ABSTRACT
HUGGINS, WILLIAM. The Synthesis anBiological Evaluation of NarrovBpectrum
Antibiotics andAntibiotic Adjuvantsas Srategies to Combat Antibiotic Resistant Bacteria
(Underthe direction of Dr. Christian Melander).

The emergence of multirug resistant bacteria poses a signifithrgat to global human
health In the last 40 years, only two new classes of antibiotics have been introduced into the
clinic. These two classeof antibiotics, cyclic lipopeptides and oxazolidinones, are only
effective against Graspositive bacteriaand resistant isolates were observed within five years of
clinical use. Compounding the problemantibiotic resistance has been observed to every
antibiotic utilized in the clinic, making the likelihood for an indefinitely effective broad
spectrum antibiotic a near zero possibiliBroadspectrum antibiotic development is a long and
arduous process that is bereft of recent success hanchaceutial companies have largely
abandonedhe endeavodue tothe low economic return seen with a drug meant to befosed
short period of time andnly when necessarBecause of this, new strategies to combat
antibiotic resistance are desperately needégtein, tvo alternative strategig¢e broadspectrum
antibiotic developmerdrediscussednarrowspectrum antibiotics and antibiotic adants.

Each of these strategies comhbatsibiotic resistance iseparate was/ Narrowspectrum
antibiotics treat m invasive bacterial infection by targeting only the causativetarj¢he
infection. This leaves the commensal bacteria found in the host undistielbeshsing the
chance for genetic mutation and horizontal gene transfer of resistance mechanisotedrom
bacterial speciesAntibiotic adjuvantsare compounds that combine with traditional antibiotics
to knockdown bacteriatlefense mechanisnasidresensitize the bacteria to antibiotic treatment.
One such example are compounds that are capable ofljpegt bacterial biofilms Bacterial

biofilms are sessile, highly organized, surface associated communities that are encased within an



extracellular polymeric substancéiofilms act as an extra layer of protection for tlaeteria
making bacteria indiethe biofilmup to 1006fold more resistant to antibiotic treatment than
their planktonic counterpartd his represents a target famtibiotic adjuvantsapable of
inhibiting biofilm formation or dispersing pifermed biofilmsto potentiateantibioticactivity
anderadicate the infectionBacteria are also capable of acquiring mobile genetic elements that
confer antibiotic resistanceTheplasmidbornemobile colistin resistancé geneconfers
resistance to the antibiotiolistin, bringingus closeto a postantibiotic world as colistin is
considered the last line of defense against Gragative bacterial pathegs Antibiotic
adjuvantscapable of reversing colistin resistance while themselves beintpriarto ganktonic
bacterial growth arpromisingalternative to slowantibiotic resistance evolution whitestoring
c o | i seffectiveniss against Granegative bacterialn this manusdpt, compounds that
show narrowspectrum antibiotic activity againdtinetobacter baumanniantibiofilm activity
againstMRSA andSalmonella entericaerovar Typhimurium, ancblistin potentiatioragainst
colistin sensitive and colistin resistant strain&stherichia coliKlebsiella pneumoniaandA.

baumanniiare described.
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CHAPTER 1

New Strategies to Combat Antibiotic Resistance

1.1 Introduction

I n 1929, the AGol den Ageodo of antibiotic
by Sir Alexander Fleming. Since the advent of penicillin, antibiotics have been a vital part of
global public health. Chemotherapy, organ transplantation and other major surgeries would be
close b impossible without antibiotics because of the infectionZiskfortunately, the rise of
antibiotic use in the clinic as well as in agricultural settings has contributed to the emergence of
multi-drug resistant (MDR) strains of bacteria. The Ceanfier Disease Control and Prevention
(CDC) estimates that two million people a year acquire MDR bacterial infections, of which

23,000 are fatal. The Infectious Disase Society of America (ISDA) has classified six MDR

di

mi croorganisms as the AESKAPEO pathogens that

the United States. The 0 E-PdSitve $peciefraetoboocygse n s
faeciumandStaphylococcus aureuand four Grarmegative specie&lebsiella pneumonige
Acinetobacter baumanniPseudomonas aerugingsandEnterobacteispecies. Since the end
of the fAGol de osinAhg lte 19606, ordyriwio ndvel dasses of antibiotics have
been developed. These two classes of antibiotics, cyclic lipopeptides and oxazolidinones, are
only effective against Graipositive species of bacteria, leaving few new treatment options for
four of the six ESKAPE pathogens.

The development of new antibiotics has slowEdre1.1) for a number of reasons,
none more significant than the poor return on investiogntharmaceutical companiéem
antibiotic developmerttAntibiotics are meant to be used only when necessary as liberal

antibiotic use is attributed to the development of resistant bacteria. Pharmaceutical companies

n



see a better return on investment developing drugs for chronic diseases, which patitake will

for the rest of their lives, compared to an antibiotic which is taken for a week to a month in most
cases. Development of a new pharmaceutical can exceed $800 million perfoircigg
pharmaceutical companies to be strategic about what products to bring to $riineetonetary

cost coupled with strict regulatory policy and lengthy timeline for development and approval has

caused uncertainty in the pharmaceutical industry about how valuable the antibiotic ector is.

18
16
14
12
10

8

o kOB

1983-1987 1988-1992 1993-1997 1998-2002 2003-2007 2008-2009

Figure 1.1. Number of antibiotics approved in the United States from 1983 to2009.

In addition to the economic factor in @nbtic development, the task of discovering and
optimizing a new broagpectrum antibiotic scaffold is a daunting one. In 2007, scientists at
GlaxoSmithKline described their efforts to uncover new bigiaettrum antibiotic lead
compounds. One highthroughput screen of ~500,000 compounds at a concentration of 10 pM
against an efflicompetent strain discherichiacoli returned zero hit compounds.
Comparatively, the same compounds screened against a wild type s8&aploflococcus
aureusreturned thousands of hit compounds, ~300 of which showed activity against one other
Grampositive or Grarmegative bacteriatrain. The majority of these compounds were shown

to be norspecific membranactive agents acting through mechanisms potentially toxic to



mammalian cell§. In 2015, scientists from AstraZeneca described similar problems in
discovering new antibiotic scaffolds as none of their 65-thgbughput screens identified any
development candidates against Griaegative beterial®

The treatment of Gramegative bacteria is more difficult compared to Giawsitive
bacteria because of the composition of its cell envelope. Gegative bacteria possess a thin
peptidoglycan cell wall that is surrounded by a cell membrane made up of phospholipids and
lipopolysaccharides (LPS) that is the outermost component of theTtedl.extra cell membrane
provides an additional layer of protection because the only way through the cell membrane is
through porins, which are selective to not allow uptake of antibiotics. The selective uptake of
antibiotics combined with the presendestflux pumps keeps antibiotic concentration at a-non
effective level, which provides Granegative species an intrinsic resistance to many
antibiotics!! In many cases, the main issue is the inability of molecules to gain entry into the
cell and hit theitarget, not the inhibition of therospective antibiotic targét'® Adding to the
difficulty in passing through the bacterial membrane, the development of adpeaiium
antibiotic requires the antibiotic target to be present in the target bacterium. This is not always
the case as the Grapositive bacteriunstreptococcusmeumoniaend the Grammegative
bacteriumHaemophilusnfluenza are genetically less similar than humans and the protozoan
Paramecium?

Most of the antibiotics discovered in the
identified ttrough the use of the highroughput screeningf natural product$. Now, as many
natural antibiotic scaffolds have been discovered already, it is rare to find a new natural product
scaffold that possesses antibacterial properties. Synthetic smatiutesl@aveenerallynot

performedwell as antibioticsas effective antibiotics normally possess many stereo centers



compared to the small, flat structures of compounds in synthetic libtatfe€omplicating the
problem of antibiotic discovery, antibiotic resistance haen observed to every antibiotic used
in the clinic’® The likelihood that any new antibiotic will be indefinitely effective is low, and
newapproaches are needed to combat antibiotic resistance.

Natural products from marine sponges have long been a rich source of bioactivity. In a
study by the National Cancer Institute, natural products from marine invertebrates were 10 times
more likely to iow cytotoxicity than their terrestrial counterpdftdnspired by this and the
difficulty in developing new broadpectrum antibiotics, this work will focus on two alternative
methods to combattinantibiotic resstance; narrovspectrum antibiotics and antibiotic
adjuvants. Both methods approach combatting antibiotic aesistin different ways. Narrew
spectrum antibiotics target one specific bacterial species, decreasing the likelihood of generating
resistancdrom a bacterium that is not the causative agent of the infection. Antibiotic adjuvants
combine with traditional antibiotics by knocking down bacterial defense mechanisms to
resensitize the bacteria to the antibiotic treatment. Both approaches sedrausghdvantages
over development of broagpectrum antibiotics, and each will be further elaborated upon in this
manuscript.

1.2 Narrow-Spectrum Antibiotics

Narrowspectrum antibiotics, as defined here, are a class of antibiotics that act against
one or dimited number of bacteriapecies. The ability of narrespectrum antibiotic agents to
target a defined subset of bacteria is a significant advantage compared teg@cadm
antibiotics that kill both nofbeneficial and beneficial bacteriainthepae nt 6 s body

indiscriminately. This indiscriminate killing of bacteria by bresaectrum antibiotics can have

significant adverse effects upon oneds microb



treatment’ Theadult human intestine alone is home to up to 100 trillion microorgatiisamsl
studies have associated alterations oftierobiome with a susceptibility to obesitycancet’,

and inflammatory bowel disease (IBR) The microbiome has also been shown to be important
in host immunity? and cancer treatméit Narrowspectrum antibiotie also exert less selective
pressurgthereby reducing the opportunity for genetic mutation and horizontal gene transfer
(HGT) of resistance mechanisms from pathogenic anepatitogenic bacterial speci€sThe
microbiota of the gut is acknowledged as beingsameir for antibiotic resistance genes,
demonstrating that broagpectrum antibiotic treatment has helped drive the antibiotic resistance
crisis?® Furthermore, the narrespectrum antibiotic strategy allows for natural product
scaffolds that were rejected for further antibiotic development becatiseioharrowspectrum

of activity to be revisited, providing new active scaffolds from which new antimicrobial agents
can be developed. In orderto make narrowspectrum antibiotics practical, diagnostic

techniques must continue to modermZzeClinicians have a narrow treatment window when a
patient pesents with a bacterial infection, and current diagnostic techniques are not sufficient to
make rapid tratment with a narrov8pectrum antibiotic viable. Advances of diagnostic
techniques have not occurred as quickly as in other areas of medicinechibeapiesence of
broadspectrumantibiotics at the disposal of clinicians have allowed them to effectively treat

bacterial infections without knowing the identity of the invasive bacterial sp&cies.

1.2.1 Examples of Narrow-Spectrum Antibiotics
Promysalin (compoundl.1) was isolated fronPseudomonas putidahich resides in the
rhizosphere of rice plants. After isolation, promysalin returned a minimal bactericidal

concentration (MBC) of 100 pg/mL against &daatory strain oPseudomonaseruginosaand



inhibited growth of 83 strains éfseudomonasaeruginosawhile displaying no activity against

; 7/N
HO 4
0”0
oH :
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(e}
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(0] NH
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OH HN%(O\iH
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Figure 1.2 Structues of ()-promysalin L.1), plantazolicin{.2) , and Nol anrds <cipr

enterobactin conjugaté.@).

In 2015, the Wuest group reported the total synthesis and biological actiw}y of (
promysalin (compound.1) enabling them to propose the absoktereochemistry df.1
Compoundl.1displayed an Igsvalue, the concentration at whialcompound inhibit§0% d

biofilm formation of 0.13 uM and an E4g value,the concentration at which a compound

6



disperses 50% of a preformed biofjlof 6.25 uM against PA14. Additionall§,1 prevents the
production of pyoverdine iR. putidg an importanPseudomonadsiderophoré?® The original
hypothesis on the mode of action centered around iron chelation as diverted total synthesis of
promysalin by the Wuest group elucidatbdt the hydrogen bond network was necessary for
activity.3° Interestingly, a recent disclosure by the Wuest group has revealed that the biological
activity is not affected by iron concentration and fir@mysalin targets succinate
dehydrogenase to elicit its species specific actitity.

Plantazolicin (compountil.2) is another examplef @ natural product with narrow
spectrum antibiotic activity isolated from soil dwelling bacteria. Platazolicin is a member of the
thiazole/oxazolemodified microcin family of naturgdroducts and was isolated from the Gram
positive bacteriunBacillus amyloliquefacienthat promotes plant growtl. Plantazolicin is
effectiveagainstBacillus anthraciswhich isthe causative agent of anthraxdis closely relagd
t o pl ant az o.lFAreviously) @antazolioimwasidentified as a Gipositive
antibiotic as it inhibited the growth of othBacillusspecies in a spainlawn assay that used 1
mg of platazolicin per spéé3* Using the microbroth dilution method, minimum inhibitory
concentations (MICs) of 24 ug/mL were obtained agairBt anthraciswhile no other MICs
less than 128g/mL were obtained against other prominent Gpasitive human pathogens
including Enterococcus faecalis, Listeria monocytogenes, S. aunadS§treptococcus
pyogenes Treatment oB. anthraciswith plantazolicin displayed significant cell lysi.This
effect was later shown to be because of depolarization &:.thethracisnembrane.B.
anthracismutants resistant to plantazolicin identifieceationship between plantazolicin and

cardiolipin in the membrang.



Another strategy to developing narr@pectrum antibiotics is to makeoadspectrum
antibiotics narrowspectrum by attaching a directing moiety. Examples of sideroamit@otic
conugation, termed sider omyci ns ;lactanoantibiaticsr ow or
have been previously published by the Miller and Nolan grétiisA recent example of a
sideromycin from the Nolan group takes this idea further by targeting path&gesak while
leaving norpathogeniE. coliunharmed? Utilizing the antibiotic activity of ciprofloxacin, the
Nolan goup designed the ciprofloxaegnterobactin conjugate3. Enterobactin is a
siderophore employed . coli, Salmonella enterigaandK. pneumoniae While both
pathogenic and nepathogenic strains &. coliare capable of importing enterobactin, asle of
ciprofloxacin from the enterobactin conjugate requires the cytoplasmic hydrolase IroD. IroD is
only expressed bl. colistrains that harbor theoA gene cluster and are predominately
pathogenic. The Nolan group also demonstrates that the attsideeophore abrogates the
antibacterial activity of ciprofloxacin. Therefore, hydrolysis of the conjugate is necessary to
regain the antibacterial activity of ciprofloxacin in theory preserving commensgdatbogenic

E. colithat reside in the microbime?°
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Figure 1.3 Structures of clinicallyelevant narrowspectrum antibiotics fidaxomiciri(4) and
murepavadini.5).

Narrowspectrum antibiotics are also becoming clinically relevant as shown by the
antibiotic fidaxomicin (compoundl.4), which was approved by the US Food and Drug
Administration (FDA) in 2011 for the treatment®©lostridium difficileassociatedidrrhea
(CDAD).*! Fidaxomicin targets bacterial RNA polymer&sand displays excellent
antimicrobial activity againgt. difficile with MICs ranging fom 0.062 pug/mL while not
exhibiting activity againsBacteroidespp., an important Graimegative bacterial species for the
prevention of gut colonizatioff. Fidaxomicin is currently the onlyarrowspectrumantibiotic
approved by the FDA for clinical treatment of Amrycobacterial infections. Ironically,
fidaxomicin was anecessary breakthrough in the treatment of CDAD as kspactrum
antibiotics are one of the main causes of CDARCurrently, thenarrowspectrumantibiotic
murepavadind.5) is in phae Il clinical trials and displaysxcellent activity against the

ESKAPE pathogePR. aeruginosa Murepavadin binds thePS transport protein D, which is



involved in the biosynthesis of LPS, causing LPS alterations in the outer membrane and leading
to cell deatHf® Against a panel of 1,219 clinical isolatesaeruginosamurepavadin returned an
MICgo value, the minimal concentration at which 90 percent of isolates of a species did not
display growth, of 0.12 ug/mt® Additionally, murepavadin is well tolerated at predicted
efficacious plasma concentrations in healthy human subjectd recently completed phase I
clinical trials in patients with lifehreatening lung infectiorf§. The clinical success of
murepavadin and the approval of fidaxomicin demonstrate the potemiatrofvspectrum
antibiotics in a clinical setting, andhrrowspectrumantibiotics could become more prevalast
diagnostic techniques continue to improve
1.3 Antibiotic Adjuvants

Another prominent strategy that has been employed to combat antibiotic resistant bacteria
is the use of antibiotic adjuvants. Antibiotic adjuvants are compounds that enhance the activity
of an antibiotic while ideally being netoxic to the bacteria. Being ndaxic, adjuvants
potentially encounter a slower rate of evolution of resist&hdée idea of antibiotic adjants
has evolved out of synergistic antibiotic combinations to treat complex bacterial inféBtions.
Antibiotic adjuvants can act in a wide variety of ways to increase antibiotic activity including:
inhibition of artibiotic modification, inhibition of target modification, efflux inhibition,
inhibition of signaling pathways regulating antibiotic resistance, or inhibiting or dispersing
biofilm formation® The only ¢l i ni cal | -actaanase inHibdobs)sachasd j u v a n
clavulanic acid. Chaulanic acid itself is a poor antibiotic, but covalently binds and inactivates
s e r ilactamabes, serving as an example of an adjuvant that inhibits antibiotic modifi¢ation.
Clavulanic acid has been administered with amoxicillin for over 30 yeding asug Augmentin,

and is on the World Health OYgxamplegabt i onbés | i s
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lactamase inhibitors have continued to be prevalent in the literature and thiéQjmiod serve
as a proof of concept faleveloping adjuvants to combat other mechanisms of antibiotic
resistance. This work will focus on two different types of potential adjuvants; compounds that

inhibit and/or disperse biofilmand compounds that potentiate the antibiotic activity of colisti

1.3.1 Bacterial Bofilms

Bacterial biofilms are defined as sessile, highly organigedaceassociated
communities of bacteria encased within an extracelpdéymeric substance (EPS) The
National Institutes of Health estimates that 80% of bacterial infections occurring in humans are
biofilm related, and that 17 million new biofilm infections are acquired every year. 550,000 of
these infections result in death for the infected patfeferhaps the most notorious of all
biofilm infections is the”. aeruginosanfection in the lungs of CF patieftsbut biofilms affect
a wide variety of surfaces from indwelling medical devices (IMDs), dental caries, oil pipelines,
and the hulls of commeial ships®® In contrast to the amount of natural product scaffolds that
have been fountb possess antibiotic or anticancer activity, few natural product scaffolds have
been dund to be antiofilm agent!

Bacterial biofilms are intrinsically more resistant to antibiotics and help drive the
evolution of MDR bacteri& Biofilms bring cellswithin close proximity to each other,
increasing their ability to communicate and share genetic material. The rate of horizontal gene
transfer inside of a biofilm has been shown to be if0@Dhigher than that in planktonic
populations® 2 The complex structure of biofilms creates different environments in which cells
reside depending on the location of the cell inside the biofilm. This leads to differing growth
rates for cells insidef biofilms as those that are buried deep inside suffer from a lack of

nutrients and oxygen, which slows their growth. This reduced growth rate makes these cells
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inherently resistant to antibiotics as most antibiotics target metabolically active®¢élghe
slow growth ra¢ of some cells inside the biofilm and the inability of some antibiotics to
penetrate the biofilm causes cells inside of bacterial biofilms to b& Q0O fold more resistant

to antimicrobial therapy compared to their planktonic counterparts.

Reversible Irreversible  Maturation-1  Maturation-2 Dispersion
attachment  attachment

Figure 1.4 The five stages of the biofilm life cycte.

The biofilm lifecycle has five different stages (Figdrd). The first stage is a reversibl
attachment of planktonic cells to pontheirf ace.
secretion of the EPfA stage two. The EPS serves as the glue for the biofilm to the surface as
well as a protective barrier from the outside environmenttalgpesthree, the biofilm begins its
first stage of maturation by exhibiting a thvgienensional structure. Stage four is characterized
by the biofilm reaching full maturation and building a complex architecture. Stages three and
four also see the develoemt of circulatory channels that facilitate of importation of nutrients
and water into the biofilm and the exportation of metabolic waste products. The fifth and final
stage of the biofilm life cycle is the dispersion of the biofilm, releasing plankbacteria into

the environment, which can then reinitiate the cycle and infect new areas in tPeSh&%t.
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1.3.2S. aureusBiofilms and Examples of Qher S. aureusAntibiofilm C ompounds

S. aureuss a Grampositive bacterium that is a normal part of the human flora and can
be pathogenicS. aureugesides in the anterior nares of humans, and the carrigeaafeus
has been shown to play a role in its pathogen®it$. aureubiofiims have been implicated in a
number of human diseases including osteomyelitis, periodontitis, chronic wouctibimfe
endocarditis, and ocular infectio®. aureudiofiims have also been found to colonize
indwelling medical devices (IMDs) and can serve as a chronic reservoir of infection, forcing the
removal of the IMD to resolve the infectié®.

A wide variety of molecules have been investigated for their ability to pestuaibreus
biofilms, including the halogenated phemges (compound.6) from the Huigens group. These
molecules were of interest as the parent compound of comfdo6wnes capable of eradicating
methicillin-resistantS. aureugMRSA) biofilms, displaying a minimum biofilm eradication
concentration (MBECYf 150 + 50 uM®® Further structural modifications lead the Huigens
group to compound.6, whichdisplays an MBEC of 9.38 uM and an MIC of 3.13 uM. This
biofilm eradication ability comes from the ha
biofilm and kill persister cells inside the biofilff.As a comparison, vancomycin is incapable of
eradicating biofilms (MBEC>2000 uM) wi still being toxic to planktonic bacterial growth
(minimum bactericidal concentration (MBC)=3.0 uM). Preliminary mechanistic studies on
related halogenated phenazines revealed a unique metal (Il) binding mechanism, disrupting

nutritional uptake of persier cells inside biofilm&>
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Another example of ant. aureudbiofilm compounds that are more toxa planktonic
bacterial growth while also showing antibiofilm activity are tHeehzylidened-oxazolidinones
(1.7) from the Pierce group. Compouhd displays a MIC of 8 ug/mL and doskependent
dispersion of MRSA ATC& 43300 biofilms, dispersing 63% pfe-formed MRSA biofilms at
concentration of 40 uM! The halogenated phenazindsg| and 5benzylidine4-
oxazolidinoneg1.7) are interesting ariiiofilm agents as they are toxic to planktonic bacterial
growth but display the ability to eradicate and dispersdgreed MRSA biofilms unlike
traditional antibiotics.

Another approach to perturbir®y aureudiofilms is theuse of nortoxic inhibitors and
dispersers of biofilms (Figure6). One such example is the hamamelitannin (HAM) analogue
1.8from the Van Calenbergh group. HAM, The parent compound of compo8naas first
isolated fromHamamelis virginianand disphyed the ability to potentiate the effect of
antibiotics agains®. aureusy interfering with quorum sensing (Q%)® Quorum sensing is a
cell-to-cell signaling system that controls gene reguldfitmat was initially described in two
luminescent bacterial specid&brio fisheriandVibrio harveyi”® Using transposon mutants,
HAM analogues were found to inhibit the TraP QS receftdiurther stactural modifications

returned an E& value of 1.27 pM for compountl8in combination with vancomycif?.
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Two other examples of netoxic S. aureubiofilm inhibitors are the
desformylflustrabromine (dFBr) analogli® and the 2aminopyrimidine (2AP) analogudl..10
(Figurel.5) from the Melander group. dFBraoguel.9displays an Ig of 5.9 uM againss.
aureuswhile also being notoxic to planktonic bacterial growth. The dFBr analogues are a
good example of how important structural modifications to parent scaffolds can be in mitigating
the toxicity and iereasing the activity of a compound, as the parent compound of comp®&und
was found to be toxic to planktonic bacterial growth at its \@lue while being ~12 fold less
active!” After previous studies of-dminoimidazole (2Al) derivatives that were capable of
perturbing MRSA biofilm&22, the Melander group fowl that 2AP derivativel.10was capable
of inhibiting MRSA biofilms. Compound.10returned IGo values of 128 uM and 84 uM
against methicillirsensitiveS. aureugMSSA) and MRSA respectively. Unfortunately,
compoundL.10was unable to disperse MRSA biofilms at 200 fivBoth the dFBr analogues
and 2AP analogues served as an inspiration for the investigation of th8.anireubiofilm
activity of the meridianin derivatives discussed in chapter 3 of this manuscript.
1.3.3S. entericaBiofilms and Examples ofOther S. entericaAntibiofilm C ompounds
S. entericas a Gramnegative bacterium that has several pathogenic seroSars.

entericabiofilms have been found to form on plastic, cement, rubber, glass, and stainless steel.
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This ability to form biofilms on rany different types of surfaces contributeStenterica s
ability to survive and to find new hosts to inféttS. entericehas been found in toilet bowl
biofilms four weeks after diarrhea has stopped, even after being cleandwusthold cleaning
products®® S. entericehas also been found to be capable of colonizing different parts of plants
including seedssprouts, leaves, roots, and fruitsdditionally, S. Typhimurium a common
serotype ofS. entericaoutcompetes and displadescoli in animal epithelial cells after a
heterologous infection, likely contributing to the carriag& afyphimuriumin the ntestines of
domestic animal®

Using a topdown highthroughput screening process, two compounds that irfibit
Typhimuriumbiofilms have been discovered (Figur€). In a highthroughput screen
consisting of 20,014 compounds conducted by the Steenackers group, corhddwveas
identified out of 140 hit compounds (0.7%). Compolridlreturned IGo values of 13.69
36.08 uM depending on the temperature of inculmafid®, 25, 30, and 3TC) while being non
toxic to planktonic bacterial growthupto 150ffM di spl ayi ng the compounc
regulateS. Typhimuriumbiofilm formation both inside and outside the hostiemment®*
Compoundl.12was identified in a separate higftroughput screen by the Gunn group in 2015.
The authors screened a library of 3,000 ATP mimetic compounds assembled by ChemBridge
corporation as bacterial kinases have &®wn to be important for biofilm formatidf. Of the
3,000 compounds screened, three compounds (0.1%) inhibited 50% of biofilm formation at a
concentration of 5 uM. Further testing eliminated two of the three compounds, leaving
compoundL.12which displayed excellent biofilm inhibitory activity, returning and@alue of
7.27 uM. Compound.12was found to be netoxic to planktonic bacterial growth up to 50

1M, the highest concentration tesf&d.
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In the last eight years, the Van der Eyckeoug has reported variousA derivatives
that are capable of inhibitirfg. Typhimuriumbiofilms (Figurel.8, compoundd4.131.18. The
Van der Eycken group has been heavily involved in new synthetic methods to aédgsariti
their efforts have yieldea wide variety of Al derivatives that have shown exceptional
inhibitory activity against. Typhimuriumbiofilms. Compound..13 a 1,4,5substituted 2Al
was found to have an igof 10.3 uM®* Compoundl.14 a 1,4substituted 22l displays an IGo
value of 3.3 uM and was also ntoxic to planktonic bacterial growth at 5.0 i%.Compound
1.15returned anCsp of 2.0 uM while also not affecting planktonic bacterial growth at that
concentratior¥? Diversification of compound.15returned compountl. 16with a triazole
moiety linked to the exocyclic amine of theA2. Compoundl.16also returned an Kgof 2.0
UM but was toxic to planktonic bacterial growth at 5.4 fivVRecently, compoundl.17was
disclosed and displays a@sb of 1.5 pM. Interestingly, the monomer of compounl7,
compoundl.18 displayed an 165 of 84.4 uM. In this disclosure, the authors described how they
were inspired by the 1-Al structure of bromoageliferinl(19 in their preparation of

compoundL.17°%*

17



Hzg\ e

1.19

Figure 1.8 Structures of Van der Eyaked sAl  Typhimurium biofilm inhibitors
(compoundd4..131.18 and bromoageliferin1(19).

Previously, higkthroughput screening campaigns to identify antibiofilm compounds have
not been effective in identifying antibiofilm agedtS’ Nonetheless, theisclosures by the Van
der Eycken group on the ability ofAs to inhibit S. Typhimurium in addition to the large

library of antibiofilm compounds possessed in house in the Melander lab inspired chapter 4 of
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this manuscript, which describes the idendifion 2aminobenzimidazoles {&BIs), analogues
of bromoageliferin1.19, as inhibitors ofs. Typhiumurium biofilms.

1.3.4 Polymyxin E (Colistin) Resistance and thenobile colistin resistancémcr-1)

Gene

Polymyxin E (colistin) is a member of the polyiele family of antibiotics and consists
of a cationic polypeptide core with a lipophilic fatty acyl side chain. Colistin elicits its
antibacterial effect by initially binding the negatively charged phosphate group of lipid A of the
LPS embedded in the s membrane of Graimmegative bacteria. After diffusing through the
outer membrane and across the periplasm, colistin intercalates into the inner membrane, forming
pores that cause cell lysf.In the 1980s, colistin was phased out of clinical use because of its
negative side effects, including nephrotoxicity. Because of its efficacy againstr@gative
pathogens, colistin has returnedhe tlinic as the antibiotic of last resort in the treatment of
complex MDR Grarmegative bacterial infectiorf8. Furthermore, colistin has been heavily
utilized as a feed additive in animal husbandfyThe resurgence of colistin in the clinic and its
overuse in animal husbandry have posed selective pressure to bacteria, and in 201f%ithe plas
bornemobile colistin resistane& (mcr-1)!°* gene was identified. Unlike previous chromosomal
mutations that conferred colistin resistaliemcr-1 is stable, transferrable, and comes at
essentially no fitness cost to the bactert§hRecent reports also detail the abilityroér-1 to
confer colistin resistanca E. colias well as the ESKAPE pathogehsbaumanniandK.
pneumoniag® Themcr-1 plasmid has also been found to be capable of coexisting with other
antibiotic resistance gen@$'°® demonstrating the potential for emergence ofgargyresistant
(PDR) bacterial strains via HGP® Themcr-1 gene encodes a phosphoethanolamine transferase

that confers resistance by conferring a net positive charge increase on the bacterial outer
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membrane groups. This net positive charge decreases the ieittabstatic interaction between
colistin and the outer membr aH Eqlistirtrésistaneef or e | o
machinery and lipid A represent promising targets fortooic, small molecule antibiotic

adjuvants that could restore or increase the effectiveness of the antibiotic of last resort.

1.3.5 Examples bSmall Molecule Colistin Potentiation Against Gramnegative

Pathogens

In 1969, it was disclosetthat colistin activity could be potentiated agaiRstureginosa
with the classical antibiotics sulfamethoxazole and sulfamethiZolghile there are other
antibiotic combinations that can be used to increase the efficacy of ¢8ijgtiere are few
examples of notoxic adjuvants that are capable of increasing colistin efficacy in Gegative
bace r i a. I nt er est i ng Hactamasennbibiter tazobactenx(ecomgolnd i s t
1.20. One study showed that in combination with sub MIC levels of colistin (0.4 pg/mL),
tazobactam at a concentration of 20 pg/mL displayed synergy against fowe oblistin
sensitive strains ok. baumannii A tazobactantolistin combination also showed some efficacy
in a murine model ofA. baumannipneumonia, producing an ~1 log reduction in colony forming
units per mL (CFUs/mL) compared to the standalonestiolireatment and an ~1.5 log reduction

in colony forming units compared to the untreated contfol.
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Figure 1.9. Molecules shown to potentiate colistin as-taxic adjuvants: tazobactar.p0)
and Mel ander 0s actvidyireSistaatiGeanmegativegatiogenstl-In23).

The Melander group has been heavily involved in developing adjuvants to reverse
colistin resistance in Gramegative bacteria.-Al compoundl.21was found to reverse colistin
resistance i\. baumanniandK. pneumoniae While compound..21displayed some inherent
toxicity (MIC=100 pM) againsA. baumanniandK. pneumoniagit was able to reverse colistin
resistance at a concentration30 uM. When ceadministered with colistir,.21returned MIGo
values of 1 pg/mL againgt. baumanniand <0.25 pg/mL againgt. pneumoniae Compound
1.21displayed the unique ability to prevent the lipid A modification that confers colistin
resistane by downregulating the two component system PmyAB\s compound..21showed
some inherent toxicity to planktonic bacterial growth, a second generation of compounds was
synthesized in an effort to reduce toxicity while retaining the colistin potentiation activity. The
second generation of colistin potentiators from the K#a group returned 1,441, compound
1.22 CompoundL.22displayed no inherent toxicity (MIC>200 uM) while lowering the colistin
MIC to below the Clinical & Laboratory Standards Institue (CLSI) breakpoint in colistin

resistant strains k. baumannijiK. pneumoniagandP. aeruginosa'? Shortly after the
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disclosure omcr-1, the Melander group disclosed that compoung@dandl1.22were capale

of reversing colistin resistance in strains carryingnfoe 1 plasmid in a nottoxic manner. As in
Gramnegative bacteria with chromosomally encoded resistdn22was shown to reduce the
extent of lipid A modification in strains carrying theer-1 pasmid. Compounds$.21and1.22

also displayed the ability to increase the efficacy of colistin against colistin sensitive strains of
baumanniiandK. pneumoniagdisplaying their versatility as potentiators of colistin activity.
Additionally, compound..23was discovered as capable of reversing colistin resistance in
chromosomally andhcr-1 encoded resistant strains, serving as inspiration for the potentiation

activity of the meridianin derivatives in chapter 3 of this manust¥ipt.

1.4 Conclusion

Development of new classes of bresgkbctrum antibiotics is a slow an arduous process
that will not slow he emergence of MDR bacteria. Bacteria will almost certainly evolve to
survive the attack of any new classes of brspelctrum antibiotics. Strategies that directly
target one species of bacteria or target bacterial defense mechanisms are new atayigfinte
antibiotic resistance. Herein fefts towards developing narrespectrumantibiotics,
antibiofilm compounds against MRSA a8dTyphimurium, as well as potentiators of colistin

activity against Grarmegative bacteria are described.
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CHAPTER 2
1,2,4Triazolidine -3-thionesasNarrow -Spectrum Antibiotics A gainst Acinetobacter

baumannii

2.1 Introduction

The development of narrespectrum antibiotics has some advantages over the
traditional approach of developing bresgectrum antibiotics, namellge possibility of slower
resistance generatioand a reduction in detrimental effects on the gut micrabiocluding a
decreased risk of antibiot@ssociated coliti§As more rapid and sensitive diagnostic tests are
developedthe use of naow-spectrum atbiotics is becoming more feasible, and Ewwopean
Medicines AgencyEMA) and heU. S.Food and Drug Administration (FDAjave recently
included antibacterial ecopounds active against a narrspectrum omulti-drug resistant
(MDR) pathogens in a lisif treatmentshatqualify for a shorter route to registratié®f the
Gramnegative ESKAPE pathogeh#. baumannii hasrecentlycome under the microscope
because of ithigh mortality rates in the ICU (>50%@revalencen woundinfectiorsin U.S.
servicemen that have been injured in the conflicts in Iraq and Afgh&higsaability to survive
in hospital environments arde isolation of pardrugresistant (PDR) straitts

In 2009 compoun@.1 (Scheme2.1) was reported to have antifungal activity against
Candida albican$ Recently, genomic sequencing has revealedthbaumanniharbors genes
that share homology ®long chain fatty aciélongation pathwain fungi that was the supposed
target of compoun@.1. Testing ofl,2,4triazolidine 3-thiones, for antibiotic activity againgt.
baumanniiidentified @mpound2.1 as a promisingntibacterial lead. Usingthis compound as
a structuratemplate we have synthesized analogues of the drZ4olidine-3-thione core

structure with variations introduced at tiel, N-2, andC-5 positionsas well as alkylation of the
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sulfuratom atC-3 in an atempt to identifynew, more biologically active compoundHerein,
we report the synthesis of analogues of 1t@akolidine-3-thiones as well as their antibiotic
activity against MDRA. baumannii Moreover, we report a compound ti@sminimum
inhibitory concentrationa\ICs) of up to fourfold lower against multiple strains of MDR.
baumanniicompared to compourd and unlike parent compourigshows activity in &alleria

mellonellamodel of infection.

2.2 Synthesis andiological Activity of 1,2,4-Triazolidine-3-thiones

The 1,2,4triazolidine 3-thione scaffold is readily accessible through a tu@aponent
reaction between ketones or aldehydes, hydrazines and potassium thiocyanate in hydrochloric
acid for 16 hours in #tndark Scheme2.1). The resulting triazolidines typically precipitate during
the reaction, allowing for simple filtration followed by recrystallization from methanol to deliver
purified material®® Moreover, this synthetic procedure easily allows for modifications to be
made at th&l-2 andC-5 positions on the ring, thus allowing rapid assessmehestructure

activity relationshipof 1,2,4triazolidine-3-thiones.

s
o H HCI R3\NJS<
ML Ry=N-NH, * KST=N S NH
R1 R2 ! HN--
R1R2
2.1 Ry= Ph, Ry=Me, R,=Et
2.2a-0 R3= Ph

2.3a-c, 4a-0 Ry=R,=Et
2.5 R3=4-chlorophenyl, Ry=R,=Me

Scheme2.1. Synthesis of 1,2;#iazolidine 3-thiones®®
Initially, we evaluatd the effect substitution at carbon 5 had upon activity by varying the
identity of the aliphatic substituents.series of 14 compounds that were mooiodi-

substituted with alkyl or aryl groups were synthesized and screened for antibiotic activist again
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AB5075 under standard CLSI broth microdilution conditi8ifFable2.1). A. baumannistrain
AB5075 is a extensivelydrug resistant (RR) primary clinical isolate and was chosen to
evaluate the 1,2-#iazolidine-3-thiones because of its virulenceda(DR properties?

Table 2.1. MIC values forC-5 modifications again#aB5075 where R=phenyl.

Compoun Ri= Ro= MI € Og/ m
1 Met hyl Et hyl 8
2. 2a Met hyl Met hyl 8
2.2Db Met hyl | sopr o 8
2. 2c Met hyl Phenyl >128
2. 2d Met hyl H >128
2. 2e Et hyl Et hyl 8
2. 2f1 Et hyl | sopr o 32
2.2¢g Et hyl H >128
2. 2h nPropyl Met hyl 16
2. 21 nPropyl Et hyl 32
2. 2] nPropyl nPropyl 32
2. 2Kk nPropyl H 6 4
2. 21 Phenyl H 6 4
2.2m Cyclopel ------- 8
2.2n Cyclohe ------- 8

Compound.1 exhibited arMIC of 8 pg/mLagainstAB5075 and loth the dimethyl
(compound2.2a) and diethyl (compoung.2e) derivatives exhibited identical activity to the
parent compoundAll other modifications at th€-5 position yielded either nchange, or an
increase in MIC compared to the parent compoUdble2.1).

As we did not observe an increase in antibiotic activity through modification of the 5
position we next shifted our focus to the substitution aNH#2eposition of the ring. Theiethyl
substituted derivatives were chosen instead of the parent methyl ethyl substituted derivatives to

avoid racemic mixturesBenzyl, cyclohexyl, and-pyridinyl substitution®f theN-2 position
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completely abolished biological activity (appendmihich led to the conclusion that the phenyl
ring at theN-2 position was required for activiigompoung 2.3a-c, Scheme2.1)

Given the significant impact that changing thptenyl substituent to atkenzyl had
upon activity, we then investigated whethebstitution of the phenyl ring itself had any effect
on the MIC {Table2.2). The 4chloro derivative2 .4a exhibited increased activity compared to
the parent compound, with an MIC of 2 ug/mL. Encouraged by this result, addéitalabs
were synthesizediti various halogen substitutions in different positions on the phenyl ring.
Unfortunately, only a decrease in activity was observed compared tectiierd compound.
Other substitutions on the phenyl ring were also made, but only halogen substitigiens
tolerated.

Table 2.2 MIC values for various phenyl ring substitutions agafkB5075 where R=R,=

ethyl.

Compound Ra= MI ¢ Og/ mL)
2. 4a (€hl orophe 2
2. 40D (Bromophen 4
2. 4c (4 o0dophen 8
2. 4d (1l uorophe 4
2. 4e (Fl uorophe 32
2. 4f (Fluorophe 8
2.49 (£hl orophe 128
2. 4nhn (€hl orophe 8
2. 4 (€hld4Fbuor 32
2. 4] (3-Ppbbfl uorop >128
2. 4Kk (3-Pdchl orop >128
2. 41 (4sopropyl >128
2.4m (Ni trophei >128
2. 4n (€£yanophen >128
2.40 (Arifluor ome >128

35



With a more active derivative,4a, identified, we next tested the lead compound and
parent compound against multiple strains of MBRbaumanni{Table2.4). The dimethyl
analogue of compourl4a, compound® 5?14 was also prepared to investigate whether the
lipophilicity of the compounds could be tuned without affecting the activity of the compounds.
Compound.4ahas a predicted log D value of 3.85, while compo2bdas a predicted log D
value of 258 at pH 7.

All three compoundsxhibitedactivity against multiple strains &. baumanniiwhile
compound2.5 was more active against several straind.dhiaumannithan either compound
2.4aor the parent compourid(Table2.3).

Table 2.3 MIC resultsfor Compounddl, 4a and5 against multipleMDR strains ofA.

baumannii The resistance profiles of these strains have been previously pubfished.

CompoundMIC (pg/mL)
A. baumannii 21 24a 25
Strain
5075 8 2 2
3560 8 4 2
3785 4 4 1
3806 4 4 1
2828 8 2 2
1605 8 4 2
19606 8 2 2
4025 2 2 1
3927 4 2 1
4026 4 2 1
3638 4 4 1
4027 4 4 2
4878 8 4 2
4957 8 4 2
4857 8 4 2
4052 8 4 2
4795 4 4 2
4498 4 4 2
4269 8 4 2
4448 4 4 2
5001 8 4 2
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Table 2.3 (continued).

4991 4 2 1
4456 8 4 2
4490 4 4 2

After the identification otompound.5 asthe mostctive analogue againstéveralA.
baumanniistrains we next opted to investigate further structure activity relationships of
compound.5, beginning with the effect of alkylatirtge sulfur atomat the C-3 position.

Briefly, compound2.5 was reacted with the corresponding alkyl halide in methanol at room
temperature overnight to yield the thioeth2i8a-b (Scheme2.2A). The methyl and benzyl
analogues were prepared, and the observed MIC for both compoungseaias thari28
png/mL, showing the necessity of thasubstituted sulfur atofior biological activity.To further
probe theSAR of the 1,2,4triazolidine-3-thione coregeffect of alkylation othe N-1 position of

compound.5 wasalso investigateScheme2.2B).
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A RX, MeOH , A

i NH rt, 16 h I N
HN HN\ﬁ
2.5 2.6aR =Me
2.6b R = n-Bu
(0]
B Cl s Cl /[<
NJ< a \©\ /z O/\7 b
\ NH N7\
HN N
HN\[Q
2.5
2.7

2.8aR=Me 29aR =Me
2.8b R =n-Bu 2.9b R =n-Bu
Cl s
C
s A
N« PR HCl NN
)J\ Cl ” N-NH, — > #\NH
2.10

Scheme2.2 Synthetic routeto allow for the alkylation ofhe thiol moiety (A)N-1 position
(B), and move of £hloro substituent (C) of compouBdReagents and conditions: (a) A,
DMAP, EtN, THF rt, 16 h; (b) RX, NaH, DMFXC to rt, 4 h; (c) NaBH, Pd(PPb)4, EtOH @ C
to rt, 1h (d) 12 N HCI (pH 2:8), rt, 4h.

In order to alkylate th&l-1 position, the thiol was protected with an alloc protecting
group. TheN-1 position was then alkylated using sodium hydride and the corresponding alkyl
halide. The alloc group was rered using sodium borohydride and
tetrakis(triphenylphosphine)palladium(0) in ethanol & 0and the solution was then acidified
with 12N HCI at room temperatufé The MICs of compound®.9a-b were allgreater thar128
png/mL, demonstrating the need for the freéHN\at theN-1 position on the 1,2:#iazolidine 3-

thione ring for biological activity.
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Thefinal structural modification that was investigated w@amovethe4-chlorophenyl
substituent from thdl-2 position to théN-4 positionof compoun®.5. The reverse 1,2;4
triazolidine 3-thione scaffold is accessed through the reactids@Fchlorophenyl)
hydrazinecarbothioamide with acetone in hydrochlacic for 16 hours in the darls¢heme
2.20). As with compound&.1-2.40, the resulting triazolidine precipitated during the reaction,
allowing for simple filtration followed by recrystallization from methanol to deliver purified
material®® The observed MIC of compourddl0wasgreater thari28 pg/mL, which is a
greater tha®4-fold increase in MIC compared to compouh8, indicaing that the original
substitution patterof the 1,2,4triazolidine-3-thiones is the more active motif.

We nex investigated whether compoufid wasacting in a bactericidal or bacteriostatic
manner by constructingtime kill curve. An antibiotic is defined as bactericidal when it kills
>99.9% of bacteria at a concentration no greater than four times th&’ Mi€seen inifjure
2.1, compoun®.5 was found to béactericidal, effecting a greater than six log reduction in

colony forming units per milliliter (CFU/mL) at double the MIC and greater.

1.00E+10
1.00E+09 & -p
1.00E+08 _o°1 l l S
L
1.00E+07
00E+0 0 pg/mL

_, 1.00E+06

c = i 2 pug/mL

S 1.00E+05 = _

5 1.00E+04 i 4 pgimL
1.00E+03 -3 8 pg/mL
1.00E+01
1.00E+00

0 4 8 12 16 20 24
Time (h)

Figure 2.1. TimeKkill curve for compoun@.5against AB5075.
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2.3 Mechanistic Studies and Spectrum of Antibiotic Ativity

In C. albicansandA. baumanniicompound.1 distorts the ratio of unsaturated to
saturated fatty acidfs'! It wasalsoestablished that fatty acid supplementation etiia
abrogated the bactericidal effects of compoRrdagainstA. baumannif In order to test
whether conpound2.5 exhibited similar behavior, an MIC assay under fatty acid
supplementation was performed. As with compoRiddwhen the media was supplemented with
0.02% linoleic acid, the activity of compourab againstAB5075was completely abolished
with anobserved MIC 0128 pug/mL. After observing the loss of activity in the presence of
unsaturated fatty acid, we investigated whether this loss of activity was simply due to disruption
of aggregates of compoudL In the presence of 0.01% Triton, 0.1% PEG400 and 0.1%
tyloxagol compoun@.1returned its MIC of 8 ug/mL. This indicates that aggregation does not
play a role in the antibacterial activity compothd.’

In order to investigate the membrane lysis activity of the 4r4olidine 3-thiones we
performed a BacLight ass&on A. baumannib075 using 0.5, 1, andtnes the MIC of.1.
No significantmembrane disruption at any of these concentrations was obgefrattoxicity
of compound.5 to eukaryotic cell membranes was also investigated by measuring its hemolytic
activity against mechanically defibrinated sheep blood as previously repbi@ampound?.5
did not lyse the red blood cells at any concentration tested &i2tpg/mL, appendix).

Next, the antibiotic spectrum of compou28 was probed by recordingICs against
Escherichia coliP. aeruginosaK. pneumoniagand methicillin resistar. aureugMRSA).
MIC valuesof >128 ug/mL was observed for all bacteripksies other thaA. baumannii,
establishing thaas with the original lead.1, compound.5 is a narrowspectrum antibiotic.

Thesynergistic potentiadf compound2.5 with other antibiotics was also investigated utilizing
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checkerboard assa$Compound.5 did not show synergy with meropen@mcolistinagainst

AB5075 or with colistin againsthe colistin-resistant AB394.1

2.4 Active Chemical Pecies andGalleria mellonellaStudy

In an effort to identify the active chemical species of comp@iBctompound.5was
dosed in cation adjusted MueHeinton broth (CAMHB) and ingbated at 37 °C. The
composition of the mixture was then observed by taking a liquid chromatogram at various time
points to determine whether the compound was stable in the assay conditions. We determined
that compoun@.5has a haHife of about 2.5 hars in these conditions, and is almost fully
degraded after 16 hours (Appendix). After observing the decomposition of the compound,
compound2.5was dosed in CAMHB at 4 ug/mL and incubated for 1, 2, 4, and 8 hours. The
activity of each of the incubatedlstions was then tested agaiAstoaumannib075, and
compound2.5was found to have no activity at its MIC after incubation in MHB for any of the
time points. This indicates that compouh8, and not any degradation products, is most likely
the activechemical species.

Finally, theactivity of compound 2.1 and2.5 in aG. mellonellainfection model with
AB5075was assessed by Bradley M. Minrat#cCompound?2.1 was inactive againshB5075
in this model (appendix)However compound.5 exhibited modesh vivo activity, with 50
mg/kg of compoun@.5 saving 22% of worms aftaix days, and 100 mg/kg saving 32% of
worms aftersix days. In comparison, 100% of untied, infected worms were dead aftec
days Figure2.2). The comparison is more stark at three days, where almost 90% of the worms
are dead in the untreated group, but in contrast, 42.5% and 45% survival are seen with the 50

mg/kg and 100 mg/kg treatmentespectively
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Figure 2.2. Percent survival db. mellonellaafterAB5075infection and compoun25 treatment.

2.5 Conclusion

In conclusion, dllowing the identification of the 1,2;#iazolidine 3-thiones as
possessing antibiotic activity agaidstbaumanniiwe synthesized diverse array of analogues
in attemptdo identify a compound with increased activity. After making modifications athe
5 andN-2 positions on the 1,2 #iazolidine-3-thione core structure to no effect, substitutions
were male to the phenyl ring at position 2 to yield compo@wi, which displayed a foufold
improvement in MIC againgt. baumannicompared to compourzil. Compoun®.5was also
synthesized and tested against multiple straids bumannialong with compund2.1 and
compound?.4ain order to ascertain whether the lipophilicity could be tuned withibexting
the MIC. Compoun@.5 displayed an up to fotfiold improvement against multiple strainsAaf
baumanniicompared with compouril, as well as returning a lower MIC than compo@th
in most cases. Compou@d was found to be bactericidal, andiarvivo studyshowed positive
survival results whenompound®.5 was usedgainstAB5075in aG. mellonellanodel of
infection While the® resultsveremodestjt is important to note that justsingle dosevas

provided, and most antibiotics are dosed multiple timggyaFurthermore, AB5075 is a more
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virulent strain than most oth&: baumanniisolatest*which provides a higher bar whe
evaluating activity.
2.6 Experimental

All reagents used for chemical synthesis were purchased from commercially available
sources and used without further purification. Chromatography was performed using 60 A mesh
standard grade silica gel from SorbtedMR solvents were obtained from Cambridge Isotope
Laboratories and used as is. A NMR (300 or 400 MHz) an#C NMR (75,100, or 175
MHz) spectra were recorded at 25 AC on Varian
given in parts per millio relative to tetramethylsilane or the respective NMR solvent; coupling
constants (J) are in hertz (Hz). Abbreviations used are s, singlet; brs, broad singlet; d, doublet;
dd, doublet of doublets; t, triplet; dt, doublet of triplets; m, multiplet. Masstrsp@ere obtained
at the NCSU Department of Chemistry Mass Spectrometry Facility. Infrared spectra were
obtainedonanFT/IR 1 00 s pect rgxnkr § b\ebdomance (vas recorded on a
Genesys 10 scanni ng UVdaninm)iThd perities pféhe tested p h ot o me
compounds were all verified to be >95% by-MS analysis on a Shimadzu H@S 2020 with
Kinetex, 2.6 mm, C18 50 x 2.10 mm.
General Synthetic Procedure for 1,2,4riazoline-3-thiones(Compound£.1-3b, 2.4a-40): To
a solution é hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate
(0.291 g, 3 mmol) and the corresponding hydrazine (3 mmol). The desired ketone or aldehyde (3
mmol) was added to the solution dropwise. The reaction was allowed to stir imkHerdks h
atrt. The precipitate that formed was filtered using vacuum filtration and washed with water

four times. The precipitate was then recrystallized witrharaif to yieldthe desired prduct®
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5,5-diethyl-2-(pyridin -2-yl)-1,2,4triazolidine -3-thione (Compound.3c): To a solution of
hydrochlort acid (12 mL, 0.25 M, 3 mmol) was added potassium yhioate (0.291 g, 3 mmol)
and2-hydrazinopyridine (3 mmol). -Bentanone (3 mmol) was added to the solution dropwise.
The reaction was allowed to stir in the dark for 16 t.aT he oil that formedh solution was
extracted with DCM and the aqueous layer was removed. The organic layer was then washed
with a saturated solutions of sodium bicarbonate (2 x 25 mL) and brine (2 x 25 mL). The
organic layer was then dried with magnesium sulfate, filtered the solvent was removed

under reduced pressure. The product was then purified by flash chromatogr8phyeOH

sat. w/ NH/DCM) to yield 5,5-diethyt2-(pyridin-2-yl)-1,2,4triazolidine 3-thioneas a brown

oil.

General Synthetic Procedure forS-methylation of 1,2,4triazolidine -3-thiones (Compound

2.6a): To a solution of compoun®.5(0.32 g, 1.32 mmol) in methanol (25 mL) under nitrogen at
room temperature, methyl iodide (0.23 g, 1.59 mmol, 1.20 eq) was added dropwise to the
solution. The reactiowas allowed to stir overnight for 16 h at rt. The solvent was removed
under reduced pressure, and the crude solid was recrystallized with dichloromethanelto yield
(4-chlorophenyh3,3-dimethyt5-(methylthio)2,3-dihydro-1H-1,2,4triazoleas an offwhite

solid.

General Synthetic Procedure forS-benzylation of 1,2,4triazolidine -3-thiones (Compound

2.6b): To a solution of compoun2.5 (0.27 g, 1.12 mmol) in methanol (25 mL) under nitrogen

at room temperature, benzyl bromide (0.23 g, 1.34 mmol, 1.20 eq) was added dropwise to the
solution. The reaction was allowed to stir overnight for 16 h at room temperature. The solvent

was removedinder reduced pressure, and the crude solid was purified using flash column
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chromatography (:80% EtOAc/Hex) to yield-(benzylthio}1-(4-chlorophenyh3,3-dimethyt
2,3-dihydro-1H-1,2,4triazoleas a brown oil.

General Synthetic Procedure forS-alloc protection of 1,2,4triazolidine-3-thiones
(Compound.7): To a solution of compoun2.5 (2.07 mmol), DMAP (0.1 eq) and triethyl

amine (4.14 mmol) in THF (20 mL) under nitrogen at rt, allyl chloroformate (2.27 mmol) was
added dropwise. The reaction vel®wed to stir overnight for 16 h at room temperature. The
solution was extracted with dichloromethane (2 x 40 mL), and washed with 1N HCI (35 mL),
saturated NaHC€(35 mL), and brine (35 mL), dried (Mg@f2and concentrated under reduced
pressure. Theesidue was purified using flash column chromatograpf0 EtOAc/Hex) to
yield O-allyl S-(2-(4-chlorophenyh5,5-dimethyt2,5-dihydro-1H-1,2,4triazol3-yl)
carbonothioat@s an oranghite solid.

General Synthetic Procedure forN-1 alkylation of S-alloc protected 1,2,4riazolidine -3-
thiones(Compound®.8a-b): To a solution of compoun®.7 (1.31 mmol) in DMF (12 mL) at 0

°C under nitrogen was added sodium hydride (1.44 mmol) and the mixture was allowed to stir
for 10 minutes. The desired alkyl halide44 mmol) was added dropwise and the reaction was
allowed to stir for 4 h warming to rt. The reaction was then quenched with water (15 mL) and
extracted with ethyl acetate (3 x 20 mL). The combined organic layers were then washed with
1IN HCI (1 x 20 nb), brine (2 x 20 mL), driedMigSQs), and concentrated under reduced
pressure. The residue was then purified using flash column chromatogralBs (5

EtOAc/Hex) to yield the desired produzBab.

General Synthetic Procedure for theS-alloc deprotectionof N-1 alkylated 1,2,4triazoidine-
3-thiones(Compound®.9a-c): To a solution of alloc protected intermediate compa2udaor

2.8b(0.31 mmol) in EtOH (10 mL) at°@ under nitrogen was added
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tetrakis(triphenylphosphine)palladium (0) (0.001 mmol) sodium borohydride (0.63 mmol).

After 1 hour, the reaction was acidified to pH-3.bising 12 N HCI, and the reaction was

allowed to stir for 4 h. After completion, the reaction was extracted with 1:1 EtOAC/Hex (2 x 20
mL). The combined organic layerewme washed with water (20 mL), saturated Nak@0

mL), brine (20 mL), dried (MgS£) and concentrated under reduced pressure. The residue was
then purified using flash chromatography{@%% EtOAc/Hex) to the desired prod@c9aor

2.9h.16

General Synthetic Procedure for 1,2,4riazoline-3-thione (Compound2.10): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) whls(4-chlorophenyl)hydrazinecarbothio#e (3
mmol). Acetone(3 mmol) was added to the solution dropwise. The reaction was allowed to stir
in the dark for 16 hours at The precipitate that formed was filtered using vacuum filtration

and washed with water four times. The precipitate Wwas tecrystallized with ntieanof to

yield 4-(4-chlorophenyl5,5-dimethyt1,2,4triazolidine 3-thione2.10as a white slid.®

O\NJNH

Previously Reported Compound&?®

™
5-Ethyl-5-methyl-2-phenyl-1,2,4triazoli dine-3-thione (2.1): To a solution of hydrochloric
acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl
hydrazine (3 mmol). -butanone (3 mmol) was added to the solution dropwi$e reaction
was allowed to stir inhe dark for 16 h at. The precipitate that formed was filtered using
vacuum filtration and washed with wafeur times. The precipitate was then recrystallized with

methanol to yield fthyl-5-methyt2-phenytl,2,4triazolidine 3-thione as a whit@range solid
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(m. p = 11%NKRA00BIMz2%DCE) U 7J=9.8Hz(28), 7.81 (brs, 1H),

7.36 (t,J = 7.6 Hz, 2H), 7.17 (tJ = 7.6 Hz, 2H), 4.99 (s, 1H), 1.77 (@ = 7.6 Hz, 2H), 1.46 (s,

3H), 1.02(t, J = 7.6, 3H) ppm{3C NMR (100 MHz,CDG))ti 117 . 0, 1391223, 128. 4
77.8, 31.8, 28.3, 8.3 ppm; Maax (ci?) 3155, 2966, 1492, 1386; HRMS (ESI) calcd for

C11H1sN3S [M+H]* 222.1059, found 222.1055

QW
5,5-Dimethyl-2-phenyl-1,2,4triazolidine -3-thione (2.28): To a solution of hydrochloric acid

(12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl

hydrazine (3 mmol). Acetone (3 mmol) was added to the solution dropWigereaction was

allowed to stir in the dark for 16 ht The precipitate that formed was filtered using vacuum

filtration and washed with watéour times. The precipitate was then recrystallized with

methanol to yield 5/8limethyl2-phenyt1,2,4triazolidine 3-thione as a whitgellowish solid

(m. p €, 609%)H NMR (400 MHz,CDC4) & 8. 05 ( bl=s8BA4AHzl2),, 7. 92
7.35 (t,J = 8.4Hz, 2H), 7.17 (tJ = 7.2Hz, 1H), 5.14 (s, 1H), 1.47 (s, 6H) ppMC NMR (100

MHz,CDCk) U4 177. 5, 139. 2, 128 . 5Vmna(&n?h53159,2967, 2 2 . 4, 7

1499, 1384, 740; HRMS (ESI) calcd forgH13N3S [M+H]* 208.0903, found 208.0903
AL
N™ “NH
HNW
5-1sopropyl-5-methyl-2-phenyl-1,2,4triazolidine -3-thione (2.2b): To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) wadded potassium thiocyanate (0.291 g, 3 mmol)
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and phenyl hydrazine (3 mmol)-m3ethyl2-butanone (3 mmol) was added to the solution
dropwise. The reaction was allowed to stir in the dark for 16 ti.aT he precipitate that formed
was filtered using vaum filtration and washed with watieur times. The precipitate was then
recrystallized with methanol to yieldiSopropyt5-methyt2-phenyt1,2,4triazolidine 3-thione
asawhiteor ange solid ( WNMR@OOMBAZCDESL, U4 GIs6P.6Hz,( t ,
2H, 7.84 (brs, 1H), 7.3@, J = 7.6 Hz, 2H)7.17 (t,J = 7.2 Hz, 1H), 4.94 (s, 1H), 1.99 (nd =
6.8Hz, 1H), 1.41 (s, 3H), 1.01 (d,= 6.8Hz, 6H) ppm;3C NMR (100 MHz, DMSQds) i
175.4, 140.1, 127.9, 123.8, 121.0, 78.7, 36.0, 19.7, 17.0, 16.6 ppauxiemM™) 3150, 2961,
1498, 1380, 745; HRMS (ESI) calcd forH17NsS [M+H]* 236.1216, found 236.1215
QW
’\\IJ(NH
HN\I<H
5-Methyl-2-phenyl-1,2,4triazolidine -3-thione (2.2d): To a solution of hydrochloric acid (12
mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine
(3 mmol). Acetaldehyde (3 mmol) was added to the solution dropvise reaction was
allowed to stir in the dérfor 16 h att. The precipitate that formed was filtered using vacuum
filtration and washed with watéour times. The precipitate was then recrystallized with
methanol to yield Bnethyl2-phenytl,2,4triazolidine 3-thione as a white solid (m.p = 182C ,
52%)."H NMR (300 MHz, DMSQGds) & 10.51 (s, 1H)X=8118z, 209 (s,

7.03 (d,J = 6.3Hz, 3H), 5.10 (d,J = 5.1Hz, 1H) ppm, 1.35 (d] = 5.7 Hz, 3H) ppm;:3C NMR

(75MHz,DMSOGdsg) U 177.3, 151.0, 129. 0vmx(@n®)3100,, 115.

2974, 1603, 693; HRMS (ESI) calcd fostiiNsS [M+H]* 194.0746, found 194.0745
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QW
'\\IJ(NH
"N

5,5Diethyl-2-phenyl-1,2,4triazolidine -3-thione (2.29: To a sol@ion of hydrochloric acid (12
mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine
(3 mmol). 3pentanone (3 mmol) was added to the solution dropwike.reaction was allowed
to stir in the dark for 16 h at. Theprecipitate that formed was filtered using vacuum filtration
and washed with watdéour times. The precipitate was then recrystallized with methanol to yield
5,5-diethyk2-phenyt1,2 4triazolidine3t hi one a white soPFHNMR(m.p = 1
(400MHz, CDCk) 8.48 (s, 1H), 7.94 (dl = 8.0 Hz, 2H), 7.31 (tJ = 8.0 Hz, 2H), 7.11 (tJ =
7.2Hz, 1H), 4.99 (s, 1H), 1.76.62 (m, 4H), 0.94 (t] = 7.6 Hz, 6H) ppm;'*C NMR (100
MHzCDCk) &4 176.3, 139.1, 128. 3, Vh2&Gn)3157,2984L . 1, 8
1492, 1384, 748; HRMS (ESI) calcd forA:7NsS [M+H]* 236.1216, found 236.1210
L, 1

'\\IJ(NH

HN\,S

H

5-Ethyl-2-phenyl-1,2,4triazolidine -3-thione (2.29): To a solution of hydrochloric acid (12 mL,
0.25 M, 3 mmol) was addgmbtassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine (3
mmol). Priopionaldehyde (3 mmol) was added to the solution dropwWisereaction was
allowed to stir in the dark for 16 hdt The precipitate that formed was filtered using vacuum
filt ration and washed with watyur times. The precipitate was then recrystallized with
methanol to yield fethyl2-phenyt1,2,4triazolidine 3-thione whiteyellowish solid (m.p = 114

e C, AFBNIMR (400 MHz,CDC¥) U 7 J$9&H6HE, d.2Hz, 2H), 751 (brs, 1H), 7.36
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(t, J = 7.2Hz, 2H), 7.18 (tJ = 7.2Hz, 1H), 5.18 (brs, 1H), 4.74.68 (m, 1H), 1.78..67 (m,
2H), 1.02 (t,J = 7.2Hz, 3H) ppm;*C NMR (100 MHz, DMSGds) U 176. 4, 139.
121.3, 71.8, 27.0, 8.5 ppm; MRax (cm?) 3109,2971, 1599, 687; HRMS (ESI) calcd for

C10H13N3S [M+H]* 208.0903, found 208.0900

@L s
'\\IJ(NH
HN\/i

5-M ethyl-2-phenyl-5-propyl-1,2,4triazolidine -3-thione (2.2h): To a solution of hydrochloric

acid (12 mL, 0.25 M, 3 mmol) was added potassibiocyanate (0.291 g, 3 mmol) and phenyl

hydrazine (3 mmol). -pentanone (3 mmol) was added to the solution dropwike.reaction

was allowed to stir in the dark for 16 hrat The precipitate that formed was filtered using

vacuum filtration and waskd with water foutimes. The precipitate was then recrystallized with

methanol to yield Bnethyl2-phenyt5-propyl-1,2,4triazolidine 3-thione as a white solid (m.p =

108 e CHNBIB @O0 MHz, CDCY) U -7P4 (8,2H), 7.43 (brs, 1H), 7.37 Jt= 7.5

Hz, 2H), 7.18 (tJ = 7.5Hz, 1H), 4.94 (brs, 1H), 1.78.69 (m, 2H), 1.54..43 (m, 5H), 0.96 (t]

= 7.2Hz, 3H) ppm;**C NMR (100 MHz, CBOD) & 178. 2, 141.1, 129.

42.6, 23.6, 18.1, 14.7 ppm; WRax (cml) 3155, 2962, 1491,386, 750; HRMS (ESI) calcd for

C12H17N3S [M+H]* 236.1216 1361213found.
QW
N “NH
HN
n
2-Phenyl-5-propyl-1,2,4triazolidine -3-thione (2.2k): To a solution of hydrochloric acid (12

mL, 0.25 M, 3 mmol) was added potassium thiocyana9(0g, 3 mmol) and phenyl hydrazine
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(3 mmol). Butyraldehyde(3 mmol) was added to the solution dropwise.reaction was

allowed to stir in the dark for 16 hdt The precipitate that formed was filtered using vacuum

filtration and washed with watéour times. The precipitate was then recrystallized with

methanol to yield phenyts5-propytl,2,4triazolidine3t hi one as a white soli
50%). 'H NMR (300 MHz, DMSQGdes) & 10. 49 (s, 1H)xE72t28)6 (s, 1F
7.00 (m, 3H)4.96 (s, 1H), 1.60.44 (m, 4H), 0.95 (8 = 6.6 Hz, 3H)ppm;3C NMR (100 MHz,

DMSOds) U 177. 5, 151. 6, 129. 1, 12 Mmadgcm?) 31125 . 9, 8 2

2978, 1592, 683; HRMS (ESI) calcd foriH1sN3S [M+H]" 222.1059, found 222.1053
A

N™ "NH

O

2-Phenyl-1,2,4triazaspiro[4.5]decane3-thione (2.2n): To a solution of hydrochloric acid (12

mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine

(3 mmol). Cyclohexanone (3 mmoljaw added to the solution dropwisEhe reaction was

allowed to stir in the dark for 16 hdt The precipitate that formed was filtered using vacuum

filtration and washed with water fotimes. The precipitate was then recrystallized with

methanol to ield 2-phenyt1,2 4triazaspiro[4.5]decan8-thione as a whitérownish solid (m.p

= 141 e'@NMR5(20%)Hz,CDCY) U 7. 98 (787 (s, 2H)L AT .29 (M,. 9 4

2H), 7.227.15 (m, 1H), 4.92 (s, 1H), 1.81.77 (m, 4H), 1.68.63 (m, 4H), 1.46t(J = 5.2Hz,

2H) ppm;*3C NMR (100 MHz, DMSGds) & 176. 1, 140.4, 127.9, 124
22.1 ppm; IRvimax (cm?) 3165, 2964, 1510, 1386, 739; HRMS (ESI) calcd foHNsS

[M+H]* 248.1216, found 248.1212
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Novel Compound Characterization

QW
N/U\NH
HN

5-Methyl-2,5-diphenyl-1,2,4triazolidine -3-thione (2.29: To a solution of hydrochloric acid

(12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl
hydrazine (3 mmol). Acetophenone(3 mmol) was added to the solution drogiseeaction
was allowed to stir in the dark for 1@hrt. The precipitate that formed was filtered using
vacuum filtration and washed with wafeur times. The precipitate was then recrystallized with
methanol to yield Bnethyl2,5-diphenyt1,2,4triazolidine 3-thione as a white@range solid (m.p

= 120e (B4%).'H NMR (300 MHz, CDC}) U -7B9 (8,2H), 7.5&7.39 (m, 5H), 7.33.29

(m, 2H), 7.046.99 (m, 1H), 2.25 (s, 3H) ppr®C NMR (100 MHz, CDG)) & 145. 3, 141 .
139.1, 129.3, 128.3, 127.9, 125.5, 120.2, 113.2, 11.8 ppmiakRen?) 3159, 29651492,

1382, 749HRMS (ESI) calcd for @GH1sN3S[M+H]™ 270.1059, found 270.1056.
QW

N™ “NH

H%/

5-Ethyl-5-isopropyl-2-phenyl-1,2,4triazolidine -3-thione (2.2f): To a solution of hydrochloric

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl
hydrazine (3 mmol). -Pnethyl3-pentanone (3 mmol) was added to the solution dropwike.
reaction was allowed to stir in the dddk 16 h atrt. The precipitate that formed was filtered

using vacuum filtration and washed with wdtaur times. The precipitate was then

recrystallized with methanol to yield&hyt5-isopropyt2-phenytl,2,4triazolidine- 3-thione as
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ayellowishsoil (m. p = 1'RANMR(4ADOMHEE®JL). U 8. 42 (brXs, 1H)
= 8.4Hz, 2H), 7.36(tJ = 8.4Hz, 2H),7.16 (t,J = 6.4 Hz, 1H), 2.01 (mJ = 7.2Hz, 1H), 1.78

(m,J = 7.2Hz, 2H), 1.01 (tJ = 7.2Hz, 9H) ppm;}3C NMR (100 MHz, DMSQds) i@ 7 5 .

140.0, 127.8, 123.7, 120.9, 80.8, 34.9, 27.4, 16.6, 16.4, 7.6 ppmadRm?) 3162, 29509,

1500, 1393, 74684RMS (ESI) calcd for @H1oNsS [M+H]* 250.1372 found240.1368
QW
N™ °NH
H“/‘/\/V

5-Ethyl-2-phenyl-5-propyl-1,2,4triazolidine -3-thione (2.2i): To a solution of hydrochloric

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl
hydrazine (3 mmol). -Bexanone (3 mmol) was added to the solution dropwibe. reaction

was allowed to stir in the dark for 16 hrat The precipitate that formed was filtered using

vacuum filtration and washed with wafeur times. The precipitate was then recrystallized with
methanol to yield fthyl-2-phenyt5-propyt1,2 4-triazolidine 3-thione as a white solid (m.p =

127 eCHNBIB@WOMHz,CDCY) G 8. 30 ( bX=s7,6HzI2H) 7.32&(dJ94 ( d,
= 7.6Hz, 2H), 7.133 (t] = 6.8 Hz, 1H), 4.95 (s, 1H), 1.78.58 (m, 4H), 1.48.32 (m, 2H),

1.01-:0.82 (m, 6H) pm; 3C NMR (100 MHz, DMSGds) G 175. 7, 140.1, 127.

{e)

78.6, 38.8, 29.6, 16.2, 14.3, 7.7 paR Vmax (cmil) 3158, 2970, 1489, 1390, 739RMS (ESI)

calcd for GsH19N3S [M+H]*™ 250.1372, found 250.1366
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2-Phenyl-5,5-dipropyl -1,2,4triazolidine -3-thione (2.2j): To a solution of hydrochloric acid (12

mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine

(3 mmol). 4heptanone (3 mmol) was added to the solution dropwike.reaction was allowed

to stir in the dark for 16 h at. The precipitate that formed was filtered using vacuum filtration

and washed with watdéour times. The precipitate was then recrystallized with methanol to yield
2-phenyt5,5-dipropyk1,2,4triazolidine-3-t hi one as a white $HNMRd (m.p
(300 MHz,CDCt) U -7B349n8 2H), 7.82 (brs, 1H), 7.37 {t= 7.5Hz, 2H), 7.267.15 (m,

1H), 4.75 (brs, 1H), 1.74.66 (m, 4H), 1.5@..40 (m, 4H), 0.95 (1) = 6.9 Hz, 6H); ppm;*C

NMR (100 MHz, CROD) a 177. 7, 141. 1, 129. 1, 1lIR 6. 3, 12.

Vimax (CTY) 3150, 2963, 1491, 1382, 7HRMS (ESI) calcd for @H21NsS [M+H]* 264.1529,

found 264.1524

2,5Diphenyl-1,2,4triazolidine -3-thione (2.2l): To a solution of hydrochloric acid (12 mL, 0.25
M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine (3
mmol). Benzaldehyd€¢3 mmol) was added to the solution dropwiSdéwe reaction was allowed
to stir in the dark for 16 h & The precipitate that formed was filtered using vacuum filtration

and washed with watdéour times. The precipitate was then recrystallized with methanol to yield
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5-methyt2,5-diphenytl,2,4triazolidine3-thione as a whitbrownsolid (m.p =140 &®4).

IH NMR (300 MHz, DMSQds) @ 10.39 (s, 1H), 7.69 (s, 1H),
(m, 3H), 7.23 (d, 2H), 6.78 (t, 1H)pm;3C NMR (100 MHz, DMSQds) 145.5, 136.6, 136.1,

129.3, 128, 128.1, 125.8, 118.9, 1120pm; IRVmax(cm') 3157, 1487, 137(0/49;HRMS

(ESI) calcd forC14H13N3S [M+H]* 256.0903, found 256.0897.

A
2-Phenyl-1,2,4triazaspiro[4.4]Jnonane-3-thione (2.2m): To a solution of hydrochloric acid (12

mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and phenyl hydrazine

(3 mmol). Cyclopentanone (3 mmol) was added to the solution dropWeereaction was

allowed to stir in the dark for 6 atrt. The precipitate that formed was filtered using vacuum

filtration and washed with watéour times. The precipitate was then recrystallized with

methanol to yield 2bhenytl1,2 4triazaspiro[4.4lnonanr8-t hi one as a pink solic
70%) 'HNMR (400 MHz,CDC§) U 8. 05 ( bI=s80HZ2H), 7.36 #1=88 ( d,

Hz, 2H), 7.17 (tJ = 6.0 Hz, 1H), 5.07 (brs, 1H), 1.96.81 (m, 4H), 1.76..69 (m, 4H)pm;13C

NMR (100 MHz, DMSQds) & 176. 3, 140.0, 122290mIRUmkx4. 0, 12
(cm?) 3158, 2970, 1507, 1381, 732RMS (ESI) calcd for ©H1sNsS [M+H]* 234.1059, found

234.1058
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2-Benzyl5,5-diethyl-1,2,4triazolidine -3-thione (2.38): To a solution of hydrochloric acid (12

mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and benzyl hydrazine

hydrochloride (3 mmol). -pentanone (3 mmol) was added to the solution dropwike.

reaction was allowed to stir in tldark for 16 h att. The precipitate that formed was filtered

using vacuum filtration and washed with wdtaur times. The precipitate was then

recrystallized with methanol to yieldii#enzyt5,5diethyl1,2,4triazolidine 3-thione as a white

solid(m.p= 118 e'BNMRY(MOYHz, CDCY) U -780 (#h,15H), 7.10 (brs, 1H),

1.681.54 (m, 4H), 0.87 () = 7.6, 6H) ppmI3C NMR (100 MHz, DMSGds) & 177. 6, 137

128.2,127.9, 127.2, 79.3, 50.3, 28.9, 7.6 piRnmax (cnl) 3223, 2967, 1469, 1421, 735;

HRMS (ESI) calcd for @H19N3S [M+H]" 250.1372, found 250.1367

O
'\\IJ(NH

)

2-Cyclohexyl5,5-diethyl-1,2,4triazolidine -3-thione (2.3b): To a solution of hydrochloric acid

(12 mL, 0.25 M, 3 mmol) was add@otassium thiocyanate (0.291 g, 3 mmol) and cyclohexyl

hydrazine hydrochloride (3 mmol).-f&ntanone (3 mmol) was @ed to the solution dropwise.

The reaction was allowed to stir in the dark for 16 H.aThe precipitate that formed was

filtered usng vacuum firation and washed with water fotimes. The precipitate was then

recrystallized with methanol to yield@/clohexyt5,5diethyl1,2,4triazolidine 3-thione as a

white solid ( nHRMR{400NH2, CBE), B-@84)®,7LH), D7 (s, 1H),
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1.79 (d,J = 10.8Hz, 4H), 1.721.48 (m, 6H), 1.4€L.14 (m, 4H), 1.12.06 (m, 2H), 0.90 (1] =
7.6Hz, 6H); 3 C NMR (100MHz,CDG) U 176.7, 80.5, 55 IR 29. 5,
(cm}) 3211, 2927, 1476, 1148RMS (ESI) calcd foCi2H2aNsS [M+H]* 242.1686, found

242.1679

5,5-Diethyl-2-(pyridin -2-yl)-1,2,4triazolidine -3-thione (2.39: To a solution of hydrochloric

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 2
hydrazinopyridine (3 mmol). -Bentanone (3 mmol) was added to the solution dropwike.

reaction was allowed to stir in the dark for 16 IntatThe oil that formed was extracted with
dichloromethane and washed with brine (25 mL), saturated sddaarbonate (25 mL), and

finally brine (25 mL) . The organic layer was then dried over magnesium sulfate, and the solvent
was removed under reduced pressure. The crude mixture was purified using flash

chromatography (B% MeOH sat. with N6EIDCM) to yield5,5diethyt2-(pyridin-2-yl)-1,2,4

triazolidine 3-thione as a brown oil (109 NMR (400 MHz, CDC}) U -884 (6, 7LH),

7.88 (brs, 1H), 7.52 (td, = 6.0 Hz, 0.3 Hz1H), 7.23 (d,) = 7.5Hz, 1H), 6.696.65 (M, 1H),

2.28 (sext) = 7.5Hz, 4H), 1.12 (gJ = 7.5Hz, 6H) ppm;*C NMR (100 MHz,CDC}) & 157 . 7,
153. 9, 146. 9, 138. 1, 115. 1, max@)B254R, Vimaxde?) 7, 21. 9
3341, 2974, 1599, 1441, 764dRMS (ESI) calcd for GH1eN4S [M-H] 235.1023, found

235.1013.
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2-(4-Chlorophenyl)-5,5-diethyl-1,2,4triazolidine -3-thione (2.48): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 4chlorophenylhydrazine hydrochloride (3 mmol}p&ntanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stirtime dark for 16 h at. The precipitate that
formed was filtered using vacuum filtration and washed with wWaterttimes. The precipitate
was then recrystallized with methanol to yield2chloropheny)5,5-diethyt1,2,4triazolidine
3-thioneasawhebr owni sh sol i d {HNMR@GOMHLCGDCRCU &3 BO. ( d
J =9.3Hz, 2H), 7.49 (brs, 1H), 7.32 (d,= 9.0 Hz, 2H), 1.74 (m, 4H), 1.00 (§, = 7.5Hz, 6H);
3CNMR (100MHz,CDG) G 176. 9, 137. 9, 130. 6,IRVka2 8. 5, 12

cm?) 3180, 2971, 1500, 1378, 818RMS (ESI) calcd for @H16CINsS [M+H]* 270.0826,
(

ROW

|
HN

found 270.0819

NH

2-(4-Bromophenyl)-5,5-diethyl-1,2,4triazolidine -3-thione (2.4b): To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 4bromophenylhydrazine hydrochloride (3 mmol}péntanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stir imetdark for 16 h at. The precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate

was then recrystallized with methanol to yiel@2bromophenyh5,5diethyt1,2,4triazolidine
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3-thioneasawhitb r own sol i d ( mHNMR(40D BHz, BMSQds) 5 3i%)9.. 44 (s
1H), 8.097.96 (m, 2H), 7.5&.44 (m, 2H), 6.59 (s, 1H), 1.6654 (m, 4H), 0.88 (1) = 7.2 Hz,
6H) ppm; *C NMR (100 MHz,DMSGd¢) © 175. 7, 139.5, 13@®.6, 122

PPN IR Vinax (cm?) 3180, 2973, 1501, 1379, 818RMS (ESI) calcd for €@H16BrNsS [M+H]*

I\<)\"\‘J2NH

5

5,5-Diethyl-2-(4-iodophenyl)-1,2,4triazolidine -3-thione (2.49: To a solution of hydrochloric

314.0321, found 314.314

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 4
iodophenylhydrazine (3 mmol).-@ntanone (3 mmol) was added to the solution dropwike.

reaction was allowed to stir in the dark forii&trt. The precipitate that formed was filtered

using vacuum filtration and washed with wdtaur times. The precipitate was then

recrystallized with methanol yield 5¢bethyl2-(4-iodophenylj1,2,4triazolidine 3-thione as a

white-orange solid(m.p 16 1 e& NMRH(B0®)Hz, DMSGds) U 9. 43 ( s, 1H)
J = 8.8Hz, 2H), 7.67 (d,J = 8.8Hz, 2H), 6.57 (s, 1H), 1.62.57 (m, 4H), 0.879 (t] = 7.2 Hz,

3H) ppm;33C NMR (100 MHz, DMSGds) &G 175.6, 140.0, 136.5, 122,
ppm IR Vmax (cnmi?) 3180, 2970, 1498, 1376, 811BRMS (ESI) calcd for ©Hi6IN3S [M+H]*

362.0182, found 362.0176
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5,5-Diethyl-2-(4-fluorophenyl)-1,2,4triazolidine -3-thione (2.4d): To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)

and 4fluorophenylhydrazine hydrochloride (3 mmol)-p8ntanone (3 mmol) was added to the

solution dropwise.The reaction was allowed to stirtime dark for 16 h at. The precipitate that

formed was filtered using vacuum filtration and washed with watertimes. The precipitate

was then recrystallized with methanol to yield-8i&thyl-2-(4-fluorophenyl}1,2,4triazolidine
3-thioneasawhie sol i d ( m. HNMR ®G8HZIOMSOH®)0 %) .9. 30 ( s,
7.99 (t,J = 8.8Hz, 2H), 7.17 (tJ = 8.8Hz, 2H), 6.57 (s, 1H), 1.62 (d,= 7.6 Hz, 4H), 0.89 (tJ

= 7.6Hz, 6H) ppm;**C NMR (100 MHz, DMSGds) & 176. 7, 135.,2151,124. 4,
80.3, 29.5, 8.0 ppniR Vmax (cmi?) 3178, 2972, 1498, 1382, 820RMS (ESI) calcd for

C12H16FN3S [M+H]" 254.1122, found 254.1118

k.

5,5-Diethyl-2-(2-fluorophenyl)-1,2,4triazolidine -3-thione (2.4€: To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 2fluorophenylhydrazine hydrochloride (3 mmol)-p8ntanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stirtime dark for 16 h at. The precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate

was then recrystallized with methanol to yield-8i&thyl-2-(2-fluorophenyl}1,2,4triazolidine
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3-thioneasawhie solid (m. HNMRB@®MHECDCYH 4T %)7. 91 (br s,
7.65 (m, 1H), 7.31 (m, 1H), 7.17 (m, 2H), 1.81 (hx; 7.5, 4H), 1.02 (] = 7.5, 6H) ppm<3C

NMR (100 MHz,DMSQGde) U 177 . 9, 158. 5, 156. 0, 129. 7, 12
116.4, 116.2, 80.8, 28.6, 7.7 pphR Vmax (cm?) 3157, 2969, 1490, 1405, 908, 76RMS (ESI)

calcd for GoH16FN3S [M+H]* 254.1122, found 254.1119

fe¥}
o

5,5-Diethyl-2-(3-fluorophenyl)-1,2,4triazolidine -3-thione (2.4f): To a solution of hydrochloric
acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 3
fluorophenylhydrazine hydrochloride (3 mmol)-p8ntanone (3 mmol) was added to the

solution dropwise.The reaction was allowed to sitirthe dark for 16 h at. The precipitate that
formed was filtered using vacuunttfation and washed with water fotimes. The precipitate

was then recrystallized with methanol to yield-8iéthyt2-(3-fluorophenyl}1,2,4triazolidine
3-thioneasavhi t e sol i d ( nmHNMR{400NH2, DM®Qds) 6 0 %P . 52 (s, 1
8.10:8.05 (m, 1H), 7.947.88 (m, 1H), 7.36 (q] = 6.8, 1H), 6.926.87 (m, 1H), 6.59 (s, 1H),

1.50 (g,J = 7.6, 4H), 0.89 (tJ = 8.0, 6H) ppm; 3C NMR (100 MHz, DMSGds) U 162.56,. 8 ,
160.2, 141.9, 141.8, 129.6, 129.5, 115.9, 110.0, 109.8, 107.0, 106.8, 79.1, 29.1,; TR \ppmM
(cml) 3179, 2968, 1585, 1481, 7MRMS (ESI) calcd for @HisFN3S [M+H]* 254.1122,

found 254.1116
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2-(2-Chlorophenyl)-5,5-diethyl-1,2,4triazolidine -3-thione (2.49: To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 2chlorophenylhydrazine hydrochloride (3 mmol}p&ntanone (3 mmol) was addedtie

solution dropwise.The reaction was allowed to stir in the dark for 16 t.aT he precipitate that
formed was filtered using vacuum filtration and washed with wWaterttimes. The precipitate

was then recrystallized with methanol to yielZ2chlorophenyl)5,5-diethyt1,2,4triazolidine

3t hione as a tan s &NMBAGMHpCDEY) 118 8eR9 FH%)s .

(dt, J= 6.4,2.0 Hz,1H), 7.48 (dt,) = 6.4,2.0 Hz,1H), 7.367.31 (m, 2H), 1.84.73 (m, 4H),

1

1.022 (tJ = 7.2, 6H)ppm;*C NMR (100 MHz, DMSQds) U 177.9, 137.0, 132

129.5, 127.5, 80.9, 28.0, 7.7 ppHR Vmax (cm?) 3156, 2971, 1488, 1402, 908, 76/IRMS (ESI)
calcd for GoH16CINsS [M+H]* 270.0826, found 270.0825

CI/<)\NJi

'\ NH
)
2-(3-Chlorophenyl)-5,5-diethyl-1,2,4triazolidine -3-thione (2.4h): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 3chlorophenylhydrazine hydrochloride (3 mmol}p&ntanone (3 mmol) was @l to the
solution dropwise.The reaction was allowed to stir in the dark for 16t.aiThe precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate

was then recrystallized with methanol to yield@32chlorophenyl5,5diethyl-1,2,4triazolidine
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3-thioneasawhitg el | ow sol i d ( H.NMR @00 MHA)DMSQds) 404-99)..5 8
9.45 (m, 1H), 8.28.16 (m, 1H), 8.07.99 (m, 1H), 7.377.27 (m, 1H), 7.1F.06 (m, 1H),

6.60(brs, 1H), 1.6A.54 (m, 4), 0.950.81 (m, 6H) ppm3C NMR (100 MHz, DMSGds) U

175.8, 141.5, 132.2, 129.5, 123.0, 119.7, 118.6, 79.1, 29.1, 7;aRpmux (cmt) 3180, 2966,

1587, 1483, 7704RMS (ESI) calcd for &H16CINsS [M+H]* 270.0826, found 270.0822

O

' NH
A

2-(3-Chloro-4-fluorophenyl)-5,5-diethyl-1,2,4triazolidine -3-thione (2.4i): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 3chloro-4-fluorophenylhydrazine3 mmol). 3pentanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stir in the dark for 16 H.aT he precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate
was thenecrystallized with methanol to yield(3-chloro-4-fluorophenyl}5,5diethyt1,2,4
triazolidine3-t hi one as a tan s dHNMR300MVHp CBCY) 1 A8 8e A,1 G QS
J=6.6 Hz,2.7Hz, 1H), 7.987.93 (m, 2H), 7.10 (t) = 8.7, 1H), 1.861.65 (m, 4H), 0.99 (t] =

7.5, 6H) ppm3C NMR (100 MHz, DMSGde) & 175.8, 154.6, 152. 1,

[EEN
P

118.4,118.2, 116.1, 115.9, 79.2, 29.1,3p60; IR Vmax (cmt) 3180, 2970, 1474, 1368, 974;

HRMS (ESI) calcd for ©HisCIFNsS [M+H]* 288.0732found 288.0726.
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2-(3,5-Difluorophenyl) -5,5-diethyl-1,2,4triazolidine -3-thione (2.4j): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 3,5difluorophenylhydrazine hydrochloride (3 mmol)-p8ntanone (3 mmol) was added to
the solution dropwiseThe reaction was allowed ttirsn the dark for 16 h at. The precipitate
that formed was filtered using vacuum filtration and washed with i@tetimes. The
precipitate was then recrystallized with methanol to yie{d,2-difluorophenyl}5,5-diethyt
1,2,4triazolidine3-thione as a whit e s ol NMR(400 MHz, DM3IQ@IB e C,

U 9. 76 (s ,J=12HMHz 2HY, 6.946.84 (md 1H), 6.62 (brs, 1H), 1.6654 (m, 4H),

0.88 (t,J =8.0 Hz 6H) ;1°C NMR (100 MHz,DMSGds) U 175.9, 163.0, 162.

142.6, 102.4, 102.1, 98.3, 98.0, 97.8, 79.2, 29.1, 7.6 [®™nax (cn?) 3180, 2971, 1627, 1457,
1121;HRMS (ESI) calcd for @H1sF2NsS [M+H]™ 272.1028, found 272.1021
pel
cl '\\IJ(NH
A
2-(3,4-Dichlorophenyl)-5,5diethyl-1,2,4triazolidine -3-thione (2.4K): To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 3,4dichlorophenylhydrazine hydrochloride (3 mmolxp&ntanone (3 mmol) was@eld to
the solution dropwiseThe reaction was allowed to stir in the dark for 16 h.athe precipitate
that formed was filtered using vacuum filtration and washed with i@tetimes. The

precipitate was then recrystallized with methanol to y2e{8,4-dichlorophenyh5,5diethyl
64
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1,2 4triazolidine3t hi one as an or ange HNMR @@ MHanCOLCY) = 120
0 8. 2=02.8(z 1H), 8.04 (dtJ=8.8,2.8,1H), 7.94 (brs, 1H),7.390 (dd= 8.8 Hz, 2.0 Hz,

1H), 4.91 (s, 1H), 1.83.65 (m, 4H), 0.99 (t) = 7.2Hz, 6H) ppm::*C NMR (100 MHz, CDCJ)

U 176.9, 138.8, 132.1, 129. 9.,IRVAA@H)3176,29212. 7, 1

1476, 1370, 97&1RMS (ESI) calcd for ©HisCI2N3S [M+H]* 304.0437, found 304.0431.

5,5-Diethyl-2-(4-isopropylphenyl)-1,2,4triazolidine -3-thione (2.4l): To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)

and 4isopropylphenylhydrazine hydrochlorig®@ mmol). 3pentanone (3 mmol) was added to

the solution dropwiseThe reaction was allowed to stir in the dark for 16 ft.aThe precipitate

that formed was filtered using vacuum filtration and washed with i@tetimes. The

precipitate was therecrystallized with methanol to yield 5¢hethyt2-(4-isopropylphenyh
1,2,4triazolidine3t hi one as a white $HNMR@OOMHKz PDCY¥ 1i52 eC
8.02 (s, 1H), 7.84.82 (dd,J=5.1 Hz, 1.2 Hz2H), 7.237.21 (dd J= 5.1 Hz, 1.2 Hz2H), 2.90

(sep,J = 7.2Hz, 1H), 1.831.68 (m, 4H), 1.24 (d] = 7.2Hz, 6H), 1.00 (tJ = 7.6 Hz, 6H) ppm;

13C NMR (100 MHz, CDG))ii 176 . 4, 146. 4, 136. 8, 126. 34, 122
IR Vmax (cni?) 3183, 2959, 1511, 1397, 83ARMS (ES) calcd for GsH2aNsS [M+H]*

278.1686, found 278.1680
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5,5-Diethyl-2-(4-nitrophenyl) -1,2,4triazolidine -3-thione (2.4m): To a solution of hydrochloric

O,N
\©\ S
NJ(NH
H

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 4
nitrophenylhydrazine hydrochloride (3 mmol)-p8ntanone (3 mmol) was added to the solution
dropwise. The reaction was allowed to stir the dark for 16 h at. The precipitate that formed
was filtered using vacuum filtration and washed with whder times. The precipitate was then
recrystallized with methanol to yield 5¢hethyt2-(4-nitrophenyl}1,2,4triazolidine 3-thione as
abi ght vyell ow sol i NWR(400MHEz CDE & C8J=0214a] d,

2H), 7.76 (s, 1H), 7.06 (d,= 9.2Hz, 2H), 2.412.24 (m, 4H), 1.24..07 (m, 6H) ppm'C NMR

(100 MHz, CDCHi 156.5, 150.9, 139.5, pp@6Rvacmy 11 .

3330, 2975, 1599, 1310, 848RMS (ESI) calcd for ©@H16N4O.S [M+H]* 281.1067, found

NG
| QW
N™ “NH
"

4-(3,3-Diethyl-5-thioxo-1,2,4triazolidin -1-yl)benzonitrile (2.4n): To a solution of

281.1061.

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)

and 4cyanophenylhydrazine hydrochloride (3 mmol}peéhtanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stir imetdark for 16 h at. The precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate

was then recrystallized with methanol to yield343-diethyt5-thioxo-1,2,4triazolidin-1-
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yl)benzonitrleasawkéb r own sol i d ( mHNNMR (40D BHz, BMSQds) 5 81%) .
9.80 (s, 1H), 8.39 (dl = 7.2Hz, 2H), 7.78 (dJ = 7.2Hz, 2H), 6.68 (s, 1H), 1.63.58 (M, 4H),

0.88 (dd,J= 7.6 Hz,5.6 Hz, 6H) ppm;:3C NMR (100 MHz, DMSQde)li 176. 0, 144 . 0,
119.4, 119.1, 104.6, 79.2, 29.1, 7.6 ppRivmax (cm™®) 3180, 2935, 2222, 1504, 1370, 822;

HRMS (ESI) calcd for @HisNsS [M+H]* 261.1168, found 261.1164

RO

' NH

A
5,5-Diethyl-2-(4-(trifluoromethyl)phenyl) -1,2,4triazolidine-3-thione(2.49: To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 4(trifluoromethyl)phenylhydrazine (3 mmol).-fgntanone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stir in the dark for 16 H.aT he precipitate that
formed was filtered using vacuum filtration and washed with wWatertimes. The precipitate
was then recrystallized with methanol to yield-8iéthyt2-(4-(trifluoromethyl)phenyl)-1,2,4
triazolidine3-t hi one as an or ange HNMR 4@ MHanDMSQds) 16 7 e C,
9.67 (s, 1H), 8.36 (d} = 8.4Hz, 2H), 7.70 (d,) = 8.4Hz, 2H), 6.66 (s, 1H), 1.65 (d,= 7.2Hz,
4H), 0.89 (tJ = 7.2Hz, 6H) ppm;}3C NMR (100MHz, DMSO-dg)ti 176 . 1, 143.6, 12
123.3,123.1, 123.0, 119.7, 79.2, 29.1, 7.6 piftmax (cm!) 3184, 2935, 1488, 1327, 1121,

830;HRMS (ESI) calcd for @H16F3N3S [M+H]* 304.1090, found 304.1084
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Cl

2-(4-Chlorophenyl)-5,5-dimethyl-1,2,4triazolidine -3-thione (2.5): To a solution of

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol)
and 4chlorophenylhydrazine hydrochloride (3 mmol). Acetone (3 mmol) was added to the
solution dropwise.The reaction was allowed to stir in the dark for 16 H.aT he precipitate that
formed was filtered using vacuum filtration and washed with watertimes. The precipitate

was then recrystallized with methanol to yield2chlorophenyl}5,5-dimethyt1,2,4
triazolidine-3-thione as a whitérown solid (m.p 260e C, 4H/NMR (300 MHz, CDC}) U
9.38 (s, 1H), 8.04 (dd,= 5.1 Hz,1.2Hz, 2H), 7.39 (ddJ = 5.1 Hz,1.2Hz, 2H), 1.34 (s, 6H)

ppm;3C NMR (100 MHz, DMSQds) 176.3, 139.1, 127.8, 127.7, 122.4, 74.1, 24.9;dPm

Vmax (cmY) 3178, 2974, 1505, 1375, 813RMS (ESI) calcd for @H12CIN3S [M+H]* 242.0513,

found 242.0511.

Cl
[ OWe
"\‘/QN
HN\IQ

1-(4-Chlorophenyl)-3,3-dimethyl-5-(methylthio)-2,3-dihydro-1H-1,2,4triazole (2.63: To a
solution of compoun@.5(0.32 g, 1.32 mmol) in methanol (25 mL) under nitrogen at room
temperature, methyl iodide (0.23 g, 1.59 mmol, 1.20 eq) was added dropwise to the solution.
The reaction was allowed to stir overnight for 16 h at rt. The solvent was removed under

reduced pessure, and the crude solid was recrystallized with dichloromethane ta-yild

chloropheny3,3-dimethyl5-(methylthio)2,3-dihydro-1H-1,2,4triazoleas an offwhite solid
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(m. p = 265% NMR(300 Bz, CROD)  U-7.55 (06 4H), 2.77 (s, 3HL.67 (S,
6H) ppm 3C NMR (100 MHz, DMSGds) U 165. 2, 134.6, 133.2, 129
PPN IR Vinax (cm?) 3101, 2965, 2323, 1504, 744RMS (ESI) calcd foC11H14CINSS [M+H]*

256.0670, found 256.0670

Q-

Qb

HN
5-(Benzylthio)-1-(4-chlorophenyl)-3,3-dimethyl-2,3-dihydro-1H-1,2,4triazole (2.6b): To a
solution of compoun@.5(0.27 g, 1.12 mmol) in methanol (25 mL) under nitrogen at room
temperature, benzyl bromide (0.23 g, 1.34 mmol, 1.20 eq) was added dropwissdiatibe.

The reaction was allowed to stir overnight for 16 h at rt. The solvent was removed under
reduced pressure, and the crude solid was purified using flash column chromatograbf (10
EtOAc/Hex) to yields-(benzylthio}1-(4-chloropheny3,3-dimethyt2,3-dihydro-1H-1,2,4
triazoleas a brown solidn. p = 75%)2'H MR, (400 MHz, CDC§) U -780 (51,0H),
4.33 (s, 2H), 1.45 (s, 6H) ppfC NMR (100 MHz, DMSGds) © 161 . 0, 153. 4, 13

129.1, 128.9, 128.5, 127.9, 125.4, 80.5, 36.8) @Pm; IR vmax (cnT?) 3087, 2970, 1489, 1010,

697;HRMS (ESI) calcd for §&H1eCINsS [M+H]* 332.0983, found 332.0985

0
Cl
QL
O-Allyl S-(2-(4-chlorophenyl)-5,5dimethyl-2,5dihydro-1H-1,2,4triazol -3-yl)

carbonothioate(2.7): To a solution of compoun2.5(0.5 g, 2.07 mmol), DMAP (0.026 g, 0.1

eq) and triethyl amine (0.419 g, 4.14 mmol, 2 eq) in THF (20 mL) under nitrogen at room
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temperature, allyl chloroformate (0.27 g, 2.27 mmol, 1.1 eq) was added dropwise. The reaction
wasallowed to stir overnight for 16 h at rt. The solution was extracted with dichloromethane (2

x 40 mL), and washed with 1N HCI (35 mL), saturated Nakl(35 mL), and brine (35 mL),

dried (MgSQ) and concentrated under reduced pressure. The residue wiasl using flash

column chromatography {80% EtOAc/Hex) to yiel®D-allyl S-(2-(4-chlorophenyh5,5
dimethyt2,5-dihydro-1H-1,2,4triazol3-yl) carbonothioat@s an orangevhite solid (m.p = 95

e C,%).2HONMR (300 MHz, CDC#) T 7J.=8.8 Hz(2#), 7.31 (d,) = 9.0 Hz, 2H),
6.005.90(m, 1H), 5.40 (ddJ=17.4Hz, 1.5Hz, 1H), 5.30 (ddJ=17.4 Hz,1.5Hz, 1H), 4.72 (d,)

= 5.7Hz, 2H), 1.64 (s, 6H) ppnt3C NMR (100 MHz, DMSGds) U 173.5, 150. 6,
131.6, 130.9, 128.1, 124.9, 119.4, 787.3, 23.2 ppmIR Vmax (cm'™) 3175, 2988, 1714, 1301,

708;HRMS (ESI) calcd for &H16CIN3O2S [M+H]* 326.0743, found 326.0726

o]

RS aas
O-Allyl S-(2-(4-chlorophenyl)-1,5,5trimethyl -2,5-dihydro-1H-1,2,4triazol -3-yl)
carbonothioate (2.89): To a solution of compoun?.7(0.426 g, 1.31 mmol) in DMF (12 mL) at
0° C under nitrogen was added sodium hydride (0.057 g, 1.44 mmol, 1.1 eq) and the mixture was
allowed to stir for 10 minutes. Methyl iodide (0.204 g, 1.43 mmalget)) was added dropwise
and the reaction was allowed to stir for 4 h warming to rt. The reaction was then quenched with
water (15 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic layers were
then washed with 1N HCI (1 x 20 mL), be (2 x 20 mL), driedMgSQs), and concentrated

under reduced pressure. The residue was then purified using flash column chromatography (5

15% EtOAc/Hex) to yieldD-allyl S-(2-(4-chlorophenyh1,5,5trimethyt2,5dihydro-1H-1,2,4
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triazok3-yl) carbonothiateas a white solidfg. p = 1946).'HN®IR (300 MHz, CROD) U
7.50 (d,J = 6.6 Hz, 2H), 7.38 (d,) = 6.6 Hz, 2H), 6.035.89 (m, 1H), 5.40 (ddl=17.4 Hz,1.8

Hz, 1H), 5.28 (dd,J=17.4 Hz,1.8Hz, 1H), 4.52 (d,) = 6.9Hz, 2H), 2.39 (s, 3H), 2.13 (s, 3H),

1.96 (s, 3H) ppm*3C NMR (100 MHz,CDCGJ)) G 177.6, 163.2, 159. 1,
129.2,128.3, 117.9, 66.4, 24.8, 20.7, 15.2 pitvmax (cm®) 3064, 2964, 1689, 1212, 658;

HRMS (ESI) calcd for GH1sCIN3O2S [M+H]* 340.0881, found 340.0886

O

CI\©\ S/[ko/\y
i

— 7&
O-Allyl S-(1-butyl-2-(4-chlorophenyl)-5,5-dimethyl-2,5-dihydro-1H-1,2,4triazol -3-yl)
carbonothioate (2.8b): To a solution of compoun®.7(0.414 g, 1.27 mmol) in DMF (12 mL) at
0° C under nitrogen was added sodium hydride (0.056 g, 1.40 mmol, 1.1 eq) and the mixture was
allowed to stir for 10 minutes. Butyl iodide (0.204 g, 1.43 mmol, 1.1 eq) was added dropwise
and the reaction was allowed to stir for 4 h warming to rt. Theioeasts then quenched with
water (15 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic layers were
then washed with 1N HCI (1 x 20 mL), brine (2 x 20 mL), dridd$Qs), and concentrated
under reduced pressure. The residue was thefigpl using flash column chromatography (5
15% EtOAc/Hex) to yieldD-allyl S-(1-butyl-2-(4-chlorophenyl)5,5-dimethyt2,5-dihydro-1H-
1,2,4triazok3-yl) carbonothioatas a pale yellow oil (4%).'H NMR (300 MHz, CROD) i
7.46 (d,J = 8.7 Hz, 2H), 7.33d, J = 8.7 Hz, 2H), 5.9%.89 (m, 1H), 5.37 (dd=17.1 Hz, 1.5
Hz, 1H), 5.24 (ddJ=17.1 Hz, 1.5Hz 1H), 4.48 (d,J) = 6.0 Hz, 2H),2.93 (t,J = 7.5 Hz, 2H),
2.09 (s, 3H), 1.93 (s, 3H), 1.6557 (m, 2H), 1.43.36 (m, 2H), 0.93 (t] = 7.2Hz, 3H)ppm

3CNMR (100 MHz,CDG)) U 177. 6, 162. 9, 159. 3, 140. 8,
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66.5, 32.3, 30.6, 25.0, 22.0, 20.9, 13.6 pphV mhxBM) 329;IR Vimax (cmT?) 3062, 2957, 1683,
1207, 667HRMS (ESI) calcd for GH24CIN3O.S [M+H]+ 382.1351, found 381349
Cl
A QWi

N™ “NH
N
/

2-(4-Chlorophenyl)-1,5,5trimethyl -1,2,4triazolidine -3-thione (2.939): To a solution of
compound2.7a(0.156 g, 0.46 mmol) in EtOH (10 mL) & ®© under nitrogen was added
tetrakis(triphenylphosphine)palladium (@.002 g, 0.002 mmol, 0.004 eq) and sodium
borohydride (0.035 g, 0.92 mmol, 2 eq). After 1 h, the reaction was acidified to {3-H2iBg
12 N HCI, and the reaction was allowed to stir for 4 h. After completion, the reaction was
extracted with 1:1 EtOAEIex (2 x 20 mL). The combined organic layers were washed with
water (20 mL), saturated NaHG@0 mL), brine (20 mL), dried (MgSfpand concentrated
under reduced pressure. The residue was then purified using flash chromatogregs®s (10
EtOAc/Hex) to yeld 2-(4-chlorophenyl1,5,5trimethyt1,2,4triazolidine 3-thioneas a white
solid(m. p = 22.HN®IR (300 MHz, CDC§) U -726 (8,24H)4.60 (brs, 1H)2.51
(s, 3H), 1.44 (s, 6H) ppm3C NMR (100 MHz, CDGJ) 1600.9 141.5, 129.5]128.9 1222,
85.5, 27.7, 15.6pm IR Vimax (cn™) 3150,2962, 1482, 1194, 1039, 82RMS (ESI) calcd for
C11H14CINsS [M+H]* 256.0670, found 256.0671

of S

'\\IJ(NH

— Njk
1-Butyl-2-(4-chlorophenyl)-5,5-dimethyl-1,2,4triazolidine -3-thione (2.9b): To a solution of
compound2.7b(0.120 g, 0.31 mmol) in EtOH (10 mL) & © under nitrogen was added

tetrakis(triphenylphosphine)palladium (0) (0.001 g, 0.001 mmol, 0.004 eq) and sodium
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borohydride (0.023 g, 0.63 mmol, 2 eq). After 1 h, the reaction eidsied to pH 2.53 using

12 N HCI, and the reaction was allowed to stir for 4 h. After completion, the reaction was
extracted with 1:1 EtOAC/Hex (2 x 20 mL). The combined organic layers were washed with
water (20 mL), saturated NaHGQ@O0 mL), brine (® mL), dried (MgS@) and concentrated
under reduced pressure. The residue was then purified using flash chromatogragd9p (10
EtOAc/Hex) to yieldl-butyl-2-(4-chloropheny5,5-dimethyt1,2,4triazolidine 3-thioneas a
yellow oil (24%). 'H NMR (300 MHz, CDC4) Ui -726 (8,34H)4.51 (brs, 1H)3.09 (t,J =

6.9Hz, 2H), 1.701.62 (m, 2H), 1.48..38 (m, 9H), 0.91 (I = 7.2Hz, 3H) ppm 13C NMR (175

MHz,CDCk) u 160.1, 141.6, 129.4, 128.9, Uyr22.4, 8

(Bmax M) 325 IR Vimax (c?) 3174,2958, 1487, 1180, 1051, 823RMS (ESI) calcd for

C14H20CIN3S [M+H]* 298.1139, found 298.1142
cl
| S W
N" NH
7LNH

4-(4-Chlorophenyl)-5,5-dimethyl-1,2,4triazolidine -3-thione (2.10: To a solution of
hydrochloric acid (12 mL, 0.25 M, 3 mmol) was adde®-
chlorophenyl)hydrazinecarbothioami@@mmol) Acetone (3 mmol) was added to the solution
dropwise. The reaction was allowed to stir in the dark for 16 ti.af he precipitate thdbrmed
was filtered using vacuum filtration and washed with whtder times. The precipitate was then
recrystallized with methanol to yield(4-chloropheny5,5-dimethyt1,2,4triazolidine 3-thione
asawhie sol id ( ree)HNMRB®MHZEZCDCE) 84 9. 24 (br s,

1H), 7.61 (d,J = 8.7Hz, 2H), 7.33 (dJ) = 8.7Hz, 2H), 4.78 (s, 1H), 2.05 (s, 3H), 1.94 (s, 3H)

ppm;3C NMR (100 MHz,CDG) o 175.9, 150.7, 136.5, 130.
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IR Vmax (cni?) 3269, 2990, 1483, 1100, 532RMS (ESI) calcd foC10H12CIN3S [M+H]*

242.0513, found 242.0514

Biology Experimental

Broth Microdilution Method for MIC determination : Day cultures (6 h) were subcultured to
5x1®CFU/ mL in Muel | er 1 addsted (CAMHB). Aliqubts (b mlhweeeat i o n
placed in culture tubesnd compound was added from 128/mL stock samples in DMSO,

such that the compound concentration equaled

eg/ mL). Sampl es (r0e etLhen naloi dgwetgilatbdwithalt wel | s
remaining wells being filled with 100 eL of i
five times, before 100 €L was transferred to

e L wansferred to row 3. This process was repeated until the final row had been mixed; this
served to serially dilute the compound. Pl at e
incubated under stationary conditions at 37 °C for 16 h. MIC valuesthemaecorded as the

lowest concentration at which no bacterial growth was observed.

Time Kill Curves: A. baumannib075 was grown overnight in CAMHB, and this culture was

used to inoculate fresh CAMHB (5 x10FU/mL). Inoculated medium was aliquotedn(®)

into culture tubes, and compound was added, with untreated inoculated medium serving as the
control. Tubes were incubated at 37 °C with shaking. Samples were taken at 2, 4, 6, 8, and 24 h
time points, serially diluted in fresh CAMHB, and plated onieatragar. Plates were incubated

at 37 °C overnight in stationary conditions, and the number of colonies was enumerated.

Fatty Acid Supplementation Assay Day cultures (6 h) were subcultured to 5 X CFU/mL in
CAMHB supplemented with 0.02% linoleic aciliquots (1 mL) were placed in culture tubes,

and compound was added from 128/mL stock samples in DMSO, such that the compound
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concentration equaled the highest concemtrati t e st e d). Sarhple8wer thénm L
aliquoted (200 eofla)96welnplate, withaleremainig svells bsieglfilled

with 100 eL of initial bacterial subculture.
was transferred to row 2. Row 2 was then mixe
This piocess was repeated until the final row had been mixed; this served to serially dilute the
compound. Pl ates were then covered with GLAD
conditions at 37 °C for 16 h. MIC values were then recorded as the lowmesht@tion at which

no bacterial growth was observed.

Detergent AssaysDay cultures (6 h) were subcultured to 5 ® CEU/mL inCAMHB

supplemented with the desired detergent (0.01% Triton, 0.1% PEG400, 0.1% tyloxagol)

Aliquots (1 mL) were placed in cuite tubes, @d compound was added from 128/mL stock

samples in DMSO, such that the compound concentration equaled the highest conicentrati

tested ()l28aemp/llels were then aliquo-dalglatg, 200 ¢ L

with allremaim ng wel |l s being filled with 100 €L of i
were mixed five times, before 100 &L was tran
ti mes, and 100 L was transferred towhadow 3. T

been mixed; this served to serially dilute the compound. Plates were then covered with GLAD
Press ndéd Seal and incubated under stationary
recorded as the lowest concentration at which no bacteoatiywas observed.

Checkerboard assayCAMHB was inoculated wit\. baumanni{(5 x 1 CFU/mI) and 100

mL aliquots were distributed to all wells of a-@@ll plate except for well 1a. Inoculated

CAMHB (200 mL) containing a selected compound (at a conderirfor 2x the highest

concentration being tested) was added to well 1a, and 100 mL of the same sample was added to
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wells 2al12a. Column A cells were mixed&times, and then 100 mL was withdrawn and

transferred to column B. This process was repeated oplumn G (column H was not mixed to
determine the MIC of the antibiotic alone). Inoculated media (100 mL) containing antibiotic at

2x the highest concentration being tested was placed in welldlAdnd serially diluted, all the

way until row 11 (row 12vas not mixed to determine the MIC of the compound alone). The

pl ates were covered and sealed with GLAD Pres
conditions at 37C. After 16 h the MIC values of both compound and antibiotic were recorded,

as well asembinationTheF 1 C val ues were calcul ated as f ol
FIC (antibiotic), where FIC (compound) is the MIC of the compound in the combination/MIC of

the compound alone and FIC (antibiotic) is the MIC of the antibiotic in the conadnidatC of

the antibiotic. The combinat i o@.b5iwiffrtentnsi der ed
when the EFIC is between 0.5 @nd 2, and antag
Bacterial Membrane Permeabilization Assay The BacLight assay (Invitrogen) wased to

assess membrane permeability. AB5075 was grown overnight in CAMHB at 37 °C with shaking.

The culture was diluted 1:40 in CAMHB and grown to an optical density at 600 ngagj@Dy
1.0 ¢4 h of growth). The cultures were centrifuged at 10000g for 15 min, the cell pellet was

washed once with sterile water, resuspended at 2 times the original volume, and aliquoted, and

test compounds were added. Suspensions were incubated at 37 °C witly trakih and then

centrifuged at 100009 for 10 min, washed once with sterile water, and resuspended in water. A

1:1 mixture of SYT@® and propidium iodide was added to
well. One hundred microliters of the suspension agaed to each well of a 9éell plate, and

the plates were incubated in the dark for 15 min at room temperature. Green fluorescence

(SYTO-9) was read at 530 nm, and red fluorescence (propidium iodide) was read at 645 nm
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(excitation wavelength, 485 nm). &hatio of green to red fluorescence was expressed as a

percentage of the control.
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CHAPTER 3
Analogues of the Marine Natural Product Meridainin D Display Antibiofilm Activity

Against MRSA and IncreaseColistin Efficacy in Gram-negative Bacteria

3.1 Introduction

Natural products from marine sponges have long been a rich source of molecules that
display a myriad of biological activities. The meridianins are one such example of a family of
structurally elated marine natural products. These secondary metabolites were first reported in
1998 after being isolated from the marine invertebfgiedium meridianurmear the South
Georgia Islands. The family of meridianins and their respective derivatives have shown diverse
biological activities including kinase inhibitigif adipogenesis inhibitighantitumor activity’
and antimalarial activity® Reports of antibacterial activity of these compounds, however, have
been scarce and fragmentary. These reports have been limited to antimaiitgl against
Staphylococcus aurefisvlycobacterium tuberculosisnd an unidentified sympatric marine
Antarctic bacteriuni. Despite these limited reports, we posited that the meridianins and their
analogues would possess the ability to control bacterial behavior based on the shared structural
features of theneridianins with the desformylflustrabromine (dFB8-aminopyrimidine (2
AP),% and oroidin**? analogues that were previously shown by our group to possess antibiofilm
activity against methicillirresistantS. aureugMRSA) (3.2 and3.3) and the ability to lower the
colistinminimum nhibitory concentrationMIC) against Grammegative bacterial pathogens
carrying themcr-1*34 plasmid(3.4) (Figure3.1). Herein, we report the antibiofilm and antibiotic
activity of analogues based on the meridianin scaffold ag@iretreus Moreover, we report
the ability of meridianin analogues to lower the MIC of colistin against both cedistisitive

and resistanstrains of Grannegative bacteria.
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Br N/
31 3.2 3.3 3.4

Figure 3.1. Structures of meridianin D (compoufd), desformylflustraromine analogues
(compound3.2), 2-AP analogues (compourd®3), and oroidin analogue (compouBd)
previously shown to control bacterial behavio
3.2 Synthesis and Atibiofilm Activity of Meridianin D A nalogues

To begin the structuractivity relationship (SAR) study of the meridianin molecules, we
synthesized meridianin B.1 to establish its biological activity. Attempts to synthesize
meridiarin D following the procedure described by Jiat@l'® were unsuccessful as problems
described by Simoat al'® were encountered. Therefore, we applied the synthetic approach
outlined by Bredereck toonstruct the AP ring andaccess meridianin D arahalogues
(Schemes.1A).> 1518 To begin, commercially available substituted indole derivatives were
acylated at the-position using commercially available acid chlorides and tin chloride in toluene
to yield compound8.6a-n. The indolic nitrogen of compoun8%a-n was subsequently
protected using-toluenesulfonyl chloride (TsCl), triethylamine, and 4
dimethylaminopyrimidine (DMAP) in DCM. Next, the enaminone derivatives were prepared by
reacting compound3.7an with DMF/dimethylformamidedimethylacetal (DMFDMA) at 110°
C for 4 hairs. Cyclization and deprotection of the enaminonenmehoxyethanol using
potassium carbonate and guanidine hydrochloride or commercially available substituted

guanidine derivatives yielded compourgis, 3.9as.
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Schene 3.1. Synthetic route to compoung@sl, 3.9as, 3.13an: (a) Acid dloride, SnC,

3.5a-b, | 3.6a-

toluene, O°C to rt, 2 hours; (b)oluenesulfonyl chloride, triethylamine; 4
dimethylaminopyridine, DCM, 16 h; (c) DMBMA, 110°C, 3 h; (d) Guanidine derivative,
K2COgs, 2-methayethanol, reflux, 16h (eliCI/MeOH (f) Dimethyl sulfate or RX, 50% NaOH,
DCM, rt, 16 h; (g) Ibromo2-methylpropane, KCOs, acetoneteflux, 16h; (h) pyrrolidine,
DMA, 80°C, 1h (i) DMF, 110°C, 4 h.

Compounds were first assessed for theiritgltid inhibit MRSA biofilm formation.
Meridianin D @.1) returned an l6y value of 87.4+4.0 uM (Tabld.1), where the 16 value is
defined as the concentration at which a compound inhibits 50% of biofilm formation. This result
confirmed our hypothesisat themeridianin natural products would be capable of inhibiting
MRSA biofilm formation. The 4 5-, and 7bromo analogues wetkenassayed to investigate
the effect that the substitution of the br omi
The 4bromo (compoun@.9n) and #bromo (compoun®.9m) analogues displayed reduced

antibiofilm activity, with 1G values of >100 and 99.8+15.2 uM respectively. THedmo
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analogue, compour®l9a, displayed increased biofilm inhibitory activity with 8o value of
17.9+2.2 M.

After identifying the Sbromo and &romo analogues as the most active derivatives,
various substitutions on the indole ring were prepared while preservingdReifg to probe
the promiscuity of the indole substitution. fése analogues, the debromo anal@ae 5
methyl 3.9q, 5-fluoro 3.90 and 6fluoro 3.9p analogues all displayed no antibiofilm activity with
ICs0 values of >100 uM. The-6hloro analogu8.9l displayed comparable activity to
meridianin D while the &hloro analogu8.9k showed reduced activity ogpared to the-5
bromo analogu8.9a Finally, the 6iodo analogu@.9i displayed increased activity compared to
meridianin D, with an 16 of 42.5£81 uM and the Godo analogu®&.9j displayed reduced
activity canpared to the4bromo analogu8.9a, with an 1G of 49.3+5.1 uM.

Upon identifyingcompound3.9a as the most active compound from this series, the effect
of alkylation of the exocyclic aminaf the 2AP ring on the antibiofilm activity was investigated.
Cyclization with a substituted guanidine in place of guanidine hydrochloride in the final step of
the synthesis yielded methyl (compouhég), ethyl (compoun@®.9f), dimethyl (compound
3.9¢e) and benzyl (compounBl9c) analogues. MethyB(9g) and ethyl 8.9f) substitutions on the
2-AP ring decreased activity, delivering compounds witi¥of 28.9+2.3 and 24.6+0.7 pM
respectively. These substitutions also made these analogues more péeiktonic bacterial
growth with MICs of 100 uM for the methyl and 50 uM for the ethyl, compared to 200 uM for
the unsubstituted parent. Dimethyl substituti®®@ of the 2AP was still less active than the
unsubstituted AP but showed similar actiwitcompared to the mono methyl substituted
analogue, with an I§g of 23.4+1.8 uM. Placement of a benzyl group at the exocyclic amine of

the 2AP ring, compoun@.9c, significantly increased the activity of the compound, lowering the
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ICs0t0 9.62+1.4 uM. Thk reduction in I& for the benzyl analogue was coupled with a
significant increase in toxicity, reducing the MIC from 200 uM for compaRifd to 6.25uM

for the benzyl substituted analogBi®c. Additionally, 6:bromoanalogues with benzyB(9b)
andethyl 3.9h) substitutions on the exocyclic amine of th&R were synthesized. Compound
3.9b (benzyl) returned an Kgvalue of 7.74+1.58 and an MNalue of 25 pM, making the-6
bromoanalogue .9b) a more effective biofilm inhibitor and less toxic tamktonic bacterial
growth than thé&-bromoanalogue3.99. The 6bromoethyl analogue3.9h) returned an 165

of 32.2+2.9 and an MIC of 100 uM, demonsing again that the-Bromoanalogues are less
toxic to planktonidacterialgrowth than thé&-bromoanalogues. After observing a significant
decrease in MIC, the antibiotic activity of compowBi1@c was explored against a small panel of
Grampositive pathogens. The benzylated analogue returned an MIC value of 6.25 uM (2.60
pHg/mL) against two additioh&. aureussolates and an MIC of 25 uM (10.4 pg/mL) against a
strain of vancomycin resistaBnhterococcus faeciufvRE). The final structural modification
that was investigated was the alkylation of @B position of the 2AP ring. Substitution of &
C-5 position of the 2AP with a methyl 8.99 group removed all antibiofilm activity.
Interestingly, substitution with anpentyl group 8.9d) lowered both the 1§ and MIC values to

11.0£2.5 uM and 50 uM respectively.
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Table 3.1. ICso and MIC values for compoun@sl, 3.9a-s. All values displayed against MRSA

43300.
MIC
Compound R1 R2 Rs R4 (UM) IC 50 (UM)

1 6-Br H H H >200 87.4+4.0
39a 5-Br H H H 200 17.9+2.2
3.9b 6-Br H Bn H 25 7.74+1.58
3.9c 5-Br H Bn H 6.25 9.62+1.4
3.9d 5-Br n-Pn H H 50 11.0£2.5
3.9e 5-Br H Me Me 100 23.4+1.8
3.9f 5-Br H Et H 50 24.6+0.7
3.99 5-Br H Me H 100 28.9+2.3
3.9h 6-Br H Et H 100 32.2+2.9
3.9i 6-1 H H H >200 42.548.1
3.9j 5-1 H H H 200 49.345.1
3.9k 5-Cl H H H 200 72.9+8.8
3.9 6-Cl H H H 200 88.3+14.1
3.9m 7-Br H H H 200 99.8+15.2
3.9n 4-Br H H H >200 >100
3.90 5-F H H H >200 >100
3.9p 6-F H H H >200 >100
3.99 5-Me H H H >200 >100
3.9r H H H H >200 >100
3.9s 5-Br Me H H 200 >100

With compounds$.1, 3.9a, and3.9i established as leads displaying minimal inherent
toxicity, the effect of alkylation of the indole nitrogen on antibioféctivity was interrogated
Synthesis of compounds13am was adapted from a previous disclosure by Sietaal.
(Schemes.1B).1® Acylation of a substituted indole at tke3 position proceeded as previously
reported. Compounds6a-b, | were then alkylated using dimethyl sulfate or the desired alkyl
halide with tetrabutylammonium bromide as a phase transfer catalyst in a bipindsre of
dichloromethane and 50% NaOH. Alkylation with isobutylbromide failed under these conditions

and required compounds to be refluxed in acetone with isobutyl bromide and potassium
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carbonate to yield the desired product. Compodiidak, 3.11ab were then transformed into
enaminone8.12an by stirring a mixture of DMA with pyrrolidine for 1 hour at 80° C followed
by the addition of a solution of the appropriatalkylated acetyl indole (compoun@4.0ak,
3.11ab) dissolved in DMF and stirrjnthe reaction at 110° C for 3 hours. Finally, cyclization of
the enaminone with guanidine hydrochloride or commercially available substituted guanidine
derivatives proceeded inBethoxyethanol at reflux with potassium carbonate for 16 hours to
yield conmpounds3.13an. Methylation of the indolic nitrogen of thel8omo derivative,
compound3.13¢ improved the 1€ value to 59.6+2.3 uM (Tabld.2) from 87.4+4.0 uM
(compound3.l). Ethylation of the indole nitrogen, compoudd3d, displayed no improvement
compared to compourfil3c but the propyl derivative, compouBd.3a displayed increased
activity with an 1Go of 34.3+6.8 uM. The butyl derivative, compoudd3j, displayed no
antibiofilm activity with an 1Go of >100 uM. Interestingly, alkylationfahe indole nitrogen of

the 5bromo analogues followed a different activity trend than theoBno analogues.
Substitution with a methyl group, compoudd3g or n-pentyl group, compoun8.13h,

abolished antibiofilm activity (1656 >100 uM). Ethyl and4propyl derivatives, compounds
3.13eand3.13f respectively, showed decreased activity compared to-trerbo derivative with

a free indolic nitrogen with I€ values of 66.2+7.6 uM and 69.3£3.6 uUM respectively. The n
butyl derivaive, compound.13b, displayed an 1€ of 38.1+2.8 uM, but was more toxic than
other analogues with an MIC of 50 uM indicating that it may be acting via a toxic mechanism to
prevent biofilm formation. Branching of the alkyl chains with isobutyl subsiitaton both the
5-bromo and ébromo analogues, compoungld 3k and3.13I respectively, abrogated antibiofilm
activity with bothN-isobutyl derivatives both displaying 4€values of >100 uM. Next, the-6

iodo analogue, compourg®i, was alkylated off thendolic nitrogen with a propyl group to
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yield compound.13m. Again, it was observed that the indolic alkyl substituent and halogen
substitution of the indole did not correlate to each other as com3ilBm displayed no
antibiofilm activity. Finally, cacurrent alkylation of the indolic nitrogen and the exocydlic 2
AP nitrogen, compoun8.13n abolished all antibiofilm activity.

Table 3.2 ICsp and MIC values for compoun@sl3an. All values displayed against MRSA

43300.
MIC

Compound R1 R2 Rs (LUM) IC 50 (UM)
3.13a 6-Br n-Pr H 200 34.31£6.8
3.13b 5-Br n-Bu H 50 38.1+2.8
3.13c 6-Br Me H 200 59.6+2.3
3.13d 6-Br Et H 200 64.0+8.8
3.13e 5-Br Et H 200 66.2+7.6
3.13f 5-Br Pr H 100 69.3+3.6
3.13g 5-Br Me H 200 >100
3.13h 5-Br n-Pn H >200 >100
3.13i 6-Br Bn H >200 >100
3.13j 6-Br n-Bu H >200 >100
3.13k 5-Br i-Bu H >200 >100
3.13| 6-Br i-Bu H >200 >100
3.13m 6-1 n-Pr H >200 >100
3.13n 6-Br Me Et >200 >100

With a panel of 2AP analogues hand we were interested in investigating the effect of
replacement of the-AP ring with a 2aminoimidazole (2Al). Previously, 2Als have shown
excellent antibiofilm activity against a wide variety of pathogenic bacteria, including MESA.
The synthesis of the-21 analogies poceeded with the acylation sfibstituted indole3.5a and
3.51 with chloroacetyl chloride in toluene (Schef@). The indolic nitrogen of compounds

14ab then were Boc protected to yield compouBdbab. Cyclization of thé -chloroketone

with Boc guanidine and sodium iodide in DMF yielded compowhtisab. Subsequent Boc
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deprotection using TFA in DCM at 0° C for 16 hours delivered tié¢ @erivatives3.17ab.
Interestingly, both compoun@sl7ab were toxic to planktonic bacterial growth & gM under

the conditions of the biofilm inhibition assay and displayed no antibiofilm activity below this
concentration. Both compounds did display moderate antimicrobial activity returning MICs of

25 uM (7.8 pg/mL) against our test MRSA strain.

R e o ] @g“@g

A\
N
Boc
3.5a, | 3.14a-b 3.15a-b 3.16a-b 3.17a-

Scheme3.2. Synthetic route to compoun8sl7ab: (a) (i) Chloroacetylchloride, toluene, 6G,
2 h (ii) MeOH, RO, rt, 1h (b) Bocanhydride, 4dimethylaminopyridine, THF, rt, 4 h (c) Boc
guanidine, sodium iodide, DMF, #8 h (d) 30% Trifluoroacetic acid, DCM,°C to rt, 16 h (e)
HCI/MeOH.

After establishing that various meridianin derivatives were capable of inhibiting MRSA
biofilm formation, we next investigated whether they were capable of dispersHhgymred
MRSA biofilms. Interestingly, the alkylatestbromo indole2-AP analogues displayed the
greatest activity against pfermed MRSA biofilms, with the methyl (compouB®g) and ethyl
(compound3.9f) derivatives displaying Egvalues, the concentration at whigltompound
disperses 50% of a preformed biofilm, of 73.1+2.4 and 75.8+£5.8 pM respectively 8gble
Unfortunately, the less toxicbBromoalkylated 2AP analogue8.9band3.9hdid not display
the ability to disperse pi®rmed biofilms, both returningCso values of greater than 100 uM.
However, itdoes not appear that the ability to dispersefpn@med biofilms is related to
increased toxicityasthe more toxic compoungl9c displayed only 26.2% dispersion at 80 uM.

Interestingly, dimethylation ohe exocyclic amine (compourd®e) and alkyl substituents on
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the indolic nitrogen (compoundsl3ab) did not impart the ability to dispse preformed

biofilms with eachdisplaying EGo values of greater than 160 uM. Compod®@h returred an
EGCso value of 138.4+15.2 uM, demonstrating its ability to inhibit and disperse MRSA biofilms.
Finally, compound.9dreturned an 1€ value of 58.4+6.0, a nearly 2.5 fold reduction insiC
value compared to the parent compound.

Table 3.3, EGso values withand without vancomycin for active antibiofilm analogues. All

values displayed against MRSA 43300

% reduction of
ECso (UM)+ ECso with
Compound ECso (UM) vancomycin vancomycin

3.9d 58.4+6.0 N/A N/A
3.9a 138.4+15.2 92.1+17.5 33.40%
3.99 73.1+2.4 71.4+6.0 2.32%
3.9f 75.845.8 66.5+7.5 12.20%
3.17a 101.5+0.5 >100 N/A
3.17b 101.0+3.9 >100 N/A
3.9c >80 >80 N/A
3.9b >100 N/A N/A
3.9h >100 N/A N/A
3.9e >160 N/A N/A
3.13a >160 N/A N/A
3.13b >160 N/A N/A

After confirming the ability of multiple analogues of meridianin D to dispersdquneed
MRSA biofilms,compounds3.9a, c, f, g and3.17ab were tested for synergy with vancomycin
at a concentration in which vancomycin does not affect@raed biofilms This concentration
was determined to be 19.0 pg/mappendix against MRSA 43300. Accordingly, each
compound was tested with 19 pg/mL of vancomycin to investigate whether the compounds
would show a synergistic effect with vancomycin and dispersépneed biofilms at a lower
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concentration. Compourgi9adisplayed a 33% reduction in El/alue (Table3.3) when
combined with a noctive concentration of vancomycin againstfumened biofilms. Other
compounds tested that were capable of dispersinfppmreed MRSA biofilms did not display a
significant reduction in E&g value when combined wittencomycin.

3.3 Colistin Potentiation by Meridianin A nalogues

In a recent disclosuré,synergy was found in concomitant treatment idtlymyxin E
(colistin) and compoun@®.4 (Figure3.1). This combination successfully disarmed colistin
resistance in mulple strains carrying thacr-1 plasmidborne resistance gene. To our
knowledge, there is no precedent for indotataining compounds directly modulating
polymyxin defense pathways in Gramegative pathogens. Holistically, both compo@atiand
meridianin D (compoun@.1) are small, indolelerived compounds with an additional
nitrogenous heterocyclic appendage. Given their semblance, we postulated that cadrbound
and its analogues potentially had the ability to modulate colistin resista@ramnegative
bacteria.

This screening was performed in collaboration with William T. Barker, and
Acinetobacter baumannATCC 179781 was chosen as a test stréiiis summarized in table
3.4, we indeedound activity with multiple meridianin D analogues demonstrating synergy with
colistin in a diverse panel of bacterial isolates comprised of both celestistant and colistin
sensitiveA. baumannii, K. pneumoniaandEscherichia coliOf note, acrosall strains, all
analogueseturned MICs of >200 uMyith the exception of compoun@sl3a,3.17a,and
3.17b. Accordingly, all analogues were dosed at 60 UM unless otherwisg note

Cross referencing activity in these eleven strains, limited activityeis islecompounds

with varied indole halogenation while alkylation of the indolic nitrogen increased activity in
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colistin-sensitive isolates. Alkylation of the exocyclic amine of theR2delivered compounds
with enhanced synergistic activity against catisgsistant strains while retaining synergy in
colistin-sensitive strains, with compouB®f being a nearly universal modulat@ompound
3.9 outperforms all other analogues in béthbaumannill 7978 andE. coli 25922""1 with
128 and 16old reductions in colistin MIC, respective(yable3.4).

A. baumanniB941/4106 an&. pneumonia€3/B9are primary clinical isolates that
contain genomically encoded colistin resistar@gch strains typically possess much higher
colistin MICs than theimcr-1 counterparts. Alfour strains return colistin MICs of 512 pug/mL
or greater, well exceeding the 4 pg/Glinical & Laboratory Standards Institu(€LSI)
breakpoint. Compound&9cand3.9frecover a breakpoint MIC iA. baumanniB941, while
compound3.9f delivers a 51Zold reduction inA. baumanni4106, reducing the MIC to 1
pg/mL. Colistin sensitivity is also restablished iflK. pneumonia€3 by compound8.9¢ 3.9f,
and3.9g all producing 51Zold reductiongappendix) andthis same activity is seen ia
pneumoniad39 with compound$8.9b, 3.9f 3.9g and3.13f. Compound3.9dreturned a 2048
fold reduction again¥. pneumoniad39, the largest fold reduction observed against this strain
of all the meridianin analogues.

A select cohort of analogues were capable of increasing colistin sensitivity in strains with
no inherent resistance to the antibiotic. In the pakebtaumanniil7978 strain3.9f is
equipotent with3.9¢ 3.13f, 3.13b, and3.13k, all generating a éold reduction in colistin MIC.
A 16-fold reduction in parent straid. coli25922 is observed 18:13b, 3.13f, and3.13k, while
3.9f shows an §old reduction. A total of six compounds (cpounds3.9c, 3.9f, 3.9g 3.134
3.13b, and3.13Kk) produced a colistin MIC of 0.0625 pg/mL (i@d reduction) inA. baumannii

ATCC 19606, while a more impressive 1ffd reduction (0.0078 pg/mL) was achieved with
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compound3.13fin A. baumanniATCC 5075(appendix) Compound3.13f was equipotent with
compound3.9f in K. pneumoniadTCC 2146"°™1 returning a final MIC of 0.0625 pg/mL (16

fold reduction).
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Table 3.4.Colistin potentiation ofelectmeridianin D analogues against Graegative bacteria (folceductions). Concentrations are
shown in pg/mL. Full repotentiation results can be found in the apperidx.o mpound 6 s

MM, tested at 30 pM

MIc® mp ound 6BM,MI *C+ =

Colistin | Colistin+ | Colistin | Colistin | Colistin | Colistin | Colistin | Colistin | Colistin | Colistin
MIC 3.1 +3.9¢ +3.9d +3.9f +3.99 | +3.13a | +3.13b | +3.13f | +3.13k
E. coliATCC
25ggnor1 8 pg/mL 4 (2) 2 (4) N/A 0.5(16)| 1(8) 4 (2) 1(8) 2 (4) 1(8)
E. coliATCC 0.5 0.0625 0.0625 | 0.125 «~ | 0.03125| 0.03125| 0.03125
osgzzaent | ygmi | 02O | g N/A 8) @ | 950O™] " g (16) | (16)
A. baumannii 16 0.125
1797acr ug/mL 0.5(32) | 0.25 (64)] N/A (128) 05(32)| 2(8) 1 (16) 4 (4) 0.5 (32)
A. baumannii 0.0625 0.0625 - 0.0625 | 0.0625 | 0.0625
1797 garent 1ug/mL| 0.5(2) (16) N/A (16) 0.25(2)| 1(0) (16) (16) (16)
A. baumannii 1024
4106 ug/mL 16 (64) | 4 (256) N/A 2(512) | 4(256) | 32(32) | 32(32) | 16 (64) | 32(32)
K. pneumoniag 512 0.25
B9 ug/mL 16 (32) | 2 (256) (2048) 1(512) | 1(512) | 16(32) | 8(64) | 1(512) | 8 (64)
A. baumannii 1ug/ml | 05 (2) 0.0625 N/A 0.0625 | 0.0625 | 0.0625 | 0.0625 | 0.125 | 0.0625
ATCC 19606 | ~ M9 ' (16) 16) | (16) (16) (16) (8) (16)
A. baumannii 0.0625 | 0.125 0.125 0.0625 | 0.0078 | 0.0625
5075 1pug/mL | 0.25(4) | 0.125 (8)] N/A (16) (8) (8)* (16) (128) (16)
K. pneumoniag
ATCC lug/ml | 05(2) | 0.250) | NiA 0'2225 10) | 10¢ | 1(0) 0'2225 1(0)
2146\1DM-1 ( ) ( )
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3.4 Conclusion

In conclusion, after identifying the potential of the natural product meridianin D
(compound3.1) to control MRSA biofilm formation, a panel of analogues were synthesized in an
effort to augment activity. Structural modification of the meridianin D core delivered molecules
that modified both Grarmpositive and Grarmegative bacterial defense mecharss In many
cases, modification of key positions of the scaffold amended bacterial behavior in divergent
manners. Of note, compouBdainhibited and dispersed MRSA biofilms as a stafahe
treatment. Furthermore, the Bb®f compound3.9awas reducetty 33.4% in concomitant
treatment with vancomycin dosed at levels that do not perturfopreed MRSA biofilms.
Alkylation of the exocyclic amine of compouB®awith ethyl (3.9f) or methyl 8.9g) groups
delivered analogues with increased ability to disp MRSA biofilms; however, they do so with
a tandem increase in toxicity and diminished synergy with vancomycin. Benzylated analogue
3.9bwas the most potent MRSA biofilm inhibitor with anst@f 7.74+1.58 uM, but did not
disperse prdormed MRSA biofims. Interestinglythe 5bromoanalogue of compour@i9b,
compound3.9c, returned modest antimicrobial activity against a small panel of {uaitive
bacteria. Additionally, compourl9d displayed the ability to inhibit and disperse MRSA
biofilms at bwer concentrations than the parent compound, comp@@adFurthermore, we
established that certain meridianin analogues increase the efficacy of colistin against Gram
negative bacteria. CompouB®f, bearing an ethyl substitution on the exocyclicagan of the
2-AP ring, displayed the greatest range of colistin synergy across a panel of-selistitive and
colistinresistant strains of Gramegative bacteria which included highly resistant primary
clinical isolates of chromosomally encoded resista strains oE. coliandA. baumannii

harboring thencr-1 gene, and a strain &f. pneumoniaearrying the New Dehli metalibeta
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lactamasel (NDM-1) gene. Compound313a, 3.13b, 3.13f, and3.13k which bear an alkylation
on the indolic nitrogen displayed equivalent or greater potentiation of colistin activity against
some strains, but did not display the brepectrum potentiation of colistin activity of
compound3.9f. Compound.9dalso displagd remarkable repotentiation activity, producing a
2048fold reduction againdf. pneumoniad39, but its activity against other strains has not been
assessed. CompouB®dserves as a starting point for a new generation of meridianin D
analogues in cortfling MRSA biofilm formation as well as an increasing the efficacy of
colistin against Gramegative bacteria.
3.5 Experimental

All reagents used for chemical synthesis were purchased from commercially available
sources and used without further purifioati Chromatography was performed using 60 A mesh
standard grade silica gel from Sorbtech. NMR solvents were obtained from Cambridge Isotope
Laboratories and used as is. A1 NMR (300 or 400 MHz) an#C NMR (75,100, or 175
MHz) spectra were recordedats5 AC on Varian Mercury spectr ome
given in parts per million relative to tetramethylsilane or the respective NMR solvent; coupling
constants (J) are in hertz (Hz). Abbreviations used are s, singlet; brs, broad singlet;ad; doubl
dd, doublet of doublets; t, triplet; dt, doublet of triplets; m, multiplet. Mass spectra were obtained
at the NCSU Department of Chemistry Mass Spectrometry Facility. Infrared spectra were
obtainedonanFT/IR 1 00 s pect rmntkd § trebdoance (vas recorded on a
Genesys 10 scanning UVidninm)i Tine perities pfehe tested p hot o me
compounds were all verified to be >95% by-MS analysis on a Shimadzu H@S 2020 with

Kinetex, 2.6 mm, C18 50 x 2.10 mm.
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General Syntheic Procedures

General synthetic procedure for compound$8.6a-n: Compounds were synthesized according
the procedure by MacKast al®®

General synthetic procedure for compound$.7a-n: Compounds were synthesized according
the procedure by MacKast al®®

General synthetic procedue for compounds3.8a-n: Compounds were synthesized according
to the procedure by Fresnaetsall’

General synthetic procedure for compounds$.1, 3.9a, 3.9i-r: Compounds were synthesized
according to the procedure by Fresnatial'’

General g/nthetic procedure for Compounds3.9b-9h, 3.9s Compounds were synthesized
according to the procedure by Fresnatial'’ with minor modifications. The crude solid was
purified with flash chromatography (6@5% MeOHNH3/DCM) andwashed with cold hexanes
(3 x 3 mL) to yield the product as a yellow solid.

General synthetic procedure for compound$8.10ak: To a solution of compoung5a, b)

(1.68 mmol) and tetrabutylammonium bromide (0.0168 mmol) in DCM (4 mL) and 50% sodium
hydroxde (2 mL) at room temperature, the desired alkyl halide (3.36 mmol) was added
dropwise. The reaction was allowed to stir for 24 hours at room temperature. After completion,
the solution was washed with water (1 x 10 mL), and brine (1 x 10 mL), dric8@\agnd
concentrated under reduced pressure. The residue was purified using flash column
chromatography (£50% EtOAc/Hex) to yield th product as a white solid

General synthetic procedure for compound$8.11ab: To a stirring solution of compound
3.5a] (1.68 mmol) and potassium carban&B.40 mmol) in acetone at reflukkbromo2-

methylpropane (2.52 mmol) was added dropwise. The reaction was allowed to stir overnight for
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16 hours. After completion, the reaction mixture was concentrated under redessdre, and
diluted in dichloromethane (20 mL). The insoluble impurities were removed by vacuum
filtration, and the filtrate was dried (MgSQ)Xand concentrated under reduced pressure. The
residue was purified using flash column chromatographm2gbs EtOAc/Hex) to the product as
awhite solid

General synthetic procedure for compound$8.12am: Compounds were synthesized
according to the procedure of Simetal.*®

General synthetic procedure for compound$8.13am: Compounds were synthesized
accading to the procedure by Fresnaatal'’ with minor modifications. Compounds were
thenpurified by recrystallization in chloroform after which the solid residue was isolated using
vacuum filtration to yield the product as a yellow solid.

General synthetic procedure for compound$8.14ab: Compounds were synthesized according
to the procedure of Ragt al?®

General synthetic procedure for compound$8.15abh: A solution ofcompound3.14a-b (3.00
mmol), Boc-anhydride (4.51 mmol), anddimethylaminopyridine (0.3 mmol) in THF (10 mL)
was allowed to stir at rt for 4 hours. Afmpletion, the solvent was removed under reduced
pressure and the reaction mixture was dissolved in DCM (10 mL). The organic layer was
washed with water (1 x 20 mL) and brine (1 x 20 mL), dried with Mg@&@d concentrated

under reduced pressure. Thiade reside was then purified using flash column chromatography
(10-30% EtOAc/ Hex) to yield t product as a white solid

General Synthetic Procedure forcompounds 3.17&: A solution ofcompound3.15ab (2.07
mmol), sodium iodide (8.27 mmol), aidbocguanidine (12.40 mmol) in DMF (25 mL) was

allowed to stir at rt for 48 hours. After completion, the reaction mixture was washed with water
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(75 mL) and the aqueous layer was extracted with ethyl acetate (3 x 25 mL). The organic layer
was then washed witbrine (1 x 30 mL), dried with MgSfand concentrated under reduced
pressure. The crude residuarified using flash chromatography ¢B0% EtOAc/Hex) to yield

the product as a white solid. The product was dried under high vacuum for two hours. The
cyclized protected product was then placed under an inert atmogpt#fé mmolyand a

solution inDCM (3.2 mL) was made at 0° C. Trifluoracetic acid (0.8 mL) was then added
dropwise, and the solution was allowed to stir for 16 hours overnight warming to rt. After
completion, the precipitate was isolated by vacuum filtration and washed with cold ®LBI

mL) to yield the product as a brown solid (80%).

Previously Reported Compounds

4-(6-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.1): Compound was
synthesized using previously reported methb@pectral data was consistent with previous
reportst’

o}
Br
A\
N
H
1-(5-Bromo-1H-indol-3-yl)ethan-1-one @.6a). Compound was synthesized using previously

reported method$Spectral data was consistent with previous regérts.
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1-(6-lodo-1H-indol-3-yl)ethan-1-one (3.6b): Compound was synthesized using previously

reported metods® Spectral data was consistent with previous regorts.

Cl

Iz /;>\ (O

1-(5-Chloro-1H-indol-3-yl)ethan-1-one @.6d): Compound was synthesized using previously

reported methodsSpectral data was consistent with previous regbrts.

Cl

Iz />>\ <O

1-(6-Chloro-1H-indol-3-yl)ethan-1-one @.6e} Compound was synthesized using previously

reported methodsSpectral data was consistent with previous regdrts.

1-(7-Bromo-1H-indol-3-yl)ethan-1-one @.6f): Compound was synthesized using previously

reported method$Spectral data was consistent with previous regorts.



1-(4-Bromo-1H-indol-3-yl)ethan-1-one @3.69). Compound was synthesized using previously

reported method$Spectral data was consistent with previous regorts.

‘n
Iz />>\ (O

1-(6-Fluoro-1H-indol-3-yl)ethan-1-one @.6i): Compound was synthesized using previously

reported methodsSpectral data was consistent with previous reprts.

Iz />>\ <O

1-(1H-indol-3-yl)ethan-1-one @3.6k): Compound wasynthesized using previously reported

methods’ Spectral data was consistent with previous reports.

Br

Iz />>\ (O

1-(6-Bromo-1H-indol-3-yl)ethan-1-one @.6l): Compound was synthesized usprgviously

reported method$Spectral data was consistent with previous regérts.
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Z
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1-(5-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one @.7a). Compound was synthesized using

previously reported method$Spectral data was consistent with previous regérts.

Cl

; 2 o]
Z
4 7

1-(5-Chlor o-1-tosyl-1H-indol-3-yl)ethan-1-one @.7d): Compound was synthesized using

previously reported methodsSpectral data was consistent with previous rep®rts.

Z />>\ (O

Cl
Ts

1-(6-Chloro-1-tosyl-1H-indol-3-yl)ethan-1-one @.7e) Compound was synthesized using
previously reported methodsSpectral data was consistent with previous regérts.

0]

A\
N

\

Br s
1-(7-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one @.7f): Compound was synthesized using

previously reported methodsSpectral data was consistent with previous regorts.
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1-(4-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one @.7g). Compound was synthesized using

previously reported methodSpectral data was consistent with previous regorts.

‘n
(@)
Z

1-(6-Fluoro-1-tosyl-1H-indol-3-yl)ethan-1-one @.7i): Compound was synthesized using

previously reported methodsSpectral data was consistent with previous regérts.

; i O
Z
— P/

1-(1-Tosyk1H-indol-3-yl)ethan-1-one @3.7k): Compound was synthesized using previously

reported mthods® Spectral data was consistent with previous reports.

Br

; i (@)
Z
= V

1-(6-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one @.71): Compound was synthesized using

previously reported methodsSpectral data was consistent with previous regérts.
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(E)-1-(5-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one @.8a). Compound

was synthesized using previously reported metA@tsectral data was consistent with previous

reportst’
o)
\_n
cl \
A\
N
Ts

(E)-1-(5-Chloro-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one (3.8d):
Compound was synthesized using previously reported meti8uisctral data was consistent

with previous report$?

o)
N\
N
A\
Cl N
Ts

(E)-1-(6-Chloro-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one 3.8e} Compound
was syntlesized using previously reported methd&gpectral data was consistent with previous

reportst®
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Br s
(E)-1-(7-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one @3.8f): Compound

was synthesized using previously reported metA@jsectral data was consistent with previous

reports’
o)
Br \ N/
\
A\
N
Ts

(E)-1-(4-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one @3.8g). Compound

was synthesized using previously reported metA@tsectral data was consistent with previous

reports®
0
NN
\
A\
F N
Ts

(E)- 3-(Dimethylamino)-1-(6-fluoro-1-tosyl-1H-indol-3-yl)prop-2-en-1-one @.8i): Compound
was synthesized using previously reported metA@jisectral data was consistent with previous

reportst®
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(E)-3-(Dimethylamino)-1-(1-tosyl-1H-indol-3-yl)prop -2-en-1-one @.8k): Compound was

synthesized using previously reported methb@8pectral data was consistent with previous

reportst®
o)
/
NN
S \
Br N\
Ts

(E)-1-(6-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one @.8l): Compound
was synthsized using previously reported methd®pectral data was consistent with previous

reportst’

4-(5-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9a). Compound was
synthesized using previously reported methb@8pectral data was consistent with previous

reportst’
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4-(5-Chloro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9k): Compound was
synthesized usingreviously reported methodsSpectral data was consistent with previous

reportst®

4-(6-Chloro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9): Compound was
synthesized using previously reported methb@pectral data was consistent with previous

reportst®

4-(7-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride 3.9m): Compound was
synthesized using previously reported methb@pectral data was consistent with previous

reports’
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4-(4-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9n): Compound was
synthesized using previously reported methb@pectral data was consistent with previous

reports’

4-(5-Fluoro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.99: Compound was
synthesized using previously reported methb@8pectral data was consistent with previous

reportst®

4-(6-Fluoro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9p): Compound was
synthesized using previously reported methb@pectral data was consistent with previous

reportst®
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4-(1H-Indol-3-yl)pyrimidin -2-amine hydrochloride (3.9r): Compound was synthesized using
previously reported methodSpectral data was consistent with previous regérts.

)

A\

Br \
1-(6-Bromo-1-methyl-1H-indol-3-yl)ethan-1-one @.10a)y Compound was synthesized using
the generaprocedure foN-alkylation of 3acetylindoles. Spectral data was consistent with
previous reporté?

)

Br
A\

N
\
1-(5-Bromo-1-methyl-1H-indol-3-yl)ethan-1-one (.10f): Compound was synthesized using

the general procedure fbkalkylation of 3acetylindoles. Spectral data was consistent with

previous report3
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/

1-(5-Bromo-1-ethyl-1H-indol-3-yl)ethan-1-one 3.10g) Compound was synthesized using the
general procedure fdd-alkylation of 3acetylindoles. Spectral data was consistent with previous

reports>*

4-(5-Bromo-1-methyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13g) Compound
was synthesized using previously reported metA@jsectral data was consistent with previous
reportst®

0

Br Cl
A\

N
H
1-(5-Bromo-1H-indol-3-yl)-2-chloroethan-1-one @.14a) Compound was synthesized using
previously reported method%!H NMR spectral data confirmed the structure -of 3

chlorcacetylindole intermediate 14md were in accordance with literatdre.
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1-(6-Bromo-1H-indol-3-yl)-2-chloroethan-1-one @.14b). Compound was synthesized using
previously reportesnethods® *H NMR spectral data confirmed the structure of 3
chloroacetylindole internediate 14tand were in accordance with literatdre.

Novel Compound Characterizaton

)

N

N
1-(5-lodo-1H-indol-3-yl)ethan-1-one (3.6¢) The title compound was synthesized fr8rc
following the general procedure to aff@dbcas a white solid (0.600g, 72%H NMR (400
MHz,DMSOds) U 8.53 (s, 1HN=88Hz3K), 7@G5(d)=806Hz,1H)7 . 49 ( c
2.44 (s, 3H) ppm*3C NMR (100 MHz, DMSGds) & 192.8, 135.8, 135. 2,
115.9, 114.6, 8uhxnn) 300;2R%max@mP 1¥36; 1660,\1522, 521286,
876, 424; HRMS (ESI) calcd fori@HsINO [M+H] " 285.9723, found 285.9722.

0]

A\

I N
Ts

1-(6-1odo-1-tosyl-1H-indol-3-yl)ethan-1-one @.7b): The tittecompound was synthesized from
3.6bfollowing the general procedure to aff@d’b asawhite solid(0.350g, 986). *H NMR
(300MHz,CDC¥) 0 8.29 (s, 1HYF84Hz 1H),783(dJ=11HMHz, 8. 06 (

2H), 7.60 (dd,) = 5.4Hz, 1.2 Hz, 1H), 7.31 (d,) = 8.4 Hz, 2H) ppm*3C NMR (100 MHz,
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CDCk) U 193. 3,13434183.94132,31 B3G5, B7.2, 127.0, 124.7, 122.0, 90.4, 27.9,
21.8 ppmU V  mhxBM) 290 IR Vinax () 3105, 1659, 1533, 1379, 743RMS (ESI) calcd for
C17H14INO3S [M+H] * 439.9812 found439.9815

o)
A\
N
Ts
1-(5-1odo-1-tosyl-1H-indol-3-yl)ethan-1-one @.7c). The tittecompound was synthesized from
3.6cfollowing the general procedure to aff@dcasawhite solid(0.370g,77%).'H NMR
(300MHz,CDC$) U 8.66 (s, 1H59.08Hz,2H), 766(m, 2H)H)26@,7 . 80 (
=11.4, 2H), 2.54 (s, 3H), 2.32 (s, 3HJC NMR (100 MHz,CDCJ) & 193. 1, 146. 3,
134.1, 132.6, 131.9, 130.4, 129.5, 127.1 120.6, 114.8, 89.6, 27.8, 21.0 ppmnéx M) 300

IR Vmax (cni?) 1664, 1535, 1294, 1158, 748RMS (ESI) calcd foC17H14NO3S [M+H] *

439.9812found439.9819

Br

1-(5-Bromo-1-tosyl-1H-indol-3-yl)propan-1-one (3.7m):The title compound was synthesized

from 3.6m following the general procedure to aff@@mas a tan solid (0.650g, 89%MH NMR

(300 MHz, CDC#) t 8J.=4.9 Hz 1H), 8.20 (s, 1H), 7.79 (m, 3H), 7.42Jd; 0.9 Hz,

1H), 7.26 (d,J = 6.0 Hz, 2H), 2.92 (q] = 5.4 Hz, 2H), 2.32 (s, 1H), 1.21, 0 = 5.4 Hz, 3H)
ppm;C NMR (100 MHz,CDG)) & 196. 4, 146. 3, 134. 1, 133. 5,

128.6, 127.0, 127.0, 125.8, 12@xnh)2841IRBax 6, 114
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(cm?) 2912, 1660, 1530, 1290, 1150, 744; HRMS (E@IEd for GaH16BrNOsS [M+H]*

406.0107, found 406.0110.

o

Br

N
N
\
Ts

1-(5-Bromo-1-tosyl-1H-indol-3-yl)heptan-1-one (3.7n):The title compound was synthesized

from 3.6nfollowing the general procedure to aff@@nas a tan solid (0.770g, 89%MH NMR

(300 MHz, CDC%) U 8J.=0.0 HZ iH), 8.22 (d) = 0.9 Hz, 1H), 7.80 (m, 3H), 7.44 (dd,

= 6.6 Hz, 0.9 Hz, 1H), 7.28 (d] = 6.3 Hz, 2H), 2.88 (tJ = 5.7 Hz, 2H), 2.35 (s, 3H), 1.74 (m,

2H), 1.36 (m, 2H), 1.32m, 4H), 0.89 (] = 5.4 Hz, 3H) ppm**C NMR (100 MHz, CBOD) U

196.2, 146.3, 134.2, 133.6, 132.3, 130.4, 129.4, 128.7, 12.1, 127.0, 125.9, 120.5, 118.6, 114.5,
40.0, 31.7, 29.0, 24 .n&anm)2B& IRGnx(cn?)1292D,,1670,932,1 ppm;
1294, 1154, 750; HRMS (ESI) calcd fog824BrNO3S [M+H]" 462.0733, found 462.0736.

(@)
\n
AN

A\

[ N
\
Ts

(E)-3-(Dimethylamino)-1-(6-iodo-1-tosyl-1H-indol-3-yl)prop -2-en-1-one 3.8b): The title

compound was synthesized frévbfollowing the general procedure to aff@dbasayellow

solid (0.4069,46%)."H NMR (300 MHz, CDC}) U 8. 24 ( 3587H#)H),7.83. 07 ( d,
(s, 1H), 7.73 (dJ = 8.7 Hz, 2H), 7.66 (s, 1H), 7.53 @@= 8.1 Hz, 1H), 7.17 (d] = 8.4 Hz, 2H),

5.53 (d,J = 12.3 Hz, 1H), 3.02 (brs, 3H2.84 (m, 3H), 2.23 (s, 3H) ppFC NMR (100

MHz,CDCk) 40 183. 2, 153. 1, 145. 7, 135. 8, 134. 3, 1
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123.3, 121.7, 92.9, 89.5, 21.5 ppthY  mfx M) 350 IR Vinax (c?) 1635, 1524, 1283, 798;
HRMS (ESI) calcd foC20H16IN20sS [M+H] * 495.0234 found495.0238

0 /
N\_N
| AN

N
N
\
Ts

(E)-3-(Dimethylamino)-1-(5-iodo-1-tosyl-1H-indol-3-yl)prop-2-en-1-one @3.8c): The title
compound was synthesized fr@Ycfollowing the general procedure to aff@dc asayellow

solid (0.3759,46%).'H NMR (300 MHz, CDC$) U 8 . 7800 (s,slH), 77643, = 9.9

Hz, 3H), 7.67 (dJ = 8.7, 1H), 7.57 (d) = 7.2, 1H), 7.22 (dJ = 8.1 Hz, 2H), 5.55 (d] = 12.3

Hz, 1H), 3.10 (brs, 3H), 2.92 (m, 3H), 2.31 (s,)3pm3C NMR (100 MHz,CDC#) 183.2,

153.3, 145.7, 134.4, 134.2, 133.5, 132.1, 131.0, 130.1, 128.7, 126.9, 122.7, 114.7, 92.9, 88.8,
29.2,21.5 ppmi V  mhxBM) 346;IR Vmax (cmY) 1635, 1527, 1366, 77#RMS (ESI) calcd for

C20H10IN20sS [M+H] " 495.0234 found495.0237

(E)-3-(Dimethylamino)-1-(5-methyl-1-tosyl-1H-indol-3-yl)prop -2-en-1-one @.8)): The title

compound was synthesized fré7] following the general procedure to aff@dj asa yellow

solid (0.3889,51%)."H NMR (300 MHz, CDC¥) 4 8. 13 (s, 1H), 8.05 (s,
(m, 3H), 5.59 (dJ = 12.6, 1H), 3.02 (brH), 2.38 (s, 3H), 2.20 (s, 3H) pplFC NMR (100

MHz,CDCk) u 184. 1, 153. 0, 145. 3, 134. 8, 133. 3, 1
123.1, 112.7, 93.4, 21.5 pptd;V  mfx®M) 348;IR Vmax (cmt) 1635, 1525, 1309, 726tRMS

(ESI) calcd forCziH2:N20sS [M+H] * 383.1424 found383.1433
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N-Benzyt4-(6-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9b): The title

compound was synthesized fr@8l following the general procedure to affaB®b asa white

Solid (0.0809,39%).'H NMR (300 MHz, Acetoneds) 0 11. 07 (brs, @#H), 8.1
= 1.2 Hz, 1H), 7.47d,J = 7.5 Hz, 2H), 7.33m, 2H), 7.22 (m, 2H), 7.03 (d,= 5.4 Hz, 1H), 6.95

(m, 1H), 4.79 (s2H) ppm;**C NMR (175 MHz, CROD) & 162. 9, 162.6, 157
128.4, 128.2 127,2126.6, 124.8 (x2), 124.2, 123.5, 115.3, 114.5, 105.6, 44.81pp/M; mx BM)

364; IR Vmax (M) 1626, 1522, 1236, 729 HRMS (ESI) calcd for @H1sBrN4 [M+H]* 379.0553,

found 379.0554

N-Benzyk4-(5-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.99: The title

compound was synthesized fr@8afollowing the general procedure to aff@®casawhite

Solid (0.0809,39%).'H NMR (400 MHz, CROD) & 8.63 (s, 1H), 8.17 (:
8.02 (d,J = 6.0 Hz, 1H), 7.47 (d) = 7.2 Hz, 1H), 7.33 (m, 4H), 7.24 (@= 7.2 Hz, 1H), 7.05

(d, J = 6.0 Hz, 1H), 4.75 (s, 2H)pm;13C NMR (100 MHz, CBO D) 166.5,165.6, 152.7,

140.5, 137.6, 132.3, 129.6, 128.4, 128.2, 128.0, 126.7, 126.0, 115.8, 114691064k, 45.9
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ppm; UV  mbx@M) 360; IRVmax (cmt) 1630, 1523, 1288, 79HRMS (ESI) calcd for

C1oH15BrN4 [M+H] * 379.0553, found 379.0547

4-(5-Bromo-1H-indol-3-yl)-5-pentylpyrimidin -2-amine hydrochloride (3.9d): The title

compound was synthesized fr@r8n following the general procedure to affd8®d asa white

Solid (0.0809,39%).'"H NMR (300 MHz,COD) G 8. 76 (s, 1H), 8.12 (s
(m, 2H), 2.74 (tJ = 7.2 Hz, 2H), 1.63 (m, 2H), 1.40 (m 0.92 (t,J = 6.9 Hz, 3H) ppm¥3C

NMR (100 MHz, Acetonede) a 163. 1, 161. 3, 159. 9, 136. 1, :
114.4, 114.1, 114.0, 32. 4pxnB)®B648IRVm3@MY)®926,23. 1,

1610, 1522, 1230, 724; HRMS (ES8Icd for G7H10BrN4 [M+H]* 359.0866, found 349.0866.

4-(5-Bromo-1H-indol-3-yl)-N,N-dimethylpyrimidin -2-amine hydrochloride (3.99: The title
compound was synthesized fré8afollowing the general procedure to aff@®easa yellow
solid (0.1029,52%).*H NMR (300 MHz, CRO D) 8.68 (d,J = 1.5 Hz, 1H), 8.07 (dJ = 5.1

Hz, 1H), 7.99 (s, 1H), 7.33 (d, 8.7 Hz, 1H), 7.27 (#l¢,8.7 Hz, 1.5 Hz, 1H), 6.87 (d,= 5.7

Hz, 1H), 3.21 (s, 6H) ppn3C NMR (175 MHz, Acetonals) U 1 6 2156.9,136116 1 . 9 ,

128.8, 127.6, 124.9, 124.8, 114.7, 113.6, 104.1, 36.4 PVh; méx M) 360:IR Vinax (CT?)
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2822, 1609, 1521, 1290, 798RMS (ESI) calcd for €&H13BrN4 [M+H] * 317.0396, found

317.0395

4-(5-Bromo-1H-indol-3-yl)-N-ethylpyrimidin -2-amine hydrochloride (3.9f): The title

compound was synthesized fr@®a following the general procedure to aff@®f asawhite

Solid (0.120 g,26%).'H NMR (400 MHz, CRO D) 8.73 (s, 1H), 8.05 (s, 1H), 8.00 (s, 1H),

7.33(d,J = 6.0, 1H), 7.29 (dJ = 6.0 Hz, 1H) 6.94 (d) = 5.7 Hz, 1H), 3.52 (] = 6.8 Hz, 2H),

1.31 (t,J = 6.8 Hz, 3H)ppm;3C NMR (1I75MHz, CD:OD) & 165.3, 162.6, 155
128.6, 126.3, 126.015.3, 115.1, 114.3, 106.0, 37.2, 1p.D m;  &k¥im)(3%8; IRVmax (CNT

1) 2915, 1629, 1520, 1282, 792; HRMS (ESI) calcd foHzBrN4 [M+H] * 317.0396 found

317.0395.

4-(5-Bromo-1H-indol-3-yl)-N-methylpyrimidin -2-amine hydrochloride (3.99: The title

compound was synthesized fr@8afollowing the general procedure to aff@®gasawhite

Solid (0.088 g,36%).'H NMR (300 MHz, CROD) U 8. 72 (Js57HzHM), 8. 03 (
7.99 (s, 1H), 7.30 (m, 2H), 6.89 @= 5.1 Hz, 1H), 3.01 (s, 3H) ppn¥C NMR (100 MHz,

CDsOD) 164.9, 163.9, 156.2,37.4, B0.3, 128.6, 126.2, 126.0, 115114.2, 106.1, 28.6 ppm;
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UV mixBM) 358;IR Vimax (cTY) 2917, 1633, 1523, 1282, 799RMS (ESI) calcd for

C13H11BrN4 [M+H] * 303.0240, found 303.0244

4-(6-Bromo-1H-indol-3-yl)-N-ethylpyrimidin -2-amine hydrochloride (3.9h): The title

compound was synthesized fr@8l following the general procedure to aff@®hasawhite

Solid (0.0809,39%) *H NMR (300 MHz, COD) U 8 =813z, (LH),8.09 (d) =5.1

Hz, 1H), 8.05 (s, 1H), 7.62 (s, 1H), 7.29 (de; 8.4 Hz, 1.2 Hz, 1H), 6.98 (d,= 5.1 Hz, 1H),

3.53 (q,J = 7.2 Hz, 2H), 1.31 () = 7.2 Hz, 3H) ppm**C NMR (175 MHz, CRO D) 164i8,

163.5, 157.3, 139.7, 129.7, 125.9, 124.8, 124.7, 116.8, 115.9, 115.6, 106.3, 37.2, 15.2 ppm; UV
( xnm) 362; IRVmax (cMY) 2926, 1642, 1519, 1239, 776; HRMS (ESI) calcd foiHzBrN4

[M+H]* 317.0396, found 317.0397.

4-(6-1odo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9i): The tittecompound was

synthesized fron3.8bfollowing the general procedure to aff@®iasayellow solid(0.200 g,

41%)."H NMR (400 MHz,DMSQds) & 12.81 (s, 1H)=84Bz ) (s, 1H
8.18 (d,J = 4.8, 1H), 7.91 (s, 1H), 7.49 (d,= 8.4, 1H), 7.42 (dJ = 5.2, 1H);13C NMR (100

MHz,DMSOds) U 168. 0, 155. 5, 143. 4, 138. 9, 135. 2,

117



87.8 ppmU V mhx®mM) 360 IR vmax (cm™?) 1633, 1526, 1179, 8OHRMS (ESI) calcd for

C12HaIN4 [M+H] * 336.9945 found336.9949

4-(5-1odo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9j): The titlecompound was
synthesized fron3.8cfollowing the general procedure to aff@®j asatan solid(0.158 g,

53%).!H NMR (400 MHz, DMSGds) U 12.81 (brs, 1H), 8.92 (s,
7.53 (d,J = 5.1 Hz, 1H), 7.38 (d] = 6.3 Hz, H) ppnt 3C NMR (100 MHz, DMSQde) i

167.9, 155.4, 143.1, 136.7, 135.4, 131.6, 130.6, 127.4, 114.9, 111.7, 105.2, 8AL\ppHEx &

nm) 358;IR vmax (cmY) 1632, 1529, 1289, 786RMS (ESI) calcd foC12HeIN4 [M+H] *

336.9945 found336.9956

4-(5-M ethyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9q): The titlecompound was

synthesized fron3.8j following the general procedure to affd®qasan orange solid0.177 g,
53%).'H NMR (300 MHz, COD) & 8.37 (s, 1H), 8.J3828 (s, 1H
Hz, 1H), 7.20 (s, 1H), 7.09 (3,= 7.8 Hz, 1H)2.46 (s, 3H) ppm*3C NMR (100 MHz, CROD)

a 170. 3, 156. 5, 143. 2, 137. 3, 135. 9, 133. 1, 1
UV ( dxnm) 362;IR Vimax (cnm?) 2917, 1632, 1207, 788RMS (ESI) calcd foCiaH12N4

[M+H] " 225.1135found225.1136
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4-(5-Bromo-1H-indol-3-yl)-5-methylpyrimidin -2-amine hydrochloride (3.9s):The title

compound was synthesized fré8mfollowing the general procedure to aff@®casawhite

Solid (0.0809,39%).'H NMR (300 MHz, CBOD) U 8= B5Mz, (LH),8.05 (s, 1H), 7.84

(s, 1H), 7.37 (dJ = 8.1 Hz, 1H), 7.30 (ddJ= 8.7 Hz, 1.5 Hz, 1H), 2.32 (s, 3H) ppMC NMR

(175 MHz,COD) U0 163.5, 162.9, 159.3, 136.6, 131.0
114.5, 114. 1 maxmf367 IRpp(om?) 208¢, 1618 1528, 1232, 724; HRMS

(ESI) calcd for GzH11BrN4 [M+H]* 303.0240, found 303.0241.

0]

A\
Br N

(.
1-(6-Bromo-1-ethyl-1H-indol-3-yl)ethan-1-one (3.10b): The titlecompound was synthesized
from 3.6l following the general procedure to aff@d.Obasawhite solid 0.420 g,.84%).H
NMR (400 MHz, CDC4) & 8J=3.@ Hz XH), 7.64 (s, 1H), 7.43 (s, 1H), 7.34 (@d,9.2
Hz, 0.8 Hz 1H), 4.08 (q,J = 7.2 Hz, 2H), 2.44 (s, 3H), 1.46 (= 7.6, 3H)ppnt 3C NMR (100
MHzCDCk) u 192. 7, 137. 3, 13 411648, 112824 .8,@7.5,1b25 . 2, 1

PP M, hkVim)(2e8; IRVmax (cn?) 2910, 1615, 1560, 1250, 862; HRMS (ESI) calcd for

C12H12BrNO [M+H]* 266.0175, found 266.0179
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1-(6-Bromo-1-propyl-1H-indol-3-yl)ethan-1-one (3.10c) Thetitle compound was synthesized

from 3.6 following the general procedure to aff@dlOcasawhite solid 0.450 g,79%).H

NMR (400 MHz, CDC¥) U 8J=B.2 Hz1H), 7.63 (s, 1H), 7.44 (dl = 1.6, 1H), 7.34 (dt,
J=18.4Hz,0.8 Hz, 1H), 3.99 (t) = 7.2 Hz, 2H), 2.47 (s, 3H), 1.86 (@= 7.2 Hz, 2H), 0.92 (t)

= 7.2 Hz, 3H)*C NMR (100 MHz,CDCJ) & 192.8, 137.6, 135.2, 125
112.9, 48.8, 27. 5Guaxnm?28; Rymax(tntl). 2908, 1610 1572)0275( o

870; HRMS (ESI) calcd for @H14BrNO [M+H]* 280.0332, found 280.0336

o)

A\
Br N

\
1-(6-Bromo-1-butyl-1H-indol-3-yl)ethan-1-one @3.10d): The titlecompound was synthesized
from 3.6 following the general procedure to aff@d.0dasawhite solid (0.467 9,85%).'H
NMR (400 MHz, CDC§) & 8J=3B.0, 1),07.62 (s, 1H), 7.42 (d,= 1.6 Hz, 1H), 7.33 (dd,
J=8.4 Hz, 1.6 Hz, 1H), 3.99 (#,= 7.6 Hz, 2H), 2.44 (s, 3H), 1.77 (m, 2H), 1.32 (m, 2H), 0.92
(t,J = 7.2 Hz, 3H) ppm®C NMR (100MHz,CDCk) &4 192.7, 137.5, 135. 1,
116.8, 116.7, 112.8, 46. 8xnmB298; IBvnax(&M?) 2924, 20 . 0,
1629, 1530, 1466, 1204, 736; HRMS (ESI) calcd foiHz:BrNO [M+H]* 294.0488, found

294.0493
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1-(1-Benzyl6-bromo-1H-indol-3-yl)ethan-1-one @.10e) The titlecompound was synthesized
from 3.6l following the general procedure to aff@d.Oeasalight orange solidQ.492 g,75%).

IH NMR (300 MHz, CDC#) & 8J=B8,1H),d.68 6, 1H), 7.43 (s, 1H), 7.36 (mH,

7.14 (m, 1H), 5.27 (s, 2H), 2.48 (s, 3pYm*3C NMR (100 MHz,CDG)) @ 193. 0,
129. 3, 128. 6, 127. 1, 126. 1, 125. 4, narR)£982 ,
IR Vmax (cm?) 1632,1525, 1470, 1230, 744; HRMS (ESI) calcd fapki4BrNO [M+H]*

328.0332, found 328.0347

Br

N

¢

1-(5-Bromo-1-propyl-1H-indol-3-yl)ethan-1-one (3.10h): The titlecompound was synthesized
from 3.6afollowing the general procedure to aff@d.Ohasawhite solid (0.490 g,42%).'H
NMR (300 MHz,CDC$) U 8. 49 (s, 1H)J=78Hz82Hz(18), 7.15,) ,
J =8.4 Hz, 1H), 4.03 (t) = 6.9 Hz, 2H), 2.44 (s, 3H), 1.89 (sefts 6.9 Hz, 2H), 0.91 (t) =

7.2 Hz, 3H)ppm 3C NMR (100 MHz,CDG)) & 192.6, 135.5, 135.
116.0, 111.3, 48.9, 27.5, 23.2, 11.4 phV  mhx@M) 298 IR Vmax (cm'™) 2926, 1637, 1520,

1208, 794HRMS (ESI) calcd foC13H14BrNO [M+H] * 280.0332 found280.0339
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1-(5-Bromo-1-butyl-1H-indol-3-yl)ethan-1-one @.10i): The titlecompound was synthesized
from 3.6afollowing the general procedure to aff@d.0iasawhite solid(0.398 g,80%).1H
NMR (400 MHz,CDC}) U 8. 49 (s, 1HW=9.ZHz@H), 715 =88), 7.
Hz, 1H), 4.06 (tJ) = 6.8, 2H),2.45 (s, 3H)1.82 (m, 2H), 1.33 (m, 2H), 0.93 &= 6.8 Hz, 3H)
ppm;13C NMR (100 MHz,CDG)) 192.6, 135.5, 127.8, 126.0, 125.1, P16.16.0, 111.3, 47.0,
31.9, 27.4, 20.1, 135pm; UV ( @xnm) 298:IR Vmax (cmt) 3330, 2870, 1655, 1564, 1285, 872;
HRMS (ESI) calcd foC15H1gBrNO [M+H] * 294.0488, found 294.0497

)

Br
A\

N

1-(5-Bromo-1-pentyl-1H-indol-3-yl)ethan-1-one (3.10j): The titlecompound was synthesized

from 3.6afollowing the general procedure to aff@dL.0j asa yellow oil (0.430 g, 8%6). *H

NMR (400 MHz, CDC}) 845 (s, 1H), 7.62 (s, 1H), 7.25 (= 8.1 Hz, 1H), 7.09 (d] = 9.0

Hz, 1H), 3.99 (tJ) = 6.3 Hz, 2H), 1.79 (m, 2H), 1.29 (m, 4H), 0.82)& 6.3 Hz, 3H)ppm 3C

NMR (75 MHz,CDC$) 192.5, 135.5,127.7,125.8, 124.8, 116.0, 115.8, 111.2, 47.1, 29.4, 28.8,
27.3,22.1,13.9 p m;  hhV¥im)(298;IR Vmax (cm?) 2918,1640, 1520, 1208, 79BRMS

(ESI) calcd for GiHoBrN4 [M+H]* 308.0645, found 308.0651
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1-(6-1odo-1-propyl-1H-indol-3-yl)ethan-1-one (3.10k): The titlecompound was synthesized
from 3.6bfollowing the general procedure to aff@d.Ok asawhite solid(0.325 9,81%).'H
NMR (300 MHz, CDC4) U 8 .J 9&42Hz, (1), 7.63 (s, 1H), 7.58 (s, 1H), 7.51 (#i,8.4
Hz, 1.2 Hz, 1H), 3.98 (] = 6.9 Hz, 2H)2.45 (s, 3H)1.85 (m, 2H), 0.91t, J = 7.5 Hz, 3H)
ppmi3C NMR (75MHz,CDCkL) & 192.8, 137.9, 135.0, 131.1,
48.7,27.6,23.1, 11.4 ppio;V mbxBM) 298; IRVmax (cm?) 2910, 1632, 1524, 1208, 8§00
HRMS (ESI) calcd for @H14INO [M+H]* 328.0193, found 328.0194

0]

Br
A\

N

j)

1-(5-Bromo-1-isobutyl-1H-indol-3-yl)ethan-1-one @.11a) The tittecompound was

synthesized fron3.6afollowing the general procedure to aff@d laasawhite solid (0.300 g,

52%).'H NMR (300 MHz, CDC}¥) U 8J.=72.B Hz IH), 7.91 (s, 1H), 7.57 (dit 8.7 Hz,

1.5 Hz, 1H), 7.04d, J = 8.1 Hz, 1H), 4.13 (d] = 7.5 Hz, 2H)2.71 (s, 3H)2.41 (m, 1H), 1.17

(d,J = 6.6 Hz, 6H) ppn3C NMR (75 MHz,CDCY) U 169.2,136.Q, 135.6127.7, 126.0,

125.0, 116.0, 111.5, 5#nm)298RVmxdcm?) 2928, 4630, 20. 1 p

1525, 1212, 798HRMS (ESI) calcd for @H1BrNO [M+H]* 294.0488, found 294.0492
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1-(6-Bromo-1-isobutyl-1H-indol-3-yl)ethan-1-one @.11b): The titlecompound was

synthesized fron3.6l following the general procedure to aff@d.1basawhite solid(0.323 g,

73%).'H NMR (400 MHz, CDC§) U 8J=B.8 Hz XH), 7.57 (s, 1H), 7.37 (s, 1H), 7.28 (d,

J =8.4 Hz, 1H), 3.75 (dJ = 7.2 Hz, 2H), 2.46 (s, 3H), 2.09 (sefts 7.2 Hz, 1H), 0.83 (dJ =

9.6 Hz, 6H) ppm*3C NMR (100MHz,CDCJ)) & 192.6, 137.6, 135.7, 12
116.5, 112.9, 54. 4, ma2n@) 298 IR VRar(cm3) 2928, 863091526p m; UV

1212, 798HRMS (ESI) calcd for @H16BrNO [M+H]* 294.0488, found 294.0492

4-(6-Bromo-1-propyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13a) The title

compound was synthesized fr@0cfollowing the general procedure to aff@d 3aasa

brown solid(0.130 g,61%).'H NMR (400 MHz,DMSQds) U 8. 82 (3588HH), 8. 6
1H), 8.20 (dJ = 6.8 Hz, 1H), 7.98 (s, 1H), 7.40 (d#k 8.8 Hz,1.6 Hz, 1H), 7.35 (d) = 6.8

Hz, 1H), 4.25 (t) = 6.8 Hz, 2H), 1.84 (m, 2H), 0.86 (t,= 7.2 Hz, 3H)ppm 3C NMR (175

MHz, DMSO-de) 0 3,1568 1441, 130.2, 125.9, 1253, 1171, 1149, 1124, 1057, 48.8,

23.5, 11.70pm U Maxn)e864;IR vmax (cni?) 2910, 1618, 1530, 1487, 1212, 8BIRMS

(ESI) calcd for GsH1sBrN4 [M+H] * 331.0553, found 331.0561
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4-(5-Bromo-1-butyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13b): The title

compound was synthesized fr@&10ifollowing the general procedure to aff@@d.3basatan

solid (0.056 g,20%).'H NMR 400 MHz, DMSQds) & 8. 86 ( $520H#)IH), 8. 81 (
8.21 (d,J = 7.2 Hz, 1H), 7.65 (d] = 8.8 Hz, 1H), 7.46 (dd]= 8.8 Hz, 2.0 Hz, 1H), 7.36 (d,=

7.2 Hz, 1H), 4.27 (t) = 7.2 Hz, 2H), 1.80 (m, 2H), 1.28 (m, 2H), 0.88)(t 7.2 Hz 3H) ppm

13C NMR (175MHz, DMSO-dsg) U 168 . 2, 156. 1, 144. 0, 139. 4,
114.0, 111.8, 105. 7, 47nR)364FRmalcm?) 2904, 1610, 14 . 2 p
1522 1492, 1224788 HRMS (ESI) calcd for @&H17BrN4 [M+H]* 345.0709, found 345.0717

HCI

4-(6-Bromo-1-methyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13c) The title

compound was synthesized fr@10ffollowing the general procedure to aff@d.3casa

yellow solid (0.076 g,38%).'H NMR (400 MHz, DMSOds) & 8. 75 ( 3556HH), 8. 5
1H), 8.20 (d,J = 6.8, 1H), 7.89 (s, 1H), 7.40 (d,= 8.8 Hz, 1H), 7.29 (d] = 6.4 Hz, 1H), 3.90

(s, 3H)ppm °C NMR (175MHz,DMSO-dg) & 168. 1, 156.3, 144.3, 13
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117.0, 114.9, 112.2, 105.6 ppbiV  mbxBM) 364;IR Vimax (i) 2903, 1625, 1530, 1494, 1217,
799;HRMS (ESI) calcd foC1sH11BrN4 [M+H] * 303.0240 found303.0249

HCI

4-(6-Bromo-1-ethyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13d): The title

compound was synthesized fr@i0bfollowing the general procedure to aff@dl3dasa

brown Solid(0.045 g,20%).'H NMR (400 MHz, DMSQOds) U 8. 81 ( 3s76HH), 8. 6
1H), 8.18 (m, 1H), 7.95 (s, 1H), 7.39 (m, 2H), 4.31(g,6.8 Hz, 2H), 1.42 () = 6.8 Hz, 3H)

ppnt 13C NMR (175MHz, DMSO-dg) & 168. 2, 156 . 2254,144,188, 138. 9
112.5, 105. 8, 4mxnnd 364IR Smax &M 2910;1622) V535, BI96, 1215,

804; HRMS (ESI) calcd for GH1aBrN4 [M+H] * 317.0396, found 317.0402

4-(5-Bromo-1-ethyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13e) The title

compound was synthesized fr@10gfollowing the general procedure to aff@@d.3easatan

solid (0.072 g,38%).'H NMR (400 MHz, DMSQds) & (s81HX 881 (s, 1H), 8.18 (d,=

7.2 Hz, 1H), 7.66 (d] = 8.4 Hz, 1H), 7.47 (d) = 9.2 Hz, 1H), 7.35 (dJ = 6.4 Hz, 1H), 4.32 (q,

J=6.8, 2H), 1.44 () = 7.8 Hz, 3H) 3C NMR (175MHz,DMSOds) & 168. 0, 155. 8,
138.2, 136.5, 127.7, 126.6, 125.5, 116.2, 113.7, 111.6, 10524, 42.1 5 . #xnm)B364;IR( &
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Vimax (€TY) ) 2907, 1600, 1535 1500, 1210782 HRMS (ESI) calcd for GaH13BrN4 [M+H] *

317.0396, found 317.040

4-(5-Bromo-1-propyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13f): The title

compound was synthesized fr@&0hfollowing the general procedure to aff@d.3fasatan

solid (0.081 g,38%)."H NMR (400 MHz, DMSOds) & 8. 85 (s, 1HWs 8. 82
7.2, 1H), 7.67 (dJ = 8.0, 1H), 7.46 (dJ = 8.8, 1H), 7.35 (dd)= 6.4 Hz, 1.6 Hz1H), 4.25 (t,J

= 6.4 Hz, 2H), 1.85 (sepd, = 6.8, 2H), 0.85 (t) = 5.6 Hz, 3H)ppm; 3C NMR (175MHz,

DMSOds)y U 168.0, 155.9, 143.8, 138.8, 136. 8,
48.7,23.2, 11pm;U V  mhxBM) 364;IR Vinax (cn?) ) 2914, 1608, 1525, 1490, 1212, 780;

HRMS (ESI) calcd foC1sH1sBrN4 [M+H] * 331.0553, found 331.0558

4-(5-Bromo-1-pentyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13h): The title
compound was synthesized fr@110j following the general procedure to aff@dd.3hasa pink

solid (0.070 g,38%).*H NMR (400 MHz, DMSGd 6 ) U  HB 8.5 1d,J £ &8 Hz,AH),
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7.64 (d,J = 8.8 Hz, 1H), 7.46 (dJ = 8.8 Hz, 1H), 7.34 (d] = 6.8 Hz, 1H), 4.28 (1) = 6.4 Hz,

2H), 1.81 (m, 2H), 1.26 (m, 4H), 0.82 (dbz 7.2 Hz,1.6 Hz, 3H) ppm*C NMR (175MHz,

DMSOd6) & 168.0, 155.9, 144.0, 138.6, 136.8, 1
47.2,29.4,28.7,22.1, 14.3 pptV méxBM) 364 IR Vmax (cT?) 2908 1616, 1523 1488,

1222 790; HRMS (ESI) calcd for GH19BrN4 [M+H] * 359.0866, found 359.0872

4-(1-Benzyk6-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13i): The title

compound was synthesized fr@i0efollowing the general procedure to aff@d. 3iasa

yellow solid (0.090 g40%)."H NMR (400 MHz, DMSOds) & 8. 95 ( 3588HH), 8. 6
1H), 8.20 (d,J = 6.8 Hz, 1H), 7.93 (s, 1H), 7.33 (m, 9H), 5.57 (s, PHNC NMR (175MHz,

DMSOds) U 168. 3, 156. 0, 144. 4, 139. 0, 137. 2, 12
112.9, 105.9, 50.7 ppr} V. mbxBM) 364;IR Vmax (cmi?) 1635, 1520, 1490, 1210, 734RMS

(ESI) calcd forCigH1sBrN4 [M+H]* 379.0553 found379.0562
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4-(6-Bromo-1-butyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13)): The title

compound was synthesized fr@i0dfollowing the general procedure to aff@dL3jasan off-

white solid(0.086 g,54%).'H NMR (400 MHz, DMSOds) U 8. 81 ( 3s88HH), 8. 6
1H), 8.19 (dJ = 9.2 Hz, 1H), 7.98 (d] = 1.6 Hz, 1H), 7.39 (dd]= 8.8 Hz,1.6 Hz, 1H), 7.35

(d,d =7.2 Hz, 1H), 4.28 (t) = 7.2 Hz, 2H), 1.81 (m, 2H), 1.30 (m, 2H), 0.90)(t 7.2 Hz, 3H)

ppm °C NMR (175MHz, DMSO-ds) & 168.2, 156.2, 144.4, 139.1
112.4, 105.8, 47. 1, manh)364IRv20cmt) 2910 ¥612,252p p m; UV

1490, 1220788 HRMS (ESI) calcd for @&H17BrN4 [M+H] " 345.0709, found 345.0717

4-(5-Bromo-1-isobutyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13k): The title
compound was synthesized fr@10lfollowing the general procedure to aff@dl3kasan
orange solid0.132 g,61%).'H NMR (400 MHz, DMSQds) U 8J.=8.2 Hz, 2H), 8.21 (d,
J=6.8 Hz, 1H), 7.68 (d] = 8.8 Hz, 1H), 7.45 (d] = 8.4 Hz, 1H), 7.35 (d] = 6.4 Hz, 1H),

4.11 (d,J = 6.8 Hz, 2H), 2.17 (m, 1H), 0.87 (d= 6.4 Hz, 6H) ppm*3C NMR (175MHz,
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DMSOds) & 168.0, 155.9, 143.8, 139.1, 137.1, 12
54.2, 29. 3, marn) 364IR wmEnHiPo09, (1620, 1520, 1495, 1225, 782;

HRMS (ESI) calcd for @HiBrN4 [M+H]* 345.0709, found 345.0716

4-(6-Bromo-1-isobutyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13I): The title
compound was synthesized frél0mfollowing the general procedure to aff@dL3lasa
yellow solid(0.101 g,42%).*H NMR (300 MHz,DMSO-ds) 882 (s, 1H), 8.62 (d] = 8.7 Hz,
1H), 8.31 (d,J = 4.8 Hz, 1H), 8.10 (s, 1H), 7.40 (m, 2H), 4.11J¢ 7.5 Hz, 2H), 2.19 (m, 1H),
0.88 (d,J = 6.3 Hz, 6H) ppnt3C NMR (175MHz, DMSO-d¢) U 168. 1, 155. 9, 14:
138.9, 125.6, 125.1, 125, 116. 9, 114. 8, 112. 1, mkrin)364 , 54.1
IR Vmax (cmi?) 2915, 1620, 1532, 1490, 1212, 8HRMS (ESI) calcd for @H17BrNs [M+H]*

345.0709 found 345.071.

4-(6-1odo-1-propyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13m): The title
compound was synthesized fr@10kfollowing the general procedure to aff@dl3masa

yellow solid(0.069 g,26%).*H NMR (400 MHz, DMSGds) U 8. 78 (3584HH), 8. 4
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1H), 8.19 (dJ = 6.8 Hz, 1H), 8.11 (s, 1H), 7.55 (@ 3= 8.4 Hz, 1H), 7.35 (dJ = 6.8 Hz, 1H),

4.24 (t,J = 6.4 Hz, 2H), 1.83 (m, 2H), 0.86 (.= 6.8 Hz, 3H) ppm**C NMR (175MHz,

DMSOds) U 169.8, 156.7, 143.0, 841842067888 . 4, 13
49.9,24.2,11.5 ppm U MaxN(n)eB66;IR Vmax (c?) 2912, 1615, 15361490, 1208 810,

HRMS (ESI) calcd for @HisIN4 [M+H]* 379.0414, found 379.0415

4-(6-Bromo-1-methyl-1H-indol-3-yl)-N-ethylpyrimidin -2-amine hydrochloride (3.13n). The

title compound was synthesized fr@ri0afollowing the general procedure to affd.3nas

an off-white solidNMR (0.135 g41%)."H NMR (400 MHz, CDC}) U  8J.=3.8 Hz 1H),

8.20 (d,J = 5.2 Hz, 1H), 7.66 (s, 1H), 7.49 (s, 1H), 7.36J& 8.4 Hz, 1H), 6.80 (dJ = 5.2 Hz,

1H), 5.15 (brs, 1H), 3.82 (s, 3H), 3.55 (m, 2H), 1.30 &,7.2 Hz, 3H) ppn3C NMR (175

MHz,CDCk) U 162. 6, 162. 1, 157. 3, 1318.6,8129,131. 3, 1
106.0, 36.6, 3 3axnt)366LIBvma2(cmP)2981, 1684y1531p1370, 1225,

809; HRMS (ESI) calcd for £H1sBrNs [M+H]* 331.0553, found 331.0554
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o Cl

Br
A\

N
=0
)V
tert-butyl 5-bromo-3-(2-chloroacetyl}1H-indole-1-carboxylate (3.15a) The titlecompound
was synthesized fro®.14afollowing the general procedure to aff@dl.5aasawhite solid
(1.35g, 906). 'H NMR (400 MHz, CDC}) U 8J.=2.0 Hz iH), 8.18 (s, 1H), 7.88 (@=
9.2 Hz, 1H), 7.36 (dd]= 8.8 Hz,J = 2.0 Hz, 1H), 4.49 (s, 2H), 1.73 (s, 9H) ppHC NMR (100
MHzCDCk) U 186 . 6, 148. 3, 133. 9, 132. 9, 128. 7, 1
28.0 ppmU V  méxBM) 296 IR Vmax (cmY) 1744, 1542, 1141, 764RMS (ESI) calcd for
C1sH1sBrCINO3z [M-H] 369.9851, found 369.9842

0 Cl

A\
)V

tert-butyl 6-bromo-3-(2-chloroacetyl}1H-indole-1-carboxylate (3.15b): The titlecompound

Br

was synthesized fro®.14bfollowing the general procedure to aff@dl5basan off-white solid

(1.679, 696). '"HNMR (300 MHz,CDC¥) U 8. 30 (s, 1HY=88HzaRB), (s, 1
7.46 (dd J= 8.8 Hz, 0.8 Hz, 1H), 4.55 (s, 2H), 1.71 (s, @)1 °C NMR (100 MHz,CDCG) i

187.0, 148.5, 136.1, 132.6, 128.1, 126.2, 123.8, 119.9, 118.4, 117.1, 86.6, 46.0, 2&8)Y ppm;

( @xNm) 296;IR Vmax(cmt) 1745, 1632, 1531,1141, 794RMS (ESI) calcd for @HsBrCINO

[M-Boc] 269.9327, found 269.9325
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HCI
NH,

N\
\_NH
Br
A\
N
H
5-(5-Bromo-1H-indol-3-yl)-1H-imidazol-2-amine hydrochloride (3.17a) The titlecompound
was synthesized fro®.15afollowing the general procedure to aff@dL.7aasabrown solid
(0.125 ¢9,85%).'H NMR (400 MHz, CROD)i 7. 83 ( s, ra9d,J=88Hz21 (s, 11
1H), 7.32(dd,J=8.4 Hz, 1.6 Hz, 1H)7.00 (s, 1Hppm;*C NMR (100 MHz,CxOD) U 148 . 2,
136.7,127.1, 126.3, 125.3, 123.6, 122.4, 114.5, 114.4, 107.7, 104.2Jppmibx M) 292 IR
Vmax (cmY) 1670, 1455, 1236, 110BtRMS (ESI)calcd for GiHoBrN4 [M+H]* 277.0083, found
277.0087

HCI

Q(

NH»

Iz _ .

Br

5-(6-Bromo-1H-indol-3-yl)-1H-imidazol-2-amine hydrochloride (3.17b): The titlecompound

was synthesized fro.16bfollowing the general procedure to aff@dL7basabrownsolid

(0.090 g,80%).H NMR (300 MHz, COD) U 7.58 (m, 2H)J=8THz54 (s,
1.2 Hz, 1H), 6.96 (s, 1H) ppn£C NMR (100 MHz, CBO D) 14&.3, 138.9, 124.7, 1245,
124.4,123.8,121.4, 116.9, 115.7, 107.8, 1949 m;  hdbVim)R98; IR Vimax (cml) 1668,

1452, 1232, 1108, 768RMS (ESI) calcd for GHoBrN4 [M+H]* 277.0083, found 277.0076
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Biology Experimental

Broth Microdilution Method for MIC Determination (MRSA and E. faecium): Overnight

cultures of bacterial strain wesebcultured to 5 x FACFU/mL in Mueler-Hinton medium The

resulting bacterial suspension was aliquoted (1.0 mL) into culture tubes. Samples were prepared
from these culture tubes containing either 20
asacontrol. Samples were then aliquemled (200 ¢l
microtiter plate in which subsequlmon well s we
medium based 5 x2@FU/mL bacterial subculture. Using the multichannel pipettdrat 100

eL, row one wéelOl ¢4 ivwmerse niiheend 8 00 €L were with
two. Row two wells were mixedd80 t i mes f ol l owed by a 100 gL t
three. This procedure was used to serial dilute the relsebtvs of the microtier plate. The

microtiter plate sample was then covered with a microtiter plate lid and then placed in a covered
plastic container. The chamber was incubated under stationary conditions at 37° C. After 16

hours, the lid was removed aNiC values were recorded.

Broth Microdilution Method for MIC Determination (A. baumannii, K. pneumoniae, E.

coli): Overnight cultures of bacterial strain were subcultured to & CEQ/mL incation
adjustedMueller-Hinton medium The resulting bacteriaguspension was aliquoted (1.0 mL) into
culture tubes. Samples were prepared from the
specified antibiotic or no test compound as a
the first row of wells of &6-well microtiter plate in which subsequent wells were prefilled with

100 &L oHintonmediurh Emsed 5 xX1CFU/mL bacterial subculture. Using the

mul ti channel pi pettor set dt0 100neslL, Thew,oldd®O0

withdrawnand transferred to row two. Row two wells were mixeth&imes followed by a 100
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eL transfer from row two to row three. This p
rows of the microtier plate. The microtiter plate sample was then coverted wiicrotiter plate

lid and then placed in a covered plastic container. The chamber was incubated under stationary
conditions at 37° C. After 16 hours, the lid was removed and MIC values were recorded.

Procedure to Determine the Inhibitory Effect of TestCompounds on MRSA ATCC# 43300

43300 Biofilm Formation: Inhibition assays were performed by taking an overnight culture of

bacterial strain and subculturing it at an &4®f 0.04 into tryptic soy brotfSigmaAldrich)

with a 2.0% glucose supplement (TSB®&}tock solutions of predetermined concentrations of

the test compound were then made in TSBG. The
the wells of the 9@vell PVC microtiter plate. Sample plates were then wrapped in GLAD Press

noé Seal Ebyéndncubaiionerder stationary conditions for 24 h at 37 °C After

incubation, the medium was discarded from the wells and the plates were washed thoroughly
with water. Plates were then stained winnh 100
incubated at ambient temperature for 30 min. Plates were washed with water again and the
remaining stain was solubilized with 200 L o
CV stain from each well was transferred to the corresponding wellpafstyrene microtiter

dish. Biofilm inhibition was quantitated by measuring thes@bf each well in which a negative

control lane wherein no biofilm was formed served as a background and was subtracted out.
Procedure to Determine the Dispersal Effectfolrest Compounds on MRSA ATCC# 43300

Preformed Biofilms: Dispersion assays were performed by taking an overnight culture of

MRSA ATCC# 43300 in tryptic soy brotfSigmaAldrich) with a 2.0% glucose supplement

(TSBG) and subculturing it at an @gof 0.04 into TSBG. The resulting bacterial suspension

was aliquoted (100 pL) into the wells of a-@@ll PVC microtiter plate. Plates were then
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wrapped in GLAD Press ndé Seal E followed by an
°C to establish thbiofilms. After 24 h, the medium was discarded from the wells and the plates
were washed thoroughly with water. Stock solutions of predetermined concentrations of the test
compound were then made in the necessary medium. These stock solutions werel dli§0ote

pL) into the wells of the 96vell PVC microtiter plate with the established biofilms. Medium

alone was added to a subset of the wells to serve as a control. Sample plates were then incubated
for 24 h at 37 °C. After incubation, the medium was dbedifrom the wells and the plates were
washed thoroughly with water. Plates were then stained with 110 pL of 0.1% solution of crystal
violet (CV) and then incubated at ambient temperature for 30 min. Plates were washed with

water again and the remainingist was solubilized with 200 pL of 95% ethanol. A sample of

125 pL of solubilized CV stain from each well was transferred to the corresponding wells of a
polystyrene microtiter dish. Biofilm dispersion was quantitated by measuring tkwe @Bach

well in which a negative control lane wherein no biofilm was formed served as a background and
was subtracted out.

Broth Microdilution Method for Antibiotic Resensitization : Overnight cultures of bacteria in
cationadjusted MuelleHinton Broth (CAMHB) were subdtured to 5 x 106CFU/mL in

CAMHB. Aliquots (5 mL) were placed in culture tubes and dosed with compound from stock
solutions to give concentrations of 30% of the MIC of the compound against the particular
bacterial strain. One milliliter of the resultinglstion was placed in a separate culture and dosed

with antibiotic at the highest concentration to be tested. Bacteria treated with antibiotic alone

were used as the control. Row 1 of a®é | | pl ate was filled with 20
antibiotic/adjuvant,andorws 218 wer e filled with 100 €L eac
bacteri al subcul ture. Row 1 was then mixed fi
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which was then mixed five times before being transferred to row 3. This process was repeated
until all rows had been mixed, except for row eight, which would have only compound, to serve
as acontrol. The 9% e | | pl ate was then covered in GIad
stationary conditions at 37 °C for 16 h. MIC values were determined as thé tmmesntration

at which no bacterial growth was observed; fold reductions were determined by comparison to
control lane.

Growth Curves for Compounds inBiofilm C onditions: MRSA ATCC# 43300 was grown

overnight in TSBG, and this culture was used to inoeutash TSBG (OE»=0.04). Inoculated
medium was aliquoted (3 mL) into culture tubes, and compound was added, with untreated
inoculated medium serving as the control. Tubes were incubated at 37 °C with shaking. Samples
were taken at 2, 4, 6, 8, and 24rheipoints, serially diluted in fresh TSBG, and plated on

nutrient agar. Plates were incubated at 37 °C overnight in stationary conditions, and the number
of colonies was enumerated.

Growth Curves for Compounds in Resensitization ©nditions: Cultures wergrown

overnight in CAMHB, and this culture was used to inoculate fresh CAMIHB G CFU/mL).
Inoculated medium was aliquoted (3 mL) into culture tubes, and compound was added, with
untreated inoculated medium serving as the control. Tubes were incab&®&8C with shaking.
Samples were taken at 2, 4, 6, 8, and 24 h time points, serially diluted in fresh CAMHB, and
plated on nutrient agar. Plates were incubated at 37 °C overnight in stationary conditions, and the

number of colonies was enumerated.
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CHAPTER 4
2-Aminobenzimidazoles as Antibiofilm Agents fainst Salmonella entericaerovar
Typhimurium
4.1 Introduction

Salmonella entericé one of the most common food and water borne bacterial pathogens
worldwide. Salmonellaserotypes can cause aiety of disease syndromes, and are normally
grouped into typhoidal and ndgphoidal speciesSalmonella entericaerovarTyphi is the
causative agent of enteric fever é@amonella entericaerovarTyphiumiurum is typically
associated with intestindistress, or salmonellosisTyphoidaland nortyphoidal species of
Salmonellahave shown a remarkable ability to persist in a variety of environments, including the
human body. This survival strategy centers around the abil®alofionellato form biofilms on
gallstoneg. Colonization of gallstones can then lead to clw@arriage oSalmonellawhich
allows for the spread @almonellahrough fecal shedding. Presently, chronic carriage of
Salmonellas treated by invasive methods, which is not well suited to areaSdlmabnellas
prevalent As S.Typhi is a human specific pathogen, reliable murine models util&ing
Typhimurium have been used to mo8eTyphi infections*® A compound that is capable of
perturbingSalmonellabiofilms could bea viable treatment option for chror@lmonella
carriage.

Recently, there have been reports of derivatizachihoimidazoles (Als) that inhibitS.
Typhimurium biofilm formation®*° As our group has been deeptyolved in exploring the
antibiofilm potential of 2Als for the past 14 years, we wengrious if there were-2Al
derivatives in our library, or derivatives of other nitrogkanse heterocycles that we have

assembled and assayed for their antibiofilm activities, that possessed activity &gainst
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Typhimurium. To address this question, wef@ened an internal library screen for inhibitors of
S. Typhimurium biofilm formation. From this screen, we identifiedr@inobenzimidazole (2
ABI) compound4.1as one lead compound that returned aj VW@lue of 13.20.6. Previously,

we have shown that2Bls display a wide variety of biological activity including antibiotic
activity against MRSA and MDR. baumannit! antibiofilm activity against Grarpositive
bacteriat? and the ability to repotentiabelactam antibiotic activity againsfycobacterium
smegmatig® With this compound in hand, we decided to probe the struattigty

relationship (SAR) of the-ABIs againstS. Typhimuirum biofilms. Herein we report the results
of this SAR study of the-ABI scaffold, focusing on three regions: the head region, the linker

and the tail region (Figuré.1).

g

Figure 4.1. Structure of original hit compountll, regionsof modification.
4.2 Head group modifications

The first region of the molecule we decided to modify was the head region cAfBE 2
using a synthetic scheme previously describetibgsey et al(Schemet.1).}* Briefly, 4-
fluoro-3-nitroaniline4.2 was acylated with-pentylbenzoyl chloride in the presence of
triethylamine and 4limethylaminopyrimidine (DMAP) in DCM for 16 hours raom

temperature to yield compoudd3. SVAr substitution of compound.3with commercially
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available amines in refluxing ethanol for 16 hours yielded compotdds). Subsequent
reduction of the nitro group with ammonium formate and 10% palladiunaroie (Pd/C) in
ethanol at reflux followed by cyclization with cyanogen bromide in DCM at room temperature

yielded 2ABIs 4.5an.

0 0]
NH, \M/©)‘\NH \M/©)‘\NH
—2 > 4 —b> ) ©\
NO, NO;
F HN.

NO,
F
4.2
4.3 4.4a-n
R
N
0
¢ d HCI H,N—G j@\
— > N N
H
4

4.5a-n

Scheme4.1. Synthetic route to compoundssan: (a) 4-pentylbenzoyl chloride, DMAP, B,
DCM, 16h (b) RNH, EtOH, reflk, 16 h (c) NHHCO;, 10% Pd/C, EtOH, reflux, B (d) CNBr,
DCM, 16h (e) HCIMeOH.

The 2ABI derivative with an unsubstituted head regwas synthesizeds outlined in
Scheme 4.2%1° Briefly, cyclization of 4nitrobenzenel,2-diamine4.6 with cyanogen tbmide
in 1:8 Acetonitrile:H>O at reflux yielded nitro -aminobenzimidazole, compoudd’. The 2Al
was then protected usiipc-anhydride and DMAP in THF at room temperature to yield
compound4.8. Subsequerttydrogenation ovePd/Cof the nitro grougollowed by acylation of
the aniline with 4pentylbenzoyl chloride in DCM at room temperature yielded protetrs@l

4.9. Boc deprotection of compoudd yielded unsubstituted-2BI 4.10
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NO,

NO, NO,
a b c,d
EEE—— —_— T
©\ NH N-Boc
N H2 _ N=
NH, N§—< ‘<N—Boc
NH, Boc/
4.6 4.7 4.8

Boc\

Boc N H

\ (0] N

(0]

N— D\ o f HN—

Boc N N - > N
4 4
4.9 410

Scheme4.2 Synthetic route toampound4.1Q (a) CNBr, 1:8 ACN: RO, reflux, 16 h. (b)
Boc,O, DMAP, THF, rt, 16 h (c) B 10% Pd/C, rt, THF, 16 h (d}gentylbenzoyl chloride,
DMAP, EtN, DCM, rt, 6 h (e) 50% TFA: DCM, rt, 2 h (f)&/MeOH.

Three head group substitutionsoetyl (4.53), butyl phenyl 4.5b), and rhexyl @.50
displayed improved activitgTable4.1) over the parent compourddl Isobutyl substitution
(compound4.5d) or substitution with tryptaminel(56 returned an I€ value of between 10 and
15 micromolar, similato that of parent compourd1 (ICso values were only calculated for
compounds that had marked improvement over compduihd Substitution with cyclopentyl
(4.59 or cyclohexyl ringg4.5h) returned slightly higher I§ values compared to the parent{15
20 uM). Shorteninghe phenyl chain to two methylenes also reduced the activity, with
compound4.5ireturning an I value of between 20 and 40 uM. Replacement of the phenyl
ring on compound.5i with an imidazole4.5j) ring also returned an kgvalueof between 20
and 40 uM. Alkyl chains with less than four carbon ato#Sk( 4.5]) or longer than eight
carbon atoms4(.5m, 4.5n) reduced or completely abolished antibiofilm activiBemoval of the
head group (compounti10) from the 2ABI lowers the Cso from 13.1+0.6 pMto 20-40 i,

demonstrating the necessity of the head group for biofilm inhibitory activity.
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Table 4.1.1Cso values of para-ABIl, compoundgt.5an.

Compound R= IC 50 (UM)
4.5a 3 6.66t0.32
4.5b WVQ 9.59+0.23
4.5¢

R 10.8+0.56
4.1 {\/\© 13.1+0.6
4.5d »{\( 1015
’ NH
4.5e {\/EQ 10-15
4.51 ORI 1520
4.5¢g
{O 15-20
4.5h {O 1520
4.5i 1{\/© 20.40
N
4.5i {\/[N\> 2040
H
4.10 H 20-40
4.5k 12\ 20-40
4.5l 5 CHa >40
4.5n M >50
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After investigating different head group substitutions in the para position relative to the
amide, analogues with the head group substitution meta to the amide were prepared. The
synthetic route to these compounds (Schér8g is identical to that of the para analogues
(Schemet.1) except the starting material isflBoro-4-nitroaniline4.11, allowing the SAr

reaction to occur at the meta position.

0 o)
NH,

NH NH

b
Q== MG,
F _R

NO, F ”

NO, NO,

4.1

4.12
N
HCI H,N— j@\ o
= ; NJ\@\(
R /
R H
4

4.14a-e

4.13a-e

Scheme4.3. Synthetic route to compoundsl4ae: (a)4-pentylbenzoyl chlade, DMAP, EtN,
DCM, 16 h (b) RNH, EtOH, reflux, 16 h (cNHsHCO;, 10% Pd/C, EtOH, reflux, B (d) CNBr,
DCM, 16 h(e) HCIMeOH.

Compared to their para substituted counterparts, the meta analogues did not display a
significant increase in activityTable4.2). Only the butyl analogué.14a (Cso 10-15 niVl)
displayed increased activity compared to butyl para analb&i€Cso 1520 niM). n-Hexyl
analogued.14bdisplayed almost identical activity to the parhexyl analogud.5¢ returning
an 1Gso between 10 and 18M. Methyl (4.149, ethyl @.14d), and isopropyl4.14¢ analogues

all displayed 1Go values between 20 and 4.

146



Table 4.2.1Cso values of meta-ABI, compoundst.14ae.

Compound R= ICs0 (LM)
4.14a %33\ 10-15
4.14b z{HS\ 10-15
4.14c s,{CHs 20-40
4.14d ﬁ{w\ 20-40
4.14e 12\ 20-40

4.3 Tail modifications

N 0
HCI H,N—G j@\ )y
N N” "R

H
4.15a-t
T e Y e Y
O/H“\ Br Br Cl Cl
4.15a 4.15b 4.15¢c 4.15d 4.15e
& P &
o o L
@\% \CLON\ i ’ o
4.15f 4.15g 4.15h 4.15i 4.15j
& & & # &
o, O, T, A T
2 5 6 1
4.15k 4.151 4.15m 4.15n 4.150
K &
oF Ao o o
7
4.15p 4.15q 4.15r 4.15s 4.15t

Figure 4.2 Structure of compound&15at with various tail substitutions
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After modifying the head region of the molecule, substitutions to the tail of the molecule
were made in an effort to improve the antibiofilm ability of the parent compound. Previously,
various 2ABI derivatives with an identical head group to the paremimound4.1and various
tails were prepared by T. Vu Nguyen (Figure 42)s these compounds were readily available
in our laboratory, their ant. Typhimuriumbiofilm activity was investigated. Halogenation
(4.15b, 4.15@nd4.150d of the aromatic ring lowers the d@value when compared to a 4
pentylbenzoyl group, all returning 4€values of less than 7.0 uM (Table 4.3). Thedidhloro
analogue4.15¢ displays lower activity compared to the other halogenated tails, butydispla
equivalent activity to the parent compouddl). Addition of a pentoxybenzoyl groug.(59
returns the lowest I§g observed, with an 1§ of 5.22+0.11 pM. Although substituted benzoyl
groups are favored in the most active compounds, removal ofdhegc ring in favor of a
straight alkyl chain is tolerated as observed with nonadoybf) and decanoyl4(15)) tails. 4
butylbenzoyl 4.15f), and 4propoxybenzoyl4.159 tails all returned an I§g value between 10
and 15mM, similar to that of the grent compound4(1) and the 3,5lichlorobenzoyl compound
(4.15¢9. Additional analogues were investigated, but all displayed lower activity in comparison
to the parent compound.-Butoxybenzoyl 4.15j), 4-propylbenzoyl 4.15K), 4-hexylbenzoyl
(4.15)), 4-heptylbenzoyl 4.15m), and octanoyl4.15n) tails all returned I€svalues between 15
and 20nM. 4-ethylbenzoyl 4.159 and hexanoyl4.15p) tails returned 16 values between 20
and 40 micromolar. Lastly, heptanogl159), 4-octylbenzoyl 4.15r), undecanoyl4.159, and

tridecanoyl 4.15%) tails returned Igp values of greater than 40M.
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Table 4.3 ICsp values of 2ABIs with different tails, compound& 15at.

Compound ICs0 (LM)
4.15a 5.22+0.11
4.15b 5.38+0.79
4.15¢ 5.58+0.21
4.15d 6.30+1.29

4.1 13.120.6
4.15e 13.3%0.49
4.15f 1015
4159 10-15
4.15h 1015
4.15i 1015
4.15) 15-20
4.15k 1520
4.15| 1520
4.15m 15-20
4.15n 1520
4.150 20,40
4.15p 20-40
4.15q >40
4.15r >50
4.15s >50
4.15¢ >50
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4.4 Linker modification

Thelast region of the-ABIs that we were interested in modifying was the linker region.
The 2ABIs previously synthesized in our laboratdr{?'4 that served as the basis for the 2
ABIs used in this study have featured the nitrogen in the amide connected {ABh&&ad of
the molecule. Previous studies on othétlzatural products have demonstrated the effect that
modi fication of the amide moiety can have
as well as its toxicity ifC. elegans® With this in mind, we aimed to synthesizé\BI
derivatives with a reverse amide moiety (compoun#0 as well as a urea moiety (compound
4.29 replacing the amide.

The synthesis of the reverse amatwlogue (Schenm&4) beganby reacting 4fluoro-3-
nitrobenzoic acid with thionyl chloride in methanol &) warming to room temperature
overnightto yield the methyl estet.17. Compound4.17was then reacted withghenyt1-
propylamine in ethanol at reflux to yiedld18 Reduction of the nitro group followed by
cyclization with cyanogen bromide in DCM at rooemiperature yielded the/&Bl 4.19 Lastly,
saponification of the methyl ester with sodium hydroxide in 1:1 MeQ8/&t reflux followed
by EDC coupling of the carboxylic acid with 3gdchloroaniline delivered the reverse amide 2

ABI 4.20
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NO, NO,
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4.19 4.20
Scheme4.4. Synthetic route to compourdl2Q (a) SOCb, MeOH,0 °C to rt,16 h (b) 3phenyt
1-propylamine, EtOH, reflux, 16 h (§yHsHCO,, 10% Pd/C, EtOH, reflux, 3 h (d) CNBr, DCM,
16 h (e) NaOH, 1:1 MeOH#® , reflux, 2 h (f) EDC, 34lichloroaniline, EN, DMAP, 2:1
DCM:DMF, rt, 16 h (g) HCIMeOH.

Synthesis of the urea analogue (Schdmebegan with the Boc protection offioro-3-
nitroaniline, yieldingd.21 Compoundt.21was then reacted with@henytl-propylamine to
yield the diamino benzere22 Redudbn of the nitro group using ammonium formate and
10% Pd/C in ethanol at reflux followed by cyclization with cyanogen bromide in DCM at room
temperature yielded Bearotected 2ABI 4.23 Alloc protection of the -Al head proceeded
smoothly utilizing scandm (ll) triflate as a Lewisacid catalyst in DCM overnight at room
temperature, yielding alloc protectedABI 4.24 Boc deprotection of compoudd25followed

by coupling of the Allogprotected 2ABI with 3,4-dichloroaniline using triphosgene yielddubt
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Alloc protected 2ABI urea. Finally, Alloc deprotection with Pd(Phand NaBH yielded the

target 2ABI urea4.25

4.22

N £ N o Cl
€ I v B
ST e w1 8T
Alloc N N N N~ N Cl
HCI H H

4.24 4.25

Scheme4.5. Synthetic route to compounrt25 (a) BocO, DMAP, EtN, DCM, rt, 16 h (b) 3
phenytl-propylamine, EtOH, reflux, 16 ltY NH4HCO,, 10% Pd/C, EtOH, reflux, 3 h (d)
CNBr, DCM, rt, 16 h (e) AlloeCl, E&N, Sc(OTfy, DCM, rt, 16 h (f) 30% TFA:DCM, rt, 4 h (g)
3,4-dichloroaniline, triphosgene, NaOs, DCM-H-0, rt, 16 h (h) Pd(PRJs, NaBH;, EtOH, 0O
°Ctort, 1 h(i)12N HCI,pH 1, rt, 2 h (j) HCIMeOH.

While the reverse amide analogde?Q) displayed a twdold greater 1Go (12.6+1.8uM)
than that of the parent compou#d 5d the urea analogud.5 displayed only a slight
reduction in 1Go value from 6.30£1.29 uM to 7.694Zb uM, demonstrating that the linker group
of the 2ABIs can be modified while retaining biofilm inhibitory activity agaiBst

Typhiumurium.
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4.5 Growth curve and toxicity studies

After investigating the ability of the-2Bls to inhibit S, Typhimurium bidilms, we
performed growth curve analysis to investightetoxicity of compoundsgl.15aand4.25
towards planktonic bacteria. Compourdd$s5aand4.25both showed no toxicity to planktonic

bacterial growth at their g values, indicating that they aremtoxic biofilm inhibitors (Figure

4.3.
1.00E+09 =T
r l_1 8
1.00E+08 ¢ { Control
1.00E+07
. Compound 4.15a
)
L
O 1.00E+05
Compound 4.25
7.69 uM
1.00E+04
1.00E+03
0 4 8 12 16 20 24

Time (h)

Figure 4.3.Growth curves ofl.15aand4.25in biofilm assay conditions.

In addition togrowth curve analysis, the/&Bls were investigated for potential vivo
application by assessing their toxicity towa@lsmellonella(Figure4.4). Performed by Bradley
M. Minrovic, previous work has established that compouhiis4.15|, 4.15n and4.15jwere
nontoxic to G. mellonellaat a concentration of 400 mg/kd).This nontoxicity is also etained
by compound 4.15d and4.15¢ displaying a >9% survival rate after 5 days at a concentration

of 400 mg/kg.
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Figure 4.4.Toxicity of compoundg}.15d(400 mg/kg)and4.15e(400 mg/kg)in G. mellonella
4.6 Conclusion

After the identification of 2ABI compound4.1as aS. Typhimurium biofilm inhibitor,
probing of the SAR of the-ABIs elucidated six new analogues withsd@alues of less than 10
uM. Utilizing the same parpentyl benzoyl tail as the parent compoudnt] structural
modifications to the head of theABIs in the para position to the amide yielded compounds
4.5aand4.5bwith 1Cso values of 6.66+0.32 and 9.59+0.23 uM respectively. Modification of the
tail region yielded compounds15a(5.22+0.11 uM)4.15b (5.38+0.79 uM)4.15¢(5.58+0.21
uM), and4.15d(6.30+£1.29 uM) that displayed improved activity. Modification of the linker
between the head and the tail yielded the urea compbabavith a comparable 165 (7.62:0.25
MM) to that of the amide parent compoudd,5d(6.30£1.29uM). Substitution the zABI head
at the meta position to the amidel4ae) and reversal of the amide moietyZ0) and did not
produce an increase in activity when compared to their regpgxarent compounds, compounds

4.1and4.15d Compoundsgt.15aand4.25were then shown to be ndoxic to planktonic
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bacterial growth at their §g values using growth curve analysis, demonstrating that they show
specific antiS. Typhimurium biofilm inhibtory activity. Additionally, compound4.15dand
4.15eand other related-2BIs'3 displayed no toxicity t@. mellonellaat 400 mg/kg (Figure

4.4), thus making them potential candidates for futareivo studies.

4.7 Experimental

All reagents used for chemical synthesis were purchased from commercially available
sources and used without further purification. Chromatography was performed using 60 A mesh
standard grade silica gel from Sorbtech. NMR solvents were obtained from Canibaitige
Laboratories and used as is. A NMR (300 or 400 MHz) anéfC NMR (75,100, or 175MHz)
spectra were recorded at 25 AC on Varian Merc
parts per million relative to tetramethylsilane or the reBpe NMR solvent; coupling constants
(J) are in hertz (Hz). Abbreviations used are s, singlet; brs, broad singlet; d, doublet; dd, doublet
of doublets; t, triplet; dt, doublet of triplets; m, multiplet. Mass spectra were obtained at the NCSU
Department o€hemistry Mass Spectrometry Facility. Infrared spectra were obtained on an FT/IR
4100 spect rmpncot)dhabsoebance(was recorded on a Genesys 10 scanning
UV/ vi si bl e s p esirt nmp Phb mutitiesrofehte eested Compounds were all verified
to be >95% by LEMS analysis on a Shimadzu H@S 2020 with Kinetex, 2.6 mm, C18 50 x 2.10
mm.
General Synthetic Procedures
General Synthetic Procedure for Aniline Acylation (Compoundsgt.3, 4.2): To a solution of
nitroaniline (1.0 g, 6.41 mmol) in anhydrous Dichloromethane (35 mL), was added DMAP
(0.782 g, 1.nmol), and 4 pentylbenzoyl chloride (1.69 mL, 8.32mol) dropwise. The

reaction was stirred under N2 fto hours, after which it wasaghed with H20 (3 x 100 mL),
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saturated aqueous NaHE@ x 100 mL), and saturated aqueous NaCl (1 x 100 mL). It was then
dried withsodium sulfatend purified on silicgel, using 1660% EtOAc/Hexaneas the eluting
solvent.

General Synthetic Rocedure for SNAr Substitution (Compound#t.4an, 4.13ae, 4.18, 4.2
Compound#.3,4.12 4.17, or4.21were added to a round bottom flask and dissolved in ethanol

(2 mmol,0.5 M). To this mixture the corresponding aminé(8quivalents) was added

dropwise. Theeaction mixture was then heated to reflux and allowed to stir for 16 hours. The
mixture was then cooled to room temperature. Water was added to the reaction mixture, causing
the product to precipitate out of solution. This mixture was then cool€ddoThe product was

then filtered and washed with cold water. The solid was then dried under high vacuum overnight.
General Synthetic Procedure for the 2-ABI Nitro Reduction and Cyclization (Compounds

4.5an, 4.14ae, 4.19 4.23: The appropriate nitrcompound was dissolved in ethanol (1.00g,

0.4 M), and 10% Pd/C (0.100 g) was added to the mixture. The reaction mixture was then heated
to reflux. Ammonium formatés eq)was then dissolved in ethanol and added dropwise to the
read¢ion mixture which was allowed to stir until completion, via TLC analysis. The mixture was
then cooled to room temperature, and quickly filtered through a pad of celite which was washed
with dichloromethane. The crude product was then placed under niteoggsolid cyanogen

bromide (10 eq) was added to the crude product and allowed to stir overnight. The reaction
mixture was then concentrated and purified using column chromatograpkfy KleOH/NH-

DCM). Methanol supplemented with 12N HCI was added tgtbduct forming the HCI salt,

which was then dried under high vacuum overnight.

General Synthetic Procedure for Simple 2ABI Cyclization (compound.7): Cyanogen

bromide (3.55, 33.5mmol) was added to a solution chitro-1,2-phenylenediamine (5.06
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33.1mmol) in waer/acetonitrile (80:1@nL). Thereaction washenrefluxed for 4h while

turning a deep red color. After concentrating half of the water/acetonitrile reaction solvent,
concentrated ammonia hydroxide (aq) was added to the solution untdwa geecipitate began

to form. The mixture was then filtered, and the precipitate was dried under reduced pressure to
give4.7.

General Synthetic Procedure for the Boc Protection of nple 2-ABls (4.8): A solution

of 4.7(0.069g, 0.337 mmol), Boc anhydie (0.368 g, 1.68 mmol) and DMAP (0.004 g, 0.034
mmol) was made in THF (5 mL) under nitrogen. The reaction was allowed to stir overnight at
room temperature. After completion, the solvent was removed under reduced pressure to yield
the crude product. Ehcrude product was then purified using flash chromatograpB@%o
EtOAc/Hex) to yield compound 4.8 as a yellow solid.

General Procedure for the Nitro R eduction andFormation of 2-ABI A mides(4.9): To a

solution 0f4.8(0.35g, 0.731 mmol) in THF (15 mL)ag added 10% Pd/C (0.035 g). The

solution was then purged with & bialloon for 30 minutes, after which the vent needle was
removed. The reaction was allowed to stir for 16 hours. After completion, the reaction was
filtered through a celite pad and thelF was removed under reduced pressure. The product was
allowed to dry under high vacuum for 2 hours, after which it was placed under nitrogen. A
solution containing the crude product and DMAP (0.004 g, 0.03 mmol) was made in DCM (10
mL). 4-Pentylbenzolchloride (0.154 mL, 0.731 mmol) was added dropwise and allowed to stir
for 6 hours. After completion, the reaction was washed with water (3 x 25 mL), saturated
sodium bicarbonate (2 x 25 mL) and brine (1 x 25 mL). The organic layer was then dried with
sodium sulfate, filtered, and the solvent was removed under reduced pressure. The crude product

was then purified using flash chromatograph2(®6 EtOAc/Hex) to yieldt.9as a white solid.
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Genaal Procedure for the BocDeprotection of Tri-Boc Protected2-ABI A mides (4.10):

The triBodci protected 2ABI amide 4.9, wasdissolvel in 2mL of methylene chloride. TFA

(2 mL) wasthen added dropwide give a 1:1 mixture (CHCI2/TFA). The reaction was then
allowed to stir for 16 at room temperature after whittte solvent was removed under reduced
pressure tyield the 2ABI product,4.10 Methanol supplemented with 12N HCI was added to
the product forming the HCI salt, which was then dried under high vacuum overnight.
General Synthetic Procedure for Methyl Esér Synthesis Compound4.17): To a solution of
4-fluoro-3-nitrobenzoic acid (2.00 g, 10.8 mmol) in MeOH (20 mL) a€0vas added thionyl
chloride (2.35 mL, 32.4 mmol) dropwise, and the reaction mixture was allowed to stir overnight.
After completion, theeaction was extracted with diluted in water and extracted with ethyl
acetate (3 x 20 mL). The combined organic layers were then washed with saturated sodium
bicarbonate (2 x 30 mL). The organic layer was then dried with sodium sulfate, and the product
was concentrated to yield the product with no further purification.

General Synthetic Procedure for Saponification Followed by EDC Qupling (Compound

4.20: 2-ABI methyl ester (compound.19 0.200 g, 0.645 mmol) was dissolved in a 1:1 mixture
of MeOH:H0O (20 mL) to which a 5M solution of sodium hydroxide (10 mL) was added. The
mixture was then heated to reflux while stirring for 16 hours. After completion, the methanol
was removed under reduced pressure. The remaining aqueous solution was theo 60Gled t
and 12N HCI was added until the pH reached ~2. The resulting precipitate was then isolated
using vacuum filtration and allowed to dry under high vacuum for 2 hours. A solution of
carboxylic acid (0.107 g, 0.362 mmol), EDC (0.@¢®.471 mmol), IMAP (0.044 g, 0.362

mmol), and 3,4ichloroaniline (0.176 g, 1.09 mmol) was made in a 5:1 mixture of DCM: DMF.

The reaction was allowed to stir for 16 hours at room temperature. After completion, the DCM
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was removed under reduced pressure. The remanlogon was then dissolved in ethyl

acetate (25 mL) washed with water (1 x 40 mL), saturated sodium bicarbonate (2 x 15 mL), and
brine (1 x 20 mL). The organic layer was then dried over sodium sulfate and concentrated under
reduced pressure to yield tbeide product. The crude product was then purified using flash
chromatography (0-5% MeOHNHz/DCM). Methanol supplemented with 12N HCI was added

to the product forming the HCI salt, which was then dried under high vacuum overnight.
General Synthetic Pocedure for Aniline Boc Rotection (Compound4.21): To a solution of
4-fluoro-3-nitroaniline (5.0 g, 32.03 mmol) in anhydrous THF (150 mL) was added triethylamine
(44.7 mL, 320.28 mmol) and DMAP (0.039 g, 0.32 mmol}tétbutyl dicarbonate (10.49 g,

484 mmol) was added, and solution was stirred at room temperature overnight (16 h). The
solvent was removed under reduced pressure, and the crude product was dissolved in ethyl
acetate (100mL), and washed with 1IN HCI (3 x 100 mL), saturated sodium bicar@®rat00

mL), and brine (1 x 100 mL). The organic layer was dried over sodium sulfate. The solvent was
removed under reduced pressure, and the crude product was purified via flash chromatography
(5-20% ethyl acetate/hexanes).

General Synthetic Procedurefor 2-ABI Alloc P rotection (Compound4.24): Compound4.23

(1.15 g, 3.14 mmol) was placed under an inert atmosphere and dissolved in DCM (25 mL). To
the reaction mixture was added 0.05 equivalents of Sg(@tf) triethylamine triethylamine

(0.482 mL, 3.45nmol). The reaction mixture was cooled to 0 °C. Allyl chloroformate (0.365

mL, 3.45 mmol) was slowly added dropwise to the reaction mixture. The reaction mixture was
stirred at 0 °C for 20 min and allowed to warm up to room temperature overnight. Thd solve
was removed under reduced pressure, and the crude product was dissolved in DCM (100 mL).

The organic layer was washed with saturated sodium bicarbonate (3 x 100 mL), and brine (1 x
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100 mL). The organic layer was dried over sodium sulfate. The solveneweved under

reduced pressure, and the crude product was purified via flash chromatography@OH

Sat. NH4/DCM).

General Synthetic Procedure for Boc Deprotection, kéa coupling, Alloc Deprotection
(Compound4.25: Compoundt.24(0.123 g, 0.273nmol) was dissolved in 30% TFA/DCM

under an inert atmosphere at 0 °C. The reaction was allowed to stir for 4 h, and upon completion
via TLC analysis, the solvent was then removed under reduced pressure. The crude product was
dissolved in DCM, and washedtisaturated sodium bicarbonate (3 x 100 mL). The organic

layer was dried over sodium sulfate, and the solvent was removed under reduced pressure. The
crude product was then dissolved in dichloromethane (10 mL) to which sodium carbonate
(0.0469, 0.434 mmpland water (5 mL) was added and the mixture was allowed to stir for 10
minutes at room temperature. A solution of triphosgene (0.027g, 0.089 mmol) in DCM (5 mL)
was added to the reaction mixture. After allowing the mixture to stir for 1 hour, 3,4
dichloroaniline (0.088 g, 0.542 mmol) in DCM (1 mL) was added dropwise to the reaction
mixture. The reaction was then allowed to stir for 16 hours at room temperature. Following the
completion of the reaction, the product was extracted with dichloromethang_jl&nd washed

with water (2 x 20 mL) and brine (1 x 20 mL). The crude mixture was then purified with flash
chromatography (0-2.5% MeOHNH3/DCM) to yield the intermediateAfter allowing the

product to dry under high vacuum for 2 hours, the alloaeptet urea (0.023 g, 0.427 mmol)

was then placed under nitrogen and dissolved in etlfa@aohlL) at 0C. Next,
tetrakis(triphenlphosphine)palladium (0) (0.0002 g, 0.00@#ol) and sodium borohydride

(0.003g, 0.085 mmol) were added to the reaction mexamd allowed to stir for 1 hour while

warming to room temperature. The reaction was then acidified to pBiskg 12 N HCI, and
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the reaction was allowed to stir for 4 h. After completion, the reaction was extracted with 1:1
EtOAC/Hex (2 x 20 mL). Té combined organic layers were washed with water (20 mL),
saturated NaHCgY20 mL), brine (20 mL), dried (MgSpand concentrated under reduced
pressure. The residue was then purified using flash chromatograpby KleOHNHz/DCM)

to yield the desired pduct. Methanol supplemented with 12N HCI was added to the product
forming the HCI salt, which was then dried under high vacuum overnight.

Previously Reported Compounds

HYQ/\/\/
HCI HzN—</:j© 0

N-(2-Amino-1-phenethyt1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride
(4.1). Compound was synthesized using previously reported meth8gectral data was

consistent with previous repofts.

¢
N o
" H2N_<\Nj©\ J\©\/\/\
N
H

N-(2-Amino-1-octyl-1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride(4.5a})
Compound was synthesized using\pously reported method$Spectral data was consistent

with previous report$?
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N 0
HCI HN—( j@\
N NJ\Q\/\/\
H

N-(2-Amino-1-(4-phenylbutyl)-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide
hydrochloride (4.5b). Compound was synthesized using previously reported methods.

Spectral data was casgent with previous reports.

¢
N o)
HCI HoN— j@\
N
N)k©\/\/\

N-(2-Amino-1-hexyl-1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride(4.5c)
Compound was synthesized using previously repontetthodst* Spectral data was consistent

with previous report$?

H
N
/

N 0
HCI H,N— j@\
) NJK@\/\/\
H

N-(1-(2-(1H-Indol-3-yl)ethyl)-2-amino-1H-benzo[d]imidazol5-yl)-4-pentylbenzamide
hydrochloride (4.5e) Compound was synthesized using previously reported meth&gectral

data was consistent wipirevious reports?
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N 0
HCI HN—( j@\
N
”h/\/\

N-(2-Amino-1-butyl-1H-benzo[d]imidazo}5-yl)-4-pentylbenzamide hydrochloride(4.5f):.
Compound was synthesized using previously reported meth8gectral data was consistent

with previous report$*

:
|

N-(2-Amino-1-cyclopentyl1H-benzo[dimidazol-5-yl)-4-pentylbenzamide hydrochloride

(4.5g) Compound was synthesized using previously reported meth&gectral data was

Hel H2N_<\Nj©\ )CL@\/\/\
N N
H

N-(2-Amino-1-cyclohexyt1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride

consistent with previous repofts.

(4.5h). Compound was synthesized using previously reported methSgectral data was

consistent with previous repofts.
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N N
H

N-(2-Amino-1-isopropyl-1H-benzo[d]imidazo}5-yl)-4-pentylbenzamide hydrochloride
(4.5k): Compound was synthesized using previously reported meth8gectral data was

consistent with previous repots.

\
N
HCI pN— j@\ 0
N N
H)k©\/\/\

N-(2-Amino-1-methyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride(4.5I):
Compound was syhesized using previously reported meth&uSpectral data was consistent

with previous reports?

(((11
N o)
HOI HN—( j@\
) Nh/\/\
H
N-(2-Amino-1-dodecyl1H-benzo[d]imidazo}5-yl)-4-pentylbenzamide hydrochloride(4.5n).

Compound was synthesized using previously reported meth8gectral data was consistent

with previous reports?

H
N o
HCI H2N_<\
N Nh/\/\
H

N-(2-Amino-1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride(4.10})
Compoundvas synthesized using previously reported methb8pectral data was consistent

with previous reportst
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N o]
HCl HN—G
N N
H
O/\/\/

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazo}5-yl)-4-pentoxybenzamide
hydrochloride (4.15a): Compound was synthesized using previously reported methods.

Spectral data was consistent with previous regérts.

N o)
HCI H,N—(
N N
H
Br
Br

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-3,4-dibromobenzamide
hydrochloride (4.15b): Compound was synthesized using previously reported methods

Spectral data was consistevith previous report$>

N
HCI o
HN—G :©\ Br
N N
H
Br

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3,5dibromobenzamide
hydrochloride (4.15c): Compound was synthesized using previously reported methods.

Spectral data was const with previous reports.

165



N o)
HCI HN—Q ]@\
N N
H
cl

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-3,4-dichlorobenzamide
hydrochloride (4.15d): Compound was synthesized using previously reported methods.

Spectral data was nsistent with previous reports.

N o)
HCl  H.N— cl
N N
H
cl

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-3,5-dichlorobenzamide
hydrochloride (4.15e): Compound was synthesized using previously reported methods.

Spectral data was consistent with previous regérts.

N o}
Hel HzN%\ ]Q\ /U\©\ﬁ/
N N
H
3

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-4-butyl benzamide
hydrochloride (4.15f): Compound was synthesized using previously reported meth&isctral

data was consistent with previous repétts.
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N o)
HCI HoN—
N N
H
O/\/

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazo}5-yl)-4-propoxybenzamide
hydrochloride (4.15g): Compound was synthesized using previously reported methods.

Spectral data was consistent with previous regérts.

N 0
Hol  HaN—X /U\t’)/
N N 8

H
N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)decanamide hydrochloride
(4.15h): Compound was synthesized using previously reported meth@}sectral data was

consistent with previous repotts.

N 0
HCI  HN— /U\f/)/
N N 9
H

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)undecanamide hydrochloride
(4.15i): Compound was synthesized using previously reported meth@jsectral data was

consistent with previous report.
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N 0
HCI H,N—Q
N N
H
O/\/\

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-butoxybenzamide
hydrochloride (4.15j): Compound was synthesized using previously reported meth&@psctral

data was consistent with previous repéfts.

HCI
N o}
e T
N N
H
2

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-4-propylbenzamide
hydrochloride (4.15k): Compound was synthesized using previously reported methods.

Spectral data was consistent with previous regérts.

N o)
eyl aow
N N
H
5

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-4-hexylbenzamide
hydrochloride (4.151): Compound was synthesized using previously reported meth@psectral

data was consistent with previous repétts.
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N 0
Hel H2N4<\ jg\ )‘\©\ﬂ/
N N
H
6

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-4-heptylbenzamide
hydrochloride (4.15m): Compound was synthesized using previously reported methods.

Spectral data was consistent with previous regérts.

N 0
N N 7
H

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)nonanamide hydrochloride
(4.15n): Compound was synthesized using previously reported meth@}sectral data was

consistent with previous repotts.

Ay
N N
H
.
N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[dimidazol-5-yl)-4-ethylbenzamide
hydrochloride (4.150): Compound was synthesized using previously reported methods.

Spectral data was consistavith previous report$®
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N 0
HCl  H,N— /U\t’(
N N 5

H
N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)heptanamide hydrochloride
(4.15p): Compound was synthesized using previously reported meth@}sectral data was

consistent witlprevious report$?

N 0
HCL HN—G /U\(/(
N N 5
H

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)octanamide hydrochloride
(4.150): Compound was synthesized using previously reported meth@}sectral data was

consistent with previousports!?

N 0
o k< 1L )K©V
N N
H
7

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)-4-octylbenzamide
hydrochloride (4.15r): Compound was synthesized using previously reported metfods.

Spectral data was consistavith previous report$®
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N 0
HCI H,N—Q /u\((
N N 10

H
N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)dodecanamide hydrochloride
(4.15s):Compound was synthesized using previously reported meth@isectral data was

consistent witlprevious report$?

N 0
HCl  H.N—Q /U\M/
N N 12
H

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)tetradecanamide hydrochloride
(4.15t): Compound was synthesized using previously reported meth@®isectral data was

consistent with @vious reports?

NO,
F

M ethyl 4-fluoro-3-nitrobenzoate(4.17) Compound was synthesized using previously reported

methods.’ Spectral data was consistent with previous regérts.
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OO
z "NO,
HN.

Methyl 3-nitro -4-((3-phenylpropyl)amino)benzoate(4.18) Compound was synthesized using

previously reported method$.Spectral data was consistevith previous report&

N
HN— o
N
_0

M ethyl 2-amino-1-(3-phenylpropyl) -1H-benzo[d]imidazole 5-carboxylate (4.19) Compound
was synthesized using previously reported methd®@pectral data was consistent with previous
reportst®

.Boc

HN

NO,
F

tert-Butyl (4-fluoro-3-nitrophenyl)carbamate (4.21)y Compound was synthesized using

previously reported method$.Spectral data was consistent with previous regérts.
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_Boc
HN

NO,
HN

tert-Butyl (3-nitro -4-((3-phenylpropyl)amino)phenyl)carbamate(4.22) Compound was
synthesized using previously reported methiddSpectral data was consistavith previous

reportst3

N
HoN—
2 \N:©\ .Boc
N

H
tert-Butyl (2-amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol5-yl)carbamate (4.23)
Compound was synthesized using previously reported meth@}sectral data was consistent
with previousreports!?
Novel Compound Characterization

0

P

NO,
HN

.

N-(4-(Isobutylamino)-3-nitrophenyl) -4-pentylbenzamide(4.4d): The tittecompound was

synthesized from.3following the general procedure to affotdid asared solid(35%).H
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NMR (300 MHz, CDC¥) & 8. 70 ( blt=s2,4Hz11H), 8.06 @] =248 Hz( 1¢),

7.79 (d,J = 8.4Hz, 3H), 7.16 (dJ = 8.1Hz, 2H), 6.70 (d,] = 8.7Hz, 1H), 3.04 (t,J = 6.0Hz,

2H), 2.58 (tJ = 7.2Hz, 2H), 1.94 (m,) = 6.6Hz, 1H), 1.56 (m, 2H), 1.30 (m, 4H), 1.02 (tz

6.9Hz, 6H), 0.81 (t] = 6.8Hz, 3H) ppm;**CNMR (100 MHz, CDC) & 166. 5, 147. 3
131.6, 131.5, 130.4, 128.6, 127.3, 126.5, 118.7, 114.1, 50.8, 35.8, 31.5, 30.8, 28.0, 22.5, 20.4,
14.0 ppmnm)9s; IRvax(cm?) 3257, 2970, 1666, 1514, 80ARMS (ESI) calcd for
CazH20N303 [M+H] * 384.2282, found 384.2279

0]

toL .

N-(4-((2-(1H-1 midazol-5-yl)ethyl)amino)-3-nitrophenyl) -4-pentylbenzamide(4.4)): The title

compound was synthesized fregh8following the general procedure to affotd} asared solid
(53%).'H NMR (400 MHz, DMSOds) U 10.30 (s, 1H), 8.69 (s, 1F
3H), 7.60 (s, 1H), 7.32 (d,= 8.0Hz, 2H), 7.12 (dJ = 9.2Hz, 1H), 6.93 (brs, 1H), 3.59 (m,

2H), 3.48 (brs, 3H), 2.88 (m, 2H), 2.63 (m, 2H), 1.55 (m, 2H), 1.26 (m, 4H), 0.B4 @,8Hz,

3H) ppm;®C NMR (100 MHz, DMSOds) U 165. 2, 146.2, 142.2, 135
128.3, 127.8, 127.7, 116.4,114.7,42. 3 5. 0, 30. 9, 3 0 madm) 222IR 0 , 14.
Vmax (CMTY) 3344, 2954, 1637, 1312, 8IMARMS (ESI) calcd for @H2:NsOs [M+H] * 422.2187,

found 422.2188
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0]

to .

NO,
HN

\q)g

N-(4-(Decylamino)-3-nitrophenyl) -4-pentylbenzamide(4.4m). The titlecompound was
synthesized frord.3following the general procedure to affotdimasared solid(80%).'H
NMR (300 MHz,CDC$) & 8. 35 (brs, 1H), 8.X2=B7KzslH), 1H), 7.
7.80 (d,J = 7.8Hz, 2H), 7.23 (dJ) = 7.5, 2H), 6.79 (dJ = 9.3Hz, 1H), 3.24 (m, 2H), 2.63 (§

= 7.8Hz, 2H), 1.68 (m, 5H), 1.27 (r@H), 0.88 (m, 6H) ppm+-C NMR (100 MHz, CDC4) U

166.2, 147.5, 143.3, 131.7, 131.4, 130.6, 128.8, 127.3, 126.5, 118.4, 114.3, 43.3, 35.9, 32.0, 31.5,
31.0,29.8,29.6,29.2, 9. 4, 29. 1, 27 . 2, 22 .m&NM) D& IRGnax 14 . 2,

(cm?) 3370, 2920, 1649, 1520, 884RMS (ESI) calcd for €sH41N3O3 [M+H] * 468.3221,

N
H

N-(2-Amino-1-isbutyl-1H-benzo[d]imidazol5-yl)-4-pentyloenzamide hydrochloride(4.5d).

found 468.3220

The titlecompound was synthesized frehadfollowing the general procedure to affetcbd as
awhite (53%).'"H U ( 3 0 030D)H.86,(dJC D.5Hz, 2H), 7.59 (s, 1H), 7.30 (m, 3H),
7.15 (m, 1H), 3.82 (d] = 7.8 Hz, 2H), 2.68 (tJ = 7.5Hz, 2H), 2.23 (m, 1H), 1.67 (m, 2H), 1.36
(m, 4H), 0.95 (m, 9H) ppr3C NMR (100 MHz,CDC$) & 168. 8, 151.8, 148.°

130.1, 129.7, 128.7, 118.0, 111.8, 105.7, 50.6, 36.7, 32.5, 32.1, 28.9, 23.5, 19.9, 14.4 ppm; UV
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( @xNM) 286; IRVmax (CMTY) 3227, 2945, 1663, 1514, 76ARMS (ESI) calcd for GHzoN4O

[M+H] *379.2492, found 379.2495

N=\
NH

~

N o}
2HCI H,N— j@\
H

N-(1-(2-(1H-Imidazol-5-yl)ethyl)-2-amino-1H-benzo[d]imidazo}5-yl)-4-pentylbenzamide

dihydrochloride (4.5)): The titlecompound was synthesized frehdj following the general

procedure to afford.5j asabrown solid(61%).'H NMR (300 MHz, CROD) U 7. 86 ( m,
7.65 (s, 1H), 7.33 (m, 2H), 7.16 @ = 8.7Hz, 2H) 6.83 (s, 1H), 4.29 (] = 6.9Hz, 2H), 3.04 (t,

J = 6.6Hz, 2H), 2.68 (tJ = 7.5Hz, 2H),1.65 (m, 2H), 1.28 (m, 4H), 0.91 (= 7.2Hz, 3H)

ppm;3C NMR (100 MHz,CROD) & 168.6, 151.5, 148.6, 136.9,
129.6, 128.7, 127.8, 118.9, 118.2, 111.1, 105.8, 43.2, 36.6, 32.4, 31.9, 24.1, 23.4, 14.3 ppm; UV

( @xnm) 294; IRVmax (cn?) 3231, 2925, 1669, 1504, 8G3RMS (ESI) calcd for &H2sNsO

[M+H] *417.2397, found 417.2398

¢
N 0
HCI HZN%\ j@\
N
HJA\Q\/\/\

N-(2-Amino-1-decy}t1H-benzo[d]imidazol5-yl)-4-pentylbenzamide hydrochloride(4.5m).

The titlecompound was synthesized frel@mfollowing the general procedure to affofcbm

asawhite solid(39%).'H NMR (300 MHz,CROD) G 7.85 (m, 2H), 7.60 (
3H), 7.09 (m, 1H), 3.95 (m, 2H), 2.65 Jt= 6.6 Hz, 2H), 1.71 (m, 4H), 1.31 (m, BY), 0.89 (m,

6H) ppm;’*C NMR (100MHz, CD;:OD) & 168.8, 156.4, 148.3, 141,

129.6, 128.6, 115.4, 109.7, 108.7, 43.3, 36.7, 33.0, 32.6, 32.1, 30.7, 30.6, 30.5, 30.4, 29.7, 27.7,
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23.7, 23.6, 1 4mxBm)295;4Rvid«(crpP3N31, 200¥, 1668 1452, 801;
HRMS (ESI) calcd foiCaoHazN4O [M+H] * 463.3431, found 463.3434
O

toL.

F
NO,

N-(3-Fluoro-4-nitrophenyl) -4-pentylbenzamide(4.12) The titlecompound was synthesized
from 4.11following the general procedure to affofdi2asayellowsolid( m. p = 105 e C,
IHNMR (300 MHz, CDC#) & 8. 6 0 (Jb=8.7HzHLH), 7.98 (M) 1), 1.78 (d,=
7.5Hz, 2H), 7.43 (d,) = 8.4Hz, 1H), 7.26 (d,J = 8.4Hz, 2H), 2.64 (5 = 7.5Hz, 2H), 1.63
(m, 2H), 1.32 (m, 4H), 0.88 (3, = 6.6 Hz, 3H) ppm; 3C NMR (100MHz,CDCk) U 166 . 4,
158.1, 155.5, 148.8, 145.3, 145.2, 130.9, 129.1, 127.4, 127.3, 127.3, 114.9, 114.9, 108.9, 35.9,
31.5, 30.9, 22.6, 14.1 ppiR Vmax (cm?) 3337, 2863, 1649, 1567, 1270, 866; HRMS (ESI) calcd
for C11H1sNsS [M+H]* 331.1453, found 331.145

0

to

N/\/\

NO, M

N-(4-Nitro -3-(butylamino)phenyl)-4-pentylbenzamide(4.13a) The titlecompound was

synthesized frord.12following the general procedure to affetdl3aasayellow solid(85%).

IH NMR (400 MHz, CDC4) & 8. 5 90(§, &H), 8.08HdJ = 9.28Hz,2lH), 7.80 (d] =

8.0 Hz, 2H), 7.69 (s, 1H), 7.23 (@= 8.0 Hz, 2H), 6.68 (d] = 9.6 Hz, 1H), 3.26 (M, 2H), 2.64

(m, 2H), 1.66 (M, 4H), 2 (m, 2H), 1.31 (m, ¥), 0.95 (m, 3H), 0.86 (M, 3H) pprF*C NMR

(100 MHz,CDC}) U 166. 5, 148. 1, 147. 3, 145. 5, 131. 5,
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42.9,35.9, 21.5, 31.0, 30.9, 22.5, 20.3, 14.0, 13.8 ppW; mxBM) 320; IRVinax (ct) 3293,
2952, 1676, 1391, SOBRMS (ESI) calcd for GH2oN20s [M+H] * 384.2282 found384.2285
O

to

NN

NO, M

N-(3-(Hexylamino)-4-nitrophenyl) -4-pentylbenzamide(4.13b) The titlecompound was

synthesized frord.12following the general procedure to affetd.3basan orangesolid (90%).

IH NMR (400 MHz, CDC#) & 8. 26 ( &59.2H# 1H), 8.80.(sl ), 1.70 (@=

7.2 Hz, 2H), 7.74 (s, 1H), 7.31 @@= 8.0 Hz, 2H), 6.54 (d, 9.2 Hz, 1H), 3.34 (m, 2H), 2.67(t,

= 7.2 Hz, 1.76 (m, 2H), 1.73 (m, 2H), 1.45 (m, 2H), 1.33&H), 0.90 (m, 6H) ppm*3C NMR

(100 MHz,CDC}) 0 148.6,147.2,145.6,131.4,128.8, 128.0, 127.3, 108.0, 102.4, 43.1,
35.8, 31.5, 30.8, 28. 2,mxand320;Rmx@m¥$3295229554, 14 .
1678, 1395, 8044RMS (ESI) calcd for @H33N30s [M+H] " 412.2595, found 412.2601

0
HNJ\@\/\/\

NO, |
N-(3-(M ethylamino)-4-nitrophenyl) -4-pentylbenzamide(4.13c) The titlecompound was
synthesized fromd.12following the general procedure to affetd.3casayellow solid(m.p =
127 eC,HNMRO®WMHz,CDC}) U 8.21 (m, 3H), 7.78 (m,
(m, 3H), 6.60 (M, 1H), 3.04 (d,= 4.5Hz, 3H), 2.63 (t] = 4.5Hz, 2H), 1.64 (m, 2H), 1.36 (m,
4H), 0.91 (m, 3H) ppm:3C NMR (100 MHz,CDG)) U 166. 6, 148.0, 147.9,
128.0, 127.5, 123, 108.1, 102.0, 35.8, 31.4, 30.8, 29.6, 22.5, 14.0 ppwmkdRcm?) 3376,
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2951, 1654, 1567, 1469, 803; HRMS (ESI) calcd faHzN3S [M+H]" 342.1812, found
342.1809
O

to .

NH

NO, K

N-(3-(Ethylamino)-4-nitrophenyl) -4-pentylbenzamide(4.13d} The titlecompound was
synthesized frord.12following the general procedure to affetd.3dasayellow solid(m.p =

125 eCHNBR@BI)MHz,CDCY) G 8.15 (m, 3H), 7.75 (m,
1H), 3.38 (m, 2H), 2.65 (m, 2H), 1.65 (m, 2H), 1.33 (i#d),70.87 (M, 3H) ppm*3C NMR (100
MHzCDCk) U 166 . 6, 148. 1, 147 . 0, 145. 6, 131. 4,
35.8, 31.4, 30.8, 22.5, 14.2, 14.0 ppmViRx (cmt) 3378, 2950, 1658, 1560, 1473, 798; HRMS
(ESI) calcd for GiH1sN3S [M+H]* 356.1969, found 356.1965

0]

QO
i

NO,
N-(3-(Isopropylamino)-4-nitrophenyl) -4-pentylbenzamide(4.13e) The titlecompound was
synthesized frord.12following the general procedure to affetdl3easayellow solid(53%).
IHNMR (300 MHz, CDC#) & 8. 59 ( &s6.9H1)H), 8.6¥ (d2)89.3(HH,3.6 Hz,
1H), 7.78 (m, 3H), 7.21 (m, 2H), 6.64 (m, 1H), 3.80 (m, 1H), 2.63 (m, 2H), 1.5375. Hz,
2H), 1.27 (m, 10H), 0.85 (m, 3H) ppAiC NMR (100 MHz,CDG)) U 166. 9, 147. 9,

145.7, 131.3, 128.6, 128.0, 127.3, 108.1, 102.7, 44.0, 35.7, 31.3, 30.7, 22.4, 22.3, 13.9 ppm; UV
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( @xnm) 320; IRVmax (cMTY) 3295, 2955, 1678, 1395, 804; HRMS (ESI) calcd foHZsN4S

[M+H] *370.2125, found 370.2124

H

N-(2-Amino-1-butyl-1H-benzo[d]imidazo}6-yl)-4-pentylbenzamidehydrochloride (4.14a)

The tittecompound was synthesized fraiii3afollowing the general procedure to affofdl4a

asabrown solid(74%). 3H NMR (300 MHz, CBOD) U 8. 03 (Js8.1HzHMH), 7. 88
7.54 (d,J = 8.4 Hz, 1H), 7.33 (m, 3H), 4.11 (t= 7.2 Hz, 2H), 2.67 () = 6.9 Hz, 2H), 1.78

(m, 2H), 1.65 (M, 2H), 1.44 (m, 2H), 1.32 (m, 4H), 1.00 &,7.2 Hz, 3H), 0.91 () = 6.9 Hz,

3H) ppm;**C NMR (100 MHz,CROD) U 1 6 8487,13614,4133.16131.7,129.6, 128.7,

126.5, 118.6, 112.6, 104.4, 48.4, 43.8, 36.7, 32.5, 32.0, 31.0, 23.5, 20.9, 14.4, 14)Vppm,;

( @xnmM) 298 IR Vimax (cmi?) 3316, 2961, 1638, 1499, 1426, 768RMS (ESI) calcd for

C23H30N40 [M+H]" 379.2492, found 379.2497

S
I/g N

N-(2-Amino-1-hexyl-1H-benzo[d]imidazol-6-yl)-4-pentylbenzamidehydrochloride (4.14b)

The tittecompound was synthesized freii3bfollowing the general procedure to affotdl4b
asaburgundy solid69%).*H NMR (300 MHz, CO D) 8.01 (d,J = 1.8 Hz, 1H), 7.89 (d] =

8.1 Hz, 2H), 7.58 (dd]=8.4 Hz, 1.5 Hz, 1H), 7.33 (d,= 8.1 Hz, 1H), 7.27 (d] = 8.1 Hz, 2H),

4.05 (t,J = 7.5 Hz, 2H), 2.61 (t) = 7.5, 2H), 1.70 (m, 2H), 1.35 (m, 2H), 1.29 (m, 12H), 0.83

(m, 6H) ppm;3C NMR (100 MHz,CBOD) & 168.5, 151.4, 148.6, 13

128.7, 126.4, 118.5, 112.5, 104.2, 43.9, 36.7, 32.5, 32.5, 28.9, 27.2, 23.5, 23.5, 14.4, 14.3 ppm;
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UV mixBM) 298 IR Vimax (cTY) 3312, 2960, 1643, 1497, 1432, 76RMS (ESI) calcdor

Ca2sH34N40 [M+H] " 407.2805 found 407.2810

N o
HI HaN— j@

N N

/ H

N-(2-Amino-1-methyl-1H-benzo[d]imidazol6-yl)-4-pentylbenzamide hydrochloride

(4.14c) The titlecompound was synthesized frani3 following the general procedure to

afford4.14c asawhite solid( m. p = 2 3% NRR(300 ME3z%0ROD) G 3=86 ( d,
7.2Hz, 2H), 7.66 (s, 1H), 7.32 (d,= 7.8Hz, 2H), 7.17 (s, 2H), 3.53 (s, 3H), 2.67Jt 7.2 Hz,

2H), 2.14 (s, 2H), 1.65 (m, 2H), 1.34 (m, 4H), 0.90 & 6.8 Hz, 3H) ppm;3C NMR (100

MHz,CD:OD) U 168. 8, 157. 0, 148. 4, 139. 5, 135. 6,
103.2, 36.7, 32.6, 32.2, 28.8, 23.6, 14.4 ppmylR (cm™) 3295, 2955, 1678, 1510, 1454, 732;

HRMS (ESI) calcd for GHisNsS [M+H]* 337.2023, found 337.2023

N
HCI H,N— j@\ o)
N

N-(2-Amino-1-ethyl-1H-benzo[d]imidazol6-yl)-4-pentylbenzamide hydrochloride(4.14dY

The titlecompound was synthesized frehi3dfollowing the general procedure to affotdl4d
asawhite-pink solid( m. p = 2 3% NWR(400 B19z29QROD) U 7. 3.87(d s , 1H)
J =8.0Hz, 2H), 7.55 (d,] = 8.8 Hz, 1H), 7.29 (m, 3H), 4.13 (d,= 7.2Hz, 2H), 2.61 (tJ = 7.6

Hz, 2H), 1.59 (m, 2H), 1.36 (§ = 7.2Hz, 3H), 1.30 (m, 4H), 0.89 (8, = 6.4 Hz, 3H) ppm;:3C

NMR (100 MHz,CRROD) U0 168. 4, 151. 4, 148. 5, 136. 4, 13:<
112.5, 104.1, 38.9, 36.7, 32.5, 32.0, 23.5, 14.4, 13.4 ppmiaiRemi?) 3299, 2940, 1659, 1540,

1470, 750; HRMS (ESI) calcd fori@1sN3S [M+H]* 351.2179, found 351.2181
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HCI H2N—</Nj©\ i

N-(2-Amino-1-isopropyl-1H-benzo[d]imidazol6-yl)-4-pentylbenzamide hydrochloride

(4.14€) The titlecompound was synthesized frahi3efollowing the general procedure to
afford4.14easared solid m. p = 2 5% NRRC(400 MI9z2%0ROD) U 8. 29 ( s,
7.89 (d,J = 7.6 Hz, 2H), 7.56 (d,) = 8.4Hz, 1H), 7.36 (m, 3H), 4.77 (W, = 6.4Hz, 1H), 2.68

(t,J = 7.2Hz, 2H), 1.67 (m, 8H), 1.33 (m, 4H), 0.90Jt= 6.8 Hz, 3H) ppm;:3C NMR (100
MHz,CD:OD) U 168. 9, 151 .130.1, 1PH%/8128 7, 12013 68.41112.14 3 3. 3,
106.5, 36.7, 32.6, 32.1, 23.5, 20.2, 14.4 ppmylR (cm™) 3315, 2963, 1640, 1497, 1432, 763;

HRMS (ESI) calcd for GHisNsS [M+H]* 365.2336, found 365.2338

Cl

o Cl

N N i
HCI HoN—( H
N

2-Amino-N-(3,4-dichlorophenyl)-1-(3-phenylpropyl)-1H-benzo[d]imidazole-5-carboxamide
hydrochloride (4.20): The titlecompound was synthesized frairi9following the general

procedure to afford.20asawhite solid (40%).'H NMR (400 MHz, CRO D) 8.01 (s, 1H),

7.92 (m, 2H), 7.60 (m, 1H), 7.43 (m, 2H), 7.25 (m, 2H), 7.17 (m, 3H), 4.23(6.6 Hz, 2H),

2.75 (t,J = 7.4 Hz, 2H), 2.15 (1) = 6.8 Hz, 2H)ppm; 3C NMR (175MHz, CD;:OD) U 167 . 2,
152.3, 141.7, 139.8, 134.3, 133.0, 131.5, 131.3, 130.1, 129.5, 129.2, 127.8, 127.2, 124.6, 123.1,
121.4,112.5, 111.0, 43.9, 33.5, 30.3 ppi/  mbxBM) 298;IR Vimax (cn7?) 3303, 1567, 1472,

1214, 856, 700HRMS (ESI) calcd for @H20CI2N4O [M+H]*439.1087, found 439.1096.
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N
=< L
Allo¢ N N,Boc

H
Allyl tert-Butyl (1-(3-phenylpropyl)-1H-benzo[d]imidazole 2,5diyl)dicarbamate (4.24) The

title compound was synthesized fregn23following the general procedure to affatd®4asa

brown oil (25%).'H NMR (300 MHz,CDsOD) 7.2 (brs, 1H), 7.19 (m, 2H), 7.11 (m, 3H),

6.97 (d,J = 8.8 Hz, 2H), 6.00 (m, 1H), 5.36 (m, 1H), 5.18 (m, 1H), 4.61 (m, 2H), 3.35(7.6

Hz, 2H), 2.57 (tJ) = 7.6 Hz, 2H), 1.95 () = 7.2 Hz, 2H), 1.49 (s, 9Hppm;*3C NMR (100

MHz, CDsOD) 168.6, 155.2, 154.3, 142.3, 136.3, 134.9, 129.9, 129.3 (x2), 126.9, 117.4, 115.5,
110.2, 103.6, 80.7, 67.1, 42.5, 33.7, 30.9, PRM;U V  mbx®M) 312; IRVimax (CMt) 2929,

1710, 1499, 1364, 1150, 1052, 76RMS (ESI) calcd for gsH30N4O4 [M+H] * 4512340, found

451.2351

X

HCl H2N—<\Nj©\ H/’L ¢l
N NSO

1-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazo}5-yl)-3-(3,4-dichlorophenyl)urea
hydrochloride (4.25): The titlecompound was synthesized fr@gn24following the general
procedure to afford.25asabrown solid(20%). *H NMR (300MHz, CD;:O D) 7.72 (m, 2H),
7.31 (m, 4H), 7.17 (m, 5H), 4.08 (&= 7.4 Hz, 2H), 2.71 (t) = 7.8 Hz, 2H), 2.08 (t) = 7.2 Hz,
2H) ppm;*C NMR (175MHz, CD:OD) 4 154.5, 151.2, 141.8, 140.

130.4, 129.5, 129.2, 127.2, 127.0, 125.9, 121.1, 119.3, 116.2, 111.2, 103.7, 43.5, 33.6, 30.4 ppm;
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UV mixBM) 298; IRVimax (cTY) 2918, 1638, 1583, 1301, 1023, 8HRMS (ESI) calcd for

C23H21CI2NsO [M+H] " 454.1196, found 454.1203.

Biology Experimental

Procedure to Determine thelnhibitory Effect of Test Compounds orSalmonella

Typhimurium ATCC 14028 Biofilms: Inhibition assays were performed by taking an overnight
culture ofS. Typhimurium ATCC 1408 in tryptic soy broth (TSBand subulturing it at an

ODeooof 0.08into 1:20 TSB:WaterStock solutions of predetermined concentrations of the test
compounds were then made in 1 mL of bacterial cultlife resulting bacterial suspension was
aliquoted L00 pL) into the wells of a 9@ell PVC microtiter plate. Sample plates were then
incubated for 24 at 30°C. After incubation, the medium was discarded from the wells and the
plates were washed thoroughly with watlates were then stained withQLiL of 0.1%

solution of crystal violet (CV) and then incubated at ambient temperature for 30 min. Plates were
washed with water again and the remaining stain was solubilized with 200 pL of 95% ethanol. A
sample of 125 pL of solubilized CV stain from eae#ll was transferred to the corresponding

wells of a polystyrene microtiter dish. Biofilmhibition was quantitated by measuring the £2D

of each well in which a negative control lane wherein no biofilm was formed served as a
background and was subtratieut.

Growth Curves: S. typhimurium was grown overnight in TSB, and this culture was used to
inoculate fresh 1:20 TSB (Q&=0.08). Inoculated medium was aliquoted (3 mL) into culture
tubes, and compound was added, with untreated inoculated medium sarttiegcontrol. Tubes
were incubated at 30 °C with shaking. Samples were taken at 2, 4, 6, 8, and 24 h time points,
serially diluted in fresii:20 TSB and plated on nutrient agar. Plates were incubated at 37 °C

overnight in stationary conditions, and tnember of colonies was enumerated.
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Appendix A: Chapter 2

NMR Spectra

Compound2.1

z
7
iL

45
1.015

—1.033

—0.996

-4.983

~7.172

T LA - T NN T T
8 7 6 5 4 2 1 ppm
195 T2 T Vet B
. 2.02 1.0a
0.92 1.00 2.38 200 3.00
o s
oA M
N™ "NH g 2 2N
: = I a9
HN»ZH s s RES
11}
o
% [
<
| i
_ "
H] 2
g 3 I
g =




Compound2.2a

1 I
: f
l’ | /
if - f
| ‘ Ii‘ ’
I
|
|
AW
3 7 6 5 a 3
" =
0.78 1.82 0.92
1.72% 0.91
il b
D, i a ¥
N’U\NH i
H -{/\ l
‘ |
|
; ‘ g
| |
lia, |
= ) I
8 | [
[} ]
\ :
|
" g !
: 2 ? l
5 \
|
|
| d
i il bl o | | ‘i
S L by O
LR Rl VALY R M L A b
‘ AT A i AT .‘.hhhlﬂg'.hb.‘hfu“‘i: !
140 00 ] 20 100 ! 81 !

189

el Ml bl ik

)

~

Gl

6.00

25.636

ppm




Compound2.2b

o~
020" |
|
|
| 126756\
| T68°86\\
| i £0T 66— .
/
7, /
28668 /
i LN T
N £99°92
w L]
\
!
. W os———— )
| £18°621
. 298" 221
W TET 0pT—
o

. I
suwf
.7 \N w2sa

B prd

a
200

190



Compound.2c

we e

vz e

ppm

L e
—a
€ L Q
3
.
srp———— >
-
F
e
o~
3
3
x-
E |
3
X
3 o
<
ln
3
)
w
I [
o
SH«N / = o
Z€ 3
o
f o
-
arzer == |
w S
£9T°021 S

1267821\

VE-R.

982 621~ ‘W
. o
9ET 65T

—5 o
I |||W Le

982" gy T ———— [

[
)
~w
L

191



Compound.2d

7.297
7.020

7.02
=—%.993

~7.270

e A0aWh
8.98F
pom 81 928

5.097

80

¥ 0c

— .

=

T 1 T '
10 9 8 7 6
D.’G’S § .‘;'l -
0.88 2.96
s

N™ “NH
HNvLH

2 o 2

|

3.322

40.355

40,074

—~39797

1.345
T.326

2,485

8
g
g
& =
. g
2 :
8

S T T T T T T T T
180 160 140 120 100 80

192

T
40



6260
6E6 0

26649

889" 1

[
N
e
c
>
s}
g
e
S
O

128"
06870
T o AR = N
00°1—
. = N
2
19¢°1
< I -
\/Nh
e
veo*
13407
e
0627 i
I8 e
(18
eTE 2 -
186 o
Tep e S———

ppm

w

6.00

§22°¢

812762
SST L™
hne.:\\q - o
el —
ver'os
:
929°G21— rympae
9097827 Tee——
8TP 68T o T
T
Z
SA\
-Z
T
by9 LT

193



T6°p

o | L

e (Alﬂw 199
(v
AN |
@ = Pk
c 3
=]
ml vzv e um
£
@]
(@] L

B0E' 65
02568

07766,

s20°68—

8067021 —

sgraer

640708 - e

70017 S

U215 S

0967 KT

194



Compound.2g

87
S Ljg
e PL Lt b
723"‘-“ ﬁ RS )}\
e i giody 2
< ‘Sﬂ'ﬁ{‘é"d “E\ =
¥ |
1

Y \ \ 1 /
AN A B | S W ; l S T
= T T 1 =" R LU G
8 7 6 5 4 3 2 i ppm
o
1.74 1.85 0.87 2.76
0.85 0.36 1.07 3.00

N)LNH 1
HN-tH
L
o
b
gz L™
E | il

195



Compound.2h

.Z
2>=m
<L

—1.718
—1.692
1,541
—1.480
0.957

HN7L\\ | ’
i3iz & ’ 18
I ’ I-e
| m:ﬁ:“"w cosll || 5e
T l} ] R 777 ‘ 1-;Jj
], ‘ s ‘ ,|1
| |

T
8 7 6 S 4 3 2 3: ppm
o el - ,
1.66 1.10 a
2.9%0 1.92 3.00
©\ S
@
JLN =R
NTNH gd
HN-f\\\ )
g ]
5 e %
CH L 3
2 8 )
s 8 -
- @
8
2 ° s
. - o
i s . i 102
5 - 8 g =
T g s
- S A &
g ‘ % :
~ o3 <
Z N j
: 3 [ (
2 |

196




Compound.2i

256°)

1] Bl

ppm

suce
[T
[TZ3L13 e
)
~N
955762 I
bsLi8ET\  \ [
T60° 95—, N = r
01768 \ \ &
808" 66—\ \ \ \ L
025766\ \ \ A
SIC 6 7
185768 /
wiov—
52980
960°121 =
£28° €21 \W r
698" 221 [
wiovt

159°8L1

197



ppm

Compound.2j

" aeet
£y
i 9627 LT

ESE" BV

082 0v

S2v By

280708

9217 TK1- S

bz Lt

——
20

A
40

60

100

120

——— T
160 140

T

T
180

198



Compound.2k

1] o v
0052~
9266\
w2ET
scee—
165" b ————— =
733 T K
00" —_—
980" v
1821
Tiee e
966° L J

L50°6

80701

10

€
Q
aQ
+
T
208°61 _— b
WY 3
826" 26—
58 85\ \
01" 65 l/ \
\ s
\\ /
/ 7
86 6E— /
Nwﬂ.uvl\
60p°28 o))
i
889" STT
spe’zzt
250°621
I
Z=
UA 1557151
@-
ssbr et




Compound.2|

-

Lﬁ.752

3.4%8
—2,500

T T L e T — — =) T T T =
10 9 8 7 3 5 4 3 2 ppm
— B e
0.84 1.71 3.14 1.00
0.90 1.761.89

|
3if 4 NJ\NH 43
11: HMN H ;"g
i i
| | #
: 1 |
z . )
o |
| \
‘ ‘ | : |z
|
i |
. |
| 11!‘ l Il }

Ao arn] 1 VP S Ao b oY) Yot

150 140 130 120 110 100 80 &0 70 60 50 a0 30 ppm

200



Compound.2m

ﬁ‘l st — ==
L8175
26885\
801765 A\ P—
518768 \ \
| 2 T, \
I e / ;
18 186" 65— J
o o < svTor—
|
9512~ ﬁ
{
| ke
|
| L8’ e
__ —<
|
|
|
[
901G N===C kS
fEgir——— S
800°b2T
B = = e

SZ20°0Vt—
L
J F
I e
— | zg
. /, , 5
P
N lilw,\./ {lnn o .mm 015 0t ~

201



Compound.2n

ppm

1802
£29°v2
BIE'VE—
T68°8E™,
mﬁ:.mml// //
266765
10y
sc0°5e
ovET 121
5067621
698° 221
veETovt
650901

202



Compound.3a

4907

—1.679

i
\_39.085

\

—128.196
[__127.892

0142
28.858

\_38.891

\127.232
-79.270

50.258
"
p
SRR — D 1| ]

——137.189

-127.591

203



Compound.3b

[ £
Q
Q
v52°0
- e D —
1
Lo
! ——— sy ———
220782
sov* 62—
°
3%,
L 229
§ 1o
r g1
Lo1=8
P13
o .
YPETSS ot
o™
Le ., & = —c
38° 215°08
§
-wn
ro
| N
092" ¢ -
L4 %
e
A re
= T
S”A Z
o=
[o
ZeE g Ze
4 Q
-
189791
N
-

204



Compound.3c

o

T —

woen—"

e -

098 62—

88692\

529" 00—

2087201

2827671

T09° b1

107 kst

5987251

205



Compound?.4a

- 24s
\@\ 5 |
g N7 NH
HN&j—\
|
| I /N
i\ AT o N S
7 \’w«w"/ . " s I Mmoo i R "‘\.MM"] o
5 ; ' p 5 T s T T pp
1.5 u:’l;fsz ' I“; o
C'\©\N s q]
l/JLNH
“N‘jw
% .
K g = ‘ i
l || |
! | | |
‘ |
|

206



Compound.4b

1.592

—1.610

/

9.436

—1.654

8.087
—-8.069

3.389

RS-
S
e
<
A
s
e

I
| - .‘ |
J‘i \”4 W i | / " y
e N e T st - / L __,._.J‘L___ o P I~ N
s 8 7 P 5 a 3 2 1 ppm
1.01 1.82 5.7 o
1.93 0.91 6.00
Br = 832
: N‘JNH
S
: ; :
s i
|
[
2 3
| |
| | ‘

207



Compound.4c

V280
198°0—\ I oy
28— S
869°0— o TTeS———,

260~ u

695° T \

(L I 5 B

909" 1 g ——— = ———
g2 1— ,,,

ww

s

J

4

=

a
ol

Ty 1

4 T 7

= 0259 /lﬂ""}lf\ﬂ S
= S
.h\ N =,
808" L

#
|
|

s2b°6 e

Wy ——— —— -
o
«
980°67
868788
0166
STE e
02868\
e\
ig6°66 /
v or—
U0 6L — o0
§09° 29— N
L
T RgI——— ———
8667651
I
SkN
ZnZ
w 129°621-




Compound.4d

| e
[=3
280 K q e
168°0)
5T e ———— e 1
weo— ———— . |
65670 /
=
82571
65 T = = s Sl & by
a19°1— Y = e S Ia
1691~/ )/ N
| o~
|
-
)
‘A L
\
re
i
SkN
-Z
& T -0
[
|
|
. _
o
20570 r]‘”\\\ ~
6012 q ey
51 ¢ i N
wre o2y i
2812~ -
vet L~
696" 1
ek hI/ k
\ L - —~
¥ e D
N
- / 4
|
|
{
| Fo
|
N if 2
962 §——— ————emee 1%
/J s

£90° 62 e —=3
169786

801768 \ =
- A — r
/ o e [

I 3
i

|

= —
®w'p— T— P = T [

3

E |
e
=L

|

{

[
x|
(TR s x|
vIe°pIr— E ¢
[

122:£21— [

138 b %

gl ———— —————l

BLLSLT

ppm

20

209



Compound.4e

16670
S 1
o't

H

i
HIN

\\‘v—

bl

4
}
:
H
§

ppm

1

: m
g i
€ b69°¢ g
856° 82—
162" 86
£01°65 /
80666 \ -
025<TT \
sz se— / /
62665 /
wrrov—’
528" 08
wram— _—=
6957911 A
V51421
B _T‘
L 685" L2\
pL1'621
052°621~ S
" 258621
-Z
2L
o £60°95T
2257851

et LLT

ppm

20

80

100

210



Compound2.4f

' - )
| 7 =% = | mr
| L e
_ 8197 ——rat
968" 0 B L
29870, \ -
18870 —— il y‘u -\ = et ‘v _7 @ :
50870 N e W T [
5670~ \ 10
4 | E-Y
o { | =
88 T Tt F
{115 S - I i 10
stert— 2 S t i 80" 63— —= |
£69'1 \ | = 3
268°85
Lo 0166 \ 2
[ | 206° 65 \ :
h TS 8e - = -~
w k= carss— s / P
e ﬂ e e~ f
yﬁ 2
_ o
J
(
(
\
|
1
-
£L0°BL
w
-0
|
N i g
e = o L
!r}/i“k 3 S"«N
T
| -Z
) AT
e } M
T N F s
S% g 3
-Z ——— = L
HMN - ot 18 158
e, |
4 2017091
u A LS —
| o
; i & el =
Z —_—— @
o15°% tJ ke
o
| 5

211



Compound.4g

S
LA,
Cl Hwnj*\ 3 135

" " [

1,000

8 7 6 5 4 3 2 1 ppm
s e
0.65 (Lgl'?ll.ﬁl 0.80 —— 5.00
S
/H\ e
N™ “NH 854
\ 243
cl HNj_\ N
o
o
g 5
=
L
|,
g g
~ >
"
i
2 -
=
s |l L
. g 1] .
2 =1 E
S il 3
5 5 { b

212



Compound.4h

€
o
Q
1 o 829~
e
I
-
| |
|
|
i °
£50°6
o~
16886
_ na«.mnl/ /
806766\ \
J } VTSI -
< wese— I\ /
b 56768 &
[ 6677 00—
| o
|
4
\
|
=y
£01°6¢ —_—
n
w
TH9"TT—
S o 2597611 §
665797 e T _m epuieat
43 o o /W
e:Q\/
e ks o 865" paT
TET° 2\ Ao o Bl ® vI2 281
15 e L - wo.
o= °
— > = H
| 961" TvT
A, - 6
. o=
N — N 98 -Z
e s N B T
Sm— == }E
[ H
15278~ _
W o
| 2]
_ 62" SIT
b ————— S - sl i
s SRR == (]

ppm

an

60

80

100

213



Compound.4i

S,

175.802

152.135

—154.562

137.272

M

121.847
120.931
120.863

—

alec .

—118.421

\—118.239
- 116.151
\-115.934

n

79.194

214

40,143

—39.937

/

—39.732
33 520

\39.315

\89.103

\..38.898

29.071

4.82

7.611




ppm

Compound?.4j

| 0sg— —m————— SR .
- e il T "
= —————— [ fi e
< = Ll
S s —" 12
R it
..,,, £ SIIA T — 5
_ o 169796
4 £01° 68— \
1 \ \
{ \ \
| —_—
J /
i 18668 \
i 21 0v—
| o
f
/
&
1
|
<
!
“ Qrge———  —
|
-0
S64°26\
850 -
==
e — -

120

/
/
g

0.78

676" i1 3 o
Ve ¢ B N Zat ;o® S
BEG L —— —eeiemem— T = 055" 20T - “ -
8560 $ B LR 0 =
soce

026°521

0.

215



Compound.4k

506°p

_J

F™

1

=~

1A Sa— — - —_—

BEST6Z

99y 08—

9Ev 0zt
8597221

vsz 821

(230 14

W 1817261
SHA [15:3: 1) S

wet Lt

216



Compound.4l

8.022
—7.260

.-:,r.__..__

i
Ll J
I —
8 7
0.87 : 1.8
1.729

—_— 17502

e 148878

136.785

—4.915

122.522

126435

217

80.155

R
I
il
| |
|
Il
f i
‘ 1 4
Y
/

5.37

"‘i




Compound.4m

Wit
SR (L — e
881 1~/ o= S
I e
T8 Tz S
vz N Velhi— g ===
~
<
<
Ve ¢
001° (2 =
s ee—

T e WO e e e

0s0:y ——— —— -
80 L 3 E 167681
otr e~ i
| [0}
| -Z
/ R 2T
. — e, e e 2 8267051
s < ¥
20"
e Tee o | 505951
FEEET. 52 — = — 2
=
~
1)

e R e e bl

218



Compound.4n

——9.804

§.680

10 9

—175.999

144,029

182,275
o —115.414

(. GE IS V1 I

104.537

| ;
I |
. = e
5 4 3 2
232
5o
sd=
L
2
&
L
2
L o
s 2
g
il |
g
s
L =
2
3
-

\1.582

—1.634

/1

219

il

0.891
0.877

\-0.858

7.588




Compound.40

8880\ f
B | — 4|
eSS SE .I.II!», - 0
a5 \
52670 ]
] L
$65°T /
BEV s . Sa e 12
- 19 )
059" 1~ o — ———— Ia
w9 T /_
| tw
.Jr[l%
I
-
T -
Z
=
=
AT
Il
I
1)
™
I8 |
i
1899\ = 1
589°9— =
2 -~
[T 1 S M e — o gu
LTI ey -
| |o
;
W Ea— =S ——
08 e e *
: )
2
, f L e
28 e ———— | I
v L 4
[
| e
e

§09°L =2

3

£60°62 3

3

958795 3

£0T° 56 \ 5

STE" 66— \ \ ¥

7% : 3
TR / ¢
/

V10V E 3

E

0ese — —
3

3

N N P SRE——.

- “.qum

e : o

1521 / 3

s E

) e i e e

=1
SM&N
-Z
=T
m_ 650°821 Bt

ppm

20

a0

60

80

180

220



Compound.5

-9.3?77

- ———— —
10 S 8

176.257

139.100

1277887

7.361
7.311

122.364

74,144

A0.119

39,945

-39.732

38,520
\_38.315

39.111

—38.906

1.905

1.342

—1,892
1.292

221



Compound2.6a

Clo =~ N
L2
L N7,

M ‘\\'1:‘ |/
!
i
/ 5 |
P4 ! 1
| ‘
| | [
\ 1 "
I i " I
N SNFNRES s I\ \ o,
—— : e —r——— S — SO —
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
a2 6.0
2.9
A
Cl._ . . g,[ ;);

.
5 | 2
s | =
5=
I g 2
\ : 3
| ‘J‘ §

165.155

222



Compound.6b

223



