
1 
 

 

Structural optimization and 
photopharmacological studies 
of the cystobactamids class of 

natural products 

 

Von d                                       

                                              

 

zur Erlangung des Grades 

Doktor der Naturwissenschaften (Dr. rer. nat.) 

 

genehmigte Dissertation 
von 

Giambattista Testolin, Dottore Magistrale (Italien) 

 

2019



1 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referent: Prof. Dr. rer. nat. Mark Brönstrup 

Korreferent: Prof. Dr. rer. nat. Andreas Kirschning 

Weiterer Korreferent: Prof. Dr. rer. nat. Ingo Ott 

Tag der Promotion: 13.04.2018 

 



1 
 

Zusammenfassung 

 

Es besteht aktuell ein dringender Bedarf neue Antibiotika zu entdecken, die speziell gegen 

Gramnegative Bakterien aktiv sind, da diese die schlimmste Bedrohung für die öffentliche 

Gesundheit darstellen. In der Vergangenheit war die Natur die Hauptquelle für antibiotische 

Strukturen und sie kann auch immer noch neue chemische Leitstrukturen liefern. 

Cystobactamide sind neue Naturstoffprodukte, die aus Myxobakterien isoliert wurden. Sie verfügen 

über ein oligomeres Gerüst, das sich aus Resten der para-Aminobenzoesäure zusammensetzt und 

verfügen über eine bemerkenswerte Aktivität gegen klinisch relevante Gramnegative Bakterien.  

In dieser Dissertation wird eine medizinisch-chemische Untersuchung dieser neuen Klasse von 

Naturstoffen präsentiert, wobei das Cystobactamid 861-2 als Leitstruktur diente. 

Um die verschiedenen Einheiten des Moleküls zu adressieren und um eine weite Bandbreite an 

Diversifikation einzufügen, wurden multiple synthetische Zugänge zu den Cystobactamiden etabliert. 

Insgesamt  wurden mehr als 50 Derivate synthetisiert, die es erlaubten, extensive Struktur-

Aktivitätsbeziehungen zu etablieren. 

Im Rahmen dieser Arbeit wurden Cystobactamide mit deutlich verbesserten antibakteriellen 

Eigenschaften identifiziert. Bemerkenswerterweise konnte auch das Aktivitätsspektrum auf weitere 

hoch relevante Gramnegative Bakterien wie K. pneumoniae und E. cloacae erweitert werden. 

Weiterhin wurden verschiedene Analoga mit einer Aktivität gegen P. aeruginosa synthetisiert und die 

antimikrobielle Potenz gegen ausgewählte Pathogene wie A. baumannii wurde ebenfalls verbessert. 

Weiterhin wurden zwei mögliche bakterielle Resistenzmechanismen untersucht. Es konnte gezeigt 

werden, dass das Protein Tsx die Aufnahme der Cystobactamide nicht beeinflusst und dass die 

hydrolytische Instabilität gegenüber der Endopeptidase AlbD durch eine strukturelle Innovation 

potentiell umgangen werden könnte. 

Zuletzt wurden photoschaltbare Cystobactamide mit jeweils einer N- oder C-terminalen Modifikation 

synthetisiert. Diese photoresponsiven Antibiotika erbrachten interessante Informationen über den 

Bindungsmodus der Cystobactamide an ihr Zielenzym. 

Zusammenfassend wurde das chemische Gerüst des Cystobactamid-Naturstoffs optimiert und 

dessen Aktivität gegen Gramnegative Bakterien verbessert. Es konnten essentielle medizinisch-

chemische Struktur-Aktivitätsbeziehungen definiert werden. Dies bestätigt und unterstreicht das 

große Potential dieser Naturstoffklasse, um neue Antibiotika für die Zukunft hervorzubringen. 

 

Schlagworte: Cystobactamiden, Antibiotika, medizinische Chemie, organische Chemie. 
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Abstract  

 

There is an urgent need to discover novel antibiotics, particularly with activity against Gram-negative 

bacteria that are the most threatening for public health. In the past, nature has been the main source 

of antibiotic scaffolds and can still provide novel chemical architectures. Cystobactamids are novel 

natural products isolated from Myxobacteria that possess an intriguing oligomeric scaffold composed 

of para-aminobenzoic acid derived moieties and show remarkable activity against clinically relevant 

Gram-negative bacteria.  

This thesis details a medicinal chemistry investigation of this novel natural product class based 

around cystobactamid 861-2. Multiple synthetic routes to the cystobactamids were established in 

order to prepare analogues with variations at different sites of the molecular scaffold. In sum more 

than 50 derivatives were synthesized and extensive structure-activity relationships were established. 

Cystobactamids with clearly improved antibacterial properties were identified from this study. 

Notably, the spectrum coverage of the class was extended to highly relevant Gram-negative bacteria 

such as K. pneumoniae and E. cloacae. Furthermore, several analogs active against P. aeruginosa 

were synthesized and the antimicrobial potency was enhanced against selected pathogens such as 

A. baumannii. 

Additionally, two possible bacterial resistance mechanisms were investigated. It was demonstrated 

that the protein Tsx does not affect the uptake of the cystobactamids and that the hydrolytic 

instability determined by the endopeptidase AlbD can potentially be overcome with a structural 

innovation, replacing the critical amide bond with a triazole. 

Finally, photoswitchable cystobactamids were synthesized with either the N- or C-terminal side of 

the molecule modified. These photoresponsive antibiotics suggested intriguing information regarding 

the binding mode of the cystobactamids with their target enzyme. 

To sum up, the chemical scaffold of the cystobactamids natural product was optimized and the 

activity against Gram-negative bacteria was enhanced. Essential structure activity relationships have 

been defined. This confirmed and highlighted the great potential of this class of natural products to 

yield novel antibiotics for the future.  

 

Keywords: Cystobactamids, antibiotics, medicinal chemistry, organic chemistry. 
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1  INTRODUCTION 

1.1 CHEMICAL INNOVATION IN ANTIBACTERIAL DRUG DISCOVERY 

The so called “a              “ started in the 30s with the discovery of Penicillin G1 and the 

sulfonamides2. In both cases, serendipity played a pivotal role. Different other classes 

followed shortly afterwards such as tetracylines, macrolides and cephalosporins. The 

molecular targets of these chemical entities are bacterial biochemical pathways which span 

from the cellular peripheral cell wall biosynthesis to the deeper protein synthesis and DNA 

replication. An overview of the selected established antibiotics classes with general 

information regarding their discovery and molecular target is given in the image below. 

 

 

Figure 1: Representation of the selected antibiotics classes with general information, image adapted 
from3. 

  



Introduction 

6 
 

The armamentarium of antibiotics can be classified based on their origin in two major sub-

groups. On one side, we can find molecules which are or derive from natural products and 

on the other side compounds of synthetic origin.  

In all cases, after the discovery of the first-in-class molecule, medicinal chemistry efforts led 

to further generations within the class, yielding antibiotics with improved properties such as 

broadened spectrum, better pharmacokinetic properties and avoidance of bacterial 

resistance.  

 

Thanks to their reactive moiety the ß-lactam antibiotics are covalent inhibitors that target 

the penicillin binding proteins (PBPs). These enzymes are DD-transpeptidases which have the 

function to cross-link the peptide side chains of peptidoglycan4. 

Carbapenems are the most active compounds within the ß-lactam class against Gram-

negative bacteria. Their discovery goes back to the late 60s, when the search for ß-lactamase 

inhibitors led to the isolation of the natural product thienamycin5.  

Noteworthy, they possess two important structural differences compared to the other ß-

lactams, which have a significant influence on their antimicrobial properties. These are the 

alkyl side chain and the stereochemistry of the four membered ring. The lead scaffold of 

thienamycin was optimized in order to decrease the chemical instability given by the primary 

amino group, increase the potency and reduce the instability in vivo6 (Fig. 2).  

 

 

Figure 2: Chemical evolution of carbapenems. 
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After the discovery of a natural product, its structural optimization can follow two ways7. On 

one hand this can be achieved by semisynthesis and on the other hand by total synthesis. 

There are two important factors that affect the choice of the strategy to pursue. One is the 

availability of the natural product by fermentation and the other one the feasibility of the 

synthesis, which strongly depends on the structural complexity. Via semisynthesis the 

possible number of modifications is limited, since it depends on the tolerance of the 

functional groups present on the molecule. While total synthesis enables potential access to 

derivatives that cannot be obtained with the former approach. The ideal synthesis should be 

practical and scalable. 

A great example, where both approaches have been used, comes from the tetracycline (TC) 

antibiotics8,9. They are protein synthesis inhibitors, targeting the 30S subunit of the 

ribosome, thus preventing the binding of aminoacyl-tRNA. 

 

 

Figure 3: “N    ”       y         ff        f    , naturally occurring, isolated TC. 

 

In 1952 L. Conover discovered that the Cl-C bond of chlorotetracycline could be selectively 

cleaved under hydrogenolytic conditions to obtain tetracycline (natural product itself)10. At 

first glance this finding might not appear as significant as it actually was. In fact, tetracycline 

represents the first antibiotic obtained via semisynthesis. At the time, this had a seismic 

effect on the way of thinking of the scientists. It showed that natural products do not only 

represent a source of new antibiotics by themselves, but they can also be considered the 

starting point for the development of molecules with improved drug-like and antibacterial 

properties.  

To highlight the importance and the potential of the semisynthetic approach, a major 

improvement within the TC class was obtained with the synthesis of 6-deoxytetracyclin11 12. 

It was found that the C-O bond at the C6 could be also cleaved under hydrogenolytic 
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conditions. Derivatives lacking the –OH are more stable under both acidic and basic 

conditions, therefore this finding opened new chances for further semisynthetic 

modifications. This culminated in the synthesis of minocycline (1967)13 14, a derivative with 

even broader spectrum and restored activity against some TC-resistant staphylococci.  

 

 

Figure 4: Relevant steps of the semisynthetic modifications that led to the glycylcyclines. 

 

More than 20 years later, the glycylcyclines were discovered (Fig. 4). Among these 

tigecycline was obtained15,16, an antibiotic with greatly extended spectrum especially against 

TC-resistant bacteria. Together with colistin17,18, it is a last line antibiotic, the last therapeutic 

option when all other classes fail. 

The first total syntheses of tetracycline antibiotics were reported in the 60S, but weren´t 

practical synthetic routes. In this regard, a great advancement came from the work of A. 

Myers. He and coworkers reported a synthesis that relies on a modular strategic assembly of 

two major building blocks9. 

The older syntheses of tetracyclines19 20 21 employed strategies to build the molecule from 

the left to right side (DA approach), therefore they did not offer much space for the 

synthesis of new derivatives. The new synthesis based inst         “D+AB  pp     ” and 
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opened a much broader chemical space for diversification (Fig. 5). Over the past decade, 

more than 3000 novel, fully synthetic tetracyclines were synthesized. Out of this pool, the 

most advanced molecule in clinical trials is eravacycline22. 

 

 

Figure 5: Myers approach used for the synthesis of the TC and selected examples for giving the idea 
of the broad range of possibilities for modifications of the D ring. 

 

A key core structure of more than 25 antibiotics approved by the FDA is the one of the 

quinolones23. The first approved drug of the class is nalidixic acid, which has been developed 

at Sterling Drug. As for other antibacterial classes, serendipity played a pivotal role in the 

discovery of the hit structure. A byproduct of the production process of chloroquine was 

found to possess moderate antibacterial properties (Fig. 6). This finding triggered the 

medicinal chemistry program that led to the discovery of naldixic acid.  

 The Sterling patent that covers nalidixic acid was filed in 1961 (published 1962), 

interestingly similar findings had also been protected by an earlier patent application (1957), 

published in 1960 from the Imperial Chemical Industries (ICI)24 25 26. 

 



Introduction 

10 
 

 

Figure 6: a) Reactions sequence used for the production of chloroquine at Sterling Drug in the 60s 
and that gave origin to the active impurity that led to nalidixic acid. b) Markush structures covered 
from ICI and Sterling Drug patents from the 60s. 

 

It appears clear that the discovery of the antibacterial properties of the quinolone was 

actually disclosed by ICI. We could speculate that this could have been the reason for 

moving from a quinolone to a 1, 8-naphthyridone scaffold at Sterling drug. Nevertheless, 

nalidixic acid was approved27, while no quinolone was brought into the market from ICI. The 

selection of a wrong clinical candidate could possibly be th         f   ICI’        f        .   

The first quinolones had a narrow spectrum, limited against certain Gram-negative bacteria. 

A first advancement in the class came with the discovery of norfloxacin, followed by 

ciprofloxacin28,29. This 2nd generation of quinolones has key substituents at the C6 and C7 

positions. Particularly, the introduction of a fluorine-atom at the former and a basic moiety 

at the latter extended the spectrum against Gram-negative bacteria such as P. aeruginosa 

and improved the activity. Further generations of quinolones such as the 3rd and 4th present 

additional variants at the C7 basic moiety and C8 position (Fig. 7). Modifications of these two 
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have led to derivatives with increased potency against Gram-positive and improved 

pharmacokinetic properties30.  

 

 

Figure 7: Sum up of the quinolones SAR and examples of compounds belonging to the latest 
generations.  

 

The target enzymes of this successful class of antibiotics are the bacterial topoisomerases IIa 

(gyrase) and IV. They are implied in the modification of the DNA topology, with the former 

being the only enzyme in the prokaryotic kingdom that possesses the ability to introduce 

negative supercoils. The quinolones inhibit both enzymes by stabilizing the DNA-

topoisomerase cleavage complex.  

  

To conclude, structural optimization played an essential role in antibacterial drug discovery. 

This can be done with the semisynthetic or fully synthetic approach, with the former being 

more challenging but also the one that gives wider possibilities for modifications.   

Most antibiotics are derived from natural products produced by microorganisms that use 

them to compete for survival in their environment. This also means that these compounds 

are not ideally designed or ready for being used as medicines.  

The antibiotic history tells us that this gap can be filled and the development of optimized 

drugs can be achieved. Modifications of promising lead scaffolds led to compounds with 
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extended antibacterial spectrum, improved pharmacokinetic properties and reduced 

bacterial resistance.  

In this scenario the discovery of novel chemical architectures with promising activities, 

nowadays especially against Gram-negative bacteria, is essential in order to give the 

possibility to medicinal chemists to develop novel antibiotics. 
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1.2 ANTIBIOTICS IN CLINICAL DEVELOPMENT 

The need of novel solutions to treat bacterial infections, particularly those caused by Gram-

negative bacteria that are members of the so called ESKAPE group (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter species) is an important medical need31. The increasing level of 

resistance to the current antibiotics, the decreasing number of big pharma companies over 

the past four decades involved in antibacterial drug discovery 32 and the lack of structural 

innovation are among the causes of the current situation.  

Most of the antibiotics currently used derive from scaffolds which had been discovered 

     g               “g       g   f                        y” that took place only between 

the 40s and 60s. The following four de                               “g       g   f 

M  C   ”33,34 (Fig. 8), big efforts have been spent on optimizing privileged structures such 

       β-lactams and quinolones. This strategy brought several antibiotics to the market but 

without any profound diversification from the structural point of view.  

It is reasonable to think that these classes of antibiotics are almost exhausted sources. 

Therefore the finding of novel antibacterial scaffolds is highly desirable and could potentially 

open new rich sources for the development of antibiotics of the future. 

 

 

Figure 8: Years of discovery of the main classes of antibiotics currently available on the market. 
Image taken from33. 
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1.2.1 An overview of the pipeline 

Over the last decade the awareness of the antibiotic crisis has significantly increased, as a 

consequence more and more organizations went back to antibacterial drug discovery. In 

order to see which are the current situation and future perspectives for novel therapeutic 

options, the list of antibiotics currently in clinical development for the US market has been 

analyzed. Particular attention was given to compounds presenting a new chemical 

architecture, either possessing novel mechanism of action or acting on established targets35.  

In March 2017, 39 chemical entities were undergoing clinical trials at different stages ranging 

from phase I to III. Of these, 18 possess a novel chemical scaffold, 12 acting with an 

established and six with a new mechanism of action. All the other ones belong to 

established antibiotic classes such as ß-lactams, quinolones, macrolides, oxazolidinones, 

tetracyclines, aminoglycosides and pleuromutilins. 

1.2.1.1 Selected novel chemical scaffolds 

The clinical canditates possessing a new chemical scaffold and mechanism of action have 

been selected and will be presented in this section. 

MGB-BP-3 is a minor grove binder, interfering with transcription factors, it leads to 

deregulation of the bacterial cell homeostasis36. The rational design of such compound class 

has been inspired by nature, particularly mimicking minor groove binder natural products 

such a distamycin A and netropsin 37 (Fig. 9). 

 

 

Figure 9: Structure of Distamycin A with schematic disconnection in five components and the clinical 
candidate deriving from it.  
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POL7080, also called murepavadin, is a very narrow spectrum antibiotic, because it is active 

only against P. aeruginosa. It originated from a library of peptidomimetics of the host-

defense peptide protegrin I. The very narrow spectrum is not the sole novelty of the 

molecule, in fact this compound does not act unspecifically disrupting the bacterial cell 

membrane but it has a specific protein target, which is usually not the case for antimicrobial 

peptides. The target LptD is an outer membrane protein involved in the biogenesis of the 

lipopolysaccharide (LPS) and is widely distributed in Gram-negative bacteria 38. The fact that 

inhibitors of this protein would not need to cross the challenging barrier of the outer 

membrane, makes of it a very interesting novel target. 

 

 

Figure 10: The pathogen-specific murepavadin derives from protegrin I but it acts with a different 
MoA, the protein target is the outer membrane protein LptD. Image taken from39. 

 

Debio 1450, also named afabicin (phase II), targets FabI, and enzyme that catalyzes the 

reduction step in the fatty acid elongation cycle (essential for bacteria) (Fig. 11). Two 

isoforms of this enzyme are present in the prokaryotic kingdom. Bacteria possess either one 

of them such as S. aureus and E. coli or both like for instance enterococci and 

P. aeruginosa40. For this reason, this new interesting target would not allow the 

development of broad spectrum antibiotics. 
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Figure 11: Structure of the clinical candidate and the biochemical pathway that it targets.   

 

Aminoacyl tRNA synthetases (aatRS) are enzymes that catalyze the attachment of the 

appropriate amino acid to its cognate tRNA carrier to form aminoacyl-tRNA. Inhibition of 

these enzymes has direct consequences on the correct functionality of protein synthesis.  

CRS3123, currently in phase I clinical trials, has the scaffold of a diaryldiamine. It is a fully 

synthetic molecule derived from the structural optimization of a hit discovered during a high 

throughput screening campaign. It inhibits the methionyl-tRNA synthetase (MetRS), showing 

potent antibacterial activity against Gram-positive bacteria (Fig. 12). The aatRNAs are very 

interesting drug targets, but the development of efficient inhibitors is hindered by different 

factors such as limited homology of bacterial enzymes, resistance development together 

with the common challenge of the low permeability of Gram-negative bacteria. 

A 5th novel chemical scaffold in the pipeline is represented by brilacidin, an arylamide 

foldamer that mimics host-defense peptides (HDP-mimetics). It interferes with the correct 

functionality of the cell membrane but has the advantage of improved pharmacokinetic 

properties 41. It is selective for bacterial over eukaryotic cells, remarkably it shows activity 

against both Gram-positive and negative bacteria (among them P. aeruginosa) 42. 
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Figure 12:  a) Structure of CRS3123 and b) of brilacidin, synthetic compound design to mimic host 
defense peptides. 

 

A new interesting strategy being pursued at Spero therapeutics is the so called potentiator 

approach. SPR741, the representative compound, derives from polymyxin B. Interestingly, 

this molecule does not possess antimicrobial activity itself, but has the capability to expand 

the spectrum and enhance the potency of several “Gram-positive antibiotics” to MDR Gram-

negative bacteria. It interferes with the integrity of the outer and inner membrane, thus 

facilitating the entering of chemical entities into the bacterial cells43. 

 

The other 12 compounds that have a novel chemical scaffolds, target well-established 

enzymatic targets such -lactamases, DNA gyrase or ribosomes. 

1.2.1.2 Outlook  

At first glance, the antibiotic pipeline seems to be quite robust considering the total number 

(39) of compounds present, which span from the early stage to the advanced clinical trials. 

Considering the statistic, which says that one out of five molecules will reach the market, the 

current perspective foresees the approval of about eight new antibiotics in a close feature. 

As recently stated by the WHO there is an urgent need to find therapeutic solutions against 

resistant Gram-negative bacteria44. From this point of view, a closer look at the data 

indicates that out of the 39 candidates, those possessing clear activity against resistant 

Gram-negative (ESKAPE pathogens) are eleven. Of these, ten belong to well-established 
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antibiotic scaffolds, such as cyclines (2), -lactam alone or combination of them with a 

lactamase inhibitor (6, of which 5 are combinations), aminoglycoside (1) and 

fluoroquinoilone (1). 

In sum, among the clinical candidates only two molecules targets Gram-negative bacteria 

and possesses a new chemical scaffold. This highlights that there is a lack of innovation and 

the need for new therapeutic solutions remains to be still high. 

 

Table 1: NP= natural product; S= synthetic; NP/S= drug is composed of two molecules, one of 

synthetic origin and one derived from nature, the numbers is represented by the combination of 

beta lactam and BLs inhibitors; N=nature. 

Potential new antibiotics 

 total Active against MDR Gram-neg. 

NP derived 14 4 

S origins 17 1 

NP/S 6 5 

N inspired 2 1 

 

Nature still plays a main inspirational source for antibacterial drug discovery campaigns 

(table 1). It could be noted that finding substances active against MDR Gram-negative is very 

difficult and only around 25% of the compounds currently in clinical development have these 

specifications. Noteworthy, substances of synthetic origins possess generally poor activities 

against Gram-negative bacteria.  

To conclude, increasing efforts in the field of antibiotic drug discovery are fueling the 

pipeline with an important number of clinical candidates. However, novel chemical scaffolds 

with broad spectrum activity against resistant Gram-negative bacteria are not present. 

Therefore the finding of new lead structures with such specifications is still of very high 

importance in order to develop innovative antibiotics. 
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1.3 PABA-DERIVED OLIGOMERIC NEW ANTIBIOTIC SCAFFOLDS 

1.3.1 Structural features, mechanism of action and biosyntheses. 

The isolation of natural products from microorganisms is still a valuable strategy to pursue in 

antibacterial drug discovery. In fact, nature can still provide novel structural templates with 

promising antimicrobial activity.  

In this context, albicidin, cystobactamids and coralmycins represent a good example. These 

natural products were recently identified 45-50 and remarkably possessed a new molecular 

scaffold and activity against clinically relevant Gram-negative bacteria. 

These intriguing classes of natural products can be seen as oligomers of p-aminobenzoic acid 

(PABA). Particularly, they can be disconnected into six subunits, a central aliphatic amino 

acid and five aromatic moieties. The central amino acid holds a fragment composed of two 

subunits at the amino functional group and one composed of three at the carboxylic acid, 

the PABA-derived building blocks are connected together via amidic bonds (Fig. 13). 

A unique structural feature shared by the three classes is an aromatic ring possessing an 

uncommon tetrasubstitution pattern, with alkoxy and hydroxy moieties present respectively 

at the meta and ortho position of the PABA unit. For albicidin a methoxy (MeO) is present 

while for the other two classes an isopropoxy (i-PrO). 

Two other characteristic moieties that differ among these three classes are the central 

building block and the last aromatic subunit at the N-terminus 46,47,49,51.  
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Figure 13: Chemical structure of the representatives of these three new classes of Gram-negative 
active natural products. The moieties representing the structural differences are highlighted. 

 

These natural products inhibit bacterial growth by targeting DNA gyrase with activities in the 

nanomolar range, notably even higher than the one of ciprofloxacin47,52. They also inhibit 

bacterial topoisomerase IV but with inferior activity. It was shown that both natural products 

       p        y    x    ff                        f 10 μM f                 50 μg/   f   

cystobactamids. 

DNA gyrase is the only bacterial enzyme that is able to introduce negative supercoils into the 

DNA at the expense of two molecules of ATP. It is a tetramer constituted of two homologous 

subunits (A2B2). A classification of gyrase inhibitors is done based on the target subunit, 

molecules acting on GyrA in general interfere with the catalytic function while those 

targeting GyrB are competitive inhibitors of the binding sites of ATP. Two famous classes of 

antibiotics targeting subunits A and B are the quinolones and the aminocumarines, 

respectively. 

The first step of the catalytic cycle of DNA gyrase is the recognition of a DNA strand from the 

C-terminal domains (CTD). This brings the DNA into a wrapped conformation around the 

enzyme. Binding of two molecules of ATP triggers conformational changes that bring the two 

subunits B closer together and arrange the DNA into the correct position for being cleaved. 

Here, the two strands of DNA will be opened by the activity of a catalytic triade composed by 

tyrosin, histidine and arginine, in which the phenol moiety is responsible for the nucleophilic 

attack at the phosphate group. Once the double strand is open, ATP hydrolysis furnishes the 
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energy necessary for translocating the other segment through the DNA gate, hydrolysis of 

the second ATP will liberate the DNA strand and restore the enzyme in the initial 

conformation ready to start a new cycle (Fig. 14) 53.  

 

 

Figure 14: Schematic representation of gyrase subunits and the catalytic cycle that introduces 
negative supercoils into the DNA. The starting point is at the bottom left side of the figure, adopted 
from 54. 

 

The co-crystal structure with the quinolone (Fig. 15) 55,56 revealed that once the double 

strand of DNA is covalently attached to the catalytic Tyr, two molecules intercalate freezing 

the complex enzyme-DNA in this status. One of the key interactions is between the ketone 

and the carboxylic acid with a non-catalytic Mg2+ ion that functions as bridge to a Ser and 

Glu/Asp. Mutation of these two residues (S83 and an acidic residue four amino acids 

downstream such as D87) leads to decrease inhibitory activity (30-60 folds).This is one of the 

most clinically relevant resistance mechanisms for the quinolones. 
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Figure 15: Co-crystal structures of moxifloxacin and truncated version of topoisomerase IIa (left 
image) and IV (right image) from Streptococcus pneumoniae and A. baumannii respectively; image 
take from55,56.  

 

Both cystobactamids and albicidin stabilize the DNA gyrase cleavage complex in a similar 

way to the one of the quinolone. The activity of cystobactamids and albicidin against 

bacterial strains carrying these gyrase mutations was found to be lower in comparison to the 

corresponding wild types. On the other hand, it was affected to a smaller extent (two-six 

folds), then thus indicating that their binding site possibly partially overlaps. Nevertheless, 

this data should be considered in a critical way, gyrase is a complex large enzyme and during 

the catalytic cycle many conformational changes are required for correct functionality. It 

could be also speculated that the target mutations entailing resistance to quinolones lead to 

changes in the 3D arrangements of certain parts of the enzyme, thereby decreasing the 

binding affinity of cystobactamids and albicidin. 

 

These natural products are nonribosomal peptide synthetase (NRPS) derived. In both cases 

the proposed biosynthesis involves a series of modules composed by adenylation (A), 

thiolation (T) and condensation (C) domains that assemble them from the N- to the C-

terminus. Additionally,          g     g  f     “       y     ” during albicidin biosynthesis 

we can also find a polyketide synthase (PKS) module which builds up the para-coumaric acid 

derivative starting from p-hydroxybenzoic acid. In case of the cystobactamids, a module for 

the oxidation of the anilino to nitro group is instead present (Fig. 16). 
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Figure 16: Proposed albicidin biosynthesis. a) Assembly line composed of PKS (blue) and NRPS 
(green) modules; b) enzymatic steps for the synthesis of the tetrasubstituted aromatic ring. The 
biosynthesis of cystobactamids follows the same assembly sequence with the difference that the PKS 
module is replaced  by an additional NRPS (image from46). 

 

The synthesis of the characteristic tetrasubstituted aromatic ring starts from PABA, that is 

first hydroxylated, presumably at the position 3 as shown for albicidin46, loaded on a T 

domain and only then it undergoes methylation followed by oxidation of the position 2, thus 

affording the building block which is incorporated in the oligopeptide scaffold.  

The cystobactamids show heterogeneity in their structures. One of the features that 

distinguishes different derivatives is the alkyl substituent of the phenol in position 3 of 

PABA-D1 and D2 rings. The alkyl substituent can be a methyl, an ethyl, most commonly an 

isopropyl or even a sec-butyl 51. The different level of alkylation is achieved in a unique 

way57. CysS is the cobalamin-dependent radical S-adenosylmethionine (SAM) 

methyltransferase responsible for this. In brief, upon reductive cleavage of methionine from 

SAM, 5´-deoxyadenosyl radical (5´dA) is generated. This will react with the methoxy moiety, 

in this way a radical is generated that will then be quenched by methyl cobalamin (in so 

doing acting          y       ). T    p                                “C- ”           . 

Starting from the methoxy moiety, different alkyl branches can be biosynthesized by 

successive radical methylation following the same mechanism (Fig 17). 

 



Introduction 

24 
 

 

Figure 17: Biosynthesis of branched alkoxy group of cystobactamids. For simplification the redox 
system [4Fe-4S]+1/+2 is not depicted, this has an essential role in the recycling process of cobalamine. 
Methylcobalamine is also generated in a SAM dependent manner. 

 

1.3.2 Albicidins 

Albicidin was first discovered in 1985 by Birch and coworkers, it is a secondary metabolite 

produced by the sugarcane pathogen Xanthomonas albilineans45. These scientists spent 

significant efforts in understanding the biological properties of this molecule 58-64. Despite 

the promising activity, investigation of this antibiotic scaffold has been hindered for decades 

because the structure couldn´t be elucidated due to the extremely low production yield.  

In 2014, Cociancich et al. optimized a protocol for the heterologous expression46, the 

enigmatic structure of this natural product could be elucidated and its total synthesis was 

established 6566. Retrosynthetically, the molecule was disconnected into three main 

fragments (Fig. 18) which have then been assembled starting from the right to the left part. 

In this synthesis, BTC had been extensively used for the coupling steps. Final deprotection of 

the allyl groups afforded the desired final product. Both enantiomers were obtained and this 

definitely confirmed that the configuration of     β-cyanoalanine of natural albicidin is S. 

The biological activities of them were assessed against clinically relevant pathogens and in 

the DNA supercoiling assay. Interestingly, although both enantiomers inhibit gyrase at the 

same level (IC50 around 40 nM), the S isomer had a broader antibiotic spectrum. 
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Figure 18: Retrosynthetic analysis of albicidin. Final assembly of the natural product starts with the 
coupling of fragments 4 and 3; reduction of the nitro group followed by coupling of fragment 2 gives 
fully protected albicidin (Figure taken from65). 

 

Albicidin is not the sole natural occurring derivative of this class. Trace amounts of 

carbamoyl albicidin (C-Alb) were also found during the purification process. Biochemical 

assays and chemical synthesis demonstrated that the carbamoyl residue was added at the N-

terminus 67. The antibacterial properties of these two natural derivatives were very similar. 

The IC50 value for gyrase inhibition for C-Alb was found to be five-fold higher than for Alb. 

This indicated that the N-terminal side of the molecule is an important point of interaction 

with the target enzyme. Therefore it represents an interesting point for medicinal chemistry 

investigations.  

 

 

Figure 19: Schematic representation of post-NRPS carbamoylation of albicidin catalyzed by Alb15 
(Figure take from67). 
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In 2016, two reports on SAR studies of albicidin were published by the Süssmuth group. 

Considering the disconnection of the molecule into six subunits, two of them have been 

assessed, particularly the central cyanoalanine and the N-terminal methyl coumaric acid 

68,69.  

For the investigation of the central p   ,        g     β-cyanoalanine has been replaced by 

amino acids with different characteristics in term of polarity and electronic properties (Fig. 

20). 

  

 

Figure 20: Albicidin derivatives bearing modifications of the central part. Imagine take from68. 

  

Gyrase inhibitory activities of these derivatives were all in the same range as albicidin, thus 

indicating that chemical modifications of the central part are well tolerated.  

On the other hand, MIC values showed important differences, compounds bearing charged 

residues had drastically lower antibacterial activities, the three other instead showed 

inhibition properties similar to albicidin. This suggested that cell penetration might be the 

issue in case of the former compounds.  

During the investigation of the N-terminal acyl residue, the position of the phenol on the 

aromatic ring, the relevance of the Michael acceptor and the lipophilicity were investigated 

(Fig. 21). Also in this case, it turned out that cell penetration is a limiting factor for the 

antibacterial activity, in fact some derivatives had comparable gyrase IC50 but worse MIC 

values. 

Compounds with increased hydrophilicity had both worse enzyme inhibitory and 

antibacterial properties, moving the hydroxyl group to the meta and ortho positions had the 

same effect. The presence of the methyl group in the Michael acceptor moiety is important. 
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Finally, they showed that substitution of the -OH with a lipophilic substituent such as F atom 

or a CF3 moiety was in general well tolerated.  

  

 

Figure 21: Series of modifications of the N-terminal building block (compound numbering according 
to the original publication). Image take from69. 

 

For natural products, the development of resistance occurs in parallel with their 

biosynthesis. As soon as a new compound is produced, one or multiple mechanisms will also 

be developed for self-protection. In this regard, several works on albicidin were published 58-

64,70-74. 

X. albilineans defends itself from albicidin in three ways, these are mediated by the proteins 

AlbF, AlbG and a characteristic gyrase that carries multiple mutations. 

AlbF is part of the DHA14 drug efflux pumps family that presents 14 transmembrane helices. 

It is very specific for albicidin and has a certain homology with other known efflux pumps for 

natural products 75-77. Heterologous expression of this pump confers high resistance level in 

E. coli (ca. 3000-fold). 

AlbG is part of the pentapeptide-repeat proteins (PRP) family, the protein folds forming an 

eight coil -helix structure and is active as a homodimer. In general, the binding of such 

proteins to topoisomerase obstacles access to the binding site of the drug 78. 
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The third element that confers resistance at the microorganism producer is a gyrase enzyme 

that presents several mutations in comparison with the one of E. coli.  

 

There are three other resistance mechanisms known for albicidin which are not related to 

the self-protection of the producer microorganism. The first is the alteration of an outer 

membrane protein related to albicidin uptake. Tsx is found in E. coli and facilitates the 

uptake of nucleosides. Mutations at this protein channel entailed resistance to albicidin up 

to 100-fold59. 

A second type of resistance factor is represented by proteins with high-affinity binding 

properties for albicidin. They were named AlbA and AlbB, the first one was found in K.  

oxytoca and the latter in Alcaligenes denitrificans58,61.  

AlbA is the one that has been better characterized, it is composed of 221 amino acids and its 

natural role in K. oxytoca is not known. It binds albicidin with a Kd of 6.4x10-8 M. This high 

affinity binding entails quick conformational changes in the protein, the antibiotic is 

captured in a stable complex and cannot interact with the target enzyme.  

The last resistance mechanism known is the hydrolytic inactivation catalyzed by AlbD. This 

endopeptidase cleaves albicidin site-specifically into two inactive fragments. The cleavage 

site is the amide bond between the building blocks S1 and S1´ (Fig. 22). A set of fragments of 

albicidin and modified versions of it have been synthesized and tested against AlbD in order 

to gain an understanding of the minimal recognition and cleavage motif71.  

It was found that hydrolytic activity was retained or even enhanced for most of the 

synthesized fragments. A fragment where the methoxy moiety of S1´ was replaced with the 

more sterically demanding isopropoxy found in the cystobactamids was also synthesized. 

The hydrolytic activity of AlbD was retained, demonstrating that the cystobactamids can 

potentially be substrate of this endopeptidase. Interestingly, the R-isomer of albicidin was 

cleaved with a significantly lowered efficiency.  
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Figure 22: a) Representation of albicidin cleavage site. b) Table containing selected set of fragments 
synthesized and results obtained in the enzymatic assay with recombinant AlbD; RCR= relative 
cleavage ratios determined by HPLC-MS; SD= standard deviation; figure and table taken from 71. 

 

It is yet to be understood how likely the horizontal transmission of all these resistance 

factors to other microorganisms is. This is an issue that definitely could undermine and 

affect the potential of albicidin as new antibiotic, at the same time having already 

understood so much about the potential resistance mechanisms could aid the design of 

strategies to overcome such problems in advance. 

Considering the structural similarities and the same MoA, it is understandable to think that 

also the activity of the cystobactamids could be affected. On the other hand, this likelihood 

should be properly verified by means of biological experiments to guide the early-stage drug 

development process.  

a) 

b) 
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1.3.3 Cystobactamids 

The first report on the cystobactamids has been published in 2014, approximately at the 

same time as the structure elucidation and total synthesis of albicidin46,47,65. In this work, the 

analogs cys 919-2, 919-1 and 507 were presented. They were isolated as main components 

from the fermentation of cystobacter sp. Cbv34 with a very low production titer. Obtaining 

sufficient amounts of these molecules for pre-clinical investigations remains still very 

tedious. 

The first two compounds have very similar structures, with the only difference in the central 

aliphatic building block. Where as for cys 919-2 a α-amino acid connects the two large 

aromatic fragments, beta connection is present in cys 919-1 (Fig. 23). Cys 507 is a truncated 

version of the first two molecules, possibly isolated as a hydrolytic byproduct. This 

suggestion finds partial confirmation with its total synthesis79. Antibacterial activity tests of 

the synthetic material revealed that the molecule is virtually inactive, therefore the originally 

assessed activity could derive from impurity traces of highly potent cystobactamids. Cys 919-

2 possessed clearly higher antibacterial properties than 919-1.  

The configuration of the two chiral carbons present in central MeO-Asn moieties was firstly 

misassigned    “2S, 3S”. Due to the absence of a racemase in the biosynthetic gene cluster, 

the first carbon is defined as S. 

The mistake was identified with the work of the Kirschning group (data unpublished) and 

reported by Kim et al. 49. The assigned stereochemistry was revised       “2S, 3R”. 
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Figure 23: Structures of the first three reported cystobactamids; depiction of the originally assigned 
stereochemistry and the correct one. 

 

The correct stereochemistry was confirmed to be the revised one with the total synthesis of 

cys919-2 48. The synthesis relies on the disconnection of the molecule in three fragments, 

the central linker and the two aromatic portions (Fig. 24). One of the interesting points of 

     y              gy             “   f-          ”  f     ß-methoxy aspartate as cyclic 

anhydride. Thanks to this, the known side reactions of Asn and Asp that can take place in the 

activation of the carboxylic acid moiety could be avoided.  

 

 

Figure 24: Structure of the three building blocks used for the total synthesis of cys919-2. Figure taken 
from 48. 
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As already mentioned, the cystobactamids are a heterogeneous family of natural products. 

After the first publication and patent of 201480, new derivatives with superior activities 

against Gram-negative bacteria (table 2), remarkably active also against P. aeruginosa, were 

isolated and characterized from Myxococcus sp. SBCy9270 5181. The new derivatives showed 

structural differences at the linker region, PABA-D1 and D2 (Fig. 25). It was confirmed that 

the optimal linker variant is the ß-MeO-Asn and that a simple modification such as 

replacement of the primary amide with a carboxylic acid have a drastic effect on the activity 

(Table 2). The best substitution pattern for PABA-D1 and D2 was found to be the one of 

cystobactamid 861-2 (cys 861-2) that together with cys 935-2 had the best antibacterial 

profile being active against all the tested clinically relevant pathogens with the exception of 

K. pneumoniae. 

 

 
Cystobactamid Linker R

1 
R

2 
R

3 

919-1 E Isopropoxy Isopropoxy H 

919-2 A Isopropoxy Isopropoxy H 

449 - Isopropoxy H H 

507 - Isopropoxy Isopropoxy H 

861-2 A Isopropoxy H H 

871 B Isopropoxy Isopropoxy H 

877-2 A Ethoxy Methoxy H 

891-2 A Isopropoxy Methoxy H 

905-2 A Isopropoxy Ethoxy H 

920-1 C Isopropoxy Isopropoxy H 

920-2 D Isopropoxy Isopropoxy H 

934-2 D Isopropoxy 1-Methylpropoxy H 

935-2 A Isopropoxy Isopropoxy OH 

Figure 25: Schematic representation of the second series of natural cystobactamids discovered from 
Myxococcus sp. SBCy9270. Figure taken from51. 

 

b5b4b3b2b1

A.

B. C. D. E.

PNBA

PABA
PABA

PABA-D1

PABA-D2
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These molecules were published only very recently and practically at the same time with the 

total synthesis of cys 919-2. In this report, together with the discovery of these new natural 

cystobactamids, the total synthesis of the most active congener (cys 861-2) has been 

published. The author of the thesis is also a coauthor of the mentioned manuscript and was 

involved in the synthesis of cys 861-2. 

Table 2: Antimicrobial activities of second series of cystobactamids isolated, table adapted from51. 

 

  

cystobactamid 919-2 861-2 871 877-2 905-2 920-1 920-2 934-2 935-2 

Acinetobacter baumannii DSM-30008 8 0.5 16 > 64 64 > 64 > 64 > 64 2 

Escherichia coli (WT) 0.5 0.13 16 2 4 > 64 > 64 > 64 0.5 

Klebsiella pneumoniae DSM-30104 > 64 > 64 nd nd nd nd nd nd nd 

P. aeruginosa DSM-24600 (CRE)
[b]

 64 1 64 64 > 64 > 64 > 64 > 64 8 

Proteus vulgaris DSM-2140 4 0.25 2 4 32 > 64 > 64 > 64 1 

[a] Ciprofloxacin. [b] Carbapenem-resistant Enterobacteriaceae. 
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1.4  PHOTOPHARMACOLOGY 

Photopharmacology is an emerging field of research. It is based on molecules that upon 

irradiation with light of specific wavelength undergo reversible structural changes. Thus the 

bioactivity of a molecule became controllable by light. S    “     ”                  

identified as photoswitchable drugs 82-87. This type of drugs would offer the advantage of 

site- and temporal-specific activation, thus for instance offering the possibility of limiting 

peripheral side effects. To date, this field is in a growing phase, with the research around it 

being still at its early stage development needing for ground breaking works. 

A known drug can be transformed into a photoswitchable one by the insertion of a proper 

photoswitchable moiety in the original scaffold. The design of such drug is preferably guided 

by structure-activity relationships, since it is essential that the biological properties of the 

parent compound are at least in part retained. 

Different photoswitchable moieties have been reported for their suitability for being used in 

this field, these are azobenzenes88, diarylethenes89, spiropyrans90 and others such as 

acylhydrazones91 (Fig. 26). 

 

 

Figure 26: Overview of reported photoswichable moieties that have found or can potentially find 
application in photopharmacology. For the first three examples on the left, photoswitchable drugs 
that incorporate them are known, for the acylhydrazone in the square not yet. 

 

A molecular photoswictch undergoes isomerization upon absorption of photons, the moiety 

can then go back to the most stable state by different irradiation or thermal relaxation.  

In order to have photoconversion, a molecule has to be irradiated with light of the 

wavelength that is in the proximity of an absorbance maximum. Quantitative isomerization 
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can be achieved if the two absorption spectra of the isomers don´t overlap in the region of 

irradiation. 

 

 

Figure 27: a) Chemical structure of azobenzene in its two isomeric states; b) electrostatic potential of 
the structures (red: negative; blue: positive); c) UV spectra of trans and cis azobenzene. Image taken 
from92.  

 

There are some important requirements that the ideal photoswitch should fulfill for 

photopharmacological applications85: 

- The change in concentration of the most active isomer should be enough in order to 

reach differences in biological activity. It is desirable that this difference is as 

pronounced as possible, with the optimal case in which one of the two isomers is 

inactive ; 

- The isomerization process should be achieved by using light in the near infrared 

region, this is for two reasons, to ensure tissue penetration and to avoid tissue 

damage; 

- The thermal relaxation process that brings the irradiated isomer to the more stable 

conformation should occur within a time frame compatible with the application of 

the drug (range of minutes or hours); 

- The molecule should not undergo side reactions in photoswitching cycles 

(photobleaching); 

- The molecule should possess proper pharmacokinetic parameters such as solubility 

in water of both isomers, metabolic stability and no general cytotoxic effects. 
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Figure 28: Electromagnetic spectrum. Image taken from93.  

 

Azobenzene is the moiety that has been best understood and found the broadest application 

in photopharmacology so far83,90,94,95. 

The simplest azobenzene moiety can be switched from trans to cis with light of 365 nm (Fig. 

27 c). The absorption properties can be modulated modifying either the aromatic rings or 

the substituents on them96-100101. Particularly, in the successful strategies pursued, the UV 

spectrum of the photoswitchable moiety could be red shifted introducing substituents at the 

ortho positions or replacing one of them with a heterocycle (Fig. 29). 

A drawback of photoswitchable drugs incorporating azobenzene is the potential metabolic 

instability 102,103. Nevertheless, if the use of azobenzene will encounter such issues, 

photopharmaclogy could still rely on the others photoswitchable moieties. 

 

 

Figure 29: Chemical structures of latest azobenzene unit reported with tuned properties in the 
direction to reach long relaxation time, switching in the near IR region, total conversion in both 
isomeric states. 

 

In the literature we can find different examples of these innovative types of medicine, 

among them there are photoswitchable antibiotics. Possible advantages that such smart 
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antibiotics could offer are limited level of active antibiotics in the environment thus limiting 

the onset of bacterial resistance, protection of human microbiota and possibly decreased 

side effects.  

In a pioneering work, azobenzenes were merged into the antibacterially active quinolone 

scaffold 88. The light induced cis isomer was more active than the corresponding trans with a 

four-fold difference in MICs for E. coli. A high conversion rate (ca 90% at the PSS) and it had 

a half-life in solution of several hours could be reached (Fig. 30).  

Another example of photoswitchable antimicrobials was derived from the cyclic peptide 

gramicidin. Also in this case, up to ten fold differences in antimicrobial activities for the two 

isomers could be seen.  

 

 

Figure 30: Chemical structure examples of selected molecules possessing the best profile as 
photoswitchable antibiotics in the first work on the quinolone (2013) and gramicidin (2014).  

 

To conclude, pioneering works83,84,88,90,102,104 have demonstrated the basic functional 

principle of a photoswitchable drug. Such proofs of concept rised considerably the interest in 

this field, which still needs of major advancements in order to reach potential application in 

the human body. 

  

  



Aim of the thesis 

38 
 

2 AIM OF THE THESIS 

There is a critical need for novel antibiotics, and the discovery of innovative molecular 

scaffolds active against Gram-negative bacteria is of particular importance.  

Nature has been the richest source of antibiotics, and it still provides useful bioactive 

molecules that serve as starting points for drug development campaigns.  

In this context the cystobactamids represent a promising lead scaffold for the development 

of a novel antibiotic due to their broad antibacterial activity and novel chemical architecture. 

The most active congener of this natural product class is cystobactamid 861-2 (Fig. 31), 

which showed remarkably good activities against clinically relevant Gram-negative bacteria 

such as E. coli and P. aeruginosa, but lacked inhibitory activity against other relevant 

pathogens such as K. pneumoniae and E. aerogenes. For these reasons, it was selected as the 

starting point of my doctoral studies. 

 

The aim of this thesis is to invent cystobactamid analogs with enhanced antibiotic 

properties. Extending the spectrum coverage of this natural product class and improving the 

antimicrobial potency against critical bacteria, such as P. aeruginosa and A. baumannii, are 

of most importance. Furthermore, the potential to break bacterial resistance mechanisms 

against cystobactamids by chemical modifications should be investigated. 

 

To reach these objectives, a synthetic route to the cystobactamids has to be established. 

After that, the optimization of the N-terminal part of the molecule will be pursued, followed 

by the assessment of the central and C-terminal parts, in order to establish structure-activity 

relationships that would aid the design of the next generations of cystobactamid analogs. 

Two known resistance mechanisms for the related antibiotic albicidin will be considered 

within this thesis, i.e. the outer membrane protein Tsx and the endopeptidase AlbD. 

Regarding the latter, a solution to solve the potential enzymatic instability of the 

cystobactamids should be found. 
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Figure 31: Lead structure of the natural derivative possessing the best antibacterial profile and the 
objectives of the thesis. 

 

Additionally, my doctoral studies aim at a broader chemical and biological investigation of 

this natural product class. The potential of the cystobactamids scaffold to generate 

innovative, photoswitchable antibiotics will be        g    . T         “     ”           

that offer spatial and temporal control of the antibacterial activity with light. 

The specific objectives are to design and synthesize photoswitchable cystobactamids with a 

photoresponsive moiety inserted either at the N- or C- terminus, and to assess the 

application of a new type of photoswitch in photopharmacology. 
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3 RESULTS and DISCUSSION 

3.1 STRUCTURAL SIMPLIFICATION 

First, the opportunity of using a simplified structural template for medicinal chemistry 

investigations was assessed. Two compounds were designed in order to gain an 

understanding which the essential structural requirements for antibacterial activity are. For 

this reason, compounds bearing structural simplifications at two of the most complex 

moieties of the cystobactamids were targeted. With these analogs the relevance of the 

MeO- group in the Asn linker and the one of the characteristic phenol at the tetrasubstituted 

ring were assessed (Fig. 32). 

In order to do this, the first two key steps of the project were the establishment of: 

- a more concise synthesis of PABA-D1 

- a synthetic access to the cystobactamid scaffold. 

 

 

Figure 32: Structure of cys 861-2 and the first two targeted derivatives. 
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3.1.1 PABA-D1 synthesis 

Ring PABA-D1 shows an unprecedented substitution pattern, with hydroxyl and isopropoxy 

moieties on the same side of the aromatic PABA unit. Three different synthetic strategies 

starting from commercially available compounds have been pursued in order to access the 

desired building block. 

All of them relied on the introduction of a fourth substituent on an aromatic compound 

where at least three other functionalities were already in place (Fig. 33). 

 

 

Figure 33: Starting materials employed in the three different routes pursued to access PABA-D1, the 
red arrows indicate the position where the 4th substituent should be introduced. 

 

3.1.1.1 Strategy a) 

Starting from 4 (Fig. 33), upon initial functional group interconversions, the introduction of 

the oxygen at the meta position to the carboxylic acid was planned. This should have been 

achieved via nitration followed by reduction and diazotation of the corresponding aromatic 

amine. Finally, the phenol was planned to be generated by treatment in water of the 

diazonium species (Scheme 1). 
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Scheme 1: First strategy attempted to access PABA-D1. 

 

The first three steps were carried out following procedures previously reported105. An 

esterification was conducted, followed by acetylation of the aniline moiety and then 

nitration of the meta position to give compound 7. Reductive cleavage of the C-Cl bond was 

carried out with Pd/C in methanol and TEA to afford the desired arene 8 for the critical step 

(H2 pressure higher than 1 atm was important for a positive reaction outcome). At this point, 

the planned introduction of the phenol moiety via diazotation and treatment in water 

turned out to be unsuccessful due to undesired side reactions (Scheme 1). Possibly, the 

formation of the reactive diazonium salt was followed by intramolecular cyclization to afford 

the benzotriazole scaffold 10. Under different reaction conditions hydrolysis of the ester and 

acetyl amide were observed. Due to the undesired side reactions this synthetic strategy was 

not further pursued. 

3.1.1.2 Strategy b) 

In the second synthetic route used, the starting material was arene 5 (Fig. 33). The first two 

steps saw esterification followed by protection of the phenol with MOM (Scheme 2) using 

adapted versions of previously reported experimental procedures106. The planned key step 

in this route was the introduction of the OH moiety ortho to the carboxylic acid. Desirably, it 

would have been achieved with directed ortho lithiation, followed by trapping of the 

carbanion with triisopropyl borate and final oxydation of the C-B bond to a phenol. 

Selectivity towards the desired position should have been obtained due to additive directing 

effects of both ester and MOM that functions as both protecting and directing group107. The 
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strategy turned out to be unsuccessful, probably due to the instability of the nitro group 

under such strong basic and nucleophilic conditions. 

 

 

Scheme 2: Second strategy attempted to access PABA-D1. 

 

3.1.1.3 Strategy c) 

Synthetic access to PABA-D1 was established starting from arene 6 (Fig. 33). Differently from 

the two previous strategies attempted, the tetrasubstitution pattern was achieved 

introducing the nitrogen at the para position instead of an oxygen either at the meta or 

ortho position. 

  

 

Scheme 3: Successful strategy used to access PABA-D1. 
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In the first step 2,3-dihydroxybenzaldehyde (6) was alkylated selectively with isopropyl 

bromide using sodium hydride as base108, followed by acetylation of the phenol in position 2 

(Scheme 3). Arene 16 was nitrated at the para-position with fuming nitric acid, selectivity for 

the para position could be achieved by lowering the temperature to -40°C. Cleavage of the 

acetyl group followed by alkylation with allyl bromide provided aldehyde 19, which was 

finally oxidize to the corresponding carboxylic acid (3) using Pinnick reaction. The building 

block obtained was used without further purification in the coupling step that will be 

described in a coming section.  

In doing so, a new synthetic access to PABA-D1 was established. The first and only synthesis 

previously published required 12 steps with an overall yield of 6%, while the one presented 

herein had six steps with overall yield of 22%. These results have already been published 51. 

3.1.2 Synthetic access to cystobactamid analogs 

The first cystobactamid derivative targeted (2) bears two major modifications with respect 

to cystobactamid 861-2, it lacks both the methoxy group in the central Asn moiety and the 

phenol on PABA-D1. Retrosynthetically, it was disconnected in three fragments (Fig. 34). 

During the synthesis, trityl was chosen as protecting group of the primary amide to avoid 

side reactions in the coupling steps, and the aniline moieties were masked as nitro groups. 

 A different approach that relied on the disconnection in two fragments (fragments A and B 

of the figure below already coupled) was also attempted but it turned out to be unsuccessful 

due to the very poor solubility and reactivity of the larger intermediate. 

 

 

Figure 34: Retrosynthetic disconnection of derivative 2. 
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3.1.2.1 Fragments synthesis: 

3.1.2.1.1 Fragment B 

For the synthesis of central fragment B (Scheme 4), Fmoc-Asn(Trt)-OH (23) and methyl p-

aminobenzoate (24) were coupled efficiently by means of POCl3 at 0 °C. Keeping the 

temperature low was important in order to avoid racemization109. Using this chlorinating 

reagent aspartimide formation was avoided. This common side reaction of asparagine, 

although trityl protected, was observed with other coupling reagents, such as HATU. 

Installation of the second PABA unit was carried out using HBTU and para nitro benzoic acid 

(PNBA), upon deprotection of Fmoc protecting group. Hydrolysis of methyl ester using 

standard conditions led to complete racemization. This could be avoided treating it with 

excess of LiI in ethyl acetate at refluxing conditions to afford carboxylic acid 21110. 

 

 

Scheme 4: Synthesis of central fragment B. 

 

3.1.2.1.2 Fragment C 

The synthesis of the diaryl building block was carried out with a five step sequence (Scheme 

5). In brief, esterification of 5 using SOCl2 in MeOH followed by alkylation and hydrolysis 

afforded carboxylic acid 26 in nearly quantitative yield. This was coupled with commercially 

available methyl ester of PABA by means of EDC and HOAt in a moderate yield, finally the 

nitro group was reduced with SnCl2 in ethanol to afford amine 22. 
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Scheme 5: Synthesis of fragment C. 

 

3.1.2.2 Final assembly of the molecule: 

The final steps of the route started with the assembly of fragments B and C (21 and 22). This 

turned out to be the most difficult coupling step of the whole synthesis due to the low 

reactivity of the hindered aniline moiety and the carboxylic acid fragment. The coupling 

reagents employed were ECD/HOAt using excess of collidine as base, the reaction proceeded 

well but required 6 days, after which compound 27 was isolated with around 50% yield 

(Scheme 6). These reaction conditions most probably altered the enantiomeric excess of the 

molecule and therefore alternative ones were needed.  

The trityl (Trt) protecting group was then removed with TFA and TIPS (carbocation 

scavenger) in DCM to liberate the primary amide. The intermediate was directly used in the 

reduction step of the nitro moiety to give the corresponding aniline 28 (Scheme 6). 

With the growing oligomer also the sensitivity of the peptide bonds to basic conditions 

increased. Therefore the methyl ester of 28 was cleaved before the introduction of the last 

aromatic ring. The hydrolysis was carried out in THF/water using 2 eq. of base (LiOH) with a 

reaction time of 2.5 days. Carrying it out with a higher amount of base led to increased 

amounts of hydrolytic by-products. 

Aromatic ring A, activated as an acyl chloride, was coupled to amino acid 29 using Schotten 

Baumann conditions, and the desired product 2 was isolated by preparative RP-HPLC.  
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Scheme 6: Final steps of the synthesis 

 

3.1.2.3 Cystobactamid des methoxy 861-2 

With the established synthesis of PABA-D1 at hand, also the structurally simplified analog 

lacking only the methoxy moiety (compound 1) was targeted. For its synthesis, an adapted 

route of the one just described was employed. Major differences concerned fragment C and 

the experimental procedures of the critical coupling step discussed before, in order to avoid 

potential racemization. 

In particular, for the coupling step of the two larger fragments stronger conditions were 

needed, in order to shorten the reaction time and thus to avoid racemization. The degree of 

racemization was assessed in each critical step of the synthesis using the Marfey assay 111 

(see section 3.1.4). 

A different protecting group strategy was adopted for fragment C1, in order to avoid the 

basic conditions needed for methyl ester hydrolysis. Additionally, the phenol present on 

PABA-D1 needed to be protected for a positive outcome of critical coupling steps. For these 
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reasons, both phenol and carboxylic acid were protected with an allyl group that can be 

removed under neutral conditions. Compound 32 was obtained by coupling the allyl ester of 

PABA (21) with PABA-D1 building block (3), with POCl3 as the coupling reagent (Scheme 7). 

Reduction of the nitro group with Zn0 and 10% acetic acid in EtOH afforded aniline 33. In 

most of the reactions where a NO2 group had to be reduced, either Zn0 in acidic conditions 

or SnCl2 were the methods employed. The former method should be favored over the 

second one due to the more practical work-up of the reaction and the lower toxicity of the 

waste materials generated. 

 

Scheme 7: Assembly of fragment C bearing PABA-D1 moiety in which the phenol is masked as an allyl 
ether. 

 
Aniline 33 was then coupled to central fragment B (21). The most efficient reagent found 

was once again POCl3. Standard coupling reagents, such as HATU or EDC, were found to be 

inefficient. Whereas pre-activation of the carboxylic acid with other chlorinating agents such 

as oxalyl or thionyl chloride mainly led to decomposition, presumably due to side reactions 

of the amide of the Asn side chain (although Trt protected).  

With the conditions employed, these side reactions could be avoided presumably because 

the carboxylic acid was activated in situ. The order of addition of the reagents turned out to 

be important. When adding first DiPEA and then POCl3, formation of the mixed anhydride of 

21 was mainly observed, with traces amount of product generated (despite the reactive 

nature of the byproduct, no reaction could be observed with the aniline even under 

enforced conditions such as heating for prolonged time). A different outcome was observed 

when POCl3 was carefully added first, followed by the base. In this case, formation of the 
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desired coupling product was obtained, and only traces of the byproduct were present 

(Scheme 8). 

In sum, the reagent of choice also for this critical coupling step was POCl3, the desired 

intermediate could be obtained in around 60% yield with a shortened reaction time and 

partial racemization could be avoided.  

As described before, removal of the Trt group and reduction of the nitro group afforded 

advanced amine 35. The last aromatic ring PNBA was activated to acyl chloride and installed 

in good yield. Allyl protected cystobactamid 36 was then treated with 

tetrakis(triphenylphosphine)palladium0 and phenyl silane as scavenger to give the desired 

derivative, which was purified with preparative RP-HPLC using a gradient of 10 mM aqueous 

NH4HCO3 and acetonitrile.  

The establishment of a proper purification method was not trivial due to the low solubility of 

the molecule in either water or organic solvents. Using an acidic system for the reversed 

phase purification, only small amounts of product with unsatisfactory purity could be 

isolated. A convenient method was found using the condition described above, shifting the 

pH to slightly basic (ca. 8). In this manner, the solubility of the cystobactamid was clearly 

enhanced and its decomposition could be avoided.  

In sum, the synthesis of the derivative cys DM861-2 (1) could be achieved in 12 steps 

(longest linear sequence) with an overall yield of 1.9%.  
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Scheme 8: End game of the synthesis of cystobactamid des methoxy 861 (cys DM861). 

 

3.1.3 Biological activities 

In order to assess the tolerability of the introduced structural changes, the two synthesized 

cystobactamid analogs were tested against E. coli, P. aeruginosa, S. aureus and the 

respective mutants of the two Gram-negative bacteria lacking a major efflux pump (TolC for 

E. coli and MexAB for P. aeruginosa) (Table 3). 

The compound lacking both –OMe and –OH (2) was active only against the mutant bacterial 

strains, thus suggesting that this molecule is subject to efflux processes.  

Cystobactamid desmethoxy 861-2 (1) retained inhibitory activity in the low µg/mL range 

comparable to the parent compound against the tested strains with the exception of 

P. aeruginosa wild type (PA WT). A comparison of the activity between mutant and WT 

strains suggested that this molecule is substrate for the multidrug efflux system MexAB, 

whereas efflux mediated by TolC seems to play a minor role.  
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Table 3: Antimicrobial and E. coli (Ec) gyrase inhibitory activities of structurally simplified analogs in 

comparison with the ones of cys 861-2. 

 
 

MIC [µg/mL] E. coli Δ   C 
E. coli 

WT 
P. aeruginosa 

Δ  xAB 
P. aeruginosa 

WT 
S. aureus 

EC gyrase IC50 
[µM] 

 

Reference 
Cys 861-2 

0.125 0.125 0.5 2 0.5 0.22a 

2 0.06 > 64 1 > 64 > 64 nd 

1 0.06 0.13 1 > 64 0.5 0.11a 
 

MIC and DNA supercoiling assays performed at the Helmholtz institute for pharmaceutical 

research Saarland, department of microbial natural products (MINS) by Dr. Jennifer 

Hermann. 

 

 

Considering the comparable ability to inhibit gyrase, which was even higher for the 

simplified analog DM861-2 (1), it seems that the central MeO- and the -OH on PABA-D1 

moieties are important structural features of the cystobactamid scaffold for evading the 

efflux pump systems of the pathogens. 

Although cystobactamid DM861-2 lacked activity against P. aeruginosa WT, it represents a 

simplified structural template for establishing structure-activity relationships of this new 

class of natural products.  

As the established synthetic route allowed accessing a larger number of analogs compared 

to routes based on methoxy-asparagine, it was decided to design further derivatives with an 

asparagine unit. This decision was also supported by the fact that albicidin (lacking of the 

methoxy                β-cyanoalanine) was reported to be active on P. aeruginosa. This thus 

suggested that activity against this pathogen could be mediated not only by the central 

linker unit, but also by other structural modifications of the scaffold. 
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3.1.4 Marfey analysis 

The steps in which partial racemization could have occurred, due to the reaction conditions, 

were investigated with Marfey´s analysis112 113 114 (Table 4) (for experimental details see 

section 4.2.1.1.). 

The derivatization procedure in brief, the desired intermediate was hydrolyzed with HCl to 

generate aspartate. After lyophilization, the sample was reacted with FDAA reagent 1% in 

acetone and subjected to LCMS analysis. The amount of each diastereoisomer is determined 

by area integration of the extracted ion chromatogram (EIC 384.10±0.3 -All MS). 

During the derivatization process, partial racemization occurs as assessed with commercially 

available 23. 

Taken together, the information presented in Table 4 proved that the synthetic route 

established for the synthesis of 1 did not entail significant racemization of the chiral Asn. 
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Table 4: General scheme describing Marfey´s method and selection of intermediates analyzed. 

 

Molecule % of (S, S) diastereoisomer 

Fmoc-Asn(Trt)-OH (23) 95.8 

 

96.5 

 

94.0 

 

94.0 

DM 861-2 (1) 91.2 
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3.2 N-terminal OPTIMIZATION 

After assessing possible structural simplifications, the medicinal chemistry investigation was 

continued using DM861-2 as structural template. It was decided to first investigate 

structural variations of the N-terminus, this was for different reasons.  

First, the established synthetic access sees the late-stage introduction of aromatic ring A. 

Furthermore, the structural difference to albicidin and the published albicidins activity data 

67,69 suggested that this part of the molecule can tolerate different structural motifs and that 

modifications of it can be exploited to enhance the enzymatic inhibitory activity. 

Additionally, the presence of a NO2 group confers very low solubility properties and 

potentially could be the cause of metabolic instability and toxicity.  

Therefore, the aims of this first round of analogs synthesis were to find a replacement for 

this undesirable functional group, to gain knowledge of the structure-activity relationships of 

the N-terminus and to enhance the antibacterial activity of the cystobactamids. 

3.2.1 General synthetic scheme 

The general synthetic Scheme 9 has been followed for the synthesis of derivatives bearing 

modifications at ring A.  Amine 35 was synthesized on a gram scale and coupled to different 

aromatic acyl moieties that were either purchased or synthesized. Coupling reactions were 

carried out upon activation of the acid to acyl chloride by means of BTC and collidine65 or 

oxalyl chloride. Alternatively, when the acid was bearing a moiety which could give side 

reactions with such reagents, a milder activation strategy was adopted. A combination of 

EDC and HOAt was chosen, which could still ensure strong enough coupling conditions even 

if the reaction time was longer in these instances.  

Allyl protected cystobactamid analogs could be either purified or directly employed in the 

final deprotection step. Most of the cystobactamids were purified by preparative RP-HPLC 

with a water/acetonitrile gradient that contained NH4HCO3 (10 mM) as modifier, thus they 

were obtained as ammonium salt. Depending on the analog, the overall yield over these two 

steps could vary from around 10% to 50%. 
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Scheme 9: General scheme of the last coupling and final deprotection steps. 
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3.2.1.1 Synthesis of variants of building block A 

Variants of building block A (Fig. 35) were prepared for being used in the coupling step of 

Scheme 9. They represent variations of para nitrobenzoic acid that is present in the original 

scaffold of the cytobactamids. 

 

 

Figure 35: Different building blocks A prepared. 

 
4-Acetamidobenzoic acid115 (55) and (E)-3-(4-(allyloxy)phenyl)-2-methylacrylic acid65 (58) 

were prepared according to reported experimental procedures while (E)-3-(4-cyanophenyl)-

2-methylacrylic acid65 (59) and 4,5-bis(allyloxy)picolinic acid 116117 (57) with only minor 

adaptations. 

 

For 59, a Wittig reaction between 4-cyanobenzaldehyde and 2-(triphenylphosphoranylidene) 

propionate afforded mainly the desired E isomer, which was isolated with good yield, finally 

hydrolysis of ester 62 with LiOH afforded the desired building block (Scheme 10). 

 

 

Scheme 10: Synthesis of modified N-terminal acyl residue of albicidin. 
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The synthesis of the siderophore protected moiety (57) started from Kojic acid (63). Mono 

alkylation followed by oxidation of the primary alcohol to the corresponding carboxylic acid 

and finally exchange of the oxygen part of the ring with nitrogen, simply upon treatment in 

ammonium hydroxide, afforded the siderophore scaffold 4-pyridon-2-carboxylic acid (64) 

(Scheme 11).  

Any attempts to couple this molecule with the amine 35 failed, thus it was decided to 

protect also the ketone. Treating 64 with slightly excess of allyl bromide afforded the tris 

allyl protected pyridine derivative, which underwent hydrolysis under standard condition to 

afford the desired carboxylic acid 57. 

 

Scheme 11: Synthesis of siderophore protected moiety. 

 

The benzoic acid derivative 56 was synthesized starting from the methyl ester of PABA. 

Formation of the urea was carried out by treating the aniline with BTC, the resulting 

carbamoyl chloride was subsequently quenched with NH4OH. Hydrolysis of the ester gave 

the desired carboxylic acid. 
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3.2.2 1th series of ring A analogs 

The aim of the first series of analogs (Table 5) was to understand which features the 

substituent on the aromatic ring A should possess. Particularly, its electronic properties, 

position and polarity were assessed. The apolar nitro was reduced to an amino group or 

replaced by a substituent with different characteristics, for instance the acetamido moiety. 

The rationale behind this compound was to insert an additional amide group that ideally 

could have extended the possibility of amidic H-bond interactions. In other molecules, the 

original substituent was moved to the meta and ortho positions. Bioisosteric substitutions 

have been pursued with the analogs bearing a cyano, trifluoromethyl, methanesulfonyl 

moieties or with compounds 52 and 53.  

The design of 56 bearing the urea was inspired by carbamoyl albicidin and the hope to 

increase the solubility of the molecule. An extended cystobactamid was also obtained, 

where a third aromatic ring had been added at the N-terminal. A compound bearing the 

same substitution pattern of PABA-D1 at ring A was also synthesized.  

The biological activities and structures of these first N-terminal analogs are presented in 

Table 5.  
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Table 5: Chemical structure of derivatives synthesized in the first series of ring A modifications and 

their biological characterization (antibacterial activities and E. coli gyrase inhibitory properties for 

selected analogs).  

 
 

 
 MIC [µg/mL] 

EC gyrase 
IC50 [µM] 

Compound 

 

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB 

P. ae. 
 WT 

S. au. 

 

R 

o m p 

Reference 
DM861-2 

-H -H -NO2 0.125 0.5 1 > 64 1 0.11
a
 

38 -H -H -NHAc 0.06 16 > 64 > 64 64 nd 

39 -H -H -H 0.5 > 64 2 > 64 > 64 4.0
b
 

40 -H -H -F 0.5 0.5 2 > 64 2 nd 

41 -H -H -NH2 32 2 4 > 64 > 64 26.8
b
 

42 -H -NO2 -H 0.25 > 64 0.5 > 64 > 64 2.2
b
 

43 -H -NH2 -H 2 32 4 > 64 > 64 nd 

44 -NO2 -H -H 2 8* 16* > 64 > 64 nd 

45 -H -H -NHCONH2 0.03 0.5 4 > 64 64 8.7
b
 

46 -H -H -CN 0.06 0.5 0.25 2 0.25 0.08
a
 

47 -H -H -CF3 ≤ 0.03 0.5 64* > 64 16-32 nd 

48 -H -H 
 

> 64 0.5* > 64 > 64 > 64 2.5
b
 

49 -OH i-PrO -NO2 > 64 > 64 > 64 > 64 > 64 >50
b
 

50 -OH i-PrO -NH2 0.01 2 2-4 32* > 64 50
b
 

51 -H -H -SO2CH3 <0.03 2 4* >64 >64 nd 

52 

 

<0.03 <0.03 1 >64 1 1.4
b
 

53 
 

<0.03 1 2 > 64 > 64  

54 

 

<0.03 <0.03 >64 >64 >64 5.5
b
 

 

P. ae.= P. aeruginosa, S. au.= S. aureus; a determined at the department of microbial natural products 



Results and discussion 

60 
 

(MINS), b determined at the department of chemical biology (CBIO), further details are given in the 

experimental part; nd= not determined; * the value could not be determined unambiguously and 

might be higher than assigned. Dr. Jennifer Hermann and Katarina Cirnski performed the MIC assays. a 

Dr. Jennifer Hermann and  b Dr. Peter-Hans Prochnow performed the DNA supercoiling assay. 

 

 

For the brief discussion the reference compound will be DM861-2 (first line of Table 5). 

Moving the substituent to different positions of the aromatic ring as well as introducing 

polar EDG, was in general deleterious for the antibacterial activity and also for the efficiency 

to inhibit gyrase. For instance, the compound with the NO2 at the meta position (42) had a 

worse antibacterial profile compared to DM861-2 and a ten-fold weaker gyrase IC50 value. 

Even more pronounced was the effect of the nitro reduction on gyrase inhibitory activity, as 

the compound bearing an aniline moiety (41) showed a 100-fold decreased IC50. The ortho 

position seemed to be the worst, compound 44 was active only against mutant E. coli. 

On the other side, molecules bearing EWG, apolar substituents such F, CF3, CN (40, 47, 46) 

had in general good antibacterial profiles comparable to the one of the reference structure, 

and also the gyrase inhibitory activity was in the same sub-µM range.  

Remarkably, the derivative 46 with a cyano group as a NO2 bioisoster was active also against 

P. aeruginosa WT and had the highest gyrase inhibitory activity among all the 

cystobactamids tested so far (both natural and synthetic ones). 

Considering the success of the CN moiety, other compounds with NO2 bioisosters were 

 y         ,                            py   y       y,   γ-lacton fused to the aromatic ring, 

trifluoromethyl and the methanesulfonyl group (53, 52, 47 and 51). All of them possessed 

good to very good activity against both E. coli strains tested but were lacking activity against 

P. aeruginosa WT. 

Compounds 49 and 50 that bear the same substitution pattern of PABA-D1 had activities 

that are not in line with the previous information on SAR. For these, the analog bearing a 

NH2 showed a better antibacterial profile compared to the one with the NO2, that was 

inactive against all the pathogens tested. Interestingly, although the IC50 of the former was 

around 50 µM, far from the range of the best cystobactamids, it showed very good activity 

against mutant E. coli.  

Gyrase A inhibitors can target also topoisomerase IV, as it was shown for albicidin and 

cystobactamids. The high IC50 of analog 50, but still good MIC values might be rationalized by 

an enhanced topoisomerase IV affinity or additional capability to inhibit other 
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topoisomerases. This is only a speculation but if so a possible explanation could be that 

certain structural variations entail changes at the overall shape of the molecule, resulting in 

increased affinity for alternative target enzymes. 

The extended, heptameric cystobactamid 48 showed good gyrase activity (2.5 µM), but it 

was lacking of antibacterial properties with the exception of only E. coli. Interestingly, this 

molecule was active against the wild type but not the Δ   C       . 

The last analog of the Table is a confirmation of the information already gained on aromatic 

ring A: the four fluorine substituents decreased the overall electron density of the ring, as a 

consequence improved IC50 and MICs values were obtained in comparison to the para NH2 

monosubstituted derivative (41). 

In conclusion, these results represent the first structure-activity relationships of the N-

terminus established with synthetic cystobactamids. Particularly, they clearly indicate that 

aromatic ring A is very important for the interaction with the target enzyme and can mediate 

cellular penetration. Optimal binding is reached with an electron poor aromatic ring, and the 

preferable position of the substituent is the para. Notably, a substitution pattern conferring 

P. aeruginosa WT activity was found, this indicated that evasion of the multi-efflux pump 

system (MexAB) could be modulated also via proper N-terminal modification, and not only 

with variations of the central linker region.  
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3.2.3 2nd series of ring A analogs 

3.2.3.1 Aromatic ring and connection with the carbonyl 

Building on the promising findings of the first series of analogs, in which the position and the 

electronic properties of the substituent on the aromatic ring were mainly investigated, a 

second series of derivatives was designed that aimed at assessing the introduction of an 

additional substituent on ring A and the aromatic ring-carbonyl group connectivity. 

Additionally, the methoxy moiety at the central Asn linker was also reintroduced in the 

scaffold of the best analog found in the first series. 

 

For the synthesis of these new derivatives, the same procedures described in section 3.2.1 

were used. Also in this case, the carboxylic acids building blocks were either synthesized 

(section 3.2.1.1) or purchased. 

The synthesis of the molecule bearing the methoxy at the central Asn started from advanced 

intermediate 6551. For the last two steps (Scheme 12), similar procedures of the ones 

already described were followed. In brief, para-cyanobenzoyl chloride was coupled to 65 in 

THF, and the obtained product was directly employed in the allyl cleavage step. The desired 

product (66) was isolated by RP-HPLC using a gradient of water and acetonitrile buffered 

with 10 mM NH4HCO3. 

 

 

Scheme 12: Final two steps of the synthesis of compound 66. 
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As mentioned before, albicidin possesses a coumaric acid derivative rather than benzoic acid 

moiety at the N-terminus. In order to investigate the influence of this difference, 67 was 

synthesized (Table 6). Additionally, the OH- group was also replaced with a cyano moiety 

(68), because of the favourable properties of the cyano group found in the first series of 

analogs. 

After these two molecules, derivatives that aimed at the investigation of the aromatic ring-

carbonyl connectivity were synthesized. Particularly, the electron density given by double 

bond of the Michael acceptor in albicidin was mimicked by the introduction of heteroatoms 

such as an oxygen or a sulfur (71, 72) atom and simplified analogs with one and two 

methylene spacer (69, 70) were synthesized. 

It was found that the two analogs with the double bond had the best antimicrobial profile, 

and any attempts to replace it led to complete loss of activity against P. aeruginosa and 

S. aureus. Considering that nearly all the analogs possessed comparably potent gyrase IC50´s 

(    μM    g ), the reason for absence of bacterial inhibition was presumably again lack of 

penetration due to efflux. 

The structurally simplified molecules bearing a CH2 or a (CH2)2 spacer also showed efflux 

issues. Additionally the shorter linker yielded a ten-fold reduced gyrase activity in 

comparison to all the other compounds. Since this reduction cannot be attributed to the 

electronic properties of the aromatic ring, the reason could be that the overall conformation 

taken by the molecule becomes unfavorable.  

In another set of molecules, second substituents with different electronic properties were 

introduced on the 4-cyanobenzoic acid moiety. First, a methyl group was placed either at the 

ortho or meta position (74 and 75) and since the former compound was less active, it was 

decided to focus only on the latter position. Hence, EDG and EWG groups were introduced.  
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Table 6: Depiction and biological characterization of cystobactamid analogs bearing a second 

substituent or a spacer unit between carbonyl and aromatic ring A. 

 
 

   MIC [µg/mL]  
 
EC gyrase  
IC50 [µM] 

Compound  
 
 

R  

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB 

P. ae. WT S. aureus 

R1 Y L 

Reference 
CNDM 
861-2 

-H -CN / / 0.06 0.5 0.25 2 0.25 0.08a 

67 -H -OH / 
 

0.06 0.25 0.25 1 0.25 nd 

68 -H -CN / 
 

<0.03 0.125 0.25 1* 0.06 nd 

69 -H -CN / -CH2- <0.03 1 >64 >64 >64 16.3b 

70 -H -CN / -(CH2)2- <0.03 0.125 0.5* >64 >64 1.0b 

71 -H -CN / 
 

<0.03 0.06 >64 >64 >64 1.8b 

72 -H -CN / 
 

<0.03 0.25 >64 >64 >64 0.8b 

73 -H -H / 
 

4 > 64 > 64 > 64 > 64 nd 

74 -H -CN -CH3 (o) / 0.03 0.5 2 8* 64 1.7b 

75 -H -CN -CH3 (m) / 0.03 0.5 0.5 4 2 1.6b 

76 -H -CN -F (m) / ≤ 0.03 0.25 0.5 8 2 0.4b 

77 -H -CN -Cl (m) / <0.03 <0.03 0.25 >64 <0.03 0.1b 

78 -H -CN -OCH3 (m) / <0.03 <0.03 0.25 >64 >64 1.8b 

66 -OMe -CN / / <0.03 <0.03 <0.03 0.5 <0.03 0.4b 
 

P. ae.= P. aeruginosa, S. au.= S. aureus; a determined at the department of microbial natural products 

(MINS), b determined at the department of chemical biology (CBIO), further details are given in the 

experimental part; nd= not determined; * the value could not be determined unambiguously and 

might be higher than assigned. 

 

All these derivatives retained potent activities against both E. coli strains and the mutant of 

P. aeruginosa, while they showed differences among them against P. aeruginosa WT and 
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S. aureus. The only two that retained moderate activity against the former pathogen (4-8 

μg/  )      76 and 75, meta-substituted with F and CH3. 

It is striking to see how small modifications such as the replacement of a methyl with a 

chlorine group, which are functional groups that have the same size, had a drastic effect on 

the activity against P. aeruginosa and on the other side a positive one against S. aureus, with 

a more than ten-fold improvement of the MIC value.  

All these derivatives had a gy              y        y         0.1     2 μM,          chloro 

analog 77 being the most potent; steric effects or electrostatic repulsion could possibly 

determine these differences in IC50´s. 

A comparison between antibacterial profiles and enzymatic activity for this set of analogs, 

once again highlighted that the optimization of the potency on the enzyme does not go in 

parallel with the antibacterial activity, especially against P. aeruginosa. 

Since fundamental understanding of the structural requirements needed for highly potent 

gyrase inhibition is already reached, it could be more important in the future to focus on 

establishing the structure-activity relationships that determine cellular uptake. 

In this context, to confirm the relevance of the MeO- at the central Asn linker, compound 66 

was designed. The biological properties of this molecule revealed that the optimized ring A 

                β-MeO-Asn had a positive additive effect. Noteworthy, this compound 

possessed a broader antibacterial spectrum and clearly improved activities against all the 

tested strains in comparison to both cys 861-2 and 46 (for instance four-fold improvement 

against P. aeruginosa WT), although its gyrase IC50 was not the most potent among all the 

analogs synthesized. 
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3.2.3.2 Heterocyclic moieties  

Within the second round of investigation of unit A, it was decided to assess also the 

possibility to replace the phenyl ring, while maintaining the optimized substitution pattern 

(Table 7). This was for gaining further understanding in the SAR of this part of the molecules 

and for increasing the solubility. Heterocyclic moieties with different electronic properties 

and ring sizes were selected, for instance two cyano-pyridines. This choice was partially 

driven by the knowledge that an electron poor ring confers higher inhibitory properties.  

A bioisosteric substitution was also attempted, and thiophen was chosen for this purpose. 

Pyrrole was selected due to its reported ability to interacts with DNA bases105. A compound 

with a bicyclic system (85) was designed to assess the effect of a bulky moiety that is 

potentially able to boost the pi stacking interactions. A compound with a pyridinone moiety 

(84) was chosen to exploit whether iron-chelating properties would be beneficial for activity. 

The compound represents a strategy that has been especially used in -lactams research, 

because incorporation of a siderophore in the antibiotic scaffold should enhance permeation 

into the bacterial cell through the iron uptake pathways 116,118. 
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Table 7: Depiction and biological characterization of the derivatives where the N-terminal phenyl ring 

was replaced by heterocycles. 

 
 

 MIC [µg/mL]  
EC gyrase 
IC50 [µM] 

Compound R 
E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB P. ae. WT S. aureus 

Reference 
CNDM 
861-2  

0.06 0.5 0.25 2 0.25 0.08a 

80 

 

<0.03 <0.03 1 >64 64 0.5b 

81 

 

<0.03 <0.03 0.25 0.5 <0.03 0.9b 

82 
 

<0.03 <0.03 0.25 0.5 0.25 0.5b 

83 
 

<0.03 <0.03 0.5 >64 64 0.7b 

84 

 

>64 >64 >64 >64 >64 3.6b 

85 

 

0.5* 0.25 >64 >64 >64 0.3b 

 

P. ae.= P. aeruginosa, S. au.= S. aureus; a determined at the department of microbial 

natural products (MINS), b determined at the department of chemical biology (CBIO), 

further details are given in the experimental part; nd= not determined; * the value 

could not be determined unambiguously and might be higher than assigned. 

 
All the derivatives possess IC50 values in the sub-µM range with the exception of the 

siderophore-cystobactamid (84), that had an activity in the low µM range. Unfortunately, 

this molecule turned out to be totally inactive against all the tested strains, even against the 

mutants lacking the efflux pump. Considering the significantly higher polarity of this residue 
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in comparison with all active compounds, it could be speculated that this prevents cellular 

penetration.  

The nitro-quinoline analog (85) possessed the best IC50 value (0.3 µM) among the 

compounds in this subsection but it wasn´t active against neither P. aeruginosa nor 

S. aureus.  

Among the remaining four, the derivative bearing the 5-cyanothiophene-2-carboxylic acid 

and 5-cyanopicolinic acid moieties (82 and 81) showed the most interesting antibacterial 

profile. They possessed excellent MICs against all the pathogens tested.  

 

To sum up, within the second round of investigation of ring A five new highly potent 

derivatives had been discovered, with three of them possessing clearly improved activity 

with respect to the lead structure cys 861-2. The structural motif of ring A could be further 

optimized to reach P. aeruginosa inhibition in the sub-μg/mL range.  

In term of SAR, it was shown that the introduction of a second substituent can be tolerated 

but it is not beneficial for the activity. The presence of different spacers between ring and 

carbonyl group led to different results, with the Michael acceptor system as present in 

albicidin being the best moiety for the activity. Whether the positive effect is due to the 

chemical reactivity or to the evasion of efflux pumps has to be demonstrated yet. 

Nevertheless, considering the activity against gyrase, a 1,4-addition is presumably not critical 

in the inhibition mechanism. It could thus be speculated that the electronic properties and 

influence on the molecular conformation/shape of the methacryl moiety are the reasons for 

the positive effect on the activity. This would also match with the results of the first series of 

ring A analogs, where it was seen that a higher activity was observed with lipophilic 

moieties. 

It is very interesting to see that nearly equally potent activities can be achieved with 

different types of N-termini, such as the simpler benzoic acid of the cystobactamids as well 

as the more sterically demanding tail of albicidin.  

An additional point of reflection is given by the fact that the aromatic ring at the N-terminal 

residue of albicidin bears an EDG group. Nonetheless this substitution pattern yields optimal 

binding and antibacterial properties, thus standing partially in contrast with the 

cystobactamid SAR established herein. At the same time, it should be kept in consideration 

that in one of the reports on the SAR of albicidin69 it was shown that a derivative with a 
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simpler 4-hydroxybenzoyl residue (Michael acceptor deleted) had significantly lower 

antibacterial properties compared to the parent natural product, which is in line with my 

findings. 

For all these reasons, it appears that this small lipophilic linker has a particular influence on 

the final activity, but the knowledge developed so far does not permit to have a clear 

understanding of its effect. Trying to gain such knowledge would probably partially overlap 

with the work already done on albicidin.  

Two new heterocyclic moieties that further boost the antimicrobial activities, remarkably 

against P. aeruginosa WT, have been identified. Notably, this proved that the PABA moieties 

of the natural product scaffold can be substituted by different aromatic systems, a strategy 

that could be adopted to increase the solubility of the molecule. 

Finally, I have    f               β-MeO-Asn linker allows reaching better antibacterial 

properties compared to the simpler Asn, and that the information obtained from the 

optimization of ring A can be translated to the original scaffold, yielding a positive additive 

effect on the antimicrobial activity. 

 

These two series of derivatives modified at ring A proved that 1 had been a valid alternative 

scaffold for the medicinal chemistry investigation of the natural cystobactamid 861-2. It 

could be envisaged that novel analogs bearing the new optimal heterocycles and a β-MeO-

Asn could potentially possess even better activities.  

The evaluation of the antimicrobial properties against a broader panel of pathogens of 

clinical relevance for the most promising analogs will be presented in another section of this 

thesis. 
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3.2.4 Second synthetic access, modifications of rings A-B 

The structural optimization of the cystobactamid proceeded involving aromatic unit B. In 

order to have the possibility to introduce a higher level of diversification of the scaffold at 

the N-terminus efficiently, a second synthetic access had been established (Fig. 36). The new 

synthesis allowed late-stage modifications of both aromatic units A and B at the same time.  

This modular synthesis relied on the disconnection of the molecule in the three fragments 

readily accessible on gram scale. 

 

 

Figure 36: Retrosynthetic disconnection of the second synthetic access to cystobactamid analogs. 
Fragment A1 is given as a general formula to highlight the possibilities of variation of this part.  

 

With the new synthesis, the higher reactivity of the primary amine of central building block 

B1 (86) was exploited in the last step, this was to ensure mild reaction conditions and avoid 

the need of protecting groups for the phenol and carboxylic acid. 

Other reasons for the design of the new synthesis were to shorten the longest linear 

sequence and to increase the overall yield. 

Compound 103 bears an amide at the C-terminus instead of a carboxylic acid. The synthesis 

of 103 with the new approach proved the applicability of this synthesis for investigation of 

the carboxylic acid function of the PABA-D2 ring.  
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In the next sections, the synthesis of the fragments will be described, followed by the final 

assembly of the molecule. 

3.2.4.1  Fragments synthesis: 

3.2.4.1.1 Fragments A1 

 

 

Scheme 13: Synthesis of fragment A1. 

 
Fragment A1 (89) was readily synthesized coupling PABA and 4-nitrobenzoyl chloride via 

Schotten Baumann conditions (Scheme 13). The compound was obtained in good yield upon 

filtration and trituration of the reaction mixture. The carboxylic acid was then activated as 

an acyl fluoride by means of DAST and directly used in the coupling step.  

This activation strategy has the advantages that (i) acyl fluorides react selectively with 

amines rather than oxygen-based nucleophiles, (ii) they are produced with an easy and quick 

procedure, and (iii) the activated species is usually a solid that can be isolated and stored for 

several days. For these reasons it was initially preferred over standard coupling reagents and 

acyl chlorides.  

It should be mentioned that 89 possessed very bad solubility in any organic solvent, and also 

the acyl fluoride product had a poor solubility in both DCM and THF. This rendered the work 

up of the reaction tedious with concomitant loss of material. Therefore alternative activation 

strategies were investigated for the synthesis of other analogs. 
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3.2.4.1.2 Variants of fragments A1 

 

Figure 37: Different fragments A1 synthesized. 

 

The fragments depicted in Figure 37 were also synthesized starting from the corresponding 

amines and 4-cyanobenzoyl chloride. 

For the sulfonamide building block 98, the synthesis started from tert-butyl ester of PABA 

and the commercially available sulfonyl chloride 95, which were coupled in THF and 

pyridine. The crude compound (97) was treated with TFA to deprotect the carboxylic acid 

moiety, and an aqueous work up afforded pure 98 (Scheme 14). 

 

 

Scheme 14: Synthesis of sulfonamide variant of fragment A1. 
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3.2.4.1.3 Fragments B1 

 

Scheme 15: Synthesis of building block B1. 

 
Fragment B1 was synthesized treating ester 25 with lithium iodide to obtain the 

corresponding carboxylic acid (Scheme 15). 

3.2.4.2 Final assembly of the molecule: 

The assembly strategy pursued was the same as in the first synthetic access, starting 

coupling fragments B1 and C1 by means of POCl3 (Scheme 16). Alternative coupling methods 

such as HATU and activation of the carboxylic acid as an acyl fluoride did not afford the 

desired product even under enforced conditions such as MW assisted reaction. Also in such 

instances, only starting materials were present, highlighting once again the low reactivity of 

these intermediates.  

Nevertheless, the established chlorinating reagent afforded the desired product in around 

75% yield. It should be mentioned that purification of the desired intermediate by flash 

chromatography was not easy due to the tailing behavior on the column. In fact, the 

compound isolated partially contained carboxylic acid starting material. It turned out to be 

more convenient to complete the purification in the next step rather than repeating 

additional flash chromatographies. In fact, after removal of the allyl groups, which was 

carried out using tetrakis(triphenylphosphine)palladium(0) and phenylsilane in THF, the 

product had a better behavior on silica gel, thus the separation from the impurities was 

easier. 
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Scheme 16: Last steps of the second synthetic access established. 

 

Introduction of the primary amide was planned only at this point to avoid side reactions in 

the coupling step using POCl3. Carboxylic acid 101 could be activated without any side 

reactions of the free phenol by means of DAST. After work up, the corresponding acyl 

fluoride was directly treated with a solution 7 N of NH3 in MeOH to afford the desired 

primary amide. Both reactions proceeded smoothly with a clean profile. Because the 

solubilities of the intermediates were low, it was decided to skip the purification step and 

directly use the crude product in the deprotection steps of the trityl and Fmoc. After 

trituration of the solid with petrolether, the primary amine 102 was coupled to pre-activated 

fragment A1 (90) in THF. The reaction was stirred for a few hours and then purified by RP-

HPLC with a gradient of water and acetonitrile buffered with 10 mM NH4HCO3.  

The biological properties of 103 will be discussed in the section on the C-terminal 

optimization. 
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Using this new sequence, three new analogs, that were not accessible with the first synthetic 

route, were obtained. Omitting the steps for the introduction of the primary amide, the 

procedures adopted were the same as described above, with the exception that fragments 

A1 were activated as pentafluorophenyl esters as reported by Trauner 48. It was decided to 

use this activation to overcome the solubility issues previously encountered.  

Activation and coupling reactions were carried out in DMF with a reaction time of three 

hours. After extraction of the product with EtOAc, the crude materials were purified by RP-

HPLC. The final yields over these three steps varied from 6 to 31%. It should be mentioned 

that all the reactions had a very clean profile, thus presumably the low yield is due to loss of 

material during work up and chromatography.  

To sum up, a new shortened synthetic access could be established that offers the possibility 

to access derivatives with modifications at either the N- or C-terminus.  

In terms of overall yield, it is difficult to make a comparison with the first synthesis, since 

different compounds have been synthesized.  

Considering the analog where the highest yield was obtained, the overall yield of the longest 

linear sequence (11 steps) was 3%.  

   

 

Scheme 17: General scheme depicting the last steps of the synthesis of analogs bearing wider 
modifications of the N-terminus (rings A and B). 

 

The three analogs 104-106 (Table 8) possess modifications at the connectivity amino group-

aromatic ring of unit B. Particularly, in two of them a methylene and an ethylene spacers 
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were introduced to extend the molecule length. In other words, a small spacer was 

introduced between the amide and the B ring. The other compound presents a more 

profound variation, in fact the para connectivity of the aromatic building blocks was broken 

with a meta connection, a modification that presumably entails significant effects on the 

final conformation and shape of the molecule. 

Table 8: Analogs that present the optimized ring A and variations at unit B. 

 
 

 MIC [µg/mL] 
EC gyrase  
IC50 [µM] Compound R 

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB 

P. ae. WT S. aureus 

Reference 
(CNDM 861-2) 

 

0.06 0.5 0.25 2 0.25 0.08a 

104 
 

>64 >64 >64 >64 >64 nd 

105 
 

1 >64 >64 >64 >64 nd 

106 
 

0.125 0.25 4 >64 >64 nd 

 

P. ae.= P. aeruginosa; a determined at the department of microbial natural products (MINS); 

nd= not determined. 

 

Gyrase IC50 values are not available for this small set of compounds. Nevertheless from the 

antibacterial activity we can see that the drastic modification of the meta connection as in 

104 was not tolerated, as it led to total loss of antibacterial properties (Table 7).  

Introduction of CH2 spacers gave comparable results to the analogs previously presented 

investigating the ring A-carbonyl group connection. Similarly, the shorter benzyl amine 

derivative (105) was active only against mutant E. coli, while the extended ethyleneamine 

derivative (106) showed inhibition of both E. coli strains and of P. aeruginosa Δ  xAB. Also 
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in this case, it could be assumed that the reasons for such differences in activity are not the 

electronic properties of the aromatic rings but rather the permitted conformational 

arrangement, which in one instance is not ideal for proper binding with the target enzyme. 

The information given is just the starting point for a proper investigation of aromatic unit B, 

that could potentially go on with the replacement of the phenyl ring with a thiophene, a 

pyridine or other heterocycles. 
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3.3 C-terminal OPTIMIZATION 

3.3.1 C-terminal modifications 

In this section the synthesis and biological evaluation of analogs with modifications at rings 

PABA-D1 and D2 will be discussed. 

For the synthesis of such analogs, the previously established synthetic access has been 

employed with variations of fragment C (Fig. 38). This synthesis allowed modifications of the 

N-terminus at the same time, thus giving the possibility to assess the effect of variations of 

both sides. 

One of the two analogs bears an isobutyl group as substituent on PABA-D1 and the other has 

the substitution pattern at PABA-D2 of natural cys 935-251, which together with cys 861-2 

was the best naturally occurring cystobactamid. The former modification was designed in 

order to assess the relevance of the isopropyl present on the natural scaffold and to 

investigate an alkyl moiety that presumably cannot be biosynthesized in the natural 

derivatives57. 

 

 
 

Fragment R R1 R2 R3 R4 

C2 (107) i-But -OAllyl -H -H -OAllyl 

C3 (108) i-Pr -OAllyl -Oi-Pr -OAllyl -OAllyl 

Figure 38: Schematic representation of building blocks used for the synthesis of analogs bearing C-
terminal modifications. Fragment C is highlighted in red and in the table the fragments used in the 
synthesis are depicted. 
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3.3.1.1 Fragment C2 and C3 synthesis 

The synthesis of fragment C2 (107) followed the same approach employed for the 

construction of PABA-D1, with the difference of using isobutyl bromide as alkylating reagent 

in the first step. In all the steps the yields were comparable to the previously described 

synthesis of fragment C1 (Scheme 18). 

 

 

Scheme 18: Synthesis of i-But PABA-D1 and assembly of the diaryl fragment C2. 

 

The synthesis of fragment C3 commenced with chemical modifications of nitro aldehyde 17 

to afford amine 115. It was carried out with a four step linear sequence that mainly 

consisted of functional group interconversions with a good overall yield and the need of only 

2 purifications (Scheme 19). Coupling of this amine with PABA-D1 was done using BTC and 

collidine to activate the carboxylic acid, and finally the NO2 group of 116 was reduced with 

Zn dust in EtOH and 10% acetic acid.  
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Scheme 19: Synthesis of fragment C3, construction of modified PABA-D2 and coupling to PABA-D1. 
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3.3.1.2 Final assembly of the molecules 

The final assembly strategy adopted is the one described for the synthesis of cys DM861-2 

and depicted in Scheme 20 with no major differences found in all the steps (for detailed 

information see experimental part). 

 

 

Scheme 20: General synthetic route employed for the assembly of the two analogs 

described in this section and also used for accessing molecules with modification at both C- 

and N- terminus. 
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3.3.1.3 Biological properties 

The table below provides a sum up of all the molecules with modifications at PABA-D1 and 2. 

Together with the analogs described in the previous section others are given such as the one 

bearing a primary amide at the C-terminal (103) and the structurally simplified analogs 

missing the phenol at PABA-D1 (2). Allyl protected cys DM861-2 (36) was also tested and has 

been included in this set of compounds. 

Table 9: Structures and activities of analogs bearing modifications at the PABA-D1 and D2 rings. 

 
 

   MIC [µg/ml] 
EC gyrase 
IC50 [µM] Compound Y R R1 R2 

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB 

P. ae. WT S. aureus 

Reference 
Molecule 

(DM861-2) 
-NO2 i-Pr -OH 

 

0.06 0.13 1 > 64 0.5 0.11a 

2 -NO2 i-Pr -H 

 

0.06 > 64 1 > 64 > 64 nd 

36 -NO2 i-Pr OAllyl 
 

> 64 > 64 > 64 > 64 > 64 nd 

103 -NO2 i-Pr -OH 
 
≤ 0.03 1* > 64 > 64 64 0.2b 

123 -NO2 i-But -OH 

 

2* > 64 > 64 > 64 1 0.9b 

124 -NO2 i-Pr -OH 

 

0.125 0.5 1-2 > 64 0.05 0.2b 

125 -CN i-Pr -OH 
 

0.25 >64 >64 >64 >64 nd 

 

P. ae.= P. aeruginosa; a determined at the department of microbial natural products (MINS); b determined at 

the department of chemical biology (CBIO); nd= not determined; * the value could not be determined 

unambiguously and might be higher than assigned. 
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Despite a remarkable gyrase inhibition, the derivative with the primary amide 103 was 

inactive against both P. aeruginosa strains and S. aureus. Taken together this information 

suggested that permeability issues might be the reason for the lowered antibacterial 

properties. 

The same could probably                f   “i-Bu-  y           ” (123), where the insertion 

of a CH2 in the isopropoxy moiety had a seismic, negative effect on the antibacterial activity. 

As expected, the addition of isopropoxy and hydroxyl moieties on PABA-D2 (124) was well 

tolerated, this analog was comparably potent against all tested strains as the reference 

compound (Table 9). Therefore, to better evaluate these two structural variants, the 

evaluation of the antimicrobial activity on a larger panel of pathogens was required. 

Additionally, it was also decided to investigate analogs bearing at the same time the 

optimized N-terminal motifs (section 3.3.2).  

The last analog of Table 9 bears a hydrazine at the para position of the benzoic acid moiety. 

It has been synthesized with a synthetic strategy that will be discussed in the next section of 

the thesis. The introduction of this additional nitrogen was very deleterious for the 

antimicrobial properties, as 125 was active only against E. coli Δ   C. 
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3.3.2 N-terminal modifications of the cys 935-2 scaffold 

Due to the potent antibacterial properties of the desmethoxy (DM) analog of cys935-2 (124), 

compounds bearing its substitution pattern of PABA-D2 and the most promising moieties 

found in the structural optimization of the N-terminus were designed. 

Amine 120 was synthesized on a gram scale and used in the coupling steps with activated 

rings A as described for other analogs in the previous sections, followed by cleavage of the 

allyl groups (Scheme 21). 

 

 

Scheme 21: Final coupling and deprotection steps for the synthesis of cys DM-935-2 analogs. 

 

All selected fragments A bear a nitrile substituent, additionally they include variations of the 

phenyl ring and its connectivity with the carbonyl moiety (Table 10). 

All analogs were highly potent against the tested strains with the sole exception of 

P. aeruginosa WT. This partially suggested that the simpler PABA as last aromatic unit at the 

C-terminus represents a superior structural motif. 

In order to establish more detailed SAR, the antibacterial properties on a larger panel of 

bacteria were determined. They will be presented in another section of the thesis.  
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Table 10: Structures and biological characterization of molecules bearing the cys 935-2 substitution 

pattern at PADA-2 and optimized N-terminal residues. 

 
 

  MIC [µg/mL] 
EC gyrase 
 IC50 [µM] Compound R 

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB P. ae. WT S. aureus 

Reference 
124 

 

0.125  0.5 1 > 64 0.05 0.2b 

126 

 

≤ 0.03 0.25 1 2* ≤ 0.03 0.6b 

127 

 

<0.03 0.06 0.5 >64 <0.03 nd 

128 
 

0.06 0.125 2 >64 0.06 nd 

129 

 

<0.03 0.125 0.25 1* 0.06 0.2b 

 

P. ae.= P. aeruginosa; b determined at the department of chemical biology (CBIO); 

nd= not determined; * the value could not be determined unambiguously and 

might be higher than assigned 
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3.4 TACKLING POSSIBLE RESISTANCE MECHANISMS  

Albicidin was discovered in 1985 and during the following two decades, several studies on its 

biological characterization were reported. Some of these aimed at the identification of 

resistance mechanisms 58-60,62-64,70,72,73,119. To date six proteins conferring resistance to 

albicidin are known (Table 11). 

Table 11: Resistance mechanisms known for albicidin (Alb); dm= defending microorganism, pm= 

producer microorganism. 

Name Description and function Origin 

Tsx 
Protein channel/ nucleosides 

uptake 
E. coli (dm) 

AlbD 
Endopeptidase (P. dispersa)/ 

hydrolytic cleavage of Alb 
P. dispersa (dm) 

AlbA and AlbB 
high-affinity binding protein/ 

sequestration of Alb 

K. oxytoca and 

A. denitrificans (dm) 

AlbF DHA14 drug efflux pumps X. albilineans (pm) 

AlbG 
pentapeptide-repeat protein/ 

prevent binding to gyrase 
X. albilineans (pm) 

Mutated gyrase 

gyrase carrying multiple 

mutations/ reduced 

susceptibility to albicidin 

X. albilineans (pm) 

 

The last three were found in the producer microorganism used for self-protection, whereas 

the former ones are used by the defending microorganisms. 

Considering that antibiotic resistance is one of the major causes that led to the current 

antibiotics crisis, the understanding of the potential mechanisms for a new antibiotic 

candidate is considered an important step in the advancement of early stage drug 

candidates. 

Due to the structural similarities between albicidin and the cystobactamids, the resistance 

mechanisms of the former could probably also affect the activity of the latter. Therefore, the 

influence of two of the six resistance mechanisms was investigated for cystobactamids, 

namely Tsx and AlbD. 
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3.4.1 The outer membrane protein Tsx 

Deletion of the protein channel Tsx that is present on the outer membrane of E. coli resulted 

in 100 fold loss of inhibitory properties for albicidin, as demonstrated by Birch and 

coworkers59. 

In order to assess the effect of Tsx deletion on cystobactamids activity, MICs for selected 

analogs (Table 12) against two Δ  x strains and the corresponding WTs were measured. 

Table 12: Minimal inhibitory concentrations of selected cystobactamid analogs; details regarding the 

bacterial strains can be found in section 4.1.1. 

Compound 
MIC [µg/mL] E. coli 

WT1 Δ  x1 WT2 Δ  x2 

Cys 861-2 0.2 0.4 0.2-0.4 0.8 

DM861-2 (1) 0.1 1.6 0.1 0.2 

CNDM861-2 

(46) 
0.05 0.1 0.05 0.1 

 

The activity data of both mutants and WTs were all in the same range, with the sole 

exception of compound 1 against the bacterial strains denoted with the number one (16-fold 

reduction in activity). These results indicate that the activity of cystobactamids is not 

significantly affected by deletion of Tsx. Therefore, it cannot be considered a resistance 

mechanism for them. 

This finding highlights that despite the structural similarities there are important differences 

at the molecular level for the two lead structures albicidin and cystobactamid. 
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3.4.2 The endopeptidase AlbD 

The enzyme AlbD was found in Pantoea dispersa, a Gram-negative bacterium usually 

harmless for human beings that has therefore no clinical relevance120. Nonetheless, a 

putative horizontal gene transfer to clinically relevant bacterial strains could create serious 

problems for the efficacy of albicidin. 

This enzyme cleaves the molecule in two inactive fragments, specifically at the amide bond 

that connects ring C and D.  

Süssmuth and coworkers showed that also the cystobactamids could potentially be 

substrate of the endopeptidase71. In their work, they found that a catalytic triad, composed 

of Ser, His and Asp, is probably present in the active site, suggesting that the amide bond is 

hydrolyzed by the primary alcohol of Ser. 

In order to overcome this resistance mechanism, the hydrolytically stable cystobactamid 130 

was designed, in which the critical amide bond is bioisosterically substituted by a triazole 

(Fig. 39). 

 

Figure 39: Structures of potentially AlbD-sensitive cystobactamid (top) and the stable one (bottom). 
In red are highlighted the critical amide bond and the bioisoster moiety. 
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Retrosynthetically, the molecule was disconnected into the two fragments 131 and 132, with 

the formation of the triazole moiety planned at the end of the synthesis (Fig. 40). Compared 

to the previously established synthetic routes, aromatic rings A and B are already connected 

to the central Asn moiety (131). The modified fragment C-N3 (132) bears an azide instead of 

the aniline. The protecting group strategy had been revised. Protection of the phenol was 

needed in the coupling of fragment C and B of the previous syntheses, whereas this was not 

necessary in the click chemistry approach. 

 

Figure 40: Retrosynthetic disconnection of 130. 

3.4.2.1 Fragments synthesis 

The synthesis of fragment A-B commenced with the formation of the amide bond between 

Fmoc-Asn-(Trt)-OH and 4-ethynylaniline with the established experimental procedure 

(POCl3, 0°C, few hours reaction time) to afford the desired product 134 in good yield 

(Scheme 22). The two aromatic rings were installed using HBTU as coupling reagent 

following deprotection of the Fmoc group. The diaryl unit was synthesized as described for 

the synthesis of fragments A1 (section 3.2.4.1.1). 
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Scheme 22: Synthetic steps for the synthesis of fragment A-B. 

 

Fragment C-N3 was built up starting from nitro aldehyde 17 with a sequence of functional 

group interconversions to give benzyl-protected PABA-D1 (135), which was then coupled 

with POCl3 to tBu-4-aminobenzoate to obtain the diaryl intermediate 136. Finally reduction 

of the nitro group using H2 on Pd/C entailed concomitant deprotection of the phenol to 

afford amine 137 (Scheme 23). This was converted to the azide 132 via Sandmeyer reaction: 

Diazotaion with tert-butyl nitrite was followed by treatment of the diazonium salt with 

trimethylsilyl azide that furnished the nucleophile. This critical step proceeded smoothly in a 

good yield. 
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Scheme 23: Synthesis of fragment C-N3. 

 

The two fragments 131 and 132 were coupled efficiently via 1,3 dipolar cycloaddition using 

CuSO4, Na-ascorbate and TBTA as a catalyst121,122. After extraction from the reaction 

mixture, the crude product was treated with TFA in DCM using TIPS as a scavenger to cleave 

both acid labile protecting groups. The desired product 130 was purified by preparative RP-

HPLC with a gradient of water and acetonitrile buffered with 10 mM NH4HCO3 in a 55% yield 

for these two steps. To sum up, the synthesis of this new derivative was accomplished with a 

longest linear sequence of 11 steps and an overall yield of 7%.  

 

The biological properties of 130 were assessed against the small panel of pathogens and in 

the DNA supercoiling assay (Table 13). For the following discussion the analog bearing the 

amide bond instead of the triazole (CNDM 861-2) was selected as the most appropriate 

reference compound. 

“Triazole cystobactamid” was active against all tested strains, notably also against 

P. aeruginosa WT. In comparison to the parent compound, it had higher MIC values against 

P. aeruginosa. On the other hand, the activity against S. aureus and both E. coli strains was 
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enhanced. This suggested that presumably the reduced activity against P. aeruginosa might 

not be due to an impaired inhibition efficiency of the target enzyme but rather once again 

cellular uptake. To prove this, a triazole cystobactamid bearing also the MeO- moiety at the 

central Asn linker could give interesting information, since it appears that this unusual amino 

acid enhances the permeation of the antibiotic into the bacterial cells.  

The hydrolytic stability towards AlbD of the novel analog still remains to be proven with a 

proper biochemical assay. Nevertheless, it is reasonable to assume that the molecule would 

not be cleaved between ring C and PABA-D1.  

Table 13: Biological characterization of clickable cystobactamid. 

  MIC [µg/ml] 
EC gyrase  
IC50 [µM] compound 

E. coli 
Δ   C 

E. coli 
WT 

P. ae. 
Δ  xAB 

P. ae. WT S. aureus 

CNDM 861-2 (46) 0.06 0.5 0.25 2 0.25 0.08a 

130 <0.03 0.06 2 8 <0.03 1.5b 
 

P. ae.= P. aeruginosa; a determined at the department of microbial natural products 

(MINS); b determined at the department of chemical biology (CBIO). 

 

To conclude, one of the potential resistance mechanisms of the cystobactamids could be 

overcome by chemical modification of the sensitive amide moiety. Notably, the designed 

compound retained antibacterial activities against all tested strains including P. aeruginosa 

WT. The new analog was obtained with a shorter sequence compared to the previously 

established ones and in clearly higher overall yield (7% versus 1.9% of the first synthetic 

access).  

Additionally, click chemistry could offer a convenient alternative to the tedious coupling 

reaction of fragments C and B, thus facilitating the synthesis of novel analogs. For these 

reasons, triazole cystobactamid could represent a new structural template for medicinal 

chemistry investigation of parts of the molecule unexplored so far. 
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3.5  ANTIMICROBIAL ACTIVITIES ON A LARGER PANEL OF PATHOGENS 

Together with the establishment of SAR, the aim of this thesis was to broaden the spectrum 

coverage of the cystobactamids and to enhance their activity. 

The compounds having the best antimicrobial profile on the small panel of pathogens were 

selected and tested against clinically relevant Gram-positive and Gram-negative bacteria 

(Fig. 41 and Table 14 a) and b)). A selection criterion was the presence of activity against 

P. aeruginosa WT.  

 

Figure 41: Selected cytobactamid analogs possessing the best antimicrobial profiles. The parts of the 
scaffold modified with respect to cystobactamid 861-2 are highlighted with colors. 

In the extended panel of microorganism, we can find for instance A. baumannii, E. cloacae, 

K. pneumoniae, two resistant strains of P. aeruginosa, that express extended spectrum -

lactamases (ESBL), fluoroquinolone resistant E. coli (gyrase mutated) and others.  
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The reference compounds used were the two lead natural products albicidin and cys 861-2 

as well as ciprofloxacin. Albicidin was synthesized following the reported experimental 

procedure 65. 

The aim of these antimicrobial tests was to assess the potential of selected new synthetic 

analogs as broad spectrum antibiotics and to understand whether they had improved 

antibacterial properties compared to the reference compounds.  

Remarkably, some derivatives displayed potent activity against E. aerogenes, E. cloacae and 

K. pneumoniae, whereas both albicidin and cys 861-2 were inactive (Table 14).  

The MICs against some critical pathogens could also be enhanced in comparison to the 

reference natural products. An example is A. baumannii, against which activity in the sub-

g/mL range could be reached (0.06 g/mL for 68), that is clearly improved in comparison to 

cys 861-2 (1 g/mL) and albicidin (>64 g/mL). Noteworthy, the activity of 68 against 

A. baumannii exceeded even the one of ciprofloxacin by five-fold.  

This is not the sole example where the novel analogs did better than ciprofloxacin. Also 

E. faecalis, S. epidermidis and one of the ESBL strain of P. aeruginosa are inhibited at lower 

concentrations by the synthetic analogs. 

The activity against a fluoroquinolone resistant E. coli was also assessed. The resistance is 

determined by the mutations at the active site of gyrase, as discussed in the introduction. 

The activity of ciprofloxacin against such bacteria is drastically reduced compared to the 

corresponding WT (ca. 100 fold), and the ones of albicidin and cystobactamids were reported 

to be only partially affected (two-eight fold) 47,52. This led to the hypothesis that the binding 

site of the natural products partially overlaps with the one of the quinolones. 

New synthetic analogs having the same activity against both E. coli WT and fluoroquinolone 

resistant strains were found, and notably also compounds possessing even higher inhibitory 

properties against E. coli carrying the resistance mechanism. Explanations of these findings 

could be that this potential resistance mechanism can be overcome by proper chemical 

modifications, or that actually the binding site of the cystobactamid does not overlap with 

the one of the quinolone. 
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Table 14 a) and b): Antimicrobial properties of selected cystobactamid analogs on a large panel of 

Gram-positive and Gram-negative bacteria of clinical interest in comparison with three reference 

compounds. 

12 a) 

MIC [µg/mL] Cys 861-2 Alb CIP 46 130 126 67 68 

E. faecalis  1 4 0.64 0.5 16 nd 0.5 0.5 

S. epidermidis  0.5 0.5 0.3 <0.03 0.125 nd 0.25 <0.03 

A. baumannii  1 >64 0.32 1 8 0.5 0.25 0.06 

E.  coli WT 0.06 0.06 0.005 0.25* 16 0.125 0.13 0.125 

E. coli  WT-3 
[gyrA(S83L,D87G)] 

0.5 0.06 0.64 0.25 2 nd 0.06 0.125 

E. aerogenes  >64 >64 0.08 0.06* 1 > 64 1 0.25 

E. cloacae  >64 >64 0.16 0.25* >64 nd >64 >64 

P. aeruginosa 
ESBL 1 

4 16 6.4 4* 16 nd >64 >64 

P. aeruginosa 
ESBL 2 

2 16 0.16 4 16 nd 2 32 

K. pneumoniae  >64 >64 0.02 0.5* >64 > 64 >64 >64 

C. freundii  0.125 <0.03 0.003 <0.03 0.5 0.125 0.13 0.06 

S. marcescens  >64 >64 0.32 >64 >64 > 64 64 >64 

P. vulgaris  0.25 <0.03 0.005 0.25 2 0.25 0.13 <0.03 

P. mirabilis 32 >64 0.04 >64  16 nd  2 >64 

 

Alb= albicidin; CIP= ciprofloxacin; ESBL= extended spectrum -lactamases; E. coli WT-3 carries the 

characteristic mutations conferring resistance to fluoroquinolone; detailed bacterial strains 

information is present in the experimental part. * value could not be determined unambiguously 

and might be higher than assigned.  
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12 b) 

MIC [µg/mL] Cys 861-2 Alb CIP 81 82 66 127 128 

E. faecalis  1 4 0.64 0.125 0.25 0.125 <0.03 <0.03 

S. epidermidis  0.5 0.5 0.3 1 0.5 <0.03 <0.03 <0.03 

A. baumannii  1 >64 0.32 0.125 0.125 1 0.25 1 

E.  coli WT 0.06 0.06 0.005 2 1 2 0.5 0.5 

E. coli  WT-3 
[gyrA(S83L,D87G)] 

0.5 0,06 0.64 0.25 0.125 0.25 2 0.5 

E. aerogenes  >64 >64 0.08 0.25 0.25 2 1 1 

E. cloacae  >64 >64 0.16 >64 >64 >64 >64 >64 

P. aeruginosa 
ESBL 1 

4 16 6.4 >64 8 2 >64 >64 

P. aeruginosa 
ESBL 2 

2 16 0.16 4 8 1 >64 >64 

K. pneumoniae  >64 >64 0.02 >64 >64 8 4 1 

C. freundii  0.125 <0.03 0.003 <0.03 <0.03 <0.03 0.5 0.5 

S. marcescens  >64 >64 0.32 >64 >64 >64 >64 >64 

P. vulgaris  0.25 <0.03 0.005 0.06 0.06 0.125 1 1 

P. mirabilis 32 >64 0.04 4 >64 4 8 >64 

 

Alb= albicidin; CIP= ciprofloxacin; ESBL= extended spectrum -lactamases; E. coli WT-3 
carries the characteristic mutations conferring resistance to fluoroquinolone; detailed 
bacterial strains information is present in the experimental part. * value could not be 
determined unambiguously and might be higher than assigned. 

 

The analogs discussed in this section bear modifications at the N-terminus (ring A) and/or at 

the C-terminus (ring PABA-D2). Regarding ring A nearly all of them possess a cyano group on 

a phenyl ring that in some instances is replaced by a heterocycle or connected to the 

carbonyl group with the methacryl moiety found in albicidin. Others possess an additional 

isopropoxy and hydroxyl groups at PABA-D2 together with the optimized N-terminal acyl 

residues (Fig. 41). 

Two compounds that go out of this Scheme are 130 and 66. The former present a triazol 

bioisoster of an amide bond, and the latter has the methoxy at the central asparagine unit 

(3R configuration). 

I         g y, “          y           ” 130 has practically the same spectrum coverage as the 

corresponding analog bearing the original amide 46. However, it shows in general lower 

inhibitory properties.  
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The overall good spectrum coverage of this molecule indicates that a bioisosteric 

substitution is tolerated. Therefore, this molecule represents an interesting scaffold for 

further medicinal chemistry investigations, since a critical coupling step of the synthesis can 

be avoided using a more efficient reaction (1,3 dipolar cycloaddition). Possibly, modifications 

of other units of the molecule could lead to enhanced MIC values. 

Derivative 66 has the broadest antibacterial spectrum coverage. Remarkably, it possesses 

activity in the low g/mL range against all the tested bacteria with the sole exceptions of 

E. cloacae and S. marcescens. This cystobactamid shows potent MIC values against critical 

bacterial strains such as P. aeruginosa ESBL, against which the inhibition was clearly higher 

even compared to ciprofloxacin.  

These results indicate that the presence of the methoxy in the central Asn is beneficial for 

the spectrum coverage. On the other hand, it is noteworthy that 66 does not present the 

lowest MIC values against all the tested strains. This thus suggests that a certain strain-

dependent effect influences the activity of the cystobactamids derivatives. 

 

To sum up, I have synthesized several novel cystobactamids with broadened spectrum and 

clearly improved antibacterial activity in comparison to both cys 861-2 and albicidin. Against 

some bacteria, even the activity of ciprofloxacin could be exceeded. These results indicate 

that the antibacterial properties of the cystobactamids can really be improved by structural 

optimization. This further confirms the great potential of these novel natural products as 

lead scaffold for the development of a novel antibiotic. 
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3.6 STRUCTURE-ACTIVITY RELATIONSHIPS 

The understanding of the structural requirements that give optimal biological properties to a 

molecule is an essential step in early-stage drug development. In the case of the 

cystobactamids, optimal biological properties include a broad and potent antibacterial 

spectrum. The analogs presented in this thesis are of relevance for their potent antibacterial 

activity and, because they allow the establishment of structure-activity relationships (SAR). 

In this work, a deep understanding of the N-terminus of the cystobactamid scaffold was 

obtained, together with relevant information regarding the central aliphatic linker and two 

aromatic units at the C-terminus (Fig. 42). 

The full length of the molecule is essential for the activity, shortening it of a single aromatic 

unit either at the N- or C- terminus led to total loss of activity. 

For optimal inhibition of gyrase and also for good antibacterial properties, aromatic ring A 

should be electron poor, a cyano group confers the best antibacterial properties. The 

optimal position of the substituent on ring A is para. Replacement of the phenyl ring with 

heterocycles is possible and has a beneficial effect on the activity. Finally, the presence of a 

short rigid spacer, such as a substituted double bond, between aromatic ring and carbonyl 

was well tolerated. 

T   “para-connectivity”  f                     g                              .             , 

moving the aniline group of ring B to the meta position had a drastic negative effect on the 

activity. 

 

Figure 42: Structure activity relationships of cystobactamids. The parts of the molecule investigated 
in this thesis are highlighted in red. 
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The structural simplification in the aliphatic linker region was well tolerated, however, the 

presence of the original methoxy group at the central asparagine moiety, found in the 

natural cystobactamids, seemed to be beneficial for a broader spectrum coverage.  

Moving to the C-terminus, PABA-D1 represents the most critical part of the molecule, the 

changes done here led to drastic losses of activity. The amidic bond between ring D1 and D2 

is unusually acidic (pKa lower than 8), this could be partially explained by the presence of the 

phenol that allows stabilization of the anion generated (Fig. 43).  

 

Figure 43: Enlargement of H-NMR spectra of two different forms of cys DM 861-2 (1). This highlights 
the acidity of the amide connecting PABA-D1 and D2. 

 
Understanding of the binding mode of the cystobactamids would be required in order to 

better clarify the role of this critical part of the molecule, that could be either mediating 

optimal gyrase inhibition or enabling cellular uptake (the gyrase IC50 value for analog 2 was 

not determined).  

The introduction of substituents on PABA-D2 was well tolerated. This thus suggested that 

aromatic unit D2 is more amenable of modifications than PABA-D1. The carboxylic acid at 

the para position was by far the best option among those attempted. 

The replacement of the amide bonds between the aromatic units with triazole bioisosters 

was showed to be in principle possible. 

H2 

H1 

H3 

Protonated form 

Ammonium salt 
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Compounds that bear simultaneously the optimal features identified for the N- and/or C-

terminus and central part had very potent antimicrobial profile. This demonstrates that 

multiple rational changes at the molecular architecture of the cystobactamids can have 

positive additive effects on the activity.  

It should be kept in mind that potent gyrase inhibitions not always correlated to good 

antibacterial properties. For this reason, the SARs presented here not only reflect good 

enzymatic inhibition, but also sufficient entry of the antibiotic into the bacterial cells.  

A rational systematic investigation of the other building blocks of the scaffold will possibly 

reveal additional favorable structural features. That, merged together with the information 

generated in my work, will allow the design of fully optimized cystobactamids with 

potentially even better antibacterial profile and improved drug-like properties.  

  



Results and discussion 

101 
 

3.7 PHOTOSWITCHABLE CYSTOBACTAMIDS 

In the introduction of the thesis, we have seen the photoswitchable moieties reported in the 

literature and some application examples of them in photopharmacology, with azobenzene 

as the most widely investigated an d best understood congener so far. 

For their characteristic oligomeric PABA-derived scaffold, the cystobactamids represent a 

perfect template for the design of photoswitchable antibiotics. Ideally, the activity of the 

two isomeric forms should consistently differ, and preferably the thermodynamically less 

stable isomer should be the one with the higher antibacterial properties. This is to limit the 

exposure to the active drug to specific sites and time ranges. 

In this section of the thesis, the attempts to create cystobactamids with antibacterial 

properties that can be modulated with light will be presented. In particular, azobenzene and 

acylhydrazone were used as photoswitchable moieties for addressing either the N- or C-

terminal side of the molecule. 

3.7.1 Azobactamids 

3.7.1.1 Chemistry 

It is desirable that a photoswitchable drug has activity in the same range of the parent 

compound, therefore the design of it should be guided by SAR and/or by the rule of caution 

to vary the structural features of the molecule as little as possible.  

               ,           g     “         ” f                   p                    1.5, 

azobenzene represented the most suitable one for the transformation of the cystobactamid 

architecture into a photoconvertable antibiotic. In order to be as little invasive as possible, 

the amide group that connects rings A and B was replaced with an azo (-N=N-) moiety (Fig. 

44). Additionally, I investigated also the effect of substituents with different electronic 

features at the para position of ring A on the activity and photochromic properties. 
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Figure 44: Design of azobactamids, highlighted in red and green the two isomeric states of the 
molecule.  

 

Three molecules were designed bearing an EDG, EWG and no substituent on aromatic ring A. 

For their synthesis, the disconnection strategy that allows introduction of aromatic units A-B 

in the last step was used. Two of the three azobenzene building blocks needed were 

commercially available, whereas the one bearing a nitrile had to be synthesized. The choice 

was based on the SAR developed (see Section 3.2). 

The synthesis of this building block commenced with the formation of the asymmetric azo 

benzene unit 139, which had to offer on one side a coupling anchor and on the other side a 

functional group amenable to modifications. For this purpose, para-nitrobenzoic acid and 

benzene-1,4-diamine were condensed together in a solution of NaOH at refluxing 

conditions95. In the next step, diazotation followed by Sandmeyer reaction afforded the 

desired para-cyano derivative 140 (Scheme 24). 
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Scheme 24: Synthesis of azobenzene building block. 

 
The different fragments A-B bearing the azo moiety were coupled to the amine 102 as pre-

activated esters (Scheme 25). Activation was carried out by means of either EDC/HOAt or 

HBTU in DMF. After extraction of the product from the reaction solution (DMF), the crude 

materials were purified by RP-HPLC to afford the desired compounds with yields between 9 

and 17%. 

 

 

Scheme 25: Last step of the synthesis of azobactamids.  
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3.7.2 Hydrazobactamid 

The SAR discussed earlier showed that modifications at the C-terminus are in general less 

tolerated than those at the N-terminus. For this reason, the insertion of a photoswitchable 

moiety on this side of the molecule would potentially offer a higher probability to generate 

derivatives where the two isomers have a large difference in antibacterial properties, 

generating ideally a real ON/OFF antibiotic (active/inactive). 

Acylhydrazones, reported as photoswitches for the first time in 201591, represented an 

interesting opportunity for addressing this side of the molecule (Fig. 45). This was because 

they introduced only small structural alterations, their synthetic access was strainghtfoward, 

and they represented a novelty in photopharmacology. 

The key step for the formation of this moiety relies on the high efficiency of the reaction 

between aldehydes and hydrazides. For this reason, the formation of the hydrazine moiety 

was envisaged at the end of the sequence. 

 

 

Figure 45: Addressing the C-terminus using a novel photoswitchable moiety, acylhydrazone. The two 
isomeric states of hydrazobactamid analog are depicted, in blue the photoswitchable moiety 
involving PABA-D1 and D2. 

 
The synthesis of this photoswitchable cystobactamid started from advanced fragment 147 

(Scheme 26). Its synthesis was the subject of the master thesis of Tim Mollner, who has been 

working under my supervision. It is an additional, novel synthetic approach established to 

access cystobactamid analogs and it was designed for a deeper investigation of ring PABA-

D2123.  

The acid labile protecting groups were cleaved with TFA in DCM to afford the free carboxylic 

acid at PABA-D1, which was preactivated with HATU and then treated with an excess of tert-

butyl hydrazinecarboxylate to afford the product 148 in more than 60% yield over 3 steps. 
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This was treated with TFA to liberate the amino group, condensation of the 5th aromatic ring 

occurred readily after addition of a solution of aldehyde in THF. Final deprotection of the 

phenolic allyl group afforded the desired product 146 after RP-HPLC purification. 

 

 

Scheme 26: Finals steps of the synthesis of hydrazobactamid derivative. 
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3.7.3 Photocromic and biological evaluation 

3.7.3.1 UV spectra 

In this section the UV spectra of the three azobactamids 143-145 are given, in red the 

spectrum of the pure trans-isomer, while in green is depicted the one at the photostationary 

state (PSS) after irradiation with UV light of 365 nm.  

At the PSS, 143 and 145 possess an initial, small absorption maximum at around 260 nm. 

Following, a strong maximum at around 330 nm for both forms is present, that is more 

intens for the trans isomer (characteristic spectral behavior for unsubstituted azobenzenes). 

In the UV-vis range, the cis isomer should possess a slightly higher maximum than the trans, 

but this is practically absent for azobactamids. This atypical feature is difficult to explain, it 

might be determined by the numerous aromatic rings of the molecules, that potentially can 

establish extensive conjugation and/or intramolecular pi stacking interactions. 

For 144, the electron donating dimethyl amino moiety creates a so-called push-pull system 

with the acyl moiety on the opposite site. This entails a decrease of the absorption band at 

330 nm with concomitant appearance of another strong maximum in the UV-vis range. 

Irradiation of the trans isomer with light of 365 nm did not afford any change of the UV-vis 

spectrum. Since an absorption minimum is present in this point of the spectrum, it could be 

assumed that this is the reason for the lack of photoconversion. On the other hand, the cis 

isomer of push-pull systems are described in the literature for possessing a short half-life124, 

therefore also this explanation cannot be excluded. Irradiation experiments with light of 

wavelength in the visible range (between 400-500 nm) would be required to better assess 

the photoswitchable properties of 144, that potentially represents a photoswitchable 

antibiotic that can be switched in the UV-vis range. 

 

Figure 46: General principle of azobenzene photoconversion, molecular switching is possible upon 
irradiation with a certain wavelength ( ν) or by thermal relaxation. 
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R= H (143)photostationary state(PSS) 80% cis. 

 
R= -CN (145) PSS 50% cis. 

 
R= -N(Me)2 (144) no photoconversion with UV light of 365 nm. 

 

Figure 47: UV spectra of azobactamids synthesized, the PSS was determined by LCMS analysis 
immediately after irradiation of the probe (0.18 mM solution in DMSO +0.1% HCOOH) with light of 
365 nm. 
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3.7.3.2 Modulation of biological properties with light 

The biological properties of the azobenzene analogs were assessed by the gyrase 

supercoiling assay and by determining the minimal inhibitory concentration against E. coli 

BW25113 (Table 15). To the best of my knowledge, this represents the first example in 

which a photoswitchable antibiotic is characterized by means of both enzymatic and cell-

based assays.  

Table 15: Assessment of the difference of biological activities between trans and cis isomers of the 
photoswitchable cystobactamids. 

 

R MIC E. Coli [µg/ml] EC gyrase IC50 [µM]
 b

 

-H (143) 
trans 0.35 6.1 

cis 0.18 3.4 

-CN (145) 
trans 0.64 0.5 

cis 0.45 0.1 

-N(Me)2 

(144) 

trans 0.13 0.9 

cis / / 

 

Compound 143 and 145 were tested either after they were left in the dark or after 

irradiation with light of 365 nm. Whereas only the trans isomer of 144 could be tested due 

to the lack of photoswitching after irradiation (365 nm). 

All the molecules showed potent MIC values in the low µg/mL range as well as good IC50s in 

the DNA supercoiling assay.  

The cis isomer of both 143 and 145 possessed higher inhibitory properties compared to their 

corresponding trans form in both assays. The widest difference in inhibitory activity between 

the pair of isomers was found with the CN derivative 145 (five-fold in the enzymatic assay).  
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These results demonstrated that the molecular design was successful. Furthermore, they 

also confirmed the previously established SAR, reporting that an electron poor aromatic ring 

A confers better gyrase activity. 

Because the trans geometry is more thermodynamically favorable for an amide bond, the 

finding that the cis isomer of azobactamids were more active than the trans isomer was 

surprising. At the same time, this placed azobactamids in the ideal case for a 

p                  g,          y  ff       p         y     p   f     y “turn ON” the most 

active antibiotic form. Additionally, this provided meaningful information regarding the 

binding mode of cystobactamids with their target enzyme, suggesting that the inhibitors 

may adopt a cis-conformation upon binding to gyrase. 

 

The characterization of the photoswitchable and biological properties of hydrazobactamid 

146 has not been completed yet. Attempts to switch the trans to the cis isomer with 365 nm 

light irradiation did not afford any appreciable conversion. Nevertheless, the effect of this 

modification on the biological activity was assessed. Promisingly, the molecule was still very 

active against E. coli with an MIC of 0.03 µg/mL. 

Irradiation experiments with a proper source of light will allow the understanding of the 

photocromic (isomer ratio at the PSS state, half-life of cis isomer, robustness) and biological 

properties of this novel photoswitchable antibiotic. 

It is also desirable that the conformational change on this side of the molecule will bring 

even higher difference between the biological activities of the two isomers. 

 

In conclusion, I synthesized four photoswitchable cystobactamids. Three of them have 

modification at the N-terminus and one at the C-terminus. Either azobenzene or 

acylhydrazone was used as photoswitchable moiety.  

The biological evaluation of the analogs was done with both DNA supercoiling and 

antibacterial assays, domonstrating that the cystobactamids are suitable scaffolds for 

photoswitchable drugs. Interestingly, the study revealed that the cis isomer of azobactamids 

was more active than the trans.  

 

To the best of my knowledge, this work has two important novelties: 
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- It is the first time that the activity of a photoswitchable antibiotic is described by 

means of both cell based and enzymatic assays 

- Hydrazobactamid 146 represents the first application of acylhydrazones in 

photopharmacology. 
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3.8 OUTLOOK 

Based on the results presented here, the structural optimization of the cystobactamids 

should be further explored targeting the central linker region and the aromatic units B and C 

(Fig. 48). 

 

Figure 48: Structure of analog 66 that could be used as lead structure. 

 

Additionally, quantitative LCMS-based studies, for assessing the concentration of the 

inhibitor inside the bacterial cells, could be performed with selected cystobactamids. These 

would be very useful in order to confirm that the reasons for the observed discrepancies 

between gyrase IC50 and MIC values for some analogs are due to different penetration 

and/or accumulation properties of the molecules.  

 

The photopharmacological studies on the cystobactamids should also go on. The synthesis of 

cystobactamids that incorporate two photoswitchable moieties at the same time could be of 

particular interest. This would bring to a photoswitchable antibiotic with four isomeric states 

that would represent an absolute novelty in the field and potentially offer molecules with 

very large differences in biological properties (Fig. 49 ). 

Finally, the photoswitchable antibiotics revealed that the cis isomer is the more active, to 

confirm this finding, analogs with the N-terminus rigidified in this conformation could be 

synthesized.   
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Figure 49: Design of double photoswitchable cystobactamids. 
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3.9 CONCLUSION 

The two main objectives of my research project were the synthesis of analogs of 

cystobactamid 861-2 with improved antibacterial properties, particularly against Gram- 

negative bacteria, and the establishment of structure-activity relationships of this novel 

natural product scaffold. 

In the course of my doctoral studies, I have established two synthetic routes to 

cystobactamid analogs. One of them gave the possibility to introduce late-stage 

modifications of ring A, and this was used for a deep investigation of the N-terminus as well 

as for variations at the C-terminal side. The second route allowed the synthesis of molecules 

with wider modifications of the N-terminus (both ring A and B). The former synthesis has a 

longest linear sequence of 12 steps with overall yield ranging from 0.6 to 3.6%, while the 

latter has 11 steps and overall yield between 0.5 and 2.8%. 

In sum, more than 50 cystobactamid derivatives were synthesized. Their biological 

properties were evaluated by means of MIC and DNA supercoiling assays. The information 

generated allowed the establishment of comprehensive SAR of the N-terminal part of the 

molecule and also basic understandings of the C-terminus and the central linker. 

Analogs with clearly improved antibiotic properties against clinically relevant pathogens 

were synthesized. Remarkably, the activity of the cystobactamids was extended to Gram-

negative bacteria such as E. aerogenes, E. cloacae and K. pneumoniae. Additionally, the 

potency of the compounds was also enhanced and in some cases it even exceeded the one 

of ciprofloxacin (eg against A. baumanii and P. aeruginosa ESBL).  

 

Furthermore two potential resistance mechanisms were assessed. The nucleosides importer 

Tsx turned out to have only a minor effect on the activity of the cystobactamids. This 

demonstrated that despite the structural similarities with albicidin, important differences at 

the molecular level might be present between these two natural product classes.  

The potential hydrolytic instability towards AlbD could be presumably overcome by 

substituting the critical amide bond with a triazol bioisoster. The derivative obtained retained 

the antibacterial properties and might offer a new structural template for further medicinal 

chemistry studies. 

I have also investigated the applicability of the cystobactamids in photopharmacology. Four 

photoswitchable antibiotics were synthesized with either the N- or the C-terminus modified. 
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These molecules carry either an azobenzene or an acylhydrazone as photoswitchable moiety. 

Notably, the latter derivative represents the first application of acylhydrazone in the field of 

photopharmacology.  

The difference of biological properties of the two isomeric states was assessed by means of 

both enzymatic and cellular assays. Interestingly, the information obtained suggested that 

the cis conformation of the amide bond at the N-terminus enables optimal binding with the 

target enzyme. 

 

To conclude, my doctoral studies dealt with medicinal chemistry investigations on the 

cystobactamids. Molecules with extended antibacterial spectrum and enhanced 

antimicrobial potency against critical Gram-negative bacteria have been synthesized. These 

discoveries demonstrate the great potential of this innovative antibacterial scaffold to 

generate new broad spectrum antibiotics in the future. 
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4 EXPERIMENTAL PART 

4.1 BIOLOGY 

4.1.1 Minimal inhibitory concentrations (MIC) determination 

All microorganisms were handled according to standard procedures and were purchased 

from the German Collection of Microorganisms and Cell Cultures (DSMZ) or the American 

Type Culture Collection (ATCC). Tsx-deficient Escherichia coli and corresponding parental 

strains were purchased from the Coli Genetic Stock Center (CGSC). Fluoroquinolone-

resistant strains Escherichia coli WT-3 and E. coli wild-type were kindly provided by Prof. Dr. 

P. Heisig (University of Hamburg, Germany). Pseudomonas aeruginosa PA14 and 

PA14ΔmexAB were kindly provided by Prof. Dr. S. Häußler (Twincore, Hannover). 

cystobactamids were prepared as DMSO stocks (5 mgmL-1). Minimum inhibitory 

concentrations were determined according to standard procedures as described 

elsewhere47. Single colonies of the bacterial strains were suspended in cation-adjusted 

Müller-Hinton broth to achieve a final inoculum of approximately 104 CFUmL-1. Serial 

dilutions of cystobactamids (0.03 to 64 µgmL-1) were prepared in sterile 96-well plates and 

the bacterial suspension was added. Growth inhibition was assessed after overnight 

incubation (16-18 h) at 30-37°C. MIC values are defined as the lowest concentration of 

antibiotic that inhibited visible growth. 

 

Bacterial strains used for the biological characterization of most of the compounds: 

- Escherichia coli DSM-1116 (WT) 

- Escherichia coli TolC-deficient  

- Pseudomonas aeruginosa PA14 

- Pseudomonas aeruginosa PA14ΔmexAB 

- Staphylococcus aureus ATCC29213 

- Escherichia coli BW25113 (CSGC# 7636) (WT1) 

- Escherichia coli JW0401-1 (CGSC# 8574) Tsx-deficient (Δ  x1; parental strain: 

BW25113) 

- Escherichia coli MG1655 (CGSC# 6300) (WT2) 

- Escherichia coli χ2844 (CGSC# 6683) Tsx-deficient (Δ  x2; parental strain: MG1655) 
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4.1.2 DNA supercoiling assay 

The half-inhibitory concentrations (IC50) against gyrase are denoted in the text with the 

letter a) and b). These indicate two different laboratories where the assay had been carried 

out.  

a) S  y  f   “  p         f    robial natural products- Helmholtz institute for 

p                       S       ” (MI S),         y           y D . J    f   

Hermann. 

b) S  y  f   “  p         f               gy-                  f     f               ” 

(CBIO), Dr. Peter-Hans Prochnow performed the assay. 

 The assays were carried out as follow: 

4.1.2.1 Method a) 

Commercial E. coli gyrase supercoiling assay kits (Inspiralis, Norwich, UK) were used to 

determine half-inhibitory concentrations (IC50). Cystobactamids were prepared as DMSO 

stocks [assay concentration range: 0.05 to 25 µM, DMSO concentration: 0.1 % (v/v)] and 

the reference drug ciprofloxacin was prepared as acidified (HCl) aqueous solution. Assays 

     p  f              g            f       ’  p       . I      f, E. coli gyrase (1 U) 

was mixed with the inhibitors and 0.5 µg relaxed plasmid was added after 10 min 

equilibration at room temperature. Reactions were quenched after 30 min at 37 °C by 

the addition of DNA gel loading buffer containing 10 % (w/v) SDS. Relaxed (REL) and 

supercoiled (SC) plasmids were separated on 0.8 % (w/v) agarose gels and visualized by 

ethidium bromide staining. Each gel was additionally loaded with two control reaction 

samples (1: without enzyme; 2: solvent control). Image analysis (intensity of REL and SC 

plasmid bands) was performed in ImageJ125. The respective values were normalized to 

the controls and the ratio SC/REL was used to determine IC50 values by sigmoidal curve 

fitting in Origin (OriginLab, Northampton, MA). 

4.1.2.2 Method b) 

Relaxed plasmid DNA was prepared by mixing 25 µg of circular pUC19 with 6.5 U of 

Topoisomerase I [Thermo] in a total volume of 50 µl Topoisomerase buffer (250 mM Tris, 

[pH 7.5], 250 mM KCl, 50 mM MgCl2, 2.5 mM DTT, 0.5 mM EDTA, 150 µg/ml BSA). The 
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reaction was run for 90 min at 37°C and eventually purified via DNA spin-columns according 

to           ’        . D A-concentration was adjusted to 25 ng/µl according to OD260nm. 

Supercoiling assays were performed in 0.2 ml reaction tubes. For a single reaction, 7.8 µl of 

H2O were mixed with 3 µl of 5× gyrase buffer [NEB] and 0.2 µl of DNA-gyrase [NEB]. Then 

1 µl of pre-diluted compound of interest or 1 µl of solvent (negative control) was added 

followed by 3 µl of relaxed plasmid DNA (= 75 ng). The reaction was carried out for 30 min at 

37°C and subsequently stopped by setting temperature to 60°C for 10 min. The 

concentrations of compounds tested were either 50 µM, 25 µM or 10 µM with three-fold 

serial dilutions down to 0.07 µM, 0.03 µM or 0.01 µM, respectively.  

All reactions were separated on an Ethidium bromide-free agarose gel. After 

electrophoresis, gels were stained for 5 min in Ethidium bromide solution (10 mg/ml) and 

UV-fluorescence was recorded. 

 
For evaluation, result images were loaded to the software Image Lab 5.0 [BioRad]. Digitally, 

each gel was divided into lanes and bands corresponding to coiled pUC19 were detected in 

each lane by densitometric analysis. Hereafter, intensities of each band were expressed 

relatively to the intensity of the untreated control. These values were then plotted on an x/y 

graph and IC50 was calculated by non-linear regression using graph pad prism. 

4.1.3 Experiments with photoswitchable cystobactamids 

A stock solution in DMSO+ 1% HCOOH of cystobactamids (0.375 mM) was irradiated for 1 h 

with light of 365 nm (40 W, 220 V). After this, DNA supercoiling assay and MIC determination 

were carried out with the same procedure described above. The E. coli strain used is 

BW25113. After irradiation the percentage of the cis isomer at the PSS was assessed by 

means of LCMS, using the UV trace (254 nm). The half-life of the molecules was also 

assessed in the same way and it showed to be compatible with the assays time.  

  

Figure 50: Exemplary result of a DNA supercoiling assay assay. 
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4.2 CHEMISTRY 

4.2.1 Materials and methods 

Commercially available reagents and solvents were used as supplied. All reactions were 

performed in oven-dried glassware under an atmosphere of nitrogen gas unless otherwise 

stated.  

NMR spectra were recorded using a Bruker Advance-III HD 500 MHz or Bruker Advance-III 

HD 700 MHz spectrometer. Multiplicities are described using the following abbreviations: s = 

singlet, d = doublet, t = triplet, q = quartet, septet (hept), m = multiplet, br = broad signal. 

Chemical shift values of 1H and 13C NMR spectra are commonly reported as values in ppm 

relative to residual solvent signal as internal standard.  

High resolution mass spectra were recorded on a Bruker maXis HD spectrometer using 

positive or negative electrospray ionization (ESI).  

LCMS measurements were performed using a Agilent technologies 1200 series (LC) coupled 

to Bruker amaZon SL (ion trap MS) using a Gemini-NX 3u C18 110A 50x2.0 mm column (for 

M  f y’        ),       Agilent technologies 1260 Infinity II (LC) coupled to Agilent 

technologies 6130 a (quadrupol MS) using an Agilent poroshell 120 SB-C18 2.7 μ  2.1x30 

mm column (for reaction monitoring). 

Analytical thin-layer chromatography was performed using pre-coated silica gel 60 F254 

plates (Merck, Darmstadt), and the spots were visualized with UV light at 254 nm or 

alternatively by staining with potassium permanganate or cerium sulfate. 

Chromatographic separations were performed by automated flash chromatography using 

Grace Reveleris® X2 flash chromatography system or via flash chromatography using silica 

gel 60M MACHEREY-NAGEL (0.040-0.063 mm; 230–400 mesh). 

Preparative reversed phase high performance liquid chromatography was carried out with a 

Thermo Scientific Dionex  (UltiMate 3000 HPLC system) with a Phenomenex 006-4252-P0 

Luna C18 (250 mm × 21.2   , 5 μ )       . 

For microwave assisted reaction, Biotage® Initiator+ was used. 

Freezedrying was done using LYO Christ alpha 1-4 coupled to high vacuum oil pump. UV 

spectra were recorded using a microplate spectrophotometer PowerWaveTM XS/XS2. 
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4.2.1.1 Marfey assay 

T      p   (5 μ   )                  C  6     110 °C f   6      . T           g 

mixture/solution is dried via Freeze-drying, the residue thus obtained is treated with 

NaHCO3 saturated solution (100 μ ) and a solution 1% of Marfey reagent (FDAA) in acetone 

(200 μ ). Reaction stirred at 40 °C for 1 h and quenched with HCl 1 N (100 μ ). S  p   

analyzed by LCMS. (column, Gemini-NX 3u C18 110 A 50.0x2.0 mm) 

Results are given in % of the two diasteroisomers formed upon derivatization. The method 

itself, presumably during the hydrolysis step, entails partial racemization, which was 

quantified in around 5%. 

4.2.1.2 Preparative RP-HPLC purifications 

Purifications via preparative RP-HPLC were carried out using two possible conditions: 

- Condition A: 10-95% CH3CN + 0.1% HCOOH in water + 0.1% HCOOH in 40 min. 

The sample was dissolved in DMSO and loaded on the HPLC system 

- Condition B: gradient 10-70% CH3CN in water 10 mM NH4HCO3 in 40 min. 

The sample was dissolved in THF (1 mL) and cooled to 0 °C. Then a few drops of 

DMSO and 1M aqueous NH4HCO3 solution (1 mL) were added. The solution pH was 

adjusted to 9 ca. by dropwise addition of 1M NaOH. The mixture was filtered through 

a syringe filter (CHROMAFIL® PET-45/15, 45 μm pore size, 15 mm diameter) and 

directly injected into the HPLC system. 

The collected fractions were lyophilized after their identity and purity was verified by LCMS. 
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4.2.2 Experimental procedures 

The experimental procedures that I report in this section have been also used for the filing of 

a European patent application126.  

The experimental procedures used for the synthesis of PABA-D1 have been already 

published in the manuscript51. 

A citation in the name of the molecule indicates that the compound has already been 

synthesized in the cited document or that the experimental procedure used for the reaction 

has been adapted from the cited document. 

4.2.2.1 Structural simplification 

2-Hydroxy-3-isopropoxybenzaldehyde (15)108  

 

A solution of 2,3-dihydroxybenzaldehyde (20 g; 145 mmol) in DMSO (100 mL) was added 

dropwise, keeping low the temperature with an ice bath, to a previously prepared 

suspension of NaH (7.0 g; 292 mmol) in DMSO (250 mL). The mixture stirred at r.t. for two 

hours, then 2-Bromopropane (13.6 mL; 145 mmol) was added slowly keeping low the 

temperature. The reaction mixture was stirred for 36 hours, quenched with HCl followed by 

NH4Cl until pH 5 reached. Work up done in several portions as follows: 300 mL of the 

mixture were further diluted with H2O (1200 mL) and extracted with Et2O (3x 200 mL). 

Organic phases dried over Na2SO4 and reduced under pressure to give 30 g of dark oil. Crude 

residue chromatographed on silica gel, isocratic condition (Pet. Et. DCM 7:3) to give 9.78 g of 

a yellow oil (54 mmol, y= 37%). 

1H NMR (500 MHz, CDCl3) δ 10.96 ( , 1 ), 9.92 ( , 1 ), 7.19 (  , J = 7.8, 1.5 Hz, 1H), 7.15 (dd, 

J = 8.0, 1.2 Hz, 1H), 6.94 (t, J = 7.9 Hz, 1H), 4.59 (m, J = 6.1 Hz, 1H), 1.39 (d, J = 6.1 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 196.4, 153.0, 146.4, 125.3, 122.7, 121.3, 119.5, 72.1, 22.0. 

HRMS (ESI) calculated for C10H13O3 (M+H+) 181.0859, found 181.0858. 
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2-Formyl-6-isopropoxyphenyl acetate (16) 

  

Acetyl chloride (4.25 mL; 59.76 mmol) was added dropwise to a stirred solution of 2-

hydroxy-3-isopropoxybenzaldehyde (9.78 g; 54.33 mmol) and pyridine (9.65 mL; 119.53 

mmol) in DCM (540 mL) at 0° C. Reaction stirred for 5 min. at 0 °C then temperature raised 

to r.t. and stirring prolonged for 1 h. Reaction quenched with HCl 1 N, organic phase partially 

reduced under vacuum, washed with HCl 1 N (200 mL), brine (200 mL), dried over sodium 

sulphate and reduced under vacuum to give 12.2 g of a yellow oil, which was 

chromatographed on silica gel with a gradient 2-10% EtOAc in Pet. Et, to give 8.89 g of a pale 

yellow oil (40.04 mmol; y= 74%).  

1H NMR (700 MHz, CDCl3) δ 10.14 ( , 1 ), 7.44 (  , J = 7.8, 1.5 Hz, 1H), 7.30 (t, J = 8.0 Hz, 1H), 

7.21 (dd, J = 8.3, 1.3 Hz, 1H), 4.59 – 4.53 (m, 1H), 2.39 (s, 3H), 1.34 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, CDCl3) δ 188.8, 168.7, 150.2, 142.9, 129.5, 126.6, 121.0, 120.6, 71.9, 

22.0, 20.5. 

HRMS (ESI) calculated for C12H15O4 (M+H+) 223.0965, found 223.0968. 

 

6-Formyl-2-isopropoxy-3-nitrophenyl acetate (17) 

 

     g             (17.5   , 420     )               −40 °C              g        p    . 

A solution of 2-formyl-6-isopropoxyphenyl acetate (6.50 g, 29.3 mmol) in 40 mL of dry DCM 

             p                 x           g      y               p     −40 °C. The 

solution was stirred for an additional 1.5 hours before being poured into 150 mL of ice 

water. The mixture was then extracted with DCM (4 × 50 mL) and the combined organic 
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extracts were dried over sodium sulphate. The solvent was removed under vacuum to afford 

the desired compound as an orange oil (7.59 g, 28.4 mmol, y= 97%), containing around 17% 

of deactylated product.  

1   MR (500 M  , DMSO) δ 10.10 ( , J = 0.5 Hz, 1H), 8.00 (dd, J = 8.5, 0.4 Hz, 1H), 7.81 (d, J 

= 8.5 Hz, 1H), 4.46 (hept, J = 6.1 Hz, 1H), 2.44 (s, 3H), 1.22 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 189.4, 168.3, 148.4, 145.5, 143.1, 131.8, 125.4, 122.0, 78.9, 

22.1, 20.4. 

HRMS (ESI) calculated for C12H14NO6 (M+H+) 268.0816, found 268.0811. 

 

2-(Allyloxy)-3-isopropoxy-4-nitrobenzaldehyde (19) 

 

6-Formyl-2-isopropoxy-3-nitrophenyl acetate (2.10 g; 7.9 mmol) was dissolved in THF  (40 

mL) and water (20 mL), then LiOH (1.89 g; 79.0 mmol) dissolved in water (20 mL) was added 

at 0 °C, reaction stirred overnight. In the morning, pH adjusted to 1, solvent partially reduced 

under vacuum and watery phase extracted with CHCl3 (150 mL) three times, combined 

organic phases dried over sodium sulphate and reduced under vacuum to give a yellow oil, 

which was used in the next step without further purification. Residue was dissolved in DMF 

(20 mL), K2CO3 (2.18 g; 15.8 mmol) followed by allyl bromide (1.026 mL; 11.85 mmol) were 

added, reaction stirred 24 h at r.t.. Reaction diluted with water (200 mL) and EtOAc (200 

mL), aqueous phase extracted with EtOAc (150 mL). Combined organic phases washed with 

brine (300 mL), dried over sodium sulphate and reduced under vacuum to give 4 g of a crude 

material, which was chromatographed on silica gel with a gradient 0-10% EtOAc in Pet. Et. to 

give 1.69 g a yellow oil (6.37 mmol; y= 81%). 

 1H NMR (500 MHz, CDCl3) δ 10.39 ( , J = 0.9 Hz, 1H), 7.64 (d, J = 8.5 Hz, 1H), 7.51 (dd, J = 8.5, 

0.9 Hz, 1H), 6.05 (m, J = 17.1, 10.3, 6.1 Hz, 1H), 5.40 (pseudo dq, J = 17.1, 1.4 Hz, 1H), 5.33 

(pseudo dq, J = 10.3, 2.2, 1.0 Hz, 1H), 4.74 – 4.72 (m, 1H), 4.68 (m, 1H), 1.32 (d, J = 6.2 Hz, 

1H). 
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13C NMR (126 MHz, CDCl3) δ 188.7, 156.3, 150.0, 145.1, 133.0, 132.0, 122.3, 120.3, 119.5, 

78.3, 75.7, 22.4. 

HRMS (ESI) calculated for C13H15NO5Na (M+Na+) 288.0842, found 288.0839. 

 

2-(Allyloxy)-3-isopropoxy-4-nitrobenzoic acid (3)127 

 

2-(Allyloxy)-3-isopropoxy-4-nitrobenzaldehyde (1.69 g; 6.38 mmol) and 2-Methyl-2-butene 

(7.2 mL; 70 mmol) were dissolved in t-BuOH (48 mL). Then a solution of NaClO2 80% (0.87 g; 

7.65 mmol) in Monosodium phosphate monohydrate solution 1 N (7.2 mL) was added 

dropwise to the solution. Reaction stirred for 1 h, t hen quenched by adding a solution of 

Na2SO3 (14.0 mmol in 10 mL). Mixture partially reduced under vacuum, diluted with EtOAc 

(100 mL) and HCl 1 N (100 mL), aqueous phase extracted again with EtOAc (50 mL), organic 

phases reunited washed with brine (150 mL) and dried over sodium sulphate. Solvent 

reduced under vacuum to give 1.9 g (6.38 mmol; y= q.) of a dark residue, which was used in 

the next step without further purification.  

 

Methyl (S)-4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-

(tritylamino)butanamido)benzoate (25)109 

 

POCl3 (2.22 mL; 23.84 mmol) was added at 0 °C under N2 atmosphere to a stirred solution of 

Fmoc-Asn(Trt)OH ( 14.22 g; 23.84 mmol), TEA (5.51 mL; 39.74 mmol) and methyl 4-

aminobenzoate (3.00 g; 19.87 mmol) in DCM (330 mL). Reaction stirred at 0 °C for 2 hours, 
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quenched with HCl 1N and ice. Organic phase washed with HCL 1 N (300 mL), brine (330 mL) 

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

residue thus obtained was chromatographed on silica gel with a gradient 0-10% EtOAc in 

DCM to give 13.97 g of a white solid(19.16 mmol; y= 96%). 

1H NMR (700 MHz, DMSO) δ 10.44 (s, 1H), 8.62 (s, 1H), 7.91 (dd, J = 15.9, 8.2 Hz, 4H), 7.80 (d, 

J = 7.9 Hz, 1H), 7.78 – 7.72 (m, 4H), 7.41 (q, J = 7.6 Hz, 2H), 7.30 (dt, J = 22.8, 7.3 Hz, 2H), 7.23 

– 7.15 (m, 15H), 4.48 – 4.43 (m, 1H), 4.36 (dd, J = 10.6, 7.1 Hz, 1H), 4.30 (dd, J = 10.5, 7.1 Hz, 

1H), 4.23 (t, J = 7.0 Hz, 1H), 2.75 (dd, J = 14.6, 9.8 Hz, 1H), 2.62 (dd, J = 14.6, 5.0 Hz, 1H). 

13C NMR (176 MHz, DMSO) δ 170.9, 168.4, 165.8, 155.8, 144.7, 143.8, 143.8, 143.4, 140.7, 

130.2, 128.6, 127.6, 127.4, 127.1, 126.3, 125.3, 125.2, 124.0, 120.1, 118.7, 69.4, 65.8, 52.9, 

51.9, 46.7, 38.3, 20.8. 

HRMS (ESI) calculated for C46H40N3O6 (M+H+) 730.2912, found 730.2925. 

Marfey: 96.5% S enantiomer, 3.5% R enantiomer 

 

Methyl (S)-4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoate 

 

Methyl (S)-4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-(tritylamino)butan-

amido)benzoate (12.26 g; 16.82 mmol) was dissolved in a 20% solution of diethylamine in 

acetonitrile (195 mL), solution stirred for 30 min. The solvent was removed under vacuum, 

the residue was dissolved in CH3CN and evaporated twice. The pale yellow gum and 4-

Nitrobenzoic acid (3.09 g; 18.5 mmol) were suspended in CH3CN (140 mL), HBTU (7.02 g; 

18.5 mmol) followed by DiPEA (6.754 mL, 38.85 mmol) were added at 0 °C. The reaction 

mixture was stirred for 3 hours and quenched with NaHCO3 saturated solution. The solvent 

was partially evaporated under reduced pressure, the residue was dissolved in EtOAc (300 

mL). Organic phase washed with NaHCO3 saturated solution (300 mL), HCl 1 N (300 mL), 

brine (300 mL) dried over sodium sulphate and evaporated under vacuum. The residue thus 
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obtained was triturated with Pet. Et. and chromatographed on silica gel with a gradient 0-

10% EtOAc in DCM to give 8.64 g of a yellow solid (13.17 mmol; y= 78%). 

1   MR (500 M  , DMSO) δ 10.57 ( , 1 ), 9.20 ( , J = 7.6 Hz, 1H), 8.68 (s, 1H), 8.41 – 8.35 

(m, 2H), 8.18 – 8.13 (m, 2H), 7.95 – 7.90 (m, 2H), 7.80 – 7.75 (m, 2H), 7.23 – 7.13 (m, 15H), 

4.93 (m, 1H), 3.82 (s, 3H), 2.98 (dd, J = 14.9, 10.5 Hz, 1H), 2.75 (dd, J = 14.8, 4.6 Hz, 1H). 

13C NMR (126 MHz, DMSO) δ 170.5, 168.3, 165.8, 164.6, 149.2, 144.7, 143.3, 139.3, 130.2, 

129.0, 128.5, 127.4, 126.4, 124.1, 123.6, 118.8, 69.4, 52.1, 51.9, 37.9. 

HRMS (ESI) calculated for C38H33N4O7 (M+H+) 657.2344, found 657.2348. 

Marfey: 94.2% S enantiomer, 5.8% R enantiomer 

 

(S)-4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoic acid (21)110 

 

Methyl (S)-4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoate (5.7 g; 8.69 

mmol) and lithium iodide (9.32 g; 69.52 mmol) were mixed in EtOAc (80 mL) and heated to 

90 °C for 5 days. After cooling, mixture diluted with EtOAc (200 mL) and HCl 1 N (200 mL), 

organic phase washed with water (2x 200 mL), brine (200 mL), dried over sodium sulphate 

and reduced under vacuum. The residue was chromatographed on silica gel with a gradient 

0-20% MeOH in DCM to give 5.39 g of yellow solid (7.44 mmol; y= 86%). 

1   MR (700 M  , DMSO) δ 12.72 ( , 1 ), 10.52 ( , 1 ), 9.19 ( , J = 7.6 Hz, 1H), 8.67 (s, 1H), 

8.40 – 8.36 (m, 2H), 8.17 – 8.13 (m, 2H), 7.91 – 7.88 (m, 2H), 7.76 – 7.72 (m, 2H), 7.22 – 7.14 

(m, 15H), 4.93 (m, 1H), 2.98 (dd, J = 14.9, 10.6 Hz, 1H), 2.75 (dd, J = 14.9, 4.5 Hz, 1H). 

13C NMR (176 MHz, DMSO) δ 170.4, 168.3, 166.9, 164.6, 149.2, 144.7, 142.9, 139.3, 130.3, 

129.0, 128.5, 127.4, 126.4, 123.6, 118.6, 69.4, 66.3, 52.0, 38.0. 

13C NMR (176 MHz, DMSO) δ 170.4, 168.3, 166.9, 164.6, 149.2, 144.7, 142.9, 139.3, 130.3, 

129.0, 128.5, 127.4, 126.4, 123.6, 118.6, 69.4, 52.0, 38.0. 

HRMS (ESI) calculated for C37H29N4O7 (M-H+) 641.2041, found 641.2045. 

Marfey: 94.0 % S enantiomer, 6.0% R enantiomer 
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Methyl 3-hydroxy-4-nitrobenzoate 

 

3-Hydroxy-4-nitrobenzoic acid (2.5 g; 13.66 mmol) was dissolved in a MeOH (35.0 mL), 

thionyl chloride (2.5 mL; 34.15mmol) was added dropwise at 0 °C, the solution was warmed 

to r.t. and then heated to 70 °C for 1 hour. The solvent was evaporated under reduced 

pressure, the residue was diluted with water (90 mL) and EtOAc (90 mL), water again 

extracted twice with EtOAc (2x90 mL). Combined organic phases washed with brine (150 

mL), dried over sodium sulphate and evaporated under reduced pressure to give 2.64 g of a 

yellow solid (13.40 mmol; y= 98%). 

1H NMR (700 MHz, CDCl3) δ 10.50 ( , 1 ), 8.18 ( , J = 8.8 Hz, 1H), 7.83 (d, J = 1.8 Hz, 1H), 7.62 

(dd, J = 8.8, 1.8 Hz, 1H), 3.97 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 164.9, 154.7, 138.0, 135.8, 125.3, 121.7, 120.6, 53.0. 

HRMS (ESI) calculated for C8H6NO5 (M-H+) 196.0251, found 196.0249. 

 

Methyl 3-isopropoxy-4-nitrobenzoate 

 

Methyl 3-hydroxy-4-nitrobenzoate (1.94 g; 9.85 mmol) and K2CO3 (1.72 g; 11.82 mmol) were 

mixed in DMF (32 mL). 2-Bromopropane (1.55 mL; 15.76 mmol) was added and the mixture 

heated to 70 °C overnight. Reaction diluted with Et2O (320 mL) and water (320 mL). Organic 

phase washed with brine (300 mL), dried over sodium sulphate and reduce under vacuum to 

give 2.25 g of a yellow oil (9.41 mmol; y= 96%).  
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1H NMR (700 MHz, CDCl3) δ 7.75 ( , J = 8.3 Hz, 1H), 7.74 (d, J = 1.6 Hz, 1H), 7.64 (dd, J = 8.3, 

1.6 Hz, 1H), 4.77 (hept, J = 6.1 Hz, 1H), 3.96 (s, 3H), 1.41 (dd, J = 6.0, 2.5 Hz, 6H). 

13C NMR (176 MHz, CDCl3) δ 165.4, 150.8, 143.8, 134.5, 125.1, 121.1, 117.0, 73.0, 52.8, 21.8. 

 

3-Isopropoxy-4-nitrobenzoic acid (26) 

 

Methyl 3-hydroxy-4-nitrobenzoate (1.94 g; 9.85 mmol) and K2CO3 (1.72 g; 11.82 mmol) were 

mixed in DMF (32 mL). 2-Bromopropane (1.55 mL; 15.76 mmol) was added and the mixture 

heated to 70 °C overnight. The reaction was diluted with Et2O (320 mL) and water (320 mL). 

The organic phase was washed with brine (300 mL), dried over sodium sulphate and reduce 

under vacuum to give 2.25 g of a yellow oil (9.41 mmol; y= 96%).  

Part of this material (1.45 g; 6.07 mmol) was dissolved in THF (33 mL) and water (15 mL). To 

this mixture, a solution of LiOH (1.45 g; 60.70 mmol) in water (18 mL) was added. Reaction 

stirred at r.t. for 3 h., pH adjusted to 1 and solvent partially reduced under vacuum. The 

precipitate thus formed was collected by filtration and washed with Pet. Et. twice to give 

1.36 g of a pale yellow solid (6.04 mmol; y= q.). 

1H NMR (500 MHz, CDCl3) δ 7.82 – 7.77 (m, 2H), 7.73 (dd, J = 8.3, 1.5 Hz, 1H), 4.79 (hept, J = 

6.1 Hz, 1H), 1.43 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 169.4, 150.8, 133.3, 125.2, 121.8, 117.4, 73.2, 21.8. 

HRMS (ESI) calculated for C10H10NO5 (M-H+) 224.0564, found 224.0565. 
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Methyl 4-(3-isopropoxy-4-nitrobenzamido)benzoate 

 

Methyl 4-aminobenzoate (79 mg; 0.52 mmol), 3-isopropoxy-4-nitrobenzoic acid (100 mg; 

0.44) and HOAt (91; 0.67 mmol) were mixed together in DMF (1.2 mL). To this yellow 

solution, EDC (102 mg; 0.53 mmol) followed by lutidine (0.258 mL; 2.22 mmol) were added. 

Reaction stirred overnight, diluted with EtOAc (20 mL) and HCl 1 N (20 mL), watery phase 

extracted again with EtOAc (20 mL). Organic phases reunited dried over sodium sulphate 

and reduced under vacuum, the residue thus obtained chromatographed on silica gel with a 

gradient 3-40% EtOAc in Pet. Et. to give 112 mg (0.31 mmol; y= 60%) of a pale yellow solid. 

1H NMR (500 MHz, CDCl3) δ 8.11 – 8.06 (m, 2H), 7.98 (s, 1H), 7.83 (d, J = 8.3 Hz, 1H), 7.76 – 

7.72 (m, 2H), 7.67 (d, J = 1.6 Hz, 1H), 7.36 (dd, J = 8.3, 1.7 Hz, 1H), 4.85 – 4.74 (m, 1H), 3.92 

(s, 3H), 1.42 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 166.5, 163.9, 151.7, 143.1, 141.4, 139.2, 131.0, 126.6, 125.7, 

119.5, 117.2, 115.8, 73.3, 52.2, 21.8. 

HRMS (ESI) calculated for C18H19N2O6 (M+H+) 359.1238, found 359.1239. 
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Methyl 4-(4-amino-3-isopropoxybenzamido)benzoate (22) 

 

Methyl 4-(3-isopropoxy-4-nitrobenzamido)benzoate (800 mg; 2.23 mmol) was dissolved in 

MeOH (24 mL). The solution was degassed with Argon for 10 min. Pd (80 mg) was added, 

reaction stirred under an H2 atmosphere overnight. Pd filtered out over a pad of celite and 

solvent evaporated under vacuum. The oil thus obtained was chromatographed on silica gel 

with a gradient 10-40% EtOAc in Pet. Et. to give 790 mg (2.40 mmol; y= 93%) of a white solid. 

1H NMR (500 MHz, CDCl3) δ 8.08 – 8.03 (m, 1H), 8.03 – 7.98 (m, 2H), 7.78 – 7.71 (m, 2H), 

7.46 (d, J = 1.8 Hz, 1H), 7.28 (dd, J = 8.2, 1.8 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 4.71 – 4.62 (m, 

1H), 3.91 (s, 3H), 1.37 (d, J = 6.0 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 166.8, 165.5, 145.7, 142.7, 130.9, 125.4, 119.7, 119.0, 114.6, 

112.9, 71.2, 52.1, 22.2. 

HRMS (ESI) calculated for C18H21N2O4 (M+H+) 329.1496, found 329.1495. 

 

Methyl (S)-4-(3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-

(tritylamino)butanamido)benzamido)benzamido)benzoate (27) 
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 (S)-4-(2-(4-Nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoic acid (325 mg; 0.506 

mmol), methyl 4-(4-amino-3-isopropoxybenzamido)benzoate (194 mg; 0.592 mmol), HOAt 

(103 mg; 0.759 mmol)  were mixed in DMF (1.25 mL). To this solution, EDC (116 mg; 0.607 

mmol) followed by lutidine (0.295 mL; 2.530 mmol) were added. Reaction stirred at r.t. for 6 

days, reaction diluted with EtOAc (75 mL) and HCl 1 N (75 mL), the organic phase washed 

with NaHCO3 saturated solution (50 mL) and brine (50 mL), dried over sodium sulphate and 

reduced under vacuum to give an orange material, which was chromatographed on silica gel 

with a gradient 0-3% MeOH in DCM to give 220 mg of desired product (0.23 mmol; y= 46%). 

1H NMR (500 MHz, CDCl3) δ 9.61 ( , 1 ), 8.80 ( , 1 ), 8.69 ( , J = 8.4 Hz, 1H), 8.48 (d, J = 6.3 

Hz, 1H), 8.31 – 8.26 (m, 2H), 8.09 – 8.05 (m, 2H), 7.99 (s, 1H), 7.98 – 7.94 (m, 2H), 7.88 – 7.84 

(m, 2H), 7.78 – 7.74 (m, 2H), 7.61 (d, J = 1.9 Hz, 1H), 7.60 – 7.55 (m, 2H), 7.41 (dd, J = 8.5, 1.9 

Hz, 1H), 7.32 – 7.24 (m, 15H), 7.14 (s, 1H), 5.09 – 5.04 (m, 1H), 4.88 – 4.76 (m, 1H), 3.92 (s, 

3H), 3.31 (dd, J = 15.7, 2.7 Hz, 1H), 2.75 (dd, J = 15.6, 7.3 Hz, 1H), 1.47 (dd, J = 6.0, 2.9 Hz, 

6H). 

13C NMR (176 MHz, CDCl3) δ 171.2, 168.8, 166.6, 165.7, 165.1, 164.5, 150.1, 146.6, 143.9, 

142.2, 141.0, 138.3, 132.4, 131.0, 130.4, 129.4, 128.6, 128.6, 128.2, 128.2, 127.4, 125.8, 

124.0, 119.8, 119.2, 118.9, 118.8, 112.1, 72.0, 71.4, 52.1, 51.2, 37.5, 22.3. 

HRMS (ESI) calculated for C55H49N6O10 (M+H+) 953.3505, found 953.3483. 

 

Methyl (S)-4-(4-(4-(4-amino-2-(4-aminobenzamido)-4-oxobutanamido)benzamido)-3-

isopropoxybenzamido)benzoate (28) 

 

Methyl (S)-4-(3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)-

benzamido)benzamido)benzoate (238 mg; 0.25 mmol) was dissolved in DCM (7.5 mL), Tips 

(0.154 mL; 0.75 mmol) followed by TFA (2.5 mL) were added at 0 °C. Reaction stirred 2 h at 
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r.t. then solved removed under vacuum, residue take up and evaporated twice with DCM (10 

mL) then triturated 3x with ice cold Pet. Et.. 

Tin(II) chloride dehydrate (338 mg; 1.50 mmol) was mixed with the crude residue coming 

from the former step (0.25 mmol) in EtOH (5 mL), the solution was stirred at r.t. overnight. 

Solvent was evaporated under vacuum, the residue dissolved in EtOAc (50 mL), washed with 

NaHCO3 (50 mL) saturated solution, which was extracted twice again with EtOAc (2x30 mL). 

Organic phases reunited washed with brine (100 mL), dried over sodium sulphate and 

reduced under vacuum. The residue was chromatographed on silica gel with a gradient 0-

10% MeOH in DCM to give 50 mg of desired product (0.082 mmol; y= 33%). 

1   MR (700 M  , DMSO) δ 10.47 ( , 1 ), 10.38 ( , 1 ), 9.25 ( , 1 ), 8.22 ( , J = 7.4 Hz, 1H), 

8.20 (d, J = 8.9 Hz, 1H), 7.99 – 7.90 (m, 6H), 7.82 – 7.78 (m, 2H), 7.64 (dd, J = 6.9, 1.8 Hz, 2H), 

7.62 – 7.59 (m, 2H), 7.37 (s, 1H), 6.97 (s, 1H), 6.57 – 6.54 (m, 2H), 5.67 (s, 2H), 4.85 (q, J = 7.1 

Hz, 1H), 4.79 (hept, J = 6.0 Hz, 1H), 3.84 (s, 3H), 2.64 (d, J = 7.1 Hz, 2H), 1.37 (d, J = 6.0 Hz, 

6H). 

13C NMR (176 MHz, DMSO) δ 171.4, 171.1, 166.4, 165.8, 165.3, 164.2, 151.9, 147.8, 143.7, 

142.5, 131.7, 130.4, 130.1, 129.1, 128.4, 128.3, 124.2, 121.3, 120.5, 120.4, 119.7, 118.8, 

113.1, 112.4, 71.5, 51.9, 51.5, 36.9, 21.8. 

HRMS (ESI) calculated for C36H37N6O8 (M+H+) 681.2667, found 681.2673. 

 

(S)-4-(4-(4-(4-Amino-2-(4-aminobenzamido)-4-oxobutanamido)benzamido)-3-

isopropoxybenzamido)benzoic acid (29) 

 

Methyl (S)-4-(4-(4-(4-amino-2-(4-aminobenzamido)-4-oxobutanamido)benzamido)-3-iso-

propoxybenzamido)benzoate (20 mg, 0.029 mmol) was mixed into THF (1.4 mL) and water 

(1.4 mL). To this mixture, a solution 0.1 M of LiOH (0.59 mL; 0.059 mmol) was added at 0 °C. 
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Reaction stirred for 2.5 days. Reaction quenched with acetic acid, solvent reduced under 

vacuum and residue purified by preparative HPLC with a gradient 20-90% CH3CN in water 

both phases +0.1 % TFA to obtain 4.8 mg of desired product (0.0073 mmol; y= 25%). 

1   MR (500 M  , DMSO) δ 12.78 (  , 1 ), 10.45 ( , 1 ), 10.40 ( , 1 ), 9.26 ( , 1H), 8.24 (d, J 

= 7.2 Hz, 1H), 8.19 (d, J = 8.9 Hz, 1H), 7.92 (m, 6H), 7.80 (d, J = 8.8 Hz, 2H), 7.66 – 7.59 (m, 

4H), 7.38 (s, 1H), 6.98 (s, 1H), 6.57 (d, J = 8.6 Hz, 2H), 5.72 (br, 1H), 4.85 (q, J = 7.0 Hz, 1H), 

4.79 (dt, J = 12.1, 6.0 Hz, 1H), 2.67 – 2.60 (m, 2H), 1.37 (d, J = 6.0 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.4, 171.0, 166.9, 166.4, 165.2, 164.2, 147.8, 143.3, 142.5, 

131.7, 130.4, 130.2, 129.1, 128.5, 128.3, 125.4, 121.3, 120.5, 119.6, 118.8, 113.1, 112.6, 

71.6, 51.5, 36.9, 21.8. 

HRMS (ESI) calculated for C35H35N6O8 (M+H+) 667.2511, found 667.2512. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-3-

isopropoxybenzamido)benzoic acid (30) 

 

To a suspension of (S)-4-(4-(4-(4-amino-2-(4-aminobenzamido)-4-oxobutanamido)benz-

amido)-3-isopropoxybenzamido)benzoic acid (4.8 mg; 0.0072 mmol) in THF (0.25 mL) and 

NaHCO3 saturated solution (0.25 mL), 4-nitrobenzoyl chloride (2.6 mg; 0.014 mmol) was 

added at 0 °C. Reaction stirred for 2.5 hours then quenched with AcOH, solvent partially 

removed under vacuumn, residue dissolved in DMSO, salts filtered out, and purified by 

preparative HPLC with a gradien 20-90% CH3CN in water both phases +0.1% TFA to obtain 1 

mg of desired compound (0.0012 mmol; y= 16%).  

1   MR (700 M  , DMSO) δ 12.75 (  , 1 ), 10.79 ( , 1 ), 10.46 ( , 1 ), 10.44 ( , 1 ), 9.26 ( , 

1H), 8.68 (d, J = 7.3 Hz, 1H), 8.40 – 8.37 (m, 2H), 8.21 (dt, J = 17.0, 6.2 Hz, 3H), 7.96 – 7.89 (m, 
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10H), 7.82 (d, J = 8.8 Hz, 2H), 7.65 – 7.63 (m, 2H), 7.40 (s, 1H), 6.99 (s, 1H), 4.93 (dd, J = 14.0, 

7.2 Hz, 1H), 4.79 (hept, J = 6.1 Hz, 1H), 2.69 (d, J = 7.8 Hz, 2H), 1.37 (d, J = 6.0 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 166.9, 165.8, 165.2, 164.2, 149.3, 147.8, 143.3, 

141.5, 140.3, 131.7, 130.5, 130.2, 129.3, 129.2, 128.6, 128.3, 128.3, 125.4, 123.6, 121.4, 

120.5, 119.6, 118.9, 113.1, 71.6, 51.6, 36.8, 21.8. 

HRMS (ESI) calculated for C42H38N7O11 (M+H+) 816.2624, found 816.2633. 

 

Allyl 4-aminobenzoate (31) 

 

K2CO3 (2.5 g, 17.95 mmol) was added to a stirred mixture of 4-nitrobenzoic acid (5.0 g; 30.0 

mmol) and Allyl bromide (2.9 mL; 33.0 mmol) in DMF (50 mL). Reaction was stirred for 24 

hours. Et2O (500 mL) and water (500 mL) were added, the organic phase washed then with 

NaHCO3 satured solution twice (400 mL) and once with brine (400 mL), dried over sodium 

sulphate, evaporated under reduced pressure to obtain 6.1 g (30.0 mmol; y= q.) of a yellow 

oil. Product was used in the next step without further purification. 

Zinc dust (27 g; 541 mmol) was added over 30 min to a solution of allyl 4-nitrobenzoate(5.6 

g; 27 mmol) in acetic acid (100 mL). Reaction stirred overnight at r.t.. It was quenched with 

NaHCO3, watery phase extracted twice with EtOAc, washed again with NaHCO3 and brine, 

dried over sodium sulphate and reduced under vacuum to give around 4.5 g of a crude 

residue, which was chromatographed on silica gel with a gradient 5-30% EtOAc in Pet. Et. to 

afford 3.42 g (19 mmol; y= 71%) of a white solid. 

1   MR (500 M  , DMSO) δ 7.74 – 7.55 (m, 2H), 6.62 – 6.51 (m, 2H), 6.00 (m, 3H), 5.34 

(pseudo dq, J = 17.2, 1.7 Hz, 1H), 5.22 (pseudo dq, J = 10.5, 1.4 Hz, 1H), 4.68 (dt, J = 5.3, 1.5 

Hz, 2H). 

13C NMR (126 MHz, DMSO) δ 165.5, 153.6, 133.3, 131.1, 117.2, 115.6, 112.6, 64.0. 

HRMS (ESI) calculated for C10H12NO2 (M+H+) 178.0863, found 178.0867. 
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Allyl 4-(2-(allyloxy)-3-isopropoxy-4-nitrobenzamido)benzoate (32) 

 

POCl3 (0.68 mL; 7.32 mmol) was added at 0 °C to a stirred solution of 2-(allyloxy)-3-

isopropoxy-4-nitrobenzoic acid (7.32 mmol, crude), TEA (1.7 mL; 12.20 mmol) and allyl 4-

aminobenzoate (1.08 g; 6.10 mmol) in DCM (100 mL) under nitrogen. Reaction stirred for 3 

h, then quenched with NaHCO3 saturated solution, solvent partially reduced under vacuum, 

then diluted with EtOAc (150 mL) and water (150 mL), aqueous phase extracted again twice 

with EA (2x 100 mL), organic phases reun ited washed with HCl 1 N (300 mL) and brine (300 

mL), dried over sodium sulphate and reduced under vacuum to give a crude material, which 

was chromatographed on silica gel with a gradient 5-30% to give 2.22 g (5.04 mmol; y= 83%) 

of a yellow oil. 

1H NMR (500 MHz, CDCl3) δ 10.17 ( , 1 ), 8.08 ( , J = 8.7 Hz, 3H), 7.74 (d, J = 8.6 Hz, 2H), 7.63 

(d, J = 8.8 Hz, 1H), 6.24 – 5.87 (m, 2H), 5.55 – 5.22 (m, 4H), 4.80 (dd, J = 20.6, 5.9 Hz, 4H), 

4.64 (hept, J = 12.4, 6.3 Hz, 1H), 1.34 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, CDCl3) δ 165.7, 161.1, 151.5, 148.2, 144.7, 141.9, 132.3, 131.5, 131.0, 

130.5, 126.2, 126.1, 121.1, 120.0, 119.4, 118.3, 78.7, 75.7, 65.5, 22.4. 

HRMS (ESI) calculated for C23H25N2O7 (M+H+) 441.1656, found 441.1654 
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Allyl 4-(2-(allyloxy)-4-amino-3-isopropoxybenzamido)benzoate (31) 

 

Tin(II) chloride dehydrate (4.3 g; 19.09 mmol), allyl 4-(2-(allyloxy)-3-isopropoxy-4-

nitrobenzamido)benzoate (1.4 g; 3.18 mmol) were dissolved in EtOH (32 mL), the solution 

was stirred at r.t. overnight. The solvent was removed under vacuum, NaHCO3 saturated 

solution (300 mL) and EtOAc (300 mL) were added to the residue. The aqueous phase 

extracted again with EtOAc (200 mL). The organic phases reunited were washed with brine 

(400 mL), dried over sodium sulphate and reduced under vacuum. The crude residue thus 

obtained was chromatographed on silica gel with a gradient EtOAc 10-40% in Pet. Et. to give 

1.22 g (2.98 mmol; 95%)of a yellow oil. 

1H NMR (500 M  , DMSO) δ 10.26 ( , 1 ), 8.01 – 7.86 (m, 2H), 7.86 – 7.74 (m, 2H), 7.39 (d, J 

= 8.6 Hz, 1H), 6.56 (d, J = 8.6 Hz, 1H), 6.26 – 5.93 (m, 2H), 5.59 (s, 2H), 5.48- 5.35 (m, 2H), 

5.30- 5.20 (m, 2H) 4.78 (dt, J = 5.4, 1.5 Hz, 2H), 4.61 (dt, J = 5.6, 1.4 Hz, 2H), 4.46 (hept, J = 

6.1 Hz, 1H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 165.0, 163.9, 150.6, 147.8, 143.7, 135.3, 133.6, 132.8, 130.3, 

126.1, 123.6, 118.8, 118.1, 117.7, 114.6, 109.9, 74.4, 73.7, 64.8, 40.1, 40.0, 39.9, 39.8, 39.8, 

39.7, 39.6, 39.5, 39.3, 39.2, 39.0, 22.2. 

HRMS (ESI) calculated for C23H27N2O5 (M+H+) 411.1914, found 411.1900 
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Allyl (S)-4-(2-(allyloxy)-3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-

(tritylamino)butanamido)benzamido)benzamido)benzoate (34) 

 

POCl3 (3.20 mmol) as a solution in DCM (1:9) was added dropwise to a solution of allyl 4-(2-

(allyloxy)-4-amino-3-isopropoxybenzamido)benzoate (0.53 g; 1.28 mmol) and (S)-4-(2-(4-

nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoic acid (2.05 g, 3.20 mmol) in THF 

(13  mL) at 0 °C, followed by DiPEA (1.78 mL; 10.24 mmol) as a solution in DCM (1:1). 

Reaction stirred at r.t. for 6 h, quenched with HCl 1 N and ice, solvent partially reduced 

under vacuum and residue diluted with EtOAc (250 mL) and HCl 1N (250 mL), organic phase 

washed with brine (250 mL) and dried over sodium sulphate. Solvent removed under 

vacuum, the crude residue was chromatographed on silica gel with a gradient EtOAc 20-75% 

in Pet. Et to give 940 mg of a orange residue (0.95 mmol; 54%). 

1H NMR (500 MHz, CDCl3) δ 10.20 ( , 1 ), 9.63 ( , 1 ), 8.74 ( , 1 ), 8.50 ( , J = 8.9 Hz, 1H), 

8.47 (d, J = 6.2 Hz, 1H), 8.29 (d, J = 8.8 Hz, 2H), 8.07 (dd, J = 8.8, 4.9 Hz, 3H), 7.96 (d, J = 8.8 

Hz, 2H), 7.88 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 7.33 – 7.24 

(m, 15H), 7.15 (s, 1H), 6.15 (m, 1H), 6.05 (m, 1H), 5.50 (dd, J = 17.1, 1.2 Hz, 1H), 5.43 (m, 2H), 

5.30 (dd, J = 10.4, 1.1 Hz, 1H), 5.07 (m, 1H), 4.82 (d, J = 5.6 Hz, 2H), 4.76 (dt, J = 12.3, 6.2 Hz, 

1H), 4.71 (d, J = 5.9 Hz, 2H), 3.31 (dd, J = 15.6, 2.7 Hz, 1H), 2.76 (dd, J = 15.6, 7.3 Hz, 1H), 1.39 

(dd, J = 6.1, 3.9 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 168.3, 166.9, 165.0, 164.6, 164.3, 149.5, 149.2, 144.7, 143.5, 

142.6, 142.2, 139.3, 135.6, 133.7, 132.8, 130.6, 130.3, 129.0, 128.5, 128.4, 128.0, 127.4, 

127.2, 126.4, 124.2, 123.6, 119.0, 118.9, 118.7, 117.8, 117.8, 76.3, 74.3, 69.4, 64.8, 52.1, 

38.0, 22.3. 

HRMS (ESI) calculated for C60H55N6O11 (M+H+) 1035.3923, found 1035.3943. 
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Allyl (S)-4-(2-(allyloxy)-4-(4-(4-amino-2-(4-aminobenzamido)-4-

oxobutanamido)benzamido)-3-isopropoxybenzamido)benzoate (35) 

 

Zn dust (0.95 g; 15.5 mmol) was added portionwise over few minutes to a stirred solution of 

allyl (S)-4-(2-(allyloxy)-3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)-

butanamido)benzamido)benzamido)benzoate (1.30 g; 1.26 mmol) in THF (6.0 mL), EtOH (4.8 

mL) and AcOH (1.2 mL). Reaction stirred for 5 h, the mixture was filtered through celite, the 

solvent was reduced under vacuum. The crude was used in the next step without further 

purification. 

The residue was dissolved in DCM (18.7 mL), Tips (0.775 mL; 3.78 mmol) followed by TFA 

(6.3 mL) were added at 0 °C. Reaction stirred 2 h at r.t. then solved removed under vacuum, 

residue take up and evaporated twice with DCM (15 mL) then triturated 3x with ice cold Pet. 

Et.. The crude thus obtained was purified on silica gel with a gradient 0-10% MeOH in DCM 

to give 1.02 g of a yellow solid (1.18 mmol; y= 94%). 

1   MR (500 M  , DMSO) δ 10.59 ( , 1 ), 10.38 ( , 1 ), 9.52 ( , 1 ), 8.23 ( , J = 7.3 Hz, 1H), 

7.98 (t, J = 9.4 Hz, 4H), 7.88 (d, J = 8.8 Hz, 2H), 7.80 (dd, J = 11.0, 8.7 Hz, 3H), 7.62 (d, J = 8.7 

Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H), 6.97 (s, 1H), 6.56 (d, J = 8.7 Hz, 2H), 6.11 – 5.97 (m, 2H), 5.68 

(s, 2H), 5.44 – 5.35 (m, 2H), 5.31 - 5-18 (m, 2H), 4.85 (dd, J = 14.1, 7.1 Hz, 1H), 4.80 (d, J = 5.3 

Hz, 2H), 4.61 (d, J = 5.5 Hz, 2H), 4.53 – 4.44 (m, 1H), 2.65 (d, J = 7.0 Hz, 2H), 1.26 (d, J = 6.1 

Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 171.5, 171.1, 166.4, 165.0, 164.7, 164.3, 151.9, 149.5, 143.5, 

142.6, 142.5, 135.7, 133.7, 132.8, 130.4, 129.1, 128.4, 128.2, 127.1, 124.2, 123.6, 120.4, 

119.0, 118.8, 117.8, 117.8, 116.0, 112.5, 76.3, 74.3, 64.9, 51.5, 40.1, 40.0, 39.9, 39.8, 39.8, 

39.7, 39.6, 39.5, 39.3, 39.2, 39.0, 36.9, 22.3, 20.8. 

HRMS (ESI) calculated for C41H43N6O9 (M+H+) 763.3086, found 763.3085. 
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Marfey: 94.0% S enantiomer, 6.0% R enantiomer 

 

Allyl (S)-4-(2-(allyloxy)-4-(4-(4-amino-2-(4-(4-nitrobenzamido)benzamido)-4-

oxobutanamido)benzamido)-3-isopropoxybenzamido)benzoate (36)65 

 

Collidine (0.166 mL; 1.26 mmol) was added dropwise at 0 °C to a solution of 4-nitro benzoic 

acid (92 mg; 0.551 mmol) and bis(trichloromethyl) carbonate (49 mg; 0.165 mmol) in THF 

(10 mL). Reaction stirred at r.t. for 20 min then added to a solution of allyl (S)-2-(allyloxy)-4-

(2-(allyloxy)-4-(4-(2-(4-aminobenzamido)-3-cyanopropanamido)benzamido)-3-

methoxybenzamido)-3-methoxybenzoate (120 mg; 0.157 mmol) and DiPEA (0.273 mL; 1.57 

mmol) in THF (10 mL). Reaction stirred for 4 h then quenched with HCl 1 N and ice. Solvent 

partially reduced under vacuum, EtOAc (40 mL) and HCl 1N (40  

mL) were added, organic phase washed with NaHCO3 saturated solution (30 mL), brine (30 

mL) and dried over sodium sulphate. The solvent was removed under reduced pressure, the 

residue was purified on silica gel with a gradient 0-10% MeOH in DCM to give 114 mg of a 

yellow residue (0.125 mmol; y= 80%).   

1   MR (700 M  , DMSO) δ 10.79 ( , 1 ), 10.58 ( , 1 ), 10.45 ( , 1 ), 9.52 ( , 1 ), 8.68 ( , J 

= 7.3 Hz, 1H), 8.41 – 8.36 (m, 2H), 8.23 – 8.19 (m, 2H), 8.00 – 7.95 (m, 4H), 7.94 (m, 2H), 7.91 

(m, 2H), 7.87 (d, J = 8.6 Hz, 2H), 7.81 (m, 3H), 7.40 (d, J = 8.4 Hz, 2H), 6.99 (s, 1H), 6.04 (m, 

2H), 5.39 (m, 2H), 5.28 (ddd, J = 10.5, 2.9, 1.4 Hz, 1H), 5.20 (ddd, J = 10.5, 2.9, 1.3 Hz, 1H), 

4.92 (dd, J = 14.0, 7.2 Hz, 1H), 4.79 (d, J = 5.3 Hz, 2H), 4.61 (d, J = 5.5 Hz, 2H), 4.49 (tt, J = 

12.2, 6.1 Hz, 1H), 2.69 (d, J = 7.9 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.8, 164.9, 164.7, 164.3, 164.2, 149.5, 149.3, 

143.5, 142.6, 142.4, 141.5, 140.3, 135.7, 133.7, 132.8, 130.3, 129.3, 129.2, 128.4, 128.3, 



Experimental part 

139 
 

128.3, 127.1, 124.2, 123.6, 119.5, 119.0, 119.0, 118.8, 117.8, 117.8, 76.2, 74.3, 64.8, 51.6, 

36.8, 22.3. 

HRMS (ESI) calculated for C48H46N7O12 (M+H+) 912.3199, found 912.3196. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (1) 

 

Phenyl silane (0.012 mL; 0.099 mmol) followed by palladium-tetrakis(triphenylphosphine 

(6.3 mg; 0.0055 mmol) was added to a solution of allyl (S)-4-(2-(allyloxy)-4-(4-(4-amino-2-(4-

(4-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-3-

isopropoxybenzamido)benzoate (20 mg; 0.022 mmol) in THF (2.75 mL). Reaction stirred 

overnight and purified by preparative RP-HPLC to afford to obtain 3.8 mg of a white material 

(0.0046 mmol; y= 21%). 

According to the purification method used, the desired structure could be obtained either in 

its protonated form or as ammonium salt. 

Condition A: 

protonated form 

1   MR (700 M  , DMSO) δ 12.82 ( , 1 ), 12.29 ( , 1 ), 10.79 ( , 1 ), 10.60 ( , 1 ), 10.46 ( , 

1H), 9.40 (s, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.41 – 8.35 (m, 2H), 8.24 – 8.18 (m, 2H), 7.99 – 7.92 

(m, 6H), 7.90 (d, J = 8.8 Hz, 2H), 7.85 (m, 3H), 7.82 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.8 Hz, 1H), 

7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.2 Hz, 1H), 4.57 – 4.51 (m, 1H), 2.69 (d, J = 7.6 

Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

Condition B: 

ammonium salts 
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1   MR (700 M  , DMSO) δ 15.41 (  , 1 ), 10.80 ( , 1 ), 10.46 ( , 1 ), 8.87 ( , 1 ), 8.72 ( , J 

= 7.3 Hz, 1H), 8.41 – 8.35 (m, 2H), 8.23 – 8.18 (m, 2H), 7.96 – 7.92 (m, 2H), 7.90 (d, J = 8.8 Hz, 

2H), 7.84 (d, J = 8.9 Hz, 2H), 7.81 (d, J = 8.9 Hz, 2H), 7.76 (d, J = 7.8 Hz, 2H), 7.59 (br, 2H), 7.44 

(d, J = 8.7 Hz, 1H), 7.42 (s, 1H), 7.09 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 5.06 – 4.99 (m, 1H), 4.93 

(q, J = 7.1 Hz, 1H), 2.69 (d, J = 7.4 Hz, 2H), 1.19 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.6, 166.9, 165.7, 165.3, 164.2, 163.1, 149.3, 142.0, 

141.5, 140.3, 137.5, 129.5, 129.3, 129.3, 128.3, 127.6, 124.2, 123.7, 123.6, 119.5, 119.0, 

117.7, 70.3, 51.6, 36.8, 22.7. 

HRMS (ESI) calculated for C42H38N7O12 (M+H+) 832.2573, found 832.2580. 

Marfey: 91.2% S enantiomer, 8.8% R enantiomer 
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4.2.2.2 N-terminal OPTIMIZATION 

4.2.2.2.1 Synthesis of variants of building block A 

4-(4-Nitrobenzamido)benzoic acid (89) 

 

4-Aminobenzoic acid (800 mg; 5.84 mmol) was dissolved in THF (4.0 mL) and NaHCO3 

saturated solution (4.0 mL), to it 4-nitrobenzoyl chloride (1.08 g; 5.84 mmol) was added at 0 

°C. Reaction stirred for 2 hours, precipitate collected by filtration, washed with water and 

THF, dried under high vacuum to give 1.30 g of a solid (4.55 mmol; y= 77%). 

1   MR (500 M  , DMSO) δ 12.80 (  , 1 ), 10.83 ( , 1 ), 8.43 – 8.35 (m, 2H), 8.25 – 8.14 (m, 

2H), 7.99 – 7.94 (m, 2H), 7.94 – 7.90 (m, 2H). 

13C NMR (126 MHz, DMSO) δ 166.9, 164.3, 149.3, 142.8, 140.3, 130.3, 129.4, 126.0, 123.6, 

119.7. 

HRMS (ESI) calculated for C14H9N2O5 (M-H+) 285.0517, found 285.0536. 

 

(E)-3-(4-(Allyloxy)phenyl)-2-methylacrylic acid (58)65 

 

Synthesized according to exp. procedure reported. 

1   MR (700 M  , DMSO) δ 12.35 (  , 1 ), 7.54 ( , J = 1.1 Hz, 1H), 7.46 – 7.42 (m, 2H), 7.03 

– 6.99 (m, 2H), 6.05 (ddt, J = 17.3, 10.5, 5.2 Hz, 1H), 5.40 (dq, J = 17.3, 1.7 Hz, 1H), 5.27 (dq, J 

= 10.5, 1.5 Hz, 1H), 4.61 (dt, J = 5.3, 1.5 Hz, 2H), 2.03 (d, J = 1.5 Hz, 3H). 

13C NMR (176 MHz, DMSO) δ 169.6, 158.3, 137.4, 133.5, 131.4, 128.1, 126.2, 117.6, 114.7, 

68.2, 13.9. 

HRMS (ESI) calculated for C13H13O3 (M-H+) 217.0870, found 217.0873. 
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4-Acetamidobenzoic acid (55)115 

 

Synthesized according to exp. procedure reported. 

1   MR (500 M  , DMSO) δ 12.67 (  , 1 ), 10.23 ( , 1 ), 7.90 – 7.84 (m, 2H), 7.68 (d, J = 8.7 

Hz, 2H), 2.08 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 168.8, 166.9, 143.3, 130.4, 124.9, 118.1, 24.1. 

HRMS (ESI) calculated for C9H8NO3 (M-H+) 178.0510, found 178.0510. 

 

Methyl 4-ureidobenzoate 

 

A solution of methyl 4-aminobenzoate (500 mg; 3.31 mmol) and DiPEA (0.86 mL; 4.97 mmol) 

in DCM (10 mL) was added dropwise at 0 °C to a solution of BTC (328 mg; 1.10 mmol) in 

DCM (20 mL). Reaction stirred at 0 °C for 2 h. Solvent reduced under vacuum, residue 

dissolved in 5 mL of DCM and added to a cooled solution of NH4OH conc.. The mixture was 

stirred for 2 hours, the solid was collected by filtration, washed with water and twice with 

Et2O, dried under high vacuum to give 410 mg of a white powder (2.11 mmol; y= 64%). 

1   MR (500 M  , DMSO) δ 8.98 ( , 1 ), 7.87 – 7.79 (m, 2H), 7.57 – 7.48 (m, 2H), 6.05 (s, 

2H), 3.79 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 166.0, 155.6, 145.3, 130.3, 121.6, 116.8, 51.7. 

HRMS (ESI) calculated for C9H11N2O3 (M+H+) 195.0764, found 195.0766. 
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4-Ureidobenzoic acid (56) 

 

Methyl 4-ureidobenzoate (150 mg; 0.77 mmol) was suspended in THF (4 mL) and water (2 

mL). A solution of LiOH (185 mg; 7.7 mmol) in water (2 mL) was added to the suspension at 0 

°C. Reaction stirred overnight, pH adjusted to 1, the precipitate was collected by filtration 

washed with water and three times with Et2O, dried at high vacuum to give 80 mg of a white 

powder (0.44 mmol; y= 58%). 

1   MR (500 M  , DMSO) δ 12.50 (  , 1 ), 8.90 ( , 1 ), 7.84 – 7.77 (m, 2H), 7.54 – 7.45 (m, 

2H), 6.02 (s, 1H). 

13C NMR (126 MHz, DMSO) δ 167.1, 155.6, 144.9, 130.4, 122.9, 116.7. 

HRMS (ESI) calculated for C8H7N2O3 (M-H+) 179.0462, found 179.0470.   

 

Ethyl (E)-3-(4-cyanophenyl)-2-methylacrylate (62) 

 

4-Hydroxybenzaldehyd (500 mg; 3.82 mmol) was dissolved in DCM (3.0 mL) at rt, ethyl-2-

(triphenylphosphoranylidene)propionate (1.06 g; 2.94 mmol) was added. The mixture was 

stirred overnight at 37°C then concentrated under reduced pressure. The crude was purified 

on silica gel with a gradient 1-50% EtOAc in Pet. Et. to give 570 mg of  white solid (2.65 

mmol; y= 90%). 

1H NMR (500 MHz, CDCl3) δ 7.70 – 7.66 (m, 2H), 7.64 (s, 1H), 7.47 (d, J = 8.2 Hz, 2H), 4.29 (q, J 

= 7.1 Hz, 2H), 2.10 (d, J = 1.5 Hz, 3H), 1.35 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 167.9, 140.6, 136.4, 132.1, 131.8, 130.0, 118.6, 111.7, 61.3, 

14.3, 14.2. 

HRMS (ESI) calculated for C13H14NO2 (M+H+) 216.1019, found 216.1014. 
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(E)-3-(4-Cyanophenyl)-2-methylacrylic acid (59) 

 

Ethyl (E)-3-(4-cyanophenyl)-2-methylacrylate (150 mg; 0.67 mmol) was dissolved in THF 

(3.35 mL) and water (1.68 mL), solution cooled to 0 °C and a mixture of LiOH (167 mg; 6.98 

mmol) in water (1.68 mL) added to it. Reaction stirred at 0 C for 10 min. then to r.t. 

overnight. Reaction quenched adjusting pH to 1, then diluted with EtOAc (20 mL) and HCl 1 

N (20 mL), organic solvent washed with brine and dried over sodium sulphate. Solvent 

reduce under vacuum to afford 125 mg of a white solid (0.67 mmol; y= q.). 

1   MR (500 M  , DMSO) δ 7.91 – 7.87 (m, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.61 (s, 1H), 2.02 (d, 

J = 1.5 Hz, 3H). 

13C NMR (126 MHz, DMSO) δ 168.9, 140.4, 135.8, 132.3, 130.3, 127.6, 118.7, 110.6, 14.0. 

HRMS (ESI) calculated for C11H10NO2 (M+H+) 188.0706, found 188.0709. 

 

4,5-Bis(allyloxy)picolinic acid (57)116 

 

Synthesized according experimental procedures reported using allyl bromide instead of 

benzyl bromide. 

1   MR (500 M  , M OD) δ 8.16 ( , 1 ), 7.82 ( , 1 ), 6.11 ( , 2 ), 5.54 – 5.44 (m, 2H), 5.36 

(m, 2H), 4.86 (dt, J = 5.3, 1.5 Hz, 2H), 4.77 (dt, J = 5.3, 1.5 Hz, 2H). 

13C NMR (126 MHz, MeOD) δ 165.4, 159.9, 149.2, 144.4, 133.6, 132.9, 131.0, 119.5, 119.2, 

110.5, 72.0, 71.5. 

HRMS (ESI) calculated for C12H14NO4 (M+H+) 236.0917, found 236.0922. 
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4.2.2.2.2 General scheme 

Synthetic scheme used for the synthesis of analogs bearing modifications of ring A. In all 

cases, amine 35 was coupled to a carboxylic acid and then deprotection of allyl groups 

followed. 
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4.2.2.2.3 General procedures 

Coupling: 

The last aromatic ring was installed activating the carboxylic acid to acyl chloride or activated 

ester by means of: 

- A. BTC collidine 

- B. oxalyl chloride 

- C. EDC, HOAt 

 

A. Collidine (8 eq.) was added dropwise at 0 °C to a solution of desired carboxylic acid 

(3.5 eq.) and bis(trichloromethyl) carbonate (1.05 eq.) in THF (M= 0.02). Reaction stirred at 

r.t. for 20 min then added to a solution of amine 35 (1 eq.) and DiPEA (10 eq.) in THF (M= 

0.02). Reaction stirred for few hours then quenched with HCl 1 N and ice. Solvent partially 

reduced under vacuum, EtOAc and HCl 1N were added, organic phase washed with NaHCO3 

saturated solution, brine and dried over sodium sulphate. The solvent was removed under 

reduced pressure, the residue was purified on silica gel or directly used in the next step 

without further purification. 

 

B. The desired carboxylic acid (1.0 eq.) is suspended in DCM (M= 0.5), oxalyl chloride 

(1.5 eq.) followed by catalytic DMF were added at 0 °C. Reaction stirred until all the 

carboxylic acid has reacted, reaction monitored by TLC. Solvent reduced under vacuum, 

residue dissolved again in DCM and evaporated twice.  

The desired acyl chloride (1.5 eq.) as a solution in THF (M= 0.08) was added at 0 °C to a 

stirred solution of amine 35 (1.0 eq.) and DiPEA (5 eq.) in THF (M= 0.08), reaction stirred at 

0 °C for 10 min then warmed to r.t., stirring prolonged until completion of the reaction 

(monitored by TLC and/or LCMS). Reaction quenched with HCl 1N/ice, solvent partially 

reduced under vacuum, mixture diluted with EtOAc and HCl 1 N, organic phase washed with 

brine and dried over sodium sulphate. The residue thus obtained could be purified on silica 

gel or directly used in the next step without further purification. 

 

C. Carboxylic acid (3.0 eq.), EDC (3.0 eq), HOAt (3.5 eq.) were mixed together in DMF 

(M= 0.2), to this solution collidine was added (8.0 eq.), reaction stirred for 20 min then 

added to a solution of amine 35 (1.0 eq.) in DMF (M= 0.2). Reaction heated to 40 °C for 
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several hours until reaction completed. Reaction diluted with EtOAc and HCl 1 N, organic 

phase washed with brine and dried over sodium sulphate, solvent reduced under vacuum, 

the residue was used in the next step without further purification.  

 

Final deprotection 

Phenyl silane (2 eq. x n of allyl group) followed by tetrakis(triphenylphosphine)palladium0 

(0.25 eq.) were added to a solution of allyl protected cystobactamid derivative (1.0 eq.) in 

THF (M= 0.01). Reaction stirred overnight and purified by preparative RP-HPLC using 

condition A or B (described in section 4.2.1.2). 

 

4.2.2.2.4 1th and 2nd series of analogs ring A 

For coupling step, final deprotection and purification, the general proceduers described in 

section 4.2.2.2.3 were used. 

The carbocylic acids employed in the coupling step with amine 35 were purchased or 

synthesized according to procedures described herein.  

All compounds purified according to condition B were obtained as ammonium salts. The 

number of counteranions varies and depends on the functional groups present on the 

molecule. The given numbers with the structures are estimations according to H-NMR data. 

 

(S)-4-(4-(4-(2-(4-(4-Acetamidobenzamido)benzamido)-4-amino-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (38) 

 

Amine 35 (15 mg, 0.016 mmol) was coupled with carboxylic acid 55 using coupling 

conditions C followed by final deprotection. 
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Desired compound purified by preparative RP-HPLC condition A, to obtain 1.1 mg of desired 

product as a white solid (0.0013 mmol, y= 8%). 

1   MR (700 M  , DMSO) δ 12.78 (  , 1 ), 12.29 ( , 1 ), 10.60 ( , 1 ), 10.45 ( , 1 ), 10.33 

(s, 1H), 10.23 (s, 1H), 9.40 (s, 1H), 8.63 (d, J = 7.3 Hz, 1H), 7.95 (m, 6H), 7.92 – 7.87 (m, 3H), 

7.85 (m, 3H), 7.82 (d, J = 8.7 Hz, 2H), 7.71 (m, 3H), 7.39 (s, 1H), 7.35 (dd, J = 8.0, 1.4 Hz, 1H), 

6.99 (s, 1H), 4.92 (dd, J = 14.0, 7.2 Hz, 1H), 4.54 (dt, J = 12.3, 6.1 Hz, 1H), 2.69 (d, J = 8.1 Hz, 

2H), 2.09 (s, 3H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.8, 168.8, 168.5, 166.9, 165.8, 165.2, 164.2, 154.1, 

142.5, 142.5, 142.2, 142.0, 137.0, 136.3, 133.9, 133.7, 130.2, 129.7, 128.7, 128.7, 128.5, 

128.3, 128.2, 127.3, 126.3, 122.8, 120.7, 119.3,  119.0, 118.1, 112.4, 112.2, 74.9, 51.6, 36.8, 

24.1, 22.3. 

HRMS (ESI) calculated for C44H42N7O11 (M-H+) 844.2937, found 844.2930. 

 

(S)-4-(4-(4-(4-Amino-2-(4-benzamidobenzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (39) 

 

Amine 35 (40 mg, 0.052 mmol) was coupled with benzoic acid using coupling conditions A 

followed by final deprotection. 

Desired compound purified by preparative RP-HPLC condition B, to obtain 13.8 mg of 

desired product as a white solid (0.018 mmol, y= 34%). 

1   MR (700 M  , DMSO) δ 12.74 (  , 1 ), 12.30 (br, 1H), 10.48 (s, 1H), 10.45 (s, 1H), 9.33 

(br, 1H), 8.65 (d, J = 7.3 Hz, 1H), 7.99 – 7.96 (m, 2H), 7.94 (dd, J = 15.6, 6.5 Hz, 4H), 7.92 – 

7.89 (m, 4H), 7.83 (dd, J = 17.1, 8.7 Hz, 4H), 7.79 (s, 1H), 7.61 (dd, J = 11.6, 4.2 Hz, 2H), 7.55 

(t, J = 7.6 Hz, 2H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.0, 7.2 Hz, 1H), 4.61 (s, 1H), 2.69 

(d, J = 7.9 Hz, 2H), 1.25 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.3, 168.3, 166.9, 165.8, 164.0, 142.4, 142.1, 

136.5, 134.7, 131.8, 130.2, 128.7, 128.4, 128.3, 128.2, 127.7, 127.4, 123.0, 120.4, 119.3, 

118.9, 51.6, 36.8, 22.4. 

HRMS (ESI) calculated for C42H37N6O10 (M-H+) 785.2577, found 785.2577. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-fluorobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (40) 

 

Amine 35 (40 mg, 0.052 mmol) was coupled with 4-fluorobenzoic acid using coupling 

conditions A followed by final deprotection. 

Desired compound purified by preparative RP-HPLC condition B, to obtain 3.2 mg of desired 

product as a white solid (0.004 mmol, y= 8%). 

1   MR (500 M  , DMSO) δ 12.80 (  , 1 ), 12.29 (  , 1 ), 10.62 (  , 1 ), 10.49 ( , 1 ), 

10.46 (s, 1H), 9.39 (s, 1H), 8.65 (d, J = 7.3 Hz, 1H), 8.09 – 8.03 (m, 2H), 7.96 (t, J = 8.4 Hz, 4H), 

7.90 (q, J = 9.0 Hz, 4H), 7.84 (dd, J = 17.4, 8.8 Hz, 5H), 7.68 (d, J = 8.6 Hz, 1H), 7.43 – 7.35 (m, 

3H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.1 Hz, 1H), 4.59 – 4.51 (m, 1H), 2.69 (d, J = 7.2 Hz, 2H), 

1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 171.3, 170.8, 168.4, 166.9, 165.8, 164.7, 164.2, 163.2, 142.5, 

142.0, 136.4, 131.1, 130.6, 130.5, 130.2, 128.8, 128.3, 122.8, 120.6, 119.4, 118.9, 115.5, 

115.3, 112.5, 74.8, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C42H36FN6O10 (M-H+) 803.2482, found 803.2498. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-aminobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (41) 
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Compound 40 was isolated as a by-product of the synthesis of 1, obtained 0.7 mg. 

1   MR (700 M  , DMSO) δ 15.31 ( , 1 ), 10.46 ( , 1 ), 9.98 ( , 1 ), 8.87 ( , 1 ), 8.68 ( , J = 

7.0 Hz, 1H), 7.86 (d, J = 9.9 Hz, 4H), 7.82 (dd, J = 19.7, 8.8 Hz, 4H), 7.75 (dd, J = 11.3, 8.6 Hz, 

4H), 7.55 (d, J = 8.5 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 6.60 

(d, J = 8.6 Hz, 2H), 5.80 (s, 2H), 5.02 (dt, J = 12.4, 6.1 Hz, 1H), 4.91 (dd, J = 14.2, 7.2 Hz, 1H), 

2.69 (d, J = 7.0 Hz, 2H), 1.19 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 169.8, 166.8, 165.9, 165.5, 165.3, 163.1, 152.4, 

142.7, 142.0, 141.5, 137.5, 134.0, 129.6, 129.5, 128.2, 127.9, 127.5, 123.7, 120.7, 119.0, 

119.0, 117.5, 116.1, 112.5, 100.6, 70.3, 51.7, 36.9, 22.7. 

HRMS (ESI) calculated for C42H38N7O10 (M-H+) 800.2686, found 800.2733. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(3-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (42) 

 

Amine 35 (40 mg, 0.052 mmol) was coupled with 3-nitrobenzoic acid using coupling 

conditions A. Allyl protected derivative was purified on silica gel with a gradient 0-10% 

MeOH in DCM to give 45 mg of white slid (0.049 mmol, y= 95%).  

The final deprotection was done on 20 mg of intermediate (0.022 mmol). The desired 

compound was purified by preparative RP-HPLC using condition B, to obtain 6.8 mg of 
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desired product (0.008 mmol, y= 31%) and 2.2 mg of compound 43, which was formed as a 

by-product of the reaction. 

Allyl protected intermediate: 

 
1   MR (700 M  , DMSO) δ 10.80 ( , 1 ), 10.58 ( , 1 ), 10.45 ( , 1 ), 9.52 ( , 1 ), 8.82 ( , J = 

2.0 Hz, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.46 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 8.44 – 8.41 (m, 1H), 

8.00 – 7.96 (m, 4H), 7.96 – 7.93 (m, 2H), 7.93 – 7.89 (m, 2H), 7.86 (t, J = 8.0 Hz, 3H), 7.83 – 

7.79 (m, 3H), 7.40 (d, J = 8.4 Hz, 2H), 6.99 (s, 1H), 6.08 – 5.99 (m, 2H), 5.39 (m, 2H), 5.24 (m, 

2H), 4.93 (dd, J = 14.0, 7.3 Hz, 1H), 4.79 (dd, J = 3.9, 1.4 Hz, 2H), 4.61 (d, J = 5.5 Hz, 2H), 4.52 

– 4.46 (m, 1H), 2.71 – 2.68 (m, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.8, 164.9, 164.7, 164.3, 163.6, 149.5, 147.8, 

143.5, 142.6, 142.4, 141.5, 136.0, 135.7, 134.3, 133.7, 132.8, 130.3, 130.3, 129.2, 128.4, 

128.3, 127.1, 126.4, 124.2, 123.6, 122.5, 119.6, 119.0, 118.8, 117.8, 117.8, 76.2, 74.3, 64.8, 

51.6, 36.8, 22.3. 

Final compound 42: 

1H NMR (700 MHz, DMSO) δ 12.79 (br, 1H), 12.29 (br, 1H), 10.80 (s, 1H), 10.62 (br, 1H), 

10.46 (s, 1H), 9.36 (s, 1H), 8.82 (t, J = 1.8 Hz, 1H), 8.68 (d, J = 7.2 Hz, 1H), 8.46 (dd, J = 8.2, 1.5 

Hz, 1H), 8.43 (d, J = 7.9 Hz, 1H), 7.98 – 7.89 (m, 8H), 7.86 (dd, J = 15.4, 7.9 Hz, 3H), 7.82 (d, J = 

8.7 Hz, 3H), 7.66 (br, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.93 (dd, J = 14.1, 7.2 Hz, 1H), 4.58 (s, 1H), 

2.70 (d, J = 7.5 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.4, 166.9, 165.8, 164.1, 163.6, 147.8, 142.5, 

141.5, 136.4, 136.0, 134.3, 130.3, 130.2, 129.2, 128.3, 128.3, 126.4, 122.9, 122.5, 120.6, 

119.6, 118.9, 74.5, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C42H38N7O12 (M+H+) 832.2573, found 832.2565. 
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(S)-4-(4-(4-(4-Amino-2-(4-(3-aminobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (43) 

 
1   MR (700 M  , DMSO) δ 15.86 (  , 1 ), 12.45 (  , 1 ), 10.43 ( , 1 ), 10.30 ( , 1 ), 8.94 

(br, 1H), 8.62 (d, J = 7.3 Hz, 1H), 7.91 – 7.83 (m, 9H), 7.79 (dd, J = 20.6, 8.7 Hz, 4H), 7.49 (br, 

1H), 7.40 (s, 1H), 7.16 (t, J = 7.8 Hz, 1H), 7.10 (d, J = 1.8 Hz, 1H), 7.08 (d, J = 7.8 Hz, 1H), 6.98 

(s, 1H), 6.76 (dd, J = 7.9, 1.5 Hz, 1H), 5.33 (s, 2H), 4.95 (br, 1H), 4.92 (dd, J = 14.0, 7.3 Hz, 1H), 

2.71 – 2.66 (m, 2H), 1.20 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.5, 167.2, 166.6, 165.9, 163.3, 148.8, 142.3, 

142.1, 135.6, 130.4, 128.8, 128.5, 128.2, 127.7, 123.6, 119.2, 119.0, 117.0, 114.8, 113.0, 

51.6, 36.8, 22.6. 

HRMS (ESI) calculated for C42H38N7O10 (M-H+) 800.2686, found 800.2691. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(2-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (44) 

 

Amine 35 (20 mg, 0.026 mmol) was coupled with 2-nitrobenzoic acid using coupling 

conditions B followed by final deprotection. 

Desired compound was purified by preparative RP-HPLC condition B, to obtain 2.4 mg of 

desired product as a white solid (0.003 mmol, y= 11%). 
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1   MR (700 M  , DMSO) δ 12.72 (  , 1 ), 12.30 (  , 1 ), 10.91 ( , 1 ), 10.45 (s, 1H), 9.29 

(br, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.17 (dd, J = 8.2, 0.8 Hz, 1H), 7.93 (t, J = 8.8 Hz, 6H), 7.89 (td, 

J = 7.5, 0.9 Hz, 1H), 7.85 – 7.80 (m, 6H), 7.80 – 7.75 (m, 4H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 

(dd, J = 13.9, 7.3 Hz, 1H), 4.64 (br, 1H), 2.69 (dd, J = 6.8, 3.4 Hz, 2H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.2, 166.9, 165.7, 164.4, 164.0, 146.4, 142.4, 

141.6, 136.6, 134.2, 132.4, 131.1, 130.3, 129.3, 129.0, 128.5, 128.1, 124.3, 123.0, 118.9, 

118.7, 51.6, 36.8, 22.4. 

HRMS (ESI) calculated for C42H36N7O12 (M-H+) 830.2427, found 830.2439. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-cyanobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (46) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 4-cyanobenzoic acid using coupling 

conditions A. Allyl protected intermediate was purified on silica gel with a gradient 0-10% 

MeOH in DCM to give 18 mg (0.02 mmol, y= 61%) of allyl protected cystobactamid 

derivative. 

Final deprotection afforded the desired compound, which was purified by preparative RP-

HPLC using condition B to obtain 3.3 mg of desired product (0.004 mmol, y= 20%). 

Allyl protected intermediate: 
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1   MR (700 M  , DMSO) δ 10.70 (s, 1H), 10.57 (s, 1H), 10.45 (s, 1H), 9.52 (s, 1H), 8.68 (d, J 

= 7.3 Hz, 1H), 8.13 (d, J = 8.4 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H), 7.98 (dd, J = 8.7, 6.9 Hz, 4H), 

7.93 (d, J = 8.8 Hz, 2H), 7.88 (dd, J = 15.2, 8.7 Hz, 4H), 7.81 (dd, J = 8.6, 5.6 Hz, 3H), 7.40 (d, J 

= 8.4 Hz, 2H), 6.99 (s, 1H), 6.09 – 5.98 (m, 2H), 5.43 – 5.34 (m, 2H), 5.30 – 5.18 (m, 2H), 4.92 

(dd, J = 14.1, 7.2 Hz, 1H), 4.79 (d, J = 5.3 Hz, 2H), 4.61 (d, J = 5.4 Hz, 2H), 4.49 (dt, J = 12.3, 6.1 

Hz, 1H), 2.69 (d, J = 7.5 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.8, 165.0, 164.7, 164.5, 164.3, 149.5, 143.5, 

142.6, 142.4, 141.6, 138.7, 135.7, 133.7, 132.8, 132.5, 130.3, 129.1, 128.6, 128.4, 128.3, 

127.1, 124.2, 123.6, 119.5, 119.0, 118.8, 117.8, 117.8, 114.0, 76.3, 74.3, 64.8, 51.6, 36.8, 

22.3. 

Final compound 46: 

1H NMR (500 MHz, DMSO) δ 12.81 (br, 1H), 12.29 (br, 1H), 10.70 (s, 1H), 10.61 (br, 1H), 

10.46 (s, 1H), 9.37 (br, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.15 – 8.10 (m, 2H), 8.07 – 8.03 (m, 2H), 

7.98 - 7.93 (m, 4H), 7.93 – 7.87 (m, 4H), 7.83 (dd, J = 16.0, 8.8 Hz, 5H), 7.67 (br, 1H), 7.40 (s, 

1H), 6.99 (s, 1H), 4.92 (q, J = 7.1 Hz, 1H), 4.56 (br, 1H), 2.69 (d, J = 7.2 Hz, 2H), 1.26 (d, J = 6.1 

Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.4, 166.9, 165.8, 164.5, 164.1, 142.5, 141.6, 

138.7, 136.4, 132.5, 130.2, 129.1, 128.6, 128.3, 128.3, 122.9, 120.6, 119.5, 118.9, 118.3, 

114.0, 74.8, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C43H36N7O10 (M-H+) 810.2529, found 810.2538. 

 

(S)-4-(4-(4-(4-Amino-4-oxo-2-(4-(4-

(trifluoromethyl)benzamido)benzamido)butanamido)benzamido)-2-hydroxy-3-

isopropoxybenzamido)benzoic acid (47) 
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Amine 35 (15 mg, 0.020 mmol) was coupled with 4-trifluoromethyl benzoic acid using 

coupling conditions A followed by final deprotection. 

Desired compound purified by preparative RP-HPLC using condition B, to obtain 5.3 mg of 

desired product as a white solid (0.0062 mmol, y= 31%). 

1   MR (700 M  , DMSO) δ 12.80 (  , 1 ), 12.29 (  , 1H), 10.69 (s, 1H), 10.62 (br, 1H), 

10.46 (s, 1H), 9.37 (br, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.17 (d, J = 8.1 Hz, 2H), 7.98 – 7.92 (m, 

8H), 7.90 (d, J = 8.9 Hz, 2H), 7.85 (d, J = 8.7 Hz, 2H), 7.82 (d, J = 8.8 Hz, 3H), 7.67 (br, 1H), 7.40 

(s, 1H), 6.99 (s, 1H), 4.92 (q, J = 7.2 Hz, 1H), 4.57 (br, 1H), 2.69 (d, J = 7.6 Hz, 2H), 1.26 (d, J = 

6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.4, 166.9, 165.8, 164.7, 164.1, 142.5, 141.7, 

138.5, 136.9, 136.4, 131.6, 131.4, 130.2, 129.1, 128.7, 128.3, 128.3, 125.4, 125.4, 124.7, 

123.1, 122.9, 120.6, 119.5, 118.9, 74.7, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C43H36F3N6O10 (M-H+) 853.2450, found 853.2438. 

 

(S)-4-(4-(4-(4-Amino-4-oxo-2-(4-(4-ureidobenzamido)benzamido)butanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (45) 

 

Amine 35 (20 mg, 0.026 mmol) was coupled with carboxylic acid 56 using coupling 

conditions C followed by final deprotection. 

Desired compound purified by preparative RP-HPLC condition B to obtain 6.2 mg of desired 

product as a white solid (0.0073 mmol, y= 28%). 

1   MR (700 M  , DMSO) δ 12.55 (  , 1 ), 10.44 ( , 1 ), 10.26 ( , 1 ), 9.15 (  , 1 ), 8.89 (s, 

1H), 8.63 (d, J = 7.3 Hz, 1H), 7.93 – 7.87 (m, 10H), 7.81 (d, J = 8.8 Hz, 4H), 7.66 (br, 1H), 7.56 – 

7.52 (m, 2H), 7.39 (s, 1H), 6.99 (s, 1H), 6.01 (s, 2H), 4.92 (dd, J = 14.0, 7.3 Hz, 1H), 4.77 (br, 

1H), 2.69 (d, J = 8.2 Hz, 2H), 1.23 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.9, 167.0, 165.9, 165.3, 163.8, 155.7, 144.0, 

142.3, 142.3, 130.3, 128.8, 128.4, 128.2, 128.0, 126.6, 123.2, 119.2, 119.0, 116.6, 51.6, 36.8, 

22.5. 

HRMS (ESI) calculated for C43H39N8O11 (M-H+) 843.2744, found 843.2759. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-(4-nitrobenzamido)benzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (48) 

 

Amine 35 (15 mg, 0.020 mmol) coupled with carboxylic acid 89 using coupling conditions C 

followed by final deprotection. 

Desired compound was purified by preparative RP-HPLC condition B, to obtain 3.9 mg of 

desired product as a white solid (0.0041 mmol, y= 20%). 

1   MR (700 M  , DMSO) δ 12.61 (  , 1 ), 12.32 (br, 1H), 10.84 (s, 1H), 10.44 (s, 1H), 10.41 

(s, 1H), 9.16 (br, 1H), 8.65 (d, J = 7.2 Hz, 1H), 8.42 – 8.37 (m, 2H), 8.25 – 8.19 (m, 2H), 8.04 (d, 

J = 8.7 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 7.94 – 7.86 (m, 9H), 7.82 (d, J = 8.7 Hz, 4H), 7.67 (br, 

1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.93 (dd, J = 14.1, 7.2 Hz, 1H), 4.76 (br, 1H), 2.69 (d, J = 7.7 Hz, 

2H), 1.23 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.0, 165.8, 165.1, 164.3, 163.7, 149.3, 142.3, 

142.1, 141.9, 140.3, 130.3, 129.8, 129.3, 128.7, 128.6, 128.3, 128.0, 123.6, 123.2, 119.6, 

119.3, 119.0, 51.6, 36.8, 22.5. 

HRMS (ESI) calculated for C49H41N8O13 (M-H+) 949.2799, found 949.2848. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(2-hydroxy-3-isopropoxy-4-nitrobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (49) 
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Amine 35 (40 mg, 0.052 mmol) was coupled with carboxylic acid 3 using coupling conditions 

A, the intermediate was purified on silica gel with a gradient 0-10% MeOH in DCM to give 40 

mg (0.095 mmol, y= 87%) of allyl protected cystobactamid derivative.  

Followed final deprotection on 15 mg of intermediate (0.015 mmol), the desired compound 

was purified by preparative RP-HPLC using condition B to obtain 2.5 mg of desired product 

(0.0028 mmol, y= 18%) and 1.2 mg of compound 50, which was formed as a by-product of 

the reaction. 

Allyl protected intermediate: 

 
1   MR (700 M  , DMSO) δ 10.66 ( , 1 ), 10.58 ( , 1 ), 10.44 ( , 1 ), 9.52 ( , 1 ), 8.66 ( , J 

= 7.3 Hz, 1H), 7.98 (dd, J = 8.7, 6.6 Hz, 4H), 7.92 (d, J = 8.8 Hz, 2H), 7.87 (d, J = 8.6 Hz, 2H), 

7.83 – 7.76 (m, 5H), 7.72 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 

6.99 (s, 1H), 6.09 – 5.93 (m, 3H), 5.43 - 5.36 (m, 2H), 5.36 - 5.26 (m, 2H), 5.22 – 5.16 (m, 2H), 

4.92 (dd, J = 13.9, 7.4 Hz, 1H), 4.81 – 4.78 (m, 2H), 4.70 – 4.65 (m, 1H), 4.62 – 4.59 (m, 4H), 

4.52 – 4.46 (m, 1H), 2.71 – 2.67 (m, 1H), 1.26 (d, J = 6.1 Hz, 6H), 1.24 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.7, 164.9, 164.7, 164.3, 163.7, 149.9, 149.5, 

146.8, 143.5, 143.4, 142.6, 142.4, 141.4, 136.1, 135.7, 133.7, 133.1, 132.8, 130.3, 129.1, 
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128.5, 128.4, 128.3, 127.1, 124.2, 123.6, 123.2, 119.2, 119.0, 118.8, 118.8, 118.3, 117.8, 

117.8, 77.2, 76.2, 74.6, 74.3, 64.8, 51.6, 36.8, 22.3, 22.1. 

Final compound 49: 

1H NMR (700 MHz, DMSO) δ 12.82 (br, 1H), 12.29 (br, 1H), 10.61 (br, 1H), 10.43 (s, 1H), 9.40 

(s, 1H), 8.60 (d, J = 7.2 Hz, 1H), 7.96 (dd, J = 14.7, 8.7 Hz, 4H), 7.91-7.75 (m, 9H), 7.69 (d, J = 

8.7 Hz, 1H), 7.59 (d, J = 8.3 Hz, 1H), 7.40 (s, 1H), 6.98 (s, 1H), 6.48 (br, 1H), 5.10 (br, 1H), 4.91 

(dd, J = 13.9, 7.2 Hz, 1H), 4.54 (dt, J = 11.9, 5.9 Hz, 1H), 2.69 (dd, J = 6.7, 3.2 Hz, 2H), 1.26 (d, J 

= 6.1 Hz, 6H), 1.14 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.8, 168.5, 166.3, 166.0, 164.2, 154.1, 147.2, 142.5, 

137.0, 136.4, 130.2, 128.5, 128.3, 123.4, 122.8, 120.9, 120.7, 118.9, 118.8, 112.5, 112.2, 

74.8, 51.6, 36.8, 22.3, 22.2. 

HRMS (ESI) calculated for C45H44N7O14 (M+H+) 906.2941, found 906.2940. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-amino-2-hydroxy-3-isopropoxybenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (50) 

 
1   MR (700 M  , DMSO) δ 12.82 (  , 1 ), 12.63 ( , 1 ), 12.28 (  , 1 ), 10.61 (  , 1 ), 

10.45 (s, 1H), 10.11 (s, 1H), 9.39 (s, 1H), 8.65 (d, J = 7.3 Hz, 1H), 7.95 (dd, J = 12.0, 8.7 Hz, 4H), 

7.89 (d, J = 8.7 Hz, 2H), 7.83 (dd, J = 24.7, 8.7 Hz, 4H), 7.78 (d, J = 8.8 Hz, 2H), 7.68 (br, 2H), 

7.59 (d, J = 9.0 Hz, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 6.26 (d, J = 8.8 Hz, 1H), 5.63 (s, 2H), 4.92 

(dd, J = 14.0, 7.3 Hz, 1H), 4.55 (br, 1H), 4.46 (dt, J = 12.3, 6.1 Hz, 1H), 2.70 – 2.67 (m, 2H), 

1.26 (d, J = 6.1 Hz, 6H), 1.22 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 169.4, 168.4, 166.9, 165.9, 164.2, 155.7, 148.1, 

142.5, 142.0, 141.3, 137.0, 136.4, 130.2, 129.6, 128.8, 128.3, 128.3, 128.2, 123.6, 122.9, 

120.6, 120.3, 118.9, 105.3, 103.4, 72.8, 51.6, 36.8, 22.3, 22.2.  
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HRMS (ESI) calculated for C45H46N7O12 (M+H+) 876.3199, found 876.3200. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-cyano-2-methylbenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (74) 

 

Amine 35 (20 mg, 0.026 mmol) was coupled with 4-Cyano-2-methylbenzoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 4.5 

mg of desired product as a white solid (0.005 mmol, y= 21%). 

1   MR (700 M  , DMSO) δ 12.75 (  , 1 ), 12.29 (  , 1 ), 10.73 ( , 1 ), 10.46 ( , 1 ), 9.31 

(br, 1H), 8.66 (d, J = 7.3 Hz, 1H), 7.93 (m, 6H), 7.82 (m, 7H), 7.78 (br, 1H), 7.69 (d, J = 7.9 Hz, 

1H), 7.65 – 7.55 (br, 2H), 7.39 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.2 Hz, 1H), 4.63 (br, 

1H), 2.69 (d, J = 8.1 Hz, 2H), 2.42 (s, 3H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.3, 166.9, 166.6, 165.7, 164.0, 142.4, 141.6, 

141.1, 136.8, 136.5, 134.0, 130.2, 129.7, 129.0, 128.4, 128.2, 123.0, 120.3, 118.9, 118.9, 

118.4, 112.3, 51.6, 36.8, 22.4, 18.8. 

HRMS (ESI) calculated for C44H38N7O10 (M-H+) 824.2686, found 824.2705. 
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(S)-4-(4-(4-(4-Amino-2-(4-(4-cyano-3-fluorobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (76) 

 

Amine 35 (20 mg, 0.026 mmol) was coupled with 4-Cyano-3-fluorobenzoic acid using 

coupling conditions A followed by final deprotection. 

Desired compound was purified by preparative RP-HPLC condition B, to obtain 5.7 mg of 

desired product as a white solid (0.007 mmol, y= 27%). 

1   MR (500 M  , DMSO) δ 12.78 (  , 1 ), 12.29 ( r, 1H), 10.74 (s, 1H), 10.46 (s, 1H), 9.35 

(br, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.15 (dd, J = 8.0, 6.7 Hz, 1H), 8.08 (dd, J = 10.1, 1.5 Hz, 1H), 

7.97 (m, 2H), 7.94 (d, J = 8.7 Hz, 5H), 7.88 (d, J = 8.9 Hz, 2H), 7.83 (dd, J = 15.2, 8.8 Hz, 5H), 

7.64 (br, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.1 Hz, 1H), 4.59 (br, 1H), 2.69 (d, J 

= 7.2 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.7, 168.4, 166.9, 165.7, 164.1, 161.5, 142.5, 141.5, 

141.5, 141.3, 136.4, 134.3, 129.3, 128.4, 128.2, 124.7, 124.7, 122.9, 120.5, 119.6, 118.9, 

115.8, 115.7, 113.6, 102.9, 102.8, 51.6, 36.8, 22.3. 

19F NMR (471 MHz, DMSO) δ -107.68 (dd, J = 9.8, 6.8 Hz). 

HRMS (ESI) calculated for C43H35FN7O10 (M-H+) 828.2435, found 28.2447. 
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(S)-4-(4-(4-(4-Amino-2-(4-(4-cyano-3-methylbenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (75) 

 

Amine 35 (20 mg, 0.026 mmol) was coupled with 4-Cyano-3-methylbenzoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 5.2 

mg of desired product as a white solid (0.006 mmol, y= 24%). 

1H NMR (700 MHz, DMSO) δ 12.77 (  , 1 ), 12.29 (  , 1 ), 10.66 ( , 1 ), 10.46 ( , 1 ), 9.34 

(br, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.02 (s, 1H), 7.98 – 7.90 (m, 8H), 7.90 – 7.87 (m, 2H), 7.87 – 

7.76 (m, 5H), 7.67 – 7.58 (br, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.2 Hz, 1H), 

4.60 (br, 1H), 2.69 (d, J = 7.5 Hz, 2H), 2.59 (s, 3H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.3, 166.9, 165.8, 164.6, 164.1, 142.4, 141.9, 

141.6, 138.6, 136.5, 132.8, 132.6, 130.2, 129.4, 129.2, 129.1, 128.3, 128.2, 125.8, 125.4, 

122.9, 120.4, 119.5, 118.9, 117.5, 114.4, 51.6, 36.8, 22.3, 20.0. 

HRMS (ESI) calculated for C44H38N7O10 (M-H+) 824.2686, found 824.2694. 

 

(S,E)-4-(4-(4-(4-Amino-2-(4-(3-(4-hydroxyphenyl)-2-methylacrylamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (67) 
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Amine 35 (40 mg, 0.052 mmol) was coupled with carboxylic acid 58 coupling conditions A, 

the intermediate was purified on silica gel with a gradient 0-10% MeOH in DCM to give 50 

mg (0.052 mmol, y= q.) of allyl protected cystobactamid derivative.  

Followed final deprotection on 15 mg of intermediate (0.016 mmol), the desired compound 

was purified by preparative RP-HPLC using condition B to obtain 1.0 mg of desired product 

(0.0012 mmol, y= 7%).  

Allyl protected intermediate: 

 
1   MR (700 M  , DMSO) δ 10.58 ( , 1 ), 10.44 ( , 1 ), 10.12 ( , 1 ), 9.52 (s, 1H), 8.62 (d, J 

= 7.3 Hz, 1H), 7.98 (dd, J = 8.8, 7.0 Hz, 4H), 7.90 – 7.85 (m, 4H), 7.85 – 7.79 (m, 5H), 7.45 (d, J 

= 8.8 Hz, 2H), 7.40 (d, J = 8.4 Hz, 2H), 7.30 (s, 1H), 7.06 – 7.01 (m, 2H), 6.99 (s, 1H), 6.09 - 5.98 

(m, 3H), 5.44 – 5.35 (m, 3H), 5.28 (dq, J = 10.5, 1.4 Hz, 2H), 5.20 (ddd, J = 10.5, 2.9, 1.3 Hz, 

1H), 4.91 (dd, J = 14.0, 7.2 Hz, 1H), 4.79 (dd, J = 4.0, 1.4 Hz, 2H), 4.63 - 4.60 (m, 4H), 4.49 (dt, 

J = 12.3, 6.2 Hz, 1H), 3.85 – 3.73 (m, 1H), 2.69 (d, J = 7.8 Hz, 2H), 2.12 (d, J = 1.3 Hz, 3H), 1.26 

(d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.8, 168.7, 165.9, 165.0, 164.7, 164.3, 158.0, 149.5, 

143.5, 142.6, 142.4, 142.3, 135.7, 133.7, 133.6, 133.3, 13 2.8, 131.1, 130.7, 130.3, 128.4, 

128.3, 128.2, 127.1, 124.2, 123.6, 119.1, 119.0, 118.8, 117.8, 117.8, 117.6, 114.7, 107.0, 

97.2, 76.3, 74.3, 68.2, 64.8, 51.6, 36.8, 22.3, 14.5. 

Final compound 67: 

1H NMR (700 MHz, DMSO) δ 12.79 (br, 1H), 12.29 (br, 1H), 10.60 (br, 1H), 10.45 (s, 1H), 

10.08 (s, 1H), 9.76 (s, 1H), 9.38 (br, 1H), 8.61 (d, J = 7.2 Hz, 1H), 7.98 – 7.90 (m, 4H), 7.90 – 

7.76 (m, 10H), 7.39 (s, 1H), 7.35 (d, J = 8.7 Hz, 2H), 7.26 (s, 1H), 6.99 (s, 1H), 6.84 (d, J = 8.6 

Hz, 2H), 4.91 (dd, J = 14.1, 7.2 Hz, 1H), 4.56 (br, 1H), 2.68 (d, J = 7.5 Hz, 2H), 2.11 (d, J = 1.2 

Hz, 3H), 1.26 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.8, 168.8, 166.9, 165.9, 164.1, 162.3, 162.2, 157.5, 

142.4, 133.8, 131.3, 130.2, 129.5, 128.2, 127.3, 126.6, 122.8, 120.6, 119.0, 118.9, 115.4, 

51.6, 36.8, 22.3, 14.5. 

HRMS (ESI) calculated for C45H41N6O11 (M-H+) 841,2839, found 841,2844. 

 

4-(4-(4-((2S)-4-Amino-4-oxo-2-(4-(2-

phenoxypropanamido)benzamido)butanamido)benzamido)-2-hydroxy-3-

isopropoxybenzamido)benzoic acid (73) 

 

Amine 35 (40 mg, 0.052 mmol) was coupled with 2-phenoxypropanoic acid using coupling 

conditions A, the intermediate was purified on silica gel with a gradient 0-10% MeOH in DCM 

to give 30 mg (0.033 mmol, y= 63%) of allyl protected cystobactamid derivative.  

Followed final deprotection on 15 mg of intermediate (0.016 mmol), the desired compound 

was purified by preparative RP-HPLC using condition B to obtain 7.5 mg of desired product 

(0.009 mmol, y= 56%).  

Allyl protected intermediate: 

 
1   MR (500 M  , A      ) δ 10.25 ( , 1 ), 10.02 ( , 1 ), 9.52 ( , 1 ), 8.99 (s, 1H), 8.40 (dd, 

J = 8.8, 2.3 Hz, 1H), 8.37 (d, J = 7.5 Hz, 1H), 8.08 – 8.03 (m, 2H), 8.00 – 7.96 (m, 2H), 7.94 – 

7.88 (m, 4H), 7.88 – 7.82 (m, 5H), 7.34 – 7.29 (m, 2H), 7.15 (s, 1H), 7.05 – 7.01 (m, 2H), 6.99 
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(tt, J = 7.4, 1.0 Hz, 1H), 6.54 (s, 1H), 6.27 - 6.17 (m, 1H), 6.14 – 6.04 (m, 1H), 5.50 (m, 2H), 

5.32 (m, 2H), 5.10 – 5.05 (m, 1H), 4.89 (q, J = 6.7 Hz, 1H), 4.83 – 4.76 (m, 5H), 2.93 (qd, J = 

15.9, 6.0 Hz, 2H), 1.61 (d, J = 6.7 Hz, 3H), 1.39 (d, J = 6.2 Hz, 6H). 

13C  MR (176 M  , A      ) δ 173.7, 171.5, 171.0, 167.2, 166.0, 165.0, 163.9, 158.3, 150.7, 

144.4, 143.6, 142.6, 140.8, 138.6, 138.3, 134.1, 133.9, 131.5, 130.6, 130.4, 130.2, 130.1, 

129.2, 126.9, 126.2, 123.8, 122.7, 122.0, 120.2, 120.1, 120.0, 119.6, 118.1, 116.7, 116.6, 

116.6, 115.9, 77.5, 75.9, 75.6, 65.9, 52.5, 37.1, 22.9, 18.8. 

Final compound 73: 

1   MR (700 M  , DMSO) δ 12.76 (  , 1 ), 12.29 (  , 1 ), 10.71 (  , 1 ), 10.44 ( , 1 ), 

10.36 (s, 1H), 9.33 (br, 1H), 8.62 (d, J = 7.3 Hz, 1H), 7.94 (dd, J = 15.5, 8.6 Hz, 4H), 7.85 (dd, J = 

16.2, 8.7 Hz, 4H), 7.80 (d, J = 8.7 Hz, 3H), 7.74 (d, J = 8.8 Hz, 2H), 7.62 (br, 1H), 7.38 (s, 1H), 

7.30 (dd, J = 8.6, 7.4 Hz, 2H), 6.96 (dd, J = 13.2, 7.6 Hz, 4H), 4.93 – 4.87 (m, 2H), 4.60 (br, 1H), 

2.69 – 2.65 (m, 2H), 1.56 (d, J = 6.6 Hz, 3H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 170.9, 170.3, 170.1, 168.0, 166.6, 165.3, 163.7, 156.8, 142.1, 

140.9, 136.1, 129.9, 129.2, 128.4, 128.0, 127.8, 122.6, 120.9, 120.0, 118.5, 118.4, 114.7, 

73.3, 51.2, 36.4, 22.0, 18.2. 

HRMS (ESI) calculated for C44H41N6O11 (M-H+) 829.2839, found 829.2830. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-(methylsulfonyl)benzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (51) 

 

Amine 35 (25 mg, 0.032 mmol) was coupled with 4-(methylsulfonyl)benzoic acid using 

coupling conditions A followed by final deprotection. 

Desired compound was purified by preparative RP-HPLC using condition B to obtain 8.6 mg 

of desired product as a white solid (0.010 mmol, y= 31%). 
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1   MR (700 M  , DMSO) δ 15.35 ( , 1 ), 10.76 ( , 1 ), 10.57 ( , 1 ), 8.90 ( , 1 ), 8.87 ( , 

1H), 8.21 (d, J = 8.1 Hz, 2H), 8.09 (d, J = 8.1 Hz, 2H), 7.96 (d, J = 8.5 Hz, 2H), 7.90 (d, J = 8.4 Hz, 

2H), 7.83 (s, 4H), 7.79 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 2H), 7.51 (s, 1H), 7.45 (d, J = 8.7 

Hz, 1H), 7.08 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 5.02 (dt, J = 12.0, 5.9 Hz, 1H), 4.92 (dd, J = 13.4, 

7.2 Hz, 1H), 3.30 (s, 3H), 2.73 (dd, J = 14.8, 8.7 Hz, 1H), 2.68 (dd, J = 14.8, 5.1 Hz, 1H), 1.20 (d, 

J = 5.7 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 166.9, 165.7, 165.3, 164.6, 163.1, 143.3, 142.0, 

141.8, 141.6, 139.2, 137.5, 134.0, 133.4, 129.7, 129.5, 129.2, 128.8, 128.4, 128.3, 127.6, 

127.1, 127.0, 126.8, 123.7, 119.5, 119.0, 117.6, 116.0, 100.6, 70.3, 51.9, 43.3, 36.9, 22.7. 

HRMS (ESI) calculated for C43H39N6O12S (M-H+) 863.2352, found 863.2364. 

 

(S)-4-(4-(4-(4-Amino-4-oxo-2-(4-(1-oxo-1,3-dihydroisobenzofuran-5-

carboxamido)benzamido)butanamido)benzamido)-2-hydroxy-3-

isopropoxybenzamido)benzoic acid (52) 

 

Amine 35 (25 mg, 0.032 mmol) was coupled with 1-oxo-1,3-dihydroisobenzofuran-5-

carboxylic acid using coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 4.9 

mg of desired product as a white solid (0.0058 mmol, y= 18%). 

1   MR (700 M  , DMSO) δ 15.33 ( , 1 ), 10.81 ( , 1 ), 10.56 ( , 1 ), 8.87 ( , 2 ), 8.23 ( , 

1H), 8.14 (d, J = 8.1 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.95 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 8.7 Hz, 

2H), 7.83 (q, J = 9.1 Hz, 4H), 7.77 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.51 (s, 1H), 7.44 

(d, J = 8.7 Hz, 1H), 7.08 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 5.51 (s, 2H), 5.05 – 5.00 (m, 1H), 4.92 

(dd, J = 13.9, 7.6 Hz, 1H), 2.73 (dd, J = 15.1, 8.6 Hz, 1H), 2.68 (dd, J = 15.1, 5.5 Hz, 1H), 1.19 

(d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 170.0, 166.8, 165.7, 165.3, 165.0, 163.1, 147.4, 

142.0, 141.6, 140.0, 137.5, 134.0, 133.4, 131.2, 129.7, 129.5, 129.1, 128.5, 128.3, 128.1, 

127.5, 127.4, 127.1, 125.0, 124.2, 123.7, 122.5, 120.0, 119.5, 119.0, 117.5, 116.0, 100.6, 

70.3, 70.1, 51.9, 36.9, 22.7. 

HRMS (ESI) calculated for C44H37N6O12 (M-H+) 841.2475, found 841.2478. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(isonicotinamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (53) 

 

Amine 35 (25 mg, 0.032 mmol) was coupled with isonicotinic acid using coupling conditions 

A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 5.5 

mg of desired product as a white solid (0.007 mmol, y= 22%). 

1   MR (700 M  , DMSO) δ 15.70 (  , 1 ), 12.48 (  , 1 ), 10.73 ( , 1 ), 10.46 ( , 1 ), 8.88 

(s, 1H), 8.80 (d, J = 5.8 Hz, 2H), 8.73 (d, J = 7.0 Hz, 1H), 7.94 (d, J = 8.7 Hz, 2H), 7.91 – 7.86 (m, 

4H), 7.86 – 7.77 (m, 6H), 7.70 (br, 2H), 7.45 (d, J = 8.7 Hz, 1H), 7.42 (s, 1H), 7.10 (d, J = 8.7 Hz, 

1H), 6.98 (s, 1H), 5.01 (dt, J = 12.2, 6.0 Hz, 1H), 4.92 (q, J = 7.1 Hz, 1H), 2.69 (d, J = 7.0 Hz, 2H), 

1.20 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.1, 165.7, 165.3, 164.3, 163.2, 150.3, 142.0, 

141.7, 141.4, 137.5, 134.2, 130.0, 129.5, 129.3, 128.3, 127.6, 124.2, 123.7, 121.6, 119.5, 

119.0, 117.9, 115.7, 100.9, 70.4, 51.7, 36.8, 22.7. 

HRMS (ESI) calculated for C41H38N7O10 (M-H+) 788.2675, found 788.2659. 

  



Experimental part 

167 
 

(S)-4-(4-(4-(4-Amino-2-(4-(4-amino-2,3,5,6-tetrafluorobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (54) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 4-azido-2,3,5,6-tetrafluorobenzoic acid 

using coupling conditions A followed by final deprotection. 

Purification by preparative RP-HPLC following condition B was done to obtain 4.3 mg of 

amine 54 as a degradation byproduct of the desired azide (0.0069 mmol, y= 15%).  

1H NMR (500 MHz, DMSO) δ 12.64 (br, 2H), 10.83 (s, 1H), 10.45 (s, 1H), 9.23 (br, 1H), 8.67 (d, 

J = 7.3 Hz, 1H), 7.96 – 7.88 (m, 6H), 7.82 (dd, J = 8.7, 7.1 Hz, 4H), 7.76 (d, J = 8.7 Hz, 2H), 7.72 

(br, 1H), 7.51 (br, 1H), 7.39 (s, 1H), 6.99 (s, 1H), 6.49 (s, 2H), 4.92 (dd, J = 14.1, 7.2 Hz, 1H), 

4.70 (br, 1H), 2.70 – 2.66 (m, 2H), 1.24 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.1, 167.0, 165.7, 163.9, 157.2, 144.4, 143.0, 

142.3, 141.2, 136.7, 135.8, 134.3, 130.3, 129.2, 128.6, 128.1, 123.1, 119.9, 118.9, 118.6, 

100.95 (t, J = 19.5 Hz, C), 51.6, 36.8, 22.4. 

19F NMR (471 MHz, DMSO) δ -145.12 (d, J = 16.0 Hz), -161.56 (d, J = 16.1 Hz). 

HRMS (ESI) calculated for C42H36F4N7O10 (M+H+) 874.2454, found 874.2458. 

 

(S,E)-4-(4-(4-(4-Amino-2-(4-(3-(4-cyanophenyl)-2-methylacrylamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (68) 
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Amine 35 (25 mg, 0.032 mmol) was coupled with carboxylic acid 59 using coupling 

conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 6.4 

mg of desired product as a white solid (0.0075 mmol, y= 24%). 

1   MR (700 M  , DMSO) δ 12.80 (  , 1 ), 12.29 (br, 1H), 10.65 (br, 1H), 10.47 (s, 1H), 

10.26 (s, 1H), 9.37 (s, 1H), 8.64 (d, J = 7.2 Hz, 1H), 7.95 (dd, J = 11.5, 8.8 Hz, 4H), 7.91 (dd, J = 

10.4, 8.6 Hz, 4H), 7.88 – 7.80 (m, 7H), 7.67 (d, J = 8.3 Hz, 3H), 7.40 (s, 1H), 7.37 (s, 1H), 6.99 

(s, 1H), 4.92 (q, J = 7.1 Hz, 1H), 4.59 – 4.53 (m, 1H), 2.69 (d, J = 7.0 Hz, 2H), 1.26 (d, J = 6.1 Hz, 

6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.8, 168.4, 168.1, 166.9, 165.8, 164.1, 142.5, 142.1, 

142.0, 140.6, 136.9, 136.4, 135.8, 132.4, 132.0, 131.7, 130.2, 130.1, 128.6, 128.3, 126.9, 

126.1, 122.9, 120.6, 119.2, 118.9, 118.7, 112.5, 110.3, 74.7, 51.6, 36.8, 22.3, 14.6. 

HRMS (ESI) calculated for C46H41N7NaO10 (M+Na+) 874.2807, found 874.2814. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(6-cyanonicotinamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (80) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 6-cyanonicotinic acid using coupling 

conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 4.6 

mg of desired product (0.0057 mmol, y= 17%). 

1   MR (500 M  , DMSO) δ 12.76 (  , 1 ), 12.31 (  , 1 ), 10.87 ( , 1 ), 10.47 ( , 1 ), 9.34 

(br, 1H), 9.26 – 9.22 (m, 1H), 8.69 (d, J = 7.2 Hz, 1H), 8.54 (dd, J = 8.1, 2.2 Hz, 1H), 8.26 (d, J = 

8.1 Hz, 1H), 7.95 (dt, J = 6.7, 3.2 Hz, 6H), 7.91 – 7.74 (m, 7H), 7.63 (br, 1H), 7.40 (s, 1H), 6.99 

(s, 1H), 4.92 (dd, J = 14.1, 7.1 Hz, 1H), 4.60 (s, 1H), 2.69 (d, J = 7.0 Hz, 2H), 1.25 (d, J = 6.1 Hz, 

6H). 
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13C NMR (176 MHz, DMSO) δ 171.2, 170.7, 168.3, 166.9, 165.7, 164.1, 163.0, 150.2, 142.4, 

141.3, 137.3, 136.5, 134.5, 133.4, 130.2, 129.4, 128.8, 128.4, 128.2, 122.9, 120.4, 119.5, 

118.9, 117.1, 74.4, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C42H35N8O10 (M-H+) 811.2482, found 811.2480. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(5-cyanopicolinamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (81) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 5-cyanopicolinic acid using coupling 

conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 2.5 

mg of desired product (0.0031 mmol, y= 9%). 

1H NMR (500 M  , DMSO) δ 12.76 (  , 1 ), 12.30 (  , 1 ), 11.03 ( , 1 ), 10.46 ( , 1 ), 9.33 

(br, 1H), 9.22 (d, J = 1.3 Hz, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.60 (dd, J = 8.2, 2.0 Hz, 1H), 8.31 (d, 

J = 8.1 Hz, 1H), 8.05 (d, J = 8.8 Hz, 2H), 8.00 – 7.89 (m, 6H), 7.83 (dd, J = 13.2, 8.8 Hz, 5H), 

7.62 (s, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.1, 7.2 Hz, 1H), 4.60 (br, 1H), 2.69 (d, J = 

7.3 Hz, 2H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.3, 166.9, 165.8, 164.0, 161.6, 152.3, 151.5, 

142.4, 142.3, 140.9, 136.5, 130.2, 129.4, 128.3, 128.2, 122.9, 122.5, 120.3, 119.7, 118.9, 

116.6, 111.7, 51.6, 36.8, 22.4. 

HRMS (ESI) calculated for C42H35N8O10 (M-H+) 811.2482, found 811.2461. 
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 (S)-4-(4-(4-(4-Amino-2-(4-(3-chloro-4-cyanobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (77) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 3-chloro-4-cyanobenzoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 4.5 

mg of desired product (0.0053 mmol, y= 16%). 

1   MR (500 M  , DMSO) δ 12.78 (  , 1 ), 12.30 (  , 1 ), 10.76 ( , 1 ), 10.46 ( , 1 ), 9.36 

(br, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.29 (d, J = 1.6 Hz, 1H), 8.19 (d, J = 8.1 Hz, 1H), 8.07 (dd, J = 

8.1, 1.6 Hz, 1H), 7.98 – 7.91 (m, 5H), 7.91 – 7.78 (m, 6H), 7.65 (br, 1H), 7.40 (s, 1H), 6.99 (s, 

1H), 4.92 (q, J = 7.1 Hz, 1H), 4.57 (br, 1H), 2.69 (d, J = 7.1 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.7, 168.4, 166.9, 165.7, 164.1, 163.1, 142.5, 141.3, 

140.3, 136.4, 135.6, 134.9, 130.2, 129.3, 128.9, 128.4, 128.2, 127.3, 122.9, 120.5, 119.5, 

118.9, 115.6, 114.5, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C43H37ClN7O10 (M+H+) 846.2285, found 846.2297. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(5-cyanothiophene-2-carboxamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (82) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 5-cyanothiophene-2-carboxylic acid using 

coupling conditions A followed by final deprotection. 
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The desired compound was purified by preparative RP-HPLC using condition B to obtain 6.6 

mg of desired product (0.0053 mmol, y= 24%). 

1   MR (500 M  , DMSO) δ 12.71 (  , 1 ), 12.35 (  , 1 ), 10.79 ( , 1 ), 10.46 ( , 1 ), 9.34 

(br, 1H), 8.70 (d, J = 7.3 Hz, 1H), 8.15 (d, J = 4.1 Hz, 1H), 8.08 (d, J = 4.1 Hz, 1H), 7.98 - 7.92 

(m, 6H), 7.87 - 7.77 (m, 7H), 7.64 (br, 1H), 7.40 (s, 1H), 7.00 (s, 1H), 4.93 (dd, J = 14.1, 7.1 Hz, 

1H), 4.61 (br, 1H), 2.70 (d, J = 7.3 Hz, 2H), 1.26 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.7, 168.3, 166.9, 165.7, 164.1, 158.5, 146.8, 142.4, 

140.8, 139.7, 136.7, 136.5, 130.2, 129.5, 129.2, 128.4, 128.2, 125.8, 122.9, 120.4, 119.7, 

118.9, 113.8, 112.8, 112.5, 74.3, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C41H36N7O10S (M+H+) 818.2239, found 818.2237. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-cyano-3-methoxybenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (78) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 4-cyano-3-methoxybenzoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 4.8 

mg of desired product (0.0057 mmol, y= 17%). 

1   MR (500 M  , DMSO) δ 12.80 (  , 1 ), 12.29 (  , 1 ), 10.66 ( , 1 ), 10.47 ( , 1 ), 9.38 

(s, 1H), 8.68 (d, J = 7.3 Hz, 1H), 7.98 – 7.92 (m, 7H), 7.91 – 7.79 (m, 7H), 7.72 (d, J = 1.3 Hz, 

1H), 7.69 – 7.63 (m, 2H), 7.40 (s, 1H), 7.00 (s, 1H), 4.92 (q, J = 7.1 Hz, 1H), 4.61 – 4.53 (m, 1H), 

4.03 (s, 3H), 2.69 (d, J = 7.1 Hz, 2H), 1.25 (t, J = 8.4 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.7, 168.4, 166.9, 165.7, 164.4, 164.1, 160.8, 142.5, 

142.1, 141.5, 140.7, 136.9, 136.4, 133.9, 130.2, 129.2, 128.3, 128.3, 126.1, 122.9, 120.6, 

120.1, 119.6, 118.9, 115.9, 112.6, 111.4, 103.0, 74.6, 56.6, 51.6, 36.8, 22.3. 

HRMS (ESI) calculated for C44H40N7O11 (M+H+) 842.2780, found 842.2784. 
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(S)-4-(4-(4-(4-Amino-2-(4-(3-(4-cyanophenyl)propanamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (70) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 3-(4-cyanophenyl)propanoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC condition B to obtain 4.7 mg of 

desired product (0.0057 mmol, y= 17%). 

1   MR (500 M  , DMSO) δ 12.80 (  , 1 ), 12.29 (  , 1 ), 10.63 (  , 1H), 10.44 (s, 1H), 

10.19 (s, 1H), 9.39 (s, 1H), 8.60 (d, J = 7.3 Hz, 1H), 8.00 – 7.91 (m, 4H), 7.89 – 7.78 (m, 7H), 

7.78 – 7.74 (m, 2H), 7.72 – 7.64 (m, 3H), 7.48 (d, J = 8.4 Hz, 2H), 7.38 (s, 1H), 6.98 (s, 1H), 

4.90 (dd, J = 14.1, 7.2 Hz, 1H), 4.55 (dt, J = 12.1, 6.0 Hz, 1H), 3.01 (t, J = 7.6 Hz, 2H), 2.71 (t, J = 

7.6 Hz, 2H), 2.67 (d, J = 7.6 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 170.4, 168.4, 166.9, 165.8, 164.2, 147.3, 142.5, 

142.0, 141.9, 137.0, 136.3, 132.2, 130.2, 129.4, 128.4, 128.3, 128.2, 126.2, 122.8, 120.6, 

119.0, 118.9, 118.1, 112.5, 112.2, 108.9, 74.8, 51.6, 37.1, 36.8, 30.6, 22.3. 

HRMS (ESI) calculated for C45H42N7O10 (M+H+) 840.2988, found 840.2971. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(2-(4-cyanophenyl)acetamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (69) 
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Amine 35 (25 mg, 0.033 mmol) was coupled with 2-(4-cyanophenyl)acetic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC condition B to obtain 6.4 mg of 

desired product (0.0078 mmol, y= 24%). 

1   MR (500 M  , DMSO) δ 12.74 (  , 1 ), 12.30 (  , 1 ), 10.49 ( , 1 ), 10.44 ( , 1 ), 9.35 

(br, 1H), 8.62 (d, J = 7.3 Hz, 1H), 7.94 (dd, J = 11.1, 8.9 Hz, 4H), 7.90 – 7.74 (m, 9H), 7.68 (d, J 

= 8.8 Hz, 2H), 7.65 (br, 1H), 7.54 (d, J = 8.2 Hz, 2H), 7.39 (s, 1H), 6.98 (s, 1H), 4.90 (q, J = 7.1 

Hz, 1H), 4.58 (s, 1H), 3.82 (s, 2H), 2.67 (d, J = 7.0 Hz, 2H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.5, 168.4, 166.9, 165.7, 164.1, 142.4, 141.8, 

141.5, 136.4, 132.2, 132.1, 131.9, 130.5, 130.2, 128.4, 128.2, 122.9, 122.5, 120.5, 118.9, 

118.2, 109.5, 74.4, 51.6, 43.0, 36.8, 22.3. 

HRMS (ESI) calculated for C44H38N7O10 (M-H+) 824.2686, found 824.2689. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-cyano-1-methyl-1H-pyrrole-2-carboxamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (83) 

 

Amine 35 (20 mg, 0.033 mmol) was coupled with 4-cyano-1-methyl-1H-pyrrole-2-carboxylic 

acid using coupling conditions C. Allyl protected intermediate was purified on silica gel with a 

gradient 0-10% MeOH in DCM.  

Final deprotection afforded the desired compound, which was purified by preparative RP- 

RP-HPLC using condition B to obtain 1.4 mg of desired product (0.002 mmol, y= 8%). 

1   MR (500 M  , DMSO) δ 12.51 (br, 1H), 10.43 (s, 1H), 10.24 (s, 1H), 8.99 (br, 1H), 8.64 (d, 

J = 7.3 Hz, 1H), 7.92 – 7.88 (m, 2H), 7.88 – 7.83 (m, 5H), 7.83 – 7.75 (m, 6H), 7.53 (br, 1H), 

7.45 (d, J = 1.8 Hz, 1H), 7.39 (s, 1H), 7.23 (br, 1H), 6.98 (s, 1H), 4.92 (dd, J = 14.1, 7.1 Hz, 2H), 

3.92 (s, 3H), 2.68 (d, J = 7.2 Hz, 2H), 1.21 (d, J = 6.2 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.6, 167.1, 165.7, 163.4, 158.6, 142.1, 141.6, 

135.0, 130.4, 129.2, 128.7, 128.3, 127.8, 126.9, 123.5, 119.1, 119.0, 116.4, 115.9, 90.0, 51.6, 

37.1, 36.8, 22.6. 

HRMS (ESI) calculated for C42H39N8O10 (M+H+) 815.2784, found 815.2777. 

 

4-(4-(4-((2S)-4-Amino-2-(4-(2-(4-cyanophenoxy)propanamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (71) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 2-(4-cyanophenoxy)propanoic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC condition B to obtain 6.9 mg of 

desired product (0.0081 mmol, y= 24%). 

1H NMR (500 MHz, DMSO) δ 12.61 (br, 2H), 10.45 (s, 2H), 9.27 (br, 1H), 8.64 (d, J = 7.3 Hz, 

1H), 7.97 – 7.85 (m, 6H), 7.85 – 7.77 (m, 6H), 7.75 (br, 1H), 7.71 (d, J = 8.8 Hz, 2H), 7.55 (br, 

1H), 7.39 (s, 1H), 7.15 – 7.08 (m, 2H), 6.98 (s, 1H), 5.07 (q, J = 6.6 Hz, 1H), 4.90 (q, J = 7.1 Hz, 

1H), 4.66 (br, 1H), 2.70 – 2.65 (m, 2H), 1.59 (d, J = 6.6 Hz, 3H), 1.24 (d, J = 6.2 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 171.0, 169.4, 168.2, 167.0, 165.7, 163.9, 160.7, 142.4, 

141.1, 136.6, 134.3, 130.3, 128.9, 128.6, 128.4, 128.1, 123.0, 120.1, 119.0, 118.9, 118.9, 

116.0, 103.5, 73.7, 51.6, 36.8, 22.4, 18.3. 

HRMS (ESI) calculated for C45H42N7O11 (M+H+) 856.2937, found 856.2938. 
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4-(4-(4-((2S)-4-Amino-2-(4-(2-((4-cyanophenyl)thio)propanamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (72) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 2-((4-cyanophenyl)thio)propanoic acid 

using coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 6.0 

mg of desired product (0.0069 mmol, y= 21%). 

1   MR (500 M  , DMSO) δ 12.78 (  , 1 ), 12.30 ( r, 1H), 10.66 (br, 1H), 10.50 (s, 1H), 

10.45 (s, 1H), 9.35 (br, 1H), 8.63 (d, J = 7.3 Hz, 1H), 7.95 (t, J = 9.5 Hz, 5H), 7.91 – 7.83 (m, 

5H), 7.80 (ddd, J = 8.7, 4.6, 2.6 Hz, 6H), 7.66 (d, J = 8.8 Hz, 4H), 7.59 – 7.49 (m, 3H), 7.39 (s, 

1H), 6.98 (s, 1H), 4.90 (dd, J = 14.0, 7.2 Hz, 1H), 4.58 (s, 1H), 4.34 (q, J = 6.9 Hz, 1H), 2.69 – 

2.66 (m, 2H), 1.53 (d, J = 6.9 Hz, 3H), 1.25 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 171.3, 170.7, 169.6, 168.4, 166.9, 165.7, 164.1, 142.5, 142.0, 

141.4, 136.5, 132.7, 130.2, 128.9, 128.8, 128.5, 128.2, 122.9, 120.5, 118.9, 118.6, 118.5, 

108.5, 51.6, 45.1, 36.8, 22.3, 17.8. 

HRMS (ESI) calculated for C45H42N7O10S (M+H+) 872.2708, found 872.2715. 

 

 (S)-4-(4-(4-(4-Amino-2-(4-(5-nitroquinoline-8-carboxamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (85) 
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Amine 35 (25 mg, 0.033 mmol) was coupled with 5-nitroquinoline-8-carboxylic acid using 

coupling conditions A followed by final deprotection. 

The desired compound was purified by preparative RP-HPLC using condition B to obtain 2.1 

mg of desired product (0.0024 mmol, y= 7%). 

1H NMR (500 MHz, DMSO) δ 12.83 (br, 1H), 12.29 (br, 1H), 12.08 (s, 1H), 10.62 (br, 1H), 

10.48 (s, 1H), 9.40 (s, 1H), 9.25 (dd, J = 4.2, 1.5 Hz, 1H), 8.93 (dd, J = 8.9, 1.6 Hz, 1H), 8.71 (d, J 

= 7.3 Hz, 1H), 8.56 (d, J = 8.0 Hz, 1H), 8.45 (d, J = 8.0 Hz, 1H), 8.02 – 7.90 (m, 8H), 7.84 (dd, J = 

13.5, 8.7 Hz, 5H), 7.69 (d, J = 8.7 Hz, 1H), 7.41 (s, 1H), 7.01 (s, 1H), 4.94 (dd, J = 14.1, 7.0 Hz, 

1H), 4.59 – 4.51 (m, 1H), 2.74 – 2.67 (m, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

HRMS (ESI) calculated for C45H39N8O12 (M+H+) 883.2682, found 883.2682. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(5-hydroxy-4-oxo-1,4-dihydropyridine-2-

carboxamido)benzamido)-4-oxobutanamido)benzamido)-2-hydroxy-3-

isopropoxybenzamido)benzoic acid (84) 

 

Amine 35 (25 mg, 0.033 mmol) was coupled with 4,5-bis(allyloxy)picolinic acid (57) using 

coupling conditions A followed by final deprotection. 

Purification by preparative RP-HPLC following condition B was done to obtain 11.5 mg of 

desired compound (0.0136 mmol, y= 41%).  

1   MR (700 M  , DMSO) δ 15.83 (br, 1H), 10.51 (s, 1H), 10.41 (s, 1H), 8.88 (s, 1H), 8.62 (d, J 

= 7.4 Hz, 1H), 8.49 (s, 1H), 7.96 (d, J = 8.8 Hz, 2H), 7.88 (d, J = 8.8 Hz, 2H), 7.83 (t, J = 8.0 Hz, 

5H), 7.80 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.7 Hz, 1H), 7.39 (s, 1H), 7.32 

(br, 1H), 7.11 (d, J = 8.7 Hz, 1H), 6.97 (s, 1H), 5.03 – 4.98 (m, 1H), 4.91 (dd, J = 14.1, 7.3 Hz, 

1H), 2.68 (d, J = 8.1 Hz, 2H), 1.19 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.4, 170.7, 170.3, 166.9, 165.9, 165.3, 164.6, 163.1, 142.0, 

141.7, 137.5, 134.0, 131.1, 129.7, 129.5, 128.3, 128.1, 127.6, 127.5, 127.0, 124.2, 123.7, 

119.1, 118.0, 117.6, 116.0, 107.7, 100.7, 70.4, 51.7, 36.9, 22.7. 

HRMS (ESI) calculated for C41H38N7O12 (M+H+) 820.2573, found 820.2571. 

 

Synthetic scheme depicting the final steps of the synthesis of compound 66: 

 

 

The synthesis of amine 65 is described in details in the published manuscript51. 

 

4-(4-(4-((2S,3R)-4-Amino-2-(4-(4-cyanobenzamido)benzamido)-3-methoxy-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (66) 

 

Amine 65 (12 mg, 0.015 mmol) was coupled to 4-cyanobenzoic acid using coupling 

conditions A followed by final deprotection. 

Purification by preparative RP-HPLC using condition B afforded 5.2 mg of desired compound 

(0.0062 mmol, y= 41%).  

1   MR (700 M  , DMSO) δ 12.70 (  , 1 ), 12.28 (  , 1 ), 10.72 ( , 1 ), 10.57 ( , 1 ), 9.34 

(br, 1H), 8.46 (d, J = 8.1 Hz, 1H), 8.14 – 8.11 (m, 2H), 8.04 (d, J = 8.4 Hz, 2H), 7.95 (dd, J = 8.2, 

5.4 Hz, 4H), 7.92 – 7.86 (m, 4H), 7.84 (d, J = 8.6 Hz, 4H), 7.80 (br, 1H), 7.62 (br, 1H), 7.54 (s, 

1H), 7.47 (s, 1H), 4.92 (t, J = 8.1 Hz, 1H), 4.60 (br, 1H), 4.09 (d, J = 8.1 Hz, 1H), 3.31 (s, 3H), 

1.26 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 170.9, 168.7, 168.3, 166.9, 165.5, 164.5, 164.1, 142.2, 141.8, 

138.7, 136.5, 132.5, 130.2, 128.9, 128.6, 128.3, 122.9, 120.4, 119.6, 119.0, 118.3, 114.0, 

107.0, 80.0, 57.7, 55.8, 45.8, 22.4. 

HRMS (ESI) calculated for C44H40N7O11 (M+H+) 842.2780, found 842.2771. 

4.2.2.2.5 Second synthetic access, modification rings A-B 

4.2.2.2.5.1 Fragments synthesis 

3-(4-Cyanobenzamido)benzoic acid (91) 

 

3-Aminobenzoic acid (230 mg; 1.68 mmol) was dissolved in THF (1.2 mL) and NaHCO3 

saturated solution (1.2 mL), to it 4-cyanobenzoyl chloride (277 mg; 1.68 mmol) was added at 

0 °C. The reaction was stirred for 2 hours, pH adjusted to 1, the precipitate was collected by 

filtration, washed with HCl 1 N, triturated with Et2O and dried at high vacuum to give 280 mg 

of a white solid (1.05 mmol; y= 63%). 

1   MR (500 M  , DMSO) δ 13.02 (  , 1 ), 10.67 ( , 1 ), 8.42 ( , J = 1.8 Hz, 1H), 8.14 (d, J = 

8.4 Hz, 2H), 8.04 (d, J = 8.4 Hz, 3H), 7.71 (d, J = 7.8 Hz, 1H), 7.50 (t, J = 7.9 Hz, 1H). 

13C NMR (126 MHz, DMSO) δ 167.1, 164.3, 139.0, 138.6, 132.5, 131.3, 129.0, 128.6, 124.8, 

124.5, 121.2, 118.3, 114.0. 

HRMS (ESI) calculated for C15H9N2O3 (M-H+) 265.0619, found 265.0606. 

 

4-((4-Cyanobenzamido)methyl)benzoic acid (92) 

 

4-(Aminomethyl)benzoic acid (287 mg; 1.9 mmol) was dissolved in THF (2.0 mL) and NaOH 1 

N (5.7 mL), to it 4-cyanobenzoyl chloride (314 mg; 1.9 mmol) was added at 0 °C. Reaction 
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stirred for 2 hours, pH adjusted to 1, compound extracted with EtOAc (50 mL), organic phase 

washed with brine (50 mL) dried over sodium sulphate and reduced under vacuum. The 

crude was chromatographed on silica gel with a gradient 0-10% MeOH in DCM to give 100 

mg of a white solid (0.36 mmol; y= 19%). 

1   MR (500 M  , DMSO) δ 12.87 (br, 1H), 9.37 (t, J = 5.9 Hz, 1H), 8.08 – 8.02 (m, 2H), 8.01 

– 7.96 (m, 2H), 7.94 – 7.88 (m, 2H), 7.43 (d, J = 8.5 Hz, 2H), 4.56 (d, J = 5.9 Hz, 2H). 

13C NMR (126 MHz, DMSO) δ 167.2, 165.0, 144.3, 138.1, 132.5, 129.4, 128.1, 127.2, 118.3, 

113.7, 42.6. 

HRMS (ESI) calculated for C16H11N2O3 (M-H+) 279.0775, found 279.0794. 

 

4-(2-(4-Cyanobenzamido)ethyl)benzoic acid (93) 

 

4-(2-Aminoethyl)benzoic acid (165 mg; 0.82 mmol) was dissolved in THF (3.0 mL) and NaOH 

1 N (3.5 mL), to it 4-cyanobenzoyl chloride (108 mg; 0.66 mmol) was added at 0 °C. Reaction 

stirred for 1.5 hours, pH adjusted to 1, compound extracted with EtOAc (30 mL), organic 

phase washed with brine (30 mL) dried over sodium sulphate and reduced under vacuum. 

The crude was chromatographed on silica gel with a gradient 0-10% MeOH in DCM to give 45 

mg of a white solid (0.14 mmol; y= 21%). 

1   MR (500 M  , DMSO) δ 12.82 (  , 1 ), 8.83 ( , J = 5.6 Hz, 1H), 7.98 – 7.92 (m, 4H), 7.88 

– 7.84 (m, 2H), 7.36 (d, J = 8.3 Hz, 2H), 3.53 (dd, J = 13.0, 7.1 Hz, 2H), 2.93 (t, J = 7.2 Hz, 2H). 

13C NMR (126 MHz, DMSO) δ 167.2, 164.8, 144.7, 138.5, 132.4, 129.4, 128.9, 128.0, 118.3, 

113.5, 40.5, 34.8. 

HRMS (ESI) calculated for C17H13N2O3 (M-H+) 293.0932, found 293.0951. 

  



Experimental part 

180 
 

4-((4-Cyanophenyl)sulfonamido)benzoic acid (98) 

 

Tert-butyl 4-aminobenzoate (140 mg; 0.725 mmol) and pyridine (0.58 mL; 7.25 mmol) were 

dissolved in THF (10 mL), to this solution a solution of 4-cyanobenzenesulfonyl chloride (146 

mg; 0.725 mmol) in THF (2 mL) was added at r.t.. Reaction stirred overnight, quenched with 

HCl 1 N and ice, solvent partially reduced under vacuum, residue diluted with EtOAc (30 mL) 

and water (30 mL), organic phase washed with NaHCO3 saturated solution (30 mL), brine (30 

mL) and dried over sodium sulphate. Solvent evaporated under reduced pressure and crude 

used in the next step without further purification. 

The crude residue was dissolved in DCM (6.0 mL) and TFA (1.2 mL) was added at 0 °C. 

Reaction stirred for 1.5 h, solvent reduced under vacuum, residue dissolved in EtOAc (40 

mL), the organic phase was washed with HCl 1 N (40 mL), brine (40 mL) and dried over 

sodium sulphate. Solvent removed under vacuum to afford 160 mg of pure product (0.52; y= 

72%).  

1H NMR (500 M  , DMSO) δ 12.81 (  , 1 ), 11.05 ( , 1 ), 8.10 – 8.04 (m, 2H), 8.00 – 7.95 (m, 

2H), 7.86 – 7.80 (m, 2H), 7.23 – 7.18 (m, 2H). 

13C NMR (126 MHz, DMSO) δ 167.1, 143.7, 141.7, 134.1, 131.3, 127.9, 126.7, 119.2, 118.0, 

116.2. 

HRMS (ESI) calculated for C14H9N2O4S (M-H+) 301.0289, found 301.0301. 
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(S)-4-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-

(tritylamino)butanamido)benzoic acid (99) 

 

Methyl (S)-4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-(tritylamino)butan-

amido)benzoate (1.0 g; 1.37 mmol), lithium iodide (1.8 g; 13.72 mmol) were mixed in EtOAc 

(14 mL) and heated at 110 °C for 12 h in a microwave synthesizer. Mixture was diluted with 

EtOAc (100 mL) and HCL 1N (100 mL), organic phase washed with brine (100 mL), dried over 

sodium sulphate and reduced under vacuum. The residue was chromatographed on silica gel 

with a gradient 0-5% MeOH in DCM to give 0.74 g of a white solid (1.03 mmol; y= 75%). 

1   MR (500 M  , DMSO) δ 12.70 ( , 1 ), 10.41 ( , 1 ), 8.62 ( , 1 ), 7.90 (  , J = 8.1, 3.9 Hz, 

4H), 7.80 (d, J = 7.9 Hz, 1H), 7.77 – 7.70 (m, 4H), 7.42 (dd, J = 13.7, 7.0 Hz, 2H), 7.34 – 7.26 

(m, 2H), 7.25 – 7.14 (m, 15H), 4.49 – 4.41 (m, 1H), 4.36 (dd, J = 10.4, 7.0 Hz, 1H), 4.30 (dd, J = 

10.4, 7.0 Hz, 1H), 4.23 (t, J = 6.9 Hz, 1H), 2.75 (dd, J = 14.6, 9.8 Hz, 1H), 2.66 – 2.58 (dd, J = 

14.0, 4.4 Hz, 1H). 

13C NMR (126 MHz, DMSO) δ 170.8, 168.4, 166.9, 155.8, 144.7, 143.8, 143.0, 140.7, 130.3, 

128.6, 127.6, 127.4, 127.1, 126.3, 125.3, 125.2, 120.1, 118.6, 69.4, 65.8, 52.8, 46.7, 38.4. 

HRMS (ESI) calculated for C45H38N3O6 (M+H+) 716.2755, found 716.2745. 

Marfey: 93.9% S enantiomer, 6.1% R enantiomer 
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4.2.2.2.5.2 Final assembly 

Allyl (S)-4-(4-(4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-

(tritylamino)butanamido)benzamido)-2-(allyloxy)-3-isopropoxybenzamido)benzoate (100) 

 

POCl3 (1.92 mmol) as a solution in DCM (1:9) was added dropwise to a solution of allyl 4-(2-

(allyloxy)-4-amino-3-isopropoxybenzamido)benzoate (0.315 g; 0.77 mmol) and (S)-4-(2-

((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-(tritylamino)butanamido)benzoic acid 

(1.37 g, 1.92 mmol) in THF (8  mL) and DCM (4 mL) at 0 °C, followed by DiPEA (1.78 mL; 10.24 

mmol) as a solution in DCM (1:1). Reaction stirred at r.t. for 6 h, quenched with HCL 1 N and 

ice, solvent partially reduced under vacuum and residue diluted with EtOAc (200 mL) and HCl 

1N (200 mL), organic phase washed with brine (200 mL) and dried over sodium sulphate. 

Solvent removed under vacuum, the crude residue was chromatographed on silica gel with a 

gradient EtOAc 20-75% in Pet. Et to give 750 mg of a orange residue (0.68 mmol; 76%). 

1   MR (700 M  , DMSO) δ 10.58 ( , 1 ), 10.42 ( , 1 ), 9.53 ( , 1 ), 8.64 ( , 1 ), 7.99 ( , J = 

8.6 Hz, 2H), 7.93 – 7.85 (m, 4H), 7.81 (m, 4H), 7.78 – 7.72 (m, 3H), 7.42 (m, 3H), 7.35 – 7.26 

(m, 3H), 7.26 – 7.14 (m, 15H), 6.04 (m, 2H), 5.39 (m, 2H), 5.24 (m, 2H), 4.80 (d, J = 5.3 Hz, 

2H), 4.62 (d, J = 5.5 Hz, 2H), 4.52 – 4.44 (m, 2H), 4.37 (m, 1H), 4.31 (m, 1H), 4.24 (dd, J = 14.3, 

7.1 Hz, 1H), 2.77 (td, J = 14.1, 9.9 Hz, 1H), 2.64 (td, J = 15.1, 5.0 Hz, 1H), 1.26 (d, J = 6.1 Hz, 

6H). 

13C NMR (176 MHz, DMSO) δ 170.8, 168.5, 166.9, 165.0, 164.7, 164.3, 155.8, 149.5, 144.7, 

143.8, 143.5, 143.0, 142.6, 142.3, 140.7, 135.7, 133.7, 132.8, 130.3, 128.6, 127.4, 127.1, 

126.3, 125.3, 125.2, 124.2, 123.6, 120.1, 119.0, 118.8, 118.6, 117.8, 117.8, 76.3, 74.3, 69.4, 

65.8, 64.8, 52.9, 46.7, 30.4, 22.3. 

HRMS (ESI) calculated for C68H62N5O10 (M+H+) 1108.4491, found 1108.4514. 
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(S)-4-(4-(4-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-

(tritylamino)butanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid 

(101) 

 

Phenyl silane (0.25 mL; 2.02 mmol) followed by palladium-tetrakis(triphenylphosphine (138 

mg; 0.12 mmol) was added to a solution of allyl (S)-4-(4-(4-(2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-4-oxo-4-(tritylamino)butanamido)benzamido)-2-(allyloxy)-3-

isopropoxybenzamido)benzoate (530 mg; 0.48 mmol) in THF (19.0 mL). Reaction stirred for 3 

hours, quenched by addition of few drops of acetic acid and filtered through celite. Solvent 

removed under reduced pressure, the crude residue was purified on silica gel with a gradient 

0-10% MeOH in DCM +1% acetic acid to give 285 mg of a yellow solid (0.28 mmol; y= 58%). 

1   MR (500 M  , DMSO) δ 12.36 (br, 1H), 12.30 (s, 1H), 10.61 (s, 1H), 10.43 (s, 1H), 9.41 (s, 

1H), 8.64 (s, 1H), 8.00 – 7.93 (m, 3H), 7.90 (d, J = 7.6 Hz, 2H), 7.86 (m, 3H), 7.81 (dd, J = 8.0, 

4.8 Hz, 3H), 7.75 (dd, J = 7.4, 3.8 Hz, 2H), 7.71 (d, J = 8.9 Hz, 1H), 7.42 (dd, J = 12.6, 7.4 Hz, 

2H), 7.35 – 7.27 (m, 3H), 7.27 – 7.15 (m, 15H), 4.58 – 4.51 (m, 1H), 4.48 (dd, J = 14.2, 8.4 Hz, 

1H), 4.38 (dd, J = 10.4, 7.1 Hz, 1H), 4.31 (dd, J = 10.5, 7.0 Hz, 1H), 4.24 (t, J = 6.8 Hz, 1H), 2.78 

(dd, J = 14.5, 9.7 Hz, 1H), 2.64 (dd, J = 14.2, 5.2 Hz, 1H), 1.27 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 172.0, 170.8, 168.5, 168.5, 166.9, 164.2, 155.8, 154.1, 144.7, 

143.8, 142.4, 142.0, 140.7, 137.0, 136.3, 130.2, 128.6, 128.3, 127.7, 127.4, 127.1, 126.3, 

126.3, 125.3, 125.2, 124.9, 122.8, 120.7, 120.1, 118.9, 112.4, 112.2, 74.9, 69.4, 65.8, 52.9, 

46.7, 30.4, 22.3. 

HRMS (ESI) calculated for C62H52N5O10 (M-H+) 1026.3720, found 1026.3716. 

Marfey: 96.2% S enantiomer, 3.8% R enantiomer 
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4-(4-Nitrobenzamido)benzoyl fluoride (90) 

 

D    y         f      f        (13 μ ; 0.095     )                        0 °C        x     

of 4-(4-nitrobenzamido)benzoic acid (89) (50 mg; 0.17 mmol) in DCM (1.5 mL). The reaction 

was stirred for 20 minutes, then diluted with DCM and washed with ice water, organic phase 

dried over sodium sulphate and reduced under vacuum to give 4-(4-nitrobenzamido)benzoyl 

fluoride. 

 

(S)-N1-(4-((4-((4-Carbamoylphenyl)carbamoyl)-3-hydroxy-2-

isopropoxyphenyl)carbamoyl)phenyl)-2-(4-(4-nitrobenzamido)benzamido)succinamide 

(103) 

 

Diethylaminosulfur trifluoride (13 μL; 0.095 mmol) was added at 0 °C to a mixture of (S)-4-(4-

(4-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-

(tritylamino)butanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (65 

mg; 0.063 mmol) in DCM (0.7 mL). The reaction was stirred for 20 minutes, then diluted with 

DCM (20 mL) and washed with ice water (20 mL), organic phase dried over sodium sulphate 

and reduced under vacuum.  

The residue was dissolved in THF (0.5 mL), the solution added to a NH3 in MeOH 7N at 0 °C. 

Reaction stirred 15 min then solvent removed under vacuum. Compound dissolved in DCM 

(2 mL), Tips (0.1 mL) followed by TFA (0.5 mL) were added at 0 °C. The reaction was stirred 
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for 2 hours, the solvent was reduced under vacuum, the residue dissolved again in DCM and 

evaporated twice. The crude thus obtained was dissolved in a 20% solution of diethylamine 

in acetonitrile (2 mL), the solution was stirred for 30 min. The solvent was removed under 

reduced pressure, the residue was dissolved in CH3CN and evaporated twice. Residue 

triturated three times with Pet. Et. and used in the coupling step. 

A solution of 4-(4-nitrobenzamido)benzoyl fluoride (0.069 mmol) in THF (1 mL) was added to 

a solution of the crude from the previous step (0.048 mmol) and DiPEA (42 μ ; 0.24     ) in 

DCM/THF 1:1 (1 mL). The reaction was stirred for 3 hours and then purified by RP-HPLC using 

method B to obtain 3.2 mg of desired compound (0.0039 mmol; y= 6%).  

1   MR (700 M  , DMSO) δ 12.40 (  , 1 ), 10.79 ( , 1 ), 10.58 (  , 1 ), 10.46 ( , 1 ), 9.35 

(br, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.41 – 8.37 (m, 2H), 8.23 – 8.19 (m, 2H),7.94 (dd, J = 8.9, 2.2 

Hz, 4H), 7.90 (dd, J = 8.6, 5.7 Hz, 5H), 7.82 (d, J = 8.8 Hz, 3H), 7.78 (d, J = 8.7 Hz, 2H), 7.66 (br, 

1H), 7.40 (s, 1H), 7.28 (br, 1H), 6.99 (s, 1H), 4.93 (dd, J = 14.0, 7.2 Hz, 1H), 4.58 (br, 1H), 2.69 

(d, J = 7.7 Hz, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.4, 167.3, 165.8, 164.2, 164.1, 149.3, 142.5, 

141.5, 140.3, 136.4, 129.3, 129.2, 128.6, 128.2, 123.6, 122.8, 120.5, 119.6, 118.9, 51.6, 36.8, 

22.3. 

HRMS (ESI) calculated for C42H37N8O11 (M-H+) 829.2587, found 829.2588. 
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4.2.2.2.5.3 derivatives synthesized 

General procedures: 

Trityl deprotection 

The compound was dissolved in DCM (M= 0.1), Tips (3 eq.) followed by TFA (20%) were 

added at 0 °C. The reaction was stirred for 2 hours at r.t. then the solvent was removed 

under vacuum, the residue was suspended and evaporated twice with DCM, finally it was 

triturated 3x with ice cold Pet. Et.. 

Fmoc deprotection 

The compound was dissolved in a 20% solution of diethylamine in acetonitrile (M= 0.05- 0.1) 

and the reaction was stirred until completion as monitored by TLC or LCMS (in general 

reaction time 30 min-1 hour). The solvent was removed under reduced pressure and the 

residue was dissolved in CH3CN and evaporated twice. Finally it was left at high vacuum 

overnight. 

 

Starting from intermediate 101, after Trityl and Fmoc deprotection (according to general 

procedures described above), the crude amine 102 was coupled to a carboxylic acid 

(fragments A1) to obtain the following compounds: 

 

(S)-4-(4-(4-(4-Amino-2-(3-(4-cyanobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)benzoic acid (104) 

 

Carboxylic acid 91 was activated to the corresponding pentafluorophenyl ester following 

reported procedure 48. 

Activated ester (17.3 mg; 0.04 mmol) was dissolved in DMF (0.1 mL) and added at 0°C to a 

stirred solution of amine 102 (0.02     )     D PEA (18 μ ; 0.10     ). T                
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stirred for three hours at r.t. then diluted with EtOAc and a solution of ice cold HCl, organic 

phase washed with brine and evaporated under vacuum. The residue was purified by 

preparative RP-HPLC with a gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 40 min. to 

give 0.9 mg of desired product (0.0011 mmol; y= 5%). 

1   MR (700 M  , DMSO) δ 15.36 (  , 1 ), 10.70 ( , 1 ), 10.48 ( , 1 ), 8.87 ( , 1 ), 8.83 ( , J 

= 6.6 Hz, 1H), 8.54 (s, 1H), 8.25 (s, 1H), 8.15 (d, J = 8.3 Hz, 2H), 8.04 (d, J = 8.3 Hz, 2H), 8.01 

(d, J = 7.9 Hz, 1H), 7.82 (dd, J = 22.5, 8.7 Hz, 4H), 7.76 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 7.8 Hz, 

1H), 7.57 (d, J = 7.7 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.44 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 8.7 Hz, 

1H), 6.97 (s, 1H), 5.02 (dt, J = 12.3, 6.1 Hz, 1H), 4.93 (dd, J = 13.9, 7.3 Hz, 1H), 2.72 – 2.68 (m, 

2H), 1.19 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.5, 166.2, 165.4, 165.2, 164.2, 163.1, 142.0, 138.8, 

137.5, 134.6, 134.0, 132.5, 129.7, 129.5, 128.6, 127.6, 123.7, 123.3, 122.9, 120.1, 119.0, 

118.3, 117.6, 116.0, 113.9, 100.7, 70.3, 51.7, 36.8, 22.7. 

HRMS (ESI) calculated for C43H38N7O10 (M+H+) 812.2675, found 812.2671. 

 

(S)-4-(4-(4-(4-Amino-2-(4-((4-cyanobenzamido)methyl)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (105) 

 

Carboxylic acid coupling partner (92) was activated to the corresponding pentafluorophenyl 

ester following reported procedure 48.  

Activated ester (18.0 mg; 0.04 mmol) was dissolved in DMF (0.1 mL) and added at 0°C to a 

stirred solution of amine 102 (0.02     )     D PEA (18 μ ; 0.10     ). T                

stirred for three hours at r.t. then diluted with EtOAc and a solution of ice cold HCl, organic 

phase washed with brine and evaporated under vacuum. The residue was purified by 
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preparative RP-HPLC with a gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 40 min. to 

give 3.2 mg of desired product (0.0039 mmol; y= 19%). 

1   MR (700 M  , DMSO) δ 12.49 (  , 1 ), 10.44 ( , 1 ), 9.36 ( , J = 5.9 Hz, 1H), 9.26 (s, 1H), 

8.69 (d, J = 7.3 Hz, 1H), 8.05 (d, J = 8.4 Hz, 2H), 7.98 (d, J = 8.4 Hz, 2H), 7.93 (dd, J = 13.9, 8.6 

Hz, 4H), 7.88 – 7.78 (m, 6H), 7.75 (d, J = 7.8 Hz, 1H), 7.55 (br, 1H), 7.43 (d, J = 8.2 Hz, 2H), 

7.38 (s, 1H), 6.98 (s, 1H), 4.91 (dd, J = 13.9, 7.3 Hz, 1H), 4.65 (br, 1H), 4.56 (d, J = 5.9 Hz, 2H), 

2.68 (dd, J = 6.6, 4.4 Hz, 2H), 1.24 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.6, 168.2, 167.0, 166.1, 165.0, 163.9, 142.8, 142.4, 

138.2, 136.6, 132.5, 130.3, 128.6, 128.1, 127.6, 127.0, 123.0, 120.1, 118.9, 118.3, 113.7, 

51.6, 42.6, 36.8, 22.4. 

HRMS (ESI) calculated for C44H40N7O10 (M+H+) 826.2831, found 826.2822. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(2-(4-cyanobenzamido)ethyl)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (106) 

 

The carboxylic acid coupling partner (93) was activated to the corresponding 

pentafluorophenyl ester following reported procedure 48.  

Activated ester (18.4 mg; 0.04 mmol) was dissolved in DMF (0.1 mL) and added at 0°C to a 

stirred solution of amine 102 (0.02     )     D PEA (18 μ ; 0.10     ). T                

stirred for three hours at r.t. then diluted with EtOAc and a solution of ice cold HCl, organic 

phase washed with brine and evaporated under vacuum. The residue was purified by 

preparative RP-HPLC with a gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 40 min. to 

give 5.3 mg of desired product (0.0063 mmol; y= 32%). 

1   MR (700 M  , DMSO) δ 15.34 ( , 1 ), 10.53 ( , 1 ), 8.85 ( , 3 ), 7.95 ( , 4 ), 7.82 (   , 

J = 25.7, 15.6, 8.3 Hz, 8H), 7.57 (d, J = 8.4 Hz, 2H), 7.47 (s, 1H), 7.44 (d, J = 8.7 Hz, 1H), 7.35 (d, 

J = 8.2 Hz, 2H), 7.08 (d, J = 8.7 Hz, 1H), 6.96 (s, 1H), 5.02 (dt, J = 12.3, 6.1 Hz, 1H), 4.90 (dd, J = 
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13.8, 7.6 Hz, 1 H), 3.54 (dd, J = 13.2, 6.9 Hz, 2H), 2.92 (t, J = 7.1 Hz, 2H), 2.68 (ddd, J = 20.6, 

15.1, 7.1 Hz, 2H), 1.19 (d, J = 6.0 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 166.9, 166.1, 165.3, 164.8, 163.1, 143.1, 142.0, 

141.7, 138.5, 137.5, 134.0, 132.4, 131.9, 129.7, 129.5, 128.6, 128.0, 127.6, 127.5, 124.2, 

123.7, 119.0, 118.3, 117.6, 116.0, 113.5, 100.6, 70.3, 51.8, 40.7, 36.9, 34.7, 22.7. 

HRMS (ESI) calculated for C45H42N7O10 (M+H+) 840.2988, found 840.2994. 
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4.2.2.3 C-terminal OPTIMIZATION 

2-Hydroxy-3-isobutoxybenzaldehyde (109) 

 

A solution of 2,3-dihydroxybenzaldehyde (15 g; 109 mmol) in DMSO (75 mL) was added drop 

wise, keeping low the temperature with an ice bath, to a previously prepared suspension of 

NaH (8.72 g; 218 mmol) in DMSO (180 mL). The mixture stirred at r.t. for two hours, then 

isobutyl bromide (11.9 mL; 109 mmol) was added slowly keeping the temperature low. The 

reaction mixture was stirred for 42 hours, quenched with HCl followed by NH4Cl until pH 5 

was reached. Work up done in several portions as follows: 300 mL of the mixture were 

further diluted with H2O (1200 mL) and extracted with Et2O (3x 200 mL). Organic phases 

dried over Na2SO4 and reduced under pressure to give 30 g of dark oil. The crude residue 

was chromatographed on silica gel using isocratic condition (Pet. Et. DCM 7:3) to give 8.04 g 

of a yellow oil (41 mmol, y= 38%). 

1H NMR (500 MHz, CDCl3) δ 10.98 (s, 1H), 9.92 (s, 1H), 7.17 (dd, J = 7.8, 1.4 Hz, 1H), 7.11 (dd, 

J = 8.0, 1.2 Hz, 1H), 6.93 (t, J = 7.9 Hz, 1H), 3.81 (d, J = 6.7 Hz, 2H), 2.17 (dp, J = 13.3, 6.7 Hz, 

1H), 1.05 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 196.5, 152.1, 147.9, 124.5, 121.0, 119.7, 119.5, 75.9, 28.2, 19.2. 

HRMS (ESI) calculated for C11H15O3 (M+H+) 195.1016, found 195.1014. 

 

2-Formyl-6-isobutoxyphenyl acetate (110) 
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Acetyl chloride (5.93 mL; 55.2 mmol) was added dropwise to a stirred solution of 2-hydroxy-

3-isobutoxybenzaldehyde (109) (7.15 g; 36.8 mmol) and pyridine (8.90 mL; 110.0 mmol) in 

DCM (340 mL) at 0 °C. The reaction was stirred for 5 min. at 0 °C then temperature raised to 

r.t., stirring was prolonged for 1 h. The reaction was quenched with HCl 1 N, organic phase 

partially reduced under vacuum, washed with HCl 1 N (200 mL), brine (200 mL), dried over 

sodium sulphate and reduced under vacuum. The crude was chromatographed on silica gel 

with a gradient 2-10% EtOAc in Pet. Et to give 8.46 g of a pale yellow oil (35.85 mmol; y= 

97%).  

1   MR (700 M  , DMSO) δ 10.12 ( , 1 ), 7.46 (  , J = 7.2, 2.5 Hz, 1H), 7.42 – 7.37 (m, 2H), 

3.82 (d, J = 6.3 Hz, 2H), 2.34 (s, 3H), 2.00 (dp, J = 13.2, 6.6 Hz, 1H), 0.96 (d, J = 6.8 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 190.0, 168.5, 150.9, 141.1, 128.9, 127.0, 120.4, 119.4, 74.6, 

27.7, 20.2, 18.8. 

HRMS (ESI) calculated for C13H16NaO4 (M+Na+) 259.0941, found 259.0943. 

 

6-Formyl-2-isobutoxy-3-nitrophenyl acetate (111) 

 

     g             (5.0   , 118.4     )               −40 °C              g        p    . 

A solution of 2-formyl-6-isobutoxyphenyl acetate (110) (3.50 g, 14.8 mmol) in 8.0 mL of dry 

DCM              p                 x           g      y               p     −40 °C. T   

solution was stirred for an additional 1.5 hours before being poured into 100 mL of ice 

water. The mixture was then extracted with DCM (4 × 50 mL) and the combined organic 

extracts were dried over sodium sulphate. The solvent was removed under vacuum, the 

crude thus obtained was chromatographed on silica gel with a gradient 5-40% EtOAc in Pet. 

Et. to afford 2.45 g of the desired compound (8.73 mmol, y= 59%).  

1   MR (500 M  , DMSO) δ 10.13 – 10.09 (s 1H), 8.03 – 8.00 (m, 1H), 7.83 (d, J = 8.5 Hz, 1H), 

3.84 (d, J = 6.2 Hz, 2H), 2.44 (s, 3H), 2.01 – 1.93 (m, 1H), 0.94 (d, J = 6.7 Hz, 6H). 
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13C NMR (126 MHz, DMSO) δ 189.4, 168.5, 147.5, 145.2, 144.7, 132.0, 125.5, 122.3, 81.5, 

28.5, 20.4, 18.5. 

HRMS (ESI) calculated for C13H15NNaO6 (M+Na+) 304.0792, found 304.0792. 

 

2-(Allyloxy)-3-isobutoxy-4-nitrobenzoic acid (112) 

 

6-Formyl-2-isobutoxy-3-nitrophenyl acetate (111) (4.10 g; 14.6 mmol) was dissolved in THF 

(70 mL) and water (35 mL), then LiOH (3.50 g; 146.0 mmol) dissolved in water (35 mL) was 

added at 0 °C, the reaction was stirred overnight. In the morning, pH adjusted to 1, solvent 

partially reduced under vacuum and watery phase extracted with CHCl3 (150 mL) three 

times, combined organic phases dried over sodium sulphate and reduced under vacuum to 

give a yellow oil, which was used in the next step without further purification. Residue was 

dissolved in DMF (30 mL), K2CO3 (4.03 g; 29.2 mmol) followed by allyl bromide (1.89 mL; 21.9 

mmol) were added, the reaction was stirred for 24 h at r.t.. Reaction mixture diluted with 

water (200 mL) and EtOAc (200 mL), aqueous phase extracted with EtOAc (150 mL). 

Combined organic phases washed with brine (300 mL), dried over sodium sulphate and 

reduced under vacuum to give a crude material, which was dissolved with 2-Methyl-2-

butene (15.5 mL; 146 mmol) in t-BuOH (100 mL). Then a solution of NaClO2 80% (1.98 g; 

17.52 mmol) in monosodium phosphate monohydrate solution 1 N (16.2 mL) was added 

dropwise to the solution. Reaction stirred for 1 h, t hen quenched by adding a solution of 

Na2SO3 (34.0 mmol in 10 mL). Mixture partially reduced under vacuum, diluted with EtOAc 

(200 mL) and HCl 1 N (200 mL), aqueous phase extracted again with EtOAc (100 mL), organic 

phases reunited washed with brine (250 mL) and dried over sodium sulphate. Solvent 

reduced under vacuum, crude chromatographed on silica gel with a gradient 0-10% MeOH in 

DCM to afford 3.01 g of the desired compound (10.22 mmol, y= 70%). 



Experimental part 

193 
 

1H NMR (500 MHz, CDCl3) δ 7.90 ( , J = 8.7 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 6.08 (m, 1H), 5.44 

(dq, J = 17.1, 1.3 Hz, 1H), 5.39 (ddd, J = 10.3, 1.9, 0.9 Hz, 1H), 4.81 – 4.77 (m, 2H), 3.93 (d, J = 

6.5 Hz, 2H), 2.12 (dp, J = 13.3, 6.7 Hz, 1H), 1.03 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.0, 152.7, 148.2, 146.4, 131.1, 127.5, 126.8, 121.7, 119.8, 

82.0, 76.5, 29.0, 19.0. 

HRMS (ESI) calculated for C14H16NO6 (M-H+) 294.0983, found 294.0995. 

 

Allyl 4-(2-(allyloxy)-3-isobutoxy-4-nitrobenzamido)benzoate (113) 

 

To a stirred solution of 2-(allyloxy)-3-isobutoxy-4-nitrobenzoic acid (500 mg; 1.69 mmol), 

allyl 4-aminobenzoate (250 mg; 1.41 mmol) and TEA (0.38 mL; 2.82 mmol) in dry DCM (28 

mL), POCl3 (0.16 mL; 1.69 mmol) was added drop wise at 0 °C. Reaction stirred for 4 hours 

then quenched by addition of NaHCO3 saturated solution, solvent partially reduced under 

vacuum and residue dissolved in EtOAc (50 mL). The organic phase was washed with NaHCO3 

saturated solution (50 mL), HCl 1 N (50 mL), brine (50 mL), dried over sodium sulphate and 

reduced under vacuum. The crude thus obtained was purified on silica gel with a gradient 2-

20% EtOAc in Pet. Et. to give 400 mg of desired product (0.88 mmol; y= 62%).  

1H NMR (500 MHz, CDCl3) δ 10.13 ( , 1 ), 8.09 ( , 3 ), 7.79 – 7.73 (m, 2H), 7.64 (d, J = 8.8 

Hz, 1H), 6.08 (m, 2H), 5.48 (dq, J = 17.1, 1.3 Hz, 1H), 5.45 – 5.39 (m, 2H), 5.30 (dq, J = 10.5, 

1.3 Hz, 1H), 4.83 (dt, J = 5.7, 1.4 Hz, 2H), 4.76 (dt, J = 6.1, 1.0 Hz, 2H), 3.97 (d, J = 6.5 Hz, 2H), 

2.20 – 2.11 (m, 1H), 1.06 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.6, 161.1, 151.3, 147.3, 146.5, 141.8, 132.3, 131.5, 131.0, 

130.8, 126.3, 126.1, 121.2, 120.1, 119.4, 118.3, 82.0, 76.2, 65.5, 29.1, 19.0. 
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HRMS (ESI) calculated for C24H27N2O7 (M+H+) 455.1813, found 455.1806. 

 

Allyl 4-(2-(allyloxy)-4-amino-3-isobutoxybenzamido)benzoate (107) 

 

Allyl 4-(2-(allyloxy)-3-isobutoxy-4-nitrobenzamido)benzoate (350 mg; 0.77 mmol) was 

dissolved in EtOH (13.5 mL) and AcOH (1.5 mL), the solution was cooled to 0 °C and to it Zn 

dust (500 mg; 7.70 mmol) was added portion wise over few minutes. Reaction stirred at r.t. 

for 4 hours then mixture filtered over a pad of celite and solvent reduced under vacuum to 

afford 295 mg of desired compound (0.70 mmol; y= 90%). 

1   MR (500 M  , DMSO) δ 10.24 ( , 1 ), 7.98 – 7.90 (m, 2H), 7.84 – 7.78 (m, 2H), 7.41 – 

7.36 (m, 1H), 6.58 (d, J = 8.6 Hz, 1H), 6.05 (m, 2H), 5.54 (s, 2H), 5.41 (ddq, J = 17.1, 15.3, 1.6 

Hz, 2H), 5.27 (m, 2H), 4.78 (dt, J = 5.4, 1.5 Hz, 2H), 4.61 (dt, J = 5.6, 1.3 Hz, 2H), 3.67 (d, J = 

6.5 Hz, 2H), 2.11 (tt, J = 13.6, 6.8 Hz, 1H), 1.01 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 165.0, 163.9, 150.4, 146.6, 143.6, 137.2, 133.5, 132.8, 130.3, 

126.2, 123.7, 118.8, 118.3, 117.8, 114.8, 110.2, 78.5, 74.4, 64.8, 28.5, 19.2. 

HRMS (ESI) calculated for C24H27N2O5 (M-H+) 423.1925, found 423.1933. 

  



Experimental part 

195 
 

Allyl 2-(allyloxy)-3-isopropoxy-4-nitrobenzoate (114) 

 

6-Formyl-2-isopropoxy-3-nitrophenyl acetate (0.9 g; 3.37 mmol) was dissolved in THF  (17 

mL) and water (8.5 mL), then LiOH (0.81 g; 33.70 mmol) dissolved in water (8.5 mL) was 

added at 0 °C, reaction stirred overnight. In the morning, pH adjusted to 1, solvent partially 

reduced under vacuum and watery phase extracted with CHCl3 (100 mL) three times, 

combined organic phases dried over sodium sulphate and reduced under vacuum to give a 

yellow oil. This was dissolved with 2-Methyl-2-butene (3.75 mL; 35.39 mmol) in t-BuOH (25 

mL), then a solution of NaClO2 80% (0.46 g; 4.04 mmol) in monosodium phosphate 

monohydrate solution 1 N (3.75 mL) was added dropwise to the solution. The reaction was 

stirred for 1 h, it was then quenched by adding a solution of Na2SO3 (8.0 mmol in 5 mL). 

Mixture partially reduced under vacuum, diluted with EtOAc (100 mL) and HCl 1 N (100 mL), 

aqueous phase extracted again with EtOAc (50 mL), organic phases reunited washed with 

brine (150 mL) and dried over sodium sulphate. Solvent removed under vacuum, the residue 

was dissolved in DMF (9.0 mL), K2CO3 (1.40 g; 10.11 mmol) followed by allyl bromide (0.73 

mL; 8.43 mmol) were added, reaction stirred 24 h at r.t.. The reaction was diluted with water 

(100 mL) and EtOAc (100 mL), aqueous phase extracted with EtOAc (50 mL). Combined 

organic phases washed with brine (100 mL), dried over sodium sulphate and reduced under 

vacuum, the crude material was chromatographed on silica gel with a gradient 0-10% EtOAc 

in Pet. Et. to give 0.84 g a yellow oil (2.63 mmol; y= 79%). 

1   MR (500 M  , DMSO) δ 7.70 ( , J = 8.5 Hz, 1H), 7.57 (d, J = 8.5 Hz, 1H), 6.08 – 5.97 (m, 

2H), 5.40 (m, 2H), 5.28 (m, 2H), 4.81 (dt, J = 5.6, 1.4 Hz, 2H), 4.64 (dt, J = 12.3, 6.1 Hz, 1H), 

4.56 (dt, J = 5.8, 1.4 Hz, 2H), 1.20 (d, J = 6.1 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 164.1, 151.7, 147.8, 143.8, 133.2, 132.1, 130.4, 124.8, 119.1, 

118.7, 118.5, 77.2, 74.8, 66.0, 22.0. 

HRMS (ESI) calculated for C16H19NNaO6 (M+Na+) 344.1105, found 344.1105. 
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Allyl 2-(allyloxy)-4-amino-3-isopropoxybenzoate (115) 

 

Allyl 2-(allyloxy)-3-isopropoxy-4-nitrobenzoate 700 mg; 2.17 mmol) was dissolved in EtOH 

(19.8 mL) and AcOH (2.2 mL), the solution was cooled to 0 °C and to it Zn dust (1.42 g; 21.7 

mmol) was added portion wise. The reaction was stirred at r.t. for 4 hours then mixture 

filtered over a pad of celite and solvent reduced under vacuum, the residue was 

chromatographed on silica gel with a gradient 1-20% EtOAc in Pet. Et. to afford 550 mg of 

desired compound (1.89 mmol; y= 87%). 

1   MR (500 M  , DMSO) δ 7.33 ( , J = 8.6 Hz, 1H), 6.46 (d, J = 8.7 Hz, 1H), 6.10 – 5.94 (m, 

2H), 5.62 (s, 2H), 5.34 (m, 2H), 5.20 (m, 2H), 4.66 (dt, J = 5.4, 1.5 Hz, 2H), 4.45 – 4.38 (m, 3H), 

1.21 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 164.6, 153.1, 148.5, 136.2, 134.6, 133.2, 127.2, 117.5, 116.8, 

111.0, 109.2, 74.1, 73.6, 64.2, 40.0, 39.9, 39.8, 39.8, 39.7, 39.5, 39.3, 39.2, 39.0, 22.1. 

HRMS (ESI) calculated for C16H22NO4 (M+H+) 292.1543, found 292.1541. 
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Allyl 2-(allyloxy)-4-(2-(allyloxy)-3-isopropoxy-4-nitrobenzamido)-3-isopropoxybenzoate 

(116) 

 

Collidine (1.44 mL; 11.00 mmol) was added dropwise at 0 °C to a solution of 2-(allyloxy)-3-

isopropoxy-4-nitrobenzoic acid (579 mg; 2.06 mmol) and bis(trichloromethyl) carbonate (204 

mg; 0.69 mmol)  in THF (13 mL). The reaction was stirred at r.t. for 20 min then added to a 

cooled solution of allyl 2-(allyloxy)-4-amino-3-isopropoxybenzoate (400 mg; 1.37 mmol) and 

DiPEA (2.38 mL; 13.7 mmol) in THF (13 mL). The reaction was stirred for 20 hours at r.t., then 

quenched with water and solvent partially reduced under vacuum, the mixture was diluted 

with Et2O (50 mL) and HCl 1N (50 mL), watery phase extracted again with Et2O (50 mL). The 

combined organic phases were washed with brine (100 mL), dried over sodium sulphate and 

reduced under vacuum. The crude was chromatographed on silica gel with a gradient 1-20% 

EtOAc in Pet. Et. to give 535 mg of desired product (0.97 mmol; y= 70%). 

1H NMR (500 MHz, CDCl3) δ 10.73 ( , 1 ), 8.42 ( , J = 8.8 Hz, 1H), 8.02 (d, J = 8.8 Hz, 1H), 7.68 

(d, J = 8.8 Hz, 1H), 7.62 (d, J = 8.8 Hz, 1H), 6.18 – 6.00 (m, 3H), 5.45 – 5.35 (m, 2H), 5.34 – 

5.27 (m, 2H), 5.26 (m, 2H), 4.83 – 4.76 (m, 5H), 4.65 (dt, J = 12.3, 6.2 Hz, 1H), 4.58 (dt, J = 5.9, 

1.3 Hz, 2H), 1.37 (d, J = 6.2 Hz, 6H), 1.28 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.0, 161.3, 151.8, 151.2, 147.9, 145.0, 140.4, 137.4, 133.8, 

132.2, 131.7, 131.6, 127.0, 125.9, 121.8, 121.1, 119.9, 118.5, 118.0, 115.1, 78.7, 76.3, 76.2, 

74.9, 65.6, 22.5, 22.4.  

HRMS (ESI) calculated for C29H35N2O9 (M+H+) 555.2337, found 555.2335. 
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Allyl 2-(allyloxy)-4-(2-(allyloxy)-4-amino-3-isopropoxybenzamido)-3-isopropoxybenzoate 

(108) 

  

Allyl 2-(allyloxy)-4-(2-(allyloxy)-3-isopropoxy-4-nitrobenzamido)-3-isopropoxybenzoate 

(250 mg; 0.45 mmol) was dissolved in EtOH (9.0 mL) and AcOH (1.0 mL), the solution was 

cooled to 0 °C and to it Zn dust (295 mg; 4.50 mmol) was added portion wise. The reaction 

was stirred at r.t. for 5 hours then the mixture was filtered over a pad of celite and solvent 

reduced under vacuum, residue dissolved in DCM (30 mL), organic phase washed with 

NaHCO3 saturated solution and dried over sodium sulphate. The solvent was removed under 

reduced pressure to give 220 mg of desired product (0.42 mmol; y= 93%). 

1H NMR (500 MHz, DMSO) δ 10.75 ( , 1 ), 8.34 ( , J = 8.8 Hz, 1H), 7.55 (d, J = 8.7 Hz, 1H), 

7.53 (d, J = 8.8 Hz, 1H), 6.58 (d, J = 8.7 Hz, 1H), 6.12 – 5.98 (m, 3H), 5.70 (s, 2H), 5.43 – 5.36 

(m, 2H), 5.31 (m, 2H), 5.27 – 5.19 (m, 2H), 4.75 (dt, J = 5.5, 1.5 Hz, 2H), 4.67 (d, J = 6.5 Hz, 

2H), 4.61 – 4.55 (m, 1H), 4.53 (dt, J = 5.7, 1.4 Hz, 2H), 4.45 – 4.39 (m, 1H), 1.29 (d, J = 6.2 Hz, 

6H), 1.23 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 164.5, 162.9, 151.2, 150.6, 148.3, 139.5, 138.5, 135.1, 134.0, 

133.0, 132.7, 126.7, 126.2, 119.8, 119.3, 118.1, 117.5, 114.2, 113.1, 110.3, 75.7, 74.8, 74.2, 

74.1, 65.0, 22.2, 22.0.  

HRMS (ESI) calculated for C29H37N2O7 (M+H+) 525.2595, found 525.2591. 

  



Experimental part 

199 
 

Allyl (S)-4-(2-(allyloxy)-3-isobutoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-

(tritylamino)butanamido)benzamido)benzamido)benzoate (117) 

 

POCl3 (2.3 mmol) as a solution in DCM (1:9) was added dropwise to a solution allyl 4-(2-

(allyloxy)-4-amino-3-isobutoxybenzamido)benzoate (0.390 g; 0.92 mmol) and (S)-4-(2-(4-

nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoic acid (1.48g, 2.3 mmol) in THF 

(9.2  mL) and DCM (7.0 mL) at 0 °C, followed by DiPEA (1.28 mL; 7.36 mmol) as a solution in 

DCM (1:1). The reaction was stirred at r.t. for 4 hours, then it was quenched with HCL 1 N 

and ice, the solvent was partially reduced under vacuum and residue diluted with EtOAc (200 

mL) and HCl 1N (200 mL), organic phase washed with brine (200 mL) and dried over sodium 

sulphate. The solvent was removed under vacuum, the crude residue was chromatographed 

on silica gel with a gradient EtOAc 20-90% in Pet. Et to give 626 mg of an orange residue 

(0.60 mmol; 65%). 

1   MR (500 M  , DMSO) δ 10.58 (s, 1H), 10.52 (s, 1H), 9.58 (s, 1H), 9.21 (d, J = 7.6 Hz, 1H), 

8.70 (s, 1H), 8.41 – 8.37 (m, 2H), 8.19 – 8.15 (m, 2H), 7.99 (dd, J = 8.8, 2.0 Hz, 4H), 7.87 (d, J = 

8.7 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 8.5 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.23 – 

7.14 (m, 15H), 6.10 – 5.96 (m, 2H), 5.44 – 5.38 (m, 1H), 5.36 (ddd, J = 17.2, 3.1, 1.6 Hz, 1H), 

5.28 (ddd, J = 10.5, 2.6, 1.3 Hz, 1H), 5.19 (dd, J = 10.5, 1.3 Hz, 1H), 4.97 – 4.91 (m, 1H), 4.79 

(d, J = 5.3 Hz, 2H), 4.60 (d, J = 5.5 Hz, 2H), 3.82 (d, J = 6.2 Hz, 2H), 3.00 (dd, J = 14.8, 10.3 Hz, 

1H), 2.77 (dd, J = 14.8, 4.5 Hz, 1H), 1.99 (tt, J = 13.4, 6.7 Hz, 1H), 0.94 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 168.3, 164.9, 164.6, 164.5, 149.4, 149.2, 144.8, 144.7, 143.5, 

142.2, 139.3, 134.8, 133.6, 132.8, 130.3, 129.0, 128.5, 128.5, 127.6, 127.4, 126.4, 124.2, 

123.6, 119.9, 119.0, 118.7, 117.8, 79.4, 74.6, 69.4, 64.8, 52.1, 38.0, 28.6, 19.0. 

HRMS (ESI) calculated for C61H57N6O11 (M+H+) 1049.4080, found 1049.4096. 
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Allyl (S)-4-(2-(allyloxy)-4-(4-(4-amino-2-(4-aminobenzamido)-4-

oxobutanamido)benzamido)-3-isobutoxybenzamido)benzoate (119) 

 

Zn dust (0.314 g; 4.8 mmol) was added portion wise over few minutes to a stirred solution of 

intermediate 117 (0.25 g; 0.24 mmol) in THF (1.5 mL), EtOH (1.4 mL) and AcOH (0.15 mL). 

The reaction was stirred for 5 hours, the mixture was filtered through celite and the solvent 

was reduced under vacuum. The crude was used in the next step without further 

purification. 

The residue was dissolved in DCM (9.0 mL), Tips (0.148 mL; 0.72 mmol) followed by TFA (3.0 

mL) were added at 0 °C. The reaction was stirred for 2 hours at r.t. then the solvent was 

removed under vacuum, the residue take up and evaporated twice with DCM (5 mL) then 

triturated 3x with ice cold Pet. Et.. The crude thus obtained was purified on silica gel with a 

gradient 0-10% MeOH in DCM to give 140 mg of a yellow solid (0.18 mmol; y= 76%). 

1   MR (500 M  , DMSO) δ 10.58 ( , 1 ), 10.36 ( , 1 ), 9.56 ( , 1H), 8.22 (d, J = 7.4 Hz, 1H), 

7.98 (dd, J = 11.9, 5.0 Hz, 4H), 7.87 (d, J = 8.8 Hz, 2H), 7.77 (d, J = 8.9 Hz, 2H), 7.69 (d, J = 8.5 

Hz, 1H), 7.63 – 7.59 (m, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.97 (s, 1H), 6.58 – 6.54 (m, 2H), 6.10 – 

5.96 (m, 2H), 5.70 (br, 2H), 5.41 (dq, J = 17.2, 1.7 Hz, 1H), 5.36 (dq, J = 17.2, 1.7 Hz, 1H), 5.28 

(ddd, J = 10.5, 3.0, 1.4 Hz, 1H), 5.19 (ddd, J = 10.5, 3.0, 1.3 Hz, 1H), 4.84 (dd, J = 14.1, 7.2 Hz, 

1H), 4.79 (dt, J = 5.3, 1.4 Hz, 2H), 4.60 (d, J = 5.5 Hz, 2H), 3.81 (d, J = 6.2 Hz, 2H), 2.66 – 2.62 

(m, 2H), 1.99 (dp, J = 13.2, 6.6 Hz, 1H), 0.94 (d, J = 6.7 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 171.5, 171.0, 166.4, 165.0, 164.6, 164.5, 151.8, 149.4, 144.7, 

143.5, 142.4, 134.8, 133.6, 132.8, 130.4, 129.1, 128.4, 128.3, 127.6, 124.2, 123.5, 120.4, 

119.9, 119.0, 118.6, 117.8, 112.5, 79.4, 74.6, 64.9, 51.5, 36.8, 28.6, 19.0. 

HRMS (ESI) calculated for C42H45N6O9 (M+H+) 777.3243, found 777.3225. 
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(S)-4-(4-(4-(4-Amino-2-(4-(4-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isobutoxybenzamido)benzoic acid (123) 

 

Collidine (0.048 mL; 0.36 mmol) was added dropwise at 0 °C to a solution of 4-nitro benzoic 

acid (26 mg; 0.16 mmol) and bis(trichloromethyl) carbonate (14.0 mg; 0.047 mmol) in THF 

(2.3 mL). Reaction stirred at r.t. for 20 min then added to a solution of amine 119 (35 mg; 

0.045 mmol) and DiPEA (0.078 mL; 0.45 mmol) in THF (2.3 mL). The reaction was stirred for 3 

hours then quenched with HCl 1 N and ice. The solvent was partially reduced under vacuum, 

EtOAc (25 mL) and HCl 1N (25 mL) were added, organic phase washed with NaHCO3 

saturated solution (20 mL), brine (20 mL) and dried over sodium sulphate. The solvent was 

removed under reduced pressure, the residue thus obtained was used in the next step 

without further purification. 

Phenyl silane (0.022 mL; 0.18 mmol) followed by palladium-tetrakis(triphenylphosphine 

(13.0 mg; 0.011 mmol) was added to a solution of the crude residue (0.045 mmol) in THF 

(4.5 mL). Reaction stirred for 3 hours and purified by preparative RP-HPLC with a gradient 

10-95% CH3CN in water 10 mM NH4HCO3 in 40 min to afford 3.0 mg of desired product 

(0.0036 mmol; y= 8%). 

1   MR (700 M  , DMSO) δ 12.78 (  , 1 ), 12.27 (  , 1 ), 10.79 ( , 1 ), 10.61 (  , 1 ), 

10.44 (s, 1H), 9.36 (br, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.41 – 8.36 (m, 2H), 8.24 – 8.19 (m, 2H), 

7.99 – 7.92 (m, 6H), 7.90 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 8.8 Hz, 3H), 

7.53 (br, 1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 13.9, 7.3 Hz, 1H), 3.83 (d, J = 6.4 Hz, 2H), 

2.69 (dd, J = 6.9, 2.9 Hz, 2H), 2.01 (dp, J = 13.3, 6.6 Hz, 1H), 0.95 (d, J = 6.7 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 168.3, 166.9, 165.7, 164.3, 164.2, 149.3, 142.4, 

141.5, 140.3, 130.2,  129.3, 129.2, 128.3, 128.3, 123.6, 122.9, 120.4, 119.5, 118.7, 78.5, 51.6, 

36.8, 28.6, 19.1. 
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HRMS (ESI) calculated for C43H38N7O12 (M-H+) 844.2584, found 844.2593. 

 

Allyl (S)-2-(allyloxy)-4-(2-(allyloxy)-3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-

(tritylamino)butanamido)benzamido)benzamido)-3-isopropoxybenzoate (118) 

 

POCl3 (1.42 mmol) as a solution in DCM (1:9) was added dropwise to a solution of allyl 2-

(allyloxy)-4-(2-(allyloxy)-4-amino-3-isopropoxybenzamido)-3-isopropoxybenzoate (0.300 g; 

0.57 mmol) and (S)-4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)butanamido)benzoic acid 

(0.914 g, 1.42 mmol) in THF (7.2 mL) and DCM (5.0 mL) at 0 °C, followed by DiPEA (0.79 mL; 

4.56 mmol) as a solution in DCM (1:1). Reaction stirred at r.t. for 5 h, quenched with HCl 1 N 

and ice, solvent partially reduced under vacuum and residue diluted with EtOAc (200 mL) and 

HCl 1N (200 mL), organic phase washed with brine (200 mL) and dried over sodium sulphate. 

Solvent removed under vacuum, the crude residue was chromatographed on silica gel with a 

gradient EtOAc 20-90% in Pet. Et to give 407 mg of an orange residue (0.35 mmol; 62%). 

1H NMR (500 MHz, CDCl3) δ 10.73 ( , 1 ), 9.63 ( , 1 ), 8.74 ( , 1 ), 8.47 ( , J = 2.3 Hz, 1H), 

8.45 (d, J = 2.4 Hz, 1H), 8.44 (s, 1H), 8.27 – 8.24 (m, 2H), 8.00 (d, J = 8.9 Hz, 1H), 7.97 – 7.93 

(m, 3H), 7.86 (d, J = 8.8 Hz, 2H), 7.67 (d, J = 8.8 Hz, 1H), 7.60 – 7.57 (m, 2H), 7.30 – 7.22 (m, 

15H), 6.20 – 6.00 (m, 3H), 5.40 (tq, J = 17.2, 1.5 Hz, 2H), 5.33 – 5.25 (m, 2H), 5.25 – 5.21 (m, 

2H), 5.12 – 5.06 (m, 1H), 4.80 (dt, J = 5.7, 1.3 Hz, 2H), 4.79 – 4.72 (m, 2H), 4.70 (d, J = 6.7 Hz, 

2H), 4.59 (dt, J = 5.9, 1.3 Hz, 2H), 3.34 – 3.22 (m, 1H), 2.78 (dd, J = 15.6, 7.2 Hz, 1H), 1.41 (dd, 

J = 6.1, 3.3 Hz, 6H), 1.29 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 171.1, 168.8, 165.6, 165.1, 164.1, 162.8, 151.9, 149.9, 149.0, 

143.9, 141.1, 140.2, 139.2, 138.3, 138.2, 137.2, 133.9, 132.9, 132.3, 128.6, 128.1, 128.0, 
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127.3, 127.2, 127.0, 123.8, 122.6, 120.7, 120.3, 119.8, 119.4, 119.2, 118.4, 117.8, 115.5, 

115.0, 76.6, 76.0, 75.7, 74.8, 71.2, 65.5, 51.2, 37.6, 22.8, 22.5. 

HRMS (ESI) calculated for C66H65N6O13 (M+H+) 1149.4604, found 1149.4593. 

 

Allyl (S)-2-(allyloxy)-4-(2-(allyloxy)-4-(4-(4-amino-2-(4-aminobenzamido)-4-

oxobutanamido)benzamido)-3-isopropoxybenzamido)-3-isopropoxybenzoate (120) 

 

Zn dust (0.56 g; 8.6 mmol) was added portionwise over few minutes to a stirred solution of 

allyl (S)-4-(2-(allyloxy)-3-isopropoxy-4-(4-(2-(4-nitrobenzamido)-4-oxo-4-(tritylamino)-

butanamido)benzamido)benzamido)benzoate (0.49 g; 0.43 mmol) in THF (2.7 mL), EtOH (2.4 

mL) and AcOH (0.27 mL). Reaction stirred for 5 hours, the mixture was filtered through 

celite, the solvent was reduced under vacuum. The crude was used in the next step without 

further purification. 

The residue was dissolved in DCM (16.5 mL), Tips (0.264 mL; 1.29 mmol) followed by TFA 

(5.5 mL) were added at 0 C. Reaction stirred 2 h at r.t. then solved removed under vacuum, 

residue take up and evaporated twice with DCM (10 mL) then triturated 3x with ice cold Pet. 

Et.. The crude thus obtained was purified on silica gel with a gradient 0-10% MeOH in DCM 

to give 263 mg of a yellow solid (0.30 mmol; y= 70%). 

1   MR (500 M  , DMSO) δ 10.89 – 10.54 (m, 1H), 10.39 (t, J = 7.9 Hz, 1H), 9.58 – 9.53 (m, 

1H), 8.35 (d, J = 8.8 Hz, 1H), 8.22 (d, J = 7.4 Hz, 1H), 7.97 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 8.8 Hz, 

1H), 7.84 – 7.77 (m, 3H), 7.63 – 7.59 (m, 2H), 7.56 (dd, J = 11.9, 8.7 Hz, 1H), 7.38 (s, 1H), 6.97 

(s, 1H), 6.58 – 6.53 (m, 2H), 6.13 – 5.86 (m, 3H), 5.67 (br, 2H), 5.46 – 5.22 (m, 5H), 5.10 – 5.01 

(m, 1H), 4.86 (m, 2H), 4.81 – 4.71 (m, 2H), 4.68 (d, J = 5.4 Hz, 1H), 4.62 (dt, J = 12.3, 6.1 Hz, 
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1H), 4.54 (d, J = 5.7 Hz, 1H), 4.46 (m, 2H), 2.64 (d, J = 7.1 Hz, 2H), 1.29 (dd, J = 12.4, 7.4 Hz, 

3H), 1.24 (m, 6H), 1.19 (d, J = 6.1 Hz, 3H). 

13C NMR (126 MHz, DMSO) δ 171.5, 171.1, 168.7, 166.4, 164.5, 164.4, 152.9, 151.9, 149.8, 

142.4, 141.3, 139.9, 137.7, 137.4, 136.6, 136.3, 134.0, 132.7, 132.2, 129.1, 128.5, 126.2, 

125.5, 123.5, 120.4, 118.8, 118.5, 118.1, 117.7, 116.5, 114.6, 112.5, 76.6, 75.4, 74.2, 65.7, 

65.1, 51.5, 36.9, 22.3, 22.1. 

HRMS (ESI) calculated for C47H53N6O11 (M+H+) 877.3767, found 877.3780. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(4-nitrobenzamido)benzamido)-4-oxobutanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)-2-hydroxy-3-isopropoxybenzoic acid (124) 

 

Collidine (0.036 mL; 0.272 mmol) was added dropwise at 0 °C to a solution of 4-nitro benzoic 

acid (20 mg; 0.12 mmol) and bis(trichloromethyl) carbonate (11.6 mg; 0.039 mmol)  in THF 

(1.75 mL). Reaction stirred at r.t. for 20 min then added to a solution of amine 120 (30 mg; 

0.034 mmol) and DiPEA (0.060 mL; 0.34 mmol) in THF (1.75 mL). Reaction stirred for 3 h then 

quenched with HCl 1 N and ice. Solvent partially reduced under vacuum, EtOAc (25 mL) and 

HCl 1N (25 mL) were added, organic phase washed with NaHCO3 saturated solution (20 mL), 

brine (20 mL) and dried over sodium sulphate. The solvent was removed under reduced 

pressure, the residue thus obtained was used in the next step without further purification. 

Phenyl silane (0.026 mL; 0.21 mmol) followed by palladium-tetrakis(triphenylphosphine (9.8 

mg; 0.0085 mmol) was added to a solution of the crude residue (0.034 mmol) in THF (3.5 

mL). The reaction was stirred overnight and purified by preparative RP-HPLC with a gradient 

10-95% CH3CN in water 10 mM NH4HCO3 in 40 min to afford 1.7 mg of desired product 

(0.0046 mmol; y= 6%). 
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1   MR (700 M  , DMSO) δ 11.26 ( , 1 ), 10.90 ( , 1 ), 10.79 ( , 1 ), 10.45 ( , 1 ), 9.60 ( , 

1H), 8.68 (d, J = 7.3 Hz, 1H), 8.42 – 8.35 (m, 2H), 8.24 – 8.18 (m, 2H), 7.99 – 7.88 (m, 8H), 

7.80 (dd, J = 8.7, 5.3 Hz, 4H), 7.54 – 7.48 (m, 2H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.0, 

7.2 Hz, 1H), 4.69 (dt, J = 12.3, 6.1 Hz, 1H), 4.31 (dt, J = 12.2, 6.1 Hz, 1H), 2.71 – 2.65 (m, 2H), 

1.31 – 1.23 (m, 12H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.8, 164.3, 164.2, 163.6, 162.3, 150.4, 149.3, 

142.4, 141.5, 140.3, 138.4, 136.3, 134.0, 129.3, 129.2, 128.4, 128.3, 125.0, 124.8, 123.6, 

119.5, 118.8, 116.4, 115.3, 112.5, 109.9, 75.7, 74.0, 51.6, 36.8, 22.0, 21.9. 

HRMS (ESI) calculated for C45H42N7O14 (M-H+) 904.2795, found 904.2786. 

 
(S)-4-(4-(4-(4-Amino-2-(4-(4-cyanobenzamido)benzamido)-4-oxobutanamido)benzamido)-

2-hydroxy-3-isopropoxybenzamido)-2-hydroxy-3-isopropoxybenzoic acid (126) 

 

Compound 126 was synthesized starting from amine 120 (30 mg; 0.034 mmol) and 4-

Cyanobenzoic acid (18 mg; 0.12 mmol) using the same experimental procedure employed 

for the synthesis of compound 124.  

The compound was purified by preparative RP-HPLC (gradient 10-95% CH3CN in water 10 

mM NH4HCO3 in 40 min) to afford 8.7 mg of desired product (0.010 mmol; y=29%). 

1   MR (700 M  , DMSO) δ 11.25 ( , 1 ), 10.93 ( , 1 ), 10.70 ( , 1 ), 10.44 ( , 1 ), 9.60 ( , 

1H), 8.67 (d, J = 7.3 Hz, 1H), 8.13 (d, J = 8.4 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H), 7.96 (t, J = 8.9 Hz, 

3H), 7.91 (dd, J = 26.2, 8.8 Hz, 4H), 7.80 (m, 3H), 7.54 (d, J = 8.8 Hz, 1H), 7.51 (d, J = 8.8 Hz, 

1H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 14.0, 7.3 Hz, 1H), 4.69 (dp, J = 12.3, 6.1 Hz, 1H), 

4.30 (td, J = 12.1, 6.0 Hz, 1H), 2.71 – 2.67 (m, 2H), 1.27 (dd, J = 7.5, 6.3 Hz, 12H). 

13C NMR (176 MHz, DMSO) δ 172.0, 171.3, 170.7, 165.8, 164.5, 164.3, 163.6, 150.4, 142.4, 

141.6, 138.7, 138.4, 136.3, 133.9, 132.5, 129.1, 128.6, 128.4, 128.3, 125.0, 124.9, 119.5, 
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118.8, 118.3, 116.4, 115.4, 114.0, 110.1, 75.7, 74.1, 51.6, 40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 

39.3, 39.2, 36.8, 22.0, 21.9. 

HRMS (ESI) calculated for C46H42N7O12 (M-H+) 884.2897, found 884.2917. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(5-cyanopicolinamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)-2-hydroxy-3-

isopropoxybenzoic acid (127) 

 

Compound 127 was synthesized starting from amine 120 (20 mg; 0.023 mmol) and 5-

cyanopicolinic acid (12 mg; 0.08 mmol) using the same experimental procedure employed 

for the synthesis of compound 124.  

Preparative RP-HPLC (gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 40 min) afforded 

5.6 mg of desired product (0.0063 mmol; y=27%). 

1   MR (700 M  , DMSO) δ 11.26 ( , 1 ), 11.03 ( , 1 ), 10.89 ( , 1 ), 10.43 ( , 1 ), 9.59 ( , 

1H), 9.22 (dd, J = 1.9, 0.7 Hz, 1H), 8.67 (d, J = 7.3 Hz, 1H), 8.60 (dd, J = 8.2, 2.0 Hz, 1H), 8.35 – 

8.27 (m, 1H), 8.04 (d, J = 8.8 Hz, 2H), 7.97 (d, J = 8.8 Hz, 2H), 7.93 (d, J = 8.7 Hz, 3H), 7.80 (dd, 

J = 8.7, 4.8 Hz, 3H), 7.51 (t, J = 9.5 Hz, 2H), 7.40 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 13.9, 7.4 Hz, 

1H), 4.72 – 4.66 (m, 1H), 4.31 (dt, J = 12.2, 6.1 Hz, 1H), 2.73 – 2.65 (m, 2H), 1.27 (dd, J = 5.8, 

5.1 Hz, 12H). 

13C NMR (176 MHz, DMSO) δ 171.9, 171.3, 170.7, 165.8, 164.3, 163.6, 161.6, 152.3, 151.5, 

150.4, 142.4, 142.3, 140.9, 138.4, 136.3, 134.0, 129.4, 128.4, 128.3, 124.9, 124.8, 122.5, 

119.7, 118.8, 116.6, 116.4, 115.3, 111.7, 109.9, 75.7, 74.0, 51.6, 36.8, 22.0, 21.9. 

HRMS (ESI) calculated for C45H43N8O12 (M+H+) 887.2995, found 887.2992. 
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(S,E)-4-(4-(4-(4-Amino-2-(4-(3-(4-cyanophenyl)-2-methylacrylamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)-2-hydroxy-3-

isopropoxybenzoic acid (129) 

 

Amine 120 (25 mg, 0.033 mmol) was coupled with 5-cyanothiophene-2-carboxylic acid using 

coupling conditions A (general procedures section 4.2.2.2.3) followed by final deprotection. 

Desired compound purified by preparative RP-HPLC using condition B to obtain 6.6 mg of 

desired product (0.0071 mmol, y= 22%). 

1   MR (700 M  , DMSO) δ 11.26 ( , 1 ), 10.91 ( , 1 ), 10.44 ( , 1 ), 10.26 ( , 1 ), 9.60 ( , 

1H), 8.64 (d, J = 7.2 Hz, 1H), 7.97 (d, J = 8.7 Hz, 2H), 7.95 (d, J = 6.3 Hz, 1H), 7.91 (dd, J = 11.4, 

8.6 Hz, 4H), 7.83 (d, J = 8.7 Hz, 2H), 7.80 (dd, J = 8.8, 1.9 Hz, 3H), 7.67 (d, J = 8.3 Hz, 2H), 7.53 

(d, J = 8.8 Hz, 1H), 7.51 (d, J = 8.8 Hz, 1H), 7.40 (s, 1H), 7.37 (s, 1H), 6.99 (s, 1H), 4.92 (dd, J = 

14.0, 7.1 Hz, 1H), 4.69 (dt, J = 12.3, 6.1 Hz, 1H), 4.31 (dt, J = 12.2, 6.1 Hz, 1H), 2.69 (d, J = 7.5 

Hz, 2H), 2.13 (d, J = 0.8 Hz, 3H), 1.27 (t, J = 6.2 Hz, 12H). 

13C NMR (176 MHz, DMSO) δ 172.0, 171.3, 170.7, 168.1, 165.8, 164.3, 163.6, 162.3, 155.0, 

150.4, 142.4, 142.0, 140.6, 138.4, 136.3, 135.8, 134.0, 132.4, 131.7, 130.1, 128.6, 128.4, 

128.3, 125.0, 124.8, 119.2, 118.8, 116.4, 115.4, 110.3, 110.1, 75.7, 74.1, 51.6, 36.8, 22.0, 

21.9, 14.6. 

HRMS (ESI) calculated for C49H48N7O12 (M+H+) 926.3355, found 926.3337. 

 

(S)-4-(4-(4-(4-Amino-2-(4-(5-cyanothiophene-2-carboxamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)-2-hydroxy-3-

isopropoxybenzoic acid (128) 
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Compound 128 was synthesized starting from amine 120 (20 mg; 0.023 mmol) and 5-

cyanothiophene-2-carboxylic acid (12 mg; 0.08 mmol) using the same experimental 

procedure employed for the synthesis of compound 124.  

Preparative RP-HPLC (gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 40 min) afforded 

4.7 mg of desired product (0.0053 mmol; y=23%). 

1   MR (700 M  , DMSO) δ 11.27 (  , 1 ), 10.88 (  , 1 ), 10.78 ( , 1 ), 10.44 ( , 1 ), 9.59 

(s, 1H), 8.68 (d, J = 7.3 Hz, 1H), 8.14 (d, J = 4.1 Hz, 1H), 8.08 (d, J = 4.0 Hz, 1H), 7.97 (d, J = 8.7 

Hz, 2H), 7.94 (d, J = 8.7 Hz, 2H), 7.92 (br, 1H), 7.84 (d, J = 8.7 Hz, 2H), 7.80 (m, 3H), 7.51 (t, J = 

7.8 Hz, 2H), 7.39 (s, 1H), 6.98 (s, 1H), 4.92 (dd, J = 14.0, 7.2 Hz, 1H), 4.69 (dt, J = 12.3, 6.1 Hz, 

1H), 4.31 (dt, J = 12.2, 6.1 Hz, 1H), 2.73 – 2.65 (m, 2H), 1.27 (m, 12H). 

13C NMR (176 MHz, DMSO) δ 171.9, 171.3, 170.7, 165.7, 164.3, 163.6, 158.5, 150.4, 146.8, 

142.4, 140.8, 139.7, 138.4, 136.2, 134.0, 129.5, 129.2, 128.4, 124.9, 124.7, 119.7, 118.8, 

116.4, 115.3, 113.8, 112.5, 109.9, 75.7, 73.9, 51.6, 36.8, 22.0, 21.9. 

HRMS (ESI) calculated for C44H42N7O12S (M+H+) 892.2607, found 892.2615. 

  



Experimental part 

209 
 

4.2.2.4 AlbD-stable cystobactamid  

(9H-Fluoren-9-yl)methyl (1-((4-ethynylphenyl)amino)-1,4-dioxo-4-(tritylamino)butan-2-

yl)carbamate (134) 

 

POCl3 (40 µL, 0.43 mmol) was added at 0 °C to a stirred solution of Fmoc-Asn(Trt)-OH (254 

mg, 0.43 mmol), triethylamine (60 µL, 0.43 mmol) and 4-ethynylaniline (25 mg, 0.215 mmol) 

in DCM (4 mL) under nitrogen. The reaction was stirred at °0 C for 2 hours. NaHCO3 (5 mL) 

saturated solution and EtOAc (20 mL) were added, the organic phase washed again with 

NaHCO3 (5 mL) and brine (20 mL), dried over sodium sulphate and reduced under vacuum to 

give a yellow oil which was chromatographed on silica gel with a solution Hexane/EtOAc 7:3 

to give 131 mg of a white solid (0.19 mmol; y= 87 %). 

1   MR (500 M  , DMSO) δ 10.27 ( , 1 ), 8.61 ( , 1 ), 7.90 ( , J = 7.5   , 2 ), 7.78 ( , J = 8.0 

Hz, 1H), 7.74 (dd, J = 7.3, 4.3 Hz, 2H), 7.65 (d, J = 8.7 Hz, 2H), 7.46 – 7.38 (m, 3H), 7.37 – 7.25 

(m, 2H), 7.25 – 7.12 (m, 15H), 4.44 (td, J = 9.0, 5.3 Hz, 1H), 4.36 (dd, J = 10.4, 7.0 Hz, 1H), 4.29 

(dd, J = 10.4, 7.0 Hz, 1H), 4.23 (t, J = 6.9 Hz, 1H), 4.09 (s, 1H), 2.75 (dd, J = 14.5, 9.8 Hz, 1H), 

2.61 (dd, J = 14.5, 5.0 Hz, 1H). 

13C NMR (126 MHz, DMSO) δ 170.5, 168.5, 155.8, 144.7, 143.8, 140.7, 139.5, 132.3, 128.6, 

127.7, 127.4, 127.1, 126.3, 125.3, 125.2, 120.1, 119.1, 116.2, 83.6, 79.9, 69.4, 65.8, 52.8, 

46.7, 38.4. 

HRMS (ESI) calculated for C46H36N3O4 (M-H+) 694.2711, found 694.2690. 
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(S)-2-(4-(4-Cyanobenzamido)benzamido)-N1-(4-ethynylphenyl)-N4-tritylsuccinamide (131) 

 

To a solution of 4-(4-cyanobenzamido) benzoic acid (15.5 mg, 0.058 mmol) and HBTU 

(27 mg, 0.77 mmol) in dry DMF (0.4 mL) DIPEA (30 µL, 0.174 mmol) was added. The mixture 

was stirred for 15 minutes before being added to a solution of 2-amino-N1-(4-

ethynylphenyl)-N4-tritylsuccinamide (34 mg, 0.07 mmol) in dry DMF (0.6 mL), which was 

obtained cleaving the Fmoc protecting group from (9H-fluoren-9-yl)methyl (1-((4-

ethynylphenyl)amino)-1,4-dioxo-4-(tritylamino)butan-2-yl)carbamate using standard 

conditions as already described herein (a 20% solution of diethylamine in CH3CN). 

The solution was stirred for 3 hours, diluted with brine (5 mL) and water (5 mL) and 

extracted with ethyl acetate (3 × 5 mL). The combined organic extracts were washed with 1N 

HCl (5 mL), saturated aqueous NaHCO3 solution (5 mL) and brine (5 mL). After drying over 

anhydrous Na2SO4, the solvent was removed by distillation at reduced pressure and the 

residue was subjected to flash chromatography with a gradient MeOH 0-5% in DCM to afford 

29 mg of desired product as a pale yellow solid (0.04 mmol, y= 69%). 

1H NMR (500 MHz, CDCl3) δ 9.41 ( , 1 ), 8.75 ( , 1 ), 8.07 ( , 1 ), 7.92 (d, J = 8.0 Hz, 2H), 

7.65 (d, J = 8.1 Hz, 4H), 7.59 (d, J = 7.9 Hz, 2H), 7.42 (s, 1H), 7.37 (s, 4H), 7.25 – 7.13 (m, 15H), 

5.05 – 4.94 (m, 1H), 3.19 (d, J = 12.3 Hz, 1H), 3.05 (s, 1H), 2.70 (dd, J = 15.3, 6.7 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 170.9, 169.1, 167.0, 164.3, 143.9, 141.1, 138.2, 138.0, 132.8, 

132.4, 128.7, 128.6, 128.3, 128.0, 127.2, 120.0, 119.6, 117.9, 117.8, 115.3, 83.3, 77.0, 71.0, 

51.1, 37.9. 

HRMS (ESI) calculated for C46H34N5O4 (M-H+) 720.2616, found 720.2618. 
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2-(Benzyloxy)-3-isopropoxy-4-nitrobenzoic acid (135) 

 

6-Formyl-2-isopropoxy-3-nitrophenyl acetate (2.0 g; 7.49 mmol) was dissolved in THF (38 

mL) and water (19 mL), then LiOH (1.42 g; 74.9 mmol) dissolved in water (19 mL) was added 

at 0 C, reaction stirred overnight. In the morning, the pH was adjusted to 1, solvent partially 

reduced under vacuum and aqueous phase extracted with CHCl3 (150 mL) three times, 

combined organic phases dried over sodium sulphate and reduced under vacuum to give a 

yellow oil, which was used in the next step without further purification. Residue was 

dissolved in DMF (18 mL), K2CO3 (2.07 g; 14.98 mmol) followed by benzyl bromide (1.34 mL; 

11.24 mmol) were added, reaction stirred 24 h at r.t.. Reaction diluted with water (200 mL) 

and EA (200 mL), aqueous phase extracted with EtOAc (150 mL). Combined organic phases 

washed with brine (300 mL), dried over sodium sulphate and reduced under vacuum to give 

a crude material, which was dissolved with 2-Methyl-2-butene (8.35 mL; 78.65 mmol) in t-

BuOH (45 mL). Then a solution of NaClO2 80% (1.02 g; 8.99 mmol) in Monosodium 

phosphate monohydrate solution 1 N (8.4 mL) was added dropwise to the solution. Reaction 

stirred for 1 h, t hen quenched by adding a solution of Na2SO3. Mixture partially reduced 

under vacuum, diluted with EtOAc (200 mL) and HCl 1 N (200 mL), aqueous phase extracted 

again with EtOAc (100 mL), organic phases reunited washed with brine (250 mL) and dried 

over sodium sulphate. Solvent reduced under vacuum, crude chromatographed on silica gel 

with a gradient 0-10% MeOH in DCM to afford 1.7 g of the desired compound (5.14 mmol, 

y= 69%). 

1H NMR (500 MHz, CDCl3) δ 7.85 ( , J = 8.7 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.46 – 7.37 (m, 

5H), 5.31 (s, 2H), 4.74 – 4.67 (m, 1H), 1.34 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.7, 153.0, 149.0, 144.8, 134.4, 129.4, 129.1, 128.9, 127.6, 

126.6, 119.7, 78.7, 77.3, 22.3. 

HRMS (ESI) calculated for C17H17NNaO6 (M+Na+) 354.0948, found 354.0950. 
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Tert-butyl 4-(2-(benzyloxy)-3-isopropoxy-4-nitrobenzamido)benzoate (136) 

 

POCl3 (0.031 mL; 0.33 mmol) was added at 0 °C to a stirred solution of tert-butyl 4-(2-

(benzyloxy)-3-isopropoxy-4-nitrobenzamido)benzoate (110 mg; 0.33 mmol), TEA (0.077mL; 

0.55 mmol) and tert-butyl 4-aminobenzoate (53 mg; 0.27 mmol) in DCM (4.5 mL) under 

nitrogen. Reaction stirred 2.5 h, then quenched with NaHCO3 saturated solution, solvent 

partially reduced under vacuum , then diluted with EtOAc (20 mL) and NaHCO3 saturated 

solution (20 mL), organic phase then washed with HCl 1 N and brine, dried over sodium 

sulphate and reduced under vacuum to give around 200 mg of crude material which was 

chromatographed on silica gel with a gradient 5-30% EtOAc in PetEt to give 75 mg of a 

yellow oil (0.15 mmol; y= 55%). 

1H NMR (500 MHz, CDCl3) δ 9.94 ( , 1 ), 8.09 ( , J = 8.8 Hz, 1H), 7.89 – 7.85 (m, 2H), 7.66 (d, J 

= 8.8 Hz, 1H), 7.47 – 7.36 (m, 5H), 7.28 – 7.23 (m, 2H), 5.31 (s, 2H), 4.73 (hept, J = 6.2 Hz, 1H), 

1.60 (s, 9H), 1.41 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 165.3, 160.9, 151.8, 148.1, 144.5, 141.1, 134.5, 130.6, 130.4, 

129.6, 129.2, 129.2, 127.8, 126.3, 119.9, 119.1, 81.0, 78.7, 77.7, 28.2, 22.4. 

HRMS (ESI) calculated for C28H31N2O7 (M+H+) 507.2126, found 507.2120. 
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Tert-butyl 4-(4-amino-2-hydroxy-3-isopropoxybenzamido)benzoate (137) 

 

Tert-butyl 4-(2-(benzyloxy)-3-isopropoxy-4-nitrobenzamido)benzoate (1.22 g; 2.41 mmol) 

was dissolved in MeOH (35 mL). The solution was purged with N2, then Pd/C (240 mg) was 

added and solution purged with H2. The reaction was stirred under an H2 atmosphere for 2 

h, afterwards the mixture was filtered over a pad of celite and solvent removed under 

reduced pressure. The crude thus obtained was chromatographed on silica gel with  gradient 

0-20% MeOH in DCM to give 906 mg of desired product (2.37 mmol; y= 97%). 

1   MR (500 M  , DMSO) δ 12.57 ( , 1 ), 10.15 ( , 1 ), 7.92 – 7.84 (m, 2H), 7.83 – 7.78 (m, 

2H), 7.59 (d, J = 8.9 Hz, 1H), 6.26 (d, J = 8.8 Hz, 1H), 5.66 (s, 2H), 4.46 (dt, J = 12.3, 6.1 Hz, 1H), 

1.55 (s, 9H), 1.22 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 169.9, 165.1, 156.2, 148.7, 143.1, 130.3, 130.0, 126.6, 124.2, 

120.7, 105.8, 103.9, 80.8, 73.2, 28.3, 22.7. 

HRMS (ESI) calculated for C21H27N2O5 (M+H+) 387.1914, found 387.1902. 
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Tert-butyl 4-(4-azido-2-hydroxy-3-isopropoxybenzamido)benzoate (132) 

 

Tert-butyl 4-(4-amino-2-hydroxy-3-isopropoxybenzamido)benzoate (40 mg, 0.10 mmol) was 

dissolved in acetonitrile (2 mL) and the reaction mixture was cooled to 0 °C, then 

terbutylnitrite (18.5 µL, 0.15 mmol) and trimethylsilylazide (20.4 µL, 0.15 mmol) were 

subsequently added dropwise and the reaction mixture was allowed to stir at room 

temperature for 2 hours. After evaporation of the volatiles, the crude mixture was subjected 

to purification by flash column chromatography using petroleum ether / ethyl acetate 8:2 as 

an eluent to obtain 30 mg of a pale yellow orange solid (0.072 mmol, y= 70 %). 

1H NMR (500 MHz, CDCl3) δ 10.49 ( , 1 ), 8.56 ( , 1 ), 8.02 ( , J = 8.7 Hz, 2H), 7.68 (d, J = 8.8 

Hz, 2H), 7.49 (d, J = 8.8 Hz, 1H), 6.65 (d, J = 8.8 Hz, 1H), 4.76 (hept, 6.1 Hz, 1H), 1.61 (s, 9H), 

1.37 (d, J = 6.2 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 166.1, 165.2, 154.0, 140.9, 138.0, 137.9, 130.7, 128.2, 122.6, 

119.6, 113.1, 110.9, 81.0, 76.0, 28.2, 22.2 

HRMS (ESI) calculated for C21H23N4O5 (M-H+) 411.1674, found 411.1662. 
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4-(4-(4-(4-(4-Amino-2-(4-(4-cyanobenzamido)benzamido)-4-oxobutanamido)phenyl)-1H-

1,2,3-triazol-1-yl)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (130) 

 

(S)-2-(4-(4-Cyanobenzamido)benzamido)-N1-(4-ethynylphenyl)-N4-tritylsuccinamide (9 mg, 

0.012 mmol) and tert-butyl 4-(4-azido-2-hydroxy-3-isopropoxybenzamido)benzoate (5 mg, 

0.012 mmol) were dissolved in 300 µL DMSO/THF mixture (2:1) and then sodium ascorbate 

(1.4 mg, 0.0072 mmol) previously dissolved in 10 µL of water was added followed by TBTA 

(2.5 mg, 0.0048 mmol) previously dissolved in DMSO (10 µL). Finally; copper sulfate (0.2 mg, 

0.0012 mmol) was added as a solid and the reaction mixture was allowed to stir at room 

temperature for 2 hours. After extraction with ethyl acetate (3x1 mL), the organic layer was 

washed with NH4Cl saturated solution, water and brine, dried over sodium sulfate and 

evaporated under reduced pressure to obtain 14 mg (0.012 mmol, y= q.) of a yellow oil. The 

residue was used in the next step without further purification. Part of the residue (10 mg, 

0.0088 mmol) was dissolved in DCM (250 µL), then TFA (50µL) and Tips (10 µL) were 

subsequently added and the reaction mixture was allowed to stir at room temperature for 3 

hours. After evaporation of the volatiles, the crude residue was purified by preparative RP-

HPLC using water (10 mM NH4HCO3) / acetonitrile to afford the pure compound as a white 

solid (4 mg, 0.0048 mmol, 55%).  

1   MR (700 M  , DMSO) δ 15.18 ( , 1 ), 10.74 ( , 1 ), 10.31 ( , 1 ), 8.80 ( , J = 5.7 Hz, 1H), 

8.69 (s, 1H), 8.14 (d, J = 8.4 Hz, 2H), 8.04 (d, J = 8.3 Hz, 2H), 7.95 (d, J = 8.7 Hz, 2H), 7.89 (d, J 

= 8.7 Hz, 2H), 7.87 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 8.6 Hz, 2H), 7.61 (d, J 

= 8.5 Hz, 1H), 7.59 (d, J = 8.3 Hz, 2H), 7.47 (s, 1H), 6.97 (s, 1H), 6.34 (d, J = 8.5 Hz, 1H), 4.92 

(dd, J = 13.8, 7.7 Hz, 1H), 4.83 (hept, J = 6.1 Hz, 1H), 2.74 – 2.65 (m, 2H), 0.93 (d, J = 6.0 Hz, 

6H). 

13C NMR (176 MHz, DMSO) δ 171.4, 170.2, 169.8, 166.7, 166.3, 165.7, 164.4, 145.1, 141.5, 

141.1, 138.7, 132.5, 129.7, 129.2, 128.6, 128.3, 126.4, 125.9, 125.6, 123.9, 122.5, 119.7, 

119.5, 119.4, 118.3, 117.7, 103.1, 70.8, 51.7, 40.0, 37.0, 22.2. 
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HRMS (ESI) calculated for C44H36N9O9 (M-H+) 834.2641, found 834.2661. 

4.2.2.5 Photoswitchable cystobactamids 

(E)-4-((4-Cyanophenyl)diazenyl)benzoic acid (140) 

 

A solution of NaCN in water (345 mg, 7.05 mmol in 4 mL) was added at 0°C to a stirred 

mixture of CuCN (241 mg, 2.69 mmol) in water (2 mL), the mixture was stirred at 0° for 30 

min.. 

(E)-4-((4-aminophenyl)diazenyl)benzoic acid95 was suspended in 2 N HCl (4 mL) and cooled 

to 0°C, then a solution of NaNO2 (150 mg, 2.18 mmol) in water (0.45 mL) was added 

dropwise keeping the temperature low. The mixture was stirred for 20 min at 0°C and then 

Na2CO3 was added portion wise to quench the excess of HCl. The resulting mixture was then 

added dropwise at 0°C to the solution of Cu/Na cyanide. The reaction was stirred for 1 h 

hour at 0°C, then 200 mL of HCl 1N and EtOAc were added, watery phase extracted again 3 

times with EtOAc (80 mL). The combined organic phases were washed with brine (200 mL) 

and dried over sodium sulphate. The solvent was removed under vacuum to obtain 450 mg 

of a crude product that was used in the next step without further purification. 

 

Starting from intermediate 101, after Trityl and Fmoc deprotection (see general procedures 

section 4.2.2.2.5.3), amine 102 was coupled to a desired carboxylic acid (fragment A1) to 

obtain the following photoswitchable cystobactamids:  
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(S,E)-4-(4-(4-(4-Amino-4-oxo-2-(4-(phenyldiazenyl)benzamido)butanamido)benzamido)-2-

hydroxy-3-isopropoxybenzamido)benzoic acid (143) 

 

(E)-4-(Phenyldiazenyl)benzoic acid (0.039 mmol) was mixed with HBTU (0.039 mmol) in DMF 

(0.1 mL), to this solution DiPEA (0.117 mmol) was added. The reaction was stirred 15 min. 

then added to the crude amine 102 (0.019 mmol). The reaction was stirred overnight and 

purified by preparative RP-HPLC with a gradient 10-95% CH3CN in water 10 mM NH4HCO3 in 

40 min. to give 2.5 mg of desired product (0.0032 mmol; y= 17%). 

1   MR (700 M  , DMSO) δ 12.79 (  , 1 ), 12.29 (  , 1H), 10.62 (br, 1H), 10.49 (s, 1H), 9.36 

(br, 1H), 8.94 (d, J = 7.3 Hz, 1H), 8.14 – 8.10 (m, 2H), 8.01 – 7.98 (m, 2H), 7.98 – 7.92 (m, 6H), 

7.87 – 7.81 (m, 5H), 7.66 (br, 1H), 7.64 – 7.60 (m, 3H), 7.41 (s, 1H), 7.01 (s, 1H), 4.97 (dd, J = 

13.9, 7.3 Hz, 1H), 4.58 (br, 1H), 2.74 – 2.70 (m, 2H), 1.26 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.5, 168.4, 166.9, 165.6, 164.1, 153.4, 151.9, 142.4, 

136.4, 136.0, 132.0, 130.2, 129.6, 128.9, 128.2, 122.9, 122.8, 122.3, 120.5, 118.9, 51.7, 36.7, 

22.3. 

HRMS (ESI+): m/z for C41H38N7O9 (M+H+): calculated: 772.2726, found: 772.2724. 

 

(S,E)-4-(4-(4-(4-Amino-2-(4-((4-(dimethylamino)phenyl)diazenyl)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (144) 
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(E)-4-((4-(Dimethylamino)phenyl)diazenyl)benzoic acid (11.7 mg, 0.044 mmol) was mixed in 

DMF (0.2 mL) with HOAt (5.9 mg, 0.041 mmol) and EDC (7.8 mg, 0.041 mmol), then collidine 

(0.038 mL, 0.29 mmol) was added. Reaction stirred for 30 min. then crude amine 102 as a 

solution in DMF (0.2 mL) was added to the activated ester. Reaction stirred at r.t. overnight, 

then diluted with EtOAc (15 mL), THF (5 mL) and HCl (20 mL), organic phase evaporated. The 

crude residue was purified by preparative RP-HPLC using condition B as described in section 

4.2.1.2 to obtain 2.1 mg of desired product (0.0026 mmol, y= 9%). 

1   MR (500 M  , DMSO) δ 12.79 (  , 1 ), 12.30 (  , 1 ), 10.63 (  , 1 ), 10.49 ( , 1 ), 9.38 

(s, 1H), 8.85 (d, J = 7.3 Hz, 1H), 8.28 (br, 1H), 8.07 – 8.01 (m, 2H), 7.95 (dd, J = 8.6, 6.1 Hz, 

4H), 7.87 – 7.80 (m, 9H), 7.67 (d, J = 8.4 Hz, 1H), 7.40 (s, 1H), 7.00 (s, 1H), 6.86 (d, J = 9.3 Hz, 

2H), 4.95 (q, J = 7.1 Hz, 1H), 4.61 – 4.52 (m, 1H), 3.08 (s, 6H), 2.71 (d, J = 7.1 Hz, 2H), 1.26 (d, J 

= 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.6, 168.4, 166.9, 165.8, 164.1, 154.1, 152.9, 142.6, 

142.5, 136.9, 136.4, 134.1, 130.2, 128.7, 128.4, 128.3, 125.1, 122.9, 121.5, 120.6, 118.9, 

111.6, 74.6, 51.7, 36.7, 34.3, 22.3. 

HRMS (ESI) calculated for C43H41N8O9 (M-H+) 813.3002, found 813.2995. 

 

(S,E)-4-(4-(4-(4-Amino-2-(4-((4-cyanophenyl)diazenyl)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzamido)benzoic acid (145) 

 

(E)-4-((4-Cyanophenyl)diazenyl)benzoic acid (10.9 mg, 0.044 mmol) was mixed in DMF (0.2 

mL) with HOAt (5.9 mg, 0.041 mmol) and EDC (7.8 mg, 0.041 mmol), then collidine (0.038 

mL, 0.29 mmol) was added. Reaction stirred for 30 min. then crude amine 102 (0.029 mmol) 

as a solution in DMF (0.2 mL) was added to the activated ester. Reaction stirred at r.t. 

overnight, then diluted with EtOAc (15 mL), THF (5 mL) and HCl (20 mL), organic phase 
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evaporated. The crude residue was purified by preparative RP-HPLC using condition B as 

described in section 4.2.1.2 to obtain 2.1 mg of desired product (0.0038 mmol, y= 13%). 

1   MR (700 M  , DMSO) δ 12.58 (  , 1 ), 12.35 (  , 1 ), 10.49 ( , 1 ), 9.15 (  , 1 ), 8.98 

(d, J = 7.3 Hz, 1H), 8.15 – 8.13 (m, 2H), 8.13 – 8.10 (m, 2H), 8.08 – 8.06 (m, 2H), 8.06 – 8.03 

(m, 2H), 7.91 (d, J = 7.6 Hz, 4H), 7.84 – 7.78 (m, 5H), 7.66 (br, 1H), 7.41 (s, 1H), 7.00 (s, 1H), 

4.97 (dd, J = 13.9, 7.4 Hz, 1H), 4.75 (br, 1H), 2.75 – 2.69 (m, 2H), 1.23 (d, J = 6.0 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.2, 170.5, 167.0, 165.5, 153.9, 153.2, 136.9, 133.9, 130.3, 

129.0, 128.0, 123.4, 122.8, 119.0, 118.3, 113.7, 51.7, 36.7, 22.5. 

HRMS (ESI) calculated for C42H37N8O9 (M+H+) 797.2678, found 797.2678. 

 

Tert-butyl (S)-2-(allyloxy)-4-(4-(2-(4-(4-cyanobenzamido)benzamido)-4-oxo-4-(trityl-

amino)butanamido)benzamido)-3-isopropoxybenzoate (147) 

 

The synthesis of this intermediate is described in Tim Mollner master thesis and in the 

European patent application cited in section 4.2.2. 

This molecule is one of the starting materials used in the experimental procedures described 

below. 
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(S)-4-(2-(4-(4-(4-Amino-2-(4-(4-cyanobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-isopropoxybenzoyl)hydrazineyl)benzoic acid 

(125) 

 

Tert-butyl (S)-2-(allyloxy)-4-(4-(2-(4-(4-cyanobenzamido)benzamido)-4-oxo-4-(trityl-

amino)butanamido)benzamido)-3-isopropoxybenzoate (147) (21 mg, 0.021 mmol) was 

   p         DCM (2   ),       x                   0°C,      T p  (13 μ , 0.06     ) 

followed by TFA (0.5 mL) were added. Reaction stirred 2 hours at r.t., then solvent removed 

under vacuum, the residue was dissolved in DCM and evaporated twice. The crude product 

was left at the high vacuum povernight. The residue (0.021 mmol) was mixed with HATU (8.0 

 g, 0.021     )    DM  (0.5   )          D PEA (18.3 μ , 0.105     )   s added. 

Reaction stirred 30 min at r.t. then 4-hydrazineylbenzoic acid (8.6 mg, 0.063 mmol) as a 

solution in DMF (0.1 mL) was added. Reaction stirred for 3 hours at r.t. then EtOAc (20 mL) 

and HCl 1N/ice (20 mL) were added. The organic phase was washed with brine, dried over 

sodium sulphate and removed under vacuum.  

Part of the residue (0.005 mmol) was suspended in THF (0.5 mL), PhSiH3 (1.23 μ , 0.01 

mmol) followed by Pd-tetrakis (1.3 mg, 0.0012 mmol) were added. The reaction was stirred 

for two hours and then purified on preparative RP-HPLC using condition B as described in 

section 4.2.1.2 to obtain1.2 mg of desired product (0.0015 mmol, y= 29%). 

1   MR (700 M  , DMSO) δ 12.00 (  , 1 ), 10.71 ( , 1 ), 10.45 ( , 1 ), 9.00 ( , J = 15.8 Hz, 

1H), 8.97 (br, 1H), 8.70 (d, J = 7.1 Hz, 2H), 8.57 (br, 1H), 8.13 (d, J = 8.2 Hz, 2H), 8.04 (d, J = 

8.3 Hz, 2H), 7.93 (d, J = 8.8 Hz, 2H), 7.91 – 7.84 (m, 4H), 7.82 – 7.78 (m, 2H), 7.68 (d, J = 8.4 

Hz, 2H), 7.41 (s, 2H), 7.23 (br, 1H), 6.98 (s, 1H), 6.73 (d, J = 8.1 Hz, 2H), 4.92 (q, J = 7.1 Hz, 

1H), 4.83 (br, 1H), 2.69 (d, J = 6.9 Hz, 2H), 1.21 (d, J = 6.0, 3.8 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.5, 165.7, 164.4, 163.4, 157.1, 142.1, 141.6, 

138.7, 135.3, 133.9, 132.5, 130.9, 129.2, 128.6, 128.3, 127.8, 123.8, 119.5, 119.0, 118.3, 

114.0, 110.3, 107.7, 72.9, 51.6, 36.8, 22.6, 22.5. 
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HRMS (ESI) calculated for C43H39N8O10 (M+H+) 827.2784, found 827.2798. 

 

Tert-butyl (S)-2-(2-(allyloxy)-4-(4-(4-amino-2-(4-(4-cyanobenzamido)benzamido)-4-

oxobutanamido)benzamido)-3-isopropoxybenzoyl)hydrazine-1-carboxylate (148) 

 

Tert-butyl (S)-2-(allyloxy)-4-(4-(2-(4-(4-cyanobenzamido)benzamido)-4-oxo-4-(trityl-

amino)butanamido)benzamido)-3-isopropoxybenzoate (147) (75 mg, 0.073 mmol) was 

   p         DCM (3   ),       x                   0°C,      T p  (42 μ , 0.204     ) 

followed by TFA (0.75 mL) were added. Reaction stirred 2 hours at r.t., then solvent removed 

under vacuum, the residue was dissolved in DCM and evaporated twice. The crude product 

was left at the high vacuum povernight. The residue (0.073 mmol) was mixed with HATU 

(29.1  g, 0.077     )    DM  (1.7   ) D PEA (63.5 μ , 0.365     )          . T   

reaction was stirred for 30 min, then a solution of tert-Butyl carbazate (30 mg, 0.219 mmol) 

in DMF (0.5 mL) was added at 0°C.The reaction was stirred for 3 hours at r.t., then EtOAc (30 

mL) and HCl 1N/ice 1:1 (30 mL) were added. The organic phase was washed with NaHCO3 

(30 mL), brine (20 mL) and dried over sodium sulphate. The crude resiued was 

chromatographed on silica gel with a gradient 0-10% MeOH in DCM to give 38 mg of desired 

product (0.045 mmol, y= 62%). 

1   MR (700 M  , DMSO) δ 10.70 ( , 1 ), 10.44 ( , 1 ), 9.73 ( , 1 ), 9.44 ( , 1 ), 8.96 ( , 

1H), 8.66 (d, J = 7.3 Hz, 1H), 8.14 – 8.11 (m, 2H), 8.06 – 8.03 (m, 2H), 7.97 – 7.91 (m, 4H), 

7.91 – 7.87 (m, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 9.3 Hz, 1H), 7.39 (s, 1H), 7.29 (d, J = 

8.3 Hz, 1H), 6.99 (s, 1H), 6.15 – 6.07 (m, 1H), 5.36 (dd, J = 17.2, 1.6 Hz, 1H), 5.23 (d, J = 10.4 

Hz, 1H), 4.92 (dd, J = 14.0, 7.2 Hz, 1H), 4.58 (d, J = 5.3 Hz, 2H), 4.48 – 4.41 (m, 1H), 2.69 (d, J = 

7.9 Hz, 2H), 1.44 (s, 9H), 1.23 (d, J = 6.1 Hz, 6H). 

13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 165.7, 165.4, 164.4, 164.2, 155.3, 149.8, 142.4, 

141.6, 138.7, 135.5, 134.0, 132.5, 129.1, 128.6, 128.3, 125.0, 123.8, 119.5, 118.8, 118.5, 

118.3, 118.1, 114.0, 79.2, 76.0, 74.5, 51.6, 36.8, 28.1, 22.3. 
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HRMS (ESI) calculated for C43H41N8O9 (M-H+) 813.3002, found 813.2995. 

 

(S,E)-4-((2-(4-(4-(4-Amino-2-(4-(4-cyanobenzamido)benzamido)-4-

oxobutanamido)benzamido)-2-hydroxy-3-

isopropoxybenzoyl)hydrazineylidene)methyl)benzoic acid (146) 

 

Tert-butyl (S)-2-(2-(allyloxy)-4-(4-(4-amino-2-(4-(4-cyanobenzamido)benzamido)-4-

oxobutanamido)benzamido)-3-isopropoxybenzoyl)hydrazine-1-carboxylate (148) (18 mg, 

0.021 mmol) was suspended in DCM (0.8 mL) and to the mixture TFA (0.2 mL) was added. 

The mixture turned into a solution and reaction stirred for 1.5 hours, the solvent was 

removed under vacuum and the residue dissolved in DCM (1 mL) and evaporated again 

twice. 

A solution of 4-formylbenzoic acid (3.9 mg, 0.026 mmol) in THF (0.2 mL) was added to the 

residue from the previous reaction. Suddenly a dense white precipitate formed. The solvent 

was removed under vacuum and the residue left at high vacuum overnight. The crude was 

suspended in THF (2.1 mL), PhSiH3 (10.3 μ , 0.084     ) f         y P -tetrakis (6.1 mg, 

0.0053 mmol) were added. The reaction was stirred for 3 hours and then the purified by 

preparative RP-HPLC using condition B as described in section 4.2.1.2 to obtain 1.8 mg of a 

white material (0.0021 mmol, y= 10%).  

1   MR (700 M  , DMSO) δ 12.86 (  , 1 ), 10.70 ( , 1 ), 10.47 ( , 1 ), 9.27 ( , 1 ), 8.68 ( , J 

= 7.3 Hz, 1H), 8.51 (s, 1H), 8.15 – 8.11 (m, 1H), 8.04 (d, J = 8.4 Hz, 1H), 8.01 (d, J = 8.1 Hz, 1H), 

7.93 (dd, J = 7.8, 5.8 Hz, 1H), 7.89 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.82 (d, J = 8.7 

Hz, 1H), 7.68 (d, J = 7.8 Hz, 1H), 7.58 (br, 1H), 7.41 (s, 1H), 6.99 (s, 1H), 4.92 (q, J = 7.1 Hz, 

1H), 4.65 (br, 1H), 2.69 (d, J = 7.0 Hz, 2H), 1.25 (d, J = 6.1 Hz, 6H). 
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13C NMR (176 MHz, DMSO) δ 171.3, 170.7, 167.0, 166.3, 165.8, 164.5, 164.0, 142.4, 141.6, 

138.7, 138.3, 136.5, 134.1, 132.5, 132.0, 129.8, 129.2, 128.6, 128.3, 128.1, 127.1, 122.4, 

119.5, 118.9, 118.3, 114.0, 73.9, 55.2, 51.6, 36.8, 22.4. 

HRMS (ESI) calculated for C44H39N8O10 (M+H+) 839.2784, found 839.2781. 

  



Abbreviations 

224 
 

5 ABBREVIATIONS 

AcOH= acetic acid 

Alb= albicidin 

Allyl-Br= allyl bromide 

Asn= L-asparagine 

ATP= adenosine triphosphate  

BTC= bis(trichloromethyl) carbonate 

CIP= ciprofloxacin 

cys= cystobactamid 

Collidine= 2,4,6-collidine 

COSY= correlation spectroscopy 

DAST= diethylaminosulfur trifluoride  

DiPEA= N,N-diisopropylethylamine 

DCM= dichloromethane 

DMF= N,N-dimethylformamide 

DMSO= dimethyl sulfoxide 

DNA= deoxyribonucleic acid 

ECD= 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid 

EDG= electron donating group 

EIC= extracted ion chromatogram 

ESI= electrospray ionization 

Et= ethyl 

Et2O= diethylether 

EtOAc= ethyl acetate 

EtOH= ethanol 

EWG= electron withdrawing group 

FDA= United States food and drug administration 

FDAA=1-fluoro-2-4-dinitrophenyl-5-L-alanine amide 

Fmoc= fluorenylmethoxycarbonyl 

h= hours 

HATU= 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5- 
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b]pyridinium 3-oxid hexafluorophosphate 

HBTU= 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HOAt= 1-hydroxy-7-azabenzotriazol 

HRMS= high resolution mass spectrometry 

i-But-Br= isobutyl bromide 

IC50= half maximal inhibitory concentration 

i-Pr= iso propoxy 

i-Pr-Br= isopropyl bromide 

LTMP= lithium tetramethylpiperidin 

LCMS= liquid chromatography–mass spectrometry 

M+H+= molecular ion plus one hydrogen atom 

M-H+= molecular ion minus one hydrogen atom 

M+Na+= molecular ion plus one sodium atom 

m-= meta- 

Me= methyl 

MIC= minimum inhibitory concentration 

MoA= mechanism of action 

MOM= methoxymethyl ether 

MOM-Cl= (chlormethyl)methylether 

MS= mass 

MW= microwave reactor synthetizer 

n= number 

NaH= sodium hydride 

nd= not determined 

NMR= nuclear magnetic resonance 

p-= para- 

PABA= para aminobenzoic acid 

PRP= pentapeptide-repeat 

Pet. Et= petrolether 

Pd/C= palladium on activated charcoal 

Ph= phenyl 

PhSiH3= phenylsilane 
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Py= pyridine 

PNBA= p-nitrobenzoic acid 

Ppm= parts per million 

PSS= photostationary state 

RP-HPLC= reversed phase high-performance liquid chromatography 

SAR= structure-activity relationships 

Sec But= sec butyl 

rt= room temperature 

TBTA= tris(benzyltriazolylmethyl)amine 

tBu-= tert-butyl- 

t-BuOH= tert butanol 

TEA= trimethylamine 

TFA= trifluoroacetic acid 

THF= tetrahydrofuran 

TIPS= triisopropylsilane 

TLC= thin-layer chromatography 

TMS-N3= trimethylsilyl azide 

Trt= trityl 

UV= ultraviolet 

WT= wild type 

 



Supplementary information 

227 
 

6 REFERENCES 

(1) Fleming, A. On the antibacterial action of cultures of a penicillium, with special 
reference to their use in the isolation of B. influenzae. 1929. Bull World Health Organ 
2001, 79 (8), 780. 

(2) Lesch, J. E. The First Miracle Drugs: How the Sulfa Drugs Transformed Medicine, 
Oxford University Press, New York, 2007. 

(3) A Brief Overview of Classes of Antibiotics, 
http://www.compoundchem.com/2014/09/08/antibiotics/ (accessed Aug. 2017) 

(4) Lemke, T. L.; Williams, D. A.; Roche, V. F.; Zito, S. V. Foye´s principles of medicinal 
chemistry, Lippincott Williams and Wilkins: Philadelphia (USA), 7th edition 2012, 
chapter 34. 

(5) Kahan, J. S.; Kahan, F. M.; Goegelman, R.; Currie, S. A.; Jackson, M.; Stapley, E. O.; 
Miller, T. W.; Miller, A. K.; Hendlin, D.; Mochales, S.et al. Thienamycin, a new beta-
lactam antibiotic. I. Discovery, taxonomy, isolation and physical properties. J Antibiot 
(Tokyo) 1979, 32 (1), 1. 

(6) Papp-Wallace, K. M.; Endimiani, A.; Taracila, M. A.; Bonomo, R. A. Carbapenems: 
past, present, and future. Antimicrob Agents Chemother 2011, 55 (11), 4943. 

(7) Wright, P. M.; Seiple, I. B.; Myers, A. G. The evolving role of chemical synthesis in 
antibacterial drug discovery. Angew Chem Int Ed Engl 2014, 53 (34), 8840. 

(8) Nelson, M. L.; Levy, S. B. The history of the tetracyclines. Ann N Y Acad Sci 2011, 
1241, 17. 

(9) Charest, M. G.; Lerner, C. D.; Brubaker, J. D.; Siegel, D. R.; Myers, A. G. A convergent 
enantioselective route to structurally diverse 6-deoxytetracycline antibiotics. Science 
2005, 308 (5720), 395. 

(10) Conover, L. H.; Moreland, W. T.; English, A. R.; Stephens, C. R.; Pilgrim, F. J. 
TERRAMYCIN. XI. TETRACYCLINE. J. Am. Chem. Soc., 1953, 75 (18), 4622. 

(11) Stephens, C. R.; Murai, K.; Rennhard, H. H.; Conover, L. H.; Brunings, K. J. 
HYDROGENOLYSIS STUDIES IN THE TETRACYCLINE SERIES—6-DEOXYTETRACYCLINES. 
J. Am. Chem. Soc. 1958, 80, 5324. 

(12) McCormick, J. R. D.; Jensen, E. R.; Miller, P. A.; Doerschuk, A. P. The 6-
Deoxytetracyclines. Further Studies on the Relationship between Structure and 
Antibacterial Activity in the Tetracycline Series. J. Am. Chem. Soc. 1960, 82, 3381. 

(13) Martell, M. J., Jr.; Boothe, J. H. The 6-deoxytetracyclines. VII. Alkylated 
aminotetracyclines possessing unique antibacterial activity. J Med Chem 1967, 10 (1), 
44. 

(14) Z        R. T. RED CTIVE A KY ATIO  PROCESS,  S3483251 (A) ― 1969-12-09. 
(15) Sum, P. E.; Lee, V. J.; Testa, R. T.; Hlavka, J. J.; Ellestad, G. A.; Bloom, J. D.; Gluzman, 

Y.; Tally, F. P. Glycylcyclines. 1. A new generation of potent antibacterial agents 
through modification of 9-aminotetracyclines. J Med Chem 1994, 37 (1), 184. 

(16) Sum, P. E.; Petersen, P. Synthesis and structure-activity relationship of novel 
glycylcycline derivatives leading to the discovery of GAR-936. Bioorg Med Chem Lett 
1999, 9 (10), 1459. 

(17) Falagas, M. E.; Kasiakou, S. K. Colistin: the revival of polymyxins for the management 
of multidrug-resistant gram-negative bacterial infections. Clin Infect Dis 2005, 40 (9), 
1333. 

http://www.compoundchem.com/2014/09/08/antibiotics/


Supplementary information 

228 
 

(18) Kaewpoowat, Q.; Ostrosky-Zeichner, L. Tigecycline : a critical safety review. Expert 
Opin Drug Saf 2015, 14 (2), 335. 

(19) Korst, J. J.; Johnston, J. D.; Butler, E.; Bianco, J.; Conover, L. H.; Woodward, R. B. The 
total synthesis of dl-6-demethyl-6-deoxytetracycline. J. Am. Chem. Soc. 1968, 90, 
439. 

(20) Muxfeldt, H.; Hardtmann, G.; Kathawala, F.; Vedejs, E.; Mooberry, J. B. Tetracyclines. 
VII. Total synthesis of dl-terramycin. J. Am. Chem. Soc. 1968, 90, 6534. 

(21) Kirchlechner, R.; Rogalski, W. Synthesis of 6-thiatetracycline, a highly active analogue 
of the antibiotic tetracycline. Tetrahedron Lett. 1980, 21, 247. 

(22) TETRAPHASE PHARMACEUTICALS PIPELINE https://www.tphase.com/our-
science/pipeline/ (accessed Dec. 2017) 

(23) Gootz, T. D.; Brighty, K. E. The Quinolones, 2nd ed. (Ed.: V. T. Andriole), Academic 
Press, 1998, p. 30. 

(24) Lesher, G. Y.; Gruett, M. D. 3-X-4-Oxo-1,8-naphthyridines et Leur Preparation, 
BE612258 ― 1962-07-03 

(25) Barton, N.; Crowther, A. F.; Hepworth, W.; Richardson, N. D.; Driver, G. W. New 
Q              T    p      C  p         C        g T   , ―  B830832, 1960-03-
23. 

(26) Bisacchi, G. S. Origins of the Quinolone Class of Antibacterials: An Expanded 
"Discovery Story". J Med Chem 2015, 58 (12), 4874. 

(27) Lesher, G. Y.; Froelich, E. J.; Gruett, M. D.; Bailey, J. H.; Brundage, R. P. 1,8-
Naphthyridine Derivatives. A New Class of Chemotherapeutic Agents. J Med Pharm 
Chem 1962, 91, 1063. 

(28) Koga, H.; Itoh, A.; Murayama, S.; Suzue, S.; Irikura, T. Structure-activity relationships 
of antibacterial 6,7- and 7,8-disubstituted 1-alkyl-1,4-dihydro-4-oxoquinoline-3-
carboxylic acids. J Med Chem 1980, 23 (12), 1358. 

(29) Domagala, J. M.; Hanna, L. D.; Heifetz, C. L.; Hutt, M. P.; Mich, T. F.; Sanchez, J. P.; 
Solomon, M. New structure-activity relationships of the quinolone antibacterials 
using the target enzyme. The development and application of a DNA gyrase assay. J 
Med Chem 1986, 29 (3), 394. 

(30) Chu, D. T.; Fernandes, P. B. Structure-activity relationships of the fluoroquinolones. 
Antimicrob Agents Chemother 1989, 33 (2), 131. 

(31) The top 10 causes of death, http://www.who.int/mediacentre/factsheets/fs310/en/ 
(accessed Sept. 2017) 

(32) Cooper, M. A.; Shlaes, D. Fix the antibiotics pipeline. Nature 2011, 472 (7341), 32. 
(33) Walsh, C. T.; Wencewicz, T. A. Prospects for new antibiotics: a molecule-centered 

perspective. J Antibiot (Tokyo) 2014, 67 (1), 7. 
(34) Lobanovska, M.; Pilla, G. Penicillin's Discovery and Antibiotic Resistance: Lessons for 

the Future? Yale J Biol Med 2017, 90 (1), 135. 
(35) Antibiotics Currently in Clinical Development 

http://www.pewtrusts.org/~/media/assets/2017/05/antibiotics-currently-in-clinical-
development-03-2017.pdf (accessed Sept. 2017) 

(36) New Class of Antibacterials Based on a Completely New Mechanism of Action, 
http://www.mgb-biopharma.com/wp-content/uploads/2013/10/MGB-Biopharma-
Bio-Europe-Presentation-6th-Nov-2013.pdf (accessed Sept. 2017) 

(37) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E. The molecular origin of 
DNA-drug specificity in netropsin and distamycin. Proc Natl Acad Sci U S A 1985, 82 
(5), 1376. 

https://www.tphase.com/our-science/pipeline/
https://www.tphase.com/our-science/pipeline/
http://www.who.int/mediacentre/factsheets/fs310/en/
http://www.pewtrusts.org/~/media/assets/2017/05/antibiotics-currently-in-clinical-development-03-2017.pdf
http://www.pewtrusts.org/~/media/assets/2017/05/antibiotics-currently-in-clinical-development-03-2017.pdf
http://www.mgb-biopharma.com/wp-content/uploads/2013/10/MGB-Biopharma-Bio-Europe-Presentation-6th-Nov-2013.pdf
http://www.mgb-biopharma.com/wp-content/uploads/2013/10/MGB-Biopharma-Bio-Europe-Presentation-6th-Nov-2013.pdf


Supplementary information 

229 
 

(38) Srinivas, N.; Jetter, P.; Ueberbacher, B. J.; Werneburg, M.; Zerbe, K.; Steinmann, J.; 
Van der Meijden, B.; Bernardini, F.; Lederer, A.; Dias, R. L.et al. Peptidomimetic 
antibiotics target outer-membrane biogenesis in Pseudomonas aeruginosa. Science 
2010, 327 (5968), 1010. 

(39) Luther, A.; Bisang, C.; Obrecht, D. Advances in macrocyclic peptide-based antibiotics. 
Bioorg Med Chem 2017, DOI:10.1016/j.bmc.2017.08.006 10.1016/j.bmc.2017.08.006. 

(40) Yum, J. H.; Kim, C. K.; Yong, D.; Lee, K.; Chong, Y.; Kim, C. M.; Kim, J. M.; Ro, S.; Cho, J. 
M. In vitro activities of CG400549, a novel FabI inhibitor, against recently isolated 
clinical staphylococcal strains in Korea. Antimicrob Agents Chemother 2007, 51 (7), 
2591. 

(41) Mensa, B.; Howell, G. L.; Scott, R.; DeGrado, W. F. Comparative mechanistic studies 
of brilacidin, daptomycin, and the antimicrobial peptide LL16. Antimicrob Agents 
Chemother 2014, 58 (9), 5136. 

(42) Kowalski, R. P.; Romanowski, E. G.; Yates, K. A.; Mah, F. S. An Independent Evaluation 
of a Novel Peptide Mimetic, Brilacidin (PMX30063), for Ocular Anti-infective. J Ocul 
Pharmacol Ther 2016, 32 (1), 23. 

(43) Press release, 20 June 2016, Spero Therapeutics 
https://sperotherapeutics.com/news/press-releases/spero-therapeutics-unveils-
data-lead-potentiator-candidate-treatment-multidrug-resistant-gram-negative-
infections-asm-microbe-2016/ (accessed Sept. 2017) 

(44) Press release, 27 February 2017, WHO, 
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-
needed/en/ (accessed Sept. 2017) 

(45) Birch, R. G.; Patil, S. S. Preliminary characterization of an antibiotic produced by 
Xanthomonas albilineans which inhibits DNA synthesis in Escherichia coli. J Gen 
Microbiol 1985, 131 (5), 1069. 

(46) Cociancich, S.; Pesic, A.; Petras, D.; Uhlmann, S.; Kretz, J.; Schubert, V.; Vieweg, L.; 
Duplan, S.; Marguerettaz, M.; Noell, J.et al. The gyrase inhibitor albicidin consists of 
p-aminobenzoic acids and cyanoalanine. Nat Chem Biol 2015, 11 (3), 195. 

(47) Baumann, S.; Herrmann, J.; Raju, R.; Steinmetz, H.; Mohr, K. I.; Huttel, S.; Harmrolfs, 
K.; Stadler, M.; Muller, R. Cystobactamids: myxobacterial topoisomerase inhibitors 
exhibiting potent antibacterial activity. Angew Chem Int Ed Engl 2014, 53 (52), 14605. 

(48) Cheng, B.; Muller, R.; Trauner, D. Total Syntheses of Cystobactamids and Structural 
Confirmation of Cystobactamid 919-2. Angew Chem Int Ed Engl 2017, 
DOI:10.1002/anie.201705387 10.1002/anie.201705387. 

(49) Kim, Y. J.; Kim, H. J.; Kim, G. W.; Cho, K.; Takahashi, S.; Koshino, H.; Kim, W. G. 
Isolation of Coralmycins A and B, Potent Anti-Gram Negative Compounds from the 
Myxobacteria Corallococcus coralloides M23. J Nat Prod 2016, 79 (9), 2223. 

(50) von Eckardstein, L.; Petras, D.; Dang, T.; Cociancich, S.; Sabri, S.; Gratz, S.; Kerwat, D.; 
Seidel, M.; Pesic, A.; Dorrestein, P. C.et al. Total Synthesis and Biological Assessment 
of Novel Albicidins Discovered by Mass Spectrometric Networking. Chemistry 2017, 
23 (61), 15316. 

(51) Huttel, S.; Testolin, G.; Herrmann, J.; Planke, T.; Gille, F.; Moreno, M.; Stadler, M.; 
Bronstrup, M.; Kirschning, A.; Muller, R. Discovery and Total Synthesis of Natural 
Cystobactamid Derivatives with Superior Activity against Gram-Negative Pathogens. 
Angew Chem Int Ed Engl 2017, DOI:10.1002/anie.201705913 
10.1002/anie.201705913. 

https://sperotherapeutics.com/news/press-releases/spero-therapeutics-unveils-data-lead-potentiator-candidate-treatment-multidrug-resistant-gram-negative-infections-asm-microbe-2016/
https://sperotherapeutics.com/news/press-releases/spero-therapeutics-unveils-data-lead-potentiator-candidate-treatment-multidrug-resistant-gram-negative-infections-asm-microbe-2016/
https://sperotherapeutics.com/news/press-releases/spero-therapeutics-unveils-data-lead-potentiator-candidate-treatment-multidrug-resistant-gram-negative-infections-asm-microbe-2016/
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/
http://www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/


Supplementary information 

230 
 

(52) Hashimi, S. M.; Wall, M. K.; Smith, A. B.; Maxwell, A.; Birch, R. G. The phytotoxin 
albicidin is a novel inhibitor of DNA gyrase. Antimicrob Agents Chemother 2007, 51 
(1), 181. 

(53) Papillon, J.; Menetret, J. F.; Batisse, C.; Helye, R.; Schultz, P.; Potier, N.; Lamour, V. 
Structural insight into negative DNA supercoiling by DNA gyrase, a bacterial type 2A 
DNA topoisomerase. Nucleic Acids Res 2013, 41 (16), 7815. 

(54) Basu, A.; Parente, A. C.; Bryant, Z. Structural Dynamics and Mechanochemical 
Coupling in DNA Gyrase. J Mol Biol 2016, 428 (9 Pt B), 1833. 

(55) Laponogov, I.; Sohi, M. K.; Veselkov, D. A.; Pan, X. S.; Sawhney, R.; Thompson, A. W.; 
McAuley, K. E.; Fisher, L. M.; Sanderson, M. R. Structural insight into the quinolone-
DNA cleavage complex of type IIA topoisomerases. Nat Struct Mol Biol 2009, 16 (6), 
667. 

(56) Wohlkonig, A.; Chan, P. F.; Fosberry, A. P.; Homes, P.; Huang, J.; Kranz, M.; Leydon, V. 
R.; Miles, T. J.; Pearson, N. D.; Perera, R. L.et al. Structural basis of quinolone 
inhibition of type IIA topoisomerases and target-mediated resistance. Nat Struct Mol 
Biol 2010, 17 (9), 1152. 

(57) Wang, Y.; Schnell, B.; Baumann, S.; Muller, R.; Begley, T. P. Biosynthesis of Branched 
Alkoxy Groups: Iterative Methyl Group Alkylation by a Cobalamin-Dependent Radical 
SAM Enzyme. J Am Chem Soc 2017, 139 (5), 1742. 

(58) Basnayake, W. V.; Birch, R. G. A gene from Alcaligenes denitrificans that confers 
albicidin resistance by reversible antibiotic binding. Microbiology 1995, 141 ( Pt 3), 
551. 

(59) Birch, R. G.; Pemberton, J. M.; Basnayake, W. V. Stable albicidin resistance in 
Escherichia coli involves an altered outer-membrane nucleoside uptake system. J Gen 
Microbiol 1990, 136 (1), 51. 

(60) Bostock, J. M.; Huang, G.; Hashimi, S. M.; Zhang, L.; Birch, R. G. A DHA14 drug efflux 
gene from Xanthomonas albilineans confers high-level albicidin antibiotic resistance 
in Escherichia coli. J Appl Microbiol 2006, 101 (1), 151. 

(61) Walker, M. J.; Birch, R. G.; Pemberton, J. M. Cloning and characterization of an 
albicidin resistance gene from Klebsiella oxytoca. Mol Microbiol 1988, 2 (4), 443. 

(62) Wall, M. K.; Birch, R. G. Genes for albicidin biosynthesis and resistance span at least 
69 kb in the genome of Xanthomonas albilineans. Lett Appl Microbiol 1997, 24 (4), 
256. 

(63) Zhang, L.; Birch, R. G. The gene for albicidin detoxification from Pantoea dispersa 
encodes an esterase and attenuates pathogenicity of Xanthomonas albilineans to 
sugarcane. Proc Natl Acad Sci U S A 1997, 94 (18), 9984. 

(64) Zhang, L.; Xu, J.; Birch, R. G. High affinity binding of albicidin phytotoxins by the AlbA 
protein from Klebsiella oxytoca. Microbiology 1998, 144 ( Pt 2), 555. 

(65) Kretz, J.; Kerwat, D.; Schubert, V.; Gratz, S.; Pesic, A.; Semsary, S.; Cociancich, S.; 
Royer, M.; Sussmuth, R. D. Total synthesis of albicidin: a lead structure from 
Xanthomonas albilineans for potent antibacterial gyrase inhibitors. Angew Chem Int 
Ed Engl 2015, 54 (6), 1969. 

(66) Süßmuth, R.; Kretz, .; Schubert, V.; Pesic, A.; Hügelland, M.; Royer, M.; Cociancich, S.; 
Rott, S.; Kerwat, D.; Grätz, S. Albicidin derivatives, their use and synthesis, 
 O2014125075 (A1) ― 2014-08-21. 

(67) Petras, D.; Kerwat, D.; Pesic, A.; Hempel, B. F.; von Eckardstein, L.; Semsary, S.; 
Araste, J.; Marguerettaz, M.; Royer, M.; Cociancich, S.et al. The O-Carbamoyl-



Supplementary information 

231 
 

Transferase Alb15 Is Responsible for the Modification of Albicidin. ACS Chem Biol 
2016, 11 (5), 1198. 

(68) Gratz, S.; Kerwat, D.; Kretz, J.; von Eckardstein, L.; Semsary, S.; Seidel, M.; Kunert, M.; 
Weston, J. B.; Sussmuth, R. D. Synthesis and Antimicrobial Activity of Albicidin 
Derivatives with Variations of the Central Cyanoalanine Building Block. 
ChemMedChem 2016, 11 (14), 1499. 

(69) Kerwat, D.; Gratz, S.; Kretz, J.; Seidel, M.; Kunert, M.; Weston, J. B.; Sussmuth, R. D. 
Synthesis of Albicidin Derivatives: Assessing the Role of N-terminal Acylation on the 
Antibacterial Activity. ChemMedChem 2016, 11 (17), 1899. 

(70) Hashimi, S. M.; Huang, G.; Maxwell, A.; Birch, R. G. DNA gyrase from the albicidin 
producer Xanthomonas albilineans has multiple-antibiotic-resistance and unusual 
enzymatic properties. Antimicrob Agents Chemother 2008, 52 (4), 1382. 

(71) Vieweg, L.; Kretz, J.; Pesic, A.; Kerwat, D.; Gratz, S.; Royer, M.; Cociancich, S.; Mainz, 
A.; Sussmuth, R. D. The Albicidin Resistance Factor AlbD Is a Serine Endopeptidase 
That Hydrolyzes Unusual Oligoaromatic-Type Peptides. J Am Chem Soc 2015, 137 
(24), 7608. 

(72) Weng, L. X.; Wang, L. H.; Xu, J. L.; Wu, J. E.; Li, Q.; Zhang, L. H. Molecular and 
conformational basis of a specific and high-affinity interaction between AlbA and 
albicidin phytotoxin. Appl Environ Microbiol 2005, 71 (3), 1445. 

(73) Weng, L. X.; Xu, J. L.; Li, Q.; Birch, R. G.; Zhang, L. H. Identification of the essential 
histidine residue for high-affinity binding of AlbA protein to albicidin antibiotics. 
Microbiology 2003, 149 (Pt 2), 451. 

(74) Zhang, L.; Xu, J.; Birch, R. G. Engineered detoxification confers resistance against a 
pathogenic bacterium. Nat Biotechnol 1999, 17 (10), 1021. 

(75) Fernandez-Moreno, M. A.; Caballero, J. L.; Hopwood, D. A.; Malpartida, F. The act 
cluster contains regulatory and antibiotic export genes, direct targets for 
translational control by the bldA tRNA gene of Streptomyces. Cell 1991, 66 (4), 769. 

(76) Tercero, J. A.; Lacalle, R. A.; Jimenez, A. The pur8 gene from the pur cluster of 
Streptomyces alboniger encodes a highly hydrophobic polypeptide which confers 
resistance to puromycin. Eur J Biochem 1993, 218 (3), 963. 

(77) Schmutz, E.; Muhlenweg, A.; Li, S. M.; Heide, L. Resistance genes of aminocoumarin 
producers: two type II topoisomerase genes confer resistance against coumermycin 
A1 and clorobiocin. Antimicrob Agents Chemother 2003, 47 (3), 869. 

(78) Vetting, M. W.; Hegde, S. S.; Fajardo, J. E.; Fiser, A.; Roderick, S. L.; Takiff, H. E.; 
Blanchard, J. S. Pentapeptide repeat proteins. Biochemistry 2006, 45 (1), 1. 

(79) Moreno, M.; Elgaher, W.; Herrmann, J.; Schläger, N.; Hamed, M.; Baumann, S.; 
Müller, R.; Hartmann, R.; Kirschning, A. Synthesis and Biological Evaluation of 
Cystobactamid 507: A Bacterial Topoisomerase Inhibitor from Cystobacter sp.. 
Synlett 2015, 26(9) 1175 

(80) Baumann, S.; Herrmann, J.; Mohr, K.; Steinmetz, H.; Gerth, K.; Ritesh, R.; Müller, R. 
CYSTOBACTAMIDES,  O2015003816 (A2) ― 2015-01-15 

(81) Baumann, S.; Herrmann, J.; Mohr, K.; Steinmetz, H.; Gerth, K.; Ritesh, R.; Müller, R.; 
Hartmann; R.; Hamed M.; Elgaher W.; Moreno M.; Gille F.; Wang L.; Kirschning A.; 
 ü     S.  OVE  CYSTOBACTAMIDES,  O2015003816 (A2) ― 2015-01-15. 

(82) Lerch, M. M.; Hansen, M. J.; van Dam, G. M.; Szymanski, W.; Feringa, B. L. Emerging 
Targets in Photopharmacology. Angew Chem Int Ed Engl 2016, 55 (37), 10978. 



Supplementary information 

232 
 

(83) Broichhagen, J.; Schonberger, M.; Cork, S. C.; Frank, J. A.; Marchetti, P.; Bugliani, M.; 
Shapiro, A. M.; Trapp, S.; Rutter, G. A.; Hodson, D. J.et al. Optical control of insulin 
release using a photoswitchable sulfonylurea. Nat Commun 2014, 5, 5116. 

(84) Broichhagen, J.; Podewin, T.; Meyer-Berg, H.; von Ohlen, Y.; Johnston, N. R.; Jones, B. 
J.; Bloom, S. R.; Rutter, G. A.; Hoffmann-Roder, A.; Hodson, D. J.et al. Optical Control 
of Insulin Secretion Using an Incretin Switch. Angew Chem Int Ed Engl 2015, 54 (51), 
15565. 

(85) Velema, W. A.; Szymanski, W.; Feringa, B. L. Photopharmacology: beyond proof of 
principle. J Am Chem Soc 2014, 136 (6), 2178. 

(86) Broichhagen, J.; Frank, J. A.; Trauner, D. A roadmap to success in 
photopharmacology. Acc Chem Res 2015, 48 (7), 1947. 

(87) Wegener, M.; Hansen, M. J.; Driessen, A. J. M.; Szymanski, W.; Feringa, B. L. 
Photocontrol of Antibacterial Activity: Shifting from UV to Red Light Activation. J Am 
Chem Soc 2017, DOI:10.1021/jacs.7b09281 10.1021/jacs.7b09281. 

(88) Velema, W. A.; van der Berg, J. P.; Hansen, M. J.; Szymanski, W.; Driessen, A. J.; 
Feringa, B. L. Optical control of antibacterial activity. Nat Chem 2013, 5 (11), 924. 

(89) Babii, O.; Afonin, S.; Berditsch, M.; Reibetaer, S.; Mykhailiuk, P. K.; Kubyshkin, V. S.; 
Steinbrecher, T.; Ulrich, A. S.; Komarov, I. V. Controlling biological activity with light: 
diarylethene-containing cyclic peptidomimetics. Angew Chem Int Ed Engl 2014, 53 
(13), 3392. 

(90) Velema, W. A.; Hansen, M. J.; Lerch, M. M.; Driessen, A. J.; Szymanski, W.; Feringa, B. 
L. Ciprofloxacin-Photoswitch Conjugates: A Facile Strategy for Photopharmacology. 
Bioconjug Chem 2015, 26 (12), 2592. 

(91) van Dijken, D. J.; Kovaricek, P.; Ihrig, S. P.; Hecht, S. Acylhydrazones as Widely 
Tunable Photoswitches. J Am Chem Soc 2015, 137 (47), 14982. 

(92) Beharry, A. A.; Woolley, G. A. Azobenzene photoswitches for biomolecules. Chem Soc 
Rev 2011, 40 (8), 4422. 

(93) The Electromagnetic Spectrum https://www.texasgateway.org/resource/73-
electromagnetic-spectrum (accessed Oct. 2017) 

(94) Goulet-Hanssens, A.; Lai Wing Sun, K.; Kennedy, T. E.; Barrett, C. J. Photoreversible 
surfaces to regulate cell adhesion. Biomacromolecules 2012, 13 (9), 2958. 

(95) Auernheimer, J.; Dahmen, C.; Hersel, U.; Bausch, A.; Kessler, H. Photoswitched cell 
adhesion on surfaces with RGD peptides. J Am Chem Soc 2005, 127 (46), 16107. 

(96) Dong, M.; Babalhavaeji, A.; Samanta, S.; Beharry, A. A.; Woolley, G. A. Red-Shifting 
Azobenzene Photoswitches for in Vivo Use. Acc Chem Res 2015, 48 (10), 2662. 

(97) Sadovski, O.; Beharry, A. A.; Zhang, F.; Woolley, G. A. Spectral tuning of azobenzene 
photoswitches for biological applications. Angew Chem Int Ed Engl 2009, 48 (8), 1484. 

(98) Weston, C. E.; Richardson, R. D.; Haycock, P. R.; White, A. J.; Fuchter, M. J. 
Arylazopyrazoles: azoheteroarene photoswitches offering quantitative isomerization 
and long thermal half-lives. J Am Chem Soc 2014, 136 (34), 11878. 

(99) Garcia-Amoros, J.; MC, R. C.; Coelho, P.; MM, M. R.; Velasco, D. New heterocyclic 
systems to afford microsecond green-light isomerisable azo dyes and their use as fast 
molecular photochromic switches. Chem Commun (Camb) 2013, 49 (97), 11427. 

(100) Dong, M.; Babalhavaeji, A.; Collins, C. V.; Jarrah, K.; Sadovski, O.; Dai, Q.; Woolley, G. 
A. Near-Infrared Photoswitching of Azobenzenes under Physiological Conditions. J 
Am Chem Soc 2017, 139 (38), 13483. 

https://www.texasgateway.org/resource/73-electromagnetic-spectrum
https://www.texasgateway.org/resource/73-electromagnetic-spectrum


Supplementary information 

233 
 

(101) Bléger, D; Schwarz, J.; Brouwer, A.; Hecht, S.; o-Fluoroazobenzenes as Readily 
Synthesized Photoswitches Offering Nearly Quantitative Two-Way Isomerization with 
Visible Light. J. Am. Chem. Soc., 2012, 134 (51), 20597  

(102) Rullo, A.; Reiner, A.; Reiter, A.; Trauner, D.; Isacoff, E. Y.; Woolley, G. A. Long 
wavelength optical control of glutamate receptor ion channels using a tetra-ortho-
substituted azobenzene derivative. Chem Commun (Camb) 2014, 50 (93), 14613. 

(103) Levine, W. G. Metabolism of azo dyes: implication for detoxication and activation. 
Drug Metab Rev 1991, 23 (3-4), 253. 

(104) Sheldon, J. E.; Dcona, M. M.; Lyons, C. E.; Hackett, J. C.; Hartman, M. C. 
Photoswitchable anticancer activity via trans-cis isomerization of a combretastatin A-
4 analog. Org Biomol Chem 2016, 14 (1), 40. 

(105) Renneberg, D.; Dervan, P. B. Imidazopyridine/Pyrrole and 
hydroxybenzimidazole/pyrrole pairs for DNA minor groove recognition. J Am Chem 
Soc 2003, 125 (19), 5707. 

(106) Lee, Y. S.; Kim, H. Y.; Kim, Y.; Seo, J. H.; Roh, E. J.; Han, H.; Shin, K. J. Small molecules 
     p        g      β-amyloid-         y    x    y  y          g  gg  g       f β-
amyloid. Bioorganic & Medicinal Chemistry 2012, 20 (16), 4921 

(107) Kristensen, J.; Lysen, M.; Vedso, P.; Begtrup, M. Synthesis of ortho substituted 
arylboronic esters by in situ trapping of unstable lithio intermediates. Org Lett 2001, 
3 (10), 1435. 

(108) Morandi, B.; Mariampillai, B.; Carreira, E. M. Enantioselective cobalt-catalyzed 
preparation of trifluoromethyl-substituted cyclopropanes. Angew Chem Int Ed Engl 
2011, 50 (5), 1101. 

(109) Sakamoto, K.; Sato, K.; Shigenaga, A.; Tsuji, K.; Tsuda, S.; Hibino, H.; Nishiuchi, Y.; 
Otaka, A. Synthetic procedure for N-Fmoc amino acyl-N-sulfanylethylaniline linker as 
crypto-peptide thioester precursor with application to native chemical ligation. J Org 
Chem 2012, 77 (16), 6948. 

(110) Hu, X.; Dawson, S. J.; Nagaoka, Y.; Tanatani, A.; Huc, I. Solid-Phase Synthesis of 
Water-Soluble Helically Folded Hybrid alpha-Amino Acid/Quinoline Oligoamides. J 
Org Chem 2016, 81 (3), 1137. 

(111) P. Marfey, Carlsberg Res Commun, 1984, 49:591; DOI: 10.1021/ac970289b; DOI: 
10.1021/ac9701795;  

(112) Marfey, P. Determination of D-amino acids. II. Use of a bifunctional reagent, 1,5-
difluoro-2,4-dinitrobenzene. Carlsberg Res Commun, 1984, 49:591. 

(113) Fujii, K.; Ikai, Y.; Mayumi, T.; Oka, H.; Suzuki, M.; Harada, K. I. A Nonempirical Method 
Using LC/MS for Determination of the Absolute Configuration of Constituent Amino 
A          P p    :  E            f              f M  f y'  M           f I   
Separation Mechanism. Anal. Chem. 1997, 69 (16), 3346. 

(114) Fujii, K.; Ikai, Y.; Oka, H.; Suzuki, M.; Harada K.I. A Nonempirical Method Using LC/MS 
for Determination of the Absolute Configuration of Constituent Amino Acids in a 
P p    :  C            f M  f y'  M   od with Mass Spectrometry and Its Practical 
Application. Anal. Chem., 1997, 69 (24), 5146. 

(115) Emenike, B. U.; Liu, A. T.; Naveo, E. P.; Roberts, J. D. Substituent effects on energetics 
of peptide-carboxylate hydrogen bonds as studied by 1H NMR spectroscopy: 
implications for enzyme catalysis. J Org Chem 2013, 78 (23), 11765. 

(116) Brown, M. F.; Mitton-Fry, M. J.; Arcari, J. T.; Barham, R.; Casavant, J.; Gerstenberger, 
B. S.; Han, S.; Hardink, J. R.; Harris, T. M.; Hoang, T.et al. Pyridone-conjugated 



Supplementary information 

234 
 

monobactam antibiotics with gram-negative activity. J Med Chem 2013, 56 (13), 
5541. 

(117) B       , S.;      g  , M.;     , M. S. MO OCARBAMS,  O2010070523 (A1) ― 2010-
06-24. 

(118) McPherson, C. J.; Aschenbrenner, L. M.; Lacey, B. M.; Fahnoe, K. C.; Lemmon, M. M.; 
Finegan, S. M.; Tadakamalla, B.; O'Donnell, J. P.; Mueller, J. P.; Tomaras, A. P. 
Clinically relevant Gram-negative resistance mechanisms have no effect on the 
efficacy of MC-1, a novel siderophore-conjugated monocarbam. Antimicrob Agents 
Chemother 2012, 56 (12), 6334. 

(119) Rott, P. C.; Costet, L.; Davis, M. J.; Frutos, R.; Gabriel, D. W. At least two separate 
gene clusters are involved in albicidin production by Xanthomonas albilineans. J 
Bacteriol 1996, 178 (15), 4590. 

(120) Mehar, V.; Yadav, D.; Sanghvi, J.; Gupta, N.; Singh, K. Pantoea dispersa: an unusual 
cause of neonatal sepsis. Braz J Infect Dis 2013, 17 (6), 726. 

(121) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A stepwise huisgen 
cycloaddition process: copper(I)-catalyzed regioselective "ligation" of azides and 
terminal alkynes. Angew Chem Int Ed Engl 2002, 41 (14), 2596. 

(122) Tornoe, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on solid phase: [1,2,3]-
triazoles by regiospecific copper(i)-catalyzed 1,3-dipolar cycloadditions of terminal 
alkynes to azides. J Org Chem 2002, 67 (9), 3057. 

(123) Tim Andreas Mollner´s master thesis, Fakultät für Chemie der Technischen 
Universität München, submitted 10.04.2017, supervised by Prof. Dr. Stephan A. 
Sieber and Prof. Dr. Mark Brönstrup. 

(124) Garcia-Amoros, J.; Velasco, D. Recent advances towards azobenzene-based light-
driven real-time information-transmitting materials. Beilstein J Org Chem 2012, 8, 
1003. 

(125) ImageJ, https://imagej.nih.gov/ij/ (accessed May - Aug. 2017) 
(126) Testolin, G.; Brönstrup, M.; Prochnow, H.; Hermann, J.; Müller, R., Novel 

cystobactamide derivatives. European patent application No. 17187536.2 – 1451 – 
2017-08. 

(127) Tichenor, M. S.; Kastrinsky, D. B.; Boger, D. L. Total synthesis, structure revision, and 
absolute configuration of (+)-yatakemycin. J Am Chem Soc 2004, 126 (27), 8396. 

7 SUPPLEMENTARY INFORMATION 
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