
ABSTRACT 

FURLANI, ROBERT EDWARD. The Synthesis and Biological Examination of 5-

Membered Nitrogen-Based Heterocycles. (Under the direction of Professor Christian 

Melander). 

Nitrogen-based heterocycles represent a large percentage of pharmaceutical drugs 

comprising over half of the FDA approved drugs.  Taking inspiration from nitrogen-rich 

marine natural products, bromoageliferin and oroidin, we have identified the 5-membered 

nitrogen-based 2-aminoimidazole heterocycle as a key pharmacophore toward many bioactive 

properties.  Herein is reported the synthesis and biological examination of a library of 1, 4-

disubstituted 2-aminoimidazoles.  Initial examination showed the 1, 4-disubstituted 2-

aminoimidazoles as potent biofilms modulators, both towards biofilm inhibition and biofilm 

dispersion.  Additionally, we also report their ability to attenuate antibiotic resistance in 

methicillin-resistant Staphylococcus aureus (MRSA).  These initial screens prompted us to 

develop novel synthetic routes towards structurally analogous 5-membered nitrogen based 

heterocycles including: 2-aminothiazoles, a 2-aminooxazole derivative, and imidazole-2-one 

and imidazole-2-thione derivatives.  These compounds were tested for their ability to break 

antibiotic resistance in MRSA, with the lead compound being observed to cause an 8-fold drop 

in the MIC of oxacillin against MRSA when co-dosed at sub-MIC levels.  Finally we report 

the ability of functionalized 2-aminoimidazoles, bis-2-aminimidazoles, and amino acid 

inspired 2-aminoimidazoles to inhibit the formation of advanced glycation end-products 

(AGEs) as well as possess the ability to break preformed AGEs.  
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CHAPTER 1 

Introduction 

1.1A: Biofilms 

Bacteria exist in one of two states, planktonic or within a biofilm.  A biofilm can be defined as 

a community of unicellular organisms that aggregate together on a surface and are encased 

within an extracellular polymeric substance (EPS).1  Biofilms are ubiquitous in nature, and are 

thought to be the dominant stage of the bacterial life cycle.  Bacteria encased within a biofilm 

face drastically different living conditions, and they are afforded much more protection than 

their planktonic counterparts.  In addition, they are known to exhibit different phenotypes than 

planktonic bacteria, with respect to growth rate, EPS formation and gene transcription.2 

Bacterial biofilms pose a very serious threat towards modern healthcare, and as this realization 

has come to light there has been a large growth in research associated with combating biofilms 

(Figure 1.1).  Biofilms have been associated with diseases such as: ear infections3, periodontal 

disease,4 infections in burn patients5, colonization of medical implants6, endocarditis7, and 

urinary tract infections8, as well as being responsible for the morbidity and mortality in cystic 

fibrosis patients9.  Of particular importance are infections caused by indwelling medical 

devices such as catheters and artificial prosthetics.  Roughly half of the two million annual 

nosocomial infections in the United States are implant related10.  Additionally, antibiotic 

treatment against such implant related infections is becoming less effective, necessitating 

implant removal, or even amputation.11  Current estimates state that direct medical cost of 

associated implant related illnesses exceeds three billion dollars annually.10 
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Figure 1.1: Peer reviewed biofilm publications per year. 

 

Much of the difficulty in dealing with bacterial biofilms are a result of the EPS, as the EPS is 

believed to be the major component of biofilm related bacterial resistance to antimicrobial 

treatments.  Once bacteria are irreversibly attached to a surface, the EPS begins to form as a 

result of bacterial secretions, cell lysis, and hydrolysis products.12  The EPS is predominantly 

composed of proteins, carbohydrates, lipids, nucleic acids, and other heteropolymers.13,14  

Bacteria that exist within a biofilm are much less sensitive to modern antimicrobial treatments, 

such as antiseptics and antibiotics.  It’s estimated that bacteria within a biofilm are upwards of 

1000 times more resistant to antibiotics compared to planktonic bacteria.15  In one such 

example, the effect of sodium hypochlorite, a very efficient oxidizing biocide, on planktonic 

and biofilm bacteria of Staphylococcus aureus was studied, and it was observed that bacteria 

residing in the biofilm required 600 times more sodium hypochlorite to achieve the same 

killing levels in comparison to planktonic bacteria.16 There are a variety of reasons for this 
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phenomenon, including multi drug efflux pumps and antibiotic modifying enzymes.  However, 

one of the most significant reasons for the strong resistance to antimicrobials is the EPS.  Due 

to the bulk of the EPS, and its highly polar components, it acts as an effective adsorbent 

towards highly polarized molecules such as sodium hypochlorite effectively making it a 

barrier, shielding the bacteria within from harmful antimicrobials.17  The EPS comprises a 

significant mass of the biofilm; in most examples the microorganisms comprise less than 10% 

of the dry mass, while the EPS comprises over 90%.18   

In a study by Suci and Mittelman, the penetration to the base of a Pseudomonas aeruginosa 

biofilm by the fluoroquinolone antibiotic ciprofloxacin was monitored using attenuated total 

reflection Fourier transform infrared (ATR/FT-IR) spectrometry.19  It was observed that the 

presence of a biofilm significantly reduced the penetration of ciprofloxacin, which was 

introduced into a medium and detected at a sterile surface within 40 seconds in the absence of 

a biofilm; however, when a P. aeruginosa biofilm was allowed to grow on the surface first, 

and then was treated with ciprofloxacin, it took over 20 minutes to achieve the same levels of 

penetration.  

In addition to the protective EPS there are other factors that make bacteria within a biofilm 

more resistant toward antimicrobials.  In one study it was discovered that in a P. aeruginosa 

PAO1 biofilm, different microcolonies contained different phenotypic traits which suggests 

that the bacteria are capable of functional coordinated multicellular behavior associated with 

biofilm dispersion, similar to a fruiting body dispersal.20  Bacteria grow at different rates 

dependent on their location within the biofilm.   The biofilm itself contains many anaerobic 

pockets, lacking oxygen and nutrients, resulting in a large percentage of bacteria in dormant or 
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stationary metabolic states.  It was demonstrated by Spoering and Lewis that antibiotics, such 

as carbenicillin, are effective at killing rapid growing cells, but are much less effective against 

dormant cells, being virtually ineffective at killing cells within a biofilm21. 

 

1.1B: Bacterial Attachment and the Biofilm Life Cycle 

When a sterile surface is introduced into a biological medium, the first thing that occurs is the 

surface is conditioned, which precedes bacterial attachment. In the case of a medical device 

such as a catheter, immediately after implantation it is surrounded by mucous, urine, saliva, 

blood, or other fluids.22  The types of fluids and components that adhere to a surface are 

dependent on the surface characteristics such as charge and hydrophobicity, as well as the 

available biological fluids.  The conditioning film forms a mesh-like coating, and once this is 

established, then the bacteria are able to sense the film, and approach the surface.23 

The biofilm life cycle involves five distinct stages (Figure 1.2).  The first stage is the approach 

and attachment of microorganisms.  In this stage, microorganisms become weakly attracted, 

as far as distances of around 50 nm, to the substratum with condition film, via weak attractions 

such as Van der Waals forces.  The distance is too great for stronger electronic interactions, 

and thus this stage is reversible.  However as the microorganisms come closer to the surface, 

and reach distances of around 10 – 20 nm the adhesion becomes stronger as Van der Waals 

forces combined with repulsive electrostatic interactions influence adhesion.  At this distance, 

hydrophobic interactions give the microorganism the final push, removing layers of water 

between the organism and the substratum.  At a distance of ≤ 1.5 nm, specific interactions 
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begin to form such as covalent linkages.24  At this point, the organism becomes strongly bound 

to the surface, completing the first stage of the biofilm cycle.23 

 

 

Figure 1.2: The 5 stages of the biofilm life cycle.25 

 

In the second stage, the microorganisms now begin to excrete the EPS, which encases the 

resident bacteria that then begin to form microcolonies inside of it.  With the formation of the 

EPS the bacteria now become irreversibly bound to the substratum.  Stages three and four are 

the early and late stage development of the biofilm.  The early stage of development is 

characterized by the biofilm becoming three dimensional in shape.26  As the maturation 

continues, the biofilm becomes very distinct, adopting a robust three dimensional structure, as 

well as diverse microcolonies, separated by channels that can transport water and other 
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nutrients within the biofilm.27 Pillar shapes also begin to protrude from the biomass allowing 

for maximal nutrient adsorption and waste disposal.26  The final stage of the biofilm life cycle 

is the dispersion of planktonic bacteria.  In this stage, the biofilm reaches a point where the 

amount of microorganisms outweigh the available nutrients.  As a result, the biofilm then 

disperses bacteria, which revert back to the planktonic state, and can colonize new locations 

and begin the process of the biofilm life cycle all over again.   

An interesting caveat is that the bacteria in each stage of the biofilm life cycle are 

physiologically different from bacteria in separate stages.  Sauer et al noted that cells of P. 

aeruginosa produced different detectable proteins within each separate stage of the life cycle.28  

They noted that cells from the stage of planktonic to irreversible attachment produced a 29% 

change in the production of proteins, whereas the change in expressed proteins during the 

maturation stages produced a 35% difference in detectable proteins.  Lastly they compared the 

mature stage and the dispersion stage, and noted a 35% difference as well.   

 

1.1C: Quorum Sensing in Gram Negative and Gram Positive Bacteria 

Quorum sensing is a way for bacteria to regulate gene expression in response to cell population 

by use of chemical signals.  The physiological roles that quorum sensing plays are vast, 

including conjugal plasmid transfer, bioluminescence, virulence, and notably biofilm 

development and maturation.29  Quorum sensing has been studied extensively for Gram 

negative bacteria such as Vibrio fischeri, P. aeruginosa and more recently Escherichia coli as 

well as many others.  Quorum sensing in Gram positive bacteria such as S. aureus and S. 

epidermis has also been studied, but is not as well understood as in Gram negative bacteria.  In 
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general, Gram negative bacteria use acylated homoserine lactones (AHL) as autoinducers, 

whereas Gram positive bacteria use auto inducing peptides to communicate. 

 

 

Figure 1.3:  Representative quorum sensing pathway of Gram negative bacteria.  Vibrio fisheri 

picture.30 

 

Within the last two decades there has been a large amount of research devoted to Gram negative 

bacteria, identifying quorum sensing circuits for over 25 species of bacteria.  With the 

exception of Myxococcus xanthus and Vibrio harveyi, every single quorum sensing circuit 

resembles the well-known circuit of V. fischeri (Figure 1.3).31  As cell population density 

increases, LuxI synthase produces AHL autoinducers.  The autoinducer concentration 

continues to increase and it freely diffuses across the cell membrane thus allowing AHL 

concentration to correlate to cell population density. Once a critical threshold of AHL 
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autoinducers is reached the cytoplasmic autoinducer receptor, LuxR, is bound by the AHL, 

and the LuxR-autoinducer complex binds at the LuxICDABE promoter, and promotes 

transcription of the operon, which encodes luciferase, producing a light output.  Also encoded 

in the luciferase operon is expression of luxI gene which in turn expresses the LuxI synthase, 

which floods the environment with more AHL autoinducers.  Each Gram negative bacteria 

contains homologues of the two V. fisheri regulatory proteins. 

 

 

Figure 1.4: N-Acyl homoserine lactones.  From left to right; LuxI (V. fischeri), LuxM (V. 

harveyi), LasI (P. aeruginosa) 

 

In addition to V. fischeri, there have also been several pathogenic bacterial strains that have 

been shown to utilize an AHL quorum sensing route, of which P. aeruginosa has been the most 

extensively studied (Figure 1.4).   Given that P. aeruginosa biofilm development is dependent 

on quorum sensing,27 and that it forms robust biofilms in the lungs of cystic fibrosis patients, 

it is thought that disrupting the quorum sensing pathway could be an effective means to 

eradicate the bacteria.  There have been recent efforts by the Blackwell group, via the use of a 

solid-phase synthetic route, in which non-native AHL analogues were made in an effort to 

block AHL signals. 32 
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Figure 1.5:  Representative quorum sensing model in Gram positive S. aureus.33 

 

Quorum sensing in Gram positive bacteria is less well explored and understood, however S. 

aureus and S. epidermis have been studied.  In S. aureus at low cell density the bacteria express 

protein factors that encourage attachment and colonization; however, when the cell population 

density increases these traits are repressed and the secretion of toxins and proteases required 

for dissemination begins.34  The S. aureus quorum sensing model (Figure 1.5) is more complex 

than the typical Gram negative model.  Gram positive bacteria communicate through the use 

of autoinducing peptides (Figure 1.6) which act as signals in a two component regulatory 

system.  Two component regulatory systems serve as a stimulus response system to allow 

organisms to respond to changes in different environmental conditions.  The typical two-

component regulatory system is composed of a membrane bound histidine kinase and a 
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response regulator protein.  Once an extracellular stimulus is sensed the histidine kinase 

transfers a phosphoryl group to the response regulator which in turn results in activation of a 

specific response, for example gene transcription.35 There have been many regulatory genes 

that have been found to control biofilm formation such as crc, envZ/ompR, cpx, and vspR.36 

For S. aureus when the cell density reaches a critical threshold the agrD gene expresses the 

AgrD protein, which is modified into an autoinducing peptide signal, to which the AgrB 

protein adds a thiolactone ring modification.  The modified AIP transports to the outside of the 

membrane via the help of an ABC transporter.  When a sufficient amount of AIP accumulates 

outside of the cell membrane it binds to the histidine kinase AgrC, which leads to the 

phosphorylation of the AgrA response regulator.  The phosphorylated AgrA then induces the 

expression of the regulatory RNAIII, which is responsible for the repression of the protein 

factors that encourage attachment and colonization, and the expression of toxin secretion and 

proteases for dissemination.30,31 
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Figure 1.6: Autoinducing peptides of S. aureus.37 

 

1.1D: High Throughput Screening 

Due to the strong medical demand for an effective biofilm modulator, there has been research 

aimed at high-throughput screening of large chemical libraries.  In one such example the Wood 

lab performed a screen of over 13,000 chemical compounds isolated from various plants, and 

discovered that ursolic acid (Figure 1.7, left) was able to inhibit biofilms of five different E. 

coli strains, and in four different media, up to 20-fold, suggesting that the activity of ursolic 

acid is not limited to strain or conditions.38  In 2007 the Clardy lab performed a luminescence 

based chemical screen on over 66,000 chemical compounds to find the best biofilm modulators 

against P. aeruginosa.  From this screen they identified 30 compounds with 50% effective 

concentrations (EC50) of less than 20 µM, with the most effective compound (Figure 1.7, right) 

having an EC50 of 530 nM.39 
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Figure 1.7: Lead molecules identified from high throughput screening. 

 

1.1E: Inspiration from Marine Natural Products 

A different approach to discover new biofilm modulators is evident, as screening massive 

libraries of compounds has to date only resulted in the discovery of a handful of compounds 

that effectively inhibited biofilm formation.   Natural products have been the most consistent 

and effective source for drug discovery.  Over half of the new drugs that have been approved 

since 1994 have been inspired by natural products.40  Between 2005-2007, 13 new drugs based 

on natural products were discovered, five of which represented new classes of drugs.41  

Most new drug discoveries are usually derived from plant-based terrestrial isolates.  There has 

been, however, a growing interest in marine based natural products as they have been shown 

to possess remarkable activity.  The marine environment has been largely unexplored, as a 

result of the difficulty of isolating samples.42 

Taking inspiration from marine natural products has turned up some of the most potent biofilm 

modulators.  Two such isolated natural products, bromoageliferin and oroidin (Figure 8), have 

been shown to possess remarkable biofilm modulation characteristics.43  These natural 

products are secondary metabolites of the pyrrole-imidazole alkaloid family, and are 
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characteristic for their nitrogen rich structure, and 2-aminoimidazole functional group.  They 

are isolated extracts found in the marine sponge family, Agelasidae.  

 

 

Figure 1.8: Bromoageliferin and Oroidin. 

 

1.1F: The 2-Aminoimidazole as a Molecular Scaffold 

In our lab, attempts towards the synthesis of oroidin and bromoageliferin have presented us 

with the basis for the development of biofilm modulators.44,45  The majority of our efforts have 

been focused on structural activity relationship (SAR) studies of modification to the 2-

aminoimidazole (2-AI) ring. The 2-aminoimidazole functionality is a guanidine mimetic, and 

is found in numerous naturally occurring secondary metabolites, including bromoageliferin 

and oroidin (Figure 1.8).46   

Efforts directed at the synthesis of bromoageliferin, by Huigens et al, culminated in the 

synthesis of CAGE and TAGE, 1.1 and 1.2 respectively, which were shown to inhibit the 

formation of biofilms of  P. aeruginosa, in which both CAGE and TAGE (Figure 1.9) 
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displayed IC50s of 100 µM towards PAO1, serving as a major source of inspiration within our 

lab for future studies.44 

 

 

Figure 1.9: Lead bromoageliferin based molecules, CAGE and TAGE 

 

The success of this study prompted us to look at synthesizing 2-AI containing analogues of 

oroidin.  In an SAR study of oroidin based 2-AI compounds it was found that making reverse 

amide type structures gave very promising biofilm modulation properties.  Reverse amide 1.3 

(Figure 1.10) was shown to give 50% biofilm inhibition at a concentration as low as 6 µM, for      

P. aeruginosa.45  In a separate SAR study, the pyrrole functionality of oroidin was substituted 

by a triazole ring, which is a desirable molecular scaffold due to efficiency as a linker, its 

resemblance to an amide, high nitrogen density, and ease of synthesis, which led to the 

synthesis of compound 1.4, which became the first molecule to both inhibit and disperse 

bacterial biofilms across order, class and phylum.47 
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Figure 1.10: Lead oroidin based 2-aminoimidazole containing molecules. 

 

1.2: The Antibiotic Crisis 

1.2A: Introduction 

Within the last 70 years, the emergence of drug resistant strains of bacteria has posed a very 

serious threat to modern healthcare.  More specifically, methicillin resistant Staphylococcus 

aureus (MRSA), has spread worldwide within the last three decades.48  Drug resistance, 

coupled with the diminished interest in antibiotic research and development from 

pharmaceutical companies poses a very real threat to modern healthcare.  This epidemic has 

become so serious that the Infectious Disease Society of America has recently issued a call to 

action from the medical community.49  

Beginning with Fleming’s discovery of the destructive effects of penicillin towards S. aureus 

in 1928, a large growth in new classes of antimicrobial drugs occurred, all of which were 

followed by the emergence of drug resistant strains of bacteria. (Figure 1.11) Examples of this 

phenomenon include MRSA and multi-drug resistant Acinetobacter baumannii (MDRAB).50-

53  Multi-drug resistant bacteria are a major healthcare concern, especially in a hospital setting, 

where isolated strains of drug resistant bacteria have been found to be much more resistant to 

drug therapies when compared to community based strains.54  MRSA was first discovered in a 

hospital setting in England in the 1960s, and since its global spread, has been attributed to a 
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high number of nosocomial infections.55  It is estimated that roughly 20% of nosocomial 

bloodstream infections are caused by S. aureus, and in addition, 64% of isolated S. aureus 

strains are methicillin resistant.56,57   

 

 

Figure 1.11: Timeline of antibiotic deployment and resistance.58 

 

Antibiotic resistance is believed to result in medical costs between 5 and 24 billion dollars each 

year in the United States alone.59  To further add to this burden, antibiotic resistance for every 

major class of antibiotics has been observed, within as little as year in some cases.60  Given 

this problem and the inherent low return on investment, pharmaceutical companies have shifted 

the majority of their focus away from antibiotics, and towards long term chronic diseases, 

where there is much more potential profit. 
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1.2B: Beta-Lactam Antibiotics 

A β-lactam is a four membered cyclic amide (lactam), with the amide nitrogen covalently 

bonded to the β-carbon, relative to the carbonyl.  The β-lactam core is found in multiple classes 

of pharmaceutically important drugs, such as penicillins, carbapenems, and cephalosporins 

(Figure 1.12). 

 

 

Figure 1.12: Examples of β-lactam classes of antibiotics 

 

The first reported synthesis of a β-lactam was in 1907 by famed chemist, Hermann 

Staudinger.61  Staudinger, who discovered the ketene, synthesized a β-lactam via a formal 

[2+2] cycloaddition between a ketene and an imine (Scheme 1.1). 

 

 

Scheme 1.1: Staudinger’s β-lactam synthesis. 

 

1.2C: Cell Wall Biosynthesis and the Role of Penicillin Binding Proteins 

The outside of the Gram-positive cell wall is enveloped by a thick peptidoglycan layer (20-80 

nm).  This peptidoglycan layer is a strong, yet flexible barrier, which is crucial for giving the 
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cell wall structure, as well as counteracting internal osmotic stress.62 The peptidoglycan is 

composed of long repeating glycan units of N-acetylglucosamine (NAG) and N-acetyl 

muramic acid (NAM), typically between 10-100 disaccharide units, that are cross linked by 

short amino acid peptide chains.63 64 Attached to the N-acetyl muramic acid chain is a 

pentapeptide chain, referred to as the stem peptide.  The stem peptide is composed of L-Ala-

D-Glu-L-Lys-D-Ala-D-Ala.  In addition there is also a penta-amino acid side chain attached 

to the amino group of the “L-Lys” amino acid of the stem peptide, which for S. aureus is a 

pentaglycine chain.  This basic structure of peptidoglycan is common amongst almost all 

bacteria, with the exception of Mycoplasma and a few others.65 

Penicillin binding proteins (PBPs) are essential for the final stages of the biosynthesis of the 

bacterial cell wall.  In S. aureus, for example, there are four main PBPs, numbered PBP 1-4, 

of decreasing molecular masses of 87, 80, 75, and 41 kDa for PBP 1-4, respectively; however 

in other strains of bacteria such as E. coli, there are known to be more PBPs.66  In the final 

stage of peptidoglycan biosynthesis, the newly formed disaccharides and peptides are 

incorporated into the peptidoglycan via the PBPs.  The PBPs catalyze the elongation of glycan 

strands (transglycosylation) and the formation of cross links between peptide residues 

(transpeptidation) reactions that are responsible for the formation of glycosidic and peptide 

bonds, which finalize the peptidoglycan structure.65 The transpeptidation mechanism proceeds 

via the PBP-Ser-OH residue attacking and cleaving  the D-Ala-D-Ala of a stem peptide, 

releasing D-Ala, and making the activated ester complex (Scheme 1.2).  This then makes the 

carbonyl reactive enough for a transpeptidation reaction, in which the N-terminus of the 
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pentaglycine chain in the secondary stem peptide chain, attacks the ester which releases the 

PBP-Ser-OH complex, allowing for further catalysis, and providing a peptide cross link. 

 

 

Scheme 1.2: Transpeptidation reaction pathway for S. aureus. 

 

The mechanism for transglycosylation is not as well understood.  It is believed that PBP2 is 

the only PBP that plays any role in the transglycosylation reaction.  In addition there have also 

been mono-functional non penicillin binding proteins that have been isolated which are 

responsible transglycosylation, namely MGT and SgtA.67,68 However it has been shown that 

even in the absence of the mgt and sgtA genes, cell growth was not affected, suggesting that 

PBP2 is sufficient by itself.69  The glycotransfer reaction is believed to occur via the reaction 

of a growing glycan chain attached to an undecylprenyl pyrophosphate, and a 4-OH of the 

terminal N-acetylglucosamine moiety (Scheme 1.3).68  The 4-OH of the terminal NAG moiety 
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attacks the anomeric position of NAM, which is then followed by a decarboxylation of the 

undecylprenyl pyrophosphate subunit, providing the newly formed glycosidic bond. 

 

 

Scheme 1.3: Proposed transglycosylation pathway. 

 

1.2D:  Penicillin Deactivation of Cell Wall Biosynthesis 

As previously mentioned, the β-lactam is a four membered cyclic amide which is contained in 

numerous pharmaceutical drugs such as penicillins.  The penicillins are a subclass of drugs 

that all have a β-lactam ring fused to a 5 membered thiazolidine ring in common.  The drugs 

differ in the “R” group covalently attached to the amide of the α-carbon of the four membered 

ring.  The ring fusion, and adopted chirality of the penicillin subclass causes the molecule to 

adopt a strained “V” shape.70  As a result the planarity between the nitrogen and carbonyl are 

disrupted, being about 0.4 Å out of plane with one another, making the amide bond much less 

stable.  The nitrogen cannot stabilize the partial positive charge of the carbonyl, like it can in 
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an acyclic amide, and consequently it is much more prone to nucleophilic attack and 

hydrolysis.71 

The penicillin binding proteins achieve transpeptidation by a serine residue of the PBP which 

attacks the D-Ala-D-Ala carbonyl, cleaving D-Ala in the process.  However when penicillin is 

present, it is believed that due to the structural similarities between the penicillin ring system 

and D-Ala-D-Ala, the enzyme “mistakes” the β-lactam amide bond for the peptide bond of the 

alanine (Scheme 1.4).  As the β-lactam ring of penicillin is highly strained, the ring opening 

event is highly exothermic, making the energy requirement of the reverse ring forming reaction 

highly disfavored.  Additionally as the now opened ring is still covalently bonded to the serine 

residue of the PBP due to the sterics,  the amine of the pentaglycinyl side is not able to attack 

the newly formed ester, and regenerate the PBP serine.70  This effectively deactivates the PBP 

from performing any subsequent transpeptidation reactions, resulting in a weakened cell wall 

which is subjected to osmotic stress, causing cell lysis and death. 

 

 

Scheme 1.4: Similarities between β-lactam antibiotic and D-ala-D-ala highlighted in red.  

Reaction shows PBP deactivation of β-lactam. 
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1.2E:  Resistance to Beta-Lactam Antibiotics 

In 1940, even before the introduction of penicillin into clinical use, Abraham and Chain 

identified a bacterial enzyme that catalyzed the hydrolysis of the β-lactam ring of penicillin, 

converting it into penicilloic acid.72  They referred to it as “penicillinase”, but now with the 

discovery and synthesis of a multitude of other β-lactam containing pharmaceuticals, this and 

related enzymes are simply referred to as “β-lactamases”.  β-Lactamases are encoded by a 

single gene, blaZ.73  β-Lactamases are unique in that they are not membrane bound like the 

PBPs, but rather they are free floating enzymes.70 In Gram positive bacteria, the enzymes are 

shed continuously into the medium outside of the cell wall, which is where they deactivate the 

β-lactam.  In Gram negative bacteria the enzymes are secreted into the periplasmic space 

between the inner and outer membrane.  

By 1955 all resistance among staphylococci was due to enzymatic hydrolysis of the β-lactam 

ring.74  In non-resistant strains of staphylococci, upon PBP binding to the β-lactam ring, the 

newly formed ester complex is sterically hindered towards any nucleophilic attack, as a result 

the PBP is effectively deactivated.  Water is the only molecule that has access to the active 

site, however, the serine-ester active site is found to be inert towards hydrolytic regeneration.75  

In the case of β-lactamases, hydrolysis of the serine-ester complex is much more facile, with a 

high turnover rate, and regeneration of the β-lactamase serine active site, as well as 

deactivation of the β-lactam antibiotic into penicilloic acid (Scheme 1.5).   β-Lactamases are 

one of two main resistance mechanisms adopted by bacteria to fight β-lactam antibiotics, the 

other one being an altered PBP, termed PBP2A. 
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Scheme 1.5: β-lactamase regeneration of serine residue, and deactivation of β-lactam into 

penicilloic acid. 

 

The advent of β-lactamase resistance in S. aureus pressured pharmaceutical companies to 

develop new synthetic penicillins that could resist the effects of β-lactamases.  This caused a 

wave of new β-lactam containing drugs that were β-lactamase resistant, notably methicillin.  

Unfortunately the development of resistance towards methicillin did occur, albeit slowly. 

However, staphylococci resistance to methicillin occurs by a different mechanism than that of 

penicillin resistant strains. 

In strains of methicillin resistant S. aureus, the four main PBPs are produced, as well as an 

additional high MW PBP termed PBP2A.  PBP2A has a markedly lower affinity towards β-

lactam containing antibiotics.76  PBP2A is able to perform the tasks of the other 3 high MW 

PBPs, which is surprising given the efficiency with which PBPs 1-3 perform the cell wall 

biosynthesis.  Methicillin resistant strains are a result of the acquisition of the mecA gene, 

which encodes for PBP2A.73   

 

1.2F: Two Component Regulatory Systems as a Defense Mechanism in S. aureus 

In addition to β-lactamases and an altered PBP2A, bacteria also use two component regulatory 

systems as a mode of resistance to antibiotics.  In S. aureus, exposure to cell wall antibiotics, 
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such as β-lactams, induces a stress response resulting in the transcription of over 100 genes, 

referred to as the cell wall stimulon.77  Among those that have been identified is the VraSR 

stress response system which regulates the transcription of genes involved in cell wall 

biosynthesis.78  Upon cell wall stress, an unknown sensor stimulates the VraS sensor kinase, 

which in turn activates the response regulator protein, VraR, by phosphorylation79.  The 

activated protein then encodes for genes that are involved in cell wall biosynthesis, thus 

combating the effects of β-lactam antibiotics.  In a studies done on strains of MRSA mutants 

without the vraSR operon, the MICs of β-lactam antibiotics were all lowered, and in some 

cases by as much as 40-fold.78 

 

1.2G:  2-Aminoimidazole Antibiotic Resistance Suppression 

It was reported in our lab that in addition to being a novel biofilm modulator, 2-aminoimidazole 

triazole conjugate 1.4, was able to effectively suppress β-lactam resistance in MRSA.80  An 

eight-fold drop (32 µg/mL to 4 µg/mL) and a four-fold drop (256 µg/mL to 64 µg/mL) in MIC 

were noted for penicillin G and methicillin respectively in the presence of 45 µM of compound 

2.  Additionally MDRAB was tested and an eight-fold drop (16 µg/mL to 2 µg/mL) and a four-

fold drop (64 µg/mL to 16 µg/mL) in MIC were noted for imipenem and ciprofloxacin (non β-

lactam) respectively in the presence of 75 µM of compound 1.4. 

The promising display of triazole conjugate 1.4 as an effective adjuvant to conventional β-

lactam antibiotics against multidrug resistant bacteria prompted us to screen other triazole 

containing 2-AIs synthesized in our lab.  In work by Harris and Worthington, 2-AI triazole 

amide 1.5 (Figure 1.13), was tested and identified to be a promising molecule towards 
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suppression of antibiotic resistance, lowering the MIC of penicillin G, oxacillin, imipenem, 

and ampicillin eight-fold in each case (Chart 1 appendix). 

 

 

Figure 1.13: Head, linker and tail region of lead 2-AI for SAR studies. 

 

Previous studies in our group have focused on both synthetic approaches to generate analogues 

of the 2-AI linker, and tail region of 2-AIT compound, and the biological impact these 

modifications have upon biofilm inhibition and dispersion.47,81,82 The next logical step in our 

medicinal chemistry program is to develop synthetic approaches to access defined substitution 

patterns on the 2-aminoimidazole (2-AI) head region while maintaining the triazole containing 

tail intact, (Figure 1.13) and studying the impact that these substitution patterns have upon 

bacterial re-sensitization to the effects of conventional antibiotics and biofilm 

inhibition/dispersion of multi-drug resistant bacteria, and the inherent microbicidal activity of 

the 2-AI compounds.47,81,83  

 

1.3: Advanced Glycation End-products 

Advanced glycation end-products (AGEs) are unregulated and non-enzymatic modifications 

to host macromolecules (including proteins, lipids and nucleic acids) that are enhanced in the 
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presence of physiologically elevated levels of sugars, such as glucose84,85. AGE formation 

typically occurs as a result of metabolic dysregulation (such as diabetes), but are also an 

expected component of inflammation and the natural aging process.  AGEs are formed when 

reactive aldehydes, typically derived from reducing sugars, react randomly with proteogenic 

amines (typically lysine and arginine) to form an initial Shiff-base that, upon undergoing a 

subsequent Amadori rearrangement, produces randomly glycated proteins (Figure 1.14 top).84 

AGEs are a very broad class of molecules that form both exogenously and endogenously.86  

Exogenous AGE formation is typically food based, resulting when food is heated; the proteins 

become glycated giving a distinct brown color also known as “browning”.  Tobacco smoke 

has also been found to result in exogenous AGE formation.87  Endogenous, or in vivo AGE 

formation (Figure 1.14 bottom)88 is considered the more severe and clinically relevant of the 

two, as exogenous AGEs are poorly absorbed by the body.  

The diagnostic measurement of glycation, an Amadori modification of the N-terminal valine 

residue on the β-chain of hemoglobin, known as HbA1c, remains the current gold standard in 

clinical medicine to evaluate effective glucose control in diabetic patients84. AGE formation 

has been reported to play a role in a number of diabetes related complications including:  

retinopathy, cataract, atherosclerosis, neuropathy, nephropathy, diabetic embryopathy, and 

impaired wound healing.89  
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Figure 1.14: Top: AGE formation on a protein template via Amadori rearrangement.  Bottom: 

6 distinct AGEs formed in vivo.88 

 

AGE formation typically drives disease pathology in two major ways.  First, the outcome of 

direct covalent modification can lead to altered proteolytic degradation profiles, disruption of 

interactions with other molecules, and effects upon the biomechanical characteristics of 

tissues.90  Second, there are receptor-mediated pathways, such as the binding of AGEs to the 

receptor for advanced glycation end-products (RAGE), which leads to the induction of 

proinflammatory and procoagulant responses.91 RAGE activation has been implicated in not 
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only the pathogenesis of diabetes, but also Alzheimer’s disease and renal failure.92 The 

formation of AGEs in both aging and diabetes also leads to augmented cardiovascular risk and 

more frequent occurrence of vascular disease.93  

 

 

Figure 1.15: Inhibitors of AGE formation, Aminoguanidine (AG) and Alt-711.  Structural 

features shared between AG and the 2-aminoimidazole heterocycle are highlighted in blue. 

 

Given these pleotropic effects on disease states and contribution to progression of diabetic 

complications, there have been multiple avenues explored to combat AGE formation.  Of these 

approaches, the most promising seem to be the use of small molecules that inhibit AGE 

formation or break pre-existing AGEs (Figure 1.15).  The gold standard in this field is 

aminoguanidine (AG), which sequesters reactive aldehyde species as 1, 2, 4-triazines (Figure 

1.16).  AG showed promise in animal studies; however, clinical studies for the treatment of 

complications due to diabetes were cancelled due to safety concerns as it was found that AG 

also inhibited NO synthase.94,95  The other prominent molecule investigated for disrupting 

AGE formation is Alt-711 (algebrium).96,97  Alt-711 is a small molecule that was discovered 

to break pre-formed AGEs and was ultimately pursued by Alteon for commercial development.  

Despite showing promise in early studies (including advancement to Phase II), development 

of Alt-711 was halted due to financial complications.  This has led to the conclusion that 

although AG and Alt-711 showed promise, safety and/or efficacy with both compounds have 
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limited their further development.98  In chapter 4 we explore the use of 2-aminoimidazole 

containing small molecules that can inhibit AGE formation and break preformed AGEs. 

 

 
Figure 1.16:  Reactions of Aminoguanidine with reactive aldehydes to form 1, 2, 4-triazines. 
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Table A 

Antibiotic 
MIC of antibiotic 

alone (μg/mL) 
MIC of antibiotic with 25 μM 

Compound 1.5 
Reduction 

in MIC 

penicillin G 32 2 8-fold 

oxacillin 32 4 8-fold 

ampicillin 64 8 8-fold 

methicillin 128 32 4-fold 

nafcillin 32 8 4-fold 

piperacillin 128 32 4-fold 

imipenem 0.25 0.03125 8-fold 

meropenam 4 1 4-fold 

cefoxitin 64 16 4-fold 

cefotaxime 256 64 4-fold 

ceftazidime 256 128 2-fold 

vancomycin 1 0.5 2-fold 

aztreonam >1024 >1024 0 

novobiocin 0.5 0.5 0 

streptomycin >1024 >1024 0 

tobramycin 128 128 0 

erythromycin 1024 1024 0 

tetracycline 16 16 0 

chloramphenicol 4 4 0 
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 CHAPTER 2 

A Flexible Approach to 1, 4-Disubstituted 2-Aminoimidazoles that Inhibit and Disperse 

Biofilms and Potentiate the Effects of β-Lactams against Multi-Drug Resistant Bacteria99 

 

2.1: Introduction: 

As a result of the aforementioned complications, bacterial biofilms can represent a significant 

impediment to the treatment of bacterial infections as they are less susceptible to antibiotic 

therapy.   Outside of the phenotypic defense against antibiotics that biofilms provide, bacteria 

have a number of additional defense mechanisms against an antibiotic threat.  Chief amongst 

these are genotypic responses that render bacteria multi-drug resistant. An example of this 

phenomenon includes resistance to β-lactam antibiotics that have arisen as a result of mutation, 

selection, and horizontal gene transfer.100 The rise of drug resistant bacteria, coupled with the 

diminished interest in antibiotic research and development from pharmaceutical companies 

poses a very real threat to modern health care.  The 2-aminoimidazole (2-AI) derivatives that 

have recently been synthesized in our lab and have been shown to be effective toward biofilm 

inhibition and dispersion.26,44,47,101-103 The 2-aminoimidazole functionality is essentially a 

guanidine mimetic with a highly modulated pKa and is found in numerous marine natural 

products. Prototypical examples in this class include the natural products such as ageliferin 

and oroidin, isolated from the sponge Agelas conifera (Figure 2.1).46 Given the high efficacy 

of the 2-AI moiety toward modulating bacterial behavior, it was posited that these compounds 

might be able to be utilized as adjuvants to existing antimicrobial drugs such as β-Lactams by 

resensitizing the bacteria to the effects of the antibiotic. 
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Figure 2.1: 2-aminoimidazole containing compounds that display antibiofilm properties 

 

 

The 2-aminoimidazole/triazole (2-AIT) compounds have been previously investigated in our 

lab and have proved to be very active towards inhibiting and dispersing biofilms of a number 

of strains of pathogenic bacteria. We recently documented that compound 2.3 also possesses 

the ability to lower the MIC of oxacillin against MRSA (ATCC BAA-44) four fold.104 Previous 

studies in our group have focused on synthetic approaches to generate analogues of the 2-AI 

tail region ‘tail‘ region of 2-AIT compound, and the biological impact these modifications have 

upon biofilm inhibition and dispersion.47,81,82 The next logical step in our medicinal chemistry 

program is to develop synthetic approaches to access defined substitution patterns on the 2-
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aminoimidazole (2-AI) head region while maintaining the triazole containing tail intact and 

studying the impact that these substitution patterns have upon biofilm inhibition/dispersion, 

suppression of antibiotic resistance in multi-drug resistant bacterial strains, and the inherent 

microbicidal activity of the 2-AI compounds.47,81,83 Herein we report a versatile synthetic 

approach to 1,4 substituted 2-AITs, the use of this approach to the assembly of a pilot library 

of 2-AIT analogues, and the biological activity of this library against methicillin resistant 

staphylococcus aureus (MRSA) and multi-drug resistant Acinetobacter baumannii (MDRAB).  

 

2.2: Results and Discussion 

2.2A: Synthesis  

It was initially believed that the synthesis of the 1, 4-disubstituted 2-AIT could be 

accomplished by cyclization of an N-substituted amino ketone with cyanamide, as similar 

experiments in our lab have produced 4,5-substituted  2-AIs from unsubstituted α-amino 

ketones.103   We envisioned the relatively unstable intermediary amino ketone could be 

synthesized from the nucleophilic ring opening of an epoxide with a primary amine (Figure 

2.2). 

 

 

Figure 2.2: Retrosynthetic scheme towards the synthesis of 1, 4 substituted 2-aminoimidazole. 
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The synthesis of epoxide 2.10 began by isomerizing internal alkyne 2.5 via the alkyne “zipper” 

reaction  to give terminal alkyne 2.6 (Scheme 2.1).105  A copper mediated azide-alkyne Huisgen 

cycloaddition (“click reaction“) was then performed on terminal alkyne 2.6 and azide 2.7 to 

provide alcohol 2.8 in quantitiative yield.106   The alcohol was then subjected to a tandem 

Swern/Wittig protocol,  to deliver alkene 2.9 in 66% yield over 2 steps.107  The alkene was 

then selectively epoxidized with m-chloroperoxybenzoic acid, to yield the key epoxide 

intermediate 2.10 in an 80% yield.  

 

 

Scheme 2.1: Synthetic approach to intermediate epoxide 2.10:  Reagents and conditions: a) 

ethylenediamine, NaH, 86%.  b)  Compound 2.6, CuSO4, sodium ascorbate, t-

BuOH/H2O/DCM, 99%.  c) i. DMSO, oxalyl chloride, DCM, -78 °C. ii. 2.8. iii. Et3N.  d) i. 

triphenylphosphonium bromide, KHMDS, toluene, -30 °C – rt. 66% over two steps. e) 

mCPBA, DCM, 0 °C – rt, 80%.  

 

We initially hoped to directly open the epoxide with a primary amine substrate at the less 

hindered carbon that following oxidation of the resultant alcohol would yield α-amino ketone 
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2.11.  Pyrimidine and aniline were initially chosen as nucleophiles to open the epoxide, but in 

each attempt there was no reaction, even upon heating (Table 2.1).  It was thought that a more 

nucleophillic primary amine would better serve to open the epoxide.  Product was formed upon 

reaction of the epoxide with 8 equivalents of decylamine, in a DMSO:H2O solvent system at 

60 °C  Although this procedure delivered the amino alcohol in a 55% yield, the reactants 

suffered from poor solubility in the DMSO:H2O solution and the product contained a 

considerable amount of impurites that persisted even after multiple attempts at purification.  

The amino alcohol was also formed upon reaction with undecylamine as the nucleophile; 

however, the use of different conditions (DMF, Montmorillonite K10, 60 °C) chosen to 

improve solubility still led to impurites that could not be separated from the product even after 

multiple attempts at purification.    Given the inability to separate the amino alcohol from the 

impurities associated with the reaction,  each mixture was subjected to the Swern oxidation, in 

an attempt to produce the amino ketone; however, in each case no product formation was 

observed.   Smaller molecular weight primary amines, hexyl- and heptyl-, as well as 

benzylamine, were also used as nucleophiles, under similar conditions, and in every case no 

product was obtained. 
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Table 2.1. Attempts at nucleophilic epoxide opening with primary amines. 

 

Amine Conditions Equivalents Yield 

 
A 1 NR 

 
B 1 NR 

 
B 1 NR 

 
C 8 NR 

 
D 8 55a 

 E 8 35a 

 
F 8 NR 

 
d 8 NR 

 
e 8 NR 

Conditions: a) toluene, reflux.  b) Montmorillonite (K10), DCM, rt.  c) 

DMF: H2O (1:1), rt.  d)  DMSO: H2O (1:1), 60 °C.  e) DMF, 

Montmorillonite (K10), 60 °C.  e) DMF, 60 °C.  f)  DMF: DMSO/H2O 

(4:1), Montmorillonite (K10), 60 °C. 

[a] contained impurities after isolation 
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Given the failure of this route to generate the target substitution pattern, we explored the use 

of a reductive aza-wittig reaction.108 Secondary amines have been prepared from azides 

previously by use of this one-pot Staudinger reduction followed by imine formation with the 

corresponding aldehyde, and in situ reduction of the crude imine. This was explored by 

opening epoxide 2.10  with sodium azide under reflux, yielding the azido-alcohol 2.12 in 87% 

yield (Scheme 2.2).  The oxidation of the alcohol was initially attempted with IBX as well as 

DMP; however, neither oxidant produced the corresponding azido amine.  The Swern 

oxidation was found to be an ideal oxidation, producing azido ketone 2.13 in 94% yield.  Next 

we wanted to perform an aza-wittig reaction on the azido group, followed by a direct reduction 

of the intermediate imine functionality.  This method would be an effective way to produce 

alkyl derivatives at the N1 position on the 2-AI ring.   The azide was reduced with PPh3 and in 

the presence of an excess of a corresponding aldehyde, imine formation was observed after 

two hours in refluxing toluene; however, the imine could not be isolated and all efforts towards 

in situ imine reduction using Na(CN)BH3 failed, as decomposition was observed in each case.  

With the failure of this second route to access the desired N-substituted amino-ketone, it 

became necessary to explore a third route toward synthesizing the key intermediate 2.11.  
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Scheme 2.2: Initial attempts at making 1, 4-disubstituted 2-aminoimidazoles: Reagents and 

conditions a) NaN3, 2-methoxyethanol/H2O (8:1), reflux, 87%. b) DMSO, oxalyl chloride, 

DCM, -78 °C. ii. 2.12 iii. Et3N, 94%. 

 

Sorrell and coworkers observed that the reaction of an α-bromo ketone with a primary amine 

produced the desired N-substituted α-amino ketone, which in their hands was followed by 

direct reaction with formamide to yield 1,4 substituted imidazoles.109  Based upon this 

precedent, it was reasoned that using cyanamide rather than formamide would yield the desired 

1,4 substituted 2-AI,  which necessitated to synthesis of the α-bromo ketone 2.15 (Scheme 2.3).  

This was accomplished by performing a Jones oxidation on the previously synthesized triazole-
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alcohol 2.8, producing carboxylic acid  2.14 in 70% yield after purification.  The carboxylic 

acid was then treated with oxalyl chloride producing the intermediate acid-chloride, followed 

by treatment with diazomethane and subsequently with HBr to yield α-bromo ketone 2.15 in 

84% yield over the three steps.   

Numerous attempts to react α-bromo ketone 2.15 with a variety of primary amines failed to 

provide the desired amino ketone.  Upon monitoring the reaction by 1H NMR, it was observed 

that the bromide displacement was rapid, giving almost full conversion to the amino ketone 

within 10 minutes evidenced by the shift in the methylene singlets from the starting material 

to the product (-Δppm 0.4).  It was observed that the amino-ketone singlet converted into a 

multiplet after one hour, corresponding to an undesired side product (most likely self 

condensation dimer).  Based upon this observation, we developed a one-pot tandem procedure 

for the bromide displacement and subsequent cyanamide cyclization to deliver the target 2-AI 

derivatives (Scheme 2.4).  This was accomplished by reacting the α-bromo ketone 2.15 with 

0.95 equivalents of the primary amine for 30 minutes in ethanol that was followed by addition 

of cyanamide. The pH of the reaction was then adjusted to 4.3 by adition of  0.1N HClaq and 

the resulting solution was refluxed for three hours to deliver the targeted 1,4 substituted 2AITs 

as their free bases after chromatography with CH2Cl2/MeOH saturated with NH3. Treatment 

with HCl provided the final HCl salts for biological testing in yields up to 36% over the 3 steps 

(Scheme 2.4, Table 2.2).  
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Scheme 2.3: Synthesis of a 1, 4-substituted 2-aminoimidazole/triazole via N-alkylation of an 

α-bromo ketone.  a) Jones reagent, acetone, 0 °C, 70%.  b) i. oxalyl chloride, DCM, cat DMF, 

0 °C. ii. CH2N2. iii. HBr, 84% over 3 steps. c) i. R-NH2, 95% EtOH, rt.  ii. NH2CN, pH adjusted 

to 4.3 using 0.1N HClaq followed by reflux for 3 hours. 

 

 



 

42 

 

Scheme 2.4: Synthesized 1, 4 2-AITs. a) i. R-NH2, EtOH, 30 mins, ii. NH2CN, pH adjusted to 

4.3 using 0.1 N HClaq followed by reflux for 3 hours. 
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Table 2.2 Primary amines used for one pot 2-AI ring formation. 

Amine Product Yield (%) Amine Product Yield (%) 

 2.4a 16  2.4g 36 

 
2.4b 16  2.4h 26 

 
2.4c 28  2.4i 25 

 2.4d 33 
 

2.4j 26 

 
2.4e 14 

 
2.4k 26 

 2.4f 25 
 

2.4l 10 

 

 

2.2B: MRSA and MDRAB biofilm modulation 

The 2-aminoimidazole moiety has been observed in nature to possess antibiofouling 

properties110 and has provided a priveledged scaffold for the development of anti-biofilm 

compounds.44,45,47,80,82,83,101,103,111-115 Most these 2-AI compounds appear to effect biofilms at 

both the beginning and final stages of a biofilm development cycle, leading to compounds that 

both inhibit and disperse bacterial biofilms. Therefore we were initially interested in testing 

the effect that the 1,4-substitution pattern has upon the 2-AITs ability to inhibit of biofilm 

formation, as well as induce dispersion of preformed biofilms.   

The first biological property of the 1, 4 di-substituted 2-AITs that we looked at was the 

Minimum Inhibtory Concentration (MIC) which measures the lowest concentration of 

compound that will inhibit visible bacterial growth.  The MIC was determined for each 
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compound under CLSI conditions using a microdilution protocol (Table 2.3).  As 1,4 di-

substituted 2-AITs have previously not been investigated for antibiofilm activity, we next 

proceeded to evaluate their ability to inhibit biofilm formation by a representative Gram-

positive bacterial strain, MRSA (ATCC BAA-44),  and a representative Gram-negative 

bacterial strain, MDRAB (ATCC BAA-1605)  We also assesed their ability to disperse 

preexisting biofilms.   Here, we define the 2-AIT concentration required to inhibit 50% of 

biofilm growth, relative to an untreated control, as the IC50 value, while the concentration 

required to disperse 50% of a preformed biofilm is defined as the EC50 value. 

The ability of each compound to inhibit biofilm development was assessed using the crystal 

violet reporter assay.116  The most potent MRSA biofilm inhibitor of the initial library, 2.4h, 

contained an n-pentyl substitutent  (Table 2.3).  Compound 2.4h exhibited an IC50 of 4.14µM 

against MRSA, which was slightly lower than the MIC of our lead compound 2.3,  and was 

also shown to act in a non-microbicidal fashion according to growth curve analysis.  In an 

attempt to increase activity, analogues of 2.4h were synthesized in which the alkyl chain was 

either shortened to n-butyl, 2.4g, and lengthened to n-hexyl, 2.4i.  However, in both cases 

activity decreased as we observed IC50
’s of  10.8, and 6.2 µM, respectively. The benzyl 

substituted 2-AI, 2.4k, gave a promising IC50 of 7.16 µM.  Again, we attempted to augment 

activity by synthesizing analogues in which we inserted a methylene unit, 2.4l, or removed a 

methylene unit, 2.4j; however, both analogues had dimineshed anti-biofilm activity, returning 

IC50 values of 25.1 and 9.9 µM respectively.  The cyclopentyl derivative, 2.4b, gave an IC50 

of 9.01 µM, but again as in the previous cases, decreasing or increasing the ring size to a 
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cyclopropy, 2.4a, or cyclohexyl, 2.4c, delivered compounds with decreased activity (IC50
’s of 

>100 µM and 18.7 µM respectively). 

 

 

 

We were also interested determining the activity of our 2-AITs against a multi-drug resistant 

Gram-negative bacterium.  To this end, we investigated MDRAB.  A. baumannii is nosocomial 

Table 2.3. MICs and IC50s of MRSA BAA-44 and MDRAB BAA 1605. 

Compound MIC MRSAa IC50 MRSAa MIC MDRABa IC50 MDRABa 

2.4a 100 >100 >200 Toxic 

2.4b 25 9.01 ± 2.39 100 33.7 ± 2.69 

2.4c 25 18.71± 0.27 200 Toxic 

2.4d 200 >100 >200 Toxic 

2.4e 50 24 ± 3.88 200 98.59 ± 0.01 

2.4f 50 13.2 ± 6.96 200 Toxic 

2.4g 25 10.8 ± 3.18 100 53.8 ± 4.13 

2.4h 12.5 4.14 ± 2.03 100 31.4 ± 4.13 

2.4i 12.5 6.2 ± 0.84 100 26.2 ± 2.00 

2.4j 25 25.1 ± 1.33 >200 49.8 ± 4.78 

2.4k 12.5 7.16 ± 1.58 100 33.9 ± 2.76 

2.4l 25 9.9 ± 4.54 100 39.2 ± 3.45 

[a] values are in µM  
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pathogen that survives in hospital settings based, in part, by its ability to form robust 

biofilms.117,118 The antimicrobial activity and biofilm inhibition activity were determined for 

all compounds (Table 2.3). When compared to MRSA, these compounds were less active 

towards MDRAB displaying much higher MIC and IC50 values.  The leading biofilm inhibitor 

was hexyl derivative 2.4i, with an IC50 of 26.2 µM, followed closely by the n-pentyl 2.4h, 

cyclopentyl 2.4b, and benzyl derivative 2.4k, with IC50 values of 31.4, 33.7, and 33.9 µM 

respectively.  Furthermore, four of the compounds, 2.4a, 2.4c, 2.4d and 2.4f, showed sharp 

drops in inhibition over a very narrow range in concentrations, usually indicative of toxic 

mechanisms. 

Finally, we were interested in the dispersion potential of our 2-AITs with a preformed biofilm.  

Dispersion of a preformed biofilm is very desirable as compounds that simply inhibit biofilm 

formation will mostly likely find utility as prophylactic agents.  Biofilm dispersants have the 

potential to treat an established disease state.  The 5 most potent biofilm inhibitors, 2.4b, 2.4h, 

2.4i, 2.4k and 2.4l were selected for analysis, and their EC50s were determined against MRSA.  

All compounds exhibited similar biofilm dispersion activity against MRSA, and returned EC50 

values of 33.0 – 45.1 μM (Table 2.4). 
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Table 2.4. Biofilm dispersion of lead 

compounds against MRSA BAA-44. 

Compound EC50 

2.4b 34.47 ± 0.02 

2.4h 45.06 ± 2.23 

2.4i 40.96 ± 1.66 

2.4k 39.61  ± 2.82 

2.4l 32.96  ± 2.42 

[a] values are in µM 

 

 

2.2C: Resensitization of MRSA 

Due to the growing problem of multi-drug resistant bacteria, our group has been exploring the 

ability of suitably derived 2-AIs to suppress antibiotic resistance in multi-drug resistant 

bacteria.80,119,120 To this end, we were interested in testing the potential of our 1,4 substituted 

2-AITs to resensitize MDR bacteria towards oxacillin, since 2-AIT 2.3 has been documented 

to reduce the MIC of oxacillin four-fold at 25% of its MIC (25 µM).104 To study the 

resensitization effects, the minimum inhibitory concentration (MIC) of each 2-AIT against 

MRSA (ATCC BAA-44) was initially determined by using a microdilution protocol.  To probe 

suppression of antibiotic resistance, the MIC of oxacillin was determined in the presence of 

25% the MIC of each 2-AIT compound.  In our experience, 2-AI compounds themselves at 

25% their MIC value display limited toxicity to bacteria.   Mueller Hinton Broth was inoculated 

with BAA-44, and oxacillin was serially diluted in both the inoculated media alone to serve as 
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a control, as well as inoculated media supplemented with 2-AITs.  The MICs of the oxacillin 

in the presence of the 2-AITs were compared with that of oxacillin alone, and a fold-reduction 

was noted by dividing the oxacillin MIC by the MIC of oxacillin with the 2-AITs (Table 2.5). 

The most active compound was 2.4e, which has an isobutyl substituent at the 1° nitrogen.  

Compound 2.4e elicited a four-fold reduction in the MIC of oxacillin. Unfortunately, no other 

compounds tested were able to match the resensitization ability of the lead compound 2.4e or 

the parent compound 2.3. 

Finally, the checkerboard assay was used to determine if there was any synergism between the 

2-AIT compounds and oxacillin. 121 The assay is performed by serially diluting one antibiotic 

vertically down a 96-well plate, followed by the second antibiotic horizontally across the plate.  

The fractal inhibitory concentration (FIC) is then calculated by dividing the MIC of each 

antibiotic in the combinations, by that of the antibiotic alone.  An FIC index (ΣFIC) is than 

determined for each well by adding each of the individual antibiotic FICs corresponding to that 

well.  A ΣFIC of ≤ 0.5 is indicative of synergistic effects between the two antibiotics.  The lead 

compound in our library gave a ΣFIC of 0.5 suggesting synergism between the compound and 

oxacillin.  However, all other 1, 4 substituted 2-AIT tested gave a ΣFIC was higher than 0.5 

(Table 2.5), further confirming the lack of synergy between the 1, 4-substituted 2-AITs and 

oxacillin. 
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Table 2.5. Resensitization of MRSA to oxacillin 

Compound Resensitization ΣFIC 

2.4a 2 fold 0.501 

2.4b 2 fold 0.562 

2.4c 2 fold 0.625 

2.4d 0-2 folda 0.562 

2.4e 4 fold 0.500 

2.4f 2 fold 0.560 

2.4g 0-2 folda 0.530 

2.4h 0 fold 0.530 

2.4i 0 fold 1.000 

2.4j 0-2 folda 0.504 

2.4k 0-2 folda 0.515 

2.4l 0-2 folda 0.530 

[a] 0-2 fold values obtained after experiments 

run in 4 replicate experiments 

 

 

2.3: Conclusion 

We have successfully developed an efficient approach to the synthesis of 1,4-substituted-2-

aminoimidazole/triazole conjugates via a key one-pot N-alkylation/cyanimide cyclization 

procedure, and have employed this strategy to assemble a pilot library of 2-AIT derivatives.  

This synthesis requires the use of no protecting groups, and can be further used for the 
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construction of a library of general 1,4-substituted 2-AIs.  The compounds were found to be 

active biofilm inhibitors, with the lead compound being n-pentyl derivative 2.4h. Compound 

2.4h, as well as 2.4g (n-butyl) and 2.4f (allyl) inhibited biofilm formation through a non-

microbicidal mechanism. Compounds 2.4b, 2.4i, 2.4k, and 2.4l were also active; however 

growth curve analysis showed that these compounds acted in a microbicidal fashion at their 

IC50 concentration.   Combination studies with these compounds demonstrated that certain 2-

AIT analogues suppressed oxacillin resistance in the MRSA strain, with the lead compound, 

4e, effecting a four-fold reduction in the MIC of oxacillin, as well as a ΣFIC of 0.500 indicating 

a synergistic behaviour between compound 2.4e and oxacillin.    

 

2.4: Experimental 

All reagents used for chemical synthesis were purchased from commercially available sources, 

and required no further purification.  Chromatography was performed with 60 Å mesh standard 

grade silica gel from Sorbtech.  Infrared spectra were obtained on an FT/IR-4100 

spectrophotometer (ν max in cm-1).  UV absorbance was recorded on a Genesys 10 scanning 

UV/Vis spectrophotometer (max in nm).  NMR solvents were obtained from Cambridge 

Isotope Labs.  1H NMR (400 MHz and 300 MHz) and 13C NMR (100 MHz and 75 MHz) 

spectra were recorded at 25 °C on Varian Mercury spectrometers.  Chemical shifts () are 

given in ppm relative to their respective solvent.  Coupling constants (J) are in Hertz (Hz).  

Abbreviations are as followed: s = singlet, d = doublet, t = triplet, dt = doublet of triplets, brs 

= broad singlet, and m = multiplet.  Mass spectra were obtained at the NCSU Department of 

Chemistry Mass Spectrometry Facility.  MRSA (ATCC # BAA-44), and MDRAB (ATCC # 
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BAA-1605) were obtained from the American Type Culture Collection.  Mechanically 

defribulated sheep blood (DSB100) was obtained from Hemostat Labs.  Oxacillin sodium salt 

was purchased from Fluka. 

 

Biological Screening 

Inhibition assays of selected compounds against MRSA and MDRAB: 

Inhibition Assays were performed by overnight culturing the desired bacteria, MRSA or 

MDRAB, and subculturing at an OD600 of 0.01 into tryptic soy broth with a 0.5% glucose 

supplement (TSBG) for MRSA, or Luria-Bertani (LB) media for MDRAB.  Stock solutions of 

a predetermined concentration of the selected compounds were prepared in the resulting 

bacterial suspension.  Aliquots of 100 µL were distributed to the wells of a 96-well plate.  Plates 

were covered and sealed with GLAD Press’n Seal, then incubated under stationary conditions 

at 37 °C for 24 hours.  The media was then discarded, and the plates were washed thoroughly 

with water to remove any loosely adherent bacteria.  Each well was then stained with 110 µL 

of crystal violet (0.1% solution), and allowed to sit for 30 minutes.  The crystal violet was then 

discarded, and the wells were thoroughly washed with water again.  The remaining stain was 

then dissolved in 95% ethanol (200 µL) and 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 check. 
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Dispersion assays of selected compounds against MRSA: 

Dispersion assays were performed by taking overnight cultures of MRSA and subculturing at 

an OD600 of 0.1 into TSBG media.  100 µL aliquots of the resulting bacterial suspension were 

distributed to the wells of a 96 well plate.  Plates were then covered and sealed with GLAD 

Press’n Seal followed by incubation under stationary conditions at 37 °C for 24h.  The plates 

were unwrapped and the media was discarded, and the plates were washed thoroughly with 

water to remove any loosely adherent bacteria.  Stock solutions of predetermined 

concentrations of the selected compounds were prepared in TSBG, and 100 µL was transferred 

from stock solutions into the 96-well plate.  Media alone was added as a control.  Plates were 

then rewrapped with GLAD Press’n Seal, and incubated under stationary conditions for 24 

hours.  The media was discarded from the plates and the wells were washed thoroughly with 

water.  Each well was then stained with 110 µL of crystal violet (0.1% solution) at room 

temperature, and allowed to sit for 30 minutes.  The crystal violet was then discarded and the 

wells were thoroughly washed with water again.  The remaining stain was then dissolved in 

95% ethanol (200 µL) and 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 check. 

 

Broth microdilution method for antibiotic resensitization:   

Mueller-Hinton Broth (MHB) was inoculated (5x105 CFU mL-1) with MRSA.  Aliquots (5 

mL) of the resulting bacterial suspension were distributed to culture tubes, and compound from 

a 100 mM stock solution was added to give the final desired concentration.  Bacteria not treated 
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with the tested 2-AI served as a control.  After sitting at room temperature for 30 minutes, 1 

mL of each sample was transferred to a culture tube, and oxacillin sodium salt was added from 

a 128 mg mL-1 water stock solution to give a final concentration of 128 µg mL-1.    Rows 2-

12 of a 96-well plate were filled (110 µL per well) from the remaining 4 mL bacterial 

subculture.  After standing for 10 minutes, aliquots (200 µL) of the samples containing 

antibiotic were distributed to the corresponding first row wells of the microtiter plate.  Row 1 

was mixed 6-8 times, and then 100 µL was transferred from row 1 to row 2.  This procedure 

was then repeated to dilute the rest of the wells, to which no antibiotic was added, to check for 

bacterial growth in the presence of compound alone.  The plate was then covered and sealed 

with GLAD Press’n Seal, and incubated under stationary conditions at 37 °C.  MIC values 

were then recorded as the lowest concentrations at which no bacterial growth was recorded, 

and a fold reduction was determined by comparison with control lane. 

 

Checkerboard assays:   

MHB was inoculated with MRSA (5 x 105 CFU ml-1) and 100 µL aliquots were distributed to 

all wells of a 96-well plate except for well 1a.  Inoculated MHB (200 µL) containing a selected 

compound (at a concentration of 2x the highest concentration being tested) was added to well 

1a, and 100 µL of the same sample was added to wells 2a-12a.   Column A cells were mixed 

6-8 times, and then 100 µL was withdrawn and transferred to column B.  This process was 

repeated up to column G (column H was not mixed to determine the MIC of the antibiotic 

alone.  Inoculated media (100 µL) containing antibiotic at 2x the highest concentration being 

tested was placed in wells  A1-H1 and serially diluted, all the way until row 11 (row 12 was 
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not mixed to determine the MIC of the compound alone). The plates were covered and sealed 

with GLAD Press’n Seal, and incubated under stationary conditions at 37 °C.  After 16h the 

MIC values of both compound and antibiotic were recorded, as well as combination.  The ΣFIC 

values were calculated as follows.  ΣFIC = FICcmpd + FICantibiotic, where FICcmpd = [MICcmpd in 

combination]/ [MICcmpd alone], and FICantibiotic = [MICantibiotic in combination]/ [MICantibiotic 

alone].  The combination is considered synergistic if ΣFIC ≤ 0.5, indifferent if 0.5 < ΣFIC < 2, 

and antagonistic if ΣFIC > 2. 

 

 

 

Characterization: 

 

 

N-(2-(4-(6-Hydroxyhexyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.8):  To a 

solution of 1-octyn-ol (2.6) (10 g, 79.2 mmol)  in 150 mL of tBuOH/H2O/DCM (2/2/1), at 

room temperature was added N-(2-azidoethyl)-4-pentylbenzamide (2.7) (22.7 g, 87.16 mmol), 

CuSO4 (1.89 g, 12 mmol) and sodium ascorbate (6.27 g, 31.7 mmol), and the reaction was 

stirred for 16 hours.  The reaction was quenched with water and extracted with a 10% MeOH 

in DCM solution (2 x) and once with DCM.  The organic layers were combined and washed 

with brine, dried with magnesium sulfate, filtered, and concentrated in vacuo.  The crude 

product was purified by flash chromatography (2.5% to 10% gradient MeOH/DCM) to provide 
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triazole 2.8 (30.154 g, 99%) as a white solid.  1H NMR (CDCl3, 400 MHz)  7.68 (d, J = 8.4 

Hz, 2H), 7.31 (s, 2H), 7.18 (d, J = 8 Hz, 2H), 4.54 (t, J = 5.8 Hz, 2H), 3.91 (dt, J = 5.6, 5.6, 

2H), 3.58 (t, J = 6.4 Hz, 2H), 2.66-2.58 (m, 4H), 2.32(brs, 1H), 1.62-1.52(m, 4H), 1.52-1.47(m, 

2H), 1.33-1.26(m, 8H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz)  168.2, 148.3, 

147.4, 131.4, 131.4, 128.8, 127.4, 122.2, 62.8, 49.6, 40.1, 36.0, 32.7, 31.6, 31.1, 29.4, 28.9, 

25.5, 25.5, 22.7, 14.2; IR (CDCl3) 3356, 3297, 2927, 2853, 2359, 2338, 1641, 1540, 1303, 

1055 cm-1; UV (max nm) 238, HRMS (ESI+) m/z  387.2746 [(M+H)+; calculated mass for 

C22H34N4O2
+: 387.2755 amu]. 

 

 

N-(2-(4-(Hept-6-enyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.9):  To a solution 

of oxalyl chloride (13.8 mL, 156 mmol) in 340 mL of DCM at -78 °C was added DMSO (27.7 

mL, 390 mmol) dropwise.  After 10 minutes, N-(2-(4-(6-hydroxyhexyl)-1H-1, 2, 3-triazol-1-

yl) ethyl)-4-pentylbenzamide (2.8) was added dropwise over 10 minutes.  This solution was 

then stirred for 30 minutes and triethyl amine (75.7 mL, 546 mmol) was added dropwise with 

stirring.  After 30 minutes the cold bath was removed and the solution was allowed to warm to 

room temperature.  After dilution with DCM the mixture was washed with water (3 x 500 mL), 

and brine (1 x 300 mL).  The organic layer was dried with magnesium sulfate, filtered and 

concentrated in vacuo, and the resultant N-(2-(4-(6-oxohexyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide was kept under high vacuum until subsequent use.  To a slight slurry of 
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methyltriphenylphosphonium bromide (30 g, 78 mmol) in 390 mL of toluene at -30 °C was 

added 0.91 molar potassium bis(trimethyl)silyl amide (214.3 mL, 195 mmol) dropwise over 

30 minutes, and the solution was stirred for 30 minutes at room temperature.  The reaction 

vessel was cooled back down to -30 °C whereupon a solution of N-(2-(4-(6-oxohexyl)-1H-1, 

2, 3-triazol-1-yl) ethyl)-4-pentylbenzamide in 100 mL of THF was added dropwise.  The cold 

bath was removed after addition.  After 20 minutes, 300 mL of brine was poured into the 

reaction vessel, and the resultant mixture was extracted with DCM (3 x 300 mL).  The organic 

layer was dried with magnesium sulfate, filtered and concentrated in vacuo.  Crude mixture 

was purified by flash chromatography (50% - 100% gradient ethyl acetate in hexanes) to 

provide alkene 2.9 (19.67 g, 66%), as a white solid.  1H NMR (CDCl3, 400 MHz)  7.85 (t, J 

= 5.6 Hz, 1H), 7.71 (d, J = 8.4 Hz, 2H), 7.26 (s, 1H), 7.132 (d, J = 8.0 Hz, 2H), 5.76-5.66 (m, 

1H), 4.93-4.85 (m, 2H), 4.50 (t, J = 5.4 Hz, 2H), 3.87 (dt, J = 5.2, 6 Hz, 2H), 2.58-2.52 (m, 

4H), 1.97-1.92 (m, 2H), 1.59-1.51 (m, 4H), 1.34-1.21 (m, 8H), 0.83 (t, J = 6.8 Hz, 3H); 13C 

NMR (CDCl3, 100 MHz)  168.3, 148.2, 147.2, 139.0, 131.5, 128.7, 127.5, 122.1,114.6, 49.5, 

40.3, 36.0, 33.8, 31.6, 31.1, 29.5, 28.9, 28.8, 28.8, 25.7, 22.7, 14.2; IR (CDCl3) 3308, 3144, 

3078, 2959, 2927, 2854, 1647, 1556, 1506, 1434,1333, 1304,1053, 909 cm-1; UV (max nm) 

238, HRMS (ESI+) m/z  383.2802 [(M+H)+; calculated mass for C22H34N4O2
+: 383.2805]. 
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N-(2-(4-(5-(Oxiran-2-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.10):  

To a solution of N-(2-(4-(hept-6-enyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.9) 

(16.7 g, 43.6 mmol) dissolved in 300 mL of DCM at 0 °C was added mCPBA (24.5 g, 109 

mmol).  The cold bath was removed and the mixture was extracted with DCM (3 x 200 mL). 

The organic layers were combined and washed with aq. NaHCO3 (2 x 100 mL) and brine (1 x 

100 mL).  The solution was dried with magnesium sulfate, filtered and concentrated in vacuo.  

The crude mixture was purified by flash chromatography (100% EtOAc) to afford epoxide 

2.10 (13.92 g, 80%) as a white solid.  1H NMR (CDCl3, 400 MHz)  7.66 (d, J = 8 Hz, 2H), 

7.30 (s, 1H), 7.22 (d, J = 8Hz, 2H),  6.81 (brs, 1H), 4.56 (t, J = 6 Hz, 2H), 3.96 (dt, J = 6 Hz, 

5.6 Hz, 2H) 2.88 (m, 1H), 2.74-2.68 (m, 2H), 2.63 (t, J = 7.8 Hz, 2H), 2.45-2.43 (m, 1H), 1.69-

1.28 (m, 16H), 0.88 (t, J = 7 Hz, 3H); 13C NMR (CDCl3, 100 MHz)  168.1, 148.3, 147.4, 

132.2, 131.4, 128.8, 127.3, 122.1, 52.5,49.5, 47.2, 40.1, 36.0, 32.5, 31.6, 31.1, 29.5, 29.1, 25.9, 

25.6, 22.7, 14.2; IR (CDCl3) 3313, 3295, 3146, 2928, 2851, 2365, 2330, 1643, 1549, 1301, 

1058 cm-1; (max nm) 238, HRMS (ESI+) m/z  399.2751 [(M+H)+; calculated mass for 

C22H34N4O2
+: 399.2755]. 
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N-(2-(4-(7Azido-6-hydroxyheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 

(2.12):  N-(2-(4-(5-(oxiran-2-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 2.10 

(1.17 g, 2.94 mmol) was dissolved in 30 mL of 2-methoxyethanol/water (8:1).  To this solution 

was added sodium azide (0.57 g, 8.82 mmol) and ammonium chloride (0.173 g, 3.23 mmol).  

The mixture was stirred at reflux (150 °C) for 3 hours and then was allowed to cool to room 

temperature. Water and EtOAc were added. The organic layer was washed with water (3 x 50 

mL) and brine (1 x 50 mL) and then dried over magnesium sulfate.  The mixture was filtered, 

concentrated in vacuo, and the residue was placed under high vacuum overnight.  The product 

obtained was pure alcohol 2.12 (1.13 g, 87%) as a white solid, and needed no further 

purification.  1H NMR (CDCl3, 400 MHz)  7.67 (d, J  = 8.4 Hz, 2H), 7.45 (s, 1H), 7.32 (s, 

1H), 7.16 (d, J  = 8.4 Hz, 2H), 4.52 (t, J  = 5.4 Hz, 2H), 3.88 (dt, J  = 6 Hz, 5.2 Hz, 2H) 3.73-

3.70 (m, 1H), 3.27-3.16 (m, 3H), 2.63-2.56 (m, 4H), 1.60-1.54 (m, 4H), 1.42-1.24 (m, 10H), 

0.85 (t, J  = 7 Hz, 3H); 13C NMR (CDCl3, 100 MHz)  168.3, 147.5, 132.3, 132.2, 131.3, 128.8, 

127.4, 122.2, 70.7, 57.2, 49.5, 40.1, 36.0, 34.4, 31.6, 31.1, 29.3, 28.9, 25.4, 25.2, 22.7, 14.2; 

IR (CDCl3) 3351, 2928, 2855, 2102, 1643, 1540, 1504, 1437, 1302, 1054 cm-1; (max nm) 238, 

HRMS (ESI+) m/z  442.2922 [(M+H)+; calculated mass for C23H36N7O2
+: 442.2930]. 

 

 



 

59 

 

N-(2-(4-(7-Azido-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.13): To 

a solution of oxalyl chloride (0.31 mL, 3.5 mmol) in 7 mL of DCM at -78 °C was added DMSO 

(0.062 mL, 8.73 mmol) dropwise.  After 10 minutes azide 2.12 (0.77 mg, 1.75 mmol) was 

added dropwise over 10 minutes.  This solution was stirred for 30 minutes, triethyl amine (1.7 

mL, 12.25 mmol) was added dropwise, and stirring continued.  After 30 minutes, the cold bath 

was removed and the solution was allowed to warm to room temperature.  After dilution with 

DCM the mixture was washed with water (3 x 30 mL) and brine (1 x 30 mL).  The organic 

layer was dried over magnesium sulfate, filtered and concentrated in vacuo affording pure 2.13 

(0.719 g, 94%) as a white solid .  1H NMR (CDCl3, 400 MHz)  7.68 (d, J  = 8 Hz, 2H), 7.47 

(s, 1H), 7.32 (s, 1H), 7.14 (d, J  = 8.0 Hz, 2H), 4.52 (t, J  = 5.8 Hz, 2H), 3.86 (dt, J  = 6 Hz, 6 

Hz, 2H), 3.08-3.01 (m, 2H), 2.62-2.54 (m, 4H), 2.36 (t, J  = 7.4 Hz), 1.60-1.51 (m, 4H), 1.33 

(t, J  = 7.4 Hz, 2H), 1.281-1.20 (m, 6H), 0.82 (t, J  = 7.0 Hz, 3H); 13C NMR (CDCl3, 100 MHz) 

 204.7, 168.1, 147.3, 132.3, 132.2, 129.0, 127.4, 122.2, 57.5, 49.5, 46.1, 39.9, 36.0, 31.6, 31.1, 

29.1, 28.5, 25.4, 23.1, 22.6, 14.2; IR (CDCl3) 3307, 3121, 3070, 2930, 2854, 2738, 2677, 2491, 

2104, 1717, 1638, 1541, 1291 cm-1; (max nm) 238, HRMS (ESI+) m/z  440.2763 [(M+H)+; 

calculated mass for C23H34N7O2
+: 440.2774]. 
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6-(1-(2-(4-Pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)hexanoic acid (2.14): To a stirred 

solution of N-(2-(4-(6-hydroxyhexyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.8) 

(8.9 g, 23.13 mmol) in 30 mL of acetone at 0 °C was added freshly made 2 mM Jones reagent 

(20mL) dropwise until titrated solution persisted as a green color indicating oxidation was 

completed.  The reaction mixture was allowed to stir at room temperature for an additional 50 

minutes, at which point 75 mL of water was added.  The aqueous layer was extracted with 

ethyl ether (2 x 60 mL), and the organic layers were combined, and back extracted with 1M 

aq. NaOH (2 x 60 mL).  The combined aqueous layers were combined and acidified with 

concentrated HCl until pH indicated a pH of 1 - 2, and then the aqueous layer was extracted 

with ether (2 x 60 mL).  Ether extracts were combined and washed with brine, dried with 

magnesium sulfate, filtered, and concentrated in vacuo.  Product afforded was pure carboxylic 

acid 2.14 (6.43 g, 70%).  1H NMR (CDCl3, 400 MHz)  7.68 (d, J  = 8 Hz, 2H), 7.37 (s, 2H), 

7.31 (brs, 1H), 7.19 (d, J  = 8.4 Hz, 2H), 4.55 (t, J  = 5.6 Hz, 2H), 3.91 (dt, J  = 5.6 Hz, 5.6 Hz, 

2H), 2.66 (t, J  = 7.4 Hz, 2H), 2.61 (t, J  = 8 Hz, 2H), 1.67-1.55 (m, 6H), 1.38-1.25 (m, 6H), 

0.87 (t, J  = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz)  178.0, 168.4, 147.6, 131.2, 128.8, 

127.4, 122.5, 49.7, 40.1, 36.0, 34.0, 31.6, 31.1, 28.9, 28.4, 25.2, 24.5, 22.7, 14.2; IR (CDCl3) 

3735, 3435, 2935, 2849, 2362, 2008, 1637, 1426, 1057 cm-1; (max nm) 238, HRMS (ESI+) 

m/z  401.2547 [(M+H)+; calculated mass for C22H34N4O2
+: 401.2550]. 
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N-(2-(4-(7-Bromo-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.15): 

To a solution of 6-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)hexanoic acid (2.14) 

(2.8 g, 7 mmol) dissolved in 40 mL of DCM, was added 5-10 drops of DMF at 0 °C.  At 0 °C 

was added oxalyl chloride (2 mL, 23 mmol) dropwise.  The mixture was stirred for 15 minutes 

at 0 °C and then allowed to warm to room temperature, and stirring was continued for an 

additional hour.  The reaction was then concentrated in vacuo, and placed under high vacuum 

for 2 hours.  The crude mixture was dissolved in 20 mL of DCM and placed in an ice bath.  At 

0 °C the crude mixture was dissolved in DCM was added dropwise to a freshly made 

diazomethane (35 mmol) in 80 mL of ethyl ether.  The reaction was allowed to stir for 1 hour.  

At 0 °C was added 4 mL of concentrated HBr to the mixture, and the reaction and stirring was 

continued for an additional 30 minutes.  The reaction was quenched with 100 mL of aqueous 

NaHCO3 and stirred for 10 minutes.  An additional 200 mL was added to the reaction flask, 

and the organic layer was washed with aqueous NaHCO3 (3 x 100 mL) and brine (1 x 100 mL), 

The organic layer was dried over magnesium sulfate, filtered and concentrated in vacuo to 

afford pure ketone 2.15 (2.8 g, 84%);  1H NMR (CDCl3, 300 MHz)  7.67 (d, J  = 8.1 Hz, 2H), 

7.32 (s, 1H), 7.20 (d, J  = 8.1 Hz, 2H), 7.08 (s, 1H), 4.56 (t, J  = 5.4 Hz, 2H), 3.94 (dt, J  = 5.6 

Hz, 5.6 Hz, 2H), 3.85 (s, 2H), 2.70-2.59 (m, 6H), 1.67-1.57 (m, 6H), 1.34-1.29(m, 6H), 0.87 

(t, J  = 6.6 Hz, 3H); 13C NMR (CDCl3, 100 MHz)  202.3, 168.2, 147.3, 131.4, 128.7, 127.4, 

122.2, 60.4, 49.5, 48.5, 40.2, 39.7, 39.6, 36.0, 34.7, 34.3, 31.6, 31.1, 29.2, 28.7, 28.5, 25.5, 
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25.4, 24.8, 23.6, 23.3, 22.7, 14.2; IR (CDCl3) 3311, 3120, 3070, 2929, 2854, 1719, 1637, 1540, 

1295, 1051 cm-1; (max nm) 238, HRMS (ESI+) m/z  477.1854 [(M+H)+; calculated mass for 

C23H33BrN4O2
+: 477.1860  amu]. 

 

General procedure for synthesis of 1, 4-2 AIs: 

N-(2-(4-(7-bromo-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (2.15) 

(100 mg, 0.21 mmol) was dissolved in 95% ethanol.  At room temperature R-NH2 (20 mmol, 

0.95 eq) was added dropwise to the solution.  After stirring for 30 minutes, cyanamide (0.264 

g, 6.3 mmol) was added, and the pH was adjust to 4.3 using 0.1M HCl.  The mixture was 

refluxed at for 3 hours, then allowed to cool to room temperature, and concentrated in vacuo.  

The crude product was purified by flash chromatography (1% - 7% MeOH sat. with NH3 in 

DCM) to afford the free base,  which was put under high vacuum for 3 hours to remove any 

excess NH3.  DCM was added and was followed by 5 drops of concentrated HCl.  The mixture 

was concentrated in vacuo, and then placed under high vacuum overnight to afford the pure 

product as an HCl salt.  

 

 

N-(2-(4-(5-(2-Amino-1-cyclopropyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-

yl)ethyl)-4-pentylbenzamide hydrochloride (2.4a):  Following the general procedure for 

they synthesis of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with 
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cyclopropylamine to provide hydrochloride 2.4a (17 mg, 16%) as a yellow oil.;  1H NMR 

(CD3OD, 300 MHz)   8.61(s, 1H), 7.68 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 6.54 

(s,1H), 4.84 (t, J = 5.3 Hz, 2H), 3.94 (t, J = 5.0 Hz, 2H), 3.08-3.02 (m, 1H), 2.88 (t, J = 7.4 Hz, 

2H), 2.64 (t, J = 7.5 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 1.78-1.56 (m, 5H), 1.45-1.30 (m, 6H), 

1.11 (dt, J = 7.8 Hz, 6.6 Hz, 2H), 0.97-0.87 (m, 6H); 13C NMR (CD3OD, 100 MHz)  169.3, 

147.6, 144.3, 131.0, 128.5, 127.6, 127.2, 126.5, 111.8, 53.2, 39.2, 35.5, 31.3, 31.0. 27.8, 27.6, 

27.5, 25.9, 24.0, 22.7, 22.4, 13.2, 6.0; IR (CDCl3) 3326, 2928, 2855, 2240, 1686, 1541, 1457, 

1056, 975, 817 cm-1; (max nm) 238; HRMS (ESI+) m/z  478.3290 [(M+H)+; calculated mass 

for C27H40ClN7O
+: 478.3289  amu]. 

 

 

N-(2-(4-(5-(2-Amino-1-cyclopentyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-

yl)ethyl)-4-pentylbenzamide hydrochloride (2.4b):  Following the general procedure for the 

synthesis of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with 

cyclopentylamine to provide hydrochloride 2.4b (18 mg, 16%) as a yellow oil.  1H NMR 

(CD3OD, 300 MHz)   8.61(s, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.69 (s, 

1H), 4.85 (t, J = 5.2 Hz, 2 H), 4.44-4.41(m, 1H), 3.94 (t, J = 5.2 Hz, 2H), 2.89 (t, J = 5.2 Hz, 

2H), 2.63 (t, J = 7.6 Hz, 2H), 2.46 (t, J = 7.6 Hz, 2H), 2.14 (m, 2H), 1.87-1.61 (m, 10H), 1.42-

1.32 (m, 8H), 0.89 (t, J = 6.8 Hz, 3H); 13C NMR (CD3OD, 100 MHz)  169.3, 147.6, 145.9, 
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144.3, 131.0, 128.5, 127.6, 127.3, 108.5, 56.2, 53.2, 39.2, 35.5, 31.5, 31.4, 31.0, 27.9, 27.6, 

24.2, 23.5, 22.7, 22.4, 13.2; IR (CDCl3) 3294, 3140, 2930, 2859, 1655, 1539, 1503, 1455, 1302, 

1057, 856 cm-1; (max nm) 238; HRMS (ESI+) m/z  506.3592 [(M+H)+; calculated mass for 

C29H44ClN7O
+: 506.3607  amu].  

 

 

N-(2-(4-(5-(2-Amino-1-cyclohexyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-

4-pentylbenzamide hydrochloride (2.4c):  Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with cyclohexylamine 

to provide hydrochloride 2.4c (33 mg, 28%) as a yellow oil. 1H NMR (CD3OD, 400 MHz)  

8.62 (s, 1H), 7.69 (d, J = 8 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.73 (s, 1H), 4.85 (t, J = 5.2 Hz, 

2H), 4.35-4.24 (m, 1H), 3.94 (t, J = 5.2 Hz, 2H), 2.89 (t, J = 7.4 Hz, 2H), 2.63 (t, J = 7.6 Hz, 

2H), 2.46 (t, J = 7.6 Hz, 2H), 2.02-1.23 (m, 22H), 0.89 (t, J = 7 Hz, 3H); 13C NMR (CD3OD, 

100 MHz)  147.5, 144.3, 131.2, 131.0, 128.7, 128.5, 127.4, 127.2, 108.4, 54.5, 53.2, 50.4, 

39.2, 39.5, 32.0, 31.4, 31.0, 30.8, 27.9, 27.6, 25.1, 24.8, 24.2, 22.7, 22.4, 13.2; IR (CDCl3)3318, 

2930, 2859, 2343, 1727, 1689, 1541, 1457, 1338, 1062 cm-1; HRMS (ESI+) m/z  520.3752 

[(M+H)+; calculated mass for C30H45N7O
+: 520.3758  amu]. 
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N-(2-(4-(5-(2-Amino-1-isopropyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-

4-pentylbenzamide hydrochloride (2.4d):   Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with isopropylamine to 

provide hydrochloride 2.4d (36 mg, 33%) as a yellow oil. 1H NMR (CD3OD, 300 MHz)    

8.42 (s, 1H), 7.68 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.73 (s, 1H), 4.79 (t, J = 5.7 

Hz, 2H), 4.35-4.30 (m, 1H), 3.92 (t, J = 5.3 Hz, 2H), 2.85 (t, J = 7.5 Hz, 2H), 2.64 (t, J = 7.4 

Hz, 2H), 2.46 (t, J = 7.7 Hz, 2H), 1.75-1.67 (m, 3H), 1.66-1.56 (m, 3H), 1.39 (d, J = 6.6 Hz, 

6H), 1.32-1.29 (m, 6H), 0.89 (t, J = 6.8 Hz, 3H); 13C NMR (CD3OD, 100 MHz)  161.8, 154.9, 

147.5, 145.3, 131.2, 128.5, 127.7, 127.2, 125.8,107.7, 51.5, 39. 5, 35.5, 31.4, 30.9, 28.1, 28.0, 

27.7, 23.6, 22.7, 20.7, 13.2; IR (CDCl3) 3344, 2937, 2860, 2542, 1696, 1652, 1546, 1457, 1335, 

1159, 1056 cm-1; (max nm) 238; HRMS (ESI+) m/z  480.3443 [(M+H)+; calculated mass for 

C27H41N7O
+: 480.3445  amu]. 

 

 

N-(2-(4-(5-(2-Amino-1-isobutyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4e):  Following the general procedure for the synthesis 
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of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with isobutylamine to 

provide hydrochloride 2.4e (15 mg, 14%) as a yellow oil.  1H NMR (CD3OD, 300 MHz)    

8.42 (s, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.26 (d, 8.1 Hz, 2H), 6.58 (s, 1H), 7.48 (t, J = 4.2 Hz, 

2H), 3.91 (t, J = 5.4 Hz, 2H), 3.60 (d, J = 7.5 Hz, 2H), 2.84 (t, J = 7.2 Hz, 2H), 2.64 (t, J = 7.5 

Hz, 2H), 2.46 (t, J = 7.5 Hz, 2H), 2.07 (m, 1H), 1.73-1.59 (m, 5H), 1.40-1.28 (m, 6H), 0.95-

0.87 (m, 9H); 13C NMR (CD3OD, 100 MHz)  169.3, 147.6, 144.5, 131.1, 128.5, 127.3, 127.2, 

127.0, 112.5, 53.1, 51.8, 39.2, 35.5, 31.4, 31.0, 28.4, 27.9, 27.6, 27.5, 24.0, 22.8, 22.4, 18.9, 

18.8, 18.6, 13.2; IR (CDCl3) 3274, 3134, 2946, 2931, 2884, 2855, 1678, 1655, 1544, 1456, 

1299 cm-1; (max nm) 238; HRMS (ESI+) m/z  494.3589 [(M+H)+; calculated mass for 

C28H43N7O
+: 494.3602  amu]. 

 

 

N-(2-(4-(5-(1-Allyl-2-amino-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4f):  Following the general procedure for the synthesis of 

1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with allylamine to provide 

hydrochloride 2.4f (27 mg, 25%) as a yellow oil.  1H NMR (CD3OD, 400 MHz)  8.58 (s, 1H), 

7.68 (d, J = 8 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.56 (s, 1H), 5.78-5.90 (s, 1H), 5.34-5.29 (s, 

1H), 5.19-5.13 (s, 1H), 4.83 (t, J = 5.4 Hz, 2H), 4.43 (m, 2H), 3.94 (t, J = 5.4 Hz, 2H), 2.88 (t, 

J = 7.6 Hz, 2H), 2.64 (t, J = 7.6 Hz, 2H), 2.47 (t, J = 7.4 Hz, 2H), 1.76-1.70 (m, 2H), 1.62 (m, 
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4H), 1.43-1.39 (m, 2H), 1.33-1.28 (m, 5H), 0.89 (t, J = 7.0 Hz, 3H); 13C NMR (CD3OD, 100 

MHz)  169.3, 147.6, 144.4, 131.0, 128.5,127.4, 127.2, 117.8, 111.9, 53.1, 47.0, 39.2, 35.5, 

31.4, 30.9, 27.8, 27.6, 27.5, 24.0, 22.7, 22.4, 13.2; IR (CDCl3) 3320, 2926, 2855, 1665, 1539, 

1503, 1455, 1302, 1160 cm-1; (max nm) 238; HRMS (ESI+) m/z  478.3283 [(M+H)+; 

calculated mass for C27H40N7O
+: 478.3289  amu]. 

 

 

N-(2-(4-(5-(2-Amino-1-butyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4g):   Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with butylamine to 

provide hydrochloride 2.4g (40 mg, 36%) as a yellow oil. 1H NMR (CD3OD, 400 MHz)  8.59 

(s, 1H), 7.68 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8 Hz, 2H), 6.61 (s, 1H), 4.83 (t, J = 5.6 Hz, 2H), 

3.94 (t, J = 5.6 Hz, 2H), 3.78 (t, J = 7.4 Hz, 2H), 2.88 (t, J = 7.8 Hz, 2H), 2.64 (t, J = 7.6 Hz, 

2H), 2.46 (t, J = 7.8, 2H), 1.76-1.69 (m, 4H), 1.62 (m, 4H), 1.43-1.28 (m, 10H), 0.97 (t, J = 7.2 

Hz, 3H), 0.89 (t, J = 7.2 Hz, 3H); 13C NMR (CD3OD, 100 MHz)  162.3, 147.5, 146.1, 144.8, 

131.2, 128.5, 127.3, 127.0, 112.0, 52.7, 44.9, 39.3, 35.5, 31.4, 31.0, 30.8, 27.9, 27.8, 27.6, 24.1, 

23.1, 22.4, 19.5, 13.2, 12.8;  IR (CDCl3) 3280, 3128, 2931, 2857, 1725, 1661, 1538, 1468, 

1376, 1288, 1162, 1058 cm-1; (max nm) 238; HRMS (ESI+) m/z  494.3602 [(M+H)+; 

calculated mass for C28H44N7O
+: 494.3624  amu]. 
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N-(2-(4-(5-(2-Amino-1-pentyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4h):  Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with pentylamine to 

provide hydrochloride 2.4h (30 mg, 26%) as a yellow oil.  1H NMR (CD3OD, 400 MHz)  

8.50 (s, 1H), 7.67 (d, J =  8 Hz, 2H), 7.26 (d, J = 8 Hz, 2H), 6.60 (s, 1H), 4.81 (t, J = 5.2 Hz, 

2H), 3.93 (t, J = 5.2 Hz, 2H), 3.77 (t, J = 7 Hz, 2H), 2.86 (t, J = 7.4 Hz, 2H), 2.45 (t, J = 7 Hz, 

2H), 1.75-1.70 (m, 2H), 1.61 (m, 4H), 1.42-1.29 (m, 10H), 0.95-0.87 (m, 6H);   13C NMR 

(CD3OD, 100 MHz)  169.3, 147.6, 146.1, 144.3, 131.0, 128.5, 127.5, 127.2, 111.9, 53.2, 45.0, 

39.2, 35.5, 31.3, 30.9, 28.4, 28.4, 27.8, 27.6, 27.5, 24.0, 22.7, 22.3, 22.1, 13.2, 13.1; IR (CDCl3) 

3317, 2930, 2857, 2202, 1664, 1539, 1503, 1457, 1377, 1304, 1163, 1084 cm-1; (max nm) 238; 

HRMS (ESI+) m/z  508.3742 [(M+H)+; calculated mass for C29H45N7O
+: 508.3758  amu]. 
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N-(2-(4-(5-(2-Amino-1-hexyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4i):  Following the general procedure for the synthesis of 

1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with hexylamine to 

provide hydrochloride 2.4i (29 mg, 25%) as a yellow oil.  1H NMR (CD3OD, 300 MHz)   8.24 

(s, 1H), 7.66 (d, J = 7.8 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 6.59 (s, 1H), 4.74 (t, J = 5.2 Hz, 

2H), 3.89 (t, J = 5.2 Hz, 2H), 3.77 (t, J = 7.1 Hz, 2H), 2.80 (t, J = 6.9 Hz, 2H), 2.64 (t, J = 7.5 

Hz, 2H), 2.44 (t, J = 7.5 Hz, 2H), 1.17 (m, 3H), 1.61 (m, 3H), 1.33 (m, 10H), 0.914-0.870 (m, 

6H); 13C NMR (CD3OD, 100 MHz)  186.9, 169.3, 147.47, 146.1, 145.5, 131.2, 128.8, 128.5, 

127.2, 126.1, 112.0, 52.0, 45.1, 39.45, 35.5, 31.4, 31.0, 28.7, 28.1, 28.0, 27.6, 25.9, 24.1, 23.5, 

22.4, 13.2; IR (CDCl3) 3112, 2929, 2857, 2361, 1660, 1540, 1503, 1439, 1053, 973 cm-1; (max 

nm) 238; HRMS (ESI+) m/z  522.3906 [(M+H)+; calculated mass for C30H47N7O
+: 522.3915  

amu]. 
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N-(2-(4-(5-(2-Amino-1-phenyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4j):  Following the general procedure for the synthesis of 

1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with aniline to provide 

hydrochloride 2.4j (30 mg, 26%) as a yellow oil.  1H NMR (CD3OD, 300 MHz)  8.60 (s, 1H), 

7.68 (d, J = 6.6 Hz, 2H), 7.66-7.49 (m, 5H), 7.26 (d J = 8.4 Hz, 2H), 6.76 (s, 1H), 4.83 (t, J = 

5.4 Hz, 2H), 3.94 (t, J = 5.4 Hz, 2H), 2.90 (t, J = 7.5 Hz, 2H), 2.66 (t, J = 7.7 Hz, 2H), 2.55 (t, 

J = 7.4 Hz, 2H),  1.79-1.58 (m, 6H), 1.47 (m, 2H), 1.32 (m, 4H), 0.89 (t, J = 6.9 Hz, 3H); 13C 

NMR (CD3OD, 100 MHz)  169.3, 147.5, 146.3, 144.7, 134.3, 131.1, 129.8, 128.5, 128.0, 

127.3, 127.1, 125.5, 113.2, 52.8, 39.3, 35.5, 31.4, 31.0, 27.9, 27.7, 27.4, 24.0, 22.9, 22.4, 13.2; 

IR (CDCl3) 3266, 3111, 2930, 2857, 2363, 1658, 1537, 1503, 1456, 1302, 1190, 1052 cm-1; 

(max nm) 238; HRMS (ESI+) m/z  514.3279 [(M+H)+; calculated mass for C30H39N7O
+: 

514.3289  amu]. 
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N-(2-(4-(5-(2-Amino-1-benzyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide hydrochloride (2.4k):   Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with benzylamine to 

provide hydrochloride 2.4k (27 mg, 23%) as a yellow oil.  1H NMR (CD3OD, 300 MHz)   

8.62 (s, 1H),  7.69 (d, J = 8 Hz, 2H), 7.41-7.27 (m, 5H), 7.24 (d, J = 8.0 Hz, 2H), 6.56 (s, 1H), 

5.04 (s, 2H), 4.85 (t, J = 5.2 Hz, 2H), 3.94 (t, J = 5.2 Hz, 2H),  2.87 (t, J = 7.6 Hz, 2H), 2.61 

(t, J = 7.6 Hz, 2H), 2.45 (t, J = 7.4 Hz, 2H), 1.75-1.56 (m, 6H), 1.43-1.26 (m, 2H), 0.88 (t, J = 

7 Hz, 3H); 13C NMR (CD3OD, 100 MHz)  169.3, 147.6, 146.4, 144.2, 134.9, 131.0, 129.0, 

128.5, 128.4, 127.6, 127.5, 127.3, 112.0, 53.2. 39.2, 35.5, 31.3, 31.0, 27.8, 27.5, 27.4, 24.0, 

22.7, 22.3, 13.2; IR (CDCl3) 3281, 3128, 2930, 2866, 1663, 1540, 1501, 1455, 1305, 1188, 

1054, 975 cm-1; (max nm) 238; HRMS (ESI+) m/z  528.3462 [(M+H)+; calculated mass for 

C31H41N7O
+: 528.3445  amu]. 
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N-(2-(4-(5-(2-amino-1-phenethyl-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-

4-pentylbenzamide hydrochloride (2.4l):  Following the general procedure for the synthesis 

of 1,4-subsituted 2-aminoimidazoles, α-bromo ketone 2.15 was treated with phenethylamine 

to provide hydrochloride 2.4l (12 mg, 10%) as a yellow oil.  1H NMR (CD3OD, 300 MHz)   

8.31 (s, 1H), 7.66 (d, J = 8.1 Hz, 2H), 7.30-7.15 (m, 7H), 6.39 (s, 1H), 4.75 (t, J = 5.7 Hz, 2H), 

4.04 (t, J = 7.1 Hz, 2H), 3.90 (t, J = 5.4 Hz, 2H), 3.02 (t, J = 6.9 Hz, 2H), 2.80 (t, J = 7.5 Hz, 

2H), 2.64 (t, J = 7.7 Hz, 2H), 2.39 (t, J = 7.5 Hz, 2H), 1.72-1.53 (m, 6H), 1.34-1.29 (m, 10H), 

0.88 (t, J = 6.9 Hz, 3H); 13C NMR (CD3OD, 100 MHz)  169.3, 147.5, 137.2, 131.2, 128.8, 

128.6, 128.5, 127.2, 126.9, 125.6, 112.0, 51.7. 46.2, 39.4, 35.5, 34.5, 31.4, 31.0, 29.5, 28.1, 

27.8, 27.5, 23.9, 23.5, 22.3, 13.2; IR (CDCl3) 3121, 2927, 2855, 1660, 1540, 1499, 1454, 1180, 

1056, 973 cm-1; (max nm) 238; HRMS (ESI+) m/z  542.3600 [(M+H)+; calculated mass for 

C32H43N7O
+: 542.3602  amu]. 
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CHAPTER 3 

The Synthesis and Biological Examination of Structurally Analogous 5-Membered 

Heterocycles 

3.1 Introduction 

Due to the slight bacterial toxicity that 2-aminoimidazoles exhibit, a less toxic but structurally 

similar alternative was desired.  Modification or combination of preexisting active molecular 

scaffolds from our chemical library is a potential way to achieve this goal.  

 2-Aminothiazoles are commonly occurring structural motifs found in pharmaceutical drugs.  

Additionally, they are active towards a diverse range of biological targets, such as kinase 

inhibitors,122,123  antiviral agents,124 and antitumor agents.125  Given the close structural 

resemblance to the 2-aminoimidazole, as well as its noted biological activity, we were 

interested in the synthesis of the 2-aminothiazole triazole amide 3.1 as a natural starting point 

to evaluate its potential as a suppressor of antibiotic resistance (Figure 3.1).  

Harris reported the synthesis and biological activity of a library of 1,5 disubstituted 2-

aminoimidazole triazole amides, with the most active compound 3.2 (Figure 3.1) being 

observed to lower the MIC of oxacillin against MRSA from 32 µg/mL to 0.25 µg/mL, 

corresponding to a 128-fold reduction.126  Even though compound 3.2 was tested at 40% of its 

MIC against MRSA it still was observed to be mildly toxic toward MRSA.  In a concurrent 

study, Su synthesized compound 3.3 (Figure 3.1) and noted that it lowered the MIC of oxacillin 

against MRSA from 32 µg/mL to 0.5 µg/mL, corresponding to a 64-fold reduction in MIC.127  

More importantly, compound 3.3 was shown to be less toxic towards the bacteria than 3.2.  It 
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was hoped that by combining the “head” of 3.2 with the “linker” of 3.3, resulting in compound 

3.4, that we might achieve high activity with diminished toxicity. 

   

 

Figure 3.1: Compounds of interest. 
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3.2 Results and Discussion: 

3.2A: 2-Aminothiazole Synthesis and Biological Evaluation 

The synthesis of the 4’ substituted 2-aminothiazole triazole amide 3.1 was completed by 

Yeagley in two steps starting from α-bromo ketone 3.5 (Scheme 3.1).  Cyclization of α-

bromoketone 3.5 with thiourea and sodium bicarbonate gave the corresponding 2-

aminothiazole 3.6 in 84 % yield.  The Huisgen cycloaddition proceeded smoothly, yielding the 

final 2-aminothiazole triazole amide 3.1 in 87% yield. 

 

 

Scheme 3.1: Synthetic route to 4' substituted 2-aminothiazole 3.1 Reagents and conditions:  a. 

thiourea, NaHCO3, EtOH, 16h (84%); b. 2.7,sodium ascorbate, CuSO4, tBuOH/H2O/DCM, 

RT, 16h (96%). 

 

Initial biological probing gave favorable results, an 8-fold reduction in the MIC of oxacillin 

against MRSA was noted when tested at 50 µM, 1/4th of its observed MIC, dropping the MIC 

from 124 µg/mL to 16 µg/mL.   Resensitization at this concentration has proven synergistic 

with oxacillin, with an optimal ΣFIC of 0.188 was observed at 100 µM.  Performing a time kill 

curve (Figure 3.2) further verified that 3.1 had no outward bacterial toxicity.   Additionally, 

3.1 was screened for biofilm inhibition against MRSA (BAA-1685), and it was observed to 
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have comparable inhibition to the parent 2-aminoimidazole with an IC50 of 7.8 µM (Figure 

3.3). 

 

 

Figure 3.2: Time kill curve of lead thiazole compound 3.1, providing a quantitative measure 

to prove that our compound is acting in a non-microbicidal fashion with the bacteria. 
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Figure 3.3: Biofilm inhibition plot of lead compound 3.1 providing an IC50 of 7.8 μM, which 

is slightly higher than the parent 2-AI. 

 

3.2B: Synthesis of Structurally Related 5-Membered Heterocycle Triazole Amides 

Given the high efficacy of both the 2-aminoimidazole and 2-aminothiazole heterocycles 

towards biofilm modulation and suppression of antibiotic resistance, we were interested in 

synthesizing homologous 5 membered heterocycles (Figure 3.4).  Beginning with substitution 

of the cis cyclic nitrogen (relative to the alkyl substituent) with a sulfur to produce the 5’ 

substituted 2-aminothiazole regioisomer 3.7, then sequential substitution of both cyclic 

nitrogens with oxygen to produce both regioisomeric 2-aminooxazoles (3.8 and 3.9).  We were 

also interested in substituting the exocyclic 2’ amine with both an oxygen and sulfur atom, to 

give the corresponding imidazole-2-one 3.10, and imidazole-2-thione 3.11 respectively. 
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Figure 3.4: Target heterocycles. 

 

3.2C: Synthesis and biological activity of 5’ substituted 2-aminothiazole regioisomer 3.7 

The molecular framework for thiazole regioisomer 3.7 was put in place by a Sonogashira cross 

coupling of alkyne 3.12 with Boc-protected bromothiazole 3.14 (Scheme 3.2).  Alkyne 3.12 

was synthesized by the Huisgen cyclization of azide 2.7 and hepta-1, 6-diyne.  The Sonogashira 

product 3.15 was directly hydrogenated giving 3.16 and subsequently deprotected to give the 

4’ substituted 2-aminothiazole triazole amide 3.7 as an HCl salt.   

Compound 3.7’s MIC was first tested giving a value greater than 200 µM, and it was 

subsequently probed for its resensitization ability against MRSA at 50 µM, however no 

reduction in the MIC of oxacillin was observed. 
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Scheme 3.2: Synthetic route to 5' substituted 2-aminothiazole 3.7.  Reagents and conditions:  

a. sodium ascorbate, CuSO4, tBuOH/H2O/DCM, rt, 16 h (15%); b. Boc2O, DMAP, NaHCO3, 

tBuOH; c. 3.12 Et3N, PdCl2(PPh3)2, CuI, MeCN; d. H2, Pd/C, MeOH (75%); e. TFA/DCM, 

MeOH/HCl (100%). 

 

3.2D Synthesis of 2-aminooxazole regioisomer 3.8: 

The 4’ substituted 2-aminooxazole 3.8 synthesis began by reacting α-bromoketone 3.5 with 

sodium acetate at 80 °C in DMF, followed by potassium carbonate to produce α-hydroxyketone 

3.17.  Cyclization with cyanamide in a 1M NaPO4 solution provided oxazole 3.18 in a 72% 

yield (Scheme 3.3).  Decomposition of the oxazole during the Huisgen cycloaddition was 

observed, therefore it was necessary to di-Boc protect the 2-amino nitrogen, which afforded 

3.19 in 74% yield.  The boc protected 2-aminooxazole 3.20 was subsequently subjected to the 

Huisgen cyclization conditions followed by TFA deprotection to yield 2-aminooxazole triazole 

amide 3.8 as an HCl salt.  Similar to 3.7 upon biological testing, an MIC greater than 200 µM 

was observed, and resensitization at 50 µM was tested with a 0-fold reduction in MIC recorded.   
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Scheme 3.3: Synthetic route to 5' substituted 2-aminooxazole 3.8.  Reagents and conditions:  

a. NaHPO4, NH2CN, H2O: MeOH (37%); b. Boc2O, DMAP, Et3N, DCM (85%) c. sodium 

ascorbate, CuSO4, tBuOH/H2O/DCM, rt, 16 h (72%); d. TFA/DCM, MeOH/HCl, (100%). 

 

In very few instances, 5-substituted 2-amino oxazoles have been synthesized in literature, and 

in all cases are required to go through an unstable α-bromoaldehyde,128,129  Additionally, the 

reactions are low yielding (< 20%) and prone to side reactions.  The significant drop in activity 

of 3.8, and the high degree of synthetic difficulty required to achieve 3.9, the synthesis of 

regioisomer 3.9 was not attempted.   

 

3.2E Synthesis of 4-Substituted Imidazole-2-one 3.10 and Imidazole-2-thione 3.11:     

Synthesis of substituted imidazole-2-ones and imidazole-2-thiones (Figure 3.4) were viewed 

as an attractive synthetic target, as they can be accessed through the same synthetic 

intermediate, α-aminoketone 3.21. They differ only in the final cyclization step (Scheme 3.4). 

 

 

Scheme 3.4: Proposed synthesis of 3.22 and 3.23. 
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There are examples of the synthesis of both of these heterocycles in the literature, and in each 

case they can both be derived from the same common precursor, the cyclization of an α-

aminoketone, in our case compound 3.21, with either a cyanate,130-133 or thiocyanate132,134,135 

to access the imidazole-2-one, or imidazole-2-thione product respectively.  With this 

knowledge in hand the synthesis began by the conversion of α-bromoketone 3.5 into the 

corresponding diformylamine 3.24 upon reaction with sodium diformylamide (Scheme 3.5).  

Diformylamine 3.24 was converted into α-aminoketone 3.21 upon treatment with 6M HCl in 

EtOH.  Conversion to the imidazole-2-one and imidazole-2-thione proceeded upon treatment 

of 3.21 with KCNO in H2O to give 3.22 and KSCN in AcOH to give 3.23.  Huisgen cyclization 

proceeded smoothly for imidazole-2-one 3.22 to afford the final clicked product 3.10, however 

the same reaction conditions with imidazole-2-thione 3.23 gave decomposition.  To bypass 

this problem, diformylamine 3.24 was first treated to the Huisgen cyclization to yield triazole 

3.25, which was subsequently deprotected upon treatment with 6M HCl in EtOH and cyclized 

as described previously to yield 3.11. 

As in the cases of 3.7 and 3.8 the MICs were recorded for 3.10 and 3.11 with both being greater 

than 200 µM, and both compounds also did not resensitize oxacillin towards MRSA, giving a 

0-fold reduction in MIC in both cases. 
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Scheme 3.5: Synthetic route to imidazole-2-one 3.11 and imidazole-2-thione 3.11.  Reagents 

and conditions:  a. sodium diformylamide, MeCN (70%); b. 6M HCl/EtOH 48h, then KCNO, 

H2O, RT (54%) c. 6M HCl/EtOH 48h, then AcOH, KSCN, (73%); d. sodium ascorbate, 

CuSO4, tBuOH/H2O/DCM, RT, 16h (80%)  e. sodium ascorbate, CuSO4, tBuOH/H2O/DCM, 

RT, 16 h (49%); f. 6M HCl/EtOH 48 h, then AcOH, KSCN, (56%). 

 

3.2F Synthetic Efforts towards 1, 5 disubstituted 2-Aminoimidazole Diamide 3.4: 

The synthesis of compound 3.4 was initially believed to be accessible through an Akabori 

reduction of methyl ester 3.27, followed by cyanamide cyclisation to give the desired 1, 5 

substituted 2-aminoimidazole. The Akabori Reduction/cyanamide cyclisation has previously 

been shown as a reliable way to make large quantities of 2-aminoimidazoles in good yields, 

however 1, 5 disubstituted 2-aminoimidazoles have never been synthesized this way.136,137 

Starting with the conversion of commercially available aminosuberic acid 3.26 into its 

corresponding dimethyl ester 3.27, (Scheme 3.6) followed by a reductive amination of 3.27 

with 4-butyl benzaldehyde to provide 3.28.  The Akabori reduction was attempted, however 

no reaction occurred, possibly as a result of sterics, or the altered electronics of the secondary 

amine. 
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Scheme 3.6: Initial proposed route to 3.4. Reagents and conditions: a. AcCl, MeOH, -15 °C – 

rt, (100%); b. Et3N, 4-butyl benzaldehyde, MeOH then NaBH4. (79%); c. 5% Na/Hg, pH 1.5, 

H2O, 0 – 5 °C. 

 

A more stepwise method was sought to access the molecular framework of 3.4.  A Grubbs 

Cross Metathesis protocol was employed, coupling Boc-protected allylglycine methyl ester 

3.29 and 4-pentenoic acid in refluxing DCM to provide 3.30 in 57% yield.   3.30 was then 

directly hydrogenated and coupled with azide 2.7 to provide diamide 3.31.   Boc deprotection 

followed by reductive amination with 4-butyl benzaldehyde as previously described yielded 
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3.32 which was Boc protected to 3.33.   Unfortunately, all further efforts at converting 3.33 to 

final product 3.4, as described by Harris did not succeed.126  Current efforts are still underway 

to synthesize 3.4. 

 

 

Scheme 3.7:  Grubbs approach to 3.4 Reagents and conditions  a. 4-pentenoic acid, Grubbs 

2nd generation catalyst, 0.75M DCM, 55 °C, N2, (57%), b. H2, Pd/C; c. 2.7, EDC, HOBt, DIEA, 

DMF, (66%); d. TFA/DCM, then MeOH/HCl, (100%); e. . Et3N, 4-butyl benzaldehdye, MeOH 

then NaBH4. (40%); f. Boc2O, DCM, 0 °C – rt, (96%). 
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3.3 Conclusions 

A small collection of comparable heterocycle analogues were synthesized and probed for 

their biological activity.  While primary results were promising, with 4’ substituted 2-

aminothiazole 3.1 lowering the MIC of oxacillin against MRSA 8-fold while displaying 

almost no outward toxicity itself, all other synthesized heterocycles showed no ability to 

suppress antibiotic resistance. 

 

3.4 Experimental 

All reagents used for chemical synthesis were purchased from commercially available sources, 

and required no further purification.  Chromatography was performed with 60 Å mesh standard 

grade silica gel from Sorbtech.  Infrared spectra were obtained on an FT/IR-4100 

spectrophotometer (ν max in cm-1).  UV absorbance was recorded on a Genesys 10 scanning 

UV/Vis spectrophotometer (max in nm).  NMR solvents were obtained from Cambridge 

Isotope Labs.  1H NMR (400MHz and 300 MHz) and 13C NMR (100 MHz and 75 MHz) spectra 

were recorded at 25°C on Varian Mercury spectrometers.  Chemical shifts () are given in ppm 

relative to their respective solvent.  Coupling constants (J) are in Hertz (Hz).  Abbreviations 

are as followed: s = singlet, d = doublet, t = triplet, dt = doublet of triplets, brs = broad singlet, 

and m = multiplet.  Mass spectra were obtained at the NCSU Department of Chemistry Mass 

Spectrometry Facility.  MRSA (ATCC # BAA-44), and MDRAB (ATCC # BAA-1605) were 

obtained from the American Type Culture Collection.  Mechanically defribulated sheep blood 

(DSB100) was obtained from Hemostat Labs.  Oxacillin sodium salt was purchased from 

Fluka. 
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Biological Screening 

Inhibition assays of selected compounds against MRSA: 

Inhibition Assays were performed by overnight culturing the desired bacteria, MRSA or 

MDRAB, and subculturing at an OD600 of 0.01 into tryptic soy broth with a 0.5% glucose 

supplement (TSBG) for MRSA, or Luria-Bertani (LB) media for MDRAB.  Stock solutions of 

a predetermined concentration of the selected compounds were prepared in the resulting 

bacterial suspension.  Aliquots of 100 µL were distributed to the wells of a 96-well plate.  Plates 

were covered and sealed with GLAD Press’n Seal, then incubated under stationary conditions 

at 37 °C for 24 hours.  The media was then discarded, and the plates were washed thoroughly 

with water to remove any loosely adherent bacteria.  Each well was then stained with 110 µL 

of crystal violet (0.1% solution), and allowed to sit for 30 minutes.  The crystal violet was then 

discarded, and the wells were thoroughly washed with water again.  The remaining stain was 

then dissolved in 95% ethanol (200 µL) and 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 check. 

 

Broth microdilution method for antibiotic resensitization:   

Mueller-Hinton Broth (MHB) was inoculated (5x105 CFU mL-1) with MRSA.  Aliquots (5 

mL) of the resulting bacterial suspension were distributed to culture tubes, and compound from 

a 100 mM stock solution was added to give the final desired concentration.  Bacteria not treated 

with the tested 2-AI served as a control.  After sitting at room temperature for 30 minutes, 1 

mL of each sample was transferred to a culture tube, and oxacillin sodium salt was added from 
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a 128 mg mL-1 water stock solution to give a final concentration of 128 µg mL-1.    Rows 2-

12 of a 96-well plate were filled (110 µL per well) from the remaining 4 mL bacterial 

subculture.  After standing for 10 minutes, aliquots (200 µL) of the samples containing 

antibiotic were distributed to the corresponding first row wells of the microtiter plate.  Row 1 

was mixed 6-8 times, and then 100 µL was transferred from row 1 to row 2.  This procedure 

was then repeated to dilute the rest of the wells, to which no antibiotic was added, to check for 

bacterial growth in the presence of compound alone.  The plate was then covered and sealed 

with GLAD Press’n Seal, and incubated under stationary conditions at 37 °C.  MIC values 

were then recorded as the lowest concentrations at which no bacterial growth was recorded, 

and a fold reduction was determined by comparison with control lane. 

 

Checkerboard assays:   

MHB was inoculated with MRSA (5 x 105 CFU ml-1) and 100 µL aliquots were distributed to 

all wells of a 96-well plate except for well 1a.  Inoculated MHB (200 µL) containing a selected 

compound (at a concentration of 2x the highest concentration being tested) was added to well 

1a, and 100 µL of the same sample was added to wells 2a-12a.   Column A cells were mixed 

6-8 times, and then 100 µL was withdrawn and transferred to column B.  This process was 

repeated up to column G (column H was not mixed to determine the MIC of the antibiotic 

alone.  Inoculated media (100 µL) containing antibiotic at 2x the highest concentration being 

tested was placed in wells  A1-H1 and serially diluted, all the way until row 11 (row 12 was 

not mixed to determine the MIC of the compound alone). The plates were covered and sealed 

with GLAD Press’n Seal, and incubated under stationary conditions at 37 °C.  After 16h the 
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MIC values of both compound and antibiotic were recorded, as well as combination.  The ΣFIC 

values were calculated as follows.  ΣFIC = FICcmpd + FICantibiotic, where FICcmpd = [MICcmpd in 

combination]/ [MICcmpd alone], and FICantibiotic = [MICantibiotic in combination]/ [MICantibiotic 

alone].  The combination is considered synergistic if ΣFIC ≤ 0.5, indifferent if 0.5 < ΣFIC < 2, 

and antagonistic if ΣFIC > 2. 

 

 

4-(Hept-6-yn-1-yl)thiazol-2-amine (3.6):  

Thiourea and sodium bicarbonate were added in 20 mL of EtOH and the slurry was sonicated 

for 3 minutes.  To this mixture was added 1-bromonon-8-yn-2-one 3.5 (500 mg, 2.3 mmol) 

dissolved in 5 mL of EtOH.  The reaction mixture was stirred overnight.  After 16 hours the 

reaction mixture was diluted with DCM and water.  The aqueous layer was extracted with 

DCM (3x 50 mL) and the organic fractions were combined, dried over MgSO4, filtered and 

concentrated in vacuo.  The crude mixture was purified by flash chromatography (20% - 80% 

EtOAc in hexanes) to afford thiazole 3.6 (375 mg, 84%) as a white solid.  1H NMR (CDCl3, 

300 MHz) δ 6.04 (s, 1H), 2.49 (t, J = 7.5 Hz, 2H), 2.18-2.16 (m, 2H), 1.93 (t, J = 2.7 Hz, 1H), 

1.62 – 1.41 (m, 6H); 13C NMR (CDCl3, 75 MHz) δ 167.9, 153.3, 102.1, 84.9, 68.5, 31.7, 28.5, 

28.4, 18.6; IR (CDCl3) 3432, 3267, 3090, 2938, 2920, 2858, 1625, 1523, 1463, 1313, 1066, 

660 cm-1; observed melting point: 87-88 °C; HRMS (ESI+) m/z 195.0954 [(M + H)+; calculated 

mass for C10H14N2S
 +: 195.0950]. 
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N-(2-(4-(5-(2-Aminothiazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 

(3.1): 

4-(Hept-6-yn-1-yl)thiazol-2-amine 3.6 (100 mg, 0.50 mmol) was dissolved in 5 mL of t-

BuOH/H2O/DCM (2/2/1), and at room temperature was added N-(2-azidoethyl)-4-

pentylbenzamide (153 mg, 0.59 mmol) 2.7, CuSO4 (20 mg, 0.125 mmol),  and sodium 

ascorbate (50 mg, 0.25 mmol).  The reaction mixture was stirred for 16 hours.  The reaction 

mixture was diluted with DCM and water and the aqueous layer was extracted with DCM (2 x 

20 mL).  The organic fractions were combined and dried over MgSO4, filtered and concentrated 

in vacuo.  The crude mixture was purified by flash chromatography (2.5% to 5% gradient 

MeOH/DCM) to afford thiazole 3.1 (219 mg, 96%) as a yellow oil.  1H NMR (CDCl3, 300 

MHz) δ 7.68 (d, J = 8.1 Hz, 2H), 7.52 (t, J = 5.7 Hz, 1H), 7.15 (d, J = 8.1 Hz, 2H), 5.95 (s, 

1H), 5.65 (br, 2H), 4.52 (t, J = 6.3 Hz, 2H), 3.85 (q, J = 6.3 Hz, 2H), 2.62 – 2.55 (m, 4H), 2.41 

(t, J = 7.2 Hz, 2H), 1.57 – 1.51 (m, 6H), 1.25 – 1.22 (m, 6H), 0.84 (t, J = 6.9 Hz, 3H); 13C 

NMR (CDCl3, 100 MHz) δ 168.3, 153.0, 148.3, 147.4, 131.4, 128.8, 127.4, 122.3, 101.9, 49.5, 

40.2, 36.0, 31.6, 31.6, 31.1, 29.2, 28.5, 28.5, 25.4, 22.7, 14.3; IR (CDCl3) 3305, 2928, 2856, 

1642, 1530, 1460, 1305, 855, 756 cm-1; UV (λ max nm) 239;  HRMS (ESI+) m/z 455.2597 

[(M + H)+; calculated mass for C24H34N6OS +: 455.2591]. 
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N-(2-(4-(Pent-4-yn-1-yl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide (3.12): 

Hepta-1,6-diyne (1 g, 10.8 mmol) was dissolved in 25 mL of tBuOH/H2O/DCM (2/2/1), and 

at room temperature was added N-(2-azidoethyl)-4-pentylbenzamide 2.7 (1.88 g, 7.2 mmol), 

CuSO4 (171 mg, 1.08 mmol),  and sodium ascorbate (570 mg, 2.88 mmol).  The reaction was 

stirred for 16 hours.  The reaction was diluted with DCM and water and the aqueous layer was 

extracted with DCM (2x 50 mL).  The organic fractions were then combined and washed with 

0.1 M EDTA to remove any additional copper contaminants.  The organic layer was dried over 

MgSO4, filtered and concentrated in vacuo.  The crude mixture was purified by flash 

chromatography (50% - 100% gradient EtOAc/hexanes) to afford alkyne 3.12 (512 mg, 15%) 

as a white solid.  1H NMR (CDCl3, 400 MHz) δ 7.69 (d, J = 8 Hz, 2H), 7.39 (br, 1H), 7.32 (s, 

1H), 7.18 (d, J = 8 Hz, 2H), 4.53 (t, J = 6 Hz, 2H), 3.91 (q, J = 5.6 Hz, 2H), 2.75 (t, J = 7.2 Hz, 

2H),  2.60 (t, J = 7.6 Hz, 2H),  2.18 – 2.14 (m, 2H), 1.94 (t, J = 2.8 Hz, 1H), 1.81 (p, J = 7.6 

Hz, 2H), 1.58 (p, J = 7.6 Hz, 2H), 1.33 – 1.24 (m, 4H), 0.86 (t, J = 6.4 Hz, 3H); 13C NMR 

(CDCl3, 100 MHz) δ 168.3, 147.3, 146.9, 131.5, 128.7, 127.5, 122.5, 83.8, 69.3, 49.5, 40.3, 

35.9, 31.6, 31.1, 28.1, 24.5, 22.7, 18.0, 14.2;  IR (CDCl3) 3312, 3143, 2930, 2856, 2124, 1644, 

1556, 1506, 1461, 1302, 1061, 631 cm-1; Observed melting point: 96 °C;    
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tert-Butyl (5-(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)pentyl)thiazol-2-

yl)carbamate (3.15): 

To 7 mL of acetonitrile was added, tert-butyl (5-bromothiazol-2-yl)carbamate (200 mg, 0.716 

mmol), N-(2-(4-(pent-4-yn-1-yl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 3.12 (500 

mg, 1.57 mmol), copper(I) iodide (13.5 mg, 0.07 mmol), Bis(triphenylphosphine)palladium(II) 

dichloride (50 mg, 0.07 mmol), and the mixture was flushed with nitrogen gas and 

triethylamine (0.6 mL, 4.3 mmol) was added dropwise until the reaction went to completion 

by TLC analysis.  Upon completion, the reaction mixture was concentrated in vacuo and 

diluted with EtOAc and washed with water (2 x 20 mL) and brine (2 x 20 mL).  The organic 

layer was dried over MgSO4 and concentrated in vacuo.  Purification of the crude mixture was 

attempted by flash chromatography (10% - 100% gradient EtOAc/hexanes followed by 5% - 

10% gradient MeOH/DCM) to afford tert-butyl (5-(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-

1,2,3-triazol-4-yl)pent-1-yn-1-yl)thiazol-2-yl)carbamate 3.15 with a palladium contaminant 

present.  The alkyne with impurity was carried on without further purification.  tert-butyl (5-

(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)pent-1-yn-1-yl)thiazol-2-

yl)carbamate 3.15 (71 mg, 0.13 mmol) was dissolved in MeOH and 10 mg of palladium on 

carbon was added.  The reaction vessel was charged with H2 gas and kept under a H2 

atmosphere for 16 hours.  Upon completion of the reaction the crude reaction solution was 

filtered through celite and concentrated in vacuo.  The crude solid was recrystallized with 

hexanes and EtOAc to afford Boc-thiazole 3.16 (54 mg, 75 %) as a clear oil.  1H NMR (CDCl3, 
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300 MHz) δ 7.66 (d, J = 5.4 Hz, 2H), 7.28 (s, 1H), 7.20 (d, J = 5.4 Hz, 2H), 6.97 (br, 2H), 4.55 

(t, J = 5.4 Hz, 2H), 3.95 (q, J = 4.8 Hz, 2H), 2.72 – 2.58 (m, 6H), 1.69 – 1.55 (m, 15H), 1.41 – 

1.25 (m, 6H), 0.87 (t, J = 5.4 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.1, 160.1, 153.2, 

148.3, 147.5, 133.1, 131.9, 131.4, 128.9, 127.3, 122.1, 81.9, 49.6, 40.0, 36.0, 31.6, 31.1, 29.2, 

28.6, 28.5, 26.8, 25.6, 22.7, 14.3; IR (CDCl3) 2930, 2856, 1718, 1645, 1571, 1541, 1503, 1456, 

1301, 1250, 1161, 1060 cm-1; UV (λ max nm) 242;   HRMS (ESI+) m/z 555.3112 [(M + H)+; 

calculated mass for C29H42N6O3S
 +: 555.3092]. 

 

 

N-(2-(4-(5-(2-Aminothiazol-5-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 

hydrochloride (3.7): 

tert-Butyl (5-(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)pentyl)thiazol-2-

yl)carbamate 3.16 (23 mg, 0.041 mmol) was dissolved in 3 mL of a 2:1 mixture of DCM:TFA 

and stirred for 2 hours.  The reaction solution was concentrated in vacuo and dissolved in DCM 

and this process was repeated 2 additional times.  The resultant product was dissolved in 2 mL 

of MeOH and 2 drops of concentrated HCl were added.  The resultant solution was 

concentrated in vacuo.  Methanol was added to the resultant solid and the solution was 

concentrated once more to afford thiazole 3.7 (20 mg, 100%) as a clear oil.  1H NMR (CD3OD, 

400 MHz) δ  8.45 (s, 1H), 7.67 (d, J = 7.6 Hz, 2H), 7.26 (d, J = 7.6 Hz, 2H), 6.96 (s, 1H), 4.80 

(t, J = 5.6 Hz, 2H), 3.92 (t, J = 5.6 Hz, 2H), 2.85 (t, J = 7.6 Hz, 2H), 2.63 (m, 4H), 1.72 (p, J = 

8 Hz, 2H), 1.61 (p, J = 7.2 Hz, 4H), 1.43 – 1.29 (m, 7H), 0.89 (t, J = 6.4 Hz, 3H); 13C NMR 
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(CD3OD, 100 MHz) δ 173.2, 151.5, 148.8, 135.1, 132.4, 131.1, 130.6, 125.3, 56.5, 43.2, 39.5, 

35.3, 34.9, 33.4, 31.7, 30.1, 27.0, 26.3, 18.7, 17.1, 13.0; IR (CDCl3) 3068, 2928, 2857, 1630, 

1541, 1503, 1437, 1303, 1189, 1056, 964, 805 cm-1; UV (λ max nm) 246;   HRMS (ESI+) m/z 

455.2597 [(M + H)+; calculated mass for C24H35N6OS +: 455.2588]. 

 

 

4-(Hept-6-yn-1-yl)oxazol-2-amine (3.18): 

To a buffered solution of 5 mL of NaHPO4 (1M, pH = 7) was added 1-hydroxynon-8-yn-2-one 

3.17 (145 mg, 0.91 mmol), cyanamide (85 mg, 2.0 mmol), and H2O:MeOH (4:1).  The reaction 

mixture was heated to 60 °C and stirred for 3.5 hours.  Upon completion of the reaction, H2O 

was added and the reaction mixture was extracted with DCM.  The organic fractions were 

combined and dried with MgSO4, and concentrated in vacuo.  The crude mixture was purified 

by flash chromatography (40% EtoAc/hexanes) to afford oxazole 3.18 (62 mg, 37%) as a clear 

oil.   1H NMR (CDCl3, 400 MHz) δ  6.82 (s, 1H), 5.36 (bs, 2H), 2.33 (t, J = 8.8 Hz, 2H), 2.17 

– 2.13 (m, 2H),  1.92 (t, J = 2.8 Hz, 1H), 1.56 – 1.41 (m, 6H);  13C NMR (CDCl3, 100 MHz) δ 

160.7, 140.2, 127.5, 84.8, 68.5, 28.5, 28.4, 27.7, 26.4, 18.5; IR (CDCl3) 3419, 3300, 3107, 

2935, 2859, 2114, 1663, 1586, 1420, 1290, 1194, 1077, 1058, 703, 649, 624 cm-1; UV (λ max 

nm) 242; HRMS (ESI+) m/z 179.1185 [(M + H)+; calculated mass for C10H15N2O
 +: 179.1179].  
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di-tert-Butyl (4-(hept-6-yn-1-yl)oxazol-2-yl)carbamate (3.19): 

4-(Hept-6-yn-1-yl)oxazol-2-amine (3.18) (143 mg, 0.80 mmol), di-tert-butyl dicarbonate (872 

mg, 4 mmol), and 4-dimethylaminopyridine (1 crystal) were dissolved in 10 mL of DCM, and 

triethylamine (0.55 mL, 4 mmol) was added dropwise.  The reaction mixture was allowed to 

stir overnight for 16 hours.  Upon completion the reaction solution was concentrated in vacuo 

and the crude mixture was purified by flash chromatography (20% to 60% gradient 

EtOAc/hexanes) to afford di-Boc oxazole 3.19 (255 mg, 85%) as a clear oil.   1H NMR 

(CDCl3, 400 MHz) δ 7.2 (s, 1H), 2.41 (t, 2H), 2.1 (t, 2H), 1.85 (s, 1H), 1.6 (m, 2H), 1.5 – 1.3 

(m, 22H); 13C NMR (CDCl3, 100 MHz) δ 151.0, 149.1, 141.8, 133.9, 84.3, 68.4, 28.2, 28.0, 

27.8, 27.7, 27.6, 26.2, 18.3; HRMS (ESI+) m/z 401.2043 [(M + Na)+; calculated mass for 

C20H30N2O5
 +: 401.2047]. 

 

 

di-tert-Butyl (4-(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)pentyl)oxazol-

2-yl)carbamate (3.20): 

 di-tert-butyl (4-(hept-6-yn-1-yl)oxazol-2-yl)carbamate 3.19 (125 mg, 0.33 mmol) was 

dissolved in 5 mL of t-BuOH/H2O/DCM (2/2/1), and at room temperature was added N-(2-

azidoethyl)-4-pentylbenzamide 2.7 (107 mg, 0.41 mmol), CuSO4 (11 mg, 0.07 mmol),  and 

sodium ascorbate (42 mg, 0.21 mmol) and the reaction solution was stirred for 16 hours.  The 



 

143 

reaction was diluted with DCM and water and the aqueous layer was extracted with DCM (2 

x 20 mL).  The organic fractions were combined and dried over MgSO4, filtered and 

concentrated in vacuo.  The crude mixture was purified by flash chromatography (EtOAc) to 

afford di-Boc oxazole 3.20 (152 mg, 72%) as a clear oil.  1H NMR (CDCl3, 400 MHz) δ 7.66 

(d, J = 8.4 Hz, 2H), 7.32-7.26 (m, 3H), 7.15 (d, J = 8.4 Hz, 2H), 4.51 (t, J = 5.6 Hz, 2H), 3.87 

(m, 2H), 2.62 – 2.55 (m, 4H), 2.44 (t, J = 7.2 Hz), 1.63 – 1.53 (m, 6H), 1.37 – 1.21 (m, 24 H), 

0.83 (t, J = 7.2 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 168.1, 151.2, 149.3, 148.2, 147.3, 

142.0, 134.1, 131.4, 128.8, 127.3, 122.0, 84.5, 49.5, 40.1, 36.0, 31.6, 31.4, 31.1, 29.2, 28.7, 

28.1, 27.9, 26.3, 25.6, 22.7, 14.2; IR (CDCl3)3326, 3134, 2979, 2932,2857, 1806, 1774, 1798, 

16501369, 1273, 1251, 1150, 1104, 849, 731 cm-1; UV (λ max nm) 241;  HRMS (ESI+) m/z 

639.3860 [(M + H)+; calculated mass for C34H50N6O6
 +: 639.3865]. 

 

 

N-(2-(4-(5-(2-Aminooxazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide 

hydrochloride (3.8): 

di-tert-butyl (4-(5-(1-(2-(4-pentylbenzamido)ethyl)-1H-1,2,3-triazol-4-yl)pentyl)oxazol-2-

yl)carbamate 3.20 (50 mg, 0.08 mmol) was dissolved in 1.5 mL of a 2:1 mixture of DCM:TFA 

and stirred for 2 hours.  The reaction solution was concentrated in vacuo and dissolved in DCM 

and this process was repeated 2 additional times.  The resultant product was dissolved in 2 mL 

of MeOH and 2 drops of concentrated HCl were added.  The resultant solution was 

concentrated in vacuo.  Methanol was added to the resultant solid and the solution was 
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concentrated once more to afford oxazole 3.8 (38 mg, 100%) as a clear oil.  1H NMR (CDCl3, 

400 MHz) δ  8.38 (s, 1H), 7.68 (d, J = 8 Hz, 2H), 7.34 (s, 1H), 7.26 (d, J = 7.6 Hz, 2H), 4.78 

(t, J = 5.6 Hz, 2H), 3.91 (t, J = 5.6 Hz, 2H), 2.84 (t, J = 7.6 Hz, 2H), 2.64 (t, J = 7.2 Hz, 2H), 

2.48 (t, J = 7.2 Hz, 2H), 1.73 (t, J = 7.6 Hz, 2H), 1.61 – 1.59 (m, 4H), 1.44 – 1.29 (m, 6H), 

0.89 (t, J = 6.8 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ 171.3, 161.2, 149.5, 133.2, 132.4, 

131.4, 130.5, 129.3, 128.2, 54.1, 41.4, 37.5, 33.4, 33.0, 29.8, 28.5, 25.3, 24.5, 24.3, 15.2;  IR 

(CDCl3) 3248, 3081, 2932, 2859, 2697, 2350, 1897, 1702, 1643, 1612, 1541, 1170, 975 cm-1; 

UV (λ max nm) 223;   HRMS (ESI+) m/z 439.2809 [(M + H)+; calculated mass for C24H34N6O2
 

+: 439.2816]. 

 

 

N-Formyl-N-(2-oxonon-8-yn-1-yl)formamide (3.24): 

Sodium diformylamide (2.07 g, 21.6 mmol) and 1-bromonon-8-yn-2-one 3.5 (3.6 g, 16.5 

mmol) were dissolved in 36 mL of MeCN and the reaction solution was stirred for 24 hours.  

The reaction slurry was filtered and concentrated in vacuo.  The crude reaction mixture was 

purified by flash chromatography (20% - 66% gradient EtOAc/hexanes) to afford 3.24 (2.65 

g, 76%) as a white solid.  1H NMR (CDCl3, 300 MHz) δ 8.91 (s, 2H), 4.42 (s, 2H), 2.48 (t, J = 

7.2 Hz, 2H), 2.16 (td, J = 6.6 Hz, 5.4 Hz, 2H), 1.93 (t, J = 5.4 Hz, 2H), 1.66 – 1.36 (m, 6H);  

13C NMR (CDCl3, 75 MHz) δ 201.1, 163.6, 84.5, 68.7, 47.2, 40.1, 28.3, 28.2, 23.1, 18.4; IR 

(CDCl3) 3265, 2936, 2851, 2358, 2040, 1716, 1685, 1398, 1352, 1168, 1073, 968, 680 cm-1; 
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HRMS (ESI+) m/z 232.0945 [(M + Na)+; calculated mass for C11H15N
 +: 232.0944]; Observed 

melting point: 54 °C. 

 

 

N-(2-(4-(7-(N-Formylformamido)-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide (3.25): 

N-formyl-N-(2-oxonon-8-yn-1-yl)formamide 3.24 (500 mg, 2.6 mmol) was dissolved in 10 mL 

of t-BuOH/H2O/DCM (2/2/1), and at room temperature was added N-(2-azidoethyl)-4-

pentylbenzamide 2.7 (756 mg, 2.9 mmol), CuSO4 (62 mg, 0.39 mmol),  and sodium ascorbate 

(205 mg, 1.04 mmol) and the reaction solution was stirred for 16 hours.  The reaction was 

diluted with DCM and water and the aqueous layer was extracted with DCM (2 x 50 mL).  The 

organic fraction were then combined and washed with 0.1 M EDTA to remove any additional 

copper contaminants.  The organic layer was dried with MgSO4, filtered and concentrated in 

vacuo.  The crude mixture was purified by flash chromatography (50% - 100% gradient 

EtOAc/hexanes followed by 1% - 5% gradient MeOH/EtOAc) to afford 3.25 (890 mg, 80%) 

as a white solid.  1H NMR (CDCl3, 300 MHz) δ 8.87 (s, 2H), 7.65 (d, J = 5.1 Hz, 2H), 7.34 

(s,1H), 7.20 (d, J = 4.8 Hz, 2H),  6.93 (s, 1H), 4.57 (t,  J = 5.7 Hz, 2H), 4.42 (s, 2H), 3.95 (q, 

J = 5.1 Hz, 2H), 2.71 (t, J = 5.4 Hz, 2H),  2.62 (t, J = 5.7 Hz, 2H), 2.48 (t, J = 5.1 Hz, 2H), 

1.69 – 1.57 (m, 6H), 1.35 – 1.28 (m, 6H), 0.88 (t, J = 5.4 Hz, 3H); 13C NMR (CDCl3, 75 MHz) 

δ 201.5, 168.1, 164.0, 147.7, 147.3, 131.4, 128.7, 127.4, 122.3, 49.5, 47.1, 40.0, 39.9, 35.9, 

31.6, 31.1, 29.1, 28., 25.3, 23.2, 22.6, 14.2; IR (CDCl3) 2927, 2857, 1722, 1671, 1635, 1541, 
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1360, 1304, 1167, 1053, 961, 805 cm-1;  HRMS (ESI+) m/z 470.2762 [(M + H)+; calculated 

mass for C25H36N5O4
 +: 470.2773]; Observed melting point: 102 °C. 

 

 

4-(Hept-6-yn-1-yl)-1,3-dihydro-2H-imidazol-2-one (3.22): 

N-formyl-N-(2-oxonon-8-yn-1-yl)formamide 3.24 (1.6 g, 7.7 mmol) was dissolved in 6M 

HCl/EtOH and 5 mL of water was added.  After 24 hours the reaction solution was 

concentrated in vacuo to afford the corresponding free amine, 1-aminonon-8-yn-2-one 

hydrochloride 3.21.  This product was carried on without further purification.  1-aminonon-8-

yn-2-one hydrochloride 3.21 (500 mg, 2.6 mmol) was dissolved in 2 mL of water and to the 

resultant solution was added potassium cyanate (235 mg, 2.9 mmol).  After 1 minute white 

solid was observed to precipitate out of solution.  Precipitate was washed with water and 

dissolved in methanol and concentrated in vacuo to afford imidazol-2-one 3.22 (250 mg, 54%) 

as a white solid.   1H NMR (CD3OD, 400 MHz) δ 6.05 (s, 1H),  2.36 (t, J = 7.2 Hz, 2H), 2.18 

– 2.15 (m, 3H),  1.58 – 1.44 (m, 6H);  13C NMR (CD3OD, 100 MHz) δ 155.7, 123.9, 104.6, 

83.7, 68.4, 28.2, 28.0, 27.6, 25.0, 17.8; IR (CDCl3) 3395, 3274, 2927, 2845, 2295, 1693, 1631, 

1459, 1412, 1063, 786 cm-1; HRMS (ESI+) m/z 179.1177 [(M + H)+; calculated mass for 

C10H15N2O
 +: 179.1179]; Observed melting point: 133 °C. 
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N-(2-(4-(5-(2-Oxo-2,3-dihydro-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide (3.10): 

4-(hept-6-yn-1-yl)-1,3-dihydro-2H-imidazol-2-one 3.22 (100 mg, 0.56 mmol) was dissolved 

in 2 mL of t-BuOH/H2O/DCM (2/2/1), and at room temperature was added N-(2-azidoethyl)-

4-pentylbenzamide 2.7 (161 mg, 0.62 mmol), CuSO4 (13.5 mg, 0.09 mmol),  and sodium 

ascorbate (43.5 mg, 0.22 mmol) and the reaction was stirred for 16 hours.  The reaction was 

diluted with EtOAc and water and the organic layer was washed with water (2x 50 mL) 

followed by 0.1 M EDTA to remove any additional copper contaminants then washed with 

brine (1 x 20 mL).  The organic layer was dried over MgSO4, filtered and concentrated in 

vacuo.  The crude mixture was purified by flash chromatography (100% EtOAc followed by 

10% MeOH saturated with ammonia/DCM) to afford imidazole-2-one 3.10 (120 mg, 49%) as 

a white solid.  1H NMR (CD3OD, 400 MHz) δ 7.70 (s, 1H), 7.65 (d, J = 8 Hz, 2H), 7.24 (d, J 

= 8 Hz, 2H), 6.00 (s, 1H), 4.56 (t, J = 6 Hz, 2H), 3.81 (t, J = 6.4 Hz, 2H), 2.68 – 2.62 (m, 4H), 

2.29 (t, J = 7.2 Hz, 2H), 1.66 – 1.51 (m, 6H), 1.34 – 1.28 (m, 6H), 0.89 (t, J = 6.8 Hz, 3H); 13C 

NMR (CD3OD, 100 MHz) δ 169.3, 147.9, 147.3, 131.5, 128.4, 127.2, 123.9, 122.5, 104.5, 

49.1, 39.8, 35.5, 31.4, 31.0, 28.9, 28.2, 27.7, 25.0, 24.8, 22.4, 13.2; IR (CDCl3) 3477, 2919, 

2859, 2488, 2280, 1680, 1620, 1424, 1355, 1196, 1051 cm-1;  HRMS (ESI+) m/z 439.2819 [(M 

+ H)+; calculated mass for C24H35N6O2
 +: 439.2816]; Observed melting point: 135 °C. 
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4-(Hept-6-yn-1-yl)-1,3-dihydro-2H-imidazole-2-thione (3.23): 

N-Formyl-N-(2-oxonon-8-yn-1-yl)formamide (3.24) (200 mg, 0.96 mmol) was dissolved in 6 

molar HCl/EtOH and the reaction solution was stirred for 24 hours.  After 24 hours the reaction 

mixture was concentrated in vacuo to afford the corresponding free amine, 1-aminonon-8-yn-

2-one hydrochloride 3.21.  This was carried on without further purification.  1-aminonon-8-

yn-2-one hydrochloride 3.21 was dissolved in 15 mL of acetic acid and potassium thiocyanate 

(102 mg, 1.1 mmol) was added and the reaction mixture was heated to 65 °C and was stirred 

for 24 hours.  The reaction mixture was concentrated in vacuo and purified by flash 

chromatography (0% - 66% EtOAc/hexanes) to afford imidazole-2-thione 3.23 (135 mg, 73%) 

as a yellow solid.  1H NMR (CD3OD, 400 MHz) δ 6.57 (s, 1H), 4.90 (br, 2H),  2.47 (t, J = 7.2 

Hz, 2H), 2.18 – 2.14 (m, 3H), 1.61 – 1.41 (m, 6H); 13C NMR (CD3OD, 100 MHz) δ 157.2, 

131.4, 112.1, 83.7, 68.4, 56.7, 28.1, 27.9, 27.9, 24.4, 17.7;  HRMS (ESI+) m/z 195.0956 [(M 

+ H)+; calculated mass for C10H14N2S
 +: 195.0950] 

 

 

4-Pentyl-N-(2-(4-(5-(2-thioxo-2,3-dihydro-1H-imidazol-4-yl)pentyl)-1H-1,2,3-triazol-1-

yl)ethyl)benzamide (3.11): 
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N-(2-(4-(7-(N-Formylformamido)-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-

pentylbenzamide (3.25) (640 mg, 1.36 mmol) was dissolved in 6 molar HCl/EtOH and the 

reaction mixture was stirred.  After 24 hours the reaction mixture was concentrated in vacuo 

to afford the corresponding free amine, N-(2-(4-(7-amino-6-oxoheptyl)-1H-1,2,3-triazol-1-

yl)ethyl)-4-pentylbenzamide.  This was carried on without further purification.  N-(2-(4-(7-

amino-6-oxoheptyl)-1H-1,2,3-triazol-1-yl)ethyl)-4-pentylbenzamide was dissolved in 16 mL 

of acetic acid and potassium thiocyanate (165 mg, 1.7 mmol) was added and the reaction was 

heated to 65 °C and was stirred for 24 hours.  The reaction mixture was concentrated in vacuo 

and purified by flash chromatography (EtOAc) to afford the title compound with a minor 

impurity that corresponded to the AcOH salt of the thioiminium tautomer (< 5%).  The crude 

product was dissolved in EtOAc and washed with aqueous sodium bicarbonate to remove the 

AcOH salt.  The organic layer was concentrated in vacuo to afford 3.11 (215 mg, 56%).  1H 

NMR (d-DMSO, 400 MHz) δ 8.55 (t, J = 5.6 Hz, 1H), 7.78 (s, 1H), 7.67 (d, J = 8 Hz, 2H), 

7.22 (d, J = 8 Hz, 2H),  6.47 (s, 1H), 4.47 (t, J = 6 Hz, 2H), 3.63 (q, J = 6 Hz, 2H), 2.55 (q, J 

= 8 Hz, 4H), 2.26 (t, J = 7.2 Hz, 2H), 1.54 – 1.45 (m, 6H), 1.29 – 1.21 (m, 7H), 0.82 (t, J = 6.8 

Hz, 3H);  13C NMR (d-DMSO, 100 MHz) δ 167.2, 160.5, 147.3, 146.7, 132.3, 130.1, 128.8, 

127.9, 122.8, 111.7, 49.1, 35.6, 31.5, 31.1, 29.2, 28.4, 28.1, 25.5, 24.7, 22.6, 14.6; IR (CDCl3) 

3407, 2254, 2128, 1651, 1501, 1050, 1026, 1004, 825, 763, 631 cm-1; HRMS (ESI+) m/z 

455.2594 [(M + H)+; calculated mass for C24H35N6OS +: 455.2588];  Observed melting point: 

145 °C. 
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Methyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate (3.29): 

To a solution of methyl 2-aminopent-4-enoate (2.71 g, 21 mmol) in 45 mL of DCM was 

added di-tert-butyl dicarbonate (7.2 g, 100 mmol) and 1 mL of 1M NaOH.  Upon completion 

of the reaction the reaction mixture was added to a separatory funnel and more DCM was 

added.  The organic layer was washed with sodium bicarbonate (2x 50 mL) followed by 

brine (1 x 50 mL).  The organic layer was then dried over Na2SO4 and concentrated in vacuo.  

The crude oil was purified via flash chromatography (15 % EtOAc/Hexanes) to afford 

methyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate 3.29 (2.05 g, 44%) as a clear oil.  1H 

NMR (CDCl3, 300 MHz) δ 5.69 – 5.55 (m, 1H), 5.06 (d, J = 4.5 Hz, 2H), 4.29 (q, J = 6.3 Hz, 

1H), 3.65 (s, 3H), 2.49 – 2.36 (m, 2H), 1.35 (s, 9H);  13C NMR (CDCl3, 75 MHz) δ  172.7, 

155.4, 132.5, 119.1, 79.9, 53.1, 52.3, 36.9, 28.4. 

 

 

7-((tert-Butoxycarbonyl)amino)-8-methoxy-8-oxooct-4-enoic acid (3.30): 
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To a refluxing solution of methyl 2-((tert-butoxycarbonyl)amino)pent-4-enoate 3.29 (450 

mg, 1.95 mmol)  and pent-4-enoic acid (390 mg, 3.9 mmol) under nitrogen in 26 mL of 

DCM was added Grubbs 2nd generation catalyst (83 mg, 0.09 mmol).  After 45 minutes the 

reaction mixture, which had changed color from dark brown to yellow, was concentrated in 

vacuo down to 2-3 mL and loaded directly onto column.  The crude mixture was purified via 

flash chromatography (25% – 50 % EtOAc/Hexanes) to afford alkene 3.30 (345 mg, 57%) as 

a yellow oil.  1H NMR (CDCl3, 400 MHz) δ 5.44 – 5.15 (m, 3H), 4.21 (m, 1H), 3.61 (s, 3H), 

2.42 – 2.21 (m, 5H), 1.32 (s, 9H); 13C NMR (CDCl3, 100 MHz) δ 177.8, 172.9, 155.5, 133.0, 

125.2, 80.0, 53.3, 52.3, 35.6, 33.8, 28.4, 27.7;  HRMS (ESI+) m/z  324.1412 [(M + Na)+; 

calculated mass for C14H23NO6
 +: 324.1417].   

 

 

 

Methyl 2-((tert-butoxycarbonyl)amino)-8-oxo-8-((2-(4-pentylbenzamido)ethyl)amino) 

octanoate (3.31): 

7-((tert-Butoxycarbonyl)amino)-8-methoxy-8-oxooct-4-enoic acid 3.30 (235 mg, 0.78 mmol) 

was dissolved in 5.5 mL of THF and to the reaction mixture was added 25 mg of palladium on 

carbon.  The reaction vessel was sealed and charged 3 times with hydrogen gas.  The reaction 

mixture was kept under a hydrogen atmosphere overnight.  Upon completion of the reaction 

the reaction vessel was opened up to the atmosphere for a few moments and the reaction was 
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filtered through celite and concentrated in vacuo to afford 7-((tert-butoxycarbonyl)amino)-8-

methoxy-8-oxooctanoic acid which was carried on without further purification.  7-((tert-

butoxycarbonyl)amino)-8-methoxy-8-oxooctanoic acid (120 mg, 0.4 mmol) was dissolved in 

1 mL of DMF and to the reaction mixture was added N-(2-aminoethyl)-4-pentylbenzamide 2.7 

(93 mg, 0.4 mmol), 3-(((ethylimino)methylene)amino)-N,N-dimethylpropan-1-amine (124 

mg, 0.8 mmol), hydroxybenzotriazole (124 mg, 0.8 mmol), followed by dropwise addition of 

diisoproylethyl amine (280 µL, 1.6 mmol).  The reaction was stirred for 48 hours, after which 

the reaction was added to a separatory funnel and diluted with EtOAc and washed with water 

(3x 30 mL) followed by brine (1 x 30 mL) and dried with Na2SO4 then concentrated in vacuo.  

The crude mixture was then purified via flash chromatography (40%  – 100 % 

EtOAc/Hexanes) to afford 3.31 (136 mg, 66% over two steps) as a white solid.   1H NMR 

(CDCl3, 300 MHz) δ 7.70 (d, J = 7.5 Hz, 2H), 7.61 (s, 1H), 7.17 ( d, J = 8.1 Hz, 2H), 7.10 (s, 

1H), 5.12 (d, J = 8.1 Hz, 1H), 4.18 (q, J = 5.1 Hz, 1H), 3.66 (s, 3H), 3.50 – 3.42 (m, 4H), 2.59 

(t, J = 7.5 Hz, 2H), 2.14 (t, J = 7.5 Hz, 2H), 1.66 – 1.55 (m, 5H), 1.39 (s, 9H), 1.28 – 1.18 (m, 

8H), 0.85 (t, J = 5.7 Hz, 3H); 13C NMR (CDCl3, 75 MHz) δ 175.2, 173.6, 168.6, 155.7, 147.1, 

131.4, 128.7, 127.3, 80.0, 53.5, 52.4, 50.6, 41.3, 39.8, 36.4, 35.9, 32.5, 31.6, 31.0, 28.7, 28.5, 

25.6, 25.2, 22.7, 14.2;  IR (CDCl3) 3299, 3083, 2950, 2929, 2857, 1748, 1714, 1689, 1644, 

1631, 1543, 1507, 1446, 1391, 1366, 1330 cm-1; UV (λ max nm) 248;   HRMS (ESI+) m/z 

520.3383 [(M + H)+; calculated mass for C28H45N3O6
 +: 520.3381]. 
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Methyl 2-amino-8-oxo-8-((2-(4-pentylbenzamido)ethyl)amino)octanoate hydrochloride 

(3.32): 

Methyl-2-((tert-butoxycarbonyl)amino)-8-oxo-8-((2-(4-pentylbenzamido)ethyl)amino) 

octanoate 3.31 (117 mg, 0.23 mmol) was dissolved in 2 mL of DCM and to the reaction 

solution was added 1 mL of trifluoroacetic acid dropwise.  After two hours the reaction was 

concentrated in vacuo and dissolved in DCM.  This process was repeated two more times, after 

which the resultant solid was dissolved in 2 mL of MeOH and 3 drops of concentrated HCl 

were added.  The reaction solution was concentrated in vacuo to afford 3.32 (103 mg, 100%) 

as a yellow solid.  1H NMR (CD3OD, 300 MHz) δ 7.72 (d, J = 8. Hz, 2H), 7.27 (d, J = 8.1 Hz, 

2H), 4.00 (t, J = 6.6 Hz, 1H), 3.82 (s, 3H), 3.51 – 3.47 (m, 2H), 3.42 – 3.38 (m, 2H), 2.66 (t, J 

= 7.5 Hz, 2H), 2.21 (t, J = 7.2 Hz, 2H), 1.90 – 1.80 (m, 2H), 1.68 – 1.56 (m, 4H), 1.44 – 1.28 

(m, 6H), 0.92 – 0.87 (m, 3H);  13C NMR (CD3OD, 75 MHz) δ 175.3, 169.8, 169.0, 147.0, 

131.7, 128.5, 127.4, 52.6, 39.7, 38.9, 35.7, 35.6, 31.4, 30.9, 30.1, 28.4, 25.3, 24.4, 22.4, 13.4; 

IR (CDCl3) 3292, 2953, 2928, 2857, 2359, 1749, 1638, 1542, 1504, 1438, 1381, 1299, 1234 

cm-1; UV (λ max nm) 240;   HRMS (ESI+) m/z 420.2857 [(M + H)+; calculated mass for 

C23H37N3O4
 +: 420.2859]. 
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Methyl 2-((4-butylbenzyl)amino)-8-oxo-8-((2-(4-

pentylbenzamido)ethyl)amino)octanoate (3.33): 

Methyl 2-amino-8-oxo-8-(propylamino)octanoate hydrochloride 3.32 (200 mg, 0.44 mmol) 

and lithium hydroxide (20 mg, 0.8 mmol) were dissolved in 2 mL of MeOH and stirred for 30 

minutes.  4-butylbenzaldehyde (72 µL, 0.4 mmol) was then added dropwise.  After 16 hours 

NaBH4 (30 mg, 0.8 mmol) was added portionwise and the reaction mixture was stirred for 30 

minutes.  Upon completion, the reaction mixture was concentrated in vacuo and purified by 

flash chromatography (50 – 100% EtOAc/Hexanes) to afford methyl 2-((4-

butylbenzyl)amino)-8-oxo-8-((2-(4-pentylbenzamido)ethyl)amino)octanoate 3.33 (100 mg,  

40 %) as a white solid.  1H NMR (CDCl3, 300 MHz) δ 7.71 (d, J = 6 Hz, 2H), 7.61 (s, 1H), 

7.20 – 7.17 (m, 4H), 7.00 (d, J = 6 Hz, 2H), 6.91 (s, 1H), 3.73 – 3.70 (m, 1H), 3.67 (s, 3H), 

3.56 – 3.55 (m, 3H), 3.44 (s, 2H), 3.20 (t, J = 5.1 Hz, 2H), 2.61 – 2.54 (m , 4H), 2.14 (t, J = 

5.4 Hz, 2H), 1.59 – 1.54  

(m, 8H), 1.35 – 1.23 (m, 10H), 0.91 – 0.85 (m, 6H);  13C NMR (CDCl3, 75 MHz) δ 176.2, 

175.2, 168.6, 147.2, 142.0, 137.1, 131.5, 128.7, 128.6, 128.4, 127.3, 60.8, 52.1, 51.9, 51.8, 

41.5, 39.9, 36.7, 36.0, 35.5, 33.9, 33.5, 31.7, 31.1, 29.2, 25.8, 25.6, 22.7, 22.6, 14.3, 14.2; IR 
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(CDCl3) 3331, 2954, 2846, 2362, 2338, 2055, 1641, 1062 cm-1; UV (λ max nm) 242;   HRMS 

(ESI+) m/z 566.3957 [(M + H)+; calculated mass for C34H51N3O4
 +: 566.3952]. 
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CHAPTER 4 

Inhibition and breaking of advanced glycation end-products (AGEs) with 2-

aminoimidazole derivatives 

 

4.1 Introduction 

Given the previously stated health concerns and implications associated with AGEs, 

therapeutic solutions remain a very desirable and important research area.  Based upon the 

promising initial in vivo studies with AG and Alt-711, we have begun to explore alternative 

chemical scaffolds that could potentially inhibit AGE formation and/or break existing AGEs.  

To this end, we have begun to investigate the anti-AGE activity of differentially functionalized 

2-aminoimidazoles as potential inhibitors or breakers of AGEs (Figure 4.1).  The 2-AI contains 

a guanidine-like functionality embedded within its heterocycle, and thus provides a similar 

structure to AG itself.  Various 2-AIs have been shown to have limited cytotoxicity and toxicity 

against model organisms, and thus may be able to sidestep some of the safety concerns 

associated with AG and Alt-711.138  2-AIs have also been shown to react with aldehydes under 

ambient conditions, thereby providing precedence that in a biological system they may be able 

to sequester reactive aldehyde species.139  The main difference between AG and functionalized 

2-AIs is their respective pKa’s (12 vs. ca. 8.5) and it was unclear how this difference in basicity 

would impact the overall ability to sequester reactive aldehyde species, although we postulated 

that simple 2-AI derivatives would most likely be inferior to AG itself due to their attenuated 

pKa. 
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Figure 4.1: Using functionalized 2-AIs as potential AGE inhibitors. 

 

4.2 Results and Discussion 

4.2A: Identification of 2-aminoimidzoles as potent inhibitors and breakers of AGEs 

In conjunction with the Basaraba lab, we began our studies by selecting seven 2-AI derivatives 

from our internal chemical library (as well as one 2-aminobenzimidazole and one carbamate 

derivative, Figure 4.2) and assessed their ability to inhibit AGE formation in comparison to 

AG itself using a standard fluorescence assay. 140-145  In this assay, glycolaldehyde (GO) is 

employed as the glycating reagent while bovine serum albumin (BSA) serves as the protein 

template for AGE formation to occur.  GO (5 mM) and BSA are simply mixed in phosphate 

buffered saline (PBS) in the absence or presence of anti-AGE compounds and the amount of 

AGE formation is quantified after seven days by fluorescence (335/385). The results of this 

preliminary screen are summarized in Figure 4.3A. 
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Figure 4.2: Compounds screened for inhibition of AGE formation 

 

As expected, AG potently inhibited AGE formation and achieved 48.6% inhibition at 4 mM, 

19.1% inhibition at 400 µM, and 7.3% inhibition at 40 µM.  In comparison (and as predicted), 

monomeric 2-AI derivatives were inferior to AG; demonstrating inability to significantly 

inhibit AGE formation at 40 µM and lower. Compound 4.3 was the most potent of the 

monomeric 2-AIs recording 63.8% inhibition at 4 mM, 3.2% inhibition at 400 µM, and no 

inhibition at 40 µM.  Surprisingly, compounds that contained multiple 2-AI heterocycles 
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appeared to be potent AGE inhibitors, with all able to outperform AG at 4 mM, and compound 

4.7 outperforming AG at 400 µM, and no significant differences at 4 µM (Figure 4.3A). 
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Figure 4.3: Compounds with multiple 2-AI heterocycles are most effective at inhibiting AGE 

formation. Percent inhibition of AGE formation was evaluated with compounds illustrated in 

Figure 4.2 by fluorescence (335/385nm). (Top) Initial screening of all compounds. (Bottom) 

Further evaluation of compounds in A at lower concentration and accounting for 

autofluorescence; AG, aminoguanidine. *P<0.05, **P<0.01, ***P<0.001, compared to AG at 

the same concentration.  
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After this initial evaluation, we recognized that there may be a potential contribution of 

autofluorescence from the 2-AI derivatives to this assay.  Therefore, we further investigated 

anti-glycating activity of compounds 4.3, 4.5, 4.7, and 4.8 while correcting for 

autofluorescence (Figure 4.3B). As expected, this second screening demonstrated even better 

inhibition of glycation over AG by compounds with multiple 2-AI heterocycles at lower 

concentrations (Figure 4.3B). At 400 and 40 µM, compound 4.7 demonstrated 44.6% and 5.6% 

inhibition, respectively, while compound 4.5 inhibited glycation by 62.8% and 15.3%, 

indicating greater inhibitory activity at lower concentrations compared to AG and suggesting 

that inhibition of AGE formation is proportional to the number of 2-AI heterocycles.   

Of the three structures, we elected to pursue compound 4.7 for further studies.  Compound 4.7 

was chosen based on superior biological activity (which still surpassed AG) and structural 

simplicity that would allow us to potentially investigate basic mechanistic features of the bis-

2-AI scaffold in the context of anti-AGE activity.  The first question we chose to pursue was 

the potential mechanism by which 4.7 inhibited AGE formation.  AG is known to inhibit AGE 

formation by sequestration of reactive aldehyde species and in the case of methyl glyoxal 

(MG), another reactive aldehyde that leads to AGE formation, produces 3-amino-1,2,4-

triazines.146  We reacted AG and MG in PBS and were able to demonstrate that AG was 

consumed and produced products consistent with 3-amino-1, 2, 4-triazines (via LCMS).  Next, 

compound 4.7 was reacted with MG in PBS and the reaction monitored by LCMS.  After 24 

hours, we observed conversion to a new product whose mass was equivalent to compound 4.7 

+ 2MG-4.  Although we have yet to determine the exact structure of this product, it is clear 
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that compound 4.7 reacts rapidly with MG and is covalently modified by this reactive 

aldehyde.      

The second point we wanted to address was to provide an alternative method to measure the 

inhibition of AGE formation outside of the basic fluorescence assay detailed above.  Although 

the BSA/GO assay is considered a standard in the field, it only provides a crude snapshot of 

AGE formation as it relies on a fluorescence signal (which represents only a sub-population of 

the AGE species on glycated proteins) as a proxy for all potential AGEs that could be formed.  

Therefore, we wanted to take this a step further and quantify the amount of primary amines in 

the BSA sample as a function of GO treatment in the absence or presence of compound 4.7 or 

AG.  This was accomplished by again reacting GO with BSA for seven days in the absence or 

presence of AG or 4.7 (400 µM) and then isolating the BSA population by dialysis purification 

with a 7 kDa cutoff.  The amount of protein in each sample was then normalized and primary 

amines were then quantified by reaction with 2,4,6-trinitrobenzene sulfonic acid (TNBSA) 

(Figure 4.4).147   
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Figure 4.4:  Compound 4.7 preserves and restores the frequency of primary amines with an 

efficacy exceeding AG. Activity of 4.7 and AG was evaluated by inhibition of GO-mediated 

glycation of BSA or breaking of pre-formed CML-enriched BSA-AGEs, using the TNBSA 

assay. Baseline frequency of BSA primary amines is represented by the dotted line at 100%. 

***P<0.001, ****P<0.0001 compared to untreated control.   

 

The GO-BSA reaction in the presence of 4.7, but not AG, preserved a significant proportion 

of primary amines in comparison to GO treatment in the absence of either anti-AGE 

compound.  While GO in the absence of anti-AGE compound led to a 19.4% modification and 

therefore, reduction in primary amines, only a 3.6% reduction was observed in the presence of 

4.7. In contrast, there was still an 18.3% reduction in primary amines in the presence of AG, 

indicating that 4.7 is much more effective than AG at inhibiting the overall formation of AGE 

modifications on primary amines, whether fluorescent or not.  These data suggest that while 

AG is effective at inhibiting AGE formation based on fluorescence, its efficacy may be 

attributed to its ability to disproportionately reduce the formation of fluorescent AGE species 

in particular, when comparing to measurement of total primary amines by TNBSA.  This is 
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especially relevant because the strongest RAGE ligands, such as carboxymethyl lysine (CML) 

and carboxyethyl lysine (CEL), are non-fluorescent adducts, which may be more effectively 

inhibited by 2-AI derivatives. Moreover, these findings highlight the importance of applying 

multiple measures of AGE formation to the evaluation of compounds with anti-glycating 

activity.147   

Finally, we wanted to investigate whether compound 4.7 had any ability to break preformed 

AGEs.  From a clinical standpoint, compounds that simply inhibit AGE formation will most 

likely be useful prophylactically; however compounds that are able to break pre-formed AGEs 

could potentially reverse the in vivo pathology caused by random glycation and potentially 

remediate clinical complications due to diabetes and aging.  To investigate these effects, we 

first generated glycated BSA enriched for the formation of CML AGEs by incubation with 

glyoxylic acid (5 mM) under mild reducing conditions with sodium cyanoborohydride (75 

mM) for 48 hours. The CML-BSA was then dialyzed against a 7 kDa cutoff and compound 

4.7 was added then incubated for seven days.  The amount of glycation remaining was then 

quantified with the TNBSA assay (Figure 4.4).  Based on untreated reactions in the absence of 

4.7 or AG, it is evident that the CML glycation reaction leads to more frequent modification 

of primary amines (42.4%) compared to GO. While AG was devoid of breaking ability, 4.7 

increased the number of reactive amines, thereby restoring the amine content of CML-BSA to 

88% of the baseline value. These data suggest that 4.7 has exceptional AGE-breaking activity, 

indicating that 2-AI derivatives may have both prophylactic and therapeutic potential.  
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4.2B: A Second Generation Approach: Amino Acid Inspired AGE Inhibitors and 

Breakers 

Encouraged by these strong results of our initial studies we next wanted to build upon the 

success of compound 4.7.  Given its relatively short and easy synthesis (Scheme 4.1) we 

envisioned both shortening and lengthening the alkyl linker between both 2-AI heterocycles as 

a practical starting point.  While no problems were encountered lengthening the alkyl chain, 

giving bis-2-AI 4.14, we could not successfully shorten the alkyl linker.  One way we 

envisioned bypassing this problem was to attempt to utilize the tandem Akabori Reduction and 

cyanamide cyclization on the methyl esters of aspartic acid, glutamic acid and homoglutamic 

acid to shorten the alkyl chain to 1, 2, and 3 methylene units respectively (Scheme 4.2).  With 

this approach we were hopeful that the 2-AIs could be constructed one at a time rather than 

both at once. 

 

 

Scheme 4.1: Synthetic route to 4 and 5 methylene linked bis-2-AIs. Reagents and conditions: 

a. CH2N2, Et2O, O °C. b. HCl (34%); c. Boc-guanidine, NaI, DMF, rt (35%); d. TFA:DCM 

(1:2) then MeOH:HCl (100%). 
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While this synthetic route ultimately failed, it did lead us to an intriguing new idea; the 

utilization of the Akabori Reduction on amino acid methyl esters as a rapid and efficient way 

to synthesize potential new amino acid inspired 2-AI AGE inhibitors.  This would present us 

with a quick (less than 1 day) conversion of a commercially available amino acid into its 

corresponding 2-AI.  Additionally given the low cost of the reagents used, this reaction can be 

performed on large scales.  More emphasis was placed on nitrogen containing amino acids due 

to their ability to react with aldehydes, although phenylalanine and tyrosine derivatives were 

also synthesized.  Applying this idea resulted in the rapid synthesis of 6 amino acid inspired 2-

AIs (Scheme 4.3). 

 

 

Scheme 4.2: Attempted synthetic route to short linked bis-2-AIs. Reagents and Conditions: a. 

AcCl, MeOH, -15 °C - rt (100%); b. Na/Hg, H2O, pH 1.5 - 2, 0 °C – 5 °C then NH2CN, pH 

4.3, 95 °C, 2.5 h (32%) 

 

These compounds were subsequently tested along with additional compounds from our library 

(Figure 4.5) in a similar fashion as the first generation compounds by using TNBSA as a way 

to quantify the change in free amino groups on BSA.  Both inhibition and breaking were 
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examined.  To our delight it was discovered that these second generation compounds 

performed remarkably well at both inhibition and breaking. 

We first looked at the ability of these second generation compounds to inhibit the formation of 

AGE formation between BSA and glycolaldehyde (Figure 4.6 top).  Normalizing BSA to 0, 

we could easily measure the change in the number of primary amines by reaction of TNBSA.  

Mixing BSA with glycolaldehyde served as a reference to measure the inhibitory effects of our 

2-AIs.  In every example tested the number of primary amines was greater when mixing BSA, 

400 µM 2-AI, and glycolaldehyde as compared to BSA and glycolaldehyde in the absence of 

2-AIs thus suggesting AGE inhibition.  Compounds 4.26 and 4.31 were the most potent AGE 

inhibitors, displaying a 44.6% and 52.4% percent change in primary amines relative to BSA 

and glycolaldehyde.  Furthermore, in most cases the number of free amines was greater than 

BSA alone, suggesting breaking ability.  
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Scheme 4.3: Akabori Reduction and cyanamide cyclization to produce amino acid based 2-

AIs. 

 

We further tested its breaking ability (Figure 4.6 bottom) by using preformed CML-enriched 

AGEs made from glyoxylic acid (as described above) to serve as a reference, and then added 

the 2-AIs and quantified the change in primary amines by reaction of TNBSA.  As was the 

case of the inhibition assay, every tested 2-AI saw an increase in the number of primary amines, 

suggesting AGE displacement or breaking.  By this metric, ornithine derivative 4.28 was the 

most potent AGE-breaker giving an 64.4% increase in primary amines relative to BSA alone, 

and an 106.8% increase relative to the preformed CML-enriched AGE reference.  Compound 

4.28 was closely followed by lysine derivative 4.26 giving a 52.5% increase relative to BSA 

and 97.9% increase relative to the preformed CML-enriched AGE reference.  Further acting 
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as a proof of principle AG showed no increase in primary amines suggesting it has no AGE 

breaking ability, just inhibitory ability. 

 

 

Figure 4.5: Additional 2-AI compounds tested for AGE inhibition and breaking. 
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Figure 4.6: Top: AGE inhibition of screened 2-AIs as a measure of % change in primary 

amines.  Bottom:  AGE breaking ability of screened 2-AIs as a measure of % change in primary 

amines.  Compounds tested at 400 µM. 

 

 



 

210 

4.3 Conclusion 

In summary, we have shown that compound 4.7 and other small molecules that contain the 2-

AI heterocycle have anti-AGE activity.  Compounds that contain multiple tethered 2-AI 

heterocycles have activity that surpass AG and also have the ability to break pre-formed AGEs.  

This promising preliminary result has opened the door to many fundamental questions.  These 

include the exact modifications that 4.7 is able to inhibit and break, whether this inhibition has 

functional outcomes both in vitro and in vivo, and whether we can employ structure-based 

design to deliver analogues of 4.7 with augmented activity.  We are currently pursuing these 

research avenues and the results of our experiments will be reported in due course. 

 

4.4: Experimental 

All reagents used for chemical synthesis were purchased from commercially available sources, 

and required no further purification.  Chromatography was performed with 60 Å mesh standard 

grade silica gel from Sorbtech.  Infrared spectra were obtained on an FT/IR-4100 

spectrophotometer (ν max in cm-1).  UV absorbance was recorded on a Genesys 10 scanning 

UV/Vis spectrophotometer (max in nm).  NMR solvents were obtained from Cambridge 

Isotope Labs.  1H NMR (400 MHz and 300 MHz) and 13C NMR (100 MHz and 75 MHz) 

spectra were recorded at 25°C on Varian Mercury spectrometers.  Chemical shifts () are given 

in ppm relative to their respective solvent.  Coupling constants (J) are in Hertz (Hz).  

Abbreviations are as followed: s = singlet, d = doublet, t = triplet, dt = doublet of triplets, brs 
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= broad singlet, and m = multiplet.  Mass spectra were obtained at the NCSU Department of 

Chemistry Mass Spectrometry Facility. 

Biological Screening* 

Fluorescence Assay:  A 96-well fluorescence plate was constructed as follows: 

 

 

Where: 

A: PBS 

B: PBS: BSA (5 mg/mL) 

C: PBS: Glycating Agent (2.5 mM): BSA (5 mg/mL) 

D: PBS: BSA (5 mg/mL): 2-AI (4 mM) 

E: PBS: BSA (5 mg/mL): 2-AI (0.4 mM) 

F: PBS: BSA (5 mg/mL): 2-AI (40 µM) 



 

212 

G: BSA (5 mg/mL): Glycating Agent (2.5 mM): 2-AI (4 mM) 

H: BSA (5 mg/mL): Glycating Agent (2.5 mM): 2-AI (0.4 mM) 

I: BSA (5 mg/mL): Glycating Agent (2.5 mM): 2-AI (40 µM) 

The 96-well plate’s fluorescence was then read at time = 0 at a (335 nm/385 nm) wavelength 

at the onset.  The plate was then covered and sealed with parafilm, and incubated at 37 °C for 

7 days, whereupon the plate was taken out of the incubator and its fluorescence was monitored 

at (335 nm/385 nm).  The initial fluorescence was subtracted from the final fluorescence and 

the AGE inhibition was measured as a measure of fluorescence inhibition. 

*Note: The TNBSA assays were performed by the Basaraba Lab at Colorado State University. 

 

General procedure for Akabori Reduction and cyanamide cyclization. 

The corresponding amino acid methyl ester was dissolved in water (~ 0.2M) and the pH was 

adjusted to 1.5 by addition of concentrated HCl.  The reaction solution was cooled to 0 – 5 °C 

and a 5% sodium amalgam was added portionwise over an hour.  The pH and temperature were 

maintained between 1.5 – 2 and 0 °C – 5 °C respectively until reaction was complete.  The 

reaction was added to a separatory funnel and the mercury was collected.  The aqueous solution 

was added to a round bottom flask and cyanamide was added (5 – 10 equivalents) and the pH 

was adjusted to 4.3 by addition of 1M NaOH.  The reaction mixture was then heated to 95 °C 

for 2.5 hours.  Upon completion of the reaction, the reaction mixture was concentrated in vacuo 

and dissolved in MeOH/DCM and decanted to remove NaCl.  The crude reaction mixture was 
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purified by flash chromatography (5 – 20 % MeOH sat. with NH3 in DCM) to afford the 

corresponding 2-aminoimidazole which was subsequently dissolved in MeOH and to the 

solution was added concentrated HCl to yield the hydrochloride salt. 

 

 

4,4'-(Butane-1,4-diyl)bis(1H-imidazol-2-amine) dihydrochloride (4.7) 

To CH2N2 (117 mmol) in 300 mL of Et2O at 0 °C was added adipoyl dichloride (4.10) (6.86 

g, 30 mmol) dissolved in 10 mL of DCM and the reaction mixture was stirred for 1 hour.   To 

the reaction was added 13 mL of concentrated HCl and this was stirred for an additional 30 

minutes.  The excess acid was then neutralized with an excess of saturated NaHCO3 and stirred 

for 5 – 10 minutes.  The reaction mixture was added to a separatory funnel and diluted with 

Et2O and the organic layer was washed with aqueous NaHCO3, followed by brine.  The organic 

layer was collected into an Erlenmeyer flask and dried with MgSO4 and concentrated in vacuo, 

and purified by flash chromatography (10% - 75% gradient EtOAc in hexanes to afford 1,8-

dichlorooctane-2,7-dione 4.12 (3.55 g, 45%) as a white solid.  1,8-dichlorooctane-2,7-dione 

4.12  (1.94 g, 9.2 mmol) was dissolved in 60 mL of DMF and boc-guanidine (8.76 g, 56 mmol) 

and NaI (5.5 g, 37 mmol) were added.  The reaction mixture was stirred at room temperature 

for 2 hours whereupon it was added to a separatory funnel and diluted with EtOAc and washed 

with H2O and brine.  The organic layer was collected and dried over MgSO4 and concentrated 
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in vacuo and purified by flash chromatography (50% EtOAc/hexanes – 15% MeOH/EtOAc) 

to afford di-tert-butyl 4,4'-(butane-1,4-diyl)bis(2-amino-1H-imidazole-1-carboxylate (1.29 g, 

34 %) as a brown oil.  Di-tert-butyl 4,4'-(butane-1,4-diyl)bis(2-amino-1H-imidazole-1-

carboxylate) (1.2 g, 2.9 mmol) was dissolved in 9 mL of a 2:1 mixture of DCM:TFA and stirred 

for 2 hours.  The reaction was concentrated in vacuo and dissolved in DCM and this process 

was repeated 2 more times.  The TFA salt was then dissolved in MeOH and concentrated HCl 

was added dropwise.  The reaction mixture was then concentrated in vacuo to afford  bis-2-

aminoimidazole 4.7 (845 mg, 100%) as a brown solid.  1H NMR (CD3OD, 400 MHz) δ  6.58 

(s, 2H), 2.54 (m, 4H), 1.65 (m, 4H); 13C NMR (CD3OD, 100 MHz) δ 147.2, 127.4, 108.6, 27.4, 

23.9;  IR (CDCl3) 3400, 2928, 2755, 1664, 1461, 1089 cm-1; UV (λ max nm) 246;   HRMS 

(ESI+) m/z 221.1509 [(M + H)+; calculated mass for C10H16N6
 +: 221.1509]. 

 

 

4,4'-(Pentane-1,5-diyl)bis(1H-imidazol-2-amine) dihydrochloride (4.14) 

To CH2N2 (39 mmol) in 100 mL of Et2O at 0 °C was added heptanedioyl dichloride (4.11) 

(1.66 mL, 10 mmol) dissolved in 3 mL of DCM and the reaction mixture was stirred for 1 hour.   

To the reaction mixture was added 5 mL of concentrated HCl and the reaction solution was 

stirred for an additional 30 minutes.  The excess acid was then neutralized with an excess 

amount of saturated NaHCO3 and stirred for 5 – 10 minutes.  The reaction mixture was added 

to a separatory funnel and diluted with Et2O and the organic layer was washed with aqueous 
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NaHCO3, followed by brine.  The organic layer was collected into an Erlenmeyer flask and 

dried with MgSO4 and concentrated in vacuo, and purified by recrystallization (1 mL DCM in 

hexanes with moderate heat) to afford 1,9-dichlorononane-2,8-dione (4.13) (771 mg, 34%) as 

a white solid.  1,9-dichlorononane-2,8-dione 4.13 (400 mg, 1.77 mmol) was dissolved in 12 

mL of DMF and boc-guanidine (1.7 g, 10.6 mmol) and NaI (1.07 g, 7.1 mmol) were added.  

The reaction mixture was stirred at room temperature for 2 hours whereupon it was added to a 

separatory funnel and diluted with EtOAc and washed with H2O and brine.  The organic layer 

was collected and dried with MgSO4 and concentrated in vacuo and purified by flash 

chromatography (50% EtOAc/hexanes – 15% MeOH/EtOAC) to afford di-tert-butyl 4,4'-

(pentane-1,5-diyl)bis(2-amino-1H-imidazole-1-carboxylate) (265 mg, 35 %) as a brown oil.  

Di-tert-butyl 4,4'-(butane-1,4-diyl)bis(2-amino-1H-imidazole-1-carboxylate) (168 mg, 

0.387mmol) was dissolved in 3 mL of a 2:1 mixture of DCM:TFA and stirred for 2 hours.  The 

reaction was concentrated in vacuo and dissolved in DCM and this process was repeated 2 

more times.  The TFA salt was then dissolved in MeOH and concentrated HCl was added 

dropwise.  The reaction mixture was then concentrated in vacuo to afford  bis-2-

aminoimidazole 4.14 (119 mg, 100%) as a brown solid.  1H NMR (CD3OD, 400 MHz) δ  6.51 

(s, 2H), 2.51 (m, 4H), 1.63 (m, 4H), 1.41 (m, 2H); 13C NMR (CD3OD, 100 MHz) δ 158.7, 

147.2, 108.6, 27.4, 24.4, 24.1;  UV (λ max nm) 246;   HRMS (ESI+) m/z 235.1668 [(M + H)+; 

calculated mass for C11H18N6
 +: 235.1665]. 
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1-(3-(2-Amino-1H-imidazol-4-yl)propyl)guanidine dihydrochloride (4.24) 

The general procedure for the Akabori Reduction and cyanamide cyclization was followed to 

afford 1-(3-(2-amino-1H-imidazol-4-yl)propyl)guanidine dihydrochloride (4.24) (840 mg, 17 

%) as a brown solid.  1H NMR (CD3OD, 400 MHz) δ  6.59 (s, 1H), 2.61 (t, J = 7.2 Hz, 2H),  

1.89 (p, J = 7.2 Hz, 2H), 1.73 – 1.71 (m, 2H);  13C NMR (CD3OD, 100 MHz) δ 157.5, 147.4, 

126.5, 109.1, 40.4, 27.3, 26.3; IR (CDCl3) 3358, 3151, 2362, 2343, 1671, 1547, 1071 cm-1; 

UV (λ max nm) 240;   HRMS (ESI+) m/z 183.1352 [(M + H)+; calculated mass for C7H14N6
 

+: 183.1353]. 

 

 

4-((1H-Imidazol-4-yl)methyl)-1H-imidazol-2-amine dihydrochloride (4.25) 

The general procedure for the Akabori Reduction and cyanamide cyclization was followed to 

afford 4-((1H-imidazol-4-yl)methyl)-1H-imidazol-2-amine dihydrochloride (4.25) (602 mg, 

23 %) as a yellow solid.  1H NMR (CD3OD, 300 MHz) δ  7.67 (s, 1H), 6.97 (s, 1H), 6.48 (s, 

1H), 3.81 (s, 2H);  13C NMR (CD3OD, 100 MHz) δ172.9, 158.8, 134.3, 127.7, 118.1, 110.9; 
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IR (CDCl3) 3121, 2362, 2339, 1773, 1698, 1656, 1562, 1536, 1248, 1082 cm-1; UV (λ max 

nm) 242;   HRMS (ESI+) m/z 164.0931 [(M + H)+; calculated mass for C7H9N5
 +: 164.0931]. 

 

 

4-(4-Aminobutyl)-1H-imidazol-2-amine dihydrochloride (4.26) 

The general procedure for the Akabori Reduction and cyanamide cyclization was followed to 

afford 4-(4-aminobutyl)-1H-imidazol-2-amine dihydrochloride (4.26) (2.93 g, 61%) as a 

yellow solid.  1H NMR (CD3OD, 300 MHz) δ  6.56 (s, 1H), 2.96 (m, 2H), 2.55 (m, 2H), 1.70 

(t, J = 3.6 Hz, 4H);  13C NMR (CD3OD, 100 MHz) δ 147.3, 127.0, 109.0, 39.3, 26.5, 25.0, 

23.7; IR (CDCl3) 3384, 3135, 2366, 2332, 1675, 1403, 1248, 1071 cm-1; UV (λ max nm) 

240;   HRMS (ESI+) m/z 155.1289 [(M + H)+; calculated mass for C7H7N4
 +: 155.1297]. 

 

 

4-((1H-Indol-3-yl)methyl)-1H-imidazol-2-amine hydrochloride (4.27) 

The general procedure for the Akabori Reduction and cyanamide cyclization was followed to 

afford 4-((1H-indol-3-yl)methyl)-1H-imidazol-2-amine hydrochloride (4.27) (695 mg, 26 %) 

as a brown solid.  1H NMR (CD3OD, 300 MHz) δ  7.45 (d, 1H), 7.35 (d, 1H), 7.12 (s, 1H), 
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7.08 (d, 1 H), 7.00 (d, 1H), 7.37 (s, 1H), 3.94 (s, 2H);  13C NMR (CD3OD, 100 MHz) δ 

147.3, 137.1, 127.6, 126.9, 123.2, 121.5, 118.8, 118.0, 111.3, 109.7, 108.9; IR (CDCl3) 3309, 

3162, 2362, 2332, 1671, 1516, 1230, 1082 cm-1; UV (λ max nm) 238;   HRMS (ESI+) m/z 

213.1133 [(M + H)+; calculated mass for C12H12N4
 +: 213.1134]. 

 

 

4-((2-Amino-1H-imidazol-4-yl)methyl)phenol hydrochloride (4.29) 

The general procedure for the Akabori Reduction and cyanamide cyclization was followed to 

afford 4-((2-amino-1H-imidazol-4-yl)methyl)phenol hydrochloride (4.29) (203 mg, 23 %) as 

a yellow solid.  1H NMR (CD3OD, 300 MHz) δ  7.04 (d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.4 Hz, 

2H), 6.32 (s, 1H), 3.67 (s, 1H);  13C NMR (CD3OD, 100 MHz) δ 156.2, 147.4, 130.3, 129.6, 

127.9, 115.4, 109.1; IR (CDCl3) 3350, 2358, 2332, 1679, 1644, 1543, 1463, 1339, 1064 cm-1; 

UV (λ max nm) 242;   HRMS (ESI+) m/z 190.0972 [(M + H)+; calculated mass for 

C10H11N3O
 +: 190.0975]. 

 

 

4-Benzyl-1H-imidazol-2-amine hydrochloride (4.30) 
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4-benzyl-1H-imidazol-2-amine hydrochloride was synthesized as previously reported.  1H 

NMR (CD3OD, 300 MHz) δ  7.32 – 7.23 (m, 5H), 6.47 (s, 1H), 3.81 (s, 2H);  13C NMR 

(CD3OD, 100 MHz) δ 147.6, 137.3, 128.6, 128.5, 127.0, 126.9, 109.5, 30.5; IR (CDCl3)  3150, 

2771, 2362, 2339, 1684, 1536, 1459, 1194, 1084, 1026 cm-1; UV (λ max nm) 238;   HRMS 

(ESI+) m/z 174.1025 [(M + H)+; calculated mass for C10H11N3
 +: 174.1025]. 
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