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Abstract 

NATURAL PRODUCT INSPIRED COMPLEMENTARY APPROACHES TO COUNTER 

ANTIMICROBIAL RESISTANCE: SYNTHETIC AND BIOLOGICAL INVESTIGATIONS OF 

ANTIBACTERIAL SMALL MOLECULES 

By Ryan A. Allen 

 Natural products are small molecules produced by living organisms for a specific purpose in an 

ecological niche. These small molecules oftentimes have complex structures and activities that lend 

themselves to development into novel therapies for diseases. Development of these novel therapies is 

increasingly important with the rise of antibiotic resistant bacteria that threaten modern day medicine. To 

this end, the total synthesis and modification of natural products and natural product-like scaffolds to 

identify novel mechanisms of action and activities has been undertaken. To identify novel mechanisms of 

action for the development of antibiotics, the total synthesis of the mindapyrroles and investigation into 

their photoactivity for use in affinity-based protein profiling experiments was explored. To combat 

prevalent disinfectant resistance, our collaborators in the Minbiole Lab at Villanova University synthesized 

novel quaternary ammonium compounds (QACs) to test against common pathogenic bacteria. Inspired by 

this work, we undertook the total synthesis of the ianthelliformisamines, a class of polyamine natural 

products, for the development of novel QAC scaffolds.  
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  1 

Chapter 1: Introduction to Natural Product Antimicrobials and the Rise of Antibiotic 

Resistance 

 

This chapter is a select summation on the field of antibiotic development and the rise of resistance.

  

Natural products are, in the simplest context, small molecules that are produced by living 

organisms and not involved in primary metabolism.1,2 Going beyond that definition, chemists, 

biologists, and biochemists seek to understand the chemical properties, biological activities, and 

biosynthesis of these molecules so as to exploit them for a desired purpose. Chemists often use a 

natural product scaffold as inspiration to develop novel reactions that expand the chemical toolbox 

with which synthetic chemists work. Biologists draw from the wellspring of natural products for a 

variety of purposes such as treatments for human disease, probe molecules to understand biological 

systems and pathways, and agricultural manipulation. Biochemists often look to the producing 

organism, where researching the biosynthetic pathways and manipulations of such pathways can 

be used to generate novel green catalysts as well as a source of bioinformatic data to be utilized by 

other scientists. These lines are often blurred, as researchers and companies find their niches and 

expand beyond these distinct areas into interdisciplinary research, where collaboration leads to 

incredible discoveries. One such results of this cross pollination of ideas and intellect is the 

chemical biologist, a scientist who utilizes synthetic chemistry to produce small molecules, often 

inspired by but not limited to natural products, to study and manipulate biological systems. Such 

is the focus of this work, where synthetic organic chemistry inspired by natural products is 

leveraged for the development of novel therapies to treat and prevent multidrug resistant bacterial 

infections.  
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1.1 The History of Natural Product Antimicrobials 

 1.1.1 Uses in Traditional Medicine 

 The planet Earth has been producing life for about 3.7 billion years, during which time 

evolution has allowed for the expansion of single and multicellular organisms to find their 

biological niche, utilize its resources, and defend it from predators.3 Oftentimes, this takes the form 

of the secretion of natural products to weaken invading organisms and form mutually beneficial 

relationships with symbionts, thereby increasing their fitness.4–6 Humans, being relatively new to 

life, have taken note of this natural evolution and leveraged it for early treatments to typically life-

threatening infections (Figure 1.1). Malaria in Ethiopia was often treated with the bark of 

Terminalia brownii, colloquially known are sebaea. The bark would be pounded then 

homogenized with water to give a medicine that would be drunk on an empty stomach every 

morning for four days.7 The activity of this extract has been corroborated in recent years as the 

extract was found to have good in vivo activity against Plasmodium berghei in mouse models.7 

Wounds in ancient Egypt were 

typically covered with a salve 

made from honey, fat, and 

fibers, with the active ingredient 

being honey.8 The antibacterial 

activity of honey has largely 

been attributed to its low pH, 

concentration of hydrogen 

peroxide, and phenolic 

compounds such as methyl 
Figure 1.1 Uses of natural product-containing herbs, honey, and mold 

in traditional medicine to treat infections. 
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syringate.9 Traditional Chinese medicines have been prescribed to treat skin and soft tissue 

infections for centuries through today, and they have been proven to have synergy with common 

antibiotics against extensively drug resistant enterobacteria.10 Three herbs, namely jin yin hua, 

huang qi, and dang gui, are extensively used in traditional Chinese medicine and have been shown 

to have such benefits as boosting the immune system and renal health, antiviral activity, and 

decreasing inflammation, thereby owing their synergy to helping the body clear the infection 

naturally.11–14  

Exploring more than just plant material, humans have also used molds and fungi for 

millennia to treat and prevent bacterial infections (Figure 1.1). Ancient Aborigines would take the 

mold from the sheltered side of a eucalyptus tree and apply it to a wound to treat an infection.15 

Similarly, a Greek king had a peasant woman treat his injured soldiers with mold scraped from 

cheese.15 The folklore of Devon County, England mentions hanging a Good Friday bun from the 

rafters in the kitchen, allowing for mold to grow, and then mixing moldy bits of the bread with 

water to cure a variety of ailments in both humans and cows.16 This treatment is similar to those 

written about in the Jewish Talmud, where a mix of moldy corn soaked in date wine, called kutach 

bayli, is prescribed to treat infections.15 Additionally, the ancient Chinese prescribed the mold of 

soya beans for skin infections.17 The active ingredients of these mixtures were not the fungi 

themselves, but rather the natural product antibiotic compounds they produced. This is 

corroborated by tetracycline being found on a first century skeleton in Sudan, demonstrating the 

persistent power of natural product antibiotics.18 In hindsight, it is no surprise that Alexander 

Fleming discovered penicillin from a fungus growing on a petri dish. 

1.1.2  The Golden Age of Antibiotic Discovery 
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 Following Alexander Fleming’s discovery of penicillin in 1928, a surge of research went 

into antibiotic discovery and development (Figure 1.2). Selman Waksman was instrumental to 

this research, as he led a systematic screen of soil microorganisms for antibiotic compounds during 

the 1930’s.19–21 This led to what is now known as the golden age of antibiotic discovery, a period 

starting in the late 1940’s through the 1960’s. During this time, roughly half of the currently 

clinically used antibiotics were discovered and implemented in the clinic, many of which were 

natural products or natural product inspired.22 Following the golden age, there was a discovery 

void of novel antibiotics, wherein no major classes of antibiotics were introduced in the clinic 

between 1962 and 2000.23 Partially to blame for this lack of discovery is that many antibiotics that 

had already been discovered were being rediscovered in screens of novel strains of microbes.24 

Microorganisms collected were also only from a few phyla of bacteria, with actinoycetota being 

the most heavily mined, leaving the roughly 99.999% of undiscovered bacteria unexploited.24,25 

Additionally, cryptic and otherwise silenced gene clusters were not known or activated under 

culture conditions, thereby giving rise to a lack of novel structures and targets.26–28 After the golden 

age, there was also a false sense of accomplishment insofar as pharmaceutical companies thought 

antibiotics had solved bacterial infections once and for all; therefore, many pharmaceutical 

companies shut down their antibiotic discovery labs.29 These conditions have given rise to the 

antibiotic crisis we face today. 

Figure 1.2 Timeline of antibiotic discovery, highlighting the Golden Age and Discovery Void eras. 
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1.2  The Rise of Antibiotic Resistance 

  Antibiotic resistance is the leading threat currently facing modern medicine, as antibiotic 

resistant bacteria threaten the safety and efficacy of many standard medical procedures.30 

Antibiotics are routinely prescribed to patients going through chemotherapy as well as patients 

who have undergone surgery to prevent life threatening infections before they start. However, 

these treatment options become less effective in the presence of drug-, multidrug- and extensively 

drug-resistant bacteria (DRB, MDRB and XDRB, respectively), which is currently being seen in 

the clinic. In 2019, the Center for Disease Control (CDC) reported that antibiotic resistant 

pathogens were responsible for 2,868,700 infections and 35,900 deaths in the United States 

alone.31 Additionally, the financial burden for these types of infections is estimated to be over $55 

billion annually.32 Although these figures are staggering, they are projected to increase to about 10 

million deaths per year and cost $16.7 trillion by 2050 unless interventions are made now.33 

1.2.1 Mechanisms of Antibiotic Resistance 

The antibiotic resistance crisis predates the discovery of penicillin, as clinical resistance to 

the first clinically used antibiotic Salvarsan was detected in 1924.34 Prehistorically speaking, the 

first beta-lactamases, a common type of resistance mechanism to penicillins, are reported to have 

Figure 1.3 Essential life processes inhibited by antibiotics. 
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first evolved around 2-3 billion years ago; however, they were first identified before penicillin was 

introduced into the clinic.35,36 Since then, bacteria have been developing and sharing clever ways 

to resist antibiotics. This is concerning as many antibiotics used in the clinic target one of three 

essential life processes: cell wall synthesis, nucleotide synthesis, and protein synthesis (Figure 

1.3).37 This is particularly troublesome as resistance to one antibiotic can confer resistance to 

another antibiotic, thereby limiting the efficacy of entire classes of antibiotics. For example, when 

bacteria modify ribosomal adenine 2058 via a double methylation, cross-resistance to macrolides, 

lincosamides, and streptogramins B’s observed.38  

Acquisition of resistance to antibiotics can occur either through natural evolution or 

horizontal gene transfer (Figure 1.4). When bacteria are exposed to subminimal inhibitory 

concentrations of antibiotics for an extended period of time, they can evolve mechanism with 

which to evade cell death. This has led to a variety of mutations that can evade antibiotic activity, 

such as E. coli mutating to acquire resistance to trimethoprim. Bacteria grown in increasing 

concentrations of trimethoprim over 12 days were able to acquire a number of mutations to 

increase the MIC and survive at higher concentrations.39 FolA, the protein targeted by 

trimethoprim, was most often mutated in these strains as mutations typically decreased the binding 

affinity of the drug and lessened its effect in the bacterium.39 

Additionally, a method all bacteria exploit ad nauseam is that of efflux pumps (Figure 

1.4). These transporters can eject a variety of antibiotics from the interior of the cell, thereby 

raising the minimum inhibitory concentration (MIC) by stopping the antibiotics from ever reaching 

their target.40 For gram positive bacteria, some of the most troublesome efflux pumps are 

chromosomally encoded multidrug efflux pumps, such as MdeA. Upregulation of this multidrug 

efflux pump can cause resistance to fluoroquinolones, novobiocin, and quaternary ammonium 
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compounds.41,42 Strains of S. aureus have been found to have mutated promoter regions of this 

efflux pump, which causes consistent upregulation and consistent resistance to the previously 

mentioned antibacterial compounds.41 These pathogens also harbor efflux pumps are encoded on 

plasmids and give resistance to a specific antibiotic, such as tetracycline resistance efflux pump 

TetK.43 

Gram negative pathogens also harbor a plethora of chromosomally encoded efflux pumps, 

some of the most infamous being the resistance-nodulation-division (RND) superfamily efflux 

Figure 1.4 Diagrams of horizontal gene transfer, evolution of resistance, and mechanisms of resistance 

employed by bacteria to counter antibiotics. Purple circle: plasmid with gold resistance gene. Gold band: 

conjugative transposon with resistance gene, red bands are integrase sites.  
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pump AcrAB-TolC of E. coli and MexXY-OprM of P. aeruginosa (Figure 1.4). The AcrAB-TolC 

system is known to efflux a variety of structurally unrelated compounds from the cytoplasm and 

periplasm, and it can be upregulated to resist tetracycline treatment.44–46 Similarly, the MexXY-

OprM system can be upregulated in the presence of colistin and is partially responsible for colistin 

resistance in this bacterium.47,48 Gram negative pathogens can also acquire plasmids that encode 

for efflux pumps, such as the RND efflux pump TMexCD1-TOprJ. Originally isolated from pan-

resistant K. pneumoniae animal isolates, this efflux pump increased MICs of tetracyclines, 

quinolones, cephalosporins, and aminoglycosides in K. pneumoniae, E. coli and Salmonella.49 

Additionally, this efflux pump has been found on plasmids that carry carbapenemase genes.50,51 

The sharing of different antibiotic resistant strategies can occur through horizontal gene 

transfer between one another, either through plasmids or conjugative transposons (Figure 1.4). A 

conjugative transposon carrying rRNA methyltransferase ermB has been discovered in 

Bacteroides species, and a plasmid containing aminoglycoside resistance gene armA and β-

lactamase gene blaKPC-2 has been discovered that can transfer from multidrug resistant K. 

pneumoniae to E. coli.52,53 Clinical resistance and cross-resistance genes that are transferred 

amongst bacteria are in part responsible for the rise of all levels of drug resistant bacteria and the 

threat to modern medicine. It has been shown that resistance of glycopeptide antibiotics such as 

vancomycin did often arises in S. aureus via horizontal gene transfer from vancomycin-resistance 

Enterococci.54 Therefore, novel therapies and preventions are needed to combat these deadly and 

financially draining pathogens. 

1.3  Current Methods to Combat Antibiotic Resistance 



9 

 

 Given the current state of 

widespread resistance to 

antibiotics, much research has 

been conducted in order to 

discover innovative and 

synergistic solutions to stave off 

the rapid rise of antibiotic 

resistant bacteria. 

1.3.1 Repurposing 

Previously Active Scaffolds 

 From a pharmaceutical 

company perspective, it is much easier to repurpose an antibiotic that has a known mechanism 

than to discover a new drug that has a new mechanism and unknown pharmacokinetic properties. 

Therefore, many pharmaceutical companies have repurposed previously active scaffolds that have 

gained resistance. Perhaps the most famous example is the slew of β-lactam antibiotics derived 

from penicillin (Figure 1.5). Once chemists were able to mass produce 6-aminopenicillanic acid 

(6-APA) via enzymatic hydrolysis of the acyl sidechain, they were able to append a variety of 

sidechains onto the core scaffold to investigate novel bioactivity.55 This led to the discovery of 

methicillin, the first β-lactam antibiotic that could resist the β-lactamase that killed penicillin’s 

activity.56 From there, scientists were able to fashion a β-lactam that could target gram negative 

bacteria, namely ampicillin.57 Shortly thereafter, carbenicillin was developed as a more β-

lactamase stable derivative.58 However, none of these compounds lasted in the clinic long before 

Figure 1.5 Derivatives of penicillin, their introduction to the clinic, 

and when resistance was first observed. 
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resistance to them was reported, thereby limiting the efficacy of this counterattack on antibiotic 

resistance.59  

1.3.2 Combination Therapies and Polypharmacology 

  A variety of combination therapies have been developed to address the rising concern of 

antibiotic resistance to a particular antibiotic (Figure 1.6). In keeping with the β-lactam theme, an 

adjuvant therapy that has been incredibly successful is that of using a β-lactamase inhibitor with a 

β-lactam. β-lactamase inhibitor clavulanic acid, isolated from Streptomyces clavuligerus, has been 

used with amoxicillin to extend its clinical efficacy.60 Similarly, adjuvants of β-lactam ceftazidime 

with β-lactamase inhibitor avibactam extend the efficacy of this carbapenem by inhibiting 

extended spectrum β-lactamases and plasmid-borne carbapenemase isolated from K. 

pneumoniae.61,62 However, these adjuvant therapies are not without their downfalls. Shortly after 

Figure 1.6 Combination therapy and polypharmacological strategies that evade resistance. 
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the introduction of clavulanic acid as an adjuvant in the clinic, isolates of E. coli and K. 

pneumoniae that were resistant to the amoxicillin-clavulanic acid treatment.63,64 This was a result 

of either acquisition of a β-lactamase not susceptible to clavulanic acid from another species 

(horizontal gene transfer) or hyperexpression of the β-lactamase itself. Although novel β-

lactamase inhibitors seem promising, bacteria may still acquire penicillin binding proteins that 

evade current β-lactam antibiotics and render these adjuvant treatments useless altogether. 

Additionally, these adjuvant therapies are useless against gram negative pathogen with defective 

or under expressed porins, such as a strain of OmpF-defective E. coli, that does not allow for 

periplasmic β-lactam penetration.65 

 In addition to adjuvant therapies, synergistic therapies of two or more antibiotics offer an 

avenue of circumventing antibiotic resistance (Figure 1.6). In vitro experiments have shown that 

synergy can overcome polymyxin B resistance in P. aeruginosa when treated with amikacin. 

Metabolomic profiling revealed that the cause of this synergistic pairing was possibly due to early 

inhibition of the pentose phosphate pathway.66 Similarly, colistin-resistant isolates of K. 

pneumoniae, A. baumannii, and E. coli were made sensitive to typically non-gram negative active 

antibiotics such as fusidic acid and clindamycin when used with colistin.67,68 The authors attributed 

this synergism to colistin still permeabilizing the outer membrane to allow these antibiotics to 

cross the typically impenetrable outer membrane.67 Although these synergistic combination 

therapies are promising, resistance may still occur to both antibiotics used, thereby rendering the 

combination inefficacious.   

 Similar to combination therapy, polypharmacology gives an antibiotic multiple 

mechanisms of action (Figure 1.6). This is favorable as bacteria would have to acquire more than 

one resistance mechanism in order to become fully resistant, and resistance that does occur may 
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not invoke cross-resistance to other classes of antibiotics, depending on the mechanism.24,69 

Additionally, the multiple mechanisms of resistance may cause the bacterium to have a reduced 

fitness, thereby making it unviable in an infection model.70 The polypeptide antibiotic tyrocidine 

enacts its multifaceted mechanism of action by forming ion-conducting pores, decreasing 

membrane fluidity, causing lipid phase separation, damaging DNA, and interacting with DNA 

associated proteins in gram positive bacteria.71 Despite tyrocidine being used as a topical antibiotic 

for decades, no clinical resistance has been detected, and only marginal levels of resistance have 

been induced in a laboratory setting.72–74 However, these antibiotics typically suffer from poor 

selectivity for bacterial cells over mammalian cells, thereby limiting their clinical use.75 Despite 

this, polypharmacological antibiotics could present a promising avenue for future antibiotic 

development. 

1.3.3 Discovery of Novel Mechanisms of Action 

 Novel mechanisms of action provide a way forward with antibiotic development that 

allows for a complete avoidance of cross resistance. By targeting a new protein or pathway, DRB, 

MDRB, XDRB, and pan-resistant bacteria can be effectively killed when no other options are 

available, provided they can surpass the membrane(s) and cell wall and accumulate at significant 

concentrations inside the cell. One recent report is a natural product inspired macrocyclic 

polypeptide antibiotic that inhibits BamA, a protein necessary for folding beta-barrel proteins on 

the outer membrane surface.76 This antibiotic had activity against all tested gram negative 

pathogens, including MDR gram negative ESKAPE pathogens, defined by the World Health 

Organization as particularly concerning threats to modern medicine, many of which align with the 

CDC’s concerns.77 One drawback of developing antibiotics with novel mechanisms of action is 

the need for an appropriate assay to detect compounds that inhibit the desired pathway or process. 
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Additionally, these pathways and 

proteins need to be validated as 

potential antibiotic targets before the 

assay can even be developed. 

Despite these drawbacks, novel 

mechanisms of action still offer a 

viable route forward for antibiotic 

development that can counter 

antibiotic resistance. 

1.3.4 The Wuest Lab Approach 

 Seeing the development of 

antibiotics with novel mechanisms 

of action as the most promising way to create therapies that are active against all levels of drug 

resistant bacteria, the Wuest Lab investigates natural products and synthetic molecules that have 

been identified as active against these problematic pathogens (Figure 1.7). We then conduct a total 

synthesis of the desired molecules if one has not been previously developed, followed by synthesis 

of a slew of analogs to probe structure activity relationships (SAR). Once activity has been 

validated in vitro and SAR has determined amenable portions of the molecule, probe molecules 

can be designed for mechanism of action studies. Once a target has been validated, a cycle of 

analog design and activity validation can ensue, using the mechanistic information obtained to 

design better analogs. This can give rise to potent antibacterial compounds that potentially have 

novel or polypharmacological mechanisms of action that can serve as a starting point for 

development of therapeutics that can target and eliminate drug resistant pathogens. 

Figure 1.7 Cycle of natural product inspired total synthesis, which 

leads to analog design and target identification and validation. The 

information garnered from target identification can be used to 

iteratively design better analogs. 
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1.4  Conclusions 

 Utilizing the Wuest Lab approach, I undertook the total synthesis of pyoluteorin and the 

similarly structured mindapyrroles to allow for future investigations of their mechanism of action, 

detailed in Chapter 2. Due to their structural similarity to molecules previously investigated, I have 

reason to believe they are polypharmacological. As previously discussed, this is favorable for 

antibiotic development as it hinders the development of resistance. This work expands upon the 

known chemical reactivity of resorcinol and γ-resorcylic acid dimers, as well as 2-acylpyrroles. 

Specifically, the deacylation of 4,5-dichloro-2-trichloroacetylpyrrole under basic conditions for 

the regioselective acylation of methylene-linked resorcinol dimer was discovered. In addition to 

their total synthesis, the antibacterial activity of the mindapyrroles was explored against a variety 

of clinically relevant bacteria, and S. aureus was shown to not develop resistance to pyoluteorin 

over a 24-day period in a serial passage resistance selection assay.  

 Additionally, the activity of amphiphilic disinfectants and antibiotics appended with a 

quaternary ammonium were explored through a variety of collaborations, wherein I acted as the 

microbiologist performing minimum inhibitory concentration assays, hemolysis assays, and aiding 

with resistance selection assays. This work is detailed in Chapter 3. With the Pires lab, the activity 

of novel polymyxin B analogs with appended quaternary ammoniums was explored, 

demonstrating the ability to switch this molecule’s native activity to being broad spectrum instead 

of narrow spectrum for gram negative pathogens. Collaborating the with Minbiole lab, we tested 

a library of amphiphilic disinfectants with novel structures, demonstrating the activity of novel 

trivalent sulfonium compounds (TSCs), ferrocene containing quaternary ammonium compounds 

(QACs), and expanding the rigidity-activity relationships of QACs. Additionally, we tested the 

best-in-class disinfectants synthesized by the Minbiole lab against multidrug- and pan-resistant 
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clinical isolates of A. baumannii and P. aeruginosa, demonstrating the relative inactivity of 

commercial QAC disinfectants and the efficacy of a novel quaternary phosphonium compound 

(QPC) against all A. baumannii strains tested. Additionally, we synthesized ianthelliformisamine 

C and QAC analogs and investigated their activity and mechanism of action against a panel of 

clinically relevant bacteria.  
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Chapter 2: The Mindapyrroles 

This work was completed in its entirety by Ryan A. Allen. A manuscript is in preparation to be 

submitted to Tetrahedron Letters titled “Total Synthesis of Mindapyrroles A and B and Initial 

Investigations of their Antibacterial Activity”. Authors: Ryan A. Allen and William M. Wuest. 

 

As previously discussed, one way to combat antibiotic resistance is to develop 

antibacterials that possess novel, clinically underutilized, or polypharmacological mechanisms of 

action. To this end, the recently isolated mindapyrroles, two dimers and one trimer of previously 

identified and studied antibacterial pyoluteorin, were selected as targets for studying potentially 

novel mechanisms of action. 

 2.1 Isolation and Background of Pyoluteorin and the Mindapyrroles 

  2.1.1 History of Pyoluteorin 

 Pyoluteorin (2.1) was first isolated from a strain of Pseudomonas aeruginosa, and since 

has been found in various other species of soil and ocean dwelling Pseudomonads, including P. 

fluorescens and P. protegens (Figure 2.1).1–3 More recently, it has been found that certain strains 

of the fungus Aspergillus niger can also produce pyoluteorin.4 The broad spectrum of species that 

can produce this metabolite has garnered the interests of many research groups, and the 

biosynthesis of pyoluteorin has thus been extensively studied (Figure 2.2). A non-ribosomal 

peptide synthase (NRPS) pathway starts the biosynthesis by loading a unit of L-proline onto carrier 

protein PltL.5,6 The pyrrolidine ring is then oxidized to pyrrole via PltE, followed by chlorination 

of the 4 and 5 positions of the 

pyrrole ring by PltA.7,8 An 

adenylation reaction then 

transfers the acylpyrrole moiety 

to PltB, a three-module type I 

Figure 2.1 Structures of pyoluteorin and the mindapyrroles. 
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polyketide synthase, which facilitates the initial elongation of the acyl chain. The next module of 

PltB adds another acetyl group via another adenylation reaction, which is then transferred to PltC, 

where an additional adenylation reaction and reduction gives the acyclic molecule.3,9 The 

cyclization catalyzes the cleavage of the molecule from the enzyme, and spontaneous 

aromatization gives the final product 2.1.   

Although much effort has been extended towards its biosynthesis, much less research has 

been conducted on pyoluteorin’s mechanism of action. Its initial activity was confirmed against 

various strains of gram-positive and -negative bacteria; however, pyoluteorin has more recently 

been found to have even broader spectrum activity that extends to fungi and human cancer cells.10–

12 This indicates that its mechanism of action is multifaceted as it targets both prokaryotic and 

eukaryotic organisms. The mechanism of action study that has been published was limited to 

cancer cells, where the authors found that this particular drug causes the depolarization of 

mitochondrial membranes, leading to the upregulation of reactive oxygen species (ROS) and 

apoptosis-related proteins.12 This could be due to pyoluteorin acting as a protonophore, which is 

typical for pyrrolomycin-like compounds.13 Similarly structured armeniaspirol A was shown to 

Figure 2.2 Biosynthesis of pyoluteorin. 
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cause bacterial cell death in gram positive 

bacteria via destruction of the membrane 

potential in addition to inhibition of the 

proteasome complex ClpXP.14,15 The 

membrane perturbation mechanism was recapitulated in human mitochondria, where the 

mitochondrial membrane was shown to be depolarized via destruction of the proton gradient. 

Additionally, pyoluteorin has been shown to depolarize the membrane of M. luteus; however, it is 

likely that this is an incomplete explanation of its full mechanism of action.14 

An additional explanation for pyoluteorins broad spectrum of activity could be that it binds 

to metals. One way antibacterials can cause cell death via metal binding is through the Haber-

Weiss reaction. Specifically, the Pseudomonas siderophore metabolite pyochelin is known to 

catalyze the Haber-Weiss reaction in vitro and in vivo in E. faecalis (Figure 2.3). This occurs via 

reduction of iron (III) to iron (II), catalyzed by pyochelin, which in turn causes the formation of 

the hydroxyl radical and oxidative damage to living systems.16 Pyochelin is also known to bind 

zinc (II) and copper (II), albeit in lower affinities than iron (III).17 Pyrrole-containing compounds 

are known to bind metal ions, as demonstrated by the porphyrin ring of heme (Figure 2.4). Here, 

four connected pyrrole rings form a macrocycle capable of transporting iron, perhaps most 

famously used in oxygen and carbon dioxide transport in human hemoglobin. Other pyrrole-

containing compounds, both synthetic and biometabolites, have been implicated in binding various 

Figure 2.4 Select metal binding pyrrole-containing compounds. 

Figure 2.3 Haber-Weiss reaction catalyzed by 

pyochelin. 
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other metals, such as copper and zinc.  Copper has been implicated in upregulation of ROS, and it 

is often used as an antimicrobial in clothing.18,19 Copper chelating biomolecules, known as 

chalkophores, are produced by certain species of bacteria for the tight regulation of this toxic yet 

necessary metal.20 Similarly structured to heme is coproporphyrin III, a chalkophore created by 

such species of bacteria as Paracoccus denitrificans and Rubrivivax gelatinosus under copper 

starved, anaerobic conditions (Figure 2.4). Although these bacteria produce this molecule in 

copper starved conditions, the molecule can also bind zinc.21,22 Another chalkophore, namely 

chalkophomycin, contains an N-hydroxypyrrole that is necessary for binding of copper (II) 

(Figure 2.4).23 Additionally, several synthetic pyrrole-containing molecules have been assessed 

for their metal binding capabilities, showing the breadth of structures that can bind a breadth of 

metals (Figure 2.4). One such molecule, a pyrrolyl Schiff base complex, was shown to be able to 

bind copper (II), zinc (II), cobalt (II), iron (II), and nickel (II). These metal complexes were tested 

against Streptococcus pyogenes and Klebsiella pneumonia, with the copper (II) bound complex 

having MICs against both bacteria.24 Most relatable to this work is the copper (II) complex of 2-

benzoylpyrrole, which forms air and water stable crystals, suggesting that the core 2-

benzoylpyrrole moiety of pyoluteorin could be binding copper.25 Therefore, in addition to being a 

protonophore, pyoluteorin may also enact its mechanism of action through metal binding, catalysis 

of ROS generation, or general disruption of metal homeostasis.    

 2.1.2 Isolation of the Mindapyrroles 

 The mindapyrroles, along with their monomer pyoluteorin, were isolated from a species of 

Pseudomonas aeruginosa that was obtained from the gill of a shipworm (Figure 2.1). The authors 

initially found these compounds via screening in the Antibiotic Mode of Action Profiling 

(BioMAP) platform, which allows for hypotheses of mechanism of action by clustering with 
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known antibiotic activities. Pyoluteorin and the mindapyrroles clustered with other antibiotics such 

as monensin, a known ionophore.26 In addition to the pyoluteorin moiety as a potential metal 

binder, mindapyrrole B and C have an aeruginaldehyde fragment that has been previously 

implicated in binding iron (III). Therefore, these aeruginaldehyde containing derivatives could be 

exerting their inhibitory activity through binding of iron (III) through the aeruginaldehyde moiety 

and binding of other metals through the 2-benzoylpyrrole moiety, as Kaplan et. al. demonstrated 

the specificity of aeruginaldehyde for iron (III).27 Aside from this initial hypothesis, the mechanism 

of antibacterial action of the mindapyrroles remains unknown and unstudied. 

  2.1.3 Methods for Determining Mechanism of Action 

 Determination of the mechanism(s) of action (MoA) of an antibacterial compound are 

paramount for determining potential side effects as well as potential for resistance development. 

Additionally, knowing how a pharmacophore enacts its effect on living systems can be exploited 

to design novel drugs that could have fewer off target affects and higher affinity for the desired 

Figure 2.5 Overview of approaches to determine mechanism of action. 
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target. The field of MoA studies is therefore extensive and offers a variety of complimentary 

methods for determining how a molecule interacts with a living system. These methods can be 

broken down into genetic and proteomic approaches (Figure 2.5).  

 Genetic methods for determining the protein target for a molecule include such strategies 

as transposon mutagenesis and genetic knockouts. These types of assays can directly correlate the 

activity of a molecule with a certain protein or pathway. Genetic knockouts are most useful when 

a molecule is hypothesized to target a particular protein or pathway, as specific proteins can be 

genetically deleted.28 If the molecule does target this protein or pathway, the MIC will be increased 

relative to the wildtype (Figure 2.5). A transposon mutant library shines brightest when there is 

no hypothesis for what protein or pathway the molecule targets, as a library of mutants can be 

screened to determine how the molecule enacts its mode of action  by using growth inhibition as 

an output.29 Transposon mutagenesis itself involves using transposons to generate this library 

where each mutant has a single gene knocked out, allowing for correlation of a molecule’s activity 

with a specific gene. Similar to a genetic knockout, if a mutant does not have the protein target or 

pathway of the molecule, the MIC will be increased relative to the wildtype (Figure 2.5). However, 

these methods have some major drawbacks, including transposon mutants or genetic knockouts 

may not be viable. They may also only give information on one protein partner, making these 

approaches difficult for polypharmacological compounds. One way to combat the viability issues 

of certain genetic knockouts is to create an overexpression strain of the potential protein target; 

however, this requires that the strain is viable, and that the protein target is known (Figure 2.5).30,31 

These approaches also require a large amount of work upfront to create and validate a library of 

genetic knockouts, transposon mutants, or overexpression strains.  
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Proteomic methods typically offer a broader sweep of potential protein partners that genetic 

approaches typically lack (Figure 2.5). One of the most well utilized proteomic methods for 

determining the protein target of a drug is affinity chromatography. This has the advantage of 

purifying proteins that bind to the target molecule directly, but it suffers from a lack of sensitivity 

for weak binders and requires a handle to append the target molecule to a bead (Figure 2.5).32–34 

A more sensitive proteomic approach is activity-based protein profiling (AcBPP), where a covalent 

inhibitor of a protein is appended with a purification handle and is pulled from the lysate with its 

protein partner once covalently linked (Figure 2.5). This method is much more sensitive for weak 

binders than affinity chromatography, but it requires that the molecule covalently inhibits the 

protein it targets.35,36 Although this method also requires a purification tag, it can typically be a 

minimally invasive alkyne, which can be appended at a variety of positions so as not to perturb 

protein binding. An offshoot of AcBPP is affinity-based protein profiling (AfBPP), which expands 

the arsenal of AcBPP to any molecule that has an affinity to binding to a protein (Figure 2.5). The 

novelty of this approach lies in appending a photoprobe with a purification tag to the molecule. 

The photoprobe can be activated by a typically near UV wave of light, upon which irradiation it 

can covalently link the molecule to its protein target.37 Once linked, the workflow is similar for 

AcBPP, and multiple binding partners can be determined. This method is ideal for determining the 

MoA of a molecule that is potentially polypharmacological and is unknown to covalently inhibit 

a protein.  

 2.1.4 Affinity-Based Protein Profiling Overview 

 Affinity-based protein profiling (AfBPP) is a commonly used method for determining the 

MoA of a drug, especially since it can be used to identify multiple potential protein targets in a 

single experiment, making it ideal for compounds that may be polypharmacological. One 
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drawback this type of assay suffers from is that it typically requires a photoprobe and an affinity 

tag appended to the molecule (Figure 2.6).38 This typically requires that structure activity 

relationships (SAR) of the molecule be determined, which can involve months of additional work 

to find an optimized appendage point. Additionally, the appended photoprobe may change the 

binding of the molecule to its protein target by masking a hydrogen bond donor/acceptor or adding 

additional steric bulk, which may give false negatives in the experiment.39 Some initial 

photoprobes included such photoactive molecules as benzophenone. Although such a moiety can 

be appended to a molecule via high yielding Suzuki cross coupling chemistry, it is quite bulky and 

likely changes the binding mode of the molecule in the binding pocket.40 These drawbacks have 

been minimized by recent advances in photoprobes, including the suite of Yao minimalist probes 

and the iridium photocatalysts developed by MacMillan.41–43 However, these photoprobes still 

suffer from needing an appendage point, which may change the binding mode. 

 In more recent years, the molecule itself has been used as the photoprobe. This was in part 

pioneered by the Sieber group at Technical University of Munich, where they used the inherent 

benzophenone moiety as a photoprobe for AfBPP experiments (Figure 2.6). By simply appending 

a minimally invasive alkyne, they were able to use click chemistry to purify bound protein targets 

and determine that elegaphenone inhibits AlgP among other proteins in P. aeruginosa.44 This 

Figure 2.6 Photoprobes previously used in affinity-based protein profiling. 
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approach is optimal, as an alkyne affinity tag is as minimally invasive as possible for a probe-

based assay. Additionally, thanks to the work of Sonogashira, alkyne cross coupling chemistry can 

be used to append an alkyne in minimally invasive positions that do not mask hydrogen bond 

donors/acceptors. This work seeks to use this type of technology in order to determine any protein 

binding partners of pyoluteorin and the mindapyrroles, which would implicate them as 

polypharmacological and give further insight into their MoA. 

  2.2 The 2-Benzoylpyrrole Moiety 

  2.2.1 2-Benzoylpyrrole in Antibacterials 

 The 2-benzoylpyrrole moiety is ubiquitous in both sea and soil natural product extracts, 

and therefore has extensive bioactivities depending on the substitution patterns of the rings (Figure 

2.7).45,46 Similar to both pyoluteorin and the mindapyrroles, many of them contain phenols and 

some degree of 

halogenation. The 

differentiation of these 

features is what gives each 

of them their specific 

bioactivity, although most of 

them share being protonophores. In addition to being protonophores, some have unique 

bioactivities, such as binding to actin, inhibiting virulence through inhibition of sortase A in S. 

aureus, and inhibiting proteolysis through inhibition of the ClpXP proteosome.15,47,48 Therefore, it 

is plausible that the similarly structured pyoluteorin and the mindapyrroles may have a protein or 

enzyme target in addition to being ionophores. 

  2.2.2 Photoactivity of 2-Benzoylpyrrole 

Figure 2.7 Structures and activities of previously studied 2-benzoylpyrroles. 
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 In addition to 2-

benzoylpyrrole being bioactive, it is 

known to be photoactive as well.49 

This core scaffold behaves similarly 

to benzophenone insofar as both have 

two aromatic rings joined by a ketone 

bridgehead. This is where their 

similarities end, as they undergo two separate excitation patterns when irradiated with light 

(Figure 2.8). When irradiated with near UV light (365 nm), benzophenone is initially excited to a 

singlet (π-π*) state, which then relaxes down through an internal conversion to a singlet (n-π*) 

state. This state is almost isoenergetic with the triplet (π-π*) state, which the excited molecule can 

access through an intersystem crossing. Once in the triplet (π-π*) state, the molecule can relax 

through a second internal conversion to reach the reactive triplet (n-π*) state.50,51 This species can 

either relax back down to the ground state or react with a nearby molecule to cause hydrogen atom 

extraction, Patterno-Büchi oxetane formation, or triplet sensitized dimerization (Scheme 2.1).51–54 

Although the triplet (n- π*) state is most reactive, recent evidence supports reaction from the triplet 

(π-π*) state as well, especially in polar solvents such as water.51,55,56  

Substituents on the benzophenone ring can have variable effects on the excitation patterns 

of the system. Electron donating substituents cause the energy of the n orbital to decrease and the 

energy of the π* orbital 

to increase in polar 

solvents, which 

decreases the excitation 

Scheme 2.1 Reactions of benzophenone triplet intermediate. 

Figure 2.8 Jablonski diagrams of benzophenone (BPh, blue) and 

benzoylpyrrole (BPyr, green) in a polar solvent such as water. 
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wavelength and conversely increases the energy 

required to excite the molecule to the initial singlet (n-

π*) state. Additionally, the triplet (n-π*) diradical is 

electrophilic, and the addition of electron donating 

substituents decreases the electrophilicity and therefore reactivity of the species. Electron 

withdrawing substituents have the inverse effect, causing the electrophilic diradical to be more 

reactive.57,58 In terms of the position of the substituents on the rings, ortho substituents are 

generally avoided as they can lead to intramolecular reactivity, thereby killing intermolecular 

reactivity.51,57 However, the ortho and electron donating impacts on reactivity can be mitigated 

when the molecule is bound in an enzyme binding pocket, as was shown by the Sieber group in 

their work with elegaphenone.44  

 2-benzoylpyrrole varies from benzophenone in its excited state levels. The pyrrole ring, 

being markedly more electron rich than an aryl ring, can donate electron density into the ketone, 

thereby decreasing the n orbital energy and increasing the π* orbital energy (Figure 2.8). This 

decreases the wavelength necessary to activate the molecule for photochemical reactions, which 

was reported by Cantrell.49 Also in this report, Cantrell found that N-methyl-2-benzoylpyrrole 

reacts violently in the presence of 2,3-dimethylbutene under UV irradiation with light >290 nm. 

This reaction leads to “much tar” and well as a 17% yield of [2+2] cycloaddition product (Scheme 

2.2).49 This product is indicative of reaction through the singlet (n-π*) state, as is the case for 

phenyl-β-naphthyl ketones.59 Given this evidence, it is possible for 2-benzoylpyrroles to become 

excited to the somewhat reactive singlet (n-π*) or triplet (π-π*) state and react with nearby 

molecules. In a protein binding pocket, nearby amino acids should be the nearest reactive moieties, 

Scheme 2.2 Photocyclization of N-methyl-

2-benzoylpyrrole with 2,3-dimethylbutene. 



30 

 

which would allow for hydrogen atom abstraction followed by crosslinking, permitting the 

downstream steps in AfBPP.  

  2.3 Total synthesis of Mindapyrroles A and B 

  2.3.1 Retrosynthetic Design 

 With the ultimate goal of determining the mechanism of action of pyoluteorin and the 

mindapyrroles through metal fluorescence quenching titration and AfBPP, several retrosyntheses 

were designed to access these molecules using the simplest analog, mindapyrrole A (2.2), as a test 

scaffold (Scheme 2.3). Given that the total synthesis of pyoluteorin had already been completed 

by several different research groups,60,61 the first route I designed focused on the dimerization of 

pyoluteorin (Route A). Although dimerization conditions are known for acyl phenols,62–68 the 

dimerization of a 2-benzoylpyrrole containing phenols had not been previously accomplished. 

However, given the electronic similarity of the phenolic ring to previously dimerized 

phloroglucinols and the proposed biosynthesis, I hypothesized that conditions could be optimized 

to obtain the desired dimerized product. When biomimetic dimerization of the 2-benzoylpyrrole 

scaffold proved fruitless, I designed routes B and C (Scheme 2.3). Route B exploits the literature 

reported optimized conditions for acylphenol dimerizations to allow for easy access to the dimeric 

phenol core. The route then proceeds via the optimized synthesis of pyoluteorin, which favorably 

utilizes already known chemistry. Route C was inspired by the Friedel-Crafts acylation reaction 

and various deviations thereof, whereby 

resorcinol or protected derivatives can 

be dimerized and then reacted with 

acylpyrrole derivatives with or without 

protecting groups. The advantage of this 
Scheme 2.3 Designed retrosynthetic routes to access the 

mindapyrroles using mindapyrrole A (2.2) as a test scaffold. 
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approach lies in its convergent nature, allowing for higher synthetic efficiency and a lower step 

count. The total synthesis of the mindapyrroles was first undertaken via route A. After this 

approach failed, routes B and C were attempted concurrently. After a recent total synthesis of 

mindapyrrole A was published, route A was revisited and used to complete the total synthesis of 

mindapyrroles A and B. 

  2.3.2 Total synthesis of Pyoluteorin and Biomimetic Dimerization Attempts 

 The biosynthesis of the mindapyrroles is hypothesized to take place via a dimerization of 

2.1 in the cytosol onto either formaldehyde or aeruginaldehyde (2.5), yielding 2.2 and 2.3 (Scheme 

2.4). Another equivalent of 2.1 and either 2.2 or 2.3 can react with the corresponding linker 

molecule to access 2.4. This biosynthesis was hypothesized based on the racemic nature of 2.4, as 

the highlighted bridging carbon in Scheme 2.4 would theoretically have stereochemistry if it were 

synthesized by an enzyme.26 Therefore, the biomimetic synthesis of the mindapyrroles by 

leveraging a stronger version of the ionic nature of the cytosol was undertaken.  

Pyoluteorin was synthesized concisely following the literature precedent of Cue et al., 

albeit with several modifications to optimize for synthetic ease and safety (Scheme 2.5).61 The 

Scheme 2.4 Proposed biosynthesis of the mindapyrroles. 
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first reaction, a Friedel-

Crafts acylation of pyrrole 

with tin (IV) chloride, was 

completed without the use 

of the tin catalyst as it was 

found to coordinate to the 

final product, even after aqueous workup and normal phase column purification. This was the first 

piece of evidence that suggested that the core 2-(2’,6’-dihydroxy)benzoylpyrrole moiety of 

pyoluteorin could efficiently bind metals. Without the use of the tin catalyst, I was able to obtain 

a yield consistent with the report by Cue without the need for the toxic and strongly coordinating 

Lewis Acid catalyst. It is worth noting that several other literature precedents, including activating 

the acid with 2,2’-dithiobipyridine followed by nucleophilic addition of pyrrole deprotonated with 

methyl magnesium chloride first reported by K.C. Nicolaou,69 were attempted for this reaction; 

however, in my hands, they did not produce product and typically returned starting materials or 

activated intermediates. This could be due to the nature of these reactions, typically requiring use 

of a Grignard reagent for the deprotonation of pyrrole, which can be easily quenched by even 

miniscule amounts of water. It also could be due to the electron rich nature of this particular 

carboxylic acid, as two ortho methoxy groups add significant electron density to the vacant π* 

orbital. The next step, a methoxy deprotection, I was able to complete with boron tribromide 

instead of aluminum (III) bromide while increasing the yield by 9%. Aluminum (III) bromide 

typically comes as a fuming solid that must be weighed out, which creates corrosive hydrobromic 

acid gas. On the other hand, boron tribromide comes as a solution in dichloromethane that is safely 

transferred via syringe. The literature precedent set by Cue et al. was followed for the remaining 

Scheme 2.5 Total synthesis of pyoluteorin (2.1). 
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three steps, albeit in slightly higher yields, to give pure 

pyoluteorin in 5 steps with a 37% overall yield.   

 With the successful synthesis of pyoluteorin, the 

biomimetic dimerization was attempted. Optimization 

proceeded mainly with different commercially available versions of formaldehyde using Brønsted-

Lowry acids and bases following literature precedent to access mindapyrrole A in a biomimetic 

manner (Table 2.1).62,65 In the case of acids, both hydrochloric acid (HCl) and phosphoric acid 

were tried with paraformaldehyde, both of which led to recovery of starting materials. In the case 

of the bases, both triethylamine and potassium hydroxide were tried with aqueous formaldehyde. 

Triethylamine led to recovery of starting materials, while potassium hydroxide led to degradation 

of pyoluteorin. This potentially could be due to nucleophilic substitution of a chlorine atom with 

a hydroxide on the pyrrole ring, as was seen with the substitution of a thiol for a bromine in the 

biosynthesis of pentabromopseudilin.70 The dimerization was also attempted in a less biomimetic 

way using Lewis acids titanium (IV) chloride (Table 2.1) and aluminum (III) chloride (Scheme 

2.6). When the titanium catalyst was used, some product was observed in the NMR but degraded 

overnight. This is potentially due to the product coordinating to the strong Lewis acid and 

catalyzing its own degradation. When the aluminum catalyst was used with dimethoxymethane 

and 2.7, the pyrrole ring was replaced with methanol to give methoxy ester 2.11 (Scheme 2.6). 

Given these initial 

failures, this route was 

abandoned in favor of 

more promising routes B 

and C.  

Scheme 2.6 Attempted 

dimerization with aluminum (III) 

chloride and dimethoxymethane. 

Table 2.1 Conditions attempted to dimerize 2.1 onto formaldehyde derivatives. 
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  2.3.3 The Benzoyl Chloride Dimer Route 

After the pyoluteorin dimerization route was proven to be fruitless under the tested 

conditions, the total synthesis of the mindapyrroles was moved forward with the benzoyl chloride 

dimer route (Scheme 2.7). This route begins with the previously troublesome dimerization that 

was unable to be formed with pyoluteorin. After some brief optimization, the dimerization of the 

benzyl ester gave 2.12 in 76% yield. The benzyl ester was selected over a typical methyl ester as 

the methyl ester proved to be incredibly stable to acidic or basic hydrolytic conditions. After 

dimerization, boiling in 4 M HCl in 1,4-dioxane, boiling in 1:1 methanol:water with sodium 

hydroxide, or boiling in 3:1:1 cyclopentyl methyl ether:methanol:water with lithium hydroxide 

failed to hydrolyze the methyl ester. Additionally, after deprotonating pyrrole with 

methylmagnesium bromide, addition of the pyrrole into the methyl ester did not afford any product 

2.14, as had been previously reported.71 The free acid dimer 2.13 could also be made via direct 

dimerization without a carboxylic acid protecting group, albeit in a lower 45% yield and with more 

difficult purifications.  

After the dimerization of the benzyl ester, the route proceeds by deprotection of the benzyl 

ester with palladium on carbon while hydrogen gas is bubbled through the solution in methanol. 

Ethyl acetate was found to be an unsuitable solvent for this reaction, as no product was observed 

when it was used, even at 50˚C. The hydrogen gas also had to be bubbled through the solution as 

Scheme 2.7 Benzoyl chloride dimer route. 
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only small amounts of product 2.13 

and monodeprotected product 

formed when the hydrogen gas was 

added via balloon with no bubbling. 

After the carboxylic acid was 

deprotected, thionyl chloride was used to generate the diacyl chloride for the Friedel-Crafts on 

pyrrole, much in the same manner as the pyoluteorin total synthesis. This Friedel-Crafts acylation 

did have lower yields than the pyoluteorin Friedel-Crafts due to hydrolysis of one acyl chloride to 

give mono-benzoylpyrrole, as well as a mixture of acylation of the 2 and 3 positions on the pyrrole.  

After the pyrrole was successfully added to the dimer, the methyl deprotection conditions 

optimized from the total synthesis of pyoluteorin were tried on the dimer benzoylpyrrole 2.14. 

Unfortunately, this reaction stalled at the di- and tri-deprotected scaffolds and gave the fully 

deprotected scaffold 2.15 in poor yields. Attempts to optimize this reaction by increasing 

temperature or equivalents of boron tribromide led to degradation of the material. Further attempts 

to optimize this reaction via varying reagents was not attempted as various literature reported 

deprotection conditions were tried on the pyoluteorin scaffold 2.7, none of which were higher 

yielding than boron tribromide (Table 2.2).61,72,73 After deprotection, the acetyl protection of the 

phenols and chlorination of the pyrrole ring proceeded smoothly, albeit the tetrachlorination 

proceeded in modest yield. Finally, the acetyl hydrolysis of the protected mindapyrrole A scaffold 

Table 2.2 Other methyl deprotection conditions attempted during 

pyoluteorin synthesis. 

Scheme 2.8 Reinvention of the benzoyl chloride dimerization route. 



36 

 

was attempted with catalytic hydrochloric acid in methanol at reflux. This reaction, which typically 

proceeds in high yields for the monomer pyoluteorin scaffold 2.10, gave a mixture of products that 

confounded the crude proton NMR. A column was attempted on the material, but as the reaction 

was run on only a 3.4 mg scale, the products of the reaction were lost on the column.  

In an attempt to skip the low yielding methyl deprotection step, a reimagination of this 

route was undertaken (Scheme 2.8). This route features the use of the acyl protecting group from 

the start, thereby circumventing the need for the methyl deprotection and acyl reprotection steps. 

It starts with the benzyl protection of 2,6-dihydroxybenzoic acid, followed by dimerization of 2.18 

onto dimethoxymethane with aluminum (III) catalysis. The phenols of 2.19 were then acyl 

protected with pivaloyl chloride, followed by quantitative benzyl deprotection of 2.20. With 

molecule 2.21 primed for the Friedel-Crafts acylation of pyrrole, it was attempted using several 

different conditions (Table 2.3). From crude NMRs and collected fractions from columns, it seems 

that the acyl chloride may have formed, but the HCl side product from this formation caused the 

degradation of the intermediate via hydrolysis of the pivaloyl protecting groups on the phenols. 

Once deprotected, the phenols could add into the acyl chloride, leading to polymerization of the 

intermediates and their lack of reactivity to pyrrole.  

 2.3.4 The Friedel-Crafts Inspired Route 

As deprotection and acylation strategies frustrated the benzoyl chloride dimer route, 

progress was made on the Friedel-Crafts inspired route. This route offered what the previous two 

Table 2.3 Friedel-Crafts on pyrrole with dibenzoyl chloride. Temperature and time 1 refer to the temperature 

and time used for the formation of the acyl chloride with thionyl chloride. 
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routes did not; a convergent 

synthesis that would allow for 

modularity in protecting groups 

and a lower longest linear step 

count. The chemistry for this 

route was also more known, as 

the Friedel-Crafts reaction was 

first discovered in 1877.74 Since then, the Friedel-Crafts acylation has been expanded from the 

first reports to using a wide variety of reagents and substrates, although the best substrates are 

typically electron rich aryl rings.75 This plays perfectly with the electron rich resorcinol ring that 

would be utilized for these reactions. Another positive factor for this route is the dimerization of 

resorcinol derivatives, as it is likewise well precedented.76–78 These resorcinol dimers, trimers, and 

oligomers have a plethora of uses, such as wood-to-epoxy bond durability, alkali cation 

sequestration, and organic aerogels and xerogels.79–81 Additionally, Labana et al reported using 1-

H-pyrrole-2-carbonyl chloride as an acylating agent of a 1,3-dimethoxybenzene scaffold in their 

total synthesis of the armeniaspirols.15 This route could also be amended to a derivative of the 

Friedel-Crafts acylation, namely the Fries rearrangement. Therefore, I sought to utilize this breadth 

of chemistry in the total synthesis of the mindapyrroles.  

The route begins with a Friedel-Crafts dimerization of resorcinol onto dimethoxymethane 

(Scheme 2.9). This 

reaction proceeds cleanly 

to 2.23 in 68% when a 

large excess of resorcinol 

Scheme 2.9 Route to resorcinol dimer and protected derivatives 

thereof. 

Table 2.4 Synthesis of protected resorcinol dimers. 
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is used (8 eq. of resorcinol to 1 eq. 

of dimethoxymethane). The large 

excess prevents the excessive 

trimerization and oligomerization 

products that are seen when only a 

small excess is used. This reaction also suffers from formation of a small amount of the undesired 

regioisomer, namely the ortho-ortho ortho-para isomer 2.24 (Scheme 2.9). This isomer is usually 

formed in yields between 10-15% and has been seen previously in these types of reactions.77 The 

methoxy protected dimer 2.23 could also be formed using the same conditions in 58% yield. From 

dimer 2.23, multiple types of protecting groups can be appended onto the molecule if deemed 

necessary (Table 2.4). Because the yields for these reactions varied greatly and typical protecting 

groups that can withstand the harsh conditions (O-methyl) would be difficult to remove, as 

previously seen, the unprotected phenol was prioritized in the Friedel-Crafts reaction.   

The resorcinol dimer portion of the route then converges with the pyrrolyl acyl chloride 

route (Scheme 2.10). This synthesis begins with the dichlorination of commercially available 2-

(trichloroacetyl)pyrrole, which proceeds smoothly with sulfuryl chloride in 90% yield. Some of 

the monochlorinated species was observed, but the trichlorinated species was not. Formation of 

the pyrrolyl carboxylic acid species proceeds through hydrolysis of the trichloroacetyl group in 2 

M potassium carbonate, leading to a 98% yield of the carboxylic acid. The nitrogen of the pyrrole 

can also be 

protected prior to 

the hydrolysis 

(Scheme 2.10). 

Scheme 2.10 Synthesis of un/protected pyrrolyl carboxylic acids. 

Table 2.5 Synthesis of protected pyrrolyl carboxylic acids. 
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This proceeds via a one-pot reaction wherein the nitrogen is protected with sodium hydride and 

appropriate protecting group halogen, followed by hydrolysis in 2 M potassium carbonate. This 

stepwise one-pot reaction yields protected pyrroles in moderate to good yields (Table 2.5). It is 

worth noting that conditions were tried to protect 2.30 with a tosyl protecting group; however, this 

proved fruitless despite a variety of literature reported conditions, even with freshly made tosyl 

chloride. The protected derivatives 2.32, along with the unprotected 2.31, were then ready to be 

coupled to the resorcinol dimers.  

Given the synthetic ease of accessing 2.30, and the wealth of literature on acyl substitutions 

of trichloroacetyl groups, I first attempted to acylate the phenols of the resorcinol dimer 2.23 with 

pyrrole derivative 2.30 using triethylamine in THF at 35˚C (Scheme 2.11).82–84 Surprisingly, this 

reaction led only to formation of the Friedel-Crafts product 2.37. An acyl substitution where 

pyrrole acts as a leaving group has been previously reported by two groups in 1983 and 1984, 

where they sought to use acetyl and formyl groups as protecting groups for pyrrole to prevent 

undesired reactivity.85,86 These reactions typically required heating in acetic acid or refluxing 

benzene with p-toluenesulfonic acid and ethylene glycol, neopentyl glycol, or ethanedithiol to 

catalyze the deacylation. The subsequent Friedel-Crafts of the acyl group is, to our knowledge, 

novel. The regioselectivity of this reaction is also remarkable, as electrophilic aromatic 

substitutions at the 2 position of resorcinol are known to be challenging due to steric 

hinderance.77,87 When this same reaction was catalyzed under Lewis acidic conditions, only 

starting materials were isolated. Similarly, when the same reaction was attempted with N-methyl 

Scheme 2.11 Acylation of dimer 2.22 with trichloromethyl ketone. 
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pyrrole derivative 2.33, no reaction occurred and starting materials were isolated. A potential 

mechanism to explain this reactivity under the triethylamine buffered conditions is proposed and 

is based on the mechanism reported by Smith et al (Scheme 2.12).85 Prior to nucleophilic attack, 

a hydrogen bonding network likely forms between the acyl pyrrole and dimer phenols, which likely 

guides the regioselectivity of this reaction to C-3. The deprotonated dimer 2.37 allows for 

nucleophilic addition of the phenyl ring into the carbonyl of 2.30, which then allows for proton 

transfer to reform the phenyl ring aromaticity and protonate the pyrrole ring at C-2’. The positively 

charged pyrrole nitrogen 2.41 is likely stabilized by hydrogen bonding with the deprotonated 

phenol or triethylamine, and the negatively charged oxygen could be stabilized by the other phenol 

or triethylammonium. After the electrons from the oxygen reform the ketone and eliminate the 

pyrrole, the ring can rearomatize to give 2,3-dichloropyrrole. After elimination and quench, the 

Scheme 2.12 Mechanism proposed by Smith et al for the deacylation of pyrrole with ethylene 

glycol an the proposed mechanism for the deacylation and Friedel-Crafts acylation of dimer 2.23 

and pyrrolyl ketone 2.30. 

Scheme 2.13 Acylation of dimer 2.23 with pyrrolyl acyl chloride 2.43. 
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2,3-dichloropyrrole likely 

quickly degrades, as is 

typical for unprotected 

halogenated pyrroles.88 

This reaction is likely 

enhanced by the electron 

withdrawing nature of the trichloro group, as it inductively makes the carbonyl more electrophilic.  

Given this initial result that proved that the resorcinol ring could be regioselectively 

acylated, efforts were then made to catalyze the Friedel-Crafts without need for protecting groups 

on the phenol. The initial triethylamine reaction was attempted with the pyrrolyl acyl chloride 

2.43, but the products were either ambiguous or degradation (Scheme 2.13). Given that the 

triethylamine catalyzed reaction seemed specific to the trichloroacetyl pyrrole 2.30, this route was 

abandoned in favor of more typical Friedel-Crafts conditions, namely those that used Lewis acids.  

Using the resorcinol dimer 2.23, a variety of Lewis acids were screened to attempt to 

catalyze the Friedel-Crafts acylation of the unprotected system (Scheme 2.14). Given the 

demonstrated ability of the phenols to form the ester, these reactions were heated to high 

temperatures to attempt to catalyze the Fries 

rearrangement in a one-pot reaction. Starting 

with typical Lewis acids like aluminum (III) 

chloride and boron trifluoride diethyl 

etherate, these test reactions gave 

monoacylation of the unprotected phenols or 

Scheme 2.15 Syntheses of N-SEM pyrrolyl anhydride 

and acyl chloride. 

Scheme 2.14 Attempts to catalyze either a Friedel-Crafts or one-pot O-

acylation then Fries rearrangement. 
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no reaction in the case of aluminum (III) chloride and degradation in the case of boron trifluoride 

etherate.  

Moving forward, various protecting groups were used on both the phenols and the nitrogen 

of the pyrrole to prevent potential side reactions, such as O-acylation of the dimer or N-acylation 

of the pyrrole. Additionally, the anhydride 2.41 was selected for screening for its ease of formation 

an isolation (Scheme 2.15). While making the SEM-protected anhydride, a byproduct was 

observed that had a chemical shift further downfield than the anhydride. Despite an aqueous 

quench and a silica gel column, the acyl chloride 2.42 was isolated from this reaction, 

demonstrating the unique stability of N-protected pyrrolyl acyl chlorides. A quick optimization of 

this reaction led to reproducible high yields, leading to the protected acyl chloride being screened 

in place of the anhydride as its higher reactivity should give better results.  

Table 2.6 Conditions screened for the O-protected Fredel-Crafts. 
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For the phenols, a screen of different O-

protecting groups were tried (Table 2.6), giving a 

variety of deprotection condition options should 

they succeed. For the pyrrole, SEM was initially 

selected for its ease of incorporation onto the pyrrole nitrogen as well as stability over typical 

nitrogen protecting groups such as tert-butyl carbamate (Boc). These efforts proved fruitless, as 

any acylation that was observed was the undesired regioisomer. This reaction also demonstrated a 

temperature dependence, as reactions that were run above 0˚C lead to degradation of the starting 

materials, at least in the case of O-benzyl protected 2.27. In the instances of no acylation observed, 

this was either due to no reaction taking place or the starting materials degraded. A pernicious side 

product that kept forming and preventing reactivity was partial cleavage of the SEM group on 

pyrrole to give a free alcohol, which could then add into the pyrrolyl acyl chloride, giving stable 

lactone 2.48 that was unreactive (Scheme 2.16).  

Seeing as the protected phenols were giving the undesired regioselectivity, a lithium-

halogen exchange was implemented to force the regioselectivity to the desired position (Scheme 

2.17). This route starts with the dimerization of commercially available 2-bromo-1,3-

dimethoxybenzene onto para-formaldehyde (p-formaldehyde). This reagent was used instead of 

the typical dimethoxymethane because the freed methanol byproduct typically did a nucleophilic 

aromatic substitution for the bromine, giving 1,2,3-trimethoxybenzene. Regardless of the 

methylene source, this reaction always resulted in a low yield of product due to a small amount of 

Scheme 2.17 Lithium halogen exchange route to access partially deprotected mindapyrrole A. 

Scheme 2.16 Formation of lactone side product 

during the Friedel-Crafts acylation. 
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bromine swapping between the monomers and dimers. 

This has been previously reported with phenol, where 

bromine was used as a protecting group for a 

nucleophilic aromatic position.89 This reactivity is 

exemplified by a methyl deprotection of the monomer in the presence of boron tribromide, as 

bromine swapping is unavoidable (Scheme 2.18). Dimer 2.49 then underwent a lithium halogen 

exchange with n-butyllithium in the presence of tetramethylethylenediamine, followed by 

nucleophilic addition into pyrrolyl anhydride 2.45. This reaction similarly always gave a low yield, 

possibly due to the steric hinderance of the ortho-ortho position of the lithiated species and the 

bulky anhydride. Attempts were made to optimize this reaction by using the acyl chloride 2.46 as 

well as the Weinreb amide; however, neither of these species gave any product using similar 

conditions. The methyl deprotection of the phenols was tried with boron trichloride and 

tetrabutylammonium iodide instead of boron tribromide as these conditions are milder and would 

prevent degradation of the starting material. Unfortunately, this reaction only yielded di-

demethylated mindapyrrole A 2.47 in 26% yield. This reaction also serendipitously SEM 

deprotected the pyrrole; however, there was some degradation and the methyl deprotection did not 

go to completion in the given timeframe.  

Given that the lithium halogen exchange route suffered from continuous low yields and the 

Friedel-Crafts was forming the undesired regioisomer, a protecting strategy based on previously 

Scheme 2.18 Bromine swapping seen in 

methyl deprotection of 2-bromo-1,3-

dimethoxybenzene. 

Scheme 2.19 Synthesis of the O-peracylated dimer made during the one-pot O-acylation Fries rearrangement 

sequence, followed by Fries rearrangement with triflic acid. 



45 

 

seen bromine scrambling was employed to protect the problematic carbon (Scheme 2.19). By first 

dimerizing then brominating, dimer 2.50 gave rise to a variety of options for forming the desired 

acyl bond, including protecting group manipulations on the phenols. A plethora of conditions were 

then tested on the unprotected scaffold to determine the reactivity profile of this C-bromo dimer 

in the hopes that a one-pot O-acylation followed by a Fries rearrangement could occur without the 

need for additional protecting groups (Table 2.7). When aluminum (III) chloride was used with 

either the allyl or methyl protected pyrrole in acetonitrile, the reaction gave a complex mixture of 

varying degrees of acylation that could not be separated from one another, thereby confounding 

the results. Hexafluoroisopropanol (HFIP) and aluminum (III) chloride in carbon disulfide and 

nitrobenzene both returned unreacted starting materials. When the pyrrolyl acyl chloride was either 

unprotected or allyl protected, the use of tin (IV) chloride catalyzed some degree of acylation while 

also causing the dimer to split into its monomers. The most promising result was when aluminum 

(III) chloride was used in the presence of N-allyl pyrrolyl acyl chloride in a DCM and acetonitrile 

cosolvent system to give the O-peracylated dimer 2.52 in 42% yield. Some C-acylation may have 

occurred as well; however, the proton NMR’s of the isolated products were confounded by 

purification difficulties and inability to differentiate between pyrrole protons and aryl protons. The 

Table 2.7 Conditions tried for acylation of brominated dimer 2.54. HFIP = hexafluoroisopropanol. 
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cosolvent system likely worked better than the single solvent system because aluminum (III) 

chloride is known to form complexes with acetonitrile. This complexation likely tamed the 

reactivity of the aluminum catalyst, thereby decreasing the efficiency of acylation. This reaction 

could also be performed with cesium carbonate to give 2.52 in 77% yield. The Fries rearrangement 

was then attempted on this scaffold (Scheme 2.19). When typical Fries rearrangement catalyst 

aluminum (III) chloride was used, no reaction occurred and starting materials was isolated. This 

result explains why aluminum (III) chloride could not catalyze the one-pot O-acylation Fries 

rearrangement previously attempted, as it is not a strong enough Lewis acid to do so. When 

trifluoromethanesulfonic acid (triflic acid) was used, the desired Fries rearrangement occurred. 

However, this reaction also led to the isomerization of the allyl protecting groups, which caused 

the products to degrade over a few hours. 

The direct Friedel-Crafts acylation of brominated dimer 2.50 was also attempted by first 

protecting the dimer with either allyl or methyl groups (Scheme 2.20). A variety of temperatures 

were screened for this reaction; however, each temperature led to a variety of degradation products 

including bromine swapping and dimer splitting as seen in Scheme 2.19. Both aluminum (III) 

chloride and tin (IV) chloride catalysts led to the results shown in Scheme 2.19, where bromine 

swapping and dimer breaking into monomers was prevalent.  

Scheme 2.20 Best attempts of the acylation of the protected brominated dimer. 
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Although this route 

was initially promising as 

the electronics of the system 

seemed matched, these results demonstrate that the pyrrolyl acyl chloride and derivatives thereof 

are not sufficiently electron withdrawn to allow for the Friedel-Crafts reaction to occur without an 

abundance of side products or with desired regioselectivity. Additionally, the 2-position on 

resorcinol is too sterically hindered to allow for the desired reactivity in most cases.  

2.3.5 Total Synthesis of Mindapyrroles A and B 

As routes B and C frustratingly ground to a halt, a report from 2022 surfaced that gave credence 

to repursue route A. Zhi Liu and coworkers reported a biomimetic total synthesis of mindapyrrole 

A, where they used a phosphate buffered saline (PBS) solution to dimerize pyoluteorin onto 

formaldehyde (Scheme 2.21).90 These exact conditions were tried in the Wuest lab, but to no avail; 

in my hands, the reaction returned only unreacted starting materials. Taking inspiration from this 

route and recognizing that the methylene source likely needs to be further activated, a rescreen of 

harsher conditions were tried for the total synthesis of mindapyrrole A and B using Lewis acids 

(Table 2.8). Titanium (IV) chloride was tried first as it did give some promising preliminary 

results; however, despite keeping the reaction as cold as possible for both the synthesis of 2.2 and 

2.3, the reagent only led to degradation of the starting materials and products. Reflecting on how 

well aluminum (III) chloride catalyzed the dimerization for resorcinol, it was tried in the reaction 

with refluxing acetonitrile. Gratifyingly, this led to formation of mindapyrrole A (2.2) in 81% 

yield. Concurrently, the 

dimerization was tried with 

Scheme 2.22 Total synthesis of aeruginaldehyde (2.5). 

Scheme 2.21 Conditions used by Liu et al to dimerize pyoluteorin. 
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aeruginaldehyde (2.5), which was synthesized following a literature reported procedure (Scheme 

2.21).27,91 Briefly, O-methyl cysteine is condensed onto 2-hydroxybenzonitrile to form the 

thiazoline ring. After reduction of the ester to the alcohol, the thiazoline ring is oxidized to the 

thiazole and the alcohol is oxidized to the aldehyde in a double Swern oxidation. With 

aeruginaldehyde (2.5) in hand, it was first screened with titanium (IV) chloride. Similar to the 

reactions with formaldehyde derivatives, this led to formation of some product that later degraded. 

When the reaction was tried with aluminum (III) chloride at cold temperatures, no reaction 

occurred. When 2.1 and 2.61 were refluxed in acetonitrile with aluminum (III) chloride, a 33% 

yield of mindapyrrole B (2.3) was obtained. This is the first reported total synthesis of 

mindapyrrole B and the second reported total synthesis of mindapyrrole A. It is likely that 

mindapyrrole C (2.4) could also be synthesized using these conditions, but the biological questions 

asked in this work could be answered with scaffolds 2.1, 2.2, 

and 2.3. 

 2.4 Initial Photochemical Investigations of 

Pyoluteorin 

In order to determine the ability of pyoluteorin to 

undergo the photochemical transformations necessary for 

Table 2.8 Conditions screened to access mindapyrrole A (2.2) and B (2.3). 

Scheme 2.22 Reported photoreduction 

of benzophenone in isopropanol and 

the analogous photoreduction with 

pyoluteorin (2.1). 



49 

 

affinity-based protein profiling, a preliminary photoreaction was 

conducted. The known photoreduction of benzophenone to 

benzopinacol in the presence of isopropanol is a reaction that 

requires the intermediate goes through the reactive triplet (n→π*) 

state (Scheme 2.22).92,93 This reaction was attempted on 2.1 by 

dissolving it in isopropanol and irradiating it with 365 nm light for 

2 days. The results shown on the TLC plate in Figure 2.9 indicate 

that some type of reaction occurred, as two spots other than starting 

material appeared on the plate. The spot on the baseline was UV 

active and the spot slightly above that one stained in vanillin. It is 

reasonable to propose that pinacol 2.62 formed, as it would likely 

stick to the baseline in the TLC conditions as it is extremely polar 

and an excellent hydrogen bond donor and acceptor with six 

alcohols. A proton NMR was run on the crude mixture;  however, this small scale reaction did not 

go to completion and only miniscule amounts of the products formed, making it impossible to 

determine the identities of the products. This reaction is likely inefficient as 2.1 has 2 ortho groups 

on the phenyl ring, which can easily react with the triplet (n→π*) radical that is formed (Scheme 

2.23). These ortho phenols with likely be involved in hydrogen bonding in the protein binding 

pocket, so these ortho reactivities will be mitigated. Additionally, only a small amount of reactivity 

is needed to covalently link the molecule to its protein binding partner, giving more credence to 

the photoactivity of 2.1.  

2.5 Biological Investigations of Pyoluteorin and the Mindapyrroles 

Figure 2.9 TLC analysis of the 

photoreduction of 2.1 in IPA. 

Left lane is starting material, 

middle lane is a co-spot, and 

right lane is the reaction 

mixture. TLC as run in 50% 

ethyl acetate in hexanes. 
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Pyoluteorin and mindapyrroles 

A and B were tested against a panel of 

clinically relevant pathogens in a 

minimum inhibitory assay (Table 2.9). 

These values matched those previously 

reported, except for the P. aeruginosa 

strains. The original isolation paper of the mindapyrroles reported that pyoluteorin and the 

mindapyrroles inhibited this bacterium; however, I did not observe any inhibition of either PAO1 

or PA14. As P. aeruginosa is the producing strain and much work has been done on the 

biosynthesis of pyoluteorin, it is known that this bacterium has an efflux pump encoded in the 

pyoluteorin operon that causes resistance to pyoluteorin in both P. aeruginosa and in E. coli when 

it was genetically manipulated into this strain via plasmid.94  Additionally, this work broadened 

the scope of gram negative species the mindapyrroles were tested against, demonstrating their 

moderate to poor inhibitory activity against E. coli and A. baumannii. The MICs against the 

hospital-acquired (HA) and community-acquired (CA) methicillin-resistant S. aureus (MRSA) 

strains were also interesting as the HA strain was more resistant than its CA counterpart. The HA 

strain has been reported to be multidrug resistant, thereby giving credence to this result.95 In a 

preliminary attempt to determine the mechanism of action of pyoluteorin, S. aureus was plated on 

agar plates containing either 0.25X, 0.5X, 1X, 2X, or 4X the MIC. However, no cells grew above 

0.5X the MIC, even after growing for seven days. A serial passage resistance selection was then 

attempted, wherein MSSA cells were grown in 0.25 X, 0.5X, 1X, 2X, and 4X the MIC of 

pyoluteorin for 24 hours. The cells that grew in the highest MIC were then transferred over the 

Table 2.9 MIC values of pyoluteorin and the mindapyrroles 

against a panel of clinically relevant bacteria. 
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next day to fresh wells containing concentrations adjusted for the new MIC, if there was one. 

Despite this assay running for 24 days, no resistance was observed against pyoluteorin. 

2.6  Conclusions and Future Work 

 

 Herein I report the second total synthesis of mindapyrrole A and the first total synthesis of 

mindapyrrole B via dimerization of pyoluteorin onto dimethoxymethane and aeruginaldehyde. The 

photoactivity of pyoluteorin was assessed via a photoreduction in isopropanol, which 

demonstrated pyoluteorin’s weak photoactivity. Pyoluteorin and the mindapyrroles were also 

tested against a panel of clinically relevant bacteria, and these values were in agreement with the 

literature or the results were supported by prior research evidence.26,94,95 Two resistance selection 

assays were attempted on pyoluteorin; however, neither the solid support nor the liquid broth assay 

demonstrated any generation of resistance to pyoluteorin over the indicated time periods. Future 

work will include assessment of the photoactivity of mindapyrrole A and B as well as their 

antibacterial activity. Metal binding fluorescence titration assays will also be conducted to 

determine the metal binding portfolios of these compounds. All three compounds mentioned will 

then be subjected to AfBPP to determine their mechanism(s) of action. 
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Chapter 3: Quaternary Ammonium Compounds 

This worked was completed in collaboration with the Pires lab, Minbiole lab, and fellow members 

of the Wuest lab. Publications and dissemination of workload indicated before each subchapter.  

 

3.1 Introduction to Quaternary Ammonium Compounds: Past to Present 

 Quaternary ammonium compounds (QACs) are amphipathic molecules that consist of a 

positively charged nitrogen with four carbon-nitrogen bonds (head group), wherein at least one of 

the carbon-containing groups has a long alkyl chain (tail) (Figure 3.1).1 They are ubiquitously 

used as surface disinfectants, antibiofouling agents, and general surfactants in a wide variety of 

commercial products, including toothpaste and fabric softeners.2–6 Because of their amphipathic 

nature, they are excellent membrane disruptors, as membranes also typically consist of a charged 

head group and long alkyl tails. The mechanism of QAC membrane disruption is such that the 

charged nitrogen head group is electrostatically attracted to the charged cell membrane, displaces 

stabilizing divalent cations, followed by the long alkyl tails intercalating into the phospholipid 

bilayer (Figure 3.1).7 Once situated in the membrane, concentration greatly affects the mechanism 

of these compounds, making them either bacteriostatic or bactericidal. At low concentrations, 

QACs permeabilize the membrane by forming a monolayer on the cell surface, causing the leakage 

of potassium ions and protons and an inability for the cell to regulate its turgor pressure.7–9 At 

intermediate concentrations, accumulation on the inner surface of the cell membrane occurs, 

causing pores to form in the cell membrane and the leakage of larger cell contents such as ATP 

Figure 3.1 General structure of a QAC and their mechanism of action. 
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and metabolic pool material. At higher concentrations, QACs enact their bactericidal action by 

causing the complete solubilization of the membrane and coagulation of the cytosol, thereby 

leading to cell death.7,10,11 Because of their positive charge, QACs tend to have selectivity for the 

mostly negatively charged cell membrane of bacteria, but they can also lyse more neutrally charged 

mammalian cells.12 Additionally, they have been proven active against fungi and viruses, making 

them ideal surface disinfectants.13 

3.1.1 Initial Discovery and Widespread Use through Covid-19 

Quaternary ammonium compounds were first commercially released around 1933, 

although they were first discovered in 1916.14,15 Since their release, they have been used 

extensively to disinfect hospital and home surfaces. Indeed, many manufacturers of hospital 

disinfectant sprays and home cleaning products contain QACs for their ability to kill bacteria at 

high concentrations. However, many of these formulations only use four types of QACs (Figure 

3.2), and little innovation has occurred in these commercial formulations since their first sale. 

More specifically, these common commercial disinfectants are monoQACs, or QACs with only 

one positive charge.1 Recent research has shown the improved efficacy and impedance of 

resistance of multicationic QACs, or QACs bearing multiple positive charges.16,17 This lack of 

commercial innovation has led to the rise of disinfectant resistance amongst many strains of 

pathogenic bacteria, especially in light of the Covid-19 pandemic.  

 The pandemic caused by SARS-CoV-2 led to a massive increase in surface disinfectant 

usage throughout the globe. The CDC led the charge with this 

increase, as they recommended a list of disinfectants, almost 

half of them QACs, to effectively clean surfaces and kill 

SARS-CoV-2.18 Indeed, studies have found increased levels 
Figure 3.2 The four most common 

commercial QACs. 
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of QACs in dust samples in homes and human blood samples because of these increased cleaning 

protocols.19,20 It is particularly concerning as QACs can have varied half-lives in the environment, 

depending on where they settle. Photolysis studies suggest they degrade within 12 to 94 days when 

exposed to light in water, but soil samples taken from Jamaica Bay sediments indicated that QACs 

did not significantly degrade over a 2 year period.21,22 These extended half-lives, coupled with 

their increased use, has led to and exacerbated the problem of disinfectant resistance. 

3.1.2 Development of QAC Resistance 

Although the heightened use of QACs during the Covid-19 pandemic have exacerbated the 

QAC resistance crisis, it is certainly not novel that bacteria have acquired resistance to quaternary 

ammonium disinfectants. The first reported case of this type of resistance was in 1951, where a 

strain of P. pyocyanea was found to be able to live on solid cetrimide 

(trimethyltetradecylammonium bromide).23 Since then, several outbreaks of this QAC resistant 

bacterium and others have been reported as a result of contaminated hospital disinfectant 

solutions.24–26 Aside from these reports, the mechanisms of QAC resistance in gram negative 

pathogens is relatively understudied and underreported, although a 2004 study showed that a few 

bacteria known to live in drains can develop low levels of QAC resistance (2-4-fold MIC 

increase).27 A 2018 report by Knauf and coworkers delved deeper into the mechanism of action of 

BAC (1) by measuring protein aggregation 

at sub-MIC levels. They noticed, in 

addition to membrane permeabilization, 

that 3.1 did cause a higher level of protein 

aggregation than the nontreated control, 

and therefore confirmed coagulation of the 
Figure 3.3 Gram negative resistance to QACs, namely 

through membrane rigidification and ribosomal mutations. 
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cytosol, albeit at lower concentrations than originally hypothesized. They then generated A. 

baumannii strains that were resistant to 3.1 via single pass treatment on an agar plate with twice 

the MIC (Figure 3.3). Interestingly, the mutations found in the genomes of the isolates were mostly 

in the ribosome encoding DNA, suggesting that mutations in the ribosome were somehow 

stabilizing the proteome.28 Adding to this, a study from 2014 in P. putida demonstrated that the 

fatty acid content varies greatly after addition of tetradecyltrimethlyammonium bromide (Figure 

3.3). They discovered that this bacterium decreases the unsaturated fatty acid content while 

upregulating its saturated fatty acid content, decreasing the fluidity of the membrane to resist QAC 

intercalation. Moreover, the levels of cardiolipin were found to be decreased in the presence of 

this QAC, thereby providing further evidence that the membrane is being rigidified to protect the 

bacterium.29 In addition to these mechanisms, gram negative pathogens also upregulate efflux 

pumps like the small molecule resistance (SMR) efflux pumps AbeS in A. baumannii and EmrE 

in E. coli and P. aeruginosa that are known to efflux cationic disinfectants.30–33 Much like QAC 

resistance in gram-negative pathogens, gram-positive resistance is likewise multifaceted and 

warrants further investigation. 

One method gram positive bacteria are known to acquire resistance to QACs is via 

upregulation of efflux 

pumps, with one of the 

most notorious bacteria to 

do so being S. aureus 

(Figure 3.4). Strains of 

this bacterium, including 

MRSA strains, are known 
Figure 3.4 Efflux pump mechanism of resistance in gram positive bacteria 

such as S. aureus. 
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to harbor plasmid pSK1, which contains qacA/R, an efflux pump notorious for effluxing cationic 

small molecules.34–36 This plasmid can also carry aminoglycoside and trimethoprim resistance, one 

example of the correlation between QAC resistance and antibiotic resistance.34,37 qacR encodes 

the transcriptional regulator for qacA, and QacR is known to have preferential binding affinity for 

aryl QACs.36,38 Once a QAC has bound to QacR, it releases the promoter region and allows for 

transcription and eventual translation of efflux pump QacA, which is known to efflux mono- and 

bis-cationic QACs.36 However, this efflux pump system is not alone responsible for QAC 

resistance in community-acquired methicillin resistant S. aureus (CA-MRSA), a strain known to 

harbor multiple drug resistance genes.38 It is likely that this strain may be rigidifying its membrane 

or otherwise decreasing its susceptibility to QACs by decreasing their ability to cross the 

membrane. 

 Alternatively to CA-MRSA, a recent report on QAC usage in produce processing facilities 

demonstrated that gram positive L. monocytogenes was able to achieve QAC resistance via 

upregulation and mutation of efflux pumps. When facility isolates were treated with sub-MIC 

levels of a commercial QAC disinfectant mixture, they were able to gain several mutations in 

fluoroquinolone efflux pump fepR, which corresponded with the observed increase in MIC. What 

is more concerning is that these mutations also caused cross resistance to 7 out of 17 tested 

antibiotics, such as chloramphenicol, ciprofloxacin, and kanamycin.39 This troublesome result 

points to the need to develop novel QAC scaffolds that have improved activity against gram-

positive and negative pathogens. 

3.1.3 Novel QAC Scaffolds 

A review was written on this topic was written by Kelly R. Morrison and Ryan A. Allen. 

Citation: Morrison, K. R., Allen, R. A., Minbiole, K. P. C., Wuest, W. M. More QACs, More 

Questions: Recent advances in structure activity relationships and hurdles in understanding 

resistance mechanisms. Tetrahedorn Lett. 2019 60 (37) 150935. 
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To combat QAC resistance, several research groups have undertaken the development of 

novel QAC scaffolds. 

3.1.3.1 Polymeric QAC Scaffolds 

 Polymeric QAC (polyQAC) scaffolds offer the opportunity for these cationic surfactants 

to be grafted onto coatings, thereby yielding antimicrobial surfaces.40 Additionally, polyQACs 

offer a high density of positive charge to the disinfectant, which is known to positively correlate 

with antibacterial activity.17 The Haldar group has provided a plethora of research on this topic, 

and they have thus generated a variety of polyQAC scaffolds (Figure 3.5). The non-surface 

polyQAC was based on polymaleimide (Figure 3.5A). These QACs were found to be selective for 

a variety of gram-positive and -negative pathogens, and they lysed red blood cells only at high 

concentrations (as measured by Lysis50). Moreover, these QACs were able to sequester 

lipopolysaccharides (LPS) released by gram negative pathogens that are known to cause 

inflammation during infection.41 The Haldar group was also able to design and synthesize a 

Figure 3.5 Polymeric QACs developed by the Haldar Lab. 
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polyQAC and monoQAC that could be used as coatings. They initially developed a chitin based 

polyQAC that was organic soluble and aqueous insoluble that they used to coat catheters (Figure 

3.5B). These coatings were found to significantly decrease the bacterial load and prevent the 

formation of biofilms on a catheter in a mouse model.42 They were also able to append a QAC to 

benzophenone, which they then used to crosslink via photoexcitation to a variety of porous and 

nonporous surfaces (Figure 3.5C). Regardless of the surface, the QAC coating was able to prevent 

bacterial growth, thereby lending its utility to a variety of uses in the biomedical field.43  

 In addition to the Haldar group, the Finn group has developed a polyQAC that can degrade 

in the environment (Scheme 3.1).44,45 Based on pyridinium QACs, this polymer was made with a 

variety of linkers between the 4-position on the pyridines and quaternized at the nitrogen using 

thiabicyclo[3.3.1]nonane (BCN) dinitrate. These polyQACs had an average length of 12 units, 

although some were as long as 20 units. The tested polyQACs had good to great activity against 

two gram positive and two gram negative pathogens, and they were found to degrade in aqueous 

media to give the BCN diol and pyridine monomers.45  This degradation would stop them from 

persisting in the environment at sub-MIC levels, thereby preventing one mechanism of resistance 

acquisition.  

3.1.3.2 QAC Appended Antibiotics  

 In addition to disinfecting surfaces, QACs have been appended to antibiotics to restore 

their efficacy against by adding another mechanism of action. As previously mentioned, this is a 

Scheme 3.1 Degradable PolyQACs synthesized by the Finn Group. 
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viable strategy for 

antibiotic 

development, as 

polypharmacological 

compounds are more 

likely to resist 

resistance 

development. The Boger lab achieved this by quaternizing the N-terminus of vancomycin and 

appending a trimethyl QAC to the C-terminus via an amide linker, among other analogs (Figure 

3.6). Through this study, they were able to restore vancomycin’s efficacy against VanA and VanB 

vancomycin-resistant E. faecalis and E. faecium. Additionally, they were able to show that the 

membrane was being depolarized as a result of the QAC additions.46  

 3.1.3.3 Small Molecule QACs 

 

 One of the most prolific groups in terms of small molecule QAC development is the 

Minbiole group at Villanova University.  Since their first series of biscephalic QACs,47 they have 

generated a library of over 800 compounds, exploring a range of cationic amphiphiles with 

multiple cations, varying chain lengths, and varying core architectures. One of the core innovations 

Figure 3.7 Especially efficacious multiQACs based on natural product and natural product-like polyamine 

scaffolds. 

Figure 3.6 Development of vancomycin QAC analogs that can evade vancomycin 

resistance. QACs highlighted in gold. 
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they have added to the field is the exploration of quaternized natural product polyamines that 

resemble commercial QAC DDAC (3.3) (Figure 3.7). Starting from industrially made 

tetramethylethylenediamine (TMEDA), they quickly spread into quaternizing amines based on 

natural products such as norspermidine.48 These bis-, tris-, and tetraQACs had increased efficacy 

against CA-MRSA, as well as gram negative pathogens such as P. aeruginosa and E. coli, when 

compared to commercial monoQACs.17,48–50 Additionally, they were found to not induce resistance 

over 24 days in methicillin-susceptible S. aureus (MSSA). On the contrary, commercial 

monoQACs quickly induced resistance over 10-17 days.51 These results show promise for the 

development of commercially affordable and extremely effective QACs that are likely to slow 

resistance development in the environment.  

 Also noting the efficacy of pyridinium- and benzyl-based QACs like commercial BAC 

(3.1) and CPC (3.2), the Minbiole lab also undertook the development of novel multiQACs based 

on these structures (Figure 3.8). Starting with pyridiniums, some of the most efficacious QACs 

developed were among the first. Their bispyridinium “paraquats” consisted of a range of 4,4’-

bisQACs with chain lengths varying from 8-20 carbons in length.  The side chains were also varied 

on either side, thereby giving rise to unsymmetrical bisQACs. Regardless, the most active QAC 

was symmetrical with 12 carbon chains on either side.52 Expanding beyond directly linked aryl 

Figure 3.8 Pyridinium bisQACs based on commercial CPC (3.2). 
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systems, they also 

developed a range of 

linked bis- and tris-

pyridinium QACs, the 

most active being the 

3-carbon linked bisQACs with two 11 carbon chains.53 Again noting the structures of commercial 

QACs, they combined 3.1 and 3.2 to give bisQACs that had increased efficacy over their 

commercial monoQAC counterparts.54 

After confirming the increased efficacy of flexible multiQACs over monoQACs, the 

Minbiole Lab prepared a series of linked bisQACs, ranging from unconstrained TMEDA to cyclic 

dimethyl piperazine to constrained bicyclic 1,4-diazabicyclo[2.2.2]octane (DABCO) to determine 

the effect of rigidity on activity (Figure 3.9). Synthesizing a range of QACs from 8 to 18 carbons 

in long alkyl chain length with some having amides in the long chain, they found that as the 

structures became more rigid, the activity increased. The most active DABCO compound had a 

12-carbon chain, which is typical for QACs, as previously discovered. This trend was true for the 

other tested QACs as well. The increased activity for these constrained compounds was attributed 

to the alkyl chains being 180˚ from one another, although the study warranted further 

investigation.55  

More recently, the Minbiole Lab has delved into developing novel amphiphilic compounds 

that have a different heteroatom than 

a nitrogen as the cationic core. The 

most efficacious of these classes is the 

quaternary phosphonium compounds 

Figure 3.9 Rigidity-activity studies on bisQACs, ranging from 

flexible/unconstrained to rigid/constrained. 

Figure 3.10 Novel QPCs, with the bisQPCs being most active. 
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(QPCs) (Figure 3.10). Much like QACs, the QPCs developed had better activity when they 

contained more than one cationic warhead. Interestingly, the best activity was seen when bisQPCs 

were used, as tris- and tetraQPCs led to decreased activity. This is contrary to QACs, who display 

equally or more potent activity when appended with tris- and tetracationic charges. Additionally, 

the best compounds were equally effective against MSSA, HA-MRSA, and CA-MRSA, indicating 

that they may evade traditional QAC resistance mechanism in gram positive bacteria. They were 

found to induce cell lysis against both P. aeruginosa and E, faecalis, as well as depolarize their 

membranes.56 These compounds represent a potent new development in disinfectant research.  

3.2  Appending Quaternary Ammoniums to Polymyxin B to Broaden Activity 

The synthesis of these compounds was completed by members of the Pires lab at the University of 

Virginia. MIC and hemolysis assays were completed by Ryan A. Allen and Kelly. R. Morrison with 

equal contribution. Citation: Ongwae, G. M., Morrison, K. R., Allen, R. A., Seonghoon, K., Im, 

W., Wuest, W. M., Pires, M. M. Broadening Activity of Polymyxin by Quaternary Ammonium 

Grafting ACS Infect. Dis. 2020 6 (6) 1427-35.  

 

As discussed, appending a quaternary ammonium salt to an antibiotic can increase its 

efficacy, especially against resistant pathogens, in addition to giving it another mechanism of 

action. Therefore, the Pires lab at University of Virginia undertook the synthesis of polymyxin B 

(3.5) analogs with appended QACs (Figure 3.11).57 Polymyxin B (PMB) was chosen for this study 

as its mechanism of action is binding to LPS on the outer membrane of gram negative bacteria. By 

appending a QAC to this scaffold, the LPS targeting abilities would be able to deliver a QAC 

directly to the membrane of the bacterium, thereby giving it a dual mechanism of action. As 

previously discussed, polypharmacology is preferential for antibiotic development as bacteria are 

less likely to develop resistance to them.  
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 Utilizing solid phase 

synthesis, they were able to first 

generate the linear precursor using 

Oxyma/DIC, followed by 

quaternization of the desired amine, 

cleavage from the resin, 

macrocyclization, and finally 

global deprotection (Scheme 3.2). 

They focused on the quaternization 

of the N-terminal diaminobutyric 

acid (DAB) residue by directly 

quaternizing the side chain amine, exchanging the N-terminal long acyl chain for a glycine 

followed by quaternization of that nitrogen to mimic polymyxin B’s scaffold, exchanging the DAB 

for lysine and quaternizing the amine, or replacing the N-terminal DAB with glycine and 

quaternizing the amine (Table 3.1).  

Scheme 3.2 General synthetic procedure for polymyxin B–QAC hybrids. Appended QAC highlighted in green. 

Figure 3.11 General strategy for grafting QACs onto polymyxin B. 
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After successful completion of these syntheses, they library of 13 compounds plus 

polymyxin B were shipped to the Wuest lab for biological testing. Here, an MIC assay was 

conducted in parallel with hemolysis assay (Table 3.2). Hemolysis is used as a proxy for 

mammalian toxicity. The trends were less clear than for typical QAC libraries, as chain length 

usually coincides with activity for all bacteria tested.  Regardless of chain length or type of QAC 

appended, no analogs had an MIC against a colistin resistant strain of A. baumannii. The best 

analogs typically had an MIC within a dilution of polymyxin B, although there was no analog that 

was the best at killing all bacteria than the other analogs. Typically, shorter chain QACs between 

7 and 8 carbons that were appended to the N-terminal DAB residue or replaced glycine residue 

were the most active against E. coli and P. aeruginosa. When the DAB residue was retained and 

not replaced with glycine, they also had activity against A. baumannii. When the side chain amine 

Table 3.1 Structures of the polymyxin B-QAC hybrids. 
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of the N-terminal DAB was quaternized via trimethylation, it also had activity against A. 

baumannii, E. coli, and P. aeruginosa. Given these data it seems that the N-terminal DAB residue 

is necessary for activity in A. baumannii and preferential for activity in E. coli and P. aeruginosa.  

Although polymyxin B is typically only active against gram negative bacteria, these QAC 

analogs were tested for the gram positive activity as well.58 By quaternizing the amine of the N-

terminal DAB side chain with two methyl groups and a seven carbon alkyl chain, the activity of 

polymyxin B can switch from strictly gram negative to gram positive, giving it a good MIC of 16 

μg/mL against CA-MRSA. Activity could be achieved against this strain by either appending a 

quaternized glycine with a 14-carbon chain to the N-terminus, replacing the N-terminal DAB 

residue with the aforementioned glycine, or by replacing the N-terminal DAB residue with a 

glycine quaternized with three 7-carbon chains. The hemolysis for all compounds was about the 

same (32 to >63 μg/mL). By appending QACs to the core scaffold of polymyxin B, activity was 

more or less retained for some analogs against gram negative bacteria while adding an additional 

mechanism of action, while some analogs were able to flip their activity from strictly gram 

negative activity to also include the gram positive pathogen CA-MRSA. 

Table 3.2 MIC and hemolysis20 data for the PMB-QAC hybrids against clinically relevant bacteria and sheep’s 

blood. PMB = polymyxin B. 
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3.3  Investigations of Activity-Rigidity Relationships in Bispyridinium QACs 

The synthesis of these compounds was completed by members of the Minbiole lab. MIC and 

hemolysis assays were completed by Ryan A. Allen and Kelly R. Morrison in equal contribution. 

Citation: Leitgeb, A. J., Feliciano, J. A., Sanchez, H. A., Allen, R. A., Morrison, K. R., Sommers, 

K. J., Carden, R. G., Wuest, W. M., Minbiole, K. P. C. Further Investigations into Rigidity-Activity 

Relationships in BisQAC Amphiphilic Antiseptics. ChemMedChem 2020 15 (8) 667-70. 

 

In order to further probe the activity-rigidity relationships of QACs, the Minbiole lab 

synthesized a library of bispyridinium QACs connected with an ethyl chain at the 4 position 

(Figure 3.12).59 The ethyl chain was varied in desaturation, ranging from flexible to rigid with 

alkyl to alkenyl to alkynyl. These QACs were facilely synthesized by refluxing bispyridines with 

long alkyl bromides in acetonitrile (alkane) or DMF (alkene) (Scheme 3.3). Tragically, the alkynyl 

bispyridine refused to react under these conditions, even when alkyl iodides or tosylates were used. 

To circumvent this lack of reactivity, and acknowledging the previous successes with α-amido 

bromides, the Minbiole lab was able to achieve the synthesis of these alkynyl linked bispyridinium 

QACs by refluxing the alkynyl bispyridine in acetonitrile with α-amido bromides. Inspired by this 

triumph, they also synthesized the long chain amide analogs of the alkane and alkene linked 

bisQACs.  

Having synthesized a library of 36 compounds, the Minbiole lab shipped series to the 

Wuest lab for biological testing. We then tested the compounds against the typical panel of 

clinically relevant bacteria in minimum inhibitory concentration (MIC) and hemolysis20 assays 

(Table 3.3). Herein, we found a similar trend for alkyl chain lengths as previously seen; the best 

activity was seen with 

chain lengths between 

10 and 14 carbons. 

Moreover, bromide 
Figure 3.12 Strategy for assessing rigidity-activity relationships in linked 

bispyridinium QACs. 
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counterions were typically slightly more efficacious and less hemolytic than a tosylate counterion. 

We also discovered that these QACs were generally less hemolytic than typical QACs, thereby 

giving a better therapeutic index. When compared to the commercial QACs benzalkonium chloride 

(BAC) and cetylpyridinium chloride (CPC), our best QACs were typically 4-fold more active. In 

addition to these findings, we observed a moderate negative correlation with rigidity, meaning the 

alkane bisQACs were generally more active than the alkene bisQACs, and both series were more 

active than the alkynyl bisQACs counterparts. This is contrary to the previous rigidity series; 

however, when comparing the proximity of the positive charges together in both series, the trend 

holds. For the TMEDA, piperazine, and DABCO rigidity series, the positive charges in the 

DABCO analogs were closer together, possibly lending themselves to cooperative binding with 

the negatively charged cell membrane.55 Similarly, the alkane analogs are free to move their 

quaternary nitrogens closer to each other to allow for the same cooperative binding, whereas the 

alkene and alkyne analogs are trapped in their conformation. Additionally, the previously 

Scheme 3.3 Synthetic route for synthesizing rigidity-activity series of bispyridinium QACs 3.20-3.53. 
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synthesized paraquat PQ-12,12 had improved activity over the similar alkyne analog, also possibly 

due to the closeness of the charges.52 This series broadens the scope of rigidity-activity 

relationships of QACs, wherein the closeness of the charges lending themselves to improved 

activity was reconfirmed. 

Table 3.3 MIC and hemolysis20 values for rigidity-activity series of bispyridinium QACs 3.20-3.53 against 

clinically relevant bacteria and sheep’s blood. MSSA = methicillin-susceptible S. aureus, MRSA = methicillin-

resistant S. aureus, HA = hospital acquired, CA = community-acquired. 
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3.4  Explorations of Ferrocene-Containing QACs 

The synthesis of these compounds was completed by members of the Minbiole lab. MIC and 

hemolysis assays were completed by Ryan A. Allen and Savannah J. Post in equal contribution. 

Citation: Sommers, K. J., Bentley, B. S., Carden, R. G., Post, S. J., Allen, R. A., Kontos, R. C., 

Black, J. W., Wuest, W. M., Minbiole, K. P. C. Metallocene QACs: The Incorporation of 

Ferrocene Moieties into monoQAC and bisQACs Structures. ChemMedChem 2021 16 (4) 467-71. 

  

Iron is an essential nutrient that all organisms need for life processes such as cellular 

respiration, gas transport, and DNA repair. Bacteria, being organisms pining for life, have multiple 

ways to acquire iron from the environment (Figure 3.13). These avenues include importing heme 

from the environment, secreting siderophores to gather ferric iron from the environment, and 

transporters such as the Feo system for the transport of ferrous iron.60–65 Although the Feo system 

is most widely distributed amongst bacterial species and most specific for ferrous iron, there are 

Figure 3.13 Mechanisms of iron acquisition in gram negative pathogens, highlighint how Fetroja exploits these 

systems to inhibit penicillin binding proteins (PBPs) in the periplasm. Similar systems also transport ferrous iron 

in gram positive pathogens, namely EfeU and FeoB. IROMP = iron-regulated outer membrane protein. 
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several other transporters that 

can sequester ferrous iron 

from the environment, such as 

divalent metal ion/proton 

symporter MntH and 

permease EfeU.66–69 

Additionally, iron regulated 

outer membrane proteins (IROMPs) are known to uptake ferrous iron from the environment in 

gram negative species.70–72 These iron transport systems have been exploited for antibacterial 

development previously in a strategy termed “trojan horse”, where the bacteria is tricked into 

allowing in an antibacterial compound in the guise of a necessary nutrient. One of the most 

successful trojan horse strategies is Fetroja (Figure 3.13). Fetroja is an FDA approved antibiotic 

that uses a catechol siderophore moiety to be actively imported into the periplasm by gram negative 

bacteria, then a cephalosporin to inhibit penicillin binding proteins (PBP) to enact cell death.73,74  

Similarly to Fetroja, several other antibiotics have been developed that use a ferrocene 

moiety to increase antibacterial activity (Figure 3.14).75 Ferrocene was attached to a penem to 

generate a variety of analogs, the most active of which had decreased MICs against gram positive 

pathogens such as MRSA by four-fold. The MICs against gram negative bacteria were decreased 

by a more modest two-fold.76 Ferrocene could also be appended to novel scaffolds for excellent 

antibacterial activity, such as the addition of ferrocene to dithiothione and dithioketone scaffolds 

that had excellent MICs against E. coli and S. pyogenes.77 Additionally, a ferrocene could be 

appended to natural product platensimycin to give modest antibacterial activities against 

vancomycin-resistant S. aureus.78 

Figure 3.14 Ferrocene containing antibacterial compounds. MRSA = 

methicillin-resistant S. aureus, E.c = E. coli, S.p = S. pyogenes, VRSA = 

vancomycin-resistant S. aureus. 
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Given the promising 

background of ferrocene containing 

antibacterial compounds, the 

Minbiole lab undertook the 

synthesis of a library of ferrocene 

containing QACs that had both 

mono- and bisQACs (Scheme 

3.3).79 Ferrocene was chosen as it is 

commercially available for a 

relatively affordable price and has ferrous iron that could potentially be taken up by ferrous iron 

and divalent metal transporters. Starting with commercially available (dimethylaminomethyl) 

ferrocene, the monoQAC series was made via refluxing the substrate with long chain alkyl 

bromides or iodides in acetonitrile. Using similar 1,1’-bis(dimethylaminomethyl)ferrocene, a 

similar procedure was applied by refluxing the substrate with long chain alkyl iodides in either 

acetone or acetonitrile to yield the bisQAC series (Scheme 3.3). The long chain halogens ranged 

from 8 to 18 carbons for both series.  

Scheme 3.3 Synthesis of the ferrocene mono- and bisQACs. 

MeCN = acetonitrile. 
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Having synthesized the complimentary ferrocene containing mono- and bisQACs, the 

Minbiole sent the compounds to be tested in the Wuest lab. We then conducted the typical MIC 

and hemolysis assays for these compounds, using the same clinical pathogens as before (Table 

3.4). For the monoQACs, we did not observe any counterion dependent trend, as both the bromide 

and iodide salts had similar MICs (within a dilution if not the same). The bisQACs were typically 

more active than their monoQAC counterparts, especially against gram negative bacteria. As per 

usual, we did see a dependence on chain length, as compounds with 11-12 carbons had the best 

activity. When compared to commercial QACs 3.1 and 3.2, the best ferrocene containing QACs 

were typically four-fold more active for gram negative pathogens and either comparable or two-

Table 3.4 MIC and hemolysis20 values for ferrocene-containing mono- and bisQACs 3.54-3.76 against clinically 

relevant bacteria and sheep’s blood. MSSA = methicillin-susceptible S. aureus, MRSA = methicillin-resistant S. 

aureus, HA = hospital acquired, CA = community-acquired. 
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fold better activity for the gram positive pathogens. For hemolysis, the bisQACs tended to be more 

lytic than the monoQACs, but all compounds tested were less hemolytic than commercially 

available 3.2. The best compounds (3.70-3.72, 3.75) were also tested against a panel of clinical 

MRSA isolates and compared to 3.1 (Table 3.5). These QACs were either on par or had two- to 

four-fold better activity than 3.1, again demonstrating the improved activity of bisQACs over 

monoQACs. This work successfully utilized a trojan horse approach to the development of 

antibacterial QACs with improved efficacy over commercial QACs that could potentially be 

trafficked into the cell via metal ion uptake pathways. 

3.5  Trivalent Sulfonium Compounds versus Quaternary Ammonium Compounds 

The synthesis of these compounds was 

completed by members of the Minbiole lab. MIC 

and hemolysis assays were completed by Ryan 

A. Allen and Cassandra L. Schrank in equal 

contribution. Citation: Feliciano, J. A., Leitgeb, 

A. J., Schrank, C. L., Allen, R. A., Minbiole, K. 

P. C., Wuest, W. M., Carden, R. G. Trivalent 

Sulfonium Compounds (TSCs): 

Tetrahydrothiophene-based amphiphiles exhibit 

similar antimicrobial activity to analogous 

ammonium-based amphiphiles. Bioorg. Med. 

Chem. Lett. 2021 37 127809. 

  

In order to broaden the scope of 

amphiphilic disinfectants from just positively 

charged nitrogens to other positively charged 

heteroatoms, trivalent sulfonium compounds 

Figure 3.5 Efficacy of uracil derived QAC (green) 

and TSC (blue) (top) and trialkyl- and triphenyl-

TSCs (bottom). S.a = S. aureus, E.c = E. coli, P.a = 

P. aeruginosa, MRSA = methicillin-resistant S. 

aureus. 

Table 3.5 MIC and hemolysis20 values for ferrocene-containing mono- and bisQACs 3.70-3.72 and 3.75 against 

methicillin-resistant S. aureus clinical isolates. MSSA = methicillin-susceptible S. aureus. 
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(TSCs) were explored.80 Although ubiquitous in nature as methyl transfer reagents, trivalent 

sulfonium compounds have been underexplored in antibacterial development. One study 

compared the activity of uracil-QAC macrocycles versus uracil-TSC macrocycles, finding that the 

TSCs had comparable and sometimes better activity when appended with a long alkyl chain, much 

like typical QACs (Figure 3.15).81 Additionally, trialkyl- and triphenyl-TSCs have been developed 

and found to have good to great activity against both gram-positive and -negative pathogens 

(Figure 3.15). Moreover, the mechanism of action of these TSCs was analyzed for membrane 

perturbations, and they were found to act similarly to QACs, causing membrane disruption and 

lysis as visualized by transmission and scanning electron microscopy. These TSCs were also found 

to be minimally toxic in acute dermal and oral toxicity studies, thereby making them excellent 

candidates for typically corrosive QACs.82–84 

 To assess the potency and toxicity 

of novel TSCs as compared to their QAC 

counterparts, the Minbiole lab 

synthesized a range of pyrrolidine and 

tetrahydrothiophene amphiphiles via 

refluxing the heterocycle in acetonitrile 

(QACs) or trifluoroacetic acid (TSCs) 

with the corresponding long chain alkyl 

bromide (Scheme 3.4).80 In addition to the 

monocationic amphiphiles, the Minbiole 

lab also synthesized “bola” amphiphiles, Scheme 3.4 Synthesis of the mono- and bis-QACs and -

TSCs, with QACs highlighted in green and TSCs 

highlighted in blue. TFA = Trifluoroacetic acid. 
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or two cationic centers connected by a long alkyl chain, in a similar fashion (Scheme 3.4).  

 Once prepared, the compounds were once again shipped to the Wuest lab for MIC and 

hemolysis assays (Table 3.6). From the data collected, the TSCs had approximately equal activity 

to their QAC counterpart (within one to two dilutions). This trend also carried over to the hemolytic 

values of these compounds, were the TSCs were as hemolytic as the QACs. Further toxicity 

studies, such as dermal and oral studies, would need to be conducted to determine if the TSCs are 

less toxic than the QACs. Additionally, these amphiphiles differed from previously made QACs 

insofar as they were mostly only active against gram positive bacteria and the optimal chain length 

was found to be 18 carbons long instead of 11 to 13 carbons in length. Moreover, the bola 

amphiphiles were almost completely inactive against all strains tested. The best of these 

Table 3.6 MIC and hemolysis20 values for mono- and bis-QACs and -TSCs 3.77-3.98 against clinically relevant 

bacteria and sheep’s blood. MSSA = methicillin-susceptible S. aureus, MRSA = methicillin-resistant S. aureus, 

HA = hospital acquired, CA = community-acquired. 
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compounds was two sulfoniums connected by a 12-carbon linker, where it had an MIC of 250 μM 

against MSSA and CA-MRSA and was inactive against all other strains. The best TSCs were 

active against HA- and CA-MRSA, which may indicate that they may be able to evade resistance 

mechanisms; however, further compounds and studies would be needed to determine this, such as 

active bisTSCs and resistance selection assays. Taken together, this work expanded the breadth of 

trivalent sulfonium compounds and compared them to their QAC counterparts, demonstrating they 

are equipotent and have a platform for future studies on resistance evasion. 

3.6  Exploring Amphiphilic Disinfectant Resistance in Clinical Isolates 

The synthesis of these compounds was completed by members of the Minbiole lab. MIC assays 

were completed by Ryan A. Allen, Kelly R. Morrison-Lewis, Marina E. Michaud, and Savannah J. 

Post in equal contribution. The resistance selection assay was completed by Marina E. Michaud 

and Savannah J. Post in equal contribution. Ryan A. Allen aided in the resistance selection assay 

spontaneously when needed. The MBEC assay was completed by Marina E. Michaud and 

Christian A. Sanchez in equal contribution. Citation: Michaud, M. E., Allen, R. A., Morrison-

Lewis, K. R., Sanchez, C. A., Minbiole, K. P. C., Post, S. J., Wuest, W. M. ACS Infect. Dis. 2022 

8 (11) 2307-14. 

 

As previously mentioned, QACs are ubiquitously used in hospital and clinical settings to 

disinfect common surfaces and furniture. Given the rise of antibiotic resistant bacteria coincides 

with rise of QAC resistance, the Minbiole-Wuest collaboration decided to determine the efficacy 

of four commercially used QACs against a panel of extensively to pan drug resistant clinical 

isolates obtained from 

the Department of 

Defense (DoD). These 

isolates were of A. 

baumannii (AB) and P. 

aeruginosa (PA), two 

pathogens known to Figure 3.16 Workflow for selecting which clinical isolates to test against the best-

in-class and commercial QACs. 
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cause nosocomial infections in compromised patients. PA specifically is known to colonize the 

airways of patients with cystic fibrosis and lead to poor outcomes.85 AB is known to cause 

nosocomial pneumonia, bacteremia, and skin and soft tissue infections in compromised patients.86 

These bacteria are particularly troublesome in a hospital setting not only because they are gram 

negative, which are notoriously harder to kill, but also because of their genomes’ plasticity, or 

ability to transfer and receive new genetic material and adapt to changes in the environment.87–89 

Moreover, these pathogens are known to form biofilms in hospital settings that allow for their 

continued resistance to disinfectants and transmission even after a surface has been cleaned.90–92 

Therefore, we sought to use this library to better understand the mechanisms of amphiphilic 

resistance and susceptibility and their relation to antibiotic resistance in clinical isolates. 

 The library of clinical isolates we received from the DoD contained 100 strains of each 

type of bacteria, along with resistance data to 14 clinically used antibiotics, resistance genes 

harbored, isolation location, and year of isolation. To streamline the MIC assays, the list of bacteria 

Figure 3.17 Structures of the commercial QACs and “best-in-class” QACs and QPC. 
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was shortened to a more manageable size that still allowed for diversity of resistance to antibiotics, 

different resistance genes harbored, and isolation location and year (Figure 3.16). The bacteria 

were each first given a resistance score, which is the total number of antibiotics they are resistant 

to. We chose bacteria that were resistant to the most antibiotics and had unique resistance profiles 

to allow for the greatest diversity possible. Next, we sorted the bacteria by isolation year and 

location, again looking to maximize bacteria from different geographic areas as they likely have 

different genomes and mechanisms of resistance. We then parsed through the genetic resistance 

determinants that each bacterium harbored, eliminating duplicates where possible. This led us to a 

library of 27 isolates of PA and 34 isolates of AB to test against the selected amphiphiles. 

 The amphiphiles for this study were selected as the mast active, or “best-in-class”, from 

the vast library of over 800 compounds that the Minbiole lab has synthesized over the years 

(Figure 3.17). As discussed in Section 3.1.3.3, these QACs have been proven more active that 

commercial QACs, as well as less likely to induce resistance. The newly discovered yet 

impressively active QPC P6P-10,10 was also included in this study to explore the resistance profile 

of this compound and compare it to the QACs.  

3.6.1 A. baumannii 

 The resistance profiles of the selected AB strains are depicted in Table 3.7, followed by 

the obtained MIC and IC90 values in Table 3.8. The resistance genes harbored by each isolate is 

displayed in Supplementary Table 4.1. IC90 was used as a proxy for activity in these strains as 

many of them displayed growth of small colonies after the breakpoint, a known phenotype of 

heteroresistance (Figure 3.18). This is made clear by the difference between the MIC and IC90 for 

many compounds. 

Gratifyingly, the next-
Figure 3.18 Persistence of microcolonies after the breakpoint observed 

during routine MIC measurements.  
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generation amphiphiles displayed increased activity compared to three of the commercial QACs 

tested: BAC, CPC, and BEC. The other commercial QAC, DDAC, exhibited on par or decreased 

activity when compared to the best of the best QAC and the QPC tested. Also noteworthy, the pan 

resistant strain that is resistant to colistin (MRSN 17493) was completely resistant to every QAC 

tested. This is likely because colistin resistance is typically attributed to  two-component systems, 

such as PhoPQ and PmrAB, that append cationic  ethanolamines or 4-amino-L-arabinose to the 

Table 3.7 Antibiotic susceptibility profiles of the tested A. baumannii clinical isolates. ATCC is a lab strain of A. 

baumannii. AMK = amikacin, GEN = gentamycin, TOB = tobramycin, CAZ = ceftazidime, FEB = cefepime, 

CRO = ceftriaxone, SAM = ampicillin-sulbactam, IPM = imipenem, MEM = meropenem, CIP = ciprofloxacin, 

LVX = levofloxacin, TET = tetracycline, SXT = trimethoprim-sulfamethoxazole, CST = colistin sulfate.  
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phospholipid heads of LPS, thereby replacing the negative charge with a positive one at 

physiological pH.93–95 This inhibits the binding of polycationic colistin via charge repulsion, which 

is likely occurring with the cationic QACs. Intriguingly, the QPC tested did not seem to be 

perturbed by this pan resistant isolate, as it had an IC90 of 3μM. This is an extremely important 

piece of evidence that indicates QPCs may be acting with a different mode of action than QACs 

as they are able to evade mechanisms of resistance that they should not be able to. Additionally, 

we tested the ability of the best QAC and QPC, along with BAC, DDAC, and a 94:100 mixture of 

BAC and DDAC against the biofilms of a lab strain of AB and two extensively drug resistant 

clinical isolate in a minimum biofilm eradication concentration (MBEC) assay (Table 3.9). The 

mixture of the two QACs is based on the commercially used disinfectant Virex 256. The pan 

Table 3.8 Susceptibility of clinical isolates to commercial QAC disinfectants and best-in-class QACs and QPC. 

See Figure 3.18 for structures of each compound. White = Low IC90, bacterium less resistant. Orange = High IC90, 

bacterium more resistant. ATCC 19606 is a lab strain of A. baumannii.  
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resistant strain was attempted in this 

assay, but it was unable to form 

mature and robust biofilms. 

Extensively drug-resistant AB have 

been shown to be poor biofilm 

formers previously.91 The results 

showed once again that the QPC was better than the QACs, and the Virex imitation and DDAC 

tended to be better than the best-in-class QAC tested by about a dilution.  

In order to determine how resistance to these disinfectants may be occurring, we performed 

a resistance selection assay on wild-type lab strain ATCC 19606 with the best-in-class QAC and 

QPC, as well as the best commercial QACs, BAC and DDAC (Table 3.10). During the 100 serial 

passages, no resistance was observed for the QPC; however, the isolate that survived the 100 days 

at sub-MIC concentrations did have the most mutations of any resistant isolate, indicating the 

bacterium tried to overcome the QPC treatment but these mutations were futile. Resistance was 

Table 3.10 Disinfectant and antibiotic susceptibility profiles of the resistance mutants and the mutations they 

accrued during exposure. ATCC is a wild-type lab strain of A. baumannii. AMK = amikacin, GEN = gentamycin, 

TOB = tobramycin, CAZ = ceftazidime, FEB = cefepime, CRO = ceftriaxone, SAM = ampicillin-sulbactam, IPM 

= imipenem, MEM = meropenem, CIP = ciprofloxacin, LVX = levofloxacin, TET = tetracycline, SXT = 

trimethoprim-sulfamethoxazole, CST = colistin sulfate.  

Table 3.9 Minimum biofilm eradication concentration (MBEC) 

of the top commercial QACs, a clinically used combination of the 

two (3.1 + 3.3), and the most efficacious best-in-class QAC and 

QPC. ATCC 19606 is a lab strain of A. baumannii. White = low 

MBEC, orange = high MBEC.  
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seen for the three QACs, with a two-fold 

increase for the commercial BAC and 

DDAC and three resistant strains with 

two-, four-, and eight-fold increases for 

the best-in-class QAC.  

Next generation whole genome 

sequencing of the resistant isolates 

returned mutations in efflux pumps (hypothesized and known), as well as primary metabolism and 

membrane biosynthesis (Table 3.10). Expanded functions of each protein are displayed in Table 

3.11. Interestingly, a point mutation in the RND multidrug efflux pump AdeB (His84Asp) was 

seen in all resistant mutants generated. This efflux pump has been previously implicated in 

effluxing a variety of antibiotics and cationic disinfectants such as ethidium bromide and 

methyltriphenylphosphonium.96 The change from neutral to positively charged histidine to 

negatively charged aspartate may help this efflux pump electrostatically eject these cations from 

the cell. Additionally, two proteins in arginine biosynthesis and degradation (ArgF and AstC, 

respectively) that are necessary for cell wall formation were mutated in some isolates.97,98 

Mutations in MlaA, a protein involved in outer membrane biogenesis, were also prevalent in some 

of the resistant mutants.99 Additionally, serial passaging with DDAC and the QPC led to strains 

that had mutations in putative transcriptional regulators, which points towards amphiphilic 

disinfectant resistance being related to altered gene expression. Some mutants also had changes to 

their transcription and translation machinery, namely RpoC and PpiB, respectively. This may point 

to the bacterium overcoming cationic amphiphilic exposure via stabilization of the proteome, as 

reported by Knauf.28 Specifically, PpiB is known to assist with and accelerate protein folding.100,101 

Table 3.11 Expanded functions of the mutated genes 

discovered in the resistance selection assay.  
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The same frameshift mutation was present in four of the six mutants, indicating it is a generally 

beneficial mutation to accrue during amphiphile treatment.  

The strains were also tested for cross-resistance to the tested amphiphiles as well as the 14 

clinically relevant antibiotics the clinical isolates were originally screened against. No cross-

resistance was observed with the antibiotics and the resistant mutants, but there was some observed 

between the amphiphiles (Table 3.10). Most notably, the best-in-class QAC was typically more 

sensitive to the resistance gained in the resistance selection assay, whereas the other amphiphiles 

were much less perturbed by the resistance mechanisms employed by these strains. The differential 

resistance seen by the best-in-class QAC also indicates that these bacteria are likely resisting the 

amphiphiles in different ways, possibly through differences in upregulation of efflux pumps or 

modulation of other genes. 

 Herein, we were able to delve deeper into the correlation between amphiphile and antibiotic 

resistance. We demonstrated that colistin resistance confers resistance to QACs, whereas the newly 

investigated QPC as able to evade this resistance. We also demonstrated that this QPC is more 

adept at eradicating biofilms than its QAC counterparts, and likewise does not induce resistance. 

On the other hand, the tested commercial and best in class QACs were susceptible to resistance 

selection and were not as able to eradicate biofilms. Additionally, the best in class QAC tested 

against the generated resistant isolates was susceptible to cross resistance generated by the other 

QACs. Taken together, these results demonstrate the need for innovation in disinfectant practices 

in hospital settings to ensure the eradication of MDR, XDR, and PDR gram negative bacteria. 

 3.6.2 P. aeruginosa 

The synthesis of these compounds was completed by members of the Minbiole lab. MIC and 

hemolysis assays were completed by Ryan A. Allen, Savannah J. Post, and Kelly R. Morrison-

Lewis. Continuing research on this topic is being undertaken by Christian A. Sanchez. 
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 In a similar approach, we started with a thoughtfully tailored group of resistant PA (Table 

3.12). We then determined the MICs of the selected best in class QACs and commercial QACs 

against this panel (Table 3.13). IC90’s were not performed for these strains as they exhibited less 

microcolony formation and three consistent trials were able to be acquired. The clearest trend from 

this data is that the commercially available QACs are far less active than the best-in-class QACs. 

When it comes to the most active best in class QACs, 2-Pyr-11 was again one of the most active 

QACs in the group, along with 12(3)0(3)12, demonstrating that 11 to 12 carbon chains are more 

active than their 10 carbon chain counterparts. It was also apparent that there was a preference for 

bisQACs over tris- or monoQACs. Future work on these strains will include resistance selection 

and MBEC assays, as well as testing the strains against 3.110. 

3.7 Developing Novel QAC Scaffolds from a Natural Product: Quaternization of 

Ianthelliformisamine C 

Table 3.12 Antibiotic susceptibility profiles of the tested P. aeruginosa clinical isolates. NT = not tested, I = 

intermediate resistance, AMK = amikacin, GEN = gentamycin, TOB = tobramycin, CAZ = ceftazidime, FEB = 

cefepime, CRO = ceftriaxone, AZT = aztreonam, SAM = ampicillin-sulbactam, IPM = imipenem, MEM = 

meropenem, CIP = ciprofloxacin, LVX = levofloxacin, TRI = trimethoprim, PTC = piperacillin-tazobactam.  
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The synthesis of these compounds was completed by Ryan A. Allen and Caroline McCormack in 

equal contribution. The MIC, DISC, nitrocefin hydrolysis, and propidium iodide assays were 

completed by Ryan A. Allen and Caroline McCormack in equal contribution. A manuscript is in 

preparation to be submitted to ChemMedChem with the title “Transformation of 

Ianthelliformisamine C into a Novel Quaternary Ammonium Compound Decreases its 

Antibacterial Activity”. Authors: Ryan A. Allen, Caroline McCormack, William M. Wuest. 

 

3.7.1 Activity of the Ianthelliformisamines and Potential for Polypharmacological 

Development 

As previously mentioned in chapter 1, development of polypharmacological antibiotics is 

a viable strategy for preventing the eventual rise of resistance. We therefore sought to apply this 

strategy to the generation of a QAC, hypothesizing that a QAC with multiple targets would not 

generate resistance as quickly when leaked into the environment. We initially chose the 

ianthelliformisamines A and C (Figure 3.19) for this approach as they have previously reported 

Figure 3.19 Structures of ianthelliformisamine A (3.111) 

and C (3.112), as well as pulmonarin B. 

Table 3.13 MIC values for the tested P. aeruginosa clinical isolates against the commercially available QACs 

and the best-in-class QACs. White = low MIC, high activity. Orange = high MIC, low activity. 
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activity as protonophores in P. aeruginosa 

(MIC of 25 μg/mL) and inhibiting human 

carbonic anhydrase IX, as well as other 

human carbonic anhydrases, with 

nanomolar inhibitory activity (270 

nM).102,103 A quick BLASTp search of the 

PA and S. aureus (SA) genomes revealed that both organisms have an analogous enzyme.104 The 

SA enzyme aligned with a score of 61.2 and an identity of 40.26%, while the alignment for PA 

gave a score of 99.4 and 30.47% identity. Moreover, ianthelliformisamine C was found to inhibit 

M. tuberculosis β-carbonic anhydrase with 10 μM inhibition.105 The BLASTp results from the SA 

and PA genomes revealed similar proteins in both bacteria, with a score of 111 and identity of 

45.93% for SA and a score of 69.7 and identity of 30.77% for PA.106 Carbonic anhydrases are 

viewed as new targets for antibiotic development as they are necessary for bacterial survival.105,107 

Additionally, pulmonarin B, a trimethyl QAC with a similar structure to the ianthelliformisamines, 

was found to be a potent acetylcholinesterase inhibitor in humans (Figure 3.19).108 A BLASTp 

search of the SA and PA genomes revealed similar carboxylesterase and lipase enzymes with good 

alignment (SA: 143 score and 36.44% identity, PA: score of 49 and 55.24% identity).109 Therefore, 

it is reasonable to assume that in addition to being protonophores, these molecules, specifically 

ianthelliformisamine C, likely inhibit the carbonic anhydrases of SA and PA and its QAC 

derivative may inhibit carboxylesterases or lipases. 

3.7.2 Total Synthesis of Ianthelliformisamine C and QAC Analogs 

Scheme 3.5 Retrosynthesis of the ianthelliformisamine C 

QAC analogs. Total synthesis of 3.112 had already been 

completed by others. 
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 Given the proven activity of ianthelliformisamine C, we decided to move forward with 

development of it as a potential QAC with polypharmacological properties (Scheme 3.5). The 

QACs could be easily made using already known procedures from 3.112, namely a reductive 

amination followed by an alkylation.53 This strategy gave us the option to do the reductive 

amination on with etither the long chains or formaldehyde to give the methyl groups, then 

alkylation with the opposite alkyl bromide. We started by using the total synthesis originally 

developed by Pieri and coworkers, which starts with a Wittig on 3,5-dibromo-4-

hydroxybenaldehyde, which gives the E-isomer exclusively (Scheme 3.6).102 After methylation of 

free phenol and hydrolysis of ester, acid is primed for coupling to spermine. Unfortunately, the 

literature reported procedure for the amide coupling with dicyclohexylcarbodiimide (DCC) and 

hydroxybenzotriazole (HOBt) did not go as smoothly as the rest of the synthesis. When these 

conditions were attempted, we obtained C in 29% yield, albeit with some small impurities. We 

reattempted this reaction several times with varying success (Table 3.14). We attribute the variable 

yields mainly to the purification process of this molecule. The reaction itself has multiple 

byproducts, including dicyclohexylurea, HOBt, excess starting acid, excess DCC, and monomer 

ianthelliformisamine A. The reaction also does not go to completion, adding DCC-coupled starting 

acid and HOBt-coupled 

starting acid to the mixture. 

We tried to circumvent this 

by running the reaction for 

longer; however, this did 

not yield more product. We 

also ran the reaction at a 

Scheme 3.6 Synthetic scheme towards the total synthesis of 3.112.  
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higher temperature to consume more starting materials, which only led to the isolation of acid and 

activated esters. The variety of intermediates and side products made the columns particularly 

difficult to run and get good separation. Moreover, the columns had to be run in a gradient of 

DCM:methanol:NH4OH, with concentrations going up to 5:5:1 DCM:methanol: NH4OH. This is 

an issue as silica gel starts to shear when concentrations go above 10% methanol in DCM, which 

meant we also collected silica with our desired material.  

 To circumvent this troublesome column, we attempted a variety of different purification 

techniques. First, we tried doing an extraction procedure, in which we would first quench the 

reaction with 0.5 M HCl in water, then extract the organic layer multiple times with the same 

solvent.. This protonates the free amines on C, thereby extracting it from the organic layer and 

leaving the starting material acid, HOBt, and any coupled intermediates in the organic layer. The 

aqueous layers would then be basified with 1 M NaOH, combined, and extracted multiple times 

with 5% methanol in DCM. The base would deprotonate the free amines, allowing them to dissolve 

in the organic layer more efficiently. After the last extraction and drying with sodium sulfate, the 

Table 3.14 Coupling conditions attempted to make ianthelliformisamine C (3.112). DCC = 

dicyclohexylcarbodiimide, HOBt = 1-hydroxybenzotriazole, NHP = N-hydroxythalimide, HATU = 

hexafluorophosphate azabenzotriazoletetramethyluronium, T3P = propanephosphonic anhydride. 



94 

 

combined organic layers were filtered, concentrated, and analyzed via NMR. To our chagrin, there 

were always some residual peaks from starting materials and byproducts, as the extraction process 

was never completely efficient at removing them. We then attempted running a reverse phase 

column. This procedure would allow for us to use a silica gel that would not shear under the solvent 

conditions, and would allow for easy purification of the somewhat aqueous soluble C. 

Unfortunately, these columns took over 8 hours to run and did not give separation. We then sought 

to use HPLC instead of a hand column for our reverse phase approach. This approach gave back 

starting material, so we hypothesized that our material was degrading on the column because of 

the acidic aqueous conditions. However, even when we used ammonium hydroxide in place of 

formic acid in the solvents, we still saw only starting material acid come off the column. Knowing 

from the crude NMR that C was most likely in the mixture, we hypothesized that despite the basic 

conditions, we were either degrading our desired product or it was in quantities too low to detect 

Scheme 3.6 Total synthesis of the desired QAC analogs 3.121-3.124. DIC = diisopropylcarbodiimide, NHS = N-

hydroxysuccinimide. 
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with the UV detector on the instrument. Despite our best efforts, the column appeared to be the 

best solution to our purification problem as it still gave the best separation.  

 In attempt to optimize the amide coupling, we tried a variety of different coupling 

conditions (Table 3.14). We tried switching out the HOBt for N-hydroxythalimide, as HOBt 

comes as a hydrate salt and we hypothesized this water could be responsible for consumption of 

the DCC activated ester and returning of starting materials. This worked better than the HOBt at 

producing product; however, we were unable to separate A and C from one another, nor from the 

triethylamine (TEA) base. When HATU was used as the coupling reagent, we initially did not 

produce any product in the reaction. When we switched the solvent and base from acetonitrile and 

diisopyopylethylamine (DIPEA) to DCM and TEA, we were able to isolate C in 20% yield. T3P 

gave no product even though no starting material acid was detected in the mixture via TLC. We 

hypothesize that the intermediate was forming and either partially hydrolyzing to make the ester 

less activated or the ester intermediate was not electrophilic enough to tempt spermine to react. 

Seeing as the acid is conjugated to an electron rich aryl ring via the alkene, it is likely not as 

electrophilic as typical acids in amide couplings. In an attempt to make the carbonyl more 

electrophilic, we formed acyl chloride in situ, then added it to a solution of spermine. We were 

able to produce C in 28% yield using this procedure; however, the yields were irreproducible. This 

can again be attributed to the challenging purifications, especially since product usually coeluted 

with TEA. We also attempted several direct amidations from the ethyl ester intermediate; however, 

these reactions either gave no product or, in the case of when THF was used as the solvent, Michael 

addition to the α,β-unsaturated ester. This occurred either through Michael addition of spermine 

or water from the THF or spermine that attacked that position. 
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 Gratifyingly, we were able to make C via a two step amide coupling procedure (Scheme 

3.6). By first activating the ester with diisopropylcarbodiimide (DIC) to obtain the activated N-

hydroxysuccinimide (NHS) ester, we were able to cleanly purify it from the byproducts and side 

products to allow for the clean addition of spermine into ester. Because the only side product was 

NHS, this reaction was easy to purify either by column chromatography or by extraction via the 

previously described procedure. We were then able to obtain pure C in 69% yield. 

 With the worst of our woes behind us, we were able to do a reductive amination of long 

chain aldehydes as well as formaldehyde onto the core scaffold (Scheme 3.6). These reactions 

proceeded in moderate to good yields and were simple to purify via column chromatography. With 

alkylated amines in hand, we were then able to methylate the amines with methyl iodide to furnish 

the QACs in poor yields. The yields for these reactions are low because the purification required 

trituration with hot ethyl acetate to extract out the impurities, which dissolves a small amount of 

the product as well. We also attempted to reverse the order of alkylation by first methylating with 

a reductive amination, then alkylating with long chain bromides. These reactions did not produce 

product, even when refluxed in acetonitrile or heated with sodium iodide in DMF.  

3.7.3 Biological Activity of Ianthelliformisamine C and its QAC Derivatives 

 With the long sought 

after C and QACs in hand, we 

turned our gazes towards 

assessing their biological 

activity. We started with an 

MIC assay against eight 

strains of biologically 

Table 3.15 MICs of ianthelliformisamine C and QAC analogs against 

gram- positive and -negative strains, as well as hemolysis20 concentrations. 

MSSA = methicillin-susceptible S. aureus, HA-MRSA = hospital-acquired 

methicillin-resistant S. aureus, CA-MRSA = community-acquired 

methicillin-resistant S. aureus. 
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relevant pathogens, using commercial QAC BAC (3.1) as a control (Table 3.15). The bisdecyl 

QAC 3.122 was not tested as it was unable to be purified and retain its purity. To our dismay, the 

only QAC that was active was dimethyl QAC 3.121. The long chain QACs 3.123 and 3.124 were 

likely inactive as they did not dissolve in the 10% DMSO in water solution. 3.112 tended to be the 

most active against all pathogens tested, with 3.121 and 3.117 having slightly diminished activity. 

N-methyl natural product 3.117 being less active than the natural product itself is interesting as it 

implies that either the methyl groups make C a worse protonophore, or the additional methyl 

groups interfere with binding to β-carbonic anhydrase or other potential protein targets. 

Additionally, 3.121 was likely active because the phenolic amide is acting like a long alkyl chain 

and intercalating into the membrane.  

 We then did a preliminary assessment of toxicity via hemolysis20 assay (Table 3.15). 

Despite being inactive against bacteria, the long chain QACs were able to lyse red blood cells with 

activity that is on par with commercially available BAC. C, N-methyl C, and dimethyl QAC C 

were all relatively nonlytic to red blood cells, giving them a good therapeutic index. Surprisingly, 

the long chain QACs were able to lyse red blood cells, indicating they are soluble in high enough 

quantities to lyse red blood cells but not bacterial cells.  

3.8  Conclusions 

 This work explored and expanded upon the classes QACs and bacterial resistance to them. 

Starting with appending QACs to antibiotic polymyxin B, we were able to broaden its scope from 

just gram-negative to include gram-positive bacteria as well. We also completed further 

investigations into rigidity-activity relationships, we were able to corroborate previous findings 

indicating that antibacterial activity is improved when the positively charged nitrogens are closer 

to one another, possibly through cooperative binding. We additionally explored trivalent sulfonium 
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compounds (TSCs) as replacements for nitrogenous QACs. We also utilized the ferrocene moiety 

containing QAC as a trojan horse strategy, aiming to use the iron as a pass for easier access to the 

cytosol. The best of these compounds had single digit micromolar activity against all strains tested, 

and even against clinical MRSA isolates. We discovered that the TSCs had comparable activity to 

their QAC counterparts, and they could potentially evade resistance mechanisms to QACs. We 

also explored the mechanisms of QAC resistance in clinical isolates of A. baumannii, finding a 

correlation between QAC resistance and colistin resistance. We also identified novel quaternary 

phosphonium compounds (QPCs) as potent antibacterial agents against these extensively and pan 

drug resistant isolates. Through a resistance selection assay, we were able to discover a mutation 

in the efflux pump AdeB that corresponds to QAC resistance; however, even with this mutation, 

the bacteria were still susceptible to the tested QPC. Additionally, QPCs were more potent biofilm 

eradicators than any of the commercial or best-in-class QACs tested. We also tested our best-in-

class compounds against clinical isolates of P. aeruginosa, finding that commercial QACs that are 

currently being used in hospitals are ineffective against these highly resistant pathogens. We also 

discovered a slight preference for bisQACs with 11 to 12 carbon chain lengths for the best activity. 

To expand upon polypharmacology in QACs, we undertook the total synthesis of 

ianthelliformisamine C and it quaternization. Through this study, we were able to determine one 

of the mechanisms of action of these compounds, namely that of membrane depolarization for C 

and membrane permeabilization for the QAC. Taken together, this work broadens the scope of 

QACs, novel derivatives thereof, and the mechanisms of resistance that endanger their continued 

efficacy. 
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Chapter 4: Discussion 

 

Using the Wuest Lab approach, the total synthesis and biological investigation of 

previously unexplored mindapyrroles was undertaken in the search for novel mechanisms of action 

that can target drug resistant bacteria. These molecules, recently discovered in 2019, have an 

unexplored mechanism of action that could potentially be polypharmacological. Originally 

hypothesized to be ionophores, similar molecules have been proven to act as protonophores that 

depolarize the membrane in addition to inhibiting a variety of protein targets. To allow for further 

investigation of their mechanism of action, I completed the second total synthesis of mindapyrrole 

A and the first total synthesis of mindapyrrole B by initially designing three routes to access these 

molecules. I also expanded upon the chemistry of resorcinol and γ-resorcylic acid dimers, as well 

as 2-acylpyrroles. Additionally, I confirmed the antibacterial activity of these compounds through 

minimum inhibitory concentration (MIC) assays. I also demonstrated the inability for S. aureus to 

develop resistance to pyoluteorin over a 24 day period.  

In an effort to return disinfectant activity against previously resistant bacteria, a variety of 

collaborations were leveraged towards the investigation of novel and particularly active 

amphiphilic surfactants against both lab strains and extensively and pan drug resistant bacteria, 

wherein I and fellow members of the Wuest lab acted as the microbiologists. To explore the effect 

of grafting a quaternary ammonium warhead onto polymyxin B, the Pires lab at the University of 

Virginia undertook the synthesis of a library of QAC-containing analogs that we were able to 

switch the activity of this molecule from solely gram-negative to both gram-negative and -positive. 

To expand the current knowledge on rigidity-activity relationships in quaternary ammonium 

compounds (QACs), the Minbiole lab at Villanova University synthesized a library of novel QACs 

of varying structures that I and several other members of the Wuest lab tested in MIC and 
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hemolysis assays. A series of bispyridinium QACs with ethyl linkers of varying rigidity (alkane, 

alkene, and alkyne) were tested to expand the activity-rigidity relationships know for QACs. 

Through MMIC assays, we were able to demonstrate the decreased activity of the more rigid 

alkyne-linked bispyridinium compounds, likely due to decreased cooperative binding. To exploit 

the iron acquisition systems of bacteria, the Minbiole lab synthesized a series of ferrocene-

containing mono- and bisQACs that we tested against a library of lab strains as well as MRSA 

clinical isolates. We were able to show that the best synthesized analogs were more active than 

commercially available QAC disinfectant benzalkonium chloride. The expand the classes of 

amphiphilic disinfectants, the Minbiole lab synthesized a series of trivalent sulfonium compounds 

(TSCs) that we tested for antibacterial activity. Comparing them to structurally similar QACs, we 

were able to show the TSCs had similar activity and less toxicity than commercially available 

cetylpyridinium chloride. To explore disinfectant resistance in multidrug- and pan-resistant A. 

baumannii and P. aeruginosa clinical isolates, we tested the antibacterial activity of the best-in-

class cationic surfactants synthesized by the Minbiole lab and compared them to commercial 

disinfectants that are currently being used to disinfectant hospitals. We were able to show that the 

tested quaternary phosphonium compound (QPC) tested was the most efficacious against all A. 

baumannii tested, and it was effective at eradicating biofilms. Additionally, resistance selections 

assays revealed a variety of mutations that helped a lab strain of A. baumannii overcome QAC 

treatment, such as mutations to phospholipid synthesis and chaperone-like enzymes. To synthesize 

QACs with the potential for polypharmacological properties, undergraduate research student 

Caroline McCormack and I undertook the total synthesis of ianthelliformisamine C and QAC 

analogs via quaternization of the internal amines. Through this synthesis and MIC assays, we were 

able to show that methylation and quaternization of the internal amines decreased activity against 
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all bacteria tested. These efforts expand the variety of amphiphilic disinfectants structures and 

confirm their activity, explore the efficacy of commercially available and best-in-class amphiphilic 

disinfectants against clinical isolates, discovered novel mutations acquired in response to QAC 

treatment, and generated disinfectants with the possibility of having polypharmacological 

properties. 
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Chapter 5: Experimental Details 

 

5.1  General Information 

 

5.1.1 General Chemical Materials and Methods 

 

NMR spectra were collected using the following instruments: Varian INOVA400, VNMR400, 

Bruker NEO400, Varian INOVA500, Varian INOVA600, and Bruker AVANCA III HD 600. All 

NMRs were collected at ambient temperature. The collected spectra were normalized to the 

corresponding solvent in which the sample was dissolved (1H: δ = 7.26 ppm and 13C: δ = 77.2 ppm 

for chloroform, 1H: δ = 3.31 ppm and 13C: δ = 49.0 ppm for methanol, 1H: δ = 2.05 ppm and 13C: 

δ = 29.8 ppm for acetone, 1H: δ = 2.50 ppm and 13C: δ = 39.5 ppm for dimethyl sulfoxide). Trace 

amounts of water in each solvent was accounted for as follows (1H: δ = 1.56 ppm for chloroform, 
1H: δ = 4.87 ppm for methanol, 1H: δ = 2.84 ppm for acetone, 1H: δ = 3.33 ppm for dimethyl 

sulfoxide). The abbreviations used to describe the coupling patterns are as follows: s (singlet), d 

(doublet), t (triplet), q (quartet), m (multiplet), b (broad singlet), dd (doublet of doublets), dt 

(doublet of triplets), etc. 

 

Accurate mass spectra were obtained on a Thermo LTQ-FTMS using either APCI or ESI 

techniques. 

 

Infrared spectra were obtained neat using a Thermoscientific Nicolet with an attenuated total 

reflectance (ATR) with a germanium crystal. Peaks were recorded in cm-1 and described as either 

weak (w), strong (s), or broad (b). 

 

Non-aqueous reactions were performed under an atmosphere of argon in flame-dried glassware. 

Solvents used were either HPLC grade solvents dried by passage through alumina or were DrySolv 

solvents purchased from VWR. Amine bases were distilled over calcium hydride when indicated. 

Otherwise, amine bases were used without further purification. Brine refers to saturated solution 

of sodium chloride. Purification via flash chromatography describes purification via Biotage 

Isolera One Automated Column. Reactions monitored via thin-layer chromatography (TLC) using 

aluminum-backed silica gel 60 F254 TLC plates obtained from Millipore-Sigma Supelco. Products 

purified via reverse phase high performance liquid chromatography (HPLC) were purified using 

an Agilent 1260 Infinity II LC System. Solvents used were HPLC grade water and acetonitrile 

each spiked with 0.1% formic acid.  

 

5.1.2 General Biological Materials and Methods 

 

For all biological assays, bacteria were grown overnight in 5 mL of Mueller-Hinton broth (MHB) 

at 37˚C with shaking from freezer stocks made from 0.6 mL of stationary phase bacterial culture 

and 0.6 mL of sterile filtered 50% glycerol in water.  

 

5.1.2.1 Minimum Inhibitory Concentrations (MIC) Assay 
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Compounds were serially diluted two-fold from 1 mM or 1 mg/mL stock solutions (10% DMSO 

in water) to yield twelve test concentrations in round bottom or flat bottom 96-well plates, each 

well containing 100 μL of solution. Overnight cultures were diluted to ca. 106 cfu/mL in MHB 

and regrown to exponential phase as determined by optical density recorded at 600 nm (OD600). 

All cultures were then diluted again to ca. 106 cfu/mL in MHB (CLSI Standards) and 100 μL were 

inoculated into each well. Plates were incubated statically at 37˚C for 24 hours (mindapyrroles and 

ianthelliformisamines) or 72 hours (quaternary ammonium compounds), at which point they were 

evaluated visually for bacterial growth. The MIC was determined as the lowest concentration of 

compound resulting in no bacterial growth visible to the naked eye, based on three independent 

trials. In the case of IC90 values, the OD’s were measured on a plate reader to determine inhibition 

at 90%. Aqueous 10% DMSO was used as a negative control, and the appropriate antibacterial 

compound was used as a positive control (mindapyrroles: oxacillin sodium salt, quaternary 

ammonium compounds and ianthelliformisamines: benzalkonium chloride (70% 

benzyldimethyldodecylammonium chloride, 30% benzyl dimethyltetradecyl ammonium 

chloride)).  

 

5.1.2.2 Hemolysis20 Assay 

 

Mechanically defibrinated sheep’s blood (1.5 mL) was centrifuged in a sterile Eppendorf tube at 

10,000 rpm for 10 minutes at ambient temperature. The supernatant was discarded, and the cells 

pellet was resuspended in 1.0 mL of sterile filtered phosphate buffered solution (PBS). These steps 

of centrifugation followed by resuspension were repeated until the supernatant was no longer red 

and was clear. The pellet was resuspended in 1.0 mL of PBS, then diluted into 29 mL of PBS. In 

round bottom plates, 100 μL of a 1 mM or 1 mg/mL solution of compound was serially diluted 

across the plate to give twelve test concentrations. PBS was used as a negative control 0% lysis) 

and a 1% solution of Triton-X was used as a positive control (100% lysis). Then, 100 μL of diluted 

red blood cells were added to each well. The plates were incubated at 37˚C with shaking for one 

hour, then centrifuged at 3,700 rpm for ten minutes. The supernatant was then carefully pipetted 

from the well and added to a 96-well flat bottom plate. The absorbance at 540 nm was then read 

using a plate reader. The 0% lysis was then subtracted from the 100% lysis, and 20% of that 

normalized number was used as the benchmark for 20% hemolysis. Concentrations above this 

number were considered hemolytic. 

 

5.2  Synthetic Procedures 

 

5.2.1 Chapter 2 
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2-(2’,6’-dimethoxybenzoyl)pyrrole (2.7): A flame dried flask under argon at 0˚C was charged 

with thionyl chloride (0.677 mL, 9.33 mmol, 3.4 equiv.). To this was added 2,6-dimethoxybenzoic 

acid (507.2 mg, 2.74 mmol, 1.0 equiv.) in portions. The reaction was then warmed to room temp 

and stirred for 1 hour before excess thionyl chloride was removed under reduced pressure. The 

resulting yellow oil was dissolved in DCM (4.0 mL, 0.69 M) and cooled to 0˚C in a water-ice bath. 

To this solution was added dropwise freshly distilled pyrrole (0.190 mL, 2.74 mmol, 1.0 equiv.) 

dissolved in DCM (4.0 ml, 0.69 M). After addition, the solution was stirred at ambient temperature 

for 3 hours, then 1 M sulfuric acid (4.12 mL, 4.12 mmol, 1.5 equiv.) was added. The biphasic 

solution was stirred for 20 minutes before the layers were separated. The aqueous layer was 

extracted twice with DCM, then the combined organic layers were washed twice with a saturated 

sodium bicarbonate solution, twice with brine, dried with MgSO4, filtered, concentrated under 

reduced pressure, and purified via flash column chromatography (silica gel, 20% ethyl acetate in 

hexanes) to yield 2.7 (0.3700 g, 1.60 mmol, 58%) as a white solid. Spectra matched those 

previously reported.1,2 
1H NMR: (600 MHz, , (CD3)2CO) δ 10.97 (b, 1H), 7.34 (t, J = 8.4 Hz, 1H), 7.14 (td, J = 2.5 Hz, 

1.5 Hz, H), 6.71 (d, J = 8.4, 2H), 6.42-6.40 (m, 1H), 6.17 (td, J = 2.4 Hz, 3.8 Hz, 1H), 3.70 (s, 6H). 
13C-NMR: (100.6 MHz, (CD3)2CO) δ 183.1, 158.6, 134.7, 131.2, 125.6, 119.6, 118.5, 110.7, 

105.0, 56.1. 

 

 

 

 

 

2-(2’,6’-dihydroxybenzoyl)pyrrole (2.8): In a flame dried flask under argon was suspended 2.7 

(0.8952 g, 3.86 mmol, 1.0 equiv.) in DCM (6.2 mL, 0.62 M). The suspension was cooled to -78˚C, 

then boron tribromide (1.0 M, 30.9 mL, 30.9 mmol, 8.0 equiv.) was added via syringe pump (0.67 

mL/minute). The reaction was slowly warmed to -40˚C over 4 hours, then warmed to ambient 

temperature and stirred for 2 days. The reaction was then cooled to 0˚C in a water-ice bath, and 

the reaction was quenched via slow addition of ice cubes. The aqueous phase was the extracted 

thrice with ethyl acetate. The combined organic layers were then washed once with brine, dried 

with MgSO4, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (40% ethyl acetate with 0.1% acetic acid in hexanes) to yield yellow solid 2.8 

(0.7423 g, 3.66 mmol, 94% yield). Spectra matched those previously reported.1 
1H-NMR: (400 MHz, (CD3)2SO) δ 11.79 (s, 1H), 9.37 (s, 2H), 7.07-7.05 (m, 1H), 6.97 (t, J = 8.1 

Hz, 1H), 6.39-6.36 (m, 1H), 6.34 (d, J = 8.2 Hz, 2H), 6.10 (dt, J = 3.8, 2.2 Hz, 1H) 
13C-NMR: (100.6 MHz, (CD3)2SO) δ  
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2-(2’,6’-dihydroxybenzoyl)pyrrole O,O-diacetate (2.9): In a flame dried flask under argon was 

dissolved 2.8 (0.1282 g, 0.63 mmol, 1.0 equiv.) in ethyl acetate (6.3 mL, 0.1 M). To this was added 

triethylamine (0.195 mL, 1.39 mmol, 2.2 equiv.), and the reaction was stirred at ambient 

temperature for ten minutes. The reaction was then cooled to 0˚C in a water-ice bath, then acetyl 

chloride (91 μL, 1.26 mmol, 2.0 equiv.) was added, causing the clear orange solution to turn a 

chunky yellow. The reaction was allowed to slowly warm to ambient temperature overnight, then 

quenched the next day with ca. 0.5 M HCl. The aqueous layer was extracted twice with ethyl 

acetate, then the combined organic layers were washed once with brine, dried with MgSO4, 

filtered, concentrated under reduced pressure, and purified via flash column chromatography (15% 

ethyl acetate in hexanes) to yield 2.9 (0.1645 g, 0.57 mmol, 91% yield) as a yellow oil. Spectra 

matched those previously reported.1,3 
1H-NMR: (600 MHz, CDCl3) δ 9.37 (b, 1H), 7.48 (t, J = 8.4 Hz, 1H), 7.11 (d, J = 8.3 Hz, 2H), 

7.11-7.09 (m, 1H), 6.68-6.62 (m, 1H), 6.28-6.26 (m, J = 3.9, 1H), 2.03 (s, 6H). 
13C-NMR: (100.6 MHz, (CD3)2SO) δ  

 

 

 

 

 

 

4,5-dichloro-2-(2’,6’-dihydroxybenzoyl)pyrrole O,O-diacetate (2.10): In a flame dried flask 

under argon was dissolved 2.9 (0.1645 g, 0.57 mmol, 1.0 equiv.) in chloroform (1.55 mL, 0.37M). 

To this was added N-chlorosuccinimide (0.1547 g, 1.15 mmol, 2.01 equiv.) of N-

chlorosuccinimide. The reaction was then heated to reflux for 18 hours. Once cooled, the reaction 

was quenched with a saturated sodium bicarbonate solution. The aqueous layer was extracted twice 

with ethyl acetate, then the combined organic phases were washed once with brine, dried with 

MgSO4, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (15% ethyl acetate in hexanes) to yield a yellow solid (0.1581 g, 0.44 mmol, 78% 

yield). Spectra matched those previously reported.1,3 
1H-NMR: (400 MHz, (CD3)2SO) δ 9.39 (s, 1H), 7.50 (t, J = 8.2 Hz, 1H), 7.12 (d, J = 8.3 Hz, 2H), 

6.59 (s, 1H), 2.10 (s, 6H). 
13C-NMR: (100.6 MHz, (CD3)2SO) δ  
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Pyoluteorin (2.1): In a vial was dissolved 2.10 (0.2120 g, 0.60 mmol, 1.0 eq.) in methanol (3.31 

mL, 0.18 M), then a drop of concentrated hydrochloric acid was added. The reaction was heated 

at 60˚C for 3 hours, then the mixture was concentrated and triturated with deionized water to yield 

2.1 (0.1642 g, 0.60 mmol, quantitative yield) as a yellow solid. Spectra matched those previously 

reported.1–3 
1H-NMR: (500 MHz, (CD3)2SO) δ 13.13 (d, J = 1.7 Hz, 1H), 9.50 (s, 2H), 7.01 (d, J = 6.5 Hz, 

1H), 6.40 (d, J = 2.2 Hz, 1H), 6.34 (d, J = 6.5 Hz, 2H). 
13C-NMR: (126 MHz, (CD3)2SO) δ 182.81, 155.69, 130.99, 130.32, 119.32, 116.55, 114.48, 

109.20, 106.42. 

HRMS (APCI-): C11H7NO3Cl2 [M
-] requires 271.98758; Found: 271.98775. 

 

 

 

 

 

Mindapyrrole A (2.2): In a flame dried flask under argon was dissolved dimethoxymethane (2.60 

μL, 29.4 μmol, 1.00 equiv.) and aluminum (III) chloride (6.2 mg, 47.0 μmol, 1.60 equiv.) in 

acetonitrile (1.0 mL, 0.03 M). To this was added 2.1 (28.8 mg, 106 μmol, 3.60 equiv.), and the 

reaction was stirred at reflux for 16 hours. The reaction was then quenched with deionized water, 

and the aqueous phase was extracted thrice with ethyl acetate. The combined organic layers were 

washed once with brine, dried with magnesium sulfate, filtered, concentrated under reduced 

pressure, and purified via flash column chromatography (silica gel, 25% to 45% ethyl acetate with 

0.1% acetic acid in hexanes) to yield 2.2 (13.2 mg, 81% yield) as a yellow solid. The yellow solid 

was further purified via HPLC (30% to 95% acetonitrile in water with 0.1% formic acid). Spectra 

matched those previously reported.2,4 

 1H-NMR: (400 MHz, CD3OD) δ 7.03 (d, J = 8.4 Hz, 2H), 6.68 (s, 2H), 6.37 (d, J = 8.4 Hz, 1H), 

3.78 (s, 2h). 
13C-NMR: (106 MHz, CD3OD) δ 185.8, 156.3, 155.8, 134.5, 131.9, 121.6, 120.7, 119.3, 114.7, 

111.9, 108.4, 29.7. 

HRMS (ESI-): C23H12N2O6Cl4 [M
-] requires 552.95332; Found: 552.95496. 

 

 

 

 

 

 

 

 

 

Mindapyrrole B (2.3): In a flame dried flask under argon was dissolved aeruginaldehyde (2.5) 

(6.1 mg, 30 μmol, 1.00 equiv.) and aluminum (III) chloride (12.7 mg, 95.3 μmol, 3.20 equiv.) in 

acetonitrile 1.6 mL, 0.02 M). The yellow reaction was stirred for 10 minutes before 2.1 (25.5 mg, 

93.7 μmol, 3.20 equiv.) was added. The reaction was heated to reflux for 16 hours, then cooled to 
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ambient temperature and quenched with deionized water. The aqueous phase was extracted thrice 

with ethyl acetate, then the combined organic layers were washed once with brine, dried with 

magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (silica gel, 25% to 45% ethyl acetate with 0.1% acetic acid in hexanes) to yield 

2.3 (7.1 mg, 9.7 μmol, 33% yield) as a yellow solid. The yellow solid was further purified via 

HPLC (30% to 95% acetonitrile in water with 0.1% formic acid). The spectra matched those 

previously reported.4 
1H-NMR: (600 MHz, CD3OD) δ 7.72 (dd, J = 7.8, 1.44 Hz, 1H), 7.28 (td, J = 8.6, 1.56 Hz, 1H), 

6.95-6.89 (m, 5H), 6.79 (s, 2H), 6.37 (d, J = 8.5 Hz, 2H), 6.13 (s, 1H). 
13C-NMR: (106 MHz, (CD3)2CO) δ 184.8, 172.0, 169.2, 158.4, 157.6, 156.8, 134.6, 132.6, 131.4, 

127.9, 122.1, 120.9, 120.4, 119.0, 118.3, 117.9, 115.5, 117.7, 111.5, 108.0, 40.1. 

HRMS (ESI+): C32H20N3O7Cl4S [M+] requires 729.97706; Found: 729.97689. 

 

 

 

 

 

 

Methyl-(R)-2-(2-hydroxyphenyl)-4,5-dihydrothiazole-4-carboxylate (2.63): In a flame dried 

flask under argon was suspended 2-hydroxybenzonitrile (1.53460 g, 12.88 mmol, 1.00 equiv.) and 

L-cysteine methyl ester hydrochloride (8.8282 g, 51.43 mmol, 3.99 equiv.) in methanol (12.6 mL, 

1.02 M). The reaction was heated to reflux overnight, then quenched the next morning with 

deionized water at ambient temperature. The aqueous phase was extracted twice with diethyl ether, 

then the combined organic layers were washed once with brine, dried with magnesium sulfate, 

filtered, concentrated under reduced pressure, and purified via flash column chromatography 

(silica gel, 15% to 25% ethyl acetate in hexanes) to yield 2.63 (2.4852 g, 10.47 mmol, 81% yield) 

as a white solid. Spectra matched those previously reported.5 
1H-NMR: (600 MHz, CDCl3) δ 7.42 (dd, J = 7.9, 1.62 Hz, 1H), 7.38 (td, J = 8.9, 1.62 Hz, 1H), 

7.03 (d, J = 8.3 Hz, 1H), 6.89 (td, J = 7.9, 3.6 Hz, 1H), 5.36 (dd, J = 9.4, 8.0 Hz, 1H), 3.83 (s, 3H), 

3.69 (dd, J = 11.2, 7.9 Hz, 1H), 3.61 (dd, J = 11.7, 9.5 Hz, 1H). 

 

 

 

 

 

 

(R)-2-(4-(hydroxymethyl)-4,5-dihydrothiazol-2-yl)phenol (2.64): In a flame dried flask under 

argon was dissolved 2.63 (2.3416 g, 9.87 mmol, 1.00 equiv.) in ethanol (50 mL, 0.2 M). To this 

was added sodium borohydride (1.0532 g, 27.8 mmol, 2.82 equiv.) in portions, waiting for the 

bubbling to subside before adding the next portion. After the addition, the reaction was stirred at 

ambient temperature for 3.5 hours, then quenched with ethyl acetate and a saturated aqueous 

solution of sodium bicarbonate. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, filtered, 
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concentrated under reduced pressure, and purified via flash column chromatography (silica gel, 

25% ethyl acetate in hexanes) to yield 2.64 (2.4852 g, 10.47 mmol, 81% yield) as a yellow solid. 

Spectra matched those previously reported.5 
1H-NMR: (400 MHz, CDCl3) δ 7.42 (dd, J = 7.8, 1.6 Hz, 1H), 7.37 (td, J = 8.4, 1.64 Hz, 1H), 7.01 

(dd, J = 8.3, 0.88 Hz, 1H), 6.89 (td, J = 7.8, 1.16 Hz, 1H), 4.89 (ddt, J = 13.4, 8.64, 4.9 Hz, 1H), 

4.00 (dd, J = 11.2, 5.1 Hz, 1H), 3.85 (dd, J = 11.3, 4.8 Hz, 1H), 3.44 (dd, J = 10.9, 8.9 Hz, 1H), 

3.36 (dd, J = 10.9, 8.2 Hz, 1H). 

 

 

 

 

 

Aeruginaldehyde (2.5): In a flame dried flask under argon was dissolved 2.0 M oxalyl chloride 

in DCM (1.85 mL, 3.71 mmol, 2.22 equiv.) in DCM (42 mL, 0.15 M). The flask was cooled to -

78˚C, then DMSO (0.450 mL, 6.28 mmol, 3.76 equiv.) was added slowly dropwise, causing the 

solution to bubble. The reaction was stirred for 20 minutes, then 2.64 (349.3 mg, 1.67 mmol, 1.00 

equiv.) dissolved in DCM (43 mL, 0.039 M) was slowly added. The reaction was stirred for another 

30 minutes, then triethylamine (2.80 mL, 20.0 mmol, 12.0 equiv.) was added slowly, turning the 

chunky white solution a clear yellow. The reaction was stirred for another 5 hours at -78˚C, then 

quenched with deionized water. The aqueous layer was acidified to a pH below 5 with 1 M HCl, 

then the aqueous layer was extracted twice with DCM. The combined organic layers were washed 

once with brine, dried with magnesium sulfate, filtered, concentrated under reduced pressure, and 

purified via flash column chromatography (silica gel, 0% to 15% ethyl acetate in hexanes) to yield 

2.5 (342.6 mg, 0.98 mmol, 59% yield) as a pale-yellow solid. Spectra matched those previously 

reported.5 
1H-NMR: (600 MHz, CDCl3) δ 11.61 (b, 1H), 10.07 (s, 1H), 8.14 (s, 1H), 7.64 (dd, J = 7.9, 1.56 

Hz, 1H), 7.39 (td, J = 8.5, 1.56 Hz, 1H), 7.11 (dd, J = 8.4, 1.08 Hz, 1H), 6.96 (td, J = 7.9, 1.14 Hz, 

1H). 
13C-NMR: (106 MHz, (CD3)2CO) δ 172.6, 159.8, 133.7, 131.2, 119.6, 117.5, 117.0, 79.2, 63.8, 

33.3. 

 

 

 

 

 

 

Dibenzyl 3,3'-methylenebis(2,6-dimethoxybenzoate) (2.12): In a flame dried flask under argon 

was dissolved dimethoxymethane (200 μL, 2.26 mmol, 1.0 equiv.) and aluminum (III) chloride 

(0.4813 g, 3.61 mmol, 1.6 equiv.) in acetonitrile (23 mL, 0.10 M). The reaction was stirred for 5 

minutes, then benzyl-2,6-dimethoxybenzoate (1.5497 g, 5.69 mmol, 2.52 equiv.) was added. The 

reaction was heated to 45˚C for 3 hours, then quenched with deionized water. The aqueous layer 

was extracted twice with ethyl acetate, then the combined organic phases were washed once with 

brine, dried with MgSO4, filtered, concentrated under reduced pressure, and purified via flash 
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column chromatography (0% to 10% ethyl acetate in hexanes) to yield 2.12 (0.7790 g, 1.40 mmol, 

62% yield) as a white solid.  
1H-NMR: (600 MHz, CDCl3) δ 7.47-7.45 (m, 3H), 7.38-7.31 (m, 5H), 6.97 (d, J = 8.6 Hz, 2H), 

6.59 (d, J = 8.5 Hz, 2H), 5.39 (s, 4H), 3.87 (s, 2H), 3.78 (s, 6H), 3.62 (s, 6H). 

 

 

 

 

 

 

3,3'-methylenebis(2,6-dimethoxybenzoic acid) (2.13): In a flame dried vial under argon was 

dissolved 2.12 (0.3894 g, 0.70 mmol, 1.0 equiv.) in methanol (8.4 mL, 0.083 M). The solution was 

put under vacuum until bubbles started to form, then backfilled with argon four times to ensure no 

oxygen was present in the reaction mixture. Next, palladium on carbon (9.4 mg, 0.088 mmol, 0.13 

equiv.) was added, then the mixture was put under vacuum until bubbles formed then backfilled 

with argon four times. Finally, the mixture was put under vacuum and backfilled with hydrogen 

gas five times to ensure a hydrogen full atmosphere. Hydrogen gas was then bubbled through the 

solution for 3 hours, then stirred under an atmosphere of hydrogen for another 3 hours. When TLC 

analysis had indicated the reaction had finished, the mixture was filtered over celite, yielding 2.13 

(0.2626 g, 0.70 mmol, quantitative yield) as a white solid. 
1H-NMR: (600 MHz, CD3OD) δ 7.07 (d, J = 8.6 Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 3.91 (s, 2H), 

3.81 (s, 6H), 3.77 (s, 6H). 

 

 

 

 

 

 

 

Methylenebis(2,6-dimethoxy-3,1-phenylene)bis((1H-pyrrol-2-yl)methanone) (2.14): In a 

flame dried flask under argon was suspended 2.13 (0.1011 g, 0.27 mmol, 1.0 equiv.) in 1,2-

dichlorethane (3.0 mL, 0.09 M). To this was added thionyl chloride (45 µL, 0.59 mmol, 2.2 equiv.) 

at room temperature. The reaction then refluxed for 3.5 hours, yielding a brown solution. Once 

cooled to ambient temperature, the  reaction cooled to 0°C and freshly distilled pyrrole (200 µL, 

2.88 mmol, 10.7 equiv.) dissolved in DCM (10 mL, 0.29 M) were added in small portions (~0.5 

mL). After addition, the reaction was allowed to warm to room temperature overnight, then 

quenched the next morning with saturated ammonium chloride. The aqueous phase extracted twice 

with ethyl acetate, then the combined organic layers were washed once with brine, dried with 

MgSO4, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (15% to 30% ethyl acetate in hexanes) to yield 2.14 (0.0488 g, 0.27 mmol, 38% 

yield). 
1H-NMR: (600 MHz, CDCl3) δ 9.41 (b, 2H), 7.09-7.07 (m, 4H), 6.67 (d, J = 8.6 Hz, 2H), 6.57(m, 

2H), 6.25 (M, 2H), 3.95 (s, 2H), 3.73 (s, 6H), 3.65 (s, 6H). 
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(Methylenebis(2,6-dihydroxy-3,1-phenylene))bis((1H-pyrrol-2-yl)methanone) (2.15): In a 

vial under argon was dissolved 2.14 (48.6 mg, 0.102 mmol, 1.0 equiv.) in DCM (2.05 mL, 0.05 

M). The solution was cooled to -40˚C, then boron tribromide (0.62 mL, 0.615 mmol, 6.0 equiv.) 

was added slowly dropwise. The reaction was allowed to slowly warm to room temperature 

overnight, then cooled to 0˚C in a water-ice bath and quenched with ice cubes. The aqueous layer 

was then extracted thrice with 5% methanol in ethyl acetate, then the combined organic phases 

were washed once with brine, dried with MgSO4, filtered, concentrated under reduced pressure, 

and purified via flash column chromatography (silica gel, 20% to 45% ethyl acetate with 0.1% 

acetic acid in hexanes) to yield 2.15 (5.3 mg, 0.013 mmol, 12% yield).  
1H-NMR: (600 MHz, (CD3)2CO) δ 7.09-7.07 (m, 4H), 6.67 (d, J = 8.6 Hz, 2H), 6.57(m, 2H), 6.25 

(M, 2H), 3.95 (s, 2H), 3.73 (s, 6H), 3.65 (s, 6H). 

 

 

 

 

 

Methylenebis(2-(1H-pyrrole-2-carbonyl)benzene-4,1,3-triyl)tetraacetate (2.15-2.16): In a 

flame dried flask under argon was dissolved 2.15 (5.3 mg, 13 μmol, 1.0 equiv.) in ethyl acetate 

(0.63 mL, 0.02 M) and triethylamine (7.9 μL, 57 μmol, 4.5 equiv.). The reaction was stirred at 

ambient temperature for ten minutes, then cooled to 0˚C in a water ice bath. After cooling, acetyl 

chloride (3.7 μL, 52 μmol, 4.1 equiv.) was added, and the reaction was stirred at 0˚C for three 

hours. The reaction was then quenched with a saturated sodium bicarbonate solution, and the 

aqueous layer was extracted twice with ethyl acetate. The combined organic layers were washed 

once with brine, dried with MgSO4, filtered, concentrated under reduced pressure, and purified 

via flash column chromatography (silica gel, 15% ethyl acetate in hexanes) to yield intermediate 

2.15-2.16 (5.6 mg, 13 μmol, 75% yield). 

 

 

 

 

 

Methylenebis(2-(4,5-dichloro-1H-pyrrole-2-carbonyl)benzene-4,1,3-triyl)tetraacetate 

(2.16): In a flame dried vial under argon was dissolved intermediate 2.15-2.16 (5.6 mg, 9.5 μmol, 

1.0 equiv.) in chloroform (0.9 mL, 0.01 M). To this was added N-chlorosuccinimide (5.1 mg, 38 

μmol, 4.0 equiv.), and the reaction was stirred at 60˚C for 18 hours. The reaction was cooled to 

room temperature then quenched with an aqueous saturated sodium bicarbonate solution. The 

aqueous layer was extracted twice with ethyl acetate, then the combined organic layers were 

washed once with brine, dried with MgSO4, filtered, concentrated under reduced pressure, and 
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column purified (silica gel, 20% ethyl acetate in hexanes) to yield 2.16 (3.4 mg, 4.7 μmol, 49% 

yield). 

1H-NMR: (600 MHz, CDCl3) δ 9.57 (b, 2H), 7.26-7.23 (m, 2H), 7.09 (d, J = 8.5 Hz, 2H), 6.62 

(s, 2H), 3.78 (s, 2H), 2.05 (s, 12H). 

 

 

 

 

 

Benzyl 2,6-dihydroxybenzoate (2.18): In a flame dried flask under argon was dissolved 2,6-

dihydroxybenzoic acid (519.1 mg, 3.37 mmol, 1.00 equiv.) in DMF (4.0 mL, 0.84 M). To this was 

added potassium bicarbonate (505.1 mg, 5.05 mmol, 1.50 equiv.), and the reaction was stirred for 

10 minutes before benzyl bromide (600 μL, 5.04 mmol, 1.50 equiv.) was added. The reaction was 

heated to 40˚C for 5 days, then quenched with 1 M HCl. The aqueous phase was extracted twice 

with ethyl acetate, then the combined organic phases were washed thrice with brine, dried with 

magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (0% to 10% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.18 (537.0 

mg, 2.20 mmol, 65% yield) as a white solid.  

1H-NMR: (600 MHz, CDCl3) δ 9.71 (b, 1H), 7.46-7.38 (m, 5H), 7.31 (t, J = 8.4 Hz, 1H), 6.47 (d, 

J = 8.3 Hz, 2H), 5.50 (s, 2H). 

 

 

 

 

 

Dibenzyl 3,3'-methylenebis(2,6-dihydroxybenzoate) (2.19): In a flame dried flask under argon 

was dissolved dimethoxymethane (30.0 μL, 339 μmol, 1.0 equiv.) and aluminum (III) chloride 

(113.2 mg, 848 μmol, 2.50 equiv.) in acetonitrile (6.0 mL, 0.057 M). The reaction was stirred for 

10 minutes before 2.18 (293.8 mg, 1.20 mmol, 3.55 equiv.). The reaction was stirred at ambient 

temperature for 4 hours, then quenched with 1 M HCl. The aqueous phase was extracted twice 

with ethyl acetate, then the combined organic phases were washed once with brine, dried with 

magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (15% to 30% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.19 (63.6 

mg, 339 μmol, 38% yield) as a white solid.  

1H-NMR: (600 MHz, CDCl3) δ 10.07 (b, 2H), 9.45 (b, 2H), 7.45-7.37 (m, 10H), 7.18 (d, J = 8.5 

Hz, 2H), 6.39 (d, J = 8.5 Hz, 2H), 5.50 (s, 2H) 3.77 (s, 2H). 
13C-NMR: (106 MHz, CDCl3) δ 169.8, 159.3, 158.6, 138.0, 134.0, 129.4, 129.2, 129.0, 119.1, 

107.7, 99.8, 68.3, 28.7. 
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Methylenebis(2-((benzyloxy)carbonyl)benzene-4,1,3-triyl) tetrakis(2,2-dimethylpropanoate) 

(2.20): In a flame dried flask under argon was dissolved 2.19 (28.8 mg, 57.5 μmol, 1.00 equiv.) 

and triethylamine (50.0 μL, 359 μmol, 6.23 equiv.) in ethyl acetate (2.0 mL, 0.029 M). The reaction 

was stirred for 5 minutes before it was cooled to 0˚C in a water-ice bath, and pivaloyl chloride 

(50.0 μL, 406 μmol, 7.05 equiv.) was added slowly dropwise. The reaction was allowed to slowly 

warm to ambient temperature over 16 hours, then quenched with a saturated aqueous sodium 

bicarbonate solution. The aqueous phase was extracted twice with ethyl acetate, then the combined 

organic phases were washed once with brine, dried with magnesium sulfate, filtered, concentrated 

under reduced pressure, and purified via flash column chromatography (0% to 10% ethyl acetate 

in hexanes) to yield 2.20 (42.7 mg, 57.5 μmol, 89% yield) as a white solid. 

1H-NMR: (600 MHz, CDCl3) δ 7.39-7.29 (m, 10H), 7.07 (d, J = 8.5 Hz, 2H), 6.95 (d, J = 8.6 Hz, 

2H), 5.25 (s, 2H) 3.70 (s, 2H), 1.20 (s, 9H), 1.17 (s, 9H). 

 

 

 

 

 

3,3'-methylenebis(2,6-bis(pivaloyloxy)benzoic acid) (2.21): In a flame dried vial under argon 

was dissolved 2.20 (42.7 mg, 51.0 μmol, 1.00 equiv.) in methanol (5.0 mL, 0.01 M). The vial was 

purged and backfilled with argon five times, then palladium on carbon (17.5 mg, 8.22 μmol, 0.16 

equiv.) was added. The vial was purged and backfilled with argon five times, then purged and 

backfilled with hydrogen gas five times. Hydrogen gas was then bubbled through the solution for 

3 hours, the stirred at ambient temperature for 16 hours. The reaction was then filtered over celite, 

then concentrated under reduced pressure to yield 2.21 (33.5 mg, 51.0 μmol, 100% yield) as a 

white solid. 

1H-NMR: (600 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H), 3.71 (s, 2H), 

1.33 (s, 9H), 1.29 (s, 9H). 

 

 

 

 

 

4,4'-methylenebis(benzene-1,3-diol) (2.23) and 2-(2,4-dihydroxybenzyl)benzene-1,3-diol 

(2.24): In a flame dried flask under argon was dissolved dimethoxymethane (100 μL, 1.13 mmol, 

1.00 equiv.) and aluminum (III) chloride (229.0 mg, 1.72 mmol, 1.52 equiv.) in acetonitrile (10 

mL, 0.11 M). The reaction was stirred for 10 minutes, then resorcinol (909.9 mg, 8.26 mmol, 7.31 

equiv.) was added. The reaction was stirred for 16 hours at ambient temperature, then the reaction 

was quenched with 1 M HCl. The aqueous phase was extracted twice with ethyl acetate, then the 

combined organic phases were washed once with brine, dried with magnesium sulfate, filtered, 

concentrated under reduced pressure, and purified via flash column chromatography (15% to 31% 

to 33% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.23 (178.1 mg, 767 μmol, 68%) 

and 2.24 (33.3 mg, 143 μmol, 13% yield), both as very pale orange solids. 
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2.23 1H-NMR: (500 MHz, (CD3)2CO) δ 8.34 (b, 3H), 7.96 (b, 1H), 6.92 (d, J = 8.2 Hz, 2H), 6.37 

(d, J = 2.4 Hz, 2H), 6.27 (dd, J = 8.2, 2.5 Hz, 2H), 3.73 (s, 2H). 

2.24 1H-NMR: (500 MHz, (CD3)2CO) δ 8.59 (b, 2H), 7.97 (b, 2H), 7.20 (d, J = 8.3 Hz, 1H), 6.84 

(t, J = 8.1 Hz, 1H), 6.40 (d, J = 8.1 Hz, 2H), 6.33 (d, J = 2.5 Hz, 1H), 6.25 (dd, J = 8.3, 2.5 Hz, 

1H), 3.84 (s, 2H). 

 

 

 

 

 

 

Bis(2,4-dimethoxyphenyl)methane (2.25): In a flame dried flask under argon was dissolved 

dimethoxymethane (100 μL, 1.13 mmol, 1.00 equiv.) and aluminum (III) chloride (234.8 mg, 1.76 

mmol, 1.56 equiv.) in acetonitrile (10 mL, 0.11 M). The reaction was stirred for 10 minutes, then 

dimethoxybenzene (1.0 mL, 7.64 mmol, 6.76 equiv.) was added. The reaction was stirred for 16 

hours, during which time it turned from clear to a light yellow. The reaction was then quenched 

with 1 M HCl. The aqueous phase was extracted twice with diethyl ether, then the combined 

organic phases were washed once with brine, dried with magnesium sulfate, filtered, concentrated 

under reduced pressure, and purified via flash column chromatography (0% to 4% to 6% ethyl 

acetate in hexanes) to yield 2.25 (188.2 mg, 653 μmol, 58%) as a white solid. 

1H-NMR: (500 MHz, CDCl3) δ 6.90 (d, J = 8.3 Hz, 2H), 6.46 (d, J = 2.4 Hz, 2H), 6.39 (dd, J = 

8.3, 2.5 Hz, 2H), 3.80 (s, 6H), 3.78 (s, 6H), 3.75 (s, 2H). 

 

 

 

 

 

 

 

bis(2,4-bis(allyloxy)phenyl)methane (2.26): In a flame dried flask under argon was dissolved 

2.23 (160.0 mg, 0.689 mmol, 1.00 equiv.) in acetone (2.0 mL, 0.34 M). This was added to a flame 

dried flask under argon charged with potassium carbonate (1.143 g, 8.27 mmol, 12.0 equiv.) 

suspended in 0.5 mL of acetone (16.5 M). The reaction was stirred at ambient temperature for 2 

hours before allyl bromide (0.90 mL, 10.4 mmol, 15.1 equiv.) was added slowly dropwise. The 

reaction heated to reflux for 2 hours, then quenched with 1 M HCl. The aqueous phase was 

extracted twice with diethyl ether, then the combined organic phases were washed once with brine, 

dried with magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash 

column chromatography (0% to 4% to 6% ethyl acetate in hexanes) to yield 2.26 (63.2 mg, 161 

μmol, 23%) as a white solid. 

1H-NMR: (500 MHz, CDCl3) δ 6.96 (d, J = 8.5 Hz, 2H), 6.47 (d, J = 2.3 Hz, 2H), 6.39 (dd, J = 

8.3, 2.4 Hz, 2H), 6.10-5.99 (m, 4H), 5.43-5.35 (m, 4H), 5.29-5.21 (M, 4H), 4.52-4.48 (m, 8H), 

3.88 (s, 2H). 
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bis(2,4-bis(benzyloxy)phenyl)methane (2.27): In a flame dried reaction tube under argon was 

dissolved 2.23 (51.0 mg, 0.220 mmol, 1.00 equiv.) in DMF (2.1 mL, 0.10 M). Sodium hydride 

(43.2 mg, 1.08 mmol, 5.0 equiv.) was added, and the reaction was stirred at ambient temperature 

for 20 minutes before benzyl bromide (0.240 mL, 2.05 mmol, 9.5 equiv.) was added slowly 

dropwise. The reaction was the heated to 60˚C for 16 hours, then quenched with a saturated 

aqueous ammonium chloride solution. The aqueous phase was extracted twice with diethyl ether, 

then the combined organic phases were washed once with brine, dried with magnesium sulfate, 

filtered, concentrated under reduced pressure, and purified via flash column chromatography (0% 

to 4% to 6% ethyl acetate in hexanes) to yield 2.27 (88.6 mg, 149 μmol, 69%) as a white solid. 

1H-NMR: (500 MHz, CDCl3) δ 7.43-7.36 (m, 9H), 7.33-7.28 (m, 11H), 6.95 (d, J = 8.3 Hz, 2H), 

6.58 (d, J = 2.4 Hz, 2H), 6.45 (dd, J = 8.3, 2.5 Hz, 2H), 3.95 (s, 2H). 

 

 

 

 

 

 

bis(2,4-bis((2-(trimethylsilyl)ethoxy)methoxy)phenyl)methane (2.28): In a flame dried 

reaction tube under argon was dissolved 2.23 (50.0 mg, 0.215 mmol, 1.00 equiv.) in DMF (2.1 

mL, 0.10 M). Sodium hydride (42.6 mg, 1.07 mmol, 5.0 equiv.) was added, and the reaction was 

stirred at ambient temperature for 20 minutes before SEM-chloride (0.36 mL, 2.05 mmol, 9.5 

equiv.) was added slowly dropwise. The reaction was stirred at ambient temperature for 16 hours, 

then quenched with a saturated aqueous ammonium chloride solution. The aqueous phase was 

extracted twice with diethyl ether, then the combined organic phases were washed once with brine, 

dried with magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash 

column chromatography (0% to 4% to 6% ethyl acetate in hexanes) to yield 2.28 (23.0 mg, 30.5 

μmol, 14%) as a white solid. 

1H-NMR: (500 MHz, CDCl3) δ 6.93 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 2.4 Hz, 2H), 6.45 (dd, J = 

8.4, 2.4 Hz, 2H), 5.20 (s, 4H), 5.17 (s, 4H), 3.84 (s, 2H), 3.76-3.69 (m, 8H), 0.97-0.93 (m, 8H), 

0.00 (s, 18H), -0.01 (18H). 
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bis(2,4-bis((tert-butyldimethylsilyl)oxy)phenyl)methane (2.29): In a flame dried reaction tube 

under argon was dissolved 2.23 (50.6 mg, 0.218 mmol, 1.00 equiv.) in DMF (2.1 mL, 0.10 M). 

The reaction was cooled to 0˚C before DBU (0.23 mL, 1.51 mmol, 7.0 equiv.) was added, and the 

reaction was stirred at at this temperature for 20 minutes before TBS-chloride (0.3081 mg, 2.05 

mmol, 9.5 equiv.) was added. The reaction was slowly warmed to room temperature over 16 hours, 

then quenched with a saturated aqueous ammonium chloride solution. The aqueous phase was 

extracted twice with diethyl ether, then the combined organic phases were washed once with brine, 

dried with magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash 

column chromatography (0% to 4% to 6% ethyl acetate in hexanes) to yield 2.29 (128.8 mg, 187 

μmol, 87%) as a white solid. 

1H-NMR: (500 MHz, CDCl3) δ 6.68 (d, J = 8.2 Hz, 2H), 6.34 (dd, J = 8.2, 2.4 Hz, 2H), 6.31 (d, 

J = 2.4 Hz, 2H), 3.75 (s, 2H), 0.97 (s, 18H), 0.91 (s, 18H), 0.18 (s, 12H), 0.17 (s, 12H). 

 

 

 

 

 

 

4,5-Dichloro-2-trichloroacetylpyrrole (2.30): In a flame dried flask under argon was suspended 

2-trichloroacetylpyrrole (1.1050g, 5.20 mmol, 1.00 equiv.) in DCM (15 mL, 0.35 M). To this was 

slowly added sulfuryl dichloride (0.95 mL, 11.8 mmol, 2.26 equiv.). Reaction stirred for 16 hours, 

then quenched with saturated sodium bicarbonate The aqueous phase was extracted twice with 

ethyl acetate, then the combined organic phases were washed once with brine, dried with 

magnesium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (0% to 5% ethyl acetate in hexanes) to yield 2.30 (1.3126 g, 4.67 mmol, 90%) as 

a pale orange solid. 

1H-NMR: (500 MHz, CDCl3) δ 9.41 (s, 1H), 7.29 (s, 1H). 

 

 

 

 

 

 

4,5-dichloro-1H-pyrrole-2carboxylic acid (2.31): In a flask was dissolved 2-trichloroacetyl 

pyrrole (302.5 mg 1.08 mmol, 1.00 equiv.) in DMSO (13.0 mL, 0.083 M). To this was slowly 

added an aqueous K2CO3 solution (50 ml, 2 M, 96.4 mmol, 90 equiv.). Reaction stirred at room 

temperature for 5 hours, then quenched with 3 M HCl until the aqueous layer pH was less than 2. 

The aqueous layer was extracted twice with ethyl acetate, then the combined organic layers were 

washed once with brine, dried with magnesium sulfate, concentrated and purified via flash column 

chromatography (10% to 25% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.31 (190.5 

mg, 1.058 mmol, 98%) as a pale tan solid. 

1H-NMR: (600 MHz, CD3OD) δ 6.77 (s, 1H). 
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N-allyl-4,5-dichloro-pyrrole-2-carboxylic acid (2.33): In a flame dried flask under argon was 

dissolved 2.30 (195.8 mg, 0.696 mmol, 1.00 equiv.) in DMF (4.0 mL, 0.17 M). It was cooled to 

0°C, then sodium hydride (35.8 mg, 0.895 mmol, 1.29 equiv.) was added portion wise, causing the 

solution to bubble. Reaction stirred for 10 minutes, then allyl bromide (0.10 mL, 1.16 mmol, 1.66 

equiv.) was added slowly dropwise. Reaction allowed to slowly warm to room temp overnight, 

then quenched by dumping into an aqueous solution of K2CO3 (13.0 mL, 2.0 M, 26.0 mmol, 37.4 

equiv.) and transferred with DMSO (15 mL) and acetone (10 mL). Reaction heated to 36°C for 4 

hours, then quenched by acidifying the aqueous layer to below 4 with 3M HCl. The aqueous layer 

was extracted twice with ethyl acetate, then the combined organic layers were washed once with 

brine, dried with magnesium sulfate, concentrated and purified via flash column chromatography 

(5% to 10% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.33 (113.3 mg, 0.515 mmol, 

74%) as a pale-yellow solid. 

1H-NMR: (400 MHz, CDCl3) δ 11.75 (b, 1H), 7.09 (s, 1H), 5.91 (ddt, J = 15.4, 10.2, 5.1 Hz, 1H), 

5.17 (d, J = 10.3 Hz, 1H), 5.04 (d, J = 5.1 Hz, 1H), 4.95 (d, J = 17.7 Hz, 1H). 
13C-NMR: (106 MHz, CDCl3) δ 164.8, 132.5, 123.3, 119.5, 118.8, 117.4, 110.9, 48.7. 

 

 

 

 

 

 

N-benzyl-4,5-dichloro-pyrrole-2-carboxylic acid (2.34): In a flame dried flask under argon was 

dissolved 2.30 (256.4 mg, 0.911 mmol, 1.00 equiv.) and 18-crown-6 (256.8 mg, 0.972 mmol, 1.07 

equiv.) in THF (2.0 mL, 0.5 M). The reaction was cooled to 0°C, then potassium t-butoxide (124.8 

mg, 1.11 mmol, 1.22 equiv.) was added, causing the reaction to turn a dark brown. The reaction 

was stirred for 10 minutes before it was cannulated into a solution of benzyl bromide (0.18 mL, 

1.51 mmol, 1.66 equiv.) in THF (2.0 mL, 0.75 M). Reaction allowed to slowly warm to room temp 

overnight. An additional 50 uL of benzyl bromide were added at 11am, then the reaction was 

quenched at 4pm by dumping it into an aqueous solution of potassium carbonate (16.0 mL, 2.0 M, 

32.0 mmol, 35.1 equiv.). The flask was rinsed with DMSO (20 mL), then the new reaction mixture 

was heated to 35°C overnight. Reaction quenched the next morning with 3M HCl until the pH was 

below 2. The aqueous layer was extracted twice with ethyl acetate, then the combined organic 

layers were washed once with brine, dried with magnesium sulfate, concentrated and purified 

washing the crude solid dissolved in diethyl ether with deionized water 10 times to yield 2.34 

(136.8 mg, 0.507 mmol, 56%) as a pale-yellow solid. 

1H-NMR: (600 MHz, CDCl3) δ 7.32-7.27 (m, 3H), 7.11 (s, 1H), 7.08 (d, J = 7.1 Hz, 2H), 5.66 (s, 

2H). 
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N-((2-(trimethylsilyl)ethoxy)methyl)-4,5-dichloro-pyrrole-2-carboxylic acid (2.35): In a flame 

dried flask under argon was dissolved 2.30 (345.2 mg, 1.23 mmol, 1.00 equiv.) in DMF (3.5 mL, 

0.05 M). It was cooled to 0°C, then sodium hydride (59.0 mg, 1.50 mmol, 1.2 equiv.) was added 

portion wise, causing the solution to bubble. Reaction stirred for 10 minutes, then SEM-chloride 

(0.33 mL, 1.84 mmol, 1.5 equiv.) was added slowly dropwise. Reaction allowed to slowly warm 

to room temp overnight, then quenched by dumping into an aqueous solution of K2CO3 (18.4 mL, 

2.0 M, 36.8 mmol, 30.0 equiv.) and transferred with DMSO (8 mL) and acetone (8 mL). Reaction 

heated to 36°C for 4 hours, then quenched by acidifying the aqueous layer to below 4 with 3M 

HCl. The aqueous layer was extracted twice with ethyl acetate, then the combined organic layers 

were washed once with brine, dried with magnesium sulfate, concentrated and purified via flash 

column chromatography (0% to 8% ethyl acetate with 0.1% acetic acid in hexanes) to yield 2.35 

(337.0 mg, 01.09 mmol, 89%) as a pale-yellow solid. 

1H-NMR: (500 MHz, CDCl3) δ 7.10 (s, 1H), 5.78 (s, 2H), 3.59 (dd, J = 8.3, 8.1 Hz, 2H), 0.91 

(dd, J = 8.3, 8.0 Hz, 2H), -0.03 (s, 9H). 

 

 

 

 

 

N-methyl-4,5-dichloro-pyrrole-2-carboxylic acid (2.36): In a flame dried flask under argon was 

dissolved 2.30 (200.9 mg, 0.714 mmol, 1.00 equiv.) in DMF (4.0 mL, 0.18 M). It was cooled to 

0°C, then sodium hydride (37.1 mg, 0.927 mmol, 1.3 equiv.) was added portion wise, causing the 

solution to bubble. Reaction stirred for 10 minutes, then methyl iodide (0.080 mL, 1.3 mmol, 1.8 

equiv.) was added slowly dropwise. Reaction allowed to slowly warm to room temp overnight, 

then quenched by dumping into an aqueous solution of K2CO3 (13 mL, 2.0 M, 26.0 mmol, 36.4 

equiv.) and transferred with DMSO (15 mL). Reaction heated to 36°C for 4 hours, then quenched 

by acidifying the aqueous layer to below 4 with 3M HCl. The aqueous layer was extracted twice 

with ethyl acetate, then the combined organic layers were washed once with brine, dried with 

magnesium sulfate, concentrated and purified via flash column chromatography (0% to 12% ethyl 

acetate with 0.1% acetic acid in hexanes) to yield 2.36 (118.2 mg, 0.609 mmol, 85%) as a pale-

brown solid. 

1H-NMR: (500 MHz, CDCl3) δ 7.05 (s, 1H), 3.92 (s, 3H). 

 

 

 

 

1,1'-(methylenebis(2,6-dihydroxy-3,1-phenylene))bis(2,2,2-trichloroethan-1-one) (2.37): In a 

flame dried flask under argon was dissolved 2.23 (26.4 mg, 0.114 mmol, 1.00 equiv.) in THF (1.1 
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mL, 0.1 M) and TEA (0.032 mL, 0.227 mmol, 2.0 equiv.). The reaction was stirred at room temp 

for 10 minutes, then 2.30 (68.3 mg, 0.243 mmol, 2.14 equiv.) was added. Reaction stirred at 

ambient temperature for 24 hours, then heated to 35˚C for 24 hours. The reaction was then 

quenched with 1 M HCl. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, concentrated 

and purified via flash column chromatography (0% to 12% ethyl acetate with 0.1% acetic acid in 

hexanes) to yield 2.36. 

1H-NMR: (500 MHz, CDCl3) δ 7.98 (d, J = 8.8 Hz, 2H), 7.79 (d, J = 9.0 Hz, 2H),  4.08 (s, 2H). 

 

 

 

 

 

 

4,5-dichloro-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-carboxylic anhydride (2.45): 

In a flame dried flask under argon was dissolved 2.35 (500.0 mg, 1.61 mmol, 1.00 equiv.) in freshly 

distilled TEA (0.52 mL, 3.73 mmol, 2.31 equiv.) and DCM (3.0 mL, 0.54 M). The reaction as 

cooled to 0˚C, then thionyl chloride (0.070 mL, 0.959 mmol, 0.595 equiv.) was added slowly 

dropwise. The reaction was allowed to warm to room temperature over 2.5 hours, then it was 

quenched with saturated sodium bicarbonate solution. The aqueous layer was extracted twice with 

diethyl ether, then the combined organic layers were washed once with brine, dried with 

magnesium sulfate, concentrated and purified via flash column chromatography (0% to 4% ethyl 

acetate in hexanes) to yield 2.45 (352.7 mg, 0.585 mmol, 73% yield). 

1H-NMR: (600 MHz, CDCl3) δ 7.11 (s, 1H), 5.80 (s, 2H), 3.62 (dd, J = 8.2, 8.1 Hz, 2H), 0.92 

(dd, J = 8.3, 8.0 Hz, 2H), -0.02 (s, 9H). 

 

 

 

 

 

4,5-dichloro-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-carbonyl chloride (2.46): In a 

flame dried flask under argon was dissolved 2.35 (852.1 mg, 2.75 mmol, 1.00 equiv.) in freshly 

distilled TEA (1.61 mL, 11.54 mmol, 4.2 equiv.) and THF (60 mL, 0.046 M). The reaction was 

stirred for 5 minutes, then cooled to 0˚C before thionyl chloride (0.450 mL, 6.17 mmol, 2.25 

equiv.) was added slowly. The reaction was stirred at this temperature for 2 hours before it was 

quenched with saturated sodium bicarbonate. The aqueous layer was extracted twice with diethyl 

ether, then the combined organic layers were washed once with brine, dried with magnesium 

sulfate, concentrated and purified via flash column chromatography (0% to 4% ethyl acetate in 

hexanes) to yield 2.46 (900. mg, 2.74 mmol, 99.7% yield). 

1H-NMR: (600 MHz, CDCl3) δ 7.33 (s, 1H), 5.67 (s, 2H), 3.57 (dd, J = 8.2, 8.2 Hz, 2H), 0.90 

(dd, J = 8.3, 8.0 Hz, 2H), -0.02 (s, 9H). 
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bis(3-bromo-2,4-dimethoxyphenyl)methane (2.49): In a flame dried flask under argon was 

dissolved paraformaldehyde (15.7 mg, 0.523 mmol, 1.00 equiv.) in acetonitrile (5.0 mL, 0.1 M). 

To this was added aluminum (III) and the reaction was stirred at room temperature for 10 minutes 

before 2-bromo-1,3-dimetheoxybenzene (1.1116 g, 2.12 mmol, 9.81 equiv.) and the reaction was 

heated to 40˚C for 16 hours. The reaction was then quenched with deionized water at room 

temperature. The aqueous layer was extracted twice with diethyl ether, then the combined organic 

layers were washed once with brine, dried with magnesium sulfate, concentrated and purified via 

flash column chromatography (0% to 15% diethyl ether in hexanes) to yield 2.49 (82.8 mg, 0.186 

mmol, 36% yield). 

1H-NMR: (500 MHz, CDCl3) δ 6.95 (d, J = 8.6 Hz, 2H), 6.62 (d, J = 8.6 Hz, 2H), 3.96 (s, 2H), 

3.87 (s, 6H), 3.80 (s, 6H). 

 

 

 

 

 

 

(methylenebis(2,6-dimethoxy-3,1-phenylene))bis((4,5-dichloro-1-((2-(trimethylsilyl)ethoxy) 

methyl)-1H-pyrrol-2-yl)methanone) (2.50): In a flame dried flask under argon was dissolved 

2.49 (98.6 mg, 0.221 mmol, 1.00 equiv.) in THF (1.2 mL, 0.2 M) and TMEDA (0.083 mL, 0.553 

mmol, 2.5 equiv.). The reaction was cooled to -78˚C, then n-buLi was slowly added dropwise. The 

reaction was stirred at this temperature for 1.5 hours, then 2.45 (399.5 mg, 0.663 mmol, 3.00 

equiv.) dissolved in THF (1.2 mL, 0.55 M) was slowly added. The reaction was allowed to slowly 

warm to room temperature overnight, then the reaction was cooled to 0˚C and quenched with a 

saturated ammonium chloride solution. The aqueous layer was extracted twice with diethyl ether, 

then the combined organic layers were washed once with brine, dried with magnesium sulfate, 

concentrated and purified via flash column chromatography (0% to 20% diethyl ether in hexanes) 

to yield 2.50 (28.8 mg, 0.033 mmol, 15% yield). 

1H-NMR: (500 MHz, CDCl3) δ 7.06 (d, J = 8.6 Hz, 2H), 6.66 (d, J = 8.7 Hz, 2H), 6.43 (s, 2H), 

6.00 (s, 4H), 3.93 (s, 2H), 3.73-3.70 (M, 10H), 3.66 (s, 6H), 3.80 (s, 6H), 0.95 (dd, J = 8.3,8.1 Hz, 

4H), -0.01 (s, 18H). 

 

 

 

 

 

(methylenebis(2-hydroxy-6-methoxy-3,1-phenylene))bis((4,5-dichloro-1H-pyrrol-2-

yl)methanone) (2.51): In a flame dried flask under argon was dissolved 2.50 (28.8 mg, 0.033 
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mmol, 1.00 equiv.) in DCM (0.20 mL, 0.17 M). The solution was cooled to 0˚C, then 1 M boron 

trichloride in DCM (0.20 mL, 0.20 mmol, 6.06 equiv.) was slowly added. The reaction was stirred 

for 10 minutes before tetrabutylammonium iodide (97.5 mg, 0.264 mmol, 8.0 equiv.) was added. 

The reaction was allowed to warm to room temperature over 5 hours, then quenched with saturated 

ammonium chloride at 0˚C. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, concentrated 

and purified via flash column chromatography (15% to 30% ethyl acetate with 0.1% acetic acid in 

hexanes) to yield 2.51 (5.1 mg, 8.7 μmol, 26% yield). 

1H-NMR: (600 MHz, CDCl3) δ 7.23 (d, J = 8.5 Hz, 2H), 6.70 (s, 2H), 6.57 (d, J = 8.6 Hz, 2H), 

3.86 (s, 2H), 3.73 (s, 6H). 

  

 

 

 

2-bromo-1,3-dihydroxybenzene (2.52) and 4-bromo-1,3-dihydroxybenzene (2.53): In a flame 

dried flask under argon was dissolved 2-bromo-1,3-dimethoxybenzene (159.2 mg, 0.733 mmol, 

1.00 equiv.) in DCM (6.0 mL, 0.12 M). The reaction was cooled to 0˚C, then 1 M boron tribromide 

in DCM (3.5 mL, 3.5 mmol, 4.8 equiv.) was slowly added dropwise. The reaction was allowed to 

warm to room temperature slowly over 16 hours, then the reaction was quenched with a saturated 

ammonium chloride solution. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, concentrated 

and purified via flash column chromatography (15% to 30% ethyl acetate with 0.1% acetic acid in 

hexanes) to yield 2.52 and 2.53. The products degraded before a yield could be obtained, but the 

NMRs were able to be collected. The collected spectra matched those previously reported.6,7 

2.52 1H-NMR: (500 MHz, CDCl3) δ 7.11 (d, J = 8.1 Hz, 1H), 6.60 (d, J = 8.2 Hz, 2H). 

2.53 1H-NMR: (500 MHz, (CD3)CO) δ 8.57 (b, 2H), 7.25 (d, J = 8.7 Hz, 1H), 6.53 (d, J = 2.7 Hz, 

1H), 6.32 (d, J = 8.7, 2.8 Hz, 1H). 

 

 

 

 

 

6,6'-methylenebis(4-bromobenzene-1,3-diol) (2.54): In a flame dried flask under argon was 

dissolved 2.23 (111.1 mg, 0.478 mmol, 1.00 equiv.) in acetonitrile (4.0 mL, 0.12 M). The reaction 

was cooled to 0˚C, then N-bromosuccinimide was added, causing the reaction to turn bright yellow. 

Reaction allowed to allowed to slowly warm to room temperature over 16 hours, then it was 

quenched with ca. 0.5 M HCl. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, concentrated 

and purified via flash column chromatography (15% to 30% ethyl acetate with 0.1% acetic acid in 

hexanes) to yield 2.54 (73.5 mg, 0.188 mmol, 39% yield).  

1H-NMR: (500 MHz, (CD3)CO) δ 8.56 (b, 4H), 7.20 (s, 2H), 6.58(s, 2H), 3.75 (s, 2H). 
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1-allyl-4,5-dichloro-1H-pyrrole-2-carbonyl chloride (2.55): In a flame dried flask under argon 

was dissolved 2.33 (196.2 mg, 0.892 mmol, 1.00 equiv.) in THF (20.0 mL, 0.045 M) and freshly 

distilled TEA (1.00 mL, 7.17 mmol, 8.05 equiv.). The reaction was cooled to 0˚C, then thionyl 

chloride (0.230 mL, 3.15 mmol, 3.53 equiv.) was slowly added dropwise. Reaction stirred at this 

temperature for 1.5 hours, then it was quenched with a saturated sodium bicarbonate solution. The 

aqueous layer was extracted twice with ethyl acetate, then the combined organic layers were 

washed once with brine, dried with magnesium sulfate, concentrated and purified via flash column 

chromatography (0% to 10% diethyl ether in hexanes) to yield 2.55 (204.4 mg, 0.857 mmol, 96% 

yield).  

1H-NMR: (600 MHz, CDCl3) 7.31 (s, 1H), 5.86 (ddt, J = 17.1, 10.4, 5.2, 1H), 5.21 (d, J = 10.3, 

1H), 4.98 (d, J = 18.0, 1H), 4.96-4.94 (M, 2H). 

 

 

 

 

 

 

 

 

 

 

Methylenebis (6-bromobenzene-4,1,3-triyl) tetrakis(1-allyl-4,5-dichloro-1H-pyrrole-2-

carboxylate) (2.56): In a flame dried vial under argon was dissolved 2.54 (28.8 mg, 0.074 mmol, 

1.00 equiv.) and 2.55 (80.0 mg, 0.335 mmol, 4.54 equiv.) in acetonitrile (0.037 M). Cesium 

carbonate (131.8 mg, 0.405 mmol, 5.48 equiv.) was added, and the reaction was stirred at room 

temperature for 6 hours before it was quenched with 1 M HCl. The aqueous layer was extracted 

twice with DCM, then the combined organic layers were washed once with brine, dried with 

magnesium sulfate, concentrated and purified via flash column chromatography (0% to 8% ethyl 

acetate in hexanes) to yield 2.56 (67.7 mg, 0.057 mmol, 77% yield).  

1H-NMR: (400 MHz, CDCl3) 7.43 (s, 2H), 7.28 (s, 2H), 7.12 (s, 2H), 7.03 (s, 2H), 5.99-5.85 (m, 

4H), 5.99-5.85 (m, 4H), 5.22-5.17 (m, 4H), 5.08-4.96 (m, 8H), 3.83 (s, 2H). 
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methylenebis(6-bromo-2-(4,5-dichloro-1-((E)-prop-1-en-1-yl)-1H-pyrrole-2-carbonyl)-3-

hydroxy-4,1-phenylene) bis(4,5-dichloro-1-((E)-prop-1-en-1-yl)-1H-pyrrole-2-carboxylate) 

(2.57): In a flame dried vial under argon was dissolved 2.56 (5.1 mg, 4.3 μmol, 1.00 equiv.) in 

trifluoromethanesulfonic acid (0.30 mL, 0.014 M) at 0˚C, causing the reaction to turn bright 

yellow. The reaction was stirred at this temperature for 30 minutes before quenched via dumping 

into ice water. The aqueous layer was extracted twice with ethyl acetate, then the combined organic 

layers were washed once with brine, dried with magnesium sulfate, concentrated crude NMR 

confirmed the presence of 2.57. A yield could not be obtained before the molecule degraded.  

1H-NMR: (400 MHz, (CD3)CO) 7.20 (s, 2H), 6.98 (s, 2H), 6.59 (s, 2H), 4.98-4.92 (m, 4H), 4.43-

4.40 (m, 4H), 5.22-5.17 (m, 4H), 3.96-3.91 (m, 4H), 3.75 (s, 2H). 

 

 

 

 

 

 

 

bis(2,4-bis(allyloxy)-5-bromophenyl)methane (2.58): In a flame dried flask under argon was 

dissolved 2.54 (39.3 mg, 0.101 mmol, 1.00 equiv.) in acetone (2.0 mL, 0.04 M). This was added 

to a slurry of potassium carbonate (165.3 mg, 1.20 mmol, 11.9 equiv.) in acetone (0.5 mL, 2.4 M). 

The reaction was stirred at room temperature for 2 hours before allyl bromide (0.13 mL, 1.50 

mmol, 14.9 equiv.) was slowly added dropwise. The reaction was heated to reflux for 2 hours, then 

quenched with 1 M HCl. The aqueous layer was extracted twice with ethyl acetate, then the 

combined organic layers were washed once with brine, dried with magnesium sulfate, concentrated 

and purified via flash column chromatography (0% to 10% ethyl acetate in hexanes) to yield 2.58 

(51.4 mg, 0.093 mmol, 93% yield).  

1H-NMR: (500 MHz, CDCl3) 7.27 (s, 2H), 6.45 (s, 2H), 6.09-5.99 (m, 4H), 5.49-5.45 (m, 2H), 

5.40-5.36 (m, 2H), 5.32-5.28 (m, 4H), 3.79 (s, 2H). 
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bis(5-bromo-2,4-dimethoxyphenyl)methane (2.60): In a flame dried vial under argon was 

dissolved 2.25 (254.5 mg, 0.883 mmol, 1.00 equiv.) in acetonitrile (5.0 mL, 0.18 M). The reaction 

was cooled to 0˚C, then NBS (316.4 mg, 1.78 mmol, 2.01 equiv.). The reaction was allowed to 

slowly warm to room temperature overnight, then quenched the following morning with ca, 0.5 M 

HCl. The aqueous layer was extracted twice with diethyl ether, then the combined organic layers 

were washed once with brine, dried with magnesium sulfate, concentrated and purified via flash 

column chromatography (0% to 10% ethyl acetate in hexanes) to yield 2.60 (205.0 mg, 0.460 

mmol, 52% yield).  

1H-NMR: (500 MHz, CDCl3) 7.16 (s, 2H), 6.47 (s, 2H), 3.89 (s, 6H), 3.83 (s, 6H), 3.74 (s, 2H). 

 

 

5.2.2 Chapter 3 

 

 

 

 

 

(E)-Ethyl 3-(3,5-dibromo-4-hydroxyphenyl)acrylate (3.113): In a flame dried flask under argon 

was dissolved 3,5-dibromo-4-hydroxybenzaldehyde (0.2510 g, 0.90 mmol, 1.00 equiv.) in toluene 

(5.0 mL, 0.18 M). To this was added Carbethoxymethylene triphenylphosphorane (413.6 mg, 1.19 

mmol, 1.32 equiv.), causing the reaction to turn a light brown. The reaction was heated to 70˚C for 

16 hours, then quenched via concentration under reduced pressure. The waxy brown solid was 

purified via flash column chromatography (0% to 50% diethyl ether in hexanes) to yield 3.113 

(0.2951 g, 0.85 mmol, 94% yield) as a white solid. All spectra matched those previously reported.8 
1H-NMR: (400 MHz, CDCl3) δ 7.61 (s, 2H), 7.47 (d, J = 16.0 Hz, 1H), 6.32 (d, J = 15.9 Hz, 1H), 

4.25 (q, J = 7.1 Hz, 2H), 1.32 (t, 7.1 Hz, 3H). 
13C-NMR: (106 MHz, CD3OD) δ 166.6, 151.0, 141.3, 131.7, 129.7, 118.7, 110.5, 60.83, 14.4.  

HRMS (APCI+): C11H11O3
79Br2 [M

+] requires 348.90695; Found: 348.90741. 

 

 

 

 

 

 

(E)-Ethyl-3-(3,5-dibromo-4-methoxypenyl)acrylate (3.114): A flame dried flask under argon 

was charged with potassium carbonate (2.1423 g, 15.5 mmol, 1.2 equiv.) and 3.113 (4.6626 g, 13.9 

mmol, 1.00 equiv.). DMF (25 mL, 0.56 M) was added, followed by methyl iodide (1.05 mL, 16.9 

mmol, 1.22 equiv.). The reaction was stirred at ambient temperature for 17 hours, during which 



130 

 

time a solid crashed out of solution. The reaction was quenched with 30 mL of 1 M sodium 

hydroxide, then stirred for an additional 20 minutes. The aqueous layer was then extracted twice 

with ethyl acetate, then the combined organic layers were washed once with 1 M NaOH, four times 

with brine, dried with MgSO4, filtered, and concentrated under reduced pressure to yield 3.114 

(4.6568 g, 12.8 mmol, 92% yield). The spectra matched those previously reported. All spectra 

matched those previously reported.8 
1H-NMR: (400 MHz, CDCl3) δ 7.62 (s, 2H), 7.46 (d, J = 16.0 Hz, 1H), 6.32 (d, J = 15.9 Hz, 1H), 

4.23 (q, J = 7.2 Hz, 2H), 3.87 (s, 3H), 1.30 (t, 7.1 Hz, 3H). 

 

 

 

 

 

 

(E)-3-(3,5-dibromo-4-methoxypheyl)acrylic acid (3.115): In a flask was dissolved 3.114 

(1.2208 g, 3.49 mmol, 1.00 equiv.) and lithium hydroxide (0.3343 g, 13.96 mmol, 4.00 equiv.) in 

THF (7 mL, 0.5 M) and deionized water (2.0 mL, 1.75 M). The reaction was stirred at ambient 

temperature for 28 hours, then quenched with 1 M HCl. The aqueous layer was extracted thrice 

with ethyl acetate, then the combined organic layers were washed once with brine, dried with 

MgSO4, filtered, concentrated under reduced pressure, and purified via column chromatography 

(silica gel, 15% ethyl acetate with 0.1% acetic acid in hexanes) to yield 3.115 (0.9724 g, 2.89 

mmol, 83% yield) as white powder. All spectra matched those previously reported.8 
1H-NMR: (400 MHz, CD3OD) δ 7.83 (s, 2H), 7.52 (d, J = 16.0 Hz, 1H), 6.46 (d, J = 16.0 Hz, 1H), 

3.88 (s, 3H). 
13C-NMR: (106 MHz, CD3OD) δ 169.6, 156.7, 142.5, 134.9, 133.4, 121.7, 199.6, 61.2. 

 

 

 

 

 

 

2,5-dioxopyrrolidin-1-yl (E)-3-(3,5-dibromo-4-methoxyphenyl)acrylate (3.116): In a flame 

dried flask under argon was dissolved 3.115 (2.5080 g, 7.46 mmol, 1.00 equiv.) in THF (30.0 mL, 

0.25 M) and DMF (3.0 mL, 2.49 M). To this was added diisopropylcarbodiimide (1.1305 g, 8.96 

mmol, 1.20 equiv.) and N-hydroxysuccinimide (1.1007 g, 9.56 mmol, 1.28 equiv.). The reaction 

was stirred at room temperature for 16 hours, during which time a white precipitate formed. The 

mixture was filtered, then the filtrate was concentrated under reduced pressure and purified via 

flash column chromatography (silica gel, 15% ethyl acetate in hexanes) to yield 3.116 (2.3580 g, 

5.45 mmol, 73% yield) as a white powder. All spectra matched those previously reported.8 
1H-NMR: (400 MHz, CDCl3) δ 7.72 (d, J = 16.0 Hz, 2H), 7.71 (s, 1H), 6.50 (d, J = 16.1 Hz, 1H), 

3.92 (s, 3H), 2.87 (s, 4H). 
13C-NMR: (106 MHz, CD3OD) δ 169.3, 161.6, 156.6, 146.3, 132.7, 132.1, 119.1, 113.6, 61.0, 

25.7. 
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HRMS (ESI-): C14H11O5N
79Br2 [M+Cl-] requires 465.8698; Found: 465.86981. 

 

 

 

 

 

 

Ianthelliformisamine C (3.112): In a flame dried flask under argon was dissolved 3.116 (1.9978 

g, 4.61 mmol, 2.31 equiv.) in 1,4-dioxane (20.0 mL, 0.23M). To this was added spermine (0.4034 

g, 1.99 mmol, 1.00 equiv.), causing the clear, colorless solution to turn a chunky pale yellow. The 

reaction was stirred at ambient temperature for 24 hours, then quenched with a saturated aqueous 

sodium bicarbonate solution. The organic layer was diluted with DCM, then the organic layer was 

extracted thrice with the saturated aqueous sodium bicarbonate solution. The combined aqueous 

layers were basified to pH 14, then extracted 5 times with 10% methanol in DCM. The combined 

organic layers were dried over sodium sulfate, filtered, and concentrated under reduced pressure 

to yield 3.112 (1.1570 g, 1.3802 mmol, 69% yield) as a pale yellow solid. The title compound 

could also be purified via column chromatography (silica gel, 15% methanol with 10% ammonium 

hydroxide in DCM). The spectra matched those previously reported. All spectra matched those 

previously reported.8 
1H-NMR: (400 MHz, CDCl3) δ 7.79 (s, 4H), 7.41 (d, J = 15.7 Hz, 2H), 6.50 (d, J = 15.7 Hz, 2H), 

3.86 (s, 6H), 3.48-3.43 (m, 4H), 3.12-3.05 (m, 8H), 2.03-1.95 (m, 4H), 1.90-1.85 (m, 4H). 
13C-NMR: (106 MHz, CD3OD) δ 164.3, 153.8, 134.8, 134.5, 131.5, 124.7, 118.0, 60.5, 49.4, 47.0, 

37.1, 29.5, 27.6. 

HRMS (ESI-): C30H39O4N4
79Br4 [M+Cl-] requires 834.96993; Found: 834.97098. 

 

 

 

 

 

 

 

 

 

(2E,2'E)-N,N'-((butane-1,4-diylbis(methylazanediyl))bis(propane-3,1-diyl))bis(3-(3,5-

dibromo-4-methoxyphenyl)acrylamide) (3.117): In a flame dried flask under argon was 

dissolved 3.112 (0.3323 g, 0.40 mmol, 1.00 equiv.) and 30% aqueous formaldehyde (73.8 μL, 0.99 

mmol, 2.50 equiv.) in methanol (4.0 mL, 0.10 M). Acetic acid (113.5 μL, 1.98 mmol, 5.00 equiv.) 

was added, and the reaction was stirred for 30 minutes before sodium cyanoborohydride (52.4 mg, 

0.83 mmol, 2.10 equiv.) was added in two portions, allowing for five minutes between each 

portion. The reaction was stirred at room temperature for 24 hours, then quenched with 1 M sodium 

hydroxide. The aqueous layer was extracted thrice with DCM, then the combined organic phases 

were dried over sodium sulfate, filtered, concentrated under reduced pressure, and purified via 
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flash column chromatography (silica gel, 7% methanol with 10% ammonium hydroxide in DCM) 

to yield 3.117 (0.1612 g, 186 μmol, 47% yield) as a white solid. After the column, the purified 

solid was dissolved in DCM and washed twice with 1 M NaOH to deprotonate the amines.  
1H-NMR: (600 MHz, CD3OD) δ 7.77 (s, 4H), 7.37 (d, J = 15.7 Hz, 2H), 6.54 (d, J = 15.7 Hz, 2H), 

3.86 (s, 6H), 3.34-3.32 (m, 4H), 2.50-2.42 (m, 8H), 2.27 (s, 6H) 1.79-1.73 (m, 4H), 1.54-1.51 (m, 

4H). 
13C-NMR: (101 MHz, CDCl3) δ 165.2, 154.9, 137.1, 134.0, 131.8, 123.2, 118.7, 60.9, 57.8, 56.9, 

42.1, 39.9, 25.8, 25.3. 

HRMS (ESI+): C32H43O4N4
79Br4 [M

+] requires 863.00123; Found: 863.00265. 

 

 

 

 

 

 

 

(2E,2'E)-N,N'-((butane-1,4-diylbis(decylazanediyl))bis(propane-3,1-diyl))bis(3-(3,5-

dibromo-4-methoxyphenyl)acrylamide) (3.118):  In a flame dried flask under argon was 

dissolved 3.112 (25.0 mg, 29.8 μmol, 1.00 equiv.) and decanal (30 μL, 0.16 mmol, 5.3 equiv.) in 

methanol (0.6 mL, 0.05 M). Acetic acid (10 μL, 0.17 mmol, 5.90 equiv.) was added, and the 

reaction was stirred for 30 minutes before sodium cyanoborohydride (12.8 mg, 204 μmol, 6.83 

equiv.) was added in two portions, allowing for five minutes between each portion. The reaction 

was stirred at room temperature for 24 hours, then quenched with 1 M sodium hydroxide. The 

aqueous layer was extracted thrice with DCM, then the combined organic phases were dried over 

sodium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (silica gel, 5% methanol with 10% ammonium hydroxide in DCM) to yield 3.118 

(23.1 mg, 20.6 μmol, 69% yield) as a white solid. After the column, the purified solid was dissolved 

in DCM and washed twice with 1 M NaOH to deprotonate the amines.  
1H-NMR: (400 MHz, CDCl3) δ 7.73-7.69 (m, 2H), 7.58 (s, 4H), 7.40 (d, J = 15.6 Hz, 2H), 6.29 

(d, J = 15.6 Hz, 2H), 3.88 (s, 6H), 3.47-3.41 (m, 4H), 2.53-2.36 (m, 8H), 1.70-1.63 (m, 4H), 1.49-

1.40 (m, 8H) 1.30-1.17 (m, 30H), 0.85 (t, J = 6.7 Hz, 6H). 
13C-NMR: (101 MHz, CDCl3) δ 165.0, 154.9, 137.0, 133.9, 131.7, 123.2, 118.7, 60.9, 54.5, 54.2, 

53.9, 40.3, 32.0, 29.8, 29.7, 29.4, 27.8, 27.4, 25.9, 22.8, 14.2. 

HRMS (ESI+): C50H79O4N4
79Br4 [M

+] requires 1115.28293; Found: 1115.2847. 

 

 

 

 

 

 

 

(2E,2'E)-N,N'-((butane-1,4-diylbis(dodecylazanediyl))bis(propane-3,1-diyl))bis(3-(3,5-

dibromo-4-methoxyphenyl)acrylamide) (3.119): In a flame dried flask under argon was 
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dissolved 3.112 (48.6 mg, 58.0 μmol, 1.00 equiv.) and dodecanal (60 μL, 0.27 mmol, 4.70 equiv.) 

in methanol (0.6 mL, 0.10 M). Acetic acid (18 μL, 0.31 mmol, 5.42 equiv.) was added, and the 

reaction was stirred for 30 minutes before sodium cyanoborohydride (14.6 mg, 232 μmol, 4.00 

equiv.) was added in two portions, allowing for five minutes between each portion. The reaction 

was stirred at room temperature for 24 hours, then quenched with 1 M sodium hydroxide. The 

aqueous layer was extracted thrice with DCM, then the combined organic phases were dried over 

sodium sulfate, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (silica gel, 5% methanol with 10% ammonium hydroxide in DCM) to yield 3.119 

(54.3 mg, 46.2 μmol, 80% yield) as a white solid. After the column, the purified solid was dissolved 

in DCM and washed twice with 1 M NaOH to deprotonate the amines.  
1H-NMR: (600 MHz, CDCl3) δ 7.78-7.74 (m, 2H), 7.57 (s, 4H), 7.39 (d, J = 15.5 Hz, 2H), 6.33 

(d, J = 15.6 Hz, 2H), 3.87 (s, 6H), 3.45-3.41 (m, 4H), 2.56-2.52 (m, 4H), 2.47-2.39 (m, 8H), 1.72-

1.66 (m, 4H), 1.50-1.40 (m, 8H) 1.29-1.17 (m, 36H), 0.85 (t, J = 6.9 Hz, 6H). 
13C-NMR: (101 MHz, CDCl3) δ 165.0, 154.9, 136.9, 133.9, 131.7, 123.2, 118.7, 60.9, 60.5, 54.5, 

54.2, 53.8, 40.2, 32.0, 29.81, 29.77, 29.75, 29.5, 27.8, 27.3, 25.9, 22.8, 21.1, 14.3, 14.2. 

HRMS (ESI+): C54H87O4N4
79Br4 [M

+] requires 1171.34553; Found: 1171.34688. 

 

 

 

 

 

 

 

(2E,2'E)-N,N'-((butane-1,4-diylbis(tetradecylazanediyl))bis(propane-3,1-diyl))bis(3-(3,5-

dibromo-4-methoxyphenyl)acrylamide) (3.120): In a flame dried flask under argon was 

dissolved 3.112 (50.6 mg, 60.4 μmol, 1.00 equiv.) and tetradecanal (55.5 mg, 261 μmol, 4.33 

equiv.) in methanol (0.6 mL, 0.10 M) and THF (0.6 mL, 0.10 M). Acetic acid (18 μL, 0.31 mmol, 

5.21 equiv.) was added, and the reaction was stirred for 30 minutes before sodium 

cyanoborohydride (15.2 mg, 241 μmol, 4.00 equiv.) was added in two portions, allowing for five 

minutes between each portion. The reaction was stirred at room temperature for 24 hours, then 

quenched with 1 M sodium hydroxide. The aqueous layer was extracted thrice with DCM, then 

the combined organic phases were dried over sodium sulfate, filtered, concentrated under reduced 

pressure, and purified via flash column chromatography (silica gel, 5% methanol with 10% 

ammonium hydroxide in DCM) to yield 3.120 (55.2 mg, 44.8 μmol, 74% yield) as a white solid. 

After the column, the purified solid was dissolved in DCM and washed twice with 1 M NaOH to 

deprotonate the amines.  
1H-NMR: (400 MHz, CDCl3) δ 7.74-7.69 (m, 2H), 7.57 (s, 4H), 7.39 (d, J = 15.6 Hz, 2H), 6.29 

(d, J = 15.6 Hz, 2H), 3.87 (s, 6H), 3.46-3.40 (m, 4H), 2.53-2.48 (m, 4H), 2.44-2.35 (m, 8H), 1.70-

1.62 (m, 4H), 1.49-1.39 (m, 8H) 1.28-1.18 (m, 44H), 0.85 (t, J = 6.7 Hz, 6H). 
13C-NMR: (101 MHz, CDCl3) δ 165.0, 154.9, 136.9, 133.9, 131.7, 123.2, 118.7, 60.9, 54.5, 54.2, 

53.8, 40.2, 32.0, 29.81, 29.78, 29.5, 27.8, 27.3, 25.9, 22.8, 21.1, 14.2. 

HRMS (ESI+): C58H95O4N4
79Br4 [M

+] requires 1227.40813; Found: 1227.41058. 
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N1,N4-bis(3-((E)-3-(3,5-dibromo-4-methoxyphenyl)acrylamido)propyl)-N1,N1,N4,N4-

tetramethylbutane-1,4-diaminium iodide (3.121): In a flame dried vial under argon was 

dissolved 3.117 (31.9 mg, 36.8 μmol, 1.00 equiv.) in methyl iodide (1.0 mL, 37 mM). The bright 

yellow solution slowly turned cloudy over 15 minutes. Reaction stirred at ambient temperature for 

24 hours, then quenched via evaporation in the hood at atmospheric pressure. The crude solid was 

purified via trituration with hot ethyl acetate to yield 3.121 (9.4 mg, 8.2 μmol, 22% yield) as a 

white solid.  
1H-NMR: (400 MHz, CDCl3) δ 7.81 (s, 4H), 7.41 (d, J = 15.8 Hz, 2H), 6.66 (d, J = 15.8 Hz, 2H), 

3.87 (s, 6H), 3.54-3.40 (m, 12H), 3.16 (s, 12H), 2.15-2.06 (m, 4H), 1.95-1.88 (m, 4H). 
13C-NMR: (101 MHz, CDCl3) δ 166.3, 155.1, 137.4, 133.9, 132.0, 123.1, 118.8, 60.9, 32.0, 29.5, 

29.4, 29.2, 22.8, 14.3. 

HRMS (ESI+): C34H48O4N4
79Br4

127I [M+] requires 1018.94483; Found: 1018.9446.  

C34H48O4N4
79Br4 [M

2+] requires 446.00372; Found: 446.00343. 

 

 

 

 

 

 

 

N1,N4-didecyl-N1,N4-bis(3-((E)-3-(3,5-dibromo-4-methoxyphenyl)acrylamido)propyl)-

N1,N4-dimethylbutane-1,4-diaminium iodide (3.122): In a flame dried vial under argon was 

dissolved 3.117 (23.1 mg, 20.6 μmol, 1.00 equiv.) in methyl iodide (1.0 mL, 37 mM). The bright 

yellow solution slowly turned cloudy over 15 minutes. Reaction stirred at ambient temperature for 

24 hours, then quenched via evaporation in the hood at atmospheric pressure. The crude solid was 

purified via trituration with hot ethyl acetate to yield 3.122 (4.1 mg, 20.6 μmol, 14% yield) as a 

white solid.  
1H-NMR: (400 MHz, CDCl3) δ 7.89-7.84 (m,2H), 7.70 (s, 4H), 7.47 (d, J = 15.8 Hz, 2H), 6.73 (d, 

J = 15.7 Hz, 2H), 3.88 (s, 6H), 3.64-3.46 (m, 12H), 3.35-3.27 (m, 4H), 3.10 (s, 3H), 3.09 (s, 3H), 

2.31-2.19 (m, 2H), 2.11-1.96 (m, 8H), 1.84-1.73 (m, 2H), 1.71-1.60 (m, 8H), 1.36-1.21 (m, 30H), 

0.88 (t, J = 6.6, 6H). 
13C-NMR: (101 MHz, CDCl3) δ 166.3, 155.1, 137.4, 133.9, 132.0, 123.1, 118.8, 64.2, 61.0, 60.9, 

60.5, 59.1, 49.7, 35.7, 32.0, 29.6, 29.5, 29.4, 29.2, 26.5, 23.20, 23.16, 22.8, 22.7, 21.2, 19.6, 18.8, 

14.34, 14.26. 

HRMS (ESI+): C52H84O4N4
79Br4

127I [M+] requires 1271.22653; Found: 1271.22671.  

C34H48O4N4
79Br4 [M

2+] requires 572.16076; Found: 572.16037. 



135 

 

 

 

 

 

 

 

 

N1,N4-bis(3-((E)-3-(3,5-dibromo-4-methoxyphenyl)acrylamido)propyl)-N1,N4-didodecyl-

N1,N4-dimethylbutane-1,4-diaminium iodide (3.123): In a flame dried vial under argon was 

dissolved 3.117 (50.9 mg, 43.3 μmol, 1.00 equiv.) in methyl iodide (2.0 mL, 22 mM). The bright 

yellow solution slowly turned cloudy over 15 minutes. Reaction stirred at ambient temperature for 

24 hours, then quenched via evaporation in the hood at atmospheric pressure. The crude solid was 

purified via trituration with hot ethyl acetate to yield 3.123 (34.0 mg, 23.3 μmol, 54% yield) as a 

white solid. 
1H-NMR: (400 MHz, CDCl3) δ 7.89-7.84 (m,2H), 7.67 (s, 4H), 7.43 (d, J = 15.6 Hz, 2H), 6.74 (d, 

J = 15.7 Hz, 2H), 3.86 (s, 6H), 3.78-3.63 (m, 2H), 3.58-3.49 (m, 4H), 3.41-3.32 (m, 4H), 3.24-

3.07 (M, 10H), 2.28-1.97 (m, 10H), 1.80-1.61 (m, 4H), 1.71-1.60 (m, 8H), 1.34-1.17 (m, 36H), 

0.86 (t, J = 6.6, 6H). 
13C-NMR: (101 MHz, CDCl3) δ 166.2, 155.0, 137.3, 1333.8, 132.0, 123.1, 118.8, 63.9, 61.1, 60.9, 

59.5, 59.4, 49.6, 35.9, 32.0, 29.69, 29.54, 29.50, 29.42, 29.24, 26.5, 23.1, 22.8, 22.7, 19.7, 19.6, 

14.2. 

HRMS (ESI+): C56H92O4N4
79Br4

127I [M+] requires 1327.289; Found: 1327.288.  

C34H48O4N4
79Br4 [M

2+] requires 600.19206; Found: 600.19162. 

 

 

 

 

 

 

 

 

N1,N4-bis(3-((E)-3-(3,5-dibromo-4-methoxyphenyl)acrylamido)propyl)-N1,N4-dimethyl-

N1,N4-ditetradecylbutane-1,4-diaminium iodide (3.124): In a flame dried vial under argon was 

dissolved 3.117 (52.8 mg, 42.9 μmol, 1.00 equiv.) in methyl iodide (2.0 mL, 21 mM). The bright 

yellow solution slowly turned cloudy over 15 minutes. Reaction stirred at ambient temperature for 

24 hours, then quenched via evaporation in the hood at atmospheric pressure. The crude solid was 

purified via trituration with hot ethyl acetate to yield 3.124 (14.7 mg, 9.70 μmol, 23% yield) as a 

white solid. 
1H-NMR: (400 MHz, CDCl3) δ 7.90-7.86 (m,2H), 7.70 (s, 4H), 7.47 (d, J = 15.7 Hz, 2H), 6.73 (d, 

J = 15.7 Hz, 2H), 3.88 (s, 6H), 3.81-3.48 (m, 6H), 3.43-3.24 (m, 6H), 3.11-3.08 (m, 6H), 2.33-

1.92 (m, 8H), 1.84-1.61 (M, 6H), 1.37-1.18 (m, 42 H), 0.87 (t, J = 6.6 Hz, 6H). 
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13C-NMR: (101 MHz, CDCl3) δ 166.2, 155.1, 137.4, 133.8, 132.0, 123.1, 118.8, 64.1, 61.1, 60.9, 

59.2, 49.7, 35.8, 32.0, 29.80, 29.77, 29.72, 29.56, 29.51, 29.48, 29.25, 26.5, 23.1, 22.8, 22.7, 19.6, 

14.2. 

HRMS (ESI+): C60H100O4N4
79Br4

127I [M+] requires 1383.35173; Found: 1383.35046.  

C34H48O4N4
79Br4 [M

2+] requires 628.22336; Found: 628.2229. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3 Characterization 

 

5.3.1 Chapter 2 
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5.3.2 Chapter 3 
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