
ABSTRACT 

 

BASSO, ANNE. Design of Small Molecules toward the Modulation of Molecular 

Biosystems. (Under the direction of Dr. Christian Melander.) 

 

The design of small molecules toward the modulation of a specific molecular 

biosystem was explored in two distinctive parts:  (PART A) Design of Carbocyclic 

Peptide Analogues to Counteract a Pre-Determined RNA-Protein Interaction, and (PART 

B) Design of Imidazole Derivatives toward Biofilm Modulation. 

 

The design of carbocyclic analogues was particularly relevant to RNA-protein 

interactions due to the ever-raising evidence of RNA’s essential role in cellular functions 

and high affinity of cyclic peptides with oligonucleotides. A facile route toward the 

synthesis of carbocyclic heptapeptides counterparts of bTAR RNA cysteine-constrained 

peptide binders, P1 and P2, was developed through the exploration of ring-closing 

metathesis conditions with four metathesis catalysts (Grubbs 1
st
, 2

nd
 and Hoveyda-Grubbs 

1
st
, 2

nd
 generations) on the (1) resin-free, and (2) resin-bound linear di-olefin precursors. 

Classic Fmoc chemistry was employed to generate the di-olefin precursors prior to 

cyclization. Optimum ring closing conditions for this crucial step were explored in order 

to generate the substantial 29-membered macrocyles, and the results of this study are 

described in PART A. 

 

The design of imidazole derivatives was particularly relevant toward biofilm 

modulation studies due to the ever-increasing number of untreatable biofilm-derived 

bacterial infections. Imidazole marine alkaloids were found to be great anti-biofilm 

agents particularly the 2-aminoimidazole scaffold that is embedded within the natural 

product bromoageliferin. Thus, we sought to explore further 2-aminoimidazole scaffolds 

to establish structure activity relationships and to provide insight on the mechanism 

behind the mysterious biofilm formation as entailed in PART B. 
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CHAPTER 1 

General Introduction: Targeting RNA-Protein Interaction with Small 

Molecules 

 

 

The objective of this study was to synthesize pre-determined carbocyclic peptides 

that specifically inhibit the BIV Tat-TAR protein-RNA interaction by binding to TAR 

RNA.  After identification of cysteine-constrained peptides through phage display library, 

 

Figure 1.1. Cysteine constrained-peptide selection and design of more stable 
carbocyclic peptide counterparts. 



 3 

the next objective was to replace the in vivo unstable disulfide bridge with a redox stable 

dicarba linkage via ring-closing metathesis for retention of bioactivity of the cysteine-

constrained counterparts (Figure 1.1).  

 

1.1 Relevance and Importance of Protein-RNA Interaction 

 

Protein-RNA interactions have become an important target for drug therapy.
1-3

 To 

date, only 0.005% of the human proteomes 10
7 

discrete proteins is currently modulated 

by existing medicinal approaches,
4
 and targeting RNA with small molecules represents a 

promising approach to expand therapeutic interventions.
5-8

 RNA’s primary function is 

protein synthesis, and plays a major role in gene expression and viral replication. RNA is 

critical for the life of pathogen and progression of the disease.
7
 Furthermore, RNA’s 

essential role in cellular functions is ever increasing.
9-11

 Thus, inhibition of RNA-protein 

interactions has the potential to treat both infectious and chronic diseases caused by 

malfunctions of RNA processing events. A great example is the essential interaction 

between Tat-protein and TAR RNA for HIV replication.
8, 12, 13

 Small molecules that 

would compete with Tat binding are thought to be excellent antiviral candidates.
8, 12, 13

 

Therefore, the discovery of small molecules that can bind specifically to a pre-determined 

RNA structure would prevent essential protein binding, and thus would inhibit 

progression of the disease and would generate novel therapeutic agents. 

 

1.2 BIV-Tat TAR protein-RNA Interaction 

 

The BIV-Tat TAR complex is a classic model of protein-RNA interactions since 

this model has been widely studied for its significant resemblance to the HIV-1 

complex.
13-15

 The structure of the BIV complex, specifically of the RNA-binding domain 

of BIV Tat protein with its cognate TAR RNA, is indeed very well characterized.
15-17

 The 

Tat protein is a virally encoded transactivator protein, which is essential for the viral 

replication of its cognate TAR RNA, a viral RNA regulatory element.
13, 18

 The BIV Tat 
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protein, a 36 amino acid peptide, binds specifically to the 5’ hairpin of TAR mRNA to 

activate viral transcription upon a conformational change of the RNA.
12, 18

 Therefore, 

disruption of the Tat-TAR interaction would block the viral transcription essential for 

replication and infection.
12, 13, 15

 Furthermore, this inhibition would not only be effective 

in infected cells, but also in latent cells since the Tat protein is required for reactivation of 

viral production in these cells.
13

 Therefore, the BIV-Tat TAR protein-RNA complex is a 

great model to identify small molecules capable of disrupting this interaction, and was 

chosen to test our approach.
19

 

 

1.3 Targeting RNA-Protein Interaction with Molecules 

 

 Targeting highly structured RNA with molecules is challenging, and requires the 

development of new methods to identify active cell-permeable compounds applicable for 

therapeutic interventions. A manifold of approaches have been employed to target RNA 

with such molecules,
20-22

 and have included: (1) aminoglycoside backbone,
23

  (2) high-

throughput screening of chemical libraries,
22

 and (3) peptides.
3, 16, 19, 20, 24, 25

 

Aminoglycosides are naturally occurring small molecules that bind to RNA scaffold,
26

 

and thus lay an attractive platform to develop novel small molecules that bind RNA.
17, 27

 

Despite great binding affinity in the low nanomolar range,
17

 these scaffolds are complex 

to synthesize, and thus such molecular architecture is limited. Another approach widely 

used in medicinal chemistry is high-throughput screening of a vast array of molecular 

architectures against pre-determined RNA sequences.
5
 However, the hit rate was very 

low, and compound specificity was not impressive. By contrast, small peptides have 

shown to be great candidates to bind not only specifically, but also with high affinity to 

pre-determined RNA structures. Indeed, peptides can adopt complex conformations that 

provide for a multitude of binding opportunities with the highly structured RNA 

template. Discovery of novel peptides that bind specifically to a pre-determined RNA 

sequence would provide structural and medical insight on essential RNA-protein 

interactions, and would be a highly advantageous therapeutic approach. Therefore, this 
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technique has become an attractive approach toward the inhibition of protein-RNA 

interactions, and was employed in this research to target the well-known BIV Tat TAR 

interaction. 

 

1.4 Targeting RNA-Protein Interaction with Peptides 

 

In recent years, the relevance and importance of peptides as synthetic targets have 

arisen as a great approach to design small molecules for drug development and 

pharmaceuticals.
1, 2, 28, 29

 Both linear and cyclic peptides, from natural or synthetic origin, 

have been explored. Linear peptides have been extensively explored for RNA binding 

therapeutics through selection via: (1) combinatorial library,
30-34

 (2) section-based 

approaches,
35-41

 and (3) mimic of RNA binding protein fragments.
12, 18, 42-45

 Despite 

effective binding affinity with target RNA, their applicability as a drug is limited by 

multiple factors, which include: (1) susceptibility to proteolytic cleavage,
2
 (2) rapid 

excretion from the body,
2
 (3) poor bioavailability,

2
 and (4) inherent flexibility. 

2, 12
 

Peptidomimetic approaches have sought to impart drug properties to these linear 

analogues. A common methodology is to constrain the linear counterparts. Indeed, 

backbone cyclization has increased both pharmacokinetic and pharmacodynamic 

properties of peptides.
1, 2, 29, 46-50

 The circular form provides greater resistance to 

enzymatic degradation, and enhances membrane permeability.
1, 2, 44, 51

 Thus, cyclization 

favors bioavailability of the linear counterparts. Furthermore, constraining peptides 

increases specificity and affinity toward the target receptor through the mimic of protein 

shapes/functions.
29, 52

 In fact, constrained peptides have shown to bind as tightly as their 

linear counterparts.
44

 Furthermore, they have been employed as surface antigen mimetics 

to induce site-specific antibodies, as well as protein mimetics to provide insight on 

ligand-receptor interactions for structure activity relationships.
29, 53

 Not only do cyclic 

peptides have an exceptional specificity and stability in vivo, they are already known 

carry a wide range of activities (e.g. insecticidal, antimicrobial), and a wide variety is 

found in nature from marine organisms and fungi.
48

 Cyclic peptide drugs are already 
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well-known like oxytocin (labor induction),
5
 cyclosporin A (immunosuppressant),

7
 and 

sansalvamide A (anti-tumor agent).
54

 Therefore, the selection and synthesis of cyclic 

peptides represent a step toward the design of biologically active ligands, and was 

employed to target our target RNA-protein complex. 
19

 

 

1.5 Targeting RNA with Cysteine-Constrained Peptides  

 

Our group decided to employ cysteine-constrained heptapeptides to target protein-

RNA interactions via phage display library selection. Phage display library is a valuable 

tool to identify cyclic peptide scaffolds that can bind to a variety of molecular targets, and 

has been successfully used in anti-cancer and anti-viral therapies. Phage display libraries 

consist of filamentous bacteriophage engineered to encode random peptides, which are 

expressed on the surface of the viral coat protein. These libraries can be screened for 

 

Figure 1.2. Cysteine constrained-peptide selection and design 
of more stable carbocyclic peptide counterparts. 
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binding with biomolecular targets, and subsequently identified through sequencing. Once 

successful heptapeptides P1 and P2 (Figure 1.2) were identified by Virginia Burns from a 

comprehensive phage-display library (1.28 x 10
9
 library diversity) screened against the 

trans-activating response element (bTAR) RNA, the next challenge was to replace the 

unstable disulfide bridge with a more stable dicarba bridge to form the unsaturated and 

saturated analogues of P1 and P2 (Figure 1.3), and is described herein. 

  

1.6 Improving stability of cysteine constrained peptides with dicarba linkage  

 

A disadvantage of cysteine constrained cyclic peptides library is the presence of a 

disulfide bridge formed by two cysteine residues. This disulfide bridge is easily reduced 

in vivo.
1, 2, 46, 55, 56

 Peptidomimetic approaches have sought to replace this linkage by more 

 

Figure 1.3. Generation of Carbocyclic Peptide Analogues via Ring 

Closing Metathesis. 
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stable bridging to enhance cyclic stability as well as affinity
1, 2, 57

 of cyclic peptides as 

seen with oxytocin.
46, 55

 Installation of the dicarba-linker can potentially increase binding 

ffinity in addition to in vivo stability.
1, 2, 50

 
48, 49

 In fact, HADDOCK preliminary modeling 

of P1 and P2 by Dr. Cavanagh suggested that the di-sulfide linkages do not participate in 

the H-bond donor/acceptor interactions with the oligonucleotide (Figure 1.4).
19

 In fact, 

the di-sulfide linkages only appear to provide covalent linkage for the cyclic structure, 

and thus replacement with a redox stable dicarba linkage should generate analogues with 

retained affinity for the RNA target.
19

 Therefore, we sought to exploit the notorious ring 

closing metathesis to install redox stable dicarba linkages. 

 

 

 

 

Figure 1.4. HADDOCK modeling of P1 (A) and P2 (B) with target 

RNA bTAR; lowest energy structure for each complex is depicted. 
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1.7 Formation of Carbocyclic Peptide Analogues via Ring Closing Metathesis 

 

The synthesis of novel cyclic peptide analogues can be derived from the olefin 

linear precursors via ring closing metathesis.
46, 49, 50, 55, 58

 In fact, olefin metathesis is a 

classical method in today’s organic synthesis to install new carbon-carbon bonds,
2, 50, 59-61

 

and is thus a powerful tool to construct biologically relevant molecules of different sizes 

with a wide spectrum of functional groups.
2, 49, 58, 59, 61

 More significantly, olefin 

metathesis with ruthenium-alkylidenes possesses high metathesis activity for amino 

acids, and thus peptide-containing olefins.
2, 49

 Furthermore, ring closing metathesis is 

compatible with substrates bound to a solid support, which makes this methodology even 

more attractive to install the more stable dicarba-bridge from the olefin linear sequence.
62

 

Lastly, Kasmeier et al. demonstrated that high efficiency olefin metathesis could be 

obtained even with various ring sizes, allyl moiety positions, and reaction conditions.
48, 63

 

Not surprisingly, olefin metathesis has already been used in peptidomimetics to form 

peptide macrocycles to improve stability such as with the natural cyclic peptide 

oxytocin.
46, 55

 Therefore, we decided to employ olefin metathesis to replace the less stable 

disulfide bridge with the more stable dicarba-bridge to tune our selected peptide for 

stability and perhaps affinity as elaborated in Chapter 2 (Figure 1.3). 
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CHAPTER 2 

 

Design of Pre-Determined Cysteine-Constrained Cyclic Peptides as the Redox 

Stable Carbocyclic Analogues 

 

 

2.1 Introduction 

 

 

 The ever-increasing importance of peptides as drug candidates has solicited the 

development of various peptidomimetic approaches in order to enhance pharmacokinetic 

and pharmacodynamic properties of peptides.
1-3

 A widely employed methodology is to 

design carbocyclic peptides via ring closing metathesis.
1, 2, 4-12

 To date, synthesis of cyclic 

peptides has been limited to 20-23-membered macrocycles under ring optimized closing 

metathesis conditions.
6-8

 Miles et al. reported the synthesis of larger 29-membered 

macrocyles similar to our system, but under microwave conditions.
13

 Synthesis of the 

 

Figure 2.1. Design of carbocyclic peptide analogues from cysteine constrained counterparts. 
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macrocycle is highly dependent on the length and sequence of the peptide, and thus 

requires optimization.
5, 9, 14

 After selecting biologically active cysteine-constrained 

peptides P1 and P2 (Figure 2.1),
15

 the next unequivocal objective was to install a redox 

stable dicarba linker in place of the metabolically less stable disulfide  bridge via 

optimization of ring-closing metathesis, and thus to generate carbocyclic P1 and P2 

(Figure 2.1). Therefore, we sought to develop optimum conditions for this crucial step 

toward the development of specific RNA binders via optimization of the linear sequence 

cyclization through two distinct approaches: (1) ring-closing metathesis in solution, and 

(2) ring-closing metathesis on resin.  

 

2.2 General Solid-Phase Synthesis 

  

Our general approach toward the design of our dicarba-

analogues was through the synthesis of the linear sequence with 

olefin termini via standard Fmoc-chemistry, using 2-(6-Chloro-

1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HCTU) as the coupling reagent (Figure 

2.2), and commercially available protected amino acids 

corresponding to P1 and P2 sequences. Protection of the side chains of glutamine (N-Trt), 

histidine (N-Trt), and tryptophan (t-Boc) with the trityl (Trt) group or tert-

butyloxycarbonyl (Boc) was essential to maximize coupling in order to prevent tandem 

cyclization and dehydration of the primary amide side chain.
7
 Furthermore, protection of 

the side chains of threonine (O-tBu), serine (O-tBu) with tert-butyl group (tBu) was 

necessary to prevent interference of the alcohols in the RCM reaction.
7
 Each amino acid 

coupling proceeded with the addition of a freshly prepared solution containing 4 

equivalents of the desired protected amino acid and of HCTU in N,N-

dimethylformamide/ diisopropylethylamine (4:1) to the deprotected resin followed by 1-

1.5 hours coupling time. Fmoc deprotection with 50% piperidine solution in N,N-

dimethylformamide for 20 minutes afforded the free amine terminus in order to proceed 

 

Figure 2.2. HCTU 
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to the next coupling. After assembly of the desired linear sequence, the peptide sequence 

was capped with 4-pentenoic acid, and then cleaved with 3-butene-1-amine to afford the 

terminal olefins in place of the cysteine residues present in original peptide sequences. 

During the course of the synthesis, both Wang and Rink-Amide-MBHA resins were 

employed to design the linear sequences in order to meet the different approaches toward 

cyclization of the linear peptide (Figure 2.3).  

 

2.3 Synthesis of Carbocyclic Peptides in Solution 

 

 The first approach toward installation of the dicarba linker was through cyclization of 

the resin-free bis-olefin linear peptide in solution. This method proceeded through 

assembly of the linear sequence on the Wang resin followed by resin cleavage in order to 

afford the resin-free linear peptide for optimization of ring-closing metathesis in solution.  

 

2.3.1 Synthesis of Linear Peptide on the Wang Resin 

 

The synthesis was initiated by the design of P1 and P2 linear sequences on the 

OH–functionalized Wang resin as depicted in Figure 2.4. The Wang resin was 

conveniently purchased with the first desired amino acid: Wang Resin-Gln(Trt)-

NH(Fmoc) and Wang Resin-Lys(Trt)-NH(Fmoc) specific to P1 and P2 respectively, from 

Peptides International Inc. This provided us a facile route to directly proceed to the next 

coupling with a highly loaded resin, and thus to maximize coupling yields. Once all 

 

Figure 2.3. Commercially Available RINK-Amide-MBHA and Wang Resins. 
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protected amino acids were assembled, the resin was capped with 4-pentenoic acid under 

the same coupling conditions, and then cleaved with 3-butene-1-amine in N,N-

dimethylformamide (1:1) at 37 
o
C for 24 hours  to afford the desired peptides P1 and P2 

with terminal olefins (Figure 2.4). After cleavage, crude linear P1 and P2 were purified 

by silica gel column chromatography in methanol/dichloromethane, and analyzed by 
1
H 

NMR spectroscopy which was characterized by the olefin termini chemical shifts at ! 

5.8-5.6 ppm (broad multiplet, 2H) and ! 5.1-4.9 ppm (broad multiplet, 4H) (Figure 2.5).  

 

 

 

 

Figure 2.4. Synthesis of linear P1 and P2 with olefinic termini. 
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2.3.2 Ring-Closing Metathesis in Solution 

 

 After the synthesis of the appropriate linear sequences, ring-closing metathesis of 

linear heptapeptides was attempted in solution for optimization, which provided a facile 

way to monitor the reaction progress via thin layer chromatography in comparison to 

ring-closing metathesis on resin-bound peptide. To date, the largest synthetic carbocyclic 

peptide analogues constructed have been pentapeptide analogues or 23-membered 

macrocycles. In fact, the only reported carbocyclic heptapeptides analogues were 

synthesized on solid-support under microwave conditions with 25% conversion, whereas 

under general ring-closing metathesis 

conditions Coates et al were mostly 

unsuccessful at recovering the 28-membered 

macrocycles.
13

 Generally, it is well-known that 

ring size and sometimes the presence of 

different amino acids affect the tendency for 

the ring closing metathesis to occur. 
5, 9, 14

 

Thus, synthesis of carbocyclic P1 and P2 was 

substantial, and required optimization of 

current ring-closing metathesis approaches. 

Indeed, we expected general conditions 

 

Figure 2.5. 
1
H NMR characteristic of termini olefin. 

 

Figure 2.6. Four ring-closing ruthenium 

metathesis catalysts. 
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previously established for pentapeptides or smaller peptides to generate little or no 

conversion. Therefore, it was important to have a facile and practical way to monitor the 

reaction in order to identify optimum reaction conditions for this crucial step in the 

synthesis. Classical ring closing metathesis conditions were first used as a standard for 

optimization using 10 mol % Grubbs catalyst 2
nd

 generation (Figure 2.6) in a 10 mM 

solution of dichloromethane at room temperature as well as reflux  (Figure 2.7). As 

expected, no reaction was observed at ambient temperature. Indeed, refluxing is often 

required for ring closing to occur for larger tetrapeptides.
9, 13, 16

 However, under these 

reflux conditions, no conversion was observed over 24 hours. We postulated that we 

required higher catalyst concentration to assist ring-closing metathesis. Indeed, another 

approach toward the cyclization of larger tetrapeptides is the use of high catalyst 

equivalents up to 50 mol% at room temperature.
6, 9, 16, 17

 However, these conditions were 

unsuccessful even after 48 hours. Therefore, these preliminary results prompted us to 

refine ring-closing conditions to delineate the optimal conditions for this crucial step in 

our approach to target pre-determined RNA with carbocyclic heptapeptides. 

 

 

 

 

 

Figure 2.7. General ring-closing metathesis in solution. (note: side chain 

residues are protected as needed). 
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2.3.3 Ring-Closing Metathesis Optimization: Exploration of (1) Temperature, (2) 

Catalyst Equivalents, and (3) Various Metathesis Catalysts 

 

We decided to optimize RCM conditions by investigation of (1) temperature, (2) 

catalyst concentration, and (3) various metathesis catalysts: Grubbs 1
st
 (GBI) and 2

nd
 

(GBII) generations as well as Hoveyda-Grubbs 1
st
 (HGI) and 2

nd
 (HGII) generations 

(Figure 2.6), as summarized in Table 2.1. Preliminary results were collected by thin 

layer chromatography observations and confirmed by 
1
H NMR spectroscopy. 

 

 

         
 

 

Table 2.1. Optimization of ring-closing metathesis conditions. Exploration of: (1) temperature, 

(2) catalyst equivalents, and (3) various metathesis catalysts. 
 

   
 

Catalyst 
n x 10 mol% 

(n=) 

at time    

(t=) 
Solvent T °C 

Reaction 

Duration (h) 

Conversion 

(TLC) 

GBII n = 1 t = 0 DCM 40 24 0% 

GBII n = 1 t = 0 DCE 85 24 50% 

GBII n = 2 t = 0, 12 DCE 85 16 100% 

GBII n = 5 t = 0 DCM RT 24 0% 

GBI n = 3 t = 0, 12, 14 DCE 85 24 0% 

GBI n = 5 t = 0 DCM RT 24 0% 

HGI n = 3 t = 0, 12, 14 DCE 85 24 <10% 

HGI n = 5 t = 0 DCE RT 24 0% 

HGII n = 3 t = 0, 12, 14 DCE 85 24 <10% 

HGII n = 5 t = 0 DCM RT 0 0% 
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2.3.3.a Exploration of Temperature Conditions 

 

Since high temperatures are often necessary to favor ring-closing of larger peptide 

systems, we hypothesized that commonly used reflux conditions in dichloromethane were 

not sufficient to favor cyclization of our substantial macrocycle.
4
 Previous studies by 

Dimartino et al. found optimal conversion at about 80 
o
C to cyclize an artificial !–helix 

via ring closing metathesis from bis-olefin precursors.
9
 Thus, we opted to change our 

solvent system to 1,2-dichloroethane in order to generate reflux conditions of 85-90 
o
C. 

After one hour, thin layer chromatography observation indicated the disappearance of 

some starting material (linear P1) and correlated product formation. Nevertheless, after 2, 

3, 8, and 24 hours, the reaction did not reach completion. Indeed, crude 
1
H NMR studies 

confirmed product formation via the appearance of a broad multiplet at " 5.4-5.2 ppm (#), 

in between the linear di-olefin HA and HB chemical shifts in about ~ 50% conversion as 

depicted in Figure 2.8. Indeed, formation of the resulting cyclic olefin was confirmed by. 

Encouraged by these preliminary results, we maintained reflux conditions at about 85 
o
C 

and decided to explore catalyst stochiometries. 
6, 9, 16, 17

 

 

 
Figure 2.8. 50% conversion after ring closing metathesis in 

solution with 10 mol% Grubbs 2
nd

 generation for 24 hours at 95 
o
C 

on linear P1. 
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2.3.3.b Exploration of Catalyst Equivalents 

 

After these encouraging results, increasing catalyst equivalents appeared 

necessary to further favor ring closing metathesis especially since degradation of 

ruthenium metathesis catalysts at elevated temperatures is well-known. Thus, we 

hypothesized that re-addition of catalyst was necessary to favor cyclization due to the 

drastic temperature conditions. Therefore, we decided that the next step toward 

optimization was to evaluate the re-addition of 10 mol% catalyst, n times, at various time 

intervals (t) throughout the reaction. Reaction progress was monitored by thin layer 

chromatography. These conditions were encouraging, since we observed complete 

conversion by TLC when linear P1 was reacted with 2 x 10 mol% Grubbs 2
nd

 generation 

added at t = 0 and t = 12 hours in 10 mM peptide solution in 1,2-dichloroethane under 

reflux for 16 hours (Table 2.1).  To confirm cyclization of linear P1, 
1
H NMR of the 

crude peptide was analyzed. Indeed, we noted ~ 100% conversion since the expected 

cyclic olefin protons (!) chemical shifts at 5.4-5.6 ppm (broad multiplet, 2H) were 

present in the absence of the linear di-olefin protons, HA and HB, chemical shifts as 

indicated in (Figure 2.9). 

 

Figure 2.9. ~ 100% conversion after ring closing metathesis in 

solution with 2 x 10 mol% Grubbs 2
nd

 generation at t = 0 and 12 hours 

for 24 hours at 95 
o
C on linear P1. 
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2.3.3.c Exploration of Various Metathesis Catalysts 

 

Lastly, we were interested in evaluating the effect of various ring-closing 

metathesis catalysts upon our macrocycle system at reflux and ambient temperature. This 

methodology presented an opportunity to optimize reaction conditions by minimizing the 

amount of catalyst used and the reaction time, and thus to identify the optimum 

conditions for preparation of the 29-membered macrocycle. Furthermore, the nature of 

novel catalysts ligands may minimize the catalyst equivalents and may reduce formation 

of ruthenium catalyst contaminants.
17-19

 In fact, Hoveyda-Grubbs 2
nd

 generation catalyst 

was shown to generate by-products that facilitate purification.
9
 Thus, we decided to 

explore four well-known commercially available ring-closing catalysts: (1) Grubbs 1
st
 

generation, GBI; (2) Grubbs 2
nd

 generation, GBII; (3) Hoveyda-Grubbs 1
st
 generation, 

HGI; (4) Hoveyda-Grubbs 2
nd

 generation, HGII (Figure 2.6). The general procedure 

followed the optimized conditions previously developed with Grubbs 2
nd

 generation: 10 

mM solution of di-olefin peptide in degassed 1,2-dichloroethane, 2 x 10 mol% catalyst 

added at t = 0 and 12 hours and refluxed at 85-90 
o
C for a minimum of 16 hours. After 14 

hours thin layer chromatography observations indicated little or no conversion of linear 

 

Figure 2.10. < 10% conversion after ring closing metathesis in 

solution with 2 x 10 mol% Hoveyda-Grubbs 1
st
 and 2

nd
 generations at 

t = 0, 12 and 14 hours for 24 hours at 95 
o
C on linear P1. 
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P1. Thus, we decided to add another 10 mol % of the desired catalyst at t = 14 hours. No 

changes were observed even after 24 hours. In order to confirm the thin layer 

chromatography results, 
1
H NMR of the crude samples were taken. The Hoveyda-Grubbs 

2
nd

 generation catalyst showed minor conversion, while Grubbs 1
st
 generation led to no 

conversion as depicted in Figure 2.10 with the abundant presence of the linear di-olefin 

HA and HB chemical shifts (! 5.8-5.6 ppm and ! 5.1-4.8 ppm) and minor or absent 

presence of the cyclic olefin " chemical shifts (! 5.5-5.2 ppm). Furthermore, ring-closing 

metathesis was run at ambivalent temperature with 50 mol% of each catalyst catalyst as 

summarized in Table 2.1. However, no conversion was observed. Therefore, 2 x 10 

mol% of Grubbs 2
nd

 generation added at t = 0 and 12 hours for 16 hours at 85-90 
o
C was 

the only promising route to generate large carbocycles. 

 

 

2.3.4 Purification Dilemma 
 

 

A downfall to the above application of metathesis catalyst is the formation of a 

mixture of by-products and ruthenium-containing contaminants that are extremely 

arduous to separate from the desired cyclic peptide.
17-19

 Furthermore, the highly colored 

and toxic metal-complex contaminants are known to potentially cause isomerization and 

decomposition during purification.
17, 18

 Multiple approaches have been previously 

employed.
7, 17-19

 Indeed, consecutive flash column chromatography was not efficient at 

removing the formed by-products
17-19

 from crude carbocyclic P1 obtained under the 

optimized conditions with Grubbs 2
nd

 generation. It is noteworthy to observe that under 

non reactive cyclization conditions (e.g. reactions with HGI, HGII, and GBI), the pure 

linear P1 was collected by simple flash chromatography, which confirmed little to no 

conversion of linear P1 under these conditions and the contaminant effect of generated 

ruthenium by-products under successful cyclization. One purification method we 

approached was the established use of multiple equivalents of activated charcoal 

combined with reverse-phase HPLC conditions to remove the ruthenium by-products.
17
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However, we never isolated pure product obtained via cyclization under Grubbs 2
nd

 

generation conditions. We hypothesized that charcoal absorbed the desired peptide due to 

its hydrophobic nature. From different methodologies, 
7, 17-19

 we opted to attempt next the 

widely used and mildly oxidative conditions reported by Georg et al.,
18

 which involves 

the addition of 50-100 equivalents of dimethylsulfoxide or trimethyl phosphine at 

ambient temperature directly after ring closing metathesis for a minimum of 12 hours. 

This methodology converts the ruthenium catalyst contaminants into polar undefined 

products that are facile to remove by reverse-phase HPLC chromatography, and has been 

recently applied to the cyclization of macrocycles.
18

 Furthermore, larger cyclic peptides 

have been synthesized on resin-support in order to minimize the amounts of known by-

products as well as potential problems from dimerization and poor peptide solubility.
6, 10, 

14
 Therefore, we decided to attempt the more common ring-closing metathesis on resin 

followed by the addition of dimethylsulfoxide to facilitate cyclization and purification of 

our macrocycles. 

 

2.3.5 Summary of Ring-Closing Metathesis Optimization Conditions in Solution 

 

To conclude, the preliminary results showed that Grubbs 2
nd

 generation catalyst 

was the favored catalyst under reaction conditions at reflux in 1,2-dichloroethane. 

Hoveyda-Grubbs 1
st
/2

nd
 and Grubbs 1

st
 generation catalysts led to little or no conversion 

under the same reflux conditions. Generally, ambient temperature along with 50 mol% 

catalyst generated no conversion with any catalysts.  In addition to elevated temperatures, 

we noted for optimal cyclization the importance of adding n x 10 mol% of catalyst 

throughout the reaction to counteract the known degradation of ruthenium catalysts at 

elevated temperature especially under the required reaction times. Nevertheless, pure 

peptide was never isolated due to the impediment of ruthenium contaminants impossible 

to remove from the desired peptide. Therefore, a new approach was targeted to facilitate 

removal of by-products and eventually to optimize cyclization conditions. 
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2.4 Synthesis of Carbocyclic Peptides on Rink-Amide MBHA Resin 

 

After encountering purification difficulties with the cyclized peptides in solution, 

we decided to overcome this impediment via cyclization on resin followed by the 

consecutive additions of dimethylsulfoxide in order to limit by-products formation and to 

facilitate their removal. Therefore, we decided to explore this methodology while 

implementing the conditions developed in solution. 

 

2.4.1 Synthesis of Linear Peptides on Rink-Amide-MBHA Resin 

 

In order to test this new approach, we had to slightly alter the design of the linear 

precursor. The olefin terminus previously added during resin-cleavage was now installed 

as the first coupling with L-allylglycine. Indeed, the introduction of L-allylglycine 

residues in place of the cysteine residues was a facile way to incorporate the olefin 

termini into the linear sequence.
7, 8, 13, 20

 The Rink-Amide-MBHA Resin (RINK) replaced 

the Wang resin in order to conveniently generate the C-terminal amide functionality upon 

cleavage. Attachment of L-allylglycine to RINK resin required a longer coupling time of 

5-6 hours with a catalytic amount of 4-dimethylaminopyridine in a 4:1 solution of 

dimethylformamide/ diisopropylethylamine using 4 equivalents of HCTU and the desired 

coupling residue (Figure 2.11). Coupling conditions were optimized as described in 

Table 2.2. Once the resin was coupled with Fmoc-L-allylglycine, the linear sequence was 

synthesized under standard Fmoc chemistry with the seven desired protected amino acids 

and capped with pentenoic acid or Fmoc-L-allylglycine to afford linear P1 and P2 bound 

to RINK resin (Figure 2.11).  

 

 

 



 29 

 

2.4.2 Quantification of Resin Loading 

 

After coupling of the L-allylglycine residue, resin loading was quantified by UV-

visible spectroscopy in order to delineate the optimum loading conditions for high 

coupling yields. To test the loading of the resin with Fmoc-L-allylglycine, two 

quantification assays were utilized: the ninhydrin test and the piperidine test as described 

below and summarized in Table 2.2. 

 

 

 

Figure 2.11. Synthesis of linear P1 and P2 on RINK Amide MBHA resin. 
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2.4.2.a The Ninhydrin Test 

 

The ninhydrin test, commonly referred as the Kaiser test, is frequently used to assess 

resin loading via the formation of Ruhemann’s purple generated by the reaction of 

ninhydrin with the terminal deprotected amino acid (Figure 2.12). The absence of the 

UV signature for Ruhemann’s purple indicated that loading was unsuccessful with only 

0.04 meq.g
-1

 of Fmoc-L-allylglycine loaded onto the resin compared to 0.30 meq.g
-1

 for 

our control with residue leucine. Therefore, we attempted other conditions to promote 

coupling (Table 2.2). We tried the same coupling conditions at 37 
o
C as well as 8 

equivalents of both Fmoc-L-allylglycine and HCTU at 37 
o
C. However, none of these 

conditions improved the loading efficiency. Thus, 4 equivalents of both 

 
Table 2.2. Summary of resin loading quantification. 
 

Temperature 

(
o
C)

A570                      Loading 

(mmol.g
-1

)

A302                                           Loading 

(mmol.g
-1

)

RT 0.700 0.26 0.613 0.34

4eq. HCTU, 4eq. FLAG RT 0.542 0.017 0.660 0.35

8eq. HCTU, 8eq. Leucine 37
o
C 0.748 0.29 0.612 0.37

8eq. HCTU, 8eq. FLAG 37 
o
C 0.484 0.045 0.573 0.34

4eq. DCC, 4eq. HOBt, Leucine RT 0.767 0.24 0.312 0.16

4eq. DCC, 4eq. HOBt, FLAG RT << 0.1 << 0.1 0.117 0.081

Ninhydrin Test Piperidine TestCoupling conditions 

4eq. HCTU, 4eq. Leucine

Couping reagents

 

 

Figure 2.12. Ninhydrin Test: Formation of Ruhemann’s purple. 
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hydroxybenzotriazole (HOBt) and N,N'-Dicyclohexylcarbodiimide (DCC) were tested as 

coupling agents to improve loading efficiency. However, this last coupling condition was 

not even successful with control leucine. We decided to try the piperidine test to verify 

the results assessed from the ninhydrin test since this latter is known to not always work 

with certain residues such as L-allylglycine. 

 

2.4.2.b Piperidine Test 

 

The piperidine test is another well-known assay to quantify resin loading. The 

terminal amino acid is deprotected with 20% piperidine in dimethylformamide to form 

dibenzofluvene, which can be quantified by UV-visible spectroscopy (Figure 2.13).
21

 

Loading of the RINK resin was successful, and was found to be as high as 0.4 mmol.g
-1

 

when using 4 equivalents of both Fmoc-L-allylglycine and HCTU at room temperature. 

Increasing to 8 equivalents of Fmoc-L-allylglycine and HCTU and/or coupling at 37 
o
C 

did not increase loading.  Nevertheless, loading with HOBt/DCC as coupling reagent was 

not successful. Therefore, the final loading conditions employed for peptide synthesis 

were 4 equivalents of both HCTU and Fmoc-L-allylglycine in a 4:1 solution of 

dimethylformamide/ diisopropylethylamine with a catalytic amount of 4-

dimethylaminopyridine for 5-6 hours at room temperature, and the loading was controlled 

through the piperidine assay to generate 0.33 - 0.40 mmol.g
-1

. This loading quantification 

 

Figure 2.13. Ninhydrin Test: Formation of dibenzofulvene chromophore. 



 32 

was used for the amino acid coupling and ring closing equivalents.  

 

2.4.3 Ring Closing Metathesis on Rink-Amide-MBHA Resin 

 

After synthesis of P1 and P2 linear sequences on the RINK resin, ring-closing 

metathesis was attempted on solid-support. The major advantage of on-resin cyclization 

is the minimization of highly colored and toxic ruthenium by-products. Furthermore, 

Stymiest et al. found that the addition of 50-100 equivalents of dimethylsulfoxide (or 

triphenyl phosphine)
18

, a mildly reactive and highly compatible reagent, prevents tight 

  
Table 2.3. Ring-closing metathesis on RINK Amide MBHA resin. Exploration of (1)   

  temperature, (2) catalyst equivalents, and (3) various metathesis catalysts. 

 

   
 

 Catalyst
n x 10 mol% 

(n =)
at time (t =)

Reaction 

Duration 

(h)

Solvent T 
o
C

% 

Conversion 

(1H NMR)

Grubbs I n = 2 0, 12 14h DCE 85-90 0%

Grubbs I n = 5 0 48h DCE RT 0%

Grubbs II n = 2 0, 12 14h DCE 85-90 < 50%

Grubbs II n = 5 0, 12, 15, 18, 21 24h DCE 85-90 > 90%

Grubbs II n = 5 0 48h DCE RT 0%

Hoveyda Grubbs I n = 5 0, 12, 15, 18, 21 24h DCE 85-90 > 50%

Hoveyda Grubbs I n = 5 0 48h DCE RT 0%

Hoveyda Grubbs II n = 5 0, 12, 15, 18, 21 24h DCE 85-90 > 90%

Hoveyda Grubbs II n = 5 0 48h DCE RT 0%
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binding of almost all of the ruthenium by-products to the desired peptide,
7
 as previously 

describe by Ahn et al on a non-related peptide system.
18

 Indeed, this mild reactive 

procedure converts Grubb’s catalyst to an undefined product that can be easily removed 

by column chromatography or HPLC purification.
7
 Failure to add dimethyl sulfoxide (or 

triphenyl phosphine) yielded product contaminated with ruthenium-containing by-

products extremely defifficult to remove.
7, 8, 18

 Therefore, this procedure appeared to be 

highly adequate for synthesizing larger peptides especially under the developed 

conditions, which included high catalyst loads. The metathesis reaction was run using the 

developed conditions during the cyclization in solution as a basis for further optimization 

on the RINK resin. On-resin ring closing metathesis conditions were 10 mM peptide 

solution in degassed dichloroethane with n x 10 mol% catalyst added initially, after 12 

hours and every 3 hours until completion, at 85-90 
o
C for 24 hours. All four catalysts 

were tried following this procedure (Table 2.3). In addition, we also tested the reaction 

with all four catalysts at 50 mol% equivalents for 48 hours at room temperature (Table 

2.3). Small samples were collected at each time point to assess the optimal catalyst 

loadings. Each sample was then stirred with 100 equivalents of dimethylsulfoxide at 

room temperature for an additional 12-16 hours prior to TFA cleavage and 
1
H NMR 

analysis of crude product in order to facilitate purification of ruthenium-contaminants. 

 

2.4.4 Fmoc Resin Cleavage and Deprotection 

 

After synthesizing the carbocyclic peptide analogues on resin, we now had to 

remove all side-chain protecting groups of the amino acid residues and detach the cyclic 

peptide from the resin simultaneously in order to recover the resin-free peptides and to 

assess ring-closing metathesis efficiency. TFA cleavage is commonly used for Fmoc 

solid phase peptide synthesis. Cleaving the protecting group off the amino acid residues 

as well as cleaved resin generates highly reactive cationic species, which can react with 

nucleophilic deprotected residues such as tryptophan unless if trapped with an 

appropriate scavenger to quench these ions. Mild conditions were used to cleave our 
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peptides using a solution of TFA/water/silane scavenger (95: 2.5: 2.5). In our synthesis, 

we used triisopropylsilane (TIS) or triethylsilane (TES) as the scavenger for the freshly 

prepared TFA solution (Figure 2.14). The mixture was added to a thoroughly washed 

and dried resin, and left to stand at ambient temperature for 2-2.5 hours with occasional 

mixing. Filtration and isolation of the peptide via ether precipitation afforded resin-free 

carbocyclic P1 and P2 with fully deprotected side-chain residues (Figure 2.14). 

 

2.4.5 Assessment of Ring-Closing Metathesis Conditions on Resin 

 

 Once the synthesized peptides were cleaved from the resin, it was possible for us to 

assess which conditions were successful via 
1
H NMR spectroscopic analysis of the crude 

samples, as previously depicted in Table 2.3.  From Table 2.3 the following conclusions 

 

Figure 2.14. Cleavage of P1 and P2 from RINK Amide MBHA resin.  
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are noted: (1) Grubbs’ 1
st
 generation catalyst was unsuccessful under any condition 

(Figure 2.15.A); (2) Hoveyda Grubbs’ 1
st
/2

nd
 and Grubbs’ 2

nd
 generations were 

successful when 5 x 10 mol% equivalents were added at 85-90 
o
C during 24 hours. 

However, Hoveyda-Grubbs 1
st
 generation was only mildly reactive (< 50% conversion, 

Figure 2.15.B) whereas Grubbs’ 2
nd

 generation yielded > 90% conversion as with 

Hoveyda-Grubbs 2
nd 

(Figure 2.15.C), but generated more highly colored and unseparable 

ruthenium by-products. Thus, after optimization we postulated that the most successful 

approach was 5 x 10 mol% of Hoveyda-Grubbs 2
nd

 generation as catalyst, 10 mM peptide 

solution of degassed DCE, at 85-90 
o
C for 24 hours. The purified analogues were 

obtained as a non-separable mixture of cis/trans isomers by HPLC in 12.5 % acetonitrile 

with 0.1 % TFA solution in 48-64% yield for carbocyclic P2 and 57-70% yield for 

carbocyclic P1 (Figure 2.16). (Note: Structure characterization was confirmed by 
1
H 

NMR spectroscopy and mass spectrometry). 

 

 

 

  

 

Figure 2.15. Crude 
1
H NMR spectra after ring-closing metathesis on RINK resin with linear P2. 

(A) < 10 % conversion with mostly the presence of linear di-olefin proton shift at ! 5.9-5.6 ppm 

(HA) and ! 5.10-4.90 ppm, (B) < 50% conversion with the appearance of cyclic olefin peak at ! 

5.4-5.2ppm, and (C) >90 % conversion with the disappearance of linear proton shifts and 

appearance of cyclic olefin chemical shifts at ! 5.55-4.95. 
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2.5 Hydrogenation of Unsaturated Carbocyclic Analogues 

 

 Generation of the saturated analogues carbocyclic P1 and P2 L-allylglycine at the N-

terminus were synthesized under standard hydrogenation conditions at 1 atm H2 for 4 

days (Figure 2.17). The pure analogues were obtained via HPLC purification in 12.5 % 

acetonitrile with 0.1 % TFA solution in ~ 50 % conversion (Figure 2.18). We 

hypothesized that the reduce conversion yield compared to the 100 % reported yield 

parallels the presence of both cis:trans isomers. Indeed, trans- isomers are notorious to be 

 

Figure 2.16. Unsaturated P1 and P2 analogues after ring closing metathesis on RINK resim. 
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very stable and not undergo hydrogenation.
7
 Thus, we postulated that our saturated 

analogues were composed of about the same ratio of cis:trans isomers. Hydrogenation of 

the unsaturated analogues was observed by 
1
H NMR spectroscopy through the 

disappearance of the ethylene peaks between 5-6 ppm to afford saturated carbocyclic P1 

and P2 (Note: Structure confirmation was obtained by 
1
H NMR spectroscopy for all 

peptide analogues). 

 

 

Figure 2.18. Saturated P1 and P2 carbocyclic analogues. 

Figure 2.17. General hydrogenation. 



 38 

2.6 Summary 

 

  In conclusion, ring-closing metathesis of substantial 29-membered macrocyles was 

reported after investigation of a broad array of cyclization conditions in solution and on 

solid support via exploration of temperature, catalyst loadings, and various types of 

metathesis catalysts. Effective cyclization was optimum via ring-closing metathesis on-

resin using successive additions of 5 x 10 mol% equivalents of Hoveyda-Grubbs 2
nd

 

generation catalyst for 24 hours under elevated temperatures of 85-90 
o
C, and afforded 

the desired cyclic analogues in 48-70% yields. Cyclization on resin provided an efficient 

approach to facilitate purification of the carbocyclic analogues, previously unseparable 

after ring-closing metathesis in solution. Across all four catalysts employed, Hoveyda-

Grubbs 2
nd

 generation was the most efficient at forming the desired carbocycle along 

with Grubbs 2
nd

 generation. Indeed, Hoveyda Grubbs 1
st
 generation was partially 

successful, while Grubbs 1
st
 generation generated no conversion. Furthermore, we noted 

the importance of re-addition of catalysts throughout the reaction to counteract the 

degradation of catalyst at the required elevated temperature. Subsequently, addition of 

dimethylsulfoxide immediately after ring-closing metathesis was crucial for purification 

of the ruthenium contaminants. However, Grubbs 2
nd

 generation by-products remained 

highly difficult to remove even after two reverse-phase HPLC purifications, and thus 

Hoveyda-Grubbs 2
nd

 generation was favored. Therefore, we first report the synthesis of 

29-membered macrocyles under ring-closing metathesis conditions to generate 

biologically active cysteine analogues with the more stable ethylene linker. Furthermore, 

we generated the saturated carbocyclic analogues in order to investigate the biological 

relevance of unsaturated versus saturated dicarba-linkers. Indeed, after successful 

synthesis of the carbocycle P1 and P2, these analogues were submitted for extensive 

biological studies (Virginia Burns), in order to assess the ability of the designed synthetic 

peptides to selectively bind the pre-determined bTAR RNA, and to potentially disrupt 

essential protein-RNA binding between bTat and bTAR. Therefore, the synthesis of 29-

membered macrocycles provide an essential method to apply peptidomimetics to 
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heptapeptide phage-display comprehensive libraries, and thus the ability to extend this 

approach to multiple pre-determined RNA sequences toward the development of protein-

RNA interaction inhibitors for drugs therapeutics. 
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CHAPTER 3  

 

Peptide Synthesis Experimental Section 

 

3.1 General  

 
1
H NMR (300 or 400MHz)spectra were measured in DMSO and referenced 

against the solvent resonance at ! 2.50 ppm. Chemical shift (!) are given in ppm relative 

to tetramethylsilane or the respective NMR solvent; coupling constants (J) are in hertz 

(Hz). Abbreviations used are s = singlet, bs = broad singlet, d = doublet, bd = broad 

doublet, m = multiplet, and bm = broad multiplet. Silica gel (40 µM average particle size) 

was used for column chromatography.  Mass spectral data were obtained from the North 

Carolina State University Department of Chemistry’s Mass Spectrometry laboratory. 

Dichloroethane (DCE) was degassed by bubbling nitrogen through the solvent for several 

minutes. All solvents were specifically purchased for peptide synthesis (" 99.8% purity) 

and used without any further purification. 

 

3.2 Method and Characterization for Peptide Cyclization in Solution 

  

 3.2.1 General Procedures 

 

General peptide synthesis on Wang-AA1 resin for cyclization in solution: Syntheses 

of linear P1
 
and P2. All peptides were synthesized manually. Solid phase synthesis was 

carried out on a 0.4 mmol scale using Fmoc chemistry on Fmoc-Gln(Trt)-Wang for linear 

P1 and Fmoc-Leu-Wang resins for linear P2 (100-200 mesh, 1% DVB, 0.41 meq.g
-1

 

loading) and commercially available asymmetrically protected amino acid subunits from 

Peptides International Inc. All amino acids were coupled using 4 equivalences of 1H-

Benzotriazolium 1-[bis(dimethylamino)methylene]-5chloro-,hexafluorophosphate (1-),3-

oxide (HCTU) as the activating agent, 4 equivalences of amino acid (both compared to 

the resin loading) and 1-1.5 hour coupling times. The last coupling was done in a similar 
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manner with pentenoic acid. The resin-free linear sequences were obtained via cleavage 

with a freshly prepared solution of 3-butene-1-amine: DMF (1:1) overnight at 37 
o
C. 

Final samples were concentrated in vacuo to afford crude linear peptides P1 and P2. Pure 

peptides were collected after flash column chromatography (99:1, 95:5, 90:10 / 

dichloromethane : ethanol). 

 

Peptide cyclization in solution and purification: general procedure for optimization 

with linear P1. To cyclize the linear peptides (20-30mg) with olefinic termini, the linear 

peptide added to a solution of degassed DCE to which n x 10 mol% of (as compared to 

peptide) of metathesis catalyst was added at time t = 0, 12, 14 for 16 hours at 85-90 
o
C. 

The mixture was then cooled at room temperature and evaporated in vacuo. Deprotection 

of the cyclic peptides was ran in 1 mL of freshly prepared solution of TFA-phenol-

thioanisole-EDT-H2O (82.5 : 5 : 5 : 2.5 : 5), also known as reagent K, for 2-2.5 hours. 

The pure cyclized peptides were never collected. 

 

 3.2.2 Peptide Syntheses and Characterization 

 

Linear P1* from Wang resin (Alanine* in place of glycine): [pent-4-enyl-Ala*-

Thr(tBu)-Trp(Boc)-Hist(Trt)-Hist(Trt)-Pro-Gln(Trt)-but-3-ene]. Linear P1 was 

purified by flash column chromatography (99:1, 95:5, 90:10 / dichloromethane:ethanol) 

to give 118 mg (45% yield) of pure peptide as a white solid from 380 mg of resin at 0.5 

mmol.g
-1

. 
1
H NMR (CDCl3, 300MHz) ! 9.69-9.62 (d, 2H), ! 8.17-8.10 (d, 2H), ! 8.05-

7.95 (m, 2H), ! 7.80-7.77 (d, 1H), ! 7.69-7.62 (d, 2H), ! 7.59-7.45 (m, 4H), ! 7.45-7.20 

(bm, 45H), ! 6.80 (s, 2H), ! 6.67 (s, 2H), ! 5.80-5.62 (bm, 2H), ! 5.08-4.79 (bm, 4H), ! 

4.79-4.60 (m, 2H), ! 4.60-4.49 (m, 1H), ! 4.41-4.33 (m, 1H), ! 4.33-4.22 (m, 1H), ! 3.57-

3.41 (bm, 2H), ! 3.35-3.10 (bm, 4H), ! 3.05-2.81 (bm, 4H), ! 2.75-2.67 (m, 1H), ! 2.50-

2.40 (m, 2H), ! 2.40-2.10 (bm, 4H), ! 2.05-1.85 (bm, 8H), ! 1.49 (s, 9H), ! 1.40-1.17 (m, 

6H), ! 1.05 (s, 9H). 
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Linear P1 from Wang resin: [pent-4-enyl-Gly-Thr(tBu)-Trp(Boc)-Hist(Trt)-Hist 

(Trt)-Pro-Gln(Trt)-bute-3-ne]. Linear P1 was purified by flash column chromatography 

(99:1, 95:5, 90:10 / dichloromethane:ethanol) to give 100 mg (38% yield) of pure peptide 

with some excess of amine as a white solid from 365 mg of resin at 0.5 mmol.g
-1

. 
1
H 

NMR (CDCl3, 300MHz) ! 9.45-9.41 (d, 1H), ! 8.13 (s, 1H), ! 8.09-7.98 (m, 2H), ! 7.88-

7.82 (d, 1H), ! 7.79-7.43 (m, 3H), ! 7.42-7.20 (m, 2H), ! 7.20-6.98 (bm, 45H), ! 6.98-

6.91 (d, 2H), ! 6.90-6.78 (bs, 1H), ! 6.65 (s, 2H), 6.25 (s, 2H), ! 5.81-5.60 (bm, 2H), ! 

5.21-4.80 (bm, 4H), ! 4.73-4.55 (bm, 2H), ! 4.50-4.40 (m, 1H), ! 4.35-4.25 (m, 1H), ! 

4.25-4.15 (m, 1H), ! 4.10-4.00 (m, 1H), ! 4.94-4.85 (m, 2H), ! 3.46-3.33 (bm, 2H), ! 

3.33-3.00 (bm, 4H), ! 3.00-2.78 (bm, 4H), ! 2.78-2.65 (bm, 1H), ! 2.40-2.20 (bm, 6H), ! 

2.10-2.05 (m, 3H), ! 1.97-1.80 (m, 2H), ! 1.60 (s, 9H), ! 1.15 (s, 3H), ! 0.95 (s, 9H). 

 

Linear P2* from Wang resin (Leucine* in place of lysine): [pent-4-enyl-Thr(tBu)-

His(Trt)-Gln(Trt)-Trp(Boc)-Ser(tBu)-Thr(tBu)-Leu-bute-3-ne]. Linear P1 was 

purified by flash column chromatography (99:1, 95:5, 90:10 / dichloromethane:ethanol) 

to give 108 mg (48% yield) of pure peptide with some excess of amine as a white solid 

from 365 mg of resin at 0.5 mmol.g
-1

. 
1
H NMR (CDCl3, 300MHz) ! 8.28-8.15 (bd, 2H), ! 

8.15-8.00 (bm, 2H), ! 7.90-7.84 (bs, 1H), ! 7.74-7.62 (bs, 1H), ! 7.58-7.42 (bm, 4H), ! 

7.42-7.00 (bm, 30H), ! 6.75-6.70 (bs, 2H), ! 6.62 (s, 4H), ! 5.85-5.68 (bs, 2H), ! 5.18-

4.90 (bm, 4H), ! 4.74-4.66 (bs, 1H), ! 4.53- 4.38 (bm, 2H), ! 4.38-4.00 (bm, 4H), ! 3.67-

3.58 (bs, 1H), ! 3.50-2.82 (bm, 5H), ! 2.42-2.00 (bm, 10H), ! 1.60-1.42 (bm, 13), ! 1.35-

0.77 (bm, 40H). 

 

Cyclic P1 synthesis in solution: [Cyclo(pent-4-enyl-Gly-Thr(tBu)-Trp(Boc)-

Hist(Trt)-Hist (Trt)-Pro-Gln(Trt)-bute-3-ne)]. Cyclic P1 was obtained crude after ring 

closing metathesis optimization using 2 x 10 mol% of Grubbs 2
nd

 generation catalyst at 

time t = 0 and 12 h, for 16 h at 85-90 
o
C to afford crude unsaturated cyclic P1. Crude 

1
H 

NMR (CDCl3, 300MHz) ! 8.18-8.00 (bm, 6H), ! 7.58-7.44 (m, 4H), ! 7.44-6.80 (bm, 

45H), ! 6.80-6.68 (bm, 3H), ! 6.68-6.61 (4H, m), ! 5.68-5.30 (m, 2H), ! 4.87-4.76 (m, 
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1H), ! 4.50-4.02 (bm, 4H), ! 3-78-3.53 (bm, 2H), ! 3.53-3.77 (m, 4H), ! 2.40-2.10 (m, 

4H), ! 2.10- 1.78 (m, 3H), ! 1.88-0.64 (bm, 33H). 

 

3.3 Method and Characterization for Peptide Cyclization on Rink-Amide-MBHA 

Resin 

 

 3.3.1 General Procedures 

 

General peptide synthesis on Rink-Amide-MBHA resin for cyclization on resin. All 

peptides were synthesized manually. Solid phase synthesis was carried out on a 0.4 mmol 

scale using Fmoc chemistry on Rink-Amide-MBHA Resin (200-400 mesh, 1% DVB, 

0.44 meq.g
-1

 loading) and commercially available asymmetrically protected amino acid 

subunits from Peptides International Inc. All amino acids were coupled using 4 

equivalences of 1H-Benzotriazolium 1-[bis(dimethylamino)methylene]-5chloro-

,hexafluorophosphate (1-),3-oxide (HCTU) as the activating agent, 4 equivalences of 

amino acid (both compared to the resin loading) and 1-1.5 hour coupling times. The last 

coupling was established with Fmoc-L-allylglycine from PepTech Cop. in a similar 

manner to the other amino acids. Final wash of the resin with DMF (3x), DCM (3x), and 

MeOH (3x) afforded the resin bound peptides P1 and P2. 

 

Peptide cyclization on resin and purification: syntheses of saturated P1 and P2 To 

cyclize the linear peptides with olefinic termini, the (90-170mg) resin bound peptide was 

suspended in degassed DCE to which 5 x 10 mol% of (as compared to resin bound 

peptide) of Hoveyda Grubbs 2
nd

 generation catalyst was added at time t = 0, 12, 15, 18, 

and 21 hours for 24 hours at 85-90 
o
C. The mixture was then cooled at room temperature, 

and DMSO (100 equivalences relative to the catalyst) was then injected into the sample. 

The reaction mixture was let stirred for an additional 12 hours. The resin bound peptide 

was filtered, and washed successively with CH2Cl2 and MeOH. Fmoc removal was 

carried out by bubbling the resin bound peptide with nitrogen in 50% (v/v) 

piperidine/DMF followed by filtration and thorough washing. The cyclic peptide was 

then cleaved from the dry resin using a freshly prepared solution of TFA / H2O / TIS or 
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TES (95: 2.5: 2.5) for 2-2.5 hours, followed by washes of the cleaved resin with TFA. 

The solution was concentrated in vacuo, and the cleaved peptides were then precipitated 

in ether and lyophilized. The desired peptides were purified using a C5 reverse phase 

HPLC and H2O / MeCN as eluent at a flow rate of 8 mL.min
-1

 (0% MeCN for 20 min, 

12.5 % MeCN for 20 min, 20 % MeCN for 20 min, 100 % MeCN for 20 min). Cyclized 

olefinic peptides elute from the column 5 min after running 12.5 % MeCN just prior 

linear precursor. *Cis/trans isomers were not separated. 

Reduction of olefinic cyclic peptides: syntheses of saturated cyclic P1 and P2. 

Hydrogenation of cyclic olefinic peptides was carried out using standard hydrogenolysis 

to selectively reduce the olefinic cyclic peptides.  To approximately 10 mg of olefinic 

cyclic peptide dissolved in MeOH was added 10% Pd/C (10 mg). The reaction mixture 

was then stirred under H2 at atmospheric pressure for 3 days. The reaction mixture was 

then filtered and concentrated under vacuo to give a white precipitate. The precipitate is 

then dissolved with H2O containing 0.01% TFA and subjected to the same HPLC 

conditions as above. The hydrogenated analogues usually elute from the column 5 min 

after running 12.5 % MeCN somewhere in between the olefinic cyclic peptides and linear 

peptide precursors. 

 

 3.3.2 Peptide Syntheses and Characterization 

 

 

Linear P1 with L-allylglycine terminus from Rink resin: [L-AllylGly-Gly-Thr-Trp-

Hist-Hist-Pro-Gln-L-allylglycine-(1-amide)]. Peptide was isolated as a single peak 

using C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.91 (s, 1H), ! 9.00-8.88 (bs, 2H), ! 

8.70-8.60 (bs, 2H), ! 8.44-7.88 (m, 7H), ! 7.79-7.43 (m, 2H), ! 7.42-7.20 (m, 4H), !7.20-

6.79 (m, 4H), ! 5.81-5.60 (m, 2H), ! 5.21-4.80 (m, 4H), ! 4.70-4.63 (m, 1H), ! 4.62-4.49 

(m, 2H), ! 4.44-3.42 (bm, 20H), ! 3.42-3.30 (m, 1H), ! 3.20-2.80 (m, 4H), ! 2.40-2.20 

(m, 1H), ! 2.20-2.00 (m, 2H), 2.00-1.60 (m, 4H), ! 1.11-0.95 (d, 3H).  
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Cyclic P1 with L-allylglycine terminus from Rink resin: [Cyclo(L-allylGly-Gly-Thr-

Trp-Hist-Hist-Pro-Gln-L-allylglycine-(1-amide))]. Peptide was isolated as a mixture of 

cis/trans peak using C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.82-10.71 (bs, 1H), ! 

8.98-8.80 (bs, 2H), ! 8.61-7.81 (bm, 3H), ! 7.81-7.78 (m, 2H), ! 7.78-7.22 (m, 9H), ! 

7.22-6.80 (m, 6H), ! 6.80-6.40 (m, 2H), ! 5.80-5.22 (m, 2H), ! 5.22-4.93 (m, 1H), ! 4.93-

4.61 (m, 1H), ! 4.61-4.40 (m, 1H), ! 4.40-4.04 (bm, 4H), ! 3.98-3.81 (m, 2H), ! 3.20-

2.80 (bm, 10H), ! 2.22-1.98 (bm, 6H), ! 1.98-1.65 (bm, 4H), ! 1.65-1.22 (bm, 2H), ! 

1.02-0.78 (m, 3H). MS calcd for C47H63N16O11
+
 1027.49, found 1049.49 (M + Na 100). 

 

 

Cyclic P1 with pentenoic acid terminus from Rink resin: [Cyclo(pent-4-enyl-Gly-

Thr(tBu)-Trp(Boc)-His(Trt)-Hist(Trt)-Pro-Gln(Trt)-L-allylglycine-(1-amide))]. 

Peptide was isolated as a mixture of cis/trans peak using C5, RP-HPLC. 
1
H NMR 

(DMSO, 300MHz) ! 11.0-10.8 (d, 1H), ! 9.02-8.88 (t, 2H), ! 8.40-8.00 (m, 3H), ! 8.00-

7.70 (m, 2H), ! 7.70-7.20 (m, 7H), ! 7.20-6.90 (m, 4H), ! 6.90-6.80 (d, 2H), ! 5.60-5.22 

(m, 2H), ! 5.22-4.90 (m, 1H), ! 4.40-3.85 (bm, 6H), ! 3.85-3.30 (m, 4H), ! 3.30-2.82 

(bm, 10H), ! 2.25-1.98 (m, 6H), ! 1.98-1.62 (m, 4H), ! 1.45-1.08 (m, 2H), ! 1.07-0.70 

(m, 3H).  

 

Linear P2 with L-allylglycine terminus from Rink resin: [L-allylGly-Thr-His-Gln-

Trp-Ser-Thr-Lys-L-allylglycine-(1-amide)]. Peptide was isolated as a single peak using 

C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.82-10.72 (bs, 1H), ! 8.20-7.90 (bm, 

2H), ! 7.90-7.70 (m, 3H), ! 7.70-7.50 (m, 8H), ! 7.50-7.20 (m, 3H), ! 7.20-7.00 (m, 3H), 

! 7.00-6.78 (m, 3H), ! 5.80-5.60 (m, 2H), ! 5.20-4.98 (m, 4H), ! 4.65-4.38 (bm, 5H), ! 

4.38-4.18 (m, 5H), ! 4.18-3.98 (bm, 4H), ! 3.05-2.90 (bm, 2H), ! 2.90-2.71 (m, 4H), ! 

2.43-2.22 (bm, 3H), ! 2.22-1.98 (m, 2H), ! 1.98-1.80 (m, 1H), ! 1.60-1.40 (m, 4H), ! 

1.40-1.20 (m, 2H), ! 1.20-0.98 (m, 6H). 

 

Cyclic P2 with L-allylglycine terminus from Rink resin: [Cyclo(L-allylGly-Thr-His-

Gln-Trp-Ser-Thr-Lys-L-allylglycine-(1-amide))]. Peptide was isolated as a mixture of 
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cis/trans peak using C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.95-10.78 (bs, 1H), ! 

8.30-8.00 (m, 2H), ! 7.80-7.50  (m, 3H), ! 7.50-6.80 (m, 10H), ! 6.80-6.40 (m, 6H), ! 

5.60-5.00 (m, 2H), ! 4.80-4.00 (bm, 7H), ! 3.90-3.20 (bm, 6H), ! 3.20-3.00 (m, 2H), ! 

2.81-2.64 (m, 4H), ! 2.40-2.00 (bm, 6H), ! 2.00-1.60 (bm, 2H), ! 1.60-1.40 (m, 4H), ! 

1.40-1.20 (m, 2H), ! 1.20-0.90 (m, 6H). MS calcd for C47H70N15O13
+
 1052.53, found 

1052.6 (M + H 100). 

 

Linear P2 with pentenoic acid terminus from Rink resin: [pent-4-enyl-Thr-His-Gln-

Trp-Ser-Thr-Lys-L-allylglycine-(1-amide)]. Peptide was isolated as a single peak using 

C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.90 (bs, 1H), ! 9.00-8.00 (bs, 2H), ! 

8.50-7.90 (bm, 3H), ! 7.90-7.52 (bm, 5H), ! 7.52-6.90 (bm, 6H), ! 6.90-6.70 (m, 3H), ! 

5.90-5.60 (m, 2H), ! 5.10-4.90 (m, 4H), ! 4.65-4.50 (m, 1H), ! 4.38-4.08 (m, 4H), ! 3.99-

3.32 (bm, 6H), ! 3.31-2.81 (bm, 4H), ! 2.81-2.61 (m, 2H), ! 2.40-2.20 (m, 6H), ! 2.20-

2.00 (m, 2H), ! 2.00-1.60 (bm, 4H), ! 1.60-1.40 (m, 2H), ! 1.40-1.20 (m, 2H), ! 1.18-

0.98 (m, 4H).  

 

Cyclic P2 with pentenoic acid terminus from Rink resin: [Cyclo(pent-4-enyl-Thr-

His-Gln-Trp-Ser-Thr-Lys-L-allylglycine-(1-amide))]. Peptide was isolated as a mixture 

of cis/trans peak using C5, RP-HPLC. 
1
H NMR (DMSO, 300MHz) ! 10.9 (s, 1H), ! 9.00 

(s, 1H), ! 8.50-8.10 (m, 3H), ! 8.10-7.50 (m, 10H), ! 7.50-6.80 (m, 6H), ! 7.20-6.90 (m, 

4H), ! 6.90-6.80 (d, 2H), ! 5.50-5.20 (m, 2H), ! 5.20-4.80 (bs, 1H), ! 4.60-4.40 (m, 2H), 

! 4.40-4.00 (bm, 4H), ! 4.00-3.20 (bm, 8H), ! 3.20-2.80 (bm, 4H), ! 2.80-2.60 (m, 2H), ! 

2.40-2.00 (bm, 6H), ! 2.00-1.60 (bm, 2H), ! 1.60-1.40 (m, 4H), ! 1.40-1.20 (m, 2H), ! 

1.20-0.90 (m, 6H). MS calcd for C47H69N14O13
+ 

1037.52, found 1037.6 (M + H 100). 

 

Hydrogenated P1 with L-allylglycine terminus. Peptide was isolated as a single peak 

using C5, RP-HPLC in between its unsaturated and linear precursors. 
1
H NMR (DMSO, 

300MHz) ! 9.08-8.90 (bm, 3H), ! 8.48-7.60 (bm, 7H), ! 7.60-6.79 (bm, 7H), ! 6.79-6.41 

(bm, 6H), ! 4.58-4.20 (bm, 5H), ! 4.00-3.00 (bm, 13H, H2O), ! 2.40-2.00 (bm, 6H), ! 
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2.00-1.70 (bm, 4H), ! 1.60-1.40 (bm, 2H), ! 1.30-1.12 (bm, 3H), ! 1.12-1.00 (bs, 2H), ! 

1.00-0.88 (bm, 2H). 

 

Hydrogenated P2 with L-allylglycine terminus. Peptide was isolated as a single peak 

using C5, RP-HPLC in between its unsaturated and linear precursors. 
1
H NMR (DMSO, 

300MHz) ! 8.20-8.10 (bm, 1H), ! 7.78-7.60 (bm, 2H), ! 7.33-7.18 (bm, 1H), ! 6.79-6.30 

(bm, 18H), ! 4.40-3.90 (bm, 7H)*, ! 4.00-3.10 (bm, 9H, H2O), ! 3.10-2.95 (bm, 2H), ! 

2.73 (s, 2H), ! 2.30-2.00 (bm, 4H), ! 1.60-1.40 (bm, 6H), ! 1.40-1.18 (bm, 6H), ! 1.18-

0.98 (bs, 4H), ! 0.98-0.80 (bm, 4H). 
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PART B 

Design of Imidazole Derivatives toward Biofilm Modulation  
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CHAPTER 4 

General Introduction to Biofilm Modulation 

 

The purpose of this study was to create and identify active biofilm agents from the 

biologically active 2-aminoimidazole scaffold, a molecular architecture widely present in 

marine alkaloids. Effective small molecules are characterized by their ability to inhibit 

biofilm formation and/or to disperse established biofilms.  To date, the 2-aminomidazole 

scaffold has been shown in our laboratory to be one of the most potent anti-biofilm 

agents reported.
2-6

 Therefore, we elected to synthesize and investigate new 2-aminadazole 

derivatives. 

 

4.2 Introduction to Biofilms 

 

4.1.1. General Introduction 

 

Figure 4.1. Biofilm Formation: 
7
 Stage 1 represents reversible adhesion to a surface; Stage 2 

highlights irreversible adhesion to a surface through the formation of extracellular matrix; Stage 3 

evolves as more complex structures within the formed extracellular matrix; Stage 4 represents the 

evolution of biofilm as a complex heterogenic structures; and Stage 5 represents the fully matured 

biofilm. 
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A bacterial biofilm is a community of surface attached bacteria protected by an 

extracellular matrix of biomolecules.
7, 8

 These communities are composed of diverse 

types of both autotrophic and heterotrophic organisms. Generally, bacteria and fungi are 

predominantly found to co-exist as surface-attached communities
9, 10

 now referred as 

biofilms, which are ubiquitous in nature.
7, 11

 The formation of biofilms begins with the 

attachment of planktonic bacteria to a surface, which eventually reaches the demeanor of 

a complex sessile microcolony embedded in a protective extracellular matrix (Figure 

4.1).
7, 11

 The biofilm state engenders a complete transformation of the expressed 

phenotype and acquires a mode of survival.
14, 15

 The ability of bacteria to live in protected 

communities confers an exceptional resistance to environmental stresses as well as to 

commonly applied microbial agents.
9, 15, 18

 Not surprisingly, biofilm communities 

constitute the preferred mode of existence for the vast majority of the world’s 

microorganisms.
7, 12, 19

 Although most biofilms are innocuous, some can become a 

serious threat to human health due to the robustness of the biofilm strain to any 

antimicrobial therapies, and therefore attracts the interest of the scientific field.
7
 

 

4.1.2. Relevance and Importance of Biofilms 

 

Despite being essential for certain ecosystems, biofilm contamination is a critical 

factor in bacterial infections. Indeed, even benign planktonic bacteria can genetically 

evolve as infectious and untreatable biofilms. Furthermore, 50-80% of microbial 

infections in humans are biofilm mediated
14, 19

 and are 1000-fold more resistant to 

conventional antibiotics.
18

 In fact, the NIH estimates that biofilm mediated infections 

account for 3 out of 4 microbial infections occurring in body.
19

 Furthermore, persistent 

biofilm infections originating from indwelling medical devices and other acquired or 

nosocomial infections are virtually impossible to eradicate. 
8, 9, 22

 Only the macrolide 

antibiotics Azithromycin 4.1 and Clarithromycin 4.2 have been shown to delay the onset 

of biofilm infections against Pseudomonas aeruginosa and Mycobacterium avium 
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respectively (Figure 4.2).
7, 23, 24

 However, biofilm robustness eventually suppressed any 

activities of these macrolides. Numerous diseases are complicated by biofilm infections 

such as endocarditis, otitis media, chronic prostatitis, periodontal disease, chronic urinary 

tract infections, osteomyelytitis, whooping cough, and cystic fibrosis.
7, 14, 25

 These 

nosocomial infections are estimated to cost one billion dollars annually, and are 

implicated in 20% of mortality rates in the United States. 
26

 Therefore, finding a cure to 

biofilm related infections is indeed vital to thwart the over increasing bacterial resistance. 

 

4.1.3 Medically Relevant Biofilm Forming Bacterial Strains 

 

Numerous bacterial strains evolve as biofilms. Nevertheless, not all are malignant, 

and often the most studied strains involve bacteria that are a threat to human health. We 

decided to focus on the most relevant bacterial strains across bacterial classes, orders, and 

phylum, to not only assess the relevance of the synthesized small molecules, but also to 

provide insights toward the elucidation of the conundrum behind the biofilm formation 

mechanism.  

 

 

 

 

Figure 4.2. Macrolide antibiotics. 
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4.1.3.a Pseudomonas aeruginosa (PA01, PA14, PDO300): !-proteobacterium 

 

Perhaps the most studied and relevant genus is Pseudomonas aeruginosa, an 

opportunistic !-proteobacterium
27

 that represents a serious threat to cystic fibrosis (CF) 

patients and other immuno-compromised individuals.
28, 29

 This bacterium is a 

predominant pulmonary pathogen, and is present in 85 % of cultures isolated from 

patients with an advanced stage of CF.
28, 29

 This disease is the most commonly lethal 

inherited genetic disorder in world.
30

 Despite significant progress in the management of 

CF symptoms, virtually all CF patients succumb to chronic pulmonary infections. 

Furthermore, P. aeruginosa infects the urinary tract, burns and wounds.
7
 This bacterium 

is the most common source of external ear as well as indwelling medical device 

infections. Despite its significance, no antibiotic or small molecule exists to treat P. 

aeruginosa related biofilm infections. The wild-type strain is not-surprisingly the most 

studied pathogen especially in terms of biofilm formation and quorum sensing (QS). 

Three well-characterized P. aeruginosa strains were studied: PA01, PA14, and the 

mucoid form PDO300. This mucoid strain is particularly relevant to CF patients since 

after colonization with P. aeruginosa a phenotypic shift occurs from the non-mucoid to 

the mucoid form. 
29, 31

 Appearance of the mucoid form directly correlates with a decrease 

in pulmonary clinical status.
29

 PDO300 is genotypically identical to PA01 except for the 

mucA mutation characteristic of the mucoid form.
32

 Thus, all three strains are indeed 

medically relevant for biofilm modulation studies. 

 

4.1.3.b Acinetobacter baumannii (strain # 19606): !-proteobacterium 

 

Another multidrug resistant bacterium is Acinetobacter baumannii, an 

opportunistic !-proteobacterium that indeed represents a severe threat to immuno-

deficient individuals.
33

 About 25 % of all hospital swabs test positive for Acinetobacter 

baumannii.
34

 Furthermore, this pathogen survives for weeks on dry surfaces due to the 

establishment of robust biofilms.
35

 Not surprisingly, A. baumannii nosocomial infections 
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are prevalent among immunocompromised patients, and indeed A. baumannii has been 

identified as the main genomic species with outbreaks in clinical settings.
36

 Biofilm 

formation is clearly a serious impediment to bacterial control strategies.
36

 In fact, A. 

baumannii virulence is only observed upon formation of sturdy biofilms. Prior to the 

establishment of sturdy biofilms, A. baumannii is benign to human health as a commensal 

on the skin, and is ubiquitous in nature.
37

 Thus, inhibition of biofilm development is 

particularly valuable for this strain. Therefore, this pathogen represents yet another 

serious threat to human health. 

 

4.1.3.c Bordetella bronchiseptica (RB50 and !bp5): "-proteobacterium 

 

The respiratory tract bacterium Bordetella bronchiseptica, isolated from 

mammalian respiratory tracts, 
38

 differs from Acinetobacter baumannii and Pseudomonas 

aeruginosa since it belongs to !-proteobacteria class. Bordetella bronchiseptica shares 

many virulence factors with Bordetella pertussis, which is responsible for whooping 

cough, a respiratory disease that engenders 300,000 fatalities per year.
39

 In fact, this 

respiratory tract infection is highly contagious especially among unvaccinated young 

infants, and accounts for 90% of the fatalities per year.
40

 Bordetella pertussis and 

occasionally Bordetella bronchiseptica bacteria spread through the pharynx and 

proliferate through the respiratory system.
41

 Severe complications can be developed such 

as pneumonia, encephalitis, pulmonary hypertension, and secondary bacterial 

infections.
41

 Despite current therapies including vaccines and antibiotics, the recent 

outbreak of whooping cough sustains the importance of B. bronchiseptica clearance. 

Therefore, biofilm studies of this genus, RB50 and "bp5, are not only interesting from a 

clinical perspective, but also may provide insight for the mechanistic model of biofilm 

formation. 
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4.1.3.d Staphylococcus aureus (ATCC # 29213): Bacilli Firmicutes 

 

Finally, the Gram-positive bacterium S. aureus is highly robust to treatment and 

resistance has quickly developed.
7
 The infection occurs as commensal on the skin, more 

specifically on the scalp, armpits, and less likely in the nose, throat, colon and urine.
7, 42

 

This bacterial infection is extremely prevalent in atopic dermatitis patients, and often 

initiates further complications.
42

 S. aureus can be mis-treated as it does not always cause 

virulent factors. In addition, the unnecessary use of antibiotics is creating multi-drug 

resistant S. aureus variants and thus severe pathogenicity. This genus is not only 

interesting from a medical standpoint, but from a mechanistic insight since it belongs to a 

completely different phylum, class and order. Therefore, biofilm studies of S. aureus will 

provide medical impact as well as insight into a competent mode of action for biofilm 

formation. 

 

4.2 Development of Anti-Biofilm Agents 

 

4.2.1 General Properties of Anti-Biofilm Agents 

 

The underlying principle behind an anti-biofilm agent is the maintenance of the 

bacteria in the planktonic state through the modulation of biofilm development.
2
 This 

property is significant for two main reasons: (1) some bacteria are inoffensive in their 

planktonic states, and (2) offensive strains can be eradicated with a low dose 

microbiocides.
2
 Thus, maintaining the bacteria in its planktonic state will eradicate 

virulent infections. Furthermore, an anti-biofilm agent can be used to act as: (i) 

preventive and/or (ii) curative medications. A preventive or inhibitory biofilm agent is 

characterized by the ability to inhibit biofilm formation of planktonic bacteria, and thus 

consists in maintaining the bacteria in stage 1 of the biofilm maturing cycle (Figure 4.1). 

By contrast, a curative or dispersal agent is distinguished by its aptness to disperse 
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existing biofilm back into the planktonic state; this corresponds to stage 4 of Figure 4.1, 

where the macroscopic biofilm is largely reduced to stage 1. Developing effective anti-

biofilm agents with inhibitory and/or dispersal properties is indeed critical to fighting 

biofilm infections and bacterial resistance.  

 

4.2.2 Molecular Scaffolds with the Ability to Modulate Biofilm Development 

 

To date, only a few molecular scaffolds exist with the ability to modulate biofilm 

development. Three notable examples of small molecules with the capability to inhibit 

biofilm formation include: (1) the homoserine lactones,
43

 which are naturally occurring 

signaling molecules that disrupt bacterial communication essential for biofilm 

formation;
44, 45

 (2) the brominated furanones and (3) the ursene triterpenes, which are 

both natural inhibitors of biofilm development respectively isolated from the macroalga 

Delisea pulchra
1
 and the plant Diospyros dendo

20
 (Figure 4.3). Nevertheless, to the best 

of our knowledge, none of these small molecules have been reported to disperse pre-

formed biofilms, and 4.3 and 4.4 are toxic. This dearth of molecular scaffolds may render 

the discovery of any small molecules with any inhibition and/or dispersion abilities a 

breakthrough to counteract bacterial resistance due to its widespread clinical importance. 

 

 

 

 

Figure 4.3. Biofilm inhibitors. 
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4.2.3 General Approach toward the Biofilm Agents Development   

 

In general, medicinal chemistry aims to target specific receptors to prevent 

specific interactions, and thus to design active small molecules that perform this function. 

To date, the most prevalent and prominent target is the design of compounds that 

modulate quorum sensing (QS), which represents one of the only modes of action well 

established for biofilm development.
7, 20

 QS is a mechanism through which bacteria 

communicate in order to live in symbiosis and to respond to variations in the surrounding 

environment via the emission of small molecules named autoinducers (AIs).
7, 46, 47

 This 

phenomenon was discovered in the 1970’s through the light emission of luciferase, an 

enzyme emitted only at high cell density by the marine bacterium Vibrio fischeri. 
12, 48-50

 

Indeed, as the bacterial density increases, AIs are released and a change in gene 

expression precedes the eventual end to the formation of biofilm communities.
46, 50

 QS 

can be simplified into a four-component system: (1) the signal molecules, (2) a signal 

synthase, (3) a signal receptor, and (4) the target gene (Figure 4.4).
13

 Binding of the 

 

Figure 4.4. QS general mechanism.
13
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signal molecules to the cognate signal receptors leads to a cascade that eventually induces 

the change of phenotype inherent to biofilm establishment and virulence.
13, 48

 

Competitive binding studies of modified signal molecules provide one of the most 

potential biofilm modulators to date. It is noteworthy to mention that even though QS is 

critical for bacterial communication and thus for biofilm development, QS inhibitors 

might not affect the overall biofilm architecture. Thus, additional biofilm assays are 

needed to test biofilm inhibitory and/or dispersal activities in order to assess the true 

relevance of these molecules as anti-biofilm agents as seen in some studies.
13, 21, 43, 1, 6, 11, 

17, 51
 

 

4.2.4 General Trends of Current Biofilm Modulators 

 

Despite the paucity of small molecules with the capacity to modulate biofilm 

formation,
7
 some general trends are worth noting from studies based on homoserine 

lactones QS autoinducers, and from naturally occurring biofilm modulators. 

 

4.2.4.a SAR of Homoserine Lactones  

 

 The most prevalent studies have focused on 

the structure activity relationship (SAR) of 

homoserine lactones like the naturally occurring 3-

oxo-C12-L-homoserine lactone 4.6, from P. 

aeruginosa, which mediate biofilm formation. The 

SAR approach is depicted in Figure 4.5 and is 

characterized by three regions: A, B, and C. Region A is the most active when a long 

acyl chain (C5-8) was substituted. Furthermore, saturation decreased flexibility
12

 and 

activity whereas the presence of a bulky phenyl group 
52-54

 favored the inhibitory effect. 

It was conjectured that the presence of a long flexible side chain provides non-specific 

interaction with the hydrophobic surface of the receptor, which brings the core of the 

Figure 4.5. SAR of homoserines 

lactones. 
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molecule in the vicinity of specific amino acid residues for interaction.
12, 13

 Region B has 

not been found to show a significant effect on activity except when a sulfide group
24

 or 

sulfonamide linkage
55

 attached to an alkyl chain was installed. Lastly, Region C is 

composed of the unstable lactone ring, which is essential for activity.
12

 To maintain 

inhibitory activity, addition of a thiolactone ring was suitable,
12

 but mostly the 

incorporation of aniline with a hydrogen bond acceptor adjacent to the amino group 

achieved biofilm inhibition against PAO1 and PAOJP2 of Pseudomonas aeruginosa.
11

 

Figure 4.6 summarizes the most potent inhibitors found through multiple studies on 

homoserine lactones. 
11, 12, 43

 

 

4.2.4.b SAR of Naturally Occurring Biofilm Modulators 

 

Another set of studies focused on naturally occurring biofilm inhibitors, which are 

specifically created by nature for bacteria to evolve in symbiosis with their natural 

environment.
1
 Two main classes of molecular scaffolds appear to be the furanones

1
 and 

the terpenes.
1, 21, 24

 The furanones from the Australian macroalga Delisea pulchra are 

small molecules with great antimicrobial and antifouling activities.
1
 Synthetic furanones 

were developed and brominated furanones were revealed to be very active biofilm 

inhibitors (Figure 4.7).
17

 Nevertheless, these compounds were too toxic for clinical 

 

Figure 4.6. Quorum sensing inhibitors.
12
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interventions.
13

 Another example of naturally occurring biofilm inhibitors is the ursene 

triterpene 4.17 from the leaves of Diospyros dendo (Figure 4.8).
20

 Despite being 

inconspicuous compared to furanones, this unprecedented molecular architecture is worth 

noting due to its potent inhibition against relevant Pseudomonas aeruginosa strain 

PA01.
20

 Furthermore, monoterpenes 4.18 and 4.19 isolated from the marine bryozan 

Flustra foliacea were also comprised of antimicrobial and antifouling properties (Figure 

4.8).
21

 Interestingly, their reduced reactivity compared to furanones might correlate with 

reduced toxicity, and could then emerge as clinically applicable small molecules. 

 

 

Figure 4.7. Natural
1
 and synthetic furanones. 

17
  

Figure 4.8. Terpenes with biofilm inhibition activities. 
20,

 
21
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Therefore, the terpenes emanate as an attractive scaffold for SAR studies of biofilm 

development. 

 

4.3 Development of Biofilm Agents from Biologically Active 2-Aminoimidazole 

Scaffolds 

 

The presence of known structural scaffolds with anti-biofilm activity is sparse.
7
 

Thus, the elucidation of such molecular architectures is essential. Natural product 

chemistry is an important approach to discover active drugs and to provide key 

architectures for drug development.
56

 Marine natural products are notorious for their 

extensive biological properties encompassing anti-bacterial, anti-fungal, anti-parasitic, 

anti-viral and anti-tumor activities.
57, 58

 As seen with furanone and terpene natural 

products, we opted to turn our attention to marine alkaloids specifically toward the 2-

aminoimidazole molecular architecture originating from bromoageliferin 4.20 in order to 

delineate their potential pharmacophore relevance toward biofilm modulation (Figure 

4.9). 

 

 

 

 

Figure 4.9. Bromoageliferin simplified structures toward the development of anti-biofilm agent.  
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4.3.1 Abundance and Biological Activity of 2-Aminoimidazoles 

 

Marine organisms are one of the richest sources of structurally diverse secondary 

metabolites.
56

 Imidazole scaffolds are one of the most widely distributed substructures in 

nature.
56, 57

 Almost all of the imidazole marine alkaloids are typically found in sponges of 

the family Agelasidae as anti-feeding defense chemicals against predators, and are 

characterized by extensive biological activities.
59

 Indeed, antifouling activities were 

reported for both bromoageliferin 4.20 and oroidin 4.23 against Balanus amphitrite
57

 as 

well as against R. salexigens.
60

 In fact, biofouling is defined as a process initiated by a 

process termed microfouling, which is the formation of a bacterial biofilm on a surface 

submerged under water.
4
 Thus, we postulated that architecture embedded within complex 

marine alkaloids, and more specifically the 2-aminoimidazole molecular architecture is a 

paramount pharmacophore against biofilm development.
3
 Indeed, two bromoageliferin 

analogues, TAGE 4.21 (trans-bromoageliferin) and CAGE 4.22 (cis- bromoageliferin 

analogue), synthesized en route to ageliferin, revealed breakthrough inhibitory activities 

of 100-100 µM and 180-190 µM against P. aeruginosa PA01 and PA14, respectively, 

with no microbicidal activities (Figure 4.10).
3
 Therefore, we decided to pursue the 

 

Figure 4.10. Bromoageliferin and its precursors TAGE 

and CAGE inhibition activities against PA01 and PA14. 
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synthesis of 2-aminoimidazole small molecules and the development of potential anti-

biofilm agents based upon this fascinating molecular architecture. 

 

4.3.2 Origin of the Plethora of 2-Aminoimidazole Type Structures 

 

The development of 2-aminoimidazole derivatives as anti-biofilm agents is even 

more attractive due to the vast array of molecules already encountered in nature.
56, 57

 

Most noticeably the large spectrum of simplicity and complexity of 2-aminoimidazole is 

derived from a common precursor (Figure 4.11).
16, 56, 57

 Intrigued by this plethora of 

molecular scaffolds, Mourabit et al. studied extensively the origin of this vast array of 

natural products, and found that this abundance is systematically derived from the 

 

Figure 4.11. Abundance of 2-aminoimidazoles in nature.
16
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tautomerism and ambivalent reactivity of 2-aminoimidazole in addition to varying 

degrees of bromination of the pyrrole moiety (Figure 4.12).
16

 These two main building 

blocks generate an extensive natural library composed of multiple structural groups 

through simple transformations,
16

 which is further enhanced by enzymatic oxido-

reduction, hydrolysis, hydration, and alkylation.
57

 Thus, oroidin alkaloids are often 

delineated by two heterocycles that are substructured as a bromopyrrole carboxamide and 

2-aminoimidazole moieties linked with a propenyl chain (Figure 4.13). This subdivision 

is a nice outline for structure activity relationships (SAR) providing three regions of 

study (A, B, and C) as depicted in the oroidin structure (Figure 4.13). Interestingly, this 

parallels the same overall appearance as seen with the homoserines lactones where the 

head of the molecule is linked to a longer tail by an amide bond. Therefore, 

bromoageliferin precursor oroidin 4.23 not only provides a vast array of molecules, but 

also lays a nice template for SAR. 

 

 

Figure 4.12. 2-aminoimidazole building blocks.
16
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4.3.3 Development of 2-Aminoimidazoles Derivatives of Bromoageliferin as Potent 

Biofilm Agents 

  

 Given the abundance of 2-aminoimidazole marine alkaloids and the significance of 

the TAGE 4.21 and CAGE 4.22 preliminary inhibitory activities noted with P. 

aeruginosa,
3
 we opted to develop simpler skeletons of bromoageliferin 4.20 through 

modulation of the synthetic precursor oroidin 4.23, in addition to extensive biological and 

synthetic studies of TAGE 4.21 and CAGE 4.22. 

 

4.3.3.a Derivatives of Oroidin 

 

A 50-membered library was directly derived from the oroidin skeleton (Justin J. 

Richards).
6
 The library was first based upon the known oroidin derivatives, 

dihydrooroidin 4.29, dihydrosventrin 4.30, and sventrin 4.31 all embedded within 

bromoageliferin 4.20 (Figure 1.14). After preliminary studies, these natural products 

were the most active against P. aeruginosa PA01 and PA14 strains.
6
 More specifically, 

dihydrosventrin (DHS) 4.30 was the most stunning with IC50 values of 51 µM and 111 

µM, compared to 75 µM and 115 µM for its unsaturated parent sventrin 4.31, 190 µM and 

166 µM for oroidin 4.23, and no significant activity against dihydrooroidin 4.29.
6
 

 

Figure 4.13. SAR approach toward 2-aminoimidazoles from oroidin. 
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Noticeably, dihydrosventrin 4.30 IC50 values were two-fold higher than TAGE 4.21 (100 

µM) and CAGE 4.22 (180-190 µM). After full characterization of the library, we noted 

the importance of the dibrominated (N-methyl)-pyrrole moiety, as well as the three-

methylene linker between the essential pharmacophore 2-aminoimidazole head and the 

brominated pyrrole tail.
4
 By contrast, saturation of the acyl linker had no effect upon 

biofilm inhibition activity.
4
 More extensive inhibition studies of dihydrosventrin 4.30 

across bacterial orders revealed the unprecedented effect of this small molecule enhanced 

by a lack of microbicidal activity upon the mucoid form of P. aeruginosa PDO300 (IC50 

= 115 µM), A. baumannii (IC50 = 110 µM), and B. bronchiseptica RB50 (IC50 = 238 

µM).
6
 Even more intriguing was to identify dispersion activities of dihydrosventrin 4.30 

upon each bacterium in order to delineate the potential of this small molecule as a 

therapeutic agent against untreatable biofilm infections. The EC50 values for dispersion 

activity of ~ 200 µM are very promising especially since there exists a dearth of small 

molecules with such properties.
6
 To conclude, dihydrosventrin was the first molecule to 

inhibit and disperse biofilms across bacterial orders. It is noteworthy to notice the 

structural differences between dihydrosventrin 4.30, and even active oroidin 4.23, with 

TAGE 4.21/CAGE 4.22 analogues is simply the presence of dibrominated (N-methyl)-

 

Figure 4.14. Oroidin derivatives. 
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pyrrole and the 4,5-substitution of the 2-aminoimidazole core motif. Therefore, further 

studies can be derived to characterize the relevance of these disparities as well as the 

importance of the 2-aminoimidazole over the imidazole head upon biofilm modulation, 

and will be targeted in this study. 

 

4.3.3.b Reverse-Amide 2-Aminoimidazole Derivatives of Dihydrosventrin  

 

To further exploit oroidin derivatives, reverse-amide synthesis was developed by 

Justin J. Richards and T. Eric Ballard (Figure 4.15).
5
 This route not only generated 

another large oroidin library, but also eliminated the delicate Akabori reduction (Na/Hg) 

of the ornithine methyl ester along with the pH-controlled condensation with cyanamide 

(Figure 4.16).
4, 61-63

 Oroidin derivatives were then derived from the acylation of the 

amino tail with variously substituted trichloroacetyl pyrroles, which generated various 

oroidin derivatives (Figure 4.16).
4
 Nevertheless, this approach limited the access to more 

2-aminoimidazole derivatives by several factors including (1) solubility issues of the 

parent 2-aminoimidazole, (2) lack of compatibility of other trichloroacetyl esters, (3) 

failure of other acylation conditions, and (4) lastly large amounts of methanol-saturated 

ammonia for purification purposes, which is difficult to remove completely from the 

sample.
5
 Biological evaluation of the reverse-amide library highlighted the importance of 

long carbon chain lengths upon biofilm inhibition and dispersion activities against PA01 

and PA14.
5
 Most notably oroidin analogue 4.32 (n = 9) was 6-fold and 19-fold more 

 

Figure 4.15. Reverse-Amide oroidin library. 
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active than dihydrosventrin inhibition activities against PA01 and PA14 respectively 

(IC50 = 8 µM and 6 µM) (Figure 4.15).
5
 Furthermore, dispersion activities were also 

unprecedented with EC50 values of the most potent analogue 4.33 (n = 11) equaled to 

32.8 µM and 21.3 µM against PA01 and PA14 respectively.
5
 Interestingly, these results 

correlated with the findings of the homoserine lactone studies in which long carbon chain 

lengths largely increased activities.
13, 48

 Thus, it would be promising to include long 

carbon chain lengths into potent biofilm inhibitors to probably favor hydrophobic binding 

with the receptor, and thus bringing the pharmacophore head closer to target amino acid 

residues.
12

 Furthermore, the replacement of the somewhat bulky pyrrole moiety with a 

long hydrophobic chain might favor diffusion within the matrix necessary for dispersion 

of established biofilms, and should be taken into account to develop novel dispersal 

agents. 

 

4.3.3.c Triazole Derivatives of Dihydrosventrin  

 

Another approach towards the replacement of the pyrrole moiety included 

incorporation of various triazole moieties by Steven A. Rogers.
51

 Indeed, despite the 

pharmacophore relevance of the dibrominated N-methylated pyrroles,
4
 it was interesting 

to evaluate the importance of multiple moieties at the tail position of the 2-

aminoimidazole for SAR. The triazole subunit was installed via the Click Reaction 

 

Figure 4.16. Oroidin derivatives synthesis via the tedious Akabori process. 
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between alkynyl-substituted 2-aminoimidazole and corresponding azide.
51

 The Cu
I
-

catalyzed [3+2] alkyne/azide cycloaddition afforded various 2-aminoimidazole-triazide 

conjugates of unparalleled inhibition and dispersion activities across bacterial class, 

order, and most significantly bacterial phylum with no bactericidal activities (Figure 

4.17).
51

 Indeed, triazole analogue 4.36 recorded low micromolar inhibition IC50 values 

against PA01 and PA14 (5.6 µM and 0.53 µM), which represents a 35-fold increased 

against PA14 compared to RA derivative 4.32. This compound was highly effective 

against a variety of bacterium including A. baumannii (IC50 = 0.98 µM), B. 

bronchiseptica RB50 (IC50 = 9.5 µM), and S. aureus (IC50 = 0.81 µM).
51

 Perhaps the most 

impressive biological impact was the ability of triazole derivatives 4.36 and 4.37 to 

disperse biofilms effectively with dispersion activities ranging from 2.6 µM – 55 µM. 

Dispersion assays against A. baumannii revealed that 4.37 was the most active (EC50 = 36 

µM), while 4.36 was the most effective against PA01 and PA14 (EC50 = 11 µM and 22 

µM), B. bronchiseptica RB50 (EC50 = 55 µM), and S. aureus (EC50 = 2.6 µM).
51

 It is 

noteworthy to notice the structural innovation of these analogues. A five-methylene 

linker between the 2-aminoimidazole head and the triazole moiety along with a bulky 

phenyl group tail characterizes this structure.  Once again a long carbon-chain is 

observed, and the addition of the bulky phenyl group probably reinforced the 

 

Figure 4.17. Triazole derivatives of dihydrosventrin. 
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hydrophobic binding noticed in previous studies.
12, 13

 Furthermore, the triazole moiety 

revealed itself as a very potent pharmacophore along with the 2-aminoimidazole head. 

Indeed, in the absence of the 2-aminoimidazole head all anti-biofilm activity was lost. 

 

4.3.4 Summary 

 

The 2-aminoimidazole marine alkaloid bromoageliferin 1.20 emanated as 

unprecedented biofilm modulators developed in our research group.
2-6, 51

 Bromoageliferin 

precursors TAGE 1.21 and CAGE 1.22 were the front runners of a manifold of studies 

around the 2-aminoimidazole motif since these small molecules were distinguished by 

notorious inhibition activities against the widely studied P. aeruginosa genus.
3
 This laid 

the foreground for a multitude of SAR studies in order to delineate the essential features 

of an effective anti-biofilm agent. Two main synthetic directions originated: (1) TAGE 

and CAGE derivatives,
2
 (2) oroidin derivatives

4-6, 51
 as depicted in Figure 1.9. 

Furthermore, multiple bacterium genera were studied to delineate the extent of the 2-

aminoimidazole derivatives upon different bacterial class, order, and phylum.
2, 6, 51

 The 

purpose of these extensive synthetic and biological studies was to design effective 

biofilm experimental controls, and to provide insight upon biofilm formation. From these 

studies fundamental structural feature were noted: (1) a 2-aminoimidazole head,
2-6, 51

 (2) 

a methylene carbon linker between the head and the tail moiety,
4
 (3) a brominated (N-

methyl)-pyrrole,
4, 5

 or a long carbon chain length,
5
 or triazole tail moiety

51
 with a crescent 

order of effectiveness. It is interesting to note that none of the developed biofilm 

modulators incorporated the 4,5-substitution of TAGE 1.21 and CAGE 1.22 that 

originated in the parent bromoageliferin 1.20. Therefore, we were interested to apply 

these structural motifs into the TAGE and CAGE scaffolds and to further investigate the 

extent of TAGE and CAGE upon biofilm modulation
2
 as well as to continue the 

development of dihydrosventrin derivatives along with other small 2-aminoimidazole 

scaffolds.  
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CHAPTER 5 

Synthesis and Biological Studies of 2-Aminoimidazole Derivatives toward 

Biofilm Modulation 

  

5.1 General Introduction 

 

 

The biofilm modulation breakthrough of the 2-aminoimidazole scaffold on 

Pseudomonas aeruginosa strains PA01 and PA14 incited us to further investigate the 

hypothesis that simple structural motifs derived from complex marine alkaloids with anti-

fouling activities would produce modulators of terrestrial-based biofilms. More 

specifically, we pursued our interest in simpler bromoageliferin skeletons in order to 

delineate meticulously the role of the prevalent 2-aminoimidazole motif as the 

preeminent pharmacophore. Bromoageliferin simplification studies originated in two 

main synthetic approaches: (1) Formation of TAGE and CAGE derivatives,
1
 and (2) 

formation of oroidin derivatives
2, 3

 (Figure 5.1). These elemental templates were 

distinguished by the maintenance of (1) the 4,5-substituted 2-aminoimidazole core with 

3-propylamine for TAGE 4.21 and CAGE 4.22, and (2) the 4-substituted 2-

aminoimidazole core with 3-methylene linker acylated to the brominated pyrrole moiety 

 

Figure 5.1. Bromoageliferin simplifications toward the design of 2-aminoimidazole derivates. 
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(Figure 5.1). Evaluation of biological studies unveiled the unprecedented effectiveness of 

2-aminoimidazole type structures upon biofilm modulation as highlighted in Chapter 4 

(Section 4.3). From this manifold of studies, we noted the relevance of the TAGE 4.21 

and CAGE 4.22 structure as a basis for more advanced biological and synthetic studies 

along with a key structural motif at the tail end derived from the oroidin scaffold 

(Chapter 4, Section 4.3). Therefore, in order to further unveil the potential of 2-

aminoimidazoles upon biofilm modulation as well as the conundrum behind biofilm 

formation, we decided to: (Section 5.2) scale-up the synthesis of TAGE 4.21 and CAGE 

4.22 in order to pursue extensive synthetic and biological studies, (Section 5.3) to obtain 

simple TAGE 4.21 derivatives through the synthesis of 4,5-disubstituted 2-

aminoimidazole coupled to preliminary biofilm inhibition studies in order to assess their 

biological relevance, (Section 5.4) and to design a route to the synthesis of 2-substituted 

dihydrosventrin 4.30 derivatives in order to determine the relevance of the 2-

aminoimidazole over the imidazole head upon biofilm formation. 

 

5.2 Large Scale-Synthesis of TAGE and CAGE  

 

In order to further investigate the relevance of TAGE 4.21 and CAGE 4.22 upon 

biofilm modulation, extensive biological and synthetic studies were the next objective 

and required a consequent scale-up of TAGE 4.21 and CAGE 4.22 syntheses. Therefore, 

this work is aimed at providing ample amounts of these analogues in order to accomplish 

these fundamental studies. 

 

5.2.1 Relevance and Importance of Large-Scale Synthesis of TAGE and CAGE 

 

The significant inhibitory activities of TAGE 4.21 and CAGE 1.2 upon P. 

aeruginosa strains PA01 and PA14 opened up a plethora of envisioned biological and 

synthetic studies, which required large quantities of TAGE 4.21 and CAGE 4.22. Indeed, 

one of the raised interests was to expand the application of these derivatives to: (1) a vast 
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array of biofilm inhibition studies across multiple bacteria orders, class, and phylum, and 

(2) through the investigation of biofilm dispersion studies upon the same bacteria. 

Another interesting matter was to characterize the biological applicability of the 2-

aminoimidazole derivatives through: (1) biomimetic flow cell assay in order to correlate 

crystal violet (CV) assays established in PVC wells with in vivo conditions, (2) and 

 

Figure 5.2. Relevant inhibitory activities against P. aeruginosa toward the 

development of more advanced derivatives mimicking bromoageliferin scaffold. 
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through refined toxicity studies in order to assess bactericidal activity upon bacteria 

within a biofilm extracellular matrix as well as upon mammalian cell lines. Lastly, 

another intriguing opportunity was to augment TAGE 4.21 and CAGE 4.22 inhibition 

and dispersion activities significantly via the incorporation of brominated pyrroles at the 

amino-termini in correlation with the results obtained from: (1) the oroidin library, which 

reflected the importance brominated (N-methyl)-pyrrole moieties,
2
 (2) and the 

comparative studies of 4,5-substituted TAGE 4.21 and CAGE 4.22 with 4-substituted 

analogue 5.1, which revealed the importance of disubstitution upon inhibition activities 

(Figure 5.2). 
1
 Furthermore, advanced TAGE and CAGE derivatives 5.2-5.4 are a step 

closer to the parent natural product, bromoageliferin 4.20 (Figure 5.2). Therefore, given 

the breadth of biofilm infections and the paucity of molecular architectures, assessing the 

extent of the applicability and relevance of TAGE 4.21 and CAGE 4.22 upon biofilm 

modulation via extensive biological and synthetic studies was fundamental to thwarting 

bacterial resistance and to further elucidate the conundrum behind biofilm formation. In 

order to proceed to these extensive studies,
3
 a multigram scale-up of TAGE 4.21 and 

CAGE 4.22 molecular architectures was indeed an essential prerequisite. 

 

5.2.2 General Synthesis of TAGE and CAGE 

  

The multigram scale-up was based on the work previously reported in our group 

by Robert W. Huigens III, who developed the syntheses of TAGE 4.21 and CAGE 4.22 

during the course of studies toward the total synthesis of ageliferin (Figure 5.3).
1
 The 

generation of these biologically relevant derivatives required arduous efforts due to the 

lengthy syntheses of these molecules. Indeed, the reported syntheses afforded TAGE 4.21 

and CAGE 4.22 in 8 steps with 24% and 18% respective overall yields from the known 

trans- 5.7b and cis- 5.7a diols, which are generated in two high yielding steps (> 95% 

overall yield) as highlighted in Figure 5.3.
1
 Generation of Boc-protected amines 5.8b and 

5.8a are especially critical. From this key intermediate, TAGE 4.21 and CAGE 4.22 can 

be readily available in three steps and as needed for more advanced synthetic and 
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biological studies. Therefore, syntheses of essential Boc-protected amines 5.8b and 5.8a 

were critical for the group impact upon biofilm modulation studies, and the efforts toward 

the scale-up of these synthetic precursors were combined with Robert W. Huigens III. In 

this work, we focused on bringing large amounts of the key intermediate, Boc-protected 

triazides 5.8b and 5.8a precursors, from the corresponding trans- 5.7b and cis- diols 5.7a.  

 

5.2.3 Scale-up of Boc-Protected Amine TAGE and CAGE Precursors from trans- 

and cis- Diols  

 

From the reproducible multigram synthesis of the known trans- and cis-diols (> 

95%), essential TAGE and CAGE Boc-protected amines were generated in the next five 

steps following the reported synthesis.
1
 The scale-up was run on scales of 1-3 grams to 

optimize yields. The first attempt on each reaction was established on 1 gram, and 

gradually scaled up to attain a scale with maximized yield.  The synthesis of CAGE Boc-

protected amine 5.8a began from the cis-diol 5.7a, which upon mesylation with 

methanesulfonyl chloride in methylene chloride and direct azide substitution in 

dimethylformamide at 100 
o
C for 16 hours generated diazide 5.9a in 83% yield (2 gram 

scale). Epoxidation of 5.9a with m-chloroperbenzoic acid in methylene chloride at room 

temperature under dark condition for 24 hours afforded crude epoxydiazide 5.10a. The 

 

Figure 5.3. General TAGE and CAGE syntheses. 
1
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azidoalcohol 5.11a was obtained from the reaction of epoxydiazide 5.10a with a large 

excess of sodium azide in dimethylformamide at 95 
o
C for 16 hours in 76% yield over 

two steps. It is noteworthy to mention that if epoxidation could be further scaled-up, the 

ring opening was favored on a 1 gram due to the large excess of azide required. The 

critical step of this synthesis resided in the Boc-protection of azidoalcohol 5.11a via 

hydrogenation of the triazides in the presence of t-Butyldicarbonate (Boc2O), which 

generated the key intermediate Boc-protected amine 5.8a. Indeed, optimization of this 

step at this advanced stage of the synthesis was essential especially when the reported 

yield was only 71%. Boc-protection was the most successful and convenient for scale-up 

when ran on 3 grams scale, and afforded essential Boc-protected amine 5.8a in 60% 

yield. It is noteworthy to mention the dependence of the Boc-protection step on a 

carefully well-flushed system with hydrogen after its lengthy vacuum absorption and set-

 

Figure 5.4.  Syntheses of Boc-protected amine CAGE and TAGE precursors 

from the respective cis- and trans- diols. 
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up in a dry round bottom flask. Larger scale synthesis of this step reduced the isolated 

yield significantly. Finally, Boc-protected amine 5.8a was recovered in 73% yield over 6 

steps from the known cis-diol 5.7a as summarized in Figure 5.4, which compared to the 

75% overall small scale yield reported is a satisfying scale to yield output. After 

application of the similar synthetic sequence, Boc-protected amine 5.8b was generated 

from the trans-diol 5.7b in 68% overall yield (83% reported overall small scale yield). 

From this substantial scale-up, 23.7 grams and 23.42 grams of the cis-diol 5.7a and trans-

diol 5.7b, were converted to 13.2 grams and 13.4 grams of the essential Boc-protected 

amines 5.8a and 5.8b, respectively. These substantial amounts of Boc-protected amines 

were the foreground to the generation of abundant amounts of TAGE 4.21 and CAGE 

4.22 to proceed to extensive biological and synthetic assays critical for our group input 

on biofilm modulation research. 

 

2.2.4 Novel Route toward the Synthesis of Boc-Protected Amine from Diol 

Precursor 

 

Another route was attempted to minimize the number of steps and to increase 

overall yield as depicted in Figure 5.5. Azide substitution was attempted on epoxydiol 

5.12a in order to only run one azide substitution instead of two as described in the 

 

Figure 5.5. Novel route toward the synthesis of Boc-protected amine precursor. 
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original route. Indeed, epoxidation was run on the diol 5.7a prior to mesylation. This 

would directly generate the azidoalcohol by combining in one step mesylation and azide 

substitution on the epoxydiol. Unfortunately, this methodology generated the 

azidoalcohol 5.11a in only 8% yield only, and thus simplifying the route from six to five 

steps was not successful.  

 

5.2.5 Summary 

 

The arduous scale-up of essential CAGE and TAGE precursors 5.8a and 5.8b in 

five steps from the respective cis- 5.7b and trans- 5.7a diols afforded substantial 

quantities of CAGE 4.21 and TAGE 4.22 with a total 13.2 grams and 13.4 grams 

respectively.
1
 Abundant quantities of these precursors were essential to access a plethora 

of extensive biological and synthetic studies, so far only established with TAGE 4.21.
3
 It 

is noteworthy to highlight the results from these extensive TAGE studies derived from 

the scale-up of TAGE Boc-protected amine 5.8b. Most noticeably TAGE 4.21 revealed 

to be a great P. aeruginosa modulator with inhibition IC50 value of 88 µM against the 

mucoid form PDO300 along with dispersion EC50 values of 82 µM and 114 µM against 

PA01 and PA14 respectively.
3
 Notably, TAGE 4.21 lacked microbicidal activities upon 

bacteria within the biofilm architecture as depicted in Figure 5.6, as well as against 

mammalian cell lines.
3
 Perhaps the most prominent results were inhibition activities 

recorded in the low micromolar range of the advanced TAGE derivatives 5.2-5.4, 

particularly for DibromoTAGE 5.4 against !-proteobacteria P. aeruginosa PA01, PA14, 

and PDO300 (IC50 = 1.77 µM, 12 µM, 2.47 µM), and A. baumannii strain (IC50 = 15.5 

µM).
3
 Despite similar inhibition activities against "-proteobacteria B. bronchiseptica 

RB50 (IC50 = 26.6 µM) and Gram-positive S. aureus strain (IC50 = 14.0 µM), 

DibromoTAGE 5.4 along with the other advanced TAGE derivatives 5.2 and 5.3 carried 

microbicidal activities not observed with the !-proteobacteria.
3
 These advanced 

derivatives confirmed the importance of the dibrominated N-methylpyrrole moiety along 

with the 4,5-disubstitution for inhibition activities.
1, 2

 However, 4,5-disubstitution 
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diminished dispersion activities significantly, hypothetically due to impeded diffusion 

through the biofilm matrix.
3
 Lastly, the biomimetic flow cell studies of TAGE 4.21 

against P. aeruginosa confirmed the accuracy of the CV stain experiment employed in 

our laboratory to establish biofilm modulation activities (Figure 5.6).
3
 In conclusion, 

TAGE 4.21 scale-up generated exceptional biofilm modulators and provided a large 

volume of fundamental biological data in the study of anti-biofilm small molecules and 

 

Figure 5.6. Advanced biofilm studies. (1) Biofilm assay on glass surface in order to 

evaluate the activity of TAGE within the biofilm via confocal microscopy: (A) 

biofilm growth in the absence of TAGE and (B) in the presence of TAGE; Live to 

death cell ratio (green:red) is similar in both instances indicating that TAGE lacks 

microbicidal activity within the biofilm. (2) Biomimetic flow-cell biofilm assay in 

order to evaluate the activity of TAGE under in vivo conditions: the upper panel is 

PA01:gfp biofilm growth without TAGE; Clearly the lower panel indicates significant 

inhibitory activities of TAGE over PA01:gfp biofilms. 
3
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confirmed the importance of TAGE 4.21 as a great platform to construct novel biofilm 

modulators. 

 

5.3 Synthesis of 4,5-Substituted 2-Aminoimidazole Analogues 

  

Along the general approach toward the design of biofilm agents, in this section we 

describe the design of two elemental 2-aminoimidadazole scaffolds, cyclohexylTAGE 

5.13 and the norephedrine 2-aminoimidazole analogue 5.14, derived from TAGE 4.21 in 

order to study the effect of the 4,5-substitution upon biofilm modulation indeed present in 

bromoageliferin 1.20 (Figure 5.7).  

 

5.3.1 Relevance and Importance of 4,5-Substituted 2-Aminoimidazole Analogues 

 

From the previous studies elaborated in our group, we noticed the relevance of the 

4,5-substituted 2-aminoimidazole core structure.
1, 3

 Indeed, increased activities were 

repetitively observed upon disubstitution of the 2-aminoimidazole core as noted when 

going from the 4-substituted 2-aminoimidazole analogue, 2-amino-4-(3-aminopropyl)-

1H-imidazole 5.1, to the 4,5-disubstituted 2-aminoimidazole analogue, TAGE 4.21, as 

well as when going from the 4-substituted 2-aminoimidazole analogue, dihydrosventrin 

 

Figure 5.7.  Simplification of bromoageliferin to simplified 

4,5-substituted 2-aminoimidazole analogues. 
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4.30, to the 4,5-disubstituted 2-aminoimidazole analogue, dibromoTAGE 5.4 (Figure 

5.8).
1, 3

 Thus, we postulated that the presence of a second tail on the pharmacophore head 

may favor binding affinity of the designed molecule with the targeted receptor, and thus 

bias biofilm modulation (Figure 5.9). Furthermore, imidazoles are known to oxidize 

readily, and thus 4,5-substituted analogues would generate more stable analogues for 

biological applications. Therefore, we elected to further elaborate upon the relevance of 

the core 2-aminoimidazole 4,5-disubstitution and the correlation with biofilm modulation 

through the synthesis of simple skeletons derived from the bromoageliferin template 

(Figure 5.7). 

 

 

 

 

Figure 5.8. Relevance of 4,5-substitution on biofilm inhibitory 

activities. 
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 5.3.1.a Significance of Simplified TAGE Structure 

 

Embedded within TAGE 4.21 is the cyclohexyl analogue 5.13 (Figure 5.7). This 

structure is distinguished by its simplicity due to the lack of the amine functionalities on 

the cyclohexyl ring that are essential to derive the bromoageliferin scaffold. This 

simplification of TAGE 4.21 was a great opportunity to assess the importance of the 

branching amines upon biofilm modulation as well as to render TAGE like structures 

synthetically more accessible. This small molecule incorporates two methylene groups at 

C-4 and C-5 of the 2-aminoimidazole core. It is noteworthy to notice that the presence of 

alkyl groups on the key pharmacophore have previously improved binding to the targeted 

receptor in quorum sensing studies with homoserine lactones,
4-6

 and thus we 

hypothesized the similar effect upon alkyl substitution of the 2-aminoimidazole scaffold 

as noticed with some oroidin derivatives.
4
 Therefore, the purpose of designing a basic 

molecule was to generate a facile route to TAGE analogues as well as to evaluate the 

importance of the terminal amines along with the relevance of the 4,5-substitution upon 

biofilm modulation. 

 

 

Figure 5.9. Hypothetical binding of 4,5-substituted 2-aminoimidazole analogues with 

an unknown receptor. 
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 5.3.1.b Significance of Simple Norephedrine 2-Aminoimidazole Analogue 

 

Another intriguing molecule was the norephedrine 2-aminoimidazole analogue 

5.14, which is constituted with methyl and phenyl groups at C-4 and C-5 of the 2-

aminoimidazole scaffold. This small molecule was derived from the TAGE scaffold as a 

counterpart to the 2-aminoimidazole template (Figure 5.7). This design aimed to assess 

the significance of bulky phenyl group and alkyl chain substitutions at C-4 and C-5 of the 

2-aminoimidazole core. As previously, the hydrocarbon functionality of such an alkyl 

chain
4-6

 and/or bulky phenyl group
7-10

 linked to the pharmacophore head of the molecule 

has continuously created more active biofilm modulators. Furthermore, parent 

norephedrine 5.17, also known as phenylpropanolamine, is a drug of the phenethylamine 

family that is well-known for its vast array of biological activities. Therefore, we 

postulated that the addition of this pharmacophore to the elementary 2-aminoimidazole 

template would afford an effective biofilm modulator. 

 

5.3.2 Retrosynthetic Approach toward the Design of 4,5-Substituted 2-

Aminoimidazole Analogues 

 

 Generation of cyclohexylTAGE 5.13 and norephedrine 2-aminoimidazole 

analogue 5.14 was derived from the commercially available !-aminoalcohols: trans-2-

aminocyclohexanol 5.16 and norephedrine 5.17. Indeed, a facile approach to generate 

4,5-substituted 2-aminoimidazoles can be accomplished via the condensation of an !-

aminoketone with cyanamide, which can be accessed from commercially available !-

aminoalcohols as we previously used during the synthesis of TAGE 4.21 (Figure 5.10).
1
 

Boc-protection of the !-aminoalcohols
11

, followed by pyridinium dichromate (PDC) 

oxidation of the alcohol
1
 would provide the required template for critical 2-

aminoimidazole formation (Figure 5.10). 
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5.3.3 Synthesis of Simplified of 4,5-Substituted 2-Aminoimidazole Analogues 

 

5.3.3.a Synthesis of TAGE Structure: Cyclohexyl Analogue 

 

The synthesis began with Boc-protection of trans-2-aminocyclohexanol 5.16 

followed by pyridinium dichromate oxidation (PDC) of the resulting alcohol (Figure 

 

Figure 5.10. Retrosynthesis approach toward the design of 4,5-substituted 2-

aminoimidazole analogues. 

 

Figure 5.11.  Synthesis of cyclohexylTAGE 5.13. 
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5.11). Boc-protection of !-amino alcohols has previously been done via the mild 

Schötten-Baumann conditions including on norephedrine 5.17. The !-amino alcohol 5.16 

was stirred at 0 
o
C with 3.4 equivalences of sodium carbonate in a 4:1 solution of 

acetone/water, followed by dropwise addition of 1.5 equivalences of di-tert-

butyldicarbonate to the cooled mixture. The cold mixture was then brought to reflux for 

40 minutes, which provided protected amine 5.18 in 92% yield. Oxidation of 5.18 was 

accomplished under PDC oxidation conditions as previously reported in the TAGE 

synthesis to afford the desired Boc-protected !-aminoketone 5.19 in 86 % yield. After 

standard TFA Boc-deprotection, formation of the 2-aminoimidazole moiety was 

accomplished via condensation of !-aminoketone 5.19 with cyanamide at 95 
o
C under pH 

controlled conditions of 4.3. A thorough ether wash was sufficient to remove impurities, 

and afforded cyclohexylTAGE 5.13 in 73 % yield as depicted in Figure 5.11. 

 

5.3.3.b Synthesis of Norephedrine 2-Aminoimidazole Analogue 

 

 The synthesis of norephedrine 2-aminoimidazole analogue 5.14 originated from 

commercially available norephedrine 5.17, and followed the same synthetic route as the 

 

Figure 5.12.  Synthesis of norephedrine 2-aminoimidazole analogue 5.14. 
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formation of cyclohexylTAGE 5.13 from trans-2-aminocyclohexanol 5.16 previously 

described. Boc-protected norephedrine 5.20 was obtained under the Schötten-Baumann 

condition in 79%. PDC oxidation of Boc-protected !-aminoalcohol 5.20 generated Boc-

protected !-aminoketone 5.21 in 89%, and was then deprotected under TFA conditions 

prior to condensation of the !-aminoketone with cyanamide. Norephedrine 2-

aminoimidazole derivative 5.14 was obtained after a thorough ether wash followed by 

flash chromatography in 72% yield (Figure 5.12). 

 

5.3.4 Biofilm Preliminary Studies of Norephedrine 2-Aminoimidazole Analogue 

 

Norephedrine 2-AI analogue 2.14 inhibition activities were evaluated against two 

bacterium genera originating from distinct bacterial orders and classes: (1) Pseudomonas 

Aeruginosa, a "-proteobacteria, strains PA01 and PA14; (2) Acinetobacter baumannii, a 

"-proteobacteria. The inhibition assays were screened as depicted in Appendix 1 (A.1.1) 

over a broad range of concentrations.
1
 Indeed, rather than setting up assay screens over 

10 – 400 µL as commonly reported in the group, we decided to use serial dilutions of a 

factor of 2 to 1.5 over 10 - 1800 µM in order to consistently generate a wide set of data. 

This enabled us to efficiently create data sets directly fitting the sigmoidal function model 

employed to derive the dose-response curve with a minimal set of errors. From this data 

plot, we derived the IC50 values, or the concentration at which a compound inhibits 50% 

of biofilm formation, of norephedrine 2-aminoimidazole analogue 5.14 for each strain. 

After multiple screen replicates, three preliminary dose-response curves along with their 

corresponding IC50 values were derived for each bacterial strain with norephedrine 2-AI 

analogue 2.14 as depicted in Figures 5.13-5.15.  

 

5.3.4.a !-proteobacteria: Acinetobacter baumannii   

 

The dose-response curve depicted in Figure 5.13 of Acinetobacter baumannii 

strain showed significant inhibition with ~ 30 % inhibition between 50-100 µM. 
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However, from 200 µM up to 800 µM the % inhibition never surpassed 40-45%. Beyond 

800 µM, norephedrine 2-aminoimidazole analogue 5.14 inhibition jumped to > 95%. 

Thus, we were not able to assess the exact IC50 of this compound. However, the recorded 

activity of 30% inhibition between 50-100 µM is attractive especially when compared to 

the dihydrosventrin 4.30 IC50 value of 110 µM,
12

 and to BromoTAGE 5.3 IC50 value of 

108 µM. 
3
 Despite being less effective than dibromoTAGE 5.4 and triazole 2-

aminoimidazole derivative 4.36 with respective IC50 values of 15.5 µM
3
 of 0.98 µM,

13
 

norephedrine 2-aminoimidazole 5.14 emerges as an effective A. baumannii biofilm 

inhibitor. Furthermore, this study revealed that the 4,5-disubstitution of the 2-

aminoimidazole head with hydrocarbon tails is not an impediment to inhibitory activities. 

Therefore, 4,5-disubstitution with alkyl groups arises as an effective route toward the 

design of A. baumannii anti-biofilm inhibitory agents. 

 

 

 

Figure 5.13. Dose-response curve for norephedrine 2-aminoimidazole 2.14 

against A. baumannii. 



 96 

 

5.3.4.b !-proteobacteria: Pseudomonas aeruginosa (PA01 and PA14) 

 

Preliminary dose-response curves depicted in Figures 2.14 and 2.15 of P. 

aeruginosa strains PA01 and PA14 exhibited no significant inhibitory activities. Indeed, 

the IC50 values were recorded at about 400 µM and >> 500 µM for PA14 and PA01 

respectively with about 20% inhibition at 225 µM. Thus, appreciable activities were 

noted, and further SAR can be developed upon this skeleton. We noted that the 

substituted chain did not favor binding with the receptor, and thus we hypothesized on 

the importance of longer acyl chain substitution.  Further studies would be needed to 

evaluate the effect of 4,5-substitution with longer acyl chain lengths. 

 

 

 

 
Figure 5.14. Dose-response curve for norephedrine 2-aminoimidazole 2.14 

against P.aeruginosa PA01. 
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5.3.5 Summary 

 

 The bromoageliferin scaffold was trimmed down to its elemental core structure: a 2-

aminoimidazole unit with two simple hydrocarbon substitutions at C-4 and C-5. This 

simplicity in the structure facilitated the synthesis of 4,5-substituted 2-aminoimidazole. In 

comparison to the tedious ten step TAGE synthesis, the cyclohexylTAGE 5.13 analogue 

was synthesized in four high yielding steps. To date, inhibition activities were only 

determined for the norephedrine 2-aminoimidazole 5.14, which showed appreciable 

inhibition activities against P. aeruginosa, and emerged most significantly as an effective 

A. baumannii inhibitor with 30% inhibition between 50-100 µM.  Despite never reaching 

inhibition values of 40-45% at 800 µM, the norephedrine 2-aminoimidazole analogue 

5.14 inhibition activities upon A. baumannii are encouraging to further develop 4,5-

substitution with longer alkyl side chains. Furthermore, the results from the P. 

aeruginosa inhibition assays raised the hypothesis that the alkyl chain was too short or 

 

Figure 5.15. Dose-response curve for norephedrine 2-aminoimidazole 5.14 

against P.aeruginosa PA14. 
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that a longer spacer between the 2-aminoimidazole was needed. Therefore, further 

developing an alkyl substitution at positions C-4 and C-5 may reveal significant biofilm 

inhibitors, as well as further insights into the mechanism behind biofilm formation. 

 

5.4 Synthesis of Dihydrosventrin Analogues 

 

To further investigate biofilm modulation with oroidin derivatives and to 

determine the relevance of the 2-aminoimidazole head over a 2-R-substituted imidazole 

ring, we developed an approach toward the development of a 2-substituted 

dihydrosventrin (DHS) library (Figure 5.16).  

 

5.4.1 Importance and Relevance of 2-Substituted Imidazole Derivatives 

 

The idea of a 2-substituted dihydrosventrin library was once more derived from 

the parent bromoageliferin (Figure 5.16). Biological evaluation of the 50-membered 

oroidin library developed by Justin J. Richards unveiled that dihydrosventrin 4.30 was the 

first small molecule reported to inhibit and disperse biofilm across bacterial orders as 

mentioned in Chapter 4, Section 4.3.3.a.
2, 12

 These significant biological results reflected 

the importance of having a dibrominated N-methylatedpyrrole tail compared to the 

 

Figure 5.16. 2-Substituted dihydrosventrin analogues from bromoageliferin. 
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propylamine one of 2-amino-4-(3-aminopropyl)-1H-imidazole 5.1.
2
 Furthermore, 

acylation of TAGE with the dibrominated pyrrole moiety confirmed the importance of 

brominated pyrroles for increased biofilm modulation activities.
3
 Thus, we were intrigued 

by the relevance of the 2-aminoimidazole head over a R-substituted-imidazole moiety 

upon biofilm modulation as depicted in Figure 5.17, with the possibility of R to 

incorporate the key elemental structures previously noted from C-4 substitution, which 

would include a long carbon chain, a triazole or a pyrrole moiety.
2, 4, 12, 13

 Therefore, C-2 

substitution with a variety of R-groups from commercially available amines would 

provide relevant SAR insight upon the importance of the 2-aminoimidazole core 

pharmacophore. 

  

5.4.2  Retrosynthetic Approach toward the Design of 2-Substituted 

Dihydrosventrin Analogues 

 

Investigation of the 2-substituted dihydrosventrin library was pursued following 

the retrosynthetic scheme depicted in Figure 5.18. Substitution with amines was 

hypothesized to be feasible upon chlorination of the known imidazolone 5.25.
14

 The 

chloroimidazole 5.24 generated is expected to be very reactive and to rapidly undergo 

substitution with primary and secondary amines to form upon acylation with 

Figure 2.17.  2-Substituted dihydrosventrin analogues from bromoageliferin.  

Figure 5.17. Hypothetical interactions of a 2-substituted dihydrosventrin analogue with a target 

receptor. 
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dibrominated N-methylpyrrole the desired 2-substituted analogues of the general 

structure 5.22. 

 

5.4.3  Synthesis of Key Imidazolone Intermediate 

 

5.4.3.a The Akabori Reduction 

 

The synthesis began with the formation of imidazolone 5.25 via the Akabori 

reaction most recently reported by Horne et al.
15

 The Akabori process is a well-

established procedure to form important imidazole intermediates when combined with a 

cyanate agent (Figure 5.19).
15-19

 Despite being well documented by Horne et al., 

synthesis of imidazolone 5.25 proved to be problematic. This obstacle required numerous 

trials to overcome the encountered limitations prior to acceptable reproduction in our 

laboratory. We first followed the Horne et al. methodology to acquire imidazolone 5.25, 

which includes the Akabori process to form the corresponding aldehyde prior to cyanate 

condensation to generate the desired imidazolone 5.25 (Figure 5.20). 
15

 

 

 

 

Figure 5.18. Retrosynthetic approach toward the design of 2-Substituted 

dihydrosventrin analogues. 
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5.4.3.b General Synthesis Approach 

 

The synthesis started from the ornithine methyl ester 5.26 on a 10 gram scale 

compared to the 20 gram scale reported, which was converted to the corresponding 

aldehyde via the Akabori process followed by condensation of the formed aldehyde with 

potassium cyanate to yield the desired imidazolone 5.25 (Figure 2.20).
15

 The Akabori 

process proceeded by progressive addition of 5% Na(Hg) to aqueous methyl ester 5.26 

solution at a pH between 1.2-1.5 and a temperature of 0 to 10 
o
C. However, addition of 

5% Na(Hg) correlated with an uncontrollable pH varying from 0 to 6, which required 

addition of either NaOH or HCl. Despite averaging 1.4, the pH range was never 

stabilized in this region throughout the addition of the amalgam, and temperature 

maintenance at 5 
o
C was challenging due to the large exothermic effect. After completion 

 

Figure 2.19. Relevant imidazole intermediates via the Akabori reaction 

followed by condensation of generated aldehyde with the appropriate 

cyanate reagent. 

 

Figure 5.20. Synthesis of imidazolone 5.25. 
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of the Akabori process the pH stabilized at 0.6, and addition of potassium cyanate raised 

the pH to 4. Thus, addition of HCl was necessary instead of the reported aqueous sodium 

hydroxide in order to stabilize the pH at 3.5 for condensation with potassium cyanate.
15

 

After consecutive ethanol washes as well as flash chromatography employing methanol 

saturated with ammonia, we were never successful at recovering a pure product. In fact, 

initial endeavors in the laboratory on the reported 20 g scale continuously failed. Thus, 

we had to solve the issues encountered while synthesizing imidazolone 5.25. 

 

5.4.3.c Important Imidazolone Synthetic Notes 

 

During the course of the synthesis, we noted the importance of pH conditions, 

temperature, scale, addition of sodium amalgam, and purification. Essentially all factors 

revolved around the ability to control pH conditions effectively. First, we changed the 

amalgam composition to 10% Na(Hg) instead of 5% Na(Hg). In fact, 10% Na(Hg) is 

commonly used for the Akabori process.
12, 19

 The pH and general reaction conditions 

were monitored more easily. The pH still jumped outside the range from 0.5 to 2.5, but 

averaged and stabilized at 1.5.  We thought a smaller scale would favor the control of pH 

further. We tried 5 grams and eventually 2.5 grams, which yielded the best results with 

the most consistency. Furthermore, addition of the amalgam had to be meticulous via 

progressive and constant addition of small pieces of freshly prepared sodium amalgam 

accompanied with dropwise addition of concentrated HCl to maintain pH between 1.2 

and 1.5. Large pieces would cause a sudden increase of pH, which then engendered 

uncontrollable conditions including a large exothermic effect. Maintaining temperature 

between 0 to 10 
o
C was essential, and represented yet another reason why we felt that 

running the reaction on a small scale was more appropriate in order to minimize the 

exothermic effect and measure each factor appropriately. Once crude product was 

obtained, purification represented another delicate operation. Simple washes only 

removed inorganic impurities, and never afforded pure product despite the Horne et al. 

report of the isolation of pure imidazolone 5.25 after continuous ethanol washes.
15

 In fact, 
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our recovered crude product appeared brown and gooey rather than light yellow as 

reported by Horne et al.
15

 It is noteworthy to point out that immediate purification of the 

crude product led to better yield and minimized side product formation and product 

degradation. The imidazolone 5.25 was recovered in a not impressive 27% yield 

compared to the 60% reported by Horne et al,
15

 but this result was satisfactory to test our 

approach toward the development of a 2-substituted dihydrosventrin library. 

 

5.4.4 Preliminary Attempt at Chlorination of Imidazolone  

 

The next challenge was now the chlorination of C-2 and subsequently its 

activation for SNAR susbtitution with primary and secondary commercially available 

amines (Figure 5.21).  

 

5.4.4.a Protection of Imidazolone Side-Chain 

 

First, protection of the propylamine side chain was necessary to prevent 

intramolecular reaction with the formed 2-chloro intermediate. We decided to Boc-

protect the side chain via the Schötten-Baumann conditions (Figure 5.21).
11

 The 

imidazolone 5.25 was stirred at 0 
o
C with 3.4 equivalents of sodium carbonate in a 4:1 

solution of acetone/water, followed by the dropwise addition of 1.5 equivalents of di-tert-

 

Figure 5.21. Attempted synthetic route toward chlorination of imidazolone 5.25.  
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butyldicarbonate to the cooled mixture. The cold mixture was then brought to reflux for 1 

hour, which provided protected imidazolone 5.29 in 50% yield. The conditions were not 

optimized since we collected enough material to proceed to the critical chlorination step. 

 

5.4.4.b Formation of 2-Chloroimidazole Intermediate 

 

Chlorination of imidazolone 2.25 has previously been established by Ognyanov et 

al. on a benzylimidazolone using phosphorus oxychloride under neat conditions at 95 
o
C 

for 16 hours.
14

 After preliminary attempts on a 100 mg scale, unprotected imidazolone 

5.25 was recovered after following the reported work-up procedure.
14

 We hypothesized 

that chlorination never occurred, or that the ethyl acetate work-up might have favored 

formation of imidazolone 5.25 over the highly reactive imidoyl chloride 5.30 

intermediate. Furthermore, due to the harsh conditions employed, Boc-protection of the 

propylamine side chain appeared to be unworthy. Since phosphorus oxychloride 

chlorination was the only procedure reported,
19

 we decided to attempt SNAR substitution 

in situ under limited reaction time in order to limit the system exposure to harsh 

conditions (Figure 5.21). Thus, neat chlorination was attempted at reflux with two 

equivalents of methylamine, and attentively monitored by TLC to reduce reaction time. 

However, we never isolated any 5.31 as product. We hypothesized that perhaps 

chlorination never occurred, or that the SNAR was not favored. These conditions can 

certainly be improved using a non-acid labile protecting group along with multiple in situ 

conditions. Furthermore, more mild conditions via dilution using benzene might also be 

favored on our system. Lastly, since imidazolone 5.25 is fairly difficult to obtain, running 

trial conditions on 4,5-disustituted commercially available imidazolone may be helpful. 

 

5.4.5 Summary 

 

The design of a 2-substituted dihydrosventrin library was revealed to be quite 

challenging. To date there are still impediments to overcome prior the formation of the 2-
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substituted library. Despite being previously reported by Horne et al.,
15

 successful 

imidazolone synthesis was for the first time accomplished in our group, and opened the 

accessibility to chlorination of C-2 as well as subsequent SNAR substitution with 

commercially available primary and secondary amines. Nevertheless, the chloroimidazole 

intermediate was never isolated, and in situ substitution with a simple primary amine was 

unsuccessful. The development of a successful procedure is still of much interest due to 

its relevance toward biofilm modulation studies in order to assess the importance of a 2-

aminoimidazole core motif over other substituted 2-imidazoles. Further synthetic 

approaches could be exploited on a commercially available 4,5-disubstituted imidazolone 

in order to limit the use of key imidazolone intermediate 5.25. Therefore, the design of a 

2-substituted dihydrosventrin library remains abstruse, but intriguing. 
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CHAPTER 6  

Biofilm Modulation Experimental Section 

 

 

6.1 Chemistry  

 

6.1.1 General Techniques 

 

All 
1
H NMR (400 MHz or 300 MHz) spectra were recorded at 25 

o
C on a Variant 

Mercury spectrometer. Chemical shifts (!) are given in ppm relative to tetramethylsilane 

or the respective NMR solvent; coupling constants (J) are in hertz (Hz). Abbreviations 

used are s = singlet, bs = broad singlet, d = doublet, dd = doublet of doublets, t = triplet, 

dt = doublet of triplets, bt = broad triplet, qt = quartet, m = multiplet, bm = broad 

multiplet, and br = broad. Silica gel (40 uM average particle size) was used for column 

chromatography. All reagents were used without further purification from commercial 

sources unless otherwise noted. 

 

6.1.2 CAGE Synthesis 

 

Synthesis of diazide 5.9a from diol 5.7a. Methanesulfonyl chloride (2.9 mL, 37.5 

mmol) was added dropwise to a stirred solution of the diol (2.0 g, mmol) and 

triethylamine (5.8 mL, 37.5 13.97 mmol) in anhydrous dichloromethane (30 mL) at -78 

o
C for 30 minutes. The reaction was then allowed to warm to room temperature over 2 

hours. Brine was then added to quench the reaction. The reaction mixture was partitioned 

in a separatory funnel and the organic layer collected. The organic layer was then dried 

over sodium sulfate, filtered, and concentrated under reduced pressure to afford crude 

mesylate. To the crude mesylate was added N,N-dimethylformamide (40 mL) and sodium 

azide (3.9 g, 60 mmol, 6eq). The mixture was heated at 100 
o
C for 20 hours, and then 

allowed to cool to room temperature. The cool mixture was transferred into a separatory 
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funnel with brine. Ethyl acetate was then added, and the organic layer was washed five 

times with brine. The organic layer was dried over sodium sulfate, filtered, and 

concentrated under reduced pressure to afford crude diazide 5.9a. The diazide was further 

purified by flash column chromatography (100:0, 97:3, 95:5, 92:8 / hexanes:ethyl acetate) 

to give 2.23 g (83% yield) of diazide 5.9a as a colorless oil. 
1
H NMR (400 MHz, CDCl3) 

! 5.63 (t, 2H, J 1.4 Hz), ! 3.34 (m, 2H), ! 3.24 (m, 2H), ! 2.20-2.10 (m, 4H), ! 1.91 (m, 

2H) ppm. 

 

Synthesis of epoxide 5.10a from diazide 5.9a. meta-chloroperoxybenzoic acid (2.6 g, 

11.60 mmol at 77% purity) was added to a solution of pure diazide 5.9a (2.23 g, 11.62 

mmol) in dichloromethane (65 mL) and was allowed to stir in the absence of ambient 

light for 17 hours. The reaction was quenched with saturated sodium bicarbonate and 

transferred in a separatory funnel. The organic layer was removed, dried over sodium 

sulfate, filtered, and concentrated under reduced pressure to afford crude epoxide 5.10a. 

Pure yield was reported to be 88% after flash chromatography (9:1, 7:1, 5:1, 3:1 / 

hexane:ethyl acetate). 
1
H NMR (300 MHz, CDCl3) ! 3.30 (m, 2H), ! 3.15 (m, 4H), ! 

2.04-1.89 (m, 4H), ! 1.79 (m, 2H) ppm. 

 

Synthesis of azidoalcohol 5.11a from epoxide 5.10a. Sodium azide (6.6 g, mmol) was 

added to a solution of the crude epoxide (< 11.60 mmol) in N,N-dimethylformamide (60 

mL). The reaction was heated to 105 
o
C for 24 hours. Upon completion, brine was added 

to the reaction mixture and transferred into a separatory funnel. Ethyl acetate was added 

to the separatory funnel and the aqueous layer was removed. The organic layer was 

washed five times with brine, dried over sodium sulfate, filtered, and concentrated under 

reduced pressure. Flash chromatography (9:1, 7:1, 5:1, 3:1, 1:1 / hexane:ethyl acetate) 

afforded 2.2 g of pure azidoalcohol 5.11a in 76% yield as a light yellow oil. . 
1
H NMR 

(300 MHz, CDCl3) ! 3.54 (m, 1H), ! 3.38-3.19 (m, 5H), ! 2.61 (bs, 1H), ! 2.12 (m, 2H), 

! 2.01-1.88 (m, 2H), ! 1.46 (dt, 1H, J 9.0 Hz and 4.8 Hz), ! 1.31 (m, 1H) ppm. 
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Synthesis of boc-protected aminoalcohol 5.8a from azidoalcohol 5.11a. The 

azidoalcohol (2.2 g, 8.77 mmol) and di-tert-butyl dicarbonate (7.92 g, 36.34 mmol) were 

mixed together in 40 mL N,N-dimethylformamide under an argon atmosphere. This 

solution was then transferred by syringe dropwise into another dried round bottom flask 

containing 10% Pd-C (mg) in 70 mL of N,N-dimethylformamide that was completely 

saturated with a hydrogen atmosphere for ~ 1 hour prior addition. The reaction was 

allowed to stir for a minimum of 48 hours under balloon pressure. The reaction mixture 

was then filtered gently through a thin pad of celite, and washed carefully with ethyl 

acetate. The solution was then transferred into a separatory funnel and brine was added. 

The organic layer was collected, filtered, dried over sodium sulfate, and concentrated 

under reduced pressure. Flash chromatography (8:1, 5:1, 3:1, 1:1, 1:2 / hexane:ethyl 

acetate) afforded 2.49 g of pure boc-protected aminoalcohol 5.8a in 60% yield as a white 

foam. 
1
H NMR (300 MHz, CDCl3) ! 5.38 (bd, 1H), ! 4.94 (bm, 1H), ! 3.63-3.35 (m, 2H), 

! 3.29-2.91 (m, 6H), ! 2.24-1.81 (m, 5H), ! 1.47-1.21 (s, 27H) ppm. 

 

6.1.3  TAGE Synthesis 

 

Synthesis of diazide 5.9b from diol 5.7b. Methanesulfonyl chloride (2.85 mL, 37 mmol) 

was added dropwise to a stirred solution of the diol (1.9 g, 13.36 mmol) and triethylamine 

(5.7 mL, 37 mmol) in anhydrous dichloromethane (20.9 mL) at -78 
o
C for 30 minutes. 

The reaction was then allowed to warm to room temperature over 2 hours. Brine was then 

added to quench the reaction. The reaction mixture was partitioned in a separatory funnel 

and the organic layer collected. The organic layer was then dried over sodium sulfate, 

filtered, and concentrated under reduced pressure to afford crude mesylate. To the crude 

mesylate was added N,N-dimethylformamide (34.2 mL) and sodium azide (3.8 g, 58 

mmol, 6 eq). The mixture was heated at 100 
o
C for 20 hours, and then allowed to cool to 

room temperature. The cool mixture was transferred into a separatory funnel with brine. 

Ethyl acetate was then added, and the organic layer was washed five times with brine. 

The organic layer was dried over sodium sulfate, filtered, and concentrated under reduced 
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pressure to afford crude diazide 5.9b. The diazide was further purified by flash column 

chromatography (8:1 / hexanes:ethyl acetate) to give 2.05 g (80% yield) of the diazide as 

a colorless oil. 
1
H NMR (300 MHz, CDCl3) ! 5.63 (t, 2H, J 1.1 Hz), ! 3.38 (d, 4H, J 4.8 

Hz), ! 2.16 (m, 2H), ! 1.96 (m, 4H) ppm. 

 

Synthesis of epoxide 5.10b from diazide 5.9b. meta-chloroperoxybenzoic acid 1.67 g, 

9.69 mmol at 77% purity) was added to a solution of pure diazide # (1.43 g, 7.46 mmol) 

in dichloromethane (45 mL) and was allowed to stir in the absence of ambient light for 17 

hours. The reaction was quenched with saturated sodium bicarbonate and transferred in a 

separatory funnel. The organic layer was removed, dried over sodium sulfate, filtered, 

and concentrated under reduced pressure to afford crude epoxide 5.9b. [Pure yield was 

reported to be 88% after flash chromatography (9:1, 7:1, 5:1, 3:1 / hexane:ethyl acetate). 

1
H NMR (300 MHz, CDCl3) ! 3.45-3.35 (m, 2H), ! 3.34-3.29 (m, 2H), ! 3.26-3.17 (m, 

2H), ! 2.19-2.07 (m, 2H), ! 1.84-1.73 (m, 3H), ! 1.58 (m, 1H) ppm.] 

 

Synthesis of azidoalcohol 5.11b from crude epoxide 5.10b. The crude epoxide was 

divided into to different batches. Sodium azide (3.9 g, 60.17 mmol) was added to a 

solution of the crude epoxide (< 26.36 mmol) in N,N-dimethylformamide (40 mL). The 

reaction was heated to 105 
o
C for 24 hours. Upon completion, brine was added to the 

reaction mixture and transferred into a separatory funnel. Ethyl acetate was added to the 

separatory funnel and the aqueous layer was removed. The organic layer was washed five 

times with brine, dried over sodium sulfate, filtered, and concentrated under reduced 

pressure. Flash chromatography (9:1, 7:1, 5:1, 3:1, 1:1 / hexane:ethyl acetate) afforded 

5.41 g of pure azidoalcohol 5.11b in 62% yield as a light yellow oil. . 
1
H NMR (300 

MHz, CDCl3) ! 3.91 (qt, 1H, J 3.9 Hz), ! 3.71 (dd, 1H, J 4.5Hz and 3.6 Hz), ! 3.47-3.34 

(m, 4H), ! 2.09-1.59 (m, 6H) ppm. 

 

Synthesis of Boc-protected aminoalcohol 5.8b from azidoalcohol 5.11b. The 

azidoalcohol (2.75 g, 11.01 mmol) and di-tert-butyl dicarbonate (7.48 g, 34.32 mmol) 
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were mixed together in 80 mL N,N-dimethylformamide under an argon atmosphere. This 

solution was then transferred by syringe dropwise into another dried round bottom flask 

containing 10% Pd-C (670 mg) in 80 mL of N,N-dimethylformamide that was completely 

saturated with a hydrogen atmosphere for ~ 1 hour prior addition. The reaction was 

allowed to stir for a minimum of 48 hours under balloon pressure. The reaction mixture 

was then filtered gently through a thin pad of celite, and washed carefully with ethyl 

acetate. The solution was then transferred into a separatory funnel and brine was added. 

The organic layer was collected, filtered, dried over sodium sulfate, and concentrated 

under reduced pressure. Flash chromatography (8:1, 5:1, 3:1, 1:1, 1:2 / hexane:ethyl 

acetate) afforded 3.2 g of pure boc-protected aminoalcohol 5.8a in 62% yield as a white 

foam. 
1
H NMR (300 MHz, CDCl3) ! 5.21-4.87 (bm, 3H), ! 3.69 (bs, 1H), ! 3.55 (bs, 1H), 

! 3.31-2.95 (m, 4H), ! 2.47 (bs, 1H), ! 2.06 (bt, 1H) , ! 1.81 (bm, 1H), ! 1.76 (bm, 2H), ! 

1.51-1.41 (bs, 29H) ppm. 

 

6.1.4 Synthesis of TAGE Cyclohexyl Analogue  

 

Synthesis of Boc-Protected trans-2-Aminocyclohexanol 5.18. Two solutions 1 and 2 

were prepared separately: solution 1 was prepared with trans-2-aminocyclohexanol 2.16 

(1.0 g, 6.60 mmol) dissolved in 20 mL of acetone, and solution 2 was prepared with 

sodium carbonate (2.4 g, 22.6 mmol, 3.44 eq) in 10 mL of H2O. Solution 1 and 2 were 

mixed together under nitrogen atmosphere at ambient temperature and then cooled to 0 

o
C. di-tert-butyl dicarbonate (2.2 g, 9.9 mmol, 1.5eq) was then added dropwise to the 

cooled mixture, and let stirred under nitrogen for 10 minutes. The reaction mixture was 

then brought to reflux for 40 minutes. Once cooled at room temperature, the reaction 

mixture was filtered through a thin pad of celite, quenched with H2O, transferred into a 

separatory funnel,and extracted with dichloromethane. The organic layer was collected, 

dried over sodium sulfate, and concentrated under reduced pressure. Flash 

chromatography (1:0, 4:1, 3:1, 2:1, 1.5:1, 1:1, 0:1 / hexane: ethyl acetate) afforded 1.7 g 

of pure boc-protected aminoalcohol 5.18 in 92% yield as a white foam. 
1
H NMR (300 
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MHz, CDCl3) ! 4.60-4.49 (bd, 1H), ! 3.28-3.19 (m, 3H), ! 2.08-1.93 (m, 2H), ! 1.73-1.63 

(q, 2H), ! 2.42 (s, 9H), ! 1.39-1.25 (bm, 4H) ppm. 

 

Synthesis of Boc-Protected Aminocyclohexanone 5.19. Pyridinium dichromate (2.76 g, 

12.8 mmol) was added to a stirred solution of the boc-protected aminocyclohexanol 5.18 

(425 mg, 2.13 mmol) in 14.9 mL dimethylsulfoxide, and the reaction was let stirred at 

room temperature for 24 hours. The reaction mixture was then filtered through a plug of 

silica gel and washed with a 1:1 mixture of hexanes:ethyl acetate. The solvent was then 

evaporated and the crude ketone was purified by flash column chromatography (8:1, 6:1, 

4:1, 2:1, 1:1, 1:3 / hexanes:ethyl acetate) to afford 0.350 mg of Boc-protected 

aminocyclohexanone 5.19 in 86% yield. 
1
H NMR (300 MHz, CDCl3) ! 5.46 (bs, 1H), ! 

4.23-4.15 (t, 1H), ! 2.58-2.46 (m, 2H), ! 2.45-2.28 (m, 1H), ! 2.12-2.04 (m, 1H), ! 1.56-

1.50 (bm, 4H), ! 1.40 (s, 9H) ppm. 

 

Synthesis of Cyclohexyl TAGE 5.13. Trifluoroacetic acid (6 mL) was added dropwise to 

a stirred solution of ketone 5.19 (1.0 g, 4.69 mmol) in dichloromethane (18 mL) at 0 
o
C. 

The reaction was stirred at 0 
o
C for 3 hours, and then let warmed up to room temperature 

for 30 minutes. The reaction mixture was then concentrated under reduced pressure upon 

which 25 mL of cold methanol saturated with HCl was added. The methanol was 

evaporated under reduced pressure to yield the desired HCl salt. The reaction mixture 

was then separated in two batchs. To one batch, the HCl salt was dissolved in 30 mL of 

H2O and cyanamide (984 mg, 23.4 mmol, 10 eq) was added. The pH was then adjusted to 

4.3 with 10% NaOH and heated to 95 
o
C for 3 hours. The reaction mixture was let cool to 

room temperature and concentrated under reduced pressure. The residual water was 

azeotropically distilled with ethanol, and the resulting residue was washed multiple times 

with ether. The precipitate (e.g. impurity) was filtered slowly in a fine Büchner fritted 

flask and the resulting ether wash was concentrated under reduced pressure to yield pure 

cyclohexylTAGE 5.13 802 g, 83 %. Note: the pure product was saved as the free base. 
1
H 

NMR (300 MHz, DMSO) ! 2.34 (t, 4H), ! 1.69 (t, 4H) ppm. 
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6.1.5 Synthesis of Norephedrine 2-Aminoimidazole Analogue 

 

Synthesis of Boc-Protected Norephedrine 5.20. Two solutions 1 and 2 were prepared 

separately: solution 1 was prepared with norephedrine 5.17 (1.0 g, 6.53 mmol at 99% 

purity) dissolved in 20 mL of acetone, and solution 2 was prepared with sodium 

carbonate (2.4 g, 22.6 mmol, 3.44 eq) in 10 mL of H2O. Solution 1 and 2 were mixed 

together under nitrogen at ambient temperature and then cooled to 0 
o
C. di-tert-butyl 

dicarbonate (2.14 g, 9.63 mmol, 1.5 eq) was then added dropwise to the cooled mixture, 

and let stirred under nitrogen for 10 minutes. The reaction mixture was then brought to 

reflux for 1 hour. Once cooled at room temperature, the reaction mixture was filtered 

through a thin pad of celite, quenched with H2O, transferred into a separatory funnel, and 

extracted with dichloromethane. The organic layer was collected, dried over sodium 

sulfate, and concentrated under reduced pressure. Crystallization of the crude product in 

diethyl ether and cold hexanes afforded 1.23 g of pure boc-protected norephedrine 5.20 in 

79 % yield. 
1
H NMR (300 MHz, CDCl3) ! 7.31 (s, 5H), ! 4.85 (d, 1H), ! 4.61 (bs, 1H), ! 

4.18-3.80 (m, 1H), ! 3.12 (bs, 1H), ! 1.44 (s, 9H), ! 0.97 (d, 3H) ppm.  

 

Synthesis of Boc-Protected Ketone 5.21. Pyridinium dichromate (2.20 g, 10.2 mmol) 

was added to a stirred solution of the boc-protected aminocyclohexanol 5.20 (400 mg, 1.7 

mmol) in 11.8 mL anhydrous dimethylsulfoxide, and the reaction was let stirred at room 

temperature for 24 hours. The reaction mixture was then filtered through a plug of silica 

gel and washed with a 1:1 mixture of hexanes: ethyl acetate. The solvent was then 

evaporated and the crude boc-protected ketone was purified by flash column 

chromatography (1:0, 9.5:1, 9:1, 8:1, 7:1, 6:1 / hexanes: ethyl acetate) to afford 0.350 mg 

of Boc-protected ketone 5.21 in 89 % yield. 
1
H NMR (300 MHz, CDCl3) ! 7.97 (d, 2H), 

! 7.60-7.46 (dt, 3H), ! 5.32-5.23 (q, 1H), ! 1.43 (s, 9H), ! 1.39-1.36 (d, 3H) ppm. 
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Synthesis of Norephedrine 2-AI Analogue 5.14. Trifluoroacetic acid (12 mL) was 

added dropwise to a stirred solution of boc-protected ketone 5.21 (950 mg, 4.0 mmol) in 

dichloromethane (36 mL) at 0 
o
C. The reaction was stirred at 0 

o
C for 3.5 hours, and then 

let warmed up to room temperature for 30 minutes. The reaction mixture was then 

concentrated under reduced pressure upon which 50 mL of cold methanol saturated with 

HCl was added. The methanol was evaporated under reduced pressure to yield the desired 

HCl salt of the deprotected ketone as a white/pale yellow solid.  The reaction mixture was 

then separated in two batches. To one batch, the HCl salt was dissolved in 30 mL of H2O 

and cyanamide (878 mg, 20.9 mmol, 10 eq) was added. The pH was then adjusted to 4.3 

with 10% NaOH and heated to 95 
o
C for 3 hours. The reaction mixture was let cool to 

room temperature and concentrated under reduced pressure. The residual water was 

azeotropically distilled with ethanol, and the resulting residue was washed multiple times 

with ether. After the first flash chromatography (95:5, 90:10, 85:15, 80:10, 70:30 / 

hexanes: ethyl acetate), the product still contained impurities and was run through a 

second flash chromatography (95:5, 90:10, 85:15 / hexanes: ethyl acetate) to afford the 

781 mg pure product 5.14 in 81 %. Note: The free base was converted to the HCl salt 

after addition of 30 mL of cold methanol saturated with HCl and concentration under 

reduced pressure. 
1
H NMR (300 MHz, DMSO) ! 7.50-7.42 (st, 4H), ! 7.33 (t, 1H), ! 2.25 

(s, 3H) ppm. 

 

6.1.6 Synthesis of Imidazolone Key Intermediate  

 

Synthesis of L-ornithine methyl ester dihydrochloride 5.26. Commercially available 

L-ornithine • HCl 5.28 (25 g, 0.147mol) was added to a solution of 260 mL of MeOH 

with 50 mL AcCl at -15 
o
C and allowed to warm up to room temperature. The reaction 

mixture was then stirred for 12 hours at room temperature. The solvent was evaporated 

and ornithine methyl ester crystallized with addition of ethyl acetate to yield ~ 30 g of 

white solid (> 90% yield). 
1
H NMR (300 MHz, DMSO) ! 8.81 (bs, 3H), ! 8.29 (bs, 3H), 

!  3.97 (m, 1H), !  3.75 (s, 3H), !  2.78 (t, 2H), !  1.88 (m, 2H). 



 116 

 

Synthesis of 4-(3-Aminopropyl)-2-imidazolone 5.25. A solution of L-ornithine methyl 

ester dihydrochloride 5.26 (2.5g, 17.10 mmol) in 35 mL of H2O was prepared and cooled 

between 0 and 5 
o
C. The pH was adjusted between 1.2 and 1.5 by addition of 

concentrated HCl. Over the course of 1 hour, 10% of freshly prepared Na(Hg) (2.5g Na 

in 25g Hg) was added in small pieces continuously while maintaining the pH and 

temperature in the given range. After complete addition of the sodium amalgam, bubbling 

eventually ceased, which was accompanied with stabilization of pH (1.3) and of 

temperature (5 
o
C) in the given range. The solution was then decanted to remove the Hg. 

Potassium cyanate (1.07g, 18.81 mol, 1.1 eq) was added directly to the solution and the 

pH increased to pH > 3.5 (3.8) and thus was adjusted to 3.5 by addition of concentrated 

HCl. The reaction mixture was refluxed in a pre-heated oil bath for 3 hours. Once cooled 

to room temperature, the solvent was removed under reduced pressure, and residual water 

was azeotropically distilled with ethanol to give a yellow / orange residue. Further 

ethanol addition to the residue was followed by filtration of NaCl. Solvent evaporation 

and methanol addition were repeated several times to wash the residue and thus remove 

additional inorganic impurities until these were minimal. Concentration under reduced 

pressure of methanol wash afforded a brown gum.  Flash chromatography of the residue 

[90:10 (300 mL), 80:20 (200 mL), 70:30 (200 mL), 60:40 (350 mL), 50:50 (600 mL), 

40:60 (100 mL), 30:70 (100 mL)] provided 637 mg or 27% yield in 50% saturated 

methanol with ammonia. 
1
H NMR (400 MHz, DMSO) ! 9.85 (bs, 1H), ! 9.51 (s, 1H), ! 

8.11 (bs, 3H), ! 6.01 (s, 1H), ! 2.74 (t, J = 7.3 Hz, 1H), ! 7.26 (t, J = 7.2 Hz, 2H), ! 3.50 

(q, J = 7.2 Hz, 2H) ppm. 

 

Synthesis of Boc-protected-4-(3-Aminopropyl)-2-imidazolone 5.29. Two solutions 1 

and 2 were prepared separately: solution 1 was prepared with imidazolone 5.25 (213 mg, 

1.51 mmol) was dissolved in 5 mL of acetone, and solution 2 was prepared with sodium 

carbonate (272 mg, 2.57 mmol, 1.7 eq) in 1.2 mL of H2O. Solution 1 and 2 were mixed 

together under nitrogen atmosphere at ambient temperature and then cooled to 0 
o
C. di-
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tert-butyl dicarbonate (494 mg, 2.27 mmol, 1.5 eq) was then added dropwise to the 

cooled mixture, and let stirred under nitrogen for 10 minutes. The reaction mixture was 

then brought to reflux for 40 minutes. Once cooled at room temperature, the reaction 

mixture was filtered through a thin pad of celite, quenched with H2O, transferred into a 

separatory funnel, and extracted with dichloromethane. The organic layer was collected, 

dried over sodium sulfate, and concentrated under reduced pressure. Crystallization of the 

crude product in diethyl ether and cold hexanes afforded 150 mg of boc-protected 

imidazolone 5.29 in 50 % yield (> 80% purity). 
1
H NMR (300 MHz, CDCl3) ! 9.83 (s, 

1H), ! 9.49 (s, 1H), ! 6.00 (s, 1H), ! 2.70 (d, 2H), ! 2.31 (t, 2H), ! 1.77 (m, 2H), ! 1.71 

(d, 9H) ppm.  

 

 

6.2 Biology 

 

6.2.1 General Techniques 

 

 The stock solutions of all compounds assayed for biological activities were 

prepared in DMSO and stored at room temperature. The amount of DMSO used in the 

screening experiments did not exceed 1% (by volume). All screens were performed in 

triplicate or more to assess optimal IC50 from the derived dose-response curve. P. 

aeruginosa strains PAO1 and PA14 were generously supplied by the Wozniak group at 

WFU School of Medicine.  

 

6.2.2 General Static Biofilm Inhibition Assay against Pseudomonas aeruginosa and 

Acinetobacter baumannii. An overnight culture of the wild type strain was subcultured 

at an OD600 of 0.10 into LBNS (P. aeruginosa) or LB (A. baumannii) along with a 

predetermined concentration of the small molecule to be tested for biofilm inhibition. 

Samples were then aliquoted (100 µL) into the wells of a 96-well PVC microtiter plate. 

The microtiter dishes were covered and sealed before incubation under stationary 
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conditions at 37 
o
C for 24 hours. After incubation, the medium was discarded and the 

plates thoroughly washed with water. The wells were then inoculated with 0.1% aqueous 

solution of crystal violet (100 µL) and allowed to stand at ambient temperature for 30 

minutes. Following another thorough washing with water the remaining stain was 

solubilized with 200 µL of 95% ethanol. Biofilm inhibition was quantitated by measuring 

the OD540 for each well by transferring 125 µL of the ethanol solution into a fresh 

polystyrene microtiter dish for analysis.  
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APPENDIX 1 

Description of Biofilm Modulation Protocols 

 

In order to assess the efficiency of the developed 2-aminoimidazole derivatives 

and their clinical impact, inhibition and dispersion assays are commonly employed in our 

laboratory along with preliminary toxicity studies to estimate the potential microbicidal 

activity undesired for each compound.
1, 2

 It is noteworthy to underline the main 

difference between inhibition and dispersion studies from a clinical perspective. Indeed, 

inhibition studies reflect the ability of a compound to prevent biofilm formation from the 

planktonic state, whereas dispersion studies reflect the ability of a compound to disperse 

an established biofilm back to the planktonic state. Thus, active biofilm inhibitors have 

the potential to evolve as preventive agents, whereas small molecules with the ability to 

disperse established molecules have the potential to evolve as therapeutic agents to treat 

biofilm infections. Furthermore, similarities and/or differences noted along these assays 

are also extremely important to provide insight on the mode of action of 2-

aminoimidazole molecular architectures upon biofilm modulation, and thus to eventually 

elucidate the ambiguous biofilm mode of action. 

 

A.1.1 General Static Inhibition Assay 

 

 The purpose of the inhibition assay is to assess the ability of a small molecule to 

prevent biofilm formation of the native planktonic bacteria, which would be for the 

development of a prevention therapy. 
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 A.1.1.a Assay Protocol 

 

The assays were run in U-bottomed polystyrene microtiter plates at 37 
o
C for 24 

hours in order to mimic in vivo conditions. Furthermore, the smooth surface of the 

microtiter plates underpins the primary adhesion of the bacteria, which is required for 

biofilm establishment. This initial attachment eventually evolves as multiple layers of 

cells enclosed in the self-produced polymeric matrix in order to form a mature biofilm as 

depicted in Figure 4.1 (Chapter 4). For this assay, an overnight culture of the wild type 

strain was subcultured at an OD600 of 0.10 into the appropriate media along with a 

predetermined concentration of the compound to be tested for biofilm inhibition. It is 

important to note that biofilm growth was established with the desired compound 

concentration in the media. Multiple concentrations were tested in a 6 x 8 microtiter 

plate, and compared to control wells, which contained the desired media with the 

bacterial overnight culture in order to control biofilm growth without the compound 

present. Generally, the top rows of the plate only contained the desired media in order to 

control for potential media contamination, the next two rows represented the control 

wells in order to quantitate biofilm formation of the planktonic strain, and the next series 

of rows included the tested compound at various concentrations from low to high in order 

to assess the efficiency of the tested compound at inhibiting biofilm formation.  

 

 A.1.1.b Qualitative and Quantitative Assessments 

 

After incubation, visualization of the microtiter plate prior to discarding the media 

is critical. Indeed, qualitative assessment reflects the four biofilm phenotypes that can be 

produced: (A) biofilm former, (B) defect in substrate adhesion, (C) defect in cell-cell 

adhesion, and (D) non-biofilm former (Figure A.1.1).
3
 Furthermore, a change in color is 

seen varying from yellows to greens with certain wild-type strains and correlates to 

biofilm modulation. This important feature is probably a reflection of the mode of action 

that the compound acts upon as seen in quorum sensing (QS) with Vibrio fischeri.
4
 After 
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visualization of the wells, the medium is discarded, and the wells are thoroughly washed 

prior to their inoculation with 0.1% aqueous crystal violet stain for 30 minutes at ambient 

temperature. The stain only adheres to the formed biofilm, and thus after a thorough wash 

of the wells the remaining stain directly correlates with the amount of biofilm present in 

each well. In order to quantitate the amount of stain present in each well, the stain is 

solubilized with 95 % ethanol and transferred into a polystyrene microtiter dish for 

analysis. In this fashion, the stain concentration is recorded in a plate reader at 540 nm, 

and the intensity recorder reflects the amount of adhering cells in each well relative to the 

others (e.g. amount of biofilm formed).
3, 5

 The assays are replicated to collect multiple 

sets of data in order to derive dose-response-curves and to determine the IC50 values for 

each library component against a given strain. 

 

 A.1.1.c Definition of IC50 Value Given for Biofilm Inhibitors 

 

The IC50 value corresponds to the concentration of a given small molecule 

required to inhibit 50 % of biofilm formation. This value provides a general technique 

 

Figure A.1.1. Qualitative assessment of biofilm formation. 
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that is easily replicable, to assess a compound’s efficiency at modulating biofilm 

formation, as well as to compare the recorded activity with other biofilm modulators. The 

IC50 of each compound is determined after deriving a sigmoidal dose-response-curve 

established after a series of inhibition assays. This was the method used to derive the 

efficiency of our compounds to inhibit biofilm formation, and thus to assess their 

potential as inhibitors. 

 

A.1.2 General Static Dispersion Assay 

 

The purpose of the dispersion assay is to assess the ability of a compound to 

breakdown existing biofilm communities and thus to reduce preformed biofilms into the 

native planktonic state. Active small molecules would catalyze the development of 

therapeutics toward bacterial infections.This assay is extremely relevant for nosocomial 

infections complicated by biofilm formation in order to eventually provide an effective 

treatment. 

 

 

A.1.2.a Assay Protocol  

 

Despite the fact that dispersion assays were not assessed in this work, it is worth 

mentioning the difference between the dispersion assay and the inhibition assay described 

previously. In fact, the assays are set-up in practically the same fashion. The difference 

resides in the instance when the tested small molecule is added. For the inhibition assay, 

the planktonic bacteria has not developed a biofilm when the compound is added, 

whereas in the dispersion assay, the wild bacteria strain was allowed to form a biofilm 

over 24 hours at 37 
o
C prior to the addition of the small molecule. This allowed us to test 

if the small molecule was able to disperse an established biofilm. 
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A.1.2.b Qualitative and Quantitative Assessments 

  

The methodology to assess each compound’s efficiency at dispersing an 

established biofilm was exactly identical as previously described for the inhibition assay 

in A.1.1b. 

 

 A.1.2.c Definition of EC50 Value Given for Biofilm Dispersion Agents 

 

The EC50 value is like the IC50 and specifically corresponds to the concentration 

of a given small molecule required to disperse 50 % of established biofilm. Similarly, 

EC50 values are easily reproducible and provide a convenient reference to compare the 

dispersal activities between various biofilm modulators. The EC50 value is derived 

similarly as the IC50 value from a dose-response-curve derived from the UV quantitated 

analysis established after a series of dispersion assays. This methodology characterized 

the ability of each compound to disperse established biofilms. 

 

A.1.3 Preliminary Toxicity Studies 

 

A fundamental question behind an active compound resides in whether or not it 

exhibits microbicidal activity upon the planktonic bacterium. Indeed, the design of a 

biofilm agent is centered on the idea that a potent molecule would only modulate the 

biofilm while not affecting the planktonic state of the bacterium. In this manner, the 

biofilm biomass is reduced, but the bacterial density remains identical. The underlying 

principle being that if the bacteria can be maintained in the planktonic state, then they 

will not attach to a target surface (lung tissue, implanted medical devices) in order to 

form a sturdy biofilm, and thus harmful strains could then be subsequently killed with 

low dose microbicides (e.g. antibiotics).
6
 Thus, assessing the toxicity of active small 

molecules toward planktonic bacteria is essential to designing effective biofilm 

modulators. Primary microbicidal activity of our compounds was determined through at 
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least one of the two techniques (1) growth curves, and (2) colony counts, which are both 

well established to evaluate bacterial cell growth and are easily replicable. These two 

assays establish whether or not the active compound reduces the bacterial density. 

Reduction of bacterial density would indicate microbicidal activity upon the planktonic 

bacterium since the number of bacterial cells should not be altered. 

 

A.1.3.a Growth Curve Assay 

 

In the growth curve assay, bacterial cell density is evaluated in the appropriate 

media through comparison of optical densities (OD), which is directly correlated to 

bacterial growth. The assay was set-up in test tubes in the same manner as overnight 

cultures. Three test tubes were required: test tube 1 contained appropriate media to test 

for potential contamination (blank), test tube 2 contained media and the wild type strain 

to evaluate planktonic bacterial growth in the absence of a compound, and test tube 3 

contained media, wild type strain, and the active compound to evaluate planktonic 

bacterial growth in its presence. An overnight culture of the wild type strain was 

subcultured at an OD600 of 0.10 into the desired test tubes. Growth was established at 37 

o
C (same as the inhibition assay) and was recorded at time (t) t = 1, 3, 4, 5, 6 and 24 

hours to mimic classic bacterial growth curves by measuring each sample OD at 600 nm. 

It is important to also establish a qualitative analysis in order to confirm same density and 

appearance in each tube and a clear blank media. Comparable ODs observed between the 

sample with only wild type strain and the sample with wild type strain as well as the 

compound indicated no microbicidal activity. 

 

A.1.3.b Colony Counts Assay 

 

The colony count assay is a visual analysis where only viable bacterial colonies 

are capable of growth on LB agar plates. After overnight incubation at 37 
o
C, the viable 

colony forming units are counted and compared between bacteria grown in the presence 



 

 126 

and absence of the tested compound. As with the growth curve assay, the purpose of 

viable cell counting was to show that the active compound only killed the biofilm rather 

than the planktonic bacterial cells. Similarly, maintenance of cell growth in the presence 

of compound indicated a lack of microbicidal activity. An overnight culture of the wild 

type strain was subcultured at an OD600 of 0.10 into three test tubes: test tube 1 contained 

media only to control for contamination, test tube 2 contained media and the wild type 

strain to monitor bacterial growth in the absence of compound, and test tube 3 contained 

media, the wild type strain, and the desired compound. Bacterial growth was established 

at 37 
o
C in the culture tubes to an OD of 0.4, and this generally was accomplished in a 

few hours. Once the desired optical density was obtained, the cultures were plated 

following five 10-fold serial dilutions and incubated for 16 hours at 37 
o
C, after which 

colonies were counted and compared to assess bacterial growth under each condition. 

Comparable cell counts indicated no bactericidal activity of the compound. 
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APPENDIX 2 

Dihydrosventrin Biofilm Inhibition Study 

 

 

 Dihydrosventrin 4.30 (DHS) synthesis emerged to be a very active P. aeruginosa 

inhibitor (Justin J. Richards) (Figure A.2.1).
1
 At the time, DHS was the first small 

molecule designed with inhibitory activities superior to 2-aminoimidazole derivatives 

TAGE 4.21 and CAGE 4.22 against the same bacteria (Figure A.2.1).
2
 The dearth of 

small molecules with inhibitory activities
3
 led us to evaluate the extent of dihydrosventrin 

inhibitory activity upon a variety of clinically relevant bacteria, which included: (1) P. 

aeruginosa mucoid form PDO300, (2) A. baumannii strain, and (3) B. bronchiseptica 

RB50 and !bp5. In order to characterize the true potential of DHS as a biofilm inhibitor 

quickly, efforts to assess IC50 values of this compound against each strain were combined 

with Justin J. Richards, and the experimental results from multiple screen replicates are 

describe within this Appendix 2.
4
  

 

                

Figure A.2.1. Comparison of IC50 values between dihydrosventrin 4.30 and TAGE 4.21 and 

CAGE 4.22. 
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A.2.1 Dihydrosventrin IC50 Value Determination  

 

A.2.1.a IC50 against P. aeruginosa PDO300 

 

 After noting DHS’s significant activities against P. aeruginosa PA01 and PA14, we 

naturally decided to investigate inhibition activities against the mucoid form PDO300. 

Indeed, this specific strain is particularly relevant to clinical application of DHS since in 

cystic fibrosis patients a decrease in pulmonary clinical status is directly correlated to the 

evolution of P. aeruginosa as the mucoid form.
5, 6

 After running inhibition assays as 

described in Appendix A.1.1.1, the corresponding dose-response curve was derived and 

PDO300 IC50 value was set at 115 µM (Figure A.2.2).
4
 It is noteworthy to mention that 

PDO300 is even more delicate than PAO1 or PA14, and meticulous care should be taken 

when running the screens. Interestingly, the IC50 value was very similar to the one 

derived for PA14 (111 µM), and 2-fold less active than its parent PA01 (51 µM).
4
 Indeed, 

 

Figure A.2.2. Dose-response curve of DHS against PDO300. 
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PDO300 simply differs from PA01 by one mucA mutation,
7
 thus we were expecting 

similar activity. To conclude, DHS was an effective inhibitor of PDO300.  

 

A.2.1.b IC50 against A. baumannii   

 

Another relevant !-proteobacterium is the multidrug resistant A. baumannii.
8
 This 

bacterium is notorious for its sturdy biofilm, which is continuously becoming an 

impediment to immunodeficient individuals especially since this bacterium is commonly 

present in hospital settings.
9, 10

 Thus, developing an inhibition agents against A. 

baumannii is particularly relevant to design effective disinfectant agents against such 

robust biofilms. As expected, A. baumannii established congruous biofilms, and after the 

same inhibition protocol, the corresponding dose response curve delineated an IC50 value 

of 110 µM (Figure A.2.3).
4
 Once again, DHS was a very effective inhibitor, and more 

impressively this small molecule was the first reported to inhibit biofilm formation 

against A. baumannii, and thus lays the foundation toward development of preventive 

medicine in hospital settings. 

 

 

 

Figure A.2.3. Dose-response curve of DHS against A. baumannii. 
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A.2.1.b IC50 against B. bronchiseptica RB50 and !bp5 

 

From these results, we were now intrigued by the potential activity of DHS across 

bacterial order via inhibition studies against B. Bronchiseptica RB50 and !bp5. 

Furthermore, this respiratory tract bacterium
11

 is very similar to B. pertussis, which is 

responsible for whooping cough, a threatening respiratory disease especially among 

young infants.
11, 12

 After running multiple inhibition screens, the corresponding growth 

curves were derived and identified the IC50 values to be 238 and 230 µM for RB50 and 

!bp5 respectively (Figures A.2.4 and A.2.5).
7
 Despite not being as significant against the 

"-proteobacteria P. aeruginosa and A. baumannii, the IC50 values derived were still very 

promising values since it was the first time a small molecule modulated biofilm inhibition 

across bacterial classes.  

 

 

 

Figure A.2.4. Dose-response curve of DHS against RB50. 
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A.2.2 Dihydrosventrin Preliminary Toxicity Evaluation 

  

 Prior to affirming the full potential of DHS as a potent biofilm inhibitor agent across 

bacterial order and class, preliminary toxicity evaluations were assessed via growth 

curves and colony counts as described in Appendix A.1.3. Indeed, these two 

methodologies accounts for cells multiplicity, and thus enabled us to account for similar 

bacterial growth between planktonic bacteria grown with and without the compound 

present. In this section, we describe growth curves for A. baumannii and B. 

Bronchiseptica RB50.
4
 PDO300 and !bp5 growth curves as well as colony counts for all 

bacteria were established by J. J. Richards.
4
 

 

 

 

 

Figure A.2.5. Dose-response curve of DHS against RB50. 
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A.2.2.a DHS Growth Curve against A. baumannii 

 

DHS growth curves against A. baumannii of untreated versus treated samples 

were virtually identical, which indicated that DHS 4.30 had no effect upon planktonic 

growth, and thus no bactericidal effect  (Figure A.2.6).
4
 Therefore, DHS is an effective 

inhibitory agent against multidrug resistant A. baumannii.  

 A.2.2.b DHS Growth Curve against B. Bronchiseptica 

 

Similarly, RB50 growth curves of untreated versus treated samples were virtually 

identical for the first 6 hours (Figure A.2.7).
4
 However, at the 24 hour time point, the 

time point corresponding to the inhibition assay, a lag was observed just under the margin 

of error indicating a minor bactericidal effect (Figure A.2.7).
4
 Therefore, DHS is an 

effective biofilm inhibitor against B. Bronchiseptica, but is limited by minor bactericidal 

activity.  

 

Figure A.2.6. Growth curve of DHS against A. baumannii. 
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A.2.3 Summary 

 

From these manifolds of biofilm studies, DHS was the first molecule reported to 

inhibit biofilm against bacterial order and class.
 2, 4

 Therefore, DHS’s unique performance 

was like no other small molecule, and laid the basis for a plethora of SAR studies that 

eventually disclosed even more effective biofilm inhibitors.
4
 The mechanism remains 

under scrupulous investigations, and to date the 2-aminoimidazole scaffold is certainly 

emanating as a key pharmacophore to establish biofilm modulation.  

 

 

A.2.4 Experimental Procedures 

 

A.2.4.a General Techniques 

 

 The stock solutions of all compounds assayed for biological activities were prepared 

in DMSO and stored at room temperature. The amount of DMSO used in the screening 

experiments did not exceed 1% (by volume). All screens were performed in triplicate or 

more to assess optimal IC50 from the derived dose-response curve. P. aeruginosa strains 

 
Figure A.2.7. Growth curve of DHS against B. bronchiseptica. 
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PDO300 were supplied by the Wozniak group at WFU School of Medicine. A. baumannii 

was purchased from ATCC (strain # 19606). B. bronchiseptica strain RB50 and !bp5 

along with the necessary media with supplement was graciously provided to us by the 

Deora group at WFU School of Medicine. 

 

A.2.4.b General Static Biofilm Inhibition Assays 

 

Inhibition assay against P. aeruginosa PDO300 and A. baumannii strain # 

19606. An overnight culture of the wild type strain was subcultured at an OD600 of 0.10 

into LBNS (P. aeruginosa) or LB (A. baumannii) along with a predetermined 

concentration of the small molecule to be tested for biofilm inhibition. Samples were then 

aliquoted (100 µL) into the wells of a 96-well PVC microtiter plate. The microtiter dishes 

were covered and sealed before incubation under stationary conditions at 37 
o
C for 24 

hours. After incubation, the medium was discarded and the plates thoroughly washed 

with water. The wells were then inoculated with 0.1% aqueous solution of crystal violet 

(100 µL) and allowed to stand at ambient temperature for 30 minutes. Following another 

thorough washing with water, the remaining stain was solubilized with 200 µL of 95% 

ethanol. Biofilm inhibition was quantitated by measuring the OD540 for each well by 

transferring 125 µL of the ethanol solution into a fresh polystyrene microtiter dish for 

analysis. 

 

General Static Biofilm Inhibition Assay against B. bronchiseptica strain 

RB50 and !bp5. This procedure was identical to that above except that the overnight 

culture was subcultured at an OD600 of 0.50 into SS media containing 10 µL of 100X 

supplement per milliliter of media. 
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A.2.4.b General Growth Curve Protocol 

 

Growth Curves for A. baumannii strain # 19606. An overnight culture of the 

wild type strain was subcultured at an OD600 of 0.10 into LB along with a predetermined 

concentration of the small molecule to be tested for bacterial growth. The optical 

densities were recorded at 1, 3, 4, 6, and 24 hours for analysis of bacterial cell densities. 

 

Growth Curves for B. Bronchiseptica. This procedure was identical to that 

above except that the overnight culture was subcultured at an OD600 of 0.50 into SS 

media containing 10 µL of 100X supplement per milliliter of media. 

 

 

A.2.5 References 

1. Richards, J. J.; Ballard, T. E.; Huigens, R. W.; Melander, C., Synthesis and screening 

of an oroidin library against Pseudomonas aeruginosa biofilms. Chembiochem 2008, 9, 

(8), 1267-1279. 

2. Huigens, R. W.; Richards, J. J.; Parise, G.; Ballard, T. E.; Zeng, W.; Deora, R.; 

Melander, C., Inhibition of Pseudomonas aeruginosa biofilm formation with 

bromoageliferin analogues. Journal of the American Chemical Society 2007, 129, (22), 

6966-+. 

3. Musk, D. J.; Hergenrother, P. J., Chemical countermeasures for the control of 

bacterial biofilms: Effective compounds and promising targets. Current Medicinal 

Chemistry 2006, 13, (18), 2163-2177. 

4. Richards, J. J.; Huigens, R. W.; Ballard, T. E.; Basso, A.; Cavanagh, J.; Melander, C., 

Inhibition and dispersion of proteobacterial biofilms. Chemical Communications 2008, 

(14), 1698-1700. 

5. Govan, J. R. W.; Deretic, V., Microbial pathogenesis in cystic fibrosis: Mucoid 

Pseudomonas aeruginosa and Burkholderia cepacia. Microbiological Reviews 1996, 60, 

(3), 539-&. 



 137 

6. Ramsey, D. M.; Wozniak, D. J., Understanding the control of Pseudomonas 

aeruginosa alginate synthesis and the prospects for management of chronic infections in 

cystic fibrosis. Molecular Microbiology 2005, 56, (2), 309-322. 

7. Mathee, K.; Ciofu, O.; Sternberg, C.; Lindum, P. W.; Campbell, J. I. A.; Jensen, P.; 

Johnsen, A. H.; Givskov, M.; Ohman, D. E.; Molin, S.; Hoiby, N.; Kharazmi, A., Mucoid 

conversion of Pseudomonas aeruginosa by hydrogen peroxide: a mechanism for virulence 

activation in the cystic fibrosis lung. Microbiology-Uk 1999, 145, 1349-1357. 

8. Falagas, M. E.; Karveli, E. A., The changing global epidemiology of Acinetobacter 

baumannii infections: a development with major public health implications. Clinical 

Microbiology and Infection 2007, 13, (2), 117-119. 

9. Tomaras, A. P.; Dorsey, C. W.; Edelmann, R. E.; Actis, L. A., Attachment to and 

biofilm formation on abiotic surfaces by Acinetobacter baumannii: involvement of a 

novel chaperone-usher pili assembly system. Microbiology-Sgm 2003, 149, 3473-3484. 

10. Bergogne-Berezin, E.; Towner, K. J., Acinetobacter spp, as nosocomial pathogens: 

Microbiological, clinical, and epidemiological features. Clinical Microbiology Reviews 

1996, 9, (2), 148-&. 

11. Cotter, P. A.; Miller, J. F., A mutation in the Bordetella bronchiseptica bvgS gene 

results in reduced virulence and increased resistance to starvation, and identifies a new 

class of Bvg-regulated antigens. Molecular Microbiology 1997, 24, (4), 671-685. 

12. Paddock, C. D.; Sanden, G. N.; Cherry, J. D.; Gal, A. A.; Langston, C.; Tatti, K. M.; 

Wu, K. H.; Goldsmith, C. S.; Greer, P. W.; Montague, J. L.; Eliason, M. T.; Holman, R. 

C.; Guarner, J.; Shieh, W. J.; Zaki, S. R., Pathology and pathogenesis of fatal Bordetella 

pertussis infection in infants. Clinical Infectious Diseases 2008, 47, (3), 328-338. 

 



 138 

APPENDIX 3 

NMR Spectra 
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Linear P1* (Alanine in place of  Glycine) 
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Linear P1  
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Linear P2* (Leucine* in place of lysine) 
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Cyclization of linear P1 in solution 

with Grubbs 2
nd

 generation (crude) 
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Linear P1 with L-allylglycine terminus 
From RINK resin 
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Cyclic P1 with L-allylglycine terminus 

from RINK resin 
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Cyclic P1 pentenoic acid terminus 

from Rink resin 
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Linear P2 with L-allylglycine terminus 

from RINK resin 
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Cyclic P2 with L-allylglycine terminus 

from RINK resin 
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Linear P2 with pentenoic acid terminus 

from RINK resin 
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Cyclic P2 with pentenoic acid terminus 

from RINK resin 
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Hydrogenated cyclic P1  

with L-allylglycine terminus 
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Hydrogenated cyclic P2  

from RINK resin 
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