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Abstract 
Synthesis of Teixobactin Analogues: Cyclic Peptidomimetics to Combat 
Antibiotic Resistance – Georgina Claire Girt, MSc 

The development of bacterial resistance over time combined with the lack of 

novel compounds has resulted in a drastic need for new antibiotic drugs. The 

structure of teixobactin, a cyclic undecapeptide, was published in January 2015 

in a paper describing the use of an “iChip” to successfully grow a number of 

previously uncultivable bacteria. Teixobactin, a cyclic depsipeptide made up of 

11 amino residues, containing the unproteinogenic amino acid L-allo-

enduracididine, was found to have µM activity against many Gram-positive 

bacteria, including Clostridium difficile and methicillin-resistant Staphylococcus 

aureus (MRSA).  

This research aimed to both further elucidate the mechanism of action of 

teixobactin by examining the structure-activity relationship of various moieties of 

the compound; and to create related compounds that could be synthesised 

simply and economically, whilst retaining potency against Gram-positive 

bacteria. These focused particularly on investigating the role of residues 1-7; the 

linear hydrophobic tail, and variation of the nonproteinogenic residue by 

replacement with genetically encoded variants. To form the native macrocycle, a 

simple synthetic route towards L-allo-enduracididine was required; a novel route 

using Ni(II) Schiff base complex was attempted. 

The formation of the 13-membered macrocyclic core of teixobactin was 

attempted with multiple methods of cyclisation, using both solution-phase and 

on-resin approaches, ultimately resulting in an effective route providing 100% 

conversion of linear precursors in 20 minutes. 

Nineteen analogues were synthesised and submitted for biological assays. 

These compounds were acetylated, prenylated or lipidated in place of residues 

1-7, with L-allo-enduracididine mutated to seven different residues varying in 

functionality, basicity and structure. Of the compounds tested, four were found to 

have antibiotic activity, with one compound displaying high potency with  a 

minimum inhibitory concentration (MIC) value (0.5 µg/ mL), comparable to native 

teixobactin itself. 
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1. Introduction 
 
1.1  Bacteria and antibiotics 
 

1.1.1 Antibiotics: discovery and biological mechanisms of action 
 

The serendipitous discovery of penicillin 1 (Figure 1) by Alexander Fleming in 

1928 is generally considered the rudiment of antibiotic drug discovery in the 

modern age.
1
 Whilst Fleming noted that regions of germ culture plates containing 

growth of the mould Penicillium notatum inhibited the formation of 

Staphylococcus, it was Howard Florey who realised the significance of this 

discovery, and worked on the small-scale manufacture and the first clinical trials 

of penicillin, which was the first FDA approved antibiotic in 1943.  

 

 

Figure 1 - General structure of penicillin antibiotics with two common therapeutic forms 

(Pencillin G 1a and Penicillin V 1b). 

 

The golden age of antibiotic discovery commenced in the 1940s, when Waksman 

began screening soil bacteria, particularly Actinomyces, for natural product 

antibiotics.
2
 Lead species were identified by the presence of growth inhibition 

zones surrounding single colonies of bacteria under various conditions, and 

these were then tested against specifically targeted pathogenic bacteria.  
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From this screening, around twenty novel antibiotic compounds were identified, 

of which 15 came to market. This included streptomycin 2, both the first antibiotic 

to treat tuberculosis and the first identified aminoglycoside (Figure 2). After 

twenty years of success, this screening platform diminished mainly due to the 

restrictions of the methodology: solely detecting the formation of metabolites by 

known species within a specific environment only provided a limited number of 

hits.
3
 

 

Figure 2 - Structure of streptomycin 2, an antibiotic discovered in 1943 by Waksman, 

produced by Streptomyces griseus. 

 

The 1970s marked the beginning of the medicinal chemistry era, where novel 

antibiotics were mainly discovered via synthetic alteration of previously identified 

natural products to produce new compounds (Figure 3). This was facilitated by 

considerable advances in screening and chemical methodologies. Desired native 

and mutated proteins were now accessible in high yields and purity from 

recombinant DNA expression, rather than extraction from native species, and this 

facilitated investigations to determine drug mechanism of action. Protein-

structure determination by crystallography and NMR enabled rational drug 

design, robotics greatly increased the speed and efficiency of large library 

screenings, and developments in computing allowed access to, and faster 

analysis of, large data sets.  
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Figure 3 - Structures of antibiotics approved in the 1970s for therapeutic use: amoxicillin 

3, derived from penicillin 1, and imipenem 4, derived from thienamycin 5. 

 

These advances ultimately led to target-based screening, however this was met 

with narrow success.
4
 The sequencing of Haemophilus influenza in 1995, the first 

complete bacterial genome, revived interest in the field of antibiotic discovery, 

providing hundreds of new genes to evaluate as potential drug targets.
5
 

GlaxoSmithKline (GSK) spent seven years examining over 300 genes, of which 

160 were found to be essential to the survival of the cell, through 70 high-

throughput screening (HTS) campaigns.
6
 Like most target-based screens before 

it, synthetic derivatives of original HTS hits usually resulted in reduced antibiotic 

activity, generally attributed to unsuitable drug mechanism and pharmacokinetic 

profiles such as poor cell permeability, narrow-spectrum efficacy or lack of activity 

against resistant or hard-to-treat strains.
7
 Since the 1960s, only the antibiotics 

linezolid 6 and daptomycin 7 (Figure 4) were found to belong to new classes 

introduced into clinical practice (oxazolidinones and lipopeptides, respectively), 

with most novel drugs being derivatives of known active compounds. No new 

classes of antibiotics targeting Gram-negative bacteria have been developed for 

over four decades.
8
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Figure 4 - Structures of the antibiotics linezolid 6 and daptomycin 7, with class-

determining regions highlighted in red. 

 

Current research largely focuses on the discovery of new antibiotic pathways: 

providing new targets to elicit the inhibition of bacterial growth and survival. This 

has been attempted via the cultivation of unusual bacterial strains from non-

standard environments,
9
 and the identification of novel secondary metabolites 

through microbial genome exploration.
10

 Due to the global crisis of antimicrobial 

resistance, there is a dire need for novel antibiotics and classes. The gravity of 

the situation has been cemented largely by two reports. In 2015, resistance via 

horizontal gene transfer to colistin 8, the “last-resort” antibiotic, has been 

identified in E. coli and Klebsiella pneumoniae,
11

 triggering almost 150 papers in 

under a year on the causative mcr-1 gene. Perhaps most significantly in 2017, a 

patient was diagnosed with a strain of Klebsiella pneumoniae that was found to 

be resistant to all 26 antibiotics tested against it, including aminoglycosides and 

polymyxins, and subsequently died of septic shock. 
12
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1.1.2  Antimicrobial resistance (AMR) 
 

The development and proliferation of antibiotic resistance combined with the lack 

of novel antibiotic compounds has become a major problem worldwide. In the 

USA, multidrug resistant bacterial infections are estimated to have cost the 

economy over $55 billion per year in excess health care and societal costs, and 

over 8 million additional hospital days.
13

 Many current antibiotics have become 

prone to resistance by multiple different strains of bacterial species. The 

development of antibiotic resistance has been observed as early as 1944, a year 

after the introduction of penicillin to the market; with Kirby reporting particular 

strains of Staphylococcus aureus isolated from hospital patients to be producing 

penicillinases, thus rendering the drug ineffective.
14

 Within several years, this 

resistance amplified and became apparent in the majority of hospital isolates, 

particularly in patients that had previously been treated with penicillin 1 or another 

β-lactam antibiotic.
15

 Since this time, resistance has been observed against every 

known clinical antibiotic (Figure 5).
16

 Often resistance has been observed within 

as little as a year of introduction of the drug, as in the cases of levofloxacin 9 

(marketed 1996; resistance observed in the same year),
17

 and linezolid 5 

(marketed in 2000 with resistance seen in 2001).
18

 Even vancomycin 10, a 

glycopeptide antibiotic introduced in 1972 that was thought to be immune from 

resistance development, was found to have reduced efficacy against an MRSA 

isolate in 1997,
19

 and since then strains such as VISA (vancomycin-intermediate 

S. aureus) and VRSA (vancomycin-resistant S. aureus) have become 

exponentially more common.
20
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Figure 5 - Timeline showing clinical approval of key antibiotics and their class (blue) 

compared with the first documented antibiotic resistance, and within which species it 

was observed (red). 

 

The rise of resistant bacteria has been attributed a number of different factors. 

Most prominently, this has been linked to the overuse and misuse of antibiotic 

medication.
21

 Epidemiological evidence indicates a clear trend between the level 

of antibiotic consumption per capita and the incidence of resistant bacteria.
22

 

Antibiotics eradicate only drug-susceptible bacteria, leaving behind resistant 

counterparts, and therefore promoting their growth and proliferation. The overuse 

of antibiotics is partially due to inappropriate prescribing, with studies showing 

that antibiotics are wrongly prescribed in 30–60% of cases,
23

 either with an 

inappropriate choice of agent; mistakenly according to presentation of symptoms, 

or with incorrect duration of treatment – although a recent article has suggested 

that the requirement for the completion of an antibiotic course lacks robust 

evidence.
24

 In many countries, antibiotics are readily available over the counter 

without a prescription, making them easily accessible. Aside from human 

consumption, antibiotics are used as growth supplements in livestock in both 

developing and developed countries, with around 80% of total antibiotics sales in 

the USA being for use in animal agriculture.
25

 Resistant bacteria which develop 

directly in these animals can then be transmitted to humans through a number of 

routes, such as consumption of undercooked meat.
11

 

To combat the rise of resistant bacteria, a continual stream of novel drugs is 

required. However, the slow pace of drug development over the last century has 

not been able to keep up with the rapid rate at which resistance occurs.
26

 Most 

of the largest pharmaceutical companies have now left the antibiotic research 
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market entirely.
27

 Aside from the limited range of techniques available to find new 

drug candidates, the production and marketing of new antibiotic drugs is not 

economical. Until resistance becomes more widespread and generic medications 

are no-longer viable, drugs such as penicillin 1 and amoxicillin 3 are likely to be 

preferentially be prescribed over newer, more expensive alternatives. Antibiotics 

are used as short courses and are curative, and are therefore much less 

profitable than drugs for chronic and often incurable illnesses such as cancer, 

diabetes, and auto-immune diseases.
28

 

The Infectious Diseases Society of American (IDSA) has created the acronym 

“ESKAPE”, referring to six of the leading Gram-positive and negative pathogens 

responsible for nosocomial infections: Enterococcus faecium, S. aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 

the Enterobacter genus as a whole.
29

 Infection by these species in 

immunocompromised individuals within a hospital can often be life-threatening. 

Between these species of bacteria there are a multitude of pathogenicity, 

resistance and transmission mechanisms to be addressed, and much current 

research is focused on circumventing the resistance processes to create novel, 

effective therapeutic options.
30

 

 
1.1.3 Mechanisms of antibiotic resistance 
 
Some bacterial resistance is intrinsic, and a result of a species having an inherent 

structure or function that prevents the action of an antibiotic from working. Usually 

this is due to the lack of a particular cellular target, the presence of an enzyme or 

protein that promotes the degradation or efflux of the compound, or a structural 

factor that prevents penetration of the outer membrane into the cell.
31

 Antibiotic 

resistance can also be acquired through horizontal gene transfer and 

spontaneous mutations in chromosomal DNA (Figure 6). 
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Figure 6 - Common bacterial cellular targets of bacteria shown on the left hand side; 

common resistance mechanisms found to be employed by bacteria shown on the right. 

 

The first reported case of Methicillin-resistant Staphylococcus aureus (MRSA), 

perhaps the most well-known of resistant bacteria, was in France in 1962, and 

since then methicillin-resistant infections have become increasingly prevalent 

across the globe, particularly in hospital settings. MRSA is one of the most 

common antimicrobial resistance threats, accounting for around half of all deaths 

attributed to resistant bacteria.
32

 Patients that contract MRSA infections generally 

have poor prognoses, with around 11,300 deaths each year in the US being 

caused by this pathogen.
33

 The resistance acquired by MRSA is the result of two 

primary adaptations. The resistant staphylococci express the enzyme PC1 β-

lactamase, which is able to hydrolyse the amide functionality in the cyclic core of 

β-lactam antibiotics such as penicillin 1 and amoxicillin 3.
34

 

In addition, the bacteria may acquire a gene encoding a modified penicillin-

binding protein (PBP 2a). In concentrations of β-lactam antibiotics that would 

inhibit endogenous PBP, the modified enzyme protein is still able to remain active 

to continue to promote the synthesis of the cell wall, and in turn bacterial 

propagation and growth.
34
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Vancomycin-resistant Enterococci (VRE) are infections that typically affect 

hospital patients, and can cause a number of different diseases, such as wound 

and urinary tract infections.
35

 As vancomycin is often used as a last-line of 

treatment, there are few therapeutic options available for the treatment of VRE. 

Carbapenem-resistant Enterobacteriaceae (CRE), drug-resistant Neisseria 

gonorrhoeae, and Clostridium difficile are the three bacteria designated as 

“urgent” threats in a recent Centre for Disease Control (CDC) report. This is the 

category of highest severity, reserved for bacteria that are resistant to all or 

almost all known antibiotic therapeutic options, and have a high risk of 

transmission between patients.
32

 

 
1.1.4 Structure and origins of bacteria 
 

Bacteria are one of the most established and abundant forms of life on earth, and 

make up one of the three domains of life alongside archaea and eukaryotes. 

These organisms are indispensable for a multitude of biological processes, 

particularly for their participation in numerous nutrient cycles, such as the fixation 

of nitrogen from the atmosphere, the putrefaction of dead plants and animals, 

and the conversion of compounds like hydrogen sulphide and methane (that are 

toxic to most eukaryotes) into energy. There are an estimated 4-6 x 10
30

 bacterial 

cells on earth,
36

 inhabiting a diverse range of habitats and conditions. The human 

gut itself is host to an average of 10
13

 bacterial cells, which is ten times more than 

the total number of human cells across the whole body.
37

 

As prokaryotes, bacterial cells are significantly different to plant and animal cells 

(Table 1). Bacterial cells tend to be much smaller in size (1 -10 µm compared to 

10 -100 µm), and lack organelles such as mitochondria and the endoplasmic 

reticulum. Most notable however, is the lack of an intracellular nucleus containing 

genetic material. Instead, DNA is contained throughout the cytoplasm. Rather 

than packaged around histones as chromatin in eukaryotic cells, the bulk of the 

genetic information of the cell exists as a single chromosome; a circular, double 

stranded piece of DNA. This chromosome may exist as one or multiple copies 

within a region of the cell called the nucleoid. The nucleoid also contains some 
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proteins and RNA, which are mostly transcription factors and mRNA involved in 

the regulation of the genome.  The lack of introns and non-coding regions of the 

genome contribute to the efficiency of storage of genetic material within the cell 

(as opposed to eukaryotic DNA, which is only around 5% exons), with the DNA 

folded and condensed by architectural proteins into a supercoiled form. 

 

 Prokaryotes Eukaryotes 

Evolution 3.5 billion years 1.5 billion years 

Cell Unicellular Multicellular 

Size of cells 1 – 10 µm 100 – 1000 µm 

Genome Nucleoid; plasmids Nucleus 

Organelles None Present 

DNA Circular: one chromosome Ø 1 chromosome 

Reproduction Asexual Sexual 

O2 Anaerobic Aerobic 

 

Table 1 - Cellular and structural difference between prokaryotic (bacteria) and eukaryotic 

cells. 

 

Other pieces of genetic material are also present as plasmids: circular, double-

stranded DNA molecules that exist outside of the nucleoid. Plasmid DNA 

encodes for additional genes that are not required for the general functioning of 

the cell, but may be of use under certain conditions or as a response to stress 

inducing stimuli. 

The bacterial cell wall exists just outside the plasma membrane, and is integral 

to cell viability for a multitude of reasons: the maintenance of cell shape and 

structure, protection from osmotic lysis and toxins, and in some species also 

contributes to pathogenicity. The ubiquitous and vital nature of the cell wall, in 

addition to the fact it is absent in mammalian cells, makes this an attractive target 

for antibiotics. 

The cell walls of Gram-positive bacteria are made up of a homogeneous layer 

of peptidoglycan, ranging from 20 nm to 80 nm in depth, which lies directly 
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outside the membrane. On the other hand, Gram-negative bacteria have much 

thinner cell walls: usually 2 to 7 nm of peptidoglycan layered by an outer 

membrane of 7 to 8 nm, and separated from the plasma membrane by the 

periplasmic space (Figure 7). 

 

 

Figure 7 - Structures of the bacterial cell wall of Gram-positive and Gram-negative 

bacteria. Gram-positive bacteria have a thicker peptidoglycan layer compared to Gram 

negative, which have an additional outer membrane. 

 

1.1.5  Peptidoglycan biosynthesis and lipid II  
 

Peptidoglycan, the main component of the cell wall, is a polymer made up of 

alternating residues of β-(1,4) linked N-acetylglucosamine (NAG) 11 and N-

acetylmuramic acid (NAM) 12 (Figure 8). The latter is bound to a short peptide of 

4 to 5 amino acid residues, consisting of L-Ala, D-Glu, L-Lys, D-Ala and meso-

DAP 13, the exact structure of which varies between bacterial species. The 

peptides of separate linear, helical sugar chains are linked by the enzyme DD-

transpeptidase to form the final, three-dimensional structure. Peptidoglycan is 

strong and dense, but also flexible, and can contract and expand in response to 

changes in osmotic pressure. 



 

12 

 

 

Figure 8 - Structure of peptidoglycan monomers N-acetylglucosamine (NAG) 11 and N-

acetylmuramic acid (NAM) 12 

 

Peptidoglycan synthesis begins in the cytoplasm, where enzymes MurA-G 

catalyse the formation of a pentapeptide linked to the nucleotide-sugar precursor 

UDP-N-acetylmuramyl (UDP-MurNAc) 14. At the surface of the plasma 

membrane, MraY links this UDP-MurNAc-pentapeptide precursor 15 to 

undecaprenyl pyrophosphate 16, a transport linker, to yield lipid I 17. Addition of 

N-acetylglucosamine (GlcNAc) 18 from UDP-GlcNAc 19, catalysed by MurG, 

produces lipid II 20. A series of Fem enzymes catalyse formation of a peptide 

crossbridge (typically five glycine residues in Gram-positive bacteria) 

orthogonally from the third amino acid residue. This entity then flipped across the 

membrane into the periplasm through a flippase mechanism that has not been 

confirmed. A series of transglycosylations and transpeptidations result in 

polymerisation and the final peptidoglycan structure (Figure 9).
38
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Figure 9 - Bacterial cell wall synthesis. MraY couples an undecaprenyl pyrophosphate 

16 to UDP-MurNAc-pentapeptide 16 to form lipid I 17; MurG adds GlcNAc from UDP-

GlcNAc 19 to form lipid II 20, which is subsequently flipped across the membrane to 

project into the periplasm. 

 

Whilst there are a number of antibiotics, such as bacitracin 21 and turnicamycin 

22, that inhibit the synthesis of lipid I 17, it is lipid II 20 (Figure 10) that is 

considered a highly attractive target for antimicrobials for a number of reasons. It 

is the central component of peptidoglycan synthesis, and highly conserved 

across eubacteria, providing lipid II-targeting antibiotic candidates with a higher 

probability of broad-spectrum activity, and the possibility of reduced toxicity due 

to the lack of homology in eukaryotic cells. Lipid II 20 is the rate-limiting step of 

peptidoglycan biosynthesis, due to the low number of undecaprenyl phosphate 

molecules in each cell at one time. Unlike other peptidoglycan precursors, lipid II 

20 is more readily accessible due to its availability on the outer side of the 

bacterial plasma membrane, as opposed to existing solely within the cytoplasm.  
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Figure 10 - Structure of lipid II 20, comprised of disaccharide, pentapeptide, 

pyrophosphate and isoprenoid moieties. 

 

1.1.6  β-lactam antibiotics 
 

β-lactam antibiotics are one of the oldest validated antibiotic classes in clinical 

use, and are usually the principal course of treatment against a diverse range of 

bacterial infections, including pneumonia, meningitis, and gonorrhoea. 

Compounds in this group are linked by a common four-membered, β-lactam ring 

at the centre of their structures (Figure 11), usually connected to another cyclic 

component, except in the case of monobactams.  

 

 

Figure 11 - General structures of three types of β-lactam antibiotics commonly used 

therapeutically. 

 

β-lactam antibiotics’ bactericidal activity is reached by interfering with cross-link 

formation between linear amino-sugar strands of peptidoglycan, which is 
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achieved by the inhibition of DD-transpeptidases; enzymes responsible for 

forming the covalent link between two peptides. Because of this vulnerability, 

these enzymes are also referred to as penicillin-binding proteins (PBPs). When 

employed, hydrolysis of peptidoglycan by other enzymes not only continues to 

take place, but actually increases due to the build-up of linear peptidoglycan 

precursors, resulting in an increase in osmotic pressure making the cell wall 

weaken, eventually leading to cytolysis.  

 

 

Figure 12 - Mechanism of β-lactam antibiotic activity by irreversible binding of the active 

compound to Ser403 of DD-transpeptidases. 

 

β-lactam antibiotics are analogues of the two terminal amino acid residues of the 

peptide subunits of peptidoglycan monomers NAG 11 and NAM 12 (D-alanine-D-

alanine), and the β-lactam core binds irreversibly to Ser403 residue of the active 

site of DD-transpeptidases (Figure 12).
39
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1.1.7 Antimicrobial peptides 
 

Antimicrobial peptides (AMPs) are a class of naturally occurring and synthetic 

peptides with a wide spectrum of targets (Table 2). AMPs are produced by all 

multicellular organisms, primarily as a first-line defence against pathogenic 

bacteria and viruses (but have also been implicated in activation against cancer 

cells)
40

, and micro-organisms produce AMPs to defend from other hostile species 

in the surrounding environment. AMPs act through a number of different 

mechanisms: inhibition of proteins or DNA/RNA synthesis, and many are 

involved in the disruption of cell membranes, leading to cell death. Most AMPs 

have been found to be cationic, ranging from 10 to 50 amino acids in length, and 

are classified based on their structure as α-helical, β-sheet or extended.
41

 

 

AMP Mode of action Active against 

Defensins  
Glycopeptides 

Lantibiotics 

Daptomycin 

Teixobactin  

Membrane binder, pore formation 

Peptidoglycan (D-Ala-D-Ala) binder 

Lipid II binder 

Membrane pore formation 

Lipid II binder 

Gram-positive bacteria 

Cecropins 

Attacins 

Polymyxins 

Diptericins 

Membrane formation 

Unknown 

Lipopolysaccharide binder, membrane disruption 

Unknown 

Gram-negative 

bacteria 

Metchnikowin 

Drosomycin 

Unknown 

Membrane pore formation 
Fungi 

 

Table 2 - Antimicrobial peptides (AMPs), classification of micro-organism they are 

biologically active against, and mechanism of action. 

 

The bactericidal activity of AMPs is mainly attributed by their ability to interact 

with bacterial cell membranes and walls, and this is achieved through the 

combination of a net positive charge interacting with the negative exterior of 

phospholipids, and the presence of hydrophobic residues that can anchor into 

membranes or interact with lipidated regions of target structures. Fully 
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understanding the structure-activity relationship of AMPs is crucial for the 

creation of novel antibiotics with improved activities and spectrum of action. 

A number of human AMPs display antibiotic activity and also have roles in the 

regulation of innate immunity. These vary in length from 5 to 149 amino acids, 

and the three major groups are defensins, cathelicidins and histatins.
42

 

Mammalian defensins are cationic peptides containing cysteine residues that 

form intramolecular disulphide bridges, stabilising their β-sheet-based 

structure.
43

 Cathelicidins are precursor proteins that produce C-terminal 

cleavage AMP products found in a number of mammalian species. To date, there 

is only one cathelicidin gene (CAMP) identified in humans, which encodes 

CAP18. Proteolytic cleavage yields the active peptide, LL-37 25, which varies its 

structure depending on the nature of its environment; in hydrophilic conditions 

LL-37 25 exists as a random-coil, but folds into an α-helix when exposed to 

hydrophobic surroundings, such as lipid bilayer vesicles.
44

 Histatins are short 

cationic peptides, named due to their high proportion of histidine residues. 

Similarly to cathelicidins, these form random-coils in aqueous media and α-

helices in organic solvents and lipid bilayers.
45

 

Unlike human AMPs, those produced by microbes usually contain a number of 

structural features not observed in those originating from eukaryotic organisms, 

due to the fact they are often produced non-ribosomally. These peptides 

generally contain cyclic substructures with branched areas, and are made up of 

amino acids varying from the 20-naturally occurring forms found in animals. Most 

bacterial AMPs contain at least one D-amino acid; residues are often modified 

with N-methylation and N-formylation, glycosylation and acylation, or linked by 

unusual bonds such a thioethers (Figure 13). AMPs often contain non-

proteinogenic amino acid residues; modified by enzymes following the main part 

of the synthesis. These unusual features offer a range of benefits; from improved 

binding to target molecules, to protection from protease degradation. 
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Figure 13 - Common modifications of bacterial peptides and proteins, and the amino 

acid residues or terminus they occur on. 

 

The unique structural features of bacterial AMPs make them attractive as 

therapeutic candidates due to their improved stability and efficacy over their 

naturally-occurring, unmodified counterparts.
46

 Unlike other antibiotics that target 

proteins and enzymes, the binding of AMPs to membranes represents an 

Achilles’ heel of pathogenic bacteria, being highly conserved and structured in 

nature, and more difficult to effectively mutate. Typically, AMPs bactericidal 

activity is catalysed by membrane binding, which can be followed by membrane 

rupture, or inhibition of cell wall synthesis (Figure 14). Many current therapeutic 

options, including those targeting resistant bacteria, are bacterial natural 

products or derivatives of, and many fall into the subcategories of glycopeptides, 

lantibiotics and lipopeptides. 
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Figure 14 - Mechanisms of cationic antimicrobial peptide bactericidal activity. Binding of 

AMP to bacterial cell wall usually results in cell death either by cell wall synthesis 

inhibition, of inhibition of an intracellular target. 

	
	
	

1.1.7.1 Glycopeptides 
 

Glycopeptides are a class of actinomyces-derived antibiotics characterised by a 

single or several glycosylation sites on cyclic peptides, which are used to treat 

Gram-positive bacterial infections. The first glycopeptide to be isolated in 1953 

was vancomycin 10, a drug that is still commonly prescribed, particularly in the 

treatment of MRSA and Clostridium difficile. Many of the newer-generation 

glycopeptides, such as teicoplanin 26 and telavancin 27, also contain an 

additional lipid moiety, usually branched from a glycosylamine (Figure 15). These 

lipoglycopeptides have been found to display broader activity and improved 

pharmacokinetic properties,
47

 however to date, no glycopeptide has been 

discovered that is able to combat Gram-negative species, as due to their 

relatively large size they are unable to traverse the significantly larger outer 

membrane, whose pores have an upper molecular weight limit of around 600 

Da.
48
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Figure 15 - Structure of glycopeptides teicoplanin 26 and vancomycin 10, with sugars 

highlighted in red, and lipidation highlighted in blue. 

 

Glycopeptide antibiotics target the D-Ala-D-Ala residues at the N-terminus of cell 

wall precursors such as lipid II 20 (Figure 16). 
49

 These drugs adopt a cradle-like 

structure that sequesters this moiety, and therefore prevents polymerisation by 

transglycosylases and transpeptidases, leading to cell hydrolysis and death. 
50
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Figure 16 - Hydrogen bonding interactions and binding between vancomycin 10 and D-

Ala-D-Ala of mutated lipid II 20 

 

Vancomycin 10 was originally considered to be “resistance-immune” due to this 

mechanism of action, and the inability of bacteria to successfully induce viable 

mutations to the structure of lipid II. However, after an increase in use during the 

1980s, resistance was observed in Enterococcus faecium.
51

 This resistance 

mechanism was found to be the replacement of the terminal D-alanine residues 

with the depsipeptide D-Alanine-L-Lactate, reducing the binding affinity of 

vancomycin one-thousand fold.
52

 Resistant E. faecium achieved this through the 

action of two enzymes; VanH – which reduces pyruvate to D-lactate, and VanA 

which forms the ester bond of the depsipeptide. To date, six unique phenotypes 

– VanA, VanB, VanC, VanD, VanE and Van-G – have been found in Enterococci, 

differing in terminal residue mutation, levels of resistance observed, and whether 

the resistance is induced by drug exposure or already from a constitutive 

metabolic pathway.
53

 All phenotypes mutate the terminal D-Alanine residue to 

either a D-Lactate or D-Serine. For D-Lactate mutations, loss of vancomycin 10 
activity is attributed to the loss of a hydrogen bonding interaction in complex 
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formation (and in turn an increase in electrostatic repulsion) whereas resistance 

caused by D-Ser mutation is thought to be due to hydroxyl-mediated steric 

hindrance.
54

 

 

Phenotype 
Peptidoglycan 

N-terminus 
residues 

Resistance Source Induction Organisms 

VanA D-Ala-D-Lac Vancomycin 10 

Teicoplanin 26 

Acquired Inducible E. faecium 

E. faecalis 

VanB D-Ala-D-Lac Vancomycin 10 Acquired Inducible E. faecium 

E. faecalis 

VanC D-Ala-D-Ser Vancomycin 10 Intrinsic Intrinsic, 

inducible 

E. gallinarum 

VanD D-Ala-D-Lac Vancomycin 10 

Teicoplanin 26 

Intrinsic Intrinsic E. faecium 

 

VanE D-Ala-D-Lac Vancomycin 10 Acquired Inducible E. faecalis 

VanG D-Ala-D-Ser Vancomycin 10 Unknown Unknown E. faecalis 

 

Table 3 - Phenotypes of and characteristics of vancomycin resistance.
53

 

 

As a result of these resistant phenotypes, many groups have sought to develop 

semisynthetic approaches towards vancomycin analogues and novel 

glycopeptides that retain potency even against mutated strains.
55

 Three such 

compounds with comparatively lower MIC values and increased half-lives are 

telavancin 27, dalbavancin 28 and oritavancin 29 (Figure 17) 
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Figure 17 - Structures of second generation glycopeptides telavancin 27, dalbavancin 

28 and oritavancin 29, with sugars highlighted in red and hydrophobic regions 

highlighted in blue 

 

Dalbavancin 28 is a derived from a natural product antibiotic produced by 

actinomycete Nonomuria, and modified from this compound in a three-step 

synthesis. Compared to vancomycin 10 and teicoplanin 26, dalbavancin 28 
exhibits increased in vitro bactericidal activity against resistant Gram-positive 

pathogens such MRSA, VISA, and non-VanA strains of VRE (MBC of 1 µg/mL 
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against S. epidermidis strain L537, compared to vancomycin 10 MBC 16 µg/mL; 

teicoplanin 26 which did not exhibit bactericidal activity.
56, 57

 Whilst its mode of 

action is like other glycopeptides in that it binds to the two terminal amino acid 

residues of lipid II, dalbavancin 28 is also able to anchor into the bacterial 

membrane by dimerising. This action helps increase affinity for lipid II by 

enhancing the stability of the complex.
58

 Oritavancin 29 is derived from the 

naturally occurring glycopeptide chloroeremomycin 30, and contains a unique N-

alkyl-p-chlorophenylbenzyl substituent on its disaccharide component. It is this 

alteration that confers improved activity against a number of enterococci, 

including resistant strains. Similarly to dalbavancin 28, this modified component 

anchors into the bacterial plasma membrane, resulting in dimerisation and 

activity even against D-Ala-D-Lac phenotypes. Telavancin 27 is a semisynthetic 

vancomycin derivative that varies from these two lipoglycopeptides by the 

presence of a modified hydrophilic region in addition to a lipidated disaccharide. 

This polar phosphomethyl moiety exists on one of the five aromatic rings of the 

molecule, and improves the bactericidal activity in vivo by increasing distribution 

into host tissues. It has also been found to reduce nephrotoxic side effects of the 

drug by promoting clearance.
59

 

Recently the Boger group took inspiration from these lipoglycopeptide antibiotics 

with enhanced activity against Gram-positive species and resistant strains to 

investigate the effect of vancomycin derivatives 31 with variations at three main 

sites in the structure.
60

 Initial studies in the group focused on alteration of a key 

single-atom site within the binding pocket. This particular carbonyl is attributed to 

the reduced binding affinity and antimicrobial activity that is induced when 

vancomycin resistant strains mutate their terminal lipid II amino acid residue from 

D-Ala to D-Lac, due to the electrostatic repulsion that occurs between it and the 

depsipeptide ester. The group rationally designed a series of single-atom 

variations at this point; varying the carbonyl O atoms with S, NH and H2, and 

investigated the binding against two model ligands (Figure 18),
61

 and later the 

antibiotic activity against sensitive S. aureus, MRSA, and three strains of 

Enterococci exhibiting varying Van phenotypes.
60
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Figure 18 - Site of the carbonyl mutation on vancomycin analogues made by the Boger 

group,
60

 where X=O 31a, X=NH 31b, X=H2 31c, X=S 31d, with binding data against 

native Lipid II 20 shown. 

 

	
Mutation to the thiocarbonyl displayed considerably reduced binding affinity and 

a heavily reduced MIC against all strains tested, compared to the native structure. 

This is attributed to the increased bond length and the larger van der Waals radii 

of sulfur compared to oxygen resulting in weakening of a key H-bond.  

A minimal decrease in binding to the D-Ala-D-Ala ligand analogue (Ka = 7.3 x 10
4
 

compared to 1.7 x 10
5
 for native vancomycin 10 suggested that the amidine 

mutation still functions as an H-bond acceptor for the amide NH in the target 

residue. Most notably, both binding affinity and MIC (0.5 µg/ mL) were maintained 

towards the D-Lac variants. Given the basic nature of the amidine, this could be 

due to H-bond donation to the depsipeptide ester oxygen D-Ala-D-Lac, or 
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alternatively the formation of an electrostatic interaction between the protonated 

form of the amidine and the ester oxygen lone pairs, resulting in enhanced 

stabilisation compared to electrostatic repulsion thought to be the case as in 

native vancomycin 10.   

Okano et al. subsequently sought to increase the binding affinity and antibiotic 

activity further by adding an additional modification; derivatisation of the 

disaccharide with the (4-chlorobiphenyl) methyl (CBP) group found on the 

lipoglycopeptide oritavancin 29. This hydrophobic component significantly 

enhanced activity against both sensitive and resistant strains between 10 - 100 

fold (Figure 19). 

 

 

Figure 19 - Vancomycin derivatives 32 produced by the Boger group with both carbonyl 

mutation and addition of CBP group to disaccharide, where X= S, NH, O, H2.
60 

 

 

Finally, a third, C-terminal peripheral modification was added, introducing a 

quaternary ammonium salt to the structure, which have been found to increase 

cell permeation and induce membrane depolarisation, thus increasing the 

antibiotic activity (Figure 20).
62

 The derivatisation of the amines tested varied in 

length, including terminal tertiary dimethylamine, a five-membered cyclic 

quaternary salt, and the replacement of a methyl with a longer, linear tetradecyl 
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chain. Without exception each analogue displayed improved activity against 

VanA VRE, and generally followed a trend of increased activity with increased 

hydrophobicity. The analogue with a terminal quaternary ammonium salt at this 

position was the exception; exhibiting MIC values of 0.25 µg/ mL and 0.5 µg/ mL 

against E. faecalis and E. faecium respectively. Interestingly, this compound 

contains the native carbonyl rather than the amidine mutation found to induce 

activity against resistant strains of Enterococci, showing that the CBP and 

quaternary salt mutations are sufficient alone to combat the D-Ala-D-Lac mutation 

found in these bacteria. Ultimately, this study is an excellent example of how a 

natural product antibiotic can be rationally modified at a number of different 

locations to not just improve the antibiotic activity, but to combat the mechanisms 

developed by bacteria resulting in the surmounting of resistance as well. 

 

 

Figure 20 - Vancomycin derivatives 33 produced by the Boger group with both carbonyl 

mutation and addition of hydrophobic group, where X= O, H2.
60

 

 

1.1.7.2 Lantibiotics 
 

Lantibiotics (lanthionine-containing antibiotics) are a group of ribosomally 

synthesised peptides produced by a number of Gram-positive lactic acid bacteria 
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(LAB). They undergo considerable post-translational modifications to reach their 

biologically active forms, usually composed of a number of cyclic components, 

linked by thioether bonds. The unnatural amino acid lanthionine 34 itself is 

composed of two alanine residues, joined by a monosulfide on their respective 

β-carbons. Lantibiotics often contain the amino acids dehydroalanine (Dha, 35) 
and (Z)-dehydrobutyrine (Dhb, 36), which are formed via the NisB-catalysed 

dehydration of serine and threonine residues respectively (Figure 21). The 

macrocycles present in lantibiotics are the result of sulfhydryl cysteine additions 

to dehydrated residues, catalysed by NisC.
63

  

 

 

Figure 21 -Structures of the thioether linked amino acids lanthionine 34 and 

methyllanthionine 34b, and unnatural dehydroalanine (Dha) 35 and dehydrobutyrine 

(Dhb) 36, which appear in many naturally occurring lantibiotics. 

 

Around 40 unique lantibiotics have been identified to date, and these can be 

divided into two categories based on biological activity and topology: type A are 

typically 20 to 34 residues in length, amphipathic in character with an overall 

positive charge, and adopting a screw-shaped structure, whereas type B are 

more compact in structure; either neutral or with a net negative charge. Nisin (37) 

is a 34-residue lantibiotic peptide produced by the bacteria Lactococcus lactis, 

containing five lanthionine rings and three dehydrated amino acids (Figure 22). 
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Nisin 37 has a dual antibiotic mode of action; binding to the pyrophosphate 

moiety of lipid II 20 resulting in both in inhibition as peptidoglycan synthesis, as 

well as the formation of pores traversing the bacterial membrane that result in 

cell death.
64

 

 

 

Figure 22 - Structure of nisin 37, with dehydrated amino acids, hinge region and regions 

A-E indicated 

 

At the interface of the phospholipid bilayer, a number of nisin 37 and lipid II 20 
complexes form and associate, before the C-terminal linear tails of nisin 37 
inserts into the membrane. This formation of pores is achieved by the alignment 

of nisin 37 molecules through the bilayer, at an angle perpendicular to the 

membrane surface, with lipid II acting as a surface anchor.
65

 Solution-phase NMR 

of nisin 37 with a lipid II analogue containing a truncated isoprenoid (3LII, 38) 

revealed the formation of a pyrophosphate cage, suggesting a different binding 

mechanism to that of other lipid II targeting drugs like vancomycin 10 (Figure 23). 
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Figure 23 - Structure derived from NMR showing the pyrophosphate cage formed by 

nisin 37 around the lipid II analogue 3LII 38, and the key interacting residues. Adapted 

from Hsu et al.
66

  

 

As a result of its excellent antibiotic activity (typically <10 µg/mL against a range 

of Gram-positive bacteria)
67

 and low toxicity to mammals, nisin 37 has commonly 

been used as a food preservative since the 1960s. Its unique dual mode of action 

makes it an attractive template for drug design, but the compound has little 

potential in its current form as a therapeutic due to high susceptibility to protease 

degradation.
64

  

The total synthesis of nisin 37 was first reported by Fukase et al. in 1988, by 

fragment condensation of each lanthionine peptide segment, consisting of four 

rings and the C-terminal linear chain, using Boc solid phase peptide synthesis 

(SPPS).
68

 Since then, a number of studies have attempted to fully elucidate the 

mechanism of action and binding of nisin 37 to lipid II 20, in part to support the 

design and generation of stable, active analogues. Early attempts explored 

mutations in the amino-acid sequence but found no significant discoveries.
69

 

Much research has investigated a three-residue (Asn-Met-Lys) “hinge” region, 

located between loops C and D, thought to be essential for successful pore 

formation by providing conformational flexibility.
70

 It was initially found that two 

mutants with hinge residue alterations (N20K and M21K) displayed improved 

activity against three genii of Gram-negative pathogens.
71

 Other alterations, such 

as N20P and M21V, resulted in better activity against Gram-positive pathogens,
72

 

with the former also providing activity against drug-resistant species. 

A library of nisin containing hinge derivatives was synthesised using 

simultaneous, indiscriminate site-saturation mutagenesis of each residue. Of 
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12,000 variants, structures of the active hits suggested a preference for small, 

chiral amino acids; leading to rationally designed AAA and SAA hinge regions 

which possessed 1.6 times higher activity than their native counterpart.
73

 

 

1.1.7.3 Lipopeptides 
 

Peptides containing one or more lipids are referred to as lipopeptides. They are 

expressed by bacteria, and have been found to possess antibacterial, antifungal 

and haemolytic activity,
74

 and are subcategorised based on amino acid sequence 

and length of lipid moiety.
75

 

 

Figure 24 - Structure of daptomycin 7 with D-amino acids shown in purple, non-

proteinogenic amino acids shown in blue, and decanoyl tail in red 

 

Daptomycin 7 (Figure 24) is a 13-residue cyclic lipodepsipeptide isolated from S. 

roseosporus, approved for treatment against several Gram-positive bacterial 

infections, including MRSA.
76

 It contains three non-proteinogenic amino acids; L-

ornithine (L-Orn), (2S, 3R)-methylglutamic acid (MeGlu) and L-kynurenine (L-

Kyn); three D-amino acids, and a decanoyl tail is branched from the N-terminus 

through an amide bond. Unlike most antimicrobial peptides, it has an overall 

negative charge, but still interacts with the cell wall precursors at the interface of 
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the bacterial cell membrane, by interaction with calcium ions.
77

 Bactericidal 

activity has been proposed to take place via the insertion of the hydrophobic 

decanoyl chain into the cell membrane, triggering potassium ions to flow out of 

the cell, thus resulting in depolarisation, loss of membrane potential and cell 

death. 

The first total chemical synthesis of daptomycin 7 was reported in 2013, as a 

convergent peptide synthesis with cyclisation achieved by a chemoselective 

serine ligation (Scheme 1).
78
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Scheme 1 - Final steps of the synthesis of αdaptomycin 7 using a serine ligation with a reactive salicylaldehyde 40 , as described by Lam et al.78 
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This provided a route to the synthesis of new daptomycin 7 analogues, to 

investigate SAR and find other compounds with improved antibiotic activity and 

lesser resistance susceptibility. Analogues mainly focused on the mutation of the 

MeGlu residue; as an unnatural residue with two chiral centres, the synthesis of 

enantiomerically pure (2S, 3R)-Fmoc-3-MeGlu(tBu)-OH is a difficult, expensive 

and time-consuming process. Replacement at this point with structurally similar 

glutamate resulted in a significant loss of activity (MIC against S. aureus 

increased to to 8 µg/mL, compared to 0.1 µg/mL observed with native daptomycin 

7).79 Replacement with the stereoisomer (2S, 3S)-MeGlu led to a further 

decrease in activity; 10 times less than the Glu mutant and 40 times less than 

native daptomycin 7. To date, no daptomycin analogues produced by chemical 

syntheses have resulted in increased antibiotic activity. 

 

1.1.7.4 AMP analogue design 
 

The discovery of new antibiotic compounds to combat growing levels of bacterial 

resistance is an ever-mounting necessity. The synthesis of glycopeptide, 

lantibiotic and lipopeptide analogues, amongst others, has cemented the 

knowledge that in the majority of cases, a specific amino acid sequence is not 

dependent for activity; instead the retention and optimisation of key 

physicochemical properties are crucial for antibiotic function. These are mainly 

focused around structure: overall and local charge, hydrogen bond formation, 

and hydrophobic regions. Naturally occurring AMPs can present problems as 

potential therapeutics, due to instability and susceptibility to proteolytic 

degradation, as well as the inclusion of nonproteinogenic and synthetically 

challenging components, which rational analogue design can potentially 

overcome. As well as providing new drug candidates, AMP analogues assist in 

understanding the complex structure-activity relationship that exists between a 

natural product and its cellular target. 
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1.2    Teixobactin (42) 
 

1.2.1 Discovery of teixobactin (42) 
 

The main pitfall of the Waksman platform, and the major reason for the collapse 

of the golden age of antibiotic discovery, was the rarity of bacterial strains that 

are readily cultivable in a laboratory setting. In fact, less than one percent of all 

bacteria are accessible for investigation by this approach, leaving a vast quantity 

of “missing” microbial diversity. Together, the Lewis and Epstein groups initially 

began development of diffusion growth chambers, which unlike agar plates, 

mimicked micro-organisms’ natural environment.80 Intertidal marine segment 

was used as a source of microorganisms, which mostly contains uncultivated 

aerobic heterotrophs – these were separated from the medium and mixed with 

agar and seawater. This culture was sandwiched between two membranes in the 

diffusion chamber, restricting the movement of cells whilst permitting the influx 

and efflux of chemicals and nutrients. Using this technique, several previously 

uncultivated bacterial species were discovered and isolated. The groups found 

that whilst MSC1, a newly identified species, could not easily be grown after 

transfer between petri dishes, MSC1 generally grew sustainably whilst on plates 

in the presence of other micro-organisms; suggesting that pheromone signalling 

is required from “neighbours” to activate growth. This provides evidence as to 

why so few species may be grown as colonies in isolation. 

 

Figure 25 - Structure of the diffusion growth chamber iChip
81, 82
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Using this basis, the groups went on to develop a more elegant device to provide 

the same method of bacterial cultivation within the host’s endogenous 

environment. A novel method of high-throughput in situ cultivation using a device 

called an isolate chip, or “iChip” (Figure 25).82 With this instrument, Lewis and 

Epstein were able to dilute soil samples and trap one bacterial cell between two 

semi-permeable membranes, isolating bacteria and permitting influx of nutrients 

and growth factors from their native environment.2 This method gave a growth 

recovery of approximately 50% of bacterial species, compared to 1% which will 

grow in a nutrient Petri dish.3 From one colony, a number of uncultured isolates 

were grown in vitro. Extracts from these samples were spotted onto a lawn of S. 

aureus growing on agar plates and incubated for 20 hours at 37 ̊ C, and examined 

for visible clearing zones indicating antibacterial activity. 

One of the extracts producing a substantial clearing zone was sequenced and 

submitted to the RAST genome, which analyses genomic DNA from unknown 

strains to identify close relatives. This extract was found to contain a previously 

unidentified β-proteobacteria, which was subsequently named Eletheria terrae, 

and was found to produce a compound with excellent activity against 

Staphylococcus aureus. The compound, determined by mass spectrometry, 

NMR and Marfey’s analysis, was named teixobactin 42. 

 

1.2.2 Structure and biosynthesis 
 

Teixobactin 42 (Figure 26) is a cyclic depsipeptide consisting of 11 amino acids. 

4 of these are D-amino acids, and one amino acid is the post-translationally 

modified nonproteinogenic residue L-allo-enduracididine 43. The compound is 

made up of a 7-residue hydrophobic linear “tail”, which is coupled to a 13-

membered macrocycle made up of four amino acids,  
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Figure 26 - Structure of teixobactin 42, with D-amino acids highlighted in green, N-

methylation shown in purple, depsipeptide bond in pink and nonproteinogenic L-allo-

enduracididine 43 in red 

 

Teixobactin 42 is encoded by the genes txo1 and txo2, which each produce a 

non-ribosomal peptide synthetase (NRPS). Txo1 encodes the first 6 amino acids, 

and txo2 the remaining five.81 Each amino acid residue is encoded by a module 

consisting of an adenylation domain, a thiolation carrier from which the amino 

acid is branched, a condensation domain that catalyses amide bond formation, 

and in the case of phenylalanine a methyltransferase as well. Macrocycle 

formation, between Ile11 and Thr8, occurs at the same time as off-loading; this 

is catalysed by two thioesterases to give the complete structure in its active form. 

 

1.2.3 Mechanism of action and therapeutic potential 
 

The first indication that teixobactin 42 had a unique mechanism of action was the 

inability of bacteria to develop resistance against it. Usually, exposure of low 

doses of an antibiotic to bacteria induces mutations that cause an exponential 

rise in MIC over time. However, over the course of 27 days, no change in MIC 

occurred with S. aureus presented with 4x MIC levels of teixobactin 42. This can 
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be due to non-specific toxicity, but human HepG2 cells presented with teixobactin 

42 showed no signs of cell disruption, death or haemolytic activity, even at doses 

as high as 100mg/ mL, indicating that instead this is due to the target not being 

a protein.  

Cells treated with teixobactin 42 resulted in higher levels of UDP-MurNAc-

pentapeptide 15, the cell wall precursor, suggesting inhibition at one or more 

stages in the synthesis of peptidoglycan synthesis. The addition of purified lipid 

II to these cells re-established peptidoglycan synthesis; showing that lipid II is at 

least one cellular target of teixobactin 42. The ability of teixobactin 42 to bind to 

cell wall precursors was observed in TLC experiments, which showed that both 

lipid I and lipid II form stable 1:2 complexes with the antibiotic. One of the most 

significant discoveries made during this series of m experiments was that 

teixobactin 42 retained activity against vancomycin-resistant enterococci; despite 

vancomycin 10 having the same cellular targets (Table 4). Binding experiments 

with three forms of purified lipid II; one native (D-Ala-D-Ala) 20 and two with 

established common mutations (D-Ala-D-Lac and D-Ala-D-Ser) showed that 

teixobactin 42 indeed bound to all indiscriminately. To explore the possibility of 

an alternative binding site, teixobactin 42 was tested against various truncated 

forms of lipid I and II. It was able to bind undecaprenyl-pyrophosphate 16, but not 

the same structure with just one phosphate; indicating the pyrophosphate moiety 

as a target site. Binding to the neighbouring sugar moiety was also shown by 

antagonisation assays that showed a tenfold higher concentration of 

undecaprenyl-pyrophosphate 16 was required to regain activity compared to lipid 

II 20. 

 

 

 

 

 

 



 

39 
 

Binding target Teixobactin Vancomycin 

Lipid I ü ü 
Lipid II ü ü 
Lipid III ü x 
UDP-MurNAc-pentapeptide x nd 
UDP-GlcNAc x nd 
C55-P x x 
C55-PP ü x 
C15-PP ü nd 

 

Table 4 - Comparative antibiotic activity of teixobactin and vancomycin against cell wall 

precursors and derivatives thereof. P = phosphate, nd = not determined 

 
Teixobactin 42 was also found to interact with lipid III 44, a wall teichoic acid 

(WTA) precursor composed of undecaprenyl pyrophosphate 16 bound to GlcNAc 

18, with no peptide component. WTAs rigidify the cell wall by attracting stabilising 

metal cations, but are not considered essential for cell viability.83 However, the 

inhibition of WTA precursors such as lipid III 44 can still be toxic for cells due to 

over-accumulation resulting in the dispersion of autolysins. The dual nature of 

targeting both lipid II 20 and lipid III 44 therefore may help to explain the excellent 

antibacterial activity of teixobactin 42. 

To test the therapeutic potential of teixobactin 42, mice were infected with a dose 

of MRSA that would lead to death in 90% of cases. Teixobactin 42 was then 

administered intravenously one hour after exposure, in doses from 1-20 mg/ kg, 

and this was sufficient to prevent fatalities in all cases. The PD50 was found to be 

0.2 mg, significantly lower than vancomycin (2.75 mg).81 

 

1.2.4 Enduracididine (43) and enduracidin (45) 
 

The non-proteinogenic amino acid L-allo-enduracididine 43, a cyclised form of 

RNA-encoded arginine, is an unusual structural feature of teixobactin 42. It is 

most chemically and structurally similar to genetically encoded arginine. This 

residue was first discovered in 1968,84 as a component of the depsipeptide 

antibiotic enduracidin 45,85 and exists in a number of isomeric forms (Figure 27). 
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Figure 27- Stereoisomers and naturally occurring derivatives of enduracididine.  

 

This compound 45, isolated from the soil bacteria Streptomyces fungicidicus, 

displayed excellent antibiotic activity again Gram-positive bacteria (MIC of 0.1 – 

2 µg/ mL), and no cross-resistance with other antibiotics. The authors found that 

antimicrobial activity increased slightly in basic media; suggesting the importance 

of the basic enduracididine residues in the mechanism of action. Subsequently 

this compound was also extracted from other Streptomyces species86, 87 and 

determined to exist as two variants; enduracidin A 45a and enduracidin B 45b 

(Figure 28). 
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Figure 28 - General structure of enduracidin, with R groups shown for enduracidin A 

45a and enduracidin B 45b.  

 

Both forms of enduracidin 45 are 17-amino acid residue depsipeptides, of which 

16 residues form the cyclic core. The remaining residue is an N-lipidated aspartic 

acid residue; enduracidin B 45b differs from A 45a by an additional CH2 in this 

hydrophobic tail. Like teixobactin 42 and vancomycin 10, these compounds also 

inhibit cell wall synthesis through the prevention of transglycosylation.88 The 

enduracidins are highly homologous to the antibiotic ramoplanin family; although 

in these compounds the two enduracididine residues are mutated to L-leucine 

and glycosylated D-ornithine at the 15 and 10 position respectively. This group of 

glycolipodepsipeptides, produced by Actinoplanes ATCC 33076, are highly 

active against Gram-positive bacteria, including resistant strains such as MRSA 

and VRE.89 
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1.2.4.1 Ramoplanin (51) 
 

 

Figure 29 - Structure of ramoplanin A2 51, a glycolipodepsipeptide antibiotic drug. 

 

Ramoplanin 51 is an actinomycetes-derived glycolipodepsipeptide antibiotic drug 

(Figure 29). Initially the mechanism of action of ramoplanin 51 was investigated 

by the incorporation of radiolabelled precursors into permeabilised bacterial cells. 

In both S. aureus and B. megaterium, UDP-MurNAc-pentapeptides 15 

accumulated at concentrations close to the MIC and it was proposed that 

ramoplanin 51  inhibited the conversion of lipid I 17 to lipid II 20.90  The Walker 

group determined that in addition to lipid I, ramoplanin 51  undergoes a ligand-

induced polymerisation in the presence of a water soluble lipid II analogue (with 

a ten-carbon unit as opposed to the native 55 carbon chain), assembling into 

viscous fibrils,91 and so is also an inhibitor of the transglycosylation step of cell 

wall synthesis. Using a similar method, Cudic et al. demonstrated that 

preparation of homogenous equimolar solutions of enduracidin 45 and citronellyl-

lipid I 52 (a more soluble analogue with a shorter isoprenoid) resulted in 

immediate amorphous precipitation, thus indicating the same mode of action.92 

The structural similarities of ramoplanin 51 and enduracidin 45 were investigated 

by this group, who sought to confirm that the inhibition of peptidoglycan synthesis 
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by these compounds was achieved by a similar mechanism of action. They 

proposed that ornithines 4 and 10, as the only charged residues of ramoplanin 

51, interacted with the anionic pyrophosphate and/or peptidyl carboxylates of lipid 

I 17 and lipid II 20. To probe this theory, the side-chain primary amines of Orn4 

and 10 were mutated to guanidine, secondary amine and acetamide groups.93 

Remarkably, the diguanidylated analogue displayed enhanced antibiotic activity, 

with an MIC of 0.25 µg/mL, an 8-fold increase from the wild-type, and also 

exhibited a ligand-induced aggregation. Alkyated analogue, which at these 

positions maintained the positive charge but contained increased steric bulk with 

isovaleryl groups, showed a significantly reduced MIC of 4 µg/ mL, 133 times 

lower than native ramoplanin 51. Removal of the charge altogether by acetylation 

of each amine resulted in very poor antibiotic activity; 16 µg/ mL, 533-fold lower 

than the wild-type, and furthermore no detectable precipitate formed on addition 

of ligand. These results highlighted the importance of positive charge at positions 

4 and 10 for the retention of activity, and supported the hypothesis that these 

residues are involved in interactions with negatively charged moieties of cell wall 

precursors, with the general order of activity being 1˚ amine > guanidine > 2˚ 

amine. Based on these results, the authors proposed that the two guanidine-

containing enduracididine residues in enduracidin 45 exist to function in a similar 

manner. 

 

1.2.4.2 Enduracididine synthesis 
 

Unfortunately, the potential of these compounds for therapeutic use as novel 

antibiotic drugs are hindered by the presence of non-proteinogenic 

enduracididine. The complexity of this amino acid is increased by the incidence 

of two chiral centres. As interest in lipid II-targeting antibiotics piqued, numerous 

attempts have been made to devise a straightforward and inexpensive synthesis 

of enduracididine from readily available starting materials. The first synthesis 

reported employed a Bamberger cleavage of methyl-L-histidinate 53, followed by 

hydrogenation, to give an enduracididine skeleton as a 1:1 mixture at C4 (2S,4R 

and 2S, 4S diastereomers) (Scheme 2).94   
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Scheme 2 - Synthesis of a protected form of enduracididine 56 via Bamberger cleavage 

and catalytic hydrogenation, starting from methyl-L-histidinate 53.
94

  

 

More recently, Sanière et al. described the synthesis of a protected form of 

enduracididine: a protected α-allylglycine derivative 57 was reacted using a one-

pot aziridination, mediated by copper-catalysed iminoiodane, the product 58 of 

which underwent azotisation, substitution and finally CsF catalysed cyclisation 

(Scheme 3).95 However, this method was plagued by poor yields in numerous 

steps, particularly the aziridination which typically generated <30% of 58, thus 

resulting in a very low yield, and the final derivative contained unusual protecting 

groups incompatible with standard peptide synthesis. 

 

 

Scheme 3 – Synthesis of a protected form of enduracididine by a one-pot aziridination 

method designed by Sanière et al.95
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More recently, in 2014, Olson and co-workers also used a protected allylglycine 

derivative starting material 62, reacted with H2NS(O)2NHBoc to form a cyclic N-

Boc sulfamide 63 (Scheme 4).96 Compound 63 was then treated with MgBr2.OEt2 

to cleave Boc from the sulfamide selectively (retaining Boc protection on the 

amine). The syn- and anti- diastereomers were then separated before conversion 

to a Tces-protected guanidine, before a global deprotection with LiOH ester 

hydrolysis and Pd/C catalysed hydrogenation to yield product 64. Overall, the 

synthesis required only four steps and was a marked improvement on the 

previous synthesis, but was still racemic; requiring separation mid-synthesis for 

enantiomerically pure material. 

 

 

Scheme 4 – Synthetic route to enduracididine designed by Olson et al., by formation of 

a cyclic N-Boc sulfamide 63 intermediate starting from an allylglycine derivative 62. 
96

  

 

1.2.5 Total synthesis of teixobactin (42) 
 

A year after the initial publication of teixobactin 42, two total syntheses were 

reported.97, 98 A major portion of each of these involved an efficient synthesis of 

L-allo-enduracididine 43. The synthetic route towards an N-Fmoc-protected 

derivative of unproteinogenic residue 70 by the Payne group began using a 

method previously published for (2S, 4R)-4-hydroxyornithine 71 (Scheme 5).99 

The commercially available Boc-L-Asp-OtBu 65 (protected at the C-terminus 

rather than the acid side chain) was used to acylate nitromethane to provide the 

corresponding nitroketone 66. Stereoselective reduction of the ketone was then 

performed with L-Selectride, resulting in a 5:1 diastereomeric mix of (2S, 4R) and 

(2S, 4S) isomers 67. After flash column purification, hydrogenation converted the 
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nitro group a primary amine, which was then guanidinylated using a bis-Cbz 

protected derivative of Goodman’s reagent 72. Cyclisation to form the protected 

form of the enduracididine side chain 69 was achieved by trifylation of the 

hydroxyl in basic conditions. Finally, Boc and tBu protecting groups were 

removed with TFA, and the N-terminus reprotected using Fmoc-OSu to give the 

final form of the amino acid required for synthesis; Fmoc-End(Cbz)2-OH 70. 

 

 
 

Scheme 5 - Synthetic route employed by the Payne group
96

 for the synthesis of a 

protected L-allo-enduracididine building block 70 suitable for Fmoc-SPPS, based on 

synthesis by Rudolph et al.99 

 

In comparison, Jin et. al. applied a synthetic route published by their own 

research group the previous year, starting from Boc-trans-hydroxyproline 73 and 

forming L-allo-enduracididine 43 over 10 steps, with greater than 50:1 

diaselectivity and an overall 31% yield (Scheme 6).100 Initially, Boc-trans-Hyp-OH 

73 was reacted with iodomethane with base to afford the methyl ester 74, which 

was then converted to the corresponding mesylate; this was subsequently 

reacted with NaN3 to form an azido group and simultaneously invert the 

stereochemistry at this position (75). After oxidation with RuCl3.xH2O and NaIO4 

to form the lactone 76, the L-enduracididine skeleton 77 was formed via a 

reductive ring opening with NaBH4. Catalytic hydrogenation with Pd/C converted 
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the azide to amine 78, and the compound was guanidinylated 79. Cyclisation was 

achieved with methanesulfonyl chloride in basic conditions to afford the final, 

protected enduracididine derivative 80. 

 
 

Scheme 6  - Enduracididine synthesis reported by the Yuan group, using Boc-trans-

hydroxyproline 73 as a starting material and forming the TFA salt of L-allo-enduracididine 

43 over 10 steps.
98, 100

 

 

With L-allo-End building blocks in hand, the total synthesis of teixobactin 42 was 

now accessible. The Payne group focused on using a largely Fmoc-SPPS based 

approach (Scheme 7). Initially, Fmoc-D-Thr(TES)-OH was loaded to 2-chlorotrityl 

chloride resin, followed by coupling of Fmoc-Ser(tBu)-OH. Esterification of the 

threonine hydroxyl was attempted with Alloc-Ile-OH in various conditions; none 

of these yielded satisfactory conversion to the branched product. This was 

attributed to the large steric bulk of the resin linker adjacent to the reaction site; 

when the reaction was repeated using the more compact HMPB functionalised 
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PEG-based resin 82 (which in addition has improved swelling capabilities), the 

esterification progressed to completion using DIC and DMAP after 16 hours at 

room temperature.101 Residues 1-6 of the linear portion were then coupled using 

standard Fmoc-SPPS, with N-Boc-Me-D-Phe-OH as the final coupling reaction. 

This N-terminal protection permitted the further synthesis from the orthogonal 

branch following Alloc deprotection of Ile with Pd(PPh3)4 and PhSiH3 in DCM, 

with the final three residues coupled. Prior to Fmoc-Ala coupling, some 

diketopiperazine (DKP) formation was observed; this was avoided by reducing 

exposure to 10% piperidine/ DMF to 30 seconds (rather than 2 x 3 minutes). After 

the final Fmoc-deprotection, the peptide 88 was cleaved from resin using 1% TFA 

in DCM; a concentration low enough to permit reaction completion whilst 

ensuring all side chain protecting groups remained bound. Macrolactamisation 

was accomplished using 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-

methylmorpholinium tetrafluoroborate (DMTMM.BF4) and DIPEA in DMF, before 

a final global deprotection step with TFA, trifluoromethanesulfonic acid (TfOH), 

thioanisole, and meta-cresol (70:12:10:8 v/v/v/v). Lyophilisation in 5 mM HCl 

yielded teixobactin 42 as a bis-HCl salt (as opposed to the potentially toxic TFA 

salt form). Overall, this route gave teixobactin 42 in 3.3% yield over 24 steps, 

following the initial resin loading. This synthetic form displayed consistent activity 

with the naturally extracted form reported by Ling et. al.
81
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Scheme 7 - Total synthesis of teixobactin 42 as described by the Payne group, reported 

in 3.3 % yield over 24 steps.
6
 

 

Jin et al. reached teixobactin 42 using a different synthetic strategy that the group 

had previously used successfully in the total synthesis of daptomycin 7;78 the 
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convergent Ser/Thr ligation of two peptide fragments (Scheme 8).98 The linear 

hexapeptide fragment 99 was prepared through standard Boc-SPPS, on 

aminosalicylaldehyde linked resin. After all six residues were coupled, protecting 

groups were removed a mixture of TFA/TMSOTf/thioanisole (8.5:1:0.5, v/v/v), 

before cleavage from the resin using ozonolysis for 5 minutes at -78 ˚C in acidic 

conditions. For the pentapeptide fragment 97, the synthetic route as designed to 

allow the macrocyclisation to occur at the least sterically congested site (Thr8 – 

Ala9). The depsipeptide bond was first formed between Alloc-D-Thr-OH and 

Fmoc-Ile-OH in solution using PMB protection of the C-terminus, before being 

immobilised onto 2-chlorotritylchloride resin via the deprotected carboxylate. 

Removal of Alloc protection with standard conditions (Pd(PPh3)4/PhSiH3) 

permitted the coupling of Boc-Ser(OtBu)-OH. Coupling of Fmoc-End(Cbz)2-OH 

with DIC and HOBt progressed very slowly; requiring three 10 hour reactions to 

reach completion, most likely due to the very large steric bulk and rigidity of the 

side chain. After coupling of Fmoc-Ala-OH, cleavage from the resin with TFE, 

AcOH and DCM provided the linear, side-chain protected pentapeptide 96. 

Similarly to Payne et al., no DKP formation was observed at this point. Formation 

of the 13-membered macrocycle progressed to completion over 24 hours, using 

HATU, HOAt and OxymaPure in DCM at sub-millimolar concentration. The final 

form of teixobactin 42 was yielded by removal of all remaining protecting groups, 

using TFA and hydrogenation in the presence of Pd(OH)2.  
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Scheme 8 - Total synthesis of teixobactin 42 as reported by Jin et al. using convergent 

Ser/Thr ligation of two peptide fragments 97 and 99 
98
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1.2.6 Teixobactin analogues 
 

Since the original publication of teixobactin 42 in Nature in January 2015,81 

numerous research groups have attempted to design synthetic analogues that 

probe the mechanism and nature of the antibiotic. Due to the presence of the 

nonproteinogenic L-allo-enduracididine residue 43, many groups sought to create 

structurally similar synthetic analogues that retained the antibiotic activity of the 

native compound – the instinctive mutation for which being the commercially 

available and mRNA-encoded residue L-arginine 100.  

 

 

Figure 30 - Structure of nonproteinogenic L-allo-enduracididine 43 and genetically 

encoded L-arginine 100 

 

Many groups focused on investigating the hypothesis that the macrocycle of 

teixobactin 42 binds to the pyrophosphate of lipid II 20; that the hydrophobic 

linear portion anchors into the cell membrane; and the result of mutation of more 

than one moiety.  

The first total synthesis of a teixobactin analogue was reported by the Albericio 

group (Scheme 9).102 The synthesis and biological activity of the Arg10 analogue 

101 - replacing the L-allo-enduracididine residue 43 - was described, employing 

standard Fmoc-SPPS on 2-chlorotrityl chloride resin 102 to couple the seven 

residues of the linear hydrophobic tail. An orthogonal protection strategy using 

N-Alloc-isoleucine was used to incorporate branching via the formation of the 

depsipeptide bond with the threonine side chain hydroxyl. After cleavage from 

the resin, the macrocycle was formed via amide bond, using PyAop as coupling 

agent. TFA was used to achieve total deprotection, yielding the final product 101.  
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Scheme 9 - Synthesis of Arg10 teixobactin analogue 101 reported by Jad et al., 

obtained in 6% overall yield.
102

 

101 was tested for its antibacterial activity versus four strains of bacteria; Gram-

positive S. aureus and B. subtilis, and the Gram-negative species E. coli and P. 

aeruginosa. Like teixobactin 42, a high concentration (51 µg/ mL) was required 

for inhibition of growth of the Gram-negative species, but was found to possess 
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good antibiotic activity against the Gram-positive species. However, the potency 

of 101 was considerably less than native teixobactin 42, revealing an MIC value 

of 1.6 µg/ mL (compared to 0.2, an eightfold reduction) for S. aureus and 0.4 µg/ 

mL (compared to 0.016 µg/ mL, a 25 fold reduction) for B. subtilis. Clearly, despite 

the structural similarity of this compound to teixobactin 42, the loss of the cyclic 

guanidine side-chain of residue 10 gives rise to a considerable decline in 

antibiotic activity. 

Shortly after, Parmar et al. also described the synthesis of 101 using the same 

synthetic method.103 They also reported the biological activity of an additional 

analogue 108; for which the four native D-amino acids had been mutated to their 

L- counterparts. 108 was also acetylated, rather than methylated, at the N-

terminus, thus losing the positive charge at this position (Figure 31).  

 

 

Figure 31 - Teixobactin analogue 108 synthesised by Parmar et al. with acetylated N-

terminus (red) and three D-amino acids mutated to L-amino acids (blue).
103

 

 

108 was found to have no activity against Gram-negative E. coli, and minimal 

activity (MIC of 128 µg/ mL) against Gram-positive bacteria S. aureus. It could 

not be determined for 108, however, which of the two mutations (or both) had 

resulted in the significant decrease in activity. It is plausible that one mutation 
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without the other may not have resulted in such a drastic change in antibiotic 

activity in comparison to native teixobactin 42. 

Following the work by Parmer et al., this hypothesis was investigated by Monaim 

et. al., who mutated L- to D- amino acids independently of tail acetylation in three 

distinct analogues (Figure 32).104 It was found that the analogue 109 with the sole 

mutation of D- to L- amino acids had absolutely no antibiotic activity. The 

analogue that retained the stereochemistry of all amino acid residues but had an 

acetylated N-terminus 110 was found to have more or less no activity, with an 

MIC of 256 µg/ mL for B. subtilis, highlighting the possible importance of the 

terminal positive charge. Finally, the compound with both L-amino acids and the 

acetyl cap in conjunction had a high MIC of 128 µg/ mL against S. aureus. These 

results do not offer conclusive reasons for the presence of these unusual 

moieties. It is possible that D-amino acids are utilised by the host bacteria to 

prevent protease degradation, or alternatively may be related to conformation 

and the orientation of teixobactin 42 against the target. A positively charged N-

terminus may be necessary to traverse the membrane and anchor the drug in 

place, or instead may provide some essential hydrophilicity in a compound that 

is otherwise markedly hydrophobic and likely water insoluble. 

 

 

 

Figure 32 - Teixobactin analogues 109 and 110 synthesised by Monaim et al., 109 with 

D- to L- variations (left hand side, blue) and 110 with an acetylated N-terminus retaining 

native stereochemistry (right hand side, red)  
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The significance of variation in structure was probed more extensively by the 

Nowick group, who synthesised eight different compounds with several 

alterations (Figure 33).105 In particular, these mutations focused on investigating 

the roles of the guanidinium group at position 10; the stereochemistry of the 

macrolactone ring; and the composition of the “tail” (residues 1-5).  The synthetic 

routes for these compounds did not involve the use of Alloc protection; instead 

residues 9 to 2 were introduced by standard Fmoc SPPS onto the resin, and Boc-

protected N-Me phenylalanine was applied in place of Fmoc-Phe-OH for residue 

1. This facilitated the esterification of the threonine side chain to proceed without 

resorting to using the less labile Alloc- protecting group. Using this same 

synthetic strategy, Yang et al. created the Arg10 analogue 101; the Lys10 

analogue 111; the L-Thr8 analogue 112; the D-allo-Ile11 analogue 113; the seco-

Arg10 analogue (removal of the depsipeptide bond) 114; the ent-Arg10 analogue 

(stereochemistry of all amino acid residues reversed) 115; “short”-Arg10 

(truncated to remove residues 1-5) 116 and “lipobactin 1” 117 which replaced tail 

residues 1-5 with a dodecanoyl group (Figure 32). Variation of three of these 

resulted in complete loss of antibiotic activity (these being the seco- 114, the 

short 116, and the L-Thr8 112 analogues).  
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Figure 33 - Teixobactin analogues synthesised by the Nowick group.
105

 MIC values 

against B. subtilis for each compound shown. 
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These results strongly supported the importance of retaining the structural 

integrity of the macrocycle, and also the necessity of the linear tail portion of the 

molecule. The comparable activity of the ent- analogue 115 supports the idea 

that the macrocycle forms a “cage” around the pyrophosphate group of lipid II 20 
through hydrogen bonding, due to retention of the conformation. Lipobactin 1 117 
was found to have an MIC of 4 µg/ mL against S. epidermis, supporting the idea 

that these terminal residues act as a membrane anchor, or at least in some form 

of hydrophobic interaction. However, the fairly significant drop in activity showed 

that further optimisation of the structure and length of this lipid replacement is 

necessary. Possibly the most interesting result, however, was for the Lysine10 

analogue 111, which not only had comparable activity, but in fact increased 

activity in comparison with the more structurally similar Arginine10 analogue 101. 

This was a significant increase from 1 µg/mL for Arg10 101 to 0.25 µg/mL for 

Lys10 111, which suggests the use of the nonproteinogenic allo-enduracididine 

43 is more for the purpose of resistance to proteolysis rather than specifically for 

its interaction with lipid II 20. Given that the lysine analogue 111 possesses 

greater activity than native 42, it is quite possible that the basicity of the residue 

at this position has the greatest influence on potency, and that more strongly 

basic residues are able to interact more strongly with the negatively charged 

pyrophosphate group.  

Whilst these results illuminated many interesting results, it must be noted that the 

assays were performed against S. epidermis rather than the more clinically 

relevant S. aureus. Teixobactin 42 has a greater efficacy against S. epidermis 

than other species of the Staphylococcus genus, so at a glance these results 

may seem illusorily superior without additional testing against S. aureus. 

Furthermore, given the increased activity of Lys10 111 compared to Arg10 101 it 
would have been beneficial to vary enduracididine to each of these residues for 

all analogues to find the most potent active compounds, and for comparison to 

each other. 

Monaim and Albericio et al. somewhat expanded on the unprecedented raised 

activity of the Lys10 analogue 111 by performing a lysine scan on all other 

residues of teixobactin, except those at the 1-, 8- and 10- positions which 

previous research had already established as essential in their current form.106 
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They found that mutation to any isoleucine residues in the linear tail resulted in a 

total loss of antibacterial activity. However, mutations at the 3-, 4-, 7- and 9- 

positions retained weaker activity, strongly supporting the requisite for 

hydrophobicity in the tail of teixobactin and any analogous compounds. 

Towards the beginning of 2017, Parmer and Singh et al. published an additional 

article on the synthesis of several teixobactin analogues; this time investigating 

the relevance of the stereochemistry of what they described as “key” residues – 

these being the four D-amino acids of teixobactin 42.107 It has been demonstrated 

that the D-threonine residue of the macrocycle is integral for both activity and 

depsipeptide formation, but there has been no conclusive evidence that 

mutations of the other three D-amino acids will always result in the loss of activity; 

only that the tail must be relatively hydrophobic and contain D-amino acids at 

some point. Parmer and co-workers produced seven teixobactin analogues (with 

an Arg10 mutation) that varied the stereochemistry of these three D-amino acids. 

With reference to the 1-, 4-, 5- and 8- positions, the LLLL 109, DDLD 118, DLDD 

119 and LLDD 120 analogues showed no antibiotic activity at all. The LLLD 121 
and LDDD 122 analogues had weak activity with MIC values of 128 µg/ mL and 

32-64 µg/mL respectively against Gram-positive bacteria. The original DDDD 

analogue 101, as expected, had an MIC value of 2 µg/ mL against the same 

strain. To probe these results further, the authors performed molecular dynamic 

simulations using NOE values from NMR. These suggested that the analogues 

which possessed good activity had less structural rigidity; the compound with all 

L-amino acids folded back onto itself into a hairpin structure. It was proposed 

therefore that rather than for protease resistance, teixobactin 42 contains D-

amino acids to prevent “packing,” and that the increased stability gained through 

packing decreases the antibiotic activity of these compounds. It was proposed 

that increased solvent exposure to Arg10 resulted in the anomalous result for 

LLLD 121. 
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Compound 
number 

Code N-Me-
Phe1 

Gln4 Ile5 Thr8 MIC µg/mL 

(S. aureus) 

 

101 DDDD D D D D 2 

109 LLLL L L L L GAWa 

118 DDLD D D L D GAW 

119 DLDD D L D D GAW 

120 LDDD L D D D 32-64 

121 LLDD L L D D GAW 

122 LLLD L L L D 128 

 

Table 5 - Arg10–teixobactin analogues synthesised by varying D-residues. 
a
 Growth in all wells 

 

1.3 Aims of the project 
 

The discovery of teixobactin 42, the first of a new class of antimicrobial peptide, 

provides new avenues towards the design and synthesis of novel compounds 

that have the potential to be immune, or at least less susceptible, to the 

development of antibiotic resistance. Teixobactin 42 itself has potential as a 

therapeutic, but the synthesis is relatively expensive and laborious; mainly due 

to the presence of the non-proteinogenic amino acid L-allo-enduracididine 43, 

which has been proven difficult to provide in satisfactory yield in its 

enantiomerically pure form.  The initial aim of this research was to design a new 

and efficient route to the total synthesis of teixobactin; the main novelty lying in 

the use of a nickel (II) Schiff base complex for the asymmetric synthesis of L-allo-

enduracididine 43. We aimed to use this route to produce all four stereoisomers 

to enduracididine to investigate the structure-activity relationship of the relative 

stereochemistry. 

This research also sought to design and synthesise new teixobactin analogues 

that retain similar antibiotic activity to the native compound, that could be made 

via a more economical and efficient route. Replacement of the L-allo-

enduracididine 43 with a DNA encoded variant was attempted, to remove a 

laborious part of the total synthesis. Truncation and replacement of the 
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hydrophobic linear peptide region of the molecule were investigated, to reduce 

the number of overall steps, and remove three unnatural and costly D-amino 

acids. 

The macrocyclisation of teixobactin had been achieved in solution, but generally 

over long reaction times. Cyclisations performed in solution can typically be 

accompanied by numerous problems, such as low yield, oligomerisation and side 

product formation. This research aimed to investigate the use of safety-catch 

linked resins to design a new synthesis, forming the 13-membered ring 

simultaneously with cleavage from the resin in a single step. Solution-phase 

cyclisation was also targeted to be optimised by fully proving several different 

methods, including solution phase method depsipeptide formation and amide 

bond formation in a range of different conditions. 

Finally, synthetic teixobactin analogues were to be screened for their antibiotic 

activity; determining their MIC against Gram-positive and Gram-negative 

bacteria, with active hits aiding the design and synthesis of further compounds, 

and providing further evidence for the mechanism of action of teixobactin 42. 
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2. Towards a novel synthesis of L-allo-enduracididine (43) 
 

2.1  Introduction 
 

One of the unusual features of teixobactin 42 is the presence of the 

nonproteinogenic amino acid L-allo-enduracididine 43, a cyclised form of RNA-

encoded arginine containing two chiral centres, derived by post-translational 

modification of this residue in vivo.
108 Prior to 2015, a limited number of methods 

to synthesise this residue had been published; typically low yielding, involving a 

large number of steps and with low diastereoselectivity.94-96 In order to produce 

an efficient total synthesis of teixobactin, a new route to L-allo-enduracididine 43 

would be required. 

Given that binding to the cellular target lipid II 20 primarily relies on the interaction 

of teixobactin 42 with the pyrophosphate moiety, the presence of L-allo-

enduracididine 43, the sole basic residue, has been proposed to be highly 

important for effective binding of the compound.81 As the nature of this interaction 

has not been fully established, the result of variation of L-allo-enduracididine 43 

to the other three stereoisomers on the antibacterial activity of the compound 

would give valuable information about the structure-activity relationship of this 

residue. 

 

2.2  Aims of the chapter 
 

Following the publication of the structure of teixobactin 42,81 this project initially 

aimed to develop a total synthesis of the compound. Given the unique and 

unusual structure of teixobactin, one most challenging points of the synthesis is 

that of the nonproteinogenic amino acid L-allo-enduracididine 43, which is not 

commercially available. This work aimed to develop an alternative, more efficient 

route that could be used in the total synthesis of teixobactin 42, and structurally 

similar analogues, by the design and synthesis of an electrophilic compound that 

could be used in complexation with a Ni(II) Schiff base complex to provide a 

simpler, more economical approach with fewer steps.  
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Our initial synthetic route towards L-allo-enduracididine 43 was based on a 

synthesis of (2S,4R)-4-hydroxyornithine 71 reported by Rudolph et al. (Scheme 

10).99 It was aimed to take this N-Boc,O-tBu-protected non-proteinogenic amino 

acid 71 and form a bis-Boc protected form of L-allo-enduracididine 129 using N, 

N'-Bis(Boc)-1H-pyrazole-1-carboxamidine 127 , followed by intramolecular 

cyclisation with trifluoromethanesulfonic anhydride. From here 43, protecting 

groups could be removed with TFA, and the N-terminal amine reprotected with 

Fmoc to give the final amino acid in a form compatible with standard solid phase 

peptide synthesis (130).  

 

 

Scheme 10 - Initial synthesis design for N-Fmoc-L-allo-enduracididine 130, with Boc-

Asp-OtBu 123 as starting material, based on method by Ruldoph et al.99 

 

However, soon after designing and commencing this synthetic route, a very 

similar method was published by Payne et al. in their total synthesis of 

teixobactin. This work also began with the synthesis of (2S,4R)-4-

hydroxyornithine 71 using the same conditions, and varied significantly only in 

forming the bis-Cbz protected guanidine form of L-allo-enduracididine (as 
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opposed to Boc). Therefore, due to the lack of novelty, this method was 

discontinued. 

Instead, the focus of this work shifted to a novel synthesis of L-allo-enduracididine 

43 and its three stereoisomers 46, 47, 48, through use of a Ni(II) Schiff base 

complex that had been designed by the Jamieson group in previous work.109 

These enduracididine steromers could be incorporated into teixobactin 

analogues to probe the structure-activity relationship of stereochemical variations 

of this residue. 

 

2.3 Synthesis design with a nickel (II) glycine Schiff base complex 
 

Non-proteinogenic alpha-amino acids are classically obtained through chemical 

and enzymatic resolutions, isolation from natural sources, and through 

asymmetric synthesis.110 The latter of these techniques has been achieved by 

enantioselective introduction of the α-hydrogen,111 α-amino group,112 the α-side 

chain113 and the carboxyl group.114 Whilst catalytic enantioselective methods, 

such as hydrogenation and phase transfer catalysis (PTC) of racemic alpha-

imino esters have been widely employed in recent years, the diastereoselective 

synthesis of alpha-amino acids using chiral templates derived from glycine, 

alanine and other amino acids have proven to be simple, cheap and robust. 

Chiral Schiff bases were one of the first ligands used for asymmetric catalysis. In 

2001, Ryouji Noyori was awarded the Nobel Prize in Chemistry for his 

development of a Cu(II) Schiff base complex used in the metal-carbenoid 

cyclopropanation of styrene, which he pioneered in 1968.115 This was followed 

by work by the Schollkopf group, who developed method for efficient asymmetric 

synthesis of α-amino acids using metalated chiral bis-lactim ethers of 2,3-

diketopiperazines.116 In this work, a high level of diastereoselectivity was 

achieved by attack of the alkylating electrophile being forced to take place trans- 

to the inducing chiral centre, but the method was marred by expensive reagents, 

multi-stage syntheses and limitations in scale-up. However, this foundation of 

diastereoselectivity achieved by the arrangement of a rigid chiral inducing centre 

with prochiral groups led Belokon and co-workers to develop the use of transition 
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metal based complexes of glycine and alanine to create similar alpha-substituted 

amino acid products.117 In comparison to the work by Schollkopf, the use of 

transition metals resulted in simplified recovery of alpha-amino acid products, 

and improved yields, due to the increased acidity of the α-proton of the amino 

acid fragment resulting in the use of milder alkylation conditions. As a result, 

nickel(II) Schiff base complexes have been widely used for the asymmetric 

synthesis of α-carbon substituted unnatural amino acids.118   

The Jamieson group has previously reported the use of Ni(II) Schiff base 

complexes derived from a 2-fluorobenzyl ligand 131 for the synthesis of unnatural 

mono- and α,α-disubstituted amino acids.109 The introduction of a fluorine 

substituted ligand 131 was found to give an increased level of diastereoselectivity 

(>95:5 dr). X-ray crystal structures revealed the 2-F-benzyl moiety to exist across 

the re-face of the complex, sterically restricting access to the electrophile, and 

forcing alkylation to take place from the si-face instead, resulting in solely 2S 

configuration of the final amino acid product (Scheme 11). The improved 

diastereoselectivity resulting from the 2-F modified ligand was proposed to be 

due to the presence of the fluorine atom inducing a partial positive charge on the 

benzyl group, which could interact with the adjacent proline amide oxygen, thus 

promoting the π-π-stacking interaction that exists between the two cyclic 

components. In addition, the presence of a fluoride moiety facilitated analysis of 

reaction progression by the use of 19F NMR. 

 

 
Scheme 11 - Deprotonation and alkylation pathway of the Ni(II) alanine Schiff complex 

(S)-Ni-Ala-2FBPB 132, with alkylation solely from the si-face, directed sterically by the 

fluorobenzyl moiety. 

 

In the work by Aillard et al., this method was used successfully in the synthesis 

of aliphatic amino acids with side chains bearing terminal alkenes, for use in 
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peptide “stapling.” This is where side-chain to side-chain cyclisation of a peptide 

is a achieved through Grubb’s ring closing metathesis of these unnatural 

residues, typically situated in i, i+4 positions to induce α-helix formation.109 

 

The chiral ligand can be synthesised in six steps starting from L-proline 135, 

which is N-alkylated using 2-fluorobenzyl bromide to yield the tertiary amine 

derivative 136, which subsequently undergoes a condensation reaction with 2-

aminobenzophenone by use of methanesulfonyl chloride and 1-MeIm to yield  the 

chiral auxiliary (S)-N-(2-benzoylphenyl)-1-(2-fluorobenzyl)-pyrrolidine-2-

carboxamide (2-FBPB) 131. This is subsequently purified to >99% enantiomeric 

excess by slow recrystallisation. Complexation of glycine or L-alanine with nickel 

nitrate under basic conditions gave a diastereomeric mix of the final nickel Schiff 

base complexes 138 (Gly) and 132 (Ala) in excellent yield (94% and 98% 

respectively, Scheme 12). The use of glycine results in a complex that can be 

used for the synthesis of α-monosubstituted amino acids. The complexation of L-

alanine results in an unnatural amino acid with a methyl substitution at the α-

carbon, in addition to the side chain which is coupled by electrophile alkylation in 

subsequent reactions. Ni(II) Gly 138 and Ni(II) Ala 132 complexes used in this 

work were synthesised by Boris Aillard of the Jamieson group. 
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Scheme 12 - Synthetic route to Ni(II) glycine 138 and alanine 132 Schiff base 

complexes, starting from L-proline to create the (2-FBPB) ligand 131. Synthesis 

completed by Boris Aillard at the University of Leicester. 

 

Therefore, it was proposed that the synthesis of Fmoc-L-allo-enduracididine 130 
could be achieved by diastereoselective mono-alkylation of the Ni(II) glycine 

Schiff complex (S)-Ni-Gly-2FBPB 138 with a suitable cyclic guanidine 

electrophile (Scheme 13). Whilst these complexes result in high 

enantioselectivity at the α-carbon, this reaction would produce a mix of 

diastereomers at the 3-position of enduracididine.  
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Scheme 13 - Proposed synthesis of a Fmoc,Cbz-protected form of L-allo-enduracididine 

(2S, 3S) 142 concurrently with the (2S, 3R)-isomer 143, using Ni(II) glycine complex (S)-

Ni-Gly-2FBPB 138 and a Cbz-protected cyclic haloguanidine electrophile. 

 

Whilst this method significantly lowers the final yield of protected L-allo-

enduracididine 142 due to the formation of diastereomers, it was deemed to be 

useful for insights into the structure-activity relationship of this amino acid in the 

binding of teixobactin 42 to lipid II 20 by determining the effect of variations in 

stereochemistry of this residue. It was envisaged the diastereomers 142 and 143 

could be purified relatively simply by flash chromatography either prior to or 

following decomplexation. Finally, these enduracididine diastereomers could be 

prepared for use in solid phase-peptide synthesis by N-Fmoc-protection. To 

prepare the other two enduracididine isomers (D-allo 144 and D- 145), the 

synthesis could be repeated using D-proline 146 as the starting material of the 

Ni(II) Gly Schiff complex  to yield (R)-Ni-Gly-2FBPB 147, in order to fully probe 

the significance of the relative stereochemistry at the 2- and 3- positions, resulting 

in an efficient method to access all forms of the nonproteinogenic amino acid 

(Scheme 14). 
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Scheme 14 - Proposed route to all four diastereomers of enduracididine (142-145) by 

use of L-proline 135 and D-proline 146 starting materials to synthesise enantio-specific 

Ni(II) glycine based complexes. 

 

 

2.4. Initial alkylation reactions and electrophile optimisation 
 

Synthesis of L-allo-enduracididine 43 using a Ni(II) Schiff base complex requires 

a halogenated form of the cyclic guanidine. A literature search revealed a 

published synthesis of the required iodinated electrophile with Boc or Cbz 

protection of the guanidine by the Rowles group.119 In this work, the authors 

reported the use of iodocyclisation reactions of Boc- and Cbz- protected N-

allylguanidines to synthesise a number of mono- and bis-protected five- and six-

membered guanidine heterocycles.  Using these methods, both the mono-Cbz 

148 and bis-Cbz 149 forms of the cyclic iodoguanidine were synthesised initially 

(Scheme 15). 

Starting from 1-H-pyrazole carboxamidine hydrochloride 150, benzyl 

chloroformate in DIPEA was used to yield the mono-Cbz protected pyrazole 151; 

stronger conditions are required in order to achieve a second protection 

(compound 153); with NaH required for deprotonation, and the use of N-
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(benzyloxycarbonyloxy) succinimide (CbzOSu) as electrophile. From 151 and 
153, allylamine is used to substitute the pyrazole ring to form 152 and 154 

respectively. Cyclisation is then achieved through addition of iodine and 

potassium carbonate in acetonitrile to form the final Cbz-protected cyclic 

iodoguanidine electrophiles (mono-Cbz 148, bis-Cbz 149).  

 

 

Scheme 15 - Synthesis of mono-Cbz and bis-Cbz cyclic iodoguanidine electrophiles 148 

and 149, both starting from 1-H-pyrazole carboxamidine hydrochloride 150. 

 

Mostly these reactions did not require significant alteration from the published 

route;119 although it was found that the recrystallisation steps were difficult to 



 

71 
 

repeat with the provided methods, and these were optimised with variation of 

solvent and/or temperatures, resulting in improved yields compared to published 

values.  

Initial asymmetric alkylation reactions with bis-protected Boc- and Cbz- 

derivatives of the iodoguanidine electrophile were attempted by other members 

of the group in unpublished work, employing similar conditions to those used 

successfully for complexation of 5-bromo-pentene and 8-bromo-octene for the 

formation of unnatural amino acids used in peptide stapling.109 Alkylation of (S)-

Ni-Gly-2FBPB 138 was firstly attempted with potassium tert-butoxide and the bis-

Cbz cyclic iodoguanidine electrophile 149, with variations in reaction temperature 

and timescales (Scheme 16). 

 

 
Scheme 16 - Initial attempts at Ni(II) glycine complex 138 alkylation reactions with Bis-

Cbz cyclic iodoguanidine electrophile 149. 

 

None of the reactions that were undertaken provided any determinable 

conversion to the desired product, but numerous side products were noted by 

TLC and mass spectrometry. Unfortunately due to the decomposition of the 

complex in silica during flash chromatography, isolation of these compounds 

proved difficult, and limited characterisation of these unknown entities was able 

to be achieved. Attempts to overcome the activation barrier by elevation of the 

temperature to 75 ˚C resulted in complete decomposition of the complex 138 to 

the 2-FBPB ligand 131. Based on ESI MS data, these degraded side-products 

were reported as a hydrolysed form of the electrophile, and the formation of a 
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Ni(II) complex 155 with a molecular mass of 1008 Da. It was proposed that this 

1008 Da species 155 may be a result of nucleophilic attack of the unprotected 

nitrogen of the guanidine 149 (Scheme 17). Whilst not strongly nucleophilic in its 

neutral state, deprotonation of the guanidine nitrogen by potassium tert-butoxide 

in the reaction may have resulted in the formation of a reactive anion 156. This 

may also be formed following base-induced enolate formation; rather than 

attacking through the alkene moiety, the negatively charged oxygen may simply 

deprotonate the guanidine proton to induce the guanidinate anion, which 

subsequently attacks the carbonyl, resulting in amido-substitution onto the Ni(II) 

glycine complex (155). 

 

 

Scheme 17 – Proposed mechanism of side-product 155 formation caused by 

deprotonation of guanidine, resulting in nucleophilic substitution of the cyclic 

iodoguanidine onto the Ni(II) Gly complex 138 

 

In order to reduce the potential for deprotonation of the unprotected guanidine 

nitrogen, conditions were altered. One equivalent of KOtBu was added to the (S)-

Ni-Gly-2FBPB complex 138 prior to addition of the electrophile 149 in order to 

allow complete consumption of the base prior to alkylation, thus eliminating any 

possible side reactions by the previously described mechanism. In these 
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reactions, whilst no degradation of the electrophile 149 were observed, no 

desired product was formed either. 

Based on these results it was deemed essential to protect all three guanidine 

nitrogens prior to alkylation of Ni(II) glycine complex 138. The bis-Cbz protected 

cyclic iodoguanidine 149 was reacted with benzyl N-succinimidyl carbonate, to 

yield the fully protected, tri-Cbz iodoguanidine 158 (Scheme 18). 

 

 

Scheme 18 -– Synthesis of Tri-Cbz cyclic iodoguanidine 158 from Bis-Cbz form 149 

 

 

2.5. Reactions of (S)-Ni-Gly-2FBPB (138) with tri-Cbz protected cyclic 
iodoguanidine (158) 
 

With the synthesis of the tri-Cbz protected cyclic iodoguanidine 158 completed, 

a preliminary alkylation reaction with (S)-Ni-Gly-2FBPB 138 was attempted. 

Potassium tert-butoxide (2 eq) was dissolved in anhydrous MeCN and cooled to 

0 ˚C, before the Ni(II) glycine complex 138 was added. After this was stirred for 

10 minutes, the electrophile 158 (3 eq) was added dropwise, and this resulting 

solution heated to 50 ˚C for 30 minutes. At this point the reaction was quenched 

with water, and analysed by TLC and mass spectrometry, both of which signalled 

the removal of electrophile 158 from the reaction. Whilst the TLC suggested 

some form of Ni(II) complex based-product formation (which results in the 

formation of a characteristic deep-red spot), a peak corresponding to that of the 

desired alkylated product could not be observed by mass spectrometry (Scheme 

19). Given the complete guanidine protection of this electrophile, the previously 
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proposed nucleophilic attack of the guanidinium anion on the Ni(II) complex 138 
ester to form 155 was ruled out .  

 

 

Scheme 19 – Unsuccessful alkylation of (S)-Ni-Gly-2FBPB 138 using Tri-Cbz 

iodoguanidine electrophile 158. 

 

Previous work by the group had suggested the hydrolysis of the electrophile; 

however, in the anhydrous environment employed this should not occur. To 

determine whether the alkylation reactions had failed due to some other form of 

electrophile degradation, rather than polymerisation of the complex 138, the tri-

Cbz electrophile 158 was exposed to the same reaction conditions as previously 

described but in the absence of (S)-Ni-Gly-2FBPB 138. 

Under exposure to potassium tert-butoxide in DMF for 1.5 hours, the electrophile 

158 degraded to numerous different compounds, as visualised by TLC. Analysis 

of the reaction solution by LCMS revealed a number of new compounds with 

lower molecular weights.  These were determined to be the products of two 

separate side reactions occurring on the electrophile: the removal of 

carboxybenzyl protection, in addition to β-elimination of the iodide (Table 6). 

Based on integration of LCMS product peaks, the major product formed under 

these conditions was the mono-Cbz β-eliminated electrophile 160 (from 148). 

Another compound with the same m/z eluted later at 1.89 minutes, but with a 

considerably smaller peak; suggesting preferential retention of Cbz-protection on 

one particular site of the guanidine. The next two most abundant side-products 

were the β-eliminated forms of Bis-Cbz (161 from 149) and Tri-Cbz (162 from 

158). This, in addition to a minor peak with m/z corresponding to the fully-
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protected β-eliminated form retaining all three carboxybenzyl protecting groups, 

suggests that the β-elimination reaction occurs preferentially to the removal of 

the protecting groups. 

Entry TR m/z Structure  

1 1.22 232.11 Mono-Cbz, β-eliminated 160 

 
2 1.94 494.06 Bis-Cbz 149 

 
3 2.03 366.15 Bis-Cbz, β-eliminated 161 

 
4 2.38 545.24 nd  

5 2.43 500.18 Tri-Cbz 158 

 
6 2.43 628.10 Tri-Cbz β-eliminated 162 

 
 

Table 6 – Degradation products observed following exposure of tri-Cbz electrophile 

158 to KOtBu over 1.5 hours at room temperature, determined by ESI m/z peaks. nd = 

not determined, TR = retention time in LC-MS. 

 

It was considered that in the strongly basic conditions employed in the 

complexation reactions, the cyclic guanidine electrophile 158 underwent a base-

catalysed β-elimination to form a more thermodynamically stable product. The 

iodide is eliminated following removal of the proton on the tertiary carbon, and 

the resulting product is stabilised by the formation of a small conjugated system 

(Scheme 20). Finally, it was predicted that tautomerisation of the double bond 

would take place to produce the endo- form as the final product, based on 

Zaitsev’s rule that the alkene exists preferentially as the form with the fewest 

hydrogen substituents.  
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Scheme 20 – Preliminary proposed mechanism of electrophile base-catalysed beta-

elimination of iodide to form 163, followed by tautomerisation to the more stable product 

160. 

 

Potassium tert-butoxide has previously been found to catalyse anti-eliminations 

in dihalides under reflux120 and at room temperature,121 but this side-reaction had 

not been previously observed in the complexation reactions of aliphatic alkyl 

bromides (5-Br-pentene and 8-Br-octene) used by the group for the formation of 

alkenyl amino acids. 

In order to isolate the unusual major byproduct with mass of 232 Da, this 

degradation reaction was repeated with the bis-Cbz electrophile 149, with the 

aim of producing fewer products and simplifying purification. Briefly, the bis-Cbz 

protected electrophile 149 was dissolved in anhydrous DMF and added dropwise 

to a stirred solution of potassium tert-butoxide, before warming to room 

temperature and stirring for a further 1.5 hours. Following reaction quenching 

with water and extraction with DCM, the reaction was concentrated and analysed. 

TLC analysis indicated formation of similar degradation products to the previous 

reaction, as well as some retention of the starting material. As before, LCMS 

analysis showed the most abundant entity to have a m/z ratio of 232.11. This 

major product was purified with RP-HPLC and analysed by NMR, and was 

proposed to be benzyl 2-amino-5-methyl-1H-imidazole-1-carboxylate 72, 

undergoing a further reaction following formation of compound 71 (Scheme 21). 
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Scheme 21 - Further reaction of beta-eliminated electrophile 164 yields the more stable 

aromatic imidazole 165  

 

This additional step was suggested given the considerably downshifted position 

of what had previously been concluded to be the alkenyl proton. The chemical 

shift of 6.54 ppm suggested that this proton may in fact exist on an aromatic 

imidazole based ring. Given this thermodynamically favourable side reaction, it 

is highly possible that the Ni(II) glycine complex alkylation is unable to take place 

prior to the base catalysed electrophile degradation, which could not be 

prevented by alteration of the guanidine protection strategy. 

In order to prevent iodide elimination, we considered employing the synthesis of 

a different electrophile, containing the bromide or chloride as the halide leaving 

group. The synthesis of variants containing these halides has recently been 

reported from the same Bis-Cbz-allylguanididine 154 used in the routes to the 

iodo-derivatives 153 and 162 employed in these experiments (Scheme 22).122 In 

this method, the chloro- and bromo- forms of the Bis-Cbz electrophile 153 were 

produced using [hydroxy-(tosyloxy)iodo]benzene (Koser’s reagent) 166 with the 

appropriate lithium halide in DCM at 0 ˚C, resulting in good overall yields of 88% 

and 89% respectively. However, these compounds would also risk the same β-

elimination reaction as electrophiles 153 and 162; and if they proved stable 

enough to avoid degradation, it would be unlikely for them to be substantially 

electrophilic to act as effective alkylating agents.  
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Scheme 22 - Reported synthesis of brominated and chlorinated cyclic guanidine 

electrophiles 167 and 168 from N-Allyl-N’,N’’-bis-Cbz-guanidine 154 using Koser’s 

reagent 166 undertaken by the Dodd group.
122

 

 

This was considered in conjunction with the undesired carboxybenzyl protecting 

group removal, which is usually achieved through in situ preparation of a Pd/C 

catalyst in the presence of an applied hydrogen atmosphere or with hydrogen 

generated with NaBH4,
123

 but can also be base-catalysed. We therefore deemed 

the most appropriate course of action to optimise the reaction conditions and 

attempt alkylation with a weaker base.  

 

2.6. Alkylation of (S)-Ni-Gly-2FBPB (138) under optimised conditions 
 

In order to avoid Cbz deprotection and β-elimination in subsequent alkylation 

reactions, the conditions were adjusted accordingly. The α-proton of the amino 

acid moiety of the Ni(II) glycine complex 138 has an approximate pKa of 11, and 

following an initial alkylation at this position, the remaining α-proton is proposed 

to have a pKa of 15.109 Therefore, the use of a somewhat weaker base should 

not only promote the reaction by prevention of electrophile degradation, but also 

be unable to catalyse a second, undesired alkylation from taking place. 

Potassium tert-butoxide with a pKaH of ~17 was altered to slightly less basic 

NaOH (pKaH ~15.7) to see if this was sufficient to prevent both the β-elimination 

of the iodide, and also the removal of Cbz-protection. We were pleased to find 

that substitution of potassium tert-butoxide with sodium hydroxide under the 

same conditions resulted in neither detrimental side reaction being observed.  
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Whilst applying these new conditions to a reaction with (S)-Ni-Gly-2FBPB 138 
did not result in product formation, the lack of side-reactions was promising and 

we subsequently screened conditions to try and promote alkylation of the 

complex (Table 7). Alkylation reactions were repeated as previously; briefly, 

NaOH was dissolved in anhydrous solvent and stirred at 0 ˚C, before addition of 

(S)-Ni-Gly-2FBPB 138, with further stirring for 10 minutes to stimulate enolate 

formation. At this point, the tri-Cbz cyclic iodoguanidine electrophile 158 was 

added dropwise, and typically reactions were stirred for one hour before 

quenching with water and analysis by TLC and ESI MS. 

Entry 
NaOH 

eq 
Anhydrous 

solvent 
Temperature Product formation 

1 4 DMF rt No reaction 

2 2 DMF rt No reaction 

3 2 DMF 50 ˚C 

Major byproduct 148 

 

4 2 MeCN/DMF (1:1) 50 ˚C 

Major byproduct 148 

 

 

Table 7 – Attempted alkylation of (S)-Ni-Gly-2FBPB 138 with varying equivalents of 

NaOH, solvent, and temperatures 

.  

Unfortunately, these reactions did not result in any visible alkylation, and in 

addition, heating of the reaction solutions to attempt to overcome the activation 

barrier resulted in similar unwanted degradation of the electrophile that had been 

previously observed, with removal of one Cbz-group resulting in the major side 

product 148, and with β-elimination products also apparent (although under these 

conditions, some starting material was also retained). It was therefore determined 

that a considerably weaker base would be required to retain the integrity of the 
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electrophile if elevated temperatures were to be considered, which appeared to 

be necessary to overcome the activation barrier. 

Enolate formation usually requires relatively strong base to deprotonate the 

proton α- to the carbonyl. In order to determine if a weaker base could be used 

in place of KOtBu or NaOH, complexation reactions were carried out with 

iodoacetonitrile, a known aliphatic, reactive, halogenated electrophile (Scheme 

23). 

 

 

Scheme 23 – Model alkylation of (S)-Ni-Gly-2FBPB 138 with iodoacetonitrile, to form 

complex 169 

 

As anticipated, DIPEA and triethylamine (TEA), with pKaH values of 10.75 and 11 

respectively, did not show any detectable conversion to the product 169 when 

exposed to iodoacetonitrile in DMF over an hour as previously described. We 

then considered if this reaction could be promoted by use of a mild co-ordinating 

agent to stimulate the induction of enolate formation in the Ni(II) Gly complex 

138, in a similar mechanism to that of LDA induced enolate formation The 

reactions were repeated as previously with the addition of LiCl (2 eq), which was 

added to the Ni(II) Gly complex 138 prior to addition of base and electrophile. We 

were pleased to find that both TLC and mass spectra showed considerable 

formation of the desired product, appearing as the major peak in each spectra 

(Table 8).  
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Entry Base 
Co-

ordination 
ESI MS (m/z) Major product 

1 DIPEA - m/z = 516, 1054: M+H, M+Na 

138 

 

2 TEA - m/z = 516, M+H 

138 

 

3 DIPEA LiCl m/z = 555, 577: t M+H, M+Na 

169 

 

4 TEA LiCl 
a)554, 595: t M+H, M+K 

b)1039, 1554: 

a)169 

 

b) Undetermined 

polymerisation 

 

Table 8 – Reactions of (S)-Ni-Gly-2FBPB 138 with iodoacetonitrile to form the 

alkylated product complex 169 

 

This optimised LiCl/ DIPEA reaction system was then applied to the tri-Cbz 

electrophile 158 with the Ni(II) Gly complex 138 (Table 9). Reactions in both DMF 

and MeCN did not yield any conversion to the product complex; but also did not 

result in any degradation of the electrophile 158 either, as indicated by both TLC 
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and ESI MS. LiCl appeared to have a low solubility in acetonitrile, so the reaction 

was repeated with excess (10 eq), with no change in results. In order to try and 

compromise solubility of all reagents involved, Ni(II) Gly complex  138 and LiCl 

were dissolved in DMF initially, with the electrophile dissolved in MeCN prior to 

addition. This time TLC indicated the consumption of (S)-Ni-Gly-2FBPB 138, and 

revealed the formation of some new form of Ni(II) based complex with a lower 

polarity than that of the starting material, which could be determined by the 

characteristic red spot typical of Ni(II) complexes. ESI MS analysis indicated the 

presence of a major product with m/z of 1262. This peak had an ionisation pattern 

indicating at +1 charge, but a possible structure could not be identified. Similarly, 

in the reaction 5 where the solvent was replaced with THF to try and further 

improve solubility, multiple new complexes were formed, as visualised by TLC. 

Unlike the previous reaction, three complexes appeared to have formed with 

higher polarities and lower Rf values. Major m/z in the ESI spectrum were 1262, 

1128, 1035, and 666, the latter being the (M+K)+ of the unreacted tri-Cbz 

electrophile 158, which also appeared to be intact by TLC. 
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Entry Base LiCl eq Solvent ESI MS / TLC 

1 DIPEA (4 eq) 2  DMF Starting materials only 

(138, 158) 

2 DIPEA (4 eq) 2  MeCN Starting materials only 

(138, 158) 

3 DIPEA (4 eq) 10  MeCN Starting materials only 

(138, 158) 

4 DIPEA (4 eq) 10 DMF/ 

MeCN 

Undetermined complexes 

m/z = 1262, 1150, 1039 

TriCbz electrophile 158  

m/z = 666 (M+K) 

5 DIPEA (4 eq) 10 THF Undetermined complexes 

m/z = 1262, 1128, 1035, 993 

TriCbz electrophile 158 

m/z = 666 (M+K) 

 

Table 9 - Reactions of (S)-Ni-Gly-2FBPB 138 with tri-Cbz cyclic iodoguanidine 158 

resulting in no alkylation or undetermined complex formation. 

 

A number of possible side reactions were considered when trying to determine 

the character of these complexes. We proposed that dimerisation/ trimerisation 

of the complex 138 could be taking place, with the formed enolate 156 

substituting onto the carbonyl of another molecule; however this seemed unlikely 

given the substantial steric bulk involved in more than complex reaction with 

another.  

In previous experiments the deprotonation of a free guanidine nitrogen was 

considered, and given the Cbz removal that was observed, this would also be 

possible where the Tri-Cbz protected form 158 was used. However, in the LiCl/ 

DIPEA reactions absolutely no degradation of this electrophile could be 

observed, indicating that the undesired side reactions were not a result of the 

guanidine acting as a nucleophile. 
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It was possible that some β-elimination was still occurring, given that this side-

reaction is still possible even with three protecting groups. However, particularly 

given the high level of stability gained by the formation of an aromatic in 

compound 160, it does not appear to be vulnerable to nucleophilic attack by the 

enolate. 

At this point we determined that the complexation would not be possible with the 

tri-Cbz electrophile 158, but given the reduced basicity and increased stability of 

the electrophile, some success could be possible with less-substituted forms. 

 

2.7 Complexation of less substituted electrophiles in optimised 
conditions 
 

Although reactions with the Bis- and mono-Cbz (149 and 148) and Boc 

electrophiles had been previously attempted unsuccessfully by other members 

of the research group in unpublished work, and despite the fact these partially 

unprotected cyclic guanidines 148 and 149 give rise to a higher risk of side 

reactions due to the presence of a free (albeit weak) nucleophilic site, these 

reactions were attempted with the optimised DIPEA/LiCl conditions (Table 10). 

Despite the significant issues with side reactions, final reactions were carried out 

with a bis-Cbz and mono-Cbz cyclic iodoguanidines 149 and 148 to determine if 

issues with alkylation could be overcome by a reduction in steric hindrance and 

removal of side-reaction (Cbz deprotection) sites. However, with these 

compounds too, no alkylation was detectable. 
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Entry Electrophile Reaction 
conditions 

Major products 

1 Bis-Cbz 149 

(3 eq) 

LiCl (2 eq), 

DIPEA (4 eq), 

DMF/MeCN  

Unknown complex, m/z = 994, 1010 

([M+Na]+, [M+K]+) 

Electrophile 149 

2 Mono-Cbz 

148 

(3 eq) 

LiCl (2 eq), 

DIPEA (4 eq), 

DMF/MeCN 

Unknown complex, m/z = 860, 882 (M+H+, 

M+Na+) 

Electrophile 148 

 

Table 10  – Attempted alkylation of (S)-Ni-Gly-2FBPB 138 with bis-Cbz and mono-Cbz 

cyclic iodoguanidines 149 and 148 under optimised conditions, resulting in 

undetermined complex formation but no detectable electrophile degradation by ESI MS. 

 

Similarly to the reaction with tri-Cbz electrophile 158 new complexes were formed 

that did not match the molecular weight of the desired product. Given that the 

major m/z peaks get smaller as less protected electrophiles 148 and 149 are 

employed, and that these new products appear as red spots on TLC, it appears 

there is some form of reaction between the Ni(II) glycine complex 138 and the 

electrophile, rather than polymerisation of one of the species with itself. However, 

the products of these unwanted side reactions could not be determined, and 

ultimately the cyclic iodoguanidine in any protected or unprotected form was 

deemed incompatible with this method of asymmetric amino acid synthesis. 

 

2.8  Conclusions 
 

This chapter aimed to develop a novel route towards the total synthesis of 

teixobactin, with particular attention paid to the unproteinogenic amino acid L-

allo-enduracididine 43. Prior to the commencement of this research, the most 

stereoselective and scalable synthesis had been reported by Craig et al., forming 

the unprotected form of this residue over 10 steps, with 31% yield and with 50:1 

diastereoselectivity.100 We sought to use a Nickel (II) Schiff base complex 138 

that had previously been synthesised in house to provide a novel route to the N-

Fmoc-protected, Cbz- or Boc-side chain protected form of the amino acid. A 

number of different electrophilic compounds were designed and synthesised 
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based on a previously published route, and reactions attempted with the Ni(II) 

Schiff base complex 138. Unfortunately none of these yielded the desired 

complexed form of the amino acid, and so this method was discontinued. The 

results suggested that these reactions failed based on two major factors; firstly 

the large steric bulk of the electrophiles employed, particularly with mono- and 

bis Boc- and Cbz- protection of the guanidine functionality. Secondly, these 

electrophiles were found to be unstable in the strong basic conditions required 

from complexation; resulting in β-elimination to a more stable conjugated product 

when exposed to base. Aside from this, the conditions resulted in the removal of 

the guanidine side chain protection. Therefore, the Ni(II) Schiff base method may 

not be suitable for similar cyclic electrophiles; and is likely more suited to linear, 

aliphatic substrates which do not contain nucleophilic functionalities requiring 

orthogonal protection. However, where sensitive electrophiles are required, the 

use of a weaker base such as DIPEA in combination with LiCl may result in 

improved levels of product formation. 
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3. Synthesis of teixobactin analogues using on-resin 
cyclisation 
 

3.1 Introduction 
 

Interest in cyclic peptides has grown particularly over recent years. Compared to 

their linear counterparts, macrocyclic peptides offer a number of advantages. 

They usually display heightened resistance to exo- and endoproteases, making 

them attractive as stable therapeutics.124  Unlike flexible linear peptides, which 

usually require some form of stapling to interact with large target molecules, the 

increased rigidity of macrocycles can make them effective binders of typically 

difficult targets, such as protein-protein interactions, and are often used to mimic 

surface-based loops. Cyclic peptides can be prepared in four different ways: 

head-to-tail, head-to-side-chain, tail-to-side-chain or side-chain-to-side-chain 

(Figure 34). The method selected is usually highly depending on the amino acid 

sequence of the peptide. 

 

Figure 34 - Four methods of peptide macrocyclisation; employing one or both terminus, 

or up to two reactive side chains 
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These peptide cyclisation reactions are usually completed via the formation of an 

amide (lactamisation), ester (lactonisation) or disulfide bridge, and are typically 

required to be performed in solution. Solution-phase cyclisations usually require 

high dilutions of reagents to promote intramolecular reactions and prevent 

oligomerisation and other side reactions from occurring. Favourable results have 

been found when using a dual syringe pump system to simultaneously add linear 

peptide and coupling reagent to a stirred solution of DIPEA in DMF.125  

However, in many cases cyclisations have proved notoriously difficult to 

complete, particularly in constrained rings of 13-members or less. A number of 

novel methods to promote conversion to the cyclic product have been developed 

in recent years. Pseudoprolines are unnatural heterocyclic amino acids derived 

from serine, threonine and cysteine, bearing gem-dimethyl substituents 

(ΨMe,Mepro), original introduced to prevent aggregation and improve yields in 

SPPS. These turn-inducers have been shown to aid cyclisation through 

conformational constraint.126 Macrocyclisation can also be promoted through the 

use of metal ion scaffolds. This has been demonstrated by Ag+ ions co-ordinating 

to a C-terminal thioester and N-terminal amine, entropically activating the linear 

peptide to catalyse amide bond formation.127 The metal-mediated synthesis of 

12- to 18- membered cyclic tetrapeptides has been achieve using dipeptide ester 

precursors.128 In the presence of NaOMe, these form dianionic complexes with 

various metal anions such as Ni(II) and Pd(II), which yield the cyclic product upon 

decomplexation. Hydrocarbon “stapling” is a popular method in peptide chemistry 

of inducing secondary structure in an otherwise randomly coiled peptide through 

the formation of an unsaturated bond between two unnatural amino acid residue 

side chain, typically i, i+3, with ring closing metathesis between two alkenes 

accomplished by ruthenium-based catalysts. This method has then been applied 

to promote macrocyclisation, using the alkene bridge to constrain the peptide in 

a way that brings the two reactive entities within a smaller space, in the synthesis 

of the antimalarial peptide mahafacyclin B.129 

Reactive functional groups can be used to achieve macrocyclisation within 

peptides, rather than the use of a template or structural constraint. “Click” 

chemistry has become increasingly popular in peptide synthesis, with 1,3-dipolar 

cycloadditions between amino acids baring azide- and alkyne groups to form 



 

89 
 

triazoles.130 A 1,4-disubstituted triazole has also been developed by using a 

Copper(I) catalyst.131 This can be achieved through unnatural amino acids baring 

these functional groups on their side chains; or through derivatised C- and N-

terminus. This has been found to have the added benefit of increasing 

conformation rigidity, which has been found to be favourable in binding to targets, 

particularly proteins. 

Cyclisation on a solid support can be advantageous over solution-based 

approaches. Intramolecular reaction on resin are subject to a pseudodilution 

effect, leading to reduced rates of intermolecular reactions and oligomerisation. 

This enables reactions to be performed with excess reagents, at high 

concentrations, thus increasing the rate and yield of the reaction. Purification is 

achieved simply through the washing of the solid support, rather than by 

chromatographic means. 

Drawing inspiration from naturally occurring cyclic peptides produced non-

ribosomally by bacteria, isolated thioesterases domains have been used to 

catalyse macrocyclisation of linear peptides on-resin.132 Thioesterases are 

activated by transacylation to an active-site serine, which is then vulnerable to 

substitution by a nucleophilic amino acid side-chain, or the amine N-terminus. 

A synthesis of the cyclic depsipeptide sansavamide A, a natural product isolated 

from a marine fungus that displays high cancer cell cytotoxicity with an average 

IC50 value of 27 µg/ mL against a panel of 60 cell-lines, was developed using a 

solid support with a side chain tethered phenylalanine residue, with Boc-

protection on the amine and a methyl ester C-terminus.133 Using this method, the 

natural product was produced in 67% yield over 10 steps. The phenylalanine 

derived linker allows the N-terminus residues and C-terminus residues to be 

coupled independently; and allows derivatisation and/or orthogonal protection 

strategies at both the C- terminus and N-terminus, facilitating cyclisation. 

Cyclisation achieved with standard coupling reagents (HBTU, DIPEA in NMP) 

over 16 hr at room temperature. As the peptide is still on resin at the point of 

cyclisation, the reaction can be performed without dilute conditions and without 

the risk of polymer by-product formation. The final cyclised depsipeptide can be 

gained by cleavage from the resin and linker with 50% TFA in DCM over 36 
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hours. Limited by the fact the C-terminus side must be coupled as a peptide, N-

terminus can be coupled as usual with individual Fmoc-protected amino acids. A 

similar method has been employed, using histidine as the resin-bound amino acid 

residue.134 

The safety-catch principle described the use of the resin-linker that would remain 

unreactive throughout the standard acidic and basic conditions involved in solid 

phase peptide synthesis, before undergoing cleavage when submitted to mild 

conditions as a result of some form of chemical activation. The original “safety-

catch” resin was designed by Kenner in 1971,135 and applied an acylsulfonamide-

linked resin for the attachment of the first amino acid. 135 Following peptide 

synthesis, the acylsulfonamide linker was labilised by N-methylation with 

diazomethane. The linear peptide could then be derivatised at the C-terminus 

dependent on the selection of cleavage conditions used; these included 

saponification to yield a carboxylic acid, aminolysis to yield a C-terminal amide 

and hydrazinolysis for hydrazine derivatives (Scheme 24).  

 

 

Scheme 24 – Mechanism of safety-catch resin. Resin-bound sulfonamide 170 is 

acylated with amino acid or peptide to form 171. Once linear sequence is complete, 

sulfonamide is activated by alkylation (172) before displacement of the linker and solid-

support by a nucleophile (173). 

 

This idea was optimised by Backes and Ellman in 1999, who addressed some of 

the major issues with Kenner’s method, particularly the poor loading efficiency, 

high levels of racemisation during loading of the initial amino acid residue and 

the poor reactivity of the supposedly labile activated linker.136 To probe the most 

effective loading strategy, numerous coupling agents, bases and solvents were 

examined; the most effective was determined to a double coupling of Boc-

protected amino acid (5 eq), PyBOP (5 eq), i-Pr2EtN (10 eq) in DCM at -20 ˚C, 

which gave a 90% yield with less than 0.5% racemisation to the D-isomer when 



 

91 
 

performed with Boc-Phe-OH 174. The yield was not reported for these exact 

conditions at room temperature; but similar experiments in different solvents 

generally resulted in much poorer yields (DMF, less than 30% for THF, less than 

50%), as well as reactions employing the use of additives HOBt and HOAt in 

DMF (both <10% yield respectively). Activation of the linker had previously been 

optimised by conversion of the arenesulfonamide to a more nucleophilic 

alkanesulfonamide functionality (pKa 16 and 17.5 respectively), providing higher 

levels of N-alkylation, which was improved by using haloacetonitriles as 

activation agents.137 Cleavage efficiencies from iodoacetonitrile activated 

sulfonamides were examined with amines and amino acid methyl esters, and 

amino acid coumarins. 

Since its inception and optimisation, safety-catch sulfonamide-linked resins have 

been employed in the synthesis of fully protected methyl thioesters as protease 

substrate mimics,138 C-terminal benzyl thioester for use in a selenosulfide ligation 

reaction,139 and glycosylated peptides for the study of carbohydrate-lectin 

interactions.140 The linker has also been reversed in order to yield C-terminus N-

alkyl sulfonamide peptides upon cleavage from the resin.141 

Aside from linear C-terminal derivatised peptides, sulfonamide safety catch 

resins have been involved in on-resin cyclisations. The first described example 

of this was the synthesis of a cyclic peptide MK-678 175 (Scheme 25).142 After 

loading of the first amino acid to the sulfonamide linker 176, standard Fmoc-

SPPS conditions were used to create the linear sequence on resin (178). 

Following trityl protection of the N-terminus, the N-alkylation and activation was 

achieved with iodoacetonitrile and DIPEA in NMP to form 179. The trityl 

protection was subsequently removed, yielding the free N-terminus to act as a 

nucleophile and displace the labilised linker, thus forming the macrocycle 180. 

Treatment with TFA yielded the final cyclic hexapeptide 175 in 52% yield and 

79% purity (Scheme 25). 
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Scheme 25 – Synthesis of the cyclic peptide MK-678 175 on a sulfonamide-linked 

safety-catch resin 176. 
142

 

 

The authors attempted the five other syntheses of the same peptide by changing 

the point at which the macrocyclisation occurred and by altering the linear 

sequence. The four successful experiments gave crude yields of 17-42%, with 

purities ranging from 44% to 74%. When the cyclisation was attempted from the 

linear sequence NMeAla-Tyr(tBu)-D-Trp(Boc)-Lys(Boc)-Val-Phe-Resin 181, 

however, the reaction was unsuccessful and gave no conversion to the cyclic 

product. This is interesting given that the methylated amine N-terminus should 

have been more reactive than the primary amine form in the other 5 experiments; 

however the increase in steric hindrance caused by the secondary amine may 

explain why this reaction did not work. 

In terms of cyclic peptides, on-resin cyclisation using the safety-catch method 

has been used successfully in the synthesis of Integerrimide A 182, a cyclic 

heptapeptide;143 and the antimicrobial peptide Polymyxin B 183, which contains 

a hexapeptide macrocycle core.144 The syntheses of Tyrocidine A 184, a cyclic 

decapeptide;145 and a structurally related analogue with a glutamine to arginine 

mutation 185146 have also been achieved using this route. On-resin head-to-tail 

cyclisations are less commonly reported for peptides smaller than five residues 
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in size, but the sulfonamide resin has been successfully employed in the 

synthesis of 12-membered tetrapeptides with highly strained ring systems, such 

as the marine antimicrobial cyclic tetrapeptide Cyclo(GSPE) 186, giving better 

yields in comparison to solution-based approaches using the same linear 

sequence under similar conditions (Scheme 26).147 

 

 

 

Scheme 26 - Synthesis of the 12-membered cyclic AMP Cyclo(GSPE) 186 using a 

sulfonamide safety-catch resin 187.
147

 

 

One of the few cyclic depsipeptides to have been synthesised using the on-resin 

safety-catch approach is Kahalalide A 192, isolated from a marine mollusc, with 

activity against Gram positive bacteria such as M. tuberculosis.
148 The synthesis 

employed the use of sulfonamide resin in a similar route to that of other reported 

peptides (Scheme 27). After coupling of the first four amino acid residues (194), 

the N-terminus was capped using 2-methylbutyric acid to form 195, thus allowing 

selective depsipeptide formation between a threonine hydroxyl and the 

carboxylic acid of Fmoc-Ser(tBu)-OH, which was achieved using DIC and DMAP 

in THF, repeating the reaction in order to gain complete conversion to the ester 
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196. Following the remaining peptide extension, replacement of N-terminus 

protection from Fmoc to trityl, and linker activation with iodoacetonitrile, the 

cyclisation was performed in DCM with TFA and i-Pr2NEt to give the crude 

product in 15-20% yield. 

 

 

Scheme 27  – Synthesis of the antibacterial cyclic depsipeptide Kahalalide A 192 using 

sulfonamide-linked safety-catch resin.
148 
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Although the yield was fairly low, the overall crude purity of the peptide following 

cleavage and cyclisation was high (>90%), without significant peptide-based side 

products and impurities. This route was not optimised any further, but it was used 

to produce three more Kahalalide A analogues with lipid variations. Where the 2-

methylbutyric acid was replaced with an acetyl cap, the compound lost all 

antibiotic activity against Mycobacterium tuberculosis. However, replacement 

with a longer hexanoyl functionality resulted in an improved MIC value from 64 

µg/ mL to 32 µg/ mL. 

Based on this previous work we proposed that a sulfonamide linked solid support 

could be used in order to achieve the on-resin cyclisation of teixobactin and 

related analogues, as an alternative to solution-phase cyclisation based 

approaches. 

 

 

3.2  Aims of the chapter 
 

This chapter details the design of a synthetic route to teixobactin analogues using 

a “safety-catch” resin. These resins allow for cleavage from the resin and 

cyclisation to take place simultaneously and can offer a number of advantages 

over solution-based methods, particularly due to the pseudo-dilution effect 

allowing higher concentrations of reagents used in excess. Compared to 

previously published teixobactin 42 analogue syntheses, this would provide a 

novel route towards the antibiotic. By avoiding the use of an acid-labile resin, the 

use of a sulfonamide-linked solid support which is cleaved under different 

conditions also permitted a route to previously inaccessible analogues; 

containing highly acid-labile side chain protecting groups by which the standard 

cleavage conditions would promote the potential for side reactions. 

The character of the safety-catch resin compatible with the synthesis was 

determined; and the difficult loading procedure optimised by screening different 

conditions and elucidating a potential reaction mechanism of the sulfonamide 

moiety with solid-phase synthesis based coupling reagents. 
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A number of different synthetic routes were designed employing the safety catch 

linker in order to produce a number of teixobactin 42 analogues and optimise the 

method to increase the final yield. 

 

3.3  Loading of safety-catch resins 
 

A synthetic route towards analogues of teixobactin 42 was designed using 4-

sulfamylbutyryl resin 198 as the solid support (Scheme 28). This method coupled 

Fmoc-D-Thr(tBu)-OH  199 as the first amino acid residue, before capping of the 

N-terminus by acetylation to form 201. As this resin is stable until activated by a 

haloacetonitrile, 20% TFA is used to remove the tert-butyl protecting group and 

achieve depsipeptide bond formation using Steglich conditions (Fmoc-Ile-OH, 

DIC and catalytic DMAP in DMF), as previously described for Kahalalide A, to 

form 203. The remaining two residues, including an L-allo-enduracididine 

variation for both analogues to create a model system for optimisation, could then 

be coupled by manual or microwave assisted peptide synthesis. Whilst most 

groups replace N-terminus Fmoc protection with a trityl group prior to activation, 

we wanted to determine if this was completely necessary, and so aimed to 

perform the iodoacetonitrile activation prior to N-terminus deprotection, to form 

205. With the sulfonamide activated, the use of non-nucleophilic base DBU was 

selected to simultaneously remove the final Fmoc-protection; induce cyclisation 

via the primary amine of the terminal alanine residue to form the 13 membered 

macrocycle 206; and at the same time to cleave the peptide into solution; at which 

point all final side chain protecting groups could be removed to yield the final 

analogue structure 207. 
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Scheme 28 -  Initial synthesis design for cyclic Ac-tAKI 207, using 4-sulfamylbutyryl resin 

198, with branching to form the depsipeptide bond and intermediate 203, before 

continued Fmoc-SPPS and linker activation with iodoacetonitrile yielded 205 on resin. 

 

The seminal studies by Backes and Ellman136 and Kenner135 each described a 

difficult initial loading, often resulting in high levels of racemisation. Therefore, in 

order to optimise the proposed synthetic route, the reaction of the sulfonamide 
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linker with the first amino acid to be coupled was probed initially in order to access 

greater yields further down the synthetic route (Table 11). 

 

Entry Fmoc-X 
loaded Conditions 

Temp 
(˚C) 

Loading 
(mmol/ 

g) 

1 D-Thr(Trt) 
208 

DIC (3 eq), 1-MeIm (3 eq), DCM/DMF (4:1), 18 

hr 
rt 

0.14, 

0.17 

2 D-Thr(Trt) 
208 

PyBOP (3 eq), DIPEA (5 eq), dry DCM, 8.5 hr -20 0.20 

3 D-Thr(Trt) 
208 

PyBOP (3 eq), DIPEA (5 eq), dry DCM, 8.5 hr 
75  nl 

4 D-Thr(Trt) 
208 

DIC (3 eq), 1-MeIm (3 eq), HOBt (3 eq) 

DCM/DMF (4:1), 18 hr 
rt nl  

5 L-Ala 209 PyBOP (3 eq), DIPEA (5 eq), CHCl3, 8 hr -20 0.50 

6 D-Thr(Trt) 
208 

PyBOP (3 eq), DIPEA (5 eq), CHCl3, 8 hr -20 0.41 

7 L-Thr(tBu) 
210 

DIC (3 eq), 1-MeIm (3 eq), DCM/DMF (4:1), 18 

hr 
rt 

0.50, 

0.51 

8 D-
Thr(tBu) 

198 

DIC (3 eq), 1-MeIm (3 eq), DCM/DMF (4:1), 18 

hr 
rt 0.45 

9 D-Thr(Trt) 
208 

DIC (4 eq), 1-MeIm (4 eq), DCM/DMF (4:1), 18 

hr 
rt 0.46 

 

Table 11 – Conditions screened for 4-sulfamylbutyryl resin 80 loading, with Fmoc-amino 

acid coupled; reaction conditions, and loading (resin supplied as 0.73 mmol/g).  

 

Loading of 4-sulfamylbutyl resin 198 was initially undertaken using two methods 

commonly employed in previous synthesis, with Fmoc-D-Thr(Trt)-OH 208 as the 

residue being coupled. Loading was determined by UV/Vis absorption of Fmoc-

piperidine adduct on deprotection. DIC (3 eq), 1-methylimidazole (1-MeIm, 3 eq) 

in DCM/DMF (4:1) overnight at room temperature resulted in a fairly poor loading 

of 0.14 and 0.17 mmol/ g (19% and 23% respectively). Similarly, the addition of 

HOBt to the DIC/1-MeIm reaction solution resulted in a total loss of loading. The 

cold PyBOP reaction conditions were applied to a reaction with Fmoc-Ala-OH 
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209 instead, to see if the steric bulk of the threonine trityl protection could be 

influencing the poor yields, and a much greater loading of 0.50mmol/ g (68%) 

was achieved; suggesting the use of a less bulky orthogonal protection at this 

point may be essential. As this reaction was performed in chloroform rather than 

DCM, the conditions were repeated exactly using Fmoc-D-Thr(Trt)-OH 208; 

which this time gave a much higher loading of 0.41 mmol/ g, suggesting that 

chloroform should be used with these reagents for maximal yields. The use of 

DIC/1-MeIm conditions was investigated using a smaller tert-butyl threonine 

protection (210, 198), which gave much higher percent conversion than for the 

same trityl protected amino acid. Finally, the coupling of trityl-protected threonine 

was improved by increasing the number of equivalents of both DIC and 1-MeIm. 

It was intriguing that standard methods used to increase reaction rates 

(temperature elevation, supplementation with reactive additive) resulted in a total 

lack of conversion to the Fmoc-amino acid coupled linker. Particularly, these 

unreactive solutions all contained a uranium based coupling agent. This is likely 

to be due to the fact that during the reaction with the Fmoc-protected amino acid, 

the HOBt ester formed is not active enough to be displaced by the sulfonamide 

nitrogen of the resin. This may explain why more reactive carbodiimides give at 

least some conversion to the product; except when spiked with HOBt, which 

reacts with the intermediate much faster than the sulfonamide is able to (Scheme 

29).  
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Scheme 29 - Mechanism of carbodiimide (CDI) 212 based loading of 4-sulfamylbutyryl 

resin 198 with the reactive intermediate 214 formed. 

 

The results from this loading screen elucidated effective protocols for both Fmoc-

D-Thr(tBu)-OH 199 and Fmoc-D-Thr(Trt)-OH 208 which were then taken forward 

and applied to the rest of the synthetic route. 

 

3.4  Initial synthesis of teixobactin macrocycle analogues 
 

The preliminary method previously discussed was used to synthesise two cyclic 

tetrapeptides based on the macrocycle of teixobactin: cyclic Ac-thr-Ala-Lys-Ile 

(DLLL) 207 and cyclic Ac-Thr-Ala-Lys-Ile (LLLL) 217 (Figure 35).  

 

Figure 35 - Structures of cyclic tetrapeptides based on teixobactin 42 macrocycle: Ac-

t(IK)A (DLLL, 207) and Ac-T(IK)A (LLLL, 217) 
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Initially the all L-isomer 217 was synthesised (Scheme 31). Good loading was 

achieved using one of the optimised procedures; before Fmoc-L-Thr(tBu) 210 

was coupled, Fmoc-deprotected and acetyl capped at the N-terminus (219). The 

free threonine hydroxyl was exposed with 20% TFA/DCM, which then underwent 

an esterification with Fmoc-Ile-OH, DIC and DMAP in DMF to form 221. As a 

sample of this resin could not be cleaved with acid to examine the percent 

conversion by mass spectrometry, this was determined spectroscopically by 

determining the level of piperidine adduct formation in the same way as for the 

initial loading, which revealed complete formation of the depsipeptide bond. After 

microwave synthesis to couple Fmoc-Lys(Boc)-OH and Fmoc-Ala-OH, the 

sulfonamide linker was activated with ICH2CN (25 eq) and DIPEA (10 eq) in NMP 

to form 223. To examine the character of the resin-bound peptide prior to 

attempting Fmoc removal and simultaneous cyclisation, a small quantity was 

reacted with benzylamine to yield the crude linear C-terminal derivatised product 

225.  
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Scheme 30 - Initial synthesis of activated Ac-T(IKBoc-NH2)A-resin 223 on 4-

sulfamylbutyryl resin 198, which upon cleavage with benzylamine resulted in the 

undesired peptide 224 lacking N-terminus Fmoc-protection as determined by ESI MS 

(m/z = 447). 
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Unfortunately, whilst this cleavage reaction worked well, clearly showing the 

benzylamine-derived linear tetrapeptide 224 in ESI MS, the major peaks revealed 

that almost complete Fmoc-deprotection has occurred during the activation step. 

It was considered that this may not be a problem further down the line, 

considering that the next step was the reaction of the free N-terminus primary 

amine with the activated linker; but until conditions for this cyclisation could be 

fully examined the route was altered to replace this Fmoc group with trityl 

protection prior to the haloacetonitrile labilisation step (Scheme 31). 

After all four amino acid residues had been coupled to the resin 198 as previously 

to form 219, 20% piperidine in DMF was used to yield a final Fmoc deprotection 

before re-protection with trityl chloride (4 eq) and DIPEA (8 eq) in DCM to form 

226. The progression of this reaction was monitored by ninhydrin staining, and 

was complete after two hours at room temperature. The on-resin cyclisation was 

attempted using DIPEA (5 eq) and THF at room temperature. After 24 hours, the 

solution was drained, and fresh DIPEA/THF added. This was reacted for a further 

24 hours, and a similar addition at this point gave a third sample to collect any 

product 228 formed between 48 – 72 hours. After this point, benzylamine (5 eq) 

in THF was added to the resin in order to determine the reaction efficiency and 

to conclude if any activated peptide remained on resin after 72 hours in basic 

organic solvent. 

Of the three solutions taken at 24 hour intervals, only the first contained any 

cyclised peptide 228 as visible in the mass spectrum; suggesting that either the 

reaction had gone to completion after this point, or after 24 hours any unreacted 

resin-bound peptide 227 had been deactivated at the linker. ESI MS showed a 

cyclised form of the tetrapeptide. However, the major peak (m/z = 457) 

corresponded to the Boc-deprotected form 217. Given that Boc contains a 

carbamate functionality, similar to Fmoc, it is possible that these groups are not 

completely stable to iodoacetonitrile linker activation too. 
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Scheme 31 – Revised synthesis of cyclic tetrapeptide Ac-T(IKBoc)A 228, employing an 

N-terminus Fmoc-deprotection and replacement with trityl to form intermediate 226 

before subsequent linker activation to form the resin-bound linear precursor 227, prior to 

macrolactamisation attempts. 
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Compared to Fmoc-deprotection, this is a much more serious problem, as it 

permits unwanted cyclisation via the lysine side chain primary amine, rather than 

the N-terminus. Macrocyclisation via the lysine amine appears to be the preferred 

mechanism; as this forms a 15-membered ring rather than the more constrained 

13-membered native macrocycle. As the lysine amine exists at the end of an 

aliphatic chain, rather than adjacent to a methyl and in much close proximity to 

the core of the peptide, there is likely to be less steric hindrance, promoting this 

reaction where Boc-removal occurs to form compound 229 (Figure 36).  

 

Figure 36 – Structure of the assumed, desired cyclic tetrapeptide Ac-T(IK)A 217 on the 

left hand side that is formed by head-to-tail macrolactamisation; actual structure of the 

cyclic tetrapeptide formed, 229, resulting from side-chain-to-tail macrolactamisation. 

Compounds not isolated. 

 

The formation of 217 or 229 would be determined more definitively using NMR 

spectroscopy, but unfortunately as the cyclisation reaction conditions had not yet 

been optimised, thecrude  yield was very poor (~1 mg) and did not allow for 

satisfactory analysis using this method. 

It became apparent that in order to use a sulfonamide-based safety catch resin 

strategy to synthesise teixobactin analogues, no form of carbamate protection 

could remain on the peptide during the linker activation step. Therefore the 

synthesis was resigned to remove these protecting groups entirely.  
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3.5.  Synthesis of teixobactin macrocycle with trityl-based side chain 
protection 
 

3.5.1 Design of protection strategy 
 
Initial experiments (Section 3.4) showed that carbamates are reactive during the 

sulfonamide activation process, therefore ruling out Boc as a protecting group for 

lysine, and also Fmoc as the protecting strategy for the N-terminus. The lability 

of the Boc group during activation leaves the amine side chain of lysine available 

to perform nucleophilic attack on the activated sulfonamide instead of the N-

terminus amine during the cyclisation, leading to analogues with the same 

molecular weight but incorrect structures. Therefore, an alternative protecting 

strategy was created. This used trityl-based protecting groups that would remain 

stable during the resin activation. 

 

 

Figure 37 - Structures of trityl based protecting groups trityl 230 (Trt), 4-methyltrityl 231 

(Mtt) and monomethyoxytrityl 232 (Mmt) in order of ascending acid lability 

 

In order to selectively deprotect the N-terminus following activity, different trityl 

derivatives with varying labilities in acid were assigned to different parts of the 

structure. In this modified strategy, the lysine side chain Boc protection is 

replaced with a 4-methyltrityl (Mtt) 231 group. As opposed to trityl 230, the 

terminal Fmoc group is cleaved and replaced with monomethyoxytrityl (Mmt) 232 

protection. Whilst these trityl based structures appear very similar, Mmt 232 is 

considerably more acid labile than Mtt 231 and can be selectively removed using 

milder acidic conditions, such as acetic acid, as opposed to TFA. Therefore 
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during synthesis, after reacting the sulfonamide linker with iodoacetonitrile to 

activate, the Mmt group 232 can selectively be removed using a solution of AcOH 

/ TFE / DCM (1:2:7 v/v/v), leaving the Mtt 231 bound to the lysine side-chain 

amine. 

 

3.5.2 Determination of trityl stability with linker activation conditions 
 

The synthesis of acetylated teixobactin analogue macrocycles 207 and 217 was 

repeated, replacing Fmoc-Lys(Boc)-OH with Fmoc-Lys(Mtt)-OH, and the 

differential N-terminus protection achieved using Mmt-Cl with DIPEA in DCM, to 

form intermediate 234 (Scheme 32). Prior to Mmt removal and attempting 

cyclisation, a small sample of linker-activater resin-bound peptide 235 was 

cleaved with benzylamine at room temperature for two hours. ESI MS (+ve) 

showed a major peak with m/z = 1092, corresponding to the protonated fully 

protected linear sequence with benzylamine derivation, with no other obvious 

peaks for any form of deprotected form, showing that even the more labile trityl-

based protecting groups were stable to the activation conditions overnight. Both 

Mmt 232 (m/z = 273) and Mtt 231 (m/z = 257) were also observed in the spectrum 

as fragmentation ions. 

The addition of acetic acid with TFE and DCM (1:2:7 v/v/v) for two hours at room 

temperature resulted in complete removal of Mmt group, as determined by 

ninhydrin test. Once again, to ensure this had selectively removal this sole 

protecting group, a benzylamine cleavage test was applied to a small sample. 

Positive mode ESI MS showed a major peak (m/z = 820), the protonated linear 

peptide retaining lysine Mtt protection, as well as m/z = 817 (M-H-) and 931 

(M+TFA-H-) in the negative mode. Whilst a large peak (m/z = 257, the molecular 

weight of Mtt), was indeed present in the positive mode, fragmentation of trityl in 

the mass spectrometer had previously been commonly observed, and only a 

negligible peak for peptide without the Mtt group (m/z = 564) could be seen. 

Therefore this multi-trityl protection strategy appeared to be fully compatible with 

this synthesis. 
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Scheme 32 - Revised synthesis of activated resin-bound linear tetrapeptide Ac-T(IKBoc-

NH2)A-resin 236, via synthesis of N-Fmoc protected intermediate 233 containing 

Lys(Mtt), and later N-Mmt protected intermediate 234. 
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3.5.3  Epimerisation study of loading to safety-catch resin 
 
One of the major concerns with the use of safety-catch resins is the high 

possibility of epimerisation during loading due to the relatively harsh conditions 

that need to be applied. Compared to uranium based coupling agents, such as 

HBTU and HCTU, the use of carbodiimides often results in higher levels of 

racemisation. In order to determine the level of epimerisation of the first residue 

caused by the strong carbodiimide-based coupling, a model dipeptide, Phe-D-

Thr-benzylamine 237 was designed and synthesised. This was formed by loading 

of Fmoc-D-Thr(Trt)-OH 208 onto 4-sulfamylbutyryl resin 198 using the optimised 

method (DIC/ 1-MeIm/ DMF/ DCM, Section 3.3), followed by Fmoc-deprotection 

and coupling of Boc-Phe-OH 174 using PyBOP and DIPEA (Scheme 33). This 

residue was chosen based on its side chain protection; the aromatic 

phenylalanine side chain absorbs more UV more strongly other aliphatic 

residues, and therefore is more suited to HPLC analysis. With this method, any 

epimerisation taken place during the loading of the resin is determinable by the 

formation of diastereomers that can be separated chromatographically. Following 

displacement from the linker and resin, the peptide solution was analysed by 

LCMS and analytical HPLC. 
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Scheme 33 – Synthesis of dipeptide diastereomers 237 and 240 to determine the level 

of epimerisation of the first amino acid residue loaded onto 4-sulfamylbutyryl resin 198. 

 

Product formation of 237 and 240 was initially assessed using LCMS, which 

indicated a product with the expected molecular mass (m/z = 356) eluting at TR 

1.08; this appeared to be one peak, although disturbance of the trace creating 

shoulders eluded to more than one compound. Analysis of the same sample with 

RP-HPLC revealed two compounds eluting at a similar point in the gradient; with 

relative integrations of 72:28 (Figure 38). This suggested that the loading of 4-

sulfamylbutyryl resin 198 under these conditions results in a considerable level 

of epimerisation, and in turn a reduction in yield and purity of the final compounds. 
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Figure 38  - Analytical HPLC trace showing two diastereoisomers 237 (72 %) and 240 

(28%), eluting at similar retention times. 

 

3.5.4  On-resin cyclisation reaction optimisation 
 

In order to try and optimise conditions for macrolactamisation by displacement of 

the sulfonamide linker and resin by nucleophilic attack of the N-terminus amine 

on the carbonyl, the previously described activated resin-bound linear 

tetrapeptide Ac-T(IKMtt-NH2)A-resin 236 was split into 3 equal portions, to which 

different cyclisation conditions were applied (Table 12).  

Entry Cyclisation conditions 

1 TEA (5 eq), THF, 4 hr, rt 

2 TEA (10 eq), DMF, 2 hr, 85 ˚C (MW) 

3 DIPEA (7 eq), DMF, 2 hr, 100 ˚C (MW) 

 

Table 12 – Conditions employed in the attempted cyclisation of Ac-T(IKMtt-NH2)A-

resin 236 

 



 

112 
 

The cyclisation of 236 was initially attempted by a reaction with triethylamine 

(TEA) in THF at room temperature (Table 12, Entry 1). A similar reaction with 

increased equivalents of TEA was then trialled by microwaving at 85 ˚C for 2 

hours (Table 12, Entry 2). Due to the higher boiling point of DIPEA (127 ˚C), the 

third set of reaction conditions could be heated higher than TEA (bp= 89 ˚C) 

(Table 12, Entry 3). After the designated reaction time, the solution was 

concentrated in vacuo and the remaining precipitate analysed by mass 

spectrometry. 

For each reaction, a very low quantity of precipitate was formed, particularly the 

room temperature reaction (Table 12, Entry 1), which showed minimal product 

formation by MS. A much better rate of conversion appeared to result from 

microwave heating, with clear MS peaks for the cyclised peptide. However, the 

LCMS traces for these reactions showed them to be exceptionally crude, with 

excessive side-product formation eluting at a similar gradient to that of the 

macrocycle. The reaction with DIPEA in DMF at 100 ˚C produced several more 

indeterminable side products than the previous reaction; suggesting that 

elevating the temperature too high is likely to be detrimental to the yield. This is 

plausible as peptides are notoriously susceptible to degradation at high 

temperatures when not bound to solid support; it is possible that high 

temperatures do increase the rate of cyclisation on resin but subsequently 

degrade the product once it is freely in the basic solution. Given the high boiling 

point of DIPEA, this was also more difficult to remove from solution post-reaction. 

The precipitate formed following the reaction with TEA in DMF taken forward for 

the final Mtt-trityl deprotection to determine if any pure, cyclic peptide could be 

purified. 1% TFA in DCM was added to the sample and mixed for 30 minutes at 

room temperature (Scheme 34). At this point the solution was concentrated, and 

ice-cold diethyl ether added to remove free Mtt. The remaining solid was then 

diluted in water and acetonitrile to be purified by RP-HPLC. 
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Scheme 34 – Attempted Mtt deprotection from lysine residue of 241 from to form final  

acetylated cyclic tetrapeptide 207. No product isolated. 

 

It became apparent after the final deprotection that two product 207 isomers had 

been synthesised using this method; eluting at 1.07 and 1.15 minutes in the 

LCMS respectively (m/z = 456, 457). Purification by RP-HPLC was attempted but 

each resulted in a very low yield (<1 mg) making further characterisation difficult. 

Prior experiments had determined that a significant amount of epimerisation 

occurs during either the initial loading. It was also possible that racemisation was 

taking place during the esterification step, which also employs the same 

carbodiimidazole under similar conditions. Alternatively, at high temperatures this 

racemisation could take place during the final cyclisation step, resulting in the 

reduction of an already low yield. 

The synthesis was repeated with D-thr(tBu) in place of the L-isomer used 

previously. This time for the cyclisation, the temperature of the microwave 

cyclisation reaction was reduced to 50 ˚C. This resulted in an improved level of 

peptide purity as seen in the HPLC spectrum, but at this point it was becoming 

clear that optimisation of yields with this method was going to be extremely 

limited. 

To ensure that this was not a sequence-specific error, the synthesis was applied 

to three other tetrapeptide sequences, with End10 replaced with L-Orn(Mtt) (242), 
L-His(Trt) (243) and L-alanine (244). The first two mutations were selected as 

they each have similar character to the native residue; ornithine is a basic residue 

with a shorter chain than lysine, and histidine contains an imidazole side chain 

which is also protonated at physiological pH. Both of these residues can each be 
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protected with Mtt and Trt respectively, making them compatible with the current 

synthesis. The alanine analogue 244 was selected as a control; and as its short 

methyl side chain does not require bulky trityl protection; thus probing if this is an 

issue with the previous experiments. 

Cyclisations were attempted using TEA in DMF at 50 ˚C, and also with an excess 

of base at room temperature (DIPEA/DMF, 1:1 v/v). Each of these eight reactions 

produced very little material and multiple side products. Attempts were made to 

purify as isolate cyclised peptide, but with little success. The low yield of the Ala10 

tetrapeptide suggests that the low level of cyclisation is not due to the steric bulk 

of the trityl groups, which had previously been considered. However, the high 

level of steric bulk around the site of cyclisation may still have been an issue. 

Therefore, before teixobactin analogue synthesis via the safety catch linker was 

abandoned, the synthesis was adjusted to try and remove this steric bulk and 

promote percent conversion.  

 

3.6  Optimised synthesis of teixobactin macrocycle with Ala-loading 
 

The previous synthetic route (Section 3.5.4) had resulted in very poor results. 

This appeared not to be due to side chain protection, as no improved conversion 

was observed by mutating the End10 to an alanine residue (244). However, the 

presence of the β-branched amino acid threonine, with peptide ester derivation 

at the hydroxyl, directly adjacent to the linker may have had a considerable effect 

on the level of cyclisation observed. Using an improved synthetic route, the 

synthesis of these cyclic teixobactin macrocycle peptides were reattempted; this 

method was similar to the full synthesis; but replaced the first residue to be loaded 

to the resin with alanine, rather than threonine (Scheme 35). Given that this 

residue is one of the smallest in size it is particularly suitable to be employed at 

this point, and also introduces an additional spacer region between the 

orthogonal ester branching and sulfonamide linker. In addition, Fmoc-Ala-OH 

209 had be found to give superior resin loading when used in initial loading 

experiments (68% compared to 56% found for Fmoc-D-Thr(Trt)-OH 208 under 

the same conditions). 
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Scheme 35 - Revised synthesis of cyclic DLLL Ac-t(IK)A tetrapeptide 207, with Fmoc-

Ala-OH 209 as the initial coupling reaction to the sulfonamide resin 198. 

 

Loading of 4-sulfamylbutyryl resin 198 with Fmoc-Ala-OH 209 resulted in slightly 

lower conversion that previously observed (0.41 mmol/ g as opposed to 0.50 

mmol/ g), but was still a satisfactory level nevertheless. The synthesis was 

carried out as previously; with coupling of Fmoc-D-Thr(Trt) 208, acetyl capping of 

the N-terminus and branching from the threonine side chain to form the ester 

249. In comparison to the previous method, this synthetic route was more 



 

116 
 

appropriate for the synthesis of multiple analogues as the End10 mutation had 

become the last residue to be coupled; thus allowing the major part of the peptide 

to be synthesised in bulk and split at this later stage. After coupling of Fmoc-

Lys(Mtt)-OH, the final Fmoc was removed and replaced with Mmt (251). Linker 

activation was achieved using the standard method with iodoacetonitrile and 

DIPEA in NMP, before on-resin cyclisation was attempted using 50% DIPEA in 

DMF. Intially this reaction was performed for 4 hours at room temperature. The 

filtrate was concentrated and analysed by MS and HPLC. 

Unfortunately, this strategy did not appear to be an improvement on the previous 

method (Scheme 32). In addition, following attempted removal of Mtt from the 

crude product with 1% TFA/ DCM, a large peak appeared in the mass spectra 

corresponding to the hydrolysed form of the peptide (m/z = 474.30). It is possible 

that the TFA was not removed sufficiently prior to dissolution in water for analysis 

resulting in acid-catalysed hydrolysis of the ester. However this seems unusual, 

as no hydrolysed product had been observed in any other experiments. 

The synthesis was repeated a final time, with slightly reduced excess of DIPEA 

(20%, reduced from 50%) and microwave conditions (50 ˚C over 2 hours). Whilst 

the MS appeared promising, the analytical-HPLC revealed an extremely crude 

sample, and further purification was not attempted. 

 

3.7  Conclusions 
 

A safety-catch resin, with a 4-sulfamylbutyryl linker bound to the solid support 

(198), was used to synthesise a series of teixobactin analogues (Scheme 34). 

The initial loading of the resin, previously found to be difficult to perform efficiently 

with high conversion to the product, was optimised by screen a range of coupling 

agents and conditions (Section 3.3). The results of this, which found elevated 

temperature and the addition of HOBt to be detrimental to yield, elucidated a 

possible mechanism for these reactions. Levels of epimerisation were 

determined to be low by C-terminus benzylamine derivation and subsequent 

LCMS and HPLC analysis. 
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The initial synthetic route used this resin resulted in removal of carbamate 

functionalities upon activation of the sulfonamide linker, making it unsuitable for 

the synthesis of teixobactin analogues containing basic amino acid residues with 

Boc protection (Scheme 30). Therefore, the synthesis was redesigned to 

incorporate trityl variants as protecting groups with three levels of acid lability in 

order to allow selective removal at various points in the synthetic route (Scheme 

32). 

Whilst this method has been employed successfully in the synthesis of other 

cyclic peptides and depsipeptides, these are mostly considerably less strained, 

with macrocycles composed of at least six amino acid residues. It is most likely 

that the formation of a 13-membered ring is simple too entropically unfavourable 

in such close proximity to a bulky polystyrene solid support. Therefore, for the 

synthesis of teixobactin analogues retaining the core macrocycle, this route is not 

suitable; however, the method used could certainly be applied to larger cyclic 

peptides, and for those where an acid or base labile resin is not compatible with 

the reagents required.  

This synthetic route yielded some conversion to the cyclic product, but with very 

little material, even with the optimisation of cyclisation conditions. Therefore the 

synthesis was adjusted once more to alter the linker-bound amino acid from D-

Thr(Trt) to L-Ala, with the idea of vastly reducing the level of steric hindrance 

around the reaction site. Whilst this appeared to give a slight increase in product 

formation based on UV absorption in LCMS and HPLC, the amount produced 

was too low to give an accurate yield determination or perform any extensive 

analysis. To scale up the reaction to a point enough material could be obtained 

for biological assays would not economically viable. However, this new loading 

method could be applied to other syntheses involving solution-based 

cyclisations. 
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4. Synthesis of teixobactin analogues using solution-phase 
cyclisation 
 

4.1 Introduction  
 

Solution-phase cyclisations can be synthetically challenging; in order to prevent 

intermolecular oligomerisation highly diluted solutions of reagents are required, 

and many factors such as peptide sequence, ring size and reaction conditions 

can have a substantial effect on reaction progression. The cyclisation of small 

rings (tetra- and pentapeptides) has been found to be particularly difficult, with 

considerably more dimerisation than is observed for larger rings.149 

This chapter discusses the synthesis of teixobactin analogues which employ a 

solution-phase cyclisation reactionfor the formation of the 13-membered 

macrocycle. This was initially attempted by ester bond formation between the 

acid C-terminus and the threonine hydroxyl side chain, but was optimised by 

alteration to amide-bond formation through the N-terminus of the orthogonal side 

chain and the acid C-terminus.  

 

4.2 Aims of the chapter 
 

This chapter aimed to develop a highly efficient solution-phase cyclisation 

approach to access the 13-membered teixobactin 42 macrocycle by formation of 

its depsipeptide bond, or through amide bond formation. With access to the core 

macrocycle of teixobactin, syntheses were designed to probe the relevance of 

the hydrophobic linear tail of teixobactin. A series of truncated analogues - 

macrocyclic analogues with acetylated N-terminus - were synthesised and tested 

for antibiotic activity. 

To investigate whether the linear portion of teixobactin 42 functions as a cellular 

membrane anchor, residues 1-7 were replaced by isoprenoids of two different 

lengths, in conjunction with seven L-allo-enduracididine 43 mutations. 
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This work also aimed to create fluorescent analogues of active compounds by 

attachment of fluorescein to the N-terminus, and to make minimal structures that 

may have potent activity against Gram-negative bacteria in addition to Gram-

positive. 

 

4.3  Solution-phase macrolactonisation 

 
4.3.1 Studies on depsipeptide macrocyclisation 
 

The macrocyclisation was first designed to be formed via the ester bond between 

the threonine hydroxyl and the C-terminus carboxylate of teixobactin 42 (Scheme 

36). This route was attempted initially as optimisation of this reaction removes 

the requirement for branching to form the ester bond during the synthesis; this 

route creates an additional N-terminus that requires a third dimension of 

orthogonal protection to selectively deprotect. 

 

 

Scheme 36 – Retrosynthesis of teixobactin 42 and teixobactin macrocycle analogue 

cyclic Ac-t(IR)A 254, with reactive sites of linear peptide precursors 255 and 256 for 

depsipeptide formation shown in red. 
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A synthetic strategy was designed using a model peptide 254 mimicking the 

macrocycle of teixobactin 42; composed of D- Thr, L-Ala, L-Ile, and with L-allo-

enduracididine 43 modified to structurally similar L-arginine 100, and the N-

terminus capped with an acetyl group (Scheme 38). Synthesis of the linear 

peptide precursor 256 on 2-chlorotrityl chloride resin 257 allowed cleavage from 

the solid support whilst retaining orthogonal protection of arginine using weak 

acid (1% TFA in DCM for 10 minutes). Fmoc-D-Thr(Trt)-OH 208 was used instead 

of the more standard tert-butyl protection group in order to yield the free hydroxyl 

simultaneously with resin cleavage. Loading of 2-chlorotrityl chloride resin 257 
was achieved using Fmoc-Ile-OH 258 and DIPEA in anhydrous DCM, with good 

loading of 1.1 mmol/g (73% conversion based on commercial value). With the 

Fmoc-Ile derived resin 259, the other three amino acids were coupled using 

standard Fmoc-SPPS conditions, before a final acetylation using acetic 

anhydride to give the final linear sequence on resin. 1% TFA in DCM was used 

to cleave both the peptide from the solid-support and the hydroxyl trityl protection. 

This linear tetrapeptide 256 was purified by RP-HPLC and was obtained in 

reasonable yield and excellent purity (36% yield based on 0.175 mmol scale, 

>99% purity). 

 

 

Scheme 37 – Synthesis of the linear peptide Ac-tAR(Pbf)I-OH 256 for depsipeptide 

formation macrolactamisation experiments 
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4.3.2  Determination of Gln(Trt) and Thr(Trt) protection lability 
 

To apply this synthetic strategy to the larger teixobactin 42 analogues bearing 

more than four residues, the presence of other amino acids containing highly 

acid-labile side chain protection was also considered. Given the 1% TFA required 

to liberate the linear peptide from resin, undesired cyclisations between the C-

terminus and other deprotected nucleophilic side chain functionalities could take 

place. The native structure of teixobactin 42 contains amino acids bearing 

reactive sites that require Cbz- or Boc protection (N-terminus, L-allo-

enduracididine 43) and tert-butyl protection (Ser7). These protecting groups are 

not labile in 1% TFA, but teixobactin 42 also contains D-Gln4 that requires trityl 

protection. In order to probe whether this synthesis could be applied to larger 

peptides such as the full teixobactin sequence, the deprotection of trityl protected 

threonine and glutamine were compared using 1% TFA, on both the resin-bound 

linear sequence of residues 1-8 261, and N-Fmoc protected free-acid forms of 

the two trityl protected amino acids. 

Residues 1-8 of teixobactin (with D-Phe in place of Me-D-Phe) were coupled to 

solid support 257 using automated microwave-assisted peptide synthesis to give 

compound 261, and this peptide was subsequently submitted to the same 

cleavage conditions (1% TFA/ DCM, 20 minutes at room temperature) employed 

previously for Ac-tAR(Pbf)I 260 on resin (Scheme 37). The resulting solution was 

analysed by ESI MS, which indicated the major product 262 to have a molecular 

weight corresponding to removal of only one trityl from the structure (m/z = 1263); 

analysis with LCMS revealed one distinct peak with this molecular weight, 

indicating selective trityl removal from one particular residue.  
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Scheme 38 – Synthesis of the linear peptide 261 H2N-fISqiIS- on 2-chlorotrityl chloride 

resin 257, and subsequent exposure to 1% TFA/DCM to yield the trityl-deprotected form 

262. 

 

To further support the selective trityl removal was occurring at threonine rather 

than glutamine, Fmoc-D-Thr(Trt)-OH 208 and Fmoc-Gln(Trt)-OH 263 were used 

as models to determine the comparative lability between hydroxyl and amide side 

chain sites (Scheme 39). 1% TFA in DCM was added to each Fmoc-protected 

amino acid; notably there was an immediate colour change of the solution 

containing Fmoc-D-Thr(Trt)-OH 208 from clear to bright yellow. Only a slight 

colour change to pale yellow was observed with the Fmoc-Gln(Trt)-OH 263 

solution over the 15 minutes of the reaction. After this point, the solvent was 

evaporated and each sample analysed by LC-MS. The chromatography trace for 

the glutamine sample showed only one constituent; with the molecular weight 

corresponding to the trityl-protected form of the Fmoc-amino acid (263, m/z = 

611). On the other hand, the threonine test reaction showed more than one peak, 

corresponding to that of free trityl cation (243+) and side-chain deprotected 

threonine (364.1178, [M+Na]+), 106. In this latter sample, there was no trace of 

any starting material 105 whatsoever.  
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Scheme 39 – Exposure of Fmoc-D-Thr(Trt)-OH 208 and Fmoc-Gln(Trt)-OH 263 to 1% 

TFA/DCM over 15 minutes at room temperature results in of formation of 264, but not 

265. 

 

These results suggested that 1% TFA in DCM could be used effectively even in 

larger peptide analogues to selectively remove trityl protection from threonine 

residues, as opposed to amides where it is more commonly employed. This can 

be explained by the SN1 removal of the trityl group being promoted by the 

increased susceptibility of hydroxyl groups to protonation in comparison to 

amides. The resonance of amides present in amino acids such as glutamine and 

asparagine delocalises the lone pair electrons on the nitrogen; thus becoming 

less nucleophilic and basic, and therefore less reactive in carefully controlled 

conditions. 

 

 

4.3.3 Methods of depsipeptide formation 
 

The most common method to synthesise esters in organic synthesis is through 

reaction of carboxylic acids and alcohols, under Fischer conditions. However, the 

harsh acidic conditions are not compatible with peptides due to backbone 

hydrolysis and removal acid-labile side-chain protecting groups. An alternative 

route is via conversion of the acid to the more reactive acyl chloride. This 

technique was employed in the first dipeptide synthesis in 1901 by Fischer and 

Fourneau.150 This procedure is typically used for sterically hindered reactions for 
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which standard coupling reagents are too bulky. Reactions with acyl chlorides 

can result in undesired side reactions, such as carboxyanhydride formation via 

an oxazolonium ion intermediate151 – this tends to be with the Fmoc/Boc-

protected reagents themselves, rather than the amino acid residue already 

incorporated into a peptide – therefore amino acid chloride reagents require 

sulfonyl protection at the N-terminus to avoid this side reaction. Acids are most 

commonly converted to chlorides with SOCl2, PCl3, or POCl3.152 , but these 

reactions give HCl as a by-product; so is not compatible with Fmoc-SPPS 

protecting groups. The addition of cyanuric chloride in triethylamine maintains 

basic conditions throughout, but ultimately this method is not efficient due to risk 

of hydrolysis, racemisation, cleavage of protecting groups and other side 

reactions. Acyl fluorides, on the other hand, are less reactive, but also less 

susceptible to hydrolysis and less prone to cause racemisation, and have been 

successfully employed in the synthesis of the cyclic lipodepsipeptide halipeptin 

A.153  

In recent years, the most common method used for peptide depsipeptide 

formation is the Steglich esterification, developed in 1978 (Scheme 40).154 This 

is typically performed with DCC as a coupling reagent, and is adapted from a 

similar method used to form amides. For ester formation, DMAP 269 is also 

required as a catalyst due to the reduced nucleophilicity of hydroxyls in 

comparison to their amine counterparts. This method is much more compatible 

with orthogonally protected peptides due to the mild reaction conditions. 

However, DMAP 269 can trigger epimerisation in peptides, so this must be 

considered. Generally Steglich esterifications progress well, but for sterically 

hindered or otherwise slow reactions a rearrangement of the O-acyl intermediate 

267 to the N-acylurea 268 is possible, which is no longer electrophilic. DMAP 269 

is used to suppress this side reaction; acting as an acyl transfer reagent. 
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Scheme 40 - Mechanism of carbodiimide and DMAP 269 catalysed ester 271 

formation. DCC: R3 and R4 = cyclohexyl; DIC: R3 and R4 = i-propyl; EDC: R3 = ethyl, R4 

= 3-dimethylaminopropyl 

 

Depsipeptide formation using Steglich esterification has previously been 

achieved between a tyrosine phenol and Alloc-Ile with DIC, DMAP and DIPEA in 

DMF (2 x 24 hr, rt) to form phenyl ester,155 and in the synthesis of the cyclic 

depsipeptide antibiotic Ramoplanin A2 51, Boger and co-workers used this 

reaction after having attempted a wide range of other methods unsuccessfully; 

acyl fluoride activation, mixed anhydride activation, Mitsunobu 

(triphenylphosphine catalysed betaine formation from an azodicarboxylate, 

resulting in deprotonation of the carboxylic acid and subsequent ester formation), 

Yamaguchi (reaction of the alcohol with an anhydride, formed from the carboxylic 

acid and 2,4,6-trichlorobenzoyl chloride), and Corey-Nicolaou (catalysed by 

reaction of 2,2’-dipyridyldisulfide and triphenylphosphine) reactions.156 
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4.3.3.1 Macrolactonisation of linear peptide Ac-tAR(Pbf)I-OH (256) 
 
For the esterification of teixobactin 42 model macrocycle tetrapeptides, 

equipment was designed and set up to allow the slow controlled addition of 

peptide precursor in solution with base to a stirred dilute solution of coupling 

agent(s), adapted from a published method (Figure 39).125 By maintaining a very 

dilute concentration of peptide precursor in the presence of other regents, side 

reactions such as dimer- and trimerisation should be avoided. 

 

 

Figure 39 – Equipment set-up used for solution-phase tetrapeptide cyclisation 

reactions 

 

Based on previously published peptide esterification reactions, standard Steglich 

esterification conditions were employed for the cyclisation of the linear peptide 

precursor Ac-tAR(Pbf)I-OH 256, using (3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, 272)  with DMAP 269 in dry DMF. This 

coupling reagents have previously been used together successfully in 

condensation reactions of dicarboxylic acids with diols.157 Briefly, linear peptide 

256 is added to via plastic syringe to a stirred solution of coupling agent plus a 

catalytic quantity of DMAP 269 in DMF at a rate of 0.12 mL/ hour (Scheme 42). 

After addition, the reaction is stirred for a further hour before analysis and 

purification. Unfortunately, LCMS and HPLC spectra showed very little 

conversion to the desired cyclic peptide product, with numerous side products 

formed; the major peak (m/z = 754.39) corresponds to the protonated form of the 



 

127 
 

linear peptide starting material. m/z peaks for cyclised product 273 were apparent 

(m/z = 736.37, [M+H]+, 758.36, [M+Na]+), but based on integration in LC was 

much less abundant than the linear form (14:87). 

 

 

Scheme 41 – Unsuccessful cyclisation reaction of linear peptide Ac-tAR(Pbf)I-OH 256 

with EDC 272 and DMAP 269 to form side-chain protected cyclic teixobactin 

macrocycle analogue peptide 273 , with the intended mechanism.  

 

From here a series of reactions were carried out to determine if the cyclisation 

could be optimised using different reagents and reaction conditions (Table 13). 

These were carried out using the same peptide precursor 256, and using the 

syringe pump addition method as before. Predominantly, reaction conditions 

generally used for amide couplings were investigated, to see if they could also 

prove to be effective in the formation of esters. This would allow the preliminary 
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deprotonation of the linear peptide precursor prior to addition of the coupling 

agent; which would potentially enhance the reaction progression. 

Reactions with PyBOP 277 as coupling agent and DIPEA as base similarly did 

not yield any conversion to the cyclic product 273, even when heated to 60 ˚C 

(although whilst high temperatures may promote reaction progression, this could 

also cause degradation or hydrolysis of the product if formed at all). The LCMS 

spectra did not contain any trace of the linear peptide; only DIPEA, unreacted 

PyBOP 277, and 1,1',1''-phosphoryltripyrrolidine 278 and HOBt 279 side 

products. These latter products 277 and 279 suggested that the derivation of the 

C-terminus to an activated ester had progressed to some degree; but the 

hydroxyl had not been sufficiently reactive to substitute at this position, and some 

form of degradation or polymerisation had then occurred. The use of the coupling 

reagent 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxid hexafluorophosphate (HATU, 280) did yield some conversion to the cyclised 

product, which could be observed by MS, but the HPLC trace revealed a crude 

spectrum with multiple side products all eluting in a similar region to that of the 

starting material and product. The depsipeptide formation reaction was finally 

attempted using EDC 272 in combination with triethylamine (TEA) and the 

additive HOBt 279 to try and promote reaction progression. This set of reaction 

conditions had been used previously in the cyclisation of small N-benzyl α-

peptoids.158 Once more the resultant HPLC spectrum showed a number of 

different unwanted side products; but the LCMS suggested slightly better 

conversion to the cyclic product 273. This reaction was repeated, heating (MW) 

the final mixed solution at 50 ˚C for 45 minutes, improving the conversion slightly 

to 23%, but with no improvement on the purity. Due to poor reaction progression 

and the formation of multiple side products and/or degradation products, none of 

these reactions were further developed.  
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En
tr

y Coupling 
agent 

Base 

A
dd

iti
ve

 

So
lv

en
t 

Temperature 
Linear : 
Cyclised 
ratio (LC) 

1 EDC DMAP - DMF rt 86:14 

2 PyBOP DIPEA - DMF rt np 

3 PyBOP DIPEA - DMF 60 °C np 

4 HATU DIPEA - DMF rt 92:8 

5 EDC TEA HOBt DMF rt 86:14 

6 EDC TEA HOBt DMF 

rt addition, then 

μwave at 50 

°C, 45m 

77:23 

 

Table 13 – Conditions screened for the side-chain-to-tail cyclisation of linear Ac-

tAR(Pbf)I-OH 256 to form the cyclic tetrapeptide 273. Product ratio determined by peak 

integration in LCMS. 

 

As the model tetrapeptide 256 used contained a somewhat bulky Pbf protecting 

group, the optimum esterification conditions from the screen were applied to a 

different linear model with less steric bulk to see if percent conversion could be 

improved. This was synthesised using the same method as previously (Scheme 

37); with replacement of Arg(Pbf) with Lys(Boc). The linear precursor Ac-

tAK(Boc)I-OH 281 (synthesised in 62% yield based on initial 0.06 mmol loading) 

was dissolved in DMF with TEA and added to a stirred solution of EDC 272 and 

HOBt 279 in DMF. The reaction was attempted solely at room temperature; and 

also with a latter microwaving step as previously performed (Table 13, Entry 6). 

These reactions progressed with the same issues observed as for Ac-tAR(Pbf)I-

OH 256; low conversion to the cyclic product 206 with multiple side-reactions, 

making purification difficult and low-yielding. Due to the poor results obtained, 
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and because this macrolactamisation strategy was limited to certain amino acid 

variations and protecting groups, an alternative cyclisation strategy involving 

amide bond formation was investigated to try and improve yields and purity. 

 

4.4  Cyclisation via solution-phase macrolactamisation 
 

A new cyclisation strategy was required in place of macrolactamisation; due to 

low conversion, low overall yields and multiple side products, which could not 

successfully be overcome by optimisation of reagents and reaction conditions. 

Previous work had attempted cyclisation via amide-bond formation whilst on solid 

support using a safety-catch resin (Chapter 3). To apply this method to a solution-

based approach, the synthesis of a similar peptide precursor could largely be 

translated straight from this work. In this synthesis, the depsipeptide bond 

between threonine and the carboxylate of Fmoc-Ile-OH was formed using DIC 

and DMAP in DMF. On sulfonamide resin, this reaction progressed efficiently; 

with 100% conversion over 2 hours, monitored using mass spectrometry and 

HPLC (Scheme 30). 

Safety-catch resin-linked peptides were synthesised with both Ala or D-thr(tBu) 

as the first residue coupled to the solid support 198. Loading of Fmoc-Ala-OH 

provided higher loading due to reduced steric hindrance – a significantly smaller 

side chain in addition to no protecting group. This strategy also has the 

advantage of making End10, or related residue 10 substitutions, the last residue 

to be coupled prior to cleavage, meaning that the other three residues of the 

macrocycle could be coupled in a bulk synthesis before splitting to screen the 

various mutations. 

Initially, solution phase cyclisation was attempted using a model acetylated 

tetrapeptide with an Arg10 mutation, synthesised on Wang resin 283. This 

mutation was selected initially owing to the lower probability of side reactions 

occurring from the arginine guanidine; Pbf one of the more acid stable protecting 

groups used in Fmoc-SPPS and the guanidine functionality should not be 

nucleophilic enough to cause side reactions in the event the selected reaction 
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conditions resulted in its removal. Wang resin 283 is more stable to mild acidic 

(1% TFA) conditions compared to 2-chlorotrityl resin 257. 

Wang resin 283, with a hydroxyl linker, requires reactions suitable for 

esterification to load the first amino acid. Fmoc-Ala-OH 209 was dissolved in 

DMF with catalytic DMAP 269 and added to the resin, before addition of DIC, and 

63% conversion to 284 was achieved after 2 hours at room temperature (Scheme 

42). Standard Fmoc-SPPS was used to give Ac-D-Thr(Trt)-A on resin (285), of 

which the trityl group was subsequently deprotected with 1% TFA/ DCM. 

Esterification was achieved with Fmoc-Ile-OH 258, DIC and DMAP 269 in DMF; 

with 100% conversion  to 286 over 2 hours at room temperature, similarly to 

peptide on sulfonamide resin 198 (Scheme 30). In comparison, one of the 

benefits of Wang resin 283 is that unlike the safety catch, it can easily be cleaved, 

allowing for facile analysis of reaction progression and peptide purity, rather than 

having to activate the linker and cleave by derivatisation with benzylamine. After 

all four amino acids were coupled, peptide was cleaved from Wang resin 283 to 

give the pure linear peptide 288 in 42% yield after purification by RP-HPLC. The 

crude purity (80%) was slightly lower than similar linear tetrapeptides; with the 

next most abundant product appearing to be an epimer; with racemisation most 

likely taking place during the initial loading of resin. 
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Scheme 42 – Synthesis of a branched tetrapeptide precursor Ac-t(IR[Pbf])-NH2)-OH 288 

in 42% overall yield, for solution-phase cyclisation by macrolactamisation, as opposed 

to the macrolactonisation reactions attempted previously. 

 

These macrolactamisation reactions were performed using the same method as 

for the depsipeptide formation previously attempted (Section 3.4, Scheme 31); 

linear peptide precursor 288 was dissolved in DMF and added dropwise via 

syringe to a stirred solution of coupling agent over 20 to 30 minutes, maintaining 

both solutions at very dilute concentrations (1- 10 mM) to avoid oligomerisation. 

In the initial reaction, HATU 280 (7.5 mM) was used as the coupling agent 

(Scheme 43). Ac-tA[IR(Pbf)]-OH 288 (10 mM) was dissolved with DIPEA (6 eq) 

and added over 20 minutes: once complete, the resultant solution continued to 

be stirred and was analysed by ESI MS and HPLC at t=0, t=1 hr and t=2 hr. 
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Scheme 43 – Cyclisation of the branched tetrapeptide Ac-t(IR[Pbf])-NH2)-OH 288 to 

form Arg-Pbf compound 273, which was deprotected with 95% TFA to yield 289 as a 

TFA salt. This was replaced with an HCl salt using lyophilisation to yield the final 

teixobactin macrocycle analogue, cyclic Ac-t(IR)A.HCl 290 

 

Somewhat surprisingly, the cyclisation reaction to give 273 resulted in 100% 

conversion from the starting material 288, with the peak corresponding to the 

linear peptide starting material not observed up to the limits of detection of HPLC; 

nor any reasonable peaks by MS. This was apparent even in the sample taken 

immediately after the last drop of peptide/base was added. After the solution was 

concentrated in vacuo and treated with TFA spiked with TES/DCM to remove Pbf 

protection from the arginine residue to yield the final acetylated cyclic peptide, 

MS analysis showed the cyclic (M+H)+ peak (m/z = 484) was the major peak with 

positive ionisation, and m/z = 596 (M+TFA-H)- visible in negative mode. Given 

the absence of starting material 288 and one sole pure product peak 273, it 

appears there is extremely fast conversion to the cyclised product. Following 
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HPLC purification, the TFA counter ion of 289 was replaced through three 

successive lyophilisations from 5 mM aqueous HCl, with 19F NMR used to confirm 

the absence of fluorine. The cyclic peptide 290 was gained pure in 82% yield 

based on conversion from the linear precursor, and 11% yield based on the initial 

loading of Fmoc-Ala-OH to Wang resin. 

 

4.5  Synthesis of truncated, acetylated macrocylic analogues 
 

With this method in hand, two other truncated model peptides were synthesised 

to ensure the method could be translated to alternative resins. Wang resin 283 is 

unsuitable for any basic End10 mutations other than arginine, due to the high 

concentration of TFA required to cleave from the resin. Therefore, Ac-tAK(Boc)I-

OH 291 and Ac-tAH(Trt)I-OH 292 were synthesised on 2-chlorotrityl chloride 

resin 257 using a similar method (to Scheme 42). As this resin 257 is cleaved 

with 1% TFA, Fmoc-D-Thr-OH 264 was required (without any hydroxyl protection, 

to allow for esterification). This was synthesised from D-threonine 293, using 

Fmoc N-hydroxysuccinimide ester (FmocOSu) with NaHCO3 in dioxane/ H2O, 

using a published method (Scheme 44).159 Use of unprotected threonine is 

usually avoided due to potential acylation of the hydroxyl group, which has been 

observed occurring during coupling reactions with active esters.160 However, 

during these syntheses, no acylation at this position was observed by LCMS. 

 

Scheme 44 – Synthesis of Fmoc-D-Threonine 264 from D-threonine 293, used in 

synthesis of cyclic tetrapeptides. 
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The synthesis of each linear tetrapeptide 291 and 292 was carried out on the 

same batch of resin 257 initially, and split at the point immediately prior to the 

coupling of the final, mutated amino acid residue (Scheme 45). Cleavage from 

the resin was achieved with AcOH/TFE/DCM (1:2:7) over 20 minutes at room 

temperature. The reaction time was particularly crucial in the case of the His10 

analogue 295: cleavage tests were performed for differing lengths of time (20, 45 

and 60 minutes). In the latter two reactions, significant quantities of Trt-

deprotected peptide were observed in the mass and HPLC spectra. Whilst a 

small amount of trityl was cleaved after twenty minutes, this appeared to be a 

sufficient length of time to both maximise cleavage from the resin and minimise 

trityl deprotection. Due to the nucleophilicity of the unprotected and deprotonated 

histidine imidazole, reaction conditions were used that minimised trityl removal. 

Similarly to the arginine analogue 288, the cyclisation for each of these two 

peptides 291 and 292 progressed efficiently over the course over 20 minutes, 

both showing 100% conversion by analytical HPLC. Final pure yields are 

reported after purification by RP-HPLC and conversion from the TFA to the HCl 

salt.  
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Scheme 45 – Synthesis of cyclic truncated peptides Ac-t(IK)A.HCl 296 and Ac-

t(IH)A.HCl 297 from respective linear branched precursors Ac-t(IK[Boc])-NH2)-OH 291 

and Ac-t(IH[Trt])-NH2)-OH 292 
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With an extremely efficient cyclisation method now in hand, giving 100% 

conversion to the macrocycles 289, 296 and 297 over 20 minutes, this could now 

be applied to more complex peptides, baring more similarity to the full structure 

of teixobactin. 

Based on the inactivity of a previously truncated analogue bearing an arginine 

mutation 116,105 it was considered unlikely that these analogues would be active 

against Gram-positive bacteria, but possible as these exact structures had not 

been made previously. It was also considered that mutation to another chemically 

and/or structurally similar amino acid in place of End10 may display antibacterial 

activity. 

 

4.6  Synthesis of teixobactin lipopeptidomimetics 
 

Previous experiments by a number of different research groups sought to explore 

the implications of variation of numerous structural and chemical features of 

teixobactin 42 (Section 1.4.6), mainly focusing on the relevance of the 

unproteinogenic L-allo-enduracididine 43; the stereochemistry of each residue; 

and the function of residues 1-6 as a hydrophobic membrane anchor. In addition, 

acetylation of the N-terminus resulted in a significant loss of antimicrobial 

activity.103,104 In spite of this, little attention has been paid to the retention of a 

basic amine functionality at the terminus of analogous lipidated compounds. We 

sought to apply our efficient cyclisation strategy to the synthesis of novel lipidated 

analogues containing a unique hydrocarbon which had been rationally proposed 

to attempt to enhance the binding affinity of the compounds. In addition to 

lipidation, a series of End10 mutations were designed to fully probe the effect of 

mutations at this position, in conjunction with the lipid tail. At the time of writing, 

only one lipidated teixobactin analogue has since been published: lipobactin 117, 

with residues 1-6 replace with a dodecanoyl tail.105 Lipobactin 117 bears an 

arginine at the 10 residue, but a Lys10 analogue had been found to have higher 

activity by the same group.  
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4.6.1 Prenylation of peptides and proteins 
 

Prenylation is a naturally occurring post-translational modification event that 

takes place in eukaryotic cells. 3-Methyl-but-2-en-1-yl monomers make up 

isoprenoids, of which farnesyl (15-carbon) 298 and geranylgeranyl (20-carbon) 

299 are involved in PTMs (Figure 38) .161 Prenylated proteins are thought to have 

a variety of roles, and have particularly been implicated in cell signalling, and cell 

growth, differentiation and proliferation.162 Although there is a lack of direct 

evidence, isoprenoids are considered to act as protein anchors, facilitating 

attachment to cellular membranes. The prenylation of proteins in vivo involves 

transfer of a farnesyl 298 or geranylgeranyl 299 moiety to C-terminal proximate 

cysteine(s) by farnesyl transferase, geranylgeranyltransferase I and Caax 

protease.162 The CAAX box is a region at the C-terminus of particular proteins 

that directs the post-translational modification; where C = cysteine, A = any 

aliphatic residue, and X = determines which enzyme acts on the substrate. Where 

X = serine, methionine, alanine or glutamine, the protein becomes farnesylated; 

and where X = leucine or isoleucine, the modification is a geranylgeranyl 

group.163 Such substrates are typically G-proteins, such as Ras and GTPases. 

Aside from isoprenoids, S-palmitoylation and N-myristoylation are other 

commonly observed post-translational modifications resulting in lipidated 

proteins (Figure 40). Palmitoylated proteins contain a 16-carbon saturated fatty 

acyl 301 attached via a cysteine thioester. Unlike isoprenoids, this is not limited 

to the C-terminus, and can occur anywhere throughout the protein. The 

modification is reversible; allowing the protein to be “switched on and off”. N-

myristoylation solely occurs at the N-terminus of a protein, and not on amino 

acids with nucleophilic side chains, such as lysine. The addition of myristoyl 300, 

a 14-carbon saturated fatty acid, is catalysed by N-myristoyltransferase (NMT) at 

the N-terminus of glycine via amide bond formation.164 
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Figure 40 – Common lipid-derived post-translational modifications of peptide and 

proteins 

 

Some strains of bacteria, such as the human pathogen Legionella pneumophila, 

have been observed to express CAAX motif proteins which hijacks host enzyme 

machinery in order to increase its own membrane binding and localisation, and 

subvert cellular processes within the host.165 Bacteria also contain three native 

proteins that catalyse lipidation of proteins and peptides: Lgt, Lsp and Lnt. 

Cationic antimicrobial peptides that bind to the bacterial cell wall precursors 

generally contain a lipid-like, hydrophobic moiety in at least one region of the 

molecule. This is true of teixobactin 42 and vancomycin 10; bearing short 

saturated modifications at the N-terminus; teicoplanin 26 including 8-

methylnonanoyl; and enduracidin 45 and ramoplanin 51 that contain lipids with 

both saturated and unsaturated regions (Figure 41). Derivation of peptides and 

peptoids with N-terminal lipidation has previously been found to increase 

antimicrobial activity.166-168 In addition to providing a cellular membrane anchor, 

lipidation can also improve protease-resistance and enhance bioavailability. 
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Figure 41 – Structures of naturally lipidated antibacterial compounds daptomycin 7, teicoplanin A2-2 26, vancomycin 10, enduracidin A 45a and 
B 45b, and ramoplanin 51.



 

141 
 

Most previous lipidated peptidomimetics used simple saturated fatty acids to 

derivatise the N-terminus; but little attention has been paid to the fact many 

naturally occurring AMPs contain unsaturated regions. The cellular target itself, 

lipid II, contains a polyprenyl bound to the pyrophosphate moiety, and bacterial 

phospholipid membranes generally contain polyunsaturated and trans-

unsaturated fatty acids. Reduction of saturated chains may be employed by 

Gram-negative bacteria to increase rigidity of antimicrobial products, and by more 

effectively anchoring the antibiotic into the membrane binding to the cellular 

target at another region of the AMP may be promoted. Therefore, it was 

hypothesised that replacement of the teixobactin 42 hydrophobic tail with an 

isoprenoid may induce better antibiotic activity compared to a saturated chain. 

Concerning selection of the size of the isoprenoid derivatives, we aimed to 

achieve a balance between a chain long enough that would allow effective 

membrane anchorage, but also a short enough length to limit the overall 

hydrophobicity and retain water solubility of the teixobactin 42 analogues. 

Prenylation of large proteins involves farnesyl 298 and geranylgeranyl 299, but 

these are unlikely to have a considerable effect on solubility; however of a 4-

residue macrocycle of less than 500 Da these may have a more considerable 

influence. Therefore geranyl 302 (10 carbons) and farnesyl 298 (15 carbons) 

were selected for analogue lipidation, rather than longer isoprenoids like 

geranylgeranyl 299. Chemically reactive derivatives of these isoprenoids were 

also much more commercially available. 

Prenylation of synthetic peptides has previously been used for the investigation 

of mechanism of cellular uptake of fluorescent cell-penetrating peptides, such as 

CDC42 C-terminal mimics.169, 170 In these studies, peptides were synthesised on 

resin and after cleavage, cysteine thiols were prenylated using the isoprenoid 

bromide in solution with zinc acetate.  
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4.6.2  Synthesis of N-terminus prenylated teixobactin analogues 
 

To produce prenylated teixobactin analogues, the ideal lipidation would take 

place directly on the N-terminus, replacing the acetyl group of the previously 

synthesised truncated compounds (Figure 42). 

 

 

Figure 42 – General structures of N-acetylated analogues and N-geranylated 
analogues 

 

Prenylation of amines and amides does not occur in eukaryotic cells, and few 

examples of bacterial N-prenylation have been reported.171, 172 Thiols are 

significantly more nucleophilic than amines, and amines require stronger base to 

be deprotonated; the pKa of amines is significantly higher than that of thiols (35, 

compared to 10-11, or 8.2 in the case of cysteine thiols). However, as this would 

allow a simple adjustment of the previously employed synthetic route if 

successful, the potential of this method justified investigation. 

Known to be reactive with cysteine thiols, isoprenoid halides were employed in 

attempted N-prenylation reactions.170 Theoretically, the prenyl iodide should be 

the most electrophilic; followed by bromide and finally chloride. Initial test 

reactions were performed solely with geranyl derivatives 305, 307 and 308 rather 

than farnesyl for ease of analysis. Geranyl iodide 305 and farnesyl iodide 306 are 

not commercially available, so the former was synthesised from geranyl chloride 

307 using the Finkelstein reaction. This starting material was also used to 

synthesise the bromide derivate 308. 
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Scheme 46 – Synthesis of Ger-I 305 and Ger-Br 308 from Ger-Cl 307 by Finkelstein 
reaction. 

 

Unlike formation of geranyl bromide 308, which resulted in a pale yellow 

transparent liquid, geranyl iodide 305 was isolated as a dark brown viscous oil. 

Despite the relatively clean reaction conditions and work up, the 1H NMR showed 

the product to be fairly crude; suggesting that while the iodide 305 may have 

superior reactivity, it is also much more susceptible to spontaneous degradation, 

which is likely to be why it is not a commercially available reagent. 

The geranyl halide derivatives 305 and 308 were confirmed by mass 

spectrometry, and by a consistent C1 shift in the 1H NMR compared to Ger-Cl 

307 starting material (Figure 43). 

 

Figure 43 - 1H NMR C1 shifts of Ger-Br 308 (top, green) and Ger-I 305 (bottom, blue) 
synthesised from Ger-Cl 307 (red, middle) 
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To achieve N-prenylation, deprotonation of the amine with a strong base could 

be attempted; however this would be incompatible with the rest of the peptide 

synthesis and would likely result in α-proton abstraction via oxazolone formation, 

leading to multiple epimers and isomers, resulting in a lower purity and yield of 

the final product. Prenylation reaction conditions were tested using a simple 

dipeptide bound to 2-chlorotrityl chloride resin (309). To prevent the possibility of 

bis-alkylation, N-terminus amine protection was carried out prior to prenylation. 

The conditions employed were based on those found to be optimum for N-

alkylation with saturated hydrocarbons.173, 174 Reactions were carried out on 

model peptides on resin, bearing either no N-terminus protection, TFA protection, 

or 2-nitrobenzenesulfonamide protection (Scheme 47), using geranyl bromide, 

geranyl iodide or geraniol (with a terminal hydroxyl group)  

 

 

Scheme 47 - Protection of model peptide H2N-tA on resin. For TFA protection 310, 
conditions = ETFA (10 eq), DBU (12 eq) in DMF, rt 1 hr. For 2-NBS protection 311, 
conditions = 2-NBS-Cl (5 eq), DIPEA (5 eq) in DMF, rt 1 hr. 

 

Prenylation of dipeptides 310 and 311 was attempted under a range of conditions 

(Table 14). N-trifluoroacetate protected peptide 310 displayed very poor 

conversion to geranylated product 313 in a range of reaction conditions; some 

product was observed using Ger-Br 308 and geraniol 312 at room temperature, 

but an increase in temperature did not increase product formation. Use of geranyl 

iodide 305 resulted in no visible conversion to the prenylated amide, possibly due 

to the low purity and high instability of the reagent. Where 2-NBS 311 was used 

as the protection strategy rather than TFA-protection 310, a small amount of 

product 314 formation was observed at elevated temperature; although this was 
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difficult to quantify as multiple side products appeared to be produced in these 

reactions. None of the reactions attempted resulted in significant formation of any 

of the N-prenylated products. As the risk of bis-alkylation seemed minimal, and 

the protection resulted in conversion of the amine to the less reactive amide, the 

prenylation was attempted using the dipeptide without N-terminus protection 

(309); however this appeared to yield no determinable product conversion 

whatsoever. On-resin N-prenylation was therefore deemed to not be a viable 

option in analogue synthesis. 

 

En
tr

y N-terminus 
protection 

Is
op

re
no

id
 

B
as

e/
 

C
at

al
ys

t 

So
lv

en
t 

Te
m

p 

Product 
formation 
(ESI MS, 
HPLC) 

1 TFA 310 Ger-Br 308 DBU DMF/NMP rt np 

2 TFA 310 Ger-Br 308 DIPEA DMF rt Negligible 

3 TFA 310 Ger-I DIPEA DMF rt np 

4 TFA 310 Ger-Br 308 DIPEA DMF rt np 

5 TFA 310 Ger-Br 308 DIPEA DMF 50 ˚C np 

6 TFA 310 Geraniol 

312 
PPh3, DIAD THF (anhy.) rt Low, multiple 

byproducts 

7 2-NBS 311 Ger-Br 308 DIPEA DMF rt np 

8 2-NBS 311 Ger-Br 308 DIPEA DMF 50 ˚C Low, multiple 

byproducts 

9 2-NBS 311 Ger-Br 308 DIPEA DMF 75 ˚C Low, multiple 

byproducts 

10 None (H2N-) 309 Ger-Br 308 DIPEA DMF rt np 

11 None (H2N-) 309 Ger-I 305 DIPEA DMF rt np 

 

Table 14 – On resin N-geranylation reactions of H2N-tA-resin without N-terminal 
protection (309) and with TFA (310) and NBS (311) protecting groups. np = no product 
formation. Any by-product formation was not characterised. 

 

To examine whether N-prenylation would proceed off resin, the reaction 

conditions were applied to L-alanine methyl ester hydrochloride 317, which was 

synthesised from L-alanine 316 in order to improve the solubility in DMF (Scheme 

48). 
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Scheme 48 – Synthesis of N-geranyl alanine methyl ester 318 from L-alanine methyl 
ester hydrochloride 317, synthesised from L-alanine with TMS-Cl in methanol. 

 

Briefly, L-alanine methyl ester was dissolved in DMF with triethylamine and 

cooled to -15 ˚C before the addition of geranyl chloride (1 eq). The reaction was 

kept cold for 30 minutes before warming to room temperature. Analysis by TLC 

and mass spectrometry showed two major products in addition to leftover starting 

material; the mono- 318 and bis-geranylated 319 forms, with the mono-alkylated 

as the major product. The two products were isolated with flash chromatography. 

These results suggested that a better level of prenylation may be achieved by 

conducting the reactions off-resin, rather than while the peptide is still on the solid 

support, although the high level of bis-alkylation would result in a significant drop 

in yield, may elute at a similar time to a mono-alkylated cyclic peptide. 

In order to investigate if N-prenylation was possible as the penultimate step of 

the total synthesis (prior to deprotection of amino acid side chain protection), a 

cyclic peptide with a free N-terminus amine was synthesised (323, Scheme 49). 

This was achieved by adapting the synthesis of the truncated analogues by 

replacing the acetyl cap with a protecting group that could be removed in mild 

conditions.  

 



 

147 
 

 

Scheme 49 – General synthetic route to cyclic tetrapeptides 323 with no N-terminal 
protection for N-prenylation reactions via N-TFA protected intermediate 322 

 

TFA as a protecting group had previously been used in model peptide reactions 

and is removed with weak aqueous base,175 compatible with the peptide and side 

chain protection, in order to prevent premature deprotection and epimerisation. 

In practice, for both cyclic peptides synthesised for this experiment (Arg10 (324) 

and Lys10 (325) variations), total removal of the N-terminal TFA protection could 

not be achieved with mild heating, or even with heating under reflux. In the case 

of the Lys10 cyclic peptide 325, an unusual product 326 was formed during the 

attempted deprotection; where the TFA protection had been removed, but the 

cyclic product had undergone some form of dimerisation. HRMS showed 

formation of a product 326 with a molecular mass of 1029 Da, as well as a small 

amount of the Boc-deprotected form 327 (929 Da), suggesting this was some 

form of peptide side product. This could possibly be a reaction of the free amine 

cyclic peptide 207 with a hydrolysed linear form 328; but this resulted in a 

molecular mass of 1027, and hydrolysis of the depsipeptide had not been 

previously observed under any other conditions. 

Before this dimerisation side-reaction was determined, this 1029 Da product 326 
was thought to be the correct deprotected structure, with a peak of m/z = 1052 in 

the ESI spectrum corresponding to (2M+Na)+, and so this was taken forward for 
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prenylation following RP-HPLC purification. This reaction was attempted using 

the conditions applied previously to L-alanine methyl ester 317, with geranyl 

chloride 307 replaced with geranyl bromide 308. The ESI mass spectrum of the 

reaction after 4 hours shows peaks for the mono- (+137), and more abundantly 

bis- (+273) geranylated forms of the unknown peptide 326. This suggested that 

N-prenylation of the cyclic peptide in solution as the penultimate step, prior to 

global deprotection, is a viable strategy for formation of these analogues. 

However, due to the unknown character of the peptide starting material, and the 

large amount of bis-alkylation that had been observed for both reactions, this 

route would need further adaptation to give satisfactory yields of the desired 

cyclic peptides. Therefore, a different prenylation strategy was designed and 

pursued. 

 

4.6.3  Synthesis of cysteine-prenylated teixobactin analogues 
 

With N-prenylation proving difficult, attention was turned to an alternative strategy 

that could more closely mimic post-translational prenylation effects that occur in 

cells. Synthetic peptides with cysteine thiol prenylation are commonly reported in 

literature; generally achieved with zinc catalyst, prenyl bromide and TFA in a mix 

of aqueous and organic solvent.169,170  Mostly these cysteine prenylations were 

carried out on linear peptides; and with a cyclic depsipeptide in place there is 

potential for the hydrolysis of ester in aqueous media with strong acid.  

Teixobactin 42 does not contain a cysteine residue. However, the next residue 

to the macrocycle is a serine. We proposed that replacement of serine to cysteine 

(mutation of hydroxyl to thiol) would not have a significant effect on the activity 

and binding of the compounds, as these residues are not too dissimilar 

structurally and chemically. By alkylating the cysteine thiol, this removes the 

increased nucleophilic character introduced at this position. 

Adapting the synthetic route used for preparation of truncated analogues, Fmoc-

Cys(Trt) 329 was introduced following D-Thr8, with N-terminal acetyl capping. As 

previously, this allowed orthogonal branching of residues 10 and 11, before resin 

cleavage and solution-phase cyclisation. After global deprotection of the cysteine 
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thiol trityl and any other remaining protecting groups, prenylation of thiol with an 

isoprenoid halide achieved the final structure. 

Initially the prenylation was attempted with varying quantities of geranyl bromide 

308 and zinc acetate, which were both suitably soluble in DMF, avoiding the need 

for aqueous conditions and the potential hydrolysis of the depsipeptide bond. 

However, under these reaction conditions no conversion to the desired product 

was detected. However, on addition of TFA to the reaction mixture, full 

conversion to the geranylated form 337 was observed after 45 minutes, as 

determined by LCMS (Scheme 50). 



 

150 
 

 

Scheme 50 – General scheme of cyclic cysteine thiol-prenylated peptide synthesis. The 
resin-bound linear branched precursor 334 is formed using standard SPPS and Steglich 
esterification. Cleavage from the resin with 1% TFA yields 335, retaining Cys(Trt) 
protection. Cyclisation is achieved with HATU and DIPEA in DMF yields 336; which is 
subsequently deprotected and prenylated to yield the final peptide 337. 

 

Given the high lability of the trityl group, orthogonal cysteine deprotection may be 

achieved in parallel with peptide cleavage from the resin using 1% TFA, however 
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we were pleased to find that in these conditions this was not a problem, and no 

trace of peptide 335 with free thiol was observed by LCMS. By repeating the 

reaction with 1% TFA/DCM spiked with EDT and TES, however, complete thiol 

deprotection was achieved to give 337, demonstrating the necessity for these 

reagents in the removal of this protecting group. 

With the synthesis of one prenylated teixobactin 42 analogue completed, our 

attention turned to other analogues with End10 substitutions to be prepared using 

this method (Figure 44). To fully investigate the significance of this residue, a 

number of different analogues were prepared, mainly focusing on chemically and 

structurally similar genetically encoded amino acids. In addition to the Lys10 

analogue 337 that been synthesised with this method, this residue was varied to 

arginine 338; the closest in character to L-allo-enduracididine (43). The effect of 

altering the native guanidine functionality to a urea was probed by introduction of 

citrulline 339 at the -10 position. Ornithine 341 analogues, a basic amino acid 

residue structurally similar to lysine 340 but with a slightly shorter (-CH2) side 

chain, were also synthesised. His10 analogues, containing an imidazole ring 342, 

were synthesised as another residue possessing a partial positive charge under 

physiological pH. As controls, and to further investigate whether a basic residue 

was entirely essential at this position, analogues containing alanine 316 (neutral, 

CH3 side chain) and glutamic acid 343 (acidic) were also synthesised. Each of 

these seven analogues were synthesised with both geranyl 346 and farnesylation 

347 at the cysteine thiol. 
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Figure 44 – Variations of residue 10, replacing the nonproteinogenic residue L-allo-
enduracididine 43, and variation of serine 344 to cysteine 345 to allow geranyl- and 
farnesylation. 

 

The synthetic route is ideal for the synthesis of multiple L-allo-enduracididine 43 
analogues, given that this residue is the final amino acid to be coupled prior to 

Fmoc-deprotection and cleavage from the resin. Therefore, the first nine steps 

up to that point can be performed on large scale (i.e. 1.5 mmol). In addition, the 

prenylation is the final step, providing ease of synthesis for compounds with 

varying length of isoprenoid. Previous attempts of N-alkylation have shown that 

with these reaction conditions there is little to no risk of any prenylation of any 

side chains other than the cysteine thiol. 

Due to the presence of trityl protection of histidine 342, there was a possibility 

that the cleavage from resin could also result in the remove of trityl protection at 

this position, resulting in a site for potential side reactions to occur. However, we 
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were pleased to find that in 1% TFA/ DCM, no visible trityl removal was observed 

in MS or HPLC. 

Crude prenylated cyclic peptides were all purified using RP-HPLC, and analysed 

using HPLC, HRMS, and NMR. Where possible, complete NMR assignment of 

these analogues was undertaken (see Experimental section 5.3.11). As 

previously, the final purified peptides were lyophilised with three cycles of 5 mM 

aqueous HCl for conversion from the TFA salt. Product mass and peptide content 

was determined using 1H NMR spiked with a known quantity of p-nitrophenol. 

The antibacterial activities of these compounds are supplied at the end of this 

chapter, and yields and purities are located in the experimental section. To 

conclude, this synthesis allows the preparation of a variety of prenylated 

teixobactin analogues, even those with acid-labile side chain protecting groups.  

A total of fourteen prenylated peptides were synthesised and purified as HCl salts 

(four allo-End10 varations, with two isoprenoids – geranyl 302 and farnesyl 298) 

(Figure 45). 
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Figure 45 - Structures of all geranyled teixobactin analogues (349 - 355) and all farnesylated analogues (356 - 362) synthesised and purified 
as HCl salts
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4.6.4 Synthesis of analogues with a positively-charged hydrocarbon tail 
 

To date, little attention has been paid to the possible requirement of retention of 

a positive charge at the N-terminus of teixobactin 42. Recent work by the 

Hergenrother group found that amines are commonly required for effective 

accumulation Gram-negative targeting antibiotics within target cells.
176

 Some 

compounds, like teixobactin 42 also contained alkylated amines; although these 

were found to generally have reduced activity – maybe methylation is an 

evolutionary artefact, or possibly to prevent the action of deaminases. 

The study suggested polarity and molecular weight are key factors in the ability 

of compounds to traverse the outer membrane and accumulate within the cell.
176

 

Initially, they assessed a library of 100 diverse natural-product derived 

compounds. Most of the active compounds were found to contain an amine, be 

amphiphilic and rigid, and have low globularity. 12 of 41 positively charged 

compounds were found to accumulate within Gram-negative cells; whereas none 

of the neutral or acidic compounds were successful. All 12 accumulating 

compounds contained amines; of which 8 were primary. Conversion of these 

primary amines to other functional groups, such as acids, amide, esters, nitriles, 

azides and alcohols had deleterious effects on the levels of accumulation. Even 

conversion to respective secondary or tertiary amines had a significant impact on 

activity. Using this knowledge, the authors converted deoxynybomycin, a natural 

product only active against Gram-positive bacteria, into one with diverse activity 

against a number of both positive (such as S. aureus) and negative (such as E. 

coli and K. pneumoniae) pathogens. 

A basic functionality at the end of a hydrophobic region is a common component 

in many naturally occurring and synthetic antibiotic compounds, particularly 

glycopeptides and bacitracin. We propose that this positively charged entity may 

exist as a trans-membrane grapple: as the lipophilic portion traverses the lipid 

membrane, the positively charged terminus interacts with the negatively charged 

phosphate on the other side of the bi-layer, thus locking the antibiotic in place, 

and preventing removal, degradation or efflux. 
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We envisaged that by truncating the native structure of teixobactin to the core 

macrocycle and combining this with a hydrocarbon bearing a terminal amine, a 

series of compounds could be created that target Gram-negative bacteria as well 

as Gram-positive. Penicillin 1 converted to ampicillin 348 gave it broad spectrum 

activity
177

 but there are few other successful cases of conversion of Gram-

positive targeting antibiotics to Gram-negative as well. 

In order to enter Gram-negative cells compounds must be able to cross the larger 

outer membrane via pores that have an upper molecular weight limit of around 

600 Da, too low for that of teixobactin 42 (1242 Da). However, with initial 

truncated analogues weighing around 460 Da, the addition of a short 

hydrocarbon may be sufficient to remain under this limit. 

Lipobactin (117), created by Nowick et al, and the previously described 

prenylated compounds replace residues 1-6 with hydrocarbon chains, thus 

eliminating this terminal polarity.
105

 Previous work by Parmar et al and Monaim 

et al had showed that removal of this terminal basicity by acetylation resulted in 

almost complete removal of antibiotic activity.
103, 104

 Therefore, a synthesis was 

designed to create lipidated variations that returned this amine functionality 

(Scheme 51). 
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.  

Scheme 51 – Synthesis of teixobactin 42 analogues retaining positive charge at the 
hydrocarbon tail terminus, using previous route to truncated analogues, replacing 
reaction with acetic anhydride with 6-aminohexanoic acid 356 instead. 

 

As previously, Fmoc-SPPS was carried out on 2-chlorotrityl resin 257, with initial 

loading of Fmoc-Ala-OH 209. Following subsequent deprotection, coupling of 

Fmoc-D-thr-OH, and deprotection steps, the N-terminus was coupled to a Boc-

protected amino acid hydrocarbon. This Boc-protected amino acid Boc-Ahx-OH 

369 was synthesised from 6-aminohexanoic acid 370 using a published protocol 

(Scheme 52).
178
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Scheme 52 – Synthesis of N-(tert-Butyloxycarbonyl)aminohexanoic acid (Boc-6-Ahx-
OH 369) from 6-aminocaproic acid 370 with Boc anhydride. 

 

Following esterification and Fmoc-deprotection, the material was split to allow the 

syntheses of two analogues (Arg10 371 and Lys10 372, Figure 45). After these 

coupling reactions and a final Fmoc-deprotection, the linear peptide was cleaved 

from resin with 1% TFA in DCM, thus preserving Boc and Pbf protecting groups 

on both the side chain of residue 10 and the N-terminus. The crude peptide was 

cyclised as previously, before a final global deprotection with TFA spiked with 2% 

TES in DCM (Scheme 52). Cyclic deprotected peptides were purified by RP-

HPLC and characterised with HPLC, HRMS, and NMR. HCl salt conversion and 

peptide content determination were performed as described previously (Section 

4.4, Scheme 43). 

Replacement of residues 1-7 with a saturated amino-hydrocarbon facilitated a 

much simpler synthesis, employing fewer steps, with higher yields and purities 

obtained. Monitored by HPLC and MS, the synthesis proceeded with a 

significantly pure excess to allow continuation with crude material throughout all 

steps; before one purification as the final step (as opposed to the isoprenoid 

analogues that required purification prior to cyclisation, and occasionally also 

prior to prenylation). The exclusion of the cysteine residue that was previously 

essential for prenylation allowed for these analogues to be produced without 

acetylation of the N-terminus, and the saturated nature of the hydrocarbons 

resulted in much more stable compounds that cannot isomerise over time or in 

solution in this region. 
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Figure 45 – Structure of the two teixobactin analogues synthesised retaining the positive 
charge at the terminus of the hydrophobic tail, with Arg10 371 and Lys10 372 variations. 

 

A possible problem with these compounds is the presence of a primary amine, 

as opposed to an alkylated one. The Hergenrother study suggested that primary 

amines have the highest levels of accumulation in Gram-negative bacterial cells, 

but for a significant portion of the compounds tested, the positive charge existed 

in close proximity to a cyclic or aromatic core. Where the authors increased the 

separation of the amine functionality from a sterically congested ring system, 

higher levels of accumulation were observed. Based on the two synthetic 

compounds having a primary amine rather than an alkylated derivative, and it 

existing a significant distance away from the central macrocycle of the 

compound, this should be advantageous to crossing the outer membrane of gram 

negative bacteria via pore channels. However, it is possible that there is a limit 

to exactly how far away the primary amine can be before the compound loses 

activity. The further away from a sterically hindered cyclic component the primary 

amine becomes, the more accessible it becomes to deaminases and chemical 

degradation. The other issue is that if the tail is truly necessary for membrane 

anchoring or binding to a lipophilic moiety of Lipid II 20, then it is hard to maintain 

a balance between hydrocarbon length and an overly lipophilic compound that 

has reduced solubility in aqueous media. An extended tail also increases the 

molecular weight of the analogues; which may tip the balance for entry via pores 

in Gram-negative cells. 
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4.7 Attempted synthesis of fluorescent active teixobactin analogues 
 

FITC-labelled peptides have a wide range of uses, including fluorescence 

microscopy, flow cytometry and immunofluorescence based assays.
179

 

Derivatisation of cell permeable peptides with a fluorescent moiety can be used 

to determine the cellular target of the peptide or region of localisation.  

We proposed that this could be applied to teixobactin 42 analogues to see if they 

accrued in the cell membrane or elsewhere in the cell; and the distribution of 

analogues that were not active against Gram-positive bacteria. 

In order to synthesise fluorescent derivatives of prenylated teixobactin analogues 

(Figue 46), the method had to be altered in order to replace acetyl with FITC. 

Derivation with FITC also require a 6-aminohexanoic acid linker to prevent 

fluorescein thiazolinone formation, a commonly observed side reaction that 

follows the Edman degradation pathway
180

, by spacing from bioactive region.
179

 

 

 

Figure 46 - Structure of proposed FITC-coupled teixobactin analogue with Arg10 
variation and geranylation (373). 

  

If successful, the easiest route towards these fluorescent analogues would be a 

simple adaptation of the current synthesis of the prenylated analogues by 

replacement of the acetyl capping step with the Fmoc-Ahx-OH 374 coupling and 
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subsequently reaction with FITC. However, these fluorescent reagents are 

notoriously susceptible to degradation by photobleaching, so in peptide 

syntheses are usually coupled as the final step. 

 

 

Scheme 53 - Attempted synthesis of FITC-coupled geranylated teixobactin analogues 
379. 
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The syntheses of four analogues (with Lys 380, Arg 381, Orn 382 and Ala 383 at 

the 10 position respectively) were attempted on 2-CTC resin 275. Coupling of the 

fluorophore and all subsequent reactions were performed with shielding from 

light. However, it was quickly apparently that FITC was not stable to the reaction 

conditions required for Fmoc-SPPS without significant degradation of the 

peptide.  

Given that it was apparent the synthesis would be difficult and require extensive 

alteration, fluorescent conjugates of the prenylated analogues were not pursued 

any further. This was considered in conjunction with the fact such a large 

fluorophore on such a small compound was likely to have a significant effect, and 

drastically change the molecular weight, lipophilicity, and potentially binding of 

the macrocycle. Given that previous alterations to residues 1-6 of teixobactin by 

other research groups have had quite significant effects on the antimicrobial 

activity of the drug, any observed accumulation of these analogues in cells may 

not be a true reflection of the acetylated, prenylated counterparts. 

 

 

4.8  Antibiotic activity of truncated and lipidated teixobactin analogues 
 

Synthetic teixobactin analogues were tested for antibiotic activity by titration 

against Gram-positive and clinically relevant methicillin-sensitive Staphylococcus 

aureus, in addition to Gram-negative Escherichia coli (Table 15). MIC assays 

were completed by Zaaima Al Jabri, and later repeated in triplicate by Megan De 

Ste Croix, both of the Department of Genetics, University of Leicester. Antibiotic 

activity was determined by serial-dilution of analogue compounds, which were 

then incubated with a strain of bacteria. Inhibition of bacterial growth was 

assessed after 18 hours. 
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En
tr

y Compound 
number Variations 

S. aureus ATCC 25923 
(µg ml-1) 

E. coli ATCC 
25922 

(µg ml-1) 

MIC MBC MIC MBC 

1 290 Ac-tARI 

>32 for all 

2 296 Ac-tAKI 

3 297 Ac-tAHI 

4 349 Lys / Ger 

5 350 Arg / Ger 

6 351 Orn / Ger 

7 352 Cit / Ger 

8 353 His/ Ger 

9 354 Ala/ Ger 

10 355 Glu/ Ger 

11 356 Lys / Farn 8 16 16 >32 
12 357 Arg / Farn 16 >32 >32 >32 
13 358 Orn / Farn 8 16 32 >32 
14 359 Cit / Farn >32 >32 >32 >32 

15 360 His / Farn >32 >32 >32 >32 

16 361 Ala / Farn >32 >32 >32 >32 

17 362 Glu/ Farn >32 >32 >32 >32 

18 371 H2N-Ahx Arg >32 >32 >32 >32 

19 372 H2N-Ahx-Lys >32 >32 >32 >32 

 

Table 15 - Minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of teixobactin analogues against Gram-positive S. aureus and 
Gram-negative E. coli 

 

As expected, none of the truncated compounds (290, 296, 297) displayed any 

antibiotic activity. This supported findings by Nowick et al., whose “short 

teixobactin” 116 with residues 1-6 removed was found to be inactive.  

In addition, compounds 349 to 355, with a shorter, geranylated thiol, were 

completely inactive against both species of bacteria. Compounds 349, 351 and 

351, with Lys10, Arg10 and Orn10 mutations respectively, did not possess any 

antibiotic activity, unlike their geranyated counterparts. This would suggest that 

there is a minimum requirement for the length of hydrocarbon to sufficiently 

anchor in the Gram-positive bacterial membrane in order to bind to lipid II 20 and 

inhibit the synthesis of peptidoglycan. These results suggests that while the 



 

164 

 

macrocycle is integral for binding to the pyrophosphate region of lipid II 20, the 

hydrophobic portion of the drug is also essential to mediate binding, whether as 

a membrane anchor or to another region of the target. 

Of the farnesylated compounds, three of seven analogues where found to exhibit 

antibiotic activity against S. aureus. Each of these compounds contained an 

End10 mutation that retained the basic nature of the native amino acid; the 

amines lysine (356) and ornithine (358), and arginine (357) with a guanidine side-

chain (Figure 47). None of the analogues that were not basic were able to inhibit 

Gram-positive nor Gram-negative bacteria, once again demonstrating the 

importance of the positive-charge at this position; providing evidence for 

interaction with the negatively charged pyrophosphate. The analogue in which 

End10 was replaced by citrulline (359), an amino acid similar in structure but 

chemically diverse to arginine, did not show any antibiotic activity, most likely due 

to the reduced polarity of the moiety. 

 

 

 

Figure 47 - Structure of three active farnesylated teixobactin analogues with Arg10 (357), 
Lys10 (356), and Orn10 (358) variations 

 

The arginine and farnesyl-mutated analogue 357, the most structurally and 

chemically similar compound to that of native teixobactin, displayed the weakest 

activity of 16 µg/ ml against S. aureus, despite being the most structurally similar 

to native teixobactin 42. 

Compound 358, with ornithine and farnesyl mutations, displayed moderate 

activity, with an MIC of 8 µg/ ml. This activity was retained by lengthening this 

side chain by an extra CH2 and thus altering this residue to a lysine (compound 



 

165 

 

356). The increased activity of 358 and 356 over Arg10 357 suggests that basicity 

at this position plays a significant role in the antibacterial strength of these 

analogues.  

Most interestingly, these active farnesylated analogues also displayed antibiotic 

activity against Gram-negative E. coli, which has rarely been observed in 

previously documented teixobactin analogue antibiotic activity studies. The lysine 

and farnesyl-mutated analogue 349, and the ornithine and farnesyl mutated 

analogue 351 both displayed moderate activity of 16 µg/ ml against E. coli. This 

is a significant finding, and an improvement on the antiboitic activity against 

Gram-negative bacteria displayed by the native compound 42. 
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Name Structure Work 
MIC S. aureus 

µg/ mL 

MIC E. coli 

(µg/ mL) 

Teixobactin 42 
 

Me-fISqiISt*AEndI* 
Lewis

81
 0.25 25 

Arg10- Teixobactin 

101 
Me-fISqiISt*ARI* Albericio

102
 2 NI 

Arg10- Teixobactin 

101 
Me-fISqiISt*ARI* Singh

103
 2 64 

All L-, Ac, Arg10- 

Teixobactin 108 
Ac-FISQIISt*ARI* Singh

103
 128 NI 

All L-, Arg10-

Teixobactin 109 
Me-FISQIIST*ARI* Albericio

104
 NI NI 

Ac-Arg10-

Teixobactin 110 
Ac-fISqiISt*ARI* Albericio

104
 NI NI 

Arg10- Teixobactin 

101 
Me-fISqiISt*ARI* Nowick

105
 1 NI 

Lys10- Teixobactin 

111 
Me-fISqiISt*ARI* Nowick

105
 0.25 NI 

D-Ile, Arg10 

teixobactin  113 
Me-fISqiISt*ARI* Nowick

105
 2 NI 

Ent-Arg10- 

teixobactin 115 
Me-FisQIisT*ari* Nowick

105
 2 NI 

Lipobactin 1 117 
Dodecanoyl-

ISt*ARI* 
Nowick

105
 4 NI 

 Farnseyl- 
Lysbactin 356 

Farn/ Lys Girt 8 16 

Farnesyl-  
Ornbactin 358 

Farn/ Orn Girt 8 32 

Farnesyl- Argbactin 
357 

Farn/ Arg Girt 16 NI 

 

Table 16 - Table of antibiotic activity of selected published active teixobactin analogues. 
Mutations are shown in red; asterisks indicate point of cyclisation. NI = no inhibition. 
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Comparatively, other research groups have produced teixobactin analogues 

which also retain similar activity to teixobactin. The vast majority of these deviate 

only slightly from the original structure; are 11-residue depsipeptides that mutate 

the unproteinogenic L-allo-enduracididine at the 10 position; or contain residues 

that are stereoisomers of the natural compound: most notably, Arg10 analogue 

synthesised by Albericio et al. and Singh et al., the Lys10 analogue by Nowick et 

al.. In terms of lipidated analogues, lipobactin, also designed and synthesised by 

the Nowick group, has good activity (4 µg/ ml) against S. epidermis, but this is an 

8-fold reduction from teixobactin – comparable to the three active farnesylated 

analogues 356-358. 

 

4.9 Conclusions 
 

One of the key reactions in the synthesis of teixobactin 42 or any related 

analogues is the formation of the 13-membered macrocycle. Through a series of 

solution-phase cyclisation experiments, attempting both the formation of the 

depsipeptide bond and an amide bond, the cyclisation was optimised with 

conditions that provided 100% conversion over the course of 20 minutes at room 

temperature, an improvement on previously reported conditions that have been 

reported to take between one hour
103

 to one day
102

 to complete. 

With the cyclisation in hand, a number of lipidated teixobactin analogues were 

produced. These were truncated from residues 1 to 7. Three acetylated 

analogues were produced (290, 296, 297) that showed no antibiotic activity; 

revealing that whilst the macrocycle is involved in the binding to the 

pyrophosphate-sugar moiety of lipid II, some form of hydrophobic tail is also 

essential for activity. 

Prenylation was selected as the form of lipidation as this is a commonly observed 

post-translational modification in eukaryotic cells with relevance in membrane 

anchorage, and many bacteria produce anti-microbial peptides with unsaturated 

lipids. We proposed that the areas of unsaturation may increase the rigidity of the 

anchor and therefore increase the activity of the analogues. Attempts at N-
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prenylation yielded some product; but generally produced other side products 

and resulted in unwanted bis-alkylation. Therefore, the serine was rationally 

substituted to a cysteine residue to allow prenylation of the thiol. This was 

achieved with isoprenoid bromide with zinc catalyst and TFA in DMF. In total, 14 

prenylated analogues were synthesised, with seven L-allo-enduracididine 

mutations and two isoprenoids; geranyl and farnesyl. Of these, three were found 

to be active; farnesyl compounds with Arg10 (357), Orn10 (358) and Lys10 (356) 

residues. This is a significant discovery given that Lipobactin 117 produced by 

the Nowick group and the three active farnesylated compounds all have activity 

in the region of 4-16 µg/ mL, demonstrating that replacement of the linear tail 

residues of teixobactin 42 can be achieved without significant detriment to 

activity. In addition, these three farnesylated analogues 356 – 358 displayed 

significant activity against Gram-negative E. coli, which has not been commonly 

observed with other documented teixobactin analogues. This could be attributed 

to the smaller size of these analogues (~750 Da) compared to native teixobactin 

42 (1,242 g/ moL), potentially allowing them to traverse the pores of Gram-

negative bacterial cell membranes. 

If possible, N-prenylation of cyclic teixobactin macrocycle analogues could be 

attempted where the N-terminus had been protected with Alloc throughout the 

synthesis, the removal of which should not catalyse side-product formation. 

Whilst some bis-prenylation would be highly likely to occur, this product could 

actually provide illuminating results in terms of the effect on antimicrobial activity. 

An addition hydrophobic tail could provide additional anchorage into the bacterial 

membrane, or on the other hand may be detrimental to the binding. 

Fluorescent derivatives of the active compounds were attempted (Section 4.7), 

but could not be produced with simple adjustment of the synthetic route. 

Fluorescent derivatives could be achieved by protecting the N-terminus with a 

third level of orthogonality using an Alloc protecting group. This would allow the 

synthesis to proceed as previously up to and including the thiol prenylation, at 

which point Pd(PPh3) and PhSiH3 could be used to catalyse Alloc deprotection 

and coupling FITC as the penultimate step, rather than midway through the 

synthesis. This would avoid exposure to coupling and Fmoc-deprotection 

reactions, but would still require a final deprotection of any amino acid side chain 
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protecting groups. Depending on the amino acid residue at the 10- position this 

requires varying levels of TFA; FITC derivation may not be suitable with arginine 

analogues that require a very high percentage (~95%) of TFA to remove the Pbf 

protection, but may be more compatible for trityl or Boc protected residues. 

Ultimately, fluorescein-conjugated teixobactin analogues are likely to yield 

significant results with larger compounds, rather than small analogues composed 

of four to five residues. 

In addition to prenylated analogues, two cyclic teixobactin analogue peptides with 

lipids bearing terminal primary amines were synthesised in order to also target 

Gram-negative species as well as Gram-positive (371, 372), but neither showed 

any antibiotic activity. The synthesis provides a method for further analogues with 

varying lengths of saturated hydrocarbons and the possibility of alkylation of the 

amine. Methylation of the N-terminus is a common occurrence in naturally 

occurring antibiotic peptides. The exact purpose of methylation in antibiotic 

compounds has not been confirmed; it is possible that this modification prevents 

deamination; increases hydrophobicity; has relevance in cell signalling; or a 

combination of these.  To fully probe the importance of methylation at the N-

terminus of teixobactin, further polarised tail peptide analogues were should be 

synthesised with methyl group at this site.  In addition, the length of the 

hydrocarbon tail should be varied. It was originally proposed that there may be a 

minimum requirement of membrane anchor length, with teixobactin 42 and 

lipobactin 117 both having hydrophobic regions of 15 – 25 atoms in length, but 

the lysine/ geranyl analogue described previously contained a significantly 

shorter chain. It is therefore undetermined if there is a minimum requirement of 

hydrophobic tail length to provide sufficient membrane anchorage and antibiotic 

activity, particularly with the addition of the basic terminal moiety, as this may 

need to fully traverse the phospholipid bilayer. 
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5. Final conclusions and future work 
 

This research aimed to develop routes to novel analogues of teixobactin 42, in 

order to fully probe its mechanism of action of binding with lipid II 20, and also in 

order to develop simpler, more affordable analogues with increased drug-like 

properties. 

Initial work focused on a new and efficient route towards a synthesis of the 

nonproteinogenic amino acid L-allo-enduracididine to provide a route towards the 

total synthesis. A synthetic method employing a Ni(II) Glycine Schiff base 

complex 138 was proposed (Section 2.3, Scheme 13). Due to the 

enantioselectivity of this method at the 2-position of L-allo-enduracididine 43, this 

route would also provide means to enduracididine stereomers: variation of the 

natively occurring L-allo-end 43 of teixobactin 42 with its stereomers was 

considered useful to probe the effect on antimicrobial activity. 

Unfortunately, despite numerous attempts with various iodoguanidine 

electrophiles (148, 149, 158) even in optimised conditions (Section 2.6), no 

conversion to the desired complex could be obtained. This was proposed to be 

due to steric bulk of the electrophiles employed, compared to the aliphatic 

hydrocarbons commonly used in this type of Ni(II) Schiff base chemistry. Instead, 

focus was turned to the synthesis of simpler, truncated analogues of teixobactin 

42 that would aim to provide comparable antibiotic activity with simpler syntheses 

and less costly reagents, particularly aiming to create a synthetic analogue 

replacing L-allo-enduracididine 43 with a DNA encoded variant, and without the 

three D-amino acids of teixobactin 42’s linear chain. 

Truncated analogues 207 and 217 consisting of the teixobactin 42 core 

macrocycle, capped by an acetyl functionality, were synthesised using an on-

resin cyclisation approach, employing a sulfonamide-based safety-catch resin 

198 (Section 3.6, Scheme 35). The linear sequence was synthesised on resin 

198 with both Fmoc-D-Thr-OH (Section 3.5.2, Scheme 32) and Fmoc-Ala-OH 

(Section 3.6, Scheme 35) as the preliminary coupled amino acid. All syntheses 

formed the depsipeptide bond by nucleophilic substitution of the hydroxyl of D-

threonine onto the acid C-terminal of Fmoc-Ile-OH 258 using DIC and DMAP 
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269. This reaction was found to progress efficiently over the course of two hours 

at room temperature, as monitored by ESI MS and HPLC. However, the final 

reaction involving the displacement of the activated sulfonamide linker with the 

N-terminus amine could not be optimised to a sufficient standard, and all 

reactions attempted resulted in poor yield and the formation of multiple side-

products, and cyclic peptides 207 and 217 were not isolated. Safety-catch resins 

are often employed in the synthesis of larger macrocycles; to form the 

constrained 13-membered ring of these analogues may not have been sterically 

viable. The basis of this synthetic route was taken forward to be applied to a 

solution-phase cyclisation approach (Section 4). 

Solution-phase macrolactonisation (Section 4.3) proved inefficient despite a 

number of conditions screened to improve the levels of cyclisation (Section 

4.3.3.1, Table 13). Therefore, a synthetic route employing macrolactamisation 

was applied instead (Section 4.4, Scheme 43). Comparatively this proceeded 

extremely well, and was used to yield full conversion after 20 minutes to truncated 

teixobactin 42 macrocycle products 290, 296, and 297, and also provided a 

cyclisation method for more complex analogues. 

The linear sequence of teixobactin 42 (residues 1-7) is proposed to be a bacterial 

cell membrane anchor. In the design of simplified teixobactin 42 analogues, we 

rationalised that this could therefore be replaced entirely with a lipid to achieve 

the same mode of binding. Residues 1-6 of 42 were replaced with isoprenoids of 

two differing lengths in order to try and determine if this hypothesis was correct 

and if so, what the minimum length requirement is to gain sufficient membrane 

anchorage. To facilitate this modification, Serine7 was rationally substituted to a 

cysteine residue to allow thiol prenylation. These reactions proceeded well 

without significant side reactions or byproduct formation, and in addition, 1% 

TFA/DCM used to cleave linear peptide precursors from the resin did not remove 

cysteine trityl protection prematurely. This method was successfully used to 

synthesise fourteen novel teixobactin analogues, with 7 variants replacing L-allo-

End10, in combination with two lengths of isoprenoid (geranyl 302 and farnesyl 

298). 
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All synthetic teixobactin analogues synthesised in this work were screened for 

their antibiotic activity, with MIC determined against Gram-positive and Gram-

negative bacteria. Of the nineteen compounds analysed, three were found to 

possess antibiotic activity, all with replacement of residues 1-7 with a farnesyl tail 

and varying native L-allo-enduracididine 43 to DNA-encoded basic residues 

lysine, ornithine and arginine (356, 357, 358). The three analogues had reduced 

activity against Gram-positive S. aureus compared to teixobactin 42 (8-16 µg/ 

mL, compared to 0.25 µg/ mL for 42), but considering this considerable alteration 

from the native structure 42, this was a promising result. In addition, and 

unexpectedly, two of these compounds (356, Farn-Lys10bactin and 358, Farn-

Orn10bactin) also displayed antibiotic activity against the Gram-negative bacteria 

E. coli. This is potentially attributed to the vastly reduced size compared to the 

native compound 42, allowing the analogues to travel through membrane pores, 

although this has yet to be fully determined. 

In future work these active compounds 356, 357 and 358 could be submitted for 

further MIC assays against a larger panel of both Gram-positive and Gram-

negative pathogens. Solution-phase NMR or surface plasmon resonance (SPR) 

could be used with lipid II (20) mimetics in order to more effectively determine if 

their mode of action is indeed the same of teixobactin 42. Ultimately, this work 

strongly suggests that a cyclic antimicrobial peptide such as teixobactin can be 

drastically altered to a simpler analogue and still retain a good level of antibiotic 

activity; and decreasing the size of these large cyclic peptide antibiotics may pave 

a new way to target Gram negative bacteria. 
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6. Experimental 
 

6.1 General information 
 

All chemicals used were purchased from commercial sources and used without 

further purification unless otherwise stated. Peptide-grade DMF and NMP were 

obtained from Rathburn (UK). Resins were purchased from NovaBioChem 

(Merck Millipore). Fmoc-protected amino acids and coupling agents were 

purchased from NovaBioChem (Merck Millipore) and Pepceuticals. Materials for 

MIC assays were purchased from Oxoid Ltd., Basingstoke, UK.  All chemicals 

were stored under conditions outlined in the manufacturer’s instructions. 

Anhydrous solvents were dried and stored under nitrogen, under pre-activated 4 

Å molecular sieves. SPPS was carried out in fritted polypropylene solid phase 

extraction cartridges (0.05 – 0.2 mmol scales), or custom-made glass sintered 

reaction vessels (0.25 mmol scale and higher), created in-house. Solvent 

evaporation took place under low pressure on Buchi vacuum rotary evaporator, 

and a Labconco FreeZone 2.5 lyophiliser was used for the freeze-drying of 

peptides 

Column chromatography was performed using a Biotage Isolera One automated 

flash purification device, typically with a solvent system of ethyl acetate in 

petroleum spirit, or methanol in DCM. 

1
H, 

13
C and 

19
F NMR spectra were recorded on Bruker DPX 300 (

1
H, 300 MHz, 

13
C, 75 MHz, 

19
F, 282 MHz), Bruker DPX 400 (

1
H, 400 MHz, 

13
C, 100 MHz, 

19
F, 

376 MHz), Bruker Avance III 500 (
1
H, 500 MHz, 

13
C, 125 MHz) spectrometer as 

indicated. Chemical shifts (δ) are quoted in ppm relative to residual non-

deuterated solvent peaks). Coupling constants (J) are reported in Hz to the 

nearest 0.1 Hz. 

LC-MS was performed using a Xevo QTof mass spectrometer (Waters) coupled 

to an Acquity LC system (Waters), using an Acquity UPLC BEH C18 column (2.1 

x 50 mm, Waters). Samples were ran at a flow rate of 0.6 mL/ min using a two-

solvent system of 95% water + 0.1% formic acid (solvent A) / 5% acetonitrile + 
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0.1% formic acid (solvent B), which ran for 0.5 minutes before following a liner 

gradient over 2.1 minutes to 100% acetonitrile + 0.1% formic acid, which was 

then held continuously for a further minute. Typically, m/z data from 50 – 1500 

Da was obtained, using an acquisition rate of 10 spectra per second, with ESI 

capillary voltage of 3 kV, cone voltage of 30 V and collision energy of 4 eV. 

Analytical and semi-preparative HPLC were performed using HPLC-grade MeCN 

and deionised H2O, and TFA buffer on the  DIONEX UltiMate 3000; model 310 

UV detector, 230 pumps with a gradient controller, and 410 autosampler). This 

utilised a Phenomenex Gemini-NX C-18 110 Å AXIA packed column, with 

dimensions of 250 x 21.20 mm and flow of 0.5 mL
/
 min with injection volume of 

20 µl for analytical HPLC, and dimensions of 150 x 4.60 mm and flow of 1.6 ml/ 

min with a variable injection volume of up to 2 mL for semi-prep HPLC. A two-

solvent system was used for the collection of data: H2O with 0.1% TFA (Solvent 

A) and MeCN with 0.1% TFA (Solvent B). UV detection was measured across 

four channels of 214 nm, 260 nm, 310 nm and 330 nm for analytical HPLC, and 

solely 214 nm for semi-preparative HPLC. A typical gradient for the collection of 

pure peptide and for the analysis of crude and pure peptides was 5-100% MeCN 

over 30 minutes. 

 

6.2 Chemical syntheses 
 

N-Benzyloxycarbonyl-1H-pyrazole-1-carboxamidine (N-Cbz-1H-pyrazole-1-
carboxamidine) (151) 

 

1H-Pyrazole-1-carboxamidine hydrochloride 150 (4.4 g, 30 mmol, 1 eq) was 

dissolved in THF (anhydrous, 25 mL) with benzyl chloroformate (6.42 mL, 45 

mmol, 1 eq) with stirring. DIPEA (10.5 mL, 60 mmol, 2 eq) was added dropwise 

over the course of 10 minutes, and effervescence observed. Once added, the 
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reaction was stirred overnight at room temperature, forming a precipitate with gel-

like consistency. H2O (50 mL) was added to the mixture, which was then 

extracted with DCM (4 x 50 mL). Organic fractions were combined, washed with 

brine, dried over MgSO4 and evaporated under reduced pressure. The precipitate 

was recrystallised in cold DCM to yield N-Cbz-1H-pyrazole-1-carboxamidine 151 
as a white crystalline solid (6.20 g, 85 % yield).  

Rf 0.35 (1:3 EtOAc / petroleum ether 40-60);  
1
H NMR δH (400 MHz, CDCl3) 5.22 

(2H, s, CH2), 6.42 (1H, s, CH), 7.45-7.26 (5H, m, Ph), 7.69 (2H, br s, NH and 

CH), 8.46 (1H, s, CH), 9.06 (1H, br s, NH).
13

C NMR δC (100 MHz, CDCl3) 67.6, 

109.3, 128.1, 128.3, 128.5, 128.9, 136.3, 143.7. LC-HRMS(ES+) at TR = 1.86 

found 245.1047. C12H13O2N4 ([M+H]
+
) requires 245.1039. Δ MW (ppm) = 3.3 RP-

HPLC: (UV 260 nm, 5-100% MeCN in H2O, 0.1% TFA, 20 min gradient) and 

found to be >99% pure. Elution after 15.513 minutes of gradient. 

 

 

N, N'-Bis(carboxybenzyl)-1H-pyrazole-1-carboxamidine (N, N'-Bis(Cbz)-1H-
pyrazole-1-carboxamidine) (153) 

 

N-Cbz-1H-pyrazole-carboxamide 151 (2.17 g, 8.9 mmol, 1 eq) was dissolved in 

dry THF (30 mL) and cooled to 0 °C. NaH (60% dispersed in mineral oil, 1.25 g, 

31.15 mmol, 3.5 eq) was added portionwise over 10 minutes. Cbz-OSu (3.33 g, 

13.35 mmol, 1.5 eq) was added and the reaction stirred to room temperature over 

2.5 hours. TLC (30% EtOAc/ hexane) was used to monitor the reaction. After 

completion, brine (25 mL) was cautiously added to decompose excess NaH. The 

mixture was extracted with chloroform (3 x 30 mL) and organic fractions 

combined and washed with brine (3 x 20 mL). The organic fractions were dried 
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with MgSO4 and concentrated in vacuo. The product was crystallised using 

diethyl ether to yield the white solid N, N'-Bis(Cbz)-1H-pyrazole-1-carboxamidine 

153 (1.37 g, 41% yield). Rf 0.28 (30% EtOAc / Hexane); 
1
H NMR δH (300 MHz, 

CDCl3) 5.22 (4H, d, J = 10.7, 2 x CH2), 6.41 (1H, dd, J = 3.0, 1.8, CH), 7.37 (10H, 

m, 2 x Ph), 7.62 (1H, dd, J = 1.6, 0.7, CH), 8.30 (1H, dd, J = 2.8, 0.7, CH), 9.33 

(1H, br. s, NH); 
13

C NMR δC (75.4 MHz, CDCl3) 68.5, 68.7, 110.3, 128.2, 128.5, 

128.6, 128.7, 128.9, 134.5, 135.8, 138.2, 143.0, 150.7, 158.2; LC-HRMS(ES+) 
at TR = 2.22 found 401.1244. C20H18N4O4Na ([M+Na]

+
) requires 401.1226. RP-

HPLC (UV 260 nm, 5-100% MeCN in H2O, 0.1% TFA, 20 min gradient) and found 

to be >99% pure. Elution after 18.283 minutes of gradient. 

 

 

N-carboxybenzyl-N’-allyguanidine (N-Cbz-N’-allyguanidine) (152)  

 

N-Cbz-1H-pyrazole-1-carboxamidine 151 (2.57 g, 10.5 mmol, 1 eq) and 

allylamine (6.3 mL, 84 mmol, 8 eq) were heated under reflux for 3 hours. The 

reaction was then stirred at room temperature overnight and monitored by TLC 

(75% EtOAc/ petroleum ether 40-60). The solution was purified using column 

chromatography (18% - 100% EtOAc in DCM) to yield N-Cbz-N’-allyguanidine 

152 as a white solid (2.32 g, 95% yield). Rf 0.27 (50:50 EtOAc / DCM); 
1
H NMR 

δH (300 MHz, CDCl3) 3.75 (2H, dt,	J = 3.4, 1.7, CH2), 5.09 (2H, s, CH2), 5.27 (2H, 

m, 2 x CH), 6.32 (1H, m, CH), 7.35 (5H, m, Ph); 
13

C NMR δC (75.4 MHz, CDCl3) 

43.6, 66.2, 104.8, 116.8, 127.8, 127.9, 128.4, 133.5, 137.3, 162.4, 163.6; LC-

HRMS(ES+) at TR = 1.34 found 234.1248. C12H16O2N3 ([M+H]
+
) requires 

234.1243.  
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2-Imino-4-(iodomethyl)imidazolidine-1-carboxylate (148)  

 

N-Cbz-N’-allylguanidine 152 (78.6 mg, 0.34 mmol, 1 eq) was dissolved in MeCN 

(anhydrous, 6.8 mL) with K2CO3 (anhydrous, 211.5 mg, 4.5 eq, 1.53 mmol) and 

cooled to -15 °C. Iodine (388 mg, 1.53 mmol, 4.5 eq) was added and stirred for 

a further hour at -15 °C. The reaction was then warmed to room temperature and 

stirred overnight, with monitoring by TLC (75% EtOAc / Petroleum Ether 40-60). 

Upon completion, sodium thiosulfate (10% in H2O v/v) was added until total 

decolourisation occurred. The mixture was extracted with DCM (3 x 10 mL) and 

dried with MgSO4, filtered and evaporated under reduced pressure, to yield 

benzyl-1-((benzyloxy)-carbonyl)-5-(iodomethyl)-imidazolidin-2-ylidene 

carbamate 148 as an off-white-to-yellow solid. (95.4 mg, 78 % yield). Rf 0.43 

(10:90 MeOH/ CHCl3); 
1
H NMR δH (400 MHz, CDCl3) 3.04 (1 H dd, J = 8.4, 9.6, 

CHNH), 3.13 (1H dd, J = 10.0, 4.50, CHNH) 3.33 (1H dd, J = 10.2, 5.9, ICH), 3.69 

(1 H t, J = 9.8 ICH), 3.93-4.02 (1H m, CH), 5.06 (s, 2 H, CH2Ph, ), 7.32 - 7.39 (m, 

5 H, Ph). 
13

C δC (100 MHz, CDCl3) 8.8, 48.5, 54.7, 66.7, 128.0, 128.6, 136.9, 

163.2, 164.8. LC-HRMS(ES+) at TR = 1.41 found 360.0216. C12H15N3O2I 

([M+H]
+
) requires 360.0209. Δ MW (ppm) = 1.9 

 

 

N,N'-(2-propen-1-ylcarbonimidoyl)bis-, C,C'-bis(phenylmethyl) ester (N-
allyl-N’,N’’-bis-Cbz-guanidine) (154) 
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 N, N'-Bis(Cbz)-1H-pyrazole-1-carboxamidine 153 (3.773 mg, 9.97 mmol, 1 eq) 

and allylamine (1.5 mL, 19.94 mmol, 2 eq) were dissolved in MeCN (10 ml). The 

reaction was stirred at room temperature for 16 hours and monitored by TLC 

(25% EtOAc / petroleum ether 40-60). The solvent was evaporated and purified 

by column chromatograpy on silica (2% to 20% EtOAc in petroleum ether 40-60) 

to yield N-Allyl-N’,N’’-bis-Cbz-guanidine 154 (3.19 g, 90%) as a crystalline white 

solid. Rf 0.44 (25% EtOAc/ PE 40-60); 
1
H NMR δH  (300 MHz, CDCl3) 4.05 – 4.11 

(2H, m, NHCH2), 5.13-5.26 (6H, m, 2 x CH, 2 x CH2), 5.87 (1H, m, CH=CH2), 

7.34 (10H, m, 2 x Ph), 8.39 (1H, br. s, NH), 11.76 (1H, br. s, NH); 13C δC (100 

MHz, CDCl3) 43.5, 67.4, 68.4, 117.1, 128.1, 128.3, 128.6, 128.9, 129.0, 133.1, 

134.8, 136.9; LC-HRMS(ES+) at TR = 2.43 found 368.1617. C20H22O4N3 ([M+H]
+
) 

requires 368.1610. RP-HPLC (UV 214 nm, 5-100% MeCN in H2O, 0.1% TFA, 20 

min gradient) and found to be >99% pure. Elution after 23.973 minutes of 

gradient. 

 

Benzyl-1-((benzyloxy)-carbonyl)-5-(iodomethyl)-imidazolidin-2-ylidene 
carbamate (149) 

 

N-Allyl-N’,N’’-bis-Cbz-guanidine 154 (3.19 g, 8.68 mmol, 1 eq) was dissolved in 

MeCN (anhydrous, 200 mL) with potassium carbonate (anhydrous, 4.80 g, 347 

mmol, 4 eq) and cooled to -15 ˚C. Iodine (8.81 g, 34.7 mmol, 4 eq) was added, 

and the reaction warmed to room temperature and stirred overnight. Reaction 

progress was monitored by TLC (1:1 EtOAc/ PE 40-60). Once complete, sodium 

thiosulfate in H2O (10% w/v, 100 mL) was added until complete decolourisation 

occurred. Aqueous was extracted with DCM (3 x 50 mL), and these organic 

fractions were combined and dried over MgSO4 before being concentrated in 

vacuo. The crude pale solid was washed with cold methanol (3 x 10 mL) and cold 
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ethyl acetate (3 x 10 mL) to give benzyl-1-((benzyloxy)-carbonyl)-5-(iodomethyl)-

imidazolidin-2-ylidene carbamate 149 as a slightly off-white solid powder (3.56 g, 

83 %). Rf = 0.25 (1:1 EtOAc/ PE 40-60). 
1
H NMR δ H (400 MHz, CDCl3) δ ppm 

8.64 (1h br s, NH), 7.48-7.29 (10 H m, 2 x Ph), 5.33 (1H d, J= 12, PhCH), 5.26 

(1H d, J= 12, PhCH), 5.16 (1H s, PhCH2), 4.45-4.28 (1H m, CH), 3.87-3.80 (1H 

m, CH), 3.59 (1H dd, J = 11.2 , 2.4, CH), 3.42 (1H dd, J = 8.8, 2, CH), 3.30 (1H 

dd, J = 9.2, 9.6, CH); 
13

C NMR (100 MHz, CDCl3) δ ppm 6.9, 31.0, 56.3, 67.6, 

68.8, 128.1, 128.5, 128.8. 135.0, 206.9. LC-HRMS(ES+) at TR = 1.95 found 

494.0580. C20H21O4N3I ([M+H]
+
) requires 494.0577. Δ MW (ppm) = 0.6; RP-

HPLC (UV 214 nm, 5-100% MeCN and 5-80% MeCN in H2O, 0.1% TFA, 20 min 

gradient) and found to be >99% pure. Elution after 15.677 minutes (5-100%) and 

18.133 minutes (5-80%) of gradient. 

 

Dibenzyl (E)-2-(((benzyloxy)carbonyl)imino)-4-(iodomethyl)imidazolidine-
1,3-dicarboxylate (158) 

 

Benzyl-1-((benzyloxy)-carbonyl)-5-(iodomethyl)-imidazolidin-2-ylidene 

carbamate 149 (493 mg, 1 mmol, 1 eq) was dissolved in THF (anhydrous, 3.3 

mL) and cooled to 0 ˚C. NaH (60% dispersion in oil, 48 mg, 1.2 mmol, 1.2 eq) 

was added under nitrogen. N-(Benzyloxycarbonyloxy) succinimide (374 mg, 1.5 

mmol, 1.5 eq) was added and the reaction warmed to room temperature, before 

stirring overnight under nitrogen. Reaction was monitored by TLC (1:1 EtOAc/PE 

40-60). Once complete, H2O (3 mL) was added to decompose excess sodium 

hydride. The product was extracted with DCM (3 x 10 mL), and these organic 

fractions were combined, washed with brine (10 mL), dried over MgSO4 and 
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concentrated under reduced pressure. The crude product was purified by column 

chromatography (12% to 100% EtOAc in PE 60-80). The pure product 158 was 

obtained via recrystallisation from PE 40-60. Rf = 0.55 (1:1 EtOAc/ PE 40-60); 
1
H 

NMR δ H (400 MHz, CDCl3) δ ppm 7.41-7.29 (15H m, 3 x Ph), 5.26 (1H d, J = 

12, PhCH), 5.25 (1H d, J = 12, PhCH), 5.20 (1H d, J = 12, PhCH), 5.17 (1H d, J 

= 12, PhCH), 5.14 (1H d, J = 12, PhCH), 5.07 (1H d, J = 12, PhCH), 4.40-4.32 

(1H m, CHN), 3.96-3.85 (2H m, NCH2), 3.40 (1H dd, J = 10, 3.2, CH2I), 3.28 (1H 

dd, J = 10.0, 8.4 CH2I); 
13

C NMR (100 MHz, CDCl3) δ ppm 158.2, 150.9, 150.8, 

141.7, 136.4, 134.9, 134.7, 129.4, 128.9, 128.8, 128/8, 128.5, 128.5, 128.4, 

128.1, 72.9, 69.2, 69.0, 68.0, 54.5, 48.5, 6.1; IR (!max cm
-1

, neat): 1785, 1733, 

1685, 1645, 1456, 1393, 1314, 1258, 1226, 1178, 1162; LC-HRMS(ES+) at TR = 

2.43 found 628.0970. C28H27O6N3I ([M+H]
+
) requires 628.0945. Δ MW (ppm) = 

4.0 

 

Benzyl 2-amino-5-methyl-1H-imidazole-1-carboxylate (165)  

 

Potassium-tert-butoxide (29 mg, 0.26 mmol, 1.3 eq) was dissolved in dry DMF 

(325 µL) under an atmosphere of nitrogen. Benzyl-1-((benzyloxy)-carbonyl)-5-

(iodomethyl)-imidazolidin-2-ylidene carbamate 149 (100 mg, 0.2 mmol, 1 eq) in 

DMF (anhydrous, 175 µL) was added dropwise, and on addition the colour 

changed from orange to deep red. The reaction was stirred for 1.5 hours at room 

temperature and monitored by TLC. Once complete, the reaction was quenched 

with H2O (3 mL) and extracted with DCM (3 x 10 mL). These organic fractions 

were combined and washed with LiCl (5% v/v, aq, 3 x 10 mL) and brine (10 mL), 

before being dried over MgSO4 and concentrated in vacuo. The product was 

purified using semi-preparative RP-HPLC, using a gradient of 5-100% 

acetonitrile in water over 30 minutes. Pure fractions were combined and 
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lyophilised to give benzyl (4-methyl-1H-imidazol-2-yl)carbamate 165 as a white 

crystalline solid (40 mg, 85%). Rf = 0.76 (1:1 EtOAc/ PE 40-60). 
1
H NMR δ H 

(400 MHz, CDCl3) δ ppm 7.43-7.25 (5H m, Ph), 6.54 (1H s, NCH), 5.28 (2H s, 

PhCH), 2.27 (3H s, CH3 ) 
13

C NMR (100 MHz, CDCl3) δ ppm 10.2, 68.7, 109.6, 

128.5, 128.7, 128.8, 134.9, 154.3. IR (!max cm
-1

, neat): 1715, 1675, 1435, 1298, 

1275, 1241, 1191, 1132. LC-HRMS(ES+) at TR = 1.223 found 232.1089. 

C12H14O2N3 ([M+H]
+
) requires 232.1086. Δ MW (ppm) = 1.3 

 

Fmoc-D-Threonine-OH (264) 

 

D-threonine 293 (2.5 g, 21 mmol, 1 eq) was dissolved with NaHCO3 (1.77 g, 21 

mmol, 1 eq) in dioxane/ H2O (53 mL, 1:2.5 v/v) and cooled to 0 ˚C. Fmoc-OSu 

(7.09 g, 21 mmol, 1 eq) was dissolved separately in dioxane (73 mL) and added 

dropwise over 30 minutes, forming a white suspension that was stirred at room 

temperature overnight. The resultant clear solution was concentrated in vacuo 

and acidified with HCl (1M, aq) to form a suspension. The product was extracted 

with EtOAc (3 x 200 mL), the organic layers combined and washed with brine 

(250 mL) and dried over MgSO4, to yield the product Fmoc-D-Threonine-OH 264 
(6.95g, 97%) as a white solid without further purification required. Rf = 0.18 (10% 

MeOH/ CHCl3 + 0.1% AcOH). 
1
H NMR δ H (400 MHz, CDCl3) δ ppm 1.24 – 1.31 

(m, 3H), 4.22 (t, 1H, J = 6.85), 4.37 (d, 1H, J = 8.6), 4.43 (br d, 2H, J = 7.04), 5.77 

(br d, 1H, J = 8.8), 7.28 – 7.34 (m, 2H), 7.39 (t, 2H, J = 7.34), 7.56 – 7.64 (m, 

2H), 7.76 (d, 2H, J = 7.43); 
13

C NMR δ H (125 MHz, CD3OD) δ ppm 20.5, 61.0, 

68.2, 68.6, 121.0, 128.2, 128.8, 142.6, 145.1, 145.4, 159.0, 174.2. LC-

HRMS(ES+) at TR =1.86 found 342.1346. C19H20O5N ([M+H]
+
) requires 342.1341 

Δ MW (ppm) = 1.5 
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Geranyl iodide (Ger-I) (305)  

 

Sodium iodide (3.72 g, 24.8 mmol, 4.6 eq) was dissolved in acetone (15.5 mL). 

This solution was cooled to 0 ˚C and shielded from light. Geranyl chloride 307 (1 

mL, 5.39 mmol, 1 eq) was then added, and the reaction stirred at room 

temperature for 3 hours. The solution was then diluted with water (60 mL), and 

extracted with hexane (3 x 50 mL). The organic fractions were combined and 

washed with Na2S2O3 (10% aq, 2 x 50 mL) and then brine (50 mL). The organic 

extract was dried over MgSO4 and concentrated in vacuo to yield geranyl iodide 

305 as a dark brown oil (1.19 g, 83%) 
1
H NMR (400 MHz, CDCl3) δ ppm 1.60 (s, 

3H), 1.64 (s, 3H) 1.68 (s, 3H), 2.00 – 2.15 (m, 4H), 3.94 (br d, 2H, J = 8.8 Hz, 

CH2I), 5.03-5.12 (m, 1H), 5.50-5.60 (m, 1H).
13

C NMR (125 MHz, CDCl3) δ ppm 

23.2, 24.1, 28.2, 29.8, 30.7, 38.1, 119.8, 126.25, 129.0, 141.8 

 

Geranyl bromide (Ger-Br) (308)  

 

Geranyl chloride 307 (1 mL, 5.39 mmol, 1 eq) was dissolved in NMP (4.65 mL) 

with stirring at room temperature. Sodium bromide (6.10 g, 59.3 mmol, 11 eq) 

was then added to the solution. The reaction was stirred for a further 2 hours, 

before quenching with water (1 mL), and extracted with DCM (3 x 50 mL). The 

organic fractions were combined and washed with brine (50 mL). The organic 

extract was dried over MgSO4 and concentrated in vacuo to yield geranyl bromide 

308 as a pale yellow viscous liquid (0.99 g, 85%) 
1
H NMR δ H (500 MHz, CDCl3) 

δ ppm 1.60 (3H s, CH3), 1.68 (3H s, CH3), 1.72 (3H s, CH3), 1.74 (3H s, CH3), 

2.01-2.14 (4H m), 4.01 (2H d, J = 8.34, CH2Br), 5.03-5.12 (1H m, CH), 5.50-5.59 

(1H m, CH). 
13

C NMR (125 MHz, CDCl3) δ ppm 16.0, 17.7, 25.8, 26.2, 29.5, 34.3, 

39.5, 120.6, 123.6, 131.9, 143.5 
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Methyl (E)-(3,7-dimethylocta-2,6-dien-1-yl)-L-alaninate (N-Ger-Ala-OMe) 
(318) 

 

L-alanine methyl ester hydrochloride 317 (280 mg, 2 mmol, 1 eq) was dissolved 

in DMF (4 mL, 0.5 M) with stirring, and cooled to -15 ˚C. Triethylamine (560 µL, 

4 mmol, 2 eq) was then added, resulting in precipitate formation. Geranyl chloride 

307 (370 µL, 2 mmol, 1 eq) was added and the reaction maintained at -15 ˚C for 

a further 30 minutes, after which it was warmed to room temperature and stirred 

overnight, with progress monitored by TLC and MS. The solution was 

concentrated in vacuo and purified by column chromatography (2-20% MeOH in 

CHCl3 + 0.1% AcOH) to yield the product 318 as an off-white solid (177 mg, 64%) 

Rf = 0.57 (10% MeOH/ CHCl3 + 0.1% AcOH). 
1
H NMR (500 MHz, CD3OD) δ ppm 

1.47 (3H br d, J = 6.95, CH3), 1.62 (3H s, CH3), 1.68 (3H s, CH3), 1.76 (3H s, 

CH3), 2.08 – 2.20 (4H m), 3.52 (1H q, J = 7.15, CH) 3.59 – 3.70 (2H m, CH2), 

4.84 (3H s, OCH3), 5.08 – 5.14 (1H m, CH), 5.29 (1H br t, J = 7.25, CH). 
13

C NMR 

(100 MHz, CD3OD) δ ppm 16.4, 16.7, 17.8, 25.9, 27.2, 40.7, 44.7, 58.0, 115.3, 

124.7, 133.0, 147.2, 174.3 

 

Bis((E)-3,7-dimethylocta-2,6-dien-1-yl)-L-alanine (N,N-Ger2-Ala-OH) (319) 

 

L-alanine methyl ester hydrochloride 317 (280 mg, 2 mmol, 1 eq) was dissolved 

in DMF (4 mL, 0.5 M) with stirring, and cooled to -15 ˚C. Triethylamine (560 µL, 

4 mmol, 2 eq) was then added, resulting in precipitate formation. Geranyl chloride 

(370 µL, 2 mmol, 1 eq) was added and the reaction maintained at -15 ˚C for a 

further 30 minutes, after which it was warmed to room temperature and stirred 
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overnight, with progress monitored by TLC and MS. The solution was 

concentrated in vacuo and purified by column chromatography (2-20% MeOH in 

CHCl3 + 0.1% AcOH) to yield the product 319 as an off-white solid (61 mg, 17%) 

Rf 0.84 (10% MeOH/ CHCl3 + 0.1% AcOH).
1
H NMR (400 MHz, CDCl3) δ ppm 

1.28 (br d, 3H, J=7.24 Hz, 2x CH3) 1.59 (s, 6H, 2x CH3) 1.63 (6H s, 2x CH3) 1.67 

(6H s, 2x CH3), 1.98 – 2.16 (9H, m), 3.18 (4H br s, J = 6.46), 3.69 (3H s, OCH3), 

5.01 - 5.12 (2H m), 5.23 (2H br t, J=6.46) 
13

C NMR (100 MHz, CDCl3) δ ppm 

14.3, 16.1, 17.6, 25.6, 26.4, 39.8, 48.0, 51.2, 57.1, 122.0, 124.1, 131.4, 138.5, 

174.4. LC-HRMS(ES+) at TR =2.17 found 376.3218. C24H42O2N ([M+H]
+
) 

requires 376.3216 Δ MW (ppm) = 0.5 

 

6-N-(tert-Butyloxycarbonyl)aminohexanoic acid (Boc-6-Ahx-OH, 369)  
 

 
6-Aminocaproic acid 370 (1.31 g, 10 mmol, 1 eq) was dissolved in dioxane/ H2O 

(2:1, 10 mL) and cooled to 0 ˚C. NaOH (1M, 10 mL, 10 mmol, 1 eq) was added, 

followed by di-tert-butyl dicarbonate (2.40 g, 11 mmol, 1.1 eq). The reaction was 

warmed to room temperature and stirred overnight. The solution was 

concentrated in vacuo, and extracted with ethyl acetate (30 mL). The aqueous 

layer was acidified with HCl (1M) to pH 1, and further extracted with ethyl acetate 

(3 x 30 mL). Organic fractions were combined, dried over MgSO4 and 

concentrated in vacuo to yield Boc-6-Ahx-OH 369 (1.55 g, 67%) as a white 

crystalline solid, with no further purification required. Rf = 0.65 (EtOAc). 
1
H NMR 

δ H (500 MHz, CDCl3) δ ppm 1.29 - 1.40 (2 H, m) 1.43 (9 H, br s) 1.46 - 1.53 (2 

H, m) 1.63 (2 H, quin, J=7.5 Hz) 2.15 - 2.28 (1 H, m) 2.33 (2 H, t, J=7.5 Hz) 3.11 

(2 H, br d, J=6 Hz) 4.59 (1 H, br s, NH). 
13

C NMR (125 MHz, CDCl3) δ C: 179.2, 

156.1, 80.5, 40.4, 34.1, 29.7, 28.4, 26.2, 24.4. IR (!max cm
-1

, neat): 1682, 1515, 

1364, 1274, 1246, 1162, 1137, 1096. LC-HRMS(ES+) at TR = 1.67 found 

254.1372. C11H21O4NNa ([M+Na]
+
) requires 254.1368 Δ MW (ppm) = 1.6 
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6.3  Peptide syntheses 
 

6.3.1  General procedure for automated peptide synthesis 
 

All automated syntheses were carried out on a Biotage Alstra Initiator+ on a 0.1 

mmol scale, using a 10 mL reaction vessel. Rink amide ChemMatrix resin (0.47 

mmol/g, 1 eq) was swollen in DMF at room temperature for 20 minutes prior to 

synthesis. Fmoc-protected amino acids were each dissolved in DMF (3 eq, 0.2 

M), HCTU dissolved in DMF (3 eq, 0.5 M), and DIPEA dissolved in NMP (6 eq, 

0.5 M). 20% piperidine in DMF with OxymaPure (0.1 M) was prepared as Fmoc-

deprotection solution. All Fmoc-amino acids were coupled for 5 minutes at 70 °C, 

apart from Fmoc-Arg(Pbf)-OH, which was coupled at room temperature for 25 

minutes, before heating to 75 °C for a further 5 minutes, and Fmoc-D-amino 

acids, which were submitted to two separate coupling reactons. For each Fmoc-

deprotection, two reactions were undertaken: first at 75 °C for 30 seconds, 

followed by 3 minutes at 75 °C.  

 

6.3.2  General procedures for resin loading 
 

6.3.2.1 Loading of 2-Chlorotrityl chloride resin 
2-Chlorotrityl chloride resin (1.51 mmol/g, 1.32 g, 2 mmol, 1 eq) was added to an 

oven dried glass filtration vessel. Anhydrous DCM (10 mL) was added, and the 

resin allowed to swell for 20 minutes. Fmoc-Ala-OH (1.868 g, 6 mmol, 3 eq) was 

then added, forming a suspension. DIPEA (2.09 mL, 12 mmol, 6 eq) was then 

also added and the vessel flushed with nitrogen. The reaction was shaken 

overnight at room temperature. Following this, the vessel was drained and the 

resin washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). 

An Fmoc-loading test was carried out by measuring UV absorption of the Fmoc- 

piperidine adduct at 300 nm, and found to be 0.75 mmol/ g (50% loading, 1 

mmol). 
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6.3.2.2 Loading of Wang resin 
Wang resin (0.90 mmol/ g, 222 mg, 0.2 mmol, 1 eq) was added to a sintered 

glass filtration vessel. A solution of Fmoc-Ala-OH (250 mg, 0.8 mmol, 4 eq) and 

DMAP (9.8 mg, 0.08 mmol, 0.4 eq) in DMF (1 mL) was then added, followed by 

DIC (125 µL, 0.8 mmol, 4 eq). The vessel was shaken at rt for 2 hours, before 

being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). 

An Fmoc-loading test was carried out by measuring UV absorption of the Fmoc- 

piperidine adduct at 300 nm, and found to be 0.60 mmol/ g (67% loading, 0.14 

mmol). 

 

6.3.2.3 Loading of Rink amide resin 
Rink amide ChemMatrix resin (0.47 mmol/ g, 213 mg, 0.1 mmol, 1 eq) was added 

to a sintered glass filtration vessel. A solution of Fmoc-Ala-OH (250 mg, 0.8 

mmol, 4 eq) and DMAP (9.8 mg, 0.08 mmol, 0.4 eq) in DMF (1 mL) was then 

added, followed by DIC (125 µL, 0.8 mmol, 4 eq). The vessel was shaken at rt 

for 2 hours, before being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and 

DCM (3 x 10 mL). An Fmoc-loading test was carried out by measuring UV 

absorption of the Fmoc-piperidine adduct at 300 nm, and found to be 0.60 mmol/g 

(67% loading, 0.14 mmol). 

 

6.3.2.4 Loading of safety-catch resins 
Method A: 4-Sulfamylbutyryl Rink resin (0.45 mmol/ g , 555 mg, 0.25 mmol, 1 eq) 

was added to a plastic sintered SPE cartridge (6 mL) and swollen in DMF (3 mL) 

for 0.5 hours, before being drained. Separately, a solution of Fmoc-Ala-OH (311 

mg, 1 mmol, 4 eq) and 1-MeIm (80 µL, 1 mmol, 4 eq) in DMF/ DCM (1:4, 3 mL) 

was prepared and added to the resin. The reaction was shaken at room 

temperature for 10 minutes, before DIC (157 µL, 1 mmol, 4 eq) was also added. 

The reaction was sealed and shaken overnight at room temperature, before 

being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). 

The reaction was repeated once more as previously, washed and dried in vacuo. 

An Fmoc-loading test was carried out by measuring UV absorption of the Fmoc- 
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cleavage product at 300 nm, and found to be 0.50 mmol/ g (68% conversion, 

0.14 mmol). 

 

Method B: 4-Sulfamylbutyryl AM resin (0.73 mmol/g, 137 mg, 0.1 mmol, 1 eq) 

was added to a plastic sintered SPE cartridge (3 mL) and swollen in CHCl3 (1 

mL) for 0.5 hours before being drained. Separately, a solution of Fmoc-Ala-OH 

(93 mg, 0.3 mmol, 3 eq) and DIPEA (105 µL, 0.6 mmol, 6 eq) in CHCl3 (1 mL) 

was prepared and added to the resin. The tube was cooled quickly in dry ice. 

PyBOP (156 mg, 0.3 mmol, 3 eq) was added then added dry, and the tube 

shaken, before being left at -20 °C overnight. After, the resin was washed with 

DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL) and dried in vacuo. 

An Fmoc-loading test was carried out by measuring UV absorption of the Fmoc- 

cleavage product at 300 nm, and found to be 0.44 mmol/ g (60% loading, 0.06 

mmol). 

 

6.3.3 General procedures for Fmoc-SPPS  
 

6.3.3.1 Fmoc deprotection 
To the resin-bound peptide, 20% piperidine/ DMF (excess) was added. The 

vessel was sealed and shaken at room temperature for 20 minutes, after which 

the solution was drained. The resin was then washed with DMF (3 x 10 mL), 

MeOH (3 x 10 mL) and DCM (3 x 10 mL). Reaction completion was monitored by 

ninhydrin stain; producing blue beads for a positive result. 

 

5.3.3.2 Fmoc-protected amino acid coupling 
The resin-bound peptide was swollen with DMF for 15 minutes before being 

drained. In a vial, a solution of Fmoc-protected amino acid (3 eq), HCTU (3 eq) 

and DIPEA (6 eq) in DMF was prepared and added to the resin, and shaken at 

room temperature for one hour, after which the solution was drained, and washed 

with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). Reaction 
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completion was monitored by ninhydrin stain, with a clear or yellow bead 

indicating reaction completion. 

 

5.3.3.3. Acetyl capping of N-terminus 
To the loaded resin, DMF was added, followed by acetic anhydride (1.2 eq). The 

vessel was shaken at room temperature for 30 minutes, before being drained and 

washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). Reaction 

completion was monitored by ninhydrin stain, with a clear or yellow bead 

indicating reaction completion. 

 

5.3.3.4 Esterification of threonine side chain hydroxyl 
The peptide-bound resin (1 eq) was swollen in DMF for 15 minutes, then drained. 

Separately, Fmoc-Ile-OH (4 eq) or Fmoc-Aib-OH (4 eq) and DMAP (0.4 eq) were 

dissolved in DMF, and added to the resin. DIC (4 eq) was then added, and the 

reaction shaken at room temperature for 2 hours. Reaction completion was 

monitored by cleaving a small portion of resin with 1% TFA/ DCM, and analysing 

the filtrate with analytical RP-HPLC and LCMS.  

 

6.3.4 Peptide cleavage from resin 
 

6.3.4.1 Activation, cleavage testing and cyclisation with safety catch 
resins 
Activation: Peptide on 4-sulfamylbutyryl AM resin (1 eq) was swollen in NMP (1 

mL) for 1 hour at room temperature. Without draining, DIPEA (10 eq) was added 

to the mixture. ICH2CN (25 eq) that had been filtered through a basic alumina 

plug was then also added, and the reaction shaken overnight at room 

temperature, before being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and 

DCM (3 x 10 mL) 

Mmt deprotection: To the resin-bound peptide, DCM (700 µL) was added, 

followed by TFE (200 µL) and finally AcOH (100 µL). The reaction was sealed 
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and shaken at room temperature for 0.5 hours before being washed as 

previously, followed by a subsequent DMF wash (3 x 10 mL). 

Cleavage test: For 4-sulfamylbutyryl Rink amide AM resin, a small amount of 

resin (~ 5 mg) was taken, and TFA/ TES/ DCM (95: 2.5: 2.5, 200 µL) added. This 

reaction was shaken at room temperature for 0.5 hours, before the filtrate was 

evaporated, and the remaining precipitate dissolved in H2O / MeCN for analysis 

by LCMS and analytical HPLC. 

For 4-sulfamylbutyryl resin, a small amount of resin (~ 5 mg) was taken, and 

benzylamine (5 eq) in THF (50 µL) added. This reaction was shaken at room 

temperature for 2 hours, before the filtrate was evaporated, and the remaining 

precipitate dissolved in H2O / MeCN for analysis by LCMS and analytical HPLC. 

Cyclisation: To the activated resin-bound peptide, a solution of DIPEA/ DMF (1:1, 

1 mL) was added. The mixture was microwaved at 75 °C for 20 minutes, before 

the solution was drained and evaporated to yield the crude cyclised peptide. 

 

6.3.4.2 Cleavage conditions for 2-chlorotrityl chloride resins 
After the completion of all Fmoc-amino acid couplings and the final Fmoc-

deprotection, a solution of 1% TFA/ DCM (8 mL) was added to the resin. This 

reaction was shaken at room temperature for 20 mins, before the acidic peptide 

solution was filtered into a Falcon tube (30 mL). The resin was washed with 

further additions of DCM (3 x 8 mL), and evaporated under reduced pressure. 

The residual solution was diluted with H2O/ MeCN (5 mL) and lyophilised to afford 

the TFA salt of the crude product as an off-white solid. 

 

6.3.4.3 Cleavage conditions for Wang and Rink amide resins 
After the completion of all Fmoc-amino acid couplings and the final Fmoc-

deprotection, a solution of TFA/ TES/ DCM (5 mL, 95:2.5:2.5 v/v/v) was added to 

the resin. This reaction was shaken at room temperature for 2 hours, before the 

acidic peptide solution was filtered into a Falcon tube (30 mL). The resin was 

washed with further additions of DCM (3 x 8 mL), and evaporated under reduced 
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pressure. The residual solution was diluted with H2O/ MeCN (5 mL) and 

lyophilised to afford the TFA salt of the crude product as an off-white solid. 

 

6.3.5 Solution phase macrolactamisations 
 

6.3.5.4 Solution-phase macrolactamisation (ester formation) 
The linear branched peptide Ac-tAR(Pbf)I-OH (7.5 mg, 0.01 mmol, 1 eq) was 

dissolved in DMF (5 mM) with TEA (8.4 µL, 0.06 mmol, 6 eq) and added to a 

plastic syringe. Separately, in an RBF, EDC (5.75 mg, 0.03 mmol, 3 eq) and 

HOBt (4.6 mg, 0.03 mmol, 3 eq) were dissolved in DMF (3.75 mM) and stirred at 

room temperature. The peptide/base solution was added dropwise to the 

EDC/HOBt solution by syringe pump over 20 minutes. After addition, the reaction 

was heated (MW) at 50 ˚C for a further 45 minutes, before it was evaporated 

under reduced pressure. The concentrated crude solution was dissolved in 

MeCN/ H2O, analysed by analytical RP-HPLC and LCMS, and purified attempted 

by semi-preparative RP-HPLC (5-100 % MeCN + 0.1% TFA in H2O + 0.1 % TFA 

over a 30 minute gradient) without success. 

 

6.3.5.5 Solution-phase macrolactamisation (amide formation) 
The linear branched peptide Ac-t[IR(Pbf)-NH2]AI-OH (7.5 mg, 0.01 mmol, 1 eq) 

was dissolved in DMF (10 mM) with DIPEA (8.4 µL, 0.06 mmol, 6 eq) and added 

to a plastic syringe. Separately, in an RBF, HATU (11.4 mg, 0.03 mmol, 3 eq) 

was dissolved in DMF (7.5 mM) and stirred at room temperature. The 

peptide/base solution was added dropwise to the HATU solution by syringe pump 

over 20 minutes. After addition, a sample was taken for analysis by analytical 

RP-HPLC and LCMS, and the reaction stirred for a further hour, before it was 

evaporated under reduced pressure. The concentrated crude solution was 

dissolved in MeCN/ H2O, and purified by semi-preparative RP-HPLC (5-100 % 

MeCN + 0.1% TFA in H2O + 0.1 % TFA over a 30 minute gradient) to yield the 

cyclic product (82% yield, >99% purity). 
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6.3.6 Modifications of cyclic peptides 
 

6.3.6.1  Removal of cysteine trityl protection and subsequent prenylation  
A freshly prepared solution of TFA/ EDT/ TES/ DCM (90: 2.5: 2.5: 5) was add to 

the cyclic peptide and the solution stirred at room temperature for 30 minutes. 

The solution was then concentrated, and the peptide precipitated with ice cold 

diethyl ether (10 mL). 

A solution of Zn(OAc)2.2H2O (4 eq) in DMF (40 mM) was prepared and added to 

the free-thiol containing crude cyclic peptide (1 eq). TFA (5 µL) was then added, 

and effervescence observed. Finally, geranyl bromide (4 eq) was added and the 

reaction shaken at room temperature for 30 minutes, after which the reaction was 

concentrated in vacuo, diluted with water and lyophilised to dryness. The 

prenylated cyclic peptide was purified by semi-preparative RP-HPLC (5-100 % 

MeCN + 0.1% TFA in H2O + 0.1 % TFA over a 30 minute gradient), to give the 

final product as the TFA salt. 

 

6.3.6.2 TFA to HCl salt conversion 
Pure cyclic peptide was dissolved in HCl solution (5 mM, aqueous) and 

lyophilised to dryness. This was repeated a further two times. The product was 

analysed by 
19

F NMR to the absence of peaks used determine the conversion of 

TFA to HCl salt. 

 

6.3.7 Peptide content determination 
 

6.3.7.1 Determination of peptide content by UV-Vis 
Peptide content for sequences containing phenylalanine residues was 

determined by UV-Vis absorption at 257 nm. Phe-containing peptides were 

dissolved in 7.4 mL H2O, from which 100 µL was taken and diluted to 600 µL with 

water. Concentration of the stock solution was determined by measurement of 

absorption at 257 nm applied to the equation 
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"#	/	"& = A)*	x	DF	x	MW
ε  

 

where abs = absorption at 257 nm, DF = dilution factor, MW = molecular weight, 

and ε = molar extinction coefficient, which is 200 M/ cm. From this, the quantity 

in mg of peptide can be calculated. 

 

6.3.7.2 Determination of peptide content by 1H NMR 
For peptides lacking chromophores, peptide content was determined by 

1
H NMR. 

A known volume of peptide in D2O (or D2O/ MeCN depending on solubility) was 

added to a known quantity of para-nitrophenol in D2O. Peptide content was 

calculated by comparing relative integrations of distinct peaks in the 
1
H NMR 

spectrum from peptide and para-nitrophenol respectively. 

 

6.3.8   Syntheses of individual peptides 
 

6.3.8.1 Synthesis of cyclic Ac-tAKI macrocycle (207) via D-Thr loading on 
safety-catch resin. Peptide 217 was also synthesised using this 
procedure.  

 

4-Sulfamylbutyryl Rink resin (0.65 mmol/ g , 385 mg, 0.25 mmol, 1 eq) was added 

to a plastic sintered SPE cartridge (6 mL) and swollen in DMF (3 mL) for 0.5 

hours, before being drained. Separately, a solution of Fmoc-D-Thr(Trt)-OH (438 

mg, 0.75 mmol, 3 eq) and 1-MeIm (60 µL, 0.75 mmol, 4 eq) in DMF/ DCM (1:4, 3 
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mL) was prepared and added to the resin. The reaction was shaken at room 

temperature for 10 minutes, before DIC (118 µL, 0.75 mmol, 3 eq) was also 

added. The reaction was sealed and shaken overnight at room temperature, 

before being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 

mL). The reaction was repeated once more as previously, washed and dried in 

vacuo. 20% piperidine/DMF (3 mL) was added to the resin and shaken at room 

temperature for 30 minutes, before 20% acetic anhydride/DMF (3 mL) was added 

and reacted in the same way. After washing as previously, Trt deprotection was 

achieved by adding 1% TFA/DCM (3 mL) and shaken at room temperature for 

45 minutes. A solution of Fmoc-Ile-OH (247 mg, 0.7 mmol, 4 eq), and DMAP (9 

mg, 0.07 mmol, 0.4 eq) in DMF (3 mL) was prepared and added to the resin, 

before addition of DIC (0.11 mL, 0.7 mmol, 4 eq) into the same mixture. This was 

sealed and shaken at room temperature for 2 hours before being drained and 

washed as previously. Conversion to ester was determined by ESI MS and 

HPLC. Automation on the Biotage Alstra was used to achieve the next two amino 

acid couplings and final Fmoc-deprotection, using standard conditions as 

described in Section 6.3.1. The N-terminus was reprotected by addition of a 

solution of Mmt-Cl (31 mg, 0.1 mmol, 4 eq), DIPEA (35 µL, 0.2 mmol, 8 eq) in 

DCM (anhydrous), by microwaving at 35 °C, 1 bar, 25W for 2 hours, before being 

washed with NMP (3 x 5 mL). To the resin, NMP (800 µL) and DIPEA (43.5 µL, 

10 eq, 0.25 mmol) were added before also adding iodoacetonitrile (45 uL, 0.625 

mmol, 25 eq) that had been filtered through a plug of basic alumina. This was 

sealed and shaken at room temperature for 24 hours. After washing with NMP (3 

x 5 mL), a solution of DIPEA/DMF (1:1) was added to the resin and this was 

shaken for a further 24 hours. The solution was concentrated and submitted to 

1% TFA/DCM for 30 minutes at room temperature. ESI MS revealed m/z = 455 

in solution but the product 207 was not isolated. 
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6.3.8.2 Synthesis of linear peptide H2N-fIS(OtBu)q(Trt)iIS(OtBu)t(Trt)-OH 
(261). 
 

 

Peptide 261 was synthesised using the Biotage Alstra automated peptide 

synthesiser on a 0.1 mmol scale using standard conditions (Section 6.3.1). The 

linear peptide on resin was cleaved with TFA/TIS/H2O (95:2.5:2.5, 2 mL) for 5 

minutes, before the solution was filtered and concentrated in vacuo. The crude 

solution was diluted in MeCN/H2O (1:1) and purified with RP-HPLC to yield the 

linear peptide 261 as a fluffy white solid (25.2 mg, 63% yield). LC-HRMS(ES+) at 

TR = 2.52 found 1504.8492. C88H114O13N9 ([M+H]
+
) requires 1504.8530, Δ MW 

(ppm) = -2.5. 

 

 

6.3.8.3 Synthesis of cyclic Ac-tARI macrocycle 290 via solution-phase 
cyclisation. Peptides 296 and 297 also synthesised using this procedure. 

 

Wang resin (0.90 mmol/ g, 222 mg, 0.2 mmol, 1 eq) was added to a sintered 

glass filtration vessel. A solution of Fmoc-Ala-OH (250 mg, 0.8 mmol, 4 eq) and 

DMAP (9.8 mg, 0.08 mmol, 0.4 eq) in DMF (1 mL) was then added, followed by 

DIC (125 µL, 0.8 mmol, 4 eq). The vessel was shaken at rt for 2 hours, before 

being washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). 
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The resin was deprotected with 20% piperidine/DMF (0.5 mL) with stirring at 

room temperature for 0.5 hours. A solution of Fmoc-D-Thr-OH (204 mg, 0.6 

mmol, 3 eq) in DMF (0.5 mL) with DIPEA (0.28 mL, 1.2 mmol, 6 eq) was then 

added to the resin and shaken at room temperature for one hour, before the 

solution was filtered and washed as previously. Deprotection with 20% 

piperidine/DMF (0.5 mL) was repeated as before. A solution of 20% acetic 

anhydride/DMF was added to resin and shaken at room temperature for 30 

minutes, before washing as previously. A solution of Fmoc-Ile-OH (282 mg, 0.8 

mmol, 4 eq), and DMAP (10 mg, 0.08 mmol, 0.4 eq) in DMF (3 mL) was prepared 

and added to the resin, before addition of DIC (0.15 mL, 0.8 mmol, 4 eq) into the 

same mixture. This was sealed and shaken at room temperature for 2 hours 

before being drained and washed as previously. Conversion to ester was 

determined by ESI MS and HPLC. After a further deprotection with 20% 

piperidine/DMF as before, a solution of Fmoc-Arg(Pbf)-OH (388 mg, 0.6 mmol, 3 

eq) and DIPEA (0.21 mL, 1.2 mmol, 6 eq) in DMF (4 mL) was added to the resin 

and shaken at room temperature for 1 hour. After a final Fmoc deprotection with 

20% piperidine/DMF, a solution of 1% TFA/ DCM was added to the resin and 

shaken for 1 hour. The solution was then drained and collected, concentrated in 

vacuo and dissolved in H2O/MeCN (1:1), before overnight lyophilisation. The 

crude linear peptide (12 mg, not isolated) was dissolved in DMF (1.6 mL) with 

DIPEA (16.7 µL, 0.096 mmol, 6 eq) and transferred to a syringe. HATU (12 mg, 

0.1 mmol, 2 eq) was dissolved in DMF (4.25 mL) in an RBF with stirring. The 

peptide solution was added dropwise to the HATU solution over 20 minutes, then 

analysed by ESI MS and HPLC. After a final Pbf deprotection in TFA/TES/DCM 

(95:2.5:2.5, 1 mL) and purification with RP-HPLC, the cyclic peptide product 290 
was obtained. See Table in Section 6.3.9 for data. 
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6.3.8.4 Synthesis of Farnesyl-Arg10bactin (357). Peptides 349-356 and 
358-362 also synthesised using this procedure. 

 

2-Chlorotrityl chloride resin 102 (1.51 mmol/g, 66 mg, 0.1 mmol, 1 eq) was added 

to an oven dried glass filtration vessel. Anhydrous DCM (2 mL) was added, and 

the resin allowed to swell for 20 minutes. Fmoc-Ala-OH (125 mg, 0.3 mmol, 3 eq) 

was then added, forming a suspension. DIPEA (0.14 mL, 0.6 mmol, 6 eq) was 

then also added and the vessel flushed with nitrogen. The reaction was shaken 

overnight at room temperature. The vessel was then drained and the resin 

washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). The 

resin was deprotected with 20% piperidine/DMF (0.5 mL) with stirring at room 

temperature for 0.5 hours. A solution of Fmoc-D-Thr-OH (153 mg, 0.45 mmol, 3 

eq) in DMF (0.5 mL) with DIPEA (0.21 mL, 0.9 mmol, 6 eq) was then added to 

the resin and shaken at room temperature for one hour, before the solution was 

filtered and washed as previously. Deprotection with 20% piperidine/DMF (0.5 

mL) was repeated as before. A solution of Fmoc-Cys(Trt)-OH (175 mg, 0.3 mmol, 

3 eq), HCTU (186 mg, 0.3 mmol, 3 eq) and DIPEA (0.14 mL, 0.6 mmol, 6 eq) in 

DMF (2 mL) was prepared and added to the resin. This was shaken at room 

temperature for one hour, before filtration and washes as previously. 

Deprotection (20% piperidine/DMF) was repeated. A solution of acetic anhydride 

(0.12 mmol, 1.2 eq) in DMF was added to resin and shaken at room temperature 

for 30 minutes, before washing as previously. A solution of Fmoc-Ile-OH (141 

mg, 0.4 mmol, 4 eq), and DMAP (5 mg, 0.04 mmol, 0.4 eq) in DMF (2 mL) was 

prepared and added to the resin, before addition of DIC (0.075 mL, 0.4 mmol, 4 

eq) into the same mixture. This was sealed and shaken at room temperature for 

2 hours before being drained and washed as previously. Conversion to ester was 

determined by ESI MS and HPLC. After a further deprotection with 20% 
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piperidine/DMF as before, a solution of Fmoc-Arg(Pbf)-OH (194 mg, 0.3 mmol, 3 

eq) and DIPEA (0.14 mL, 0.6 mmol, 6 eq) in DMF (2 mL) was added to the resin 

and shaken at room temperature for 1 hour. After a final Fmoc deprotection with 

20% piperidine/DMF, a solution of 1% TFA/ DCM was added to the resin and 

shaken for 10 minutes. The solution was then drained and collected, 

concentrated in vacuo and dissolved in H2O/MeCN (1:1), before overnight 

lyophilisation. The crude linear peptide (59 mg, 0.05 mmol, 1 eq) was dissolved 

in DMF (6 mL) with DIPEA (0.052 mL, 0.3 mmol, 6 eq) and transferred to a 

syringe. HATU (38 mg, 0.1 mmol, 2 eq) was dissolved in DMF (13 mL) in an RBF 

with stirring. The peptide solution was added dropwise to the HATU solution over 

20 minutes, then analysed by ESI MS and HPLC. The crude cyclised product 

(not isolated) was submitted to a solution of TFA/TES/EDT/DCM (90:2.5:2.5:5,1 

mL) for 2.5 hours at room temperature, before being concentrated in vacuo and 

precipitated with cold diethyl ether. The crude product was dissolved in DMF (1 

mL) and to it Zn(OAc)2.2H2O (4 mg, 0.0185 mmol, 5 eq) was added. Farnesyl 

bromide (4 uL, 0.0148 mmol, 4 eq) was also added after filtration through a plug 

of basic alumina, and the reaction stirred at room temperature for 2 hours. 

Following purification by RP-HPLC, the final cyclic peptide product 357. The 

crude prenylated cyclic peptide (Purification by RP-HPLC yielded the product 357 

as a powdery white solid (4.3 mg, 5% yield). See Table in Section 6.3.9 for data. 

 

6.3.8.5 Synthesis of NH2-Ahx-tARI .TFA (371). Peptide 372 also 
synthesised using this procedure. 
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2-Chlorotrityl chloride resin 102 (1.51 mmol/g, 99 mg, 0.15 mmol, 1 eq) was 

added to an oven dried glass filtration vessel. Anhydrous DCM (2 mL) was added, 

and the resin allowed to swell for 20 minutes. Fmoc-Ala-OH (186.8 mg, 0.45 

mmol, 3 eq) was then added, forming a suspension. DIPEA (0.21 mL, 0.9 mmol, 

6 eq) was then also added and the vessel flushed with nitrogen. The reaction 

was shaken overnight at room temperature. The vessel was then drained and the 

resin washed with DMF (3 x 10 mL), MeOH (3 x 10 mL) and DCM (3 x 10 mL). 

The resin was deprotected with 20% piperidine/DMF (0.5 mL) with stirring at 

room temperature for 0.5 hours. A solution of Fmoc-D-Thr-OH (153 mg, 0.45 

mmol, 3 eq) in DMF (0.5 mL) with DIPEA (0.21 mL, 0.9 mmol, 6 eq) was then 

added to the resin and shaken at room temperature for one hour, before the 

solution was filtered and washed as previously. Deprotection with 20% 

piperidine/DMF (0.5 mL) was repeated as before. A solution of Boc-Ahx-OH 369 
(104 mg, 0.45 mmol, 3 eq), HCTU (186 mg, 0.45 mmol, 3 eq) and DIPEA (0.16 

mL, 0.9 mmol, 6 eq) in DMF (2 mL) was prepared and added to the resin. This 

was shaken at room temperature for one hour, before filtration and washes as 

previously. A solution of Fmoc-Ile-OH (212 mg, 0.6 mmol, 4 eq), and DMAP (7.5 

mg, 0.06 mmol, 0.4 eq) in DMF (2 mL) was prepared and added to the resin, 

before addition of DIC (0.094 mL, 0.6 mmol, 4 eq) into the same mixture. This 

was sealed and shaken at room temperature for 2 hours before being drained 

and washed as previously. Conversion to ester was determined by ESI MS and 

HPLC. After a further deprotection with 20% piperidine/DMF as before, a solution 

of Fmoc-Arg(Pbf)-OH (291 mg, 0.45 mmol, 3 eq) and DIPEA (0.21 mL, 0.9 mmol, 

6 eq) in DMF (2 mL) was added to the resin and shaken at room temperature for 

1 hour. After a final Fmoc deprotection with 20% piperidine/DMF, a solution of 

1% TFA in DCM (1 mL) was added to the resin and shaken for 10 minutes. The 

solution was then drained and collected, concentrated in vacuo and dissolved in 

H2O/MeCN, before overnight lyophilisation. Purification by RP-HPLC yielded the 

product 371 as a powdery white solid (3 mg, 36% yield). See Table in Section 

6.3.9 for data. 
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6.3.9   Characterisation of peptides 
 

Peptide (as HCl salt where 

applicable) 
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4 14 > 99 % 
3.53 mg 

(88% ) 

484.2884 

(M+H) 

484.2900 

(M+H) 
3.3 

29
7 

 

3 2 > 99 % 
0.39 mg 

(13 %) 

456.2822 

(M+H) 

456.2834 

(M+H) 
2.6 

29
6 

 

2.5 2 > 99 % 
0.57 mg 

(23 %) 

465.2462 

(M+H) 

465.2462 

(M+H) 
0.0 

35
0 

 

5.2 12 > 99 % 
1.93 mg 

(37 %) 

723.4227 

(M+H) 

723.4250 

(M+H) 
3.2 

34
9 

 

3.0 7 > 99 % 
0.94 mg 

(31%) 

695.4166 

(M+H) 

695.4200 

(M+H) 
4.9 
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35
3 

 

1.3 3 > 99 % 
0.46 mg 

(35 %) 

704.3805 

(M+H) 

704.3825 

(M+H) 
2.8 

35
1 

 

4.7 12 > 99 % 
2.71 mg 

 (57 %) 

681.4009 

(M+H) 

681.4003 

(M+H) 
-0.9 

35
2 

 

2.8 7 > 99 % 
2.39 mg 

(85%) 

724.4068 

(M+H) 

724.4099 

(M+H) 
4.3 

35
4 

 

3.4 8 > 99 % 
3.08 mg 

(91 %) 

638.3608 

(M+H) 

638.3587 

(M+H) 
3.3 

35
5 

 

3.0 9 87 % 
2.37 mg 

(79 %) 

696.3642 

(M+H) 

696.3663 

(M+H) 
3.0 
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35
7 

 

4.3 5 95 % 
2.33 mg 

(54 %) 

791.4853 

(M+H) 

791.4873 

(M+H) 
2.5 

35
6 

 

4.0 5 > 99 % 
1.90 mg 

(48 %) 

763.4792 

(M+H) 

763.4813 

(M+H) 
2.8 

36
0 

 

1.9 4 95 % 
0.32 mg 

(17% ) 

772.4431 

(M+H) 

772.4462 

(M+H) 
4 

35
8 

 

3.0 7 > 99 % 
2.71 mg 

(90 %) 

749.4635 

(M+H) 

749.4639 

(M+H) 
0.5 

35
9 

 

4.5 5 98 % 
2.37 mg 

(53 %) 

792.4694 

(M+H) 

792.4731 

(M+H) 
4.7 

36
1 

 

2.6 7 > 99 % 
1.88 mg 

(72 %)  

706.4213 

(M+H) 

706.4241 

(M+H) 
4.0 



 

202 

 

36
2 

 

3.3 9 > 99 % 
1.50 mg 

(45 %) 

764.4268 

(M+H) 

764.4266 

(M+H) 
-0.3 

37
1 

 

2.1 

mg 
7 > 99 % 

0.74 mg 

(35 %) 

555.3619 

(M+H) 

555.3622 

(M+H) 
0.5 

37
2 

 

6.6 

mg 
22 > 99 % 

5.0 mg 

(76 %) 

527.3557 

(M+H) 

527.3564 

(M+H) 
1.3 
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6.3.9 NMR spectroscopy of peptides 
All acetylated and prenylated peptide analogues were analysed by 

1
H and COSY 

NMR, which all protons assigned where possible. 
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ID	 10-residue	 Prenyl	 1	 2	 3	 4	 5	 6	 7	 8	

349	 Arginine	 Geranyl	 2.14	(3H	s)	 4.61	(1H	t,	J=8)	 3.04-2.95		(2H	m)	 3.40	(2H	qd,	J=8,	5)	 5.34	(1H	t,	J=8)	 1.78	(3H,	s)	 2.24-2.19	(2H	m)	 2.19-2.15	(2H	m)	

350	 Lysine	 Geranyl	 2.09	(3H,	s)	 4.58	(1H	t,	J=7.5)	 3.01	(2H	t,	J=6.5)	 3.36-3.31	(2H	m)	 5.29	(1H	t,	J=8.5)	 1.71	(3H	s)	 2.18-2.14	(2H	m)	 2.14-2.09	(2H	m)	

351	 Ornithine	 Geranyl	 2.13	(3H	s)	 4.61	(1H	t,	J=7.5)	 3.03-2.93	(2H	m)	 3.45-3.36	(2H	m)	 5.38-5.32	(1H,	m)	 1.78	(3H	s)	 2.23-2.19	(2H	m)	 2.19-2.15	(2H	m)	

352	 Citrulline	 Geranyl	 not	assigned	 4.74-6.64	(1H)2	 3.14-3.07	(2H	m)	 3.56-3.47	(2H	m)	 5.46	(1H	t,	J=8)	 1.90	(3H	s)	 2.35-2.30	(2H	m)	 2.30-2.26	(2H	m)	

354	 Alanine	 Geranyl	 not	assigned	 4.43	(1H	t,	J=7.5)	 2.83	(2H	d,	J=7)	 3.26	(2H	qd	J=7.5,	2.5)	 5.21	(1H	t,	J=7)	 1.66	(3H	s)	 2.10-2.04	(2H	m)	 2.04-2.00	(2H	m)	

355	 Glutamate	 Geranyl	 not	assigned	 4.59	(1H	t,	J=8)	 3.04-2.96	(2H	m)	 3.45-3.35	(2H	m)	 5.34	(1H	t,	J=7.5)	 1.78	(3H	s)	 2.24-2.16	(2H	m)	 2.24-2.16	(2H	m)	

357	 Arginine	 Farnesyl	 2.13	(3H	s)	 4.65	(1H	t,	J=7.5)	
3.35-2.98	(1H	m)	&	
2.98-2.90	(1H	m)	

3.50-3.42	(1H	m)	and	
3.38-3.32	(1H	m)	 5.29	(1H	t,	J=7.5)	 1.75	(3H	s)	 2.15-2.10	(2H	m)	 2.02-1.97	(2H	m)	

356	 Lysine	 Farnesyl	 2.06	(3H	s)	 4.76-4.75	(1H	m)7	 2.90-2.80	(2H	m)	 3.33	(2H	qd,	J=13,	7.5)	 5.24	(1H	t,	J=8)	 1.70	(3H	s)	 2.13-2.05	(2H	m)	 2.08-2.02	(2H	m)	

358	 Ornithine	 Farnesyl	 not	assigned	 4.52-4.45	(1H	m)6	 3.04-2.89	(2H	m)	
3.49-3.39	(1H	m)	&	
3.37-3.30	(1H	m)	 5.32-5.25	(1H,	m)	 1.75	(3H	s)	 2.12-2.04	(2H	m)	 2.01-1.95	(2H	m)	

359	 Citrulline	 Farnesyl	 1.98	(3H	s)	 4.46	(1H	t,	J=7.5)	 2.83	(2H	d,	J=7.5)	 3.26	(2H	d,	J=8)	 5.21	(1H	t,	J=8)	 1.66	(3H	s)	 2.10-2.04	(2H	m)	 2.05-2.00	(2H	m)	

361	 Alanine	 Farnesyl	 not	assigned	 4.35	(1H	t,	J=8)	
3.66-3.50	(1H	br	m)	
&	2.85-2.74	(1H	m)	

3.26-3.15	(1H	m)	&	
3.12-3.03	(1H	m)	 5.26-5.13	(1H	br	m)	 1.61	3H	s)	 2.08-2.01	(2H	m)	 2.00-1.94	(2H	m)	

362	 Glutamate	 Farnesyl	 not	assigned	 4.58	(1H	t,	J=7.5)	 2.98	(2H	br	d,	J=7.5)	 3.45-3.36	(2H	m)	 5.36	(1H	t,	J=7.5)	 1.80	(3H	s)	 2.22-2.15	(2H	m)	 2.15-2.05	(2H	m)	
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ID	 10-residue	 Prenyl	 9	 10	 11	 12	 13	 14	 15	 16	

349	 Arginine	 Geranyl	 5.21	(1H	t,	J=7)	 1.77	(3H	s)	 1.70	(3H	s)	 4.87	(1H	m)2	 4.24	(1H	q,	J=7.5)	 1.55	(3H	d,	J=7)	 4.48	(1H	dd,	J=9.5,	
7.5)	

1.95-1.85	(1H,	m)	and	1.79-1.74	(1H,	
m)	

350	 Lysine	 Geranyl	 5.16	(1H	t,	J=6.5)	 1.69	(3H	s)	 1.63	(3H	s)	 4.75	(1H	m)2	 4.18	(1H	q,	J=7.5)	 1.49	(3H	d,	
J=7.5)	 4.43	(1H	dd,	J=9.5,	7)	 1.95-1.89	(1H	m)	&	1.90-1.84	(1H	m)	

351	 Ornithine	 Geranyl	 5.21	(1H	t,	J=6.5)	 1.77	(3H	s)	 1.70	(3H	s)	 4.89	(1H	m)2	 4.24	(1H	q,	J=7.5)	 1.55	(3H	d,	
J=7.5)	 4.49	(1H	dd,	J=9.5,	6)	 2.04-1.96	(1H	m)	&	1.87-1.80	(1H	m)	

352	 Citrulline	 Geranyl	 5.32	(1H	t,	J=6)	 1.89	(3H	s)	 1.89	(3H	s)	 not	assigned	 4.36	(1H	q,	J=7.5)	 1.66	(3H	d,	
J=7.5)	

4.55	(1H	dd,	J=9.5,	
6.5)	 2.08-2.01	(1H	m)	&	1.81-1.73	(1H	m)	

354	 Alanine	 Geranyl	 5.07	(1H	t,	J=5.5)	 1.64	(3H	s)	 1.57	(3H	s)	 5.71-4.60	(1H	m)	 4.16-4.09	(1H	m)	
1.38	(3H	d,	

J=7.5)	 4.41-4.34	(1H	m)	 1.39	(3H	d,	J=7.5)	

355	 Glutamate	 Geranyl	 5.21	(1H	t,	J=6.5)	 1.77	(3H	s)	 1.70	(3H	s)	 4.75	(1H	m)	 4.25	(1H	q,	J=7.5)	 1.54	(3H	d,	
J=7.5)	

4.48	(1H	dd,	J=9.5,	
6.5)	 2.22-2.12	(2H	m)	

357	 Arginine	 Farnesyl	 5.16-5.09	(1H	m)	 1.69	(3H	s)	 2.12-2.05	
(3H	m)	 not	assigned	 4.26-4.21	(1H	m)	 1.56	(3H	d,	J=7)	 4.49	(1H	t,	J=7.5)	 2.01-1.94	(1H	m)	and	1.76-1.66	(1H	

m)	

356	 Lysine	 Farnesyl	 5.14-5.07	(1H	m)	 1.67	(3H	s)	 not	
assigned	 4.73	(1H	d,	J=6)	 4.09	(1H	q,	J=7.5)	 1.45	(3H	d,	J=7)	 4.36	(1H	dd,	J=10,	6)	 not	assigned	

358	 Ornithine	 Farnesyl	 5.16-5.09	(1H	m)	 1.68	(3H	s)	
not	

assigned	 4.71-4.68	(1H	m)	 4.24	(1H	q,	J=7.5)	 1.57	(3H	d,	J=7)	 4.26-4.19	(1H	m)	
1.88-1.80	(1H	m)	and	1.85-1.76	(1H	

m)	

359	 Citrulline	 Farnesyl	 5.12-5.05	(1H	m)	 1.64	(3H	s)	
not	

assigned	 4.72-4.63	(1H	m)	 4.09	(1H	q,	J=7)	
1.41	(3H	d,	

J=7.5)	
4.30	(1H	dd,	J=9.5,	

6.5)	
1.55-1.49	(1H	m)	and	1.50-1.43	(1H	

m)	

361	 Alanine	 Farnesyl	 5.23-5.14	(1H	m)	 1.53	(3H	s)	 not	
assigned	

4.76-4.55	(1H	br	
m)	 4.13-4.02	(1H	m)2	 1.35	(3H	d,	J=7)	 4.32	(1H	q,	J=7.5)	 1.35	(3H	d,	J=7)	

362	 Glutamate	 Farnesyl	 5.27-5.19	(1H	m)	 1.79	(3H	s)	 not	
assigned	

4.90-4.75	(1H	br	
m)	 4.27-4.23	(1H	m)	2	 1.54	(3H	d,	

J=7.5)	
4.49	(1H	dd,	J=9.5,	

6.5)	 not	assigned	
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ID	 10-residue	 Prenyl	
17	 18	 19	 20	 21	 22	 23	 24	

349	 Arginine	 Geranyl	
3.34-3.25	(2H	m)	 not	assigned	 8.01	(2H	br	s)	 8.01	(2H	br	s)	 4.30	(1H	d,	J=8.5)	 1.95-1.85	(1H,	m)	 0.98	(3H	d,	J=7.5)	 1.61-1.52	(1H	m)	and	1.30-1.23	(1H	m)	

350	 Lysine	 Geranyl	
3.01	(2H	t,	J=7.5)	 not	assigned	 not	assigned	 \	 4.23	(1H	d,	J=9)	 1.89-1.84	(1H	m)	 0.92	(3H	d,	J=7)	 1.55-1.50	(1H	m)	&	1.24-1.17	(1H	m)	

351	 Ornithine	 Geranyl	
3.09	(2H	t,	J=7.5)	 not	assigned	 \	 \	 4.30	(1H	d,	J=9)	 1.97-1.87	(1H	m)	 0.99	(3H	d,	J=7)	 1.62-1.52	(1H	m)	&	1.30-1.23	(1H	m)	

352	 Citrulline	 Geranyl	
3.31	(2H	t,	J=7)	 \	 \	 \	 4.42	(1H	d,	J=8.5)	 2.01.193	(1H	m)	 1.13-1.08	(3H	m)	 1.72-1.64	(1H	m)	&	1.42	-1.34	(1H	m)	

354	 Alanine	 Geranyl	
\	 \	 \	 \	 4.16-4.10	(1H	m)	 1.79-1.72	(1H	m)	 0.90-0.82	(3H	m)	 1.52-1.42	(1H	m)	&	1.15-1.10	(1H	m)	

355	 Glutamate	 Geranyl	
2.50	(2H	t,	J=7.5)	 \	 \	 \	 4.32	(1H	d,	J=8.5)	 1.90-1.82	(1H	m)	 1.01-0.96	(3H	m)		 1.60-1.53	(1H	m)and	1.31-1.22	(1H	m)	

357	 Arginine	 Farnesyl	
3.33-3.26	(2H	m)	 not	assigned	 not	assigned	 not	assigned	 4.28	(1H	d,	J=9)	 1.96-1.89	(1H	m)	 0.99-0.92	(3H	m)	 1.59-1.52	(1H	m)	and	1.28-1.22	(1H	m)	

356	 Lysine	 Farnesyl	
2.91	(2H	t,	J=7.5)	 not	assigned	 not	assigned	 \	 4.14	(1H	d,	J=9)	 1.93-1.85	(1H	m)	 0.89	(3H	d,	J=7)	 1.55-1.47	(1H	m)	and	1.25-1.15	(1H	m)	

358	 Ornithine	 Farnesyl	
3.07	(2H	t,	J=6.5)	 	 \	 \	 4.27	(1H	d,	J=9)	 1.82-1.74	(1H	m)	 1.00-0.92	(3H	m)		 1.63-1.57	(1H	m)	&	1.28-1.22	(1H	m)	

359	 Citrulline	 Farnesyl	
3.05	(2H	t,	J=7)	

1.83-1.72	(2H	

m)	
\	 \	 4.15	(1H	d,	J=9)	 1.83-1.74	(1H	m)	 0.86	(3H	d,	J=7)	 1.51-1.42	(1H	m)	and	1.18-1.11	(1H	m)	

361	 Alanine	 Farnesyl	
\	 \	 \	 \	 4.13-4.05	(1H	m)2	 1.75-1.63	(1H	m)	 0.83-0.77	(3H	m)	 1.48-1.36	(1H	m)	&	1.12-1.01	(1H	m)	

362	 Glutamate	 Farnesyl	
2.48	(2H	t,	J=7.5)	 \	 \	 \	 4.31	(1H	d,	J=9)	 1.94-1.85	(1H	m)	 1.04-0.97	(3H	m)	 1.64-1.56	(1H	m)	&	1.33-1.23	(1H	m)	
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ID 10-residue Prenyl 25	 26	 27	 A	 B	 C	 D	

349	
Arginine Geranyl 

0.99	(3H	t,	J=6.5)	 5.65	(1H	qd,	J=6.5,	2.5)	 1.41	(3H	d,	J=6.5)	 \	 \	 \	 \	

350	
Lysine Geranyl 

0.90	(3H	t,	J=7.5)	 5.60	(1H	qd,	J=6.5,	2.5)	 1.35	(3H	d,	J=6.5)	 \	 \	 \	 \	

351	
Ornithine Geranyl 

0.98	(3H	t,	J=7.5)	 5.64	(1H	qd,	J=6.5,	2)	 1.41	(3H	d,	J=6.5)	 \	 \	 \	 \	

352	
Citrulline Geranyl 

1.13-1.08	(3H	m)	 5.77	(1H	qd,	J=6.5,	2.5)	 1.52	(3H	d,	J=6.5)	 \	 \	 \	 \	

354	
Alanine Geranyl 

0.90-0.82	(3H	m)	 5.49	(1H	qd,	J=6.5,	2.5)	 1.25	(3H	d,	J=6.5)	 \	 \	 \	 \	

355	
Glutamate Geranyl 

1.01-0.96	(3H	m)		 5.66	(1H	qd,	J=6.5,	2.5)	 1.41	(3H	d,	J=6.5)	 \	 \	 \	 \	

357	
Arginine Farnesyl 

0.99-0.92	(3H	m)	 5.67-5.60	(1H	m)	 1.38	(3H	d,	J=6)	 2.10-2.05	(2H	m)	 5.16-5.09	(1H	m)	 1.61	(3H	s)	 1.61	(3H	s)	

356	
Lysine Farnesyl 

0.87	(3H	t,	J=7)	 5.45	(1H	qd),	J=6.5,	2	 1.23	(3H	d,	J=6.5)	 not	assigned	 5.14-5.07	(1H	m)	 1.60	(3H	s)	 1.60	(3H	s)	

358	
Ornithine Farnesyl 

1.00-0.92	(3H	m)	 5.64	(1H	qd,	J=7,	2)	 1.38	(3H	d,	J=6)	 not	assigned	 5.16-5.09	(1H	m)	 1.61	(3H	s)	 1.61	(3H	s)	

359	
Citrulline Farnesyl 

0.86	(3H	t,	J=7)	 5.49	(1H	qd,	J=6.5,	2.5)	 1.24	(3H	d,	J=6.5)	 not	assigned	 	 	 	

361	
Alanine Farnesyl 

0.86-0.79	(3H	m)	 5.51-5.41	(1H	m)	 1.21	(3H	d,	J=5.5)	 not	assigned	 not	assigned	 not	assigned	 not	assigned	

362	
Glutamate Farnesyl 

1.04-0.97	(3H	m)	 5.65	(1H	qd,	J=6.5,	2)	 1.40	(3H	d,	J=6.5)	 not	assigned	 5.27-5.19	(1H	m)	3	 1.72	(3H	s)	 1.72	(3H	s)	
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6.4   MIC and MBC assays 

6.4.1   Bacterial strains  
Teixobactin analogues were examined against two lab reference strains for the 

antimicrobial susceptibility testing: Staphylococcus aureus ATCC 25923 and 

Escherichia coli ATCC 25922. These strains were used after thawing from -80°C 

frozen stock in the microbial genetics lab (University Of Leicester).  

 

6.4.2  Microdilution method for susceptibility testing to antimicrobials 
Müeller–Hinton broth (MHB) medium containing 2x concentration of the highest 

concentration of the antimicrobial compound to be tested was made. For all 

compounds, 128 µg/ml was prepared for a final maximum concentration of 64 

µg/ml). 200 μl of each compound was aliquoted into the wells of the first column 

of the plate, and two-fold serial dilutions of the compound were then performed 

along the row. 

 

6.4.3   MIC and MBC Assays 
Minimum inhibitory concentration (MIC) determination of the teixobactin 

analogues was performed as described by the Clinical and Laboratory Standards 

Institute (CLSI) guidelines, using broth microdilution method. These were initially 

performed singularly by Zaaima Al-Jabri, and later in triplicate by Megan De Ste 

Croix, both at Department of Genetics, University of Leicester. In short, each 

strain was streaked for a single colony on a fresh Müeller–Hinton agar plates 

(Oxoid Ltd., Basingstoke, UK) and incubated at 37°C for 24 hours. Next day, a 

starting inocula of 1×10
5
 CFU/ml of Staphylococcus aureus ATCC 25923 and 

Escherichia coli ATCC 25922 strains was aliquoted in 96-well plates containing 

serial dilutions of the Teixobactin or analogues in the range  form 64 down to 

0.125 µg/ml using Mueller-Hinton broth (Oxoid Ltd., Basingstoke, UK).  Results 

were read with a Jenway (6705UV/Vis.) spectrophotometer after 18 hours of 

incubation at 37 ˚C. 
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Minimum bactericidal concentration (MBC) was determined by subculturing 10 µl 

from each well without visible bacterial growth on Müeller–Hinton agar plates 

(Oxoid Ltd., Basingstoke, UK). After 24 h of incubation at 37 ◦C, the dilution 

yielding three colonies or less was scored as the MBC.
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