
ABSTRACT 

HUGGINS, WILLIAM.  The Synthesis and Biological Evaluation of Narrow-Spectrum 

Antibiotics and Antibiotic Adjuvants as Strategies to Combat Antibiotic Resistant Bacteria. 

(Under the direction of Dr. Christian Melander). 

 

The emergence of multi-drug resistant bacteria poses a significant threat to global human 

health.  In the last 40 years, only two new classes of antibiotics have been introduced into the 

clinic.  These two classes of antibiotics, cyclic lipopeptides and oxazolidinones, are only 

effective against Gram-positive bacteria, and resistant isolates were observed within five years of 

clinical use.  Compounding the problem, antibiotic resistance has been observed to every 

antibiotic utilized in the clinic, making the likelihood for an indefinitely effective broad-

spectrum antibiotic a near zero possibility.  Broad-spectrum antibiotic development is a long and 

arduous process that is bereft of recent success, and pharmaceutical companies have largely 

abandoned the endeavor due to the low economic return seen with a drug meant to be used for a 

short period of time and only when necessary.  Because of this, new strategies to combat 

antibiotic resistance are desperately needed.  Herein, two alternative strategies to broad-spectrum 

antibiotic development are discussed: narrow-spectrum antibiotics and antibiotic adjuvants.  

Each of these strategies combats antibiotic resistance in separate ways.  Narrow-spectrum 

antibiotics treat an invasive bacterial infection by targeting only the causative agent of the 

infection.  This leaves the commensal bacteria found in the host undisturbed, decreasing the 

chance for genetic mutation and horizontal gene transfer of resistance mechanisms from other 

bacterial species.  Antibiotic adjuvants are compounds that combine with traditional antibiotics 

to knock down bacterial defense mechanisms and resensitize the bacteria to antibiotic treatment.  

One such example are compounds that are capable of perturbing bacterial biofilms.  Bacterial 

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



extra-cellular polymeric substance.  Biofilms act as an extra layer of protection for the bacteria, 

making bacteria inside the biofilm up to 1000-fold more resistant to antibiotic treatment than 

their planktonic counterparts.  This represents a target for antibiotic adjuvants capable of 

inhibiting biofilm formation or dispersing pre-formed biofilms to potentiate antibiotic activity 

and eradicate the infection.  Bacteria are also capable of acquiring mobile genetic elements that 

confer antibiotic resistance.  The plasmid-borne mobile colistin resistance-1 gene confers 

resistance to the antibiotic colistin, bringing us closer to a post-antibiotic world as colistin is 

considered the last line of defense against Gram-negative bacterial pathogens.  Antibiotic 

adjuvants capable of reversing colistin resistance while themselves being non-toxic to planktonic 

bacterial growth are promising alternatives to slow antibiotic resistance evolution while restoring 

colistinôs effectiveness against Gram-negative bacteria.  In this manuscript, compounds that 

show narrow-spectrum antibiotic activity against Acinetobacter baumannii, antibiofilm activity 

against MRSA and Salmonella enterica serovar Typhimurium, and colistin potentiation against 

colistin sensitive and colistin resistant strains of Escherichia coli, Klebsiella pneumonia, and A. 

baumannii are described.   
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CHAPTER 1 

New Strategies to Combat Antibiotic Resistance 

1.1 Introduction 

In 1929, the ñGolden Ageò of antibiotic discovery began with the discovery of penicillin 

by Sir Alexander Fleming.1  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 to impossible without antibiotics because of the infection risk.2  Unfortunately, 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 Centers for Disease Control and Prevention 

(CDC) estimates that two million people a year acquire MDR bacterial infections, of which 

23,000 are fatal.3  The Infectious Disease Society of America (ISDA) has classified six MDR 

microorganisms as the ñESKAPEò pathogens that cause the majority of nosocomial infections in 

the United States.  The ñESKAPEò pathogens include two Gram-positive species, Enterococcus 

faecium and Staphylococcus aureus, and four Gram-negative species, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species.4  Since the end 

of the ñGolden Ageò of antibiotics in the late 1960s, only two novel classes of antibiotics have 

been developed.  These two classes of antibiotics, cyclic lipopeptides and oxazolidinones, are 

only effective against Gram-positive species of bacteria, leaving few new treatment options for 

four of the six ESKAPE pathogens.   

The development of new antibiotics has slowed (Figure 1.1) for a number of reasons, 

none more significant than the poor return on investment for pharmaceutical companies from 

antibiotic development.2 Antibiotics are meant to be used only when necessary as liberal 

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



   

2 

 

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

for the rest of their lives, compared to an antibiotic which is taken for a week to a month in most 

cases.5   Development of a new pharmaceutical can exceed $800 million per drug, forcing 

pharmaceutical companies to be strategic about what products to bring to market.6  The monetary 

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 sector is.7   

 

Figure 1.1. Number of antibiotics approved in the United States from 1983 to 2009.8 

In addition to the economic factor in antibiotic development, the task of discovering and 

optimizing a new broad-spectrum antibiotic scaffold is a daunting one.  In 2007, scientists at 

GlaxoSmithKline described their efforts to uncover new broad-spectrum antibiotic lead 

compounds.9  One high-throughput screen of ~500,000 compounds at a concentration of 10 µM 

against an efflux-competent strain of Escherichia coli returned zero hit compounds.  

Comparatively, the same compounds screened against a wild type strain of Staphylococcus 

aureus returned thousands of hit compounds, ~300 of which showed activity against one other 

Gram-positive or Gram-negative bacterial strain.  The majority of these compounds were shown 

to be non-specific membrane-active agents acting through mechanisms potentially toxic to 
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mammalian cells.9  In 2015, scientists from AstraZeneca described similar problems in 

discovering new antibiotic scaffolds as none of their 65 high-throughput screens identified any 

development candidates against Gram-negative bacteria.10 

The treatment of Gram-negative bacteria is more difficult compared to Gram-positive 

bacteria because of the composition of its cell envelope.  Gram-negative 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 the cell.  This 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 presence of efflux pumps keeps antibiotic concentration at a non-

effective level,  which provides Gram-negative species an intrinsic resistance to many 

antibiotics.11  In many cases, the main issue is the inability of molecules to gain entry into the 

cell and hit their target, not the inhibition of the prospective antibiotic target.9, 10  Adding to the 

difficulty in passing through the bacterial membrane, the development of a broad-spectrum 

antibiotic requires the antibiotic target to be present in the target bacterium.  This is not always 

the case as the Gram-positive bacterium Streptococcus pneumoniae and the Gram-negative 

bacterium Haemophilus influenzae are genetically less similar than humans and the protozoan 

Paramecium.12  

Most of the antibiotics discovered in the ñGolden Ageò of antibiotic development were 

identified through the use of the high-throughput screening of natural products.2  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 small molecules have generally not 

performed well as antibiotics, as effective antibiotics normally possess many stereo centers 
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compared to the small, flat structures of compounds in synthetic libraries.13-14  Complicating the 

problem of antibiotic discovery, antibiotic resistance has been observed to every antibiotic used 

in the clinic.15  The likelihood that any new antibiotic will be indefinitely effective is low, and 

new approaches 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 show cytotoxicity than their terrestrial counterparts.16  Inspired by this and the 

difficulty in developing new broad-spectrum antibiotics, this work will focus on two alternative 

methods to combatting antibiotic resistance; narrow-spectrum antibiotics and antibiotic 

adjuvants.  Both methods approach combatting antibiotic resistance in different ways.  Narrow-

spectrum antibiotics target one specific bacterial species, decreasing the likelihood of generating 

resistance from 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 seemingly have advantages 

over development of broad-spectrum antibiotics, and each will be further elaborated upon in this 

manuscript. 

1.2 Narrow-Spectrum Antibiotics 

Narrow-spectrum antibiotics, as defined here, are a class of antibiotics that act against 

one or a limited number of bacterial species.  The ability of narrow-spectrum antibiotic agents to 

target a defined subset of bacteria is a significant advantage compared to broad-spectrum 

antibiotics that kill both non-beneficial and beneficial bacteria in the patientôs body 

indiscriminately.  This indiscriminate killing of bacteria by broad-spectrum antibiotics can have 

significant adverse effects upon oneôs microbiome that can persist for months or even years after 
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treatment.17  The adult human intestine alone is home to up to 100 trillion microorganisms18, and 

studies have associated alterations of the microbiome with a susceptibility to obesity19, cancer20, 

and inflammatory bowel disease (IBD)21.  The microbiome has also been shown to be important 

in host immunity22 and cancer treatment23.  Narrow-spectrum antibiotics also exert less selective 

pressure, thereby reducing the opportunity for genetic mutation and horizontal gene transfer 

(HGT) of resistance mechanisms from pathogenic and non-pathogenic bacterial species.24  The 

microbiota of the gut is acknowledged as being a reservoir for antibiotic resistance genes, 

demonstrating that broad-spectrum antibiotic treatment has helped drive the antibiotic resistance 

crisis.25  Furthermore, the narrow-spectrum antibiotic strategy allows for natural product 

scaffolds that were rejected for further antibiotic development because of their narrow-spectrum 

of activity to be revisited, providing new active scaffolds from which new antimicrobial agents 

can be developed.26  In order to make narrow-spectrum antibiotics practical, diagnostic 

techniques must continue to modernize.24  Clinicians have a narrow treatment window when a 

patient presents with a bacterial infection, and current diagnostic techniques are not sufficient to 

make rapid treatment with a  narrow-spectrum antibiotic viable.  Advances of diagnostic 

techniques have not occurred as quickly as in other areas of medicine because the presence of 

broad-spectrum antibiotics at the disposal of clinicians have allowed them to effectively treat 

bacterial infections without knowing the identity of the invasive bacterial species.27   

1.2.1 Examples of Narrow-Spectrum Antibiotics 

Promysalin (compound 1.1) was isolated from Pseudomonas putida which resides in the 

rhizosphere of rice plants.  After isolation, promysalin returned a minimal bactericidal 

concentration (MBC) of 100 µg/mL against a laboratory strain of Pseudomonas aeruginosa and 
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inhibited  growth of 83 strains of Pseudomonas aeruginosa while displaying no activity against 

Gram-positive bacteria.28   

 

Figure 1.2. Structures of  (-)-promysalin (1.1), plantazolicin (1.2), and Nolanôs ciprofloxacin-

enterobactin conjugate (1.3). 

In 2015, the Wuest group reported the total synthesis and biological activity of (-)-

promysalin (compound 1.1) enabling them to propose the absolute stereochemistry of 1.1.  

Compound 1.1 displayed an IC50 value, the concentration at which a compound inhibits 50% of 

biofilm formation, of 0.13 µM and an EC50 value, the concentration at which a compound 
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disperses 50% of a preformed biofilm, of 6.25 µM against PA14.  Additionally, 1.1 prevents the 

production of pyoverdine in P. putida, an important Pseudomonads siderophore.29  The original 

hypothesis on the mode of action centered around iron chelation as diverted total synthesis of 

promysalin by the Wuest group elucidated that the hydrogen bond network was necessary for 

activity.30  Interestingly, a recent disclosure by the Wuest group has revealed that the biological 

activity is not affected by iron concentration and that promysalin targets succinate 

dehydrogenase to elicit its species specific activity.31   

Plantazolicin (compound 1.2) is another example of a natural product with narrow-

spectrum antibiotic activity isolated from soil dwelling bacteria.  Platazolicin is a member of the 

thiazole/oxazole-modified microcin family of natural products and was isolated from the Gram-

positive bacterium Bacillus amyloliquefaciens that promotes plant growth.32  Plantazolicin is 

effective against Bacillus anthracis, which is the causative agent of anthrax and is closely related 

to plantazolicinôs producer.  Previously, plantazolicin was identified as a Gram-positive 

antibiotic as it inhibited the growth of other Bacillus species in a spot-on-lawn assay that used 1 

mg of platazolicin per spot.33,34  Using the microbroth dilution method, minimum inhibitory 

concentrations (MICs) of 2-4 µg/mL were obtained against B. anthracis while no other MICs 

less than 128 µg/mL were obtained against other prominent Gram-positive human pathogens 

including Enterococcus faecalis, Listeria monocytogenes, S. aureus, and Streptococcus 

pyogenes.  Treatment of B. anthracis with plantazolicin displayed significant cell lysis.35  This 

effect was later shown to be because of depolarization of the B. anthracis membrane.  B. 

anthracis mutants resistant to plantazolicin identified a relationship between plantazolicin and 

cardiolipin in the membrane.33 
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Another strategy to developing narrow-spectrum antibiotics is to make broad-spectrum 

antibiotics narrow-spectrum by attaching a directing moiety.  Examples of siderophore-antibiotic 

conjugation, termed sideromycins, to narrow or broaden the spectrum of ɓ-lactam antibiotics 

have been previously published by the Miller and Nolan groups.36-39  A recent example of a 

sideromycin from the Nolan group takes this idea further by targeting pathogenic E. coli while 

leaving non-pathogenic E. coli unharmed.40  Utilizing the antibiotic activity of ciprofloxacin, the 

Nolan group designed the ciprofloxacin-enterobactin conjugate 1.3.  Enterobactin is a 

siderophore employed by E. coli, Salmonella enterica, and K. pneumoniae.  While both 

pathogenic and non-pathogenic strains of E. coli are capable of importing enterobactin, release of 

ciprofloxacin from the enterobactin conjugate requires the cytoplasmic hydrolase IroD.  IroD is 

only expressed by E. coli strains that harbor the iroA gene cluster and are predominately 

pathogenic.  The Nolan group also demonstrates that the attached siderophore abrogates the 

antibacterial activity of ciprofloxacin.  Therefore, hydrolysis of the conjugate is necessary to 

regain the antibacterial activity of ciprofloxacin in theory preserving commensal non-pathogenic 

E. coli that reside in the microbiome.40 
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Figure 1.3.  Structures of clinically relevant narrow-spectrum antibiotics fidaxomicin (1.4) and 

murepavadin (1.5). 

Narrow-spectrum antibiotics are also becoming clinically relevant as shown by the 

antibiotic fidaxomicin (compound 1.4), which was approved by the US Food and Drug 

Administration (FDA) in 2011 for the treatment of Clostridium difficile associated diarrhea 

(CDAD).41  Fidaxomicin targets bacterial RNA polymerase42 and displays excellent 

antimicrobial activity against C. difficile with MICs ranging from 0.06-2 µg/mL while not 

exhibiting activity against Bacteroides spp., an important Gram-negative bacterial species for the 

prevention of gut colonization.43  Fidaxomicin is currently the only narrow-spectrum antibiotic 

approved by the FDA for clinical treatment of non-mycobacterial infections.  Ironically, 

fidaxomicin was a necessary breakthrough in the treatment of  CDAD as broad-spectrum 

antibiotics are one of the main causes of CDAD.44  Currently, the narrow-spectrum antibiotic 

murepavadin (1.5) is in phase III clinical trials and displays excellent activity against the 

ESKAPE pathogen P. aeruginosa.  Murepavadin binds the LPS transport protein D, which is 
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involved in the biosynthesis of LPS, causing LPS alterations in the outer membrane and leading 

to cell death.45  Against a panel of 1,219 clinical isolates P. aeruginosa, murepavadin returned an 

MIC90 value, the minimal concentration at which 90 percent of isolates of a species did not 

display growth, of 0.12 µg/mL.46  Additionally, murepavadin is well tolerated at predicted 

efficacious plasma concentrations in healthy human subjects47 and recently completed phase II 

clinical trials in patients with life-threatening lung infections.48    The clinical success of 

murepavadin and the approval of fidaxomicin demonstrate the potential of narrow-spectrum 

antibiotics in a clinical setting, and narrow-spectrum antibiotics could become more prevalent as 

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 non-toxic to the bacteria.  Being non-toxic, adjuvants 

potentially encounter a slower rate of evolution of resistance.49  The idea of antibiotic adjuvants 

has evolved out of synergistic antibiotic combinations to treat complex bacterial infections.50  

Antibiotic adjuvants can act in a wide variety of ways to increase antibiotic activity including: 

inhibition of antibiotic modification, inhibition of target modification, efflux inhibition, 

inhibition of signaling pathways regulating antibiotic resistance, or inhibiting or dispersing 

biofilm formation.51  The only clinically available adjuvants are ɓ-lactamase inhibitors, such as 

clavulanic acid.  Clavulanic acid itself is a poor antibiotic, but covalently binds and inactivates 

serine ɓ-lactamases, serving as an example of an adjuvant that inhibits antibiotic modification.52  

Clavulanic acid has been administered with amoxicillin for over 30 years as the drug Augmentin, 

and is on the World Health Organizationôs list of essential medicines.53  Examples of ɓ-
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lactamase inhibitors have continued to be prevalent in the literature and the clinic54-56, and serve 

as a proof of concept for developing 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 biofilms, and compounds that potentiate the antibiotic activity of colistin. 

1.3.1 Bacterial Biofilms 

Bacterial biofilms are defined as sessile, highly organized, surface-associated 

communities of bacteria encased within an extracellular polymeric substance (EPS).57  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 patient.58  Perhaps the most notorious of all 

biofilm infections is the P. aeruginosa infection in the lungs of CF patients59, but biofilms affect 

a wide variety of surfaces from indwelling medical devices (IMDs), dental caries, oil pipelines, 

and the hulls of commercial ships.60  In contrast to the amount of natural product scaffolds that 

have been found to possess antibiotic or anticancer activity, few natural product scaffolds have 

been found to be antibiofilm agents.61 

Bacterial biofilms are intrinsically more resistant to antibiotics and help drive the 

evolution of MDR bacteria.62  Biofilms bring cells within 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 1000-fold higher than that in planktonic 

populations.58, 62  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 inside of 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 cells.63, 64 The 

slow growth rate of some cells inside the biofilm and the inability of some antibiotics to 

penetrate the biofilm causes cells inside of bacterial biofilms to be 100-1000 fold more resistant 

to antimicrobial therapy compared to their planktonic counterparts.61 

 

Figure 1.4. The five stages of the biofilm life cycle.65 

The biofilm lifecycle has five different stages (Figure 1.4).  The first stage is a reversible 

attachment of planktonic cells to a surface.  The attachment becomes ñirreversibleò upon the 

secretion of the EPS in stage two.  The EPS serves as the glue for the biofilm to the surface as 

well as a protective barrier from the outside environment.  In stage three, the biofilm begins its 

first stage of maturation by exhibiting a three-dimensional structure.  Stage four is characterized 

by the biofilm reaching full maturation and building a complex architecture.  Stages three and 

four also see the development 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 planktonic bacteria into 

the environment, which can then reinitiate the cycle and infect new areas in the host.60, 63, 66   
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1.3.2 S. aureus Biofilms and Examples of Other S. aureus Antibiofilm C ompounds 

S. aureus is a Gram-positive bacterium that is a normal part of the human flora and can 

be pathogenic.  S. aureus resides in the anterior nares of humans, and the carriage of S. aureus 

has been shown to play a role in its pathogenicity.67  S. aureus biofilms have been implicated in a 

number of human diseases including osteomyelitis, periodontitis, chronic wound infection, 

endocarditis, and ocular infection.  S. aureus biofilms 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 infection.68   

A wide variety of molecules have been investigated for their ability to perturb S. aureus 

biofilms, including the halogenated phenazines (compound 1.6) from the Huigens group.  These 

molecules were of interest as the parent compound of compound 1.6 was capable of eradicating 

methicillin-resistant S. aureus (MRSA) biofilms, displaying a minimum biofilm eradication 

concentration (MBEC) of 150 ± 50 µM.69  Further structural modifications lead the Huigens 

group to compound 1.6, which displays an MBEC of 9.38 µM and an MIC of 3.13 µM.  This 

biofilm eradication ability comes from the halogenated phenazinesô ability to penetrate the 

biofilm and kill persister cells inside the biofilm.70  As a comparison, vancomycin is incapable of 

eradicating biofilms (MBEC>2000 µM) while still being toxic to planktonic bacterial growth 

(minimum bactericidal concentration (MBC)=3.0 µM).  Preliminary mechanistic studies on 

related halogenated phenazines revealed a unique metal (II) binding mechanism, disrupting 

nutritional uptake of persister cells inside biofilms.70 
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Figure 1.5.  Structure of toxic anti-S. aureus biofilm compounds: Huigenôs halogenated 

phenazines (1.6), Pierceôs 5-benzylidene-4-oxazolidinones (1.7). 

Another example of anti-S. aureus biofilm compounds that are more toxic to planktonic 

bacterial growth while also showing antibiofilm activity are the 5-benzylidene-4-oxazolidinones 

(1.7) from the Pierce group.  Compound 1.7 displays a MIC of 8 µg/mL and dose-dependent 

dispersion of MRSA ATCC# 43300 biofilms, dispersing 63% of pre-formed MRSA biofilms at 

concentration of 40 µM.71  The halogenated phenazines (1.6) and 5-benzylidine-4-

oxazolidinones (1.7) are interesting antibiofilm agents as they are toxic to planktonic bacterial 

growth but display the ability to eradicate and disperse pre-formed MRSA biofilms unlike 

traditional antibiotics.   

Another approach to perturbing S. aureus biofilms is the use of non-toxic inhibitors and 

dispersers of biofilms (Figure 1.6).  One such example is the hamamelitannin (HAM) analogue 

1.8 from the Van Calenbergh group.  HAM, The parent compound of compound 1.8, was first 

isolated from Hamamelis virginiana and displayed the ability to potentiate the effect of 

antibiotics against S. aureus by interfering with quorum sensing (QS).72-73  Quorum sensing is a 

cell-to-cell signaling system that controls gene regulation74 that was initially described in two 

luminescent bacterial species, Vibrio fisheri and Vibrio harveyi.75  Using transposon mutants, 

HAM analogues were found to inhibit the TraP QS receptor.73  Further structural modifications 

returned an EC50 value of 1.27 µM for compound 1.8 in combination with vancomycin.76   
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Figure 1.6.  Structure of non-toxic anti-S. aureus biofilm compounds: Van Calenberghôs 

hamamelitannin analogues (1.8) and Melanderôs desformylflustrabromine (dFBr) (1.9) and 2-

aminopyrimidine (1.10) analogues. 

Two other examples of non-toxic S. aureus biofilm inhibitors are the 

desformylflustrabromine (dFBr) analogue 1.9 and the 2-aminopyrimidine (2-AP) analogue 1.10 

(Figure 1.5) from the Melander group.  dFBr analogue 1.9 displays an IC50 of 5.9 µM against S. 

aureus while also being non-toxic 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 increasing the activity of a compound, as the parent compound of compound 1.9 

was found to be toxic to planktonic bacterial growth at its IC50 value while being ~12 fold less 

active.77  After previous studies of 2-aminoimidazole (2-AI) derivatives that were capable of 

perturbing MRSA biofilms78-82, the Melander group found that 2-AP derivative 1.10 was capable 

of inhibiting MRSA biofilms.  Compound 1.10 returned IC50 values of 128 µM and 84 µM 

against methicillin-sensitive S. aureus (MSSA) and MRSA respectively.  Unfortunately, 

compound 1.10 was unable to disperse MRSA biofilms at 200 µM.83  Both the dFBr analogues 

and 2-AP analogues served as an inspiration for the investigation of the anti-S. aureus biofilm 

activity of the meridianin derivatives discussed in chapter 3 of this manuscript.   

1.3.3 S. enterica Biofilms and Examples of Other S. enterica Antib iofilm C ompounds 

S. enterica is a Gram-negative bacterium that has several pathogenic serovars.  S. 

enterica biofilms have been found to form on plastic, cement, rubber, glass, and stainless steel.  
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This ability to form biofilms on many different types of surfaces contributes to S. entericaôs 

ability to survive and to find new hosts to infect.84  S. enterica has been found in toilet bowl 

biofilms four weeks after diarrhea has stopped, even after being cleaned with household cleaning 

products.85  S. enterica has also been found to be capable of colonizing different parts of plants 

including seeds, sprouts, leaves, roots, and fruits.  Additionally, S. Typhimurium, a common 

serotype of S. enterica, outcompetes and displaces E. coli in animal epithelial cells after a 

heterologous infection, likely contributing to the carriage of S. Typhimurium in the intestines of 

domestic animals.86 

Using a top-down high-throughput screening process, two compounds that inhibit S. 

Typhimurium biofilms have been discovered (Figure 1.7).  In a high-throughput screen 

consisting of 20,014 compounds conducted by the Steenackers group, compound 1.11 was 

identified out of 140 hit compounds (0.7%).  Compound 1.11 returned IC50 values of 13.69-

36.08 µM depending on the temperature of incubation (16, 25, 30, and 37 °C) while being non-

toxic to planktonic bacterial growth up to 150 µM87, displaying the compoundsô ability to 

regulate S. Typhimurium biofilm formation both inside and outside the host environment.84  

Compound 1.12 was identified in a separate high-throughput 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 been shown to be important for biofilm formation.88  Of the 

3,000 compounds screened, three compounds (0.1%) inhibited 50% of biofilm formation at a 

concentration of 5 µM.  Further testing eliminated two of the three compounds, leaving 

compound 1.12 which displayed excellent biofilm inhibitory activity, returning an IC50 value of 

7.27 µM.  Compound 1.12 was found to be non-toxic to planktonic bacterial growth up to 50 

µM, the highest concentration tested.89  
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Figure 1.7.  S. Typhimurium inhibitors discovered through high-throughput screens: 

Steenackersô indole derivative (1.11) and Gunnôs ATP mimetic (1.12). 

In the last eight years, the Van der Eycken group has reported various 2-AI derivatives 

that are capable of inhibiting S. Typhimurium biofilms (Figure 1.8, compounds 1.13-1.18).  The 

Van der Eycken group has been heavily involved in new synthetic methods to access 2-AIs, and 

their efforts have yielded a wide variety of 2-AI derivatives that have shown exceptional 

inhibitory activity against S. Typhimurium biofilms.  Compound 1.13, a 1,4,5-substituted 2-AI 

was found to have an IC50 of 10.3 µM.90  Compound 1.14, a 1,4-substituted 2-AI displays an IC50 

value of 3.3 µM and was also non-toxic to planktonic bacterial growth at 5.0 µM.91  Compound 

1.15 returned an IC50 of 2.0 µM while also not affecting planktonic bacterial growth at that 

concentration.92  Diversification of compound 1.15 returned compound 1.16 with a triazole 

moiety linked to the exocyclic amine of the 2-AI.  Compound 1.16 also returned an IC50 of 2.0 

µM but was toxic to planktonic bacterial growth at 5.4 µM.93  Recently, compound 1.17 was 

disclosed and displays an IC50 of 1.5 µM.  Interestingly, the monomer of compound 1.17, 

compound 1.18, displayed an IC50 of 84.4 µM.  In this disclosure, the authors described how they 

were inspired by the di-2-AI structure of bromoageliferin (1.19) in their preparation of 

compound 1.17.94   
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Figure 1.8.  Structures of Van der Eyckenôs 2-AI S. Typhimurium biofilm inhibitors 

(compounds 1.13-1.18) and bromoageliferin (1.19). 

Previously, high-throughput screening campaigns to identify antibiofilm compounds have 

not been effective in identifying antibiofilm agents.95-97  Nonetheless, the disclosures by the Van 

der Eycken group on the ability of 2-AIs 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 identification 2-aminobenzimidazoles (2-ABIs), analogues 

of bromoageliferin (1.19), as inhibitors of S. Typhiumurium biofilms.   

1.3.4 Polymyxin E (Colistin) Resistance and the mobile colistin resistance (mcr-1) 

Gene 

Polymyxin E (colistin) is a member of the polypeptide 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 outer membrane of Gram-negative bacteria.  After diffusing through the 

outer membrane and across the periplasm, colistin intercalates into the inner membrane, forming 

pores that cause cell lysis.98  In the 1980s, colistin was phased out of clinical use because of its 

negative side effects, including nephrotoxicity.  Because of its efficacy against Gram-negative 

pathogens, colistin has returned to the clinic as the antibiotic of last resort in the treatment of 

complex MDR Gram-negative bacterial infections.99  Furthermore, colistin has been heavily 

utilized as a feed additive in animal husbandry.100  The resurgence of colistin in the clinic and its 

overuse in animal husbandry have posed selective pressure to bacteria, and in 2015 the plasmid 

borne mobile colistin resistance-1 (mcr-1)101 gene was identified.  Unlike previous chromosomal 

mutations that conferred colistin resistance102, mcr-1 is stable, transferrable, and comes at 

essentially no fitness cost to the bacterium.101 Recent reports also detail the ability of mcr-1 to 

confer colistin resistance in E. coli as well as the ESKAPE pathogens A. baumannii and K. 

pneumoniae.103  The mcr-1 plasmid has also been found to be capable of coexisting with other 

antibiotic resistance genes104,105 demonstrating the potential for emergence of pan-drug-resistant 

(PDR) bacterial strains via HGT.106  The mcr-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 initial electrostatic interaction between 

colistin and the outer membrane, therefore lowering colistinôs efficacy.107  Colistin resistance 

machinery and lipid A represent promising targets for non-toxic, small molecule antibiotic 

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

1.3.5 Examples of Small Molecule Colistin Potentiation Against Gram-negative 

Pathogens 

In 1969, it was disclosed that colistin activity could be potentiated against P. aureginosa 

with the classical antibiotics sulfamethoxazole and sulfamethizole.108 While there are other 

antibiotic combinations that can be used to increase the efficacy of colistin109, there are few 

examples of non-toxic adjuvants that are capable of increasing colistin efficacy in Gram-negative 

bacteria.  Interestingly, one such example is the ɓ-lactamase inhibitor tazobactam (compound 

1.20).  One study showed that in combination with sub MIC levels of colistin (0.4 µg/mL), 

tazobactam at a concentration of 20 µg/mL displayed synergy against four of five colistin 

sensitive strains of A. baumannii.  A tazobactam-colistin combination also showed some efficacy 

in a murine model of A. baumannii pneumonia, producing an ~1 log reduction in colony forming 

units per mL (CFUs/mL) compared to the standalone colistin treatment and an ~1.5 log reduction 

in colony forming units compared to the untreated control.110   
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Figure 1.9.  Molecules shown to potentiate colistin as non-toxic adjuvants: tazobactam (1.20) 

and Melanderôs modifiers of colistin activity resistant Gram-negative pathogens (1.21-1.23). 

The Melander group has been heavily involved in developing adjuvants to reverse 

colistin resistance in Gram-negative bacteria. 2-AI compound 1.21 was found to reverse colistin 

resistance in A. baumannii and K. pneumoniae.  While compound 1.21 displayed some inherent 

toxicity (MIC=100 µM) against A. baumannii and K. pneumoniae, it was able to reverse colistin 

resistance at a concentration of 30 µM. When co-administered with colistin, 1.21 returned MIC90 

values of 1 µg/mL against A. baumannii and <0.25 µg/mL against K. pneumoniae.  Compound 

1.21 displayed the unique ability to prevent the lipid A modification that confers colistin 

resistance by downregulating the two component system PmrAB.111  As compound 1.21 showed 

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 Melander group returned 1,4 2-AI, compound 

1.22.  Compound 1.22 displayed no inherent toxicity (MIC>200 µM) while lowering the colistin 

MIC to below the Clinical & Laboratory Standards Institue (CLSI) breakpoint in colistin 

resistant strains of A. baumannii, K. pneumoniae, and P. aeruginosa.112  Shortly after the 
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disclosure of mcr-1, the Melander group disclosed that compounds 1.21 and 1.22 were capable 

of reversing colistin resistance in strains carrying the mcr-1 plasmid in a non-toxic manner. As in 

Gram-negative bacteria with chromosomally encoded resistance, 1.22 was shown to reduce the 

extent of lipid A modification in strains carrying the mcr-1 plasmid.  Compounds 1.21 and 1.22 

also displayed the ability to increase the efficacy of colistin against colistin sensitive strains of A. 

baumannii and K. pneumoniae, displaying their versatility as potentiators of colistin activity. 

Additionally, compound 1.23 was discovered as capable of reversing colistin resistance in 

chromosomally and mcr-1 encoded resistant strains, serving as inspiration for the potentiation 

activity of the meridianin derivatives in chapter 3 of this manuscript.113 

1.4 Conclusion 

Development of new classes of broad-spectrum antibiotics is a slow an arduous process 

that will not slow the emergence of MDR bacteria.  Bacteria will almost certainly evolve to 

survive the attack of any new classes of broad-spectrum antibiotics.  Strategies that directly 

target one species of bacteria or target bacterial defense mechanisms are new alternatives to fight 

antibiotic resistance.  Herein, efforts towards developing narrow-spectrum antibiotics, 

antibiofilm compounds against MRSA and S. Typhimurium, as well as potentiators of colistin 

activity against Gram-negative bacteria are described. 
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CHAPTER 2 

1,2,4-Triazolidine-3-thiones as Narrow-Spectrum Antibiotics Against Acinetobacter 

baumannii 

2.1 Introduction 

The development of narrow-spectrum antibiotics has some advantages over the 

traditional approach of developing broad-spectrum antibiotics, namely the possibility of slower 

resistance generation, and a reduction in detrimental effects on the gut microbiome including a 

decreased risk of antibiotic-associated colitis.1 As more rapid and sensitive diagnostic tests are 

developed, the use of narrow-spectrum antibiotics is becoming more feasible, and the European 

Medicines Agency (EMA) and the U. S. Food and Drug Administration (FDA) have recently 

included antibacterial compounds active against a narrow-spectrum of multi-drug resistant 

(MDR) pathogens in a list of treatments that qualify for a shorter route to registration.2 Of the 

Gram-negative ESKAPE pathogens3, A. baumannii  has recently come under the microscope 

because of its high mortality rates in the ICU (>50%), prevalence in wound infections in U.S. 

servicemen that have been injured in the conflicts in Iraq and Afghanistan4, its ability to survive 

in hospital environments and the isolation of pan-drug-resistant (PDR) strains.5  

In 2009 compound 2.1 (Scheme 2.1) was reported to have antifungal activity against 

Candida albicans.6 Recently, genomic sequencing has revealed that A. baumannii harbors genes 

that share homology to a long chain fatty acid elongation pathway in fungi that was the supposed 

target of compound 2.1. Testing of 1,2,4-triazolidine-3-thiones, for antibiotic activity against A. 

baumannii identified compound 2.1 as a promising antibacterial lead.7  Using this compound  as 

a structural template, we have synthesized analogues of the 1,2,4-triazolidine-3-thione core 

structure with variations introduced at the N-1, N-2, and C-5 positions as well as alkylation of the 
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sulfur atom at C-3 in an attempt to identify new, more biologically active compounds.  Herein, 

we report the synthesis of analogues of 1,2,4-triazolidine-3-thiones as well as their antibiotic 

activity against MDR-A. baumannii.  Moreover, we report a compound that has minimum 

inhibitory concentrations (MICs) of up to four-fold lower against multiple strains of MDR-A. 

baumannii compared to compound 1, and unlike parent compound 1, shows activity in a Galleria 

mellonella model of infection. 

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

The 1,2,4-triazolidine-3-thione scaffold is readily accessible through a three-component 

reaction between ketones or aldehydes, hydrazines and potassium thiocyanate in hydrochloric 

acid for 16 hours in the dark (Scheme 2.1). The resulting triazolidines typically precipitate during 

the reaction, allowing for simple filtration followed by recrystallization from methanol to deliver 

purified material.8,9   Moreover, this synthetic procedure easily allows for modifications to be 

made at the N-2 and C-5 positions on the ring, thus allowing rapid assessment of the structure-

activity relationship of 1,2,4-triazolidine-3-thiones.  

 

Scheme 2.1. Synthesis of 1,2,4-triazolidine-3-thiones.8,9 

Initially, we evaluated the effect substitution at carbon 5 had upon activity by varying the 

identity of the aliphatic substituents. A series of 14 compounds that were mono- or di- 

substituted with alkyl or aryl groups were synthesized and screened for antibiotic activity against 
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AB5075 under standard CLSI broth microdilution conditions10 (Table 2.1).  A. baumannii strain 

AB5075 is an extensively-drug resistant (XDR) primary clinical isolate and was chosen to 

evaluate the 1,2,4-triazolidine-3-thiones because of its virulence and XDR properties.11   

Table 2.1. MIC values for C-5 modifications against AB5075, where R3=phenyl.   

Compound R1= R2= MIC (Õg/mL) 

1 Methyl Ethyl 8 

2.2a Methyl Methyl 8 

2.2b Methyl Isopropyl 8 

2.2c Methyl Phenyl >128 

2.2d Methyl H >128 

2.2e Ethyl Ethyl 8 

2.2f Ethyl Isopropyl 32 

2.2g Ethyl H >128 

2.2h n-Propyl Methyl 16 

2.2i n-Propyl Ethyl 32 

2.2j n-Propyl n-Propyl 32 

2.2k n-Propyl H 64 

2.2l Phenyl H 64 

2.2m Cyclopentyl ------------- 8 

2.2n Cyclohexyl ------------- 8 

 

Compound 2.1 exhibited an MIC of 8 µg/mL against AB5075, and both the dimethyl 

(compound 2.2a) and diethyl (compound 2.2e) derivatives exhibited identical activity to the 

parent compound.  All other modifications at the C-5 position yielded either no change, or an 

increase in MIC compared to the parent compound (Table 2.1). 

As we did not observe an increase in antibiotic activity through modification of the 5-

position we next shifted our focus to the substitution at the N-2 position of the ring.  The diethyl 

substituted derivatives were chosen instead of the parent methyl ethyl substituted derivatives to 

avoid racemic mixtures.  Benzyl, cyclohexyl, and 2-pyridinyl substitutions of the N-2 position 
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completely abolished biological activity (appendix), which led to the conclusion that the phenyl 

ring at the N-2 position was required for activity (compounds 2.3a-c, Scheme 2.1)  

Given the significant impact that changing the 2-phenyl substituent to a 2-benzyl had 

upon activity, we then investigated whether substitution of the phenyl ring itself had any effect 

on the MIC (Table 2.2). The 4-chloro derivative 2.4a exhibited increased activity compared to 

the parent compound, with an MIC of 2 µg/mL.  Encouraged by this result, additional analogs 

were synthesized with various halogen substitutions in different positions on the phenyl ring.  

Unfortunately, only a decrease in activity was observed compared to the 4-chloro compound.  

Other substitutions on the phenyl ring were also made, but only halogen substitutions were 

tolerated. 

Table 2.2. MIC values for various phenyl ring substitutions against AB5075, where R1=R2= 

ethyl.  

Compound R3= MIC (Õg/mL) 

2.4a (4-Chlorophenyl) 2 

2.4b (4-Bromophenyl) 4 

2.4c (4-Iodophenyl) 8 

2.4d (4-Fluorophenyl) 4 

2.4e (2-Fluorophenyl) 32 

2.4f (3-Fluorophenyl) 8 

2.4g (2-Chlorophenyl) 128 

2.4h (3-Chlorophenyl) 8 

2.4i (3-Chloro-4-Fluoro) 32 

2.4j (3,5-Difluorophenyl) >128 

2.4k (3,4-Dichlorophenyl) >128 

2.4l (4-Isopropylphenyl) >128 

2.4m (4-Nitrophenyl) >128 

2.4n (4-Cyanophenyl) >128 

2.4o (4-Trifluoromethylphenyl) >128 
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With a more active derivative, 2.4a, identified, we next tested the lead compound and 

parent compound against multiple strains of MDR-A. baumannii (Table 2.4).  The dimethyl 

analogue of compound 2.4a, compound 2.512-14 was also prepared to investigate whether the 

lipophilicity of the compounds could be tuned without affecting the activity of the compounds.  

Compound 2.4a has a predicted log D value of 3.85, while compound 2.5 has a predicted log D 

value of 2.58 at pH 7. 

All three compounds exhibited activity against multiple strains of A. baumannii, while 

compound 2.5 was more active against several strains of A. baumannii than either compound 

2.4a or the parent compound 1 (Table 2.3).   

Table 2.3. MIC results for Compounds 1, 4a and 5 against multiple MDR strains of A. 

baumannii.  The resistance profiles of these strains have been previously published.15  

 Compound MIC  (µg/mL) 

A. baumannii 

Strain  
2.1 2.4a 2.5 

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 of compound 2.5 as the most active analogue against several A. 

baumannii strains, we next opted to investigate further structure activity relationships of 

compound 2.5, beginning with the effect of alkylating the sulfur atom at the C-3 position. 

Briefly, compound 2.5 was reacted with the corresponding alkyl halide in methanol at room 

temperature overnight to yield the thioethers 2.6a-b (Scheme 2.2A).  The methyl and benzyl 

analogues were prepared, and the observed MIC for both compounds was greater than 128 

µg/mL, showing the necessity of the unsubstituted sulfur atom for biological activity. To further 

probe the SAR of the 1,2,4-triazolidine-3-thione core, effect of alkylation of the N-1 position of 

compound 2.5 was also investigated (Scheme 2.2B). 
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Scheme 2.2.  Synthetic routes to allow for the alkylation of the thiol moiety (A), N-1 position 

(B), and move of 4-chloro substituent (C) of compound 5.. Reagents and conditions: (a) Alloc-Cl, 

DMAP, Et3N, THF rt, 16 h; (b) RX, NaH, DMF 0o C to rt, 4 h; (c) NaBH4, Pd(PPh3)4, EtOH 0o C 

to rt, 1h (d) 12 N HCl (pH 2.5-3), rt, 4h. 

In order to alkylate the N-1 position, the thiol was protected with an alloc protecting 

group.  The N-1 position was then alkylated using sodium hydride and the corresponding alkyl 

halide.  The alloc group was removed using sodium borohydride and 

tetrakis(triphenylphosphine)palladium(0) in ethanol at 0 oC, and the solution was then acidified 

with 12 N HCl at room temperature.16  The MICs of compounds 2.9a-b were all greater than 128 

µg/mL, demonstrating the need for the free N-H at the N-1 position on the 1,2,4-triazolidine-3-

thione ring for biological activity. 
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The final structural modification that was investigated was to move the 4-chlorophenyl 

substituent from the N-2 position to the N-4 position of compound 2.5.  The reverse 1,2,4-

triazolidine-3-thione scaffold is accessed through the reaction of N-(4-chlorophenyl) 

hydrazinecarbothioamide with acetone in hydrochloric acid for 16 hours in the dark (Scheme 

2.2C).  As with compounds 2.1-2.4o, the resulting triazolidine precipitated during the reaction, 

allowing for simple filtration followed by recrystallization from methanol to deliver purified 

material.8,9   The observed MIC of compound 2.10 was greater than 128 µg/mL, which is a 

greater than 64-fold increase in MIC compared to compound 2.5, indicating that the original 

substitution pattern of the 1,2,4-triazolidine-3-thiones is the more active motif. 

We next investigated whether compound 2.5 was acting in a bactericidal or bacteriostatic 

manner by constructing a time kill curve.  An antibiotic is defined as bactericidal when it kills 

>99.9% of bacteria at a concentration no greater than four times the MIC.17  As seen in figure 

2.1,  compound 2.5 was found to be bactericidal, effecting a greater than six log reduction in 

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

 

Figure 2.1. Time-kill curve for compound 2.5 against AB5075. 
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2.3 Mechanistic Studies and Spectrum of Antibiotic Activity  

In C. albicans and A. baumannii, compound 2.1 distorts the ratio of unsaturated to 

saturated fatty acids.6,11  It was also established that fatty acid supplementation of media 

abrogated the bactericidal effects of compound 2.1 against A. baumannii.7  In order to test 

whether compound 2.5 exhibited similar behavior, an MIC assay under fatty acid 

supplementation was performed. As with compound 2.1, when the media was supplemented with 

0.02% linoleic acid, the activity of compound 2.5 against AB5075 was completely abolished 

with an observed MIC of >128 µg/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 compound 2.1.  In the presence of 0.01% Triton, 0.1% PEG400 and 0.1% 

tyloxagol compound 2.1 returned its MIC of 8 µg/mL.  This indicates that aggregation does not 

play a role in the antibacterial activity compound 2.1.7  

In order to investigate the membrane lysis activity of the 1,2,4-triazolidine-3-thiones we 

performed a BacLight assay18 on A. baumannii 5075 using 0.5, 1, and 2 times the MIC of 2.1.  

No significant membrane disruption at any of these concentrations was observed.7  The toxicity 

of compound 2.5 to eukaryotic cell membranes was also investigated by measuring its hemolytic 

activity against mechanically defibrinated sheep blood as previously reported.19  Compound 2.5 

did not lyse the red blood cells at any concentration tested (up to 512 µg/mL, appendix). 

Next, the antibiotic spectrum of compound 2.5 was probed by recording MICs against 

Escherichia coli, P. aeruginosa, K. pneumoniae, and methicillin resistant S. aureus (MRSA).  

MIC values of  >128 µg/mL was observed for all bacterial species other than A. baumannii, 

establishing that as with the original lead 2.1, compound 2.5 is a narrow-spectrum antibiotic.  

The synergistic potential of compound 2.5 with other antibiotics was also investigated utilizing 
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checkerboard assays.20 Compound 2.5 did not show synergy with meropenem or colistin against 

AB5075, or with colistin against the colistin-resistant AB3941. 

2.4 Active Chemical Species and Galleria mellonella Study 

In an effort to identify the active chemical species of compound 2.5, compound 2.5 was 

dosed in cation adjusted Mueller-Hinton broth (CAMHB) and incubated 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 compound 2.5 has a half-life of about 2.5 hours in these conditions, and is almost fully 

degraded after 16 hours (Appendix).  After observing the decomposition of the compound, 

compound 2.5 was dosed in CAMHB at 4 µg/mL and incubated for 1, 2, 4, and 8 hours.  The 

activity of each of the incubated solutions was then tested against A. baumannii 5075, and 

compound 2.5 was found to have no activity at its MIC after incubation in MHB for any of the 

time points.  This indicates that compound 2.5, and not any degradation products, is most likely 

the active chemical species. 

Finally, the activity of compounds 2.1 and 2.5 in a G. mellonella infection model with 

AB5075 was assessed by Bradley M. Minrovic.11  Compound 2.1 was inactive against AB5075 

in this model (appendix).  However, compound 2.5 exhibited modest in vivo activity, with 50 

mg/kg of compound 2.5 saving 22% of worms after six days, and 100 mg/kg saving 32% of 

worms after six days.  In comparison, 100% of untreated, infected worms were dead after six 

days (Figure 2.2). 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 treatments, respectively. 
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Figure 2.2. Percent survival of G. mellonella after AB5075 infection and compound 2.5 treatment. 

2.5 Conclusion 

In conclusion, following the identification of the 1,2,4-triazolidine-3-thiones as 

possessing antibiotic activity against A. baumannii we synthesized a diverse array of analogues 

in attempts to identify a compound with increased activity.  After making modifications at the C-

5 and N-2 positions on the 1,2,4-triazolidine-3-thione core structure to no effect, substitutions 

were made to the phenyl ring at position 2 to yield compound 2.4a, which displayed a four-fold 

improvement in MIC against A. baumannii compared to compound 2.1.  Compound 2.5 was also 

synthesized and tested against multiple strains of A. baumannii along with compound 2.1 and 

compound 2.4a in order to ascertain whether the lipophilicity could be tuned without affecting 

the MIC.  Compound 2.5 displayed an up to four-fold improvement against multiple strains of A. 

baumannii compared with compound 2.1, as well as returning a lower MIC than compound 2.4a 

in most cases.  Compound 2.5 was found to be bactericidal, and an in vivo study showed positive 

survival results when compound 2.5 was used against AB5075 in a G. mellonella model of 

infection. While these results were modest, it is important to note that just a single dose was 

provided, and most antibiotics are dosed multiple times a day. Furthermore, AB5075 is a more 
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virulent strain than most other A. baumannii isolates,14 which provides a higher bar when 

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 Å mesh 

standard grade silica gel from Sorbtech. NMR solvents were obtained from Cambridge Isotope 

Laboratories and used as is. All 1H NMR (300 or 400 MHz) and 13C NMR (75, 100, or 175 

MHz) spectra were recorded at 25 ÁC on Varian Mercury spectrometers. Chemical shifts (ŭ) are 

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; d, doublet; 

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 

obtained on an FT/IR-4100 spectrophotometer (ɜmax in cmī1). UV absorbance was recorded on a 

Genesys 10 scanning UV/visible spectrophotometer (ɚmax in nm). The purities of the tested 

compounds were all verified to be >95% by LC-MS analysis on a Shimadzu LC-MS 2020 with 

Kinetex, 2.6 mm, C18 50 × 2.10 mm. 

General Synthetic Procedure for 1,2,4-triazoline-3-thiones (Compounds 2.1-3b, 2.4a-4o): To 

a solution of 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 in the dark for 16 h 

at rt.  The precipitate that formed was filtered using vacuum filtration and washed with water 

four times.  The precipitate was then recrystallized with methanol9 to yield the desired product.8 
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5,5-diethyl-2-(pyridin -2-yl)-1,2,4-triazolidine-3-thione (Compound 2.3c): 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).  3-pentanone (3 mmol) was added to the solution dropwise.  

The reaction was allowed to stir in the dark for 16 h at rt.  The oil that formed in 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, and the solvent was removed 

under reduced pressure.  The product was then purified by flash chromatography (1-3% MeOH 

sat. w/ NH3/DCM) to yield 5,5-diethyl-2-(pyridin-2-yl)-1,2,4-triazolidine-3-thione as a brown 

oil.   

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

2.6a): To a solution of compound 2.5 (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 pressure, and the crude solid was recrystallized with dichloromethane to yield 1-

(4-chlorophenyl)-3,3-dimethyl-5-(methylthio)-2,3-dihydro-1H-1,2,4-triazole as an off-white 

solid. 

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

2.6b): To a solution of compound 2.5  (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 removed under reduced pressure, and the crude solid was purified using flash column 
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chromatography (10-40% EtOAc/Hex) to yield 5-(benzylthio)-1-(4-chlorophenyl)-3,3-dimethyl-

2,3-dihydro-1H-1,2,4-triazole as a brown oil. 

General Synthetic Procedure for S-alloc protection of 1,2,4-triazolidine-3-thiones 

(Compound 2.7):  To a solution of compound 2.5  (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 was allowed to stir overnight for 16 h at room temperature.  The 

solution was extracted with dichloromethane (2 x 40 mL), and washed with 1N HCl (35 mL), 

saturated NaHCO3 (35 mL), and brine (35 mL), dried (MgSO4) and concentrated under reduced 

pressure.  The residue was purified using flash column chromatography (5-20% EtOAc/Hex) to 

yield O-allyl S-(2-(4-chlorophenyl)-5,5-dimethyl-2,5-dihydro-1H-1,2,4-triazol-3-yl) 

carbonothioate as an orange-white solid.  

General Synthetic Procedure for N-1 alkylation of S-alloc protected 1,2,4-triazolidine-3-

thiones (Compounds 2.8a-b): To a solution of compound 2.7 (1.31 mmol) in DMF (12 mL) at 0 

oC under nitrogen was added sodium hydride (1.44 mmol) and the mixture was allowed to stir 

for 10 minutes.  The desired alkyl halide (1.44 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 

1N HCl (1 x 20 mL), brine (2 x 20 mL), dried (MgSO4), and concentrated under reduced 

pressure.  The residue was then purified using flash column chromatography (5-15% 

EtOAc/Hex) to yield the desired product 2.8a-b. 

General Synthetic Procedure for the S-alloc deprotection of N-1 alkylated 1,2,4-triazoidine-

3-thiones (Compounds 2.9a-c):  To a solution of alloc protected intermediate compound 2.8a or 

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

After 1 hour, the reaction was acidified to pH 2.5-3 using 12 N HCl, 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 NaHCO3 (20 

mL), brine (20 mL), dried (MgSO4) and concentrated under reduced pressure.  The residue was 

then purified using flash chromatography (10-25% EtOAc/Hex) to the desired product 2.9a or 

2.9b.16 

General Synthetic Procedure for 1,2,4-triazoline-3-thione (Compound 2.10): To a solution of 

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was N-(4-chlorophenyl)hydrazinecarbothioamide (3 

mmol).  Acetone (3 mmol) was added to the solution dropwise.  The reaction was allowed to stir 

in the dark for 16 hours at rt.  The precipitate that formed was filtered using vacuum filtration 

and washed with water four times.  The precipitate was then recrystallized with methanol9 to 

yield 4-(4-chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-3-thione 2.10 as a white solid.8 

Previously Reported Compounds9,8  

 

5-Ethyl-5-methyl-2-phenyl-1,2,4-triazoli 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).  2-butanone (3 mmol) was added to the solution dropwise.  The reaction 

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

vacuum filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-ethyl-5-methyl-2-phenyl-1,2,4-triazolidine-3-thione as a white-orange solid 
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(m.p = 112 ęC, 64%). 1H NMR (400 MHz, CDCl3) ŭ 7.96 (d, J = 8.4 Hz, 2H), 7.81 (brs, 1H), 

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

3H), 1.02 (t, J = 7.6, 3H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 117.0, 139.2, 128.4, 125.6, 122.3, 

77.8, 31.8, 28.3, 8.3 ppm; IR vmax (cm-1) 3155, 2966, 1492, 1386; HRMS (ESI) calcd for 

C11H15N3S [M+H]+ 222.1059, found 222.1055. 

 

5,5-Dimethyl-2-phenyl-1,2,4-triazolidine-3-thione (2.2a): 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 dropwise.  The reaction was 

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

filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5,5-dimethyl-2-phenyl-1,2,4-triazolidine-3-thione as a white-yellowish solid 

(m.p = 131 ęC, 60%). 1H NMR (400 MHz, CDCl3) ŭ 8.05 (brs, 1H), 7.92 (d, J = 8.4 Hz, 2H), 

7.35 (t, J = 8.4 Hz, 2H), 7.17 (t, J = 7.2 Hz, 1H), 5.14 (s, 1H), 1.47 (s, 6H) ppm; 13C NMR (100 

MHz, CDCl3) ŭ 177.5, 139.2, 128.5, 125.7, 122.4, 75.3, 25.5 ppm; IR vmax (cm-1) 3159, 2967, 

1499, 1384, 740; HRMS (ESI) calcd for C10H13N3S [M+H]+  208.0903, found 208.0903. 

 

5-Isopropyl-5-methyl-2-phenyl-1,2,4-triazolidine-3-thione (2.2b): To a solution of 

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) 
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and phenyl hydrazine (3 mmol).  3-methyl-2-butanone (3 mmol) was added to the solution 

dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed 

was filtered using vacuum filtration and washed with water four times.  The precipitate was then 

recrystallized with methanol to yield 5-isopropyl-5-methyl-2-phenyl-1,2,4-triazolidine-3-thione 

as a white-orange solid (m.p = 142 ęC, 46%). 1H NMR (400 MHz, CDCl3) ŭ 7.95 (t, J = 7.6 Hz, 

2H, 7.84 (brs, 1H), 7.36 (t, J = 7.6 Hz, 2H) 7.17 (t, J = 7.2 Hz, 1H), 4.94 (s, 1H), 1.99 (m, J = 

6.8 Hz, 1H), 1.41 (s, 3H), 1.01 (d, J = 6.8 Hz, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 

175.4, 140.1, 127.9, 123.8, 121.0, 78.7, 36.0, 19.7, 17.0, 16.6 ppm; IR vmax (cm-1) 3150, 2961, 

1498, 1380, 745; HRMS (ESI) calcd for C12H17N3S [M+H]+ 236.1216, found 236.1215. 

 

5-Methyl-2-phenyl-1,2,4-triazolidine-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 dropwise.  The reaction was 

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

filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-methyl-2-phenyl-1,2,4-triazolidine-3-thione as a white solid (m.p = 132 ęC, 

52%). 1H NMR (300 MHz, DMSO-d6) ŭ 10.51 (s, 1H), 8.99 (s, 1H), 7.30 (t, J = 8.1 Hz, 2H), 

7.03 (d, J = 6.3 Hz, 3H), 5.10 (d, J = 5.1 Hz, 1H) ppm, 1.35 (d, J = 5.7 Hz, 3H) ppm; 13C NMR 

(75 MHz, DMSO-d6) ŭ 177.3, 151.0, 129.0, 122.7, 115.9, 78.9, 22.5 ppm; IR vmax (cm-1) 3100, 

2974, 1603, 693; HRMS (ESI) calcd for C9H11N3S [M+H]+ 194.0746, found 194.0745. 
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5,5-Diethyl-2-phenyl-1,2,4-triazolidine-3-thione (2.2e): 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).  3-pentanone (3 mmol) was added to the solution dropwise.  The reaction was allowed 

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

and washed with water four times.  The precipitate was then recrystallized with methanol to yield 

5,5-diethyl-2-phenyl-1,2,4-triazolidine-3-thione a white solid (m.p = 115 ęC, 57%).  1H NMR 

(400 MHz, CDCl3) 8.48 (s, 1H), 7.94 (d, J = 8.0 Hz, 2H), 7.31 (t, J = 8.0 Hz, 2H), 7.11 (t, J = 

7.2 Hz, 1H), 4.99 (s, 1H), 1.76-1.62 (m, 4H), 0.94 (t, J = 7.6 Hz, 6H) ppm; 13C NMR (100 

MHz,CDCl3) ŭ 176.3, 139.1, 128.3, 125.3, 122.1, 80.2, 29.4, 7.9 ppm; IR vmax (cm-1) 3157, 2964, 

1492, 1384, 748; HRMS (ESI) calcd for C12H17N3S [M+H]+ 236.1216, found 236.1210. 

 

5-Ethyl -2-phenyl-1,2,4-triazolidine-3-thione (2.2g): 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).  Priopionaldehyde (3 mmol) was added to the solution dropwise.  The reaction was 

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

filt ration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-ethyl-2-phenyl-1,2,4-triazolidine-3-thione white-yellowish solid (m.p = 114 

ęC, 43%). 1H NMR (400 MHz, CDCl3) ŭ 7.95 (dd, J = 7.6 Hz, 1.2 Hz, 2H), 7.51 (brs, 1H), 7.36 
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(t, J = 7.2 Hz, 2H), 7.18 (t, J = 7.2 Hz, 1H), 5.18 (brs, 1H), 4.74-4.68 (m, 1H), 1.78-1.67 (m, 

2H), 1.02 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.4, 139.9, 127.9, 124.1, 

121.3, 71.8, 27.0, 8.5 ppm; IR vmax (cm-1) 3109, 2971, 1599, 687; HRMS (ESI) calcd for 

C10H13N3S [M+H]+ 208.0903, found 208.0900. 

 

5-Methyl-2-phenyl-5-propyl -1,2,4-triazolidine-3-thione (2.2h): 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).  2-pentanone (3 mmol) was added to the solution dropwise.  The reaction 

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

vacuum filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-methyl-2-phenyl-5-propyl-1,2,4-triazolidine-3-thione as a white solid (m.p = 

108 ęC, 55%). 1H NMR (300 MHz, CDCl3) ŭ 7.97-7.94 (m, 2H), 7.43 (brs, 1H), 7.37 (t, J = 7.5 

Hz, 2H), 7.18 (t, J = 7.5 Hz, 1H), 4.94 (brs, 1H), 1.75-1.69 (m, 2H), 1.54-1.43 (m, 5H), 0.96 (t, J 

= 7.2 Hz, 3H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 178.2, 141.1, 129.1, 126.1, 123.5, 77.9, 

42.6, 23.6, 18.1, 14.7 ppm; IR vmax (cm-1) 3155, 2962, 1491, 1386, 750; HRMS (ESI) calcd for 

C12H17N3S [M+H]+ 236.1216, 136.1213 found. 

 

2-Phenyl-5-propyl -1,2,4-triazolidine-3-thione (2.2k): 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 
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(3 mmol).  Butyraldehyde(3 mmol) was added to the solution dropwise.  The reaction was 

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

filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 2-phenyl-5-propyl-1,2,4-triazolidine-3-thione as a white solid (m.p = 157 ęC, 

50%).  1H NMR (300 MHz, DMSO-d6) ŭ 10.49 (s, 1H), 9.06 (s, 1H), 7.31 (t, J = 7.2 Hz, 2H), 

7.00 (m, 3H), 4.96 (s, 1H), 1.60-1.44 (m, 4H), 0.95 (t, J = 6.6 Hz, 3H)ppm; 13C NMR (100 MHz, 

DMSO-d6) ŭ 177.5, 151.6, 129.1, 122.6, 115.9, 82.4, 37.9, 16.6, 13.8 ppm; IR vmax (cm-1) 3112, 

2978, 1592, 683; HRMS (ESI) calcd for C11H15N3S [M+H]+ 222.1059, found 222.1053. 

 

2-Phenyl-1,2,4-triazaspiro[4.5]decane-3-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 mmol) was added to the solution dropwise.  The reaction was 

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

fi ltration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 2-phenyl-1,2,4-triazaspiro[4.5]decane-3-thione as a white-brownish solid (m.p 

= 141 ęC, 62%). 1H NMR (400 MHz, CDCl3) ŭ 7.98 (brs, 1H), 7.94-7.87 (m, 2H), 7.43-7.29 (m, 

2H), 7.22-7.15 (m, 1H), 4.92 (s, 1H), 1.81-1.77 (m, 4H), 1.68-1.63 (m, 4H), 1.46 (t, J = 5.2 Hz, 

2H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.1, 140.4, 127.9, 124.0, 121.3, 75.8, 34.4, 24.7, 

22.1 ppm; IR vmax (cm-1) 3165, 2964, 1510, 1386, 739; HRMS (ESI) calcd for C13H17N3S 

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

 

5-Methyl-2,5-diphenyl-1,2,4-triazolidine-3-thione (2.2c): 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 dropwise.  The reaction 

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

vacuum filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-methyl-2,5-diphenyl-1,2,4-triazolidine-3-thione as a white-orange solid (m.p 

= 120 ęC, 64%). 1H NMR (300 MHz, CDCl3) ŭ 7.93-7.89 (m, 2H), 7.50-7.39 (m, 5H), 7.33-7.29 

(m, 2H), 7.04-6.99 (m, 1H), 2.25 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 145.3, 141.2, 

139.1, 129.3, 128.3, 127.9, 125.5, 120.2, 113.2, 11.8 ppm; IR vmax (cm-1) 3159, 2965, 1492, 

1382, 749; HRMS (ESI) calcd for C15H15N3S [M+H]+ 270.1059, found 270.1056. 

 

5-Ethyl -5-isopropyl-2-phenyl-1,2,4-triazolidine-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).  2-methyl-3-pentanone (3 mmol) was added to the solution dropwise.  The 

reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed was filtered 

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

recrystallized with methanol to yield 5-ethyl-5-isopropyl-2-phenyl-1,2,4-triazolidine-3-thione as 
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a yellowish solid (m.p = 121 ęC, 48%). 1H NMR (400 MHz, CDCl3) ŭ 8.42 (brs, 1H), 8.01 (d, J 

= 8.4 Hz, 2H), 7.36(t, J = 8.4 Hz, 2H), 7.16 (t, J = 6.4 Hz, 1H), 2.01 (m, J = 7.2 Hz, 1H), 1.78 

(m, J = 7.2 Hz, 2H), 1.01 (t, J = 7.2 Hz, 9H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ175.0, 

140.0, 127.8, 123.7, 120.9, 80.8, 34.9, 27.4, 16.6, 16.4, 7.6 ppm; IR vmax (cm-1) 3162, 2959, 

1500, 1393, 746; HRMS (ESI) calcd for C13H19N3S [M+H]+ 250.1372, found 240.1368. 

 

5-Ethyl -2-phenyl-5-propyl -1,2,4-triazolidine-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).  3-hexanone (3 mmol) was added to the solution dropwise.  The reaction 

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

vacuum filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 5-ethyl-2-phenyl-5-propyl-1,2,4-triazolidine-3-thione as a white solid (m.p = 

127 ęC, 55%). 1H NMR (400 MHz, CDCl3) ŭ 8.30 (brs, 1H), 7.94 (d, J = 7.6 Hz, 2H), 7.328 (d, J 

= 7.6 Hz, 2H), 7.133 (t, J = 6.8 Hz, 1H), 4.95 (s, 1H), 1.78-1.58 (m, 4H), 1.48-1.32 (m, 2H), 

1.01-0.82 (m, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 175.7, 140.1, 127.9, 123.9, 121.1, 

78.6, 38.8, 29.6, 16.2, 14.3, 7.7 ppm; IR vmax (cm-1) 3158, 2970, 1489, 1390, 739; HRMS (ESI) 

calcd for C13H19N3S [M+H]+ 250.1372, found 250.1366. 
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2-Phenyl-5,5-dipropyl -1,2,4-triazolidine-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).  4-heptanone (3 mmol) was added to the solution dropwise.  The reaction was allowed 

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

and washed with water four times.  The precipitate was then recrystallized with methanol to yield 

2-phenyl-5,5-dipropyl-1,2,4-triazolidine-3-thione as a white solid (m.p = 128 ęC, 40%). 1H NMR 

(300 MHz,CDCl3) ŭ 7.98-7.934 (m, 2H), 7.82 (brs, 1H), 7.37 (t, J = 7.5 Hz, 2H), 7.20-7.15 (m, 

1H), 4.75 (brs, 1H), 1.74-1.66 (m, 4H), 1.50-1.40 (m, 4H), 0.95 (t, J = 6.9 Hz, 6H); ppm;  13C 

NMR (100 MHz, CD3OD) ŭ 177.7, 141.1, 129.1, 126.3, 123.8, 80.1, 40.8, 17.8, 14.7 ppm; IR 

vmax (cm-1) 3150, 2963, 1491, 1382, 741; HRMS (ESI) calcd for C14H21N3S [M+H]+ 264.1529, 

found 264.1524. 

 

2,5-Diphenyl-1,2,4-triazolidine-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).  Benzaldehyde (3 mmol) was added to the solution dropwise.  The reaction was allowed 

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

and washed with water four times.  The precipitate was then recrystallized with methanol to yield 
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5-methyl-2,5-diphenyl-1,2,4-triazolidine-3-thione as a white-brown solid (m.p = 140 ęC, 60%). 

1H NMR (300 MHz, DMSO- d6) ŭ 10.39 (s, 1H), 7.69 (s, 1H), 7.42 (d, 2H), 7.31 (t, 2H), 7.28 

(m, 3H), 7.23 (d, 2H), 6.78 (t, 1H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 145.5, 136.6, 136.1, 

129.3, 128.8, 128.1, 125.8, 118.9, 112.2 ppm; IR vmax (cm-1) 3157, 1487, 1370, 749; HRMS 

(ESI) calcd for C14H13N3S [M+H]+ 256.0903, found 256.0897. 

 

2-Phenyl-1,2,4-triazaspiro[4.4]nonane-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 dropwise.  The reaction was 

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

filtration and washed with water four times.  The precipitate was then recrystallized with 

methanol to yield 2-phenyl-1,2,4-triazaspiro[4.4]nonane-3-thione as a pink solid (m.p = 130 ęC, 

70%). 1H NMR (400 MHz, CDCl3) ŭ 8.05 (brs, 1H), 7.93 (d, J = 8.0 Hz, 2H), 7.36 (t, J = 8.0 

Hz, 2H), 7.17 (t, J = 6.0 Hz, 1H), 5.07 (brs, 1H), 1.96-1.81 (m, 4H), 1.76-1.69 (m, 4H) ppm; 13C 

NMR (100 MHz, DMSO-d6) ŭ 176.3, 140.0, 127.9, 124.0, 121.3, 83.8, 35.8, 22.9 ppm; IR vmax 

(cm-1) 3158, 2970, 1507, 1381, 732; HRMS (ESI) calcd for C12H15N3S [M+H]+ 234.1059, found 

234.1058. 
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2-Benzyl-5,5-diethyl-1,2,4-triazolidine-3-thione (2.3a): 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).  3-pentanone (3 mmol) was added to the solution dropwise.  The 

reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed was filtered 

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

recrystallized with methanol to yield 2-benzyl-5,5-diethyl-1,2,4-triazolidine-3-thione as a white 

solid (m.p = 118 ęC, 43%). 1H NMR (400 MHz, CDCl3) ŭ 7.41-7.30 (m, 5H), 7.10 (brs, 1H), 

1.68-1.54 (m, 4H), 0.87 (t, J = 7.6, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 177.6, 137.2, 

128.2, 127.9, 127.2, 79.3, 50.3, 28.9, 7.6 ppm; IR vmax (cm-1) 3223, 2967, 1469, 1421, 735; 

HRMS (ESI) calcd for C13H19N3S [M+H]+ 250.1372, found 250.1367. 

 

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

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

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

The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed was 

filtered using vacuum filtration and washed with water four times.  The precipitate was then 

recrystallized with methanol to yield 2-cyclohexyl-5,5-diethyl-1,2,4-triazolidine-3-thione as a 

white solid (m.p = 162 ęC, 39%). 1H NMR (400 MHz, CDCl3) ŭ 4.37-4.31 (m, 1H), 4.07 (s, 1H), 



   

57 

 

1.79 (d, J = 10.8 Hz, 4H), 1.72-1.48 (m, 6H), 1.40-1.14 (m, 4H), 1.12-1.06 (m, 2H), 0.90 (t, J = 

7.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) ŭ 176.7, 80.5, 55.3, 29.5, 28.7, 25.3, 7.9 ppm; IR vmax 

(cm-1) 3211, 2927, 1476, 1149; HRMS (ESI) calcd for C12H23N3S [M+H]+ 242.1686, found 

242.1679. 

 

5,5-Diethyl-2-(pyridin -2-yl)-1,2,4-triazolidine-3-thione (2.3c): 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).  3-pentanone (3 mmol) was added to the solution dropwise.  The 

reaction was allowed to stir in the dark for 16 h at rt.  The oil that formed was extracted with 

dichloromethane and washed with brine (25 mL), saturated sodium bicarbonate (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 (1-3% MeOH sat. with NH3/DCM) to yield 5,5-diethyl-2-(pyridin-2-yl)-1,2,4-

triazolidine-3-thione as a brown oil (10%). 1H NMR (400 MHz, CDCl3) ŭ 8.07-8.04 (m, 1H), 

7.88 (brs, 1H), 7.52 (td, J = 6.0 Hz, 0.3 Hz, 1H), 7.23 (d, J = 7.5 Hz, 1H), 6.69-6.65 (m, 1H), 

2.28 (sext, J = 7.5 Hz, 4H), 1.12 (q, J = 7.5 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 157.7, 

153.9, 146.9, 138.1, 115.1, 107.4, 29.7, 21.9, 10.9, 9.7 ppm; UV (ɚmax nm) 325; IR vmax (cm-1) 

3341, 2974, 1599, 1441, 767; HRMS (ESI) calcd for C11H16N4S [M-H]- 235.1023, found 

235.1013. 
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2-(4-Chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-3-thione (2.4a): To a solution of 

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

and 4-chlorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(4-chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-

3-thione as a white-brownish solid (m.p = 157 ęC, 63%). 1H NMR (300 MHz, CDCl3) ŭ 8.00 (d, 

J = 9.3 Hz, 2H), 7.49 (brs, 1H), 7.32 (d, J = 9.0 Hz, 2H), 1.74 (m, 4H), 1.00 (t, J = 7.5 Hz, 6H); 

13C NMR (100 MHz,CDCl3) ŭ 176.9, 137.9, 130.6, 128.5, 123.0, 80.3, 29.6, 8.0 ppm; IR vmax 

(cm-1) 3180, 2971, 1500, 1378, 818; HRMS (ESI) calcd for C12H16ClN3S [M+H]+ 270.0826, 

found 270.0819. 

 

2-(4-Bromophenyl)-5,5-diethyl-1,2,4-triazolidine-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 4-bromophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(4-bromophenyl)-5,5-diethyl-1,2,4-triazolidine-
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3-thione as a white-brown solid (m.p = 161 ęC, 53%). 1H NMR (400 MHz, DMSO-d6) ŭ 9.44 (s, 

1H), 8.09-7.96 (m, 2H), 7.56-7.44 (m, 2H), 6.59 (s, 1H), 1.65-1.54 (m, 4H), 0.88 (t, J = 7.2 Hz, 

6H) ppm;  13C NMR (100 MHz, DMSO-d6) ŭ 175.7, 139.5, 130.6, 122.5, 115.6, 79.1, 29.1, 7.6 

ppm; IR vmax (cm-1) 3180, 2973, 1501, 1379, 816; HRMS (ESI) calcd for C12H16BrN3S [M+H]+ 

314.0321, found 314.314. 

 

5,5-Diethyl-2-(4-iodophenyl)-1,2,4-triazolidine-3-thione (2.4c): To a solution of hydrochloric 

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 4-

iodophenylhydrazine (3 mmol).  3-pentanone (3 mmol) was added to the solution dropwise.  The 

reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed was filtered 

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

recrystallized with methanol yield 5,5-diethyl-2-(4-iodophenyl)-1,2,4-triazolidine-3-thione as a 

white-orange solid (m.p = 161 ęC, 43%). 1H NMR (400 MHz, DMSO-d6) ŭ 9.43 (s, 1H), 7.91 (d, 

J = 8.8 Hz, 2H), 7.67 (d, J = 8.8 Hz, 2H), 6.57 (s, 1H), 1.62-1.57 (m, 4H), 0.879 (t, J = 7.2 Hz, 

3H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 175.6, 140.0, 136.5, 122.7, 87.6, 79.0, 29.1, 7.6 

ppm; IR vmax (cm-1) 3180, 2970, 1498, 1376, 815; HRMS (ESI) calcd for C12H16IN3S [M+H]+ 

362.0182, found 362.0176. 

 

 



   

60 

 

 

5,5-Diethyl-2-(4-fluorophenyl)-1,2,4-triazolidine-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 4-fluorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 5,5-diethyl-2-(4-fluorophenyl)-1,2,4-triazolidine-

3-thione as a white solid (m.p = 148 ęC, 40%). 1H NMR (400 MHz, DMSO-d6) ŭ 9.30 (s, 1H), 

7.99 (t, J = 8.8 Hz, 2H), 7.17 (t, J = 8.8 Hz, 2H), 6.57 (s, 1H), 1.62 (q, J = 7.6 Hz, 4H), 0.89 (t, J 

= 7.6 Hz, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.7, 135.2, 124.4, 124.3, 115.3, 115.1, 

80.3, 29.5, 8.0 ppm; IR vmax (cm-1) 3178, 2972, 1498, 1382, 820; HRMS (ESI) calcd for 

C12H16FN3S [M+H]+ 254.1122, found 254.1118. 

 

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

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

and 2-fluorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 5,5-diethyl-2-(2-fluorophenyl)-1,2,4-triazolidine-
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3-thione as a white solid (m.p = 158 ęC, 47%). 1H NMR (300 MHz, CDCl3) ŭ 7.91 (brs, 1H), 

7.65 (m, 1H), 7.31 (m, 1H), 7.17 (m, 2H), 1.81 (m, J = 7.5, 4H), 1.02 (t, J = 7.5, 6H) ppm; 13C 

NMR (100 MHz, DMSO-d6) ŭ 177.9, 158.5, 156.0, 129.7, 129.3, 129.2, 127.6, 127.5, 124.2, 

116.4, 116.2, 80.8, 28.6, 7.7 ppm; IR vmax (cm-1) 3157, 2969, 1490, 1405, 908, 764; HRMS (ESI) 

calcd for C12H16FN3S [M+H]+ 254.1122, found 254.1119. 

 

5,5-Diethyl-2-(3-fluorophenyl)-1,2,4-triazolidine-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).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 5,5-diethyl-2-(3-fluorophenyl)-1,2,4-triazolidine-

3-thione as a white solid (m.p = 120 ęC, 60%). 1H NMR (400 MHz, DMSO-d6) ŭ 9.52 (s, 1H), 

8.10-8.05 (m, 1H), 7.91-7.88 (m, 1H), 7.36 (q, J = 6.8, 1H), 6.92-6.87 (m, 1H), 6.59 (s, 1H), 

1.50 (q, J = 7.6, 4H), 0.89 (t, J = 8.0, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 175.8, 162.6, 

160.2, 141.9, 141.8, 129.6, 129.5, 115.9, 110.0, 109.8, 107.0, 106.8, 79.1, 29.1, 7.6 ppm; IR vmax 

(cm-1) 3179, 2968, 1585, 1481, 771; HRMS (ESI) calcd for C12H16FN3S [M+H]+ 254.1122, 

found 254.1116. 
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2-(2-Chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-3-thione (2.4g): To a solution of 

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

and 2-chlorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(2-chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-

3-thione as a tan solid (m.p = 178 ęC, 54%). 1H NMR (400 MHz, CDCl3) ŭ 8.29 (brs, 1H), 7.58 

(dt, J = 6.4, 2.0 Hz, 1H), 7.48 (dt, J = 6.4, 2.0 Hz, 1H), 7.36-7.31 (m, 2H), 1.89-1.73 (m, 4H), 

1.022 (t, J = 7.2, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 177.9, 137.0, 132.5, 131.1, 129.9, 

129.5, 127.5, 80.9, 28.0, 7.7 ppm; IR vmax (cm-1) 3156, 2971, 1488, 1402, 908, 767; HRMS (ESI) 

calcd for C12H16ClN3S [M+H]+ 270.0826, found 270.0825. 

 

2-(3-Chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-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 3-chlorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16  at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(3-chlorophenyl)-5,5-diethyl-1,2,4-triazolidine-



   

63 

 

3-thione as a white-yellow solid (m.p = 110 ęC, 44%). 1H NMR (400 MHz, DMSO-d6) ŭ 9.58-

9.45 (m, 1H), 8.28-8.16 (m, 1H), 8.07-7.99 (m, 1H), 7.37-7.27 (m, 1H), 7.13-7.06 (m, 1H), 

6.60(brs, 1H), 1.66-1.54 (m, 4H), 0.95-0.81 (m, 6H) ppm;  13C NMR (100 MHz, DMSO-d6) ŭ 

175.8, 141.5, 132.2, 129.5, 123.0, 119.7, 118.6, 79.1, 29.1, 7.6 ppm; IR vmax (cm-1) 3180, 2966, 

1587, 1483, 770; HRMS (ESI) calcd for C12H16ClN3S [M+H]+ 270.0826, found 270.0822. 

 

2-(3-Chloro-4-fluorophenyl)-5,5-diethyl-1,2,4-triazolidine-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 3-chloro-4-fluorophenylhydrazine (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(3-chloro-4-fluorophenyl)-5,5-diethyl-1,2,4-

triazolidine-3-thione as a tan solid (m.p = 128 ęC, 60%).  1H NMR (300 MHz, CDCl3) ŭ 8.11 (dd, 

J = 6.6 Hz, 2.7 Hz, 1H), 7.98-7.93 (m, 2H), 7.10 (t, J = 8.7, 1H), 1.86-1.65 (m, 4H), 0.99 (t, J = 

7.5, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 175.8, 154.6, 152.1, 137.3, 121.9, 120.9, 120.8, 

118.4, 118.2, 116.1, 115.9, 79.2, 29.1, 7.6 ppm; IR vmax (cm-1) 3180, 2970, 1474, 1368, 974; 

HRMS (ESI) calcd for C12H15ClFN3S [M+H]+ 288.0732, found 288.0726. 
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2-(3,5-Difluorophenyl) -5,5-diethyl-1,2,4-triazolidine-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 3,5-difluorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to 

the solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate 

that formed was filtered using vacuum filtration and washed with water four times.  The 

precipitate was then recrystallized with methanol to yield 2-(3,5-difluorophenyl)-5,5-diethyl-

1,2,4-triazolidine-3-thione as a white solid (m.p = 128 ęC, 28%). 1H NMR (400 MHz, DMSO-d6) 

ŭ 9.76 (s, 1H), 7.97 (d, J = 12.4 Hz, 2H), 6.94-6.84 (m, 1H), 6.62 (brs, 1H), 1.66-1.54 (m, 4H), 

0.88 (t, J = 8.0 Hz, 6H) ; 13C NMR (100 MHz, DMSO-d6) ŭ 175.9, 163.0, 162.9, 160.6, 160.5, 

142.6, 102.4, 102.1, 98.3, 98.0, 97.8, 79.2, 29.1, 7.6 ppm; IR vmax (cm-1) 3180, 2971, 1627, 1457, 

1121; HRMS (ESI) calcd for C12H15F2N3S [M+H]+ 272.1028, found 272.1021. 

 

2-(3,4-Dichlorophenyl)-5,5-diethyl-1,2,4-triazolidine-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 3,4-dichlorophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to 

the solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate 

that formed was filtered using vacuum filtration and washed with water four times.  The 

precipitate was then recrystallized with methanol to yield 2-(3,4-dichlorophenyl)-5,5-diethyl-
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1,2,4-triazolidine-3-thione as an orange solid (m.p = 120 ęC, 59%). 1H NMR (400 MHz, CDCl3) 

ŭ 8.20 (t, J = 2.8 Hz, 1H), 8.04 (dt, J = 8.8, 2.8, 1H), 7.94 (brs, 1H),7.390 (dd, J = 8.8 Hz, 2.0 Hz, 

1H), 4.91 (s, 1H), 1.83-1.65 (m, 4H), 0.99 (t, J = 7.2 Hz, 6H) ppm; 13C NMR (100 MHz, CDCl3) 

ŭ 176.9, 138.8, 132.1, 129.9, 128.3, 122.7, 120.4, 80.5, 29.5, 8.0 ppm; IR vmax (cm-1) 3176, 2971, 

1476, 1370, 976; HRMS (ESI) calcd for C12H15Cl2N3S [M+H]+ 304.0437, found 304.0431. 

 

5,5-Diethyl-2-(4-isopropylphenyl)-1,2,4-triazolidine-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 4-isopropylphenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to 

the solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate 

that formed was filtered using vacuum filtration and washed with water four times.  The 

precipitate was then recrystallized with methanol to yield 5,5-diethyl-2-(4-isopropylphenyl)-

1,2,4-triazolidine-3-thione as a white solid (m.p = 152 ęC, 64%). 1H NMR (400 MHz, CDCl3) ŭ 

8.02 (s, 1H), 7.84-7.82 (dd, J = 5.1 Hz, 1.2 Hz, 2H), 7.23-7.21 (dd, J = 5.1 Hz, 1.2 Hz, 2H), 2.90 

(sep, J = 7.2 Hz, 1H), 1.83-1.68 (m, 4H), 1.24 (d, J = 7.2 Hz, 6H), 1.00 (t, J = 7.6 Hz, 6H) ppm; 

13C NMR (100 MHz, CDCl3) ŭ 176.4, 146.4, 136.8, 126.4, 122.5, 80.2, 33.7, 29.5, 24.0, 8.0 ppm; 

IR vmax (cm-1) 3183, 2959, 1511, 1397, 830; HRMS (ESI) calcd for C15H23N3S [M+H]+ 

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

acid (12 mL, 0.25 M, 3 mmol) was added potassium thiocyanate (0.291 g, 3 mmol) and 4-

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

dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed 

was filtered using vacuum filtration and washed with water four times.  The precipitate was then 

recrystallized with methanol to yield 5,5-diethyl-2-(4-nitrophenyl)-1,2,4-triazolidine-3-thione as 

a bright yellow solid (m.p = 134 ęC, 66%). 1H NMR (400 MHz, CDCl3) ŭ 8.12 (d, J = 9.2 Hz, 

2H), 7.76 (s, 1H), 7.06 (d, J = 9.2 Hz, 2H), 2.41-2.24 (m, 4H), 1.24-1.07 (m, 6H) ppm; 13C NMR 

(100 MHz, CDCl3) ŭ 156.5, 150.9, 139.5, 126.2, 111.6, 29.7, 21.8, 10.7, 9.8 ppm; IR vmax (cm-1) 

3330, 2975, 1599, 1310, 846; HRMS (ESI) calcd for C12H16N4O2S [M+H]+ 281.1067, found 

281.1061. 

 

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

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

and 4-cyanophenylhydrazine hydrochloride (3 mmol).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 4-(3,3-diethyl-5-thioxo-1,2,4-triazolidin-1-
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yl)benzonitrile as a white-brown solid (m.p = 167 ęC, 58%). 1H NMR (400 MHz, DMSO-d6) ŭ 

9.80 (s, 1H), 8.39 (d, J = 7.2 Hz, 2H), 7.78 (d, J = 7.2 Hz, 2H), 6.68 (s, 1H), 1.63-1.58 (m, 4H), 

0.88 (dd, J = 7.6 Hz, 5.6 Hz, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.0, 144.0, 132.3, 

119.4, 119.1, 104.6, 79.2, 29.1, 7.6 ppm; IR vmax (cm-1) 3180, 2935, 2222, 1504, 1370, 822; 

HRMS (ESI) calcd for C13H16N4S [M+H]+ 261.1168, found 261.1164. 

 

5,5-Diethyl-2-(4-(trifluoromethyl)phenyl) -1,2,4-triazolidine-3-thione (2.4o): 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).  3-pentanone (3 mmol) was added to the 

solution dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 5,5-diethyl-2-(4-(trifluoromethyl)phenyl)-1,2,4-

triazolidine-3-thione as an orange solid (m.p = 167 ęC, 44%). 1H NMR (400 MHz, DMSO-d6) ŭ 

9.67 (s, 1H), 8.36 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 6.66 (s, 1H), 1.65 (q, J = 7.2 Hz, 

4H), 0.89 (t, J = 7.2 Hz, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.1, 143.6, 125.8, 125.1, 

123.3, 123.1, 123.0, 119.7, 79.2, 29.1, 7.6 ppm; IR vmax (cm-1) 3184, 2935, 1488, 1327, 1121, 

830; HRMS (ESI) calcd for C13H16F3N3S [M+H]+ 304.1090, found 304.1084. 
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2-(4-Chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-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 4-chlorophenylhydrazine 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 rt.  The precipitate that 

formed was filtered using vacuum filtration and washed with water four times.  The precipitate 

was then recrystallized with methanol to yield 2-(4-chlorophenyl)-5,5-dimethyl-1,2,4-

triazolidine-3-thione as a white-brown solid (m.p = 160 ęC, 47%). 1H NMR (300 MHz, CDCl3) ŭ 

9.38 (s, 1H), 8.04 (dd, J = 5.1 Hz, 1.2 Hz, 2H), 7.39 (dd, J = 5.1 Hz, 1.2 Hz, 2H), 1.34 (s, 6H) 

ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 176.3, 139.1, 127.8, 127.7, 122.4, 74.1, 24.9 ppm; IR 

vmax (cm-1) 3178, 2974, 1505, 1375, 813; HRMS (ESI) calcd for C10H12ClN3S [M+H]+ 242.0513, 

found 242.0511. 

 

1-(4-Chlorophenyl)-3,3-dimethyl-5-(methylthio)-2,3-dihydro-1H-1,2,4-triazole (2.6a): To a 

solution of compound 2.5 (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 pressure, and the crude solid was recrystallized with dichloromethane to yield 1-(4-

chlorophenyl)-3,3-dimethyl-5-(methylthio)-2,3-dihydro-1H-1,2,4-triazole as an off-white solid 
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(m.p = 165 ęC, 69%). 1H NMR (300 MHz, CD3OD) ŭ 7.59-7.55 (m, 4H), 2.77 (s, 3H), 1.67 (s, 

6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 165.2, 134.6, 133.2, 129.6, 126.2, 79.9, 25.0, 15.9 

ppm; IR vmax (cm-1) 3101, 2965, 2323, 1504, 744; HRMS (ESI) calcd for C11H14ClN3S [M+H]+ 

256.0670, found 256.0670. 

 

5-(Benzylthio)-1-(4-chlorophenyl)-3,3-dimethyl-2,3-dihydro-1H-1,2,4-triazole (2.6b): To a 

solution of compound 2.5 (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 rt.  The solvent was removed under 

reduced pressure, and the crude solid was purified using flash column chromatography (10-40% 

EtOAc/Hex) to yield 5-(benzylthio)-1-(4-chlorophenyl)-3,3-dimethyl-2,3-dihydro-1H-1,2,4-

triazole as a brown solid (m.p = 112 ęC, 75%). 1H NMR (400 MHz, CDCl3) ŭ 7.50-7.30 (m, 9H), 

4.33 (s, 2H), 1.45 (s, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 161.0, 153.4, 134.6 132.0, 

129.1, 128.9, 128.5, 127.9, 125.4, 80.5, 36.8, 25.0 ppm; IR vmax (cm-1) 3087, 2970, 1489, 1010, 

697; HRMS (ESI) calcd for C17H18ClN3S [M+H]+ 332.0983,  found 332.0985. 

 

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

carbonothioate (2.7): To a solution of compound 2.5 (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 

was allowed to stir overnight for 16 h at rt.  The solution was extracted with dichloromethane (2 

x 40 mL), and washed with 1N HCl (35 mL), saturated NaHCO3 (35 mL), and brine (35 mL), 

dried (MgSO4) and concentrated under reduced pressure.  The residue was purified using flash 

column chromatography (5-20% EtOAc/Hex) to yield O-allyl S-(2-(4-chlorophenyl)-5,5-

dimethyl-2,5-dihydro-1H-1,2,4-triazol-3-yl) carbonothioate as an orange-white solid (m.p = 95 

ęC, 20%). 1H NMR (300 MHz, CDCl3) ŭ 7.84 (d, J = 9.0 Hz, 2H), 7.31 (d, J = 9.0 Hz, 2H), 

6.00-5.90 (m, 1H), 5.40 (dd, J=17.4 Hz, 1.5 Hz, 1H), 5.30 (dd, J=17.4 Hz, 1.5 Hz, 1H), 4.72 (d, J 

= 5.7 Hz, 2H), 1.64 (s, 6H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 173.5, 150.6, 137.195, 

131.6, 130.9, 128.1, 124.9, 119.4, 79.7, 67.3, 23.2 ppm; IR vmax (cm-1) 3175, 2988, 1714, 1301, 

708; HRMS (ESI) calcd for C14H16ClN3O2S [M+H]+ 326.0743, found 326.0726. 

 

O-Allyl S-(2-(4-chlorophenyl)-1,5,5-trimethyl -2,5-dihydro-1H-1,2,4-triazol -3-yl) 

carbonothioate (2.8a): To a solution of compound 2.7 (0.426 g, 1.31 mmol) in DMF (12 mL) at 

0o 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 mmol, 1.1 eq) 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 HCl (1 x 20 mL), brine (2 x 20 mL), dried (MgSO4), and concentrated 

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

15% EtOAc/Hex) to yield O-allyl S-(2-(4-chlorophenyl)-1,5,5-trimethyl-2,5-dihydro-1H-1,2,4-
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triazol-3-yl) carbonothioate as a white solid (m.p = 97 ęC, 19%). 1H NMR (300 MHz, CD3OD) ŭ 

7.50 (d, J = 6.6 Hz, 2H), 7.38 (d, J = 6.6 Hz, 2H), 6.03-5.89 (m, 1H), 5.40 (dd, J=17.4 Hz, 1.8 

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

1.96 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 177.6, 163.2, 159.1, 140.6, 133.3, 132.6, 

129.2, 128.3, 117.9, 66.4, 24.8, 20.7, 15.2 ppm; IR vmax (cm-1) 3064, 2964, 1689, 1212, 658; 

HRMS (ESI) calcd for C15H18ClN3O2S [M+H]+ 340.0881, found 340.0886. 

 

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

carbonothioate (2.8b): To a solution of compound 2.7 (0.414 g, 1.27 mmol) in DMF (12 mL) at 

0o 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.  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 HCl (1 x 20 mL), brine (2 x 20 mL), dried (MgSO4), and concentrated 

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

15% EtOAc/Hex) to yield O-allyl S-(1-butyl-2-(4-chlorophenyl)-5,5-dimethyl-2,5-dihydro-1H-

1,2,4-triazol-3-yl) carbonothioate as a pale yellow oil (49%). 1H NMR (300 MHz, CD3OD) ŭ 

7.46 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.7 Hz, 2H), 5.98-5.89 (m, 1H), 5.37 (dd, J=17.1 Hz, 1.5 

Hz, 1H), 5.24 (dd, J=17.1 Hz, 1.5 Hz 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), 1.65-1.57 (m, 2H), 1.43-1.36 (m, 2H), 0.93 (t, J = 7.2 Hz, 3H) ppm; 

13C NMR (100 MHz, CDCl3) ŭ 177.6, 162.9, 159.3, 140.8, 133.4, 132.8, 129.3, 128.6, 117.9, 
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66.5, 32.3, 30.6, 25.0, 22.0, 20.9, 13.6 ppm; UV (ɚmax nm) 329; IR vmax (cm-1) 3062, 2957, 1683, 

1207, 667; HRMS (ESI) calcd for C18H24ClN3O2S [M+H]+ 382.1351, found 382.1349. 

 

2-(4-Chlorophenyl)-1,5,5-trimethyl -1,2,4-triazolidine-3-thione (2.9a): To a solution of 

compound 2.7a (0.156 g, 0.46 mmol) in EtOH (10 mL) at 0o C under nitrogen was added 

tetrakis(triphenylphosphine)palladium (0) (0.002 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 pH 2.5-3 using 

12 N HCl, 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 NaHCO3 (20 mL), brine (20 mL), dried (MgSO4) and concentrated 

under reduced pressure.  The residue was then purified using flash chromatography (10-25% 

EtOAc/Hex) to yield 2-(4-chlorophenyl)-1,5,5-trimethyl-1,2,4-triazolidine-3-thione as a white 

solid (m.p = 78 ęC, 22%). 1H NMR (300 MHz, CDCl3) ŭ 7.32-7.26 (m, 4H), 4.60 (brs, 1H), 2.51 

(s, 3H), 1.44 (s, 6H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 160.9, 141.5, 129.5, 128.9, 122.2, 

85.5, 27.7, 15.6 ppm; IR vmax (cm-1) 3150, 2962, 1482, 1194, 1039, 827;HRMS (ESI) calcd for 

C11H14ClN3S [M+H]+ 256.0670, found 256.0671. 

 

1-Butyl -2-(4-chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-3-thione (2.9b): To a solution of 

compound 2.7b (0.120 g, 0.31 mmol) in EtOH (10 mL) at 0o C 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 was acidified to pH 2.5-3 using 

12 N HCl, 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 NaHCO3 (20 mL), brine (20 mL), dried (MgSO4) and concentrated 

under reduced pressure.  The residue was then purified using flash chromatography (10-25% 

EtOAc/Hex) to yield 1-butyl-2-(4-chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-3-thione as a 

yellow oil (24%). 1H NMR (300 MHz, CDCl3) ŭ 7.33-7.26 (m, 4H), 4.51 (brs, 1H), 3.09 (t, J = 

6.9 Hz, 2H), 1.70-1.62 (m, 2H), 1.45-1.38 (m, 9H), 0.91 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (175 

MHz, CDCl3) ŭ 160.1, 141.6, 129.4, 128.9, 122.4, 85.4, 32.9, 30.9, 27.6, 22.0, 13.78 ppm; UV 

(ɚmax nm) 325; IR vmax (cm-1) 3174, 2958, 1487, 1180, 1051, 825; HRMS (ESI) calcd for 

C14H20ClN3S [M+H]+ 298.1139, found 298.1142. 

 

4-(4-Chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-3-thione (2.10): To a solution of 

hydrochloric acid (12 mL, 0.25 M, 3 mmol) was added N-(4-

chlorophenyl)hydrazinecarbothioamide (3 mmol) Acetone (3 mmol) was added to the solution 

dropwise.  The reaction was allowed to stir in the dark for 16 h at rt.  The precipitate that formed 

was filtered using vacuum filtration and washed with water four times.  The precipitate was then 

recrystallized with methanol to yield 4-(4-chlorophenyl)-5,5-dimethyl-1,2,4-triazolidine-3-thione 

as a white solid (m.p = 135 ęC, 84%). 1H NMR (300 MHz, CDCl3) ŭ 9.24 (brs, 1H), 8.64 (brs, 

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

ppm; 13C NMR (100 MHz, CDCl3) ŭ 175.9, 150.7, 136.5, 130.8, 128.5, 125.3, 25.2, 17.1 ppm; 
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IR vmax (cm-1) 3269, 2990, 1483, 1100, 592; HRMS (ESI) calcd for C10H12ClN3S [M+H]+ 

242.0513, found 242.0514. 

Biology Experimental 

Broth Microdilution Method for MIC determination : Day cultures (6 h) were subcultured to 

5 × 105 CFU/mL in Muellerī Hinton II broth cation adjusted (CAMHB). Aliquots (1 mL) were 

placed in culture tubes, and compound was added from 128 mg/mL stock samples in DMSO, 

such that the compound concentration equaled the highest concentration tested (128 ɛg/mL or 64 

ɛg/mL). Samples were then aliquoted (200 ɛL) into the first wells of a 96-well plate, with all 

remaining wells being filled with 100 ɛL of initial bacterial subculture. Row 1 wells were mixed 

five times, before 100 ɛL was transferred to row 2. Row 2 was then mixed five times, and 100 

ɛL was transferred to row 3. This process was repeated until the final row had been mixed; this 

served to serially dilute the compound. Plates were then covered with GLAD Press nô Seal and 

incubated under stationary conditions at 37 °C for 16 h. MIC values were then recorded as the 

lowest concentration at which no bacterial growth was observed. 

Time Kill Curves:  A. baumannii 5075 was grown overnight in CAMHB, and this culture was 

used to inoculate fresh CAMHB (5 ×105 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 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 on nutrient agar. 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 × 105 CFU/mL in 

CAMHB supplemented with 0.02% linoleic acid. Aliquots (1 mL) were placed in culture tubes, 

and compound was added from 128 mg/mL stock samples in DMSO, such that the compound 
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concentration equaled the highest concentration tested (128 ɛg/mL). Samples were then 

aliquoted (200 ɛL) into the first wells of a 96-well plate, with all remaining wells being filled 

with 100 ɛL of initial bacterial subculture. Row 1 wells were mixed five times, before 100 ɛL 

was transferred to row 2. Row 2 was then mixed five times, and 100 ɛL was transferred to row 3. 

This process was repeated until the final row had been mixed; this served to serially dilute the 

compound. Plates were then covered with GLAD Press nô Seal and incubated under stationary 

conditions at 37 °C for 16 h. MIC values were then recorded as the lowest concentration at which 

no bacterial growth was observed. 

Detergent Assays: Day cultures (6 h) were subcultured to 5 × 105 CFU/mL in CAMHB 

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

Aliquots (1 mL) were placed in culture tubes, and compound was added from 128 mg/mL stock 

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

tested (128 ɛg/mL). Samples were then aliquoted (200 ɛL) into the first wells of a 96-well plate, 

with all remaining wells being filled with 100 ɛL of initial bacterial subculture. Row 1 wells 

were mixed five times, before 100 ɛL was transferred to row 2. Row 2 was then mixed five 

times, and 100 ɛL was transferred to row 3. This process was repeated until the final row had 

been mixed; this served to serially dilute the compound. Plates were then covered with GLAD 

Press nô Seal and incubated under stationary conditions at 37 ÁC for 16 h. MIC values were then 

recorded as the lowest concentration at which no bacterial growth was observed. 

Checkerboard assay: CAMHB was inoculated with A. baumannii (5 x 105 CFU/ml) and 100 

mL aliquots were distributed to all wells of a 96-well plate except for well 1a. Inoculated 

CAMHB (200 mL) containing a selected compound (at a concentration for 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 2a-12a. Column A cells were mixed 6-8 times, and then 100 mL was withdrawn and 

transferred to column B. This process was repeated up to column 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 wells A1-H1 and serially diluted, all the 

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

plates were covered and sealed with GLAD Pressôn Seal, and incubated under stationary 

conditions at 37 °C. After 16 h the MIC values of both compound and antibiotic were recorded, 

as well as combination. The ɆFIC values were calculated as follows: ɆFIC = FIC (compound) + 

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 combination/MIC of 

the antibiotic. The combination is considered synergistic when the ɆFIC is Ò0.5, indifferent 

when the ɆFIC is between 0.5 and 2, and antagonistic when the ɆFIC is Ó2. 

Bacterial Membrane Permeabilization Assay: The BacLight assay (Invitrogen) was used 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 nm (OD600) of ӱ

1.0 (ӱ4 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 with shaking for 1 h and then 

centrifuged at 10000g for 10 min, washed once with sterile water, and resuspended in water. A 

1:1 mixture of SYTO-9 and propidium iodide was added to the suspension (3 ɛL/mL) and mixed 

well. One hundred microliters of the suspension was added to each well of a 96-well 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). The ratio 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 Increase Colistin 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 related marine natural products.  These secondary metabolites were first reported in 

1998 after being isolated from the marine invertebrate Aplidium meridianum near the South 

Georgia Islands.1  The family of meridianins and their respective derivatives have shown diverse 

biological activities including kinase inhibition,2,3  adipogenesis inhibition,4 antitumor activity,5 

and anti-malarial activity.6  Reports of antibacterial activity of these compounds, however, have 

been scarce and fragmentary.  These reports have been limited to antimicrobial activity against 

Staphylococcus aureus,6 Mycobacterium tuberculosis7 and an unidentified sympatric marine 

Antarctic bacterium.8  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 the meridianins with the desformylflustrabromine (dFBr),9 2-aminopyrimidine (2-

AP),10 and oroidin11,12 analogues that were previously shown by our group to possess antibiofilm 

activity against methicillin-resistant S. aureus (MRSA) (3.2 and 3.3) and the ability to lower the 

colistin minimum inhibitory concentration (MIC) against Gram-negative bacterial pathogens 

carrying the mcr-113,14 plasmid (3.4) (Figure 3.1). Herein, we report the antibiofilm and antibiotic 

activity of analogues based on the meridianin scaffold against S. aureus.  Moreover, we report 

the ability of meridianin analogues to lower the MIC of colistin against both colistin-sensitive 

and resistant strains of Gram-negative bacteria. 
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Figure 3.1. Structures of meridianin D (compound 3.1), desformylflustrabromine analogues 

(compound 3.2), 2-AP analogues (compound 3.3), and oroidin analogue (compound 3.4) 

previously shown to control bacterial behavior. 

3.2 Synthesis and Antibiofilm Activity of Meridianin D A nalogues 

To begin the structure-activity relationship (SAR) study of the meridianin molecules, we 

synthesized meridianin D 3.1 to establish its biological activity.  Attempts to synthesize 

meridianin D following the procedure described by Jiang et al.15 were unsuccessful as problems 

described by Simon et al.16 were encountered.  Therefore, we applied the synthetic approach 

outlined by Bredereck to construct the 2-AP ring and access meridianin D and analogues 

(Scheme 3.1A).3, 16-18      To begin, commercially available substituted indole derivatives were 

acylated at the 3-position using commercially available acid chlorides and tin chloride in toluene 

to yield compounds 3.6a-n.  The indolic nitrogen of compounds 3.6a-n was subsequently 

protected using p-toluenesulfonyl chloride (TsCl), triethylamine, and 4-

dimethylaminopyrimidine (DMAP) in DCM.  Next, the enaminone derivatives were prepared by 

reacting compounds 3.7a-n with DMF/dimethylformamide-dimethylacetal (DMF-DMA) at 110° 

C for 4 hours.  Cyclization and deprotection of the enaminone in 2-methoxyethanol using 

potassium carbonate and guanidine hydrochloride or commercially available substituted 

guanidine derivatives yielded compounds 3.1, 3.9a-s. 
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Scheme 3.1. Synthetic route to compounds 3.1, 3.9a-s, 3.13a-n: (a) Acid chloride, SnCl4, 

toluene, 0 °C to rt, 2 hours; (b) p-toluenesulfonyl chloride, triethylamine, 4-

dimethylaminopyridine, DCM, 16 h; (c) DMF-DMA, 110 °C, 3 h; (d) Guanidine derivative, 

K2CO3, 2-methoxyethanol, reflux, 16h (e) HCl/MeOH (f) Dimethyl sulfate or R2X, 50% NaOH, 

DCM, rt, 16 h; (g) 1-bromo-2-methylpropane, K2CO3, acetone, reflux, 16h; (h) pyrrolidine, 

DMA, 80 °C, 1 h (i) DMF, 110 °C, 4 h.  

Compounds were first assessed for their ability to inhibit MRSA biofilm formation.  

Meridianin D (3.1) returned an IC50 value of 87.4±4.0 µM (Table 3.1), where the IC50 value is 

defined as the concentration at which a compound inhibits 50% of biofilm formation. This result 

confirmed our hypothesis that the meridianin natural products would be capable of inhibiting 

MRSA biofilm formation.  The 4-, 5-, and 7-bromo analogues were then assayed to investigate 

the effect that the substitution of the bromine atom had on the compoundôs antibiofilm activity.  

The 4-bromo (compound 3.9n) and 7-bromo (compound 3.9m) analogues displayed reduced 

antibiofilm activity, with IC50 values of >100 and 99.8±15.2 µM respectively.  The 5-bromo 



   

83 

 

analogue, compound 3.9a, displayed increased biofilm inhibitory activity with an IC50 value of 

17.9±2.2 µM.   

After identifying the 5-bromo and 6-bromo analogues as the most active derivatives, 

various substitutions on the indole ring were prepared while preserving the 2-AP ring to probe 

the promiscuity of the indole substitution.  Of these analogues, the debromo analogue 3.9r , 5-

methyl 3.9q, 5-fluoro 3.9o and 6-fluoro 3.9p analogues all displayed no antibiofilm activity with 

IC50 values of >100 µM.   The 6-chloro analogue 3.9l displayed comparable activity to 

meridianin D while the 5-chloro analogue 3.9k showed reduced activity compared to the 5-

bromo analogue 3.9a.  Finally, the 6-iodo analogue 3.9i displayed increased activity compared to 

meridianin D, with an IC50 of 42.5±8.1 µM and the 5-iodo analogue 3.9j  displayed reduced 

activity compared to the 5-bromo analogue 3.9a, with an IC50 of 49.3±5.1 µM.   

Upon identifying compound 3.9a as the most active compound from this series, the effect 

of alkylation of the exocyclic amine of the 2-AP 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 (compound 3.9g), ethyl (compound 3.9f), dimethyl (compound 

3.9e) and benzyl (compound 3.9c) analogues.  Methyl (3.9g) and ethyl (3.9f) substitutions on the 

2-AP ring decreased activity, delivering compounds with IC50
ôs of 28.9±2.3 and 24.6±0.7 µM 

respectively.  These substitutions also made these analogues more toxic to planktonic bacterial 

growth with MICs of 100 µM for the methyl and 50 µM for the ethyl, compared to 200 µM for 

the unsubstituted parent.  Dimethyl substitution (3.9e) of the 2-AP was still less active than the 

unsubstituted 2-AP but showed similar activity compared to the mono methyl substituted 

analogue, with an IC50 of 23.4±1.8 µM. Placement of a benzyl group at the exocyclic amine of 

the 2-AP ring, compound 3.9c, significantly increased the activity of the compound, lowering the 
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IC50 to 9.62±1.4 µM.  The reduction in IC50 for the benzyl analogue was coupled with a 

significant increase in toxicity, reducing the MIC from 200 µM for compound 3.9a to 6.25µM 

for the benzyl substituted analogue 3.9c.  Additionally, 6-bromo analogues with benzyl (3.9b) 

and ethyl (3.9h) substitutions on the exocyclic amine of the 2-AP were synthesized.  Compound 

3.9b (benzyl) returned an IC50 value of 7.74±1.58 and an MIC value of 25 µM, making the 6-

bromo analogue (3.9b) a more effective biofilm inhibitor and less toxic to planktonic bacterial 

growth than the 5-bromo analogue (3.9c).  The 6-bromo ethyl analogue (3.9h) returned an IC50 

of 32.2±2.9 and an MIC of 100 µM, demonstrating again that the 6-bromo analogues are less 

toxic to planktonic bacterial growth than the 5-bromo analogues.  After observing a significant 

decrease in MIC, the antibiotic activity of compound 3.9c was explored against a small panel of 

Gram-positive pathogens.  The benzylated analogue returned an MIC value of 6.25 µM (2.60 

µg/mL) against two additional S. aureus isolates and an MIC of 25 µM (10.4 µg/mL) against a 

strain of vancomycin resistant Enterococcus faecium (VRE).  The final structural modification 

that was investigated was the alkylation of the C-5 position of the 2-AP ring.  Substitution of the 

C-5 position of the 2-AP with a methyl (3.9s) group removed all antibiofilm activity.  

Interestingly, substitution with an n-pentyl group (3.9d) lowered both the IC50 and MIC values to 

11.0±2.5 µM and 50 µM respectively. 
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Table 3.1. IC50 and MIC values for compounds 3.1, 3.9a-s. All values displayed against MRSA 

43300. 

Compound R1 R2 R3 R4 

MIC 

(µM)  IC50 (µM) 

1 6-Br H H H >200 87.4±4.0 

3.9a 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 

3.9g 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-I H H H >200 42.5±8.1 

3.9j 5-I H H H 200 49.3±5.1 

3.9k 5-Cl H H H 200 72.9±8.8 

3.9l 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 

3.9o 5-F H H H >200 >100 

3.9p 6-F H H H >200 >100 

3.9q 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 3.1, 3.9a, and 3.9i established as leads displaying minimal inherent 

toxicity, the effect of alkylation of the indole nitrogen on antibiofilm activity was interrogated.  

Synthesis of compounds 3.13a-m was adapted from a previous disclosure by Simon et al. 

(Scheme 3.1B).16 Acylation of a substituted indole at the C-3 position proceeded as previously 

reported.  Compounds 3.6a-b, l were then alkylated using dimethyl sulfate or the desired alkyl 

halide with tetrabutylammonium bromide as a phase transfer catalyst in a biphasic mixture 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.  Compounds 3.10a-k, 3.11a-b were then transformed into 

enaminones 3.12a-n by stirring a mixture of DMA with pyrrolidine for 1 hour at 80° C followed 

by the addition of a solution of the appropriate n-alkylated acetyl indole (compounds 3.10a-k, 

3.11a-b) dissolved in DMF and stirring the reaction at 110° C for 3 hours.  Finally, cyclization of 

the enaminone with guanidine hydrochloride or commercially available substituted guanidine 

derivatives proceeded in 2-methoxyethanol at reflux with potassium carbonate for 16 hours to 

yield compounds 3.13a-n.  Methylation of the indolic nitrogen of the 6-bromo derivative, 

compound 3.13c, improved the IC50 value to 59.6±2.3 µM (Table 3.2) from 87.4±4.0 µM 

(compound 3.1).  Ethylation of the indole nitrogen, compound 3.13d, displayed no improvement 

compared to compound 3.13c, but the propyl derivative, compound 3.13a, displayed increased 

activity with an IC50 of 34.3±6.8 µM.  The butyl derivative, compound 3.13j, displayed no 

antibiofilm activity with an IC50 of >100 µM.  Interestingly, alkylation of the indole nitrogen of 

the 5-bromo analogues followed a different activity trend than the 6-bromo analogues.  

Substitution with a methyl group, compound 3.13g, or n-pentyl group, compound 3.13h, 

abolished antibiofilm activity (IC50ôs >100 µM).  Ethyl and n-propyl derivatives, compounds 

3.13e and 3.13f respectively, showed decreased activity compared to the 5-bromo derivative with 

a free indolic nitrogen with IC50 values of 66.2±7.6 µM and 69.3±3.6 µM respectively. The n-

butyl derivative, compound 3.13b, displayed an IC50 of 38.1±2.8 µM, but was more toxic than 

other analogues with an MIC of 50 µM indicating that it may be acting via a toxic mechanism to 

prevent biofilm formation.  Branching of the alkyl chains with isobutyl substitutions on both the 

5-bromo and 6-bromo analogues, compounds 3.13k and 3.13l respectively, abrogated antibiofilm 

activity with both N-isobutyl derivatives both displaying IC50 values of >100 µM. Next, the 6-

iodo analogue, compound 3.9i, was alkylated off the indolic nitrogen with a propyl group to 
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yield compound 3.13m.  Again, it was observed that the indolic alkyl substituent and halogen 

substitution of the indole did not correlate to each other as compound 3.13m displayed no 

antibiofilm activity.  Finally, concurrent alkylation of the indolic nitrogen and the exocyclic 2-

AP nitrogen, compound 3.13n, abolished all antibiofilm activity. 

Table 3.2. IC50 and MIC values for compounds 3.13a-n. All values displayed against MRSA 

43300. 

Compound R1 R2 R3 

MIC 

(µM)  IC50 (µM) 

3.13a 6-Br n-Pr H 200 34.3±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 

3.13l 6-Br i-Bu H >200 >100 

3.13m 6-I n-Pr H >200 >100 

3.13n 6-Br Me Et >200 >100 

 

With a panel of 2-AP analogues in hand, we were interested in investigating the effect of 

replacement of the 2-AP ring with a 2-aminoimidazole (2-AI).  Previously, 2-AIs have shown 

excellent antibiofilm activity against a wide variety of pathogenic bacteria, including MRSA.19-23        

The synthesis of the 2-AI analogues proceeded with the acylation of substituted indoles 3.5a and 

3.5l with chloroacetyl chloride in toluene (Scheme 3.2).  The indolic nitrogen of compounds 

14a-b then were Boc protected to yield compounds 3.15a-b.  Cyclization of the h-chloroketone 

with Boc guanidine and sodium iodide in DMF yielded compounds 3.16a-b. Subsequent Boc 
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deprotection using TFA in DCM at 0° C for 16 hours delivered the 2-AI derivatives 3.17a-b.  

Interestingly, both compounds 3.17a-b were toxic to planktonic bacterial growth at 60 µM 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 µM (7.8 µg/mL) against our test MRSA strain.   

 

Scheme 3.2. Synthetic route to compounds 3.17a-b: (a) (i) Chloroacetylchloride, toluene, 60 °C, 

2 h (ii) MeOH, H2O, rt, 1 h (b) Boc-anhydride, 4-dimethylaminopyridine, THF, rt, 4 h (c) Boc-

guanidine, sodium iodide, DMF, rt, 48 h (d) 30% Trifluoroacetic acid, DCM, 0 °C to rt, 16 h (e) 

HCl/MeOH. 

After establishing that various meridianin derivatives were capable of inhibiting MRSA 

biofilm formation, we next investigated whether they were capable of dispersing pre-formed 

MRSA biofilms.  Interestingly, the alkylated 5-bromo indole 2-AP analogues displayed the 

greatest activity against pre-formed MRSA biofilms, with the methyl (compound 3.9g) and ethyl 

(compound 3.9f) derivatives displaying EC50 values, the concentration at which a compound 

disperses 50% of a preformed biofilm, of 73.1±2.4 and 75.8±5.8 µM respectively (Table 3.3).  

Unfortunately, the less toxic 6-bromo alkylated 2-AP analogues 3.9b and 3.9h did not display 

the ability to disperse pre-formed biofilms, both returning EC50 values of greater than 100 µM.  

However, it does not appear that the ability to disperse pre-formed biofilms is related to 

increased toxicity as the more toxic compound 3.9c displayed only 26.2% dispersion at 80 µM.  

Interestingly, dimethylation of the exocyclic amine (compound 3.9e) and alkyl substituents on 
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the indolic nitrogen (compounds 3.13a-b) did not impart the ability to disperse pre-formed 

biofilms with each displaying EC50 values of greater than 160 µM.  Compound 3.9a returned an 

EC50 value of 138.4±15.2 µM, demonstrating its ability to inhibit and disperse MRSA biofilms.  

Finally, compound 3.9d returned an IC50 value of 58.4±6.0, a nearly 2.5 fold reduction in EC50 

value compared to the parent compound.   

Table 3.3.  EC50 values with and without vancomycin for active antibiofilm analogues. All 

values displayed against MRSA 43300. 

Compound EC50 (µM) 

EC50 (µM)+ 

vancomycin 

% reduction of 

EC50 with 

vancomycin 

3.9d 58.4±6.0 N/A N/A 

3.9a 138.4±15.2 92.1±17.5 33.40% 

3.9g 73.1±2.4 71.4+6.0 2.32% 

3.9f 75.8±5.8 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 disperse pre-formed 

MRSA biofilms, compounds 3.9a, c, f, g and 3.17a-b were tested for synergy with vancomycin 

at a concentration in which vancomycin does not affect pre-formed biofilms.  This concentration 

was determined to be 19.0 µg/mL (appendix) against MRSA 43300.  Accordingly, each 

compound was tested with 19 µg/mL of vancomycin to investigate whether the compounds 

would show a synergistic effect with vancomycin and disperse pre-formed biofilms at a lower 
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concentration.  Compound 3.9a displayed a 33% reduction in EC50 value (Table 3.3) when 

combined with a non-active concentration of vancomycin against pre-formed biofilms. Other 

compounds tested that were capable of dispersing pre-formed MRSA biofilms did not display a 

significant reduction in EC50 value when combined with vancomycin. 

3.3 Colistin Potentiation by Meridianin A nalogues 

In a recent disclosure,11  synergy was found in concomitant treatment with Polymyxin E 

(colistin) and compound 3.4 (Figure 3.1). This combination successfully disarmed colistin 

resistance in multiple strains carrying the mcr-1 plasmid-borne resistance gene. To our 

knowledge, there is no precedent for indole-containing compounds directly modulating 

polymyxin defense pathways in Gram-negative pathogens. Holistically, both compound 3.4 and 

meridianin D (compound 3.1) are small, indole-derived compounds with an additional 

nitrogenous heterocyclic appendage. Given their semblance, we postulated that compound 3.1 

and its analogues potentially had the ability to modulate colistin resistance in Gram-negative 

bacteria. 

This screening was performed in collaboration with William T. Barker, and 

Acinetobacter baumannii ATCC 17978mcr-1 was chosen as a test strain.24 As summarized in table 

3.4, we indeed found activity with multiple meridianin D analogues demonstrating synergy with 

colistin in a diverse panel of bacterial isolates comprised of both colistin-resistant and colistin-

sensitive A. baumannii, K. pneumoniae, and Escherichia coli. Of note, across all strains, all 

analogues returned MICs of >200 µM, with the exception of compounds 3.13a, 3.17a, and 

3.17b. Accordingly, all analogues were dosed at 60 µM unless otherwise noted. 

Cross referencing activity in these eleven strains, limited activity is seen in compounds 

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 the 2-AP delivered compounds 

with enhanced synergistic activity against colistin resistant strains while retaining synergy in 

colistin-sensitive strains, with compound 3.9f being a nearly universal modulator. Compound 

3.9f outperforms all other analogues in both A. baumannii 17978mcr-1 and E. coli 25922mcr-1 with 

128 and 16-fold reductions in colistin MIC, respectively (Table 3.4).  

A. baumannii 3941/4106 and K. pneumoniae C3/B9 are primary clinical isolates that 

contain genomically encoded colistin resistance. Such strains typically possess much higher 

colistin MICs than their mcr-1 counterparts.  All four strains return colistin MICs of 512 µg/mL 

or greater, well exceeding the 4 µg/mL Clinical & Laboratory Standards Institute (CLSI) 

breakpoint. Compounds 3.9c and 3.9f recover a breakpoint MIC in A. baumannii 3941, while 

compound 3.9f delivers a 512-fold reduction in A. baumannii 4106, reducing the MIC to 1 

µg/mL. Colistin sensitivity is also re-established in K. pneumoniae C3 by compounds 3.9c, 3.9f, 

and 3.9g, all producing 512-fold reductions (appendix), and this same activity is seen in K. 

pneumoniae B9 with compounds 3.9b, 3.9f, 3.9g, and 3.13f.  Compound 3.9d returned a 2048-

fold reduction against K. pneumoniae B9, 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 parent A. baumannii 17978 strain, 3.9f is 

equipotent with 3.9c, 3.13f, 3.13b, and 3.13k, all generating a 16-fold reduction in colistin MIC. 

A 16-fold reduction in parent strain E. coli 25922 is observed by 3.13b, 3.13f, and 3.13k, while 

3.9f shows an 8-fold reduction.  A total of six compounds (compounds 3.9c, 3.9f, 3.9g, 3.13a, 

3.13b, and 3.13k) produced a colistin MIC of 0.0625 µg/mL (16-fold reduction) in A. baumannii 

ATCC 19606, while a more impressive 128-fold reduction (0.0078 µg/mL) was achieved with 
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compound 3.13f in A. baumannii ATCC 5075 (appendix). Compound 3.13f was equipotent with 

compound 3.9f in K. pneumoniae ATCC 2146NDM-1, returning a final MIC of 0.0625 µg/mL (16-

fold reduction).
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Table 3.4. Colistin potentiation of select meridianin D analogues against Gram-negative bacteria (fold reductions). Concentrations are 

shown in µg/mL.  Full repotentiation results can be found in the appendix. *compoundôs MIC = 200 ÕM, **compoundôs MIC = 100 

µM, tested at 30 µM. 

 

 Colistin 

MIC  

Colistin+

3.1 

Colistin

+3.9c 

Colistin

+3.9d 

Colistin

+3.9f 

Colistin

+3.9g 

Colistin

+3.13a 

Colistin

+3.13b 

Colistin

+3.13f 

Colistin

+3.13k 

E. coli ATCC 

25922mcr-1 
8 µg/mL 4 (2) 2 (4) N/A 0.5 (16) 1 (8) 4 (2) 1 (8) 2 (4) 1 (8) 

E. coli ATCC 

25922parent 

0.5 

µg/mL 
0.5 (0) 

0.0625 

(8) 
N/A 

0.0625 

(8) 

0.125 

(4) 
0.5 (0)** 

0.03125 

(16) 

0.03125 

(16) 

0.03125 

(16) 

A. baumannii 

17978mcr-1 

16 

µg/mL 
0.5 (32) 0.25 (64) N/A 

0.125 

(128) 
0.5 (32) 2 (8) 1 (16) 4 (4) 0.5 (32) 

A. baumannii 

17978parent 
1 µg/mL 0.5 (2) 

0.0625 

(16) 
N/A 

0.0625 

(16) 
0.25 (2) 1 (0)** 

0.0625 

(16) 

0.0625 

(16) 

0.0625 

(16) 

A. baumannii 

4106 

1024 

µg/mL 
16 (64) 4 (256) N/A 2 (512) 4 (256) 32 (32) 32 (32) 16 (64) 32 (32) 

K. pneumoniae 

B9 

512 

µg/mL 
16 (32) 2 (256) 

0.25 

(2048) 
1 (512) 1 (512) 16 (32) 8 (64) 1 (512) 8 (64) 

A. baumannii 

ATCC 19606 
1 µg/mL 0.5 (2) 

0.0625 

(16) 
N/A 

0.0625 

(16) 

0.0625 

(16) 

0.0625 

(16) 

0.0625 

(16) 

0.125 

(8) 

0.0625 

(16) 

A. baumannii 

5075 
1 µg/mL 0.25 (4) 0.125 (8) N/A 

0.0625 

(16) 

0.125 

(8) 

0.125 

(8)* 

0.0625 

(16) 

0.0078 

(128) 

0.0625 

(16) 

K. pneumoniae 

ATCC 

2146NDM-1 

1 µg/mL 0.5 (2) 0.25 (4) N/A 
0.0625 

(16) 
1 (0) 1 (0)* 1 (0) 

0.0625 

(16) 
1 (0) 
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3.4 Conclusion 

In conclusion, after identifying the potential of the natural product meridianin D 

(compound 3.1) 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 Gram-positive and Gram-negative bacterial defense mechanisms.  In many 

cases, modification of key positions of the scaffold amended bacterial behavior in divergent 

manners.  Of note, compound 3.9a inhibited and dispersed MRSA biofilms as a stand-alone 

treatment. Furthermore, the EC50 of compound 3.9a was reduced by 33.4% in concomitant 

treatment with vancomycin dosed at levels that do not perturb pre-formed MRSA biofilms.  

Alkylation of the exocyclic amine of compound 3.9a with ethyl (3.9f) or methyl (3.9g) groups 

delivered analogues with increased ability to disperse MRSA biofilms; however, they do so with 

a tandem increase in toxicity and diminished synergy with vancomycin.  Benzylated analogue 

3.9b was the most potent MRSA biofilm inhibitor with an IC50 of 7.74±1.58 µM, but did not 

disperse pre-formed MRSA biofilms.  Interestingly, the 5-bromo analogue of compound 3.9b, 

compound 3.9c, returned modest antimicrobial activity against a small panel of Gram-positive 

bacteria.  Additionally, compound 3.9d displayed the ability to inhibit and disperse MRSA 

biofilms at lower concentrations than the parent compound, compound 3.9a. Furthermore, we 

established that certain meridianin analogues increase the efficacy of colistin against Gram-

negative bacteria.  Compound 3.9f, bearing an ethyl substitution on the exocyclic nitrogen of the 

2-AP ring, displayed the greatest range of colistin synergy across a panel of colistin-sensitive and 

colistin-resistant strains of Gram-negative bacteria which included highly resistant primary 

clinical isolates of chromosomally encoded resistance, strains of E. coli and A. baumannii 

harboring the mcr-1 gene, and a strain of K. pneumoniae carrying the New Dehli metallo-beta-
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lactamase-1 (NDM-1) gene. Compounds 3.13a, 3.13b, 3.13f, and 3.13k which bear an alkylation 

on the indolic nitrogen displayed equivalent or greater potentiation of colistin activity against 

some strains, but did not display the broad-spectrum potentiation of colistin activity of 

compound 3.9f.  Compound 3.9d also displayed remarkable repotentiation activity, producing a 

2048-fold reduction against K. pneumoniae B9, but its activity against other strains has not been 

assessed.  Compound 3.9d serves as a starting point for a new generation of meridianin D 

analogues in controlling MRSA biofilm formation as well as an increasing the efficacy of 

colistin against Gram-negative bacteria. 

3.5 Experimental 

All reagents used for chemical synthesis were purchased from commercially available 

sources and used without further purification. Chromatography was performed using 60 Å mesh 

standard grade silica gel from Sorbtech. NMR solvents were obtained from Cambridge Isotope 

Laboratories and used as is. All 1H NMR (300 or 400 MHz) and 13C NMR (75, 100, or 175 

MHz) spectra were recorded at 25 ÁC on Varian Mercury spectrometers. Chemical shifts (ŭ) are 

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; d, doublet; 

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 

obtained on an FT/IR-4100 spectrophotometer (ɜmax in cmī1). UV absorbance was recorded on a 

Genesys 10 scanning UV/visible spectrophotometer (ɚmax in nm). The purities of the tested 

compounds were all verified to be >95% by LC-MS analysis on a Shimadzu LC-MS 2020 with 

Kinetex, 2.6 mm, C18 50 × 2.10 mm. 
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General Synthetic Procedures 

General synthetic procedure for compounds 3.6a-n: Compounds were synthesized according 

the procedure by MacKay et al.25 

General synthetic procedure for compounds 3.7a-n: Compounds were synthesized according 

the procedure by MacKay et al.25 

General synthetic procedure for compounds 3.8a-n: Compounds were synthesized according 

to the procedure by Fresnada et al.17 

General synthetic procedure for compounds 3.1, 3.9a, 3.9i-r : Compounds were synthesized 

according to the procedure by Fresnada et al.17 

General synthetic procedure for Compounds 3.9b-9h, 3.9s: Compounds were synthesized 

according to the procedure by Fresnada et al.17 with minor modifications.  The crude solid was 

purified with flash chromatography (0.3-0.5% MeOH-NH3/DCM) and washed with cold hexanes 

(3 x 3 mL) to yield the product as a yellow solid. 

General synthetic procedure for compounds 3.10a-k: To a solution of compound 3.5a, b,l 

(1.68 mmol) and tetrabutylammonium bromide (0.0168 mmol) in DCM (4 mL) and 50% sodium 

hydroxide (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), dried (MgSO4) and 

concentrated under reduced pressure.  The residue was purified using flash column 

chromatography (15-50% EtOAc/Hex) to yield the product as a white solid.  

General synthetic procedure for compounds 3.11a-b: To a stirring solution of compound 

3.5a,l (1.68 mmol) and potassium carbonate (8.40 mmol) in acetone at reflux, 1-bromo-2-

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 reduced pressure, and 

diluted in dichloromethane (20 mL).  The insoluble impurities were removed by vacuum 

filtration, and the filtrate was dried (MgSO4) and concentrated under reduced pressure.  The 

residue was purified using flash column chromatography (15-25% EtOAc/Hex) to the product as 

a white solid.  

General synthetic procedure for compounds 3.12a-m: Compounds were synthesized 

according to the procedure of Simon et al.16 

General synthetic procedure for compounds 3.13a-m: Compounds were synthesized 

according to the procedure by Fresnada et al.17  with minor modifications.  Compounds were 

then purified 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 compounds 3.14a-b: Compounds were synthesized according 

to the procedure of Roy et al.26 

General synthetic procedure for compounds 3.15a-b: A solution of compound 3.14a-b (3.00 

mmol), Boc-anhydride (4.51 mmol), and 4-dimethylaminopyridine (0.3 mmol) in THF (10 mL) 

was allowed to stir at rt for 4 hours.  After completion, 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 MgSO4, and concentrated 

under reduced pressure.  The crude reside was then purified using flash column chromatography 

(10-30% EtOAc/ Hex) to yield the product as a white solid. 

General Synthetic Procedure for compounds 3.17a-b:  A solution of compound 3.15a-b (2.07 

mmol), sodium iodide (8.27 mmol), and N-boc guanidine (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 



   

98 

 

(75 mL) and the aqueous layer was extracted with ethyl acetate (3 x 25 mL).  The organic layer 

was then washed with brine (1 x 30 mL), dried with MgSO4, and concentrated under reduced 

pressure.  The crude residue purified using flash chromatography (10-30% 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 atmosphere (0.274 mmol) and a 

solution in DCM (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 DCM (3 x 3 

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 methods.3 Spectral data was consistent with previous 

reports.17 

 

1-(5-Bromo-1H-indol-3-yl)ethan-1-one (3.6a): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.17 
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1-(6-Iodo-1H-indol-3-yl)ethan-1-one (3.6b): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.27  

 

1-(5-Chloro-1H-indol-3-yl)ethan-1-one (3.6d): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.28 

 

1-(6-Chloro-1H-indol-3-yl)ethan-1-one (3.6e): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.29 

 

1-(7-Bromo-1H-indol-3-yl)ethan-1-one (3.6f): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.3 
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1-(4-Bromo-1H-indol-3-yl)ethan-1-one (3.6g): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.25 

 

1-(6-Fluoro-1H-indol-3-yl)ethan-1-one (3.6i): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.30 

 

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

methods.3 Spectral data was consistent with previous reports.3 

 

1-(6-Bromo-1H-indol-3-yl)ethan-1-one (3.6l): Compound was synthesized using previously 

reported methods.3 Spectral data was consistent with previous reports.17 
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1-(5-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7a): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.17 

 

1-(5-Chloro-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7d): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.16 

 

1-(6-Chloro-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7e): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.16 

 

1-(7-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7f): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.3 
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1-(4-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7g): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.25 

 

1-(6-Fluoro-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7i): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.16 

 

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

reported methods.3 Spectral data was consistent with previous reports.31 

 

1-(6-Bromo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7l): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.17 
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(E)-1-(5-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one (3.8a): Compound 

was synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.17 

 

(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 methods.3 Spectral data was consistent 

with previous reports.16 

 

(E)-1-(6-Chloro-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one (3.8e): Compound 

was synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 
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(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 methods.3 Spectral data was consistent with previous 

reports.3 

 

(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 methods.3 Spectral data was consistent with previous 

reports.3 

 

(E)- 3-(Dimethylamino)-1-(6-fluoro-1-tosyl-1H-indol-3-yl)prop-2-en-1-one (3.8i): Compound 

was synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 
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(E)-3-(Dimethylamino)-1-(1-tosyl-1H-indol-3-yl)prop-2-en-1-one (3.8k): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 

 

(E)-1-(6-Bromo-1-tosyl-1H-indol-3-yl)-3-(dimethylamino)prop-2-en-1-one (3.8l): Compound 

was synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.17 

 

4-(5-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9a): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.17 
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4-(5-Chloro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9k): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 

 

4-(6-Chloro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9l): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 

 

4-(7-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9m): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.3 
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4-(4-Bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9n): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.3 

 

4-(5-Fluoro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9o): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 

 

4-(6-Fluoro-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9p): Compound was 

synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 
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4-(1H-Indol-3-yl)pyrimidin -2-amine hydrochloride (3.9r): Compound was synthesized using 

previously reported methods.3 Spectral data was consistent with previous reports.16 

 

1-(6-Bromo-1-methyl-1H-indol-3-yl)ethan-1-one (3.10a): Compound was synthesized using 

the general procedure for N-alkylation of 3-acetylindoles. Spectral data was consistent with 

previous reports.32 

 

1-(5-Bromo-1-methyl-1H-indol-3-yl)ethan-1-one (3.10f): Compound was synthesized using 

the general procedure for N-alkylation of 3-acetylindoles. Spectral data was consistent with 

previous reports.33 
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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 for N-alkylation of 3-acetylindoles. Spectral data was consistent with previous 

reports.34 

 

4-(5-Bromo-1-methyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13g): Compound 

was synthesized using previously reported methods.3 Spectral data was consistent with previous 

reports.16 

 

1-(5-Bromo-1H-indol-3-yl)-2-chloroethan-1-one (3.14a): Compound was synthesized using 

previously reported methods.26 1H NMR spectral data confirmed the structure of 3-

chloroacetylindole intermediate 14a and were in accordance with literature.35 
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1-(6-Bromo-1H-indol-3-yl)-2-chloroethan-1-one (3.14b): Compound was synthesized using 

previously reported methods.26 1H NMR spectral data confirmed the structure of 3-

chloroacetylindole intermediate 14b and were in accordance with literature.35 

Novel Compound Characterization 

 

1-(5-Iodo-1H-indol-3-yl)ethan-1-one (3.6c): The title compound was synthesized from 3.5c 

following the general procedure to afford 3.6c as a white solid (0.600g, 72%). 1H NMR (400 

MHz, DMSO-d6) ŭ 8.53 (s, 1H), 8.30 (s, 1H), 7.49 (d, J = 8.8 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 

2.44 (s, 3H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 192.8, 135.8, 135.2, 130.8,129.7, 127.8, 

115.9, 114.6, 86.1, 27.2 ppm; UV (ɚmax nm) 300; IR vmax (cm-1) 1733, 1662, 1522, 1425, 1286, 

876, 424; HRMS (ESI) calcd for C10H8INO [M+H] + 285.9723, found 285.9722. 

 

1-(6-Iodo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7b): The title compound was synthesized from 

3.6b following the general procedure to afford 3.7b as a white solid (0.350g, 98%). 1H NMR 

(300 MHz, CDCl3) ŭ 8.29 (s, 1H), 8.11 (s, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 11.4 Hz, 

2H), 7.60 (dd, J = 5.4 Hz, 1.2 Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H) ppm; 13C NMR (100 MHz, 
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CDCl3) ŭ 193.3, 146.4, 135.8, 134.3, 133.9, 132,3, 130.5, 127.2, 127.0, 124.7, 122.0, 90.4, 27.9, 

21.8 ppm; UV (ɚmax nm) 290; IR vmax (cm-1) 3105, 1659, 1533, 1379, 743; HRMS (ESI) calcd for 

C17H14INO3S [M+H] + 439.9812, found 439.9815. 

 

1-(5-Iodo-1-tosyl-1H-indol-3-yl)ethan-1-one (3.7c): The title compound was synthesized from 

3.6c following the general procedure to afford 3.7c as a white solid (0.370g, 77%). 1H NMR 

(300 MHz, CDCl3) ŭ 8.66 (s, 1H), 8.15 (s, 1H), 7.80 (d, J = 9.0 Hz, 2H), 7.66 (m, 2H), 7.26 (d, J 

= 11.4, 2H), 2.54 (s, 3H), 2.32 (s, 3H) ;13C NMR (100 MHz,CDCl3) ŭ 193.1, 146.3, 134.3, 134.2, 

134.1, 132.6, 131.9, 130.4, 129.5, 127.1 120.6, 114.8, 89.6, 27.8, 21.7 ppm; UV (ɚmax nm) 300;  

IR vmax (cm-1) 1664, 1535, 1294, 1158, 746; HRMS (ESI) calcd for C17H14INO3S [M+H] + 

439.9812, found 439.9819. 

 

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 afford 3.7m as a tan solid (0.650g, 89%). 1H NMR 

(300 MHz, CDCl3) ŭ 8.47 (d, J = 0.9 Hz, 1H), 8.20 (s, 1H), 7.79 (m, 3H), 7.42 (d, J = 0.9 Hz, 

1H), 7.26 (d, J = 6.0 Hz, 2H), 2.92 (q, J = 5.4 Hz, 2H), 2.32 (s, 1H), 1.21 (t, J = 5.4 Hz, 3H) 

ppm; 13C NMR (100 MHz, CDCl3) ŭ 196.4, 146.3, 134.1, 133.5, 132.2, 130.4, 130.3, 129.3, 

128.6, 127.0, 127.0, 125.8, 120.2, 118.6, 114.5, 33.1, 21.7, 8.3 ppm; UV (ɚmax nm) 284; IR vmax 
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(cm-1) 2912, 1660, 1530, 1290, 1150, 744; HRMS (ESI) calcd for C18H16BrNO3S [M+H]+ 

406.0107, found 406.0110. 

 

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

from 3.6n following the general procedure to afford 3.7n as a tan solid (0.770g, 89%). 1H NMR 

(300 MHz, CDCl3) ŭ 8.50 (d, J = 0.9 Hz, 1H), 8.22 (d, J = 0.9 Hz, 1H), 7.80 (m, 3H), 7.44 (dd, J 

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

2H), 1.36 (m, 2H), 1.32 (m, 4H), 0.89 (t, J = 5.4 Hz, 3H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 

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, 24.5, 22.6, 21.7, 14.1 ppm; UV (ɚmax nm) 286; IR vmax (cm-1) 2920, 1670, 1532, 

1294, 1154, 750;  HRMS (ESI) calcd for C22H24BrNO3S [M+H]+ 462.0733, found 462.0736. 

 

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

compound was synthesized from 3.7b following the general procedure to afford 3.8b as a yellow 

solid (0.406g, 46%). 1H NMR (300 MHz, CDCl3) ŭ 8.24 (s, 1H), 8.07 (d, J = 8.7 Hz, 1H), 7.93 

(s, 1H), 7.73 (d, J = 8.7 Hz, 2H), 7.66 (s, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.17 (d, J = 8.4 Hz, 2H), 

5.53 (d, J = 12.3 Hz, 1H), 3.02 (brs, 3H), 2.84 (m, 3H), 2.23 (s, 3H) ppm;13C NMR (100 

MHz,CDCl3) ŭ 183.2, 153.1, 145.7, 135.8, 134.3, 133.0, 130.1, 128.3, 128.2, 126.8, 124.8, 
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123.3, 121.7, 92.9, 89.5, 21.5 ppm; UV (ɚmax nm) 350; IR vmax (cm-1) 1635, 1524, 1283, 798; 

HRMS (ESI) calcd for C20H19IN2O3S [M+H] + 495.0234, found 495.0238. 

 

(E)-3-(Dimethylamino)-1-(5-iodo-1-tosyl-1H-indol-3-yl)prop-2-en-1-one (3.8c): The title 

compound was synthesized from 3.7c following the general procedure to afford 3.8c as a yellow 

solid (0.375g, 46%). 1H NMR (300 MHz, CDCl3) ŭ 8.72 (s, 1H), 8.00 (s, 1H), 7.76 (d, J = 9.9 

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

Hz, 1H), 3.10 (brs, 3H), 2.92 (m, 3H), 2.31 (s, 3H) ppm;13C NMR (100 MHz,CDCl3) 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 ppm; UV (ɚmax nm) 346; IR vmax (cm-1) 1635, 1527, 1366, 774; HRMS (ESI) calcd for 

C20H19IN2O3S [M+H] + 495.0234, found 495.0237. 

 

(E)-3-(Dimethylamino)-1-(5-methyl-1-tosyl-1H-indol-3-yl)prop-2-en-1-one (3.8j): The title 

compound was synthesized from 3.7j following the general procedure to afford 3.8j as a yellow 

solid (0.388g, 51%). 1H NMR (300 MHz, CDCl3) ŭ 8.13 (s, 1H), 8.05 (s, 1H), 7.76 (m, 4H), 7.14 

(m, 3H), 5.59 (d, J = 12.6, 1H), 3.02 (brs, 6H), 2.38 (s, 3H), 2.20 (s, 3H) ppm;13C NMR (100 

MHz,CDCl3) ŭ 184.1, 153.0, 145.3, 134.8, 133.3, 130.0, 129.1, 128.5, 126.9, 126.5, 123.6, 

123.1, 112.7, 93.4, 21.5 ppm; UV (ɚmax nm) 348; IR vmax (cm-1) 1635, 1525, 1309, 726; HRMS 

(ESI) calcd for C21H22N2O3S [M+H] + 383.1424, found 383.1433. 
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N-Benzyl-4-(6-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9b): The title 

compound was synthesized from 3.8l following the general procedure to afford 3.9b as a white 

Solid (0.080g, 39%). 1H NMR (300 MHz, Acetone-d6) ŭ 11.07 (brs, 1H), 8.18 (m, 2H), 7.69 (d, J 

= 1.2 Hz, 1H), 7.47 (d, J = 7.5 Hz, 2H), 7.33 (m, 2H), 7.22 (m, 2H), 7.03 (d, J = 5.4 Hz, 1H), 6.95 

(m, 1H), 4.79 (s, 2H)  ppm; 13C NMR (175 MHz, CD3OD) ŭ 162.9, 162.6, 157.2, 140.9, 138.3, 

128.4, 128.2 127.2, 126.6, 124.8 (x2), 124.2, 123.5, 115.3, 114.5, 105.6, 44.8 ppm; UV (ɚmax nm) 

364; IR vmax (cm-1) 1626, 1522, 1236, 729; HRMS (ESI) calcd for C19H15BrN4 [M+H] + 379.0553, 

found 379.0554. 

 

N-Benzyl-4-(5-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9c): The title 

compound was synthesized from 3.8a following the general procedure to afford 3.9c as a white 

Solid (0.080g, 39%). 1H NMR (400 MHz, CD3OD) ŭ 8.63 (s, 1H), 8.17 (s, 1H), 8.14 (s, 1H), 

8.02 (d, J = 6.0 Hz, 1H), 7.47 (d, J = 7.2 Hz, 1H), 7.33 (m, 4H), 7.24 (d, J = 7.2 Hz, 1H), 7.05 

(d, J = 6.0 Hz, 1H), 4.75 (s, 2H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 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, 114.9, 114.5, 106.5, 45.9 
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ppm; UV (ɚmax nm) 360; IR vmax (cm-1) 1630, 1523, 1288, 799; HRMS (ESI) calcd for 

C19H15BrN4 [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 from 3.8n following the general procedure to afford 3.9d as a white 

Solid (0.080g, 39%). 1H NMR (300 MHz, CD3OD) ŭ 8.76 (s, 1H), 8.12 (s, 1H), 7.85 (s, 1H), 7.40 

(m, 2H), 2.74 (t, J = 7.2 Hz, 2H), 1.63 (m, 2H), 1.40 (m, 4H), 0.92 (t, J = 6.9 Hz, 3H) ppm; 13C 

NMR (100 MHz, Acetone-d6) ŭ 163.1, 161.3, 159.9, 136.1, 129.7, 129.4, 125.9, 125.7, 121.3, 

114.4, 114.1, 114.0, 32.4, 30.8, 30.6, 23.1, 14.3 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2926, 

1610, 1522, 1230, 724; HRMS (ESI) calcd for C17H19BrN4 [M+H] + 359.0866, found 349.0866. 

 

4-(5-Bromo-1H-indol-3-yl)-N,N-dimethylpyrimidin -2-amine hydrochloride (3.9e): The title 

compound was synthesized from 3.8a following the general procedure to afford 3.9e as a yellow 

solid (0.102g, 52%). 1H NMR (300 MHz, CD3OD) ŭ 8.68 (d, J = 1.5 Hz, 1H), 8.07 (d, J = 5.1 

Hz, 1H), 7.99 (s, 1H), 7.33 (d, 8.7 Hz, 1H), 7.27 (dd, J = 8.7 Hz, 1.5 Hz, 1H), 6.87 (d, J = 5.7 

Hz, 1H), 3.21 (s, 6H) ppm; 13C NMR (175 MHz, Acetone-d6) ŭ 162.7, 161.9, 156.9, 136.1, 

128.8, 127.6, 124.9, 124.8, 114.7, 113.6, 104.1, 36.4 ppm; UV (ɚmax nm) 360; IR vmax (cm-1) 
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2822, 1609, 1521, 1290, 796; HRMS (ESI) calcd for C14H13BrN4 [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 from 3.8a following the general procedure to afford 3.9f as a white 

Solid (0.120 g, 26%). 1H NMR (400 MHz, CD3OD) ŭ 8.73 (s, 1H), 8.05 (s, 1H), 8.00 (s, 1H), 

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

1.31 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (175 MHz, CD3OD) ŭ 165.3, 162.6, 155.7, 137.5, 130.8, 

128.6, 126.3, 126.0, 115.3, 115.1, 114.3, 106.0, 37.2, 15.2 ppm; UV (ɚmax nm) 358; IR vmax (cm-

1) 2915, 1629, 1520, 1282, 792; HRMS (ESI) calcd for C14H13BrN4 [M+H] + 317.0396, found 

317.0395. 

 

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

compound was synthesized from 3.8a following the general procedure to afford 3.9g as a white 

Solid (0.088 g, 36%). 1H  NMR (300 MHz, CD3OD) ŭ 8.72 (s, 1H), 8.03 (d, J = 5.7 Hz, 1H), 

7.99 (s, 1H), 7.30 (m, 2H), 6.89 (d, J = 5.1 Hz, 1H), 3.01 (s, 3H) ppm; 13C NMR (100 MHz, 

CD3OD) ŭ 164.9, 163.9, 156.7, 137.4, 130.3, 128.6, 126.2, 126.0, 115.1, 114.2, 106.1, 28.6 ppm; 
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UV (ɚmax nm) 358; IR vmax (cm-1) 2917, 1633, 1523, 1282, 795; HRMS (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 from 3.8l following the general procedure to afford 3.9h as a white 

Solid (0.080g, 39%). 1H NMR (300 MHz, CD3OD) ŭ 8.45 (d, J = 8.1 Hz, 1H), 8.09 (d, J = 5.1 

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

3.53 (q, J = 7.2 Hz, 2H), 1.31 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (175 MHz, CD3OD) ŭ 164.8, 

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 

(ɚmax nm) 362; IR vmax (cm-1) 2926, 1642, 1519, 1239, 776; HRMS (ESI) calcd for C14H13BrN4 

[M+H] + 317.0396, found 317.0397. 

 

4-(6-Iodo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9i): The title compound was 

synthesized from 3.8b following the general procedure to afford 3.9i as a yellow solid (0.200 g, 

41%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.81 (s, 1H), 8.70 (s, 1H), 8.46 (d, J = 8.4 Hz, 1H), 

8.18 (d, J = 4.8, 1H), 7.91 (s, 1H), 7.49 (d, J = 8.4, 1H), 7.42 (d, J = 5.2, 1H) ;13C NMR (100 

MHz, DMSO-d6) ŭ 168.0, 155.5, 143.4, 138.9, 135.2, 130.3, 124.8, 124.5, 121.2, 112.5, 105.2, 
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87.8 ppm; UV (ɚmax nm) 360; IR vmax (cm-1) 1633, 1526, 1179, 801; HRMS (ESI) calcd for 

C12H9IN4 [M+H] + 336.9945, found 336.9949. 

 

4-(5-Iodo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9j): The title compound was 

synthesized from 3.8c following the general procedure to afford 3.9j as a tan solid (0.158 g, 

53%). 1H NMR (400 MHz, DMSO-d6) ŭ 12.81 (brs, 1H), 8.92 (s, 1H), 8.71 (s, 1H), 8.16 (s, 1H), 

7.53 (d, J = 5.1 Hz, 1H), 7.38 (d, J = 6.3 Hz, 2H) ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 

167.9, 155.4, 143.1, 136.7, 135.4, 131.6, 130.6, 127.4, 114.9, 111.7, 105.2, 87.1 ppm; UV (ɚmax 

nm) 358; IR vmax (cm-1) 1632, 1529, 1289, 785; HRMS (ESI) calcd for C12H9IN4 [M+H] + 

336.9945, found 336.9956. 

 

4-(5-Methyl-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.9q): The title compound was 

synthesized from 3.8j following the general procedure to afford 3.9q as an orange solid (0.177 g, 

53%). 1H NMR (300 MHz, CD3OD) ŭ 8.37 (s, 1H), 8..31 (s, 1H), 7.82 (s, 1H), 7.35 (d, J = 7.8 

Hz, 1H), 7.20 (s, 1H), 7.09 (s, J = 7.8 Hz, 1H) 2.46 (s, 3H) ppm; 13C NMR (100 MHz, CD3OD) 

ŭ 170.3, 156.5, 143.2, 137.3, 135.9, 133.1, 126.7, 126.2, 123.5, 113.9, 112.8, 107.0, 21.8 ppm; 

UV (ɚmax nm) 362; IR vmax (cm-1) 2917, 1632, 1207, 788; HRMS (ESI) calcd for C13H12N4 

[M+H] + 225.1135, found 225.1136. 
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4-(5-Bromo-1H-indol-3-yl)-5-methylpyrimidin -2-amine hydrochloride (3.9s): The title 

compound was synthesized from 3.8m following the general procedure to afford 3.9c as a white 

Solid (0.080g, 39%). 1H NMR (300 MHz, CD3OD) ŭ 8.57 (d, J = 1.5 Hz, 1H), 8.05 (s, 1H), 7.84 

(s, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.30 (dd, J = 8.7 Hz, 1.5 Hz, 1H), 2.32 (s, 3H) ppm; 13C NMR 

(175 MHz, CD3OD) ŭ 163.5, 162.9, 159.3, 136.6, 131.0, 129.6, 126.4, 125.9, 117.4, 114.9, 

114.5, 114.1, 17.7 ppm; UV (ɚmax nm) 362; IR vmax (cm-1) 2934, 1618, 1528, 1232, 724; HRMS 

(ESI) calcd for C13H11BrN4 [M+H]+ 303.0240, found 303.0241. 

 

1-(6-Bromo-1-ethyl-1H-indol-3-yl)ethan-1-one (3.10b): The title compound was synthesized 

from 3.6l following the general procedure to afford 3.10b as a white solid (0.420 g, 84%). 1H 

NMR (400 MHz, CDCl3) ŭ 8.20 (d, J = 8.4 Hz, 1H), 7.64 (s, 1H), 7.43 (s, 1H), 7.34 (dd, J = 9.2 

Hz, 0.8 Hz, 1H), 4.08 (q, J = 7.2 Hz, 2H), 2.44 (s, 3H), 1.46 (t, J = 7.6, 3H) ppm; 13C NMR (100 

MHz,CDCl3) ŭ 192.7, 137.3, 134.4, 125.6, 125.2, 123.9, 117.0, 116.8, 112.8, 41.8, 27.5, 15.1 

ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 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): The title compound was synthesized 

from 3.6l following the general procedure to afford 3.10c as a white solid (0.450 g, 79%). 1H 

NMR (400 MHz, CDCl3) ŭ 8.22 (d, J = 8.4 Hz, 1H), 7.63 (s, 1H), 7.44 (d, J = 1.6, 1H), 7.34 (dt, 

J = 8.4 Hz, 0.8 Hz, 1H), 3.99 (t, J = 7.2 Hz, 2H), 2.47 (s, 3H), 1.86 (q, J = 7.2 Hz, 2H), 0.92 (t, J 

= 7.2 Hz, 3H) ;13C NMR (100 MHz,CDCl3) ŭ 192.8, 137.6, 135.2, 125.5, 125.2, 123.9, 116.8, 

112.9, 48.8, 27.5, 23.1, 11.3 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2908, 1640, 1572, 1275, 

870; HRMS (ESI) calcd for C13H14BrNO [M+H]+ 280.0332, found 280.0336. 

 

1-(6-Bromo-1-butyl -1H-indol-3-yl)ethan-1-one (3.10d): The title compound was synthesized 

from 3.6l following the general procedure to afford 3.10d as a white solid (0.467 g, 85%). 1H 

NMR (400 MHz, CDCl3) ŭ 8.21 (d, J = 8.0, 1H), 7.62 (s, 1H), 7.42 (d, J = 1.6 Hz, 1H), 7.33 (dd, 

J = 8.4 Hz, 1.6 Hz, 1H), 3.99 (t, J = 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;13C NMR (100 MHz,CDCl3) ŭ 192.7, 137.5, 135.1, 125.4, 125.1, 123.8, 

116.8, 116.7, 112.8, 46.8, 31.8, 27.4, 20.0, 13.6 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2924, 

1629, 1530, 1466, 1204, 736; HRMS (ESI) calcd for C14H16BrNO [M+H]+ 294.0488, found 

294.0493. 
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1-(1-Benzyl-6-bromo-1H-indol-3-yl)ethan-1-one (3.10e): The title compound was synthesized 

from 3.6l following the general procedure to afford 3.10e as a light orange solid (0.492 g, 75%). 

1H NMR (300 MHz, CDCl3) ŭ 8.28 (d, J = 8.1, 1H), 7.68 (s, 1H), 7.43 (s, 1H), 7.36 (m, 5H), 

7.14 (m, 1H), 5.27 (s, 2H), 2.48 (s, 3H) ppm;13C NMR (100 MHz,CDCl3) ŭ 193.0, 138.1, 135.4, 

129.3, 128.6, 127.1, 126.1, 125.4, 124.2, 117.6, 117.3, 113.2, 50.8, 27.7 ppm; UV (ɚmax nm) 298; 

IR vmax (cm-1) 1632, 1525, 1470, 1230, 744; HRMS (ESI) calcd for C17H14BrNO [M+H]+ 

328.0332, found 328.0347. 

 

1-(5-Bromo-1-propyl -1H-indol-3-yl)ethan-1-one (3.10h): The title compound was synthesized 

from 3.6a following the general procedure to afford 3.10h as a white  solid (0.490 g, 42%). 1H 

NMR (300 MHz, CDCl3) ŭ 8.49 (s, 1H), 7.65 (s, 1H), 7.31 (dd, J = 7.8 Hz, 1.2 Hz, 1H), 7.15 (d, 

J = 8.4 Hz, 1H), 4.03 (t, J = 6.9 Hz, 2H), 2.44 (s, 3H), 1.89 (sept, J = 6.9 Hz, 2H), 0.91 (t, J = 

7.2 Hz, 3H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 192.6, 135.5, 135.5, 127.9, 126.1, 125.1, 116.3, 

116.0, 111.3, 48.9, 27.5, 23.2, 11.4 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2926, 1637, 1520, 

1208, 794; HRMS (ESI) calcd for C13H14BrNO [M+H] + 280.0332, found 280.0339. 
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1-(5-Bromo-1-butyl -1H-indol-3-yl)ethan-1-one (3.10i): The title compound was synthesized 

from 3.6a following the general procedure to afford 3.10i as a white solid (0.398 g, 80%). 1H 

NMR (400 MHz, CDCl3) ŭ 8.49 (s, 1H), 7.65 (s, 1H), 7.31 (d, J = 9.2 Hz, 1H), 7.15 (d, J = 8.8 

Hz, 1H), 4.06 (t, J = 6.8, 2H), 2.45 (s, 3H), 1.82 (m, 2H), 1.33 (m, 2H), 0.93 (t, J = 6.8 Hz, 3H) 

ppm; 13C NMR (100 MHz,CDCl3) ŭ 192.6, 135.5, 127.8, 126.0, 125.1, 116.2, 116.0, 111.3, 47.0, 

31.9, 27.4, 20.1, 13.6 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 3330, 2870, 1655, 1564, 1285, 872; 

HRMS (ESI) calcd for C15H18BrNO [M+H] + 294.0488, found 294.0497. 

 

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

from 3.6a following the general procedure to afford 3.10j as a yellow oil (0.430 g, 85%). 1H 

NMR (400 MHz, CDCl3) ŭ 8.45 (s, 1H), 7.62 (s, 1H), 7.25 (d, J = 8.1 Hz, 1H), 7.09 (d, J = 9.0 

Hz, 1H), 3.99 (t, J = 6.3 Hz, 2H), 1.79 (m, 2H), 1.29 (m, 4H), 0.82 (t, J = 6.3 Hz, 3H) ppm; 13C 

NMR (75 MHz,CDCl3) ŭ 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, 13.8 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2918, 1640, 1520, 1208, 792; HRMS 

(ESI) calcd for C11H9BrN4 [M+H] + 308.0645, found 308.0651. 
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1-(6-Iodo-1-propyl -1H-indol-3-yl)ethan-1-one (3.10k): The title compound was synthesized 

from 3.6b following the general procedure to afford 3.10k as a white solid (0.325 g, 81%). 1H 

NMR (300 MHz, CDCl3) ŭ 8.092 (d, J = 8.4 Hz, 1H), 7.63 (s, 1H), 7.58 (s, 1H), 7.51 (dd, J = 8.4 

Hz, 1.2 Hz, 1H), 3.98 (t, J = 6.9 Hz, 2H), 2.45 (s, 3H), 1.85 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H) 

ppm;13C NMR (75 MHz,CDCl3) ŭ 192.8, 137.9, 135.0, 131.1, 125.6, 124.2, 118.9, 116.8, 87.3, 

48.7, 27.6, 23.1, 11.4 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2910, 1632, 1524, 1208, 800; 

HRMS (ESI) calcd for C13H14INO [M+H] + 328.0193, found 328.0194. 

 

1-(5-Bromo-1-isobutyl-1H-indol-3-yl)ethan-1-one (3.11a): The title compound was 

synthesized from 3.6a following the general procedure to afford 3.11a as a white solid (0.300 g, 

52%). 1H NMR (300 MHz, CDCl3) ŭ 8.77 (d, J = 1.5 Hz, 1H), 7.91 (s, 1H), 7.57 (dd, J = 8.7 Hz, 

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

(d, J = 6.6 Hz, 6H) ppm;13C NMR (75 MHz,CDCl3) ŭ 192.7, 169.4, 136.0, 135.6, 127.7, 126.0, 

125.0, 116.0, 111.5, 54.7, 29.2, 27.4, 20.1 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2928, 1630, 

1525, 1212, 798; HRMS (ESI) calcd for C14H16BrNO [M+H]+ 294.0488, found 294.0492. 
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1-(6-Bromo-1-isobutyl-1H-indol-3-yl)ethan-1-one (3.11b): The title compound was 

synthesized from 3.6l following the general procedure to afford 3.11b as a white solid (0.323 g, 

73%). 1H NMR (400 MHz, CDCl3) ŭ 8.19 (d, J = 8.8 Hz, 1H), 7.57 (s, 1H), 7.37 (s, 1H), 7.28 (d, 

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

9.6 Hz, 6H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 192.6, 137.6, 135.7, 125.3, 124.9, 123.7, 116.6, 

116.5, 112.9, 54.4, 28.9, 27.3, 19.9 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 2928, 1630, 1525, 

1212, 798; HRMS (ESI) calcd for C14H16BrNO [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 from 3.10c following the general procedure to afford 3.13a as a 

brown solid (0.130 g, 61%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.82 (s, 1H), 8.62 (d, J = 8.8 Hz, 

1H), 8.20 (d, J = 6.8 Hz, 1H), 7.98 (s, 1H), 7.40 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.35 (d, J = 6.8 

Hz, 1H), 4.25 (t, J = 6.8 Hz, 2H), 1.84 (m, 2H), 0.86 (t, J = 7.2 Hz, 3H) ppm; 13C NMR (175 

MHz, DMSO-d6) ŭ 168.3, 156.1, 144.1, 139.2, 125.9, 125.3, 117.1, 114.9, 112.4, 105.7, 48.8, 

23.5, 11.7 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2910, 1618, 1530, 1487, 1212, 800; HRMS 

(ESI) calcd for C15H15BrN4 [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 from 3.10i following the general procedure to afford 3.13b as a tan 

solid (0.056 g, 20%). 1H NMR 400 MHz, DMSO-d6) ŭ 8.86 (s, 1H), 8.81 (d, J = 2.0 Hz, 1H), 

8.21 (d, J = 7.2 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.46 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 7.36 (d, J = 

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

13C NMR (175 MHz, DMSO-d6) ŭ 168.2, 156.1, 144.0, 139.4, 137.0, 127.9, 126.8, 126.0, 116.4, 

114.0, 111.8, 105.7, 47.2, 32.1, 20.1, 14.2 ppm; UV (ɚmax nm) 364; IR vmax (cm-1)  2914, 1610, 

1522, 1492, 1224, 788; HRMS (ESI) calcd for C16H17BrN4 [M+H] + 345.0709, found 345.0717. 

 

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

compound was synthesized from 3.10f following the general procedure to afford 3.13c as a 

yellow solid (0.076 g, 38%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.75 (s, 1H), 8.59 (d, J = 5.6 Hz, 

1H), 8.20 (d, J = 6.8, 1H), 7.89 (s, 1H), 7.40 (d, J = 8.8 Hz, 1H), 7.29 (d, J = 6.4 Hz, 1H), 3.90 

(s, 3H) ppm; 13C NMR (175 MHz, DMSO-d6) ŭ 168.1, 156.3, 144.3, 139.7, 139.6, 125.8, 125.3, 
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117.0, 114.9, 112.2, 105.6 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2903, 1625, 1530, 1494, 1217, 

799; HRMS (ESI) calcd for C13H11BrN4 [M+H] + 303.0240, found 303.0249. 

 

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

compound was synthesized from 3.10b following the general procedure to afford 3.13d as a 

brown Solid (0.045 g, 20%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.81 (s, 1H), 8.60 (d, J = 7.6 Hz, 

1H), 8.18 (m, 1H), 7.95 (s, 1H), 7.39 (m, 2H), 4.31 (q, J = 6.8 Hz, 2H), 1.42 (t, J = 6.8 Hz, 3H) 

ppm; 13C NMR (175 MHz, DMSO-d6) ŭ 168.2, 156.2, 144.3, 138.9, 125.9, 125.4, 117.1, 114.8, 

112.5, 105.8, 42.3, 15.8 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2910, 1622, 1535, 1496, 1215, 

804; HRMS (ESI) calcd for C14H13BrN4 [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 from 3.10g following the general procedure to afford 3.13e as a tan 

solid (0.072 g, 38%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.40 (s, 1H), 8.81 (s, 1H), 8.18 (d, J = 

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

J = 6.8, 2H), 1.44 (t, J = 7.8 Hz, 3H) ;13C NMR (175 MHz, DMSO-d6) ŭ 168.0, 155.8, 143.7, 

138.2, 136.5, 127.7, 126.6, 125.5, 116.2, 113.7, 111.6, 105.4, 42.2, 15.4; UV (ɚmax nm) 364; IR 
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vmax (cm-1) ) 2907, 1600, 1535, 1500, 1210, 782; HRMS (ESI) calcd for C14H13BrN4 [M+H] + 

317.0396, found 317.0401. 

 

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

compound was synthesized from 3.10h following the general procedure to afford 3.13f as a tan 

solid (0.081 g, 38%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.85 (s, 1H), 8.82 (s, 1H), 8.20 (d, J = 

7.2, 1H), 7.67 (d, J = 8.0, 1H), 7.46 (d, J = 8.8, 1H), 7.35 (dd, J = 6.4 Hz, 1.6 Hz, 1H), 4.25 (t, J 

= 6.4 Hz, 2H), 1.85 (sept, J = 6.8, 2H), 0.85 (t, J = 5.6 Hz, 3H) ppm; 13C NMR (175 MHz, 

DMSO-d6) ŭ 168.0, 155.9, 143.8, 138.8, 136.8, 127.7, 126.6, 125.5, 116.1, 113.8, 111.5, 105.4, 

48.7, 23.2, 11.5ppm; UV (ɚmax nm) 364; IR vmax (cm-1) ) 2914, 1608, 1525, 1490, 1212, 780; 

HRMS (ESI) calcd for C15H15BrN4 [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 from 3.10j following the general procedure to afford 3.13h as a pink 

solid (0.070 g, 38%). 1H NMR (400 MHz, DMSO-d6) ŭ  8.81 (s, 2H), 8.17 (d, J = 6.8 Hz, 1H), 
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7.64 (d, J = 8.8 Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.34 (d, J = 6.8 Hz, 1H), 4.28 (t, J = 6.4 Hz, 

2H), 1.81 (m, 2H), 1.26 (m, 4H), 0.82 (dd, J = 7.2 Hz, 1.6 Hz, 3H) ppm; 13C NMR (175 MHz, 

DMSO-d6) ŭ 168.0, 155.9, 144.0, 138.6, 136.8, 127.7, 126.6, 125.5, 116.1, 113.7, 111.5, 105.5, 

47.2, 29.4, 28.7, 22.1, 14.3 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2908, 1616, 1523, 1488, 

1222, 790; HRMS (ESI) calcd for C17H19BrN4 [M+H] + 359.0866, found 359.0872. 

 

4-(1-Benzyl-6-bromo-1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13i): The title 

compound was synthesized from 3.10e following the general procedure to afford 3.13i as a 

yellow solid (0.090 g, 40%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.95 (s, 1H), 8.63 (d, J = 8.8 Hz, 

1H), 8.20 (d, J = 6.8 Hz, 1H), 7.93 (s, 1H), 7.33 (m, 9H), 5.57 (s, 2H) ppm;13C NMR (175 MHz, 

DMSO-d6) ŭ 168.3, 156.0, 144.4, 139.0, 137.2, 129.6, 128.7, 128.0, 126.1, 125.5, 117.2, 115.1, 

112.9, 105.9, 50.7 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 1635, 1520, 1490, 1210, 754; HRMS 

(ESI) calcd for C19H15BrN4 [M+H] + 379.0553, found 379.0562. 

 

 



   

129 

 

 

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

compound was synthesized from 3.10d following the general procedure to afford 3.13j as an off -

white solid (0.086 g, 54%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.81 (s, 1H), 8.62 (d, J = 8.8 Hz, 

1H), 8.19 (d, J = 9.2 Hz, 1H), 7.98 (d, J = 1.6 Hz, 1H), 7.39 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.35 

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

ppm; 13C NMR (175 MHz, DMSO-d6) ŭ 168.2, 156.2, 144.4, 139.1, 125.8, 125.4, 117.1, 114.9, 

112.4, 105.8, 47.1, 32.1, 20.1, 14.2 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2910, 1612, 1525, 

1490, 1220, 788; HRMS (ESI) calcd for C16H17BrN4 [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 from 3.10l following the general procedure to afford 3.13k as an 

orange solid (0.132 g, 61%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.84 (d, J = 9.2 Hz, 2H), 8.21 (d, 

J = 6.8 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.45 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 6.4 Hz, 1H), 

4.11 (d, J = 6.8 Hz, 2H), 2.17 (m, 1H), 0.87 (d, J = 6.4 Hz, 6H) ppm; 13C NMR (175 MHz, 
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DMSO-d6) ŭ 168.0, 155.9, 143.8, 139.1, 137.1, 127.6, 126.6, 125.4, 116.1, 113.9, 111.5, 105.5, 

54.2, 29.3, 20.1 ppm; UV (ɚmax nm) 364; IR vmax (cm-1) 2909, 1610, 1520, 1495, 1225, 782; 

HRMS (ESI) calcd for C16H17BrN4 [M+H] + 345.0709, found 345.0716. 

 

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

compound was synthesized from 3.10m following the general procedure to afford 3.13l as a 

yellow solid (0.101 g, 42%). 1H NMR (300 MHz, DMSO-d6) ŭ 8.82 (s, 1H), 8.62 (d, J = 8.7 Hz, 

1H), 8.31 (d, J = 4.8 Hz, 1H), 8.10 (s, 1H), 7.40 (m, 2H), 4.11 (d, J = 7.5 Hz, 2H), 2.19 (m, 1H), 

0.88 (d, J = 6.3 Hz, 6H) ppm;13C NMR (175 MHz, DMSO-d6) ŭ 168.1, 155.9, 143.8, 139.2, 

138.9, 125.6, 125.1, 125.0, 116.9, 114.8, 112.1, 105.5, 54.1, 29.2, 20.1 ppm; UV (ɚmax nm) 364; 

IR vmax (cm-1) 2915, 1620, 1532, 1490, 1212, 812; HRMS (ESI) calcd for C16H17BrN4 [M+H] + 

345.0709, found 345.0717. 

 

4-(6-Iodo-1-propyl -1H-indol-3-yl)pyrimidin -2-amine hydrochloride (3.13m): The title 

compound was synthesized from 3.10k following the general procedure to afford 3.13m as a 

yellow solid (0.069 g, 26%). 1H NMR (400 MHz, DMSO-d6) ŭ 8.78 (s, 1H), 8.48 (d, J = 8.4 Hz, 
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1H), 8.19 (d, J = 6.8 Hz, 1H), 8.11 (s, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 6.8 Hz, 1H), 

4.24 (t, J = 6.4 Hz, 2H), 1.83 (m, 2H), 0.86 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (175 MHz, 

DMSO-d6) ŭ 169.8, 156.7, 143.0, 140.2, 138.4, 132.7, 126.7, 126.0, 120.8, 113.4, 106.7, 88.5, 

49.9, 24.2, 11.5 ppm; UV (ɚmax nm) 366; IR vmax (cm-1) 2912, 1615, 1536, 1490, 1208, 810; 

HRMS (ESI) calcd for C15H15IN4 [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 from 3.10a following the general procedure to afford 3.13n as 

an off -white solid NMR (0.135 g, 41%). 1H NMR (400 MHz, CDCl3) ŭ 8.35 (d, J = 8.8 Hz, 1H), 

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

1H), 5.15 (brs, 1H), 3.82 (s, 3H), 3.55 (m, 2H), 1.30 (t, J = 7.2 Hz, 3H) ppm;13C NMR (175 

MHz, CDCl3) ŭ 162.6, 162.1, 157.3, 138.8, 131.3, 125.2, 124.5, 123.7, 116.4, 114.6, 112.9, 

106.0, 36.6, 33.4, 15.2 ppm; UV (ɚmax nm) 366; IR vmax (cm-1) 2931, 1634, 1531, 1370, 1225, 

809; HRMS (ESI) calcd for C15H15BrN4 [M+H] + 331.0553, found 331.0554. 
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tert-butyl 5-bromo-3-(2-chloroacetyl)-1H-indole-1-carboxylate (3.15a): The title compound 

was synthesized from 3.14a following the general procedure to afford 3.15a as a white solid 

(1.35g, 90%). 1H NMR (400 MHz, CDCl3) ŭ 8.30 (d, J = 2.0 Hz, 1H), 8.18 (s, 1H), 7.88 (d, J = 

9.2 Hz, 1H), 7.36 (dd, J = 8.8 Hz, J = 2.0 Hz, 1H), 4.49 (s, 2H), 1.73 (s, 9H) ppm; 13C NMR (100 

MHz,CDCl3) ŭ 186.6, 148.3, 133.9, 132.9, 128.7, 128.6, 124.9, 118.1, 116.4, 116.2, 86.5, 45.9, 

28.0 ppm; UV (ɚmax nm) 296; IR vmax (cm-1) 1744, 1542, 1141, 762; HRMS (ESI) calcd for 

C15H15BrClNO3 [M-H]- 369.9851, found 369.9842. 

 

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

was synthesized from 3.14b following the general procedure to afford 3.15b as an off-white solid 

(1.67g, 69%). 1H NMR (300 MHz, CDCl3) ŭ 8.30 (s, 1H), 8.23 (s, 1H), 8.17 (d, J = 8.8 Hz, 1H), 

7.46 (dd, J = 8.8 Hz, 0.8 Hz, 1H), 4.55 (s, 2H), 1.71 (s, 9H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 

187.0, 148.5, 136.1, 132.6, 128.1, 126.2, 123.8, 119.9, 118.4, 117.1, 86.6, 46.0, 28.1 ppm; UV 

(ɚmax nm) 296; IR vmax (cm-1) 1745, 1632, 1531,1141, 794; HRMS (ESI) calcd for C10H6BrClNO 

[M-Boc]- 269.9327, found 269.9325. 
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5-(5-Bromo-1H-indol-3-yl)-1H-imidazol-2-amine hydrochloride (3.17a): The title compound 

was synthesized from 3.15a following the general procedure to afford 3.17a as a brown solid 

(0.125 g, 85%). 1H NMR (400 MHz, CD3OD) ŭ 7.83 (s, 1H), 7.61 (s, 1H), 7.39 (d, J = 8.8 Hz, 

1H), 7.32 (dd, J = 8.4 Hz, 1.6 Hz, 1H), 7.00 (s, 1H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 148.2, 

136.7, 127.1, 126.3, 125.3, 123.6, 122.4, 114.5, 114.4, 107.7, 104.2 ppm; UV (ɚmax nm) 292; IR 

vmax (cm-1) 1670, 1455, 1236, 1108; HRMS (ESI) calcd for C11H9BrN4 [M+H] + 277.0083, found 

277.0087. 

 

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

was synthesized from 3.16b following the general procedure to afford 3.17b as a brown solid 

(0.090 g, 80%). 1H NMR (300 MHz, CD3OD) ŭ 7.58 (m, 2H), 7.54 (s, 1H), 7.22 (dd, J = 8.1 Hz, 

1.2 Hz, 1H), 6.96 (s, 1H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 148.3, 138.9, 124.7, 124.5, 

124.4, 123.8, 121.4, 116.9, 115.7, 107.8, 104.9 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 1668, 

1452, 1232, 1108, 768; HRMS (ESI) calcd for C11H9BrN4 [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 were subcultured to 5 x 105 CFU/mL in Mueller-Hinton medium. The 

resulting bacterial suspension was aliquoted (1.0 mL) into culture tubes. Samples were prepared 

from these culture tubes containing either 200 ɛmol of specified antibiotic or no test compound 

as a control. Samples were then aliquoted (200 ɛL) into the first row of wells of a 96-well 

microtiter plate in which subsequent wells were prefilled with 100 ɛL of Mueller-Hinton 

medium based 5 x105 CFU/mL bacterial subculture. Using the multichannel pipettor set at 100 

ɛL, row one wells were mixed 8-10 times. Then, 100 ɛL were withdrawn and transferred to row 

two. Row two wells were mixed 8-10 times followed by a 100 ɛL transfer from row two to row 

three. This procedure was used to serial dilute the rest of the rows 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 and MIC values were recorded. 

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

coli): Overnight cultures of bacterial strain were subcultured to 5 x 105 CFU/mL in cation 

adjusted Mueller-Hinton medium. The resulting bacterial suspension was aliquoted (1.0 mL) into 

culture tubes. Samples were prepared from these culture tubes containing either 200 ɛmol of 

specified antibiotic or no test compound as a control. Samples were then aliquoted (200 ɛL) into 

the first row of wells of a 96-well microtiter plate in which subsequent wells were prefilled with 

100 ɛL of Mueller-Hinton medium based 5 x105 CFU/mL bacterial subculture. Using the 

multichannel pipettor set at 100 ɛL, row one wells were mixed 8-10 times. Then, 100 ɛL were 

withdrawn and transferred to row two. Row two wells were mixed 8-10 times followed by a 100 
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ɛL transfer from row two to row three. This procedure was used to serial dilute the rest of the 

rows 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 and MIC values were recorded. 

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

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

bacterial strain and subculturing it at an OD600 of 0.04 into tryptic soy broth (Sigma-Aldrich) 

with a 2.0% glucose supplement (TSBG).  Stock solutions of predetermined concentrations of 

the test compound were then made in TSBG. These stock solutions were aliquoted (100 ɛL) into 

the wells of the 96-well PVC microtiter plate. Sample plates were then wrapped in GLAD Press 

nô SealÈ followed by an incubation under 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 with 100 ɛL 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 ɛL of 95% ethanol. A sample of 125 ɛL of solubilized 

CV stain from each well was transferred to the corresponding wells of a polystyrene microtiter 

dish. Biofilm inhibition was quantitated by measuring the OD540 of 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 Effect of Test Compounds on MRSA ATCC# 43300 

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

MRSA ATCC# 43300 in tryptic soy broth (Sigma-Aldrich) with a 2.0% glucose supplement 

(TSBG) and subculturing it at an OD600 of 0.04 into TSBG. The resulting bacterial suspension 

was aliquoted (100 µL) into the wells of a 96-well PVC microtiter plate. Plates were then 
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wrapped in GLAD Press nô SealÈ followed by an incubation under stationary conditions at 37 

°C to establish the biofilms. 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 were aliquoted (100 

µL) into the wells of the 96-well 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 discarded from the wells and the plates were 

washed thoroughly with water. Plates were then stained with 110 µL 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 µL of 95% ethanol. A sample of 

125 µL of solubilized CV stain from each well was transferred to the corresponding wells of a 

polystyrene microtiter dish. Biofilm dispersion was quantitated by measuring the OD540 of each 

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 

cation-adjusted Mueller-Hinton Broth (CAMHB) were subcultured to 5 × 105 CFU/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 resulting solution 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 96-well plate was filled with 200 ɛL of the 

antibiotic/adjuvant, and rows 2ī8 were filled with 100 ɛL each of the remaining 4 mL of 

bacterial subculture. Row 1 was then mixed five times, and 100 ɛL was transferred to row 2, 
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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 a control. The 96-well plate was then covered in Glad Press nô Seal and incubated under 

stationary conditions at 37 °C for 16 h. MIC values were determined as the lowest concentration 

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

control lane. 

Growth Curves for Compounds in Biofilm Conditions: MRSA ATCC# 43300 was grown 

overnight in TSBG, and this culture was used to inoculate fresh TSBG (OD600=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 24 h time points, 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 Conditions: Cultures were grown 

overnight in CAMHB, and this culture was used to inoculate fresh CAMHB (5 × 105 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 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 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 Against Salmonella enterica serovar 

Typhimurium  

4.1 Introduction 

Salmonella enterica is one of the most common food and water borne bacterial pathogens 

worldwide.  Salmonella serotypes can cause a variety of disease syndromes, and are normally 

grouped into typhoidal and non-typhoidal species.  Salmonella enterica serovar Typhi is the 

causative agent of enteric fever and Salmonella enterica serovar Typhiumiurum is typically 

associated with intestinal distress, or salmonellosis.1  Typhoidal and non-typhoidal species of 

Salmonella have shown a remarkable ability to persist in a variety of environments, including the 

human body.  This survival strategy centers around the ability of Salmonella to form biofilms on 

gallstones.2  Colonization of gallstones can then lead to chronic carriage of Salmonella, which 

allows for the spread of Salmonella through fecal shedding.  Presently, chronic carriage of 

Salmonella is treated by invasive methods, which is not well suited to areas that Salmonella is 

prevalent.3  As S. Typhi is a human specific pathogen, reliable murine models utilizing S. 

Typhimurium have been used to model S. Typhi infections.4, 5  A compound that is capable of 

perturbing Salmonella biofilms could be a viable treatment option for chronic Salmonella 

carriage. 

Recently, there have been reports of derivatized 2-aminoimidazoles (2-AIs) that inhibit S. 

Typhimurium biofilm formation. 6-10  As our group has been deeply involved in exploring the 

antibiofilm potential of 2-AIs for the past 14 years, we were curious if there were 2-AI 

derivatives in our library, or derivatives of other nitrogen-dense heterocycles that we have 

assembled and assayed for their antibiofilm activities, that possessed activity against S. 
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Typhimurium.  To address this question, we performed an internal library screen for inhibitors of 

S. Typhimurium biofilm formation.  From this screen, we identified 2-aminobenzimidazole (2-

ABI) compound 4.1 as one lead compound that returned an IC50 value of 13.1±0.6.  Previously, 

we have shown that 2-ABIs display a wide variety of biological activity including antibiotic 

activity against MRSA and MDR A. baumannii,11 antibiofilm activity against Gram-positive 

bacteria,12 and the ability to repotentiate ɓ-lactam antibiotic activity against Mycobacterium 

smegmatis.13  With this compound in hand, we decided to probe the structure-activity 

relationship (SAR) of the 2-ABIs against S. Typhimuirum biofilms.  Herein we report the results 

of this SAR study of the 2-ABI scaffold, focusing on three regions: the head region, the linker 

and the tail region (Figure 4.1). 

 

Figure 4.1.  Structure of original hit compound 4.1, regions of modification. 

4.2 Head group modifications 

The first region of the molecule we decided to modify was the head region of the 2-ABI 

using a synthetic scheme previously described by Lindsey et al. (Scheme 4.1).14  Briefly, 4-

fluoro-3-nitroaniline 4.2 was acylated with 4-pentylbenzoyl chloride in the presence of 

triethylamine and 4-dimethylaminopyrimidine (DMAP) in DCM for 16 hours at room 

temperature to yield compound 4.3.  SNAr substitution of compound 4.3 with commercially 
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available amines in refluxing ethanol for 16 hours yielded compounds 4.4a-n.  Subsequent 

reduction of the nitro group with ammonium formate and 10% palladium on carbon (Pd/C) in 

ethanol at reflux followed by cyclization with cyanogen bromide in DCM at room temperature 

yielded 2-ABIs 4.5a-n.   

 

Scheme 4.1. Synthetic route to compounds 4.5a-n: (a) 4-pentylbenzoyl chloride, DMAP, Et3N, 

DCM, 16 h (b) RNH2, EtOH, reflux, 16 h (c) NH4HCO2, 10% Pd/C, EtOH, reflux, 3 h (d) CNBr, 

DCM, 16 h  (e) HCl/MeOH. 

The 2-ABI derivative with an unsubstituted head region was synthesized as outlined in 

Scheme 4.2.11, 15  Briefly, cyclization of 4-nitrobenzene-1,2-diamine 4.6 with cyanogen bromide 

in 1:8 Acetonitrile: H2O at reflux yielded nitro 2-aminobenzimidazole, compound 4.7.  The 2-AI 

was then protected using Boc-anhydride and DMAP in THF at room temperature to yield 

compound 4.8.  Subsequent hydrogenation over Pd/C of the nitro group followed by acylation of 

the aniline with 4-pentylbenzoyl chloride in DCM at room temperature yielded protected 2-ABI 

4.9.  Boc deprotection of compound 4.9 yielded unsubstituted 2-ABI 4.10. 
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Scheme 4.2. Synthetic route to compound 4.10: (a) CNBr, 1:8 ACN: H2O, reflux, 16 h. (b) 

Boc2O, DMAP, THF, rt, 16 h (c) H2, 10% Pd/C, rt, THF, 16 h (d) 4-pentylbenzoyl chloride, 

DMAP, Et3N, DCM, rt, 6 h (e) 50% TFA: DCM, rt, 2 h (f) HCl/MeOH. 

Three head group substitutions, n-octyl (4.5a), butyl phenyl (4.5b), and n-hexyl (4.5c) 

displayed improved activity (Table 4.1) over the parent compound 4.1.   Isobutyl substitution 

(compound 4.5d) or substitution with tryptamine (4.5e) returned an IC50 value of between 10 and 

15 micromolar, similar to that of parent compound 4.1 (IC50 values were only calculated for 

compounds that had marked improvement over compound 4.1).  Substitution with cyclopentyl 

(4.5g) or cyclohexyl rings (4.5h) returned slightly higher IC50 values compared to the parent (15-

20 µM). Shortening the phenyl chain to two methylenes also reduced the activity, with 

compound 4.5i returning an IC50 value of between 20 and 40 µM.  Replacement of the phenyl 

ring on compound 4.5i with an imidazole (4.5j) ring also returned an IC50 value of between 20 

and 40 µM.  Alkyl chains with less than four carbon atoms (4.5k, 4.5l) or longer than eight 

carbon atoms (4.5m, 4.5n) reduced or completely abolished antibiofilm activity.  Removal of the 

head group (compound 4.10) from the 2-ABI lowers the IC50 from 13.1±0.6 µM to 20-40 mM, 

demonstrating the necessity of the head group for biofilm inhibitory activity.    



   

145 

 

Table 4.1. IC50 values of para 2-ABI, compounds 4.5a-n. 

Compound R= IC50 (µM) 

4.5a 

  

6.66±0.32 

 

4.5b 

 
 

9.59±0.23 

4.5c 

 
  

10.8±0.56 

4.1 

  
13.1±0.6 

4.5d 

  
10-15 

4.5e 

 
 

10-15 

4.5f 

  
15-20 

4.5g 

 

  
15-20 

4.5h 

  
 

15-20 

4.5i 

 
 

20-40 

4.5j 

 

20-40 

4.10 H 20-40 

4.5k 

  
20-40 

4.5l 
 

>40 

4.5m 

  
>50 

4.5n 

  
>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 (Scheme 4.3), is identical to that of the para analogues 

(Scheme 4.1) except the starting material is 3-fluoro-4-nitroaniline 4.11, allowing the SNAr 

reaction to occur at the meta position. 

 

Scheme 4.3. Synthetic route to compounds 4.14a-e: (a) 4-pentylbenzoyl chloride, DMAP, Et3N, 

DCM, 16 h (b) RNH2, EtOH, reflux, 16 h (c) NH4HCO2, 10% Pd/C, EtOH, reflux, 3 h (d) CNBr, 

DCM, 16 h (e) HCl/MeOH. 

Compared to their para substituted counterparts, the meta analogues did not display a 

significant increase in activity (Table 4.2).  Only the butyl analogue 4.14a (IC50 10-15 mM) 

displayed increased activity compared to butyl para analogue 4.5f (IC50 15-20 mM).  n-Hexyl 

analogue 4.14b displayed almost identical activity to the para n-hexyl analogue 4.5c, returning 

an IC50 between 10 and 15 mM. Methyl (4.14c), ethyl (4.14d), and isopropyl (4.14e) analogues 

all displayed IC50 values between 20 and 40 mM.   
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Table 4.2. IC50 values of meta 2-ABI, compounds 4.14a-e. 

Compound R= IC50 (µM) 

4.14a 

  

10-15 

4.14b 

  
 

10-15 

4.14c 
 

20-40 

4.14d 

  

20-40 

4.14e 

 
 

20-40 

 

4.3 Tail modifications 

 

Figure 4.2. Structure of compounds 4.15a-t 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 2-ABI derivatives with an identical head group to the parent compound 4.1 and various 

tails were prepared by T. Vu Nguyen (Figure 4.2).13  As these compounds were readily available 

in our laboratory, their anti-S. Typhimurium biofilm activity was investigated.  Halogenation 

(4.15b, 4.15c and 4.15d) of the aromatic ring lowers the IC50 value when compared to a 4-

pentylbenzoyl group, all returning IC50 values of less than 7.0 µM (Table 4.3).  The 3,5-dichloro 

analogue (4.15e) displays lower activity compared to the other halogenated tails, but displays 

equivalent activity to the parent compound (4.1).  Addition of a pentoxybenzoyl group (4.15a) 

returns the lowest IC50 observed, with an IC50 of 5.22±0.11 µM.  Although substituted benzoyl 

groups are favored in the most active compounds, removal of the aromatic ring in favor of a 

straight alkyl chain is tolerated as observed with nonanoyl (4.15h) and decanoyl (4.15i) tails.  4-

butylbenzoyl (4.15f), and 4-propoxybenzoyl (4.15g) tails all returned an IC50 value between 10 

and 15 mM, similar to that of the parent compound (4.1) and the 3,5-dichlorobenzoyl compound 

(4.15e).  Additional analogues were investigated, but all displayed lower activity in comparison 

to the parent compound.  4-Butoxybenzoyl (4.15j), 4-propylbenzoyl (4.15k), 4-hexylbenzoyl 

(4.15l), 4-heptylbenzoyl (4.15m), and octanoyl (4.15n) tails all returned IC50 values between 15 

and 20 mM.  4-ethylbenzoyl (4.15o) and hexanoyl (4.15p) tails returned IC50 values between 20 

and 40 micromolar.  Lastly, heptanoyl (4.15q), 4-octylbenzoyl (4.15r), undecanoyl (4.15s), and 

tridecanoyl (4.15t) tails returned IC50 values of greater than 40 mM.   
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Table 4.3. IC50 values of 2-ABIs with different tails, compounds 4.15a-t. 

Compound IC50 (µM) 

4.15a 5.22±0.11 

4.15b 5.38±0.79 

4.15c 5.58±0.21 

4.15d 6.30±1.29 

4.1 13.1±0.6 

4.15e 13.3±0.49 

4.15f 
10-15 

4.15g 
10-15 

4.15h 
10-15 

4.15i 
10-15 

4.15j 
15-20 

4.15k 
15-20 

4.15l 
15-20 

4.15m 
15-20 

4.15n 
15-20 

4.15o 
20-40 

4.15p 
20-40 

4.15q >40 

4.15r >50 

4.15s >50 

4.15t >50 
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4.4 Linker modification 

The last region of the 2-ABIs that we were interested in modifying was the linker region.  

The 2-ABIs previously synthesized in our laboratory11, 12-14 that served as the basis for the 2-

ABIs used in this study have featured the nitrogen in the amide connected to the 2-ABI head of 

the molecule.  Previous studies on other 2-AI natural products have demonstrated the effect that 

modification of the amide moiety can have on a compoundôs ability to control bacterial behavior 

as well as its toxicity in C. elegans.16  With this in mind, we aimed to synthesize 2-ABI 

derivatives with a reverse amide moiety (compound 4.20) as well as a urea moiety (compound 

4.25) replacing the amide. 

The synthesis of the reverse amide analogue (Scheme 4.4) began by reacting 4-fluoro-3-

nitrobenzoic acid with thionyl chloride in methanol at 0° C, warming to room temperature 

overnight to yield the methyl ester 4.17. Compound 4.17 was then reacted with 3-phenyl-1-

propylamine in ethanol at reflux to yield 4.18.  Reduction of the nitro group followed by 

cyclization with cyanogen bromide in DCM at room temperature yielded the 2-ABI 4.19.  Lastly, 

saponification of the methyl ester with sodium hydroxide in 1:1 MeOH/H2O at reflux followed 

by EDC coupling of the carboxylic acid with 3,4-dichloroaniline delivered the reverse amide 2-

ABI 4.20.  
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Scheme 4.4. Synthetic route to compound 4.20: (a) SOCl2, MeOH, 0 °C to rt, 16 h (b) 3-phenyl-

1-propylamine, EtOH, reflux, 16 h (c) NH4HCO2, 10% Pd/C, EtOH, reflux, 3 h (d) CNBr, DCM, 

16 h  (e) NaOH, 1:1 MeOH:H2O , reflux, 2 h (f) EDC, 3,4-dichloroaniline, Et3N, DMAP, 2:1 

DCM:DMF, rt, 16 h (g) HCl/MeOH. 

Synthesis of the urea analogue (Scheme 4.5) began with the Boc protection of 4-fluoro-3-

nitroaniline, yielding 4.21.  Compound 4.21 was then reacted with 3-phenyl-1-propylamine to 

yield the diamino benzene 4.22.  Reduction 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 Boc-protected 2-ABI 4.23.  Alloc protection of the 2-AI head proceeded 

smoothly utilizing scandium (III) triflate as a Lewis-acid catalyst in DCM overnight at room 

temperature, yielding alloc protected 2-ABI 4.24.  Boc deprotection of compound 4.25 followed 

by coupling of the Alloc-protected 2-ABI with 3,4-dichloroaniline using triphosgene yielded the 
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Alloc protected 2-ABI urea.  Finally, Alloc deprotection with Pd(PPh3)4 and NaBH4 yielded the 

target 2-ABI urea 4.25.   

 

Scheme 4.5. Synthetic route to compound 4.25: (a) Boc2O, DMAP, Et3N, DCM, rt, 16 h (b) 3-

phenyl-1-propylamine, EtOH, reflux, 16 h (c) NH4HCO2, 10% Pd/C, EtOH, reflux, 3 h (d) 

CNBr, DCM, rt, 16 h (e) Alloc-Cl, Et3N, Sc(OTf)3, DCM, rt, 16 h (f) 30% TFA:DCM, rt, 4 h (g) 

3,4-dichloroaniline, triphosgene, Na2CO3, DCM-H2O, rt, 16 h (h)  Pd(PPh3)4, NaBH4, EtOH, 0 

°C to rt, 1 h (i) 12N HCl, pH 1, rt, 2 h (j) HCl/MeOH. 

While the reverse amide analogue (4.20) displayed a two-fold greater IC50 (12.6±1.8 µM) 

than that of the parent compound 4.15d, the urea analogue (4.25) displayed only a slight 

reduction in IC50 value from 6.30±1.29 µM to 7.69±0.25 µM, demonstrating that the linker group 

of the 2-ABIs can be modified while retaining biofilm inhibitory activity against S. 

Typhiumurium. 
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4.5 Growth curve and toxicity studies 

After investigating the ability of the 2-ABIs to inhibit S. Typhimurium biofilms, we 

performed growth curve analysis to investigate the toxicity of compounds 4.15a and 4.25 

towards planktonic bacteria.  Compounds 4.15a and 4.25 both showed no toxicity to planktonic 

bacterial growth at their IC50 values, indicating that they are non-toxic biofilm inhibitors (Figure 

4.3).  

 

Figure 4.3. Growth curves of 4.15a and 4.25 in biofilm assay conditions. 

In addition to growth curve analysis, the 2-ABIs were investigated for potential in vivo 

application by assessing their toxicity towards G. mellonella (Figure 4.4).  Performed by Bradley 

M. Minrovic, previous work has established that compounds 4.1, 4.15l, 4.15n, and 4.15j were 

non-toxic to G. mellonella at a concentration of 400 mg/kg.13  This non-toxicity is also retained 

by compounds 4.15d and 4.15e, displaying a >95% survival rate after 5 days at a concentration 

of 400 mg/kg.   
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Figure 4.4. Toxicity  of compounds 4.15d (400 mg/kg) and 4.15e (400 mg/kg)  in G. mellonella. 

4.6 Conclusion 

After the identification of 2-ABI compound 4.1 as a S. Typhimurium biofilm inhibitor, 

probing of the SAR of the 2-ABIs elucidated six new analogues with IC50 values of less than 10 

µM.  Utilizing the same para-pentyl benzoyl tail as the parent compound 4.1, structural 

modifications to the head of the 2-ABIs in the para position to the amide yielded compounds 

4.5a and 4.5b with IC50 values of 6.66±0.32 and 9.59±0.23 µM respectively.  Modification of the 

tail region yielded compounds 4.15a (5.22±0.11 µM), 4.15b (5.38±0.79 µM), 4.15c (5.58±0.21 

µM), and 4.15d (6.30±1.29 µM) that displayed improved activity.  Modification of the linker 

between the head and the tail yielded the urea compound 4.25 with a comparable IC50 (7.69±0.25 

µM) to that of the amide parent compound, 4.15d (6.30±1.29 µM). Substitution the 2-ABI head 

at the meta position to the amide (4.14a-e) and reversal of the amide moiety (4.20) and did not 

produce an increase in activity when compared to their respective parent compounds, compounds 

4.1 and 4.15d.  Compounds 4.15a and 4.25 were then shown to be non-toxic to planktonic 
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bacterial growth at their IC50 values using growth curve analysis, demonstrating that they show 

specific anti-S. Typhimurium biofilm inhibitory activity.  Additionally, compounds 4.15d and 

4.15e and other related 2-ABIs13 displayed no toxicity to G. mellonella at 400 mg/kg (Figure 

4.4), thus making them potential candidates for future in vivo 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 Å mesh 

standard grade silica gel from Sorbtech. NMR solvents were obtained from Cambridge Isotope 

Laboratories and used as is. All 1H NMR (300 or 400 MHz) and 13C NMR (75, 100, or 175 MHz) 

spectra were recorded at 25 ÁC on Varian Mercury spectrometers. Chemical shifts (ŭ) are 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; d, doublet; 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 obtained on an FT/IR-

4100 spectrophotometer (ɜmax in cmī1). UV absorbance was recorded on a Genesys 10 scanning 

UV/visible spectrophotometer (ɚmax in nm). The purities of the tested compounds were all verified 

to be >95% by LC-MS analysis on a Shimadzu LC-MS 2020 with Kinetex, 2.6 mm, C18 50 × 2.10 

mm. 

General Synthetic Procedures 

General Synthetic Procedure for Aniline Acylation (Compounds 4.3, 4.12): To a solution of 

nitroaniline (1.0 g, 6.41 mmol) in anhydrous Dichloromethane (35 mL), was added DMAP 

(0.782 g, 1.0 mmol), and 4- pentylbenzoyl chloride (1.69 mL, 8.32 mmol) dropwise. The 

reaction was stirred under N2 for 16 hours, after which it was washed with H2O (3 x 100 mL), 
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saturated aqueous NaHCO3 (2 x 100 mL), and saturated aqueous NaCl (1 x 100 mL). It was then 

dried with sodium sulfate and purified on silica gel, using 10-50% EtOAc/Hexanes as the eluting 

solvent. 

General Synthetic Procedure for SNAr Substitution (Compounds 4.4a-n, 4.13a-e, 4.18, 4.22): 

Compounds 4.3, 4.12, 4.17, or 4.21 were added to a round bottom flask and dissolved in ethanol 

(1 mmol, 0.5 M). To this mixture the corresponding amine (3-5 equivalents) was added 

dropwise. The reaction 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 cooled to 0° C. The 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 

4.5a-n, 4.14a-e, 4.19, 4.23): The appropriate nitro-compound 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 formate (5 eq) was then dissolved in ethanol and added dropwise to the 

reaction 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 nitrogen, and solid 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 chromatography (1-5% MeOH/NH3-

DCM). Methanol supplemented with 12N HCl was added to the product forming the HCl salt, 

which was then dried under high vacuum overnight. 

General Synthetic Procedure for Simple 2-ABI Cyclization (compound 4.7): Cyanogen 

bromide (3.55 g, 33.5 mmol) was added to a solution of 4-nitro-1,2-phenylenediamine (5.06 g, 
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33.1 mmol) in water/acetonitrile (80:10 mL). The reaction was then refluxed for 4 h while 

turning a deep red color. After concentrating half of the water/acetonitrile reaction solvent, 

concentrated ammonia hydroxide (aq) was added to the solution until a yellow precipitate began 

to form. The mixture was then filtered, and the precipitate was dried under reduced pressure to 

give 4.7.  

General Synthetic Procedure for the Boc Protection of Simple 2-ABIs (4.8): A solution 

of 4.7 (0.06 g, 0.337 mmol), Boc anhydride (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.  The crude product was then purified using flash chromatography (5-20% 

EtOAc/Hex) to yield compound 4.8 as a yellow solid. 

General Procedure for the Nitro R eduction and Formation of 2-ABI A mides (4.9): To a 

solution of 4.8 (0.35g, 0.731 mmol) in THF (15 mL) was added 10% Pd/C (0.035 g).  The 

solution was then purged with a H2 balloon 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 the THF 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-Pentylbenzoyl chloride (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 chromatography (5-20% EtOAc/Hex) to yield 4.9 as a white solid. 
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General Procedure for the Boc Deprotection of Tri-Boc Protected 2-ABI A mides (4.10): 

The tri-Bocïprotected 2-ABI amide, 4.9, was dissolved in 2 mL of methylene chloride.  TFA 

(2 mL) was then added dropwise to give a 1:1 mixture (CH2Cl2/TFA). The reaction was then 

allowed to stir for 16 h at room temperature after which the solvent was removed under reduced 

pressure to yield the 2-ABI product, 4.10. Methanol supplemented with 12N HCl was added to 

the product forming the HCl salt, which was then dried under high vacuum overnight. 

General Synthetic Procedure for Methyl Ester Synthesis (Compound 4.17): To a solution of 

4-fluoro-3-nitrobenzoic acid (2.00 g, 10.8 mmol) in MeOH (20 mL) at 0° C was added thionyl 

chloride (2.35 mL, 32.4 mmol) dropwise, and the reaction mixture was allowed to stir overnight.  

After completion, the reaction 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 Coupling (Compound 

4.20):  2-ABI methyl ester (compound 4.19, 0.200 g, 0.645 mmol) was dissolved in a 1:1 mixture 

of MeOH:H2O (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 then cooled to 0° C, 

and 12N HCl 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 (0.073 g, 0.471 mmol), DMAP (0.044 g, 0.362 

mmol), and 3,4-dichloroaniline (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 remaining solution 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 the crude product.  The crude product was then purified using flash 

chromatography (0.5-5% MeOH-NH3/DCM).  Methanol supplemented with 12N HCl was added 

to the product forming the HCl salt, which was then dried under high vacuum overnight. 

General Synthetic Procedure for Aniline Boc Protection (Compound 4.21): 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). Di-tert-butyl dicarbonate (10.49 g, 

48.4 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 1N HCl (3 x 100 mL), saturated sodium bicarbonate (3 x 100 

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 Procedure for 2-ABI Alloc Protection (Compound 4.24): Compound 4.23 

(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 Sc(Otf)3 and triethylamine triethylamine 

(0.482 mL, 3.45 mmol). 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. The solvent 

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 solvent was removed under 

reduced pressure, and the crude product was purified via flash chromatography (1-5% MeOH 

Sat. NH4/DCM). 

General Synthetic Procedure for Boc Deprotection, Urea coupling, Alloc Deprotection 

(Compound 4.25):  Compound 4.24 (0.123 g, 0.273 mmol) 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 washed with saturated 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 

(0.046g, 0.434 mmol) and 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 dichloromethane (15 mL) and washed 

with water (2 x 20 mL) and brine (1 x 20 mL).  The crude mixture was then purified with flash 

chromatography (0.5-1.5% MeOH-NH3/DCM) to yield the intermediate.  After allowing the 

product to dry under high vacuum for 2 hours, the alloc protected urea (0.023 g, 0.427 mmol) 

was then placed under nitrogen and dissolved in ethanol (10 mL) at 0o C.  Next, 

tetrakis(triphenylphosphine)palladium (0) (0.0002 g, 0.0002 mmol) and sodium borohydride 

(0.003g, 0.085 mmol) were added to the reaction mixture and allowed to stir for 1 hour while 

warming to room temperature.  The reaction was then acidified to pH 2.5-3 using 12 N HCl, 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).  The combined organic layers were washed with water (20 mL), 

saturated NaHCO3 (20 mL), brine (20 mL), dried (MgSO4) and concentrated under reduced 

pressure.  The residue was then purified using flash chromatography (1-5% MeOH-NH3/DCM) 

to yield the desired product. Methanol supplemented with 12N HCl was added to the product 

forming the HCl salt, which was then dried under high vacuum overnight. 

Previously Reported Compounds  

 

N-(2-Amino-1-phenethyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride 

(4.1): Compound was synthesized using previously reported methods.14 Spectral data was 

consistent with previous reports.14 

 

N-(2-Amino-1-octyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5a): 

Compound was synthesized using previously reported methods.14 Spectral data was consistent 

with previous reports.14 
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N-(2-Amino-1-(4-phenylbutyl)-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide 

hydrochloride (4.5b): Compound was synthesized using previously reported methods.14 

Spectral data was consistent with previous reports.14 

 

N-(2-Amino-1-hexyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5c): 

Compound was synthesized using previously reported methods.14 Spectral data was consistent 

with previous reports.14 

 

N-(1-(2-(1H-Indol-3-yl)ethyl)-2-amino-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide 

hydrochloride (4.5e): Compound was synthesized using previously reported methods.14 Spectral 

data was consistent with previous reports.14 
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N-(2-Amino-1-butyl -1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5f): 

Compound was synthesized using previously reported methods.14 Spectral data was consistent 

with previous reports.14 

 

N-(2-Amino-1-cyclopentyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride 

(4.5g): Compound was synthesized using previously reported methods.14 Spectral data was 

consistent with previous reports.14 

 

N-(2-Amino-1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride 

(4.5h): Compound was synthesized using previously reported methods.14 Spectral data was 

consistent with previous reports.14 
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N-(2-Amino-1-isopropyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride 

(4.5k): Compound was synthesized using previously reported methods.14 Spectral data was 

consistent with previous reports.14 

 

N-(2-Amino-1-methyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5l): 

Compound was synthesized using previously reported methods.14 Spectral data was consistent 

with previous reports.14 

 

N-(2-Amino-1-dodecyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5n): 

Compound was synthesized using previously reported methods.14 Spectral data was consistent 

with previous reports.14 

 

N-(2-Amino-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.10): 

Compound was synthesized using previously reported methods.11 Spectral data was consistent 

with previous reports.11  
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-pentoxybenzamide 

hydrochloride (4.15a): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3,4-dibromobenzamide 

hydrochloride (4.15b): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3,5-dibromobenzamide 

hydrochloride (4.15c): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3,4-dichlorobenzamide 

hydrochloride (4.15d): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3,5-dichlorobenzamide 

hydrochloride (4.15e): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-butylbenzamide 

hydrochloride (4.15f): Compound was synthesized using previously reported methods.13  Spectral 

data was consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-propoxybenzamide 

hydrochloride (4.15g): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)decanamide hydrochloride 

(4.15h): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)undecanamide hydrochloride 

(4.15i): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-butoxybenzamide 

hydrochloride (4.15j): Compound was synthesized using previously reported methods.13  Spectral 

data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-propylbenzamide 

hydrochloride (4.15k): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-hexylbenzamide 

hydrochloride (4.15l): Compound was synthesized using previously reported methods.13  Spectral 

data was consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-heptylbenzamide 

hydrochloride (4.15m): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)nonanamide hydrochloride 

(4.15n): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-ethylbenzamide 

hydrochloride (4.15o): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)heptanamide hydrochloride 

(4.15p): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)octanamide hydrochloride 

(4.15q): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-4-octylbenzamide 

hydrochloride (4.15r): Compound was synthesized using previously reported methods.13  

Spectral data was consistent with previous reports.13 
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N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)dodecanamide hydrochloride 

(4.15s): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

N-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)tetradecanamide hydrochloride 

(4.15t): Compound was synthesized using previously reported methods.13  Spectral data was 

consistent with previous reports.13 

 

Methyl 4-fluoro-3-nitrobenzoate (4.17): Compound was synthesized using previously reported 

methods.17  Spectral data was consistent with previous reports.17 
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Methyl 3-nitro -4-((3-phenylpropyl)amino)benzoate (4.18): Compound was synthesized using 

previously reported methods.13  Spectral data was consistent with previous reports.18 

 

Methyl 2-amino-1-(3-phenylpropyl) -1H-benzo[d]imidazole-5-carboxylate (4.19): Compound 

was synthesized using previously reported methods.13  Spectral data was consistent with previous 

reports.18 

 

tert-Butyl  (4-fluoro-3-nitrophenyl)carbamate (4.21): Compound was synthesized using 

previously reported methods.13  Spectral data was consistent with previous reports.13 
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tert-Butyl  (3-nitro -4-((3-phenylpropyl)amino)phenyl)carbamate (4.22): Compound was 

synthesized using previously reported methods.13  Spectral data was consistent with previous 

reports.13 

 

tert-Butyl  (2-amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)carbamate (4.23): 

Compound was synthesized using previously reported methods.13  Spectral data was consistent 

with previous reports.13 

Novel Compound Characterization 

 

N-(4-(Isobutylamino)-3-nitrophenyl) -4-pentylbenzamide (4.4d): The title compound was 

synthesized from 4.3 following the general procedure to afford 4.4d as a red solid (35%). 1H 
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NMR (300 MHz, CDCl3) ŭ 8.70 (brs, 1H), 3.24 (d, J = 2.4 Hz, 1H), 8.06 (t, J = 4.8 Hz, 1H), 

7.79 (d, J = 8.4 Hz, 3H), 7.16 (d, J = 8.1 Hz, 2H), 6.70 (d, J = 8.7 Hz, 1H), 3.04 (t, J = 6.0 Hz, 

2H), 2.58 (t, J = 7.2 Hz, 2H), 1.94 (m, J = 6.6 Hz, 1H), 1.56 (m, 2H), 1.30 (m, 4H), 1.02 (d, J = 

6.9 Hz, 6H),  0.81 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 166.5, 147.3, 143.4, 

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 ppm; UV (ɚmax nm) 296; IR vmax (cm-1) 3257, 2970, 1666, 1514, 800; HRMS (ESI) calcd for 

C22H29N3O3 [M+H] + 384.2282, found 384.2279. 

 

N-(4-((2-(1H-Imidazol-5-yl)ethyl)amino)-3-nitrophenyl) -4-pentylbenzamide (4.4j): The title 

compound was synthesized from 4.3 following the general procedure to afford 4.4j  as a red solid 

(53%). 1H NMR (400 MHz, DMSO-d6) ŭ 10.30 (s, 1H), 8.69 (s, 1H), 8.23 (brs, 1H), 7.94 (m, 

3H), 7.60 (s, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 9.2 Hz, 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), 0.84 (t, J = 6.8 Hz, 

3H)  ppm; 13C NMR (100 MHz, DMSO-d6) ŭ 165.2, 146.2, 142.2, 135.1, 132.0, 130.7, 129.8, 

128.3, 127.8, 127.7, 116.4, 114.7, 42.7, 35.0, 30.9, 30.5, 22.0, 14.0 ppm; UV (ɚmax nm) 292; IR 

vmax (cm-1) 3344, 2954, 1637, 1312, 811; HRMS (ESI) calcd for C23H27N5O3 [M+H] + 422.2187, 

found 422.2188. 
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N-(4-(Decylamino)-3-nitrophenyl) -4-pentylbenzamide (4.4m): The title compound was 

synthesized from 4.3 following the general procedure to afford 4.4m as a red solid (80%). 1H 

NMR (300 MHz, CDCl3) ŭ 8.35 (brs, 1H), 8.21 (s, 1H), 7.97 (m, 1H), 7.87 (d, J = 8.7 Hz, 1H), 

7.80 (d, J = 7.8 Hz, 2H), 7.23 (d, J = 7.5, 2H), 6.79 (d, J = 9.3 Hz, 1H), 3.24 (m, 2H), 2.63 (t, J 

= 7.8 Hz, 2H), 1.68 (m, 5H), 1.27 (m, 2H), 0.88 (m, 6H)  ppm; 13C NMR (100 MHz, CDCl3) ŭ 

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, 29.4, 29.4, 29.1, 27.2, 22.8, 22.6, 14.2, 14.1 ppm; UV (ɚmax nm) 296; IR vmax 

(cm-1) 3370, 2920, 1649, 1520, 884; HRMS (ESI) calcd for C28H41N3O3 [M+H] + 468.3221, 

found 468.3220. 

 

N-(2-Amino-1-isbutyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5d): 

The title compound was synthesized from 4.4d following the general procedure to afford 4.5d as 

a white (53%). 1H ŭ (300 MHz, CD3OD) 7.86 (d, J = 7.5 Hz, 2H), 7.59 (s, 1H), 7.30 (m, 3H), 

7.15 (m, 1H), 3.82 (d, J = 7.8 Hz, 2H), 2.68 (t, J = 7.5 Hz, 2H), 2.23 (m, 1H), 1.67 (m, 2H), 1.36 

(m, 4H), 0.95 (m, 9H) ppm; 13C NMR (100 MHz, CDCl3) ŭ 168.8, 151.8, 148.7, 136.8, 133.2, 

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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(ɚmax nm) 286; IR vmax (cm-1) 3227, 2945, 1663, 1514, 767; HRMS (ESI) calcd for C23H30N4O 

[M+H] + 379.2492, found 379.2495. 

 

N-(1-(2-(1H-Imidazol-5-yl)ethyl)-2-amino-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide 

dihydrochloride (4.5j): The title compound was synthesized from 4.4j following the general 

procedure to afford 4.5j as a brown solid (61%). 1H NMR (300 MHz, CD3OD) ŭ 7.86 (m, 3H), 

7.65 (s, 1H), 7.33 (m, 2H), 7.16 (d, J = 8.7 Hz, 2H) 6.83 (s, 1H), 4.29 (t, J = 6.9 Hz, 2H), 3.04 (t, 

J = 6.6 Hz, 2H), 2.68 (t, J = 7.5 Hz, 2H), 1.65 (m, 2H), 1.28 (m, 4H), 0.91 (t, J = 7.2 Hz, 3H) 

ppm; 13C NMR (100 MHz, CD3OD) ŭ 168.6, 151.5, 148.6, 136.9, 134.9, 133.0, 130.6, 130.0, 

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 

(ɚmax nm) 294; IR vmax (cm-1) 3231, 2925, 1669, 1504, 805; HRMS (ESI) calcd for C24H28N6O 

[M+H] + 417.2397, found 417.2398. 

 

N-(2-Amino-1-decyl-1H-benzo[d]imidazol-5-yl)-4-pentylbenzamide hydrochloride (4.5m): 

The title compound was synthesized from 4.4m following the general procedure to afford 4.5m 

as a white solid (39%). 1H NMR (300 MHz, CD3OD) ŭ 7.85 (m, 2H), 7.60 (brs, 1H), 7.29 (m, 

3H), 7.09 (m, 1H), 3.95 (m, 2H), 2.65 (t, J = 6.6 Hz, 2H), 1.71 (m, 4H), 1.31 (m, 21H), 0.89 (m, 

6H) ppm; 13C NMR (100 MHz, CD3OD) ŭ 168.8, 156.4, 148.3, 141.8, 134.0, 133.8, 132.3, 

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, 14.5, 14.4 ppm; UV (ɚmax nm) 296; IR vmax (cm-1) 3231, 2921, 1661, 1452, 801; 

HRMS (ESI) calcd for C29H42N4O [M+H] + 463.3431, found 463.3434. 

 

N-(3-Fluoro-4-nitrophenyl) -4-pentylbenzamide (4.12): The title compound was synthesized 

from 4.11 following the general procedure to afford 4.12 as a yellow solid (m.p = 105 ęC, 98%). 

1H NMR (300 MHz, CDCl3) ŭ 8.60 (s, 1H), 8.04 (t, J = 8.7 Hz, 1H), 7.92 (m, 1H), 7.78 (d, J = 

7.5 Hz, 2H), 7.43 (d, J = 8.4 Hz, 1H), 7.26 (d, J = 8.4 Hz, 2H), 2.64 (5, J = 7.5 Hz, 2H),  1.63 

(m, 2H), 1.32 (m, 4H), 0.88 (t, J = 6.6 Hz, 3H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 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 ppm; IR vmax (cm-1) 3337, 2863, 1649, 1567, 1270, 866; HRMS (ESI) calcd 

for C11H15N3S [M+H]+ 331.1453, found 331.1451. 

 

N-(4-Nitro -3-(butylamino)phenyl)-4-pentylbenzamide (4.13a): The title compound was 

synthesized from 4.12 following the general procedure to afford 4.13a as a yellow solid (85%). 

1H NMR (400 MHz, CDCl3) ŭ 8.59 (s, 1H), 8.20 (s, 1H), 8.08 (d, J = 9.2 Hz, 1H), 7.80 (d, J = 

8.0 Hz, 2H), 7.69 (s, 1H), 7.23 (d, J = 8.0 Hz, 2H), 6.68 (d, J = 9.6 Hz, 1H), 3.26 (m, 2H), 2.64 

(m, 2H), 1.66 (m, 4H), 1.4 (m, 2H), 1.31 (m, 4H), 0.95 (m, 3H), 0.86 (m, 3H) ppm; 13C NMR 

(100 MHz,CDCl3) ŭ 166.5, 148.1, 147.3, 145.5, 131.5, 128.9, 128.2, 127.6, 127.3, 107.9, 102.4, 
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42.9, 35.9, 21.5, 31.0, 30.9, 22.5, 20.3, 14.0, 13.8 ppm; UV (ɚmax nm) 320; IR vmax (cm-1) 3293, 

2952, 1676, 1391, 800; HRMS (ESI) calcd for C22H29N3O3 [M+H] + 384.2282, found 384.2285. 

 

N-(3-(Hexylamino)-4-nitrophenyl) -4-pentylbenzamide (4.13b): The title compound was 

synthesized from 4.12 following the general procedure to afford 4.13b as an orange solid (90%). 

1H NMR (400 MHz, CDCl3) ŭ 8.26 (s, 1H), 8.16 (d, J = 9.2 Hz, 1H), 8.00 (s, 1H), 7.79 (d, J = 

7.2 Hz, 2H), 7.74 (s, 1H), 7.31 (d, J = 8.0 Hz, 2H), 6.54 (d, 9.2 Hz, 1H), 3.34 (m, 2H), 2.67 (t, J 

= 7.2 Hz, 1.76 (m, 2H), 1.73 (m, 2H), 1.45 (m, 2H), 1.33 (m, 8H), 0.90 (m, 6H) ppm; 13C NMR 

(100 MHz,CDCl3) ŭ 166.6, 148.0, 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, 26.7, 22.5, 22.4, 14.0 ppm; UV (ɚmax nm) 320; IR vmax (cm-1) 3295, 2955, 

1678, 1395, 804; HRMS (ESI) calcd for C24H33N3O3 [M+H] + 412.2595, found 412.2601. 

 

N-(3-(Methylamino)-4-nitrophenyl) -4-pentylbenzamide (4.13c): The title compound was 

synthesized from 4.12 following the general procedure to afford 4.13c as a yellow solid (m.p = 

127 ęC, 100%). 1H  NMR (300 MHz, CDCl3) ŭ 8.21 (m, 3H), 7.78 (m, 2H), 7.68 (s, 1H), 7.24 

(m, 3H), 6.60 (m, 1H), 3.04 (d, J = 4.5 Hz, 3H), 2.63 (t, J = 4.5 Hz, 2H), 1.64 (m, 2H), 1.36 (m, 

4H), 0.91 (m, 3H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 166.6, 148.0, 147.9, 145.6, 131.3, 128.7, 

128.0, 127.5, 127.3, 108.1, 102.0, 35.8, 31.4, 30.8, 29.6, 22.5, 14.0 ppm; IR vmax (cm-1) 3376, 
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2951, 1654, 1567, 1469, 803; HRMS (ESI) calcd for C11H15N3S [M+H]+ 342.1812, found 

342.1809. 

 

N-(3-(Ethylamino)-4-nitrophenyl) -4-pentylbenzamide (4.13d): The title compound was 

synthesized from 4.12 following the general procedure to afford 4.13d as a yellow solid (m.p = 

125 ęC, 89%). 1H NMR (300 MHz, CDCl3) ŭ 8.15 (m, 3H), 7.75 (m, 3H), 7.22 (m, 2H), 6.58 (m, 

1H), 3.38 (m, 2H), 2.65 (m, 2H), 1.65 (m, 2H), 1.33 (m, 7H), 0.87 (m, 3H) ppm; 13C NMR (100 

MHz,CDCl3) ŭ 166.6, 148.1, 147.0, 145.6, 131.4, 128.8, 128.1, 127.4, 127.3, 108.0, 102.4, 37.8, 

35.8, 31.4, 30.8, 22.5, 14.2, 14.0 ppm; IR vmax (cm-1) 3378, 2950, 1658, 1560, 1473, 798; HRMS 

(ESI) calcd for C11H15N3S [M+H]+ 356.1969, found 356.1965. 

 

N-(3-(Isopropylamino)-4-nitrophenyl) -4-pentylbenzamide (4.13e): The title compound was 

synthesized from 4.12 following the general procedure to afford 4.13e as a yellow solid (53%). 

1H NMR (300 MHz, CDCl3) ŭ 8.59 (s, 1H), 8.20 (d, J = 6.9 Hz, 1H), 8.07 (dd, J=9.3 Hz, 3.6 Hz, 

1H), 7.78 (m, 3H), 7.21 (m, 2H), 6.64 (m, 1H), 3.80 (m, 1H), 2.63 (m, 2H), 1.57 (t, J=5.1 Hz, 

2H), 1.27 (m, 10H), 0.85 (m, 3H) ppm; 13C NMR (100 MHz,CDCl3) ŭ 166.9, 147.9, 146.2, 

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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(ɚmax nm) 320; IR vmax (cm-1) 3295, 2955, 1678, 1395, 804; HRMS (ESI) calcd for C11H16N4S 

[M+H] + 370.2125, found 370.2124. 

 

N-(2-Amino-1-butyl -1H-benzo[d]imidazol-6-yl)-4-pentylbenzamide hydrochloride (4.14a): 

The title compound was synthesized from 4.13a following the general procedure to afford 4.14a 

as a brown solid (74%). ó1H NMR (300 MHz, CD3OD) ŭ 8.03 (s, 1H), 7.88 (d, J = 8.1 Hz, 2H), 

7.54 (d, J = 8.4 Hz, 1H), 7.33 (m, 3H), 4.11 (t, J = 7.2 Hz, 2H), 2.67 (t, J = 6.9 Hz, 2H), 1.78 

(m, 2H), 1.65 (m, 2H), 1.44 (m, 2H), 1.32 (m, 4H), 1.00 (t, J = 7.2 Hz, 3H), 0.91 (t, J = 6.9 Hz, 

3H) ppm; 13C NMR (100 MHz,CD3OD) ŭ 168.7, 141.6, 148.7, 136.4, 133.1, 131.7, 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, 14.1 ppm; UV 

(ɚmax nm) 298;  IR vmax (cm-1) 3316, 2961, 1638, 1499, 1426, 763; HRMS (ESI) calcd for 

C23H30N4O [M+H]+ 379.2492, found 379.2497. 

 

N-(2-Amino-1-hexyl-1H-benzo[d]imidazol-6-yl)-4-pentylbenzamide hydrochloride (4.14b): 

The title compound was synthesized from 4.13b following the general procedure to afford 4.14b 

as a burgundy solid (69%). 1H NMR (300 MHz, CD3OD) ŭ 8.01 (d, J = 1.8 Hz, 1H), 7.89 (d, J = 

8.1 Hz, 2H), 7.58 (dd, J=8.4 Hz, 1.5 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.27 (d, J = 8.1 Hz, 2H), 

4.05 (t, J = 7.5 Hz, 2H), 2.61 (t, J = 7.5, 2H), 1.70 (m, 2H), 1.35 (m, 2H), 1.29 (m, 12H), 0.83 

(m, 6H)  ppm; 13C NMR (100 MHz,CD3OD) ŭ 168.5, 151.4, 148.6, 136.4, 133.0, 131.6, 129.5, 

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 (ɚmax nm) 298; IR vmax (cm-1) 3312, 2960, 1643, 1497, 1432, 758; HRMS (ESI) calcd for 

C25H34N4O [M+H]+ 407.2805, found 407.2810. 

 

N-(2-Amino-1-methyl-1H-benzo[d]imidazol-6-yl)-4-pentylbenzamide hydrochloride 

(4.14c): The title compound was synthesized from 4.13c following the general procedure to 

afford 4.14c as a white solid (m.p = 232 ęC, 15%). 1H NMR (300 MHz, CD3OD) ŭ 7.86 (d, J = 

7.2 Hz, 2H), 7.66 (s, 1H), 7.32 (d, J = 7.8 Hz, 2H), 7.17 (s, 2H), 3.53 (s, 3H), 2.67 (t, J = 7.2 Hz, 

2H), 2.14 (s, 2H), 1.65 (m, 2H), 1.34 (m, 4H), 0.90 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (100 

MHz,CD3OD) ŭ 168.8, 157.0, 148.4, 139.5, 135.6, 133.8, 132.4, 129.6, 128.6, 116.8, 115.3, 

103.2, 36.7, 32.6, 32.2, 28.8, 23.6, 14.4 ppm; IR vmax (cm-1) 3295, 2955, 1678, 1510, 1454, 732; 

HRMS (ESI) calcd for C11H15N3S [M+H]+ 337.2023, found 337.2023. 

 

N-(2-Amino-1-ethyl-1H-benzo[d]imidazol-6-yl)-4-pentylbenzamide hydrochloride (4.14d): 

The title compound was synthesized from 4.13d following the general procedure to afford 4.14d 

as a white-pink solid (m.p = 234 ęC, 30%). 1H NMR (400 MHz, CD3OD) ŭ 7.98 (s, 1H), 7.87 (d, 

J = 8.0 Hz, 2H), 7.55 (d, J = 8.8 Hz, 1H), 7.29 (m, 3H), 4.13 (q, J = 7.2 Hz, 2H), 2.61 (t, J = 7.6 

Hz, 2H), 1.59 (m, 2H), 1.36 (t, J = 7.2 Hz, 3H), 1.30 (m, 4H), 0.89 (t, J = 6.4 Hz, 3H) ppm; 13C 

NMR (100 MHz,CD3OD) ŭ 168.4, 151.4, 148.5, 136.4, 133.0, 131.1, 129.5, 128.7, 126.5, 118.6, 

112.5, 104.1, 38.9, 36.7, 32.5, 32.0, 23.5, 14.4, 13.4 ppm; IR vmax (cm-1) 3299, 2940, 1659, 1540, 

1470, 750; HRMS (ESI) calcd for C11H15N3S [M+H]+ 351.2179, found 351.2181. 
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N-(2-Amino-1-isopropyl-1H-benzo[d]imidazol-6-yl)-4-pentylbenzamide hydrochloride 

(4.14e): The title compound was synthesized from 4.13e following the general procedure to 

afford 4.14e as a red solid(m.p = 252 ęC, 20%). 1H NMR (400 MHz, CD3OD) ŭ 8.29 (s, 1H), 

7.89 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 8.4 Hz, 1H), 7.36 (m, 3H), 4.77 (m, J = 6.4 Hz, 1H), 2.68 

(t, J = 7.2 Hz, 2H), 1.67 (m, 8H), 1.33 (m, 4H), 0.90 (t, J = 6.8 Hz, 3H) ppm; 13C NMR (100 

MHz,CD3OD) ŭ 168.9, 151.1, 148.7, 136.1, 133.3, 130.1, 129.7, 128.7, 127.1, 118.4, 112.7, 

106.5, 36.7, 32.6, 32.1, 23.5, 20.2, 14.4 ppm; IR vmax (cm-1) 3315, 2963, 1640, 1497, 1432, 763; 

HRMS (ESI) calcd for C11H15N3S [M+H]+ 365.2336, found 365.2338. 

 

2-Amino-N-(3,4-dichlorophenyl)-1-(3-phenylpropyl)-1H-benzo[d]imidazole-5-carboxamide 

hydrochloride (4.20): The title compound was synthesized from 4.19 following the general 

procedure to afford 4.20 as a white solid (40%). 1H NMR (400 MHz, CD3OD) ŭ 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 (t, J = 6.6 Hz, 2H), 

2.75 (t, J = 7.4 Hz, 2H), 2.15 (t, J = 6.8 Hz, 2H) ppm; 13C NMR (175 MHz, CD3OD) ŭ 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 ppm; UV (ɚmax nm) 298; IR vmax (cm-1) 3303, 1567, 1472, 

1214, 856, 700; HRMS (ESI) calcd for C23H20Cl2N4O [M+H]+ 439.1087, found 439.1096. 
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Allyl tert-Butyl  (1-(3-phenylpropyl)-1H-benzo[d]imidazole-2,5-diyl)dicarbamate (4.24): The 

title compound was synthesized from 4.23 following the general procedure to afford 4.24 as a 

brown oil (25%). 1H NMR (300 MHz, CD3OD) ŭ 7.62 (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 (t, J = 7.6 

Hz, 2H), 2.57 (t, J = 7.6 Hz, 2H), 1.95 (t, J = 7.2 Hz, 2H), 1.49 (s, 9H)  ppm; 13C NMR (100 

MHz, CD3OD) ŭ 163.6, 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, 28.7 ppm; UV (ɚmax nm) 312; IR vmax (cm-1) 2929, 

1710, 1499, 1364, 1150, 1052, 700; HRMS (ESI) calcd for C25H30N4O4 [M+H] + 451.2340, found 

451.2351. 

 

1-(2-Amino-1-(3-phenylpropyl)-1H-benzo[d]imidazol-5-yl)-3-(3,4-dichlorophenyl)urea 

hydrochloride (4.25): The title compound was synthesized from 4.24 following the general 

procedure to afford 4.25 as a brown solid (20%). 1H NMR (300 MHz, CD3OD) ŭ 7.72 (m, 2H), 

7.31 (m, 4H), 7.17 (m, 5H), 4.08 (t, J = 7.4 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H), 2.08 (t, J = 7.2 Hz, 

2H) ppm; 13C NMR (175 MHz, CD3OD) ŭ 154.5, 151.2, 141.8, 140.6, 137.3, 133.1, 131.3, 

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 (ɚmax nm) 298; IR vmax (cm-1) 2918, 1638, 1583, 1301, 1023, 813; HRMS (ESI) calcd for 

C23H21Cl2N5O [M+H] + 454.1196, found 454.1203. 

 

Biology Experimental 

Procedure to Determine the Inhibitory  Effect of Test Compounds on Salmonella 

Typhimurium ATCC 14028 Biofilms: Inhibition assays were performed by taking an overnight 

culture of S. Typhimurium ATCC 14028 in tryptic soy broth (TSB) and subculturing it at an 

OD600 of 0.08 into 1:20 TSB:Water. Stock solutions of predetermined concentrations of the test 

compounds were then made in 1 mL of bacterial culture.  The resulting bacterial suspension was 

aliquoted (100 µL) into the wells of a 96-well PVC microtiter plate. Sample plates were then 

incubated for 24 h at 30 °C. After incubation, the medium was discarded from the wells and the 

plates were washed thoroughly with water. Plates were then stained with 110 µL 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 µL of 95% ethanol. A 

sample of 125 µL of solubilized CV stain from each well was transferred to the corresponding 

wells of a polystyrene microtiter dish. Biofilm inhibition was quantitated by measuring the OD540 

of each well in which a negative control lane wherein no biofilm was formed served as a 

background and was subtracted out. 

Growth Curves: S. typhimurium was grown overnight in TSB, and this culture was used to 

inoculate fresh 1:20 TSB (OD600=0.08). 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 30 °C with shaking. Samples were taken at 2, 4, 6, 8, and 24 h time points, 

serially diluted in fresh 1:20 TSB, 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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Appendix A: Chapter 2 

NMR Spectra 

Compound 2.1
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Compound 2.2a 
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Compound 2.2b 
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Compound 2.2c 
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Compound 2.2d 
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Compound 2.2e 
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Compound 2.2f 
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