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Infectious diseases have always been an issue for public health, but since this century we are witnessing a steady increase in mortality from infectious diseases that has not been seen for the past century. Indeed, bacterial infections were the leading cause of death until the mid-20th century, when the discovery of antibacterial drugs flourished. With the end of the golden age of antibiotic development, multidrug-resistant bacteria, especially Gram-negative, began to emerge.

To combat these, new antibiotics need to be developed, which the defence mechanisms of Gram-negative bacteria counteracts. An important scientific need is to understand how a sufficient translocation of bioactive molecules across the Gramnegative cell wall can be assured. Another limitation is the lack of reliable and sensitive methods that can confirm the cytosolic entry of this translocation.

One way to improve bacterial penetration is to facilitate the transport of substances through drug delivery systems. A few examples of such drug delivery systems are currently under investigation for the delivery of antibiotics, but all of them have their respective disadvantages. Another more promising method is the use of cyclic peptides as carriers. These can, despite their size, easily cross diverse cell membrane due to their remarkable mechanism of conformational changes. This strongly encourages that employing such cyclic peptides as novel drug delivery systems could broaden the spectrum of antibiotics. Moreover, the coupling of this promising carrier with a self-immolative linker (SIL), and thus the ability to report the release of a molecule of interest after cytosolic delivery, could pave the way for the development of novel high-content screening (HCS) assays. This requires a robust method for assembling SILs from multiple components. However, such multicomponent reaction (MCR) is not commonly established, nor is much known about the potential carrier properties of cyclic peptides.

Therefore, the potential for such MCR was explored and a novel robust synthetic strategy was employed to obtain cyclic pseudopeptide conjugates and VIII Pascal D. Moser -February 2023

investigate their translocation properties in the bacterial envelope. In addition, a series of novel redox-sensitive fluorogenic SILs that release carboxylic acids upon cytoplasmic entry and a series of functional antibiotics for a new antibiotic "click" approach have been synthesized.

This work shows the synthesis and structural characterisation of various cyclic pseudopeptides and their conjugates, followed by an investigation of the penetrative as well as antibiotic properties of the molecules evaluated by fluorescence-activated single cell sorting (FACS), fluorescence microscopy (FM) as well as determination of their minimum inhibitory concentration (MIC).

Furthermore, the synthesis and structural characterisation of various redoxsensitive SILs that enable the release of mercaptans or carboxylates is described, and their properties with regard to kinetics and release in vitro are investigated using time-dependent fluorescence measurements. With regard to their release in cellulo, FACS and FM were used for evaluation. For the subsidiary strategy of in situ synthesis of antibiotic hybrids, the resulting adducts as well as the corresponding conjugates for this "click" approach were synthesized, characterized, and investigated with respect to their MIC on bacterial growth.

The design and synthesis of novel cyclic pseudopeptides together with the novel redox-sensitive SILs with their translocation and release of functional groups demonstrated in this thesis are crucial elements for the development of improved cyclic peptide-based theranostic agents against bacterial infections. The subsidiary strategy of making hybrid drugs by combining two antibiotics in situ opens the door for the development of new strategies in antibiotic drug discovery.
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Résumé

Les maladies infectieuses ont toujours été un problème de santé publique, mais au cours de ce siècle, nous avons assisté à une augmentation constante de la mortalité due aux maladies infectieuses qui n'avait pas été observée depuis le siècle dernier.

En effet, les infections bactériennes étaient la principale cause de décès jusqu'au milieu du 20e siècle, lorsque la découverte de médicaments antibactériens a pris son essor. Avec la fin de l'âge d'or du développement des antibiotiques, des bactéries multirésistantes, notamment les bactéries Gram-négatives, ont commencé à apparaître.

Pour les combattre, il faut développer de nouveaux antibiotiques contre les mécanismes de défense des bactéries Gram-négatives. Un besoin scientifique important est de comprendre comment assurer une translocation suffisante des molécules bioactives à travers la paroi cellulaire des bactéries Gram-négatives. Une autre limite est le manque de méthodes fiables et sensibles pour confirmer l'entrée cytosolique de cette translocation.

Une façon d'améliorer la pénétration bactérienne est de faciliter le transport des substances par des systèmes d'administration de médicaments. Quelques exemples de tels systèmes sont actuellement à l'étude pour l'administration d'antibiotiques, mais ils présentent tous des inconvénients. Une autre méthode plus prometteuse est l'utilisation de peptides cycliques comme vecteurs. Ceux-ci peuvent, malgré leur taille, traverser facilement diverses membranes cellulaires grâce à leur remarquable mécanisme de changement de conformation.

Cela suggère fortement que l'utilisation de ces peptides cycliques comme nouveaux systèmes d'administration de médicaments pourrait élargir le spectre des antibiotiques. En outre, le couplage de ce support avec un lien auto-immolant (SIL), et donc sa capacité de signaler la libération d'une molécule d'intérêt après la livraison cytosolique, pourrait ouvrir la voie au développement de nouveaux tests de criblage à haut contenu (HCS). Cela nécessite une méthode robuste pour assembler des SIL à partir de composés multiples. Cependant, une telle réaction multicomposée (MCR) n'est pas communément établi, et on sait peu de choses sur les propriétés potentielles de transport des peptides cycliques. 

Bacterial Infections

Before Alexander Fleming discovered the antibiotic properties of mold from the Penicillium genus in the early 20th century, [1] infectious diseases were the leading cause of death. This discovery was one of the first to massively reduce the mortality caused by infectious diseases. [2] Shortly after, Selman Waksman discovered bacteria's ability to produce their own antibiotics. [3] This mechanism is used by bacteria to out-compete each other. Recognizing this, Waksman developed a platform that enabled him to discover a few important antibiotics which are still in use today. [4][5][6][7][8][9][START_REF] Garson | Proc. Natl. Acad. Sci[END_REF][START_REF] Weiss | Proc. Natl. Acad. Sci[END_REF] This also inspired the pharmaceutical industry, which took up this concept to advance antibiotic research. The start of an era begun which was later referred as the golden age of antibiotic drug discovery -the 1940s to 1960s. New antibiotic discovery was growing so rapidly that within only two decades, 18 of 21 antibiotic classes, we know today, were discovered [START_REF] Durand | [END_REF] and in the 1970s it was commonly believed that infectious diseases are soon defeated. [13] Despite years of success, soil bacteria overexploitation resulted in diminishing returns. The same compounds were repeatedly found, and the platform eventually collapsed. [START_REF] Ribeiro Da Cunha | [END_REF] 1.1 Bacterial Infections Figure 1 Representative mortality connected to infectious and parasitic diseases from 1950 to 2020 in Europe; for representation, the wealthiest (by GDP) and largest (by population) member states of the European Union were selected (UK left the EU in Feb. 2020); ©Copyright World Health Organization (WHO), 2022. All Rights Reserved. [START_REF]WHO Mortality Database[END_REF] Can be found under https://platform.who.int/mortality Notwithstanding the above, the mortality rates in Europe were declining and remained stable until the late 1980s (Figure 1). However, this did not last long as the numbers began to rise despite the use of antibiotics. [START_REF]Infectious and parasitic diseases, number of deaths[END_REF] This effects was already encountered with penicillin [START_REF] Lobanovska | [END_REF] and is a response of the bacteria on past events with antibiotics which selected those that altered their behavior by building up defense mechanisms. [18] These mechanisms are stored as kind of memory, passed from one generation to another and can be shared with other bacteria populations. [19,[START_REF] Dimitriu | Proc. Natl. Acad. Sci[END_REF] Since nearly all antibiotics in use today are compounds that were discovered during the golden era or their derivatives, [START_REF] Imai | [END_REF] sooner or later, an antibiotic resistance will be provoked. To combat this, major pharmaceutical companies have employed new drug development methods such as bioinformatics, genomics, and numerous highthroughput screenings. After decades of research, however, the results have been sobering. All the efforts did not yield the expected success. [22] Overall, these campaigns were very costly, with no sustained drug discoveries, leading most major pharmaceutical companies to abandon antibacterial research. [START_REF] Who | Antibacterial Agents in Preclinical Development: An Open Access Database[END_REF][START_REF] Miethke | [END_REF][25] Several problems with the techniques used were investigated. [26] Among them, hits from target-based screening often lacked whole-cell activity due to the strong defense mechanisms of bacteria. [27] This prompted the World Health Organization (WHO) to publish the Prioritization of bacterial pathogens to guide research and development of new antibacterial agents (WHO priority pathogens list) to draw attention to the lack in antibiotic discovery. [START_REF] Who | Prioritization of Pathogens to Guide Discovery, Research and Development of New Antibiotics for Drug Resistant Bacterial Infections, Including Tuberculosis, World Health Organization[END_REF] In this list, 12 of the most critical pathogens are prioritized in three categories: critical, high, and medium priority. Alarmingly, along six others in this list, all three critical priority pathogens are Gram-negative bacteria (carbapenem-resistant Enterobacteriaceae (CRE), A. baumannii, and P. aeruginosa). [START_REF] Richter | [END_REF] Since then, the WHO monitors the development of new antibiotics as well as how research is responding to the priority pathogens list. [START_REF] Who | Antibacterial Agents in Clinical Development: An Analysis of the Antibacterial Clinical Development Pipeline, Including Tuberculosis[END_REF] Unfortunately, according to the most recent report, very few agents are in development that target critical Gram-negative bacteria. [START_REF]Antibacterial Agents in Clinical and Preclinical Development: An Overview and Analysis[END_REF] Overall, improvements to existing classes continue to dominate the clinical pipeline, rather than the development of new classes, such as antibacterials aiming for novel targets to overcome existing cross-resistance. [START_REF]Antibacterial Agents in Clinical and Preclinical Development: An Overview and Analysis[END_REF] 1. 2 The Role of Biological Barriers in Bacterial Infections

The Role of Biological Barriers in Bacterial Infections

To understand the reasons for the lack of new antibiotic drug discovery, we must first understand the various biological barriers that must be overcome in eukaryotes and prokaryotes, as well as the defense mechanisms of bacteria against xenobiotics.

Eukaryotic Cell Membrane and Brief PKs of Orally Active Drugs

The cytoplasmic cell membrane is a vital component of the cell, serving many important functions, and is primarily composed of a phospholipid bilayer. This lipid bilayer is made up of two layers of phospholipids, with the hydrophilic head groups facing outwards and the hydrophobic tails facing inward, forming a hydrophobic region. Embedded into this are several integral proteins which serve as channel, receptor or for cell recognition. Some integral proteins serve dual roles as both, receptor, and channel. Along with other various peripheral proteins, which are not embedded, lipids and carbohydrates, this forms the cell membrane (Figure 2).

The cell membrane is permeable to small uncharged molecules, such as oxygen and carbon dioxide, but is impermeable to larger molecules and ions. This selective permeability is due to the hydrophobic nature of the lipid bilayer. Molecules that can cross the lipid bilayer do so by passive diffusion through the hydrophobic region. On the other hand, substances that may be too polar (e.g., ions or sugar) to pass through the membrane, can cross by several mechanisms using specific channel or transporter proteins. For molecules to be absorbed into the body, become bioavailable, and pass through the membrane by passive diffusion, they must meet certain criteria.

Among others, perhaps the most popular criteria for drugability were proposed by Lipinksi et al. and are well known as "Lipinski's rule of five" (MW ≤ 500 Da; H-Bond acceptor (HBA) ≤ 10; H-Bond donor (HBD) ≤ 5; logP ≤ 5). [START_REF] Lipinski | [END_REF] These rules are a very useful guidelines for estimating the oral bioavailability of small molecules. [START_REF] Grover | Drug Design: Principles and Applications[END_REF] The LogP and MW should be considered with a stronger emphasis, since the combination of these two criteria (logP ≤ 5; MW ≤ 500 Da) best reflects the physico-chemical properties of the human body, as also recognized by Lipinski et al. during their work. [START_REF] Lipinski | [END_REF] In fact, the rate of absorption and bile elimination are both affected by the molecular weight. As a result, lower molecular weights give improved absorption and decreased bile excretion. The partition coefficient (log P), on the other part, describes the intrinsic lipophilicity and is defined as the equilibrium concentrations of a compound between an organic and an aqueous phase. However, this does not give the effective lipophilicity of drugs, which is measured at physiological pH and is indicated and thus passive diffusion through biological membranes is significantly impaired (see Figure 3B). [START_REF] Ballatore | [END_REF] Once a drug is administered orally, it is absorbed by the gastrointestinal tract and passed to the liver, where cytochrome P450s are found at highest concentration. [35,36] These drug metabolizing enzymes are responsible for the detoxification from xenobiotics by introducing hydrophilicity due to oxidation (see Scheme 1). [37] This is known as the first pass effect, and it is the predominant cause of decreased bioavailability. Thereafter, the modified pharmacophore then enters the systemic circulation and is excreted by the kidneys. The remaining drug is absorbed into the bloodstream and becomes bioavailable, and yet perpetual blood circulation ensures that the drug is eventually excreted via synergistic hepatic and renal clearance (see Figure 3A). [START_REF] Smith | Pharmacokinetics and Metabolism in Drug Design[END_REF][START_REF] Testa | Hydrolysis in Drug and Prodrug Metabolism[END_REF] Scheme 1 Metabolism of the Cytochrome P450 family in the liver consists mainly of dealkylation and hydroxylation reactions, followed by subsequent oxidation to afford highly polar metabolites that are subjected to renal excretion [START_REF] Stella | Prodrugs[END_REF][41][42] 1.

Bioavailability of Antibiotics and Related Issues

Looking at bacterial infections, the majority of antibiotics contain essential carboxylic acids in their structure, especially all the important Gram-negative active βlactams (monobactams, cephalosporins, penicillins, carbapenems, carbacephem), quinolones and fluoroquinolones. Although this may be advantageous in terms of phase I metabolism, since the carboxylic acid in antibiotics increases solubility and is not further oxidized, it is a disadvantage for bioavailability. [START_REF] Ullah | Antibiot. Antimicrob. Resist. Genes Environ[END_REF] In fact, antibiotics represent an exception to the rule of five, as Lipinski already stated in his previous work on the rule of five. [START_REF] Lipinski | [END_REF] Also, others recognized that among orally active drugs, antibiotics have a trend toward higher MW and increased polarity, implying that different physicochemical properties are required for non-mammalian cell penetration. [START_REF] Lipinski | [END_REF][START_REF] O'shea | [END_REF] Indeed, antibacterial agents generally appear to have higher polarity with logD7.4 values in the far negative spectrum, while possessing MWs around 450 Da or beyond. The only class to which the aforementioned rule of five seems to apply is the sulfonamides, a fully synthetic class of antibiotics. [START_REF] O'shea | [END_REF] The aminoglycosides, together with the glycopeptides and the tetracyclines, achieve a remarkable degree of polarity, which becomes even more impressive when the molecular weight of the glycopeptides is taken into account, which can reach 2000 Da. [START_REF] O'shea | [END_REF] However, this imbalance between polarity and molecular weight is the reason for an absence or reduced oral bioavailability of several antibiotics. [START_REF] Hashmi | Antibiotics and Antimicrobial Resistance Genes: Environmental Occurrence and Treatment Technologies[END_REF] As a result, aminoglycosides, for example, are mainly available as parenterally administered drugs. [START_REF] Decker | Compr. Toxicol[END_REF] The same is also true for the glycopeptides, like vancomycin, which is not orally absorbed and as a consequence has to be administered intravenous. [START_REF] Shively | [END_REF][START_REF]LiverTox Clin. Res. Inf. Drug-Induc. Liver Inj[END_REF] The situation is different for the very important class of β-lactam antibiotics: they are not bioavailable due to their physicochemical nature, but become available through a conjuring trick. Just as they mimic the dipeptide Ala-Ala in penicillin-binding proteins (PBPs) in bacteria, they mimic a dipeptide in PEPT1 and PEPT2, peptide transporters of human Caco-2 intestinal cells, and are delivered to the body by active transport. [START_REF] Biegel | [END_REF][50][51] This might be partially true for monobactams, cephalosporins, penicillins and carbacephem, but not for carbapenems, which do not benefit from such an active transport. [START_REF] Hashmi | Antibiotics and Antimicrobial Resistance Genes: Environmental Occurrence and Treatment Technologies[END_REF]52] As their carboxylic function strongly impairs absorption and distribution in the human body, a more substantial and straight forward method is used in order to enhance their bioavailability. By converting analogues into their carboxylic acid ester prodrugs, it was possible to improve the absorption, distribution, metabolism and excretion (ADME) properties drastically. [53,54] Similar success was achieved for the esterification of penicilins, ciprofloxacin or fusidic acid. [55][56][START_REF] Mizen | Integr. Pharm. Discov[END_REF][58] In general, by esterification and thus avoiding the deprotonation of the carboxylic acid, eventually better bioavailability and tissue distribution even in high fat containing tissue was achieved.

Intracellular Bacterial Infections

Nevertheless, an uprising new problem in bacterial infections is demanding even better improved tissue and deep cell distribution of antibiotics. As it turns out, some bacteria have the ability to hide inside human cells, causing a recurring bacterial infection, which is hard to treat. These infections are referred to as intracellular bacterial infections. Although, this was long known, it has been recognized later. [59] Widely known prominent examples of intracellular bacteria are Mycobacterium tuberculosis, Mycobacterium leprea, and Chlamydia spp. which are categorized as obligate intracellular bacteria as they need to be inside the hosts cells to replicate. [60][61][62] The aforementioned bacteria cause known diseases that are very serious and burdensome, as the infections recur. [62] Also, other bacteria have developed the ability to reside either in extracellular or intracellular space. Beside the already known socalled facultative intracellular pathogens, including Salmonella enterica, [63] Listeria monocytogenes, [64] and some Escherichia coli species, there is strong evidence that Pseudomonas aeruginosa is adopting this intracellular lifestyle. [65,66] Adopting behaviours like this allows them to gain access to otherwise restricted nutrient sources, while being protected from the hosts immune system. [67] As they keep reproducing inside the hosts cells, they cause infections to be latent or recurring. [68] The reasons for the poor performance of antibiotics against intracellular bacteria are a lack of penetration, low cellular accumulation and subcellular localization. [69] As mentioned earlier, most antibiotics have a much lower logD compared to other drug classes, resulting in less than one-third being effective against intracellular infections. [68] In fact, for β-lactams, it has been shown that changing the carboxylic acid of penicillin G to an amide with basic functionality increases cell penetration, as well as accumulation in the lysosome. [70] The unmodified penicillin G was also able to penetrate the cell, but it does so in it uncharged form and thus much more slowly. Other carboxylic acid containing antibiotics, such as fluoroquinolones, were subject of studies as well.

In contrast to β-lactams, they accumulate quite rapidly, however, there is no explanation for this behaviour. Additionally, diffusion can be enhanced by incubation in acid medium, suggesting a certain influence of the carboxylic acid for penetration. [59] Aminoglycosides are too polar to cross the cell membrane, even though long incubation over several days showed an increased intracellular proportion. [59,71] Merely macrolides diffuse well into the cells, and together with the fluoroquinolones and some tetracyclines, they form the defence wall against intracellular bacterial infections. [59,68,69,72] For more sophisticated therapies, the need of better intracellular antibiotic delivery is needed.

The Bacterial Cell Membrane

Similar to eukaryotic cells, the cytosol of prokaryotes is encased in a semipermeable phospho lipid bilayer that allows the exchange of nutrients while holding the cell contents together. Analogously, the cell membrane of prokaryotes, also called plasma membrane, is decorated with several different membrane-bound proteins that have important functions such as regulating the transport of vital nutrients. Up to this point, there are no major differences between Gram-positive and Gram-negative bacteria. The differences start, when proceeding outwards from the plasma membrane.

Because bacteria often live in harsh environments, Gram-positive bacteria have a protective cell wall anchored to their plasma membrane to withstand current conditions (Figure 4). This protective wall is extraordinary thick and build up by multiple layers of peptidoglycan to withstand the turgor pressure exerted on the plasma membrane. [73] Long anionic polymers, the teichoic acids, help to hold the peptidoglycan layers together. They compose largely of glycerol phosphate, glucosyl phosphate, or ribitol phosphate repeats, and are threading through the several layers of peptidoglycan. The wall teichoic acids (Figure 4, colored pink) are covalently attached to the peptidoglycan, while the lipoteichoic acids (Figure 4, colored blue) are anchored to the head groups of membrane lipids. [74] Beside some proteins that have similar functions to the periplasmic proteins of Gram-negative bacteria, teichoic acids contribute most to the structure and function of the Gram-positive cell wall. [73], [75], [76] Despite all this, the cell wall of Gram-positive bacteria has a simpler structure and is therefore more permeable to antibiotics than that of Gram-negative bacteria, so it hardly contributes to their antibiotic resistance. [77] The more complex envelope of Gram-negative bacteria comprises two cell membranes instead. Starting from the outside in, the first and foremost difference is the additional layer designated as the outer membrane (OM). [73] The outer membrane plays an important role as a physical and mechanical barrier to Gram-negative organisms, protecting them from toxic molecules and providing additional stabilization. [78] Due to this additional stabilization, the peptidoglycan layer around the inner membrane (IM) is fairly thin compared to Gram-positive organisms. [73,78] This makes the OM a distinctive feature of Gram-negative bacteria. Similar to other biological membranes, the OM is a lipid bilayer, but importantly, it is composed of glycolipids, principally lipopolysaccharide (LPS). [79] This structural difference is important because it affects the permeability of the cell membrane. [79] The LPS layer is packed with high density and thus relatively impermeable to small molecules compared to the semi-permeable phospholipid bilayer. [START_REF] Richter | [END_REF] For this reason, the outer membrane contains proteins that mediate the passive or active uptake of small molecules for growth and cell function. The main outer membrane proteins consist of β-strands that arrange into β-barrels. They are either monomeric or trimeric and are responsible for substrate-specific uptake of sugars, nucleosides, metals, or vitamins. [78] A considerable portion of these outer membrane proteins, however, are porins that facilitate the nonspecific diffusion of solutes with molecular masses up to 600 Da. [78] For E. coli are three major porins known: OmpC and OmpF, which exhibit selectivity for cationic molecules, and PhoE, which has a preference for anionic molecules. [78] Because of this, only certain molecules are able to diffuse rapidly through the OM. [80] Molecules, which cannot enter the bacterium by diffusion through porins, do so by self-promoted uptake or other related mechanisms. [START_REF] Richter | [END_REF]81,82] Figure 5 The cell envelope of Gram-negative bacteria. (from the inside out) The cytoplasm is enclosed by the plasma membrane, which consists of a phospholipid bilayer and harbours membrane proteins. Adjacent to this is the periplasmic space with a thin peptidoglycan layer. Adapted from "Gram Negative Bacteria Cell Wall

Structure", by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates

For example, a mutant of P. aeruginosa lacking all 40 identifiable wild-type porins consumed small (alanine) and positively charged (histidine and arginine) amino acids at 80-100% of the wild-type rate. [START_REF] Ude | Proc. Natl. Acad. Sci[END_REF] Overall, although the porins facilitate membrane translocation in P. aeruginosa, they do not appear to be required for this purpose.

In contrast, uptake of nutrients with two or more carboxylic acids is highly porin dependent, showing uptake rates of less than 20% compared to wild type. [START_REF] Ude | Proc. Natl. Acad. Sci[END_REF] This trend can also be seen in the case of some β-lactams, which do not rely on porins to exhibit their antibiotic activity. [START_REF] Ude | Proc. Natl. Acad. Sci[END_REF][START_REF] Choi | [END_REF][85] However, the dicarboxylic acids carbenicillin and ticarcillin show a strong dependence on these porins, as their absence also results in the absence of antibiotic activity. [START_REF] Ude | Proc. Natl. Acad. Sci[END_REF] In broad terms, the OM is partially permeable to small uncharged to positively charged hydrophilic compounds, and porins can greatly facilitate this translocation. In contrast, molecules with a negative charge are penalized by poor to absent permeation. Hence, replacement of carboxylate groups with isosteres or prodrugs is recommended to accelerate translocation of compounds through the OM. [START_REF] Ballatore | [END_REF][START_REF] Ude | Proc. Natl. Acad. Sci[END_REF][START_REF] Maag | Prodrugs Chall. Rewards Part 1[END_REF] Responsible for this repulsion of negatively charged solutes are osmoregulated periplasmic glucans (OPGs), glucans with a multiple net negative charge trapped in the periplasmic space. [START_REF] Kennedy | [END_REF][88][89] This arising negative potential from the OPGs attracts positively charged solutes across the OM while repelling negatively charged ones. [89,90] This so called Donan potential is a big contributor of the transmembrane potential of Gram-negative bacteria and related to antibiotic resistance. [89] Another resistance mechanism, related to the membrane potential of Gram-negative organism are the efflux pumps. These transmembrane proteins can be expressed in both Gram-positive and Gram-negative bacteria, and different pumps can coexist with different overlapping substrates. They can extrude a single class or multiple unrelated antibiotic classes. The structure and energy requirements classify them into six families. Among them are the major facilitator superfamily (MFS), the small multidrug resistance family (SMR), the multidrug and toxic compound extrusion family (MATE), the resistance nodulation cell division superfamily (RND), the adenosine triphosphate (ATP)binding cassette superfamily (ABC), and the proteobacterial antimicrobial compound efflux family (PACE). Except for the ABC superfamily transporters, which use ATP for substrate extrusion, families I-IV and VI use an electrochemical gradient. In resistant bacteria, these efflux systems often get overexpressed and ensure that antimicrobial agents are expelled from the cell once they pass through the OM or enter the cytoplasm. [26,[START_REF] Richter | [END_REF][91][92][93] All of this emphasizes the difficulties to cross the Gram-negative cell envelope.

Techniques to Cross Biological Barriers

Although their biological targets are present, several antimicrobial drugs showing activity against Gram-positive bacteria remain inactive against Gram-negative bacteria as they fail to translocate over the Gram-negative cell envelope. [94] Thus, to bypass the resistance barrier of Gram-negative bacteria, drug modifications to improve the pharmacokinetics might be undertaken in order to accelerate translocation and increase accumulation into Gram-negative bacteria. [START_REF] Richter | [END_REF]95] With a focus on bacteria, the following will discuss some new types of drug functionalization that are currently used in drug delivery and diagnostics but are also being studied for their potential use in bacterial combat.

Self-Immolative Linker

The concept of the self-immolative linker (SIL) or spacer was introduced in 1981 by Katzenellenbogen and his co-workers as a workaround for some common problems in prodrug development. [96] The term SIL describes a spatial and covalent connector that disassembles its linkages in response to a specific stimulus, liberating a molecule of interest. [97,98] For example, as shown in Scheme 2, in a general prodrug approach, a carboxylic acid is converted to an ester. The carboxylic acid would be released during enzymatic cleavage while the protective group is displaced. However, if the release of the carboxylic acid is not possible due to steric hindrances, electronic properties or even the lack of a specific enzyme, this can be solved with a SIL. By spatially separating the carboxylic acid, a greater variety of protecting groups can be used. [96] If the trigger is now activated, the bonds of the SIL disintegrate and release the carboxylic acid, the SIL and the altered trigger.

In the last two decades, this concept has received considerable attention in pharmaceutical chemistry and biochemistry for applications in cancer treatment, [99] for the design of fluorogenic probes, [100,101] the design of self-degrading polymers, [102,103] or for the design of drug delivery systems, [97,[104][105][106] respectively. The principal design of such SILs is based on two fundamental methodologies.

First, an aromatic SIL bearing an electron-donating group (-OH, -NH2, -SH) undergoes an electronic cascade upon cleavage of the trigger, if a leaving group is in the benzylic ortho-or para-position to it. The (oxo-, aza-or thio-) quinone methide thus formed reacts by the rapid nucleophilic attack of water to give the corresponding benzyl alcohol (Scheme 3). Secondly, aliphatic linkers bearing a latent nucleophile (phenol, amine, thiol) can perform an intramolecular exo-trig type cyclization upon cleavage of the trigger. For both cases, several -X-H moieties can be used as leaving group, such as alcohols, thiols, carboxylic acids, phosphates, sulfates or amines. Indeed, the use as a carbamate is required for amines, as the amine by itself will not leave. However, the carbamate will leave and liberates the amine due to the loss of CO2. [97,104] In principle, any protective group can be used as a trigger for the SIL system. Over the time, many ingenious methods have been developed to ensure selective deprotection and thus a response to a specific environmental factor, e.g. dynamic, pH-dependent SIL, [107] thermally induced decomposition of polymers, [108] or by sequentially triggered release, where the trigger additionally serves as SIL and fluorogenic dye for the reaction. [109] 1.3 Techniques to Cross Biological Barriers However, most reasonable applications in vivo are limited by the use of enzymatic triggers, which restrict the scope of the protecting groups to the enzymatic reactions currently accessible for these purposes. [100] In general, three enzymatic classes can be used, EC 1 (Oxidoreductases), EC2 (Transferases), EC 3 (Hydrolases). [100] When targeting bacteria, there is largely no selective enzymatic reaction. Only two reactions from EC1, more specifically EC1.6.6 (nitroreductases) and EC1.7.1 (azoreductases), guarantee higher selectivity for bacteria than for human cells.

For advanced applications, triggers based on reactions from EC1.6.6 (nitrobenzyl) and EC1.7.1 (azobenzene) should be considered a critical choice. Moreover when considering the use of azo pigments as early antibiotics [110,111] and their potential toxicity, [112] the use of nitrobenzyl-trigger might be the better choice. Despite the existing metabolic pathways in humans and the potential toxicity when considering synthetic musks. [113][START_REF] Legrum | Riechstoffe, zwischen Gestank und Duft[END_REF][START_REF] Maekawa | [END_REF][116] Several examples of nitro-reductase (NTR)-sensitive SILs for bacterial applications can be found in the literature. In 2018, Ji et al. gave an exemplary use of such an NTR-sensitive SIL. In their work, they used a derivative of Cyanine-5 as fluorogenic probe for the detection NTR in bacteria. [101] Therefore, they have protected the amine of their dye by a para-nitro benzyl moiety. Upon cytosolic entry, para-nitrobenzenyl was reduced, which liberates the fluorescent amine. They were able to prove the selectivity of the release by several methods. In addition, the cellular entry was proven by several test, as well as FACS and FM. Despite incubation times of 2 to 24 h, however, they claimed this release to be fast.

In another interesting example by Pardeshi et al., [117] a para-nitrobenzyl trigger was used in conjunction with a coumarin as a fluorogenic SIL to mask the carboxylic acid of ciprofloxacin (CIP) in a prodrug approach. They were also able to prove the cytosolic entry of their probe by FM and the measurement of the MIC. Moreover, their CIP-conjugate showed good efficiency against the E. coli ATCC 25922 in cellulo and in vivo. However, this was not the case with other bacteria, where the MIC was moving in the range of 4 to >200-times higher compared to the used fluoroquinone standard.

In conclusion, this strategy might have reduced the toxicity caused by CIP due to selective deprotection only in bacteria. However, the efficiency highly varies between the different species, which might be due to the long incubations time, several hours, required to measure a conversion. Indeed, the reduction potential of NTR highly depends on environmental conditions, so that the system operates most efficiently under anaerobic conditions. [118] These long incubation times were also shown to be necessary in the previously presented work from Ji et al., where bacteria were incubated for at least 4 h but up to 24 h. [101] Moreover, obligate anaerobic bacteria, which this method profits the most, are rarely the cause of an infection (except Clostridium difficile) and can be well eliminated by common therapies. [119,[START_REF] Carroll | Jawetz Melnick Adelberg's Med. Microbiol[END_REF] Also none of them belong to the notorious pathogens listed by the WHO. Despite the fact that many pathogenic organisms are facultative anaerobes, the effectiveness of NTR-sensitive triggers may be dependent on if the location of the infection is in an area of low oxygen concentration. [START_REF] Dietz | [END_REF] Another very interesting group of SIL are the disulfide based SILs. Instead of being selective for one organism, they allow for broad application, as disulfide-based SILs are rapidly and selectively cleaved in any living organism due to the high amount of GSH (between 0.5 -2 mM and up to 10 mM) [122][123][124] as well as the redox regulating enzyme thioredoxin (TRX) present in the cytoplasm.

Such disulfide-based SILs are well established in the delivery and release of cytostatic agents. [125,126] They have demonstrated a high stability for in vivo circulation and have even gained marked approval by the FDA. [127] With regard to their possible use in the delivery of antibiotics, there are very few examples. Even fewer when it comes to delivery within a bacterium.

In 1989, Norbeck et al. described the very first example of a disulfide based SIL for the delivery of an antibiotic into a Gram-negative bacterium. In their work, they have tested two prodrug approaches for the 8-amino derivative 1 of 3-deoxy-β-Dmanno-2-octulopyranosonic acid 2, the substrate for 3-deoxy-D-manno-octulosonate cytidylyltransferase (CMP-KDO synthetase) which is an important enzyme in the synthesis of the LPS in Gram-negative bacteria (Scheme 4).

One approach was by converting the amine in a D-Ala-D-Ala containing amide 3, which benefits from an active transport by the bacterial oligopeptide permease, followed by aminopeptidases mediated intracellular cleavage of the prodrug. However, this system is prone to mutation and consequently resistance. For this reason, they have designed the self-immolative linker to mask the polar carboxylic acid as its corresponding ester 4. This should upon attack of a reactive thiol gives a mixed disulfide 5, exposing the thiolate 6 of the SIL, which releases the active compound 1 by subsequent cyclization into the thioether 7. Measurements of this self-immolative linker applied on S. typhimurium, a Gram-negative pathogen, showed Scheme 4 First prodrug approach using disulfide-based SIL for the delivery of antibiotics into Gram-negative bacteria adapted from Norbeck et al. [128] accelerated liberation of the drug in cellulo with expression of the same specific marker compared to the amide prodrug. The antibacterial activity, however, was approximately 2-times lower, as the disulfide ester probably must enter via passive diffusion which tends to be difficult and slow.

Surprisingly, even though the concept of using disulfide-based SILs as prodrugs for releasing antibiotics inside pathogens is old and was first considered by Norbeck et al., [128] the concept did not receive much attention. Perhaps this is because the antibiotic crisis was not acute at the time.

It took almost 30 years before Kim et al. revisited this concept to employ a disulfide based self-immolative disulfide linker for the intracellular release of a fluorophore from a siderophore-conjugate in Gram-negative bacteria (Scheme 6). [129] Figure 6 The concept of the new probe design based on a redox sensitive siderophore-conjugate releasing a fluorophore inside Gram-negative bacteria. Reprinted with permission from Kim et al. Org. Biomol. Chem., 2015, 13, 73. [129] Copyright © The Royal Society of Chemistry 2015.

1.3 Techniques to Cross Biological Barriers

Entry Rules, New Guidelines for Druggability of Antibiotics

Although methods such as bioinformatics, genomics, and numerous high-throughput screenings have yielded numerous hit substances in the past, further screenings of these substances failed. This is because, as mentioned earlier, antibiotic development lacks a set of guidelines and rules for the druggability of new antibiotic agents, in contrast to the design of classical drugs. Even Lipinski pointed out that his rules cannot be applied to antibiotics, [START_REF] Lipinski | [END_REF] which in turn means that a hit substance cannot be converted into a lead with whole-cell antibacterial activity, with the rules currently in place. In the same way as retro perspective studies helped to define rules for druggability of active compounds, [START_REF] Lipinski | [END_REF]130,131] researchers conducted such studies in the hope to find rules, which define whether or not a compound becomes active on Gram-negative bacteria. [START_REF] O'shea | [END_REF]132,133] Among those, O'Shea and Moser analysed clinical relevant antibiotics on their physicochemical properties, with the aim to map their characteristics to develop new rules for predicting the drug-likeness of antibiotics. [START_REF] O'shea | [END_REF] In 2008, they discovered that antibiotics with Gram-negative activity have a lower molecular weight than pure Gram-positive antibiotics, with a molecular weight of about 600 Da. This corresponds to the size of the porin channels. In addition, Gram-negative active antibiotics were found to be significantly more polar than pure Gram-positive antibiotics and non-antibacterial drugs. [START_REF] O'shea | [END_REF] The relationship between ClogD7.4 levels and molecular weight was determined to be the most important marker for the identification of Gram-negative active antibiotics. However, detailed information could not be obtained from the results of this study because the compounds studied were from only a few drug classes and Gram-negative antibiotics are predominantly found in only five of these classes. Although the results of this study do not provide general guidelines for antibiotic development, it has provided important insights into the properties of antibiotics.

Another study with a stronger focus on the conversion of hits to leads was published by AstraZeneca in 2014. In addition to the physicochemical properties analysed by O'Shea and Moser, net charge was included as a parameter. Similar to O'Shea and Moser, they concluded that Gram-negative active antibiotics have a lower average ClogD7.4 compared to Gram-positive-only antibiotics. In addition, the analysis showed that most Gram-negative active compounds are charged and can be divided into acidic and basic compounds. The authors note that negative charge is mainly present in all β-lactams where a carboxylic acid is required for activity. Thus, this study also allows only limited conclusions to be drawn.

Recently, in 2017, Richter and Hergenrother conducted an accumulation study, including 180 diverse non-antibiotic compounds. For their study, they focused on nonfastidious Gram-negative organisms, including Enterobacteriaceae (E. coli and Klebsiella), P. aeruginosa, and/or A. baumannii. In their protocol, E. coli bacteria were incubated with the compounds, and after centrifugation of the bacteria through silicone oil to separate the organisms from the extracellular medium, the intracellular concentration was measured by HPLC-MS. [134] Antibiotics known to have low accumulation (novobiocin, erythromycin, rifampicin, vancomycin, daptomycin, clindamycin, mupirocin, and fusidic acid) and high accumulation (tetracycline, ciprofloxacin, and chloramphenicol) were used as reference for assay evaluation. The results obtained with this assay gave a different picture than the previous retrospective studies, as the accumulation assay provided a more accurate picture of ClogD.

It is becoming increasingly clear that the ratio of ClogD to MW plays a rather minor role and is prone to misinterpretation when used as a marker.

When accumulation is filtered by negative, positive, or neutral compounds, it is found that positive charge is the most important factor in accumulation. In fact, if the accumulation is compared to the low accumulating control, about 29% (12/41) of the positively charged compounds show significant accumulation, while none of the negatively (0/20) and neutrally (0/39) charged compounds show significant accumulation. Noting at this point that antibiotics with carboxylic acids have a strongly negative ClogD7.4 value (≤ -5), but cannot accumulate due to the negative charge of the carboxylic acid, is in contrast to the correlations of the previous retro perspective studies. [81] Of the 12 strongly accumulating compounds, two-thirds (8/12) had a primary amine. Converting this primary amine to another functional group (carboxylic acid, amide, ester, nitrile, azide or alcohol) resulted in the loss of the accumulation property. [81] Using another 68 compounds containing primary amines, Hergenrother et al. demonstrated that the presence of a primary amine is essential for accumulation, but not sufficient to achieve it. Furthermore, accumulation does not increase with the number of primary amines or a lower ClogD value, nor does it correlate with molecular weight. Together with this, they draw more parameters from their dataset that correlated with a higher accumulation, such as a higher rigidity as well as a low overall bulkiness of the molecules.

In their follow-up work, they called these parameters the "eNTRy rules", which should indicate that compounds are most likely to accumulate if they contain a nonsterically encumbered ionizable Nitrogen, have low Three-dimensionality (globularity ≤ 0.25), and are relatively Rigid (rotatable bonds ≤ 5). At this point, it is important to mention that antibacterial targets are highly conserved across Grampositive and Gram-negative species. [135] A Gram-positive-only antibiotic could thus be converted into a broad spectrum antibiotic with the right strategy, as it could be demonstrated by several observations. [136][137][138] As a result, Hergenrother et al. speculated that applying the eNTRy rules to current existing Gram-positive-only antibiotics lead to broad spectrum antibiotics.

To demonstrate the legitimacy of their new rule, they screened chemical libraries for clinical drugs and approved antibiotics bearing a primary amine. [139] As a result of this screening they were able to present several examples of antibiotics from the literature, which comply with the eNTRy rules and led to broad spectrum antibiotics upon attachment of a primary amine (Figure 7).

Figure 7 Attaching a primary amine to a relatively flat and rigid antibiotic can increase its activity against Gramnegative bacteria. Two examples [140,141] for the conversion of purely Gram-positive compounds into broad-spectrum antibiotics by adding a primary amine that conforms to the eNTRy rules. RB, rotatable bonds; Glob, globularity; broad-spectrum, activity against both Gram-positive and Gram-negative bacteria. Adapted from M.

F. Richter, P. J. Hergenrother, Annals NY Academy of Science, 2019, 1435, 18-38. [START_REF] Richter | [END_REF] One of these compounds is ampicillin 8 (Figure 7), whose breakthrough discovery led to the development of the first "broad spectrum" penicillins. [142] This 3 rd generation of penicillins is also known as aminopenicillins, as the structure has been extended

to include a benzylic amine compared to penicillin G 9. In fact, penicillin G 9 fulfils almost all the conditions of the eNTRy rules (RB = 4, globularity = 0.17, no primary amine), which are finally completely fulfilled by the addition of an amine and thus of ampicillin 8 (rotatable bond = 4, globularity = 0.12, with primary amine).

Another example that can be found in the literature but never made it to market are the two DNA gyrase/topoisomerase IV inhibitors REDX04139 10 and 18-38. [START_REF] Richter | [END_REF] However, there are already some examples that violate the eNTRy rules. For example, Nabriva Therapeutics has developed a series of pleuromutilin derivatives that do not comply with the eNTRy rules in terms of flexibility and globularity. Nevertheless, a broad-spectrum antibiotic could be obtained from pleuromutilin C1 12 by reversing the stereocenter at carbon 12 (Figure 8) and adding two amines. Due to its high flexibility (RB = 13) and globularity (Glob = 0.41), pleuromutilin 66 13 is not expected to accumulate. Hergenrother et al. explained the nevertheless increased activity by a self-promoted uptake due to the polycationic nature.

Notwithstanding, and strengthened by these discoveries from Figure 7 in compliance with their eNTRy rules. [143][144][145] One of these antibiotics is 6DNM 14, which represents the perfect candidate for this project, since it is completely flat and has no rotational bond. Adding an amine at a strategic location keeps globularity low and inevitably adds only a rotatable bond.

Figure 9 The conversion of 6DNM to 6DNM-NH3 by introducing a primary amine fulfils the criteria of the eNTRy rules and thus allows the enhances permeation of the compound through OmpF. [START_REF] Richter | [END_REF] The obtained 6DNMB-NH3 15 has a broad spectrum of activity and could be used for computational studies. These could show that these charged amine compounds pass through the pore channel and are attracted to the interior of the bacterium by the electric field of the transmembrane potential. [146][147][148] In summary, the eNTRy rules established by Richter and Hergenrother represent what everyone has been waiting for decades: a counterpart to Lipinski's Rule of Five, but for antibiotics. It may be the most promising strategy for addressing the acute antibiotic crisis. Despite this, it is rather unlikely that it alone can solve this problem permanently and sustainably. One indication of this is that it was not possible to predict the broad-spectrum activity of natural products such as the pleuromutilin 66 presented in their study, where another mechanism is likely involved. In fact, all the compounds presented by Hergenrother to which the eNTRY rules can be applied, apart from penicillin 9 and 6DNM 14, are purely synthetic compounds. Particularly those whose structure consists of flat and very rigid ring systems. In consequence, this means that natural products could be excluded from further studies, since their accumulation cannot be predicted with these rules.

However, natural substances are particularly important because they are a source of diversity. Inevitably, this diversity also entails a higher number of rotatable bonds and greater globularity, but these are essential for sustained pathogen control. [149] Notably, natural products often have more than one target and disrupt bacterial physiology through several different pathways, a phenomenon known as polypharmacology, which has the advantage of severely damaging the bacterial cell and slowing the development of targeted resistance. [START_REF] Miethke | [END_REF] Most synthetic antibiotics, on the other hand, are designed to inhibit a specific target. This is known to rapidly lead to new antibiotic resistance, as bacteria can become accustomed to them much more quickly than to a multitarget antibiotic. [150,151] Worse, resistance to antibiotics that target individual proteins often develops before they reach the market. [26,152] Another problem that Hergenrother et al. have already encountered is the retention of target activity after attachment of a primary amine. Indeed, in one of their recent works, they failed to convert 6-azaindazole into a broad-spectrum agent, although high accumulation was achieved. [153] Conversion of the amine to a pyridinium or guanidinium derivative did not restore the activity either, although they accumulated even more. [153] As with other positively charged compounds, electrostatic interactions to negative compartments of bacterial cell can hinder their cellular distribution. [154,155] 1.3.3 Siderophore-Drug Conjugates (SDCs)

Iron is one of the most important elements for life. It is the fourth most abundant element in the Earth's crust and serves as growth factor and micronutrient required by all living organisms. [START_REF]Metals, Microbes, and Minerals -The Biogeochemical Side of Life[END_REF] It exists mainly in two oxidation states, Fe 3+ and Fe 2+ , which form thermodynamically stable complexes with a diverse set of biological ligands. Similar to humans, bacteria require iron for a number of vital redox-enzymes that are essential to biological processes. [START_REF] Sepúlveda Cisternas | [END_REF] As a result, iron is a micronutrient that is directly related to bacterial vitality. [158] Despite being highly abundant in nature, iron is not easily accessible due to the quick oxidation of Fe 2+ (ferrous) to Fe 3+ (ferric), and thus it is primarily found as insoluble ferric hydroxides or oxides. [159] As a result, bacteria have developed strategies to absorb and accumulate iron from their surroundings. Among several strategies, Gram-negative, Gram-positive, and mycobacteria commonly use biochemically synthetized siderophores, small molecular iron chelators that form water soluble Fe 3+ -complexes, to ensure their steady iron supply. [160] Because of the presence of hard oxygen binding to the iron, all of these chelators have a higher affinity for the hard ferric (Fe 3+ ) compared to the soft ferrous (Fe 2+ ) ion. Classification of siderophores is based on the iron chelating motif they carry and divides them into hydroxamate, phenolate/catecholate, or carboxylate/αhydroxy carboxylate containing siderophores (Figure 10). Bacteria usually produce and utilize a variety of different siderophores for iron uptake and can switch between the corresponding iron uptake systems (Figure 11). [158] Moreover, this allows them to use xenobiotic siderophores or even express receptors for siderophores from other species, with the intention of exploiting adaptive advantages of other bacteria populations for their own survival. [158,161,162] Figure 11 Relevant siderophores and siderophore uptake machinery (A) Structures of enterobactin (Ent) and salmochelin S4, as free ligands (up) and their ferric complexes (down) for iron uptake; (B) Graphical illustration of the Ent and salmochelin transport across the Gram-negative cell envelop of E. coli and its processing machinery in the cytoplasm. Ferric Ent is recognized by the OM receptor FepA and transported into the periplasm with energy provided by a TonB-ExbB-ExbD complex. FepB, a periplasmic binding protein, mediates translocation to the IM, and an ATP-binding cassette (ABC) transporter, FepCDG, transports the ferric Ent into the cytoplasmic where the esterase Fes releases Fe(III) by hydrolysis of the trilactone, followed by subsequent reduction to Fe(II). [163] Analogue to this, ferric salmochelins or ferric Ent are taken up by the OM transporter IroN and hydrolysed by the IroD esterase for iron release. [164] Reduction of Fe(III) to Fe(II) is not catalyzed by the hydrolases. DHBS, 2,3-dihydroxybenzoyl serine; Glc, glucose. Reprinted with permission from Nolan et al. J. Am.

Chem. Soc. 2018, 140, 5193-5201. [165] Copyright ® 2018 American Chemical Society.

Since bacteria have a highly competitive lifestyle in which they invade and/or defend ecological niches to expand their colonies, they developed Trojan Horse-like concept, by producing natural siderophore-drug conjugates to get past the cell envelope barrier and actively accumulate drugs in Gram-negative bacteria. [166,167] Some notable examples for such sideromycins are albomycins (compounds 21, 22, 23; Figure 12), which are produced by Streptomyces and translocate across the cell membrane of Gram-negative bacteria in the same way as an intrinsic siderophore is incorporated. [168,169] Albomycins consist of different derivatives of a natural seryl-tRNA synthetase inhibitor, conjugated to a ferrichrome-type siderophore via amide linkage.

Techniques to Cross Biological Barriers

For the antibiotic to exhibit its antimicrobial activity, it must be released from the siderophore, which occurs after entry into the cytoplasm by enzymatic hydrolysis. [170] This was demonstrated by the absence of an inhibitory effect of albomycin δ2 on the isolated tRNA synthetase, while the seryl-tRNA synthase inhibitor (SB-217452, 24)

disconnected from the siderophore showed IC50 values of 8 nM. When testing SB-217452 24 on bacteria, however, only very weak antibacterial activity was observed. [171] Subsequent research could confirm that with the siderophore an increased translocation of SB-217452 24 takes place which improves the antimicrobial activity significantly. [172] Figure 12 General structure of Albomycins; A naturally occuring class of Sideromycins produced by Streptomyces and consistent of two parts: a ferrichromen-type siderophore (left) linked via amide bond to naturally produced seryl-tRNA synthase inhibitors, with SB-217452 24 as the most prominent example from Albomycin δ2

In order to explore the potential of artificial siderophores for the treatment of Gramnegative pathogens and the diagnosis of infection, researchers have developed different synthetic siderophores for the utilization in siderophore-drug conjugates and reporter conjugates. [168] Enterobactin (16, Ent) and its derivatives, siderophores which are biosynthesized by the family of Enterobactericae, have attracted particular interest due to their key role in securing iron supply for the pathogenic family-members; including Citrobacter, Enterobacter, Escherichia, Klebsiella, Salmonella, and Shigella; from the host during infection, as well as some opportunistic pathogens that cannot synthesize Ent but express receptors for ferric Ent, such as Pseudomonas aeruginosa and Acinetobacter baumannii. [173][174][175] The very first total synthesis was published in 1977 by none other than E. J. Corey et al., [176] followed by several other synthetic approaches for natural-like and artificial Ent scaffolds, and have been reviewed by Klahn et al. in a very recent article. [177] In 2012, however, Nolan et al.

have synthetised the first Ent analogue bearing an additional carboxylic acid at the C5 position of one enterobactin catechol ring as functionalization pinpoint in the design of artificial siderophore-drug conjugates. [178] The design was chosen, as the glycosidic motif of the natural occurring salmochelin analogues, at this position, does not inhibit the iron complexing, nor the ferric Ent uptake machineries. From this, five non-toxic siderophore-conjugates have been synthetized (conjugates 25, 26, 27, 28, 29; Figure 13), linked via an amino-PEG3-amine spacer as their corresponding amides, including a fluorescent coumarin 29. Further cargos were the ciprofloxacin (CIP) containing conjugates 30, linked via a similar PEG-chain, and conjugate 31, connected with a hydrophobic pentyl chain, as well as the vancomycin conjugate 32.

The resulting collection was then examined for its ability to restore growth of E. coli bacteria in the presence of 2,2′-bipyridine as an iron chelator to produce an irondepleted medium. Three mutants were employed that lack either the biosynthesis (∆entA), transport (∆fepA), or processing (∆fes) of ferric Ent and therefore grow only poorly under iron-deficient conditions. In fact, addition of conjugates 25, 26, 27, 28 to this iron-depleted medium resulted in growth recovery for the ∆entA mutants. Opposite results were obtained for the ∆fepA and ∆fes mutants, which suffered a growth deficiency with increasing concentration of Ent conjugate 26. This could be explained by the fact that the additional Ent leads to nutrient deficiency due to the lack of transport and utilization of the mutants (∆fepA and ∆fes) and its additional binding of iron from the medium. Adding the fluorophore 29 and the antibiotic conjugate 31, 30 and 32 to the iron-depleted growth medium resulted in no growth recovery but in a bacteriostatic growth inhibition. Regarding the absence of antibiotic activity for the CIP-conjugates 31 and 30 on P. aeruginosa, they concluded that a release of the cargo, once it has entered the cytoplasm, might be essential, like the prominent example of Albomycin δ2 showed in the past. [171] Nevertheless, the results of this work are flawed, as the only tests made were designed to prove the iron uptake connected to the growth, which does not allow deeper conclusions on the antibiotic action. Indeed, to induce the Ent machinery, it is from uttermost necessity to grow the bacteria in iron depleted medium. [178] However, the effect of reduced growth due to Ent as additional chelator, could have been avoided

by the addition of a small amount of iron in advance or the addition of ferric Entconjugates instead. [179] Very questionable, however, is also why the diagnostic potential of the fluorescent coumarin-conjugate 29 was not used, as it was already synthetised. Although it was noted that it is questionable whether fluorescence was maintained in the presence of the chelated iron, there was no indication of whether an attempt was made to measure it.

Later in 2018, Nolan et al. reinvestigated their two CIP-Ent conjugates 30 and 31, for testing them on an increased set of E. coli strains, including the lab strains K-12 and B as well as the uropathogenic strains CFT073 and UTI89. [165] The uropathogenic strains were chosen, as they exhibit another uptake pathway (Figure 11) including IroD, an enzyme that specifically cleaves Salmochelins -Ent that is naturally substituted at the C5 by glycosides (Figure 10). As tests with the PEG-linked conjugate 30 reproduced the previous results, experiments with the alkyl-linked conjugate 31 lead to a growth inhibition of the uropathogenic strains Ec CFT073 and Ec UTI89. In fact, further experiments with knock-out mutants proofed that the presence of the IroD enzyme is crucial for antibacterial activity. However, to arrive at these results, the experiments were modified to measure growth inhibition directly rather than growth recovery. For this purpose, the bacteria were cultured in an ironreduced medium without an iron chelator, which allowed them to continue growing and still form the siderophore transporters. The absence in inhibition for the PEGlinked conjugate 30 was left unanswered due to a lack of explanation. Overall, this demanding amino acids on the β-carbon to their previously reported 5-carboxy-Ent, to obtain two CIP-Ent-conjugates 33 and 34 (see Figure 14). [180] In general, (acyloxy)alkyl ester are used as mild hydrolysable functional group as prodrug approach for carboxylic acids. The use of sterically demanding residues can increase the stability. [181] As result, the additional methyl in contrast to the more common (acetyloxy)methyl ester, as well as the Ala used in conjugate 33 and the Val used in conjugate 34, increased the hydrolytic stability. When testing these two SDCs on bacteria, the authors have measured an antibiotic activity against P. aeruginosa. Surprisingly, P. aeruginosa mutants lacking the ability to use ferric Ent were even more susceptible to the CIP-conjugates 33 and 34, perhaps due to reduced fitness. The explanation to this effect was easily stated, as the experiment required long incubation times, enough of the linker hydrolysed to liberate the required amount of CIP for inhibition.

After this disappointment, Nolan et al. designed another CIP-Ent-conjugate linked by a stable disulfide linker, in 2018. [182] Inspired by the previously mentioned work from Kim et al. [129,183] and Brezden et al., [183] they decided to use a alkyl/alkyl disulfide linker to produce the CIP-conjugate 36 (Figure 14). This linker was chosen, as disulfides are stable to hydrolysis and survive the oxidative environment of the periplasmic space but are cleaved under the reducing environment of the cytoplasm.

The cleavage and thus the following release of the CIP cargo was tested with a tenfold excess of glutathione (GSH) at different pH and followed by HPLC. At pH 9, the conversion was finished within 4 h, but the more important results were observed at pH 7.4 and indicated that the cleavage proceeded slow and was not even finished after this time. cytoplasm but rather gets cleaved in the periplasm releasing its CIP cargo out of reach for its targeted enzyme. This conjecture is debatable, as the only experiments performed to make a statement about the localization of the cargo were based on the growth inhibition.

In addition to the questions already mentioned, some questions remain unanswered, such as the possible homeostasis due to iron complexation within the bacterial host. [184][185][186] As siderophores are used for scavenging excess iron in some diseases, their potential toxicity is already known. [187,188] For instance, recent studies of myobactin J, a siderophore from Mycobacterium tuberculosis, in mice concluded its toxicity being linked to iron starvation as the response is hypoxia-like. [188] On the other side, acute induced hypoxia is discussed as beneficial side effect, as it activates the hypoxia-inducable factor-1, which is upregulating the immune system in response. [189,190] Figure 15 Structure of Cefiderocol; the first approved siderophore-drug conjugate for antibacterial therapy.

Despite the above mentioned, recently the first siderophore-antibiotic drug conjugate, cefiderocol (37, Figure 15), has entered the marked and is now available for treatment of bacterial infections. [191][192][193] Against any concerns that additional iron complexation could induce homoeostasis, no evidence could have been found. [194][195][196] However, it is recommended that cefiderocol is used only in combination with conventional antibiotics for salvage therapy of Carbapenem-resistant Acinetobacter baumannii (CRAB) infections because clinical trials have been disappointing. [192] 1.

Membrane Active Peptides (MAPs) as Vector for Antibiotics

Membrane-active peptides (MAPs) are a class of amphipathic peptides that interact with biological membranes to alter their properties or to translocate across them.

MAPs typically have a hydrophilic head group and a hydrophobic tail, and the interactions between these two regions enable the peptide to insert into the membrane and to disrupt its structure. [197] MAPs can be used to target specific cells or to deliver drugs or other molecules across the cell membrane. In general, there are two types of MAPs: cell penetrating peptides (CPPs), and antimicrobial peptides (AMPs), of which the latter was discovered the earliest by Dubos in 1941. [197,198] Commonly, they are distinguished by the characteristics whether they carry an antimicrobial property or not. [199,200] As the name tells, the AMPs do, while the CPPs do not. Nevertheless, sometimes these physicochemical characteristics are not well distinguishable and so do CPPs exhibit antimicrobial properties in a few examples and AMPs can cross cell membranes without showing any antimicrobial activity. [199,200] In the following section, these two classes are discussed, with a few examples of using them as carrier for antibiotic drugs.

Mode of Membrane Interaction and Consequent Translocation

Both, CPPs and AMPs are believed to achieve their translocation due to the same mechanisms. [199,[START_REF] Graef | Overcome Antibiot. Crisis[END_REF] These mechanisms are commonly divided into endocytosis (energy-dependent) induced uptake, a process that is exploited by eukaryotic cells and not by prokaryotes, and direct penetration (energy-independent) pathways (Figure 16), [START_REF] Kardani | [END_REF] whereby the uptake mechanism of the CPP is concentration dependent. In low concentrations, endocytosis is favoured, whereas in higher concentrations, direct penetration is primarily triggered for primary hydrophobic peptides and many cationic CPPs. However, this is not a general rule, as it also depends on the CPP. [START_REF] Kardani | [END_REF] In Energy-independent processes include several mechanisms like the carpet-like model, the inverted micelle formation, the membrane-thinning model, and the formation of pores. For these mechanisms, the electrostatic interaction of the positively charged CPP and the negatively charged components of the membrane are crucial. [START_REF] Kardani | [END_REF] In the inverted micelle model, the peptide interacting with the membrane wraps around the membrane to form a pocket-like micelle. Then this micelle travels through the membrane and inverts, to release the CPP in the cytoplasm. In the pore-forming process, the CPP is inserted into the membrane. Depending on the CPP, different pores can be formed as the barrel-stave or the toroidal model, respectively. [203] In the membrane thinning model, CPPs that have already penetrated the cell membrane can, together with those outside, narrow the cell membrane and thus make it permeable.

In the carpet-like mechanism, the peptides disrupt the membrane by covering the lipid membrane with an extensive layer of peptide. After local high concentration of peptides occurs on the surface of phospholipids, membrane permeation is triggered.

Lipid membranes are then disintegrated leading to micellization. At this stage, a transient hole is formed before the membrane is thoroughly disintegrated. [204] Especially, AMPs are believed to penetrate cells via the last-mentioned mechanisms. This can be explained by their higher affinity to the negatively charged cell membrane. [199] This also explains why few AMPs are known to enter cells without membrane perturbation. [199] 1.3.4.2 Antimicrobial Peptides (AMPs)

AMPs are small polycationic and amphiphilic peptides, often consisting of fewer than 50 amino acid sequences. They are found in all eukaryotic livings and serve the immune system as host defence peptides, as they are sometimes referred to. [205][206][207] Their secondary structure is not ubiquitous throughout their class and is therefore often used for categorization, although there may be more appropriate options, such as their toxicity to microorganisms and mammalian cells. [200,208] As they are the response to infectious diseases such as bacteria, viruses, fungi, or parasites, they have been studied for the purpose of providing an alternative or complement to the corresponding therapies. [209][210][211] Unlike antibiotics, AMPs do not target a specific site of action, making it more difficult for bacteria to adapt and build resistance to these agents, which makes them particularly valuable. [212,213] A well-known example of AMPs used to treat bacterial infections is Tyrothricin, a mixture of several cyclic and linear polypeptides belonging to the group of Gramicidins and Tyrocidins used to treat bacterial and fungal infections. [214] Besides there antimicrobial action, however, AMPs have attracted specific interest as synergetic antibiotic drug delivery system due to their translocation abilities through bacterial membranes. [215][216][217][218][219][220][221] 1.3.4.3 AMPs as Carrier in Antibiotic Drug Conjugates

Although AMPs can enter mammalian cells due to their electrostatic interactions with negatively charged cell compartments, eukaryotic cells are not preferred targets due to the high molecular weight of AMPs, which exceeds the small molecule range.

Bacteria, on the other side, have two features which makes them more attractive towards AMPs. For example, Gram-negative bacteria have negatively charged lipopolysaccharide on their surface and peptidoglycan in the intermembrane space.

Gram-positive bacteria have peptidoglycan, lipoteichoic acids, teichoic acids, and other surface proteins, all negatively charged. [222,223] Indeed, as the bacterial membrane is partially negatively charged, it is attractive to the AMPs due to their cationic physicochemical properties, [224] in contrast to eukaryotic cells, which are relatively neutral due to their abundant zwitterionic species in the phospholipid bilayer. [225,226] Additional to this, the much smaller size of bacteria result into a low membrane capacitance, allowing for a high transmembrane potential ranging from -140 mV to about -75 mV, [START_REF] Stratford | Proc. Natl. Acad. Sci[END_REF] whereas the eukaryotic transmembrane potential generally ranges from about -10 mV to -100 mV. [223,[START_REF] Lin | [END_REF]229] This together makes bacteria more susceptible to AMPs than eukaryotic cells, and could be demonstrated by several research teams over the past years. [229,230] Inspired by such an effect, Chen et al. studied the effects of a covalent linkage between an AMP and Chloramphenicol (38, CAP), a broad-spectrum antibiotic. [231] CAP 38 is a translational inhibitor of bacterial peptidyl transferase, but because of its unfavourable side-effect profile, it is used nowadays only as a reserve antibiotic.

The aim was to restrict the nonspecific distribution of CAP 38 by an infection site targeting AMP. For this purpose, Chen et al. chose a fragment of the human AMP ubiquicidin (UBI29-41), which was attached through a glutaric acid linker to afford CAP-conjugate 39. In general, both CAP 38 and CAP-UBI29-41 39 showed great inhibition on Gram-negative but less on Gram-positive bacteria. However, the acute toxic side effects of CAP 38 could have been reduced drastically by the linkage to the AMP. [231] Figure 17 Structure of Chloramphenicol (38, CAP) and its AMP-conjugate 39

In another work of Arnush et al., [232] it was tried to increase the antimicrobial activity of vancomycin 40 by the covalent attachment via CuAAC-reaction to two poreforming AMPs, magainin 2 41 and its truncated peptide analogue 42. Vancomycin is a large polar antibiotic and thus not able to overcome the OM of Gram-negative pathogens and act on them. However, the two conjugates did not show increased activity and the opposite was the case. The vancomycin-conjugates 41 and 42 were even less active than vancomycin 40 alone. The authors suggested that vancomycin's activity is either attenuated by the linker or blocked by the AMP.

Figure 18 Structure of different AMPs linked by a variation of spacers to the antibiotic vancomycin adapted from Arnush et al. [232] and Mishra et al., [233] In a following work from Mishra et al., [233] vancomycin 40 was conjugated to cathelicidin-related AMPs (43, CRAMP), by the similar linker as well as different shorter aromatic spacer (e.g. 44, 45, 46). After evaluating the diverse set, they obtained for their MIC of different bacteria including Gram-positive and Gram-negative bacteria.

After evaluating the different vancomycin-CRAMP conjugates with respect to their MIC against various bacteria, including Gram-positive and Gram-negative bacteria, the authors found that the short aromatic linkers (e.g. 44, 45, 46) exhibited increased bacterial activity. In contrast, the conjugate 43 containing the PEG linker, as also used by Arnush et al., did not show increased activity in either Gram-negative or Gram-positive bacteria, when compared to the inhibition of a 1:1 vancomycin-CRAMP mixture. [233] In fact, this is also consistent with the results of Rodriguez et al., [234] which concluded that the higher activity in their conjugate might be due to the physicochemical alterations of the AMP by the covalently attached antibiotic. As a consequence, antibiotics should be selected in accordance with their physicochemical properties to the AMP, in order to improve antibacterial properties.

In summary, research on AMP conjugates has made remarkable progress in improving selectivity for bacteria and permeability of antibiotics combined with AMPs.

Researchers have also demonstrated that the improved antimicrobial potential is indeed due to the bound AMP. [235] However, the link between AMP and antibiotic must be carefully selected because it can significantly affect antibiotic potential. At this point, cleavable linkers are discussed as solutions to overcome this problem.

Nevertheless, AMPs as carriers still have many challenges to overcome, such as their high production costs, low oral bioavailability and metabolic stability, and potential cytotoxicity to host cells. [211,219,224] 1.3.4.4 Cell Penetrating Peptides (CPPs)

Cell penetrating peptides (CPPs) are peptides, which are capable of translocating across the cell membrane. The first peptides found with this ability were Tat (HIV-1 transcriptional activator protein) and pAntp (Drosophila antennapedia transcription protein). [236,237] Ever since, attempts have been made to use these peptides as vector for entering cells. [199] CPPs can be classified by their physicochemical properties. Classified by these, there are three different types of CPPs existing: cationic, amphipathic or hydrophobic CPPs, [238] whereby the majority of CPPs are from cationic nature. [203] As AMPs, also CPPs mostly consist of generally small cationic peptides with arginine-and lysine-rich amino acid sequences with less than 30 units. [239] In the last two decades, CPPs have gained increasing interest not only as therapeutics but also as carrier for bio-active compounds as they can traverse cell membranes. [240] Although there are many ways for CPPs to overcome cellular membranes, fundamentally, they are similar to those of AMPs (p.39, Figure 16). Nevertheless, for clinic use in mammalians, endocytosis is considered as most prevalent cellular uptake mechanism. Probably also because, unlike the others, this mechanism is not 1.3 Techniques to Cross Biological Barriers concentration dependent. However, this brings a major drawback with it as the endosomal escape, and thus the amount of CPP reaching the cytosol, is far below good with less than 10%. [241][242][243][244] 1.3.4.5 CPPs as Carrier for Antimicrobial Drugs

In the last few years, efforts were made in the design of CPP-drug conjugates, leading to substantial results in this field with the first drug conjugates in the pipeline for clinical use. [245,246] These newly available drugs mainly cover cancer-related diseases and utilize targeted delivery through cancer cell-specific factors. [247,248] However, no such breakthrough has yet been achieved for the targeted delivery of antibiotics. In fact, there are still obstacles to overcome in the design of CPP-related Drug delivery systems. Hereafter, the most advanced and recent contributions in the field of CPP-ATB conjugation are presented.

In 2017, Gomarasca et al. [249] used two bacterial effector proteins, α1H and α2H, isolated from Yersinia enterocolitica, as well as the trans-activator of transcription (Tat) from HIV-1, as CPPs with the intend to deliver antibiotics into eukaryotic cells for the treatment of intracellular bacterial infections. As conceptional antibiotic, the aminoglycoside antibiotic gentamicin 47 was chosen due to its good bactericidal performance in clinical use against severe bacterial infections (Scheme 5). The poor bioavailability and thus low cell penetration, on the other hand, limits its use to extracellular infections only. [52,69,[START_REF] Elsinghorst | Proc. Natl. Acad. Sci[END_REF] In order to overcome this drawback and increase gentamicin's efficacy against intracellular bacterial infections, the author designed 49 were mixed in PBS and incubated for 2 h at RT to form a stable amide bond. Subsequently, the CPPs were added and incubated for an additional 2 h at RT to form the thioether bond. Adapted from Gomarasca et al. [249] primary amine, as amide 50, followed by conjugation to a cysteinic sulfhydryl of the peptides 51. However, this required the addition of a cysteine for Tat and αH1, whereas αH2 already naturally contains a cysteine. The fluorescent CPP-conjugates were synthetized by coupling Fluorescein isothiocyanate (FITC) to the N-terminus of the corresponding peptides forming the corresponding thiourea. Using the CPP-FITC conjugates obtained in this manner, FACS and fluorescence microscopy demonstrated that all three CPPs were able to translocate into HeLa cells and human brain microvascular endothelial cells (HBMEC). However, fluorescent microscopy revealed also that translocation preferentially occurs via endocytosis, as the location of the fluorescence appeared in clusters, suggesting vesicle entrapment (can be seen in Figure 19 C). Additional flow cytometry at 4 °C confirmed this observation, as energy-and temperature-dependent processes, such as endocytosis, are blocked at low temperatures. [START_REF] Weigel | [END_REF] However, cell penetration also occurs by a cell membrane disruptive mechanism that was visualized by co-incubation with a cell-impermeable fluorescent dye (propidium iodide) to label DNA. This accumulated in both cell lines, HeLa and HBMEC, upon co-incubation with the CPP-FITC conjugates.

However, the destabilization of membrane integrity was not considered significant by the authors. When the authors measured the susceptibility of various bacteria, including E. coli K1 RS218, Salmonella enterica serovar Typhimurium, and Shigella flexneri, to their CPP-gentamicin conjugates using MIC assays, the CPP conjugates achieved similar or higher values than gentamicin alone. This suggests that the covalent link impairs the activity as the MIC for the conjugates was increased up to 4-fold compared to gentamicin.

Finally, the CPP-gentamicin conjugates were tested on their antibacterial properties against intracellular bacterial infections. Therefore, HeLa cells and HBMEC cells were infected with the three test bacteria and then incubated with 600 mg/L of the respective CPP-gentamicin conjugates. As a result of those tests, all CPP-gentamicin conjugates did reduce the intracellular population, however, for E. coli infected HBMEC cells, Doxycycline, an antibiotic commonly used to treat intracellular infections, performed better than all conjugates. In addition, Doxycycline did reduce the bacterial population of Salmonella enterica serovar Typhimurium infected HeLa cells with the same magnitude as all tested gentamicin-conjugates. Furthermore, incubating unconjugated CPPs with gentamicin showed similar performance as the conjugated variant for E. coli infected HBMEC cells. Only the Tat-conjugate gave improvements in reducing the infection of HeLa cells caused by Shigella flexneri.

In conclusion, the work of Gomarasca et al. [249] did show that CPPs can be used as a vector for antibiotics to target intracellular bacterial infections. Nevertheless, the efficacy is not yet where it is wished to be, as high concentrations of 200 mg/L gentamicin in combination of a CPP have been used to reach a bactericidal effect on intracellular infections.

In a similar work, just a year earlier, Brezden et al. linked another aminoglycoside, kanamycin 52, to a CPP with antimicrobial properties to target intracellular bacterial infections as well. [183] For their work, they chose a non-membranolytic CPP which is known to traverse mammalian cell membranes. This peptide (P14LRR, 53) is referred to as AMP by the authors, but since its properties are more consistent with those of CPPs and the main purpose was to use its cell-penetrating properties to translocate across eukaryotic cell membranes, it will be referred to as CPP hereafter.

In their study, two kanamycin-P14LRR conjugates were synthesized by esterification of kanamycin at the 3′-hydroxyl group with a bis-carboxylic acid followed by peptide coupling to the N-terminus of P14LRR 53. By using sebacic acid 54 or 4,4′dithiobutyric acid 55, the non-cleavable conjugate 56 or the cleavable conjugate 57 was obtained, respectively (Scheme 6). With an additional fluorescent kanamycin-P14LRR conjugate (not shown), they demonstrated the translocation into mammalian cells before the conjugates 56 and 57 were tested for their bactericidal properties.

Scheme 6 Illustrated designed and synthesis of dual agents composed of the antibacterial and cell-penetrating peptide P14LRR 53 (red) and the antibiotic kanamycin 52 (blue). In the reducing environment of mammalian cells, the conjugate will breakdown to release kanamycin 52 and P14SH 58. Adapted from Brezden et al. [183] Chapter 1: Introduction
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In order to evaluate the antibacterial properties of the conjugates 56 and 57, a set of nine Gram-positive and Gram-negative pathogens was selected, including those known to cause intracellular infections (E. coli, S. aureus, S. enteritidis, B. abortus, S. flexneri, M. smegmatis, M. tuberculosis, S. aureusb, S. epidermis). Similar to the results from Gomarasca et al., [249] the non-cleavable conjugate 56 showed similar to 8-fold higher MICs compared to the noncovalent mixture of kanamycin:P14LRR, with B. abortus and M. smegmatis being the exception. On the other hand, the cleavable conjugate 57 performed much better with lower MICs, indicating 2-to 32times increased activity compared to the noncovalent mixture of kanamycin:P14LRR. This gave rise to the suggestion that the way of conjugation, cleavable or not, might affect the antibiotic action.

Furthermore, the ability of the conjugates 56 and 57 to clear intracellular pathogens from J774A.1 macrophage cells, including S. enteritidis, B. abortus, M. smegmatis, M. tuberculosis, and S. flexneri was tested. Also in this test, the non-cleavable linker 56 performed worse than the cleavable linker 57 and was only as good as the mixture of kanamycin and P14LRR. Indeed, this demonstrated that it is crucial for the antibiotic to exhibit its antibiotic properties, it must be separated from the CPP, preferentially by a cleavable linker.

Nevertheless, the authors pointed out that the penetration of the conjugates was concentration dependent and was increased by 20% as kanamycin was linked to the CPP. This effect implies that translocation appears to be due to membrane-disrupting mechanisms, whereas the increased penetration was explained by the beneficial contribution of kanamycin to the positive net charge (from +8 to +12). This suggests that the choice of the right cargo is crucial for penetration, and cargos that counteract the positive charge could have a negative effect on penetration and accumulation.

Moreover, the same team demonstrated in a follow-up work that both, kanamycin sensitive and resistant bacteria, are more susceptible to the conjugate 57, and that the bactericidal effect is mainly due efficient disruption of the cell membrane. [252] In

1.
3 Techniques to Cross Biological Barriers conclusion, it can be said that the favourable choice of a basic charged aminoglycoside improved the physicochemical properties of the CPP to the extent that its antimicrobial properties were enhanced.

Another interesting work at this point was published by Ghaffar et al. earlier in 2014. [253] Instead of using an ATB, which is charged at physiological conditions, the authors decided to use Levofloxacin, as response to an uprising resistance towards this drug. As CPPs, they have used TAT 59 and indolicidin 60, which were coupled to glycine or glycolic acid to their N-terminus, to produce the corresponding amide or ester linked Levofloxacin conjugates, respectively. When testing these conjugates on a set of Gram-positive and Gram-negative bacteria (E. coli, P. aeruginosa, S.

aureus, B. subtilis), by evaluating their IC50 and MIC values, the conjugates as well as the CPPs unanimously performed worse than the ATB itself. The mixture of TAT 59, which does not show an antibiotic effect alone, with Levofloxacin 61, resulted in similar results compared to Levofloxacin 61 alone. Interestingly, the only increase of the antibiotic action was achieved by mixing the antibiotic active indolicidin 60 with levofloxacin 61. This intends that indolicidin 60 does help the ATB to penetrate bacterial membranes, however, the conjugation between them attenuates this effect. One interpretation of these results could be the resulting disproportion of the total positive net charge since the main feature for MAP penetration is still the positively charged character. Indeed, an unbalance caused by connecting MAPs to an uncharged or even negative charged molecule can mitigate its charge density and thus impair its cell penetrating properties, as it could be similarly demonstrated by Rodriguez et al. using AMP-conjugates. [234] Figure In conclusion, research over the past few years has showed the potential of CPPs as versatile tools for intracellular drug delivery. Moreover, the conjugation of antibiotics to CPPs might be a promising strategy to enhance antibiotic action and targeting the hard-to-reach intracellular residing pathogens. Despite this, no CPP-nor AMPbased therapeutic has reach clinical use. In fact, there are only CPP-drug conjugates covering anti-cancer drugs in the pipeline so far. [247] Nevertheless, CPPs may never reach clinical use as their beneficial cationic nature, at least for most of them, brings them into a "polycationic dilemma". [254] This is because once they arrive in the human body, they find themselves in a snake pit of polyanions -mucus glycoproteins, proteoglycans and serum proteins -from which they must escape to reach their destination. Another problem associated with the cationic nature is the membrane disruptive potential, which bears a cytotoxic risk towards mammalian cells. [255] Moreover, the mechanisms of their uptake, mediated mainly by endocytosis, lead to endosomal containment, which is incompatible with effective drug delivery. The escape from these endosomes is still not fully elucidated, but is known to be concentration dependent, [256] prompting investigators to use insanely high concentrations to achieve internalization. [257] Specifically, concentrations of 50 or even 100 µM can be found in the literature, but compared to commonly used drugs, such high concentrations in vivo are the exception, as most are in the nanomolar to early micromolar range. [258- 260] This is particularly counterintuitive, as there should be no such need for efficient delivery systems. Eventually, CPPs facilitate cellular uptake, yet are unable to discriminate between different cell types, making targeted delivery a vital requirement. [257] In brief, more research is needed to address questions regarding problems of using CPPs as vector for drug delivery, such as plasma stability, charge contribution to the cell penetration, endosomal entrapment and escape routes, cytotoxicity for non-cytotoxic applications and more.

Objectives

According to the findings of researchers and the pharmaceutical industry, in general, it should be possible to guide the conversion of certain purely Gram-positive antibiotics into those that have a broader spectrum of activity, like the Gram-negative antibiotics. [165,261] As a matter of fact, despite their Gram categorisation, intracellular antibacterial targets are highly conserved among all bacteria. [135] The resistance of Gram-negative bacteria to these Gram-positive-only antibiotics can be attributed mainly to the physicochemical properties by which the Gram stain differentiates bacteria -the composition of their cell envelope. [START_REF] Richter | [END_REF]262] By using permeability-enhancing carriers that overcome the bacterial envelop faster than the bacterium effluxes them, the antibiotic properties of Gram-positive antibiotics could be extended to the spectrum of Gram-negative bacteria. [START_REF] Richter | [END_REF] MAPs represent promising carrier systems but suffer from the flaws of their cationic nature and their labour-and cost-intensive synthesis. [219] In contrast, our lab has developed a new type of cyclic peptides inspired by natural products that serve as a novel cellpermeable carrier in the translocation of bioactive compounds across cell membranes.

The mechanism of penetration of this cyclic pseudopeptide is not based on electrostatic interactions since they have no charged appendages, but presumably on conformational changes. [263] By using this kind of cyclic peptide, the nuisance of cargo sticking to the cell membrane due to electrostatic interactions, the use of high concentrations to trigger membrane permeation and the risk of membrane disintegration when using MAPs can be circumvented.

Therefore, we propose the use of this novel transporter for the development of a molecular tool that can both cross the cell wall and release bioactive substances To achieve this, several tasks must be carried out and validated individually, which are the so-called "building blocks" of this work.

Accumulation

First, the synthesis of the best cyclic pseudopeptides and their stereoisomers to date must be carried out. Conjugation of the cyclic pseudopeptides with Gram-positive antibiotics and fluorescent dyes will then allow evaluation of their penetration properties by MIC and FM.

Liberation

Second, the design of a molecular tool making it possible to monitor cytosolic entry.

Therefore required, is the use of a self-immolative linker that is selectively triggered by intracellular physiological conditions or monitors specific intracellular enzymatic activity. Further, this linker is evaluated for its release in cellulo and in vitro.

Combination

Last, we would like to develop a strategy that allows the modular use of the cyclic pseudopeptide and the self-immolative linker with a drug of choice. Therefore, the use of a multi-component reaction (MCR), such as the Passerini reaction, to directly form the self-immolating linker in a single step by combining the different functional groups responsible for each property could be a straightforward mean to assemble them onto a central self-immolative core (Scheme 8). When it comes to advance biochemistry, molecules can rapidly grow in complexity.

Building such complex and huge molecules in similar manner to total synthesis would result in an inflexible synthesis route. An easy and more convergent strategy is to work in building blocks bearing the different functional properties with a final connection at the end. For such a modular approach, a practical and reliable connection of chemical entities is indispensable.

At its best, it meets the following parameters: It is broad in scope, provides consistently high yields with a variety of starting materials, is easy to perform, is insensitive to oxygen or water, uses only readily available reagents, and reaction workup is simple. [264][265][266] However, no reaction covers these parameters, when required to create a scaffold that can be used as a self-immolative linker because the constraints are large and the variables are small.

One possibility though, are multicomponent reactions (MCRs) which allow the connection of more than two functionalities at once. [267,268] Aside from phosphoryl chloride-based reactions, [269,270] the MCR that complies with most of the specified criteria is the Passerini reaction, one of the best-known isocyanide-based MCRs. [271][272][273] Discovered in 1921, this reaction (Scheme 9) between isocyanides 62, carboxylic acids 63, and carbonyls 64 forms α-acylcarboxamides 65 in a single step. Both diastereoselective and enantioselective versions of this reaction have been reported. [274] Together with the Ugi reaction, it has become established in the pharmaceutical industry for high-throughput synthesis, particularly because both reactions, especially Ugi, produce peptide-like structures. [START_REF] Li | Name React. Collect. Detail. Mech. Synth. Appl[END_REF][START_REF] Slobbe | [END_REF] An approach to use the Passerini reaction to create a self-immolative scaffold in one step was first postulated by Ben Feringa and his team in 2014. [272] In their work, they were able to present a working concept combining a releasable molecule of interest (carboxylic acid 63) with a photolabile protecting group (PPG; aldehyde 64) for radiation-induced release and a label (isocyanide 62) for multipurpose functionalization (Scheme 10).

Scheme 10 Modular approach for the photo-decaging of carboxylic acids, adapted from Feringa et al. [272] In their work, the synthesis with different substrates gave good to very good yields, as the Passerini reaction regularly proceeds well and has a high range of tolerable functions. [274] Moreover, release of the carboxylic acid by photo-decaging gave excellent release in the equimolar range. Clearly, the choice of using the Passerini reaction instead of the Ugi reaction is crucial, as the pKa value determines which group serves as the leaving group. The pKa value of carboxylic acids is much lower (pKa = 2-6)

than that of the quinolinic proton (≤25). However, the amide formed in the Ugi reaction tends to be even higher (≥25), making the release of an amide unlikely.

In our case, the tag unit represents our novel carrier, the cyclic pseudopeptide. The question whether unit should bear the fluorogenic dye has no clear answer, as there are numerous ingenious solutions that can permit a release on both sides. Nevertheless, an aldehyde or a carboxylic acid with fluorogenic properties is the preferred choice for the fluorogenic probe. Since bacteria are about 100 times smaller than eukaryotic cells (Figure 21) and we want to visualize the entry of our compound into these organisms using fluorescence microscopy, we need a very bright, stable dye with good fluorogenic properties. [277] In 2014, Ni et al. reported the only fluorophore to date containing a carboxylic acid (compound 66, Scheme 11), which exhibits high fluorescence as a carboxylate (ϕ=0.62) but is quenched as its electron withdrawing esters 67 (ϕ=0.02), with an additional hypochromic shift in fluorescence. [278] The use of this dye as fluorogenic probe showed to exhibits strong fluorescence without affinity to the membrane, when released into the cell as carboxylate. [279] Another interesting feature is the stability of its ester form to resist the action of lipase and trypsin, which is due to the presence of steric hindrance groups on BODIPY that would avoid artefacts caused by enzymatic background actions. [280] Figure Furthermore, the release of a fluorescent probe in its carboxylate form should allow it to be retained in the cell and promote long-lasting labelling.

Another suitable fluorescent dye is a 7-hydroxycoumarin that contains a hydroxymethyl in the α-position to the ester (compound 68Scheme 11), which was reported by Shabat et al. [281] in 2010. This coumarin 68 is itself a SIL and its synthesis can be realized through reduction of the corresponding α-formyl coumarin 69, which represents an alternative candidate for our approach of the Passerini reaction. Once this coumarin is employed in the Passerini reaction, activation of the trigger leads to the release of a molecule of interest with the formation of a methide quinone-like intermediate 70 that reacts with water to give the fluorophore 68. [282] To identify which of the two candidates is suitable for the Passerini reaction, several experiments were performed, examples of which are depicted in Scheme 12 and Scheme 13.

Scheme 12 Trial of the Passerini reaction with the fluorogenic BODIPY dye 66

When BODIPY 66 was brought into reaction with freshly distilled benzaldehyde 71

and n-butyl isocyanide 72, no reaction took place, even after an extended period of 2 d in refluxing CH2Cl2 or addition of phosphoric acid as catalyst. [283] For the approach with the fluorogenic coumarin, the coumarin aldehyde 69 was converted into a para-nitrobenzyl ether 73 prior to the Passerini reaction. After suspending coumarin 73 in solvent and adding the tert-butyl isocyanide 74, the mixture turned immediately purple. Changing the addition order or mixing the carboxylic acid 9 and aldehyde 73 first, did neither produce different outcomes, nor the product 75. This indicated that another reaction is preferred over the Passerini reaction. Indeed, highly activated α,β-unsaturated aldehydes can undergo various cyclization reactions with isocyanides to form diverse heteroaromatic cycles. [284] Another idea was to use a homologation of the Passerini reaction in which the isocyanide is replaced by an ynamide. [285] The idea was to circumvent the use of reactive In this recently published work by Cui et al., they used the fact that the dual nucleophilic and electrophilic properties of ynamides resembles those of isocyanides (Scheme 15). [285] In their new one-pot MCR, the ynamides serve as C2 building block to access β-acyloxy amides in a convergent manner. Scheme 16 Proposed reaction mechanism of the single reactant replacement approach of Passerini reaction by Cui et al. [285,286] When performing this reaction with the coumarin 73, the coumarin was not soluble in the reaction media, resulting into hydrolysis of the α-acyloxy enamide 78 over extended reaction time. The BODIPY 66 on the other hand did react with the nbutyltosyl ynamide 82 in the first step into an isolatable α-acyloxy enamide 83 (Scheme 17). As a consequence of the high reactivity of the α,β-unsaturated aldehyde, we excluded the coumarin from further investigations and continued with the BODIPY solely. However, the Murayama-type aldol addition with aldehyde 84, but also others, did not afford the desired β-acyloxy amide 85. Together with the insights during the homologation reaction to attack its carbonyl. This is consistent with the fact that the methyl groups protect the ester from enzymatic cleavage and that synthesis of esters with this dye appears to be only possible, when the carboxylic acid 66 was used as nucleophile. In conclusion, the BODIPY 66 is therefore not suitable for classical MCRs, as all of them require a nucleophilic attack on the carbonyl in some way.

Scheme 17 Trial of the Passerini homologation reaction with BODIPY 66 as fluorogenic dye.

Given the fragile nature of the α,β-unsaturated aldehyde, the reactivity of the quinolinic species upon 1,8-elimination, the risk of photobleaching and the susceptibility of the coumarin ester to enzymatic cleavage, it was decided to discontinue trials on the coumarin as a fluorogenic dye for the optimization of a fluorogenic device. Instead, the BODIPY was chosen for its properties, with the intention to later postfunctionalize it with the cyclic pseudopeptide and leaving the MCRs aside.

Uncharged Cyclic Peptides as Permeability Enhancer

Chapter 3: Results and Discussion

As mentioned earlier, in addition to cationic cell-penetrating peptides, there are also uncharged cyclic peptides that allow effective translocation across cell membranes.

The majority of these cyclic peptides with known cell-penetrating properties are of natural origin and bear no ionizable group. Unlike CPPs, [288] cyclic peptides are neutral under physiological conditions, which reduces their potential toxicity, which is why it is not surprising that many of them are even approved by the FDA for clinical use. [289] A well-known example is cyclosporin 87, an orally available immunosuppressant made of 11 amino acids (Figure 22A). [263] Applying the conventional predictors for druggability/membrane permeability reveals the intrinsic problem of peptide permeability, as they already exceed the HBD/HBA criteria with the fifth amino acid.

Indeed, the main issue in cell permeability found for linear peptides is the energy required for amide desolvation. [290] On the other hand, the physicochemical properties of cyclosporine 87 by far exceed the usual rule of five, yet it is membrane permeable by passive diffusion and has good oral bioavailability. [291] The issues in cell permeation associated with number of HBDs and HBAs in the peptide backbone and the fact that seven out of the eleven backbone amides of cyclosporin are Nα-methylated, led to studies of extensive Nα-methylation of backbone amides. [292] In fact, Nα-methylation decreases the energy barrier between cisand trans-peptide bonds and increases the probability of conformational changes. [293] This raised the conformational transition hypothesis, in which cyclic peptides that enter cells by passive diffusion feature intrinsic changes that effectively reduce the number of exposed HBDs and HBAs when inside hydrophobic environments.

Lokey et al. demonstrated by solution NMR studies in CDCl3 and hydrogen/deuterium exchange studies that the capacity to form intramolecular hydrogen bonds is indeed the key factor for enhanced membrane permeability of cyclic peptides (Figure 22B). [294] Further, it was demonstrated that lipophilicity plays a subordinate role compared to intramolecular hydrogen bonding. [295] Moreover, this led to the recognition that the intramolecular interactions not only contribute to a higher permeability, but also enhance their metabolic stability and binding affinity/specificity to target molecules due to reduced conformational freedom. [263] This, in particular, has been found beneficial in intracellular targeting of protein-protein interactions (PPIs). [296] Cyclic peptides have thereby aroused interest as modulators for PPIs, but also for their use as carrier in nano drug delivery systems. [238,289,297,298] For example, their amphiphilic counterparts, cyclic CPPs, have been used more extensively in discovering new opportunities in the development of nanosized drug delivery systems. Despite some successful demonstrations, their charge is still the main drawback as the positive charge is accompanied by an accumulation in negative compartments and thus leads to increased local toxicity. [299] However, no application as a drug delivery system has yet been described for uncharged cyclic peptides. Since their penetration mechanism has not yet been fully elucidated, very little is known about the cargo capacity and transport requirements. at 37 °C. Adapted with permission from Wong et al. [300,301] Recently, our laboratory was able to demonstrate the penetration properties of a natural derived cyclic peptide with antiproliferative effects, by linkage to an amino coumarin, the conjugate 88 effectively translocated into HeLa cells but also across the cystic cell wall of bradyzoites isolates, while the corresponding aminocoumarin dye 89 was not internalized (Figure 23). [300,301] Derived from this, our laboratory was able to develop a series of unnatural cyclic pseudopeptides, which were able to penetrate human cell membranes (Figure 24, unpublished results). Not only do they penetrate Hela cells more efficiently, but their unprecedented synthesis allows spatio-temporal controlled penetration by photomacrocyclisation compared to natural cyclic peptides (unpublished results).They are derived from tripeptides with the general sequence of XPhe-XAla-XAla with alternating configurations and coupled to variable bis-aryl tetrazoles (Figure 25) on the N-terminus of the alanine. The tetrazole unit in the linear sequence serves the purpose to initiate the cyclisation, when activated by light (Scheme 18). To the best of our knowledge, this is the first time that such a system is used for the construction of cyclic compounds, especially cyclic peptides. Since the cyclic pseudopeptide is believed to support the penetration of biological barriers by adherent compounds and to act as a universal vector, the goal of this work was to apply these advantageous translocation properties demonstrated for aminocoumarin 89 to the translocation of other cargoes and to extend its use to more difficult barriers. For this purpose, the two cyclic pseudopeptides with the best penetration properties of human cells were selected as Scheme 18 Mechanism of the light induced cyclization reaction of tetrazoles: 1.) loss of nitrogen followed by nucleophilic attack of the carboxylic acid, 2.) 1,4 (O-N) acyl transfer to obtain the cyclized amide carrier (Figure 25). To exclude the possibility of active translocation due to a possibly existing configuration-based recognition of the peptide, the synthesis of their enantiomers was conducted as well.

In the following sections, the syntheses of tetrazole 90, of the cyclic pseudopeptides and their conjugates are discussed. The names given to the peptides correspond to the stereochemistry of the amino acids as well as the position of the tetrazole relative to the carboxylic acid and whether the tetrazole is N-or C-linked to the benzoic acid.

Figure 25 Structure of the cyclic pseudopeptides with the best penetration performance on HeLa cells, LDD- ortho-CN (91) and LLL-meta-CC (92), and their corresponding tetrazoles they are synthetized from. To build the cyclic-pseudopeptide, the synthesis of the photoreactive tetrazole must be carried out first. The synthesis presented herein (Scheme 19) described the synthesis of the ortho-CN tetrazole 90, inspired by the work of Yao et al. [302] The meta-CC tetrazole 93 can be synthetized similarly to this route. The synthesis of the ortho-CN tetrazole 90 was planned with 4-hydroxybenzaldehyde 94, which was converted in a Williamson ether synthesis with propargyl bromide using K2CO3 followed by acid/base washing into alkyne 95 in very good yields. The introduced alkyne functionality serves later as an easy post-functionalization group for copper-catalysed azide-alkyne cycloaddition (CuAAC) in the final cyclic pseudopeptide. To build the tetrazole, the aldehyde functionality of the alkyne 95 was converted into its hydrazone by reaction with benzene sulfonyl hydrazide. After column chromatography, hydrazide 96 was obtained in 80% yield, which was within the range of the literature. [303] As reaction partner of hydrazide 96 in the tetrazole synthesis, anthranilic acid 97 was chosen, since the carboxylic acid can be easily coupled to the peptide chain by peptide coupling reaction. To form the tetrazole, the anilinic amine must be converted into its diazonium salt first. However, producing the diazonium salt of anthranilic acid 97 represents a great hazard, especially, when carried out in larger quantities. [304] This is due to the loss of nitrogen and carbon dioxide at relatively low temperatures, [305] making this compound a commonly used, inexpensive precursor of aryne. [267] To prevent the formation of aryne and thus minimize the loss of yield, the carboxylic acid was protected as methyl ester prior to the diazotization.

Access to Cyclic Pseudopeptides via Photoinduced Cyclisation

This was done by a thionyl chloride mediated esterification in methanol. The resulting methyl anthranilate 98 was obtained in 39% yield, which is consistent with the literature and can be explained by intramolecular hydrogen bonds from the aminegroup in ortho position, which influence the reaction. [306] Despite the low yield and the addition of two more steps in the synthesis pathway, the esterification allows a cleaner tetrazole formation and an easier purification, as the carboxylic acid is too polar for purification via normal phase column chromatography. Subsequently, the methyl anthranilate 98 was converted into its diazonium salt 99, by in situ generation of nitrous acid from hydrochloric acid and NaNO2 in an ethanol/water mixture.

The resulting mixture was then added in portions to the hydrazide 96 in cold pyridine as base. After column chromatography, the protected tetrazole 100 was obtained in 63% yield, representing a fair yield, close to the literature [302] and in agreement with the general procedure. [303] Saponification of the protected tetrazole 100 in with ether gave carboxylic acid 109 in an equimolar amount and was available in the final step for the photoinduced cyclization. In general, macrocycles are not thermodynamically preferred and must be synthesized at high dilution to avoid dimerization and polymerization. By doing so, the intramolecular processes get favoured over polymerization. [307] Therefore, a concentration of 50 µM was chosen as a good working condition in the present case. As the absorption of the tetrazole is between 250 -320 nm, acetonitrile was chosen due to its small molar extinction in this range and its solubility properties. After irradiation of the solution with a handheld UVlamp (6 W), two main products are obtained on TLC, one of which is the intermediate 110 prior to the 1,4 (O→N)-acyl transfer, which can be converted to its rearranged form by supplying the required energy in the form of heat. This gave cyclic pseudopeptide DDD-meta-CC 107 in 88% yield as major product.

For this cyclic pseudopeptide, however, a conformational equilibrium was observed in solution, which complicated NMR interpretation. This conformational equilibrium was demonstrated in VT (various temperature) NMR experiments up to 100 °C in DMSO-d6, which showed gradual coalescence of the doubled peaks. After cooling, the NMR spectrum again showed the doubling of the same peaks. The NMR spectra, related to those experiments are available in the appendices. As the cyclic pseudopeptide LDD-91 has the best penetration properties, one aim was to increase the concentration during cyclization, to process higher quantities per batch batch and save solvent. To this point, the cyclization was performed in MeCN at a concentration of 0.1 mM. Unfortunately, MeCN was not suitable for solubilizing higher quantities per batch. Thus, it had to be exchanged by DMF, which did not affect the irradiation. Like this, it was possible to increase the concentration to 5 mM and thus processing 50-times more. The irradiation time was prolonged to 3 h due to the internal filter effect. After column chromatography, the cyclic pseudopeptides DLL-ortho-CN 111 and LDD-ortho-CN 91 were isolated in 67% and 61% yield, respectively. This represents a diminished yield about 25%, compared to the lower concentration used in the synthesis of cyclo-meta-CC 107.

The decrease in yield is probably due to the synergy of high concentration and the use of 302 nm as the irradiation wavelength. Indeed, the absorption of the tetrazole has its absorption maximum at 294 nm, which means that its activation and subsequent formation of the nitrilium ion is most efficient at this wavelength. Consequently, irradiation at 302 nm generates a high initial concentration of the reactive nitrilium species. This could probably lead to side reactions like polymerization, or simple degradation under these conditions.

Despite the loss of yield, up to 200 mg could be synthesized at once in this way, which also provides some thermodynamic insight into the cyclisation reaction, as the cyclisation probably benefits from pre-orientation by the tetrazole used.

Could the Cyclic Pseudopeptides Translocate through Bacterial Cell Walls?

To answer the aforementioned question of whether or not the selected cyclopeptides can help small molecules to translocate through the cell wall of bacteria, the synthesis of appropriated conjugates that allow the measurement of the cytosolic entry was essential. For that reason, two standard methods that have been used by others in the development of drug delivery systems for determining successful translocation have been selected. For the first point, two commonly use fluorophores were selected which have an excellent quantum yield and a good physiological stability. As presented in Figure 26, an azido-BODIPY 117, [308] as well as an amino coumarin 118 [309] were chosen.

The azido-BODIPY 117 was chosen analogously to the BODIPY carboxylate 66 to ensure a homogeneous dye selection. Furthermore, it represents the best dye in terms of brightness and stability but tends to strong membrane interactions. Therefore, the aminocoumarin 118 was added as an internal laboratory standard. Conjugation to both enantiomers of the cyclic pseudopeptide will also allow us to identify if the configuration may have a possible influence on the translocation. Since antibiotic targets are highly conserved across Gram-positive and Gram-negative species, [135] it could be possible to make Gram-positive only antibiotics active on Gram-negative bacteria by attachment to the cyclic pseudopeptide. Compared to a broad-spectrum antibiotic, the use of a purely Gram-positive antibiotic would also allow for more contrasting results, as the efficacy of a broad-spectrum antibiotic against Gram-positive organisms may lead to only subtle differences in MIC between conjugate and parent antibiotic, making it difficult to draw conclusions about penetration into Gram-positive organisms.

Among the antibiotics under consideration, linezolid 119 and pleuromutilin 120

were selected for their antibiotic properties. Both are inhibitors of bacterial protein synthesis and stop the growth and multiplication of bacteria by interfering with the translation of messenger RNA into proteins in the bacterial ribosome. Their targeted units are expressed in both Gram-negative and Gram-positive bacteria, but they are restricted to Gram-positive bacteria because they are increasingly excreted by Gramnegative organisms. This prevents them from remaining inside the bacterium to exert their bactericidal effect. This is particularly the case with priority pathogens. [310][311][312][313] Since the recognition of linezolid 119 does not involve interaction with the morpholine side, this unit can be exchanged by piperazine to give linezolid analogue 121 which can undergo substitution at this position (Figure 27). Similar procedures are also found in literature, where the scope of linezolid could be broaden, either by conjugation to an iron siderophore or by applying the eNTRy rules at this position. [START_REF] Richter | [END_REF]314] In the case of pleuroutilin 120 (Figure 27), the hydroxyacetic acid ester present a good candidate that can be used for functionalization. This is not involved in binding to the active site and is the localization for functionalization in numerous publications. [22] It would also be possible to use the vinyl position for further functionalization. However, it would be unclear what consequences this would have in terms of activity, since fewer C-12 functionalized derivatives are known. In addition, Gentamycin 47 was used as a standard because its antibiotic efficacy allows validation of an MIC at low concentrations. [315] Figure As previously mentioned, the alkyne moiety on the cyclic pseudopeptides serves the purpose for an easily accessible post functionalization via CuAAC click reaction.

Starting with the synthesis of the fluorophore conjugates, cyclic pseudopeptide 107 was reacted with azido coumarin 118 under standard reaction condition used for this type of reaction (Scheme 23). To mention, water plays an important role in this reaction, not does it only help to solubilize the copper salt and the reducing agent, but also, it has been shown that water helps to reduce the energy necessary for the ligand exchange of the alkyne. [316] Like this, the formation of the copper-alkyne complex becomes exothermic and proceeds much faster in aqueous solutions. [316] In addition, the more polar protic the solvent mixture is, the faster the reactions proceeds with generally higher yields. [317] However, when mixing the reagents with the solvent mixture, the azido-coumarin 118 was not soluble and required heating for solubilization. After purification, coumarin-conjugate DDD-meta-CC 122 was isolated in 70% yield. The evaluation of the NMR spectra further showed the same behaviour as for the cyclic parent pseudopeptide 107 (see NMR spectra appendices). Nevertheless, in the interest of time and as it represents only the second best cyclic pseudopeptide the synthesis of the pseudopeptides derived from meta-CC tetrazole 93 were discontinued. Since coumarin dyes tend to lose their fluorescence by photoinduced dimerization, [318] and BODIPY dyes tend to change their fluorescence properties by aggregation, [319] we experienced that the color could often be described as "dirty looking" whereas the NMR spectra were clean. To avoid misbehaviour of the fluorescence, all fluorophore conjugates were purified until a high color purity was ensured.

In order to synthetize the antibiotic-conjugates, the selected antibiotics had to be converted into their corresponding azides. Therefore, an azide functionality had to be introduced into their scaffold. For the pleuromutilin 120, common literature Similarly, strategies for introducing an azido functionality into the linezolid analogue 121 were employed from the literature (Scheme 26). Starting from α-azidoacetic acid 129, which was converted into its activated NHS-ester under Steglich-type esterification conditions. The active NHS-ester 130 was isolated in 48% yield. Attempts to activate the carboxylic acid by stronger coupling reagents like HATU, resulted into degradation of the α-azidoacetic acid 129. However, the yield was insignificantly lower than that reported in the literature, but consideration should be given to avoid column chromatography as the shelf life of the NHS ester was found to be too short to justify its isolation. Instead, direct transformation of the crude product would be appropriate. Nevertheless, by bringing the active ester 130 with the linezolid analogue 121 into reaction led to formation of the azido-linezolid 131 and its isolation in 64% yield. Better yields could be obtained by activation of the carboxylic acid as acyl chloride or its anhydride, as they represent a milder and more efficient activation for this specific carboxylic acid, according to the literature. [320,[START_REF] Grajkowski | Bioconjug[END_REF] Scheme 26 Synthesis of the azido linezolid 131 for conjugation to the cyclic pseudopeptide LDD-91: a) EDCI⋅HCl, NHS, CH2Cl2, 20 °C, 6 h; b) DIPEA, CH2Cl2, rt, 17 h

With the azido analogues of the antibiotics (131, 128) in hand, the synthesis of the conjugation to the best cyclic pseudopeptide were performed (Scheme 27).

By using the standard conditions described for the fluorophore conjugates, linezolidconjugate 132 and pleuromutilin-conjugate 133 were isolated in excellent yields. To proof the validity of the assay, Gentamycin was used as a standard for both, S. aureus and E. coli (Table 1). Comparing the determined MIC values of gentamicin 47 for the inhibition of S. aureus (0.5 mg/L) and E. coli (0.5 mg/L) with standard values from the literature (0.25 and 0.5 mg/L, respectively), [315] there is a deviation that is also evident in the measured values of linezolid 119 for S. aureus (measured 4 mg/L; literature 2 mg/L). [322] Overall, the measured values deviate by only one dilution. However, since the MIC of linezolid of 4 mg/L for S. aureus is within reported MIC distributions, the values can be considered valid. [START_REF] Mendes | Antimicrob[END_REF] Nevertheless, it is possible that the determined MIC values for S. aureus are somewhat too high overall.

Interestingly, the linezolid analogue 121 as well as the two azido derivatives 131

and 128 show an activity against E. coli coli, although very weak. The MIC of 256 mg/L is far above clinical relevant concentrations. [324] The cyclic pseudopeptide LDD-91 did not induced a growth inhibition, neither for S.

aureus nor for E. coli, which is a sign that the cyclic peptide has no antibacterial properties itself. Concerning the antibiotic conjugates, neither for the linezolid conjugate 132 nor for the pleuromutilin conjugate 133 an antibacterial activity against E. coli or S. aureus could be determined. Ideally, it was expected to obtain at least a MIC within the clinically relevant range (≤32 mg/L) against gram positive bacteria. The lack of a significant MIC, however, gives rise of many possible hypothesis.

For example, the site of functionalization on the antibiotic could attenuate the activity on the target. This was, however, believed to be prevented by carefully selection of the functionalize sites on each antibiotic. Another possibility would be that the antibiotics exceed the cargo size limitation of the cyclic pseudopeptides, since they are approximately just 1.4-times smaller than the cyclic pseudopeptide itself, in terms of MW. Interestingly, the only cargo known to be transported across the human cell membrane, amino coumarin118, is around 2.3-times smaller than cyclic pseudopeptide LDD-134. Also it could be possible that the physicochemical properties of the attached antibiotics lead to alternation of the penetrative properties analogue to experiences in the design of AMP-conjugates. [232,234] An indication of this could be that the conjugates 132 and 133 were insoluble at a concentration of 512 mg/L in the culture medium, which was not observed for the antibiotics or the cyclic pseudopeptide LDD-134 alone.

To get a deeper understanding of the previous results the penetration properties of the synthetized BODIPY-conjugates DLL-125 and LDD-126 (Figure 28) as well as the coumarin-conjugates and LDD-124 (Figure 29) were assessed by FACS and fluorescence microscopy. For this purpose, P. aeruginosa (PAO1) as Gram-negative and S. pneumoniae (ATCC BAA-255/R6) as Gram-positive bacterium as well as human cells (HeLa, A549), available for fluorescence microscopy, were selected.

Additionally, the corresponding fluorescent dyes, azido-BODIPY 117 and aminocoumarin 89, were included as negative control for the fluorescent labelling. After incubation of P. aeruginosa with the BODIPY-conjugates DLL-125 and LDD-126, subsequent FACS analysis showed an increase in fluorescence intensity compared to the bacteria incubated with the parent azido-BODIPY 117 (Figure 28). The same observation could be made, when P. aeruginosa was incubated with the coumarin-conjugates and LDD-124. Also, this FACS analysis showed an increase in fluorescence intensity compared to the bacteria incubated with the parent azido coumarin 118 (Figure 29).

However, along with the increase in fluorescence intensity of the bacteria, a higher intensity of the forward scattering (FSC) was detected for all fluorophore conjugates as well (see appendices). This normally means that something happens to the bacteria, as the intensity of FSC is proportional to the size of the particles passing the laser beam. Examination of labelling by FM revealed that, except for a few and weakly labelled bacteria, indeed mainly bacteria clustered around fluorescent aggregates of LDD-124 (Figure 30). Further experiments with varying concentrations of coumarin-conjugate 124, as well as different time periods for incubation showed a concentration and time dependence behaviour of the aggregation formation (Figure 31). It can be observed that no penetration occurs, and the increased fluorescence intensity is simply due to more and more aggregation. This implies that the formation of small particles which precipitated from solution and adhered to the bacteria probably led to resulting bacteria cluster.

This phenomenon of aggregation is a typical effect that can be observed with a few fluorescent dyes, especially BODIPYs. Additionally, aggregation of BODIPY dyes has been known to cause a shift in fluorescence properties, usually towards the red region of the spectrum, [319] which could be observed in a few experiments. The addition of 0.1 wt% Pluronic acid (PA; F-127), a non-ionic surfactant that helps solubilization of dyes, did help to improved solubility of the fluorescent probes and suppressed aggregation in the medium, which could be proven by FACS analysis. From this point, 0.1% PA was added routinely to all experiments that included dyes. However, repeated experiments with P. aeruginosa but also E. coli (K-12 MG1655)

showed that the cyclic pseudopeptides and LDD-91 seem to have difficulties in penetrating the cell wall of Gram-negative bacteria, which could explain the absence of antibiotic activity of the antibiotic conjugates 132 and 133.

To obtain an indication of whether the reasons for the lack of activity of the antibiotic conjugates 132 and 133 in Gram-positive bacteria might be similar to those of Gram-negative bacteria, the penetration of the fluorescent conjugates was tested on S. pneumoniae. In contrast to the antibiotic conjugates, the fluorescent conjugates showed internalization into the bacteria. Interestingly, however, only the BODIPY conjugates, DLL-125 and LDD-126, showed labelling of S. pneumoniae, while the coumarin conjugates and LDD-124 did not. To further examine this, the coumarin-conjugate was added to the test and showed labelling (Figure 32). At a closer look, the results indicate that there may be two potential factors contributing to the observed phenomena. First of all, as the BOPDIPY 117 seems to stain the bacterial membrane as well, the BODIPY-conjugates, DLL-125 and LDD-126, might benefit from this. Although both conjugates labelled the bacteria, DLL- 125 performed in general slightly better than LDD-126. This suggests that the penetration of the BODIPY-conjugates is likely influenced by the beneficial effect of the dye and might be dependent on the cyclic pseudopeptide configuration as well.

This hypothesis is further supported by the results of the two coumarin conjugates, DLL-123 and LDD-124, which were not able to translocate through the cell wall, possibly due to the differing cargo. The meta-CC-derived conjugate DDD-122 was found to be capable of labelling bacteria, which is suggested to be a result of the conformational changes observed in NMR. This phenomenon is described as chameleonic behaviour, allowing the pseudopeptide to enter the cell through said conformational changes. However, recent in silico studies suggest a different mechanism for the translocation of the cyclic pseudopeptide LDD-ortho-CN-91 (unpublished results), which might explain the better performance in the translocation of into S. pneumoniae.

The influence of the cargo on the cyclic pseudopeptides was further investigated by comparing the two fluorescent LDD-conjugates BODIPY-126 and coumarin-124 through incubation of eukaryotic cells, a standard for which the results are known.

Fluorescence microscopy images obtained for the two LDD-conjugates showed a very distinct behaviour when compared with each other (Figure 33). The results for the coumarin conjugate were consistent with the initial results shown previously in Figure 24 (compound D, p. 70). However, the replacement of the coumarin with a BODIPY in resulted in barely perceptible labelling. This indicates that the penetration might be dependent on the attached molecule, leaving a few possible parameters that can be considered. When taking a possible cargo size limitation into account, the molecular weight difference between the BOD-IPY and the coumarin, however, is negligible and thus should not be considered as limiting factor in this case.

It is possible that the molecules may interact with the cyclic pseudopeptide in different ways, resulting in a constructive or destructive effect on penetration. [325] The linkage is in general the same but might be more flexible in the case of the BODIPYconjugate LDD-126 due to its propyl chain. This might allow the BODIPY to interact with the cyclic pseudopeptide, while the coumarin scaffold might be too rigid for this. So could one problem be the flexibility between the cargo and the cyclic pseudopeptide. [233] Chapter 3: Results and Discussion

For example, several studies from Lokey et al. showed the strong influence that the sidechain can have for solubilization and penetration, and that the wrong selection could cause dramatic consequences for penetration. [325][326][327][328][329] Apart from the fact that penetration properties strongly depend on the side chains, the efficacy of antibiotics can also be strongly influenced by the carrier used or its interactions with it, of which some examples have already been given for MAPs. [232,234] An interesting observation is that the penetrative behaviour of the meta-CC and ortho-CN pseudopeptides, LDD-124 and DDD-122, is reversed for eukaryotic cells compared to S. pneumoniae (Figure 34). This could potentially be exploited to achieve selectivity of penetration into bacteria via the kinetics of the translocation process. are present in all forms of cellular life and known for their indispensable role in redox reactions that involve hydride transfer. [START_REF] Frey | Enzymatic Reaction Mechanisms[END_REF] In addition, NAD 135 is utilized as a cosubstrate in several non-redox reactions, e.g. in adenylation, ADP ribosylation, and histone deacetylation, playing an important role in signalling and regulatory pathways. [START_REF] Pollak | [END_REF]332] Scheme 28 Summary of the in vivo pathways for the formation of NAD. DHAP=dihydroxyacetone phosphate, NAD=nicotinamide adenine dinucleotide, NadA=quinolinate synthase, NadB=L-aspartate oxidase, NadC=quinolinic acid phosphoribosyltransferase, NaMN=mononucleotide nicotinic acid. Reproduced with permission from Ollagnier de Choudens et al. [333] Angew. Chem. The de novo synthesis of NAD 135 differs in prokaryotes and eukaryotes but generally involves the formation of quinolinic acid (QA 136; Scheme 28). In most eukaryotic organisms, QA 136 is produced by the oxidative degradation of L-tryptophan, whereas most prokaryotes, including E. coli, produce QA 136 by a separate pathway from L-aspartic acid (Asp, 137). [334] ). [333] Scheme 29 Proposed role of the NadA [4Fe-4S] cluster in the last step of the mechanism of formation of QA 136 from DHAP and IA. IA=iminoaspartate, Pi=inorganic phosphate. Adapted from Ollagnier de Choudens et al. [333] 3.4 4-Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadA

Despite the presence of the de novo synthesis pathway, the high demand and consumption of NAD 135 has led to the existence of an alternative salvage pathway in some organisms that allows the recycling of nicotinic acid (NA) and nicotinamide (Nm) to NAD (Scheme 28). However, this salvage pathway is absent in some pathogens, [335] so the different synthetic pathways of QA 136 between eukaryotes and prokaryotes make NadA an emerging target for the development of specific antibacterial drugs. All NadA proteins are metalloproteins that harbour an internal [4Fe-4S] cluster that is essential for their activity. [336,337] This iron cluster is held on three sides by cysteines, with one side ligated by an exchangeable water molecule that is available for catalytic reactions. [338] In 2012, Sandrine Ollagnier de Choudens' group showed that 4,5-dithiohydroxyphthalic acid (DTHPA, 141), a structural analogue of QA 136, irreversibly binds to the [4Fe-4S] cluster of E. coli (Ec) NadA. [333,339] The inhibition of EcNadA activity by the binding of DTHPA 141 to the [4Fe-4S] cluster suggests its importance in QA 136 synthesis. [339] The close association between the unique iron site of the [4Fe-4S] cluster and QA 136 synthesis was clearly demonstrated by crystal structures of Thermotoga maritima (Tm) [4Fe-4S] NadA active site mutants. DTHPA 141 was found to inhibit NadA activity and QA 136 production at 10 µM of E. coli in cellulo. [339] However, higher concentrations of DTHPA 141 lead to nonspecific growth inhibition of E. coli (Figure 35). KGaA, Weinheim [333] By designing and synthesizing a series of molecules structurally related to DTHPA inhibitor with similar inhibitory activity to DTHPA 141. [339] Like DTHPA 143, 4MP

142 inhibits NadA by binding to the catalytic iron site of the [4Fe-4S] cluster via its thiolate and has an IC50 value of 13 µM (Figure 36). The identification of such bacteria-specific inhibitors is of great interest in the context of developing new antibacterial agents. However, unlike its analogue DTHPA 143, 4MP 142 did not show inhibitory activity in vivo. At the beginning of this thesis, we had the opportunity to participate in this project and to develop a strategy to make 4MP 142 cellularly accessible in collaboration with Sandrine Ollagnier de Choudens. [START_REF] Cabodevilla | New Inhibitors of Quinolinate Synthase as Potential Antibacterial Drugs, phdthesis[END_REF] Figure Since 4MP contains a very reactive mercaptan, it was suggested that the lack of inhibitory effect was due to autooxidation. The disulfide thus formed could no longer enter the bacterial cell due to its strong negative charge. By converting the carboxylic acids of 4MP into derivatives for a prodrug approach, it was believed that the presumed lack of penetration could be circumvented. Therefore, two simple approaches were undertaken. First, 4MP was converted to its di-methyl ester derivative, as is classical prodrug approach of carboxylic acids. [START_REF] Maag | Prodrugs Chall. Rewards Part 1[END_REF] Using Fisher esterification conditions, followed by column chromatography to remove the partially formed disulfide as well as the thioester side products, the dimethyl ester 144 was obtained in 35% yield (Scheme 30). [START_REF] Cabodevilla | New Inhibitors of Quinolinate Synthase as Potential Antibacterial Drugs, phdthesis[END_REF] Another approach which could be simply realized due to the chemical nature of phthalic acids, was the conversion of 4MP into its amide or hydrazide bio isostere. [START_REF] Kalgutkar | [END_REF] To accomplish this, 4MP was first converted into its anhydride by dehydration with Ac2O resulting in the protected anhydride 145, which is converted into hydrazide 146 upon hydrazinolysis of the thioester and the phthalic acid anhydride. [342] Removal of the side products by aqueous washing and evaporation under fine vacuum gave hydrazide 146 in a quantitative yield. another cell permeable and selective NadA inhibitor as positive control were added to the test. This other inhibitor was identified by Ollagnier de Choudens et al. to cause a selective inhibition at concentrations high as 50 µM. [START_REF] Cabodevilla | New Inhibitors of Quinolinate Synthase as Potential Antibacterial Drugs, phdthesis[END_REF] For this reason, it was employed as positive control at 100 µM (compound 147 Figure 37). The negative control with DMSO showed no growth inhibition and when incubated with QA the growth was slightly increased due to the beneficial effects of QA on cell growth. The positive control showed a reduced growth which was restored by the presence of QA (unpublished results). [START_REF] Cabodevilla | New Inhibitors of Quinolinate Synthase as Potential Antibacterial Drugs, phdthesis[END_REF] However, no effect was observed in the bacterial growth, neither by the hydrazide 146 nor by the dimethyl ester 144. This could be due to a persistent lack of penetration or a lack of in vivo activity for the two 4MP derivatives (144, 146). In fact, the results do not allow to draw conclusions on their penetration, as a specific enzyme for the hydrolysis of the dimethyl ester 144 might be absent and the hydrazide 146 might interfere with the binding in the active site of NadA, since it has different affinities for hydrogen bonding and lacks any rotational bonds. However, the previous experiments have shown that there is no antibiotic activity for the 4MP derivatives with modified carboxylic acids, possibly, due to the absence of a specific esterase or the modification of the carboxylic acids into a hydrazide. To overcome this issue, modification of both carboxylic acids was planned by the use of bio-stimulus cleavable group instead. [343] The right choice of such bio-stimulus cleavable groups would allow the deprotection of the carboxylic acids to be more rapid and independent of specific esterases and thus guarantee the release in cellulo. The mercaptan of 4MP, on the other side, should also not be neglected, because it has a predicted pKa ≤ 5, which generates its thiolate under physiological conditions, making it a very reactive molecule in vivo due to its soft and strong nucleophilic character. This could result in consumption of 4MP by side reactions in the cytosol before it could reach its target. To prevent this, masking 4MP's mercaptan by the same approach was suggested.

For this approach, two bio-stimulus cleavable groups were considered, nitro reductase (NTR) sensitive para nitro benzyl based self-immolative linker and the formation of a disulfide. As our study bacterium, E. coli, and other relevant pathogens harbour enzymes that can effectively metabolize and make use of aromatic nitro compounds, [116] while eukaryotes normally cannot, it seemed to be a good choice to use this moiety as a bacteria selective protective group/trigger unit. In addition, the mercaptan of 4MP could easily be protected as disulfide. The high amount of glutathione (GSH) found in the cytoplasm of bacteria as well as disulfide reducing enzymes such as thioredoxin (TRX) would allow the release of 4MP upon reduction of the disulfide bond. Moreover, considering the IC50 of 13 µM against the usual concentration of 2 mM GSH in bacteria, would guarantee the cleavage of the disulfide to be independent of concentration and enzymatic activity. To facilitate the synthesis of the para-nitrobenzyl ester and guarantee high yields, the synthesis was planned in adaptation to Gillingham et al. by using p-nitrophenyl diazomethane as alkylating agent. [344] Ideally, this would allow the selective esterification over the S-alkylation due to the strong electron withdrawing nitro-group that lowers the pKa of the corresponding diazomethane, making it more selective towards the carboxylic acids than the mercaptan. Indeed, side reactions with the mercaptan are still possible, but they usually take place with stronger basic diazomethanes or by generation of the corresponding carbene, causing a H-S-insertion reaction rather than a Brønsted acid/base reaction followed by acylation and elimination of nitrogen. [345] After esterification, 4MP's mercaptan would still be available for further synthesis, saving synthesis steps.

Starting from commercially available p-nitrobenzaldehyde 148, the corresponding pnitrobenzaldehyde hydrazone 149 was obtained upon treatment with hydrazone in excellent yield. Hydrazone 149 is then oxidized to its corresponding diazomethane, by using MnO2 as oxidizing agent. The conversion is accepted to be quantitative and thus the diazomethane was not isolated, and the purification of the reaction medium was done by simple filtration through celite. This solution was then used for derivatization of the carboxylic acids of 4MP In addition to the protection of 4MP's mercaptan as disulfide, an alternative trisprotection of 4MP 142 by the NTR-sensitive p-nitrobenzyl group was considered (Scheme 33). To achieve this in a convenient manner, p-nitrobenzyl bromide 156

was chosen as alkylating agents for both, the mercaptan and the carboxylic acids of 4MP 142. In order to guarantee a high conversion of all three reactive sites, TBAI/NaI were added as catalyst. [START_REF] Kowalczyk | Encycl. Reag. Org. Synth[END_REF] The isolated yield of the bis(p-nitrobenzyl) phthalate 157, however, was only 29% which could be addressed to oxidation to the disulfide helped by the decomposition of NaI to iodine. [START_REF] Kowalczyk | Encycl. Reag. Org. Synth[END_REF] Figure 38 In vitro studies of the 4MP's NTR-sensitive analogues : results of the influence of the 4MP 142

analogue on the growth of E. coli (strain MG1655 WT) with 158 as positive control of inhibition Nevertheless, the growth curve of E. coli in the presence of disulfide 155 was recorded to get a more detailed insight (Figure 39). Indeed, the bacteria incubated with disulfide 155 showed a lower growth rate than without it, and the stationary phase was reached at a lower optical density (OD) than in the absence of the molecule.

Also, the addition of QA did reverse this effect only to a certain extend. A possible explanation for this effect of curve flattening could be a delayed release of the carboxylic acids by the action of the NTR. In the case of NTR-sensitive fluorogenic probes, this would often require incubation for up to 24 hours before a reliable signal can be measured. [101,117,[START_REF] Bae | [END_REF] The solubility of the compounds may also play a role as the high aromaticity accounts for a partial insolubility observed for disulfide 150,

for example. This combination of slow dissolution and conversion by the NTR could cause a generally reduced fitness of the bacteria, which could explain these results.

However, together with the previous test, these results strongly suggest that the growth retardation is not due to selective inhibition of NadA since bacterial growth could not be fully restored by the addition of QA. A rather nonspecific toxicity of the compound towards the bacteria could causes this effect, while the addition of QA helps to restore some fitness of the bacteria, comparable to the effect generally observed with the DMSO control.

Masking of 4MP's Mercaptan as Disulfide

Since the two lipophilic approaches to convert the carboxylic acids of 4MP showed no success in inhibiting the growth of E. coli and moreover, even resulted in insolubility, masking the mercaptan of 4MP as a disulfide was another way to achieve an inhibitory effect, while remaining its hydrophilicity. As mentioned before (3.4; p.

96), the non-specific NadA inhibitor DTHPA 141 showed in cellulo activity despite its exposed carboxylic acids. [333] This might suggest that its translocation is due to an active transport across the envelope or by diffusion through porins that facilitate the uptake of the negative charged DTHPA 141. In this case, it might not be necessary to protect the carboxylic acids. The masking of the mercaptan, on the other hand, could be decisive because, as mentioned above, its physicochemical properties make it a very reactive molecule that could easily react with cellular components.

To prevent this, various disulfides were synthetized. One disulfide derivative was inspired from the recently postulated eNTRy rules from Hergenrother et al., by attaching an ionizable primary amine to 4MP, so that one negative charge would be counterbalanced which could help 4MP to cross the bacterial membrane. The simplest way for introducing a primary amine was using cysteamine (Cys, 159) as mercaptan (Figure 40). Nevertheless, the resulting disulfide 160 would exceed the rules by one additional rotational bond. It would be impossible to follow the rules of this specific approach, as there is no shorter or more rigid primary aliphatic amine.

Figure 40 Resulting structure for the eNTRy rules approach; Globularity = 0.057; rotatable bonds = 6; PBF = 0.66; parameters were determined according to Hergenrother et al. [81] The synthesis started by N-protection of Cys 159 with BOC-anhydride under basic conditions (Scheme 34). This step was necessary as the trichloroisocyanuric acid (TCCA) used in the next step could cause the amine to oxidize, [348] and the resulting zwitterion would cause difficulties in purification. The N-protected Cys 161 was obtained in 85% yield after separation from the partially formed disulfide. Employing the method of Dong et al., [349] by activating the aromatic mercaptan of 4MP 142 in the presence of a base, followed by addition of the Boc-protected Cys 161, enabled the synthesis of the unsymmetric disulfide 162. Purification could be performed by Additionally, an amphiphilic disulfide 163 was synthetised from dodecyl mercaptan, by employing the same procedure used for the synthesis of Cys-disulfide 162. Like this, dodecyl disulfide 163 was obtained in 46% yield. Similarly, the asymmetric disulfide 164 synthetized from 2-mercaptoethanol could be isolated in 61% yield.

The long hydrophobic chain of dodecyl disulfide 163 could balance the hydrophilicity of the carboxylic acids, so that the preferences for both media could help overcome the outer membrane, whereas the disulfide 164 should conserve the hydrophilicity of 4MP's mercaptan while protecting it. However, no significant inhibition of the measured disulfides on bacterial growth was observed. For the attempt according to the eNTRy-rules, only a slight opposite tendency can be observed. The incubation with the Cys disulfide 160 results in a minimal increase of the bacterial growth. This may be due to measurement inaccuracies, since the standard deviation in this experiment is much larger than in the others. Given that the mercaptan of 4MP binds to the [4Fe-4S] cluster of NadA, a question arose as to whether the disulfides (160, 163, 164) could have an impact on EcNadA.

This was addressed by evaluating the relative activity of EcNadA in the presence of the disulfides in vitro (Figure 42). Interestingly, disulfides 160 and 163 showed indeed an inhibition of the enzyme. Moreover, the inhibition was even stronger than in the positive control and comparable to the inhibition of 4MP alone. [START_REF] Cabodevilla | New Inhibitors of Quinolinate Synthase as Potential Antibacterial Drugs, phdthesis[END_REF] However, disulfide 160 did not influence the activity, which suggested either a selective inhibition by the disulfides, or a selective disulfide bond cleavage of the disulfide bond by the enzyme. In fact, the NadA enzyme of E. coli contains a C 291 XXC 294 XXC 297 motif adjacent to the [4Fe-4S] cluster, for which Cys 297 serves as a ligand, whereas Cys 291 and Cys 294 form a reversible disulfide bond. [350,351] This raised the question of whether the catalytic site of NadA could be involved in the cleavage of the disulfide bonds and whether this was due to a recognition function. 

Designing a Redox-Sensitive Fluorogenic SIL for 4MP

To gain a greater insight into the underlying issue of the poor biological activity of the presented prodrug approaches in cellulo, and to determine if the disulfide cleavage in EcNadA is attributed to the recognition of 4MP, it was determined to merge the two projects at this stage and utilize 4MP as a model antibiotic for the development of a fluorogenic probe for our cyclopeptide.

The aim was to establish a connection between 4MP and the initially chosen fluorogenic BODIPY-dye 66, through a SIL that would enable the monitoring of the cytosolic entry through the release of the fluorescent BODIPY-carboxylate. Since the results from the enzymatic in vitro studies of the 4MP disulfides (160, 163, 164) suggested that the disulfide bond cleavage could even be guaranteed by EcNadA itself, choosing a disulfide linker as trigger for the cytosolic entry seemed the most intuitive choice. Furthermore, disulfide bond cleavage in bacteria should occur exclusively in the cytoplasm, which is kept in a reducing state by free thiols such as thioredoxins and glutathione, whereas the periplasm is maintained in an oxidative state primarily by disulfide-forming enzymes. [128,352] Moreover, this would allow to identify whether the cleavage of the disulfide bond of disulfide 163 and 164 is due to recognition of 4MP or not.

The disulfide 164 demonstrated the most effective in vitro inhibition and was therefore selected for the SIL-design. Moreover, this selection is advantageous due to the common use of mercaptoethanol for the construction of disulfide-based SILs. [105] To enable the release of the BODIPY-dye 66, both parts are connected by a The first part of the synthesis (Scheme 36) was planned according to Dewitt et Gillies, [353] starting by selective protection of the benzylic alcohol from The synthesis of the BODIPY-dye 66 was performed according to the literature, by reacting monomethyl oxalyl chloride 176 with 2,4-dimethylpyrrole 177 (Scheme 37). [278] In contrast to the reported yields of over 50%, the highest isolated yield gave BODIPY-ester 178 as crude in 20%. Usually, ester 178 was isolated in 9% yield and could be described as a red iridescent crystalline solid, unlike the reported brown or dark powder, observed only before purification. Deprotection of methyl ester 178 by strong nucleophiles was reported to result in degradation, [278] and could only be achieved via SN2-type dealkylation by soft nucleophiles. [354][355][356] In contrary to the published procedure, EtOAc was replaced by THF to preserve LiI used for deprotection.

Also, the use of strongly acidic and basic conditions for work-up was avoided, as the stability of fluorine-substituted BODIPY does not permit such treatment. [278,357,358] Like this, the BODIPY-carboxylate 66 could be obtained in 81%. As mentioned, BODIPY 66 behaves atypical from common carboxylic acid, which is mainly due to its stability, lower nucleophilicity and steric hindrance. This limits esterification to reactions in which BODIPY 66 is engaged as the nucleophile. Thus, the combination of the fragile SIL 175 and the atypical carboxylic acid 66 severely impacted the synthetic possibilities. Attempts to synthesize the desired ester through Fisher-, Steglich-, Mitsunobu-esterification, or the activation of the carboxylic acid with chloroformates, TCT, SOCl2, PBr3 or NHS-Cl did not yield the desired ester.

On the other side, alkylation of the carboxylic acid 66 by converting the alcohol 175 into its corresponding bromide (Appel-reaction or PBr3), triflate or diazomethane resulted in decomposition of the SIL 175 or very poor yields of the corresponding ester 179. Finally, esterification was achieved by using TCT/DMF as chlorination agent, according to De Luca and Giacomelli et al., [359,360] to obtain chloride 180 in excellent yields, which could subsequently be employed in the alkylation of carboxylic acid 66 to yield the pre-fluorogenic probe 179 in a fair yield. Prior to monitoring the fluorescence behaviour of MB-181 or 4MP-182, the relative activity of EcNadA when incubated with MB-181 or 4MP-182 in vitro was examined (Figure 43). This provides a suitable basis for comparison with previous results

for the disulfides (C12-163, ME-164) as well as to rule out possible inhibition of EcNadA by MB-181.

As a matter of fact, 4MP-182 showed a comparable inhibition as measured with ME-164, while MB-181 did not inhibit the activity of EcNadA. In contrary, MB-181 showed rather a stimulation of the enzyme. This could be explained by the activity regulation of EcNadA due to reversible disulfide-bond formation. [350] To confirm that disulfide cleavage is indeed present, the time-dependent fluorescence intensity of the two probes MB-181 and 4MP-182 in the presence or absence of the EcNadA enzyme was measured (Figure 44). motif, which does not allow this enzyme to trigger the release of the BODIPY 66 and thus no fluorescence increase should be observed. In fact, this result could be obtained by measuring the fluorescence increase of 4MP-182 upon incubation with EcNadA or TmNadA (Figure 45). While incubation with EcNadA led to a significant increase in the fluorescence signal, incubation with TmNadA did not.

Taking everything together, it has been shown that the SIL-design works and the BODIPY was released upon disulfide bond cleavage. The inhibition of EcNadA with the fluorogenic probe 4MP-182 was in accordance with the inhibition measured for the disulfide ME-164. There was no selective cleavage between 4MP-182 and MB-181. In addition, the incubation of TmNadA, lacking the C 291 XXC 294 XXC 297 motif, with 4MP-182 gave no fluorescent signal and thus the cleavage in EcNadA was caused by the formation of a disulfide bridge between C 291 and C 294 . This also explains the increased activity, when EcNadA was incubated with MB-181, as it converts the reduced EcNadA with low activity into its oxidized form with high activity (Figure 46). [350] Figure 46 Illustration of the redox regulated activity of EcNadA by reversible disulfide-bond formation Next, the cell permeability of the fluorogenic 4MP derivatives, 4MP-182 and NTR-183, was assessed using a bacterial growth assay with E. coli. As shown in Figure 47, none of the probes showed an inhibition of the bacterial growth. In comparison to the positive control, the 4MP-182 showed a rather beneficial effect on the bacterial growth, while for the NTR-183, no effect could be observed. This behaviour, however, remains unexplained and might just be an effect of measuring inaccuracy as the proportion of incubation with or without QA addition is similar to that of the NTR-183. Nevertheless, this does not allow to draw conclusions about the cell permeability of those fluorogenic probes. First of all, for NTR-183, despite being soluble, no labelling was detected in the fluorescence microscopy images (Figure 48). On the other side, the two other probes MB-181 and 4MP-182 showed some labelling. While MB-181 labelled fewer bacteria with inconstant results between different measurements, 4MP-182 seemed to label more bacteria with higher consistency in labelling. However, the labelled bacteria represent a very small part of the whole population. This is unusual and together with the inconstancy, labelling must be considered as unsuccessful. Under these circumstances, they were considered artifacts occurring in part of the population and could represent dead bacteria with preserved membrane integrity [361] or bacteria which experienced cell surface damage during centrifugation. [362] A damaged cell wall may also lead to leakage of GSH, which should make efficient labelling difficult. In conclusion, it appears that none of the synthesized fluorogenic probes were able to effectively enter and label the cytoplasm of E. coli. This also means, that regarding the in vivo activity of 4MP, no results are available that allow to draw further conclusions. The inability of the probes to penetrate the bacterial cell wall could potentially be attributed to the presence of efficient defence mechanisms, such as efflux pumps. If the few labelled bacteria are considered as dead bacteria with preserved membrane integrity, this might be a plausible explanation.

However, this would indicate that the efflux could counteract the release of the fluorogenic probe. Indeed, by reconsidering that the design of the fluorogenic probe which was utilized in this study was based on an aryl-alkyl based disulfide linkers.

This can influence the rate of cleavage, as the regioselectivity of the nucleophilic attack from reactive thiols is regulated by the lower pKa (≈6) of aromatic mercaptans and their comparatively higher steric requirements. [363] This makes them the favoured leaving group at the first exchange, producing a new mixed disulfide without a fluorescent signal (Scheme 39). The presence of GSH as reactive mercaptan may lead to the formation of a mixed disulfide with a long half-life. [364] This could be attributed to a substrate-specific reduction by GSH, rather than a general reduction of disulfides, as previously assumed. [365] Together with the generally slower release rates caused by the chosen SIL design, [366] the fluorogenic response is delayed with respect to the release of the aryl mercaptan.

Scheme 39 Regioselectivity of thiol/disulfide exchange is directed by steric hinderance and pKa of the corresponding aromatic mercaptans 3.5 Fast Enzyme-Independent in cellulo Release of Carboxylates

Fast Enzyme-Independent in cellulo Release of Carboxylates

For this purpose, the initial SIL was re-designed to obtain a selective derivatization reagent that allows the protection of carboxylic acid as modular phenyl-alkyl disulfide-based SIL under mild conditions.

Carboxylic acids in particular, which represent a valuable functional group among antimicrobial drugs, passive diffusion through biological membranes is significantly impaired. [START_REF] Ballatore | [END_REF] This explains the poor bioavailability obtained for several important βlactams. Traditionally, this can be circumvented by masking the carboxylic acid as carboxylic acid ester. Regardless to the convenience of this method, however, this imposes problems, such as prior protection of functional groups and dependency on specific esterases. [START_REF] Maag | Prodrugs Chall. Rewards Part 1[END_REF] Beyond that, the development of β-lactam ester prodrugs has not been straight forward as esterification is accompanied by instabilities and ensures that the corresponding β-lactam ester decomposes during the action of the esterase. [367] Masking by a SIL can help to spatially separate the direct action of esterases from the ester bond and thus enable a safe release. In fact, this has been achieved in few examples.

Alkyloxy esters were used, which hydrolyze during their circulation in the blood and release the active antibiotic, but the release is so fast that no deeper cell penetration can be achieved. [368,369] This is particularly regrettable since the deeper cell distribution of such important broad-spectrum antibiotics would be of advantage for the control of intracellular bacterial infections.

To achieve this balance between stability and reactivity, the use of p-thiobenzylbased disulfide as SIL has been proposed, as it has many advantages, including its fast-releasing properties [366] and its stability in various living media. [370] Modulating the alkyl chain of the disulfide allows for the selection of the most suitable combination for a given application. [365] Chapter 3: Results and Discussion Pascal D. Moser -February 2023 125

The rapid release is an important feature to counteract the elimination of the active compound before its activation but also, with regard to β-lactams, would allow the release of the antibiotic before its degradation. The aim therefore is to find the right balance between stability and reactivity. For this purpose, the BODIPY represents the ideal tool to assess these parameters. Among different substitutes, a pleuromutilin mercaptan was added, as pleuromutilin should be able to enter Gram-negative bacteria via the self-promoted uptake mechanism but is susceptible towards the efflux pumps. [312] This could give an indication of whether or not the SIL releases fast enough to accumulate a fluorescent signal inside Gram-negative bacteria.

Synthesis of the Self-Immolative Fluorogenic Probes

When choosing the proper setup or adequate equipment, the following synthesis was found to be suitable as one-pot synthesis. However, no reaction optimization was performed and thus it is recommended that any resynthesis attempt is carried out stepwise with appropriate purification, when performed for the first time. Starting from widely accessible 4-hydroxybenzaldehyde 94 the phenolic alcohol was converted into its mercaptan by Miyazaki-Newman-Kwart Rearrangement (Scheme 40). [START_REF] Zonta | Sulfur-Mediat[END_REF] Therefore the phenol 94 was acylated using dimethyl thiocarbamoyl chloride shown to be too fragile for column chromatography. While recrystallization might work, the shelf life of the isolated products is short. For this reason, the next three steps must be performed as one-pot synthesis.

First, the 4-mercaptobenzaldehyde 186 was converted into its hydrazone 187. This allows higher yields because the 4-mercaptobenzaldehyde 186 tends to oxidize to its disulfide over time, and treatment with hydrazine reduces it back to its mercaptan.

The mercaptan of hydrazone 187 was then converted into its activated disulfide 188 using an excess of DPS.

Among several oxidation reactions suitable for the oxidation of hydrazone 188 to its diazomethane, Swern-oxidation and oxidation with manganese dioxide were selected as the most suitable. The Swern-oxidation was the most promising as the low temperature during reaction diminishes the loss of diazomethane due to decomposition. [344] However, the oxidation efficiency was found to fluctuate dependant on the quality of hydrazone 188. In addition to this, the solvent limitations and occurring chlorination reactions, when working in an excess, MnO2 proofed to be the better choice in this particular case. [START_REF] Javed | [END_REF]373] Like this, the diazomethane 189 could be obtained in 82%, starting from the 4mercaptobenzaldehyde 186, which was determined via 19 F NMR by titration of the obtained solution with 2-fluorobenzoic acid. [374] Scheme 41 Synthesis of the mercapto-pleuromutilin a) benzophenone, AcSH, hν (400 nm), THF, 50 °C, 42 h; b) NaSMe, MeOH, rt, 16 h

For the synthesis of the mercapto-pleuromutilin, the vinylic alkene at C-12 was accessed through radical addition of thioacetic acid (Scheme 41). The thiol-ene reaction between pleuromutilin 120 and thioacetic acid was carried out using benzophenone as a catalyst for hydrogen atom transfer by irradiation at ~400 nm. [375] The reaction proceeded well and the conversion of pleuromutilin 120 to thioacetate 190 was 87%.

Separation from the starting material by column chromatography was not successful since their retention factor was identical. Therefore, the reaction may need to be driven to completion, which is impeded by polymerization of the solvent during longer reaction times.

Regardless of this, selective deprotection of thioacetate 190 by sodium methanethiolate gave mercapto-pleuromutilin 191 in 57% yield, [376] the low yield being due to the storage stability of the sodium methanethiolate used. [START_REF] Chakraborty | Encycl. Reag. Org. Synth[END_REF] Scheme 42 Synthesis of the second generation fluorogenic probes. a) meso-COOH-BODIPY, CH2Cl2, 0 to 5 °C, To demonstrate the ease and selectivity with which carboxylic acids can be protected in the presence of other functional groups by this new approach, 4MP 142 and the fluorogenic probe 4MP 2 -198 were selected as the first potential pharmacophore containing a carboxylic acid (Scheme 43).

Analogue to BODIPY 66, 4MP 142 and the fluorogenic probe 4MP 2 -198 were derivatized with diazomethane 189. The resulting 4MP esters 199 and 200 were obtained in low yields of only 30% and 38%, respectively. Evidence of S-S insertion as a side reaction was found in the reaction between the diazomethane 189 and the probe 4MP 2 -198. However, the S-S insertion contributes only marginally to the yield loss. The main reason was identified to be the shelf life of the diazomethane 189. In 3.5 Fast Enzyme-Independent in cellulo Release of Carboxylates addition to the lower concentration, the degradation led to an increase in impurities, which made the purification considerably more difficult. This could easily be avoided by prior titration and use of a freshly prepared solution of diazomethane 189.

A positive side effect for mercaptan-containing compounds when using the solution of diazomethane 189 is the remaining excess of DPS that activates them in one step.

Thus, they can be functionalized in the same step with the SIL in the next step. This is particularly the case for the 4MP-ester 200, where the thiol/disulfide exchange gave the prodrug 201, which could be isolated in 54% yield. Likewise, the fluorogenic 4MP probe 202 was isolated in 72% yield.

Besides being an example for the utility of our novel derivatization reagent, these 4MP derivatives 201 and 202 represent the final approach to determine 4MPs in cellulo activity. The stability of aryl-alkyl disulfides is known to be compromised by both reactive mercaptans and pH. To assess their stability prior to conducting any experiments, the fluorescence increase of the samples was measured over a 16 h period in phosphate buffered medium. Results of these tests, which can be found in the appendices, showed that all tested compounds were highly stable in the phosphate buffer medium. Furthermore, the stability of the samples was evaluated in human blood plasma using the same procedure (Figure 49). The fluorogenic probes MB-181, 4MP- To investigate the reduction of fluorogenic probes by thioredoxin (TRX) and glutathione (GSH), all nine fluorogenic probes were tested on their reaction with either EcTRX or GSH. The results showed that all probes reacted with GSH, while only ME-195 and the two 4MP probes 4MP-182 and 4MP 2 -198 showed high selective reduction by EcTRX (Figure 50).

Evaluation and results of the Fluorogenic probes

Attempts determining the second order rate constant for 4MP probes 4MP-182 and 4MP 2 -198 failed as the reaction proceeded to fast. On the other hand, the second order rate constant for ME-195 in the reaction with TRX as well as the reaction rate constants for every fluorogenic probe for the reaction with GSH (Table 2 and appendices). Beginning with the first fluorogenic probes, MB-181, 4MP-182 and NTR-183. Their reaction rate constants are, as expected, the lowest observed ones and correlate with their respective calculated pKa values of 5.8, 4.8 and 5.6. [START_REF] Pan | [END_REF] The second generation of fluorogenic probes shows an unexpectedly higher reaction rate compared to the first generation. This phenomenon likely results from two effects. Firstly, the fluorescence of the ester is significantly quenched upon excitation (from ΦCOOH=0.58 to ΦEster= 0.016) [280] resulting in a non-radiative process. Secondly, aryl-aryl disulfides are good electron acceptor molecules, [379] allowing the formation of an electron-donoracceptor complex with the BODIPY as they are close in proximity. [380,381] As a consequence of this, photoinduced electron transfer (PET) takes place which causes the formation of a charge transfer state in which the charge is physically separated, with the BODIPY bearing a positive charge and the disulfide forming a radical anion (Scheme 44). The complex can then degrade via homolytic cleavage of the disulfide bond, [379] liberating the BODIPY-carboxylate. This effect is particularly pronounced in the presence of DMSO, which could be explained by its ability to form radicals by its own. [382,383] Scheme 44 Schematic representation of the radical disulfide bond cleavage by photoinduced electron transfer.

Thus, the extraordinarily high reactivity of MB is attributed to a PET from the BODIPY to the disulfide bond. The reaction rate constants correlate with the stability of the sulfur radicals. However, the reaction rate constants for the alkyl mercaptans and 4MP's mercaptan are considered slightly elevated, due to their relatively low radical stability. [383] Results from kinetic and stability investigations suggest that the fluorogenic probe ME-195 exhibits the most promising properties out of the probes studied thus far, with fast release and relatively high stability.

The penetration and intracellular release of all fluorogenic probes into Gram-negative bacteria was assessed (not shown). However, as before, none of the samples showed any labelling of E. coli, despite the higher reactivity/lower stability. Interestingly, the pleuromutilin probe, despite its known ability to translocate into Gramnegative bacteria, [312] also did not show any labelling. However, one interesting effect was that the 4MP-related fluorogenic probes, 4MP 2 -198 and 202, showed the same effect as previously observed (Figure 51). Again, only a few bacteria were labelled for 4MP 2 -198, while fluorogenic probe 202 showed, like NTR-183, no labelling at all. It could be hypothesized that the observed uptake of phthalates might be attributed to dead bacteria with intact cell walls, which contain porins capable of facilitating the uptake of these compounds. This is consistent with the fact that DTHPA, has been demonstrated to have in vivo activity, and Gram-negative bacteria typically develop porins for polar compounds with more than one carboxylic acid. [START_REF] Ude | Proc. Natl. Acad. Sci[END_REF] Furthermore, the possibility that this effect is caused by a damaged cell wall is low since no other probe yielded the same result while tested with the same bacteria population. In general, it appears that the ability of the probes to penetrate Gram-positive bacteria and eukaryotic cells is related to their lipophilicity, following general druggability guidelines with Pleuro-193 being the exception due to its high lipophilicity.

Within this context, it is suggested that ME-195 has the most advantageous physicochemical properties for both Gram-positive bacteria and eukaryotic cell penetration, as its CLogP value is the lowest and it does not contain any ionisable groups.

Consequently, it is the most soluble and can be used to functionalize a wide range of substrates, without risking the impairment of penetration. In conclusion, the stability and penetration of aryl-alkyl disulphides were investigated. It was found that all tested compounds were highly stable in the phosphate buffer, while most showed reasonable stability in plasma. Additionally, ME-195 was found to be the most promising probe due to its fast release and stability. None of the fluorogenic probes was found to label Gram-negative bacteria, while the ability of the probes to label Gram-positive bacteria and eukaryotic cells was found to be related to their lipophilicity with ME-195 being the most advantageous due to its low CLogP value and lack of ionisable groups. Based on these results, the ME-195 appears to be the most suitable SIL for further research.

Intracellular in situ Hybridization of Antibiotic via SPAAC

In response to antibiotic resistance combination therapy has widely been established in clinical use. Often, two or more antibiotics are prescribed to ensure coverage against all possible resistance profiles. This multi target like approach has been recognized to limit the development of new resistance and lower patient mortality rates. [384] This strategy was adapted and converted into an approach, by fusing different antibiotics into one heteromeric entity conserving both antibiotic actions of the constituent fragments. This is the concept of antibiotic hybrids, where the hybrid does not necessarily have to be composed of only antibiotic agents but may also contain other kinds of molecules to enhance the efficacy of a primary antibiotic. [385] Hybrid drugs have been shown to be able to overcome resistance and increase efficacy through the synergistic action of both pharmacophores. However, this is not predictable, and the fusion of two therapeutics might even deteriorate the antibacterial effect of the resulting hybrid. [385] Thus, before an antibiotic hybrid can be developed, several problems must be solved.

Considering the molar mass range of common antibiotics, the size limitation of porins (600 Da) can easily be exceeded with their hybridization. For this purpose, antibiotics that retain a porin-independent uptake mechanism are used frequently, such as aminoglycosides. [385,386] In addition to poorer cell penetration, the increased molecular mass may also reduce the efflux of the hybrid. [387] Scheme 45 Schematic representation of the intracellular in situ hybridization of antibiotics via SPAAC

In the translocation studies of the cyclic pseudopeptide the antibiotic azides revealed a consistent to better MIC compared to their parent antibiotics. This suggested that they could reach the cytoplasm in an amount sufficient enough for growth inhibition.

Exploiting the bio-orthogonality of azides, this could be used for an intracellular in situ hybridization of two antibiotics by employing bioorthogonal click chemistry, such as strain-promoted alkyne-azide cycloaddition (SPAAC). The hybrid formed as a result would have a higher molecular weight, which would contribute to accumulation due to the reduced cell permeability associated with higher molecular weights, while at the same time circumventing the penetration problems of classical hybrids with high molecular weights.

The concept is relatively simple, by incubating the bacteria with the azido antibiotics and their strained alkyne counterpart (e.g. BCN), the intracellular click reaction would give an antibiotic hybrid that would be bigger than the size limitation of the porins and impair back diffusion or efflux (Scheme 45). To the best of our knowledge, this is the first approach for intracellular hybridization of antibiotics in bacteria. This route should not be neglected, especially considering that click chemistry is already available for clinical use. [388] 3.6.1 Derivatization of the Antibiotics Linezolid and Pleuromutilin to their BCN-Analogues even if lower (MIC = 64 and 2 mg/L), preserved and that functionalization by BCNderivatives would not cause a loss in activity ( 53). While the homomeric hybrids exhibited much lower activity, the heteromeric hybrids showed activity close to that of their parent azido derivatives.

The lower activity could be due to poorer penetration of the bacterial cell wall but could also simply be due to an altered pharmacological profile. For the intracellular SPAAC reaction, the corresponding azido-and BCN-antibiotics were mixed in a 1:1 ratio with the same mass concentration and then distributed by 

MIC [mg/L]

For the intracellular SPAAC reaction, the corresponding azido-and BCN-antibiotics were mixed in a 1:1 ratio with the same mass concentration and then distributed by serial dilution. The MIC values obtained correspond to the concentration of each compound used for the reaction. For each in situ hybridization performed in cellulo, the observed MIC was lower than the one for the corresponding hybrid. This is especially significant in the case of the homomeric hybrids, which could mean that the SPAAC reaction has successfully proceeded within the bacteria and the resulting hybrids are retained in the cells, leading to an accumulation of pharmacophores.

However, the observed MICs in these cases resemble the ones obtained for their parent azido-antibiotics, which is the case for the Lin-N3//Pleuro-BCN 210, as well.

In sense, a reaction that was not completed or did not occur could have the same effect, so that the result is ambiguous. The only hybrid that produced lower MIC than its parent azido-or BCN-antibiotics was Pleuro-N3//Lin-BCN 213 with a measured MIC value of 0.5 mg/L. However, due to the chosen method, the difference in the measured activities must be considered as not significant enough to draw a distinct conclusion. Because the achieved MIC of the in situ produced Pleuro-N3//Lin-BCN 213 is just one dilution away from the ex situ produced hybrid as well as its parent Pleuro-N3 128, the result is within the error range.

Nevertheless, as the prior mixing of the azido-and BCN-antibiotics causes their concentration to be reduced initially, the results are in general promising. For example, the calculated half-life of the BCN-derivatives at initial mixing, considering the second order rate constant for the BCN-azide reaction (k2 ≈ 10 -1 M -1 s -1 ), [389] would indicate half of the BCN being consumed within 15 -30 min.

To demonstrate a significant effect, other assays must be employed for future analyses. For example, direct mixing of the concentration required for the measurement with the initial incubation of one of the antibiotic derivatives and monitoring of the bacterial culture by its optical density would permit a more conclusive result.

Perspectives on the Intracellular in situ Hybridization of Antibiotics

To minimize cleavage of the carbamate, potentially leading to a decrease in antimicrobial activity by excretion of the single antibiotics from the cytoplasm, a series of Pleuromutilin derivatives were synthesized that bear a carbamate instead of the previously tested carbonates. This should provide a more stable hybrid and offer clarification to the test which showed only a difference of one dilution in the MIC.

In addition to the new Pleuromutilin derivatives, CIP was included to gain better access to results concerning the activity of Gram-negative bacteria. Although some of the Linezolid and Pleuromutilin derivatives showed some activity against Gramnegative bacteria at high concentrations, it was not possible to confirm an increase in activity through in situ hybridization. Therefore, it is possible that the intracellular concentration was generally too low for the hybridization approach to work, by having a higher concentration of one antibiotic in cellulo, e.g. CIP, it might be possible to achieve an effect instead.

Synthesis of the new Pleuromutilin derivatives has been completed, and the biological results are still pending. These results are required to determine the efficacy of the new compounds; however, the synthetic procedures can be found in the experimental part.

Conclusion

One-pot combination via MCR Attempts to use the Passerini reaction or its homologation reaction with ynamides for one-pot combination of the different building blocks have been unsuccessful.

However, the utilization of the newly developed self-immolative linker provides the possibility to use the selective and high-yielding chemistry of diazomethanes to design an orthogonal telescope reaction for the assembly of the different building blocks.

Cyclic pseudopeptides

The synthesis of a series of novel cyclic pseudo peptides for use as a translocation vector to cross biological membranes was demonstrated. Additionally, this is the first time an adherent tetrazole unit was utilized for light induced intramolecular macrocyclization. The penetrative properties of these cyclic pseudopeptides were tested on cells of different organisms, including Gram-positive and Gram-negative bacteria, as well as eukaryotic cells. The Minimum Inhibitory Concentration (MIC) of bacterial growth and Fluorescence Microscopy (FM) images were employed to assess the successful translocation into these cells.

The two stereoisomeric LDD-and DLL-ortho-CN showed no evidence of translocation in the bacterial growth assay, however, their fluorescent probes translocated into Gram-positive bacteria and eukaryotic cells, while suggesting cargo-dependent penetration behaviour. This was further evidenced by comparing the penetration behaviour of Gram-positive bacteria to eukaryotic cells. The fluorescence translocation assay with the coumarin conjugate of DDD-meta-CC revealed an additional dependence of translocation on the cyclic pseudopeptide selected. Notably, the translocation properties of the two stereoisomers seemed to be inverted when comparing their translocation performance on eukaryotic cells with Gram-positive bacteria. This may be of particular interest as it suggests the possibility of cell-selective translocation.

Overall, translocation of cyclic pseudopeptides into Gram-positive bacteria and eukaryotic cells was successful, however, no translocation into Gram-negative bacteria was observed. A careful selection of the cyclic peptide and cargo was determined to be essential in order to have an effective performance. This resembles comparable effects to those obtained with other carrier systems, such as CPPs, and further research is needed to identify the optimal cyclic pseudopeptide for penetration of Gram-negative bacteria and how to mitigate the negative influences of the cargo.

In cellulo activity of 4MP

Attempts were made to gain in cellulo activity of 4-mercaptophtalic acid (4MP), a potential new antibiotic, by protecting its two sensitive functionalities, mercaptan and carboxylic acids, within the context of different prodrug approaches. Synthesis and evaluation of a possible effect in cellulo by biological tests were conducted; however, none of the prodrug approaches demonstrated in vivo activity.

The design and synthesis of several fluorogenic probes of 4MP were investigated. It was demonstrated that the C 291 XXC 294 XXC 297 motif of EcNadA is capable of reducing the disulfide bonds of 4MP prodrugs, resulting in increased activity of EcNadA due to the formation of a disulfide bridge. Furthermore, it was found that this cleavage is not selective, thus suggesting that the catalytic site is not involved in this reaction.

The results from using 10 different fluorogenic probes to assess the penetration and intracellular release of BODIPY did not provide conclusive evidence for the penetration of 4 MP into E. coli. However, the probes functionalized with 4MP, with penetration of 4 MP into E. coli. However, the probes functionalized with 4MP, with carboxylic acids exposed, were the only ones that were able to strongly label presumably dead bacteria. This, in combination with the fact that structurally similar DHTAP has been shown to inhibit the growth of E. coli in cellulo, may indicate that a porin could facilitate the penetration of these similarly negatively charged components. To substantiate this hypothesis, additional accumulation assays should be employed.

SIL-prodrug approach for intracellular release of carboxylic acids

The design and synthesis of a novel derivatization reagent for carboxylic acid has been demonstrated for the purpose of creating a self-immolative linker that guarantees intracellular release. An efficient synthesis pathway has been developed and described which provides access to a modular diazomethane in a short period of time.

This enables selective derivatization of carboxylic acids, and the post-functionalization allows for adjustable releasing rates. The scope of the intracellular release has been demonstrated to be successful in cells of both prokaryotes and eukaryotes using a fluorogenic carboxylic BODIPY. Furthermore, the stabilities in phosphate buffered medium and human blood plasma have been evaluated, as well as the release upon treatment with glutathione. It has been shown that the release is generally high, with some probes displaying a selectivity towards TRX. The second-order rate constants for the reaction of glutathione have been measured, showing a tuneable releasing rate.

The selectivity and ease of use of this diazomethane for the derivatization of 4MP, which contains a highly acidic mercaptan, has been demonstrated. Post-functionalization with 2-mercaptoethanol was determined to be the most promising combination as its reactivity/stability balance and solubility provided the best results. This derivatization reagent has potential applications in improving the bioavailability of penicillins, as its rapid enzyme-independent intracellular liberation of the carboxylic acid could protect them from esterase-induced degradation. This could provide a deeper tissue distribution and may make broad spectrum penicillins available for intracellular bacterial infections.

Intracellular in situ hybridization of antibiotics

We have presented a novel concept in progress which combines bio-orthogonal click chemistry with the concept of antibiotic hybrids. The fundamental idea is to combine two antibiotics within a bacterial click chemistry, thereby creating a pharmacophore which is much larger in size. This could potentially circumvent the drawbacks of penetration of conventional antibiotic hybrids and resistance from efflux pumps. We were able to show that this concept might work on gram positive bacteria, but no effect was seen on gram negative bacteria. However, relying on the bacterial growth inhibition by measuring the MIC solely did not allow us to gain deeper insights.

Therefore, it is planned to include fluorescence analysis assays in the future. rotations ( [α]) are expressed in deg×mL×g -1 ×dm -1 but reported without unit. Corresponding concentrations (c) are given in g/(100 mL). 

UV/Vis

Methods and materials (Chemistry)

Unless otherwise stated, all reactions were carried out in anhydrous solvent under a dry argon atmosphere Caution! Diazo compounds are known to be explosive.

Although there were no incidents while working with these compounds, adequate safety precautions were taken and all preparations, including diazo compounds, were Thioacetic acid was distilled under an argon atmosphere with reduced pressure, covered with aluminium foil from direct light, prior to use. Benzaldehyde was washed with 1 M NaOH, separated, and distilled in vacuo, followed by storage under argon with the addition of 1% BHT at 4 °C. NaSMe was dried under vacuum (10 - 2 -10 -3 mbar) by heating the solid to 100 °C for 16 h. Purification and drying of solvents, where necessary, was carried out according to the procedures described in the literature. [START_REF] Böhme | Inertgastechnik: Arbeiten Unter Schutzgas in Der Chemie[END_REF][START_REF] Williams | [END_REF][392][START_REF] Perrin | Purification of Laboratory Chemicals[END_REF][START_REF] Casey | Adv. Pract[END_REF] Dioxane and tetrahydrofuran (THF) (stabilized with BHT)

were freshly distilled from purple Na/benzophenone under an argon atmosphere, prior to use. [START_REF] Böhme | Inertgastechnik: Arbeiten Unter Schutzgas in Der Chemie[END_REF]392] CH2Cl2 (stabilized with Ethanol) was freshly distilled from CaH2

(5 g×L -1 ) under an argon atmosphere, prior to use. CHCl3 (stabilized with Ethanol) was washed with 2 M NaOH, separated, and allowed to stand over CaCl2 for 24 h.

Thereafter, the solution was decantated and refluxed with P2O5 (20 g×L -1 ) under an argon atmosphere for 4 h, distilled and filtered through basic Al2O3 (50 g×L -1 , activity stage I). [START_REF] Casey | Adv. Pract[END_REF] Chloroform-d, MeCN-d3, DMSO-d6 were stored over activated 3 Å molecular sieves. Anhydrous MeOH was obtained by distillation from Mg/I2 under argon, followed by storage with activated 3 Å molecular sieves. [392,[START_REF] Perrin | Purification of Laboratory Chemicals[END_REF] Anhydrous N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), Et2O and PhMe were purchased from Acros and Sigma-Aldrich. Acetone and MeCN (HPLC grade) were dehydrated by treatment with 3 Å molecular sieves (min.

h

). [START_REF] Williams | [END_REF] If necessary, solvents were degassed by the freeze-pump-thaw method. [START_REF] Böhme | Inertgastechnik: Arbeiten Unter Schutzgas in Der Chemie[END_REF] Deionized water was used in all experiments. The phrase "removed under reduced pressure" refers to the removal of solvents and other volatile materials using a rotary evaporator (<1 Torr) while maintaining a water bath at ambient temperature. mended). [START_REF] Still | [END_REF] 5.3 Methods and materials (Biology)

Stability Measurements. Fluorogenic probes (1µM) and BODIPY 66 (1µM) were dissolved in phosphate buffer (pH = 7.4, 1% DMSO) or plasma (20% plasma in buffer pH = 7.4, 1% DMSO) and followed by monitoring the fluorescence (ex. 474/10 nm, em. 535/25 nm) at 25°C. The relative difference between the fluorescence intensity of the probes and BODIPY 66 represents the graphs obtained.

Human blood plasma was a gift from CHU Grenoble Alpes and was collected from healthy donors within a blood donation program.

Human blood plasma was a gift from CHU Grenoble Alpes and was collected from healthy donors within a blood donation program.

Kinetic measurements.

Second-order rate constants were determined under pseudo first order conditions with GSH used in large excess (100 -2000 equiv) over the fluorogenic probes (5 µM) in phosphate buffer (pH = 7.4, containing 50%

MeOH and 5% DMSO). The progress of the reaction was followed by monitoring 

Minimal medium (M9)

This medium is used when cultures need to be enriched by a labelled atom or molecule, [START_REF] Mizen | Integr. Pharm. Discov[END_REF] Fe in our case. The composition of this medium consists in 6 g/L of Na2HPO4, 3 g/L of KH2PO4 and 1 g/L of NH4Cl. At the beginning of the culture the medium is supplemented with 2 mM of MgSO4, 0.4% of glucose, 10 μM of CaCl2.

E. coli BL21(DE3) strain: Genotype: F-ompT gal dcm Ion hsdSB(rB -mB -) λ (DE3[lacI lacUV5-T7 gene 1 ind1 sam7nin5]

). This strain is commonly used for the overexpression of proteins. It contains mutations at the Ion and ompT gens which encode for proteases. The DE3 chromosomic insertion comes from λ phage and contains the gene that encodes for the T7 RNA polymerase which is dependent of lacUV5 promoter, inducible by IPTG.

E. coli MG1655 strain:

Genotype: F-λ-ilvG-rfb-50 rph-1. This is a K-12 wild-type strain, used routinely as control (wild-type) for in cellulo complementation tests. were dissolved in DMF (20 mL) together with Et3N (3 equiv) at rt. After 30 min, the previously synthetized ammonium salt 215 dissolved in DMF (5 mL) was added, and the reaction mixture was stirred for further 17 h. The solvent was removed under reduced pressure and the residue redissolved in EtOAc (200 mL) washed with citric acid (10wt%, 2×200 mL), NaHCO3 (4wt%, 2×200 mL), H2O (100 mL) and brine (100 mL). The separated organic layer was dried with MgSO4, and the solvent was removed under reduced pressure. The obtained crude was purified by column chromatography (9:1 Cy/EtOAc to 8:2 Cy/EtOAc) to afford the tripeptides 105 and 106 as a colorless oil which turns to a white solid over time.

B. Tripeptides Synthesis (Phe-Ala-Ala) to Afford Compounds 101 & 102

Tripeptides 101 and 102 were prepared by treating the corresponding BOC-protected dipeptides 105 and 106 solubilized in dioxane (10 mL) with HCl in dioxane (4 M, 20 equiv) from 0 °C to rt for 2 h. Then, the solvent was removed under reduced pressure and the obtained ammonium salt was dried in vacuo and used directly for the next step without any purification.

BOC-protected D-or L-alanine (1.2 equiv), EDCI⋅HCl (1.6 equiv), HOBt

(1.6 equiv) were dissolved in DMF (20 mL) together with Et3N (4 equiv) at rt.

After 30 min, the previously synthetized ammonium salt dissolved in DMF (5 mL) was added, and the reaction mixture was stirred for further 17 h. The solvent was removed under reduced pressure and the residue redissolved in EtOAc (200 mL) washed with citric acid (10wt%, 2×200 mL), NaHCO3 (4wt%, 2×200 mL), H2O (100 mL) and brine (100 mL). The separated organic layer was dried with MgSO4, and the solvent was removed under reduced pressure. The obtained crude was puri- 

G. Standard Conditions for the Thiol/Disulfide Exchange

To 2,2′-Dipyridyldisulfide (DPS), activated disulfide 179 or 192 in CH2Cl2 (1 mL) was added AcOH (1vol%) as catalyst. [START_REF] Bulman Page | Compr. Org. Funct. Group Transform[END_REF] The solution was cooled to 0 °C and the corresponding mercaptan (1.2 equiv.) dissolved in MeOH (1 mL) was added. The reaction was allowed to warm to room temperature (rt) over the period of 17 h.

Upon completion of the reaction, the mixture was diluted with CH2Cl2 (20 mL) and washed with 1 M NaOH (2×50 mL), except for the phthalic acid disulfides 4MP-182 and 4MP 2 -198, a solution of citric acid (10 wt%, 2×50 mL) and brine (50 mL).

The organic layer was dried with MgSO4, except for the phthalic acid disulfides 4MP-182 and 4MP 

4-Propargyloxy benzaldehyde phenylsulfonyl hydrazone (96)

Phenyl ether 95 (7.49 g, 46.76 mmol) was dissolved in EtOH (60 mL). Then benzene sulfonyl hydrazide (8.05 g, 46.76 mmol, 1 equiv) was added and the mixture was brought to a reflux. After 14 h, the solvent was removed under reduced pressure.

The residue was redissolved in EtOAc, washed with citric acid (10wt%, 2×200 mL) and brine (200 mL). The organic layer was dried with MgSO4, filtered and the solvent was removed under reduced pressure. The resulting residue was purified by column chromatography (Cy/Acetone 7:3) to afford hydrazone 96 (11.8 , 5). HRMS (ESI): calcd for C16H14O3N2NaS [M+Na] + : 337.0617, found: 337.0613.

Methyl anthranilate (98) [306] Anthranilic acid (6.00 g, 43.75 mmol) was dissolved in MeOH (80 mL), and the mixture was cooled to 0 °C. Then thionyl chloride (6.35 mL, 10.41 g, 87.5 mmol, 2.0 equiv) was slowly added over a period of 30 min to the reaction medium. After addition the mixture was refluxed for 17 h. Subsequently, the reaction is quenched by pouring it into an ice-cold solution of NaCO3 (300 mL). This solution was then extracted with CH2Cl2 (3×100 mL), and the combined organic layers were washed with brine (200 mL) followed by drying with MgSO4 and removal of the solvent under reduced pressure. (1:1 v/v, 25 mL) and HCl (12 M, 4 mL, 3 equiv) was added. The mixture was cooled to 0 °C and NaNO2 (1.12 g, 16.21 mmol, 1 equiv) dissolved in ice-cold H2O (6 mL) was added dropwise over 30 min. The reaction medium was kept at 0 °C for further 90 min. Then, the resulting mixture was added dropwise over a period of 45 min to a solution of hydrazide 218 (5.09 g, 16.21 mmol, 1 equiv) in pyridine (100 mL) at -15 °C. After removal of the solvent under reduced pressure, the resulting residue was redissolved in EtOAc. The organic layer was washed with HCl

(1 M, 3×150 mL), NaOH (1 M, 3×150 mL) and brine (3×150 mL). The organic layer was dried with MgSO4, and the solvent was removed under reduced pressure.

The resulting residue was purified by column chromatography (50 -100% CH2Cl2 in Cy) to afford the protected tetrazole 100 (3.44 g, 10.29 mmol, 64%) as light-yellow solid. Rf: 0.15 (CH2Cl2). Methyl ester 100 (4.5 g, 13.46 mmol, 1 equiv) was dissolved in MeOH (100 mL),

NaOH (1 M, 50 mL, 50 mmol, 3.7 equiv) was added and the solution was refluxed.

After 17 h, the reaction mixture was poured in HCl (2 M, 50 mL) with ice (50 g).

The resulting mixture was extracted with CH2Cl2 (3×150 mL), the combined organic layers were washed with H2O (200 mL), brine (200 mL), dried with MgSO4 and the solvent was removed under reduced pressure. The synthesis was performed following the general procedure C (starting from 920 mg, 2.07 mmol, of the corresponding tripeptide 101). Subsequent column chromatography gave pseudopeptide 113 (85%, 1.24 g, 1.75 mmol) as colorless solid.

Rf: 0.28 (7:3, EtOAc/Cy). 1 H NMR (400 MHz, CDCl3): δ = 0.00 (s, 9H, 3',4',5'), 0.88 (dd, J = The synthesis was performed following the general procedure C (starting from 380 mg, 856 µmol, of the corresponding tripeptide 112). Subsequent column chromatography gave pseudopeptide 114 (77%, 470 mg, 662 µmol) as a colorless solid.

, J = 7.1 Hz, 3H 10.3, 6.5 Hz, 2H, 2'), 1.28 (d 
Rf: 0.28 (7:3, EtOAc/Cy). 1 H NMR (400 MHz, CDCl3): δ = 0.00 (s, 9H, 

, J = 7.1 Hz, 3H 3',4',5'), 0.88 (dd, J = 10.3, 6.5 Hz, 2H, 2'), 1.28 (d 
(2-(5-(4-(Prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-2-yl)benzoyl)-L-alanyl-L-alanyl-D-phe- nylalanine (115) 
The synthesis was performed following the general procedure 

dro-1H-benzo[k][1,4,7,10]tetraazacyclotridecin-1-yl)-4-(prop-2-yn-1-yloxy)benzamide (111) 
The synthesis was performed following the general procedure E (starting from 

-1H-benzo[k][1,4,7,10]tetraazacyclotridecin-1-yl)-4-(prop-2-yn-1-yloxy)benzamide (91)
The synthesis was performed following the general procedure E (starting from The synthesis was performed following the procedure from Richmond and Moran. [START_REF] Richmond | [END_REF] Cyclic pseudopeptide 91 (10 mg, 17,2 µmol) was added to a 10 mL vial and dissolved in THF (1 mL). Then NiBr2 (20 mol%), zinc (1 mmol) and HCO2H

(1 mmol) were added, the vial was capped, and the reaction was heated to 120 °C for 16 h. After filtration of the solution and evaporation of the solvent, alkene 91

was obtained in equimolar yields as colorless solid. Rf: 0.2 (9:1 EtOAc/Cy). 130) [314] The synthesis of the activated NHS-Ester 130 was adapted from Paulen et al. [314] To a solution of 2-azidoacetic acid (110 mg, 1.1 mmol) in CH2Cl2 (10 mL) were added 5-Hydroxy-4,6,9,10-tetramethyl-1-oxo-6-vinyldecahydro-3a,9-propanocyclopenta [8]annulen-8-yl-2-(tosyloxy)acetate (127) [398,399] The synthetic procedure for 22-O-tosylpleuromutilin 127 was adapted from Nielsen et al, [398] and Riedl. [399] A solution of pleuromutilin racetamol according to the procedures from Azzouz et al. [400] Reagents and conditions: (a) Propargyl bromide, K2CO3, TBAB, CH3COCH3, reflux; (b) HCl 4M in MeOH, EtOH, reflux.

N-(4-(prop-2-yn-1-yloxy)phenyl

)acetamide 222 (beige solid, 2.03 g, 10.7 mmol, yield = 81%) was prepared with paracetamol (2 g, 13.2 mmol, 1 equiv) and propargyl bromide (80% solution in toluene, 1.85 mL, 17.2 mmol, 1.3 equiv) at room temperature in DMF (30 mL), in the presence of K2CO3 (5.47 g, 39.7 mmol, 3 equiv) and TBAB (1.5 g, 4.6 mmol, 0.35 equiv) previously crushed with a mortar. The reaction mixture was stirred at room temperature for 24 h and poured in water (300 mL). The resulting aqueous layer was extract with EtOAc (4×50 mL).

The organic layer was washed with water and brine, dried over MgSO4 and the solvent was evaporated under reduced pressure to afford the title compound. The obtained analytical data were in agreement with the data reported in the literature. [400] 4-(Prop-2-yn-1-yloxy)aniline hydrochloride 222 (1.28 g, 7 mmol, yield = 70%) was prepared from N-(4-(prop-2-yn-1-yloxy)phenyl)acetamide 221 (1.87 g, 10 mmol, 1 equiv) with HCl 5 M in MeOH (10 mL, 50 mmol, 5 equiv) in EtOH (15 mL) and the resulting mixture was refluxed overnight. Then, the reaction mixture was evaporated, and the resulting hydrochloric salt was triturated in Et2O. The obtained precipitate was recovered by filtration and washed with Et2O. The obtained analytical data were in agreement with the data reported in the literature. [400] 6.2.9 Linear Pseudopeptide Sequence Containing the meta-CC-Tetrazole The synthesis was performed following the general procedure F (starting from 14 mg, 24.1 µmol, of the corresponding cyclic pseudopeptide 107) to give the coumarin conjugate 122 (70%, 14 mg, 16.9 µmol) as a bright-yellow solid. 15.2, 16.6, 23.2, 28.0, 31.8, 38.1, 45.9, 51.8, 53.5, 54.6, 62.4, 97.8, 108.2, 111.5, 115.7, 117.6, 125.2, 126.4, 127.4, 128.2, 129.1, 130.3, 130.8, 131.2, 131.6, 132.0, 132.1, 136.1, 138.0, 138.7, 140.3, 144.3, 153.5, 157.6, 158.9, 163.3, 168.1, 171.9, 174.5, 174.6, 177.1. conformational To a suspension of 4-mercaptophthalic acid 142 (68 mg, 34.0 mmol) in methanol (4 mL) at room temperature was added concentrated H2SO4 (0.022 mL, 0.43 mmol). The mixture was refluxed for 24 h and then cooled to room temperature. After evaporation of the solvent, the remaining residue was treated with a solution of 4 % NaHCO3 until pH 8 followed by three extractions with ethyl acetate (3×5 mL). The combined organic phases were dried with MgSO4 then concentrated under reduce pressure. The crude product was purified by flash chromatography 6-Mercapto-2,3-dihydrophthalazine-1,4-dione (146) 4MP 142 (6.00 mg, 30.3 µmol) was dissolved in Ac2O (1 mL) and refluxed for 3 h.

The solvent was removed under reduced pressure and the crude was dried in fine vacuum. The obtained solid was then dissolved in N2H4 (1 mL) and refluxed. After refluxing for 3 h, the solvent was removed under reduced pressure and the resulting crude was washed with a minimal amount of water and dried in vacuo to afford 146 in equimolar yield as colorless solid. 

Masking 4MP's Mercaptane as Disulfide

General procedure: disulfide synthesis according to Zhao and Dong et al. [349] Solution 1: MPA (1 equiv) in acetonitrile at -20 °C. Solution 2: TCCA (0.33 equiv) in acetonitrile at -20 °C. Solution 3: RSH (1 equiv) in acetonitrile at -20 °C. To a stirred solution 1 was added a solution 2, the mixture turned yellow. After 35 min. a solution 3 was added quickly to the mixture. The reaction was kept stirring for 12 min. and neutralized with 28 % ammonia water, the mixture turned white. The solution was evaporated under reduced pressure and the crude solid was incorporated in silica and then purified by flash silica gel column chromatography using 10 % to 

Attaching a Primary Amine to 4MP according to Hergenrother

tert-Butyl(2-mercaptoethyl)carbamate (161) Cysteamine hydrochloride (130 mg, 1.14 mmol) was solubilized in CH2Cl2 (10 mL) together with Et3N (2 mL, 1.45 g, 14.3 mmol 12.5 equiv). Then Boc2O (375 mg, 1.72 mmol, 1.5 equiv), dissolved in CH2Cl2 (5 mL), was added and the mixture was stirred at rt for 2 h. Then the mixture was diluted to 100 mL with CH2Cl2 and washed with citric acid (4wt%, 2×200 mL) and brine (100 mL). The separated organic layer was dried with MgSO4, and the solvent was removed under reduced pressure at 20 °C. The obtained crude was dried in vacuo and purified by column chromatography (1:9, EtOAc/Cy) to afford the N-Boc-protected mercaptan 161 (85%, 172.0 mg, 970 µmol) as a colorless to light-yellow oil with characteristic smell. 1 H NMR (400 MHz, CDCl3): δ = 1.34 (t, J = 8.5 Hz, 1H, 4), 1.43 (s, 9H, 3', 4', 5'), 2.63 (dt, J = 6.5, 8.5 Hz, 2H, 3), 3.28 (t, J = 6.5 Hz, 2H, 2), 4.94 (s, 1H, 1). 13 C NMR (100 MHz, CDCl3): δ = 25.2 (CH2, 3), 28.5 (3×CH3, 3', 4', 5'), 43.8 (Cq, 2'), 79.7 (CH2, 2), 155.9 (CON, 1').

4-((2-((tert-Butoxycarbonyl)amino)ethyl)disulfaneyl)phthalic acid (162)

The synthetic procedure was adapted from Yang et al. [349] To a stirred solution of TCCA (7.04 mg, 30.3 µmol) in MeCN (5 mL) at -20 °C was added a solution of 4mercaptophtalic acid (20 mg, 100.91 µmol) and Et3N (14.1 µL, 10.2 mg, 100.9 µmol) in MeCN (5 mL). Upon addition the mixture turned deep yellow, and a solution of thiol 161 (20.0 mg, 113.0 µmol, 1.12 equiv) in MeCN (5 mL) was subsequently added to the mixture. The reaction mixture was stirred for further 15 min and then stopped by addition of a saturated NH4Cl solution (15 mL). The upper organic layer was separated, the aqueous layer was acidified with citric acid (4wt%, 20 mL), extracted with CH2Cl2 (3×20 mL) and the combined organic layers dried with fine powdered NaCl. The crude was immobilized on silica and purified by column chromatography (0 -20% MeOH in CH2Cl2). The desired compound forms an insoluble precipitate upon standing thus fraction containing the desired product were combined rapidly, concentrated, and transferred into a small vessel where the solvent was removed. An NMR analysis indicated residues of Et3N⋅HCl, which were removed by trituration with MeOH (3×20 mL) to afford disulfide 162 (77%, 29.0 mg, 77.7 µmol) as an insoluble colorless solid. Rf: 0.15 (20% MeOH in CH2Cl2). 

Bis(4-Nitrobenzyl)-4-(butyldisulfaneyl)phthalate (155)

In an oven-dried flask A containing anhydrous MnO2 (218.58 mg, 2.51 mmol, 30 equiv) is wrapped in aluminum foil and placed in an ice-bath. Then a solution of hydrazone 149 (25 mM in CH2Cl2, 10 mL, 41.52 mg, 251.43 µmol, 3 equiv) is added and stirred for 30 min in the dark. In the meantime, a solution of disulfide 154 (8.4 mM in CH2Cl2, 10 mL, 24.00 mg, 83.81 µmol, 1 equiv) is placed into a flask B wrapped in aluminum foil and cooled to 0 °C. Then the solution of flask A is filtered in the dark at 0 °C through a plug of celite, to obtain a bright-orange diazomethane solution. The solution is added to flask B and the mixture is allowed to warm to rt. After 1.5 h, the mixture is diluted with CH2Cl2 (50 mL) and the reaction is stopped by addition of citric acid (4wt%, 100 mL). The organic layer is separated, washed with NaHCO3 (4wt%, 2×100 mL), H2O (2×100 mL) and brine (100 mL). The separated organic layer is dried with MgSO4, and the solvent is removed under reduced pressure. The crude is purified by column chromatography in the dark. Then the mixture is warmed to rt and stirred for further 1.5 h after which the reaction is filtered through celite. The obtained solution is diluted with CH2Cl2 (50 mL) and quenched by addition of citric acid (4wt%, 50 mL). The organic layer is separated, washed with NaHCO3 (4wt%, 2×50 mL), H2O (2×50 mL) and brine (50 mL). The separated organic layer is dried with MgSO4, and the solvent is removed under reduced pressure. The crude is purified by column chromatography solution. This solution is added to flask B and the mixture is allowed to warm to rt.

After 1.5 h, the mixture is diluted with CH2Cl2 (20 mL) and the reaction is stopped by addition of citric acid (4wt%, 20 mL). The organic layer is separated, washed with NaHCO3 (4wt%, 2×20 mL), H2O (2×20 mL) and brine (20 mL). 4-(((tert-Butyldimethylsilyl)oxy)methyl)phenol (169) [353] 4-(Hydroxymethyl) phenol (3.56 g, 28.69 mmol, 1.0 equiv) and 1H-imidazole (3.72 g, 54.6 mmol, 1.9 equiv) were suspended in CH2Cl2 (50 mL). The suspension was stirred for 10 min at rt and tert-butyldimethylsilyl chloride (TBS-Cl, 4.77 g, 31.64 mmol, 1.10 equiv), dissolved in CH2Cl2 (20 mL), was added to the solution.

Immediately, an off-white precipitate was formed, and the suspension was dissolved.

After 3 h the reaction was cooled to 4 °C. After 66 h the mixture was washed with saturated NaCl (150 mL) and H2O (150 mL). The separated organic layer was dried with MgSO4, and the solvent removed under reduced pressure. After purification via column chromatography (9:1 Cy/EtOAc; 200 mL silica), silyl ether 169 (5.07 g, 21.28 mmol, 74%) was obtained as light-yellow oil. Rf: 0.39 (1:9 EtOAc/Cy). 171) [353] To a solution of phenol 175) [402] Silylether 174 (1.0 g, 2.2 mmol) was dissolved in 45 mL Dioxane and stirred at rt.

To the solution was added HCl in Dioxane (4 M, 3.5 mL) to reach a final concentration of 1 wt%. After 2.5 h, the solution was diluted with 1 mL of 1% HCl in ethanol until the reaction was complete (∼1.5 h) as determined by TLC. The reaction was neutralized with minimal 1 M NaHCO3 as determined with pH paper. The reaction was then diluted with 25 mL NaHCO3 (4 wt%, 25 mL), extracted with CH2Cl2 (3×25 mL) and washed with water (3×25 mL) followed by brine (3×25 mL). The organic layer was separated, dried with MgSO4, filtered, followed by removal of the solvent under reduced pressure. The synthetic procedure was adapted from procedures described by Giacomelli et al. [359,360] and Li et al. [403] To a suspension of 2,4,6-trichloro-[1,3,5]triazine (TCT, 1.33 mmol, 1.07 equiv, 81.87 mg, 443.97 µmol) in CH2Cl2 (1 mL) was added DMF (0.1 mL, 97.0 mg, 3.2 equiv) at rt. After the formation of a white solid, the reaction was monitored (TLC) until complete disappearance of TCT, and a solution of alcohol 175 (140 mg, 415 µmol) in CH2Cl2 (2 mL) was added. After 4 h, the reaction was stopped by the addition of water (10 mL) and CH2Cl2 (10 mL), then the organic phase was washed with sat. Na2CO3 (15 mL), followed by 1 M HCl and brine. The organic layers were dried with MgSO4, and the solvent evaporated to give chloride [280] To a solution of ester 178 (375 

4-Mercaptobenzaldehyde (186)

The reflux-condenser of the previous synthesis was rinsed with MeOH (25 mL) and 1 M NaOH (50 mL). The resulting mixture is strongly refluxed for 30 min then brine (25 mL) is added, and the solution is cooled to 80 °C. While hot, the solution brine (25 mL) is added, and the solution is cooled to 80 °C. While hot, the solution is extracted with EtOAc (100 mL), the layers are separated, and the organic layer is discarded. The aqueous layer is acidified with conc. HCl (20 mL) and extracted with CH2Cl2 (3×50 mL). The combined organic layers were dried with MgSO4, and the solvent was removed under reduced pressure, to give 4-mercaptobenzaldehyde as a colorless solid with characteristic odour. The purity was determined to be 87% (NMR). 5-Hydroxy-6-(2-mercaptoethyl)-4,6,9,10-tetramethyl-1-oxodecahydro-3a,9-propanocyclopenta [8]annulen-8-yl 2-hydroxyacetate (191) The synthetic procedure was adapted from Wallace et Springer. [376] To a stirred solution of thioacetate 190 (200 The synthesis was performed following the general procedure G (starting from To a solution of phthalic acid 4MP 2 -198 (1 equiv, 9.0 mg, 14.7 µmol) in CH2Cl2

(1 mL) at 0 °C, was slowly added a solution of diazomethane 189 (2.65 equiv.

39.1 mM, 1.0 mL, 39.1 µmol). The resulting mixture was warmed to rt within 2 h and quenched by addition of AcOH (100 µL, 120 equiv). After additional 30 min, the solution was poured into a saturated Na2CO3 solution (50 mL) and extracted with CH2Cl2 (3×20 mL). The combined organic layers were dried with MgSO4, and the solvent was removed under reduced pressure. 225) [404] The synthesis of endo-225 was adapted from Dommerholt et al. [404] Therefore, ethyl diazoacetate (4.0 g, 3. (1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethanol (203) [404] BCN-OH 203 was prepared by the identical procedure as described by Dommerholt et al. [404] Starting from endo-225 (2.0 g, 10.29 mmol) and followed by purification ((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl(2,5-dioxopyrrolidin-1-yl)carbonate (208) [405] BCN-NHS 208 was synthetized according to the procedure of DeForest et Tirrell. [405] Therefore endo-BNC-OH 203 (100 mg, 665.7 µmol, 1 equiv) together with N, N'- 
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Figure 2

 2 Figure 2 Structure of the human Phospholipid Bilayer Membrane. Adapted from "Phospholipid Bilayer Membrane", by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates

Figure 3

 3 Figure 3 Brief pharmacokinetic aspects of small molecular drugs after oral administration: A) schematic illustration of the drug disposition after oral administration; B) pH dependence in the cell penetration of ionizable compounds. Created with BioRender.com.

Figure 4

 4 Figure 4 The cell envelope of Gram-positive bacteria. (from the inside out) The cytoplasm is enclosed by the plasma membrane, which consists of a phospholipid bilayer and harbours membrane proteins. Adjacent to this is a thin periplasmic space encapsulated by a thick peptidoglycan layer anchored to the plasma membrane by lipoteichoic acids and held together by teichoic acid. Adapted from "Gram-Positive Bacteria Cell Wall Structure", by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates
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Scheme 2

 2 Scheme 2 Schematic representation of a SIL used as a prodrug approach. A) Two-part prodrug consisting of a trigger (red) and a drug moiety (blue). Activation of the trigger disengages the bond to the drug by removing the altered protective groups (orange). B) Three-part prodrug in which the trigger (red) and drug (blue) are connected by a self-dissolving linker (green). Upon activation of the trigger, a spontaneous chain reaction occurs that breaks the bonds between the trigger and the SIL and between the SIL and the drug, releasing the active drug and the altered protective group (orange)

1. 3

 3 Techniques to Cross Biological Barriers REDX05931 11 developed by RedX Pharma. While REDX04139 10 is an exclusively Gram-positive antibiotic, the addition of a primary amine converts it to REDX05931 11, broadening its spectrum and making it a broad-spectrum antibiotic.

Figure 8

 8 Figure 8 Example of conversion to broad-spectrum antibiotics that do not comply with eNTRy rules; pleuromutilin derivative 66 is a diamine and therefore may enter Gram-negative bacteria via the self-promoted uptake pathway. RB, rotatable bonds; Glob, globularity; broad-spectrum, activity against both Gram-positive and Gramnegative bacteria. Adapted from M. F. Richter, P. J. Hergenrother, Annals NY Academy of Science, 2019, 1435,

  , Hergenrother et al. demonstrated the applicability of their rules, by the synthetic functionalization conversion of three Gram-positive-only antibiotics into broad spectrum antibiotics Chapter 1: Introduction Pascal D. Moser -February 2023 27

Figure 10

 10 Figure 10 Some selected siderophores with their iron-binding-motifs highlighted in red; Enterobactin 16 (Ent) is produced by the family of Enterobactericae and complexes iron through its catecholate motif; Staphyloferrin A 17 is an example for an α-hydroxy carboxylate containing siderophore; Pyochelin 18 complexes iron with its carboxylate and its phenolate; Salmochelins 19 are belonging to the catecholates and are produced by the family of Enterobactericae, as Ent; Ferrioxamines 20 are prominent examples of hydroxamate containing siderophores, Ferrioxamines are used to treat acute iron poisoning.

Figure 14

 14 Figure 14 Enterobactin derived drug-conjugates bearing a cleavable linker by Nolan et al.; C5 carboxylated Enterobactin 35 (red) was linked to Ciprofloxacin (blue) by a redox-sensitive disulfide linker and a steric-hindered acyloxy linker, sensitive to acidic hydrolysis

Figure 16

 16 Figure16 Mechanisms of CPP uptake across the cellular membrane: Different uptake mechanisms were proposed to explain the internalization of free or cargo conjugated CPPs. CPPs along with small cargoes may enter cells quickly via direct translocation in addition to the endocytic pathway. Uptake of large molecules attached to these peptides tended to be mediated by macropinocytosis in an energy-dependent manner with slower rates for larger compounds. Created with BioRender.com.
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 3 Techniques to Cross Biological Barriers

Scheme 5

 5 Scheme 5 Schematic representation of CPP-gentamicin conjugation. Gentamicin 47 and the cross-linker SMCC

Figure 19

 19 Figure 19 α1H, α2H, and Tat uptake and localization in eukaryotic cells. (A and B) Fluorescence-activated cell sorting (FACS) analysis of CPP-FITC uptake in HeLa cells (A) and HBMEC (B). CPP-FITC (750 nM) was incubated continuously with cells at 37 °C, and the fluorescence intensity was measured by using flow cytometry. External fluorescence was quenched by adding 0.2% trypan blue. Bars represent means ± standard errors of the means (SEM). AU, arbitrary units. (C) Fluorescence microscopy analysis of CPP-FITC in HeLa cells and HBMEC. Cells were incubated with 1 μM CPP-FITC (green). Actin was counterstained with phalloidin-TRITC (red) and nuclei with Draq5 (blue). Topical and orthogonal views are shown and marked as yellow lines at that point of the field of cells. Scale bar, 10 μM. Reprinted with permission from Gomarasca et al. Antimicrob. Agents Chemother. 2017, 61, 4. © 2017 American Society for Microbiology. All Rights Reserved.

  Figure 20 Structure of levofloxacin 61 and the CPPs indolicin 60 and TAT 59

1. 3

 3 Techniques to Cross Biological Barriers

1. 3 Scheme 7

 37 Scheme 7 Possible design of a molecular tool for intracellular cargo delivery with fluorescent feedback.

Scheme 8 3 : 59 3

 8359 Scheme 8 Representative illustration of the three building blocks of the thesis with accumulation dedicated to the active accumulation of antibiotics inside cells, Liberation dedicated to the design an application of a selfimmolative linker, and Combination dedicated to a one-step connection of the different functionalities

  Figure 21 Size representation of bacteria, viruses, yeasts, and human cells. The bacteria range in size from Mycoplasma, the smallest, to Bacillus anthracis, one of the largest.

Scheme 13

 13 Scheme 13 Trial of the Passerini reaction with the fluorogenic coumarin dye 73

isocyanides for the coumarin 73

 73 Scheme 14 The mechanism of the Passerini reaction. First, hydrogen bonds form between the carbonyl 64 and the carboxylic acid 63 giving the transition state 76. Then the carbon atom of the isocyanide 62 attacks the carbonyl carbon of the carbonyl 64. In addition, the oxygen atom of the carbonyl oxygen of the carboxylic acid 63 is also attacked. After a rearrangement, like the Mumm rearrangement, within the molecule, the product, a carboxylic acid amide, is finally formed.

Scheme 15

 15 Scheme 15 Comparison of the electronic structure of ynamides and isocyanides. left: ynamide, right: isocyanide

Figure 22

 22 Figure 22 Exemplary structure and physiological behaviour of cyclic peptides: A Structure of cyclosporin A; B Schematic representation of the conformational based membrane permeability of cyclic peptides. Reprinted with permission from Lokey et al. J. Am. Chem. Soc. 2006, 128, 8, 2510-2511 Copyright © 2006 American Chemical Society

Figure 23 Facilitated

 23 Figure 23 Facilitated membrane penetration of a fluorescent dye by a cyclic peptide-based carrier system 88 in comparison to aminocoumarin 89. Left: HeLa cells were incubated with 2.5 µM of compound 89 or 88 for 15 min at 37 °C. Right: Ex vivo T. gondii cysts (PRU strain) were incubated with 1 µM of compound 89 or 88

Figure 24

 24 Figure 24 Penetration studies of human Hela cells by cyclic pseudopeptides A-D. Conditions: HeLa cells were incubated at 37 °C with 3.5 µM of the corresponding cyclic pseudopeptide A-D or aminocoumarin 89 for 10, 30, 60 min, respectively. Images were obtained after washing with PBS, followed by staining of the membrane for 5 min (Cell Mask dark red (1/1000e) and after rewashing with PBS.

  Scheme 20 Synthesis sequence for the protected tripeptides starting form D-Phe, DLL-101 and DDD-102: a) Me3Si-Et-OH, EDCI, DMAP, CH2Cl2, 0 °C to rt; b) HCl 4M in 1,4-dioxane, rt, 2h; c) D/L-Ala-NHBOC, DCC, HOBt, ET3N, DMF, rt, 17h

Scheme 22

 22 Scheme 22 Synthesis and photoinduced cyclization of cyclic pseudopeptides DLL-and LDD-ortho-CN 111 and 91: a) HCl 4M in 1,4-dioxane, rt, 2 h; b) ortho-CN-tetrazole 90, HATU, DiPEA, DMF, rt, 6 h; c) TFA, rt,

Firstly, the visual

  detection of the cytosolic entry of fluorescent cyclic peptide conjugates by fluorescence microscopy and secondly, the bioactivity change of antibiotic conjugates from known antibiotics by measuring their MIC of the growth of Gramnegative and Gram-positive bacteria.

Figure 26

 26 Figure 26 Selected fluorophores for the detection of the cytosolic delivery mediated by the cyclic pseudopeptide

  Figure 27 Model antibiotics for evaluation of the penetrative properties by measuring the MIC: Pleuromutilin 120, Linezolid 119, Linezolid analogue 121 and Gentamicin 47 as standard, possible functionalization sites are highlighted in red

Scheme 24

 24 Scheme 24 Synthesis of the fluorescent cyclic pseudopeptides based on the ortho-CN-tetrazole by conjugation of the cyclic pseudopeptides DLL-and LDD-ortho-CN 111 and 91 to aminocoumarin 118 and BODIPY 117: a) sodium ascorbate, Cu(II)SO4 × (H2O)5, 1:1 H2O/tBuOH, 60 °C, 30 h

  Scheme 25 Synthesis of the 22-azido-22-deoxypleuromutilin 128 for conjugation to the cyclic pseudopeptide LDD-91: a) TosCl, Et3N, DMAP, CH2Cl2, -20 °C 72 h; b) NaN3, Acetone/H2O 1:1 v/v, 70 °C 24 h

Scheme 27

 27 Scheme 27 Synthesis of the cyclic pseudopeptide LDD-ortho-CN ATB-conjugates: a) sodium ascorbate, Cu(II)SO4 × (H2O)5, 1:1 H2O/tBuOH, 60 °C, 30 min

Figure 28 FACS

 28 Figure28FACS analysis for the penetration of the BODIPY-conjugates DLL-125 (red) and LDD-126 (black) into P. aeruginosa, compared to azido-BODIPY 117 (blue). Conditions: P. aeruginosa was incubated at 37 °C with 2 µM of the corresponding BODIPY-compounds for 15 min, before subjected to FACS analysis; ex. 488 nm/ em. 525 nm.

Figure 29 FACS

 29 Figure29FACS analysis for the penetration of the coumarin-conjugates DLL-123 (red) and (black) into P. aeruginosa, compared to azido-BODIPY 118 (blue). Conditions: P. aeruginosa was incubated at 37 °C with 2 µM of the corresponding coumarin-compounds for 15 min, before subjected to FACS analysis; ex. 405 nm/ em. 525 nm.

Figure 30 Fluorescence

 30 Figure 30 Fluorescence microscopy images after incubation of P. aeruginosa with the LDD-coumarin-conjugate 124, with arrows indicating labelled bacteria. Conditions: P. aeruginosa was incubated at 37 °C with 2 µM of the corresponding coumarin-compounds for 15 min; ex. 405 nm/ em. 525 nm.

124 Figure 31

 12431 Figure 31 Time and concentration dependent fluorescence microscopy experiments by incubation of P. aeruginosa with the LDD-coumarin-conjugate 124. Conditions: P. aeruginosa was incubated at 37 °C with 2 or 0.4 µM of the corresponding coumarin-conjugate for 5, 15 or 45 min respectively, before subjected to FM; ex. 405 nm/ em. 525 nm.

Figure 32 Fluorescence

 32 Figure 32 Fluorescence microscopy images after incubation of S. pneumoniae with the BODIPY-conjugates DLLand LDD-126 (top); and coumarin conjugates DLL-123, LDD-124 and DDD-122 (bottom). Conditions: S.pneumoniae was incubated at 37 °C with 100 µM of the corresponding conjugate for 30 min ex. 405 nm/ em. nm (DAPI, for coumarin); ex. 488 nm/ em. 525 nm (GFP, for BODIPY).

Figure 33 Fluorescence

 33 Figure 33 Fluorescence microscopy images after incubation of human cells with the two fluorescent LDD-conjugates BODIPY-126 (bottom) and coumarin-124. Conditions: human derived cells (HeLa, top; A549, bottom) were incubated at 37 °C with 100 µM of the corresponding conjugates for 60 min; ex. 405 nm/ em. 450 nm (top); ex. 488 nm/ em. 525 nm (bottom).

Figure 34

 34 Figure 34 Comparison of the penetration properties of the meta-CC and ortho-CN pseudopeptides, LDD-124 and DDD-122. Fluorescence microscopy images after incubation of human A549 cells (left) or S. pneumoniae (right) at 37 °C with 100 µM of the corresponding conjugates for 30 min; ex. 405 nm/ em. 450 nm.
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Figure 35

 35 Figure 35 Selective inhibition of QA 136 formation in vivo by DTHPA 141. OD600nm of E. coli MG1655 after

141

  and using biochemical, spectroscopic, and crystallographic techniques, Ollagnier de Choudens et al. identified 4-mercaptophtalic acid (4MP, 142) as a specific NadA

36 A 142 3.4 4 -

 361424 Figure 36 A Illustrative binding of 4MP in the active site of NadA ; B Structure and IC50 of DTHPA 141 and 4MP 142

Scheme 30 3 :

 303 Scheme 30 Transformation of the carboxylic acids as prodrug approach for 4MP 142: a) H2SO4 (cat.), MeOH, ∆T, 24 h; b) Ac2O, 120 °C, 3 h, equimolar; c) N2H4⋅H2O, 110 °C, 3 h, equimolar

Figure 37

 37 Figure 37 In cellulo activity of 4MP's modified carboxylic acid prodrugs ; Condition: Effects of inhibitor molecules at 100 µM on the growth of MG1655 bacteria
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 2 Nitro Reductase Sensitive SIL as Prodrug Approach

Chapter 3 :
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Chapter 3 :

 3 Scheme 33 Triple protection of 4MP with NTR sensitive para-nitrobenzyl moieties: a) TBAI, NaI, Na2CO3, MeCN, rt, Ar, 17 h

4 -

 4 Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadAAs previously with ester 144 and hydrazide 146, the biological activity of the NTRsensitive 4MP derivatives 150, 155 and 157 was assessed by measuring the bacterial growth of E. coli in the presence of these derivatives. The results in Figure38show that, unfortunately, none of the tested compounds had a significant effect on the growth of E. coli. Only n-butyl disulfide 155 showed a slight trend that might suggest an influence on bacterial growth. Nevertheless, when compared with the positive control, a comparable pronunciation of the growth recovery by addition of QA was not present. This could either indicate non-specific inhibition of the bacterial growth or deviations in the measurements. Especially when compared to the DMSO control and its ratio between presence and absence of QA, this option seems more plausible.

Figure 39 + 155 +

 39155 Figure 39 Growth curve of E. coli in the presence of the NTR-sensitive disulfide 155; MG1655 + DMSO (dotted blue line ----), MG1655 + 155 (dotted orange line ----), MG1655 + DMSO + QA (solid blue line ___ ), MG1655 + 155 + QA (solid orange line ___ )

Chapter 3 :

 3 Scheme 34 Masking of 4MP's mercaptan as disulfides: Attachment of a primary amine to 4MP 142 according to Hergenrother a) Boc2O, Et3N, CH2Cl2, rt, 2 h; b) TCCA, Et3N, MeCN, -20 °C, 15 min; c) TFA-d1, rt, 24 h; Synthesis of general mixed disulfides: d) dodecyl mercaptan, TCCA, MeCN, -20 °C, 1 h; e) 2-mercaptoethanol, TCCA, MeCN, -20 °C, 1 h

Figure 41

 41 Figure 41 Bacterial growth of E. coli in the presence of the 4MP disulfides 160, 163 and 164 at 100 µM in M9 medium. With (blue bars) or without (orange bars) QA (1.4 mg/mL).

Figure 42

 42 Figure 42 Relative activity of EcNadA in the presence of the 4MP disulfides 160, 163 and 164 at 100 µM, in vitro. (Number of replicates = 9-12)
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 4 Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadA
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 43421 Scheme 35 Conceptional design of a redox-sensitive fluorogenic probe for the release of 4MP
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 4 Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadA

Scheme 38

 38 Scheme 38 Synthesis of the fluorogenic probes from the fluorogenic SIL 179: a) PhSH 1:20 AcOH/CH2Cl2 v/v, rt, 17 h; b) 4MP 142, 1:20 AcOH/CH2Cl2 v/v, rt, 17 h; c) p-nitrobenzene hydrazone, MnO2, CH2Cl2, RT,

Figure 43 4 -

 434 Figure 43 Relative activity of EcNadA in the presence of fluorogenic probes MB-181 and 4MP-182 at 100 µM, in vitro. (Number of replicates = 9-12)

Figure 44 182 Figure 45

 4418245 Figure 44 Increase in fluorescence for the fluorogenic probes MB-181 and 4MP-182, tested in vitro on the E. coli NadA enzyme, which is triggering the release of BODIPY; MB-181 w/o EcNadA (dotted grey line ----), 4MP-182 w/o EcNadA (dotted black line ----), MB-181 w/ EcNadA (solid grey line ___ ), 4MP-182 w/ EcNadA (solid black line ___ ).

  maritime bacterium Thermotoga maritima (Tm) TmNadA, was tested as well (Figure45). The TmNadA amino acid sequence lacks the distinct C 291 XXC 294 XXC297 

Chapter 3 : 121 Figure 47

 312147 Figure 47 Bacterial growth of E. coli in the presence of the fluorogenic probes (4MP-182 and NTR-183) at 100 µM in M9 medium. With (blue bars) or without (orange bars) QA (1.4 mg/mL).
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Figure 48 First

 48 Figure 48 First fluorescence microscopy experiments with the fluorogenic probes; E. coli incubated with 100 µM of the fluorogenic probes (MB-181, 4MP-182 and NTR-183) with 0.1% PA at 37 °C for 15 min, ex. 488 nm/ em. 525 nm.
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17 h; b) 1 : 197 and 4MP 2 - 198 . 3 : 129 3. 5 . 2 Full

 1197198312952 Scheme 43 Derivatization of 4MP with diazomethane 189. a) diazomethane 189, CH2Cl2, 0 °C to rt, 3 h, then AcOH; b) 2-mercaptoethanol, CH2Cl2, rt, 17 h.

Figure 49 Chapter 3 :

 493 Figure 49 Plasma stabilities of the fluorogenic probes. ____ MB-181, ____ 4MP-182, ____ NTR-183, ____ BN-196, ____ Pleuro-193, ____ C12-194, ____ MB 2 -197, ____ 4MP 2 -198, ____ ME-195; 20% human blood plasma in phosphate buffered medium (pH = 7.4), ex. 474 nm/ em. 525 nm.

Figure 51 FM

 51 Figure 51 FM images of all 4MP related fluorogenic probes in comparison; E. coli incubated with 100 µM of the fluorogenic probes with 0.1% PA at 37 °C for 15 min, ex. 488 nm/ em. 525 nm.

  The results of the fluorescence microscopy images from the penetration experiments with Gram-positive bacteria and eukaryotic cells are shown in Figure 52. MB-181, Pleuro-193 and ME-195 showed the strongest labelling for both Gram-positive bacteria and eukaryotic cells. The two 4MP probes 4MP-182 and 4MP 2 -198 were able to penetrate the Gram-positive bacteria, but the labelling of HeLa cells by 4MP 2 -198 was weak due to the carboxylic acids that impair the penetration. C12-194 was not able to penetrate either the Gram-positive bacteria or the eukaryotic cells, MB 2 -197 was able to label both the Gram-positive bacteria and the eukaryotic cells, but the labelling of the eukaryotic cells was rather weak and labelling of S. pneumonia appeared on the cell wall. The labelling of C12-194 and MB 2 -197 is likely due to their lipophilicity that presumably retains them on the cell membrane.

Figure 52 FM

 52 Figure 52 FM images of the best labelling fluorogenic probes with S. pneumoniae and eukaryotic cells (HeLa, A549), cells were incubated with 100 µM of the fluorogenic probes with 0.1% PA at 37 °C for 15 min.

Scheme 46 Chapter 3 :

 463 Scheme 46 Functionalization of Linezolid and Pleuromutilin with BCN; a) MeCN, rt, 17 h; b) MeCN, Et3N, DMAP, rt, 17 h

Figure 53

 53 Figure 53 Antibacterial activity of the antibiotic hybrids on S. aureus Results of the MIC assay with evaluated by their minimum inhibitory concentration value [mg/L] with a measured range of 0.06 -32 mg/L ( † 1 -512 mg/L) in comparison to those of the corresponding individual antibiotics; measured in triplicates
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 6 Intracellular in situ Hybridization of Antibiotic via SPAAC

NMR

  spectra were recorded on one of the following Bruker machines: Avance III [500 MHz, probe: BBFO (ATMA, Prodigy)], Avance III [400 MHz, probe: BBFO (ATMA)] and Avance [400 MHz, probe: BBO (ATMA)] in the NMR facility, PCN-ICMG, Grenoble. Chemical shifts (δ) are expressed in parts per million (ppm) with respect to the solvent signal, with the following exceptions: spectra recorded in Chloroform-d were calibrated on their internal tetramethyl silane (TMS) peak. Signals were assigned based on 2D NMR experiments. High resolution mass spectra (HRMS) were recorded on a LTQ Orbitrap XL from Thermo Scientific using ElectroSpray Ionisation (ESI) in the Institut de chimie moléculaire de Grenoble (ICMG). RP-HPLC analyses were conducted on an Agilent 1100 Series equipped with a Macherey-Nagel EC 125/4.6 Nucleodur C18 Isis column (5 μm, 250 × 4.6 mm ID) with 1 mL/min flow rate. FT-IR spectra were recorded on a Jasco FT:IR-4100 LE by applying the compound dissolved in CCl4 on a single crystal of NaCl followed by measurement upon evaporation of the solvent. The following notations indicate the intensity of the absorption bands: s = strong, m = medium, w = weak. Optical rotations were recorded with a Perkin Elmer Polarimeter 341 at 589 nm (sodium lamp). The path length of the cuvette was d = 10 mm. Specific5.2 Methods and materials (Chemistry)

  carried out strictly using heavy glass walled Schlenk flasks and standard Schlenk techniques under a positive pressure of Ar behind a safety shield. All diazo compounds were always stored and handled in solution at -20 °C and in the absence of light. All solvents and reagents were purchased from Acros Chemicals, Alpha Aesar, BLD-Pharm, Fluorochem, Carbosynth, Carl Roth, Merck, Sigma-Aldrich, TCI and VWR; and used without further purification unless otherwise stated. Hydrazine was dehydrated by distilling from NaOH (1 mass equiv) under an argon flow (Caution! Anhydrous hydrazine is extremely reactive with oxidizing agents (including air) and should always be prepared and used behind a safety blast shield).

  the fluorescence of BODIPY 66 (ex. 474/10 nm, em. 535/25 nm) at 25°C. The reported rate constant values are arithmetic means, determined from at least three independent measurements. All data processing was performed with FluorEssence (version 3.51.20), based on OriginLab (version 8.1090), using a mono exponential fitting equation. By fitting the data to a single-exponential equation k' values were determined. Plotting of the determined rates k' versus GSH concentration and determining the slope of the plot yields the rate constant k.

Chapter 6

 6 Synthesis (Phe-Ala) to Afford Compounds 105 and 106 BOC-protected D-or L-alanine (1.2 equiv), DCC (1.5 equiv), HOBt (1.5 equiv)

fied by column chromatography ( 9 : 1

 91 Cy/EtOAc to 8:2 Cy/EtOAc) to afford the tripeptides 101 and 102 as a colorless oil which turns into a solid over time.C. Synthesis of the TMSE Protected Pseudopeptides(113, 114 and 108) Tripeptides 101 and 102 were prepared by treating the corresponding BOC-protected tripeptides 101, 112 and 102 solubilized in dioxane (10 mL) with HCl in dioxane (4 M, 20 equiv) from 0 °C to rt for 2 h. Then, the solvent was removed under reduced pressure and the obtained ammonium salt was dried in vacuo and used directly for the next step without any purification.Then, the corresponding tetrazoles 90 or 93 (1.2 equiv), HATU (1.2 equiv) and DIPEA (6 equiv) were dissolved in DMF (15 mL) at rt. After 30 min, the previously synthetized ammonium salt dissolved in DMF (5 mL) was added, and the reaction mixture was stirred for further 17 h. The solvent was removed under reduced pressure and the residue redissolved in EtOAc (200 mL) washed with citric acid (10wt%, 2×200 mL), NaHCO3 (4wt%, 2×200 mL), H2O (100 mL) and brine (100 mL). The separated organic layer was dried with MgSO4, and the solvent was removed under reduced pressure. The obtained crude was purified by column chromatography (1:1 Cy/EtOAc to 4:6 Cy/EtOAc) to afford the pseudopeptides 113, 114 and 108 as colorless to off-white solids. D. Deprotection of TMSE Group to Obtain Carboxylic Acids (216) Pseudopeptides 113, 114 or 108 (1 equiv) were dissolved in CH2Cl2 at 0 °C. TFA was added (120 equiv) and the reaction mixture was slowly warmed to rt and stirred for 10 h. The solvent was removed under reduced pressure and the obtained residue was washed with Et2O to give the deprotected pseudopeptide (DLL-115, LDD-116 and DDD-109) as colorless to off white solids. The compounds were used for the next step without further purification. E. Synthesis of the Cyclic Pseudopeptides (217) Carboxylic acids 115 or 116 were dissolved in DMF (3 mM) and place in an open container in 5 cm distance to a 302 nm handheld UV lamp (6 watts) in the dark.The solution is irradiated, and the reaction was monitored by TLC. Upon consumption of the carboxylic acid (1-3 h), the irradiation was stopped, and the solvent was removed under reduced pressure. The resulting residue is redissolved in CH2Cl2 (200 mL) washed with NaOH (1 M, 2×150 mL) and brine (2×150 mL). the separated organic layer was dried with MgSO4, and the solvent is removed under reduced pressure. The crude was purified by column chromatography (1 -3% MeOH in CH2Cl2) to obtain the cyclized pseudopeptides LDD-91 and DLL-111 as colorless solids.F. Standard Conditions for the CuAACCyclic pseudopeptides DLL-111 LDD-91 or DDD-107 (1 equiv) and the corresponding azides 117, 118, 131 or 128 (1.5 equiv) were dissolved in tBuOH/H2O (1:1 5 mL) and the resulting mixture was degassed. CuSO4 (0.2 equiv) and sodium ascorbate (0.5 equiv) were added, and the mixture was heated to 60 °C for 30 min. Upon completion of the reaction, CH2Cl2 (20 mL) was added and the mixture was washed with NH4OH (1 M, 2×50 mL), citric acid (10wt%, 2×50 mL) and brine (50 mL).The separated organic layer was dried with MgSO4, and the solvent was removed under reduce pressure. Subsequent column chromatography gave the corresponding triazoles 123, 124, 122, 125, 124, 132 and 133, respectively.
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 6 COO, 1). HRMS (ESI): calcd for C14H24NO2Si [M+H] + : 266.15701, found: 266.1569.2-(Trimethylsilyl)ethyl(tert-butoxycarbonyl)-L-alanyl-D-phenylalaninate (105)The synthesis was performed following the general procedure A (starting from 1.53 g, 5.07 mmol, of ammonium salt 215). Subsequent column chromatography (2:8 EtOAc/Cy) gave the corresponding Boc-protected dipeptide 105 (99%, 2.2 g, 5.04 mmol) as colorless oil. Rf: 0.35 (8:2 Cy/EtOAc). 1 H NMR (400 MHz, CDCl3): δ = 0.03 (s, 9H, 3' -5'), 0.96 (ddd, J = 9.5, 7.2, 1.5 Hz, 2H, 2'), 1.29 (d, J = 7.1 Hz, 3H, 11), 1.43 (s, 9H, 3'' -5''), 3.11 (qd, J = 13.9, 5.9 Hz, 2H, 3), 4.05 -4.34 (m, 3H, 1', 10), 4.81 (dt, J = 7.9, 6.0 Hz, 1H, 2), 4.95 (d, J = 7.9 Hz, 1H, 8), 6.56 (d, J = 5.8 Hz, 1H, 12), 7.11 (dd, J = 8.2, 1.5 Hz, 2H, 5), 7.20 -7.30 (m, 3H, 6,7). 13 C NMR (100 MHz, CDCl3): δ = -1.4 (3×CH3, 3' -5'), 17.5 (CH2, 2'), 18.7 (CH3, 11), 28.4 (3×CH3, 3'' -5''), 38.1 (CH2, 3), 50.2 (CH, 10), 53.3 (CH, 2), 64.1 (CH2, 1'), 80.2 (Cq, 2''), 127.2 (CH, 7), 128.7 (2×CH, 6), 129.5 (2×CH, 5), 136.0 (Cq, 4), 155.5 (OCONH, 1''), 171.6 (COO, 1), 172.3 (CON, 9). HRMS (ESI): calcd for C22H37O5N2Si [M+H] + : 437.2466, found: 437.2462. 2-(Trimethylsilyl)ethyl(tert-butoxycarbonyl)-L-alanyl-L-alanyl-D-phenylalaninate (101) The synthesis was performed following the general procedure B (starting from 1.81 g, 4.15 mmol, of the corresponding dipeptide 105). Subsequent column chromatography (2:8 EtOAc/Cy) gave the respective Boc-protected tripeptide 101 (77%, 1.63 g, 3.2 mmol) as colorless oil. Rf: 0.5 (4:6 Cy/EtOAc). 1 H NMR (400 MHz, CDCl3): δ = 0.04 (s, 9H, 3',4',5'), 0.96 (ddd, J = 9.7, 7.2, 1.2 Hz, 2H, 2'), 1.28 (d, J = 7.0 Hz, 3H, 11), 1.32 (d, J = 7.1 Hz, 3H, 15), 1.44 (s, 9H, 3'', 4'', 5''), 3.05 (dd, J = 13.8, 7.1 Hz, 1H, 3a), 3.17 (dd, J = 13.8, 5.7 Hz, 1H, 3b), 4.10 -4.26 (m, 3H, 1', 10), 4.46 (p, J = 7.1 Hz, 1H, 14), 4.78 (td, J = 7.1, 5.7 Hz, 1H, 2), 5.11 (d, J = 7.1 Hz, 1H, 8), 6.71 -6.82 (m, 2H, 12, 16), 7.13 (dd, J = 6.6, 1.8 Hz, 2H, 5), 7.21 -7.30 (m, 3H, 6, 7). 13 C NMR (100 MHz, CDCl3): δ = -1.4 (3×CH3, 3', 4', 5'), 17.5 (CH2, 2'), 18.5 (2×CH2, 11, 15), 28.5 (3×CH3, 3'',4'',5''), 38.0 (CH2, 3), 48.9 (CH, 14), 50.3 (CH, 10), 53.5 (CH, 2), 64.1 (CH2, 1'), 80.4 (Cq, 2''), 127.2 (CH, 7), 128.6 (2×CH, 6), 129.5 (2×CH, 5), 136.1 (Cq, 4), 155.7 (OCON, 1''), 171.COO, 1), 171.7 (CON, 9), 172.6 (CON, 13). HRMS (ESI): calcd for C25H42O6N3Si [M+H] + : 508.2837, found: 508.2824.2-(Trimethylsilyl)ethyl (2-(5-(4-(prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-2-yl)benzoyl)-Lalanyl-L-alanyl-D-phenylalaninate(113) 

2 -

 2 (Trimethylsilyl)ethyl (2-(5-(4-(prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-2-yl)benzoyl)-Dalanyl-D-alanyl-L-phenylalaninate(114) 

( 2 - 116 )

 2116 (5-(4-(Prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-2-yl)benzoyl)-D-alanyl-D-alanyl-L-phenylalanine (The synthesis was performed following the general procedure D (starting from 450 mg, 634 µmol, of the corresponding pseudopeptide 114) to give deprotected pseudopeptide 116 (96%, 370 mg, 607 µmol) as colorless solid. Rf: 0.31 (7:3, CH2Cl2/MeOH). [α]D 25 = +30.2 (c 1.0, Chloroform). 1 H NMR (400 MHz, CD3CN): δ = 1.19 (d, J = 7.2 Hz, 3H, 15), 1.31 (d, J = 7.2 Hz, 3H, 11), 2.95 (dd, J = 13.9, 8.9 Hz, 1H, 3b), 3.00 (t, J = 2.4 Hz, 1H, 33), 3.19 (dd, J = 13.9, 4.9 Hz, 1H, 3a), 4.33 (qd, J = 7.2, 2.2 Hz, 1H, 10), 4.45 (qd, J = 7.2, 2.4 Hz, 1H, 14), 4.64 (td, J = 8.5, 4.9 Hz, 1H, 2), 4.83 (d, J = 2.4 Hz, 2H, 31), 7.16 (d, J = 8.9 Hz, 2H, 29), 7.17

- 7 .

 7 34 (m, 5H, 5,6,7), 7.70 (td, J = 7.5, 1.4 Hz, 1H, 21), 7.76 (td, J = 7.7, 1.7 Hz, 1H, 20), 7.80 (dd, J = 7.5, 1.7 Hz, 1H, 22), 7.90 (d, J = 8.1 Hz, 1H, NH), 7.99 (dd, J = 7.9, 1.3 Hz, 1H, 19), 8.12 (d, J = 8.9 Hz, 2H, 28), 8.82 (d, J = 6.6 Hz, 1H, NH L-Ala).

205 mg, 336

 336 µmol, of the corresponding deprotected pseudopeptide 115) to give the cyclized pseudopeptide 111 (67%, 130 mg, 224 µmol) as colorless solid. Rf: 0.3 (95:5, CH2Cl2/MeOH). [α]D 25 = +110.2 (c 1.0, Chloroform). 1 H NMR (400 MHz, Methanol-d4): δ = 1.37 (d, J = 7.1 Hz, 3H, 15), 1.46 (d, J = 7.0 Hz, 3H, 11), 2.84 (dd, J = 13.8, 5.9 Hz, 1H, 3b), 2.97 (t, J = 2.4 Hz, 1H, 33), 3.19 (dd, J = 13.8, 8.5 Hz, 1H, 3a), 3.81 (q, J = 7.0 Hz, 1H, 10), 4.44 (q, J = 7.1 Hz, 1H, 14), 4.78 (d, J = 2.5 Hz, 2H, 31), 5.05 (dd, J = 8.4, 6.0 Hz, 1H, 2), 7.01 (d, J = 8.9 Hz, 2H, 29), 7.15 -7.30 (m, 5H), 7.45 -7.56 (m, 3H), 7.75 (d, J = 7.6 Hz, 1H, 22), 8.01 (d, J = 8.9 Hz, 2H, 28).

  350 mg, 574 µmol, of the corresponding deprotected pseudopeptide 116) to give the cyclized pseudopeptide 91 (61%, 203 mg, 349 µmol) as colorless solid. colorless solid. Rf: 0.19 (9:1 EtOAc/Cy). [α]D 25 = -111.6 (c 1.0, Chloroform). 1 H NMR (400 MHz, Acetone-d6): δ = 1.33 (d, J = 6.9 Hz, 3H, 15), 1.46 (d, J = 7.0 Hz, 3H, 11), 2.71 (dd, J = 4.9, 13.7 Hz, 1H, 3b), 3.03 (t, J = 2.4 Hz, 1H, 33), 3.16 (dd, J = 9.0, 13.7 Hz, 1H, 3a), 3.87 (p, J = 7.0 Hz, 1H, 10), 4.44 (p, J = 6.9 Hz, 1H, 14),

6. 2 . 4

 24 Reduction of the Cyclic Pseudopeptides Alkyne into an Alkene 4-(Allyloxy)-N-((3S,6R,9R)-3-benzyl-6,9-dimethyl-2,5,8,11-tetraoxo-2,3,4,5,6,7,8,9,10, 11-decahydro-1H-benzo[k][1,4,7,10]tetraazacyclotridecin-1-yl)benzamide(219) 

13 C

 13 NMR (100 MHz, Chloroform-d): δ = 25.6 (2×CH2, 3', 4'), 48.0 (CH2, 2), 164.1 (Cq, 1), 168.4 (2×Cq, 2', 5').

6. 2 . 7

 27 Antibiotic-Conjugates of the Cyclic ortho-CN-Pseudopeptides 4-((1-(2-(4-(4-((S)-5-(Acetamidomethyl)-2-oxooxazolidin-3-yl)-2-fluorophenyl) piperazin-1-yl)-2-oxoethyl)-1H-1,2,3-triazol-4-yl)methoxy)-N-((3R,6S,9S)-3-benzyl-6,9-dimethyl-2,5,8,11-tetraoxo-2,3,4,5,6,7,8,9,10,11-decahydro-1H-benzo[k][1,4,7,10]tetraazacyclotridecin-1-yl)benzamide (132) The synthesis was performed following the general procedure F (starting from 10.0 mg, 17.2 µmol, of the corresponding cyclic pseudopeptide 91) Subsequent column chromatography (3:7 Acetone/Cy then 7:3 Acetone/Cy) gave Linezolid conjugate 132 (93%, 16.0 mg, 16.0 µmol) as off-white solid. Rf: 0.23 (7:3 Acetone/Cy).[α]D 25 = -107.7 (c 1.0, Chloroform). 1 H NMR (400 MHz, Methanol-d4) δ 0.8 -0.9 (m, 2H), 1.0 -1.1 (m, 1H), 1.2 (d, J = 15.7 Hz, 16H), 1.3 -1.4 (m, 9H), 1.4 (d, J = 7.0 Hz, 5H), 1.9 (s, 5H), 2.1 (s, 3H), 2.6 (d, J = 16.2 Hz, 2H), 2.7 -2.9 (m, 2H), 3.0 (dd, J = 7.2, 2.9 Hz, 3H), 3.0 -3.2 (m, 4H), 3.5 (d, J = 5.0 Hz, 3H), 3.7 -3.8 (m, (m, 6H), 1.3 -1.5 (m, 6H), 1.5 -

3-( 2 - 93 Tetrazole 93 ( 9 (

 293939 (4-(Prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-5-yl)benzoic acid (93) light beige solid, 256 mg, 0.80 mmol, yield = 46%) was prepared from hydrazide 220 (525 mg, 1.72 mmol, 1 equiv) solubilized in pyridine (12 mL) with THF (5 mL) and 4-(prop-2-yn-1-yloxy)aniline hydrochloride 221 (475 mg, 2.58 mmol, 1.5 equiv) solubilized in EtOH/H2O (1/1) (20 mL) with HCl 37% (0.3 mL) and NaNO2 (75.2 mg, 1.09 mmol) solubilized in water (1.7 mL) according to the procedure described for the ortho-CN-tetrazole 90 (6.2.1; p. 159). The crude was purified by column chromatography using CH2Cl2, EtOAc:CH2Cl2 (25:75) and EtOAc:CH2Cl2 (25:75) with 1% MeOH. The pure fractions were gathered and evaporated under reduced pressure and the compound was triturated in Et2O to afford Tetrazole 93 which was collected by filtration. 1 H NMR (400 MHz, DMSO-d6): δ = 3.65 (t, J = 2.4 Hz, 1H, 17), 4.95 (d, J = 2.4 Hz, 2H, 15), 7.28 (d, J = 9.1 Hz, 2H, 13), 7.75 (t, J = 7.8 Hz, 1H, 6), 7.96 (ddd, J = 7.8, 1.9, 1.2 Hz, 1H, 7), 8.14 (d, J = 9.2 Hz, 2H, 12), 8.39 (dt, J = 7.8, 1.3 Hz, 1H, 5), 8.70 (t, J = 1.7 Hz, 1H, 3). 13 C NMR (100 MHz, DMSO-d6): δ = 56.6 (CH2, 15), 78.72 (CH, 17), 78.76 (Cq, 16), 116.1 (2×CH, 13), 121.7 (2×CH, 12), 126.9 (CH, 3), 127.2 (CH, 11), 129.CH), 130.1 (Cq), 130.6 (CH), 131.4 (CH), 132.1 (Cq, 2), 158.4 (Cq, 14), 163.7 (Cq, 4), 166.7 (COO, 1). HRMS (ESI) calcd for C17H13N4O3 [M+H] + 321.0982, found 321.0981. Note: 4-(Prop-2-yn-1-yloxy)aniline hydrochloride 221 was prepared from Pa-

  2-(Trimethylsilyl)ethyl(tert-butoxycarbonyl)-D-alanyl-D-phenylalaninate (106)The synthesis was performed following the general procedure A (starting from 1.73 g, 5.73 mmol, of ammonium salt 215. Subsequent column chromatography (2:8 EtOAc/Cy) gave the corresponding Boc-protected dipeptide 106 (91%, 2.29 g, 5.24 mmol) as colorless oil. Rf: 0.35 (8:2 Cy/EtOAc). 1 H NMR (400 MHz, CDCl3): δ = 0.03 (s, 9H, 3' -5'), 0.77 -1.08 (m, 2H, 2'), 1.31 (d, J = 7.1 Hz, 3H, 11), 1.43 (s, 9H, 3"" -5''), 3.11 (qd, J = 13.9, 5.9 Hz, 2H, 3), 3.89 -4.43 (m, 3H, 1', 10), 4.79 (dt, J = 7.8, 5.9 Hz, 1H, 2), 4.95 (s, 1H, 8), 6.5 (d, J = 7.8 Hz, 1H, 12), 7.11 (d, J = 6.4 Hz, 2H, 5), 7.18 -7.32 (m, 3H, 6,7). 13 C NMR (100 MHz, CDCl3): δ = -1.4 (3CH3, 3' -5'), 17.5 (CH2, 2'), 18.5 (CH3, 11), 28.4 (3×CH3, 3'' -5''), 38.1 (CH2, 3), 50.3 (CH, 10), 53.4 (CH, 2), 64.1 (CH2, 1'), 80.2 (Cq, 2''), 127.2 (CH, 7), 128.6 (2×CH, 6), 129.5 (2×CH, 5), 136.0 (Cq, 4), 155.4 (OCONH, 1''), 171.5 (COO, 1), 172.3 (CON, 9). HRMS (ESI): calcd for C22H37O5N2Si [M+H] + : 437.2466, found: 427.2463. 2-(Trimethylsilyl)ethyl(tert-butoxycarbonyl)-D-alanyl-D-alanyl-D-phenylalaninate (102) The synthesis was performed following the general procedure B (starting from 2.12 g, 4.86 mmol, of the corresponding dipeptide 106). Subsequent column chromatography (2:8 EtOAc/Cy) gave the corresponding Boc-protected tripeptide 102 (94%, 2.31 g, 4.56 mmol) as colorless oil. Rf: 0.5 (4:6 Cy/EtOAc). 1 H NMR (400 MHz, CDCl3): δ = 0.03 (s, 9H, 3',4',5'), 0.95 (ddd, J = 9.7, 7.2, 1.2 Hz, 2H, 2'), 1.30 (d, J = 7.0 Hz, 3H, 11), 1.33 (d, J = 7.2 Hz, 3H, 15), 1.44 (s, 9H, 3'', 4'', 5''), 3.10 (qd, J = 13.9, 6.1 Hz, 2H, 3), 4.05 -4.26 (m, 3H, 1',10), 4.43 (p, J = 7.0 Hz, 1H, 14), 4.77 (td, J = 7.2, 6.0 Hz, 1H, 14), 5.05 (d, J = 6.0 Hz, 1H, 2), 6.57 (d, J = 7.8 Hz, 1H, 12), 6.75 (d, J = 7.4 Hz, 1H, 16), 7.10 (dd, J = 8.0, 1.5 Hz, 2H, 5), 7.18 -7.32 (m, 3H, 6,7). 13 C NMR (100 MHz, CDCl3): δ = -1.4 (3×CH3, 3', 4', 5'), 17.5 (CH2, 2'), 18.3 (2×CH2, 11,15), 28.4 (3×CH3, 3'',4'',5''), 37.9 (CH2, 3), 49.0 (CH, 14), 50.1 (CH, 10), 53.5 (CH, 2), 64.1 (CH2, 1'), 80.4 (Cq, 2''), 127.2 (CH, 7), 128.7 (2×CH, 6), 129.4 (2×CH, 5), 135.9 (Cq, 4), 155.7 (OCON, 1''), 171.5 (COO, 1), 171.7 (CON, 1), 172.6 (CON, 13). HRMS (ESI): calcd for C25H42O6N3Si [M+H] + : 508.2837, found: 508.2825. 2-(Trimethylsilyl)ethyl (3-(2-(4-(prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-5-yl)benzoyl)-Dalanyl-D-alanyl-D-phenylalaninate (108) The synthesis was performed following the general procedure C (starting from 120 mg, 270 µmol, of the corresponding tripeptide 102). Subsequent column chromatography gave the corresponding pseudopeptide 108 (56%, 108 mg, 152 µmol) as an off-white solid. 1 H NMR: (400 MHz, Chloroform-d) δ 0.03 (s, 9H, 3',4',5'), 0.96 (ddd, J = 9.9, 7.2, 1.1 Hz, 2H, 2'), 1.39 (d, J = 7.0 Hz, 3H, 11), 1.49 (d, J = 7.1 Hz, 3H, 15), 2.58 (t, J = 2.4 Hz, 1H, 33), 3.13 (qd, J = 13.9, 6.0 Hz, 2H, 3), 4.07 -4.28 (m, 2H, 1'), 4.49 (p, J = 7.0 Hz, 1H, 10), 4.74 (p, J = 7.1 Hz, 1H, 14), 4.79 (d, J = 2.4 Hz, 2H, 31), 4.81 (dt, J = 7.9, 5.9 Hz, 1H, 2), 6.55 (d, J = 7.8 Hz, 1H, 8), 6.82 (d, J = 7.3 Hz, 1H, 12), 7.06 (d, J = 7.2 Hz, 1H, 16), 7.11 (dd, J = 8.1, 1.5 Hz, 2H, 5), 7.16 (d, J = 9.1 Hz, 2H, 29), 7.19 -7.32 (m, 3H, 6, 7), 7.60 (t, J = 7.8 Hz, 1H, 22), 7.96 (ddd, J = 7.8, 1.9, 1.2 Hz, 1H, 23), 8.14 (d, J = 9.2 Hz, 2H, 28), 8.39 (dt, J = 7.8, 1.3 Hz, 1H, 21), 8.62 (t, J = 1.7 Hz, 1H, 19). 13 C NMR: (100 MHz, Chloroform-d) δ -1.4 (3×CH3, 3', 4', 5'), 17.5 (CH2, 2'), 18.4 (CH3, 11), 18.7 (CH3, 15), 38.0 (CH2, 3), 49.2 (CH, 10), 49.5 (CH, 14), 53.5 (CH, 2), 56.3 (CH2, 31), 64.2 (CH2, 1'), 76.4 (CH, 33), 77.9 (Cq, 32), 116.0 (2×CH, 29), 121.6 (2×CH, 29), 125.5 (CH, 19), 127.3 (CH, 7), 127.9 (Cq, 27), 128.7 (2×CH, 6), 129.5 (3×CH, 5, 22), 129.6 (CH, 23), 130.3 (CH, 21), 131.2 (Cq, 20), 134.7 (Cq, 18), 135.9 (Cq, 4), 158.6 (Cq, 30), 164.4 (Cq, 26), 166.6 (CON, 17), 171.5 (CON, 9), 171.5 (CON, 13), 172.1 (COOR). HRMS (ESI): calcd for C37H44O6N7Si [M+H] + : 710.3117, found: 710.3116.

6. 2 .

 2 11 Post-Functionalization of the Cyclic meta-CC-Pseudopeptide(6R,9R,12R)-6-Benzyl-4-(4-((1-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-1H-1,2,3-tri-azol-4-yl)methoxy)phenyl)-9,12-dimethyl-3,4,7,10,13-pentaaza-1(1,3)-benzenacyclotetradecaphane-2,5,8,11,14-pentaone(122) 

=

  +65.6 (c = 1.0, Chloroform). 1 H NMR (400 MHz, Methanol-d4): δ = 1.23 (t, J = 7.1 Hz, 6H), 1.36 (d, J = 7.5 Hz, 4H), 1.69 (d, J = 7.2 Hz, 3H), 2.90 (dd, J = 13.8, 7.5 Hz, 1H), 3.17 (dd, J = 13.8, 7.3 Hz, 1H), 3.51 (q, J = 7.1 Hz, 4H), 4.06 (dq, J = 26.1, 7.3 Hz, 2H), 4.99 (t, J = 7.4 Hz, 1H), 6.61 (d, J = 2.5 Hz, 1H), 6.81 (dd, J = 9.0, 2.5 Hz, 1H), 7.07 (d, J = 9.0 Hz, 2H), 7.14 (ddd, J = 6.3, 5.2, 2.2 Hz, 1H), 7.17 -7.27 (m, 4H), 7.42 -7.50 (m, 1H), 7.50 -7.58 (m, 3H), 7.71 (dd, J = 8.2, 1.0 Hz, 1H), 7.97 (d, J = 8.9 Hz, 2H), 8.35 (s, 1H), 8.60 (s, 1H). 13 C NMR (100 MHz, Methanol-d4): δ = 12.7,

( 1 : 9 ,

 19 EtOAc/Cy) to give the corresponding ester 144 as light-yellow oil (27 mg, 35%). Rf = 0.60 (4:6, EtOAc/Cy). 1 H NMR (400 MHz, CDCl3) δ ppm. 7.66 (d, J = 8.1 Hz, 1H, 5), 7.50 (d, J = 2.0 Hz, 1H, 8), 7.37 (dd, J = 2 Hz, J = 8.1 Hz, 1H, 6), 3.90 (s, 3H, 11/12), 3.88 (s, 3H, 11/12), 3.65 (s, 1H, 9). 13 C NMR (100 MHz, CDCl3) δ ppm. 168.1 (CO, 1/4), 167.2 (CO, 1/4), 137.4 (Cq, 7), 134.0 (Cq, 2), 130.5 (CH, 5), 130.2 (CH, 6), 128.4 (CH, 8), 128.0 (Cq, 3), 53.0 (CH3, 11/12), 52.8 (CH3, 11/12). HRMS (ESI) = calcd for C10H9O4S [M-H] -: 225.0227, found: 225.0220.

  1 H NMR (400 MHz, DMSO-d6) δ 6.29 (bs, 1H, SH, 9), 7.79 (bs, 1H, 5), 7.92 (d, J = 7.1 Hz, 1H, 6), 7.99 (s, 1H, 3), 11.49 (bs, 2H, NH, 10, 11). 13 C NMR (100 MHz, DMSO-d6): δ = 122.7 (CH, 3), 123.3 (CH,6), 126,0 (Cq, 1), 128.3 (Cq, 2), 131.4 (CH, 5), 137.5 (Cq, 4), 157.5 (CON, 7), 158.1 (CON, 8). HRMS (ESI): calcd for C8H5O2N2S [M-H] -: 193.0077, found:193.0079.
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 248 Hydroxyethyl)disulfanyl)phthalic acid(164) General procedure for the disulfide synthesis. Solution 1: 4-mercaptophthalic acid 142(177 mg, 0.89 mmol) in 0.65 mL acetonitrile. Solution 2: TCCA (68 mg, 0.29 mmol) in 4.5 mL acetonitrile. Solution 3: 2-mercaptoethan-1-ol (69 mg, 0.89 mmol) in 0.65 mL acetonitrile. Purification by column chromatography (2:8 MeOH/CH2Cl2) gave disulfide 164 (151.4 mg, 61%) as colorless solid. Rf = 0.10 (2:8 MeOH/CH2Cl2). 1 H NMR (400 MHz, MeOD) δ.= 6.70 (s, 1H, 8), 6.58 (d, J = 8.0 Hz, 1H, 5), 6.18 (dd, J = 4.0, 8.0 Hz, 1H, 6), 2.21 (t, J = 6.4 Hz, 2H, 9), 1.36 (t, J = 6,4 Hz, 2H, 10) ppm. 13 C NMR (100 MHz, MeOD) δ = 173.2 (COOH, 1/4), 172.8 (COOH, 1/4), 152.4 (Cq, 7), 143.8 (Cq, 2), 137.8 (CH, 8), 134.9 (Cq, 3), 131.0 (CH, 6), 129.8 (CH, 5), 61.9 (CH2, 9), 43.2 (CH2, 10) ppm. HRMS (ESI) = calcd for C10H9O5S2 [M-H] -: 272.9897, found: 272.9886. 4-(Dodecyldisulfanyl)phthalic acid (163) General procedure for the disulfide synthesis. Solution 1: 4-mercaptophthalic acid 142 (20.5 mg, 0.10 mmol) in 0.15 mL acetonitrile. Solution 2: TCCA (7.9 mg, 0.034 mmol) in 1 mL acetonitrile. Solution 3: dodecane-1-thiol (20.8 mg, 0.10 mmol) in 0.15 mL acetonitrile. Purification by column chromatography (2:8 MeOH/CH2Cl2) gave disulfide 163 (9.4 mg, 46.3 µmol, 46%) as colorless solid. Rf = 0.12 (15% MeOH in CH2Cl2). 1 H NMR (400 MHz, DMSO-d6) δ ppm 8.36 (s, 1H, 8), 8.21 (d, J = 8.0 Hz, 1H, 5), 7.67 (d, J = 8.0 Hz, 1H, 6), 2.83 (t, J = 7.2 Hz, 2H, 9), 1.63 (q, J = 7.2 Hz, 2H, 10), 1.22-1.30 (m, 18H, CH2, 11-19), 0.88 (t, J = 4.0 Hz, 3H, 20). 13 C NMR (100 MHz, DMSO-d6) δ = 168.2 (COOH, 1/4), 168.1 (COOH, 1/4), 150.9 (Cq, 7), 136.9 (Cq, 2), 134.7 (CH, 8), 133.9 (Cq, 3), 130.8 (CH, 6), 128.CH, 5), 41.0 (CH2, 9), 39.1 (CH2, 10), 32.2 (CH2, 11), 29.9 (CH2, 12), 29.8 (CH2, 13), 29.7 (CH2, 14), 29.6 (CH2, 15), 29.4 (CH2, 16), 29.1 (CH2, 17), 28.5 (CH2, 18), 23.0 (CH2, 19), 14.9 (CH3, 20) ppm. HRMS (ESI) = calcd for C20H29O4S2 [M-H] -: 397.1513, found: 397.1505. Dimethyl 4-((2-hydroxyethyl)disulfanyl)phthalate (223) General procedure for the disulfide synthesis. Solution 1: Methyl ester 144 (27 mg, 0.12 mmoL) in 0.2 mL acetonitrile. Solution 2: TCCA (9.2 mg, 40.0 µmol) in 1.2 mL acetonitrile. Solution 3: 2-mercaptoethan-1-ol (9.4 mg, 0.12 mmol) in 0.2 mL acetonitrile. Purification by column chromatography (0.2% MeOH in CH2Cl2) gave disulfide 223 (20 mg, 56%) as colorless oil. Rf = 0.59 (5% MeOH in CH2Cl2). 1 H NMR (400 MHz, CDCl3) δ = 7.83 (d, J = 4.0 Hz, 1H, 8), 7.75 (d, J = 8.0 Hz, 1H, 5), 7.68 (dd, J = 4.0, 8.0 Hz, 1H, 6), 3.93 (s, 3H, 11/12), 3.90 (s, 3H, 11/12), 3.85 (t, J = 6.0 Hz, 2H, 9), 2.91 (t, J = 6 Hz, 2H, 10) ppm. 13 C NMR (100 MHz, CDCl3) δ = 168.2 (COO, 1/4), 167.2 (COO, 1/4), 142.6 (Cq, 7), 133.Cq, 2), 130.1 (CH, 8), 129.3 (Cq, 3), 128.4 (Cq, 6), 126.3 (CH, 5), 60.2 (CH2, 9), 53.1 (CH3, 11/12), 52.9 (CH3, 11/12), 41.6 (CH2, 10) ppm. HRMS (ESI) = calcd for C12H15O5S2 [M+H] + : 303.0355, found: 303.0358.
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 18757 NMR (400 MHz, TFA-d): δ = 1.54 (s, 9H, 3', 4', 5'), 3.08 (t, J = 5.7 Hz, 2H, 3), 3.58 (t, J = 5.7 Hz, 2H, 2), 7.94 (d, J = 8.1 Hz, 1H, 8), 7.99 (d, J = 8.1 Hz, 1H, 7), 8.24 (s, 1H, 11). 13 C NMR (100 MHz, TFA-d): δ = 28.1 (3×CH3, 3', 4', 5'), 35.8 (CH2, 2), 41.3 (CH2, 3), 69.3 (Cq, 2'), 124.4 (CH, 11), 128.5 (CH, 8), 130.Cq, 6), 134.1 (Cq, 9), 135.7 (CH, 7), 151.2 (Cq, 10), 152.6 (CON, 1'), 165.3 (CO, 12), 166.4 (CO, 14). HRMS (ESI): calcd for C15H18NO6S2 [M+H] + : 372.0581, found: 372.0575. pressure and the obtained crude was purified by column chromatography (95:5 to 90:10 Cy/EtOAc) to afford the activated disulfide 152 (91%, 598.00 mg, 3.00 mmol) as a colorless oil. Rf: 0.37 (1:9 EtOAc/Cy). 1 H NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 7.3 Hz, 3H, 4'), 1.4 (h, J = 7.3 Hz, 2H, 3'), 1.66 (tt, J = 7.4, 7.3 Hz, 2H, 2'), 2.78 (t, J = 7.4 Hz, 2H, 1'), 7.06 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H, 5), 7.62 (ddd, J = 8.1, 7.4, 1.8 Hz, 1H, 4), 7.72 (dt, J = 1.0, 8.1 Hz, 1H, 3), 8.44 (ddd, J = 0.9, 1.8, 4.8 Hz, 1H, 6). 13 C NMR (100 MHz, CDCl3): δ = 13.CH3, 4'), 21.7 (CH2, 3'), 31.1 (CH2, 2'), 38.9 (CH2, 1'), 119.7 (CH, 3), 120.5 (CH, 5), 137.0 (CH, 4), 149.7 (CH, 6), 160.9 (CH, 2). (E)-(4-Nitrobenzylidene)hydrazine (149) 4-Nitrobenzaldehyde (453.0 mg, 3.00 mmol) was dissolved in EtOH (20 mL, 150 mM) in an ice-bath. Then Hydrazine hydrate (437.5 µL, 450.2 mg, 8.99 mmol, 3 equiv) was added, and the mixture was refluxed for 1 h. Then the solvent was evaporated under reduced pressure and the resulting crude was purified by column chromatography (3:7, EtOAc/Cy) to afford hydrazone 149 (95%, 469.5 mg, 2.84 mmol) as a yellow crystalline solid. Rf: 0.42 (CH2Cl2). 1 H NMR (400 MHz, CDCl3): δ = 5.9 (s, 2H, 7), 7.66 (d, J = 8.9 Hz, 2H, 3), 7.73 (s, 1H, 5), 8.19 (d, J = 8.9 Hz, 2H, 2). 13 C NMR (100 MHz, CDCl3): δ = 124.1 (2×CH, 2), 126.2×CH, 3), 139.1 (CHN, 5), 141.7 (Cq, 4), 147.5 (Cq, 1). 4-(Butyldisulfaneyl)phthalic acid (154) 4-Mercaptophtalic acid (25.00 mg, 126.14 µmol) and activated disulfide 152 (47.77 mg, 239.67 µmol, 1.9 equiv) were dissolved in MeOH/AcOH (20:1 10 mL) and stirred for 16 h at rt. Then the solvent was removed under reduced pressure and the crude was purified by column chromatography (C-18; 2:8 MeOH/H2O + 1% Et3N), the combined fractions were diluted with citric acid (4wt%, 200 mL)and extracted with CH2Cl2 (3× 100 mL). The combined organic layers were dried with fine powdered NaCl, and the solvent was removed under reduced pressure to obtain disulfide 154 (92%, 33.30 mg, 116.29 µmol) as a colorless oil. Rf: 0.44 (C-18; 2:8 MeOH/H2O + 1% Et3N). 1 H NMR (400 MHz, CDCl3): δ = 0.9 (t, J = 7.3 Hz, 3H, 4'), 1.42 (h, J = 7.3 Hz, 2H, 3'), 1.66 (tt, J = 7.4 Hz, 2H, 2'), 2.77 (t, J = 7.4 Hz, 2H, 1'), 7.73 (dd, J = 8.3, 1.9 Hz, 1H, 5), 7.89 (d, J = 8.3 Hz, 1H, 6), 7.92 (d, J = 1.9 Hz, 1H, 3), 11.58 (s, 2H, 9, 13). 13 C NMR (100 MHz, CDCl3): δ = 13.7 (CH3, 4'), 21.7 (CH2, 3'), 31.1 (CH2, 2'), 38.9 (CH2, 1'), 126.1 (CH, 3), 127.Cq, 4), 128.2 (CH, 5), 130.7 (CH, 6), 133.3 (Cq, 1), 144.7 (Cq, 2), 172.4 (CO, 7), 173.5 (CO, 8). HRMS (ESI): calcd for C12H13O4S2 [M-H] -: 285.0261, found: 285.0253.

(

  100% CH2Cl2) to afford bis phthalate 155 (75%, 35.00 mg, 62.88 µmol) as a lightyellow oil. Rf: 0.33 (100% CH2Cl2). 1 H NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 7.4 Hz, 3H, 1), 1.39 (h, J = 7.4 Hz, 2H, 2), 1.63 (p, J = 7.4 Hz, 2H, 3), 2.74 (t, J = 7.4 Hz, 2H, 4), 5.35 (s, 2H, 13), 5.37 (s, 2H, 13'), 7.52 (d, J = 8.8 Hz, 2H, 15), 7.53 (d, J = 8.8 Hz, 2H, 15'), 7.72 (dd, J = 8.1, 1.9 Hz, 1H, 6), 7.81 (d, J = 8.1 Hz, 1H, 7), 7.82 (d, J = 1.9 Hz, 1H, 10), 8.21 (d, J = 8.8 Hz, 4H, 16, 16').
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 91 CH2Cl2/Cy) to afford tetrakis phthalate 150 (95%, 29.00 mg, 48.05 µmol) as a colorless crystalline solid. Rf: 0.18 (9:1 CH2Cl2/Cy).1 H NMR (400 MHz, CDCl3): δ = 5.33 (s, 4H, 9), 5.35 (s, 4H, 9'), 7.47 (d, J = 8.7 Hz, 4H, 11), 7.51 (d, J = 8.8 Hz, 4H, 11'), 7.65 (dd, J = 1.9, 8.4 Hz, 2H, 2), 7.77 (d, J = 1.9 Hz, 2H, 6), 7.78 (d, J = 8.4 Hz, 2H, 3), 8.16 (d, J = 8.7 Hz, 4H, 12), 8.19 (d, J = 8.8 Hz, 4H, 12'). 13 C NMR (100 MHz, CDCl3): δ = 66.2 (2×CH2, 9), 66.3 (2×CH2, 9'), 124 (4×CH, 12), 124 (4×CH, 12'), 126.5 (2×Cq, 1), 128.6 (4×CH, 11), 128.7 (4×CH, 11'), 128.8 (2×CH, 6), 129.5 (2×CH, 3), 130.4 (2×CH, 2), 133.4 (2×Cq, 4), 141.3 (2×Cq, 10'), 142.3 (2×Cq, 10), 142.4 (2×Cq, 5), 148 (2×Cq, 13'), 148 (2×CqH, 13), 165.8 (2×COO, 7), 166.5 (2×COO, 8). Bis(4-Nitrobenzyl)-4-((4-nitrobenzyl)thio)phthalate (157) To a solution of 4-mercaptophtalic acid 142 (9.00 mg, 45.41 µmol, 1 equiv) in MeCN (5 mL) was added 1-(bromomethyl)-4-nitrobenzene (36.30 mg, 168.02 µmol, 3.7 equiv), fine powdered anhydrous Na2CO3 (18.29 mg, 172.56 µmol 3.8 equiv), tetrabutylammonium bromide (1.85 mg, 5.0 µmol, 0.11 equiv) as catalyst and NaI (2.72 mg, 18.16 µmol, 0.4 equiv) as initiator. After 17 h at rt, the reaction was stopped by the addition of H2O (20 mL) followed by extraction with CH2Cl2 (2×25 mL). The combined organic layer was washed with 1 M NaOH (50 mL), a solution of citric acid (10wt%, 50 mL) and brine (50 mL). The organic layer was dried with MgSO4, and the solvent was removed under reduce pressure. Subsequent column chromatography (3:7 EtOAc/Cy) gave the corresponding phthalate 157 (29%, 8.00 mg, 13.25 µmol) as a colorless solid. Rf: 0.31 (3:7 EtOAc/Cy).

4 -

 4 Nitrobenzyl 5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carboxylate(224) In an oven-dried flask A containing anhydrous MnO2 (29.8 mg, 342.4 µmol, 10.0 equiv) is wrapped in aluminum foil and placed in an ice-bath. Then a solution of hydrazone 149 (30 mM in CH2Cl2, 2 mL, 10.0 mg, 60.6 µmol, 1.77 equiv) is added and stirred for 30 min in the dark. In the meantime, a solution of BODIPY 66 (11 mM in CH2Cl2, 3.1 mL, 10 mg, 34.2 µmol, 1 equiv) is placed into a flask B wrapped in aluminum foil and cooled to 0 °C. Then the solution of flask A is filtered in the dark at 0 °C through a plug of celite, to obtain a bright-orange diazomethane

  resulting mixture was degassed using the freeze-pump-thaw technique. The mixture was then kept under argon and irradiated with an Actinic BL TL-D 2×8 W (hνmax: 350 -412 nm) handheld UV lamp at 5 cm from the bottom of the flask. The flask and lamp were wrapped in aluminium foil to utilize the waste heat from the UV lamp for solution reflux. The progress of the reaction was controlled by NMR. After refluxing for 48 h, the developed poly(tetrahydrofuran) was removed by filtration through celite. The resulting solution was diluted with EtOAc (40 mL) and washed with 1 M NaOH (3×20 mL) and brine (50 mL). The organic layer was dried with MgSO4, and the solvent was removed under reduced pressure. Subsequent column chromatography (1:9 EtOAc/ Cy to 3:7 EtOAc/Cy) gave 433 mg of thioacetate 190
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 2 Hydroxyethyl)disulfaneyl)benzyl 5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4,5l4-dipyr-rolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carboxylate(195) 

Bis( 4 -

 4 (pyridin-2-yldisulfaneyl)benzyl)4-((4-(((5,5-difluoro-1,3,7,9-tetramethyl-5H-4l4, 5l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-10-carbonyl)oxy)methyl)phenyl)disulfane-yl)phthalate(199) 
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 137 NMR (100 MHz, 5 mg in 0.5 mL Chloroform-d): δ = 21.6 (2×CH2, 3, 6), 22.2×CH, 1, 8), 27.4 (CH, 9), 33.6 (2×CH2, 2, 7), 67.3 (CH2, 1'), 98.9 (2× Cq, 4, 5).
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 62207 Derivatization of the Antibiotics Linezolid and Pleuromutilin to their BCN-Analogues ((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl-4-(4-((S)-5-(acetamidomethyl)-2-oxooxazolidin-3-yl)-2-fluorophenyl)piperazine-1-carboxylate (206)The activated BCN-NHS 208 (30 mg, 103 µmol) together with Linezolid analogue 209 (69 mg, 206 µmol, 2 equiv) were dissolved in MeCN (5 mL) at rt. Et3N (31 mg, 43 µL, 309 mmol, 3 equiv) was added to the mixture and the reaction was stirred for 17 h. The solvent was removed under reduced pressure, and the resulting crude was purified by column chromatography (1 -5% MeOH in CH2Cl2) to obtain BCN-conjugate 206 (49.4 mg, 96.4 µmol, 94%) as off-white solid. Rf: 0.28 (3% Hz, 6H), 0.8 -0.9 (m, 4H), 0.9 -1.0 (m, 3H), 1.1 (s, 5H), 1.2 (d, J = 6.3 Hz, 19H), 1.2 (s, 4H), 1.3 (d, J = 18.2 Hz, 6H), 1.4 -1.5 (m, 4H), 1.8 (s, 3H), 1.9 -2.1 (m, 8H), 2.1 (s, 10H), 2.4 -2.6 (m, 3H), 2.7 -2.8 (m, 2H), 2.9 (q, J = 5.9, 5.3 Hz, 2H), 3.0 -3.0 (m, 2H), 3.2 (s, 1H), 3.4 -3.6 (m, 6H), 3.6 -3.7 (m, 4H), 3.9 -4.0 (m, 2H), 4.6 (ddt, J = 9.1, 6.5, 5.0 Hz, 1H), 5.1 (d, J = 2.2 Hz, 2H), 6.6 (s, 1H), 6.9 (dd, J = 18.7, 9.6 Hz, 1H), 7.0 -7.1 (m, 1H), 7.3 -7.5 (m, 1H). 13 C NMR (100 MHz, CD3CN) δ 13.1, 18.0, 18.7, 18.9, 20.6, 21.1, 21.6, 21.8, 22.1, 22.5, 25.6, 28.4, 28.8, 29.0, 29.3, 31.3, 41.1, 41.6, 47.2, 58.1, 71.5, 106.7. HRMS (ESI): calcd for C28H37N7O5F [M+H] + : 570.2835, found: 570.2828. 5-Hydroxy-4,6,9,10-tetramethyl-1-oxo-6-vinyldecahydro-3a,9-propanocyclopenta [8] annulen-8-yl 2-(((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)methoxy)carbonyl)oxy)acetate (The activated BCN-NHS 208 (30 mg, 103 µmol) together with Pleuromutilin 120 (78 mg, 206 µmol, 2 equiv) were dissolved in MeCN (5 mL) at rt. Et3N (31 mg, 43 µL, 309 mmol, 3 equiv) was added to the mixture and the reaction was stirred for 17 h. The solvent was removed under reduced pressure, and the resulting crude was purified by column chromatography (1 -5% EtOAc in CH2Cl2 ) to obtain BCNconjugate 207 (49.4 mg, 96.4 µmol, 94%) as colorless solid. Rf: 0.26 (3% EtOAc in CH2Cl2). 1 H NMR (400 MHz, Chloroform-d) δ 0.75 (d, J = 7.0 Hz, 3H), 0.77 -0.83 (m, 3H), 0.87 (d, J = 7.0 Hz, 3H), 1.06 -1.83 (m, 17H), 2.21 -2.51 (m, 11H), 3.36 (s, 1H), 4.03 -4.18 (m, 2H), 4.45 -4.63 (m, 2H), 5.20 (dd, J = 17.4, 1.5 Hz, 1H), 5.30 (s, 1H), 5.34 (dd, J = 11.0, 1.5 Hz, 1H), 5.80 (d, J = 8.5 Hz, 1H), 6.47 (dd, J II. New Ciprofloxacin derivatives Methyl 7-(4-(3-azidopropyl)piperazin-1-yl) -1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate (230) A solution of 231 (173 mg, 0.5 mmol), 3-azidopropyl 4-methylbenzenesulfonate (254 mg, 1 mmol) and K2CO3 (345 mg, 2.5 mmol) in CH3CN (7 mL) was stirred at 100 °C for 18 h. The resulting suspension was concentrated in vacuo before addition of CH2Cl2 and water. The aqueous phase was extracted 3 times with CH2Cl2, and the combined organic phases were dried over MgSO4, filtered and concentrated in vacuo. The residue was eluted from a column of silica gel with 5% MeOH in CH2Cl2 to give 230 (202 mg, 94%) as a white solid. Rf = 0.32 (CH2Cl2:MeOH, 95:5).
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 113619688 NMR (CDCl3, 400 MHz) 8.53 (s, 1H, CH-14), 8.02(d, 1H , JH/F = 13.3 Hz, CH-8), 7.26(d, 1H , JH/F = 7.0 Hz, CH-11), 3.91 (s, 3H, CH3-19), 3.45-3.39 (m, 1H, CH-15), 3.39 (t, 2H, J = 6.7 Hz, CH2-1), 3.29-3.27 (m, 4H, CH2-5a, CH2-5b), 2.67-2.65 (m, 4H, CH2-4a, CH2-4b), 2.52 (t, 2H, J = 6.7 Hz, CH2-3), 1.81 (p, 2H, J = 6.7 Hz, CH2-2), 1.34-1.29 (m, 2H, CH-16a, CH-17a), 1.15-1.11 (m, 2H, CH-16b, CH-17b).13 C NMR (CDCl3, 101 MHz) 173.1 C(O), 166.4 C(O), 153.5 (d, 1C, JC/F = 248.4 Hz, C-7), 148.4 (CH-14), 144.6 (d, 1C, JC/F = 10.5 Hz, Cq-6), 138.1 (Cq), 123.0 (d, 1C, JC/F = 6.8 Hz, Cq-9), 113.2 (d, 1C, JC/F = 23.0 Hz, CH-8), 110.0 (Cq), 104.9 (d, 1C, JC/F = 2.7 Hz, CH-11), 55.2 (CH2-3), 53.0 (CH2-4a, CH2-4b), 52.1 (CH3-19), 50.CH2-5a), 50.0 (CH2-5b), 49.5 (CH2-1), 34.7 (CH-15), 26.3 (CH2-2), 8.2 (CH2-16, CH2-19 F NMR (CDCl3, 377 MHz) -123.8. [α]D = -0.22 (CHCl3, C = 1.0). HRMS (ESI): m/z calcd. for C32H40O5N4F [M+H] + 579.2977, found 579.2963. 7-(4-(3-((((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethoxy) carbonyl) amino) propyl) piperazin-1-yl) -1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (235) LiOH (4.5 mg, 0.18 mmol) was added to a solution of 234 (21 mg, 0.036 mmol) in MeOH:H2O (4:1) (3 mL) at rt. After stirring for 18h, the resulting solution was diluted in CH2Cl2 (8 mL) and H2O (8 mL). The aqueous phase was extracted 3 times with CH2Cl2, and the combined organic phases were dried over MgSO4, filtered and concentrated in vacuo to obtain 235 (14 mg, 69%) as a translucid oil. 1 H NMR (CDCl3, 500 MHz) 15.02 (bs, 1H, OH), 8.76 (s, 1H, CH-14), 8.00 (d, 1H, JH/F = 13.1 Hz, CH-8), 7.36 (d, 1H , JH/F = 7.0 Hz, CH-11), 5.26 (bs, 1H, NH), 3.98 (d, 2H, J = 6.5 Hz, CH2-2'), 3.56-3.54 (m, 1H, CH-15), 3.42-3.35 (m, 4H, CH2-5a, CH2-5b), 3.34-3.26 (m, 2H, CH2-1), 2.79-2.66 (m, 4H, CH2-4a, CH2-4b), 2.57 (t, 2H, J = 6.0 Hz, CH2-3), 2.41-2.36 (m, 2H, CH-6'a, CH11'a), 2.31-2.22 (m, 2H, CH-7'a, CH-10'a ), 2.17-2.06 (m, 2H, CH-7'b, CH-10'b), 1.77 (p, 2H, J = 6.1 Hz, CH2-2), 1.42-1.25 (m, 4H, CH-16a, CH-17a, H6'b, H-11'b), 1.23-1.18 (m, 2H, CH-16b, CH-17b), 0.78-0.62 (m, 3H, CH-3', CH-4', CH-5'). 13 C NMR (CDCl3, 126 MHz) 177.3 C(O), 167.2 C(O), 157.0 (C(O)-1'), 153.8 (d, 1C, JC/F = 251.5 Hz, C-7), 147.6 (CH-14), 145.9 (d, 1C, JC/F = 9.9 Hz, Cq-6), 139.2 (Cq), 120.0 (d, 1C, JC/F = 7.7 Hz, Cq-9), 112.6 (d, 1C, JC/F = 23.4 Hz, CH-8), 108.3 (Cq), 104.9 (CH-11), 98.9 (Cq-8', Cq-9'), 69.1 (CH2-2'), 56.2 (CH2-3), 52.8 (CH2-4a, CH2-4b), 49.7 (CH2-5a, CH2-5b), 39.8 (CH2-1), 35.4 (CH-15), 33.4 (CH2-6', CH2-11'), 29.8 (CH2-2), 23.9 (CH-3'), 23.0 (CH-4', CH-5'), (CH), 34.6 (CH2), 34.5 (CH2), 32.0 (CH2), 31.6 (CH), 30.5 (CH2), 30.4 (CH2), 30.CH), 29.8 (CH2), 29.5 (CH2), 27.4 (CH2), 27.3 (CH2), 27.0 (CH2), 26.6 (CH2), 26.CH3), 26.5 (CH3), 26.0 (CH2), 25.9 (CH2), 25.0 (CH2), 24.9 (CH2), 24.2 (CH), 24.CH), 23.3 (CH2), 23.1 (CH2), 22.9 (CH), 22.9 (CH), 22.8 (CH), 22.8 (CH), 16.CH3), 16.8 (CH3), 14.9 (CH3), 14.8 (CH3), 14.8 (CH3), 11.6 (CH3), 11.6 (CH3). HRMS (ESI): m/z calcd. for C55H81O10N4 [M+H] + 957.5947, found 957.5931. Linezolid (N3)//(BCN)Pleuromutilin Hybrid (237) A solution of 228 (8 mg, 0.015 mmol) and 131 (6.3 mg, 0.015 mmol) in CH2Cl2 was stirred 18h and then concentrated in vacuo. The residue was eluted from a column of silica gel with 5% MeOH in CH2Cl2 to give 237 (14 mg, 96%) as a white solid. Rf = 0.26 (CH2Cl2:MeOH, 95:5), 1 H NMR (CDCl3, 400 MHz) 7.49-7.42 (m, 2H, CH-7''), 7.09-7.05 (m, 2H, CH-9''), 6.93-6.85 (m, 2H, CH-10''), 6.52-6.43 (m, 2H, CH-19), 6.28 (bs, 2H, NH), 5.79-5.74 (m, 2H, CH-14), 5.36-5.31 (m, 2H, CH-22a), 5.23-5.11 (m, 8H, NH, CH-22b, CH2-1''), 4.80-4.73 (m, 2H, CH-12''), 4.04-3.97(m, 2H, CH-13''a), 3.96-3.89 (m, 4H, CH2-2'), 3.88-3.82 (m, 4H, CH2-22), 3.79-3.72 (m, 10H, CH2-3a'', CH2-3b'', CH-13''b), 3.69-3.56 (m, 4H, CH2-14''), 3.39-3.32 (m, 2H, J = 4.9 Hz, CH-11), 3.15-3.06 (m, 2H, CH-7'a), 3.06-2.98 (m, 8H, CH2-4a'', CH2-4b''), 2.90-2.78 (m, 4H, H-7'b, CH-10'a), 2.69-2.51 (m, 4H, CH-10'b), 2.43-2.03 (m, 14H, CH2-2, CH-4, CH-10, CH-13a, CH-6'a, CH-11'a), 2.01 (s, 6H, CH3-16''), 1.82-1.07 (m, 34H, CH2-1, CH-6, CH2-7, CH2-8, CH-13b, CH3-15, CH3-18, OH, CH-6'b, CH-11'b), 0.68-0.92 (m, 18H, CH3-16, CH3-17, CH-3', CH-4', CH-5'). 13 C NMR (CDCl3, 101 MHz) 217.1 (C(O)), 171.3 (C(O)), 171.2 (C(O)), 169.1 (C(O)), 163.8 7'b, CH-10'a), 2.77-2.52 (m, 8H, CH2-4''a, CH2-4''b), 2.56-1.97 (m, 24H, CH2-2, CH-4, CH-10, CH-13a, CH-6'a, ,CH-10'b, CH-11'a, CH2-2'', CH2-3''), 1.83-1.07 (m, 42H, CH2-1, CH-6, CH2-7, CH2-8, CH-13b, CH3-15, CH3-18, OH, CH-6'b, CH-11'b, CH-16''a, CH-17''a, CH-16''b, CH-17''b), 0.96-0.66 (m, 18H, CH3-16, CH3-17, CH-3', CH-4', CH-5'). 13 C NMR (CDCl3, 126 MHz) 215.9 (C(O)), 176.1 (C(O)), 167.9 (C(O)), 166.0 (C(O)), 155.4 (Cq), 152.7 (d, JC/F = 251.5 Hz, Cq), 146.5 (CH), 144.7 (d, JC/F = 5.9 Hz, Cq), 144.1 (Cq), 138.1 (CH), 137.9 (Cq), 132.0 (Cq), 118.9 (d, JC/F = 7.9 Hz, Cq), 116.2 (CH2), 111.5 (d, JC/F = 23.5 Hz, CH), 107.1 (Cq), 103.8 (d, JC/F = 2.2 Hz, CH), 73.5 (CH), 68.7 (CH), 67.8 (CH2), 57.1 (CH), 53.8 (CH2), 51.7 (CH2), 48.CH2), 44.8 (CH2), 44.4 (Cq), 43.7 (CH2), 43.0 (Cq), 42.5 (CH2), 40.8 (Cq), 40.0 (CH), 35.6 (CH), 35.0 (CH), 34.3 (CH), 33.4 (Cq), 30.9 (CH2), 29.4 (CH2), 28.7 (CH2), 26.3 (CH2), 25.9 (CH2), 25.8 (CH2), 25.7 (CH2), 25.4 (CH3), 24.7 (CH2), 23.CH2), 23.2 (CH), 21.9 (CH), 21.9 (CH2), 21.7 (CH2), 21.6 (CH), 15.7 (CH3), 13.CH3), 10.5 (CH3), 7.3 ( (CH2). 19 F NMR (CDCl3, 377 MHz) -120.8. HRMS (ESI): m/z calcd. for C53H70O9N7ClF [M-H] -1002.4913, found 100.4887. (OH)Ciprofloxacin(N3)//(BCN)Linezolid Hybrid (239) A solution of 206 (8.4 mg, 0.015 mmol) and 232 (6 mg, 0.015 mmol) in CH2Cl2 was stirred 18 h and then concentrated in vacuo. The residue was eluted from a column of silica gel with 20% MeOH in CH2Cl2 to give 239 (12 mg, 81%) as a white solid. Rf = 0.21 (CH2Cl2:MeOH, 95:5), 1 H NMR (CDCl3, 500 MHz) 15.03 (bs, 2H, COOH), 8.74 (s, 2H, CH-14''), 7.99 (d, 2H , JH/F = 13.0 Hz, CH-8''), 7.44-7.31 (m, 4H , CH-7, CH-11''), 7.08-7.02 (m, 2H, CH-7), 6.92-6.85 (m, 2H, CH-8), 6.28 (bs,
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 1601313 Figure 561 H NMR of cyclic pseudopeptide 122 (400 MHz, MeOD, at 25 °C)
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 68183569198570 Figure FACS result of LDD-126; P. aeruginosa, 37 °C, 2 µM, 15 min, ex. 488 nm/ em. 525 nm
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 7172 Figure 71 Determination of the rate constant for BN-196 and MB 2 -197 with GSH from two independent measurements. Left: Normalized reaction monitoring of BN-196 and MB 2 -197 (5 µM in phosphate buffer (50 mM)/MeOH 1:1 v/v, w/ 5% DMSO, pH = 7.4), with increasing GSH concentrations (20 -320 µM). By fitting the data to a single-exponential equation (BoxLucas1), the k' values were determined. Right: Plot of the observed rates k' against GSH concentration. The slope of the plots gives the rate constant k.

Figure 73

 73 Figure 73 Selectivity of EcTRX reduction and calibration curve for TNB Left: Reaction monitoring of the fluorogenic probes (1 µM in phosphate buffer (50 mM) w/ 1% DMSO, pH = 7.4) with EcTRX (658 nM) at 25 °C. Right: Calibration curve for the absorbance of 2-nitro-5-thiobenzoic acid (TNB) at 412 nm after reduction of Ellman's reagent (DTNB) with known concentrations of dithiothreitol (DTT) for 15 min, obtained from three independent measurements.

Figure 75

 75 Figure 75 Stability Measurements of the Fluorogenic Probes. Up: Monitoring of the fluorescence intensity of the fluorogenic SILs (1 µM) in phosphate buffer (50 mM, pH = 7.4), measured in triplicates. Down: Monitoring of the fluorescence intensity of the fluorogenic SILs (1 µM) in phosphate buffer (50 mM, pH = 7.4) with 20% human blood plasma (n=1). All tests were performed at 25 °C.

Figure 76 Figure 77

 7677 Figure 76 Toxicological determination of the fluorogenic probes by monitoring bacterial growth of S. pneumoniae using OD600 when incubated with DMSO, MB-181, 4MP-182, Pleuro-193, MB 2 -197 and ME-195 (from left to right).

  

  3.2 Uncharged Cyclic Peptides as Permeability Enhancerfrom the previous Passerini reaction, it was concluded that the steric hinderance of the bulky methyl groups from the BODIPY 66 do not allow the alcohol (86, Scheme 14, p. 64) in the Passerini reaction nor the alcohol (79, Scheme 16, p. 65) formed

Table 1

 1 

				MIC [mg/L]	
	Tested Compounds	MW [g/mol]				
			Range	S. aureus	Range	E. coli
	LDD-91	581.63	1-512	> 512	1-512	> 512
	Linezolid 119	337.35	0.06-32	4	0.012-64	> 64
	Linezolid analogue 121	336.37	1-512	64	1-512	256
	Azido-Linezolid 131	419.42	0.06-32	2	1-512	256
	Linezolid-conjugate 132	1001.05	1-512	> 512	1-512	> 512
	Pleuromutilin 120	378.51	0.06-32	2	1-512	256
	Azido-Pleuromutilin 128	403.52	0.06-32	2	1-512	> 512
	Pleuromutilin-conjugate 133 985.15	1-512	> 512	1-512	> 512
	Gentamicin 47	477.6	0.06-32	0.5	0.06-32	0.5

Antibacterial activity of the antibiotic conjugates evaluated by their minimum inhibitory concentration value [mg/L] in comparison to those of the corresponding individual antibiotics; measured in triplicates

  Specifically, iminoaspartate (IA, 138) and dihydroxyacetone phosphate (DHAP, 139) are joined in a unique condensation reaction by the concerted action of two enzymes. First, L-aspartate 137 is converted to IA 138 by the L-aspartate oxidase NadB. In a subsequent condensation reaction between IA 138 and DHAP 139 catalysed by the quinolinate synthase NadA, the loss

of water and phosphate leads to the O-bound intermediate 140, which forms upon loss of another equivalent of water QA 136 and subsequent NAD 135 (Scheme 29

  Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadAThe obtained disulfide 150 was considered anyway for testing, as it would be reduced to its free mercaptan in vitro although another synthesis strategy had to be employed for targeted disulfide synthesis (Scheme 32). Therefore, a generic mercaptan, n-butyl mercaptan 151 was converted to its activated disulfide 152 by treatment with 2,2′dipyridyl disulfide (DPS, 153), giving the activated n-butyl disulfide 152 in 90% yield. After thiol/disulfide exchange of the activated disulfide 152 with 4MP 142, the asymmetric disulfide 154 could be isolated after purification by reverse phase (C18) column chromatography in 92% yield. As described before, phtalic acid 154

	Scheme 32 Protection of 4MP's mercaptan as disulfide and subsequent protection of the carboxylic acids as
	NTR-sensitive prodrug a) 1:20 AcOH/CH2Cl2 v/v, rt, 17 h; b) 1:20 AcOH/CH2Cl2 v/v, rt, 17 h; c) N2H4,

142 (Scheme 31)

. Purification of the crude, however, gave disulfide 150 in excellent yield. The oxidation of the mercaptan could be caused by MnO2 microparticles which went unnoticed through the filtration pad, but more likely is that the mercaptan of the resulting bis ester is highly activated, causing immediate oxidation with the slightest traces of oxygen present. Scheme 31 Selective protection of the carboxylic acids as NTR sensitive ester 150 by in situ dimerization to the disulfide: MnO2, CH2Cl2, RT, 15 min 3.4 4was converted into corresponding bis(p-nitrobenzyl) phthalate 155 in 75% yield, by using p-nitrobenzaldehyde hydrazone 149. MeOH, reflux, 6 h; d) MnO2, CH2Cl2, rt, 15 min

  182 and ME-195 were found to be the least stable compounds, with a half-life of only 3 h. Followed by the fluorogenic probes MB 2 -197 and 4MP 2 -198 with a halflife of 5 h. The fluorogenic probes NTR-183, BN-196, Pleuro-193, and C12-194 displayed a high degree of stability in plasma. Conversely, MB-181 and 4MP-182 exhibited low plasma stability, which can potentially be attributed to the presence of a carbonate group that renders them susceptible to cleavage by esterases.Figure 50 Selectivity of the EcTRX reduction. ____ MB-181, ____ 4MP-182, ____ NTR-183, ____ C12-194, ____ BN-196, ____ MB 2 -197, ____ 4MP 2 -198, ____ ME-195
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Pleuro-193, 

Table 2

 2 Second order reaction rate constants of the fluorogenic probes with GSH or TRX a [M -1 •s-1 ] 

	Compound	MB-181	4MP-182	NTR-183	C12-194	Pleur o-193	BN-196	MB 2 -197	4MP 2 -198	ME-195
	Rate Constant [M -1 •s -1 ]	0.19	0.29	0.22	0.58	0.54	14.48 18.26	0.95	1.17 a 2.75×10
	Error (±)	0.01	0.03	0.01	0.10	0.06	0.76	3.72	0.09	0.03 a 1.28×10

  Table 4 appendices). The BCN-antibiotics 206 and 207 were synthetized reacting the activated carbonate BCN-NHS 208 with their parent antibiotics. Reaction of linezolid analogue 209 gave carbamate 206, while reaction with pleuromutilin gave carbonate 207 in excellent yields. Intracellular in situ Hybridization of Antibiotic via SPAAC3.6.2 Evaluation of the Intracellular in situ Hybridization of AntibioticsTogether with the azido and BCN antibiotics, the MIC of the obtained hybrids was evaluated using S. aureus and E. coli. Apart from the commercial antibiotics 214 +

	121 and the linezolid derivatives 209, 131 and 206, none of the compounds tested
	proved active against E. coli within a test range of 1 -512 mg/L (Table 4 appen-
	dices). On the other hand, all compounds showed antibiotic activity against S. au-
	reus (Figure
	Scheme 47 Synthesis of all possible antibiotic hybrids; general conditions: MeCN, rt, 17 h
	This was followed by the combinatory ex situ synthesis of every possible antibiotic
	hybrid (Scheme 47) as a reference sample. This gave the Pleuro-BCN hybrids Pleuro-

BCN//Lin-N3 210 and Pleuro-BCN//Pleuro-N3 211 together with the Lin-BCN hybrids Lin-BCN//Lin-N3 212 and Lin-BCN//Pleuro-N3 213.

3.6

  spectra and related analysis were recorded on a SpectraMax© ABS

	Plus Absorbance Microplate Reader (cuvette or microplate) or on a Thermo Scien-
	tific MultiSkan SkyHigh Microplate Reader (cuvette; DPM, NOVA).
	Fluorescence spectra were recorded on a Horiba Fluoromax-4P (DPM,
	NOVA) or a Jasco FP-8500 Fluorescence Spectrometer equipped with an FCT-816
	Water thermostatted 4-position cell changer (CEA, BIOCAT, Grenoble).

Kinetic measurements by time-dependent fluorescence were measured with a Jasco FP-8500 Fluorescence Spectrometer equipped with an FCT-816 Water thermostatted 4-position cell changer (CEA, BIOCAT, Grenoble), a Tecan Infinite F500 microplate reader (DPM, NOVA, Grenoble) using filter (ex. 474/10 nm, em. 535/25 nm), or a BioTek Synergy H1 microplate reader (CEA, BIOCAT, Grenoble). FluorEssence (version 3.51.20), based on OriginLab (version 8.1090), was used for the evaluation of the kinetic measurements (DPM, NOVA, Grenoble).

  2 -198 which were dried with NaCl, and the solvent was removed Then propargyl bromide (80% in PhMe, 6.58 mL, 8.81 g, 59.27 mmol, 1.1 equiv) and K2CO3 (10.05 g, 72.74 mmol, 1.35 equiv) were added, and the reaction was brought to a reflux. After 17 h, the solvent was removed under reduced pressure the residue was redissolved in EtOAc and washed with NaHCO3 (4wt%, 3×150 mL).

	Chapter 6: Experimental Procedures
	6.2 Synthesis of the Cyclic Pseudopeptides and their Conjugates
	6.2.1 Synthesis of the ortho-CN-Tetrazole
	4-Propargyloxy benzaldehyde (95)
	4-Hydroxy benzaldehyde (6.58 g, 53.9 mmol) was dissolved in acetone (150 mL).
	55.9 (CH2, 6), 76.4 (CH, 8), 77.6 (Cq, 7), 115.2 (2×CH, 4), 130.6 (2×CH, 3), 131.9
	(Cq, 2), 162.4 (Cq, 5), 190.8 (CHO, 1).
	at rt under reduced pressure. Subsequent column chromatography gave the corre-
	sponding disulfides MB-181, 4MP-182, MB 2 -197, 4MP 2 -198, ME-195, C12-194,
	BN-196, Pleuro-193, 152, 173, respectively.

The separated organic layer was dried with MgSO4, filtered and the solvent was removed under reduced pressure. The resulting residue was purified by column chromatography (7:3 Cy/EtOAc) to give phenolic ether 95 (7.49 g, 46.76 mmol, 87%) as colorless solid. Rf: 0.37 (7:3 Cy/EtOAc). 1 H NMR (400 MHz, CDCl3): δ = 2.58 (t, J = 2.4 Hz, 1H, 8), 4.78 (d, J = 2.4 Hz, 2H, 6), 7.09 (d, J = 8.8 Hz, 2H, 4), 7.86 (d, J = 8.8 Hz, 2H, 3), 9.91 (s, 1H, 1). 13 C NMR (100 MHz, CDCl3): δ =

  The resulting residue was purified by column chromato-graphy (85:15 Cy/Acetone) to afford methyl anthranilate 98 (2.45 g, 16.21 mmol, 37%) as yellow solid. Melting point: 20 -25 °C. Rf: 0.31 (85:15 Cy/Acetone).

	1 H NMR (400 MHz, CDCl3): δ = 3.86 (s, 3H, 8), 5.71 (s, 2H, 9), 6.55 -6.73 (m,
	2H, 3,5), 7.14 -7.32 (m, 1H, 4), 7.71 -7.96 (m, 1H, 6). 13 C NMR (100 MHz,
	CDCl3): δ = 51.5 (CH3, 8), 110.8 (CH, 3), 116.3 (Cq, 1), 116.7 (CH, 5), 131.3 (CH,
	6), 134.1 (CH, 4), 150.5 (Cq, 2), 168.6 (COO, 7).
	Methyl 2-(5-(4-(prop-2-yn-1-yloxy)phenyl)-2H-tetrazol-2-yl)benzoate (100)

Methyl anthranilate 98 (2.45 g, 16.21 mmol, 1 equiv) was dissolved in EtOH/H2O

  Cq, 26), 166.6 (CON, 17), 171.5 (CON, 9), 171.5 (CON, 13), 171.6 (COOR).

	HRMS (ESI): calcd for C37H44O6N7Si [M+H] + : 710.3117, found 710.3107
	, J =
	7.0 Hz, 3H, 15), 2.56 (t, J = 2.4 Hz, 1H, 33), 2.96 (dd, J = 13.9, 6.8 Hz, 1H, 3a),
	3.07 (dd, J = 13.9, 5.8 Hz, 1H, 3b), 4.00 -4.14 (m, 2H, 1'), 4.41 (p, J = 7.1 Hz,
	1H, 10), 4.57 (p, J = 7.0 Hz, 1H, 14), 4.70 (ddd, J = 7.9, 6.8, 5.8 Hz, 1H, 2), 4.75
	(d, J = 2.4 Hz, 2H, 31), 6.66 (d, J = 7.9 Hz, 1H, 8), 6.76 (d, J = 7.2 Hz, 1H, 12),
	6.86 (d, J = 7.4 Hz, 1H, 16), 7.01 -7.12 (m, 2H, 5), 7.08 (d, J = 8.9 Hz, 2H, 29),
	7.13 -7.25 (m, 3H, 6, 7), 7.57 (td, J = 7.5, 1.3 Hz, 1H, 20), 7.64 (td, J = 7.7,
	1.7 Hz, 1H, 21), 7.68 (dd, J = 7.5, 1.6 Hz, 1H, 19), 7.88 (dd, J = 8.0, 1.2 Hz, 1H,
	22), 8.13 (d, J = 8.9 Hz, 2H, 28). 13 C NMR (100 MHz, CDCl3): δ = -1.4 (3×CH3,
	3', 4', 5'), 17.4 (CH2, 2'), 18.3 (CH3, 11), 18.5 (CH3, 15), 38.0 (CH2, 3), 49.2 (CH,
	10), 49.7 (CH, 14), 53.5 (CH, 2), 56.0 (CH2, 31), 64.0 (CH2, 1'), 76.1 (CH, 33), 78.2
	(Cq, 32), 115.5 (2×CH, 29), 120.5 (Cq, 27), 124.5 (CH, 22), 127.1 (CH, 7), 128.6

(2×CH, 29), 128.7 (2×CH, 6), 129.3 (CH, 19), 129.5 (2×CH, 5), 130.3 (CH, 20), 131.1 (Cq, 18), 131.3 (CH, 21), 134.1 (Cq, 23), 136.0 (Cq, 4), 159.6 (Cq, 30), 165.2 (

  J = 1.5, 17.4 Hz, 1H, 17 a ), 5.35 (dd, J = 1.5, 11.0 Hz, 1H, 17 b ), 5.83 (d, J = 8.3 Hz, 1H, 8), 6.46 (dd, J = 11.0, 17.4 Hz, 1H, 16). 13 C NMR

	3.75 (s, 2H, 21), 5.2 (dd, (100 MHz, Chloroform-d): δ = 11.6 (CH3, 13), 14.9 (CH3, 18), 16.8 (CH3, 19), 24.9
	(CH2, 3), 26.5 (CH3, 15), 26.9 (CH2, 11), 30.5 (CH2, 12), 34.5 (CH2, 2), 36.2 (CH, 4),
	36.7 (CH, 10), 41.9 (Cq, 9), 44.1 (Cq, 6), 44.9 (CH2, 7), 45.5 (Cq, 3a), 51.2 (CH2,
	21), 58.2 (CH, 9a), 70.3 (CH, 8), 74.7 (CH, 5), 117.6 (CH2, 17), 138.9 (CH, 16), 167.3
	(CO, 20), 216.9 (CO, 1).
	120 (984 mg, 2.61 mmol), Et3N
	(921 µL, 668 mg, 6,60 mmol, 2.5 equiv), and DMAP (65 mg, 528 µmol, 0.2 equiv)
	in CH2Cl2 (20 mL) was cooled to -20 °C. A solution of p-toluenesulfonyl chloride
	(514 mg, 2.69 mmol, 1.02 equiv) dissolved in CH2Cl2 (10 mL) was then slowly
	added over the course of 60 min. The resulting mixture was stirred at -20 °C for
	further 20 h. The content was then poured into a saturated aqueous solution of
	NaHCO3 (50 mL), separated, and extracted with CH2Cl2 (2×20 mL). The organic
	phase was washed water (10 mL), brine (2×10 mL), dried with MgSO4, and the
	solvent was removed under reduced pressure. Subsequent column chromatography
	(4:6 EtOAc/Cy) gave 22-O-tosylpleuromutilin 127 (1.28 g, 2.40 mmol, 91%) as col-
	orless crystalline solid. Melting point: 147.5 -149.5 °C. [399] Rf: 0.17 (3:7
	EtOAc/Cy). 1 H NMR (400 MHz, CDCl3): δ = 0.61 (d, J = 7.1 Hz, 3H, 19), 0.86
	(d, J = 7.0 Hz, 3H, 13), 1.04 -1.17 (m, 1H, 12'), 1.14 (s, 3H, 15), 1.23 (d, J =
	16.1 Hz, 1H, 7'), 1.28 -1.38 (m, 1H, 11'), 1.39 (s, 3H, 18), 1.41 -1.55 (m, 3H, 14,
	3', 11''), 1.58 -1.69 (m, 2H, 3'', 10), 1.69 -1.79 (m, 1H, 12''), 2.03 (dd, J = 16.1,
	8.6 Hz, 1H, 7''), 2.07 (d, J = 2.8 Hz, 1H, 9a), 2.14 -2.27 (m, 2H, 2), 2.28 (q, J =
	7.0 Hz, 1H, 4), 2.44 (s, 3H, 28), 3.33 (d, J = 6.5 Hz, 1H, 5), 4.47 (s, 2H, 21), 5.18
	(dd, J = 17.4, 1.5 Hz, 1H, 17'), 5.31 (dd, J = 11.0, 1.5 Hz, 1H, 17''), 5.75 (s, J =
	8.6 Hz, 1H, 8), 6.40 (dd, J = 17.4, 11.0 Hz, 1H, 16), 7.34 (dd, J = 8.4, 0.8 Hz, 2H,
	24, 26), 7.80 (d, J = 8.4 Hz, 2H, 23, 27). 13 C NMR (100 MHz, CDCl3): δ = 11.6

  equilibrium observed (see appendices). HRMS (ESI): calcd for C45H46N9O8 [M+H] + : 840.3459, found: 840.3458.

	6.3 Prodrugs of 4-Mercaptophtalic acid: Synthesis
	6.3.1 Prodrugs by the Conversion of 4MP's Carboxylic Acids
	Dimethyl 4-mercaptophthalate (144)

13 C NMR

  To a suspension of MnO2(175.45 mg, 2.02 mmol, 40 equiv) in CH2Cl2 (10 mL) at 0 °C is added 4-mercaptophtalic acid 142 (10.00 mg, 50.46 µmol, 1 equiv) and hydrazone 149 (33.33 mg, 201.82 µmol, 4 equiv). The mixture is stirred for 30 min

	Tetrakis(4-nitrobenzyl) 4,4'-disulfanediyldiphthalate (150)
	(100 MHz, CDCl3): δ = 13.7 (CH3, 1), 21.7 (CH2, 2), 31.1 (CH2, 3), 38.9 (CH2, 4),
	66.0 (CH2, 13), 66.2 (CH2, 13'), 123.9 (2×CH, 16), 124.0 (2×CH, 16'), 125.9 (CH2,
	10), 127.8 (Cq, 5), 128.1 (CH, 6), 128.6 (2×CH, 15), 128.6 (2×CH, 15'), 130.2 (CH,
	7), 133.3 (Cq, 8), 142.5 (Cq, 17), 142.7 (Cq, 17'), 144.4 (Cq, 9), 148.0 (2×Cq, 14,
	14'), 166.0 (COO, 11), 167.1 (COO, 12). HRMS (ESI): calcd for C26H25N2O8S2
	[M+H] + : 557.1047, found: 557.1038.

  Subsequent column chromatography (3:7 EtOAc/Cy) gave alcohol 175 (728 mg, 2.16 mmol, 97%) as colorless oil.

	Rf: 0.3 (1:1 EtOAc/Cy). 1 H NMR (400 MHz, Chloroform-d): δ = 3.13 (t, J =
	6.5 Hz, 2H, 6), 4.50 (t, J = 6.5 Hz, 2H, 7), 4.68 (d, J = 4.6 Hz, 2H, 13), 7.10 (ddd,
	J = 1.4, 4.9, 7.1 Hz, 1H, 2), 7.15 (d, J = 8.7 Hz, 2H, 10), 7.37 (d, J = 8.7 Hz, 2H,
	11), 7.64 (ddd, J = 1.8, 7.1, 8.1 Hz, 1H, 3), 7.69 (dt, J = 1.2, 8.1 Hz, 1H, 4), 8.46
	(ddd, J = 1.0, 1.8, 4.9 Hz, 1H, 1). 13 C NMR (100 MHz, Chloroform-d): δ = 37.1
	(CH2, 6), 64.7 (CH2, 13), 66.3 (CH2, 7), 120.1 (CH, 4), 121.1 (CH, 2), 121.2 (2×CH,
	10), 128.2 (2×CH, 11), 137.2 (CH, 3), 139.0 (Cq, 12), 149.9 (CH, 1), 150.5 (Cq, 9),
	153.5 (CO, 8), 159.5 (Cq, 5).

4-(Chloromethyl)phenyl(2-(pyridin-2-yldisulfaneyl)ethyl)carbonate

(180) 

  Pleuromutilin 120(360 mg, 951.1 µmol, 1 equiv), together with freshly distilled thioacetic acid (4 equiv, 362 mg, 335 µL, 80wt%, 3.80 mmol), benzophenone (0.2 equiv, 34.7 mg, 190.2 µmol), and azobisisobutyronitrile (AIBN; 0.2 equiv, 31.2 mg, 190.2 µmol) were dissolved in freshly distilled THF (19 mL, 50 mM). The

	(s, 4H, 3,4), 7.65 (s, 1H, 6). 13 C NMR (100 MHz, DMSO-d6): δ = 125.9 (2×CH, 3 (HCN2, 8), 119.5 (CH, 15),
	4), 128.1 (2×CH, 3), 134.2 (Cq, 2), 136.2 (Cq, 5), 136.8 (CNNH2, 6). 120.6 (CH, 13), 121.3 (Cq, 5), 121.7 (2×CH, 1, 3), 129.6 (2×CH, 4, 6), 129.9 (Cq,
	2), 137.0 (CH, 14), 149.5 (CH, 12), 159.5 (Cq, 10). HRMS (ESI): calcd for
	2-((4-(Diazomethyl)phenyl)disulfaneyl)pyridine (189) C12H10N3S2 [M+H] + : 260.0311, found: 260.0308.
	186 (62% over two steps, 2.75 g, 19.90 mmol) as off-white solid. A small sample
	was taken for analysis. The rest was used without further purification for the next 6.5.2 Derivatization of Pleuromutilin Into its Mercaptan-Analogue
	steps. 1 H NMR (400 MHz, CD3CN): δ = 4.43 (s, 1H, 6), 7.44 (d, J = 8.4 Hz, 2H,
	4), 7.73 (d, J = 8.4 Hz, 2H, 3), 9.89 (s, 1H, 1). 13 C NMR (100 MHz, CD3CN): The previously synthetized 4-mercaptobenzaldehyde hydrazone 187 (2.64 g, 6-(2-(Acetylthio)ethyl)-5-hydroxy-4,6,9,10-tetramethyl-1-oxodecahydro-3a,9-propano-
	δ = 129.2 (2×CH, 4), 131.1 (2×CH, 3), 134.6 (Cq, 2), 142.4 (Cq, 5), 192.5 (CO, 1). 17.37 mmol) was redissolved in a mixture of dioxane/CH2Cl2 (4:6 v/v) to a total cyclopenta[8]annulen-8-yl 2-hydroxyacetate (190)
	volume of 51 mL (0.34 M) and stirred at rt. DPS (7.83 g, 35.6 mmol, 2.05 equiv)
	4-Mercaptobenzaldehyde hydrazone (187)
	The previously synthetized 4-mercaptobenzaldehyde 186 (2.4 g, 17.4 mmol) was
	dissolved in MeOH (25 mL) and cooled to 0 °C. Then N2H4 (8.0 equiv, 6.96 g,
	6.96 mL) was fast added to the mixture. During addition, the color of the solution
	changes from light yellow to intense yellow to dark orange. Over the course of 30 min (168 mM). Titration of the resulting solution by 2-fluorobenzoic acid according to the solution was allowed to warm to rt, then the solvent was removed under reduced literature procedures, [374] gave diazomethane 189 (82%, 137 mM, 1.42 g; over three pressure at max. 20 °C. Another co-evaporation with dioxane (50 mL) was per-steps) as blood red solution. Thermal degradation in MeCN-d3, 90 °C (deter-formed to remove all excess hydrazine and the obtained crude was dried in vacuo mined by VT-NMR), Storage half-life: ~2 weeks (-28 °C, dark). FT-IR (NaCl (3×10 -3 mbar) for 2 h. The yield of 4-mercaptobenzaldehyde hydrazone 187, ob-crystal): ν = 3045 (w), 2959 (w), 2925 (w), 2854 (w), 2360 (w), 2058 (νs[N=N=C], tained in this manner, is assumed to be quantitative (2.64 g, 17.37 mmol). A small sample for analysis was obtained by precipitation from MeOH at -80 °C. the rest m), 1698 (w), 1665 (w), 1571 (s), 1489 (w), 1446 (s), 1416 (s), 1377 (w), 1278 (w),
	46

was used without further purification for the next steps. Rf: 0.5 (3% MeOH in CH2Cl2).

1 

H NMR (400 MHz, DMSO-d6): δ = 3.32 (s, 1H, 1), 6.89 (s, 2H, 8), 7.is added and the resulting mixture is stirred for 17 h. The resulting mixture is kept at -20 °C as stock solution for the next step. From this, 20 mL (1.76 g, 6.73 mmol, 340 mM) are transferred into another flask B, wrapped in aluminium foil, and cooled to -20°C in the absence of light. Manganese dioxide (12.3 g, 141.4 mmol, 21 equiv) is added and the resulting suspension is stirred for 2 h. A third empty flask C, wrapped in aluminium foil, is cooled to -20°C and the content of flask B is filtered through a sintered glass filter into flask C. Flask B is rinsed with fresh solvent, which is added to flask C and the obtained solution is topped up to 40 mL 1145 (m), 1115 (s), 1083 (w), 1043 (w), 1013 (w), 987 (w), 817 (w), 759 (s), 717(m), 665 (w), 615 (m) cm -1 . 1 H NMR (400 MHz, Chloroform-d) δ 4.8 (s, 1H, 8), 6.7 (d, J = 8.2 Hz, 2H, 1, 3), 7.3 (d, J = 8.2 Hz, 2H, 4, 6), pyridine signals buried under excess DPS. 13 C NMR (100 MHz, Chloroform-d) δ 47.

  1 H NMR (400 MHz, Chloroform-d) δ 0.68 (d, J = 6.9 Hz, 3H, 19), 0.96 (d, J = 7.1 Hz, 3H, 13), 1.08 (s, 3H, 15), 1.41 (s, 3H, 18), 0.85 -2.55 (m, 17H), 2.35 (s, 3H, 25), 2.71 (ddd, J = 12.7, 10.8, 6.7 Hz, 1H, 17a), 2.85 (ddd, J = 12.7, 10.2, 7.2 Hz, 1H, 17b), 3.41 (d, J = 6.2 Hz, 1H, 5), 4.06 (dt, J = 36.7, 17.1 Hz, 2H, 21), 5.69 (d, J = 8.1 Hz, 1H, 8). 13 C NMR (100 MHz, CDCl3): δ = 11.2 (CH3, 13), 14.9 (CH3, 18), 16.6 (CH3, 19), 24.6 (CH2, 17), 25.1 (CH2, 3), 26.6 (CH2, 11), 26.9 (CH3, 15), 29.4 (CH3, 25), 30.2 (CH2, 12), 30.7 (CH2, 16), 34.5 (CH2, 2), 34.7 (CH, 4), 36.7 (CH, 10), 41.4 (Cq, 6), 41.9 (Cq, 9), 42.1 (CH2, 7), 45.6 (Cq, 3a), 58.5 (CH, 9a), 61.5 (CH2, 21), 69.6 (CH, 8), 76.2 (CH, 5), 172.5 (COO, 20), 196.8 (COS, 24) 217.1 (CO, 1). HRMS (ESI): calcd for C24H42O6NS [M+NH4] + : 472.2727, found: 472.2717.

  mg, 90 wt%, 396 µmol) in methanol (10 mL) is added sodium thiomethoxide (1.2 equiv. 33 mg, 475 µmol) at rt. The reaction mixture is stirred at for 30 min. The solution is then poured into HCl (1 M, 20 mL) and extracted with CH2Cl2 (3×25 mL). The combined organic layers are washed with brine, dried with MgSO4, filtered and concentrated. Subsequent column chro-and quenched by addition of AcOH (0.33 mL, 100 equiv). After additional 30 min, the solution was basified by addition of a saturated Na2CO3 solution (50 mL) and extracted with CH2Cl2 (3×20 mL). The combined organic layers were dried with MgSO4, and the solvent was removed under reduced pressure. The resulting crude was purified by column chromatography(3:7 EtOAc/Cy) to give the corresponding SIL 192 (80%, 24.2 mg, 46.2 µmol) as a red solid. Rf: 0.33 (3:7 EtOAc/Cy). NMR (400 MHz, Chloroform-d): δ = 1.97 (s, 6H, 6), 2.5 (s, 6H, 2), 5.32 (s, 2H, 10), 6.01 (s, 2H, 4), 7.1 (ddd, J = 1.9, 4.8, 6.5 Hz, 1H, 18), 7.36 (d, J = 8.3 Hz, 2H, 12), 7.53 (d, J = 8.3 Hz, 2H, 13), 7.57 -7.64 (m, 2H, 16,17), 8.47 (d, J = 4.8 Hz, 1H, 19). 13 C NMR (100 MHz, Chloroform-d): δ = 12.8 (2×CH3, 6), 14.9 (t, J = 1.9 Hz, 2×CH3, 2), 68.0 (CH2, 10), 119.8 (CH, 16), 121.2 (CH, 18), 121.3 (d, J = 2.5 Hz, 2×CH, 4), 127.6 (2×CH, 13), 128.6 (Cq, 8), 128.9 (2×Cq, 7), 130.1

matography (1:1 EtOAc/Cy), gave mercaptane 191 (57%, 93 mg, 225.4 µmol) as colorless solid with characteristic odor. Rf: 0.27 (6:4 EtOAc/Cy). 1 H NMR 1 H (2×CH, 12), 132.8 (Cq, 14), 137.5 (CH, Cq, 11,17), 141.1 (2×Cq, 5), 149.7 (CH, 19), 157.8 (2×Cq, 3), 159.2 (Cq, 15), 165.0 (CO, 9). HRMS (ESI): calcd for C26H25O2N3S2BF2 [M+H] + : 524.1444, found: 524.1431.

  10 mg, 19.1 µmol of SIL 192). The obtained crude was purified by column chroma-Hz, 6H 2), 2.89 (t, J = 5.8 Hz, 2H, 15), 3.85 The synthesis was performed following the general procedure G (starting from 10 mg, 19.1 µmol of SIL 192). The obtained crude was purified by column chromatography (2:9 EtOAc/Cy), giving the corresponding SIL Pleuro-193 (40%, 6.3 mg, 7.64 µmol) as red solid. 1 H NMR (500 MHz, Chloroform-d): δ = 0.66 (d, J = 7 Hz, 3H, 19), 0.75 (d, J = 7 Hz, 3H, 13), 0.96 (s, 3H, 15), 1.05 (td, J = 4.5, 14.1 Hz, 1H, 12), 1.19 (d, J = 16.3 Hz, 1H, 7 a ), 1.28 -1.34 (m, 1H, 11), 1.39 (s, 3H, 18), 1.4 -1.52 (m, 3H, 3 a , 11, 14), 1.55 -1.69 (m, 3H, 3 b , 10, 22), 1.78 (dd, J = 8.4, 16.3 Hz, 1H, 7 b ), 1.98 -2.03 (m, 2H, 16), 2.05 (s, 6H, 6'), 2.16 -2.26 (m, 4H, 9a, 7, 2), 2.34 (s, 1H, 4), 2.51 (s, 6H, 2'), 2.58 -2.75 (m, 2H, 17), 3.35 (d, J = 5.9 Hz, 1H, 5), 4.01 (dd, J = 30.0, 17.1 Hz, 2H, 21), 5.33 (s, 2H, 10'), 5.59 (d, J = 8.4 Hz, 1H, 8), 6.03 (s, 2H, 4'), 7.39 (d, J = 8.0 Hz, 2H, 12'), 7.62 (d, J = 8.0 Hz, 2H, 13'). J = 1.73, 1.73 Hz, 2×CH3, 2'), 16.8 (CH3, 19), 24.9 (CH2, 3), 26.8 (CH3, 15), 27.0 (CH2, 11), 29.6 (CH2, 16), 30.1 (CH2, 12), 34.5 (CH2, 2), 34.5 (CH, 4), 35.5 (CH2, 17), 36.6 (CH, 10), 41.4 (Cq, 6), 42.0 (Cq, 9), 42.5 (CH2, 7), 45.5 (Cq, 3a), 58.3 (Cq, 9a), 61.4 (CH2, 21), 68.4 (CH2, 10'), 70.3 (CH, 8), 76.1 (CH, 5), 121.3

	(d, J = 2.54 Hz, 2×CH, 4'), 127.4 (2×CH, 13'), 128.8 (Cq, 8'), 128.9 (2×Cq, 7'),
	130.0 (2×CH, 12'), 131.9 (Cq, 14'), 139.9 (Cq, 11'), 141.2 (2× Cq, 5'), 157.8 (2×Cq,
	3'), 165.1 (COO, 9'), 172.6 (COO, 20), 216.7 (CO, 1). HRMS (ESI): calcd for
	C43H54O7N2BF2S2 [M-H]

tography (2:8 Ac/Cy), giving the corresponding SIL ME-195 (85%, 9.7 mg, 16.3 µmol) as red solid. Rf: 0.20 (2:8 Ac/Cy). 1 H NMR (400 MHz, Chloroform-d): δ = 2.02 (s, 6H, 6), 2.52 (t, J = 1.3 13 C NMR

(125 MHz, Chloroform-d)

: δ = 10.8 (CH3, 13), 12.9 (2×CH3, 6'), 14.9 (CH3, 18), 14.9 (t, -: 823.3447, found: 823.3413.

  = 1.96 (s, 6H, 6), 2.51 (t, J = 1.2 Hz, 6H, 2), 5.1 (s, 2H, 23'), 5.12 (s, 2H, 23), 5.32 (s, 2H, 10), 6.01 (s, 2H, 4), 7.08 (ddd, J = 6.4, 4.8, 2.1 Hz, 2H, 31), 7.22 (d, J = 8.5 Hz, 2H, 25), 7.24 (d, J = 8.5 Hz, 2H, 25'), 7.34 (d, J = 8.4 Hz, 2H, 12), 7.44 (d, J = 8.4 Hz, 2H, 13), 7.47 (d, J = 8.5 Hz, 2H, 26'), 7.48 (d, J = 8.5 Hz, 2H, 26), 7.54 -7.60 (m, 4H, 29, 30), 7.6 (dd, J = 8.3, 2.1 Hz, 1H, 20), 7.69 (d, J = 8.3 Hz, 1H, 19), 7.72 (d, J = 2.06 Hz, 1H, 16), 8.45 (ddd, J = 4.8, 1.7, 1.0 Hz, 2H, 32). 2H, 26), 7.62 (dd, J = 8.2, 2.0 Hz, 1H, 20), 7.72 (d, J = 8.2 Hz, 1H, 19), 7.76 (d, J = 1.98 Hz, 1H, 16). 13 C NMR (125 MHz, CDCl3): δ = 12.7 (s, 2×CH3, 6), 14.8 (t, J = 2 Hz, 2×CH3, 2), 41.3 (CH2, 28'), 41.3 (CH2, 28), 60 (2×CH2, 29, 29'), 66.9 (CH2, 23), 67.1 (CH2, 23'), 67.8 (CH2, 10), 121.3 (d, J = 3.3 Hz, 2×CH, 4), 126.3 (CH, 16), 127.7 (2×CH, 26'), 127.8 (2×CH, 26), 127.9 (Cq, 15), 128 (2×CH, 13), 128.2 (CH, 20), 128.4 (Cq, 8), 128.8 (bs, 2×Cq, 7), 129.2 (2×CH, 25), 129.2 (2×CH, 25'), 130.1 (2×CH, 12), 130.1 (CH, 19), 133.2 (Cq, 18), 133.3 (Cq, 14), 134.1 (Cq, 27'), 134.2 (Cq, 27), 136.9 (Cq, 11), 137.7 (Cq, 24'), 137.7 (Cq, 24), 141 (bs, 2×Cq, 5), 141.8 (Cq, 17), 157.8 (2×Cq, 3), 164.9 (COO, 9), 166.2 (COO, 22), 166.9 (COO, 21). HRMS (ESI): calcd for C47H49O8N3BF2S6 [M+H] + : 1024.1908, found: 1024.1916.To a solution of 4MP 142 (1 equiv, 15 mg, 75.7 µmol) in CH2Cl2 (1 mL) at 0 °C, was slowly added a solution of diazomethane 189 (2.65 equiv. 39.1 mM, 5,15 mL, 200.6 µmol). The resulting mixture was warmed to rt within 2 h and quenched by addition of AcOH (650 µL, 150 equiv). After additional 30 min, the solution was poured into a saturated Na2CO3 solution (25 mL) and extracted with CH2Cl2 (3×20 mL). The combined organic layers were dried with MgSO4, and the solvent was removed under reduced pressure. The resulting crude was purified by column chromatography (1 -7% iPrOH in Cy) to give the corresponding SIL-phthalate 200Hz, 1H, 11).13 C NMR (126 MHz, Chloroform-d) δ 41.4 (CH, 3), 41.5 (CH, 19'), 41.6 (CH2, 19), 60.1 (CH2, 2), 60.2 (2×CH2, 20, 20'), 67.0 (CH2, 14), 67.2 (CH2, 14'), 126.2 (CH, 11), 128.0 (2×Cq, 17', 17), 128.3 (CH, 7), 128.9 (Cq, 6), 129.4 (CH, 16), 129.4 (CH, 16'), 130.2 (CH, 8), 133.6 (Cq, 9), 134.4 (Cq, 18), 134.5 (Cq, 18'), 137.7 (Cq, 15), 137.8 (Cq, 15'), 142.9 (Cq, 10), 166.4 (COO, 12), 167.3 (COO, 13). HRMS (ESI): calcd for C28H30O7S6Na [M+Na] + : 693.0208, found: 693.0200. 6.6 Antibiotic Hybrids by Click Chemistry 6.6.1 General Synthesis of BCN-OH and Active Carbonate BCN-NHS (1R,8S,9s,Z)-Ethyl-bicyclo[6.1.0]non-4-ene-9-carboxylate (

The resulting crude was purified by column chromatography (1 -5% iPrOH in Cy) to give the corresponding SILphthalate 199 (30%, 4.7 mg, 4.38 µmol) as a red solid. Rf: 0.36 (1:9 iPrOH/Cy). 1 H NMR (500 MHz, CDCl3): δ 13 C NMR (125 MHz, CDCl3): δ = 12.8 (2×CH3, 6), 14.9 (t, J = 1.99, 1.99 Hz, 2×CH3, 2), 67.0 (CH2, 23'), 67.1 (CH2, 23), 67.9 (CH2, 10), 119.8 (CH, 29), 119.8 (CH, 29'), 121.2 (CH, 31), 121.2 (CH, 31'), 121.4 (q, J = 2.0 Bis(4-(pyridin-2-yldisulfaneyl)benzyl)-4-(pyridin-2-yldisulfaneyl)phthalate (200) (38%, 22 mg, 28.6 µmol) as light-yellow resin. Rf: 0.4 (1:9 iPrOH/Cy). 1 H NMR (400 MHz, Chloroform-d) δ 5.00 (s, 2H, 14), 5.02 (s, 2H, 14'), 6.94 -7.02 (m, 3H, 4, 20, 20'), 7.11 (d, J = 8.3 Hz, 2H, 16'), 7.14 (d, J = 8.4 Hz, 2H, 16), 7.34 -7.39 (m,

  7 mL, 35.1 mmol) dissolved in CH2Cl2 (20 mL) was slowly added (3 h) to a solution of 1,5-Cyclooctadiene (COD; 30.3 g, 34.4 mL, 280.45 mmol, 8 equiv) and Rh2(OAc)2 (620 mg, 1.40 mmol, 0.04 equiv) in CH2Cl2 at rt. After 75 h the solvent was removed under reduced pressure and the residue was dried in fine vacuum at 40 °C for 2 h. The resulting crude was purified by column chromatography on silica gel (2% Et2O in Cy) to afford exo-226 (2.35 g, 35%) and endo-225 (4.12 g, 61%) as colorless oils. Rf: 0.2 (2% Et2O in Cy). NMR (400 MHz, Chloroform-d): δ = 1.17 (t, J = 4.5 Hz, 1H, 9), 1.23 (t, J = 7.1 Hz, 3H, 2'), 1.40 -1.51 (m, 2H, 2/7), 1.52 -1.59 (m, 2H, 1, 8), 2.00 -2.13 (m, 2H, 3/6), 2.12 -2.24 (m, 2H, 2/7), 2.22 -2.35 (m, 2H, 3/6), 4.08 (q, J = 7.1 Hz, 2H, 1'), 5.62 (m, 2H, 4, 5) 13 C NMR (100 MHz, Chloroform-d): δ = 14.4 (CH3, 2'), 26.8 (2×CH2, 3, 6), 27.8 (2×CH, 1, 8), 28.0 (CH, 9), 28.4 (2×CH2, 2, 7), 60.3 (CH2, 2'), 130.0 (2×CH, 4, 5), 174.53 (Cq, 10).

1 H

  column chromatography (3:7 EtOAc/Cy), endo-BCN-OH 203 (310 mg, 2.06 mmol, 20% 1 ) has been isolated as colorless crystalline solid. Rf: 0.21 (3:7 EtOAc/Cy). 1 H NMR (400 MHz, 5 mg in 0.5 mL Chloroform-d): δ = 0.55 -0.83 (m, 3H, 1, 8, 9), 1.29 -1.48 (bm, 3H, 2', 2/7), 2.10 -2.22 (m, 2H, 3/6), 2.20 -2.35 (m, 2H, 2/7), 2.41 (dq, J = 13.4, 2.2 Hz, 2H, 3/6), 3.54 (d, J = 6.3 Hz, 2H, 1').

1

  Loss in yield due to violent reaction by quenching the reduction step with water. Better use EtOAc Disuccinimidyl Carbonate (DSC, 341.1 mg, 1.33 mmol, 2 equiv) and Et3N (202.1 mg, 278.4 µL, 2 mmol, 3 equiv) are dissolved in MeCN and stirred for 23 h at rt under an Ar atmosphere. After removal of the solvent under reduced pressure, the crude was purified via column chromatography (5% EtOAc in CH2Cl2) to obtain BCN-NHS 208 (150 mg, 514.9 mmol, 77%) as colorless crystalline solid. Rf: 0.24 (3% EtOAc in CH2Cl2). 1 H NMR (400 MHz, Chloroform-d): δ = 0.77 -0.91 (m, 3H, 1, 8, 9), 1.33 -1.44 (m, 2H, 2/7), 2.11 -2.22 (m, 2H, 3/6), 2.22 -2.36 (m, 2H), 2.43 (dq, J = 13.6, 2.4 Hz, 2H), 2.83 (s, 4H), 4.25 (d, J = 7.0 Hz, 2H). 13 C NMR (100 MHz, Chloroform-d): δ = 21.4 (2×CH2, 2/7), 23.0 (CH, 9), 23.5 (2×CH, 1, 8), 25.6 (2×CH2, 3', 4'), 33.1 (2×CH2, 3/6), 76.1 (CH2, 10), 98.8 (2×Cq, 4, 5), 151.8 (Cq, 1'), 168.8 (2×Cq, 2', 5').

Table 4

 4 MIC values for the intracellular in situ hybridization of ATBs. Activity against S. aureus ATCC29213 and E. coli ATCC 25922 is reported as MIC [mg/L] within a tested range of 0.06 -512 mg/L from at least three independent experiments.

				MIC [mg/L]	
	Tested Compounds	MW [g/mol]				
			Range	S. aureus	Range	E. coli
	BCN-OH 203	150.22	1-512	> 512	1-512	256
	Linezolid 119	337.35	0.06-32	2 a	1-512	512
	Linezolid analogue 121	336.37	1-512	32	1-512	128
	Lin-N3 131	419.42	0.06-32	2	1-512	256
	Lin-N3//BCN-OH 204	569.64	1-512	64	1-512	> 512
	Lin-BCN 206	512.58	0.06-32	8	1-512	> 512 b
	Lin-BCN//Lin-N3 212	932.00	1-512	> 512	1-512	> 512
	Lin-BCN//Pleuro-N3 213	916.11	0.06-32	1	1-512	> 512
	Pleuromutilin 120	378.51	0.06-32	2	1-512	256
	Pleuro-N3 128	403.52	0.06-32	1	1-512	> 512
	Pleuro-N3//BCN-OH 205	553.74	1-512	2	1-512	> 512
	PLEURO-BCN 207	554.72	0.06-32	2	1-512	> 512 b
	Pleuro-BCN//Lin-N3 210	974.14	0.06-32	4	1-512	> 512 b
	Pleuro-BCN//Pleuro-N3 211	958.25	0.25-128	16	0,25-128	> 512 b
	Gentamicin 47	477.60	0.06-32	0.25 c	0,06-32	0.5 d
	Lin-BCN + Lin-N3 212 e		0.06-32	2	1-512	> 512
	Lin-BCN + Pleuro-N3 213 e		0.06-32	0.5	1-512	> 512
	Pleuro-BCN + Lin-N3 210 e		0.06-32	2	1-512	> 512
	Pleuro-BCN + Pleuro-N3 211 e		0.06-32	1	1-512	> 512

a Acceptable limits for S. aureus ATCC29213 = 1-4 mg/L; b Precipitates at 64 mg/L and above. c Acceptable limits for S. aureus ATCC29213 = 0.125-1 mg/L; d Acceptable limits for E. coli ATCC25922: 0.25-1 mg/L; e In each well, identical concentration of the 2 compounds (e.g.: 32 mg/L + 32 mg/L and cascade dilution)
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1.3 Techniques to Cross Biological Barriers
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3.4 4-Mercaptophtalic acid, A Potential Antibiotic with Specific Inhibition of the Bacterial Quinolinate Synthase NadA
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In an oven-dried flask A containing anhydrous MnO2 (74.68 mg, 858.96 µmol, 30 equiv) is wrapped in aluminum foil and placed in an ice-bath. Then a solution of hydrazone 149 (17 mM in CH2Cl2, 5.05 mL, 14.19 mg, 85.90 µmol, 3 equiv) is added and stirred for 30 min in the dark. In the meantime, a solution of disulfide 182 (5.8 mM in CH2Cl2, 4.94 mL, 20.00 mg, 28.63 µmol, 1 equiv) is placed into a flask B wrapped in aluminum foil and cooled to 0 °C. Then the solution of flask A is filtered in the dark at 0 °C through a plug of celite, to obtain a bright-orange solution of the intermediate diazomethane. The solution is added to flask B and the mixture is allowed to warm to rt. After 1.5 h, the mixture is diluted with CH2Cl2 (50 mL) and the reaction is stopped by addition of citric acid (4wt%, 50 mL). The organic layer is separated, washed with NaHCO3 (4wt%, 2×50 mL), H2O (2×50 mL) and brine (50 mL). The separated organic layer is dried with MgSO4, and the solvent is removed under reduced pressure. The crude is purified by column chromatography