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ABSTRACT 

Antimicrobial resistance is a human health issue that demands development of new 

antibiotics with unique mechanisms of action to combat antibiotic failure in the clinic. 

Methicillin-resistant Staphylococcus aureus (MRSA) has emerged as a particular resistant 

pathogen associated with high levels of incidence and mortality. Isolation and structural 

elucidation of the antibiotic natural products armeniaspirols A-C was first reported in 2012 by 

Sanofi. Armeniaspirol possess an unprecedented scaffold and novel multiple mechanisms of 

action. For these reasons the armeniaspirols were an ideal scaffold to investigate for the 

development of antibiotics effective against current resistant pathogens. 

A series of focused derivatives were synthesized and evaluated for antibiotic activity 

against clinically relevant pathogens including methicillin-resistant Staphylococcus aureus and 

vancomycin-resistant Enterococcus. Replacement of the N-methyl with N-hexyl and various N-

benzyl substituents lead to a substantial increase in antibiotic activity and potency for inhibition 

of both ClpYQ and ClpXP, the intracellular targets of armeniaspirol.  

Armeniaspirol is also known to disrupt the proton motive force (PMF) in bacteria, though 

initial work by the Brönstrup lab suggested this was via shuttling of protons across the 

membrane.  With a library of analogues in hand from our previous study, we sought to 

characterize their disruption of the PMF. Using a voltage sensitive dye-based assay and 

checkerboard synergy-based assay we demonstrated that armeniaspirols disrupt the proton 

motive force by dissipating the electrical potential (ΔΨ) of the PMF, correcting the previous 

literature, which suggested they disrupted the transmembrane proton gradient (ΔpH). 

Lastly, our efforts toward the total synthesis of armeniaspirol A using an oxidative 

chlorination transformation led to a constitutional isomer of armeniaspirol by an unexpected 
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Lewis acid mediated rearrangement in the penultimate step. We characterized the scope of 

carbonyl derivatives that could undergo successful oxidation generating the key α,β-dichloro-

α,β-unsaturated lactam of the armeniaspirol scaffold.  Our work led to a mechanistic study 

demonstrating how simple ketones undergo decomposition via acylium ion formation whereas 

esters and amides are effectively oxidized to the desired product. 

Overall, the research presented here lays the foundation for the future work to confirm 

safety, efficacy, and toxicity of the armeniaspirols and to synthesize new analogues with 

improved drug like characteristics. In addition, this thesis previews an evolution-based link 

between armeniaspirol and its biosynthetic precursor that suggests mid- to late-stage biosynthetic 

intermediates are likely to possess biological activity but via a different mechanism of action as 

compared to the parent natural products. Furthermore, this analysis suggests that the intermediate 

is likely to synergize with the natural product, increasing the fitness of the producing organism as 

the pathway evolves. 
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Chapter 1: Introduction 

1.1 Antimicrobial resistance  

Antimicrobial resistance is the occurrence of change within a microorganism that causes 

common drugs treatments to become ineffective. This results in bacterial strains that continue to 

grow despite the presence of previously effective antibiotics1. This phenomenon arises due to 

horizontal gene transfer as well as rapid rates of genetic mutations when bacteria are subjected to 

selection pressures by the addition of a drug. The evolutionary pressure rapidly selects for the 

resistant mutants enabling this mutation to become fixed in the population2,3.     

Some of the highest risk pathogens associated with antimicrobial resistance have been 

deemed the ‘ESKAPE’ pathogens. This includes Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 

spp4. A review of clinical and economic burdens reports that the ESKAPE pathogens are 

associated with the highest risk of mortality and greater economic costs5. The report estimated 

that 10 million deaths will be attributed to antimicrobial resistance by 2050, and 100 trillion USD 

of the world’s economic outputs will be lost if substantive efforts are not made to contain this 

threat4–6.  

Methicillin-resistant Staphylococcus aureus (MRSA), has emerged as a significant 

pathogen associated with high levels of morbidity and mortality7,8. Government initiatives and 

programs have been put in place for the continued tracking and monitoring of new resistant 

strains of MRSA9. Recently, new MRSA strains have emerged with resistance as well as lower 

susceptibility to vancomycin and daptomycin, the current frontline treatment for MRSA 

infections10. As MRSA is resistant to nearly all β-lactam antibiotics, some fluoroquinolone 
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(levofloxacin), aminoglycosides (kanamycin), and macrolide antibiotics (erythromycin),8,9,11 few 

treatment options remain for clinicians to treat these pathogens.   

 

Figure 1.1 Structures and mechanisms of action of last line of defense treatment of MRSA 

infections and three examples of current antibiotics that MRSA has developed resistance to. 

 

The increased prevalence of antimicrobial resistance (and more resistant organisms being 

discovered in the clinic) is compounded by the sharp decrease in output of new antibiotic 

therapeutics from the pharmaceutical industry12. Many major companies in the pharmaceutical 

industry including Novartis, AstraZeneca and Sanofi have closed their antibiotic research 

programs all together, with Johnson and Johnson (Janssen) the most recent as of February 
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202313. This comes as little surprise as the cost to develop a drug from a hit compound is 

generally approximated at close to 1 billion dollars. With antibiotic treatments being single use 

and having short-term longevity in the clinic due to the rapid emergence of resistance, there are 

low recovery rates of investment capital and decreased profitability for companies developing 

antibiotics. This can be seen with the recent example plazomicin, an aminoglycoside derivative 

that was approved by the FDA in 2018. Achaogen, the company that developed the drug, filed 

for bankruptcy in 2019 after sales amounted to roughly $80 million dollars, less than one tenth 

the cost required to bring the drug to market14.  

With rising rates of antimicrobial resistance and decreased pharma presence in the field, a 

large portion of new antibiotic discovery and development has been placed on the shoulders of 

academia. Academia now plays a vital role in uncovering both clinically and chemically unique 

antibiotics that engage new targets to develop therapeutics to combat the threat that multidrug 

resistant pathogens pose.  

1.2 Natural product antibiotics  

With the clear need and challenges for antibiotic development highlighted above, a new 

approach to the problem must be taken. Natural products have been at the forefront of treating 

antibiotic infections for almost a century, since the discovery of penicillin G in 1928. The 

“golden age” of antibiotics, from the 1940s to the 1960s, saw over 30 new classes of antibiotics 

(Figure 1.2) discovered and brought to the clinic15,16. The majority of these therapeutic 

compounds were natural products or of natural product origin (Figure 1.3). Following the 

“Golden age”, synthetic second-generation derivatives were developed that were aimed at 

improving these natural products’ clinical efficacy. During this lag phase, few new classes of 
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antibiotics were brought to the clinic. Recently, antibiotic research has fallen even further behind 

as the current antibiotic pipeline is saturated with drug candidates that share substantial structural 

homology (third and fourth generations) or are in the same class as known antibiotics. 

 

Figure 1.2 Timeline of natural product antibiotic discovery. Highlighting the golden era of 

antibiotics and the lag phase from the 1980s onwards. 

 

Classes of antibiotics that share distinct structural features often function with similar 

mechanisms of actions. This often enables resistant bacteria to rapidly evade new developed 

compounds if they are based on a known scaffold and have a conserved mechanism of action3. 

While 2013-2017 represented an uptick in the number of antibiotics approved by the Food and 

Drug Administration (FDA), with seven new antibiotics approved, none of these possessed a 

new mechanism of action17. Antibiotics with new or privileged targets that causes resistance to 

arise at a much slower rate is clearly needed. 
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Figure 1.3 Source of FDA approved antibiotics highlighting prominence of natural products as 

antibiotic therapeutics17. 

 

Recent advancements in natural product discovery are helping to spur new antibiotic 

development. For example, a novel cultivation technique coined the iChip enables growth of 

previously uncultivatable soil bacteria in situ such that the appropriate nutrients and growth 

factors are present has enabled many new genera of bacteria to be discovered18. As current 

estimates suggest only 1% of bacterial diversity is cultivatable in the lab, this technology opens 

the door to growing orders of magnitude more bacterial strains, including many that are rich in 

secondary metabolites. As a proof of principle, this approach was used to discover teixobactin 

from the previously uncharacterized bacteria Eleftheria terrae18. Teixobactin is a potent Gram-

positive antibiotic, active against MRSA, vancomycin resistant E. faecalis (VRE) and penicillin 

resistant S. pneumoniae (PRSP). It displays a similar mechanism of vancomycin by binding to 

lipid II, a precursor to peptidoglycan. As it binds to a bacterial cell wall building block that is not 

directly encoded in the genome, development of resistance mutants is much slower, as has been 

seen for vancomycin.  
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Another recent approach in drug discovery research has come in the form of 

polypharmacology. Polypharmacology is the design or use of pharmaceutical agents that act on 

multiple targets or disease pathways. This trait was deemed undesirable for many years in 

industry due to concerns over off-target activity leading to toxicity issues19. This led to most drug 

development programs focused on a “one target-one molecule” approach. However, a data 

mining analysis suggested that each drug with a natural product origin interacts with 2-7 

targets20. This inherent polypharmacolgy is likely built into natural products as they have been 

selected for through evolution for desirable biological interactions across a wide spread of 

organisms. Over half of approved antibiotics since 2015 have multitarget mechanisms of action, 

likely stemming from the drugs’ natural product origins21. Polypharmacology may provide a new 

attractive avenue for the development of antibiotic therapeutics for two reasons. First, resistance 

will arise at a lower rate since concurrent mutations in multiple targets, which is statistically 

improbable, is required for resistance20. Secondly, inhibiting multiple cellular processes within a 

cell can lead to synergism, improving potency22. These two factors create an intriguing avenue to 

pursue natural products as a viable option in combatting antimicrobial resistance due to increased 

potency with multiple cellular targets and lower likelihood of resistance developing.  

1.3 Armeniaspirol discovery and initial pharmacological characterization  

Isolation and structural elucidation of armeniaspirols A-C was first reported in 2012 by 

the now defunct Sanofi antibiotic discovery team23. Monitoring the metabolite profiles of the 

growth on ISP-2 by HPLC, the authors describe the emergence of three new peaks in the 

methanolic extracts of the crude broth. Each peak was collected using preparatory HPLC and 

analyzed using a suite of NMR, computer aided NMR simulations, mass spectrometry and X-ray 
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crystallography. This computer-assisted structure elucidation method (CASE) used 1H and 13C 

chemical shifts, multiplicities, carbon hybridization state, as well as COSY, HSQC and HMBC 

connectivities to build a molecular connectivity diagram (MCD). A total of 19834 molecules 

were generated using MCD, which was narrowed down to 9 molecules when checked against 

chemical feasibility, ring rules, and chemical formula. An extra CASE method using predicted 

13C-spectra were used to compare predicted and experimental spectra where the best match 

resulted in the structure of armeniaspirol. All three structures of armeniaspirols A-C containing 

the unprecedented spiro-[4.4]non-8-ene skeleton were then confirmed by X-ray crystallography, 

which also confirmed the R stereochemistry contained in the natural product23. 

Biological evaluation of armeniaspirol A-C showed them to be potent Gram-positive 

antibiotics effective against bacteria including MRSA, PRSP, and VRE. In addition to their 

potency, no resistant S. aureus mutants could be detected even after 30 serial passages with 

subtherapeutic levels of the compounds. Armeniaspirol A-C showed no inhibition of Gram-

negative pathogens (E. coli or P. aeruginosa) or fungi (C. albicans) and showed no toxicity in 

human hepatocyte HepG2 cells or activity against the hERG cardiac channel. Despite the 

electrophilic Michael acceptor present in the lactam of the armeniaspirols under physiological 

conditions the armeniaspirols were stable in PBS buffer for over 24 hours and showed only 

minor instability in the presence of 10 mM glutathione, 10 mM isobutylamine or cytochromes 

CYP3A4 and CYP2D624. 

The Sanofi group furthered the development of the armeniaspirols by conducting a 

preliminary SAR study by synthesizing semi-synthetic and synthetic derivatives24. Their findings 

showed that substitution of β-chlorine on the Michael accepter with amine, thiol and alcohol 

nucleophiles rendered no improvements in activity. Reduction of the central ketone, and 
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alkylation of the phenol led to reduction in activity (Figure 1.4). The only derivatives that were 

tolerated were the incorporation of halogens into the aromatic moiety, although this did not 

improve the potency. These analogues arose during attempts to synthesize the natural product, 

including the challenging N,O spiro ketal center. Unfortunately, during the construction of the 

spiro center using the electrophilic chlorine source, N-chlorosuccinimide (NCS), unintended 

chlorination of the aromatic moiety occurred, yielding Cl-armeniaspirol. Several attempts to 

change reagent, solvent, and temperature to construct the spiro center were reported; however, 

unwanted incorporation of the halogen could not be avoided. This was, however, a key finding 

from a medicinal chemistry perspective as a method of accessing these halogenated analogues 

was established. The synthesis of a library of armeniaspirol analogues using this chemistry will 

be discussed in detail in chapter 2.  

 

Figure 1.4 Structure of armeniaspirol A. Functional groups required for activity from the initial 

SAR study are highlighted in green. 

 

Lastly, to further support the safety profile of armeniaspirol, an MRSA-induced sepsis 

model was done in mice, which showed increased survival rates and reduction of blood 

bacteremia levels at 15 mg/kg/d using IV administration. With the unique structure, high 
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potency, and promising safety data coupled to the need for new and novel mechanism of action 

antibiotics, armeniaspirol made for an obvious candidate for investigation into the mechanism of 

action and further SAR studies.  

1.4 Armeniaspirol competitively inhibits ClpXP and ClpYQ 

To determine the mechanism of action of armeniaspirol, a host of proteomic and in vitro 

biochemical assays were conducted25. The B. subtilis proteome has been extensively 

fingerprinted in response to known antibiotics of various mechanisms including those that inhibit 

protein biosynthesis, fatty acid biosynthesis, cell wall biosynthesis, and DNA damaging 

agents22,26–29. Thus, it is known that treatment with varying antibiotics with distinct mechanisms 

of action causes changes in the abundance of specific protein biomarkers that are characteristic 

of the drug’s mechanism of action. Therefore, when the armeniaspirol treated proteomic profile 

was compared to the expected changes from known antibiotic treatments, no increase in key 

associated proteins was observed indicating armeniaspirol may display a unique mechanism of 

action. To further support this, a checkerboard synergy assay was done comparing armeniaspirol 

with a panel of known antibiotics. If synergy is observed between two antibiotic compounds, it is 

often indicative that they function through a similar mechanism of action. However, no synergy 

was observed when armeniaspirol was co-administered with tetracycline, cerulenin, penicillin or 

ciprofloxacin. 

A competitive activity-based protein profiling experiment using armeniaspirol was 

conducted in B. subtilis to try to discover its potential protein targets. With armeniaspirol’s 

electrophilic Michael acceptor, the cell lysate was first treated with the chlorinated natural 

product followed by a bioorthogonal alkyne-containing analogue to facilitate a competitive 
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protein capture using crosslinking with biotin azide and capture on streptavidin beads. This 

competitive profiling assay facilitates capture of all remaining off target proteins which can be 

counter screened against the proteins obtained from the pull-down probe alone to rule out false 

positives. From this pull-down assay, twelve proteins showed a statistically significant (p-value 

2) increase in abundance. After ruling out targets associated with the primary metabolism, 

translation (due to the fingerprinting and synergy assays) and other remaining proteins with no 

implications in antibiotic activity, this left protein target ClpP with a 3.3-fold increase in the 

probe only capture experiment.  

 

Figure 1.5 Armeniaspirol inhibits cellular AAA+ proteases ClpXP and ClpYQ competitively to 

cause cell division arrest. 

 

ClpP is the proteolytic component of the ClpXP AAA+ protease that plays a role in 

bacterial physiology by degrading damaged and misfolded proteins and is associated with 

virulence in Gram-positive pathogens. In one of the four biological replicates of the probe-only 

inhibitor capture experiment, ClpQ —another AAA+ protease— was detected in high 

abundance. The detection of the Clp proteases indicated that these proteases could be a potential 

target of armeniaspirol. To interrogate this hypothesis, a kinetic in vitro evaluation of the 
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proteolytic activity was conducted using purified protein from B. subtilis and E. coli. 

Armeniaspirol showed a dose response towards proteolytic activity of both ClpYQ and ClpXP 

allowing for a determination of an IC50 value for each protein. An increase in apparent KM and a 

stable Vmax in the presence of increasing inhibitor concentrations, showed armeniaspirol 

functions as a competitive inhibitor of the Clp proteases. Under conditions of competitive 

inhibition, the Cheng-Prusoff equation allows for the conversion of IC50 values to obtain Ki of 

armeniaspirol for each protease. Lastly, the double knockout mutants of ClpP and ClpQ were 

synthetically lethal to the organism. Synthetic lethality is a situation in which mutations to two 

genes together result in cell death, but a knockout of either gene alone does not. This aspect is in 

line with armeniaspirol inhibiting both ClpXP and ClpYQ which causes cell death. By chemical 

and quantitative proteomics, biochemical assays, armeniaspirols are shown to competitively 

inhibit the AAA+ proteases ClpXP and ClpYQ displaying an unprecedented mechanism of 

action.   

1.5 Total synthesis of armeniasprol and ability to depolarize cell membranes of Gram-

positive bacteria 

The armeniaspirol compounds arise biosynthetically from halogenated pyrroles, which 

are converted to the spirocyclic armeniaspirol through a flavin-dependent monooxygenase30,31. 

The halogenated biosynthetic precursor to armeniaspirol shares structural and functional group 

homology (contain a carbonyl linker between the aryl and halogenated pyrrole moiety) to a class 

of compounds often referred to as halopyrroles including pyoluteorin and the pyrrolomycins 

(Figure 1.6)32,33. These compounds show potent activity against Gram-positive pathogens; 

however, no clear mechanism of action had been deduced from this family of compounds until a 



 

12 

 

2019 study on the pyrrolomycins, produced by Streptomyces vitaminophilus 34. The study 

demonstrated that the pyrrolomycins are “protonophores”, compounds that shuttle protons across 

membranes resulting in membrane depolarization. The transmembrane proton gradient is 

responsible for powering ATP synthesis in bacteria and is generated through the electron 

transport chain. When it is disrupted, bacteria can undergo energy depletion and cell death. The 

authors concluded that the pyrrolomycins are protonophores through a variety of biochemical 

and biophysical experiments. This included attempting to generate resistant mutants, pH 

dependent MICs, examining morphology using microscopy, examining charge on either side of a 

lipid bilayer, testing mitochondrial respiration levels, and using fluorescent cationic dyes to 

examine changes in membrane potential. The group postulated that ability to transfer protons 

across the membrane was due to the decreased pKa of the phenols by the electron withdrawing 

groups on the ring. This enabled the phenols to be readily ionisable, facilitating transfer of 

protons through the membrane as a neutral molecule, followed by formation of the phenoxide 

intracellularly, releasing the proton.  

 

Figure 1.6 Structure of select potent halopyrrole antibiotics which function as protonophores and 

the proposed biosynthetic precursor of armeniaspirol.   
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 With armeniaspirols’ structural similarity to the pyrrolomycins, a 2021 publication 

reported that armeniaspirols also function as protonophores35. In addition, this work also detailed 

the total synthesis of the natural product. This study used many of the same experiments as the 

pyrrolomycin study, including assays using voltage sensitive dyes in Gram-positive and -

negative bacteria, ion conductance assays across a planar lipid bilayer, and pH-sensitive dyes 

encapsulated in unilamellar vesicle as well as pH dependent MICs, to demonstrate the 

protonophore activity of armeniaspirols35 

In the first part of this study, the authors detailed the first total synthesis of armeniaspirol. 

The synthesis was based on an early-stage chlorination to avoid the problem of electrophilic 

substitution of the electron rich aryl moiety that led to the unintended chlorination in all previous 

syntheses. The synthesis started with methyl addition into the carbonyl of a functionalized α-β 

unsaturated, α-β dichlorinated maleimide followed by subsequent dehydration to yield the exo-

olefin (Figure 1.7). This set the stage for an annulation reaction based on an oxidative radical 

[3+2] cross coupling between the aryl moiety and pyrrole moiety.  DDQ oxidized the 

corresponding free phenol to the semiquinone with a C4 carbon radical that could then engage 

the exo double bond of the pyrrole moiety. Only one regioisomer was formed as the addition to 

the olefin likely generated the more stable carbon radical at the more substituted position as 

opposed to a primary radical intermediate. This formed the central ring in armeniaspirol.  With 

the full carbon skeleton constructed, the penultimate compound was converted to armeniaspirol 

after screening a wide variety of benzylic oxidation conditions. The efficient five step synthesis 

constructed the spiro center with a [3+2] cycloaddition using an exocyclic double bond on a 

heterocycle.  
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Figure 1.7 Synthesis of armeniaspirol by Arsetti et al35. 

 

The second portion of the study detailed the experiments that led to the conclusion that 

armeniaspirol functions as a protonophore resulting in membrane depolarization. Akin to the 

pyrrolomycin work, the initial hypothesis was based on the activity of the natural product 

compared to the phenol methyl ether. To evaluate the role of the protonation state of the phenol, 

the MICs of armeniaspirol were determined at varying pH, showing enhanced potency at low pH 

(MIC = 1.3 μg mL−1 at pH 6.5; MIC = 16 μg mL−1 at pH 10). However, it is well documented 

that ionic strength and pH of the medium can have a drastic effect on antibiotic potency due to 

increase in penetration or accumulation within bacteria.  

Next, membrane depolarization was probed using cationic fluorescent dyes in both Gram-

positive and genetically manipulated Gram-negative bacteria (S. aureus, Micrococcus luteus, E. 

coli ΔtolC). These assays showed that bacterial membranes were depolarized at concentrations 

compared to the known, non-antibiotic protonophore CCCP. This was followed up in the 

mitochondria of HeLa cells using a fluorescence-based assay where the integrity of 

mitochondrial membranes was monitored. Armeniaspirol was shown to compromise the 
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mitochondrial membrane at concentrations as low as 1 μM. A second assay using mitochondria 

was conducted where oxygen consumption was monitored. If oxidative phosphorylation is 

uncoupled by membrane depolarization, this breaks the link between electron transport and ATP 

production, which causes an increase in the flow of electrons through the electron transport chain 

and results in an increase in oxygen consumption. In this study an increase in oxygen 

consumption was observed at 10 μM. This is comparable to the positive control CCCP. 

The final assays that were conducted measured translocation of ions across a bilayer 

composed of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in a protein independent 

manner. At varying pH levels the flow of ions was monitored and detected as an electric current. 

The ion conductance values aligned with that of CCCP and at lower pH an increased 

conductance was observed which supported the conclusion armeniaspirol acted as an ion carrier 

across the membrane. A second orthogonal method for the detection of proton transport across a 

membrane was conducted using unilaminar vesicles composed of 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC). This was done by monitoring the flow of protons on either 

side of the membrane using a pH sensitive dye in the presence of armeniaspirol at varying pH on 

either side of the vesicle. It showed proton translocation by armeniaspirol. Interestingly two 

other synthetic compounds were tested, the methylated phenol and the precursor to the total 

synthesis with the ketone absent at the benzylic position but with the phenol free. Unexpectedly 

they reported that both compounds demonstrated proton transport capability but at a reduced 

ability compared to armeniaspirol, with the anisole compound being a stronger proton 

translocator than the compound lacking the ketone but with the free phenol. With the key 

hypothesis being the need for an ionizable free phenol to transport protons for antibiotic activity, 

it is of great surprise to see a compound with no ionizable groups being capable of proton 
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translocation. This publication formed the basis for a hypothesis that armeniaspirols interfere 

with bacterial membranes in a protein-independent manner.  

The pyrrolomycin and armeniaspirol mechanism of action studies provided an important 

preliminary investigation into how armeniaspirol causes cell death. Both studies only showed 

that the membrane potential was being disrupted but a thorough investigation into how this 

happened in bacterial organisms was absent. This is highlighted by the lack of discussion or even 

mention of anything related to the proton motive force (PMF). The proton motive force is the 

electrochemical potential gradient that bacteria establish to drive ATP synthesis36. It is dictated 

by two components, the electric potential (ΔΨ) and the transmembrane proton gradient (ΔpH)37. 

Bacteria exhibit tight regulatory control over both factors where changes a change in one are 

compensated for by adjustment of the other to maintain a constant PMF. This complex interplay 

between both aspects makes it often difficult to discern which aspect of the PMF is being 

disrupted. It has been shown extensively through the literature that small molecules can 

selectively disrupt either aspect of the PMF leading to membrane depolarization22,38,39. A more 

thorough analysis of how armeniaspirol disrupts the PMF is discussed in detail in Chapter 3. 

1.6 Thesis overview, goals summary and conclusion/outlook  

The need for effective antibiotics against drug resistant Gram-positive bacteria with novel 

mechanisms of action has been clearly highlighted. A major research and development gap in 

new clinical antibiotics coupled to the rapid rise in microbial resistance has generated a push to 

develop innovative ways to overcome antimicrobial resistance. A new approach using 

compounds displaying polypharmacology could provide a new avenue to develop clinical 

antibiotics with increased potency and less likely to develop resistance. The potent natural 
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product antibiotic armeniaspirol, with its unique scaffold, mechanism of action and 

polypharmacology provide an intriguing opportunity to develop and investigate its potential as 

an antibiotic therapeutic. 

Chapter 2 describes the design and execution of a medicinal chemistry study where a 

series of armeniaspirol analogues were synthesized to interrogate the effects of structural 

changes on potency at the two protein targets ClpXP and ClpYQ. We used in vitro and in silico 

models to evaluate the analogues and determined that balancing the potency at both targets 

resulted in the most potent antibiotics that showed no toxicity in human cells.   

In chapter 3 we evaluate the armeniaspirol analogues’ effect on the PMF. The 

armeniaspirols disrupt the transmembrane electrical potential (ΔΨ), not the transmembrane 

proton gradient (ΔpH) of the PMF. Disruption of the ΔΨ is necessary for antibiotic activity but 

not sufficient. We propose that disruption of the ΔΨ and inhibition of the Clp proteases work in 

concert to effect antibiotic activity. 

Chapter 4 explores the scope and mechanism of an oxidative chlorination reaction of 

pyrrole-2-carbonyl compounds. This reaction was proposed to be used for the total synthesis of 

armeniaspirol, by utilizing this early-stage chlorination to avoiding unintended chlorination of 

the electron rich phenyl ring. Surprisingly, this strategy was derailed in the penultimate step 

which yielded a skeletal rearranged product which was a constitutional isomer of the natural 

product. These constitiutional isomers were coined pseudoarmeniaspirol and were tested for 

antibiotic potency as well as were evaluated for known targets of armeniaspirol, ClpXP, ClpYQ, 

and disruption of the proton motive force.  
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Chapter 2: Armeniaspirol analogues with more potent Gram-positive 

antibiotic activity show enhanced inhibition of the ATP-dependent proteases 

ClpXP and ClpYQ   

2.1 Introduction 

The research presented in this chapter was born out of our desire to identify and develop 

a novel antibiotic for the treatment of antibiotic resistant Gram-positive bacterial infections1. As 

armeniaspirol possess an unprecedented scaffold and a unique mechanism of action it is likely to 

be effective against current MDR bacteria2. It was previously shown that incorporation of a 

halogen into the 5 position of the phenyl ring still yielded potent antibiotics (Figure 2.1)3. By 

leveraging the chemistry published by the Sanofi group3 to access the skeleton of armeniaspirol, 

we set out to conduct a study to answer key medicinal chemistry questions related to structure-

activity relationships surrounding armeniaspirol.  

 

Figure 2.1 Preliminary SAR studies and new targeted areas for SAR 

 

The preliminary SAR study by Sanofi3 suggested the free phenol, β-chloride, and the 

central ketone were required for activity (Figure 2.1). This was further supported by preliminary 

unpublished data from our lab 2,3.  In addition, we knew that alkyl modifications on the amide 
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nitrogen were tolerated. With these in mind, we set out to design a synthesis where we could use 

a late-stage diversification to access a wide scope of analogs (Figure 2.1). The alkylation of the 

amide nitrogen in the penultimate step of the synthesis, provided the ideal opportunity to conduct 

a SAR study on this chemical space. In addition to probing the functionality on the amide, two 

parallel analogues were designed to probe the functionality of the aliphatic chain present in 

armeniaspirol. With N-alkyl chains providing increased lipophilic character, we decided to 

truncate the native hexyl chain on the aromatic core to a methyl group to probe questions 

surrounding the lipophilicity of armeniaspirol.  

 

Figure 2.2 Improved inhibition of protein targets ClpXP and ClpYQ by armeniaspirol led to 

improved antibiotic activity in gram positive pathogens. Armeniaspirol diversification points 

studied are highlighted in blue. 

 

With the goal of developing antibiotics with improved potency and decreased resistance, 

this first-generation library of compounds provided the first published improvement in antibiotic 

potency of the scaffold which allowed for further kinetic evaluation of both protein targets 
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ClpYQ and ClpXP. Further safety and toxicity assays were conducted confirming the well-

established safety profile of armeniaspirol.   
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2.5 Armeniaspirol analogues with more potent Gram-positive antibiotic activity show 

enhanced inhibition of the ATP-dependent proteases ClpXP and ClpYQ 

Michael G. Darnowski, Taylor D. Lanosky, Puneet Labana, Jordan T. Brazeau-Henrie, Nicholas 

D. Calvert, Mark H. Dornan, Claudia Natola, André R. Paquette, Adam J. Shuhendler and 

Christopher N. Boddy. 

 

Antibiotics with fundamentally new mechanisms of action such as the armeniaspirols, 

which target the ATP-dependent proteases ClpXP and ClpYQ, must be developed to combat 

antimicrobial resistance. While the mechanism of action of armeniaspirol against Gram-positive 

bacteria is understood, little is known about the structure-activity relationship for its antibiotic 

activity.  Based on the preliminary data showing that modifications of armeniaspirol’s N-methyl 

group increased antibiotic potency, we probed the structure-activity relationship of N-alkyl 

armeniaspirol derivatives.  A series of focused derivatives were synthesized and evaluated for 

antibiotic activity against clinically relevant pathogens including methicillin-resistant 

Staphylococcus aureus and vancomycin-resistant Enterococcus.  Replacement of the N-methyl 

with N-hexyl, various N-benzyl, and N-phenethyl substituents lead to substantial increases in 

antibiotic activity and potency for inhibition of both ClpYQ and ClpXP.  Docking studies 

identified binding models for ClpXP and ClpYQ that were consistent with the inhibition data.  

This work confirms the role of ClpXP and ClpYQ in the mechanism of action of armeniaspirol 

and provides important lead compounds for further antibiotic development.  

Introduction 

With the constant threat of increasing antimicrobial resistance, antibiotics with 

fundamentally new mechanisms of action must be developed and brought to the clinic.  The 
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armeniaspirols discovered in 2012 are hybrid polyketide non-ribosomal peptide natural products 

produced by Streptomyces armeniacus1,2 that have recently been shown to possess unique 

pharmacology.3 The armeniaspirols are potent Gram-positive antibiotics active against 

methicillin-resistant Staphylococcus aureus (MRSA), penicillin-resistant Streptococcus 

pneumoniae (PRSP), and vancomycin-resistant Enterococcus (VRE). They competitively inhibit 

the ATP-dependent proteases ClpXP and ClpYQ (also known as HslVU),3 whose combined 

activity is essential,3 leading to disruption of the divisome and cell division arrest (Figure 1A).  

While inhibitors of ClpP are known antivirulence compounds, the additional targeting of ClpYQ 

by armeniaspirol is unprecedented and results in antibiotic activity. 

 

Figure 1. Analogues of armeniaspirol to probe antibiotic activity via inhibition of ClpXP and 

ClpYQ (A) 5-chloroarmeniaspirol inhibits the ATP-dependent proteases ClpXP and ClpYQ in 

Gram-positive bacteria, which dysregulates the divisome and leads to cell division arrest. (B) 

Summary of structure-activity relationships for armeniaspirol. Functional groups highlighted in 

blue are essential for antibiotic activity. R indicates sites amenable to substitution.  (C) 5-

chloroarmeniaspirol sites R1 and R2 were selected for detailed structure-activity relationship. 
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Little is known about the structure-activity relationship for antibiotic activity of 

armeniaspirol.  Initial semi-synthesis work from the isolated natural product showed that 

substitution of the β-chloride with alcohols, amines, and thiols eliminated antibiotic activity as 

determined by minimum inhibitory concentrations (MIC).2  Similarly alkylation of the phenol 

and reduction of the carbonyl abolished activity (Figure 1B).2 Via total synthesis, the N-methyl 

moiety proved amenable to replacement with a longer N-alkyl chain without loss of activity.3  

However no data is available on how structural modifications impact the activity against ClpXP 

and ClpYQ.  Given that correctly balancing activity at each target is essential for development of 

effective and potent multi-target drugs, evaluating the impact of structural perturbations on each 

of these targets is thus essential.  

 Based on preliminary data showing that modification of armeniaspirol’s N-methyl group 

increased antibiotic potency,3 we probed the structure-activity relationship of N-alkyl 

armeniaspirol derivatives. Fourteen armeniaspirol analogues were synthesized with varying N-

alkyl groups.  To compensate for the additional lipophilic character of extending the N-methyl 

group, the aromatic hexyl chain was simplified to a methyl substituent in a subset of the 

analogues.  All compounds were evaluated for MIC and minimum bactericidal concentration 

(MBC) against clinically relevant Gram-positive pathogens including MRSA USA300, the most 

common community acquired MRSA.  Potent analogues were evaluated for activity against 

ClpXP in a cell-based assay and activity against ClpYQ in a biochemical assay. Highly potent 

armeniaspirol analogues with improved activity against ClpXP and ClpYQ were identified.  This 

data bode well for the further development of the armeniaspirol scaffold as a Gram-positive 

antibiotic. 

Results 
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The armeniaspirols and their analogues have been isolated from the producing 

organism,1,4 generated through semi-synthesis,3 and accessed via total synthesis.2,3  Analogues 

generated from the addition of alcohols like methanol, amines such as isobutyl amine, and thiols 

like 2-diethylamino-ethanethiol into the Michael acceptor lack antibiotic activity against S. 

aureus in MIC assays.1  Both diastereomers generated from reduction of the furan ring carbonyl 

are inactive against S. aureus in MIC assays.1 Methylation of the aromatic phenol also produces 

inactive compounds.1,3 However, chlorination ortho to the phenol is tolerated with a slight 

reduction in antibiotic activity as measured by MIC against MRSA.1,3  Both the removal of the 

N-methyl4 and substitution of it with an alkyl chain3 produce active compounds, with installation 

of a N-hexyl chain boosting potency four fold against Bacillus subtilis.3  Lastly modification of 

the aromatic alkyl chain via branching produces compounds that are comparatively potent to 

armeniaspirol A in MIC assays with MRSA.1 

Based on the known structure-activity relationships, exploring modification of the lactam 

through N-alkylation appeared most promising and likely to yield compounds with improved 

potency. Thus, we set out to diversify this position by substituting the amide N with varying 

alkyl groups. To evaluate the overall impact of increasing lipophilicity, which typically 

correlates with an increase in non-selective binding,5 we planned two series of N-alkyl 

analogues, one with the native hexyl chain on the aromatic ring (Series 1, Figure 1C R1 = n-

C6H13) and a second with a methyl substituent (Series 2, Figure 1C R1 = CH3). 

Synthesis of chloro-armeniaspirol analogues 

The synthetic route for generation of the armeniaspirol scaffold relies on a N-

chlorosuccinimide (NCS)-based chlorination of the pyrrole, which forms the key spirocyclic 

center and the dichlorinated α,β-unsaturated lactam.2,3,6 Due to the forcing oxidative conditions, 
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the electron rich phenyl ring is also chlorinated giving rise to 5-chloroarmeniaspirol analogues 

(Figure 1C). While the 5-chloro substituent could not be selectively reduced in the presence of 

the dichloro-α,β-unsaturated lactam, the additional chlorination does not significantly impact the 

antibiotic activity as measured by MIC.2 Thus, all analogues synthesized in this study are 

functionalized with a chloride in the 5-position. 

Diversification of the substituent on the phenyl ring (R1) was implemented in the start of 

the synthesis. The hexyl chain series of analogues (Series 1) were prepared via a lithium halogen 

exchange followed by a Suzuki coupling with N-hexyl boronic acid (Figure 2A), while the 

methyl series of analogues (Series 2) were prepared from commercially available 2,6-

dimethoxytoluene. The two compounds were elaborated via parallel synthetic routes (Figure 2B).  

Friedel-Crafts acylation of the electron rich aromatic with the acid chloride of pyrrole carboxylic 

acid, followed by selective demethylation of methoxy substituent ortho to the carbonyl7 

generated the key precursors for oxidative spirocyclization.  NCS in acetic acid chlorinated and 

oxidized these intermediates generating a mixture of spirocyclic compounds with either the 2,3-

dichloro-α,β-unsaturated lactam or the 2,2,3-trichloro lactam.  Treatment of this mixture with 

triethylamine afforded the armeniaspirol scaffolds.  Alkylation of the amide with a variety of 

electrophiles enabled diversification of each series at the R2 site.  Finally, boron tribromide 

deprotection of the aryl ether generated the final compounds, 1-14 (Figure 2C). 
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Figure 2 Armeniaspirol analogues. (A) Synthetic route installing the hexyl chain for the starting 

material used for all series 1 analogues. Reagents and conditions are as follows a) n-BuLi, Br2 b) 

Pd(OAc)2, SPhos, K3PO4. (B) Synthetic route generating series 1 and 2 analogues from 

dimethyl-2-methylresorcinol and dimethyl-2-hexylresorcinol. Reagents and conditions are as 

follows a) SnCl4 b) BBr3 c) NCS d) NEt3 e) NaH f) BBr3 (C) Structures of series 1 and 2 

analogues used in this study. 

 

MIC evaluation of analogues 

The evaluation of antibiotic activity of armeniaspirol analogues was accomplished using 

the microtiter broth dilution MIC and MBC assays8 against a panel of clinically relevant Gram-

positive pathogens.  These include MRSA USA100, the primary lineage responsible for hospital 

acquired MRSA infections,9 USA200, responsible for a smaller subset of hospital acquired 

infections, USA300, the primary community acquired MRSA pathogen, USA400, also 

responsible for community acquired MRSA infections, 10,11 and the high-priority pathogen VRE. 



 

33 

 

MIC were also determined with the Gram-negative pathogen Pseudomonas aeruginosa PA01, to 

determine if any analogues had expanded activity against Gram-negative bacteria. 

In general, the series 1 hexyl chain analogues exhibited superior potency relative to the 

methyl derivatives from series 2. The hexyl derivative, 2, and the benzyl derivative, 5, showed 

two- to four-fold more potent MICs compared to 1. 6, the p-trifluorobenzyl derivative 

consistently showed slightly diminished potency across all strains, while the p-methylbenzyl 

derivative 7 showed some of the most potent activity in this study.  Interesting its constitutional 

isomer 8 also showed comparable activity.  

The series 2 analogues, which all possess a methyl substituent at R1, showed little to no 

inhibition of bacterial growth except for 10 and 11. 10 is the constitutional isomer of 1 and 

shows near identical potency across all six strains.  The dodecyl derivative 11 was the most 

potent of all series 2 compounds and exhibited comparable MIC values to several of the best 

series 1 derivatives.  While derivatives from series 1 were generally more potent than the 

derivatives from series 2, consistent with the increase in lipophilicity, the N-dodecyl derivative in 

series 2, 11, was substantially more potent than 3.  In addition to having unique potency in series 

2, 11 proved to be bactericidal differentiating it from all the other analogues. The parent 

compound and all other analogues were bacteriostatic as defined by having MBC greater than 

four times the MIC (Supplementary Table S1).12–14 

  



 

34 

 

 

Table 1. MIC evaluation of analogues 1-14 against a panel of Gram positive and negative 

bacteria 

 Minimum Inhibitory Concentration (µg/mL) 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Gram-positive 

S. aureus IA116-

USA100 
4 1 8 4 1 2 1 1 >32 4 2 >32 >32 16 

S. aureus MN8-

USA200 
4 1 16 4 1 2 0.5 0.5 >32 4 2 >32 >32 16 

S. aureus LAC-Fitz-

USA300 
4 1 16 4 1 2 0.5 0.5 >32 4 1 >32 32 16 

S. aureus MW2-

USA400 
4 1 8 4 2 2 0.5 0.5 >32 8 2 >32 32 16 

E. faecalis NJ3 8 2 8 8 2 2 1 1 >32 8 0.5 >32 >32 32 

Gram-negative 

P. aeruginosa PA01 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 

 

None of the compounds showed activity against the Gram-negative pathogen P. 

aeruginosa.  Previous work has shown that the armeniaspirols are not active against many Gram-

negative pathogens including Acinetobacter baumannii, Klebsiella pneumonia, Salmonella 

typhimurium, Shigella dysenteriae.4 Interestingly while 1 does not inhibit the growth of wild-type 

Escherichia coli, it does inhibit growth of an E. coli ΔtolC mutant (Supplemental Table S4), 

suggesting efflux may be limiting activity in Gram-negative bacteria.15,16 
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Inhibition of recombinant purified ClpYQ 

Mechanistically, armeniaspirol functions via inhibition of both the ATP-dependent 

proteases ClpXP and ClpYQ.3 We thus evaluated the ability of analogues with enhanced MIC 

potency relative to 1 for their ability to inhibit peptide hydrolysis by recombinant purified 

ClpYQ (Table 2, Supplemental Figure S1, Supplemental Table S2). Given that ClpYQ from S. 

aureus was inactive in our in vitro biochemical assays, inhibition kinetics were performed on the 

characterized B. subtilis ClpYQ.3  

A clear dose response curve was observed with all compounds for ClpYQ hydrolysis of 

100 μM fluorogenic substrate Cbz-GGL-AMC. While all compounds exhibited more potent 

inhibition of ClpYQ,7 showed the most potent inhibition of ClpYQ, consistent with its highly 

potent MICs.  Given that 1 was shown to be competitive inhibitor of ClpYQ proteolysis activity,3 

we applied the Cheng-Prusoff relationship to determine Ki. 7 inhibits ClpYQ with a Ki = 150 ± 

20 nM. 

Table 2. Kinetic parameters of potent analogues. 

Analogue R1 group R2 group MECClpXP (μg/mL) 
Ki ClpYQ (μM) 

(± std dev) 

MIC 

(USA300 

μg/mL) 

1 –n-C6H13 –CH3 1 3.2 ± 0.2 4 

2 –n-C6H13 –n-C6H13 0.067 1.3 ± 0.2 1 

5 –n-C6H13 

 

0.25 0.58 ± 0.05 1 

6 –n-C6H13 

 

1 0.57 ± 0.10 2 

7 –n-C6H13 

 

0.25 0.15 ± 0.02 0.5 

8 –n-C6H13 

 

0.25 0.41 ± 0.07 0.5 
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11 –CH3 –n-C12H25 0.5 1.0 ± 0.2 1 

 

Inhibition of ClpXP activity in S. aureus 

To evaluate the inhibition of ClpXP, a cell-based assay was developed.  Although we 

were able to express and purify S. aureus ClpXP and the closely related B. subtilis ClpXP, we 

could only achieve single turnover for proteolysis under all conditions investigated.  

Recombinant purified E. coli ClpXP was active and inhibition kinetics could be readily 

obtained.3 However, the orthologs from Gram-negative E. coli are distantly related to the S. 

aureus proteins. Thus E. coli ClpXP inhibition data is expected to be of limited relevance to 

inhibition of S. aureus ClpXP.  Because direct ClpP inhibition increases urease activity,3,17 we 

were able to determine the minimum effective concentration (MEC) of a ClpXP inhibitor 

required to increase urease activity above background in MRSA USA300. Thus in Christensen’s 

broth supplemented with phenol red pH indicator, inhibition of ClpXP activity in MRSA 

USA300 will increase urease activity, hydrolyzing the urea in the media, releasing ammonia, and 

leading to a colour change from yellow to red as the pH of the broth is increased.3,17  

Compounds 1-14 were analyzed for their MEC for urease activation from concentrations 

of 0.067 μg/mL to 1 μg/mL (Supplemental Table S3).  As concentrations approached the MIC 

(within two-fold), bacterial growth slowed.  In all cases however, activation of urease by ClpXP 

inhibition could be detected prior to growth inhibition. The potent benzyl derivatives 5-8 showed 

similar but improved ClpXP activity compared to 1. Compound 2 containing a hexyl group at 

both R1 and R2 showed the most potent ClpXP inhibition with a MEC of 0.067 μg/mL. 

Discussion 
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A series of focused derivatives of the natural product antibiotic armeniaspirol were 

synthesized and evaluated for antibiotic activity against clinically relevant pathogens including 

MRSA and VRE.  Analogues that were more potent than the parent compound 1 were evaluated 

for their ability to inhibit ClpYQ and ClpXP, the biochemical targets of armeniaspirol.3 The 

derivatives focused on diversifying the N-methyl moiety (R2), which proved to be highly 

amenable to modification. Replacement of the N-methyl with N-hexyl, various N-benzyl, and N-

phenethyl substituents led to substantial increases in antibiotic activity and potency for inhibition 

of both ClpYQ and ClpXP.  Replacement of the hexyl chain on the aryl core of armeniaspirol 

(R1) with a methyl substituent led to a series of analogues substituted on the amide Nitrogen 

(series 2) that were less active than the corresponding hexyl analogues (series 1), with the 

exception of 11. 

Armeniaspirol targets both ClpXP and ClpYQ.3 While single target inhibitors of 

SaClpXP are known, without the additional ClpYQ inhibition activity, these compounds are not 

antibiotic.17–24 Thus this dual target action is required to intervene sufficiently in the redundant 

proteolytic pathways that regulate the divisome and cell division. Over half of approved 

antibiotics since 2015 have multitarget mechanisms of action,25 likely due to their natural 

product origins.26 Optimizing activity of compounds that inhibit multiple targets is challenging.  

The relevant substrate, cofactor, and allosteric regulator concentrations in the cell can impact the 

level of inhibition required at each target. Thus it is typically not possible to predict the optimal 

level of inhibition at each target for maximal effect. Structure-activity relationships at each target 

are needed as is a structure-activity relationship from an assay that integrates the function of both 

targets together.  In the case of armeniaspirol analogues, the MIC assays provide the data 

integrating activity at both ClpYQ and ClpXP. 
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In general, increasing potency at either target appears to correlate with improved overall 

antibiotic activity. For example, Series 1 analogues 1, 2, and 7 show a steady ≈20-fold decrease 

in KI for ClpYQ inhibition, which correlates with the 8-fold increase in potency as measured by 

MIC.  Similarly, analogues 1, 11 and 8 show a steady decrease in MEC, representative of 

inhibition of ClpXP, which correlates to a decrease in MIC against MRSA USA300. This data is 

consistent with armeniaspirol antibiotic activity being derived from both ClpXP and ClpYQ 

inhibition. In addition, the data suggests that inhibitory activity against both targets is balanced, 

since analogues that possess increased potency against ClpXP or ClpYQ, increase antibiotic 

activity. 

Some analogues however show highly potent inhibition of one of the targets over the 

other.  For example, 7 is a sub-micromolar inhibitor of ClpYQ (KI = 150 ± 20 nM); however, it 

is no more active in the MIC assays than the less potent 8 (KI = 410 ± 70 nM) in MIC assays 

(MIC = 0.5 μg/mL). This is even more apparent with 2, which shows ClpXP inhibition at 0.067 

μg/mL but is no more active in MIC assays (MIC = 1.0 μg/mL) than 5, which inhibits ClpXP at 

0.25 μg/mL. These data suggest that as analogues become highly potent towards one of the 

targets, without significantly increasing the potency against the other, little increase in antibiotic 

activity is obtained.  

The enhanced activity of the more lipophilic series 1 analogues over series 2 compounds 

raised concerns that activity was either a function of aggregation or non-specific lipophilicity-

mediated affinity. To evaluate if aggregation of the analogues played a significant role in 

activity, the MICs for the parent compound 1 and the highly lipophilic 2 were determined in the 

presence of detergent.  Addition of 0.01% v/v triton X-100 had minimal impact on the MICs of 

either compounds against MRSA USA300 (Supplemental table S4).  In further support of 
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aggregation playing a limited role in activity, fitting of the ClpYQ dose response data to an IC50 

model where the slope could vary provided Hill coefficients of -1 to -1.5.  In cases where 

aggregation plays a significant role in inhibition, steep slopes are frequently obtained, 

corresponding to Hill coefficients well below -1.5.27 As such aggregation was not considered a 

major source of the increased potency observed for the more lipophilic analogues. 

Careful examination of the data shows that activity is not simply a function of increased 

lipophilicity as the most lipophilic compounds 3 and 6 (highest cLogPs) were not the most potent 

in any of the assays. Though there does appear to be a correlation between low activity and low 

lipophilicity since 9 and 12, two of the library members with the lowest clogP are some of the 

least active compounds. As the proteolytic chambers of both the ClpYQ and ClpXP must 

accommodate their unfolded protein clients whose hydrophobic cores are exposed, it stands to 

reason that moderately lipophilic inhibitors could be well suited to inhibition. 

Models rationalizing the observed KI and MEC data were generated by docking 

armeniaspirol into ClpP and ClpQ high resolution structures using AutoDock Vina.28 

Armeniaspirol showed two preferred binding sites on the active conformation of the S. aureus 

ClpP heptamer (3V5E),29 both of which were in the proteolytic cavity (Figure 3 and 

Supplemental Figure S2A).  The most frequent pose from the lowest energy docked structures 

showed armeniaspirol bound in the same site as seen for the binding of the ClpXP inhibitor 

bortezomib to Thermus thermophiles ClpP (6HWM, Figure 3C).30 Armeniaspirol, like 

bortezomib, H-bonds to backbone NHs at the C-terminal end of αC30 via its ketone.  In addition, 

our model shows the ketone H-bonding to the side chain of the active site Ser70.  The hexyl 

chain engages in Van der Waals interactions with the hydrophobic face of αE. Lastly the phenol 

of armeniaspirol H-bonds to His142 and Thr146 of αE. The second pose showed armeniaspirol 
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bound closer to the N-terminus of ClpP, though still in the proteolytic chamber (Supplemental 

Figure S2A).   

This ClpP binding model is in excellent accordance with the bortezomib TtClpP structure 

(Figure 3C, inset 2) and is consistent with all current structure-activity relationship data. For 

example, both the phenol and ketone are required for antibiotic activity and in this model they 

both have discrete H-binding interactions with the target. Similarly, our current work shows that 

the hexyl chain of series 1 analogues is preferred over the methyl chain of series 2 analogues, 

consistent with the model showing the hexyl to be buried between αE and the loop between β6 

and β7.  Lastly the model shows significant space available for the N-methyl group to be 

replaced with varying N-alkyl groups, consistent with these N-alkyl analogues displaying potent 

inhibition of ClpP.  While experimental evidence validating this model is clearly needed, it does 

provide for testable atomic level hypotheses for inhibitor binding. 
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Figure 3. Structure and docking results of S. aureus ClpP (3V5E). (A) Side and top views of S. 

aureus ClpP (SaClpP) tetradecamer. A single monomer per heptameric ring (transparent 

cartoons) are highlighted in cyan and dark cyan respectively. (B) Cartoon representation of the 

SaClpP monomer bound to armeniaspirol. Secondary structures are coloured in rainbow, helices 

are named by letters while strands are indicated by numbers. The dashed-line box indicates the 

armeniaspirol binding site predicted by molecular docking. (C) Expanded view of armeniaspirol 

docking site in SaClpP. Possible residues involved in armeniaspirol binding are shown as sticks 

with proposed hydrogen bonds shown as grey dashed lines (inset 1). Overlay of Thermus 

thermophilus ClpP (TtClpP) bound to bortezomib (PDB: 6HWM) and SaClpP bound to 

armeniaspirol is shown (inset 2). 

 

A model of armeniaspirol binding to the dodecamer of S. aureus ClpQ (6KUI) was also 

generated (Figure 4),31 with two main poses being observed. In the first pose (Figure 4B) 

armeniaspirol is positioned at the active site, with the phenol hydrogen bonding to the active site 

Thr1 backbone NH and Thr29 side-chain. This pose is similar to that seen in the high resolution 

structure of the NLVS inhibitor bound to Haemophilus influenza ClpQ (1KYI, Figure 4C).32  For 

example, Ser21 of HiClpQ, analogous to Thr29 of SaClpQ, H-bonds with the inhibitor. The 

armeniaspirol hexyl chain fits into the same S1 pocket as the aliphatic iPr group from NLVS and 

packs against SaClpQ Val28, in an analogous fashion to HiClpQ Val20. The ketone of 

armeniaspirol engages with Gln32, and the amide carbonyl with Glu101, anchoring 

armeniaspirol in front of the active site. The second pose for armeniaspirol shows the compound 

bound at the interface between two protomers of one of the hexameric rings (Supplemental 
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Figure S2B). While the ClpQ binding model agrees with known structure-activity data and the 

data generated from this study, it remains to be experimentally validated. 

 

Figure 4. Structure and docking results of S. aureus ClpQ (6KUI). (A) Side and top views of S. 

aureus ClpQ (SaClpQ) dodecamer. A single monomer per hexameric ring (transparent cartoons) 

are highlighted in sandstone and magenta respectively. (B) Cartoon representation of the SaClpQ 

monomer bound to armeniaspirol. Secondary structures are coloured in rainbow, helices are 

named by letters while strands are indicated by numbers. The dashed-line box indicates the 

armeniaspirol binding site predicted by molecular docking. (C) Overlay of Haemophilus 

influenza ClpQ (HiClpQ) covalently bound to a vinyl sulfone inhibitor (PDB: 1KYI) and 

SaClpQ bound to armeniaspirol (inset 1). (D) Expanded view of armeniaspirol docking site in 

SaClpQ. Possible residues involved in armeniaspirol binding are shown as sticks with proposed 

hydrogen bonds shown as grey dashed lines (inset 2).   
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While both bortezomib and NLVS are covalent inhibitors of their respective targets ClpP 

and ClpQ,30,32 1 has been shown to be a competitive inhibitor of the peptide substrate in purified 

enzyme assays.3 In the models of armeniaspirol bound to ClpP and ClpQ the electrophilic β-

carbon of the α,β-unsaturated lactam is well removed from the active site nucleophiles, 

consistent with a competitive model for inhibition of proteolysis. 

In addition to target binding, lipophilicity can impact off-target interactions.5,33,34 In 

particular membrane targeting may be enhanced with increased lipophilicity.  As such the 

hemolytic activity of 1 and two of the most potent and lipophilic analogues 2 and 8 was 

determined (Figure S3).35 At 200 μM 1 showed less than 15% lysis of sheep erythrocytes 

whereas the more lipophilic 2 and 8 showed less than 5% hemolysis. Thus while lypophilic, the 

armeniaspirols do not destabilize mammalian red blood cell membranes at pharmacologically 

relevant concentrations.  The toxicity of 1, 2, and 8 was also evaluated against human lung 

epithelial carcinoma (A549) cells. The cell culture cells were incubated with up to 100 μM 

compound, stained with calcein-AM and ethidium homodimer-1, and evaluated by both by 

confocal microscopy and flow cytometry to determine the fraction of viable and dead cells 

(Figure S4). All three compounds at 100 μM were indistinguishable from the vehicle control and 

showed a greater than 95% viable cell population.  

Lipophilicity is also an important driver of protein binding, which can impact antibiotic 

pharmacokinetics and pharamcodynamics.36 To evaluate the effect of protein binding on 

antimicrobial activity, we determined the MIC of 1 and the highly lipophilic 2 against MRSA 

USA300 in the presence of bovine albumin (Table S4).  Addition of serum suppressed antibiotic 

activity, consistent with a high degree of protein binding expected for these lipophilic 

compounds. For example, the MIC of the parent compound exceeded 32 μg/mL in the presence 
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of BSA. However armeniaspirol is known to be active in an in vivo mouse model of MRSA 

septicaemia with 10 mg/kg i.v. delivery. Thus while this assay confirms that protein binding is a 

significant factor in the antibiotic activity of the armeniaspirols, the addition of serum albumin 

alone does not adequately model the pharmacodynamics behaviour of the drug in vivo.37 

Conclusion 

This study has provided new highly potent Gram-positive antibiotics active against 

clinically relevant strains of MRSA, including USA300 the most common community acquired 

MRSA infection. Our work has shown that the increased potency of analogues against ClpXP 

and ClpYQ correlates with increased antibiotic activity, strongly supporting the mechanism of 

action. We show that activity against both targets is balanced, such that increasing activity at 

either target increases antibiotic activity. Furthermore, while potency tracks loosely with 

lipophilicity, this is likely due to binding to the hydrophobic proteolysis chamber rather than 

non-selective binding interactions. Docking models support this hypothesis and show 

armeniaspirol may bind at the active site, but in a configuration that does not enable covalent 

modification of the active site nucleophiles, consistent with competitive inhibition of ClpXP and 

ClpYQ. 
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2.6 Supporting Information 

Armeniaspirol analogues with more potent Gram-positive antibiotic activity show enhanced 

inhibition of the ATP-dependent proteases ClpXP and ClpYQ 

 

Michael G. Darnowski, Taylor Lanosky, Puneet Labana, Jordan Brazeau-Henrie, Nicholas D. 

Calvert, Mark H. Dornan, Claudia Natola, André R. Paquette, Adam J. Shuhendler, and 

Christopher N. Boddy* 
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Experimental 

Supplemental Figures and Tables 

Supplemental Figure S1. ClpYQ inhibition curves showing fit to an IC50 
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Supplemental Figure S2. Alternate armeniaspirol binding site in S. aureus ClpP and ClpQ. 

(A) Top and side views of armeniaspirol’s alternate binding site on S. aureus ClpP (SaClpP) trimer. (B) Top and 

side views of armeniapsirol’s alternate binding site on S. aureus ClpQ (SaClpQ) dimer. In both panels, each 

monomer is coloured differently and labelled with armeniaspirol shown as grey sticks.  
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Supplemental Figure S3. Hemolyses of sheep red blood cells by armeniaspirol analogs. 
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Supplemental Figure S4. Toxicity of armeniaspirol analogues against mammalian A549 

cells.  (A) Human lung epithelial carcinoma cells (A549) cultured with 100 µM, 50 µM, 25 µM, 

12.5 µM, 6.25 µM, or 0 µM of compound 1, 2, or 8 for 24 hrs and stained with 1 µM calcein-

AM and 2 µM ethidium homodimer-1. Images were acquired on a Zeiss LSM 880 confocal 

microscope. (B) The viable cell population for each condition, including a 0.5 % DMSO control 

(vehicle), was determined by comparing the total number of singly-stained, calcein-AM-positive 

cell counts to the total number of cells that were singly-stained as positive for live or dead as 
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determined by flow cytometry using a 488 nm excitation with 525/40 bandpass for calcein-AM 

(live cells, green) and 620/20 bandpass for ethidium homodimer-1 (dead cells, red).  

 

 

Supplemental Table S1. Minimum bactericidal concentration of analogues. 

 Minimum Bactericidal Concentration (µg/ml) 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Gram-positive 

S. aureus 

IA116-

USA100 

32 8 16 32 8 >32 8 8 >32 32 4 >32 >32 >32 

S. aureus 

MN8-USA200 

32 16 16 32 >32 32 16 16 >32 >32 8 >32 >32 >32 

S. aureus 

LAC-Fitz-

USA300 

>32 8 32 >32 >32 16 16 8 >32 >32 2 >32 >32 >32 

S. aureus 

MW2-USA400 

>32 8 16 >32 >32 16 16 8 >32 >32 8 >32 >32 >32 

E. faecalis 

NJ3 

>32 32 >32 >32 >32 >32 32 32 >32 >32 8 >32 >32 >32 

Gram-negative  

P. aeruginosa 

PA01 

>32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 >32 
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Supplemental Table S2. Clp YQ kinetics characterization data 

Compound IC50 (± std dev) (µM) R2 Ki (µM) 

7 0.3562 ± 0.0409 0.9355 0.1532 

8 0.9355 ± 0.1663 0.8786 0.4067 

6 1.325 ± 0.2319 0.8759 0.5700 

5 1.353 ± 0.1131 0.8759 0.5821 

2 3.022± 0.3659 0.9209 1.3001 

11 2.435 ± 0.3659 0.9095 1.0475 

 

Supplemental Table S3. MEC of Clp XP of analogues in urease assay 

Compound  ClpXP  

MEC (μg/mL) 

1 1 

2 0.067 

3 1 

4 1 

5 0.25 

6 1 

7 0.25 

8 0.25 

9 >1 

10 >1 
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11 0.5 

12 >1 

13 >1 

14 >1 

 

Supplementary Table 4. Additional minimum inhibitory concentration of 1 and 2. 

Minimum inhibitory Concentration (µg/ml) 

Bacteria 1 2 

S. aureus LAC-Fitz-USA300 4 1 

S. aureus LAC-Fitz-USA300 + 0.5% BSA >32 32 

S. aureus LAC-Fitz-USA300 + 0.01% Triton X-100 8 2 

E. coli ΔtolC 8  nd 

E. coli BW25113 >32 >32 

 

 

 

ClpYQ protein purification 

The ClpQ expression vector (pPL29, pET21c-based, C-terminal His tag, AmpR) was 

transformed into chemically competent E. coli BL21(DE3) for protein expression. 400 mL LB 

media was inoculated with 0.5% (v/v) of an overnight pre-culture. The culture was grown at 37 

°C (200 rpm) and expression was induced with 1 mM isopropyl-1-thio-β-D-galactopyranoside at 

an optical density (OD600) of 0.5. The culture was grown at 37 °C (200 rpm) for 4 h. The cells 

were pelleted at 4,000 rpm for 20 min and re-suspended in lysis buffer (50 mM Tris, 100 mM 
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NaCl, 1 µg/mL leupeptin, 1 µg/mL pepstatin A, 1 mg/mL lysozyme, 10% glycerol, pH 8.0). 

Mechanical cell lysis was achieved by 3 cycles of 3 s sonication then 2 s incubation on ice 

followed by a 1 min incubation on ice. The cell debris was pelleted at 10,000 rpm for 60 min and 

the supernatant was incubated with 800 µL 50% Ni-NTA agarose resin (QIAGEN) for 30 min at 

4 °C with gentle shaking. The lysate was loaded onto a column and the flow-through was 

collected. The resin was washed sequentially with 5 mL elution buffer (100 mM Tris, 300 mM 

NaCl, pH 8.0) containing 0 mM, 20 mM, 100 mM and 250 mM imidazole. Fractions were 

analyzed by SDS-PAGE (4-20% Mini-PROTEAN TGX Precast Gels; Bio-Rad). ClpQ-

containing fractions were pooled and additionally purified by FPLC size exclusion using a 

Superdex 200 10/30 GL column (GE Healthcare). Buffer used in FPLC purification included 50 

mM Tris, 250 mM NaCl, pH 8.0. ClpQ-containing fractions were concentrated using a 10 kDa 

Amicon Ultra-15 centrifugal filter unit (Millipore Sigma). The concentrated protein was stored at 

-80 °C with 30% (w/w) glycerol. The B. subtilis clpY gene was cloned into pET28B (N-terminal 

His tag, KanR).  

ClpY was expressed and purified from the resulting plasmid (pPL31) as described above with the 

following modifications. The culture was grown at 16 °C overnight (200 rpm) post-induction. 

The column fraction containing the highest concentration of ClpY (with 100 mM imidazole) was 

additionally purified by FPLC size exclusion using a buffer containing 300 mM NaCl, 100 mM 

Tris, and 100 mM imidazole, pH 8.0. Imidzaole was added to the FPLC buffer to improve 

protein solubility since ClpY has the tendency to aggregate and must be treated carefully during 

purification. Accordingly, ClpY-containing fractions obtained from FPLC purification were 

pooled but not concentrated. All protein concentrations were determined by Bradford assay.  

Peptide hydrolysis assays 
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Peptide hydrolysis was assayed using the Cbz-Gly-Gly-Leu-AMC (Millipore Sigma) substrate. 

0.1 mL reaction assays were done in Nunc 96-well microplates for fluorescence-based assays 

(ThermoFisher Scientific). Assays were composed of purified bsClpQ and bsClpY protein, 0.1 

M Tris (pH 8.0), 0.1 mM Cbz-GGL-AMC, 10 mM MgCl2, 1 mM ATP, 1 mM TCEP, and 1 mM 

EDTA. A continuous assay of AMC release was monitored at 37 °C using a Synergy H4 

microplate reader (BioTek). Excitation and emission for Cbz-GGL-AMC were measured at 355 

nm and 460 nm, respectively. Inhibition was observed with varying concentrations of analogs. 

Minimum inhibitory/bactericidal concentration 

Minimum inhibitory concentration (MIC) was carried out in Mueller-Hinton broth with indicated 

supplements (BSA, Triton X-100) in 100 µL assays in 96-well plates. Sequential concentrations 

of compound were pipetted into each column through two-fold serial dilutions. 5 µL of bacterial 

culture (OD600 0.07-0.1) was inoculated into each well and incubated at 37°C for 16 h. Growth 

was observed by OD600 readings using a Synergy H4 microplate reader (BioTek). The MIC was 

determined by the lowest concentration of compound that prevented bacterial growth.  

Minimum bactericidal concentration (MBC) was performed by streaking 100 μL of each MIC 

bacterial subculture on individual petri dishes of non-antibiotic containing Mueller-Hinton Agar. 

The MBC was determined by a colony count resulting in a 3-log reduction (99.9%) of bacterial 

growth. A compound is considered bactericidal if it has an MBC less than 4 × the MIC. 

Staphylococcus aureus urease activity assay  

Christensen urease broth (pH 6.8) was prepared as follows: 1 g/L peptone, 1 g/L glucose, 5 g/L 

NaCl, 1.2 g/L Na2HPO4, 0.8 g/L KH2PO4, 0.004 g/L phenol red. 5 mL of 20% (w/v) urea was 

then added to a fresh 95 mL of Christensen urease broth. Christensen urease broth was 

inoculated with 1% (v/v) of an overnight MRSA USA300 pre-culture and 200 μL was added to 
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each well. Compounds 1-14 were added (1 μg/mL to 0.067 μg/mL). Cultures were grown 

overnight at 37°C. Cultures were spun down at 4000 rpm for 30 minutes. The supernatant was 

aspirated into a fresh 96 well plate and resulting colour change was visualized using a Synergy 

H4 microplate reader (BioTek) at 560 nm. 

Preparation of ClpP, ClpQ and ligand structures.  

 

Crystal structures for ClpP and ClpQ (HlsV) from Staphylococcus aureus were taken from the 

PDB database using codes 3V5E and 6KUI respectively. Structures were prepared in the 

graphical user interface program AutoDock Tools (ADT). ADT removed water molecules, 

assigned polar hydrogens, computed Gasteiger charges and wrote prepared structures in a 

PDBQT file format. ChemDraw for armeniaspirol was converted to a MOL2 file format and pre-

processed in Avogadro1 by assigning polar hydrogens and performing structure minimization 

with default settings. Resulting pre-processed structure was opened in ADT to assign rotatable 

bonds and convert into a PDBQT file format2–4. 

 

 

 

 

Docking methodology. 

  

Molecular docking was performed using the AutoDock Vina program2,4. Armeniaspirol was 

docked to both ClpP and ClpQ within grid coordinates (grid centre) and grid boxes centreed 

around the oligomers axis of symmetry using ADT. Armeniaspirol was in a flexible condition, 
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with 6 rotatable bonds, when interacting with the proteins under rigid conditions. The grid size 

for ClpP was set to 70 × 70 × 58 xyz points with a grid spacing of 1 Å and a grid centre 

designated at dimensions -44.762x, -12.455y and -19.341z. The grid size for ClpQ was set to 68 

× 46 × 54 xyz points with a grid spacing of 1 Å and a grid centre designated at dimensions 1.02x, 

19.085y and 40.824z. Ligand-binding affinities were predicted as Gibbs free energy scores (ΔG, 

kcal/mol) using the AutoDock Vina scoring function. Docked ligand poses with the best score 

were chosen for post-docking analyses in PyMOL.  

 

Hemolysis assay.  

Compounds 1, 2, and 8 were diluted to 400 µM in PBS buffer from 50 mM DMSO stock. 1% 

Triton X-100 was used as the positive control, PBS was used as a negative control and 0.78% 

DMSO was used as the vehicle control. 75 µL of compound in PBS were added to 75 µL of 

sheep red blood cells (sRBC) in a 10% suspension in PBS buffer in a flat bottomed black 96-well 

plate. The plate was sealed and agitated at 37°C for 1 h. The plate was centrifuged for 10 minutes 

at RT at 1000 x g and 35 µL of the supernatant was removed. A 10 µL aliquot from the 

supernatant was added to 90 µL PBS in a flat bottomed black 96-well plate and measured 

absorbance at 414 nm on a Synergy H1 Hybrid Multi-Mode Reader (Biotek, Winooski, VT). % 

hemolysis was calculated, hemolysis (%) = (abs sample – abs neg average)/(abs pos average – 

abs neg average) x 100%. The triplicate data was analyzed in GraphPad Prism 8. 

Mammalian cell culture toxicity.  

Human lung epithelial carcinoma cells (A549) were cultured in Dulbecco's modified Eagle 

medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin 

were grown and maintained under cell culture conditions (37oC, 5% CO2, and in a humidified 
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environment) in a 24-well plate. At confluency, fresh DMEM was added containing 100 µM, 50 

µM, 25 µM, 12.5 µM, 6.25 µM, or 0 µM of compound 1, 2, or 8 (from a 50 mM stock in 

DMSO) in triplicate wells and incubated under cell culture conditions for 24 h. Following 

incubation, fresh DMEM without phenol red containing 1 µM calcein-AM and 2 µM ethidium 

homodimer-1 was added and incubated under cell culture conditions for 30 min. Three-by-three 

tiled images were acquired on a Zeiss LSM 880 confocal microscope while maintaining cell 

culture conditions. Following microscopy, the media was set aside and cells were detached from 

the plate with trypsin-EDTA, centrifuged (5min, 1000 × g, 4oC), then resuspended in the dye-

containing medum. Cell populations were examined using flow cytometry using a 488 nm 

excitation with 525/40 bandpass for calcein-AM (live cells, green) and 620/20 bandpass for 

ethidium homodimer-1 (dead cells, red). The viable cell population for each condition, including 

a 0.5 % DMSO control (vehicle), was determined by comparing the total number of singly-

stained, calcein-AM-positive cell counts to the total number of cells that were singly-stained as 

positive for live or dead. 

 

 

 

 

 

 

 

 

 

 

 

Synthesis 

 

General Synthetic Protocols 
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 All reagents were purchased from Sigma-Aldrich at the highest available purity and used 

without further purification. All solvents were purchased from Fisher Scientific. All reactions 

were conducted using dry solvents under an argon atmosphere unless otherwise noted. NMR 

spectroscopy was performed with a Bruker Avance II, operating at 400 MHz for 1H spectra, and 

100 MHz for 13C spectra or Bruker Avance III, with cryoprobe operating at 600 MHz for 1H 

spectra, and 150 MHz for 13C spectra. Preparatory TLC was performed using Merck Millipore 20 

x 20 cm silica gel 60 F254 plates. High-resolution mass spectroscopy (HRMS) was conducted on 

a Micromass Q-TOF I for ESI measurements and a Kratos Concept 1S High Resolution Mass 

Spectrometer for EI measurements (John L. Holmes Mass Spectroscopy Facility) 
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Scheme S1. Synthesis of hexyl R1 series of analogues  

 

 

S1 

1,3-dimethoxybenzene (14.40 g, 0.104 mol, 1.0 equiv.) was dissolved in Et2O (375 mL) in a 

round bottom flask. n-BuLi (50 mL of a 2.5 M solution, 1.2 equiv.) was added and the solution 

was allowed to stir at ambient temperature for 4 hours. The reaction mixture was then cooled to – 

50 °C using a dry ice/acetone bath. Bromine (18.65 g, 0.117 mol, 1.1 equiv.) was added 
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dropwise. The solution was then heated to room temperature and allowed to react for another two 

hours. To the resulting mixture, 250 mL of a 10 % sodium thiosulfate solution was added and the 

resulting mixture was allowed to stir for 1 hour. The solution was extracted 2 × with Et2O. The 

resulting organic fractions were combined and washed with brine. The organic phase was then 

dried with Na2SO4 and concentrated to yield the desired compound S1 (9.45 g, 43.5 mmol, 42 % 

yield) which was used without further purification. The NMR data were consistent with literature 

values. 

 

1H NMR (400 MHz, Chloroform-d) δ 7.21 (t, J = 8.3 Hz, 1H), 6.56 (d, J = 8.4 Hz, 2H), 3.88 (s, 

6H). 

13C NMR (100 MHz, CDCl3) δ 157.21, 128.24, 104.70, 100.97, 56.45. 

 

S2 

In a round-bottom flask, S1 (5.0 g, 23.0 mmol, 1.0 equiv.) was dissolved in toluene (230 mL).  

To the resulting solution, n-hexylboronic acid (5.98 g, 46 mmol, 2.0 equiv.), K3PO4·H2O (10.6 g, 

46 mmol, 2.0 equiv.), Pd(OAc)2 (516 mg, 2.3 mmol, 0.1 equiv.), and SPhos (1.89 g, 4.6 mmol, 

0.2 equiv.) were added at ambient temperature. The mixture was stirred at 100 °C for 15 hours. 

After cooling, the reaction mixture was quenched with NH4Cl (aq) and extracted 3 × with 

EtOAc. The organic fractions were combined, washed with brine, dried over Na2SO4 and 

concentrated. The desired compound S2 (4.65 g, 20.9 mmol, 91 % yield) was purified from the 

crude mixture by silica column chromatography (100 % hexanes). The NMR data were 

consistent with literature values. 
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1H NMR (400 MHz, Chloroform-d) δ 7.08 (t, J = 8.3 Hz, 1H), 6.51 (d, J = 8.3 Hz, 2H), 3.78 (s, 

6H), 2.73 – 2.50 (m, 2H), 1.43 (q, J = 7.2 Hz, 2H), 1.37 – 1.22 (m, 6H), 0.89 – 0.81 (m, 3H). 

 
13C NMR (100 MHz, CDCl3) δ 158.30, 126.33, 119.75, 103.71, 55.70, 31.81, 29.53, 29.25, 

22.91, 22.71, 14.17. 

 

S3 

 

Pyrrole 2-carboxylic acid (0.721g, 6.49 mmol, 2 eq) was dissolved in 10 mL of DCM, oxalyl 

chloride (9.7 mL, 19.48 mmol, 3 equiv) was added dropwise, 1 drop of DMF was added. The 

following mixture was stirred for 1 hour at room temperature. The solvent was removed en 

vacuo. The intermediate acid chloride was resuspended in DCM in a round-bottom flask, S2 (0.5 

g, 3.246 mmol, 1.0 equiv.) was added and cooled to 0 °C with an ice bath. SnCl4 (16.2 mL of a 

1.0 M solution, 5 equiv.) was then added dropwise. The mixture was stirred for 1 hour at 0 °C, 

then warmed to ambient temperature. The reaction mixture was quenched with a saturated 

NaHCO3(aq) and extracted 3 × with EtOAc. The organic fractions were combined, washed with 

brine, dried over Na2SO4 and concentrated. The desired compound (0.640 g, 2.519 mmol, 78 % 

yield) was purified from the crude mixture by silica column chromatography (30 % EtOAc in 

Hexanes). The NMR data were consistent with literature values. 

 

1H NMR (400 MHz, Acetone-d6) δ 7.30 (d, J = 8.5 Hz, 1H), 7.19 (dq, J = 2.9, 1.5 Hz, 1H), 6.80 

(d, J = 8.6 Hz, 1H), 6.59 (ddd, J = 3.8, 2.2, 1.4 Hz, 1H), 6.23 (dt, J = 3.8, 2.3 Hz, 1H), 3.89 (s, 

3H), 3.67 (s, 3H), 2.70 – 2.57 (m, 2H), 1.52 (q, J = 7.7 Hz, 2H), 1.42 – 1.24 (m, 6H), 0.93 – 0.82 

(m, 3H). 

 
13C NMR (100 MHz, Acetone-d6) δ 183.59, 160.13, 157.54, 132.64, 128.20, 125.82, 125.16, 

124.37, 118.53, 109.94, 105.12, 61.89, 55.29, 31.56, 29.43, 23.38, 22.43, 13.49. 

 

S4 

In a round-bottom flask, S2 (0.830 g, 2.63 mmol, 1.0 equiv.) was dissolved in 1,2-dichloroethane 

(3 mL). The solution was cooled to -20 °C using a dry ice/acetone bath. BBr3 (3.13 mL of a 1 M 
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solution, 1.2 equiv.) was added dropwise, and the reaction mixture was stirred at -20 to – 10 °C 

for 2 hours.  Subsequently, Et3N / water was added, and the solution was extracted 3 × with 

EtOAc. The organic fractions were combined, washed with brine, dried over Na2SO4, and 

concentrated. The desired compound (0.788g, 2.61 mmol, 99 % yield) was used without 

purification. The NMR data were consistent with literature values. 

 

1H NMR (400 MHz, Acetone-d6) δ 12.76 (s, 1H), 8.05 (dd, J = 8.9, 0.9 Hz, 1H), 7.27 (ddd, J = 

3.0, 2.5, 1.4 Hz, 1H), 7.05 (dtd, J = 4.2, 2.8, 1.3 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 6.36 (ddd, J = 

3.9, 2.9, 2.0 Hz, 1H), 3.93 (s, 3H), 2.73 – 2.58 (m, 2H), 1.59 – 1.42 (m, 2H), 1.40 – 1.26 (m, 6H), 

0.91 – 0.82 (m, 3H). 

 
13C NMR (100 MHz, Acetone-d6) δ 186.18, 162.83, 161.95, 130.68, 129.95, 125.49, 118.54, 

117.86, 113.36, 110.70, 102.20, 55.34, 31.64, 29.28, 28.60, 22.45, 22.23, 13.50. 

 

 

S6- S13 were prepared following the same procedure 

 

In a round-bottom flask, S4 (1.0 equiv.) was dissolved in acetic acid (0.2M). N-

chlorosuccinimide (2.0 equiv.) was added and the mixture was stirred at ambient temperature for 

2 hours. Following this, N-chlorosuccinimide (4.0 equiv.) was added and the resulting mixture 

was heated to 70 °C for 16 hours. The reaction mixture was then quenched with 10 % K2CO3(aq) 

until bubbling ceases and extracted 3 × with EtOAc. The organic fractions were combined, 

washed with brine, dried over Na2SO4 and concentrated. The resulting oil was dissolved in 

CHCl3 (0.2 M) and Et3N (3 equiv.) was added. The mixture was heated at 60 °C for 5 hours. The 

solution was cooled to ambient temperature, concentrated, and the spiro- intermediates were 

isolated from the crude mixture by silica column chromatography (10 % EtOAc in hexanes). The 

spiro- intermediate (1.0 equiv.) was dissolved in DMF (0.2 M). The solution was cooled to 0 °C 

using an ice bath and NaH (1.5 equiv.) was added and allowed to stir for 15 min. Subsequently, 

the desired electrophile (1.3 equiv.) was added dropwise and stirring was continued at 0 °C to 
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13C NMR (100 MHz, CDCl3) δ 189.88, 170.33, 163.79, 163.16, 138.24, 129.38, 124.84, 124.33, 

123.73, 115.65, 97.05, 61.92, 31.73, 29.46, 29.38, 25.96, 24.00, 22.71, 14.19.  

HRMS (ESI): Exact mass calculated for C19H20Cl3NNaO4 [M + Na] + : 454.0350. Found: 

454.0356 

S7 

1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 4.00 (s, 3H), 3.42 (dt, J = 14.5, 7.3 Hz, 1H), 3.00 

(dt, J = 14.5, 7.3 Hz, 1H), 2.78 – 2.64 (m, 2H), 1.65 – 1.53 (m, 2H), 1.48 – 1.12 (m, 14H), 0.88 

(t, J = 6.9 Hz, 3H), 0.83 (t, J = 6.8 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ 190.25, 170.00, 163.71, 163.46, 138.25, 129.29, 124.75, 124.33, 

123.72, 115.84, 97.38, 61.93, 41.67, 31.74, 31.36, 29.54, 29.47, 28.76, 26.47, 24.00, 22.71, 

22.56, 14.20, 14.10.  

HRMS (ESI): Exact mass calculated for C24H30Cl3NNaO4 [M + Na] + : 524.1133. Found: 

524.1134 

S8 
1H NMR (400 MHz, Chloroform-d) δ 7.62 (s, 1H), 3.98 (s, 3H), 3.40 (dt, J = 14.7, 7.5 Hz, 1H), 

2.98 (dt, J = 14.6, 7.5 Hz, 1H), 2.77 – 2.61 (m, 2H), 1.64 – 1.54 (m, 2H), 1.45 – 1.13 (m, 26H), 

0.87 (dt, J = 5.9, 3.8 Hz, 6H). 

 
13C NMR (150 MHz, CDCl3) δ 190.11, 169.85, 163.55, 163.32, 138.10, 129.14, 124.60, 124.18, 

123.58, 115.69, 97.23, 61.79, 41.54, 31.92, 31.61, 31.60, 29.64, 29.63, 29.57, 29.44, 29.41, 

29.35, 29.08, 28.66, 26.67, 23.87, 22.70, 22.59, 14.13, 14.08. 

 

HRMS (ESI): Exact mass calculated for C30H42Cl3NNaO4 [M + Na] + : 608.2077. Found: 

608.2056 

S9 
1H NMR (400 MHz, Acetone-d6) δ 7.72 (s, 1H), 5.70 (ddt, J = 16.7, 10.1, 6.3 Hz, 1H), 5.04 – 

4.91 (m, 2H), 4.07 (ddt, J = 15.9, 6.3, 1.5 Hz, 1H), 4.02 (s, 3H), 3.81 (ddt, J = 15.9, 6.4, 1.4 Hz, 

1H), 2.80 – 2.74 (m, 2H), 1.72 – 1.59 (m, 2H), 1.44 – 1.27 (m, 6H), 0.87 (td, J = 5.8, 4.7, 2.8 Hz, 

3H). 
 

13C NMR (100 MHz, Acetone-d6) δ 189.69, 169.85, 163.50, 162.05, 138.79, 132.15, 128.57, 

124.33, 124.17, 123.24, 118.31, 115.95, 96.66, 61.53, 43.32, 31.44, 29.05, 29.00, 23.48, 22.33, 

13.43. 

 

HRMS (ESI): Exact mass calculated for C21H22Cl3NNaO4 [M + Na] +: 480.0512. Found: 

480.0502 

 

S10 
1H NMR (400 MHz, Acetone-d6) δ 7.61 (s, 1H), 7.22 – 7.17 (m, 3H), 7.11 – 7.07 (m, 2H), 4.80 – 

4.72 (d, J = 15.5 Hz, 1H), 4.23 (d, J = 15.5 Hz, 1H), 3.98 (s, 3H), 2.59 (ddd, J = 13.3, 9.1, 6.1 

Hz, 1H), 2.40 (ddd, J = 13.3, 9.2, 6.3 Hz, 1H), 1.49 – 1.38 (m, 2H), 1.27 (d, J = 8.2 Hz, 6H), 

0.88 – 0.79 (m, 3H). 
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13C NMR (100 MHz, Acetone-d6) δ 189.40, 169.73, 163.35, 162.53, 138.86, 135.30, 128.65, 

128.49, 128.25, 127.86, 124.23, 124.14, 123.12, 115.70, 96.83, 61.43, 44.58, 31.33, 29.40, 29.01, 

23.32, 22.33, 13.44. 

 

HRMS (ESI): Exact mass calculated for C25H24Cl3NNaO4 [M + Na] +: 530.0669 Found: 

530.0685 

S11 
1H NMR (600 MHz, Acetone-d6) δ 7.72 (s, 1H), 7.66 – 7.63 (m, 2H), 7.46 (ddt, J = 8.1, 1.5, 0.8 

Hz, 2H), 5.00 – 4.93 (m, 1H), 4.39 (d, J = 16.0 Hz, 1H), 4.04 (s, 3H), 2.64 (ddd, J = 13.3, 9.5, 

6.0 Hz, 1H), 2.42 (ddd, J = 13.3, 9.6, 6.2 Hz, 1H), 1.38 – 1.25 (m, 8H), 0.95 – 0.89 (m, 3H). 

 
13C NMR (150 MHz, Acetone-d6) δ 189.37, 169.78, 163.55, 162.61, 140.37, 138.98, 128.96, 

128.65, 125.21, 125.19, 125.16, 124.44, 124.12, 123.35, 115.58, 96.90, 61.50, 43.98, 31.28, 

23.24, 22.35, 13.42. 

HRMS (ESI): Exact mass calculated for C26H23Cl3F3NNaO4 [M + Na] +: 598.0542 Found: 

598.0552 

S12 
1H NMR (600 MHz, Chloroform-d) δ 7.57 (s, 1H), 7.18 – 7.08 (m, 3H), 7.01 – 6.96 (m, 2H), 

3.94 (s, 3H), 3.54 (ddd, J = 14.5, 10.1, 6.2 Hz, 1H), 3.18 (ddd, J = 14.5, 10.1, 5.9 Hz, 1H), 2.82 – 

2.69 (m, 2H), 2.66 (dt, J = 13.2, 7.4 Hz, 1H), 2.58 (dt, J = 13.2, 7.5 Hz, 1H), 1.53 – 1.48 (m, 

3H), 1.32 – 1.29 (m, 2H), 1.23 – 1.18 (m, 6H), 0.79 (td, J = 5.8, 4.8, 2.4 Hz, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 189.93, 169.85, 163.65, 163.22, 138.31, 137.69, 129.12, 128.56, 

128.55, 126.71, 124.72, 124.22, 123.63, 115.64, 97.17, 61.82, 42.89, 34.81, 31.57, 29.41, 29.31, 

23.87, 22.56, 14.06. 

 

HRMS (ESI): Exact mass calculated for C26H26Cl3NNaO4 [M + Na] +: 544.0825 Found: 

544.0830 

 

S13 
1H NMR (600 MHz, Chloroform-d) δ 7.45 (s, 1H), 6.93 – 6.90 (m, 2H), 6.90 – 6.86 (m, 2H), 

4.65 (d, J = 15.1 Hz, 1H), 4.19 (d, J = 15.1 Hz, 1H), 3.95 (s, 3H), 2.53 (ddd, J = 13.2, 9.6, 5.8 

Hz, 1H), 2.35 (ddd, J = 13.2, 9.6, 6.1 Hz, 1H), 2.25 (s, 3H), 1.45 – 1.36 (m, 2H), 1.34 – 1.24 (m, 

8H), 0.88 (t, J = 6.9 Hz, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 189.67, 169.55, 163.35, 163.13, 138.81, 137.84, 131.25, 129.03, 

128.88, 124.23, 124.06, 123.11, 115.75, 96.80, 61.71, 44.93, 31.55, 29.32, 29.12, 23.58, 22.61, 

21.10, 14.10. 

 

HRMS (ESI): Exact mass calculated for C26H26Cl3NNaO4 [M + Na] +: 544.0825 Found: 

544.0830 

 

1-8 we prepared following the same procedure 
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In separate round-bottom flasks, S6-13(1.0 equiv.) were dissolved in 1,2- dichloroethane (0.4 

M). The mixture was cooled to 0 °C using an ice bath and BBr3 (3.0 equiv.) was added dropwise. 

The reaction was allowed to proceed for 4 hours from 0 °C to ambient temperature. Et3N / water 

was added, and the solution was extracted 3 × with EtOAc. The organic fractions were 

combined, washed with brine, dried over Na2SO4, and concentrated. The desired compounds 1-8 

(63-84%) were purified from the crude mixture using preparative TLC (20 to 30 % EtOAc in 

hexanes). 

 

1 
1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 6.62 (s, 1H), 2.79 (s, 3H), 2.76 (t, J = 7.6 Hz, 2H), 

1.66 – 1.56 (m, 2H), 1.39 – 1.24 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H).  
13C NMR (100 MHz, CDCl3) δ 188.93, 170.34, 163.21, 158.77, 138.43, 129.27, 122.56, 117.67, 

115.79, 112.66, 97.16, 31.77, 29.22, 28.47, 25.91, 23.37, 22.74, 14.21.  

HRMS (ESI): Exact mass calculated for C18H17Cl3NO4 [M - H] - : 416.0229. Found: 416.0223 

2 
1H NMR (400 MHz, CDCl3) δ 7.62 (s, 1H), 6.51 (s, 1H), 3.46 – 3.36 (m, 1H), 3.04 – 2.91 (m, 

1H), 2.80 – 2.63 (m, 2H), 1.65 – 1.11 (m, 16H), 0.86 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 6.9 Hz, 3H).  
13C NMR (100 MHz, CDCl3) δ 189.33, 170.01, 163.50, 158.65, 138.42, 129.20, 122.54, 117.57, 

115.82, 112.88, 97.50, 41.65, 31.79, 31.39, 29.31, 28.76, 28.56, 26.50, 23.38, 22.74, 22.58, 

14.22, 14.10.  

HRMS (ESI): Exact mass calculated for C23H27Cl3NO4 [M - H]- : 486.1001. Found: 486.1006 

3 
1H NMR (600 MHz, Acetone-d6) δ 7.42 (s, 1H), 3.58 (dt, J = 14.2, 7.5 Hz, 1H), 3.06 (ddd, J = 

14.1, 7.6, 6.3 Hz, 3H), 2.68 – 2.61 (m, 2H), 1.62 (m, 30H), 1.02 – 0.96 (m, 6H). 
 

13C NMR (150 MHz, Acetone-d6) δ 180.35, 174.82, 169.38, 162.81, 141.26, 126.57, 125.15, 

121.07, 112.12, 100.69, 97.74, 40.79, 31.99, 31.79, 29.52, 29.52, 29.47, 29.38, 29.08, 26.69, 

23.18, 22.61, 22.48, 13.63, 13.52. 

 

HRMS (+EI): Exact mass calculated for C29H40Cl3NO4: 571.2023 Found: 571.2015 

 

4 
1H NMR (600 MHz, Acetone-d6) δ 7.27 (s, 1H), 5.73 (ddt, J = 17.1, 10.2, 6.0 Hz, 1H), 5.06 (dq, 

J = 17.1, 1.6 Hz, 1H), 4.96 (dq, J = 10.2, 1.4 Hz, 1H), 4.04 (ddt, J = 16.0, 5.9, 1.5 Hz, 1H), 3.51 

(dd, J = 10.9, 5.8 Hz, 1H), 2.52 – 2.47 (m, 2H), 1.51 – 1.47 (m, 2H), 1.29 (q, J = 9.0, 8.0 Hz, 

8H), 0.86 (td, J = 7.1, 2.7 Hz, 3H). 
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13C NMR (150 MHz, Acetone d6) δ 179.76, 174.75, 169.29, 162.42, 141.74, 132.94, 126.43, 

125.25, 121.00, 116.72, 111.97, 100.57, 97.49, 43.01, 31.95, 29.50, 28.77, 23.11, 22.56, 13.60. 

 

HRMS (+EI): Exact mass calculated for C20H20Cl3NO4: 443.0458 Found: 443.0460 

 

5 
1H NMR (600 MHz, Chloroform-d) δ 7.41 (s, 1H), 7.13 – 7.06 (m, 3H), 6.97 – 6.94 (m, 2H), 

4.63 (d, J = 15.3 Hz, 1H), 4.12 (d, J = 15.3 Hz, 1H), 2.48 (ddd, J = 13.3, 9.1, 5.9 Hz, 1H), 2.31 

(ddd, J = 13.2, 9.0, 6.5 Hz, 1H), 1.41 – 1.25 (m, 3H), 1.22 – 1.18 (m, 7H), 0.80 (d, J = 7.1 Hz, 

3H). 

 
13C NMR (150 MHz, CDCl3) δ 188.67, 169.56, 163.35, 158.19, 138.96, 134.79, 128.95, 128.57, 

128.28, 127.98, 122.00, 117.17, 115.58, 112.76, 107.21, 97.00, 44.98, 31.58, 29.13, 28.17, 23.03, 

22.61, 14.10. 

 

HRMS (+EI): Exact mass calculated for C24H22Cl3NO4: 493.0614 Found: 493.0619 

 

6 
1H NMR (600 MHz, Acetone-d6) δ 7.72 – 7.66 (m, 2H), 7.57 – 7.45 (m, 2H), 7.41 – 7.40 (m, 

1H), 4.90 (ddd, J = 16.0, 7.9, 2.1 Hz, 1H), 4.27 – 4.19 (m, 1H), 2.55 – 2.48 (m, 1H), 2.34 (dddd, 

J = 12.6, 9.0, 6.5, 4.0 Hz, 1H), 1.54 – 1.42 (m, 2H), 1.38 – 1.26 (m, 8H), 0.97 – 0.94 (m, 3H). 

 
13C NMR (150 MHz, Acetone) δ 179.89, 174.72, 169.29, 162.93, 141.85, 128.45, 128.37, 

128.10, 126.56, 125.19, 125.05, 125.02, 125.00, 124.14, 121.10, 112.31, 100.87, 97.71, 43.84, 

31.80,  29.50, 29.14, 22.97, 22.59, 13.54. 

 

HRMS (+EI): Exact mass calculated for C25H21Cl3F3NO4: 561.0488 Found: 561.0479 

 

7 
1H NMR (600 MHz, Acetone-d6) δ 7.33 (s, 1H), 7.16 – 7.12 (m, 2H), 7.10 – 7.06 (m, 2H), 4.69 

(d, J = 15.5 Hz, 1H), 4.01 (d, J = 15.6 Hz, 1H), 2.47 (ddd, J = 12.8, 9.4, 5.0 Hz, 1H), 2.38 – 2.33 

(m, 1H), 1.50 – 1.41 (m, 2H), 1.32 – 1.25 (m, 7H), 0.90 (t, J = 7.0 Hz, 4H). 

 
13C NMR (150 MHz, Acetone) δ 179.91, 174.81, 169.32, 162.77, 141.61, 136.55, 134.05, 

128.69, 128.00, 126.54, 125.18, 121.00, 112.20, 100.72, 97.83, 44.20, 31.91, 29.51, 29.12, 23.10, 

22.61, 20.27, 13.62. 

 

HRMS (+EI): Exact mass calculated for C25H24Cl3NO4 : 507.0771 Found: 507.0768 

8 
1H NMR (600 MHz, Acetone-d6) δ 7.37 (s, 1H), 7.26 – 7.21 (m, 2H), 7.18 – 7.11 (m, 3H), 3.69 – 

3.61 (m, 1H), 3.18 (ddd, J = 14.2, 9.5, 5.6 Hz, 1H), 2.86 – 2.76 (m, 3H), 2.56 (qdd, J = 12.7, 8.5, 

6.5 Hz, 2H), 1.59 – 1.47 (m, 2H), 1.31 (ddd, J = 6.5, 3.5, 1.5 Hz, 2H), 1.24 – 1.19 (m, 4H), 0.82 

– 0.79 (m, 3H). 
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13C NMR (150 MHz, Acetone) δ 180.64, 174.89, 169.52, 162.60, 141.30, 138.70, 128.61, 

128.39, 126.67, 126.32, 125.20, 121.20, 112.37, 100.06, 97.70, 42.21, 34.65, 31.92, 29.38, 28.83, 

23.16, 22.54, 13.58. 

 

HRMS (+EI): Exact mass calculated for C25H24Cl3NO4 : 507.0771 Found: 507.0777 

 

 

 

 

Scheme S2. Synthesis of r1 methyl series of analogues  

 

 

S14 

 

Pyrrole 2-carboxylic acid (0.721g, 6.49 mmol, 2 eq) was dissolved in 10 mL of DCM. Oxalyl 

chloride (9.7 mL, 19.48 mmol, 3 equiv) was added dropwise, 1 drop of DMF was added. The 

following mixture was stirred for 1 hour at room temperature. The solvent was removed en 

vacuo. The intermediate acid chloride was resuspended in DCM in a round-bottom flask, 2,6 

dimethoxy toluene (0.5 g, 3.246 mmol, 1.0 equiv.) was added and cooled to 0 °C with an ice 

bath. SnCl4 (16.2 mL of a 1.0 M solution, 5 equiv.) was then added dropwise. The mixture was 
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stirred for 1 hour at 0 °C, then warmed to ambient temperature. The reaction mixture was 

quenched with a saturated NaHCO3(aq) and extracted 3 × with EtOAc. The organic fractions 

were combined, washed with brine, dried over Na2SO4 and concentrated. The desired compound 

(0.640 g, 2.519 mmol, 78 % yield) was purified from the crude mixture by silica column 

chromatography (30 % EtOAc in hexanes). 

 

 
1H NMR (400 MHz, Acetone-d6) δ 7.30 (dq, J = 8.5, 0.6 Hz, 1H), 7.20 (dq, J = 2.9, 1.5 Hz, 1H), 

6.80 (d, J = 8.4 Hz, 1H), 6.57 (ddd, J = 3.7, 2.2, 1.4 Hz, 1H), 6.23 (dt, J = 3.8, 2.3 Hz, 1H), 3.90 

(s, 3H), 3.69 (s, 3H), 2.13 (d, J = 0.5 Hz, 3H). 

 
13C NMR (100 MHz, Acetone) δ 183.47, 160.22, 157.53, 132.70, 127.67, 126.21, 125.16, 

119.56, 118.55, 109.91, 104.90, 61.41, 55.29, 8.14. 

 

HRMS (+EI) : calcd for: C14H15NO3  Exact Mass: 245.1052. Found: 245.1043 

S15 

 

In a round-bottom flask, S14 (0.641 g, 2.61 mmol, 1.0 equiv.) was dissolved in 1,2-

dichloroethane (3 mL). The solution was cooled to -20 °C using a dry ice/acetone bath. BBr3 

(3.13 mL of a 1 M solution, 1.2 equiv.) was added dropwise and the reaction mixture was stirred 

at -20 to – 10 °C for 2 hours.  Subsequently, Et3N / water was added and the solution was 

extracted 3 × with EtOAc. The organic fractions were combined, washed with brine, dried over 

Na2SO4, and concentrated. The desired compound (0.600g, 2.586 mmol, 99 % yield) was used 

without purification. 

 
1H NMR (400 MHz, Acetone-d6) δ 8.05 (dd, J = 9.0, 0.7 Hz, 1H), 7.27 (ddd, J = 3.0, 2.5, 1.3 Hz, 

1H), 7.05 (ddd, J = 3.9, 2.5, 1.3 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 6.35 (dt, J = 3.8, 2.4 Hz, 1H), 

3.93 (s, 3H), 2.06 (d, J = 0.5 Hz, 3H). 

 
13C NMR (100 MHz, Acetone) δ 186.09, 162.86, 161.63, 130.47, 129.99, 125.48, 118.52, 

113.27, 112.69, 110.67, 100.98, 55.35, 7.00. 

 

HRMS (+EI) : calcd for: C13H13NO3  Exact Mass: 231.0895 Found: 231.0880 
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S17- S22 were prepared following the same procedure. 

 

In a round-bottom flask, S15 (1.0 equiv.) was dissolved in acetic acid (0.2 M). N-

chlorosuccinimide (2.0 equiv.) was added and the mixture was stirred at ambient temperature for 

2 hours. Following this, N-chlorosuccinimide (4.0 equiv.) was added and the resulting mixture 

was heated to 70 °C for 16 hours. The reaction mixture was then quenched with a 10 % 

K2CO3(aq) and extracted 3 × with EtOAc. The organic fractions were combined, washed with 

brine, dried over Na2SO4 and concentrated. The resulting oil was dissolved in CHCl3 (0.2M) and 

Et3N (3 equiv.) was added. The mixture was heated at 60 °C for 5 hours. The solution was 

cooled to ambient temperature, concentrated, and the spiro- intermediates were isolated from the 

crude mixture by silica column chromatography (10 % EtOAc in hexanes). The spiro- 

intermediate (1.0 equiv.) was dissolved in DMF (0.2M). The solution was cooled to 0 °C using 

an ice bath and NaH (1.5 equiv.) was added and allowed to stir for 15 min. Subsequently, the 

desired electrophile (1.3 equiv.) was added dropwise and stirring was continued at 0 °C to 

ambient temperature for 5 hours. The mixture was quenched with NH4Cl(aq), extracted 3 × with 

EtOAc, washed with brine, dried over Na2SO4, and concentrated. The desired compounds S17- 

S22 (44-54% over 2 steps) were purified from the crude mixture by silica column 

chromatography (25 % EtOAc in hexanes). 
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HRMS (ESI): Exact mass calculated for C19H20Cl3NO4 [M + Na]+: 454.0386 Found: 454.0347 

 

S19  
1H NMR (600 MHz, Chloroform-d) δ 7.64 (d, J = 0.8 Hz, 1H), 3.98 (s, 3H), 3.42 (ddd, J = 14.7, 

8.4, 6.4 Hz, 1H), 3.00 (ddd, J = 14.6, 8.3, 6.3 Hz, 1H), 2.29 (d, J = 0.6 Hz, 3H), 1.48 – 1.36 (m, 

3H), 1.30 – 1.16 (m, 20H), 0.89 – 0.86 (m, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 190.09, 169.86, 163.66, 163.27, 138.01, 129.18, 124.57, 123.36, 

119.01, 115.57, 97.24, 61.09, 41.52, 31.91, 29.62, 29.55, 29.40, 29.35, 29.34, 29.06, 28.57, 

26.59, 22.69, 14.13, 8.69. 

 

HRMS (ESI): Exact mass calculated for C25H32Cl3NO4 [M + Na]+: 538.1295 Found: 538.1308 

 

S20 

 
1H NMR (600 MHz, Chloroform-d) δ 7.60 (t, J = 0.7 Hz, 1H), 5.67 (ddt, J = 16.7, 10.1, 6.5 Hz, 

1H), 4.97 – 4.84 (m, 2H), 4.04 (ddt, J = 15.7, 6.4, 1.4 Hz, 1H), 3.97 (s, 4H), 3.77 (ddt, J = 15.8, 

6.6, 1.4 Hz, 1H), 2.27 (d, J = 0.7 Hz, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 189.95, 169.72, 163.53, 162.87, 138.60, 131.76, 129.08, 124.47, 

123.12, 118.97, 118.96, 115.83, 96.74, 61.11, 43.70, 8.65. 

 

HRMS (ESI): Exact mass calculated for C16H12Cl3NNaO4 [M + Na]+: 409.9730 Found: 

409.9709 

 

S21 

 
1H NMR (600 MHz, Chloroform-d) δ 7.50 (q, J = 0.6 Hz, 1H), 7.17 (d, J = 7.3 Hz, 1H), 7.15 – 

7.10 (m, 2H), 7.02 – 6.97 (m, 2H), 4.86 (d, J = 15.1 Hz, 1H), 4.04 (d, J = 15.2 Hz, 1H), 3.91 (s, 

3H), 1.93 (d, J = 0.6 Hz, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 189.71, 169.68, 163.30, 163.28, 138.69, 134.68, 129.10, 128.73, 

128.20, 128.01, 124.31, 122.86, 119.04, 115.54, 96.91, 60.95, 45.10, 8.34. 

 

HRMS (ESI): Exact mass calculated for C20H14Cl3NNaO4 [M + Na]+: 459.9886 Found: 

459.9895 

 

S22 

 
1H NMR (600 MHz, Chloroform-d) δ 7.54 (q, J = 0.6 Hz, 1H), 7.44 – 7.40 (m, 2H), 7.18 – 7.14 

(m, 2H), 5.00 – 4.91 (m, 1H), 4.03 (d, J = 15.5 Hz, 1H), 3.91 (s, 3H), 1.91 (d, J = 0.6 Hz, 3H). 

 
13C NMR (150 MHz, CDCl3) δ 189.46, 169.56, 163.68, 163.34, 138.96, 138.93, 129.02, 128.89, 

125.20, 125.17, 125.15, 125.12, 124.63, 123.03, 118.96, 115.28, 96.90, 61.01, 44.53, 8.19. 

 



 

78 

 

HRMS (ESI): Exact mass calculated for C21H13Cl3F3NNaO4 [M + Na]+: 527.9760 Found: 

527.9769 

 

9-14 we prepared following the same procedure 

 

 

In separate round-bottom flasks, S17-22 (1.0 equiv.) were dissolved in 1,2- dichloroethane (0.4 

M). The mixture was cooled to 0 °C using an ice bath and BBr3 (3.0 equiv.) was added dropwise. 

The reaction was allowed to proceed for 4 hours from 0 °C to ambient temperature. Et3N / water 

was added, and the solution was extracted 3 × with EtOAc. The organic fractions were 

combined, washed with brine, dried over Na2SO4, and concentrated. The desired compounds 9-

14 (88-99%) were purified from the crude mixture using preparative TLC (20 to 40 % EtOAc in 

hexanes). 

9 
1H NMR (600 MHz, Acetone-d6) δ 7.32 (d, J = 0.4 Hz, 1H), 2.71 (s, 3H), 1.94 (d, J = 0.3 Hz, 

3H). 

 
13C NMR (150 MHz, Acetone) δ 180.35, 175.27, 169.69, 162.51, 141.05, 126.79, 124.62, 

121.04, 106.96, 100.86, 97.32, 24.83, 7.77. 

 

HRMS (+EI): Exact mass calculated for C13H8Cl3NO4: 346.9519 Found: 346.9522 

10 
1H NMR (600 MHz, Methanol-d4) δ 7.43 (s, 1H), 3.45 (ddd, J = 14.6, 8.0, 6.9 Hz, 1H), 2.98 

(ddd, J = 14.2, 7.9, 6.1 Hz, 1H), 2.01 (s, 3H), 1.53 – 1.41 (m, 2H), 1.27 – 1.21 (m, 5H), 0.85 (t, J 

= 7.1 Hz, 3H). 
 

13C NMR (150 MHz, MeOD) δ 183.53, 176.13, 170.25, 163.74, 140.58, 127.13, 125.17, 121.35, 

108.36, 103.17, 97.82, 40.73, 30.98, 28.04, 26.00, 22.08, 12.96, 7.12. 

 

HRMS (+EI): Exact mass calculated for C18H18Cl3NO4: 417.0301 Found: 417.0310 

 

11 
1H NMR (400 MHz, CDCl3) δ 7.62 (s, 1H), 6.51 (s, 1H), 3.46 – 3.36 (m, 1H), 3.04 – 2.91 (m, 

1H), 2.80 – 2.63 (m, 2H), 1.65 – 1.11 (m, 16H), 0.86 (t, J = 7.1 Hz, 3H), 0.81 (t, J = 6.9 Hz, 3H).  
13C NMR (100 MHz, CDCl3) δ 189.33, 170.01, 163.50, 158.65, 138.42, 129.20, 122.54, 117.57, 

115.82, 112.88, 97.50, 41.65, 31.79, 31.39, 29.31, 28.76, 28.56, 26.50, 23.38, 22.74, 22.58, 

14.22, 14.10.  

HRMS (+EI): Exact mass calculated for C24H30Cl3NO4: 501.1240 Found: 501.1233 
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12 
 

1H NMR (600 MHz, Acetone-d6) δ 7.30 (s, 1H), 5.71 (dddd, J = 17.1, 10.2, 6.3, 5.8 Hz, 1H), 

5.03 (dq, J = 17.1, 1.6 Hz, 1H), 4.95 (dq, J = 10.2, 1.4 Hz, 1H), 4.04 (ddt, J = 16.0, 5.9, 1.5 Hz, 

1H), 3.60 – 3.58 (m, 1H), 3.57 – 3.55 (m, 1H), 1.91 (s, 3H). 
 

13C NMR (150 MHz, Acetone-d6) δ 181.25, 176.03, 170.26, 163.20, 142.30, 133.71, 127.50, 

125.45, 121.81, 117.55, 107.84, 100.90, 98.30, 43.82, 8.53. 

 

HRMS (+EI): Exact mass calculated for C15H10Cl3NO4: 372.9675 Found: 372.9675 

 

13 

 
1H NMR (600 MHz, Acetone-d6) δ 7.30 (s, 1H), 7.21 – 7.16 (m, 5H), 4.74 (d, J = 15.5 Hz, 1H), 

3.94 (d, J = 15.5 Hz, 1H), 1.72 (s, 3H). 

 
13C NMR (150 MHz, Acetone-d6) δ 180.15, 175.14, 169.30, 162.70, 141.43, 137.04, 128.13, 

128.03, 127.14, 126.68, 124.67, 120.94, 107.04, 100.95, 97.79, 44.38, 7.57. 

 

HRMS (+EI): Exact mass calculated for C19H12Cl3NO4: 422.9832 Found: 422.9840 

 

14 

 
1H NMR (600 MHz, Acetone-d6) δ 7.56 (dd, J = 19.3, 8.2 Hz, 2H), 7.39 (dd, J = 22.2, 8.1 Hz, 

2H), 7.29 (s, 1H), 4.87 – 4.80 (m, 1H), 4.07 (d, J = 15.9 Hz, 1H), 1.68 (s, 3H). 

 
13C NMR (150 MHz, Acetone-d6) δ 179.74, 175.16, 169.11, 162.80, 141.72, 128.67, 128.55, 

126.61, 124.97, 124.94, 124.92, 124.89, 124.80, 120.99, 106.95, 100.76, 97.69, 43.76, 25.31, 

7.45. 

 

HRMS (+EI): Exact mass calculated for C20H11Cl3F3NO4: 490.9706 Found 490.9701 

 

NMR Spectra 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of S2 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) of S3 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) and HSQC of S4 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of S6 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of S7 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) and HSQC of S8 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) and HSQC of S9 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) of S10 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) and HSQC of S11 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) and HSQC of S12 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) and HSQC of S13 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of 1 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) and HSQC of 2 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 3 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 4 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 5 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 6 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 7 
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1H NMR (600 MHz, Acetone-D₆) and 13C NMR (150 MHz, Acetone-D₆) and HSQC of 8 
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1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) of S14 

 

 

1H NMR (400 MHz, Acetone-D₆) and 13C NMR (100 MHz, Acetone-D₆) of S15 
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1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) COSY and HSQC of S17 
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1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) COSY and HSQC of S18 

 

 



 

120 

 



 

121 

 

 

1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) and HSQC of S19 
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1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) and HSQC of S20 
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1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) and HSQC of S21 
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1H NMR (400 MHz, CDCl3) , 
13C NMR (100 MHz, CDCl3) and HSQC of S22 
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1H NMR (600 MHz, Acetone-D₆) , 13C NMR (150 MHz, Acetone-D₆) and HSQC of 9 
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1H NMR (600 MHz, MeOD-d4) , 13C NMR (150 MHz, MeOD – d4) and HSQC of 10 
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1H NMR (600 MHz, Acetone-D₆) , 13C NMR (150 MHz, Acetone-D₆) and HSQC of 11 
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1H NMR (600 MHz, Acetone-D₆) , 13C NMR (150 MHz, Acetone-D₆) and HSQC of 12 
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1H NMR (600 MHz, Acetone-D₆) , 13C NMR (150 MHz, Acetone-D₆) and HSQC of 13 
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1H NMR (600 MHz, Acetone-D₆) , 13C NMR (150 MHz, Acetone-D₆) and HSQC of 14 
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Chapter 3: Armeniaspirol analogues disrupt the electrical potential (ΔΨ) of 

the proton motive force. 

3.1 Introduction 

The proton motive force is challenging to characterize as it is comprised of at least two 

important concentration gradients and is often evaluated very differently depending on whether 

the researchers are biophysicists, biochemists, or biologists. This has led to a wide range of 

different assays for characterization of PMF disruption1–5 and has resulted in misused 

terminology throughout the literature and frequent misinterpretation of data. Our goal was to 

apply rigorous biochemical characterization of the disruption of the PMF by armeniaspirol 

analogues. The research presented in this chapter was conducted to further characterize the 

mechanisms of action of armeniaspirol and how they lead to antibiotic activity. After the 

publication of our data showing armeniaspirol inhibits ClpXP and ClpYQ leading to cell division 

arrest, Arisetti et al. showed that armeniaspirol can disrupt the proton motive force (PMF) in 

bacteria through the shuttling of protons across the membrane6.   

Using analogues from the previous study (Chapter 2) allowed us to characterize which 

component of the PMF was disrupted by armeniaspirols and to evaluate the role of this 

membrane disruption on antibiotic activity7. We conducted two independent assays, a voltage 

sensitive dye-based assay and checkerboard synergy-based assay that both indicated that 

armenaispirols disrupt the proton motive force by dissipating the electrical potential (ΔΨ) of the 

PMF.  This is in contrast to Arisetti et al. who suggested the armeniaspirols disrupt the proton 

gradient, ΔpH. Many studies on the PMF point to ionizable groups on small molecules, like the 
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phenol on armeniaspirol, and conclude that this functionality is responsible for proton transport. 

However, protected phenol analogues of armeniaspirol still disrupted ΔΨ.  

By evaluating sixteen armeniaspirol analogues for antibiotic activity and the ability to 

disrupt membrane potential, we show that disruption of the ΔΨ by this family of compounds is 

necessary but not sufficient for potent antibiotic activity. We propose that ClpXP and ClpYQ 

inhibition in conjunction with disruption of the membrane potential are required for antibiotic 

activity, akin to the inhibition of translation and membrane disruption of the tetracycline 

antibiotic chelocardin8,9.  This is particularly interesting since these two activities likely act 

synergistically enhancing potency and reducing the susceptibility to emergence of antibiotic 

resistant mutants. This work provides further understanding of the function and activity of the 

armeniaspirol analogues and which aspect of the proton motive force is being disrupted in 

bacterial organisms. 

Figure 3.1 Armeniaspirols rely on disruption of both the PMF and intracellular targets 

for potent antibiotic activity.  
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Abstract 

The armeniaspirol family of natural product antibiotics have been shown to inhibit the 

ATP-dependent proteases ClpXP and ClpYQ and disrupt membrane potential through shuttling 

of protons across the membrane. Herein we investigate their ability to disrupt the proton motive 

force (PMF).  We show, using a voltage sensitive dye, that armeniaspirols disrupt the electrical 

membrane potential (ΔΨ) component of the PMF and not the transmembrane proton gradient 

(ΔpH).  Using checkerboard assays, we confirm this by showing antagonism, with kanamycin, an 

antibiotic that required ΔΨ for penetration.  By evaluating the antibiotic activity and disruption 

of the PMF by fourteen armeniaspirol analogs, we find that disruption of the PMF is necessary 

but not sufficient for antibiotic activity. Analogues that are potent disruptors of the PMF without 

possessing the ability to inhibit ClpXP and ClpYQ are not potent antibiotics. Thus we propose 
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that the armeniaspirols utilize a dual mechanism of action where they disrupt PMF and inhibit 

the ATP-dependent proteases ClpXP and ClpYQ.  This type of dual mechanism has been 

observed in other natural product-based antibiotics, most notably chelocardin. 

 

 

The armeniaspirol family of antibiotics are mixed polyketide non-ribosomal peptide 

natural products produced by the bacteria Streptomyces armeniacus1–4.  They show potent 

antibiotic activity against Gram-positive pathogens such as methicillin-resistant Staphylococcus 

aureus (MRSA).  Using a combination of chemoproteomics and in vitro biochemistry, 

armeniaspirol was shown to inhibit the AAA+ (ATPases Associated with diverse cellular 

Activities) bacterial proteases ClpYQ and ClpXP in the Gram-positive bacteria Bacillus subtilis, 

causing cell division arrest5. In addition, armeniaspirol has been reported to be a potent 

membrane depolarizing agent based on data from assays using voltage sensitive dyes in Gram-

positive and -negative bacteria, ion conductance assays across a planar lipid bilayer, and pH-

sensitive dyes encapsulated in unilamellar vesicles6.  In this study we investigate disruption of 

the membrane potential by armeniaspirol and analogues thereof to refine our understanding of 

the mechanism of action of this class of compounds.  

The proton motive force (PMF) in bacteria powers ATP synthesis and secondary active 

transport7. It consists of two components: the transmembrane electrical potential (ΔΨ) and the 

transmembrane proton gradient (ΔpH)8. Proton pumps, primarily in the electron transport chain, 

generate the PMF. Because the bacterial cytosolic pH is kept constant, to maintain the PMF over 

a range of external pHs, ΔΨ can vary through the activity of cation-proton antiports7 and 

metabolic proton consumption9.  Thus ΔΨ and ΔpH work together to maintain the PMF. 
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Fluorescence assays based on the voltage sensitive dye DiSC3(5) can effectively 

distinguish between agents that disrupt ΔpH or ΔΨ of the PMF10. When bacteria are treated with 

the cationic DiSC3(5) dye, it accumulates within the membrane where its fluorescence is 

quenched. When the ΔΨ portion of the PMF is dissipated, the cationic dye is released into the 

media resulting in an increase in fluorescence. When the ΔpH is dissipated, the cell compensates 

by increasing ΔΨ and thus maintaining a constant PMF. This further concentrates DiSC3(5) 

within the membrane causing additional self quenching and an overall decrease in fluorescence.  

Herein we show that the armeniaspirol family of natural products dissipate the ΔΨ of 

MRSA rather than shuttle protons across the membrane to dissipate ΔpH, as has been proposed6.  

Consistent with this observation, armeniaspirol has antagonistic activity when used with 

antibiotics that require ΔΨ for uptake and activity. Armeniaspirol analogues with the phenol 

protected, the proposed site for proton shuttling, still disrupt membrane potential. By evaluating 

a number of armeniaspirol analogs11 (Figure 1), we show that potent disruption of the ΔΨ by this 

family of compounds is not sufficient for antibiotic activity. We hypothesize that disruption of 

ΔΨ in conjunction with inhibition of ClpXP and ClpYQ activity contributes to the overall 

mechanism of action of these compounds.  
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Figure 1. The structure of the armeniaspirol analogues investigated in this study. 

 

Excellent recent work by Arisetti and coworkers has shown that armeniaspirols disrupt 

the PMF6. They conclude that armeniaspirol is a protonophore, a class of molecules that can 

shuttle protons across the membrane, disrupting the transmembrane proton gradient ΔpH.  

Consistent with this hypothesis, modification of the phenol and carbonyl of armeniaspirol led to 

compounds that did not disrupt the PMF, suggesting that deprotonation/protonation of the 

phenol, whose pKa was sufficiently lowered by electron withdrawing p-carbonyl substitution, 

was required for proton transfer across the membrane.  

To evaluate if armeniaspirols were disrupting the PMF via dissipation of ΔΨ or the 

proton gradient ΔpH, we performed assays with the Nerstian voltage-dependent fluorescent dye 

DiSC3(5)12.  Valinomycin, a potent alkali cation transporter that selectively disrupts ΔΨ, leads to 

an increase in fluorescence when added to DISC3(5)-treated MRSA USA300 (Figure 2a)10,13.  

Like valinomycin, chloro-armeniaspirol, 1, also showed a significant increase in fluorescence.  

Treatment with nigericin, which  disrupts ΔpH, led to a decrease in fluorescence (Figure 2a)10. 

Based on these data, we suggest that armeniaspirols disrupt ΔΨ rather than ΔpH. 

A number of antibiotics rely on either ΔΨ or ΔpH to cross bacterial cell membranes and 

act on their intracellular targets14. For example, aminoglycosides, like kanamycin, require ΔΨ for 

cell penetration in both Gram-positive bacteria like S. aureus and Gram-negatives such as 

Escherichia coli15. If 1 is disrupting ΔΨ, then it should act antagonistically when co-

administered with kanamycin, reducing the potency of kanamycin.  We thus evaluated synergy 

between potent armeniaspirol analogues 1, 2, and 7 and kanamycin in E. coli ΔtolC.  From 

checkerboard assays, the fractional inhibitory concentration (FIC) index for 1, 2, and 7 with 
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kanamycin was > 4 (Figure 2b).  FICs > 4 are antagonistic16, further supporting the disruption of 

ΔΨ by armeniaspirols.   

Tetracycline accumulation in E. coli is dependent on ΔpH17. A checkerboard assay of 1 

with tetracycline in E. coli Δtolc shows no interaction (FIC = 0.656, Figure 2b). If armeniaspirols 

were disrupting ΔpH, then they should be antagonistic with tetracycline (FIC > 4). Our data is 

thus inconsistent with disruption of ΔpH by armeniaspirols. Disruption of ΔΨ is expected to 

result in no interaction (FIC =0.5 - 4) or a synergistic interaction (FIC < 0.5) between 

armeniaspirol and tetracycline18. Our data is thus consistent with disruption of ΔΨ19.  We 

conclude that 1 is dissipating ΔΨ, not ΔpH. 

 

Figure 2. 1 dissipates ΔΨ, not ΔpH. A Normalized fluorescence response of MRSA USA300 

loaded with the voltage sensitive dye DiSC3(5) following treatment with 1, valinomycin, and 

nigericin. B Checkerboard assays showing antagonism of 1 with aminoglycoside kanamycin and 
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no interaction of 1 and tetracycline in E. coli ΔtolC. MICs of 1, kanamycin, and tetracycline 

alone are 8 μg ml−1, 16 μg ml−1, and 0.25 μg ml−1, respectively in E. coli ΔtolC (MICs are shown 

as the boxed square on checkerboard asssay). FIC indices for 1, 2, and 7 with kanamycin and 1 

with tetracycline are reported (see Figure S3). C. Normalized fluorescence response of MRSA 

USA300 loaded with the voltage sensitive dye DiSC3(5) and treated with 1, 2, 15 and 16. 15 and 

16, which lack an ionizable proton, retained ability to disrupt the PMF.  

 

Because 1 does not disrupt ΔpH, we hypothesized that the phenol, which is proposed to 

be required for protonophore activity, may not be essential to disrupt the PMF as measured by 

DiSC3(5) cell-based assays. We thus synthesized the methyl ether of chloro-armeniaspirol, 15, 

and evaluated its ability to disrupt ΔΨ in MRSA. The free phenol, 1, was a potent disruptor of 

ΔΨ, with a minimum effective concentration (MEC) of 0.5 μg/mL (Figure 2C).  However, 15 

was also able to disrupt ΔΨ, though at a higher concentration with an MEC = 4 μg/mL (Figure 

2C).  16, which is the methyl ether of 2, exhibits more potent disruption of the membrane 

potential than 1 (Figure 2C). Thus, the phenol does not appear to be required for disruption of the 

PMF and furthermore is unlikely responsible for shuttling protons across the membrane as 

previously proposed. 

To evaluate if disruption of the PMF is necessary and sufficient for antibiotic activity by 

the armeniaspirol analogs, we evaluated a panel of 14 armeniaspirol analogs, including 1 and two 

new analogues where the free phenol was protected as a methyl ether 15 and 16, removing all 

ionizable protons. Compounds were evaluated for growth inhibitory activity against MRSA 

USA300 and the ability to disrupt membrane potential in MRSA USA300, as measured with 

DiSC3(5) and DiOC2(3), two different voltage sensitive dyes (Table 1). 
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Careful examination of the analogues shows that compounds with potent ability to disrupt 

membrane potential do not necessarily possess potent antibiotic activity. For example, 16 is able 

to disrupt membrane potential at 0.125 μg/mL as measured by the DiSC3(5) assay but is not 

antibiotic until 4 μg/mL against MRSA USA300. In contrast other compounds with the ability to 

disrupt membrane potential at 0.125 μg/mL, such as 7 and 8, show potent antibiotic activity with 

MIC of 0.5 μg/mL. It is important to note that none of the non-antibiotic compounds (MIC > 4 

μg/mL) are potent disruptors of membrane potential (DiSC3(5) MEC ≤ 0.5 ug/mL). These data 

are thus most consistent with the hypothesis that membrane disruption is necessary for antibiotic 

activity, but it is not sufficient. 

Some natural product-based antibiotics have more than one mechanism of action20. For 

example tetracycline binds the 30S ribosomal subunit inhibiting protein synthesis21 and distorts 

lipid organization in the membrane in a ribosome binding-independent manner22. The 

tetracycline analogue chelocardin inhibits translation and causes membrane depolarization, with 

both mechanisms likely contributing to its antibiotic activity17. We thus propose that membrane 

depolarization and inhibition of ClpXP and ClpYQ are both required for antibiotic function of 

the armeniaspirol family of natural products (Table S3). Consistent with this, 16 is not 

particularly antibiotic; however, it is a potent depolarizing agent yet shows little to no ability to 

inhibit ClpYQ activity in an in vitro assay or the ability to inhibit ClpXP in a cell-based assay.  

Intriguingly since ClpXP and ClpYQ are ATP-dependent proteases and membrane potential 

plays an essential role in ATP synthesis, it is not unreasonable to suggest that reduction of the 

membrane potential could synergize with inhibition of these cellular targets. 

Herein we have used voltage-sensitive dyes to show that the armeniaspirol family of 

natural products, which are Gram-positive antibiotics, disrupt the proton motive force in MRSA 
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USA300 by dissipating the transmembrane electrical potential (ΔΨ) rather than the proton 

gradient (ΔpH). This is supported by armeniaspirol acting antagonistically in checkerboard 

synergy assays with kanamycin, an antibiotic known to require ΔΨ for penetration in bacteria.  

Checkerboard assays show armeniaspirol to be indifferent when tested in a synergy assay with 

tetracycline, an antibiotic known to require the proton gradient to accumulate in Gram-positive 

bacteria. While all armeniaspirol analogues tested in this study that displayed antibiotic activity 

were able to disrupt membrane potential, not all compounds that disrupted membrane potential 

were potent antibiotics. 16 was a potent disruptor of the membrane potential but not an inhibitor 

of the ATP-dependent proteases ClpXP and ClpYQ, suggesting that both mechanisms may be 

required for antibiotic activity. This is akin to the inhibition of translation and membrane 

disruption of chelocardin or the inhibition of dihydrofolate reductase and membrane disruption 

of SCH-7979723. A clear benefit of this dual mechanism is that it should suppress the emergence 

of armeniaspirol-resistant mutants. This is borne out experimentally since armeniaspirol-resistant 

MRSA strains cannot be readily generated2. 
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3.6 Supporting Information 

Armeniaspirol analogues disrupt the electrical potential (ΔΨ) of the proton motive force. 
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Section 1 

Minimum inhibitory concentration and checkerboard assays 

Minimum inhibitory concentration (MIC) assays were carried out in Mueller-Hinton broth in 100 

µL assays in 96-well plates. Sequential concentrations of compound were pipetted into each 

column through two-fold serial dilutions. 5 µL of bacterial culture (OD600 0.07-0.1) was 

inoculated into each well and incubated at 37°C for 16 h. Growth was observed by OD600 

readings using a Synergy H4 microplate reader (BioTek). The MIC was determined by the 

lowest concentration of compound that prevented bacterial growth. 

For checkerboard assays, the standard microdilution MIC assay described above was performed 

with each drug being serially diluted at 8 different concentrations to create an 8 × 8 matrix.  At 

least three replicates were done of each concentration and the means used for calculation. The 

FIC for each drug combination was determined using the formula shown in Figure S3. 

Staphylococcus aureus proton motive force assay using DiSC3 (5) fluorescent dye.  

MRSA USA300 cells were grown in 20 mL of LB to an OD600 of 0.7. Cells were pelleted at 

4,000 rpm for 20 min and resuspended in phosphate-buffered saline (pH 7). The cells were 

loaded with DiSC3(5) and allowed to stabilize for 10 minutes while shaking and were protected 

from light before adding to assay plates containing compounds. The final dye concentration of 1 

μM in each well. Compounds were dispensed into 96-well assay plates using sequential two-fold 

dilutions of concentrations of compound. Fluorescence was monitored at one Synergy H4 

microplate reader (BioTek) at an excitation wavelength of 610 nm and an emission wavelength 

of 660 nm for 10 minutes. Controls for each plate included: no cell control (compounds and dye) 

to monitor compound quenching fluorescence, no compound control (dye and cells) to monitor 

fluorescence of non depolarized cells for the baseline reading, no dye control (compounds and 
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cells) to monitor background fluorescence. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 

was run as a positive compound control. All data was run in triplicate. MEC was determined to 

be at the concentration where an increase in fluorescence by 50% above baseline of untreated 

cells loaded with dye was observed. 

Staphylococcus aureus proton motive force assay to monitor membrane depolarization 

assay using DiSC3(5) using Nigericin and Valinomycin.  

MRSA USA300 cells were grown in 20 mL of LB to an OD600 of 0.7. Cells were pelleted at 

4,000 rpm for 20 min and resuspended in 10 mM potassium phosphate, 5 mM MgSO4, and 250 

mM sucrose (pH 7.0) to an OD600 of 0.085. The cells were loaded with DiSC3(5) and allowed to 

stabilize for 10 minutes while shaking and were protected from light before adding to assay 

plates containing compounds. The final dye concentration was 1 μM in each well. Compounds 

were dispensed into 96-well assay plates using sequential two-fold dilutions of concentrations of 

compound. Fluorescence was monitored at one Synergy H4 microplate reader (BioTek) at an 

excitation wavelength of 610 nm and an emission wavelength of 660 nm for 10 minutes. 

Controls for each plate included: no cell control (compounds and dye) to monitor compound 

quenching fluorescence, no compound control (dye and cells) to monitor fluorescence of non 

depolarized cells, no dye control (compounds and cells) to monitor background fluorescence.   

Staphylococcus aureus proton motive force assay using DiOC2(3) fluorescent dye. 

MRSA USA300 cells were grown in 20 mL of LB to an OD600 of 0.7. Cells were pelleted at 

4,000 rpm for 20 min and resuspended in phosphate-buffered saline (pH 7). The cells were 

loaded with DiOC2(3) and allowed to stabilize for 10 minutes while shaking and were protected 

from light before adding to assay plates containing compounds. The final dye concentration was 

10 μM in each well. Compounds were dispensed into 96-well assay plates using sequential two-
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fold dilutions of concentrations of compound. Fluorescence was monitored at one Synergy H4 

microplate reader (BioTek) at an excitation wavelength of 485 nm and an emission wavelength 

of 520 nm as well as an excitation wavelength of 485 nm and an emission wavelength of 600 nm 

for 10 minutes. The ratio of the fluorescence intensity of A600/A520 was plotted. Controls for each 

plate included: no cell control (compounds and dye) to monitor compound quenching 

fluorescence, no compound control (dye and cells) to monitor fluorescence of non depolarized 

cells, no dye control (compounds and cells) to monitor background fluorescence. CCCP was run 

as a positive compound control. Data was normalized and curves were fit using non-linear 

regression with 4 parameter fitting. 

General Synthetic Protocols 

All reagents were purchased from Sigma-Aldrich at the highest available purity and used without 

further purification. All solvents were purchased from Fisher Scientific and were ACS grade or 

higher. All reactions were conducted using dry solvents under an argon atmosphere unless 

otherwise noted. NMR spectroscopy was performed with a Bruker Avance II, operating at 400 

MHz for 1H spectra, and 100 MHz for 13C spectra or Bruker Avance III, with cryoprobe 

operating at 600 MHz for 1H spectra, and 150 MHz for 13C spectra. Structural S5 assignments 

were made with additional information from gCOSY, gHSQC, and gHMBC experiments. 

Preparatory TLC was performed using Merck Millipore 20 x 20 cm silica gel 60 F254 plates. 

High-resolution mass spectroscopy (HRMS) was conducted on a Micromass Q-TOF I for ESI 

measurements and a Kratos Concept 1S High Resolution Mass Spectrometer for EI 

measurements (John L. Holmes Mass Spectroscopy Facility) 
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Synthesis of 15 and 16  

 

 

 

 

 

 

1 (3mg, 0.0076 mmol, 1 equiv) was dissolved in N,N-dimethyl formamide (DMF) (0.2 M). 

K2CO3 (4.2mg, 0.0225 mmol, 3 equiv) was added and allowed to stir for 15 min. Methyl iodide 

(2.3 μL, 0.0375 mmol, 5 equiv) was added to the mixture and after 3 h at room temperature, the 

solution was diluted with ethyl acetate (EtOAc, 10 mL) and washed with a NH4Cl solution. The 

aqueous layer was then extracted twice with EtOAc (20 mL). The organic layer was then washed 

consecutively with brine. The combined EtOAc layers were dried with MgSO4 and concentrated 

in vacuo. Silica gel chromatography (25 % EtOAc/hexanes) yielded pure 15 (2.6mg, 80%). 

NMR data were consistent with literature values1. 

1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 4.00 (s, 3H), 2.79 (s, 3H), 2.76 – 2.70 (m, 2H), 1.64 

– 1.55 (m, 2H), 1.41 – 1.24 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ 189.88, 170.33, 163.79, 163.16, 138.24, 129.38, 124.84, 124.33, 

123.73, 115.65, 97.05, 61.92, 31.73, 29.46, 29.38, 25.96, 24.00, 22.71, 14.19.  

HRMS (ESI): Exact mass calculated for C19H20Cl3NNaO4 [M + Na]+: 454.0350. Found: 

454.0356 

HRMS (EI): Exact mass calculated for C19H20Cl2NO4 [M-Cl]+: 396.0769 Found 396.0779 
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2 (5mg, 0.01 mmol, 1 equiv) was dissolved in DMF (0.2 M). K2CO3 (4.2mg, 0.03 mmol, 3 

equiv) was added and allowed to stir for 15 min. Methyl iodide (3.7μL, 0.05 mmol, 5 equiv) was 

added to the mixture and after 3 h at room temperature, the solution was diluted with EtOAc (10 

mL) and washed with a NH4Cl solution. The aqueous layer was then extracted twice with EtOAc 

(20 mL). The organic layer was then washed consecutively with brine. The combined EtOAc 

layers were dried with MgSO4 and concentrated in vacuo. Silica gel chromatography (20 % 

EtOAc/hexanes) yielded pure 16 (4.2mg, 82%). NMR data were consistent with literature 

values1. 

1H NMR (400 MHz, CDCl3) δ 7.63 (s, 1H), 4.00 (s, 3H), 3.42 (dt, J = 14.5, 7.3 Hz, 1H), 3.00 (dt, 

J = 14.5, 7.3 Hz, 1H), 2.78 – 2.64 (m, 2H), 1.65 – 1.53 (m, 2H), 1.48 – 1.12 (m, 14H), 0.88 (t, J = 

6.9 Hz, 3H), 0.83 (t, J = 6.8 Hz, 3H).  

13C NMR (100 MHz, CDCl3) δ 190.25, 170.00, 163.71, 163.46, 138.25, 129.29, 124.75, 124.33, 

123.72, 115.84, 97.38, 61.93, 41.67, 31.74, 31.36, 29.54, 29.47, 28.76, 26.47, 24.00, 22.71, 

22.56, 14.20, 14.10.  

HRMS (ESI): Exact mass calculated for C24H30Cl3NNaO4 [M + Na]+: 524.1133. Found: 

524.1134 

HRMS (EI): Exact mass calculated for C24H30Cl2NO4 [M-Cl]+: 466.1552 Found 466.1554 
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Section 2 

 

Figure S1. (A)  DiSC3(5) assay of methyl chain derivatives (B) DiSC3(5) assay of Hexyl chain 

derivatives  
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Table S1. MIC and MEC of armeniaspirol analogues in DiSC3(5) assay  

Compound MIC MEC DiSC3(5) 

1 4 0.5 

2 1 0.03125 

3 16 >1 

4 4 0.25 

5 1 0.5 

6 2 0.125 

7 0.5 0.125 

8 0.5 0.125 

9 >32 8 

10 4 0.5 

11 1 0.25 

12 >32 8 

13 32 4 

14 16 2 

15 >32 4 

16 4 0.125 
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Figure S2. (A) DiOC2(3) assay of methyl chain derivatives (B) DiOC2(3) assay of hexyl chain 

derivatives  
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Table S2. MIC and EC50 of armeniaspirol analogues in DiOC2(3) assay 

Compound MIC (µg/ml) DiOC2(3) EC50 (µg/ml) 

1 4 0.42 ± 0.09 

2 1 0.07 ± 0.003 

3 16 > 8 

4 4 0.23 ± 0.01 

5 1 0.39 ± 0.03 

6 2 0.30 ± 0.01 

7 0.5 0.07 ± 0.002 

8 0.5 0.12 ± 0.007 

9 >32 > 8 

10 4 0.17 ± 0.01 

11 1 0.28 ± 0.008 

12 >32 > 8 

13 32 3.20 ± 0.25 

14 16 2.45 ± 0.22 

15 >32 2.04 ± 0.09 

16 4 0.54 ± 0.02 
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Figure S3. Checkerboard assays showing antibiotic antagonism/synergy in E. coli ΔtolC by 1, 2, 

and 7 with kanamycin and tetracycline. MICs of 1, 2, 7, kanamycin and tetracycline alone are 8 

μg mL−1, 4 μg mL−1, 4 μg mL−1, 16 μg mL−1,0.25 μg mL−1 respectively, are highlighted on each 

plot by the boxed square. The fractional inhibitory concentration (FIC) index was calculated 

according to the equation above, where MICA represents the MIC of 1,2 or 7 alone, MICAC 

represents the MIC of 1, 2 or 7 in combination with either tetracycline or kanamycin, MICX 

represents the MIC of tetracycline or kanamycin alone, MICXC represents the MIC of 

tetracycline or kanamycin in combination with 1, 2 or 7. Synergy is defined as FIC index ≤ 0.5. 

Antagonism is defined as FIC index ≥ 4.  
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Figure S4.  Plot of DiSC3(5) versus MIC activity for armeniaspirol analogues with MIC potency 

≤ 4 μg/mL.  

 

 

 

Figure S5.  Plot of DiOC2(3) versus MIC MEC activity for armeniaspirol analogues with MIC 

potency ≤ 4 μg/mL. 
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Figure S6. A plot of the lipophilicity (cLogP) versus the antibiotic activity (MIC) shows a 

moderate negative linear correlation that is not statistically significant as measured by the 

Pearson product-moment correlation (r(10) = -0.56, p = 0.092) 
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Figure S7. A plot of the lipophilicity (cLogP) versus the minimum effective concentration for 

disruption of membrane potential as determined by the DiSC3(5) assay shows a moderate 

negative linear correlation that is statistically significant as measured by the Pearson product-

moment correlation (r(10) = -0.74, p = 0.016). 

 

 

Figure S8. A plot of the lipophilicity (cLogP) versus the IC50 for disruption of membrane 

potential as determined by the DiOC2(3) assay shows no linear correlation as measured by the 

Pearson product-moment correlation (r(10) = -0.016, p = 0.96). 

 

Table S3. Comparing analogues to armeniaspirol for displaying dual mechanism of action. 

Compounds with improved activity compared to 1 received a check. 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of 15 

 

EI+ mass spectrum of 15 
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1H NMR (400 MHz, CDCl3) and 13C NMR (100 MHz, CDCl3) of 16 

 

 

 

EI+ mass spectrum of 16 
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Chapter 4: Synthesis of a Constitutional Isomer of Armeniaspirol A, 

Pseudoarmeniaspirol A, via Lewis Acid-Mediated Rearrangement  

4.1 Introduction 

The research presented in this chapter was born from the efforts towards the total 

synthesis of armeniaspirol A. Because of unwanted late-stage chlorination of the electron rich 

phenyl ring, our strategies centred around early chlorination of the pyrrole. A study published in 

1971 (in the Canadian Journal of Chemistry) by Durham and Rees caught our eye1. This 

infrequently cited paper reported the tri-chlorinated lactam structure shown in figure 4.1; 

however, the structural characterization was based on infrared spectroscopy and mass 

spectrometry-based fragmentation. We sought to confirm this structure and to develop a 

transform-based approach to the total synthesis of armeniaspirol using an early-stage oxidative 

chlorination.   

Once the product was confirmed by NMR characterization and the reaction shown to be 

effective and scalable to deliver gram quantities of the correctly functionalized intermediate, it 

was then applied to our planned total synthesis of armeniaspirol. However, the synthesis was 

derailed by an unexpected Lewis acid mediated rearrangement in the penultimate step to yield a 

constitutional isomer of armeniaspirol, which we called pseudoarmeniaspirol. Extensive 

screening of substrates and reaction condition unfortunately could not suppress this undesired 

rearrangement. 

With the potential utility and the limited literature precedence surrounding the oxidative 

chlorination of pyrrole-2-carbonyl compounds1–3, we set out to determine what other carbonyl 

derivatives would undergo successful oxidation. This led to a mechanistic study to determine 
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Abstract 

The natural product armeniaspirol possesses a unique spirocyclic N,O-ketal in an α,β-

dichloro-α,β-unsaturated lactam scaffold that has proven to be challenging to synthesize.  Herein 

we characterize the oxidative chlorination of pyrrole-2-carboxylate derivatives that rapidly 

generates this scaffold. The scope of this oxidation was extended to a series of esters and amides. 

Pyrrole-2-ketones could not be converted into the lactam due to an oxidative fragmentation. This 

result was unexpected since chloro-armeniaspirol has been synthesized via oxidative chlorination 

of a pyrrole-2-ketone. Examination of this successful oxidation showed the desired scaffold was 

accessed due to intramolecular trapping from the neighboring free phenol, preventing 

fragmentation. Using the product of methyl N-methyl pyrrole-2-carboxylate oxidation 7b, we 

attempted to access the natural product armeniaspirol 2; however, an unanticipated Lewis-acid 

mediated rearrangement led to formation of a constitutional isomer, pseudoarmeniaspirol A 1.  A 

small panel of pseudoarmeniaspirol analogues were synthesized and evaluated for antibiotic 

activity, inhibition of the targets of armeniaspirol, ClpXP and ClpYQ, and protonophore activity. 
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While pseudoarmeniaspirol shows antibiotic activity, it does not target ClpXP or ClpYQ and has 

less protonophore activity than the natural product.   

Introduction 

The natural product family of the armeniaspirols contains a unique and unusual spiro-

[4.4]non-8-ene scaffold that has been challenging to generate (Figure 1A).1,2  This N,O-ketal 

spirocyclic scaffold can be accessed from a pyrrole derivative through an oxidative chlorination 

strategy.  Treatment of the pyrrole 3 with N-chlorosuccinimide (NCS) led to oxidation of the 

pyrrole ring and installation of the desired 3,4 dichloro-σ,β-unsaturated lactam and the spiro 

N,O-ketal, all in one operation (Figure 1B).2,3 This reaction furnishes the core of armeniaspirol 

swiftly.  However, it also installed an undesired chlorine at the 5-position on the electron rich 

aryl ring which is not present in the natural product. While this route has proven effective at 

synthesizing a series of analogues of 2, a number of which showed increased antibiotic activity 

against Gram-positive pathogens3, it has not yielded a total synthesis of armenaispirol.  Recently 

however the total synthesis of (±) armeniaspirol A, 2, was elegantly solved using an oxidative 

radical cross coupling and [3+2] cycloaddition (Figure 1C).4 Herein we disclose a strategy based 

on an intramolecular Friedel-Crafts acylation that yields a constitutional isomer of armeniaspirol 

A, pseudoarmeniaspirol A, 1, through an unexpected rearrangement (Figure 1A).   
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Figure 1. (A) Structures of (±) pseudoarmeniaspirol A, 1, and (±) armeniaspirol A, 2. (B) NCS-

mediated oxidative chlorination used to generate the skeleton of armeniaspirol along with 

undesired chlorination at the 5 position. (C) Previous retrosynthetic disconnection of (±) 

armeniaspirol A. 

 

Results and Discussion 

To prevent undesired chlorination, a route where the pyrrole was oxidized to the 

dichloro-α,β-unsaturated lactam prior to installation of the electron rich aryl ring was envisioned.  

Pioneering work by Durham and Rees reported that chlorination of the methyl ester of pyrrole 

carboxylic acid generated a lactam with the appropriate functionalization for the synthesis of 

armeniaspirol A.5 We thus envisioned installing the aryl ring after oxidation of the pyrrole and 

effecting an intramolecular Friedel-Crafts acylation to generate the complete framework of 2 

(Figure 2).   
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Figure 2. Retrosynthetic analysis of (±) pseudoarmeniaspirol A from early stage oxidation of 

pyrrole moiety. 

The oxidative conversion of pyrrole carboxylic acids into α,β-unsaturated α,β-

dichlorinated lactams has not been well characterized. Durham and Rees initially reported the 

reaction in 1971; however, their structural assignment was tentative and relied primarily on mass 

spectrometry fragmentation patterns.5 Thus, we set out to investigate the scope of this key 

oxidative transformation by varying the substituents on the pyrrole nitrogen as well as the 

electron-withdrawing groups at the 2-position. 

Substitution of the pyrrole nitrogen did not impact the reaction (Table 1).  Esters of 

pyrrole-2-carboxylic acid (both N-H and N-alkyl, 7a-d) underwent smooth oxidation to the 

lactam when treated with 4 equivalents of NCS. Similarly, treatment of the N-methyl pyrrole 

methyl ester with 4 equivalents of N-bromosuccinimide generated the corresponding brominated 

compound 18.  The presence of a stereogenic centre in the alkyl chain in 7e did not impede the 
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NCS-mediated oxidation, though it did not significantly bias the facial selectivity of pyrrole 

oxidation, generating a 1:1.2 ratio of diastereomeric products. The N-Boc and N-Tosyl protected 

pyrroles were oxidized by NCS; however, the protecting groups were lost during the reaction 

(7w-x). To probe the substrate scope at the 2-position, a series of N-methyl pyrrole 2-carboxylic 

acid esters were screened (7f-i).  All oxidized smoothly to the expected lactam product. 

Interestingly, neither the carboxylic acid, ketones, or the aldehyde yielded any of the expected 

product (7l-q).  

Table 1. Scope of NCS-mediated chlorination of pyrrole 2-carbonyl compounds. 
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*nd = not detected. 
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The observation that ketones 7l-n were not successfully oxidized was particularly 

surprising. In the case of armeniaspirol, which contains a ketone, NCS successfully oxidizes the 

pyrrole to the chlorinated lactam. A key difference between the simple pyrrole substrate and the 

chloro-armeniaspirol example is the trapping of the lactam γ-position by the teathered phenol 

(Figure 3A).  This trapping is clearly important since when the phenol is protected as a methyl 

ether in 9, NCS-mediated oxidation of the pyrrole leads to oxidative cleavage of the C-C bond 

linking the pyrrole to the ketone, resulting in 10 (Figure 3B). The oxidative cleavage is 

consistent with Cue and Chamberlin’s observations that chlorination of a related pyrrolo-

phenone leads to oxidative cleavage of the pyrrole carbonyl bond and formation of 5-chloro 

pyrrole.6   

Based on our results and Cue and Chamberlin’s work,6 we propose that formation of the 

5-chloropyrrolium intermediate leads to fragmentation into the 5-chloropyrrole and the acylium 

ion (Figure 3D, R = alkyl), which is converted into the acid on aqueous work up.5  To test this, 

we investigated the oxidation of pyrrole carboxylic acid with excess NCS.  We predicted that 

chlorination to trichloropyrrole carboxylic acid would occur followed by formation of the 5-

chloropyrrolium and decarboxylation to the tetrachloropyrrole, which can be further oxidized to 

dichloromaleic anhydride (Figure 3C).  We were pleased to see that both the tetrachloropyrrole 

11 and dichloromaleic anhydride 12 were readily isolated from treatment of pyrrole 2-carboxylic 

acid with excess NCS. As mass spectrometry-based characterization of 11 proved challenging, 7,8 

authentic 11 was generated by treating pyrrole with excess sulfuryl chloride (Figure S5).9  This 

compound proved identical in all respects to 11 generated from treatment of pyrrole 2-carboxylic 

acid with excess NCS.  
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Figure 3. (A) Productive ketone oxidative chlorination via intramolecular phenol trapping. (B) 

Fate of protected phenol in armeniaspirol system. (C) Fate of pyrrole carboxylic acid derivative 

under oxidative chlorination conditions. (D) Mechanistic proposal for C-C bond fragmentation 

when R = alkyl.  C-C bond fragmentation does not occur when R = NHR’ or R = OR’.1 

 

 

1 An Alternative explanation for this reactivity is via addition of a nucleophile into the carbonyl to generate a 

tetrahedral intermediate which collapses via C-C bond cleavage to generate the pyrrole. 
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Based on this mechanistic analysis, we proposed that amides, like esters, should be 

effectively converted into the chlorinated lactams.  In amides and esters, the loss of the high 

energy protonated alkylisocyanate ion (Figure 3D, R = NHR’) and alkoxylcarbonyl cation 

(Figure 3D, R = OR’)10,11 (versus the acylium ions in ketone (Figure 3D, R = alkyl)) is expected 

to be slow, preventing unwanted C-C bond cleavage. Consistent with this hypothesis, propyl and 

piperidine amides were converted into the chlorinated lactams 8j-k. The benzyl and propargylic 

amides 7r-s however were not, presumably due to the oxidative cleavage of the benzyl and 

propargyl groups.12 Similarly, thioesters 7u-v were also not converted into the expected lactam 

due to rapid sulfur oxidation followed by decomposition.   

To gain further insight into the successful oxidation of 3 into 4, we evaluated its 

conversion by stepwise addition of NCS equivalents by NMR spectroscopy. Addition of three 

equivalents of NCS generated the trichloro intermediate 13. Addition of another equivalent of 

NCS yielded an equal mixture of starting material 13 and the doubly oxidized product 14 (Figure 

4). Thus, we proposed that the 4-chloropyrrolium ion is generated13 and trapped by the 

neighbouring phenol to install the desired spirocyclic centre. The resulting enamine is then 

rapidly α-chlorinated and resulting protonated imidoyl chloride hydrolyzes yielding the lactam 

14. The formation of an equal molar ratio of starting material to product suggests that the second 

chlorination step is significantly faster than the first, consistent with the reactivity of the enamine 

versus an electron-poor pyrrole. 

A published model study for the synthesis of chloro-armeniaspirol indicated a α,β,β-

trichlorolactam species was the product of this oxidation.2 However, our mechanistic hypothesis 

suggested the α,α,β-trichlorolactam regioisomer 14 was formed. We thus wanted to 

unambiguously assign the structure of the product. We therefore isolated 13 from treatment of 3 
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with 3 equivalents of NCS and subjected it to a single equivalent of NCS, generating a 1:1 

mixture of 13 to 14. 14 was isolated and the structure was assigned by 1D and 2D NMR analysis 

confirming the regiochemistry as the α,α,β-trichlorolactam.   

 

 

Figure 4. Proposed mechanism of pyrrole ketone oxidative chlorination on the route to (±) 

chloro-armeniasprol A. 
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Figure 5. (A) Route to synthesis of (±)-pseudoarmeniaspirol. (B) Proposed Lewis acid-mediated 

skeletal rearrangement leading to pseudo-armeniaspirol skeleton.2 (C) Key HMBC correlation in 

structure elucidation. (D) Analogues of pseudoarmeniaspirol. 

 

Having evaluated the scope and mechanism of pyrrole chlorination, we had ready access 

to N-methyl lactam derivative 7b. Treatment with 2-hexyl-3-methoxyphenol 6 and K2CO3 

 

2 Conversion of 5 to the intermediate is stepwise. A 1,2 migration of the phenolic oxygen would form a tetrahedral 

intermediate where methanol would leave after collapse of the tetrahedral intermediate to form the phenolic ester. 

The iminium ion would then be attacked by the aryl ring. 
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coupled the two halves of armeniaspirol and set the stage for the key Friedel-Crafts acylation.14 

All attempts to hydrolyze the methyl ester 5 resulted in decomposition. Derivatives with acid 

labile and fluoride sensitive esters similarly decomposed upon attempts to deprotect the acid (see 

Table S1). Because activated esters for the Friedel-Crafts acylation were not accessible, Lewis 

acid-mediated Friedel-Crafts acylation with the ester was attempted.15,16 Tin (IV) chloride 

treatment led to a new product and its 1H NMR spectrum was consistent with a tetrasubstituted 

aryl ring.  Unfortunately the data were not consistent with those expected for the methyl ether of 

the natural product. Structural elucidation by 1D and 2D NMR analysis revealed an unexpected 

rearrangement had occurred generating a constitutional isomer of the desired product where the 

spiro-center is connected directly to the aromatic ring, in 15.  Screening a wide variety of 

reaction conditions, Lewis acids, and additives did not yield conditions that suppressed this 

unwanted migration (Table S1). Final deprotection of the aryl ether yielded pseudoarmeniaspirol 

A, 1, a constitutional isomer of armeniaspirol A.  

With its structural similarity to 2, we evaluated 1 and a small panel of analogs, 16 and 17, 

for biological activity. 2 is a Gram-positive antibiotic active against methicillin-resistant 

Staphylococcus aureus (MRSA). 1 displayed comparable antibiotic activity with an MIC of 4 

μg/mL against MRSA USA300 (Table 2), the most common form of community-acquired 

MRSA infections. Synthetic chloro-armeniaspirol is known to inhibit proteolysis by recombinant 

purified ClpYQ in vitro with a KI of 3.2 ± 0.2 μM and inhibit ClpXP activity in a cell-based 

assay at 1 μg/mL. 1 did not show any inhibition of ClpYQ even at 50 μM nor did it inhibit 

ClpXP at up to 1 μg/mL (Table 2). Lastly, armeniaspirol has been shown to possess 

protonophore activity. Thus, we evaluated pseudoarmeniaspirol for its ability to disrupt the 

proton gradient in bacterial cells using two different voltage-sensitive fluorescent dye assays. 1 
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showed significantly less protonophore activity than chloro-armeniaspirol in both assays. 16 and 

17 were synthesized and evaluated for antibiotic activity. Neither compound possessed relevant 

antibiotic activity (Table 2). Thus while 1 possesses comparable antibiotic activity to chloro-

armeniaspirol, it does not appear to exert this activity through inhibition of the Clp proteases nor 

through disruption of the proton motive force. 

In conclusion, we have elucidated the scope of pyrrole oxidative chlorination for 

accessing α,β-dichloro-α,β-unsaturated lactams. We have shown that oxidative C-C bond 

cleavage can occur in pyrroles substituted with aldehydes, ketones, or a carboxylic acid at the 2-

position but does not occur with esters or amides. We show that the pyrrole oxidation in the 

synthesis of chloro-armeinaspirol, which occurs on a ketone-substituted pyrrole, does not lead to 

C-C bond cleavage due to the intramolecular trapping of a reaction intermediate by the phenol. 

Lastly, using the product from oxidation of the pyrrole carboxylic acid methyl ester, we generate 

an intermediate primed for synthesis of the armeniaspirol scaffold by a Friedel-Crafts acylation. 

Surprisingly this intermediate undergoes a Lewis acid-mediated rearrangement prior to 

electrophilic aromatic substitution, leading to a new scaffold and ultimately to a constitutional 

isomer of armeniaspirol that we name pseudoarmeniaspirol. While pseudoarmeniaspirol 1 is 

active against the Gram-positive pathogen MRSA like armeniaspirol, it does not inhibit the Clp 

proteases targeted by armeniaspirol nor does it act as a protonophore suggesting a different 

mechanism of action. 

Table 2. Biological evaluation of constitutional isomers of Armeniaspirol. 

 
MECClp

XP 

(μg/mL) 

KI 

ClpYQ(μM) 

(± std dev) 

MIC  

(μg/mL) 

DiOC2(3) 

IC50 

(μg/mL) 

DiSC3(5) 

EC50 

(μg/mL) 

Cl-

Arm 

1 
3.2 ± 0.2 

4 0.169 0.5 
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1 >1 < 50 4 2.45 1 

16 >1 < 50 >32 4.75 >1 

17 >1 < 50 >32 1.82 0.25 
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Section 1. General Methods 

ClpYQ protein purification 

The ClpQ expression vector (pPL29, pET21c-based, C-terminal His tag, AmpR) was 

transformed into chemically competent E. coli BL21(DE3) for protein expression. 400 mL LB 

media was inoculated with 0.5% (v/v) of an overnight pre-culture. The culture was grown at 37 

°C (200 rpm) and expression was induced with 1 mM isopropyl-1-thio-β-D-galactopyranoside at 

an optical density (OD600) of 0.5. The culture was grown at 37 °C (200 rpm) for 4 h. The cells 

were pelleted at 4,000 rpm for 20 min and re-suspended in lysis buffer (50 mM Tris, 100 mM 

NaCl, 1 µg/mL leupeptin, 1 µg/mL pepstatin A, 1 mg/mL lysozyme, 10% glycerol, pH 8.0). 

Mechanical cell lysis was achieved by 3 cycles of 3 s sonication then 2 s incubation on ice 

followed by a 1 min incubation on ice. The cell debris was pelleted at 10,000 rpm for 60 min and 

the supernatant was incubated with 800 µL 50% Ni-NTA agarose resin (QIAGEN) for 30 min at 

4 °C with gentle shaking. The lysate was loaded onto a column and the flow-through was 

collected. The resin was washed sequentially with 5 mL elution buffer (100 mM Tris, 300 mM 

NaCl, pH 8.0) containing 0 mM, 20 mM, 100 mM and 250 mM imidazole. Fractions were 

analyzed by SDS-PAGE (4-20% Mini-PROTEAN TGX Precast Gels; Bio-Rad). ClpQ-

containing fractions were pooled and additionally purified by FPLC size exclusion using a 

Superdex 200 10/30 GL column (GE Healthcare). Buffer used in FPLC purification included 50 

mM Tris, 250 mM NaCl, pH 8.0. ClpQ-containing fractions were concentrated using a 10 kDa 

Amicon Ultra-15 centrifugal filter unit (Millipore Sigma). The concentrated protein was stored at 

-80 °C with 30% (w/w) glycerol. The B. subtilis clpY gene was cloned into pET28B (N-terminal 

His tag, KanR).  
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ClpY was expressed and purified from the resulting plasmid (pPL31) as described above with the 

following modifications. The culture was grown at 16 °C overnight (200 rpm) post-induction. 

The column fraction containing the highest concentration of ClpY (with 100 mM imidazole) was 

additionally purified by FPLC size exclusion using a buffer containing 300 mM NaCl, 100 mM 

Tris, and 100 mM imidazole, pH 8.0. Imidzaole was added to the FPLC buffer to improve 

protein solubility since ClpY has the tendency to aggregate and must be treated carefully during 

purification. Accordingly, ClpY-containing fractions obtained from FPLC purification were 

pooled but not concentrated. All protein concentrations were determined by Bradford assay.  

Peptide hydrolysis assays 

Peptide hydrolysis was assayed using the Cbz-Gly-Gly-Leu-AMC (Millipore Sigma) substrate. 

0.1 mL reaction assays were done in Nunc 96-well microplates for fluorescence-based assays 

(ThermoFisher Scientific). Assays were composed of purified bsClpQ and bsClpY protein, 0.1 

M Tris (pH 8.0), 0.1 mM Cbz-GGL-AMC, 10 mM MgCl2, 1 mM ATP, 1 mM TCEP, and 1 mM 

EDTA. A continuous assay of AMC release was monitored at 37 °C using a Synergy H4 

microplate reader (BioTek). Excitation and emission for Cbz-GGL-AMC were measured at 355 

nm and 460 nm, respectively. Inhibition was observed with varying concentrations of analogs. 

\ 

General Synthetic Protocols 

All reagents were purchased from Sigma-Aldrich at the highest available purity and used without 

further purification. All solvents were purchased from Fisher Scientific. All reactions were 

conducted using dry solvents under an argon atmosphere unless otherwise noted. NMR 

spectroscopy was performed with a Bruker Avance II, operating at 400 MHz for 1H spectra, and 

100 MHz for 13C spectra or Bruker Avance III, with cryoprobe operating at 600 MHz for 1H 
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spectra, and 150 MHz for 13C spectra. Structural assignments were made with additional 

information from gCOSY, gHSQC, and gHMBC experiments. Preparatory TLC was performed 

using Merck Millipore 20 x 20 cm silica gel 60 F254 plates. High-resolution mass spectroscopy 

(HRMS) was conducted on a Micromass Q-TOF I for ESI measurements and a Kratos Concept 

1S High Resolution Mass Spectrometer for EI measurements (John L. Holmes Mass 

Spectroscopy Facility). 
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Section 2. Supplemental figures and tables 

 

Supplemental figure S1. DiSC3(5) fluorescence assay  







 

204 

 

 

Supplemental Figure S6. Synthetic scheme of pseudoarmeniaspirol analogues 1, 16, 17. 

 

 

Supplemental Figure S7. Synthetic scheme for preparation of SI7, SI8 
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13 AlCl3 rearranged  

t-Butyl    

14 10%TFA in DCM, TIPS decomposition  6 recovered 

15 1% TFA in DCM,TIPS decomposition 6 recovered 

16 SO2Cl2 recovered SM  

17 HCl / Ether recovered SM  

18 Formic Acid decomposition 6 recovered 

19 TESOTf, Lutidene decomposition 6 recovered 

20 p-TsOH recovered SM  

21 KOH decomposition  

22 AcOH recovered SM  

23 HCl / AcOH recovered SM  

24 SiO2, Toluene recovered SM  

25 SnCl4 rearranged  

SEM     

26 TBAF recovered SM  

27 HF recovered SM  

28 SnCl4 rearranged  

Benzyl     

29 Pd/C, H2 decomposition Heat 

30 Pd/C, H2 decomposition RT 

31 Pd/C , Cyclohexene recovered SM  
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32 Pd/C, Cyclohexene recovered SM  

33 Lindlars, H2 50oC recovered SM  

34 Lindlars, Cyclohexene 50oC recovered SM  

35 NiCl2-H2O, NaBH4, MeOH decomposition  

36 AlCl3, Anisole, DCM rearranged  

37 SnCl4, DCM rearranged  
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Section 3. Synthetic procedures and annotated NMR data of all Compounds  

Experimental Section 

General procedure 1 – Synthesis of esters amides and thioesters 

At 0 °C, pyrrole-2-carboxylic acid (1.8 mmol,1 equiv) was added to a solution of 1-(3- 

dimethylaminopropyl)-3-ethylcarbodiimide, (2.7 mmol, 1.5 equiv) and DMAP (0.18 mmol, 0.1 

equiv) in DCM (0.1 M). Then commercially available amine, alcohol, or thiol (2.16mmol, 1.2 

equiv) was added to the mixture. The ice bath was removed and warmed to room temperature. 

After 24 h at room temperature, the solution was diluted with EtOAc (25 mL) and washed with a 

NH4Cl solution. The aqueous layer was then extracted twice with EtOAc (20 mL). The combined 

EtOAc layers were dried with MgSO4 and concentrated in vacuo. Silica gel chromatography (10-

50 % EtOAc/hexanes) yielded pure amides, esters or thioesters.  

General procedure 2 – Alkylation of pyrroles 

At 0 °C, Methyl 1 H-pyrrole-2-carboxylate (0.8 mmol, 1 equiv) was dissolved in DMF (0.2 M). 

NaH (1.04 mmol, 1.3 equiv) was added and allowed to stir for 15 minutes. Commercially 

available alkyl halide (0.88 mmol, 1.1 equiv) was added to the mixture and the ice bath was 

removed and warmed to room temperature. After 3 h at room temperature the solution was 

diluted with EtOAc (25 mL) and washed with a NH4Cl solution. The aqueous layer was then 

extracted twice with EtOAc (20 mL). The organic layer was then washed consecutively with 

brine. The combined EtOAc layers were dried with MgSO4 and concentrated in vacuo. Silica gel 

chromatography (5-15 % EtOAc/Hexanes) yielded pure alkyl pyrrole esters.   

General procedure 3 – Chlorination of pyrroles 

Pyrrole substrate (0.3 mmol, 1 equiv) was dissolved in DCE (0.2 M). Following this, NCS (1.2 

mmol, 4 equiv) was added to the mixture and heated to 70 oC using an oil bath and stirred over 
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night. The reaction was quenched with NaHCO3 solution and diluted with EtOAc (25 mL). The 

aqueous layer was then extracted twice with EtOAc (20mL). The organic layer was then washed 

again with aqueous NaHCO3. The combined EtOAc layers were dried with MgSO4 and 

concentrated in vacuo. Silica gel chromatography (5-40 % EtOAc/hexanes) yielded the desired 

compound. 

 

Compounds from Table 1. 

Methyl N-methyl pyrrole-2-carboxylate (7b). 

Prepared following general procedure 2. Compound 7b was obtained as a colourless oil and was 

used without further purification (139 mg, quant).  1H NMR (600 MHz, Chloroform-d) δ 6.93 

(dd, J = 4.0, 1.8 Hz, 1H), 6.78 (ddd, J = 2.4, 1.8, 0.5 Hz, 1H), 6.11 (dd, J = 4.0, 2.5 Hz, 1H), 3.93 

(s, 3H), 3.81 (s, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 161.9, 129.6, 122.5, 117.9, 108.0, 

51.2, 37.0.  The NMR data is consistent with literature values.17 HRMS (EI+/Magnetic sector) 

m/z: [M]+ calcd for C7H9NO2: 139.0633 Found: 139.0640. 

Methyl N-hexyl pyrrole-2-carboxylate (7c). 

Prepared following general procedure 2. Compound 7c was obtained as a colourless oil and used 

without further purification (209 mg, quant).  1H NMR (600 MHz, Chloroform-d) δ 6.97 – 6.93 

(m, 1H), 6.83 (dd, J = 2.5, 1.9 Hz, 1H), 6.13 – 6.08 (m, 1H), 4.33 – 4.26 (m, 2H), 3.80 (s, 3H), 

1.79 – 1.71 (m, 2H), 1.29 (q, J = 4.5, 3.5 Hz, 6H), 0.89 – 0.86 (m, 3H).13C{1H} NMR (150 MHz, 

CDCl3) δ 161.6, 128.8, 121.6, 118.2, 107.9, 51.1, 49.4, 31.8, 31.6, 26.5, 22.7, 14.2. HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C12H19NO2: 209.1416 Found: 209.1420 

Methyl N-dodecyl pyrrole-2-carboxylate (7d). 
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Prepared following general procedure 2. Compound 7d was obtained as a colourless oil and was 

used without further purification (293 mg, quant).  1H NMR (600 MHz, CDCl3) δ 6.94 (dd, J = 

3.9, 1.8 Hz, 1H), 6.83 (dd, J = 2.5, 1.8 Hz, 1H), 6.10 (dd, J = 3.9, 2.5 Hz, 1H), 4.30 – 4.26 (m, 

2H), 3.80 (s, 3H), 1.78 – 1.70 (m, 2H), 1.29 – 1.21 (m, 18H), 0.88 (td, J = 7.1, 1.6 Hz, 3H). 

13C{1H} NMR (150 MHz, CDCl3) δ 161.5, 128.7, 121.4, 118.1, 107.8, 51.0, 49.3, 31.9, 31.7, 

29.7, 29.6, 29.6, 29.6, 29.4, 29.3, 26.7, 22.7, 14.1. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd 

for C18H31NO2: 293.2355 Found: 293.2342. 

Methyl 1-(1-ethoxy-1-oxopropan-2-yl)pyrrole-2-carboxylate (7e).  

Prepared following general procedure 2. Compound 7e was obtained as a colourless oil and used 

without further purification (900 mg, 91 % yield). Rf= 0.20 (10:90 EtOAc:Hexanes).  1H NMR 

(400 MHz, CDCl3) δ 7.04 (dd, J = 2.8, 1.8 Hz, 1H), 7.00 (dd, J = 3.9, 1.7 Hz, 1H), 6.21 (dd, J = 

3.9, 2.8 Hz, 1H), 5.85 (q, J = 7.4 Hz, 1H), 4.19 (qd, J = 7.1, 1.0 Hz, 2H), 3.79 (s, 3H), 1.74 (s, 

3H), 1.24 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 171.6, 161.7, 125.9, 122.1, 

118.5, 108.7, 61.5, 55.2, 51.1, 18.0, 14.1. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C11H15NO4: 225.1001 Found: 225.0989 

t-butyl 1-methylpyrrole-2-carboxylate (7f).  

Prepared following general procedure 2 using SI7. Product 7f was obtained as a colourless oil 

and used without further purification (400 mg, quant) .1H NMR (400 MHz, CDCl3) δ 6.87 (dd, J 

= 3.9, 1.9 Hz, 1H), 6.73 (t, J = 2.2 Hz, 1H), 6.08 (dd, J = 3.9, 2.5 Hz, 1H), 3.90 (s, 3H) 1.55 (s, 

9H). 13C{1H} NMR (100 MHz, CDCl3) δ 160.9, 128.9, 124.0, 117.4, 107.4, 80.2, 36.9, 28.5. The 

NMR data is consistent with literature values.18  HRMS (EI+/Magnetic sector) m/z: [M]+ calcd 

for C10H15NO2: 181.1103 found: 181.1116. 

Benzyl 1-methylpyrrole-2-carboxylate (7g).  
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Prepared following general procedure 1. Compound 7g was purified by silica gel 

chromatography (5:95 EtOAc:Hexanes) and obtained as a clear oil (120 mg, 74 % yield). Rf= 0.6 

(10:90 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.33 (m, 5H), 7.00 (dd, J = 4.0, 

1.8 Hz, 1H), 6.79 (t, J = 2.1 Hz, 1H), 6.11 (dd, J = 4.0, 2.5 Hz, 1H), 5.28 (s, 2H), 3.93 (s, 3H). 

13C{1H} NMR (100 MHz, CDCl3) δ 161.1, 136.6, 129.7, 128.5, 128.0, 127.9, 122.4, 118.1, 

107.9, 65.4, 36.8.  The NMR data is consistent with literature values.19 HRMS (EI+/Magnetic 

sector) m/z: [M]+ calcd for C13H13NO2: 215.0946 Found: 215.0955. 

Trimethylsilyl ethyl-N-methyl pyrrole-2-carboxylate (7h).  

Prepared following general procedure 2 using SI8. Compound 7h was obtained as a colourless 

oil and was used without further purification (100 mg, 95 % yield). 1H NMR (400 MHz, CDCl3) 

δ 6.92 (dd, J = 4.0, 1.8 Hz, 1H), 6.77 (t, J = 2.2 Hz, 1H), 6.10 (dd, J = 4.0, 2.5 Hz, 1H), 4.43 – 

4.20 (m, 2H), 3.93 (s, 3H), 1.12 – 1.05 (m, 2H), 0.07 (s, 9H).  13C{1H} NMR (100 MHz, CDCl3) 

δ 161.6, 129.3, 122.8, 117.6, 107.7, 62.0, 36.8, 17.5, -1.4. HRMS (EI+/Magnetic sector) m/z: 

[M]+ calcd for C11H19NO2Si: 225.1185 Found: 225.1187. 

Phenol 1-H-pyrrole-2-carboxylate (7i).  

Prepared following general procedure 1. Compound 7i was purified by silica gel chromatography 

(20:80 EtOAc:Hexanes) and obtained as a white amorphous solid (275 mg, 81 % yield). Rf= 0.4 

(20:80 EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 9.90 (s, 1H), 7.50 – 7.42 (m, 2H), 7.35 – 

7.24 (m, 3H), 7.22 (ddd, J = 3.9, 2.5, 1.5 Hz, 1H), 6.94 (td, J = 2.7, 1.5 Hz, 1H), 6.36 (dt, J = 3.8, 

2.5 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 160.0, 150.7, 129.6, 125.9, 124.7, 122.0, 121.8, 

117.1, 110.8. The NMR data is consistent with literature values.20  

1H-Pyrrole-2-carboxylic acid propylamide (7j). 
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Prepared following general procedure 1. Compound 7j was purified by silica gel 

chromatography (30 % EtOAc/Hexanes) and obtained as a yellow oil (184 mg, 84 % yield). Rf= 

0.35 (50:50 EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 6.89 (td, J = 2.7, 1.3 Hz, 1H), 6.61 

(ddd, J = 3.8, 2.5, 1.4 Hz, 1H), 6.30 (t, J = 5.9 Hz, 1H), 6.19 (dt, J = 3.7, 2.5 Hz, 1H), 3.43 – 3.32 

(m, 2H), 1.59 (h, J = 7.4 Hz, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 

161.7, 126.1, 121.7, 109.4, 109.0, 41.2, 23.1, 11.4. The NMR data is consistent with literature 

values.21 HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C8H12N2O: 152.0950 Found: 

152.0944. 

Piperidin-1-yl(1H-pyrrol-2-yl)methanone (7k). 

Prepared following general procedure 1. Compound 7k was purified by silica gel 

chromatography (30 % EtOAc/Hexanes) and obtained as an orange oil (170 mg, 77 % yield). Rf= 

0.35 (40:60 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 6.87 (td, J = 2.7, 1.2 Hz, 1H), 6.49 

(ddd, J = 3.8, 2.4, 1.3 Hz, 1H), 6.21 (td, J = 3.2, 2.2 Hz, 1H), 3.81 – 3.66 (m, 4H), 1.74 – 1.57 

(m, 6H). 13C{1H} NMR (150 MHz, CDCl3) δ 162.0, 124.8, 121.0, 111.8, 108.9, 46.0, 26.2, 24.8.  

The NMR data is consistent with literature values.22 HRMS (EI+/Magnetic sector) m/z: [M]+ 

calcd for C10H14N2O: 178.1106 Found: 178.1099. 

(1-methyl-1H-pyrrol-2-yl)-2,2-dimethyl-1-propanone (7m).  

Lithium iodide (644 mg, 4.81 mmol, 1.3 equiv) and N-methylpyrrole (0.33 mL, 3.7 mmol, 1 

equiv) were added to 5 mL of anhydrous MeCN and 4 Å molecular sieves. Pivaloyl chloride 

(0.45 mL, 3.7 mmol, 1 equiv) was added to the solution and the mixture was immediately heated 

to 82o C using an oil bath and stirred for 24 hours. The resulting mixture was cooled to room 

temperature and washed with DCM and Na2S2O3 solution. The combined organic layers were 

dried and concentrated in vacuo. Compound 7m was purified by silica gel column 
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chromatography (15:85 EtOAc:Hexanes) and obtained as an white amorphous solid (175 mg, 

1.06 mmol, 29 % yield). Rf= 0.3 (15:85 EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 7.25 (t, 

J = 2.0 Hz, 1H), 6.59 (dd, J = 2.9, 1.8 Hz, 1H), 6.51 (dd, J = 2.9, 2.2 Hz, 1H), 3.63 (s, 3H), 1.29 

(s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 201.6, 127.33, 122.8, 122.1, 110.8, 43.5, 36.5, 28.2. 

The NMR data is consistent with literature values.23 

(1-methyl-1H-pyrrol-2-yl)(p-tolyl)methanone (7n).   

Lithium iodide (644 mg, 4.81 mmol, 1.3 equiv) and N-methylpyrrole (0.33 mL, 3.7 mmol, 1 

equiv) were added to 5 mL of anhydrous MeCN and 4 Å molecular sieves. p-Toluoyl chloride 

(0.48 mL, 3.7 mmol. 1 equiv) was added to the solution and the mixture was immediately heated 

to 82o C using an oil bath and stirred for 24 hours. The resulting mixture was cooled to room 

temperature and washed with DCM and Na2S2O3 solution. The combined organic layers were 

dried and concentrated in vacuo. Compound 7n was purified by silica gel column 

chromatography (15:85 EtOAc:Hexanes)  and obtained as an white amorphous solid (175 mg, 

0.879mmol, 24 % yield). Rf= 0.4 (15:85 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 7.82 – 

7.65 (m, 2H), 7.31 – 7.19 (m, 2H), 6.91 – 6.87 (m, 1H), 6.74 (dd, J = 4.1, 1.7 Hz, 1H), 6.15 (dd, 

J = 4.1, 2.5 Hz, 1H), 4.02 (s, 3H), 2.42 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 186.0, 

142.0, 137.2, 131.2, 130.6, 129.4, 128.8, 122.5, 108.0, 37.3, 21.6.  The NMR data is consistent 

with literature values.24  

1-methyl-2-trichloroacetyl-1H-pyrrole (7q).  

At 0 °C, N-Methyl pyrrole (2.2 mL, 24.7 mmol, 1 equiv) was dissolved in diethyl ether (0.2 M). 

Trichloroacetyl chloride (2.8 mL, 24.7 mmol, 1 equiv) was added and allowed to stir overnight. 

The solution was diluted with EtOAc (25 mL) and washed with NaHCO3 solution. The aqueous 

layer was then extracted twice with EtOAc (20 mL). The organic layer was then washed 



 

214 

 

consecutively with brine. The combined EtOAc layers were dried with MgSO4 and concentrated 

in vacuo. Compound 7q was obtained as a purple amorphous solid (5.5 g, 24.65 mmol, quant) 

and used without further purification.  1H NMR (400 MHz, CDCl3) δ 7.48 (dd, J = 4.4, 1.6 Hz, 

1H), 6.98 – 6.89 (m, 1H), 6.20 (dd, J = 4.4, 2.4 Hz, 1H), 3.94 (s, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ 172.9, 133.8, 124.1, 121.8, 109.0, 96.3, 38.6. The NMR data is consistent with 

literature values.25 

N-benzyl-1H-pyrrole-2-carboxamide (7r).  

Prepared following general procedure 1. Compound 7r was purified by silica gel column 

chromatography (40 % EtOAc/Hexanes) and was obtained as a white amorphous solid (177 mg, 

83 % yield). Rf= 0.38 (40:60 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.21 (m, 

5H), 6.83 (td, J = 2.7, 1.3 Hz, 1H), 6.70 – 6.61 (m, 2H), 6.19 (dt, J = 3.7, 2.5 Hz, 1H), 4.59 (d, J 

= 5.9 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 161.6, 138.6, 128.7, 127.7, 127.5, 125.7, 

122.2, 109.7, 109.6, 43.4. The NMR data is consistent with literature values.26 HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C12H12N2O: 200.0950. Found: 200.0965 

N-(prop-2-yn-1-yl)-1H-pyrrole-2-carboxamide (7s).  

Prepared following general procedure 1. Compound 7s was purified by silica gel column 

chromatography (30 % EtOAc/Hexanes) and was obtained as a white amorphous solid (174 mg, 

80 % yield). Rf= 0.35 (50:50 EtOAc:Hexanes). 1H NMR (600 MHz, CDCl3) δ 9.72 (s, 1H), 6.94 

(ddd, J = 3.2, 2.3, 1.0 Hz, 1H), 6.60 (ddd, J = 3.9, 2.5, 1.3 Hz, 1H), 6.24 (dtd, J = 3.3, 2.6, 0.6 

Hz, 1H), 6.08 (s, 1H), 4.22 (ddd, J = 5.5, 2.5, 0.6 Hz, 2H), 2.27 (td, J = 2.5, 0.6 Hz, 1H). 13C{1H} 

NMR (150 MHz, CDCl3) δ 160.8, 122.0, 114.9, 110.0, 109.5, 79.7, 71.7, 29.1. The NMR data is 

consistent with literature values.27  HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C8H8N2O: 

148.0637 Found: 148.0623. 
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N-methoxy-N-methylpyrrole-2-carboxamide (7t). 

Prepared following general procedure 1. Compound 7t was purified by silica gel column 

chromatography (40 % EtOAc/Hexanes) and was obtained as a yellow amorphous solid (120 mg, 

64 % yield). Rf= 0.44 (40:60 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 9.73 (s, 1H), 6.93 

(td, J = 2.8, 1.4 Hz, 1H), 6.89 (ddd, J = 3.8, 2.5, 1.4 Hz, 1H), 6.25 (dt, J = 3.8, 2.6 Hz, 1H), 3.75 

(s, 3H), 3.33 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 161.4, 122.0, 114.9, 111.2 110.2, 61.1, 

33.1. The NMR data is consistent with literature values.28 HRMS (EI+/Magnetic sector) m/z: 

[M]+ calcd for C7H10N2O2: 154.0742 Found: 154.0744. 

S-2-Pyrrolylthiobenzoat (7u).  

Prepared following general procedure 1. Compound 7u was purified by silica gel column 

chromatography (20 % EtOAc/Hexanes) and was obtained as a colourless oil (153 mg, 74 % 

yield) Rf= 0.3 (15:85 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 9.96 (s, 1H), 7.58 – 7.50 

(m, 2H), 7.46 (tt, J = 3.9, 2.5 Hz, 3H), 7.16 (ddd, J = 3.9, 2.5, 1.4 Hz, 1H), 6.91 (td, J = 2.7, 1.4 

Hz, 1H), 6.30 (dt, J = 3.9, 2.5 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 180.3, 135.3, 129.4, 

129.4, 129.1, 127.1, 124.7, 116.0, 110.9. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C11H9NOS: 203.0405 Found: 203.0411. 

Ethyl-2-pyrrolthiolcarboxylate (7v). 

Prepared following general procedure 1. Compound 7v was purified by silica gel 

chromatography (15 % EtOAc/Hexanes) and was obtained as a colourless oil (112 mg, 62 % 

yield). Rf= 0.33 (15:85 EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 7.02 (ddt, J = 4.0, 2.8, 

1.4 Hz, 2H), 6.25 (dt, J = 3.8, 2.5 Hz, 1H), 3.05 (q, J = 7.4 Hz, 2H), 1.34 (t, J = 7.4 Hz, 3H). 

13C{1H} NMR (100 MHz, CDCl3) δ 182.6, 130.4, 124.0, 115.3, 110.6, 22.7, 15.2. The NMR data 
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is consistent with literature values.29 HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C7H9NOS: 155.0405 Found: 155.0415. 

Methyl N-Boc-2-pyrrolecarboxylate (7x).  

Methyl 1 H-pyrrole-2-carboxylate (0.20 g, 1.6 mmol, 1 equiv) was dissolved in MeCN (0.2 M). 

Boc2O (0.418 g, 1.92 mmol, 1.2 equiv) and catalytic DMAP (19 mg, 0.08 mmol, 0.05 equiv) was 

added and allowed to stir for 4 hours at room temperature. The mixture was quenched with 

NH4Cl solution and diluted with EtOAc. The aqueous layer was then extracted twice with EtOAc 

(20 mL). The combined EtOAc layers were dried with MgSO4 and concentrated in vacuo. The 

residue was purified by silica gel column chromatography (5 % EtOAc/hexanes) to yield pure 

7w as an amorphous white solid (290 mg, 1.3 mmol, 81 % yield). Rf= 0.31 (5:95 

EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 3.1, 1.7 Hz, 1H), 6.80 (dd, J = 3.5, 

1.7 Hz, 1H), 6.17 – 6.09 (m, 1H), 3.80 (s, 3H), 1.55 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 

161.3, 148.4, 126.7, 125.1, 120.8, 110.1, 84.7, 51.8, 27.6. The NMR data is consistent with 

literature values.30 HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C11H15NO4: 225.1001 

Found: 225.1003. 

2,3,4-trichloro-5-oxo-1-H-2,5-dihydro-pyrrole-2-carboxylic acid methyl ester (8a). 

Prepared following general procedure 3. Purification by silica gel chromatography (10 % 

EtOAc/Hexanes) yielded 8a as a colourless oil (221 mg, 94 % yield). Rf= 0.6 (20:80 

EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 3.83 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) 

δ 166.2, 162.0, 149.7, 127.9, 88.3, 54.9. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C6H4Cl3NO3: 242.9257 Found: 242.9246. 

2,3,4-trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic acid methyl ester (8b).   
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Prepared following general procedure 3. Purification by silica gel chromatography (10 % 

EtOAc/Hexanes) yielded Compound 8b as a colourless oil (136 mg, 91 % yield).  Rf= 0.4 (15:85 

EtOAc:Hexanes) 1H NMR (600 MHz, Chloroform-d) δ 3.86 (s, 3H), 3.01 (s, 3H). 13C{1H} NMR 

(150 MHz, CDCl3) δ 162.57, 162.1, 142.6, 128.2, 83.4, 55.1, 26.7. HRMS (EI+/Magnetic sector) 

m/z: [M]+ calcd for C7H6Cl3NO3: 256.9413 Found:256.9422.  

2,3,4-trichloro-5-oxo-1-hexyl-2,5-dihydro-pyrrole-2-carboxylic acid methyl ester (8c). 

Prepared following general procedure 3. Purification by silica gel chromatography (5 % 

EtOAc/hexanes) yielded compound 8c as a colourless oil (124 mg, 84 % yield).  Rf= 0.25 (10:90 

EtOAc:hexanes). 1H NMR (600 MHz, Chloroform-d) δ 3.87 (s, 3H), 3.47 (t, J = 7.9 Hz, 2H), 

1.70 – 1.55 (m, 2H), 1.33 – 1.27 (m, 6H), 0.91 – 0.86 (m, 3H). 13C{1H} NMR (150 MHz, 

CDCl3) δ 163.1, 162.6, 142.7, 128.0, 83.8, 54.9, 42.3, 31.3, 27.8, 26.5, 22.5, 14.0. HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C12H16Cl3NO3: 327.0196 Found: 327.0201. 

2,3,4-trichloro-5-oxo-1-dodecyl-2,5-dihydro-pyrrole-2-carboxylic acid methyl ester (8d). 

Prepared following general procedure 3. Purification by silica gel chromatography (5 % 

EtOAc/hexanes) yielded compound 8d as a colourless oil (154 mg, 81 % yield). Rf= 0.25 (5:95 

EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 3.85 (s, 3H), 3.45 (t, J = 7.8 Hz, 2H), 1.70 – 

1.47 (m, 2H), 1.25 (d, J = 13.0 Hz, 18H), 0.90 – 0.80 (m, 3H).13C{1H} NMR (100 MHz, CDCl3) 

δ 163.1, 162.5, 142.7, 127.9, 83.8, 54.9, 42.3, 31.9, 29.6, 29.5, 29.5, 29.5, 29.3, 29.2, 27.9, 26.8, 

22.7, 14.1.HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C18H28Cl3NO3: 411.1135 Found: 

411.1140. 

2,3,4-trichloro-5-oxo-1-(1-ethoxy-1-oxopropan-2-yl)-2,5-dihydro-pyrrole-2-carboxylic acid 

methyl ester (8e). 
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Prepared following general procedure 3. Purification by silica gel chromatography (25 % 

EtOAc/hexanes) yielded a colourless oil 8e as an inseparable 1:1.2 mixture of diastereomers (84 

mg, 78 % yield). Rf= 0.25 (10:90 EtOAc:hexanes).  1H NMR (400 MHz, CDCl3) δ 4.53 – 4.45 

(m, 1H), 4.42 (t, J = 7.3 Hz, 1H), 4.23 – 4.14 (m, 4H), 3.88 (s, 3H), 3.84 (s, 2H), 1.67 (dd, J = 

14.1, 7.4 Hz, 6H), 1.24 (td, J = 4.2, 2.1 Hz, 6H).  13C{1H} NMR (101 MHz, CDCl3) δ 169.3, 

169.1, 162.9, 162.6, 161.7, 161.2, 143.4, 143.3, 128.0, 82.6, 82.5, 62.0, 54.9, 54.8, 52.2, 51.8, 

15.19, 15.15, 14.10, 14.06. HRMS (ESI+/Q-TOF) m/z: [M+Na]+ Calcd. For C11H12Cl3NO5Na 

365.9679; Found: 365.9675 

2,3,4-trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic acid t-butyl ester (8f).   

Prepared following general procedure 3. Purification by silica gel chromatography (10 % 

EtOAc/hexanes) yielded pure 8f as a colourless oil (507 mg, 81 % yield). Rf= 0.34 (10 % 

EtOAc/hexanes) 1H NMR (400 MHz, CDCl3) δ, 3.01 (s, 3H), 1.46 (s, 9H). 13C{1H} NMR (100 

MHz, CDCl3) δ 162.3, 160.4, 143.0, 127.7, 86.7, 84.0, 28.0, 26.5.  HRMS (EI+/Magnetic sector) 

m/z: [M]+ calcd for C10H12Cl3NO3: 298.9883 Found: 298.9892 

2,3,4-trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic acid benzyl ester (8g). 

Prepared following general procedure 3. Purification by silica gel chromatography (10 % 

EtOAc/hexanes) yielded pure 8g as an amorphous white solid (507 mg, 77 % yield). Rf = 0.1 

(10:90 EtOAc:hexanes) 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 5.30 – 5.21 (m, 2H), 

2.94 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 162.0, 161.9, 142.6, 133.9, 129.2, 128.9, 

128.6, 128.3, 83.5, 70.0, 26.6. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C13H10Cl3NO3: 

332.9726 Found: 332.9736. 

2,3,4-trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic acid trimethylsilylethyl 

ester (8h).  
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Prepared following general procedure 3. Purification by silica gel chromatography (10 % 

EtOAc/hexanes) yielded pure 8h as a colourless oil (507 mg, 74 % yield). Rf = 0.25 (5:95 

EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 4.32 – 4.23 (m, 2H), 2.97 (s, 3H), 1.02 – 0.93 

(m, 2H) 0.02 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 162.0, 161.9, 142.7, 128.0, 83.5, 67.5, 

26.5, 17.4, -1.6. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C11H16Cl3NO3Si: 342.9965 

Found: 342.9948. 

2,3,4-trichloro-5-oxo-1-H-2,5-dihydro-pyrrole-2-carboxylic acid phenol ester (8i).  

Prepared following general procedure 3. Purification by silica gel chromatography (5:95 

EtOAc:Hexanes) yielded 8i as an amorphous white solid (207 mg, 84 % yield). Rf= 0.55 (5:95 

EtOAc:Hexanes) 1H NMR (600 MHz, CDCl3) δ 7.31 – 7.27 (m, 2H), 7.20 – 7.15 (m, 1H), 7.02 – 

6.99 (m, 2H). 13C{1H} NMR (150 MHz, CDCl3) δ 166.8, 160.3, 150.2, 149.5, 129.8, 128.4, 

127.0, 120.8, 88.6.  HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C11H6Cl3NO3: 304.9413 

Found: 304.9419 

2,3,4-trichloro-5-oxo-1-H-2,5-dihydro-pyrrole-2-carboxylic acid propylamide (8j).  

Prepared following general procedure 3. Purification by silica gel chromatography (25 % 

EtOAc/Hexanes) yielded pure 8j as an amorphous white solid (84 mg, 80 % yield). Rf = 0.4 

(50:50 EtOAc:Hexanes)  1H NMR (400 MHz, Acetone) δ 6.55 (s, 1H), 3.29 – 3.15 (m, 2H), 1.54 

(h, J = 7.2 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (100 MHz, Acetone) δ 165.4, 164.0, 

145.3, 126.4, 86.5, 41.5, 22.4, 10.7. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C8H9Cl3N2O2: 269.9730 Found:269.9721. 

2,3,4-trichloro-5-oxo-1-H-2,5-dihydro-pyrrole-2-carboxylic acid piperidine amide (8k).  

Prepared following general procedure 3. Purification by silica gel chromatography (25 % 

EtOAc/hexanes) yielded pure 8k as an amorphous white solid (86 mg, 72 % yield). Rf= 0.45 
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(40:60 EtOAc:Hexanes).  1H NMR (400 MHz, CDCl3) δ 4.09 – 3.87 (m, 2H), 3.52 (tt, J = 14.5, 

8.7 Hz, 2H), 1.95 – 1.36 (m, 7H).  13C{1H} NMR (100 MHz, CDCl3) δ 165.8, 159.7, 154.3, 

126.1, 87.4, 48.3, 45.0, 25.9, 25.6, 24.3.  HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C10H11Cl3N2O2: 295.9886 Found: 295.9874. 

Methyl 2,3,4‐tribromo‐5‐oxo‐2,5‐dihydro‐1H‐pyrrole‐2‐carboxylate (18).  

Prepared following general procedure 3 with modification that NCS was replaced with NBS. 

Purification by silica gel chromatography (10 % EtOAc/hexanes) yielded the brominated 

analogue 18 as an orange amorphous solid (101 mg, 96 % yield). Rf= 0.4 (10:90 

EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 3.83 (s, 3H).  13C{1H} NMR (101 MHz, 

CDCl3) δ 162.3, 159.9, 144.8, 124.2, 81.3, 54.9. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd 

for C6H4
79Br2

81Br1N1O2: 360.7771. C6H4
79Br2

81Br1N1O2 Found:360.7768  

Compounds from Figure 3 

2-(1-hexyl-2-hydroxy-6-methoxy-3-benzoyl)-1H-pyrrole (3). 

In a round-bottom flask, 9 (0.830 g, 2.63 mmol, 1.0 equiv.) was dissolved in 1,2-dichloroethane 

(3 mL). The solution was cooled to -20 °C using a dry ice/acetone bath. BBr3 (3.13 mL of a 1 M 

solution in DCM, 3.13 mmol, 1.2 equiv.) was added dropwise, and the reaction mixture was 

stirred at -20 to – 10 °C for 2 hours. Subsequently, Et3N / water was added, and the solution was 

extracted 3 × with EtOAc. The organic fractions were combined, washed with brine, dried over 

Na2SO4, and concentrated. The desired compound 3 (0.788 g, 99 % yield) was obtained as a 

yellow amorphous solid and used without purification. 1H NMR (400 MHz, Acetone-d6) δ 12.76 

(s, 1H), 8.05 (dd, J = 8.9, 0.9 Hz, 1H), 7.27 (ddd, J = 3.0, 2.5, 1.4 Hz, 1H), 7.05 (dtd, J = 4.2, 2.8, 

1.3 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 6.36 (ddd, J = 3.9, 2.9, 2.0 Hz, 1H), 3.93 (s, 3H), 2.73 – 

2.58 (m, 2H), 1.59 – 1.42 (m, 2H), 1.40 – 1.26 (m, 6H), 0.91 – 0.82 (m, 3H). 13C{1H} NMR (100 
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MHz, Acetone-d6) δ 186.2, 162.8, 162.0, 130.7, 130.0, 125.5, 118.5, 117.9, 113.4, 110.7, 102.2, 

55.3, 31.6, 29.3, 28.6, 22.5, 22.2, 13.5. NMR data matched literature values.3 

5-Chloro-6-methoxy-N-desmethyl armeniaspirol (4).  

In a round-bottom flask, 3 (0.7 g, 2.32 mmol, 1.0 equiv) was dissolved in acetic acid (0.2 M). 

NCS (0.619 g, 4.64 mmol, 2.0 equiv) was added and the resulting mixture was stirred at room 

temperature for 2 hours. Following this, NCS (1.24 g, 9.29 mmol, 4.0 equiv) was added, and the 

resulting mixture was heated to 70 °C using an oil bath for 16 hours. The mixture was then 

quenched with a 10 % K2CO3 solution and extracted three times with EtOAc. The organic 

fractions were combined, washed with brine, dried over MgSO4 and concentrated in vacuo. The 

resulting oil was dissolved in CHCl3 (0.2M) and Et3N (0.97 mL, 6.96 mmol, 3 equiv.) and the 

mixture was heated at 60 °C using an oil bath for 5 hours. The solution was cooled to room 

temperature, concentrated in vacuo, and the spiro-intermediate 4 (0.745 g, 1.78 mmol, 77 % 

yield) was purified from the crude mixture by silica gel column chromatography (10 % 

EtOAc/Hexanes) and was obtained as a yellow oil.  1H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H), 

7.55 (s, 1H), 3.97 (s, 3H), 2.70 (td, J = 7.5, 4.0 Hz, 2H), 1.61 – 1.55 (m, 2H), 1.36 – 1.27 (m, 

6H), 0.89 – 0.86 (m, 3H).  13C{1H} NMR (100 MHz, CDCl3) δ 189.7, 169.8, 165.4, 163.5, 140.7, 

128.4, 124.6, 124.3, 123.7, 115.1, 94.09, 61.7, 31.6, 29.3, 29.3, 23.9, 22.6, 14.1. HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C18H18Cl3NO4: 417.0301 Found: 417.0312. 

2-(1-hexyl-2’6-dimethoxy-3-benzoyl)-1H-pyrrole (9).  

Pyrrole 2-carboxylic acid (0.721 g, 6.49 mmol, 2 eq) was dissolved in 10 ml of DCM. Oxalyl 

chloride (9.7 mL of a 2.5M solution in DCM, 19.5 mmol, 3 equiv.) was added dropwise, 1 drop 

of DMF was added. The following mixture was stirred for 1 hour at room temperature. The 

solvent was removed en vacuo. The intermediate acid chloride was resuspended in DCM In a 
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round-bottom flask, 2-hexyl-1,3-dimethoxybenzene3 (0.50 g, 3.25 mmol, 1.0 equiv.) was added 

and cooled to 0 °C with an ice bath. added, followed by SnCl4 (16.2 mL of a 1.0 M solution in 

DCM, 16.2 mmol, 5 equiv.). The mixture was stirred for 1 hour at 0 °C, then warmed to ambient 

temperature. The reaction mixture was quenched with a saturated NaHCO3(aq) and extracted 3 × 

with EtOAc. The organic fractions were combined, washed with brine, dried over Na2SO4 and 

concentrated. The desired compound 9 (0.640 g, 78 % yield) was purified from the crude mixture 

by silica column chromatography (30 % EtOAc/Hexanes) and was obtained as a white 

amorphous solid. The NMR data were consistent with literature values   1H NMR (400 MHz, 

Acetone-d6) δ 7.30 (d, J = 8.5 Hz, 1H), 7.19 (dq, J = 2.9, 1.5 Hz, 1H), 6.80 (d, J = 8.6 Hz, 1H), 

6.59 (ddd, J = 3.8, 2.2, 1.4 Hz, 1H), 6.23 (dt, J = 3.8, 2.3 Hz, 1H), 3.89 (s, 3H), 3.67 (s, 3H), 2.70 

– 2.57 (m, 2H), 1.52 (q, J = 7.7 Hz, 2H), 1.42 – 1.24 (m, 6H), 0.93 – 0.82 (m, 3H).  13C{1H} 

NMR (100 MHz, Acetone-d6) δ 183.6, 160.1, 157.5, 132.6, 128.2, 125.8, 125.2, 124.4, 118.5, 

109.9, 105.1, 61.9, 55.3, 31.6, 29.4, 23.4, 22.4, 13.5. NMR data matched literature values.3  

2,4-dimethoxy-3-hexylbenzoic acid (10).  

In a round-bottom flask, 9 (42 mg, 0.127 mmol, 1.0 equiv) was dissolved in DCE (0.2 M). 

Following this, NCS (51 mg, 0.382 mmol, 3.0 equiv) was added and the resulting mixture was 

heated to 70 °C using an oil bath for 8 hours. The reaction mixture was then quenched with a 10 

% HCl solution and extracted three times with EtOAc. The organic fractions were combined, 

washed with brine, dried over MgSO4 and concentrated in vacuo. Compound 10 (23 mg, 0.087 

mmol, 69 % yield) was purified from the crude mixture using silica gel column chromatography 

and was obtained as an amorphous white solid (35 % EtOAc/Hexanes). Rf= 0.3 (35:65 

EtOAc:Hexanes).  1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.8 Hz, 1H), 6.78 (d, J = 8.8 Hz, 

1H), 3.90 (d, J = 4.4 Hz, 6H), 2.69 – 2.56 (m, 2H), 1.57 – 1.47 (m, 2H), 1.39 – 1.27 (m, 6H), 
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0.93 – 0.85 (m, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 166.0, 163.1, 158.5, 131.9, 124.9, 

114.3, 107.5, 63.6, 55.9, 31.6, 29.6, 29.3, 23.9, 22.6, 14.1. HRMS (ESI+/Q-TOF) m/z: [M+Na]+ 

calcd for C15H22O4Na 289.1416. Found: 289.1428 

Tetrachloropyrrole (11).  

Prepared following general procedure 3, using pyrrole-2-carboxylic acid (43mg, 0.388mmol, 1 

equiv) as starting material. Purification by silica gel chromatography (20 % EtOAc/Hexanes) 

yielded pure tetrachloropyrrole 11 as an amorphous brown solid (31 mg, 0.151 mmol, 39 % 

yield). Rf= 0.35 (20:80 EtOAc:Hexanes). 1H NMR (600 MHz, CDCl3) δ 8.19 (s, 1H). 13C{1H} 

NMR (150 MHz, CDCl3) δ 110.3, 109.5. HRMS data could not be collected.  All attempts to 

ionize 11 failed. 

3,4-dichloromaleimide (12).  

Prepared following general procedure 3, using pyrrole-2-carboxylic acid (43 mg, 0.388 mmol, 1 

equiv) as starting material. Purification by silica gel chromatography (20 % EtOAc/Hexanes) 

yielded pure maleamide 12 as an amorphous white solid (27 mg, 0.163 mmol, 42 % yield).  Rf= 

0.27 (20:80 EtOAc:Hexanes). 1H NMR (600 MHz, CDCl3) δ 7.77 (s, 1H). 13C{1H} NMR (150 

MHz, CDCl3) δ 162.1, 134.2. NMR data was consistent with literature values.31 HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C4H1Cl2NO2: 164.9384 Found: 164.9389 

 

Compounds from Figure 4. 

1H-4,5-dichloro-pyrrole-2-(1-hexyl-2-hydroxy-6-methoxy-3-benzoyl) (13). 

In a round-bottom flask, 3 (29.5 mg, 0.097 mmol, 1.0 equiv) were dissolved in acetic acid (0.2 

M). Following this, NCS (39 mg, 0.294 mmol, 3.0 equiv) was added and the resulting mixture 

was heated to 70 °C using an oil bath for 8 hours. The reaction mixture was then quenched with 
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a 10 % K2CO3 solution and extracted three times with EtOAc. The organic fractions were 

combined, washed with brine, dried over MgSO4 and concentrated in vacuo. The desired 

compound 13, was purified from the crude mixture using preparative TLC (15 % 

EtOAc/Hexanes) and was obtained as an amorphous yellow solid (32 mg, 88 % yield). 1H NMR 

(600 MHz, CDCl3) δ 11.92 (s, 1H), 7.81 (s, 1H), 6.95 (d, J = 2.5 Hz, 1H), 3.92 (s, 3H), 2.73 – 

2.61 (m, 2H), 1.56 – 1.51 (m, 2H), 1.40 (p, J = 7.4 Hz, 2H), 1.34 – 1.30 (m, 4H), 0.90 – 0.87 (m, 

3H). 13C{1H} NMR (150 MHz, CDCl3) δ 183.4, 161.3, 160.0, 128.8, 127.5, 126.9, 121.3, 118.3, 

118.2, 115.2, 112.8, 61.3, 31.7, 29.6, 29.3, 24.2, 22.6, 14.1. HRMS (EI+/Magnetic sector) m/z: 

[M]+ calcd for C18H20Cl3NO3: 403.0509 Found: 403.0512. 

Spirocyclic-α,β,β-trichlorolactam (14).  

In a round-bottom flask, 13 (16 mg, 0.0514 mmol, 1.0 equiv) were dissolved in acetic acid (0.2 

M) and NCS was added (7 mg, 0.0514 mmol, 1.0 equiv). The mixture was heated to 70 °C using 

an oil bath for 1 hour. The reaction was quenched with 10 % Na2CO3 solution and the mixture 

was extracted three times with EtOAc. The organic fractions were combined, washed with brine, 

dried over MgSO4, and concentrated in vacuo. The desired compound was purified from the 

crude mixture using Preparative TLC (15 % EtOAc/hexanes) affording 14 as a yellow oil (11 

mg, 0.0242mmol, 47 % yield).  Rf= 0.25 (17:83 EtOAc:hexanes). 1H NMR (600 MHz, CDCl3) δ 

7.59 (s, 1H), 7.13 (s, 1H), 4.89 (s, 1H), 3.97 (s, 3H), 2.74 – 2.65 (m, 2H), 1.37 – 1.27 (m, 10H), 

0.88 (q, J = 3.5 Hz, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 190.8, 170.0, 166.3, 163.9, 124.8, 

124.1, 123.2, 114.6, 92.4, 79.7, 68.0, 61.8, 31.5, 29.3, 28.8, 23.9, 22.5, 14.1. HRMS 

(EI+/Magnetic sector) m/z: [M]+ calcd for C18H19Cl4NO4: 453.0068 Found: 453.0081. 

 

Compounds from Figure 5 
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2-hexyl-3 methoxy phenol (6).  

In a round-bottom flask, 2-hexyl-1,3-dimethoxybenzene3 (0.322 g, 1.61 mmol, 1.0 equiv) was 

dissolved in DCE (3 mL). The solution was cooled to -20 °C using a dry ice/acetone bath. BBr3 

(1.9 mL of a 1 M solution in DCM, 1.9 mmol, 1.2 equiv) was added dropwise, and the reaction 

mixture was stirred at -20 to – 10 °C for 2 hours. Subsequently, Et3N / water was added, and the 

solution was extracted three times with EtOAc. The organic fractions were combined, washed 

with brine, dried over MgSO4, and concentrated in vacuo. Purification by silica gel 

chromatography (10 % EtOAc/Hexanes) yielded pure compound 6 as an orange oil (243 mg, 

1.31 mmol, 81 % yield). 1H NMR (600 MHz, CDCl3) δ 7.04 (t, J = 8.2 Hz, 1H), 6.50 (dd, J = 

8.3, 1.0 Hz, 1H), 6.46 (dd, J = 8.1, 1.0 Hz, 1H), 4.68 – 4.61 (m, 1H), 3.82 (s, 3H), 2.67 – 2.60 

(m, 2H), 1.56 – 1.49 (m, 2H), 1.38 (dddd, J = 13.9, 8.2, 6.1, 3.3 Hz, 2H), 1.35 – 1.30 (m, 4H), 

0.93 – 0.87 (m, 3H).  13C{1H} NMR (150 MHz, CDCl3) δ 158.6, 154.2, 126.6, 117.2, 108.2, 

103.2, 55.7, 31.8, 29.5, 29.1, 23.0, 22.7, 14.2. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C13H20O2: 208.1463 Found: 208.1458. 

N,O-ketal (5).  

Phenol 6 (23 mg, 0.124 mmol, 1 equiv) was suspended in acetone and K2CO3 (51 mg, 0.372 

mmol, 3 equiv) was added and allowed to stir at room temperature for 10 minutes. 7b (32 mg, 

0.124 mmol, 1 equiv) was added and allowed to stir overnight. The mixture was filtered and 

concentrated in vacuo to yield pure 5 as a colourless oil (38 mg, 0.088 mmol, 71 % yield), which 

was used without further purification. 1H NMR (400 MHz, Chloroform-d) δ 6.94 (t, J = 8.3 Hz, 

1H), 6.61 (d, J = 8.3 Hz, 1H), 6.21 (dd, J = 8.4, 0.9 Hz, 1H), 3.89 (s, 3H), 3.78 (s, 3H), 2.95 (s, 

3H), 2.81 (dt, J = 12.4, 7.5 Hz, 1H), 2.72 (dt, J = 12.4, 7.2 Hz, 1H), 1.58 – 1.47 (m, 2H), 1.32 

(m, 6H), 0.87 (m, 3H).  13C{1H} NMR (100 MHz, CDCl3) δ 164.3, 162.8, 158.7, 151.8, 140.5, 
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130.1, 126.7, 123.7, 109.2, 107.0, 93.1, 55.6, 54.1, 31.7, 29.6, 29.2, 26.2, 24.0, 22.7, 14.1. 

HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C20H25Cl2NO5: 429.1110 Found: 429.1130. 

6-methoxy pseudoarmeniaspirol A (15).  

N,O-ketal 5 (38 mg, 0.088 mmol, 1 equiv) was dissolved in DCM (0.05M) and a Tin (IV) 

chloride solution (0.264 mL of a 1 M solution in DCM, 0.0264 mmol, 3 equiv) was added 

dropwise. The mixture was stirred at room temperature overnight and quenched with brine. The 

aqueous layer was then extracted twice with EtOAc (20 mL). The combined EtOAc layers were 

dried with MgSO4 and concentrated in vacuo. Purification by silica gel chromatography (12.5 % 

EtOAc/Hexanes) yielded pure 15 as a yellow oil (17 mg, 0.043 mmol, 49 % yield). Rf= 0.4 

(20:80 EtOAc:Hexanes).  1H NMR (400 MHz, Chloroform-d) δ 6.93 (d, J = 8.4 Hz, 1H), 6.73 (d, 

J = 8.5 Hz, 1H), 3.89 (s, 3H), 2.78 (s, 3H), 2.70 (td, J = 7.2, 1.5 Hz, 2H), 1.56 (d, J = 7.3 Hz, 

2H), 1.37 – 1.27 (m, 6H), 0.91 – 0.86 (m, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 169.3, 163.8, 

161.1, 153.7, 140.6, 128.0, 122.6, 116.8, 110.5, 107.5, 73.5, 56.0, 31.6, 29.1, 28.8, 26.8, 23.6, 

22.6, 14.0. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C19H21Cl2NO4: 397.0848 Found 

397.0844. 

Pseudoarmeniaspirol A (1).  

In a round-bottom flask, 15 (17 mg, 0.043 mmol, 1.0 equiv) was dissolved in DCE (0.4 M). The 

mixture was cooled to 0 °C using an ice bath and BBr3 solution (0.129 mL of a 1 M solution in 

DCM, 0.129 mmol, 3.0 equiv) was added dropwise. The reaction was allowed to proceed for 4 

hours from 0 °C to room temperature. Water was added, and the solution was extracted three 

times with EtOAc. The organic fractions were combined, washed with brine, dried over MgSO4, 

and concentrated in vacuo. The final compound was purified from the crude mixture using 

Preparative TLC (25 % EtOAc/Hexanes) yielding 1 as a tan amorphous solid (13 mg, 78 % 
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yield). Rf= 0.3 (20:80 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 6.83 (d, J = 8.2 Hz, 1H), 

6.72 (d, J = 8.2 Hz, 1H), 6.01 (s, 1H), 2.79 (s, 3H), 2.77 – 2.67 (m, 2H), 1.67 – 1.55 (m, 2H), 

1.41 – 1.23 (m, 6H), 0.88 (td, J = 6.2, 3.7 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 169.3, 

164.1, 157.8, 154.2, 140.7, 127.9, 122.6, 115.1, 112.7, 110.1, 73.6, 31.6, 29.1, 28.8, 26.9, 23.7, 

22.6, 14.1. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for C18H19Cl2NO4: 383.0691 Found 

383.0659. 

N-hexyl-pseudoarmeniaspirol (16). 

In a round-bottom flask, SI2 (19 mg, 0.0405 mmol, 1.0 equiv) were dissolved in DCE (0.4 M). 

The mixture was cooled to 0 °C using an ice bath and BBr3 (0.122 mL of a 1 M solution in 

DCM, 0.122 mmol, 3.0 equiv) was added dropwise. The reaction was allowed to proceed for 4 

hours from 0 °C to room temperature. Water was added, and the solution was extracted three 

times with EtOAc. The organic fractions were combined, washed with brine, dried over MgSO4, 

and concentrated in vacuo. The desired compound (14 mg, 76 % yield) was purified from the 

crude mixture using Preparative TLC (20 % EtOAc in hexanes) yielding 16 as a white 

amorphous solid. Rf= 0.35 (20:80 EtOAc:Hexanes). 1H NMR (600 MHz, Chloroform-d) δ 6.82 

(d, J = 8.2 Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 3.34 (ddd, J = 14.3, 8.8, 7.0 Hz, 1H), 3.09 (ddd, J = 

14.5, 8.5, 6.2 Hz, 1H), 2.73 (t, J = 7.6 Hz, 2H), 1.61 (dp, J = 12.4, 6.7, 6.2 Hz, 4H), 1.22 – 1.11 

(m, 12H), 0.91 – 0.85 (m, 3H), 0.82 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 

169.9, 164.2, 157.5, 154.0, 140.6, 128.0, 122.8, 114.9, 112.6, 110.7, 73.1, 42.3, 31.6, 31.1, 29.0, 

28.7, 28.1, 26.2, 23.6, 22.6, 22.4, 14.1, 14.0. HRMS (EI+/Magnetic sector) m/z: [M]+ calcd for 

C23H29Cl2NO4: 453.1474 Found 453.1468. 

N-dodecyl-1-methyl-pseudoarmeniaspirol (17).  
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In a round-bottom flask, SI4 (16 mg, 0.033 mmol, 1.0 equiv) were dissolved in DCE (0.4 M). 

The mixture was cooled to 0 °C using an ice bath and BBr3 (0.1mL of a 1 M solution in DCM, 

0.1 mmol, 3.0 equiv) was added dropwise. The reaction was allowed to proceed for 4 hours from 

0 °C to room temperature. Water was added, and the solution was extracted three times with 

EtOAc. The organic fractions were combined, washed with brine, dried over MgSO4, and 

concentrated in vacuo. The product was purified from the crude mixture using preparative TLC 

(15 % EtOAc in hexanes) affording pure 17 as a colourless oil (10 mg, 0.0213 mmol, 64 % 

yield). Rf= 0.2 (10:90 EtOAc:Hexanes). 1H NMR (600 MHz, Chloroform-d) δ 6.83 (d, J = 8.2 

Hz, 1H), 6.70 (d, J = 8.2 Hz, 1H), 3.35 – 3.26 (m, 1H), 3.10 (ddd, J = 14.4, 8.0, 6.5 Hz, 1H), 

2.27 (s, 3H), 1.34 – 1.14 (m, 20H), 0.91 – 0.85 (m, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 

169.8, 164.2, 157.7, 154.0, 140.5, 128.0, 122.7, 112.2, 110.8, 109.9, 73.2, 42.3, 31.9, 29.64, 

29.62, 29.5, 29.37, 29.35, 29.0, 28.2, 26.6, 22.7, 14.1, 8.7. HRMS (EI+/Magnetic sector) m/z: 

[M]+ calcd for C24H31Cl2NO4: 467.1630 Found: 467.1618. 

 

Synthesis of N-Hexyl-pseudoarmeniaspirol 16 

SI1 – N hexyl – N,O ketal 

Phenol 6, (20 mg, 0.1075mmol, 1 equiv) was suspended in acetone and K2CO3 (44mg, 0.323 

mmol, 3 equiv) and allowed to stir at room temperature for 10 minutes. 8c (35 mg, 0.1075mmol, 

1 equiv) was added and allowed to stir overnight. The reaction was filtered and concentrated to 

yield SI1 as a clear oil (35 mg, 0.07mmol, 65%), which was used without further purification. 1H 

NMR (400 MHz, Chloroform-d) δ 6.95 (t, J = 8.3 Hz, 1H), 6.62 (d, J = 8.3 Hz, 1H), 6.23 (d, J = 

8.3 Hz, 1H), 3.88 (s, 3H), 3.80 (s, 3H), 3.45 (dt, J = 13.8, 8.1 Hz, 1H), 3.37 – 3.20 (m, 1H), 2.78 

(qt, J = 12.4, 7.6 Hz, 2H), 1.54 (dt, J = 16.8, 8.2 Hz, 4H), 1.43 – 1.16 (m, 14H), 0.92 – 0.81 (m, 
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7H). 13C{1H} NMR (100 MHz, CDCl3) δ 164.8, 163.2, 158.6, 152.1, 140.4, 130.0, 126.6, 123.5, 

109.0, 106.7, 92.8, 55.6, 54.0, 41.6, 31.8, 31.3, 29.6, 29.2, 27.8, 26.6, 23.9, 22.7, 22.5, 14.1, 13.9. 

HRMS (EI): Exact mass calculated for C25H35Cl2NO5: 499.1892 Found 499.1880. 

SI2 – 6-methoxy – N-hexyl-pseudoarmeniaspirol  

Compound SI1 (35 mg, 0.07mmol, 1 equivalent) was dissolved in DCM (0.05 M) and a solution 

of Tin (IV) chloride solution (0.21mL of a 1M solution in DCM, 0.21mmol, 3 equiv) was added 

dropwise. The reaction was stirred at room temperature overnight and quenched with aqueous 

NaCl. The aqueous layer was then extracted twice with ethyl acetate (20 mL). The combined 

EtOAc layers were dried with Na2SO4 and concentrated in vacuo. Purification by silica gel 

chromatography (10% EtOAc/hexanes) yielded pure SI2 as a colourless oil (19 mg, 

0.0405mmol, 57% yield). Rf= 0.45 (20:80 EtOAc:hexanes). 1H NMR (400 MHz, Chloroform-d) 

δ 6.90 (d, J = 8.4 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H), 3.87 (s, 3H), 3.39 – 3.27 (m, 1H), 3.06 (ddd, 

J = 14.5, 8.3, 6.3 Hz, 1H), 2.74 – 2.63 (m, 2H), 1.56 (t, J = 7.6 Hz, 2H), 1.33 – 1.25 (m, 10H), 

1.18 – 1.12 (m, 4H), 0.86 (q, J = 4.5, 3.9 Hz, 3H), 0.80 (t, J = 6.9 Hz, 3H).  13C{1H} NMR (100 

MHz, CDCl3) δ 169.9, 164.1, 161.0, 153.6, 140.6, 128.0, 122.8, 116.7, 110.9, 107.4, 73.0, 56.0, 

42.2, 31.6, 31.1, 29.0, 28.8, 28.1, 26.2, 23.6, 22.6, 22.4, 14.1, 13.9. HRMS (EI): Exact mass 

calculated for C24H31Cl2NO4: 467.1630 Found: 467.1646. 

 
Synthesis of N-dodecyl-1-methyl-pseudoarmeniaspirol 17 
 

SI3 – N-dodecyl-1-methyl-N,O ketal 

Phenol SI5 (15 mg, 0.1067mmol, 1 equiv) was suspended in acetone and K2CO3 (44 mg, 

0.32mmol 3 equiv) was added and allowed to stir at room temperature for 10 minutes. 8d (44 

mg, 0.1067mmol, 1 equiv) was added and allowed to stir overnight. The reaction was filtered 
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and concentrated to yield SI3 as a colourless oil (30 mg,0.062mmol, 58%), which was used 

without further purification. 1H NMR (600 MHz, Chloroform-d) δ 6.99 (t, J = 8.3 Hz, 1H), 6.65 

(d, J = 8.3 Hz, 1H), 6.30 (d, J = 8.3 Hz, 1H), 3.91 (s, 3H), 3.84 (s, 3H), 3.47 (ddd, J = 15.2, 9.8, 

5.9 Hz, 1H), 3.39 (ddd, J = 14.4, 9.8, 6.1 Hz, 1H), 2.28 (s, 3H), 1.58 (ddp, J = 30.6, 19.2, 6.6 Hz, 

2H), 1.36 – 1.19 (m, 20H), 0.90 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 164.9, 

163.2, 158.7, 152.0, 140.2, 130.0, 126.4, 119.1, 109.9, 106.6, 92.9, 55.6, 54.1, 41.6, 31.9, 29.6, 

29.6, 29.6, 29.5, 29.4, 29.2, 27.9, 27.0, 22.7, 14.1, 9.3. HRMS (EI): Exact mass calculated for 

C26H37Cl2NO5: 513.2049 Found: 513.2062. 

SI4 - N-dodecyl- 1-methyl-5 methoxy-pseudoarmeniaspirol 

Compound SI3 (30 mg, 0.062mmol, 1 equiv) was dissolved in DCM (0.05 M) and a solution of 

Tin (IV) chloride (0.186mL of a 1M solution in DCM, 0.186mmol, 3 equiv) was added 

dropwise. The reaction was stirred at room temperature overnight and quenched with aqueous 

NaCl. The aqueous layer was then extracted twice with ethyl acetate (20 mL). The combined 

EtOAc layers were dried with Na2SO4 and concentrated in vacuo. Purification by silica gel 

chromatography (10% EtOAc/Hexane) yielded pure SI4 as a colourless oil (16 mg, 0.033mmol, 

53% yield). Rf= 0.3 (10:90 EtOAc:Hexanes). 1H NMR (400 MHz, CDCl3) δ 6.90 (d, J = 8.4 Hz, 

1H), 6.70 (dd, J = 8.4, 3.5 Hz, 1H), 3.88 (s, 3H), 3.35 – 3.26 (m, 1H), 3.13 – 3.03 (m, 1H), 2.21 

(s, 3H), 1.26 – 1.18 (m, 18H), 0.85 (t, J = 6.7 Hz, 5H). 13C{1H} NMR (100 MHz, CDCl3) δ 

169.8, 164.1, 161.2, 153.6, 140.6, 128.0, 122.7, 111.8, 110.9, 107.0, 73.1, 56.0, 42.3, 31.9, 29.6, 

29.5, 29.3, 29.2, 28.9, 28.2, 26.5, 22.7, 14.1, 8.9. HRMS (EI): Exact mass calculated for 

C25H33Cl2NO4: 481.1787 Found: 481.1773. 

SI5 – 2-methyl-3 methoxy phenol 
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In a round-bottom flask, commercially available 2,6 dimethoxy toluene (204mg, 1.34mmol, 1.0 

equiv.) was dissolved in 1,2-dichloroethane (3 mL). The solution was cooled to -20 °C using a 

dry ice/acetone bath. A solution of BBr3 (1.6mL of a 1M solution in DCM, 1.6mmol,1.2 equiv.) 

was added dropwise, and the reaction mixture was stirred at -20 to – 10 °C for 2 hours. 

Subsequently, Et3N / water was added, and the solution was extracted 3 × with EtOAc. The 

organic fractions were combined, washed with brine, dried over Na2SO4, and concentrated. 

Purification by silica gel chromatography (10% EtOAc/Hexane) yielded pure compound SI5 as a 

brown amorphous solid (141 mg, 1.02mmol, 76 % yield). 1H NMR (400 MHz, CDCl3) δ 7.05 (t, 

J = 8.2 Hz, 1H), 6.56 – 6.45 (m, 2H), 3.85 (s, 3H), 2.16 (s, 3H).  13C{1H} NMR (100 MHz, 

CDCl3) δ 158.7, 154.5, 126.5, 112.4, 108.2, 103.2, 55.8, 8.1. The NMR data were consistent with 

literature values.1 

SI6 - pentachloro-2H-pyrrole 

Pyrrole (0.1g, 1.49mmol, 1 equiv) was dissolved in diethyl ether and cooled to 0oC. Sulfuryl 

chloride (0754mL 8.94mmol, 6equiv.)  was added and the solution was stirred overnight. The 

resulting solution was concentrated and upon flash chromatography (20% EtOAc/Hexane) 

yielded SI6 as a brown amorphous solid. Rf= 0.5 (20:80 EtOAc:Hexanes) 13C{1H} NMR (100 

MHz, CDCl3) δ 164.1, 151.1, 125.4, 98.3. NMR data was consistent with literature values.2 

SI7 - t-butyl 1-H-pyrrole-2-carboxylate    

Prepared following general procedure 1. Compound SI7 was purified by silica gel 

chromatography (15:85 EtOAc:Hexanes) and was obtained as a yellow oil (450mg, 63%) . Rf= 

0.45 (15:85 EtOAc:Hexanes) 1H NMR (400 MHz, CDCl3) δ 6.92 (td, J = 2.7, 1.5 Hz, 1H), 6.85 

(ddd, J = 3.8, 2.4, 1.5 Hz, 1H), 6.23 (dt, J = 3.7, 2.5 Hz, 1H), 1.58 (s, 9H). 13C{1H} NMR (150 
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MHz, CDCl3) δ 160.5, 124.5, 122.0, 114.5, 110.2, 80.8, 28.4. The NMR data is consistent with 

literature values.3 HRMS (EI): Exact mass calculated for C9H13NO2: 167.0946 found: 167.0957. 

SI8 – trimethylsilylethyl-1H-pyrrole-2-carboxylate 

Prepared following general procedure 1. Compound SI8 was purified by silica gel 

chromatography (30% EtOAc/Hexane) and was obtained as a red oil (202 mg, 74%) . Rf= 0.5 

(12.5:87.5 EtOAc:Hexane) 1H NMR (400 MHz, CDCl3) δ 6.95 (td, J = 2.7, 1.5 Hz, 1H), 6.90 

(ddd, J = 3.9, 2.5, 1.5 Hz, 1H), 6.26 (dt, J = 3.7, 2.6 Hz, 1H), 4.42 – 4.29 (m, 2H), 1.13 – 1.05 

(m, 2H), 0.08 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 161.5, 123.4, 122.7, 115.0, 110.5, 

62.7, 17.6, -1.3. The NMR data is consistent with literature values.4 HRMS (EI): Exact mass 

calculated for C10H17NO2Si 211.1029: Found: 211.1046. 
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Section 4. Copies of 1H and 13C spectra – A) Table 1. 7a-w 

 

1H NMR (600 MHz, CDCl3) of 7b 
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13C{1H} NMR (150 MHz, CDCl3) of 7b  
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1H NMR (600 MHz, CDCl3) of 7c 
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13C{1H} NMR (150 MHz, CDCl3) of 7c  
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1H NMR (600 MHz, CDCl3) of 7d. 
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13C{1H} NMR (150 MHz, CDCl3) of 7d. 
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1H NMR (400 MHz, CDCl3) of 7e  
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13C{1H} NMR (100 MHz, CDCl3) of 7e  
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HSQC of 7e  
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1H NMR (400 MHz, CDCl3), of 7f. 
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13C{1H} NMR (100 MHz, CDCl3) of 7f. 
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1H NMR (400 MHz, CDCl3) of 7g 
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13C{1H} NMR (100 MHz, CDCl3) of 7g  
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1H NMR (400 MHz, CDCl3) of 7h. 
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13C{1H} NMR (100 MHz, CDCl3) of 7h.  
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1H NMR (400 MHz, CDCl3) of 7i 
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13C{1H} NMR (100 MHz, CDCl3) of 7i 
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HSQC of 7i 
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1H NMR (400 MHz, CDCl3) of 7j.  
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13C{1H} NMR (100 MHz, CDCl3) of 7j.  
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1H NMR (600 MHz, CDCl3) of 7k.  
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13C{1H} NMR (150 MHz, CDCl3) of 7k.  
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1H NMR (600 MHz, CDCl3) of 7m. 



 

256 

 

 

13C{1H} NMR (150 MHz, CDCl3) of 7m. 
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HSQC of 7m. 
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1H NMR (600 MHz, CDCl3) of 7n. 
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13C{1H} NMR (150 MHz, CDCl3) of 7n. 
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1H NMR (400 MHz, CDCl3) of 7q.  
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13C{1H} NMR (100 MHz, CDCl3) of 7q.  
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1H NMR (400 MHz, CDCl3) of 7r. 
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13C{1H} NMR (100 MHz, CDCl3) of 7r.  
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1H NMR (600 MHz, CDCl3) of 7s. 
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13C{1H} NMR (150 MHz, CDCl3) of 7s. 
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HSQC of 7s.  
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1H NMR (600 MHz, CDCl3) of 7t. 
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13C{1H} NMR (150 MHz, CDCl3) of 7t.  
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1H NMR (400 MHz, CDCl3) of 7u.  
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13C{1H} NMR (100 MHz, CDCl3) of 7u.  
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1H NMR (400 MHz, CDCl3) of 7v.  
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13C{1H} NMR (100 MHz, CDCl3) of 7v.  
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1H NMR (400 MHz, CDCl3) of 7x.  
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13C{1H} NMR (100 MHz, CDCl3) of 7x.  
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Section 4. Copies of 1H and 13C spectra - B) Table 1. 8a-k 

 

 

1H NMR (400 MHz, CDCl3) of 8a.  
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13C{1H} NMR (100 MHz, CDCl3) of 8a.  
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1H NMR (600 MHz, CDCl3) of 8b.   
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13C{1H} NMR (150 MHz, CDCl3) of 8b.   
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1H NMR (600 MHz, CDCl3) of 8c. 
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13C{1H} NMR (150 MHz, CDCl3) of 8c. 
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1H NMR (400 MHz, CDCl3) of 8d. 
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13C{1H} NMR (100 MHz, CDCl3) of 8d. 
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1H NMR (400 MHz, CDCl3) of 8e. 
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13C{1H} NMR (100 MHz, CDCl3) of 8e. 
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HSQC of 8e. 
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1H NMR (400 MHz, CDCl3) of 8f.  
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13C{1H} NMR (100 MHz, CDCl3) of 8f.  
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1H NMR (400 MHz, CDCl3) of 8g.  
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13C{1H} NMR (100 MHz, CDCl3) of 8g.  
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1H NMR (400 MHz, CDCl3) of 8h. 
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13C{1H} NMR (100 MHz, CDCl3) of 8h. 
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1H NMR (400 MHz, CDCl3) of 8i. 
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13C{1H} NMR (100 MHz, CDCl3) of 8i. 

 



 

294 

 

 

HSQC of 8i. 
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1H NMR (400 MHz, d-6 Acetone) of 8j. 
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13C{1H} NMR (100 MHz, d-6 Acetone) of 8j. 
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HSQC of 8j. 
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1H NMR (400 MHz, CDCl3) of 8k. 
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13C{1H} NMR (100 MHz, CDCl3) of 8k. 
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HSQC of 8k. 
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1H NMR (400 MHz, CDCl3) of 18 - Methyl 

2,3,4‐tribromo‐5‐oxo‐2,5‐dihydro‐1H‐pyrrole‐2‐carboxylate. 
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13C{1H} NMR (100 MHz, CDCl3) of 18 - Methyl 

2,3,4‐tribromo‐5‐oxo‐2,5‐dihydro‐1H‐pyrrole‐2‐carboxylate. 
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HSQC of 18 - Methyl 2,3,4‐tribromo‐5‐oxo‐2,5‐dihydro‐1H‐pyrrole‐2‐carboxylate. 
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Section 4. Copies of 1H and 13C spectra - C) Compounds on route to pseudoarmeniaspirol 

(5,6,15,1) 

 

 

 

1H NMR (400 MHz, CDCl3) of 6 
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13C{1H} NMR (100 MHz, CDCl3) of 6 
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HSQC of 6 
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1H NMR (400 MHz, CDCl3) of 5 
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13C{1H} NMR (100 MHz, CDCl3) of 5 
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HSQC of 5 
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1H NMR (400 MHz, CDCl3) of 15 
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13C{1H} NMR (100 MHz, CDCl3) of 15 
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HSQC of 15 
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1H NMR (600 MHz, CDCl3) of 1 
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13C{1H} NMR (150 MHz, CDCl3) of 1 
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COSY of 1 
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DEPT135 of 1 
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 HMBC of 1 
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HSQC of 1 
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Section 4. Copies of 1H and 13C spectra - D) Compounds on route to hexyl-pseudoarmeniaspirol 

(SI1,SI2,16) 

 

 

1H NMR (400 MHz, CDCl3) of SI1 
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13C{1H} NMR (100 MHz, CDCl3) of SI1 
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HSQC of SI1 
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1H NMR (400 MHz, CDCl3) of SI2 
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13C{1H} NMR (100 MHz, CDCl3) of SI2 
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HSQC of SI2 
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1H NMR (600 MHz, CDCl3) of 16 
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13C{1H} NMR (150 MHz, CDCl3) of 16 
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HSQC of 16 
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Section 4. Copies of 1H and 13C spectra - E) Compounds on route to N-dodecyl-p-1-methyl-

pseudoarmeniaspirol (SI5,SI3,SI4,17) 

 

 

1H NMR (400 MHz, CDCl3) of SI5 
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13C{1H} NMR (100 MHz, CDCl3) of SI5 
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1H NMR (600 MHz, CDCl3) of SI3 
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13C{1H} NMR (150 MHz, CDCl3) of SI3 
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HSQC of SI3 
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1H NMR (400 MHz, CDCl3) of SI4 
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13C{1H} NMR (100 MHz, CDCl3) of SI4 
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HSQC of SI4 
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1H NMR (600 MHz, CDCl3) of 17 
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13C{1H} NMR (150 MHz, CDCl3) of 17 

 



 

338 

 

 

HSQC of 17 
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Section 4. Copies of 1H and 13C spectra - F) Compounds 3,4,9,10,11,12,13,14 

 

 

1H NMR (400 MHz, CDCl3) of 3 
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13C{1H} NMR (100 MHz, CDCl3) of 3 
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HSQC of 3 
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1H NMR (400 MHz, CDCl3) of 4  
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13C{1H} NMR (100 MHz, CDCl3) of 4  
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HSQC of 4  
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1H NMR (400 MHz, CDCl3) of 9   
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13C{1H} NMR (100 MHz, CDCl3) of 9   
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1H NMR (400 MHz, CDCl3) of 10  
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13C{1H} NMR (100 MHz, CDCl3) of 10  
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1H NMR (600 MHz, CDCl3) of 11 
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13C{1H} NMR (150 MHz, CDCl3) of 11 
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HSQC of 11 
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1H NMR (400 MHz, CDCl3) of 12 
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13C{1H} NMR (100 MHz, CDCl3) of 12 
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HSQC of 12 
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1H NMR (600 MHz, CDCl3) of 13  
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13C{1H} NMR (150 MHz, CDCl3) of 13  
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HSQC of 13  
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1H NMR (600 MHz, CDCl3) of 14  
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13C{1H} NMR (150 MHz, CDCl3) of 14  
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HMBC of 14  

 



 

361 

 

 

HSQC of 14  
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Section 4. Copies of 1H and 13C spectra - G) Compounds SI6,SI7,SI8 

 

1H NMR (400 MHz, CDCl3) of SI6 
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13C{1H} NMR (100 MHz, CDCl3) of SI6 
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1H NMR (400 MHz, CDCl3) of SI7  

 

 



 

365 

 

 

13C{1H} NMR (100 MHz, CDCl3) of SI7  
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1H NMR (400 MHz, CDCl3) of SI8  
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13C{1H} NMR (100 MHz, CDCl3) of SI8  
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Chapter 5: Conclusions and future directions  

5.1 Overview  

Development of antibiotics with novel mechanisms of action that are effective against 

drug resistant Gram-positive bacteria is a major unmet challenge1–4.  My thesis work aims to 

address this challenge. Chapter 1 reviews the discovery, activity, initial SAR, pharmacological 

evaluation, mechanism of actions and the total synthesis of armeniaspirol5–10. Chapter 2 presents 

the first comprehensive medicinal chemistry study of fourteen new analogues for antibiotic 

activity against MRSA and VRE. This study shows that an increase in potency against both 

AAA+ proteases ClpXP and ClpYQ is required for an increase in antibiotic activity in cells and 

new analogues with 8-fold increase in potency were discovered11. Chapter 3 establishes that 

armeniaspirols exhibit a dual mechanism of action, which includes disruption of the ΔΨ 

component of the PMF rather than the ΔpH12, correcting the current literature6 on the 

armeniaspirol compounds. We show that disruption of ΔΨ of the PMF is necessary for antibiotic 

activity but is not a standalone mechanism for antibiotic activity. We postulate that the reduction 

of membrane potential could synergize with inhibition of these ATP dependent cellular targets 

ClpXP and ClpYQ as discussed vide infra. Chapter 4 details and characterizes the oxidative 

chlorination of pyrrole-2-carboxylate derivatives. This transformation rapidly generates the α,β-

dichloro-α,β-unsaturated lactam functionality in armeniaspirol. Using the product of methyl N-

methyl pyrrole-2-carboxylate oxidation, we attempted to access the natural product. Our efforts 

were derailed by an unanticipated rearrangement leading to a constitutional isomer, 

pseudoarmeniaspirol A13. 
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5.2 State of armeniaspirol antibiotic development and outlook 

Continued structure optimization in antibiotics has led to improved clinical candidates as 

seen in the development of penicillin analogues resulting in dicloxacillin14 (and more recently 

piperacillin15). From the first generation of armeniaspirol analogues, the benzyl derivatives 

displayed 8-fold improvement in antibiotic activity against MRSA with roughly 20-fold 

improvement in Ki of ClpYQ. This spurred us to determine if we could continue to improve 

potency by generating analogues with more balanced activity at both protein targets ClpXP and 

ClpYQ and sufficient disruption of ΔΨ to potentiate activity and  limit emergence of  

resistance11. A second generation set of analogues of armeniaspirol were thus designed to further 

explore chemical space around the N-benzyl analogues that had shown highly potent (nM) Ki for 

ClpYQ. Data from our first-generation analogues also suggested that increased N-alkyl character 

led to increased ClpXP inhibition. Thus, we modified the chain length between the amide N and 

the phenyl ring and introduced branched alkyl chains into this second generation series of 

unpublished analogues. We expect that this will increase potency at both ClpXP and ClpYQ. A 

second aim of the study was to have access to a range of benzyls with varying substitution 

patterns that could potentially access new binding interactions with the targets as well as improve 

pharmacokinetic properties. 
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Figure 5.1 Design of second-generation aryl analogues of armeniaspirol 

 

From preliminary MIC screens, the second-generation analogues yielded many new 

active compounds against MRSA. The next logical step in this follow up study would be to 

evaluate the activity of these analogues against the intracellular biochemical targets, ClpYQ and 

ClpXP and to characterize their perturbation of ΔΨ.  Future directions would entail preliminary 

pharmacokinetics and toxicity to advance the armeniaspirols as therapeutic agents. A Liver 

microsomal assay should be conducted to give insights into stability as well as metabolic hot 

spots on the scaffold16. Using a PAMPA assay, the compounds should be assessed for transport 

across cell membranes as well as the GI tract. Recently our group used an in vivo activity in 

Galleria mellonella to study Gram-positive and Gram-negative bacterial infections. Galleria 

mellonella possess an innate immune response that shows similarities with that of vertebrates17. 

Developing a Bacillus subtilis or S. aureus infection model in G. mellonella will thus provide an 

ideal setting for the initial evaluation of antibiotic ability of these armeniaspirol analogues in 

vivo.  

Compounds that disrupt membrane potential can often be associated with mitochondrial 

dysfunction in humans. Armeniaspirol and its analogues all show the ability to disrupt the 
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electrical potential of Gram-positive bacteria and consistent with this, at high doses in a mouse 

model, some cardiac side effect are observed12,18,19. We have begun investigating the effect of 

our analogues on mitochondrial function in the mouse myoblast cell line C2C12 with Prof. 

Harper in the Faculty of Medicine at the University of Ottawa. Preliminary data shows that the 

mitochondrial potential is rapidly uncoupled (disrupted) by treatment with Cl-armeniaspirol.  

Excitingly we have identified an analogue with potent antibiotic activity that does not rapidly 

uncouple mitochondria. Future work includes evaluating additional compounds and new 

analogues for their uncoupling of mitochondrial electron transport and oxidative phosphorylation 

as well as correlating reduced uncoupling with cardiotoxicity in a human induced pluripotent 

stem-derived cardiomyocytes microelectrode array-based assay.  

  With improved druglike properties in mind, future studies should focus on developing 

armeniaspirol analogues with lowered clogP values. The most potent analogues have clogP 

values of approximately 7 and Cl-armeniaspirol clogP is approximately 5. This is outside of the 

ideal range for developing orally bioavailable drugs. High clogP values are associated with 

problems including increased protein bound drug, faster metabolism and lower solubility, all of 

which impact a drug candidate’s ability to move forward into the clinic20. Analogues that could 

be developed should include additional heteroatoms as well as bioisosteres to improve drug like 

properties (Figure 5.2).   
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Figure 5.2 Potential future analogues of armeniaspirol with improved clogP values 

 5.2 Total synthesis outlook  

As briefly discussed in chapter 4, many efforts had been attempted to access the complex 

scaffold of armeniaspirol, tThe majority centering around early-stage chlorination followed by 

intramolecular formation of the central ring system.  For example, in the synthesis of 

pseudoarmeniaspirol, fragment coupling via N,O-ketal formation between a phenol and the 

chlorinated pyrrole carboxylic acid derivative was used with a Friedel-Crafts acylation 

envisioned for the annulation step leading to the central carbonyl. A particularly appealing 

alternative strategy for formation of the central ring is the direct oxidation of pyrrole with 

molecular oxygen. This would generate a reactive intermediate that could be trapped by the 

neighbouring phenol in situ yielding the lactam and N,O-ketal in one step. This strategy drew on 

precedent from Boger and Wasserman’s work using singlet oxygen to oxidize bipyrrole 

compounds to α,β-unsaturated lactams and culminated in the total synthesis of D,L- and meso-

isochrysohermidin (figure 5.3)21,22.  
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Figure 5.3 Boger and Wasserman’s oxidation of pyrrole using singlet oxygen. 

 

We were readily able to generate the inverse electron demand [4+2] substrate (Figure 5.4) 

to test this strategy. Treating the pyrrole with singlet oxygen generated from irradiation in the 

presence of the sensitizer Rose Bengal yielded the desired pyrrole oxidation as well as the 

cyclization forming the N,O ketal successfully, thus constructing the skeleton or armeniaspirol 

(Figure 5.4)23. However, it must be noted the reaction was hampered by low yields, inconsistent 

reaction times, and poor reproducibility. This is likely due to limited light penetration, causing 

low amounts of singlet oxygen particularly upon scaling up the reaction. 

   

 

Figure 5.4 Synthesis of des-chloroarmeniaspirol using singlet oxygen  
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With the desired skeleton formed, we turned our attention to synthesizing 3,4 dichloro-

pyrrole compounds to have the correct functionalization to access the natural product. The 3 and 

4 positions of pyrroles are notoriously difficult to selectively chlorinate due greatly reduced 

nucleophilicity compared to 2 and 5 positions23–26. Additionally, 3,4-dichlorinated pyrroles, 

when lacking 2,5 substituents, are also prone to rapid degradation. Using aggressive chlorination 

reaction conditions27, we were able to access a suitable substrate in N-methyl-2,5-diethyl ester-

3,4-dichloro pyrrole, which we envisioned could be carried forward to the key [4+2] reaction 

(Figure 5.4). In a model system lacking the two chlorines, we were able to easily couple N-

methyl-2,5-dicarboxylate pyrrole to the left side of armeniaspirol in a Friedel-Crafts acylation. 

This product could then be decarboxylated with TFA to yield the intermediate for the key [4+2] 

reaction (Figure 5.4). However, with the dichlorinated pyrrole, N-methyl-2,5-dicarboxylate-3,4-

chloro pyrrole, this chemistry proved much more challenging. At low temperatures the 

hydrolysis of N-methyl-2,5-diethyl ester-3,4-chloro pyrrole yielded the desired diacid, which 

could be converted into the acid chloride for the Friedel-Crafts acylation. After rigorous 

screening of Lewis acids and reaction conditions, no Friedel-Crafts acylation products could be 

observed.  

With this failed route and excess N-methyl-2,5-diethyl ester-3,4 chloro pyrrole in hand, 

we turned our attention to using the pyrrole moiety as the nucleophile in the Friedel-Crafts 

acylation and the left side correctly functionalized with an activated carbonyl compound as the 

electrophile. At elevated temperatures under basic conditions N-methyl-2,5-diethyl ester-3,4 

dichloro pyrrole decarboxylated to yield the N-methyl-3,4 dichloro pyrrole27. This intermediate 

was again subjected to a screen of Lewis acid coupling conditions. Frustratingly, no reaction 
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conditions yielded Friedel-Crafts acylation products. Using strong bases to yield activated 2-

position pyrroles were attempted to add into corresponding aryl aldehydes; however, no addition 

was observed (Figure 5.5).  

 

Figure 5.5 Attempts using 3,4 chlorinated pyrroles to access armeniaspirol.  

 

The efforts toward the total synthesis of armeniaspirol have highlighted many synthetic 

challenges associated with the reactivity surrounding this scaffold, the first being the central 

spirocyclic N,O-ketal contained in armeniaspirol has remained very challenging to forge. All 

efforts relied on trapping a highly reactive oxidized pyrrole intermediate, which often resulted in 

degradation. Additionally, the reactivity of pyrroles in electrophilic aromatic substitution (EAS) 

reactions provided unexpected challenges as slight increases in temperature or reaction 

concentrations resulted in over substitution and degradation. The failed Friedel-Crafts reaction of 

the 3,4 dichlorinated pyrrole species is particularly interesting with the des-chloro compound 

undergoing smooth acylation. The addition of a slight EWG like Cl could potentially prevent 

access to the acylium ion for EAS. However, it was unexpected that increased temperatures and 

strong Lewis acids could not overcome this problem. Although the total synthesis of 
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armeniaspirol has presented many challenges, it has allowed us to further our understanding of 

the reactivity of pyrrole and this complex scaffold. 

5.3 Perspective on the evolution and genesis of armeniaspirol   

The study of evolution has been at the forefront of science since the 19th century when 

Darwin first wrote The origin of species. Evolution focuses on organism fitness with respect to a 

genotype or to a phenotype. According to Darwin, improved fitness leads to organisms that will 

leave the most copies of itself in successive generations. Examples of improved fitness leading to 

organism success has been well documented in evolution studies with some of the most famous 

examples being bird beaks and human eyes28,29. This evolutionary model can also be applied to 

secondary metabolites. The gene clusters responsible for natural product biosynthesis must be 

built through improvements to the fitness of the organism. In this light, the biological function of 

the natural product is presumably a key effector of the improved fitness. For example, the 

antibiotic activity of armeniaspirol could make the producing organism more fit since it could 

outcompete other bacteria for the limited resources in its environment.  

Natural products are typically biosynthesized through the action of many genes, in some 

case a dozen or more. The probability of the spontaneous evolution off all dozen genes 

simultaneously is extremely low, yet with anyone of the genes missing the natural product is not 

made and the fitness of the organism not improved. Thus how do these complex gene clusters 

evolve? We propose that our characterization of the activity and mechanisms of action of 

armeniaspirol, its analogues, and some of its potential biosynthetic precursors sheds some light 

on this question.  
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Armeniaspirol is generated biosynthetically from a halogenated pyrrole precursor, which 

contains a high degree of structural homology to the halopyrrole compounds (Figure 5.6)9,10. We 

synthesized the biosynthetic precursors to armeniaspirol and found that they exhibit potent 

antibiotic activity against Gram-positive bacteria as well as the ability to disrupt the PMF.  

 

Figure 5.6 Biosynthesis of armeniaspirol containing potent antibiotic precursors. 

 

Intriguingly, they showed no inhibition of either of the protein targets, ClpXP or ClpYQ. 

From a biosynthesis perspective, this preliminary data gives us insights into how the biosynthetic 

pathway to armeniaspirol evolved in a stepwise matter. We thus propose that a 

protoarmeniaspirol biosynthetic gene cluster existed that made a halopyrrole like compound. 

This compound was antibiotic, though via a different uncharacterized mechanism, providing an 

increase in fitness to the producing organism. By capturing a flavin monooxygenase capable of 

forming the N,O-ketal and a methyltransferase capable of methylating the pyrrole NH, a new 

compound with a new mechanism of action and potent antibiotic activity could be obtained30.  

Thus the protoarmeniaspirol pathway provides a potential snapshot along the stepwise pathway 

for the evolution of the current armeniaspirol gene cluster.  

When conducting our study into both mechanisms of action of armeniaspirol, we began 

to contemplate the evolutionary link between armeniaspirol and its biosynthetic precursor. Based 
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on our hypothesis that armeniaspirol and its precursor had different mechanisms of action, we 

performed a synergy/antagonism assay with both compounds. Our data showed they were highly 

synergistic against MRSA.  While this was initially surprising; from an evolutionary perspective 

it was reasonable. Synergy would result in a large increase in fitness since the precursor and 

product of a biosynthetic pathway could work together. Based on these observations, we suggest 

that it may be common for mid- to late-stage biosynthetic intermediates to possess different 

mechanisms of action as compared to the parent natural product and that these mechanisms of 

action may synergize, increasing the fitness boost as the pathway evolves. Intriguingly, this 

could be a potential evolutionary mechanism for the multiple mechanism of actions frequently 

seen in natural product antibiotics.   

5.4 Conclusions 

Overall, a more thorough SAR and mechanism of action study of armeniaspirol has been 

completed11. Forays into the total synthesis of this complex scaffold as well as reactivity of 

pyrrole has been further characterized and provides framework for suture chemist to leverage 

halogenation of pyrroles to make bioactive scaffolds13. Further work is needed to further confirm 

safety, efficacy, and toxicity of armeniaspirol, and new analogues with improved drug like 

characteristics could be examined. This molecule has provided a tremendous platform to 

improve my skills as an organic chemist and as a chemical biologist. It provided avenues into 

studying total synthesis, organic chemistry methodology, and medicinal chemistry.  
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of action,25 likely due to their natural product origins.26

Optimizing activity of compounds that inhibit multiple
targets is challenging. The relevant substrate, cofactor, and
allosteric regulator concentrations in the cell can impact the
level of inhibition required at each target. Thus it is typically
not possible to predict the optimal level of inhibition at each
target for maximal effect. Structure–activity relationships at
each target are needed as is a structure–activity relationship
from an assay that integrates the function of both targets
together. In the case of armeniaspirol analogues, the MIC
assays provide the data integrating activity at both ClpYQ and
ClpXP.

In general, increasing potency at either target appears
to correlate with improved overall antibiotic activity. For
example series 1 analogues 1, 2, and 7 show a steady
≈20-fold decrease in KI for ClpYQ inhibition, which
correlates with the 8-fold increase in potency as measured
by MIC. Similarly, analogues 1, 11 and 8 show a steady
decrease in MEC, representative of inhibition of ClpXP,
which correlates to a decrease in MIC against MRSA
USA300. This data is consistent with armeniaspirol
antibiotic activity being derived from both ClpXP and
ClpYQ inhibition. In addition, the data suggests that
inhibitory activity against both targets is balanced, since
analogues that possess increased potency against ClpXP or
ClpYQ, increase antibiotic activity.

Some analogues however show highly potent inhibition of
one of the targets over the other. For example, 7 is a sub-
micromolar inhibitor of ClpYQ (KI = 150 ± 20 nM), however it
is no more active in the MIC assays than the less potent 8 (KI

= 410 ± 70 nM) in MIC assays (MIC = 0.5 μg mL 1). This is
even more apparent with 2, which shows ClpXP inhibition at
0.067 μg mL 1 but is no more active in MIC assays (MIC = 1.0
μg mL 1) than 5, which inhibits ClpXP at 0.25 μg mL 1. These
data suggest that as analogues become highly potent towards
one of the targets, without significantly increasing the
potency against the other, little increase in antibiotic activity
is obtained.

The enhanced activity of the more lipophilic series 1
analogues over series 2 compounds raised concerns that
activity was either a function of aggregation or non-specific
lipophilicity-mediated affinity. To evaluate if aggregation of
the analogues played a significant role in activity, the MICs
for the parent compound 1 and the highly lipophilic 2 were
determined in the presence of detergent. Addition of 0.01%
v/v Triton X-100 had minimal impact on the MICs of either
compounds against MRSA USA300 (ESI† Table S4). In further
support of aggregation playing a limited role in activity,
fitting of the ClpYQ does response data to an IC50 model
where the slope could vary provided Hill coefficients of 1 to
1.5. In cases where aggregation plays a significant role in

inhibition, steep slopes are frequently obtained,
corresponding to Hill coefficients well below 1.5.27 As such
aggregation was not considered a major source of the
increased potency observed for the more lipophilic
analogues.

Careful examination of the data shows that activity is not
simply a function of increased lipophilicity as the most
lipophilic compounds 3 and 6 (highest cLog Ps) were not the
most potent in any of the assays. Though there does appear
to be a correlation between low activity and low lipophilicity
since 9 and 12, two of the library members with the lowest
clog P are some of the least active compounds. As the
proteolytic chambers of both the ClpYQ and ClpXP must
accommodate their unfolded protein clients whose
hydrophobic cores are exposed, it stands to reason that
moderately lipophilic inhibitors could be well suited to
inhibition.

Models rationalizing the observed KI and MEC data were
generated by docking armeniaspirol into ClpP and ClpQ high
resolution structures using AutoDock Vina.28 Armeniaspirol
showed two preferred binding site on the active conformation
of the S. aureus ClpP heptamer (3V5E),29 both of which were
in the proteolytic cavity (Fig. 3 and ESI† Fig. S2A). The most
frequent pose from the lowest energy docked structures
showed armeniaspirol bound in the same site as seen for the
binding of the ClpXP inhibitor bortezomib to Thermus
thermophilus ClpP (6HWM, Fig. 3C).30 Armeniaspirol, like
bortezomib, H-bonds to backbone NHs at the C-terminal end
of αC (ref. 30) via its ketone. In addition, our model shows
the ketone H-bonding to the side chain of the active site
Ser70. The hexyl chain engages in van der Waals interactions
with the hydrophobic face of αE. Lastly the phenol of
armeniaspirol H-bonds to His142 and Thr146 of αE. The
second pose showed armeniaspirol bound closer to the
N-terminus of ClpP, though still in the proteolytic chamber
(ESI† Fig. S2A).

This ClpP binding model is in excellent accordance with
the bortezomib TtClpP structure (Fig. 3C, inset 2) and is
consistent with all current structure–activity relationship
data. For example, both the phenol and ketone are required
for antibiotic activity and in this model they both have
discrete H-binding interactions with the target. Similarly, our
current work shows that the hexyl chain of series 1 analogues
is preferred over the methyl chain of series 2 analogues,
consistent with the model showing the hexyl to be buried
between αE and the loop between β6 and β7. Lastly the
model shows significant space available for the N-methyl
group to be replaced with varying N-alkyl groups, consistent
with these N-alkyl analogues displaying potent inhibition of
ClpP. While experimental evidence validating this model is
clearly needed, it does provide for multiple testable atomic
level hypothesis for inhibitor binding.

A model of armeniaspirol binding to the dodecamer of S.
aureus ClpQ (6KUI) was also generated (Fig. 4),31 with two
main poses being observed. In the first pose (Fig. 4B)
armeniaspirol is positioned at the active site, with the phenol
hydrogen bonding to the active site Thr1 backbone NH and
Thr29 side-chain. This pose is similar to that seen in the high
resolution structure of the NLVS inhibitor bound to
Haemophilus influenzae ClpQ (1KYI, Fig. 4C).32 For example,
Ser21 of HiClpQ, analogous to Thr29 of SaClpQ, H-bonds
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protonophore, a class of molecules that can shuttle protons across the 
membrane, disrupting the transmembrane proton gradient ΔpH. 
Consistent with this hypothesis, modification of the phenol and carbonyl 
of armeniaspirol lead to compounds that did not disrupt the PMF, sug
gesting that deprotonation/protonation of the phenol, whose pKa was 
sufficiently lowered by electron withdrawing p-carbonyl substitution, 
was required for proton transfer across the membrane. 

To evaluate if armeniaspirols were disrupting the PMF via dissipa
tion of ΔΨ or the proton gradient ΔpH, we performed assays with the 
Nerstian voltage-dependent fluorescent dye DiSC3(5).12 Valinomycin, a 
potent alkali cation transporter that selectively disrupts ΔΨ, leads to an 
increase in fluorescence when added to DiSC3(5)-treated MRSA USA300 
(Fig. 2a).10,13 Like valinomycin, chloro-armeniaspirol, 1, also showed a 
significant increase in fluorescence. Treatment with nigericin, which 
disrupts ΔpH, led to a decrease in fluorescence (Fig. 2a).10 Based on 
these data, we suggest that armeniaspirols disrupt ΔΨ rather than ΔpH. 

A number of antibiotics rely on either ΔΨ or ΔpH to cross bacterial 
cell membranes and act on their intracellular targets.14 For example, 
aminoglycosides, like kanamycin, require ΔΨ for cell penetration in 
both Gram-positive bacteria like S. aureus and Gram-negatives such as 
Escherichia coli.15 If 1 is disrupting ΔΨ, then it should act antagonisti
cally when co-administered with kanamycin, reducing the potency of 
kanamycin. We thus evaluated synergy between potent armeniaspirol 
analogs 1, 2, and 7 and kanamycin in E. coli ΔtolC. From checkboard 
assays, the fractional inhibitory concentration (FIC) index for 1, 2, and 7 
with kanamycin was >4 (Fig. 2b). FICs >4 are antagonistic,16 further 
supporting the disruption of ΔΨ by armeniaspirols. 

Tetracycline accumulation in E. coli is dependent on ΔpH.17 A 
checkerboard assay of 1 with tetracycline in E. coli Δtolc shows no 
interaction (FIC 0.656, Fig. 2b). If armeniaspirols were disrupting 
ΔpH, then they should be antagonistic with tetracycline (FIC > 4). Our 
data is thus inconsistent with disruption of ΔpH by armeniaspirols. 
Disruption of ΔΨ is expected to result in no interaction (FIC 0.5–4) or 
a synergistic interaction (FIC < 0.5) between armeniaspirol and tetra
cycline.18 Our data is thus consistent with disruption of ΔΨ.19 We 
conclude that 1 is dissipating ΔΨ, not ΔpH. 

Because 1 does not disrupt ΔpH, we hypothesized that the phenol, 
which is proposed to be required for protonophore activity, may not be 
essential to disrupt the PMF as measured by DiSC3(5) cell-based assays. 
We thus synthesized the methyl ether of chloro-armeniaspirol, 15, and 
evaluated its ability to disrupt ΔΨ in MRSA. The free phenol, 1, was a 
potent disruptor of ΔΨ, with a minimum effective concentration (MEC) 
of 0.5 μg/mL (Fig. 2C). However, 15 was also able to disrupt ΔΨ, though 
at a higher concentration with an MEC 4 μg/mL (Fig. 2C). 16, which is 

the methyl ether of 2, exhibits more potent disruption of the membrane 
potential than 1 (Fig. 2C). Thus, the phenol does not appear to be 
required for disruption of the PMF and furthermore is unlikely respon
sible for shuttling protons across the membrane as previously proposed. 

To evaluate if disruption of the PMF is necessary and sufficient for 
antibiotic activity by the armeniaspirol analogs, we evaluated a panel of 
16 armeniaspirol analogs, including 1 and two new analogs where the 
free phenol was protected as a methyl ether 15 and 16, removing all 
ionizable protons. Compounds were evaluated for growth inhibitory 
activity against MRSA USA300 and the ability to disrupt membrane 
potential in MRSA USA300, as measured with DiSC3(5) and DiOC2(3), 
two different voltage sensitive dyes (Table 1). 

If disruption of the PMF is necessary and sufficient for antibiotic 
activity, we hypothesized that the MIC and potency of membrane 
disruption should positively correlate. That is compounds that can 
disrupt membrane potential at lower concentrations should be antibiotic 
at lower concentrations. For this analysis we used all the compounds 
that displayed antibiotic activity (MIC ≤ 4 μg/mL) against MRSA 
USA300. Interestingly, the MEC required to observe membrane depo
larization with DiSC3(5) shows a near-zero correlation with antibiotic 
activity as measured by MIC (Fig. S4). While there is a weak positive 
correlation between the DiSC3(5) and MIC data as measured by the 
Pearson product-moment correlation, it is not statistically significant (r 
(10) 0.41, p 0.23). Membrane depolarization as measured by the 
EC50 for change in DiOC2(3) fluorescence shows a similar near-zero 
correlation (Fig. S5) that is not statistically significant (r(10) 0.52, 
p 0.12). Interestingly, lipophilicity as evaluated by clogP did not 
correlated to MIC or DiOC2(3) EC50 values, though did correlated to 
DiSC3(5) MEC values (Figs. S6–S8). 

Careful examination of the analogs shows that compounds with 
potent ability to disrupt membrane potential do not necessarily possess 
potent antibiotic activity. For example, 16 is able to disrupt membrane 
potential at 0.125 μg/mL as measured by the DiSC3(5) assay but is not 
antibiotic until 4 μg/mL against MRSA USA300. In contrast other 
compounds with the ability to disrupt membrane potential at 0.125 μg/ 
mL, such as 7 and 8, show potent antibiotic activity with MIC of 0.5 μg/ 
mL. It is important to note that none of the non-antibiotic compounds 
(MIC > 4 μg/mL) are potent disruptors of membrane potential (DiSC3(5) 
MEC ≤ 0.5 μg/mL). These data are thus most consistent with the hy
pothesis that membrane disruption is necessary for antibiotic activity, 
but it is not sufficient. 

Some natural product-based antibiotics have more than one mech
anism of action.20 For example tetracycline binds the 30S ribosomal 
subunit inhibiting protein synthesis21 and distorts lipid organization in 

Fig. 1. The structure of the armeniaspirol analogs investigated in this study.  
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the membrane in a ribosome binding-independent manner.22 The 
tetracycline analog chelocardin inhibits translation and causes mem
brane depolarization, with both mechanisms likely contributing to its 
antibiotic activity.17 We thus propose that membrane depolarization 
and inhibition of ClpXP and ClpYQ are both required for antibiotic 
function of the armeniaspirol family of natural products (Table S3). 
Consistent with this, 16, is not particularly antibiotic, however is a 
potent depolarizing agent yet shows little to no ability to inhibit ClpYQ 
activity in an in vitro assay or the ability to inhibit ClpXP in a cell-based 
assay. Intriguingly since ClpXP and ClpYQ are ATP-dependent proteases 

and membrane potential plays an essential role in ATP synthesis, it is not 
unreasonable to suggest that reduction of the membrane potential could 
synergize with inhibition of these cellular targets. 

Herein we have used voltage-sensitive dyes to show that the arme
niaspirol family of natural products, which are Gram-positive antibi
otics, disrupt the proton motive force in MRSA USA300 by dissipating 
the transmembrane electrical potential (ΔΨ) rather than the proton 
gradient (ΔpH). This is supported by armeniaspirol acting antagonisti
cally in checkerboard synergy assays with kanamycin, an antibiotic 
known to require ΔΨ for penetration in bacteria. Checkerboard assays 
show armeniaspirol to be indifferent when tested in a synergy assay with 
tetracycline, an antibiotic known to require the proton gradient to 
accumulate in Gram-positive bacteria. While all armeniaspirol analogs 
tested in this study that displayed antibiotic activity were able to disrupt 
membrane potential, not all compounds that disrupted membrane po
tential were potent antibiotics. 16 was a potent disruptor of the mem
brane potential but not an inhibitor of the ATP-dependent proteases 
ClpXP and ClpYQ, suggesting that both mechanisms may be required for 
antibiotic activity. This is akin to the inhibition of translation and 
membrane disruption of chelocardin or the inhibition of dihydrofolate 
reductase and membrane disruption of SCH-79797.23 A clear benefit of 
this dual mechanism is that it should suppress the emergence of 
armeniaspirol-resistant mutants. This is borne out experimentally since 
armeniaspirol-resistant MRSA strains cannot be readily generated.2 
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Fig. 2. 1 dissipates ΔΨ, not ΔpH. A Normalized fluorescence response of MRSA USA300 loaded with the voltage sensitive dye DiSC3(5) following treatment with 1, 
valinomycin, and nigericin. B Checkerboard assays showing antagonism of 1 with aminoglycoside kanamycin and no interaction of 1 and tetracycline in E. coli ΔtolC. 
MICs of 1, kanamycin, and tetracycline alone are 8 μg ml 1, 16 μg ml 1, and 0.25 μg ml 1, respectively in E. coli ΔtolC (MICs are shown as the boxed square on 
checkerboard asssay). FIC indexes for 1, 2, and 7 with kanamycin and 1 with tetracycline are reported (see Fig. S3). C. Normalized fluorescence response of MRSA 
USA300 loaded with the voltage sensitive dye DiSC3(5) and treated with 1, 2, 15 and 16. 15 and 16, which lack an ionizable proton, retained ability to disrupt 
the PMF. 

Table 1 
Antibiotic, membrane disruption, and physicochemical properties of analogs.  

Compound MIC 
(μg/mL) 

DiSC3(5) MEC 
(μg/mL) 

DiOC2(3) EC50 

(μg/mL) ± std error 
clogP 

1 4 0.5 0.42 ± 0.09  4.94 
2 1 0.03125 0.07 ± 0.003  7.39 
3 16 >1 >8 9.23 
4 4 0.25 0.23 ± 0.01  5.59 
5 1 0.5 0.39 ± 0.03  6.34 
6 2 0.125 0.30 ± 0.01  7.24 
7 0.5 0.125 0.07 ± 0.002  6.79 
8 0.5 0.125 0.12 ± 0.007  6.75 
9 >32 8 >8 2.52 
10 4 0.5 0.17 ± 0.01  4.96 
11 1 0.25 0.28 ± 0.01  7.99 
12 >32 8 >8 3.16 
13 32 4 3.20 ± 0.25 3.91 
14 16 2 2.45 ± 0.22 4.81 
15 >32 4 2.04 ± 0.09 5.22 
16 4 0.125 0.54 ± 0.02 7.67  
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of the natural product. Structural elucidation by 1D and 2D
NMR analysis revealed an unexpected rearrangement had
occurred generating a constitutional isomer of the desired
product where the spiro-center is connected directly to the
aromatic ring, in 15. Screening a wide variety of reaction
conditions, Lewis acids, and additives did not yield conditions
that suppressed this unwanted migration (Table S1). Final
deprotection of the aryl ether yielded pseudoarmeniaspirol A, 1,
a constitutional isomer of armeniaspirol A.

With its structural similarity to 2, we evaluated 1 and a small
panel of analogs, 16 and 17, for biological activity. 2 is a Gram-
positive antibiotic active against methicillin-resistant Staph-
ylococcus aureus (MRSA). 1 displayed comparable antibiotic
activity with an MIC 4 μg/mL against MRSA USA300 (Table
2), the most common form of community-acquired MRSA

infections. Synthetic chloro-armeniaspirol is known to inhibit
proteolysis by recombinant purified ClpYQ in vitro with a KI of
3.2 ± 0.2 μMand inhibit ClpXP activity in a cell-based assay at 1
μg/mL. 1 did not show any inhibition of ClpYQ even at 50 μM
nor did it inhibit ClpXP at up to 1 μg/mL (Table 2). Lastly,
armeniaspirol has been shown to possess protonophore activity.
Thus, we evaluated pseudoarmeniaspirol for its ability to disrupt
the proton gradient in bacterial cells using two different voltage-
sensitive fluorescent dye assays. 1 showed significantly less
protonophore activity than chloro-armeniaspirol in both assays.
16 and 17 were synthesized and evaluated for antibiotic activity.
Neither compound possessed relevant antibiotic activity (Table
2). Thus, while 1 possesses comparable antibiotic activity to
chloro-armeniaspirol, it does not appear to exert this activity
through inhibition of the Clp proteases nor through disruption
of the proton motive force.

In conclusion, we have elucidated the scope of pyrrole
oxidative chlorination for accessing α,β-dichloro-α,β-unsatu-
rated lactams. We have shown that oxidative C−C bond
cleavage can occur in pyrroles substituted with aldehydes,
ketones, or a carboxylic acid at the 2-position but does not occur
with esters or amides. We show that the pyrrole oxidation in the
synthesis of chloro-armeinaspirol, which occurs on a ketone-
substituted pyrrole, does not lead to C-C bond cleavage due to
the intramolecular trapping of a reaction intermediate by the
phenol. Lastly, using the product from oxidation of the pyrrole
carboxylic acid methyl ester, we generate an intermediate
primed for synthesis of the armeniaspirol scaffold by a Friedel-
Crafts acylation. Surprisingly this intermediate undergoes a
Lewis acid-mediated rearrangement prior to electrophilic
aromatic substitution, leading to a new scaffold and ultimately
to a constitutional isomer of armenaispirol that we name
pseudoarmeniaspirol. While pseudoarmeniaspirol 1 is active
against the Gram-positive pathogen MRSA like armeniaspirol, it
does not inhibit the Clp proteases targeted by armeniaspirol nor
does it act as a protonophore, suggesting a different mechanism
of action.

■ EXPERIMENTAL SECTION
General Procedure 1 − Synthesis of Esters, Amides, and

Thioesters. At 0 °C, pyrrole-2-carboxylic acid (1.8 mmol, 1 equiv) was
added to a solution of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(2.7 mmol, 1.5 equiv) and DMAP (0.18 mmol, 0.1 equiv) in DCM (0.1
M). Then, commercially available amine, alcohol, or thiol (2.16 mmol,
1.2 equiv) was added to the mixture. The ice bath was removed and
warmed to room temperature. After 24 h at room temperature, the
solution was diluted with EtOAc (25 mL) and washed with a NH4Cl
solution. The aqueous layer was then extracted twice with EtOAc (20
mL). The combined EtOAc layers were dried with MgSO4 and
concentrated in vacuo. Silica gel chromatography (10−50% EtOAc/
hexanes) yielded pure amides, esters, or thioesters.

General Procedure 2 − Alkylation of Pyrroles. At 0 °C, methyl-
1H-pyrrole-2-carboxylate (0.8 mmol, 1 equiv) was dissolved in DMF
(0.2 M). NaH (1.04 mmol, 1.3 equiv) was added and allowed to stir for
15 min. Commercially available alkyl halide (0.88 mmol, 1.1 equiv) was
added to the mixture, and the ice bath was removed and warmed to
room temperature. After 3 h at room temperature, the solution was
diluted with EtOAc (25 mL) and washed with a NH4Cl solution. The
aqueous layer was then extracted twice with EtOAc (20 mL). The
organic layer was then washed consecutively with brine. The combined
EtOAc layers were dried with MgSO4 and concentrated in vacuo. Silica
gel chromatography (5−15% EtOAc/hexanes) yielded pure alkyl
pyrrole esters.

General Procedure 3 − Chlorination of Pyrroles. The pyrrole
substrate (0.3 mmol, 1 equiv) was dissolved in DCE (0.2M). Following
this, NCS (1.2 mmol, 4 equiv) was added to the mixture and heated to
70 °C using an oil bath and stirred overnight. The reaction was
quenched with NaHCO3 solution and diluted with EtOAc (25 mL).
The aqueous layer was then extracted twice with EtOAc (20 mL). The
organic layer was then washed again with aqueous NaHCO3. The
combined EtOAc layers were dried with MgSO4 and concentrated in
vacuo. Silica gel chromatography (5−40% EtOAc/hexanes) yielded the
desired compound.
Compounds from Table 1. Methyl-N-methyl-pyrrole-2-carbox-

ylate (7b). Prepared following general procedure 2. Compound 7b was
obtained as a clear oil and was used without further purification (139
mg, quant). 1H NMR (600 MHz, chloroform-d) δ 6.93 (dd, J = 4.0, 1.8
Hz, 1H), 6.78 (ddd, J = 2.4, 1.8, 0.5 Hz, 1H), 6.11 (dd, J = 4.0, 2.5 Hz,
1H), 3.93 (s, 3H), 3.81 (s, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ
161.9, 129.6, 122.5, 117.9, 108.0, 51.2, 37.0. The NMR data is
consistent with literature values.17 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C7H9NO2: 139.0633 Found: 139.0640.
Methyl-N-hexyl-pyrrole-2-carboxylate (7c). Prepared following

general procedure 2. Compound 7c was obtained as a clear oil and
used without further purification (209mg, quant). 1HNMR (600MHz,
chloroform-d) δ 6.97−6.93 (m, 1H), 6.83 (dd, J = 2.5, 1.9 Hz, 1H),
6.13−6.08 (m, 1H), 4.33−4.26 (m, 2H), 3.80 (s, 3H), 1.79−1.71 (m,
2H), 1.29 (q, J = 4.5, 3.5 Hz, 6H), 0.89−0.86 (m, 3H). 13C{1H} NMR
(150MHz, CDCl3) δ 161.6, 128.8, 121.6, 118.2, 107.9, 51.1, 49.4, 31.8,
31.6, 26.5, 22.7, 14.2. HRMS (EI+/magnetic sector) m/z: [M] + calcd
for C12H19NO2: 209.1416 Found: 209.1420.
Methyl-N-dodecyl-pyrrole-2-carboxylate (7d). Prepared following

general procedure 2. Compound 7d was obtained as a clear oil and was
used without further purification (293mg, quant). 1HNMR (600MHz,
CDCl3) δ 6.94 (dd, J = 3.9, 1.8 Hz, 1H), 6.83 (dd, J = 2.5, 1.8 Hz, 1H),
6.10 (dd, J = 3.9, 2.5 Hz, 1H), 4.30−4.26 (m, 2H), 3.80 (s, 3H), 1.78−
1.70 (m, 2H), 1.29−1.21 (m, 18H), 0.88 (td, J = 7.1, 1.6 Hz, 3H).
13C{1H} NMR (150 MHz, CDCl3) δ 161.5, 128.7, 121.4, 118.1, 107.8,
51.0, 49.3, 31.9, 31.7, 29.7, 29.6, 29.6, 29.6, 29.4, 29.3, 26.7, 22.7, 14.1.
HRMS (EI+/magnetic sector) m/z: [M] + calcd for C18H31NO2:
293.2355 Found: 293.2342.
Methyl-1-(1-ethoxy-1-oxopropan-2-yl)pyrrole-2-carboxylate

(7e). Prepared following general procedure 2. Compound 7e was
obtained as a clear oil and used without further purification (900 mg,
91% yield). Rf = 0.20 (10:90 EtOAc:hexanes). 1H NMR (400 MHz,
CDCl3) δ 7.04 (dd, J = 2.8, 1.8 Hz, 1H), 7.00 (dd, J = 3.9, 1.7 Hz, 1H),
6.21 (dd, J = 3.9, 2.8 Hz, 1H), 5.85 (q, J = 7.4 Hz, 1H), 4.19 (qd, J = 7.1,
1.0 Hz, 2H), 3.79 (s, 3H), 1.74 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H).

Table 2. Biological Evaluation of Constitutional Isomers of
Armeniaspirol

MECClpXP
(μg/mL)

KI ClpYQ
(μM)

(± std dev)
MIC

(μg/mL)

DiOC2(3)
IC50

(μg/mL)

DiSC3(5)
EC50

(μg/mL)

Cl-Arm 1 3.2 ± 0.2 4 0.169 0.5
1 >1 <50 4 2.45 1
16 >1 <50 >32 4.75 >1
17 >1 <50 >32 1.82 0.25
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13C{1H} NMR (101 MHz, CDCl3) δ 171.6, 161.7, 125.9, 122.1, 118.5,
108.7, 61.5, 55.2, 51.1, 18.0, 14.1. HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C11H15NO4: 225.1001 Found: 225.0989.
t-Butyl-1-methylpyrrole-2-carboxylate (7f). Prepared following

general procedure 2 using SI7. Product 7f was obtained as a clear oil
and used without further purification (400 mg, quant). 1H NMR (400
MHz, CDCl3) δ 6.87 (dd, J = 3.9, 1.9 Hz, 1H), 6.73 (t, J = 2.2 Hz, 1H),
6.08 (dd, J = 3.9, 2.5 Hz, 1H), 3.90 (s, 3H) 1.55 (s, 9H). 13C{1H} NMR
(100MHz, CDCl3) δ 160.9, 128.9, 124.0, 117.4, 107.4, 80.2, 36.9, 28.5.
The NMR data is consistent with literature values.18 HRMS (EI
+/magnetic sector)m/z: [M] + calcd for C10H15NO2: 181.1103 found:
181.1116.
Benzyl-1-methylpyrrole-2-carboxylate (7g). Prepared following

general procedure 1. Compound 7g was purified by silica gel
chromatography (5:95 EtOAc:hexanes) and obtained as a clear oil
(120 mg, 74% yield). Rf = 0.6 (10:90 EtOAc:hexanes). 1H NMR (400
MHz, CDCl3) δ 7.44−7.33 (m, 5H), 7.00 (dd, J = 4.0, 1.8 Hz, 1H), 6.79
(t, J = 2.1 Hz, 1H), 6.11 (dd, J = 4.0, 2.5 Hz, 1H), 5.28 (s, 2H), 3.93 (s,
3H). 13C{1H} NMR (100 MHz, CDCl3) δ 161.1, 136.6, 129.7, 128.5,
128.0, 127.9, 122.4, 118.1, 107.9, 65.4, 36.8. The NMR data is
consistent with literature values.19 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C13H13NO2: 215.0946 Found: 215.0955.
Trimethylsilyl-ethyl-N-methyl-pyrrole-2-carboxylate (7h). Pre-

pared following general procedure 2 using SI8. Compound 7h was
obtained as a clear oil and was used without further purification (100
mg, 95% yield). 1H NMR (400 MHz, CDCl3) δ 6.92 (dd, J = 4.0, 1.8
Hz, 1H), 6.77 (t, J = 2.2 Hz, 1H), 6.10 (dd, J = 4.0, 2.5 Hz, 1H), 4.43−
4.20 (m, 2H), 3.93 (s, 3H), 1.12−1.05 (m, 2H), 0.07 (s, 9H). 13C{1H}
NMR (100 MHz, CDCl3) δ 161.6, 129.3, 122.8, 117.6, 107.7, 62.0,
36.8, 17.5, −1.4. HRMS (EI+/magnetic sector) m/z: [M] + calcd for
C11H19NO2Si: 225.1185 Found: 225.1187.
Phenol-1H-pyrrole-2-carboxylate (7i). Prepared following general

procedure 1. Compound 7i was purified by silica gel chromatography
(20:80 EtOAc:hexanes) and obtained as a white amorphous solid (275
mg, 81% yield). Rf = 0.4 (20:80 EtOAc:hexanes). 1H NMR (400 MHz,
CDCl3) δ 9.90 (s, 1H), 7.50−7.42 (m, 2H), 7.35−7.24 (m, 3H), 7.22
(ddd, J = 3.9, 2.5, 1.5 Hz, 1H), 6.94 (td, J = 2.7, 1.5Hz, 1H), 6.36 (dt, J =
3.8, 2.5 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ 160.0, 150.7,
129.6, 125.9, 124.7, 122.0, 121.8, 117.1, 110.8. The NMR data is
consistent with literature values.20

1H-Pyrrole-2-carboxylic Acid Propylamide (7j). Prepared following
general procedure 1. Compound 7j was purified by silica gel
chromatography (30% EtOAc/hexanes) and obtained as a yellow oil
(184 mg, 84% yield). Rf = 0.35 (50:50 EtOAc:hexanes) 1H NMR (400
MHz, CDCl3) δ 6.89 (td, J = 2.7, 1.3 Hz, 1H), 6.61 (ddd, J = 3.8, 2.5, 1.4
Hz, 1H), 6.30 (t, J = 5.9 Hz, 1H), 6.19 (dt, J = 3.7, 2.5 Hz, 1H), 3.43−
3.32 (m, 2H), 1.59 (h, J = 7.4 Hz, 2H), 0.94 (t, J = 7.4Hz, 3H). 13C{1H}
NMR (100 MHz, CDCl3) δ 161.7, 126.1, 121.7, 109.4, 109.0, 41.2,
23.1, 11.4. The NMR data is consistent with literature values.21 HRMS
(EI+/magnetic sector) m/z: [M] + calcd for C8H12N2O: 152.0950
Found: 152.0944.
Piperidin-1-yl(1H-pyrrol-2-yl)methanone (7k). Prepared following

general procedure 1. Compound 7k was purified by silica gel
chromatography (30% EtOAc/hexanes) and obtained as an orange
oil (170 mg, 77% yield). Rf = 0.35 (40:60 EtOAc:hexanes). 1H NMR
(400 MHz, CDCl3) δ 6.87 (td, J = 2.7, 1.2 Hz, 1H), 6.49 (ddd, J = 3.8,
2.4, 1.3 Hz, 1H), 6.21 (td, J = 3.2, 2.2 Hz, 1H), 3.81−3.66 (m, 4H),
1.74−1.57 (m, 6H). 13C{1H} NMR (150 MHz, CDCl3) δ 162.0, 124.8,
121.0, 111.8, 108.9, 46.0, 26.2, 24.8. The NMR data is consistent with
literature values.22 HRMS (EI+/magnetic sector)m/z: [M] + calcd for
C10H14N2O: 178.1106 Found: 178.1099.
(1-Methyl-1H-pyrrol-2-yl)-2,2-dimethyl-1-propanone (7m). Lith-

ium iodide (644 mg, 4.81 mmol, 1.3 equiv) andN-methylpyrrole (0.33
mL, 3.7 mmol, 1 equiv) were added to 5 mL of anhydrous MeCN and 4
Å molecular sieves. Pivaloyl chloride (0.45 mL, 3.7 mmol, 1 equiv) was
added to the solution, and themixture was immediately heated to 82 °C
using an oil bath and stirred for 24 h. The resulting mixture was cooled
to room temperature and washed with DCM and Na2S2O3 solution.
The combined organic layers were dried and concentrated in vacuo.
Compound 7m was purified by silica gel column chromatography

(15:85 EtOAc:hexanes) and obtained as an white amorphous solid
(175 mg, 1.06 mmol, 29% yield). Rf = 0.3 (15:85 EtOAc:hexanes) 1H
NMR (400 MHz, CDCl3) δ 7.25 (t, J = 2.0 Hz, 1H), 6.59 (dd, J = 2.9,
1.8 Hz, 1H), 6.51 (dd, J = 2.9, 2.2 Hz, 1H), 3.63 (s, 3H), 1.29 (s, 9H).
13C{1H}NMR (100MHz, CDCl3) δ 201.6, 127.33, 122.8, 122.1, 110.8,
43.5, 36.5, 28.2. The NMR data is consistent with literature values.23

(1-Methyl-1H-pyrrol-2-yl)(p-tolyl)methanone (7n). Lithium iodide
(644 mg, 4.81 mmol, 1.3 equiv) and N-methylpyrrole (0.33 mL, 3.7
mmol, 1 equiv) were added to 5 mL of anhydrous MeCN and 4 Å
molecular sieves. p-Toluoyl chloride (0.48 mL, 3.7 mmol, 1 equiv) was
added to the solution and the mixture was immediately heated to 82 °C
using an oil bath and stirred for 24 h. The resulting mixture was cooled
to room temperature and washed with DCM and Na2S2O3 solution.
The combined organic layers were dried and concentrated in vacuo.
Compound 7n was purified by silica gel column chromatography
(15:85 EtOAc:hexanes) and obtained as a white amorphous solid (175
mg, 0.879 mmol, 24% yield). Rf = 0.4 (15:85 EtOAc:hexanes). 1H
NMR (400 MHz, CDCl3) δ 7.82−7.65 (m, 2H), 7.31−7.19 (m, 2H),
6.91−6.87 (m, 1H), 6.74 (dd, J = 4.1, 1.7 Hz, 1H), 6.15 (dd, J = 4.1, 2.5
Hz, 1H), 4.02 (s, 3H), 2.42 (s, 3H). 13C{1H}NMR (100MHz, CDCl3)
δ 186.0, 142.0, 137.2, 131.2, 130.6, 129.4, 128.8, 122.5, 108.0, 37.3,
21.6. The NMR data is consistent with literature values.24

1-Methyl-2-trichloroacetyl-1H-pyrrole (7q). At 0 °C, N-methyl-
pyrrole (2.2 mL, 24.7 mmol, 1 equiv) was dissolved in diethyl ether (0.2
M). Trichloroacetyl chloride (2.8 mL, 24.7 mmol, 1 equiv) was added
and allowed to stir overnight. The solution was diluted with EtOAc (25
mL) and washed with NaHCO3 solution. The aqueous layer was then
extracted twice with EtOAc (20 mL). The organic layer was then
washed consecutively with brine. The combined EtOAc layers were
dried with MgSO4 and concentrated in vacuo. Compound 7q was
obtained as a purple amorphous solid (5.5 g, 24.65 mmol, quant) and
used without further purification. 1H NMR (400 MHz, CDCl3) δ 7.48
(dd, J = 4.4, 1.6 Hz, 1H), 6.98−6.89 (m, 1H), 6.20 (dd, J = 4.4, 2.4 Hz,
1H), 3.94 (s, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 172.9, 133.8,
124.1, 121.8, 109.0, 96.3, 38.6. The NMR data is consistent with
literature values.25

N-Benzyl-1H-pyrrole-2-carboxamide (7r). Prepared following
general procedure 1. Compound 7r was purified by silica gel column
chromatography (40% EtOAc/hexanes) and was obtained as a white
amorphous solid (177 mg, 83% yield). R f = 0.38 (40:60
EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 7.37−7.21 (m,
5H), 6.83 (td, J = 2.7, 1.3 Hz, 1H), 6.70−6.61 (m, 2H), 6.19 (dt, J = 3.7,
2.5 Hz, 1H), 4.59 (d, J = 5.9 Hz, 2H). 13C{1H} NMR (100 MHz,
CDCl3) δ 161.6, 138.6, 128.7, 127.7, 127.5, 125.7, 122.2, 109.7, 109.6,
43.4. The NMR data is consistent with literature values.26 HRMS (EI
+/magnetic sector) m/z: [M] + calcd for C12H12N2O: 200.0950.
Found: 200.0965.
N-(Prop-2-yn-1-yl)-1H-pyrrole-2-carboxamide (7s). Prepared fol-

lowing general procedure 1. Compound 7s was purified by silica gel
column chromatography (30% EtOAc/hexanes) and was obtained as a
white amorphous solid (174 mg, 80% yield). Rf = 0.35 (50:50
EtOAc:hexanes). 1H NMR (600 MHz, CDCl3) δ 9.72 (s, 1H), 6.94
(ddd, J = 3.2, 2.3, 1.0 Hz, 1H), 6.60 (ddd, J = 3.9, 2.5, 1.3 Hz, 1H), 6.24
(dtd, J = 3.3, 2.6, 0.6 Hz, 1H), 6.08 (s, 1H), 4.22 (ddd, J = 5.5, 2.5, 0.6
Hz, 2H), 2.27 (td, J = 2.5, 0.6 Hz, 1H). 13C{1H} NMR (150 MHz,
CDCl3) δ 160.8, 122.0, 114.9, 110.0, 109.5, 79.7, 71.7, 29.1. The NMR
data is consistent with literature values.27 HRMS (EI+/magnetic
sector) m/z: [M] + calcd for C8H8N2O: 148.0637 Found: 148.0623.
N-Methoxy-N-methylpyrrole-2-carboxamide (7t). Prepared fol-

lowing general procedure 1. Compound 7t was purified by silica gel
column chromatography (40% EtOAc/hexanes) and was obtained as a
yellow amorphous solid (120 mg, 64% yield). Rf = 0.44 (40:60
EtOAc:hexanes). 1HNMR (400MHz, CDCl3) δ 9.73 (s, 1H), 6.93 (td,
J = 2.8, 1.4Hz, 1H), 6.89 (ddd, J = 3.8, 2.5, 1.4 Hz, 1H), 6.25 (dt, J = 3.8,
2.6 Hz, 1H), 3.75 (s, 3H), 3.33 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) δ 161.4, 122.0, 114.9, 111.2110.2, 61.1, 33.1. The NMR data is
consistent with literature values.28 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C7H10N2O2: 154.0742 Found: 154.0744.
S-2-Pyrrolylthiobenzoat (7u). Prepared following general proce-

dure 1. Compound 7u was purified by silica gel column chromatog-
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raphy (20% EtOAc/hexanes) and was obtained as a clear oil (153 mg,
74% yield) Rf = 0.3 (15:85 EtOAc:hexanes). 1H NMR (400 MHz,
CDCl3) δ 9.96 (s, 1H), 7.58−7.50 (m, 2H), 7.46 (tt, J = 3.9, 2.5 Hz,
3H), 7.16 (ddd, J = 3.9, 2.5, 1.4 Hz, 1H), 6.91 (td, J = 2.7, 1.4 Hz, 1H),
6.30 (dt, J = 3.9, 2.5 Hz, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ
180.3, 135.3, 129.4, 129.4, 129.1, 127.1, 124.7, 116.0, 110.9. HRMS (EI
+/magnetic sector)m/z: [M] + calcd for C11H9NOS: 203.0405 Found:
203.0411.
Ethyl-2-pyrrolthiolcarboxylate (7v). Prepared following general

procedure 1. Compound 7v was purified by silica gel chromatography
(15% EtOAc/hexanes) and was obtained as a clear oil (112 mg, 62%
yield). Rf = 0.33 (15:85 EtOAc:hexanes) 1H NMR (400 MHz, CDCl3)
δ 7.02 (ddt, J = 4.0, 2.8, 1.4 Hz, 2H), 6.25 (dt, J = 3.8, 2.5 Hz, 1H), 3.05
(q, J = 7.4 Hz, 2H), 1.34 (t, J = 7.4 Hz, 3H). 13C{1H} NMR (100 MHz,
CDCl3) δ 182.6, 130.4, 124.0, 115.3, 110.6, 22.7, 15.2. TheNMRdata is
consistent with literature values.29 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C7H9NOS: 155.0405 Found: 155.0415.
Methyl-N-Boc-2-pyrrolecarboxylate (7x). Methyl-1H-pyrrole-2-

carboxylate (0.20 g, 1.6 mmol, 1 equiv) was dissolved in MeCN (0.2
M). Boc2O (0.418 g, 1.92 mmol, 1.2 equiv) and catalytic DMAP (19
mg, 0.08 mmol, 0.05 equiv) was added and allowed to stir for 4 h at
room temperature. The mixture was quenched with NH4Cl solution
and diluted with EtOAc. The aqueous layer was then extracted twice
with EtOAc (20 mL). The combined EtOAc layers were dried with
MgSO4 and concentrated in vacuo. The residue was purified by silica
gel column chromatography (5% EtOAc/hexanes) to yield pure 7w as
an amorphous white solid (290 mg, 1.3 mmol, 81% yield). Rf = 0.31
(5:95 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J =
3.1, 1.7 Hz, 1H), 6.80 (dd, J = 3.5, 1.7 Hz, 1H), 6.17−6.09 (m, 1H),
3.80 (s, 3H), 1.55 (s, 9H). 13C{1H} NMR (100 MHz, CDCl3) δ 161.3,
148.4, 126.7, 125.1, 120.8, 110.1, 84.7, 51.8, 27.6. The NMR data is
consistent with literature values.30 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C11H15NO4: 225.1001 Found: 225.1003.
2,3,4-Trichloro-5-oxo-1H-2,5-dihydropyrrole-2-carboxylic Acid

Methyl Ester (8a). Prepared following general procedure 3. Purification
by silica gel chromatography (10% EtOAc/hexanes) yielded 8a as a
clear oil (221 mg, 94% yield). Rf = 0.6 (20:80 EtOAc:hexanes) 1H
NMR (400 MHz, CDCl3) δ 3.83 (s, 3H). 13C{1H} NMR (100 MHz,
CDCl3) δ 166.2, 162.0, 149.7, 127.9, 88.3, 54.9. HRMS (EI+/magnetic
sector)m/z: [M] + calcd for C6H4Cl3NO3: 242.9257 Found: 242.9246.
2,3,4-Trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic

Acid Methyl Ester (8b). Prepared following general procedure 3.
Purification by silica gel chromatography (10% EtOAc/hexanes)
yielded Compound 8b as a clear oil (136 mg, 91% yield). Rf = 0.4
(15:85 EtOAc:hexanes) 1H NMR (600 MHz, chloroform-d) δ 3.86 (s,
3H), 3.01 (s, 3H). 13C{1H} NMR (150 MHz, CDCl3) δ 162.57, 162.1,
142.6, 128.2, 83.4, 55.1, 26.7. HRMS (EI+/magnetic sector) m/z: [M]
+ calcd for C7H6Cl3NO3: 256.9413 Found:256.9422.
2,3,4-Trichloro-5-oxo-1-hexyl-2,5-dihydropyrrole-2-carboxylic

Acid Methyl Ester (8c). Prepared following general procedure 3.
Purification by silica gel chromatography (5% EtOAc/hexanes) yielded
compound 8c as a clear oil (124 mg, 84% yield). Rf = 0.25 (10:90
EtOAc:hexanes). 1H NMR (600 MHz, chloroform-d) δ 3.87 (s, 3H),
3.47 (t, J = 7.9 Hz, 2H), 1.70−1.55 (m, 2H), 1.33−1.27 (m, 6H), 0.91−
0.86 (m, 3H). 13C{1H}NMR (150MHz, CDCl3) δ 163.1, 162.6, 142.7,
128.0, 83.8, 54.9, 42.3, 31.3, 27.8, 26.5, 22.5, 14.0. HRMS (EI
+/magnetic sector) m/z: [M] + calcd for C12H16Cl3NO3: 327.0196
Found: 327.0201.
2,3,4-Trichloro-5-oxo-1-dodecyl-2,5-dihydropyrrole-2-carboxylic

Acid Methyl Ester (8d). Prepared following general procedure 3.
Purification by silica gel chromatography (5% EtOAc/hexanes) yielded
compound 8d as a clear oil (154 mg, 81% yield). Rf = 0.25 (5:95
EtOAc:hexanes). 1HNMR (400MHz, CDCl3) δ 3.85 (s, 3H), 3.45 (t, J
= 7.8 Hz, 2H), 1.70−1.47 (m, 2H), 1.25 (d, J = 13.0 Hz, 18H), 0.90−
0.80 (m, 3H).13C{1H} NMR (100 MHz, CDCl3) δ 163.1, 162.5, 142.7,
127.9, 83.8, 54.9, 42.3, 31.9, 29.6, 29.5, 29.5, 29.5, 29.3, 29.2, 27.9, 26.8,
22.7, 14.1.HRMS (EI+/magnetic sector) m/z: [M] + calcd for
C18H28Cl3NO3: 411.1135 Found: 411.1140.
2,3,4-Trichloro-5-oxo-1-(1-ethoxy-1-oxopropan-2-yl)-2,5-dihy-

dro-pyrrole-2-carboxylic Acid Methyl Ester (8e). Prepared following

general procedure 3. Purification by silica gel chromatography (25%
EtOAc/hexanes) yielded a clear oil 8e as an inseparable 1:1.2mixture of
diastereomers (84 mg, 78% yield). Rf = 0.25 (10:90 EtOAc:hexanes).
1H NMR (400 MHz, CDCl3) δ 4.53−4.45 (m, 1H), 4.42 (t, J = 7.3 Hz,
1H), 4.23−4.14 (m, 4H), 3.88 (s, 3H), 3.84 (s, 2H), 1.67 (dd, J = 14.1,
7.4 Hz, 6H), 1.24 (td, J = 4.2, 2.1 Hz, 6H). 13C{1H} NMR (101 MHz,
CDCl3) δ 169.3, 169.1, 162.9, 162.6, 161.7, 161.2, 143.4, 143.3, 128.0,
82.6, 82.5, 62.0, 54.9, 54.8, 52.2, 51.8, 15.19, 15.15, 14.10, 14.06. HRMS
(ESI+/Q-TOF) m/z: [M + Na] + Calcd. For C11H12Cl3NO5Na
365.9679; Found: 365.9675.
2,3,4-Trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic

Acid t-Butyl Ester (8f). Prepared following general procedure 3.
Purification by silica gel chromatography (10% EtOAc/hexanes)
yielded pure 8f as a clear oil (507 mg, 81% yield). Rf = 0.34 (10%
EtOAc/Hexane) 1H NMR (400 MHz, CDCl3) δ, 3.01 (s, 3H), 1.46 (s,
9H). 13C{1H} NMR (100 MHz, CDCl3) δ 162.3, 160.4, 143.0, 127.7,
86.7, 84.0, 28.0, 26.5. HRMS (EI+/magnetic sector) m/z: [M] + calcd
for C10H12Cl3NO3: 298.9883 Found: 298.9892.
2,3,4-Trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic

Acid Benzyl Ester (8g). Prepared following general procedure 3.
Purification by silica gel chromatography (10% EtOAc/hexanes)
yielded pure 8g as an amorphous white solid (507 mg, 77% yield). Rf
= 0.1 (10:90 EtOAc:hexanes) 1H NMR (400 MHz, CDCl3) δ 7.40−
7.29 (m, 5H), 5.30−5.21 (m, 2H), 2.94 (s, 3H). 13C{1H} NMR (100
MHz, CDCl3) δ 162.0, 161.9, 142.6, 133.9, 129.2, 128.9, 128.6, 128.3,
83.5, 70.0, 26.6. HRMS (EI+/magnetic sector) m/z: [M] + calcd for
C13H10Cl3NO3: 332.9726 Found: 332.9736.
2,3,4-Trichloro-5-oxo-1-methyl-2,5-dihydro-pyrrole-2-carboxylic

Acid Trimethylsilylethyl Ester (8h). Prepared following general
procedure 3. Purification by silica gel chromatography (10% EtOAc/
hexanes) yielded pure 8 h as a clear oil (507 mg, 74% yield). Rf = 0.25
(5:95 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 4.32−4.23 (m,
2H), 2.97 (s, 3H), 1.02−0.93 (m, 2H) 0.02 (s, 9H). 13C{1H} NMR
(100 MHz, CDCl3) δ 162.0, 161.9, 142.7, 128.0, 83.5, 67.5, 26.5, 17.4,
−1.6. HRMS (EI+/magnetic sector) m/z: [M] + calcd for
C11H16Cl3NO3Si: 342.9965 Found: 342.9948.
2,3,4-Trichloro-5-oxo-1H-2,5-dihydropyrrole-2-carboxylic Acid

Phenol Ester (8i). Prepared following general procedure 3. Purification
by silica gel chromatography (5:95 EtOAc: hexanes) yielded 8i as an
amorphous white solid (207 mg, 84% yield). Rf = 0.55 (5:95
EtOAc:hexanes) 1H NMR (600 MHz, CDCl3) δ 7.31−7.27 (m, 2H),
7.20−7.15 (m, 1H), 7.02−6.99 (m, 2H). 13C{1H} NMR (150 MHz,
CDCl3) δ 166.8, 160.3, 150.2, 149.5, 129.8, 128.4, 127.0, 120.8, 88.6.
HRMS (EI+/magnetic sector) m/z: [M] + calcd for C11H6Cl3NO3:
304.9413 Found: 304.9419.
2,3,4-Trichloro-5-oxo-1H-2,5-dihydropyrrole-2-carboxylic Acid

Propylamide (8j). Prepared following general procedure 3. Purification
by silica gel chromatography (25% EtOAc/hexanes) yielded pure 8j as
an amorphous white solid (84 mg, 80% yield). Rf = 0.4 (50:50
EtOAc:hexanes) 1H NMR (400 MHz, Acetone) δ 6.55 (s, 1H), 3.29−
3.15 (m, 2H), 1.54 (h, J = 7.2Hz, 2H), 0.89 (t, J = 7.4Hz, 3H). 13C{1H}
NMR (100 MHz, Acetone) δ 165.4, 164.0, 145.3, 126.4, 86.5, 41.5,
22.4, 10.7. HRMS (EI+/magnetic sector) m/z: [M] + calcd for
C8H9Cl3N2O2: 269.9730 Found:269.9721.
2,3,4-Trichloro-5-oxo-1H-2,5-dihydropyrrole-2-carboxylic Acid

Piperidine Amide (8k). Prepared following general procedure 3.
Purification by silica gel chromatography (25% EtOAc/hexanes)
yielded pure 8k as an amorphous white solid (86 mg, 72% yield). Rf
= 0.45 (40:60 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3) δ 4.09−
3.87 (m, 2H), 3.52 (tt, J = 14.5, 8.7 Hz, 2H), 1.95−1.36 (m, 7H).
13C{1H} NMR (100 MHz, CDCl3) δ 165.8, 159.7, 154.3, 126.1, 87.4,
48.3, 45.0, 25.9, 25.6, 24.3. HRMS (EI+/magnetic sector) m/z: [M] +
calcd for C10H11Cl3N2O2: 295.9886 Found: 295.9874.
Methyl-2,3,4-tribromo-5-oxo-2,5-dihydro-1H-Pyrrole-2-Carboxy-

late (18). Prepared following general procedure 3 with modification
that NCS was replaced with NBS. Purification by silica gel
chromatography (10% EtOAc/hexanes) yielded the brominated analog
18 as an orange amorphous solid (101 mg, 96% yield). Rf = 0.4 (10:90
EtOAc:hexanes). 1HNMR (400MHz, CDCl3) δ 3.83 (s, 3H). 13C{1H}
NMR (101 MHz, CDCl3) δ 162.3, 159.9, 144.8, 124.2, 81.3, 54.9.
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HRMS (EI+/magnet ic sector) m/z : [M] + calcd for
C6H4

7 9B r 2
8 1B r 1N1O2 : 360 . 7771 . C 6H4

7 9B r 2
8 1B r 1N1O2

Found:360.7768.
Compounds from Figure 3. 2-(1-Hexyl-2-hydroxy-6-methoxy-3-

benzoyl)-1H-pyrrole (3). In a round-bottom flask, 9 (0.830 g, 2.63
mmol, 1.0 equiv) was dissolved in 1,2-dichloroethane (3 mL). The
solution was cooled to −20 °C using a dry ice/acetone bath. BBr3 (3.13
mL of a 1 M solution in DCM, 3.13 mmol, 1.2 equiv) was added
dropwise, and the reaction mixture was stirred at −20 to −10 °C for 2 h.
Subsequently, Et3N/water was added, and the solution was extracted 3
× with EtOAc. The organic fractions were combined, washed with
brine, dried over Na2SO4, and concentrated. The desired compound 3
(0.788 g, 99% yield) was obtained as a yellow amorphous solid and used
without purification. 1H NMR (400 MHz, acetone-d6) δ 12.76 (s, 1H),
8.05 (dd, J = 8.9, 0.9 Hz, 1H), 7.27 (ddd, J = 3.0, 2.5, 1.4 Hz, 1H), 7.05
(dtd, J = 4.2, 2.8, 1.3 Hz, 1H), 6.67 (d, J = 9.0 Hz, 1H), 6.36 (ddd, J =
3.9, 2.9, 2.0 Hz, 1H), 3.93 (s, 3H), 2.73−2.58 (m, 2H), 1.59−1.42 (m,
2H), 1.40−1.26 (m, 6H), 0.91−0.82 (m, 3H). 13C{1H} NMR (100
MHz, acetone-d6) δ 186.2, 162.8, 162.0, 130.7, 130.0, 125.5, 118.5,
117.9, 113.4, 110.7, 102.2, 55.3, 31.6, 29.3, 28.6, 22.5, 22.2, 13.5. NMR
data matched literature values.3

5-Chloro-6-methoxy-N-desmethyl Armeniaspirol (4). In a round-
bottom flask, 3 (0.7 g, 2.32mmol, 1.0 equiv) was dissolved in acetic acid
(0.2 M). NCS (0.619 g, 4.64 mmol, 2.0 equiv) was added, and the
resulting mixture was stirred at room temperature for 2 h. Following
this, NCS (1.24 g, 9.29 mmol, 4.0 equiv) was added, and the resulting
mixture was heated to 70 °C using an oil bath for 16 h. The mixture was
then quenched with a 10% K2CO3 solution and extracted three times
with EtOAc. The organic fractions were combined, washed with brine,
dried over MgSO4, and concentrated in vacuo. The resulting oil was
dissolved in CHCl3 (0.2 M) and Et3N (0.97 mL, 6.96 mmol, 3 equiv),
and the mixture was heated at 60 °C using an oil bath for 5 h. The
solution was cooled to room temperature and concentrated in vacuo,
and the spiro-intermediate 4 (0.745 g, 1.78 mmol, 77% yield) was
purified from the crude mixture by silica gel column chromatography
(10% EtOAc/hexanes) and was obtained as a yellow oil. 1H NMR (400
MHz, CDCl3) δ 7.60 (s, 1H), 7.55 (s, 1H), 3.97 (s, 3H), 2.70 (td, J =
7.5, 4.0 Hz, 2H), 1.61−1.55 (m, 2H), 1.36−1.27 (m, 6H), 0.89−0.86
(m, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 189.7, 169.8, 165.4,
163.5, 140.7, 128.4, 124.6, 124.3, 123.7, 115.1, 94.09, 61.7, 31.6, 29.3,
29.3, 23.9, 22.6, 14.1. HRMS (EI+/magnetic sector) m/z: [M] + calcd
for C18H18Cl3NO4: 417.0301 Found: 417.0312.
2-(1-Hexyl-2′6-dimethoxy-3-benzoyl)-1H-pyrrole (9). Pyrrole 2-

carboxylic acid (0.721 g, 6.49 mmol, 2 equiv) was dissolved in 10 mL of
DCM.Oxalyl chloride (9.7 mL of a 2.5M solution in DCM, 19.5 mmol,
3 equiv) was added dropwise, and 1 drop of DMF was added. The
following mixture was stirred for 1 h at room temperature. The solvent
was removed in vacuo. The intermediate acid chloride was resuspended
in DCM in a round-bottom flask, and 2-hexyl-1,3-dimethoxybenzene3

(0.50 g, 3.25mmol, 1.0 equiv) was added and cooled to 0 °Cwith an ice
bath followed by SnCl4 (16.2 mL of a 1.0 M solution in DCM, 16.2
mmol, 5 equiv). The mixture was stirred for 1 h at 0 °C and then
warmed to ambient temperature. The reaction mixture was quenched
with a saturated NaHCO3(aq) and extracted 3× with EtOAc. The
organic fractions were combined, washed with brine, dried over
Na2SO4, and concentrated. The desired compound 9 (0.640 g, 78%
yield) was purified from the crude mixture by silica column
chromatography (30% EtOAc/hexanes) and was obtained as a white
amorphous solid. The NMR data were consistent with literature values
1H NMR (400 MHz, acetone-d6) δ 7.30 (d, J = 8.5 Hz, 1H), 7.19 (dq, J
= 2.9, 1.5 Hz, 1H), 6.80 (d, J = 8.6 Hz, 1H), 6.59 (ddd, J = 3.8, 2.2, 1.4
Hz, 1H), 6.23 (dt, J = 3.8, 2.3Hz, 1H), 3.89 (s, 3H), 3.67 (s, 3H), 2.70−
2.57 (m, 2H), 1.52 (q, J = 7.7 Hz, 2H), 1.42−1.24 (m, 6H), 0.93−0.82
(m, 3H). 13C{1H} NMR (100 MHz, acetone-d6) δ 183.6, 160.1, 157.5,
132.6, 128.2, 125.8, 125.2, 124.4, 118.5, 109.9, 105.1, 61.9, 55.3, 31.6,
29.4, 23.4, 22.4, 13.5. NMR data matched literature values.3

2,4-Dimethoxy-3-hexylbenzoic Acid (10). In a round-bottom flask,
9 (42 mg, 0.127 mmol, 1.0 equiv) was dissolved in DCE (0.2 M).
Following this, NCS (51 mg, 0.382mmol, 3.0 equiv) was added and the
resulting mixture was heated to 70 °C using an oil bath for 8 h. The

reaction mixture was then quenched with a 10% HCl solution and
extracted three times with EtOAc. The organic fractions were
combined, washed with brine, dried over MgSO4, and concentrated
in vacuo. Compound 10 (23 mg, 0.087 mmol, 69% yield) was purified
from the crudemixture using silica gel column chromatography and was
obtained as an amorphous white solid (35% EtOAc/hexanes). Rf = 0.3
(35:65 EtOAc:hexanes). 1HNMR (400MHz, CDCl3) δ 8.00 (d, J = 8.8
Hz, 1H), 6.78 (d, J = 8.8 Hz, 1H), 3.90 (d, J = 4.4 Hz, 6H), 2.69−2.56
(m, 2H), 1.57−1.47 (m, 2H), 1.39−1.27 (m, 6H), 0.93−0.85 (m, 3H).
13C{1H} NMR (100 MHz, CDCl3) δ 166.0, 163.1, 158.5, 131.9, 124.9,
114.3, 107.5, 63.6, 55.9, 31.6, 29.6, 29.3, 23.9, 22.6, 14.1. HRMS (ESI
+/Q-TOF) m/z: [M + Na] + calcd for C15H22O4Na 289.1416. Found:
289.1428.
Tetrachloropyrrole (11). Prepared following general procedure 3,

using pyrrole-2-carboxylic acid (43 mg, 0.388 mmol, 1 equiv) as the
starting material. Purification by silica gel chromatography (20%
EtOAc/hexanes) yielded pure tetrachloropyrrole 11 as an amorphous
brown solid (31 mg, 0.151 mmol, 39% yield). Rf = 0.35 (20:80
EtOAc:hexanes). 1HNMR (600MHz, CDCl3) δ 8.19 (s, 1H). 13C{1H}
NMR (150 MHz, CDCl3) δ 110.3, 109.5. HRMS data could not be
collected. All attempts to ionize 11 failed.
3,4-Dichloromaleimide (12). Prepared following general procedure

3, using pyrrole-2-carboxylic acid (43 mg, 0.388 mmol, 1 equiv) as the
starting material. Purification by silica gel chromatography (20%
EtOAc/hexanes) yielded pure maleamide 12 as an amorphous white
solid (27 mg, 0.163 mmol, 42% yield). Rf = 0.27 (20:80
EtOAc:hexanes). 1H NMR (600 MHz, CDCl3) δ 7.77 (s, 1H).
13C{1H} NMR (150 MHz, CDCl3) δ 162.1, 134.2. NMR data was
consistent with literature values.31 HRMS (EI+/magnetic sector) m/z:
[M] + calcd for C4H1Cl2NO2: 164.9384 Found: 164.9389.
Compounds from Figure 4. 1H-4,5-dichloropyrrole-2-(1-hexyl-2-

hydroxy-6-methoxy-3-benzoyl) (13). In a round-bottom flask, 3 (29.5
mg, 0.097 mmol, 1.0 equiv) was dissolved in acetic acid (0.2 M).
Following this, NCS (39mg, 0.294mmol, 3.0 equiv) was added and the
resulting mixture was heated to 70 °C using an oil bath for 8 h. The
reaction mixture was then quenched with a 10% K2CO3 solution and
extracted three times with EtOAc. The organic fractions were
combined, washed with brine, dried over MgSO4, and concentrated
in vacuo. The desired compound 13 was purified from the crude
mixture using Preparative TLC (15% EtOAc/hexanes) and was
obtained as an amorphous yellow solid (32 mg, 88% yield). 1H NMR
(600 MHz, CDCl3) δ 11.92 (s, 1H), 7.81 (s, 1H), 6.95 (d, J = 2.5 Hz,
1H), 3.92 (s, 3H), 2.73−2.61 (m, 2H), 1.56−1.51 (m, 2H), 1.40 (p, J =
7.4 Hz, 2H), 1.34−1.30 (m, 4H), 0.90−0.87 (m, 3H). 13C{1H} NMR
(150 MHz, CDCl3) δ 183.4, 161.3, 160.0, 128.8, 127.5, 126.9, 121.3,
118.3, 118.2, 115.2, 112.8, 61.3, 31.7, 29.6, 29.3, 24.2, 22.6, 14.1. HRMS
(EI+/magnetic sector) m/z: [M] + calcd for C18H20Cl3NO3: 403.0509
Found: 403.0512.
Spirocyclic-α,β,β-trichlorolactam (14). In a round-bottom flask, 13

(16 mg, 0.0514 mmol, 1.0 equiv) was dissolved in acetic acid (0.2 M)
and NCS was added (7 mg, 0.0514 mmol, 1.0 equiv). The mixture was
heated to 70 °C using an oil bath for 1 h. The reaction was quenched
with 10% Na2CO3 solution and the mixture was extracted three times
with EtOAc. The organic fractions were combined, washed with brine,
dried over MgSO4, and concentrated in vacuo. The desired compound
was purified from the crude mixture using Preparative TLC (15%
EtOAc/hexanes) affording 14 as a yellow oil (11mg, 0.0242mmol, 47%
yield). Rf = 0.25 (17:83 EtOAc:hexanes). 1H NMR (600MHz, CDCl3)
δ 7.59 (s, 1H), 7.13 (s, 1H), 4.89 (s, 1H), 3.97 (s, 3H), 2.74−2.65 (m,
2H), 1.37−1.27 (m, 10H), 0.88 (q, J = 3.5 Hz, 3H). 13C{1H} NMR
(150 MHz, CDCl3) δ 190.8, 170.0, 166.3, 163.9, 124.8, 124.1, 123.2,
114.6, 92.4, 79.7, 68.0, 61.8, 31.5, 29.3, 28.8, 23.9, 22.5, 14.1. HRMS (EI
+/magnetic sector) m/z: [M] + calcd for C18H19Cl4NO4: 453.0068
Found: 453.0081.
Compounds from Figure 5. 2-Hexyl-3-methoxyphenol (6). In a

round-bottom flask, 2-hexyl-1,3-dimethoxybenzene3 (0.322 g, 1.61
mmol, 1.0 equiv) was dissolved in DCE (3 mL). The solution was
cooled to −20 °C using a dry ice/acetone bath. BBr3 (1.9 mL of a 1 M
solution in DCM, 1.9 mmol, 1.2 equiv) was added dropwise, and the
reaction mixture was stirred at −20 to − 10 °C for 2 h. Subsequently,
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