworkers next attempted to isolate coelichelin from culture utilizing 

methods for the isolation and structure determination of similar siderophores.14 They 

compared HPLC traces of growth media of wild type S. coelicolor and a cchH knockout grown in 

iron deplete conditions and identified a fraction present in the growth media of wild type, but 

not the knockout. A strong absorbance at 435 nm in this fraction suggested a trishydroxamate 

bound to iron. This peak was isolated and subjected to various analyses to identify the structure 

including mass spectrometry, hydrolysis to the constituent amino acids followed by 

derivatization and chiral gas chromatography, and removal of iron by a competing siderophore 

to isolate apo-coelichelin followed by formation of the Ga3+ bound species for NMR analysis. 

These studies led to the revised structure 2.3 shown unbound and 2.4 bound to Fe3+ (Figure 2.3 

A and B).  
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Figure 2.3. A. Revised structure of coelichelin (2.3). B. Coelichelin depicted bound to ferric iron 
(2.4). 
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Figure 2.4. Proposed biosynthesis of coelichelin. 

 

 This tetrapeptide is hypothesized to be biosynthesized as depicted in Figure 2.4. In this 

model, the first A-domain recognizes and activates ʵN-formyl-ʵN-hydroxy-L-ornithine, the 

second, L-threonine, and the third, ʵN-hydroxy-L-ornithine, to provide 2.5, 2.6, and 2.7 

respectively, which are then loaded on to their respective T-domains (Figure 2.4.A). The first 

ŀƴŘ ǎŜŎƻƴŘ ŜǇƛƳŜǊŀǎŜ ƳƻŘǳƭŜǎ ƛƴǾŜǊǘ ǘƘŜ ǎǘŜǊŜƻŎƘŜƳƛǎǘǊȅ ŀǘ ǘƘŜ ʰ-carbons and then the 
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condensation domains catalyze the formation of the elaborated tripeptide 2.11 (Figure 2.4.B). A 

second ʵN-formyl-ʵN-hydroxy-L-ornithine is then loaded on to the first module where it is 

epimerized and condensed with 2.11 to give tetrapeptide 2.12 bound to the T-domain of the 

third modules (Figure 2.4.C). Finally, this is hydrolysed nonenzymatically to give 2.3 (Figure 

2.4.D).  

 

2.3 Previous synthetic studies towards siderophores 

Syntheses of ʵN-acyl-ʵN-hydroyornithine and derivatives 

Interest in the synthesis of ʵN-hydroyornithine and acylated derivatives began in the 

1960s with identification of these as components of siderophores and microbial natural 

products.15 Nielands reported the first synthesis of ʵN-hydroxyornithine. Starting from DL-

glutamic acid, the amino acid moiety was protected as the hydantoin and the terminal 

carboxylic acid was converted to bromide 2.13 in 3 steps. From 2.13, ʵN-hydroxy-DL-ornithine 

(2.14) was obtained by conversion to the nitro compound, semi-reduction with zinc dust, and 

subsequent acid hydrolysis of the hydantoin to provide 2.14 in 17 % yield. The authors noted 

that significant quantities of optically active 2.14 could be obtained from natural sources.16  

Isowa reported the first synthesis of optically active 2.14 and ʵN-acetyl-ʵN-

hydroxyornithine (2.18). This procedure began with monoalkyation of 1,3-dibromopropane 

with N-tosyl-O-benzylhydroxylamine to provide 2.15. The resulting bromide was alkylated with 

the sodium salt of diethyl acetamidomalonate followed by decarboxylation to provide 2.16 as a 

racemate. The enantiomers were resolved enzymatically by reaction with aniline using papain, 

providing the L-isomer as the anilide. Both enantiomers were converted to the amino acid by 
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heating with concentrated HCl in AcOH. The tosyl group was removed by reaction with HBr in 

AcOH for 50 h to provide 2.17 (or its enantiomer).17 2.18 was obtained by acetylation of the 

hydrobromide salt with acetic anhydride followed by catalytic hydrogenolysis to remove the 

benzyl ethers.18 Fujii expanded on this method by reacting the intermediate 3-bromopropyl 

diethylacetamidomalonate with O-benzylhydroxylamine under basic conditions to install the 

ʵN-hydroxylamine group, though poly-N-alkyation was problematic.19 Emery reported an 

ŀƴŀƭƻƎƻǳǎ ŀǇǇǊƻŀŎƘ ǿƘŜǊŜ ʰ-protected 5-hydroxy-2-aminopentanoic acid was converted to the 

bromide and this intermediate reacted with N-acetyl-O-benzylhydroxylamine under basic 

conditions.20 

Maehr and coworkers reported a route to 2.14 utilizing N-alkylation of methyl 2-

acetamido-5-iodovalerate with the thallium(I) salt of trans-benzaldoxime in DMF to provide the 

nitrone which was then hydrolyzed under acidic conditions to provide the hydroxylamine with 

subsequent ester and acetamide hydrolysis to provide 2.14.21 A similar route utilizing nitrone 

hydrolysis was employed by Keller-Schierlein sǘŀǊǘƛƴƎ ŦǊƻƳ ʰ-protected L-ornithine 2.21Σ ǘƘŜ ʵ-

nitrogen was reacted with p-methoxybenzaldehyde to form the imine followed by oxidation to 

provide oxaziridine 2.22 which was hydrolyzed to 2.29.15 Using a direct N-oxidation approach, 

Chimiak repƻǊǘŜŘ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ƻŦ ǘƘŜ ʵ-ƴƛǘǊƻƎŜƴ ƻŦ ʰ-protected L-ornithine with benzoyl 

peroxide followed by same-pot acetylation.22  
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Figure 2.5. Methods for synthesizing ʵN-acyl-ʵN-hydroyornithines. 

 

Miller and coworkers have devised several methodologies to synthesize ʵN-acyl-ʵN-

hydroxyornithine precursors for siderophore syntheses. Their first route to optically active ʵN-

hydroxyornithine started from carboxybenzyl protected L-glutamic acid (2.24) with the amino 

ŀŎƛŘ ŦǳƴŎǘƛƻƴ ŦǳǊǘƘŜǊ ǇǊƻǘŜŎǘŜŘ ōȅ ǊŜŀŎǘƛƻƴ ǿƛǘƘ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜΦ ¢ƘŜ ʵ-carboxylic acid was 

converted to the acid chloride with thionyl chloride followed by reduction to aldehyde 2.25 

with lithium tri-t-butoxyaluminum hydride. The aldehyde was converted to a mixture of oximes 

by reacting with O-benzylhydroxylamine followed by reduction with sodium cyanoborohydride 

and acetylation in the same pot. The amino acid was deprotected to provide 2.26 with the 

hydroxamic acid protected as the benzyl ether. 2.26 could be used in siderophore synthesis 

with late stage hydrogenolysis to remove the benzyl ether.23 !ƭǘŜǊƴŀǘŜƭȅΣ ǘƘŜȅ ǊŜŀŎǘŜŘ ʰ-

protected 5-hydroxy-2-aminopentanoic acid with N-Cbz or Nςtroc-O-benzylhydroxylamine 

ǳƴŘŜǊ aƛǘǎƻƴƻōǳ ŎƻƴŘƛǘƛƻƴǎ ŦƻƭƭƻǿŜŘ ōȅ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ʵ-nitrogen to provide derivatives 

of 2.14.24  
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Syntheses of ʵN-acyl-ʵN-hydroxyornithine containing siderophores 

 By modern standards, the synthesis of peptide derived siderophores is not overly 

complex. The primary concerns when synthesizing hydroxamate containing siderophores in the 

laboratory are minimizing racemization during peptide coupling and strategic and orthogonal 

deprotection of functional groups. To a lesser extent, minimizing metal contamination of 

glassware in the final steps of the synthesis is important to obtain pure, unbound samples of 

the final product for characterization.  

 Much of the work towards efficient syntheses of ʵN-acyl-ʵN-hydroxyornithine was a 

component of larger syntheses of siderophores containing these functionalities. Several 

examples of siderophore syntheses will be presented to highlight the synthetic challenges and 

methods used to overcome them, as well as the guiding principles for our synthetic approach to 

coelichelin. 

Ferrichrome is a cyclic hexapeptide consisting of three contiguous glycines followed by 

three contiguous ʵN-acetyl-ʵN-hydroxy-L-ornithines. The first synthesis of ferrichrome was 

accomplished by Keller-Schierlein utilizing the nitro reduction chemistry pioneered by Neilands. 

They assembled a hexapeptide (2.30) containing the requisite three glycines and three L-5-

nitro-2-aminopentanoic acids (2.29), cyclized, and then reduced the nitro grouǇǎ ǘƻ ǇǊƻǾƛŘŜ ʵ-

hydroxylamines. This molecule was acetylated to give ferrichrome (2.31).15,25 LǎƻǿŀΩǎ ƎǊƻǳǇ 

used a similar approach but employed their N-tosyl-O-benzylhydroxylamine compound 2.32 in 

the coupling process. Cyclization of 2.33 followed by global removal of tosyl groups with HBr in 

AcOH, acetylation, and global hydrogenolysis of benzyl ethers gave 2.31.26 
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Figure 2.6. Syntheses of ferrichrome. 

 

Another early target of siderophore synthesis was rhodotrulic acid (2.40). This 

compound is a diketopiperazine formed from the condensation of two ʵN-acetyl-ʵN-

hydroxyornithines. Isowa and coworkers first synthesized 2.40 using their N-tosyl-O-

benzylhydroxylamine alkylation chemistry. Keller-Schierlein adapted their nitro reduction 

chemistry to this molecule as well with a late stage global reduction followed by acetylation to 

give the natural product.15 Miller and coworkers used a contrasting route by installing the O-

benzyl protected hydroxamic acid into their monomer before coupling. Starting from protected 

glutamic acid 2.34Σ ǘƘŜȅ ŎƻƴǾŜǊǘŜŘ ǘƘŜ ʵ-carboxylate into the anhydride with ethyl 
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chloroformate and reduced to the alcohol with sodium borohydride to give 2.35. This was then 

reacted with N-troc-O-benzylhydroxylamine under Mitsonobu conditions, the troc group was 

selectiveƭȅ ǊŜƳƻǾŜŘ ǳƴŘŜǊ ǊŜŘǳŎǘƛǾŜ ŎƻƴŘƛǘƛƻƴǎΣ ŀƴŘ ǘƘŜ ʵ-nitrogen acetylated to provide 2.36. 

After several protecting group manipulations, they arrived at intermediates 2.37 and 2.38 

which were coupled with EEDQ to give 2.39. The Boc group and methyl ester were removed 

leading to cyclization and the benzyl ethers were removed by hydrogenolysis to give 2.40.24 

 

 

Scheme 2.1. aƛƭƭŜǊΩǎ ǎȅƴǘƘŜǎƛǎ ƻŦ ǊƘƻŘƻtrullic acid. 

 

 Foroxymithine, 2.48Σ ƛǎ ǎǘǊǳŎǘǳǊŀƭƭȅ ǎƛƳƛƭŀǊ ǘƻ ǊƘƻŘƻǘǊǳƭƭƛŎ ŀŎƛŘΦ aƛƭƭŜǊΩǎ ƭŀō ǎȅƴǘƘŜǎƛȊŜŘ 

this using a convergent approach applying their Mitsonobu chemistry. They prepared mono-N-

troc protected  diketopiperazine 2.43 and coupled this with the succinimide ester of dipeptide 
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2.45. Tetrapeptide 2.46 was then subjected to sequential removal of protecting groups and N-

formylation. The Cbz group was removed by HBr in acetic acid and the free amine was 

acetylated by acetic anhydride and triethylamine which also consequently O-acylated serine to 

provide 2.47. Treatment of this tetrapeptide with zinc dust and acetic formic anhydride in THF 

removed the Troc groups with subsequent N-formylation. The O-acetyl was removed under 

mildly basic conditions and the final product was provided by hydrogenolysis of the benzyl 

ethers.27 
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Scheme 2.2. aƛƭƭŜǊΩǎ ǎȅƴǘƘŜǎƛǎ ƻŦ ŦƻǊƻȄȅƳƛǘƘƛƴŜΦ 
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A more modern synthesis (2013) of a ʵN-formyl-ʵN-hydroxyornithine containing 

siderophore was reported by Meijler with their synthesis of pyoverdin D (2.58), a complex 

molecule secreted by Pseudomonas aeruginosa. It consists of a partially cyclic octapeptide 

where the macrolide portion includes a lysine side chain at the N-terminus cyclized through 

ŦƻǳǊ ōŀŎƪōƻƴŜ ŀƳƛƴƻ ŀŎƛŘǎ ǘƻ ǘƘŜ ƭȅǎƛƴŜ ʰ-carboxylate. The macrolide is connected through the 

ƭȅǎƛƴŜ ʰ-amino group to a linear tripeptide bound at its N-terminus to a dihydroxyquinolone 

derived chromophore. Pyoverdin D contains two ʵN-formyl-ʵN-hydroxy-L-ornithine residues, 

one in the macrolide and one in the linear side chain.28  

Meijler utilized solid phase peptide synthesis (SPPS) to construct the octapeptide. They 

synthesized the ʵN-formyl-ʵN-hydroxy-L-ornithine component for SPPS by direct oxidation of 

ǘƘŜ ʵ-nitrogen of protected ornithine 2.49 ǿƛǘƘ ōŜƴȊƻȅƭ ǇŜǊƻȄƛŘŜΦ ¢ƘŜ ʵ-nitrogen was then 

formylated by treatment with formic acid and EDC, the benzoate ester removed under basic 

conditions with added benzyl bromide to reprotect the hydroxamate oxygen as the benzyl 

ether. Protecting group manipulations provided the Fmoc protected compound 2.52 for SPPS. 

The octapeptide 2.56 was synthesized as depicted in Scheme 2.3.28 

The chromophore component 2.55 was prepared separately from 2.53 and 2.54. The 

carboxylic acid of the chromophore was coupled to the resin bound octapeptide 2.56 with 

PyBOP and released from the resin with concomitant trityl and Mmt deprotection by treatment 

with acid. The macrolide was formed by coupling the C-ǘŜǊƳƛƴǳǎ ǿƛǘƘ ǘƘŜ ʶ-nitrogen of lysine 

by treatment with HATU and N,N-diisopropylethylamine to provide 2.57. The remaining 

protecting groups were removed by hydrogenolysis and the succinimide hydrolyzed with base 

to afford 2.58.    
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Scheme 2.3. Meijler synthesis of pyoverdin D. 

 

2.4 Studies towards the synthesis of coelichelin 

Coelichelin retrosynthetic analysis 

 Using a similar approach as the previously described syntheses, we envisioned 

assembling coelichelin through peptide couplings of suitably protected amino acid precursors 

and globally deprotecting the assembled polypeptide to provide the natural product. The 

molecule can be disconnected through the peptide bonds to three precursor amino acids; the 

Boc and acetonide protected D-allo-threonine 2.59, protected ʵN-hydroxy-L-ornithine 2.60, and 

protected ʵN-formyl- ʵN-hydroxy-D-ornithine 2.61 (Scheme 2.4). 2.59 can be prepared from D-

allo-threonine by a reported route.29  D-allo-threonine is prohibitively expensive but can be 

prepared from D-threonine in several steps and acceptable yield.30 2.60 and 2.61 can be 

ǇǊŜǇŀǊŜŘ ōȅ ŀ ǎƛƳƛƭŀǊ ǊƻǳǘŜ ŘƛŦŦŜǊƛƴƎ ƻƴƭȅ ōȅ ǘƘŜ ǎǘŜǊŜƻŎƘŜƳƛǎǘǊȅ ŀǘ ǘƘŜ ʰ-carbon and 

formylation of the D-isomer. Protected 5-hydroxy-2-aminopentanoic acid 2.62 is an excellent 

substrate for synthesis of 2.60 and 2.61 since a variety of the previously described chemistry to 
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install the N-hydroxy functionality can be utilized including the oxidation/reductive amination 

and conversion to a leaving group/displacement strategies. This material can be prepared from 

commercially available D- and L-pyroglutamic acids. Starting with this material allows simple 

incorporation of the correct stereochemistry and additionally allows easy modification of 

protecting groups should the need arise.  

 

 

Scheme 2.4. Retrosynthetic analysis of coelichelin. 

 

Synthesis of protected threonine 2.59 

 Using a literature procedure30, D-allo-threonine was prepared by converting D-threonine 

to methyl ester 2.63 by treatment with thionyl chloride in methanol. 2.63 was then treated 

with benzoyl chloride and triethylamine in methanol to provide benzamide 2.64. This was 
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reacted with thionyl chloride for 5 days at 0 °C leading to formation of oxazoline 2.65 and 

inversion of the stereocenter at ǘƘŜ ʲ-carbon. The oxazoline and methyl ester of 2.65 were then 

hydrolyzed in 6 N HCl to provide D-allo-threonine as the hydrochloride salt. The nitrogen was 

Boc protected by treatment with di-tert-butyl-dicarbonate in methanol-aqueous sodium 

bicarbonate. Under these conditions, methyl ester formation occurred to some extent. To 

resolve this, the crude product after work up was dissolved in THF and treated with 1 M LiOH to 

saponify the ester and provide 2.66 in 80 % yield. The Boc protected D-allo-threonine was 

converted to the acetonide by treating with 2,2-dimethoxypropane and catalytic TsOH in DCM 

to give 2.59 in 83 % yield.29 

  

 

Scheme 2.5. Synthesis of threonine precursor 2.59. 
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Synthesis of intermediate 2.60 and 2.61 

 We began investigating a route to 2.61 reasoning that the same chemistry could be 

applied to arrive at 2.60 but starting from the opposite enantiomer. Intermediate 2.62 was 

prepared from commercially available D-pyroglutamic acid ethyl ester in two steps. The 

nitrogen was Boc protected to provide 2.67 which was then treated with sodium borohydride in 

5:1 THF/water to provide 2.68 in 42 - 68 % yield over two steps.31 The sodium borohydride 

reduction did not give consistent yields and efforts to optimize were unsuccessful. While an 

alternate strategy to go from 2.67 to 2.68 by lactam hydrolysis with base followed by 

conversion to the anhydride and subsequent reduction has been reported31, the added steps 

and possibility of ester saponification rendered this route undesirable and we deemed potential 

material losses at this step to be acceptable.  

 

 

Scheme 2.6. Preparation of intermediate 2.68.  

 

We initially explored a route to 2.60/2.61 via conversion of the alcohol of 2.68 to a 

leaving group and direct displacement by O-benzylhydroxylamine similar to the previously 

described method of Fujii. 2.68 was easily converted to tosylate 2.69 by treatment with tosyl 

chloride in pyridine at 0 °C overnight. 2.69 was reacted with O-benzylhydroxylamine and a base 

under various conditions, but generally, only starting material was recovered. A small amount 



38 
 

of product was obtained when the reaction was carried out in DMF at 150 °C under microwave 

irradiation. In an attempt to see if an alternate leaving group would provide higher yields, we 

attempted to convert 2.68 to the bromide with triphenylphosphine and carbon tetrabromide 

but observed a complex mixture of products. Given the lack of success with this route, we 

decided to pursue an alternate strategy.  

 

 

Base Solvent Temperature Result 

DIEA MeOH rt No reaction 
DIEA DMF rt No reaction 
DIEA(TBAI 
added) DMF rt No reaction 
K2CO3 DMF rt No reaction 
K2CO3 DMF 150 °C (mw) 10 % yield 

 

Figure 2.7. Investigation of SN2 approach to 2.60/2.61. 

 

 The next method we attempted to employ was an oxidation/reductive amination 

approach. Initial efforts to oxidize 2.68 to the aldehyde were problematic. Pyridinium 

chlorochromate (PCC) was initially used as a similar reaction was previously reported by Miller. 

However, the aldehyde was not isolated in good yield and purification was not productive as it 

appeared the aldehyde was not entirely stable and thus could not be stored. Attempts to form 

the oxime from the crude product of PCC oxidation were also not productive. In addition to 

PCC, oxidations with IBX and Dess-Martin periodinane were also attempted with little success. 
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Ultimately, the Parikh-Doering oxidation was successful at producing the aldehyde in sufficient 

quantities to move forward. Oxidation under these conditions and subsequent oxime formation 

with O-benzylhydroxylamine hydrochloride and sodium acetate in ethanol provided oximes 

2.72 as a mixture of geometric isomers. 

 Reduction of oximes 2.72 was rendered needlessly time consuming by the insistence 

that sodium cyanoborohydride, the reagent of choice for this transformation, not be used. 

Instead, many alternate reagents and conditions including sodium triacetoxyborohydride, 

tetramethylammonium triacetyoxyborohydride, sodium borohydride, and triethylsilane were 

explored. While there was literature precedence for oxime reduction by all of these reagents, 

none reproducibly resulted in formation of 2.73. After much wasted time, treatment of 2.72 

with sodium cyanoborohydride and 0.1 M HCl in ethanol resulted in formation of 2.73 in 

excellent yield, naturally.  

 Formylation of 2.73 was accomplished by treatment with formic acetic anhydride32 to 

provide 2.74. Saponification of the ester to provide advanced intermediate 2.61 was attempted 

with 1 M LiOH in THF. Unfortunately, in addition to saponification this also resulted in loss of 

the formyl group. This result suggested that treatment of this compound and any advanced 

material with formyl groups would be problematic. Since component 2.60 also contains an 

ethyl ester, a late stage saponification in the presence of two formyl amides would be 

necessary. Given these limitations, we decided to change the type of ester to make 

deprotection more compatible with other functional groups in the molecule.  
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Scheme 2.7. Preliminary route to 2.61.   

 

To synthesize 2.61, the ethyl ester was swapped for an allyl ester since this could be 

removed by treatment with cataƭȅǘƛŎ tŘόлύ ŀƴŘ ŀ ˉ-allyl cation scavenger which should not 

affect any other functional groups. The allyl ester 2.75 was formed by treatment of 

commercially available D-pyroglutamic acid with allyl alcohol and TsOH in toluene. 2.75 was Boc 

protected and carried through the route previously described for the ethyl ester. While this 

route was mostly compatible with the allyl ester, the yields for the reductive ring opening were 

lower using this substrate. The sequential Parihk-Doering oxidation-oxime formation was also 

problematic generally providing the oximes 2.78 in yields ~40 % over the two steps. This low 

yield was likely the result of the instability of the aldehyde. To overcome this, a one-pot 

oxidation-oxime formation was employed which significantly increased the yields of the 

sequence reliably to 80 ς 90 %. The oximes 2.78 were reduced with sodium cyanoborohydride 

and the allyl ester removed with catalytic Pd(PPh3)4 and morpholine in THF to provide 2.61.  
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Scheme 2.8. Revised route to 2.61. 

 

Replacing the ethyl ester of 2.60 with a benzyl ester seemed prudent given that this 

could be removed under the same conditions as the benzyl ethers in the anticipated final global 

deprotection step. This component was prepared similarly to 2.78. Starting from L-pyroglutamic 

acid, benzyl ester formation by treatment with benzyl alcohol and thionyl chloride followed by 

Boc protection provides 2.81. This is reduced to alcohol 2.83 and the oximes prepared in the 

one pot reaction previously described. Reduction with sodium cyanoborohydride provides 2.85.  
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Scheme 2.9. Synthesis of advanced intermediate 2.85. 

 

Coupling strategy 

 With the three advanced coupling components 2.59, 2.85 (in place of 2.60), and 2.61 in 

hand, we envisioned a coupling strategy where 2.59 and 2.85 would be coupled and the 

resulting dipeptide Boc-deprotected to provide dipeptide 2.86. This could be treated with 2 eq 

of 2.61 to acylate both primary amines of 2.86 simultaneously to give protected tetrapeptide 

2.87.  
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Scheme 2.10. Coupling strategy. 

 

 

Coupling Conditions Result 

EDC, HOBt, DCM HOBt ester formation/No coupling 
EDC, HOBt, DMAP, DCM HOBt ester formation/No coupling 
PyBOP, DIEA, DCM HOBt ester formation/No coupling 
PyClU, Et3N, THF No coupling 
HATU, DIEA, DMF HOAt ester formation/No coupling 

 

Figure 2.8. Attempted synthesis of 2.88. 
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We initially explored the first coupling with 2.60 which had been prepared through the 

established route. Attempts to couple 2.59 with 2.60 were wholly unsuccessful. Several 

coupling reagents were investigated for this transformation including EDC (with HOBt as an 

additive), PyBOP, HATU, and PyClU. In the first three cases, no coupling reaction occurred but 

2.59 was converted to its respective activated ester. We hypothesized that the five membered 

acetonide was locked in a very rigid conformation and attack of a nucleophile on the carbonyl 

would be sterically hindered because of interactions with the bulky t-butyl carbamate and cis-

methyl. Since HOBt and HOAt are relatively small and flat, attack on the carbonyl is possible and 

thus, the activated esters can be formed. In contrast, 2.60 is a rather bulky nucleophile and the 

O-benzyl and aliphatic side chains would certainly clash with the substituents of the ring during 

any attack on the carbonyl.  

The primary motivation for acetonide protection of the threonine component was to 

prevent O-acylation during this and the subsequent coupling reaction. We hypothesized that 

foregoing the acetonide protection of threonine and instead using Boc protected D-allo-

threonine (2.66) would allow for a conformation where attack on the carbonyl by 2.85 was 

possible.  We further hypothesized that O-acylation would not be a significant concern since 

acyl migration to the adjacent nitrogen was favored. Reaction of 2.66 and 2.85 with HATU and 

DIEA in DMF led to formation of dipeptide 2.89 in 56 % yield after purification. Removal of the 

Boc groups of 2.89 was accomplished by treatment with 20 % TFA in DCM. This reaction is not 

entirely clean and product 2.90 (as the trifluoroacetate salt) was purified by HPLC leading to a 

lower yield for this transformation.  
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Scheme 2.11. Synthesis of dipeptide 2.90.  

 

2.5 Conclusion 

With dipeptide 2.90 in hand, we can now investigate the double acylation reaction to 

the fully protected tetrapeptide. Once assembled, the Boc groups will be removed by treatment 

with acid and the benzyl ethers and ester removed by treatment with hydrogen gas and 

palladium on carbon to provide the final product.  

We will characterize the final product as the unbound and Ga3+ bound compounds by 

NMR and mass spectrometry and compare to the originally reported spectra. Assuming the 

spectra match, we will move the material on to biological testing. If the spectra do not match, 

we will evaluate where the discrepancies may be and rework the synthesis to address this. 

Once synthetic coelichelin is available, we will test its activity against Staphylococcus 

aureus. First we will generate a dose response curve to determine an IC50 value for coelichelin. 

We anticipate this will be similar to other iron chelators. We will also supplement growth media 

with iron to see if this reverses any growth inhibition by coelichelin. Finally, we will treat a 

strain of S. aureus bearing a Fur reporter construct for activity.  
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Experimental section 

Note: The following experimental procedures were jointly written by Hunter Imlay and me.   

General Procedure: All non-aqueous reactions were performed in flame-dried flasks under an 

atmosphere of argon. Stainless steel syringes were used to transfer air- and moisture-sensitive 

liquids. Reaction temperatures were controlled using a thermocouple thermometer and analog 

hotplate stirrer. Reactions were conducted at room temperature (rt, approximately 23 °C) 

unless otherwise noted. Flash column chromatography was conducted using silica gel 230-400 

mesh. Analytical thin-layer chromatography (TLC) was performed on E. Merck silica gel 60 F254 

plates and visualized using UV and iodine stain.  

Materials: All solvents and chemicals were purchased from Sigma-Aldrich except D-

pyroglutamic acid and O-benzylhydroxylamine hydrochloride (Combi-Blocks) and di-tert-

butyldicarbonate, sodium borohydride, sodium triacetoxyborohydride, sodium 

cyanoborohydride, and HATU (Oakwood Chemicals). Dry dichloromethane was collected from 

an MBraun MB-SPS solvent system. Triethylamine, N,N-dimethylformamide (DMF) and 

dimethyl sulfoxide were used as received in a bottle with a Sure/Seal. N,N-

diisopropylethylamine was distilled from calcium hydride and stored over KOH. Deuterated 

solvents were purchased from Cambridge Isotope Laboratories. 

Instrumentation: 1H NMR spectra were recorded on Bruker 400, 500, or 600 MHz 

spectrometers and are reported relative to deuterated solvent signals. Data for 1H NMR spectra 

ŀǊŜ ǊŜǇƻǊǘŜŘ ŀǎ ŦƻƭƭƻǿǎΥ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ όʵ ǇǇƳύΣ ƳǳƭǘƛǇƭƛŎƛǘȅ όǎ Ґ ǎƛƴƎƭŜǘΣ Ř Ґ ŘƻǳōƭŜǘΣ ǘ Ґ ǘǊƛǇƭŜǘΣ ǉ 

= quartet, p = pentet, m = multiplet, br = broad, app = apparent), coupling constants (Hz), and 

integration. 13C NMR spectra were recorded on Bruker 100, 125, or 150 MHz spectrometers and 
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are reported relative to deuterated solvent signals. Low resolution mass spectrometry (LRMS) 

was conducted and recorded on an Agilent Technologies 6130 Quadrupole instrument. 

Compound data: 

Allyl (R)-5-oxopyrrolidine-2-carboxylate (2.75): To a stirred susupension of D-

pyroglutamic acid (6.00 g, 46.5 mmol) in toluene (185 mL) was added allyl alcohol 

(12.6 mL, 185 mmol) and p-toluenesulfonic acid hydrate (441 mg, 2.31 mmol). 

The reaction was refluxed 3 h at which point the reaction was judged complete by TLC. The 

reaction was allowed to cool to room temperature and aqueous sodium bicarbonate was added 

to quench the acid. The reaction was concentrated in vacuo, extracted dichloromethane (3x), 

washed with brine (2x), dried (MgSO4), filtered, and concentrated to yield 5.56 g (71 %) of 2.75 

as a white solid. Compound characterization data was consistent with previous reports.33 

2-allyl 1-(tert-butyl) (R)-5-oxopyrrolidine-1,2-dicarboxylate (2.76): To a stirred 

solution of 2.75 (5.56 g, 32.9 mmol) in dichloromethane (140 mL) was added 4-

dimethylaminopyridine (401 mg, 3.29 mmol), and triethylamine (5.05 mL, 36.2 

mmol). The solution was cooled to 0 °C  and di-t-butyl dicarbonate (7.83 g, 36.2 mmol) at 0 °C 

was added. The reaction was allowed to warm to room temperature and stirred overnight at 

which point the reaction was judged complete by TLC. The reaction was washed with saturated 

aqueous ammonium chloride and brine, dried (MgSO4), and concentrated in vacuo to afford 

8.83 (99 %) of 2.76 ŀǎ ŀ ȅŜƭƭƻǿ ǎƻƭƛŘΥ ώʰϐ23
D 35.25; IR (neat) 3550.8, 2981.0, 1790.1, 1751.9, 

1458.8, 1367.7, 1313.1, 1158.7, 1028.7, 985.2, 844.2, 779.3, 600.0, 421.3 cm-1; 1H NMR (400 

aIȊύ ʵ рΦфп-5.81 (m, 1H), 5.38-5.12 (m, 2H), 4.69-4.56 (m, 3H), 2.66-2.53 (m, 1H), 2.52-2.41 (m, 

1H), 2.38-2.23 (m, 1H), 2.07-1.96 (m, 1H), 1.45 (s, 9H); 13/ baw όмлл aIȊύ ʵ мтоΦмΣ мтлΦнΣ 
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159.1, 130.9, 119.5, 83.7, 78.2, 78.0, 77.8, 66.0, 59.2, 30.7, 28.5, 21.1; HRMS (ESI-TOF MS) 

calculated for C13H19NO5 (M+Na)+ m/z: 292.1155, measured 292.1171. 

Allyl (R)-2-((tert-butoxycarbonyl)amino)-5-hydroxypentanoate (2.77): 

To a stirred solution of 2.76 (8.06 g, 29.9 mmol) in THF (39 mL) and 

water (7.7 mL) at 0 °C was added sodium borohydride (1.59 mg, 41.9 mmol). The reaction was 

stirred for 1 h at 0 °C and then allowed to warm to room temperature and stirred for 45 min, at 

which point the reaction was judged complete by TLC. The reaction was diluted with diethyl 

ether (20 mL) and washed with water. The aqueous layer was extracted with diethyl ether (2), 

and the organic layers were combined and washed with water (1x) and brine (2x), dried 

(MgSO4), and concentrated. The resulting residue was purified by flash chromatography with a 

40 ς 60 % ethyl acetate in hexanes gradient to afford 2.60 g (32 %) of 2.77 as a colorless oil: 

ώʰϐ23
D -3.59; IR (neat) 3370.00, 2969.5, 2358.0, 1706.2, 1519.0, 1451.8, 1369.4, 1252.7, 1168.9, 

1054.2, 932.8, 863.4, 781.0 cm-1; 1H NMR (400 MHz, CDCl3ύ ʵ рΦфр-5.813 (m, 1H), 5.35-5.18 (m, 

3H), 4.66-4.55 (m, 2H), 4.39-4.25 (br, 1H), 3.637 (tr, J = 6.142 Hz, 2H), 2.18 (s, 1H), 1.96-1.82 (m, 

1H), 1.791-1.667 (m, 1H), 1.66-1.54 (m, 2H), 1.41 (s, 9H); 13/ baw όмлл aIȊύ ʵ мтнΦслΣ мррΦсрΣ 

131.71, 118.91, 77.48, 77.16, 76.84, 65.96, 62.06, 53.32, 29.52, 28.40; HRMS (ESI-TOF MS) 

calculated for C13H23NO5 (M+H)+ m/z: 274.1649, measured 274.1666. 

Allyl (R)-5-((benzyloxy)imino)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.78): To a stirred 

solution of 2.77 (500 mg, 1.82 mmol) in dichloromethane (8.0 mL) under an Ar atmosphere was 

added diisopropylethylamine (958 µL, 5.46 mmol) and dimethylsulfoxide (4.0 mL), and the 

resulting solution was cooled to -15 °C using a dry ice and acetone bath. Sulfur trioxide-pyridine 
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complex (871 mg, 5.46 mmol) was dissolved in dimethylsulfoxide (4.0 mL) and the resulting 

solution was added dropwise to the solution of 2.77. The reaction was stirred in the acetone 

bath until the temperature rose to -5 °C at which point the cooling bath was removed and the 

reaction allowed to warm to room temperature (20 min). TLC indicated complete consumption 

of starting materials. To the reaction was added ethanol (4.0 mL) and the reaction was stirred 

for 5 min followed by addition of diisopropylethylamine (476 µL, 2.73 mmol) and O-

benzylhydroxylamine hydrochloride (436 mg, 2.73 mmol). The reaction was stirred for room 

temperature for 1.5 h at which point it was judged complete by TLC. The reaction was diluted 

with diethyl ether and water, washed with 1 N HCl, saturated NaHCO3 (aq), and brine, dried 

(MgSO4), filtered, and concentrated in vacuo to afford 584 mg (85 %) of 2.78 as a colorless oil. 

1H-NMR shows a mixture of geometric isomers. The mixture was not separated and carried 

through to the next step without further characterization. 

Allyl (R)-5-((benzyloxy)amino)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.79): To a stirred solution of 

oximes 2.78 (1.28 mg, 3.40 mmol) in methanol (128 mL) and concentrated hydrochloric acid 

(1.10 mL) at room temperature was added sodium cyanoborohydride (321 mg, 5.10 mmol). The 

reaction was maintained at room temperature for 1.5 h when the reaction was judged 

complete by TLC. Solvent was concentrated in vacuo to half volume and diluted with EtOAc (50 

mL) and H2O (40 mL). The organic layer was washed with brine (2 x 400 mL), dried (MgSO4), and 

concentrated in vacuo to afford 1.08 g (84%, crude) of 2.79 ŀǎ ŀ ŎƻƭƻǊƭŜǎǎ ƻƛƭΥ ώʰϐ23
D -4.00; IR 

(neat) 3355.9, 2932.9, 1713.0, 1508.5, 1452.8, 1366.5, 1250.4, 1167.4, 993.17, 863.0, 744.1, 

698.3 cm-1; 1I baw όплл aIȊύ ʵ тΦоу-7.27 (m, 5H), 5.97-5.83 (m, 1H), 5.37-5.09 (m, 3H), 4.72-
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4.58 (m, 4H), 4.36-4.27 (br, 1H), 2.93 (t, J = 6.76, 2H), 1.94-1.79 (br, 1H), 1.76-1.64 (m, 1H), 1.63-

1.52 (m, 2H), 1.44 (s, 9H); 13/ baw όмлл aIȊύ ʵ мтнΦопΣ мррΦомΣ мотΦтуΣ момΦртΣ мнуΦосΣ мнуΦомΣ 

127.77, 118.68, 79.75, 77.28, 76.96, 76.64, 76.21, 65.74, 53.27, 51.36, 30.29, 28.25, 23.20; 

HRMS (ESI-TOF MS) calculated for C20H30N2O5 (M+H)+ m/z: 379.2227, measured 379.2228. 

Allyl (R)-5-(N-(benzyloxy)formamido)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.80): To a stirred solution 

of 2.79 (285 mg, 0.75 mmol) in dichloromethane (4 mL) was added formic acetic anhydride (0.5 

mL) previously prepared by heating acetic anhydride (0.8 mL) and formic acid (0.4 mL) at 65 °C 

for 45 min under Ar atmosphere. The reaction was stirred for 1 h until judged complete by TLC. 

The reaction was diluted with DCM and washed with saturated NaHCO3 (aq) and then brine, 

dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by flash 

chromatography (2:1 hexane:ethyl acetate) to provide 208 mg (68 %) of 2.80 as a colorless oil: 

ώʰϐ23
D -8.13; IR (neat) 3341.7, 2972.1, 1683.0, 1513.8, 1452.6, 1364.5, 1251.4, 1167.5, 1055.4, 

987.9, 749.5, 700.1 cm-1; 1I baw όрлл aIȊύ ʵ уΦмс όǎΣ мIύΣ тΦпт-7.33 (m, 5H), 6.91 (s, 1H), 5.95-

5.84 (m, 1H), 5.34-5.16 (m, 2H), 4.91 (s, 2H), 4.63-4.51 (m, 2H), 4.02 (s, 1H), 3.52 (d, J = 5.75, 

2H), 3.05 (s, 1H), 2.50 (s, 1H), 1.80-1.55 (m, 4H), 1.39 (s, 9H); 13/ baw όмнр aIȊύ ʵ мтнΦммΣ 

135.39, 132.69 129.44, 128.78, 128.59, 117.86, 78.60, 76.65, 64.90, 53.81, 40.69, 40.52, 40.35, 

40.19, 40.02, 39.85, 39.69, 28.43, 28.39, 23.70. 

 (R)-5-(N-(benzyloxy)formamido)-2-((tert-

butoxycarbonyl)amino)pentanoic acid (2.61):  To a stirred solution 

of 2.80 (110 mg, 0.271 mmol) in tetrahydrofuran (1 mL) was added morpholine (234 µL, 2.71 

mmol) and palladium tetrakistriphenylphosphine (31 mg, 0.0271 mmol) under an Ar 
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atmosphere. The reaction was stirred overnight at which point it was judged complete by TLC. 

The reaction was diluted with ethyl acetate (5 mL) and washed was 1 N hydrochloric acid (1 x 3 

mL). The acid layer was extracted with ethyl acetate (2 x 2 mL), and the organic layers were 

combined, washed with brine (1 x 5 mL), dried (MgSO4), and concentrated in vacuo to afford 93 

mg (94 %) of 2.61Σ ŀǎ ŀ ǇŀƭŜ ȅŜƭƭƻǿ ǎƻƭƛŘΥ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴΥ ώʰϐ23
D  -10.93; IR (neat) 2974.0, 

2357.4, 1705.0, 1512.6, 1365.5, 1166.3, 751.6 cm-1; HRMS (ESI-TOF MS) calculated for 

C18H26N2O6 (M+H)+ m/z: 367.1864, measured 367.1854. 

 Benzyl (S)-5-oxopyrrolidine-2-carboxylate (2.81) To a stirred solution of 2.00 g 

(15.5 mmol, 1.0 eq) of L-pyroglutamic acid dissolved in 15.0 mL (136 mmol, 8.8 eq) 

benzyl alcohol cooled in an ice bath was added 2.25 mL (31.0 mmol, 2.0 eq) of 

thionyl chloride dropwise.  The mixture was allowed to warm to room temperature and stirred 

overnight. The reaction was quenched by addition of saturated NaHCO3 (aq) and extracted 3x 

with EtOAc, washed with brine, dried (MgSO4), and concentrated. The residual benzyl alcohol 

was removed by distillation under reduced pressure to give 2.90 g (85 %) of 1. Compound 

characterization data was consistent with previous reports 34 

 2-benzyl 1-(tert-butyl) (S)-5-oxopyrrolidine-1,2-dicarboxylate (2.82) To a stirred 

solution of dichloromethane (180 mL) and 2.81 (7.41 g, 33.80 mmol) was added 4-

dimethylaminopyridine (413 mg, 3.38 mmol), triethylamine (4.71 mL, 33.80 mmol), 

and di-t-butyl dicarbonate (8.85 g,  40.56 mmol) at 0 °C under inert atmosphere. The reaction 

was warmed to room temperature after 1 h and stirred overnight, at which point the reaction 

was judged complete by TLC. The reaction was diluted with DCM (100 mL), washed with 

saturated ammonium chloride solution (2 x 70 mL) and brine (1 x 70 mL), dried (MgSO4), and 
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concentrated in vacuo to afford 9.84 g (91%, crude) of 2.82 as a yellow solid. Compound 

characterization data was consistent with previous reports.35 

 Benzyl (S)-2-((tert-butoxycarbonyl)amino)-5-hydroxypentanoate (2.83) 

To a stirred solution of 2.82 (4.4 g, 13.20 mmol) in tetrahydrofuran (53 

mL), and water (10.5 mL) was added sodium borohydride (1.05 g, 27.72 mmol) at 0 °C. The 

reaction was stirred for 1 h then warmed to room temperature and stirred for 45 min, at which 

point the reaction was judged complete by TLC. The reaction was diluted with diethyl ether (50 

mL) and washed with water (1 x 60 mL). The aqueous layer was extracted with diethyl ether (2 x 

25 mL), and the organic layers were combined and washed with water (1 x 25 mL) and brine (2 

x 20 mL), dried (MgSO4), and concentrated in vacuo. The resulting residue was purified by flash 

chromatography (60/40, 50/50, 40/60 hexane/EtOAc) to afford 2.35 g (55%) of 2.83 as a 

colorless oil. Compound characterization data was consistent with previous reports 36  

 Benzyl (S)-5-((benzyloxy)imino)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.84) To a stirred solution of 

2.83 (1.05 g, 3.25 mmol) in dichloromethane (10 mL) was added N,N-diisopropylethylamine 

(1.29 mL, 7.39 mmol) and dimethylsulfoxide (5.0 mL) and the resulting solution was cooled to -

15 °C using a dry ice/acetone bath. Sulfur trioxide-pyridine complex (1.18 g, 7.39 mmol) was 

dissolved in dimethylsulfoxide (5.0 mL), and the resulting solution was added dropwise to the 

solution of 2.83. The reaction was stirred in the cooling bath until the temperature rose to -5 °C 

at which point the cooling bath was removed and the reaction allowed to warm to room 

temperature (~30 min). TLC indicated complete consumption of starting materials. To the 

reaction was added ethanol (4.0 mL) and the reaction was stirred for 5 min followed by addition 
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of N,N-diisopropylethylamine (642 µL, 3.68 mmol) and O-benzylhydroxylamine hydrochloride 

(588 mg, 3.68 mmol). The reaction was stirred at room temperature for 1.5 h at which point it 

was judged complete by TLC. The reaction was diluted with diethyl ether and water, washed 

with 1 N HCl, saturated NaHCO3 (aq), and brine, dried (MgSO4), filtered, and concentrated in 

vacuo to afford 1.14 g (82 %) of 2.78 as a colorless oil. 1H-NMR shows a mixture of geometric 

isomers. The mixture was not separated and carried through to the next step without further 

characterization. 

  (S)-benzyl 5-((benzyloxy)amino)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.85): To a stirred solution of 

oximes 2.84 όмΦмп ƎΣ нΦст ƳƳƻƭύ ƛƴ ŜǘƘŀƴƻƭ όнр Ƴ[ύ ŀƴŘ ŎƻƴŎŜƴǘǊŀǘŜŘ ƘȅŘǊƻŎƘƭƻǊƛŎ ŀŎƛŘ όплу ˃[ύ 

at room temperature was added sodium cyanoborohydride (336 mg, 5.34 mmol). The reaction 

was maintained at room temperature for 1.5 h when the reaction was judged complete by TLC. 

The reaction was diluted with EtOAc (90 mL) and H2O (50 mL). The organic layer was washed 

with brine (2 x 30 mL), dried (MgSO4), and concentrated in vacuo. The residue was purified by 

flash chromatography to afford 819 mg (72 %) of 2.85 as a colorless oil: ώʰϐ23
D -12.32; IR (neat) 

3354.80, 3030.86, 2968.28, 1713.64, 1507.03, 1454.15, 1364.20, 1250.85, 1168.09, 1009.56, 

915.19, 863.23, 744.08, 699.25, 605.26 cm-1; 1H NMR (400 MHz, CDCl3ύ ʵ тΦот-7.27 (m, 10H), 

5.28 (s, 2H), 5.23-5.10 (app q, 3H), 4.67 (s, 2H), 4.39-4.31 (br, 1H), 2.90 (t, J = 6.82 Hz, 2H), 1.92-

1.79 (m, 1H), 1.75-1.63 (m, 1H), 1.61-1.49 (m, 2H), 1.44 (s, 9H); 13C NMR (150 MHz, CDCl3ύ ʵ 

172.6, 155.4, 137.9, 135.4, 128.6, 128.4, 128.4, 128.2, 127.8, 79.8, 77.3, 77.1, 76.9, 76.2, 66.9, 

53.4, 51.4, 30.2, 28.3, 23.2; HRMS (ESI-TOF MS) calculated for C24H32N2O5 (M+H)+ m/z: 

429.2384, measured 429.2360. 
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Benzyl (S)-5-((2R,3R)-N-(benzyloxy)-2-((tert-

butoxycarbonyl)amino)-3-hydroxybutanamido)-2-((tert-

butoxycarbonyl)amino)pentanoate (2.89) To a stirred solution of 2.85 (123 mg, 0.287 mmol) 

and 2.66 (60 mg, 0.274 mmol) in dimethylformamide (1 mL) was added diisopropylethylamine 

όпу ˃[Σ лΦнтп ƳƳƻƭύ ŀƴŘ I!¢¦ όмрс ƳƎΣ лΦпмм ƳƳƻƭύ ŀǘ ол ϲ/ ǳƴŘŜǊ ƛƴŜǊǘ ŀǘƳƻǎǇƘŜǊŜΦ ¢ƘŜ 

reaction was maintained at 30 °C for 1.75 h, when TLC indicated the reaction was complete. The 

reaction was diluted with EtOAc (5 mL) washed with 1 N HCl (1 x 5 mL) and brine (1 x 5 mL), 

dried (MgSO4), and concentrated in vacuo. The residue was purified using flash chromatography 

with a hexane/ethyl acetate solvent gradient (70/30, 60/40, 50/50) to afford 96 mg (56%) of 

2.89 ŀǎ ŀ ǿƘƛǘŜ ǎƻƭƛŘΥ ώʰϐ23
D  -9.23; IR (neat) 3348.21, 2974.05, 1707.87, 1648.93, 1505.79, 

1452.80, 1368.42, 1248.35, 1166.99, 1015.70, 741.54, 698.87 cm-1; 1I baw όплл aIȊύ ʵ тΦпт-

7.17 (m, 10H), 5.53 (d, J = 6.04 Hz, 1H), 5.17-5.04 (m, 3H), 4.97 (d, J = 9.66 Hz, 1H), 4.91-4.79 (m, 

2H), 4.41-4.30 (br, 1H), 4.02-3.88 (br, 2H), 3.40-3.28 (br, 1H), 3.09-2.94 (br, 1H), 1.88-1.77 (br, 

1H), 1.75-1.58 (m, 4H), 1.43 (d, J = 19.80 Hz, 18H), 1.10 (d, J = 5.76 Hz, 3H); 13C NMR (150 MHz) 

ʵ мтнΦсΣ мтмΦуΣ мррΦсΣ морΦрΣ мопΦмΣ мнфΦуΣ мнфΦпΣ мнфΦлΣ мнуΦфΣ мнуΦтΣ мнуΦсΣ улΦоΣ улΦнΣ ттΦрΣ 

77.3, 77.2, 77.1, 69.5, 67.4, 55.0, 53.2, 44.8, 30.1, 28.6, 28.5, 22.9, 19.6. 

Benzyl (S)-2-amino-5-((2R,3R)-2-amino-N-(benzyloxy)-3-

hydroxybutanamido)pentanoate (2.90): To a stirred solution 

of 2.89 (25 mg, 0.0397 mmol) in dichloromethane (2 mL) at room temperature was added 

trifluoroacetic acid (100 µL). The reaction was stirred for 2 h at which point it was judged 

complete by TLC. The reaction was concentrated in vacuo and purified by reverse phase HPLC 

to provide 2.90 as the TFA salt: 1H-baw όслл aIȊΣ aŜh5ύ ʵ тΦпт - 7.41 (m, 5H), 7.38 ς 7.31 (m, 
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5H), 5.26 (d, J=12.06 Hz, 1H), 5.22 (d, J=12.00 Hz, 1H), 5.02 (d, J=10.26 Hz, 1H), 4.91 (d, J=10.26 

Hz, 1H), 4.38 ς 4.33 (m, 2H), 4.12 (t, J=6.21 Hz, 1H), 4.07 ς 4.00 (m, 1H), 3.59 ς 3.52 (m, 1H), 

2.00 ς 1.79 (m, 3H), 1.03 (d, J=7.32 Hz, 3H); 13C-baw όмрл aIȊΣ aŜh5ύ ʵ мтлΦнΣ мсуΦоΣ мосΦоΣ 

135.2, 130.7, 130.5, 130.0, 129.9, 129.8, 77.89, 69.2, 64.7, 58.2, 53.6, 45.4, 28.8, 23.4, 17.6; 

HRMS (ESI-TOF MS) calculated for C23H31N3O5 (M+Na)+ m/z: 452.2156, measured 452.2187. 
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Figure A2.1. 1H-NMR spectrum (600 MHz, CDCl3) and 13C-NMR spectrum (150 MHz, CDCl3) of 
2.84. 
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Figure A2.2. 1H-NMR spectrum (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) of 
2.76. 
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Figure A2.3. 1H-NMR spectrum (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) of 
2.77. 
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Figure A2.4. 1H-NMR spectrum (400 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) of 
2.79. 
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Figure A2.5. 1H-NMR spectrum (500 MHz, DMSO-d6, 80 °C) and 13C-NMR spectrum (125 MHz, 
DMSO-d6, 80 °C) of 2.79. 

  



67 
 

 

 

 

 

 

 

Figure A2.6 1H-NMR spectrum (400 MHz, CDCl3) of 2.61. 
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Figure A2.7. 1H-NMR spectrum (600 MHz, CDCl3) and 13C-NMR spectrum (100 MHz, CDCl3) of 
2.89. 
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Figure A2.8. 1H-NMR spectrum (600 MHz, MeOD) and 13C-NMR spectrum (150 MHz, MeOD) of 
2.90. 
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CHAPTER 3 

STRUCTURE-ACTIVITY RELATIONSHIP STUDIES OF Ψууун 
 

Reprinted with permission from Dutter, B. F., Mike, L. A., Reid, P. R., Chong, K. M., Ramos-

Hunter, S. J., Skaar, E. P., and Sulikowski, G. A. (2016) Decoupling Activation of Heme 

Biosynthesis from Anaerobic Toxicity in a Molecule Active in Staphylococcus aureus. ACS Chem. 

Biol. 11, 1354ς1361. Copyright 2016 American Chemical Society.  

3.1 Introduction 

Lƴƛǘƛŀƭ ǎǘǳŘƛŜǎ ƻŦ Ψууун ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ƛǘ ŀŎǘƛǾŀǘŜ Iǎǎw{ ōȅ ƛƴŎǊŜŀǎƛƴƎ ŜƴŘƻƎŜƴƻǳǎ 

heme biosynthesis leading to intracellular accumulation of heme sufficient to activate HssRS 

but not affect overall growth.1  Lƴ ŀŘŘƛǘƛƻƴΣ ǿƘƛƭŜ ǎǘǳŘȅƛƴƎ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ŀŎǘƛƻƴ ƻŦ ΨууунΣ 

we observed that it  was toxic to S. aureus growing anaerobically, potentially through the 

inhibition of a process essential during fermentation. S. aureus is a facultative anaerobe capable 

of generating energy through respiration or fermentation depending on the availability of 

terminal electron acceptors. Fermentative growth of S. aureus ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴƘƛōƛǘŜŘ ōȅ Ψууун 

compared to an untreated control or S. aureus ǘǊŜŀǘŜŘ ǿƛǘƘΨууун under aerobic conditions.1 
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Figure 3.1. {ŎƘŜƳŀǘƛŎ ƻŦ Ψууун ŀŎǘƛǾƛǘȅΦ 

 

Activators of heme biosynthesis are potentially useful chemical tools to study the 

regulation of heme biosynthesis in bacteria as little is known regarding the regulation of heme 

import and biosynthesis. Small molecules toxic to fermenting bacteria may serve as the basis 

for a new class of therapeutics. During certain types of infections, S. aureus relies heavily on 

fermentation to generate energy. In addition, phenotypic variants of S. aureus known as small 

colony variants (SCVs) are often obligate fermenters and are generally more resistant to current 

antimicrobial therapies.2,3,4 

While we initially concluded these two activities were linked through a single target, 

given the promiscuous nature of molecules identified through high throughput screens, it is 

possible that these phenotypes are the result of interactions of the same molecule with distinct 

targets in the bacterium. 

²Ŝ ǎȅƴǘƘŜǎƛȊŜŘ ŀ ƭƛōǊŀǊȅ ƻŦ ŎƻƳǇƻǳƴŘǎ ŀǊƻǳƴŘ ǘƘŜ ǎŎŀŦŦƻƭŘ ƻŦ Ψууун ŀƴŘ ǎŎǊŜŜƴŜŘ ŦƻǊ 

HssRS activation and anaerobic toxicity to determine how chemical modifications affect the two 

activities. Using this approach, wŜ ƘŀǾŜ ŜŦŦŜŎǘƛǾŜƭȅ ŘŜŎƻǳǇƭŜŘ ǘƘŜ ǘǿƻ ŀŎǘƛǾƛǘƛŜǎ ƻŦ Ψууун and 

established that it likely has two or more targets. Furthermore, we have identified the 
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ǎǘǊǳŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ ƻŦ Ψууун ǘƘŀǘ ǇǊƻƳƻǘŜ ƻƴŜ ŀŎǘƛǾƛǘȅ ƻǾŜǊ ǘƘŜ ƻǘƘŜǊ ŀƴŘ ƛŘŜƴǘƛŦƛŜŘ ŘŜǊƛǾŀǘƛǾŜǎ 

that maintain each activity while introducing higher specificity. 

3.2 Library synthesis 

 

Figure 3.2Φ {ȅƴǘƘŜǘƛŎ ǎǘǊŀǘŜƎȅ ŦƻǊ Ψууун ƭƛōǊŀǊȅ ŘŜǾŜƭƻǇƳŜƴǘΦ 
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Figure 3.3. 5ŜǊƛǾŀǘƛǾŜǎ ƻŦ Ψууун ǎȅƴǘƘŜǎƛȊŜŘ ŦƻǊ ǘƘƛǎ ǿƻǊƪΦ 
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Our initial efforts towards varying the structure ƻŦ Ψууун focused on four regions of the 

molecule (Figure 2.2A); removal of the B ring of the naphthol moiety; modification of the 

phenol by walking to the m- and p-positions (with B ring removed), O-methylation, and 

replacement with phenol equivalents (amides and sulfonamide); N-methylation of the pyrazole; 

and replacement of the furan with aromatic, heteroaromatic, and alkyl groups. 

Many routes to 3,5-substituted pyrazoles have been reported.5 We utilized two routes, 

1) cyclocondensation of hydrazine with an alkynone and 2) cyclocondensation of hydrazine with 

a 1,3-diketone (Figure 2.2B). The alkynone can be installed by palladium-mediated coupling 

with the acid chloride containing the corresponding 5-position substituent. This route requires 

methyl ether protection of the phenol. As such, synthesis of free phenol containing compounds 

involves subsequent deprotection with boron tribromide. For this reason, this sequence was 

primarily utilized to synthesize the amide, sulfonamide, and O-methylated derivatives of 1 

(Figure 3; 3.4, 3.5, 3.9 ς 3.13, 3.29, and 3.30). The amide derivatives were quite labile in the 

presence of acid, particularly when substituted with small R groups (Me), and underwent 

further dehydration to generate 2,5-substituted pyrazolo[1,5-c]quinazolines. These compounds 

will not be discussed due to their divergence from the optimization plan. 

Using route 2, the 5-Ǉƻǎƛǘƛƻƴ ǿŀǎ ŘƛǾŜǊǎƛŦƛŜŘ ōȅ ŀŎȅƭŀǘƛƴƎ ǘƘŜ нΩ-phenol of the 

corresponding acetophenone to generate the ester substrate for an intramolecular Claisen 

condensation to provide the 1,3-diketone. Compounds 3.14 ς 3.17, 3.15ς3.22, and 3.24 ς 3.28 

were afforded by cyclocondensation with hydrazine. 3.17 ǿŀǎ ǇǊŜǇŀǊŜŘ ōȅ ŀŎȅƭŀǘƛƴƎ нΩ-

hydroxyacetophone with 2-methoxybenzoyl chloride, carrying the ester through this reaction 

sequence, and subsequently removing the methyl group using boron tribromide. 3.23 was 
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synthesized by reacting hydrazine with the corresponding chromone under the same conditions 

ŀǎ ǘƘŜ ŎȅŎƭƻŎƻƴŘŜƴǎŀǘƛƻƴΦ ¦ǎƛƴƎ ŀƴ ŀƴŀƭƻƎƻǳǎ ǊŜŀŎǘƛƻƴ ǎŜǉǳŜƴŎŜ ōǳǘ ŀŎȅƭŀǘƛƴƎ оΩ- ŀƴŘ пΩ-

hydroxyacetophenone allowed synthesis of 3.6 and 3.7. Compound 3.8 was prepared by 

intermolecular Claisen condensation of the lithium enolate of acetophenone, prepared by 

reaction with LHMDS in toluene, with furoyl chloride to provide the 1,3-diketone. Methylation 

of the pyrazole nitrogen was achieved by reaction of the intermediate 1,3-diketone with 

methylhydrazine followed by HPLC separation of the resulting isomeric pyrazoles 3.31 and 3.32. 

3.3 Activity 

HssRS activation 

 

Figure 3.4. HssRS activity at 50 µa ǊŜƭŀǘƛǾŜ ǘƻ ΨууунΦ 

 

The library was screened for activation of the heme stress response as an indicator for 

activation of heme biosynthesis in S. aureus. We began by screening at the single point 
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ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ рл ˃a ǳǎƛƴƎ ŀ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ǊŜǇƻǊǘŜǊ ŀǎǎŀȅ όCƛƎǳǊŜ пύΦ6 In this assay, 

Newman harboring a plasmid with the hrt promoter fused to xylE, a gene encoding a catechol 

oxidase, is treated with compound for six hours, the bacteria lysed, and the oxidation of 

catechol by XylE quantified by spectrophotometry. An increase in absorbance due to the 

oxidation of catechol indicates elevated levels of xylE transcription and hrt promoter activity. 

Results are expressed as the fraction of activation of HssRS by the compound compared to 

ΨууунΦ !ƴ ŀǊōƛǘǊŀǊȅ Ŏǳǘ-off of 0.05 was chosen to define active vs. inactive compounds. 

Replacement of the naphthol substituent with phenol (3.2) or 4-methoxyphenol (3.3) 

resulǘŜŘ ƛƴ ŀ ƳƻŘŜǎǘ ƭƻǎǎ ƻŦ ŀŎǘƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ΨууунΣ ōǳǘ ǎǘƛƭƭ ǊŜǘŀƛƴŜŘ ǎƛƎƴƛŦƛŎŀƴǘ ŀōƛƭƛǘȅ ǘƻ 

activate HssRS. O- and N-ƳŜǘƘȅƭŀǘƛƻƴ ƻŦ Ψууун (3.4, 3.31 and 3.32) resulted in complete loss of 

activity. These data suggest that disruption of the hydrogen bondiƴƎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ Ψууун Ƙŀǎ ŀ 

significant effect on its ability to activate heme biosynthesis. To test this further, several 

modifications to the phenol of 3.2 were made. O-methylation (3.5), movement to m- or p-

positions (3.6 and 3.7), removal (3.8), and replacement with a methyl sulfonamide (3.9) or 

various aryl or heteroaryl amides (3.10 ς 3.14) resulted in a loss of HssRS activation compared 

ǘƻ Ψууун ŀƴŘ 3.2. This suggests that the ortho-OH is required for activity. 

To explore modification at the 5-position, we chose the o-hydroxyphenyl substituent at 

the 3-position instead of the o-hydroxynaphthyl of the parent molecule for convenience. 

Replacement of the furan with hydrogen (3.23), alkyl (3.24 ς 3.28) or pyridyl (3.20 ς 3.22) 

substituents eliminates actƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ Ψууун and 3.2. The furan can be replaced with 

several aromatic or heteroaromatic groups and retain considerable activity. In particular, 

replacement of the furan with an unsubstituted phenyl group, 3.16, seems to restore activity 
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comparabƭŜ ǘƻ Ψууун ǿƛǘƘƻǳǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ƴŀǇƘǘƘƻƭ .-ring. However, fluorination of 

3.16 decreases activity though 3.18 and 3.19 are comparable to 3.2 in activity. Substitution with 

hydroxyl at the ortho position of the phenyl ring of 3.16 to provide 3.17 renders the molecule 

toxic under the single point assay conditions and is therefore not included in Figure 4. However, 

3.17 activates HssRS at lower concentrations and its activity was explored further. 

Concentration response curves for the top six activators from the single point screen 

(3.2, 3.3, 3.14, 3.16, 3.18, and 3.19) and 3.17 were generated to determine EC50 values as a 

measure of compound potency. (Table 3.1). Compound efficacy is presented as percent 

ŀŎǘƛǾŀǘƛƻƴ ŎƻƳǇŀǊŜŘ ǘƻ Ψууун as displayed in Figure 4 since most compounds reach their Emax at 

ƻǊ ōŜƭƻǿ рл ˃aΦ 9ȄŎŜǇǘƛƻƴǎ ǘƻ ǘƘƛǎ ŀǊŜ 3.14, which did not reach a plateau below its solubility 

ƭƛƳƛǘ όϤул ˃aύΣ 3.3 which plateaus around 100 µM, and 3.17 which is toxic in the XylE assay at 

50 µM. For the most part, compound potency does not significaƴǘƭȅ ŘŜǾƛŀǘŜ ŦǊƻƳ ǘƘŀǘ ƻŦ ΨууунΦ 

In addition, 3.18 and 3.19 Ƴŀƛƴǘŀƛƴ ŎƻƳǇŀǊŀōƭŜ ǇƻǘŜƴŎȅ ǘƻ Ψууун ǿƘƛƭŜ ŜȄƘƛōƛǘƛƴƎ ŀ Ϥтл ҈ ŘǊƻǇ 

in efficacy indicating potency and efficacy do not correlate well. These data suggest that 

efficacy is a more important quantitative descriptor of compound activity. 
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Cmpd Structure 
EC50 
ό˃aύ pEC50 

Efficacy 
(%) 

8882 

 

11.6 4.90 ± 0.37 100 

3.2 

 

30.4 4.49 ± 0.083 28.2 ± 5.4 

3.3 

 

50.2 4.30 ± 0.20 26.2 ± 6.7 

3.14 

 

ND ND 17.0 ± 2.9 

3.16 

 

14.6 4.66 ± 0.016 87.8 ± 23.7 

3.17 

 

5.81 5.24 ± 0.076 ND 

3.18 

 

10.7 4.97 ± 0.033 35.7 ± 10.1 

3.19 

 

13.6 4.90 ± 1.1 30.1 ± 8.0 

 

Table 3.1. Compound potency data. 

 

Finally, the top activators were assayed for their ability to preadapt S. aureus to heme as 

an indication that they can activate HssRS outside the context of a reporter assay. Pretreatment 

of cultures with a compound that induces HrtAB expression through activation of HssRS at 

subtoxic concentrations allows the bacteria to survive and grow when subcultured into a toxic 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƘŜƳŜΦ ²Ŝ ŎƻƳǇŀǊŜŘ ǇǊŜǘǊŜŀǘƳŜƴǘ ǿƛǘƘ п ˃a ƘŜƳŜΣ пл ˃a ΨууунΣ ŀƴŘ ǾŜƘƛŎƭŜ 

ǿƛǘƘ пл ˃a ƻŦ ŜŀŎƘ ƻŦ ǘƘŜ ǘƻǇ ŀŎǘƛǾŀǘƻǊǎ όŜȄŎƭǳŘƛƴƎ 3.17 because of toxicity). All derivatives 
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were able to preadapt S. aureus ǘƻ ŀ ǘƻȄƛŎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƘŜƳŜ όнл ˃aύ ŀǎ ǿŜƭƭ ŀǎ п ˃a ƘŜƳŜ 

ŀƴŘ пл ˃a Ψууун όCƛƎǳǊŜ оΦрύΦ ¢ƘŜ ŘƛǎŎǊŜǇŀƴŎȅ ōŜǘǿŜŜƴ ·ȅƭ9 ŀǎǎŀȅ ŀƴŘ ƘŜƳŜ ŀŘŀǇǘŀǘƛƻƴ 

activity is likely due to the length of treatment with compound (6 h vs. 15 h). Pretreatment with 

3.17 at the nontoxic concentration of 20 µM also induced excellent preadaptation to heme 

toxicity.. Four inactive derivatives from the single point screen, 3.10, 3.22, 3.28, and 3.29, were 

alǎƻ ŀǎǎŀȅŜŘ ŦƻǊ ǇǊŜŀŘŀǇǘŀǘƛƻƴ ǘƻ ƘŜƳŜ ǘƻȄƛŎƛǘȅΦ DǊƻǿǘƘ ƻŦ ōŀŎǘŜǊƛŀ ǎǳōŎǳƭǘǳǊŜŘ ƛƴǘƻ нл ˃a 

ƘŜƳŜ ŀŦǘŜǊ ǇǊŜǘǊŜŀǘƳŜƴǘ ǿƛǘƘ пл ˃a ŎƻƳǇƻǳƴŘ ǿŀǎ ƛƴŘƛǎǘƛƴƎǳƛǎƘŀōƭŜ ŦǊƻƳ ǾŜƘƛŎƭŜ ŎƻƴŦƛǊƳƛƴƎ 

that these compounds do not activate HssRS. 
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Figure 3.5. Heme adaptation by ŘŜǊƛǾŀǘƛǾŜǎ ƻŦ ΨууунΦ 

 

The results of the HssRS activation screen suggest that any disruption to the hydrogen 

bonding ability of the molecule eliminates this activity. While this may be important for binding 

to a protein target, it may also interfere with the potential for the molecule to bind to metals of 

biological significance. The hydrogen bond donor-acceptor orientation is potentially capable of 
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binding iron.7  Since its primary activity is associated with heme-iron metabolism, the ability of 

Ψууун ǘƻ ōƛƴŘ ƛǊƻƴ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ /ƘǊƻƳŀȊǳǊŀƭ-S (CAS) assay.8 When compared to 

ǘƘŜ ƪƴƻǿƴ ƛǊƻƴ ŎƘŜƭŀǘƻǊ ŘŜŦŜǊŀǎƛǊƻȄΣ Ψууун does not strongly bind iron Figure 3.6. Therefore, it 

is unlikely that iron chelation is involved in the activity of these molecules. 

 

Figure 3.6. Aǎǎŀȅ ŦƻǊ ǘƘŜ ŀōƛƭƛǘȅ ƻŦ Ψууун ǘƻ ŎƘŜƭŀǘŜ ƛǊƻƴΦ 

 

Anaerobic toxicity 

Next, the compound library was screened for anaerobic toxicity by generating 

concentration response curves for 9 h of growth and determining IC50 values (Table 3.2). Wild 

type S. aureus strain Newman was grown in an anaerobic chamber in appropriate media to 

ensure exclusion of terminal electron acceptors sufficient to force the bacteria to ferment. In 

addition, an isogenic menB mutant was used as a positive control as this strain lacks the 

electron carrier menaquinone, rendering the bacterium incapable of generating energy through 

respiration in the presence of any terminal electron acceptor.3 In parallel, the IC50 values were 
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determined in S. aureus grown aerobically to identify derivatives that exhibit toxicity 

ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǊŜǎǇƛǊŀǘƛƻƴΦ ¢ƘŜ ŀǊōƛǘǊŀǊȅ Ŏǳǘ ƻŦŦ Ǉƻƛƴǘ ŦƻǊ ǘƻȄƛŎƛǘȅ ƻŦ сл ˃a ǿŀǎ ŎƘƻǎŜƴ ŀǎ Ƴŀƴȅ 

of the compounds were not entirely soluble above this concentration. 
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Cmpd 
Newman 
aerobic 

Newman 
anaerobic ɲmenB 

8882 >60 13.5 (8.42-21.7) 
1.66 (0.491-

5.63) 

3.2 >60 >60 35.6 (31.0-41.5) 

3.3 >60 >60 >60 

3.4 >60 >60 >60 

3.5 >60 >60 >60 

3.31 >60 26.5 (21.9-32.1) 15.7 (11.5-21.5) 

3.32 >60 4.27 (3.39-4.65) 3.3 (1.28-8.55) 

3.6 >60 >60 >60 

3.7 >60 >60 >60 

3.8 >60 >60 >60 

3.9 >60 >60 >60 

3.10 >60 19.6 (16.9-22.8) 8.69 (7.65-9.88) 

3.11 >60 11.6 (10.2-13.0) 6.63 (5.02-8.76) 

3.12 >60* 28.8 (22.0-37.7) 21.4 (13.9-32.8) 

3.13 >60 13.4 (12.3-14.7) 5.89 

3.14 >60 >60 >60 

3.15 >60 >60 >60 

3.16 >60 24.0 (20.0-28.7) 25.2 (7.84-81.2) 

3.17 42.5 (40.2-44.9) 15.8 (15.3 - 16.4) 9.33 (4.89-20.1) 

3.18 >60 >60 >60 

3.19 >60 >60 >60 

3.20 >60 >60 >60 

3.21 >60 >60 >60 

3.22 >60 >60 >60 

3.23 >60 >60 >60 

3.24 >60 >60 >60 

3.25 >60 >60 >60 

3.26 >60 >60 >60 

3.27 >60 25.3 (23.4-27.2) 29.7 (24.6-35.9) 

3.28 48.6 (37.9-62.3) 11.6 (10.3-13.1) 13.2 (10.4-16.6) 

3.29 >60 20.8 (17.9-24.2) 24.9 (10.2-60.4) 

3.30 >60 >60 >60 

 
Table 3.2. ¢ƻȄƛŎƛǘȅ Řŀǘŀ ŦƻǊ Ψууун ŘŜǊƛǾŀǘƛǾŜǎΦ Values are IC50ǎ ό˃aύ ŦƻǊ ф Ƙ ƻŦ ƎǊƻǿǘƘ ǳƴŘŜr the 

indicated conditions. 
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The majority of compounds were essentially nontoxic to aerobically growing Newman 

with the exceptions of 3.17 and 3.24 with IC50Ωǎ ƻŦ пнΦн ŀƴŘ пуΦс ˃aΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ ¢ƘŜǎŜ Řŀǘŀ 

indicate that the majority of derivatives do not exhibit general toxicity. 

Compounds 3.2 and 3.3 were relatively nontoxic to fermenting S. aureus suggesting that 

the B-ǊƛƴƎ ƻŦ Ψууун ƛǎ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘƻȄƛŎƛǘȅΦ  O-methylation (3.4) also eliminates toxicity. 

However, pyrazole N-methylation does not decrease the toxicity of the molecules. In addition, 

the regiochemistry of N-methylation appears to exert a significant effect on toxicity. 3.31 is 

approximately five times less toxic to fermenting wildtype S. aureus ŀƴŘ ɲmenB than 3.32 while 

ǘƘŜ ǘƻȄƛŎƛǘȅ ƻŦ Ψууун is intermediate between the two. 

Substitution of the o-hydroxyl of 3.2 with aromatic amides (3.10 ς 3.14) seems to impart 

toxicity to fermenting S. aureus comparable to ΨууунΦ IƻǿŜǾŜǊΣ ǎǳōǎǘƛǘǳǘƛƻƴ ǿƛǘƘ ŀ ǎǳƭŦƻƴŀƳƛŘŜ 

renders the compound nontoxic under fermentative conditions. This may be a consequence of 

the differing properties of amides and sulfonamides (pKa, hydrogen bonding, etc) or may be 

related to the added aromatic bulk of the amides while the methyl group of 3.9 is innocuous. 

We were unable to test this due to the propensity of amides with smaller R-groups to 

dehydrate to pyrazolo[1,5-c]quinazolines. 

Replacement of the furan with most aromatic or heteroaromatic groups resulted in 

nontoxic molecules under most conditions, the notable exceptions being 3.16 and 3.17, with 

the furan replaced by phenyl and o-hydroxyphenyl, respectively. These compounds exhibit 

ŀƴŀŜǊƻōƛŎ ǘƻȄƛŎƛǘȅ ǎƛƳƛƭŀǊ ǘƻ ΨууунΦ {ǳōǎǘƛǘǳǘƛƻƴ ƻŦ ǘƘŜ ǇƘŜƴȅƭ ǊƛƴƎ ǿƛǘƘ ŦƭǳƻǊƛƴŜόǎύ ό3.18, 3.19) 

eliminates this toxicity. Replacement of the furan with large (>4C) alkyl groups also produced 
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molecules with anaerobic toxicity. 3.27 and 3.28 ǿŜǊŜ ŎƻƳǇŀǊŀōƭȅ ǘƻȄƛŎ ǘƻ Ψууун ǿƘƛƭŜ 3.23, 

3.24, 3.25, and 3.26, with hydrogen or smaller alkyl groups were nontoxic under all conditions. 

While O-methylation ƻŦ Ψууун ŜƭƛƳƛƴŀǘŜǎ ǘƻȄƛŎƛǘȅΣ O-methylation of 3.16 (3.29), 

maintains toxicity comparable to the parent molecule. This suggests that O-alkylation is not a 

major contributor to the toxic character of these molecules. 

Compound 3.18 was previously reported to exhibit anaerobic toxicity and efficacy in a 

mouse model of S. aureus infection.1 The difference in these toxicity results is likely due to the 

method of IC50 determination. The previous method relied on a significant back-dilution of 

overnight cultures prior to compound addition to account for the time needed for the 

apparatus to become anaerobic. Bacteria grown at this low cell density could experience 

greater toxicity from the compound than the higher cell density used in this work. Although, 

3.18 is not bacteriostatic under the conditions tested here, the ability of the compound to 

activate HssRS was corroborated (Figure 4). This suggests that derivatives that either activate 

HssRS or inhibit growth under anaerobiosis may both be valid antibacterial approaches. This is 

supported by previous studies that have reported that HssRS activation affects virulence during 

infection.6 

Relationship between HssRS activation and anaerobic toxicity 

Any disruption to the hydrogen bond donating ability of the molecule through O- or N-

methylation or replacement with alternate hydrogen bond donor groups removes its ability to 

activate heme biosynthesis and is absolutely required for this activity. In contrast, the hydrogen 

bonding character seems to be less important for toxicity as several O- and N-methylated 

ŘŜǊƛǾŀǘƛǾŜǎ Ƴŀƛƴǘŀƛƴ ǘƻȄƛŎƛǘȅ ƭŜǾŜƭǎ ŎƻƳǇŀǊŀōƭŜ ǘƻ ΨууунΦ /ƻƳǇŀǊƛƴƎ ǘƘŜ ƳŜǘƘȅƭŀǘŜŘ ŘŜǊƛǾŀǘƛǾŜǎ 
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ƻŦ Ψууун; 3.5, 3.31, and 3.32, O-methylation eliminates toxicity while the regiochemistry of N-

methylation has a significant impact on the magnitude of toxicity. 

Modification at the 5-position significantly affects which activity is favored. Aromatic or 

heteroaromatic groups are required to activate heme biosynthesis while large alkyl groups 

favor toxicity. Despite this, some overlap between HssRS activation and toxicity is evident. 

Replacement of the furan with a phenyl ring (3.2 to 3.16ύ ǊŜǎǘƻǊŜǎ ǘƻȄƛŎƛǘȅ ŎƻƳǇŀǊŀōƭŜ ǘƻ Ψууун 

and maintains HssRS activity. O-methylation of this derivative (3.29) removes HssRS activity as 

expected while maintaining toxicity. Fluorination of 3.16 to 3.18 maintains HssRS activity, but 

removes toxicity. In addition, fluorination of 3.29 to 3.30 eliminates toxicity. Interestingly, 2.17 

which is highly symmetric, exhibits both activities. 

 

Figure 3.7. Summary of SAR results. 
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Relationship between XylE activity and HemY activity 

 ¦ƭǘƛƳŀǘŜƭȅΣ ǘƘŜ ǘŀǊƎŜǘ ƻŦ Ψууун ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ƘŜƳŜ ōƛƻǎȅƴǘƘŜsis was 

determined to be HemY, an enzyme in the late stages of heme biosynthesis (unpublished data). 

Ψууун Ƙŀǎ ōŜŜƴ ŜǎǘŀōƭƛǎƘŜŘ ŀǎ ŀƴ ŀŎǘƛǾŀǘƻǊ ƻŦ ǘƘƛǎ ŜƴȊȅƳŜΦ DƛǾŜƴ ǘƘƛǎ ǎǇŜŎƛŦƛŎ ǘŀǊƎŜǘΣ ƛǘ ǿŀǎ 

possible to screen the molecules prepared for this work in a biochemical assay to determine 

ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ŀŎǘƛǾŀǘŜ IŜƳ¸ ǊŜƭŀǘƛǾŜ ǘƻ Ψууун ŀǎ ƘŀŘ ōŜŜƴ ŘƻƴŜ ƛƴ ǘƘŜ in vivo XylE assay. 

Several of the molecules appearing in this chapter (though not all due to lack of material) were 

tested in the HemY assay by Matthew Surdel and Audra Fullen (Skaar lab) and their activity was 

ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ ǘƘŜ ǇŜǊŎŜƴǘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ IŜƳ¸ ŎƻƳǇŀǊŜŘ ǘƻ ΨууунΦ ¢Ƙƛǎ Řŀǘŀ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ 

Figure 3.8 in decending order of HemY activity and is side by side with data from the XylE assay. 

It is clear from these data that in vivo activity and in vitro activity do not correlate well. 3.5 was 

ǘƘŜ Ƴƻǎǘ ŀŎǘƛǾŜ ŎƻƳǇƻǳƴŘ ƛƴ ǘƘŜ IŜƳ¸ ŀǎǎŀȅ ŜȄƘƛōƛǘƛƴƎ ŀƭƳƻǎǘ мΦрȄ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ ΨууунΦ 

However, this compound is O-methylated which was established to eliminate HssRS activity in 

vivo. This signifies that much of the requirements for activity as determined from in vivo data is 

likely not related to binding to HemY, but possibly some other component of in vivo activity 

such as ability to access the target.  
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Figure 3.8. Activity of each compound in the XylE assay compared to the HemY assay. 
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Experimental Section 

XylE assay. Previously reported strains were used.6  Cultures grown overnight in 5 ml TSB with 

мл ˃Ǝ Ƴ[-1 chloramphenicol for 15-18 h were subcultuǊŜŘ мΥмлл ƛƴǘƻ лΦр Ƴ[ ¢{. ǿƛǘƘ мл ˃Ǝ Ƴ[-1 

chloramphenicol containing compound and incubated at 37 °C, 180 rpm for 6 h. Cells were 

ǿŀǎƘŜŘ ŀƴŘ ƭȅǎŜŘ ŀǎ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘΦ нлл ˃[ ƻŦ ŀ нлл ҡa ŎŀǘŜŎƘƻƭ ǎƻƭǳǘƛƻƴ ƛƴ млл Ƴa 

potassium phosphate (pH 8.0) was addeŘ ǘƻ нл ˃[ ƻŦ ƭȅǎŀǘŜ ŀƴŘ ǘƘŜ ƻȄƛŘŀǘƛƻƴ ƻŦ ŎŀǘŜŎƘƻƭ ǿŀǎ 

followed by monitoring absorbance at 375 nm for 10 min. Samples were normalized to protein 

concentration as determined by BCA assay (Pierce). 

HssRS activation dose response curves and EC50 determination. The above XylE procedure was 

followed using different concentrations of compound. The data were then entered into 

Graphpad Prism 6 and fit to a curve to determine EC50 values. 

IC50 determination. Cultures of wild type S. aureus ǎǘǊŀƛƴ bŜǿƳŀƴ ŀƴŘ ɲmenB1 were grown in 

aeration tubes aerobically at 37 °C with shaking for 15 ς 18 h. Anaerobic cultures were 

prepared by growing bacteria at 37 °C without shaking in an anaerobic chamber for 15 -18 h. 

Bacteria from each condition were subcultured 1:100 into TSB containing various 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ŎƻƳǇƻǳƴŘ ƛƴ ŀ фс ǿŜƭƭ ǇƭŀǘŜΦ !ŜǊƻōƛŎ ǿƛƭŘ ǘȅǇŜ ŀƴŘ ɲmenB plates are 

incubated aerobically at 37 °C with shaking while anaerobic plates were grown in an anaerobic 

chamber (Coy) at 37 °C without shaking. The absorbance at 600 nm (OD600) was determined 

after 9 h of growth and the fraction of growth at each compound concentration is determined 

by dividing the OD600 by the vehicle control (DMSO) value. IC50s were calculated using Graphpad 

Prism 6 and errors are reported as 95 % confidence intervals. 
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Heme adaptation assays. Overnight cultures of S. aureus ǿŜǊŜ ǎǳōŎǳƭǘǳǊŜŘ ƛƴǘƻ рлл ˃[ ¢{. 

containing compound in 1.5 mL tubes and incubated at 37 °C with shaking for 15 h. Bacteria 

ŦǊƻƳ ǘƘŜ ŎƻƳǇƻǳƴŘ ǘǊŜŀǘŜŘ ŎǳƭǘǳǊŜǎ ǿŜǊŜ ǘƘŜƴ ǎǳōŎǳƭǘǳǊŜŘ мΥмлл ƛƴǘƻ млл ˃[ ¢{. ŎƻƴǘŀƛƴƛƴƎ 

heme and incubated at 37 °C with shaking for 8 h. Growth was monitored by reading the OD600 

on a Biotek microplate reader at the defined time intervals. 

Iron chelation assay. Iron chelation by 1 was characterized using the CAS assay. Solutions were 

prepared as described.8 The clinical iron chelator deferasirox (AK Scientific) was used as a 

control. Samples were incubated in 1 mL cuvettes at room temperature for 30 min after 

addition of compound. The maximum concentration of compound used was 30 µM which is a 

4:1 stoichiometry of 1 to Chromeazural-S. Absorbance at 630 nm was measured on a Varian 

UV/Vis spectrophotometer. 

Chemical Synthesis 

 

General Procedure: All non-aqueous reactions were performed in flame-dried flasks under an 

atmosphere of argon. Stainless steel syringes were used to transfer air- and moisture-sensitive 

liquids. Reaction temperatures were controlled using a thermocouple thermometer and analog 

hotplate stirrer. Reactions were conducted at room temperature (rt, approximately 23 °C) 

unless otherwise noted. Flash column chromatography was conducted using silica gel 230-400 

mesh. Analytical thin-layer chromatography (TLC) was performed on E. Merck silica gel 60 F254 

plates and visualized using UV and iodine stain. 

Materials: All solvents and chemicals were purchased from Sigma-Aldrich unless otherwise 

noted. Dry dichloromethane was collected from an MBraun MB-SPS solvent system. N,N-

dimethylformamide (DMF), tetrahydrofuran (THF), and acetonitrile (MeCN) were used as 
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received in a bottle with a Sure/Seal. Triethylamine was distilled from calcium hydride and 

stored over KOH. Deuterated solvents were purchased from Cambridge Isotope Laboratories. 

Instrumentation: 1H NMR spectra were recorded on Bruker 400, 500, or 600 MHz 

spectrometers and are reported relative to deuterated solvent signals. Data for 1H NMR spectra 

ŀǊŜ ǊŜǇƻǊǘŜŘ ŀǎ ŦƻƭƭƻǿǎΥ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ όʵ ǇǇƳύΣ ƳǳƭǘƛǇƭƛŎƛǘȅ όǎ Ґ ǎƛƴƎƭŜǘΣ Ř Ґ ŘƻǳōƭŜǘΣ ǘ Ґ ǘǊƛǇƭŜǘΣ ǉ 

= quartet, p = pentet, m = multiplet, br = broad, app = apparent), coupling constants (Hz), and 

integration. 13C NMR spectra were recorded on Bruker 100, 125, or 150 MHz spectrometers and 

are reported relative to deuterated solvent signals. Low resolution mass spectrometry (LRMS) 

was conducted and recorded on an Agilent Technologies 6130 Quadrupole instrument. 

Synthetic procedures and compound characterization data: 

 

2-ethynyl-N-acylbenzamides: To a stirred solution of 2-ethynylaniline (1.0 eq) dissolved in 

dichloromethane (0.3 M) at room temperature was added acyl or sulfonyl chloride (1.0 eq). 

Tiriethylamine was slowly added to the reaction and once addition was complete, the reaction 

was stirred at room temperature overnight. Solvents were removed in vacuo and the residue 

was partitioned between ethyl acetate and saturated NaHCO3 (aq), the organic layer dried 

(MgSO4), and concentrated in vacuo. The crude product was purified by flash chromatography. 

N-(2-ethynylphenyl)methanesulfonamide (S1). Light brown solid; 1H-NMR (400 

MHz, CDCl3ύ ʵ тΦсм όŘΣ WҐуΦнл IȊΣ мIύ тΦрл όŘŘΣ WҐтΦтн IȊΣ WҐмΦпл IȊΣ мIύΣ тΦоф όōǊ ǘΣ 
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J=7.90 Hz, 1H), 7.13 (t, J=7.67 Hz, 1H), 7.02 (br, 1H), 3.49 (s, 1H), 3.02 (s, 3H); 13C-NMR (100 

MHz, CDCl3ύ ʵ мофΦсΣ мооΦлΣ молΦтΣ мнпΦуΣ ммфΦсΣ ммоΦлΣ упΦфΣ туΦуΣ офΦуΤ [wa{ Ŏŀƭculated for 

C9H9NO2S (M+H)+ m/z: 196.0, measured 196.1. 

N-(2-ethynylphenyl)-4-methoxybenzamide (S2). Off-white solid; 1H-NMR (400 

MHz, CDCl3ύ ʵ уΦсп όōǊΣ мIύΣ уΦрм όŘΣ WҐуΦну IȊΣ мIύΣ тΦтт όŘΣ WҐмΦуп IȊΣ нIύΣ 

7.57 (t, J=1.86 Hz, 1H), 7.44 (t, J=7.95 Hz, 1H), 7.12 (td, J=7.57 Hz, 1.05 Hz, 1H), 

3.64 (s, 1H); 13C-NMR (100 MHz, CDCl3ύ ʵ мснΦтΣ мофΦнΣ мотΦуΣ мосΦлΣ монΦпΣ монΦмΣ молΦсΣ мнрΦфΣ 

124.3, 119.6, 111.5, 85.3, 79.4; LRMS calculated for C15H9Cl2NO (M+H)+ m/z: 290.0, measured 

290.0. 

3,5-dichloro-N-(2-ethynylphenyl)benzamide (S3). White solid; 1H-NMR (400 

MHz, CDCl3ύ ʵ уΦтн όōǊΣ мIύΣ уΦрф όŘΣ WҐуΦнл IȊΣ мIύΣ тΦуф όŘΣ WҐсΦту IȊΣ нIύΣ 

7.50 (dd, J=7.68 Hz, 1.48 Hz, 1H), 7.42 (t, J=7.95 Hz, 1H), 7.06 (td, J=7.54 Hz, 1.08 Hz, 1H), 7.00 

(d, J=8.84 Hz, 2H), 3.88 (s, 3H), 3.59 (s, 1H); 13C-NMR (100 MHz, CDCl3ύ ʵ мспΦфΣ мснΦуΣ мплΦнΣ 

132.3, 130.5, 129.1, 127.2, 123.3, 119.3, 114.3, 110.9, 84.7, 79.7, 55.6; LRMS calculated for 

C16H13NO2 (M+H)+ m/z: 252.1, measured 252.1. 

N-(2-ethynylphenyl)-1-naphthamide (S4). White solid; 1H-NMR (400 MHz, 

CDCl3ύ ʵ уΦтм όŘΣ WҐуΦнл IȊΣ мIύΣ уΦрт όōǊ ǎΣ мIύΣ уΦрл όŘΣ WҐуΦнп IȊΣ мIύΣ уΦлл όŘΣ 

J=8.00 Hz, 1H), 7.92 (d, J=7.64 Hz, 1H), 7.83 (d, J=7.04 Hz, 1H), 7.63-7.45 (m, 5H), 7.12 (t, J=7.52 

Hz, 1H), 3.42 (s, 1H); 13C-NMR (100 MHz, CDCl3ύ ʵ мстΦрΣ мплΦмΣ мопΦоΣ мопΦлΣ монΦпΣ момΦсΣ 

130.5, 130.3, 128.6, 127.6, 126.8, 125.6, 125.5, 124.9, 123.8, 119.7, 111.3, 84.9, 79.3 ; LRMS 

calculated for C19H13NO (M+H)+ m/z: 272.1, measured 272.1. 
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N-(2-ethynylphenyl)furan-2-carboxamide (S5). Brown solid; 1H-NMR (400 MHz, 

CDCl3ύ ʵ уΦфф όōǊΣ мIύΣ уΦрр όŘΣ WҐуΦнп IȊΣ мIύΣ тΦро όǎΣ мIύΣ тΦпф όŘŘΣ WҐтΦсу IȊΣ 

1.48 Hz, 1H), 7.40 (t, J=7.94 Hz, 1H), 7.25 (d, J=3.54 Hz, 1H), 7.06 (t, J=7.71 Hz, 1H), 6.56 (dd, 

J=3.50 Hz, 1.72 Hz, 1H), 3.60 (s, 1H); 13C-NMR (100 MHz, CDCl3ύ ʵ мрсΦмΣ мпуΦлΣ мппΦтΣ мофΦпΣ 

132.3, 130.4, 123.6, 119.4, 115.6, 112.7, 111.1, 84.8, 79.1 ; LRMS calculated for C13H9NO2 

(M+H)+ m/z: 212.1, measured 212.1. 

 

1-methoxy-2-naphthaldehyde (S6).  To a stirred solution of 193 mg (1.12 mmol, 1.0 eq) 1-

hydroxy-2-naphthaldehyde (TCI America) dissolved in 5 mL N,N-dimethylformamide at 0 °C was 

added 49.0 mg (1.23 mmol, 1.2 eq) sodium hydride. The mixture was stirred at 0 °C for 5 min 

and 140 µL (2.24 mmol, 2.0 eq) methyl iodide was added. The reaction was heated to 60 °C and 

stirred for 3 h. The reaction was partitioned between ethyl acetate and water, the organic layer 

washed with water (1x), brine (2x), and dried (MgSO4). The organic layer was concentrated and 

the residue purified by flash chromatography with a 0-20 % ethyl acetate in hexane gradient to 

provide 165 mg (80 %) of product as a light brown solid. 1H-NMR (400 MHz, CDCl3ύ ʵ млΦрф όŘΣ 

J=0.76 Hz, 1H), 8.23 (d, J=8.16 Hz, 1H), 7.86 ς 7.82 (m, 2H), 7.64 - 7.54 (m, 3H), 4.12 (s, 3H); 13C-

baw όмлл aIȊύ ʵ муфΦсΣ мснΦсΣ моуΦмΣ мнфΦпΣ мнуΦпΣ мнтΦфΣ мнсΦфΣ мнпΦфΣ мнпΦтΣ мноΦнΣ мннΦтΣ 

65.7; LRMS calculated for C12H10O2 (M+H)+ m/z: 187.1, measured 187.1. 
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2-ethynyl-1-methoxynaphthalene (S7).  To a stirred solution of 106 mg (0.570 mmol, 1.0 eq) 1-

methoxy-2-naphthaldehyde in 5 mL methanol was added 158 mg (1.14 mmol, 2.0 eq) 

potassium carbonate followed by 131 mg (0.682 mmol, 1.2 eq) dimethyl (1-diazo-2-

oxopropyl)phosphonate. The suspension was stirred for 24 h. The reaction was partitioned 

between ethyl acetate and water, the aqueous layer extracted with ethyl acetate (2x), the 

organics combined and washed with brine (1x), dried (MgSO4), and flash filtered through silica 

with 5:1 hexane/ethyl acetate to provide 72 mg (69 %) 2-ethynyl-1-methoxynaphthaldehyde. 

1H-NMR (400 MHz, CDCl3ύ ʵ уΦлм ς 7.97 (m, 1H), 7.62 ς 7.58 (m, 1H), 7.35 ς 7.27 (m, 4H), 3.97 

(s, 3H), 3.22 (s, 1H); 13C-NMR (100 MHz, CDCl3ύ ʵ мрфΦоΣ мппΦнΣ мопΦфΣ мнфΦуΣ мнтΦфΣ мнтΦпΣ мнс.5, 

123.5, 122.5, 110.3, 82.5, 80.8, 61.9; LRMS calculated for C13H10O (M+H)+ m/z: 183.1, measured 

183.1. 

The alkyne precursor for 3.29 and 3.30 was prepared from o-anisaldehyde as previously 

described.9 

 

нΩ-acyloxyacetophenone synthesis. ¢ƻ ŀ ǎǘƛǊǊŜŘ ǎƻƭǳǘƛƻƴ ƻŦ нΩ-hydroxyacetophenone in 

dichloromethane (0.2 M) was added triethylamine (1.1 eq) and 4-dimethylaminopyridine (0.05 

eq). The solution was cooled to 0 °C in an ice bath and acid chloride (1.1 eq) was added. The 

reaction was allowed to warm to room temperature and monitored by TLC and LCMS. When 

starting material was completely consumed and product observed by LC-MS, the reaction was 

partitioned between dichloromethane and saturated NaHCO3 (aq). The organic layer was 

washed with brine and dried (MgSO4), filtered, and concentrated. The products generally did 
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not require further purification but may be crystallized from hexane/ethyl acetate or purified by 

flash chromatography as needed. Products were generally carried on uncharacterized. 

 

1,3-diketone synthesis. A suspension of potassium tert-butoxide (2.0 eq) in dimethylformamide 

όлΦн aύ ǿŀǎ ŎƻƻƭŜŘ ǘƻ л ϲ/ ǳƴŘŜǊ !ǊΦ ! ǎƻƭǳǘƛƻƴ ƻŦ нΩ-acyloxyacetophenone (1.0 eq) in DMF was 

added dropwise to the tBuOK suspension and stirred at 0 °C until consumption of starting 

material was observed by TLC (~1 h). The reaction was quenched with 1 N HCl and the resulting 

suspension extracted with diethyl ether (3x), washed with H2O, brine, dried (MgSO4) and 

solvents removed in vacuo. Products were carried on crude and uncharacterized. 

Ψуу82 and 3.18 were previously reported.1 

Pyrazole synthesis. ROUTE 1: To a stirred solution of terminal alkyne (1 eq) in THF (0.2 M) was 

added triethylamine (3 eq), bistriphenylphosphine palladium dichloride (0.05 eq), copper(I) 

iodide (0.1 eq), and acid chloride (1.5 eq) at room temperature. The reaction was stirred until 

conversion of starting material was observed by TLC. The reaction was diluted 1:1 with 

acetonitrile followed by addition of hydrazine hydrate (4 eq). The reaction was stirred until 

complete as determined by TLC. The reaction was filtered through celite, concentrated, and 

purified by preparative scale reverse phase HPLC. 

ROUTE 2: To a solution of crude diketone in ethanol (0.25 M) in a microwave vial was added 

hydrazine hydrate (2 eq). The vial was sealed and heated to 150 °C in a microwave reactor for 5 
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min. The reaction was concentrated and the product was purified by preparative scale reverse 

phase HPLC. 

General procedure for demethylation of aryl ethers. To a solution of reactant in 

dichloromethane (0.20 M) was added 6.0 eq BBr3 (1.0 M in dichloromethane) in a microwave 

vial. The vial was sealed and maintained at 90 °C under microwave irradiation for 20 min. The 

reaction was quenched with saturated NaHCO3 and extracted with dichloromethane. The 

organic layer was washed with brine, dried (MgSO4), and concentrated. Products were purified 

by flash chromatography or HPLC. 

2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenol (3.2) 1H-NMR (400 MHz, acetone-Řсύ ʵ 

7.76 (d, J=7.78 Hz, 1H), 7.72 (s, 1H), 7.22 (t, J=7.73 Hz, 1H), 7.12 (s, 1H), 6.96-

6.90 (m, 3H), 6.63 (dd, J=3.39 Hz, 1.86 Hz, 1H); 13C-NMR (150 MHz, acetone-Řсύ ʵ мруΦоΣ мрпΦсΣ 

144.1, 130.0, 127.6, 120.1, 117.6, 117.5, 112.7, 108.5, 99.2; LRMS calculated for C13H11N2O2 

(M+H)+ m/z: 227.1, measure, 227.1. 

2-(5-(furan-2-yl)-1H-pyrazol-3-yl)-5-methoxyphenol (3.3) 1H-NMR (400 MHz, 

acetone-Řсύ ʵ мнΦтр όōǊΣ мIύΣ млΦфр όōǊΤ мIύΣ тΦтл όǎΣ мIύΣ тΦср όŘΣ WҐуΦпп IȊΣ 

1H), 7.00 (s, 1H), 6.91 (s, 1H), 6.62 (br, 1H), 6.54-6.48 (m, 2H), 3.80 (s, 3H); 13C-NMR  (100 MHz, 

acetone-Řсύ ʵ мсмΦфΣ мруΦпΣ мппΦлΣ мнуΦрΣ ммнΦсΣ ммлΦтΣ млуΦоΣ млсΦуΣ млнΦпΣ фуΦрΣ ррΦпΤ Φ[wa{ 

calculated for C14H12N2O3 (M+H)+ m/z: 257.1, measured 257.1. 

5-(furan-2-yl)-3-(1-methoxynaphthalen-2-yl)-1H-pyrazole (3.4) 1H-NMR 

(400 MHz, CDCl3ύ ʵ ϐуΦму όŘΣ WҐуΦнл IȊΣ мIύΣ тΦус όŘΣ WҐтΦул IȊΣ мIύΣ тΦтс όŘΣ 

J=8.60 Hz, 1H), 7.70 (d, J=8.64 Hz, 1H), 7.61 ς 7.50 (m, 2H), 6.99 (s, 1H), 6.81 (d, J=3.28 Hz, 1H), 

6.52 (dd, J=3.28 Hz, J=1.80, 1H), 3.92 (s, 3H); 13C-NMR (100 MHz, CDCl3ύ ʵ мрнΦуΣмпуΦуΣ мпнΦлΣ 
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134.9, 128.3, 128.2, 127.0, 126.9, 125.3, 122.4, 117.7, 111.5, 106.0, 101.1, 62.0; LRMS 

calculated for C18H14N2O2 (M+H)+ m/z: 291.1, measured 291.1. 

5-(furan-2-yl)-3-(2-methoxyphenyl)-1H-pyrazole (3.5) 1H-NMR (400 MHz, 

CD3h5ύ ʵ тΦто όŘΣ WҐтΦнл IȊΣ мIύΣ тΦрт όǎΣ мIύΣ тΦоу όǘΣ WҐсΦу IȊΣ мIύΣ тΦмт όŘΣ 

J=8.4 Hz, 1H), 7.06 (t, J=7.60 Hz, 1H), 6.94 (s, 1H), 6.76 (d, J=3.20 Hz, 1H), 6.54 (m, 1H), 3.99 (s, 

3H); 13C-NMR  (100 MHz, acetone-Řсύ ʵ мртΦ1, 150.3, 142.7, 142.5, 130.2, 128.7, 121.8, 119.3, 

112.6, 112.1, 105.9, 101.5, 56.0; LRMS calculated for C14H12N2O2 (M+H)+ m/z: 241.1, measured 

241.1. 

3-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenol (3.6) 1H-NMR (400 MHz, acetone-

Řсύ ʵ тΦсн όǎΣ мIύΣ тΦос - 7.31 (m, 2H), 7.26 (t, J=7.77 Hz, 1H), 6.89 (s, 1H), 

6.83 (d, J=8.18 Hz, 1H), 6.77 (d, J=3.19 Hz, 1H), 6.56 (dd, J=3.35 Hz, 1.41 Hz, 1H); 13C-NMR (100 

MHz, acetone-Řсύ ʵ мруΦтΣ мпоΦлΣ молΦтΣ ммтΦсΣ ммрΦфΣ ммоΦнΣ ммнΦоΣ млсΦсΣ ффΦфΤ  [wa{ 

calculated for C13H10N2O2 (M+H)+ m/z: 227.1, measured 227.2. 

3-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenol (3.7) 1H-NMR (400 MHz, acetone-

Řсύ ʵ тΦтл όŘΣ WҐуΦрт IȊΣ нIύΣ тΦсм όŘΣ WҐмΦнп IȊΣ мIύΣ сΦфн όŘΣ WҐуΦрт IȊΣ нIύΣ 

6.81 (s, 1H), 6.75 (d, J=3.24 Hz, 1H), 6.54 (dd, J=3.24 Hz, 1.24 Hz, 1H); 13C-NMR (150 MHz, 

acetone-Řсύ ʵ мруΦпΣ мртΦоΣ мпфΦмΣ мпуΦлΣ мпнΦуΣ мнтΦтΣ мноΦуΣ ммсΦрΣ ммнΦнΣ млсΦнΣ ффΦлΤ [wa{ 

calculated for C13H10N2O2 (M+H)+ m/z: 227.1, measured 227.1. 

5-(furan-2-yl)-3-phenyl-1H-pyrazole (3.8) 1H-NMR (400 MHz, acetone-d6) ʵ 

7.77 (d, J=7.57 Hz, 2H), 7.57 (s, 1H), 7.44 (t, J=7.32 Hz, 2H), 7.35 (t, J=7.28 
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Hz, 1H), 6.87 (s, 1H), 8.77 (d, J=3.28 Hz, 1H), 6.54 (dd, J=3.28 Hz, 1.48 Hz, 1H); 13C-NMR (150 

MHz, acetone-Řсύ ʵ мпоΦмΣ мнфΦтΣ мнуΦуΣ мнсΦнΣ ммнΦоΣ млсΦтΣ фΦуΤ [wa{ ŎŀƭŎǳƭated for C13H10N2O 

(M+H)+ m/z: 211.1, measured 211.1. 

N-(2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenyl)methanesulfonamide (3.9) 1H-

NMR (400 MHz, acetone-Řсύ ʵ тΦфм όŘΣ WҐтΦфп IȊΣ мIύΣ тΦтп όǎΣ мIύΣ тΦтм όŘΣ 

J=7.72 Hz, 1H), 7.22 (t, J=7.60 Hz, 1H), 7.16 (s, 1H), 6.95 (d, J=3.40 Hz, 1H), 

6.64 (dd, J=3.40 Hz, 1.80 Hz, 1H), 2.97-2.95 (m, 3H); 13C-NMR (100 MHz, acetone-Řсύ ʵ мрнΦсΣ 

145.4, 144.2, 137.0, 136.5, 129.6, 129.1, 124.5, 121.5, 120.3, 112.7, 108.5, 100.7, 39.6; LRMS 

calculated for C14H13N3O3S (M+H)+ m/z: 304.1, measured 304.0. 

3,5-dichloro-N-(2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenyl)benzamide (3.10) 1H-

NMR (400 MHz, acetone-Řсύ ʵ уΦун όŘΣ WҐуΦнл IȊΣ мIύΣ уΦлм όŘΣ WҐмΦфн IȊΣ нIύΣ 

7.93 (dd, J=7.82 Hz, 1.46 Hz, 1H), 7.72 (br s, 2H), 7.39 (br t, J=7.84 Hz, 1H), 7.23 

(br t, J=7.58 Hz, 1H), 7.19 (s, 1H), 6.94 (d, J=3.28 Hz, 1H), 6.63 (dd, J=3.40 Hz, 1.84 Hz, 1H); 13C-

NMR (125 MHz, acetone-d6) 163.2, 145.4, 144.2, 140.0, 137.4, 136.2, 132.0, 129.4, 128.9, 

127.0, 124.7, 121.4, 121.3. 112.7, 108.7, 101.2; LRMS calculated for C20H13Cl2N3O2 (M+H)+ m/z: 

398.1, measured 398.0. 

N-(2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenyl)-4-methoxybenzamide (3.11) 1H-

NMR (400 MHz, acetone-Řсύ ʵ уΦфр όŘΣ WҐтΦуп IȊΣ мIύΣ уΦмс όŘΣ WҐуΦуу IȊΣ нIύΣ 

7.90 (d, J=7.84 Hz, 1H), 7.71 (s, 1H), 7.36 (t, J=7.89 Hz, 1H), 7.19 - 7.14 (m, 2H), 

7.05 (d, J=8.89 Hz, 2H), 6.94 (d, J=3.36 Hz, 1H), 6.62 (dd, J=3.38 Hz, 1.82 Hz, 1H), 3.88 (s, 3H); 

13C-NMR (100 MHz, acetone-Řсύ ʵ мсрΦрΣ мсоΦпΣ мппΦмΣ моуΦоΣ молΦнΣ мнфΦоΣ мнуΦтΣ мноΦсΣ мнмΦмΣ 
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114.7, 112.7, 108.5, 101.0, 55.9; LRMS calculated for C21H17N3O3 (M+H)+ m/z: 360.1, measured 

360.1. 

N-(2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenyl)-1-naphthamide (3.12) 1H-NMR 

(600 MHz, acetone-Řсύ ʵ фΦлл όŘΣ WҐуΦну IȊΣ мIύΣ уΦру - 8.53 (m, 1H), 8.10 (d, 

J=8.24 Hz, 1H), 8.02 - 7.99 (m, 1H), 7.97 (d, J=7.97 Hz, 1H), 7.92 (dd, J=7.84 Hz, 

1.48 Hz, 1H), 7.68 (d, J=1.44 Hz, 1H), 7.64 - 7.56 (m, 2H), 7.44 (td, J=7.88 Hz, 1.48 Hz, 1H), 7.24 

(td, J=7.63 Hz, 0.96 Hz, 1H), 7.14 (s, 1H), 6.90 (d, J=3.36 Hz, 1H), 6.60 (dd, J=3.40 Hz, 1.80 Hz, 

1H); 13C-NMR (150 MHz, acetone-Řсύ ʵ мсуΦмΣ мроΦлΣ мпрΦрΣ мппΦмΣ мпнΦоΣ моуΦлΣ мосΦоΣ мопΦфΣ 

131.3, 131.4, 129.3, 129.2, 128.8, 127.7, 127.3, 126.6, 126.4, 126.0, 124.3, 121.3, 112.6, 108.3, 

101.1; LRMS calculated for C24H17N3O2 (M+H)+ m/z: 380.1, measured 380.1. 

N-(2-(5-(furan-2-yl)-1H-pyrazol-3-yl)phenyl)furan-2-carboxamide (3.13) 1H-

NMR (400 MHz, acetone-Řсύ ʵ уΦуо όŘΣ WҐпΦом IȊΣ мIύΣ тΦуф όŘŘΣ WҐтΦун IȊΣ мΦрл 

Hz, 1H), 7.73 (ddd, J=4.60 Hz, 1.70 Hz, 0.78 Hz, 2H), 7.36 (app t, 1H), 7.26 (dd, 

J=3.48 Hz, 0.76 Hz, 1H), 7.19 (app t, 1H), 7.15 (s, 1H), 6.95 (dd, J=3.40 Hz, 0.50 Hz, 1H), 6.65 (dd, 

J=3.48 Hz, 1.76 Hz, 1H), 6.63 (dd, J=3.42 Hz, 1.82 Hz, 1H); 13C-NMR (100 MHz, acetone-Řсύ ʵ 

157.1, 149.8, 145.9, 145.6, 144.0, 137.4, 136.5, 129.2, 128.8, 124.2, 121.3, 121.1, 115.0, 113.0, 

112.7, 108.4, 100.9; LRMS calculated for C18H13N3O3 (M+H)+ m/z: 320.1, measured 320.1. 

2-(5-(thiophen-2-yl)-1H-pyrazol-3-yl)phenol (3.14)  1H-NMR (400 MHz, 

acetone-Řсύ ʵ тΦтт όŘŘΣ WҐтΦтп IȊΣ мΦрп IȊΣ мIύΣ тΦрс όōǊ ǎΣ мIύΣ тΦнп - 7.15 (m, 

2H), 7.11 (s, 1H), 6.93 (app q, 2H) 13C-NMR (150 MHz, acetone-Řсύ ʵ мртΦоΣ мроΦрΣ мофΦнΣ молΦлΣ 

128.9, 127.4, 127.0, 119.3, 117.5, 116.8, 99.5; LRMS calculated for C13H10N2OS (M+H)+ m/z: 

243.1, measured 243.1. 
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2-(5-(furan-3-yl)-1H-pyrazol-3-yl)phenol (3.15) 1H-NMR (400 MHz, acetone-

Řсύ ʵ уΦмо όǎΣ мIύΣ тΦто ς 7.69 (m, 2H), 7.20 (app tr, 1H), 7.07 (s, 1H), 6.96 ς 

6.87 (m, 3H); 13C-NMR (100 MHz, acetone-Řсύ ʵ мртΦмΣ мпрΦнΣ мпмΦлΣ мнфΦфΣ мнтΦрΣ мнлΦлΣ ммтΦтΣ 

117.5, 109.4, 100.0; LRMS calculated for C13H10N2O2 (M+H)+ m/z: 227.1, measured 227.1. 

2-(5-phenyl-1H-pyrazol-3-yl)phenol (3.16) 1H-NMR (400 MHz, acetone-d6) 

ʵ  тΦфм - 7.87 (m, 2H), 7.78 (dd, J=7.74 Hz, 1.62 Hz, 1H), 7.52 (t, J=7.54 Hz, 

2H), 7.43 (t, J=7.38 Hz, 1H), 7.27 (s, 1H), 7.21 (app t, 1H), 6.97 - 6.90 (m, 2H); 13C-NMR (150 

MHz, acetone-Řсύ ʵ мртΦнΣ мроΦуΣ мппΦтΣ молΦлΣ мнфΦфΣ мнфΦтΣ мнтΦсΣ мнсΦрΣ мнлΦлΣ ммтΦтΣ ммтΦрΣ 

100.1; LRMS calculated for C15H12N2O (M+H)+ m/z: 237.1, measured 237.1. 

2,2'-(1H-pyrazole-3,5-diyl)diphenol (3.17) 1H-NMR (400 MHz, CD3h5ύ ʵ 

7.71 (d, J=7.52 Hz, 2H), 7.19 (t, J=7.58 Hz, 2H), 7.14 (s, 1H), 6.97 ς 6.89 (m, 

4H); 13C-NMR (100 MHz, CD3h5ύ ʵ мрсΦпΣ молΦнΣ мнуΦоΣ мнлΦтΣ ммтΦуΣ ммтΦпΣ мллΦпΤ [wa{ 

calculated for C15H12N2O2 (M+H)+ m/z: 253.1, measured 253.2. 

2-(5-(2,5-difluorophenyl)-1H-pyrazol-3-yl)phenol (3.19) 1H-NMR (600 

MHz, acetone-Řсύ ʵ фΦмн όōǊ ǎΣ мIύΣ уΦсн όōǊ ǎΣ мIύΣ уΦнп όŘŘΣ WҐтΦуф IȊΣ 

1.88 Hz, 1H), 7.79 (dd, J=7.74 Hz, 1.56 Hz, 1H), 7.51 (dd, J=7.59 Hz, 4.83 

Hz, 1H), 7.38 (s, 1H), 7.23 (app t, 1H), 6.97 (d, J=8.10 Hz, 1H), 6.94 (t, J=7.30 Hz, 1H); 13C-NMR 

(150 MHz, acetone-Řсύ ʵ мрсΦфΣ  мрлΦрΣ мптΦуΣ мооΦрΣ молΦмΣ мнфΦфΣ мнуΦмΣ мнтΦуΣ мнпΦтΣ мнлΦнΣ 

118.5, 117.6,117.5, 100.8; LRMS calculated for C15H10F2N2O (M+H)+ m/z: 273.1, measured 

273.1. 

2-(5-(pyridin-2-yl)-1H-pyrazol-3-yl)phenol (3.20) 1H-NMR (400 MHz, 

acetone-Řсύ ʵ млΦфо όōǊ ǎΣ мIύΣ уΦсс όŘΣ WҐпΦсп IȊΣ мIύΣ уΦлл όƳΣ нIύΣ тΦту 
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(dd, J=7.72 Hz, 1.56 Hz, 1H), 7.47 (s, 1H), 7.39 (app t, 1H), 7.22 (app t, 1H), 6.97 ς 6.90 (m, 2H); 

13C-NMR (150 MHz, acetone-d6) ʵ мрлΦрΣ моуΦнΣ мнфΦфΣ мнтΦрΣ мнпΦпΣ мнмΦоΣ мнлΦлΣ ммтΦтΣ 

117.6,100.8; LRMS calculated for C1eH11N3O (M+H)+ m/z: 238.1, measured 238.1. 

2-(5-(pyridin-3-yl)-1H-pyrazol-3-yl)phenol (3.21) 1H-NMR (400 MHz, 

acetone-Řсύ ʵ фΦмн όǎΣ мIύΣ уΦсн όōǊ ǎΣ мIύΣ уΦнп όŘt, J= 7.96 Hz, 1.92 Hz, 1H), 

7.80 (dd, J=7.76 Hz, 1.60 Hz, 1H), 7.51 (br, 1H), 7.38 (br s, 1H), 7.25 ς 7.20 (m, 1H), 7.01 ς 6.91 

(m, 2H); 13C-NMR (150 MHz, DMSO-Řсύ ʵ мпуΦоΣ мпсΦпΣ монΦнΣ мнфΦнΣ мнтΦрΣ мноΦфΣ ммсΦоΣ млмΦпΤ 

LRMS calculated for C1eH11N3O (M+H)+ m/z: 238.1, measured 238.1. 

2-(5-(pyridin-4-yl)-1H-pyrazol-3-yl)phenol (3.22) 1H-NMR (600 MHz, DMSO-

Řсύ ʵ уΦсн όŘΣ WҐпΦул IȊΣ нIύΣ тΦум όŀǇǇ ŘΣ нIύΣ тΦтн όŘΣ WҐтΦонΣ мIύΣ тΦоф όōǊΣ 

1H), 7.20 (app t, 1H), 6.99 (d, J=7.80 Hz, 1H), 6.92 (app t, 1H); 13C-NMR (150 MHz, DMSO-Řсύ ʵ 

154.5, 150.2, 129.3,127.3, 119.5, 119.4, 116.4, 102.2; LRMS calculated for C1eH11N3O (M+H)+ 

m/z: 238.1, measured 238.1. 

2-(1H-pyrazol-3-yl)phenol (3.23) 1H-NMR (400 MHz, acetone-Řсύ ʵ ммΦлм όǎΣ мIύΣ 

7.90 (d, J=2.36 Hz, 1H), 7.72 (d, J=7.64 Hz, 1H), 7.19 (t, J=7.64 Hz, 1H), 6.96 ς 6.85 

(m, 3H); 13C-NMR (100 MHz, acetone-Řсύ ʵ мртΦлΣ молΦтΣ мнфΦтΣ мнтΦпΣ мнтΦнΣ ммфΦфΣ ммтΦфΣ 

117.5, 102.3; LR7MS calculated for C9H8N2O (M+H)+ m/z: 161.1, measured 161.2. 

2-(5-methyl-1H-pyrazol-3-yl)phenol (3.24) 1H-NMR (600 MHz, acetone-Řсύ ʵ 

11.07 (s, 1H), 7.63 (dd, J=7.74 Hz, J=1.50 Hz, 1H), 7.16 (t, J=7.50 Hz, 1H), 6.89 (d, 

J=8.16 Hz, 1H), 6.86 (t, J=7.50 Hz, 1H), 6.58 (s, 1H), 2.39 (s, 3H); 13C-NMR (150 MHz, acetone-d6) 

ʵ мртΦнΣ мнфΦрΣ мнтΦоΣ ммфΦуΣ 118.0, 117.4, 101.6, 10.6; LRMS calculated for C10H10N2O (M+H)+ 

m/z: 175.1, measured 175.2. 
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2-(5-ethyl-1H-pyrazol-3-yl)phenol (3.25) 1H-NMR (600 MHz, acetone-Řсύ ʵ 

12.13 (br s, 1H), 11.09 (br s, 1H), 7.56 (J=7.70 Hz, 1.58 Hz, 1H), 7.16 (app tr, 

1H), 6.87 (app q, 1H), 6.62 (s, 1H), 2.79 (q, J=7.60 Hz, 2H), 1.32 (t, J=7.60 Hz, 3H); 13C-NMR (150 

MHz, acetone-Řсύ ʵ мртΦнΣ мрнΦуΣ мптΦпΣ мнфΦрΣ мнтΦоΣ ммфΦуΣ ммуΦмΣ ммтΦпΣ ммтΦоΣ мллΦмΣ мфΦоΣ 

13.7; LRMS calculated for C11H12N2O (M+H)+ m/z: 189.1, measured 189.2. 

2-(5-(tert-butyl)-1H-pyrazol-3-yl)phenol (3.26) 1H-NMR (600 MHz, acetone-d6) 

ʵ тΦсу όŘŘΣ WҐтΦтн IȊΣ мΦсл IȊΣ мIύΣ тΦмс όŀǇǇ ǘΣ мIύΣ сΦфм - 6.84 (m, 1H), 6.65 (s, 

1H), 1.42 (s, 9H); 13C-NMR (150 MHz, acetone-Řсύ ʵ мртΦнΣ мррΦлΣ мрнΦпΣ мнфΦпΣ мнтΦоΣ ммфΦсΣ 

118.1, 117.4, 117.3, 98. 6, 31.7, 30.4; LRMS calculated for C13H16N2O (M+H)+ m/z: 217.1, 

measured 217.1. 

2-(5-cyclopentyl-1H-pyrazol-3-yl)phenol (3.27) 1H-NMR (400 MHz, 

acetone-Řсύ ʵ мнΦмо όōǊΣ мIύΣ ммΦлф όǎΣ мIύΣ тΦсс όŘŘΣ WҐтΦтн IȊΣ мΦсл IȊΣ 

1H), 7.16 (app t, 1H), 6.91 ς 6.83 (m, 1H), 6.64 (s, 1H), 3.22 (p, J=7.98 Hz, 1H), 2.19 ς 2.10 (m, 

2H), 1.85 ς 1.66 (m, 6H); 13C-NMR (150 MHz, acetone-Řсύ ʵ мртΦпΣ мрнΦтΣ мрлΦнΣ мнфΦрΣ мнтΦпΣ 

119.6, 118.2, 117.8, 99.5, 33.8, 26.3, 25.7; LRMS calculated for C14H16N2O (M+H)+ m/z: 229.1, 

measured 229.2. 

2-(5-pentyl-1H-pyrazol-3-yl)phenol (3.28) 1H-NMR (400 MHz, acetone-

Řсύ ʵ тΦср όŘŘΣ WҐтΦтл IȊΣ мΦрс IȊΣ мIύΣ тΦмт όŀǇǇ ǘΣ мIύΣ сΦфм ς 6.84 (m, 

1H), 6.62 (m, 1H), 2.76 (t, J=7.66 Hz, 2H), 1.74 (br p, 2H), 1.40 ς 1.33 (m, 4H), 0.90 (t, J=7.06 Hz, 

3H) 13C-NMR (150 MHz, acetone-Řсύ ʵ мртΦнΣ мрнΦфΣ мпсΦлΣ мнфΦрΣ мнтΦоΣ ммфΦуΣ ммуΦмΣ ммтΦпΣ 

100.6, 41.4, 32.1, 25.9, 23.0, 14.2; LRMS calculated for C14H18N2O (M+H)+ m/z: 231.2, measured 

231.2. 
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3-(2-methoxyphenyl)-5-phenyl-1H-pyrazole (3.29) 1H-NMR (400 MHz, 

acetone-Řсύ ʵ тΦфн όŀǇǇ ŘΣ нIύΣ тΦут όŀǇǇ ŘΣ мIύΣ тΦпм όǘΣ WҐтΦсп IȊΣ нIύΣ тΦоу 

ς 7.27 (m, 2H), 7.20 ς 7.15 (m, 2H), 7.06 (app t, 1H), 4.04 (s, 3H); 13C-NMR (150 MHz, acetone-

Řсύ ʵ мртΦмΣ молΦмΣ мнфΦпΣ мнуΦтΣ мнуΦнΣ мнсΦнΣ мнмΦ8, 112.6, 101.6, 56.0; LRMS calculated for 

C16H14N2O (M+H)+ m/z: 251.1, measured 251.2. 

5-(2-fluorophenyl)-3-(2-methoxyphenyl)-1H-pyrazole (3.30) 1H-NMR (400 

MHz, acetone-Řсύ ʵ уΦлф όōǊΣ мIύΣ тΦур όŘΣ WҐсΦуп IȊΣ мIύΣ тΦоф ς 7.33 (m, 

2H), 7.28 ς 7.17 (m, 3H), 7.16 (d, J=3.60 Hz, 1H), 7.07 (t, J=7.47 Hz, 1H), 

4.04 (s, 3H); 13C-NMR (150 MHz, acetone-ŘсύΤ ʵ мртΦмΣ молΦнΣ молΦлΣ мнфΦуΣ мнфΦнΣ мнфΦмΣ мнуΦтΣ 

125.2, 121.9, 116.9, 112.6, 104.7, 56.0; LRMS calculated for C16H13FN2O (M+H)+ m/z: 269.1, 

measured 269.1. 

2-(3-(furan-2-yl)-1-methyl-1H-pyrazol-5-yl)naphthalen-1-ol (3.31) 1H-

NMR (400 MHz, acetone-Řсύ ʵ уΦсс όōǊΣ мIύΣ уΦпл ς 8.36 (m, 1H), 7.95 ς 

7.90 (m, 1H), 7.62 ς 7.52 (m, 4H), 7.34 (d, J=8.44 Hz, 1H), 6.70 (d, J=3.80 Hz, 1H), 6.58 (s, 1H), 

6.54 (dd, J=3.28 Hz, 1.80 Hz, 1H), 3.77 (s, 3H); 13C-NMR (150 MHz, acetone-Řсύ ʵ мрмΦсΣ мрлΦсΣ 

143.7, 142.5,141.4, 136.1, 128.8, 128.6, 127.9, 126.5, 126.2, 123.4, 120.6, 112.1, 111.9, 105.6, 

104.9, 37.5; LRMS calculated for C18H15N2O2 (M+H)+ m/z: 291.1, measured 291.2. 

2-(5-(furan-2-yl)-1-methyl-1H-pyrazol-3-yl)naphthalen-1-ol (3.32) 1H-

NMR (600 MHz, acetone-Řсύ ʵ уΦос ς 8.33 (m, 1H), 7.84 ς 7.80 (m, 2H), 

7.50 (dt, J=9.72 Hz, 3.36 Hz, 2H), 7.45 (d, J=8.52 Hz, 1H), 7.17 (s, 1H), 

6.98 (d, J=3.78 Hz, 1H), 6.69 (dd, J=3.42 Hz, 1.80 Hz, 1H), 4.21 (s, 3H); 13C-NMR (150 MHz, 

acetone-Řсύ ʵ мрнΦсΣ мрмΦпΣ мпрΦлΣ мппΦсΣ мосΦнΣ морΦмΣ мнуΦоΣ мнтΦпΣ мнсΦоΣмнсΦлΣ мнпΦфΣ мноΦрΣ 
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119.7, 112.7, 110.7, 110.4, 102.1, 39.2; LRMS calculated for C18H15N2O2 (M+H)+ m/z: 291.1, 

measured 291.2. 
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CHAPTER 4 

 STRUCTURE-!/¢L±L¢¸ w9[!¢Lhb{ILt {¢¦5L9{ hC Ψофум 
 

4.1 Introduction 

!ƴƻǘƘŜǊ ƳƻƭŜŎǳƭŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ ǎŎǊŜŜƴǎ ŦƻǊ Iǎǎw{ ŀŎǘƛǾŀǘƻǊǎ ǿŀǎ ǘƘŜ ǘƘƛƻǳǊŜŀ ΨофумΦ 

¢ƘŜ ŎƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ Ψофум ŘƛŦŦŜǊǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŦǊƻƳ ΨууунΦ tǊŜƭƛƳƛƴŀǊȅ ŜŦŦƻǊǘǎ ǘƻ ŜƭǳŎƛŘŀǘŜ 

ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ŀŎǘƛǾŀǘƛƻƴ ƻŦ Iǎǎw{ ōȅ Ψофум ǿŜǊŜ conducted by Matthew Surdel (Skaar lab). 

¢ƘŜǎŜ ǎǘǳŘƛŜǎ ǊŜǾŜŀƭŜŘ ǘƘŀǘΣ ǳƴƭƛƪŜ ΨууунΣ Ψофум ŘƻŜǎ ƴƻǘ ǊŜǉǳƛǊŜ ŜƴŘƻƎŜƴƻǳǎ ƘŜƳŜ 

biosynthesis to activate HssRS. It also does not induce an increase in intracellular heme 

ŀŎŎǳƳǳƭŀǘƛƻƴΦ Lƴ ŀŘŘƛǘƛƻƴΣ Ψофум ƛǎ ƴƻǘ ŀŎǘive in anaerobically grown S. aureusΦ Ψофум ŀƭǎƻ 

exhibited considerable toxicity under both aerobic and anaerobic conditions. These results 

ƛƴŘƛŎŀǘŜ ŀ ǾŜǊȅ ŘƛŦŦŜǊŜƴǘ ƳŜŎƘŀƴƛǎƳ ƻŦ Iǎǎw{ ŀŎǘƛǾŀǘƛƻƴ ŦǊƻƳ Ψууун ŀƴŘ ǘƘŀǘ Ψофум ŎƻǳƭŘ ōŜ ŀ 

useful probe to study the mechanism(s) of heme toxicity in S. aureus Φ ! ƭƛōǊŀǊȅ ƻŦ Ψофум 

derivatives was prepared to determine structure-activity relationships and identify compounds 

with better activity and toxicity profiles. 

 

Figure 4.1. IȅǇƻǘƘŜǎƛǎ ƻŦ Ψофум ŀŎǘƛǾŀǘƛƻƴ ƻŦ IǎǎRS. 
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4.2 {ȅƴǘƘŜǎƛǎ ƻŦ Ψофум ŘŜǊƛǾŀǘƛǾŜǎ 

¢ƘŜ Iǎǎw{ ŀŎǘƛǾŀǘƛƴƎ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜ Ψофум ƛǎ ŀ ǘƘƛƻǳǊŜŀ ŎƻƳǇƻǎŜŘ ƻŦ b-ōŜƴȊȅƭ ŀƴŘ bΩ-4-

biaryl ether groups flanking the central thiocarbonyl. Thioureas are readily synthesized by 

preparing the isothiocyanate of one amine and reacting that with the second amine.1 A library 

ƻŦ Ψофум ŘŜǊƛǾŀǘƛǾŜǎ ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ ǘƘƛǎ ƳŀƴƴŜǊΦ CƛǊǎǘΣ ƻƴŜ ŎƻƳǇƻƴŜƴǘ ǿŀǎ ǊŜŀŎǘŜŘ ǿƛǘƘ 

thiophosgene in biphasic saturated sodium bicarbonate-DCM to generate the isothiocyanate. 

The isocyanate in the reaction mixture was divided several times and the corresponding 

component was added to each sub-reaction to generate several derivatives. The products were 

purified by either preparative scale HPLC or recrystallization from either hexanes/ethyl acetate 

or isopropanol. Using this method, 18 derivatives with modifications to the benzylamine 

component (Figure 4.2) and eight derivatives with modifications to the biaryl ether component 

(Figure 4.3) were prepared 
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Figure 4.2. 5ŜǊƛǾŀǘƛǾŜǎ ƻŦ Ψофум ǿƛǘƘ ƳƻŘƛŦƛŜŘ ōŜƴȊȅƭŀƳƛƴŜ ŎƻƳǇƻƴŜƴǘΦ 

 

  

Cmpd R group Cmpd R group

4.2 4.12

4.3 4.13

4.4 4.14
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4.8 4.18

4.9 4.19

4.10

4.11
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Figure 4.3. 5ŜǊƛǾŀǘƛǾŜǎ ƻŦ Ψофум ǿƛǘƘ ƳƻŘƛŦƛŜŘ ōƛŀǊȅƭ ŜǘƘŜǊ ŎƻƳǇƻƴŜƴǘΦ 
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4.3 Iǎǎw{ ŀŎǘƛǾƛǘȅ ƻŦ Ψофум derivatives 

Single-point data 

¢ƘŜ ŀōƛƭƛǘȅ ƻŦ ǘƘŜ Ψофум ŘŜǊƛǾŀǘƛǾŜǎ ǘƻ ŀŎǘƛǾŀǘŜ Iǎǎw{ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ ǘƘŜ ·ȅƭ9 

assay. Compounds were screened at the single point concentration of 10 µM due to the toxicity 

ƻŦ ΨофумΦ ¢ƘŜ ŀǎǎŀȅ ǿŀǎ ŦƻƭƭƻǿŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛn chapter 3. 

 
 

Figure 4.4. Activation of HssRS by 4.2 ς 4.19 at 10 µa ǊŜƭŀǘƛǾŜ ǘƻ ΨофумΦ 

 

 

Removal of the benzyl carbon to provide 4.2 resulted in significant loss of activity 

indicating the benzyl carbon is necessary for activity. Introducing an unsubstituted benzyl group 

(4.3) into the molecule also results in loss of activity indicating that substitution by certain 

groups is necessary for activity. Movement of the fluorine into the 3-position (4.5) is 

deleterious to activity while movement into the 2-position (4.4) increases activity two-fold 
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ŎƻƳǇŀǊŜŘ ǘƻ Ψофум ƛƴŘƛŎŀǘƛƴƎ ortho-fluorine substitution is favored. The series of di-fluoro 

substituted compounds (4.6 ς 4.11) indicates that 3-fluorine substitution is deleterious to 

activity regardless of the position of the other fluorine. In addition, the di-ortho fluorine 

substituted compound 4.9 exhibited approximately the same level of activity as 4.4 indicating 

this substitution pattern is not additive or synergistic. 

Introduction of methyl or methyl ether groups into the benzyl ring gave different 

results. In general, 3-ǎǳōǎǘƛǘǳǘƛƻƴ ǊŜǎǳƭǘŜŘ ƛƴ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ŀŎǘƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ΨофумΦ 

The most active of these, 4.16 όǿƘƛŎƘ ǿƛƭƭ ƘŜǊŜŀŦǘŜǊ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨтрлмύΣ ǊƻǳǘƛƴŜƭȅ ŜȄƘƛōƛǘŜŘ 

activity 2 ς 6Ȅ ǘƘŀǘ ƻŦ ΨофумΦ н-ǎǳōǎǘƛǘǳǘƛƻƴ ŀƭǎƻ ǊŜǎǳƭǘŜŘ ƛƴ ŎƻƳǇƻǳƴŘǎ ƳƻǊŜ ŀŎǘƛǾŜ ǘƘŀƴ Ψофум 

while 4-substitution did not promote activity. In addition, 3-iodo (4.18) substitution also 

resulted in a significant increase in activity. 

 
 

Figure 4.5. Activation of HssRS by 4.20 ς 4.27 at 10 µa ǊŜƭŀǘƛǾŜ ǘƻ ΨофумΦ 
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Modification of the biaryl ether component was in general less well tolerated. 

Replacement with smaller aryl groups including phenyl (4.20), 4-methylphenyl (4.21), and 4-

methoxyphenyl (4.22) resulted in significant loss of activity. Movement of the 4-phenoxy 

moiety to the 2-position (4.25) also resulted in loss of activity. Movement to the 3-position 

(4.26) resulted in significant toxicity and as a result, the HssRS activity could not be determined 

in this screen.  The only modification that was tolerated was replacement of the 4-

phenoxyphenyl group with 4-biphenyl. This result suggested that activity is dependent on a 

large biaryl system in this component of the molecule. Despite this, biaryl sulfonamide 4.23 was 

not active. Finally, replacement of the biaryl ether system with an adamantlyl group (4.27) was 

also deleterious to activity. 

!ƴƻǘƘŜǊ ƳƻŘƛŦƛŎŀǘƛƻƴ ŜȄǇƭƻǊŜŘ ǿŀǎ ŎƻƴǾŜǊǘƛƴƎ Ψофум ǘƻ ŀ ǳǊŜŀ ōȅ ǊŜǇƭŀŎƛƴƎ ǘƘŜ ǎǳƭŦǳǊ 

with oxygen. This was accomplished by reacting 4-phenoxyaniline with carbonyldiimidazole and 

reacting the resulting isocyanate with 4-fluorobenzylamine with carbonyldiimidazole.2 The 

resulting urea 4.28 ŘŜƳƻƴǎǘǊŀǘŜŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘƘŜ ǎŀƳŜ ŀŎǘƛǾƛǘȅ ŀǎ Ψофум ŀǘ мл µM. 

 

 
 

X Cmpd 

Relative 
HssRS 

Activity 

S Ψофум 1 

O 4.28 0.97 

 

Figure 4.6. Comparison of urea 4.28 ŀŎǘƛǾƛǘȅ ǿƛǘƘ ΨофумΦ 
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Concentration response curves 

/ƻƴŎŜƴǘǊŀǘƛƻƴ ǊŜǎǇƻƴǎŜ ŎǳǊǾŜǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ ŦƻǊ Ψофум ŀƴŘ ǎŜǾŜǊŀƭ ƻŦ ǘƘŜ ƳƻǊŜ ŀŎǘƛǾŜ 

derivatives including 4.9, 4.12, 4.13, 4.15Σ Ψ7501, 4.18, and 4.28. EC50s were determined for 

each of these compounds as a measure of potency. For the most part, these modifications do 

not significantly affect potency. The only molecule with significantly increased potency was 4.18 

with iodine in the 3-position of the benzyl component. 

 

Cmpd 
EC50 
ό˃aύ pEC50 (M) 

Ψофум 3.26 5.49 ± 0.0351 

4.9 1.13 5.95 

4.12 3.56 5.45 ± 0.196 

4.13 6.31 5.20 ± 0.121 

4.15 2.91 5.54 ± 0.0911 

Ψтрлмκ4.16 4.44 5.35 ± 0.156 

4.18 0.78 6.11 ± 0.112 

4.28 3.04 5.52 

 

Table 4.1. EC50 ǾŀƭǳŜǎ ŦƻǊ Ψофум ŀƴŘ ŘŜǊƛǾŀǘƛǾŜǎ. 
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Figure 4.7. /ƻƴŎŜƴǘǊŀǘƛƻƴ ǊŜǎǇƻƴǎŜ ŎǳǊǾŜǎ ŦƻǊ ǎŜƭŜŎǘ Ψофум ŘŜǊƛǾŀǘƛǾŜǎΦ 
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4.4 Conclusions 

 ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ {!w ǎǘǳŘȅ ƻŦ Ψофум ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǎŜǾŜǊŀƭ ǎǘǊǳŎǘǳǊŀƭ ŦŜŀǘǳǊŜǎ ƻŦ ǘƘŜ 

molecule are important for activity. Substituents on the benzyl ring significantly affect activity. 

Activity is significantly ablated when fluorine is moved to the 3-position. In contrast, moving 

fluorine to the 2-Ǉƻǎƛǘƛƻƴ ƛƴŎǊŜŀǎŜǎ ŀŎǘƛǾƛǘȅ ǘǿƻŦƻƭŘ ŎƻƳǇŀǊŜŘ ǘƻ ΨофумΦ ¢ƘŜ ǎŜǊƛŜǎ ƻŦ ŘƛŦƭǳƻǊƻ 

compounds further indicates that fluorine in the 3-position is detrimental to activity. 

Substitution with methyl or methyl ethers in the 2- and 3- positions increases activity compared 

ǘƻ Ψофум ǿƘƛƭŜ ǎǳōǎǘƛǘǳǘƛƻƴ ƛƴ ǘƘŜ п-position decreases activity (Me) or does not alter activity 

(OMe). These results indicate that inductive effects in the benzyl ring are important for activity. 

¢Ƙƛǎ ŎƻǳƭŘ ōŜ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǇǊƻŎŜǎǎŜǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǇǊƻǘŜƛƴ ōƛƴŘƛƴƎ ǎǳŎƘ ŀǎ ˉ-cation 

interactions.  

Modification of the 4-biaryl ether was generally not well tolerated. All modification with 

the exception of substitution with 4-ōƛǇƘŜƴȅƭ ǊŜǎǳƭǘŜŘ ƛƴ ƭƻǎǎ ƻŦ ŀŎǘƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ΨофумΦ 

Most modifications were truncation of the biaryl ether, although movement of the phenoxy 

ether to the 2- and 3- positions also negatively affected activity. These results may suggest that 

this region of the molecule binds to a hydrophobic pocket of a potential target protein. Altering 

the 4-biary ether may destabilize this binding leading to a loss of activity.  
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Experimental Section 

General synthesis of thioureas. To a stirred solution of amine A (1.0 eq) in dichloromethane 

(0.25 M) was added an equal volume of saturated sodium bicarbonate. The resulting biphasic 

mixture was cooled to 0 °C and stirred vigorously. Thiophosgene (1.0 eq) dissolved in a minimal 

amount of dichloromethane was added dropwise to the mixture. Once addition was complete, 

the mixture was stirred vigorously for 30 min at 0 °C. Amine B (1.0 eq) was added to the 

reaction neat and the reaction was allowed to warm to room temperature. When the reaction 

was judged complete (TLC or LCMS), it was diluted with dichloromethane, the aqueous layer 

removed, the organic layer washed with 1 N HCl, brine, and dried (MgSO4). The reaction was 

concentrated and the residue purified either by preparative scale HPLC or recrystallization from 

hexanes/ethyl acetate or isopropanol. Yields were generally not determined. 

Synthesis of urea 4.28. To a stirred solution of 50.0 mg (0.270 mmol, 1.0 eq) of 4-

phenoxyaniline in 1 ml dichloromethane at 0 °C was added 52.5 mg (0.324 mmol, 1.2 eq) of 

carbonyldiimidazole. The mixture was stirred for 1 h and 35.0 mg (0.270 mmol, 1.0 eq) of 4-

fluorobenzylamine was added neat. The reaction was allowed to warm to room temperature 

and was judged complete by TLC. Volatiles were removed in vacuo and the residue purified by 

preparative scale reverse phase HPLC to provide 4.28. A yield was not recorded. 
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CHAPTER 5 

CHEMICAL METHODS OF TARGET IDENTIFICATION 

5.1 Background 

Modern discovery of bioactive small molecules centers on high throughput screening. 

The nature of each screen greatly depends on the biological system under study, but in general 

falls into one of two categories: phenotypic (or cell based forward genetic) screens and 

biochemical (or reverse genetic) screens.1 Biochemical screens involve screening molecules 

against one protein or a system of proteins outside their native environment. The read-out of 

such a screen is often an assay for enzyme activity or receptor response.2 This type of screen is 

useful for identifying molecules that modify the activity of a given protein. However, since the 

ǎȅǎǘŜƳƛŎ ƻǳǘŎƻƳŜ ƻŦ ƳƻŘƛŦƛŎŀǘƛƻƴ ƻŦ ŀ ǇǊƻǘŜƛƴΩǎ ŀŎǘƛǾƛǘȅ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǇǊŜŘƛŎǘΣ ōƛƻŎƘŜƳƛŎŀƭ 

screens are primarily useful for identifying small molecules whose targets are already well 

validated in a disease model or whatever biological context is under study. In contrast, 

phenotypic screens are run with whole cells or organisms and the response of the system is 

monitored through a reporter that induces a measurable response such as luminescence or 

fluorescence. This type of screen is advantageous because molecules that induce a specific 

response can be identified and used as tools to study whole pathways.1,3 

Despite the potential for phenotypic screens as rich sources of tool compounds and 

leads for therapeutic development, one major drawback is that the targets of the small 

molecules, and thus the underlying mechanism of their activity, are frequently unknown. As 

such, one of the great challenges in chemical biology is to discover the targets of small 
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molecules identified in phenotypic screens. There are two divergent approaches to small 

molecule target identification: genetic and chemical. Chemical methods will be discussed in this 

chapter. 

 

5.2 Chemical methods of target identification 

Chemical methods for the identification of targets of bioactive small molecules typically 

involve the development of a molecule (or set of molecules) called the probe(s). Probes are 

based on the structure of the original molecule but incorporate additional functional groups 

that enable target identification. In general, there are two methods that fall under the realm of 

chemical methods of target identification: affinity purification, which generally relies on 

noncovalent interaction between the probe and target to purify the target from a complex 

mixture of proteins; and ligand directed protein labeling, which involves the covalent 

modification of the target by the probe followed by isolation.4 These methods and the 

chemistry frequently utilized to carry them out will be discussed below. 
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Figure 5.1. Scheme representing the affinity purification process. A. General structure of an 
affinity purification probe. The process begins with a complex mixture of proteins (B), usually a 
lysate. The lysate is incubated with the probe and the target proteins (orange) bind (C) while 

non-target proteins do not and are washed away (D). Finally the target proteins are eluted from 
probe (E). 

 
 

Affinity Purification 

The general method of affinity purification is depicted in Figure 5.1. The underlying 

principle of this method is a molecule will have a higher affinity for its target than other non-

target proteins. A typical affinity purification experiment involves immobilization of an active 

molecule on a solid support, passage of a complex mixture of proteins of biological interest 

over the probe matrix, washing the matrix to remove nonspecifically bound (non-target) 

proteins, and elution of specifically bound (target) proteins from the solid matrix followed by 
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visualization and identification.4,5 In practice, the affinity pulldown experiment is much more 

nuanced and several factors must be optimized. 

Given a bioactive small molecule with an unknown target, the first step in any affinity 

pulldown experiment is determining structure-activity relationships (SAR) to identify positions 

in the molecule that can be modified while maintaining activity. This will help determine where 

a linker for immobilization can be placed.4 Placement of this linker is important and can 

significantly affect the results. Heck and coworkers conducted affinity pulldown experiments 

with two probes of cGMP, each with different points of linker attachment. While their results 

overlapped to some degree, there were differences in the proteins each probe pulled down.6 

The type of linker used is also an important consideration. The purpose of a linker is to 

extend the immobilized small molecule far enough from the solid support so as to not hinder 

binding of proteins.4 A variety of linkers have been prepared and utilized for affinity purification 

experiments. The simplest linker is a long alkyl chain. However, the hydrophobic nature of alkyl 

chains is thought to promote nonspecific binding of proteins in a lysate. Therefore, more 

hydrophllic linkers such as polyethylene glycols are frequently used. In addition, more 

structurally complex linkers such as polyprolines, which form a rod shaped structure, have been 

used to prevent nonspecific binding.4,5,7 

Many solid supports are available for conducting affinity purification experiments. 

Several activated resins are commercially available that can be reacted with a probe to form a 

covalent linkage. For example, NHS ester activated resins can be reacted with molecule-linker 

conjugates with terminal amines to covalently link the probe via amide bond formation. A very 

popular solid support for affinity purification is streptavidin proteins immobilized to a bead. The 
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small molecule is immobilized through a linkage with biotin. The biotin-streptavidin dissociation 

constant is very small and represents one of the strongest noncovalent interactions in nature.4,5 

Many probes are constructed with the active compound at one end of the linker and a biotin 

moiety at the other end for immobilization on streptavidin beads. 

A typical affinity purification experiment (Figure 5.1) consists of a binding step, where 

the protein mixture of interest (usually a lysate) is incubated with the immobilized probe. The 

solid support is then subjected to several washes to remove nonspecifically bound proteins. 

Because the binding between probe and target is not covalent, these washes are typically not 

harsh. After sufficient washing, the bound proteins are eluted from the solid support. This 

frequently involves heating in a detergent such as SDS. While this method is effective, it will 

also elute nonspecifically bound proteins that were not removed in the washing step. An 

alternative elution strategy is to use the active compound itself. For example, the beads can be 

incubated with free compound which will compete with the probe for binding to the target and 

effectively remove the protein from the solid support-probe complex.4,5 

Another strategy for reducing the number of nonspecifically bound proteins during an 

elution step is the use of selectively cleavable linkers. This method utilizes a functional group 

usually placed somewhere on the linker between the probe and solid support. The linker can 

undergo a reaction that will induce cleavage thus separating the probe and any bound proteins 

from the solid support. The cleavage conditions are generally quite mild and do not interfere 

with protein-protein interactions.  Functional groups that have been used include; disulfide 

bonds which can be cleaved by reduction or thiol exchange, ortho-nitrobenzyl esters which can 

be cleaved by irradiation with 365 nm light, and siloxy ethers which can be cleaved under mildly 
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acidic conditions. The extent to which cleavable linkers decrease the amount of nonspecifically 

bound proteins in the elution step varies depending on the cleavable functionality. For 

example, disulfide cleavable linkers can undergo thiol exchange with cysteine residues in 

proteins during the binding step leading to poor enrichment of target proteins and high 

background.8,9 

A critical component of affinity purification experiments are the use of proper controls. 

A good control will help distinguish specific interaction with the probe from nonspecific 

interactions. Some controls simply involve capping the linker with a small functional group such 

as an acetyl group. More elaborate controls commonly consist of attaching molecules deemed 

inactive by SAR or in the case of chiral molecules, the enantiomer (which is frequently not 

active).4,5 

While many successful target identifications have been conducted using the affinity 

purification strategy, this method does have its limitations. Even with proper solid support and 

linker choice,  a high affinity probe, and excellent controls, nonspecific protein binding is 

common. In particular, high abundance proteins are difficult to completely remove in a 

pulldown experiment. This can convolute the target identification process, and is especially 

problematic when the target is a protein of low abundance.4,5 
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Figure 5.2. General overview of ligand-directed target identification. (A) General structure of a 
probe for this experiment. (B) A sample, either in vivo or in a lysate, is treated with the probe 

which associates with target proteins. (C) The reactive group covalently modifies the target and 
(D) the tagged fractions are isolated from the rest of the sample by use of a reporter group. 

 
 

Ligand directed target identification 

Like affinity purification, probes used for ligand-directed target identification are based 

on the structure of the molecule of interest, but instead of a site for immobilization, they 

contain a functional group that is capable of covalently linking to a protein of interest. The 

underlying theory of this method is that the probe will have a higher affinity for, and will 

covalently label, a larger population of target proteins over nontarget proteins (Figure 5.2).4 A 

critical component of such a probe is a reporter that will allow downstream identification of 
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labeled proteins. Probes of this sort frequently contain biotin handles or a fluorophore that can 

be identified by streptavidin binding or in-gel fluorescence, respectively. These handles can be 

quite large and may affect the activity of the molecule if incorporated into the probe. To 

overcome this, smaller reporter groups can be utilized. Radiolabels such as 3H, 14C and 125I have 

proven to be excellent reporters as they can be incorporated into the molecule without 

significantly modifying the structure. Another common method is incorporation of handles for 

click chemistry, primarily azides or alkynes, into the molecule. These are relatively small 

functional groups that are compatible with most biological systems and allow downstream 

incorporation of larger reporter groups.10 Click chemistry and its use in target identification 

experiments will be discussed further in section 5.4. 

Many methods of residue selective chemical modification of proteins11 have been 

developed and can be used for target identification (Figure 5.3). For example, vinyl sulfones can 

be incorporated into molecules for adduction to cysteine residues. Their reactivity can also be 

modulated by varying substituents on the alkene.12 Despite high selectivity, use of these 

functional groups in target identification may be undesirable since generally very little is known 

about the binding site and the residue required for adduction may not be present in the binding 

site or may be in an undesirable orientation to react with the probe. 

An alternate strategy is to incorporate a normally unreactive functional group that can 

be activated under specific conditions to generate a reactive intermediate. This is most 

commonly accomplished by use of a photoaffinity label (PAL). A PAL is a functional group that is 

normally inert toward the biological system, but upon activation by an appropriate wavelength 
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of light, generates a very reactive intermediate that can covalently modify a protein.13,14 PALs 

will be discussed further in section 5.3. 

Ligand directed target identification offers several advantages over affinity purification. 

Because the probe does not need to be immobilized, the labeling step can be conducted in vivo 

which may provide a more biologically relevant result than experiments in a lysate. Functional 

groups used for labeling and downstream fraction identification are generally much smaller 

than the linkers needed for immobilization and may prevent significant loss of activity when 

incorporated into a probe.4 
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Figure 5.3. Examples of functional groups used for site specific labeling of proteins. 
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Miscellaneous methods 

In addition to the methods described above, several other chemical methods of target 

identification have been proposed. Emili and coworkers described a method they call target 

identification by chromatographic coelution (TICC). The premise of this method is that when a 

protein is bound to a compound, it will have a different HPLC retention time. By comparing an 

untreated to compound treated lysate, fractions whose retention times differed may be targets 

of the molecule and later identified using proteomics. The primary advantage of this method is 

the target can be identified without the need to develop probes.15 

Another method called drug affinity responsive target stability (DARTS) is based on the 

idea that when a compound binds to a protein, the protein may be more stable towards 

processes such as proteolysis or chemical denaturation. In this experiment, a lysate can be 

treated with a bioactive compound, exposed to proteolytic or denaturing conditions, and the 

ratio of surviving proteins compared to an untreated control determined to identify targets.4 

 

5.3 Photoaffinity probes 

The concept of labeling biomolecules by generation of reactive intermediates from 

photoreactive functional groups was first introduced in the 1960s.16 Since then, photoaffinity 

labeling has been extensively used in chemical biology for target identification, the study of 

protein-protein interactions, and compound binding studies. The three most commonly used 

functional groups for PAL experiments are aryl azides, the benzophenones, and diazirines. 

While they differ in several key properties which will be discussed below, they are all stable in 
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most biological systems (particularly when light is excluded) and they each generate reactive 

intermediates when exposed to the appropriate wavelength of light.13,10 

Aryl azides 

Aryl azides are convenient photoaffinity reagents due to the ease with which they can 

be incorporated into molecules. The azide moiety is relatively small and thus generally does not 

significantly alter the activity of a molecule. When exposed to 250-280 nm light, aryl azides are 

excited to a singlet state. This can either expel nitrogen and generate a singlet nitrene or 

undergo intersystem crossing (ISC) to a triplet state which can eliminate nitrogen generating a 

triplet nitrene. While in theory, the singlet nitrene can undergo insertion reactions; its fate 

depends on the other substituents of the aryl ring. When hydrogens are ortho to the singlet 

nitrene, insertion reactions are typically not observed. Instead, the molecule either rapidly 

undergoes a rearrangement to the didehydroazepine or converts to the triplet nitrene through 

ISC. The didehydroazepine generated is potentially of use in photoaffinity labeling and can react 

with sufficiently nucleophilic amino acids such as cysteine and histidine. However, oxygen 

nucleophiles and protonated lysine typically do not react. Kohn and coworkers developed 

probes for target identification of the anti-epileptic drug lacosamide. One probe contained an 

arylazide photoaffinity label and the other used an isothiocyanate in the same position as the 

azide on the aryl ring. Despite the azide probe being significantly more active, the 

isothiocyanate probe allowed successful target identification. This result underscores the 

potential complications posed by the ring expansion.17 When both ortho substituents are 

fluorine, the rearrangement is suppressed and the singlet nitrene can undergo insertion 

reactions. Triplet nitrene can react with molecules through hydrogen abstraction and resulting 



131 
 

radical chemistry (Scheme 5.1) Aside from the potential inability of nonfluorine substituted aryl 

azides to undergo insertion reactions, another major drawback of their use is the short 

wavelengths needed to excite them have the potential to damage biomacromolecules.13,14,18 

 

Scheme 5.1. Photoaffinity labeling by aryl azides. (X = N,S; Y = C, N, O, S) 

 

Benzophenones 

Benzophenones can be excited to ketyl radicals with ~350 nm light. The excited 

intermediate can adduct proteins through hydrogen abstraction and resulting radical chemistry 
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(Scheme 5.2). While they are relatively large, they can be easily incorporated into certain 

bioactive molecules. One major disadvantage of benzophenones as photoaffinity labels is they 

require relatively long irradiation times. While 350 nm light typically does not damage 

biomacromolecules, the long irradiation times tend to lead to nonspecific labeling of proteins.13 

 

Scheme 5.2. Photoaffinity labeling by benzophenones. (X = C, N, O, S) 

 

Diazirines 

Diazirines are three membered heterocycles composed of one carbon atom bonded to 

two nitrogen atoms that are double bonded to each other. Upon irradiation with ~365 nm light, 

they either eject nitrogen to generate a reactive carbene or isomerize to the diazo compound 

(Scheme 5.3). Which pathway predominates and the nature of the carbene generated depends 

greatly on the substitution of the diazirine carbon. Aryl trifluoromethyl diazirines tend to 

suppress isomerization pathway and promote carbene formation. For this reason, they are 

predominantly used in photoaffinity labeling experiments, though aliphatic diazirines have also 

been successfully used.13,16 
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Scheme 5.3. Photoaffinity labeling by aryltrifluoromethyl diazrines. (X = C, N, O, S) 

 

5.4 Click Chemistry and Bioorthogonal Reactions 

The concept of click chemistry was introduced by Sharpless as a set of reactions with 

certain properties such as high yielding, modular, wide in scope, and easy to conduct.19 The 

reaction most synonymous with click chemistry is the copper(I) catalyzed Huisgen 1,3 

dipolarcycloaddition between an azide and an alkyne. Due to the stability of alkynes and azides 

in biological systems and the ability to conduct this reaction in aqueous solutions, this reaction 

has been described as bioorthogonal and has been extensively utilized and expanded on to 

study biology. In particular, azides and alkynes (and other clickable groups) have been utilized 

as handles for affinity purification and ligand directed target identification experiments.20 

Copper catalyzed azide alkyne cycloaddition (CuAAC) 

The canonical click reaction, while capable of occurring thermally, occurs best under 

Cu(I) catalysis. Cu(I) is not particularly stable in aqueous solutions and direct use of its salts 

without stabilizing ligands is generally not practiced. Instead, Cu(II) salts are used with a co-

reductant. Sodium ascorbate is predominantly used for this purpose though other reducing 
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agents including TCEP and hydrazine have been employed. Despite the use of co-reductants, 

Cu(I) produces reactive oxygen species in aqueous solutions. This presents certain challenges 

for bioconjugation reactions because of the potential for damage to biomacromolecules. 

Several ligands have been developed that stabilize the Cu(I) oxidation state and are essential in 

biological click reactions. Another complicating factor for click reactions using sodium ascorbate 

as co-reductant in biological systems is the dehydroascorbate produced from sodium ascorbate 

reduction of Cu(II) can adduct certain protein residues such as lysine and arginine.20 Finn and 

coworkers have extensively studied the click reaction for bioconjugations and have determined 

generally optimal conditions to suppress the negative aspects of CuAAC including the use of 

tris-triazole Cu(I) ligands and aminoguanidine as a dehydroascorbate scavenger.21 

Strain promoted azide alkyne cycloaddition (SPAAC) 

Since the majority of issues with CuAAC bioconjugation arise from the presence of Cu(I), 

researchers have devised methods for metal-free click reactions. The best developed of these is 

the strain promoted azide alkyne cycloaddition (SPAAC) developed by Bertozzi and co-workers. 

This method makes use of the reactive nature of alkynes incorporated in eight membered rings. 

These molecules are highly strained and cycloadditons with dipoles is favored since this will 

alleviate strain. Several cyclooctyne click reagents have been developed with varying 

substituents to improve the reactivitiy in the click reaction. Despite not needing metal catalysis, 

these reactions are 10 ς 100 times slower than the Cu(I) catalyzed counterpart. In addition, 

certain biological nucleophiles such as thiols and sulfenic acids have been reported to react 

with cyclooctynes.20 



135 
 

Alternate click reactions 

Several methods mirroring the selective and bioorthogonal nature of the canonical 

azide-alkyne click have been developed with other functional groups. One such method utilizes 

Pd-mediated cross couplings for bioconjugations. Several Pd cross coupling reactions have been 

utilized to this end, including the Heck, Suzuki, and Sonogashira couplings.22,23,24 These 

reactions have enabled the use of aryl iodides, terminal alkenes, and boronic acids to be used 

as click handles. In addition, to Pd cross-coupling chemistry, cross metathesis has also been 

used for bioconjugation.20 
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Figure 5.4. Bioorthogonal click reactions 
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In addition to these metal-catalyzed reactions, metal-free click reactions (aside from 

cyclooctyne reactions) have also been developed with different functional groups as click 

handles. One class of these reactions utilizes tetrazines which react with a variety of strained 

alkenes and alkynes in reverse-electron demand-Diels-Alder reactions followed by retro-Diels-

Alder to eliminate nitrogen. These reactions occur with considerably high rate constants. In 

addition to undergoing [4+2] reactions, tetrazines also undergo [4+1] cycloadditons with 

isonitriles again followed by retro-Diels-Alder reaction to release nitrogen.20 

 

5.5 Quantitative proteomic methods for target identification experiments 

A crucial component of target identification by chemical methods is proteomic 

identification and quantification of probe and control samples. This is such an important 

component of chemical methods of target identification that the process is often referred to as 

chemical proteomics. Proteins are typically identified by shotgun proteomics and many 

methods for sample preparation, high resolution tandem mass spectrum acquisition, and data 

analysis have been developed.25 

A more challenging aspect is the quantification of proteins obtained in target 

identification experiments. Accurately discerning enrichment in a probe treated sample vs. 

control is of paramount importance in target identification. One of the major sources of error in 

the quantification of proteins in target identification experiments is in the post ligand directed 

or affinity purification sample handling. Since the samples must be kept separate, any 

manipulation introduces error and may skew the results and provide misleading data. Several 

methods have been developed to overcome this by combining the probe and control sample 
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into one so they are handled together, but introducing conditions that allow the ratios of 

proteins from each condition to be discerned. Stable isotope labeling by amino acids in cell 

culture (SILAC) involves incorporation of heavy amino acids into a protein sample by 

supplementing the media cells are grown in with stable isotope-labeled amino acids. This 

requires the organism be auxotrophic for the heavy labeled amino acids and require several 

rounds of cell division to fully incorporate the heavy amino acids into the proteome. A target 

identification experiment can then be conducted with the heavy proteome used for one 

ŎƻƴŘƛǘƛƻƴ ŀƴŘ ŀƴ ǳƴƭŀōŜƭŜŘ άƭƛƎƘǘέ ǇǊƻǘŜƻƳŜ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎŜŎƻƴŘ ŎƻƴŘƛǘƛƻƴΦ ¢ƘŜ ǎŀƳǇƭŜǎ Ŏŀƴ 

then be combined, processed, subjected to shotgun proteomics, and quantified by observing 

the ratio of heavy to light peptides. While SILAC is a very powerful tool in quantitative 

proteomics, heavy amino acids can be quite expensive and the process is not applicable to all 

biological systems. Methods to exogenously label protein samples after target identification 

experiments have been developed. Isotopically coded affinity tags (ICAT) consist of a biotin 

moiety, a light or heavy labeled linker, and a thiol reactive group. Samples are treated with 

either the light or heavy labeled ICAT reagents which covalently link to proteins through 

cysteine residues, the samples processed, and protein ratios determined by observing the ratio 

of heavy to light tags. In a similar approach, isobaric tags for relative and absolute quantitation 

(ITRAQ) reagents consist of a reporter group (an isotopically labeled piperazine), a balance 

group (isotopically labeled carbonyl), and an NHS-ester. Proteins or peptides are treated with 

the ITRAQ reagent and labeled at the N-terminus by amide bond formation through the NHS 

ester. Quantification is possible using collision induced dissociation (CID) where the reporter tag 

will fly off. Up to four samples can be analyzed at once using ITRAQ reagents. In addition to 
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these labeling approaches, label-free techniques such as spectral counting are frequently used 

to quantify proteins in target identification experiments.4,26 

 

5.6 Examples of target identification experiments in bacteria 

The following are examples of chemical probes used for the target identification of small 

molecules active in bacteria. Several of the procedures for affinity pulldowns, photoaffinity 

labeling, and click chemistry have been applied to my work on target identification that will be 

described in chapters six and seven. 

Identification of the binding site of oxazolidinone antibiotics 

Oxazolidinones are a class of synthetic antibiotics represented by linezolid (5.1) and 

eperozilid (5.2) that inhibit bacterial growth by interfering with ribosomal protein synthesis. 

While the ribosome was well established as the target of oxazolidinones, the binding site within 

the ribosome was not. The ribosome is a large multicomponent complex composed of proteins 

and nucleic acids that work together to translate mRNA into proteins through several stages. 

Many early studies of the mechanism of action of oxazolidinone antibiotics relied on either in 

vivo genetic studies or biochemical studies of reconstituted components of the ribosome. These 

studies gave conflicting results. Colca and coworkers devised an oxazolidinone photoaffinity 

probe containing an aryl azide as the photoreactive group and a radiolabel as the reporter to 

identify which component of the ribosome this class of antibiotics binds to. Using SAR data, 

they designed photoaffinity probe 5.4 with an 125I radiolabel. This probe maintained an MIC < 

10 µM against S. aureus.27 
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Figure 5.5. Oxazolidinones and derived photoaffinity probes. Radiolabels in blue. 

 

The authors incubated S. aureus in exponential phase with 2 µM of 5.4 for 30 minutes 

either alone, with 40 µM 5.2 as a competitor, or 40 µM of the enantiomer of 5.2 (which is not 

active against S. aureus). The crosslinking was accomplished by irradiation with 254 nm light for 

2.1 minutes in a Stratalinker device. The cells were lysed and the RNA and protein fractions 

were isolated, run on gels, and visualized by autoradiography to identify sites of cross-linking. 

They observed crosslinking to the 23S rRNA subunit, a tRNA, and two proteins, L27 and LepA. 
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Labeling of all of these by the probe was competed off by cotreatment with 5.2 but not 

competed when its enantiomer was present. They concluded from these results that 

oxazolidinones act on the peptidyl transferase complex (PTC) of the ribosome.27 

In a follow up study, the authors introduced probes 5.5 and 5.6 with the azides and 

radiolabels placed in different parts of the molecule to better study the binding site of 

oxazoldinones in the PTC. Using the same crosslinking conditions as previously described, they 

used the three probes to map the binding site. From this information, they created a model 

whereby oxazolidinones occupy the A-site of the PTC which effectively blocks the binding of 

aminoacyl-tRNAs leading to inhibition of protein synthesis.28 

Affinity purification to identify the target of salicylidene acylhydrazides 

Salicylidene acylhydrazides such as 5.7 and 5.8 were identified as inhibitors of Gram 

negative bacterial type 3 secretion systems (T3SS) and exhibit in vitro and in vivo reduction of 

bacterial virulence. Despite activity related to T3SS inhibition, the mechanism of action of 

salicylidene acylhydrazide was not known. Elofson, Roe, and coworkers utilized affinity 

purification probe 5.9 to identify proteins that bind salicylidene acylhydrazides. 29 
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Figure 5.6. Salicylidene acylhydrazide inhibitors of bacterial T3SS and affinity purification 
probes. 

 

Affinity probe 5.9 was based on the structure of 5.8 with the nitro group replaced by a 

linker. The solid support used was an NHS ester activated agarose bead (Affi-Gel) and linked to 

the probe through amide bond formation with the terminal amine of the probe linker. Whole 

cell lysates of E. coli were prepared and incubated with 5.9 overnight at 4 °C. The beads were 

washed 10 times with PBS. The elution step was performed by incubation with 20 µM 5.7 

followed by another elution with 200 µM 5.7, and finally the beads were treated with 0.1% 

acetic acid to strip them of proteins. They performed SDS-PAGE on each fraction and identified 

16 bands enriched in the compound elution lanes, but less prominent in the acetic acid elution.  

Of the 16 candidate proteins, the authors were able to express seven and determined their 

ability to bind salicylidene acylhydrazides using biotinylated protein 5.10 for far western 
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experiments. Three proteins showed affinity for 5.10 in the far western experiments and 

homologs in several other Gram negative species also showed affinity for 5.10.29 

Work to validate these targets included creation of point mutants and knockout strains 

of several of the targets identified in the pulldown. The authors observed an increase in T3SS 

activity in several of the mutants as well as >2-fold changes in transcription of several other 

genes related to virulence. Treatment of the mutants with 5.7 and 5.8 decreased T3SS activity 

suggesting they had multiple targets. They conclude that the salicylidene acylhydrazides likely 

affect T3SS by interaction with several targets resulting in global downregulation of virulence.29 

A clickable photoaffinity probe used to identify the targets of a compound with anti-

tuberculosis activity 

Jacobs, Schultz, and coworkers identified benzothiazole 5.11 in a high throughput screen 

for compounds capable of disrupting M. tuberculosis biofilms. Further testing of 5.11 

demonstrated in vivo activity against M. tuberculosis in dormancy models. To establish a 

mechanism of action, they initially pursued a genetic approach to target identification by 

analyzing transcriptome changes induced by compound treatment, screening of a M. 

smegmatis cosmid library for mutants insensitive to 5.11, and generation of spontaneously 

resistant mutants followed by genome sequencing to identify genes that were mutated. This 

approach led to the hypothesis that 5.11 targets DprE1, a protein involved in cell wall arabinan 

synthesis.30 
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Figure 5.7. Benzothioazole active against dormant M. tuberculosis and probes based on its 
structure. 

 

However, several follow up experiments indicated the probability of secondary targets. 

In order to identify these targets, they prepared affinity probe 5.12 and photoaffinity probe 

5.13, containing an alkyl diazirine as the photoreactive group and alkyne click handle. A M. 

tuberculosis lysate was treated with 5.12 and 5.12 with 50 µM of 5.11 as a competitor. The 

beads were washed with loading buffer and eluted by boiling in Laemmli sample buffer. After 

the elution samples were run on SDS-PAGE and visualized by silver staining, the authors note a 

band that appears in the 5.12 only lane, but absent in the 5.12 plus competitor lane. They 

excised this band and identified the protein as MoeW, a protein involved in molybdenum 

cofactor biosynthesis.30 


















































































































































































































