
ABSTRACT 

HARRIS, TYLER LEE. Small Molecule Suppression of Antibiotic Resistance Mechanisms. 

(Under the direction of Dr. Christian Melander). 

The rise of multi-drug resistant bacteria is now considered one of the greatest threats 

to mankind.  Traditional antibiotics work through either a bactericidal or bacteriostatic 

mechanism, which places an evolutionary pressure on the bacterium to develop resistance.  

An alternative strategy for the development of antibiotics, that in theory would not summon 

bacterial resistance, is through the identification of compounds that target antibiotic 

resistance mechanisms in a non-microbicidal manner.  These adjuvants could then be used in 

combination therapies to restore the efficacy of previously identified antibiotics.  Herein the 

synthesis and biological activity of novel 1,5-substituted 2-aminoimidazoles is described.  

These initial screens resulted in the identification of a 2-aminoimidazole/triazole conjugate 

that displayed the unique ability to suppress resistance of methicillin -resistant 

Staphylococcus aureus to oxacillin upwards of 512-fold when co-dosed at sub-MIC levels.  

Initial mechanism of action studies indicate that this compound interferes with VraSR two-

component system signaling.  Next, a 2-aminoimidazole adjuvant was shown to suppress 

colistin resistance in multi-drug resistant Acinetobacter baumannii and Klebsiella 

pneumoniae.  Colistin resistance in A. baumannii is known to be regulated by the PmrAB 

two-component system, which controls a modification of the lipid A portion of the bacterial 

membrane.  This modification reduces the affinity of colistin towards the Gram-negative 

bacterial cell membrane.  The identified adjuvant was shown to down-regulate the pmrCAB 

operon, and reverse the membrane modification.  Additionally, evolution experiments 



indicate that the bacteria are unable to evolve resistance to the effects of the 2-

aminoimidazole adjuvant. 
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CHAPTER 1 

INTRODUCTION TO B ACTERIAL R ESISTANCE MECHANISMS  

1.1: Classifying Relevant Bacteria  

 Bacteria are prokaryotic organisms that are generally divided into two broad groups 

based on cell wall structure.  The differences in cell wall structure correlate with the reaction 

to the Gram staining procedure that was developed in 1884 by Christian Gram.  Gram-

negative bacteria are colored pink or red by the Gram staining technique, and Gram-positive 

bacteria stain purple.  The reason for this difference is that the Gram-positive cell wall 

contains a layer just outside of the plasma membrane known as the peptidoglycan layer 

which is 20 to 80 nm thick.  The Gram-negative cell wall contains the peptidoglycan layer 

which is only 2 to 7 nm thick in addition to an outer membrane (7 to 8 nm thick) (Figure 1.1).  

The difference in the peptidoglycan layer equates to the Gram-positive cell wall being more 

resistant to osmotic pressure, and thus retains the stain more efficiently.
1
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Figure 1.1: Differences in bacterial cell wall structure. 

  

 

 Two common Gram-positive bacteria that are medically relevant today include 

Staphylococcus aureus and Staphylococcus epidermidis.  S. aureus appears as grape-like 

clusters and is common in humans, particularly on external skin surfaces and in the nasal 

passage.  S. aureus is common in hospitals, and can cause serious problems when infecting 

damaged tissue.  As the bacteria fester in the wound they produce many toxins, including 

exotoxin TSST-1.  This toxin can cause toxic shock syndrome, which is characterized by 

fever, hypertension, scarlatiniform rash, and the involvement of the major organ systems.
2
  If 

left untreated the disease can be fatal.  Other infections related to S. aureus include 

osteomyelitis, endocarditis, and pneumonia.  ɓ-Lactams are a common class of antibiotics 

used to treat S. aureus infections, however resistant strains are now a major problem.  It is 
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now estimated that approximately 70% of all S. aureus strains isolated in the clinic are 

classified as methicillin-resistant.
3
   

 S. epidermidis is common in mammalian mucous membranes and it is generally not 

pathogenic.  However, patients with compromised immune systems are at a much higher risk 

of infection.  This is particularly true for patients with indwelling medical devices such as 

catheters, as the bacterium can form a biofilm, thus making treatment very difficult.   

 Acinetobacter baumannii and Klebsiella pneumoniae are two common Gram-negative 

bacteria that are particularly relevant today.  A. baumannii is responsible for a variety of 

infections, including septicemia, urinary tract infections, pneumonia, and wound infections.  

A. baumannii infections have become increasingly common, especially for soldiers of the 

Afghanistan and Iraq wars.
4
  The clinical significance of A. baumannii has grown rapidly 

over the past decade due to its ability to acquire resistance determinants.  Resistant strains to 

all known antibiotics are now being reported.
5
  

 K. pneumoniae is typically found on the skin, as well as the mouth and intestines.  K. 

pneumoniae infections are some of the most frequently observed Gram-negative infections in 

the world, and include urinary tract infections and pneumonia.
6
  This bacterium has received 

much attention recently because of its ability to rapidly evolve resistance to the carbapenem 

class of ɓ-lactam antibiotics.  In 2008, a strain of K. pneumoniae was isolated that was 

resistant to all ɓ-lactam antibiotics except monobactams.
7
 

1.2: Common Antibiotics and Bacterial Resistance 

 Bacterial resistance to commonly prescribed antibiotics is a major challenge facing 

the world today.  Bacterial strains resistant to many, or even all, currently available 
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antibiotics are increasingly common.  To compound the problem, scientists have been 

ineffective at discovering new classes of antibiotics in recent years.  Almost all classes of 

antibiotics were discovered during the ñGolden Ageò of antibiotics (1945 ï 1965).
3  

Tyrothricin, penicillin, streptomycin, chloramphenicol, chlortetracycline, neomycin, 

erythromycin, and more drugs were discovered during this era.  These drugs were isolated 

from soil microbes and proved to be efficient when first introduced, however bacterial 

resistance has since rendered some completely useless. 

 Resistant strains of bacteria not only lead to increased mortality rates but also 

increased economic costs.  It is estimated that antibiotic-resistant infections cost the United 

States approximately 20 billion dollars per year.
8
  A study involving New York City 

hospitals showed that methicillin-resistant Staphylococcus aureus (MRSA) led to a three-fold 

increase in the number of deaths and a twenty-two percent increase in cost compared to 

methicillin-susceptible S. aureus (MSSA).
9
   

 To understand how bacteria have evolved resistance to every known antibiotic, one 

must understand the mechanism of action of the respective antibiotic.  Almost all antibiotics 

work by targeting bacterial protein synthesis or bacterial cell-wall biosynthesis Some 

antibiotics do operate under different mechanisms of action, such as inhibiting DNA 

replication/repair, however these will not be discussed.  A brief introduction to inhibitors of 

protein synthesis is described next, followed by a more detailed description of cell-wall 

biosynthesis inhibitors. 

 

 



 

5 

Protein Synthesis Inhibitors 

 As bacteria are prokaryotic organisms, the ribosome within the cell is quite different 

from the eukaryotic equivalent.  The various classes of protein synthesis inhibitors target 

different steps in ribosome action, which comes as no surprise given the large number of 

molecular steps involved in initiation, elongation, and termination of protein synthesis.  

Antibiotics of this class included aminoglycosides, macrolides, and tetracyclines; these bind 

to various sites on the protein or on the ribosomal DNA of the bacterial 70S ribosome (Figure 

1.2).  For example, it has been shown that aminoglycosides bind the 30S ribosomal subunit, 

but macrolides bind the 50S subunit.
10,11

   

 

 

Figure 1.2: Structures of common protein synthesis inhibitors. 
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 Tetracyclines inhibit protein synthesis by preventing the binding of 

aminoacyltransfer-RNA to the ribosome acceptor (A) site.  This is accomplished by the 

molecule binding to the 30S ribosomal subunit.
12

  Resistance to tetracyclines occurs by the 

proteins TET(M), TET(O), and TET(Q).  It is thought that these proteins interact with the 

ribosome, which allows protein biosynthesis to continue, even in the presence of bound 

tetracycline.
13

  Efflux pumps also play an important role in removing magnesium-chelated 

tetracyclines from the cell in exchange for protons, this is particularly true for Gram-negative 

bacteria.
14

   

Cell-wall Biosynthesis Inhibitors 

 The bacterial cell wall contains a layer known as the peptidoglycan, and this barrier 

protects bacteria from lysis related to high internal osmotic pressures and helps maintain the 

shape of the bacterial cell.
15

  The peptidoglycan layer is comprised of a meshwork of peptide 

and glycan chains.  The glycan chains are composed of a layer of alternating sugars, N-

acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) linked (1,4)-ɓ in a long chain.
  

To the carboxyl moieties of NAM, a pentapeptide chain is attached via an amide linkage.  

This peptide, consisting of L-Ala-D-Glu-L-Lys-D-Ala-D-Ala, is commonly referred to as the 

stem peptide.  The stem peptide has a pentaglycine side-chain attached to the amino group of 

the lysine.  Cross-linking (transpeptidation) between the lysine of the stem peptide and the 

displacement of the terminal D-Ala of the stem peptide from another glycan chain via a 

pentaglycine bridge completes the linkage between two separate glycan chains, thus 

strengthening the cell wall (Figure 1.3).
16

  Transpeptidation is catalyzed by cell wall 

transamidases, known as the penicillin-binding proteins or PBPs.  The bacterial cell wall is 
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quite different compared to the outer layers of mammalian cells, thus providing an excellent 

target for selective chemotherapy agents.
17

   

 

 

Figure 1.3: Structure of the peptidoglycan layer of the bacterial cell wall. 

 

 

 

 PBPs target the D-Ala-D-Ala peptide sequence of the stem peptide chain attached to 

NAM.  The active site on the enzyme employs a serine hydroxyl group to attack the peptide 

chain. The terminal D-Ala is removed and a temporary covalent bond is formed between the 

PBP and the remaining D-Ala unit.  The amino group of the pentaglycyl unit of another 
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glycan chain attacks the newly formed acyl-enzyme complex.  This regenerates the enzymeôs 

activity and completes the linkage between two separate glycan chains (Figure 1.4).
18

 

 

 

Figure 1.4: Transpeptidation by PBP,  R = L-Lys-D-Glu-L-Ala-NAM,  R' = pentaglycyl 

unit of a different glycan chain. 

  

 

 Most inhibitors of cell-wall synthesis are members of the ̡-lactam class of 

antibiotics, this includes the penicillins, cehalosporins, carbapenems, and monobactams 

(Figure 1.5).  ɓ-Lactams share a similar geometry to the acylated D-Ala-D-Ala.  The PBP 

mistakes the ɓ-lactam for its normal target and attacks the lactam ring.  Upon hydrolysis of 

the 4-membered ring, there is a significant thermodynamic energy drop due to strain within 

the bicyclic system being relieved.  This makes the reverse reaction highly unfavored, thus 

the substrate is irreversibly bound to the enzymeôs active site (Figure 1.6).  The heterocyclic 

ring that is covalently bound to the PBP is also believed to provide sufficient steric hindrance 

to make nucleophilic attack unfavorable at the ester.  Thus, the PBP is rendered inactive and 

can no longer continue transpeptidation.  This results in a very weak bacterial cell wall that 

ultimately succumbs to osmotic stress.
19
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Figure 1.5: Basic structure of various ̡ -lactam class antibiotics. 

  

 

 Resistance to ̡-lactams generally occurs by one of two mechanisms, ̡-lactamases 

and an altered form of PBP.  ̡-Lactamases are generally classified as either serine -̡

lactamases (SBL) or metallo- -̡lactamases (MBL).  Mechanistically, SBL inactivate the 

antibiotic in a similar fashion as the PBPs, however in this case, water is a sufficient 

nucleophile to yield the carboxylic acid and the free enzyme.  This difference in reactivity is 

thought to be due to subtle modifications within the active site, which activate the ester 

towards hydrolysis.  This is accomplished through hydrogen-bonding from the protein to the 

ɓ-lactam carbonyl by the amide nitrogens of serine and alanine.
18

  MBLs are Zn(II)-

dependent enzymes that are capable of hydrolyzing almost all known ̡-lactam antibiotics.  

This class of ̡ -lactamase has become quite relevant in recent years due to Gram-negative 
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bacteria possessing plasmid encoded MBLs.  Upon acquisition of these plasmids, numerous 

resistance genes can be expressed thus making some bacteria resistant to the majority of ̡-

lactam antibiotics.
20

  

 

 

Figure 1.6: ̡ -lactams bind irreversibly to PBP, but are inactivated by ̡ -lactamases. 

  

 

 Methicillin-susceptible S. aureus (MSSA) possesses four PBPs.  The entire function 

of each PBP is not completely understood, but it is thought that the high molecular weight 
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PBPs (PBP1, PBP2, and PBP3) are involved in transpeptidation and transglycosylation.
21

  

PBP4 is thought to be involved in a secondary cross-linking reaction related to the synthesis 

of the peptidoglycan layer.
22

  PBP2a is known to be present in methicillin-resistant S. aureus 

(MRSA), and it confers a 500-fold increase in minimum inhibitory concentration (MIC) for 

penicillins.
23

  PBP2a has a higher rate of release of bound drugs and a lower binding affinity 

compared to other PBPs.   This allows it to take over the role of cross-linking the glycan 

chains, while other PBPs are inactive.
20

 

 The glycopeptide antibiotic vancomycin is another important cell-wall biosynthesis 

inhibitor (Figure 1.7). The spectrum of activity of vancomycin is limited to Gram-positive 

pathogens, and it has become the antibiotic of choice for the treatment of MRSA infections.  

Vancomycin acts on the peptidoglycan by binding to the terminal D-Ala-D-Ala residues of 

the stem peptide, via five hydrogen bonds.  The antibiotic effectively "cups" the uncross-

linked pentapeptide, and prevents transglycosylation/transpeptidation.  This makes the 

bacteria more susceptible to lysis from osmotic pressure.
24
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Figure 1.7: Structure of the glycopeptide antibiotic vancomycin. 

  

 

 Resistance to vancomycin occurs by the alteration of the D-Ala-D-Ala units on the 

peptidoglycan cell wall precursors to D-Ala-D-lactate.  This change reduces vancomycin's 

affinity for the new depsipeptide linkage, and thus allows normal transglycosylation and 

transpeptidation activity to occur within the bacterial cell wall.
25

  Transcription of the genes 

responsible for this modification are controlled by a two-component system (TCS), and will 

be discussed in detail later.   

1.3: Biofilms Impact on Society 

 Bacteria can exist as planktonic (free floating bacteria) or in microbial communities 

known as biofilms.  Planktonic bacterial infections are much easier to treat, compared to 

bacterial biofilm infections, for reasons that are described below.  Discovering novel ways to 



 

13 

eradicate biofilms, and ultimately provide new solutions to the growing problem of antibiotic 

resistance has been the focus of much work within the Melander Lab over the past decade.
26-

32
 

 In the 1970s, Costerton et al. reported on the significance of biofilms.  They stated 

that the majority of bacteria grow in matrix-enclosed biofilms that are capable of attaching to 

surfaces.
33

  Today, a biofilm is typically defined as a sessile community of microorganisms 

characterized by cells that are embedded in a matrix of extracellular polymeric substances 

(EPS) that are irreversibly attached to a surface, and exhibit an altered phenotype with 

respect to growth rate and gene transcription.
34

  Bacteria within biofilms are inherently 

insensitive to antiseptics and host immune responses, and residing within the biofilm state 

confers resistance to conventional antibiotics upwards of 1000 times that of planktonic 

bacteria.  This is an alarming fact considering biofilms have been attributed to many 

ailments, such as lung infection in cystic fibrosis patients, otitis media, periodontitis, 

infections caused by surgical implants, urinary tract infections, and many others.
35

   

 The large increase in antibiotic resistance that is observed for bacterial biofilms can 

be attributed its complex three dimensional structure and the EPS matrix that surrounds the 

cells (Figure 1.8).  The EPS matrix is a complex structure of polysaccharides, small peptides, 

and nucleic acids.  This mixture of highly polar compounds is believed to act as an adsorbent 

for charged compounds.  It has been shown that some aminoglycosides are adsorbed by the 

EPS matrix that is produced from Pseudomonas aeruginosa.
36

  The inability of antibiotics to 

penetrate all areas of the biofilm has been shown in various studies.
37-39
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Figure 1.8: Bacterial cells living in a microbial community known as a biofilm. 

  

 

 Another reason for the increase in antibiotic resistance within a biofilm, is that there 

are numerous microenvironments that have pH variations and anaerobic pockets.  It is 

thought that this could aid in the degradation of various antibiotics.
40

  Additionally, biofilms 

have a heterogeneous population of cells that exist in different metabolic states.  Cells that 

are deep within the biofilm might grow at a slower rate due to lack of nutrients, and this 

could also reduce the effectiveness of an antibiotic.
41

   

 Biofims can also lead to accumulation of slime and invertebrates on the bottom of 

ships.  This is known as biofouling and can lead to a loss of drag beneath ships.  This leads to 

increased fuel costs, which is a major burden on shipping industries and the military.  In 

years past, agents such as bis(tributyltin) oxide were utilized in paints on the bottom of ships 
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to counter biofouling.
42

  However, these chemicals are toxic by nature and can have dramatic 

effects on various aquatic ecosystems, as such they are rarely used today.   

 The summation of these two problems, antibiotic resistance and biofouling, have had 

a dramatic impact on society.  It is estimated that the United States Navy spends between 

$300 - 500 million per year on fuel and cleaning costs related to biofouling.
43

  Additionally, 

it is estimated that the United States alone spends approximately $20 billion per year on 

antibiotic-resistant infections.
8
  The National Institutes of Health (NIH) has stated that over 

80% of microbial infections that occur in the human body are mediated by biofilms.
44

  

Indeed, bacterial biofilm infections are a very serious problem due to the ineffectiveness of 

antibiotics that would otherwise be more effective towards planktonic bacteria.         

1.4:  The Biofilm Development Cycle 

 The formation of P. aeruginosa, Escherichia coli, and Vibrio cholera biofilms has 

been studied extensively.
45,46

  This has led to the development of a stepwise model to explain 

the different stages of the biofilm lifecycle (Figure 1.9).  Once the community has reached a 

certain population, the biofilm undergoes a dispersion stage whereby the bacteria can spread 

to infect nearby areas. 
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Figure 1.9: Biofilm development model. 

  

 

 The first step in biofilm formation involves the reversible attachment of planktonic 

bacteria to a surface.  In the second step bacterial cells begin to release exopolymeric 

substances and attachment to the surface becomes irreversible.  Three-dimensional 

architecture forms in the third step, and is denoted as early maturity.  The morphology and 

topography of the biofilm become very distinct during the fourth step.  Pillar shapes protrude 

from the biomass, so waste disposal and nutrient adsorption can be maximized.  Cavities also 

form throughout the biofilm and these are used as a transportation system through the biofilm 

matrix.  The movement of water and planktonic bacteria through the matrix signify the 

maturity of the biofilm.  The last step in the development model involves detachment or 

dispersion of bacteria.
41

  This occurs as the hollow cavities within the biofilm fill with 

hypermotile cells, these cells are released when these channels are opened.
47

  Cells released 

in this stage are phenotypically similar to the planktonic cells involved in the initial steps of 
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biofilm development.  This hypothesis is supported with reports that these cells are 

antibiotic-susceptible when treated with antimicrobial agents.
48

  After dispersion occurs the 

free-floating bacterial cells colonize new areas and the process is repeated.  One way in 

which dispersion is initiated is by a process known as quorum sensing (QS). 

1.5: Modulating Bacterial Biofilms 

 QS (cell to cell communication) pathways are known to influence virulence factors, 

bioluminescence, antibiotic production, sporulation, competence for DNA uptake, and 

biofilm formation.
41,49

  QS involves the release of small-molecules that relay information 

about population density and alter gene expression within the biofilm community.  Most QS 

studies have involved Gram-negative bacteria such as Vibrio fischeri, P. aeruginosa, 

Burkholderiacepacia, V. cholera, and Yersinia pestis. It has been shown that many 

intraspecies signaling molecules are comprised of N-acyl homoserine lactone (AHL) 

derivatives, varying only at the acyl functionality (Figure 1.10).  Once the molecule is 

released, it binds to a cognate cytoplasmic receptor protein reserved specifically for AHLs of 

a given acyl side-chain.  This binding is thought to induce a conformational change and 

multimerization of the receptor protein, this is followed by DNA binding which activates or 

represses the transcription of targeted genes.
47
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Figure 1.10:  Common quorum sensing molecules. 

  

 

 QS in Gram-positive systems is less well understood.  There are many similarities 

between Gram-negative and Gram-positive QS, but there are important differences also.  QS 

molecules in Gram-positive bacteria are post-translationally modified peptides called 

autoinducing peptides (AIPs) (Figure 1.10).  AIPs do not diffuse across the cell membrane, 

thus transmembrane proteins are the receptors instead of cytoplasmic proteins.  Once the AIP 

signal is bound by the receptor kinase, activation of complex phosphorylation events within 

the cell induces or represses gene transcription.
50

 

 A third class of QS molecule is called autoinducer-2 (AI-2).  AI-2 is produced by a 

variety of bacteria and is thought to enable interspecies communication.
51

  The AI-2 

synthase, LuxS, produces a molecule called 4,5-dihydroxy-2,3-pentanedione (DPD).  From 

this compound various species of bacteria produce unique AI-2s through a series of 

spontaneous rearrangements (Scheme 1.1).  R-THMF and S-THMF-borate are the active AI-



 

19 

2 signals in V. harveyi and Salmonella enterica serovar Typhimuriu, respectively.
49

  The 

bacteria are then able to differentiate between their particular AI-2s.
52  

It should be noted that 

some bacteria are able to produce AI-2s and consume other AI-2s produced from other 

species.  E. coli does this efficiently, which leads to neighboring species underestimating 

their own population density.  The result is that other species fail to initiate or incorrectly 

terminate quorum sensing.
53

 

 

 

Scheme 1.1: The DPD precursor is used to form different AI-2s depending on the 

bacterial species. 

  

 

 Targeting QS mechanisms to modulate bacterial biofilms and reduce virulence has 

received much attention over the past decade.
41,47,54

  Most of these efforts have focused on 

the AHL mediated signaling cascade, as it is the best studied QS circuit.  This has led to the 

use of various AHL analogs, most of these compounds are structurally similar to the 

naturally occurring signals.  Modifications have included extending/shortening the acyl 
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chain, the addition of aromatic substituents, and variations of the oxidation pattern (Figure 

1.11).
41,54

 

 

 

Figure 1.11: Modified AHLs used to study quorum sensing pathways. 

  

 

 Another approach to identify novel compounds that modulate biofilm activity, is to 

draw inspiration from nature in the form of natural products.  Many marine organisms have 

evolved the ability to produce extremely toxic compounds as a means of chemical defense.
  

These compounds are released into water and then rapidly diluted, thus it is required that they 

possess very high potency.  It is hoped that the diverse populations within the oceans will 

yield promising biologically active compounds.
55

  The marine red algae Delisea pulchra 

produces a class of natural products known as halogenated furanones (Figure 1.12).  These 

compounds have been shown to not only disrupt biofilms but they also sensitize P. 

aeruginosa biofilms to the effects of the antibiotic tobramycin.
41
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Figure 1.12: Structures of the halogenated furanone family of natural products. 

  

 

 Other marine natural products that incorporate a 2-aminoimidazole moiety have been 

shown to inhibit the formation of bacterial biofilms.  Many marine sponges are soft bodied 

and live sedentary lifestyles.  This leaves only a few options for self-defense against 

predators and/or parasites.    Bromoageliferin 1.1 and oroidin 1.2 were isolated from the 

sponge Agelas conifera, and these compounds were effective at inhibiting the formation of 

biofilms by Rhodospirillum salexigens (Figure 1.13).
42

  It is thought that the sponge exploits 

these compounds as anti-biofouling agents.
56
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Figure 1.13: Structure of Bromoageliferin and oroidin. 

 

 

1.6: Bacterial Two-Component Systems 

 To survive in the various harsh environments that bacteria routinely inhabit, they 

must be able to respond to particular stimuli such as pH, nutrient level, osmotic pressure, 

redox state, quorum signals, and antibiotics.  To accomplish this, bacteria have evolved two-

component signal transduction systems (TCS) that control gene expression related to various 

processes (Table 1.1).  TCS are generally comprised of two proteins: a membrane-bound 

sensor histidine kinase (HK) and a cytoplasmic DNA-binding response regulator protein 

(RR).
57

  The cytoplasmic C-terminal domain of the HK contains a conserved histidine which 

is autophosphorylated in response to an external signal.  Additionally, the cytoplasmic region 

of the HK contains a catalytic domain with an ATP-binding site that is quite different from 

the serine/threonine/tyrosine kinase found in eukaryotic organisms.
58

  Phosphotransfer from 

the histidine residue of the HK to an aspartic acid residue on the RR results in a 
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conformational rearrangement of the RR.  This rearrangement generally leads to dimerization 

of two RRs, followed by DNA binding and thus changes in gene expression (Figure 1.14).
59

 

 

Table 1.1:  Various cellular processes controlled by a TCS. 

Proteins Involved  Process Regulated 

CheA, CheY, CheB bacterial chemotaxis 

EnvZ, OmpR osmoregulation 

KinA, SpoOF sporulation 

ArcB, ArcA regulation of genes involved in anaerobic respiration 

NtrB, NtrC nitrogen regulation 

PhoR, PhoP, CreC phosphate regulation 

NarX, NarQ nitrate regulation 

VirA, BvgS virulence 

LemA pathogenicity 

Rpf C synthesis of extracellular enzymes and polysaccharides 

NifR1 nitrogen fixation 

DegS extracellular protease synthesis 

RteA, RteB regulation of tetracycline resistance elements 

VanR, VanS vancomycin resistance 

 

 

 TCSs are found in many prokaryotes, fungi, yeast, and some plants; however none 

have been identified in organisms belonging to the animal kingdom.
60,61

  Importantly, these 

systems have been reported to exist within many pathogenic bacteria including P. 

aeruginosa, E. coli, S. enterica, A. baumannii, K. pneumoniae, and S. aureus.
58,62,63

  As such, 

bacterial TCS have been targeted for the development of novel antibacterial 

compounds.
57,64,65
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 Many TCSs are not required for bacterial survival but aid significantly when the 

bacterium placed under an external stress such as an antibiotic.  Thus TCSs represent an 

excellent target for the development of an adjuvant that could be used in combination with 

known antibiotics.
58

  This strategy would have the following advantages:  1) Selectively 

target bacterial HKs in the presence of mammalian HKs.  2) Restore the efficacy of an 

antibiotic by disrupting proper gene expression.  3) If the inhibitor operates under a non-toxic 

mechanism, the acquisition of resistance to the TCS inhibitor would be diminished. 

 

 

Figure 1.14:  Overview of a TCS signal transduction pathway. 
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1.7:  The Role of a TCS in Antibacterial Resistance   

 Various TCSs are known to play important roles in coordinating a response to 

antibiotics in pathogenic bacteria, and thus are an attractive target for the identification of a 

small molecule inhibitor (Table 1.2).  Exposure to the particular antibiotic generally results in 

up-regulation of genes encoding a phenotypic modification.  For example, the PmrAB TCS is 

responsible for the addition of phosphoethanolamine on the lipid A component of the 

lipopolysaccharide portion of the bacterial membrane in A. baumannii.  This modification 

reduces the net negative charge of the membrane, reducing the affinity of cationic antibiotics, 

resulting in a less susceptible strain of bacteria.  Studies involving A. baumannii genetic 

knock-outs of the PmrAB TCS resulted in the reversal of this phenotype and thus restored 

susceptibility to the cationic antibiotic.
62,66

 

 

Table 1.2:  Various TCSs with a role in antimicrobial resistance. 

Organism TCS Observed Antibiotic Resistance 

A. baumannii, P. aeruginosa PmrAB Polymyxins, antimicrobial peptides 

Enterococcus faecium VanRS Vancomycin 

S. aureus VraRS -̡lactams, glycopeptides, 

daptomycin 

P. aeruginosa PhoPQ Polymyxins, antimicrobial peptides 

K. pneumoniae PhoBR Carbapenems 

S. aureus BraRS Antimicrobial peptides 

 

 

 The VanRS TCS confers resistance to the glycopeptide antibiotic vancomycin in 

enterococcal bacteria.
67

  Vancomycin normally binds to the N-acyl-D-Ala-D-Ala termini of 
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an uncrossed linked pentapeptide via five hydrogen bonds, and disrupts cell wall 

biosynthesis.
68

  The vanRSHAX operon is comprised of five genes and upon activation 

induces the biosynthesis of altered cell-wall intermediates (Table 1.3).
24

  At the present, it is 

unclear whether vancomycin is acting directly or indirectly as the external stimuli to activate 

this TCS.  Transcription of the operon results in an altered cell wall, which differs from a 

normal bacterial cell wall by exchanging an amide for an ester.  This results in a N-acyl-D-

Ala-D-lactate termini which has a 1000-fold decrease in binding constant for vancomycin 

compared to the normal N-acyl-D-Ala-D-Ala.
69

 

 

Table 1.3:  The role of each protein encoded by the vanRSHAX TCS. 

Protein Activity  Function 

VanS Transmembrane histidine 

kinase 

Sensor protein 

VanR Response regulator Accepts PO3
2-

 from VanS, activates 

vanH,A,X transcription 

VanH D-Specific Ŭ-keto acid 

reductase 

Generates D-lactate for VanA 

VanA Depsipeptide ligase for D-Ala-

D-lactate 

Generates an ester in competition with 

the normal amide 

VanX Zn
2+

 dependent D-Ala-D-Ala 

dipeptidase 

Removes D-Ala-D-Ala, allowing 

accumulation of D-Ala-D-lactate  

 

 

 The genome of S. aureus encodes 16 pairs of TCS, of these, VraRS TCS has been 

shown to control the expression of a variety of genes that are related to resistance to cell wall 

acting antibiotics.
70

  
70

  This system is known to be induced by exposing S. aureus to 

inhibitors of cell wall synthesis, and it has been shown that disruption of vraRS through the 
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use of a ȹvraS strain resulted in MIC reductions for both oxacillin and vancomycin.
71,72

  

Presently it is unclear what the exact stimuli is, but it is hypothesized that the sensor kinase 

responds to the damage of cell-wall structure or inhibition of cell-wall biosynthesis.  

Utilizing DNA microarrays, Kuroda et al. successfully established that 139 genes were up-

regulated by incubation with vancomycin, these included genes associated with cell-wall 

peptidoglycan synthesis such as pbp2, sgtB, murZ and fmtA.
70

 

 Transcripts for sgtB encode a putative glycotransferase,
72

 murZ encodes UDP-N-

acetylglucosamine 1-carboxylvinyl transferase 2,
73

 while fmtA encodes an accessory PBP 

with low affinity to ɓ-lactams.
74

  All of these are important for the strength associated with 

the bacterial cell wall (Figure 1.15).  UDP-N-acetylglucosamine and UDP-N-acetylmuramic 

acid-pentapeptide are synthesized by MurZ in the cytoplasm.  A membrane carrier molecule 

is then attached to the peptidoglycan precursor via a di-phosphate bridge, which allows 

transportation of the molecule across the cytoplasmic membrane.  Lastly, the 

transglycosylases (PBP2 and SgtB) and transpeptidases (FmtA, among other enzymes not 

transcriptionally controlled by VraSR) complete the sugar-peptide chains thus completing the 

synthesis of the peptidoglycan layer in S. aureus.
75
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Figure 1.15:  The VraSR TCS is known to regulate gene expression of various proteins 

involved in cell-wall biosynthesis.   

 

1.8: Known Inhibitors of TCS 

 Most small molecules that have been identified as an inhibitor of TCS signaling, 

operate by inhibiting autophosphorylation of the HK.  Compound 1.3, imidazolium 

derivative, was show to inhibit autophosphorylation of multiple HKs such as YycG, PhoQ, 

EnvZ, and posses antibacterial properties against Gram-positive organisms when present at 

the low ɛg/mL range (Figure 1.16).
76

  Compound 1.4 was shown to inhibit several HKs, 
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including VanS from Enterococcus faecium and EnvZ from E. coli, when present at a non-

toxic concentration.
77

   

 

Figure 1.16:  Structure of small molecules known to inhibit HK function. 

 

 Alternatively, there are reports of compounds that target the RR protein involved in 

TCS signaling (Figure 1.17).  Compound 1.5 was identified via high-through-put screening 

and shown to down-regulate the expression of genes controlled by Alg-R1 in P. 

aeruginosa.
78

  In a later study, the Weisblum lab successfully demonstrated that compound 

1.5 was able to prevent phosphotransfer of a phosphate group from the HK to the RR in the 

VanRS TCS of E. faecium.
67

  The Melander lab has shown a small molecule based on the 2-

aminoimidazole scaffold, compound 1.6 is capable of binding to the RR BfmR in A. 

baumannii.
32

  BfmR is known to be a master controller of biofilm formation in A. baumannii, 

and Ballard et al demonstrated that 1.6 was able to inhibit and disperse biofilms via a non-

toxic mechanism.
79

  Taken together, these results indicate the potential of targeting a TCS 

with small molecule, and  thereby modulating bacterial behavior.   
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Figure 1.17:  Structure of small molecules known to inhibit RR function. 

 

 Our lab has made significant efforts to target TCSs responsible for antibiotic 

resistance.  We successfully demonstrated that small molecules based on the 2-

aminoimidazole motif can be used to inhibit these TCSs, and in the process restore antibiotic 

susceptibility to an otherwise resistant strain of bacteria (Figure 1.18).  Compound 1.7 was 

shown to suppress oxacillin resistance in MRSA by targeting the VraSR TCS (discussed in 

Chapter 3), and compound 1.8 was shown to suppress colistin resistance in multi-drug 

resistant A. baumannii by targeting the PmrAB TCS (discussed in Chapter 4).
80,81

 

 

 

Figure 1.18:  Structure of small molecules known to disrupt TCS signaling. 
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1.9: Conclusions 

 Bacterial biofilms represent a significant challenge to the scientific community.  This 

is mainly due to the increased antimicrobial resistance observed when bacteria encase 

themselves within an extracellular matrix.  Biofilm formation is controlled by a process 

known as quorum sensing.  Controlling this process could lead to many novel therapies for 

treating biofilm-mediated infections.  Additionally, nature has provided a variety of 

compounds that modulate biofilms, drawing inspiration from these compounds will 

ultimately lead to more active molecules. 

 Identifying compounds that target TCSs has been shown to be a viable means for the 

development of novel antibiotics.  While the development of new antibiotics will benefit 

mankind in the short-term, it has been shown that bacteria inevitably evolve resistance to any 

external stimuli that places selective pressure on the organism.  Alternatively, the 

development of adjuvants that target non-essential TCSs represents a novel approach to 

counter bacterial resistance mechanisms, as some of these non-essential TCSs have been 

shown to regulate genes associated with antibiotic resistance.  As such, using combination 

therapy could extend the lifetime of current antibiotics and possibly restore the effectiveness 

of older antibiotics against an otherwise resistant organism. 
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CHAPTER 2 

DEVELOPING A SYNTHETIC ROUTE TO ACCESS A DIVERSE LIBRARY OF 

1,5-SUBSTITUED 2-AMINOIMIDAZOLES  

2.1: Introduction 

The Melander group has drawn inspiration from marine natural products in the search for 

anti-biofilm compounds.  Marine coral and sponges are known to produce compounds that 

will inhibit the attachment of microorganisms which can lead to biofouling. Bromoageliferin 

2.1 and oroidin 2.2 are two such compounds.  Bromoageliferin 2.1 and oroidin 2.2 were 

shown to inhibit Rhodospirillum salexigens growth on a glass surface with IC50 values of 

2.43 nM and 169 ˃M, respectively.
1
  The IC50 value is defined as the concentration of a 

compound that inhibits 50% of biofilm formation relative to a control.  

 Huigens et al. postulated that the bicyclic core of bromoageliferin 2.1 was the key 

pharmacophore for the biological activity of this compound.  As such, they synthesized two 

compounds TAGE (trans-bromoageliferin) 2.3 and CAGE (cis-bromoageliferin) 2.4 and 

tested them for biofilm inhibition of P. aeruginosa PAO1 (Figure 2.1).
2
  TAGE 2.3 and 

CAGE 2.4 were able to inhibit the formation of a biofilm (IC50 = 100 ˃ M).  Following this 

initial discovery, Richards et al. published a series of papers focused on the oroidin scaffold, 

thus providing the foundation for much of the work done within the Melander Lab.
3-5
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Figure 2.1: Initial inspiration for the development of anti-biofilm compounds. 

  

 

 Over the years the Melander lab has developed several diverse libraries of compounds 

with anti-biofilm activity against a variety of bacterial strains, both Gram-positive and Gram-

negative, in addition to compounds with fungal anti-biofilm activity.
2-16

  These studies have 

shown that the 2-aminoimidazole is a key functionality for the bioactivity of many of these 

compounds.  Additionally, many of these anti-biofilm compounds inhibit the formation of a 

bacterial biofilm without exhibiting microbicidal activity towards planktonic bacteria. There 

is significant potential for molecules that possess the ability to inhibit and/or disperse 

bacterial biofilms via a non-toxic mechanism in infectious disease therapy, as if a molecule 



 

41 

does not directly kill bacteria there is a reduced likelihood of the bacteria acquiring resistance 

to the molecule. 

 Due to the robust biological activity of mono-substituted-2-aminoimidazoles, our lab 

has explored other substitution patterns.  In 2010, Su and co-workers developed a synthesis 

to access 4,5-disubstituted-2-aminoimidazoles via a nitroenolate approach (Scheme 2.1).
17

  

Many of these compounds displayed promising activity, initiating work on other substitution 

patterns. 

 

 

Scheme 2.1: Synthetic route to 4,5-substituted-2-aminoimidazoles. m = 2- 4, n = 0 - 4. 

  

 

 A route that would allow the placement of a substituent at one of the endocyclic 

nitrogen atoms would provide access to a 1,5-substituted-2-aminoimidazole library.  

Previously, reported methods for the preparation of 1,5-disubstituted-2-aminoimidazoles 

however, do not allow for the introduction of a diverse array of C-5 substituents.  Kaila et al 

reported a method to prepare 2-aminoimidazoles with an acyl group at the 5-position.  This 

was achieved by monocondensation of thiourea with dimethylformamide dimethyl acetal, 

followed by protection with trityl chloride to give the corresponding 1-amidino-3-trityl -

thiourea.  Reaction of the amidinothiourea with various anilines in the presence of mercury 
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(II) chloride yielded the respective guanidines.  Cyclization with a variety of Ŭ-bromo 

ketones, followed by deprotection afforded the 1,5-disubstituted-2-aminoimidazole (Scheme 

2.2).
18

 

 

 

Scheme 2.2: Preparation of 1,5-disubstituted-2-aminoimidazole.  R
1
 = Various acyl 

groups. 

  

 

 A method to prepare 5-aryl 1,5-disubstituted-2-aminoimidazoles has been reported 

via the formation of imidazo(1,2-Ŭ)pyrimidinium salts.  Starting with a substituted 2-

aminopyrimidine, the imidazo(1,2-Ŭ)pyrimidinium intermediate can be formed by heating 

with various Ŭ-bromocarbonyl compounds followed by acid-catalyzed elimination with HBr 

or PPA.  Treatment with hydrazine in acetonitrile yielded various 5-aryl 2-aminoimidazole 

derivatives.
19

  A revised method utilizing microwave irradiation revealed a two-step 
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procedure to the desired product (Scheme 2.3).  These compounds were then shown to inhibit 

biofilm formation against Salmonella typhimurium and P. aeruginosa.
20

 

 

 

 
Scheme 2.3: Synthesis of 5-aryl 2-aminoimidazoles from imidazo(1,2-Ŭ)pyrimidinium 

salts.  R
3
 = various aryl groups. 

  

 

 The aforementioned routes are limited to acyl or aryl substitution patterns at the 5-

position, we desired a method that utilized readily available building blocks and allowed for 

the introduction of diversity at both  the 1-position and the 5-position of the 2-

aminoimidazole ring.  Ultimately the ability to make analogues possessing our previously 

determined active C-5 substituents would lead to better structure activity relationship studies 

between various libraries.  To this end, we envisioned that the desired 1,5-disubtituted-2-

aminoimidazole derivatives could be readily prepared from the condensation of N-substituted 

Ŭ-aminoaldehydes with cyanamide.  In turn, these N-substituted Ŭ-aminoaldehydes could be 
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prepared from a reductive amination reaction between commercially available aldehydes and 

readily available amino acids, followed by reduction of the carboxylic acid to the aldehyde 

(Figure 2.2). 

 

 

Figure 2.2: Retrosynthetic analysis of 1,5-disubstituted-2-aminoimidazoles. 

 

 

2.2: Results and Discussion  

 The first step of our route to 1,5-substituted 2-aminoimidazoles involved the 

formation of N-substituted a-amino acids. We tested several conditions for the reductive 

amination of L-phenylalanine with benzaldehyde and determined the best method to be a 

two-step procedure using sodium borohydride as the reducing agent, which, after Boc-

protection, afforded the desired N-substituted phenylalanine 2.5 in 70% yield.  We then 

turned our attention to the conversion of the a-amino acid to its corresponding a-amino 

aldehyde. Several methods were investigated including thiol ester formation followed by 

reduction with triethylsilane
21 

and sodium amalgam (Akabori) reduction
9 

of the methyl ester 

of compound 2.5 (Scheme 2.4). It was decided that the most efficient route, and that which 

allowed for the greatest introduction of diversity, was via the formation of the N-methoxy-N-

methylamide (Weinreb amide) and subsequent reduction (Scheme 2.5).  Conversion of the 

Boc protected amino acid 2.5 to the Weinreb amide was achieved using (benzotriazol-1-
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yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) as the coupling reagent.  

Reduction of the Weinreb amide to the aldehyde was carried out using diisobutylaluminum 

hydride (DIBAL-H) followed by in situ Boc-deprotection with HCl, and cyclization with 

cyanamide to afford the 1,5-disubstituted-2-aminoimidazole. 

 

 

Scheme 2.4: Initially explored routes to a-amino aldehyde. 

  

 

 Following these test reactions, an initial 20-member library was generated, possessing 

a variety of substituents including, straight chain and branched alkyl groups, phenyl and alkyl 

phenyl groups, and a more polar carbamate group. In summary, imine formation between 

equimolar amounts of commercially available amino acids and aldehydes in methanol in the 

presence of lithium hydroxide was followed by reduction with two equivalents of sodium 

borohydride.  The crude secondary amines were Boc protected, using Boc anhydride in 
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acetonitrile with TMAH as base to furnish the N-substituted Boc amino acids.  Amide 

coupling of these protected amino acids with N,O-dimethylhydroxylamine, using BOP as the 

coupling reagent in DCM in the presence of triethylamine, afforded the desired Weinreb 

amides.  The Weinreb amides were then reduced with DIBAL-H in THF and after quenching 

the reaction, the crude aldehydes were extracted with diethyl ether then treated with diethyl 

ether/aqueous HCl or TFA/DCM to remove the Boc group.  Following solvent removal the 

crude amino aldehydes were dissolved in a 1:1 mixture of ethanol/water, the pH adjusted to 

4.3, and allowed to react with cyanamide at 95 °C.  Following purification the respective 1,5-

disubstituted-2-aminoimidazoles were converted to their HCl salts for biological testing. 
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Scheme 2.5: Library of 1,5-disubstituted-2-aminoimidazoles (labeled compounds listed 

in Experimental Section). 

  

 

 Initially we investigated the antibiotic activity of this 1,5-disubstituted-2-

aminoimidazole library. This was carried out by measurement of the minimum inhibitory 

concentration (MIC) of each derivative against a variety of representative pathogenic 

bacterial strains, both Gram-negative and Gram-positive, using a standard broth 

microdilution protocol.
22

  We tested activity against: Escherichia coli, Acinetobacter 
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baumannii, multi-drug resistant Acinetobacter baumannii (MDRAB), Staphylococcus 

epidermidis, methicillin resistant Staphylococcus epidermidis (MRSE), methicillin 

susceptible Staphylococcus aureus (MSSA),  methicillin resistant Staphylococcus aureus 

(MRSA) and a carbapenem resistant strain of Klebsiella pneumoniae which produces the 

recently reported New Delhi metallo-ß-lactamase (NDM-1).
23

  It was found that compound 

2.64 was the most active antibiotic, with MIC values of 2, 8, 8, 32, 0.125, 2, 2, and 2 g˃/mL 

against E. coli, A. baumannii, MDRAB, K. pneumoniae S. epidermidis, MRSE, MSSA and 

MRSA respectively (complete data in Appendix).  This compound demonstrated greater 

antibiotic activity against the Gram-positive strains tested than against the Gram-negative 

strains, and has particularly notable activity against the opportunistic bacterium S. 

epidermidis. 

 Comparing compound 2.64 with 2.63, it can be seen that increasing the chain length 

of the N-1 substituent leads to an increase in activity for Gram-negative strains and Gram-

positive strains (Figure 2.2).  Therefore it was decided to synthesize two more compounds 

with the same C-5 substituent and increasing alkyl chain lengths of the N-1 substituent to see 

whether this trend would be continued. These compounds (2.65 and 2.66) were synthesized 

in the same manner as the initial library and were tested for antibiotic activity against the 

same eight bacterial strains (Figure 2.3).  Unfortunately, a significant increase in antibiotic 

activity from compound 2.64 was not observed, though these compounds still possess 

considerable antibiotic activity against S. epidermidis, MRSE, MSSA, MRSA and E. coli.   
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Figure 2.3: I ncreasing alkyl chain length of the N-1 substituent. 

  

 

 Next, the 1,5-disubstituted 2-aminoimidazole library was tested for the ability to 

inhibit bacterial biofilm formation. For this investigation five biofilm forming bacterial 

strains were selected, E. coli, A. baumannii, MDRAB, MSSA and MRSA. Compounds were 

initially screened at 200 µM using a crystal violet reporter assay.
24

  Several compounds, 

including 2.63 and 2.65, exhibited biofilm inhibition activity (complete data in Appendix).  

Compounds exhibiting greater than 90% inhibition were subject to a dose response assay in 

hopes of determining the IC50 value for biofilm inhibition activity. However, upon 

performing the dose response assay, we noticed a rapid drop in activity over a narrow 
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concentration range, indicative of activity via a microbicidal mechanism. IC50 values for 

biofilm inhibition activity for this library of compounds were therefore not determined. 

2.3: Conclusions 

 In conclusion, we have developed a facile route to 1,5-disubstituted 2- 

aminoimidazoles that allows rapid assembly of a diverse array of 2-aminoimidazole 

derivatives from readily available starting materials. The lead compounds identified in this 

study show significant antibiotic activity against a wide variety of bacterial strains. Several of 

the simple analogues developed in this study demonstrated the ability to inhibit biofilm 

formation, albeit through a microbicidal mechanism.
25

  The synthetic route developed in this 

project can be used to access 1,5-substituted 2-aminoimidazoles based on previously 

identified highly active mono-substituted 2-aminoimidazoles. 

2.4: Experimental Section 

Synthesis Experimental 

All reagents used for chemical synthesis were purchased from commercially available 

sources and used without further purification. Chromatography was performed using 60Aę 

mesh standard grade silica gel from Sorbtech (Atlanta, GA, USA). NMR solvents were 

obtained from Cambridge Isotope Labs and used as is. 
1
H NMR (300 MHz or 400 MHz) and 

13
C NMR (75 MHz or 100 MHz) spectra were recorded at 25 ↔C on Varian Mercury 

spectrometers. Chemical shifts (d) are given in ppm relative to tetramethylsilane or the 

respective NMR solvent; coupling constants (J) are in Hertz (Hz). Abbreviations used are s = 

singlet, br s = broad singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of 

triplets, q = quartet and m = multiplet. Mass spectra were obtained at the NCSU Department 
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of Chemistry Mass Spectrometry Facility.  Infrared spectra were obtained on a FT/IR-4100 

spectrophotometer (ɜmax in cm
-1

). UV absorbance was recorded on a Genesys 10 scanning 

UV/visible spectrophotometer (ɚmax in nm). 

General synthetic procedure for reductive amination and Boc protection  

The amino acid specified below was dissolved in methanol.  LiOHÅH20 was added, and the 

solution stirred at room temperature for 20 minutes.  The corresponding aldehyde was added 

dropwise, and stirred for 1 hour.  Sodium borohydride was then added portionwise.  After 30 

minutes, the solvent was removed under reduced pressure and the resulting solid was 

dissolved in water.  Using 1M HCl, the pH was adjusted to 6.5 and then filtered.  The crude 

white solid was carried on without further purification.  The crude product and 

tetramethylammonium hydroxide (TMAH) were dissolved in CH3CN, after stirring for 30 

minutes, Di-tert-butyl dicarbonate (Boc2O) was then added.  The reaction was allowed to stir 

for 18 hours.  The solvent was then removed under reduced pressure and the crude Boc-

protected amino acid was dissolved in water.  Using 1M HCl the pH was adjusted to 2, and 

then extracted with ethyl acetate.  The organic layer was washed with water (3x), brine (1x), 

then dried over sodium sulfate.  The solvent was removed under reduced pressure, and the 

crude product was purified via flash column chromatography (5% Ÿ 50% acetone/hexane).  

General synthetic procedure for Weinreb amide formation  

The Boc protected amino acid was stirred in dry dichloromethane (DCM) (20 mL) under 

nitrogen gas.  To this solution, triethylamine was added followed by (benzotriazol-1-

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) and stirred at room 

temperature.  After 15 minutes, O,N-dimethylhydroxylamine hydrochloride and 
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triethylamine were added.  The reaction was stirred for 18 hours, diluted with DCM (60 mL) 

and then washed with 2M HCl (3 x), aqueous satured sodium bicarbonate (3 x), and brine.  

The organic layer was dried over sodium sulfate and the solvent was removed under reduced 

pressure.  The crude product was then purified via flash column chromatography (5% Ÿ 

50% ethyl acetate/hexane). 

General synthetic procedure for cyanamide cyclization 

The Ŭ-amino Weinreb amide was added to dry tetrahydrofuran (10 mL) at -78 °C, under 

nitrogen gas.  While stirring Diisobutylaluminium hydride (DIBAL-H) was added and the 

solution was stirred for 1 hour at -78 ÁC Ÿ room temperature.  The reaction was quenched 

with aqueous 0.35 M sodium bisulfate, then extracted with diethyl ether (3 x).  The organic 

layer was washed with 1M HCl (2 x), aqueous saturated sodium bicarbonate (2 x), brine (2 

x), and then dried over sodium sulfate.  The solvent was removed under reduced pressure, 

and the crude product was carried on without further purification.  The crude product was 

dissolved in either 1:1 diethyl ether:4M HCl (15 mL) or 10:1 dichloromethane:trifluoroacetic 

acid (15 mL).  The reaction was stirred for 2 hours at room temperature, and then the solvent 

was removed under reduced pressure.  Without purification the crude product was dissolved 

in 1:1 ethanol:water (15 mL), and the pH was adjusted to 4.3 using 2M aqueous NaOH.  

While stirring, cyanamide was added to the solution which was then refluxed (95 °C) for 3 

hours.  The solvent was removed under reduced pressure and the crude product was purified 

via flash column chromatography (3% methanol(sat. NH3)/CH2Cl2 Ÿ 10% methanol(sat. 

NH3)/CH2Cl2).  The pure compound was then dissolved in methanol (5 mL) and 1M HCl (0.2 

mL) was added to afford the hydrochloride salt upon removal of solvent. 
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2-(Benzyl(tert-butoxycarbonyl)amino)-3-phenylpropanoic acid (2.5): 2.5 was synthesized 

as described in the general procedure using L-phenylalanine (12.11 mmol, 2 g), 

benzaldehyde (12.11 mmol, 1.22 mL), sodium borohydride (24.22 mmol, 916 mg).  To the 

crude product (7.84 mmol, 2 g) TMAH (15.68 mmol, 2.84 g) was added, followed by Boc2O 

(15.68 mmol, 3.42 g).  After purification via flash column chromatography, 2.5 was obtained 

as a yellow oil (1.96 g, 71%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.45 ï 10.19 (br s, 1H), 7.33 ï 7.12 (m, 10H), 4.71 and 4.67 

and 3.90 and 2.58 (4 x br s, 2H, rotamers), 4.27 and 3.95 (2 x br s, 1H, rotamers), 3.36 and 

3.15 (2 x br s, 2H, rotamers), 1.59 and 1.49 (s, 9H, rotamers);  
13

C NMR (100 MHz, CDCl3) 

ŭ 176.9 and 176.1 (rotamers), 155.7 and 155.0 (rotamers), 137. 8 and 137.7 (rotamers), 137.4 

and 136.7 (rotamers), 129.2, 128.6 and 128.5 (rotamers), 128.4 and 128.2 (rotamers), 127.6, 

127.3 and 127.0 (rotamers), 126.6 and 126.5 (rotamers), 81.4 and 81.0 (rotamers), 61.9 and 

60.8 (rotamers), 52.5 and 52.0 (rotamers), 36.3 and 35.2 (rotamers), 28.3 and 28.2 (rotamers).  

IR (KBr) ɜ(cm
-1

) 2928, 1703, 1460, 1250, 1164.  ɚmax = 219 nm, 252 nm.  HRMS (ESI):  m/z:  

Calcd for C21H25NO4:  378.1676  [M+Na]
+
;  found: 378.1677.    
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2-(tert -Butoxycarbonyl(3-phenylpropyl)amino)-3-phenylpropanoic acid (2.6): 2.6 was 

synthesized as described in the general procedure using L-phenylalanine (12.11 mmol, 2 g), 

hydrocinnamaldehyde (12.11 mmol, 1.60 mL), sodium borohydride (24.22 mmol, 916 mg).  

To the crude product (7.06 mmol, 2 g) TMAH (14.13 mmol, 2.56 g) was added, followed by 

Boc2O (14.13 mmol, 3.09 g).  After purification via flash column chromatography, 2.6 was 

obtained as a colorless oil (2.13 g, 79%).  

1
H NMR (400 MHz, CDCl3) ŭ 11.01 (br s, 1H), 7.33 ï 7.09 (m, 10H), 4.16 and 3.97 (2 x br s, 

2H, rotamers), 3.34 (s, 2H), 3.14 and 2.64 (2 x m, 2H, rotamers), 2.47 (m, 2H), 1.62 ï 1.47 

(m, 11H);  
13

C NMR (100 MHz, CDCl3) ŭ 177.3 and 176.5 (rotamers), 155.9 and 154.7 

(rotamers), 142.0 and 141.7 (rotamers), 138.1, 129.5 and 129.4 (rotamers), 128.9 and 128.8 

(rotamers), 128.6, 128.4, 126.8 and 126.7 (rotamers), 126.0 and 125.8 (rotamers), 81.2 and 

80.8 (rotamers), 63.3 and 62.9 (rotamers), 49.2, 36.3 and 35.2 (rotamers), 33.1, 30.1 and 29.8 

(rotamers), 28.5.  IR (KBr) ɜ(cm
-1

)  2931, 1692, 1403, 1159.  ɚmax = 217 nm, 258 nm.  

HRMS (ESI):  m/z:  Calcd for C23H29NO4:  406.1989  [M+Na]
+
;  found: 406.1982.    

 

2-(tert -Butoxycarbonyl(pentyl)amino)-3-phenylpropanoic acid (2.7): 2.7 was synthesized 

as described in the general procedure using L-phenylalanine (12.11 mmol, 2 g), 

valeraldehyde (12.11 mmol, 1.29 mL), sodium borohydride (24.22 mmol, 916 mg).  To the 
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crude product (8.50 mmol, 2 g) TMAH (17.00 mmol, 3.08 g) was added, followed by Boc2O 

(17.00 mmol, 3.71 g).  After purification via flash column chromatography, 2.7 was obtained 

as a colorless oil (1.93 g, 68%).  

1
H NMR (300 MHz, CDCl3) ŭ 7.32 ï 7.20 (m, 5H), 4.10 and 3.96 (2 x br s, 1H, rotamers), 

3.36 - 3.23 (m, 2H), 3.19 and 2.55 (2 x m, 2H, rotamers), 1.48 (s, 9H), 1.28 ï 1.08 (m, 6H), 

0.82 (t, 3H, J = 6.2 Hz);  
13

C NMR (75 MHz, CDCl3) ŭ 177.3 and 176.3 (rotamers), 156.0 

and 154.5 (rotamers), 137.9 and 137.8 (rotamers), 129.3 and 129.2 (rotamers), 128.5 and 

128.4 (rotamers), 126.6, 80.8 and 80.7 (rotamers), 63.4 and 62.7 (rotamers), 49.6 and 49.5 

(rotamers), 36.1 and 35.0 (rotamers), 28.8, 28.3, 28.0 and 27.6 (rotamers), 22.3 and 22.2 

(rotamers), 13.9.  IR (KBr) ɜ(cm
-1

)  2961, 1691, 1409, 1171.  ɚmax = 219 nm, 258 nm.  

HRMS (ESI):  m/z:  Calcd for C19H29NO4:  358.1989  [M+Na]
+
;  found: 378.1959.    

 

2-(tert -Butoxycarbonyl(octyl)amino)-3-phenylpropanoic acid (2.8): 2.8 was synthesized 

as described in the general procedure using L-phenylalanine (12.11 mmol, 2 g), octyl 

aldehyde (12.11 mmol, 1.89 mL), sodium borohydride (24.22 mmol, 916 mg).  To the crude 

product (7.22 mmol, 2 g) TMAH (14.44 mmol, 2.62 g) was added, followed by Boc2O (14.44 

mmol, 3.15 g).  After purification via flash column chromatography, 2.8 was obtained as a 

colorless oil (1.87 g, 69%).  

1
H NMR (300 MHz, CDCl3) ŭ 7.33 ï 7.19 (m, 5H), 4.08 - 3.98 (m, 1H), 3.37 - 3.27 (m, 2H), 

3.08 and 2.60 (2 x m, 2H, rotamers), 1.46 (s, 9H), 1.35 ï 1.20 (m, 12H), 0.88 (t, 3H, J = 6.6 
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Hz);  
13

C NMR (75 MHz, CDCl3) ŭ 177.3 and 175.5 (rotamers), 156.4 and 154.5 (rotamers), 

138.0 and 137.7 (rotamers), 129.3 and 129.2 (rotamers), 128.5 and 128.4 (rotamers), 126.7, 

81.0 and 80.8 (rotamers), 64.0 and 62.7 (rotamers), 49.9 and 49.5 (rotamers), 36.2 and 35.0 

(rotamers), 31.7, 29.9 and 29.2 (rotamers), 29.1, 28.3 and 27.9 (rotamers), 26.7 and 26.6 

(rotamers), 22.6, 14.1.  IR (KBr) ɜ(cm
-1

)  2926, 1699, 1254, 1169.  ɚmax = 218 nm, 257 nm.  

HRMS (ESI):  m/z:  Calcd for C22H35NO4:  400.2458  [M+Na]
+
;  found: 400.2440. 

 

2-(Benzyl(tert-butoxycarbonyl)amino)-2-phenylacetic acid (2.9): 2.9 was synthesized as 

described in the general procedure using L-Ŭ-phenylglycine (13.23 mmol, 2 g), benzaldehyde 

(13.23 mmol, 1.34 mL), sodium borohydride (26.46 mmol, 1 g).  To the crude product (8.30 

mmol, 2 g) TMAH (16.60 mmol, 3.01 g) was added, followed by Boc2O (16.60 mmol, 3.62 

g).  After purification via flash column chromatography, 2.9 was obtained as a colorless oil 

(2.23 g, 79%).  

1
H NMR (400 MHz, CDCl3) ŭ 11.20 (br s, 1H), 7.31 ï 7.02 (m, 10H), 5.85 and 5.25 (2 x br s, 

1H, rotamers), 4.80 and 4.18 (2 x m, 2H, rotamers), 1.46 (br s, 9H);  
13

C NMR (100 MHz, 

CDCl3) ŭ 175.9, 156.3, 138.6, 137.9, 133.8, 129.3, 128.4, 127.8, 127.3, 126.5, 81.5, 63.2, 

49.2, 28.1.  IR (KBr) ɜ(cm
-1

)  2976, 1693, 1398, 1160.  ɚmax = 212 nm, 258 nm.  HRMS 

(ESI):  m/z:  Calcd for C20H23NO4:  364.1519  [M+Na]
+
;  found: 364.152. 
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2-(tert -Butoxycarbonyl(3-phenylpropyl)amino)-2-phenylacetic acid (2.10): 2.10 was 

synthesized as described in the general procedure using L-Ŭ-phenylglycine (13.23 mmol, 2 

g), hydrocinnamaldehyde (13.23 mmol, 1.75 mL), sodium borohydride (26.46 mmol, 1 g).  

To the crude product (7.43 mmol, 2 g) TMAH (14.86 mmol, 2.69 g) was added, followed by 

Boc2O (14.86 mmol, 3.24 g).  After purification via flash column chromatography, 2.10 was 

obtained as a pale yellow oil (1.66 g, 61%).  

1
H NMR (400 MHz, CDCl3) ŭ 11.1 (br s, 1H), 7.42 ï 7.07 (m, 10H), 5.96 and 5.51 (2 x br s, 

1H, rotamers), 3.42 and 3.13 (2 x br s, 2H, rotamers), 2.76 and 2.45 (2 x br s, 2H, rotamers), 

1.83 and 1.46 (2 x br s, 2H, rotamers), 1.56 (s, 9H);  
13

C NMR (100 MHz, CDCl3) ŭ 175.8, 

156.2 and 155.0 (rotamers), 141.4 and 139.9 (rotamers), 134.3 and 134.0 (rotamers), 129.1, 

128.5 and 128.3 (rotamers), 128.2 and 128.1 (rotamers), 128.0, 125.8 and 125.7 (rotamers), 

125.5, 80.9 and 80.6 (rotamers), 62.7 and 62.4 (rotamers), 45.6 and 45.3 (rotamers), 32.9, 

30.5 and 30.1 (rotamers), 28.1 and 28.0 (rotamers).  IR (KBr) ɜ(cm
-1

)  2977, 1692, 1404, 

1159.  ɚmax = 221 nm, 257 nm.  HRMS (ESI):  m/z:  Calcd for C22H27NO4:  392.1832  

[M+Na]
+
;  found: 392.1833. 

 

2-(tert -Butoxycarbonyl(pentyl)amino)-2-phenylacetic acid (2.11): 2.11 was synthesized 

as described in the general procedure using L-Ŭ-phenylglycine (13.23 mmol, 2 g), 
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valeraldehyde (13.23 mmol, 1.41 mL), sodium borohydride (26.46 mmol, 1 g).  To the crude 

product (9.04 mmol, 2 g) TMAH (18.08 mmol, 3.28 g) was added, followed by Boc2O (18.08 

mmol, 3.95 g).  After purification via flash column chromatography, 2.11 was obtained as a 

colorless oil (2.36 g, 81%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.99 (br s, 1H), 7.34 ï 7.26 (m, 5H), 5.79 and 5.41 (2 x br s, 

1H, rotamers), 3.25 and 2.95 (2 x br s, 2H), 1.47 (s, 9H), 1.10 ï 0.99 (m, 6H), 0.74 (t, 3H, J = 

7.2 Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 175.9, 156.4 and 154.9 (rotamers), 134.4, 129.1, 

128.4, 128.3, 80.6, 62.9 and 62.8 (rotamers), 45.8, 28.7, 28.4, 28.2, 21.9, 13.8.  IR (KBr) 

ɜ(cm
-1

)  2961, 1691, 1409, 1172.  ɚmax = 219 nm, 256 nm.  HRMS (ESI):  m/z:  Calcd for 

C18H27NO4:  344.1832  [M+Na]
+
;  found: 344.1841.    

 

2-(tert -Butoxycarbonyl(octyl)amino)-2-phenylacetic acid (2.12): 2.12 was synthesized as 

described in the general procedure using L-Ŭ-phenylglycine (13.23 mmol, 2 g), octyl 

aldehyde (13.23 mmol, 2.06 mL), sodium borohydride (26.46 mmol, 1 g).  To the crude 

product (7.60 mmol, 2 g) TMAH (15.2 mmol, 2.75 g) was added, followed by Boc2O (15.2 

mmol, 3.32 g).  After purification via flash column chromatography, 2.12 was obtained as a 

colorless oil (1.59 g, 58%).  

1
H NMR (400 MHz, CDCl3) ŭ 11.22 (br s, 1H), 7.41 ï 7.32 (m, 5H), 5.80 and 5.40 (2 x br s, 

1H, rotamers), 3.28 and 2.97 (2 x br s, 2H, rotamers), 1.49 ï 1.04 (m, 21H), 0.86 (t, 3H, J = 

7.2 Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 175.9, 156.6, 134.5, 129.1, 128.5, 128.4, 80.8, 63.3, 

46.2, 31.7, 29.0, 28.9, 28.8, 28.3, 26.6, 22.5, 14.0.  IR (KBr) ɜ(cm
-1

)  2926, 1695, 1407, 
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1161.  ɚmax = 218 nm, 250 nm.  HRMS (ESI):  m/z:  Calcd for C21H33NO4:  386.2302  

[M+Na]
+
;  found: 386.2299. 

 

2-(Benzyl(tert-butoxycarbonyl)amino)-4-methylpentanoic acid (2.13): 2.13 was 

synthesized as described in the general procedure using L-leucine (15.25 mmol, 2 g), 

benzaldehyde (15.25 mmol, 1.54 mL), sodium borohydride (30.5 mmol, 1.15 g).  To the 

crude product (9.04 mmol, 2 g) TMAH (18.08 mmol, 3.28 g) was added, followed by Boc2O 

(18.08 mmol, 3.95 g).  After purification via flash column chromatography, 2.13 was 

obtained as a colorless oil (2.14 g, 74%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.98 ï 10.75 (br s, 1H), 7.30 ï 7.25 (m, 5H), 4.75 and 4.28 (2 

x m, 2H, rotamers), 4.33 and 4.10 (2 x m, 1H, rotamers), 1.83 ï 1.57 (m, 1H), 1.62 ï 1.42 (m, 

11H), 0.86 ï 0.69 (m, 6H, rotamers);  
13

C NMR (100 MHz, CDCl3) ŭ 178.2 and 177.4 

(rotamers), 156.5 and 155.8 (rotamers), 138.6 and 138.0 (rotamers), 128.3, 127.3, 127.1, 

81.1, 58.2 and 57.6 (rotamers), 50.8 and 50.6 (rotamers), 39.2 and 38.3 (rotamers), 28.2, 24.9 

and 24.8 (rotamers), 22.5 and 21.8 (rotamers).  IR (KBr) ɜ(cm
-1

)  2972, 1700, 1398, 1169.  

ɚmax = 218 nm, 257 nm.  HRMS (ESI):  m/z:  Calcd for C18H27NO4:  344.1832  [M+Na]
+
;  

found: 344.1834.  
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2-(tert -Butoxycarbonyl(3-phenylpropyl)amino)-4-methylpentanoic acid (2.14): 2.14 was 

synthesized as described in the general procedure using L-leucine (15.25 mmol, 2 g), 

hydrocinnamaldehyde (15.25 mmol, 2.02 mL), sodium borohydride (30.5 mmol, 1.15 g).  To 

the crude product (8.03 mmol, 2 g) TMAH (16.06 mmol, 2.91 g) was added, followed by 

Boc2O (16.06 mmol, 3.51 g).  After purification via flash column chromatography, 2.14 was 

obtained as a colorless oil (1.41 g, 50%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.98 ï 10.75 (br s,1H), 7.34 - 7.17 (m, 5H), 4.53 and 4.15 (2 

x m, 1H, rotamers), 3.49 and 3.02 (2 x m, 2H, rotamers), 2.62 (t, 2H, J = 7.0 Hz), 2.02 ï 1.43 

(m, 14H), 0.94 (d, 6H, J = 5.4 Hz); 
13

C NMR  (100 MHz, CDCl3) ŭ 178.0 and 177.6 

(rotamers), 156.1 and 154.9 (rotamers), 141.7 and 141.4 (rotamers), 128.2, 125.8, 125.7, 80.6 

and 80.4 (rotamers), 58.2 and 57.8 (rotamers), 47.2 and 46.3 (rotamers), 38.9 and 38.0 

(rotamers), 33.3 and 33.2 (rotamers), 30.9 and 30.2 (rotamers), 28.2, 24.8 and 24.6 

(rotamers), 23.0 and 22.9 (rotamers).  IR (KBr) ɜ(cm
-1

)  2951, 1693, 1331, 1172.  ɚmax = 216 

nm, 258 nm. HRMS (ESI):  m/z:  Calcd for C20H31NO4:  372.2145  [M+Na]
+
;  found: 

372.2134. 

 

 



 

61 

 

2-(tert -Butoxycarbonyl(pentyl)amino)-4-methylpentanoic acid (2.15): 2.15 was 

synthesized as described in the general procedure using L-leucine (15.25 mmol, 2 g), 

valeraldehyde (15.25 mmol, 1.62 mL), sodium borohydride (30.5 mmol, 1.15 g).  To the 

crude product (9.94 mmol, 2 g) TMAH (19.88 mmol, 3.60 g) was added, followed by Boc2O 

(19.88 mmol, 4.34 g).  After purification via flash column chromatography, 2.15 was 

obtained as a colorless oil (1.33 g, 45%).  

1
H NMR (400 MHz, CDCl3) ŭ 4.35 and 4.19 (2 x br s, 1H, rotamers), 3.32 and 2.95 (2 x br s, 

2H, rotamers), 1.82 ï 1.25 (m, 18H), 0.96 (m, 9H); 
13

C NMR  (100 MHz, CDCl3) ŭ 178.1 

and 176.3 (rotamers), 156.9 and 155.0 (rotamers), 80.9 and 80.4 (rotamers), 59.2 and 58.1 

(rotamers), 47.7, 39.1 and 38.1 (rotamers), 29.1 and 28.9 (rotamers), 28.3, 24.8, 23.1 and 

22.8 (rotamers), 22.3, 22.0 and 21.8 (rotamers), 14.0.  IR (KBr) ɜ(cm
-1

)  2956, 1701, 1356, 

1163.  HRMS (ESI):  m/z:  Calcd for C16H31NO4:  324.2145  [M+Na]
+
;  found: 324.2146. 

 

2-(tert -Butoxycarbonyl(octyl)amino)-4-methylpentanoic acid (2.16): 2.16 was 

synthesized as described in the general procedure using L-leucine (15.25 mmol, 2 g), octyl 

aldehyde (15.25 mmol, 2.38 mL), sodium borohydride (30.5 mmol, 1.15 g).  To the crude 

product (8.22 mmol, 2 g) TMAH (16.44 mmol, 2.98 g) was added, followed by Boc2O (16.44 
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mmol, 3.59 g).  After purification via flash column chromatography, 2.16 was obtained as a 

colorless oil (1.70 g, 60%).  

1
H NMR (300 MHz, CDCl3) ŭ 4.36 and 4.17 (2 x br s, 1H, rotamers), 3.31 and 2.94 (2 x br s, 

2H, rotamers), 1.81 ï 1.70 (m, 2H, rotamers), 1.47 (br s, 9H), 1.27 (m, 13H), 0.96 ï 0.75 (m, 

9H); 
13

C NMR  (75 MHz, CDCl3) ŭ 178.4 and 176.7 (rotamers), 156.9 and 155.1 (rotamers), 

80.9 and 80.5 (rotamers), 59.0 and 58.2 (rotamers), 47.7, 39.1 and 38.1 (rotamers), 31.8, 

29.2, 28.7, 28.3, 26.9, 24.8, 23.1 and 22.9 (rotamers), 22.6, 21.9, 14.1.  IR (KBr) ɜ(cm
-1

)  

2927, 1705, 1301, 1162.  HRMS (ESI):  m/z:  Calcd for C19H37NO4:  366.2615  [M+Na]
+
;  

found: 366.2618.   

 

2-(Benzyl(tert-butoxycarbonyl)amino)octanoic acid (2.17): 2.17 was synthesized as 

described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), 

benzaldehyde (12.56 mmol, 1.27 mL), sodium borohydride (25.12 mmol, 950 mg).  To the 

crude product (8.03 mmol, 2 g) TMAH (16.06 mmol, 2.91 g) was added, followed by Boc2O 

(16.06 mmol, 3.51 g).  After purification via flash column chromatography, 2.17 was 

obtained as a colorless oil (1.45 g, 52%).  

1
H NMR (400 MHz, CDCl3) ŭ 7.30 ï 7.23 (m, 5H), 4.68 and 4.43 (2 x m, 2H rotamers), 4.3 

and 3.90 (2 x m, 1H, rotamers), 1.93 and 1.73 (2 x br s, 2H, rotamers), 1.48 and 1.41 (2 x br 

s, 9H, rotamers), 1.23 ï 1.14 (m, 8H), 0.85 (t, 3H, J = 7.0 Hz);  
13

C NMR  (100 MHz, CDCl3) 

ŭ 177.6 and 177.3 (rotamers), 156.1 and 155.6 (rotamers), 138.6 and 137.7 (rotamers), 128.3, 
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128.1, 127.2 and 126.9 (rotamers), 80.9, 59.6 and 59.5 (rotamers), 51.3 and 50.4 (rotamers), 

31.4, 30.1 and 29.3 (rotamers), 28.7, 28.1, 26.3, 22.3, 13.9.  IR (KBr) ɜ(cm
-1

)  2958, 1703, 

1352, 1164.  ɚmax = 218 nm, 257 nm.  HRMS (ESI):  m/z:  Calcd for C20H31NO4:  372.2135  

[M+Na]
+
;  found: 372.2142.  

 

2-(tert -Butoxycarbonyl(3-phenylpropyl)amino)octanoic acid (2.18): 2.18 was synthesized 

as described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), 

hydrocinnamaldehyde (12.56 mmol, 1.66 mL), sodium borohydride (25.12 mmol, 950 mg).  

To the crude product (7.22 mmol, 2 g) TMAH (14.44 mmol, 2.62 g) was added, followed by 

Boc2O (14.44 mmol, 3.15 g).  After purification via flash column chromatography, 2.18 was 

obtained as a colorless oil (1.89 g, 69%).  

1
H NMR (400 MHz, CDCl3) ŭ 7.28 ï 7.17 (m, 5H), 4.18 and 3.90 (2 x br s, 1H), 3.54 and 

3.08 (2 x m, 2H, rotamers), 2.60 (br s, 2H), 2.05 ï 1.70 (m, 4H, rotamers), 1.44 ï 1.28 (m, 

17H), 0.89 (t, 3H, J = 6.4 Hz);  
13

C NMR  (100 MHz, CDCl3) ŭ 178.1 and 177.0 (rotamers), 

156.8, 141.9 and 141.3 (rotamers), 128.4, 128.3, 125.9, 81.1, 61.2 and 60.3 (rotamers), 48.0 

and 47.6 (rotamers), 33.3, 31.6, 30.8 and 30.3 (rotamers), 30.0 and 29.7 (rotamers), 28.9, 

28.3, 26.3, 22.5, 14.0.  IR (KBr) ɜ(cm
-1

)  2960, 1699, 1302, 1162.  ɚmax = 217 nm, 258 nm.  

HRMS (ESI):  m/z:  Calcd for C22H35NO4:  400.2458  [M+Na]
+
;  found: 400.2451. 
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2-(tert -Butoxycarbonyl(pentyl)amino)octanoic acid (2.19): 2.19 was synthesized as 

described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), 

valeraldehyde (12.56 mmol, 1.34 mL), sodium borohydride (25.12 mmol, 950 mg).  To the 

crude product (8.73 mmol, 2 g) TMAH (17.46 mmol, 3.16 g) was added, followed by Boc2O 

(17.46 mmol, 3.81 g).  After purification via flash column chromatography, 2.19 was 

obtained as a colorless oil (1.49 g, 52%).  

1
H NMR (400 MHz, CDCl3) ŭ 9.35 (br s, 1H), 4.24 and 3.95 (2 x m, 1H, rotamers), 3.35 and 

2.97 (2 x m, 2H, rotamers), 2.10 ï 1.16 (m, 25H), 0.91 ï 0.84 (m, 6H);  
13

C NMR (100 MHz, 

CDCl3) ŭ 177.9 and 176.4 (rotamers), 156.7 and 154.8 (rotamers), 80.7, 60.7 and 60.3 

(rotamers), 48.3 and 47.7 (rotamers), 31.6, 30.1, 28.9, 28.7, 28.3, 28.0, 26.3, 22.5, 22.4, 22.3, 

14.0.  IR (KBr) ɜ(cm
-1

)  2929, 1701, 1298, 1167.  HRMS (ESI):  m/z:  Calcd for C18H35NO4:  

352.2458  [M+Na]
+
;  found: 352.2454.    

 

2-(tert -Butoxycarbonyl(octyl)amino)octanoic acid (2.20): 2.20 was synthesized as 

described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), octyl 

aldehyde (12.56 mmol, 1.96 mL), sodium borohydride (25.12 mmol, 950 mg).  To the crude 

product (7.37 mmol, 2 g) TMAH (14.74 mmol, 2.67 g) was added, followed by Boc2O (14.74 
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mmol, 3.22 g).  After purification via flash column chromatography, 2.20 was obtained as a 

colorless oil (1.47 g, 54%).  

1
H NMR (400 MHz, CDCl3) ŭ 4.26 and 3.93 (2 x br s, 1H, rotamers), 3.37 and 2.95 (2 x br s, 

2H, rotamers), 1.95 and 1.77 (2 x br s, 2H, rotamers), 1.45 ï 1.26 (m, 29H), 0.86 ï 0.80 (m, 

6H);  
13

C NMR (100 MHz, CDCl3) ŭ 178.1 and 177.0 (rotamers), 156.5 and 155.0 

(rotamers), 80.5, 60.3, 48.4, 47.5, 31.8, 31.6, 30.1, 29.2, 28.9, 28.5, 28.3, 27.0, 26.3, 22.6, 

22.5, 14.0, 14.0.  IR (KBr) ɜ(cm
-1

)  2925, 2857, 1701, 1169.  HRMS (ESI):  m/z:  Calcd for 

C21H41NO4:  394.2928  [M+Na]
+
;  found: 394.2926. 

 

2-(tert -Butoxycarbonyl(decyl)amino)octanoic acid (2.21): 2.21 was synthesized as 

described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), n-

decanal (12.56 mmol, 2.37 mL), sodium borohydride (25.12 mmol, 950 mg).  To the crude 

product (6.68 mmol, 2 g) TMAH (13.36 mmol, 2.42 g) was added, followed by Boc2O (13.36 

mmol, 2.92 g).  After purification via flash column chromatography, 2.21 was obtained as a 

colorless oil (1.26 g, 47%).  

1
H NMR (400 MHz, CDCl3) ŭ 4.25 and 3.93 (2 x br s, 1H, rotamers), 3.33 and 2.96 (2 x br s, 

2H, rotamers), 1.97 and 1.79 (2 x br s, 2H, rotamers), 1.58 ï 1.27 (m, 33H), 0.89 ï 0.85 (m, 

6H);  
13

C NMR (100 MHz, CDCl3) ŭ 178.2 and 176.9 (rotamers), 156.6 and 154.9 

(rotamers), 80.6 and 80.5 (rotamers), 60.6 and 60.3 (rotamers), 48.4 and 47.7 (rotamers), 

31.9, 31.6, 30.1, 29.6, 29.5, 29.3, 29.2, 29.0, 28.6, 28.3, 27.0, 26.3, 22.6, 22.5, 14.1, 14.0.  IR 
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(KBr) ɜ(cm
-1

)  2925, 2856, 1702, 1164.  HRMS (ESI):  m/z:  Calcd for C23H45NO4:  422.3241  

[M+Na]
+
;  found: 422.3242. 

 

2-(tert -Butoxycarbonyl(dodecyl)amino)octanoic acid (2.22): 2.22 was synthesized as 

described in the general procedure using DL-Ŭ-aminocaprylic acid (12.56 mmol, 2 g), 

dodecyl aldehyde (12.56 mmol, 2.81 mL), sodium borohydride (25.12 mmol, 950 mg).  To 

the crude product (6.11 mmol, 2 g) TMAH (12.22 mmol, 2.21 g) was added, followed by 

Boc2O (12.22 mmol, 2.67 g).  After purification via flash column chromatography, 2.22 was 

obtained as a colorless oil (1.18 g, 45%).  

1
H NMR (400 MHz, CDCl3) ŭ 4.15 and 3.90 (2 x br s, 1H, rotamers), 3.38 and 3.0 (2 x br s, 

2H, rotamers), 1.99 ï 1.26 (m, 39H), 0.90 ï 0.87 (m, 6H);  
13

C NMR (100 MHz, CDCl3) ŭ 

175.7, 157.0, 81.2 and 81.1 (rotamers), 61.4 and 60.3 (rotamers), 48.2, 31.9, 31.6, 30.2, 29.7, 

29.6, 29.6, 29.3, 29.1, 28.9, 28.6, 28.3, 26.9, 26.3, 22.7, 22.5, 14.1, 14.0.  IR (KBr) ɜ(cm
-1

)  

2923, 2855, 1702, 1164.  HRMS (ESI):  m/z:  Calcd for C25H49NO4:  450.3554  [M+Na]
+
;  

found: 450.3552.  
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2-(benzyl(tert-Butoxycarbonyl)amino)-6-(benzyloxycarbonylamino)hexanoic acid 

(2.23): 2.23 was synthesized as described in the general procedure using Cbz-lysine (7.13 

mmol, 2 g), benzaldehyde (7.13 mmol, 0.72 mL), sodium borohydride (14.26 mmol, 540 

mg).  To the crude product (5.40 mmol, 2 g) TMAH (10.8 mmol, 1.96 g) was added, 

followed by Boc2O (10.8 mmol, 2.36 g).  After purification via flash column 

chromatography, 2.23 was obtained as a colorless oil (1.18 g, 47%).  

1
H NMR (400 MHz, CDCl3) ŭ 8.75 (br s, 1H), 7.35 ï 7.28 (m, 10H), 5.93 (br s, 1H), 5.08 (s, 

2H), 4.82 ï 4.38 (m, 2H), 4.27 and 3.86 (2 x br s, 1H, rotamers), 3.02 (br s, 2H), 1.95 and 

1.69 (2 x br s, 2H, rotamers), 1.46 ï 1.10 (m, 13H);  
13

C NMR (100 MHz, CDCl3) ŭ 176.5 

and 175.9 (rotamers), 157.9, 156.4 and 155.7 (rotamers), 138.6 and 138.0 (rotamers), 136.5, 

128.4, 128.3, 128.0, 127.8, 127.3, 127.1, 81.1, 67.0 and 66.5 (rotamers), 59.6, 51.4 and 50.7 

(rotamers), 41.1 and 40.6 (rotamers), 29.9, 29.3 and 29.0 (rotamers), 28.2, 23.6.  IR (KBr) 

ɜ(cm
-1

)  2956, 1694, 1254, 1163. ɚmax = 218 nm, 257 nm.  HRMS (ESI):  m/z:  Calcd for 

C26H34N2O6:  493.2309  [M+Na]
+
;  found: 493.2306. 
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6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(3-phenylpropyl)amino)hexanoic 

acid (2.24): 2.24 was synthesized as described in the general procedure using Cbz-lysine 

(7.13 mmol, 2 g), hydrocinnamaldehyde (7.13 mmol, 0.94 mL), sodium borohydride (14.26 

mmol, 540 mg).  To the crude product (5.02 mmol, 2 g) TMAH (10.04 mmol, 1.82 g) was 

added, followed by Boc2O (10.04 mmol, 2.19 g).  After purification via flash column 

chromatography, 2.24 was obtained as a colorless oil (1.30 g, 52%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.30 (br s, 1H), 6.10 (br s, 1H), 5.16 and 4.94 (2 x br s, 1H), 

5.10 (s, 2H), 4.28 and 3.85 (2 x br s, 2H, rotamers), 3.55 and 3.35 (2 x br s, 2H, rotamers), 

3.17 - 2.65 (m, 2H), 2.63 ï 2.59 (m, 2H), 1.90 and 1.82 (2 x br s, 2H, rotamers), 1.52 ï 1.27 

(m, 13H);  
13

C NMR (100 MHz, CDCl3) ŭ 176.8 and 176.1 (rotamers), 156.4 and 156.2 

(rotamers), 154.8, 141.8 and 141.4 (rotamers), 136.5, 128.4, 128.3, 128.1, 127.9, 125.9, 

125.7, 80.7, 67.1 and 66.6 (rotamers), 60.2 and 59.9 (rotamers), 48.1 and 47.0 (rotamers), 

41.2 and 40.7 (rotamers), 33.2, 30.9 and 30.2 (rotamers), 29.8 and 29.7 (rotamers), 29.4 and 

28.8 (rotamers), 28.2 and 28.1 (rotamers), 23.7 and 23.4 (rotamers).  IR (KBr) ɜ(cm
-1

)  2924, 

1692, 1421, 1162.  ɚmax = 220 nm, 257 nm.  HRMS (ESI):  m/z:  Calcd for C28H38N2O6:  

521.2622  [M+Na]
+
;  found: 521.2621. 
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6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(pentyl)amino)hexanoic acid 

(2.25): 2.25 was synthesized as described in the general procedure using Cbz-lysine (7.13 

mmol, 2 g), valeraldehyde (7.13 mmol, 0.76 mL), sodium borohydride (14.26 mmol, 540 

mg).  To the crude product (5.71 mmol, 2 g) TMAH (11.42 mmol, 2.07 g) was added, 

followed by Boc2O (11.42 mmol, 2.49 g).  After purification via flash column 

chromatography, 2.25 was obtained as a colorless oil (2.24 g, 87%).  

1
H NMR (400 MHz, CDCl3) ŭ 10.25 (br s, 1H), 7.30 ï 7.16 (m, 5H), 6.23 (br s, 1H), 5.20 ï 

4.65 (m, 2H, rotamers), 4.33 and 3.85 (2 x br s, 1H, rotamers), 3.38 ï 2.92 (m, 4H, rotamers), 

1.97 and 1.74 (2 x br s, 2H, rotamers), 1.58 ï 1.27 (m, 19H), 0.86 (t, 3H, J = 6.6 Hz);  
13

C 

NMR (100 MHz, CDCl3) ŭ 176.8 and 176.1 (rotamers), 157.2 and 156.4 (rotamers), 154.9, 

136.5, 128.4, 128.0, 127.9, 80.5, 67.0 and 66.5 (rotamers), 60.2, 48.3 and 47.4 (rotamers), 

41.2 and 40.7 (rotamers), 40.2, 29.7 and 29.4 (rotamers), 29.1 and 28.9 (rotamers), 28.3, 23.8 

and 23.4 (rotamers), 22.3 and 22.2 (rotamers), 14.0.  IR (KBr) ɜ(cm
-1

)  2933, 1700, 1455, 

1253.  ɚmax = 213 nm, 256 nm.  HRMS (ESI):  m/z:  Calcd for C24H38N2O6:  473.2622  

[M+Na]
+
;  found: 473.2616. 
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6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(octyl)amino)hexanoic acid (2.26): 

2.26 was synthesized as described in the general procedure using Cbz-lysine (7.13 mmol, 2 

g), octyl aldehyde (7.13 mmol, 1.11 mL), sodium borohydride (14.26 mmol, 540 mg).  To 

the crude product (5.10 mmol, 2 g) TMAH (10.2 mmol, 1.85 g) was added, followed by 

Boc2O (10.2 mmol, 2.23 g).  After purification via flash column chromatography, 2.26 was 

obtained as a colorless oil (1.96 g, 78%).  

1
H NMR (400 MHz, CDCl3) ŭ 7.52 ï 7.24 (m, 5H), 5.89 (br s, 1H), 5.13 and 4.93 (2 x br s, 

1H, rotamers), 5.07 (s, 2H), 4.23 and 3.86 (2 x br s, 2H, rotamers), 3.39 ï 2.93 (m, 4H), 1.98 

and 1.77 (2 x br s, 2H, rotamers), 1.51 ï 1.24 (m, 23H), 0.86 (s, 3H);  
13

C NMR (100 MHz, 

CDCl3) ŭ 176.4 and 175.7 (rotamers), 161.5, 156.4 and 155.6 (rotamers), 136.5, 128.4, 128.0, 

128.0, 80.7, 67.1 and 66.6 (rotamers), 60.1, 48.5 and 47.6 (rotamers), 41.2 and 40.7 

(rotamers), 31.7, 29.7, 29.2, 28.8, 28.6, 28.3, 26.9, 23.8, 23.4, 22.6, 14.1.  IR (KBr) ɜ(cm
-1

)  

2929, 1699, 1418, 1163.  ɚmax = 214 nm, 256 nm.  HRMS (ESI):  m/z:  Calcd for 

C27H44N2O4:  515.3092  [M+Na]
+
;  found: 515.3076.  

 

tert -Butyl benzyl(1-(methoxy(methyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate 

(2.27): 2.27 was synthesized as described in the general procedure using 2.5 (2 mmol, 710 
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mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.27 was obtained as a yellow oil (449 mg, 56%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.30 ï 7.14 (m, 10H), 5.65 and 5.23 (2 x br s, 1H, rotamers), 

4.82 ï 4.32 (m, 2H, rotamers), 3.52 and 3.44 (2 x br s, 3H, rotamers), 3.19 ï 2.96 (m, 2H, 

rotamers), 2.85 and 2.72 (2 x br s, 3H, rotamers), 1.32 and 1.30 (s, 9H, rotamers);  
13

C NMR 

(100 MHz, CDCl3) ŭ 170.9 and 170.2 (rotamers), 155.4 and 155.2 (rotamers), 139.3 and 

138.5 (rotamers), 137.9 and 137.3 (rotamers), 129.5, 128.2, 128.1, 127.9, 126.9 and 126.7 

(rotamers), 126.4 and 126.3 (rotamers), 80.1 and 79.9 (rotamers), 61.5 and 61.2 (rotamers), 

56.4 and 54.7 (rotamers), 47.0 and 46.3 (rotamers), 35.8 and 35.6 (rotamers), 31.7, 28.0.  IR 

(KBr) ɜ(cm
-1

)  2976, 1689, 1454, 1170.  ɚmax = 218 nm.  HRMS (ESI):  m/z:  Calcd for 

C23H30N2O4:  421.2098  [M+Na]
+
;  found: 421.2107.    

 

tert -Butyl 1-(methoxy(methyl)amino)-1-oxo-3-phenylpropan-2-yl(3-

phenylpropyl)carbamate (2.28): 2.28 was synthesized as described in the general procedure 

using 2.6 (2 mmol, 766 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-

dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After purification via flash 

column chromatography, 2.28 was obtained as a colorless oil (402 mg, 47%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.32 ï 7.20 (10H, m), 5.55 and 5.25 (2 x br s, 1H), 3.60 (s, 

3H), 3.31 ï 2.89 (m, 7H), 2.60 (br s, 2H), 1.82 (br s, 2H), 1.37 and 1.28 (2 x s, 9H, rotamers);  



 

72 

13
C NMR (100 MHz, CDCl3) ŭ 171.5 and 171.3 (rotamers), 155.2 and 154.4 (rotamers), 

141.8, 137.9, 137.4, 129.3, 128.2, 128.2, 126.3, 125.7, 79.6, 61.4, 56.4 and 54.5 (rotamers), 

43.6 and 43.5 (rotamers), 35.7, 33.5, 32.2, 31.3 and 30.5 (rotamers), 28.2 and 28.0 

(rotamers).  IR (KBr) ɜ(cm
-1

)  2978, 1692, 1405, 1159.  ɚmax = 228 nm.  HRMS (ESI):  m/z:  

Calcd for C25H34N2O4:  449.2411  [M+Na]
+
;  found: 449.2416.    

 

tert -Butyl 1-(methoxy(methyl)amino)-1-oxo-3-phenylpropan-2-yl(pentyl)carbamate 

(2.29): 2.29 was synthesized as described in the general procedure using 2.7 (2 mmol, 670 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.29 was obtained as a colorless oil (396 mg, 52%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.28 ï 7.19 (m, 5H), 5.55 and 5.19 (2 x br s, 1H, rotamers), 

3.59 (s, 3H), 3.32 ï 2.88 (m, 7H), 1.48 ï 1.25 (m, 15H), 0.88 (t, 3H, J = 7.2 Hz);  
13

C NMR 

(100 MHz, CDCl3) ŭ 171.3, 155.3 and 154.5 (rotamers), 138.1 and 137.6 (rotamers), 129.5 

and 129.4 (rotamers), 128.3 and 128.1 (rotamers), 126.3, 79.5, 61.4, 56.4 and 54.6 

(rotamers), 43.7, 35.8, 32.3, 29.3, 28.4 and 28.2 (rotamers), 28.0, 22.4 and 22.3 (rotamers), 

14.0.  IR (KBr) ɜ(cm
-1

)  2964, 1681, 1399, 1175.  ɚmax = 222 nm.  HRMS (ESI):  m/z:  Calcd 

for C21H34N2O4:  401.2411  [M+Na]
+
;  found: 401.2398.   
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tert -Butyl 1-(methoxy(methyl)amino)-1-oxo-3-phenylpropan-2-yl(octyl)carbamate 

(2.30): 2.30 was synthesized as described in the general procedure using  2.8 (2 mmol, 755 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.30 was obtained as a colorless oil (504 mg, 59%). 
 

1
H NMR (300 MHz, CDCl3) ŭ 7.28 ï 7.16 (m, 5H), 5.50 and 5.18 (2 x br s, 1H), 3.58 (s, 3H), 

3.18 ï 2.93 (m, 7H), 1.36 ï 1.25 (m, 21H), 0.87 (t, 3H, J = 6.45 Hz);  
13

C NMR (100 MHz, 

CDCl3) ŭ 171.5, 155.3 and 154.4 (rotamers), 138.1 and 137.5 (rotamers), 129.4 and 129.3 

(rotamers), 128.3 and 128.1 (rotamers), 126.2, 79.5, 61.4, 56.4 and 54.6 (rotamers), 43.8, 

35.7, 31.7, 29.6, 29.2, 28.8, 28.2, 28.0, 27.1, 22.6, 14.0.  IR (KBr) ɜ(cm
-1

)  2929, 1694, 1406, 

1171.  ɚmax = 218 nm.  HRMS (ESI):  m/z:  Calcd for C24H40N2O4:  443.288  [M+Na]
+
;  

found: 443.2877.  

 

tert -Butyl benzyl(2-(methoxy(methyl)amino)-2-oxo-1-phenylethyl)carbamate (2.31): 

2.31 was synthesized as described in the general procedure using 2.9 (2 mmol, 682 mg), TEA 

(2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.31 was obtained as a colorless oil (462 mg, 60%). 
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1
H NMR (300 MHz, CDCl3) ŭ 7.31 ï 6.87 (m, 10H), 6.52 and 6.18 (2 x br s, 1H, rotamers), 

4.70 and 4.22 (2 x d, 2H, J = 16.5 Hz, rotamers), 3.48 (s, 3H), 3.21 (s, 3H), 1.34 (s, 9H);  
13

C 

NMR (100 MHz, CDCl3) ŭ 172.2, 156.5, 140.2, 134.9, 129.6, 128.4, 128.2, 127.4, 126.5, 

125.8, 80.3, 61.0, 59.8, 48.7, 32.1, 28.2.  IR (KBr) ɜ(cm
-1

)  2977, 1685, 1393, 1167.  ɚmax = 

226 nm.  Calcd for C22H28N2O4:  407.1955  [M+Na]
+
;  found: 407.1959. 

 

tert -Butyl 2-(methoxy(methyl)amino)-2-oxo-1-phenylethyl(3-phenylpropyl)carbamate 

(2.32): 2.32 was synthesized as described in the general procedure using 2.10 (2 mmol, 738 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.32 was obtained as a pale yellow oil (382 mg, 46%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.32 ï 6.91 (m, 10H), 6.40 and 6.16 (2 x br s, 1H), 3.42 ï 3.10 

(m, 10H), 2.29 (br s, 2H), 1.47 (s, 9H);  
13

C NMR (100 MHz, CDCl3) ŭ 171.8, 156.0 and 

154.9 (rotamers), 141.5 and 139.0 (rotamers), 135.3 and 133.5 (rotamers), 129.1, 128.4, 

128.0 and 127.9 (rotamers), 127.9, 127.8, 125.4 and 125.2 (rotamers), 79.5, 60.7 and 59.1 

(rotamers), 44.7, 35.6 and 34.3 (rotamers), 33.0, 31.8 and 30.8 (rotamers), 30.3 and 29.5 

(rotamers), 28.1 and 28.0 (rotamers).  IR (KBr) ɜ(cm
-1

)  2978, 1692, 1405, 1159.  ɚmax = 224 

nm.  HRMS (ESI):  m/z:  Calcd for C24H32N2O4:  435.2254  [M+Na]
+
;  found: 435.2259. 
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tert -Butyl 2-(methoxy(methyl)amino)-2-oxo-1-phenylethyl(pentyl)carbamate (2.33): 

2.33 was synthesized as described in the general procedure using 2.11 (2 mmol, 738 mg), 

TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.33 was obtained as a colorless oil (352 mg, 42%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.31 ï 7.27 (m, 5H), 6.33 and 6.09 (2 x br s, 1H), 3.43 ï 2.01 

(m, 8H), 1.54 ï 1.29 (m, 11H), 1.05 ï 0.85 (m, 4H), 0.68 (t, 3H, J = 7.4 Hz);  
13

C NMR (100 

MHz, CDCl3) ŭ 172.1, 156.3, 135.6, 129.3, 128.5, 128.1, 79.6, 61.0, 59.3, 45.2, 32.0, 29.0, 

28.7, 28.4, 21.9, 13.8.  IR (KBr) ɜ(cm
-1

)  2964, 1681, 1399, 1175.  ɚmax = 227 nm.  HRMS 

(ESI):  m/z:  Calcd for C20H32N2O4:  387.2254  [M+Na]
+
;  found: 387.2265.  

 

tert -Butyl 2-(methoxy(methyl)amino)-2-oxo-1-phenylethyl(octyl)carbamate (2.34): 2.34 

was synthesized as described in the general procedure using 2.12 (2 mmol, 727 mg), TEA (2 

x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.34 was obtained as a colorless oil (356 mg, 44%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.34 ï 7.28 (m, 5H), 6.36 and 6.13 (2 x br s, 1H), 3.47 ï 2.97 

(m, 8H), 1.74 ï 0.91 (m, 21H), 0.84 (t, 3H, J = 7.2 Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 
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172.2, 156.5, 135.7, 129.3, 128.6, 128.2, 79.7, 61.1 and 59.4 (rotamers), 45.3, 32.1, 31.7, 

29.3, 29.1, 28.9, 28.5, 26.8, 22.6, 14.1.  IR (KBr) ɜ(cm
-1

)  2928, 1683, 1399, 1165.  ɚmax = 

221 nm.  HRMS (ESI):  m/z:  Calcd for C23H38N2O4:  429.2724  [M+Na]
+
;  found: 429.2731. 

 

tert -Butyl benzyl(1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl)carbamate 

(2.35): 2.35 was synthesized as described in the general procedure using 2.13 (2 mmol, 642 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.35 was obtained as a colorless oil (346 mg, 48%). 
 

1
H NMR (400 MHz, CDCl3) ŭ  7.27 ï 7.18 (m, 5H), 5.39 and 5.09 (2 x br s, 1H, rotamers), 

4.49 (m, 2H), 3.73 and 3.61 (2 x s, 3H, rotamers), 3.02 and 2.86 (2 x s, 3H, rotamers), 1.57 ï 

1.35 (m, 12H), 0.93 and 0.77 (2 x t, 6H, J = 6.4 Hz, rotamers);  
13

C NMR (100 MHz, CDCl3) 

ŭ 172.3, 155.9, 139.9 and 139.1 (rotamers),127.9, 126.9, 126.6 and 126.4 (rotamers), 80.1, 

61.6 and 61.3 (rotamers), 53.1 and 52.2 (rotamers), 47.3 and 46.6 (rotamers), 38.4, 32.0, 28.4 

and 28.2 (rotamers), 24.8 and 24.3 (rotamers), 22.7 and 22.3 (rotamers).  IR (KBr) ɜ(cm
-1

)  

2960, 1694, 1396, 1166.  ɚmax = 225 nm.  HRMS (ESI):  m/z:  Calcd for C20H32N2O4:  

387.2254  [M+Na]
+
;  found: 387.2244. 
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tert -Butyl 1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl(3-

phenylpropyl)carbamate (2.36): 2.36 was synthesized as described in the general procedure 

using 2.14 (2 mmol, 699 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and 

N,O-dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After purification via flash 

column chromatography, 2.36 was obtained as a colorless oil (402 mg, 51%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.29 ï 7.17 (m, 5H), 5.30 and 5.10 (2 x br s, 1H, rotamers), 

3.72 and 3.69 (2 x s, 3H, rotamers), 3.22 ï 3.17 (m, 5H), 2.57 (t, 2H, J = 8 Hz), 1.85 (dd, 2H, 

J = 6.4 Hz), 1.66 ï 1.45 (m, 12H), 0.96 ï 0.92 (m, 6H, rotamers);  
13

C NMR (100 MHz, 

CDCl3) ŭ 174.2, 155.7, 142.1 and 141.9 (rotamers), 128.3, 125.7, 125.6, 79.5, 61.5, 52.9 and 

51.8 (rotamers), 43.7 and 43.5 (rotamers), 38.7 and 38.4 (rotamers), 33.7 and 33.6 (rotamers), 

31.6 and 30.8 (rotamers), 28.4 and 28.3 (rotamers), 24.7 and 24.4 (rotamers), 23.0 and 22.3 

(rotamers).  IR (KBr) ɜ(cm
-1

)  2960, 1687, 1164.  ɚmax = 222 nm.  HRMS (ESI):  m/z:  Calcd 

for C22H36N2O4:  415.2567  [M+Na]
+
;  found: 415.2561.    

 

tert -Butyl 1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl(pentyl)carbamate 

(2.37): 2.37 was synthesized as described in the general procedure using 2.15 (2 mmol, 603 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 
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hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.37 was obtained as a colorless oil (376 mg, 55%). 
 

1
H NMR (300 MHz, CDCl3) ŭ 5.18 and 4.94 (2 x br s, 1H, rotamers), 3.61 (s, 3H), 3.07 - 

2.99 (m, 5H), 1.47 - 1.35 (m, 14H), 1.24 - 1.07 (m, 4H), 0.86 - 0.74 (m, 9H);  
13

C NMR (75 

MHz, CDCl3) ŭ 172.7, 155.5 and 154.7 (rotamers), 79.5 and 79.1 (rotamers), 61.2, 52.7, 51.6, 

43.5, 38.5 and 38.2 (rotamers), 31.9, 29.3 and 29.2 (rotamers), 28.4 and 28.1 (rotamers), 24.4 

and 24.1 (rotamers), 22.7, 22.1, 13.8.  IR (KBr) ɜ(cm
-1

)  2945, 1681, 1406, 1170.  HRMS 

(ESI):  m/z:  Calcd for C18H36N2O4:  367.2567  [M+Na]
+
;  found: 367.2566.     

 

tert -Butyl 1-(methoxy(methyl)amino)-4-methyl-1-oxopentan-2-yl(octyl)carbamate 

(2.38): 2.38 was synthesized as described in the general procedure using 2.16 (2 mmol, 687 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.38 was obtained as a colorless oil (399 mg, 52%). 
 

1
H NMR (300 MHz, CDCl3) ŭ 5.24 and 4.99 (2 x br s, 1H, rotamers), 3.66 (s, 3H), 3.14 (s, 

3H), 3.08 (t, 2H, J = 7.5 Hz), 1.53 ï 1.42 (m, 14H), 1.21 (br s, 10H), 0.90 (t, 3H, J = 6.3 Hz), 

0.83 (br s, 6H);  
13

C NMR (75 MHz, CDCl3) 172.9, 155.7 and 154.8 (rotamers), 79.6 and 

79.3 (rotamers), 61.3, 53.8, 51.8, 43.7, 38.6 and 38.3 (rotamers), 32.1, 31.7, 29.8, 29.2 and 

28.9 (rotamers), 28.3, 27.1, 24.6 and 24.3 (rotamers), 22.8 and 22.5 (rotamers), 22.2, 14.0.  
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IR (KBr) ɜ(cm
-1

)  2928, 1688, 1377, 1169.  HRMS (ESI):  m/z:  Calcd for C21H42N2O4:  

409.3037  [M+Na]
+
;  found: 409.3023. 

 

tert -Butyl benzyl(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)carbamate (2.39): 2.39 

was synthesized as described in the general procedure using 2.17 (2 mmol, 699 mg), TEA (2 

x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.39 was obtained as a colorless oil (306 mg, 52%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.32 ï 7.24 (m, 5H), 5.32 and 5.04 (2 x br s, 1H, rotamers), 

4.63 ï 4.37 (m, 2H, rotamers), 3.77 and 3.64 (2 x br s, 3H, rotamers), 3.06 and 2.91 (2 x br s, 

3H, rotamers), 1.82 ï 1.26 (m, 19H), 0.90 (t, 3H, J = 6.2 Hz);  
13

C NMR (100 MHz, CDCl3) 

ŭ 171.2, 155.9, 139.9 and 139.8 (rotamers), 127.9, 126.9, 126.6 and 126.4 (rotamers), 80.1, 

61.7 and 61.3 (rotamers), 54.9 and 53.8 (rotamers), 47.2 and 46.5 (rotamers), 31.9 and 31.6 

(rotamers), 29.6 and 29.3 (rotamers), 29.0, 28.4, 28.2, 26.0, 22.5, 14.0.  IR (KBr) ɜ(cm
-1

)  

2930, 1695, 1413, 1168.  ɚmax = 221 nm.  HRMS (ESI):  m/z:  Calcd for C22H36N2O4:  

415.2567  [M+Na]
+
;  found: 415.2564.  
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tert -Butyl 1-(methoxy(methyl)amino)-1-oxooctan-2-yl(3-phenylpropyl)carbamate 

(2.40): 2.40 was synthesized as described in the general procedure using 2.18 (2 mmol, 755 

mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 

hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.40 was obtained as a colorless oil (582 mg, 69%). 
 

1
H NMR (300 MHz, CDCl3) ŭ 7.29 ï 7.16 (m, 5H), 5.18 and 4.93 (2 x br s, 1H, rotamers), 

3.70 (s, 3H), 3.17 (br s, 5H), 2.56 (t, 2H, J = 7.8 Hz), 2.05 ï 1.62 (m, 4H), 1.45 and 1.43 (2 x 

s, 9H, rotamers), 1.26 (br s, 8H), 0.87 (t, 3H, J = 6.3 Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 

172.6, 155.6 and 155.0 (rotamers), 141.8, 128.2, 125.7, 125.5, 79.5, 61.5 and 61.4 (rotamers), 

54.7 and 53.4 (rotamers), 43.5 and 43.3 (rotamers), 33.6, 32.1, 31.6 and 31.5 (rotamers), 

30.7, 29.5, 28.9, 28.3, 25.7, 22.5, 14.0.  IR (KBr) ɜ(cm
-1

)  2931, 1692, 1411, 1162.  ɚmax = 

227 nm.  HRMS (ESI):  m/z:  Calcd for C24H40N2O4:  443.2880  [M+Na]
+
;  found: 443.2879.      

 

tert -Butyl 1-(methoxy(methyl)amino)-1-oxooctan-2-yl(pentyl)carbamate (2.41): 2.41 

was synthesized as described in the general procedure using 2.19 (2 mmol, 659 mg), TEA (2 

x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 
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hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.41 was obtained as a colorless oil (390 mg, 52%). 
 

1
H NMR (300 MHz, CDCl3) ŭ 5.15 and 4.91 (2 x br s, 1H, rotamers), 3.69 (s, 3H), 3.17 ï 

3.07 (m, 5H), 1.78 ï 1.14 (m, 25H), 0.87 (br s, 6H);  
13

C NMR (100 MHz, CDCl3) ŭ 172.8, 

155.8, 79.6 and 79.4 (rotamers), 61.6 and 61.4 (rotamers), 54.7 and 53.5 (rotamers), 43.6, 

32.1, 31.8, 29.5, 29.3, 29.0, 28.6, 28.3, 25.8, 22.5, 22.4, 22.3, 14.0.  IR (KBr) ɜ(cm
-1

)  2931, 

1693, 1421, 1176.  HRMS (ESI):  m/z:  Calcd for C20H40N2O4:  395.288  [M+Na]
+
;  found: 

395.2877.  

 

tert -Butyl 1-(methoxy(methyl)amino)-1-oxooctan-2-yl(octyl)carbamate (2.42): 2.42 was 

synthesized as described in the general procedure using 2.20 (2 mmol, 743 mg), TEA (2 x 2 

mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine hydrochloride 

(2.2 mmol, 204 mg).  After purification via flash column chromatography, 2.42 was obtained 

as a colorless oil (437 mg, 53%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 5.17 and 4.92 (2 x br s, 1H, rotamers), 3.71 (s, 3H), 3.18 (s, 

3H), 3.11 (br s, 2H), 1.79 ï 1.44 (m, 31H), 0.91 ï 0.84 (m, 6H);  
13

C NMR (100 MHz, 

CDCl3) ŭ 172.8 and 172.3 (rotamers), 155.8 and 155.5 (rotamers), 79.6 and 79 .4 (rotamers), 

61.6 and 61.4 (rotamers), 54.7, 53.5, 43.8 and 43.7 (rotamers), 31.8 and 31.7 (rotamers), 

29.9, 29.6, 29.3, 29.1, 28.9, 28.4, 27.2, 25.8, 22.6 and 22.5 (rotamers), 14.1, 14.0.  IR (KBr) 
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ɜ(cm
-1

)  2927, 1696, 1397, 1172.  HRMS (ESI):  m/z:  Calcd for C23H46N2O4:  437.3350  

[M+Na]
+
;  found: 437.3351.  

 

tert -Butyl decyl(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)carbamate (2.43): 2.43 was 

synthesized as described in the general procedure using 2.21 (2 mmol, 799 mg), TEA (2 x 2 

mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine hydrochloride 

(2.2 mmol, 204 mg).  After purification via flash column chromatography, 2.43 was obtained 

as a colorless oil (365 mg, 41%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 5.17 and 4.88 (2 x br s, 1H, rotamers), 3.65 (s, 3H), 3.15 ï 

3.00 (m, 5H), 1.79 ï 1.10 (m, 39H), 0.85 ï 0.79 (m, 6H);  
13

C NMR (100 MHz, CDCl3) ŭ 

172.7, 155.7 and 154.9 (rotamers), 79.5 and 79.3 (rotamers), 61.5 and 61.3 (rotamers), 54.7 

and 53.4 (rotamers), 43.7 and 43.6 (rotamers), 31.8, 31.6, 29.8, 29.5, 29.5, 29.4, 29.2, 29.0, 

28.9, 28.3, 27.1, 25.7, 22.6, 22.5, 14.0, 13.9.  IR (KBr) ɜ(cm
-1

)  2926, 2854, 1695, 1171.  

HRMS (ESI):  m/z:  Calcd for C25H50N2O4:  465.3655  [M+Na]
+
;  found: 465.3661. 

 

tert -Butyl dodecyl(1-(methoxy(methyl)amino)-1-oxooctan-2-yl)carbamate (2.44): 2.44 

was synthesized as described in the general procedure using 2.22 (2 mmol, 855 mg), TEA (2 

x 2 mmol, 0.28 mL), BOP (2 mmol, 885 mg), and N,O-dimethylhydroxylamine 
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hydrochloride (2.2 mmol, 204 mg).  After purification via flash column chromatography, 

2.44 was obtained as a colorless oil (340 mg, 40%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 5.12 and 4.87 (2 x br s, 1H, rotamers), 3.67 (s, 3H), 3.14 ï 

2.98 (m, 5H), 1.69 ï 1.06 (m, 39H), 0.85 ï 0.82 (m, 6H);  
13

C NMR (100 MHz, CDCl3) ŭ 

172.7 and 172.0 (rotamers), 155.7 and 154.9 (rotamers), 79.5 and 79.3 (rotamers), 61.3, 54.7, 

53.5, 43.7, 43.6, 32.1, 31.8, 31.6, 29.8, 29.6, 29.5, 29.5, 29.4, 29.2, 29.0, 28.3, 27.1, 25.7, 

22.6, 22.5, 14.0, 13.9.  IR (KBr) ɜ(cm
-1

)  2925, 2856, 1695, 1172.  HRMS (ESI):  m/z:  Calcd 

for C27H54N2O4:  493.3976  [M+Na]
+
;  found: 493.3972.    

 

2-(Benzyl(tert-butoxycarbonyl)amino)-6-(benzyloxycarbonylamino)6-

(methoxy(methyl)amino)-6-oxohexane (2.45): 2.45 was synthesized as described in the 

general procedure using 2.23 (2 mmol, 941 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 

885 mg), and N,O-dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After 

purification via flash column chromatography, 2.45 was obtained as a colorless oil (526 mg, 

51%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.92 ï 7.14 (m, 10H), 5.19 ï 4.86 (m, 5H), 4.56 ï 4.31 (m, 

2H), 3.64 and 3.53 (2 x s, 3H, rotamers), 3.06 ï 2.81 (m, 5H), 1.72 ï 1.10 (m, 15H);  
13

C 

NMR (100 MHz, CDCl3) ŭ 171.5 and 170.9 (rotamers), 156.1, 155.6 and 155.4 (rotamers), 

139.3 and 138.7 (rotamers), 136.4, 128.1, 127.9, 127.6, 126.7, 126.4, 126.2, 79.9, 66.0, 61.2 
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and 60.9 (rotamers), 54.7 and 53.3 (rotamers), 46.8 and 46.4 (rotamers), 41.0 and 40.4 

(rotamers), 31.5, 29.2 and 29.0 (rotamers), 28.7, 28.0 and 27.8 (rotamers), 22.7.  IR (KBr) 

ɜ(cm
-1

)  2938, 1689, 1457, 1252, 1163.  ȿmax = 224 nm, 251 nm.  HRMS (ESI):  m/z:  Calcd 

for C28H39N3O6:  536.2731  [M+Na]
+
;  found: 536.2728.  

 

6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(3-phenylpropyl)amino)6-

(methoxy(methyl)amino)-6-oxohexane (2.46): 2.46 was synthesized as described in the 

general procedure using 2.24 (2 mmol, 997 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 

885 mg), and N,O-dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After 

purification via flash column chromatography, 2.46 was obtained as a colorless oil (500 mg, 

46%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.35 ï 7.16 (m, 10H), 5.12 (br s, 1H), 5.08 (s, 2H), 4.87 and 

4.80 (2 x br s, 1H, rotamers), 3.68 (s, 3H), 3.17 (br s, 5H), 2.55 (br s, 2H), 1.82 ï 1.26 (m, 

19H);  
13

C NMR (100 MHz, CDCl3) ŭ 176.2, 166.5, 156.4, 142.1, 136.6, 128.4, 128.3, 128.1, 

128.0, 125.9, 125.7, 66.5, 61.5, 57.5, 47.8, 40.8, 33.5, 33.0, 32.2, 31.8, 29.7, 28.4, 23.1, 23.0.  

IR (KBr) ɜ(cm
-1

)  2933, 1695, 1457, 1249, 1156.  ȿmax = 225 nm.  HRMS (ESI):  m/z:  Calcd 

for C30H43N3O6:  564.3044  [M+Na]
+
;  found: 564.3043. 
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6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(pentyl)amino)6-

(methoxy(methyl)amino)-6-oxohexane (2.47): 2.47 was synthesized as described in the 

general procedure using 2.25 (2 mmol, 901 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 

885 mg), and N,O-dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After 

purification via flash column chromatography, 2.47 was obtained as a colorless oil (578 mg, 

59%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.28 ï 7.23 (m, 5H), 5.08 (br s, 1H), 5.02 (s, 2H), 5.02 and 

4.85 (2 x br s, 1H, rotamers), 3.62 (s, 3H), 3.11 ï 3.01 (m, 7H), 1.49 ï 1.12 (m, 21H), 0.83 (t, 

3H, J = 6.6 Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 172.1 and 171.5 (rotamers), 156.2, 155.6 

and 154.6 (rotamers), 136.5, 128.2, 127.8, 127.7, 79.6, 61.4, 54.6 and 53.0 (rotamers), 43.6 

and 43.4 (rotamers), 41.2 and 40.6 (rotamers), 32.0, 29.5, 29.2, 29.1, 28.8, 28.4 and 28.1 

(rotamers), 22.9, 22.6, 22.1, 13.9.  IR (KBr) ɜ(cm
-1

)  2937, 1694, 1455, 1250, 1171.  ɚmax = 

226 nm.  HRMS (ESI):  m/z:  Calcd for C26H43N3O6:  516.3044 [M+Na]
+
;  found: 516.3035. 
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6-(Benzyloxycarbonylamino)-2-(tert -butoxycarbonyl(octyl)amino)6-

(methoxy(methyl)amino)-6-oxohexane (2.48): 2.48 was synthesized as described in the 

general procedure using 2.26 (2 mmol, 985 mg), TEA (2 x 2 mmol, 0.28 mL), BOP (2 mmol, 

885 mg), and N,O-dimethylhydroxylamine hydrochloride (2.2 mmol, 204 mg).  After 

purification via flash column chromatography, 2.48 was obtained as a colorless oil (470 mg, 

44%). 
 

1
H NMR (400 MHz, CDCl3) ŭ 7.31 ï 7.25 (m, 5H), 5.09 and 4.85 (2 x br s, 1H, rotamers), 

5.04 (s, 2H), 3.65 (s, 3H), 3.13 ï 3.02 (m, 7H), 1.73 ï 1.17 (m, 27H), 0.84 (t, 3H, J = 6.4 

Hz);  
13

C NMR (100 MHz, CDCl3) ŭ 172.2, 156.3, 155.7, 136.6, 128.3, 127.9, 127.8, 79.5, 

66.3, 61.5 and 61.3 (rotamers), 54.7, 53.1, 43.8 and 43.6 (rotamers), 40.7, 31.6, 29.7, 29.2, 

29.1, 28.8, 28.2, 27.0, 23.0, 22.7, 22.5, 14.0.  IR (KBr) ɜ(cm
-1

)  2929, 1671, 1406, 1168.  ɚmax 

= 227 nm.  HRMS (ESI):  m/z:  Calcd for C29H49N3O6:  558.3514  [M+Na]
+
;  found: 

558.3512.     

 

1,5-Dibenzyl-1H-imidazol-2-amine hydrochloride (2.49): 2.49 was synthesized as 

described in the general procedure using 2.27 (0.7 mmol, 279 mg) and DIBAL-H (1.05 
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mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.49 was converted to its hydrochloride salt as a yellow oil (79 

mg, 43%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.32 ï 6.99 (m, 10H), 6.31 (s, 1H), 4.85 (s, 2H), 3.70 (s, 2H); 

13
C NMR (100 MHz, CD3OD) ŭ 151.4, 139.9, 138.3, 129.9, 129.7, 129.7, 128.6, 127.7, 

127.6, 127.4, 122.3, 46.6, 31.8.  IR (KBr) ɜ(cm
-1

)  3026, 1558, 1488.  ɚmax = 225 nm.  HRMS 

(ESI):  m/z:  Calcd for C17H17N3:  264.1495  [M+H]
+
;  found: 264.1598.     

 

5-Benzyl-1-(3-phenylpropyl)-1H-imidazol-2-amine hydrochloride (2.50): 2.50 was 

synthesized as described in the general procedure using 2.28 (0.7 mmol, 298 mg) and 

DIBAL -H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 

10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.50 was converted to its hydrochloride salt as a 

yellow oil (79 mg, 39%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.32 ï 7.09 (m, 10H), 6.62 (s, 1H), 3.81 (s, 2H), 3.72 (t, 2H, 

J = 8 Hz), 2.55 (t, 2H, J = 7.6 Hz), 1.70 (tt, 2H, J = 6 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 
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146.9, 140.7, 136.6, 128.8, 128.5, 128.4, 128.3, 127.6, 127.1, 126.1, 110.3, 42.4, 32.2, 29.6, 

29.6.  IR (KBr) ɜ(cm
-1

)  3084, 1654, 1456.  ɚmax = 229 nm.  HRMS (ESI):  m/z:  Calcd for 

C19H21N3:  292.1808  [M+H]
+
;  found: 292.1807. 

 

5-Benzyl-1-pentyl-1H-imidazol-2-amine hydrochloride (2.51): 2.51 was synthesized as 

described in the general procedure using 2.29 (0.7 mmol, 271 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.51 was converted to its hydrochloride salt as a yellow oil (85 

mg, 49%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.32 ï 7.20 (m, 5H), 6.28 (s, 1H), 3.85 (s, 2H), 3.55 (t, 2H, J 

= 8 Hz), 1.36 ï 1.35 (m, 2H), 1.24 ï 1.18 (m, 4H), 0.86 (t, 3H, J = 6.4 Hz);  
13

C NMR (100 

MHz, CD3OD) ŭ 149.6, 139.2, 128.53, 128.51, 126.5, 125.9, 120.9, 42.5, 30.7, 28.9, 28.8, 

22.4, 13.4.  IR (KBr) ɜ(cm
-1

)  2930, 1646, 1492.  ɚmax = 227 nm.  HRMS (ESI):  m/z:  Calcd 

for C15H21N3:  244.1808  [M+H]
+
;  found: 244.1809. 
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5-Benzyl-1-octyl-1H-imidazol-2-amine hydrochloride (2.52): 2.52 was synthesized as 

described in the general procedure using 2.30 (0.7 mmol, 294 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.52 was converted to its hydrochloride salt as a yellow oil (95 

mg, 48%). 

1
H NMR (300 MHz, CD3OD) ŭ 7.33 ï 7.21 (m, 5H), 6.30 (s, 1H), 3.86 (s, 2H), 3.53 (t, 2H, J 

= 7.8 Hz), 1.36 ï 1.19 (m, 12H), 0.92 (t, 3H, J = 6.9 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 

164.8. 150.5, 140.2, 129.5, 127.5, 121.4, 119.9, 43.6, 32.9, 31.7, 30.3, 30.3, 30.1, 27.7, 23.7, 

14.5.  IR (KBr) ɜ(cm
-1

)  3142, 1630, 1498.  ɚmax = 223 nm.  HRMS (ESI):  m/z:  Calcd for 

C18H27N3:  286.2278  [M+H]
+
;  found: 286.2276.  
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1-Benzyl-5-phenyl-1H-imidazol-2-amine hydrochloride (2.53): 2.53 was synthesized as 

described in the general procedure using 2.31 (0.7 mmol, 269 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.53 was converted to its hydrochloride salt as a yellow oil (101 

mg, 59%). 

1
H NMR (300 MHz, CD3OD) ŭ 7.34 ï 7.00 (m, 10H), 6.57 (s, 1H), 5.07 (s, 2H);  

13
C NMR 

(75 MHz, CD3OD) ŭ 150.2, 136.4, 129.9, 128.6, 127.8, 127.7, 127.1, 126.5, 126.4, 125.2, 

121.0, 45.1.  IR (KBr) ɜ(cm
-1

)  3031, 1658, 1495.  ɚmax = 206 nm, 278 nm.  HRMS (ESI):  

m/z:  Calcd for C17H17N3:  250.1339  [M+H]
+
;  found: 250.1334.  

 

5-Phenyl-1-(3-phenylpropyl)-1H-imidazol-2-amine hydrochloride (2.54): 2.54 was 

synthesized as described in the general procedure using 2.32 (0.7 mmol, 289 mg) and 

DIBAL -H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 
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10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.54 was converted to its hydrochloride salt as a 

yellow oil (99 mg, 51%). 

1
H NMR (400 MHz, CD3OD) 7.37 ï 7.00 (m, 10H), 6.54 (s, 1H), 3.85 (t, 2H, J = 7.6 Hz), 

2.46 (t, 2H, J = 7.6 Hz), 1.85 (q, 2H, J = 7.6 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 151.8, 

142.2, 132.2, 130.1, 129.8, 129.4, 129.2, 129.2, 128.3, 127.0, 122.8, 43.3, 33.5, 31.8.   IR 

(KBr) ɜ(cm
-1

)  3135, 1658, 1239.  ȿmax = 229 nm, 241 nm, 258 nm.  HRMS (ESI):  m/z:  

Calcd for C18H19N3:  278.1652  [M+H]
+
;  found: 278.1653.  

 

1-Pentyl-5-phenyl-1H-imidazol-2-amine hydrochloride (2.55): 2.55 was synthesized as 

described in the general procedure using 2.33 (0.7 mmol, 255 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.55 was converted to its hydrochloride salt as a yellow oil (92 

mg, 58%). 

1
H NMR (300 MHz, CD3OD) ŭ 7.45 ï 7.33 (m, 5H), 6.53 (s, 1H), 3.85 (t, 2H, J = 7.65 Hz), 

1.53 (p, J = 7.2 Hz), 1.22 ï 1.09 (m, 4H), 0.80 (t, 3H, J = 7.05 Hz);  
13

C NMR (100 MHz, 



 

92 

CD3OD) ŭ 149.8, 130.4, 128.2, 127.8, 127.4, 126.4, 120.7, 41.7, 27.9, 27.5, 21.1, 12.2.  IR 

(KBr) ɜ(cm
-1

)  2959, 1632, 1488.  ɚmax = 206 nm, 275 nm.  HRMS (ESI):  m/z:  Calcd for 

C14H19N3:  230.1652  [M+H]
+
;  found: 230.1649. 

 

1-Octyl-5-phenyl-1H-imidazol-2-amine hydrochloride (2.56): 2.56 was synthesized as 

described in the general procedure using 2.34 (0.7 mmol, 284 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.56 was converted to its hydrochloride salt as a yellow oil (103 

mg, 54%). 

1
H NMR (400 MHz, CD3OD) 7.45 ï 7.34 (m, 5H), 6.53 (s, 1H), 3.86 (t, 2H, J = 7.2 Hz), 

1.52 (t, 2H, J = 7.2 Hz), 1.17 ï 1.14 (m, 10H), 0.88 (t, 3H, J = 7.2 Hz);  
13

C NMR (100 MHz, 

CD3OD) ŭ 151.8, 132.4, 130.2, 129.8, 129.4, 128.4, 122.7, 43.6, 32.8, 30.2, 30.0, 29.9, 27.2, 

23.7, 14.4.  IR (KBr) ɜ(cm
-1

)  2923, 1602, 1544.  ɚmax = 215 nm, 277 nm.  HRMS (ESI):  m/z:  

Calcd for C17H25N3:  272.2121  [M+H]
+
;  found: 272.2118.      
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1-Benzyl-5-isobutyl-1H-imidazol-2-amine hydrochloride (2.57): 2.57 was synthesized as 

described in the general procedure using 2.35 (0.7 mmol, 255 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.57 was converted to its hydrochloride salt as a yellow oil (75 mg, 47%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.34-7.24 (m, 3H), 7.07-7.05 (m, 2H), 6.32 (s, 1H), 4.9 (s, 

2H) 2.22 (d, 2H, J = 7.2 Hz), 1.69-1.62 (m, 1H) 0.87 (d, 6H, J = 6.8 Hz); 
13

C NMR (100 

MHz, CD3OD) ŭ 148.3, 136.0, 130.1, 129.2, 129.1, 127.2, 111.0, 46.7, 33.6, 27.9, 22.5.  IR 

(KBr) ɜ(cm
-1

)  2958, 1646, 1454.  ɚ max = 207 nm.  HRMS (ESI):  m/z:  Calcd for C14H19N3:  

230.1652  [M+H]
+
;  found: 230.1654. 

 

5-Isobutyl-1-(3-phenylpropyl)-1H-imidazol-2-amine hydrochloride (2.58): 2.58 was 

synthesized as described in the general procedure using 2.36 (0.7 mmol, 275 mg) and 

DIBAL -H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 
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diethyl ether:4M HCl.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.58 was converted to its hydrochloride salt as a 

yellow oil (90 mg, 50%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.31-7.17 (m, 5H), 6.21 (s, 1H), 3.67 (t, 2H, J = 7.8 Hz), 

2.66 (t, 2H, J = 6 Hz), 2.17 (d, 2H, 8.8 Hz), 1.95 (m, 2H) 1.63 (m, 1H), 0.86 (d, 6H, J = 6.2 

Hz); 
13

C NMR (100 MHz, CD3OD) ŭ 149.9, 142.4, 129.5, 129.4, 127.2, 121.0, 42.5, 34.4, 

33.7, 32.1, 29.0, 22.7.  IR (KBr) ɜ(cm
-1

)  3098, 1652, 1457.  ɚ max = 210 nm.  HRMS (ESI):  

m/z:  Calcd for C16H23N3:  258.1965  [M+H]
+
;  found: 258.1968.  

 

5-Isobutyl-1-pentyl-1H-imidazol-2-amine hydrochloride (2.59): 2.59 was synthesized as 

described in the general procedure using 2.37 (0.7 mmol, 241 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.59 was converted to its hydrochloride salt as a yellow oil (60 mg, 41%). 

1
H NMR (400 MHz, CD3OD) ŭ 6.23 (s, 1H), 3.68 (t, 2H, J = 6 Hz), 2.33 (d, 2H, J = 8 Hz), 

1.83-1.69 (m, 1H), 1.68-1.62 (m, 2H), 1.41-1.29 (m, 4H), 0.98-0.92 (m, 9H).  
13

C NMR (100 

MHz, CD3OD) ŭ 149.8, 127.3, 120.5, 43.2, 34.6, 30.3, 29.9, 29.0, 23.4, 22.8, 14.3.  IR (KBr) 
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ɜ(cm
-1

)  2934, 1647, 1527.  ɚ max = 230 nm.  HRMS (ESI):  m/z:  Calcd for C12H23N3:  

210.1965  [M+H]
+
;  found: 210.1964.  

 

5-Isobutyl-1-octyl-1H-imidazol-2-amine hydrochloride (2.60): 2.60 was synthesized as 

described in the general procedure using 2.38 (0.7 mmol, 270 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.60 was converted to its hydrochloride salt as a yellow oil (91 mg, 52%). 

1
H NMR (400 MHz, CD3OD) ŭ 6.23 (s, 1H), 3.69 (t, J = 6.8 Hz), 2.33 (d, J = 7.2 Hz), 1.86-

1.76 (1H, m), 1.68-1.60 (m, 2H), 1.38-1.28 (m, 10H), 0.97 (d, 3H, J = 6.4Hz), 0.92 (t, 6H, J 

= 6.0 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 149.9, 127.3, 120.6, 43.2, 34.6, 32.9, 30.6, 30.4, 

30.3, 29.1, 27.7, 23.7, 22.8, 14.4. IR (KBr) ɜ(cm
-1

)  3109, 1644, 1526.  ɚ max = 220 nm.  

HRMS (ESI):  m/z:  Calcd for C15H29N3:  252.2434  [M+H]
+
;  found: 252.2432. 
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1-Benzyl-5-hexyl-1H-imidazol-2-amine hydrochloride (2.61): 2.61 was synthesized as 

described in the general procedure using 2.39 (0.7 mmol, 275 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.61 was converted to its hydrochloride salt as a yellow oil (82 mg, 46%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.43-7.35 (m, 3H), 7.16-7.14 (m, 2H), 6.69 (s, 1H), 5.19 (s, 

2H), 2.42 (t, 2H, 8.0 Hz), 1.49 (tt, 2H, J = 7.4, 6.9 Hz), 1.31-1.22 (m, 6H), 0.87 (t, 3H, J = 

6.9 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 148.5, 136.1, 130.6, 130.2, 129.2, 127.2, 110.0, 

46.6, 32.5, 29.7, 28.1, 24.6, 23.5, 14.3.  IR (KBr) ɜ(cm
-1

)  3105, 1655, 1456.  ɚ max = 220 nm.  

HRMS (ESI):  m/z:  Calcd for C16H24N3:  258.1965  [M+H]
+
;  found: 258.1964.     

 

5-Hexyl-1-(3-phenylpropyl)-1H-imidazol-2-amine hydrochloride (2.62): 2.62 was 

synthesized as described in the general procedure using 2.40 (0.7 mmol, 294 mg) and 

DIBAL -H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 
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diethyl ether:4M HCl.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.62 was converted to its hydrochloride salt as a 

yellow oil (102 mg, 51%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.31-7.18 (m, 5H), 6.20 (s, 1H), 3.71 (t, 2H, J = 8 Hz), 2.67 

(t, 2H, J = 7.6 Hz), 2.29 (t, 2H, J = 7.2 Hz), 1.95 (tt, 2H, J = 7.6 Hz), 1.51-1.46 (m, 2H), 

1.36-1.27 (m, 6H), 0.92 (t, 3H, J =  7.2 Hz);  
13

C NMR (100 MHz CD3OD) ŭ 149.8, 142.4, 

129.5, 128.6, 127.1, 119.9, 119.3, 42.5, 33.7, 32.7, 32.1, 30.0, 29.5, 25.2, 23.7, 14.4.  IR 

(KBr) ɜ(cm
-1

)  2925, 1637, 1552, 1336.  ɚ max = 220 nm, 284 nm.  HRMS (ESI):  m/z:  Calcd 

for C18H27N3:  286.2278  [M+H]
+
;  found: 286.2274.     

 

5-Hexyl-1-pentyl-1H-imidazol-2-amine hydrochloride (2.63): 2.63 was synthesized as 

described in the general procedure using 2.41 (0.7 mmol, 261 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.63 was converted to its hydrochloride salt as a yellow oil (38 mg, 23%). 

1
H NMR (400 MHz, CD3OD) ŭ 6.59 (s, 1H), 3.84 (t, 2H, J = 7.65 Hz), 2.54 (t, 2H, J = 7.65 

Hz), 1.71 ï 1.31 (m, 14H), 0.98 ï 0.94 (m, 6H);  
13

C NMR (100 MHz, CD3OD) ŭ 158.1, 
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130.4, 109.7, 43.8, 32.8, 30.0, 29.7, 29.5, 28.4, 24.7, 23.8, 23.5, 14.5, 14.4.  IR (KBr) ɜ(cm
-1

)  

2924, 1648, 1460, 1267.  ɚmax = 210 nm.  HRMS (ESI):  m/z:  Calcd for C14H27N3:  238.2278  

[M+H]
+
;  found: 238.2280.     

 

5-Hexyl-1-octyl-1H-imidazol-2-amine hydrochloride (2.64): 2.64 was synthesized as 

described in the general procedure using 2.42 (0.7 mmol, 290 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 1:1 diethyl ether:4M 

HCl.  After completion of the reaction, removal of solvent, and pH adjustment, cyanamide 

(3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol solution.  After 

purification, 2.64 was converted to its hydrochloride salt as a yellow oil (47 mg, 24%). 

1
H NMR (300 MHz, CD3OD) ŭ 6.59 (s, 1H), 3.84 (t, 2H, J = 7.5 Hz), 2.54 (t, 2H, J = 7.65 

Hz), 1.70 ï 1.63 (m, 4H), 1.46 ï 1.33 (m, 16H), 0.97 ï 0.90 (m, 6H);  
13

C NMR (100 MHz 

CD3OD) ŭ 147.7, 130.3, 109.6, 43.7, 32.9, 32.8, 30.3, 29.9, 29.6, 28.3, 27.4, 24.6, 24.2, 23.7, 

23.6, 14.4, 14.3.  IR (KBr) ɜ(cm
-1

)  2927, 1658, 1463.  ɚ max = 214 nm.  HRMS (ESI):  m/z:  

Calcd for C17H33N3:  280.2747  [M+H]
+
;  found: 280.2748. 
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1-Decyl-5-hexyl-1H-imidazol-2-amine hydrochloride (2.65): 2.65 was synthesized as 

described in the general procedure using 2.43 (0.7 mmol, 310 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 

cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.65 was converted to its hydrochloride salt as a yellow oil (107 

mg, 50%). 

1
H NMR (400 MHz, CD3OD) ŭ 6.22 (s, 1H), 3.70 (t, 2H, J = 7.6 Hz), 2.45 (t, 2H, J = 7.6 

Hz), 1.67 ï 1.59 (m, 4H), 1.44 ï 1.32 (m, 29H), 0.95 ï 0.90 (m, 6H);  
13

C NMR (100 MHz, 

CD3OD) ŭ 149.8, 128.4, 119.3, 43.2, 33.1, 32.8, 30.7, 30.7, 30.5, 30.5, 30.4, 30.1, 29.4, 27.7, 

25.4, 23.8, 23.7, 14.5, 14.5.  IR (KBr) ɜ(cm
-1

)  2922, 2855, 1656, 1461.  ɚ max = 226 nm.  

HRMS (ESI):  m/z:  Calcd for C19H37N3:  308.3060  [M+H]
+
;  found: 308.3062. 

 

1-Dodecyl-5-hexyl-1H-imidazol-2-amine hydrochloride (2.66): 2.66 was synthesized as 

described in the general procedure using 2.44 (0.7 mmol, 329 mg) and DIBAL-H (1.05 

mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 10:1 DCM/TFA 

solution.  After completion of the reaction, removal of solvent, and pH adjustment, 
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cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 water:ethanol 

solution.  After purification, 2.66 was converted to its hydrochloride salt as a yellow oil (136 

mg, 58%). 

1
H NMR (400 MHz, CD3OD) ŭ 6.21 (s, 1H), 3.70 (t, 2H, J = 7.8 Hz), 2.46 (t, 2H, J = 7.4 

Hz), 1.64 ï 1.57 (m, 4H), 1.42 ï 1.32 (m, 24H), 0.94 ï 0.89 (m, 6H);  
13

C NMR (100 MHz, 

CD3OD) ŭ 149.8, 128.4, 119.4, 43.2, 33.1, 32.9, 30.8, 30.8, 30.7, 30.7, 30.6, 30.5, 30.4, 30.2, 

29.4, 27.7, 25.4, 23.8, 23.7, 14.5, 14.5.  IR (KBr) ɜ(cm
-1

)  3093, 2917, 1654, 1455. ɚ max = 

222 nm. HRMS (ESI):  m/z:  Calcd for C21H41N3:  336.3373  [M+H]
+
;  found: 336.3376.       

 

Benzyl 4-(2-amino-1-benzyl-1H-imidazol-5-yl)butylcarbamate hydrochloride (2.67): 

2.67 was synthesized as described in the general procedure using 2.45 (0.7 mmol, 359 mg) 

and DIBAL-H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 

10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.67 was converted to its hydrochloride salt as a 

yellow oil (110 mg, 41%). 

1
H NMR (400 MHz, CD3OD)  ŭ 7.36 ï 7.06 (m, 10H), 6.33 (s, 1H), 5.06 (s, 2H), 5.09 (s, 

2H), 3.07 (br s, 2H), 2.38 (br s, 2H), 1.49 (br s, 4H);  
13

C NMR (100 MHz, CD3OD) ŭ 159.0, 

150.7, 138.6, 138.5, 130.0, 130.0, 129.6, 129.1, 128.9, 128.7, 127.4, 120.3, 67.4, 46.4, 41.5, 
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30.6, 26.5, 25.1.  IR (KBr) ɜ(cm
-1

)  2933, 1699, 1541, 1254.  ɚmax = 215 nm.  HRMS (ESI):  

m/z:  Calcd for C22H26N4O2:  379.2129  [M+H]
+
;  found: 379.2134.      

 

Benzyl 4-(2-amino-1-(3-phenylpropyl)-1H-imidazol-5-yl)butylcarbamate hydrochloride 

(2.68): 2.68 was synthesized as described in the general procedure using 2.46 (0.7 mmol, 379 

mg) and DIBAL-H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred 

in a 10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.68 was converted to its hydrochloride salt as a 

yellow oil (96 mg, 34%). 

1
H NMR (300 MHz, CD3OD) ŭ 7.37 ï 7.18 (m, 10H), 6.54 (s, 1H), 5.08 (s, 2H), 3.84 (t, 2H, 

J = 7.8 Hz), 3.15 (t, 2H, J = 6.3 Hz), 2.71 (t, 2H, J = 7.5 Hz), 2.38 (br s, 2H), 1.99 (quintet, 

2H, J = 7.5 Hz), 1.54 (s, 4H);  
13

C NMR (100 MHz, CD3OD) ŭ 158.9, 150.0, 142.5, 138.5, 

129.7, 129.5, 129.4, 128.9, 128.7, 128.1, 127.1, 119.8, 67.3, 42.6, 41.4, 33.7, 32.1, 30.5, 26.6, 

24.8.  IR (KBr) ɜ(cm
-1

)  2923, 1661, 1530, 1254.  ɚmax = 215 nm.  HRMS (ESI):  m/z:  Calcd 

for C24H30N4O2:  407.2442  [M+H]
+
;  found: 407.2438.   
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Benzyl 4-(2-amino-1-pentyl-1H-imidazol-5-yl)butylcarbamate hydrochloride (2.69): 

2.69 was synthesized as described in the general procedure using 2.47 (0.7 mmol, 345 mg) 

and DIBAL-H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 

10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.69 was converted to its hydrochloride salt as a 

yellow oil (79 mg, 32%). 

1
H NMR (400 MHz, CD3OD), ŭ 7.36 - 7.29 (m, 5H), 6.25 (s, 1H), 5.08 (s, 2H), 3.69 (t, 2H, J 

= 7.2 Hz), 3.17 (t, 2H, J = 6 Hz), 2.48 (t, 2H, J = 6.4 Hz), 1.67-1.59 (m, 6H), 1.40-1.32 (m, 

4H), 0.93 (t, 3H, J = 7.2 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 159.1, 150.0, 138.6, 129.6, 

129.1, 128.9, 128.4, 119.3, 67.4, 43.4, 41.6, 30.7, 30.4, 30.1, 26.6, 25.0, 23.6, 14.5.  IR (KBr) 

ɜ(cm
-1

)  2944, 1660, 1455, 1257, 1135.  ɚmax = 228 nm.  HRMS (ESI):  m/z:  Calcd for 

C20H30N4O2:  359.2442  [M+H]
+
;  found: 359.2442.  

 



 

103 

 

Benzyl 4-(2-amino-1-octyl-1H-imidazol-5-yl)butylcarbamate hydrochloride (2.70): 2.70 

was synthesized as described in the general procedure using 2.48 (0.7 mmol, 375 mg) and 

DIBAL -H (1.05 mmol, 1.05 mL).  Following work-up, the crude product was stirred in a 

10:1 DCM/TFA solution.  After completion of the reaction, removal of solvent, and pH 

adjustment, cyanamide (3.5 mmol, 147 mg) was added to the crude product in a 1:1 

water:ethanol solution.  After purification, 2.70 was converted to its hydrochloride salt as a 

yellow oil (95 mg, 34%). 

1
H NMR (400 MHz, CD3OD) ŭ 7.37 ï 7.30 (m, 5H), 6.26 (s, 1H), 5.08 (s, 2H), 3.70 (t, 2H, J 

= 7.6 Hz), 3.17 (t, 2H, J = 6.4 Hz), 2.48 (t, 2H, J = 6.4 Hz),  1.62 ï 1.60 (m, 6H), 1.34 ï 1.31 

(m, 10H), 0.91 (t, 3H, J = 6.4 Hz);  
13

C NMR (100 MHz, CD3OD) ŭ 164.8, 149.7, 138.4, 

129.4, 128.9, 128.7, 128.4, 119.9, 118.6, 67.3, 43.3, 41.4, 32.9, 30.5, 30.4, 30.3, 27.7, 26.3, 

24.8, 23.7, 14.4.  IR (KBr) ɜ(cm
-1

)  2926, 1692, 1458.  ɚmax = 213 nm.  HRMS (ESI):  m/z:  

Calcd for C23H36N4O2:  401.2911  [M+H]
+
;  found: 401.2912.   

 

Bacterial Strains.  S. aureus (29213), S. epidermidis (29886), MRSE (51625) MRSA (BAA-

44), MDRAB (BAA-1605), A. baumannii (19606), K. pneumoniae (BAA-2146), and E. coli 

(35695) were obtained from the ATCC.  
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Broth Microdilution M ethod for MIC Determination.  Overnight bacterial cultures were 

subcultured to 5 x 10
5
 CFU/mL in Mueller Hinton Broth (MHB). The resulting bacterial 

suspension was aliquoted (1.0 mL) into culture tubes and compound added from 100 mM 

stock samples in molecular biology grade DMSO to a final concentration of 128 µg/mL, 

samples containing no compound served as a control. Samples were then aliquoted (200 µL) 

into the first row of wells of a 96-well microtiter plate in which subsequent wells had been 

prefilled with 100 µL of the same bacterial subculture. Row one wells were mixed 8ï10 

times then 100 µL was withdrawn and transferred to row two. Row two wells were mixed 8ï

10 times followed by a 100 µL transfer to row three. This procedure was used to serially 

dilute the rest of the rows of the microtier plate. The microtiter plate was then covered with a 

microtiter plate lid, placed in a covered plastic container and incubated under stationary 

conditions at 37 ↔C. After 16 h, the lid was removed and MIC values were recorded. 

Biofilm I nhibition Assay Protocol.  Overnight cultures of S. aureus, A. baumannii, or E. 

coli in tryptic soy broth with 0.5% glucose (S. aureus) or Luria-Bertani (LB) (A. baumannii) 

media respectively, were subcultured to an OD600 of 0.01 into the same media. Test 

compound was added to the inoculated media and 100 ɛL was aliquoted into the wells of a 

96-well plate, innoculum without compound served as the control. Plates were covered, and 

incubated in a humidified container under stationary condition at 37 °C for 24 h. Media and 

planktonic bacteria were discarded and the plates were washed with water. Each well was 

stained with 110 ɛL 0.1% solution of crystal violet (CV) at room temperature for 30 min. 

After washed with water again, the remaining stain was dissolved in 200 ɛL 95% ethanol and 
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125 µL was transferred to polystyrene microtiter dish. Biofilm inhibition was quantified by 

measuring the OD540 of each well. Blank wells were employed as background controls. 
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