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Abstract

Leveraging Organic Synthesis to Disrupt and Understand Essential Bacterial Processes

By Anna R. Kaplan

Since the serendipitous discovery of penicillin in 1928, antibiotics have revolutionized modern medicine
and the way we treat bacterial infections, saving numerous lives in cases that were previously viewed as
death sentences. However, this so-called “Golden-Age” of antibiotics has come to a screeching halt in
recent years due to the discovery of increasing numbers of antibiotic-resistant bacteria and the lack of
discovery of novel antibiotics to treat such infections. The threat of antibiotic resistance is now one of the
biggest threats to the medical community, and thus finding new ways to combat these pathogens is now a
major priority for both the Center for Disease Control and Prevention and the World Health Organization.
With this in mind, my dissertation focuses on drawing inspiration primarily from natural sources to
synthesize organic small molecules with the goal of perturbing or understanding essential bacterial
processes. To this end, I have focused on two main pathogens that are key contributors to life-threatening
and often times hospital-acquired infections particularly immunocompromised patients: Pseudomonas
aeruginosa and Staphylococcus aureus. 1 will first give a more detailed introduction to antibiotics and
antibiotic resistance, laying the foundation for the rest of my dissertation, which will first discuss two
projects aimed at combatting and further understanding P. aeruginosa followed by two projects focused on
targeting S. aureus.
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1. Introduction
1.1. Bacteria

Bacteria are a class of prokaryotic single-celled organisms that have inhabited Earth long before most
other domains of life, and continue to be a prominent life form today, with a population of approximately
2x10° bacteria."* They occupy nearly all environments on the planet as mild as the soil in your back yard
or the countertop in your kitchen and as extreme as acidic hot springs, hydrothermal vents, and even outer
space.’® Moreover, it’s not surprising that bacteria play a crucial role in the vitality of nearly all ecosystems,
particularly in various stages of nutrient cycling including nitrogen fixation, production of secondary
metabolites, and decomposition and recycling of dead material.>” In fact, human beings have exploited the
versatility of bacteria in many man-made processes ranging from waste processing and treatment, to
production of fermented foods like cheese, yogurt, and wine, and even the recovery of rare earth metals like
ytterbium and lutetium.®'° It is not an exaggeration to say that the livelihood of humankind is heavily reliant
on bacteria for these processes, as well as the homeostasis and well-being of our bodies, especially our gut

and immune system.®'"+!?

While the majority of bacteria are completely harmless, and often have a beneficial symbiotic
relationship with the host, pathogenic bacterial infections can have devastating consequences. They can
cause a range of infectious diseases affecting human health including pneumonia, meningitis, and sepsis.
Pathogenic bacteria can be equally as devastating to agriculture causing leaf spot, fire blight, and wilts in
plants or salmonella, mastitis, or anthrax in farm animals (Fig. 1.01)."* For most of human history, bacterial
infections have been quite catastrophic, and were often viewed as a death sentence when contracted.

However, this all changed with the dawn of a new era of antibiotics.

Figure 1.01. Image of bacterial leaf spot (left) and bacterial sepsis rash (right).'*!3



1.2. The Early Days of Antibiotics

The use of antimicrobial treatments was first observed in ancient civilizations in China, Egypt, Greece,
Rome, and Serbia.'®!” Skeletons from ancient Sudanese Nubia and the Dakhleh Oasis in Egypt contain

traces of tetracycline, which may be explained by consumption of tetracycline-containing materials.'®'®

Application of moldy bread to treat infections dates back to 1550 BCE, as referenced in Eber’s papyrus.'®!’
Another ripe source of early antimicrobials were found in traditional Chinese medicines, wherein plants
and herbs were often used to treat infections. For example, the anti-malarial drug artemisinin (qinghaosu),
extracted from Artemisia plants in the 1970s, was used for thousands of years prior to treat a variety of

illnesses.'® It wasn’t until the late 19™ century that antibiotic research efforts evolved into the more modern

and largely small-molecule-based approach.

Early efforts to treat bacterial infections were primarily focused on reducing the spread of gonorrhea
and syphilis.'® These infections were initially treated with heavy metals including arsenic, bismuth, and
mercury. However there were several major drawbacks to these treatments including difficulty
administering as well as harsh side effects often worse than the disease itself.'® Pyocyanase, the first
antibiotic treatment reported in a hospital setting, was produced by Emmerich and Low in 1899.''® This
drug originated from a Pseudomonas aeruginosa supernatant containing two biologically active molecules,
2-heptyl-4-quinolone and 2-heptyl-3-hyroxy-4-quinolone, and was serendipitously found to be highly
active against other bacterial pathogens (Fig. 1.02).'""' Gerhard Domagk, a bacteriologist at Bayer

discovered Prontosil, the prodrug to sulfanilamide, which he used to treat an infection on his daughter’s
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Figure 1.02. Structures of active pyocyanase molecules, prodrug Prontosil and sulfanilamide, and Salvarsan.'48



arm saving it from amputation (Fig. 1.02).""™ In 1911, Paul Ehrlich’s “magic bullet” organoarsenic
antibiotic Salvarsan first appeared in the medical literature (Fig. 1.02).'®' Used to treat otherwise incurable
syphilis infections, Salvarsan was far more effective than the inorganic mercury salts that it replaced and it
was also selectively active against bacterial cells exclusively over human cells, making it the most

frequently prescribed drug until ultimately being replaced by penicillin in the 1940s.'®
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Figure 1.03. Image of Alexander Fleming, structure of penicillin, and agar plate contaminated with Penicillium fungus.?!-?2

In 1928, the Scottish bacteriologist Alexander Fleming returned from a vacation and noticed a zone of
inhibition on an agar plate containing Staphylococcus aureus that had become contaminated with an
invading fungus. Further isolation and extraction identified a fungus belonging to the Penicillium genus as
the producer of the active agent now known as penicillin (Fig. 1.03).”*** Over the next decade, scientists
worked tirelessly to isolate this promising new antibiotic compound and enable its mass production. After
its isolation in 1941, penicillin was released into the clinic in 1943, revolutionizing modern medicine and

opening up the door to what is now known as the “Golden Era” of Antibiotics.>*?

1.3. The Golden Era of Antibiotics

The years following the introduction of penicillin into the clinic were rich with antibiotic discovery;
between 1940 and 1964, more than 20 new classes of antibiotics were reported and introduced into the
clinic (Fig. 1.04).'® Near the start of this era, the tetracyclines, were discovered as natural products from
soil bacteria, actinomycetes, in 1948, and by the mid-1950s, three of them, chlortetracycline (Aureomycin),

oxytetracycline (Terramycin), and tetracycline, had been used in the hospitals.'®*® Shortly thereafter,



erythromycin became the first macrolide antibiotic released into the clinic in 1952 working in a similar
manner as the tetracyclines.'® Methicillin was introduced in 1959 as a second generation B-lactam to treat
penicillin-resistant S. aureus infections.'®*’*® Finally, gentamicin was discovered by scientists at Schering
Corporation in 1963 and has since been one of the leading agents to treat Gram-negative infections,
particularly sepsis.?**° These are just a few examples of revolutionary antibiotics that have seen tremendous
success in their medical applications. However, this booming era of antibiotics has since taken a dramatic

turn in the years following the Golden Era leading us into what some refer to as the Post-Golden Era.
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Figure 1.04. Structures of tetracycline, erythromycin, methicillin, and gentamicin.
1.4. The Post-Golden Era and the Threat of Antibiotic Resistance

While it seemed that antibiotics had made a miraculous impact on the medical community and
completely addressed the longstanding challenges associated bacterial infections, this sentiment was short
lived, as strains of bacteria resistant to nearly all antibiotic classes were observed (Fig. 1.05).*! Alarmingly,
these strains were frequently discovered shortly after the release of these antibiotics into the clinic. In the
case of penicillin, the discovery of penicillin-resistant S. aureus actually occurred three years prior to its
commercial use. Resistant bacteria have continued to plague the healthcare industry, causing nearly 2.9
million infections resulting in almost 36,000 deaths with a cost of over 4.6 billion dollars in a single year
in the United States alone.*” In addition, antibiotic-resistant infections are responsible for over 1.7 million
cases of sepsis per year and can often be implicated in complications associated with chronic conditions

such as diabetes, surgeries, dialysis treatments for kidney disease, and cancer care.?



There are a number of factors contributing to the onset of antibiotic resistance, some of which are more
difficult to avoid than others. Bacteria’s ability to adapt quickly to survive antibiotic treatments by means
of horizontal gene transfer, the movement of genetic material from one organism to another, is a major
contributor to resistance.'**** Additionally, many bacteria have some inherent resistance to antibiotics,
including B-lactamase enzymes which render antibiotics like penicillin useless or efflux pumps which
recognize foreign molecules and eject them from the cell.'®** In contrast, clinical and agricultural overuse
and inappropriate prescribing of antibiotics drive the evolution of resistance and have thus been main
contributors to the crisis we are facing today. Additionally, the extensive use of antibiotics in agriculture
may improve the overall health of animals, but these antibiotics along with the resistant bacteria get
transferred to humans when they consume these animal products.'®*'** All of these factors are further
compounded by the lack of discovery of novel antibiotic classes and targets since the end of the golden
era.’® Thus, it is clear that we need to rethink our outlook on treating bacterial infections and develop novel

therapeutics with significantly diminished susceptibility to antimicrobial resistance.
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1.4.1.Broad Spectrum vs. Narrow Spectrum Treatments

One key contributor to the prevalence of antibiotic resistance is the abundance of broad-spectrum
antibiotics compared to those with narrow-spectrum activity. While broad-spectrum treatments are quite
effective against a vast array of bacterial species, particularly when the identity of the infecting pathogen is
unknown, their lack of selectivity creates a major drawback. As shown in figure 1.06, these types of
antibiotics will effectively eradicate the infecting species, but in so doing, may also decimate a large portion
of the commensal population. This damages the host microbiome, and enables any surviving resistant
bacteria to monopolize the resources within the host and proliferate freely (Fig 1.06).*>*° In contrast, a
narrow-spectrum antibiotic will eradicate far fewer species therefore minimizing overall disruption to the
host microbiome, thereby hampering the ability of resistant microbes to overtake and wreak havoc on the
host (Fig. 1.06).”” To this end, antibiotic resistance will likely be diminished if there are more effective

narrow-spectrum therapeutics available.
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Figure 1.06. Schematic comparison of broad-spectrum and narrow-spectrum antibiotics.33%

1.4.2.The ESKAPEE Pathogens

There are seven main bacterial species that deserve special attention when it comes to developing
narrow-spectrum therapeutics, and these are the ESKAPEE pathogens. This group is comprised of
Enterococcus facium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,

Pseudomonas aeruginosa, Enterobacter spp. and recently added Escherichia coli, all of which are key



contributors to the antibiotic resistance statistics listed previously.***” The World Health Organization
recently listed all seven as antibiotic-resistant priority pathogens.*” Additionally it has been shown that
approximately 10% of Covid-19 patients became coinfected with ESKAPEE pathogens, most frequently 4.
baumannii, K. pneumoniae, and E. faecium, ultimately lengthening hospitalization time and increasing
mortality rates.** With this in mind, most of my PhD work has been focused on combatting two ESKAPEE
pathogens, P. aeruginosa and S. aureus.
1.4.2.1. Pseudomonas Aeruginosa

Multidrug-resistant P. aeruginosa, recently listed as a serious threat by the CDC, is a Gram-negative
pathogen that can commonly cause many severe infections including pneumonia, bloodstream infections,
urinary tract infections, and surgical site infections (Fig. 1.07).* In 2017, P. aeruginosa infections
hospitalized over 32,000 people resulting in approximately 2,700 deaths.* P. aeruginosa infections are
incredibly detrimental to those with compromised immune systems, greatly effecting cystic fibrosis (CF)
patients. CF is caused by a variety of structural mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR), an ATP-gated ion channel responsible for the transport of chlorine ions within the lung
and other cell types. These mutations cause rapid degradation of the ion channel, resulting in irregular ion
and water transport with leads to buildup of thick layers of mucus in the lungs providing an ideal
environment for pathogens like P. aeruginosa to colonize.** By the age of 18, an alarming 80% of CF
patients are infected with P. aeruginosa, forcing them to continuously take high doses of antibiotics for the
rest of their lives.*>*® It is therefore imperative to develop new narrow-spectrum treatments for P.

aeruginosa in order to minimize collateral damage to the CF patient microbiome.

Figure 1.07. High magnification image of Pseudomonas aeruginosa.*3



1.4.2.2. Staphylococcus Aureus
Methicillin-resistant S. aureus (MRSA), also listed as a serious threat by the CDC, is a Gram-positive

pathogen accounting for 323,7000 cases of hospitalization in a single year (Fig. 1.08).*” This pathogen
accounts for nearly a third of all deaths and over one third of the overall healthcare cost associated with
antibiotic resistant infections in one year.*” Moreover, treatment of these infections has become increasingly
difficult due to the fact that MRSA has become resistant to many first line antibiotics including B-lactams
like penicillin and methicillin, linezolid, and vancomycin.**’ It is therefore clear that we are in dire need

of new treatments for MRSA.

Figure 1.08. High magnification image of Staphylococcus aureus.*’

1.5. A Brief Interlude into Novel Antibiotic Treatments

As previously mentioned, one of the major factors contributing to antibiotic resistance is the complete
lack of novel antibiotic classes or targets. To this end, there are many treatment methods that are currently
being explored to address this issue including combination therapies and phage treatments.*® One major
platform is the Waksman platform, wherein the inherent bioactivity in natural products, particularly
bacterial metabolites, can be exploited in order to develop new lead therapeutics.*->' Our lab has adopted
this approach as one core aspect of our research, wherein we will look to various natural sources, marine,
terrestrial, microbial, etc. for inspiration. Once we identify a target antimicrobial natural product, we
synthesize it then conduct a series of SAR studies with the ultimate goal of identifying the biological target
and mechanism of action. This will then enable us to perform more informed target-guided SAR studies
allowing us to optimize antibiotic potential (Fig. 1.09). Throughout my PhD, I have worked on projects at

various stages in this pipeline which has served as a unifying aspect for all of my work.
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Figure 1.09. Workflow of developing natural-product-inspired antimicrobials.
1.5.1.Designing Species-Specific Antibiotics
As previously mentioned, narrow-spectrum antibiotics represent a promising treatment strategy for
combatting highly infective pathogens while significantly minimizing the risk of developing resistance. A
species-specific antibiotic would offer even less risk of resistance. In so doing, this method of treatment
would cause the least collateral damage to the host microbiome while still eradicating the infecting
pathogen.* In chapter 2, I will discuss my work on promysalin, a natural product that has potent and

species-specific activity against P. aeruginosa (Fig. 1.10).
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Figure 1.10. Structure of promysalin.



1.5.2.Trojan Horse Antibiotics

Another platform of antibiotic research hinges on exploiting essential Fe''

-acquisition pathways in
bacteria to develop siderophore-antibiotic conjugates known as “Trojan-Horse” antibiotics.>® This strategy

can either recapitulate activity of antibiotics prone to efflux resistance mechanisms, or more importantly

enable antibiotics to bypass the difficult to penetrate cell membrane of Gram-negative bacteria by tricking

11 111

the bacteria into taking in essential Fe™ by means of a siderophore (Fe"-binding motif).*> One recently
approved Trojan Horse antibiotic, Fetroja ® (cefiderocol) contains a cephalosporin (purple) linked to an
iron-binding catechol (orange) and is now approved to treat Gram-negative infections (Fig. 1.11).* In

chapter 3, I will discuss my work with metabolites produced by P. aeruginosa pertaining to this platform.
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Figure 1.11. Structure of Trojan Horse antibiotic Fetroja ® (cefiderocol).>
1.5.3.Prevention of Bacterial Infections
Although it is important to have an arsenal of antibiotics effective at combatting bacterial infections as
well as resistance, a complimentary strategy is to prevent these infections before they occur. According to
the CDC, MRSA is capable of surviving on a variety of surfaces including towels, razors, and furniture for
hours, days, or in some cases weeks. Without proper disinfection, contact with these surfaces, particularly
with any type of open wound can lead to serious MRSA infections.* As previously mentioned, bacterial
coinfection is directly correlated with higher levels of fatality in Covid-19 patients, making infection
prevention an even greater priority in recent years.*” In chapter 4, I will discuss my work on two different

projects involving a class of potent antimicrobials known as quaternary ammonium compounds (Fig. 1.12).
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Figure 1.12. Structure of quaternary ammonium compounds discussed in chapter 4.
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1.5.4. Anti-Persister Antibiotics

One of the major obstacles in treating S. aureus infections is the increasing prevalence of bacterial
persister cells, a subset of cells that are dormant, and therefore metabolically inactive.”* Because they are
not engaging in normal cellular activity, they are not susceptible to antibiotics with intracellular targets.”
Upon completion of antibiotic treatment, these cells can revert back to a normal growing wild-type

phenotype, exploit the host for readily available nutrients and repopulate (Fig. 1.13).%
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Figure 1.13. Schematic representation of bacterial persistence.>*3

Persister cells present a unique challenge for development of novel antimicrobials, particularly due to
their metabolically inactive state. In chapter 5, I will discuss my work on a class of indole-containing

antibiotic compounds that are thought to specifically target persister cells (Fig. 1.14).
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Figure 1.14. General structures of brominated indole antibiotics.
1.5.5.Novel Scaffolds: Trans-Decalin-Containing Antimicrobials

Another promising strategy for developing novel antimicrobials has been to search for new scaffolds
yet to be observed in antibiotics. In theory, a new scaffold would lend itself to a new target or mechanism
of action, rendering these types of compounds less susceptible to resistance. Of increasing interest to our
group are natural products containing the trans-decalin modality. These frameworks are found in a variety
of natural products, often displaying promising biological activity.’’ They are produced by a diverse array
of organisms, and many are active against (methicillin-resistant) Staphylococcus aureus and various

Bacillus species.””™ In fact, Quave and Melander recently showed that this scaffold may play a role in
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resensitizing MRSA to p-lactam antibiotics.” Notwithstanding, a portion my PhD work has involved
synthesis and investigation of these scaffolds, which I will discuss briefly in this introductory chapter.
1.5.5.1. Anthracimycin

Anthracymicin is a trans-decalin-containing macrolide with potent antibiotic activity against both
MRSA (63 ng/mL) and Bacillus anthracis (31 ng/mL), a highly lethal bioterrorism agent (Fig. 6.01).”
Isolated in 2013 from Streptomyces sp. CNH365, this tricyclic polyketide contains a unique 14-member
macrocycle fused with a trans-decalin motif, a scaffold that has never been seen before in antibiotics, with
the exception of one other highly related scaffold, chlorotonil A (Fig. 6.01).** Interestingly, while most
macrolide antibiotics inhibit protein synthesis, preliminary studies have shown that anthracimycin inhibits
DNA and RNA synthesis, but does so in a manner not fully elucidated albeit distinct from the commonly
observed DNA intercalation mechanism.”® With its unique chemical scaffold as well as its broadly
characterized mechanism of action, this natural product could belong to a new class of antibiotic compounds

with potential for further study.

Anthracimycin Chlorotonil A

Figure 1.15. Structures of anthracimycin and chlorotonil A.>%-57

I proposed the total synthesis of this natural product along with some preliminary SAR studies in my
National Science Foundation Graduate Research Fellowships Program (NSF-GRFP) proposal in 2018 and
was fortunate enough to receive funding for my proposal in 2019. Our group then joined forces with the
Brimble group at the University of Auckland, who had just completed the partial synthesis of the natural
product using an intramolecular Diels-Alder reaction to construct the #rans-decalin system.> We aimed to
optimize the stereoselectivity of this reaction while Brimble lab members constructed the macrocycle using
chemistry similar to what I had proposed in the original route. Ultimately, the COVID-19 pandemic forced

us out of the lab and ultimately the total synthesis was completed and published without any major changes
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to this Diels-Alder.®® Work to construct analogs of anthracimycin was ultimately halted due to a lengthy
route with moderate selectivity in several steps, thus requiring production of large amounts of material that
could only be carried through in smaller batches early in the route. Additionally, the lack of reproducibility
of the late stage Mukaiyama Aldol reaction added another degree of difficulty in making analogs.

1.5.5.2. Synthesis of Other Trans-Decalin-Containing Antibiotics

Zhang, W.t.; Kaplan, A. R.7.; Davison, E. K.; Freeman, J. L.; Brimble, M. A.; Wuest, W. M. Building
trans-bicyclo[4.4.0]decanes/decenes in complex multifunctional frameworks: the case for antibiotic
development. Nat. Prod. Rep. 2020, 38(5), 880-889. https://doi.org/10.10002/cbic.201800383

During the pandemic, myself and labmate, Wanli Zhang, as well as our collaborators Emma Davison
and Jared Freeman wrote a highlight article discussing various strategies that have been employed to
synthesize trans-decalin-containing antibiotics (Scheme 6.01). Several main approaches were discussed,
including intramolecular Diels-Alder cyclizations, such as in the synthesis of (—)-anthracimycin, and
exploiting the inherent stereoconfiguration of the Wieland-Miescher ketone to guide stereospecific
formation of the trans-decalin rings as was the case in the synthesis of (-)-terpentecin and (+)-UCT4B.%’
We also discussed some less common strategies including sigmatropic rearrangements used to access the
trans-decalin scaffold in the synthesis of equisetin and a Sml>-mediated radical cyclization process utilized
in the synthesis of (—)-tetrodecamycin.®®” Our hopes in writing this highlight article was that it would
motivate synthetic chemists to draw inspiration from the established work in this field to continue to exploit
and build upon these robust strategies to enable the construction of more trans-decalin-containing

compounds, particularly those with potential use as antibiotics.
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1.5.5.3. Halichonadin C

After we wrote this highlight article, I became inspired to design and pursue the synthesis of another

65-70

trans-decalin-containing antibiotic, halichonadin C (Scheme 1.02). This natural product was isolated from
the marine sponge Halichondria sp. and its Cu(l) complex displayed antimicrobial activity against
Micrococcus luteus, Trichophyton mentagrophytes, and Cryptococcus neoformans with MIC values of 4
ng/mL, 8 pg/mL, and 16 ug/mL, respectively.’' In addition, bioactive Cu(I) complex led me to wonder if
this natural product also acts as a bacterial Cu'-binding metallophore, otherwise known as a chalkophore.
To this end, Cassie Schrank and I devised a synthetic route to this natural product, which will then enable

us to conduct a more extensive biological evaluation as well as Cu'-binding studies. The route we have
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elected to pursue hinges on a Conia-ene cyclization to generate the trans-decalin framework (Scheme
6.02).” The precursor to this reaction can be accessed from the 3-alkylated cyclohexanone by first
regioselectively alkylating the sp® a-carbon followed by a sequential conjugate addition then reaction of the
aluminum enolate with an electrophilic ester precursor to generate the dicarbonyl species necessary for
Conia-ene reaction.”* The 3-alkylated cyclohexenone is synthesized in two steps by via Barbier alkylation
between cyclohexenone and 1-chlro-5-trimethylsilyl-4-pentyne followed by oxidation.” This route is
efficient in terms of step count and additionally, the sequential introduction of stereogenic centers is
advantageous because it will enable the systematic evaluation of each alkyl stereocenter and the influence
on biological activity. Additionally, the Conia-ene cyclization is powerful in that it automatically generates

the exo-olefin without the need for any other olefin-generating chemistry.
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Scheme 1.02. Retrosynthetic analysis of halichonadin C.7!-7#

We are currently working towards the synthesis of halichonadin C and have thus far been successful in
construction of the alkylated enone intermediate as well as stereoselective conjugate addition reactions in

model systems. In the future, we look forward to completing the synthesis and further biological evaluation.

1.6. My Approach to This Dissertation

Throughout my PhD, I sought to find connections between my own work as well as the work done by
others in order to find solutions to key questions I had within the realm of antimicrobial research. One of
my main goals throughout my PhD was to expose myself to as many different avenues of antibiotic research
as [ could. However, I also wanted to find connections from one avenue of research to the next, thereby
tying my thesis into a cohesive body of work. I have thus arranged this dissertation in a manner that will
hopefully describe my work in an orderly fashion but also give perspective on my thought process in

designing and pursuing the projects that I did.
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2. Target Based Design and Synthesis of a New Promysalin Analog
2.1. Background

As was mentioned in chapter 1, one of the key contributing factors to bacterial resistance is the
widespread administration of broad-spectrum antibiotics. While these antibiotics are highly effective
against many infectious pathogens, particularly when the identity of the virulent microbe is unknown, their
broad scope of activity also renders them lethal to commensal bacteria as well, wreaking havoc on the host
microbiome. Prolonged use of a broad-spectrum antibiotic will kill the infecting pathogen but will also kill
much or all of the commensal population, which enables any surviving resistant mutants of the infecting
bacteria to grow and repopulate with little competition for vital resources (Fig. 2.01)."” One way that
scientists envision minimizing the risks associated with broad-spectrum therapeutics is by the development
of narrow-spectrum, or species-specific antibiotics. Contrary to broad-spectrum treatments, a species-
specific antibiotic would only eradicate the infecting pathogen, enabling commensal bacteria to survive
making it much more difficult for any resistant to freely proliferate (Fig. 2.01).? One particularly promising
source for species-specific antibiotic compounds is the rhizosphere, the region of soil that directly surrounds
the root of a plant. In this environment, bacteria compete with a vast array of microbes for limited resources
essential to survival. Thus, one key survival strategy employed by many bacteria inhabiting the rhizosphere
is the production of secondary metabolites exclusively toxic to other competing microbial species.’ These
secondary metabolites therefore represent a promising starting point for the discovery of new narrow-
spectrum antibiotics with decreased susceptibility to bacterial resistance. Promysalin is one such compound

recently isolated from the rhizosphere; I will discuss its synthesis and biological evaluation herein.
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Figure 2.01. Schematic representation of broad-spectrum and species-specific antibiotics.
2.1.1.Isolation of Promysalin’

Promysalin was originally isolated in 2011 from Pseudomonas putida RW10S1, an inhabitant of the
rhizosphere of rice plants in Sri Lanka. This metabolite was found to promote both swarming and biofilm
formation in P. putida. In addition, it inhibited the growth of all 83 strains of P. aeruginosa tested, with
ICso values of 4.1 uM and 67 nM against two readily available laboratory strains, moderately virulent
PAOI1 and highly virulent PA 14, respectively. Interestingly, promysalin was also tested against a panel of
32 other Gram-negative bacteria and was only active against Azotobacter vinelandii and was completely
inactive against the panel of 9 Gram-positive bacteria including Staphylococcus aureus as well as fungus
Candida albicans and ascomycete Saccharomyces cerevisiae. Taken together, this activity was quite
promising as it suggested that promysalin could act as a narrow-spectrum antibiotic, which, as previously

mentioned, is crucial in the development antibiotics with decreased susceptibility to resistance.

Structurally, promysalin is comprised of three main fragments: salicylate, dehydroproline, and myristic
acid (Fig. 2.01). Additionally, there are three stercogenic centers in the molecule, which De Mot and
coworkers were unable to decipher from their spectral analysis. Preliminary computational studies of the
biosynthetic gene cluster using AntiSMASH aided in deducing the natural L-isomer of the dehydroproline

motif (165) however the orientation of the remaining two stereocenters, 2 and 8 remained unknown.® The
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uncertainty of stereoconfiguration of this natural product, as well as its promising biological activity thus
prompted our group to take on the synthesis of all four stereoisomers in 2015 in the hopes of identifying

the correct structure and confirming the originally reported bioactivity.

H,N

Figure 2.02. Structure of promysalin with undeduced stereochemistry.’
2.1.2.Total Synthesis of Promysalin®

In 2015, previous members of the Wuest group completed the total synthesis of the four possible
stereoisomers of promysalin (Scheme 2.01). In this highly modular route, the natural product was broken
into two key fragments: a proline and salicylate-derived carboxylic acid, synthesized in seven steps, and an
a-hydroxy myristic acid secondary alcohol synthesized in five steps. The myristic acid side chain was
strategically formed via a cross-metathesis reaction wherein each alkene precursor contained one of the
stereocenters in question, thereby enabling efficient construction of all four possible stereoisomers. These
two building blocks were then coupled in an EDC-mediated esterification and globally deprotected giving
the target compounds in a longest linear sequence of nine steps. Once all four compounds were synthesized,
their spectroscopic properties and biological activity were compared to the original isolation report,

ultimately revealing that the absolute configuration of the natural product is 2R, 8R, 16S.
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Scheme 2.01. Retrosynthesis of promysalin and confirmation of biological activity.®
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2.1.3.SAR Studies’

After determining the correct stereoconfiguration and confirming the biological activity of promysalin,
previous Wuest group members, primarily Colleen Keohane and Andrew Steele, continued their studies of
this natural product by exploiting the modular synthetic route to conduct SAR studies. In this work, the
salicylate, proline, and myristic acid portions of the molecule were systematically modified to assess which
alterations would enhance activity (Fig. 2.03). Overall, modifications to the salicylate and proline fragments
were largely untolerated with the exception of the dehydroproline motif (Fig. 2.03). In contrast, the myristic
acid side chain was somewhat more tolerant to manipulations, wherein activity was retained by removing

the a-hydroxy motif or by leaving the alkene following cross metathesis intact (Fig. 2.03).
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Figure 2.03. Summary of modifications made to the promysalin scaffold and structures of analogs with retained activity.’

It was also postulated that the ester of promysalin is cleaved by esterases, and the active compound
would be one of these fragments (Fig 2.04), however after testing, neither the carboxylic acid nor the
myristic acid fragment displayed activity. Further, the more stable amide analog displayed complete
abolishment of activity. Additionally, it had been shown that promysalin was prone to acid-catalyzed
cyclization of the phenol onto the proline (Fig. 2.04), however this cyclized product was also inactive.

Taken together, these results indicated that the most potent compound is in fact the reported natural product.
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Figure 2.04. Postulated hydrolysis of promysalin by esterases and structure of acid-catalyzed cyclization product.’
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2.1.4.Target Identification'’

Next, an affinity-based protein profiling (AfBPP) approach was taken to elucidate any potential
intracellular protein target(s) of promysalin (Fig. 2.05). In these studies, a photoaffinity probe was appended
to the natural product at the terminal amide, as this was the one position where alteration was tolerated
without loss of activity.'" This probe molecule was incubated with the PA14 strain (more susceptible than
PAOL), then irradiated with UV light, wherein the diazirine would react expelling N> leaving a reactive
carbene to crosslink with the target protein. Copper click reaction between the probe alkyne and biotin-
azide, followed by enrichment with avidin, trypsin-digest and labeling, and subsequent LC-MS/MS analysis
ultimately identified succinate dehydrogenase C-subunit (SdhC) as the target protein. This target was
further validated through in vitro ICsy assays against Sdh, as well as through computational molecular
docking with the structurally homologous E. coli Sdh wherein it was shown that promysalin likely binds
the ubiquinone-binding site. Additionally, a promysalin-resistant mutant of PA14, named RO5 was
generated via a resistance assay, and sequencing of this mutant revealed an 1206V mutation in the
ubiquinone binding site interface between SdhB and SdhC, which reduced the amount of hydrophobic
contact with promysalin. Taken together, these results all strongly supported that promysalin exerts its
activity by binding SdhC thereby preventing the conversion of succinate to fumarate in the tricarboxylic

acid cycle and thus interrupting primary carbon metabolism.

Tricarboxylic

@‘(o o Acid Cycle

N On- -OJI\/\H/O-

Cre 2 \L
Affinity-Based Fumarate o

OH y NS

Protein Profiling s J\/\[(O'
> |sdhA ] o 3
\\ HO: > Succinate
o Succinate
NH Dehydrogenase
N:N

Figure 2.05. Schematic representation of AfBPP approach to identifying the biological target of promysalin.!'?
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2.1.5.Species Specificity of Promysalin

While it was exciting to have elucidated the biological target of promysalin, it was quite peculiar that
this target is so ubiquitous to nearly all bacteria, thus begging the question, how does promysalin exert its
species-specific activity? One possible explanation was that there are subtle differences in the regulation of
various pathways within the tricarboxylic acid cycle between P. aeruginosa and P. putida, and that was the
source of species specificity. There are two pathways that Pseudomonas can utilize to access fumarate;
either through the main TCA pathway converting succinate to fumarate, or by means of the glyoxylate
shunt, which converts isocitrate to fumarate directly through a glyoxylate intermediate, bypassing three

intermediates, a-ketoglutarate, succinyl-CoA, and succinate (Scheme 2.02).'?
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Scheme 2.02. Tricarboxylic acid cycle and glyoxylate shunt used by Pseudomonads.'?
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In order to confirm this hypothesis, feeding studies were conducted. To this end, promysalin was
incubated with P. aeruginosa and the producing strain, P. putida in both TSB (nutrient rich) media as well
as M9 minimal media which only differs from TSB in terms of carbon source; TSB contains glucose while
MO contains succinate (Fig. 2.06). Unsurprisingly, promysalin inhibited the growth of P. aeruginosa (PA14
and PAO1) in both the nutrient rich and the minimal M9 media. Promysalin was inactive against P. putida
(KT2440 and RW10S1) in nutrient rich media. However, in M9 media, promysalin significantly inhibited
the growth of P. putida, indicating that when P. putida is forced to utilize succinate dehydrogenase to access
fumarate, it is unable to do so, further supporting the notion that P. putida is more effective at utilizing the
glyoxylate shunt pathway. In other words, the reason why promysalin is active against P. aeruginosa and
not P. putida is in fact due to the differences in carbon flux, wherein P. putida can much more readily divert
carbon flux through the glyoxylate shunt enabling it to survive treatment with promysalin, unlike P.

aeruginosa which clearly relies more heavily on succinate dehydrogenase.

M9-
succinate

Figure 2.06. Feeding studies of promysalin with P. aeruginosa (PA14 and PAO1) and
P. putida (KT2440 and RW10S1) in TSB (nutrient-rich) and M9 minimal media.'®
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Shapiro J. A.7.; Kaplan, A. R.{.; Wuest, W. M. From General to Specific: Can Pseudomonas Primary
Metabolism Be Exploited for Narrow-Spectrum Antibiotics? ChemBioChem. 2019, 20(1), 34-39.
https://doi.org/10.10002/cbic.201800383

The subtle differences in carbon flux between P. aeruginosa and P. putida led our group to wonder if
there were aspects of primary metabolism that could be exploited to develop species-specific antibiotics.
To this end, former postdoctoral researcher Justin Shapiro and I wrote a perspective article discussing these
intricacies and their potential for further exploration as antibiotic targets. We discussed instances wherein
primary metabolism can be exploited to recapitulate the activity of antibiotics in resistant or tolerant
organisms as well as cases of subtle nuances between species in primary metabolism which show promise
as antibiotic targets.'>'® Finally, we discussed two case studies of narrow-spectrum antibiotics targeting
Sdh, promysalin and siccanin (Fig. 2.07).”'%!* Ultimately, we hoped that this perspective article serves as
inspiration for the design and construction of novel narrow-spectrum antibiotics. Writing this perspective
did prompt me to consider other fundamental life processes that could function as targets for antibiotics,

111

specifically Fe™ acquisition, which will be detailed in full in chapter 3.

Me
Siccanin

Figure 2.07. Structure of siccanin, a known Sdh inhibitor.!*
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2.2. Side Chain Analogs

Post, S. J.7.; Keohane, C. E.7.; Rossiter, L. M.; Kaplan, A. R.; Khowsathit, J.; Matuska, K.; Karanicolas,
J.; Wuest, W. M. Target-Based Design of Promysalin Analogues Identifies a New Putative Binding Cleft
in Succinate Dehydrogenase. ACS. Infect. Dis. 2020, 6(6), 1372-1377.
https://doi.org/10.1021/acsinfecdis.0c00024

With significant insight into the biological mechanism of promysalin, the next avenue of work hinged
on making modifications to the aliphatic side chain to further understand its interactions with Sdh, and in
particular, the effect of hydrophobic character on binding and activity. A series of side chain analogs were

synthesized by Savannah Post and Colleen Keohane to answer two key questions:

1. Does increased hydrophobicity enhance uptake into cells, and by extension biological activity?
2. Isthere specificity associated with carbon chain lengths? Since promysalin binds an enzyme, which

should have substrate specificity, will modifications to the side chain abolish binding and activity?

A total of ten analogs with structural modifications summarized in Table 2.01, were synthesized, and
evaluated against three different strains of P. aeruginosa, PAO1, PA14, and ROS, the resistant mutant
derived from PA14. Shifting the side chain by one carbon on the ester linkage (11a, 11b), adding steric
bulk directly adjacent to the ester linkage (11c, 11d), and truncating the side chain (11e, 11f, 11g),
significantly diminished activity. However, elongating the side chain by one and two carbons (11h, 11i)

enhanced activity then diminished after adding additional carbon atoms (11j).
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Table 2.01. Structures of promysalin side chain analogs and their activity against P. aeruginosa.
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2.2.1. Computational Analysis

To further understand the origins of activity enhancement of the elongated analogs, we once again
looked to our computational collaborators for further insight. Interestingly, these docking studies showed
that the side chain of promysalin (green) orients itself towards the edge of the SdhC binding pocket, while
the side chain analog elongated by one carbon (orange) adopts a slightly altered conformation wherein the
side chain orients itself back into the pocket (Fig. 2.08). We believe that this shift in conformation occurred

in order to avoid solvent exposure to this hydrophobic portion of the molecule.

HOw-

H,N

Figure 2.08. Molecular docking of promysalin (green) and extended side chain analog (orange) in the SdhC binding pocket.
2.2.2. Terminal Aryl Analogs

The new conformation of this extended side chain analog places the terminus of this side chain proximal
to a tryptophan residue, suggesting that perhaps the binding affinity, and therefore the activity, could be
enhanced further by introducing m-stacking interactions with a terminal aryl motif. Our collaborators
docked a hypothetical terminal phenyl analog and found that indeed this compound appeared to interact
favorably in the SdhC binding pocket with the aryl ring orienting itself directly adjacent to the tryptophan
residue (Fig. 2.09). They also docked several other terminal aryl analogs, in the binding pocket which also

had favorable interactions. These analogs will be discussed in further in section 2.4.
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2.01
Figure 2.09. Molecular docking of terminal aryl promysalin analog (purple) in the SdhC binding pocket.

2.3. Compound 2.01

As a proof-of-concept, I elected to evaluate the terminal phenyl analog, compound 2.01, as an
electronically neutral starting point due to the lack of electron-donating or -withdrawing groups. The
biological activity of this analog would then guide the design of future analogs with more varied
stereoelectronic properties.

23.1. Synthesis of 2.01

The objective in the synthesis of this proof-of-concept terminal aryl analog was to deviate from the
originally published route as little as possible. To this end, the carboxylic acid fragment, 2.03, was
synthesized in the same fashion as previously reported by means of hydrolyzing methyl ester 2.02 (Scheme
2.03). For the aliphatic side chain, synthesis of the a-hydroxylated amide 2.06 was achieved in three steps

as previously described.®

U O A o]
N . N
N LiOH b
0 —_— 0
THF/H,0, 23°C, 4 h
OSEM OSEM
2.02 2.03
i 0
o’u\ NH N2,
] PhO,S’ Ph
‘Bn
NaHMDS
o PivCl, Et;N, LiCl o 5 9 TBSCI, imidazole 9
HzNj\l/\/\ M~ THE78C25n X A xc)j\‘/\/\
X X , 2. ¢ -
OH THF, 0-23 °C, 16 h C e OH DMF, 0-23 °C, 16 h OTBS
83% ' 70% 205 92% 2.06

Scheme 2.03. Synthesis of previously reported compounds 2.03 and 2.06.
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In previous work, an asymmetric Keck allylation was used the access a stereoenriched homoallylic

alcohol from various aldehyde precursors (Scheme 2.04).%?

N
H. .R \/\SnBu3 A R
ﬁ
o Keck Allylation OH

Scheme 2.04. Asymmetric Keck allylation used to synthesize stereoenriched homoallylic alcohols.®®

Since aldehyde 2.09 was not commercially available, I synthesized this compound in three steps
(Scheme 2.05). Cross metathesis between ethyl heptanoate and styrene followed by hydrogenation gave
2.08, which then underwent reduction with DIBAL affording 2.09. Next, the aldehyde underwent the
aforementioned asymmetric Keck allylation, furnishing the stereoenriched homoallylic alcohol, 2.10. Cross
metathesis with 2.06, accessed using previously established chemistry, followed by hydrogenation afforded
2.12. Unfortunately, the final aminolysis reaction to remove the Evans’ oxazolidinone and liberate the
terminal amide was not successful using previously reported conditions and no conversion was observed
by TLC analysis. Resubjecting for a longer reaction time, increasing the amount of ammonia, and changing

the ammonia source were also unsuccessful, forcing me explore alternative routes to access 2.13.

o

HG Il, styrene Jj\/\/mH/ H,, Pd/IC DIBAL-H
Jk/\/\/ — > EtO - > FEO
CH,Cl,,23°C,16 h EtOAc, 23 °C,16 h CH,CI,, -78°C, 0.5 h
56% 207 96% 2.08 59%
vSnBu3
Grubbs C711 9 TiCly, Ti(OiPr)4, Ag,0, (S)-BINOL 0
— xc)j\‘/\/\ + X H)J\/W\@
CH,Cl,,23°C,16 h OTBS OH CH,CI;,0°C,16 h
48% 2.06 210 65% 2.09
JY\/\/Y\/\/\/Q sz pdic i
—_— —_—F NN U\ e
X N o X¢ ;
oTBS OH EtOAc, 23°C, 16 h 0TBS OH g
2.1 89% 212
" P$P’ W Nhon
«Cl H.N -—
2 o,
CI’| OTBS OH THF, 23°C,72 h
213
Me\(
Me
Grubbs C711
. J

Scheme 2.05. Initial synthetic route to side chain 2.13.
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As a first attempt, I opted for a more indirect method of accessing the terminal amide, wherein the
treatment with lithium hydroxide and hydrogen peroxide would remove the oxazolidinone and give rise to
carboxylic acid 2.14 which could then undergo amination to 2.03 (Scheme 2.06)."> However, several
attempts at this first reaction did not proceed and returned starting material. Next, I wondered if perhaps
the oxazolidinone could be removed prior to cross metathesis which would ultimately shorten the linear
route by one step. Aminolysis of 2.06 proceeded more swiftly than the sluggish 72-hour reaction for the
full side chains affording 2.14 in 57% yield. However, cross metathesis only yielded small amounts of the
dimer of 2.10 and recovery of 2.14. With those two failed routes, I then pursued another less direct route to
2.13. Treatment of 2.06 with n-butyllithium and benzyl alcohol gave the corresponding benzyl ester 2.16
which then underwent successful cross metathesis with 2.10 to give 2.17 in 62% yield. At this point, I aimed
to both remove the benzyl ester and reduce the alkene in a single step via hydrogenation, and the resulting
carboxylic acid would then undergo aminolysis to 2.13 as described before. To my surprise, this typically
robust reaction was only successful in reducing the alkene and did not remove the benzyl ester in any
observable quantity giving compound 2.18 as the exclusive product. A variety of solvents were screened,
including methanol to enhance solubility of the hydrogen and increase the rate of reaction. With these
failed results, I began to wonder if there was an intramolecular m-stacking interaction that was hindering
reactivity of substrates 2.12 and 2.17, as both of these compounds contain an aromatic motif on each
terminus. If this was the case, then performing the hydrogenation in toluene would minimize this
intramolecular n-stacking interaction, increasing the accessibility to the benzyl ester. Unfortunately, this
was not the case; several attempts of this reaction were made with toluene as the sole solvent and as a

cosolvent, and the only product observed in every case was 2.18.
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Scheme 2.06. Failed troubleshooting routes to side chain 2.09.
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At this point, I opted to revisit the cross-metathesis strategy with the free amide (Scheme 2.07). It has

phenyl analog, 2.01.%

fo) HG I, styrene

=
EtO CH2CI2, 23°C,16 h
56%

oy

been shown that substrates containing nitrogen atoms, particularly unprotected nitrogen atoms, are far less
prone to undergo cross metathesis reactions, and can contribute to the degradation of the ruthenium
catalyst.'®!” This led me to wonder if increasing the catalyst loading would facilitate the reaction long
enough to generate an appreciable amount of product before entirely poisoning the catalyst and shutting the
reaction down. Excitingly, increasing the catalyst loading to 20 mole percent gave 2.15 in 48% yield.
Subsequent hydrogenation afforded the desired side chain, 2.19. Finally, esterification with 2.03,

synthesized using previously published chemistry, followed by global deprotection furnished terminal
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Scheme 2.07. Full synthetic route to terminal aryl analog 2.01.
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2.3.2. Biological Evaluation of 2.01

With analog 2.01 in hand, I evaluated its activity against the same three strains previously assessed.
Against PAOI, this analog had an ICso of 2.4 uM, which was more active than promysalin and slightly less
active than the extended side chain analog. Against PA14, the ICso was 0.75 pM, more than 10-fold higher
than the ICso values of promysalin (0.065 pM) and the extended side chain analog (0.035
uM). Interestingly, 2.01 had an ICsy value of 1.7 uM against ROS5, the mutant derived from PA14,
comparable to the values of promysalin (2.9 uM) and the extended side chain analog (1.7 uM). Taken

together, this data does indicate that while not remarkably active compared to promysalin or the extended

side chain analog, 2.01 serves as an excellent starting point for the design of new terminal aryl analogs.

N N

On- On
o (0]
OH OH
HO» HO»
o o

H,N H,N
PA14 ICs, = 0.065 uM PA14 ICs = 0.035 uM PA14 ICs = 0.75 uM
RO5 ICs50 = 2.9 uM RO51Cs50 = 1.7 uM RO51C50 = 1.7 uM

Figure 2.10. Structures and corresponding biological activity of promysalin
(green), extended side-chain analog (orange) and terminal aryl analog (purple).
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2.4. New Terminal Aryl Analogs

With these promising results of proof-of-principle analog 2.01, other members of our lab are currently
synthesizing a series of terminal aryl analogs with varying stereoelectronic properties. Based on the
computations previously discussed, we elected to evaluate the series of analogs shown in figure 2.11.
Evaluation of the biological activity of these compounds with varied electronics will then enable assignment

of a “Hammett-like” correlation to this series of compounds and give us further insight into their bioactivity

H2N

and interactions in the SdhC binding pocket.

HO»

Figure 2.11. Structures of proposed promysalin terminal aryl analogs.
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3. Synthesis and Biological Evaluation of Iron-Binding Bacterial Metabolites
3.1. The Role of Iron in Bacteria

Iron is a nutrient essential to the survival of nearly all living organisms including bacteria, playing a
central role in a wide variety of critical biological functions. Iron often times serves as a key cofactor in
several metalloenzymes and plays pivotal role in a range of cellular processes including cell growth and
proliferation, detoxification, metabolic pathways including respiration, carbon metabolism, and ATP
generation, as well as processes as vital as iron transport."** In bacteria, iron is necessary for promoting
sufficient growth, particularly in host environments.* In fact, it has been shown that iron in the oral cavity
can elevate bacterial growth in human serum.” However, even more importantly for bacteria, iron plays a

key role in bacterial pathogenesis, making its acquisition in host organisms a significant priority.**’

3.2. Bacterial Iron Acquisition

Bacteria have adopted strategies to survive in a wide range of environments both aquatic and terrestrial,
with one of the most densely populated ones being the rhizosphere, the region directly surrounding the root
of a plant. In this environment, bacteria must compete with numerous other species for incredibly limited
but vital resources, including iron, as a means for survival.® Iron is typically acquired by bacteria in ferric

11T

(Fe") or ferrous (Fe'") forms. However, in aerobic environments, which includes the rhizosphere, iron is

most commonly present as a highly insoluble ferric oxide complex (Fe,Os). This complex is incredibly

I concentration to anywhere in the range of 10 to 107'® M, at

stable, thereby limiting the bioavailable Fe
least three orders of magnitude lower than the concentration of 10 M required for bacterial survival.>*’
Moreover, mammalian host organisms present a unique challenge for bacterial survival. This environment
is particularly sparse, as the majority of Fe'' is tightly complexed and stored in various circulating proteins
including ferretin, heme, and transferrin, limiting the available Fe" concentration to 102* M.%*'° Therefore,
in order to survive in these challenging environments, bacteria have evolved several mechanisms for the

acquisition of Fe'",
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3.2.1.Methods for Iron Uptake

Bacteria have developed multiple strategies for the highly selective uptake of iron either directly or
indirectly. One direct uptake method of iron entails the sequestration of entire complexes of host iron
sources including lactoferrin, transferrin, heme, ferretin, and various other metalloproteins.z’11 This method

allows the bacteria to acquire large quantities of Fe'" quite efficiently, however this method requires a

receptor specific to each iron source, thus limiting the bacteria to only host organisms with Fe'! sources

that are recognized by bacterial receptors. This major limitation associated with direct uptake is thought to
be the reason why there is a much broader distribution of indirect uptake mechanisms among bacteria. One
such mechanism is the use of hemophores, which are secreted proteins with the unique function of acquiring
heme.? Examples include the sxu hemophore system in Haemophilus influenzae, which uses heme-loaded
hemopexin as its iron source, as well as the has system utilized by several other Gram-negative bacteria.
However, this method is also limited to environments rich in heme; in environments with low heme

availability, this iron acquisition method is virtually useless. This then begs the questions: do bacteria have

1T

a means of acquiring Fe™ that is more generalized to a wide range of environments?

3.2.2.Siderophores

Of all of the Fe'" acquisition strategies employed by bacteria, the use of siderophores is the most broadly

applied. Siderophores are small molecules that are produced by bacteria under iron-limited conditions. They

111

are released by the bacteria, wherein they chelate extracellular Fe™, forming siderophore-iron complexes.

111 I -

These siderophore-Fe™ complexes are then selectively reimported into cells, wherein Fe™ is then released

from the complex and utilized in various essential cellular processes.”’ By a similar mechanism,

111

xenosiderophores can also be taken up by bacteria when complexed with Fe™ using similar receptors, the

major difference being that xenosiderophores are not natively produced by the bacteria in question.'? It

"_chelated complexes into the

must be noted that specific transport machinery is required to import the Fe
cell, regardless of whether the siderophore is natively produced by the bacteria or not. Xenosiderophores

do represent an excellent alternative for bacteria in highly competitive environments, they allow bacteria to

avoid expending large amounts of biosynthetic energy on the production of said siderophores.
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Siderophores commonly contain at least one of five structural motifs that enable them to chelate Fe';

hydroxamate, phenolate, catecholate, carboxylate, and oxazoline/thiazoline heterocycles (Fig. 3.01).2%!3-14
Many siderophores like enterobactin, desferrioxamine B, and staphyloferrin contain a single iron binding
motif. However, it is quite common for siderophores to contain a several of these moieties classifying them
as mixed-type siderophores.”’ This is best exemplified in siderophores produced by Gram-negative

pathogens. Pseudomonads combine the phenolate/catecholate moiety with oxazolines/thiazolines, and have

been of interest to our research group, particularly in recent years.
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Figure 3.01. Structures of siderophores containing the combination of a phenolate/catecholate motif and an oxazoline/thiazoline
(highlighted in orange) and the corresponding producing organisms.>%!13:14

3.3. Pseudomonas Metabolites

Pseudomonads produces a wide variety of metabolites including antibiotics and siderophores to gain a
competitive advantage in densely populated environments (Fig. 3.02).">'® Antibiotic compounds like
pyoluteorin, pyrrolnitrin, and 2,4-deacetylphlorglucinol allow Pseudomonas to outcompete other microbial
species in soil environments like the rhizosphere. Virulence factors like pyocyanin enable the bacteria to
infect its host organism. However, the compounds of greatest concern to us are the two siderophores

produced by most Pseudomonads, pyochelin and pyoverdine.
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Figure 3.02. Structures of selected Pseudomonas metabolites.

3.3.1.Pyochelin and Pyoverdine

Similar to other pathogenic bacteria, P. aeruginosa, often found in the lungs of cystic fibrosis
patients,'” produces two siderophores with differing affinity for Fe'.'* Pyoverdine has a higher affinity
for Fe"' and is therefore the primary siderophore, whereas pyochelin is a lower-affinity secondary

siderophore. Production levels of these two siderophores are regulated by the ferric uptake regulatory

11

system, which senses levels of bioavailable extracellular Fe™ then promotes transcription of the

appropriate biosynthetic machinery.'® Our lab has had a long-standing interest in pyochelin-like natural

F19:20

products such as ulbactin as well as other Fe'-binding Pseudomonad antibiotics including

promysalin discussed in the Chapter 2 (Fig. 3.03).2""*° To this end, I became interested in investigating

the physiochemical and biological properties a series of pyochelin biosynthetic shunt products.

A
N~ o
S
A ©
N2 S
NS OH
HO HO™ fo)
Ulbactin F Promysalin H,N

Figure 3.03. Structures of ulbactin F and promysalin.'®?!
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3.3.2.Pyochelin Biosynthesis

The biosynthesis of pyochelin, similar to many siderophores, is conducted via nonribosomal peptide
synthetases (Scheme 3.01)."*'* First, two accessory enzymes, PchA and PchB convert chorismite to
salicylate in two steps. Salicylate is then activated by PchD and loaded to PchE at which point it is
condensed with one molecule of L-cysteine, cyclized, and epimerized. Next, another molecule of cysteine
is incorporated into the scaffold by PchF, with no subsequent epimerization. Finally, the tailoring protein,
PchG reduces this second thiazoline to a thiazolidine, which is then N-methylated. At this point, pyochelin

is released from the biosynthetic machinery and exported to sequester extracellular Fe™ 2%
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Scheme 3.01. Abbreviated biosynthetic pathways to pyochelin and pyrrolnitrin, offshoot pathway to Dha and its redox breakdown
to aeruginoic acid, IQS, and aeruginol, structure of aerugine, and postulated spontaneous nonenzymatic Pictet Spengler reaction
between IQS and amino pyrrolnitrin to form pyonitrins A-D.!314.26-31.41.42

3.3.3.Pyochelin Biosynthetic Shunt Products
While relatively straightforward, this biosynthetic pathway can be interrupted giving rise to various
shunt products (Scheme 3.01). For example, the thioesterase, PchC, can cleave PchE-appended salicylate,
resulting in the premature release and accumulation of (R)-dihydroaeruginoic acid (Dha). This metabolite
can then undergo various redox breakdown processes giving rise to aeruginoic acid, aeruginaldehyde (also

known as IQS), and aeruginol.”®* Aerugine, is a structurally related metabolite isolated from P.
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fluorescens, however, it has not been shown to result from this same pathway.” Other sources have noted
that these metabolites may also be formed by means of other pathways.*'

The physiochemical and biological properties of pyochelin have been studied extensively and at this
point are very well known. However, these same properties are far less studied for the aforementioned
simpler biosynthetic shunt products, and in fact are largely unknown. Dha was initially characterized as an
antiproliferative compound that acted through an iron-chelating mechanism.*> However, reports on these
iron-chelating properties were not detailed in their accounts of this property. Dha has also been shown to
have modest antifungal and antibacterial activity, albeit against a limited scope of microbes.*> Aeruginoic
acid was isolated and synthesized by Yamada and co-workers in 1970, however no further investigations
of its bioactivity were conducted.** Similarly, aeruginol was isolated from a CHCl; extract of P. aeruginosa
and structurally characterized in 1993, with no further evaluation to the best of our knowledge.** Aerugine
has limited antifungal activity, however, similar to all of the other metabolites described, it has not been

further characterized.*

3.3.4.1QS and Other Pseudomonad Metabolites

IQS has been isolated from several Pseudomonads and it has been shown to have modest antifungal
activity.”**% It was recently coined “the fourth quorum sensing molecule” in P. aeruginosa, however this
has been highly contested, and this claim was ultimately refuted by Cornelis.*®** One key structural feature
of 1QS is the reactive aldehyde motif. Reaction of this aldehyde enables IQS to become incorporated into
the scaffolds of several natural products like mindapyrrole B and malleonitrone (Fig. 3.04).>'** Recently,
Clardy and coworkers discovered the pyonitrins A-D from the extract of P. protegens. Careful assessment
of the genome ultimately led to the hypothesis that these metabolites arise from a spontaneous
nonenzymatic Pictet-Spengler condensation reaction between 1QS and aminopyrrolnitrin, a precursor to the
known Pseudomonad antifungal, pyrrolnitrin (Scheme 3.1).2*#' This pathway was also recently validated
through the biomimetic total synthesis of pyonitrins A-D by MacMillan and co-workers as well as the

synthesis of pyonitrin C to be described in this work.*
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Mindapyrrole B Malleonitrone H’J*o

Figure 3.04. Structures of mindapyrrole B and malleonitrone.?3-34

3.4. Hypothesis for Pyochelin Shunt Metabolites

Overall, there was very limited knowledge of these compounds, which led me to propose a more
extensive but directed investigation of their physiochemical and biological properties in the hopes that this
would provide further evolutionary insight into their origins. One major question I had was if these
metabolites played a role in iron homeostasis in P. aeruginosa. As previously mentioned, pyochelin and
pyoverdine production is tightly regulated by the Fur system. This system likely evolved to prioritize
biosynthetic efforts based on the present environment. Thus, while pyoverdine is far more structurally
complex, and therefore biosynthetically taxing to produce, the Fur system will upregulate production of

pyoverdine if amounts of bioavailable Fe™

are low enough to necessitate the use of this higher affinity
siderophore. However, when extracellular levels of Fe'" increase, the Pseudomonas will then switch over
to producing primarily pyochelin, thereby relieving the bacteria of any additional biosynthetic energy. Since
Dha has been identified in iron-limited P. aeruginosa supernatants, I reasoned that it may function as a
simplified secondary siderophore, which was originally proposed by Reimann and coworkers in 2014,

Alternatively, these shunt metabolites may have a function similar to escherichelin, a metabolite
produced during yersiniabactin biosynthesis in clinical Escherichia coli infection (Fig. 3.05).**7 This

metabolite was originally studied by Mislin and coworkers as an inhibitor of pyochelin mediated Fe™

111

uptake in P. aeruginosa.* However, despite displaying Fe"-binding capabilities, escherichelin does not

support Fe'-dependent E. coli growth, and in fact inhibits the growth of pyoverdine-deficient P. aeruginosa

111

in Fe -restricted media. This indicates that unlike its structurally similar counterparts, it is not a

siderophore.**’ Studies conducted by Henderson and coworkers revealed that although escherichelin is a
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biosynthetic precursor to both pyochelin and yersiniabactin, its release by P. aeruginosa is significantly
diminished compared to E. coli.*’ Hence, it is likely that escherichelin is released by E. coli to inhibit Fe'™
uptake by competing species. Based on these reports, I posed a second hypothesis that these pyochelin

111

biosynthetic shunt metabolites may also act through an Fe™ -starvation mechanism to outcompete other

neighboring microbial species.
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P. aeruginosa

(no pyoverdine) Escherichelin Yersiniabactin

Figure 3.05. Structure of yersiniabactin and its biosynthetic shunt product escheriachelin and its inhibition of the growth of
pyoverdine-deficient P. aeruginosa growth via an Fe'-binding mechanism.?>3

3.5. Investigation of Pyochelin Shunt Metabolites

Kaplan, A. R.7; Musaev, D. G.; Wuest, W. M. Pyochelin Biosynthetic Metabolites Bind Iron and Promote
Growth in Pseudomonads Demonstrating Siderophore-like Activity ACS. Infect. Dis. 2021, 7(3), 544-551.
https://doi.org/10.1021/acsinfecdis.0c00897.

With a series of unanswered questions, my goal was to gain insight into the physiochemical and
biological properties of pyochelin biosynthetic shunt metabolites in an effort to illuminate their function in
P. aeruginosa or elsewhere in nature. To this end, I synthesized a library of these metabolites, assessed
their Fe'-binding characteristics qualitatively and quantitatively, and performed extensive biological

assays on these six compounds to answer the two main questions detailed above.

3.5.1. Synthesis

As shown in Scheme 3.02, Dha (3.01) was synthesized in a single step by condensing 2-
hydroxybenzonitrile with L-cysteine, as previously described by Mislin.***’ Aeruginoic acid (3.04) was
synthesized in three steps using the synthetic route published by Yamada.** First, 2-hydroxybenzamidde
was converted to the corresponding thioamide (3.02) then condensed with ethyl bromopyruvate giving
thiazole (3.03). Hydrolysis of the ester then furnished aeruginoic acid (3.04) which was then reduced with
BH;*THF to give aeruginol (3.05). Next, 2-hydroxybenzonitrile was condensed with L-cysteine methyl

ester hydrochloride to afford thiazoline (3.06). The methyl ester was then reduced to give aerugine (3.07),
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which was then oxidized directly to IQS (3.08) using a Swern oxidation.* It is worth noting that IQS (3.08)
has also been synthesized via a Weinreb amide intermediate wherein the thiazoline is first oxidized to the
thiazole and the Weinreb amide is subsequently reduced to the corresponding aldehyde.*” However, we

found it more efficient stepwise to access 1QS using the methods serendipitously discovered by Mislin.
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Scheme 3.02. Synthesis of Dha (3.01), acruginoic (3.04), 1QS (3.08), acruginol (3.05), acrugine (3.07), pyonitrin C (3.14).3442:48-50

With construction of the first five metabolites complete, including IQS (3.08), one of the building
blocks for pyonitrin C, I then turned my attention to the synthesis of the second precursor, aminopyrrolnitrin
(3.13).%° First, pyrrole was protected with TIPS in nearly quantitative yield. This bulky protecting group
facilitated regioselective 3-iodination, affording 3-iodopyrrole (3.10). Borylation followed by Suzuki-
Miyaura coupling to 2-iodoaniline gave 3.12 in 85% yield over two steps. The TIPS group was then
removed using TBAF furnishing aminopyrrolnitrin (3.13). Penultimate Pictet-Spengler condensation and
rearomatization was performed using conditions adapted from MacMillan and co-workers; IQS (3.08) and
aminopyrrolnitrin (3.13) were stirred in a 1% solution of TFA in DMSO for 24 hours affording the desired
compound, pyonitrin C (3.14).** Although the published protocol reported a 72 hour reaction time, I noticed

significant formation of a degradation product past this 24 hour mark that was difficult to separate from
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pyonitrin C (3.14), and thus decided to stop the reaction at 24 hours instead of reacting for the full reported
72 hours. Ultimately, this synthetic route does confirm the inherent reactivity these substrates have towards

each other supporting the postulated biosynthetic formation of pyonitrins A-D.

3.5.2.Iron-Binding Evaluation

With all six compounds in hand, I began with my assessment of their properties starting with evaluating
their Fe'-chelating abilities. 1 evaluated this qualitatively using a self-designed FeCl; assay then

quantitatively using a fluorescence titration assay.

3.5.2.1. FeCl; Assay

111

The purpose of this assay was to detect a colorimetric change upon adding Fe™ to a solution of each of

the six compounds. If a color change was observed, this would be indicative of an Fe™"

-binding event.
Increasing amounts of a 1 M solution of each compound in methanol was added to a 1 M solution of FeCls
giving final test concentrations of 0 uM, 125 uM, 250 uM, and 500 uM. In all cases, addition of compound
resulted in a change in color from yellow to purple, and in most cases this color change was fairly distinct,
indicative of an iron-binding event (Fig. 3.06). Additionally, this color change became more distinct with
the addition of increasing amount
of compound, indicating a
concentration dependence as well.
In the case of pyonitrin C (3.14),

the color change was not as

obvious, which would necessitate

Figure 3.06. FeCl; assay shows Fe'!! chelation by 3.01, the fluorescence titration assay

3.04, 3.08, 3.05, 3.07, and 3.14 (A-F, respectively) and

control EDTA (G). 1 mM solutions of test compounds further detailed below to confirm
in methanol were added to a 1 mM solution of FeCls

also in methanol giving Fe'":compound ratios of 1:0, g Fe""-binding event.

4:1,3:1,2:1, and 1:1 (left to right).
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3.5.2.2. Fluorescence Titration Assay

The Fe"-chelating properties of all six compounds were then quantified using fluorescence titration

11

experiments. In these experiments, 1.0 equivalents of Fe™ were added to a solution of each given compound

in methanol in 0.1 equivalent increments, recording an emission spectrum after each addition. Quenching

"_binding events. Consistent with the

of the emission signal would confirm the previously observed Fe
findings from the FeCls assay, the emission signals of all six compounds were quenched by the addition of
Fe' thus further supporting that these metabolites do bind iron (Fig. 3.07). Dha (3.01) and aeruginoic acid
(3.04) were also titrated with five additional biologically relevant metals: cobalt, copper, magnesium,
manganese, and nickel. Contrary to pyochelin, which is known to have affinity for several of these metals,

none of these metals quenched the emission signal of either of these compounds, indicating that they both

have a specific affinity for Fe (Fig. 3.08).”!

Fluorescence Titration Experiments
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Figure 3.07. Fluorescence titration curves of 3.01, 3.04, 3.08,
3.05, 3.07, and 3.14 titrated with 1.0 equivalents of FeCls. All
experiments were performed in triplicate.
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Figure 3.08. Fluorescence titration curves of 3.01 (left) and 3.04 (right) titrated with 1.0 equivalents of FeCl; Fe(acac)s;, CoCl,, CuCly,
MgCl,, MnCl,, and NiCl,. All measurements were taken in methanol.
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1

This data also allowed for quantification of the ligand-to-Fe" binding ratios (L:Fe™), which were

deduced in the same manner as previously reported.””>* If the emission signal was quenched after the

addition of 1.0 equivalents of Fe"", this would be indicative of a 1:1 L:Fe" binding stoichiometry. Further

111

quenching after the addition of 0.5 equivalents of Fe™ would be indicative of a 2:1 ratio and after 0.33

11

equivalents of Fe™ a 3:1 ratio. Using the normalized fluorescence titration curves generated from these

111

experiments (Fig. 3.07, raw data shown in supporting information), I deduced the L:Fe™ ratios of all six

compounds which are summarized in table 3.01.

Table 3.01. Binding stoichiometries and
calculated K4 values for 3.01, 3.04, 3.08, 3.05,
3.07, 3.14 and pyochelin.32-%

Compound L:Fe!l! Ka (uM)
3.01 1:1 111.4
3.04 1:1 206.4
3.08 2:1 174.3
3.05 1:1 54.94
3.07 3:1 16.39
3.14 2:1 80.38

Pyochelin®*’ 1:1/2:1 2.0-5.0

Based on this data, it was difficult to ascertain any trends associated with this data or why certain
compounds bound with a 1:1 stoichiometry while others bound with 2:1 or 3:1 stoichiometry. Based on the
values in table 3.01, steric bulk does not appear to play a role, as 3.14, the largest of the six compounds
binds with a 2:1 stoichiometry compared to 1:1 stoichiometries associated with 3.01, 3.04, and 3.05.
Electronically, there isn’t a clear pattern either. While the two compounds containing carboxylic acids, 3.01
and 3.04, shared the same L:Fe™" ratio of 1:1, this did not hold up with the two primary alcohols, 3.05 and
3.07, which bound with 1:1 and 3:1 stoichiometries, respectively. Rigidity also did not appear to have a
clear influence; while thiazoles 3.04 and 3.05 bound with the same L:Fe" ratio of 1:1, thiazoline 3.01 bound
with a 1:1 ratio while 3.07 bound with a 3:1 ratio. In addition, the L:Fe'" ratios determined in 3.7.2 also did

not show any clear trends, which prompted supplementary computational studies.
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It should be noted that these ratios were important in determining the correct stoichiometry to use in
the biological experiments discussed in the next section. Unfortunately, the L:Fe"" binding stoichiometries

determined in table 3.01 could not be explained based on chemical structure intuitions. To this end, I sought

out computational insights from Dr. Djamaladdin Musaev to support the experimentally determined L:Fe™

ratios (Fig. 3.09, S3.01, S3.02, S3.03). In these studies, the free energy associated with the sequential

formation of each complsex was determined. When modeling 3.01, it was determined that the energy of

1T

formation of a 1:1 complex with Fe™ was favorable, however the energy associated with addition of a

1T

second ligand to form a 2:1 complex with Fe™ was not favorable, indicating that a 1:1 complex would likely

be the predominant species (Fig. 3.09, S3.01).

Figure 3.09. Ball-and-stick model of minimal
energy structures of 3.01-FeCl; complex.

Computations with 3.08 indicated that formation of a 1:1 complex was energetically favorable, and
addition of a second ligand to form a 2:1 complex was also energetically favorable, but addition of a third
ligand to form a 3:1 complex was not energetically favorable, supporting the experimentally determined
2:1 L:Fe' ratio (Fig. S3.02). Finally, computations with 3.07 indicated that formation of a 1:1 and 2:1
complex was favorable, and addition of a third ligand to form the 3:1 complex was favorable, supporting

111

the experimentally determined 3:1 L:Fe™ ratio (Fig. S3.03). It is important to note that this computational

work does not by any means serve as definitive results. The purpose of the computational work was never

1

to generate concrete data, but to support the previously determined experimental L:Fe™ binding

stoichiometries. Notwithstanding, having some computational validation of one example of each L:Fe™

ratio, 1:1, 2:1, and 3:1 did provide a level of confidence high enough to move forward with the biological

experiments to be discussed in the next section.
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This fluorescence titration data was also used to calculate putative dissociation constant (Kq) values for
all six compounds. The data was then extrapolated into a binding curve using Prism to calculate predicted
Kq values (Fig. 3.10). These values, shown in table 3.01, were slightly higher than the K4 of pyochelin,
supporting the notion that these compounds may act as lower-affinity siderophores.”>”’ Of note, these

values were approximated in Prism, and serve simply as estimates of the true Kq of each compound.
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Figure 3.10. Binding curves for 3.01, 3.04, 3.08, 3.05,
3.07, and 3.14 derived from fluorescence titration data.

" ratios were performed in a

As mentioned previously, the computations used to support the L:Fe
sequential manner to determine whether or not addition of each subsequent ligand was energetically
favorable. Based on this computational method, it is reasonable to assume that there is likely an equilibrium

" stoichiometry over others. With this in

associated with formation of each complex favoring one L:Fe
mind, putative Kq calculations were conducted in prism with truncated data for 2:1 and 3:1 complexes,

however these values were incredibly erratic and thus it was only possible to calculate reasonable K4 values

with the full data set from 0 all the way to 1 full equivalent of Fe'" added.
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3.5.3.Biological Evaluation

111

With the promising Fe-binding results, I next sought to perform a biological evaluation of these
compounds to gain a better understanding of their in vivo ramifications. The guiding question to these

investigations was whether or not these metabolites serve as growth promoters, inhibitors, or both.

3.5.3.1. Growth Inhibition Assay

First, I tested these compounds for their ability to impart an iron starvation effect against non-producing
bacterial strains. These compounds were evaluated against a panel of clinically relevant species
(Enterococcus faecalis, Escherichia coli, and (methicillin-resistant) Staphylococcus aureus) using standard
MIC/ICs assay conditions. No growth inhibition was observed against any of these strains. Thus, the
conclusion from these experiments is that the iron-binding properties of these compounds are unlikely to

play a role in iron starvation as seen in the case of escherichelin.***’

3.5.3.2. Growth Promotion Assay

To test the hypothesis that these compounds promote growth in Pseudomonas by means of their Fe'"'-

chelating abilities, I developed a growth promotion assay. Each compound was incubated with both the
wild-type P. aeruginosa (PAO1) and a double knockout mutant incapable of producing either of its native
siderophores, pyoverdine or pyochelin (ApvdDAphcEF). All assays were performed in Fe'-depleted

1T

growth media with each compound as both the free ligand as well as a prechelated Fe-ligand complex

" source. If these ligands were to promote growth via an Fe''-binding mechanism,

using Fe(acac)s as the Fe
I would expect that the unchelated ligands would have little to no impact on growth of either strain, which
was indeed what I observed (Fig. 3.11). With the exception of 3.14, which may have had some background

fluorescence at the wavelength I took readings at, the growth curves of each with each of the remaining

five compounds were nearly identical to the DMSO control.
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Figure 3.11. Growth curves of PAO1 and ApvdDApchEF in Fe'l-depleted media with 125 uM of free ligand of each test compound.
Fe(acac); was the positive control and DMSO was the negative control. All experiments were performed in triplicate.

Next, I incubated PAO1 with each of the six compounds prechelated with Fe" and observed a marked
enhancement of growth compared to the DMSO control. In fact, in most cases this enhancement of growth
was slightly higher than that with the Fe(acac); control (Fig. 3.12). However, at this point it was unclear
whether or not this growth enhancement arose from direct uptake of these ligand- Fe'' complexes or if the

native siderophores were stripping the Fe'"

from these complexes and importing Fe'" into the cell in that
fashion. This was where the double knockout strain became important. If growth promotion was still
observed with this strain, then I would know that these ligand- Fe"" complexes were in fact getting directly
imported by the bacteria. Excitingly, this was exactly what I observed; all six ligand-Fe" complexes

enhanced the growth of the ApvdDAphcEF strain (Fig. 3.12). In fact, this data indicates that for the first to

my knowledge, these metabolites do exhibit some siderophore-like properties.
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Figure 3.12. Growth curves of PAO1 and ApvdDApchEF in Fe'-depleted media with 125 uM of ligand:Fe'"' complex of each test
compound. Fe(acac); was the positive control and DMSO was the negative control. All experiments were performed in triplicate.
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One interesting feature worth noting was the delayed growth curves of 3.08 and 3.07 compared to the
other test compounds. One possible explanation for this could be that there was delayed uptake of these
two particular complexes possibly due to their 3-dimensional nature. Other factors may have been at play
as well; for example, with the exception of pyonitrin C, the other four metabolites contain a phenol -OH
and either a carboxylic acid or alcohol -OH group, while 1QS only contains the phenol. This difference in
hydrogen bonding may lend itself to the delayed growth enhancement. In contrast, 3.07 has both of the
aforementioned -OH groups, however as previously mentioned, this metabolite was not found to be
implicated in the redox breakdown process giving rise to the other metabolites, and therefore may simply
be less easily recognized by the bacteria transporters. Regardless, further work into this structure-activity
relationship would be required to determine the reason for this phenomenon.

3.6. Conclusions and Broader Impacts

In this work, I aimed to answer several key questions about the physiochemical properties and
biological role(s) of several Pseudomonad metabolites arising from the premature release of Dha from the
pyochelin biosynthetic machinery. First, their Fe'-binding capabilities were characterized both

1T

qualitatively and quantitatively and verified computationally. Next, these Fe™ -binding compounds were

assessed in multiple biological assays. I found that while these compounds do not inhibit the growth of

other pathogenic bacteria by means of an Fe'"

-starvation mechanism, they do promote the growth of P.
aeruginosa in Fe"-depleted conditions, indicating for the first time that these metabolites do act in a
siderophore-like manner. One key question that still needs to be answered is how these pyochelin
biosynthetic shunt metabolites are recognized and imported as Fe''-ligand complexes. Uptake of
pyoverdine and pyochelin ferrisiderophore complexes occurs via TonB-dependent receptors.*® However, it
is unclear whether import of the simplified Fe"'-ligand complexes is conducted using the same machinery
or a different receptor yet to be elucidated. Future work will involve determination of transport machinery,
if any, involved in the uptake of these complexes to confirm their role as native siderophores.

One of the key potential broader implications of this work is the potential to utilize these simplified

siderophore metabolites in antibiotic-siderophore conjugates as part of a minimalist “Trojan-Horse”
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strategy.”” This phenomenon was recently applied to the development of the antibiotic Fetroja®
(cefiderocol) approved for use by the FDA in 2019.°° The scaffold of Fetroja® is comprised of two key
features, a combination of two cephalosporin antibiotic structures, ceftazidime and cefepime and an Fe''-
binding catechol motif commonly found in many siderophore structures. The combination of an antibiotic
scaffold with a common siderophore moiety renders this conjugate antibiotic less susceptible to resistance
mechanisms, particularly efflux, as the bacteria has essentially been tricked into thinking this molecule will

enable to it harbor essential Fe'!

thereby rendering the antibiotic itself more effective. While this antibiotic
was found to be effective against several Gram-negative pathogens, I wondered if perhaps it would be more
effective to design species-specific siderophore-antibiotic conjugates. Species specificity would further
decrease susceptibility to resistance for reasons described in greater detail in the previous chapter. Also
briefly highlighted in the previous chapter is the benefit of synthetic simplification; by appending a
truncated pyochelin metabolite, for example Dha which only takes a single step to synthesize, it is possible
to bypass a large amount of synthetic effort to access a Trojan Horse antibiotic with the same level of
species specificity. I postulate that using the platform recently developed by the Seiple group, one can

systematically design an antibiotic-linker-siderophore conjugate with specificity for Pseudomonas or any

other Gram-negative pathogens.®' Future work is focused on this exact task.
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Figure 3.13. Structure of Fetroja® (cefiderocol) and hypothetic species-specific Trojan Horse antibiotic.
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3.7. Oxazoline and Oxazole Analogs

Kaplan, A. R.7.; Wuest, W. M. Promiscuous Pseudomonas: Uptake of non-endogenous ligands for iron
acqisition. Tetrahedron. Lett. 2021, 75(6), 153204-153206. https://doi.org/10.1016/j.tetlet.2021.153204.

With these exciting results obtained for the Pseudomonad pyochelin shunt metabolites, I wondered if
these results were limited to these naturally occurring metabolites, or if perhaps these same siderophore-
like properties would be observed with molecules that had been slightly modified. As previously mentioned,

1T

oxazolines are highly prevalent Fe™ -binding motifs in siderophores, just like their thiazoline counterparts

in the series of Pseudomonad siderophore-like compounds.>*'*!* Additionally, the previous computational

111

studies showed that the atoms involved in Fe™ chelation were likely the phenol -OH group and the

heterocyclic nitrogen. This indicates that the sulfur atom is likely not directly involved in any Fe'

-binding,
and thus could hypothetically be swapped out with another atom, such as oxygen, without drastically
altering the overall physiochemical and biological properties of these small molecules. This led me to
wonder if [ would observe similar siderophore-like properties in oxazoline and oxazole counterparts to the
thiazoline and thiazole-containing metabolites. To this end, I synthesized a series of four oxygen-containing

counterparts to Dha (3.01), aeruginoic acid (3.04), aeruginol (3.05), and aerugine (3.07) and evaluated them

in a similar fashion as previously described.

3.7.1.Synthesis

Synthesis of this series of compounds was achieved in a fairly straightforward manner using standard
protocols (Scheme 3.03). 2-Hydroxybenzonitrile was converted imidate 3.15, which was then immediately
condensed with L-serine methyl ester hydrochloride giving oxazoline, 3.16.°* The methyl ester was then
either hydrolyzed to carboxylic acid, 3.17, or reduced to primary alcohol, 3.18. Next, the oxazoline methyl
ester was desaturated to the corresponding oxazole, 3.19, using methodology previously developed by Wipf
and Williams.®*** In the same manner as with the oxazoline methyl ester, 3.16, the oxazole methyl ester

was further elaborated to carboxylic acid 3.20, and primary alcohol, 3.21.
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Scheme 3.03. Synthetic route to compounds 3.17, 3.18, 3.20, 3.21.6!-64

3.7.2.Fe"-Binding Properties

1

With these four compounds in hand, I then moved on to investigating their Fe""-binding characteristics.

Qualitative analysis of each compound using the previously described FeCl; assay revealed that all four

111

compounds displayed an ability to bind Fe'"", as indicated by the change in color of the solution from yellow
to purple, similar to the previously described results (Fig. 3.14). Additionally, similar to previous results,

this bleaching effect was more obvious for some compounds and less obvious for compounds like 3.16.

Figure 3.14 FeCl; assay shows Fe'' chelation by compounds 3.17, 3.18, 3.20, and 3.21 (A-D, respectively). 1 mM solutions of
test compounds in methanol were added to 1 mM solution of FeCl; also in methanol giving Fe'':compound ratios of 1:0, 4:1, 3:1,
2:1, and 1:1 (left to right).
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Next the Fe''-binding properties of these compounds were quantified using the fluorescence titration

assay also described previously. As was found previously, the emission signal of each compound was

quenched by the addition of varying amounts of Fe'' indicative of an Fe

"_binding event. Fluorescence

titration curves (Fig. 3.15) and binding curves (Fig. 3.16) were also generated from these experiments and

enabled me to deduce the L:Fe'! stoichiometries and Kq values shown in Table 3.02. These values were all

comparable to the values obtained previously, indicating that they may also have siderophore-like activity.

As mentioned previously, it was difficult to assign any definitive trends with respect to chemical structure

and L:Fe'" stoichiometries, and these four compounds were no exception to that. No clear trend or pattern

could be determined based on steric or electronic nature

of these compounds. However, as previously

mentioned, computational modeling was valuable in supporting these experimentally determined values.

Fluorescence Titration Experiments
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Figure 3.15. Fluorescence titration curves for 3.16, 3.17,
3.19, and 3.20 titrated with 1.0 equivalents of FeCls.
Each titration was performed in triplicate.
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Figure 3.16. Binding curves for 3.16, 3.17, 3.19, and 3.20
which were generated from fluorescence titration data.

Table 3.02. Binding stoichiometries and
K4 values for 3.16, 3.17, 3.19, and 3.20.

Compound | L:Fe' | Kq(uM)
3.17 2:1 40.81
3.18 1:1 553.7
3.20 3:1 23.14
3.21 2:1 113.5
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3.7.3.Biological Evaluation

These four compounds were then evaluated in the same assays as the previous work. Just as before,
these compounds did not inhibit the growth of the panel of pathogenic bacteria (Enterococcus faecalis,
Escherichia coli, and (methicillin-resistant) Staphylococcus aureus). However, when evaluated for growth

promoting activity, these compounds behaved virtually the same as the sulfur-containing Pseudomonas

11

metabolites. None of the four free ligands promoted P. aeruginosa growth in Fe™-depleted growth media.

11

However, all four ligand:Fe™ complexes did promote growth; in fact, the difference in growth of

ApvdDAphcEF treated with each ligand:Fe'' complex compared to Fe(acac); was particularly stark.

WT + Ligand ApvdDAPChEF + Ligand
0.3 0.3
- 3.16 - 3.16
% 3.7 § 347
o 319 o 027 3.19
k-] ©
g - 320 ~ 3.20
g — Fe(acac)3g 0.1- .~ Fe(acac);
3 = DMSO $ s~ DMSO
soonses 0.0-19
N ™ ® R K Q
Time (hours) Time (hours)
WT + Ligand:Fe" ApvdDAPchEF + Ligand:Fe"!
0.3 0.3
-~ 3.16 - 3.16
S 347 8 3.7
8 3.19 8 0.2 3.19
E \+ 3.20 E — 3.20
g — Fe(acac)3g 0.1 —— Fe(acac);
s - DMSO $ - DMSO
0.0-lp=
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Figure 3.17. Growth curves of PAO1 (left) and ApvdDApchEF (right) in Fe'''-depleted media with 125 uM of free ligand (top) and
ligand:Fe™ complex (bottom) of each test compound. Fe(acac); was the positive control and DMSO was the negative control. All
experiments were performed in triplicate.
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3.7.4.Conclusions

To summarize, experimental results from this work indicated that the oxazoline and oxazole
counterparts to the previously studied pyochelin biosynthetic shunt metabolites demonstrated highly similar
Fe'-binding and siderophore-like activity. This suggests that P. aeruginosa is somewhat promiscuous in
its uptake of these simplified siderophore-like complexes. As previously mentioned, further work would be
necessary to elucidate the mechanism and possible transport machinery responsible for the import of these
complexes. These results led me to wonder if this growth promotion phenomenon is exclusive to
Pseudomonas, or if it occurs in other pathogenic Gram-negative bacteria like Acinetobacter baumannii. My
work to investigate this question is discussed in the next section.

3.8. Acinetobacter Siderophores

Kaplan, A. R.{.; Haney, B. A.; Wuest, W. M. Acinetobactin Biosynthetic Intermediate Binds Iron and
Displays Uniqe Biiological Profile in Acinetobacter Baumannii. ChemBioChem. 2022, Submitted.

As I had mentioned above, | was especially interested in seeing if siderophore biosynthetic precursors
could impart a growth-promoting effect in A. baumannii similar to what I had previously observed in
Pseudomonas. A. baumannii is an opportunistic Gram-negative pathogen and a causative agent in a variety
of diseases as common as burn, wound, and urinary tract infections and as serious as pneumonia and
sepsis.®® A. baumannii, similar to P. aeruginosa, produces multiple siderophores: acinetobactin, which
exists in two pH-dependent isomers, fimsbactins, and baumannoferrins (Fig. 3.18).°%° The primary
siderophore, acinetobactin, was of particular interest due to catechol-oxazoline motifs similar to the phenol-

thiazoline in the structure of pyochelin.
;NH

N. /I—NH
N

HO’N (o) N
acid o (0]
Meu.. N —_— \_f [0}
o I/

base Me  HN
HO HO
HO HO
preacinetobactin acinetobactin fimsbactins A-F baumannoferrins A&B

Figure 3.18. Structures of preacinetobactin, acinetobactin, fimsbactins A-F, and baumannoferrins A&B.%3-0¢
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3.8.1.Acinetobactin Biosynthesis

Similar to pyochelin, the biosynthesis of acinetobactin starts chorismite which gets converted to
enzyme-activated 2,3-dihydroxybenzoate. Next, L-threonine undergoes a condensation reaction giving rise
to the oxazoline core. Finally, N-hydroxyhistamine is incorporated into the scaffold, which is then released
as preacinetobactin, which can freely isomerize to acinetobactin under basic conditions (Scheme 3.04).%"!
To the best of my knowledge, there are no reports of premature release of the oxazoline precursor, 3.24.
This led me to hypothesize that 3.22 could play a similar role in A. baumannii, thereby supporting the notion
that this compound can be prematurely released from the acinetobactin biosynthetic machinery. To this end,
I investigated this hypothesis alongside an undergraduate in our lab, Brittney Haney, using the same

methods as previously described.

/I_NH
&@- ‘¢
S Me
BasEFIJ
EntA BasADI 0 "‘ (o] BasBCG
ﬁ N= ﬁ
HO 0
0 "‘ HO Meu.. N
o] % /
% HO
Chorismate H fNH
Premature : N__ HO
Release? }
g HO
o ; inetobactin
Can 3.22 bind iron and M. H\ 5 N acid preacine
promote A. baumannii HO _ 0 \__\f o
growth similar to its N me PN base
native siderophores?
HO HO
HO
HO
3.22

acinetobactin

Scheme 3.04. Abbreviated biosynthetic pathway to preacinetobactin, its pH dependent isomerization to acinetobactin, and the
hypothetical premature release of compound 3.22.%-7!
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3.8.2.Synthesis of 3.22
Synthesis of 3.24 was achieved in a fairly straightforward fashion (Scheme 3.05).%"* First, 2,3-

dihydroxybenzonitrile was converted to the corresponding imidate, 3.23, which was then condensed with
threonine benzyl ester oxalate, furnishing the oxazoline 3.24 in 27% over two steps. Then, hydrogenolysis

of the benzyl ester afforded the corresponding carboxylic acid, giving 3.22 in 92% yield over three steps.

—_—
MeOH HO C,H,Cl,, reflux, 16h MeOH

HO HO HO
HO 27% (2 steps) 92%

3.23 HO HO
3.24 3.22

(o]
J BnO.__O HO__O
NH HN o LOBn
NC, MeO Meu.. N Meu.. N
AcCl HO” “Me; EtzN / H,, Pd/C /
HO > o —_ (0]

Scheme 3.05. Synthesis of 3.24 was achieved in three steps.®>7
3.8.3.Iron-Binding Properties

Qualitative analysis of 3.22 performed as previously described, showed that 3.22 indeed binds iron, and

does so in a concentration-dependent manner (Fig. 3.19).

Figure 3.19. FeCl; assay shows Fe'! chelation by 3.22. A 1 mM solution of compound 3.22 in methanol was added to a | mM

solution of FeCl; also in methanol giving 3.22:FeCl; ratios of 0:1, 1:1, 2:1, 3:1, and 1:0 (left to right).
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Next, Fe'-binding was quantified using the previously described fluorescence titration experiments.
As shown in figure 3.20, the emission signal was quenched by the addition of 1.0 equivalents of Fe'",
thereby further supporting that 3.22 binds Fe'" and does so in a 1:1 L:Fe'" stoichiometry. The binding curve
resulting from these experiments, shown in figure 3.21, enabled calculation of a predicted K4 value of 73.0

pM. This value is notably higher than experimental values reported for preacinetobactin (1:1

preacinetobactin:Fe™ K4 = 763 nM, 2:1 preacinetobactin:Fe"" K4 = 83 nM).”

Fluorescence Titration Experiments Binding Curve
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Figure 3.20. Fluorescence titration curve for 3.22
titrated with 1.0 equivalents of FeCl;. Each
titration was performed in triplicate.

Figure 3.21. Binding curves for 3.22, which
was generated from fluorescence titration data.

3.8.4.Biological Evaluation

Finally, we assessed the effect of 3.22 on the growth of A. baumannii. For this work, we utilized the
wild-type (ATCC 17978) as well as a complete siderophore biosynthetic knockout mutant
(AbasGAbfnLAfbsE), generously provided by the Skaar lab at Vanderbilt University, incapable of
producing any of the three previously mentioned native siderophores. Each strain was incubated with first
the free ligand of 3.22 then the 3.22:Fe" complex in Fe'depleted growth media supplemented with a non-

lethal amount of known Fe'!

-chelator EDTA (32 uM), across a range of concentrations, monitoring growth
until stationary phase was reached (Fig. 3.22). For the wild-type, wild-type growth was comparable to the
DMSO control at all test concentrations excluding 250 uM, wherein a significant decrease in growth was
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observed. This decrease was even more drastic with the 3.22:Fe™ complex, for which there was a slight

enhancement of growth for all test concentrations compared to DMSO, except at 250 uM , wherein growth
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was almost entirely inhibited. This peculiar effect was even more drastic with the AbasGAbfnLAfbsE strain,
which did not appear to grow at all with the DMSO control. Also similar to the wild-type, the enhancement
of growth compared to DMSO as well as the inhibitory effect at 250 uM was more obvious for the 3.22:Fe""
complex than for 3.22 as the free ligand. Overall, these results suggest a dual role for this hypothetical
metabolite in A. baumannii: it promotes growth until it reaches a certain concentration threshold, at which

point it exerts some degree of toxicity.
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Figure 3.22. Growth curves of 4. baumannii wild-type strain (left) and AbasGAbfnLAfbsE strain (right) grown in Fe'-depleted
media supplemented with 32 uM EDTA in the presence of free ligand 3.22 (top), 3.22:Fe'"! complex (middle), and FeCl; (bottom).
All experiments were performed in triplicate.
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We were particularly intrigued by the inhibitory effect that 3.22 seemed to have on A. baumannii growth
at 250 uM, and therefore probed this further by repeating the same growth assays with the same range of
test concentrations but in normal, iron-replete Mueller Hinton broth (Fig. 3.23). For both the wild-type and
the AbasGAbfnLAfbsE strains, there was a clear decrease in growth at 250 uM compared to the other test
concentrations. Taken together, these results indicate that 3.22 plays a concentration-dependent dual role

in A. baumannii, promoting growth at lower concentrations and hindering growth at higher concentrations.
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Figure 3.23. Growth curves of 4. baumannii wild-type strain (left) and AbasGAbfnLAfbsE (right) grown in MH media in the
presence of free ligand 3.22 (top), and 3.22:Fe" complex (bottom). All experiments were performed in triplicate.
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3.8.5.Conclusions

Our evaluation of 3.22 revealed an Fe'"-chelation ratio of 1:1 (ligand:Fe'") and a K4 of 73.0 uM. These
compounds displayed an intriguing dual effect on growth, with a peculiar difference from the effects
observed in P. aeruginosa, wherein at lower concentrations, 3.22 enhanced with growth of A. baumannii,
however at higher concentrations a toxicity effect emerged. It should be noted that previous work by
Wencewicz showed that both acinetobactin and fimsbactin alone promote the growth of A. baumannii,
however in combination, they appear to compete with one another, ultimately inhibiting growth. They also
showed these two siderophores compete for binding BauB, an essential periplasmic siderophore-binding
protein, giving rise to what they postulated to be apo-siderophore buildup in the periplasm, ultimately
leading to Fe™" starvation and diminished bacterial growth. While it is possible that this phenomenon could
be occurring with the 4. baumannii wild-type strain in this work, it remains unclear the mechanism behind
the growth inhibition observed in the AbasGAbfnLAfbsE strain in this work as this strain does not produce
the native siderophores that would possibly compete with 3.22. Hence, the question still remains as to what
the role of 3.22 is in A. baumannii. We hope to elucidate the biological mechanism of 3.22 in 4 baumannii,
which will perhaps illuminate knowledge essential for combatting this priority critical pathogen and urgent

threat as classified by the World Health Organization and Centers for Disease Control and Prevention.’"
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4. Investigation of Quaternary Ammonium Compounds (QACs)
4.1. (Methicillin-Resistant) Staphylococcus aureus and Prevention of Infections

As discussed in Chapter 1, (methicillin-resistant) Staphylococcus aureus infections are an becoming
increasingly difficult to treat, with one major contributing factor being the lifespan of this highly infective
pathogen on a range of commonly used surfaces including but not limited to countertops, furniture, and
razors.' Further, any contact but particular of open wounds with these surfaces can lead to serious MRSA
infections if they are not disinfected properly. Some particularly prevalent areas where these infections can
spread quite rapidly are various public places, especially athletic and laundry facilities, which often harbor
infectious material like blood or puss. Healthcare settings are also highly populated with this surface-born
bacteria, creating the threat of bacterial coinfection of immunocompromised patients.' Therefore, if we can
develop effective disinfecting agents, we can prevent these infections from occurring in the first place, and
significantly decrease the number of avoidable serious MRSA infections as well as exposure of this microbe
to first-line antibiotics. It is also worth highlighting again the importance of preventative antimicrobial
measures in recent years, as increased fatality rates in Covid-19 patients were directly correlated with
bacterial coinfection.”® To this end, our lab has been heavily involved in this area of research for the past

decade, with efforts increasing recently due to the emergence of the Covid-19 pandemic.

4.2. QAC Background

One class of antimicrobial compounds that show significant promise with respect to surface disinfection
are called quaternary ammonium compounds QACs, which are a class of cationic amphiphilic small
molecules. Structurally, they are characterized by the presence of at least one cationic nitrogen combined
with a significant amount of aliphatic character (Fig. 4.02).*¢ Their amphiphilic scaffolds lend themselves
to several favorable physiochemical properties, giving them a tremendous amount of utility in a variety of
products including cationic surfactants, detergents, preservatives, soaps, hair care products, cosmetics,
biological stains and dyes, and of particular interest to our lab, in antimicrobials.*'* In fact, QACs are found
in leading antiseptics in residential, commercial, healthcare, industrial, and agricultural contexts dating as

far back as 1916 when their bactericidal activity was first reported.™''"* Additional advantages to QAC
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usage includes their relatively low toxicity and their structural simplicity, which makes their production
particularly facile. Figure 4.01 shows the structures of four common commercial QACs: benzalkonium
chloride (BAC), cetylpyridinium chloride (CPC), cetyltrimethylammonium bromide (CTAB), and
dialkyldimethylammonium chloride (DDAC), all of which had played a significant role in the disinfection

of surfaces in a range of settings.’

Me, Me
Me
R1
QAC CTAB DDAC

Figure 4.01. Structure of generic QAC and commercial QACs.

Mechanistically, these compounds are thought to act by depolarizing the cell membrane surface via
electrostatic interactions between the membrane’s negatively charged phosphate head and positively
charged QAC nitrogen. This interaction allows the aliphatic tail(s) to then intercalate into the membrane
and interact with the phospholipid lipid tails. Cell death can then result from one of two pathways; either
multiple molecules will interact independently with the membrane resulting in the disruption of ion
gradients or alternatively they will form aggregates in the membrane causing cell components to leak or
pores to form ultimately causing the cell to lyse (Fig. 4.02).'*"* This membrane-targeting mechanism
renders QACs a particularly promising class of disinfecting antimicrobials as their unbiased action ensures
that all surface-born bacterial cells including MRSA will be eradicated. It should be noted that QACs can
accumulate in the environment due to their relatively low reactivity and hence their high stability. Bacteria
in the environment are thus regularly exposed to sublethal doses of QACs, which can promote the

development of resistance genes.'®!”

-I-/ +
independent
g aggregatlon mteractlon

Figure 4.02. Schematic representation of QAC mechanisms of action.
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4.2.1.Previous Work

As previously mentioned, the design, synthesis, and biological evaluation of QACs has been
extensively studied over the last century. Polymeric QACs, or polyQACs, have been used as polymer
coatings for medical devices like catheters.'® Some groups have looked to repurpose known antibiotics like
vancomycin and polymyxin B as QACs giving them an additional antibacterial mechanism of action,
therefore enhancing their versatility.'”'*?! Other groups have designed QACs containing easily cleavable
amide or ester groups to minimize bioaccumulation and unnecessary exposure to bacteria, thus the risk of

acquiring resistance.??2

4.2.1.1. Natural Product Inspired QACs
Interestingly, natural products have also been investigated as QACs (Fig. 4.03). In some cases, the
natural product contains a positively charged quaternary nitrogen in the scaffold, as is the case with
berberine.”’” In other cases, the natural product contains a latent QAC moiety via resonance and/or pH
changes instead of the permanent positively charged nitrogen, as is the case with batzelladine K.>** All of

these compounds demonstrated a high degree of antimicrobial activity through QAC-like mechanisms.

0\
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Figure. 4.03. Structures of natural product QACs.?”-?

To this end, I was inspired to design several series of QACs based off of these two concepts (Fig. 4.04).
A series of tricepyridinium-inspired QACs were recently synthesized and evaluated by Wuest lab members
undergraduate Michelle Garrison and her graduate mentor Andrew Mahoney.?° Another series currently
being synthesized by another Wuest lab undergraduate, Caroline McCormack, are the uncharged and
quaternized versions of ianthelliformisamines A-C, with the hypothesis that quaternizing the amine

nitrogens of these antimicrobial efflux pump inhibitors will render these QAC analogs both more potent
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than the natural products as well as less prone to QAC resistance mechanisms.*! Finally, I was intrigued by

the scaffold of the haliclocyclins, which will be discussed in greater detail in sections 4.3-4.7.*

tricepyridinium-inspired QACs ianthelliformisamine A-C Cyclic pyridinium QACs

Br B )
(O w o) D
HN NH N N N
= N Br Z N\/\/N\/\/\N'R
H

le} Haliclocyclins
N" o ¢
Br Br
MeO.
N H Me\N,Me ® R
NH Br Z ~N\ @\/\/\/N'
Me” Me

Figure 4.04. Structures of natural product-inspired QACs.?*-33
4.2.2.Wuest and Minbiole

Since 2014, the Wuest and Minbiole labs have been involved in a collaborative investigation of QACs
particularly with respect to their design and structural optimization(Fig. 4.05). Much of the initial work
involved designing QACs containing a core structure based on N.N.N’N’-tetracthylethylenediamine
(TMEDA) and confirming previously established trends associated with alkyl chain length and the number
of quaternary centers.***> To this end, a series of monoQACs and bisQACs varying in alkyl chain length
and a series of bis-, tris-, and tetraQACs were synthesized and evaluated. Linker length between cationic
nitrogens on the bisQACs was also evaluated. TMEDA-12,12 was ultimately identified as the optimized
QAC structure from these series and is now used as a positive control in our QAC assays.***” Other series
included hybrid QACs combining aspects of BAC and CPC into one QAC as well as amide hybrid QACs

to address the previously mentioned issue of bioaccumulation leading to resistance.***’
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Figure 4.05. Summary of initial QAC series synthesized and evaluated by Wuest and Minbiole. 34

4.2.3.Rigidity-Activity QAC Series
Kontos, R. C.; Schallenhammer, S. A.; Bentley, B. S.; Morrison, K. R.; Feliciano, J. A.; Tasca, J. A;
Kaplan, A. R.; Bezpalko, M. W.; Kassel, W. S.; Wuest, W. M. Minbiole, K. P. C. An Investigation into

Regidity—Activity Relationships in BisQAC Amphiphilic Antiseptics. ChemMedChem. 2019, 14(1), 83-87.
https://doi.org/10.1002/cmdc.201800622

In this work, we sought to investigate the influence of structural rigidity on the biological activity of
QACs. The hypothesis at the onset of this work was that the conformational flexibility of QACs would
enable them to more easily embed into and disrupt bacterial membranes, making them more active than
their more rigid counterparts. To this end, a series of QACs were synthesized (for synthetic details see the
reference listed above) with increased conformational rigidity compared to the TMEDA bisQAC, TMEDA-
12,12. This series included piperazine alkyl and amide bisQACs, as well as DABCO bisQACs (Fig. 4.006).

. ve K. (1 Fottr
O oo, )ol\/ Q/\g’ CrHane1 N

H2n1Cr™ ! Med H Me® I'|2n+1c
Piperazine Alkyl bisQACs Piperazine Amide bisQACs DABCO bisQACs

Figure 4.06. General structures of QACs synthesized in the rigidity-activity series.

Kelly Morrison and I evaluated the antimicrobial activity as well as the toxicity of these compounds
using MIC and red blood cell lysis assays, respectively (Table 4.01). To our surprise, the activity trend was

the opposite of what we predicted; structural rigidity actually enhanced activity. We rationalized this result
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by postulating that the rigidity of these molecules forces the alkyl side chains and quaternized amines into

a conformation optimized for anchoring and embedding in the bacterial membrane.

Table 4.01. Antimicrobial activity and red blood cell lysis activity of rigidity-activity bisQAC series.

Minimum inhibitory concentration (MIC) [um]

Series Compound S.aureus  E. faecalis E.coli  P.aeruginosa  USA300-0114  ATCC 33591 Lysis,o [um]
BAC 4 125 63 250 & 16 63
CPC 1 125 16 125 1 1 16
TMEDA-12,12 1-2 16 4 16-32 1-2 2 8
Pip-12,0 63 >250 >250 >250 125 125 >250
Pip-8,8 >250 >250 >250 >250 250 >250 >250
Pip-10,10 4 250 32 63 & 8 >250
Piperazines, Pip-‘l‘l,ﬂ 2 63 16 63 1 2 125
alkyl P!p-'l 2,12 2 8 8 16 1 2 32
bisQACs Pip-12,12,Cl,Br 1 8 8 8 1 2 32
Pip-13,13 4 63 16 63 4 8 63
Pip-14,14 16 63 32 125 “ 32 63
Pip-16,16 32 250 125 >250 16 63 125
Pip-18,18 63 >250 250 >250 32 125 125
Pip-11A,11A 2 16 32 16 2 < 125
Piperazines, Pip—‘l 2A,12A 1 4 4 8 1 2 32
amide P!p-'l 3A,13A 2 2 2 8 1 1 16
bisQACs Pip-14A,14A 8 32 8 63 2 8 32
Pip-15A,15A 16 250 63 250 16 16 16
Pip-17A,17A 8 >250 250 >250 8 16 16
DABCO-12,0 63 >250 250 >250 125 125 > 250
DABCO DABCO-12,12 0.25 4 2 8 2 05 8
bisQACs DABCO-12A,12A 1 16 8 16 1 2 63
DABCO-13A,13A 0.5 4 4 8 2 1 16

In conclusion, our investigation of a series of QACs ranging in structural rigidity revealed that the more

structurally rigid QACs are more active than their less rigid counterparts. In fact, a 180° angle of separation

of the alkyl chains appeared to lend itself to greater antimicrobial activity. To further probe this rigidity-

activity relationship, an additional series of pyridine alkyl and amide bisQACs with varied two-carbon

linker geometries were investigated (Fig. 4.07).*’ In contrast to the original rigidity-activity series, this

acvitiy of this series demonstrated the opposite trend, wherein bisQACs containing more rigid linkers were

less active and bisQACs containing less rigid linkers were more active. With these somewhat confusing

results, I decided to evaluate another series of pyridine-based QACs detailed further in sections 4.3-4.7.
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Figure. 4.07. General structures of pyridine alkyl and amide bisQACs with alkane, alkene, and alkyne linkers.*0
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4.3. 3-Alkylpyridine Alkaloids (3-APAs)

It is well known within the scientific community that marine alkaloids are a class of small molecules
with unique and interesting molecular scaffolds, often posing challenges to synthetic chemists. Commonly
isolated from sponges, these natural products often possess a range of promising biological activity
including anticancer and antimicrobial.*' The Haliclona sponges are a highly abundant source of one
particular subset of these alkaloids known as 3-alkylpyridine alkaloids (3-APAs). Structurally, these
compounds contain at least one pyridinium or tetrahydropyridine moiety, which is typically alkylated at the
1- and/or 3- positions.*> Some of the more structurally complex examples of these compounds include
methylaruguspongine C, halicyclamine A, sarain-1, and manzamine A (Fig. 4.08).***¢ The biosynthetic and
structural diversity of 3-APAs produced by these sponges is well studied in tropical waters. However,
differing levels of predation and thus the need to produce chemical defenses in more temperate regions such

as that arctic have left the biosynthetic landscape of Haliclona sponges in these regions underexplored.**’

Methylaruguspongine C Halicyclamine A Sarain-1 Manzamine A

Figure 4.08. Structures of 3-APAs isolated from Haliclona sp.
4.3.1.Arctic 3-APAs

One artic sponge that has received a modest amount of attention for its production of 3-APAs is
Haliclona viscosa. To date, five classes have been isolated; haliclocyclins, cyclostellettamines,
haliclamines, viscosamines, and viscosalines (Fig. 4.10).#3*%- Structurally, these classes differ from each
other by the number of pyridines in the scaffold and the oxidation state of said pyridine, while members of

each class differ only by the length of the alkyl chain. Interestingly, members of the cyclostellettamine and
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haliclamine classes closely resemble a common intermediate used in the synthesis of previously mentioned
manzamine A and halcyclamine A.>°
N S
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Figure. 4.09. Structures of the five classes of 3-APAs isolated from Haliclona viscosa.

4.3.2.Previous Biological and Synthetic Investigations

While these classes of 3-APAs are more structurally simple compared to those shown in figure 4.08,
they still possess a comparably broad range of preliminary bioactivity, including epidermal growth factor
inhibition, muscarinic acetylcholine receptor antagonistic activity, mouse embryonic fibroblast
cytotoxicity, and most importantly, antimicrobial activity.*>***”® Unfortunately, the extent of these studies
were quite limited primarily due to challenges in isolating sufficient quantities of material from the
producing organisms, as these sponges are under far less pressure to produce their chemical defense
molecules in the much more sparsely populated arctic waters.*” Moreover, the disc diffusion assays used to
evaluate the antimicrobial activity of a small subset of these 3-APAs have since been found to have limited

accuracy with cationic compounds due to their slower rates of diffusion through agar.”

In addition to a complete lack of material available by isolation, the synthetic studies by other groups
involved a fairly lengthy route hinging on the use of a common intermediate, A, for the construction of all
five 3-APA classes (Scheme 4.01).*>°%°762 A total of six transformations are required to convert the starting
diacids to A, employing both harsh reaction conditions and protection of the primary alcohol for the harsh
picoline alkylation step. With this in mind, we wondered if we could perhaps design a more efficient route

to A, thereby enabling a more streamlined synthesis of any of the five classes of these 3-APAs.
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4.4. Haliclocyclins as QACs

Kaplan, A. R.}.; Schrank, C. L.}.; Wuest, W. M. An Efficient Synthesis of 3-Alkylpyridine Alkaloids
Enables Their Biological Evaluation. ChemMedChem. 2021, 16(16), 2487-2490.
https://doi.org/10.10002/cmdc.202100134

Knowing that a small subset of 3-APAs displayed preliminary antimicrobial activity, we wondered if
perhaps they were acting through the membrane perturbing mechanism by which QACs act. Additionally,
the haliclocyclins are highly similar in structure to CPC, a QAC commonly found in commercial
mouthwash with the only difference being the additional alkylation at the 3-position, giving them a
macrocyclic conformation. Thus, we decided to synthesize a series of haliclocyclins varying in their
aliphatic chain length to further expand on the rigidity-activity series by exploring the effect of
macrocyclization on QAC activity.

4.5. Synthesis of Haliclocyclins

We envisioned that methodology recently developed by members of the Jui lab would enable access to
desired 3-alkylated pyridine intermediate, A, in a single step (Scheme 4.02).%-° This process is completely
regioselective for the anti-Markovnikov adduct and is tolerant of a wide range of functional groups with a
broad scope of halopyridines and alkenes. This reaction was also applied to a modified synthesis of
fluopyram, a commercial fungicide produced by Bayer.* In addition to decreasing the step count from six
steps to one, these fairly mild photocatalytic conditions would also ablate the use of harsh reaction

conditions or protecting groups.
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Scheme 4.02. Hydroarylation reaction developed by the Jui group.®3-6°

Synthesis of our nine-compound proof-of-principle macrocyclic pyridine QAC series started with
hydroarylation of 3-iodopyridine with terminal bromoalkenes varying in length from 8-16 carbon atoms,
affording the desired 3-alkylated adducts 4.05-4.13 (Scheme 4.03). Alkenes 4.01-4.04 were difficult to
obtain through commercial sources and were synthesized in one step using a Grignard reaction between 4-
pentylmagnesium bromide and corresponding dibromoalkane. We observed that a decrease in yield seemed
to be correlated with an increase in alkene chain length. This was likely due to the decrease in solubility of
these increasingly nonpolar alkenes. Addition of small amounts of toluene was found to slightly increase
solubility in certain instances. However, we did not evaluate less polar solvents as the use of highly polar
trifluoroethanol has been shown to be vital for reactivity as it likely functions as a Bronsted acid to give a
protonated pyridinium radical intermediate.** These adducts were then cyclized using the previously

reported Finklestein conditions giving 4.14-4.22 in modest to good yields.

OB
i) M®, 1 blue LED,
JNg s 2 [Ir(ppy)2dtbbpy]* AN n
Br THF, 50 °C, 4h Br X' Hantzsch ester, NH,CI | _ Nal | @\
Br > Z Nnta * : > N . > ON?
ii) Li,CuCl, NMP, 2 CF3CH,0H,23°C,16 h MEK, 80°C,16h ©N
0-23°C,16h Br
4.01:n =7 (70%) 4.05:n=2(30%) 4.10:n=7 (19%) 414:n=2(62%)  4.19:n=7 (70%)
4.02: n = 8 (78%) 4.06:n=3(36%) 4.11:n =8 (14%) 4.15:n=3(94%)  4.20: n =8 (78%)
4.03: n =9 (72%) 4.07:n=4(33%) 4.12:n=9 (6%) 416:n=4(87%)  4.21:n=9 (72%)
4.04: n =10 (70%) 4.08:n=5(38%)  4.13:n =10 (10%) 417:n=5(29%)  4.22:n =10 (70%)
4.09: n = 6 (27%) 4.18: n = 6 (93%)

Scheme 4.03. Synthesis of haliclocyclins and analogs and corresponding yields.
4.6. Biological Evaluation of Haliclocyclins

With our library of compounds in hand, we then moved on to evaluating their antimicrobial activity,
screening them against a panel of seven strains of bacteria, including the highly virulent oral pathogen,
Streptococcus mutans (Table 4.02). In contrast to previous work on 3-APAs, we performed MIC assays,
which are more compatible with this class of compounds than the previously mentioned disc-diffusion

assays. These compounds were more active against Gram-positive bacteria, (methicillin-resistant) S. aureus
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and S. mutans, than they were against Gram-negative bacteria or E. faecalis, generally consistant with
previous SAR. Additionally, an increase in activity was loosely correlated with increased aliphatic
character, with the most active analog being 4.22 containing 16 aliphatic carbons. Because the best activity
was observed at the end of the series, more aliphatic analogs may be necessary to determin the ideal chain

length for this class of QACs.

Table 4.02. Minimum inhibitory concentration (MIC) and red blood cell hemolysis (Lysisz) values for 4.14-4.22 and positive
controls CPC and BAC. CA = community acquired; HA = hospital acquired).

Compound = S aureus CA-MRSA | HA-MRSA | E. faecalis = E. coli = P.aeruginosa @ S. mutans

4.14 32 32 32 64 32 64 64 2
4.15 32 32 16 64 32 64 125 0.25
4.16 32 32 16 64 32 64 32 0.5
4.17 32 32 32 64 64 64 125 0.125
4.18 32 32 16 125 125 125 64 8
4.19 16 16 8 125 32 125 16 4
4.20 32 32 16 250 64 250 32 16
4.21 32 16 16 250 64 250 32 16
4.22 8 8 8 125 64 125 16 8
CPC 0.5 1 1 250 32 250 1 16
BAC 2 4 4 125 64 125 1 8

A red blood cell lysis assay was also performed to assess the toxicity, and therefore therapeutic potential
of these compounds. Generally, these compounds displayed a fairly high toxicity profile as indicated by
their low Lysiszo values. This was not particularly surprising to us, as there were reports of cytotoxicity of
certain 3-APAs against mouse embryonic fibroblasts.”® However, this high degree of cytotoxicity along

with the diminished activity compared to CPC does leave room for structural optimization.
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4.7. Conclusions and Further SAR Efforts

In our investigations of the haliclocyclins, we efficiently synthesized a library of these compounds

varying in the number of macrocyclic aliphatic carbons in just two steps. Additionally, we found that these

compounds exerted moderate antimicrobial activity against (methicillin-resistant) S. aureus, with a loose

correlation between increasing activity and increasing aliphatic chain length, consistent with previous QAC

SAR. Also consistent with previous QAC findings was the fact that these compounds were not active

against Gram-negative bacteria. The data clearly indicated that COC is still the superior QAC, leaving room

for improvement on the haliclocyclin scaffold. We therefore envision several ways to optimize this scaffold.

L.

Exchanging the iodine for a chlorine. While this may not necessarily decrease the MIC with
respect to molarity (uM) it would decrease the value with respect to overall mass (ug/mL). Since
QAC compounds are commonly used in commercial settings, these analogs would decrease the
overall mass of the compound necessary to kill microbes.

Functionalizing the pyridine. We imagined that it may be possible to decrease the toxicity of
these compounds by appending various functional groups to the pyridyl ring. To this end, we
decided to synthesize a series of four analogs with 4-methyl, -chloro, -amino, and -carboxy
substituents and the 16-carbon chain length. Unfortunately, initial attempts to access these desired
hydroarylation products were unsuccessful (Scheme 4.04). We instead isolated starting material
and dehalogenated pyridine. The recovery of starting material can be rationalized primarily by the
inherently diminished reactivity of 3-halopyridines compared to 2- and 4-halopyridines due to
electronic differences. Further, the presence of dehalogenated pyridine is indicative of some
reactivity of the starting 3-iodopyridine substrates but due to the low solubility of the 16-carbon

alkene substrate, hydroarylation did not proceed in a productive fashion.

R blue LED, [Ir(ppy),dtbbpy]* R
/\MB' . N Hantzsch ester, NH,ClI . L ;tatrtipgl
14 | CF3CH,0H, 23 °C, 16 h | ateria

4.04 N N

R = Me, Cl, NHBoc, CO,Me

Scheme 4.04. Unsuccessful reactions between functionalized 3-iodopyridines and 4.04.
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To address both of these issues, we are looking to utilize alternative photochemical methods
disclosed by the Jui group in 2021, wherein instead of relying on the iridium photocatalyst itself as
the radical reductant, a more highly reducing carbon dioxide radical anion (CO;") is generated from
sodium formate (Scheme 4.05).% Not only will this address the issue of diminished reactivity of

the 3-halopyridine, the solvent system may aid in solubilizing the longer and less polar alkenes.

blue LED, [Ir(ppy).dtbbpy]*
S sodium formate, R-SH S

N DMSO/MeCN, 23 °C, 16 h e H

Scheme 4.05. Alternative photocatalytic conditions to access functionalized pyridine analogs.®

Increase the number of hydrocarbons in the macrocycle. Another factor to consider with these
macrocyclic QACs is how their structure relates to the membrane-perturbing mechanism previously
described. As shown in figure 4.10, CPC contains a 16-hydrocarbon chain which further through
the hypothetical membrane drawn than the macrocyclic counterpart containing the same number of
aliphatic carbons. Therefore, despite the fact that the aliphatic content is the same for both
compounds, the macrocyclic compound may be less active because it cannot puncture as far
through the membrane as CPC. Thus, it may be prudent to extend the hydrocarbon chain even in

these macrocycles further to assess this hypothesis.

Figure 4.10. CPC and its macrocyclic counterpart interacting with a hypothetical cell membrane.
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2-alkylated haliclocyclins analogs. Another proposed series of analogs hinges on addressing the
issues of reactivity of 3-halopyridines and the macrocycle issue. By alkylating at the 2-position
instead of the 3-position, the previously discussed issues with inherent reactivity may be mitigated.
Additionally, by moving the position of alkylation closer to the pyridyl nitrogen, this may extend
the reach of a macrocycle containing the exact same number of hydrocarbons, assuming there is no

major conformational difference between these two macrocycles (Fig. 4.11)

R N® /) N® /)
XX
o,

N ”

Figure 4.11. Structure of 2-APAs (left) and comparison of 3-APA and 2-APA aliphatic portion lengths.

Change the order of reactions. Another important factor to consider is the role of trifluoroethanol
in the reaction. As previously mentioned, this solvent functions as a Bronsted acid to generate the
3-pyridinium radical species.®> However, if the pyridyl nitrogen had a permanent positive charge,
dramatically altering the polarity of the substrate, this particular solvent would no longer be
necessary in the reaction. Thus, it would be possible to utilize a solvent system more
accommodating to the highly nonpolar alkenes. Additionally, replacing trifluoroethanol with an

eco-friendlier solvent would also be ultimately less taxing on the environment.
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S. Evaluating the Effect of Bromination on Indole-Containing Antibiotics
5.1. Indole as a Bacterial Metabolite

Indole is a naturally occurring metabolite that is used by nearly all organisms in every domain of life.
It is produced by means of bacterial tryptophanase (TnaA) which breaks tryptophan into its three constituent
molecules, indole, pyruvate, and ammonia (Scheme 5.01).1'5 TnaA also metabolizes cysteine, thus its
expression is regulated by the presence of cysteine or tryptophan, as well as alkaline stress, heme depletion,
and cyclic AMP, whereas excess acetate, pyruvate, and glucose tend to decrease TnaA expression and
subsequent indole production.' Interestingly, this pathway allows indole-producing bacteria to rely
exclusively on tryptophan as both a carbon and nitrogen source.' Indole can also be utilized as a precursor
to L-tryptophan in non-indole-producing bacteria by means of tryptophan synthetase, which combines L-
serine with indole."* Indole and tryptophan can also be metabolized by both plants and animals to other
indole-containing compounds such as serotonin, melatonin, isatin, indoxyl sulfate, or other
hydroxyindoles.l’2 Indole and related compounds have been shown in the brain, peripheral, tissues, blood,
sweat, and urine, with potential influences on various diseases including intestinal inflammation,
neurological diseases, diabetes, and bacterial infections, among others.'” In addition, they play a significant
role in plant protection and growth, along human health, particularly in the guy where indole has been found

at concentration of approximately 250-1100 uM.>

Of particular interest to our group are the ramifications that indole and indole-containing metabolites
have on microbial communities. Although its exact role is hotly debated, indole is considered by many to
be an intercellular signaling molecule affecting a variety of bacterial processes.®’ This signaling molecule
can modulate spore formation by Gram-positive bacteria, plasmid stability, cell division, antibiotic
resistance and tolerance, virulence, and biofilm formation.®'* Interestingly, this molecule can have
contrasting effects on different species. For example, expression of indole-producing tryptophanase
increased biofilm formation and antibiotic resistance in a marine pathogen Edwardsiella tarda, while a
15,16

decrease in biofilm formation and virulence in response to indole was observed in Vibrio anguillarum.

In addition, indole also has been shown to play contrasting roles in bacterial persistence. It was reported to
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increase the formation of antibiotic-tolerant persister Escherichia coli cells in response to oxidative stress
and phage shock pathways but can also decrease persister formation via the phosphodiesterase DosP
responsible for reducing cyclic adenosine monophosphate levels that are required to activate TnaA, the
enzyme responsible for its production.”!'” Taken together, it is clear that indole is a unique bacterial

metabolite with a wide range of biological implications.
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Scheme 5.01. Biosynthesis of indole and derivatives in bacteria.'-®
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5.2. The Potential of Indole-Containing Antibiotics

In addition to indole’s abundance in nature, the variety of natural product scaffolds that it is present in
and its unique reactivity has led scientists to frequently draw inspiration from indole in areas ranging from
antibiotics and other drug discovery to synthetic chemistry and methodology development.'®!* While all of
these areas of research are quite fruitful, the focus of the remainder of this chapter will be on the use of
indole-containing compounds in the realm of antibiotic development, particularly as it pertains to

eradicating persister cells and bacterial biofilms.

5.2.1.Indole-Containing Anti-Persister Compounds

As mentioned in Chapter 1, persister cells are dormant and metabolically inactive meaning they are not
susceptible to traditional antibiotic treatments, presenting a unique challenge in finding persister-targeting
antibiotic compounds.”**' However, following antibiotic treatment, these cells can revert back to a

metabolically active phenotype and then repopulate within the host (Fig. 5.01).%

% © o oo

20 + Antibiotic Ogo %O - Antibiotic - Antibiotic
—_— —_— —_—
o © o
e 0 A
o
Antibiotic only engages Persister cells survive Some persisters
metabolically active bacteria remain dormant and

others repopulate

Figure 5.01. Schematic representation of bacterial persistence.?%-?2

To date three main strategies have been employed to combat persister cells: inhibiting the formation of
persister cells, direct killing of persister cells while they are dormant, or waking dormant persister cells to
their metabolically active state followed by treatment with traditional antibiotics.***® The overwhelming
majority of anti-persister compounds identified are involved in direct killing of persister cells, many of
which contain indole scaffolds (Fig. 5.02). Simple substituted indigoids were found to have increased
persister-killing activity when combined with antibiotics and metals. For example, 5-methylindole
combined with tobramycin eradicates MRSA and S. epidermis persisters while 5-nitroindole combined with
copper and zinc nanoparticles effectively killed E. coli, P. aeruginosa, and Enterobacter tabaci persister

cells.””*® 5-nitro-3-phenyl-1H-indol-2-yl-methylamine hydrochloride (NPIMA) is effective against E. col,
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P.  aeruginosa, and S. aureus persister cells, while N-[(6-trifluoromethyl)-1H-indoly-2-

yl)methyl]cyclooctanamine (IMA6) and 74a are active against various Mycobacterium persister cells.?!

Finally, the synthetic indole-containing compound, nTZDpa eradicates S. aureus persister cells and recently

underwent extensive SAR optimizations in our lab in collaboration with the Mylonakis group.***?

Me \ O,N \ ON (L NHe Q
<):Ni @ENj O N S
H H H

. Cl OH
5-Methylindole 5-Nitroindole NPIMA N
4 mM potentiates 1 mM of CuO/ZnO conjugated 100 uM killed E. coli persisters N o
tobramycin against MRSA  nanoparticles killed E. coli, in 3 hours and P. aeruginosa
and S. epidermis P. aeruginosa, E. tabici persisters in 6 hours.

nTZDpa
F N 64 ug/mL killed
A MRSA persisters
N

NH
0y~
\\/\/\/\ FsC N

H
74a IMA6
12 uM against 6 uM against
M. bovis persisters M. abcessus persisters

Figure 5.02. Structures of indole-containing anti-persister compounds.?’-33

5.2.2.Indole-Containing Anti-Biofilm Compounds

In addition to having activity against persister cells, indole-containing compounds have also been found
to have noteworthy anti-biofilm activity. Biofilms are a conglomerate of many microbes encapsulated in an
exopolysaccharide matrix, often highly enriched with adherent persister cells.***> Accounting for
approximately 80% of bacterial infections biofilms are an ideal target for antibiotics.’* The biofilm
phenotype is particularly difficult to target with traditional antibiotics partially due to the higher prevalence
of metabolically dormant persister cells but also because of the composition of the exopolysaccharide
matrix that is more difficult to penetrate than a planktonic cell.***> Therefore, a significant amount of
research has gone into evaluating and optimizing the anti-biofilm properties of various indole-containing
compounds. Similar to the anti-persister investigations, simple substituted indoles also exhibited potent
antibiofilm activity (Fig. 5.03). Formation of E. coli biofilms was significantly diminished by both 5-

hydroxyindole and 7-hydroxyindole.*® Other simple naturally occurring indole metabolites, indole-3-
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carboxyaldehyde and indole-3-acetonitrile displayed pronounced inhibition of E. coli and P. aeruginosa
biofilm formation.”” Recently, two prenylated indole carbaldehyde natural products significantly inhibited
the production of S. aureus biofilm.*® Finally, the scaffold of the naturally occurring biofilm inhibitor,

oroidin, was elaborated to indole-containing scaffolds, ultimately giving rise to a new hit compound.*

—0 CN
HO A
N H N N
H OH H H

5-Hydroxyindole 7-Hydroxyindole Indole-3-Carboxyaldehyde Indole-3-Acetonitrile

1 mM decreased E. coli 1 mM decreased E. coli 100 ug/mL decreased E. coli 100 ug/mL decreased E. coli
biofilm formation by 78% biofilm formation by 85% biofilm formation by 90% biofilm formation by 96%

=0 =0
Me
Me N Me
N N
H / H Me
64 ug/mL decreased S. aureus 64 ug/mL decreased S. aureus
biofilm formation by 78% biofilm formation by 79%
Br
HN HN Cl
HN HN | H
S S S S ¥ S
N HS g
o cl
Oroidin
100 ug/mL decreased S. mutans 100 ug/mL decreased S. mutans
biofilm formation by 82% biofilm formation by 93%

Figure 5.03. Structures of indole-containing anti-biofilm compounds.¢-3°

5.2.2.1. Melander and Coworkers

The Melander group is one of several research groups that has widely explored indole-containing
compounds with anti-biofilm activity (Fig. 5.04). In 2011, they investigated a series of
desformylflustrabromine (dFBr) analogues and identified compounds that were 10-1000 times more active
than indole against E. coli or S. aureus biofilms.* They also synthesized a series of pyrroloindoline triazole-
amide hybrid analogues of dihydroflustramine C and evaluated their activity against A. baumannii, E. coli,
and MRSA. In this work, they were able to identify several compounds with low micromolar ICs, values
against biofilms.*' Next, investigated another series of dFBr derivatives to act as probes for indole signaling
and other biofilm-related events.* Finally, in 2018, they reported the synthesis of the marine natural

product, meridianin D, and analogues, and their antibiofilm activity against MRSA.* They also published
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two follow-up libraries which displayed anti-biofilm activity against Mycobacterium smegmatis.***
Overall, this work showed that derivatization of indole-containing natural product scaffolds is a promising

way to develop novel antibiofilm small molecules.
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N N H Me
Br H / Br H Br N
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IC50 = 174 uM against 100 uM decreased 150 uM decreased biofilm IC59 = 87.4 uM against
E. coli biofilms A. baumannii biofilm  formation of E. coli by 30% MRSA biofilms
ICs0 = 70 uM against formation by 30% and A. baumannii by 20%
S. aureus biofilms R
N..._R 2\N’R3
Me, N“ N° Ar,
NH — NH Y
)n —
M M
N\ { Me NH N\ { Me z mr\
N N N NN
H / Br H / R
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dFBr analogs Triazole-Amides dFBr probe analogs Meridianin D analogs
IC59 = 15.6 uM against 200 uM decreased biofilm IC59 = 9.62 uM against
E. coli biofilms formation of E. coli by 20% MRSA biofilms

ICs0 = 26.3 uM against and A. baumannii by 40%
S. aureus biofilms

Figure 5.04. Structures of indole-containing compounds investigated by the Melander group.*-#

5.2.3.Halogenated Indole Antibiotics

Indole-containing compounds clearly show a lot of promise in eradicating persister cells and inhibiting
bacterial biofilms. Additionally, one frequently observed motif in the scaffolds previously discussed is a
halogen. In a recent report by Lee and coworkers, several halogenated indoles were shown to have markedly
higher inhibition of E. coli persister cells compared to other non-halogenated substituted indoles. Further,
5-iodoindole also inhibited (methicillin-resistant) S. aureus persister cells as well as the formation of E. coli
and S. aureus biofilms.*® A follow-up report demonstrated that 5-iodoindole also dispersed and inhibited
formation of Acinetobacter baumannii biofilms.*” Taken together, these reports along with the results
obtained from previously mentioned studies that investigated persister-killing and antibiofilm activity of
halogenated indole-containing compounds suggest that halogenated indole-containing antibiotics show

potential promise in inhibiting bacterial persister cells and biofilms.
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5.3. Brominated Bis- and Tris- Indole Antimicrobial Compounds

There have been several reports of brominated bis-indole compounds with a range of reported
biological activity, including antiviral and antimicrobial (Fig. 5.05). Hamacanthins A and B were active
against Candida albicans, Cryptococcus neoformans, and Bacillus subtilis and both of these natural
products have since been synthesized.***° Topsentin alkaloids have varying levels of bromination in their
scaffolds and were also isolated in these reports. The biological activity of these compounds was not
consistently reported in previous work, however multiple groups have synthesized several of these
compounds.’'** Notwithstanding, the structural similarities of these brominated bis-indole compounds
compared to hamacanthin A and B suggest that they could display other promising biological activity,

perhaps antibacterial, anti-biofilm, and/or antipersister activity.

Br.
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—
HN HN’».-“I \ NH
(o) =N (0] —N
A\ A\
N N
Br H Br H
Hamacanthin A Hamacanthin B
MIC= 1.6 ug/mL against C. albicans MIC= 6.2 ug/mL against C. albicans
MIC= 3.1 ug/mL against C. neoformans MIC= 6.2 ug/mL against C. neoformans
MIC= 3.1 ug/mL against B. subtilis MIC= 1.6 ug/mL against B. subtilis
H H H
N N Br N
% H NH % H NH % H NH
N_ I N I N I
o L ] :ﬂ: ) o 7 :ﬂ: ) o \
N N Br N Br
Topsentin D Spongotine A Spongotine C
H H H
N N Br N
% H NH % H NH % H NH
N I N |/ N/
o \ J o N\ J o \ J
N N Br N Br
Topsentin A Bromodeoxytopsentin Dibromodeoxytopsentin

Figure 5.0S. Structures of bioactive bis-indole compounds.
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5.3.1.Isolation and Biological Activity of Tulongicin and Dihydrospongotine C

Recently, Carole Bewley and coworkers reported the isolation of a tris-indole alkaloid, tulongicin,
along with three bisindole alkaloids, dihydrospongotine C and previously isolated spongotine C and
dibromodeoxytopsentin (Fig. 5.06). These compounds displayed potent activity against S. aureus ATCC
29213 with MIC values of 1.1-11 pg/mL. Additionally, these compounds exhibited no cytotoxicity toward
control human and monkey cell lines, indicating a promising degree of selectivity towards S. aureus.”
Intrigued by these natural products, labmate Christian Sanchez and I elected to synthesize these natural

products along with structural analogues and perform a thorough biological evaluation.

Br- H H
C !
% H NH /
N | H NH
q N
Br O y N Br HO QJ’CQ\
N B
H

r

Tulongicin Dihydrospongotine C
(1.2 ug/mL) (3.7 ug/mL)
Br H Br. “
7 H NH 7 H NH
N_ I N
d N ) :( 15 o L7 :g: :5
N Br N Br
Spongotine C Dibromodeoxytopsentin
(1.1 ug/mL) (11 ug/mL)

Figure 5.06. Structures of tulongicin, dihydrospongotine C, spongotine C, and dibromodeoxytopsentin.
5.3.2.Synthetic Library

Based on the activity of the above four natural products and previously established anti-persister and
anti-biofilm activity of halogenated indole-containing antibiotics, we decided to synthesize the four natural
products as well as their non-brominated counterparts, which would enable us to determine whether or not
the natural products have anti-persister or anti-biofilm activity and if/what the influence of bromination is
on that activity. We also wanted to synthesize the racemic counterparts of all applicable compounds, which
would allow us to determine whether or not the stereocenter affects antibacterial, anti-persister, or

antibiofilm activity and give insight into potential mechanisms of action.
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Figure 5.07. Structures of proposed bis- and tris-indole compounds for our synthetic library.

5.3.2.1. Synthesis Outline

Syntheses of the topsentin D, spongotine C, topsentin A and dibromodeoxytopsentin had been

previously established, so we elected to employ these previously established strategies (Scheme 5.02).

53,54

To this end, topsentin A and dibromodeoxytopsentin would be constructed via condensation between the

corresponding 2-oxoacetaldehyde and ammonium acetate while topsentin D, spongotine C, and their

corresponding racemates would arise from condensation between the same 2-oxoacetaldehyde precursor

and corresponding 1,2-diamine.”*** We then envisioned that the secondary alcohol could be accessed

through a simple reduction which would then undergo a deoxygenative substitution reaction with indole or

5-bromoindole to generate the desired tris-indole compounds.

R
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. H NH
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o o\ R \ N R
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H,N |
H,N R

N 2T

Topsentin A: R=H
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Scheme 5.02. General synthetic outline to bis- and tris-indole compounds.’2-54
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5.3.2.2. Forward Synthesis
Synthetic efforts began with construction of the 2-oxaloacetaldehyde and 1,2-diamine building blocks

(Scheme 5.03).%*%* To access the 2-oxaloacetaldehyde building blocks, indole was first treated with oxalyl
chloride to give 2-oxoacetyl chlorides 5.01 and 5.02 which were then subsequently reduced with tributyltin
hydride, affording 2-oxoacetaldehydes 5.03 and 5.04 in just two steps. This material did not undergo any
further purification and was used crude in both condensation reactions described in the next paragraph.
Synthesis of the racemic and (S)-1,2-diamine building blocks began with tosyl protection of 1H-indole-3-
carbaldehyde followed by Wittig olefination yielding tosyl vinyl indole 5.06. Racemic (potassium osmate
and N-methylmorpholine N-oxide) or asymmetric (methane sulfonamide and AD-mix-f3) dihydroxylation
of this compound using then gave rise to (R/S) diol 5.07 and (R) diol 5.08. Mitsunobu reaction afforded

diazides 5.09 and 5.10 which then underwent Staudinger reduction to give diamines 5.11 and 5.12.

R N R N
R N (cocn, p nBuSH p
\@/) Et,0, 0 - 23°C, 4h Cl  EtOAc, 0 -23°C, 16h H
o o
R=H, Br ° o
5.01, (R = H) 86% 5.03, (R=H) 77%
5.02, (R = Br) 89% 5.04, (R = Br) 87%
K,0s0,, NMO
NH NT NT acetone/H,0
S . S - °
o [ TsCLNaH o MePPhsBr, n-Buli (] 0-23°C, 16h
THF, 0 - 23 °C, 2h THF, -78 - 23 °C, 2h MeSO,NH,, AD-mix-f
tert-butanol/H,0
5.05, 83% 5.06, (77%) 23-0°C,16h

HN. [T NTs PPhs, H,0 Noo I NTs PPhs, DIAD, DPPA Ho, e
-€ - ety SN
H,N Toluene, 110 °C, 16h N; Toluene, 0 - 23 °C, 16h HOJ

5.11, (RIS) 62% 5.09, (RIS) 95% 5.07, (RIS) 79%
5.12, (S) 60% 5.10, (S) 82% 5.08, (R) 84%

Scheme 5.03. Synthesis of 2-oxoacetaldehydes 5.03 and 5.04 and 1,2-diamines 5.11 and 5.12.52-%4
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Synthesis of topsentin A (5.13) and dibromodeoxytopsentin (5.14) was accomplished by condensing
corresponding 2-oxoacetaldehyde precursors 5.03 and 5.04, respectively, with ammonium acetate in
ethanol.™* Next, the imidazoline scaffold present in the remainder of the compounds was accessed by
condensing 2-oxoacetaldehyde 5.03 with diamines 5.11 and 5.12 followed by removal of the tosyl group

giving rise to racemic topsentin D, 5.15 and stereoenriched topsentin D, 5.16.7*>*

To my surprise, reduction of the carbonyl proved to be more challenging than expected. Treatment with
milder reducing agents such as sodium acetoxy borohydride, sodium cyanoborohydride, and sodium
borohydride returned starting material only even with heating of the reaction. In contrast, use of stronger
reducing agents including lithium borohydride, diisobutyl aluminum hydride, and lithium aluminum

hydride led to decomposition of the starting material.
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5.03 (R =H) 512, (S) : 5.16 (S) 32% :
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Scheme 5.04. Synthesis of library of non-halogenated bis- and tris-indole compounds.

One potential explanation for this could be a lack of reactivity of the carbonyl due to electron donation
of the indole nitrogen generating a less electrophilic resonance form (Scheme 5.05). Another question that

arose regarding this reduction was the stability of the product. In the report of its isolation, it was shown
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that treatment of dihydrospongotine C with reagents as mild as potassium carbonate and methyl iodide
generated four different products (Scheme 5.05).>> This led me to believe that the milder reducing agents
were simply not reactive enough to reduce this particular ketone while the stronger reducing agents did in
fact reduce the ketone to the secondary alcohol, but this product was not stable leading to its rapid
decomposition. To this end, Christian Sanchez will attempt this reduction with a tris-tosylated scaffold
which will then be deprotected under mild enough conditions to minimize side reactions or decomposition
(Scheme 5.05).>°7 Alternatively, another route being pursued is the condensation of the diamine with a
terminal aldehyde instead of the 2-oxoacetaldehyde precursor to generate the imidazoline scaffold followed

by benzylic oxidation (Scheme 5.05).%
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Scheme 5.05. Resonance form of topsentin D, reaction of dihydrospongotine with Mel and K»COs3, and alternateive approaches
to accessing the secondary alcohol in “dihydrotopsentin D” and dihydrospongotine.33-58
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5.3.3.Conclusions and Future Directions

In conclusion, I was able to synthesize topsentin A (5.13), dibromodeoxytopsentin (5.14), topsentin D,

(5.15) and stereoenriched topsentin D, (5.16). In. addition, I attempted to synthesize the secondary alcohol
and tris-indole analogs, however initial attempts to reduce the ketone to the corresponding secondary
alcohol proved unsuccessful. In the future, Christian Sanchez will lead the efforts on this project by
completing the synthesis of the remaining compounds in the library. The secondary alcohol will be accessed
using one of the strategies outlined in scheme 5.05 and the tris-indole may be accessed by either a
deoxygenative coupling with the carbonyl or a deoxygenative substitution with the secondary alcohol
(Scheme 5.06).¢" After completing the synthesis of this library, Christian will evaluate the activity of

these compounds against S. aureus as well as against persister cells.
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Scheme 5.06. Proposed route to secondary alcohol and tris-indole analogs.**-!
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6. Supporting Information

Target Based Design and Synthesis of a New Promysalin Analog
Synthesis

General Information

All non-aqueous reactions were conducted in flame-dried glassware equipped with a stir bar under an
argon atmosphere using HPLC-grade solvents which were dried by passing through activated alumina.
Metathesis catalysts were obtained as generous gifts from Materia, Inc. All other chemicals were used as
received from Oakwood, TCI America, Sigma-Aldrich, Alfa Aesar, or AK Scientific. Triethylamine was
freshly distilled from CaH, prior to use. Thin-layer chromatography was performed on 250um SiliCycle
silica gel F-254 plates and visualized by fluorescence and/or staining using potassium permanganate, or
vanillin stains. 3 A molecular sieves were activated in a round-bottom flask under vacuum heating at 120°C
in an oil bath overnight. Brine refers to a saturated aqueous solution of sodium chloride, sat. NaHCOj3 refers
to a saturated aqueous solution of sodium bicarbonate and sat. NH4Cl refers to saturated aqueous solution
of ammonium chloride. Organic solutions were concentrated under reduced pressure on a Buchi Rotavapor
R3 rotary evaporator. Chromatographic purification was accomplished using a Biotage® flash

chromatography purification system.

'H NMR and "*C NMR spectra were recorded on a Bruker (600 MHz), Inova (500 MHz), Inova (400
MHz), or VNMR (400 MHz) spectrometer, all from the Emory University NMR facility. '"H NMR data
were reported in terms of chemical shift (8 ppm relative to tetramethylsilane and with the indicated
deuterated solvent as the internal reference), multiplicity, described using the following abbreviations: s
(singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd (doublet of doublets), dt (doublet
of triplets), etc., coupling constant (Hz), and integration. *C NMR data were reported in terms of chemical

shift. Accurate mass spectra were obtained from a Thermo LTQ-FTMS using APCI techniques.
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Experimental Procedures and Spectral Data
(/—)\(0
N
OMe
e
OSEM
Methyl-(S)-1-(2-((2-(trimethylsilyl)ethoxy)methoxy)benzoyl)-2-3-dihydro-1H-pyrrole-2-carboxylate
ﬂ\(o
N
OH
e
OSEM
(8)-1-(2-((2-(trimethylsilyl)ethoxy)methoxy)benzoyl)-2-3-dihydro-1H-pyrrole-2-carboxylic acid 2.03.
To a solution of methyl ester 2.02 (114 mg, 0.30 mmol) in 3 mL of THF was added LiOH (127 mg, 3.0

2.02. Generously provided by Savannah J. Post.

mmol) in 1 mL of H,O. The solution stirred at ambient temperature for 4 hours. The mixture was then
acidified to pH 5, extracted with CH>Cl, (3x), washed with brine (1x), dried over Na;SOs, concentrated

under reduced pressure, then used immediately in the next step.

*Spectra of this compound matched those previously obtained from our lab.

o O
(-

Bn

(R)-4-benzyl-3-(hex-5-enoyl)oxazolidine-2-one 2.04. Synthesized as previously described.' To a solution
of hexenoic acid (2.00 mL, 25.3 mmol) and triethylamine (9.23 mL, 66.2 mmol) in 120 mL of THF cooled
to 0 °C was added pivaloyl chloride (3.12 mL, 25.3 mmol) dropwise and the resulting solution continued
to stir at this temperature for 1 hour. Flame-dried lithium chloride (1.18 g, 27.7 mmol) and (R)-4-benzyl-
2-oxazolidinone (4.27 g, 24.1 mmol) were added in one portion, then the solution was warmed to ambient
temperature and stirred for 16 hours. The reaction was quenched with sat. NaHCOs, extracted with EtOAc
(3x), washed with brine (1x), dried over Na>SOs, concentrated under reduced pressure, and purified by

column chromatography (0-10% EtOAc/Hexanes) to give the title compound as a clear oil (5.48 g, 83%).

*Spectra of this compound matched those previously obtained from our lab.
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(R)-4-benzyl-3-((R)-2-hydroxyhex-5-enoyl)oxazolidine-2-one 2.05. To a solution of sodium
bis(trimethylsilyl)amide (3.08 mL, 3.08 mmol, 1.0 M solution in THF) in 25 mL of THF cooled to -78 °C
was added a solution of 2.04 (700 mg, 2.56 mmol) in 5 mL of THF dropwise. The solution stirred at this
same temperature for 1 hour, then a solution of Davis reagent (2-(pheynylsulfonyl)-3-phenyloxaziridine,
805 mg, 3.08 mmol) in 5 mL of THF was added via a syringe pump over 25 minutes at -78 °C. The solution
stirred at this temperature for 1 more hour and was then quenched with camphorsulfonic acid. The reaction
mixture was then warmed to ambient temperature and deionized water was added, at which point the
solution was extracted with EtOAc (3x), dried over Na,SO4, concentrated under reduced pressure, and
purified by column chromatography (0 — 50% CH,Cl,/Hexanes then 0 — 10% EtOAc/Hexanes) giving the
title compound as a yellow oil (517 mg, 70% yield).

*Spectra of this compound matched those previously obtained from our lab.

o o
o)LNJﬁ/\/\
\ ortss

Bn

(R)-4-benzyl-3-((R)-2-((tert-butyldimethylsilyl)oxy)hydroxyhex-5-enoyl)oxazolidine-2-one 2.06. To a
solution of alcohol 2.05 (506 mg, 1.75 mmol) in 10 mL of DMF cooled to 0 °C was added tert-
butyldimethylsilyl chloride (395 mg, 2.62 mmol) and imidazole (155 mg, 2.27 mmol), and the solution then
warmed to ambient temperature and stirred for 16 hours. The reaction mixture was then poured into
deionized H»O, extracted with a 1:1 mixture of hexanes/EtOAc (4x), washed with deionized H>O (1x) and
brine (1x), dried over Na,SO4, concentrated under reduced pressure, and purified by column
chromatography (0 — 10% EtOAc/Hexanes) affording the title compound as a white solid (649 mg, 92%
yield).

*Spectra of this compound matched those previously obtained from our lab.
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(R)-2-((tert-butyldimethylsilyl)oxy)hex-5-enamide 2.14. To a solution of oxazolidinone 2.06 (270 mg,
0.668 mmol) in 2 mL of THF was added ammonium hydroxide (2.00 mL, excess). The flask was then
tightly sealed and the solution stirred at ambiente temperature for 24 hours. After careful venting, the
reaction mixture was concentrated under reduced pressure and azeotroped with methanol, and purified by
column chromatography (30% EtOAc/Hexanes) affording the title compound as a white solid (93 mg, 57%
yield).

'"H NMR (400 MHz, CDCls) § 6.53 (s, 1H), 5.81 (dt, J=10.2, 6.6 Hz, 1H), 5.64 (s, 1H), 4.99 (dd, J= 3.2,
1.6 Hz, 2H), 4.16 (t, /= 5.2 Hz, 1H), 2.22 — 2.06 (m, 2H), 1.92 — 1.74 (m, 2H), 0.93 (s, 9H), 0.11 (s, 3H),
0.09 (s, 3H); *C NMR (151 MHz, CDCl3) § 176.74, 137.99, 115.09, 73.15, 34.59, 28.54, 25.87, 18.15, -
4.69, -5.09; HRMS Accurate mass (APCI"): Found 244.1725 (-0.93 ppm), C12H26NO, **Si (M+H") requires
244.17273.

)
EtOJ\/\/\/\@

Ethyl (E)-7-phenylhept-6-enoate 2.07. A solution of ethyl heptenoate (2.00 mL, 11.4 mmol), and styrene
(2.61 mL, 22.8 mmol), in CH>Cl, (1.0 M) was charged with catalyst C627 (Materia, CAS [301224-40-8])
(5 mol%) and stirred at ambient temperature for 16 hours. The solution was then concentrated under
reduced pressure and purified by column chromatography (0-5% EtOAc/Hexanes) yielding the title
compound as a clear oil (1.49 g, 56% yield).

'"H NMR (400 MHz, CDCl; mixture of E/Z isomers) § 7.36 — 7.26 (m, 4H), 7.22 — 7.15 (m, 1H), 6.41 —
6.37 (dd, J=15.8, 4.1 Hz, 1H), 6.25-6.15 (dt, J=14.3, 6.9 Hz, 1H), 4.14 (q, /= 7.1 Hz, 2H), 2.38-2.30 (t,
J=17.5Hz, 2H), 2.28 —2.22 (dd, J = 13.9, 6.7 Hz, 2H), 1.74-1.64 (m, 2H), 1.56-1.48 (m, 2H), 1.26 (t,J =
7.1 Hz, 3H); *C NMR (151 MHz, CDCl3) § 173.79, 137.88, 130.49, 130.30, 128.59, 126.98, 126.06, 60.34,
34.34,32.76,28.95,24.65, 14.38; HRMS Accurate mass (APCI"): Found 233.15347 (-0.58 ppm), C15H»10;
(M+H") requires 233.15361.
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Ethyl 7-phenylheptanoate 2.08. To a solution of alkene 2.07 (1.49 g, 6.41 mmol) in 5 mL of EtOAc
vacuum and backfilled with argon 3x at ambient temperature was added 10% Pd/C. The reaction flask was
then vacuum and backfilled 3x with H», and stirred under H, at ambient temperature for 16 hours. The
reaction was then filtered through a pad of celite and concentrated under reduced pressure to give the title
compound as a clear oil (1.37 g, 91% yield).

'"H NMR (400 MHz, CDCls) § 7.30 — 7.26 (m, 2H), 7.19 — 7.16 (m, 3H), 4.13 (q, J = 7.2 Hz, 2H), 2.60 (t,
J=1.5Hz, 2H), 2.29 (t, J= 7.6 Hz, 2H), 1.68 — 1.59 (m, 4H), 1.39-1.33 (m, 4H), 1.26 (t, J = 7.2 Hz, 3H);
BC NMR (151 MHz, CDCls) & 173.96, 142.84, 128.52, 128.37, 125.74, 60.30, 36.01, 34.48, 31.41, 29.12,
29.04, 25.04, 14.39; HRMS Accurate mass (APCI"): Found 235.16908 (-0.77 ppm), CisH2»Ox(M+H")
requires 235.16926.

HJ\/\/\/\©

7-phenylheptanal 2.09. To a solution of ethyl ester 2.08 (1.37 g, 5.85 mmol) in 25 mL of CH,Cl, cooled
to -78 °C was added DIBAL-H (6.31 mL, 6.31 mmol, 10. M solution in CH»Cl,) dropwise. The reaction
mixture was stirred for 30 minutes, then quenched with a saturated solution of Rochelle’s salt and stirred
for 3 hours. This was then extracted with CH>Cl, (3x) washed with 1.0 M HCI (1x), dried over MgSOQs,
concentrated under reduced pressure, then purified by column chromatography in 5% EtOAc/Hexanes,
yielding the title compound as a clear oil (459 mg, 41%).

'"H NMR (400 MHz, CDCl3) § 9.76 (s, 1H), 7.32-7.25 (m, 2H), 7.22 — 7.14 (m, 3H), 2.65-2.57 (m, 2H),
2.45-2.32 (m, 2H), 1.72-1.57 (m, 4H), 1.43-1.29 (m, 4H); *C NMR (151 MHz, CDCls) & 203.04, 142.79,

128.52, 128.39, 125.77, 43.99, 35.99, 31.37, 29.03, 24.73, 22.13; HRMS Accurate mass (ES"): 191.14292
(-0.65 ppm), C13H;90s (M+H") requires 191.304.
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(+)-10-phenyldec-1-en-4-0l 2.10. To 2 mL of CH,Cl, at 0 °C was added TiCls (0.12 mL, 0.12 mmol) and
Ti(OiPr)s (66 pL, 0.22 mmol), and the solution was warmed to ambient temperature and stirred for 1 hour.
Then Ag,O (56 mg, 0.24 mmol) was added, the flask wrapped in aluminum foil, and the solution stirred 5
hours. Then (S)-BINOL (138 mg, 0.48 mmol) and 2 mL of CH,Cl, was added and the solution stirred
another 2 hours. Aldehyde 2.09 (459 mg, 2.41 mmol) and allyltributylstannane (0.97 mL, 3.13 mmol)
were added, the reaction cooled to 0 °C, and stirred for 16 hours. The reaction was quenched with sat.
NaHCO:s followed by celite, and the resulting solution was then vigorously stirred for 4 hours. The organic
portion was separated from the aqueous portion, which was extracted with Et,O (3x). The organic portions
were separately washed with a saturated solution of KF (1x each), then combined and washed with brine
(1x), dried over Na,SQs4, and concentrated under reduced pressure. This orange oil was run through a silica
plug with Et,O, concentrated under reduced pressure, and purified by column chromatography (0 — 20%
EtOAc/Hexanes) yielding the title compound as a yellow oil (365 mg, 65%).

'"H NMR (400 MHz, CDCl;, trace amounts of aldehyde 2.07) § 7.32 — 7.25 (m, 2H), 7.22 — 7.15 (m, 3H),
5.89-5.77 (m, 1H), 5.19-5.09 (d, 2H), 3.68-3.60 (m, 1H), 2.65-2.56 (t, J = 7.6 Hz 2H), 2.36-2.25 (m, 1H),
2.19-2.08 (m, 1H), 1.69-1.56 (m, 4H), 1.51-1.42 (m, 2H), 1.41-1.29 (m, 6H); *C NMR (151 MHz, CDCl;)
0 142.95,135.02, 128.52, 128.36, 125.71, 118.21, 70.80, 42.06, 36.90, 36.08, 31.55, 29.63, 29.37, 25.72.

(o)

H,N X
OTBS OH

(2R,8R,E)-2-((tert-butyldimethylsilyl)oxy)-8-hydroxy-14-phenyltetradec-5-enamide 2.15. A solution
of homoallylic alcohol 2.10 (234 mg, 1.01 mmol) and terminal amide 2.06 (82 mg, 0.34 mmol) dissolved
in CH»Cl, (1.0 M) was charged with catalyst C848 (Materia, CAS [246047-72-3]) (20 mol%) and stirred at
ambient temperature for 16 hours. The solution was then concentrated under reduced pressure and purified
by column chromatography (0-50% EtOAc/Hexanes) yielding the title compound as a dark purple oil (72
mg, 48% yield).

"H NMR (400 MHz, CDCl; mixture of E/Z isomers) § 7.28-7.24 (m, 2H), 7.21-7.14 (m, 3H), 6.54 (d, J =
3.5 Hz, 1H), 5.61 (s, 1H), 5.57-5.39 (m, 2H), 4.16 (t, J = 5.0 Hz, 1H), 3.60-3.52 (m, 1H), 2.60 (t, /= 7.6
Hz, 2 H), 2.26-1.98 (m, 4H), 1.93-1.82 (m, 1H), 1.81-1.71 (m, 1H), 1.67-1.55 (m, 4H), 1.47-1.21 (m, 10H),
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0.93 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3H); *C NMR (151 MHz, CDCl3) § 176.78, 143.00, 133.37, 128.54,
128.36, 126.95, 125.70, 73.07, 71.05, 40.85, 36.91, 36.09, 34.99, 31.58, 29.67, 29.42, 27.42, 25.88, 25.79,
18.15,-4.67,-5.09; HRMS Accurate mass (APCI"): Found 448.32399 (-0.34 ppm), C26H4sNO3**Si (M+H")
requires 448.32415.

(0]

H,N
OTBS OH

(2R,8R)-2-((tert-butyldimethylsilyl)oxy)-8-hydroxy-14-phenyltetradecanamide 2.19.

To a solution of alkene 2.15 (70 mg, 0.156 mmol) in 2 mL of EtOAc vacuum and backfilled with argon 3x
at ambient temperature was added 10% Pd/C. The reaction flask was then vacuum and backfilled 3x with
H, and stirred under H» at ambient temperature for 16 hours. The reaction was then filtered through a pad
of celite and concentrated under reduced pressure to give the title compound as a brown oil (62 mg, 89%
yield).

'"H NMR (400 MHz, CDCl3) § 7.29 — 7.24 (m, 2H), 7.20 — 7.22-7.16 (m, 3H), 6.54 (s, 1H), 6.13 (s, 1H),
4.13 (t, J=5.1 Hz, 1H), 3.60-3.53 (m, 1H), 2.60 (t, /= 7.8 Hz, 2H), 1.81-1.70 (m, 1H), 1.70-1.66 (m, 1H),
1.66-1.56 (m, 3H), 1.47-1.21 (m, 17H), 0.93 (s, 9H), 0.10 (s, 3H), 0.09 (s, 3H); *C NMR (151 MHz,
CDCls) 6 177.00, 142.99, 128.54, 128.37, 125.72, 73.61, 72.04, 37.61, 37.53, 36.10, 35.24, 31.58, 31.08,
29.71, 29.43, 25.89, 35.73, 25.63, 24.27, 18.17, -4.67, -5.09; HRMS Accurate mass (ES"): Found
450.33928 (-1.14 ppm), C26H4sNO3*Si (M+H") requires 450.3398.
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(7R,13R)-14-amino-13-((zert-butyldimethylsilyl)oxy)-14-o0xo-1-phenyltetradecan-7-yl S)-1-(2-((2-
(trimethylsilyl)ethoxy)methoxy)benzoyl)-2,3-dihydro-1H-pyrrole-2-carboxylate 2.20. To a solution of
carboxylic acid 2.03 (67 mg, 0.19 mmol) in CH,Cl, (0.2 M) cooled to 0 °C was added N-(3-
dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride (47 mg, 0.25 mmol). A solution of alcohol 2.19
(56 mg, 0.12 mmol) and dimethylaminopyridine (15 mg, 0.12 mmol) dissolved in CH>Cl, (0.2 M) was then
added at 0 °C, and the resulting solution was stirred at ambient temperature for 16 hours. The reaction
mixture was then poured into water, extracted with CH,Cl, (3x), washed with brine (1x), dried over MgSOs,
concentrated under reduced pressure, and purified by column chromatography (0 — 50% EtOAc/Hexanes)
affording title compound as a yellow oil (66 mg, 67% yield).

'"H NMR (400 MHz, CDCl;) § 7.44-3.37 (m, 2H), 7.31 (t,J = 7.5 Hz, 3H), 7.22 (t,J= 7.9 Hz, 3H), 7.08 (t,
J=74Hz, 1H), 6.57 (m, 1H), 6.21 (m, 1H), 5.67 (d, J= 4.0 Hz, 1H), 5.27 (q, /= 7.1 Hz, 2H), 5.08-5.04
(m, 1H), 5.04-4.97 (m, 1H), 4.17 (t, J = 4.9 Hz, 1H), 3.79 (t, J = 12.6 Hz, 2H), 3.22-3.10 (m, 1H), 2.76-
2.67 (m, 1H), 2.63 (t,J=11.7 Hz, 2H), 1.85-1.76 (m, 2H), 1.76-1.69 (m, 1H), 1.69-1.54 (m, 6H), 1.50-1.24
(m, 14H), 0.96 (s, 9H), 0.13 (s, 3H), 0.12 (s, 3H), 0.04 (s, 9H); *C NMR (151 MHz, CDCl;) & 176.93,
170.79, 164.97, 153.86, 142.94, 131.22, 131.06, 129.01, 128.51, 128.34, 126.02, 125.68, 121.98, 115.27,
108.32, 93.38, 75.40, 73.60, 66.63, 58.22, 36.04, 35.13, 34.42, 34.10, 34.006, 31.53, 29.50, 29.31, 25.88,
25.29,25.06,24.13, 18.17, 18.15, -1.27, -4.70, -5.13; HRMS Accurate mass (APCI"): Found 795.47917 (-
0.33 ppm), C4sH71N>07*%Si, (M+H") requires 795.47943.
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(7R,13R)-14-amino-13-hydroxy-14-oxo-1-phenyltetradecan-7-yl (8)-1-(2-hydroxybenzoyl)-2,3-
dihydro-1H-pyrrole-2-carboxylate 2.01. To a solution of protected 2.20 (9 mg, 0.011 mmol) in N,N’-
dimethylpropyleneurea (1:1 v/v TBAF, dried over 3 A molecular sieves, 0.05 M) was added
tetrabutylammonium fluoride (1.0 M solution in THF dried over 3 A molecular sieves for 2 days), 0.216
mL, 0.216 mmol) dropwise at ambient temperature. The resulting solution then stirred for 2 additional hours
at ambient temperature and was then quenched with sat. NH4Cl. The mixture was then extracted with Et,O
(5x), washed with sat. NH4CI (5x) and brine (1x), dried over Na>SQOs, concentrated under reduced pressure,
and purified by column chromatography (0 — 5% MeOH/CH,Cl,) furnishing the title compound as a
colorless oil (3 mg, 56% yield).
"H NMR (400 MHz, CDCls) 6 9.54 (s, 1H), 7.42-7.35 (m, 3H), 7.31-7.24 (m, 3H), 7.21-7.25 (m, 2H), 6.99
(d,/J=7.3 Hz, 1H), 6.91 (t,J= 7.3 Hz, 1H), 6.99 (s, 1H), 6.91 (s, 1H), 5.31- 5.23 (m, 2H), 5.06-4.96 (m, 2
H), 4.14-4.08 (m, 1H), 3.30 (s, 1H), 3.12 (m, 1H), 2.70 (m, 1H), 2.61-2.55 (m, 3H), 1.86-1.75 (m 1H), 1.72-
1.11 (m, 17H); ®C NMR (151 MHz, CDCl3) § 176.75, 171.30, 158.13, 142.91, 133.54, 130.85, 128.54,
128.39, 128.30, 125.75, 119.41, 118.05, 117.66, 111.10, 75.94, 71.42, 59.38, 41.18, 36.04, 34.53, 34.35,
34.18, 31.49, 29.85, 29.40, 29.26, 28.36, 25.47, 28.84, 24.56; HRMS Accurate mass (ES"): Found
551.31102 (-0.99 ppm), C3,Hs3sN>06 (M+H") requires 551.31156.

121



'"H NMR and “C NMR Spectra
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Biology
Bacterial Strains and Culture Conditions

P. aeruginosa PAO1 was acquired from Prof. Bettina A. Buttaro (Lewis Katz School of Medicine, Temple
University) and P. aeruginosa PA14 was acquired from Prof. Joanna B. Goldberg (School of Medicine,
Emory University). P. aeruginosa ROS5 was obtained via resistance selection assay from PA14 in our
laboratory.> All three strains were grown from a freezer stock overnight (16-24 hours) with shaking at 37

°C, 200 rpm in Trypticase Soy Broth (TSB) media (5 mL).
ICso Assay

Compounds were dissolved in DMSO to give 10 mM stock solutions, which were serially diluted in flat-
bottom 96-well microtiter plates yielding 24 test concentrations ranging from 500 uM to 0.030 uM.
Controls were prepared by dissolving in 10% DMS0/90% H,O to 1mM stock solutions and serially diluting
in the same manner as for test compounds. The positive control used in all cases was gentamicin and the
negative control was a solution of 10% DMSO/90% H>O. Overnight cultures were diluted 1:100 in 5 mL
of fresh media and grown at 37 °C, 200 rpm to an ODggo (measured on a Molecular Devices SpectraMax
iD3 plate reader) reading of ~0.32. Bacteria were then diluted to a concentration of 0.004 according to the
following equation: (x pL regrow culture)*(OD reading) = (0.004)*(volume of diluted bacteria culture
needed). Then 100 pL was inoculated into each well of plate already containing 100 puL of compound
solution, giving final test concentrations of 250 uM to 0.015 pM. Plates were then incubated statically at
37 °C for 24 hours. ODsgo readings were taken at this point, and ICso and 1Coy values were calculated by
fitting OD readings vs. concentrations with a four-parameter logistic model. Compounds were tested in
triplicate from three separate overnight cultures and averaged. ICso values were calculated in prism by

Savannah J. Post.
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Computational pose prediction for promysalin analogs

To build structural models of promysalin analog in complex with succinate dehydrogenase (Sdh),
we used a very similar protocol to that described in our earlier study.? Previously, we used the protein
structure extracted from PDB ID 2WUS5,? and used the ROCS software to overlay low energy conformers
of promysalin onto carboxin inhibitor in the active site. From here, the model was refined using a gradient-
based full atom minimization in Rosetta.* Finally, models were ranked on the bases of the protein-ligand

interaction energy.

For the present study, we took advantage of the fact that diversity in the analogs was restricted to
the alkyl chain. We therefore fixed the shared promysalin substructure in the active conformation from our
previous study, rather than build low-energy conformers from scratch. We built conformers using the
OMEGA software,” with the following command line:

omega2 -in input_file.smi -out output_file.sdf.gz -prefix ligand_name -warts -maxconfs

1000000 -rms 0.01 —fixfile original_promysalin_model.pdb

Because structural diversity in the conformers was limited to the alkyl chain (i.e., the part of the
chemical structure that was varied in this study), the number of conformers generated was much less than

would be required if all internal degrees of freedom in the compound were explicitly modeled:

Analog Number of conformers generated
(-)-11d 3
()-11e 8
(-)-11f 18
(-)-11g 36
(-)-1 113
(-)-11h 117
(-)-11i 178
(-)-11j 261
(-)-12 305

Having built these conformers, we replicated our earlier pipeline exactly, with the sole exception
that we aligned each promysalin analog to our previous model of the promysalin/Sdh complex (rather than
to carboxin from 2WUS). The resulting models were then refined and ranked using Rosetta, exactly as in

our previous study.

*Computational work was performed by Jittasak Khowsathit and John Karanicolas.
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Synthesis and Biological Evaluation of Iron-Binding Pseudomonad Metabolites

Synthesis
General Information
All non-aqueous reactions were conducted in flame-dried glassware equipped with a stir bar under an
argon atmosphere using HPLC-grade solvents which were dried by passing through activated alumina.
Reagents were purchased from Oakwood, TCI America, Sigma-Aldrich, Alfa Aesar, and AK Scientific.
Triethylamine was freshly distilled from CaH, prior to use. Thin-layer chromatography was performed on
250um SiliCycle silica gel F-254 plates and visualized by fluorescence and/or staining using potassium
permanganate, or vanillin stains. Brine refers to a saturated aqueous solution of sodium chloride, sat.
NaHCO:s refers to a saturated aqueous solution of sodium bicarbonate and sat. NH4Cl refers to saturated
aqueous solution of ammonium chloride. Organic solutions were concentrated under reduced pressure on a
Buchi Rotavapor R3 rotary evaporator. Chromatographic purification was accomplished using a Biotage®

flash chromatography purification system.

'H NMR and "*C NMR spectra were recorded on a Bruker (600 MHz), Inova (500 MHz), Inova (400
MHz), or VNMR (400 MHz) spectrometer, all from the Emory University NMR facility. "H NMR data were
reported in terms of chemical shift (& ppm relative to tetramethylsilane and with the indicated deuterated
solvent as the internal reference), multiplicity, described using the following abbreviations: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd (doublet of doublets), dt (doublet of triplets),
etc., coupling constant (Hz), and integration. *C NMR data were reported in terms of chemical shift.

Accurate mass spectra were obtained from a Thermo LTQ-FTMS using APCI techniques.
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Experimental Procedures and Spectral Data
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(R)-2-(2-hydroxyphenyl)-4,5-dihydrothiazole-4-carboxylic acid 3.01: Synthesized as previously
described.' A solution of 2-hydroxybenzonitrile (2.00 g, 16.8 mmol) and L-cysteine (4.07 g, 33.6 mmol)
in 75 mL of MeOH and 75 mL of 0.1 M phosphate buffer was heated to 60 °C and stirred for 16 hours at a
pH of 6.4. The reaction mixture was then concentrated under reduced pressure, redissolved in deionized
water, and acidified to a pH of 1.0. This solution was then extracted with EtOAc (3x), washed with sat.
NaHCOs (1x) and brine (1x), dried over Na>SOs, and concentrated under reduced pressure, yielding a
yellow solid (1.37 g, 37%).

'"H NMR (500 MHz, (CD5).CO) & 7.48 (dd, J = 7.8, 1.7 Hz, 1H), 7.44 (dddd, J = 8.3, 7.3, 1.7 Hz, 1H),
6.98 (dd, J = 8.3, 1.0 Hz, 1H), 6.95 (dddd, J = 8.2, 7.3, 1.4), 5.55 (dd, /= 9.3, 7.8 Hz, 1H), 3.77 (m, 2H),
2.82 (brs, 1H); *C NMR (151 MHz, (CD;),CO) & 174.47,171.32, 160.09, 134.44, 131.53, 119.90, 117.87,
116.87, 77.58, 34.15; HRMS (APCI"): Found 224.03741 (-0.81 ppm), CioHioNOsS (M+H) requires
224.03759.

OH

2-hydroxythiobenzamide 3.02: A solution of 2-hydroxybenzamide (2.00 g, 14.6 mmol) and Lawesson’s
reagent (4.73 g, 11.7 mmol) in 150 mL of THF was stirred at ambient temperature for 6 hours. The reaction
mixture was then concentrated under reduced pressure and purified by column chromatography (0-30%
EtOAc/Hexanes) yielding a yellow solid (642 mg, 29%).

'"H NMR (600 MHz, (CD3)CO) § 11.91 (br s, 1H), 9.12 (br s, 2H), 7.82, (dd, J = 8.1, 1.7 Hz, 1H), 7.41
(ddd, J = 8.3, 7.2, 1.7 Hz, 1H), 6.97 (dd, J = 8.3, 1.3 Hz, 1H), 6.89 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H); *C
NMR (151 MHz, (CD3),CO) & 198.90, 160.42, 134.83, 127.34, 121.34, 119.69, 119.61; HRMS (APCI"):
Found 154.03202 (-0.59 ppm), C;HsNOS (M+H) requires 154.03211.
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Ethyl 2-(2-hydroxyphenyl)thiazole-4-carboxylate 3.03: Synthesized as previously described.’ A solution
of ethyl bromopyruvate (0.632 mL, 5.03 mmol) and thioamide 3.02 (642 mg, 4.19 mmol) in 35 mL of
EtOH was heated to 70 °C and stirred 5 hours. The reaction mixture was concentrated under reduced
pressure and purified by column chromatography (0-20% EtOAc/Hexanes) yielding a faint yellow solid
(540 mg, 52%).

'"H NMR (600 MHz, CDCl3) § 11.91 (s, 1H), 8.10 (s, 1H), 7.61 (d, J = 7.9 Hz, 1H), 7.36 (t, J = 7.8 Hz,
1H), 7.10 (d, J = 8.3 Hz, 1H), 6.93 (t, /= 7.5 Hz, 1H), 4.43 (q, J = 6.2 Hz, 2H), 1.42 (t, J = 7.2 Hz, 3H);
BC NMR (151 MHz, CDCl;) & 169.57, 160.68, 157.20, 146.24, 132.66, 127.46, 125.14, 119.67, 118.26,
116.43, 61.74, 14.44; HRMS (APCI"): Found 250.05333 (+0.36 ppm), Ci2H;2NO;S (M+H) requires
250.05324.

(0]
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2-(2-hydroxyphenyl)thiazole-4-carboxylic acid 3.04: Synthesized as previously described.’ To a solution
of ester 3.03 (450 mg, 1.81 mmol) in 24 mL of THF/H,O (1:1) was added a 1.0 M solution of lithium
hydroxide (173 mg, 7.23 mmol) in deionized water and the solution stirred at ambient temperature for 3
hours. The reaction mixture was concentrated under reduced pressure, redissolved in minimal EtOAc, and
acidified with 2.0 M HCIl until a solid precipitated. This was then extracted with EtOAc (3x), washed with
brine (1x), and concentrated under reduced pressure to a pale-yellow solid (375 mg, 94%).
'"H NMR (500 MHz, (CDs),CO) & 11.79 (s, 1H), 8.47 (s, 1H), 7.84 (d, J=7.9 Hz, 1H), 7.41 (t,J=7.8 Hz
1H), 7.05 (d, J = 8.3 Hz, 1H), 7.00 (t, J = 7.0 Hz, 1H), 2.85 (br s, 1H); *C NMR (151 MHz, (CD5),CO) §
169.68, 161.44, 157.70, 146.85, 133.32, 128.55, 127.64, 120.64, 118.46, 117.50; HRMS (APCI"): Found
222.02195 (+0.04 ppm), C1o0HsNO3S (M+H) requires 222.02194.
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2-(4-(hydroxymethyl)thiazol-2-yl)phenol 3.05: To a solution of carboxylic acid 3.04 (84.1 mg, 0.380
mmol) in 2.0 mL of THF cooled to 0 °C was added 1.0 M borane-tetrahydrofuran complex (1.14 mL, 1.14
mmol). The solution stirred overnight at ambient temperature, after which 1.0 M HCl was added. The
solution was extracted with EtOAc (2x), washed with brine (1x), dried over Na,SO4, concentrated under
reduced pressure, and purified by column chromatography (50% EtOAc/Hexanes) yielding a yellow solid
(18.5 mg, 23%).

'"H NMR (500 MHz, CDCls) § 12.00 (br s, 1H), 7.63 (dd, J = 7.6, 1.4 Hz, 1H), 7.32 (ddd, J=7.9, 7.3, 1.0
Hz, 2H), 7.18 (t, /= 1.0 Hz, 1H), 7.06 (dd, /= 8.3, 0.7 Hz, 1H), 6.91 (ddd, J=17.8, 7.2, 1.2 Hz, 1H), 4.84
(d,J=1.0 Hz, 1H); *C NMR (151 MHz, CDCl;) §169.93, 156.85, 155.35, 132.04, 127.35, 119.64, 117.93,
116.97, 113.01, 61.09; HRMS (APCI"): Found 208.04261 (-0.07 ppm), CioHioNO,S (M+H) requires
208.04268.
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Methyl (R)-2-(2-hydroxyphenyl)-4,5-dihydrothiazole-4-carboxylate 3.06: Synthesized as previously
described.* A solution of 2-hydroxybenzonitrile (2.38 g, 20.0 mmol), L-cysteine methyl ester
hydrochloride (13.7 g, 80.0 mmol), and NaHCO3 (2.12 g, 20.0 mmol) in 20 mL of MeOH was refluxed
for 16 hours. The reaction was cooled to ambient temperature, quenched with deionized water, extracted
with Et;O (3x), washed with brine (1x), dried over Na>SOs, concentrated under reduced pressure, and
purified by column chromatography (0-50% EtOAc/hexanes) giving a yellow oil (4.24 g, 89%).
"H NMR (500 MHz, CDCl3) & 11.82 (s, 1H), 7.50 (d, J = 9.4 Hz, 1H), 7.44 (t, J = 8.5 Hz, 1H), 7.01 (d, J
=8.3 Hz, 1H), 6.88 (t,J= 7.7 Hz, 1H), 5.15 (t, J = 3.6 Hz, 1H), 4.07 (m, 2H), 3.88 (s, 3H); *C NMR (151
MHz, CDCls) 6 169.81, 169.23, 161.80, 135.06, 126.05, 119.14, 118.81, 113.64, 53.49, 53.31, 44.96;
HRMS (APCI"): Found 238.05309 (-0.63 ppm), C;1H12NOsS (M+H) requires 238.05324.
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(R)-2-(4-(hydroxymethyl)-4,5-dihydrothiazol-2-yl)phenol 3.07: Synthesized as previously described.! A
solution of 3.06 (331 mg, 1.39 mmol), and sodium borohydride (137 mg, 3.61 mmol) in 4.0 mL of THF
was stirred at reflux for 10 minutes before addition of 1.0 mL of MeOH. After being cooled to ambient
temperature, 0.3 mL of deionized water was added, and the solution stirred another 10 minutes, followed
by the addition of 0.5 mL of deionized water. The reaction mixture was then extracted with Et,O (3x),
washed with brine (1x), dried over Na>SQOs, concentrated under reduced pressure, and purified by column
chromatography (5% MeOH/CH,Cl) yielding a yellow oil (216 mg, 74%).

'"H NMR (500 MHz, CD;0D) § 7.41 (dd, J= 7.9, 1.6 Hz, 1H), 7.34 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H), 6.93
(d, J=8.4, 1.2 Hz, 1H), 6.87 (ddd, J= 8.0, 7.0, 1.3 Hz, 1H), 4.82 (m, 1H), 3.79 (dd, J= 5.6, 1.2 Hz, 2H),
3.46 (m, 1H) 3.31 (m, 1H); *C NMR (151 MHz, CD;0D) & 173.57, 160.18, 134.05, 131.60, 119.94,
117.80, 117.56, 79.48, 64.22, 33.69; HRMS (APCI"): Found 210.05815 (-0.84 ppm), C1oH;2NO,S (M+H)
requires 210.05833.
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2-(2-hydroxyphenyl)thiazole-4-carbaldehyde 3.08: Synthesized as previously described.' To a solution
of oxalyl chloride (6.30 mL, 12.6 mmol) and dimethylsulfoxide (1.55 mL, 21.8 mmol) in 180 mL of CH»Cl,
cooled to -78 °C was added a solution of 3.07 (1.20 g, 5.73 mmol) in 20 mL of CH,Cl, dropwise via syringe
pump over 20 minutes. Triethylamine (9.60 mL, 68.8 mmol) was then added. The reaction mixture was
then warmed to ambient temperature and quenched with deionized water. The organic layer was then
washed with brine (1x), dried over Na>;SOs, concentrated under reduced pressure, and purified by column
chromatography (100% CH,Cl;) affording a yellow solid (414 gm, 35%).

"H NMR (600 MHz, CDCl3) § 11.61 (s, 1H), 10.06 (s, 1H), 8.13 (s, 1H), 7.63 (dd, J = 7.8, 1.6 Hz, 1H),
7.38 (ddd, J= 8.8, 7.3, 1.6 Hz, 1H), 7.10 (dd, J = 8.4, 1.2 Hz, 1H), 6.95 (ddd, J= 7.8, 7.2, 1.6 Hz, 1H); *C
NMR (151 MHz, CDCL) ¢ 183.52, 170.60, 157.02, 153.71, 133.02, 127.72, 125.28, 119.93, 118.31,
116.18; HRMS (APCI"): Found 206.0273 (+1.32 ppm), C10HsNO-S (M+H) requires 206.02703.
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1-(triisopropylsilyl)-1H-pyrrole 3.09: To a suspension of sodium hydride (632 mg, 15.9 mmol) in 25 mL
of THF cooled to 0 °C was added 1H-pyrrole (1.00 mL, 14.4 mmol). Triisopropylsilyl chloride (3.08mL,
14.4 mmol) was added and the solution stirred for 1.5 hours. The reaction was quenched with iced deionized
water, extracted with Et,O (3x), washed with brine (1x), dried over Na,SO4, and concentrated under reduced
pressure to a brown oil, which was used without further purification (3.20 g, >99%).

'"H NMR (400 MHz, CDCl3) § 6.80 (t, J = 2.0 Hz, 2H), 6.32 (t, J = 2.0 Hz, 2H), 1.53-1.38 (hept, J= 7.5
Hz, 3H), 1.10 (d, J = 7.4 Hz, 18H); *C NMR (151 MHz, CDCl3) & 124.11, 110.17, 17.93, 11.85. HRMS
(APCT"): Found 224.18309 (+0.84 ppm), C13H26NSi (M+H) requires 224.1829.
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3-iodo-1-(triisopropylsilyl)-1H-pyrrole 3.10: Synthesized as previously described.” To a solution of 3.09
(3.14 g, 13.5 mmol) in 30 mL of acetone was added N-iodosuccinimide (3.03 g, 13.5 mmol). The reaction
was covered with aluminum foil and stirred at ambient temperature for 16 hours, then was concentrated
under reduced pressure and purified by column chromatography (20% EtOAc/hexanes) yielding a clear oil
(3.32 g, 70%).
"H NMR (600 MHz, CDCls) § 6.80 (t, J= 1.2 Hz, 1H), 6.67 (t,J = 2.5 Hz, 1H), 6.37 (dd, J=2.8, 1.4 Hz,
1H), 1.42 (hept, J= 7.5 Hz, 3H), 1.09 (d, J= 7.5 Hz, 18H); *C NMR (151 MHz, CDCls) § 128.85, 125.85,
117.67, 17.86, 11.72 (carbon adjacent to iodine was not detected); HRMS (APCI"): Found 349.07999
(+1.26 ppm), C13H2sNISi (M+H) requires 350.07955.
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3-(4,4,5,5-tetramethyl-1,3,2-diozaborolan-2-y)-1-(triisopropylsilyl)-1H-pyrrole 3.11: Synthesized as
previously described.’ A round-bottomed flask was charged with PdCly(CH3CN), (63 mg, 0.24 mmol), and
Sphos (297 mg, 0.72 mmol). A solution of 3.10 (2.81 g, 8.04 mmol) in 25 mL of toluene was then added,
followed by degassed triethylamine (2.80 mL, 20.1 mmol) and pinacolborane (1.40 mL, 9.65 mmol). The
reaction was stirred at 90 °C for 2 hours, after which it was filtered through a plug of alumina with EtOAc

and concentrated under reduced pressure. In order to minimize product decomposition, column

139



chromatography was performed immediately (5% EtOAc/hexanes, treated with 5% triethylamine) to give
an orange oil which was used immediately in the next step and assuming quantitative yield.

"H NMR (600 MHz, CDCls) § 7.24 (t, J= 1.2 Hz, 1H), 6.81 (t,J = 2.5 Hz, 1H), 6.62 (dd, J=2.7, 1.3 Hz,
1H), 1.47 (hept, J = 7.5 Hz, 3H), 1.09 (d, J= 7.5 Hz, 18H); *C NMR (151 MHz, CDCl5) § 133.78, 125.06,
115.76, 82.82, 24.99, 17.93, 11.80 (carbon adjacent to boron was not detected); HRMS (APCI"): Found
349.27219 (+1.29 ppm), Ci9H37NO,BSi (M+H) requires 349.27174.
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2-(1-(triisopropylsilyl)-1H-pyrrol-3-yl)aniline 3.12: Synthesized as previously described.*’ A round-
bottom flask was charged with 2-iodoaniline (1.43 g, 6.70 mmol), Pd(OAc), (75 mg, 0.34 mmol), SPhos
(275 mg, 0.67 mmol), and potassium phosphate tribasic (2.84 g, 13.4 mmol). A solution of 3.11 (2.81 g,
8.04 mmol) in 20 mL of a 2.5:1 solution of degassed n-butanol and deionized water was then added, and
the reaction stirred at 35 °C for 16 hours. The reaction mixture was then filtered through a pad of celite,
concentrated under reduced pressure, and purified by column chromatography (0-5% EtOAc/hexanes,
treated with 5% triethylamine) furnishing a yellow oil (1.78 g, 85% over 2 steps).

'"H NMR (600 MHz, (CD3),CO) § 7.17 (dd, J = 7.6, 1.7 Hz, 1H), 7.04 (s, 1H), 6.94 (m, 2H), 6.75 (d, ] =
8.0 Hz, 1H), 6.63 (td, ] = 7.4 1.3 Hz, 1H), 6.50z (dd, J = 2.8, 1.5 Hz, 1H), 4.44 (br s, 2H), 1.57 (hept, J =
7.5 Hz, 3H), 1.15 (d, J= 7.6 Hz, 18H); *C NMR (151 MHz, (CD;),CO) § 145.69, 130.10, 127.44, 125.53,
122.75, 122.65, 118.20, 116.04, 115.82, 111.48, 18.21, 12.36; HRMS (APCI"): Found 315.22537 (+0.86
ppm), CioH31N,Si (M+H) requires 315.2251.

NH

NH,

2-(1H-pyrrol-3-yl)aniline 3.13: Synthesized as previously described.** To a solution of 3.12 (628 mg, 2.00
mmol) in 4 mL of THF was added tetrabutylammonium fluoride (4.00 mL, 4.00 mmol, 1.0 M solution in
THF) and the reaction stirred at ambient temperature for 1 hour. The reaction mixture was quenched with
sat. NH4Cl, extracted with EtOAc (3x), washed with brine (1x), dried over Na,SOs, concentrated under
reduced pressure, and purified by column chromatography (0-50% EtOAc/hexanes, treated with 5%
triethylamine) yielding a brown oil (131 mg, 41%).

'"H NMR (600 MHz, (CD;).CO) & 10.20 (br s, 1H), 7.16 (dd, J = 7.6, 1.6 Hz, 1H), 7.01 (dd, J = 4.1, 1.8
Hz, 1H), 6.93 (td, J=7.6, 1.6, 1H), 6.88 (dd, J=4.7, 2.6 Hz, 1H), 6.75 (dd, /= 7.9, 1.3 Hz, 1H), 6.62 (td,
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J=174,13 Hz, 1H), 6.34 (dd, J= 4.2, 2.6 Hz, 1H), 4.46 (br s, 2H); *C NMR (151 MHz, (CD),CO) &
145.69, 130.06, 127.20, 123.01 122.62, 119.16, 118.11, 116.79, 115.93, 108.48; HRMS (APCI"): Found
159.09198 (+1.89 ppm), CioHi N, (M+H) requires 159.09198.
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2-(4-3H-pyrrolo[2,3-c|quinolin-4-yl)thiazol-2-yl)phenol 3.14: Synthesized as previously described.** A
solution of 3.13 (39 mg, 0.25 mmol) and 3.08 (51 mg, 0.25 mmol) in 2.5 mL of a 1% trifluoroacetic acid
in dimethylsulfoxide was stirred at ambient temperature for 24 hours. The reaction was then quenched with
sat. NaHCO:s, extracted with EtOAc (3x), washed with brine (1x), dried over Na,SOs, and concentrated
under reduced pressure and purified by column chromatography (20% CH,Cl/EtOAc) furnishing a dark
yellow solid (42 mg, 50%).

"H NMR (600 MHz, (CD;),SO ) § 11.59 (s, 1H), 8.71 (d, J= 7.9 Hz, 1H), 8.65 (s, 1H), 8.33 (d, J= 7.6 Hz,
1H), 8.09 (dd, J=7.9 Hz, 1H), 7.79 (t, /= 2.8 Hz, 1H), 7.59 (m, 2H), 7.37 (t, /= 7.7 Hz, 1H), 7.25 (dd, J
=2.5 Hz, 1H), 7.10 (d, J = 8.2 Hz, 1H), 7.05 (t, J = 7.6 Hz, 1H); *C NMR (151 MHz, CDCl;) § 163.42,
153.15, 141,87, 139.21, 131.05, 129.36, 129.05, 128.61, 128.39, 126.00, 125.49, 123.23, 123.10, 120.34,
119.52, 116.40, 110.76; HRMS (APCI"): Found 344.08511 (-0.29 ppm), CH24N;0S (M") requires
344.08521.
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Methyl 2-hydroxybenzimidate hydrochloride 3.15: Synthesized as previously described.® To a solution
of 2-hydroxybenzonitrile (4.00 g, 33.6 mmol) in 16 mL of MeOH was added acetyl chloride (19.1 mL,
269 mmol) dropwise. The solution stirred at ambient temperature for 16 hours, and a precipitate formed.
The reaction mixture was filtered and rinsed with EtOAc. The resulting white solid was used without further
purification (3.39 g, 54%).

'"H NMR (600 MHz, CD;0D) § 7.95 (d, J = 8.1 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H), 7.10 (m, 2H), 4.33 (s,
3H). *C NMR (151 MHz, CD;0D) § 172.70, 160.48, 138.89, 131.76, 121.69, 118.15, 111.89, 59.54;
HRMS (APCI"): Found 152.07502 (-0.56 ppm), CsH;(NO, (M+H) requires 152.07061.
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Methyl (S5)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylate 3.16: Synthesized as previously
described.® To a solution of 3.15 (3.39 g, 18.1 mmol) and L-serine methyl ester hydrochloride (2.81 g,
18.1 mmol) in 300 mL of C,H4Cl, was added triethylamine (2.31 mL, 18.1 mmol). The solution was stirred
at reflux for 16 hours, then cooled to ambient temperature and the solids filtered off. The pink solution was
washed with sat. NaHCO; (1x), dried over Na,SOs, concentrated under reduced pressure, and purified by
column chromatography (100% CH,Cl,) yielding a clear oil (1.78 g, 45%).

'"H NMR (600 MHz, CDCl3) 8 11.67 (s, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.39 (t, J = 7.8 Hz, 1H), 7.02 (d, J
=8.4 Hz, 1H), 6.87 (t,J=7.0 Hz, 1H), 4.97 (t, /= 9.0 Hz, 1H), 4.67 (t, /= 8.1 Hz, 1H), 4.56 (t,J=9.6 Hz,
1H), 3.80 (s, 3H); *C NMR (151 MHz, CDCl3) § 171.06, 167.65, 160.03, 134.11, 128.45, 118.90, 117.02,
110.14, 69.00, 67.29, 52.88; [a]*"p +69.6 (c = 1.14 in CHCl;); HRMS (APCI"): Found 222.07576 (-1.46
ppm), Ci1H12NO4 (M+H) requires 222.07608.
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(S)-2-(2-hydroxyphenyl)-4,5-dihydrooxazole-4-carboxylic acid 3.17: To a solution of methyl
ester 3.16 (219 mg, 0.992 mmol) in 8.0 mL of THF/H>O (1:1) was added a 1.0 M solution of
lithium hydroxide (95 mg, 3.97 mmol) in deionized water and the solution stirred at ambient
temperature for 2 hours. The reaction mixture was concentrated under reduced pressure,
redissolved in minimal EtOAc, and then acidified with 1.0 M HCl until a solid precipitated. This
was then extracted with EtOAc (3x), washed with brine (1x), and concentrated under reduced
pressure to give an orange foam (103 mg, 50%).

"H NMR (600 MHz, (CD5),CO) & 11.49 (brs, 1H), 7.59 (d, J = 9.3 Hz, 1H), 7.36 (t,J = 7.1 Hz, 1H), 6.89
(d, J=8.3 Hz, 1H), 6.84 (t,J = 7.6 Hz, 1H), 5.02 (t, J = 8.9 Hz, 1H), 4.65 (d, J = 8.9 Hz, 2H); *C NMR
(151 MHz, (CD3),CO) 6 171.85, 167.89, 160.77, 134.86, 129.08, 119.71, 117.50, 111.02, 70.14, 67.90;
HRMS (APCI"): Found 208.06013 (-1.46 ppm), C10H1oNO4 (M+H) requires 208.06043.
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(R)-2-(4-(hydroxymethyl)-4,5-dihydrooxazol-2-yl)phenol 3.18: Synthesized as previously described.’
To a solution of methyl ester 3.16 (221 mg, 1.00 mmol) in 10.0 mL of Et,O cooled to 0 °C was added LAH
(52.8 mg, 1.40 mmol). The solution was stirred at ambient temperature for 1 hour, quenched with MeOH,
diluted with EtOAc, and vigorously stirred with a saturated solution of Rochelle’s salt at ambient
temperature for 2 hours. This was then extracted with EtOAc (3x), washed with sat. NaHCOs3 (1x) then
brine (1x), dried over Na,SO4, concentrated under reduced pressure, and purified by column
chromatography (0-5% MeOH/CH,Cl,). The resulting off-white solid was then redissolved in CH>Cl, run
through a pipette column of activated charcoal, and concentrated under reduced pressure to afford a white
solid (21.7 mg, 54%).

"H NMR (600 MHz, CDCl3) § 11.95 (br s, 1H), 7.65 (d, J= 7.9 Hz, 1H), 7.38 (t,J = 7.8 Hz, 1H), 7.01 (d,
J=28.3 Hz, 1H), 6.87 (t, J=7.6 Hz, 1H), 4.49 (m, 2H), 4.35 (t, /= 6.5 Hz, 1H), 3.88 (d, /= 11.9 Hz, 1H),
3.71(d, J = 11.2 Hz, 1H); *C NMR (151 MHz, CDCl3) § 167.08, 159.94, 133.80, 128.36, 118.93, 116.89,
110.54, 68.71, 67.04, 64.11; HRMS (APCI"): Found 194.08103 (-0.72 ppm), C10H12NOs (M+H) requires
194.08117.
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Methyl 2-(2-hydroxyphenyl)oxazole-4-carboxylate 3.19: Synthesized as previously
described.”® To a solution of oxazoline 3.16 (972 mg, 4.39 mmol) in 25 mL of CH2Cl: cooled to
0 °C was added 1,8-diazabicyclo(5.4.0)undece7-ene (1.97 mL, 13.2 mmol) dropwise.
Bromotrichloromethane (1.30 mL, 13.2 mmol) was then slowly added, and the solution stirred at
0 °C for 1 hour. The solution was warmed to ambient temperature and stirred an additional hour,
at which point a solution of 10% NaHCO3 was added. The solution was then extracted with CH>Cl»
(2x), washed with sat. NaHCO;3 (1x) and brine (1x), dried over Na>;SOa, concentrated under
reduced pressure, and purified by column chromatography in 20% EtOAc/Hexanes yielding a
white solid (709 mg, 74%).

'"H NMR (600 MHz, CDCl3) § 10.65 (s, 1H), 8.25 (s, 1H), 7.83 (d, J = 7.9 Hz, 1H), 7.41 (t, J = 7.8 Hz,
1H), 7.10 (d, J= 8.3 Hz, 1H), 6.97 (t, /= 7.6 Hz, 1H), 3.94 (s, 3H); *C NMR (151 MHz, CDCl;) & 162.15,
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161.06, 157.63, 142.59, 133.43, 132.97, 126.41, 119.76, 117.70, 110.31, 52.40; HRMS (APCI"): Found
220.06152 (-0.05 ppm), C11H0NO4 (M+H) requires 220.06153.

0]

HO)\\%\ o

N=

HO

2-(2-hydroxyphenyl)oxazole-4-carboxylic acid 3.20: To a solution of methyl ester 3.19 (223 mg, 1.02
mmol) in 8.0 mL of THF/H,O (1:1) was added a 1.0 M solution of lithium hydroxide (97 mg, 4.07 mmol)
in deionized water then stirred at ambient temperature for 2 hours. The reaction mixture was concentrated
under reduced pressure, redissolved in minimal EtOAc, and acidified with 1.0 M HCI until a solid
precipitated. This was then extracted with EtOAc (3x), washed with brine (1x), and concentrated under
reduced pressure to give a white solid (175 mg, 84%).

'"H NMR (600 MHz, CD;0D) & 8.55 (s, 1H), 7.84 (d, J = 7.9 Hz, 1H), 7.41 (t,J = 7.8 Hz, 1H), 7.04 (d, J
= 8.3 Hz, 1H), 6.98 (t, J= 7.6 Hz, 1H); *C NMR (151 MHz, CD;0D) & 163.68, 163.13, 158.50, 144.77,
134.37, 134.26, 127.51, 120.79, 118.25, 111.49; HRMS (APCI"): Found 206.04477 (-0.07 ppm),
C1oHsNO4 (M+H) requires 206.04478.
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2-(4-(hydroxymethyl)oxazol-2-yl)phenol 3.21: To a solution of methyl ester 3.19 (238 mg, 1.08 mmol)
in 10.0 mL of Et,O cooled to 0 °C was added lithium aluminum hydride (45.2 mg, 1.19 mmol). The solution
was stirred at ambient temperature for 1 hour, quenched with MeOH, diluted with EtOAc, and vigorously
stirred with a saturated solution of Rochelle’s salt at ambient temperature for 2 hours. This was then
extracted with EtOAc (3x), washed with sat. NaHCO; (1x) then brine (1x), dried over Na,SO4, concentrated
under reduced pressure, and purified by column chromatography (0-50% EtOAc/Hexanes). The resulting
off-white solid was redissolved in CH,Cl,, run through a pipette column of activated charcoal, and
concentrated under reduced pressure to afford a white solid (71.6 mg, 35%).

'"H NMR (500 MHz, CDCls) § 10.99 (br s, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.63 (s, 1H), 7.36 (t,J = 7.0 Hz,
1H), 7.07 (d,J=9.3 Hz, 1H), 6.94 (t,J= 7.0 Hz, 1H), 4.68 (s, 2H); *C NMR (151 MHz, CDCl;) § 161.89,
157.24,139.99, 134.08, 132.67, 126.15, 119.65, 117.31, 111.09, 57.02; HRMS (APCI"): Found 192.06554
(+0.11 ppm), CioHi1oNO3; (M+H) requires 192.06552.
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Methyl 2,3-dihydroxybenzimidate 3.22: Synthesized as previously described.”'® To a solution of 2,3-
dihydroxybenzonitrile (675 mg, 5.00 mmol) in 10 mL of MeOH was added acetyl chloride (11.4 mL, 160
mmol) dropwise. The solution stirred at ambient temperature for 48 hours, then quenched with sat.
NaHCO:s. This solution was then extracted with Et,O (3x), washed with brine (1x), dried over MgSOs, and
concentrated under reduced pressure to a yellow solid, used crude.

'"H NMR (500 MHz, (CD;),S0)) & 9.04 (br s, 1H), 8.70 (br s, 1H), 7.11 (d, J = 8.1 Hz, 1H), 6.82 (d, J =
7.7 Hz, 1H), 6.54 (t, J = 7.9 Hz, 2H), 3.86 (s, 3H). *C NMR (151 MHz, (CD3),S0)) § 165.94, 152.63,
146.42,122.54,117.38,115.91, 112.51, 53.25; HRMS (APCI"): Found 168.06541 (-0.67 ppm), CsHi)NO;
(M+H) requires 168.06552.
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Benzyl (45, 5R)-2-(2,3-dihydroxyphenyl)-5-methyl-4,5-dihydrooxazole-4-carboxylate  3.23:
Synthesized as previously described.”'’ To a solution of crude 3.22 (835 mg, 5.00 mmol) and L-threonine
benzyl ester oxalate (2.34 g, 6.00 mmol) in 100 mL of C,H4Cl, was added triethylamine (1.74 mL, 12.5
mmol). The solution refluxed for 16 hours, then cooled to ambient temperature and concentrated under
reduced pressure. This was redissolved in 5% citric acid, extracted with EtOAc (3x), washed with brine,
dried over Na,SOs, concentrated under reduced pressure, and purified by column chromatography (50%
EtOAc/Hexanes) furnishing a viscous purple oil (436 mg, 27% over 2 steps).

"H NMR (500 MHz, (CD3)S0)) § 11.93 (br s, 1H), 9.29 (br s, 1H), 7.42 — 7.35 (m, 5H), 7.08 (dd, J= 7.9,
1.6 Hz, 1H), 6.99 (dd, J=7.9, 1.6 Hz, 1H), 6.75 (t, J= 7.9 Hz, 1H), 5.22 (d, J= 4.3 Hz, 2H), 5.05 (p, J =
6.4 Hz, 1H), 4.79 (d, J = 6.7 Hz, 1H), 1.48 (d, J = 6.4 Hz, 3H); *C NMR (151 MHz, CDCl;) & 169.88,
166.51, 156.60, 148.40, 145.78, 142.53, 135.66, 128.50, 128.02, 127.92, 126.60, 126.41, 78.49, 72.41,
66.41, 62.90, 20.33; HRMS (APCI"): Found 328.11748 (-1.42 ppm), CisHisNOs (M+H) requires
328.11795.
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(4S, S5R)-2-(2,3-Dihydroxyphenyl)-5-methyl-4,5-dihydrooxazole-4-carboxylic acid 3.24:
Synthesized as previously described.”!? To a solution of 3.23 (436 mg, 1.33 mmol) in 20 mL of
MeOH was added 10% Pd/C (13.3 mg, 0.133 mmol) under a hydrogen atmosphere. The solution
stirred at ambient temperature for 1 hour at which point the reaction mixture was filtered through
a sterile filter. concentrated by rotary evaporation and purified by running through a plug of C18
silica with a 1:1 mixture of MeCN/H>O yielding a viscous dark purple oil (292 mg, 92%).

'"H NMR (600 MHz, (CD5),S0)) 8 7.06 (d, J = 7.9 Hz, 1H), 6.97 (d, J= 7.8 Hz, 1H), 6.73 (t,J= 7.9 Hz,
1H), 4.96 (p, J = 6.4 Hz, 1H), 4.55 (d, J= 7.0 Hz, 1H), 1.45 (d, J = 6.4 Hz, 3H); *C NMR (151 MHz,
(CD3)250)) 6 171.98, 167.78, 149.35, 147.49, 146.03, 119.03, 118.62, 116.89, 66.21, 58.26, 20.66; HRMS
(APCI"): Found 238.07066 (-1.41 ppm), C11H;2NOs (M+H) requires 238.071.
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Metal Chelation Assays

FeCl; Titration Assay

To a 1 mM stock solution of FeCls in methanol was added specified volumes of a 1 mM solution of each
compound in methanol giving the following range of test concentrations: 0 uM, 125 uM, 250 uM, and 500

puM. The positive control was EDTA and was prepared and tested in the same manner as test compounds.

Fluorescence Titration Assays

Fluorescence measurements were recorded on a FluoroMax spectrophotometer (Horiba Scientific, Edison,
New Jersey). These measurements were taken in a quartz fluorescence cuvette with a 1 cm pathlength, a
258-550 nm integration range, and a 2 nm excitation and emission slit width. Fluorescence titrations were
all performed in methanol. An emission spectrum of 350 puL of a 400 uM stock solution of compound was
recorded (Aexcitation= Wavelength of maximum absorbance (Amax), integration time = 1 second, accumulations
= 10). Solutions had varying emission signals and parameters were adjusted accordingly by reducing
integration time and/or accumulations. A 10 mM stock solution of metal was added in 1.4 pL portions, the
solution gently mixed, and the emission spectrum recorded after each addition. Fluorescence titration curves
were generated by plotting equivalents of metal (x-axis) against emission peak (y-axis). Ligand-to-iron
binding stoichiometries were determined by dividing the concentration of ligand by the concentration of
metal in solution when the emission signal is initially quenched. K4 values were determined using a

nonlinear regression curve fit, one site — specific binding analysis in prism.
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Extended Data

Raw fluorescence titration curves of all compounds tested in the Pseudomonas work (3.01, 3.04, 3.05, 3.07,
3.08, 3.14, 3.17, 3.18, 3.20, 3.21). It should be noted that normalization of the curves made it appear as
though 3.21 binds Fe'' with 2:1 ratio, however from the raw fluorescence titration curve, it appears as
though 3.21 binds Fe'" with a 1:1 ratio. Because a 2:1 ratio was assumed for this compound, this would
ensure that the amount of Fe' used to generate the 2:1 complex would not result in an excess of Fe'' in

solution resulting in enhanced growth due to excess free Fe'" and the growth enhancement observed was in

fact due to uptake of the ligand:Fe' complex.
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Computational Analysis
Computational Procedures and Supplemental Description

Geometry optimizations and frequency calculations for all reported structures were performed
with the Gaussian 09 suite of programs'! at the B3LYP-D3(BJ)/[6-31G(d,p) + Lanl2dz (Fe)].
Frequency analysis was used to characterize each minimum with zero imaginary frequencies.
Thus, here we used the B3LYP!>!13!4 density functional with Grimme’s empirical dispersion-

)1516 and Becke-Johnson (BJ)’s damping schemes.!” Bulk solvent effects were

correction (D3
incorporated in all calculations (including the geometry optimization and frequency calculations)
at the self-consistent reaction field polarizable continuum model (IEF-PCM)'® level. As a solvent
we chose water. The Gibbs free energies are calculated at 298.15 K temperature and 1 atm.
pressure.

The Fe-binding modes for 1, 3, and § were evaluated computationally. These extensive DFT
calculations indicate that coordination of 1, 3, and 5 to the Fe(Ill)-center is favorable with free
energies of coordination of 20.8, 23.9, and 24.4 kcal/mol, respectively (S6, S7, S8). The
subsequent second ligand coordination is unfavorable by 11.0 and 0.8 kcal/mol for 1 and 3,
respectively, and favorable by 4.4 kcal/mol for 5. We also calculated adducts (1-H),FeCI(1), (3-
H)FeCl(3), (5-H):FeCl(5); (1-H, 3-H, and 5-H stands for deprotonated 1, 3, and 5, respectively),
which can be formed by reaction of three molecules of 1, 3, and 5, and dissociation of two HCI
molecules. (3-H):FeCI(3) + 2(HCI) and (5-H):FeCl(5) + 2(HCI) is favorable by 1.7 and 16.3
kcal/mol, respectively relative to the dissociation limit, and (1-H)>FeCl(1) + 2(HCI) is highly
unfavorable by 14.9 kcal/mol, indicating that it is possible for 3 and 5 to have at least a 2:1 binding
ratio while 1 likely binds with 1:1 ratio. Consistent with our experimental findings, these
computational data indicate that the Fe(Ill)-center can coordinate up to two or three IQS (3) and
aerugine (5) molecules, while it may only coordinate one Dha (1) molecule. Of note, the data for
3 are slightly contradictory, however the absolute value of both calculated energies are fairly low,

so it is also highly likely that both the 1:1 and 2:1 species exist in equilibrium.

* Computational studies were performed by Djamaladdin G. Musaev.
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Pseudomonas etc. Biology

Bacterial strains and culture conditions

P. aeruginosa (PAO1), methicillin-susceptible Staphylococcus aureus MSSA (SH1000), community-
acquired methicillin-resistant Staphylococcus aureus CA-MRSA (USA300-0114), hospital-acquired
methicillin-resistant Staphylococcus aureus HA-MRSA (ATCC 33591), and Enterococcus faecalis
(OGI1RF), Escherichia coli (MC4100) were acquired as a gift from Prof. Bettina Buttaro (Lewis Katz
School of Medicine, Temple University). P. putida KT2440, and P. fluorescens WCS385 were acquired as
gifts from Prof. George O’Toole (Geisel School of Medicine, Dartmouth College). P. syringae pathovar
actinidiae BAA-2502 was acquired from ATCC. P. aeruginosa APvdDAPchEF (PAO1 APvdDAPchEF)
was acquired as a gift from Prof. Stephen P Diggle (School of Biology, Georgia Institute of Technology).
For the growth assay, both strains PAO1 and PAO1 APvdDAPChEF were grown from freezer stocks for
16 hours at 200 rpm in 5 mL of MOPS buffered media at 37 °C. For the ICso assay, all bacterial strains
were grown from freezer stocks for 16 hours at 200 rpm in 10 mL of media (Mueller-Hinton Broth for
SH1000, OR1RF, MC4100, Todd Hewitt Broth for USA300-0114 and ATCC 33591, Trypticase Soy Broth
for PAO1 and KT2440, Miller’s LB Broth for WCS385, and Nutrient Broth Media) at 37 °C (SH1000,
ORIRF, MC4100, USA300-0114, ATCC 33591, and PAOLI) or 30 °C (KT2440, WCS385, and BAA-
2502).

Growth Assay

Compounds were dissolved in 10% DMS0O/90% H»O to give 1 mM stock solutions, which were diluted to
a concentration of 250 uM. Overnight cultures were diluted to 1:50 in 5 mL of fresh media and grown at
37 °C, 200 rpm to an ODggo reading of 0.25. Bacteria were then diluted in MOPS media or iron-depleted
MOPS media to a concentration of 0.004 according to the following equations: (x uL regrow
culture)*(ODeoo reading) = (0.004)*(volume of diluted bacteria culture needed). Then 100 pL of this diluted
bacteria culture was inoculated into each well of a flat-bottom 96-well plate (Corning 3370), giving a final
test concentration of 125 pM. Plates were then incubated with some shaking at 37 °C until bacteria reached
the stationary phase up to 20 hours and ODsoo readings were taken every hour. Compounds were tested in

triplicate from three separate overnight cultures and averaged.
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ICso Assay

Compounds were dissolved in 10% DMS0O/90% H,O to give 1 mM stock solutions, which were serially
diluted yielding twelve starting test concentrations ranging from 500 uM to 2.5 pM. Controls were prepared
by dissolving in 10% DMS0/90% H-O to 1mM stock solutions and serially diluting in the same manner as
for test compounds. The positive control used in all cases was gentamicin and the negative control was a
solution of 10% DMS0/90% H,O. Overnight cultures were diluted 1:100 in 5 mL of corresponding fresh
media and grown at 200 rpm at 37 °C (SH1000, OR1RF, MC4100, USA300-0114, ATCC 33591, KT2440)
or 30 °C (WCS385, and BAA-2502) to a predetermined ODggo value reflecting exponential growth. Bacteria
were then diluted to a concentration of 0.004 according to the following equation: (x pL regrow
culture)*(OD reading) = (0.004)*(volume of diluted bacteria culture needed). Then 100 uL. was inoculated
into each well of a flat-bottom 96-well plate (Corning 3370) already containing 100 pL of compound
solution, giving final test concentrations of 250 uM to 1.25 uM. Plates were then incubated statically at 37
°C (SH1000, ORIRF, MC4100, USA300-0114, ATCC 33591, KT2440) or 30 °C (WCS385, and BAA-
2502) for 24 hours. ODeoo readings were taken at this point, and ICsy values were calculated by fitting OD
readings vs. concentrations with a four-parameter logistic model. Compounds were tested in triplicate from

three separate overnight cultures and averaged.
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Acinetobacter Biology

Bacterial Strains and Culture Conditions

Acinetobacter baumannii wild type (ATCC 17978) and complete siderophore biosynthetic mutant
(AbasGbfnLfbsE; production of all three native siderophores, acinetobactin, baumannoferrin, and
fimsbactins disrupted) were acquired as generous gifts from Prof. Eric Skaar (Vanderbilt University
Medical Center).'? Strains were grown from freezer stocks for 16 hours at 200 rpm in 5 mL of Tris-minimal

succinate (TMS) media (recipe on next page)* or MH broth at 37 °C.

Growth Assay

Compounds were dissolved in 10% DMS0O/90% H,O to give 1 mM stock solutions, which were serially
diluted yielding twelve starting test concentrations ranging from 500 uM to 2.5 pM. Controls were prepared
in the same manner as for test compounds; the positive control was FeCls, and the negative control was a
solution of 10% DMS0O/90% H,0O. Overnight cultures were diluted to 1:100 in 5 mL of fresh media and
grown at 37 °C, 200 rpm to an ODgoo reading of 0.60. Bacteria were then diluted to a concentration of 0.004
according to the following equations: (xx pL regrow culture)*(ODsoo reading) = (0.004)*(volume of diluted
bacteria culture needed) in either TMS media supplemented with 32 pM ethylenediaminetetraacetic acid
(EDTA) for iron-depleted conditions or in MH broth for normal growth conditions. Then 100 pL of this
diluted bacteria culture was inoculated into each well of a flat-bottom 96-well plate (Corning 3370), giving
final test concentrations of 125 uM to 1.25 uM. Plates were then incubated with shaking at 37 °C until
bacteria reached the stationary phase up to 12 hours with ODggo readings being taken every 15 minutes.

Compounds were tested in triplicate from three separate overnight cultures and averaged.
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TMS Media Recipe (per 1 L):

25X Tris minimal salts stock (per 1 L):

145 g NaCl
92.5 g KCl
27.5 g NH4Cl
3.55 g NaxSOq4
6.8 g KH>PO4

20 ml of 25X Tris minimal salts stock, 12.1 g of Tris base, 16.6 g of succinate, and 50 mL of a 20%
casamino acids solution was added to 800 ml of deionized water. The pH was adjusted to 7.4 with a IM
solution of HCIl, and the resulting solution was autoclaved. Next 2 ml of tryptophan (10 mg/ml) and 1 ml
volumes of cysteine (22 mg/ml), thiamine (16.9 mg/ml), nicotinic acid (1.23 mg/ml), pantothenic acid (0.5
mg/ml), biotin (0.01 mg/ml) MgCl, (95.3 mg/ml), and CaCl, (11.1 mg/ml) were added to the solution. For
media for overnight and regrow cultures, FeCl; was also added at this time to a concentration of 50 pM.

The volume was then adjusted to 1 liter with sterilized deionized water.

180



Supplementary Figures

The growth media was supplemented with a non-toxic amount of EDTA (32 uM) in order to prevent
sequestration of any trace iron by either the native siderophores in the wild type or by compound 1 itself.
Additionally, the 1:1 ligand-Fe™ complex of 1 was titrated with EDTA to resemble the EDTA-to-compound
1 ratios at 2, 4, 8, 16, 32, and 64 uM (Fig. S2). The bleaching effect of EDTA on the dark purple ligand-
Fe' complex indicates that the growth enhancement observed is likely not due to chelation of compound 1

with trace iron.
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Figure S2. Titration of EDTA with 1. To a 1 mM solution of 1 in 10% DMSO0/90% H,O was added a 20 mM solution
of EDTA in 10% DMSO0/90% H,O giving EDTA:1 ratios of 0:1,0.5:1, 1:1, 2:1,4:1, 8:1, and 16:1 (right to left). The
bleaching of the purple solution containing 1 (far right) upon addition of EDTA appears to be concentration dependent.
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Figure S3. Growth curves of 4. baumannii wild type strain in MH media in the presence of free ligand (top left) and
ligand:Fe™ complex (top right) and triple mutant strain AbasGbfnLfbsE (incapable of producing native siderophores)
also grown in MH media in the presence of free ligand (bottom left), ligand:Fe™ complex (bottom right).
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Synthesis and Biological Investigation of Quaternary Ammonium Compounds

Synthesis
General Information

All reactions were conducted in flame-dried glassware equipped with a stir bar under an argon
atmosphere. HPLC-grade tetrahydrofuran (THF) was dried by passing through activated alumina. Reagents
were purchased from Oakwood, Fischer Scientific, TCI Chemicals, Sigma-Aldrich, Millipore Sigma, and
Combi Blocks. Triethylamine was freshly distilled from CaH> prior to use. Thin-layer chromatography was
performed on 250um SiliCycle silica gel F-254 plates and visualized by fluorescence and/or staining using
potassium permanganate, or vanillin stains. Brine refers to saturated aqueous solution of sodium chloride,
sat. NaHCOj refers to a saturated aqueous solution of sodium bicarbonate and sat. NH4Cl refers to saturated
aqueous solution of ammonium chloride. Organic solutions were concentrated under reduced pressure on a
Buchi Rotavapor R3 rotary evaporator. Chromatographic purification was accomplished using a Biotage®

flash chromatography purification system or C18 silica.

"H NMR and "*C NMR spectra were recorded on a Bruker (600 MHz), Inova (600 MHz), Inova (500
MHz), Bruker (400 MHz), Inova (400 MHz), or VNMR (400 MHz) spectrometer, all from the Emory
University NMR facility. "H NMR data were reported in terms of chemical shift (§ ppm relative to
tetramethylsilane and with the indicated deuterated solvent as the internal reference), multiplicity, described
using the following abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad),
dd (doublet of doublets), dt (doublet of triplets), etc, coupling constant (Hz), and integration. *C NMR data
were reported in terms of chemical shift. Accurate mass spectra were obtained from a Thermo LTQ-FTMS

using APCI techniques.
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Experimental Procedures and Spectral Data

General Procedure A: Grignard Addition. Procedure based on previously described.! To a 1.3 M solution
of Mg” (1.0 equiv) in THF was added a catalytic amount of iodine, giving an orange solution. 5-
bromopentene (0.5 equiv) was then added dropwise. The resulting clear solution was then heated to 50 °C,
stirred 4 hours. This Grignard solution was then cooled to room temperature before use. To a separate flask
cooled to 0 °C was added dibromoalkane (1.0 equiv), followed by a 0.1 M solution of
dilithiumtetrachlorocuprate in THF (0.0125 equiv), then THF, and lastly N-methylpyrrolidinone (2.0
equiv). The Grignard solution was then added dropwise, and the resulting solution was warmed to room
temperature and stirred for 16 hours. The reaction was then quenched with sat. NH4Cl, extracted with Et,O
(3x), washed with brine (1x), dried over MgSQs, concentrated under reduced pressure, and purified by

column chromatography (100% hexanes).

General Procedure B: Hydroarylation. Procedure based on previously described.”> An oven-dried 30 mL
screw-top test tube was charged with corresponding 3-iodopyridine (1.0 equiv), Hantzsch ester (1.3 equiv),
solid NH4Cl (2.0 equiv), photoredox catalyst Ir[ppy].dtbbpy*PFs (1.0 mol %) and alkenes (if solid, 5.0
equiv). The atmosphere was exchanged three times by applying vacuum then backfilling with argon. Alkene
(if liquid, 5.0 equiv) was added in a solution of degassed 2,2,2-trifluoroethanol if prepared or directly
followed by degassed 2,2,2-trifluoroethanol if purchased commercially to give a 0.1 M reaction solution
relative to the corresponding starting 3-iodopyridine. The resulting solution was stirred for 16 hours under
irradiation with a blue LED (Hydrofarm PowerPAR 15-watt LED Bulb-Blue). The reaction was then
quenched with sat. NaHCOs3, extracted with EtOAc (3x), washed with brine (1x), dried over Na>SOs,
concentrated under reduced pressure, and purified by flash column chromatography (0 — 20%

EtOAc/hexanes).

General Procedure C: Cyclization. Procedure based on previously described.® A solution of alkylpyridine
(1.0 equiv) and Nal (1.2 equiv) in a 1:1 mixture of butanone/methanol (0.5 M) and stirred at 80 °C for 16
hours. The resulting solution was then concentrated under reduced pressure and purified using reverse phase

flash column chromatography (40% MeCN/H,0).
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A0 Br

13-Bromo-1-tridecene 4.01. Following general procedure A, 1,8-dibromooctane (1.84 mL, 10.0 mmol)

yielded the title compound as a clear oil (2.25 g, 87%).

"H NMR (600 MHz, CDCl3) & 5.81 (ddt, J=16.9, 10.2, 6.6 Hz, 1H), 4.99 (dq, J=17.1, 1.7 Hz, 1H), 4.93
(ddt,J=10.2,2.4,1.3 Hz, 1H), 3.41 (t,J= 6.9 Hz, 2H), 2.04 (q, /= 7.2 Hz, 2H), 1.85 (dt,J=14.4, 7.2 Hz,
2H), 1.40 (m, 4H), 1.33 — 1.24 (m, 14H). *C NMR (151 MHz, CDCl3) § 139.40, 114.25, 34.20, 33.96,
33.00, 29.69, 29.66, 29.62, 29.58, 29.28, 29.09, 29.91, 28.33. HRMS Accurate mass (APCI"): Found
257.08921, Ci3H2Br (M+H-2H,") requires 257.08994.

A2 Br

14-Bromo-1-tetradecene 4.02. Following general procedure A, 1,9-dibromononane (2.03 mL, 10.0

mmol) yielded the title compound as a clear oil (2.61 g, 95%).

'"H NMR (600 MHz, CDCL) § 5.81 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H), 4.99 (dq, J= 17.1, 1.7 Hz), 4.93 (ddt,
J=10.2, 2.5, 1.5 Hz), 3.41 (t, J= 6.9 Hz, 2H), 2.04 (q, J = 6.7 Hz, 2H), 1.85 (dt, J = 14.6, 7.0 Hz, 2H),
1.40 (m, 4H), 1.33 — 1.24 (m, 14H). ®*C NMR (151 MHz, CDCl3) & 139.42, 114.24, 34.20, 33.97, 33.00,
29.74, 29.73, 29.68, 29.64, 29.58, 29.30, 29.10, 28.92, 28.33. HRMS Accurate mass (APCI"): Found
271.10488, C14Hy4Br (M+H-2H,") requires 271.1056.

MBr

15-Bromo-1-pentadecene 4.03. Following general procedure A, 1,10-dibromodecane (2.25 mL 10.0
mmol) yielded the title compound as a clear oil (1.84 g, 64%).

'"H NMR (600 MHz, CDCl3) & 5.81 (ddt, J=16.9, 10.2, 6.6 Hz, 1H), 4.99 (dq, /= 17.1, 1.7 Hz, 1H), 4.93
(ddt,J=10.2, 2.6, 1.5 Hz, 1H), 3.41 (t,J= 6.9 Hz, 2H), 2.04 (q, /= 6.7 Hz, 2H), 1.85 (dt, /= 14.6, 7.0 Hz,
2H), 1.85 (dt, J = 14.5, 7.0 Hz, 2H), 1.40 (m, 4H), 1.32 — 1.24 (m, 16H). *C NMR (151 MHz, CDCl;) §
139.42, 114.23, 34.20, 33.97, 33.00, 29.77, 29.75, 29.68, 29.65, 29.59, 29.30, 29.10, 28.92, 28.33. HRMS
Accurate mass (APCI"): Found 285.12054, CisH,¢Br (M+H-2H,") requires 285.12124.
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MBr

16-Bromo-1-hexadecene 4.04. Following general procedure A, 1,11-dibromoundecane (1.70 mL, 7.23

mmol) yielded the title compound as a clear oil (1.74 g, 57%).

'"H NMR (400 MHz, CDCI3) § 5.81 (ddt, /= 16.9, 10.1, 6.7 Hz, 1H), 4.99 (dq, J= 17.2, 1.8 Hz, 1H), 4.93
(ddt, J=10.2, 2.6, 1.4 Hz, 1H), 3.41 (t, J= 6.9 Hz, 2H), 2.04 (q, J= 6.7 Hz, 2H), 1.85 (dt, J= 14.6, 7.0 Hz,
2H), 1.40 (m, 4H), 1.33 — 1.23 (m, 18H). *C NMR (151 MHz, CDCL;) § 139.42, 114.22, 34.19, 33.97,
33.00, 29.79, 29.76, 29.69, 29.66, 29.59, 29.31, 29.10, 28.33. HRMS Accurate mass (APCI): Found
303.1686, C1sHs:Br (M+H") requires 303.16819.

Br
B *
7

N

3-(8-bromooctyl)pyridine 4.05. Following general procedure B, 8-bromooctene (950 mg, 5.00 mmol)
yielded the title compound as a yellow oil (80 mg, 30%).

"H NMR (600 MHz, CDCl5) § 8.43 (m, 2H), 7.49 (dt, J = 7.6, 2.0 Hz, 1H), 7.20 (dd, J = 7.8, 4.8 Hz, 1H),
3.40 (t, J=6.9 Hz, 2H), 2.60 (t,J= 7.8 Hz, 2H), 1.84 (p, /= 7.0 Hz, 2H), 1.62 (m, 2H), 1.41 (m, 2H), 1.36
—1.27 (m, 10H). *C NMR (151 MHz, CDCl;) & 150.04, 147.29, 138.04, 135.97, 123.41, 34.12, 33.13,
32.91, 31.21, 29.34, 29.15, 28.79, 28.25. HRMS Accurate mass (APCI"): Found 270.08447, C13H, N”Br
(M+H) requires 270.08519.

Br
| ¢
7

N

3-(9-bromononyl)pyridine 4.06. Following general procedure B, 9-bromononene (1.02 g, 5.00 mmol)

yielded the title compound as a yellow oil (102 mg, 36%).

"H NMR (600 MHz, CDCl5) § 8.42 (m, 2H), 7.48 (dt,J = 7.8, 2.0 Hz, 1H), 7.20 (dd, J = 7.7, 4.8 Hz, 1H),
3.40 (t, J= 6.9 Hz, 2H), 2.60 (t, J= 7.7 Hz, 2H), 1.84 (p, J = 7.2 Hz, 2H), 1.61 (p, J = 7.5 Hz, 2H), 1.42
(m, 2H), 1.37 — 1.17 (m, 14H). *C NMR (151 MHz, CDCl3) § 150.05, 147.28, 138.07, 135.95, 123.39,
34.16, 33.14,32.93, 31.23, 29.44, 29.41, 28.84, 28.26. HRMS Accurate mass (APCI"): Found 284.10005,
C14H23N"Br (M+H) requires 284.10084.
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3-(10-bromodecyl)pyridine 4.07. Following general procedure B, 10-bromodecene (1.09 g, 5.00 mmol)
yielded the title compound as a yellow oil (99 mg, 33%).

'H NMR (600 MHz, CDCl5) § 8.42 (m, 2H), 7.48 (dt, J = 7.8, 2.0 Hz, 1H), 7.19 (ddd, J= 7.7, 4.8, 1.0 Hz,
1H), 3.40 (t, J = 6.9 Hz, 2H), 2.59 (t, J = 7.7 Hz, 2H), 1.84 (p, J = 7.2 Hz, 2H), 1.61 (p, J = 7.5 Hz, 2H),
1.41 (m, 2H), 1.36 — 1.19 (m, 14H). *C NMR (151 MHz, CDCl3) & 150.08, 147.29, 138.08, 135.92, 123.37,
34.17,33.14,32.95,31.24,29.53,29.51,29.47, 29.24, 28.86, 28.28. HRMS Accurate mass (APCI"): Found
298.11575, C1sHasN7’Br (M+H) requires 298.11649.

Br
| ’
/

N

3-(11-bromoundecyl)pyridine 4.08. Following general procedure B, 11-bromoundecene (1.10 mL, 5.00
mmol) yielded the title compound as a yellow oil (114 mg, 38%).

"H NMR (600 MHz, CDCl3) § 8.42 (m, 2H), 7.48 (dt, J= 7.8, 2.1 Hz, 1H), 7.19 (ddd, J= 7.8, 4.8, 1.0 Hz,
1H), 3.40 (t, J = 6.9 Hz, 2H), 2.59 (t, J = 7.8 Hz, 2H), 1.85 (p, J = 7.4 Hz, 2H), 1.62 (p, J = 7.5 Hz, 2H),
1.42 (m, 2H), 1.35 - 1.20 (m, 16H). *C NMR (151 MHz, CDCl5) § 150.08, 147.28, 138.09, 135.91, 132.35,
34.18,33.14,32.95,31.25,29.60, 29.52, 29.50, 29.47, 29.25, 28.86, 28.28. HRMS Accurate mass (APCI"):
Found 312.13132, C;H»N"Br (M+H) requires 312.13214.

X Br

9
| Z

N

3-(12-bromododecyl)pyridine 4.09. Following general procedure B, 12-bromododecene (1.23 g, 5.00
mmol) yielded the title compound as a yellow oil (87 mg, 27%).

"H NMR (600 MHz, CDCl3) § 8.43 (m, 2H), 7.48 (dt, J= 7.8, 2.0 Hz, 1H), 7.20 (ddd, J= 7.8, 4.8, 0.9 Hz,
1H), 3.40 (t, /= 6.9 Hz, 2H), 2.60 (t, J = 7.7 Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H), 1.62 (p, J = 7.4 Hz, 2H),
1.42 (p, J = 7.3 Hz, 2H), 1.35 — 1.23 (m, 17H). ®C NMR (151 MHz, CDCls) & 150.10, 147.30, 138.13,
135.93,123.37, 33.17, 32.98, 31.28, 29.69, 29.65, 29.64, 29.56, 29.54, 29.29, 28.90, 28.32, 24.52. HRMS
Accurate mass (APCI"): Found 326.14688, C17HxN"’Br (M+H) requires 326.14779.
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3-(13-bromotridecyl)pyridine 4.10. Following general procedure B, 4.01 (1.31 g, 5.00 mmol) yielded
the title compound as a yellow oil (65 mg, 19%).

"H NMR (600 MHz, CDCls) § 8.43 (m, 2H), 7.49 (d, J= 7.8 Hz, 1H), 7.20 (dd, J= 7.8, 4.7 Hz, 1H), 3.41
(t,J=6.9 Hz, 2H), 2.60 (t, /= 7.7 Hz, 2H), 1.85 (p, /= 6.9 Hz, 2H), 1.61 (p, J=7.4 Hz, 2H), 1.42 (p, J =
7.4 Hz, 2H), 1.35-1.23 (m, 16H). *C NMR (151 MHz, CDCl5) § 150.06, 147.25, 138.16, 135.99, 123.39,
34.21,33.17,32.99, 31.29, 29.74, 29.72, 29.67, 29.66, 29.57, 29.55, 29.30, 28.91, 28.32. HRMS Accurate
mass (APCI"): Found 340.16338, CisHs1NBr (M+H) requires 340.16344.

*Synthesized by Cassie L. Schrank

3-(14-bromotetradecyl)pyridine 4.11. Following general procedure B, 4.02 (1.38 g, 5.00 mmol) yielded
the title compound as a yellow oil (48 mg, 14%).

"H NMR (600 MHz, CDCls) § 8.43 (m, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.20 (dd, J= 7.7, 4.8 Hz, 1H), 3.40
(t, J=6.9 Hz, 2H), 2.60 (t, J= 7.7 Hz, 2H), 1.85 (p, J= 7.0 Hz, 2H), 1.61 (m, 10H), 1.42 (p, J= 7.3 Hz,
2H), 1.34 — 1.21 (m, 18H). ®C NMR (151 MHz, CDCl;) & 149.98, 147.18, 138.21, 136.05 123.41, 34.22,
33.17,32.99, 31.28,29.76, 29.73, 29.67, 29.58, 29.55, 29.30, 28.91, 28.32. HRMS Accurate mass (APCI"):
Found 354.17871, Ci1sHasNBr (M+H) requires 354.17909.

*Synthesized by Cassie L. Schrank
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3-(15-bromopentadecyl)pyridine 4.12. Following general procedure B, 4.03 (1.45 g, 5.00 mmol) yielded
the title compound as a yellow oil (22 mg, 6%).

"H NMR (600 MHz, CDCls) § 8.44 (m, 2H), 7.50 (d, J= 7.8 Hz, 1H), 7.21 (dd, J= 7.8, 4.8 Hz, 1H), 3.41
(t,J=6.9 Hz, 2H), 2.60 (t, J = 7.7 Hz, 2H), 1.85 (p, J= 7.0 Hz, 2H), 1.61 (p, J=7.5 Hz, 2H), 1.42 (p, J =
7.2 Hz, 2H), 1.35 - 1.22 (m, 20H). *C NMR (151 MHz, CDCl5) § 149.97, 147.16, 138.23, 136.08, 123.42,
34.22,33.18, 32.99, 31.28, 29.78, 29.76, 29.69, 29.59, 29.56, 29.30, 28.92, 28.33. HRMS Accurate mass
(APCI"): Found 368.1947, C20H3sNBr (M+H) requires 368.19474.

*Synthesized by Cassie L. Schrank

Br
I

S

Z
N
3-(16-bromoheadecyl)pyridine 4.13. Following general procedure B, 4.04 (1.52 g, 5.00 mmol) yielded
the title compound as a yellow oil (38 mg, 10%).

'H NMR (600 MHz, CDCls) & 8.44 (m, 2H), 7.51 (d, J= 7.9 Hz, 1H), 7.22 (dd, J = 7.8, 4.7 Hz, 1H), 3.41
(t,J= 6.9 Hz, 2H), 2.61 (t, J= 7.7 Hz, 2H), 1.85 (p, J = 6.9 Hz, 2H), 1.62 (p, J = 7.4 Hz, 2H), 1.42 (p, J =
7.3 Hz, 2H), 1.36 — 1.21 (m, 22H). *C NMR (151 MHz, CDCl3) § 149.77, 146.97, 138.34, 136.27, 123.48,
34.22, 33.17, 33.00, 31.27, 29.79, 29.78, 29.76, 29.69, 29.59, 29.56, 29.30, 28.33. HRMS Accurate mass
(APCI"): Found 382.21034, C21Hs;NBr (M+H) requires 382.21039.

*Synthesized by Cassie L. Schrank
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Cyclic pyridinium 4.14. Following general procedure C, 4.05 (68 mg, 0.25 mmol) yielded the title
compound as a yellow solid (50 mg, 62%).

"HNMR (600 MHz, CD;0D) § 9.10 (m, 1H), 8.92 (m, 1H), 8.50 (m, 1H), 8.03 (m, 1H), 4.68 (t,J=7.6 H,
2H), 2.91 (t, J = 7.8 Hz, 2H), 2.06 (m 2H), 1.76 (t, J = 7.7 Hz, 2H), 1.45-1.21 (m, 12H). ®C NMR (151
MHz, CD;0D) 6 146.73, 145.65, 145.33, 143.36, 128.97, 125.15, 62.81, 33.46, 32.54, 31.44,29.97, 29.86,
29.79, 27.03. HRMS Accurate mass (APCI"): Found 318.0704, C13H2N'*"I (M+H) requires 318.07132.

Cyclic pyridinium 4.15. Following general procedure C, 4.06 (84 mg, 0.30 mmol) yielded the title
compound as a yellow solid (93 mg, 94%).

"HNMR (600 MHz, CD;0D) § 9.12 (m, 1H), 8.94 (m, 1H), 8.51 (m, 1H), 8.04 (m, 1H), 4.69 (m, 2H), 2.91
(t,J=8.0 Hz, 2H), 2.06 (m 2H), 1.75 (t, J=7.1 Hz, 2H), 1.47-1.22 (m, 14H). *C NMR (151 MHz, CD:0D)
0 146.76, 145.65, 145.34, 143.34, 128.97, 62.81, 33.47, 32.55, 31.49, 30.19, 30.09, 29.94, 29.91, 27.04.
HRMS Accurate mass (APCI"): Found 332.08594, C14H»N"?"I (M+H) requires 332.08697.

Cyclic pyridinium 4.16. Following general procedure C, 4.07 (83 mg, 0.28 mmol) yielded the title
compound as a yellow solid (84 mg, 87%).

"HNMR (600 MHz, CD;OD) § 9.11 (m, 1H), 8.93 (m, 1H), 8.51 (m, 1H), 8.04 (m, 1H), 4.68 (m, 2H), 2.91
(t,J=7.2Hz, 2H), 2.06 (m 2H), 1.75 (t,J= 7.2 Hz, 2H), 1.46-1.22 (m, 16H). *C NMR (151 MHz, CD;0D)
O 146.73, 145.64, 145.31, 143.33, 128.97, 62.80, 33.47, 32.56, 31.53, 30.41, 30.33, 30.23, 30.01, 29.97,
27.07. HRMS Accurate mass (APCI"): Found 346.10164, CisH,sN'*"I (M+H) requires 346.10262.
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Cyclic pyridinium 4.17. Following general procedure C, 4.08 (102 mg, 0.33 mmol) yielded the title
compound as a yellow solid (34 mg, 29%).

"HNMR (600 MHz, CD;0OD) § 9.10 (m, 1H), 8.93 (m, 1H), 8.50 (m, 1H), 8.04 (m, 1H), 4.69 (m, 2H), 2.91
(t,J=7.7Hz, 2H), 2.05 (m 2H), 1.75 (t,J = 6.6 Hz, 2H), 1.48-1.20 (m, 18H). *C NMR (151 MHz, CD;0D)
5 146.71, 145.63, 145.31, 143.33, 128.97, 62.82, 33.47, 32.56, 31.54, 30.52, 30.46, 30.39, 30.31, 30.04,
30.01, 27.09. HRMS Accurate mass (APCI"): Found 360.11716, C1sH2;N'?"I (M+H) requires 360.11827.

Cyclic pyridinium 4.18. Following general procedure C, 4.09 (32 mg, 0.10 mmol) yielded the title
compound as a yellow solid (34 mg, 93%).

THNMR (600 MHz, CD;0D) 8 9.08 (m, 1H), 8.91 (m, 1H), 8.49 (m, 1H), 8.04 (m, 1H), 4.67 (m, 2H), 2.91
(t,J=8.0 Hz, 2H), 2.06 (m 2H), 1.75 (t,/= 7.1 Hz, 2H), 1.47-1.22 (m, 20H). *C NMR (151 MHz, CD;0D)
0 146.73, 145.32, 143.33, 141.98, 129.93, 62.67, 33.49, 32.55, 31.56, 30.59, 30.56, 30.51, 30.45, 30.35,
30.06, 27.11, 24.52. HRMS Accurate mass (APCI"): Found 374.13289, Ci7HN'*"I (M+H) requires
374.13392.
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Cyclic pyridinium 4.19. Following general procedure C, 4.10 (57 mg, 0.17 mmol) yielded the title
compound as a yellow solid (45 mg, 70%).

"H NMR (600 MHz, CDs0D) § 9.10 (m, 1H), 8.93 (m, 1H), 8.50 (m, 1H), 8.04 (m, 1H), 4.68 (m, 2H), 2.91
(t, J = 7.2 Hz, 2H), 2.04 (m, 2H), 1.75 (t, J = 7.2 Hz, 2H), 1.42 — 1.21 (m, 18H). *C NMR (151 MHz,
CD;OD) 6 146.71, 145.61, 145.28, 143.32, 128.98, 62.80, 34.81, 33.46, 32.53, 31.53, 30.61, 30.56, 30.51,
30.43, 30.35, 30.09, 27.07. HRMS Accurate mass (APCI"): Found 388.14961, CisHs:NI (M+H) requires
388.14957.

*Synthesized by Cassie L. Schrank

Cyclic pyridinium 4.20. Following general procedure C, 4.11 (44 mg, 0.12 mmol) yielded the title
compound as a yellow solid (38 mg, 78%).

"H NMR (600 MHz, CD;0D) § 9.05 (m, 1H), 8.91 (m, 1H), 8.49 (m, 1H), 8.04 (m, 1H), 4.68 (m, 2H), 2.91
(t, J = 8.0 Hz, 2H), 2.04 (m, 2H), 1.75 (t, J = 7.4 Hz, 2H), 1.45 — 1.20 (m, 20H). *C NMR (151 MHz,
CDs;0D) 6 146.71, 145.65, 145.29, 143.33, 129.00, 62.85, 34.84, 33.48, 32.53, 31.55, 30.67, 30.59, 30.56,
30.46, 30.38, 30.32, 30.12, 30.05, 27.10. HRMS Accurate mass (APCI"): Found 402.16553, CioH3:NI
(M+H) requires 402.16522.

*Synthesized by Cassie L. Schrank
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Cyclic pyridinium 4.21. Following general procedure C, 4.12 (19 mg, 0.05 mmol) yielded the title
compound as a yellow solid (15 mg, 72%).

"H NMR (600 MHz, CD;0D) § 9.05 (m, 1H), 8.89 (m, 1H), 8.48 (m, 1H), 8.03 (m, 1H), 4.66 (m, 2H), 2.91
(t, J = 8.0 Hz, 2H), 2.04 (m, 2H), 1.75 (t, J = 6.6 Hz, 2H), 1.41 — 1.25 (m, 22H). *C NMR (151 MHz,
CDs;0D) 6 146.70, 145.68 145.30, 143.33, 128.99, 62.88, 34.85, 33.50, 32.52, 31.55, 30.72, 30.69, 30.61,
30.58, 30.48, 30.39, 30.33, 30.13, 30.06, 27.11. HRMS Accurate mass (APCI): Found 416.18112,
C20H3sNI (M+H) requires 416.18087.

*Synthesized by Cassie L. Schrank

Cyclic pyridinium 4.22. Following general procedure C, 4.13 (26 mg, 0.07 mmol) yielded the title
compound as a yellow solid (21 mg, 70%).

"H NMR (600 MHz, CD;0D) § 9.01 (m, 1H), 8.88 (m, 1H), 8.47 (m, 1H), 8.03 (m, 1H), 4.65 (m, 2H), 2.90
(t, J = 8.2 Hz, 2H), 2.04 (m, 2H), 1.75 (t, J = 7.4 Hz, 2H), 1.40 — 1.25 (m, 24H). *C NMR (151 MHz,
CDsOD) 6 146.71, 145.71, 145.29, 143.34, 129.00, 62.91, 34.86, 33.51, 32.53, 31.57, 30.77, 30.73, 30.64,
30.61, 30.51, 30.47, 30.43, 30.35, 30.14, 30.08, 27.14. HRMS Accurate mass (APCI"): Found 430.197,
C21H37NI (M+H) requires 430.19652.8.4.

*Synthesized by Cassie L. Schrank
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Appendix: 'TH NMR and 3C NMR Spectra
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Biology

Bacterial Strains and Culture Conditions

Bacterial strains were acquired as generous gifts from Prof. Bettina Buttaro (Lewis Katz School of
Medicine, Temple University). Bacterial cultures of methicillin-susceptible Staphylococcus aureus MSSA
(SH1000), community-acquired methicillin-resistant Staphylococcus aureus CA-MRSA (USA300-0114),
hospital-acquired methicillin-resistant Staphylococcus aureus HA-MRSA (ATCC 33591), Enterococcus
faecalis (OG1RF), Escherichia coli (MC4100), Pseudomonas aeruginosa (PAO1) were grown from freezer
stocks for 16 hours at 37 °C, 200 rpm in 10 mL of media (Mueller-Hinton for SH1000, OG1RF, MC4100,
and PAOI, Todd Hewitt Broth for USA300-0114 and ATCC 33591). Bacterial cultures of Streptococcus
mutans (UA159) were grown from a freshly streaked Petri dish containing Todd Hewitt Broth agar for 16
hours at 37 °C statically with 5% CO- in 10 mL of media (Todd Hewitt Broth with 5% sucrose)

MIC Assay

Compounds were dissolved in 10% DMS0O/90% H,O to give 1 mM stock solutions, which were serially
diluted yielding twelve starting test concentrations ranging from 500 uM to 2.5 puM. Overnight cultures
were diluted 1:100 in 5 mL of corresponding fresh media and grown at 37 °C, 200 rpm to predetermined
ODsoo reflecting exponential growth with the exception of UA159 which was grown statically in a CO;
incubator as described. Bacteria were then diluted in corresponding media to a concentration of 0.004
according to the following equations: (x mL regrow culture)*(ODeoo reading) = (0.004)*(volume of diluted
bacteria culture needed). Then 100 uL was inoculated into each well of U-bottom 96-well plate (BD
Biosciences, BD351177)) already containing 100 mL of compound solution, giving final test concentrations
of 250 uM to 1.25 uM. Plates were then incubated statically at 37 °C for 72 hours according to previously
described growth conditions. The MIC was determined as the concentration of compound completely
inhibiting bacterial growth visible to the naked eye based on the highest value of three independent
experiments. Aqueous controls included DMSO as a negative control and benzalkonium chloride and
cetylpyridinium chloride as positive controls. MIC values are reported as the highest minimum compound

concentration required to completely inhibit growth across three independent trials.
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Hemolysis Assay

Compounds were dissolved in 10% DMS0O/90% H,O to give 1 mM stock solutions, which were serially
diluted with phosphate-buffered saline (PBS) yielding twelve starting test concentrations ranging from 500
UM to 2.5 uM. 1.5 mL of defibrinated sheep blood (Hemostat Labs: DSB030) was centrifuged at 10,000
rpm for 10 minutes. The supernatant was removed, and the blood resuspended in 1 mL of (PBS) and
centrifuged again as described above. This process was repeated until the supernatant appeared clear to the
naked eye. The clear supernatant was then removed, and the cells resuspended once more in 1 mL of PBS,
then diluted 1:20 with PBS. 100 uL was then aliquoted into each well of a U-bottom 96-well plate (BD
Biosciences, BD351177) containing the serially diluted compounds giving final test concentrations of 250
uM to 1.25 uM. The plate was then incubated at 37 °C with shaking at 200 rpm for 1 hour after which it
was centrifuged at 10,000 rpm for 10 minutes. 100 mL of supernatant from each sample was then transferred
to a flat-bottom 96-well plate (Corning 3370) and absorbance measurements taken at 540 nm using a plate
reader. The positive control was TritonX (1% by volume, 100% lysis marker) and the negative control was
sterile PBS (0% lysis marker). Lysiszo values are reported as the lowest minimum concentration required to

lyse 20% of red blood cells across three independent trials.
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Evaluating the Effect of Bromination on Indole-Containing Antibiotics

Synthesis

Instrumentation and General Information

All non-aqueous reactions were conducted in flame-dried glassware equipped with a stir bar under an
argon atmosphere using HPLC-grade solvents which were dried by passing through activated alumina.
Reagents were purchased from Oakwood, TCI America, Sigma-Aldrich, Alfa Aesar, and AK Scientific.
Thin-layer chromatography was performed on 250um SiliCycle silica gel F-254 plates and visualized by
fluorescence and/or staining using potassium permanganate, or vanillin stains. Brine refers to saturated
aqueous solution of sodium chloride, sat. NaHCOs refers to a saturated aqueous solution of sodium
bicarbonate, sat. Na»S»O; refers to a saturated aqueous solution of sodium thiosulfate and sat. NH4Cl refers
to saturated aqueous solution of ammonium chloride. Organic solutions were concentrated under reduced
pressure on a Buchi Rotavapor R3 rotary evaporator. Chromatographic purification was accomplished using

a Biotage® flash chromatography purification system or on C18 silica.

"H NMR and "*C NMR spectra were recorded on a Bruker (600 MHz), Inova (500 MHz), Inova (400
MHz), or VNMR (400 MHz) spectrometer, all from the Emory University NMR facility. "H NMR data were
reported in terms of chemical shift (& ppm relative to tetramethylsilane and with the indicated deuterated
solvent as the internal reference), multiplicity, described using the following abbreviations: s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet), br (broad), dd (doublet of doublets), dt (doublet of triplets),
etc., coupling constant (Hz), and integration. *C NMR data were reported in terms of chemical shift.
Accurate mass spectra were obtained from a Thermo LTQ-FTMS using APCI techniques. Specific rotations
were obtained using a Perkin Elmer Model 341 Polarimeter with a Na/Hal lamp set to 598 nm and a path
length of 1 dm. Samples were dissolved in chloroform or acetone, and the polarimeter was zeroed to the

solvent before taking each measurement.
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Experimental Procedures and Spectral Data

General Procedure A: To a 0.5 M solution of indole (1.00 eq) in Et,O cooled to 0 °C was added oxalyl
chloride (2.0 M in CH>Cl,, 1.15 eq) dropwise over 30 minutes. The solution was then stirred for 3 hours at
0 °C then 1 hour at ambient temperature. The reaction mixture was then filtered, and the solid precipitate

was washed with Et;O, dried under vacuum, and used in the next step without further purification.

General Procedure B: To a 1.0 M solution of crude oxoacetyl chloride (1.00 eq) in EtOAc cooled to 0 °C
was added a 0.75 M solution of tributyltin hydride in EtOAc. The resulting solution was stirred at 0 °C for
30 minutes then warmed to ambient temperature and stirred an additional 16 hours. Hexane was added and
the resulting powder was then collected by filtration. This solid was then washed with a large amount of

hexane, dried under vacuum, and used in the next step without further purification.

General Procedure C: To a 0.1 M solution of indole-3-carbaldehyde (1.00 eq) in THF cooled to 0 °C was
added NaH (1.20 eq) and the resulting solution stirred at this temperature for 1 hour. Then TsCl (1.05 eq)
was added, and the solution then warmed to ambient temperature and stirred for 3 hours. The reaction was
quenched with deionized H>O, extracted with EtOAc (3x), washed with brine (1x), dried over MgSOs,

concentrated under reduced pressure, and purified by column chromatography (10-20% EtOAc/hexanes).

General Procedure D: To a 0.1 M solution of methyltriphenylphosphonium bromide (1.30 eq) in THF
cooled to 0 °C was added »n-BuLi (2.0 M in hexane, 1.30 eq) dropwise, and the resulting dark yellow
solution stirred for 1 hour at this temperature. The reaction was then cooled to -78 °C and a 1.0 M solution
of 1-tosyl-indole (1.00 eq) was then added dropwise. The solution was then warmed to ambient temperature
and stirred for 1 hour. The reaction mixture was quenched with sat. NH4Cl, extracted with EtOAc (3x),
washed with brine (1x), dried over MgSOs, concentrated under reduced pressure, and purified by column

chromatography (0-20 % EtOAc/hexanes).

General Procedure E: To a 0.1 M solution of alkene (1.00 eq) in 5:1 acetone/H»O cooled to 0 °C was
added K»OsO4 (cat.) and NMO (2.0 eq) and the resulting solution was then warmed to ambient temperature
and stirred for an additional 16 hours. The reaction was quenched with sat. NaHCOs3, extracted with EtOAc
(3x), washed with brine (1x), dried over MgSQys, concentrated under reduced pressure, and purified by

column chromatography (50-80% EtOAc/hexanes).
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General Procedure F: A 0.1 M solution of methane sulfonamide (1.00 eq) and AD-mix-f (1.20 eq) in 1:1
t-butyl alcohol/water was stirred at ambient temperature until dissolved. The solution then stirred at 0 °C
and stirred until a precipitate formed. Alkene (1.00 eq) was then added, and the solution stirred for 16 hours,
quenched with sat. Na;SO; and stirred for an additional hour. The mixture was extracted with EtOAc (3x),

washed with brine (1x), dried over MgSOs, concentrated under reduced pressure, and purified by column

chromatography (50-80% EtOAc/hexanes).

General Procedure G: To a 0.6 M solution of diol (1.00 eq) in toluene cooled to 0 °C was added PPhs
(3.00 eq), diethyl azodicarboxylate (3.00 eq), and diphenylphosphoryl azide (3.00 eq). The resulting
solution stirred at ambient temperature 16 hours. The solution was then concentrated under reduced pressure

and purified by column chromatography (0-5% EtOAc/hexanes).

General Procedure H: To a 0.1 M solution of diazide (1.00 eq) in toluene at ambient temperature was
added PPhs. The resulting solution was then heated under reflux for 30 minutes, then cooled to ambient
temperature. HO was then added, and the reaction mixture was heated under reflux for 16 hours. The
reaction was then cooled to ambient temperature and extracted with 5% HCI. The aqueous phase was
washed with Et;O to get rid of excess PPhs. The aqueous phase was then basified with 10% NaOH to a pH
of 10, extracted with EtOAc (5x), dried over MgSQs, concentrated under reduced pressure, and used in the

next step without any further purification.

General Procedure I: To a 0.1 M solution of ketoaldehyde (1.00 eq) in EtOH was added ammonium
acetate (7.00 eq) and the solution stirred for 20 hours at ambient temperature. The reaction mixture was
then concentrated and recrystallized from CH,Cl,. This recrystallized solid was then purified by column

chromatography on C18 silica in 30% MeOH/H,O.

General Procedure J: To a 0.07 M solution of oxoacetaldehyde (1.00 eq) in acetonitrile was added a 0.09
M solution of 1,2-diamine (1.10 eq) in acetonitrile at 0 °C to give a final reaction concentration of 0.04 M.
The solution stirred 30 minutes at 0 °C, then N-chlorosuccinimide was added. The reaction was then
warmed to ambient temperature and stirred for 16 hours. The reaction mixture was then quenched with
Na,S,03 and concentrated, after which NaHCO3; was added followed by filtration. The residue was then
resuspended in MeOH and 2 M NaOH (15.0 eq) and heated at 90 °C for 2 hours, then quenched with
deionized H,O. The mixture was then extracted with EtOAc (3x), washed with brine (1x), dried over
MgSOs4, concentrated under reduced pressure, then purified by column chromatography (0-50%
EtOAc/CH,Cl).
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2-(1H-indol-3-yl)-2-oxoacetyl chloride 5.01: Following General Procedure A, 1H-indole (1.17 g, 10.0
mmol) yielded the title compound as a yellow solid (1.79 g, 86%).

"H NMR (600 MHz, (CD3),SO) & 12.39 (s, 1H), 8.41 (d, J = 3.6 Hz, 1H), 8.18 (d, J = 6.6 Hz, 1H), 7.55
(dd, J = 6.8, 1.5 Hz, 1H), 7.31-7.23 (m, 2H); *C NMR (151 MHz, (CD5),SO) & 180.69, 165.16, 137.94,
136.68, 125.54, 123.66, 122.67, 121.11, 112.69, 112.30; HRMS (APCI"): Found 208.01647 (+2.36 ppm),
C1oH;NO,*C1 (M+H) requires 208.01598.

Br. ll:ll

/

Cl

o
o

2-(6-bromo-1H-indol-3-yl)-2-oxoacetyl chloride 5.02: Following General Procedure A, 6-bromo-1H-
indole (1.96 g, 10.0 mmol) yielded the title compound a yellow solid (2.53 g, 89%).

"H NMR (600 MHz, (CD5),SO) & 12.47 (s, 1H), 8.45 (d,J= 3.7 Hz, 1H), 8.10 (t, /= 8.4 Hz, 1H), 7.74 (d,
J = 1.8 Hz, 1H), 7.41 (d, J = 8.4 Hz, 1H); ®C NMR (151 MHz, (CDs),SO) § 180.65, 164.79, 138.73,
137.58, 125.54, 124.64, 122.75, 116.13, 115.40, 112.26; HRMS (APCI"): Found 285.92707 (+0.57 ppm),
C10HeNO,Br’’Cl (M+H) requires 285.9265.

2-(1H-indol-3-yl)-2-oxoacetaldehyde 5.03: Following General Procedure B, 5.01 (1.79 g, 8.65 mmol)
yielded the title compound as a yellow solid (1.15 g, 77%).

"H NMR (600 MHz, (CD3).SO) & 12.35 (s, 1H), 9.58 (s, 1H), 8.42 (d, J= 3.3 Hz, 1H), 8.18 (d, /= 7.3 Hz,
1H), 7.54 (dd, J = 6.8, 1.5 Hz, 1H), 7.27 (pd, J = 7.2, 1.5 Hz, 2H); *C NMR (151 MHz, (CD;),S0) §
180.76, 165.22, 137.95, 136.67, 125.57, 123.66, 122.67, 121.11, 112.68, 112.31; HRMS (APCI"): Found
174.05542 (+0.46 ppm), C1o0HsNO> (M+H) requires 174.05496.
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2-(6-bromo-1H-indol-3-yl)-2-oxoacetaldehyde 5.04: Following General Procedure B, 5.02 (2.53 g, 8.88
mmol) yielded the title compound as a green-yellow solid (1.92 g, 87%)).

"H NMR (600 MHz, (CD5),SO) § 12.41 (s, 1H), 9.53 (s, 1H), 8.45 (d, J= 3.2 Hz, 1H), 8.10 (t, J = 8.5 Hz,
1H), 7.74 (d,J= 1.8, 0.6 Hz, 1H), 7.41 (dd, J= 8.5, 1.8 Hz, 1H); *C NMR (151 MHz, (CD;),SO) & 180.75,
164.88, 138.75, 137.57, 125.55, 124.63, 122.75, 116.14, 115.39, 112.27; HRMS (APCI"): Found
251.96599 (+2.07 ppm), C10H;NO,"’Br (M+H) requires 251.96547.

NTs
o M >:

1-tosyl-1H-indole-3-carbaldehyde 5.05: Following General Procedure C, 1H-indole-3-carbaldehyde
(2.18 g, 15.0 mmol) yielded the title compound as an off-white solid (3.73 g, 83%).

'"H NMR (400 MHz, CDCl3) § 10.09 (s, 1H), 8.27-8.24 (m, 1H), 7.95 (dt,J = 8.3, 1.2 Hz, 1H), 7.89-7.81
(m, 2H), 7.44-7.33 (m, 2H), 2.37 (s, 3H); *C NMR (101 MHz, CDCl3) § 185.52, 146.31, 136.38, 130.46,
127.37, 126.44, 126.40, 125.19, 122.74, 122.47, 113.37, 21.81; HRMS (APCI"): Found 300.06905 (+0.53
ppm), C1sH1sNO5**S (M+H) requires 300.06889.

NTs
\/E@

1-tosyl-3-vinyl-1H-indole 5.06: Following General Procedure D, 5.05 (3.73 g, 12.5 mmol) yielded the
title compound as an off-white solid (2.87 g, 77%).

'"H NMR (400 MHz, CDCl3) § 7.99 (dt, J = 8.2, 1.0 Hz, 1H), 7.79-7.72 (m, 3H), 7.60 (s, 1H), 7.36-7.27
(m, 1H), 7.25-7.18 (m, 2H), 6.77 (ddd, J=17.9, 11.4, 0.8 Hz, 1H), 5.79 (dd, /= 17.9, 1.6, Hz, 1H), 5.35
(dd,J=11.3, 1.2, Hz, 1H); ®C NMR (101 MHz, CDCl5) § 145.18, 135.60, 135.21, 130.06, 129.12, 127.69,
126.99, 125.04, 124.20, 123.64, 121.06, 120.55, 115.47, 113.85, 21.72; HRMS (APCI"): Found 298.08951
(-0.40 ppm), C17H1sNO,*?S (M+H) requires 298.08963.
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1-(1-tosyl-1H-indol-3-yl)ethane-1,2-diol 5.07: Following General Procedure E, 5.06 (1.49 g, 5.00
mmol) yielded the title compound as a white solid (1.31 g, 79%).

"H NMR (400 MHz, CDCl;) § 7.97 (dt, J = 8.3, 0.9 Hz, 1H), 7.80-7.72 (m, 2H), 7.60 (d, J = 1.0 Hz, 1H),
7.58-7.55 (m, 1H), 7.32 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.26-7.15 (m, 3H) 5.05 (ddd, /= 7.7, 3.5, 1.0 Hz,
1H), 3.92-3.74 (m, 2H), 2.31 (s, 3H); *C NMR (101 MHz, CDCl;) § 145.24, 135.39, 135.15, 130.15,
130.06, 128.86, 126.99, 125.09, 123.62, 123.42, 122.01, 120.16, 113/87, 68.70, 66.58, 21.69; HRMS
(APCI"): Found 330.08031 (-0.75 ppm), Ci7HiNO4*S (M-H) requires 330.08055.

NTs
H‘E A >:/
HO

(R)- 1-(1-tosyl-1H-indol-3-yl)ethane-1,2-diol 5.08: Following General Procedure F, 5.06 (3.56 g, 12.0
mmol) yielded the title compound as a white solid (3.34 g, 84%).

"H NMR (400 MHz, CDCl3) § 7.98 (dt, J = 8.3, 0.9 Hz, 1H), 7.81-7.73 (m, 2H), 7.60 (t, J = 1.4 Hz, 1H),
7.58 (dd, J= 1.3, 0.8 Hz, 1H), 7.33 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.27-7.17 (m, 3H) 5.06 (ddd, J = 7.6,
3.6, 1.0 Hz, 1H), 3.94-3.77 (m, 2H), 2.33 (s, 3H); *C NMR (101 MHz, CDCl;) § 145.25, 135.42, 135.20,
130.08, 128.85, 127.01, 125.11, 123.63, 123.43, 121.99, 120.16, 113.90, 68.72, 66.59, 21.71; HRMS
(APCI"): Found 330.08015 (-0.40 ppm), Ci7HiNO4*S (M-H) requires 330.08055.

*Qptical rotation of sample matched reported optical rotation; [@]*p - 45.5 (c = 1.03 in CHCI5).

3-(1,2-diazidoethyl)-1-tosyl-1H-indole 5.09: Following General Procedure G, 5.07 (828 mg, 2.50 mmol)
yielded the title compound a clear oil (904 mg, 95%).

"H NMR (400 MHz, CDCl;) § 7.99 (dt, J = 8.3, 0.9 Hz, 1H), 7.78-7.76 (m, 2H), 7.65 (s, 1H), 7.57 (dd, J =
7.9, 0.9 Hz, 1H), 7.58-7.51 (m, 1H), 7.41-7.34 (m, 5H), 7.30-7.22 (m, 9H), 4.87 (ddd, /= 7.6, 5.0, 0.9 Hz,
1H), 3.67-3.60-3 (m, 2fH), 2.35 (s, 3H); *C NMR (101 MHz, CDCl3) & 145.42, 128.24, 126.91, 126.19,
125.67,125.52,124.73,123.74,119.64, 117.48, 115.39, 114.00, 58.28, 54.51, 21.60; HRMS (ESI"): Found
404.0901 (+0.21 ppm), Ci7H15N-,0,"2S**Na (M+Na) requires 404.09001.

*Sample was carried through with residual triphenylphosphine.
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(8)-3-diazidoethyl)-1-tosyl-1H-indole 5.10: Following General Procedure G, 5.08 (1.99g, 6.00 mmol)
yielded the title compound as a clear oil (1.88 g, 82%).

"H NMR (500 MHz, CDCl;) § 7.99 (dt, J = 8.4, 1.0 Hz, 1H), 7.78-7.74 (m, 2H), 7.66 (s, 1H), 7.56 (dd, J =
7.9, 1.0 Hz, 1H), 7.58-7.51 (m, 1H), 7.39-7.31 (m, 3H), 7.28-7.18 (m, 6H), 4.86 (ddd, /= 7.6, 5.0, 0.9 Hz,
1H), 3.66-3.57-3 (m, 2fH), 2.35 (s, 3H); *C NMR (126 MHz, CDCl3) § 145.45, 128.31, 126.95, 126.20,
125.69, 125.56, 124.80, 123.78, 119.68, 117.55, 115.42, 114.06, 58.34, 54.59, 21.62; HRMS (APCI):
Found 380.09284 (-1.79 ppm), C17H1sN;0,**S (M-H) requires 380.09352.

*Sample was carried through with residual triphenylphosphine.

NTs
H,N

1-(1-tosyl-1H-indol-3-yl)ethane-1,2-diamine 5.11: Following General Procedure H, 5.09 (618 mg, 1.62
mmol) yielded the title compound as a yellow foam (329 mg, 62%).

"H NMR (600 MHz, CDCl;) § 7.98 (d, J = 9.7 Hz, 1H), 7.78-7.74 (m, 2H), 7.58 (d, J= 7.7 Hz, 1H), 7.55
(s, 1H), 7.30 (q, J= 7.7 Hz, 1H), 7.25-7.18 (m, 3H), 4.61 (t, J = 6.8 Hz, 0.5H), 4.28 (t, /= 5.4 Hz, 0.5H),
3.13 (dd, J = 12.8, 4.2 Hz, 1H), 2.94 (dd, J = 12.7, 7.4 Hz, 1H), 2.45 (br s, 4H), 2.33 (s, 3H); *C NMR
(151 MHz, CDCL) 6 145.12, 135.65, 135.31, 130.04, 129.25, 127.00, 125.06, 123.33, 123.06, 120.08,
119.99, 114.01, 50.08, 47.50, 21.69; HRMS (ESI"): Found 353.13189 (+2.27 ppm), C17H20N;0, *S**Na

(M+H+Na) requires 353.41436.
NTs
HN_ I i
H,N

(S)-1-(1-tosyl-1H-indol-3-yl)ethane-1,2-diamine 5.12: Following General Procedure H, 5.10 (1.64 g,
4.30 mmol) yielded the title compound as a yellow foam (852 mg, 60%).

"H NMR (500 MHz, CDCl;) § 7.98 (d, J = 8.3 Hz, 1H), 7.78-7.72 (m, 2H), 7.56 (d, J = 7.8 Hz, 1H), 7.54
(s, 1H), 7.32-7.28 (m, 1H), 7.23-7.17 (m, 3H), 4.23 (t, J = 5.6 Hz, 1H), 3.10-3.04 (m, 1H), 2.93-2.87 (m,
1H), 2.31 (s, 3H); *C NMR (126 MHz, CDCl3) § 145.06, 135.65, 130.00, 129.35, 126.94, 124.98, 123.26,
123.00, 120.00, 113.99, 50.53, 47.88, 21.66; HRMS (APCI): Found 328.11246 (-0.19 ppm),
C17H1sN30,™S (M-H) requires 328.11252.
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(5-(1-H-indol-3-yl)-1H-imidazol-2-yl)(1H-indol-3-yl)methanone (Topsentin A) 5.13: Following
General Procedure I, 2-(1H-indol-3-yl)-2-oxoacetaldehyde (X) (173 mg, 1.00 mmol) yielded the title
compound as a yellow solid (118 mg, 72%).

"H NMR (600 MHz, (CD3),SO) § 12.51 (br's, 1H), 11.65 (br s, 1H), 8.88 (s, 1H), 8.33 (d, J= 6.0 Hz, 1H),
8.11 (s, 1H), 8.03 (d, ] = 5.2 Hz 1H), 8.02 (s, 1H), 7.60 (d, /= 7.0 Hz, 1H), 7.51 (d, J= 7.8 Hz 1H), 7.34-
7.29 (m, 2H), 7.23 (t, J = 7.5 Hz, 1H), 7.19 (t, J = 7.4 Hz, 1H); HRMS (APCI"): Found 327.1243 (+0.82
ppm), C20HisN4O (M+H) requires 327.12404.

*Further HPLC purification required for biological experiments.

Br. H

Br

(6-bromo-1H-indol-3-yl)(5-(6-bromo-1H-indol-3-yl)-1H-imidazol-2-yl)methanone
(Dibromodeoxytopsentin) 5.14: Following General Procedure I, 2-(6-bromo-1H-indol-3-yl)-2-
oxoacetaldehyde (X) (250 mg, 1.00 mmol) yielded the title compound as a yellow solid (150 mg, 62%).
"H NMR (600 MHz, (CD3),SO) & 12.49 (br s, 1H), 11.69 (br s, 1H), 8.95 (s, 1H), 8.25 (d, J = 8.4 Hz, 1H),
8.08 (s, 1H), 8.01-7.99 (m, 2H), 7.79 (s, 1H), 7.69 (s, 1H), 7.44 (d, J = 8.4 Hz, 1H), 7.29 (d, J = 8.5 Hz,
1H); HRMS (APCI"): Found 482.94596 (+1.85 ppm), C20H3N4O"Br, (M+H) requires 482.94506.

*Further HPLC purification required for biological experiments.
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5-(1H-indol-3-yl)-4,5-dihydro-1H-imidazol-2-yl)(1H-indol-3-yl)methanone (Topsentin D) 5.15:
Following General Procedure J, 2-(1H-indol-3-yl)-2-oxoacetaldehyde (5.03) (434 mg, 2.51 mmol) and
1-(1-tosyl-1H-indol-3-yl)ethane-1,2-diamine (5.11) (907 mg, 2.76 mmol) yielded the title compound as a
dark yellow solid (319 mg, 35%).

'"H NMR (400 MHz, CD;0D) & 8.50 (s, 1H), 8.34-8.28 (m, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.49-7.44 (m,
1H), 7.38 (d, J = 8.1 Hz, 1H), 7.29-7.24 (m, 2H), 7.12 (ddd, J = 8.3, 7.1, 1.3 Hz, 1H), 7.02 (ddd, J = 8.1,
7.1, 1.1 Hz, 1H), 5.47 (dd, J=11.4, 8.5 Hz, 1H), 4.25 (t,J=11.8 Hz, 1H), 3.92 (dd, /= 12.2, 8.6 Hz, 1H);
BC NMR (101 MHz, CD;0D) & 181.89, 164.60, 139.39, 138.85, 138.43, 127.44, 126.82, 124.91, 123.84,
123.41, 122.96, 122.71, 120.04, 119.90, 118.07, 115.84, 113.15, 112.63, 56.04, 29.53; HRMS (APCI):
Found 329.13981 (+0.12 ppm), C20H17N4O (M+H) requires 329.13969.

*Further HPLC purification required for biological experiments.
H
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(8)-5-(1H-indol-3-yl)-4,5-dihydro-1H-imidazol-2-yl)(1H-indol-3-yl)methanone (Topsentin D) 5.16:
Following General Procedure J, 2-(1H-indol-3-yl)-2-oxoacetyl chloride (5.03) (788 mg, 1.63 mmol)
yielded the title compound as an off-white solid (26 mg, 32%).

'"H NMR (400 MHz, CD;0D) & 8.49 (s, 1H), 8.33-8.29 (m, 1H), 7.63 (d, J = 7.9 Hz, 1H), 7.49-7.44 (m,
1H), 7.38 (d, J = 8.1 Hz, 1H), 7.29-7.24 (m, 2H), 7.12 (ddd, /= 8.3, 7.1, 1.3 Hz, 1H), 7.02 (ddd, J = 8.1,
7.1, 1.1 Hz, 1H), 5.47 (dd, J=11.4, 8.5 Hz, 1H), 4.25 (t,J=11.8 Hz, 1H), 3.92 (dd, J=12.1, 8.5 Hz, 1H);
BC NMR (101 MHz, CD;0D) § 181.56, 164.54, 139.39, 138.84, 138.44, 127.39, 126.77, 124.95, 123.88,
123.49, 122.95, 122.73, 120.08, 119.86, 117.86, 115.81, 113.17, 112.65, 61.53, 20.85; HRMS (APCI):
Found 328.11246 (-0.19 ppm), C20Hi5sN4sO (M-H) requires 328.11252.

*Yield based on using 120 mg of tosylated precursor.

*Further HPLC purification required for biological experiments.
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