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Abstract 

Natural products (NPs) present great chances to identify novel antimicrobial active substances 

with unprecedented structures. Synthetic access to natural derived compounds is essential in 

the development process of new drugs. However, usually scarcity of isolated material makes 

complete activity profiling difficult. Hence, there is the need for synthetic routes to acquire 

not just the natural product itself, but rather derivatives for the development of in-depth 

structure-activity relationship (SAR) studies for future drug development. Peptide-based NPs 

ǿƛǘƘ ŀ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ōŜǘǿŜŜƴ άǎƳŀƭƭ ŘǊǳƎǎέ ŀƴŘ άōƛƻƭƻƎƛŎǎέ ŀǊŜ ǎǘƛƭƭ ŀƴ ǳƴŘŜǊŜȄǇƭƻǊŜŘ ǘȅǇŜ 

of NPs, which have the potential to combine the advantage of high selectivity and 

bioavailability. 

Chapter 1 ς The known natural product Globomycin (GLM) is a cyclic peptide that shows 

activity against Gram-negative bacteria (MIC of 6.25 µg/mL for E. coli SANK 70569)29. After 

identifying an in-house producer strain, molecular network analysis of extracts derived from 

Streptomyces sp. HAG010519 revealed a total of 29 natural derivatives of GLM. For eleven 

derivatives a structural proposal based on MS/MS data has been given. Early ADME 

(Absorption, distribution, metabolism, excretion) tests were performed and revealed a high 

metabolic liability of GLM. To address this issue, a rational design approach to develop more 

stable derivatives was performed. Therefore, structure-based drug design (SBDD) and 

molecular docking studies were applied to focus the synthesis on the most promising 

derivatives. A solid-phase peptide synthesis (SPPS) approach was developed, with a 

macrolactamization between amino acids 5 and 4 (Figure 4-7) for the ring closure. The newly 

developed synthetic route has overall fewer synthetic steps, a high stereoselectivity for the 

fatty acid side chain, and gives a two-step procedure to introduce more extraordinary amino 

acid building blocks like hydroxyprolines. The four successfully synthesized derivatives show 

noticeable activity against the tested E. coli strains, with the highest one of 16 µg/mL, and that 

the docking scores delivered a good assessment between the compounds. 

Chapter 2 ς Falcitidin is an inhibitor of cysteine protease falcipain-2. Molecular network 

revealed over30 natural analogs of falcitidin. Total synthesis of chosen analogs was achieved 

using a SPPS approach followed by functional group interconversion of the cleaved peptide 

acid to the alcohol, followed by Dess-Martin oxidation to the aldehyde. Thereby, access to 

functionalized pentapeptides was established. In vitro testing against selected proteases, as 

well as falcipain-2 and -3 showed superior inhibitory activity than falcitidin itself. 

Chapter 3 ς In extracts of Pedobacter cryoconitis linear peptides containing dehydro amino 

acids were detected by metabolomics analyses. The compounds were called cryopeptides and 

contain two dehydrogenated valines in their structure. This feature can be found in other NPs 

as well. However, the biochemical basis of this dehydrogenation process of amino acids is not 

reported yet. To enable further studies in this direction and to investigate which substrate is 

used, precursor molecules were successfully synthesized. Furthermore, a synthetic route to 

two Cryopeptides and to two non-natural derivatives was developed for full structure 

elucidation,activity testing of the molecules and future enzymatic assays. 
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1. Introduction 

Looking at the numbers, the importance of natural products (NPs) in the development and 

discovery of new and novel drugs is apparent. Roughly 50% of the approved drugs from 

January 1981 to September 2019 were either i) natural products or derivatives (23.5%) or ii) 

synthetic drugs based on the structure of a natural product or a mimic thereof (25.7%).1 In 

the case of approved antibiotics, over 80% are natural products or are based on their 

structure.2 Secondary metabolites are natural products, which are not essential for the 

development of an organism but originate in the organism adapting to environmental 

changes.3, 4 ¢ƘŜƛǊ ǎǘǊǳŎǘǳǊŀƭ ŘƛǾŜǊǎƛǘȅ ŀƴŘ ǳƴƛǉǳŜ ŦŜŀǘǳǊŜǎ ƻŦǘŜƴ Řƻ ƴƻǘ Ŧƻƭƭƻǿ ά[ƛǇƛƴǎƪƛΩǎ ǊǳƭŜ 

ƻŦ ŦƛǾŜέ5 and differ vastly, compared to molecules derived from combinatorial chemistry 

approaches.3, 4. Especially microorganisms show a huge potential for the discovery of novel 

classes of antimicrobial active substances and future drugs based on NPs.6, 7 For years, NPs 

ƘŀǾŜ ōŜŜƴ ŀ ƎǊŜŀǘ ǎƻǳǊŎŜ ŦƻǊ άƴŀǘǳǊŀƭ ǇǊƻŘǳŎǘ ŘƛǎŎƻǾŜǊȅέ ŦƻǊ ǘƘŜ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ƛƴŘǳǎǘǊȅΦ 

Due to an increase of the re-discovery of known molecules, the high costs as well as complex 

regulations regarding intellectual properties, natural product discovery programs declined 

over the last couple of years.3,4  

Peptide-based NPs have seen an increase in interest by pharmaceutical industry over the last 

years.8, 9 With less than 50 amino acids,9 they bridge the gap between small molecule drugs 

όғрлл 5ŀύ ŀƴŘ ǎƻ ŎŀƭƭŜŘ άōƛƻƭƻƎƛŎǎέΣ ŘǊǳƎǎ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǇǊƻǘŜƛƴǎΣ ƎǊƻǿǘƘ ŦŀŎǘƻǊǎ ƻǊ ŀƴǘƛōƻŘƛŜǎΣ 

all with a high molecular weight (>5000 Da).10 Protein-based drugs show great selectivity and 

less side effects but need to be delivered via injection. In contrast, small molecule drugs often 

                                                      

1 D. J. Newman, G. M. Cragg, J. Nat. Prod. 2020, 83Σ ттлҍулоΦ 

2 M. Lakemeyer, W. Zhao, F. A. Mandl, P. Hammann, S. A. Sieber, Angew. Chem. Int. Ed. 2018, 57, 14440ς14475. 

3 D. A. Dias, S. Urban, U. Roessner, Metabolites, 2012, 2, 303-336.  

4 A. Atanasov et al. Nat Rev Drug Discov, 2021, 20, 200ς216. 

5 C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeney, Advanced Drug Delivery Reviews, 2001, 46, 1-3, 3-26. 

6 P. Monciardini, M. Iorio, S. Maffioli, M. Sosio, S. Donadio, Microb. Biotechnol. 2014, 7, 209ς220. 

7 R. Müller, J. Wink, Int. J. Med. Microbiol. 2014, 304, 3ς13. 

8 T. Dang, R. D. Süssmuth, Acc. Chem. Res. 2017, 50, 1566-1576.  

9 G. B. Santos, A. Ganesan, F. S. Emery, ChemMedChem, 2016, 11, 1-8. 



 

2 

show more side effects but better oral bioavailability.10 Peptides cover the gap between these 

two groups of drugs and are an underexplored area in the drug market by now. They emerge 

as promising candidates to combine the advantages of both drug classes.10 They can be 

biochemically divided into two classes of peptides based on their formation: i) ribosomally 

synthesized and post-translationally modified peptides (RiPPs) and ii) nonribosomally 

synthesized peptides (NRPs).8  

Advances in technology as analytical methods, cultivation and genome mining have the 

potential to reinvigorate the NP-based drug discovery approach.4 Higher sensitivity and 

resolution of analytical methods make it possible to find even small traces of active 

compounds and to elucidate their structure. The isolation of the active compound oftentimes 

yields just enough material for basic activity tests and structure elucidation. Due to the 

scarcity of the isolated compound, synthetic access is still of high importance: Generation of 

enough material for further testing and researching the mode of action on the one hand and 

for the development of derivatives to generate a structure-activity-relationship (SAR) on the 

other.  

 

The collaboration of Fraunhofer with the industrial pharmaceutical partners Sanofi and later 

Evotec creates a beneficial setting for the discovery and development of novel natural active 

compounds. The cooperation between academic research and the long-term expertise of 

pharmaceutical companies support the development of novel microbial active compounds 

derived from natural products for not just pharmaceutical but also veterinary and agricultural 

applications. 

 

 

                                                      

10 D. J. Craik, D. P. Fairlie, S. Liras, D. Price, Chem Bio Drug Des, 2013, 81, 136-147. 
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2. Objective 

Synthetic access to newly found natural products after their discovery and structure 

elucidation is still indispensable to this date. Computational chemistry and models cannot 

deliver accurate results on activity but just give an indication, especially comparing derivatives 

among themselves. Therefore, enough material needs to be synthesized and a synthetic route 

has to be established in order to not just synthesize the one molecule but rather to be flexible 

to synthesize derivatives as well. For peptide-based molecules solid-phase peptide synthesis 

(SPPS) is the method of choice for quick and easy access to peptide scaffolds.  Further 

functionalization can be carried out either on resin or after the cleavage of the peptide from 

the solid support. 

This work is divided in three different projects, each focusing on a specific peptide-based 

compound in the field of bioactive natural products and their synthesis. Each chapter contains 

a brief introduction, a results and discussion section, a summary and outlook, and an 

experimental part as well as the associated supporting information. The materials and 

methods are combined in one preceding chapter and the references are included chapter 

wise. 

 

Chapter 1 ς Globomycin 

Globomycin (GLM, 1.1) is an underdeveloped literature known antibacterial 

depsicyclopeptide with promising anti Gram-negative activity. To determine possible 

weaknesses, ADME studies on GLM will be performed. The results will be incorporated into a 

rational design approach for new derivatives. Utilizing the published crystallography data, 

structure-based drug design (SBDD) and molecular docking will be the key methods to narrow 

down promising structures. Following this, a flexible and robust synthetic route will be 

developed. It will be concluded by activity tests of the synthesized derivatives. 

In a second approach, it is planned to find an in-house producer strain and investigate it to 

identify additional active natural congeners for an in-detail structure-activity relationship 

(SAR). Therefore, extracts will be generated and analyzed by UHPLC-MS/MS to create a 

molecular network in which derivatives will cluster with GLM. 
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Chapter 2 ς Falcitidin analogs 

Falcitidin analogs are structurally related to falcitidin, an active inhibitor of the protease 

Falcipain 2 which represents a promising target in malaria therapy. Falcitidin was found as 

part of another project in a molecular networking. Its clustering in the molecular network will 

be explored further for more natural analogs. Following structure elucidation based on 

isolated compounds and structure hypotheses based on MS data, a flexible synthetic route to 

natural found molecules as well as future derivatives will be developed and compounds will 

be synthesized, followed by activity testing. This chapter will be presented as the submitted 

manuscript. 

Chapter 3 ς Cryopeptide 

The so-called Cryopeptides are small linear pentapeptides, found in the molecular network of 

Pedobacter cryoconitis by Luis J. Linares Otoya from the research group of Prof. Dr. T. 

Schäberle from the Justus-Liebig-University. They contain structural interesting 

dehydrogenated amino acids. This chapter will focus on the synthesis of two natural isolated 

compounds for comparison and full structure elucidation as well as non-natural derivatives 

and aminoacyl-N-acetylcysteamine thioesters (SNACs) of valine to examine the 

dehydrogenation process of the amino acids. 
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3. Materials and methods 

All chemicals were purchased from commercial suppliers in the highest quality and used 

without further purification. The amino acids and resins specifically were purchased from Iris 

Biotech. Anhydrous solvents were purchased from Acros Organics and were stored under an 

argon atmosphere. 

For monitoring reaction progresses, an 1100 HPLC system with DAD from Agilent (Agilent, 

Santa Clara, CA, USA) and an Amazon (Bruker, Billerica, MA, USA) ESI Ion trap spectrometer 

were used. For TLC glass plates from Merck (¢[/ {ƛƭƛŎŀ ƎŜƭ сл Cіљј) were used. Visualization 

was carried out using UV-light (254 nm), and/or TLC dips, such as: potassium permanganate 

stain (4.5 g KMnO4, 30 g K2CO3, 4 mL 10 % aqueaous NaOH solution, 450 mL H2O), ninhydrin 

stain (5 g ninhydrin, 150 mL EtOH), or ceric ammonium molybdate stain (25 g H3[PMo12O40], 

10 g Ce(SO4)2, 60 mL conc. H2SO4, 940 mL H2O) followed by gentle heating. 

For manual column chromatography glas columns of different diameters (1-8 cm) and silica 

from Macherey Nagel (silica 60) were used. For automated flash chromatography a Biotage® 

SP4 from Biotage (Biotage, Uppsala, Sweden) with ISOLUTE Flash Si II columns of different 

sizes from Interchim were used. 

HPLC purifications were done on semi preparative 1100 HPLC and 1200 HPLC systems with 

DAD from Agilent (Agilent, Santa Clara, CA, USA) and a Gilson (Gilson Incorporated, 

Middleton, WI, USA) fraction collector. For all purifications the NUCLEODUR® C18 Gravity SB, 

3 µm, 250 x 10 mm column was used. Acetonitrile (HPLC grade) was purchased from Fischer 

scientific and used without further purification. Water was purified using a Sartorius 

(Sartorius AG, Göttingen, Germany) system. 

UHPLC-UHR-MS analysis was performed on a 1290 UHPLC system (Agilent, Santa Clara, CA, 

USA) equipped with DAD and maXis LLϰό.ǊǳƪŜǊΣ .ƛƭƭŜǊƛŎŀΣ a!Σ ¦{!ύ 9{L-qTOF-UHR-MS with 

the gradient: 0 min: 95% A; 0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0% A; 22.50 min: 

0% A; 22.60 min: 95% A; 25.00 min: 95% A (A: H2O, 0.1% formic acid (FA); B: Acetonitrile, 0.1% 

FA; Flow: 600 ˃L/min). Column oven temperature: 45 °C. Column: Acquity UPLC BEH C18 

мΦт˃Ƴ όнΦмȄмлл ƳƳύ ǿƛǘƘ !Ŏǉǳƛǘȅ ¦t[/ .9I /му мΦт˃Ƴ ±ŀnGuard Pre-Column (2.1×5 mm). 

Collision induced dissociation was performed at 28.0ς35.05 eV using argon at 10ҍ2 mbar. 
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The specific rotation of chiral compounds was determined on a digital polarimeter of the 

model P3000 from Krüss (A.Krüss Optronic GmbH, Hamburg, Germany). Standard wavelength 

was the sodium D-line with 589 nm. Temperature and concentration (mg/mL) are reported 

with the determined value. 

NMR spectra of synthesized molecules were recorded on an AVANCE III HD 600 spectrometer 

(600 MHz for 1H, 151 MHz for 13C), an AVANCE III 400 HD spectrometer (400 MHz for 1H, 

101 MHz for 13C) and an AVANCE III 400 spectrometer (400 MHz for 1H, 101 MHz for 13C) from 

Bruker Biospin (Bruker Biospin GmbH, Rheinstetten, Germany). Chemical shifts are reported 

in ppm and were referenced to the corresponding residual solvent signal (CDCl3Υ ʵC = 

77.16 ǇǇƳΣ ʵH = 7.26 ppm; DMSO-d6Υ ʵC = 39.52 ǇǇƳΣ ʵH = 2.50 ppm; D2hΥ ʵH = 4.79 ppm; 

CD3OD,Υ ʵC = 49.00 ǇǇƳΣ ʵH = 3.31 ǇǇƳύΦ ʵC shifts marked with an * were not observed in the 

13C NMR spectrum, but obtained either from HMBC or HSCQ data.  

NMR spectra of natural isolated fractions of Falcitidin analogs were measured and interpreted 

by Michael Kurz (Sanofi, Frankfurt) and were acquired on a Bruker AVANCE 700 spectrometer 

(700 MHz for 1H, 176 MHz for 13C) and a Bruker AVANCE 500 spectrometer (500 MHz for 1H, 

126 MHz for 13C). Both instruments were equipped with a 5 mm TCI cryo probe. For structure 

elucidation and assignment of proton and carbon resonances 1D-1H, 1D-13C, DQF-COSY, 

TOCSY (mixing time 80 ms), ROESY (mixing time 150 ms), multiplicity edited-HSQC, and HMBC 

spectra were acquired. 1H-chemical shifts were referenced to sodium-3-

(Trimethylsilyl)propionate-2,2,3,3-d4. 13C-chemical shifts were referenced to the solvent 

signal (DMSO-d6Υ ʵC = 39.52 ppm). 

NMR spectra of natural isolated fractions of the Cryopeptides were measured on a Bruker 

Avance III 600 MHz spectrometer (600 MHz for 1H, 151 MHz for 13C) equipped with a Prodigy 

cryoprobe (Brucker, Ettlingen, Germany). Chemical shifts are reported in ppm and were 

referenced to the corresponding residual solvent signal (DMSO-d6Υ ʵC = 39.52 ǇǇƳΣ ʵH = 

2.50 ppm; CD3ODΥ ʵC = 49.00 ǇǇƳΣ ʵH = 3.31 ppm) and interpreted by Dr. Yang Liu. 
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4. Chapter 1 ς Globomycin 

This work was carried out in collaboration with the industry partner Sanofi and Evotec, 

particularly the colleagues Hans Matter and Armin Bauer from Sanofi and Frédéric Jeannot 

und Pierre Despeyroux from Evotec. 

 

My main contributions to the project are: 

¶ Coordination of the project 

¶ Discussions for the rational design approach and the results of the SBDD / molecular 

docking (with H. Matter and A. Bauer) 

¶ Identifying MS results of molecular network (with M. Patra)  

¶ Co-development of the synthetic strategies (with S. Schuler and Evotec chemists) 

¶ Syntheses and analytics of derivatives 

 

4.1 Introduction 

Infectious diseases caused 20% of deaths worldwide in 2017.11 Even if the mortality caused 

by infectious diseases is slowly decreasing, the threat of multi-drug resistance is growing.12, 13 

¢ƘŜ ²Ih ŀŘŘǊŜǎǎŜǎ ǘƘŜ ǳǊƎŜƴŎȅ ƛƴ ŀ ƭƛǎǘ ƻŦ άDƭƻōŀƭ tǊƛƻǊƛǘȅ tŀǘƘƻƎŜƴǎέ ǘƘŀǘ ƛƴŎƭǳŘŜ мн 

different species.14 The acronym ESKAPE summarizes the six most important ones:  

 

                                                      

11 Hannah Ritchie, Max Roser, 2018 - "Causes of Death". Published online at OurWorldInData.org. Retrieved 
from: https://ourworldindata.org/causes-of-death [last accessed: 26th March 2021]. 

12 https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death, [last accessed: 26th March 
2021]. 

13 /5/Φ ά!ƴǘƛōƛƻǘƛŎ wŜǎƛǎǘŀƴŎŜ ¢ƘǊŜŀǘǎ ƛƴ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎέΣ нлмфΦ !ǘƭŀƴǘŀΣ D!Υ ¦Φ{Φ 5ŜǇŀǊǘƳŜƴǘ ƻŦ IŜŀƭǘƘ ŀƴŘ 
Human Services, CDC; 2019. 

14 WHO. Global priority list of antibiotic-resistant bacteria to guide research, discovery, and development of new 
antibiotics, 2017. Can be founs under: http://www.who.int/medicines/publications/WHO-PPL-
Short_Summary_25Feb-ET_NM_WHO.pdf [last accessed: 26th March 2021]. 

https://ourworldindata.org/causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf
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E - Enterococcus faecium (Gram-positiv) 

S - Staphylococcus aureus (Gram-positiv) 

K - Klebsiella pneumoniae (Gram-negative) 

A - Acinetobacter baumannii (Gram-negative) 

P - Pseudomonas aeruginosa (Gram-negative) 

E - Enterobacter (Gram-negative) 

Antibiotic resistance is a natural evolutionary process, be it an acquired response on 

environmental change, a coincidental mutation or the intrinsical property of bacteria to be 

resistant.15 The mis- and overuse of antibiotics is further accelerating the development of 

resistances in organisms. Besides the almost instant development of resistances, a lack of new 

and novel compounds is aggravating the situation.16 Only 17 new antibiotics were approved 

and marketed in the US between 2000-2018.17 In December 2020, 43 antibiotics were in 

clinical development. Nevertheless, none represents a novel class or a novel mode of action 

against Gram-negative ESKAPE pathogens.18 New antibiotics, especially novel antibiotic 

classes and novel modes of action are severely needed to treat infectious diseases, especially 

against Gram-negative bacteria.  

As Penicillin, one of the first antibacterial natural products, was found in nature,19 it is not 

surprising to utilize natural products as a source to discover and develop new antibiotics. Of 

21 different classes of antibiotics, 17 are either natural products or derivatives thereof.17 The 

diversity and properties of natural products are a great source of novel structures and mode 

of actions. Over time, the discovery of novel natural products declined though, and the 

rediscovery of known compounds became more frequent.3 The broadening of the secondary 

metabolite spectra of examined species is one way to address this problem and the inclusion 

                                                      

15 J. M. A. Blair et al. Nat Rev Microbiol, 2015, 13, 42ς51. 

16 G. Annunziato, Int. J. Mol. Sci. 2019, 20, 5844. 

17 M. Lakemeyer, W. Zhao, F. A. Mandl, P. Hammann, S. A. Sieber, Angew. Chem. Int. Ed. 2018, 57, 14440ς14475. 

18https://www.pewtrusts.org/en/research-and-analysis/issue-briefs/2021/03/tracking-the-global-pipeline-of-
antibiotics-in-development. [Accessed: 26th March 2021]. 

19 A. Flemming, Br J Exp Pathol, 1929, 10 (3), 226-236. 

https://www.pewtrusts.org/en/research-and-analysis/issue-briefs/2021/03/tracking-the-global-pipeline-of-antibiotics-in-development
https://www.pewtrusts.org/en/research-and-analysis/issue-briefs/2021/03/tracking-the-global-pipeline-of-antibiotics-in-development
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of hard to cultivate species. Other alternatives are underexplored natural products, which 

were found in the past but their potential was not actively exploited due to limited 

technologies. Those known compounds offer a great starting point for developing new 

antibiotics and finding novel modes of action. Physico chemical examinations of natural 

compounds allow for addressing toxicity or stability problems early on. Computer based 

methods, such as structure based drug design (SBDD) or molecular docking can aid in the 

development of structural optimization. 

Globomycin (1.1, GLM) and its naturally occurring congeners, as shown in Figure 4-2, 

represent a class of such underexplored natural products. This cyclic depsipeptide was first 

isolated in 1978 from four different Actinomyces strains and consists of five amino acids 

(AA-1 - AA-5) ŀǎ ǿŜƭƭ ŀǎ ŀ ʲ-hydroxy fatty acid (BHA) as lipophilic side chain.20 Three main 

properties make it an attractive starting point for developing a new antibiotic lead structure: 

1. Gram-negative activity  

2. A novel target, the lipoprotein signal peptidase II (LspA) 

3. Chemical structure allows wide optimization 

Its activity against Gram-negative bacteria21 and Mycobacterium tuberculosis22 addresses the 

most important field of antibiotic research. The Gram-negative activity of GLM originates 

from inhibition of the signal peptidase LspA, a transmembrane enzyme, which catalyzes the 

release of signal peptides from bacterial membrane pro-lipoproteins to apo-lipoproteins. 

Globomycin functions as a non-cleavable peptide, blocking the binding side of LspA and 

unprocessed pro-lipoproteins accumulate in the cytoplasmic membrane, resulting in cell 

death (Figure 4-1, highlighted in red).23 

                                                      

20 M. Inukai, R. Enokita, A. Torikata, M. Nakahara, S. Iwado, M. Arai, J. Antibiot. 1978, 31, 410-420. 

21 T. Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Kogen, Bioorg. Med. Chem. 2004, 12, 337-361. 

22 N. Banaiee, W. R. Jacobs, J. D. Ernst, J. Antimicrob. Chemother. 2007, 60, 414-416. 

23 M. W. Weichert et al. Nat Commun. 2017, 8, 15952. 
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Figure 4-1: Lipoprotein posttranslational processing in Gram-negative bacteria.23 The by 
Globomycin (1.1) targeted enzyme LspA and its role in the process is highlighted in red. GLM 
functions as a non-cleavable peptide for LspA and pro-lipoproteins accumulate in the 
membrane, resulting in cell death.  

 

LspA offers two advantages as an antibiotic target: i) it is exclusively found in bacteria, 

therefore a low risk of target-based adverse effects in humans can be expected and ii) it has 

not been addressed by marketed antibiotics yet. Based on the cyclic peptide structure of 1.1, 

structural modifications can easily be implemented. The alkyl side chain could be varied in 

length and shape and different functional residues can be added. The amino acids can be 

exchanged for other natural or non-natural amino acids or for mimetics. This can aid in the 

development of a more profound Structure-Activity Relationship (SAR) and improvement of 

physicochemical properties like metabolic liability, log D values and overall ADME 

qualities.24, 25 

 

                                                      

24 F. Hoffmann-La Roche AG, Genentech, Inc., Cyclic Peptide Antibiotics, WO2019/052545 A1, 2019. 

25 K. Garland et al. Bioorg Med Chem Lett, 2020, 30 (20), 127419. 
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compound R n 

Globomycin (1.1) 

SF-1902 A1 

CH3 3 

SF-1902 A2 CH3 1 

SF-1902 A3 H 3 

SF-1902 A4a CH3 4 

SF-1902 A4b H 5 

SF-1902 A5 CH3 5 

Figure 4-2: Globomycin (1.1) and its literature known naturally occurring congeners.26 

 

The published synthetic approaches (see Figure 4-3 and Table 4-1) differed in two main 

aspects, namely the ring closure and the stereoselective synthesis of the lipophilic side chain. 

SarabiaΩs et al. synthesis of Globomycin was a linear approach and focused on solid phase 

peptide synthesis (SPPS) and macrolactonization after the peptide is cleaved of the resin as 

the ring closing step. Furthermore, the syntƘŜǎƛǎ ƻŦ ǘƘŜ ʲ-hydroxy acid was explored in two 

different approaches, both complex multi-step preparations with a moderate overall yield.27 

Kiho and co-workers pursued a convergent synthesis based on three fragments. The di- and 

tripeptide fragments were synthesized in the liquid phase and the ring closing step was based 

on macrolactamization between serine and threonine. The stereoselective synthesis of the 

lipophilic side chain was examined in three ways, where the most promising two were three 

step procedures with high overall yields. One focused on Evans chemistry and the other on a 

norephedrine based auxiliary to introduce the stereochemistry.26 Both, the Sarabia group as 

well as Kihos group relied on different protecting groups for each of the hydroxyl groups of 

threonine and serine, see Table 4-1 and Figure 4-3. 

 

 

 

 

 

                                                      

26 T. Kiho, M. Nakayama, K. Yasuda, S. Miyakoshi, M. Inukai, H. Kogen, Bioorg. Med. Lett. 2003, 13, 2315-2318. 

27 F. Sarabia , S. Chammaa, C. García-Ruiz, J Org Chem, 2011, 76 (7), 2132-2144. 
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Table 4-1: Comparison of Sarabia and Kihos synthetic strategies.26, 27 

 

 

Figure 4-3: Simplified retrosynthetic approach of KihoΩs (blue) and SarabiaΩs (red) work to 
Globomycin (1.1).26, 27 

 

Kiho et al. published activity results of GLM analogues in which they showed initially the 

importance of the lipophilic side chain and its length, the need for a methylation of the 

nitrogen on AA-1, and the importance of the serine in 2004.21 Besides this first SAR data, 

 Kiho et al. Sarabia et al. 

Style convergent linear 

Peptide synthesis liquid; di- and tripeptide 

fragments 

solid phase, linear peptide 

Ring closing step macrolactamization 

between AA-4 and AA-3 

macrolactonization 

Protecting groups Thr(TBS), Ser(Bn) Thr(TBS), Ser(Bn) 

BHA Evans auxiliary, 

Norephedrine auxiliary, 

Mitsunobu based apporach 

Sulfur ylides 

Sharpless asymmetric epoxidation 
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Vogeley et al. presented the crystal structure of LspA in complex with Globomycin. This 3D 

model offers a deeper understanding of molecular interactions and allows for a structure-

based optimization approach of Globomycin as a potential lead structure. It identifies LspA as 

an aspartyl peptidase, with Asp124 and Asp143 located in the catalytic center, which is 

occupied by the serine of Globomycin.28  

 

4.2 Results and Discussion 

The results of this work are divided into four sub chapters, focusing on the following main 

aspects, with final antibacterial activity tests to conclude the work: 

1. Examining the in-house metabolomic library for a producer strain and natural 

Globomycin analogues. 

2. Determining physicochemical properties (ADME / MedChem) and addressing stability 

problems early on. 

3. Evaluating new structural elements and derivatives utilizing structure-based drug 

design and molecular docking experiments. 

4. Combining the advantages of the two known synthetic routes for an easier and more 

robust synthetic procedure. 

 

4.2.1 Molecular Networking and Producer Strain 

To identify natural Globomycin producers in our strain collection, a reverse database search 

was performed, based on the m/z value of the proton adducts and their retention time, 

referencing to the commercially available Globomycin authentic standard. Using this 

approach, a producer stain (Streptomyces sp. HAG010519) was identified in the in-house 

metabolomic database of Fraunhofer by Dr. Maria Patras, and it produced Globomycin, 

SF-1902 A2a and A3a in high titers. Based on the existing data of the producer strain, together 

we performed a molecular network analysis (see Figure 4-4), which revealed a larger group 

                                                      

28 L. Vogeley et al. Science, 2016, 351 (6275), 876-880. 
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of derivatives (marked in blue) encompassing the congeners SF-1902 A2 - A5 reported in 

literature (marked in red, Figure 4-4) and new ones (marked in green). 

 

Figure 4-4: Molecular Networking Cluster of the Globomycin family of structural related 
compounds. Highlighted in yellow is the precursor ion corresponding to Globomycin (1.1), in 
red literature known compounds SF-1902 A2 - A5 and in green novel found congeners that 
have a similar structure to the known ones. Shown in blue are structural derivatives. 

 

In the following, congeners refer to compounds with the highest structural similarity to 

Globomycin and the literature known SF-1902 A2 - A5, whereas derivatives differ in a greater 

structural way from the mother compound e.g., containing different amino acids. In the 

extract we found 20 new congeners based on the molecular network (nodes in green) and 

specific searches. For that we deduced structures, derived of Globomycin and its congeners, 

and searched specifically for them in the chromatogram of the extract. For seven we proposed 

a structure based on the comparison of their fragmentation pattern to that of Globomycin, 

shown in Figure 4-5. These congeners differ only in the length of the lipophilic side chain and 

the residue of AA-2.  

The remaining nine compounds present in the molecular network (marked blue) are 

derivatives with greater structural differences compared to GLM. For four of them we 

proposed structures based on the fragmentation pattern, mostly modifications of the 

lipophilic side chain. 
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compound AA-2 n MF 

Globomycin (1.1) 

SF-1902 A1 

allo-Ile 5 C32H57N5O9 

SF-1902 A2a allo-Ile 3 C30H53N5O9 

SF-1902 A2b Val 4 C30H53N5O9 

SF-1902 A3a Val 5 C31H55N5O9 

SF-1902 A3b (allo)-Ile 4 C31H55N5O9 

SF-1902 A4a1 allo-Ile 6 C33H59N5O9 

SF-1902 A4a2 

or 

SF-1902 A4c 

Ile 6 C33H59N5O9 

Leu 6 

SF-1902 A4b Val 7 C33H59N5O9 

SF-1902 A5 allo-Ile 7 C34H61N5O9 

SF-1902 A6a Val 3 C29H51N5O9 

SF-1902 A6b (allo)-Ile 2 C29H51N5O9 

SF-1902 A7a (allo)-Ile 1 C28H49N5O9 

SF-1902 A8 Val 1 C27H47N5O9 

Figure 4-5: Structure of Globomycin (1.1), its natural occurring congeners and the novel 
found isomers (marked in blue). Proposed structures are based on the comparison of their 
fragmentation pattern to that of GLM. The stereogenic centers are based on GLM and needs 
to be confirmed by NMR or crystallography. 

 

For the remaining compounds either the intensity was too low for fragmentation or it was 

overlapping with other fragmentation patterns. Detailed MS/MS data and chromatograms 

can be found in the Supporting Information 4.5.1, as well as a detailed structural overview of 

all congeners (Figure S 4-1, Figure S 4-2). 

Our proposed structures are based on the comparison of the fragmentation pattern of new 

molecules to that of GLM. The specificity of the fragmentation pattern and the distinct 

fragmentation order of Globomycin (Figure S 4-3) allows for a reliable structural assignment 

and regiochemical interpretation of the new compounds. Since all derivatives and congeners 

are very likely synthesized by the same Non-Ribosomal Peptide Synthase (NRPS) gene cluster, 

it can be assumed that the stereochemistry is conserved. However, this hypothesis needs to 

be confirmed by structure elucidation via NMR or crystallography. In the end, such an 

approach provides access to naturally occurring GLM analogues. 
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4.2.2 Early ADME tests on Globomycin 

Globomycin (1.1) was reported as a Gram-negative antibiotic with a minimal inhibitory 

concentration (MIC)-value of 6.25 µg/mL for E. coli SANK 70569.29 In cooperation with Sanofi 

we determined MIC values of 8 and 8-16 µg/mL for the E. coli strains ATCC 35218 and 

ATCC 25922, respectively. Our early ADME tests as well as a physicochemical evaluation of 

Globomycin indicate it to be a promising antibacterial lead structure. Overall, the natural 

compound shows drug like properties based on its log D value (pH 7.4: 3.95), its solubility of 

0.215 mg/mL (phosphate buffer at pH 7.4) and its moderate CYP3A4 inhibition. Its low 

permeability (in CaCo-2 model of intestinal resorption) can be neglected for an intravenous 

application. It has a high chemical stability (100%, phosphate buffer pH 7.4, 24 h at 25 °C) and 

is stable in simulated gastric, intestinal fluids, and in human plasma. The only liability 

observed from these early in vitro eADME studies is a high metabolic lability in human, mouse, 

and rat liver microsomes, which needs to be addressed for future derivatives. The main 

metabolite we found in the in vitro metabolism study of human liver microsomes indicates a 

cleavage between AA-3 and AA-4 (Ser and Thr) by amide hydrolysis. Two more metabolites 

were determined to be hydroxylated at AA-1 (N-Me-Leu) and the lipophilic side chain. 

 

4.2.3 Structure Based Drug Design (SBDD) and Molecular Docking 

To address the liability of the natural substrate based on the metabolites found in the eADME 

test, the focus was put on AA-4 and AA-3 as well as the lipophilic side chain. Figure 4-6 shows 

Globomycin in complex with LspA (PDB: 5DIR). Favorable hydrogen bonds (yellow) are formed 

between the hydroxyl group of serine and Asp 124 and Asp143, the catalytic dyad, as well as 

from various carbonyl groups to Arg 116 and Asn 112. 

 

                                                      

29 Y. Xiao, K. Gerth, R. Müller, D. Wall, Antimicrob. Agents Chemother. 2012, 56, 2014-2021. 
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Figure 4-6: Globomycin (in orange) in complex with LspA (PDB 5DIR). Favorable hydrogen 
bonds are depicted in yellow. 

 

To conserve the residues Asp 124 and Asn 143 of the catalytic center and maintain the 

interactions between it and serine, we focused on introducing favorable interactions to 

Asn 54. Therefore, we introduced hydroxyprolines in the place of the allo-threonine of GLM, 

further representing also a complement to the large number of so far described GLM 

analogues.24, 25 The assumption was, that additional hydrogen bonds could be formed and the 

pocket could be filled out in a better way, due to the steric room of the five-membered ring. 

To test the optimal position of the hydroxyl group, we exploited 3- and 4-hydroxyproline. 

Knowing the importance of the lipophilic side chain and the structure of the enzyme, our idea 

was to utilize Phe рф ŦƻǊ ŀǊƻƳŀǘƛŎ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ǎŀƴŘǿƛŎƘ ˉ- -̄stacking. During the 

docking process the most promising derivatives were chosen, based on synthetic availability 

and docking scores, as presented in Table 4-2. Graphic results of the molecular docking can 

be found in more detail in the Supporting Information 4.5.2. 
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Table 4-2: Results of molecular docking and SBDD. 

structure Docking 

Score 

[kcal/mol] 

 Docking 

Score 

[kcal/mol] 

 

ҍ99.833   

 

ҍ104.244 

 

ҍ108.369 

 

ҍ107.569 

 

ҍ104.718 

 

.ŀǎŜŘ ƻƴ ǘƘŜ ŘƻŎƪƛƴƎ ǎŎƻǊŜ ƻŦ ҍфф ƪŎŀƭκƳƻƭ ŦƻǊ D[a ǘhe results shown in Table 4-2 indicate a 

higher activity than Globomycin for all derivatives. To study the effect of structural 

modifications, we only implemented one change for the derivatives 1.2 and 1.3. The 

allo-threonine was exchanged to 4-Hyp and 3-Hyp, respectively, whereas the length of the 

lipophilic side chain was kept identical to GLM. Based on the docking scores, the 3-Hyp residue 

of 1.3 όҍмлтΦс kcal/mol) has a greater effect than the 4-Hyp residue of 1.2 όҍмлпΦн kcal/mol). 

This is also the case for the comparison of 1.4 and 1.5, both containing an aromatic side chain 

but different hydroxyprolines, where the docking score is again higher for the 3-Hyp 

derivative 1.4. In order to examine the replacement of the alkyl residue, we introduced an 
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ethane-phenyl substituent as an aromatic linker to study the effect of an aromatic moiety. 

Based on the results of the molecular docking, this length seems to be ideal to position the 

phenyl close enough to Phe рф ŦƻǊ ŦŀǾƻǊŀōƭŜ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΦ Comparing compounds 1.2 and 

1.5, which only differ in the type of linker, they show similar docking scores in the range of 

ҍ104 kcal/mol, suggesting that the effect of the side chain on the affinity is low. This is 

confirmed by comparing the docking scores of derivatives with longer chains, which vary only 

marginally. Detailed pictures of the molecular docking of the four chosen structures can be 

found in the Supporting Information (4.5.2). 

 

4.2.4 Synthesis 

Based on the aforementioned findings, a total synthetic route was favored for the four target 

compounds. In cooperation with Evotec, we planned our synthesis adopting the advantages 

of SPPS of Sarabia et al. and the preparation of the lipophilic side chain based on KihoΩs work. 

The differences and similarities of both synthetic strategies are summarized in Table 4-1 and 

were discussed in section 4.1. Figure 4-7 exemplifies on Globomycin the retrosynthetic 

approach of Kiho (blue), Sarabia (red) and the newly developed one in green. Our first tries 

adopting the macrolactonization procedure of Sarabia et al. resulted in very poor yields, so 

we switched our focus on macrolactamization to close the ring instead. To avoid unnecessary 

deprotection steps, we implemented a universal protecting group for the hydroxyl functions 

of amino acid building blocks, simplifying the overall synthesis. Since our first trial of using tBu 

failed due to deprotection issues, we choose TBS as the universal protecting group for further 

synthesis. This new synthetic approach combines the advantages of both literature known 

strategies in one easy and fast procedure, simplifying it further by using only one instead of 

two different protecting groups for the hydroxyl functions of the amino acids.  
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Figure 4-7: Simplified retrosynthetic approach of Kihos (blue) and Sarabias (red) work, as 
well as the newly developed retrosynthetic approach (green), exemplified on Globomycin. 

 

The generalized Scheme 4-1 gives an overview of the newly developed route. Our strategy 

can be segmented into six parts: (1) Esterification of the first amino acid to the resin; (2) 

coupling of amino acids and Fmoc-deprotection; (3) connecting the ̡-hydroxy acid (BHA); (4) 

attaching protected glycine and deprotection; (5) cleavage from the resin; (6) ring closure via 

macrolactamization and final deprotection of the hydroxyl groups. Disregarding the Fmoc-

deprotection steps, six of nine steps are carried out on solid support, making it an easy and 

especially fast procedure, avoiding multiple purifications of intermediates. 
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Scheme 4-1: Generalized synthesis of Globomycin and derivatives. It can be divided in six 
parts. Over 60% of the steps are carried out on solid support, eliminating purifications for 
intermediates allowing for a fast and easy procedure.  

 

For the overall synthesis the required building blocks, consisting of TBS-protected 3- and 4-

hydroxyproline and the ŎƘƻǎŜƴ ʲ-hydroxy acids, needed to be prepared beforehand. 

Preparing the BHAs we tried using the Evans as well as the Norephedrine auxiliary based on 

the procedures by Kiho et al.26 Due to unexpected problems during the hydrolysis of the 

Evans-aldol product, we chose the norephedrine route, as depicted in Scheme 4-2. For the 

aldol addition this method offered high diastereoselectivity of 93:7 and 96:4 for the n-alkyl 

(1.6) and the aromatic linker (1.7), respectively. However, the yields of both compounds over 

the aldol addition and hydrolysis varied greatly. For the n-alkyl linker (1.8) a yield of 93% was 

achieved. The aromatic linker (1.9) was obtained in just 34% over the same steps. Especially 

the hydrolysis with just 42% compared to the quantitative conversion of the alkyl linker 

affects the overall yield. Part of that could be attributed to the purification via crystallization, 

which was not optimized further. After hydrolysis of the anti-aldol product the norephedrine 

auxiliary was recovered in yields of 77-89%. 
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Scheme 4-2: Synthesis of lipophilic side chains based on norephedrine auxiliary. 

 

For the hydroxyproline derivatives, the Fmoc- and TBS-protected amino acid building blocks 

were synthesized as shown in Scheme 4-3 following standard literature procedures.30 The 

synthesis was done once in a 6-8 g scale for both building blocks and furnished the desired 

products in moderate to high yields over both steps. Synthesis of both, Fmoc- and TBS-

protected 4-Hyp (1.11) could be performed with yields of 90%, whereas the protected 3-Hyp 

(1.12) building block could be obtained only with a yield of 62% over both steps. This could 

be attributed to steric hindrance due to the proximity of the hydroxy group to the COOH 

group and the formation of an intramolecular hydrogen bond. 

 

Scheme 4-3: Fmoc- and TBS-protection of 3- and 4-hydroxypronline building blocks.  

 

                                                      

30 A. Agarkov, S. J. Greenfield, T. Ohishi, S. E. Collibee, S. R. Gilbertson, J. Org. Chem. 2004, 69 (23), 8077ς8085. 
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The 2-Chlorotrityl chloride (2-CTC) resin was chosen because of its hyper-acid lability for SPPS. 

Esterification of the resin with the first amino acid followed standard procedures and the 

loading was determined by UV/VIS-absorption for each prepared resin.31 Since the samples 

needed to be dried in vacuo first and were then stored under argon overnight, the determined 

loading of the resin could have been a source of error for following calculations. In the 

presence of the Fmoc-protecting group amino acids and short peptides bound to the 2-CTC 

resin are very prone to cleavage.31 Based on the loading of the purchased 2-CTC resin, the 

yield was 31% for the 4-Hyp variant (1.15) and 23% for the 3-Hyp variant (1.16). Those are 

very low yields for a standard procedure, which is usually known for high yields. Besides an 

incorrect determination of the loading, steric hindrance of the TBS-protected hydroxyproline 

could have been a factor for it. This would explain the even lower yield of the 3-Hyp resin 

where the bulky TBS-protecting group is positioned closer to the resin compared with the 4-

Hyp derivative. Following coupling steps based on the estimated loading were successful, so 

our calculated load seemed appropriate. 

The synthesis of 1.2 and 1.5 is depicted in Scheme 4-4. The peptide chain of 1.2 and 1.5 are 

identical, allowing for a split approach for the synthesis. Based on the determined loading of 

53, the overall yield, for a total of nine steps, not taking the Fmoc-deprotection steps into 

account, for 1.2 is 14% and for 1.5 it is 13%. The coupling of the first three amino acids was 

achieved with 84%. The following three steps were carried out on solid support in the same 

vessel to avoid losing too much material during a transfer. Therefore, we did not determine 

the yields of those intermediates. Ring closure was directly performed after cleavage of the 

cyclization precursor from the resin. The protected derivatives were only prepurified by 

column chromatography before the final deprotection step. 

 

 

  

                                                      

31 W. Chan, P. White, Fmoc Solid Phase Peptide Synthesis Practical Approach, Oxford University Press, Oxford, 
1999. 
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For the derivatives 1.3 and 1.4 (see Scheme 4-5) the overall yield overall steps is 10% and 

17%, respectively. The SPPS of the first three amino acids and Fmoc-deprotection is slightly 

lower with just 69%. The following six steps with yields of 14% and 24% are comparable with 

the ones from 1.2 and 1.5 with 17% and 16% over the same steps. Estimations based on the 

prepurified protected derivatives range from 29% to 51% for the deprotection step itself. 

Considering those, the TBS deprotection and final purification needs to be optimized for 

further derivatives. Additionally, the determined loading of the attachment of the 

hydroxyprolines to the resin needs to be considered. The sensitivity of the amino acid-resin 

bond as long as the Fmoc-group is attached and its storage overnight could have led to an 

error-prone load, which in turn affects the calculation of the overall yield. During the initial 

synthesis we focused on the timely delivery of a variety of Globomycin derivatives to establish 

a SAR. Therefore the yields and synthesis processes were not optimized at this stage. 

 

4.2.5 Antibacterial Activity 

Globomycin and the synthetic derivatives 1.2, 1.3, 1.4 and 1.5 were tested against a panel of 

Gram-negative bacteria (E. coli, tΦ ŀŜǊǳƎƛƴƻǎŀΣ K. pneumoniae and A. baumannii) as well as 

Gram-positive (S. aureus) and a surrogate of M. tuberculosis (i.e., M. smegmatis) (Table 4-3). 

Besides the activity for 9Φ Ŏƻƭƛ !¢// нрфнн ҟƘƭŘ9Σ ǿƘƛŎƘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ōȅ 9ǾƻǘŜŎ ό{ŜōŀǎǘƛŜƴ 

/ƻȅƴŜΣ tƘ5 ŀƴŘ ǘŜŀƳύΣ ŀƭƭ ƻǘƘŜǊ ǎŎǊŜŜƴƛƴƎǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ŀǘ ǘƘŜ CǊŀǳƴƘƻŦŜǊ LƴǎǘƛǘǳǘŜ 

ό5ǊΦ aΦ aŀǊƴŜǊ ŀƴŘ ǘŜŀƳύΦ .ȅ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘǎΣ ŀŎǘƛǾƛǘƛŜǎ ƻŦ җ мну ҡƎκƳ[ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ 

inactive, 32-64 µg/mL are weakly active, 4-16 µg/mL are moderately active and Җ н µg/mL are 

highly active. 
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Table 4-3: Antimicrobial activity of Globomycin (1) and derivatives.  

  

compounds R1 R2 R3 

1.2 n-butyl H OH 

1.3 n-butyl OH H 

1.4 Ph OH H 

1.5 Ph H OH 

 MIC [µg/mL] 

 Globomycin 1.2 1.3 1.4 1.5 

E. coli ATCC 25922 wt 16 >128 16-32 64 >128 

E. coli ATCC 25922 ҟtolC 0.5 1 0.5 1 2  

E. coli ATCC 25922 MHC 8-16 16  2 8 32 

E. coli ATCC 25922 ҟhldE  0.5 4  1  4 8 

      

P. aeruginosa PA01 >64 >64 >64 >64 >64 

P. aeruginosa PA0750 64 64 64-32 >64 >64 

K. pneumoniae ATCC 30104 64 >64 >64 >64 >64 

A. baumannii ATCC 19606 >64 >64 >64 >64 >64 

      

S. aureus ATCC 33592 >64 >64 >64 >64 >64 

      

M. smegmatis ATCC 607 >64 >64 >64 >64 >64 

Docking Score [kcal/mol] ҍ99.833 ҍ104.244 ҍ107.569 ҍ108.369 ҍ104.718 

 

Against all other bacteria except E. coli all compounds (1.1 ς 1.5) were either not active or 

barely active. The derivatives 1.3 and 1.4, as well as Globomycin (1) showed activity against 

all tested E. coli strains. CƻǊ ǘƘŜ ǿƛƭŘ ǘȅǇŜ ό9Φ Ŏƻƭƛ !¢// нрфнн ǿǘύ DƭƻōƻƳȅŎƛƴ ǿŀǎ ǎǘƛƭƭ ǘƘŜ 

Ƴƻǎǘ ŀŎǘƛǾŜ ŎƻƳǇƻǳƴŘΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ оπƘȅŘǊƻȄȅǇǊƻƭƛƴŜ ŎƻƳǇƻǳƴŘǎ мΦо ŀƴŘ мΦп ǿƛǘƘ ŀ 

ǎƭƛƎƘǘƭȅ ƭƻǿŜǊ ŀŎǘƛǾƛǘȅΦ ¢ƘŜ пπƘȅŘǊƻȄȅǇƻǊƻƭƛƴŜ ŘŜǊƛǾŀǘƛǾŜǎ мΦн ŀƴŘ мΦр ǎƘƻǿŜŘ ƴƻ ŀŎǘƛǾƛǘȅΦ Lƴ 

aI/ ǘƘŜ ŀŎǘƛǾƛǘȅ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǎǘŀƴŘŀǊŘ ƳŜŘƛǳƳ ŦƻǊ ŀƭƭ ŎƻƳǇƻǳƴŘǎ 

ŜȄŎŜǇǘ DƭƻōƻƳȅŎƛƴ ƛǘǎŜƭŦΣ ǿƛǘƘ мΦо ǎƘƻǿƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ ŀŎǘƛǾƛǘȅΦ ¢ƘŜ ǎŀƳŜ ŀǇǇƭƛŜǎ ŦƻǊ ǘƘŜ ҟƘƭŘ9 

ǾŀǊƛŀƴǘΣ ǿƘŜǊŜ ŀƭƭ ǘŜǎǘŜŘ ŎƻƳǇƻǳƴŘǎ ŀƭǎƻ ǎƘƻǿŜŘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ŀŎǘƛǾƛǘƛŜǎΣ ǿƛǘƘ D[a 

ƘŀǾƛƴƎ ǘƘŜ ōŜǎǘ ǊŜǎǳƭǘΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ оπƘȅŘǊƻȄȅǇǊƻƭƛƴŜ ŘŜǊƛǾŀǘƛǾŜ мΦоΦ .ƻǘƘΣ ǘƘŜ ҟƘƭŘ9 ǾŀǊƛŀƴǘ 

ŀƴŘ ǘƘŜ aI/ ƳŜŘƛǳƳ ŀŦŦŜŎǘ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ όƻǳǘŜǊύ ƳŜƳōǊŀƴŜΦ ¢ƘŜ ǘŀǊƎŜǘ ƻŦ D[aΣ [ǎǇ!Σ 

ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƛƴƴŜǊ ƳŜƳōǊŀƴŜ ƻŦ ǘƘŜ ŎŜƭƭ όFigure 4-1ύΦ ¢ƘŜ ƘƛƎƘŜǊ ŀŎǘƛǾƛǘƛŜǎ ƻŦ ŀƭƭ ŎƻƳǇƻǳƴŘǎ 

ƻŦ ǘƘŜ ҟƘƭŘ9 ǾŀǊƛŀƴǘ ŀƴŘ ǘƘŜ aI/ ǾŀǊƛŀǘƛƻƴΣ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǿŜŀƪŜǊ ŀŎǘƛǾƛǘƛŜǎ ŀƎŀƛƴǎǘ ǘƘŜ ǿƛƭŘ 

ǘȅǇŜ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ŀ ǇŜǊƳŜŀōƛƭƛǘȅ ǇǊƻōƭŜƳ Ƴŀȅ ōŜ ǘƘŜ ŎŀǳǎŜΦ ¢ƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ҟǘƻƭ/ ǾŀǊƛŀƴǘΣ 

ǿƘŜǊŜ ŀƭƭ ŘŜǊƛǾŀǘƛǾŜǎ ŀǊŜ ƘƛƎƘƭȅ ŀŎǘƛǾŜΣ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘƻǎŜ ƻŦ ǘƘŜ ǿƛƭŘ ǘȅǇŜΣ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ 
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ŎƻƳǇƻǳƴŘǎ ŀǊŜ ŀŎǘƛǾŜƭȅ ǘǊŀƴǎǇƻǊǘŜŘ ƻǳǘ ƻŦ ǘƘŜ ŎŜƭƭ ōȅ ŜŦŦƭǳȄπƳŜŎƘŀƴƛǎƳǎΦ !ƎŀƛƴΣ D[a ŀƴŘ мΦо 

ǎƘƻǿŜŘ ǘƘŜ ōŜǎǘ ǊŜǎǳƭǘǎ ǿƛǘƘ лΦр ҡƎκƳ[Φ hǾŜǊŀƭƭΣ ŎƻƳǇƻǳƴŘǎ 1.2, 1.3, 1.4 and 1.5 ǎƘƻǿŜŘ 

ƳƻŘŜǊŀǘŜ ǘƻ ƘƛƎƘ ŀŎǘƛǾƛǘȅ ŦƻǊ ǘƘŜ aI/ ŀƴŘ ҟƘƭŘ9 ǾŀǊƛŀƴǘǎΣ ǿƛǘƘ ǘƘŜ оπƘȅŘǊƻȄȅǇǊƻƭƛƴŜΣ ƴπōǳǘȅƭ 

ŘŜǊƛǾŀǘƛǾŜ мΦо ōŜƛƴƎ ǘƘŜ Ƴƻǎǘ ŀŎǘƛǾŜ ƻƴŜ ŀƎŀƛƴǎǘ ŀƭƭ 9ΦŎƻƭƛ strains, ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ƎƻƻŘ ƭŜŀŘ 

ǎǘǊǳŎǘǳǊŜ ŦƻǊ ŦǳǊǘƘŜǊ ƻǇǘƛƳƛȊŀǘƛƻƴΦ 

 

¢ƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ŀŎǘƛǾƛǘȅ ǊŜǎǳƭǘǎ ǘƻ ǘƘŜ ŘƻŎƪƛƴƎ ǎŎƻǊŜǎ ǎƘƻǿǎ ŀ ǘǊŜƴŘ ŀƴŘ ŀǎǎŜǎǎƳŜƴǘǎ 

ƻŦ ŘŜǊƛǾŀǘƛǾŜǎ ƛǎ ǇƻǎǎƛōƭŜΦ The lower docking scores of 1.2 and 1.5 (~ ҍмлп ƪŎŀƭκƳƻƭύ ŀƴŘ ōŜǘǘŜǊ 

ones for 1.3 and 1.4 (~ ҍ108 kcal/mol) corresponded to the determined activities. As 

predicted by docking, the 3-Hyp derivatives 1.3 and 1.4 showed higher activity as the 4-Hyp 

ones (1.2 and 1.5). The docking scores predicted only a marginal effect of the aromatic residue 

on the activity, comparing 1.3 to 1.4 and 1.2 to 1.5. The results showed a slight decrease of 

the activity for the phenyl moiety, comparing compounds 1.3 (16-32 µg/mL) to 1.4 

(64 µg/mL). The hypothesis of favorable interactions of Phe 59 to the aromatic residue aƴŘ ˉ-

-̄stacking therefor did not work out. This shows the limitation of computer-based methods 

and that the results are an estimation and testing the compounds is indispensable.  

 

4.3 Summary and Outlook 

With just 17 antibiotics approved between 2000 - 2018 and the development of multi-drug 

resistance, the need for novel antibiotics is more pressing than ever. Natural products offer 

an abundant diversity of active compounds. They, and structures derived from them, make 

up over 80% of marketed antibiotics.17 Besides the strategy to find novel natural products, 

exploiting underdeveloped substances of the past and using their potential for optimization 

is another approach. Globomycin (1.1, GLM), first reported in 1978,20 is such an 

underdeveloped substance and presents a very attractive lead structure to develop further 

based on the following attributes: i) its Gram-negative activity; ii) its structural setup which 

allows for modification and iii) its unique target LspA, which is exclusively found in bacteria 

and has not been exploited by other antibiotics yet. Additionally, the crystal structure of GLM 

in complex with LspA allows for a computer-aided approach,24 like structure-based drug 
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design (SBDD). The high potential became apparent in 2020 when Garland et al. published 

their work about the optimization of Globomycin analogs with a variety of newly developed, 

synthesized and tested structures.25 

In search of new natural congeners of Globomycin for SAR expansion, we were able to find 

an in-house producer strain (Streptomyces sp. HAG010519). Using molecular networking and 

specific searches, we found a total of 29 structures related to Globomycin. For seven of 20 

found new congeners and for four of nine newly found derivatives we proposed a structure. 

However, it turned out that all in this way identified derivatives were meanwhile described in 

patent literature.24 

Our early on approach of physiochemical tests to explore possible weaknesses, like stability 

and toxicity, is indispensable to address possible complications of future drugs as early as 

possible and to put the focus of the optimization process on where it is needed most. Early 

ADME tests revealed promising drug-like properties, but a high metabolic liability of the 

natural substrate (1.1). The amide bond cleavage between AA-3 and AA-4 (Ser and Thr) as a 

major metabolic pathway was identified. We used the published structure-activity 

relationship (SAR) of GLM,21 SBDD and molecular docking to evaluate the binding pocket and 

to develop new analogues. To address the high liability we exchanged the natural allo-

threonine for hydroxyprolines, based on the assumption that the steric demand would slow 

down the amide hydrolysis between it and serine. This structural motif was also chosen based 

on a possible new hydrogen bond to Asn 54 and filling out the pocket in the catalytic cavity 

more due to the sterically demanding five-membered ring (Figure 4-6, Supporting Information 

4.5.2). To investigate the effect of the lipophilic side chain, we introduced an aromatic residue 

for more favorable interactions, possible to Phe 59 (Figure 4-6, Supporting Information 4.5.2). 

The docking scores for the four chosen compounds all ranged higher than the one from GLM. 

The successful, newly developed synthetic route combines the advantages of the literature 

known ones,26,27 and improving it further with the use of only one protecting group (TBS) 

instead of the different ones used before (TBS and Bn) and less synthetic steps overall. It offers 

a high stereoselectivity for the synthesis of the fatty acid side chain, based on the 

norephedrine auxiliary, with a dr of 93:7 and 96:4 for the n-alkyl (1.6) and the aromatic linker 

(1.7), respectively. The synthesis of the protected amino acid building blocks is performed in 

just two steps with yields of 62% and 90% for 4-Hyp (1.11) and 3-Hyp (1.12), respectively, 
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allowing for an easy procedure to introduce more exotic amino acids. The first step, the 

attachment of the protected hydroxyprolines to the chosen 2-CTC resin, was not as successful 

as we expected. With yields of only 23% for the 3-Hyp variant (1.16) and 31% for the 4-Hyp 

variant (1.15) and problems during the determination of the loading due to the sensitivity of 

the amino acid-resin bond, this step needs to be optimized for future syntheses. Over 60% of 

the synthetic steps were carried out on solid support, making it a fast and easy procedure 

with the additional benefit of no need for the purification of intermediates. It implements a 

successful macrolactamization approach and gives moderate to good overall yields of 10-17% 

over just nine steps, not taking the Fmoc-deprotection steps into account. Our synthetic 

approach offers a robust and easily modified route to derivatives of Globomycin.  

The four derivatives (1.2 ς 1.5) only show noticeable activity against the tested E. coli strains 

(Table 4-3). Against the wild type, GLM (1.1) shows the highest activity with 16 µg/mL, 

followed by the 3-Hyp derivative 1.3 and 1.4 with 16-32 µg/mL and 64 µg/mL, respectively. 

The 4-Hyp derivatives 1.2 and 1.5 are not active. All derivatives show significant higher activity 

for the media variation with MHC and the ҟƘƭŘ9 ŀƴŘ ҟǘƻƭ/ ǾŀǊƛŀƴǘǎΣ ǎǳƎƎŜǎǘƛƴƎ ŀ ǇŜǊƳŜŀōƛƭƛǘȅ 

ǇǊƻōƭŜƳ ŀƴŘ ŀƴ ŀŎǘƛǾŜ ŜŦŦƭǳȄ ƳŜŎƘŀƴƛǎƳ ǘƘŀǘ ǇǳƳǇǎ ǘƘŜ ŎƻƳǇƻǳƴŘǎ ƻǳǘΣ ŜǎǇŜŎƛŀƭƭȅ ǎƛƴŎŜ 

[ǎǇ!Σ ǘƘŜ ǘŀǊƎŜǘ ƻŦ DƭƻōƻƳȅŎƛƴΣ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƛƴƴŜǊ ƳŜƳōǊŀƴŜ ƻŦ ǘƘŜ ŎŜƭƭ όFigure 4-1ύΦ hŦ 

ŀƭƭ ŘŜǊƛǾŀǘƛǾŜǎ оπƘȅŘǊƻȄȅǇǊƻƭƛƴŜΣ ƴπōǳǘȅƭ ŘŜǊƛǾŀǘƛǾŜ мΦо ǎƘƻǿǎ ǘƘŜ ƘƛƎƘŜǎǘ ŀŎǘƛǾƛǘȅΦ ¢ƘŜ ŀǊƻƳŀǘƛŎ 

ƭƛƴƪŜǊ ƻŦ мΦп Ƙŀǎ ŀ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŀŎǘƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ мΦоΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ƴƻ 

ƛƴǘŜǊŀŎǘƛƻƴ ǘƻ tƘŜ рф ŀǎ ƘƻǇŜŘ ŦƻǊΦ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ŀŎǘƛǾƛǘȅ ǊŜǎǳƭǘǎ ǘƻ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ŘƻŎƪƛƴƎ 

ǎŎƻǊŜǎ ǎƘƻǿ ŀ ƎƻƻŘ ŜǎǘƛƳŀǘƛƻƴ ŀƴŘ ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ ŘŜǊƛǾŀǘƛǾŜǎ ƛǎ ǇƻǎǎƛōƭŜΣ ōǳǘ ƛǘ ƛǎ ƴƻ 

ƎǳŀǊŀƴǘŜŜ ŦƻǊ ŀŎǘƛǾŜ ŎƻƳǇƻǳƴŘǎ ŀƴŘ testing is indispensable. 

Our results consist with literature and confirm that the strategy to utilize underexplored 

natural compounds is a highly promising way to new antibacterial drugs with novel mode of 

actions. The identifications of active natural compounds, literature known or from extracts, 

paired with early on characterization of ADME parameters and physicochemical properties 

allows to identify critical aspects for the optimization. These parameters can then be 

addressed for derivatives, aided by computer-based methods, such as SBDD and molecular 

docking to narrow down potential lead structures. The herein reported hydroxyproline-based 

GLM series represents a further diversification of the so far published SAR and the most 

promising derivative 1.3 can be used as new starting point for a refined SBDD approach. The 
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presented synthetic route based on SPPS allows for a robust, fast and easy access to new 

analogues. 

To improve our synthetic approach further, the attachment of the amino acid to the resin 

needs to be optimized. First, it will need to be ascertained if it is the method itself that is 

responsible for the low yields, if it is due to the steric hindrance of the protected 

hydroxyprolines or the method to determine the loading of the resin. For the next circle of 

optimization, our hypothesis that the steric demand of the five-membered ring of the 

hydroxyprolines will slow down the amide hydrolysis between it and serine needs to be 

verified by further ADME tests of the synthesized compounds. The metabolic lability in 

human, mouse, and rat liver microsomes should be carried out for the derivatives, especially 

for the most promising one 1.3. Comparison of the results to the ones of GLM will give insight 

to the stability and possible new weak points. A refined SAR, based on our results as well as 

considering the findings reported by Garland et al.,25 for in-depth optimization of GLM, would 

offer more insight into the binding of the substrate and key interactions for future 

derivatization. A new circle of SBDD to find even better candidates would be followed by the 

synthesis and activity testing 
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4.4 Experimental 

4.4.1 Molecular Networking analysis32 

The UHPLC-qTOF-MS/MS data of the Globomycin producer strain crude extracts were 

analyzed using molecular networking to allow the variable dereplication of known and 

unknown metabolites. First, the raw data (.d files) were converted to plain text files (.mgf) 

containing MS/MS peak lists using MSConvert (ProteoWizardpackage) wherein each parent 

ion is represented by a list of fragment mass/intensity value pairs (peak picking: vendor MS 

ƭŜǾŜƭ Ґ мҍнΤ threshold: absolute intensity, 1000, most intense). Molecular networking was 

performed following the established protocols using a cosine similarity cutoff of 0.7. 

!ŘŘƛǘƛƻƴŀƭƭȅΣ ƛƻƴǎ ƴŜŜŘ ŀ ƳƛƴƛƳǳƳ ƻŦ ǎƛȄ ǎƘŀǊŜŘ ŦǊŀƎƳŜƴǘǎ όǘƻƭŜǊŀƴŎŜ ɲppm 0.05) with at 

least one partner ion to be included in the final network. In silico fragmented compounds of 

a commercial database (AntiBase 2017) as well as our in-house reference compound MS/MS 

database were included in the network as reference substances to narrow down the 

molecular structure and to highlight compounds of interest. CytoScape was used to visualize 

the data as a network consisting of nodes and edges, wherein each node represents a parent 

ion. The edge width represents the cosine similarity score between nodes (thick edges 

indicate high similarity), and the size of the nodes the relative abundance of the ion in the 

extract. 

 

4.4.2 Procedures for the Globomycin Syntheses 

General Procedures 

Coupling of the amino acids and fatty acids31 

If not noted otherwise, all reactions were carried out in a custom-built solid phase peptide 

synthesis vessel with a G2 filter and a diameter of 3, 4 or 5 cm at room temperature. Argon 

                                                      

32 Special thanks to Maria Patras for performing the molecular network analysis and helping to identify and 
elucidate the new structural assignments of the related compounds. 
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was used for agitation of the resin. 20% Piperidine in DMF and the cleavage cocktail were 

freshly prepared on the day of use. 

The Fmoc-protected amino acid or fatty acid (3 equiv) and HATU (2.9 equiv), dissolved in a 

small amount of DMF, were added to the swelled resin (1 equiv), followed by DIPEA (6 equiv) 

and the resin was agitated for 1-5 hours.  

Each coupling step was monitored as described in the general method part for the LC-MS 

sample preparation. Fmoc-deprotection was carried out after each coupling step was 

completed, as indicated by LC-MS result. 

LC-MS and HR-MS sample preparation 

The reaction progress of each coupling of the Fmoc-protected amino acids was monitored 

using LC-MS. For that a few beads of the resin were sampled in a 2 mL SPPS syringe, washed 

once with DMF and then 2-3 times with DCM. The vessel was closed and 20% HFIP in DCM 

was added (1-1.5 mL), which changed the color of the beads from yellow-orange to a dark red 

which again faded over time. The mixture was shaken for 15-30 min and the filtrate was used 

for LC-MS measurement. For HR-MS measurement the filtrate was concentrated in vacuo and 

dissolved in DMSO.  

Fmoc-deprotection31 

The mixture was filtered and the remaining resin was washed five times with DMF. 20% 

Piperidine in DMF (20-30 mL) was added. After agitation for 2-5 min it was filtrated, rinsed 

with DMF and the process was repeated four more times. Then the resin was washed with 

DMF three times.  

Cleavage from the resin31 

To the washed resin, 20% HFIP in DCM was added, coloring the mixture a dark red. The resin 

was agitated for 10-30 min after which the supernatant was drained and the process was 

repeated three more times. The combined filtrates were reduced under pressure and then 

dried further using lyophilization. 
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Preparation of (2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-

carboxylic acid (1.13)30  

Trans-3-Hydroxyproline (6.10 g, 46.5 mmol) was dissolved in THF and saturated, 

aqueous NaHCO3 solution (1:1; 120 mL). Fmoc-OSu (17.27 g, 51.20 mmol) was 

added and the formed white-orange suspension was stirred at room 

temperature for 20 h. The reaction progress was monitored by TLC. The mixture was diluted 

with water and the pH was adjusted to pH = 9 using saturated, aqueous NaHCO3 solution. The 

aqueous phase was washed three times with diethyl ether, before its pH was adjusted to 

pH = 1 using 1 M HCl. The acidic aqueous phase was extracted three times with ethyl acetate. 

The combined organic layers were washed once with brine, dried over MgSO4 and 

concentrated in vacuo. The crude product 1.13 (22.59 g) was directly used in the next step, 

without purification. Rf (PE:EA; 2:1) = 0.53. The NMR data given is a mixture of two rotamers 

and corresponds to literature.30 

1H-NMR (DMSO-d6, 400 aIȊύΥ ʵH [ppm] = 7.94-7.86 (m, 2H, CHarom Fmoc), 7.71-7.61 (m, 2H, 

CHarom Fmoc), 7.46-7.28 (m, 4H, CHarom Fmoc), 4.40-3.99 (m, 5H, H-2, H-3, CH2 Fmoc, CH 

Fmoc), 3.57-3.44 (m, 2H, H-5), 1.98-1.77 (m, 2H, H-4). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 172.1, 171.8 (COOH), 154.2, 154.0 (CO Fmoc), 

143.80, 143.78, 143.72, 143.66, 140.7, 140.6 (Cquart Fmoc), 127.7, 127.1, 125.22, 125.18, 

125.1, 120.15, 120.13 (CHarom Fmoc), 73.9, 72.8 (C-2), 68.2, 67.9 (C-3), 67.0, 66.7 (CH2 Fmoc), 

46.61, 46.58 (CH Fmoc), 44.9, 44.3 (C-5 ), 32.3, 31.3 (C-4). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 12.86 (bs), 8.31 (CHCl3), 5.55, 3.34 (bs, H2O), 2.59, 1.98 

ό9!ύΣ мΦмт ό9!ύΦ ʵC [ppm] = 59.7 (EA). 

UHR-MS (ESI-TOF) m/z calcd for C20H20NO5: 354.1336 [M+H]+; found: 354.1335 [M+H]+ 

Specific rotation ώʰϐ5
нπ = +16.3°(c = 1.23, CH3OH) 
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Preparation of (2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-((tert-

butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.12)26 

Under argon atmosphere, amino acid 1.13 (10.0 g, 28.3 mmol) was dissolved in 

anhyd. DCM (600 mL) and cooled to 0 °C. DIPEA (19.0 mL, 109 mmol), followed 

by TBSOTf (22.0 mL, 95.8 mmol) were added at 0 °C and stirred for 90 min. The 

reaction was quenched by the addition of methanol and saturated, aqueous NH4Cl solution 

and diluted with diethyl ether. The layers were separated and the aqueous phase was 

extracted twice with diethyl ether. The combined organic layers were washed once with 

brine, dried over MgSO4 and concentrated in vacuo. The orange syrup was dissolved in 

methanol (350 mL), saturated, aqueous NaHCO3 solution (125 mL) and water (65 mL). 

Potassium carbonate (0.63 g, 4.6 mmol) was added and it was stirred at room temperature 

for 4 days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The 

aqueous phase was washed three times with diethyl ether and the combined organic layers 

were washed once with brine, dried over MgSO4 and concentrated in vacuo. Purification of 

the crude by chromatography (silica, PE:EA, 20:1-0:1) yielded 1.12 as a colorless, foamy solid 

(8.24 g, 17.6 mmol, 62%). Rf (PE:EA; 2:1) = 0.3. The NMR data given is a mixture of two 

rotamers. 

1H-NMR (CDCl3, 400 aIȊύΥ Ґ ʵH [ppm] = 7.80-7.66 (m, 2H, CHarom Fmoc), 7.64-7.48 (m, 2H, 

CHarom Fmoc), 7.43-7.21 (m, 4H, CHarom Fmoc), 4.60-4.08 (m, 5H, H-2, H-3, CH2 Fmoc, CH 

Fmoc), 3.73-3.60 (m, 2H, H-5), 2.13-1.77 (m, 2H, H-4), 0.92-0.85 (m, 9H, CH3 TBS), 0.14-0.05 

(m, 6H, Si-CH3 TBS). 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 175.7, 174.2 (COOH), 156.2, 154.8 (CO Fmoc), 144.1, 

144.0, 143.9, 141.4, (Cquart Fmoc), 127.9, 127.7, 127.2, 127.1, 125.25, 125.21, 125.1, 125.0, 

124.9, 120.1, 120.0, (CHarom Fmoc), 76.1, 74.5 (C-3), 68.7, 68.2 (C-2), 68.1, 67.7 (CH2 Fmoc), 

47.3 (CH Fmoc), 45.2, 45.1 (C-5), 33.8, 32.9 (C-4), 25.8, (CH3 TBS), 18.1 (Cquart TBS), -4.76, -4.81 

(Si-CH3 TBS). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ мΦнрΦ ʵC [ppm] = 60.6 (EA), 14.3 (EA). 

UHR-MS (ESI-TOF) m/z calcd for C26H34NO5Si: 468.2201 [M+H]+; found: 468.2204 [M+H]+ 

Specific rotation ώʰϐ5
нπ = -50.7°(c = 1.34, CHCl3) 
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Preparation of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-

carboxylic acid (1.14) 

Trans-4-Hydroxyproline (8.00 g, 61.0 mmol) was dissolved in THF and 

saturated, aqueous NaHCO3 solution (1:1; 280 mL). Fmoc-OSu (22.65 g, 

67.14 mmol) was added and the formed white suspension was stirred at room 

temperature for 20 h. The reaction progress was monitored by TLC. The mixture was diluted 

with water and the pH was adjusted to pH = 9 using saturated, aqueous NaHCO3 solution. The 

aqueous phase was washed three times with diethyl ether, before its pH was adjusted to 

pH = 1 using 1 M HCl. The acidic aqueous phase was extracted three times with ethyl acetate. 

The combined organic layers were washed once with brine, dried over MgSO4 and 

concentrated in vacuo. The crude product 1.14 (22.64 g) was directly used in the next step, 

without further purification. Rf (PE:EA; 2:1) = 0.45. The NMR data given is a mixture of two 

rotamers. 

1H-NMR (DMSO-d6, 400 aIȊύΥ ʵH [ppm] = 7.93-7.87 (m, 2H, CHarom Fmoc), 7.70-7.64 (m, 2H, 

CHarom Fmoc), 7.47-7.28 (m, 4H, CHarom Fmoc), 4.46-4.12 (m, 5H, H-2, H-4, CH2 Fmoc, CH 

Fmoc), 3.56-3.43 (m, 2H, H-5), 2.31-2.11 (m, 1H, H-3 a), 2.07-1.89 (m, 1H, H-3 b). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 174.0, 173.5 (COOH), 154.2, 154.1 (CO Fmoc), 

143.7, 143.6, 140.72, 140.70, 140.62, 140.60 (Cquart Fmoc), 127.73, 127.69, 127.2, 127.1, 

125.30, 125.26, 125.13, 125.10, 120.13, 120.10 (CHarom Fmoc), 68.5, 67.8 (C-4), 67.1, 66.6 (CH2 

Fmoc), 57.8, 57.5 (C-2), 55.0, 54.5 (C-5), 46.6, 46.5 (CH Fmoc), 39.0*, 38.0 (C-3). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 5.17, 3.36 (H2O), мΦмт ό9!ύΦ ʵC [ppm] = / 

UHR-MS (ESI-TOF) m/z calcd for C20H20NO5: 354.1336 [M+H]+; found: 354.1338 [M+H]+ 

Specific rotation ώʰϐ5
нπ = +36.1°(c = 1.55, CH3OH) 

 

Preparation of (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-((tert-butyldimethylsilyl)-

oxy)pyrrolidine-2-carboxylic acid (1.11) 

Under argon atmosphere, amino acid 1.14 (61.0 mmol) was dissolved in 

anhyd. DCM (800 mL) and cooled to 0 °C. DIPEA (48.0 mL, 276 mmol), 

followed by TBSOTf (46.2 mL, 201 mmol) were added at 0 °C and stirred for 
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90 min. The reaction was quenched by the addition of methanol and saturated, aqueous 

NH4Cl solution and diluted with diethyl ether. The layers were separated and the aqueous 

phase was extracted twice with diethyl ether. The combined organic layers were washed once 

with brine, dried over MgSO4 and concentrated in vacuo. The orange syrup was dissolved in 

methanol (750 mL), saturated, aqueous NaHCO3 solution (250 mL) and water (130 mL). 

Potassium carbonate (1.25 g, 9.04 mmol) was added and it was stirred at room temperature 

for 3 days. It was diluted with diethyl ether and washed once with 10% citric acid (w/v). The 

aqueous phase was washed three times with diethyl ether and the combined organic layers 

were washed once with brine, dried over MgSO4 and concentrated in vacuo. Purification of 

the crude by chromatography (silica, 5 to 50% EA in PE) yielded 1.11 as a colorless, foamy 

solid (25.56 g, 54.66 mmol, 90%). Rf (PE:EA; 1:1) = 0.24. The NMR data given is a mixture of 

two rotamers and corresponds to literature.30 

1H-NMR (CDCl3, 400 aIȊύΥ Ґ ʵH [ppm] = 7.80-7.69 (m, 2H, CHarom Fmoc), 7.61-7.51 (m, 2H, 

CHarom Fmoc), 7.44-7.24 (m, 4H, CHarom Fmoc), 4.57-4.16 (m, 5H, H-2, H-4, CH2 Fmoc, CH 

Fmoc), 3.67-3.42 (m, 2H, H-5), 2.33-2.06 (m, 2H, H-3), 0.91-0.84 (m, 9H, CH3 TBS), 0.11-0.04 

(m, 6H, Si-CH3 TBS). 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 175.7 (COOH), 156.4 (CO Fmoc), 144.2, 143.9, 143.8, 

141.5, 141.4, (Cquart Fmoc), 127.9, 127.8, 127.23, 127.18, 125.2, 125.1, 125.0, 120.1, 120.0, 

(CHarom Fmoc), 70.3, 69.7 (C-4), 68.2, 67.7 (CH2 Fmoc), 58.3, 57.6, (C-2), 55.3, 55.0, (C-5), 47.3, 

47.2 (CH Fmoc), 40.1, 38.4 (C-3), 25.8, (CH3 TBS), 18.1 (Cquart TBS), -4.65, -4.74 (Si-CH3 TBS). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ рΦол ό5/aύΣ пΦмн ό9!ύΣ нΦлр ό9!ύΤ мΦнс ό9!ύΦ ʵC [ppm] = 

60.6 (EA), 14.4 (EA). 

UHR-MS (ESI-TOF) m/z calcd for C26H34NO5Si: 468.2201 [M+H]+; found: 468.2200 [M+H]+ 

Specific rotation ώʰϐ5
нπ = -82.0°(c = 1.03, CHCl3) 
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Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl 

propionate (1.10)33 

(1R,2S)-N-Benzyl-N-(mesitylenesulfonyl)norephedrine (13.35 g, 31.52 mmol) 

was dissolved in anhyd. DCM (200 mL) and cooled to 0 °C. Pyridine (3.3 mL, 

41 mmol) was slowly added and stirred for 5 min. Propionyl chloride (3.0 mL, 

34 mml) was added dropwise at 0 °C and the reaction was stirred at room temperature for 

18 h. It was washed once each with water, 1 M HCl, sat. aqueous NaHCO3 and brine. Drying 

over MgSO4, concentrating in vacuo and purification by column chromatography (silica, 

PE:EA, 4:1) yielded the product 1.10 as white crystals (14.15 g, 29.50 mmol, 94%). Rf (PE:EA; 

4:1) = 0.52. 

1H-NMR (CDCl3, 400 MHz): ɻ H [ppm] = 7.28-7.23 (m, 2H, Harom), 7.21-7.08 (m, 6H, Harom), 6.87-

6.82 (m, 2H, Harom), 6.80 (s, 2H, Harom), 5.77 (d, 1H, J = 4.0 Hz, CH-Ph), 4.64 (d, 1H, J = 16.8 Hz, 

CH2-Ph a), 4.53 (d, 1H, J = 16.8 Hz, CH2-Ph b), 3.97 (dq, 1H, J = 6.9, 4.0 Hz, CH-CH3), 2.44 (s, 6H, 

CH3 Mes), 2.20 (s, 3H, CH3 Mes), 2.11 (dq, 1H, J = 17.2 Hz, J = 7.7 Hz, CH2-CH3 a), 2.03 (dq, 1H, 

J = 17.3 Hz, J = 7.6 Hz, CH2-CH3 b), 1.04 (d, 3H, J = 6.8 Hz, CH-CH3), 0.94 (t, 3H, J = 7.4 Hz, CH2-

CH3). 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 172.7 (CO), 142.6 (Cquart Mes), 140.4 (Cquart Mes), 

138.81 (Cquart Bn), 138.76 (Cquart Ph), 133.5 (Cquart Mes), 132.3 (CHarom Mes), 128.53, 128.50, 

127.9, 127.5, 127.2, 126.1 (CHarom), 78.1 (CH-Ph), 56.9 (CH-CH3), 48.3 (CH2-Ph), 27.6 (CH2-CH3), 

23.1 (CH3 Mes), 21.0 (CH3 Mes), 12.9 (CH-CH3), 8.9 (CH2-CH3). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ мΦпфΦ ʵC [ppm] = / 

UHR-MS (ESI-TOF) m/z calcd for C28H33NO4S: 480.2203 [M+H]+; found: 480.2201 [M+H]+ 

Specific rotation ώʰϐ5
нπ = +9.8°(c = 2.05, CHCl3) 

 

                                                      

33 T. Inoue, J. Liu, D. C. Buske, A. Abiko, J. Org. Chem. 2002, 67, 5250-5256. 
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Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl 

(2R,3R)-3-hydroxy-2-methylnonanoate (1.6) 

Under argon 1.10 (10.01 g, 20.87 mmol) and triethylamine 

(7.0 mL, 50 mmol) were dissolved in anhyd. DCM (150 mL), 

stirred for 5 min at room temperature and then cooled to -78 °C. 

1 M dicyclohexylboron triflate in anhyd. DCM (42 mL, 42 mmmol) 

was added dropwise over a time of 45 min. After the reaction was stirred for 2.5 h at -78 °C 

n-heptanal (5.2 mL, 37 mmol) was added dropwise and stirred for another hour at -78 °C. The 

reaction was allowed to return to room temperature and was quenched by the addition of 

pH 7 buffer solution (100 mL) and hydrogen peroxide (40 mL, 35 w%), it was then diluted with 

Methanol (250 mL). The reaction was stirred for 20 h, concentrated in vacuo and the organic 

and aqueous phases were separated. The aqueous layer was extracted three times with DCM, 

washed once with brine and was dried over Na2SO4. Prepurification of 31% of the crude by 

column chromatography (silica, PE:EA, 8:1) was followed by final purification by flash 

chromatography (0-20% EA in n-heptane). It yielded the unwanted syn-1.6 stereoisomer as a 

colorless syrup (151 mg, 0.254 mmol, overall yield calculated to be: 4%) and the desired anti-

1.6 stereoisomer as a colorless syrup (3.57 g, 6.01 mmol, overall yield calculated to be: 93%, 

de = 96:4). Rf (n-heptane:EA; 4:1) = 0.29. 

1H-NMR (CDCl3, 400 aIȊύΥ ʵH [ppm] = 7.33-7.14 (m, 8H, Harom),6.90-6.83 (m, 4H, Harom), 5.83 

(d, 1H, J = 4.3 Hz, CH-Ph Aux), 4.76 (d, 1H, J = 16.5 Hz, CH2-Ph a Aux), 4.54 (d, 1H, J = 16.5 Hz, 

CH2-Ph b Aux), 4.12 (dq, 1H, J = 4.9, 6.7 Hz, CH-CH3 Aux), 3.66-3.58 (m, 1H, H-3), 2.48 (s, 6H, 

CH3 Mes), 2.47 (dq, J = 6.5, 7.2 Hz, 1H, H-2), 2.28 (s, 3H, CH3 Mes), 1.51-1.20 (m, 10H, CH2 

alkyl), 1.18 (d, 3H, J =, 7.0 Hz, CH-CH3 Aux), 1.13 (d, 3H, J = 7.3 Hz, CH3-нΩύΣ лΦут όǘΣ оIΣ J = 6.8 

Hz, CH3-9). 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 174.7 (CO), 142.7 (Cquart Mes), 140.4 (Cquart Mes), 138.6 

(Cquart Bn), 138.3 (Cquart Ph), 133.5 (Cquart Mes), 132.2 (Carom Mes), 128.6, 128.5, 128.1, 127.8, 

127.3, 126.1, (Carom), 78.3 (CH-Ph Aux), 73.3 (C-3), 56.9 (CH-CH3 Aux), 48.4 (CH2-Ph Aux), 45.6 

(C-2), 34.6 (CH2 alkyl), 31.9 (CH2 alkyl), 29.4 (CH2 alkyl), 25.5 (CH2 alkyl), 23.1 (CH3 Mes), 22.7 

(CH2 alkyl), 21.0 (CH3 Mes), 14.2 (CH3-нΩύΣ мпΦн όCH3-9), 13.6 (CH3 Aux). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ нΦсп ό5a{hύΦ ʵC [ppm] = / 
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UHR-MS (ESI-TOF) m/z calcd for C35H47NO5SNa: 616.3067 [M+Na]+; found: 616.3062 [M+Na]+ 

Specific rotation ώʰϐ5
нπ = +35.2°(c = 1.42, CHCl3) 

 

Preparation of (2R,3R)-3-Hydroxy-2-methylnonanoic acid (1.8) 

The stereoisomer anti-1.6 (3.525 g, 5.936 mmol) was dissolved in a 

mixture of MeOH-THF-H2O (1:1:1; 105 mL) and stirred for 5 min until 

the syrup was completely dissolved. LiOH · H2O (1.259 g, 30.00 mmol) 

was added and it was stirred at room temperature for 20 h. LC-MS indicated complete 

conversion and the mixture was poured into water and extracted three times with DCM. The 

combined organic phases were washed once with brine, dried over MgSO4 and concentrated 

in vacuo, which yielded the essentially pure auxiliary ((1R,2S)-N-Benzyl-N-

(mesitylenesulfonyl)norephedrine) as a white solid (2.54 g, 6.00 mmol, >100%) no purification 

needed. The aqueous layer was acidified using 1 M HCl to pH = 1 and extracted three times 

with diethyl ether. The combined organic phases were washed once with brine, dried over 

MgSO4 and concentrated in vacuo. Acid 1.8 was obtained as a slightly yellow oil (1.15 g, 

6.11 mmol, >100%), no further purification necessary. 

1H-NMR (CDCl3, 400 aIȊύΥ ʵH [ppm] = 3.74-3.66 (m, 1H, H-3), 2.57 (dq, 1H, J = 7.0, 6.9 Hz, H-

2), 1.61-1.27 (m, 10H, CH2 alkyl), 1.25 (d, 3H, J = 7.2 Hz, CH3-нΩύΣ лΦуф όǘΣ оIΣ J = 7.1 Hz, CH3-9). 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 180.6 (CO), 73.4 (C-3), 45.2 (C-2), 34.78 (CH2 alkyl), 31.9 

(CH2 alkyl), 29.3 (CH2 alkyl), 25.5 (CH2 alkyl), 22.7 (CH2 alkyl), 14.4 (CH3-нΩύΣ мпΦн όCH3-9). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ κ ʵC [ppm] = / 

UHR-MS (ESI-TOF) m/z calcd for C10H21N2O3: 189.1485 [M+H]+; found: 189.1484 [M+H]+ 

Specific rotation ώʰϐ5
нπ = -20.2°(c = 1.49, CHCl3) 

 

Preparation of (1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl 

(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7) 

Under argon 1.10 (1.90 g, 3.96 mmol) and triethylamine (1318 µl, 

9.508 mmol) were dissolved in anhyd. DCM (30 mL), stirred for 

5 min at room temperature and then cooled to -78 °C. 1 M 
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dicyclohexylboron triflate in anhyd. DCM (7.9 mL, 7.9 mmmol) was added dropwise over a 

time of 45 min. After the reaction was stirred for 2.5 h at -78 °C. 3-Phenylpropionaldehyde 

(1.0 mL, 7.5 mmol) was added dropwise and stirred for another hour at -78 °C. The reaction 

was allowed to return to room temperature and was quenched by the addition pf pH 7 buffer 

solution (20 mL) and hydrogen peroxide (7.5 mL, 35 w%), it was then diluted with Methanol 

(50 mL). The reaction was stirred for 23 h, concentrated in vacuo and the organic and aqueous 

phases were separated. The aqueous layer was extracted three times with DCM, washed once 

with brine and was dried over Na2SO4. Prepurification of the crude by column 

chromatography (silica, PE:EA, 5:1) was followed by final purification by flash chromatography 

(0-20% EA in n-heptane). It yielded the unwanted syn-1.7 stereoisomer as a colorless syrup 

(158 mg, 0.258 mmol, 7%) and the desired anti-1.7 stereoisomer as a colorless syrup (2.02 g, 

3.29 mmol, 83%, de = 93:7). Rf (PE:EA; 5:1) = 0.21. 

1H-NMR (CDCl3, 400 aIȊύΥ ʵH [ppm] = 7.31-7.15 (m, 13H, Harom),6.93-6.88 (m, 2H, Harom), 6.86 

(s, 2H, Harom Mes), 5.88 (d, 1H, J = 4.4 Hz, CH-Ph Aux), 4.72 (d, 1H, J = 16.5 Hz, CH2-Ph a Aux), 

4.53 (d, 1H, J = 16.5 Hz, CH2-Ph b Aux), 4.14 (dq, 1H, J = 7.0, 4.3 Hz, CH-CH3 Aux), 3.64 (ddd, 

1H, J = 9.1, 6.5, 3.0 Hz, H-3), 2.84 (ddd, 1H, J = 14.0, 9.3, 5.0 Hz, H-5a), 2.66 (ddd, 1H, J = 13.7, 

9.5, 6.9 Hz, H-5b), 2.48 (s, 6H, CH3 Mes), 2.47 (dq, 1H, J = 7.0, 7.0 Hz, H-2), 2.28 (s, 3H, CH3 

Mes),1.77 (dddd, 1H, J = 13.5, 10.1, 6.9, 3.3 Hz, H-4a), 1.70 (dddd, 1H, J = 13.9, 9.3, 4.7, 4.7 

Hz, H-4b), 1.19 (d, 3H, J = 7.0 Hz, CH-CH3 Aux), 1.14 (d, 3H, J = 7.1 Hz, CH3-нΩύΦ 

13C-NMR (CDCl3, 100 aIȊύΥ ʵC [ppm] = 174.6 (CO), 142.7 (Cquart Mes), 142.0 (Cquart), 140.3 

(Cquart Mes), 138.4 (Cquart Bn), 138.2 (Cquart Ph), 133.4 (Cquart Mes), 132.2 (Carom Mes), 128.6, 

128.51, 128.45, 128.1, 127.7, 127.3, 126.1, 126.0 (Carom), 78.4 (CH-Ph Aux), 72.5 (C-3), 56.8 

(CH-CH3 Aux), 48.3 (CH2-Ph Aux), 45.6 (C-2), 36.4 (C-4), 31.9 (C-5), 23.0 (CH3 Mes), 21.0 (CH3 

Mes), 14.2 (CH3-нΩύΣ моΦр ό/I3 Aux). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH ώǇǇƳϐ Ґ пΦмоΣ нΦлрΣ мΦнт ό9!ύΦ ʵC [ppm] = 60.5, 21.2, 14.3 (EA) 

UHR-MS (ESI-TOF) m/z calcd for C37H43NO5SNa: 636.2754 [M+Na]+; found: 636.2755 [M+Na]+ 

Specific rotation ώʰϐ5
нπ = -20.0°(c = 1.00, CHCl3) 
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Preparation of (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9) 

The stereoisomer anti-1.7 (987 mg, 1.61 mmol) was dissolved in a 

mixture of MeOH-THF-H2O (1:1:1; 30 mL) and stirred for 5 min. LiOH · 

H2O (339 mg, 8.08 mmol) was added and it was stirred at room 

temperature for 48 h. LC-MS showed full conversion and the mixture was poured into water 

and extracted three times with DCM. The combined organic phases were washed once with 

brine, dried over MgSO4 and concentrated in vacuo which yielded the crude auxiliary ((1R,2S)-

N-Benzyl-N-(mesitylenesulfonyl)norephedrine) as yellow crystals. These were collected from 

different reactions and combined for purification by column chromatography (silica, PE:EA; 

5:1). The aqueous layer was acidified using 2 M HCl to pH = 1 and extracted three times with 

diethyl ether. The combined organic phases were washed once with brine, dried over MgSO4 

and concentrated in vacuo. Crystallization form acetonitrile yielded acid 1.9 as colorless 

crystals (141 mg, 0.677 mmol, 42%). 

1H-NMR (DMSO-d6, 400 aIȊύΥ ʵH [ppm] = 7.30-7.12 (m, 5H, Harom), 3.60 (ddd, 1H, J = 9.4, 6.8, 

2.8 Hz, H-3), 2.74 (ddd, 1H, J = 13.9, 10.0, 4.6 Hz, H-5a), 2.55 (ddd, 1H, J = 13.8, 10.2, 6.8 Hz, 

H-5b), 2.40 (dq, 1H, J = 7.0, 7.0 Hz, H-2), 1.67 (dddd, 1H, J = 13.5, 10.1, 6.8, 3.2 Hz, H-4a), 1.55 

(dddd, 1H, J = 9.4, 14.0, 9.4, 4.6 Hz, H-4b), 0.98 (d, 3H, J = 7.2 Hz, CH3-нΩύΦ 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 176.0 (CO), 142.3 (Cquart), 128.3, 128.2, 125.6 

(Carom), 70.9 (C-3), 45.8 (C-2), 35.2 (C-4), 31.4(C-5), 12.6(CH3-нΩύΦ 

Additionŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 3.34 (H2hύΦ ʵC [ppm] = / 

UHR-MS (ESI-TOF) m/z calcd for C12H16O3Na: 231.0992 [M+Na]+; found: 231.0992 [M+Na]+ 

Specific rotation ώʰϐ5
нπ = +23.0°(c = 1.65, CHCl3) 

 

Preparation of 2CT-4-Hyp(TBS)-NH (1.15) 

2-Chlorotrityl chloride resin (n = 1.55 mmol/g, 4.00 g, 

6.20 mmol) was swelled in DCM (30 mL) for 5 min. After 

removal of the solvent, Fmoc-protected amino acid 1.11 

(3.78 g, 8.08 mmol) and DIPEA (3400 µL, 20.00 mmol), 

dissolved in DCM (40 mL), were added and it was agitated for 45 min. The solvent was filtered 
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off and the resin was washed twice with DMF. The capping mixture (40 mL), consisting of 

DCM:MeOH:DIPEA (80:15:5), was added and it was agitated for 10 min. After removal of the 

solvent, the capping was repeated once more. The resin was washed three times with DMF 

and a sample was taken for determination of the loading. Fmoc-deprotection was done with 

20% piperidine in DMF (30 mL) for 3 min and the process was carried out five times total. The 

resin was washed six times with DMF, three times with isopropanol and three times with n-

heptane. It was sucked dry and dried further in vacuo for 24 h. Resin 1.15 (4.22 g) was stored 

under argon at 4 °C. The loading was determined by absorption to be n = 0.481 mmol/g (31%). 

 

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-Fmoc (1.17) 

Resin 1.15 (n = 0.481 mmol/g, 4.20 g, 2.02 mmol) was 

swelled in DMF for 30 min. After removal of the solvent, 

Fmoc-L-serine(TBS)-OH (2.681 g, 6.071 mmol) and HATU 

(2.228 g, 5.860 mmol) were added, dissolved in a small 

volume of DMF, followed by DIPEA (2058 µL, 12.10 mmol) 

and more DMF. The mixture was agitated for 3 h. After Fmoc-deprotection, a solution of 

Fmoc-L-allo-isoleucine-OH (2.137 g, 6.047 mmol) and HATU (2.226 g, 5.854 mmol) in DMF, 

were added, followed by DIPEA (2058 µL, 12.10 mmol) and more DMF. The mixture was 

agitated for 2.5 h. Fmoc-deprotection was followed by the coupling of Fmoc-N-Me-L-leucine-

OH (2.225 g, 6.055 mmol), which was dissolved with HATU (2.230 g, 5.865 mmol) in a small 

amount of DMF. The mixture was agitated for 2.5 h. The supernatant was drained, the resin 

was washed five times with DMF, three times each with DCM, methanol and diethyl ether. It 

was sucked dry and dried further in vacuo for 12 h. The finished resin 1.17 (5.03 g, 

n = 0.402 mmol/g) was stored under argon at 4 °C. 

 

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA (1.18) 

Resin 1.17 (n = 0.402 mmol/g, 1.512 g, 0.607 mmol) 

was swelled in DMF for 60 min. The supernatant was 

drained and after Fmoc-deprotection the resin was 

washed twice with anhyd. DMF. The resin was 
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suspended in a small volume of anhyd. DMF. The solution of acid 1.8 (279 mg, 1.48 mmol) 

and triethylamine (200 µL, 1.44 mmol) in DMF was cooled to 0 °C and DEPC (90%, 241 µL, 

1.42 mmol) was added. It was directly transferred to the peptide vessel and the mixture was 

agitated for 20 h. Due to incomplete conversion, as indicated by LC-MS result, the coupling 

step was repeated. The mixture was drained, the resin was washed twice with anhy. DMF and 

suspended in a small amount of anhyd. DMF. Acid 1.8 (138 mg, 0.733 mmol) was dissolved in 

anhy. DMF and triethylamine (100 µL, 0.721 mmol). It was cooled to 0 °C and DEPC (90%, 

121 µL, 0.714 mmol) was added. It was directly transferred to the peptide vessel and the 

mixture was agitated for 5 h after which HR-MS indicated almost full conversion. The 

supernatant was filtered off and the resin was washed five times each with DMF and DCM. 

The resin coupled peptide 1.18 was used directly in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C43H85N4O9Si2: 857.5850 [M+H]+; found: 857.5846 [M+H]+ 

 

Preparation of 2CT-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA-Gly-alloc (1.20) 

Resin coupled peptide 1.18 (0.607 mmol) was 

swelled in THF for 10 min, filtered and 

suspended in anhyd. THF. Alloc-glycine-OH 

(343 mg, 2.15 mmol), dissolved in anhdy. THF, 

was added, followed by DIC (335 µL, 

2.16 mmol) and DMAP (27.7 mg, 0.227 mmol). The resin was agitated for 16 h after which the 

step was repeated. The supernatant was filtered off, the resin was washed once with anhyd. 

THF and then suspended in anhyd. THF. Alloc-glycine-OH (346 mg, 2.17 mmol), dissolved in 

anhyd. THF, was added to the resin, followed by DIC (335 µL, 2.16 mmol) and DMAP (27.2 mg, 

0.223 mmol). The mixture was agitated for 8 h after which HR-MS indicated full conversion. 

The supernatant was drained and the resin was washed once with DCM. The resin coupled 

peptide 1.20 was directly used in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C49H92N5O12Si2: 998.6276 [M+H]+; found: 998.6276 [M+H]+ 
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Preparation of HOOC-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA-Gly-NH2 (1.22) 

Resin coupled peptide 1.20 (0.607 mmol) was 

swelled in DCM for 15 min. It was filtered, washed 

with anhyd. DCM and then suspended in anhyd. 

DCM. Pd(PPH3)4 (83 mg, 0.072 mmol) was added, 

followed by Phenylsilane (2.1 mL, 17 mmol). The 

mixture was agitated for 1 h after which HR-MS indicated full conversion. The solvent was 

removed and the resin was washed five times with DCM until the solvent ran clear. Cleavage 

of the peptide from the resin was done as described in the general method part. The linear 

peptide 1.22 was used without further purification. 

UHR-MS (ESI-TOF) m/z calcd for C45H88N5O10Si2: 914.6064 [M+H]+; found: 914.6065 [M+H]+ 

 

Preparation of (6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-((tert-

butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-6-hexyl-10-isobutyl-7,9-

dimethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-

1,4,8,11,14,17-hexaone (1.31) 

Linear peptide 1.22 (0.607 mmol) was dissolved in DCM:DMF 

(15:1; 320 mL). HATU (828 mg, 2.18 mmol), followed by 

DIPEA (612 µL, 3.60 mmol) were added and the mixture was 

stirred for 17 h at room temperature after which HR-MS 

showed complete conversion. It was extracted twice with 

water, once with brine, dried over MgSO4 and concentrated 

in vacuo. Prepurification by column chromatography (silica, PE:EA; 1:2) yielded 1.31 as slightly 

yellow needles (329 mg, 0.367 mmol, 60% over 4 steps). Rf (PE:EA; 1:2) = 0.73.  

UHR-MS (ESI-TOF) m/z calcd for C45H85N5O9Si2Na: 918.5778 [M+Na]+; found: 918.5776 

[M+Na]+ 

 



 

46 

Preparation of (6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-

(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-

f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2) 

Under argon peptide 1.31 (296 mg, 0.330 mmol) was 

dissolved in anhyd. THF (15 mL) in a Teflon® round bottom 

flask. Acetic acid (1436 µL, 25.09 mmol) was added, followed 

by TBAF (18.0 mL, 62.2 mmol) and the mixture was stirred at 

room temperature for 21 h. It was diluted with EA, washed 

twice with saturated, aqueous NaHCO3 solution, once with 

brine, dried over MgSO4 and concentrated in vacuo. Purification by semi preparative HPLC (5-

50-75-95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 µm, 250 x 10 mm, flow rate: 

3 mL/min) yielded 1.2 as a colorless solid (66 mg, 0.10 mmol, 30%). 

1H-NMR (DMSO-d6, 600 aIȊύΥ ʵH [ppm] = 8.81 (minor, NH Gly), 8.58 (minor, NH Ser), 8.49 (d, 

1H, J = 4.6 Hz, NH Ser), 8.21 (d, 1H, J = 9.3 Hz, NH allo Ile), 8.07 (d, 1H, J = 8.3 Hz, NH Gly), 6.68 

(minor, NH allo Ile), 5.21-5.13 (m , 1H, OH Ser), 5.13-5.08 (m, 1H, OH 4-Hyp), 5.05 (ddd, 2H, J 

= 10.2, 6.4, 3.6 Hz, 3-CH-O BHA), 4.67 (dd, 1H, J = 8.5, 4.3 IȊΣ ʰ-CH 4-Hyp), 4.40 (dd, 1H, J = 9.5, 

4.6 IȊΣ ʰ-CH allo Ile), 4.26 (d, 1H, J = 8.1 Hz, CH2 a Gly), 4.23 (d, 1H, J = 8.3 Hz, CH2 b Gly), 4.20-

пΦмл όƳΣ нIΣ ʴ-CH 4-Hyp), 4.02 (ddd, 1H, J Ґ сΦтΣ сΦтΣ пΦс IȊΣ ʰ-CH Ser), 3.61-оΦрс όƳΣ мIΣ ʲ-

CH2 a Ser), 3.55-оΦпр όƳΣ нIΣ ʲ-CH2 ō {ŜǊΣ ʰ-CH N-Me Leu), 3.45-оΦоо όƳΣ пIΣ ʵ-CH2 a, b 4-Hyp, 

-hCH2 Gly minor), 3.15-3.11 (m, 2H, 2-CH, BHA), 3.10 (s, 3H, N-CH3), 2.27 (ddd, 1H, J = 12.5, 

4.9, 4.9 IȊΣ ʲ-CH2 a 4-Hyp), 2.13-нΦло όƳΣ оIΣ ʲ-CH2 b 4-IȅǇΣ ʲ-CH2 a N-Me Leu), 1.80-1.71 (m, 

нIΣ ʲ-CH allo Ile), 1.71-1.64 (m, 1H, 4-CH2 a BHA), 1.64-мΦрп όƳΣ нIΣ ʲ-CH2 b N-Me Leu), 1.52-

1.45 (m, 1H, 4-CH2 b BHA), 1.45-мΦоу όƳΣ нIΣ ʴ-CH N-Me Leu), 1.38-мΦон όƳΣ нIΣ ʴ-CH2 a allo 

Ile), 1.32-1.17 (m, 14H, CH2 BHA), 1.11-мΦлн όƳΣ нIΣ ʴ-CH2 b allo Ile), 0.99 (d, 3H, J Ґ тΦл IȊΣ нΩ-

CH3 BHA), 0.94-лΦуо όƳΣ нлIΣ ʵ-CH3 allo LƭŜΣ ʵ-CH3 a, b N-Me Leu, 9-CH3 BHA), 0.69 (d, 3H, J = 

сΦф IȊΣ ʴ-CH3 allo Ile). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 176.4 (CO BHA), 171.8 (CO allo Ile), 171.0 (CO N-

Me Leu), 170.7 (CO 4-Hyp), 169.7 (CO Ser), 168.4 (CO Gly), 76.0 (3-CH BHA), 68.5* ό-hCH N-

Me [ŜǳύΣ ссΦу όʴ-CH 4-IȅǇύΣ слΦт όʲ-CH2 {ŜǊύΣ рфΦо όʰ-CH 4-IȅǇύΣ рпΦо όʰ-CI {ŜǊύΣ роΦф όʰ-CH 

allo LƭŜύΣ роΦр όʵ-CH2 4-Hyp), 41.4 (CH2 Gly), 40.1* (N-CH3), 40.1* (2-CH BHA), 38.8*  ό-̡CH2 4-

IȅǇύΣ оуΦн όʲ-CH2 N-Me [ŜǳύΣ отΦу όʲ-CH allo Ile), 31.1 (CH2 BHA), 30.7 (4-CH2 BHA), 28.8 (CH2 
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.I!ύΣ нрΦу όʴ-CH2 allo LƭŜύΣ нпΦс όʴ-CH N-Me Leu), 23.2 (CH2 BHA), ннΦу όʵ-CH3 a N-Me Leu), 

22.0 (CH2 .I!ύΣ нмΦт όʵ-CH3 b N-Me [ŜǳύΣ мпΦт όнΩ-CH3 .I!ύΣ моΦф όʴ-CH3 allo Ile), 13.9 (9-CH3 

.I!ύΣ ммΦс όʵ-CH3 allo Ile). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 5.75 (DCM), 3.30 (H2hύΣ нΦтп ό5aCύΣ нΦрп ό5a{hύΦ ʵC 

[ppm] = 40.4 (DMSO) 

UHR-MS (ESI-TOF) m/z calcd for C33H58N5O9: 668.4229 [M+H]+; found: 668.4233 [M+H]+
 

Specific rotation ώʰϐ5
нπ = -70.9°(c = 1.10, CHCl3) 

 

Preparation of Pol-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-arom-BHA (1.19) 

Resin 1.17 (n = 0.402 mmol/g, 1.11 g, 

0.446 mmol) was swelled in DMF for 2 h. The 

supernatant was drained and after Fmoc-

deprotection the resin was washed twice with 

anhyd. DMF. It was suspended in a small 

amount of anhyd. DMF. The solution of acid 1.9 (321 mg, 1.54 mmol) and triethylamine 

(208 µL, 1.50 mmol) in anhy. DMF was cooled to 0 °C. DEPC (90%, 252 µL, 1.49 mmol) was 

added, it was directly transferred to the peptide vessel and the mixture was agitated for 18 h. 

The step was repeated due to incomplete conversion. Acid 1.9 (104 mg, 0.499 mmol) and 

triethylamine (69 µL, 0.50 mmol) were dissolved in anhy. DMF and cooled to 0 °C. DEPC (90%, 

84 µL, 0.50 mmol) was added and it was transferred to the peptide vessel and existing 

mixture. It was agitated for 20 h after which HR-MS indicated almost full conversion. The 

supernatant was drained, and the resin was washed five times each with DMF and DCM. The 

resin coupled peptide 1.19 was directly used in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C45H81N4O9Si2: 877.5537 [M+H]+; found: 877.5533 [M+H]+ 
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Preparation of Pol-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-arom-BHA-Gly-alloc (1.21) 

Resin coupled peptide 1.19 (0.446 mmol) was 

swelled in THF for 90 min, filtered and 

suspended in anhyd. THF. Alloc-glycine-OH 

(447 mg, 2.81 mmol), dissolved in anhdy. THF, 

was added, followed by DIC (465 µL, 

3.00 mmol) and DMAP (36.6 mg, 0.300 mmol). The resin was agitated for 20 h, after which 

HR-MS indicated full conversion. The supernatant was filtered off and the resin was washed 

once with DCM. The resin coupled peptide 1.21 was directly used in the next step. 

UHR-MS (ESI) m/z calcd for C51H88N5O12Si2: 1018.5963 [M+H]+; found: 1018.5950 [M+H]+ 

 

Preparation of HOOC-4-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-arom-BHA-Gly-

NH2 (1.23) 

Resin coupled peptide 1.21 (0.446 mmol) was 

swelled in DCM for 15 min. It was drained, 

washed with anhyd. DCM and then suspended in 

anhyd. DCM. Pd(PPH3)4 (59 mg, 0.051 mmol) was 

added, followed by Phenylsilane (1481 µL, 

12.00 mmol). The mixture was agitated for 3 h after which HR-MS indicated full conversion. 

The mixture was filtered and washed five times with DCM until the solvent ran clear. Cleavage 

of the peptide from the resin was done as described in the general method part. The linear 

peptide 1.23 was used without further purification. 

UHR-MS (ESI-TOF) m/z calcd for C47H84N5O10Si2: 934.5751 [M+H]+; found: 934.5745 [M+H]+ 
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Preparation of (6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-((tert-

butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-10-isobutyl-7,9-dimethyl-

6-phenethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-

1,4,8,11,14,17-hexaone (1.32) 

Linear peptide 1.23 (0.446 mmol) was dissolved in DCM:DMF 

(15:1; 256 mL). HATU (571 mg, 1.50 mmol), followed by DIPEA 

(425 µL, 2.50 mmol) were added and the mixture was stirred for 

16 h at room temperature after which HR-MS showed complete 

conversion. It was extracted twice with water, once with brine, 

dried over MgSO4 and concentrated in vacuo. Prepurification by 

column chromatography (silica, PE:EA; 1:2) yielded 1.32 as a colorless oil (169 mg, 

0.184 mmol, 41% over 4 steps). Rf (PE:EA; 1:2) = 0.69. 

UHR-MS (ESI-TOF) m/z calcd for C47H82N5O9Si2: 916.5646 [M+H]+; found: 916.5637 [M+H]+ 

 

Preparation of (6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-hydroxy-16-

(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-

f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.5) 

Under argon peptide 1.32 (168 mg, 0.183 mmol) was dissolved 

in anhyd. THF (15 mL) in a Teflon® round bottom flask. Acetic 

acid (791 µL, 13.8 mmol) was added, followed by TBAF (10.0 mL, 

34.5 mmol) and the mixture was stirred at room temperature 

for 22 h. It was diluted with EA, washed twice with saturated, 

aqueous NaHCO3 solution, once with brine, dried over MgSO4 

and concentrated in vacuo. Purification by semi preparative HPLC (50-75-95% AcCN + 0.1% 

FA, NUCLEODUR® C18 Gravity SB, 3 µm, 250 x 10 mm, flow rate: 3 mL/min) yielded 1.5 as a 

colorless oil (49 mg, 0.071 mmol, 39%). 

1H-NMR (DMSO-d6, 600 aIȊύΥ ʵH [ppm] = 8.88 (minor, NH Gly), 8.60 (minor, NH Ser), 8.49 (d, 

1H, J = 4.2 Hz, NH Ser), 8.21 (d, 1H, J = 9.4 Hz, NH allo Ile), 8.01 (d, 1H, J = 8.4 Hz, NH Gly), 7.29-

7.14 (m, 8H, CHarom BHA), 6.68 (minor, NH allo Ile), 5.14 (ddd, 2H, J = 10.0, 6.0, 3.9 Hz, 3-CH-

O BHA), 5.12-5.01 (m, 2H, OH Ser, OH 4-Hyp), 4.67 (dd, 1H, J Ґ уΦрΣ пΦн IȊΣ ʰ-CH 4-Hyp), 4.40 
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(dd, 1H, J Ґ фΦрΣ пΦр IȊΣ ʰ-CH allo Ile), 4.27 (d, 1H, J = 8.5 Hz, CH2 a Gly), 4.24 (d, 1H, J = 8.1 Hz, 

CH2 b Gly), 4.21-пΦмп όƳΣ мIΣ ʴ-CH 4-Hyp), 4.02 (ddd, 1H, J Ґ тΦлΣ тΦлΣ пΦп IȊΣ ʰ-CH Ser), 3.62-

оΦрс όƳΣ мIΣ ʲ-CH2 a Ser), 3.54-оΦпс όƳΣ оIΣ ʲ-CH2 ō {ŜǊΣ ʰ-CH N-Me Leu), 3.44-3.36 (m, 4H, 

CH2 Dƭȅ ƳƛƴƻǊΣ ʵ-CH2 a, b 4-Hyp), 3.26-3.21 (m, 2H, 2-CH BHA), 3.12 (s, 3H, N-CH3 N-Me Leu), 

2.62-2.57 (m, 2H, 5-CH2 a, b BHA), 2.26 (ddd, 1H, J = 12.6, рΦлΣ пΦу IȊΣ ʲ-CH2 a 4-Hyp), 2.14-

нΦлп όƳΣ оIΣ ʲ-CH2 b 4-IȅǇΣ ʲ-CH2 a N-Me Leu), 2.02-1.94 (m, 2H, 4-CH2 a BHA), 1.83-1.71 (m, 

3H, 4-CH2 ō .I!Σ ʲ-CH allo Ile), 1.61 (ddd, 1H, J Ґ моΦфΣ уΦнΣ рΦф IȊΣ ʲ-CH2 b N-Me Leu), 1.48-

мΦпл όƳΣ мIΣ ʴ-CH N-Me Leu), 1.40-мΦон όƳΣ мIΣ ʴ-CH2 a allo Ile), 1.11-мΦлп όƳΣ мIΣ ʴ-CH2 b allo 

Ile), 1.03 (d, 3H, J Ґ тΦм IȊΣ нΩ-CH3 BHA), 0.88 (d, 6H, J Ґ сΦо IȊΣ ʵ-CH3 a, b N-Me Leu), 0.86 (t, 

3H, J Ґ тΦр IȊΣ ʵ-CH3 allo Ile), 0.70 (d, 3H, J Ґ сΦф IȊΣ ʴ-CH3 allo Ile). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 176.4 (CO BHA), 171.7 (CO allo Ile), 171.0 (CO N-

Me Leu), 170.7 (CO 4-Hyp), 169.7 (CO Ser), 168.5 (CO Gly), 141.7 (Cquart BHA), 128.3, 128.2, 

125.8 (CHarom BHA), 75.8 (3-CH-h .I!ύΣ сфΦл όʰ-CH N-aŜ [ŜǳύΣ ссΦу όʴ-CH 4-IȅǇύΣ слΦт όʲ-CH2 

{ŜǊύΣ рфΦо όʰ-CH 4-IȅǇύΣ рпΦо όʰ-CI {ŜǊύΣ роΦф όʰ-CH allo LƭŜύΣ роΦр όʵ-CH2 4-Hyp), 41.4 (CH2 

Gly),40.0 (N-CH3 N-Me Leu), 39.7* (2-CH BHA), 38.7*  ό-̡CH2 4-IȅǇύΣ оуΦм όʲ-CH2 N-Me Leu), 

отΦт όʲ-CH allo Ile), 32.6 (4-CH2 BHA), 29.5 (5-CH2 .I!ύΣ нрΦу όʴ-CH2 allo LƭŜύΣ нпΦс όʴ-CH N-Me 

[ŜǳύΣ ннΦу όʵ-CH3 a N-aŜ [ŜǳύΣ нмΦт όʵ-CH3 b N-aŜ [ŜǳύΣ мпΦт όнΩ-CH3 .I!ύΣ моΦф όʴ-CH3 allo 

LƭŜύΣ ммΦс όʵ-CH3 allo Ile). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 8.23 (FA), 5.75 (DCM), 3.31 (H2hύΣ нΦрп ό5a{hύΦ ʵC [ppm] 

= 40.4 (DMSO) 

UHR-MS (ESI-TOF) m/z calcd for C35H54N5O9: 688.3916 [M+H]+; found: 688.3920 [M+H]+ 

Specific rotation ώʰϐ5
нπ = -104.6°(c = 0.98, CHCl3) 

 

Preparation of 2CT-3-Hyp(TBS)-NH (1.16) 

2-Chlorotrityl chloride resin (n = 1.55 mmol/g, 6.01 g, 9.32 mmol) 

was swelled in DCM (50 mL) for 10 min. After removal of the 

solvent, the solution of Fmoc-protected amino acid 1.12 (5.62 g, 

12.0 mmol) and DIPEA (5.0 mL, 29.4 mmol) in DCM (60 mL) was 

added and agitated for 1.5 h. The solvent was filtered off and the 

resin was washed twice with DMF. The capping mixture (60 mL), consisting of 
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DCM:MeOH:DIPEA (80:15:5), was added and it was agitated for 10 min. The mixture was 

drained and the capping was repeated once more. The resin was washed three times with 

DMF and a sample was taken for determination of the loading. Fmoc-deprotection was done 

with 20% piperidine in DMF (30 mL) for 3 min and the process was carried out five times total. 

The resin was washed six times with DMF, three times with isopropanol and three times with 

n-heptane. It was sucked dry and then dried further in vacuo for 24 h. Resin 1.16 (6.80 g) was 

stored under argon at 4 °C. The loading was determined by absorption to be n = 0.353 mmol/g 

(23%). 

 

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-Fmoc (1.24) 

Resin 1.16 (n = 0.353 mmol/g, 6.00 g, 2.12 mmol) was 

swelled in DMF for 30 min. The solvent was removed, and 

a solution of Fmoc-L-serine (TBS)-OH (2.812 g, 6.368 mmol) 

and HATU (2.338 g, 6.149 mmol) in DMF was added, 

followed by DIPEA (2160 µL, 12.70 mmol) and more DMF. 

The mixture was agitated for 1.5 h. After Fmoc-deprotection, Fmoc-L-allo-isoleucine-OH 

(2.244 g, 6.350 mmol) and HATU (2.340 g, 6.154 mmol) were added, dissolved in a small 

volume of DMF, followed by DIPEA (2160 µL, 12.70 mmol) and more DMF. The mixture was 

agitated for 1.5 h. After Fmoc-deprotection, Fmoc-N-Me-L-leucine-OH (2.340 g, 6.368 mmol) 

and HATU (2.343 g, 6.162 mmol) were dissolved in a small quantity of DMF, and added to the 

resin. DIPEA (2160 µL, 12.70 mmol) and more DMF were added and the mixture was agitated 

for 3 h. The supernatant was drained, the resin was washed five times with DMF, three times 

each with DCM, methanol and diethyl ether. It was sucked dry and dried further in vacuo for 

12 h. The finished resin 1.24 (8.65 g, n = 0.245 mmol/g,) was stored under argon at 4 °C.  

UHR-MS (ESI-TOF) m/z calcd for C48H77N4O9Si2: 909.5224 [M+H]+; found: 909.5223 [M+H]+ 

 

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA (1.25) 

Resin 1.24 (n = 0.245 mmol/g, 2.05 g, 0.502 mmol) was swelled in DMF for 35 min. The 

supernatant was drained and after Fmoc-deprotection the resin was washed twice with 
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anhyd. DMF. It was suspended in a small amount of 

anhyd. DMF. Acid 1.8 (284 mg, 1.51 mmol) and 

triethylamine (208 µL, 1.50 mmol) were dissolved in 

anhyd. DMF and cooled to 0 °C. DEPC (90%, 252 µL, 

1.49 mmol) was added, it was directly transferred to 

the peptide vessel and the mixture was agitated for 16 h. Due to incomplete conversion, as 

indicated by LC-MS, the step was repeated. The mixture was filtered off, the resin was washed 

twice with anhy. DMF and suspended in a small amount of anhyd. DMF. Acid 1.8 (102 mg, 

0.542 mmol) and triethylamine (69 µL, 0.50 mmol) were dissolved in anhy. DMF and cooled 

to 0 °C. DEPC (90%, 84 µL, 0.496 mmol) was added and it was transferred to the peptide 

vessel. The mixture was agitated for 2.5 h, after which HR-MS indicated almost full 

conversion. The supernatant was drained, and the resin was washed five times each with DMF 

and DCM. The resin coupled peptide 1.25 was directly used in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C43H85N4O9Si2: 857.5850 [M+H]+; found: 857.5864 [M+H]+ 

 

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA-Gly-alloc (1.27) 

Resin coupled peptide 1.25 (0.502 mmol) was 

swelled in THF for 10 min, filtered and 

suspended in anhyd. THF. The solution of 

Alloc-glycine-OH (242 mg, 1.52 mmol), in 

anhyd. THF was added, followed by DIC 

(232 µL, 1.50 mmol) and DMAP (19 mg, 0.16 mmol). The resin was agitated for 17 h, after 

which the step was repeated. The supernatant was drained, the resin was washed once with 

anhyd. THF and then suspended in anhyd. THF. Alloc-glycine-OH (258 mg, 1.62 mmol), 

dissolved in anhdy. THF was added, followed by DIC (260 µL, 1.68 mmol) and DMAP (19 mg, 

0.16 mmol). The mixture was agitated for 90 min after which HR-MS indicated full conversion. 

The supernatant was removed and the resin was washed once with DCM. The resin coupled 

peptide 1.27 was directly used in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C49H92N5O12Si2: 998.6276 [M+H]+; found: 998.6273 [M+H]+ 
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Preparation of HOOC-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-alkyl-BHA-Gly-NH2 (1.29) 

 

Resin coupled peptide 1.27 (0.502 mmol) was 

swelled in DCM for 10 min. It was filtered, washed 

with anhyd. DCM and then suspended in anhyd. 

DCM. Pd(PPH3)4 (58 mg, 0.050 mmol) was added, 

followed by Phenylsilane (1481 µL, 12.00 mmol). 

The mixture was agitated for 3 h, after which HR-MS indicated full conversion. The mixture 

was filtered and washed five times with DCM until the solvent ran clear. Cleavage of the 

peptide from the resin was performed as described in the general method part. Linear 

peptide 1.29 was used without further purification. 

UHR-MS (ESI-TOF) m/z calcd for C45H88N5O10Si2: 914.6064 [M+H]+; found: 914.6066 [M+H]+ 

 

Preparation of (6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-((tert-

butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-6-hexyl-10-isobutyl-7,9-

dimethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-

1,4,8,11,14,17-hexaone (1.33) 

Linear peptide 1.29 (0.502 mmol) was dissolved in 

DCM:DMF (15:1; 256 mL). HATU (572 mg, 1.50 mmol), 

followed by DIPEA (425 µL, 2.50 mmol) were added and the 

mixture was stirred for 3 h at room temperature, after which 

HR-MS indicated complete conversion. It was extracted 

twice with water, once with brine, dried over MgSO4 and 

concentrated in vacuo. Prepurification by column chromatography (silica, PE:EA; 1:2) yielded 

1.33 as slightly yellow needles (125 mg, 0.139 mmol, 28% over 4 steps). Rf (PE:EA; 1:2) = 0.72. 

UHR-MS (ESI-TOF) m/z calcd for C45H86N5O9Si2: 896.5959 [M+H]+; found: 896.5956 [M+Na]+ 
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Preparation of (6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-

(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-

f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3) 

Under argon peptide 1.33 (125 mg, 0.139 mmol) was 

dissolved in anhyd. THF (10 mL) in a Teflon® round bottom 

flask. Acetic acid (601 µL, 10.5 mmol) was added, followed by 

TBAF (7.5 mL, 26 mmol) and the mixture was stirred at room 

temperature for 9 h. It was diluted with EA, washed twice 

with saturated, aqueous NaHCO3 solution, once with brine, 

dried over MgSO4 and concentrated in vacuo. Purification by semi preparative HPLC (50-75-

95% AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 µm, 250 x 10 mm, flow rate: 3 mL/min) 

yielded 1.3 as a colorless solid (47 mg, 0.070 mmol, 51%). 

1H-NMR (DMSO-d6, 600 aIȊύΥ ʵH [ppm] = 8.79 (minor, NH Gly), 8.69 (minor, NH Ser), 8.56 (d, 

1H, J = 4.2 Hz, NH Ser), 8.22 (d, 1H, J = 9.4 Hz, NH allo Ile), 8.10 (d, 1H, J = 8.6 Hz, NH Gly), 6.62 

(minor, NH allo Ile), 5.33 (d, 1H, J = 3.6 Hz, OH 3-Hyp), 5.06 (ddd, 1H, J = 10.0, 6.3, 3.7 Hz, 3-

CH-O BHA), 4.52-пΦпт όƳΣ мIΣ ʲ-CH 3-Hyp), 4.46-пΦпн όƳΣ мIΣ ʰ-CH 3-Hyp), 4.42 (dd, 1H, J = 

9.2, 3.2 IȊΣ ʰ-CH allo Ile), 4.28 (d, 1H, J = 8.8 Hz, CH2 a Gly), 4.25 (d, 1H, J =8.8 Hz, CH2 b Gly), 

3.95 (ddd, 1H, J = 7.3, 6.3, 4.4 IȊΣ ʰ-CH Ser), 3.61-3.5р όƳΣ мIΣ ʲ-CH2 a Ser), 3.55-3.45 (m, 3H, 

-̡CH2 ō {ŜǊΣ ʰ-CH N-aŜ [ŜǳΣ ʵ-CH2 a 3-Hyp), 3.45-оΦор όƳΣ нIΣ ʵ-CH2 b 3-Hyp, CH2 Gly minor), 

3.16-3.10 (m, 1H, 2-CH BHA), 3.09 (s, 3H, N-CH3 N-Me Leu), 2.09 (ddd, 1H, J = 13.7, 9.4, 5.3 Hz, 

-̡CH2 a N-Me Leu), 1.81-мΦтл όƳΣ пIΣ ʲ-CH allo LƭŜΣ ʴ-CH2 a, b 3-Hyp), 1.70-1.64 (m, 1H, 4-CH2 

a BHA), 1.61 (ddd, 1H, J = 14.0, 8.2, 6.1 IȊΣ ʲ-CH2 b N-Me Leu), 1.51-1.44 (m, 1H, 4-CH2 b BHA), 

1.44-мΦоф όƳΣ мIΣ ʴ-CH N-Me Leu), 1.39-мΦон όƳΣ мIΣ ʴ-CH2 a allo Ile), 1.29-1.18 (m, 11H, CH2 

BHA), 1.07 (ddd, 1H, J = 13.7, 7.5, 7.5 IȊΣ ʴ-CH2 b allo Ile), 0.99 (d, 3H, J = 6.9 IȊΣ нΩ-CH3 BHA), 

0.89-лΦуо όƳΣ мрIΣ ʵ-CH3 allo Ile, 9-CH3 .I!Σ ʵ-CH3 a,b N-Me Leu), 0.70 (d, 3H, J = 6.9 IȊΣ ʴ-

CH3 allo Ile). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 176.4 (CO BHA), 172.0 (CO allo Ile), 170.9 (CO N-

Me Leu), 169.5 (CO 3-Hyp), 168.5 (CO Gly), 168.3 (CO Ser), 75.9 (3-CI .I!ύΣ тпΦл όʲ-CH 3-Hyp), 

сфΦо όʰ-CH 3-Hyp), 69.1* ό-hCH N-Me [ŜǳύΣ слΦп όʲ-CH2 {ŜǊύΣ ррΦо όʰ-CI {ŜǊύΣ роΦф όʰ-CH allo 

LƭŜύΣ ппΦу όʵ-CH2 3-Hyp), 41.3 (CH2 Gly), 40.1*  (2-CH BHA, N-CH3ύΣ оуΦм όʲ-CH2 N-Me Leu), 37.8 

ό-̡CH allo Ile), 31.0 (CH2 BHA), 30.6 (4-CH2 .I!ύΣ олΦн όʴ-CH2 3-Hyp), 28.7 (CH2 .I!ύΣ нрΦу όʴ-
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CH2 allo LƭŜύΣ нпΦр όʴ-CH N-Me Leu), 23.2 (CH2 .I!ύΣ ннΦу όʵ-CH3 a N-Me Leu), 22.0 (CH2 BHA), 

нмΦт όʵ-CH3 b N-Me [ŜǳύΣ мпΦт όнΩ-CH3 .I!ύΣ моΦф όʴ-CH3 allo Ile, 9-CH3 .I!ύΣ ммΦс όʵ-CH3 allo 

Ile). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 3.30 (H2hύΣ нΦрп ό5a{hύΦ ʵC [ppm] = 40.4 (DMSO) 

UHR-MS (ESI-TOF) m/z calcd for C33H58N5O9: 668.4229 [M+H]+; found: 668.4232 [M+H]+
 

Specific rotation ώʰϐ5
нπ = -59.3°(c = 1.08, CHCl3) 

 

Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-arom-BHA (1.26) 

Resin 1.24 (n = 0.245 mmol/g, 2.06 g, 

0.505 mmol) was swelled in DMF for 1 h. The 

supernatant was drained and after Fmoc-

deprotection the resin was washed twice with 

anhyd. DMF. The resin was suspended in a 

small amount of anhyd. DMF. The solution of acid 1.9 (206 mg, 0.989 mmol) and 

triethylamine (213 µL, 1.54 mmol) in anhy. DMF and was cooled to 0 °C. DEPC (90%, 258 µL, 

1.52 mmol) was added, it was directly transferred to the peptide vessel and the mixture was 

agitated for 19 h. The step was repeated due to incomplete conversion, as indicated by LC-

MS result. Acid 1.9 (160 mg, 0.768 mmol) and triethylamine (139 µL, 1.00 mmol) were 

dissolved in anhyd. DMF and cooled to 0 °C. DEPC (90%, 168 µL, 0.992 mmol) was added and 

it was transferred to the peptide vessel and existing mixture. It was agitated for 8 h, after 

which HR-MS indicated almost full conversion. The supernatant was drained and the resin 

was washed five times each with DMF and DCM. The resin coupled peptide 1.26 was directly 

used in the next step. 

UHR-MS (ESI-TOF) m/z calcd for C45H81N4O9Si2: 877.5537 [M+H]+; found: 877.5560 [M+H]+ 
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Preparation of 2CT-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu-arom-BHA-Gly-alloc (1.28) 

Resin coupled peptide 1.26 (0.505 mmol) was 

swelled in THF for 10 min, filtered and 

suspended in anhyd. THF. Alloc-glycine-OH 

(242 mg, 1.52 mmol), dissolved in anhdy. THF 

was added, followed by DIC (232 µL, 

1.50 mmol) and DMAP (21.4 mg, 0.175 mmol). The resin was agitated for 7 h, after which the 

step was repeated. The supernatant was filtered off, the resin was washed once with anhyd. 

THF and then suspended in anhyd. THF. Alloc-glycine-OH (477 mg, 3.00 mmol), dissolved in 

anhyd. THF was added to the resin, followed by DIC (465 µL, 3.00 mmol) and DMAP (36.6 mg, 

0.300 mmol). The mixture was agitated for 4 h, after which HR-MS indicated almost full 

conversion. The supernatant was drained and the resin was washed once with DCM. The resin 

coupled peptide 1.28 was directly used in the next step. 

UHR-MS (ESI) m/z calcd for C51H88N5O12Si2: 1018.5963 [M+H]+; found: 1018.5959 [M+H]+ 

 

Preparation of HOOC-3-Hyp(TBS)-L-Ser(TBS)-L-allo-Ile-N-Me-L-Leu- arom-BHA-Gly-

NH2 (1.30) 

Resin coupled peptide 1.28 (0.505 mmol) was 

swelled in DCM for 40 min. It was filtered, 

washed with anhyd. DCM and then suspended 

in anhyd. DCM. Pd(PPH3)4 (59 mg, 0.051 mmol) 

was added, followed by Phenylsilane (1481 µL, 

12.00 mmol). The mixture was agitated for 3 h, after which HR-MS indicated full conversion. 

The mixture was filtered and washed five times with DCM until the solvent ran clear. Cleavage 

of the peptide from the resin was performed as described in the general method part. Linear 

peptide 1.30 was used without further purification. 

UHR-MS (ESI-TOF) m/z calcd for C47H84N5O10Si2: 934.5751 [M+H]+; found: 934.5753 [M+H]+ 
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Preparation of (6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-((tert-

butyldimethylsilyl)oxy)-16-(((tert-butyldimethylsilyl)oxy)methyl)-10-isobutyl-7,9-dimethyl-

6-phenethyltetradecahydropyrrolo[2,1-f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-

1,4,8,11,14,17-hexaone (1.34) 

Linear peptide 1.30 (0.505 mmol) was dissolved in DCM:DMF 

(15:1; 256 mL). HATU (573 mg, 1.51 mmol), followed by DIPEA 

(425 µL, 2.50 mmol) were added and the mixture was stirred 

for 17 h at room temperature, after which HR-MS indicated 

complete conversion. It was extracted twice with water, once 

with brine, dried over MgSO4 and concentrated in vacuo. 

Prepurification by column chromatography (silica, PE:EA; 1:2) yielded 1.34 as a yellowish foam 

(376 mg, 0.419 mmol, 83% over 4 steps). Rf (PE:EA; 1:2) = 0.71. 

UHR-MS (ESI-TOF) m/z calcd for C47H82N5O9Si2: 916.5646 [M+H]+; found: 916.5659 [M+H]+ 

 

Preparation of (6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-hydroxy-16-

(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-

f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.4) 

Under argon peptide 1.34 (376 mg, 0.419 mmol) was dissolved 

in anhyd. THF (25 mL) in a Teflon® round bottom flask. Acetic 

acid (1760 µL, 30.75 mmol) was added, followed by TBAF 

(22.1 mL, 76.3 mmol) and the mixture was stirred at room 

temperature for 18 h. It was diluted with EA, washed twice with 

saturated, aqueous NaHCO3 solution, once with brine, dried 

over MgSO4 and concentrated in vacuo. Purification by semi preparative HPLC (50-75-95% 

AcCN + 0.1% FA, NUCLEODUR® C18 Gravity SB, 3 µm, 250 x 10 mm, flow rate: 3 mL/min) 

yielded 1.4 as a colorless oil (83 mg, 0.12 mmol, 29%). 

1H-NMR (DMSO-d6, 600 MHȊύΥ ʵH [ppm] = 8.90 (minor, NH Gly), 8.77 (minor, NH Ser), 8.58 (d, 

1H, J = 4.1 Hz, NH Ser), 8.23 (d, 1H, J = 9.4 Hz, NH allo Ile), 8.05 (d, 1H, J = 8.7 Hz, NH Gly), 7.29-

7.14 (m, 6H, CHarom BHA), 6.62 (minor, NH allo Ile), 5.15 (ddd, 1H, J = 9.9, 6.2, 4.0 Hz, 3-CH-O 

BHA), 4.49 (d, 1H, J Ґ оΦу IȊΣ ʲ-CH 3-Hyp), 4.45-пΦпм όƳΣ нIΣ ʰ-CH 3-IȅǇΣ ʰ-CH allo Ile), 4.30 
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(d, 1H, J = 8.5 Hz, CH2 a Gly), 4.27 (d, 1H, J = 8.9 Hz, CH2 b Gly), 3.96 (ddd, 1H, J = 6.4, 6.4, 4.7 

IȊΣ ʰ-CH Ser), 3.61-оΦрр όƳΣ мIΣ ʲ-CH2 a Ser), 3.55-оΦпс όƳΣ оIΣ ʲ-CH2 ō {ŜǊΣ ʵ-CH2 a 3-IȅǇΣ ʰ-

CH N-Me Leu), 3.46-оΦоф όƳΣ мIΣ ʵ-CH2 b 3-Hyp), 3.39-3.34 (m, 2H, CH2 Gly, minor), 3.25-3.19 

(m, 2H, 2-CH BHA), 3.12 (s, 3H, N-CH3 N-Me Leu), 2.62-2.56 (m, 2H, 5-CH2 a,b BHA), 2.10 (ddd, 

1H, J = 13.9Σ фΦнΣ рΦл IȊΣ ʲ-CH2 a N-Me Leu), 2.01-1.93 (m, 1H, 4-CH2 a BHA), 1.83-1.69 (m, 5H, 

4-CH2 ō .I!Σ ʴ-CH2 a, b 3-IȅǇΣ ʲ-CH allo Ile), 1.62 (ddd, 1H, J Ґ моΦфΣ уΦнΣ сΦн IȊΣ ʲ-CH2 b N-

Me Leu), 1.46-мΦпл όƳΣ мIΣ ʴ-CH N-Me Leu), 1.40-мΦоо όƳΣ мIΣ ʴ-CH2 a allo Ile), 1.11-1.05 (m, 

мIΣ ʴ-CH2 b allo Ile), 1.03 (d, 3H, J Ґ сΦу IȊΣ нΩ-CH3 BHA), 0.92-лΦуп όƳΣ мнIΣ ʵ-CH3 allo LƭŜΣ ʵ-

CH3 a, b N-Me Leu), 0.70 (d, 3H, J Ґ сΦф IȊΣ ʴ-CH3 allo Ile). 

13C-NMR (DMSO-d6, 100 aIȊύΥ ʵC [ppm] = 176.4 (CO BHA), 172.0 (CO allo Ile), 170.9 (CO N-

Me Leu), 169.5 (CO Ser), 168.5 (CO Gly), 168.4 (CO 3-Hyp), 141.7 (Cquart BHA), 128.3, 128.2, 

125.7 (CHarom BHA), 75.8 (3-CH-h .I!ύΣ тпΦм όʲ-CH 3-IȅǇύΣ сфΦо όʰ-CH 3-IȅǇύΣ сфΦл όʰ-CH N-

Me Leu), слΦп όʲ-CH2 {ŜǊύΣ ррΦо όʰ-CI {ŜǊύΣ роΦф όʰ-CH allo LƭŜύΣ ппΦу όʵ-CH2 3-Hyp), 41.3 (CH2 

Gly), 40.0* (N-CH3 N-Me Leu), 39.7* (2-CI .I!ύΣ оуΦм όʲ-CH2 N-aŜ [ŜǳύΣ отΦт όʲ-CH allo Ile), 

32.6 (4-CH2 .I!ύΣ олΦн όʴ-CH2 3-Hyp), 29.5 (5-CH2 .I!ύΣ нрΦф όʴ-CH2 allo LƭŜύΣ нпΦс όʴ-CH N-Me 

[ŜǳύΣ ннΦу όʵ-CH3 a N-Me Leu), нмΦт όʵ-CH3 b N-aŜ [ŜǳύΣ мпΦт όнΩ-CH3 .I!ύΣ моΦф όʴ-CH3 allo 

LƭŜύΣ ммΦс όʵ-CH3 allo Ile). 

!ŘŘƛǘƛƻƴŀƭ ŦƻǳƴŘ ǎƛƎƴŀƭǎΥ ʵH [ppm] = 8.27 (FA), 5.75 (DCM), 3.34-3.25 (H2O), 2.54 (DMSO), OH 

Ser and OH 3-Hyp were not observedΦ ʵC [ppm] = 40.4 (DMSO) 

UHR-MS (ESI-TOF) m/z calcd for C35H54N5O9: 688.3916 [M+H]+; found: 688.3917 [M+H]+ 

Specific rotation ώʰϐ5
нπ = -52.5°(c = 0.99, CHCl3) 

 

4.4.3 Activity Tests - Bioassays 

Determination of the minimum inhibitory concentrations (MIC) of purified compounds 1.2, 

1.3, 1.4 and 1.5 were done by micro broth dilution assays in 96 well plates. Each compound 

was dissolved in DMSO to a 6.4 mg/mL stock solution and tested in triplicates.  

For the bacteria E. coli ATCC 25922, E. coli ATCC 25922 ҟtolC, tΦ ŀŜǊǳƎƛƴƻǎŀ t!лмΣ 

tΦ ŀŜǊǳƎƛƴƻǎŀ t!лтрлΣ K. pneumoniae ATCC 30104, A. baumannii ATCC 19606, S. aureus 

ATCC 33592 an overnight culture (37°C, 180rpm) was diluted to 5 · 105 cells/mL in cation 
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adjusted Mueller Hinton II medium (Becton, Dickinson and Company). For 9Φ Ŏƻƭƛ !¢// нрфнн 

aI/ ǘƘŜ overnight culture was cultivated in regular cation adjusted Mueller Hinton II 

medium, density adjustment and dilutioan assays were performed with cation adjusted 

Mueller Hinton II medium supplemented with NaHCO3 44 mM. The pre culture of M. 

smegmatis ATCC 607 was incubated in Brain-Heart Infusion broth (Becton, Dickinson and 

Company, 48 h, 37°C, 180 rpm) before the cell concentration was adjusted in Mueller Hinton 

II medium. As positive controls, dilution series (64-лΦло ˃ƎκƳ[ύ ƻŦ ǊƛŦŀƳǇƛŎƛƴΣ ǘŜǘǊŀŎȅŎline and 

gentamycin were prepared, except for M. smegmatis where isoniazid was used instead of 

gentamycin as third positive control and for 9Φ Ŏƻƭƛ !¢// нрфнн ҟƘƭŘ9Σ ǿƘŜǊŜ ŎƛǇǊƻŦƭƻȄŀŎƛƴ ŀƴŘ 

Ŏƻƭƛǎǘƛƴ ǿŜǊŜ ǳǎŜŘ ŀǎ ŎƻƴǘǊƻƭǎΦ As negative controls pure cell suspensions were used. After 

incubation cell growth was assessed by measuring the turbidity with a microplate 

spectrophotometer at 600 nm (LUMIstar® Omega BMG Labtech). For M. smegmatis cell 

viability was evaluated after 48 h (37°C, 180 rpm, 85% rH) via ATP quantification (BacTiter-

DƭƻϰΣ tǊƻƳŜƎŀύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 
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4.5 Supporting Information 

 

4.5.1 Chromatograms and spectra of natural extract 

 

Table S 4-1: Overview of literature known congeners of Globomycin (1) and new isomers 
(blue). 

 

 

  

compound MF [M+H]+ m/z  
known 

structures 

new 

isomers 

proposed new 

structures 

Globomycin (1.1) 

SF-1902 A1 
C32H57N5O9 656.4229 1 0 0 

SF-1902 A2 C30H53N5O9 628.3916 1 3 SF-1902 A2b 

SF-1902 A3 C31H55N5O9 642.4073 1 3 SF-1902 A3b 

SF-1902 A4 C33H59N5O9 670.4386 2 6 
SF-1902 A4a2  or  

 SF-1902 Ac   

SF-1902 A5 C34H61N5O9 684.4542 1 1 0 

SF-1902 A6 C29H51N5O9 614.3760 0 3 
SF-1902 A6a 

SF-1902 A6b 

SF-1902 A7 C28H49N5O9 600.3603 0 3 SF-1902 A7a 

SF-1902 A8 C27H47N5O9 586.3447 0 1 SF-1902 A8 

total   6 20 7 
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Table S 4-2: Overview of novel derivatives of GLM (1) based on the molecular network 
(Figure 4-4) and determined chemical formula. 

[M+H]+ m/z  chemical formular fragmentation pattern 

670.403 C32H55N5O10 Figure S 4-13 

654.408 C32H55N5O9 
 

 

587.402 C29H54N4O8 Figure S 4-15 

670.388 C28H55N5O13 Figure S 4-16 

674.435 C32H59N5O10 
 

 

688.385 C33H61N5O10 Figure S 4-18 

672.418 C32H57N5O10 Figure S 4-19 

 

 

Figure S 4-13: Fragmentation pattern of m/z = 670.4005 and its proposed structure. 
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Figure S 4-14: Fragmentation pattern of m/z = 654.4083 and its proposed structures. 

 

 

Figure S 4-15: Fragmentation pattern of m/z = 587.4018 and proposed structural elements. 

 

 

Figure S 4-16: Fragmentation pattern of m/z = 670.3870 and proposed structural elements. 
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Figure S 4-17: Fragmentation pattern of m/z = 674.4336 and proposed structural elements. 

 

 

Figure S 4-18: Fragmentation pattern of m/z = 688.4491 and proposed structural elements. 

 

 

Figure S 4-19: Fragmentation pattern of m/z = 672.4181 and its proposed structure. 
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4.5.2 Structure Based Drug Design 

 

 

Figure S 4-20: Globomycin (orange) and derivative 1.3 (green) in LspA (PDB 5DIR).  

 

 

Figure S 4-21: Globomycin (orange) and derivative 1.5 (green) in LspA (PDB 5DIR). 
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Figure S 4-22: Globomycin (orange) and derivative 1.2 (green) in LspA (PDB 5DIR).  

 

 

Figure S 4-23: Globomycin (orange) and derivative 1.3 (green) in LspA (PDB 5DIR). 
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4.5.3 NMR and MS/MS² data for synthetic compounds 

 

Figure S 4-24: NMR spectra of 1.13 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 400 MHz) 

(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-carboxylic acid (1.13) 

13C-NMR (DMSO-d6, 101 MHz) 

(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-hydroxypyrrolidine-2-carboxylic acid (1.13) 
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Figure S 4-25: NMR spectra of 1.12 in CDCl3. 

  

 

 

13C-NMR (CDCl3, 101 MHz) 

(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.12) 

1H-NMR (CDCl3, 400 MHz) 

(2S,3S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.12) 
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Figure S 4-26: NMR spectra of 1.14 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 400 MHz) 

(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (1.14) 

13C-NMR (DMSO-d6, 101 MHz) 

(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (1.14) 
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Figure S 4-27: NMR spectra of 1.11 in CDCl3. 

  

 

 

1H-NMR (CDCl3, 400 MHz) 

(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.11) 

13C-NMR (CDCl3, 101 MHz) 

(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic acid (1.11) 
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Figure S 4-28: NMR spectra of 1.10 in CDCl3. 

  

 

 

1H-NMR (CDCl3, 400 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl propionate (1.10) 

13C-NMR (CDCl3, 101 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl propionate (1.10) 



 

83 

Figure S 4-29: NMR spectra of 1.6 in CDCl3. 

  

 

 

1H-NMR (CDCl3, 400 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methylnonanoate (1.6) 

13C-NMR (CDCl3, 101 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methylnonanoate (1.6) 
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Figure S 4-30: NMR spectra of 1.8 in CDCl3. 

  

 

 

1H-NMR (CDCl3, 400 MHz) 

(2R,3R)-3-hydroxy-2-methylnonanoic acid (1.8) 

13C-NMR (CDCl3, 101 MHz) 

(2R,3R)-3-hydroxy-2-methylnonanoic acid (1.8) 
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Figure S 4-31: NMR spectra of 1.7 in CDCl3. 

  

 

 

1H-NMR (CDCl3, 400 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7) 

13C-NMR (CDCl3, 101 MHz) 

(1R,2S)-2-((N-benzyl-2,4,6-trimethylphenyl)sulfonamido)-1-phenylpropyl (2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoate (1.7) 
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Figure S 4-32: NMR spectra of 1.9 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 400 MHz) 

(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9) 

13C-NMR (DMSO-d6, 101 MHz) 

(2R,3R)-3-hydroxy-2-methyl-5-phenylpentanoic acid (1.9) 
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Figure S 4-33: NMR spectra of 1.2 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 600 MHz) 
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-f][1]oxa 
[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2) 

13C-NMR (DMSO-d6, 101 MHz) 
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-6-hexyl-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-f][1]oxa 
[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.2) 
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Table S 4-3: NMR data for 1.2 in DMSO-d6 (600 MHz, 100 MHz). 

Position ʵ 13C [ppm] ʵ 1I ώǇǇƳϐΤ όƳΣ ҝΣ J)  

L-N-Me-Leucine 
CO 171.0 - 

N-CH3 40.1* 3.10 (s, 3H) 

-hCH 68.5* 3.55-3.45 (m, 2H, overlay) 

-̡CH2 38.2 
2.13-2.03 (m, 3H, overlay) 
1.64-1.54 (m, 2H) 

-ɹCH 24.6 1.45-1.38 (m, 2H) 
-ɻCH3 a 22.8 0.94-0.83 (m, 20H, overlay) 
-ɻCH3 b 21.7 0.94-0.83 (m, 20H, overlay) 

L-allo-Isoleucine 
CO 171.8 - 

NH - 
8.21 (d, 1H, J = 9.3 Hz) 
6.68 (minor) 

-hCH 53.9 4.40 (dd, 1H, J = 9.5, 4.6 Hz) 
-̡CH  37.8 1.80-1.71 (m, 2H) 

-ɹCH2 25.8 
1.38-1.32 (m, 2H)  
1.11-1.02 (m, 2H) 

-ɹCH3 13.9 0.69 (d, 3H, J = 6.9 Hz) 
-ɻCH3 11.6 0.94-0.83 (m, 20H, overlay) 

L-Serine 

CO  169.7 - 

NH  - 
8.49 (d, 1H, J = 4.6 Hz) 
8.58 (minor) 

-hCH 54.3 4.02 (ddd, 1H, J = 6.7, 6.7, 4.6 Hz) 

-̡CH2-OH 60.7 
3.61-3.56 (m, 1H) 
3.55-3.45 (m, 2H, overlay) 

-̡OH - 5.21-5.13 (m , 1H) 

L-4-Hydroxyproline 
CO 170.7 - 
N - - 

-hCH 59.3 4.67 (dd, 1H, J = 8.5, 4.3 Hz) 

-̡CH2 38.8* 
2.27 (ddd, 1H, J = 12.5, 4.9, 4.9 Hz) 
2.13-2.03 (m, 3H, overlay) 

-ɹCH-OH 66.8 4.20-4.10 (m, 2H) 
-ɹOH - 5.13-5.08 (m, 1H) 
-ɻCH2 53.5 3.45-3.33 (m, 4H, overlay) 

Glycine 
CO 168.4 - 

NH - 
8.07 (d, 1H, J = 8.3 Hz) 
8.81 (minor) 

CH2 41.4 
4.26 (d, 1H, J = 8.1 Hz) 
4.23 (d, 1H, J = 8.3 Hz) 
3.45-3.37 (m, 4H, overlay) minor  

BHA 
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1-CO 176.4 - 
2-CH 40.1* 3.15-3.11 (m, 2H) 
нΩ-CH3 14.7 0.99 (d, 3H, J = 7.0 Hz) 
3-CH-O 76.0 5.05 (ddd, 2H, J = 10.2, 6.4, 3.6 Hz) 

4-CH2 30.7 
1.71-1.64 (m, 1H) 
1.52-1.45 (m, 1H) 

5-8-CH2 
31.1, 28.8, 23.2, 
22.0 

1.32-1.17 (m, 14H, overlay) 

9-CH3 13.9 0.94-0.83 (m, 20H, overlay) 
 

 

 

Figure S 4-34: MS² fragmentation of 1.2 and its fragmentation pattern. 
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Figure S 4-35: NMR spectra of 1.5 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 600 MHz) 
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.5) 

13C-NMR (DMSO-d6, 101 MHz) 
(6R,7R,10S,13S,16S,20R,21aS)-13-((R)-sec-butyl)-20-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.5) 
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Table S 4-4: NMR data for 1.5 in DMSO-d6 (600 MHz, 100 MHz). 

Position ʵ 13C [ppm] ʵ 1I ώǇǇƳϐΤ όƳΣ ҝΣ J)  

L-N-Me-Leucine 
CO 171.0 - 

N-CH3 40.0 3.12 (s, 3H) 

-hCH 69.0 3.54-3.46 (m, 3H, overlay) 

-̡CH2 38.1 
2.14-.2.04 (m, 3H, overlay) 
1.61 (ddd, 1H, J = 13.9, 8.2, 5.9 Hz) 

-ɹCH 24.6 1.48-1.40 (m, 1H) 
-ɻCH3 22.8, 21.7 0.88 (d, 6H J = 6.3 Hz) 

L-allo-Isoleucine 
CO 171.7 - 

NH - 
8.21 (d, 1H, J = 9.4 Hz) 
6.68 (minor) 

-hCH 53.9 4.40 (dd, 1H, J = 9.4, 4.5 Hz) 
-̡CH  37.7 1.83-1.71 (m, 3H, overlay) 

-ɹCH2 25.8 
1.40-1.32 (m, 1H)  
1.11-1.04 (m, 1H) 

-ɹCH3 13.9 0.70 (d, 3H, J = 6.9 Hz) 
-ɻCH3 11.6 0.86 (t, 3H, J = 7.5 Hz) 

L-Serine 

CO  169.7 - 

NH  - 
8.49 (d, 1H, J = 4.2 Hz) 
8.60 (minor) 

-hCH 54.3 4.02 (ddd, 1H, J = 7.0, 7.0, 4.4 Hz) 

-̡CH2-OH 60.7 
3.62-3.56 (m, 1H) 
3.54-3.46 (m, 3H, overlay) 

-̡OH - 5.12-5.01 (m, 2H, overlay) 

L-4-Hydroxyproline 
CO 170.7 - 
N - - 

-hCH 59.3 4.67 (dd, 1H, J = 8.5, 4.2 Hz) 

-̡CH2 38.7* 
2.26 (ddd, 1H, J = 12.6, 5.0, 4.8 Hz) 
2.14-.2.04 (m, 3H, overlay) 

-ɹCH-OH 66.8 4.21-4.14 (m, 1H) 
-ɹOH - 5.12-5.01 (m, 2H, overlay) 
-ɻCH2 53.5 3.44-3.36 (m, 4H, overlay) 

Glycine 
CO 168.5 - 

NH - 
8.01 (d, 1H, J = 8.4 Hz) 
8.88 (minor) 

CH2 41.4 
4.27 (d, 1H, J = 8.5 Hz) 
4.24 (d, 1H, J = 8.1 Hz) 
3.44-3.36 (m, 4H, overlay) minor  

BHA 
1-CO 176.4 - 



 

92 

2-CH 39.7* 3.26-3.21 (m, 2H) 
нΩ-CH3 14.7 1.03 (d, 3H, J = 7.1 Hz) 
3-CH-O 75.8 5.14 (ddd, 1H, J = 10.0, 6.0, 3.9 Hz) 

4-CH2 32.6 
2.02-1.94 (m, 2H) 
1.83-1.71 (m, 3H, overlay) 

5-CH2 29.5 2.62-2.57 (m, 2H) 
Cquart 141.7 - 

CHarom 
128.3, 128.2, 
125.8 

7.29-7.14 (m, 8H) 

 

 

Figure S 4-36: MS² fragmentation of 1.5 and its fragmentation pattern.  
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Figure S 4-37: NMR spectra of 1.3 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 600 MHz) 
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3) 

13C-NMR (DMSO-d6, 101 MHz) 
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-6-hexyl-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyltetradecahydro-pyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclononadecine-1,4,8,11,14,17-hexaone (1.3) 
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Table S 4-5: NMR data for 1.3 in DMSO-d6 (600 MHz, 100 MHz). 

Position ʵ 13C [ppm] ʵ 1I ώǇǇƳϐΤ όƳΣ ҝΣ J)  

L-N-Me-Leucine 
CO 170.9 - 

N-CH3 40.1* 3.09 (s, 3H) 

-hCH 69.1* 3.55-3.45 (m, 2H, overlay) 

-̡CH2 38.1 
2.09 (ddd, 1H, J = 13.7, 9.4, 5.3 Hz) 
1.61 (ddd, 1H, J = 14.0, 8.2, 6.1 Hz) 

-ɹCH 24.5 1.44-1.39 (m, 1H) 
-ɻCH3 a 22.8 0.89-0.83 (m, 15H, overlay) 
-ɻCH3 b 21.7 0.89-0.83 (m, 15H, overlay) 

L-allo-Isoleucine 
CO 172.0 - 

NH - 
8.22 (d, 1H, J = 9.4 Hz) 
6.62 (minor) 

-hCH 53.9 4.42 (dd, 1H, J = 9.2, 3.2 Hz) 
-̡CH  37.8 1.81-1.70 (m, 4H, overlay) 

-ɹCH2 25.8 
1.39-1.32 (m, 1H)  
1.07 (ddd, 1H, J = 13.7, 7.5, 7.5 Hz) 

-ɹCH3 13.9 0.70 (d, 3H, J = 6.9 Hz) 
-ɻCH3 11.6 0.89-0.83 (m, 15H, overlay) 

L-Serine 

CO  168.3 - 

NH  - 
8.56 (d, 1H, J = 4.2 Hz) 
8.69 (minor) 

-hCH 55.3 3.95 (ddd, 1H, J = 7.3, 6.3, 4.4 Hz) 

-̡CH2-OH 60.4 
3.61-3.55 (m, 1H) 
3.55-3.45 (m, 3H, overlay) 

-̡OH - - 

L-3-Hydroxyproline 
CO 169.5 - 
N - - 

-hCH 69.3 4.46-4.42 (m, 1H,) 
-̡CH-OH 74.0 4.52-4.47 (m, 1H) 
-̡OH - 5.33 (d, 1H, J = 3.6 Hz) 
-ɹCH2 30.2 1.81-1.70 (m, 4H, overlay) 

-ɻCH2 44.8 
3.55-3.45 (m, 3H, overlay) 
3.45-3.35 (m, 2H, overlay) 

Glycine 
CO 168.5 - 

NH - 
8.10 (d, 1H, J = 8.6 Hz) 
8.79 (minor) 

CH2 41.3 
4.28 (d, 1H, J = 8.8 Hz) 
4.25 (d, 1H, J = 8.8 Hz) 
3.45-3.35 (m, 2H, overlay) minor  

BHA 
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1-CO 176.4 - 
2-CH 40.1* 3.16-3.10 (m, 1H) 
нΩ-CH3 14.7 0.99 (d, 3H, J = 6.9 Hz) 
3-CH-O 75.9 5.06 (ddd, 1H, J = 10.0, 6.3, 3.7 Hz) 

4-CH2 30.6 
1.70-1.64 (m, 1H) 
1.51-1.44 (m, 1H) 

5-8-CH2 
31.0, 28.7, 23.2, 
22.0 

1.29-1.18 (m, 11H, overlay) 

9-CH3 13.9 0.89-0.83 (m, 15H, overlay) 
 

 

Figure S 4-38: MS² fragmentation of 1.3 and its fragmentation pattern 
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Figure S 4-39: NMR spectra of 1.4 in DMSO-d6. 

  

 

 

1H-NMR (DMSO-d6, 600 MHz) 
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.4) 

13C-NMR (DMSO-d6, 101 MHz) 
(6R,7R,10S,13S,16S,21S,21aS)-13-((R)-sec-butyl)-21-hydroxy-16-(hydroxymethyl)-10-isobutyl-7,9-dimethyl-6-phenethyl-tetradecahydropyrrolo[2,1-
f][1]oxa[4,7,10,13,16]pentaazacyclonona-decine-1,4,8,11,14,17-hexaone (1.4) 
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Table S 4-6: NMR data for 1.4 in DMSO-d6 (600 MHz, 100 MHz). 

Position ʵ 13C [ppm] ʵ 1I ώǇǇƳϐΤ όƳΣ ҝΣ J)  

L-N-Me-Leucine 
CO 170.9 - 

N-CH3 40.0* 3.12 (s, 3H) 

-hCH 69.0 3.55-3.46 (m, 3H, overlay) 

-̡CH2 38.1 
2.10 (ddd, 1H, J = 13.9, 9.2, 5.0 Hz) 
1.62 (ddd, 1H, J = 13.9, 8.2, 6.2 Hz) 

-ɹCH 24.6 1.46-1.40 (m, 1H) 
-ɻCH3 a 22.8 0.92-0.84 (m, 12H, overlay) 
-ɻCH3 b 21.7 0.92-0.84 (m, 12H, overlay) 

L-allo-Isoleucine 
CO 172.0 - 

NH - 
8.23 (d, 1H, J = 9.4 Hz) 
6.62 (minor) 

-hCH 53.9 4.45-4.41 (m, 2H, overlay) 
-̡CH  37.7 1.83-1.69 (m, 5H, overlay) 

-ɹCH2 25.9 
1.40-1.33 (m, 1H)  
1.11-1.05 (m, 1H) 

-ɹCH3 13.9 0.70 (d, 3H, J = 6.9 Hz) 
-ɻCH3 11.6 0.92-0.84 (m, 12H, overlay) 

L-Serine 

CO  169.5 - 

NH  - 
8.58 (d, 1H, J = 4.1 Hz) 
8.77 (minor) 

-hCH 55.3 3.96 (ddd, 1H, J = 6.4 ,6.4, 4.7 Hz) 

-̡CH2-OH 60.4 
3.61-3.55 (m, 1H) 
3.55-3.46 (m, 3H, overlay) 

-̡OH - n.o.  

L-3-Hydroxyproline 
CO 168.4 - 
N - - 

-hCH 69.3 4.45-4.41 (m, 2H, overlay) 
-̡CH-OH 74.1 4.49 (d, 1H, J = 3.8 Hz) 
-̡OH - n.o.  
-ɹCH2 30.2 1.83-1.69 (m, 5H, overlay) 

-ɻCH2 44.8 
3.55-3.46 (m, 3H, overlay) 
3.46-3.39 (m, 1H) 

Glycine 
CO 168.5 - 

NH - 
8.05 (d, 1H, J = 8.7 Hz) 
8.90 (minor) 

CH2 41.3 
4.30 (d, 1H, J = 8.5 Hz) 
4.27 (d, 1H, J = 8.9 Hz) 
3.39-3.34 (m, 2H, overlay) minor  

BHA 
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1-CO 176.4 - 
2-CH 39.7* 3.25-3.19 (m, 2H) 
нΩ-CH3 14.7 1.03 (d, 3H, J = 6.8 Hz) 
3-CH-O 75.8 5.15 (ddd, 1H, J = 9.9, 6.2, 4.0 Hz) 

4-CH2 32.6 
2.01-1.93 (m, 1H) 
1.83-1.69 (m, 5H, overlay) 

5-CH2 29.5 2.62-2.56 (m, 2H) 
Cquart 141.7 - 

CHarom 
128.3, 128.2, 
125.7 

7.29-7.14 (m, 5H) 

 

 

Figure S 4-40: MS² fragmentation of 1.4 and its fragmentation pattern.
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5. Chapter 2 ς Falcitidin analogs 

This work is a joined project with fellow PhD student Stephan Brinkmann. The compound 

series was firstly identified in the context of the PPP with Evotec and was followed up 

afterwards as part of a collaboration with the work group of Prof. Dr. Schirmeister from the 

University of Mainz and Prof. Rosenthal, MD of the University of California, San Francisco. 

 

My main contributions to the project are: 

¶ Input to the structure elucidation of the detected masses of the molecular network 

¶ Development of the synthetic strategy 

¶ Syntheses and analytics of 18 derivatives 

¶ Manuscript drafting 

 

Submitted manuscript in: ACS Chemical Biology (2022): 

https://pubs.acs.org/doi/full/10.1021/acschembio.1c00861 
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