
ABSTRACT 

SU, RUI. Structure-Bioactivity Relationship Study on 2-Aminoimidazole Derivatives. 

(Under the direction of Dr. Christian Melander). 

The emergence of drug resistant bacterial strains has resulted in the arrival of 

antibiotic crisis era in the past few decades. Prevailing in both hospital and communities, 

multi-drug resistant (MDR) bacteria represent a dominating healthcare concern. Among 

many defense strategies bacteria have adapted, biofilms, which are communities of 

unicellular organisms encased in a polymer matrix of biomolecules, play a significant role 

involved in resistance against antibacterial drugs by offering protection. Extracted from 

marine organisms, the 2-aminoimidazole (2-AI) scaffold is used as inspiration for the 

synthesis of biofilm modulators. Herein is described an assembly of a pilot library of 23 4,5-

disubstituted 2-aminoimidazole/triazole amide conjugates (2-AITAs), with a variety of 

aromatic substitutions, utilizing Weinreb amide intermediates and organometallic addition. 

These 2-AITAs were investigated for inhibition of biofilm formation by methicillin resistant 

Staphylococcus aureus (MRSA) and multi-drug resistant Acinetobacter baumannii 

(MDRAB). Several lead compounds were also identified with the ability to suppress β-

lactam resistance in MRSA via a non-antibacterial mechanism. Additionally, 4-(para-

hexylphenyl)-2-AI previously identified as an active carbapenem adjuvant against Klebsiella 

pneumonia, was used as a scaffold for analogue synthesis. Several modifications have been 

applied and developed in order to probe biological activity. 
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CHAPTER 1 

BACKGROUND AND LITERATURE REVIEW 

1.1 The Crisis Era of Antibiotics 

1.1.1 Brief Antibiotic Introduction 

Over the past 50 years, antibiotic agents have been the most successful and effective 

of all medicines due to their wide and continued application and the observable suppression 

in morbidity and mortality from bacterial infections.
[1]

 The emergence of drug resistant 

bacterial strains, however, has predicted the arrival of an antibiotic crisis era in recent years. 

Besides the resistance to normally available antibiotics, it is more serious that today’s 

bacteria carry developed virulence genes, which are able to convert commonly occurring 

bacteria into aggressive and infective pathogens.
[2]

 The judicious use of antibiotics in human 

medicine and the requirement for new therapeutic treatments need urgent focus. 

In 1929, the discovery and isolation of penicillin and its potential application in 

surgery ushered the antibiotic era. Then in the early 1940s, the penicillin production was 

industrialized, followed by the ―Golden Age‖ of antibiotics, during which antibiotics such as 

tetracylines, rifamycins, aminoglycosides and streptomycins were isolated and optimized 

(Figure 1.1).
[2]

 Most of these medicines are still in service today. Along with the 

development of antibiotics, the evolution of antibiotic-resistant bacteria and their 

proliferation led to the demand for new antibiotic compounds. With the failure of searching 

for unknown natural antibiotics, the semi-synthetic decoration of existing antibacterial agents 

has been testified useful and effective, some of which are even capable of killing a broader 

spectrum of bacteria.
[3]

 A successful modification of natural antibacterial agents is the 
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conversion from classical nalidixic acid into fluoroquinolone, which was first introduced into 

the mid-1980s and quickly approved and produced throughout the world.
[4]

 

 

Figure 1.1 Timeline of antibiotic research.
[2]

 

It is obvious that between the development of new antimicrobials and the increasing 

emergence of antibiotic-resistant bacteria strains, the battle continues and the latter is 

beginning to gain an upper hand. The report of the Infectious Disease Society of America 

indicates that 70% of nosocomial infections possess resistance to one or more antibiotics.
[5]

 

These multi-drug resistant (MDR) bacteria are not only prevailing in the hospital, but also 

arising and spreading in the communities. This threat represents a dominating healthcare 

concern. Particular antibiotics are more preponderantly discovered or developed for selective 

site of infections.
[6]

 The strategy of narrow-spectrum agents is to reduce the inappropriate use 

of antibiotics and lengthen the service life of new antibiotics. 
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1.1.2 The Cell Wall Structure and Synthesis 

Both Gram-positive and Gram-negative bacteria possess a cell wall that consists of 

strong and elastic polymer layers.
[7]

 The cell wall functions by maintaining the shape of the 

bacteria cell and bearing the internal osmotic stress in order to protect the cell from lysing. 

The cell wall provides various selective targets for antibiotics against bacterial pathogens, 

and many studies show the intimate relationship between rigid polymer synthesis and cell 

growth and development.
[8,9]

 Therefore, it is necessary to understand the structure and 

establishment of cell walls. 

For most Gram-positive bacteria, the major component of the thick and multilayered 

cell wall is the peptidoglycan (10-20 layers), also named murein, which consists of long 

glycan chains interlinked through pliable short peptide bridges.
[10]

 These glycan chains are 

constructed of alternating, β-1,4-linked N-acetylglucosamine (GlcNAc) and N-acetyl 

muramic acid (MurNAc) subunits. A pentapeptide chain is attached to the carboxyl group of 

MurNAc via an amide bond. This peptide is referred to as the stem peptide, and is usually 

composed of L-Ala-D-Glu-L-Lys-D-Ala-D-Ala. Additionally, the amino group of the L-

lysine of the stem peptide is linked to a side chain, which is for Staphylococcus aureus a 

pentaglycine chain (Figure 1.2a).
[11]

 

The polymerization of peptidoglycan is a series of reactions including the elongation 

of glycan strands (transglycosylation), and the formation of the peptide cross-linking bridge 

between the L-lysine of one stem peptide and the penultimate D-Ala residue of the next 

(transpeptidation). These reactions are catalyzed by transglycosylase and transpeptidase 

enzymes, which are excellent drug targets due to their essentiality and accessibility.
[12]

 Most 
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of these enzymes are known as penicillin binding proteins (PBPs), and are the target for the 

β-lactam groups of antibacterial agents. High-molecular-weight (HMW) PBPs and low-

molecular-weight (LMW) PBPs differ in their unit structures and biochemical functions. For 

example, S. aureus encompasses three HMW PBPs with molecular masses of around 87, 80 

and 75 kDa, and an additional LMW PBP of 41 kDa.
[13]

 HMW PBPs are able to catalyze 

both transglycosylation and transpeptidation, while LMW PBPs control the extent of murein 

cross-linking, catalyzing transpeptidation. 

 

Figure 1.2 Structure of peptidoglycan of Gram-positive (a) and Gram-negative bacteria (b). 

Transpeptidation begins with the cleavage of the D-Ala-D-Ala bond of one stem 

peptide by a PBP enzyme (Scheme 1.1).
[10]

 Then the enzyme-substrate intermediate is 

formed with the release of D-Ala. The cleavage reaction provides enough energy for the 

transpeptidation reaction, triggering the substitution of the intermediate by the N-terminus of 

the cross bridge peptide, in the case of S. aureus the pentaglycine, on a second stem peptide. 

This is followed by the release of the PBP enzyme and the completion of cross-linked 

peptide. In comparison to transpeptidation, the mechanism of transglycosylation is still being 
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studied. It is known that PBP 2 is the only PBP that catalyzes the oligomerization of 

monomeric disaccharide peptide units to form glycan strands.
[14]

 The mechanism of release 

of the growing strand from the enzyme and the determining factor of the length of the 

peptidoglycan are uncertain. It is noticeable that the average length of glycan strands doesn’t 

depend on the thickness of murein layers.
[15]

 In addition to the dense peptidoglycan layers, 

the cell walls of Gram-positive bacteria also include other components such as teichoic acids, 

which are negatively charged polymers covalently attached to the murein (Figure 1.3a).
[16]

 It 

is conceivable that teichoic acids serve as species-specific decorations of the peptidoglycan 

exoskeleton by directing murein hydrolases to the cell walls. 

 

Scheme 1.1 Transpeptidation reaction of S. aureus. 

Compared to the simple structure of the Gram-positive cell envelop, Gram-negative 

bacteria are encased by a more complex but thinner outer structure (Figure 1.3b).
[17]

 External 

to the cytoplasmic membrane is a thin peptidoglycan layer, in which L-lysine of the stem 

peptide unit is replaced with meso-diamoinopimelic acid (m-A2pm), such as the unprocessed 

murein of Escherichia coli (Figure 1.2b).
[10]

 No teichoic acids are present in Gram-negative 

cell walls. Outside of the peptidoglycan layer is the outer membrane, which is the unique 

exoskeleton for Gram-negative bacteria. The area between the murein layer and the surface 
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of the cytoplasmic membrane is named the periplasmic space. This space functions to 

degrade many macromolecules through metabolism by the various hydrolytic enzymes such 

as phophatases and proteases contained inside. Additionally, inserted into cellular membrane 

are porins proteins acting as pores which allow passive diffusion of various molecules. 

 

Figure 1.3 The cell walls of Gram-positive bacteria (a) and Gram-negative bacteria (b). 

(Copyright: the McGraw-Hill Companies, Inc.) 

1.1.3 β-Lactam Antibiotics Disruption of Cell Wall Synthesis 

β-Lactam antibiotics are among the longest used antimicrobial agents and are 

characterized by their four-membered β-lactam ring as the center of their structure. The 

simplest β-lactam is 2-azetidinone (Figure 1.4). Multiple classes of antibiotics fall into this 

family, such as penicillins, cephalosporins and carbapenems. These antibacterial agents are 

among the most commonly used due to their safety and selectivity.
[18]

 The reactivity of β-

lactams towards hydrolysis is increased compared to linear amides and macro-lactams due to 
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the greater degree of ring strain. The strain is further strengthened for most β-lactam 

antibiotics with a bicyclic system, in which the fused 5 or 6 membered rings make the 

carbonyl more susceptible to nucleophilic attack. A negative correlation between the height 

of the nitrogen atom from the plane defined by its adjacent atoms and the strength of C-N 

bond exists for β-lactams. In pencillins the height ranges from 0.40-0.50 Å, while the height 

is up to 0.50-0.60 Å in carbapenems, making carbapenems the most active β-lactam 

antibiotics toward hydrolysis.
[19]

 

 

Figure 1.4 Basic structures of β-lactams and examples of β-lactam antibiotics. 

 

Scheme 1.2 The mechanism of PBP irreversibly binding with β-lactam antibiotics, 

represented by penicillin. 

As previously described, the cell wall synthesis involves transpeptidation which is 

initiated by attack of a PBP enzyme on the carbonyl of D-Ala-D-Ala, the precursor of 

nascent murein layers, cleaving off a D-Ala residue. β-Lactam antibiotics share a geometrical 

similarity with D-Ala-D-Ala. The similarity makes PBP beguiled into attacking the β-lactam 

ring as opposed to its normal targets (Scheme 1.2).
 [20]
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Due to the large ring tension, the ring-opening that follows this attack is highly 

exogamic, making the reverse reaction highly unfavorable. Additionally, the attack of a 

nucleophile on the newly formed ester is unfavorable because the second unbroken 

heterocyclic ring increases the steric hindrance, which means the amino group of 

unprocessed peptide side chain is incapable of recapturing the PBP.
 [21]

 The PBP fails to 

finish the catalytic cycle, and the deactivation of PBP obstructs the cell wall integrity, 

resulting in cell lysis and death. 

1.1.4 Resistance to β-Lactam Antibiotics 

Bacteria employ two major mechanisms of resistance to β-lactam antibiotics. The first 

is the production of β-lactamase enzymes, which facilitates hydrolysis of the β-lactam ring. 

The earliest report about the identification of β-lactamase was in the 1940s, prior to the 

clinical use of penicillin, and later a β-lactamase was isolated from a strain of S. aureus.
[22]

 

Analogous to that of PBPs, the ative site of this class of β-lactamase contains a hydroxyl 

nucleophile belonging to a serine residue. However, after the acylation between the hydroxyl 

and the β-lactam ring, the β-lactamase utilizes surrounding water molecules to hydrolyze the 

acylated β-lactam (Scheme 1.3), this is in contrast to the inactivated ester complex that 

emerges from attack of PBPs on the β-lactam antibiotic, which is inert towards hydrolytic 

release.
[23]

 Catalyzed by β-lactamases, β-lactam antibiotics are converted into penicilloic acid 

and lose activity. β-Lactamases are released into the medium by resistant bacteria strains as a 

strategy to destroy β-lactams. 
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Scheme 1.3 The acylation and hydrolysis of β-lactamase and penicillin. 

In staphylococci, the induction of β-lactamase production starts with the detection of 

β-lactam antibiotics adhering to the penicillin-binding region of the sensor protein, BlaR1.
[24]

 

The formation evokes the autocatalytic cleavage of BlaR1 to form an active metalloprotease. 

The protease then either directly participates or combines with cofactors to cleave another 

protein, BlaI. The original 14-kDa BlaI interacts with DNA promoter-operator sequences, 

inhibiting the transcriptional expression of blaZ, the gene encoding β-lactamase. The specific 

site cleavage of BlaI converts the BlaI monomer to a form incapable of dimerizing and 

binding, resulting in reversal of its repression and generation of β-lactamase. Once the β-

lactams are no longer present, BlaR1 senses the decreasing concentration of antibiotics and is 

no longer autoactivated. This leads to a return to blaZ repression by BlaI and the production 

of β-lactamase is terminated. 

To fight against β-lactamase-controlled resistance to β-lactams, several tactics have 

been developed. One widely applied strategy is co-administering antibiotics with 

mechanism-based compounds named β-lactamase inhibitors, example of which include 

clavulanic acid, sulbactam and tazobactam (Scheme 1.4a).
[25]

 Even though these inhibitors 

are constructed relying on a β-lactam ring like that of β-lactam antibiotics, they have trivial 

inherent antimicrobial properties. The similar geometric shape allows inhibitors to acylate the 
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active site of β-lactamases. The succeeding reaction after the complex formation is the ring-

opening of the secondary heterocycle, rather than hydrolysis (Scheme 1.4b). These molecules 

permanently inactivate β-lactamases by their irreversible adhesion, so they are also regard as 

―suicide inhibitors‖.
[26]

 

 

Scheme 1.4 Structures of β-lactamase inhibitors and the proposed mechanism of inhibition 

towards β-lactamase by clavulanic acid.
[26]

 

The second mechanism of bacteria resistance is the active site transformation of PBPs. 

On account of the improved efficacy of β-lactam antibiotics, some bacteria have evolved a 

PBP with an altered binding site, which reduces the antibiotics’ activities. As a result, the β-

lactams become less effective at impairing the cell wall integrity. One of the typical 

examples is found in methicillin resistant Staphylococcus aureus (MRSA). Methicillin is 

insensitive to β-lactamases generated by penicillin-resistant S. aureus, due to its structure. 

The substitution pattern close to the amide makes methicillin more difficult to hydrolyze. 



 

11 

MRSA was discovered soon after the introduction of methicillin into clinical use in the early 

1960s. A novel PBP, PBP 2a, is produced in MRSA in addition to the four major PBPs.
[27]

 

Unlike the normal PBPs, which are easily damaged by β-lactams, in MRSA cells, PBP 2a 

takes the responsibility to continue the catalysis of cell wall synthesis at a concentration of 

antibiotics which is lethal to methicillin-susceptible S. aureus, owing to the lowered-affinity 

of PBP 2a towards β-lactam antibacterial drugs.
[28]

 It is revealed that the low affinity of PBP 

2a is due to a distorted active site, and PBR 2a can still form an acyl enzyme intermediate to 

perform transpeptidation because of peptidoglycan binding, but cannot as easily form one 

with β-lactams.
[29]

 

PBP 2a is encoded by the gene mecA that is located within additional chromosomal 

DNA, mec, which is unique in MRSA.
 [30]

 Located upstream of mec promoter are two other 

genes, mecI and mecR1, which are regulatory elements for mecA transcription based on 

encoding the proteins MecI and MecR1, respectively.
[28]

 The functions and mechanisms of 

MecI and MecR1 are similar to those of BlaI and BlaR1 in β-lactamase synthesis. 

1.1.5 Two Component Regulatory Systems 

Besides the two strategies described above, resistance against antimicrobial agents is 

also mediated by signal transduction mechanisms in some bacteria. Bacteria possess systems 

known as two component regulatory systems (TCS), which are composed of two elements as 

the name suggests: a membrane bound sensor histidine kinase and a cytoplasmic response 

regulator (Figure 1.5).
[31]

 The sensor kinase is commonly a membrane protein consisting of 

the input domain and the transmitter domain. The N-terminal of sensor kinase functions as 

the input domain, which lies in the periplasm to receive signals outside such as variation in 
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temperature and osmotic pressure, and then to pass on signals to the transmitter domain. 

Serving as the transmitter domain, the carboxyl terminal located inside the cytoplasm 

contains a histidine residue which is autophosphorylated upon accepting signals and 

transmits information to the response regulator. The response regulator also involves two 

domains, the receptor domain and the output domain. The N-terminal region corresponding 

to receptor domain contains a conserved aspartate residue which gets phosphorylated upon 

interaction with its cognate sensor kinase.
[32]

 A conformational change of the response 

regulator is initiated by the phosphorylation, such as dimerization, and then activates the 

DNA-binding properties of the carboxyl terminal output domain, leading to activation or 

repression of genes under control.
[33]

 Many sensor kinases are bifunctional since they also 

dephosphorylate the response regulator to renovate the system to the pre-stimulus stage. 

These two components dock well with each other and control various phenotypes such as 

nutrient metabolism, virulence, and stress response.
[31]

 

 

Figure 1.5 The basic two-component signal transduction module.
[33]
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One typical example of TCSs is VraSR in S. aureus where VraS is the sensor 

histidine kinase and VraR is the response regulator. A stress response is triggered by the 

presence of cell wall active antibiotics or the inhibition of cell wall synthesis. In response to 

the external stimuli, the VraSR system is induced, and upon induction upregulates the 

expression of over 100 genes denominated as the cell wall stress stimulon.
[34]

 Signal 

transduction occurs responding to cell wall stress, and incites VraS to transfer phosphate 

group to aspartate residue of VraR.
[35]

 This in turn leads to the dimerization of VraR. The 

activated VraR binds to its target sites in the promoter regions of upstream genes, resulting in 

transcription of cell wall stress stimulon, which including genes encoding for PBP2 and other 

cell well biosynthesis enzyme.
[29]

 When the cell wall stress is relieved, a dephosphorylation 

event occurs to deactivate VraR and terminate the gene transcription. 

The upregulation of the cell wall stress stimulon offers a certain level of resistance to 

most VraSR-inducing agents. In one study, clinical isolates with mutated vraSR operons 

causing increased basal expression of cell wall stimulon were identified, which result in 

thicker cell wall and higher levels of β-lactam resistance.
[36]

 The vraSR operon encodes the 

key regulatory system that regulates the stress reaction of S. aureus elicited upon exposure to 

cell wall acting antibiotics. 

1.2 Biofilms 

1.2.1 Biofilm Introduction 

Bacteria that adhere to biological or non-biological surfaces can cause serious 

persistent infections.
[37]

 These bacteria aggregate as a community of unicellular organisms 

and encase themselves in a polymer matrix to form a slimy layer known as biofilm.
[38]

 The 
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identification of biofilm fossil in the 3.3-billion-year-old South African Kornberg formation 

indicates that biofilms have been prevalent in nature for a long time.
[39] 

However, it was not 

until the 1970s that it was discovered that sessile bacteria in the biofilm mode of existence 

constituted a major regimen of the bacterial biomass in diverse surroundings.
[40]

 In contrast to 

their planktonic brethren, bacteria occupy specific microenvironments within a matrix-closed 

biofilm, which offers sheltered protection for bacteria inside. Furthermore, sessile bacteria 

exist in states with different phenotypes with regards to growth rate and gene transcription.
[41]

 

The discovery of ancient biofilm fossils indicates that one of the putative features of 

prokaryotes is the ability to form biofilms.
[42]

 Because biofilms promote the development of 

sophisticated interactions between individual cells and furnish bacteria with concentrated 

nutrients for the development of signaling pathways and chemotactic motility, sessile 

bacteria survive through hostile living conditions during nascent periods. Due to the 

characteristic of prokaryotes to adopt various biofilm structures upon environmental 

conditions, prokaryotes are more flexible to rapidly adapt to the environment in comparison 

to eukaryotic organisms.
[43]

 

Biofilms are ubiquitous in nature, and the role they play in modern healthcare has 

been the focus of concern in recent years. The US National Institutes of Health has recently 

published an announcement declaring that biofilms are responsible for an excess of 80% of 

microbial infections in the body.
[44]

 Biofilms have been considered as a primary element in 

the morbidity and mortality of most infectious ailments such as periodontitis, chronic lung 

infections of cystic fibrosis patients, otitis media, trauma infection of burn patients and tooth 

decay (Figure 1.6).
[45]

 In addition, a plethora of nosocomial infections are related to biofilm 
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formation on indwelling medical devices such as urinary catheters, artificial heart valves and 

orthopedic devices.
[46]

 Recent reports showed that about 65% of hospital infections are 

biofilm associated and the treatment cost of these infections is above one billion dollars 

annually.
[47]

 

 

Figure 1.6 Common sites of biofilm infection. (Copyright: Center for Biofilm Engineering, 

Montana State University, P. Dirckx. Permission required.) 

Traditional antibiotic regimens fail to completely remove pathogens growing inside 

biofilms. Compared to their free-floating counterparts which are readily eradicated by 

biocides, sessile bacteria are resistant to modern therapeutic methods. In-vitro tests indicate 

that the dosage of antibiotics required for treating bacteria within biofilms is up to 1000 times 

larger than that for planktonic bacteria.
[48]

 Ampicillin treatment against a β-lactamase 

producing strain of Klebsiella pneumoniae has been studied, and results showed that the 

strain within the biofilm mostly survived even though the ampicillin quantity was increased 



 

16 

2500-fold than required to inhibit the free-floating strain.
[49]

 Also, biofilms are regarded as a 

birthland for regeneration of bacteria soon after antibiotic treatments discontinue. In one such 

example, a patient with endocarditis caused by S. aureus suffered the same symptoms again 

once therapy was stopped for weeks, and examination showed residual biofilms of the same 

strain from blood cultures.
[50]

 In conclusion, common antimicrobial treatment is becoming 

useless against the onslaught of pathogens within biofilms. 

The extracellular polymetric substance (EPS) is assumed to be one key factor 

involved in biofilm resistance against antibacterial drugs. The EPS formation and expansion 

begin to have an impact once the biofilm has been constructed. The EPS is predominately 

comprised of polysaccharides, proteins, glycopeptides, lipids and other complex materials, 

and is mainly established by the bacteria and fungi themselves.
[51]

 The EPS is viewed as a 

framework assembling bacteria inside and guaranteeing cell-cell communication and genes 

transfer. Studies state that the biofilm facilitates the growth of cell density inside, and the 

spectacular reduction of cell mobility.
[52]

 

There are several hypotheses suggested for biofilm resistance against antibiotic agents, 

including efflux pumps and bacterial target modification.
[53]

 These general defending 

mechanisms, however, don’t account for the uniqueness of sessile bacteria. One suggested 

alternative mechanism is that the EPS reduces antibiotic penetration into the biofilm. Owning 

to the complex structure of the EPS and its extremely polar nature, it effectively absorbs 

highly charged compounds like sodium hypochlorite.
[54]

 The antibiotic loses its bioactivities 

more rapidly as it spreads into the biofilm matrix.
[46]

 Thus, the antibiotic is unable to affect 

the resident bacteria with the shield of the EPS. 
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Another assumption for biofilm resistance is the exhaustive depletion of oxygen and 

nutrients in the surface polymers of biofilm, leading to anaerobic alcoves deep inside and 

results in bacterial cells entering a slow-growing or starving state. With the decreasing 

growth rate of bacterial cells, their resistance towards antibiotics is enhanced.
[55]

 In a study 

by Gilbert and colleagues, at slow growth rates, antibiotics such ciprofloxacin are unable to 

kill both the planktonic and intact biofilm cells of Pseudomonas aeruginosa.
[56]

  

1.2.2 Biofilm Lifecycle 

A number of external environmental conditions control the adhesion of bacteria to 

certain substrata.
[57]

 For implanted materials, planktonic bacteria detect a typical conditioning 

film—attached body fluids on the surface of devices altering the surface properties—and 

then attach on the surface of medical devices.
[58]

 Once the bacteria stick to a sterile surface, 

these microorganisms begin to construct a biofilm.
[45]

 Studies pertaining to the formation of 

P. aeruginosa, Escherichia coli and Vibrio cholerae biofilms discovered that sessile bacteria 

display distinct phenotypes compared to their free-floating counterparts.
 [59,60,61]

 

A biofilm lifecycle contains several distinct steps (Figure 1.7). In the first step, 

bacteria reversibly attach to the surface. Van der Waals forces among bacteria function to 

gather small cells to the substrate walls, and another repulsive force produced by negative 

electrostatic charges of bacteria and surfaces is also effective to cause bacterial adhesion 

from a distance of 10-20 nm.
[62]

 The bacteria movements across the surface such as spinning, 

twitching and vibrating are observed during the first stage. 

The second step is the secretion of the EPS by bacteria themselves. The EPS 

formation irreversibly stabilizes bacteria on the material surfaces and provides scaffolds for 
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microcolony enlargement. Studies show that adhesion results in up to 70% difference in the 

genome for phenotypic expression of newly formed organisms in P. aeruginosa.
[63]

 When 

microcolonies have been built, the recruitment of other species to biofilms and the three-

dimensional growth of biofilm take place during the third step. In the fourth step, the 

morphology and topography are specialized as biofilms continue to evolve.
[45]

 At this point, 

pillar shapes start to protrude from the biomass, which provide the need for waste disposal 

and nutrient absorption, and cavities or hollow channels throughout the biofilms are 

established.
[45]

 Various factors such as the nutrient conditions and the flow rate of the bulk 

medium past the biofilm determine the specific architecture of the mature biofilm. 

 

Figure 1.7 The biofilm lifecycle. (Copyright: Wikimedia Commons.) 

The final step of the biofilm lifecycle is the detachment and dispersal of planktonic 

bacteria. Both of the size of the biofilm and the number of microcolonies play a part in 

causing the biofilm to disperse bacteria. These released bacteria, recognized phenotypically 
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as planktonic cells, can adhere to new substrata and continue the same lifecycle again. Many 

factors are assumed to contribute to biofilm dispersion, such as abrasion and erosion due to 

the influence of fast-flowing particles suspended in the fluid and the limitation of nutrients 

for feeding cells inside.
[64]

 

1.2.3 Two Component Regulatory Systems in Biofilm Regulation 

A variety of environmental signals contribute to the biofilm formation. These signals 

activate the expression of regulatory procedures which sequentially adjust the expression of 

cellular functions demanded in the initiation and completion of the biofilm lifecycle.
[65]

 Some 

of signals are received and transduced by TCS. It was discovered that a series of different 

TCSs serve to modulate different stages of biofilm development in P. aeruginosa.
[66]

 These 

TCSs were named after their function in biofilm lifecycle, such as BfiSR (biofilm initiation), 

BfmSR (biofilm maturation) and MifSR (microcolony formation). All of the three sensor 

kinases are typical, possessing N-terminal HisKA-HATPase domains, and the response 

regulators are predicted to be DNA binding. These TCSs are necessary in the biofilm 

lifecycle, as they control gene expression of a wide array of biofilm-associated elements, 

such as extracellular appendages involved in the adhesion of planktonic bacteria onto the 

surface, and exopolysaccharides in the formation of EPS. The mission of these TCSs is to 

guarantee timely presence of all correlative factors and progression of biofilm 

development.
[66]

 

In the Gram-negative bacterium Acinetobacter baumannii, the disruption of bfmR was 

found to eradicate cell attachment and biofilm formation, while the disruption of bfmS 

produced a measurable but not complete decrease in biofilm formation.
[67]

 The results 
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indicated that the response regulator BfmR is the major controller in stimulating biofilm 

formation by regulating expression of genes encoding the Csu pili assembly system since it 

can be activated by a promiscuous sensor kinase from other TCSs. In our lab, BfmR was 

identified as the target for binding by one anti-biofilm small molecule.
[68]

 Using pull-down 

assays it was established that biotinylated analogues of this compound have a preference for 

binding response regulators over other unrelated proteins and potentially hinder the action of 

TCSs. This provides possibility of using small molecules as adjuvants to conventional 

antibacterial agents due to their interruption of TCS. 

1.3 Quorum Sensing 

During the development of biofilms, bateria release autoinducers to execute a ―real-

time census‖ of their population and coordinate corresponding behaviors such as sporulation, 

virulence, gene transcription and biofilm maturation.
[54]

 The term, quorum sensing, was 

introduced to describe this cell-cell communication. Quorum sensing provides information 

for each bacterium such as accessibility of nutrients and toxic substances. Due to quorum 

sensing, the invasion of bacteria into the host is in groups rather than separate cells, which 

makes bacteria avoid the host immune response, and cause infections more successfully.
[69]

 

The circuits of quorum sensing have been explored considerably in over 25 species of 

Gram-negative bacteria, such as Vibrio fischeri, P. aeruginosa, and Agrobacterium 

tumefaciens.
[70]

 Commonly, in Gram-negative bacteria, N-acyl homoserine lactone (AHL) 

derivatives are secreted and released as autoinducers (Figure 1.8a). Quorum sensing in the 

bioluminescent marine bacterium V. fischeri is the most well studied example,
[71]

 and in most 

cases quorum sensing processes in Gram-negative bacteria are relatable to that of V. fischeri. 
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Two proteins, LuxI and LuxR, play an active part in this system (Figure 1.9). At the 

beginning, LuxI synthesizes and releases AHLs. AHLs freely spread in and out crossing the 

cell membrane and increase in concentration as the cell concentration increases. If sufficient 

quantities of AHLs have accumulated, AHL combines with LuxR as the cytoplasmic 

antoinducer receptor.
[72]

 For V. fischeri specifically, the LuxR-AHL complex binds to the 

luciferase promoter site (luxICDABE) followed by expression of luciferase and the 

generation of light. Additionally, to fulfill the feedback loop, the same complex activates the 

luxI gene for LuxI expression since it is encoded in luxICDABE, and more signaling 

molecules are produced. 

 

Figure 1.8 Bacterial autoinducers in Gram-negative (a) and Gram-positive (b) bacteria, 

respectively.
[70]
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Figure 1.9 Typical quorum sensing in Gram-negative bacteria.
[73]

 

Quorum sensing in Gram-positive bacteria is regulated by secreted oligopeptides.
[74]

 

These autoinducer peptides (AIPs) usually consist of 7 to 9 amino acids forming a ring 

terminated by a thiolactone (Figure 8b).
[73]

 Quorum sensing pathways in Gram-positive 

bacteria are more complex and less well understood. In S. aureus, AIP is released and binds 

to the inherent accessory gene regulator system (agr) which is divided into two operons, 

RNAII and RNAIII. RNAII consists of four separate regions from agrA to agrD (Figure 

1.10). It is suggested that AIP is encoded by agrD and then modified and discharged by 

AgrB. When a critical and threshold concentration of AIPs is attained, AIPs are detected by 

the cell surface receptor AgrC which is a histidine kinase, followed by the phosphorylation of 

AgrA. AgrA is a transcriptional activator binding to the operons of RNAII and RNAIII. The 

high concentration of AIPs induces the expression of RNAIII, leading to downregulation of 

surface proteins and adhesion, and upregulation of pathogenic toxins. 
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Figure 1.10 Typical quorum sensing in Gram-positive bacteria, S. aureus.
[73]

 

Due to the significance of quorum sensing in biofilm development and maturation, 

extensive research efforts have been devoted into obstructing quorum sensing process in 

order to stymie the growth of biofilms and eradicate these pathogens.
[54]

 Strategies of quorum 

sensing perturbation include inhibition of AHL production, inhibition of AHL binding to its 

receptor and inhibition of receptor auto-association. In a study by Hentzer et al, AHL 

analogues such as Delisea furanones derivatives were synthesized and shown to inhibit P. 

aeruginosa quorum sensing pathways and result in damage to biofilm structures.
[75]

 These 

analogues act as competitors against AHLs by binding to LuxR-type receptors and inhibiting 

quorum sensing. 

1.4 Molecules Found through High Throughput Screening 

Due to the urgent demand for anti-biofilm molecules, high throughput screening has 

been utilized to search for leads and scaffolds of novel anti-biofilm modulators. One of the 

early studies centering on high throughput screening was the evaluation of a 13,000-member 
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library of compounds with the ability to inhibit or disperse biofilms, and the most active 

compound identified was ursolic acid (Figure 1.11, left) as an inhibitor of E. coli biofilms.
[76]

 

It was also discovered that ursolic acid initiated chemotaxis, motility and heat shock genes in 

E. coli, leading to the assumption that ursolic acid serves as a signal transferred into bacterial 

cells so that cells remain too motile to form biofilms. Another study by Clardy et al. screened 

66,095 compounds against P. aeruginosa applying a luminescence-based assay.
[77]

 The most 

effective molecule, the N-dihydroxybenzylidene biphenyl carbohydrazide (Figure 1.11, right) 

is able to significantly disperse biofilm formation with 50% effective concentrations (EC50) 

of only 0.53 μM. 

An appropriate assay is required for high throughput screening. The crystal violet 

staining assay is the most developed and widely used for its success to stain biofilms.
[77]

 

Another method is a luminescence-based screening also useful for screening both attachment 

and detachment of biofilm. 

 

Figure 1.11 Anti-biofilm molecules identified by high throughput screening. 

1.5 Inspiration from Marine Products 

Considering the serious impact of biofilms and the problems caused by bacterial 

resistance, it is necessary to discover and synthesize novel anti-biofilm agents. A number of 
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natural products with the ability to inhibit and disperse biofilms serve as leads and scaffolds 

for elaboration into more efficacious anti-biofilm agents. Sources of many new medicines 

include plant extracts or microbial isolates, which have already provided inspirations for a 

multitude of traditional antibiotics.
[78]

 However, a growing amount of natural product 

inspiration has comes from marine organisms due to their noteworthy bioactivities. Marine 

organisms synthesize or capture toxic compounds as defense against predators. These toxic 

natural products need to be highly potent to have an effect owing to their rapid dilution after 

release into the water.
[79]

 The biochemical diversity of marine microorganisms is generally 

recognized as a rich source of novel chemical entities, and many of these extracted and semi-

synthesized compounds have potential as chemical weapons against biofilms. 

In the Melander group, some marine natural products have been utilized as inspiration 

for the synthesis of biofilm modulators. A series of ageliferin alkaloids are found in the 

marine sponges of family Agelasidae with biofilm modulation properties.
[80]

 The classical 

examples of this series are bromoageliferin and oroidin (Figure 1.12), which possess anti-

biofouling activity against Gram-negative marine bacteria.
[81]

 

 

Figure 1.12 Structures of bromoageleferin and oroidin. 
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Bromoageliferin and oroidin contain one or more 2-aminoimidazoles (2-AI) as the 

basic skeleton and have characteristic nitrogen-dense architectures.
[82]

 They are chosen as 

lead molecules for structure activity relationship (SAR) studies in the motivation of 

designing novel efficacious compounds.
[83]

 The 2-aminoimidazole moiety found in a great 

variety of marine secondary metabolites is believed to be important for the anti-biofilm 

activity of these compounds.
[84]

 Many libraries of compounds based on the template of 2-

aminoimidazole core structure have been synthesized resulting in biofilm inhibition and 

dispersion activity. 

 

Figure 1.13 Highly active bromoageliferin and oroidin analogues generated in the Melander 

lab. 

Two bromoageliferin derivatives, TAGE 1.1 and CAGE 1.2 were synthesized with 

the ability to inhibit P. aeruginosa biofilm formation (Figure 1.13).
[85]

 TAGE also has the 

ability to disperse the already formed P. aeruginosa biofilm. In another study by Richards et 

al., a 50-member library of oroidin analogues was constructed and evaluated for anti-biofilm 

activity against P. aeruginosa.
[86]

 The library was designed based on systematically altering 

the pyrrole tail group, the linker chain and the 2-aminoimidazole head group of the oroidin 
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template. An analogue of the oroidin family named dihydrosventrin (DHS 1.3) showed 

inhibition and dispersion activity against a variety of bacteria. 

Further study upon the oroidin skeleton led to the development of SPAR 1.4 

(suppressor of antibiotic resistance), whose modified structure includes the replacement of 

pyrrole tail with a triazole ring.
[87]

 When evaluated against MRSA, compound 1.4 lowered 

the minimum inhibitory concentration (MIC) of penicillin G by 8-fold and that of methicillin 

by 4-fold. It is noteworthy that this compound didn’t impede the growth of bacteria. This 

compound was also the first example of inhibition of biofilm across order, class and phylum 

via a nonbactericidal pathway. This mode of action may lengthen the useful lifetime of our 

anti-biofilm compound, since the bacterial resistance is likely to be induced much more 

tardily. 
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CHAPTER 2 

4,5-DISUBSTITUTED 2-AMINOIMIDAZOLE/TRIAZOLE AMIDE CONJUGATE 

LIBRARY 

2.1 Scaffold Generation 

The Melander group has focused on creating analogues of anti-biofilm active marine 

natural products to deal with the urgent need threat of multi-drug resistant bacteria. 

Compound 1.4 was discovered to reverse β-lactam resistance in MRSA and MDRAB besides 

being an inhibitor of biofilm formation, which inspired us to screen other members of our 

internal 2-aminoimidazole/triazole library.
[88]

 In a further study by Harris et al., the 2-

aminoimadazole triazole amide conjugate 2.1 (2-AITA) was identified as an active molecule 

to resensitize a USA300 MRSA strain (ATCC BAA-1556) to oxacillin by 8-fold, lowering 

oxacillin’s MIC from 32 μg/mL to 4 μg/mL.
[89]

 

SAR studies were accomplished to better recognize the structural demands of 2-AITA 

2.1 for augmentation of biofilm modulation (Figure 2.1). Three functional segments—the 2-

AI head, the triazole linker, and the benzamide tail—contribute to the 2-AITA 2.1 structure. 

Previous work by Rogers et al. modifying the tail region has revealed the effect these 

modifications have on the inhibition and dispersion of biofilm formation by bacteria such as 

MDRAB and E. coli.
[90]

 For the head region, Harris et al. have synthesized 1,5-disubstituted 

2-AI analogues, resulting in the identification of one derivative that suppressed MRSA 

resistance towards oxacillin by 512-fold;
[89]

 Furlani and co-workers have synthesized a 

library of 1,4-disubstituted 2-AITA compounds and detected their bioactivity to suppress 

oxacillin resistance in MRSA and MDRAB;
[91]

 and in another study by Dr. Yeagley et al., the 
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modification of the 2-amino functionality led to compounds with enhanced ability to 

modulate biofilms and suppress oxacillin resistance.
[92]

 Dr. Zhaoming Su has demonstrated 

that the 4,5-substitution pattern of the 2-AI core structure with aromatic rings improved 

biological activity.
[93,94]

 Herein we report the assembly of 4,5-disubstituted 2-AITAs with a 

variety of aromatic substitutions utilizing Weinreb amide intermediates and organometallic 

addition, and the biological evaluation of these compounds against MRSA and MDRAB. 

 

Figure 2.1 SAR study of parent compound 2-AITA 2.1. 

2.2 Synthetic Route to 4,5-Disubstituted-2-AITA 

The synthesis of 4,5-disubstituted 2-AITAs was completed by Dr. Zhaoming Su in 

several steps, involving cycloaddition between the protected α-amino alkynyl ethyl ester 2.2 

and azido benzamide 2.3, both of which were prepared as previously described.
[90,94]

 The 

copper-catalyzed Huisgen cycloaddition (click reaction) was carried out between 2.2 and 2.3 

to yield the desired triazole 2.4 in 84% yield (Scheme 2.1). Then with the treatment of N,O-

dimethylhydroxyamine hydrochloride and isopropylmagnesium chloride, the triazole 2.4 was 

converted into the target Weinreb amide 2.5 in 95% yield. After amide 2.5 was synthesized, 

the compound was then reacted with a number of commercially accessible Grignard reagents 

to generate the corresponding ketones 2.6. Magnesium or lithium reagents of aromatic 

derivatives were generated from the corresponding aromatics or aryl bromides (Scheme 2.2). 
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Scheme 2.1 Synthetic route to ketone intermediates 2.6. Reagents and conditions: a) sodium 

ascorbate, CuSO4, tBuOH/H2O/CH2Cl2 (2:2:1), RT, 12 h (84 %); b) O,N-

dimethylhydroxyamineHCl, iPrMgCl, THF, 200 °C, 3 h (95 %); c) RMgBr or RLi, THF, 

200 °C, 4 h. 

 

Scheme 2.2 Preparation of aryl Grignard/lithium reagents. Reagents and conditions: Method 

A: 1) nBuLi, THF, 780 °C, 2 h; 2) MgBr2·Et2O, THF, 0 °CRT, 1 h; Method B: Mg 

turnings, LiCl, DIBAL, THF, RT, 4 h; Method C: iPrMgCl·LiCl, 15 °CRT, 6 h; Method 

D: nBuLi, 78 °C, Et2O, 4 h. 
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Scheme 2.3 Synthetic route to 4,5-disubstituted 2-AITAs. Reagents and conditions: a) 2N 

HCl, EtOH, RT, 12 h; b) NH2CN, EtOH/H2O (1:1), pH 4.3, 95 °C, 3 h. 

To generate the final 4,5-disubstituted 2-AITAs 2.7, we developed a one-pot tandem 

procedure for the amine deprotection and cyanamide cyclization (Scheme 2.3). This was 

accomplished by reacting ketones 2.6 with 2N HCl in ethanol for 12 h, which is followed by 

the pH adjustment of the reaction to 4.3 with 0.1 M NaOH. Cyanamide was then added and 

the resulting mixture was heated to 95 °C for 3 h to deliver the final compounds. The 
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aminoketones generated from addition of 2-allylphenyl, 2-pyridinyl and 4-quinolinyl 

organometallic reagents were unable to be deprotected/cyclized and so were not studied 

further. After purification by column chromatography with CH2Cl2/MeOH saturated with 

NH3, all 2-AITAs were converted to their hydrochloride salts for biological testing in yields 

up to 57% from Weinreb amide 2.5 (Table 2.1). 

Table 2.1 The Productivity of 4,5-Disubstituted-2-AITAs (From Intermediate 2.5). 

Product Yields (%) Product Yields (%) Product Yields (%) 

2.7.1 44% 2.7.9 11% 2.7.17 54% 

2.7.2 28% 2.7.10 34% 2.7.18 36% 

2.7.3 42% 2.7.11 23% 2.7.19 26% 

2.7.4 57% 2.7.12 45% 2.7.20 50% 

2.7.5 42% 2.7.13 33% 2.7.21 18% 

2.7.6 21% 2.7.14 20% 2.7.22 37% 

2.7.7 47% 2.7.15 38% 2.7.23 38% 

2.7.8 35% 2.7.16 35% 
  

2.3 Biofilm Inhibition Activity and Resensitization Activity Testing 

The compounds were first evaluated for their ability to inhibit biofilm formation 

against a representative Gram-positive bacterial strain, methicillin-resistant S. aureus (MRSA, 

ATCC BAA-44), and a representative Gram-negative strain, multi-drug resistant A. 

baumannii (MDRAB, ATCC BAA-1605). The IC50 value is the concentration needed to 

inhibit 50% of biofilm formation. In a study by Furlani et al., a library of 1,4-disubstituted 2-

AITAs was also found with anti-biofilm activity against MRSA, and the most active 

compound exhibited an IC50 of 4.14 μM.
[91]
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A Crystal Violet reporter assay was used to measure the biofilm development after 

interacting with compounds from 4,5-disubstituted-2AITAs library.
[95]

 Compounds that 

possessed >95% biofilm inhibition activity were subjected to a dose-response study and the 

IC50 value of each compound was determined (Table 2.2). A number of those compounds 

were identified to inhibit MRSA biofilms; however, a majority of them also affected bacterial 

growth. Compounds 2.7.8, 2.7.16 and 2.7.23 were identified to possess the greatest activity 

to modulate MRSA biofilms through a non-microbicidal mechanism (Figure 15). Compared 

with the parent compound 2.1 (IC50 15.2 μM), the inhibition activities were enhanced with 

the C4 modification of 2.7.8, 2.7.16 and 2.7.23 (IC50 of 3.7, 7.2, and 4.2 μM, respectively). 

Table 2.2 Biofilm Inhibition Activity of the Library against MRSA and MDRAB. 

Compd. IC50 [μM]
a
 Compd. IC50 [μM]

a
 Compd. IC50 [μM]

a
 

MRSA 

2.1 15.2 ± 1.7
b
 2.7.8 3.7 ± 0.8

b
 2.7.16 7.2 ± 1.8

b
 

2.7.1 4.1 ± 0.3 2.7.9 8.7 ± 1.6 2.7.17 6.0 ± 2.0 

2.7.2 2.1 ± 1.0 2.7.10 4.4 ± 0.6 2.7.18 11.9 ± 1.9 

2.7.3 2.9 ± 0.7 2.7.11 3.9 ± 0.3 2.7.19 5.7 ± 0.5 

2.7.4 3.7 ± 2.3 2.7.12 3.6 ± 1.0 2.7.20 4.8 ± 0.7 

2.7.5 2.8 ± 0.5 2.7.13 2.0 ± 0.2 2.7.21 2.6 ± 0.9 

2.7.6 3.5 ± 0.8 2.7.14 2.3 ± 0.6 2.7.22 19.2 ± 1.8 

2.7.7 3.6 ± 0.8 2.7.15 13.9 ± 2.7 2.7.23 4.2 ± 1.0
b
 

MDRAB 

2.7.5 25.8 ± 3.4
b
 2.7.17 69.4 ± 6.8

b
 2.7.20 50.4 ± 13.4

b
 

[a] Values represent the mean ±SD as determined by at least three independent 

experiments. [b] Compound is not affecting bacteria growth. 
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We also evaluated the anti-biofilm activity of the library against a multi-drug resistant 

Gram-negative bacterial strain. As an important and demanding bacterium in health care-

associated infections ranging from pneumonia to serious blood or wound infections, A. 

baumannii is usually noted for its ability to form biofilms on artificial surfaces therefore 

permitting persist in the hospital environment.
[96]

 When the library was screened for biofilm 

inhibition against MDRAB, most compounds displayed a steep drop over a narrow 

concentration range in their dose-response curves that typically indicates that biofilm 

inhibition is functioning through a microbial mechanism. Only compounds 2.7.5, 2.7.17 and 

2.7.20 inhibited biofilm development without affecting the bacterial growth, with IC50 values 

of 25.8, 69.4, and 50.4 μM, respectively (Table 2.2). 

Next, we assessed the potential of the library to suppress β-lactam resistance in 

MRSA. In this assay, the minimum inhibitory concentration (MIC) of each 4,5-disubstituted 

2-AITA was first determined using the CLSI broth microdilution protocol.
[97]

 To detect 

resensitization, 25% of the MIC concentration of each compound was subsequently 

employed. It is our experience that 2-AI derivatives at 25% of their MIC value typically 

display little microbicidal activity. Oxacillin and penicillin G were continuously diluted in 

both inoculated BAA-44 media as the control group, as well as inoculated BAA-44 media 

with compounds. The MIC of oxacillin and penicillin G were established in the presence of 

25% MIC of 2-AITA derivatives (Table 2.3) 

We previously identified that the parent compound 2.1 lowered the MIC of oxacillin 

against BAA-44 strain by 4-fold. Three compounds 2.7.5, 2.7.13 and 2.7.16, displayed 

comparative resensitization activity and reduced the MIC of oxacillin by 4-fold. The library 
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was also probed for the ability to resensitize MDRAB to the effects of imipenem. None of 

the compounds showed any appreciable resensitization activity against MDRAB, recording 

≤2-fold reduction of imipenem’s MIC. 

Table 2.3 Resensitization of MRSA to Oxacillin and Penicillin G. 

Compd(MIC/ 

conc. tested
a
) 

MIC Compd(MIC/ 

conc. tested
a
) 

MIC 

oxacillin penicillin oxacillin penicillin 

2.7.1 (4/1) 16 32 2.7.13 (4/1) 8 16 

2.7.2 (2/0.5) 32 32 2.7.14 (4/1) 16 16 

2.7.3 (2/0.5) 16 32 2.7.15 (16/4) 16 32 

2.7.4 (2/0.5) 16 32 2.7.16 (16/4) 8 16 

2.7.5 (8/2) 8 16 2.7.17 (8/2) 16 16 

2.7.6 (4/1) 16 32 2.7.18 (16/4) 16 32 

2.7.7 (4/1) 32 32 2.7.19 (8/2) 32 32 

2.7.8 (8/2) 16 32 2.7.20 (16/4) 16 16 

2.7.9 (16/4) 16 32 2.7.21 (8/2) 16 16 

2.7.10 (4/1) 32 32 2.7.22 (32/8) 32 32 

2.7.11 (4/1) 32 32 2.7.23 (8/2) 32 32 

2.7.12 (2/0.5) 32 32 no compd 32 32 

[a] MIC and tested concentration recorded in μg/mL. 

2.4 Conclusion 

In conclusion, we have synthesized a number of 4,5-disubstituted-2AITA derivatives 

and tested their biofilm inhibition and antibiotic resensitization activity against MRSA and 

MDRAB. For most of the compounds, the aromatic substitution strategy increased 

microbicidal activity. Compounds 2.7.8, 2.7.16 and 2.7.23 were most active at inhibiting 
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biofilm formation of MRSA, while compounds 2.7.5, 2.7.17 and 2.7.20 were identified as 

lead compounds against MDRAB, and all of these compounds modulate biofilms through a 

non-microbicidal mechanism. Compounds with heterocycles at the 4 position (2-benzofuryl, 

2-benzothiophyl, 3-quinolinyl etc.) have generally improved anti-biofilm activity and less 

toxicity. Unfortunately, no significant improvement in suppressing antibiotic resistance of 

MRSA to β-lactams was observed in comparison to the parent compound 2-AITA 2.1. Only 

2.7.5, 2.7.13 and 2.7.16 elicited comparative activity to lower the MIC of oxacillin. No 

appreciable resensitization ability against MDRAB was displayed by these compounds, 

either. 

2.5 Experimental Section 

MRSA (ATCC # BAA-44) and MDRAB (ATCC # BAA-1605), were obtained from 

the American Type Culture Collection (ATCC). Cation-adjusted Mueller-Hinton broth 

(CAMHB) (cat # 212322) was purchased from BD Diagnostics. Penicillin G and oxacillin 

sodium salt were purchased from Sigma-Alrich (# P3032) and TCI (# O0353), respectively. 

All assays were run in duplicate and repeated at lease two separate times. All compounds 

were dissolved as their HCl salts in molecular biology grade DMSO as 100 mM stock 

solutions. 

2.5.1    Biological Screening Experiments 

Inhibition Assay Protocols: Inhibition assays were performed by overnight culturing of S. 

aureus in tryptic soy broth with a 0.5 % glucose supplement (TSBG) or A. baumannii in 

Luria-Bertani (LB) media, and subculturing at an OD600 value of 0.01 into the same media. 
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Stock solutions of predetermined concentrations of test compound were prepared in the 

resulting bacterial suspension, and aliquots (100 μL) of stock solution were plated in a 96-

well format. Plates were covered, sealed with GLAD Press’n Seal, and then incubated in a 

humidified container under stationary conditions at 37 °C for 24 h. The media was then 

discarded, and the plates were washed thoroughly with water. Each well was stained with 0.1% 

solution of crystal violet (110 μL) at RT for 30 min. After thoroughly washing with water 

again, the remaining stain was dissolved in 95% EtOH (200 μL), and an aliquot of the 

solution (125 μL) was transferred to corresponding wells of a polystyrene microtiter dish. 

Biofilm inhibition was quantified by measuring the OD540 value of each well. Blank wells 

were employed as background controls. 

Broth Microdilution Method for Antibiotic Resensitization: MHB was inoculated (5 x 10
5
 

CFU/mL) with MRSA or MDRAB. The resulting bacterial suspension was aliquoted (4 mL) 

into culture tubes, and test compound (from DMSO stock solution) was added to give the 

final concentration to be tested. Bacteria not treated with the test compound served as a 

control. After sitting for 30 min at RT, 1 mL of each sample was transferred to a new culture 

tube, and the appropriate antibiotic (oxacillin and penicillin G sodium salt for MRSA) was 

added from a 128 mg/mL water stock solution to give a concentration of 128 μg/mL for 

MRSA or MDRAB. Rows 2-12 of a 96-well microtiter plate were filled with 100 μL/well 

from the remaining 3 mL bacterial subcultures, allowing the concentration of the compound 

to be kept uniform throughout the antibiotic dilution procedure. After standing for 10 min, 

the samples containing antibiotic were aliquoted (200 μL) into the corresponding first-row 

wells of the microtiter plate. Row 1 wells were mixed 6-8 times, and then 100 μL were 
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transferred to row 2. Row 2 wells were mixed 6–8 times, and then 100 μL were transferred 

from row 2 to row 3. This procedure was repeated to serially dilute the rest of the rows of the 

microtiter plate, with the exception of the final row, to which no antibiotic was added. The 

plate was sealed with GLAD Press’n Seal and incubated under stationary conditions at 37 °C. 

After 16 h, minimum inhibitory concentration (MIC) values were recorded as the lowest 

concentration of antibiotic at which there was no visible growth of bacteria. 

Growth Curves: Overnight bacterial cultures were used to inoculate in the appropriate fresh 

media (5 x 10
5
 CFU/mL). Inoculated media was aliquoted (3 mL) into culture tubes and 

compound and/or antibiotics (oxacillin and penicillin G sodium salt for MRSA) were added, 

untreated inoculated media served as the control. Tubes were incubated at 37 °C with 

shaking. Samples were taken at 2, 4, 6, 8 and 24 h time points, diluted by 10-fold and the 

OD600 measured. The OD600 values as a function of their time points were plotted and 

compared to the control. 
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CHAPTER 3 

MODEL STUDY OF 2-AMINOIMIDAZOLE/PHENYL CONJUGATES 

3.1 Scaffold Generation 

Klebsiella pneumoniae is among the most common nosocomial Gram-negative 

bacteria worldwide and is the major pathogen for numerous infections including urinary tract 

infections, pneumonia, and intra-abdominal infections.
[98]

 Both mutations in chromosomally 

encoded genes and acquisition of genes from mobile plasmids and integrons render an 

increase in the pathogenesis of K. pneumoniae.
[99]

 In earlier years, infections caused by MDR 

K. pneumoniae strains were effectively cured by the therapy with carbapenem antibiotics. 

Carbapenems are a group of β-lactam antibiotics, including meropenem, imipenem, 

ertapenem, and doripenem. Compared to other β-lactam antibiotics such as penicillins and 

cephalosporins, carbapenems carry over the broadest spectrum of antibacterial activity.
[100]

 

Additionally, these thienamycin derivatives are considered as the ―last line of defense‖ 

towards MDR K. pneumoniae strains due to the stability of carbapenems to β-lactamase 

hydrolysis.
[26]

 

First discovered in a K. pneumoniae isolate in 2008, a new β-lactamase named New 

Delhi metallo-β-lactamase (NDM-1) is recently becoming highly prevalent and causes 

increasing concerns.
[101]

 Mediated by plasmid, NDM-1 is able to inactivate all ß-lactams 

except aztreonam. A variety of resistance determinants such as other carbapenemases are co-

harbored by NDM-1 encoding plasmids, resulting in bacteria resistant to almost all present 

antibiotics, including carbapenems, which makes NDM-1 producing K. pneumoniae 

superbugs with no current available antimicrobial agents. A limited number of antibiotics, 
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tigecycline and polymyxins such as colistin, are considered as current therapies for NDM-1 

producing K. pneumoniae. However, these therapies have also encountered the development 

of bacterial resistance.
[102]

 

Given the unmet demand for new medical treatments against NDM-1 producing K. 

pneumoniae, R. Worthington et al. screened our 2-AI library for the ability to suppress 

resistance of K. pneumoniae strain (ATCC BAA-2146) to imipenem and meropenem. From a 

library of 4-phenyl-2-AIs, the compound with a hexyl substituent on the phenyl ring, 3.1, was 

found to be the most active (Figure 3.1).
[103]

 When compound 3.1 was present at 30 μM, it 

was able to lower the MIC of both imipenem and meropenem against the NDM-1 producing 

K. pneumoniae strain by 16-fold (from 64 to 4 μg/mL for imipenem, and from 256 to 16 

μg/mL for meropenem) via a non-microbicidal mechanism. 

 

Figure 3.1 The parent compound 3.1 for further biofilm modulation study. 

TCSs are known to play an important role in antibiotic resistance. In Gram-negative 

bacteria, especially in strains containing β-lactamases, antibiotic resistance is partially 

provided by loss of outer membrane porins (Omp), which is significant for the intrusion of 

cephalosporins and carbapenems into the cell.
[99]

 In K. pneumoniae, the regulon of the anion 

selective PhoE porin consists of the PhoBR TCS, where PhoR is a sensor kinase and PhoB is 

a response regulator. PhoB is phosphorylated by PhoR and then binds upstream of the 
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promoter that activates transcription of phoE, which results in inclusion of PhoE porin in the 

cytoplasmic membrane.
[99]

 Thus, PhoBR is considered as a target of small molecule 

adjuvants based upon its role in carbapenem resistance. In our previous study, the biofilm 

inhibition mechanism of 2-AI compounds was identified with molecules directly targeting 

response regulators that are the master controller in biofilm formation and maturation.
[68]

 

This provides the possibility to modify the structure of parent compound 3.1 to bind to the 

PhoB protein. A realistic structural model can be generated because the N-termini of 

response regulator classes share high geometrical and functional homology.
[104]

 PhoB is a 

CheY-like protein, and therefore a CheY response regulator was chosen as the optimal 

structure template for PhoB. In prior research in Agile Sciences Inc., computational docking 

model of 3.1 to CheY was performed using Autodock (Figure 3.2).
[105]

 This 2-AI phenyl 

molecule binds to the N-terminus region of CheY by the lowest energy model. Therefore, the 

docking model suggests the possibility of further augmentation of the parent compound 3.1. 

 

Figure 3.2 Docking model of compound 3.1 with a CheY response regulator. 
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3.2 Synthesis of a Restricted Analogue of 2-Aminoimidazole/Phenyl Conjugate 

An SAR study was pursued to better understand the relationship between the 

structural adjustment of compound 3.1 and its activity suppressor of β-lactam resistance. We 

assume that by improving the interaction between 3.1 and the response regulator through 

productive interactions with the adjacent α-helix, the resensitization activity of 3.1 could be 

increased. One of the drawbacks of this compound is that the rotatable bond between 2-AI 

and the aryl appendage may affect the interaction with the α-helix. If this is indeed the case, 

rotation needs to be restricted between these two entities by covalently tying the rings 

together. In another study, Lindsey et al. identified that a library of N-1 substituted 2-

aminobenzimidazoles produced a number of non-toxic biofilm modulators of two strains of 

MRSA, suggesting that 2-AI fused with aromatic ring derivatives are capable of anti-biofilm 

activity.
[106]

 Therefore, a fused 2-aminonaphtho[1,2-d]imidazole 3.2, geometrical analogous 

to 3.1, was synthesized (Figure 3.3). 

 

Figure 3.3 Design of restricted analogues of compound 3.1. 

It was initially believed that the installation of 2-aminonaphtho[1,2-d]imidazole could 

be achieved by the cyclization of 1,2-diaminonaphthalene derivative with cyanogen bromide, 

as a similar synthetic approach has been used in our lab to produce 2-

aminobenzimidazoles.
[106]

 We first anticipated that the very unstable 1,2-diaminonaphthalene 
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could be stabilized with the protection of one amino group by a tert-butoxycarbonyl (t-Boc) 

group and the other amine could be acquired from the nitration of naphthalene (Scheme 3.1). 

 

Scheme 3.1 Retrosynthetic scheme towards synthesis of 2-aminonaphtho[1,2-d]imidazole. 

We initially hoped to link the straight hexyl group with the naphthalene via the 

Grignard reaction. The commercially available 6-amino-2-naphthoic acid 3.3 was used as the 

precursor (Scheme 3.2). Compound 3.3 was first Boc-protected to generate intermediate 3.4. 

Reduction of the carboxylic acid to the alcohol was then preformed in borane-tetrahydrofuran 

solution to provide naphthalenylmethanol 3.5 in 70% yield. In order to make 

naphthalenylmethylbromide 3.6 serving as the precursor for the Grignard reaction, we tried 

various reagents, including tetrabromomethane, hydrobromic acid and N-bromosuccinimide 

(NBS) to achieve bromination (Table 3.1). Only NBS bromination conditions provided an 

acceptable yield. The reaction with tetrabromomethane also gave good yield, however, an 

impurity, even after several attempts at purification, deterred it from being the best choice. 

 

Scheme 3.2 Synthetic route to naphthalenyl alcohol 3.5. Reagents and conditions: a) Boc2O, 

NaOH, t-BuOH/H2O (1:1), RT, 12 h, 2N HCl, pH 2, 64%; b) BH3-THF (1M), THF, 

0 °CRT, 6 h, 70%. 
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Table 3.1 Attempts to Achieve Bromination. 

 

Reagents Conditions Yields 

a) CBr4, PPh3 THF, 0 °C 31% 

b) CBr4, PPh3 THF/MeCN (1:1), RT 35% 

c) PBr3, TFA CH2Cl2, RT NR 

d) NBS, PPh3, pyridine CH2Cl2, RT 52% 

e) Br2, PPh3, imidazole CH2Cl2, 0 °C NR 

f) HBr, AcOH CH2Cl2, RT NR 

The intermediate 3.6 was then subjected to a Grignard reaction with 

pentylmagnesium bromide, in an attempt to attach the straight hexyl chain. However, no 

products were isolated, despite various solvents and temperatures applied. Then we paid 

attention to the Wittig reaction to obtain the hexylnaphthalene intermediate. Study showed 

two benzyl groups have been successfully bound together via the Wittig reaction from a 

benzaldehyde and a benzyl Wittig reagent.
[107]

 Herein the naphthalenylmethyl Wittig reagent 

was accessed by utilizing triphenylphosphine, followed by the addition of valeraldehyde and 

crown ether as the catalyst to generate the 6-hexenylnaphthalene derivative 3.7 in 57% yield 

over two steps (Scheme 3.3). 

With regards to the aromatic nitration on the α-carbon position of naphthalene ortho 

to the protected amino group, first we tried to attach the nitro group on the 

hexenylnaphthalene compound 3.7 with nitric acid (Scheme 3.3). However, many byproducts 

were produced, which we assumed was due to the steric bulk of the Boc-protecting group. 
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Recent work illustrated that when an analogue of 2-aminonaphthalene was first treated by 

acetic anhydride for 5 min and then followed by the addition of a stirred mixture of nitric 

acid and acetic acid, the 1-nitronaphthalene derivative was synthesized as the major product 

and the amino group was protected by the acetyl group in the meantime.
[108]

 The result 

inspired us with a feasible nitration reaction. 

 

Scheme 3.3 Synthetic route to hexenylnaphthalene derivative 3.7. Reagents and conditions: a) 

PPh3, toluene, reflux, 8 h; b) valeraldehyde (pentanal), K2CO3, 18-crown-6, THF, reflux, 8 h, 

57%; c) Ac2O, HNO3, H2O. 

Given these results, the synthetic scheme needed to be completely reworked (Scheme 

3.4). The first step was the reduction of compound 3.3 with lithium aluminum hydride, to 

deliver the 6-amino-2-naphthalenylmethanol 3.8. The compound 3.9 was accessed by the 

nitration of 3.8 with acetic anhydride, followed by the addition of nitric acid. Based on the 

mechanism, the nitronium ion preferentially attacks the ortho position of the acetamino group, 

which is electron-donating. In addition, the intramolecular hydrogen bond formed between 

the nitro and acetamino group also facilitates the ortho nitro attack. For the electrophilic 

substitution, the α-carbon position is preferred. The following step is the bomination of 3.9 

with NBS to afford the naphthalenylmethylbromide 3.10. Then based on the Wittig reaction 
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described above, the desired hexenylnaphthalene 3.11 was generated. Measured by NMR 

spectroscopy, the vicinal coupling constant between two protons on the carbon-carbon 

double bonds is 16 Hz, confirming the major Wittig reaction product is trans-isomer. 

 

Scheme 3.4 The rescheduled synthetic approach to the intermediate 3.11. Reagents and 

conditions: a) LiAlH4, THF, 0 °CRTreflux, 10 h, 95%; b) Ac2O, 5 min, HNO3, AcOH, 

0 °CRT, 2-6 h, 90%; c) NBS, PPh3, pyridine cat., CH2Cl2, RT, 12 h, 55%; d) PPh3, toluene, 

reflux, 8 h; e) valeraldehyde (pentanal), K2CO3, 18-crown-6, THF, reflux, 8 h, 64%. 

Next, we attempted hydrogenation of both the hexenyl tail and the nitro group of 3.11 

with hydrogen catalyzed by palladium on carbon, and then tried to cyclize the product with 

cyanogen bromide (Scheme 3.5). However, no products were generated. We assumed that the 

deprotection of the acetyl group needed to be completed before the cyclization. The 

hydrogenated compound was treated with hydrochloric acid at reflux temperature to cleave 

acetyl group, which resulted in decomposition. Thus, we needed to deprotect compound 3.11 

before hydrogenation. Since the 1,2-diaminonaphthalene is particularly unstable, we 

proceeded to the final cyclization without purification. Numerous solvents, such as ethanol, 

1,4-dioxane and acetonitrile, were tested to effectively accomplish the cyclization, and only 

cyanogen bromide reacted in acetonitrile provided the final compound 3.2 in 25% yield. 
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Scheme 3.5 Synthesis of the final compound 3.2 via reduction and cyclization. Reagents and 

conditions: a) i. HCl (conc.), EtOH, reflux, 16 h; ii. NaOH, H2O, 70%; b) H2, Pd/C, MeOH, 

RT, 12 h; c) BrCN, CH3CN, RT, 20 h, 25%. 

3.3 Bioactivity of 2-Aminonaphtho[1,2-d]imidazole and its Parent Compound 

Table 3.2: Resensitization of K. pneumoniae to Imipenem. 

Compd (MIC/concn. tested) MIC of imipenem (μg/mL) Resensitization 

no compd 64 - 

3.1 (100/30 μM) 4 16-fold 

3.2 (200/30 μM) 64 0-fold 

To study the bioactivity of our synthesized compound 3.2, we tested its potential to 

resensitize K. pneumoniae (ATCC BAA-2146) to imipenem, a β-lactam antibiotic usually 

considered as one of the last-resort antibiotics for MDR K. pneumoniae. The MIC of each 

compound against K. pneumoniae was initially determined using a microdilution protocol. 

Then the MIC of imipenem was examined in the presence of compound at 30 μM to probe 

resensitization. However, in comparison to the lead compound 3.1, which reduced the MIC 
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of imipenem by 16-fold, compound 3.2 showed no resensitization activity. We hypothesized 

that the restricted rotation between the 2-AI and aryl appendage doesn’t enhance the 

bioactivity of the parent compound (Table 3.2).  

3.4 Synthesis of 2-Aminoimidazole Phenyl Cycloalkyl Derivatives 

Previously in our lab, a number of 2-AI aryl analogs were synthesized for antibiotic 

resistance suppression testing.
[103]

 These derivatives included straight alkyl substituents (n-

butyl, n-penyl, n-hexyl, etc.), branched alkyl substituent (t-butyl) and phenyl on the phenyl 

ring, some of which were identified with the ability to lower the MIC of imipenem against 

the NDM-1 producing strain of K. pneumoniae, with the lead compound 3.1 being the most 

active one as described above. In this case, we hope to augment the anti-biofilm activity of 

the 2-AI phenyl series by expanding the compound library. Consequently, cycloalkyl 

substituents were introduced. Cyclopentyl, cyclohexyl, 2-cyclopentenyl, cyclopentylmethyl 

and cyclohexylmethyl were selected as substituents for the expanded 2-AI phenyl series 

(Figure 3.4). Since the para-cycloalkylbenzoyl chlorides are not commercially available, the 

synthetic route in the previous work was not applied here to obtain the requisite 

compounds.
[103]

 

 

Figure 3.4 Structures of 2-AI phenyl cycloalkyl derivatives. 
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We attached the substituents to the phenyl ring via carbon-carbon coupling instead. 

We chose Boc-protected 4-(para-iodophenyl)-2-AI 3.16 as the precursor, which has been 

synthesized before.
[109]

 The p-iodobenzoic acid 3.14 was first conversed into the 

corresponding acyl chloride via oxalyl chloride before reaction with diazomethane followed 

by quenching with concentrated hydrobromic acid. The desired α-bromo ketone 3.15 was 

delivered in 92% yield. The cyclization of 2-AI 3.16 was accomplished through condensation 

with Boc-guanidine. Further N,N'-di-Boc-protection with Boc anhydride and 4-dimethyl-

aminopyridine (4-DMAP) catalyst gave the desired tri-Boc protected 2-AI 3.17 in 41% 

overall yield (Scheme 3.6). 

 

Scheme 3.6 Synthetic route to triBoc-p-iodophenyl 2-AI 3.17. Reagents and conditions: a) 

(COCl)2, DMF, CH2Cl2, 0 °CRT, 2.5 h, 98%; b) i. CH2N2, Et2O, CH2Cl2, 0 °C, 1 h; ii. HBr, 

0 °C, 1.5 h, 92%; c) Boc-guanidine, DMF, RT, 5 d, 55%; d) Boc2O (3 eq.), 4-DMAP, CH2Cl2, 

RT, 12 h, 81%. 

Attention was then turned to a suitable catalyst system for the Heck reaction. 

Conditions were screened using the p-iodophenyl scaffold 3.17 and cyclopentene as the 

alkene (Table 3.3). Pd(OAc)2 was found to be preferred catalyst as compared to PdCl2, which 

was incapable of achieving the Heck reaction in some solvents. The phase-transfer catalyst, 

Bu4NBr, was also used to improve the productivity according to Jeffery conditions.
[110]

 DMF 

was the best solvent among the four scanned and NaHCO3 was the appropriate base for study. 
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With the conditions optimized on the trial system, the yield for the Heck reaction was 55%, 

and 
1
H NMR spectroscopy detected that the product was the cyclopent-2-enylbenzene 3.18 

instead of cyclopent-1-enylbenzene derivative. The alkene was reduced under a H2 

atmosphere, followed by carbamate deprotection with trifluoroacetic acid (TFA) and 

treatment with HCl to deliver the hydrochloride salt of 2-AI phenyl derivative 3.13.1 for 

biological screening in 75% yield over three steps (Scheme 3.7). In addition, compound 3.18 

was Boc-deprotected without hydrogenation to generate compound 3.13.2, which was also 

involved in the pilot library. 

 

Scheme 3.7 Synthetic route to 2-AI phenyl cycloalkyl derivatives via Heck reaction. 

Reagents and conditions: a) Pd(OAc)2, Bu4NBr, NaHCO3, DMF, 80 °C, 8 h, 55%; b) H2, 

Pd/C, THF, RT, 5 h; c) i. TFA, CH2Cl2, RT, 3 h; ii. HCl, MeOH, 30 min, 75%; d) i. TFA, 

CH2Cl2, RT, 3 h; ii. HCl, MeOH, 30 min, 79%. 

For cyclohexyl substitution, the Heck reaction was also used with cyclohexene to 

obtain compound 3.13c (Scheme 3.8). However, alkene isomerization was encountered and it 

was difficult to separate the isomers by chromatography. Instead, we reduced the Heck 

reaction products without purification to deliver the intermediate in 54% yield from the 
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triBoc-protected 2-AI 3.17, followed by the deprotection and HCl treatment to obtain the 

hydrochloride salt of compound 3.13c in 87% yield. 

Table 3.3 Attempts at Heck Reactions with Cyclopentene. 

 

Catalyst Base Solvent Yield 

PdCl2 (0.1 eq.), Bu4NBr K2CO3 DMF NR 

PdCl2 (0.1 eq.), Bu4NBr K2CO3 THF NR 

Pd(OAc)2 (0.1 eq.), Bu4NBr K2CO3 DMF 45% 

Pd(OAc)2 (0.1 eq.), Bu4NBr NaHCO3 DMF 55% 

Pd(OAc)2 (0.1 eq.), Bu4NBr K3PO4 DMF NR 

Pd(OAc)2 (0.1 eq.), Bu4NBr NaHCO3 THF 47% 

Pd(OAc)2 (0.1 eq.), Bu4NBr NaHCO3 DMSO 32% 

Pd(OAc)2 (0.1 eq.), Bu4NBr NaHCO3 1,4-Dioxane NR 

 

Scheme 3.8 Synthetic route to 2-AI phenyl compound 3.13.3. Reagents and conditions: a)  

Pd(OAc)2, Bu4NBr, NaHCO3, DMF, 80 °C, 8 h; b) H2, Pd/C, RT, 5 h, 54%; c) i. TFA, 

CH2Cl2, RT, 3.5 h; ii. HCl, MeOH, RT, 30 min, 70%. 

For the cyclopentylmethyl and cyclohexylmethyl substituents, we initially hoped to 

accomplish the synthesis via Heck reaction with methylenecyclopentane and methylene- 
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cyclohexane using the same conditions above. However, only byproduct was isolated. We 

therefore turned to Suzuki coupling by using p-iodophenyl scaffold 3.17 and cyclohexyl- 

methylboronic acid (Table 3.4). Various catalysts including Pd(0), CuI and Cs(I) were 

utilized in the serial reactions.
[111,112,113]

 However, none of them produced the requisite 

intermediate. 

Table 3.4 Attempts at Suzuki Reactions with Cyclohexylmethylboronic Acid. 

 

Catalyst Base and Ligand Solvent Yield 

CuI K3PO4, MeNH(CH2)2NHMe Dioxane NR 

CuI K2CO3, MeNH(CH2)2NHMe Dioxane NR 

Pd(PPh3)4 NaOEt Benzene NR 

Pd(PPh3)4 Na2CO3 Benzene NR 

Pd(PPh3)4 K2CO3 Benzene Byproduct 

Pd(PPh3)4 Na2CO3 Dioxane NR 

Pd(OAc)2 NaOEt, PPh3 Benzene NR 

Pd(OAc)2 KOtBu, PPh3 Benzene NR 

Then we applied the Negishi coupling to attach the cycloalkyl group on the benzene 

ring and still used p-iodophenyl intermediate 3.17 in the testing reaction with 

(bromomethyl)cyclohexane. In order to make the alkylzinc intermediates, we first treated 

(bromomethyl)cyclohexane with t-butyllithium at -78C to generate the corresponding 

alkyllithium reagents, which were continuously reacted with zinc chloride for 1 hour.
[114]

 The 



 

53 

solution was successively added to compound 3.17 and various palladium catalysts (Table 

3.5). However, no desired compounds were obtained. We also tried to go through the highly 

efficient and general procedure for the preparation of alkylzinc reagents by treating the alkyl 

bromide with a mixture of iodine and zinc dust, but no products were isolated, either.
[115]

 

Table 3.5 Attempts at Negishi Couplings with (Bromomethyl)cyclohexane. 

 

Reagent Catalyst Solvent Yield 

tBuLi, ZnCl2 Pd(PPh3)4 THF NR 

tBuLi, ZnCl2 Pd2dba3 THF Byproduct 

tBuLi, ZnCl2 Pd(PPh3)2Cl2 THF NR 

I2, Zn dust Pd(PPh3)4 DMA NR 

I2, Zn dust Pd(PPh3)2Cl2 DMA NR 

I2, Zn dust Pd(OAc)2, Bu4NBr DMA NR 

I2, Zn dust NiCl2, terpyridine DMA NR 

3.5 Conclusion 

For the structural modifications of the parent compound 4-(para-Hexylphenyl)-2-AI, 

the fused 2-aminonaphtho[1,2-d]imidazole 3.2 was successfully synthesized through nitration, 

Wittig reaction and cyclization. However, this compound didn’t show any resensitization 

activity against K. pneumoniae. Furthermore, several phenyl cycloalkyl derivatives were 

synthesized via Heck reactions, but the synthesis of other derivatives still remain unfinished, 
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despite various carbon-carbon couplings that we attempted. Their bioactivities as biofilm 

modulators still need to be tested. 

3.6 Experimental Section 

All reagents were purchased from commercially available sources and used without 

further purification. Chromatography was performed using 60 Å mesh standard grade silica 

gel from Sorbtech (Atlanta, GA, USA). 
1
H NMR (300 MHz or 400 MHz) and 

13
C NMR (100 

MHz) spectra were recorded at 25 °C on Varian Mercury spectrometers. Deuterated solvents 

were obtained from Cambridge Isotope Labs and used as received. Chemical shifts (d) are 

given in ppm relative to tetramethylsilane (TMS) or the respective residual solvent peak. 

Coupling constants (J) are in given in Hertz (Hz). Abbreviations used are s = singlet, bs = 

broad singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of triplets, td = 

triplet of doublets, tt = triplet of triplets, bt = broad triplet, q = quartet, m = multiplet, bm = 

broad multiplet. Mass spectrometry (MS) was performed by the North Carolina State 

University Department of Chemistry Mass Spectrometry Facility and Duke University 

Department of Chemistry Mass Spectrometry Facility. 

Klebsiella pneumoniae (ATCC # BAA-2146) were obtained from the ATCC and 

colonies grown on solid media as instructed. Cation-adjusted Mueller-Hinton broth 

(CAMHB) (cat # 212322) was purchased from BD Diagnostics. Imipenem (cat # 

NC9022260) was purchased from Fisher Scientific. All assays were run in duplicate and 

repeated at lease two separate times. Compounds were dissolved as their HCl salts in 

molecular biology grade DMSO as 100 mM stock solutions.  
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3.6.1    Synthesis of 7-Hexyl-3H-2-aminonaphtho[1,2-d]imidazole (3.2) 

 

(6-Aminonaphthalen-2-yl)methanol (3.8): 6-amino-2-naphthoic acid (3.00 g, 16.0 mmol) 

was slowly added into a suspension of LiAlH4 (1.83 g, 48.1 mmol) in THF (60 mL) at 0 °C. 

The mixture was stirred at room temperature for 2 h and then heated at reflux for another 6 h, 

at which point the reaction was allowed to cool to room temperature, and then quenched with 

water and filtered. The filtrate was concentrated in vacuo to obtain (6-aminonaphthalen-2-

yl)methanol (2.65 g, 95.3%) as a pale red solid, which needed no further purification. 
1
H 

NMR (400 MHz, CD3OD) δ 7.61 (d, J = 1.6 Hz, 1H), 7.59 (d, J = 2.8 Hz, 1H), 7.54 (d, J = 

8.4 Hz, 1H), 7.33 (dd, J = 1.2, 8.4 Hz, 1H), 7.02 (d, J = 2.4 Hz, 1H), 6.99 (s, 1H), 4.67 (s, 2H) 

ppm; 
13

C NMR (100 MHz, CD3OD) δ 146.8, 136.2, 136.1, 130.0, 129.2, 127.1, 127.0, 126.8, 

120.0, 109.8, 65.7 ppm; HRMS (ESI) calcd for C11H11NO [M+H]
+
 174.0913, found 

174.0914. 

 

N-(6-(Hydroxymethyl)-1-nitronaphthalen-2-yl)acetamide (3.9): A solution of compound 

3.8 (2.65 g, 15.3 mmol) in acetic anhydride (50 mL) was stirred at room temperature for 5 

min. To the stirred suspension was added acetic acid (20 mL) and then kept at 0 °C. Fuming 

nitric acid (1.28 mL, 30.6 mmol) was added drop-wise to the solution and stirring was 
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continued until completion of the reaction by TLC analysis (2-6 h). Dichloromethane was 

added to the reaction mixture, and the extract was washed with saturated aq. NaHCO3 (65 

mL) and then water (3 × 50 mL). The organic layer was dried over MgSO4 and the filtrate 

was concentrated in vacuo. Purification by silica column chromatography (hexane/EtOAc, 

9:11:1) afforded N-(6-(hydroxymethyl)-1-nitronaphthalen-2-yl)acetamide (3.60 g, 90.2%) 

as a yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 9.01 (s, 1H), 8.51 (d, J = 9.2 Hz, 1H), 8.08 

(d, J = 8.8 Hz, 1H), 8.01 (d, J = 9.2 Hz, 1H), 7.90 (s, 1H), 7.64 (dd, J = 1.4, 9.0 Hz, 1H), 5.58 

(s, 2H), 2.29 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3) δ 169.1, 136.8, 133.9, 132.0, 130.8, 

130.1, 129.4, 128.8, 125.9, 123.4, 121.8, 73.9, 25.3 ppm; HRMS (ESI) calcd for C13H12N2O4 

[M+H]
+
 261.0870, found 261.0854. 

 

N-(6-(Bromomethyl)-1-nitronaphthalen-2-yl)acetamide (3.10): A mixture of triphenyl-

phosphine (753 mg, 4.22 mmol) and N-bromosuccinimide (NBS, 1.663 g, 6.33 mmol) in 

anhydrous dichloromethane (8 mL) was stirred at room temperature for 10 min. To the well 

stirred solution was added a catalytic amount of pyridine (0.08 mL, 1.03 mmol), followed by 

a solution of compound 3.9 (550 mg, 2.11 mmol) drop-wise. The resulting mixture was 

stirred at room temperature for an additional 5 h and then concentrated in vacuo. The residue 

was purified by silica column chromatography (hexane/EtOAc, 10:12:1) to generate N-(6-

(bromomethyl)-1-nitronaphthalen-2-yl)acetamide (374 mg, 54.8%) as a yellow solid. 
1
H 

NMR (400 MHz, CDCl3) δ 8.98 (s, 1H), 8.48 (d, J = 9.2 Hz, 1H), 8.04 (d, J = 9.2 Hz, 1H), 



 

57 

7.98 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 2.0 Hz, 1H), 7.67 (dd, J = 2.2, 9.0 Hz, 1H), 4.63 (s, 2H), 

2.29 (s, 3H) ppm; 
13

C NMR (100 MHz, CDCl3) δ 169.1, 136.2, 133.7, 131.6, 130.5, 130.4, 

128.1, 127.8, 125.3, 123.4, 121.7, 32.7, 25.3 ppm; HRMS (ESI) calcd for C13H11BrN2O3 

[M+H]
+
 323.0026, found 323.0026. 

 

E-N-(6-(Hex-1-en-1-yl)-1-nitronaphthalen-2-yl)acetamide (3.11): A mixture of compound 

3.10 (988 mg, 3.06 mmol) and triphenylphosphine (1.204 g, 4.59 mmol) in anhydrous 

toluene (25 mL) was heated at reflux for 8 h and then concentrated to obtain ((6-

acetamidonaphthalen-2-yl)methyl)triphenylphosphonium bromide. Without purification, the 

residue was added into the mixture of valeraldehyde (0.32 mL, 3.00 mmol), K2CO3 (423 mg, 

3.06 mmol), 18-crown-6 (81 mg, 0.306 mmol) and anhydrous THF (20 mL) as the solvent. 

The resulting mixture was stirred at reflux for 8 h, after which it was diluted with water (20 

mL). The mixture was extracted with EtOAc (2 × 10 mL), and the organic layer was dried 

over MgSO4, filtered and concentrated in vacuo. Purification by silica column 

chromatography (hexane/EtOAc, 20:15:1) gave the desired E-N-(6-(hex-1-en-1-yl)-1-

nitronaphthalen-2-yl)acetamide (609 mg, 63.7%) as a yellow solid. 
1
H NMR (400 MHz, 

CDCl3) δ 8.91 (s, 1H), 8.25 (d, J = 9.2 Hz, 1H), 7.87 (d, J = 8.8 Hz, 1H), 7.83 (d, J = 9.2 Hz, 

1H), 7.65 (dd, J = 1.8, 9.0 Hz, 1H), 7.58 (s, 1H), 6.47 (d, J = 16.4 Hz, 1H), 6.32 (dt, J = 6.6, 

15.6 Hz, 1H), 2.26 (m, 2H), 2.25 (s, 3H), 1.49 (m, 2H), 1.40 (m, 2H), 0.94 (t, J = 7.2 Hz, 3H) 

ppm; 
13

C NMR (100 MHz, CDCl3) δ 169.1, 136.2, 133.7, 133.4, 131.0, 130.3, 128.7, 127.3, 
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125.2, 125.1, 124.4, 122.4, 121.4, 33.0, 31.5, 25.1, 22.5, 14.1 ppm; HRMS (ESI) calcd for 

C18H20N2O3 [M+Na]
+
 335.1366, found 335.1363. 

 

E-6-(Hex-1-en-1-yl)-1-nitronaphthalen-2-amine (3.12): To a stirred solution of compound 

3.11 (768 mg, 2.46 mmol) dissolved in methanol (10mL) was added concentrated 

hydrochloric acid (2 mL). The mixture was stirred at reflux for 16 h, at which point the 

reaction was cooled and then cocentrated. Purification by silica column chromatography 

(hexane/EtOAc, 20:15:1) gave the desired E-6-(hex-1-en-1-yl)-1-nitronaphthalen-2-amine 

(463 mg, 69.6%) as a yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 9.2 Hz, 1H), 

8.63 (d, J = 8.8 Hz, 2H), 7.50 (s, 1H), 6.83 (d, J = 8.8 Hz, 1H), 6.44 (d, J = 16.8 Hz, 1H), 

6.32 (dt, J = 6.8, 15.6 Hz, 1H), 2.25 (m, 2H), 1.48 (m, 2H), 1.42 (m, 2H), 0.94 (t, J = 7.4 Hz, 

3H) ppm; 
13

C NMR (100 MHz, CDCl3) δ 145.4, 136.7, 136.6, 134.0, 132.1, 128.8, 127.9, 

127.7, 126.0, 125.9, 123.6, 119.4, 33.0, 31.7, 22.5, 14.2 ppm; HRMS (ESI) calcd for 

C16H18N2O2 [M+H]
+
 271.1441, found 271.1443. 

 

7-Hexyl-2-amino-3H-naphtho[1,2-d]imidazole (3.2): The solution of compound 3.12 (200 

mg, 0.74 mmol) in MeOH (10 mL) was treated with Pd/C (20 mg). The resulting solution 

was first flushed with H2 for 5 min, and then stirred under 1 atm H2 for 12 h. The mixture 



 

59 

was filtered and the solvent was evaporated in vacuo to deliver the desired 6-hexyl-1,2-

diaminonaphthalene, which was dissolved in acetonitrile (10 mL) without further purification. 

Cyanogen bromide (117 mg, 1.11 mmol) was added to the resulting solution, and the solution 

was stirred at room temperature for 20 h and then concentrated. Purification by silica column 

chromatography (DCM/MeOH (sat. NH3), 50:110:1) afforded the desired 7-hexyl-2-

amino-3H-naphtho[1,2-d]imidazole (49 mg, 25%) as a yellow solid. 
1
H NMR (400 MHz, 

CD3OD) δ 8.05 (d, J = 8.8 Hz, 1H), 7.65 (s, 1H), 7.50 (d, J = 8.4 Hz, 1H), 7.42 (d, J = 8.4 Hz, 

1H), 7.36 (dd, J = 1.6, 8.4 Hz, 1H), 2.76 (t, J = 7.2 Hz, 2H), 1.70 (m, 2H), 1.34 (m, 6H), 0.89 

(t, J = 7.5 Hz, 3H) ppm; 
13

C NMR (100 MHz, CD3OD) δ 149.7, 143.1, 133.1, 130.7, 129.1, 

128.3, 128.2, 122.9, 121.9, 120.4, 113.2, 37.1, 32.7, 30.1, 23.8, 14.5, 12.4 ppm; HRMS (ESI) 

calcd for C17H21N3 [M+H]
+
 268.1808, found 268.1837. 

3.6.2    Synthesis of 2-AI Phenyl Cycloalkyl Derivatives (3.13.1-3.13.3) 

 

2-Bromo-1-(4-iodophenyl)ethanone (3.15): To a 0 °C solution of 4-iodobenzoic acid 3.14 

(5.00 g, 20.2 mmol) in DMF (0.16 mL, 2.1 mmol) and anhydrous dichloromethane (30 mL) 

was drop-wise added oxalyl chloride (5.81 mL, 66.5 mmol). The solution was stirred at 

ambient temperature for 2.5 h, at which point the solvent was evaporated in vacuo to obtain 

4-iodobenzoyl chloride as a white solid without further purification. The solid was dissolved 

in anhydrous dichloromethane (16 mL) and the solution was added drop-wise to a 0 °C 

solution of CH2N2 (60.48 mmol generated from Diazald/KOH) in Et2O (200 mL). This 
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solution was stirred at 0 °C for 1 h upon which the reaction was quenched via the drop-wise 

addition of 48% solution of concentrated HBr (9.1 mL). The reaction mixture was stirred for 

another 1.5 h and then diluted with dichloromethane (15 mL) and immediately washed with 

sat. NaHCO3 (3 × 50 mL) and brine (50 mL) before being dried (MgSO4) filtered and 

concentrated to obtain pure 2-bromo-1-(4-iodophenyl)ethanone (6.04 g, 92.2%) as a pale 

yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 

4.39 (s, 2H) ppm; 
13

C NMR (100 MHz, CDCl3) δ 190.9, 138.4, 133.3, 130.4, 130.0, 30.6 

ppm; HRMS (ESI) calcd for C8H6BrIO [M+H]
+
 324.8720, found 324.8722. 

 

t-Butyl-2-amino-5-(4-iodophenyl)-1H-imidazole-1-carboxylate (3.16): To a stirred 

solution of compound 3.15 (2.43 g, 8.58 mmol) in anhydrous DMF (50 mL) was added Boc-

guanidine (4.10 g, 25.7 mmol). The solution was allowed to stir for 5 days, at which point the 

reaction mixture was then concentrated to dryness and dissolved in EtOAc (25 mL) and 

immediately washed with H2O (2 × 30 mL) and brine (30 mL) before being dried (MgSO4), 

filtered and concentrated. The crude solid was then purified via silica column 

chromatography (hexane/EtOAc, 10:12:1) to obtain t-butyl-2-amino-5-(4-iodophenyl)-1H-

imidazole- 1-carboxylate (2.78 g, 55.4%) as a yellow solid. 
1
H NMR (400 MHz, CDCl3) δ 

7.67 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.10 (s, 1H), 1.62 (s, 9H) ppm; 
13

C NMR 

(100 MHz, CDCl3) δ 150.5, 149.3, 137.8, 136.2, 132.3, 126.7, 106.7, 92.9, 86.0, 28.2 ppm; 

HRMS (ESI) calcd for C14H16IN3O2 [M+H]
+
 386.03600, found 386.03582. 
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t-Butyl-2-(N,N’-di(t-butoxycarbonyl)amino)-5-(4-iodophenyl)-1H-imidazole-1-

carboxylate (3.17): To a solution of compound 3.16 (703 mg, 1.83 mmol) in anhydrous 

dichloromethane (30 mL) was added Boc anhydride (1.20 g, 5.48 mmol) and a catalytic 

amount of 4-dimethylamiopyridine (22 mg, 0.18 mmol). The resulting solution was stirred at 

room temperature for 12 h upon which 1N HCl (20 mL) was poured into it and the mixture 

was stirred for 5 min. The reaction mixture was extracted with dichloromethane (2 × 25 mL) 

and washed with brine. The organic layer was dried over MgSO4 and concentrated in vacuo. 

Purification by silica column chromatography (hexane/EtOAc, 10:15:1) gave t-butyl-2-

(N,N’-di(t-butoxycarbonyl)amino)-5-(4-iodophenyl)-1H-imidazole-1-carboxylate (868 mg, 

81.0%) as a pale yellow oil. 
1
H NMR (300 MHz, CDCl3) δ 7.61 (d, J = 7.8 Hz, 2H), 7.61 (s, 

1H), 7.45 (d, J = 8.4 Hz, 2H), 1.52 (s, 9H), 1.34 (s, 18H) ppm; 
13

C NMR (100 MHz, CDCl3) 

δ 149.3, 146.1, 138.6, 137.9, 137.5, 132.1, 126.9, 126.8, 113.3, 113.3, 92.9, 86.2, 83.5, 27.8, 

27.6 ppm; HRMS (ESI) calcd for C24H32IN3O6 [M+H]
+
 586.1407, found 586.1415. 

 

(N,N’-Di(t-butoxycarbonyl)amino)-5-(4-(cyclopent-2-en-1-yl)phenyl)-1H-imidazole 

(3.18): To a stirring solution of compound 3.17 (337 mg, 0.42 mmol) in anhydrous DMF (15 
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mL) was added cyclopentene (0.13 mL, 1.4 mmol), sodium bicarbonate (195 mg, 2.32 mmol), 

tetrabutylammonium bromide (226 mg, 0.70 mmol) and a catalytic amount of palladium (II) 

acetate (13 mg, 0.06 mmol). The resulting mixture was stirred at 80 °C for 8 h upon which 

the reaction was diluted with water (10mL) and extracted with EtOAc (2 × 10 mL). The 

organic layer was dried over MgSO4 and concentrated in vacuo. The residue was purified by 

silica column chromatography (hexane/EtOAc, 10:11:2) to generate (N,N’-di(t-

butoxycarbonyl)amino)-5-(4-(cyclopent-2-en-1-yl)phenyl)-1H-imidazole (99 mg, 55%) as a 

brown solid. 
1
H NMR (400 MHz, CDCl3) δ 7.50 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.6 Hz, 2H), 

7.10 (s, 1H), 5.93 (dd, J = 2.0, 4.8 Hz, 1H), 5.75 (m, 1H), 3.87 (m, 1H), 2.41 (m, 4H), 1.45 (s, 

18H) ppm; 
13

C NMR (100 MHz, CDCl3) δ 150.7, 145.5, 138.3, 134.4, 132.2, 132.1, 130.0, 

127.7, 127.6, 124.8, 84.4, 51.2, 51.1, 33.9, 32.7, 28.0 ppm; HRMS (ESI) calcd for 

C24H31N3O4 [M+H]
+
 426.2387, found 426.2387. 

 

5-(4-Cyclopentylphenyl)-2-amino-1H-imidazole (3.13.1): The solution of compound 3.18 

(99 mg, 0.23 mmol) in THF (5.0 mL) was treated with Pd/C (20 mg). The resulting solution 

was first flushed with H2 for 5 min, and then stirred under 1 atm H2 for 12 h. The mixture 

was filtered and the solvent was evaporated in vacuo to deliver (N,N’-di(t-

butoxycarbonyl)amino)-5-(4-cyclopentylphenyl)-1H-imidazole, which was dissolved in 

dichloromethane (5.0 mL) without further purification. TFA (0.60 mL) was added drop-wise 
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to the solution, and the reaction was stirred at room temperature for 3 h. The solution was 

concentrated to dryness, then the oil was dissolved in MeOH (2.0 mL) and concentrated HCl 

(0.5 mL) was added drop-wise. The solution was stirred for another 30 min and concentrated 

to dryness again. Purification by silica column chromatography (DCM/MeOH (sat. NH3), 

50:110:1) gave 5-(4-cyclopentylphenyl)-2-amino-1H-imidazole (39 mg, 75%) as a brown 

solid. 
1
H NMR (400 MHz, CD3OD) δ 7.48 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.10 

(s, 1H), 3.03 (m, 1H), 2.01 (m, 2H), 1.72 (m, 6H) ppm; 
13

C NMR (100 MHz, CD3OD) δ 

150.9, 146.6, 132.6, 130.0, 129.8, 128.6, 125.2, 111.4, 46.9, 37.8, 26.6 ppm; HRMS (ESI) 

calcd for C14H17N3 [M+H]
+
 228.1495, found 228.1491. 

 

5-(4-(Cyclopent-2-en-1-yl)phenyl)-2-amino-1H-imidazole (3.13.2): To a solution of 

compound 3.18 (68 mg, 0.16 mmol) in dichloromethane (5.0 mL) was drop-wise added TFA 

(0.60 mL). The reaction was stirred at room temperature for 3 h, at which point the solution 

was concentrated to dryness. The residue was then dissolved in MeOH (2.0 mL) and 

concentrated HCl (0.5 mL) was added drop-wise. The solution was stirred for another 30 min 

and concentrated to dryness again. Purification by silica column chromatography 

(DCM/MeOH (sat. NH3), 50:110:1) gave 5-(4-(cyclopent-2-en-1-yl)phenyl)-2-amino-1H-

imidazole (27 mg, 79%) as a brown solid. 
1
H NMR (300 MHz, CD3OD) δ 7.45 (d, J = 8.1 Hz, 

2H), 7.12 (d, J = 8.4 Hz, 2H), 6.85 (s, 1H), 5.95 (dd, J = 2.7, 5.7 Hz, 1H), 5.74 (m, 1H), 3.85 
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(m, 1H), 2.42 (m, 4H) ppm; 
13

C NMR (100 MHz, CD3OD) δ 151.8, 145.7, 132.8, 132.8, 

132.4, 130.9, 128.4, 125.1, 112.6, 112.9, 52.5, 35.0, 33.5 ppm; HRMS (ESI) calcd for 

C14H15N3 [M+H]
+
 226.1339, found 226.1338. 

 

5-(4-Cyclohexylphenyl)-2-amino-1H-imidazole (3.13.3): As the synthesis of compound 

3.13.1, compound 3.17 (245 mg, 0.42 mmol) was treated with cyclohexene (0.11 mL, 1.1 

mmol), sodium bicarbonate (142 mg, 1.68 mmol), tetrabutylammonium bromide (165 mg, 

0.51 mmol) and a catalytic amount of palladium (II) acetate (10 mg, 0.04 mmol) in 

anhydrous DMF (15 mL) to deliver the corresponding Heck reaction product. Without 

purification, the product was treated with Pd/C (50 mg) at hydrogen atmosphere to obtain a 

brown solid after purified by silica column chromatography (hexane/EtOAc, 10:11:1). The 

product was then reacted with TFA (6.0 mL) and continually concentrated HCl (0.6 mL) to 

generate 5-(4-cyclohexylphenyl)-2-amino-1H-imidazole (38 mg, 69%) after purification by 

silica column chromatography (DCM/MeOH (sat. NH3), 50:110:1) as a brown solid. 
1
H 

NMR (300 MHz, CD3OD) δ 7.44 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 6.85 (s, 1H), 

2.47 (m, 1H), 1.83 (m, 4H), 1.43 (m, 6H) ppm; 
13

C NMR (100 MHz, CD3OD) δ 151.0, 148.2, 

133.1, 129.5, 129.4, 128.7, 128.0, 110.5, 47.0, 38.5, 33.1, 32.7 ppm; HRMS (ESI) calcd for 

C15H19N3 [M+H]
+
 242.1652, found 242.1652. 
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3.6.3    Biological Screening Experiments 

Broth Microdilution Method for Antibiotic Resensitization: CAMHB was inoculated (5 x 

10
5
 CFU/mL) with K. pneumoniae (BAA-2146). The resulting bacterial suspension was 

aliquoted (4 mL) into culture tubes, and test compound (from DMSO stock solution) was 

added to give the final concentration to be tested. Bacteria not treated with the test compound 

served as a control. After sitting for 30 min at RT, 1 mL of each sample was transferred to a 

new culture tube, and the appropriate antibiotic (imipenem for K. pneumoniae) was added 

from a 128 mg/mL water stock solution to give a concentration of 128 μg/mL for K. 

pneumoniae. Rows 2-12 of a 96-well microtiter plate were filled with 100 μL/well from the 

remaining 3 mL bacterial subcultures, allowing the concentration of the compound to be kept 

uniform throughout the antibiotic dilution procedure. After standing for 10 min, the samples 

containing antibiotic were aliquoted (200 μL) into the corresponding first-row wells of the 

microtiter plate. Row 1 wells were mixed 6-8 times, and then 100 μL were transferred to row 

2. Row 2 wells were mixed 6–8 times, and then 100 μL were transferred from row 2 to row 3. 

This procedure was repeated to serially dilute the rest of the rows of the microtiter plate, with 

the exception of the final row, to which no antibiotic was added. The plate was sealed with 

GLAD Press’n Seal and incubated under stationary conditions at 37 °C. After 16 h, minimum 

inhibitory concentration (MIC) values were recorded as the lowest concentration of antibiotic 

at which there was no visible growth of bacteria. 
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Appendix C: Growth curve analysis of lead compounds against MRSA and MDRAB 

 

 


