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Abstract

The central focus of this PhD study was the synthesis and biological evaluation of
simplified muraymycin derivatives as part of a structure-activity relationship (SAR)
study. The focus was particularly on the structure of the central amino acid and the
influence of the attached lipophilic side chain on the antibiotic activity. In addition, the
urea-dipeptide motif in the muraymycin backbone was simplified. Further insights into
the relevance and impact of the lipophilic side chain were obtained by a set of

truncated muraymycin derivatives.

The conducted SAR study revealed a couple of very potent compounds, which might
serve as lead structures for future projects. Furthermore, the relevance of the lipophilic
side chain was re-evaluated. Additionally, a highly efficient synthetic route, which

significantly facilitates an easy and fast synthesis of new derivatives, was established.






Zusammenfassung

Ziel dieser Dissertation war die Synthese und die biologische Evaluierung vereinfachter
Muraymycin-Derivate im Rahmen einer Struktur-Aktivitats-Beziehungs-Studie (SAR-
Studie). Dabei wurde sich besonders auf die Struktur der zentralen Aminosaure, sowie
auf den Einfluss der daran gebundenen lipophilien Seitenkette auf die antibiotische
Aktivitat, fokussiert. AuBerdem wurde eine Vereinfachung der Teilstruktur des
Harnstoff-Dipeptids im Muraymycin-Rickgrat angestrebt. Anhand einer Serie
verkirzter Muraymycin-Derivate konnten zusatzliche Einblicke in die Bedeutung und

Wirkung der lipophilen Seitenkette erhalten werden.

Die durchgefiihrte SAR-Studie offenbarte einige hochpotente Verbindungen, die fiir
zuklnftige Projekte als Leitstrukturen dienen kdnnen. Darlber hinaus konnte die
Bedeutung der lipophilen Seitenkette im Muraymycin-Rickgrat neu bewertet werden.
Zusatzlich wurde eine sehr effiziente Syntheseroute entwickelt, welche die Herstellung

neuer Derivate signifikant beschleunigt und vereinfacht.
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Abbreviations of Amino Acids

amino acid single letter code triple letter code
alanine A Ala
arginine R Arg
asparagine N Asn
aspartic acid D Asp
cysteine C Cys
glutamic acid E Glu
glutamine Q GIn
histidine H His
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leucine L Leu
lysine K Lys
methionine M Met
ornithine O Orn
phenylalanine F Phe
proline P Pro
serine S Ser
threonine T Thr
tryptophane W Try
tyrosine Y Tyr
valine Vv Val
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Introduction

1 Introduction

Since the early 20" century, antibiotics have had a profound impact on public health
and revolutionized the treatment of bacterial infections. Today, they are used within a
broad spectrum of applications, including the treatment of bacterial infections or as
prophylaxis against secondary infections in cancer therapy.l' Since antibiotics are
indispensable in modern medicine, the continuous emergence of resistances is
especially alarming and requires continuing research, including the development of

efficient antibiotics.

When S. A. Waksman defined the word 'antibiotic' (Greek avti = against; fiog = life) in
1941, their activity against bacteria but also the development of resistances were
already known.*® Today, various families of drugs are addressed with the term
‘antibiotic’. The first of which was the famous 'penicillin’, discovered by chance: In 1928,
Scottish bacteriologist Sir A. Fleming discovered an inhibitory activity of penicillium
fungi against Staphylococci, leading to the suggestion of an antibacterial substance
which he named penicillin.l’! The active agent itself however, was isolated and
characterized a few years later by E. Chain and H. W. Florey. In their studies, they were
not only able to demonstrate its antibacterial activity, but their investigations on the
compound also lead them to suggest penicillin as a potential new chemotherapeutic
agent.® A few years earlier, a different class of substances was introduced as
antibiotics, the sulfonamides. The first representative was the sulfonamide precursor

Prontosil, which was also the first commercially available antibacterial drug.!®'®

Since then, a variety of antibacterial compounds have been discovered and introduced
during the 'golden age' (approximately 1940-1960). Prominent representatives are the
polyketide tetracycline,!'" the aminoglycoside streptomycinl>'3! or the glycopeptide

n.'"*" During this time, the semi- and full-synthetic approaches were the

vancomyci
main path of discovery besides isolation and testing of natural compounds.
Furthermore, the Waksman platform, a digital screening platform for antibiotic-

producing organisms, has promoted research and development in the field.!'6-8!

Today, the efficacy of antibiotics can be classified as bacteriostatic (inhibition of
bacterial growth) or bactericidal (killing bacteria). Although, this categorization is
challenging when transferred from laboratory conditions to the clinical setting, it can

still be used as an orientation in the antibacterial drug research.!"
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After the period of strong development of antibiotics during the 'golden age’, a
significant decline can be observed from the 1960s until today.?®23 Many of the
antibiotics, which were discovered after 1960, were synthetic modifications of known
substances, such as ampicillin derived from penicillin or telithromycin from

erythromycin.l16:21.221

The situation is particularly threatening because the development of resistance in
bacteria is steadily advancing, compared to the very slow progress in antibiotic
research. This ultimately leads to established drugs becoming less effective. In this
context, it is important to classify the two kind of resistance: intrinsic (natural)
resistance, an innate ability of an organism due to evolution, and acquired resistance,

which was developed as a result of external factors.!?¥

For each class of known antibacterial substances, one or more resistant bacterial strains
have been discovered in predominantly short periods of time (cf. Fig. 1).2%2% Thus
making the bacterial resistance only a matter of time and not of possibility. As some of
the mentioned substances in Fig. 1 are synthetically produced while the others are

natural products, it is evident that the origin of the compound has no influence on

resistance development.!'7:2>26l

Implementation in clinical use

Chloramphenicol Methicillin
(1949) (1959)

Sulfonamides Erythromycin
935 (1952)
\

Penicillin|  Tetracycli Linezolid Bedaquiline
(1941) 2000 (2012)

NI | |

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

1T T

Ampicillin Daptomycin
(1961)

Sulfonamides > 1 Methicillin Ampicillin Linezolid
939) (1960) (1973) 2001
1 1
Penicillin  Erythromycin Daptomycin  Bedaquiline
(1945) (1952) 2005 (2014)
|
Chloramphenicol

(1950)

First observed resistance

Fig. 1: Timeline of the introduction of antibiotics in clinical use versus the first observed resistance.
(design based on: E. A. Clatworthy et al. Nat. Chem. Biol. 2007, 3, 541-548.)211:20.27-30]

Although the development of resistance is an evolutionary process that bacteria
undergo anyway, the wrong use of antibiotics has further promoted it.[22>-21 Two of

the main supporters are the misuse in human medicine and industrial farming. In both
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cases, the medicinal compounds reach the environment primarily via excretions.
Additionally, wastewater from pharmaceutical manufacturing also contributes
significantly to the environmental contamination. This high selection pressure provokes

bacteria to continuously develop more resistances.3-4

Two well-known pathogens are Clostridioides difficile (old: Clostridium difficile)®® and
Staphylococcus aureus. Those are called hospital bugs and can be partially treated with
some of the mentioned antibiotics. Unfortunately, new types of Clostridioides difficile
(C. difficile) have been found, which show resistances against well-used drugs. This is
an issue because the main symptom of a C. difficile infection is severe diarrhea, which
can lead to dehydration (exsiccosis) and, in some cases, to death.[?>3>3¢! The mortality
rate among this infections raised to approximately 10% compared from 1999 to 2012
in the US.B7 In 2019, C. difficile was classified as an 'urgent threat' according to the

Centers of Disease Control and Prevention (CDC) in the US.[?83

For other nosocomial infections, there are also strains, which developed resistances
against the last back-up antibiotics today. A very prominent example are the so called
'‘ESKAPE' pathogens, a collection of drug-resistant bacterial strains, which cause severe
infections but cannot be fought with the known antibacterial substances (vancomycin-
resistant  Enterococci, methicillin-resistant  Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter
spp.).2"#% A strain which must be pointed out here, is the methicillin-resistant
Staphylococcus aureus (MRSA). According to the report from the CDC in 2019, MRSA is
classified as a 'serious threat'.*33% The world health organization (WHO) identified it as
“one of the leading causes of health-care-associated and community-acquired
infections worldwide” (WHO Bacterial Priority Pathogens List 2024: Bacterial Pathogens
of Public Health, to Guide Research, Development, and Strategies to Prevent and
Control Antimicrobial Resistance, 2024, p. 13).*" The Annual Epidemiological Report
for 2023, published by the European Centre for Disease Prevention and Control (ECDC),
reported that 18.5% of the reported invasive S. aureus isolates were resistant against
at least one of the antimicrobial groups including fluoroquinolones or rifampicin.?

MRSA even shows vancomycin-resistance and is referred to as VRSA since.l'7:2>4344]

Bacteria have different mechanisms of resistance./* They can inactivate a compound
using enzymes that degrade or modify its molecular structure. This primarily involves
the hydrolysis of functional groups, thus leading to its inefficiency, or the transfer of

different chemical groups onto the compound. The latter results in reduced or no

3
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binding compatibility between the compound and its target. Besides the structure of
the antibiotic substance, the active side of the target can also be altered, which
ultimately leads to the same result. Two possible scenarios are mutations in the gene
encoding the protein target or the enzymatic alteration of the binding side. Another
possibility is the replacement of the target enzyme with a novel protein, which has the
same function, but cannot be inhibited by applied antibiotics, thus making it ineffective.
In addition, it is possible for some bacteria to shield the target enzyme via a protection
protein, so that the interaction of the antibacterial substance with the target is
impeded. Bacteria possess not only intercellular resistance mechanisms. Sometimes the
structure of the cell membrane changes in a way that the influx of various compounds,
such as antibiotics, is reduced. In addition to influx, the efflux system can also influence
the effectiveness of an antibiotic drug. It can reduce the concentration of the antibiotic

compound inside the cell to an extent, so that it is no longer effective. 2326461

As the existing classes of antibiotics act on different targets, it is equally essential to
explore new targets alongside the development of new compounds.[*’48 Fig. 2
illustrates some of the known targets. There is the cell wall biosynthesis (a), which is for
example addressed by the B-lactam antibiotics and glycopeptides like vancomycin.
Others interfere with the protein biosynthesis (b), the DNA and RNA replication (c) or

the folate metabolism (d).""4"]

Overall, there is a number of new compound classes, which show very promising
activities, and which address both new and old targets (cf. chapter 2). The protein MraY,
which is involved in the biosynthesis of the cell wall will be discussed in more detail
below. In addition, the class of muraymycins, a type of nucleoside natural product, will

be investigated.

Various strategies have been proposed in order to revive the research-intensive period
of the 'golden age'. One of these is to address new targets (cf. Fig. 2),*¥ another to
use drug combinations to prolong their efficiency and effect.®® Also, the use of
established platforms, such as the Waksman platform,['® or the combination of new
and old platforms can also open new perspectives in the search for potential drugs or
targets."® Overall, interdisciplinary research is the key to develop new lead structures

and active substances against multi-resistant bacteria.
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a Cell wall biosynthesis b Protein biosynthesis ¢ DNA and RNA replication
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Fig. 2: Potential targets for antibiotics today and the future (from: C. Walsh, Nat. Rev. Microbiol. 2003, 7,
65-70).1'71

This thesis contributes to these goals. The main focus of the presented study was the

identification and characterization of potential new antibacterial lead compounds,

based on the results gained from structure-activity relationship (SAR) studies. These

lead structures could serve as the foundation for the development of new drugs, which

may be applicable for in vivo use in the future.
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2 State of Knowledge

This chapter focuses on the aforementioned topics of new antibiotic targets, potential

new antibiotics, and the current state of research on their development.

2.1 Potential new targets

The four potential new targets (cf. Fig. 2) mentioned in chapter 1 are the protein
biosynthesis, the DNA and RNA replication or the folate metabolism. The target we are
mostly interested in, is the cell wall biosynthesis."’#”! For the survival of all types of
bacterial organisms, an intact cell wall is essential. This barrier protects the inner part
of the cell, stabilizes its structure, regulates osmotic pressure, and is involved in the
release of cellular products.>™3! Fortunately, since the bacterial cell-wall biosynthesis
consists of many steps involving different enzymes, there are many possible targets

within the synthetic cycle.?4>3!

2.1.1 Cell wall of Gram-positive and Gram-negative bacteria

The main difference between the bacterial cell wall of Gram-positive and Gram-
negative bacteria is the cell envelope structure.”®*”) The label Gram-'positive' or
-'negative’ refers to the ability of a bacterium to absorb crystal violet into the cell. This
classification procedure was developed 140 years ago by H. C. Gram and is still used
today. However, the strict division into two classes is an old point of view, as classes

which are referred to as Gram-variable are also known today.8]

The cell wall of Gram-negative bacteria consists mainly of three layers: the outer
membrane, the peptidoglycan cell wall and the cytoplasmic membrane. The
peptidoglycan usually consists of a single layer with a thickness of only 3-6 nm. Gram-
positive bacteria, on the other hand, lack the outer membrane. To compensate for this
deficiency, these organisms have a much thicker peptidoglycan layer (10-20 nm). It
consists mainly of stacked peptidoglycan layers interspersed with anionic polymers
(= teichoic acids and capsular polysaccharides). The latter are generally made up of
glycerol phosphate, glucosyl phosphate or ribitol phosphate.”®>"% The resistance of
Gram-negative bacteria (e.g. E. coli, P. aeruginosa) to the penetration of different
substances can be attributed to the presence of the outer membrane. This significant
difference contributes to the fact that Gram-negative bacteria are more resistant to

antimicrobial compounds compared to Gram-positive bacteria.>?

6
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2.1.2 Peptidoglycan biosynthesis

The diverse and complex structures of bacterial cell walls all contain peptidoglycan,
with the exception of mycoplasma and scrub typhus agent Orientia (Rickettsia)
tsutsugamaushi.>3%1%31 The term murein (lat.: murus = wall) used for peptidoglycan
reflects the significant role of the polypeptide. As already mentioned, it contributes
greatly to the survival of the organisms and is therefore a promising target for new

antibacterial compounds.P

Peptidoglycan consists mainly of linear glycan chains, which alternate between GlcNAc
and MurNAc sugar moieties and are connected to each other by B-linkages (1—4). They
are terminated by a 1,6-anydroMurNAc residue.”! The chains are connected to each
other by short peptides, which are linked to the MurNAc molecules by their carboxylic
groups. These short peptides vary in structure depending on the organism. In most
cases, they consist of an L-Ala-y-D-Glu-DA-D-Ala-D-Ala sequence. The term DA refers
to L-lysine for Gram-positive and to meso-2,6-diaminopimelic acid for Gram-negative

bacteria.[>:°364

The second D-Ala moiety is only present in freshly forming
peptidoglycan and is gone in the mature polypeptide.>>" The short peptide chains
are cross linked by one or more amino acids by the carboxyl group of D-Ala (position

4 in the peptide) and DA (cf. Fig. 3).[>36064

DA DA DA

DA

peptide binding
via n amino acids Gram-negative bacteria: meso-2,6-diaminopimelic acid

Gram-posive bacteria: L-lysine

Fig. 3: Schematic structure of peptidoglycan: glycan chains consisting of GIcNAc and MurNAc
crosslinked with short peptides over multiple amino acids (n = 1, 2, 3, etc.).P1>365

The biosynthetic pathway of peptidoglycan consists of approximately twenty different

steps, which involve a variety of different enzymes. They can be divided into three main

stages: (1) synthesis of the required sugar units and formation of UDP-MurNAc

pentapeptide in the cytoplasm, (2) attachment of the precursor to a lipid carrier,

7
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conversion to a disaccharide and transfer of this intermediate across the membrane to

the periplasm (cf. Fig. 4), (3) polymerization of the monomer to form the peptidoglycan

(not illustrated).60.64-68]
H
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Fig. 4: Biosynthesis of lipid Il starting with fructose-6-phosphate. (DA: L-Lys or meso-2,6-diaminopimelic
acid).[64'66'67]

In the first step of the biosynthesis, fructose-6-phosphate is converted into

glucosamine-6-phosphate catalyzed by the amidotransferase GImS. The enzyme uses

the amide moiety of glutamine as ammonia source.®*®"! In the second step, the mutase

GImM catalyzes the intermolecular transfer of the phosphate moiety onto the 1-

position.[*®”l The mechanism of the interconversion is described as a 'ping-pong bi-bi
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mechanism' with GIcNAc-1,6-diphosphate as intermediate.®4¢7% The bifunctional
enzyme GImU acts as both acetyltransferase and uridyltransferase forming the product
UDP-GIcNAC.[*457 The reactions take place in two different, functionally independent
domains of the enzyme.l’®’! First, the acetyltransfer from AcCoA onto the
glucosamine-1-phosphate leading to GlcNAc-1-phosphate and CoASH takes place in
the C-terminal domain. Then, GImU catalyzes the uridyltransfer, from UDP onto the
GIcNAc-1-phosphate with Mg?* as cofactor, releasing the UDP-GIcNAc and
pyrophosphate. This catalysis takes place in the N-terminal domain. Although the order
of the latter two transfers is strictly followed in most cases, there are some known
exceptions where the order is reversed.l®#”l Nevertheless, in both cases UDP-GIcNAC

is the main product of the sequence.

The complex conversion of UDP-GIcNAc into UDP-MurNAc is catalyzed by the
transferase MurA and reductase MurB. In the first step, MurA transfers an enolpyruvate
of phosphoenolpyruvate (PEP) onto the 3'-OH moiety of UDP-GIcNAc resulting in
inorganic phosphate and UDP-GIcNAc-enolpyruvate. Then, MurB catalyzes the
reduction of the intermediate, releasing UDP-MurNAc in two half-reactions activated
by various cations. In this context, a difference was observed between Gram-positive
and Gram-negative bacteria, which applies to the murA gene. While Gram-negative
bacteria have only one copy of this gene, Gram-positive bacteria have two. It is
speculated that this might be due to gene duplication. In addition, the MurB protein
shows structural differences in several bacterial strains and is therefore classified as

type | or type [1.16467]

In the next steps, the strands that later connect the GIcNAc-MurNAc sugar chains (cf.
Fig. 3) are introduced. The so-called Mur ligases (MurC-F) are responsible for the
incorporation of a peptide strain (cf. Fig. 4) into the UDP-MurNAc. Each Mur ligase
adds a different amino acid under the usage of ATP and Mg?* or Mn?*: L-Ala (MurC), y-
D-Glu (MurD), L-Lys (Gram-pos.) or meso-2,6-diaminopimelic acid (Gram-neg.) (MurE)
and the D-Ala-D-Ala dipeptide (MurF).[6467]

The next step is the first membrane-involved step. The integral membrane protein
MraY catalyzes the transfer of the UDP-MurNAc-pentapeptide onto the undecaprenyl
phosphate (Css-P), vyielding undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide
(lipid 1) and UMP. Subsequently, the transferase MurG catalyzes the formation of lipid Il
by transferring a UDP-GIcNAc moiety onto lipid I. After transfer to the outside of the
membrane by the flippase Mur),[’? lipid Il is used to form peptidoglycan.[®¥ The

9
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polymerization of lipid Il building blocks and the formation of cross-linkages, catalyzed
by transpeptidases, are not relevant for the topic presented here and are therefore not

described in detail.[®4

Some known antibiotics and potential drug-candidates already show promising
inhibition of the enzymes involved in the peptidoglycan biosynthesis.>>®>73] One of
these is the translocase MraY, a promising new antibacterial target that will be

discussed in more detail in the following section.

2.1.3 Translocase | (MraY)

The integral membrane protein MraY belongs to a subfamily of the polyprenyl-
phosphate N-acetyl hexosamine 1-phosphate transferases (PNPT) and plays a key role
in the peptidoglycan synthesis (cf. Fig. 4).'4 As mentioned before, it catalyzes the
formation of lipid | from UDP-MurNAc pentapeptide and undecaprenyl phosphate (cf.
Fig. 5).[6475-79)

OH

UDP-MurNAc- HO%
pentapeptide R 0
) ACHN o
O “
) 9 ) @ I O
O-P-0 P Oo- P O
CSS'P o O

cytoplasm

S R
Pesessilossese BEBEBLIEBEE,

periplasm R L-Ala-y-D-Glu-DA-D-Ala-D- Ala

W O -0

Fig. 5: Schematic synthesis of lipid | catalyzed by MraY in die peptidoglycan synthesis.

Based on overexpression experiments, Matsuhashi and co-workers proposed in 1991
that the mraY gene encodes the enzyme MraY.% This gene played an important role
in a knockout experiment by Boyle and Donachie. They were able to observe that the
absence of the mraY gene led to lysis and inevitable death of the bacterial cells. This
emphasizes the relevance of the protein for the bacterial survival and makes it a very

promising target for new antibiotics.®"

Although the protein was first identified in the 1960s, the first topology model was not
established until almost forty years later by Bouhss et al.l’®8?! They proposed a two-

dimensional model with ten transmembrane segments, five cytoplasmic domains and
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six periplasmic domains including the N- and C-terminal ends.®? Bouhss and co-
workers were also the first to isolate and characterize MraY from Bacillus subtilis. This
was an important step towards a better understanding of the enzyme and its mode of
action.®3 In 2011, Bernhard and co-workers presented a cell-free expression method

for translocase .[84

In 2013, Chung et al. published the first crystal structure of MraYaa (Aquifex aeolicus)
thus making a major contribution to research. Initially, they postulated that the enzyme
appears to have a dimeric crystal structure with a hydrophobic cleft in its center.
Furthermore, their observations confirmed and even extended the topology model by
Bouhss et al. An additional interfacial helix (IH), a periplasmic B hairpin (PB) and a
periplasmic helix (PH), ten transmembrane helices (TM1-TM10) and five cytoplasmic
loops (loop A-E) were identified. The crystal structure confirmed that the N- and C-
termini are located in the periplasm. Transmembrane helix TM9 shows a special
confirmation, as it is divided into two helical fragments (TM9a and TM9b), with TM9b
showing a significant curvature in the center of the membrane. As a result, TM9b

extends into the lipid membrane, away from the rest of the structure.[’#!

The active site of the enzyme was hypothesized to be around the inner leaflet
membrane region of TM8, resulting from a cleft formed by the transmembrane helices
TM3, TM4, TM8 and TM9b surrounding TM5. In additional studies, a number of
essential amino acids were identified, that have a major influence on the enzyme
activity. Most of them were localized in the described clef, which led to the assumption

7476 This proposition was

that this region represents the active center of the enzyme.!
further supported by mutational mapping studies. From the amino acids in the cleft, at
least four (Asp'"’, Asp™'®, Asp?®°, and His3?*) were identified to be highly important for
the activity of the integral membrane protein.l’!

" and Asp''®) were presumed

In previous studies, two of these residues (Asp'
coordination sites for cofactor Mg?*.®> Chung et al refuted this assumption in
anomalous scattering studies and identified Asp®®° as a direct interaction site with the
cation. Furthermore, their studies supported the previous theory, that Asp'’ (Asp®® in
MraYs. subtitis) is the binding site for the phosphate group of the undecaprenyl
[74,76]

phosphate.

In addition, a possible binding site for a sugar motif in loop E was also identified. This

region was recognized as the so-called HHH-motif, a specific conserved sequence

11
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within the PNPT superfamily. Eventually, a binding site for lipid Css-P was also identified

as an inverted U-shape groove on the surface of the dimeric enzyme.l’#

In 1969, shortly after its identification, the first catalytic mechanism of MraY was
described by Heydanek et al. As illustrated in Fig. 6, they assumed a two-stage
mechanism in which a phosphor-MurNAc-pentapeptide enzyme complex is formed as
an intermediate in the first step, after elimination of uridine monophosphate (UMP). In
the second step, undecaprenyl phosphate attacks the phosphate of the covalent
intermediate, resulting in the formation of lipid | and regeneration of the enzyme. Back
then, it was already postulated that Mg?* is an essential cofactor for the enzyme.
Furthermore, the reverse reaction has also been demonstrated, confirming that the

catalyzed reaction is an equilibrium [7>-7886]

OH OH
o MraY UMP
Hoo f f HO 0
_— 0
AcHN | 9% 9% AcHN | 0©
&R PP prre
O O fe)

Suridine

UDP-MurNAc-pentapeptide

R = L-Ala-y-p-Glu-DA-p-Ala-p-Ala
with DA= L-Lys or meso diaminopimerin acid

lipid |
Fig. 6: Two-step catalytic mechanism of MraY proposed by Heydanek et al.76-7886]

Bouhss and co-workers postulated a one-step mechanism for translocase I. According
to their investigations, Asp® is involved in the catalytic reaction of MraY, where it is
responsible for the deprotonation of the phosphonate of Css-P (cf. Fig. 7). This enables
a nucleophilic attack of the phosphonate towards the UDP-MurNAc pentapeptide,
resulting in the formation of lipid | and UMP. This mechanism was supported by the
crystal structure published by Chung et al. They confirmed that Asp®® (MraYa subtiis) is
the binding site of the phosphonate in Css-P. In addition, the presence of Mg?* in the
active center of the enzyme in close proximity to the essential aspartate residue

emphasizes the high possibility of a one-step mechanism.[4-7¢!
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/%A cHN S ©
(0] (0]

0.1.0.1.0
PTP

UDP-MurNAc-pentapeptide lipid |

R = L-Ala-y-D-Glu-DA-p-Ala-D-Ala
with DA= L-Lys or meso diaminopimerin acid

Fig. 7. One-step catalytic mechanism of MraY proposed by Bouhss et al.7>7®

In general, different types of MraY inhibitors are known today. The most prominent can

be divided into three categories: the lipopeptide amphomycin, the peptide inhibitor

protein E from ¢X174 and different classes of natural nucleoside antibiotics.!”:88!

Since different classes of natural inhibitors of the protein MraY have been identified

and investigated, the nucleoside-containing substances have attracted particular

[88-91 [92-96]

attention from researchers. I'Some prominent examples are the tunicamycins,

96-100 105,106 107-

mureidomycins, 61 liposidomycins, 6191104 capuramycint land caprazamycins!

109 (structures not included). Another class which will be investigated further in this
thesis are the muraymycins (cf. section 2.2).""%1" |n addition, different synthetic
analogs were produced as well, allowing more insights into the mode of action and the

properties/characteristics of the enzyme.[104112-116]

Another important step in regard of drug development was taken in 2016, when the
first crystal structure complex of MraYaa with inhibitor muraymycin D2 was published.
The results of the study surprisingly revealed that the inhibitor did not show any
interaction with the cofactor Mg?* nor with the three residues important for the
activity.""! In addition, other crystal structures of MraY in complex with different

118119 Based on their results,

members of the nucleoside inhibitors were presented.!
Mashalidis et al. developed a map of the enzyme in 2019, marking important
interaction 'hot spots' with different inhibitors, even featuring the Mg?*-ion binding

[119

site."’9 This model could be useful for the development of new compounds in the

future.
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2.2 Potential new antibiotics: muraymycins

This section focuses on the aforementioned class of muraymycin nucleoside antibiotics.
The discovery and structural features of the natural products as well as synthetic and
semi-synthetic approaches are discussed. Furthermore, different synthetic strategies
for muraymycin analogs are described. Finally, a SAR study containing all received data

at the time of planning this thesis, is presented.

2.2.1 Natural products

The muraymycins were isolated from a Streptomyces sp. organism in 2002 by McDonald
et al At that time, they discovered nineteen different agents and were able to
characterize their structures using NMR-spectroscopy and FT-mass spectrometry.l'"]
In 2018, the list was expanded to include the derivatives B8, B9 and C6 (cf. Fig. 8).'2%

The backbone of the natural products consists of a uridine glycine-modified motif,
connected to the central amino acid, an L-Leu or 3-hydroxy-L-Leu, by an aminopropyl
linker. The left site of the core structure is a urea dipeptide consisting of the cyclic
arginine analog L-epicapreomycidine (Epic) and L-Val. In many cases, various lipophilic
side chains with different head groups are linked to the central amino acid, 3-hydroxy-
L-Leu, via an ester bond. Usually, the uridine structure features an O-glycosylic linked
amino ribose (Arib) unit at its 5'-position, where R3 is a methoxy or hydroxy group or
hydrogen. The only exceptions are A5 and C5, which are suspected to be hydrolysis
products. Muraymycin €6 is also very special as it carries a NAc-amino ribose unit
instead of Arib. The natural derivatives are divided into four different series: A-D, based
on their structural similarities. All compounds of the A series have lipophilic chains with
different lengths and a hydroxy-guanidino or guanidino (only A3) head group. The
lipophilic chains of the B series muraymycins are alkyl chains with different lengths and
differently branched head groups. The C series has still a 3-hydroxy-L-Leu moiety in the
backbone but no lipophilic side chain while the D series contains L-Leu as the central

amino acid.[111.120]
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Fig. 8: Structures of the isolated naturally occurring muraymycins.['1.120

Since their discovery, five of the natural muraymycins (A1, A5, B6, C2 and C3) showed
strong inhibitory effect on the formation of lipid Il and thus the peptidoglycan at low
concentrations (0.027 ug/mL). Muraymycin A1 is considered one of the most potent

representatives of the natural products with a strong inhibition of the enzyme MraY

15



State of Knowledge

(ICso(MraYs, qureus) = 27 £ 3 pM) and antibacterial activity against both Gram-positive
(MICstapn. = 2 to 16 pg/mL and MICenterococcus = 16 to >64 ug/mL) and Gram-negative
strains (MIC = 8 to >64 pg/mL).."" Furthermore, the compound showed strong activity
against E. coli strains with higher membrane permeability (MIC <0.03 pg/mL) and
against an efflux deficient strain (MIC = 2 pg/mL). The later discovered muraymycin B8
showed a stronger inhibition of the desired enzyme (ICso(MraYs, qureus) = 4.0 £ 0.7 pM).
It also excelled muraymycin A1 in terms of antibacterial activity against S. aureus
(MIC = 2 yg/mL) and showed comparable activity against the efflux-deficient E. coli
strain (MIC = 4 pug/mL). Although compounds of the C and D series showed activity
against the target Mray, their antibacterial activity was considerably lower than that of
the derivatives already mentioned.!'"1201211 These observations led to the strong
assumption that the lipophilic side chain plays an important role in cellular uptake, but
less so in the interaction with the target itself.['?%12" This hypothesis was supported by
uptake experiments published by Ries et al. Their results even showed that the unusual

structure of the fatty acid chains in the A series are beneficial for cellular uptake.[??

The publication of the co-crystal structures of various inhibitors with MraYaa revealed
that the conformation of the binding pocket changes and adapts depending on the
substance. This flexibility could also explain why many natural compounds, some of
which are structurally very diverse, address the enzyme.''1191211 Dye to this
conformational flexibility of MraY, it is very challenging to predict interactions of new

muraymycin derivatives with the target.

In order to obtain an initial overview on the potential toxicity of muraymycins, the
modes of interaction between muraymycin D2 and MraY and muraymycin D2 and the
very similar human transferases GPT were compared. This study suggest that the
natural compound cannot be a potent inhibitor of GPT.['?)l Furthermore, it was
hypothesized that compounds which could interact with the uridine-adjacent site of
MraY may be better suited to selectively target MraY over GPT.">!! For many new and
potent muraymycin derivatives (cf. sections 2.2.3, 2.2.4), this interaction and thus the
mentioned selectivity does not apply. Additional studies must therefore be carried out

to eliminate toxicity for use in humans or animals.

In recent years, different approaches have been developed to obtain synthetic

muraymycins and new derivatives. These are discussed in the following sections.
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2.2.2 Semi-synthetic muraymycins

In 2002, Lin and co-workers published the semi-synthesis of sixteen muraymycin
derivatives (structures not included). They used the natural muraymycin C1 as their
starting point and carried out selective reactions on the primary and secondary amino
functions. In particular, lipophilic residues were integrated into the structure, as earlier
studies suggested a strong impact of this structural feature on the biological
activity.[110120121 The results of their SAR study revealed that the substitution of the
secondary amine at the 6'-position was tolerated and yielded more or less active
substances. In addition, a correlation between the introduced lipophilic moiety and the
inhibitory activity was observed. Two of the compounds even exhibit comparable
activities to muraymycin C1. However, the additional substitution of the secondary
amine of the amino ribose moiety eliminates any activity on the target MraY or
MurG.l"%

2.2.3 Synthetic muraymycins and their simplified analogs

The first series of fully synthetic muraymycin analogs by Yamashita et al. was produced
almost parallel to the semi-synthetic derivatives. They chose a tripartite synthetic
approach, which enabled them to replace the middle amino acid easily. The synthesis
of muraymycin analog 9a is illustrated as an example for the entire series in Fig. 9. The
fully protected uridine aldehyde 1 was synthesized over four steps starting from
uridine. In an aldol reaction an isomeric mixture of 3a and 3b (2:1) was isolated. After
separation of the isomers, both were used separately in the following synthesis. The
nucleosyl amino acid building blocks 4a and 4b were linked to the corresponding
middle building blocks 5 by reductive amination. These compounds showed various
alternatives for R? and R3, including alkyl moieties and hydroxy groups. In the final
steps, the resulting intermediates 6a and 6b were Cbz-deprotected and in case of
compound 7a subsequently linked to urea dipeptide 8. For the latter, the authors chose
to replace the Epic in the urea dipeptide structure with Arg due to simplification. Their
synthetic approach led to a variety of protected muraymycin analogs. Some of these

compounds showed antimicrobial and inhibitory activity against the target Mray.['?*!
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Fig. 9: Synthesis of simplified muraymycin analogs by Yamashita et al.['?*

The first total synthesis of a naturally occurring muraymycin was achieved by Tanino et
al. in 2010. They presented the successful synthesis of muraymycin D2 and its epimer

using an Ugi four component approach (cf. Fig. 10, compound 14).126.127]

The required urea dipeptide 10 was synthesized in twelve steps, and the preparation
of nucleosyl amino acid 13 was based on the former published synthesis of caprazol,
the core structure of caprazamycin (figures not included).'?’-13% The four reactants urea
dipeptide 10, 2,4-dimethoxy-benzylamine 11, the corresponding aldehyde (isovaler-
aldehyde) 12 and nucleosyl amino acid 13 were linked in an Ugi reaction. After global
deprotection the diastereomers 14a (S-epimer, muraymycin D2) and 14b (R-epimer,

epi-D2) were separated by HPLC.[%7]
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Fig. 10: Structures of muraymycin D2 and epi-D2 (14) and lipophillically functionalized derivatives,
achieved using an Ugi four component reaction by Tanino et al.l'?7131]

As implied in Fig. 10, Tanino et al. used the same approach to synthesize muraymycin

analogs 15-18 and the corresponding epimers.['261311321 The synthesis of these analogs

was based on the idea to establish an initial SAR study focusing on the role of the

lipophilic side chain.['?%122l Muraymycin D2 and its epimer showed inhibition of the
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target enzyme MraY in the micromolar range (ICso(D2) = 0.01 uM, 1Cso(epi-D2) =
0.09 uM), but almost no antibacterial activity (MIC >64 ug/mL). The structural
comparison of the compounds (Fig. 10) indicated that the presence of a side chain of
any type improves antibacterial activity. This is consistent with the previous hypothesis
regarding the strong activities of the natural muraymycins of series A and B (cf.
section 2.2.1). The best activities were observed for compound 15 (and its epimer), with
a non-functionalized n-alkyl side chain in the center of the structure. All derivatives
with a more or less rigid lipophilic unit showed weaker bacterial activity, suggesting

that a certain degree of flexibility may play an important role (cf. Fig. 10).[126131.132]

Tanino et al. also presented a set of analogs with various urea dipeptide moieties. Here,
they primarily replaced Epic with different, but structurally similar amino acids
(structures not included). These variations had little impact on antibacterial activity. So,
this structural motif showed great potential for the design of new muraymycin
derivatives. In addition, masking the terminal carboxylic moiety of Val reduced the
antibacterial activity only insignificantly.[1261321331 Al| of these SAR studies emphasize
the importance of the lipophilic side chain for the biological activity, especially for cell
penetration. This leads to the assumption that the simplification of the muraymycin
backbone is possible to a certain extent if this particular structural motive is considered

in the design,“26f131—133]

In 2014, Takeoka et al. published a SAR-study on a series of muraymycin derivatives
(structures not included), some of which inhibit Gram-negative Pseudomonas
aeruginosa strains at concentrations of 4-8 ug/mL. Compared to muraymycin D2, these
compounds were further structurally simplified, containing only the nucleosyl amino
acid and the amino ribose unit at the 5'-position, including the propyl linker (cf. Fig. 8).
They all featured a combination of lipophilic side chains with terminal guanidine units
and n-alkyl fatty acid chains. The latter being a prominent structural motif in the
muraymycin A-series (cf. Fig. 8). The study revealed that the lipophilic side chain and

the guanidino functionality are decisive for the activity against Pseudomonas.!'26133]

In 2016, Kurosu and co-workers succeeded in the stereo controlled synthesis of
muraymycin D2. They also synthesized two amide derivatives of the natural product
(structures not included). All compounds showed strong enzyme inhibitory activities
against the bacterial phosphotransferases MurX and WecA (ICso = 0.096-0.69 uM) and
strong growth inhibitory activity against the pathogen Mycobacterium tuberculosis
(MICso = 1.56-6.25 ug/mL).l"34
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All derivatives presented above still contain the amino ribose unit at the 5'-position.
This moiety addresses a specific uridine-adjacent pocket and thus has a strong
interaction with the target, which contributes to the activity.®""1"9 However, the
incorporation of this structural motif is synthetically very complex and not very
attractive with regard to new derivatives. Therefore, Ducho and his team developed a
stereo-controlled tripartite approach for the synthesis of simplified muraymycin

1351361 They based their concept on the natural muraymycin A5, a congener of

analogs.!
A1, which lacks the amino ribose unit but still has a strong inhibitory effect (cf. section
2.2.1)."" Three building blocks were designed for the synthesis of 5'-deoxy
muraymycin C4 derivative 28 (cf. Fig. 11). These are the urea dipeptide 27, aldehyde 24
and nucleosyl amino acid 23.1813>1371 The syntheses of these building blocks were

established by M. Biischleb, O. Ries and A. Spork.[13>138-140]

The synthesis of 28 starts with the preparation of compound 19 over three steps.
Therefore, uridine was protected as a tris tert-butyl dimethyl silyl ether (TBDMS),
followed by selective deprotection of the hydroxy group at the 5'-position [137:140.141]
The primary alcohol was oxidized to aldehyde 19, which subsequently underwent a
Horner-Wadsworth-Emmons reaction with phosphonate 20, leading selectively to
nucleosyl amino acid 21. The controlled formation of the stereocenter at the 6'-position
is a key step in this route. It was accomplished by highly selective asymmetric
hydrogenation with the chiral rhodium catalyst (S,5)-Me-DUPHOS-Rh. The same
reaction was also performed with (R,R)-Me-DUPHQOS-Rh leading to the epimer of 22
(structure not included), thus revealing that a variation at this position is possible for
future projects. In order to perform a reductive amination with aldehyde 24, Cbz-
protected amine 22 was converted into free amine 23 under mild hydrogenolytic
conditions.['37149 Aldehyde 24 was synthesized following the protocol of O. Ries and

(1351391421431 After another mild deprotection of the

Laib et al. (structure not included).
Cbz group, free amine 26 was linked to urea dipeptide 27 via peptide coupling. The
synthesis of compound 27 was established by M. Biischleb.l'3>138 After global
deprotection 5'-deoxy muraymycin C4 derivative 28 was achieved as a double TFA-

salt.[35]
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Fig. 11: Tripartite approach of the 5'-deoxy muraymycin C4 analog 28 by Spork et al.l'3>!

As expected, muraymycin analog 28 had a lower inhibitory effect on MraYs gureus than

the most similar natural counterpart muraymycin €1 (1Cs0(28) = 95 + 19 nM, ICs0(C1) =

0.016 + 0.002 nM), demonstrating once again the importance of the amino ribose

moiety for the interaction with the target. Compared to the natural products, the

decrease in activity is significant. However, muraymycin derivative 28 still exhibited

detectable activity. Although the simplified structure had no lipophilic side chain, which

is still one of the main criteria for antibacterial activity, moderate to weak growth

inhibition was observed for E. coli (MICE coii pHse = 15 pg/mL, MICE coii atoic = 50 pg/mL).
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Furthermore, compound 28 showed no degradation in vitro (human plasma, metabolic

stability) and no cytotoxicity.'21133]

The simplified synthesis in combination with the generally promising biological data

make the tripartite approach and muraymycin analog 28 itself a good starting point

for new muraymycin derivatives. For example, the same approach was used to

synthesize a series of muraymycin epimers for SAR study purposes. Here, Epic was

replaced with Lys in the urea dipeptide structure and the configurations at the 6'-

position and the leucine moiety were varied. Some of the compounds even lacked the

hydroxy group at the central amino acid (structures not included).l*¥
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Fig. 12: Structures of various O-acetylated muraymycin derivatives by M. Wirth.[4%}
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Furthermore, M. Wirth also used the route described above to synthesize globally
protected muraymycin analog 29. In addition, he introduced various fatty acid chains
with different head groups into the backbone via Steglich esterification. The head
groups included guanidinyl residues, amino groups and alkyl substituents (cf. Fig. 12)
All derivatives are acylated at the central amino acid, corresponding to the natural
structures (cf. section 2.2.1, Fig. 8). The derivatives with long lipophilic side chains (30-
32) showed strong inhibition of the target enzyme in the nanomolar range
(ICso(MraY) = 5 nM). Furthermore, these compounds showed strong inhibition of the
bacterial growth of E. coli AtolC, but most importantly, promising data against S. aureus
and clinically relevant MRSA. The most promising compound is derivative 32, where an
Ciz-alkyl chain (COC12H2s) was introduced into the backbone.l'*! The results confirm
previously published data by Tanino et al, who also found an increase in antibacterial
activity in the presence of long alkyl side chains in the muraymycin structure (cf.
Fig. 10). Compound 32 even exceeds the most active natural products and is therefore

a very promising lead structure.!'31132]

The field of muraymycin research was expanded by studies on solid-phase synthesis of
the peptide building block, a prodrug approach and muraymycin conjugates by

K. Leyerer, D. Wiegmann and C. Rohrbacher.[146-150]

2.2.4 Overview: SAR studies on muraymycins

The biological data obtained from various muraymycin derivatives provided many
insights into the relevance of certain features of the molecular skeleton and gave a first
impression of the extent to which variations are tolerated. The summarized results are

illustrated in Fig. 13.

First, it was demonstrated, that an intact muraymycin structure is beneficial for the
inhibition of the desired target MraY.l'461471 SAR studies focusing on the nucleobase
structure revealed that uridine is accepted best and that minor variations can lead to
nearly complete loss of inhibitory activity.['>"152 Replacing Epic with similar amino acids
(Arg, Orn or Met) had little impact on the antibacterial activity, when other moieties
like a lipophilic side chain and an amino ribose unit feature in the backbone,[126:132133]
In addition, masking of the terminal carboxylic moiety of Val or truncating this position
is tolerated.[126:132133.148] Since this structural motif is not relevant for this thesis, it is not
highlighted in Fig. 13. However, substitution of Epic with Lys in the urea dipeptide

structure resulted in reduced MraY-inhibition (100-fold decrease compared to Epic). In

24



State of Knowledge

addition, a complete loss of antibacterial activity was observed for some Lys-containing
derivatives. In this context, it has to be mentioned that this Lys-containing derivatives
lack the important additional features (lipophilic side chain, amino ribose unit). It can
therefore be assumed that these moieties might compensate for the replacement in
the urea motif. Nevertheless, the reduced synthetic effort combined with the still
detectable micromolar inhibitory activities make this simplification highly useful for

SAR study purposes.!144146:147,149]

lipophillic side chain R' respsonsible for antibacterial activity,
beneficial for MraY inhibition

head group = H > guanidine > amine

based on MIC values and IC5 values for MraY inhibition

substitution of the Leu-3-position
beneficial, preferred: acylated
based on MIC values and

IC5 values for MraY inhibition

complete muraymycin structure
beneficial for MraY inhibition derivatives with R2 =
HoN By
\ ) o
0) (0]
NN
HO il OH OH
(6]
HN\‘. OH OH beneficial for MraY inhibition
HN N R2 = H; effect of the side chain predominates

/ H the effect of the aminoribose unit Sﬁc:‘ toburidine, V?Eatior;_ of Ithe

o nucleobase is not beneficia
based on ICs, values for MraY-Inhibition based in ICs, values for MraY-

substitution of Epic with other amino acids (Arg, Orn, Met) Inhibition

is tolerated if other features remain in the structure
based on MIC values

Epic > Lys
based on MIC values and IC5 values for MraY-Inhibition

Fig. 13: Summarized results of the muraymycin SAR studies.[121:126/132,133,144-147,145,151,152]

Ducho and co-workers observed that introducing Leu instead of 3-hydroxy-Leu as

121

central amino acid resulted in a loss of affinity towards the target.'?"! An Ala-scan

revealed that a substitution of this position lead to the most significant activity

146,147

loss.! I While not directly relevant for this thesis, it was observed that the

configuration of the leucine moiety (a-position) has only weak influence on the

inhibition activity (not illustrated in Fig. 13).1'44

The biological data of some natural compounds revealed that derivatives lacking a
lipophilic side chain but still featuring the hydroxy moiety at the 3-Leu position exhibit
inhibitory activity within the same range as the compounds featuring a lipophilic side
chain (cf. section 2.2.1). Compounds lacking also the hydroxy group, showed reduced
affinity towards MraY, although the activity is still in the sub-nanomolar range.

However, the acylated compounds showed significantly higher antibacterial activity.
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Additional results revealed that the absence of the amino ribose unit at the 5'-positon

12111t can be speculated that

is tolerated although it leads to affinity loss at the target.|
in the data of the natural products, the effect of the amino ribose unit covered the
comparable minor effects of other structural features. This hypothesis partially
corresponds to the aforementioned results by Tanino et al,, who substituted Epic with
other amino acids in a muraymycin scaffold featuring a lipophilic side chain and an
amino ribose unit.l'?6132 With the compounds of M. Wirth (cf. section 2.2.3, Fig. 12) it
was discovered, that the presence of a side chain predominates the effect of the amino
ribose unit.'*! A rather surprising result, because the amino ribose unit has a well-
known strong interaction with the target.®"""19 Qverall, the presence of an amino
ribose unit strongly affects the target affinity (100-1000-fold) but has less impact on

(1111201211451 Thys, leading to the assumption that it can be

the antibacterial activity.
removed from the structure design of new derivatives. In summary, this indicates that
preserving a lipophilic side chain could allow the substitution of Epic and the amino

ribose unit.

Since entering the cell is necessary to reach the target enzyme MraY in the cytoplasm,
the strong antibacterial activities of the derivatives 30-32 can be attributed to the
improved cell penetration. These results are consistent with the hypothesis that the

1211261311331 Fyrthermore, comparison of

fatty acid motif contributes to cellular uptake.!
the structures 30-32 with each other shows that the absence of a head group on the
lipophilic moiety gives the best antibacterial activities. This also matches with the fact
that muraymycin B8, with a lipophilic alkyl chain is the most potent derivative to date.
However, the additional presence of the amino ribose unit in B8 must be considered

when comparing the data.

The comparison of the ICsg values of the four muraymycin analogs in Fig. 12 (cf. section
2.2.3) leads to the hypothesis that, contrary to previous assumptions, the lipophilic side
chain also influences the interaction between the target and the inhibitor. The
acetylated compound 33 is ten times less active in terms of MraY inhibition than the
other derivatives with a long side chain. The inclusion of the lipophilic moiety in the
hydrophobic cleft of MraY¥ could be a 'new' target interaction that improves the affinity

of the corresponding compound.['4°]

In this work, the O-acetylated structures introduced by M. Wirth are further

investigated.
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3 Aims and Scope of this Thesis

3.1 General considerations

The primary aim of this thesis was the synthesis of novel muraymycin derivatives, with
a special focus on modifying the central amino acid within the scaffold. Fig. 14
illustrates a simplified muraymycin derivative designed and synthesized by M. Wirth,
which features 3-hydroxy-Leu as central amino acid. Since muraymycin analog 32 was
identified as the most potent simplified candidate overall (cf. section 2.2.3, Fig. 12), it
was chosen as the lead structure for this work.['*! A successful structural simplification
of the central amino acid would enhance the synthetic efficiency for new derivatives in
the future. In particular, this would render the time-consuming synthesis of the 3-
hydroxy-Leu unnecessary, which is present in the natural products and many synthetic

derivatives.[13>132.142]

32

.
z
Iz

Fig. 14: Lead structure 32 with 3-hydroxy-Leu as central amino acid.l"!

Furthermore, the effect of the structure of the lipophilic side chain on the biological
activity should also be investigated. For this purpose, an additional series of truncated
muraymycin analogs was designed. In order to test the limits of structural
simplification, it was planned to replace the cyclic amino acid L-epicapreomycidine in

the urea dipeptide structure.

Overall, as part of a SAR study, a new lead structure should be identified, with a more
simplified backbone compared to compound 32. Also, the synthetic optimization

achieved in this thesis is expected to be a significant advantage for future projects.

All muraymycin derivatives should be synthesized via a tripartite approach. This
method was successfully introduced in the dissertation of M. Wirth and further
developed in the preceding master thesis.'>>3 Thereby, the muraymycin scaffold is

divided into three building blocks: a urea dipeptide, a central amino acid with lipophilic
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side chain and nucleosyl amino acid 35. Fig. 15 illustrates the retrosynthesis of target

compound T1 as an example.

HNY TBDMSO OTBDMS

27 34 35

Fig. 15: Retrosynthesis of the tripartite approach exemplified for target compound T1.1>3

In the final stage, the corresponding building blocks are connected by peptide
coupling. First, nucleosyl amino acid 35 is linked to any central amino acid. After
cleavage of the N-Cbz group, the corresponding urea dipeptide is then introduced in
a second peptide coupling. Due to issues arising from side product formation during
established peptide coupling procedures with 1-hydroxybenzotriazole (HOBt) and
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP),[%® an

optimization of the coupling conditions is also part of this thesis.

3.2 Retrosynthesis

3.2.1 Retrosynthetic approach of the muraymycin derivatives with n-alkyl side

chains

The first intended simplification of the muraymycin scaffold was the replacement of
the central amino acid. The natural products (cf. section 2.2.1, Fig. 8) as well as the
reference structure 32 (cf. Fig. 14) feature 3-hydroxy-Leu in their scaffold.[''1:120.145] |
order to simplify the synthesis, commercially available amino acids are the most
convenient alternative. To maintain the common mode of connection via an ester
motif, the proteinogenic amino acids L-serine, L-allo-threonine and L-threonine were

the obvious choices. In the case of serine, the 3
28
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All derivatives known to date are (3"'S)-configured. So, a series of Ser containing
analogs might provide additional information about the significance of a stereocenter
at this position. For a simplified scaffold with the natural (S)-configuration, the allo-
form of L-threonine was selected as central amino acid. To elucidate the importance of

the configuration, L-threonine was also included into a new derivative.

Another point of interest in this thesis is the degree of steric hindrance at the position
adjacent to the ester group. All naturally occurring muraymycins contain an iso-propyl
group in this moiety. As the natural congeners of the C-series may be hydrolysis
products of the A and B-series compounds (cf. section 2.2.1, Fig. 8), the stability of the
ester bond in biological media and the factors influencing it are of great interest. The
comparison of the allo-Thr and Thr containing derivatives (methyl group) with the
natural products (iso-propyl group) may provide insights into this particular issue. The
structure of the lipophilic side chain remained a n-alkyl chain in all newly designed

derivatives to enable a direct comparison with the model compound 32.

TBDMSO  OTBDMS

R'= R'= R2=H 34,37 35
R%=CH; 38, 39
HN
beN)\N NH
H
HoN™ SNPbf
27 36

Fig. 16: Schematic tripartite approach for the new muraymycin derivatives with n-alkyl chains.[>3

Asiillustrated in Fig. 16, the desired derivatives were retrosynthetically divided into urea
dipeptide 27 or 36, various central building blocks and nucleosyl amino acid 35. In the

previously used tripartite approach, the central building block was not acylated and the
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lipophilic side chains were introduced into the globally protected muraymycin scaffold.
In this context, M. Wirth observed the formation of a side product during the peptide
coupling with a Lys-containing urea dipeptide. Here, the free alcohol moiety partially
underwent the peptide coupling instead of the primary amine, leading to a

145

regioisomeric side product (structure not included)."*! So, it can be assumed that the

designed acylated central amino acid(s) cannot undergo to this side reaction.

All naturally occurring muraymycins contain Epic in their scaffold (cf. section 2.2.1,
Fig. 8) The first simplification of the urea dipeptide was performed by K. Leyerer and
C. Rohrbacher, who synthesized a significant number of analogs in which Leu replaced
Epic. These modifications led to a loss in activity.l'#6147149 |n order to reduce the
synthetic effort, but maintain the antibacterial activity, a set of derivatives was designed
where the “cyclic Arg” amino acid Epic is replaced by commercially available Arg. They
show greater similarity to the natural products, since both have a guanidinyl moiety
and not only a primary amine like Leu. This could be the key to future simplification
strategies of the urea dipeptide. To render the SAR as precisely as possible and
therefore to gradually change various features in the scaffold, some derivatives with
Epic were also designed.

The synthesis of Epic-containing urea dipeptide 27 was described by M. Bischleb, while

135,138,142,154] Since

C. Schiitz introduced the synthesis of Arg-containing compound 36.!
27 was available in the research group, the retrosynthesis is not presented here.
However, it should be noted that it consists of fifteen more or less challenging synthetic
steps. In comparison, urea dipeptide 36 can be synthesized in two steps (cf. Fig. 17),
starting from L-valine tert-butyl ester. The amine is first converted into the
corresponding isocyanate 40, which then reacts with H-Arg(Pbf)-OH to urea dipeptide

36 in a second step.!™4

O O
H H
tBuO)i\l\n/N/" OH 1) C//O o)
© — tBuO)j/\N// — fBuo)i\‘Hz
NH
N

Hy NPbf
36 40 Val tert-butyl ester

Fig. 17: Retrosynthesis of Arg-containing urea dipeptide 36.1'*¥
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All central building blocks can be synthesized following the protocol of the previous
master thesis (cf. Fig. 18).I'>3 Herein, the carboxylic acid moiety of the corresponding
amino acid is protected as a tert-butyl ester before the lipophilic side chains can be
introduced by Steglich esterification. Subsequently, the carboxylic acid function is
restored again. With the exchange of the central amino acid, the designed muraymycin
derivatives exhibit reduced lipophilicity compared to the previous congeners. It can be
hypothesized that this will lead to decreased activity, since lipophilicity was found to

n 1121126131133 |1n order to investigate whether

be beneficial for the cellular penetratio
an enlargement of the lipophilic side chain by three CHz-groups (mirroring the iso-
propyl group-atoms) could cover and counteract this loss, target compound T2 was
designed. The required central amino acid 37 can be synthesized using the same
method as the other central building blocks, with the only difference being the use of

hexadecanoic acid in the Steglich esterification.

OW
n
R'. O 3 steps R!. OH
oB OH
CszN:KH/ ) CbzHN
(0] (0]
n=10: 34 Ser Cbz-Ser-OH or
38 allo-Thr Cbz-allo-Thr-OH or
39 Thr Cbz-Thr-OH

n=13: 37 Ser

Fig. 18: Retrosynthesis of central building blocks 34, 37-39.1'>3

Nucleosyl amino acid 35 (cf. Fig. 19) can be obtained by the well-established synthetic
protocol of A. Spork.[13>137.140.144155 The desired building block can be synthesized over
eight steps starting from uridine. The synthesis includes an IBX oxidation, a Horner-
Wadsworth-Emmons reaction, asymmetric hydrogenation and a reductive amination.
During the reductive amination, N-Cbz-amino propionaldehyde 41 is treated with
amine 23. The propyl-linker aldehyde 41 can be obtained over two steps starting with

e [140,146

1-amino-3,3-diethoxypropan ! For the Horner-Wadsworth-Emmons reaction, the

required phosphonate 20 can be synthesized according to the well-established

137140 For this work, the

synthesis of A. Spork starting from glyoxylic acid monohydrate.
first step of this routine was already accomplished by S. Lauterbach and the compound

was kindly provided for this work.
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TBDMSO  OTBDMS

35

]

CbzHN

OBu
O=FI’—OMe
OMe

20

\U/ 6 steps

(o}

H,0 H\OH
o

glyoxylic acid
monohydrate

transfer
hydrogenation &
reductive amination

TBDMSO  OTBDMS
23

transfer

hydrogenation
&
asymmetric
hydrogenation

Emmons reaction

(0]
fj\iﬁ Horner-Wadsworth-
N

OTBDMS

19

\U/IBX oxidation
(0]
fj\NH
N/& 2 steps

OTBDMS
42

Fig. 19: Retrosynthesis of nucleosyl amino acid 35.[137.140.146]

3.2.2 Retrosynthetic approach of the muraymycin derivatives with special side

chains

In order to further investigate the fatty acid chain as an aspect of the SAR study, two
additional compounds with special side chains were designed. Muraymycin analog T7
features the shortest possible side chain, an acetyl group, while derivative T8 has the
identical side chain (CO®°CqsH31) as the most active natural muraymycin B8 (cf. section
2.2.1, Fig. 8).1'2% The retrosynthetic pathway for the required compounds (cf. Fig. 20)
will be limited to central building block 44, as 27 and 35 have already been described
in section 3.2 and serine-based central building block 43 was available from the

preceding master thesis.[>%
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HO
o R’ .OR?
Hoood NHNTTN
4. ~ N H
HO N
hig N
o o}
H)"\l\‘ T7, T8
HN” "N
vl
o o R!_.OR?
NN oH
BuO T OH + CbzHN +
o o}
HN™ TBDMSO  OTBDMS
beN)\N
H

27 35

43:R'=H R2?=-COCH;3
44:R'= CH; R?=-CO"°Cy5H34

Fig. 20: Schematic tripartite approach for the acetylated muraymycin derivative T7 and the muraymycin
B8 analog T8.[>3
Similar to the other central building blocks (cf. section 3.2.1, Fig. 18), derivative 44 can
be synthesized in three steps. However, the carboxylic acid of the branched lipophilic
side chain has to be prepared first. For this purpose, the strategy of Richardson and
Williams is pursued.l'® They describe the synthesis of various branched long chains
including the needed 14-methylpentadecaonic acid 45. Using a combination of the
Chugaev reaction and oxidative cleavage, different chain lengths of branched lipophilic
side chains can be obtained. In the planned synthesis, 45 should be prepared in four

steps from 15-methylhexadecanol (cf. Fig. 21).

oxidative Chugaev
HO\”/\MJ\ cleavage WJ\ reaction HONJ\
11 : 12 ﬁ 12
(0]

45 46 15-methylhexadecanol

Fig. 21: Retrosynthesis of the branched fatty acid 45.1"¢

Muraymycin derivative T9 was designed to investigate how the target tolerates a more
rigid lipophilic side chain. For this purpose, the unsaturated fatty acid 47 should be
incorporated into the muraymycin scaffold. A Z-double bond was chosen to induce
maximal rigidity with minimal change to the side chain. The designed lipophilic side
chain 47 has a Z-double bond at the 6-position. It can be obtained using a protocol of
Woube et al. describing a synthesis to achieve isomerically pure Z-configured aliphatic
side chains via a Wittig reaction.['>”) In this particular case, the length of C13 should be

retained so that it can be directly compared with the analogs carrying n-alkyl chains.
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Overall, carboxylic acid 47 can be synthesized from the commercially available reagents

6-bromohexanoic acid and n-heptanal (cf. Fig. 22) in two steps.

Wittig
reaction Q

(6] o Br ®
Lo, — J F o~~~
HO o PPh, o7

47 48 n-heptanal
0}
B
HOJ\/\/\/ r

6-bromohexanoic acid

Fig. 22: Retrosynthesis of the unsaturated fatty acid 47.0'>7]

Since the new fatty acid chain includes a Z-isomeric double bond, the already described
tripartite approach cannot be used. Therefore, the globally protected acetyl analog 50
is synthesized, which can then be selectively deprotected at the central amino acid. The
required acetylated amino acid 51 can be synthesized in a similar way to the
corresponding Ser derivative from the preceding master thesis. For this purpose, Cbz-
allo-Thr-OH is converted into building block 51 in a single step with acetic anhydride
and pyridine (not displayed).">>"°8 After the selective cleavage of the acetyl moiety,
the unsaturated lipophilic side chain 47 can be introduced by Steglich esterification. A
protocol by Glen Research describes a very promising method of deprotecting the
acetyl group under mild conditions.['® The desired compound T9 can be obtained

after global deprotection (cf. Fig. 23).

The approach described in Fig. 23 harbors the potential for an alternative approach
for future projects. It would ease the introduction of various lipophilic side chains into
the muraymycin scaffold. Therefore each new muraymycin would not have to be
synthesized following the tripartite approach, in which the central amino acid with the

desired lipophilic side has to be synthesized for each new derivative individually.
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36 51 35

Fig. 23: Retrosynthesis of muraymycin derivative T9 with an unsaturated lipophilic side chain.['>3158159

3.2.3 Retrosynthetic approach of the truncated muraymycin derivatives

In order to determine the role of the urea dipeptide moiety and to evaluate whether
the absence of this particular structural motif can be compensated by a lipophilic side
chain, a series of truncated muraymycin analogs was designed. The impact of the

lipophilic side chain may be overshadowed by the urea dipeptide, as the latter is
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essential for target interaction and bacterial activity. Fig. 24 shows the three designed

compounds, all of which can be synthesized starting from compound 52.

TBDMSO  OTBDMS

52
2 steps can be obtained from 35 and 38 3 steps
via peptide coupling
(0]

10

.0

HN
(0]

HO
(0]
)]\ NN
N H
H
3

TT2 OH OH T

Fig. 24: Retrosynthesis of the truncated derivatives TT1-TT3 starting from intermediate 52.

The first truncated derivative TT1 contains a Cbz-protecting group, which is very bulky
and would have a different mode of interaction due to its aromatic character. Target
compound TT1 can be obtained after global deprotection of derivative 52, which is an
intermediate in the synthesis of the desired compounds T4 and T5. Secondly, the free
amine TT2 is the smallest possible truncated analog. Due to its polar character, it is
believed to interact less efficiently with the target and was specifically designed as a
negative control. It can be obtained after Cbz-deprotection during the synthesis of
derivatives T4 and T5 and subsequent global deprotection. For compound TT3, the
amine is converted into the smallest possible amide, which carries an acetyl group. This
modification mirrors the interaction at this specific position in the original backbone
(cf. section 2.2.1, Fig. 8), while applying the least possible impact on the overall
interaction. The amide is believed to interact with the target in the same manner as in
the intact muraymycin scaffold. Hence, any negative effects associated with the free
amine in compound TT2 is eliminated. Compound TT3 can be synthesized via Cbz-
deprotection of compound 52 followed by a peptide coupling with acetic acid and

subsequent global deprotection.

36



Aims and Scope of this Thesis

3.3 Summary: planned derivatives for SAR study

Overall, nine full-length muraymycin derivatives were designed (cf. Fig. 25). The
structure-activity relationship study based on these derivatives will provide detailed
insights into the role and effect of the lipophilic side chain and the requirements for
the central amino acid. Furthermore, it will be revealed if replacing Epic with Arg would
be tolerated by the target and how or whether this exchange would affect antibacterial

activity.

R? = various lipophilic side chains with

diffferent lengths and features

2

R
JI q IKHNMN
dlfferent central amino acids
W|th varying steric bulk

OH OH

Epic or Arg

Fig. 25: Overview of the planned modifications within the nine target structures T1-T9.

The SAR study will be extended by the truncated derivatives TT1-TT3 shown in Fig. 26.
These will provide further knowledge of the role and effect of the lipophilic side chain
in an isolated fashion. This is valuable because in many SAR studies, the loss of activity
due to the absence of the side chain is difficult to quantify, since the rather strong
interaction of the dipeptide often compensates for this effect. Therefore, more aspects
could be covered for this particular structural feature. Furthermore, the designed
residues for R will interact differently with the target site. This can also provide insights

into which structural motifs are compatible or tolerated at this position.

R? = various lipophilic side chains with
diffferent lengths and structures

RZ

OY HO

.0
HN/\/\N\\'
R'HN H

o

R' = various resdues with different
modes of interaction at the target

Fig. 26: Overview of the planned truncated muraymycins TT1-TT3.
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4 Results and Discussion

4.1 Synthesis of nucleosyl amino acid derivative 35

The scaffold of all planned derivatives contains the 6'-deoxy nucleosyl amino acid 35,

which can be synthesized according to the protocol of A. Spork.[137:140]

In order to selectively modify the primary alcohol moiety of uridine, the 2'- and 3'-
hydroxy groups must be protected. A specific protection of the secondary alcohols is
not possible and can only be achieved via a two-step reaction sequence. So, uridine
was first treated with tert-butyl dimethyl silyl chloride (TBDMSCI) under basic
conditions for 3 days at room temperature. The intermediate 53 was isolated by silica
gel column chromatography with a good yield of 82%. The selective deprotection of
the 5'-hydroxy group was achieved with acidic treatment of 53 at 0 °C. These reaction
conditions and the continuous observation by TLC help to prevent the deprotection of
the secondary alcohols at the 2'- and 3'-positions. After 5.5 hours, a new polar
component appeared on the TLC sheet, which can be assumed to be a double-
deprotected uridine derivative. The reaction was therefore ended at incomplete
conversion. The free alcohol 42 was isolated by silica gel column chromatography with

a very good yield of 94% (cf. Fig. 27).

0O
| NH TB_DMSCI | NH | NH
HO N/&O py;irgilrtmj:,z:)tl,e?: d TBDMSO N/&O TIIIEA{)HfCO ;; h HO N/go
© 82% © 94% ©
OH OH TBDMSO OTBDMS TBDMSO OTBDMS
uridine 53 42

Fig. 27: Synthesis of uridine derivative 42 over two steps starting with uridine.

In order to perform the subsequent Horner-Wadsworth-Emmons reaction,!160-162

alcohol 42 had to be oxidized to the corresponding aldehyde. The latter then reacts
with phosphonate 20 to provide alkene 21.

The tert-butyl ester phosphonate 20 was synthesized via a well-established five-step
reaction sequence, whereby only the last three steps were performed during this
work [137.140.163164] Methy| ester 54 was kindly provided by S. Lauterbach and was used
for the following reactions. First, compound 54 was refluxed in dry toluene. Then,
phosphorus trichloride was added dropwise at this temperature to activate the methyl

ester. After 4 hours, trimethyl phosphite was added for the formation of methyl
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phosphonate 55 in a Michaelis-Arbuzov-like reaction.'* After workup, the desired
intermediate 55 was isolated with a solid yield of 80%. The transesterification to tert-
butyl ester 20 was performed in two steps.['*% The alkaline hydrolysis of methyl ester
55 was carried out at 12 °C over 18 minutes, resulting in free acid 56 with an excellent
yield of 99%. The formation of tert-butyl ester 20 was performed in dry tert-butanol
using the alcohol simultaneously as reagent and solvent. N-ethoxycarbonyl-2-ethoxy-
1,2-dihydroquino-line (EEDQ) was used as an activator of carboxylic acid 56. To
facilitate the ester formation, molecular sieve (3 and 4 A) was added, which absorbed
the accruing water from the reaction mixture. After 17 hours, the molecular sieve was
filtered off using celite® and tert-butyl ester 20 was isolated after purification by silica
gel column chromatography with a good yield of 74%. The sequence yielded
phosphonate 20 in three steps with an overall yield of 59% (cf. Fig. 28).

(0] PCl;, P(OMe); O
CbzHN toluene CbzHN
o) z \f/u\OMe 110°G. & h z \i/u\OMe
H,0 - kJ\OH - OMe MeO—FI’=O
0 80% OMe
54 55
aq. NaOH (2 m)
1,4-dioxane
12 °C, 18 min

99%

o) EEDQ, ‘BuOH o}
MS (3/4 A), CH,Cl, CbzHN

OO~
Y CbzHN o %OH
N._O._- u rt, 17 h
MeO—FT’=O MeO—FI’=O
Z OMe 74% OMe

EEDQ

20 56

Fig. 28: Synthesis of tert-butyl ester phosphonate 20 over five steps starting with glyoxylic acid
monohydrate (compound 54 kindly provided by S. Lauterbach).
Alcohol 42 was turned into the corresponding aldehyde 19 with 2-iodoxybenzoic acid
(IBX).l137140146.165 The reaction was performed in refluxing dry acetonitrile over
1.5 hours. Then, the reaction mixture was cooled down to 0 °C to precipitate remaining
IBX and formed 2-iodobenzoic acid, which were filtered off. The hydrolysis-sensitive
aldehyde 19 was verified using '"H NMR and its purity (~70%) was determined. In
another attempt, 19 was synthesized with commercially available IBX (stabilized with
benzoic acid and isophthalic acid). The reaction was carried out in the same way as
described above. In order to remove the remaining stabilizer, the crude product was
purified by silica gel column chromatography with ethyl ether and dichloromethane as

eluents. After removal of the solvent, aldehyde 19 was obtained with a yield of 79%
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(calcd. form TH NMR). However, a small amount of stabilizers remained in the product,
which turned out to be not harmful for the subsequent Horner-Wadsworth-Emmons
reaction. Although aldehyde 19 had previously been described as an unstable

compound,['40]

it was possible to purify it by silica gel column chromatography. To
verify whether decomposition or side reactions could have taken place, the NMR data
of the purified and a non-purified batch were compared and found to be identical.
Since the batch, which underwent column chromatographic purification was also used
in a Horner-Wadsworth-Emmons reaction, this definitely proves that the aldehyde is
rather stable under the chosen conditions. This means that purification can be
attempted if necessary.

The subsequent Horner-Wadsworth-Emmons reaction required special reaction

conditions to ensure the formation of the desired Z-isomer.['37.140,160]

Initially,
phosphonate 20 was stirred with the strong base potassium bis(trimethylsilyllamide
(KHMDS, 0.5 M in toluene) for 15 minutes at room temperature. In order to ensure the
formation of the Z-isomer (cf. Fig. 29), aldehyde 19 was added dropwise at -82 °C over
a period of 45 minutes. The reaction mixture was stirred overnight, during which it was
allowed to warm up to room temperature. Then, methanol was added to end the
reaction by deactivation of the remaining base, phosphonate carbanion and aldehyde.
Purification by silica gel column chromatography yielded the isomerically pure Z-

isomer 21 in 69% yield. Its purity was confirmed by comparison of the 'TH NMR data

with previously published results.['37:140.166]
0 o) 0
NH IBX, MeCN NH 20, KHMDS BuO._O NH
| Y 80°C, 2 h | JY THF, -82°C > 1t, 16 h | Y
HO NSO ———M = N o Q N o
0, AN 0,
o) 79% o 69% CbzHN o
(calcd. from "H NMR) o
TBDMSO  OTBDMS TBDMSO OTBDMS | CbzHN o TBDMSO  OTBDMS
42 19 Meo—|:l>:o 21
OMe

20

Fig. 29: Synthesis of uridine derivative 21 via IBX oxidation and Horner-Wadsworth-Emmons reaction
with phosphonate 20.

The Z-didehydro amino acid 21 was stereoselective turned into the (6'S)-isomer 22 by

n.l1361371401 This reaction was carried out in dry methanol

asymmetric hydrogenatio
under hydrogen atmosphere (1 bar). The used rhodium catalyst (+)-1,2-bis-[(2S,55)-

2,5-dimethylphospholano]bezene(cyclooctadiene)rhodium(l)-tetrafluoroborat  ((S,5)-
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Me-DUPHOS-Rh) was developed and published by Burk.l"®”] The configuration of the
chiral phosphine ligand in this catalyst determines the resulting confirmation of the

168,169 The reaction was handled with great care, as the catalyst

developing steric center.!
is air and moisture sensitive. Therefore, the solution of nucleosyl amino acid 21 in dry
methanol was degassed repeatedly, before the orange catalyst (S,5)-Me-DUPHOS-Rh
was added. Then, hydrogen (1 bar) was bubbled through the solution once a day for
5 days. During this time, the color of the reaction mixture turned darker, showing
degradation of the catalyst. The progress of the reaction was monitored by "H NMR
spectra until the reaction was finished. Complete conversion of compound 21 into 22
is crucial for the following reaction sequence because both compounds cannot be
separated by silica gel column chromatography due to their almost identical structure
and behavior on silica gel. The desired compound 22 was obtained in 91% vyield after

purification (cf. Fig. 30).

6 o)
f L)~

BuO- 20 | /’K‘ (S,S)-Me-DUPHOS-Rh )
NS0 H, (1 bar), MeOH, rt, 5 d (COD)RH D

CbzHNX O b

© 91% BF4 \E)
TBDMSO  OTBDMS TBDMSO  OTBDMS
(S,S)-Me-DUPHOS-Rh
21 22

Fig. 30: Asymmetric hydrogenation of uridine derivative 21 with catalyst (S,S)-Me-DUPHOS-Rh.

Nucleosyl amino acid 22 is connected to any central building block via propyl linker 41.
The applied synthesis for this derivative, which is illustrated in Fig. 31, was synthesized

k1371400 First, 3,3-diethoxypropane-1-amine was

according to the protocol of A. Spor
treated with benzyl chloroformate under basic conditions at 0 °C. The mixture was
stirred for 18 hours. During this time, the mixture warmed up to room temperature to
give carbamate 57. The substance was isolated after silica gel column chromatograph
with a good yield of 88%. Since propyl linker 41 is connected to nucleosyl amino acid
23 via reductive amination, an aldehyde moiety is required, which can undergo the
reaction. Treatment of carbamate 57 with aqueous acidic conditions for 105 minutes
at room temperature led to the formation of the desired aldehyde 41. Silica gel column
chromatography yielded propyl linker 41 with 88%. The short synthesis sequence gave

linker 41 in 77% yield over two steps.
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CbzCl, NEt;
CH,Cl, aq. HCI (0.5 m)
o™ 0°C~rt,18h o™ THF, rt, 105 min o
HZN/\)\O/\ 88% CbZHN/\)\O/\ 88% CbZHN/\)J\H
3,3-diethoxypropane-1-amine 57 41

Fig. 31: Synthesis of N-Cbz-3-aminopropanal 41 over two steps starting from 3,3-diethoxypropane-1-
amine.
The free amine 23 required for the reductive amination can be easily obtained by mild
deprotection of nucleosyl amino acid 22.1'®! For this purpose, 22 is dissolved in dry
iso-propanol and then 1,4-cyclohexadiene and palladium black are added. The reaction
was previously executed in dry methanol, but D. Wiegmann discovered a potential side
reaction, taking place with the former solvent. He observed a cyclization between the
freed amine at the 6'-position and the 3-amide due to the formation of formaldehyde
from methanol."*® This side reaction could be excluded when the solvent was switched
to iso-propanol. It was observed that the deprotection is induced by heat supply, which
was often given by hand warmth. Here, a water bath of 40 °C was used. The catalyst
agglomerates during the reaction, which indicates its progress and finally complete
conversion. In addition, the progress was monitored by TLC. After one hour, the
palladium black was filtered off using a syringe filter. After removal of the solvent, the
free amine 23 was isolated 98% yield. For the following reaction, both reagents needed
to be completely water- and solvent-free. Therefore, both were dried in high vacuum
for a longer period of time. The reductive amination is carried out over several days.
First, the amine 23 and aldehyde 41 were diluted in dry tetrahydrofuran and stirred for
24 hours at room temperature. During this time, the corresponding imine formed,
releasing water as a side product. Molecular sieve (4 A) was used to adsorb the water
and thus prevent the reverse reaction. The formation of the imide cannot be observed
by TLC nor LC-MS due to its instability. Therefore, a period of 24 hours is provided to
give the imine enough time to form. Then, sodium triacetoxyborohydride and

Amberlyst-15™

were added to the suspension. The latter is an ion exchange resin,
providing hydrogen cations. The reducing agent was dried for 5 days in vacuum before
usage, as it degrades to acetic acid over time, which would interfere with the wanted
reduction. The reaction was stirred for 3 days at room temperature and monitored by
TLC until no reaction progress could be detected. The reaction mixture was filtered
over celite® to remove the molecular sieve. Nucleosyl amino acid 58 was obtained in

84% yield after silica gel column chromatography. During the reaction time of 4 days,
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the molecular sieve is usually pulverized. It can therefore be assumed that the re-
released water could have interfered with the reduction step by splitting the imide into

amine 23 and aldehyde 41. This might be the reason for incomplete conversion.

1) 1,4-cyclohexadiene, Pd black
0 ProH, 40°C, 1 h

t \H 2) 41, MS (4 A)
BuO.__O | ,& then Amberlyst-15™

o) NaBH(OAc), THF, rt, 4 d

82% over 2 steps

TBDMSO OTBDMS TBDMSO  OTBDMS

CbzHN™ "X

22

— 58:R=Cbz

41 1,4-cyclohexadiene
Pd black, PrOH
35°C,1.5h

quant.

— 35:R=H

Fig. 32: Synthesis of nucleosyl amino acid 35 via Cbz-deprotections and reductive amination.

Nucleosyl amino acid 58 had to be Cbz-deprotected for the subsequent peptide
coupling. The well-established method described above was used again for this
purpose.l'® Thus, 1,4-cyclohexadiene and palladium black were added to a solution of
58 in dry iso-propanol. The reaction mixture was stirred at 35 °C for 1.5 hours. As
previously mentioned, the reaction is initiated by heat, which was again provided by a
water bath. While an exact temperature is not required, the temperature should not
exceed 40 °C to prevent side reactions. After 1.5 hours, the catalyst agglomerated,
indicating the end of the reaction, which was also confirmed by TLC and LC-MS. The
reaction mixture was filtered through a syringe filter, which was washed multiple times
with methanol. After solvent removal, the compound 35 was obtained quantitatively
(cf. Fig. 32).

4.2 Synthesis of the L-serine-containing muraymycin derivatives

4.2.1 Synthesis of Ser-based central building blocks 34 and 37 with n-alkyl chains

The synthesis of the central building block 34 was first presented in the preceding
master thesis. The compounds 60 and 61 (cf. Fig. 33) were synthesized for the afore-
mentioned work and were used in this thesis. Consequently, the syntheses of these two
compounds is not discussed in detail here, but reference is made to the earlier master

thesis.l1>3!

The commonly used method for introducing a lipophilic side chain via Steglich

esterification (cf. Fig. 33) was applied to conjugate hexadecanoic acid to the protected
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Cbz-Ser-O™Bu 60.!">3 This particular alkyl chain, which is extended by three CH> units
compared to 61 and 34, was introduced to evaluate whether lengthening the side chain
by an equivalent number of carbon and hydrogen atoms could compensate for the
omission of the iso-propyl group (cf. section 2.2.1, Fig. 8)!"'"12% on the central building
block. Additionally, the study aimed to investigate how this modification might affect

the interaction with the target and the compound's absorption into bacterial cells.

For the introduction of the hexadecanoyl side chain (COCisH31), the corresponding
hexadecanoic acid, the primary alcohol 60 and catalyst 4-dimethylamino-pyridine
(DMAP) were dissolved in dry tetrahydrofuran. Then, 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC « HCl) was added as an activator and the
reaction mixture was stirred for 6 hours at room temperature. During this time, the
poorly soluble hydrochloride gradually dissolved, and an insoluble white solid formed
throughout the synthesis. This precipitated solid is most likely EDU, the urea derivative
of EDC. The reaction was monitored using TLC and was ended by the addition of
hydrochloric acid (0.5 M). Compound 62 was obtained after purification by silica gel
column chromatography, resulting in a high yield of 94% (cf. Fig. 33). Each of the tert-
butyl esters, 61 and 62, was treated with aqueous trifluoroacetic acid (80%) to release
the corresponding carboxylic acids. For both compounds, the reaction time of 2.5 hours
was sufficient (based on TLC monitoring). In each case, the solvent was diluted with
water and removed by lyophilization, resulting in the isolation of Cbz-Ser(COC12H2s)-
OH 34 and Cbz-Ser(COCisH31)-OH 37 as white solids in 98% and 82% yield,
respectively. The reaction sequence gave 34 in 57% and 37 in 47% yield over three
steps. The introduction of the tert-butyl ester was the yield-limiting step. It was
observed that during the reaction, a double functionalized derivative, in which an
additional tert-butyl ether is introduced at the alcohol moiety (cf. Fig. 33, compound
60SP), was formed. This side reaction was the primary factor contributing to the

reduced yield.l"3!

44



Results and Discussion
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Fig. 33: Synthesis of Ser-based derivatives 34 and 37 starting with Cbz-Ser-OH (syntheses of 60 and 61
from preceding master thesis)."!

4.2.2 Synthesis of target compound T1: Val-Epic-Ser(COC12H25)-NuAA

All building blocks required for the desired derivatives could now be combined. As
described in chapter 3, the initial step is the peptide coupling of nucleosyl amino

acid 35 with any central building block.

For this purpose, the reaction between L-serine derivative 34 and 35 was carried out
under already established conditions (Fig. 34).%6™53] First, 1-hydroxybenzotriazole
(HOBt), benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)
and N,N-diisopropylethylamine (DIPEA) were added to a solution of compound 34 in
dry tetrahydrofuran to activate the acid. The mixture was stirred for 30 minutes at room
temperature to form the HOBt active ester. Then, nucleosyl amino acid 35 was added
dropwise to the cooled reaction mixture. After 1 hour at this temperature, the reaction
mixture was stirred for 24 hours at room temperature. The progress of the reaction was
monitored by TLC and LC-MS and was considered complete after 25 hours. The solvent
was removed under reduced pressure and a yellowish resin was obtained after silica

gel column chromatography.
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HOBt, PyBOP
0 DIPEA, THF
oH 0°C->rt,25h
CbzHN +
o) 55%
TBDMSO OTBDMS (calcd. from "H NMR)
34 35

TBDMSO OTBDMS
63

Fig. 34: Synthesis of 63 via peptide coupling of Ser-based derivative 34 and nucleosyl amino acid 35.

The NMR analysis of the coupling product 63 revealed the presence of phosphine
oxide 64 (Fig. 35), which is a known by-product of the peptide coupling with PyBOP
described above. It is suggested that the lipophilic side chain eases the elution of 64
due to its lipophilic nature and intermolecular nonpolar interactions. The yield of
compound 63 was calculated from the "H NMR spectrum to be 55%. Since 64 does not
interfere with the subsequent reactions, compound 63 was used without further

purification.

Fig. 35: Known by-product phosphine oxide 64 of the employed peptide coupling.

Prior to the second peptide coupling, the Cbz-protection group was cleaved. Therefore,
1,4-cyclohexadiene and palladium-black were added to the solution of compound 63
in dry iso-propanol. Furthermore, trifluoroacetic acid was added as a 10% solution in
dry iso-propanol to the reaction mixture. In contrast to the previously described
conditions, the addition of trifluoroacetic acid was essential at this point. It was
necessary to prevent the possible intramolecular nucleophilic attack of the emerging
primary amine on the carbonyl group via a five-member transition state, which would
result in the migration of the side chain. In order to avoid partial deprotection of the
tert-butyl ester or the TBDMS groups, only two equivalents of trifluoroacetic acid were
used for the reaction. Two equivalents were required to inactivate the emerging

primary amine as well as the existing secondary amine. Otherwise, the secondary amine
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would partially consume the acid, thereby reducing the amount of acid available to
'deactivate' the emerging amine.['¥8133|n contrast to the previously described protocol,
the reaction was carried out at room temperature to reduce the risk of the described
intramolecular rearrangement. The palladium black agglomerated after one hour,
indicating the end of the reaction. However, TLC monitoring showed that his was not
the case. So, 1,4-clycohexadiene (9.1 eq.) and palladium black (four spatula tips) were
added again. The end of the reaction was finally determined by TLC and LC-MS. The
suspension was filtered through a syringe filter, which was washed multiple times with
methanol resulting in bis-TFA salt 65. The compound was identified by LC-MS (m/z =
926.55 [M+H]") and comparison with the NMR data of the master thesis preceding this
work.['*3] The gained bis-TFA salt 65 was used without further purification in the
subsequent peptide coupling with urea dipeptide 27. As illustrated in Fig. 36, the
second peptide coupling was carried out again with HOBt, PyBOP and DIPEA under the
previously described conditions. Two additional equivalents of DIPEA were used to
scavenge the accruing trifluoroacetic acid. The reaction progress was monitored using
TLC and LC-MS, showing the desired product (m/z = 766.87 [M+2H]%*). Based on these
data, the reaction was ended after 5.5 hours, and the solvent was removed under
reduced pressure. The crude compound underwent global deprotection in aqueous
trifluoroacetic acid (80%) at room temperature. Over time, the initially colorless
reaction mixture turned greenish blue. The color change results from the cleavage of
the Pbf group and is a first hint of the progress of the global deprotection. After 25
hours, the reaction was ended by the addition of water (Fig. 36). The resulting residue
was dissolved in a mixture of water, acetonitrile and trifluoroacetic acid, and
subsequently purified by HPLC. Due to the presence of by-product 64, the HPLC
purification of target compound T1 was carried out three times. Since 64 was not
detectable by UV absorbance, it complicates the purification. Two different columns
were used for the purification. First, a column with a stationary reverse-phase (RP-Cis)
was used. The conditions corresponded to the protocol of M. Wirth, in which the
interaction between the lipophilic residues could interact with the fatty acid chain of
the derivative. Unfortunately, the by-product 64 could not be fully separated from the
compound. It was assumed that the lipophilic side chain of target compound T1 might
‘drag along' the by-product 64. Therefore, a phenyl hexyl stationary phase was
considered. It was anticipated that interactions between the phenyl residues and the

nucleobase in the product scaffold in addition to the interactions between the lipophilic
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side chain and the hexyl residues, could facilitate the separation of the two compounds.
This hypothesis was partially confirmed, as nearly the entire by-product could be
separated. However, the remaining phosphine oxide 64 could not be fully separated
even after the third attempt. Thus, the muraymycin derivative T1 was obtained as a bis-
TFA salt with 2.5% yield over three steps (calcd. from the TH NMR spectrum). A
negligible amount of PyBOP by-product 64 (<0.6%) remained in the product.
Reviewing the preceding work of M. Wirth, 64 was also found in small amounts in his

final compounds after purification by HPLC.[4°]

The low yield of Ser-containing target compound T1 can be attributed to the multiple
HPLC purification steps and the sterically complex second peptide coupling caused by
the bulky reactants. In order to assess the effect of the by-product 64 on the biological
evaluation, the phosphine oxide was purchased and tested in the same way as each
muraymycin derivative. Fortunately, first biological data suggest that phosphine

oxide 64 does not significantly affect MraY inhibition or bacterial growth in the assays.
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Fig. 36: Synthesis of muraymycin derivative T1 via peptide coupling and global deprotection.

The connectivity of the tridecanoyl side chain to the backbone at the desired position
was confirmed by the HMBC NMR spectrum. The cross-peaks between the protons at
the 3"'-H or 2V-H position and the carbonyl carbon atom C-1V (cf. Fig. 37) provide

strong evidence for the expected linkage.
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Fig. 37: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T1.

4.2.3 Synthesis of target compound T2: Val-Epic-Ser(COC1sH31)-NuAA

Muraymycin derivative T2 was synthesized following the same reaction sequence
described in section 4.2.2. The central building block 37 now contains a hexadecanoyl
side chain instead of the tridecanoyl side chain. The extension of the side chain was
performed to gain further insights into the effect of the iso-propyl group at the central
building block. A comparison of target compounds T1 and T2 could provide answers
as to whether the longer side chains compensates for the omission of the iso-propyl

group at the 3"'-position.

The first peptide coupling was carried out under established conditions with HOBt,
PyBOP and DIPEA in dry tetrahydrofuran.[¢153 Once again, the order of addition of
the reagents and the temperature range were important. After 25 hours, the reaction

was ended, and the solvent was removed under reduced pressure. Purification by silica
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gel column chromatography yielded 59% of derivative 66, which contained no PyBOP
by-product 64 (Fig. 38).
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Fig. 38: Synthesis of compound 66 via peptide coupling of Ser-based derivative 37 and nucleosyl amino
acid 35.

The cleavage of the Cbz-protecting group was carried out under the established
conditions, using 1,4-cycloheaxdiene and palladium black in dry iso-propanol.[481531 To
avoid the nucleophilic attack of the formed primary amine, trifluoroacetic acid was
added to achieve the bis-TFA salt 67. Furthermore, the reaction was carried out at room
temperature to avoid the aforementioned rearrangement. After 3.5 hours, the reaction
was ended, and the mixture was filtered through a syringe filter to obtain derivative 67.
The compound was identified by LC-MS (m/z = 968.56 [M+H]*) and used without

further purification.

The peptide coupling between urea dipeptide 27 and bis-TFA salt 67 was carried out
with HOBt, PyBOP and DIPEA.l"#6133] The reaction time was extended to 29 hours to
ensure complete conversion. After solvent removal, the globally protected derivative
was purified by HPLC. Based on the chromatograms from the LC-MS analysis, an
additional purification step was carried out at this stage. These showed a complete
separation between the desired coupling product and the PyBOP by-product 64, a
separation that was no longer detectable after global deprotection. This suggested that
purification prior to global deprotection offered a high probability of obtaining a clean
compound. Both the LC-MS method and a phenyl-hexyl column were used for the
HPLC purification. The globally protected muraymycin derivative was identified by LC-
MS (m/z = 787.71 [M+2H]?*).
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The subsequent global deprotection was carried out in aqueous trifluoroacetic acid
(80%) (cf. Fig. 39). The reaction, which turned turquois over time, was ended after
28 hours by adding water. The solvent was removed by lyophilization. The green
residue was then dissolved in a mixture of water, acetonitrile and trifluoroacetic acid,
followed by purification via HPLC. Target compound T2 was obtained with an overall
yield of 5.9% over three steps. The additional purification step proved to be effective,

as no by-product impurity 64 was detected in the NMR nor LC-MS spectra of T2.
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Fig. 39: Synthesis of muraymycin derivative T2 via peptide coupling and global deprotection.

The low yield can be primarily attributed to the second peptide coupling. During the
reaction, bis-TFA salt 67 turns into a free amine, which, in addition to the desired
peptide coupling, also enables the intramolecular migration of the lipophilic side chain
described above. Additionally, the peptide coupling between the two sterically
hindered coupling partners is an additional kinetic difficulty. Furthermore, HPLC
purification revealed a fraction in which the side chain had been cleaved (LC-MS:
m/z = 743.23 [M+H]"), which further reduced the yield of compound T2. This cleavage
most likely occurred during the global deprotection or the subsequent dilution with
water prior to the lyophilization. The connectivity of the lipophilic side chain was again
confirmed by the HMBC NMR spectrum of the compound, which showed the expected

cross peaks between 3''-H or 2"-H and the carbonyl carbon atom C-1v (cf. Fig. 40).
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Fig. 40: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T2.

4.2.4 Synthesis of target compound T7: Val-Epic-Ser(COCHs)-NuAA

In order to investigate the functional significance of the fatty acid chain, the acetylated
muraymycin derivative T7 was synthesized. This approach aimed to elucidate the role
of the fatty acid modification. The synthetic strategy for this compound was the same
as for target compounds T1 and T2. So, the building blocks 35 and 43 were initially
connected via the already established peptide coupling using HOBt, PyBOP and DIPEA
(cf. Fig. 41).1%613] Amine 35 was added dropwise to a cooled solution of Cbz-
Ser(COCH3)-OH 43, HOBt, PyBOP and DIPEA. The reaction was monitored by TLC and
LC-MS. After 19 hours, the reaction was ended by removing the solvent. After the
purification by silica gel column chromatography, the already known PyBOP by-
product 64 (cf. section 4.2.2, Fig. 35) and the TFA-DIPEA salt were identified in the
NMR spectra. Since chromatotron purification allows a narrower solvent gradient, it

was tested as a method for separating the impurities from derivative 68. This attempt
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resulted in the removal of the DIPEA salt, but not of by-product 64. Since the latter
does not affect the subsequent Cbz-deprotection and would be generated again
during the upcoming peptide coupling, 68 was used as a crude product. It was
assumed that the side product could be completely removed as HPLC purification,
which proved effective for T2, was planned prior to the global deprotection (cf. section
4.2.3). The yield of approximately 46% for the first peptide coupling was calculated
from the "TH NMR spectrum.

(0]
0 HOBt, PyBOP
t NH DIPEA, THF
E/ PO LI 0°C~>rt,19h
* AN N 0
CbzHN OH H2N N ~46%
o) (calcd. from "H NMR)
TBDMSO OTBDMS
43 35

TBDMSO  OTBDMS
68

Fig. 41: Synthesis of derivative 68 via peptide coupling with HOBt, PyBOP and DIPEA.

The Cbz group was cleaved under the well-known conditions with 1,4-cyclohexadiene
and palladium black in dry iso-propanol.'*¢148 During the reaction, palladium black
flocculated, indicating the progress of the reaction. To prevent the intramolecular
nucleophilic attack of the primary amine, trifluoroacetic acid was added to form the
bis-TFA salt 69.1"48133] The reaction was monitored by LC-MS and was determined to
be complete after 3.5 hours. The crude compound was used in the subsequent reaction
after workup. The peptide coupling was carried out in dry tetrahydrofuran using PyBOP,
HOBt and DIPEA as described above.[%61531 After 23 hours, no further reaction progress
was observed with TLC and the reaction was ended by removing the solvent. As
planned, the globally protected derivative was purified by HPLC and identified by LC-
MS (m/z = 689.75 [M+2H]?*).

The resulting colorless solid was dissolved in aqueous trifluoroacetic acid (80%) and
stirred for 25 hours. During this time, the reaction mixture turned blue, indicating
cleavage of the Pbf-protecting group. LC-MS monitoring revealed that the acetyl group
was partially cleaved during the global deprotection. Since the amount of the desired
product remaining could only be estimated, a purification by HPLC was pursued.

Unfortunately, only insufficient amounts were obtained after work-up and HPLC
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purification. So, muraymycin derivative T7 could not be biologically evaluated. It can
be assumed that the dilution of the reaction mixture with water at room temperature
prior to the lyophilization also supported the cleavage of the acetyl group. The dilution
of the acid with water caused an exothermic reaction. These conditions facilitate the
hydrolysis of the acetyl group. Overall, the reaction conditions in addition to the
dilution led to the cleavage of the acetyl group. The isolation of the cleaved
muraymycin derivative was not further pursued. As biological studies of different target
compounds revealed that changing the central amino acid is beneficial (cf. sections 4.3,
4.6), the synthesis of muraymycin derivative T7 was not repeated. Instead, the
structurally similar compound with allo-Thr as the central amino acid was synthesized
(cf. section 4.5.2).
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Fig. 42: Attempted synthesis of derivative T7 via peptide coupling and global deprotection.

4.2.5 Synthesis of target compound T3: Val-Arg-Ser(COC12H25)-NuAA

All naturally occurring muraymycins feature the cyclic pendant of L-arginine, referred
to as L-epicapreomycidine."'"120 Since the synthesis of the corresponding urea
dipeptide 27 is complicated and some steps have limited reproducibility, the approach

of replacing Epic with Arg in the backbone was pursued. This strategy aims to provide
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new insights into the role and importance of the unnatural amino acid Epic in the
muraymycin structure. Ultimately, this could facilitate the synthesis of new derivatives,
if the replacement of the amino acid leads to comparable results in biological testing.
Hence, target compound T3 was designed and synthesized.

First, urea dipeptide 36 was synthesized over two steps starting with L-valine tert-butyl

154 For

ester hydrochloride (H-Val-O'Bu « HCl) according to the protocol of C. Schitz.!
the preparation of isocyanate 40, the hydrochloride was dissolved in a mixture of
dichloromethane and aqueous saturated sodium bicarbonate solution and cooled to
0°C. At this temperature, triphosgene was added under vigorous stirring. After
25 minutes, the reaction was ended, and the mixture was worked up. The reaction
yielded isocyanate 40 with 96%, which could be used without further purification. The
product was identified by NMR, which showed no dimer formation, in contrast to the
results observed by C. Schiitz.!"® In order to form the urea dipeptide 36, compound
40 was dissolved in tetrahydrofuran. Then, H-Arg(Pbf)-OH in dimethylformamide was
added to the solution. Full conversion was observed (TLC monitoring) after 19 hours.
After work-up, the crude product was purified by silica gel column chromatography,
yielding 36 in 74%. Altogether, Arg-containing urea dipeptide 36 was obtained in 71%

yield over two steps (cf. Fig. 43).

triphosgene
0 ag. NaHCO3/CH,Cl, 1:1 0 o THF/DMF 5:8
NH,+ HCI 0° G, 25 min NCO , H,N ", 19h
'BuO 2 'BuO + 2N N0
96% 74%
NH
HQNANbe
H-Val-O'Bu « HCI 40 H-Arg(Pbf)-OH
o) H H o)
‘BuO Y ToH
o)
NH
HZN’ngbf

36
Fig. 43: Synthesis of Arg-containing urea dipeptide 36 starting with H-Val-O'Bu « HCI.
Since the coupling by-product 64 (cf. section 4.2.1, Fig. 35) complicates the purification
of all desired derivatives, alternative coupling agents were urgently required. C. Schitz

tried other coupling conditions in dummy reactions. But none of those gave an

enantiopure coupling product.>¥ In this thesis, propane phosphonic acid anhydride
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(T3P, cf. Fig. 44) turned out to be a very promising candidate.'’%"" The great
advantage of this coupling agent is its slow degradation in water. So, the resulting
decomposition product as well as remaining T3P can already be separated during

extraction.

Fig. 44: Peptide coupling agent propane phosphonic acid anhydride (T3P).

To evaluate the suitability of T3P for the specific peptide couplings in the muraymycin
synthesis, a model experiment was performed. Here, conditions most similar to the final
circumstances were tested. So, amine 71 and urea dipeptide 36 were selected for the

dummy reaction.

Compound 71 was synthesized from building block 62 by cleavage of the Cbz group
under the well-established conditions. One equivalent of trifluoroacetic acid was added
to prevent the intramolecular nucleophilic attack of the free amine.['461481531 Mono-TFA

salt 71 was obtained with a very good yield of 95% (cf. Fig. 45).

OW'& 1,4-cyclohexadiene 0 OWs
s

0 Pd black, TFA F o
ProH, rt, 75 min F
b HNJi”/O’Bu F ’ CﬁLﬂ/O‘Bu
z 95% 3
o] o]
62 71

Fig. 45: Cleavage of the Cbz-protecting group of the Ser-based building block 62.

In the model experiments, particular attention was paid to the enantiopurity and the
yield (cf. Fig. 46). For the first approach urea dipeptide 36, compound 71 and DIPEA
were dissolved in dry ethyl acetate at 0 °C. After 15 minutes, T3P (50% solution in ethyl

1701 The activator for the carboxylic acid was used without further

acetate) was added.!
additives. Based on TLC, the reaction was ended after 30 minutes. The reaction mixture
was diluted with ethyl acetate and the organic phase was washed with water and
saturated aqueous sodium chloride solution. After purification by silica gel column
chromatography, derivative 72 was obtained as a colorless solid with a yield of 93%.

Analysis of the TH and 3C NMR spectra confirmed the enantiopurity of the product.

The reaction was repeated with the same reactants under the already established

conditions with PyBOP and HOBt in order to enable a direct comparison.'*®! Now,

56



Results and Discussion

carboxylic acid 36 was dissolved in dry tetrahydrofuran together with activator PyBOP
and additive HOBt. DIPEA was added and the reaction mixture was stirred for
30 minutes at 0 °C to form the activated acid. Then, serine derivative 71 in dry
tetrahydrofuran was added dropwise at 0 °C. The reaction was stirred for another hour
at 0 °C and was then allowed to warm up to room temperature. Based on TLC, the
reaction was ended after 20 hours. The crude product could not be purified by silica
gel column chromatography. Examination of the "H and 3C NMR spectra revealed a
mixture of the desired coupling product 72 (80%) and PyBOP by-product 64 (20%).
However, the NMR spectra also confirmed that no epimerization had taken place.
Based on these results, T3P was selected as a promising agent for the upcoming peptide
couplings. It should be mentioned that the reagent was used only in the second
peptide coupling. In the first peptide coupling, where nucleosyl amino acid 35 is linked
to the central building block, its usage led to undefinable side products and very low
yields of the desired coupling product. As discussed below, hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU) or EDC « HCI proved to be the better
choice for this reaction (cf. section 4.4.2, Fig. 50).

o] o
F i © WS WS
o) 0 F o o) o) ©
H H F ® OBu H H OBu
'Buo)i \n/ o OH HsN see table tBuOJ:L \n/ /"QJ:N
+ - H
o] o] o] o]
NH NH
HZNANbe HZNANbe
36 71 72
approach | activator additive conditions yield epimerization
DIPEA
1 TsP - . 93%
} EtOAG, 0 °C, 30 min ° none
DIPEA .
2 PyBOP HOB 9
yBO OBt IhR0°C -1t 23h 39% none

* calcd. from TH NMR spectrum

Fig. 46: Different approaches of the peptide coupling of urea dipeptide 36 and compound 71.

The new coupling approach was initially used for the peptide coupling of urea
dipeptide 36 with bis-TFA salt 65 (cf. Fig. 47). Therefore, 36, 65 and DIPEA were
dissolved in dry ethyl acetate. The resulting reaction mixture was cooled to 0 °C and

was stirred for 15 minutes. Then, T3P (50% solution in ethyl acetate) was added and the
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reaction mixture continued stirring. Based on TLC, the reaction was ended after
30 minutes, and the mixture was extracted as described above. Although no by-
products from the new coupling agent could be identified, the resulting crude product
required HPLC purification, as reactant 65 contained PyBOP by-product 64 from the
previous peptide coupling (cf. section 4.2.2). The globally protected muraymycin
derivative was only identified by LC-MS (m/z = 1534.44 [M+H]*, 767.57 [M+2H]**) due
to the complexity of the NMR data. The global deprotection was carried out at room
temperature in aqueous trifluoroacetic acid (80%). LC-MS monitoring indicated
complete conversion after 24 hours, at which point the reaction mixture was diluted
with water at 0 °C, lyophilized and purified by HPLC. The dilution was carried out at low
temperature to prevent the former observed cleavage of the side chain moiety (cf.
section 4.2.4). The purified muraymycin derivative T3 was gained as a bis-TFA salt with
a yield of 3.8% over two steps. The low yield can be explained by product loss during
the global deprotection. LC-MS analysis showed the muraymycin derivative without
the lipophilic side chain as a side product, indicating that even cooling the reaction
during dilution was insufficient to prevent the cleavage. Since enough material was

isolated for biological testing, no further attempts were made to repeat the synthesis.

1) T5P, DIPEA

0} EtOAc
O@TBDMSO OTBDMS 0 °C, 30 min
2) TFA/H,0 4:1

NH F e
/g rt, 24 h
H,N NPbf 3.8% over 2 steps
36 65

0O

(0]

o)
10 HO
o)
0
H H NS
N_ N, N
HO \n/ H 2
0 o) 0
F
>‘)koe
(@] /'\i-l F E
F>‘)J\ o ®

Fl O™ HyN"SNH T3

Fig. 47: Synthesis of target compound T3 via peptide coupling and global deprotection.

The connectivity of the side chain to the backbone of muraymycin derivative T3 was

proven with the HMBC NMR spectrum. As illustrated in Fig. 48, it clearly shows the
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cross-peaks between 3"-H or 2-H with the carbonyl carbon atom C-1Y, thus

confirming the structure of T3.

3"-H/C-1™ A
m - e q (0
£ M} h} 5-H,/C-T"
ST 3" Hy/C-1"

2Y-H/C-1
F2 [ppm]

Fig. 48: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T3.

4.3 Biological evaluation of the Ser muraymycin derivatives

The first set of new, simplified muraymycin derivatives with L-serine as the central
amino acid was biologically evaluated. Their ability to inhibit the enzyme MraY (crude
membrane)l6121172-1741 and their antibacterial activity (growth inhibition) against
multiple bacterial strains were tested (cf. Table 1). Therefore, two strains of the Gram-
negative bacteria E. coli (efflux-deficient strain AtolC and DH5a) and two Gram-positive
bacterial strains (S. aureus Newman and C. difficile) were investigated.[20.121.135144174]
Finally, stability tests were also conducted on selected derivatives in E. coli AtolC cell
lysate, Luria-Bertain-Medium (LB-medium), and human plasma (cf. section 4.9) to

provide more detailed insights into their stability profiles.
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Table 1: Biological data of the new Ser muraymycin derivatives T1-T3 (references: 28 and 32).12114

H
HN)\NHZ
Epic Arg
bacterial growth
MraY
ICso [ug/mL] MIC [pg/mL]
compound ICso [nM]°
E. coli E. coli S. aureus e
AtolC DH5a Newman C. difficile
L-serine
T1: Val-Epic-Ser(COCi2H25)-NuAA 34 +02° 1.6 >100 >32 >32
[TZ: Val-Epic-Ser(COCi5H31)-NuAA 31+03 5.5 >100 >32 8-16 }
T3: Val-Arg-Ser(COC12Hz2s5)-NuAA 52+04 6.6 >100 >32 >32
3-hydroxy-L-leucine
28: Val-Epic-3-hydroxy-Leu-NuAA 95+ 19 50 15 >50 n.d.
32: Val-Epic-3-hydroxy-
Leu(COC1oHa5)-NUAA 58 £ 05 0.5 >100 10 2.5

2 crude membrane preparation; ° preliminary result; n.d. not determined yet

The comparison of reference compound 32 with the new derivatives confirmed that
replacing 3-hydroxy-Leu with Ser did not affect the inhibition of the enzyme MraY (cf.
Table 1). This demonstrates that the simplification of the central amino acid is well
tolerated by the target enzyme and also implies that the influence of the iso-propyl
group on the interaction with the target enzyme is less significant. Furthermore, all
compounds in Table 1 containing a lipophilic side chain show stronger MraY inhibition
than 5'-deoxy €4 muraymycin analog 28, which lacks this moiety. This supports the
hypothesis that the lipophilic side chain not only facilitates the penetration of the cell
membrane but is also beneficial for target affinity. In addition, the substitution of Epic

with Arg in the urea dipeptide moiety (T3) had no effect on the enzymatic inhibition.
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Hence, the replacement can be considered for the design of new derivatives, thereby

essentially simplifying the synthetic procedure.

The set of new muraymycin derivatives showed strong antibacterial activity against the
efflux-deficient strain E. coli AtolC. Compared to 32, the compounds were less active,
but ~10 times more active than 28. This trend correlates with the proportion of
lipophilic residues in the compounds. The reference compound 32 contains the iso-
propyl group and the lipophilic side chain, while the Ser-derivatives only have a
lipophilic side chain. The muraymycin analog 28, on the other hand, lacks the lipophilic
side chain, containing only the iso-propyl group. This pattern further supports the idea
that the lipophilic side chain benefits the compound's ability to cross the membrane
by increasing its overall lipophilicity.

Moreover, no inhibition of E. coli DH5a or S. aureus Newman was observed for the new
derivatives. However, derivative T2 exhibited activity against several C. difficile strains.
Since the only difference between T1 and T2 is the length of their side chains (COC12Hzs
vs. COCysHzq), it can be speculated that even a small increase in lipophilicity of T2 could
presumably enhance the cellular uptake and, ultimately, its antibacterial activity.
Compound 32, which contains the shorter lipophilic side chain like T1 but also the iso-
propyl group, shows activity against C. difficile. Comparing T2 with 32, it can be
hypothesized that the longer lipophilic side chain of compound T2 might be able to
partially compensate for the loss of the iso-propyl group’s contribution to lipophilicity.
In summary, it can be suggested that the longer side chain of T2 primarily contributes

to cellular uptake, while having a negligible impact on target interaction.

Additionally, the stabilities of the three new synthetic compounds were evaluated in
E. coli AtolC cell lysate (period: 150 min for T1, T2 and T3) and in Luria-Bertain-Medium
(period: 150 min and 24 h for T1 and T2). The precise half-lives of T1, T2 and T3 could
not be determined as all compounds either reached a plateau during the experiment
(remaining compound [%] as a function of time; cf. chapter 9), or the reproduction of
results proved to be especially challenging. Overall, these data require further

investigation.
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4.4 Synthesis of the allo-L-threonine- and L-threonine-containing

muraymycin derivatives with n-alkyl side chain COC12Hzs

To gain further insights into whether a change of the central amino acid would affect
the antibacterial activity L-allo-threonine was chosen. This choice allows a direct
comparison with the former muraymycin derivatives, since it possesses the same
stereochemistry at the B-carbon atom as 3-hydroxy-L-leucine (cf. section 2.2.1, Fig. 8).
In addition, another derivative with L-threonine was designed and synthesized to
investigate the impact of the configuration at this particular steric center (cf. section
4.4.3).

4.4.1 Synthesis of allo-Thr- and Thr-based central building blocks with n-alkyl
chain COC12H2s

The new central building blocks based on allo-Thr and Thr each feature a tridecanoyl
side chain. So, the resulting muraymycin derivatives can be directly compared with

reference compound 32, and the target compounds T1 and T3.

The reaction sequence for both compounds was based on the already established route
for the Ser-based derivatives (cf. section 4.2.1). In order to modify the alcohol moieties,
the carboxylic functions were protected by converting them into the corresponding
tert-butyl esters. This was initially attempted under the same conditions as described
in section 4.2.1, using N,N-dimethylformamiddineopentyl acetal 59. However, no
conversion was observed after 19 hours. Therefore, tert-butyl 2,2,2-trichloroacet-
imidate 73 was employed to obtain the desired compounds. This reagent had
previously been used by Shabani et al. to convert Cbz-Thr-OH into its corresponding

tert-butyl ester.l'”

For the conversion of the two Cbz-protected isomers, the corresponding amino acid
was dissolved in dry tetrahydrofuran. Then, tert-butyl 2,2,2-trichloroacetimidate 73 in
dry tetrahydrofuran was added dropwise at room temperature. In both reactions, only
1.2 equivalents of the tert-butyl reagent were used to minimize the formation of the
corresponding tert-butyl ether. Both reactions were monitored by TLC, and in both
cases, some unreacted amino acid remained after 18 hours (allo-Thr) and 21 hours
(Thr), respectively. Therefore, 0.5 equivalents of the tert-butyl reagent were added
again in each case to ensure complete conversion. In both cases, the TLC revealed tert-
butyl ether side product after 22 hours (allo-Thr) and 24 hours (Thr), and the reactions
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were thus ended by removing the solvent under reduced pressure. Each tert-butyl ester
(76 and 77) was purified by silica gel column chromatography, yielding 55% (allo-Thr)
and 52% (Thr), respectively (cf. Fig. 49). In the reaction with allo-Thr, the double-
substituted derivative 74SP was isolated in a negligible yield of 9%.

HO
10
O o
73 EDC « HCI, DMAP 10

+« OH THF, rt, 22-24 h +« OH THF, rt, 6.5 h + 0
OH f o'B
CszNjiH/ NH CszNj;‘/o Bu CszNjin/ !
5 Lk

ClyC © ©
Cbz-allo-Thr-OH 73 74: allo-Thr 55% 76: allo-Thr  98%
or Cbz-Thr-OH 75: Thr 52% 77: Thr 78%
side product: TFAMHZ0 4:1
rt, 2.5-3.5 h
.OBu
oB
CszNj\”/ ! o
0 ) 10
*
74SP
OH
CbzHN
(0]

38: allo-Thr 98%
39: Thr 99%

Fig. 49: Synthesis of the central building blocks based on allo-Thr (38) and Thr (39).

The subsequent Steglich esterifications were carried out following the synthetic route
for the Ser-based derivative 61.'°3 The tridecanoyl side chain (COCi:Hzs) was
introduced by diluting the corresponding protected amino acid in dry tetrahydrofuran,
followed by adding tridecanoic acid, DMAP and EDC « HCIl. The reactions were both
ended by adding aqueous hydrochloride solution (0.5 M) after 6.5 hours based on TLC
monitoring. As already described above (cf. section 4.2.1), the poorly soluble
hydrochloride dissolved over time and an insoluble white solid (EDU) precipitated,
indicating the progress of the reaction. The tert-butyl esters 76 and 77 were isolated
by silica gel column chromatography with yields of 98% (allo-Thr) and 78% (Thr). The
20% yield loss for compound 77 could be attributed to the different reaction kinetics

due to the varied steric conditions.

Both tert-butyl esters 76 and 77 were stirred in aqueous trifluoroacetic acid (80%) to
rerelease the corresponding carboxylic acids. After 2.5 hours (allo-Thr) and 3.5 hours

(Thr), the solution was diluted with water and the solvent was removed by
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lyophilization. No further purification of the new central building blocks 38 and 39 was

necessary, and they were isolated in very good yields of 98% and 99%, respectively.

Cbz-allo-Thr(COCi2H25)-OH 38 was obtained in 53%, and Cbz-Thr(COC12H25)-OH 39 in
40% yield, via the three-step reaction sequence. In both cases, the yield-limiting step

was the introduction of the tert-butyl ester.['>]

4.4.2 Synthesis of target compounds T4: Val-Epic-allo-Thr(COC12Hz25)-NuAA and
T5: Val-Arg-allo-Thr(COC12H25)-NuAA

In order to avoid double purification by HPLC, and because the use of T3P in the first
peptide coupling led to a mixture of undefinable side products and very low yields of
the desired coupling product (cf. section 4.2.5), EDC « HCI/HOBt and HATU were tested
as potential coupling agents. The great advantage of both coupling agents is the water
solubility of their side and decomposition products accruing during the corresponding

reaction.

The protocol of K. Leyerer was employed for the synthesis with EDC « HCI/HOB.[4¢]

First, amino acid 38 was dissolved in dry tetrahydrofuran and DIPEA (1.0 eq.), EDC « HCI
and HOBt were added. The reaction mixture was stirred for 1 hour at room temperature
before it was cooled to 0 °C. During this time, the active ester of 38 was expected to
form. Amine 35 in dry tetrahydrofuran was added dropwise at this temperature. The
reaction was monitored by TLC and thus ended after 23 hours. During this time, the
reaction mixture warmed to room temperature. It was diluted with ethyl acetate and
then washed with aqueous saturated sodium carbonate solution. The title compound

was obtained in 44% yield after silica gel column chromatography.

In a not displayed attempt, a second equivalent DIPEA, which supposedly should
scavenge the emerging water during the synthesis, was added during the formation of
the active ester. The outcome of this approach was the elimination of the central amino
acid and a subsequent addition of the lipophilic side chain to the primary amine of the
nucleosyl amino acid 35. It was assumed that the fatty acid ester was cleaved under
the basic nucleophilic conditions caused by restudies of water in the implemented
batch of DIPEA or tetrahydrofuran. The free fatty acid could form the reactive ester with
the activation reagent and was subsequently attacked by the primary amine 35. Based
on these observations, the second equivalent of the base was added just before the

addition of the amine in order to avoid possible preceding side reactions. This
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precaution was implemented for each peptide coupling performed from this point on,

regardless of the coupling agent.

For the reaction with HATU, one equivalent of DIPEA was added to a solution of allo-
Thr derivative 38 in dry dichloromethane. The clear solution was stirred for 30 minutes
at room temperature, to ensure a complete deprotonation of the carboxylic acid. To
obtain the activated species of 38, HATU was added, and the mixture was stirred again
for 30 minutes. Then, the second equivalent of DIPEA was added, the solution was
cooled to 0 °C and the nucleosyl amino acid 35 in dry dichloromethane was added
dropwise (cf. Fig. 50). The reaction mixture was stirred for 15 hours, during which time
it was allowed to warm to room temperature. The reaction was ended by addition of
aqueous ammonium chloride solution (1 M). After extraction, the crude product was
purified by silica gel column chromatography, yielding a mixed fraction (unknown

impurities) and a pure fraction (45%) of derivative 52.

0)
10

HATU, DIPEA
0 CH,Cl,
0°C-r,15h
OH + r
CbzHN 45%
0
TBDMSO  OTBDMS
38 35

DIPEA, THF

EDC - HCI, HOBt
0°C~-rt,23h

44%

TBDMSO  OTBDMS

52

Fig. 50: Two alternatives for the synthesis of derivative 52 via peptide coupling.

Overall, both synthetic routs were effective for obtaining compound 52 with nearly the
same yield. It can be assumed that the coupling between nucleosyl amino acid 35 and
any other central building block would behave in a similar way, since the central

building blocks bear a close structural resemblance to one another.

The pure fraction of the second attempt was used to synthesize target compound T4
(cf. Fig. 51). First the Cbz group was cleaved under the well-known conditions with 1,4-
cyclohexadiene and palladium black in dry iso-propanol. Here, trifluoroacetic acid was
added again, to maintain the core structure (cf. section 4.2.2).¥853] The following

peptide coupling was performed with the approved method using T3P and DIPEA. Here
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3.5 equivalents of the Hiinig's base were used in the approach: to scavenge the
accruing water and the two equivalents trifluoroacetic acid, and for the deprotonation
of the urea dipeptide 27. First 27, bis-TFA salt 78 and DIPEA were stirred in dry ethyl
acetate at 0 °C. After 15 minutes, T3P (50% in ethyl acetate) was added to the mixture.
The reaction progress was monitored by LC-MS. After 1 h, T3P (0.75 eq.) were added
again to achieve a complete transformation. The reaction was ended after additional
30 minutes by adding ethyl acetate, followed by extraction with water and saturated
aqueous sodium chloride solution. The global protected derivative was only verified by
LC-MS (m/z = 1546.32 [M+H]") due to the complexity of the NMR data and was used

without further purification.

o H o)
BuO (" TOH * B

0 1) TsP, DIPEA
HNE F EtOAc, 0°C, 1h
)\ Fe 2) TFA/H,0 4:1

PbfN H F rt, 24 h
10% over 2 steps
27 78

Fig. 51: Synthesis of target compound T4 via peptide coupling and global deprotection.

The residue was dissolved in aqueous trifluoroacetic acid (80%) and was stirred at room
temperature. The reaction progress was monitored by LC-MS. Based on these analyses
the reaction was ended after 24 hours. The mixture was diluted with water at 0° C and
subsequently freeze-dried. After lyophilization, the LC-MS chromatogram also showed
the decomposed product, which lacked the lipophilic side chain. It was again assumed
that the addition of water, although performed slowly and at low temperature, led to
the cleavage of the lipophilic side chain. Since a truncated muraymycin derivative
(globally deprotected 78 or a structure with identical mass) was also detected, two
scenarios can be assumed. On the one hand, the migration of the side chain could have

occurred during the peptide coupling via an intramolecular five-member transition
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state, leading to the formation of the non-reactive amide. On the other hand, it could
also mean that reactant 78 was not completely converted during the peptide coupling.
No final result was achieved based on the LC-MS data, as both components have the
same molecular weight. Unfortunately, the amount isolated by HPLC was too small for

NMR analysis to make a definitive statement.

The muraymycin derivative T4 was isolated after purification by HPLC with 10% yield
over two steps. The final step of the global deprotection, specifically the dilution of the
reaction mixture, is likely to be the yield lowering step. The HMBC NMR spectrum in
Fig. 52 illustrates the interaction of the protons 3'"'-H and 2Y-H with the carboxylic
carbon atom C-1Y, proving the connection of the lipophilic side chain to the backbone

at the desired position.

gvi 10vi 12vi

Wiarifl

z 20-H/C-1Y
5.0 45 4.0

Fig. 52: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T4.
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The isolated amount of the Cbz-protected coupling product 52 from the EDC « HCI
approach (cf. Fig 50) was used to synthesize the Arg-containing derivative T5 (cf.
Fig. 53).

1) TP, DIPEA
EtOAc, 0°C, 1 h
2) TFA/H,0 4:1
rt, 24 h

HoN™ “NPbf 22% over 2 steps
36 78

(e} H H (e}
¢ " +
BuO \n/ OH o
(0] |:>‘)J\

F
NH F

O

®
F>‘)j\o® H3N/gNH
F T5

F

Fig. 53: Synthesis of target compound T5 via peptide coupling and global deprotection.

First, the Cbz group of derivative 52 was cleaved as previously described.!'461481531 The
subsequent peptide coupling was carried out with T3P as coupling agent and DIPEA
(3.5 eq.). These equivalents were required to scavenge the emerging water and
trifluoroacetic acid, and to deprotonate urea dipeptide 36. So, compound 36, bis-TFA
salt 78 and DIPEA were diluted in dry ethyl acetate. Then T3P (50% in ethyl acetate) was
added to the cooled reaction mixture. The reaction progress was monitored by TLC
and LC-MS. Based on these analyses, the reaction was ended after 1 hour by adding
ethyl acetate. The organic layer was washed with water and aqueous saturated sodium
chloride solution. The intermediate was not purified further and was only identified by
LC-MS (m/z = 1548.80 [M+H]"). The residue was dissolved in aqueous trifluoroacetic
acid (80%) and was stirred for 24 hours at room temperature. This time, the solvent was
removed under reduced pressure first before redissolving the residue in water at 0 °C,
to avoid possible side reactions. After lyophilization, muraymycin derivative T5 was
purified by HPLC and obtained with a yield of 22% over two steps. The connectivity of
the lipophilic side chain to the backbone was proven with the HMBC NMR spectrum
(cf. Fig. 56). In addition, no derivative lacking the lipophilic side chain was identified
nor isolated. Therefore, removing the acidic solvent prior to the addition of water
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appeared to be a promising approach to avoid the potential cleavage of the lipophilic

side chain.

8vi 1 Ovi 1 2vi
i

3"-H/C-1™

3v-H/C-1v

Fig. 54: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T5.

4.4.3 Synthesis of target compound T6: Val-Arg-Thr(COC12Hz25)-NuAA

The relevance of the steric center at the 3-position of the central amino acid had never
been examined in detail prior to this work. To gain further insights regarding biological

and antibacterial activities, derivative Té was designed and synthesized.

First, Thr-based building block 39 was connected to nucleosyl amino acid 35 in a
peptide coupling using EDC « HCl and HOBt. The reaction was carried out as described

(1461 1t was monitored by TLC and

in section 4.4.2, based on the protocol of K. Leyerer.
was ended after 16 hours. After purification by silica gel column chromatography, the
NMR revealed two components. To rule out the presence of the isomer, a high
temperature NMR was carried out, which lead to the conclusion that the second

component was a different, unknown species. Due to the similar behavior of the desired
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product and the impurity on silica gel, HPLC purification was performed, yielding the
desired coupling 79 in 44% as a mono-TFA salt (cf. Fig. 55). The unknown species was

not further identified.

EDC « HCI, HOBt
0 ,& DIPEA, THF
oH 0°C->rt, 16 h
CbzHN +
0 44%
OTBDMS

39 35

F
79

Fig. 55: Synthesis of derivative 79 via peptide coupling with EDC « HCl, HOBt and DIPEA.

Bis-TFA salt 80 was obtained from compound 79 via the already described mild
hydrogenolysis using 1,4-cyclohexadiene, palladium black and trifluoroacetic acid in
dry iso-propanol (cf. section 4.2.2).1%6148153] The subsequent peptide coupling was
accomplished with the coupling agent HATU in dry dichloromethane (cf. Fig. 56). The
switching of the coupling agent was mainly due to the observed storage instability of
T3P over a longer period of time. So, urea dipeptide 36 and 1 equivalent of DIPEA were
dissolved in dry dichloromethane. After 10 minutes, HATU was added, and the reaction
mixture was stirred for 30 minutes at room temperature. Then the reaction mixture was
cooled to 0 °C and 2.5 equivalents of the Hiinig's base were added. Bis-TFA salt 80 in
dry dichloromethane was added dropwise. The reaction was monitored by LC-MS and
showed no complete transformation after 18 hours. Therefore, another equivalent of
HATU was added. Altogether, the reaction stirred for 42 hours and was ended by
removing of the solvent. The residue was dissolved in ethyl acetate and was washed
with water. The aqueous layer was extracted with ethyl acetate and the solvent was
removed under reduced pressure. The coupling product was identified by LC-MS
(m/z = 1549.78 [M+H]"). The molecular masses of the reactants 36 and 80 were also
detected in the chromatogram, suggesting that complete transformation was not
achieved. It could be assumed that a rearrangement of 80 with migration of the side
chain occurred when the nucleophilic amine was released (cf. section 4.4.2). This

rearranged derivative is unable to undergo a peptide coupling, which explains the
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remaining urea dipeptide 36, which could not couple. Furthermore, the observed
presence of the bis-TFA salt of the attempted product is based solely on the mass data.
Unfortunately, compound 80 and its rearranged derivative share the same molecular
weight and therefore have identical masse spectra. Thus, a definitive distinction is not

possible at this stage and can only be assumed.
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Fig. 56: Synthesis of target compound T6 via peptide coupling and global deprotection.

The crude product was dissolved in aqueous trifluoroacetic acid (80%) and was stirred
for 19 hours at room temperature. Then, the solvent was removed under reduced
pressure and the residue was dissolved in water at 0 °C. After purification by HPLC,
target compound T6 was isolated with 6.7% yield as bis-TFA salt over three steps. The
peptide coupling is assumed to be the yield-limiting step, as the intramolecular
rearrangement of compound 80 may contribute to an incomplete conversion. To prove
the connectivity of the lipophilic side chain, the HMBC NMR spectrum of the derivative
was employed again. In this particular case, the varied stereochemistry of the central

amino acid led to a loss of the signal between proton 3''-H and the carbonyl carbon
atom C-1". Since the cross-peak between 2¥-H and C-1" were visible, the missing signal
would confirm the desired connectivity. Selective stimulation of the relevant part of the
HMBC NMR spectrum revealed the missing cross peak, providing evidence of the

connectivity and thus the structure of muraymycin derivative T6.
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Fig. 57: Excerpt of the HMBC NMR spectrum, proving the connectivity of the lipophilic side chain to the
backbone of muraymycin derivative T6.

4.5 Synthesis of the allo-L-threonine-containing muraymycin

derivatives with special side chains

This section will focus on the introduction of different lipophilic side chains into the
muraymycin core structure, with the goal of investigating the effects of these
modifications on the compound's overall properties. The design choices for the fatty
acid chain should enhance the understanding of the role and significance of this key

structural unit for the compound’s biological activity.

4.5.1 Synthesis of target compound T8: Val-Epic-allo-Thr(CO*°C1sH31)-NuAA

The design for the first special fatty moiety was inspired by the natural product
muraymycin B8, which remains the most active natural derivative to date. With the
incorporation of its branched Cis-alkyl chain (CO*°CisHss; cf. section 2.2.1, Fig. 8, B8)

into a simplified backbone, we wanted to investigate the contribution of the lipophilic
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side chain to the overall biological activity of the compound. The gained data may
elucidate why certain natural compounds feature these specific side chains.l'?% In order
to apply the established synthesis of the central amino building block, it is necessary

to synthesize the corresponding acids for the lipophilic side chains first.

4.5.1.1 Synthesis of 14-methylpentadecanoic acid 45

In 2013, Richardson and Williams published a synthetic approach of different n-alkyl
carboxylic acids with an iso-propyl head group. The synthesis begins with the ring
opening of exaltolide followed by selective reduction of the resulting tertiary alcohol

1561 However, the first two

to give 15-methylhexadecan-1-ol (synthesis not shown).
steps were omitted in this study, and the synthesis for the desired acid 45 started
directly with 15-methylhexadecan-1-ol, which was commercially available (cf. Fig. 58).
The first two steps involve a Chugaev reaction sequence. Therefore, the primary alcohol
was diluted with dry tetrahydrofuran, and sodium hydride (60% in mineral oil) was
added to the clear solution. To achieve complete deprotonation, the mixture was
stirred for 1 hour before carbon disulfide in dry tetrahydrofuran was added. Then, the
yellowish-silver reaction mixture was stirred for another hour at room temperature.
Methyl iodide in dry tetrahydrofuran was added to complete the formation of the
xanthate 81. Due to the toxicity of the reactants, no reaction monitoring was
performed. However, to ensure the best possible yield, the reaction was stirred for
additional 5 hours. It was ended by adding saturated ammonium chloride solution.
After extraction, xanthate 81 was isolated by silica gel column chromatography with a
good yield of 81%. The second step of the Chugaev reaction sequence is the thermally
induced intramolecular elimination resulting in the formation of terminal alkene 46. To
initiate this reaction, 81 was heated slowly over a Bunsen burner flame, producing white
smoke. In a previous attempt, heating with a heat gun proved insufficient, so a Bunsen
burner was employed instead. After cooling, the apparatus was rinsed with petroleum
ether. Following extraction and removal of the solvent, alkene 46 was purified by silica
gel column chromatography and isolated with 73% yield. The final step of the
published synthetic sequence is a one pot oxidative cleavage using potassium
permanganate (KMnQOa.) and acetic acid (cf. Fig. 58).['% To carry out this reaction,
alkene 46, KMnOa, acetic acid and phase transfer catalyst tetrabutylammonium
bromide ("BusNBr) were dissolved in a mixture of dichloromethane and water. The

violet reaction mixture was refluxed for 40 hours. After cooling, aqueous hydrogen
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chloride solution (5 M) was added to the brown suspension to dissolve the resulting
manganese dioxide. The layers were separated, and the aqueous layer was extracted
with ethyl acetate. The crude product was purified by silica gel column chromatography
resulting in a grease-like colorless substance. At this point, based on NMR data, it was
assumed that pure compound 45 had been obtained. Since 45 is not UV-active, LC-MS
analysis was limited to the mass trace. The mass spectrum revealed the presence of a
second species (m/z = 241.22 [M(45)-14]). From the observed mass, it was inferred that
this species is the acid truncated by a single CH2 group. Such a compound would be
indistinguishable from the desired product in the NMR spectrum, because integration
of the alkyl signals in the "TH NMR spectrum was found to be not precise enough. In
addition, the second species would not have been detected by TLC monitoring. Its
mobility on silica gel would be very similar to that of the desired product, as a difference

of only one CH; group is insufficient to cause a visible difference in the elution behavior.

NaH, CS,, Mel Bunsen burner

)\M/\ THF, rt, 7 h M i flame for 5 min )\M/\
~
13 OH 81% 130 'S 73% 2

15-methylhexadecan-1-ol 81 46

"BugNBr, KMnO,4, AcOH
CH,Cly/H,0 1:1

reflux, 40 h
OH
n
(0]
45mix

Fig. 58: First synthetic approach of 14-methylpentadecanoic acid 45mix via Chugaev reaction and
oxidation with KMnOa.
During the synthesis of the required central building block with compound mixture
45mix, the presence of a truncated acid missing a single CH> group could not only be
confirmed, but the existence of even shorter side chains was also observed. High-
resolution mass spectrometry data confirmed the presence of the decomposition
components. Fig. 59 illustrates the Steglich esterification of Cbz-allo-Thr-O'Bu 74,
along with the corresponding HRMS spectra, including the UV trace and mass spectrum

of the product mixture.
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Fig. 59: Proof of the decomposition of the branched lipophilic side chain 45mix by HRMS of compound-
mixture 82mix (top: excerpt of UV-trace (256 nm), bottom: excerpt of mass spectrum).
Since the different components of the product mixture 82mix are also distinguishable
in the UV trace (cf. Fig. 59), it can be assumed that the mass spectrum does not result
from iron fragmentation during the measurement process. Since alkene 46 appeared
to be pure in the corresponding mass spectra and was employed in other subsequent
research without any trace of side chain fragmentation, the preceding Chugaev
reaction sequence cannot be the origin of the mixture of different side chains. It is
much more likely that the KMnO4-promoted oxidative cleavage of the terminal double
bond led to the formation of side products, a consequence of the overoxidation

1761771 However, the mixture of compounds 82mix

frequently observed in this reaction.
was used in subsequent reactions without any separation attempts, as it was assumed
that a separation using HPLC would be possible at a later stage. Ultimately, it was used

to obtain new muraymycin derivative T8 (cf. section 4.5.1.3).
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In order to avoid the side product formation of the KMnO4 oxidation step and to obtain
pure compound 45, an alternative synthesis was explored. It was accomplished as
shown in Fig. 60 by performing the dihydroxylation and the oxidative cleave in two
separate steps. As a milder dihydroxylation, the known asymmetric Sharpless
dihydroxylation was employed.l"®®178171 Although the exact configuration is not
important in this synthesis sequence, the Sharpless method proved to be the most
reliable, and high-yielding alternative at this stage. All attempted two-step
epoxidation-hydrolysis sequences were found to be less efficient. The diol was then
converted into the corresponding carboxylic acid by an oxidation sequence including

a Pinnick oxidation.

NaH, CS,, Mel Bunsen burner
M THF, rt, 7 h j\ flame for 5 min )\(\%/\
13 OH 81% )\Mja\o s” 73% 12>
15-methylhexadecan-1-ol 81 46
AD-mix o
BUOH/H,0 1:1
rt, 48 h
NaOCl, NaH,PO, NalO, 96%
H,0, BUOH/H,0 5:2 'BUOH/H,0 1:1
rt, 19 h rt, in darkness, 2 h QH
OH H :
" 95% " 99% 12
0 o OH
45 84 83

Fig. 60: Second synthetic approach of 14-methylpentadecanoic acid 45 via Sharpless asymmetric
dihydroxylation and oxidation sequence.
Since the synthesis of the terminal alkene 46, based on the protocol from Richardson
and Williams, was successful, it was also applied to the new approach.'™® For the
Sharpless dihydroxylation, 46 was suspended in a 1:1 mixture of tert-butanol and water
before AD-mix o was added. AD-mix a was used in this case because it was readily
available. It would have made no difference to use AD-mix B, as the stereo information
is removed again in the next step, when the resulting diol is cleaved. The reaction
mixture was stirred vigorously at room temperature for 48 hours. Tert-butanol was
removed under reduced pressure and the residue was dissolved in water. Diol 83 was
isolated after extraction and stirring with sodium sulfate with a very good yield of 96%.
The oxidative cleavage was performed with sodium periodate in a Malaprade reaction.
For this purpose, diol 83 in tert-butanol and sodium periodate in water were mixed.

The reaction was stirred for 2 hours at room temperature in the absence of light to
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avoid possible radical side reactions. The reaction was monitored with TLC and was
terminated after 2 hours. Tert-butanol was removed under reduced pressure and the
remaining aqueous layer was extracted with diethyl ether. Aldehyde 84 was isolated
without further purification with a yield of 99%. The final step of the sequence was a
Pinnick oxidation with sodium chlorite as oxidative agent and sodium dihydrogen
phosphate to adjust the pH value.[4618%181 The mixture of sodium chlorite and sodium
hydrogen phosphate was added dropwise to the aldehyde in tert-butanol, resulting in
a green colored reaction mixture. Finally, hydrogen peroxide (33% in water) was added
to intercept the accruing sodium hypochlorite. The reaction was monitored by TLC and
was ended after 19 hours by removing the tert-butanol under reduced pressure. The
aqueous layer was extracted with n-hexane. After removing the solvent, the wanted
carboxylic acid 45 was isolated without further purification with a yield of 95%. The
resulting substance was a white powder. In the first attempt (cf. Fig. 58), the product
had a greasy consistency, which can be considered to be an additional indication of
the impurity of derivative 45mix. The purity of the new product was confirmed by NMR
and HRMS, which showed no hints of any shortened derivatives. Overall, the pure

branched lipophilic side chain 45 was achieved in 53% yield over five steps.

Compared to the route presented by Richardson and Williams, the new reaction
sequence requires two additional steps. However, since a clean product can be
obtained via this route and no purification was required for the latter three steps, it is
a convincing alternative. To ensure the purity of the final product, lipophilic side
chain 45 was used to synthesize the corresponding allo-Thr-based derivative 44 (cf.
section 4.5.1.2).

4.5.1.2 Synthesis of the central building blocks 44 and 85 with branched lipophilic
side chain CO*°C15H31

Before exchanging the central amino acid to allo-Thr, it was planned to synthesize the
muraymycin B8 analog with Ser as the central amino acid. The previously described
reaction sequence to obtain the central building block was employed to synthesize the
required building block 86 (cf. Fig. 61).

77



Results and Discussion

HOM
1"
o)
R_ .OH EDC + HCI, DMAP OWJ\ TFA/H,0 4:1 OWJ\
' THF, rt, 22-23 h R " r,2.5-3h R "

0] 0)

1 W R\
CszNj\H/O Bu o on
CbzHN . CbzHN

0]

(0]
:R=H 85:R=H 86:R=H
74:R = CHj3 82: R=CHj; 61% 44: R = CH; 99%

Fig. 61: Synthesis of Ser-based derivative 86 and allo-Thr-based derivative 44 via Steglich esterification
and cleavage of the tert-butyl ester.

The Steglich esterification was carried out in dry tetrahydrofuran at room temperature
with EDC « HCl and DMAP.">1531 Carboxylic acid 45mix, which contained impurities
with shorter side chains (cf. section 4.5.1.1, Fig. 58), was used for the reaction. After
22 h, the reaction was terminated by adding aqueous hydrochloride solution (5 m).
After extraction and purification by silica gel column chromatography, tert-butyl ester
85mix containing impurities with different side chain lengths, was isolated. The
intermediate was dissolved in aqueous trifluoroacetic acid (80%) to cleave the tert-
butyl ester. After 2.5 hours, water was added, and the suspension was lyophilized to
obtain Ser-based derivative 86. The HRMS data of 86 revealed the previously described
derivatives, which showed a successively shortening of CH2 groups in the side chain
(spectrum not shown). Although 86 was a mixture of different compounds, it was
intended to be used for the synthesis of a new muraymycin derivative. A later planned
HPLC purification was regarded as a possibility to finally separate the derivatives with
shortened side chains and to obtain the required compound in a pure form. However,
since the muraymycin Ser-series was not pursued further, the Steglich esterification and
subsequent ester cleavage were not repeated for the central building block. Therefore,

there is no data on the corresponding pure compounds.

The allo-Thr-based building block 44 was synthesized twice. In the initial attempt, the
same derivatization as described for 86 was observed, which was expected, considering
that the compound mixture 45mix was employed. However, in the second attempt,
pure compound 45 was used, leading to the successful formation of the pure
derivatives 82 and 44. Thus, the intermediates of this second reaction sequence can be
characterized, including the determination of yields. The Steglich esterification and
subsequent ester cleavage were both carried out as previously described (cf. section

4.2.1). Overall, building block 44 was achieved with a 33% yield over three steps with
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the formation of the tert-butyl ester being the yield-limiting step. Furthermore, it was
observed that the Steglich esterification in this case resulted in lower yields compared
to the other building blocks. It can be assumed that the different shape and size of the
corresponding acid could kinetically hamper the formation of the active ester or the
nucleophilic attack. The required extension of the reaction time for both tert-butyl

esters 82 and 85 supports this assumption.

For the subsequent peptide coupling, the batch of Cbz-allo-Thr-OH 44 containing
different chain lengths was used, based on the assumption that the desired coupling
product could be eventually purified using HPLC. The pure substance was synthesized
primarily to demonstrate the advantage of the new route for the branched lipophilic
side chain 45, which can be applied in the design and development of future

muraymycin derivatives.

4.5.1.3 Endgame for target compound T8: Val-Epic-allo-Thr(CO*°Cy5H31)-NuAA

The synthesis of the muraymycin B8 analog required the conjugation of the three
building blocks via peptide coupling. First, 44mix was coupled with amine 35 using
EDC « HCl and HOBt, as described in section 4.4.3. The reaction illustrated in Fig. 62,

was monitored by TLC and was ended after 16 hours.

EDC « HCI, HOBt
DIPEA, THF
0°C->rt,16h

44mix 35

0
TBDMSO OTBDMS

F o

F>‘)J\o

87
miz [M+H]* = 1116.71 (calc.)

Fig. 62: Synthesis of derivative 87 via peptide coupling with EDC « HCl, HOBt and DIPEA.

It was assumed that compound 87 could be purified during the work-up. Silica gel
column chromatography was used to separate probably remaining reactants and side
products from the desired compound. The analysis of the HRMS data (cf. Fig. 63) after

this purification demonstrated that the previously recommended HPLC purification was
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required to separate the derivatives with different chain lengths (cf. section 4.5.1.2).
Since the compounds only differ in their chain length and behave almost identical on
silica gel, this result was expected. The UV-trace of the LC-MS chromatograms showed
promising separation of the individual components, so the HPLC purification method
was designed based on the solvent gradient used during the measurement. The pure
product was isolated with a yield of 27% (relative to amine 35). The compound missing
a single CHz group was isolated with 3.8%. The shorter derivatives could not be isolated

due to their low amounts.
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Fig. 63: UV trace (A = 256 nm, top) and mass trace (g/;ttom) of the LC-MS analysis of crude product 87

showing the gradually shorter lipophilic side chains (desired compound: m/z = 1116.97 [M+H*]).
For the endgame, mono-TFA salt 87 was Cbz-deprotected under the well-known
conditions with 1,4-cyclohexadiene, palladium black and trifluoroacetic acid (cf.
Fig 64).0146148153] The resulting bis-TFA salt 88 and urea dipeptide 27 were coupled
using HATU and DIPEA following the protocol described above (cf. section 4.4.3). LC-
MS monitoring after 18 hours revealed the presence of the two reactants 27 and 88.
Therefore, 1.1 equivalents of HATU were added, and the reaction was continued at
room temperature. After a total of 42 hours, both reactants were still detectable in the
mass. Thus it was hypothesized that an intramolecular rearrangement occurred in 88,
preventing the peptide coupling. This phenomenon has been previously observed, for

example during the synthesis of target compound T6 (cf. section 4.4.3). Thus, the
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reaction was ended, and the desired coupling product was verified by LC-MS (m/z =
1549.78 [M+H]"). For the global deprotection, the crude product was dissolved in
aqueous trifluoroacetic acid (80%) and was stirred for 35 hours at room temperature.
The extended reaction time was needed for a complete deprotection, which was
monitored by LC-MS. The solvent was removed under reduced pressure, water was
added under ice cooling and the greenish reaction mixture was freeze-dried. The
muraymycin B8 analog T8 was isolated as a bis-TFA salt after purification by HPLC in a
yield of 9.8% over three steps. The low yield can be attributed to the second peptide
coupling, during which 88 most likely underwent an intramolecular rearrangement with
migration of the side chain. Unfortunately, this side reaction cannot be avoided during

the peptide coupling once the primary amine is no longer protected as a TFA salt.

1) HATU, DIPEA

CH,Cl,
£ 0°C->rt,42h
2) TFA/H,0 4:1
PbfN H F rt, 38 h
0,
27 88 9.8% over 3 steps
HO
0}
F )

O T8

Fig. 64: Synthesis of target compound T8 via peptide coupling and global deprotection.

Compound T8 was characterized by HRMS and NMR, whereby the connectivity of the
lipophilic side chain to the backbone was proven again using the HMBC NMR spectrum
(cf. Fig. 65). Here, the cross peaks between 3"'-H or 2"-H and carbonyl carbon atom
C-1v verify the connectivity of the side chain to the backbone and thus the structure of
T8.
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Fig. 65: Excerpt of the HMBC NMR spectrum, proving the connectivity of the branched lipophilic side
chain to the backbone of muraymycin derivative T8.

4.5.2 Synthesis of target compound aT-T7: Val-Epic-allo-Thr(COCHs)-NuAA

To assess the role of the lipophilic side chain in a structure-activity relationship study,
the Ser-containing reference derivative T7, with the shortest possible side chain
(COCH3), was designed and its synthesis was attempted. As already described, the
isolation of compound T7 was not successful (cf. section 4.2.4). However, before
repeating the synthesis, the biological data of the allo-Thr-containing derivatives
revealed that exchanging the central amino acid was beneficial (cf. sections 4.3, 4.6).
Hence, the synthesis of T7 was not repeated and instead, an allo-Thr-containing analog
of derivative T7 was designed and synthesized. This derivative contained acetylated
allo-Thr 51 as central amino acid. In contrast to the other central building blocks, 51
could be obtained from Cbz-allo-Thr-OH in just one step. The reaction was carried out

according to the protocol of Previero et al, which had been successfully applied in the
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preceding master thesis to synthesize the corresponding Ser-based building
block.['>3158) Ag described in the literature, acetic anhydride was stirred in pyridine for
15 minutes to form the highly active 1-acetyl-1-pyridinium ion.['® The solution was
cooled to 0 °C, then the nucleophile was added, and the reaction was stirred for one
hour at this temperature. The reaction was ended by adding water, followed by
extraction with ethyl acetate. The solvent was removed under reduced pressure,
ensuring that the water bath temperature did not exceed 25 °C. This was necessary
because it had previously been found that at higher temperatures, even small traces of
water could lead to an acid-catalyzed cleavage of the acetyl group, leading eventually
to its removal from the molecule and the recovery of the reactant.">3 Building block
51 was obtained after purification by silica gel chromatography in a good yield of 84%
(cf. Fig. 66).

Y

WOH pydridine, Ac,0 Ko
PO
OH OH
CbzHN 84% CbzHN
0] 0]

Cbz-allo-Thr-OH 51

Fig. 66: Synthesis of acetylated allo-Thr-based compound 51 with pyridine and acetic anhydride.

The subsequent peptide coupling between central building block 51 and nucleosyl
amino acid 35 was performed using HATU and DIPEA according to the described
procedure. First, amino acid derivative 51 and one equivalent of DIPEA were dissolved
in dry dichloromethane and were stirred for 10 minutes at room temperature. To form
the active ester, HATU was added to the reaction mixture. After 30 minutes, the
suspension was cooled to 0 °C and the second equivalent of DIPEA was added.
Amine 35 in dichloromethane was added dropwise at this temperature. The reaction
was stirred for 14 hours during which time it warmed up to room temperature. Based
on TLC, the reaction was ended by adding water slowly at 0 °C. These conditions were
chosen in order to avoid the cleavage of the acetyl ester. The aqueous layer was
extracted with dichloromethane. The solvent was removed under reduced pressure,
again using only a 25 °C water bath. The crude product was purified by silica gel column
chromatography yielding 66% of the coupling product 89 (cf. Fig. 67). The improved
yield of the peptide coupling is most likely due to the significantly lower steric demand

of the central building block 51. The formation of the active ester and the subsequent
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nucleophilic attack are thus kinetically simplified compared to the previous peptide

couplings.
0
o)
Y BuO__O | NH HATU, DIPEA
A CH,Cl,
N™ "0 0°C >1t, 14 h

51 35 o)
Y~ 'BuO.___O fj\"‘”

TBDMSO  OTBDMS
89

Fig. 67: Synthesis of derivative 89 via peptide coupling with HATU and DIPEA.

The required Cbz-deprotection of compound 89 was performed under the well-
established conditions using 1,4-cyclohexadiene, palladium black and trifluoroacetic
acid.l1461481531 Bis_TFA salt 90 was synthesized twice. In both attempts, the Cbz group
was completely cleaved. However in one approach the five-member intramolecular
rearrangement took place, resulting in the formation of side product 90SP (cf. Fig. 68).
Based on "H NMR calculations, it was found that 72% of the desired product 90 and
22% of the rearranged product 90SP were formed during the reaction.

1,4-cyclohexadiene

Pd black, TFA
ProH, rt, 1.5-2 h

TBDMSO  OTBDMS
89

H
0} o}
TBDMSO OTBDMS F S TBDMSO OTBDMS
F © 0 F o
O F O
F F F

F F
90SP 90

Fig. 68: Main product 90 and rearrangement product 90SP formed during the Cbz-deprotection of 89.

In the second approach, additional 0.3 equivalents of trifluoroacetic acid were added

to ensure the protonation of the amino group and thereby counteract the
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rearrangement. Here, no side product 90SP was found in the NMR, supporting the idea
of the addition of more than 2 equivalents of the trifluoroacetic acid. Although the
NMR analysis of bis-TFA salt 90 mainly showed the product, small traces of undefinable
impurities were also detected. It was assumed that these originated from the reagents
employed, e.g. the palladium black. The product mixture was nevertheless used for the
reaction described below. It was assumed that the side product 90SP would not
participate in the peptide coupling and that the subsequent HPLC purification would

effectively separate all side products.

Since the intramolecular rearrangement was already observed during the synthesis of
T8 (cf. section 4.5.1.3), it was assumed that it would also occur during the peptide
coupling, which is shown in Fig. 69. It was also expected that the significantly lower
steric hindrance of derivative 90 compared to compound 88 (with lipophilic side chain

CO%°C45H31) would contribute to a faster and facilitated acetyl migration.

O , 4 O
'BUO NTN ~~on * 1) HATU, DIPEA
0°C->rt,17h
HN F 2) TFA/H,0 4:1
PbINT N F m.22h
7 H 90 22% over 2 steps

Fig. 69: Synthesis of target compound aT-T7 via peptide coupling and global deprotection.

The peptide coupling was performed using HATU and DIPEA as described above, with
the required equivalents of the base added at the appropriate stages. Specifically, one
equivalent of DIPEA was used for the deprotection of urea dipeptide 27, and the
remaining equivalents were added before the addition of bis-TFA salt 90. To minimize
possible side reactions, like the intramolecular attack, the reaction was stirred at 0 °C

for as long as possible. It warmed to room temperature overnight. Monitoring of the
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reaction by TLC and LC-MS revealed a finished reaction after 17 hours, with side
product 90SP still present in the LC-MS chromatogram. After extraction, the global
protected muraymycin derivative was only identified by LC-MS (m/z = 1392.16 [M+H]")
and was subsequently dissolved in aqueous trifluoroacetic acid (80%). The
deprotection was monitored by LC-MS and was terminated after 22 hours. To protect
the acetyl moiety from cleavage, the trifluoroacetic caid was removed in high vacuum
before water was added in order to lyophilize the residue. Muraymycin derivative aT-
T7 (aT for allo-Thr) was isolated by HPLC in 22% yield over two steps (cf. Fig. 69).
Despite the inevitable side reaction, the yield for the reaction sequence is the best
compared to any other. This is almost certainly due to the reduced steric hindrance of
the side-chain-containing building block 90.

The HMBC NMR spectrum in Fig. 75 shows the cross peaks between the 3"'-H or 2"

H and the carbonyl carbon atom C-1V, proving the desired connectivity of the side

chain to the backbone in muraymycin derivative aT-T7.
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Fig. 70: Excerpt of the HMBC NMR spectrum, proving the connectivity of the acetyl side chain to the
backbone of muraymycin derivative aT-T7.
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Despite the challenges described above, particularly the intramolecular rearrangement,
the synthesis of derivative aT-T7 is a very promising, alternative approach for an easier
production of new muraymycin derivatives with diverse side chains. It benefits from the
improved yields of the peptide couplings using the acetylated central building block.
The acetyl group could then be selectively deprotected and any lipophilic residue could
be introduced into the muraymycin scaffold prior to the global deprotection. This

approach will be further explored in the following section.

4.5.3 Synthesis of target compound T9: Val-Arg-allo-Thr(COC12H23)-NuAA

At the time of this thesis, no muraymycin derivative containing an unsaturated
lipophilic side chain was known, nor was the impact of this type of fatty acid moiety. It
was hypothesized that an E-symmetric double bond would have less or no effect on
the biological or intramolecular activity. A compound with a Z-symmetric side chain,
however, would lead to a partial rigidity of the side chain, possibly influencing the
biological properties of the compound. Therefore, the required lipophilic side chain 47

was synthesized following the Wittig reaction sequence by Wube et al. (cf. Fig. 71).l">"]

PPhj toluene

0 reflux, 46 h © see table
J\/\/\/Br i o ®
HO 87% H OJ\/\/\/PPm
6-bromohexanoic acid 48
(0]
HO)J\/\/E/\/\/\
47
attempt reagents, solvent temperature, time yield (Z/E)
1 rt, 5h 55% (85:15)
2 n-heptanal, NaHMDS, THF -82°C,5h -
3 -82°C—rt, 18 h 51% (94:6)

Fig. 71: Synthesis of (2)-tridec-6-enoic acid 47 via Wittig reaction.

First, the Wittig reagent was synthesized from 6-bromo-hexanoic acid and triphenyl-
phosphine (PPhs). The carboxylic acid and PPhs were dissolved in dry toluene, and the
resulting clear solution was refluxed for 46 hours. During this time, a second phase
emerged. The reaction mixture was cooled to room temperature and the solvent was
removed under reduced pressure. The residue was resuspended in fresh toluene and

was heated to reflux again. The suspension was filtered while hot, whereby the product
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remained in the filter. The isolated colorless solid was dried under vacuum. The solid
was used without further purification as the NMR and HRMS data indicated its
sufficient purity (>98%).

The synthesis of the desired stereoisomer 47 turned out to be more challenging than
expected. The ylide formed during the reaction can be classified as a destabilized ylide,
as it lacks electron withdrawing groups next to the deprotonated carbon atom.!"®% As
commonly known, this would lead mainly to the formation of the Z-isomer. Also the
absence of a lithium salt favors the formation of a cis-double bond.l'83184 |n the
literature, the Wittig reaction in this particular case was performed at room
temperature.’>”! Thus, the conditions were adopted in the first approach (cf. Fig. 71).
To form the ylide, phosphonium salt 48 was dissolved in dry tetrahydrofuran and
sodium bis(trimethylsilyl)Jamide (NaHMDS, 1 M solution in THF) was added dropwise to
the resulting suspension. The suspension turned orange and was stirred for 2 hours at
room temperature. During this time, a white solid, presumably sodium bromide,
precipitated. Then, n-heptanal in dry tetrahydrofuran was added dropwise to the
reaction mixture, which became yellowish and murky. The reaction was ended after
3 hours by the addition of water, which turned the reaction mixture into a clear
solution. After extraction with diethyl ether, the aqueous layer was acidified with
hydrogen chloride to a pH value of ~2 to protonate the desired product. After multiple
extractions, the solvent was removed, and the crude product was purified by silica gel

column chromatography, resulting in 55% yield of a mixture of Z/E-isomers (85:15).

In order to improve the isomer ratio, the reaction temperature was lowered to -82 °C
(cooling bath consisting of liquid nitrogen and acetone). Under these conditions, the
thermodynamically controlled isomer (E-isomer) should be formed in even lower
quantities. The temperature range was adapted from the protocol of the Horner-
Wadsworth-Emmons reaction (cf. section 4.1). In the second attempt, the reaction was
repeated as described before, at the new temperature. Unfortunately, no conversion
took place at this low temperature. Therefore, in a subsequent experiment, a
temperature gradient, similar to that used in the Horner-Wadsworth-Emmons reaction
for the nucleosyl amino acid 21 (cf. section 4.1), was applied. This time, the aldehyde
was added dropwise at -82 °C. The reaction was then stirred for 16 hours, during which
it warmed up to room temperature. After extraction and purification by silica gel
column chromatography, side chain 47 was isolated with 51% yield in a Z/E ratio of

94:6. In addition, a high-temperature NMR was performed to confirm the presence of
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both isomers and to exclude the possibility of rotameric isomers. Since this ratio was
sufficiently high, no further optimization was carried out. In order to improve the
isomer ratio, it might be beneficial to determine the specific temperature at which the
reaction begins. Then, the reaction could be repeated at this precise temperature and

potentially the isomerically pure product 47 could be obtained.

The configuration of the double bond was determined using the coupling constants in
the 'TH NMR. The coupling constant for vinylic trans protons tend to be larger than for
vinylic cis protons.['®-1871 |n the given example, the coupling constant of 10.8 Hz
indicates a cis double bond,['®” hence confirming the tendency, that the Z-isomer
would be preferentially formed in this kind of Wittig reaction. It was not possible to
determine the coupling constants for the other isomer due to the chemical shift
causing an overlap of signals for the required protons (cf. Fig. 72b). In order to
investigate the conformation further, a NOESY NMR spectrum was recorded (cf.
Fig. 72a).

J
)

4 3 2 1 F2[ppm]

Fig. 72: NOESY NMR spectrum of unsaturated lipophilic side chain 47 (a) with a section of the region of
the double bond protons (b) and required cross-peak (c).
It was expected that the protons of the Z-configurated double bond would interact
spatially with each other, while in the E-configuration this interaction would not be
detectable. Fig. 72 illustrates the NOESY NMR spectrum (a), the relevant signal of the
resembling double bonds (b) and the corresponding section of the NOESY NMR
spectrum (c). The double bond protons of the E-isomer are overlapping with the signals
of the Z-isomer. Since the signals of the double bond protons overlap with each other

(cf. Fig. 72b), the required cross peak, proving the isomerization (turquoise cross peaks,
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cf. Fig. 72¢) is located under the diagonal cross peak (dark blue). However, the signal
is still detectable underneath, and its extensions are also visible (cf. Fig. 72c).
Furthermore, the cross-peak proofing the Z-isomeric double bond can be assigned to
the bigger signals in b. This is a very strong indication of the presence of the Z-isomer
as the main compound. Furthermore, there is evidence in literature based on DFT
calculations that supports the general accepted stereoselectivity in Wittig reactions,
meaning that under lithium-salt-free conditions with a destabilized ylid, the Z-alkene

is formed preferentially over a puckered transition state.!'84

Since the unsaturated carbon species of the new lipophilic side chain would most likely
not tolerate the established Cbz-deprotection conditions, an alternative synthetic
approach was required. So, the aforementioned concept, on the basis of the reaction

sequence for the acetylated muraymycin derivative (cf. section 4.5.2), was applied.

In this particular case, it was decided to incorporate the acetyl group in the central
amino acid moiety and to explore the selective cleavage of this ester. This decision was
based on the observations of M. Wirth, who was able to identify a regioisomeric side
product that formed during the second peptide coupling with the simplified Lys-
containing urea dipeptide. Since the formation of the side product was only possible
because the free secondary alcohol in the central amino acid could act as a nucleophile,

this problem was avoided by the presence of an acetyl ester at this position.!'#!

Before working directly on the muraymycin scaffold, two test reactions were performed
to investigate whether the unsaturated side chain could withstand the conditions of
the Steglich esterification and global deprotection. The Steglich esterification was
carried out using the Ser-containing derivative 60 and carboxylic acid 47 (cf.
Fig. 73)."%13] Both reactants were dissolved in dry tetrahydrofuran before DMAP and
EDC « HCl were added. The reaction was stirred for 4 hours at room temperature.
During this time it was monitored by TLC. The reaction was ended by the addition of
hydrochloric acid (10%). Compound 91 was isolated with 94% yield after extraction and
purification by silica gel column chromatography. The analysis of the 'TH NMR spectrum
confirmed the formation of the functionalized Ser derivative 91. Particular attention
was paid to the isomer ratio of the side chain. It was found that it was still 94:6 (Z/E),
the same as for reactant 47. This demonstrates that the unsaturated side chain
maintained its structure and that no rearrangement or isomerization occurred during

the Steglich esterification.
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oH 47, EDC - HCI, DMAP o
THF, tt, 4 h
‘B B

CbzHN OBu 94% CbzHN OBu
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60 91
HO\[]/WW
o 47

Fig. 73: Test reaction of Cbz-Ser-O'Bu 60 with (2)-tridec-6-enoic acid 47 via Steglich esterification.

To investigate the stability of the double bond during the global deprotection, side
chain 47 was stirred in aqueous trifluoroacetic acid (80%) for 24 hours. After work-up
and lyophilization, the resulting substance was analyzed by high-temperature NMR,
which confirmed the unchanged structure of compound 47. Furthermore, no variation
in the isomeric ratio could be observed. Based on these results, it was most likely that
47 would undergo the upcoming Steglich esterification and will retain its structure

during the global deprotection.

Another test reaction was carried out in order to test the selective deprotection of the
acetyl ester. Therefore, the mild acetyl-deprotection conditions recommended by Glen

159 As shown in Fig. 74,

Research for base-sensitive oligonucleotides were evaluated.!
the deprotection was performed with potassium carbonate in dry methanol at room
temperature. The reaction was monitored by TLC and LC-MS. After 40 minutes, Cbz-
Ser-O'Bu 60 was fully converted, and the reaction was ended by the addition of water.
After extraction and purification by silica gel column chromatography, 60 was isolated
with a yield of 50%. Despite the moderate yield, the method was still chosen for the
selective deprotection of the global protected muraymycin derivative. It was assumed
that any side reaction that might have occurred in this experiment would not recur in

the reaction with a larger, more complex and therefore more sterically hindered

derivative.
o)
Y~ K»CO3, MeOH
0 rt, 40 min OH
oB 50% oB
CszNLH/ ! ° CszNLn/ .

o] o]

92 60

Fig. 74: Mild deprotection conditions by Glen Research tested on Cbz-Ser(COCH3)-O'Bu 92.
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Based on the promising results from the test reactions, the synthesis of a new
muraymycin derivative was pursued; and in this context, the proposed new synthetic

pathway investigated.

The design of the new muraymycin derivative featured Arg-containing urea dipeptide
36, as this simplified alternative has been shown to be well tolerated and as previously
discussed, facilitates the synthesis immensely. The peptide coupling between 36 and
90 was performed with HATU and DIPEA in dry dichloromethane as described above.
In this approach, the batch of bis-TFA salt 90 without side product (intramolecular
rearrangement) was used (cf. section 4.5.2). Based on the monitoring with TLC and LC-
MS, the reaction was terminated after 16 hours. The reaction mixture was diluted with
water and was extracted multiple times. Purification by silica gel column
chromatography yielded the globally protected derivative 50 with approximately 68%
yield (cf. Fig. 75). The yield was estimated from the 'TH NMR, where the DIPEA « TFA
salt was identified as a minor impurity and a second, unknown species. The LC-MS data
confirmed the successful achievement of product 50 and that no reactant (36 or 90)

remained in the isolated compound.

(0]

NH
| /g HATU, DIPEA
N O

(0] CH2C|2
o H H 0 /\/\Qv 0°C~->rt,16h
NN, + ® HN N o
'BUO N oH HaN Ha ~68%
© i © ?  TBDMSO oTBDMs  (calc: from
F>‘)\09 F>‘)\O® 1 H NMR)
F
F
NH F F
36 HoN" SNPbf 9
‘BuO s H
o)
TBDMSO  OTBDMS
NH
HZN’gNbe

Fig. 75: Synthesis of globally protected muraymycin 50 via peptide coupling.

The selective deprotection of globally protected muraymycin derivative 50 was
performed under the postulated mild conditions by Glen Research.'>® Therefore, 50
was diluted in dry methanol and sodium carbonate was added to the clear solution.
The reaction mixture was stirred for a total of 5.5 hours at room temperature. During

this time, samples were taken at various intervals and analyzed by LC-MS to investigate
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the reaction progress. As both components are almost identical, the difference in the
retention time was insignificant. Nevertheless, the gradual formation of the desired
product 49 could be observed (cf. Fig. 76). During the reaction, 0.2 equivalents of
potassium carbonate were added to the reaction after 30, 105 and 270 minutes to
support the formation of the product. The reaction was ended after 5.5 hours by
removing the solvent in high vacuum. The residue was dissolved in water and was
extracted multiple times with diethyl ether. The product was obtained after removal of
the solvent as a colorless powder. Due to the complexity of the NMR spectra, 49 was
only identified using HRMS (m/z = 1351.7434 [M+H]*) and its purity was estimated
based on the UV-trace of the LC-MS. Based on these data, 49 was obtained in
approximately 95% yield. This reaction turned out to be very suitable for the selective
deprotection of complex structures such as a globally protected muraymycin. Different
than in the test reaction, no side reactions nor yield loss were observed. With the
successful implementation of this key step, the new synthesis strategy can be

established for further projects.

4 541 > A
tL (7\ 30 min

'BUO / ‘ A
o s’ o i e 75 min
495 2
N HNTN A\
‘BuO W 7 % i 542
X B s - N Nodo® S 105 min
TBDMSO  OTBDMS — R
2 542
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Fig. 76: LC-MS monitoring of the selective cleavage of the acetyl group of derivative 50 (red: product
49 with retention time at ~5 min, green: reactant 50 with retention time at ~5.2 min).

For the subsequent Steglich esterification, the well-established conditions were
employed.l'*>1531 Alcohol 49, side chain 47 and DMAP were diluted in dry

tetrahydrofuran. Then, EDC « HCI was added to the clear solution. The reaction
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progress was monitored by LC-MS but could also be observed as the hardly soluble
carbodiimide gradually dissolved and subsequently a non-soluble white solid (urea
form of EDC) precipitated over time. After 5.5 hours, the reaction was ended by the
addition of hydrogen chloride solution (0.5 m). The globally protected intermediate was
identified by LC-MS (m/z = 1546.75 [M+H]*). For the global deprotection, the residue
was dissolved in aqueous trifluoroacetic acid (80%) at 0 °C. The resulting clear solution
was stirred at room temperature for 23 hours and the progress was monitored by LC-
MS. Then, the red solution was concentrated in high vacuum. The residue was dissolved
in water at 0°C and was freeze-dried. After purification by HPLC, the desired
muraymycin derivative T9 was isolated as a colorless solid with 19% yield over two

steps (cf. Fig. 77).

BuO j]/
o)
TBDMSO  OTBDMS
NH 49 47
HoN" SNPbf

1) EDC » HCI, DMAP
THF, rt, 5.5 h
2) TFAH,0 4:1
t, 23 h

19% over two steps

o)
NN
HO N
o) o)
®
E>‘)J\o@ HsN™ S NH
F
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Fig. 77: Synthesis of target compound T9 via Steglich esterification and global deprotection.

The position of the lipophilic side chain at the muraymycin scaffold was proven again
by the HMBC NMR spectrum. The cross peaks between 3'"'-H or 2¥-H and carbonyl
carbon atom C-1" showed the desired connectivity (cf. Fig. 78). Furthermore, the
configuration of the double bond was also determined by the coupling constants in

the "TH NMR. The 3J coupling constant was 11.4 Hz for the vicinal protons 6"-H/7"-H.
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Fig. 78: Excerpt of the HMBC spectrum, proving the connectivity of the unsaturated lipophilic side chain
to the backbone of muraymycin derivative T9.

4.6 Biological evaluation of the allo-Thr and Thr muraymycin
derivatives

Overall, the six newly synthesized muraymycin derivatives, which contain either allo-
Thr or Thr (compound T6) as central amino acid, were biologically evaluated (cf.
Table 2) [6120121.135144172-1741 Again, the two strains of the Gram-negative bacteria
E. coli (AtolC and DH5a) and two Gram-positive bacterial strains (S. aureus Newman
and C. difficile) were investigated. In addition, the stability tests mentioned in section

4.3 were conducted on selected derivatives as well.

The structural change of the central amino acid to Thr was planned to examine the
impact of steric hindrance and the stereochemistry of the position adjacent to the ester.
In this context, it was observed that reduced activity of the Ser derivatives (cf. section

4.3) might be associated with the excessive simplification of the central amino acid.
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Furthermore, the structure of the lipophilic side chain and its impact were also of

particular interest in this SAR study.

Based on the previous evaluation of the structures of the natural products and the
molecules by M. Wirth, it was not possible to define the role of the iso-propyl group
within the muraymycin scaffold. It was assumed that its presence supports the
penetration of the bacterial cell wall or that it could counteract degradation or
hydrolysis of the ester moiety (cf. section 3.2.1). As already mentioned, the biological
data of the Ser-containing compounds revealed that the iso-propyl group had no

impact on the interaction with the target MraY (cf. section 4.3).

The following table illustrates the biological data of the new derivatives, with
muraymycin B8, simplified muraymycin analogs 28 and 32 listed as references. Based
on the data of the compounds T4 and T5, it is reconfirmed that changing the urea
dipeptide structure by replacing Epic with Arg has no effect on the interaction with the
target. Furthermore, it is revealed that the stereochemistry at the 3-position of the
central amino acid does not affect the inhibition of MraY (T6). Moreover, a close
relation of the compounds inhibitory properties to the structure and size of the
lipophilic side chain is immediately apparent. The derivative with the smallest possible
side chain (aT-T7) shows the least inhibition of MraY even compared to side chain
lacking compound 28. This particular loss in activity could be attributed to the
additional absence of the iso-propyl group, which K. Leyerer demonstrated to have a
beneficial effect on the inhibitory activity.¥6471 This might indicate that neither the
methyl group nor the acetyl group could compensate for the effect of the iso-propyl
group. However, an alternative, less likely explanation could be that the introduction
of the acetyl ester might prevent an alternate interaction with the binding pocket, in
which the free hydroxy group of compound 28 might normally participate. This would
mean that a side chain that is too short is even less efficient than a free alcohol moiety.
Overall, the acetyl ester might be too short to contribute to the target interaction in
the same way as the longer lipophilic side chains. The target interaction of compound
T9, which contains a rigidity-inducing double bond at the center of the lipophilic side
chain, is significantly reduced. This loss in activity may primarily be due to the steric
requirement and missing flexibility of the incorporated side chain since the

replacement of Epic appears to have a negligible impact (T4 and T5).
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Table 2: Biological data of the new allo-Thr and Thr muraymycin derivatives. (references: B8, 28 and

32) [120,121,145]

H,N Y
LT[
HN)\N NH
H /& OH OMe
HoN” SNH
R? Epic Arg Arib
o 3
NN
R OW o) o
-COC,Hy5 -CO™S°C, H,, -COC,,Hy;3
bacterial growth
MraY
1Cs0 [Mg/mL] MIC [pg/mL]
compound ICso [NM]? [ [
E.coli E coli S. aureus P
AtolC  DH5a  Newman & Gl
L-allo-threonine

T4: Val-Epic-allo-Thr(COCi2H2s5)-NUuAA 1.1+ 0.1 <0.5 2.5-5 >32 2-4
T5: Val-Arg-allo-Thr(COC12H2s)-NuAA 22 +0.5 <13 2.5-5 >32 16-32
aT-T7: Val-Epic-allo-Thr(COCH3)-NuAA 455 + 79 >20P >20P >32 >32

[Ts: Val-Epic-allo-Thr(CO*°Cy5H31)-NUuAA 1.8+03 <0.1  >100 8-16 1-2 }
T9: Val-Arg-allo-Thr(COC12H23)-NUuAA 132 + 43P <03 06-13 >32 >32
L-threonine
T6: Val-Arg-Thr(COCi2H25)-NuAA 19+09 <0.1 >100 >32 >32
references: 3-hydroxy-L-leucine
B8: Val-Arg-3-hydroxy-Leu(CO®°Cy5Hs1)-

NUAA-+Arib 4.0+ 0.7 pM n.d. n.d. 4-8 4-8

28: Val-Epic-3-hydroxy-Leu-NuAA 95+ 19 50 15 >50 n.d.

32: \lilaul'—::bp\)lc—?;—hydroxy—Leu(COQszs)- 58105 05 100 10 25

2 crude membrane preparation; ° preliminary result; n.d. not determined yet

The muraymycin derivative T8 features an n-alkyl side chain with an iso-propyl head

group, similar to the natural product muraymycin B8. Compared to the compounds

with simple n-alkyl side chains (T4 and T5), the head group does not significantly

influence the interaction with the target. Instead, the loss of the amino ribose unit is

likely the primary cause for the reduced activity of T8 compared to muraymycin B8.
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However, the omission of the amino ribose unit remains a reasonable modification, as

derivatives without this structural motif still exhibit strong activity (cf. Table 2).

Compared to the ICso values of the Ser derivatives discussed in section 4.3 (ICso(MraY) =
3-6 nM), the allo-Thr (T4, T5, T8) or Thr (T6) derivatives exhibit target affinities within
the same nanomolar range. Overall, the ICso data reveal that a long lipophilic side chain
is beneficial for the inhibition of the target. Furthermore, the replacement of the
synthetically challenging urea dipeptide is tolerated. Short lipophilic side chains or
those that affect the side chain's rigidity, lead to loss of target affinity. Head groups, on
the other hand, are apparently tolerated. This is consistent with the data for the natural

compounds and synthetic derivatives of M. Wirth (cf. section 2.2.3, Fig. 12).1111:120.121,145]

The potencies against the efflux-deficient strain E. coli AtolC were ~10 times better
(bacterial growth: ICso = <0.1-1.3 yg/mL) than for the Ser-containing derivatives
(bacterial growth: ICsp = 1.6-6.6 ug/mL) and comparable to reference compound 32.
The only exception is acetylated compound aT-T7, where the absence of a longer

lipophilic side chain is most likely the cause for the lower inhibition.

Three of the new derivatives showed unexpected strong inhibition of the E. coli DH5a
strain (bacterial growth: 1Csp = 0.6-13 pg/mL). They surpass the most potent natural
compounds (cf. section 2.2.1) and reference compound 32. These data reconfirm once
again that the replacement of Epic by Arg had no impact on the bacterial growth
inhibition (T4 vs T5). Furthermore, compound T9, with the double bond containing
lipophilic side chain also inhibits the bacterial growth of DH5a. The only other active
compound was 5'-deoxy muraymycin C4 analog 28, which most striking difference is
the lacking lipophilic side chain. The compounds Té and T8 showed comparable
potencies towards E. coli AtolC like T4 and T5 but were inactive against DH5a. Their
structures only differ in the stereochemistry of the central amino acid (T5 vs. T6) or in
the structure of the lipophilic side chain (T4 vs. T8) when compared to the DH5a-active
compounds. Therefore, it can only be speculated that these slight modifications in the
molecular structure might favor conformations that exhibit less affinity to the E. coli

efflux pumps.

Among all the new compounds of this series, only compound T8 showed notable
antibacterial activity against the S. aureus Newman stain (MIC = 8-16 ug/mL). Important
trends are revealed by structural comparison with reference compound 32 (MIC =

10 ug/mL) and the best in-class natural compound muraymycin B8 (MIC = 4-8 ug/mL).
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The synthetic compounds T8 and 32 both lack the amino ribose unit. However, allo-
Thr-containing compound T8 features the same lipophilic side chain as muraymycin
B8 but differs in the central amino acid. On the other hand, reference compound 32
contains the same central amino acid as muraymycin B8 but has only a simple n-alkyl
side chain. Since the target affinity of the two simplified compounds (T8 and 32) is
similar, it can be suggested that the structure of the lipophilic side chain plays an
essential role regarding the antibacterial activity of T8 against the S. aureus Newman
strain. In this context, it can be speculated that this particular side chain compensates
for the loss of the iso-propyl group at the 3-position of the central amino acid. Again,
the relatively small structural adjustments could lead to a different conformation of the
molecule, influencing its cell penetration ability and/or its affinity towards the efflux
systems. Overall, it was shown that the adjustments made in compound T8 compared

to the natural compound muraymycin B8 still preserve strong activity against S. aureus.

The biological data regarding C. difficile revealed strong to moderate activities for the
six new compounds. Here, two different strains were tested: a test strain, which is less
clinically relevant (C. difficile CD630 (RT012)) and a clinically relevant one from a strain
collection (C. difficile R20291 (RT027)). The target compounds T4, T5 and T8 showed
comparable results to the references muraymycin B8 and 32, where it should be noted
that the latter was solely tested against the clinically relevant strain. Here, simplified
compound T8 showed the best inhibition, even exceeding the overall most potent
muraymycin B8. Since the structures of the active compounds differ gradually, it can
be summarized that the omission of the amino ribose unit as well as the simplification
of the central amino acid are tolerated. A requirement for activity seems to be the
presence of a sufficient long lipophilic side chain. Here, only n-alkyl fatty acid chains,
with or without an iso-propyl head group, maintain the activity. In addition, it was
observed that preserving an n-alkyl chain while simplifying the urea dipeptide, reduces
antibiotic activity (cf. compound T5). Thus, the Epic-containing urea dipeptide appears

to be favored for the activity against C. difficile.

In addition, the stabilities in E. coli AtolC cell lysate were evaluated for T4 and T5.
Unfortunately, it was not possible to determine the exact half-lives of the derivatives.
These data were difficult to interpret in multiple attempts (cf. chapter 9). The potential
ability of the muraymycin derivatives to form micelles during the assay might be the
reason for these inconsistent results. The data revealed a significant increase in

concentration for compound T4 over time, suggesting that the potential micelles
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slowly dissolve throughout the assay. It is also possible that dilution propagate errors
caused by the micelle formation complicated the execution of the assay. In another
attempt, Tween was added in the assay to evaluate the stability of T4 to prevent
possible micelle formation (cf. chapter 9). Based on these results, it can be cautiously
assumed that the compound is stable in E. coli AtolC lysate. This is also the case for the
tests of compound T5, which imply stability over 150 min, although minor
inconsistencies of the data were noticed. Since the stability evaluation is very
challenging and needs to be refined for these compounds first, no other derivatives
were tested to save material. The same applies for the stability tests in Luria-Bertain-
Medium for all new compounds. In order to pursue additional tests, the determination
of physical properties of the new compounds, including critical micelle building

concentrations, could aid the process.

4.7 Synthesis of truncated muraymycin derivatives

4.7.1 Synthesis of target compounds TT1: Cbz-allo-Thr(COCi2H25)-NuAA and
TT2: H-allo-Thr(COC12H25)-NuAA

The designed truncated compounds were supposed to give further insights into the
role and importance of lipophilic side chain when the urea dipeptide moiety is removed

from the muraymycin scaffold.

Muraymycin derivative TT1 was obtained from the mixed fraction of compound 51. As
shown in Fig. 79, the tert-butyl ester and the TBDMS groups of 51mix were cleaved
under the well-known conditions.">>™% The TFA-salt TT1 was isolated by HPLC
purification with 5.4% yield over two steps. The low yield certainly results from the
usage of a mixed fraction containing unknown impurities (cf. section 4.4.2). Yet,

sufficient quantities could be isolated for biological testing.

TFA/H,0 4:1

.0
rt, 24 h '
5.4 % over 2 steps ~ CbzHN

52mix ™

TBDMSO  OTBDMS

Fig. 79: Global deprotection of 52mix to gain truncated muraymycin derivative TT1.
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In contrast to the previous substances, TT1 was insoluble in MeOH-d4, so DMSO-ds
had to be used to record the NMR spectra. The poor solubility also impaired the
biological tests. Precipitation of the substance in water or medium was regularly

observed during testing leading to inconclusive results (cf. section 4.8).

Although the rearrangement of the lipophilic side chain was not expected, the desired
connectivity of the lipophilic side chain was nevertheless proven by the HMBC NMR-
spectrum. Here, the cross peaks between 3"'-H or 2Y-H with the carbonyl carbon atom

C-1" confirm the desired structure (cf. Fig. 80).
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Fig. 80: Excerpt of the HMBC spectrum, proving the connectivity of the lipophilic side chain to the
backbone of the truncated muraymycin derivative TT1.

The poor solubility of compound TT1 is likely due to its amphiphilic character, which
could facilitate micelle formation. This would make the solubility in different solvents
highly dependent on concentration. The nucleosyl amino acid is hydrophilic while the
lipophilic side chain and the Cbz-protection group show lipophilic characteristics. To
confirm the presence of micelles, further investigation is required, such as determining

the critical micelle formation concentration.
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The second truncated muraymycin TT2 has a free amine at the allo-Thr moiety, thus
making the structure more hydrophilic. However, the new compound still has an
amphiphilic character. For the synthesis, a small amount of bis-TFA salt 78 was stirred
in aqueous trifluoroacetic acid (80%) for 24 hours at room temperature. Then, the
solvent was removed in high vacuum and the residue was lyophilized. Compound TT2
was isolated after purification by HPLC with a yield of 39% (cf. Fig. 81).

o

o o
Wo BUO._O NH Wa HO

| N,g TFA/H,0 4:1

o)
rt, 24 h :
® H
39% o HaN

78 TT2

F

Fig. 81: Global deprotection of 78 to obtain muraymycin derivative TT2.

The intramolecular rearrangement of the lipophilic side chain was not expected, as the
amine is inactive in its TFA salt form and the connectivity of reactant 78 had already
been proven. The HMBC NMR-spectrum of TT2 was nevertheless analyzed to confirm
the desired structure. As illustrated in Fig. 82, the connectivity was proven by the cross

peaks between the protons 3'"'-H or 2"-H and the carbonylic carbon atom C-1".

The new derivative showed improved solubility in MeOH-d4 compared to TT1. The
increased solubility is likely caused by the increased hydrophilicity due to the

introduction of the positively charged free primary amine.

Where applicable, both compounds were tested against MraY and different E. coli

strains. These results can be found in section 4.8.
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Fig. 82: Excerpt of the HMBC spectrum, proving the connectivity of the lipophilic side chain to the
backbone of the truncated muraymycin derivative TT2.

4.7.2 Synthesis target compounds TT3: Ac-allo-Thr(COCi2H25)-NuAA and TT4:
Ac-allo-Thr(COCHs)-NuAA

It was expected that the 2'"'-NH moiety in TT1 (Cbz-protected amine/carbamate) and
TT2 (amine) would interact differently with the target enzyme. In order to minimize the
influence of this particular position in the scaffold, another truncated compound was
required. Here, the amine was replaced by an amide, thus mimicking the corresponding
amide in the muraymycin scaffold (cf. Fig. 83, compound TT3). So, the interaction at
the target is likely comparable to the full-length muraymycin. For this purpose, the
smallest possible amide (acetyl amide) was chosen to minimize additional interactions
with the target enzyme. Due to the nucleophilic character of the secondary amine at
the 6'-position, which could lead to side reactions under standard acetylation
conditions (e.g. pyridine and acetic anhydride,">® cf. section 4.5.2.), the acetyl group
was introduced via peptide coupling with acetic acid. This strategy was already
146]

established by K.Leyerer and could be applied on the executed synthesis.!
Compared to the published protocol, the coupling reagents were replaced (PyBOP/
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HOBt to HATU), because of the already discussed challenges which were observed by
the usage of PyBOP and HOBt (cf. section 4.2.2). First, glacial acetic acid and one
equivalent of DIPEA were dissolved in dry dichloromethane at room temperature. The
clear mixture was stirred for 10 minutes in order to ensure complete deprotonation of
the acid. Then, HATU was added, and the mixture was stirred for 30 minutes to form
the active ester. The reaction mixture was cooled to 0 °C and the remaining equivalents
of the base were added before bis-TFA salt 78 in dry dichloromethane was added
dropwise. The reaction mixture was stirred for 18 hours, during which it gradually
warmed up to room temperature. Based on LC-MS and TLC-monitoring, the reaction
was ended by dilution with ethyl acetate. The organic layer was washed with water.
After removal of the solvent, the desired product was verified by LC-MS (m/z = 982.88
[M+H]*).

0 1) ACOH, HATU
o DIPEA, CH,Cl,
Wa BuO._O [ NH 0°Cgrt, 18 h
.0 o Ko 2) TFAH,0 4:1
' - N" "0 rt, 23 h
Caj\'(HN/\/\H‘ o

H3N 2 16% over 3 steps
(0] O (0]
F>‘)\o® F>‘)J\O® TBDMSO ~ OTBDMS
Fl Pl
78

TT3

Fig. 83: Synthesis of derivative TT3 via peptide coupling and global deprotection.

The residue was dissolved in aqueous trifluoroacetic acid (80%). The reaction was
monitored by LC-MS and thus ended after 23 hours. The solvent was removed under
reduced pressure. The acetylated compound TT3 was isolated after HPLC purification
as a colorless solid in 16% yield over three steps. The connectivity of the lipophilic side
chain was confirmed by the HMBC spectrum. Here, a cross peak showed the interaction
between 2"'-H and C-1", which proved the connection of the acetyl moiety (cf. Fig. 84).
Unfortunately the cross peak between 3''-H and C-1Y, which proved the location of the
lipophilic side chain, was not detected. But as the acetyl group was located at the
wanted position, no migration of the lipophilic side chain could have taken place.
Furthermore, the significant chemical shifts of the involved protons and carbon atoms
(positions: 6', 3" and 2") were compared to the corresponding atoms in other verified
structures. Overall, the NMR analyses confirmed the desired connectivity and thus the

structure of compound TT3.
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Fig. 84: Excerpt of the HMBC spectrum, proving the connectivity of the acetyl amide moiety at the 2"'-
position to the backbone of the truncated muraymycin derivative TT3.
In addition, truncated compound TT4 (cf. Fig. 85) was synthesized as a reference. It's
design featured an acetyl group at the 2"'-NH moiety and an acetyl side chain. This
design ensured that the interaction of the amide and the ester moiety would remain,
while no strong interaction with the target, based on the lipophilic side chain, would
influence the obtained ICsg values. The acetylation of bis-TFA salt 90 was carried out as
described for compound TT3. Here, 90 was taken from a batch, which contained the
rearranged side product 90SP (cf. section 4.5.2, Fig. 68). It was hypothesized that the
secondary alcohol in side product 90SP might also act as a nucleophile in this synthesis.
However, this was not observed. Analysis with LC-MS during and after the reaction
showed the molecular mass of the reactant. As described above, it is not possible to
distinguish between the required reactant and its rearranged side product 90SP.
Therefore, it was assumed that the detected compound was 90SP. It should be noted
that the intramolecular rearrangement could additionally occur during the peptide
coupling with amine 90 (cf. section 4.5.2). So, the amount of rearranged side product

90SP might even increase during the peptide coupling.
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After work-up, the residue was dissolved in aqueous trifluoroacetic acid (80%). The
reaction was stirred for 22 hours at room temperature. The solvent was removed under
reduced pressure and the crude product was purified by HPLC, yielding mono-TFA salt
TT4 in 6.5% over two steps (calcd. from the amount of used acetic acid). The yield loss
is most likely due to the intramolecular shift of the acetyl group in 90, as the rearranged

product does not undergo acetylation under the applied conditions.

o] 0
1) AcOH, HATU 0
DIPEA, CH,Cl, Y~
0°C->rt, 17 h 0
2) TFA/H,0 4:1 o A~AE
r, 22 h HN N
A
(0] O (0] 6.5% over 2 steps H (0] (0]
TBDMSO  OTBDMS
F>‘)J\o® F>‘)J\o@ E >‘)\09
F F F
F F F
920 TT4

Fig. 85: Synthesis of derivative TT4 via peptide coupling and global deprotection.

The amide structure at the 2"'-position was confirmed using the HMBC NMR spectrum

(cf. Fig. 86). The comparison of the NMR data of TT4 with those of TT3 and pure

compound 90 also confirmed the presence amide moiety at the 2'"'-position, and
moreover the intact secondary amine at the 6'-position. In addition, the cross peaks
between 3"'-H or 2'-H with carbonyl carbon atom C-1V could be detected, thus

confirming the acetyl ester moiety.
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Fig. 86: Excerpt of the HMBC spectrum, proving the connectivity of the acetyl amide moiety at the 2"'-
position to the backbone of the truncated muraymycin derivative TT4.

4.8 Biological evaluation of the truncated muraymycin derivatives

To provide more insight into the effect of the lipophilic side chain, which might be
overlain by the effect of the urea dipeptide moiety, truncated derivatives were also
tested in the biological assays (cf. Table 3). Here, the interaction with MraY was
evaluated and the activity of the new derivatives against the two already mentioned

E. coli strains was attempted. [°6:120121,135144172-174]

Even though the inhibitory activity against MraY is lowered, the compounds which
contain a COCq2Hzs alkyl side chain (TT1, TT2 and TT3), still show affinity towards the
target enzyme in the low to moderate micromolar range. With the biological data
received for derivative TT4 (R® = Ac) it is demonstrated that the absence of a longer
lipophilic side chain leads to complete affinity loss towards the target enzyme, if it
cannot be compensated by another strong interaction. This result is consistent with the
data of the reference compound 93 (Ac-Leu-NuAA),!™¢147] which contains only Leu as
the central amino acid. Here, the lipophilic side chain and the hydroxy moiety in
position 3 are missing, thus confirming that the presence of a lipophilic side chain

significantly affects the target affinity.
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Table 3: Biological data of the truncated allo-Thr muraymycin derivatives. (references: 93 and 94).11461471
compound Mra¥
P ICso [UM]
TT1: Cbz-allo-Thr(COC12H25)-NuAA 97 + 19
TT2: H-allo-Thr(COCq2H25)-NuAA 1.0+0.2
TT3: Ac-allo-Thr(COCy2H25)-NUuAA 50+0.7
TT4: Ac-allo-Thr(COCHs)-NuAA >100
references
93: Ac-Leu-NuAAP >100
94: Val-Lys-Leu-NuAA 25+ 0.6

2 crude membrane preparation; ® 1:1-ratio of L- and R-Leu; n.d. not determined yet

Comparison of the MraY inhibition data of the truncated compounds TT1, TT2 and
TT3, suggests that the chemical character (hydrogen bond donor: amine or hydrogen
bond donor & acceptor: carbamate or amide) of the a-amino group in the central
amino acid does not significantly affect the binding affinity towards MraY. However,
the introduction of a Cbz-group (TT1) results in a significant (~100-fold) decrease in
MraY affinity. The introduction of this bulkier group, featuring an aromatic system, is
not well tolerated by the enzyme binding pocket. It can be speculated that this is due

to steric reasons or a suboptimal binding conformation/affinity.

Furthermore, truncated derivatives TT2 and TT3 show the same target affinity as the
full-length simplified muraymycin Val-Lys-Leu-NuAA 94 (cf. Table 3).['%6147] The data
suggest that the presence of the n-alkyl side chain compensates for the loss of the urea
dipeptide structure. Thus, it can be assumed that each moiety contributes equally to

the target affinity. Overall, this confirms that a full-length muraymycin backbone, in
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combination with a lipophilic side chain at the central amino acid, is the most favorable

scaffold regarding target interaction.

The evaluation of inhibitory activity against the two E. coli strains was performed
multiple times for the truncated muraymycins but lead to inconclusive results (cf.
chapter 9). Based on their structure, it could be assumed that the compounds are able
to form micelles. This could lead to dilution problems during the assay and therefore
inconsistent results. Before proceeding with further tests, it is necessary to address this
issue. As mentioned above, the investigation of the physical properties, such as critical

micelle formation concentration, should precede further experiments.

Overall, the four truncated derivatives demonstrated that the lipophilic side chain plays
an essential role in the target interaction and affinity. Their simplified structure can be
used in future projects to further investigate the properties of the lipophilic side chain
with regard to length, head groups, branched chains or rigidization (cf. chapter 6). In
addition, the truncated structures can also be used to investigate the influence of other

residues at the a-amino group of the central acid (cf. chapter 6).

4.9 Biological evaluation: stability of new muraymycin derivatives in

human plasma

The attempts to evaluate the stability of different muraymycin derivatives in E. coli
AtolC lysate and/or LB-medium turned out to be very challenging. However, to obtain
an initial indication of the potential in vivo stability of the new compounds, four
candidates were chosen to evaluate their stability in human blood plasma: Ser-
containing simplified muraymycins T1 and T3 and allo-Thr-containing muraymycin
derivatives T4 and T5 (cf. Fig. 87). The compounds T1 and T4 as well as T3 and T5 can

be directly compared with each other, as they only differ is the central amino acid.

_.S [ -
HNY
Ser
HN)\H NH
HZNANH e,

Arg allo-Thr

R OH OH Epic

T1: Val-Epic-Ser(COCq5H55)-NUAA | T4: Val-Epic-allo-Thr(COC45H55)-NUAA

T3: Val-Arg-Ser(COC4oH55)-NUAA | T5:  Val-Arg-allo-Thr(COC45H55)-NUAA

Fig. 87: Structures of the selected muraymycin candidates for stability evaluation in human plasma.
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The main focus was to determine the stability of the ester bond, which is a potential
labile segment in the muraymycin backbone. As the lipophilic side chain has been
shown to play an essential role in target interaction, bacterial activity, and facilitating
cell wall penetration (cf. sections 4.3, 4.6 and 4.8), it is necessary that the ester bond

remains intact.

Since human plasma contains a variety of different enzymes, like esterases,
glycosidases or lipases, it offers an ideal testing environment to get a first impression

of the stability of the muraymycin derivatives in vivo.
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Fig. 88: Evaluation of the stability in human plasma of the selected muraymycin derivatives T1, T3, T4
and T5.

Based on the results illustrated in Fig. 88, it can be assumed that the four selected

compounds are stable in human plasma for at least 150 min (scope of measurement).

Initially, it seems that the lack of an additional steric hindrance (Ser vs. allo-Thr) is

irrelevant to the compound’s stability in human plasma.
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5 Summary

5.1 Synthesis of full-length and truncated muraymycin derivatives

The main aim of this thesis was the synthesis of simplified muraymycin derivatives that
retain high target affinity and strong antibacterial activity. In particular, the structure of
the central amino acid in the muraymycin backbone, in combination with the lipophilic
side chain, was of primary interest. The role and effect of the lipophilic side chain on
the potency of new muraymycin compounds were investigated in a structure-activity
relationship (SAR) study. Therefore, the connectivity of the lipophilic side chain to the
backbone remained an ester bond, similar to the natural compounds and the lead
structure 32. Overall, three different sets of compounds were designed and
synthesized. These compounds not only featured different side chains, but the
simplification of the urea dipeptide structure was also gradually pursued.

Each new derivative contained the nucleosyl amino acid 35 in the backbone. The
synthesis was achieved according to the well-established protocol.['37:140.146148] yridine
was converted into aldehyde 19 over two steps with an overall yield of 61%. In contrast
to the general assumption, aldehyde 19 could be purified by silica gel column
chromatography with non-nucleophilic and aprotic solvents. This finding supplements
the established synthetic route and provides the opportunity for a purification step
before the subsequent Horner-Wadsworth-Emmons reaction, if necessary. In summary,
nucleosyl amino acid 35 was synthesized in eight steps with an overall yield of 32% (cf.
Fig. 89).

(0] (0]
fLNH 3 steps fl\NH 5 steps
61% 52%
HO N So _ % o N"So %77
o — X o B
OH OH TBDMSO OTBDMS TBDMSO OTBDMS
uridine 19 35

Fig. 89: Synthesis of nucleosyl amino acid 35.

The syntheses of the central amino acids with different alkyl side chains were carried

153138 For the introduction of fatty acid chains

out using established synthetic routes.!
the N-Cbz-protected L-amino acid was converted into a tert-butyl ester using different

esterification reagents, depending on the amino acid. Then, the desired lipophilic side
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chain was introduced by Steglich esterification and the syntheses were completed by
cleavage of the tert-butyl ester. For all these derivatives, the introduction of the tert-
butyl ester was the yield-limiting step. Ether formation at the 3-OH group was observed
as a side reaction during the protection. Different configurations at the 3-position (Thr)
or the bulky side chain CO*°CsH31 lowered the yields during the Steglich esterification.
The synthesis of compound 51 was the only exception, as the acetylation of allo-Thr

was accomplished in only one step with acetic anhydride in pyridine (cf. Fig. 90).

oy,

o}

OH
o OWJ\
o) o)
37
OH
CszNL,(OH ‘ CszNLH/

a, c(; d 0
47% 86
a,c,d

a introduction of tert-butyl tert-butyl ester cleavage
ester using 59 with aq. TFA (80%)

b introduction of tert-butyl e ridine. Ac,O
ester using 73 Py 12 N ClC” O

¢ Steglich esterification 59
with EDC « HCI, DMAP
and corresponding acid

Fig. 90: Overview of the syntheses of required central building blocks.

Two special side chains had to be synthesized: the branched derivative 45, which was

introduced into 44 and 86, and the unsaturated fatty acid 47. For the preparation of
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the lipophilic side chain corresponding to natural product muraymycin B8, the applied
synthesis of Richardson and Williams had to be improved,!'® since the published
oxidative cleavage resulted in a mixture of compounds with different chain lengths (cf.
Fig. 91). Although the alternative route required two additional synthetic steps, no
purification by silica gel column chromatography was required for the intermediates.
Furthermore, the reactions can be performed without inert conditions in high yields.
Pure compound 45 was obtained in 90% yield over three steps from alkene 46. The
high yields, the moderate synthetic effort and the pure isolated lipophilic side chain
make the proposed synthesis a reasonable alternative to the published route.

nBU4NBr, KMnO4 OH
AcOH A

R (0]

45mix

mixture of chains
W Chuaaev reaction )\éé/\ with different lengths
13 OH g 12\

59%

15-methylhexadecan-1-ol 46 MOH
11

a, b, c (0]
L

90% 45
pure compound

Sharpless dihydroxylation
with AD-mix o

Malaprade reaktion
with NalOy

Pinnick oxidation
with NaOCl, and NaH,PO,

Fig. 91: Improved synthesis of branched fatty acid chain 45.

The second special side chain was the Z-configurated lipophilic side chain 47. This
compound was synthesized over two steps according to the improved protocol of
Wube et al!">"! The main difference between the published synthesis and the approach
performed was the adjustment of the temperature during the Wittig reaction. The
reaction was previously carried out at room temperature but resulted in the formation
of 47 with a Z/E ratio of 85:15. After changing the conditions (starting the reaction at -
82 °C and warming up to room temperature during the reaction process), the desired

product was achieved with a Z/E ratio of 94:6 (cf. Fig. 92).
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a,b
o . 2 a Wittig salt formation
HO)J\/\/\/Br HO)J\/\/E/\/\/\ with PPhg
6-bromohexanoic acid 47 b Wittig reaction

with n-heptanal at -82 °C - rt
04\/\/\/

n-heptanal
Fig. 92: Synthesis of unsaturated lipophilic side chain 47 in two steps.

Some of the new derivatives featured the simplified urea dipeptide 36, which contains

Arg instead of Epic. A two-step reaction sequence was used for the preparation,[>¥ i

n
which Val tert-butyl ester hydrochloride was converted into the corresponding iso-
cyanide and subsequently transformed into urea dipeptide 36. The two-step reaction

sequence provided 36 in an overall yield of 71% (cf. Fig. 93).

2 steps

(0] o 0O
NH,+ HCI 1% N R
BuO 2 _— BuO \n/ OH
_—
(0]
NH
Val tert-butyl ester 3 H2N" "NPbf

hydrochloride

Fig. 93: Synthesis of urea dipeptide 36 in two steps.

The various building blocks were connected to each other by peptide couplings. The
established conditions utilizing HOBt and PyBOP had to be modified,!'® as the
formation of PyBOP by-product 64 significantly impeded the purification process by
HPLC. The main problem was that the by-product 64 could not be effectively separated
through washing steps during work-up. Even silica gel column chromatography proved
to be ineffective for the separation of phosphine oxide 64. In this context, it can be
assumed that the lipophilic side chain of the product likely ‘dragged along' the by-
product. So, the primary criterion for the introduction of a new reagent was the ability
to efficiently separate both the reagent and its by-products during the work-up
process, preferably during the extraction process. Additionally, the peptide coupling
required isomerically pure products. Consequently, alternative coupling agents were
evaluated and established afterwards. Three alternatives - T3P, HATU and
EDC « HCI/HOBt - were tested. T3P turned out to be ineligible for the first peptide
coupling between nucleosyl amino acid 35 and any central building block as it led to a
mixture of different components, which worsened the purification process even more
than using PyBOP. HATU and EDC « HCI/HOBt, however, were both suitable for the first
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peptide coupling, and were therefore equally used. In the second peptide coupling, in
which the urea dipeptide was introduced into the scaffold, T3P proved to be highly
functional and was employed several times. Nevertheless, HATU became the main
reagent for the second peptide coupling, as T3P revealed reduced stability upon
storage. Since both HATU and T3P led to the same results, HATU was ultimately chosen

as the main reagent.

Since the set of the Ser muraymycin derivatives was mostly synthesized using PyBOP
and HOBt in the peptide couplings, multiple HPLC purification steps were required.
Although this was a successful method, it was very time-consuming and not future-
oriented for upcoming projects. Altogether, the Ser-containing derivatives T1, T2 and
T3 were synthesized and biologically evaluated (cf. Fig. 94). Unfortunately, it was not
possible to isolate compound T7 as the acetyl group was cleaved during the global
deprotection and/or the lyophilization. The presence of the substance was only
indicated by LC-MS data. The comparable allo-Thr derivative with an acetyl ester (aT-
T7) was successfully synthesized and biologically evaluated (cf. Fig. 95). The peptide
couplings, regardless of the coupling reagents, were usually the yield-limiting steps.
The main reason may be due to the significantly increasing steric hindrance when the
corresponding bulky amino acid building blocks were activated. This, combined with
the steric complexity introduced by the nucleophiles (nucleosyl amino acid 35 or bis-
TFA salts of coupling products between 35 and any central building block), might have
kinetically hampered the coupling process. Overall, the Ser-containing muraymycin
derivatives, except for T1 (small traces of PyBOP by-product 64) and T7, were isolated
in pure form after HPLC purification. The connectivity of each corresponding lipophilic

side chain was confirmed by HMBC NMR spectra (cf. section 4.2).
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T1:  Val-Epic-Ser(COC,Hy5)-NUAA | T3:  Val-Arg-Ser(COC,H,5)-NUAA

T2: Val-Epic-Ser(COC45H31)-NuAA | T7**:  Val-Epic-Ser(COCH3)-NuAA

a peptide coupling with PyBOP and HOBt *  derivative used from master thesis
b  Cbz-deprotection with 1,4-cyclohexadiene, **  no isolation after HPLC, formation
Pd black and TFA proven by LC-MS

¢ peptide coupling with PyBOP and HOBt or TP
d global deprotection with aq. TFA (80%)

Fig. 94: Overview of the syntheses of the Ser set of muraymycin derivatives via the established tripartite
approach (note: all derivatives were isolated as bis-TFA salts).

The second set of new derivatives included T4, T5, aT-T7 and T8, all containing L-allo-
threonine as central amino acid (cf. Fig. 95). So, the stereocenter at the 3-positon of
this particular amino acid resembles the position in the natural products (cf. section
2.2.1, Fig. 8) and reference compound 32 (cf. section 2.2.3, Fig. 12). In addition, target
compound T6 featured L-threonine to examine the importance of the stereochemistry
of the position (cf. Fig. 95). Overall, five new full-length muraymycin derivatives were
successfully synthesized via the tripartite approach. For this set, EDC « HCI/HOBt (only
for the first peptide coupling), T3P (only for the second peptide coupling), or HATU (for
both peptide couplings), were used instead of PyBOP/HOBt, thus facilitating the final
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purification step. Different side chains were introduced in this set of derivatives, from
the smallest possible side chain (COCHs3) to the branched alkyl side chain (CO®°C15H31)

corresponding to muraymycin B8. In addition, the urea dipeptide was also varied for

SAR purposes.
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o] 0 o)
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Buo)i\g/ OH CbzHN OH
HN™ 0
\ Py 0
POIN” N 38,39: R?= 10 Q
o) ﬁ\NH

27

or +
- 2_ O
o ., 4 O° 44; R2= M
N N,
'BUO \n/ . OH TBDMSO OTBDMS
(6] iSo 35
-CO™°CysH34

Al O
(a9 Y s w0y

H,N" NPbf
36 -COCH;

HO

1
R OH OH

T4:  Val-Epic-alloThr(COC5H,5)-NUAA T5:  Val-Arg-allo-Thr(COC,H.s)-NUAA
aT-T7:  Val-Epic-allo-Thr(COCH3)-NuAA T6:  Val-Arg-Thr(COC,H,5)-NUuAA

T8:  Val-Epic-allo-Thr(CO™°C5H3)-NuAA

a peptide coupling with HATU or EDC « HCI ¢ peptide coupling with HATU or T3P
and HOBt
d global deprotection with aq. TFA (80%)
b Cbz-deprotection with 1,4-cyclohexadiene,
Pd black and TFA

Fig. 95: Overview of the syntheses of the allo-Thr- or Thr-containing set of muraymycin derivatives via
the established tripartite approach (note: all derivatives were isolated as bis-TFA salts).

In addition to the set of compounds illustrated in Fig. 95, another allo-Thr containing
derivative was synthesized: T9. Here, the 'classic' tripartite approach was not utilized
since the desired lipophilic side chain, containing a Z-double bond, was not compatible
with the conditions of the Cbz-deprotection procedure using 1,4-cyclohexadiene and

palladium black. Hence, the side chain had to be introduced in a later synthetic step.
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Therefore, globally protected muraymycin derivative 50 was synthesized via the tri-
partite approach. The incorporation of the acetyl group was particularly useful for one
reason: it prevented the formation of the regioisomeric side product, which was
observed by M. Wirth during the second peptide coupling with the simplified lysine-

containing urea dipeptide.l'*!

The mild deprotection of the acetyl group, introduced in oligonucleotide synthesis by
Glen Research,[>? |ed to the formation of the free alcohol 49 in high yields. Subsequent
Steglich esterification with unsaturated lipophilic side chain 47 and global deprotection

resulted in muraymycin derivative T9 (cf. Fig. 96).

H,N™ SNPbf

o) .
b, c N . N
19% over O )
two steps TBDMSO OTBDMS

— 0] a mild deprotection with K,CO3, MeOH
\/\/\/w HO. O NH
0 LK
(0] 0] .

o) b  Steglich esterification with EDC « HCI,
DMAP and 47

HOJ\/\/E/\/\/\

47

HyN

¢ global deprotection with ag. TFA (80%)

Fig. 96: Synthesis of muraymycin derivative T9 via an alternative approach (note: T9 was isolated as bis-
TFA salt).

The alternative approach for T9 holds great potential for future projects. Following the

selective cleavage of the acetyl group, any lipophilic side chain can be introduced into

the scaffold via Steglich esterification. The protection of the secondary alcohol as an

acetyl ester prevents the formation of regioisomeric side products, thus improving the

approach previously performed by M. Wirth.[4°]
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Overall, three Ser- and six allo-Thr- or Thr-containing muraymycin derivatives were
synthesized. Here, three moieties were varied separately: the urea dipeptide, the central

amino acid and the lipophilic side chain.

In addition to the full-length muraymycin derivatives, four truncated compounds were

synthesized and biologically evaluated (cf. Fig. 97).

a

5.4% over
two steps
TBDMSO OTBDMS
52 or 89
b

R = -COCy,H,5 (86%) t
R=-COCH; (crude) oR BuO
HN/\/\N\

H,N
o *2TFA
TBDMSO  OTBDMS
a
——————
0 39% H\”
o
Y~ oo [ NH
.0 N/&O ¢a
o N\
P HNT TN 6.5% over
N two steps
H oo

c,a (o)
L
16% over )k

three steps ”

TT3

TT1:  Cbz-allo-Thr(COC,H,5)-NuAA TT3:  Ac-allo-Thr(COC5H,5)-NUAA

TT2:  H-allo-Thr(COC45H3¢)-NUuAA TT4: Ac-allo-Thr(COCH3)-NuAA

a global deprotection with aq. TFA (80%)

(0] (0]
R= Wo or j o .
b Cbz-deptrotection with 1,4-cylcohexadiene,

Pd-black and TFA
-COC1,Hy5 -COCH;
¢ peptide coupling with HATU

Fig. 97: Overview of the syntheses of the truncated muraymycin derivatives TT1-4 (note: TT1, TT3 and
TT4 were isolated as mono-TFA salts; TT2 was isolated as bis-TFA salt).
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Compound TT1 was isolated after the global deprotection of precursor 52, achieved
during the synthesis of full-length analogs T4 and T5. Compound TT2 was isolated,
after Cbz- and global deprotection from the same precursor (cf. section 4.7.1). The
precursor for TT4 was obtained after Cbz-deprotection of intermediate 89, occurring
during the synthesis of aT-T7 and 50 resp. T9. The introduction of the acetyl group in
TT3 and TT4 was achieved via peptide coupling. Standard acetylation would likely have
led to the formation of side products, acetylated in the 6'-amino position in proximity
to the nucleosyl amino acid. After global deprotection, truncated derivatives TT3 and
TT4 were isolated (cf. section 4.7.2). Compound TT4 was synthesized as a reference to
compare the rest of the set of derivatives with compound 93, which was synthesized

by K. Leyerer.!'4®!
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5.2 SAR study of the new muraymycin derivatives

The biological evaluation data of the nine new full-length muraymycin derivatives are

presented in Table 4.

Table 4: Biological data of the new full-length muraymycin derivatives. (references: B8, 28 and 32).[120.121.143]

MraY

bacterial growth

compound 1Csy [nM]? ICs0 [ug/mL] MIC [ug/mL]
ool S S c i
L-serine
T1: Val-Epic-Ser(COC12H25)-NuAA 34 +£02° 1.6 >100 >32 >32
T2: Val-Epic-Ser(COCi5H31)-NuAA 3103 55 >100 >32 8-16
T3: Val-Arg-Ser(COCq2H25)-NuAA 52104 6.6 >100 >32 >32
L-allo-threonine
T4: Val-Epic-allo-Thr(COC12H25)-NuAA 1.1 £ 0.1 <0.5 2.5-5 >32 2-4
T5: Val-Arg-allo-Thr(COCq2H2s)-NUuAA 22 +05 <13 2.5-5 >32 16-32
aT-T7: Val-Epic-allo-Thr(COCH3z)-NuAA 455+ 79 >20P >20P >32 >32
[Ts: Val-Epic-allo-Thr(CO*°Cy5H31)-NUuAA 1.8 +0.3 <01  >100 8-16 1-2 }
T9: Val-Arg-allo-Thr(COC12H23)-NUuAA 132 + 43b <03 06-13 >32 >32
L-threonine
T6: Val-Arg-Thr(COCi2H25)-NuAA 19+09 <0.1 >100 >32 >32
references: 3-hydroxy-L-leucine
B8 mgfz ;deroxy—Leu(CO“"Q5H31)— 40:07pM | nd.  nd. 4-8 4-8
28: Val-Epic-3-hydroxy-Leu-NuAA 95+ 19 50 15 >50 n.d.
32: Val-Epic-3-hydroxy-Leu(COC1,H2s)- 58405 05 100 10 25

NuAA

2 crude membrane preparation; ® preliminary value; n.d. not determined yet

Overall, it was confirmed that the simplification of the urea dipeptide by replacing Epic

with Arg as well as the change of the central amino acid to Ser, allo-Thr and Thr does

not affect the target interaction with MraY. Furthermore, it was confirmed that the

lipophilic side chain is beneficial for target interaction and does not only enhance the

cell penetration, as previously assumed.['?") By comparison, acetylated compound aT-
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T7 shows the weakest interaction with MraY, hence supporting the statement. In
addition, the presence of an iso-propyl head group in the side chain (T8) did not have
a positive or negative effect on the target interaction. However, rigidization of the

lipophilic side chain (T9) reduced MraY affinity.

The inhibition of bacterial growth towards Gram-positive and Gram-negative strains
varied for each compound. All derivatives, containing a long lipophilic side chain (all
compounds except aT-T7) showed strong inhibition of efflux-deficient strain E. coli
AtolC. The set containing allo-Thr or Thr showed overall an efficiency comparable to
reference compound 32. The data for the inhibition of E. coli DH5a uncovered two very
potent inhibitors, compounds T4 and T5. Although T9 showed 100-fold less affinity

towards the target, it still showed very promising activity against E. coli DH5a..

Furthermore, the activity of derivative T8 against S. aureus Newman is comparable to
reference compound 32 and it is only 2-fold less active than best-in class compound
muraymycin B8. Compared to T4, T8 only differs in the lipophilic side chain. Therefore,
it can be proposed that the branched lipophilic side chain is beneficial for the inhibition
of S. aureus since this compound is the only new derivative showing activity towards
these bacteria. Muraymycin B8 and T8 share the same branched lipophilic side chain.
Since the simplified compound lacks some features of muraymycin B8, which are
important for target interaction, it can be hypothesized that this special side chain has
a decisive impact on the inhibition of the bacterial growth. This would also contribute
to the understanding why the natural compounds of the B-series contain branched
lipophilic side chains.

Three of the already mentioned derivatives also demonstrated good inhibition of
C. difficile. The best results were achieved with compound T8, indicating that the
branched lipophilic side chain might be favorable for activity, especially against Gram-
positive bacteria. Furthermore, compound T4, having the same scaffold as T8 featuring
only a simple n-alkyl chain, showed reduced activity by a factor of two. The additional
replacement of Epic in the urea dipeptide moiety with Arg (T5) reduces the activity
again by a factor of eight. Ser-containing compound T2 also showed activity against
C. difficile, in a range between T4, T5 and reference compound 32. This derivative
contains a longer lipophilic side chain, which might be the reason behind its activity.
Since the target affinity is similar for these compounds, it can be assumed that higher

lipophilicity supports the antibacterial activity. This might be due to better cell

122



Summary

penetration or reduced efflux from the bacterial cell. The identification of the cause

behind these results requires further investigation.

In addition, the data for the truncated derivatives (cf. Table 5) support the previous
results on the role of the lipophilic side chain for target inhibition and the inhibitory
activity on bacterial growth. The truncated compounds TT2 and TT3 showed similar
affinities towards MraY as full-length derivative Val-Lys-Leu-NuAA 94. The loss of the
urea dipeptide structure was apparently compensated by the introduction of a
lipophilic side chain. Furthermore, compound TT3 showed good affinity towards MraY
while the acetylated compound TT4 or reference compound 93 (without 3-substitution

at the central amino acid) does not.

Table 5: Biological data of the new truncated muraymycin derivatives (references: 93 and 94).1146.147]

compound Mra¥
ICs0 [UM]
TT1: Cbz-allo-Thr(COC2H25)-NUuAA 97 + 19
TT2: H-allo-Thr(COC12H25)-NUuAA 1.0+ 0.2
TT3: Ac-allo-Thr(COCy2H2s5)-NuAA 50+0.7
TT4: Ac-allo-Thr(COCHs)-NuAA >100
references
93: Ac-Leu-NuAAP >100
94: Val-Lys-Leu-NuAA 25+ 0.6

2 crude membrane preparation; ® 1:1-ratio of L- and R-Leu; n.d. not determined yet

It was further revealed that the interaction with MraY was not significantly changed
when the a-amine in the central amino acid was conserved or turned into an acetyl
amide (TT2 and TT3). However, the introduction of the Cbz-moiety in TT1 reduced the
target interaction. In this particular case, it is apparent that the aromatic system of the
Cbz group interacts differently with the binding pocket than the actual substituent
(urea dipeptide) in the full-length muraymycins. Hence, it can be assumed that the
decreased affinity can be ascribed primarily to the chemical structure of the substituent
and not its size. Yet, the compensating effect of the lipophilic side chain in TT1 is likely

the reason for the moderate target interaction of the compound.

Overall, these simplified structures harbor great potential to investigate the structural

options in the lipophilic side chain with less synthetic effort in the future.
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Although many stability tests in different biological media were performed (cf. sections
4.3, 4.6 and 4.8), a final statement cannot be given within the scope of this work. This
is primarily because of the non-reproducible data. It can only be speculated that this
could be due to micelle formation, resulting in solubility issues upon dilution. However,
biological data of the muraymycin analogs T1, T3, T4 and T5 in human plasma suggest

their stability for at least 150 min in this particular medium (cf. section 4.9).

The following SAR-map combines the new findings for all new muraymycins derivatives
and the results from former studies. Overall, the biological data discussed above (cf.
section 4.3, 4.6 and 4.8) confirm that the complete muraymycin structure contributes
to the target affinity as well as bacterial inhibition ability. The replacement of Epic with
Arg in the urea dipeptide has been demonstrated to be feasible. Also, the central amino
acid can be replaced, whereby allo-Thr seems to be the best choice so far. Finally, it
was shown that the introduction of a long lipophilic side chain is essential for
antibacterial activity. Different lengths and structures of this particular moiety seem to
influence the potency against different type of bacteria. The data also reconfirm that
the impact of the lipophilic side chain predominates the effect of the amino ribose unit

at the 5'-position of the nucleosyl amino acid building block (R3).

substitution of the 3-position lipophillic side chain R2 essential for antibacterial
beneficial, preferred: acylated activity, advantageus for MraY inhibition; structure and
based on IC5 values for MraY length has significant influence on antibacterial activity
inhibition & 1C5¢ and MIC | I for MraY inhibiti | M
variation of the central amino acid possible values against bacterial growth based on ICs values for MraY inhibition & IC5o and MIC

R'= 3-hydroxy-Leu = alfo-Thr = Thr = Ser values against bacterial growth
based on ICs, values for MraY inhibition

R'= 3-hydroxy-Leu = allo-Thr > Thr = Ser o)
based on IC5¢ and MIC values against

bacterial growth \ 0 NH
LS

JN q%“

substitution of 5'-position

R3= Arib: beneficial for MraY
inhibition
based on IC5q values for
MraY inhibition

Epic 2 Arg > Lys complete muraymycin structure 3

based on ICsq values for MraY beneficial for activity R = H: impact of the lipophilic

inhibition & 1C5¢ and MIC based on ICs values for MraY side chain predominates

values against bacterial growth inhibition & ICso and MIC values effect of amino ribose unit
against bacterial growth based on IC5 values for

MraY inhibition

Fig. 98: Summary of the SAR study of all the new muraymycin derivatives combined with data from
former StUdieS.”21’126’132’133’144_147’149’151’152]

In conclusion, three of the new derivatives are potential new lead compounds (cf.
Fig. 99). On the one hand T4 and T5, which both are potent inhibitors of E. coli DH5a
and show more or less inhibition of C. difficile. Target compound T5 even contains the

simplified urea dipeptide moiety, making this compound an even better candidate for
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future projects. On the other hand, compound T8 can also act as a compelling starting

compound due to its ability to inhibit the bacterial growth of S. aureus and C. difficile.
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T8: Val-Epic-allo-Thr(CO™°C5H34)-NuAA

Fig. 99: Potential new lead compounds: T4, T5 and T8.
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6 Outlook

In the scope of this thesis nine full-length and four truncated muraymycin derivatives
were synthesized. Most of them showed very strong inhibitory activity against the
target enzyme MraY. Among these compounds, several highly potent candidates were
identified, which showed strong growth inhibition not only of efflux-deficient strain
E. coli AtolC but also of E. coli DH5a.. Furthermore, some of the compounds were active
against C. difficile and one of those even against of S. aureus (cf. section 5.2). In order
to provide an overview of the factors influencing bacterial activity, the missing stability
data in bacterial lysate need to be repeated for all new muraymycin derivatives. For the
potent compounds, additional stability tests in human plasma need to be conducted,
to gain first insights in their potential stability in vivo. Moreover, more in vitro
experiments regarding cytotoxicity against human cells and uptake into different
bacterial cells should also be performed in the future, envisioning the prospective
applications as antibiotic. The compounds exhibiting strong inhibition of E. coli DH5a
(T4 and T5) should also be tested against the Gram-negative Pseudomonas aeruginosa,

a highly dangerous strain of the so-called 'ESKAPE' pathogens.

It is likely that the biological assays used will need revision and optimization to be
applicable to the already obtained or future compounds. Additionally, evaluating the
physical properties of the known derivatives, especially their ability to form micelles,
could prove to be very promising. This understanding might help in the design of new

derivatives.

Regarding the synthesis of new compounds, the biological evaluation revealed that
different features of the muraymycin scaffold seem to be beneficial for the activity
against selected bacteria (cf. section 5.2, Fig. 98). It thus seems reasonable to pursue
multiple approaches, rather than attempting to develop a high potent derivative

addressing all the different bacteria at once.

First, it would be of interest if the biological activity of muraymycin derivative T8 (with
branched side chain CO*°C15H31) could be maintained if Epic would be replaced by Arg
in the urea dipeptide (cf. Fig. 100). If this replacement proves to be successful, the
designed compound could serve as a new lead compound for future derivatives against
the Gram-positive bacteria S. aureus and C. difficile. Otherwise, compound T8 would

remain the lead compound.
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Second, since it was already demonstrated that the simplification of the urea dipeptide
structure does not reduce the inhibition of E. coli DH5a, it would be reasonable to
select the backbone of T5 (Val-Arg-allo-Thr(COR)-NuAA) as lead design for developing
new derivatives targeting this bacterial strain, and potentially other Gram-negative

bacteria.

The importance of the lipophilic side chain was demonstrated repeatedly within the
scope of this thesis. It is therefore desirable to introduce other lipophilic side chains
into the muraymycin scaffold of future derivatives to further investigate the impact of
various side chain structures on biological activity. Potential candidates could be
branched lipophilic side chains, similar to the moieties in muraymycin B1 or B3 (cf.
section 2.2.1, Fig. 8) or based on the structures of G. Niro.['"120.18] Fyrthermore,
polyunsaturated chains containing multiple double bonds (e.g. omega-3 fatty acids) or
those with longer or shorter n-alkyl chains. The latter could determine the minimum
and maximum length required for bacterial activity (cf. Fig. 100) or whether the
introduction of longer lipophilic side chains (>Ci6) would lead to even more potent
derivatives. In this context, it could also be interesting to evaluate if a maximum side
chain length exists. It may also be promising to introduce rigid side chains, as in
compound T9 (cf. section 4.5.3), while shifting the position of the Z-double bond or

alternatively, by introducing an E-double bond.

The refined tripartite approach, including the mild late stage deprotection of the acetyl
group and the introduction of the lipophilic side chain (cf. section 4.5.3), would be very
useful in this regard. Its advantages are the improved yields in the peptide couplings
(cf. sections 4.5.2, 4.5.3), the non-occurrence of the regioisomer (alcohol underwent
nucleophilic attack instead of amine in the central amino acid) during the second
peptide coupling as observed by M. Wirth,['**l and the possibility to synthesize a large
number of derivatives in a shorter time. The only difficulty is the potential
intramolecular shift of the acyl moiety during the second Cbz-deprotection or second
peptide coupling (cf. section 4.5.2, Fig. 68). However, the unreactive side product can
be easily separated by silica gel column chromatography, thus making this route highly

efficient.
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Fig. 100: Synthesis of possible future muraymycin derivatives with various lipophilic side chains via the
improved tripartite approach.

Another variation could be a full-length muraymycin derivative containing cysteine as

central amino acid, which would further support the SAR study. The variation — ester,

thioester, and amide! - might contribute to a deeper understanding of the binding

pocket structure.

Finally, the set of truncated muraymycins could be extended by another series. In order
to counteract the observed solubility problems during testing, which presumably lead
to inconsistent data regarding bacterial growth, it might be reasonable to introduce
another residue into the scaffold connected to the a.-amino group of the central amino
acid. Based on the assumption that the main reason for the reduced solubility of the
compounds upon dilution is their ability to form micelles, it might be beneficial to
choose a moiety containing a terminal polar or charged head group. Here, it might be
appropriate to change the length of this moiety gradually until the simplified structure
features the same backbone length as in full-length muraymycins (cf. Fig. 101). For
comparability purposes, it is reasonable that the lipophilic side chain at the central
amino acid should remain the n-alkyl side chain COCi2Hzs for the set of truncated
muraymycins in the first instance. This new modification might also give further insights

into the target binding of the muraymycins.
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full-length muraymycin)
Fig. 101: Synthesis of new truncated muraymycin derivatives with various residues at the a.-amine of the
central amino acid.
An additional approach could be the omission of the Val moiety in the urea dipeptide
moiety (cf. Fig. 102). This would reduce the synthetic effort while maintaining enough
target binding affinity to allow investigation of the influence of different side chains
structure, which can then be used in the design of potential new lead structures.
Synthetically the most promising approach would be the refined tripartite approach
including the mild cleavage of the acetyl ester.’> In order to perform the described
deprotection and subsequent Steglich esterification (cf. section 4.5.3), it is reasonable
to protect the a-amino group of the introduced Arg moiety to avoid side reactions. For
this purpose, the Boc-protected derivative Boc-Arg(Pbf)-OH could be a promising
choice. Due to its acidic instability it is very likely that the Boc group will be cleaved
along the other protecting groups during the global deprotection. The synthetic route
described in Fig. 102 will be another promising application of the refined tripartite

approach.

1) peptide coupling with Boc-Arg(Pbf)-OH
2) mild deprotection

3) Steglich esterification with RCOOH

4) global deprotection

.2TFA TBDMSO OTBDMS

90 o}

0]

(0] R
Y H
O
(0] ° .
HN NN
20N, N H
H (0]
NH
NH

H,N

Fig. 102: Synthesis of new truncated muraymycin derivatives without terminal Val moiety.
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7 Experimental

7.1 General methods

7.1.1 Working techniques

All reactions were carried out under inert gas atmosphere unless indicated otherwise.
The nitrogen used was dried over phosphorous pentoxide and orange gel. The argon
used had a purity level of 5.0 (99.999 Vol%). Hydrogen with a purity level of 6.0
(99.9999 Vol%) was used for reactions carried out under hydrogen atmosphere. The
Schlenk technique was used for reactions sensitive to air- and/or water. For reactions
requiring low temperatures, suitable freezing mixtures (water/ice (approximately 0 °C),

nitrogen/acetone (down to -90° C) were used.

7.1.2 Starting materials and reagents

The reactants and reagents used were purchased in synthesis quality from ABCR, Alfa
Aesar, Sigma Aldrich, Merck and VWR and obtained from the Central Chemical Stock of
Saarland University. They were used in the respective synthesis without additional
purification, unless indicated otherwise. Urea dipeptide 27 and methyl-2-methoxy-N-
benzyloxycarbonylglycinate 54 were previously synthesized in the Ducho working

group and provided for this work.

7.1.3 Solvents

The solvents used for chromatography and extraction (dichloromethane (CH2Cly), ethyl
acetate (EtOAc) and petroleum ether (PE)) were purchased in technical grade and

purified by distillation.

For the reactions or extractions that were not carried out under inert conditions, the
solvents were purchased in analytical grade and used without further purification,

unless indicated otherwise.

7.1.4 Anhydrous solvents

The following anhydrous solvents were used for reactions performed under an inert
gas atmosphere. The molecular sieves were stored in the drying oven and activated by

heating in vacuo prior to use.
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Acetonitrile (MeCN):

Dichloromethane (CH2Cly):

Diethyl ether (Et20):

iso-Propanol (‘PrOH):

Methanol (MeOH):

Pyridine (Py):

tert-Butanol (‘BUOH):

Tetrahydrofuran (THF):

Toluene:

Triethylamine:

7.1.5 Chromatography

dried with the M. Braun solvent purification system MB-

SPS-800; stored over molecular sieve (3 A)

dried with the M. Braun solvent purification system MB-

SPS-800; stored over molecular sieve (3 A)

dried with the M. Braun solvent purification system MB-

SPS-800; stored over molecular sieve (3 A)

purchased from Sigma Aldrich (99.5%, extra dry); stored

over molecular sieve (3 A)

p. a. quality, degassed and stored over molecular sieves

(3 A).
purchased from Sigma Aldrich (99.5%, extra dry); stored

over molecular sieve (4 A)

p. a. quality, degassed and stored over molecular sieves

(4 A)

dried with the M. Braun solvent purification system MB-

SPS-800; stored over molecular sieve (3 A)

HPLC grade, degassed and stored over molecular sieves

4 A)

degassed and stored over molecular sieves (4 A)

7.1.5.1 Thin-layer chromatography (TLC)

Silica gel coated aluminum plates with fluorescent indicator (silica gel 60 F2s4) were

used for reaction controls and detection of substances. The visualizing of the

substances was performed with UV light (A = 254 nm) and/or treatment with suitable

staining reagents under heating.

e Vanillin/sulfuric acid solution (VSS):

vanillin (5 g), H2SO4 (conc., 25 mL), CH3COOH (conc., 80 mL), dissolved in MeOH

(680 mL)

e Ninhydrin solution:

ninhydrin (300 mg), CH3COOH (conc., 3 mL), dissolved in 1-butanol (100 mL)
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e KMnQy solution:
KMnOs4 (1 g), K2CO3 (6 g), NaOH (5% aq. (w/v), 1.5 mL), dissolved in H>O (100 mL)

e Bromocresol green staining solution:
bromocresol green (100 mg), EtOH (500 mL), NaOH (0.1 m, 5 mL)

7.1.5.2 Column chromatography

The silica gel used for normal phase column chromatography was purchased from VWR

(silica gel Si60, grain size 40-63 um).

7.1.5.3 High-performance liquid chromatography (HPLC)

A Hitachi LaChrom Elite HPLC system was used for semi-preparative HPLC separation.
An Agilent 1100/1200 quaternary pump, a LiChroCart® Purospher® RP-18e column
(5 pm, 10x250 mm), a Nucleodur® Phenyl/Hexyl column (5 pm, 10x250 mm) and a
DAD detector were used. Mixtures of double-distilled water or methanol (HPLC grade)
and acetonitrile (HPLC grade) served as the running medium. If necessary,

trifluoroacetic acid (HPLC grade) was added to the solvent.

Method A: SR054
Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column
Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 30 40 44.5
A [%] 70 1 1 80
B [%] 30 99 99 20

Method B1: SR064 MeOH_H>0O
Flow rate: 2.5 mL/min, column: LiChroCart® Purospher® RP-18e column
Eluents: A - water; B - MeOH

t [min] 0 12 27 32 35 42
A [%] 65 20 0 0 65 65
B [%] 35 80 100 100 35 35
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Method B2: SR064_MeOH_H20

Flow rate: 2.5 mL/min, column: Nucleodur® Phenyl/Hexyl column

Eluents: A - water; B - MeOH

t [min] 0 12 27 32 42
A [%] 65 20 0 0 65
B [%] 35 80 100 100 35

Method C: SRO78 ACN_H>OmitSaeure

Flow rate: 2.5 mL/min, column: Nucleodur® Phenyl/Hexyl column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 14 22 24 32
A [%] 65 0 0 65 65
B [%] 35 100 100 35 35

Method D: SR095 C18ausSR054

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 20 22 28 33
A [%] 70 24 1 1 70
B [%] 30 76 99 99 30

Method E: SR131

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 18 23 26 35
A [%] 90 0 0 90 90
B [%] 10 100 100 10 10
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Method F: SR189IsokratischeTreppenVersuch2

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 5 8 13 18 25 28 40
A [%] 20 10 8 8 5 5 0 20
B [%] 80 90 92 92 95 95 100 80

Method G: SR190

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 18 25 28
A [%] 90 0 0 90
B [%] 10 100 100 10

Method H: SR197

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 30 32 35 35,5
A [%] 93 65 0 0 93
B [%] 7 35 100 100 7

Method I: SR204isokFinal

Flow rate: 3.0 mL/min, column: LiChroCart® Purospher® RP-18e column

Eluents: A - water (0.1% TFA); B - MeCN (0.1% TFA)

t [min] 0 3 20 22 27
A [%] 65 50 50 1 1
B [%] 35 50 50 99 99
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7.1.6 Instrumental analytics

7.1.6.1 Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded using a Bruker Fourier 300 spectrometer ("H NMR:
300 MHz, 3C NMR: 76 MHz), an UltraShield™-500 spectrometer ("H NMR: 500 MHz,
13C NMR: 126 MHz), a Bruker UltraShield™-400 Plus spectrometer (3'P NMR: 162 MHz)
or an Ascend 500 spectrometer ("H NMR: 500 MHz, 3C NMR: 126 MHz, "F NMR:
471 MHz) at room temperature. The latter was also used for spectra at 100 °C. In
addition, correlation spectra ('H,"H-COSY, "H,"3C-HSQC, "H,*C-HMBC, "H,"H-NOESY)

were recorded for analysis.

All chemical shifts in ppm were reported relative to the corresponding solvent. All
coupling constants are given in Hertz (Hz). The indication of the multiplicity and shape
of the signals in the spectra is as follows: s =singlet, d = doublet, t = triplet,
g = quartet, m = multiplet, bs = broad signal or combinations (e.g., dt = doublet of
triplets). All *C NMR spectra were recorded using drive band proton decoupling.
Diastereotopic protons were distinguished by the label Ha and Hp, where Hj signifies
the high-field shifted signal.

7.1.6.2 Mass spectrometry (LC-MS)

Low-resolution mass spectra were recorded using a Finnigan Surveyor® MSQ Plus

instrument with liquid chromatography coupling.

The Surveyor®-LC-system consisted of a pump, an AS3000-autosampler, and a
UV2000 detector. A Nucleodur® 100-5 Cig-column (5 pm, 3x125 mm) or a RP Ce-
Phenyle Nucleodur® 100-3 (3x125 mm) column (Macherey-Nagel GmbH, Duehren,
Germany) was used for liquid chromatography (LC) as stationary phase. All solvents

were HPLC grade. The system was operated by the standard software Xcalibur®.

Mass spectrometry was performed on a MSQ® electro spray mass spectrometer
(Thermo Fisher, Dreieich, Germany). lonization was performed by electrospray

ionization (ESI) in positive and negative mode.

The injection volume was 10-20 pL and flow rate was set to 600 pyL/min MS analysis
was carried out at a spray voltage of 3800 V, a capillary temperature of 350 °C and a
source CID of 10 V. Spectra were acquired from 100 to 2000 m/z and at 256 nm for the
UV trace.
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7.1.6.3 High-resolution mass spectra (HRMS)

High-resolution mass spectra were recorded using a Thermo Scientific Q Exactive Focus
with upstream Dionex Ultimate 3000 UHPLC*. A column of the type of EC 150/2
Nucleodur Cyg Pyramid (3 um) was used. lonization was performed by electrospray
ionization (ESI) in positive and negative mode, with detection using an Orbitrap mass

spectrometer.

7.1.6.4 IR Spectroscopy

The infrared spectra were recorded on a Bruker Alpha Platinum ATR spectrometer. All

wavenumbers ¥ are given in cm™,

7.1.6.5 UV/Vis Spectroscopy

UV/Vis spectra were performed on a Varian Cary 100 UV-VIS spectrometer by Agilent
Technologies. The UV spectra were measured in a wavelength range of 800-200 nm.

The respective wavelengths of the absorption maxima max are given in nm.

7.1.6.6 Polarimetry

The rotational values [a]2, of pure optically active substances were performed on the
Perkin Elmer 341 polarimeter and are given in [°-mL/g - dm]. The quartz cuvette used
had a length of 1dm, and a sodium vapor lamp (A =589 nm) was used. All

concentrations given are in [g/L]. MeOH was used as the solvent.

7.1.6.7 Lyophilization

The Alpha 2-4 LD Plus freeze-drying system from Christ was used for lyophilization of

aqueous or water-containing solutions.
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7.2 Synthesis of standard building blocks
7.2.1 Synthesis of reagents and precursors

7.2.1.1 lodoxybenzoic acid (IBX)['%
3 0]

4 2
0]

I/
1//\

6 OH

The reaction was not carried out under an inert gas atmosphere. Oxone (2 KHSOs-
KHSO4-K2SO4; 59.5 g, 96.7 mmol, 3.7 eq.) was dissolved in water (240 mL). 2-lodo-
benzoic acid (6.52 g, 26.3 mmol, 1.0 eq.) was added and the reaction mixture was
stirred for 3 h at 70 °C. The suspension was cooled to 0 °C and filtered. The residue was
washed with cooled water (8x 50 mL) and acetone (3x 50 mL). The residue was stirred
in water and cooled to 2 °C for 4 d. Then, the white solid was filtered and washed with
cold water. The crude product was dried under vacuum for 3 d. The resulting solid was

used without further purification.
Yield (IBX): 3.99 g (14.2 mmol, 54%) as a white solid.

"H NMR (500 MHz, DMSO-de): & [ppm] = 7.82-7.87 (m, 1 H, 3-H), 7.98-8.05 (m, 2 H,
4-H, 6-H), 8.13-8.16 (m, 1 H, 5-H).

3C NMR (126 MHz, DMSO-de): & [ppm] = 124.99 (C-3), 130.08 (C-6), 131.45 (C-1),
132.94 (C-5), 133.37 (C-4), 146.55 (C-2), 167.47 (C=0).

C7H5041 (280.02)

7.2.1.2 N-Cbz-3,3-diethoxypropylamine 57137140
o
3' 1 Q 1 O/\Zu
3
4'©2/‘\O)J\”/\2)\O/1N on
5' 3'
v

Dry triethylamine (3.5 mL, 25 mmol, 2.1 eq.) was added to a solution of 1-amino-3,3-
diethoxypropane (2.0 mL, 12 mmol, 1.0 eq.) in dry dichloromethane (35 mL). The
solution was cooled to 0 °C. At this temperature, benzyl chloroformate (2.1 mL,
15 mmol, 1.3 eq.) was added over 10 min and the resulting solution was stirred for 18 h.

During this time, the reaction mixture warmed up to room temperature. The organic

137



Experimental

layer was washed with saturated ammonium chloride solution (2x 30 mL), saturated
sodium bicarbonate solution (30 mL) and brine (30 mL) and dried over sodium sulfate.
The solvent was removed under reduced pressure. The title compound was obtained

after purification by silica gel column chromatography (80 g, 5x11 cm, PE:EtOAc 8:2).
Yield (57): 2.99 g (10.6 mmol, 88%) as a yellowish oil.
TLC: Ry = 0.28 (PE:EtOAC 7:3).

TH NMR (500 MHz, CHCl3-d1): & [ppm] = 1.20 (t, 32+n1+ = 7.1 Hz, 6 H, 2"-H), 1.83 (dt,
3y H = 6.2 Hz, Yajzn = 5.7 Hz, 2 H, 2-H), 3.30 (dt, Y1721 = 6.2 Hz, ¥1-inn = 6.1 Hz,
2H, 1-H), 3.49 (dq, Yrmarhp = 9.2 Hz, Yropgzon = 7.1 Hz, 2 H, 1"-Ha), 3.68 (dq,
2Jy g a = 9.2 Hz, 31w mpszn = 7.1 Hz, 2 H, 1"-Hp), 4.55 (t, /31721 = 5.7 Hz, 1 H, 3-H),
5.09 (s, 2 H, 1'-H), 5.21 (bs, 1 H, NH), 7.28-7.33 (m, 1 H, 5'-H), 7.33-7.37 (m, 4 H, 3'-H,
4'-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 15.25 (C-2"), 33.33 (C-2), 37.12 (C-1), 61.72
(C-1"), 66.47 (C-1", 101.96 (C-3), 127.96, 12842 (C-3', C-4', C-5'), 136.70 (C-2"), 156.30
(NC(=0)0).

LC-MS (ESI*): m/z = 282.45 [M+H]".

C15H23NO4 (281.35)

7.2.1.3 N-Cbz-3-aminopropanal 41!'3>140]

This reaction was not carried out under an inert gas atmosphere. Hydrochloric acid
(0.5 M, 21.2 mL, 10.6 mmol, 1.0 eq.) was added to a solution of N-Cbz-3,3-diethoxy-
propylamine 57 (2.97 g, 10.6 mmol, 1.0 eq.) in tetrahydrofuran (30 mL). The solution
was stirred for 105 min at room temperature. Then saturated sodium bicarbonate
solution (400 mL) was added, and the aqueous layer was extracted with ethyl acetate
(3x 250 mL). The combined organic layers were dried over sodium sulfate. The solvent
was removed under reduced pressure. The title compound was obtained after

purification by silica gel column chromatography (80 g, 5x11 cm, PE:EtOAc 8:2).

Yield (41): 1.94 g (9.38 mmol, 88%) as a white solid.
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TLC: Rf = 0.31 (PE:EtOACc 1:1).

"TH NMR (500 MHz, CHCl3-d1): § [ppm] = 2.74 (t, 3Jo-ty3-1 = 5.9 Hz, 2 H, 2-H), 3.49 (dt,
3J3-H/2-H = 5.9 Hz, 3J3-pnH = 6.0 Hz, 2 H, 3-H), 5.08 (s, 2 H, 1'-H), 5.15 (bs, 1 H, NH), 7.29-
7.38 (m, 5H, 3'-H, 4'-H, 5'-H), 9.80 (s, 1 H, 1-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 34.44 (C-2), 44.06 (C-3), 66.73 (C-1'), 128.06,
128.13, 128.50 (C-3', C-4', C-5"), 136.34 (C-2'), 156.26 (NC(=0)0), 201.13 (C-1).

LC-MS (ESI*): m/z = 230.29 [M+Na]".

C11H13NO3 (207.23)

7.2.1.4 Methyl ester phosphonate 55![137140,163.164]

Phosphorous trichloride (3.8 mL, 44 mmol, 1.1 eq.) was added dropwise to a solution
of methyl-2-methoxy-N-benzyloxycarbonylglycinate 54 (10.0 g, 39.5 mmol, 1.0 eq.) in
dry toluene (50 mL) at 110 °C. The resulting solution was stirred for 4 h at 110 °C. Then,
trimethyl phosphite (5.2 mL, 44 mmol, 1.1 eq.) was added and the resulting solution
was stirred for further 2 h at 110 °C. The reaction mixture was cooled to room
temperature and the solvent was removed under reduced pressure. Then, the crude
product was dissolved in ethyl acetate (300 mL) and washed with saturated sodium
bicarbonate solution (3x 150 mL), water (150 mL) and brine (150 mL) and was dried
over sodium sulfate. The solvent was removed under reduced pressure. The crude
product was suspended in n-hexane for 30 min. The precipitated title compound was
dried under vacuum for 4 d. The precipitation was repeated, resulting in another batch

of the title compound.
Yield (55): 10.5 g (31.6 mmol, 80%) as a white solid.

"H NMR (500 MHz, DMSO-de): & [ppm] = 3.69 (d, 3/1%-p = 11.0 Hz, 3 H, 1"-H), 3.70 (d,
3J1mp = 11.0 Hz, 3 H, 1"-H), 3.71 (s, 3 H, COOCH?3), 4.83 (dd, 2Jo-tp = 23.9 Hz, 3Jo-pynn =
9.3 Hz, 1H, 2-H), 5.04-5.12 (m, 2 H, 1'-H), 7.30-7.34 (m, 1 H, 5'-H), 7.36-7.39 (m, 4 H,
3'-H, 4'-H), 8.37 (dd, */nr/2-1 = 9.3 Hz, “nwe = 2.5 Hz, 1 H, NH).
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BCNMR (126 MHz, DMSO-de): & [ppm] = 2.05 (d, "Jc2p = 148.8 Hz, C-2), 52.81
(COOCHs), 53.72 (d, 2Jc-17p = 6.7 Hz, C-1"), 53.73 (d, %Jc-17p = 6.4 Hz, C-1"), 66.10 (C-1"),
127.76, 127.94, 128.39 (C-3', C-4', C-5'), 136.68 (C-2'), 156.17 (d, 3/nc=0jor = 8.9 Hz,
NC(=0)0), 167.24 (d, %Jc-1p = 3.8 Hz, C-1).

31p NMR (162 MHz, DMSO-ds): 8 [ppm] = 18.82.
LC-MS (ESI*): m/z = 354.25 [M+Na]".

C13H1sNO7P (331.26)

7.2.1.5 Free acid phosphonate 56!'37/140.163164]

The reaction was not carried out under an inert gas atmosphere. Aqueous sodium
hydroxide solution (2 M, 7.55 mL, 15.1 mmol, 1.0 eq.) was added to a solution of methyl
ester phosphonate 55 (5.00 g, 15.1 mmol, 1.0 eq.) in 1,4-dioxane (4.5 mL) at 12 °C. The
resulting solution was stirred for 80 min at 12 °C. Then, the pH was adjusted to pH = 1
by adding hydrochloric acid (5 M). The solution was diluted with water (20 mL) and
ethyl acetate (40 mL). After phase separation, the aqueous layer was extracted with
ethyl acetate (4x 20 mL). The combined organic layer was dried over sodium sulfate
and the solvent was removed under reduced pressure. The colorless crude product was

dried under vacuum and used without further purification.
Yield (56): 4.72 g (14.9 mmol, 99%) as a colorless oil.

"H NMR (500 MHz, DMSO-de): & [ppm] = 3.68 (d, 3J1~-np = 10.9 Hz, 3 H, 1"-H), 3.70 (d,
3Jyenp = 11.7 Hz, 3 H, 1"-H), 4.71 (dd, Y2-1p = 24.1 Hz, *Jo-pinn = 9.5 Hz, 1 H, 2-H), 5.04-
5.12 (m, 2 H, 1'-H), 7.30-7.35 (m, 1 H, 5'-H), 7.35-7.39 (m, 4 H, 3'-H, 4'-H), 8.14 (dd,
3INHz2-n = 9.5 Hz, */nyp = 1.7 Hz, 1 H, NH), 13.34 (bs, 1 H, COOH).

13C NMR (126 MHz, DMSO-de): & [ppm] = 52.54 (d, "Jc-2p = 147.9 Hz, C-2), 54.02 (d,
’Je.p = 6.5 Hz, C-1"), 66.83 (C-1'), 128.17, 128.34, 128.82 (C-3', C-4', C-5", 137.23
(C-2"), 156.64 (d, 3/nc=o0jop = 8.6 Hz, NC(=0)0), 168.34 (d, Jc-1,p = 4.0 Hz, C-1).

3P NMR (162 MHz, DMSO-dg): § [ppm] = 19.78.
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LC-MS (ESI*): m/z = 340.25 [M+Na]".

C12H16NO7P (317.26)

7.2.1.6 Tert-butyl ester phosphonate 20['37.140.163,164]

4
QMe
O O=P-OMe 1"
3 1

4 ' N z 1.0
GG

e
A solution of free acid phosphonate 56 (4.72 g, 14.9 mmol, 1.0 eq.) in dry dichloro-
methane (50 mL) was added to tert-butanol (200 mL) over molecular sieve (3/4 A). The
solution was stirred for 4 h at room temperature. Then N-ethoxycarbonyl-2-ethoxy-
1,2-dihydroquinoline (4.43 g, 17.9 mmol, 1.2 eq.) was added and the resulting mixture
was stirred for further 17 h at room temperature. The molecular sieves were filtered off
through celite® and washed with ethyl acetate (4x 100 mL). The solvent was removed
under reduced pressure. The residue was dissolved in ethyl acetate (250 mL) and
cooled to 0 °C. The organic layer was washed with cooled hydrochloric acid (0.5 M,
3x 50 mL) and saturated sodium bicarbonate solution (2x 50 mL) and was dried over
sodium sulfate. The solvent was removed under reduced pressure. The title compound
was obtained after purification by silica gel column chromatography (100 g, 6x9 cm,
PE:EtOAc 1:1 > 4:6).

Yield (20): 4.11 g (11.0 mmol, 74%) as a white solid.
TLC: R = 0.17 (CH2Cl2:MeOH 9:1).

'"H NMR (500 MHz, DMSO-de): & [ppm] = 1.42 (s, 9 H, OC(CHs)3), 3.69 (d, 3J1-np =
10.9 Hz, 3 H, 1"-H), 3.70 (d, *1-p = 11.1 Hz, 3 H, 1"-H), 4.68 (dd, %o-np = 23.7 Hz,
3ok = 94 Hz, 1 H, 2-H), 5.05-5.11 (m, 2 H, 1'-H), 7.30-7.35 (m, 1 H, 5'-H), 7.35-7.39
(m, 4 H, 3'-H, 4'-H), 8.20 (dd, */NH/2-1 = 94 Hz, “nwe = 2.1 Hz, 1 H, NH).

13C NMR (126 MHz, DMSO-de): § [ppm] = 27.47 (OC(CH3)3, 52.68 (d, "Jc-2/p = 146.8 Hz,
C-2), 53.57 (d, %Jc-1p = 6.4 Hz, C-1"), 65.99 (C-1'), 82.29 (OC(CH3)3), 127.70, 127.87,
128.33 (C-3', C-4', C-5", 136.71 (C-2'), 156.15 (d, 3Jcp = 8.9 Hz, NC(=0)0), 165.53 (d,
’Jep = 3.4 Hz, C-1).

3P NMR (162 MHz, DMSO-de): § [ppm] = 19.46.
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LC-MS (ESI*): m/z = 374.25 [M+H]".

C14H24NO7P (373.34)

7.2.1.7 S-methyl O-(15-methylhexadecyl) carbonodithioate 81!'°°!
16 S

16 o S

Sodium hydride (60% in mineral oil, 395 mg, 9.88 mmol, 2.5 eq.) was added to a
solution of 15-methylhexadecan-1-ol (1.00 g, 3.90 mmol, 1.0 eq.) in dry tetrahydro-
furan (12 mL) at 0 °C. The mixture was stirred for 1 h at room temperature. Carbon
disulfide (360 pL, 5.96 mmol, 1.5 eq.) in dry tetrahydrofuran (600 pL) was added to the
suspension at 0 °C and stirred for 1 h at room temperature. lodomethane (370 pL,
5.94 mmol, 1.5 eq.) in dry tetrahydrofuran (600 pL) was added to the suspension at 0 °C
and the reaction mixture was stirred for 5 h at room temperature. The reaction mixture
was diluted with saturated ammonium chloride solution (25 mL) and extracted with
ethyl acetate (3x 20 mL). The combined organic layers were dried over sodium sulfate.
The solvent was removed under reduced pressure. The title compound was obtained
after purification by silica gel column chromatography (42 g, 3.5x11 cm, PE:EtOAc 100:0
- 98.2 > 95:5).

Yield (81): 1.10 g (3.17 mmol, 81%) as a yellow oil.
TLC: Rf = 0.65 (PE:EtOAC 95:5).

TH NMR (500 MHz, MeOH-d.): & [ppm] = 0.88 (d, */16-H/15-n = 6.7 Hz, 6 H, 16-H), 1.15-
1.21 (m, 2 H, 14-H), 1.25-1.38 (m, 20 H, 4-13-H), 1.38-1.46 (m, 2 H, 3-H), 1.53 (tsep,
315:1/16-H = 6.7 Hz, 3J151/1a1 = 6.6 Hz, 1 H, 15-H), 1.81 (tt, 3Jo-nzn = 7.4 Hz, 3onj1h =
6.6 Hz, 2 H, 2-H), 2.55 (s, 3 H, SCH3), 4.61 (t, */1-1/2-n = 6.6 Hz, 2 H, 1-H).

13C NMR (126 MHz, MeOH-da4): § [ppm] = 19.53 (SCH3), 23.57 (C-16), 27.50 (C-3), 29.06
(C-3-14), 29.67 (C-2), 29.82 (C-15), 30.80, 31.10, 31.15, 31.23, 31.27, 31.29, 31.33, 31.56
(C-3-14), 40.77 (C-14), 75.63 (C-1), 218.01 (OC(=5)S).

C19H3808S: (346.63)
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7.2.1.8 15-Methylhexadec-1-ene 46!">®

16 Hb
16 14 12 10 8 6 4 2

A 250 mL three-neck round bottom flask was equipped with a reflux condenser and a
bleach trap (with aqueous sodium hypochlorite solution). Methyl xanthate 81 (1.10 g,
3.177 mmol, 1.0 eq.) was heated slowly over a Bunsen burner flame for 5 min under
constant nitrogen flow. After cooling, the reflux condenser was rinsed with petroleum
ether and aqueous hypochlorous acid solution (3.7%, 30 mL). The layers were
separated, and the aqueous layer was extracted with petroleum ether (3x 25 mL). The
title compound was obtained after purification by silica gel column chromatography

(40 g, 3.5x10.5 cm, PE 100%) to give a colorless, odorless liquid.
Yield (46): 551 mg (2.31 mmol, 73%) as a colorless, odorless liquid.
TLC: Ry = 0.73 (PE 100%).

TH NMR (500 MHz, CHCl3-d1): & [ppm] = 0.86 (d, 316115 = 6.6 Hz, 6 H, 16-H), 1.12-
118 (m, 2 H, 14-H), 1.24-1.29 (m, 18 H, 5-13-H), 1.34-1.41 (m, 2 H, 4-H), 1.52 (tsep,
3151161 = 6.6 Hz, 1514 n = 6.6 Hz, 1 H, 15-H), 2.01-2.07 (m, 2 H, 3-H), 4.93 (ddt,
itz = 103 Hz, Yinginp = 22 Hz, “hmgsn=11Hz, 1H, 1-H.), 4.99 (ddt,
Yrtpzn = 171 Hz, Yrmpins = 22 Hz, Yrmpsn = 1.6 Hz, 1H, 1-Hp), 5.82 (ddt,
3Jot1-mp = 17.1 Hz, 3omijrva = 10.3 Hz, 3amyzn = 6.7 Hz, 1 H, 2-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 22.81 (C-16), 27.58 (C-15), 28.13 (C-5-13),
29.11 (C-4), 29.32, 29.67, 29.78, 29.82, 29.84, 29.88, 30.10 (C-5-13), 33.98 (C-3), 39.22
(C-14), 114.21 (C-1), 13943 (C-2).

C17H34 (238.46)

7.2.1.9 15-Methylhexadec-1,2-diole 8317317

16 14 12 10 8 6 4
OH

This reaction was not carried out under an inert gas atmosphere. 15-Methylhexadec-
1-ene 46 (200 mg, 839 umol, 1.0 eq.) was dissolved in a mixture of tert-butanol and

water (1:1, 8 mL). AD-mix a (2.17 g, 1.34 mmol, 1.6 eq.) was added, and the reaction
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mixture was stirred for 48 h at room temperature in darkness. The tert-butanol was
removed under reduced pressure. The residue was extracted with ethyl acetate
(3x 15 mL). The combined organic layers were washed with brine (40 mL) and dried
over sodium sulfate. The title compound was obtained after removal of the solvent and

was used without further purification.
Yield (83): 219 mg (804 umol, 96%) as white solid.
TLC: Rf = 0.29 (CH2Cl2:MeOH 9:1).

"H NMR (500 MHz, CHCl3-d1): & [ppm] = 0.86 (d, 3J16-H/15-4 = 6.6 Hz, 6 H, 16-H), 1.15
(dt, 31a-1/15-4 = 6.8 Hz, 3J1a-/13-4 = 6.8 Hz, 2 H, 14-H), 1.23-1.34 (m, 19 H, 4-Ha, 5-13-H),
1.41-1.46 (m, 3 H, 3-H, 4-Hyb), 1.51 (tsep, *J15-n/1a-n = 6.8 Hz, 3J1s-16-4 = 6.6 Hz, 1 H,
15-H), 3.44 (dd, %1-Ha/1-Hp = 11.0 Hz, 3J1-Ha/2-n = 7.7 Hz, 1 H, 1-Ha), 3.66 (dd, 2/1-Hp/1-Ha =
11.0 HZ, 3J1-Hp/2-4 = 3.1 Hz, T H, 1-Hp), 3.68-3.74 (m, 1 H, 2-H).

3C NMR (126 MHz, CHCl3-d1): § [ppm] = 22.81 (C-16), 25.68 (C-4), 27.56 (C-5-13),
28.11 (C-15), 29.69, 29.73, 29.79, 29.82, 29.83, 29.87, 30.09 (C-5-13), 33.36 (C-3), 39.21
(C-14), 67.01 (C-1), 72.47 (C-2).

IR (ATR) v [cm™']: 3744, 3323, 2951, 2914, 2848, 1470, 1086, 1066, 718, 578.
HRMS (ESI"): calcd. for C17H35027: 271.2642, found: 271.2622 [M-H]".

C17H3602 (272.27)

7.2.1.10 14-Methylhexadecanal 84

15 13 1 9 7 5 3

The reaction was not carried out under an inert gas atmosphere. 15-methylhexa-
decane-1,2-diol 83 (48.5 mg, 178 pymol, 1.0 eq.) was dissolved in tert-butanol (2.5 mL).
A solution of sodium periodate (76.1 mg, 356 umol, 2.0 eq.) in water (2.5 mL) was
added, and the reaction mixture was stirred for 2 h at room temperature in darkness.
The tert-butanol was removed under reduced pressure. The residue was extracted with
diethyl ether (3x 2 mL). The title compound was obtained after removal of the solvent

and was used without further purification.

Yield (84): 42.3 mg (176 pumol, 99%) as a colorless oil.
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"TH NMR (500 MHz, CHCl3-d1): § [ppm] = 0.86 (d, 3/16-/15-n = 6.6 Hz, 6 H, 16-H), 1.09-
1.18 (m, 2 H, 13-H), 1.22-1.35 (m, 18 H, 4-12-H), 1.44-1.56 (m, 1 H, 14-H), 1.56-1.69 (m,
2 H, 3-H), 2.41 (dt, 3oz = 7.4 Hz, 3Jo-i/1-n = 1.9 Hz, 2 H, 2-H), 9.76 (t, >J1-/2-n = 1.9 Hz,
1H, 1-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 22.22 (C-3), 22.80 (C-15), 27.55 (C-4-12),
28.10 (C-14), 29.30, 29.49, 29.56, 29.71, 29.77, 29.80, 29.84, 30.07 (C-4-12), 39.19 (C-13),
44.06 (C-2), 203.18 (C-1).

LC-MS (ESI*): m/z = 282.40 [M+MeCN+H]".

C16H320 (240.25)

7.2.1.11 14-Methylpentadecanoic acid 45

The reaction was not carried out under an inert gas atmosphere. 14-methylpenta-
decanal 84 (32.3 mg, 134 umol, 1.0 eq.) was dissolved in tert-butanol (2.5 mL). Then, an
aqueous hydrogen peroxide solution (33%, 400 pL, 5.66 mmol, 42 eq.) was added to
the solution. A mixture of sodium chlorite (109 mg, 1.21 mmol, 9.0 eq.) and sodium
dihydrogen phosphate (146 mg, 936 pmol, 7.0 eq) in water (1.0 mL) was added
dropwise and the reaction mixture was stirred for 19 h at room temperature. The tert-
butanol was removed under reduced pressure. The aqueous layer was extracted with
n-hexane (4x 2.5 mL). The title compound was obtained after removal of the solvent

and was used without further purification.
Yield (45): 32.8 mg (128 mmol, 95%) as a white solid.
TLC: Rf = 0.47 (PE:EtOACc:HCOOH acid 78:20:2).

"H NMR (500 MHz, DMSO-de): & [ppm] = 0.84 (d, 3/15-/14-4 = 6.7 Hz, 6 H, 15-H), 1.13
(dt, 3J13-1/14-4 = 6.7 Hz, 3J13-1/12-4 = 6.8 Hz, 2 H, 13-H), 1.19-1.29 (m, 18 H, 4-12-H), 1.43-
1.54 (m, 3 H, 3-H, 14-H), 2.17 (t, *Jo-1/3-1 = 7.4 Hz, 2 H, 2-H), 11.86 (bs, 1 H, COOH).

13C NMR (126 MHz, DMSO-dg): & [ppm] = 22.52 (C-15), 24.50 (C-3), 26.78 (C-4-12),
27.38 (C-14), 28.55, 28.74, 28.90, 29.98, 29.02, 29.03, 29.06, 29.30 (C-4-12), 33.68 (C-2),
38.47 (C-13), 174.52 (C-1).
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IR (ATR) v [cm™"]: 2915, 2850, 1694, 1472, 1409, 1229, 1206, 1187, 915, 717.
LC-MS (ESI): m/z = 255.33 [M-H]".
HRMS (ESI): calcd. for C16H3102: 255.2329, found: 255.2306 [M-H]".

C16H3202 (256.24)

7.2.1.12 (5-Carboxypentyl) triphenylphosphonium bromide 48!">"

0] :
JK/B\/S\/CI:?
HO 1 t' z
2 4 6 3'
o * .
Br 3' 4

A mixture of 6-bromohexanoic acid (1.00 g, 5.13 mmol, 1.0 eq.) and triphenyl
phosphine (1.35 g, 5.15 mmol, 1.0 eq.) in dry toluene (6 mL) was refluxed for 46 h. The
reaction mixture was cooled to room temperature and the solvent was removed under
reduced pressure. Then, the residue was redissolved in toluene (10 mL) and refluxed
for 30 min. After filtration at 110 °C, the title compound was obtained and used without

further purification.
Yield (48): 2.05 g (4.48 mmol, 87%) as a white solid.

"H NMR (500 MHz, DMSO-de): & [ppm] = 1.44-1.58 (m, 6 H, 3-H, 4-H, 5-H), 2.16 (t,
3Jo-/3-1 = 6.9 Hz, 2 H, 2-H), 3.55-3.64 (m, 2 H, 6-H), 7.74-7.84 (m, 12 H, 2'-H, 3'-H), 7.87-
7.93 (m, 3 H, 4'-H), 12.06 (s, 1 H, COOH).

13C NMR (126 MHz, DMSO-de): & [ppm] = 20.10 (d, Yc.ep = 49.9 Hz, C-6), 21.55 (d,
3Jc.ap = 4.4 Hz, C-4), 23.64 (C-3), 29.31 (d, 2c-sp = 17.1 Hz, C-5), 33.26 (C-2), 118.54 (d,
Yc1sp = 85.4 Hz, C-1), 130.22 (d, Yc2sp = 12.4 Hz, C-2'), 133.59 (d, 3Jcap = 10.1 Hz,
C-3'), 134.87 (d, “Jcasp = 2.8 Hz, C-4"), 174.26 (C-1).

31p NMR (162 MHz, DMSO-de): & [ppm] = 24.04.
LC-MS (ESI*): m/z = 377.22 [M-Br]*.
HRMS (ESI*): calcd. for CoaH2602P*: 377.1665, found: 377.1649 [M-Br]*.

C24H2602P* - Br (457.35)

146



Experimental

7.2.1.13 (2)-Tridec-6-enoic acid 47!’
o)

HO™ 1 —
2 4 6 7 9 11 13

Sodium bis(trimethylsilyl)amide solution (1 M in dry tetrahydrofuran, 1.3 mL, 1.3 mmol,
2.0 eq.) was added dropwise to a suspension of phosphonium salt 48 (300 mg,
656 umol, 1.0 eq.) in dry tetrahydrofuran (5 mL). The mixture was stirred for 2 h at room
temperature. The suspension was cooled to -82 °C. Then, heptanal (91.4 pL, 656 pmol,
1.0 eq.) in dry tetrahydrofuran (0.5 mL) was added dropwise at -82 °C and the reaction
mixture was stirred for further 16 h. During this time, the reaction mixture warmed up
to room temperature. The reaction mixture was purred in water (10 mL) and was then
extracted with diethyl ether (3x 15 mL). The aqueous layer was acidified (pH = 2) with
aqueous hydrogen chloride solution (10%) and extracted with diethyl ether (3x 30 mL).
The solvent of the latter organic layer was removed under reduced pressure. The title
compound was obtained after purification by silica gel column chromatography (50 g,
3x24 cm, PE:EtOAc:HCOOH 90:10:1).

Yield (47): 71.3 g (336 pumol, 51%) as a colorless yellow oil (Z/E = 94:6).
TLC: Rf = 0.30 (PE:EtOAc:HCOOH 90:10:1).

"H NMR (500 MHz, DMSO-ds, 100 °C): & [ppm] = 0.88 (t, 3131124 = 7.0 Hz, 3 H, 13-H),
1.26-1.33 (m, 8 H, 9-12-H), 1.37 (tt, Ya-st = 7.4 Hz, 3aszn = 7.4 Hz, 2 H, 4-H), 1.55
(tt, 3sm21 = 7.5 Hz, 3sman = 7.4 Hz, 2 H, 3-H), 1.99-2.06 (m, 4 H, 5-H, 8-H), 2.20 (t,
3Jom/3-1 = 7.5 Hz, 2 H, 2-H), 5.34 (dt, Je/7-n = 10.8 Hz, Jey/sn = 5.3 Hz, 1 H, 6-H), 5.36
(dt, 3J7-n6n = 10.8 Hz, 37181 = 5.4 Hz, 1 H, 7-H), 11.49 (s, 1 H, COOH).

3C NMR (126 MHz, DMSO-ds, 100 °C): § [ppm] = 13.10 (C-13), 21.35 (C-9-12), 23.67
(C-3), 25.83 (C-5), 26.11 (C-8), 27.66 (C-9-12), 28.14 (C-4), 28.50, 30.51 (C-9-12), 33.14
(C-2), 128.74 (C-6), 129.35 (C-7), 173.43 (C-1).

LC-MS (ESI): m/z = 211.48 [M-H]".
HRMS (ESI*): calcd. for C13H250,*: 213.1850, found: 213.1850 [M+H]*.

C13H2402 (212.33)
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7.2.2 Synthesis of the nucleoside building block

7.2.2.1 2',3',5'-O-tris-(tert-butyldimethylsily)uridine 5313140

0
g NH®
EN
TBDMSO._, ° N~ O
0
4' 1
3 2'

TBDMSO  OTBDMS

Imidazole (6.29 g, 924 mmol, 4.5 eq.) and tert-butyldimethylsilyl chloride (13.9 g,
92.2 mmol, 4.5 eq.) were added to a solution of uridine (5.00 g, 20.5 mmol, 1.0 eq.) in
dry pyridine (50 mL). The reaction mixture was stirred for 3 d at room temperature.
Water (10 mL) was added to the cooled (0 °C) reaction mixture. The solvent was
removed under reduced pressure and the residue was dissolved in ethyl acetate
(350 mL). The organic layer was washed with water (3x 175 mL), saturated sodium
bicarbonate solution (175 mL) and brine (175 mL) and was dried over sodium sulfate.
The solvent was removed under reduced pressure. The title compound was obtained

after purification by silica gel column chromatography (300 g, 7x20 cm, PE: EtOAc 8:2).
Yield (53): 9.83 g (16.8 mmol, 82%) as a colorless foamy solid.
TLC: Rf = 0.71 (PE:EtOAC 1:1).

TH NMR (500 MHz, DMSO-dg): & [ppm] = -0.03 (s, 3 H, SiCH3), 0.02 (s, 3 H, SiCH3), 0.08
(s, 3 H, SiCH3), 0.09 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.83 (s, 9 H,
SiC(CH3)3), 0.88 (s, 9 H, SiC(CH3)3), 0.90 (s, 9 H, SiC(CH3)3), 3.71 (dd, s ta/5-1p = 11.5 Hz,
35 Haat = 2.9 Hz, 1H, 5'-Ha), 3.86 (dd, Ys nys-a = 11.5 Hz, Js ppan = 3.6 Hz, 1H,
5'-Hp), 3.94 (ddd, ¥Jarzn = 3.8 Hz, Yavys vy = 3.6 Hz, Jaryson, = 2.9 Hz, 1H, 4'-H),
4.06 (dd, 3J3+/an = 3.8 Hz, Jspjzn = 3.8 Hz, 1H, 3'-H), 4.22 (dd, 3a-r11 = 5.8 Hz,
3J2-ry3-n = 3.8 Hz, TH, 2'-H), 5.63 (d, ¥Js-n/e = 8.2 Hz, TH, 5-H), 5.81 (d, YJ1-ryzn =
5.8 Hz, 1 H, 1'-H), 7.77 (d, ¥srys.n = 8.2 Hz, T H, 6-H), 11.42 (s, 1 H, 3-NH).

13C NMR (126 MHz, DMSO-de): & [ppm] = -5.59 (SiCH3), -5.54 (SiCH3), -4.97 (SiCH3),
-4.92 (SiCHs), -4.78 (SiCH3s), -4.59 (SiCH3), 17.63 (SiC(CHs)s), 17.78 (SiC(CHs)3), 18.06
(SIC(CH3)3), 25.59 (SiC(CHs)3), 25.73 (SiC(CH3)3), 25.84 (SiC(CH3)s), 62.35 (C-5'), 71.68
(C-3"), 74.51 (C-2"), 84.79 (C-4"), 86.97 (C-1"), 101.93 (C-5), 139.92 (C-6), 150.65 (C-2),
162.93 (C-4).
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LC-MS (ESI*): m/z = 587.25 [M+H]".

C27H54N206Si3 (586.99)

7.2.2.2 2',3'-0-bis-(tert-butyldimethylsily)uridine 42137140
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The reaction was not carried out under an inert gas atmosphere. Aqueous
trifluoroacetic acid (50%, 38 mL) was added dropwise to a solution of 2',3",5'-O-tris-
(tert-butyldimethylsilyl)uridine 53 (3.65g, 6.21 mmol, 1.0eq.) in tetrahydrofuran
(70 mL) at 0 °C. The reaction was stirred for 5.5 h at 0 °C. Then, saturated sodium
bicarbonate solution (200 mL) and sodium carbonate were added to the reaction until
a pH ~ 8 was reached. The aqueous layer was extracted with ethyl acetate (2x 100 mL).
The combined organic layers were dried over sodium sulfate. The solvent was removed
under reduced pressure. The title compound was obtained after purification by silica

gel column chromatography (290 g, 6x24 cm, CH2Cl2:EtOAc 7:3).
Yield (42): 2.77 g (5.86 mmol, 94%) as a white solid.
TLC: Rf = 0.30 (CH2Cl2:EtOAC 7:3).

"H NMR (500 MHz, DMSO-dg): & [ppm] = -0.03 (s, 3 H, SiCH3), 0.02 (s, 3 H, SiCH3), 0.08
(s, 3 H, SiCHs), 0.09 (s, 3 H, SiCHs), 0.83 (s, 9 H, SiC(CHs)3), 0.89 (s, 9 H, SiC(CHs3)3),
3.56 (ddd, s nass-Hp = 12.1 Hz, 3Js-a0n = 4.3 Hz, 3Js-pya-n = 3.0 Hz, 1 H, 5'-Ha), 3.65
(ddd, 2Js-Hp/5-Ha = 12.1 Hz, 3Js-npjon = 4.9 Hz, 3Js-ppa-n = 3.5 Hz, 1 H, 5'-Hy), 3.88 (ddd,
3a-nss-rp = 3.5 Hz, 3Ja-nss-ra = 3.0 Hz, 3Ja-nz-n = 3.0 Hz, 1 H, 4'-H), 4.13 (dd, 3J3-n/2-n =
4.5 Hz, 3J3-ma-n = 3.0 Hz, 1 H, 3'-H), 4.25 (dd, 3>-n/1-n = 6.0 Hz, 3Jo/3-n = 4.5 Hz, 1 H,
2'-H), 5.23 (dd, *Jon/s-Hp = 4.9 Hz, *Jon/s-Ha = 4.3 Hz, 1 H, OH), 5.69 (d, 3Js-n/6-1 = 8.1 Hz,
1 H, 5-H),5.81(d, 3J1-n2-n = 6.0 Hz, 1 H, 1'-H), 7.93 (d, *J6-n/5-n = 8.1 Hz, 1 H, 6-H), 11.35
(s, T H, NH).

13C NMR (126 MHz, DMSO-de): & [ppm] = -5.05 (SiCH3), -4.87 (SiCH3), -4.76 (SiCH3),
-4.63 (SiCH3), 17.61 (SiC(CHs)3), 17.76 (SiC(CHs)3), 25.59 (SiC(CHs)s), 25.72 (SiC(CH3)3),

149



Experimental

60.40 (C-5%, 71.91 (C-3"), 74.53 (C-2'), 85.52 (C-4"), 86.84 (C-1), 102.02 (C-5), 140.35
(C-6), 150.76 (C-2), 162.97 (C-4).

LC-MS (ESI"): m/z = 473.42 [M+H]".

C21H40N206Si2 (472.73)

7.2.2.3 2',3'-0-bis-(tert-butyldimethylsily)uridine 5'-aldehyde 19!'37140]
o)
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2-lodoxybenzoic acid (stabilized with benzoic acid and isophthalic acid; 1.50 g,
5.36 mmol, 2.5eq.) was added to a solution of 2'3'-O-bis-(tert-butyldimethyl-
silylyuridine 42 (1.02 g, 2.16 mmol, 1.0 eq.) in dry acetonitrile (20 mL). The reaction
mixture was stirred for 120 min at 80 °C. The suspension was cooled to 0 °C, filtered
and washed with ethyl acetate (3x 20 mL). The solvent was removed under reduced
pressure. The title compound was obtained after purification by silica gel column

chromatography (60 g, 5x8 cm, Et2O:CH2Cl2 1:1).

Yield (19): 803 mg (1.71 mmol, 79% calcd. from the 'TH NMR spectrum) as a colorless

foamy solid with traces of stabilizer.
TLC: Rf = 0.18 (PE:EtOAC 3:7).

TH NMR (500 MHz, CHCl3-d1): § [ppm] = 0.01 (s, 3 H, SiCH3), 0.05 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCH3), 0.12 (s, 3 H, SiCH3), 0.87 (s, 9 H, SiC(CH3)3), 0.93 (s, 9 H, SiC(CH3)3),
424 (dd, 3J3n/21 = 4.0 Hz, 3J34an = 3.5 Hz, 1 H, 3'-H), 4.33 (dd, 3J>-1/1-1 = 5.7 Hz,
3o pyz-n = 4.0 Hz, 1 H, 2'-H), 4.54 (d, 3J4-n/3-1 = 3.5 Hz, 1 H, 4'-H), 5.73 (d, 3J1-n/2-n =
57 Hz, 1H, 1'-H), 5.80 (dd, *s-n/6- = 8.2 Hz, “Js.hz-nn = 2.1 Hz, 1H, 5-H), 7.68 (d,
3J6-1/5-1 = 8.2 Hz, 1 H, 6-H), 8.62 (bs, 1 H, 3-NH), 9.82 (s, 1 H, 5'-H).

13C NMR (126 MHz, CHCl3-d1): 8 [ppm] = -4.84 (SiCH3), -4.79 (SiCH3), -4.55 (SiCH3),
-4.38 (SiCH3s), 18.05 (SiC(CHs)3), 18.19 (SiC(CHs3)3), 25.79 (SiC(CHs)s), 25.85 (SiC(CHs)3),
73.19 (C-3"), 73.85 (C-2"), 88.46 (C-4"), 92.48 (C-1'), 102.81 (C-5), 141.67 (C-6), 150.03
(C-2), 162.94 (C-4), 199.60 (C-5").

150



Experimental

LC-MS (ESI"): m/z = 471.45 [M+H]".

C21H3sN206Si2 (470.23)

7.2.2.4 Z-didehydro nucleosyl amino acid 21137140

TBDMSO OTBDMS

Potassium bis(trimethylsilyl)amide solution (0.5 M in dry toluene, 6.8 mL, 3.4 mmol,
0.8 eq) was dissolved with dry tetrahydrofuran (17 mL) and cooled to -82 °C.
Phosphonate 20 (1.27 g, 3.04 mmol, 0.8 eq.) was dissolved in dry tetrahydrofuran
(17 mL) and added to the reaction mixture at -82 °C. The reaction was stirred for 15 min
at -82 °C. A solution of aldehyde 19 (1.99 g, 4.24 mmol, 1.0 eq.) in dry tetrahydrofuran
(20 mL) was added dropwise over 45 min to the cooled solution. The reaction mixture
was stirred for 14 h. During this time, the suspension warmed up to room temperature.
The reaction mixture was stirred for 1 h at room temperature. Then, the reaction
mixture was cooled to 10 °C and methanol (5 mL) was added, the mixture was diluted
with ethyl acetate (150 mL). The organic layer was washed with semi-saturated brine
(2x 250 mL). The aqueous layer was extracted with ethyl acetate (2x 100 mL) and the
combined organic layers were dried over sodium sulfate. The solvent was removed
under reduced pressure. The title compound was obtained after purification by silica

gel column chromatography (200 g, 6x16 cm, PE:EtOAc 7:3).
Yield (21): 1.33 g (1.86 mmol, 44% over two steps) as a colorless foamy solid.
TLC: Rf = 0.46 (PE:EtOAC 1:1).

"H NMR (500 MHz, CHCl3-d1): 8 [ppm] = 0.07 (s, 3 H, SiCH3), 0.08 (s, 3 H, SiCHs), 0.09
(s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.89 (s, 9 H, SiC(CH3)3), 0.90 (s, 9 H, SiC(CH3)3), 1.47
(s, 9 H, OC(CHs)3), 3.95 (dd, 3/3-t/a-1 = 6.3 Hz, 3J3-n/2-n = 3.9 Hz, 1 H, 3'-H), 4.34 (dd,
3)2-ms3-n = 3.9 Hz, 3Jap1on = 3.4 Hz, 1H, 2'-H), 4.87 (dd, 3Ja-n/5-n = 7.8 Hz, 3Ja-pjz-n =
6.3 Hz, 1H, 4'-H), 5.14 (s, 2 H, 1"-H), 5.58 (d, 31-/2-n = 3.4 Hz, 1 H, 1'-H), 5.73 (dd,
3Js-6-1 = 8.2 Hz, *Js-m3-nm = 2.3 Hz, 1 H, 5-H), 6.26 (d, 3Ja-nys-1 = 7.8 Hz, 1 H, 5'-H), 6.75
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(bs, 1H, 6'-NH), 7.27 (d, ¥Je-n/s-H = 8.2 Hz, 1H, 6-H), 7.30 - 7.34 (m, 5 H, 3"-H, 4"-H,
5"-H), 8.50 (bs, 1 H, 3-NH).

13C NMR (126 MHz, CHCl3-d1): & [ppm] = -4.71 (SiCH3), -4.66 (SiCH3), -4.35 (SiCH3),
-4.27 (SiCH3), 18.16 (SiC(CH3)s), 18.25 (SIC(CHs)3), 25.92 (SIC(CH3)s), 25.98 (SiIC(CH3)3),
28.00 (OC(CH3)3), 67.66 (C-1"), 74.81 (C-2'), 76.21 (C-3"), 79.35 (C-4'), 82.81 (OC(CH3)3),
92.99 (C-1'), 102.46 (C-5), 124.75 (C-5"), 128.31, 128.45, 128.66 (C-3", C-4", C-5"), 131.41
(C-6"), 135.91 (C-2"), 140.61 (C-6), 149.82 (C-2), 153.66 (NC(=0)0), 162.84 (C-4), 162.90
(C-7".

LC-MS (ESI"): m/z = 740.27 [M+Na]".

C35Hs55N309Si2 (718.00)

7.2.2.5 (6'S)-N-Cbz-protected nucleosyl amino acid 22137140

TBDMSO OTBDMS

(5,5)-Me-DUPHOS-Rh (2 spatula tips) was added to a solution of Z-didehydro nucleosyl
amino acid 21 (568 mg, 792 umol, 1.0 eq.) in dry methanol (20 mL). The reaction
mixture was stirred for 5 d under hydrogen atmosphere (1 bar) at room temperature.
The solvent was removed under reduced pressure and the title compound was
obtained after purification by silica gel column chromatography (50 g, 5x8 cm,
PE:EtOAc 7:3).

Yield (22): 517 mg (719 pmol, 91%) as a colorless foamy solid.
TLC: Rf = 0.41 (PE:EtOAC 7:3).

"H NMR (500 MHz, CéHes-de): & [ppm] = -0.07 (s, 3 H, SiCH3), 0.04 (s, 3 H, SiCH3), 0.16
(s, 3 H, SiCH3), 0.20 (s, 3 H, SiCH3), 0.95 (s, 9 H, SiC(CH3)3), 1.00 (s, 9 H, SiC(CH3)3), 1.33
(s, 9 H, OC(CH3)3), 2.09-2.18 (m, 1 H, 5'-Ha), 2.28 (ddd, %J5-np/5-Ha = 14.1 Hz, 3Js-ppe-n =
7.7 Hz,3Jsnp/a-n = 2.6 Hz, 1 H, 5'-Hp), 3.76 (dd, 3J3-1/a-n = 4.8 Hz, 3/3-n/2-n = 4.8 Hz, T H,
3'-H), 4.39-4.45 (m, 2 H, 2'-H, 4'-H), 4.59-4.64 (m, 1 H, 6'-H), 5.02 (s, 2 H, 1"-H), 5.58 (d,
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3Js-6-4 = 8.0 Hz, 1 H, 5-H), 5.61 (d, 3J1-/2-n = 2.8 Hz, 1 H, 1'-H), 5.73 (d, *Je-NH/6-H =
6.4 Hz, 1 H, 6'-NH), 7.04-7.24 (m, 6 H, 6-H, 3"-H, 4"-H, 5"-H), 9.39 (bs, 1 H, 3-NH).

13C NMR (126 MHz, CéHs-de): & [ppm] = -4.76 (SiCH3), -4.65 (SiCH3), -4.24 (SiCH3), -4.07
(SiCHs3), 18.25 (SIC(CH3)3), 18.28 (SIC(CH3)3), 26.05 (SIC(CH3)3), 26.13 (SiC(CH3)3), 27.87
(OC(CH3s)3), 36.58 (C-5'), 52.80 (C-6'), 67.00 (C-1"), 75.07 (C-2'), 75.93 (C-3"), 80.99
(C-4"), 82.24 (OC(CHs)s), 92.86 (C-1'), 102.45 (C-5), 128.34, 128.50, 128.66 (C-3", C-4",
C-5"), 137.08 (C-2"), 140.83 (C-6), 150.65 (C-2), 155.89 (NC(=0)0), 163.70 (C-4), 171.00
(C-7".

LC-MS (ESI"): m/z = 742.21 [M+Na]".

C35Hs57N309Si2 (720.01)

7.2.2.6 Cbz-deprotected nucleosyl amino acid derivative 230146148

TBDMSO OTBDMS

1,4-Cyclohexadiene (500 pL, 5.37 mmol, 10.2 eq.) and palladium black (5 spatula tips)
were added to a solution of (6'S)-N-Cbz protected nucleosyl amino acid 22 (381 mg,
529 pymol, 1.0 eq.) in dry iso-propanol (20 mL). The reaction mixture was stirred for 1 h
at 40 °C (water bath). The reaction mixture was filtered through a syringe filter. The
filter was washed with methanol (4x 5 mL). The title compound was obtained after

removal of the solvent and was used without further purification.
Yield (23): 305 mg (521 pmol, 98%) as colorless solid.
TLC: Rf = 0.40 (CH2Cl2:MeOH 9:1).

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.10 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCHs), 0.14 (s, 3 H, SiCHs), 0.91 (s, 9 H, SiC(CH3)3), 0.94 (s, 9 H, SiC(CH3)3), 1.48
(s, 9H, OC(CH3)3), 1.85 (ddd, %J5-Has-Hp = 14.1 Hz, 3Js-pzan = 11.3 Hz, 3Jspae-n =
51Hz, TH, 5-HJ), 2.11 (ddd, %s-pp/s-na = 14.1 Hz, 3Js-ppe-n = 8.2 Hz, s npja-n =
2.6 Hz, 1 H, 5'-Hb), 3.52 (dd, 3J6-t/5-Hp = 8.2 Hz, 3Je-n/5-Ha = 5.1 Hz, 1 H, 6'-H), 3.89 (dd,
334w =50Hz, 3J3mpnw=46Hz, TH, 3'-H), 413 (ddd, 3Ja-n/s-H, = 11.3 Hz,
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*Ja-wz-n = 5.0 Hz, *Ja-pssmp = 2.6 Hz, 1 H, 4'-H), 431 (dd, *J2-13-n = 4.6 Hz, Janjrn =
43 Hz, 1H, 2'-H), 574 (d, *)s-s6-4 = 8.1 Hz, 1H, 5-H), 577 (d, *J1-w2-n = 43 Hz, TH,
1'-H), 7.66 (d, 3Je-/5-n = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = -4.53 (SiCH3), -4.47 (SiCH3), -4.42 (SiCHs3),
-4.01 (SiCH3s), 18.86 (SIC(CH3)3), 18.92 (SiC(CH3)3), 26.37 (SIC(CH3)3), 26.43 (SIC(CH3)3),
28.30 (OC(CHs)3), 39.50 (C-5"), 53.77 (C-6"), 75.93 (C-2"), 76.59 (C-3"), 82.57 (OC(CHs3)3),
82.90 (C-4'), 91.97 (C-1'), 102.92 (C-5), 142.66 (C-6), 152.16 (C-2), 166.13 (C-4), 175.14
(C-7".

LC-MS (ESI"): m/z = 586.47 [M+H]".

C27H51N307Si2 (585.33)

7.2.2.7 N-Cbz-protected nucleosyl amino acid derivative 58!'3".14"

TBDMSO OTBDMS

Cbz-deprotected nucleosyl amino acid 23 (225 mg, 384 pmol, 1.0 eq.) was dissolved in
dry tetrahydrofuran (18 mL) over molecular sieve (4 A). After 15 min, N-Cbz-3-amino-
propanal 41 (80.0 mg, 386 umol, 1.0 eq.) was added and the reaction mixture was
stirred for 24 h at room temperature. Sodium triacetoxyborohydride (163 mg,
771 umol, 2.0 eq.) and Amberlyst-15™ (18.6 mg) were added to the reaction mixture.
Then, the reaction mixture was stirred for 3 d at room temperature. The mixture was
filtered over celite® and washed with ethyl acetate (3x 30 mL). The organic layer was
washed with saturated sodium carbonate solution (150 mL). The aqueous layer was
extracted with ethyl acetate (3x50 mL) and the combined organic layers were dried over
sodium sulfate. The solvent was removed under reduced pressure. The title compound
was obtained after purification by silica gel column chromatography (65 g, 5x8 cm,
CH2Cl>:MeOH 98:2).

Yield (58): 250 mg (321 pumol, 84%) as colorless foamy solid.

TLC: R = 0.33 (CH2Cl2:MeOH 95:5).
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"H NMR (300 MHz, DMSO-de): & [ppm] = -0.01 (s, 3 H, SiCH3), 0.03 (s, 3 H, SiCH3), 0.07
(s, 3 H, SiCH3), 0.08 (s, 3 H, SiCH3s), 0.83 (s, 9 H, SiC(CH3)3), 0.87 (s, 9 H, SiC(CH3)3), 1.40
(s, 9 H, OC(CH3)3), 1.51 (ddt, 3Ja-p/1"-Ha = 7.1 Hz, 2Jo-p/17-Hp = 6.9 Hz, 32w y3+-1 = 6.7 Hz,
2H, 2"-H), 1.82-192 (m, 2H, 5-Ha 5-Ho), 238 (dt, i-pyrmp = 11.1 Hz,
3otz = 7.1 Hz, 1H, 1"-Ha), 2.47-2.56 (m, 1 H, 1"-Hp), 3.02 (dt, ¥z = 6.7 Hz,
3J3vn/3v-nk = 6.1 Hz, 2 H, 3"-H), 3.11 (dd, 3J-r/5-Ha = 6.8 Hz, *Jet/5-1p = 6.8 Hz, 1H,
6'-H), 3.84-3.91 (m, 2 H, 3'-H, 4'-H), 4.33 (dd, 3J2-1/1-n = 5.0 Hz, 3J2-p/3-n = 4.6 Hz, 1 H,
2'-H), 4.99 (s, 2 H, 1"'-H), 5.67 (d, 3Js-n/6-n = 8.4 Hz, 1 H, 5-H), 5.70 (d, 3J1-r/2-n = 5.0 Hz,
1H, 1"-H), 7.19 (t, Ys-nwz-s = 6.1 Hz, 1 H, 3"-NH), 7.26-7.39 (m, 5 H, 3""-H, 4""H,
5" _H), 7.61 (d, Ys.ys-n = 84 Hz, 1 H, 6-H), 11.35 (bs, 1 H, 3-NH).

3C NMR (76 MHz, DMSO-d¢): § [ppm] = -4.98 (SiCH3), -4.97 (SiCHs), -4.81 (SiCH3),
-4.49 (SiCH3s), 17.52 (SiC(CH3)3), 17.65 (SiC(CHs)3), 25.56 (SIC(CH3)s), 25.66 (SIC(CH3)3),
27.63 (OC(CHs3)3), 29.92 (C-2"), 36.30 (C-5"), 38.45 (C-3"),44.62 (C-1"), 59.15 (C-6"), 65.06
(C-1'"), 73.51 (C-2"), 74.54 (C-3"), 80.25 (C-4"), 80.92 (OC(CHs)3), 88.49 (C-1"), 102.05
(C-5), 127.66, 128.29 (C-3", C-4", C-5"), 137.24 (C-2""), 140.96 (C-6), 150.60 (C-2),
156.05 (NC(=0)0), 162.96 (C-4), 173.39 (C-7").

LC-MS (ESI*): m/z = 777.33 [M+H]".

C38He4N409Si2 (777.42)

7.2.2.8 Cbz-deprotected nucleosyl amino acid derivative 35146148

\‘/ 0
5 3
0] 0 4 NH
' ﬁl
3 4 IE 6 N o
5

TBDMSO  OTBDMS

1,4-Cyclohexadiene (65.0 pL, 687 uymol, 8.8 eq.) and palladium black (2 spatula tips)
were added to a solution of nucleosyl amino acid 58 (60.4 mg, 77.7 yumol, 1.0 eq.) in
dry iso-Propanol (6 mL). The reaction was stirred for 30 min at 35° C (water bath), then
1,4-cyclohexadiene (65.0 pL, 687 pmol, 8.8 eq.) and palladium black (1 spatula tip) were
added again. The reaction mixture was stirred for 1 h at 35 °C and then filtered through
a syringe filter. The filter was washed with methanol (3x 4 mL). The title compound was

obtained after removal of the solvent and was used without further purification.
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Yield (35): 50.0 mg (77.7 ymol, quant.) as a colorless foamy solid.

"H NMR (300 MHz, MeOH-d4): § [ppm] = 0.08 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCHs), 0.13 (s, 3 H, SiCH3), 0.91 (s, 9 H, SiC(CH3)3), 0.94 (s, 9 H, SiC(CH3)3), 1.49
(s, 9 H, OC(CHs)3), 1.67 (ddt, 3)or-ry/3-n = 7.0 Hz, 3J2m-4/1-na = 6.9 Hz, 3J2-nj1v-mp = 6.9 Hz,
2 H, 2""-H), 1.80 (ddd, s -Ha/s-Hp = 14.0 Hz, *J5-paa-n = 10.9 Hz, 3Js-nae-n = 4.8 Hz, 1 H,
5'-Ha), 1.94 (ddd, %Js-mp/s-ra = 14.0 Hz, 3Js-npe-n = 8.8 Hz, 3Jsppan = 3.0 Hz, 1H,
5'-Hp), 2.52-2.68 (M, 2 H, 1"-Ha, 1"-Hp), 2.76 (t, 3J3-n/2»-n = 7.0 Hz, 2 H, 3"-H), 3.22-3.27
(m, 1H, 6'-H), 3.80 (dd, 3J3-H/a-n = 4.8 Hz, 3J3-p2-n = 4.7 Hz, 1H, 3'-H), 3.97 (ddd,
3Ja-nys-na = 10.9 Hz, 3Ja-njz-n = 4.8 Hz, 3Ja-n/s-np = 3.0 Hz, TH, 4'-H), 4.38 (dd, 3J2-n/3-1 =
47 Hz, 3Jr-nprn =45Hz, 1H, 2'-H), 573 (d, *Js:e-4 = 8.1 Hz, 1H, 5-H), 573 (d,
31-m2-n = 4.5 Hz, 1 H, 1'-H), 7.62 (d, 3Je-r/5-1 = 8.1 Hz, 1 H, 6-H).

3C NMR (76 MHz, MeOH-dJ): § [ppm] = -4.32 (SiCH3), -4.27 (SiCH3), -4.26 (SiCH3),
-3.85 (SiCH3s), 19.03 (SiC(CH3)3), 19.09 (SiC(CHs)3), 26.56 (SIC(CH3)s), 26.61 (SIC(CH3)3),
28.57 (OC(CHs)3), 32.64 (C-2"), 38.16 (C-5"), 40.83 (C-3"), 46.75 (C-1"), 60.97 (C-6'), 75.85
(C-2"), 76.80 (C-3'), 82.92 (C-4"), 83.03 (OC(CHs)3), 92.61 (C-1"), 103.17 (C-5), 144.03
(C-6), 152.25 (C-2), 167.53 (C-4), 175.13 (C-7").

LC-MS (ESI"): m/z = 643.39 [M+H]".

C30HssN407Si2 (642.38)

7.2.3 Synthesis of the central building blocks

7.2.3.1 Cbz-Ser(COC12H25)-OH 34!

The reaction was not carried out under an inert gas atmosphere. Cbz-Ser(COC12Hzs5)-
O'Bu 61 (230 mg, 469 umol, 1.0 eq.) was dissolved in aqueous trifluoroacetic acid (80%,
45 mL) and stirred for 2.5 h at room temperature. The solvent was removed under
reduced pressure. The title compound was obtained after lyophilization and was used

without further purification.
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Yield (34): 200 mg (458 umol, 98%) as a white solid.

"H NMR (300 MHz, DMSO-de): & [ppm] = 0.86 (t, 3/13-1/12+-n = 6.7 Hz, 3 H, 13"-H),
1.20-1.27 (m, 18 H, 4"-12"-H), 1.49 (tt, *J3-n/2+-n = 7.1 Hz, 3J37-pyjam-1y = 6.7 Hz, 2 H, 3"-H),
2.26 (t, 3Jopzn = 7.1 Hz, 2 H, 2"-H), 4.15 (dd, %/3-Ha/3-Hp = 12.1 HZ, *J3-Ha/2-n = 8.4 Hz,
1 H, 3-Ha), 4.30-4.39 (m, 2 H, 2-H, 3-Hp), 5.05 (s, 2 H, 1'-H), 7.28-7.39 (m, 5 H, 3'-H,
4'-H, 5'-H), 7.70 (d, *JNn/2-1 = 7.9 Hz, 1 H, NH), 12.97 (bs, 1 H, COOH).

13C NMR (76 MHz, DMSO-de): § [ppm] = 13.92 (C-13"), 22.05 (C-4"-12"), 24.24 (C-3"),
28.36, 28.66, 28.83, 28.97, 29.00, 31.25 (C-4"-12"), 33.30 (C-2"), 52.29 (C-2), 63.27 (C-3),
65.53 (C-1'), 127.68, 127.80, 128.29 (C-3', C-4', C-5'), 136.86 (C-2'), 156.02 (NC(=0)0),
170.84 (C-1), 172.65 (C-1").

LC-MS (ESI*): m/z = 436.37 [M+H]".

C17H23NOe¢ (435.56)

7.2.3.2 Cbz-Ser(COC15H31)-0fBu 62[145,1 53]

9" 1" 13"

1" 3gn g 7n
o 3°
. 3 J\ J%(O
v

Hexadecanoic acid (271 mg, 1.05 mmol, 1.5 eq.), 4-dimethylaminopyridine (215 mg,
1.76 mmol, 2.5eq.) and EDC « HCl (340 mg, 1.77 mmol, 2.5 eq.) were added to a
solution of Cbz-Ser-O'Bu 60 (208 mg, 702 umol, 1.0 eq.) in dry tetrahydrofuran (20 mL).
The reaction mixture was stirred for 6 h at room temperature. Then, hydrochloric acid
(0.5M, 110 mL) was added. After extraction with dichloromethane (3x 110 mL) and
drying over sodium sulfate, the solvent was removed under reduced pressure. The title
compound was obtained after purification by silica gel column chromatography (50 g,
4x13 cm, PE:EtOAC 9:1).

Yield (62): 350 mg (657 pumol, 94%) as a white solid.
TLC: R = 0.68 (PE:EtOAC 1:1).

'H NMR (400 MHz, DMSO-de): & [ppm] = 0.85 (t, 3J16"t/15-1 = 6.9 Hz, 3 H, 16"-H),
1.20-1.26 (m, 24 H, 4"-15"-H), 1.38 (s, 9 H, OC(CH3)3), 1.49 (tt, 3J3-m/2-1 = 7.3 Hz,
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Jympan = 7.2 Hz, 2 H, 3"-H), 2.25 (t, *J2m-n3n = 7.3 Hz, 2 H, 2"-H), 4.13-4.20 (m, 1 H,
3-Ha), 4.23-4.31 (m, 2 H, 2-H, 3-Hp), 5.05 (s, 2 H, 1'-H), 7.29-7.38 (m, 5 H, 3'-H, 4'-H,
5'-H), 7.75 (d, 32-NH2-n = 7.7 Hz 1 H, 2-NH).

13C NMR (101 MHz, DMSO-dg): & [ppm] = 13.92 (C-16"), 22.07 (C-4"-15"), 24.24 (C-3"),
27.571 (OC(CHs)3), 28.36, 28.64, 28.68, 28.81, 28.93, 28.98, 28.99, 31.27 (C-4"-15"), 33.30
(C-2"), 53.56 (C-2), 62.87 (C-3), 65.55 (C-1"), 81.28 (OC(CH3)3) 127.71, 127.82, 128.29
(C-3', C-4', C-5"), 136.86 (C-2"), 155.87 (NC(=0)0O), 168.51 (C-1), 172.53 (C-1").

LC-MS (ESI*): m/z = 556.69 [M+Na]".

C31Hs51NOe¢ (533.75)

7.2.3.3 Cbz-Ser(COC15H31)-OH 370>

The reaction was not carried out under an inert gas atmosphere. Cbz-Ser(COC15H31)-
O'Bu 62 (100 mg, 187 umol, 1.0 eq.) was dissolved in aqueous trifluoroacetic acid (80%,
18 mL) and stirred for 2.5 h at room temperature. The title compound was obtained

after lyophilization and was used without further purification.
Yield (37): 73.4 mg (154 umol, 82%) as a white solid.
TLC: R = 0.32 (CH2Cl2:MeOH 9:1).

"H NMR (500 MHz, MeOH-da): & [ppm] = 0.90 (t, */16~-+/15-1 = 6.9 Hz, 3 H, 16"-H), 1.26-
132 (m, 24 H, 4"-15"-H), 1.58 (tt, Jz-n/2n = 7.2 Hz, 33w yan = 6.9 Hz, 1 H, 3"-H), 2.30
(t, 3J2py3on = 7.2 Hz, 2 H, 2"-H), 4.33 (dd, Y3ma3-1p = 11.2 Hz, Y321 = 5.9 Hz, 1H,
3-Ha), 4.45 (dd, Ys-hp3-H = 11.2 Hz, 3320 = 3.8 Hz, 1 H, 3-Hb), 4.53 (dd, a-ty/zh, =
5.9 Hz, 3Jo-/3Hp = 3.8 Hz, 1 H, 2-H), 5.07-5.16 (m, 2 H, 1'-H), 7.26-7.32 (m, 1 H, 5'-H),
7.32-7.39 (m, 4 H, 3'-H, 4'-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = 14.56 (C-16"), 23.75 (C-4"-15"), 25.90 (C-3"),
30.15, 30.41, 30.49, 30.60, 30.75, 30.78, 30.80, 33.09 (C-4"-15"), 34.77 (C-2"), 54.60
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(C-2), 64.61 (C-3), 67.72 (C-1"), 128.80, 129.00, 129.46 (C-3', C-4', C-5"), 138.13 (C-2'),
158.46 (NC(=0)0O), 172.52 (C-1), 175.03 (C-1").

IR (ATR) v [cm™"];: 2918, 2850, 1720, 1652, 1464, 1355, 1171, 1089, 1037, 946.
LC-MS (ESI): m/z = 478.28 [M+H]".
HRMS (ESI*): calcd. for C27H42NOe6: 476.3017, found: 476.3017 [M-H]".

C27H43NOs¢ (477.64)

7.2.3.4 Cbz-Ser(CO*°C15H31)-O'Bu 85!'%>7>3]

L 5 7n
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14-Methylpentadecanoic acid 45mix (130 mg; crude: contained derivatives with
different chain lengths), 4-dimethylaminopyridine (105 mg, 859 umol, 2.5 eq.) and
EDC « HCI (163 mg, 850 umol, 2.5 eq.) were added to a solution of Cbz-Ser-O'Bu 60
(100 mg, 339 pmol, 1.0 eq.) in dry tetrahydrofuran (10 mL). The reaction mixture was
stirred for 22.5 h at room temperature. Then, hydrochloric acid (0.5 ™M, 60 mL) was
added. After extraction with dichloromethane (3x 60 mL) and drying over sodium
sulfate, the solvent was removed under reduced pressure. The title compound was
obtained after purification by silica gel column chromatography (1. 50 g, 4x12cm,
PE:EtOAc 9:1 and 2. 55 g, 4x13 cm, PE:EtOAc 95:5).

Yield (85): 121 mg (as a mixture of the title compound and derivatives with different

chain lengths) as a colorless oily fluid.
TLC: Rf = 0.73 (PE:EtOAC 1:1).

"H NMR (500 MHz, DMSO-de): 8 [ppm] = 0.84 (d, /151141 = 6.6 Hz, 6 H, 15"-H), 1.12
(dt, 31311274 = 6.8 Hz, Y13mjann = 6.6 Hz, 2 H, 13"-H), 1.19-1.27 (m, 18 H, 4"-12"-H),
139 (s, 9 H, OC(CH3)3), 1.44-1.53 (m, 3 H, 3"-H, 14"-H), 2.25 (t, ¥ /3n = 7.4 Hz, 2 H,
2"-H), 4.13-4.19 (m, 1 H, 3-Ha), 4.23-4.30 (m, 2 H, 2-H, 3-Hy), 5.04 (s, 2 H, 1'-H), 7.29-
7.34 (m, 1H, 5'-H), 7.34-7.39 (m, 4 H, 3'-H, 4'-H), 7.75 (d, ¥nrjzn = 7.9 Hz, 1 H, NH).
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13C NMR (126 MHz, DMSO-dg): & [ppm] = 22.51 (C-15"), 24.25 (C-3"), 26.75 (C-4"-12"),
27.70 (C-14"), 27.53 (OC(CHs)s), 28.37, 28.64, 28.81, 28.93, 28.98, 29.03, 29.27 (C-4"-
12"),33.31 (C-2"), 38.45 (C-13"), 53.57 (C-2), 62.88 (C-3), 65.57 (C-1"), 81.30 (OC(CH3)3),
127.73,127.84, 128.31 (C-3', C-4', C-5'), 136.87 (C-2'), 155.98 (NC(=0)0O), 168.52 (C-1),
172.56 (C-1").

LC-MS (ESI*): m/z = 556.49 [M+Na]".

C31H51NO¢ (533.75)

7.2.3.5 Cbz-Ser(CO*°C15H31)-OH 86!'>3!

The reaction was not carried out under an inert gas atmosphere. Cbz-Ser(CO*°C15H31)-
O'Bu 85 (92.2 mg; crude: contained derivatives with different chain lengths) was
dissolved in aqueous trifluoroacetic acid (80%, 6 mL). The reaction mixture was stirred
for 2.5 h at room temperature. The title compound was obtained after lyophilization

and was used without further purification.

Yield (86): 81.4 mg (as a mixture of the title compound and derivatives with different

chain lengths) as a colorless solid.
TLC: Rf = 0.28 (CH2Cl2:MeOH 9:1).

'H NMR (500 MHz, DMSO-dg, 100 °C): & [ppm] = 0.85 (d, 151141 = 6.6 Hz, 6 H,
15"-H), 1.17 (dt, *J13-npr2-n = 6.7 Hz, 313pjiann = 6.6 Hz, 2 H, 13"-H), 1.24-1.32 (m,
18 H, 4"-12"-H), 1.49-1.55 (m, 3 H, 3"-H, 14"-H), 2.26 (t, /31 = 7.4 Hz, 2 H, 2"-H),
4.18-4.24 (m, 1 H, 3-Ha), 4.33-4.40 (m, 2 H, 2-H, 3-Hp), 5.08 (s, 2 H, 1'-H), 7.16 (bs, 1 H,
NH), 7.28-7.33 (m, 1 H, 5'-H), 7.34-7.38 (m, 4 H, 3'-H, 4'-H).

3C NMR (126 MHz, DMSO-dg, 100 °C): & [ppm] = 21.83 (C-15"), 23.77 (C-3"), 26.09
(C-4"-12"), 26.80 (C-14"), 27.87, 28.03, 28.22, 28.35, 28.38, 28.41, 28.70 (C-4"-12"),
32.97 (C-2"), 27.98 (C-13"), 52.85 (C-2), 62.44 (C-3), 65.23 (C-1), 127.96, 127.15 127.71
(C-3', C-4', C-5), 136.49 (C-2"), 155.29 (NC(=0)0O), 169.99(C-1), 171.98(C-1").
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IR (ATR) v [cm™"]: 2919, 2851, 1745, 1719, 1464, 1354, 1227, 1202, 1168, 696.
LC-MS (ESI*): m/z = 478.33 [M+H]".

HRMS (ESI*): calcd. for C27H42NOs™: 476.3017, found: 476.3011 [M+H]".
calcd. for CosHa0NO6: 462.2861, found: 462.2855 [M+H]".
calcd. for CosH3sNOe: 448.2704, found: 448.2697 [M+H]".

C27H43NOg (477.64)

7.2.3.6 Cbz-allo-Thr-O'Bu 74!"7°
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Tert-butyl 2,2,2-trichloroacetimidate 73 (172 uL, 962 umol, 1.2 eq.) was added dropwise
to a solution of the Cbz-allo-Thr-OH (203 mg, 802 pmol, 1.0 eq.) in dry tetrahydrofuran
(3 mL). The reaction mixture was stirred for 22 h at room temperature, and 2,2,2-
trichloroacetimidate (72.0 L, 402 pmol, 0.5 eq.) was added again after 18 h. The solvent
was removed under reduced pressure. The title compound was obtained after

purification by silica gel column chromatography (20 g, 3x10 cm, PE:EtOAc 3:1).
Yield (74): 136 mg (440 pmol, 55%) as a colorless, high viscous fluid.
TLC: Rf = 0.33 (PE:EtOAC 3:2).

"TH NMR (500 MHz, CHCl3-d1): & [ppm] = 1.18 (d, 3Ja-n/z-1 = 6.4 Hz, 3 H, 4-H), 1.47 (s,
9 H, OC(CHs3)3), 4.14-4.20 (m, 1 H, 3-H), 4.33-4.39 (m, 1 H, 2-H), 5.12 (s, 2 H, 1'-H), 5.68
(d, 3INH/2-1 = 5.5 Hz, 1 H, NH), 7.30-7.34 (m, 1 H, 5'-H), 7.34-7.37 (m, 4 H, 3'-H, 4'-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 18.48 (C-4), 28.12 (OC(CH3)3), 59.98 (C-2),
67.45 (C-17), 69.35 (C-3), 83.21 (OC(CH3)3), 128.29, 12841, 128.69 (C-3', C-4', C-5),
136.16 (C-2'), 157.03 (NC(=0)0O), 169.22 (C-1).

LC-MS (ESI*): m/z = 332.33 [M+Na]".

C16H23NO5 (309.36)
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7.2.3.7 Cbz-allo-Thr(COCi2Hzs)-O'Bu 76[145153
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Tridecanoic acid (122 mg, 569 umol, 1.5eq.), 4-dimethylaminopyridine (118 mg,
966 mmol, 2.6 eq.) and EDC « HCI (182 mg, 949 umol, 2.5 eq.) were added to a solution
of Cbz-allo-Thr-O'Bu 74 (117 mg, 379 umol, 1.0 eq.) in dry tetrahydrofuran (10 mL).
The reaction mixture was stirred for 6.5 h at room temperature. Then, hydrochloric acid
(0.5 M, 40 mL) was added. After extraction with dichloromethane (3x 30 mL) and drying
over sodium sulfate, the solvent was removed under reduced pressure. The title
compound was obtained after purification by silica gel column chromatography (25 g,
3x11 cm, PE:EtOAc 9:1).

Yield (76): 188 mg (372 pmol, 98%) as a colorless fluid.
TLC: Rf = 0.33 (PE:EtOAC 9:1).

"H NMR (500 MHz, DMSO-de): & [ppm] = 0.85 (t, 3/13-n/12"-n = 6.9 Hz, 3 H, 13"-H), 1.16
(d, 3Jarsa-n = 6.5 Hz, 3 H, 4-H), 1.20-1.26 (m, 18 H, 4"-12"-H), 1.40 (s, 9 H, OC(CHs)3),
1.43-1.50 (m, 2 H, 3"-H), 2.12-2.29 (m, 2 H, 2"-H), 4.29 (dd, 3J2-tn1 = 9.0 Hz, 3Jo-py/zn =
5.7 Hz, 1 H, 2-H), 5.05-5.09 (m, 2 H, 3-H, 1'-H), 7.29-7.33 (m, 1 H, 5'-H), 7.33-7.39 (m,
4 H,3'-H, 4'-H), 7.81 (d, 3JNH/2-+ = 9.0 Hz, 1 H, NH).

13C NMR (126 MHz, DMSO-dg): § [ppm] = 13.95 (C-13"), 15.73 (C-4), 22.10 (C-4"-12"),
24.21 (C-3"), 27.53 (OC(CH3s)3), 28.34, 28.65, 28.71, 28.84, 28.96, 29.01, 29.07, 31.29
(C-4"-12"), 33.55 (C-2"), 57.39 (C-2), 65.60 (C-1"), 68.97 (C-3), 81.34 (OC(CH3)3, 127.70,
127.84, 128.32 (C-3', C-4', C-5'), 136.91 (C-2'), 156.23 (NC(=0)O), 168.44(C-1), 172.01
(C-1").

LC-MS (ESI*): m/z = 528.37 [M+Na]".

C20H47NO¢ (505.70)
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7.2.3.8 Cbz-allo-Thr(COC12H25)-OH 38!'>

The reaction was not carried out under an inert gas atmosphere. Cbz-allo-
Thr(COCi12H25)-O'Bu 76 (255 mg, 504 umol, 1.0 eq.) was dissolved in aqueous trifluoro-
acetic acid (80%, 10 mL). The reaction mixture was stirred for 3.5 h at room
temperature. The title compound was obtained after lyophilization and was used

without further purification.
Yield (38): 222 mg (494 umol, 98%) as a white solid.

"H NMR (500 MHz, DMSO-ds, 100 °C): & [ppm] = 0.88 (t, 3/13w-n/12-n = 6.9 Hz, 3 H,
13"-H), 1.21 (d, ¥a-n3-n = 6.5 Hz, 3 H, 4-H), 1.24-1.33 (m, 18 H, 4"-12"-H), 1.52 (tt,
33vpjan = 7.3 Hz, 3J3mpamn = 7.2 Hz, 2 H, 3"-H), 2.20 (t, 32m1/3w-n = 7.3 Hz, 2 H, 2"-H),
4.38 (dd, *Jo-tnn = 9.0 Hz, 2Jo-1/3-1 = 5.3 Hz, T H, 2-H), 5.04-5.11 (m, 2 H, 1'-H), 5.15 (dq,
3J3-t/a-n = 6.5 Hz, 3J5-n/2-n = 5.3 Hz, 1 H, 3-H), 7.16-7.23 (m, 1 H, NH), 7.29-7.34 (m, 1 H,
5'-H), 7.34-7.38 (m, 4 H, 3'-H, 4'-H), 12.51 (bs, 1 H, COOH).

3C NMR (126 MHz, DMSO-de, 100 °C): & [ppm] = 13.12 (C-13"), 15.13 (C-4), 21.38
(C-4"-12"),24.71 (C-3"), 27.84, 28.01, 28.22, 28.34, 28.35, 28.36, 28.38, 30.66 (C-4"-12"),
33.26 (C-2"), 56.62 (C-2), 65.27 (C-1"), 68.66 (C-3), 126.97, 127.16, 127.71 (C-3', C-4,
C-5", 136.50 (C-2"), 155.51 (NC(=0)0O), 169.91 (C-1), 171.49 (C-1").

IR (ATR) v [cm™"]: 3302, 2914, 2848, 1695, 1540, 1381, 1230, 1201, 1046, 695.
LC-MS (ESI): m/z = 448.47 [M-H]".
HRMS (ESI): calcd. for CosH3sNOe: 448.2704, found: 448.2694 [M-H]".

C25H39NO6 (449.59)

163



Experimental

7.2.3.9 Cbz-allo-Thr(CO*°C1sH31)-O'Bu 82(145153)
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14-Methylpentadecanoic acid (25.0 mg, 97.5 ymol, 1.5 eq.), 4-dimethylaminopyridine
(20.4 mg, 167 uymol, 2.6 eq.) and EDC « HCI (31.2 mg, 163 umol, 2.5 eq.) were added to
a solution of the Cbz-allo-Thr-O'Bu 74 (20.1 mg, 65.0 umol, 1.0 eq.) in dry tetrahydro-
furan (2 mL). The reaction mixture was stirred for 22 h at room temperature. Then,
hydrochloric acid (0.5 M, 8 mL) was added. After extraction with dichloromethane
(4x 6 mL) and drying over sodium sulfate, the solvent was removed under reduced
pressure. The title compound was obtained after purification by silica gel column
chromatography (25 g, 1.5x17 cm, PE:EtOAc 95:5).

Yield (82): 21.6 mg (39.4 ymol, 61%) as a colorless oily fluid.
TLC: Rf = 0.30 (PE:EtOAC 9:1).

"H NMR (500 MHz, DMSO-de): 5 [ppm] = 0.84 (d, 3/15"-n/14-n = 6.7 Hz, 6 H, 15"-H), 1.12
(dt, )13w-nj1am-n = 7.4 Hz, 313vpr2n = 7.1 Hz, 2 H, 13"-H), 1.16 (d, *Ja-n/3-4 = 6.5 Hz, 3 H,
4-H), 1.21-1.24 (m, 18 H, 4"-12"-H), 1.40 (s, 9 H, OC(CH3)3), 1.43-1.54 (m, 3 H, 3"-H,
14"-H), 2.12-2.25 (m, 2 H, 2"-H), 4.29 (dd, *Jo-u/nH = 9.1 Hz, 2Jo-/a-n = 6.7 Hz, 1 H, 2-H),
5.00-5.10 (m, 3 H, 3-H, 1'-H), 7.29-7.34 (m, 1 H, 5'-H), 7.34-7.37 (m, 4 H, 3'-H, 4'-H), 7.80
(d, 3Jnmjz-n = 9.1 HZ 1 H, NH).

13C NMR (126 MHz, DMSO-de): § [ppm] = 15.73 (C-4), 22.51 (C-15"), 24.20 (C-3"), 26.76
(C-4"-12"), 27.37 (C-14"), 27.52 (C(CH3)3), 28.32, 28.62, 28.81, 28.92 28.98, 29.00, 29.04,
29.28 (C-4"-12"), 33.54 (C-2"), 38.46 (C-13"), 57.39 (C-2), 65.60 (C-1"), 68.96 (C-3), 81.33
(C(CH3)3), 127.69, 127.83, 128.31 (C-3', C-4', C-5'), 136.90 (C-2"), 156.22 (NC(=0)0O),
168.43 (C-1), 172.00 (C-1").

IR (ATR) v [cm™"]: 2924, 2853, 1728, 1503, 1456, 1368, 1217, 1155, 1086, 697.
LC-MS (ESI*): m/z = 570.44 [M+Na]".

HRMS (ESI*): calcd. for C32Hs3sNOgNa*: 570.3766, found: 570.3753 [M+Na]*.
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C32Hs53NO¢ (547.78)

7.2.3.10 Cbz-allo-Thr(CO*°C15H31)-OH 44145153

The reaction was not carried out under an inert gas atmosphere. Cbz-allo-
Thr(CO®°C15H31)-O'Bu 82 (15.1 mg, 27.6 umol, 1.0 eq.) was dissolved in aqueous
trifluoroacetic acid (80%, 2 mL). The reaction mixture was stirred for 3 h at room
temperature. The title compound was obtained after lyophilization and was used

without further purification.
Yield (44): 13.4 mg (27.4 ymol, 99%) as a colorless solid.
TLC: Rf = 0.44 (CH2Cl2:MeOH 9:1).

"H NMR (500 MHz, DMSO-ds, 100 °C): & [ppm] = 0.87 (d, 3Ji5*-H/14-n = 6.6 Hz, 6 H,
15"-H), 1.17 (dt, 313-p/12-1 = 6.5 Hz, 3J137-1/147-1 = 6.0 Hz, 2 H, 13"-H), 1.21 (d, 3Ja-n/3-1 =
6.6 Hz, 3 H, 4-H), 1.24-1.30 (m, 18 H, 4"-12"-H), 1.48-1.59 (m, 3 H, 3"-H, 14"-H), 2.20 (t,
3pnsz-n = 74 Hz, 2 H, 2"-H), 437 (dd, 3)o-umnn = 9.1 Hz, 2Jozw = 5.3 Hz, 1H, 2-H),
5.04-5.11 (m, 2 H, 1'-H), 5.15 (dq, 3/3-n/4-+ = 6.6 Hz, 3J3-n/2-n = 5.3 Hz, 1 H, 3-H), 7.18 (d,
3Nmsz-n = 9.1 Hz, 1 H, NH), 7.28-7.34 (m, 1 H, 5'-H), 7.34-7.38 (m, 4 H, 3'-H, 4'-H), 12.52
(bs, 1 H, COOH).

13C NMR (126 MHz, DMSO-ds, 100 °C): & [ppm] = 15.10 (C-4), 21.82 (C-15"), 23.70
(C-3"), 26.06 (C-4"-12"), 26.77 (C-14"), 27.83, 27.99, 28.20, 28.31, 28.35, 28.36, 28.38,
28.67 (C-4"-12"), 33.24 (C-2"), 37.95 (C-13"), 56.61 (C-2), 65.24 (C-1'), 68.66 (C-3),
126.95, 127.14, 127.69 (C-3', C-4', C-5'), 136.49 (C-2"), 155.48 (NC(=0)0O), 169.88 (C-1),
171.48 (C-1").

IR (ATR) v [cm™]: 3333, 2919, 2849, 1734, 1651, 1551, 1316, 1253, 1199, 1050.
LC-MS (ESI*): m/z = 492.45 [M+H]".

HRMS (ESI"): calcd. for C2sH44aNOe6: 490.3174, found: 490.3167 [M+H]".
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C2sH45NOs (491.67)

7.2.3.11 Cbz-allo-Thr(COCH;)-OH 510153158
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A mixture of dry pyridine (1.8 mL, 22 mmol, 34.4 eq.) and acetic anhydride (900 pL,
9.50 mmol, 15.0 eq.) was stirred for 15 min at room temperature. Then, the clear
solution was cooled to 0 °C. Cbz-allo-Thr-OH (162 mg, 640 ymol, 1.0 eq.) was added
in small portions. The reaction mixture was stirred for 1 h at 0 °C. Cooled water (0° C,
10 mL) was added to the reaction mixture. The resulting solution was extracted with
ethyl acetate (3x 15 mL), the organic layer was dried over sodium sulfate. The solvent
was removed under reduced pressure. The residue was co-evaporated with toluene
(2x 5 mL), acetonitrile (2x 5 mL) and dichloromethane (2x 5 mL). The title compound

was obtained after purification by silica gel column chromatography (35 g, 3x16 cm,
PE:EtOAc:HCOOH 40:60:1).

Yield (51): 159 mg (538 pmol, 84%) as a colorless liquid.
TLC: Rf = 0.34 (PE:EtOAc:HCOOH 40:60:1).

"H NMR (500 MHz, DMSO-dg): & [ppm] = 1.16 (d, 3Jar/zn = 6.4 Hz, 3 H, 4-H), 1.91 (s,
3 H, 2"-H), 439 (dd, ¥ammH = 9.2 Hz, ¥omzn = 5.8 Hz, 1H, 2-H), 5.02-5.07 (m, 2 H,
1'-H), 5.10 (dq, /3-r/a-n = 6.4 Hz, 334704 = 5.8 Hz, 1 H, 3-H), 7.29-7.35 (m, 1 H, 5'-H),
7.75-7.39 (m, 4 H, 3'-H, 4'-H), 7.78 (d, ¥nwj-n = 9.2 Hz, 1 H, NH), 13.00 (bs, 1 H, COOH).

13C NMR (126 MHz, DMSO-de): & [ppm] = 15.43 (C-4), 20.86 (C-2"), 56.43 (C-2), 65.62
(C-1Y), 69.14 (C-3), 127.76, 127.84, 128.34 (C-3', C-4', C-5), 136.92 (C-2), 156.34
(NC(=0)0O), 169.66 (C-1"), 170.76 (C-1).

IR (ATR) v [cm™"]: 3324, 3034, 2986, 1711, 1587, 1227, 1601,1026, 697, 738.
LC-MS (ESI*): m/z = 318.23 [M+Na]".

HRMS (ESI*): calcd. for C14H1sNO6*: 296.1129, found: 296.1123 [M+H]*.
C14H17NO6 (295.29)
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7.2.3.12 Cbz-Thr-O'Bu 75!
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Tert-butyl 2,2,2-trichloroacetimidate 73:(170 pL, 962 pmol, 1.2 eq) was added dropwise
to a solution of Cbz-Thr-OH (200 mg, 790 umol, 1.0 eq.) in dry tetrahydrofuran (3 mL).
The reaction mixture was stirred for 24 h at room temperature, and 2,2,2-
trichloroacetimidate (85.0 yL, 475 uymol, 0.6 eq.) was added again after 21 h. The

solvent was removed under reduced pressure. The title compound was obtained after

purification by silica gel column chromatography (25 g, 3x12 cm, PE:EtOACc 4:1).
Yield (75): 128 mg (414 pmol, 52%) as a colorless, high viscous fluid.
TLC: Rf = 0.41 (PE:EtOAC 3:2).

"H NMR (500 MHz, CHCl3-d1): & [ppm] = 1.23 (d, ¥Ja-n/3-w = 6.7 Hz, 3 H, 4-H), 1.47 (s,
9 H, OC(CH3)3), 4.21 (dd, *Jo-unm = 8.7 Hz, o3 = 2.1 Hz, T H, 2-H), 4.24-4.30 (m, 1 H,
3-H), 5.12 (s, 2 H, 1'-H), 5.55 (d, */NH/2-H = 8.7 Hz, 1 H, NH), 7.30-7.34 (m, 1 H, 5'-H), 7.34-
7.38 (m, 4 H, 3'-H, 4'-H).

13C NMR (126 MHz, CHCl3-d1): § [ppm] = 20.04 (C-4), 28.09 (OC(CHs)3), 59.62 (C-2),
67.31 (C-17), 68.45 (C-3), 82.77 (OC(CH3)3), 128.17, 128.29, 128.63 (C-3', C-4', C-5)),
136.30 (C-2"), 156.80 (NC(=0)0O), 170.29 (C-1).

LC-MS (ESI*): m/z = 332.34 [M+Na]".
HRMS (ESI*): calcd. for C16H24NOs5*: 310.1649, found: 310.1631 [M+H]".

C16H23NOs (309.36)
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7.2.3.13 Cbz-Thr(COC12Hz5)-O'Bu 770145153
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Tridecanoic acid (131 mg, 611 umol, 1.5eq.), 4-dimethylaminopyridine (123 mg,
1.01 mmol, 2.5eq.) and EDC « HCl (194 mg, 1.01 mmol, 2.5 eq.) were added to a
solution of Cbz-Thr-O'Bu 75 (125 mg, 405 umol, 1.0 eq.) in dry tetrahydrofuran (10 mL).
The reaction mixture was stirred for 6.5 h at room temperature. Then, hydrochloric acid
(0.5 M, 40 mL) was added. After extraction with ethyl acetate (3x 30 mL) and drying over
sodium sulfate, the solvent was removed under reduced pressure. The title compound
was obtained after purification by silica gel column chromatography (25 g, 3x12 cm,
PE:EtOAc 95:5).

Yield (77): 160 mg (316 pmol, 78%) as a colorless liquid.
TLC: Rf = 0.28 (PE:EtOAC 95:5).

"H NMR (500 MHz, DMSO-de): § [ppm] = 0.85 (t, 3/13"-H/12+-1 = 6.7 Hz, 3 H, 13"-H), 1.15
(d, 3Ja-n3-1 = 6.6 Hz, 3 H, 4-H), 1.20-1.25 (m, 18 H, 4"-12"-H), 1.37 (s, 9 H, OC(CH3)3),
1.44-1.53 (m, 2 H, 3"-H), 2.15-2.27 (m, 2 H, 2"-H), 4.22 (dd, *J>-t/nn = 9.0 Hz, 3Jo-3h =
3.8 Hz, 1 H, 2-H), 5.04-5.10 (m, 2 H, 1'-H), 5.20 (dq, 3/3-n/a-n = 6.6 Hz, 3J3-n/2-n = 3.8 Hz,
1H, 3-H), 7.29-7.34 (m, 1 H, 5'-H), 7.35-7.40 (m, 4 H, 3'-H, 4'-H), 7.66 (d, 3InH/2- =
9.0 Hz, 1 H, NH).

13C NMR (126 MHz, DMSO-de): § [ppm] = 13.94 (C-13"), 16.50 (C-4), 22.08 (C-4"-12"),
24.28 (C-3"), 27.49 (OC(CH3)3), 28.39, 28.61, 28.68, 28.81, 28.92, 28.97, 28.99, 31.28
(C-4"-12"), 33.51 (C-2"), 58.06 (C-2), 65.65 (C-1"), 69.16 (C-3), 81.17 (OC(CH3)3), 127.70,
127.83, 128.32 (C-3', C-4', C-5'), 136.90 (C-2'), 156.57 (NC(=0)0), 168.54 (C-1), 171.93
(C-1").

LC-MS (ESI*): m/z = 506.69 [M+H]".
HRMS (ESI*): calcd. for Co9HasNOe*: 506.3477, found: 506.3465 [M+H]".

C290H47NO¢ (505.70)
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7.2.3.14 Cbz-Thr(COC12H25)-OH 393!

The reaction was not carried out under an inert gas atmosphere. Cbz-Thr(COC12H2s)-
O'Bu 77 (142 mg, 281 umol, 1.0 eq.) was dissolved in aqueous trifluoroacetic acid (80%,
5mL). The reaction mixture was stirred for 3.5 h at room temperature. The title

compound was obtained after lyophilization and was used without further purification.
Yield (39): 125 mg (278 pumol, 99%) as a white solid.

"H NMR (500 MHz, DMSO-de): & [ppm] = 0.85 (t, 3/13+-n/12-14 = 6.9 Hz, 3 H, 13"-H), 1.16
(d, 3Jarz-n = 6.5 Hz, 3 H, 4-H), 1.20-1.29 (m, 18 H, 4"-12"-H), 1.43-1.52 (m, 2 H, 3"-H),
2.20 (t, 3Jor-pjzrn = 7.4 Hz, 2 H, 2"-H), 4.25 (dd, >Jo-unm = 9.1 Hz, 3Ja-njzn = 4.0 Hz, 1 H,
2-H), 5.06 (s, 2 H, 1'-H), 5.19 (dq, 3/3-H/a-+ = 6.5 Hz, 3J3.1/2-4 = 4.0 Hz, 1 H, 3-H), 7.29-7.34
(m, 1H, 5'-H), 7.34-7.40 (m, 4 H, 3'-H, 4'-H), 7.61 (d, *NH/2-n = 9.1 Hz, 1 H, NH), 12.88
(bs, 1 H, COOH).

13C NMR (126 MHz, DMSO-de): § [ppm] = 13.96 (C-13"), 16.68 (C-4), 22.09 (C-4"-12"),
24.38 (C-3"), 28.39, 28.66, 28.71, 28.87, 29.00, 29.01, 29.03, 31.29 (C-4"-12"), 33.62
(C-2"), 57.47 (C-2), 65.64 (C-1'), 69.23 (C-3), 127.70, 127.83, 128.34 (C-3', C-4', C-5),
136.91 (C-2"), 156.59 (NC(=0)O), 171.06 (C-1), 172.06 (C-1").

IR (ATR) v [cm™"]: 3402, 2918, 2848, 1738, 1666, 1556, 1262, 1157, 1090, 695.
LC-MS (ESI*): m/z = 450.40 [M-H]".
HRMS (ESI*): calcd. for CasH39NOeNa*: 472.2670, found: 472.2657 [M+Na]*.

C25H39NOg (449.59)
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7.2.4 Synthesis of the urea dipeptide

7.2.4.1 Val tert-butyl ester isocyanate 40!
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A 25 mL three-neck round bottom flask was equipped with a neutralizing gas trap
containing a sodium bicarbonate solution. Valine tert-butyl ester hydrochloride
(200 mg, 954 umol, 1.0 eq.) was dissolved in a mixture of saturated sodium bicarbonate
solution and dichloromethane (1:1, 8 mL). The reaction mixture was cooled to 0 °C.
Then, triphosgene (92.4 mg, 311 ymol, 0.33 eq.) was added under vigorous stirring and
the reaction mixture was stirred for 25 min at 0 °C. The layers were separated, and the
aqueous layer was extracted with dichloromethane (4x 10 mL). The combined organic
layers were dried over sodium sulfate. The title compound was obtained after removal

of the solvent and was used without further purification.
Yield (40): 183 mg (846 pmol, 96%) as a colorless liquid.

"H NMR (500 MHz, CHCl3-d1): § [ppm] = 0.89 (d, 3Ja-n/3-n = 6.8 Hz, 3 H, 4-H), 1.01 (d,
3anzn=68Hz, 3H, 4-H), 1.50 (s, 9 H, OC(CH3)3), 2.21 (dsept, 3/3-n/a-n = 6.8 Hz,
3J3.172-0 = 3.7 Hz, 1 H, 3-H), 3.80 (d, 3/2-13-4 = 3.7 Hz, 1 H, 2-H).

3C NMR (126 MHz, CHCl3-d1): & [ppm] = 16.43 (C-4), 19.99 (C-4), 28.08 (OC(CHs)3),
31.91 (C-3), 64.08 (C-2), 83.25 (OC(CH3)3) 127.62 (C-5), 170.13 (C-2).

C10H17NO3 (199.25)
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7.2.4.2 '‘BuO-Val-Arg(Pbf)-OH 36!">

A solution of H-Arg(Pbf)-OH (118 mg, 753 umol, 1.0 eq.) in dry dimethylformamide
(8 mL) was added to a solution of valine tert-butyl ester isocyanate 40 (149 mg,
748 pymol, 1.0 eq.) in dry tetrahydrofuran (5 mL). The reaction mixture was stirred for
19 h at room temperature. Ethyl acetate (15 mL) was added, and the organic layer was
washed with hydrochloric acid (1 M, 3x 10 mL). Then, the aqueous layer was extracted
with ethyl acetate (40 mL). The combined organic layers were dried over sodium
sulfate. The solvent was removed under reduced pressure. The title compound was
obtained after purification by silica gel column chromatography (60 g, 5x9 cm,
EtOAc:CH2Cl2:HCOOH 60:40:1) and lyophilization.

Yield (36): 348 mg (556 pmol,74%) as a white solid.
TLC: Rf = 0.10 (EtOACc:CH2Cl:HCOOH 60:40:1).

"H NMR (500 MHz, MeOH-d4): & [ppm] = 0.92 (d, 3J4-n/3-n = 6.9 Hz, 3 H, 4'-H), 0.96 (d,
3Jg-njz-n = 6.9 Hz, 3 H, 4'-H), 1.45 (s, 6 H, 12"-H), 1.46 (s, 9 H, OC(CH3)3), 1.55-1.67 (m,
3 H, 3-Ha, 4-H), 1.78-1.86 (m, 1 H, 3-Hp), 2.06-2.13 (m, 1 H, 3'-H), 2.08 (s, 3 H, 9"'-H), 2.51
(s, 3 H, 7"-H), 2.57 (s, 3 H, 8"-H), 2.99-3.01 (m, 2 H, 11"'-H), 3.14-3.24 (m, 2 H, 5-H), 4.07
(d, 32-n/3-n = 5.0 Hz, 1 H, 2'-H), 4.22-4.27 (m, 1 H, 2-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = 12.49 (C-9"), 17.95 (C-4'), 18.35 (C-8"), 19.56
(C-7"), 26.74 (C-4), 28.34 (C-12"), 28.70 (OC(CHs)3), 30.94 (C-3), 32.16 (C-3"), 41.60
(C-5), 43.95 (C-11"), 53.79 (C-2), 60.04 (C-2"), 82.53 (OC(CHs)3), 87.64 (C-10"), 118.43
(C-6"), 126.01 (C-2"), 133.50 (C-5"), 134.32 (C-3"), 139.38 (C-1"), 158.11 (NC(=NH)N),
159.85 (C-4"), 160.30 (NC(=O)N), 173.43 (C-1"), 176.17 (C-1).

LC-MS (ESI*): m/z = 626.07 [M+H]".

C29H47N50gS (625.78)
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7.3 Synthesis of muraymycin derivatives with L-serine

7.3.1 Cbz-Ser(COCi2H25)-NuAA 631146153
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HOBt (32.2 mg, 238 umol, 1.0 eq.), PyBOP (125 mg, 240 pymol, 1.0 eq.) and dry N,N-
diisopropylethylamine (81.0 yL, 476 umol, 2.0 eq.) were added to a solution of Cbz-
Ser(COC12H25)-OH 34 (104 mg, 239 pymol, 1.0 eq.) in dry tetrahydrofuran (13 mL). The
solution was stirred for 30 min at room temperature. Then, it was then cooled to 0 °C
and nucleosyl amino acid 35 (153 mg, 238 umol, 1.0 eq.) in dry tetrahydrofuran (17 mL)
was added dropwise. The reaction mixture was stirred for 1 h at 0 °C followed by 24 h
at room temperature. The solvent was removed under reduced pressure. The title
compound was obtained after purification by silica gel column chromatography (80 g,
4x15 cm, CH2Cl:MeOH 98:2).

Yield (63): 139 mg (131 umol, 55%, calcd. from the 'TH NMR spectrum) as a yellow oil
with rests of tri(pyrrolidine-1-yl) phosphine oxide 64.

TLC: Rf = 0.42 (CH2Cl2:MeOH 9:1).

"H NMR (500 MHz, MeOH-da): & [ppm] = 0.08 (s, 3 H, SiCHs), 0.10 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCH3), 0.13 (s, 3 H, SiCH3), 0.89 (t, */13iv-H/12iv-1 = 6.9 Hz, 3 H, 13V-H), 0.91 (s, 9 H,
SiC(CH3)3), 0.93 (s, 9 H, SiC(CH3)3), 1.27-1.30 (m, 18 H, 4V-12"V-H), 1.48 (s, 9 H, OC(CH3)3),
1.54-1.60 (m, 2 H, 3V-H), 1.64-1.72 (m, 2 H, 2"-H), 1.93 (ddd, ¥s-nas-Hp = 13.9 Hz,
s nase-n = 11.0 Hz, 3Jsngan = 4.7 Hz, 1H, 5'-Ha), 2.00-2.07 (m, 1 H, 5'-Hp), 2.29 (t,
3faiv-npaiv-n = 7.3 Hz, 2 H, 2V-H), 2.51-2.59 (m, 1 H, 1"'-Ha), 2.61-2.68 (m, 1 H, 1"-Hb), 2.86-
2.87 (m, 1H, 2"-H), 3.23-3.30 (m, 2 H, 3"-H), 3.32-3.37 (m, 1H, 6'-H), 3.90 (dd,
3)3-Hj2-n = 5.6 Hz, 3J3-m/a-n = 4.7 Hz, 1 H, 3'-H), 4.04-4.09 (m, 1 H, 4'-H), 4.24-4.29 (m,
1H, 3"-Ha), 4.31-4.33 (m, 1H, 3"'-Hy), 4.39 (dd, 3/2-n/3-n = 5.6 Hz, 3J2-1y/1-1 = 4.8 Hz,
1H, 2'-H), 5.06-5.13 (m, 2 H, 1-H), 5.74 (d, 3/s-n/6-n = 8.0 Hz, 1 H, 5-H), 5.76 (d,
3J1-nj2-n = 4.8 Hz, 1 H, 1'-H), 7.28-7.32 (m, 1 H, 5%-H), 7.32-7.39 (m, 4 H, 3'-H, 4'-H), 7.65
(d, 3Je-rys-n = 8.0 Hz, 1 H, 6-H).
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13C NMR (126 MHz, MeOH-da): & [ppm] = -4.27 (SiCH3), -4.24 (SiCH3), -3.83 (SiCH3),
14.06 (C-13"), 19.03 (SiC(CH3)3), 19.09 (SiC(CH3)3), 23.88 (C-4V-12V), 26.07 (C-3"), 26.56
(SIC(CH3)3), 26.62 (SiC(CH3)3), 28.60 (OC(CH3)3), 30.33 (C-2"), 30.59, 30.63, 30.76, 30.91,
30.94, 33.22 (C-4"-12V), 34.98 (C-2V), 37.97 (C-3"), 37.74 (C-5"), 45.71 (C-1") 54.94
(C-2"), 60.83 (C-6"), 64.89 (C-3"), 68.07 (C-1Y), 75.94 (C-2'), 76.74 (C-3'), 82.76 (C-4),
83.16 (OC(CH3)3), 92.25 (C-1'), 103.20 (C-5), 129.10, 129.26, 129.66 (C-3Y, C-4Y, C-5Y),
138.18 (C-2Y), 143.00 (C-6), 152.27 (C-2), 158.45 (NC(=0)0), 166.16 (C-4), 171.59, 171.70
(C-7', C-1"), 175.09 (C-1V).

LC-MS (ESI"): m/z = 1061.02 [M+H]".

Cs4H93N5021Si2 (1060.53)

7.3.2 Target compound T1: Val-Epic-Ser(COC12H25)-NuAA!"4>146,148153]

12vi 1ovi 8vi 6vi 4vi
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1,4-Cyclohexadiene (110 uL, 1.17 mmol, 10.0 eq.), palladium black (3 spatula tips), and
trifluoroacetic acid (1.80 uL, 234 pmol, 2.0 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-Ser(COCi2H25)-NuAA 63 (124 mg,
117 umol, 1.0 eq.) in dry iso-propanol (4.4 mL). After 2 h, 1,4-cyclohexadiene (100 pL,
1.06 mmol, 9.1 eq.) and palladium black (4 spatula tips) were added again. The reaction
was stirred for 1 h and then filtered through a syringe filter. The filter was washed with
methanol (5x 5 mL). The solvent was removed under reduced pressure to give bis-TFA
salt 65. It was identified by LC-MS and was used without further purification (LC-MS
(ESI*): m/z = 926.55 [M+H]").

HOBt (10.1 mg, 74.7 umol, 1.0 eq.), PyBOP (40.2 mg, 77.2 ymol, 1.0 eq.) and dry N,N-
diisopropylethylamine (38.0 uL, 223 umol, 3.0 eq.) were added to a mixture of ‘BuO-
Val-Epic(Pbf)-OH 27 (47.0 mg, 75.3 umol, 1.0 eq.) in dry tetrahydrofuran (12.5 mL). The

reaction mixture was stirred for 30 min at room temperature. The solution was cooled
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to 0 °C and bis-TFA salt 65 (109 mg) in dry tetrahydrofuran (10 mL) was added drop-
wise over 20 min. The solution was stirred for 1 h at 0 °C and then for 5.5 h at room
temperature. The solvent was removed in high vacuum. The coupling product was
identified by LC-MS (LC-MS (ESI*): m/z = 766.40 [M+2H]%").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 12.5 mL) and stirred for
25 h at room temperature. The solution was diluted with water (10 mL) and the solvent
was removed in high vacuum. The residue was dissolved in a mixture of MeCN:H>O:TFA
(70:30:0.1) and the solvent was removed by lyophilization. The title compound was

isolated after purification by HPLC.
Yield (T1): 3.47 mg (2.97 umol, 2.5% over three steps) as a white solid.

HPLC (semi-preparative): 1. tr = 15.2 min (method A, conc. of injection: ~46 mg/mL
in H2O:MeCN:TFA 65:35:0.1).

2. tr = 14.6 min (method A, conc. of injection: ~11 mg/mL

in H2O:MeCN:TFA 65:35:0.1).

3. tr = 20.5 min (methods B1/B2, conc. of injection: ~1.2-
7.4 mg/mL in MeOH).

"H NMR (500 MHz, MeOH-d4): & [ppm] = 0.90 (t, */13vi-n/12vi-n = 7.2 Hz, 3 H, 13Y-H), 0.95
(d, 3Jav-njzv-n = 6.8 Hz, 3 H, 4'-H), 0.99 (d, *Jav-ri/3v-n = 6.8 Hz, 3 H, 4%-H), 1.27-1.32 (m,
18 H, 4"-12"-H), 1.55-1.63 (m, 2 H, 3"-H), 1.88-1.93 (m, 2 H, 2"-H), 1.93-1.99 (m, 2 H,
4V-H), 2.14-2.22 (m, 1 H, 3¥-H), 2.25-2.33 (m, 1 H, 5'-Ha), 2.33 (t, *Jovi-/avi-n = 7.6 Hz, 2 H,
2Y-H), 2.40-2.49 (m, 1 H, 5'-Hp), 3.07-3.18 (m, 2 H, 1"-H), 3.31-3.40 (m, 3 H, 3"-H,
5V-Ha), 3.40-3.48 (m, 1 H, 5"V-Hp), 3.72-3.80 (m, 1 H, 3V-H), 3.94 (dd, *J6-r/5-H, = 6.2 Hz,
3Je-rys-np = 6.2 Hz, 1H, 6'-H), 4.02 (dd, 3/3-na-1 = 5.7 Hz, 3J3-p/2-n = 5.5 Hz, 1 H, 3'-H),
4.13-4.16 (m, 1H, 4'-H), 417 (d, *ov-av-n = 47 Hz, 1H, 2'-H), 434-441 (m, 3 H,
2'-H, 3"-H), 443 (d, 3Jav-njziv-n = 8.0 Hz, 1H, 2V-H), 4.55 (dd, 3/>»n/3-n, = 5.5 Hz,
3Jop3mp = 5.5 Hz, 1 H, 2"'-H), 5.68 (d, 3J1-/2-1 = 3.7 Hz, 1 H, 1'-H), 5.73 (d, 3Js-n/6-1 =
7.9 Hz, 1 H, 5-H), 7.61 (d, *Je-n/s-n = 7.9 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = 14.43 (C-13"), 17.93 (C-4"), 19.76 (C-4Y),
22.28 (C-4"v), 23.73 (C-4v-12"), 25.88 (C-3"), 27.44 (C-2"), 30.21, 30.44, 30.47, 30.62,
30.73, 30.75, 30.78 (C-4v-12"1), 31.70 (C-3Y), 33.07 (C-4"-12")), 34.18 (C-5"), 34.75 (C-2%),
37.15, 37.45 (C-3", C-5V), 45.31 (C-1"), 52.14 (C-3"), 54.79 (C-2""), 56.65 (C-2"), 59.65
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(C-2Y), 60.36 (C-6'), 64.08 (C-3"), 73.91 (C-2"), 74.80 (C-3"), 81.49 (C-4"), 94.45 (C-1'),
103.10 (C-5), 144.08 (C-6), 152.18 (C-2), 155.58 (NC(=NH)N), 160.31 (NC(=O)N), 166.05
(C-4), 171.71 (C-7"), 172.07 (C-1""), 172.39 (C-1"), 175.00 (C-1¥), 175.77 (C-1).

19F NMR (282 MHz, MeOH-da): § [ppm] = -76.87.

IR (ATR) v [cm™]: 3307, 2925, 2854, 1661, 1559, 1183, 1134, 838, 800, 722.
UV (HPLC) A [nm]: 260, 210.

[a]3® = +16.0 (c = 1.25 - 1073 g/mL, MeOH).

LC-MS (ESI*): m/z = 939.54 [M+H]".

HRMS (ESI*): calcd. for C42H71N10014*: 939.5146, found: 939.5132 [M+H]*.
C42H70N10014 (939.08)

C42H72N10014%* « 2 C2F302 (1167.12)

7.3.3 Cbz-Ser(COC15H31)-NuAA 6614615

16iV 14iv 12iv 10iv 8iv 6iv 4iv 2iv O
0]
6

15iv 13iv 11iv giv
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HOBt (12.6 mg, 93.3 umol, 1.0 eq.), PyBOP (48.4 mg, 93.0 umol, 1.0 eq.) and dry N,N-
diisopropylethylamine (35.0 uL, 206 pmol, 2.2 eq.) were added to a solution of Cbz-
Ser(COC1s5H31)-OH 37 (45.1 mg, 94.4 uymol, 1.0 eq.) in dry tetrahydrofuran (5 mL). The
solution was stirred for 30 min at room temperature. Then, it was cooled to 0 °C and
nucleosyl amino acid 35 (59.8 mg, 93.0 umol, 1.0 eq.) in dry tetrahydrofuran (6.5 mL)
was added dropwise. The reaction mixture was stirred for 1 h at 0 °C and then for 24 h
at room temperature. The solvent was removed under reduced pressure. The title
compound was obtained after purification by silica gel column chromatography (80 g,
4x15 cm, CH2Cl2:MeOH 98:2).

Yield (66): 61.0 mg (55.3 uymol, 59%) as a colorless foamy solid.

TLC: Rf = 0.49 (CH2Cl2:MeOH 9:1).
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"H NMR (300 MHz, MeOH-da): § [ppm] = 0.08 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCH3), 0.13 (s, 3 H, SiCH3), 0.87-0.91 (m, 12 H, SiC(CH3)3, 16"-H), 0.93 (s, 9 H,
SiC(CH3)3), 1.25-1.32 (m, 24 H, 4V-15"-H), 1.48 (s, 9 H, OC(CH3)3), 1.53-1.61 (m, 2 H,
3V-H), 1.65-1.72 (m, 2 H, 2"'-H), 1.86-1.97 (m, 1 H, 5'-Ha), 1.98-2.08 (m, 1 H, 5'-Hy), 2.30
(t, 3oiv-mzziv-n = 7.7 Hz, 2 H, 2V-H), 2.50-2.70 (m, 2 H, 1"-H), 3.21-3.29 (m, 1 H, 3"-H.),
3.33-3.38 (m, 1 H, 3"-Hyp), 3.42-3.57 (m, 1 H, 6'-H), 3.88-3.93 (m, 1 H, 3'-H), 4.02-4.11
(m, 1 H, 4'-H), 4.20-4.28 (m, 1 H, 3'"'-Ha), 4.28-4.43 (m, 4 H, 2'-H, 2"'-H, 3"'-Hp), 5.08-
5.14 (m, 2 H, 1V-H), 5.74 (d, 3Js-t/6-1 = 7.9 Hz, 1 H, 5-H), 5.76 (d, */1-r/2-1 = 4.0 Hz, 1 H,
1'-H), 7.27-7.33 (m, 1 H, 5Y-H), 7.33-7.38 (m, 4 H, 3V-H, 4"-H), 7.64 (d, *J6-/5-1 = 7.9 Hz,
1 H, 6-H).

13C NMR (76 MHz, MeOH-da4): § [ppm] = -4.41 (SiCHs), -4.39 (SiCH3), -3.99 (SiCHs3),
-3.97 (SiCH3), 14.45 (C-16"), 18.87 (SiC(CH3)3), 18.94 (SiC(CH3)3), 23.73 (C-4"-15V), 25.92
(C-3Y), 26.41 (SiC(CH3)3), 26.47 (SiC(CHs)3), 28.47 (OC(CHs)3), 30.18, 30.44, 30.47, 30.61,
30.79, 33.07 (C-4V-15V), 34.83 (C-2"), 38.00 (C-5'), 38.42 (C-3"), 45.52 (C-1"), 54.99
(C-2"), 60.73 (C-6"), 65.23 (C-3""), 67.93 (C-1Y), 75.91 (C-2'), 76.60 (C-3'), 82.66 (C-4",
82.96 (OC(CHs)s), 92.57 (C-1"), 103.08 (C-5), 128.95, 129.51 (C-3Y, C-4", C-5¥), 138.07
(C-2Y), 142.65 (C-6), 152.14 (C-2), 157.14 (NC(=0)0), 166.06 (C-4), 171.52 (C-1""), 174.95
(C-1).

LC-MS (ESI*): m/z = 1102.78 [M+H]".

Cs4H93N5021Si2 (1102.61)

7.3.4 Target compound T2: Val-Epic-Ser(COC15H31)-NuAA['4>146148153]
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1,4-Cyclohexadiene (52.0 pL, 55.3 ymol, 10.0 eq.), palladium black (1 spatula tip) and
trifluoroacetic acid (11.0 yL, 111 pymol, 2.0 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-Ser(COCisH31)-NuAA 66 (61.0 mg,
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55.3 umol, 1.0 eq.) in dry iso-propanol (3.8 mL). The reaction was stirred for 3.5 h at
room temperature. Then, the reaction mixture was filtered through a syringe filter. The
filter was washed with methanol (4x 5 mL). The solvent was removed under reduced
pressure to give the bis-TFA salt 67. It was identified by LC-MS and was used without
further purification (LC-MS (ESI*): m/z = 968.56 [M+H]").

HOBt (6.50 mg, 48.1 umol, 1.0 eq.), PyBOP (25.8 mg, 49.3 pmol, 1.0 eq.) and dry N,N-
diisopropylethylamine (24.5 uL, 144 umol, 3.0 eq.) were added to a mixture of ‘BuO-
Val-Epic(Pbf)-OH 27(31.8 mg, 51.0 umol, 1.1 eq.) in dry tetrahydrofuran (8 mL). The
reaction mixture was stirred for 30 min at room temperature. Then, it was cooled to
0 °C and bis-TFA salt 67 (57.6 mg, 48.1 umol, 1.0 eq.) in dry tetrahydrofuran (6.4 mL)
was added dropwise over 10 min. The solution was stirred for 1 h at 0 °C and then for
28 h at room temperature. The solvent was removed under reduced pressure and the
residue was purified by HPLC. The product was identified by LC-MS (LC-MS (ESI*): m/z
= 787.71 [M+2H]%").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 30 mL) and stirred for
28 h at room temperature. The solution was diluted with water (50 mL) and the solvent
was removed by lyophilization. The title compound was isolated after purification by
HPLC.

Yield (T2): 3.92 mg (3.24 pmol, 5.9% over three steps) as a white solid.

HPLC (semi-preparative): before global deprotection: tr = 20 min (method: B1, conc.

of injection: 13.2 mg/mL in MeOH).

after global deprotection: tr = 16-19 min (method: A, conc.
of injection: 6.2 mg/mL in MeCN:H>O:TFA 65:35:0.1).

"H NMR (500 MHz, MeOH-d4): & [ppm] = 0.90 (t, 3/16vi-n/15vi-n = 7.0 Hz, 3 H, 16Y-H), 0.95
(d, 3Jav-njav-n = 6.7 Hz, 3 H, 4%-H), 0.99 (d, *Jav-r/av-n = 6.9 Hz, 3 H, 4¥-H), 1.27-1.31 (m,
24 H, 4"-15Y-H), 1.55-1.63 (m, 24 H, 3"-H), 1.88-1.98 (m, 4 H, 2"'-H, 4"-H), 2.15-2.22 (m,
1 H, 3V-H), 2.24-2.31 (m, 1 H, 5'-Ha), 2.34 (t, 3Javi-n/avi-n = 7.5 Hz, 2 H, 2V-H), 2.40-2.49
(m, 1H, 5'-Hp), 3.09-3.16 (m, 2 H, 1"-H), 3.32-3.47 (m, 4 H, 3"-H, 5"-H), 3.76 (ddd,
3J3iv-p2iv-H = 7.2 Hz, 3J3iv-paiv-na = 6.2 HZ, 3J3iv-Haiv-np = 6.2 Hz, 1 H, 3V-H), 3.93-3.99 (m,
1 H, 6'-H), 4.02 (dd, 3/3-H/a-1 = 5.8 Hz, 3J3-nj2-n = 5.8 Hz, 1 H, 3'-H), 4.13-4.16 (m, 1 H,
4'-H), 417 (d, 3Jov-njav-n = 4.7 Hz, 1 H, 2'-H), 4.35-4.40 (m, 3 H, 2'-H, 3"'-H), 4.43 (d,
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33iv-piv-n = 7.2 Hz, 1 H, 2V-H), 4.55 (dd, 3/on3vhs = 54 Hz, 3J2vhn3m-hp, = 5.4 Hz,
2"'_H), 568 (d/ 3-/'I'—H/?_'—H = 37 HZ, 1 H, 1I'H), 573 (d, 3-/5-H/6-H = 80 HZI 1 H/ S_H)/ 761 (dl
3J6-H/5-H = 8.0 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): & [ppm] = 14.42 (C-16"), 17.92 (C-4"), 19.75 (C-4Y),
22.26 (C-4V), 23.71 (C-4"-15"), 25.87 (C-3Y), 27.43 (C-2"), 30.20, 30.30, 30.43, 30.61,
30.72, 30.73, 30.77 (C-4"-15Y), 31.69 (C-3), 33.05 (C-4"-15"), 34.14 (C-5"), 34.73 (C-2Y),
37.14, 37.44 (C-3", C-5"), 45.30 (C-1"), 52.14 (C-3V), 54.77 (C-2""), 56.74 (C-2"), 59.63
(C-2Y), 64.06 (C-3""), 73.89 (C-2"), 74.79 (C-3'), 81.46 (C-4'), 94.46 (C-1'), 103.08 (C-5),
144.06 (C-6), 152.16 (C-2), 155.56 (NC(=NH)N), 160.29 (NC(=O)N), 166.03 (C-4), 172.05
(C-1"), 172.36 (C-1V), 174.98 (C-1¥), 175.75 (C-1").

19F NMR (471 MHz, MeOH-da): 5 [ppm] = -76.97.

IR (ATR) v [cm™]: 3307, 2923, 2854, 1686, 1557, 1183, 1134, 836, 800, 720.
UV (HPLC) A [nm]: 260, 212.

[a]2® = +13.0 (c = 2.3 « 1073 g/mL, MeOH).

LC-MS (ESI*): m/z = 981.59 [M+H]".

HRMS (ESI*): calcd. for C4sH7sN10014%*: 981.5616, found: 981.5608 [M+H]".
Ca5H76N10014 (981.17)

CasH7sN10014%* « 2 C2F3027 (1209.21)

7.3.5 Target compound T3: Val-Arg-Ser(COCi2H25)-NuAA!"4>153.170]

12Vi 10Vi 8Vi 6Vi 4Vi 2Vi

‘BuO-Val-Arg(Pbf)-OH 36 (32.6 mg, 52.1 ymol, 1.0 eq.), H-Ser(COC12H25)-NuAA bis-
TFA salt 65 (59.8 mg, 51.5 ymol, 1.0 eq.) and dry N,N-diisopropylethylamine (31.0 pL,

182 umol, 3.5 eq.) were diluted in dry ethyl acetate (1.5 mL). The reaction mixture was
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cooled to 0 °C and stirred for 15 min at this temperature. T3P (50% in dry ethyl acetate,
77.2 uL, 129 pmol, 2.5 eq.) was added to the reaction mixture. After 30 min at 0 °C,
ethyl acetate (15 mL) was added, and the organic layer was washed with water
(2x 5 mL) and brine (5 mL). The organic layer was dried over sodium sulfate and the
solvent was removed under reduced pressure. The residue was purified by HPLC. The
product was identified by LC-MS (LC-MS (ESI*): m/z = 1534.39 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 10 mL) and the solution
was stirred for 24 h at room temperature. The solution was diluted with water (50 mL)
and the solvent was removed by lyophilization. The title compound was isolated after
purification by HPLC.

Yield (T3): 2.30 mg (1.99 umol, 3.8% over two steps) as a colorless solid.

HPLC (semi-preparative): before global deprotection: tr = ~19 min (method: C, conc.

of injection: 12.3 mg/mL in MeOH).

after global deprotection: tr = ~14-16 min (method: D, conc.

of injection: ~8 mg/mL in HO:MeCN:TFA 70:30:0.1).

"H NMR (500 MHz, MeOH-d4): & [ppm] = 0.90 (t, *J13vi-n/12vi-n = 7.0 Hz, 3 H, 13Y-H), 0.95
(d, 3Jav-njav-n = 6.9 Hz, 3 H, 4'-H), 1.00 (d, *Jav-ri/av-n = 6.9 Hz, 3 H, 4%-H), 1.27-1.33 (m,
18 H, 4Y-12¥-H), 1.55-1.62 (m, 2 H, 3"-H), 1.65-1.73 (m, 3 H, 3V-H,, 4"¥-H), 1.81-1.87 (m,
1 H, 3V-Hp), 1.87-1.95 (m, 2 H, 2"-H), 2.14-2.21 (m, 1 H, 3"-H), 2.24-2.30 (m, 1 H, 5'-H.),
2.32 (t, *Javicnsavion = 7.5 Hz, 2 H, 2¥-H), 2.43 (ddd, 2Js-np/5-Ha = 14.7 Hz, *Js-pps6-n = 6.4 Hz,
3J5-tpa-n = 3.1 Hz, T H, 5'-Hp), 3.10 (t, 3J1--p/2nn = 7.0 Hz, 2 H, 1"-H), 3.23 (t, 3Jsiv-r/aiv-n =
6.7 Hz, 2 H, 5V-H), 3.25-3.29 (m, 1H, 3"-Ha), 3.33-3.40 (m, 1H, 3"-Hy), 3.95 (dd,
3Je-rys-np = 6.4 Hz, 3o-n/s-1y = 6.2 Hz, 2 H, 6'-H), 4.01 (dd, 3/3-n/4-n = 6.0 Hz, 3J3-n/2-n =
6.0 Hz, 1 H, 3'-H), 4.14-4.21 (m, 3 H, 4'-H, 2¥-H, 2'-H), 4.33-4.41 (m, 3 H, 2'-H, 3""-H),
4.51(dd, 3Ja-n/3m-ma = 5.9 Hz, 3Jom-pjzmm = 4.9 Hz, 1 H, 2""-H), 5.68 (d, 3/1-1/2-1 = 3.8 Hz,
1 H, 1'-H), 5.73 (d, 3Js-/6-1 = 8.1 Hz, 1 H, 5-H), 7.61 (d, 3Je-ry5-n = 8.1 Hz, 1 H, 6-H).

3C NMR (126 MHz, MeOH-d4): § [ppm] = 14.43 (C-13"), 17.99 (C-4Y), 19.83 (C-4Y),
23.73 (C-4V-12Y), 25.91 (C-3¥), 26.09, 30.21 (C-3V, C-4VY), 27.43 (C-2"), 30.44, 30.47,
30.57, 30.62, 30.74, 30.75, 30.78 (C-4"-12"), 31.86 (C-3), 33.07 (C-4"-12"), 34.20 (C-5),
34.79 (C-2"), 36.95 (C-3"), 41.91 (C-5"), 45.19 (C-1"), 54.58 (C-2""), 55.11, 59.54 (C-2",
C-2Y), 60.14 (C-6"), 64.17 (C-3"), 73.96 (C-2"), 74.81 (C-3"), 81.56 (C-4'), 94.41 (C-1"),
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103.04 (C-5), 144.06 (C-6), 152.16 (C-2), 158.66 (NC(=NH)N), 160.65 (NC(=O)N), 166.09
(C-4), 171.75 (C-7"), 172.12 (C-1'"), 175.08 (C-11), 175.47 (C-1"), 175.84 (C-1V).

9F NMR (471 MHz, MeOH-da): § [ppm] = -76.95.

IR (ATR) v [cm™"]: 3346, 2925, 2854, 1660, 1554, 1465, 1185, 1136, 800, 720, 533.
UV (HPLC) A [nm]: 260, 210.

LC-MS (ESI'): m/z = 941.44 [M+H]".

HRMS (ESI*): calcd. for C42H74N10014%*: 471.2688, found: 471.2678 [M+2H]*.
C42H72N 10014 (941.09)

Ca2H74N100142* « 2 C2F302 (1169.14)

7.4 Synthesis of muraymycin derivatives with L-allo-threonine

7.4.1 Cbz-allo-Thr(COCi2H25)-NuAA 52

12iv 10iv 8iv 6iv 4iv 2iV

O
13\ v g 7iv 5V gv AV 4

(0]

5 3 TBDMSO OTBDMS

Alternative 1:

Dry N,N-diisopropylethylamine (11.3 uL, 66.3 umol, 1.0 eq.) was added to a solution of
Cbz-allo-Thr(COC12H25)-OH 38 (29.8 mg, 66.3 pmol, 1.0 eq.) in dry dichloromethane
(1 mL). After 30 min, HATU (38.8 mg, 102 ymol, 1.5 eq.) was added and the reaction
mixture was stirred for 30 min at room temperature. The mixture was cooled to 0 °C
and dry N,N-diisopropylethylamine (11.3 uL, 66.3 umol, 1.0 eq.) was added. Nucleosyl
amino acid 35 (42.6 mg, 66.3 umol, 1.0 eq.) in dry dichloromethane (1.5 mL) was added
dropwise at this temperature. The reaction was stirred for 23 h. During this time, the
reaction mixture was allowed to warm up to room temperature. Then, an aqueous
ammonium chloride solution (1 M, 10 mL) was added. The aqueous layer was extracted
with ethyl acetate (3x 10 mL). The combined organic layer was washed with saturated
sodium bicarbonate solution (20 mL) and brine (20 mL) and dried over sodium sulfate.

The solvent was removed under reduced pressure. The title compound was obtained
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after purification by silica gel column chromatography (15 g, 2x9 cm, CH2Cl:MeOH
100:0 > 98:2).

Yield (52): 32.3 mg (30.1 umol, 45%) as a colorless foamy solid.
TLC: Rf = 0.38 (CH2Cl:MeOH 9:1).

"H NMR (500 MHz, DMSO-de): § [ppm] = 0.00 (s, 3 H, SiCH3), 0.03 (s, 3 H, SiCH3), 0.07
(s, 3 H, SiCHs), 0.08 (s, 3 H, SiCH3), 0.83 (s, 9 H, SiC(CH3)3), 0.84-0.86 (m, 3 H, 13V-H),
0.87 (s, 9 H, SiC(CH3)3), 1.11 (d, 4131 = 6.4 Hz, 3 H, 4"'-H), 1.18-1.23 (m, 18 H, 4"-
12V-H), 1.40 (s, 9 H, OC(CH3)3), 1.42-1.54 (m, 4 H, 2"-H, 3V-H), 1.84-1.91 (m, 2 H, 5'-H,,
5'-Hp), 1.93-2.04 (m, 1 H, 6'-NH), 2.12-2.21 (m, 2 H, 2"¥-H), 2.34-2.41 (m, 1 H, 1"-Ha),
2.45-2.52 (m, 1 H, 1"-Hp), 3.03-3.17 (m, 3 H, 6'-H, 3"-H), 3.84-3.92 (m, 2 H, 3'-H, 4'-H),
423 (dd, *Jawzenn = 9.0 Hz, 3fpvpzon = 6.9 Hz, TH, 2"-H), 432 (dd, ¥zw1h =
43 Hz, 3y-h3n = 43 Hz, 1 H, 2'-H), 4.98-5.09 (m, 3 H, 3"'-H, 1¥-H), 5.65-5.71 (m, 2 H,
5-H, 1'-H), 7.28-7.33 (m, 1 H, 5'-H), 7.33-7.38 (m, 4 H, 3"-H, 4%-H), 7.53 (d, 3/2"-nH/2"n =
9.0 Hz, 1 H, 2""-NH), 7.60 (d, 3Je-+/5-1 = 8.0 Hz, 1 H, 6-H), 7.99 (bs, 1 H, 3"-NH), 11.36 (s,
TH, 3-H).

13C NMR (126 MHz, DMSO-de): & [ppm] = -4.97 (SiCH3), -4.95 (SiCH3), -4.82 (SiCH3),
-4.47 (SiCHs), 15.82 (C-4"), 17.74 (SiC(CHs)3), 17.65 (SiC(CH3)3), 22.08 (C-4"-12V), 24.28
(C-3"), 25.58 (SiC(CH3)3), 26.68 (SiC(CH3)3), 27.63 (OC(CH3)3), 28.38, 28.69, 28.86, 28.98,
29.00, 29.03 (C-4"-12V), 29.50 (C-2"), 31.28 (C-4"-12"), 33.63 (C-2"), 36.37 (C-5'), 36.88
(C-3"), 44.73 (C-1"), 57.53 (C-2""), 59.17 (C-6"), 65.56 (C-3""), 69.29 (C-1Y), 73.61 (C-2"),
74.54 (C-3"), 80.76 (C-4'), 80.26 (OC(CH3)s), 88.62 (C-1'), 102.09 (C-5), 127.64, 127.78,
128.30 (C-3Y, C-4Y, C-5Y), 136.91 (C-2Y), 140.92 (C-6), 150.58 (C-2), 156.01 (NC(=0)0O),
162.99 (C-4), 168.47 (C-1""), 171.88 (C-1V), 173.43 (C-7").

LC-MS (ESI*): m/z = 1074.45 [M+H]".

Alternative 2:'%°

Dry N,N-diisopropylethylamine (21.8 pL, 128 pmol, 1.0 eq.), HOBt (17.4 mg, 129 ymol,
1.0 eq.) and EDC « HCl (24.6 mg, 128 umol, 1.0 eq.) were added to a solution of Cbz-
allo-Thr(COC2H25)-OH 38 (57.6 mg, 128 umol, 1.0 eq.) in dry tetrahydrofuran (3 mL).
After 1 h, nucleosyl amino acid 35 (42.6 mg, 66.3 umol, 1.0 eq.) in dry tetrahydrofuran
(5 mL) was added dropwise at this temperature. The reaction was stirred for 23 h.

During this time, the reaction mixture was allowed to warm up to room temperature.
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Ethyl acetate (30 mL) was added, and the organic layer was washed with saturated
sodium carbonate solution (15 mL). The aqueous layer was extracted with ethyl acetate
(30 mL). The combined organic layer was dried over sodium sulfate. The solvent was
then removed under reduced pressure. The title compound was obtained after
purification by silica gel column chromatography (30 g, 3x14 cm, CH2Cl>:MeOH 100:0
- 98:2 & 95:5).

Yield (52): 60.2 mg (56.0 umol, 44%) as a colorless foamy solid.

"H NMR (500 MHz, MeOH-d4): § [ppm] = 0.09 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCH3), 0.13 (s, 3 H, SiCHS3), 0.90 (t, *J13iv-ry12iv-n = 7.1 Hz, 3 H, 13V-H), 0.91 (s, 9 H,
SiC(CHs)3), 0.93 (s, 9 H, SiC(CH3)3), 1.22 (d, 3Ja-nsz-n = 6.5 Hz, 3 H, 4"'-H), 1.26-1.30
(m, 18 H, 4¥-12V-H), 1.48 (s, 9 H, OC(CHs)3), 1.52-1.59 (m, 2 H, 3V-H), 1.64-1.73 (m,
2 H, 2"-H), 1.91 (ddd, Js-Has-Hp = 14.0 Hz, 3Jspaa-n = 11.1 Hz, 3Js-nae-n = 4.6 Hz, 1H,
5'-Ha), 2.00-2.08 (m, 1H, 5'-Hp), 2.23 (t, *)aiv-nziv-n = 7.4 Hz, 2 H, 2V-H), 2.53 (dt,
2J1emar-mp = 11.7 Hz, 3J1vpgeen = 6.8 Hz, TH, 1"-Ha), 2.62 (dt, 21-np/1m-Ha = 11.7 Hz,
31 Hpr2-h = 6.9 Hz, 1 H, 1"-Hp), 3.26 (t, */371/2nn = 6.6 Hz, 2 H, 3"-H), 3.32-3.35 (m, 1 H,
6'-H), 3.90 (dd, 3/5-n/2-1 = 4.9 Hz, 3J3na-n = 4.7 Hz, 1H, 3'-H), 4.06 (ddd, *Ja-n/s-h, =
11.1 Hz, 3Janz-n = 4.7 Hz, 3anssmp = 2.8 Hz, TH, 4'-H), 433 (dd, 3)2-n/3-n = 4.9 Hz,
3Jrmrn = 44 Hz, TH, 2'-H), 440 (d, *J2»-np3n = 6.2 Hz, 1 H, 2"-H), 5.01-5.16 (m, 3 H,
3""-H, 1V-H), 5.75 (d, 3Js-/6-1 = 8.1 Hz, 1 H, 5-H), 5.77 (d, 31-/2-n = 44 Hz, 1 H, 1'-H),
7.27-7.32 (m, 1H, 5-H), 7.32-7.38 (m, 4 H, 3"-H, 4"-H), 7.65 (d, *Je-n/s-n = 8.1 Hz, 1H,
6-H).

13C NMR (126 MHz, MeOH-da): § [ppm] = -4.44 (SiCH3), -4.42 (SiCH3), -4.40 (SiCH3),
-3.99 (SiCH3), 14.45 (C-13"), 16.04 (C-4""), 18.87 (SiC(CH3)3), 18.94 (SiC(CHs)3), 23.74
(C-4V-12"), 25.91 (C-3"), 26.40 (SiC(CH3)3), 26.46 (SiC(CH3)3), 28.45 (OC(CH3)3), 30.17
(C-2"), 30.30, 30.43, 30.48, 30.62, 30.75, 30.77, 30.79 (C-4"-12V), 33.08 (C-2"), 35.20
(C-5", 38.48 (C-3"), 46.14 (C-1"), 59.19 (C-2"), 60.75 (C-6"), 67.86 (C-3""), 71.11 (C-1Y),
75.91 (C-2"), 76.56 (C-3"), 82.60 (C-4"), 82.87 (OC(CHs)s), 91.87 (C-1'), 103.04 (C-5),
128.90, 129.49, 12949 (C-3"-5Y), 138.13 (C-2Y), 142.69 (C-6), 152.12 (C-2), 158.38
(NC(=0)0), 166.06 (C-4), 171.37 (C-1""), 174.45 (C-1"), 174.79 (C-7").

LC-MS (ESI*): m/z = 1074.95 [M+H]".

Cs5Hg5N5s5012Si2 (1074.56)
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7.4.2 H-allo-Thr(COC12H25)-NuAA bis-TFA salt 78!'4%153]

12iv 10iv 8iv

13iV 11iv gV

1,4-Cyclohexadiene (71.0 pL, 753 pmol, 25.0 eq.), palladium black (3 spatula tips) and
trifluoracetic acid (4.70 uL, 60.2 pmol, 2.0 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-allo-Thr(COCi2H25)-NuAA 52 (32.3 mg,
30.1 umol, 1.0 eq.) in dry iso-propanol (1.2 mL). The reaction was stirred for 3 h at 40 °C
(water bath). The residue was filtered through a syringe filter. The filter was washed
with methanol (4x 5 mL). The title compound was obtained after removal of the solvent

and was used without further purification.
Yield (78): 30.4 mg (26.0 umol, 86%) as a colorless foamy solid.

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.07 (s, 3 H, SiCH3), 0.12 (s, 3 H, SiCH3), 0.15
(s, 3 H, SiCH3), 0.16 (s, 3 H, SiCH3), 0.90 (t, *J13iv-n/12iv-1 = 6.4 Hz, 3 H, 13V-H), 0.92 (s, 9 H,
SiC(CH3)3), 0.95 (s, 9 H, SiC(CHs)3), 1.28-1.31 (m, 21 H, 4"'-H, 4V-12V-H), 1.54 (s, 9 H,
OC(CHs3)3), 1.58-1.66 (m, 2 H, 3V-H), 1.91-1.98 (m, 2 H, 2"-H), 2.17-2.28 (m, 1 H, 5'-Ha),
2.28-2.36 (m, 1H, 5'-Hp), 2.38 (t, *Jaiv-nsziv-n = 7.4 Hz, 2 H, 2V-H), 3.08-3.19 (m, 2 H,
1"-H), 3.32-3.35 (m, 1 H, 3"-H,), 3.38-3.43 (m, 1 H, 3"-Hp), 4.05-4.09 (m, 3 H, 3'-H, 6'-H,
2'"-H), 4.20 (ddd, *Ja-nss-rs = 11.7 Hz, 3Ja-pz-n = 4.4 Hz, 3Japysmp = 2.5 Hz, 1 H, 4'-H),
4.67 (dd, 3J2-n1-n = 4.7 Hz, 3Jonjzn = 4.7 Hz, 1 H, 2'-H), 5.27 (dq, >/3»-Ha=-n = 6.6 Hz,
33 mpeen = 42 Hz, 1 H, 3"-H), 5.60 (d, 2J1-h/2-n = 4.7 Hz, 1 H, 1'-H), 5.75 (d, *J5-/6-n =
8.1 Hz, 1 H, 5-H), 7.65 (d, *Je-r/5-n = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da4): § [ppm] = -4.55 (SiCH3), -4.52 (SiCH3), -4.36 (SiCH3),
-4.06 (SICH3), 14.43 (C-13"), 15.30 (C-4"), 18.84 (SIC(CH3)3), 18.93 (SIC(CH3)3), 23.73
C-4¥-12V), 2576 (C-3Y), 26.36 (SiC(CHs)3), 2640 (SiC(CH3)3), 27.49 (C-2"), 28.23
(OC(CHs)3), 30.17, 30.31, 30.43, 30.47, 30.61, 30.72, 30.75, 30.78 (C-4"-12"), 34.34 (C-5),
34.79 (C-2"), 37.83 (C-3"), 45.47 (C-1"), 57.47 (C-2"), 59.08 (C-6'), 69.11 (C-3"), 74.24
(C-2", 76.35 (C-3"), 81.92 (C-4), 86.35 (OC(CHs)3), 95.41 (C-1"), 103.21 (C-5), 144.87
(C-6), 152.17 (C-2), 165.91 (C-4), 167.24 (C-1""), 168.79 (C-7"), 174.01 (C-1").
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19F NMR (471 MHz, MeOH-da): § [ppm] = -77.06.
LC-MS (ESIT): m/z = 940.44 [M+H]".
C47Hs9N5010Si2 (940.42)

C47H91N5010Si2%* « 2 C2F302" (1168.46)

7.4.3 Target compound T4: Val-Epic-allo-Thr(COC12H25)-NuAAl4>153.170]

12vi 10vi 8vi 6vi 4vi

13vi 1qvi gVi 7vi gvi 3vi
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‘BuO-Val-Epic(Pbf)-OH 27(16.5 mg, 26.5 umol, 1.0 eq.), H-allo-Thr(COCi2H31)-NuAA
bis-TFA salt 78 (30.8 mg, 26.4 ymol, 1.0 eq.) and N,N-diisopropylethylamine (15.7 pL,
93.3 umol, 3.5 eq.) were dissolved in dry ethyl acetate (1.0 mL). The reaction mixture
was cooled to 0 °C and stirred for 15 min at this temperature. T3P (50% in dry ethyl
acetate, 39.3 yL, 66.1 ymol, 2.5 eq.) was added to the reaction mixture. The reaction
was stirred for 1 h at 0 °C and then for 15 min at room temperature. Then, ethyl acetate
(15 mL) was added, and the organic layer was washed with water (2x 5 mL) and brine
(5 mL). The organic layer was dried over sodium sulfate, and the solvent was removed
under reduced pressure. The coupling product was identified by LC-MS (LC-MS (ESI*):
m/z = 1548.80 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 5 mL) and stirred for
24 h at room temperature. The solvent was removed under reduced pressure, the
residue was dissolved in water and was lyophilized. The title compound was isolated

after purification by HPLC.
Yield (T4): 2.99 mg (2.53 pmol, 10% over two steps) as a white solid.

HPLC (semi-preparative): tr = 15.6 min (method: A, conc. of injection: 12.5 mg/mL in
MeOH).
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"H NMR (500 MHz, MeOH-da): § [ppm] = 0.90 (t, 3/13vi-n/12vi-n = 7.0 Hz, 3 H, 13-H), 0.94
(d, 3Jav-njzv-n = 6.9 Hz, 3 H, 4'-H), 0.99 (d, *Jav-jzv-n = 6.9 Hz, 3 H, 4%-H), 1.27-1.34 (m,
21 H, 4"-H, 4-12"-H), 1.55-1.64 (m, 2 H, 3"-H), 1.84-1.93 (m, 2 H, 2"-H), 1.93-1.97 (m,
2 H, 4V-H), 2.15-2.22 (m, 1 H, 3-H), 2.22-2.28 (m, 1 H, 5'-Ha), 2.30 (t, *Javi-/avi-n = 7.4 Hz,
2 H, 2¥i-H), 2.44 (ddd, 2J5-Hy/5-Ha = 14.7 Hz, 3Js-ppse-n = 6.4 Hz, 3Jseppan = 3.2 Hz, TH,
5'-Hp), 3.03-3.18 (m, 2 H, 1"-H), 3.23 (dt, ¥3"Ha3"-Hp = 13.9 Hz, 3J3p2m1 = 6.2 Hz,
1H, 3"-Ha), 3.32-3.35 (m, 1 H, 5V-Ha), 3.38-3.47 (m, 2 H, 3"-Hy, 5"-Hp), 3.75 (ddd,
3J3iv-2iv-H = 8.2 Hz, 3J3iv-Haiv-Ha = 5.5 Hz, 3J3iv-nsaiv-Hp = 5.5 Hz, 1H, 3V-H), 3.90 (dd,
3e-H/5-Hp = 6.4 Hz, 3J6-p/5-H, = 6.3 Hz, 1 H, 6'-H), 4.01 (dd, 3/3-H/4-n = 6.4 Hz, 3J3-n/2-n =
5.9 Hz, 1H, 3'-H), 4.16 (ddd, 3Ja-n/5-1, = 10.0 Hz, 3Ja-n/3-1 = 6.4 Hz, 3Ja-ry/s-np = 3.2 Hz,
1H, 4'-H), 4.18 (d, 3Jov-rj3v- = 4.8 Hz, 1 H, 2¥-H), 4.36 (dd, 3/2-n/3-1 = 5.9 Hz, 3Ja-pj1mn =
3.8 Hz, 1H, 2'-H), 448 (d, 3aiv-nsiv-n = 8.2 Hz, 1 H, 2V-H), 4.51 (d, 3J>»-p/3n = 6.3 Hz,
1TH, 2"-H), 515 (dq, 3J3-nu-n = 64 Hz, 3J3mn =63 Hz1H, 3"-H), 568 (d,
3ym2-n = 3.8 Hz, 1H, 1'-H), 5.73 (d, ¥s-n6-n = 8.1 Hz, 1H, 5-H), 7.60 (d, *Je-t/5-H =
8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-dJ): § [ppm] = 14.43 (C-13"), 17.92 (C-4"), 19.76 (C-4Y),
22.14 (C-4Vv), 23.73 (C-4V-12"), 25.92 (C-3"), 27.53 (C-2"), 30.18, 30.42, 30.47, 30.61,
30.72,30.75, 30.77 (C-4v-12"1), 31.74 (C-3Y), 33.07 (C-4v-12")), 34.37 (C-5"), 35.12 (C-2"),
37.15 (C-3"), 37.32 (C-5"), 45.46 (C-1"), 52.08 (C-3V), 56.47 (C-2"), 58.46 (C-2""), 59.59
(C-2Y), 70.47 (C-3""), 73.93 (C-2"), 74.77 (C-3'), 81.63 (C-4'), 94.40 (C-1'), 103.10 (C-5),
144.02 (C-6), 152.21 (C-2), 155.54 (NC(=NH)N), 160.19 (NC(=O)N), 166.03 (C-4), 171.78
(C-7", 171.99 (C-1"), 172.32 (C-1"), 174.54 (C-1¥), 175.76 (C-1Y).

19 NMR (471 MHz, MeOH-da): & [ppm] = -76.99.

IR (ATR) v [cm™]: 3290, 2924, 2853, 1662, 1651, 1633, 1547, 1201, 1179, 1133.
UV (HPLC) A [nm]: 260, 205.

LC-MS (ESI*): m/z = 953.73 [M+H]".

HRMS (ESI*): calcd. for Ca3sH7aN10014%*: 477.2688, found: 477.2677 [M+2H]".
C43H72N10014 (953.10)

Ca3H74N10014%* « 2 C2F302 (1181.14)
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7.4.4 Target compound T5: Val-Arg-allo-Thr(COCi2H25)-NuAA!'4>153170

12vi 10\/i 8\/i 6vi 4vi 2Vi

13vi 1qvi gvi 7V

‘BuO-Val-Arg(Pbf)-OH 36 (14.1 mg, 22.5 umol, 1.0 eq.), H-allo-Thr(COC12H25)-NUuAA
bis-TFA salt 78 (25.5 mg, 21.8 ymol, 1.0eq.) and dry N,N-diisopropylethylamine
(13.0 yL, 76.4 ymol, 3.5 eq.) were diluted in dry ethyl acetate (0.9 mL). The reaction
mixture was cooled to 0 °C and stirred for 15 min at this temperature. T3P (50% in dry
ethyl acetate, 32.4 uL, 54.5 ymol, 2.5 eq.) was added to the reaction mixture. The
reaction was stirred for 45 min at 0 °C. Then, ethyl acetate (15 mL) was added, and the
organic phase was washed with water (2x 5 mL) and brine (5 mL). The organic layer was
dried over sodium sulfate, and the solvent was removed under reduced pressure. The
coupling product was identified by LC-MS (LC-MS (ESI*): m/z = 1548.80 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 5 mL) and stirred for
24 h at room temperature. The solvent was removed under reduced pressure, the
residue was dissolved in water and was lyophilized. The title compound was isolated

after purification by HPLC.
Yield (T5): 5.68 mg (4.80 umol, 22% over two steps) as a white solid.

HPLC (semi-preparative): tr = 15.3 min (method: D, conc. of injection: 13.9 mg/mL in
MeOH).

"H NMR (500 MHz, MeOH-da4): & [ppm] = 0.90 (t, 3J13vinsi2viin = 6.9 Hz, 3 H, 13Y-H),
0.95 (d, 3Jav-tyav-n = 6.9 Hz, 3 H, 4'-H), 1.00 (d, 3Jav-r/zv-n = 6.9 Hz, 3 H, 4'-H), 1.26-1.34
(m, 21 H, 4"-H, 4"-12Y-H), 1.54-1.63 (m, 2 H, 3V-H), 1.63-1.72 (m, 3 H, 3V-H,, 4V-H),
1.80-1.86 (m, 1 H, 3"-Hp), 1.87-1.95 (m, 2 H, 2"-H), 2.17 (dsept, 3Jav-p/av-n = 6.9 Hz,
3J3v-zov-n = 6.7 Hz, 1 H, 3V-H), 2.29 (t, Jovinsavion = 7.5 Hz, 2 H, 2V-H), 2.30-2.35 (m, 1 H,
5'-H.), 244 (ddd, %s-nps-Ha = 14.7 Hz, 3Jsnpe-n = 6.6 Hz, Jsoppa-n = 29 Hz, 1H,
5'-Hp), 3.03-3.14 (m, 2 H, 1"-H), 3.18-3.26 (m, 2 H, 5"¥-H), 3.28-3.30 (m, 2 H, 3"-H), 4.00
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(dd, 3Je-n/s-np = 6.6 Hz, 3Je-nss-ny = 6.3 Hz, 1H, 6'-H), 401 (dd, 3J3-ma-n = 6.1 Hz,
332m = 5.9 Hz, TH, 3'-H), 4.14-4.17 (m, 1 H, 4'-H), 4.18 (d, *Jav-n/3v-n = 6.7 Hz, TH,
2"-H), 4.22 (dd, Jaiv-nziv-Ha = 7.7 Hz, 3Jaiv-nzziv-rp = 5.2 Hz, 1 H, 2V-H), 4.36 (dd, *J2-H/3-1 =
5.9 Hz, 3Ja-i1-n = 3.9 Hz, 1 H, 2'-H), 4.50 (d, 3J2-n/3mn = 6.2 Hz, 1 H, 2"-H), 5.15 (dq,
3J3-ppan = 6.4 Hz, 3J3pom = 6.2 Hz, 1 H, 3"'-H), 5.70 (d, 3/1-n/2-1 = 3.9 Hz, T H, 1'-H),
5.73 (d, ¥s-ns6-n = 8.1 Hz, 1 H, 5-H), 7.61 (d, *J6-n/5-n = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = 14.44 (C-13"), 16.93 (C-4"), 18.01 (C-4Y),
19.79 (C-4Y), 23.73 (C-4"-12V), 25.95 (C-3Y), 26.14 (C-4"), 27.52 (C-2"), 30.20 (C-3"),
30.43, 30.47, 30.62, 30.73, 30.75, 30.78, 30.64 (C-4"-12")), 31.84 (C-3Y), 33.07 (C-4¥-12"),
34.15 (C-5", 35.19 (C-2")), 37.00 (C-3"), 41.92 (C-5Y), 45.21 (C-1"), 54.83 (C-2"), 58.11
(C-2"), 59.53 (C-2Y), 59.89 (C-6'), 70.94 (C-3""), 74.00 (C-2'), 74.80 (C-3'), 81.29 (C-4),
94.25 (C-1'), 103.08 (C-5), 143.95 (C-6), 153.16 (C-2), 158.65 (NC(=NH)N), 160.57
(NC(=O)N), 166.08 (C-4), 171.70 (C-7"), 171.98 (C-1""), 174.71 (C-11), 175.24 (C-1"),
175.89 (C-1).

19 NMR (471 MHz, MeOH-da): § [ppm] = -76.97.

IR (ATR) v [cm™]: 3308, 2926, 2854, 1667, 1645, 1552, 1466, 1200, 1135, 721.
UV (HPLC) A [nm]: 257, 210.

LC-MS (ESIF): m/z = 956.72 [M+H]".

HRMS (ESI*): calcd. for C43H7eN100142*: 478.2766, found: 478.2752 [M+2H]?*.
Ca3H74N 10014 (955.12)

Ca3H76N10014%* + 2 C2F302 (1183.17)
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7.4.5 Cbz-allo-Thr(CO*°C15Hs1)-NuAA mono-TFA salt 8714

15"
) 5 3

1 3iv 11 iv giv 7iv 5iv 3iv

15"

TBDMSO  OTBDMS

Dry N,N-diisopropylethylamine (13.1 uL, 77.0 umol, 1.0 eq.) was added to a solution of
Cbz-allo-Thr(CO*°C15H31)-OH 44mix (37.8 mg, crude: derivatives with different chain
lengths) in dry tetrahydrofuran (2 mL). The resulting reaction mixture was stirred for
30 min at 0 °C. Then, HOBt (10.5 mg, 77.7 uymol, 1.0 eq.) and EDC « HCI (14.8 mg,
125 pymol, 1.0 eq.) were added at 0° C. After 1 h, nucleosyl amino acid 35 (49.6 mg,
77.1 ymol, 1.0eqg.) in dry tetrahydrofuran (3 mL) was added dropwise at this
temperature. The reaction was stirred for 14.5 h. During this time, the reaction mixture
was allowed to warm up to room temperature. Ethyl acetate (30 mL) was added, and
the organic layer was washed with saturated sodium carbonate solution (30 mL). The
aqueous layer was extracted with ethyl acetate (15 mL). The combined organic layers
were dried over sodium sulfate. The solvent was removed under reduced pressure. The
title compound was obtained after purification by silica gel column chromatography
(15 g, 1.5x21 cm, PE:EtOAc 2:8) and HPLC.

Yield (87): 25.4 mg (20.6 pmol, 27%) as a colorless foamy solid.

HPLC (semi-preparative): tr = ~25 min (method: F, conc. of injection: 12 mg/mL in
DMSO).

"H NMR (500 MHz, MeOH-da): & [ppm] = 0.07 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCHs), 0.15
(s, 3 H, SiCH3), 0.16 (s, 3 H, SiCH3), 0.88 (d, 3/15iv-H/14iv-1 = 6.6 Hz, 6 H, 15V-H), 0.91 (s, 9 H,
SiC(CH3)s), 0.95 (s, 9 H, SiC(CH3)s), 1.14-1.20 (m, 2 H, 13V-H), 1.24 (d, *Ja»-t/3-n = 6.3 Hz,
3 H, 4"-H), 1.26-1.31 (m, 18 H, 4V-12V-H), 1.48-1.52 (m, 1 H, 14V-H), 1.53 (s, 9 H,
OC(CH3)3), 1.54-1.59 (m, 2 H, 3"-H), 1.86-1.93 (m, 2 H, 2"-H), 2.18-2.27 (m, 3 H, 2V-H,
5'-Ha), 2.33 (ddd, Ys-Hp5-Ha = 14.1 Hz, s ppsa-n = 11.8 Hz, 3Js-ppse-n = 4.6 Hz, 1H,
5'-Hp), 3.02-3.14 (m, 2 H, 1"-H), 3.32-3.36 (m, 2 H, 3"-H), 4.03 (dd, 3Js-r/5-H, = 9.1 Hz,
3J6-H/5-Hp = 4.6 Hz, 1 H, 6'-H), 4.06 (dd, *J3-H/a-n = 4.6 Hz, *J3.h/2n = 4.6 Hz, 1H, 3'-H),
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4.21 (ddd, *Ja-t/5-np = 11.8 Hz, 3Ja-p3-n = 4.6 Hz, 3Ja-ny5-n, = 2.3 Hz, 1 H, 4'-H), 4.38 (d,
3Jahpzn = 5.9 Hz, 1 H, 2"'-H), 4.66 (dd, *J2-1/3-1 = 4.6 Hz, YJorrj11 = 4.5 Hz, T H, 2'-H),
5.03-5.17 (m, 2 H, 1"-H), 5.18 (dq, */3"-na-n = 6.3 Hz, *J3hpen = 5.9 Hz, 1H, 3"'-H),
5.59 (d, 3J1-H/2-1 = 4.5 Hz, 1 H, 1'-H), 5.71 (d, 3Js-nse-n = 8.1 Hz, 1 H, 5-H), 7.28-7.32 (m,
1 H, 5Y-H), 7.32-7.38 (m, 4 H, 3'-H, 4'-H), 7.60 (d, *Je-r/5-4 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = -4.35 (2x SiCH3), -4.49 (SiCHs3), -4.02 (SiCH3),
16.12 (C-4""), 18.25 (SiC(CHs)3), 18.94 (SiC(CHs)s), 23.05 (C-15"), 25.90 (C-3V), 26.39
(SiC(CH3)3), 26.42 (SiC(CHs)3), 27.63 (C-2"), 28.23 (OC(CHs)s), 28.54, 29.15, 30.16, 30.42,
30.60, 30.74, 30.78, 30.81, 31.09, 31.04 (C-4"-12V, C-14V), 34.28 (C-5"), 35.15 (C-2V),
36.71 (C-3"), 40.24 (C-13"), 44.98 (C-1"), 59.26 (C-6'), 59.55 (C-2""), 67.98 (C-1Y), 70.66
(C-3"), 7437 (C-2", 76.35 (C-3"), 81.80 (C-4'), 86.27 (OC(CH3)3), 95.30 (C-1", 103.10
(C-5), 128.90, 129.14, 129.52 (C-3¥-5Y), 138.01 (C-2"), 144.66 (C-6), 152.78 (C-4), 158.62
(NC(=0)0), 165.89 (C-2), 168.73 (C-7"), 173.10 (C-1'"), 174.46 (C-1V).

19F NMR (471 MHz, MeOH-da): § [ppm] = -77.13.

UV (HPLC) A [nm]: 259, 216.

LC-MS (ESI*): m/z = 1116.95 [M+H]".

HRMS (ESI*): calcd. for CsgH102N5012Si2*: 1116.7059, found: 1116.6989 [M+H]*.
Cs8H101N5012Si2 (1116.64)

CssH102N5012Si2* » C2F3027 (1230.66)

189



Experimental

7.4.6 Target compound T8: Val-Epic-allo-Thr(CO*°CisH31)-NuAAl4>148153]

1 5Vi

12Vi 10vi

15V 13vi 1qvi gui

1,4-Cyclohexadiene (13.8 uL, 146 ymol, 11.1 eq.), palladium black (1.5 spatula tips) and
trifluoroacetic acid (2.25 pL, 29.2 umol, 2.2 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-allo-Thr(CO*°C1sH31)-NUAA mono-TFA
salt 87 (16.3 mg, 13.2 umol, 1.0 eq.) in dry iso-propanol (1.5 mL). The reaction mixture
was stirred for 3 h at room temperature. The reaction mixture was filtered through a
syringe filter and the filter was washed with methanol (5x 6 mL). The solvent was
removed under reduced pressure to give the bis-TFA salt 88. The title compound was
identified by LC-MS and was used without further purification (LC-MS (ESI*): m/z =
982.91 [M+H]").

Dry N,N-diisopropylethylamine (1.72 uL, 10.1 umol, 1.0 eq.) was added to a solution of
‘BuO-Val-Epic(Pbf)-OH 27 (6.37 mg, 10.2 umol, 1.0eq.) in dry dichloromethane
(0.5 mL). After 10 min, HATU (5.92 mg, 15.6 pymol, 1.5 eq.) was added. After 30 min, the
reaction mixture was cooled to 0°C and dry N,N-diisopropylethylamine (4.29 pL,
25.2 ymol, 2.5 eq.) was added. Then, bis-TFA salt 88 (12.2 mg, 10.1 ymol, 1.0 eq.) in dry
dichloromethane (0.9 mL) was added dropwise at this temperature. The reaction was
stirred for 18 h. During this time, the reaction mixture was allowed to warm up to room
temperature. Then, HATU (4.07 mg, 10.7 umol, 1.1 eq.) and dry dichloromethane
(0.5 mL) were added again. The reaction mixture was stirred for further 24 h at room
temperature. The solvent was removed under reduced pressure. The residue was
dissolved in ethyl acetate (3 mL). The organic layer was washed with water (1 mL). The
layers were separated, and the aqueous layer was extracted with ethyl acetate
(2x 2 mL). The solvent was removed under reduced pressure. The coupling product was
identified by LC-MS (LC-MS (ESI*): m/z = 1589.88 [M+H]").
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The residue was dissolved in aqueous trifluoroacetic acid (80%, 2 mL) and was stirred
for 24 h at room temperature. The solvent was removed under reduced pressure, the
residue was dissolved in water and lyophilized. The title compound was isolated after
purification by HPLC.

Yield (T8): 1.58 mg (1.29 umol, 9.8% over three steps) as a white solid.

HPLC (semi-preparative): tr = 19.6 min (method: D, conc. of injection: ~13.0 mg/mL in
MeOH).

"H NMR (500 MHz, MeOH-d4): & [ppm] = 0.89 (d, 3/1svi-n/1avi-n = 6.6 Hz, 3 H, 15Y-H),
0.95 (d, 3Jav-rszv-n = 6.9 Hz, 3 H, 4%-H), 1.00 (d, 3Jav-rszv-n = 6.9 Hz, 3 H, 4-H), 1.16-1.21
(m, 2 H, 13V-H), 1.27-1.35 (m, 21 H, 4"'-H, 4¥-12"-H), 1.53 (dsept, 3/1avi-n/15vi-n = 6.6 Hz,
3Jravicsizvion = 6.6 Hz, 2 H, 14¥i-H), 1.57-1.64 (m, 2 H, 3"-H), 1.86-1.93 (m, 2 H, 2"-H),
1.93-1.98 (m, 1H, 4V-H) 2.15-2.22 (m, 1H, 3'-H), 2.26 (ddd, 2J5-Ha/s-np = 14.8 Hz,
3s-Haa-H = 10.1 Hz, ¥s nye-H = 6.3 Hz, 1H, 5-Ha), 2.31 (t, *Jovi-nsvin = 7.4 Hz, 2 H,
2VI-H), 2.44 (ddd, %Js-np/5-Ha = 14.8 Hz, *Js-np/e-n = 6.3 Hz, 3Js-ppsamn = 3.3 Hz, 1 H, 5'-Hp),
3.04-3.17 (m, 2 H, 1"-H), 3.24 (dt, 2J3"-Ha/3"-Hp = 13.9 Hz, 3J3-Ha2-n = 6.1 Hz, 1 H, 3"-Ha),
3.32-3.36 (M, 1 H, 5"-Ha), 3.40-3.48 (m, 2 H, 3"-Hp, 5"-Hp), 3.75 (ddd, *J3iv-n/2iv-n = 8.3 Hz,
3Jaiv-t/aiv-Ha = 5.5 Hz, 3Jsiv-pjaivp = 5.5 Hz, 1H, 3V-H), 3.90 (dd, *J6-H/5-Ha = 6.3 Hz,
3Je-rys-np = 6.3 Hz, 1H, 6'-H), 4.02 (dd, 3/3-na-1 = 6.4 Hz, 3J3-p/2-n = 5.9 Hz, 1 H, 3'-H),
417 (ddd, 3Ja-n/s-Ha = 10.1 Hz, 3Jamnjz-n = 6.4 Hz, 3Jarnys-mp = 3.3 Hz, 1 H, 4'-H), 4.19 (d,
3Jov-nzv-n = 4.8 Hz, 1 H, 2-H), 437 (dd, 3o-n/3-4 = 5.9 Hz, 3Jo-y1mn = 3.8 Hz, 1 H, 2'-H),
4.49 (d, *Joiv-sziv-n = 8.3 Hz, 1 H, 2V-H), 4.52 (d, 3J2-n/3+-n = 6.4 Hz, 1 H, 2""-H), 5.16 (dq,
3z = 6.4 Hz, 3J3pjomn = 6.4 Hz, T H, 3"'-H), 5.69 (d, 3J1-1/2-1 = 3.8 Hz, 1 H, 1'-H),
5.74 (d, *Js-/e-n = 8.1 Hz, 1 H, 5-H), 7.61 (d, *J6-ri/s-4 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = 16.73 (C-4""), 17.93 (C-4"), 19.76 (C-4"), 22.14
(C-4"), 23.04 (C-15V), 25.92 (C-3Y), 27.54 (C-2"), 28.54 (C-4"-12"), 29.16 (C-14"), 30.19,
30.43, 30.62, 30.73, 30.78, 30.81, 31.04 (C-4"-12")), 31.74 (C-3"), 34.41 (C-5), 35.13
(C-2¥), 37.15 (C-3"), 37.31 (C-5"), 40.25 (C-13"), 45.46 (C-1"), 52.07 (C-3"), 56.46 (C-2V),
58.47 (C-2"), 59.60 (C-2"), 60.75 (C-6"), 70.47 (C-3"), 73.94 (C-2"), 74.77 (C-3"), 81.67
(C-4"), 94.38 (C-1"), 103.10 (C-5), 144.02 (C-6), 152.22 (C-2), 155.54 (NC(=NH)N), 160.19
(NC(=O)N), 166.03 (C-4), 171.85 (C-7"), 171.99 (C-1"), 172.33 (C-1"), 174.55 (C-1"),
175.76 (C-1Y).
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19F NMR (471 MHz, MeOH-da): & [ppm] = -76.99.

IR (ATR) v [cm™]: 3293, 2924, 2853, 1668, 1633, 1550, 1200, 1182, 1134, 721.
UV (HPLC) A [nm]: 260, 205.

LC-MS (ESI*): m/z = 955.87 [M+H]".

HRMS (ESI*): calcd. for C4sHgoN10014%*: 955.5772, found: 955.5755 [M+H]".
Ca6H78N10014 (995.19)

Ca6HsoN10014%* « 2 C2F302 (1223.23)

7.4.7 Cbz-allo-Thr(COCHs)-NuAA 89

OTBDMS

5 TBDMSO

4v

Dry N,N-diisopropylethylamine (20.4 pL, 120 pmol, 1.0 eq.) was added to a solution of
Cbz-allo-Thr(COCH3)-OH 51 (37.4 mg, 127 ymol, 1.1 eq.) in dry dichloromethane
(1.8 mL). After 10 min, HATU (68.7 mg, 181 umol, 1.5 eq.) was added. Then, the reaction
mixture was cooled to 0 °C and dry N,N-diisopropylethylamine (20.4 uL, 120 pmol,
1.0 eq.) was added. Then, nucleosyl amino acid 35 (76.1 mg, 118 umol, 1.0 eq.) in dry
dichloromethane. (2.7 mL) was added dropwise at this temperature. The reaction was
stirred for 14 h. During this time, the reaction mixture was allowed to warm up to room
temperature. Water (10 mL) was added to the reaction mixture. The layers were
separated, and the aqueous layer was extracted with dichloromethane (3x 10 mL). The
combined organic layer was dried over sodium sulfate. The solvent was removed under
reduced pressure. The title compound was obtained after purification by silica gel
column chromatography (8 g, 1.5x12 cm, CH>Cl>:MeOH 100:0 - 98.5:1.5 - 95:5).

Yield (89): 71.6 mg (77.8 umol, 66%) as a colorless foamy solid.
TLC: Rf = 0.43 (CH2Cl:MeOH 9:1).

TH NMR (500 MHz, MeOH-d.): & [ppm] = 0.08 (s, 3 H, SiCH3), 0.10 (s, 3 H, SiCH3), 0.12
(s, 3 H, SiCHs), 0.13 (s, 3 H, SiCH3), 0.91 (s, 9 H, SiC(CHs3)3), 0.93 (s, 9 H, SiC(CH3)3), 1.22
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(d, 3Jay/3-n = 6.5 Hz, 3 H, 4"'-H), 1.48 (s, 9 H, OC(CH3)3), 1.69 (ddt, 3Jo-n/1+-n, = 6.6 Hz,
3Jarm1-Hp = 6.6 Hz, 3Javnjzn = 6.5 Hz, 2 H, 2""-H), 1.90-1.94 (m, 1 H, 5'-Ha), 1.96 (s, 3 H,
2V-H), 2.00-2.09 (m, 1 H, 5'-Hp), 2.57 (dt, Y1-Ha1"-Hp = 12.1 Hz, 31wpp2n = 6.6 Hz, TH,

"-Ha), 2.66 (dt, 21"ty = 12.1 Hz, 3J1wppem-n = 6.6 Hz, 1 H, 1"-Hp), 3.24-3.29 (m, 2 H,
3"-H), 3.38 (dd, ¥J6-n/5-Ha = 9.0 Hz, ¥e-rys-mp = 4.3 Hz, 1H, 6'-H), 3.92 (dd, ¥3-1/a-n =
4.6 Hz, 3J3-nj2-n = 45 Hz, 1H, 3'-H), 4.07 (ddd, ¥s-n5-n, = 11.1 Hz, 3Jan/zn = 4.6 Hz,
Yawsrp = 2.8Hz, 1H, 4-H), 436 (dd, ¥>p3-n=45Hz, oprn=43Hz 1H,
2'-H), 4.40 (d, 32m-p/3mn = 6.0 Hz, 1 H, 2'"'-H), 5.05-5.16 (m, 3 H, 3""-H, 1'-H), 5.75 (d,
3J5:6-1 = 8.0 Hz, 1H, 5-H), 5.76 (d, ¥1n21 = 43 Hz, 1H, 1'-H), 7.27-7.32 (m, 1H,
5V-H), 7.32-7.38 (m, 4 H, 3"-H, 4"-H), 7.64 (d, *Je-n/s-n = 8.0 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = -4.47 (SiCH3), -4.42 (2x SiCH3), -4.01 (SiCH3),
15.96 (C-4™), 18.86 (SiC(CHs)3), 18.92 (SiC(CHs3)3), 26.38 (SiC(CHs3)3), 26.44 (SiC(CHs)s),
28.41 (OC(CHs)s), 30.10 (C-2"), 21.07 (C-2V), 37.72 (C-5'), 38.28 (C-3"), 46.01 (C-1"),
59.11 (C-2"), 60.62 (C-6'), 67.88 (C-1Y), 71.30 (C-3""), 75.73 (C-2"), 76.53 (C-3'), 82.55
(C-4"), 83.13 (OC(CH3)3), 92.11 (C-1"), 103.04 (C-5), 128.92, 129.07, 129.48 (C-3Y, C-4",
C-5Y), 138.09 (C-2%), 142.88 (C-6), 152.12 (C-2), 158.41 (NC(=0)0O), 166.03 (C-4), 171.43
(C-1"), 171.88 (C-1"), 174.30 (C-7").

LC-MS (ESI*): m/z = 920.74 [M+H]".
HRMS (ESI*): calcd. for C44H74N5012Si>*: 920.4868, found: 920.4798 [M+H]*.

C44H73N5012Si2 (920.26)

7.4.8 H-allo-Thr(COCH3)-NuAA bis-TFA salt 90!4>148.153]

TBDMSO  OTBDMS

1,4-Cyclohexadiene (120 uL, 1.27 mmol, 11.9 eq.), palladium black (3 spatula tips), tri-
fluoroacetic acid (19.0 uL, 247 pL, 2.3 eq., added as a 10% solution in dry iso-propanol)
were added to a solution of Cbz-allo-Thr(COCHz)-NuAA 89 (98.1 mg, 122 umol,
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1.0 eq.) in dry iso-propanol (5.0 mL). The reaction was stirred for 2 h at room
temperature. The residue was filtered through a syringe filter and the filter was washed
with methanol (6x 4 mL). The title compound was obtained after removal of the solvent

and was used without further purification.
Yield (90): 113 mg (100%: 108 mg) as a colorless foamy solid.

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.07 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.15
(s, 3 H, SiCHs), 0.15 (s, 3 H, SiCH3), 0.91 (s, 9 H, SiC(CH3)3), 0.95 (s, 9 H, SiC(CH3)3), 1.30
(d, 3Jav-pz3mn = 6.7 Hz, 3 H, 4"'-H), 1.54 (s, 9 H, OC(CH3)3), 1.95 (ddt, 3/2"-1/3+-n = 7.6 Hz,
3prpynma = 7.5 Hz, 3Jopremp = 7.3 Hz, 2 H, 2"-H), 2.10 (s, 3 H, 2V-H), 2.24 (ddd,
25 tass-hp = 14.1 Hz, s mpe-n = 94 Hz, 3Jspga-n=24Hz, 1H, 5-Ha), 234 (ddd,
2Jspss-Ha = 14.1 Hz, 3J5-mpa-n = 11.8 Hz, 3Js-npe-n = 4.3 Hz, 1 H, 5'-Hp), 3.07-3.19 (m,
2 H, 3"-H), 3.32-3.36 (M, 1 H, 1"-Ha), 3.39 (dt, 2/1"-Hp/1"-Ha = 14.0 Hz, 3J1-np/2w-n = 7.3 Hz,
1 H, 1"-Hp), 4.03-4.07 (m, 2 H, 3'-H, 6'-H), 4.09 (d, 3J2»-/3- = 4.3 Hz, 1 H, 2""-H), 4.20
(ddd, 3Ja-nssrp = 11.8 Hz, 3Janjzn = 4.3 Hz, 3Jansn, = 24 Hz, 1H, 4'-H), 4.62 (dd,
3pnjr-n = 4.7 Hz, 3Joopzon = 4.7 Hz, 1 H, 2'-H), 5.26 (dq, 3J3+-t/av-n = 6.7 Hz, 3J3m-pjomp =
43 Hz, 1 H, 3"-H), 5.63 (d, 3J1-1/2-n = 4.7 Hz, 1 H, 1'-H), 5.75 (d, *Js-n/6-4 = 8.1 Hz, 1 H,
5-H), 7.66 (d, 3J6-H/5-1 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = -4.57 (SiCH3), -4.57 (SiCH3), -4.39 (SiCH3),
-4.08 (SiCHs), 15.26 (C-4"), 18.83 (SiC(CH3)3), 18.91 (SiC(CHs)3), 20.83 (C-2"), 26.35
(SIC(CH3)3), 26.38 (SiC(CH3)s), 27.44 (C-2"), 28.20 (OC(CHs)3), 34.33 (C-5"), 37.77 (C-1"),
4543 (C-3"), 57.40 (C-2""), 59.03 (C-6"), 69.23 (C-3""), 74.42 (C-2"), 76.30 (C-3"), 81.80
(C-4"), 86.27 (OC(CHs)s), 94.81 (C-1'), 103.19 (C-5), 144.57 (C-6), 152.16 (C-2), 165.92
(C-4), 167.21 (C-1""), 168.74 (C-7"), 171.30 (C-1Y).

19F NMR (471 MHz, MeOH-da): 5 [ppm] = -77.00.
LC-MS (ESI*): m/z = 786.73 [M+H]".
C36He7N5010Si2 (786.13)

C36HeoN5010Si2%* « 2 C2F302 (1014.17)
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7.4.9 Target compound aT-T7: Val-Epic-allo-Thr(COCHs)-NuAA!">!

Dry N,N-diisopropylethylamine (11.0 pyL, 120 pmol, 1.0 eq.) was added to a solution of
‘BuO-Val-Epic(Pbf)-OH 27 (40.1 mg, 64.3 umol, 1.0eq.) in dry dichloromethane
(0.5 mL). After 10 min, HATU (36.8 mg, 96.8 umol, 1.5 eq.) was added. After 30 min, the
reaction mixture was cooled to 0°C and dry N,N-diisopropylethylamine (27.3 pL,
161 umol, 2.5 eq.) was added. Then, H-allo-Thr(COCH3s)-NuAA bis-TFA salt 90 (65.2 mg,
64.3 umol, 1.0 eq.) in dry dichloromethane (2.0 mL) was added dropwise at this
temperature. The reaction was stirred for 17 h. During this time, the reaction mixture
was allowed to warm up to room temperature. Water (5 mL) was added to the reaction
mixture at 0 °C. The layers were separated, and the aqueous layer was extracted with
dichloromethane (3x 8 mL). The solvent was removed under reduced pressure. The
coupling product was identified by LC-MS (LC-MS (ESI*): m/z = 1392.16 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 7 mL) and the reaction
mixture was stirred for 22 h at room temperature. The solvent was removed under
reduced pressure, the residue was dissolved in water at 0 °C and lyophilized. The title

compound was isolated after purification by HPLC.
Yield (aT-T7): 15.0 mg (14.6 umol, 22% over two steps) as a white solid.

HPLC (semi-preparative): tr = 18.7 min (method: H, conc. of injection: ~34.5 mg/mL in
H>0).

"H NMR (500 MHz, MeOH-da): & [ppm] = 0.94 (d, 3Jav-n/3v-n = 6.9 Hz, 3 H, 4'-H), 0.99 (d,
Jav-rvn = 6.8 Hz, 3 H, 4-H), 1.29 (d, *Ja»-nj31 = 6.4 Hz, 3 H, 4"-H), 1.89-1.97 (m, 4 H,
2"-H, 4V-H), 2.03 (s, 3 H, 2"-H), 2.18 (dqq, 3/av-nav-n = 6.9 Hz, Jav-pjav-ri = 6.8 Hz,
3avmavn = 5.1 Hz, 1H, 3Y-H), 2.32 (ddd, ¥s-uys-rp = 14.8 Hz, 3Js-pza-n = 10.3 Hz,
35 Hae-H = 6.1 Hz, 1H, 5'-Ha), 2.45 (ddd, %Js-np/5-Ha = 14.8 Hz, 3J5-npe-n = 6.7 Hz,
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3Jstpa-n = 2.8 Hz, 1T H, 5'-Hp), 3.10 (dt, Y1-nay1m-rp = 12.9 Hz, 3J17,2-n = 7.2 Hz, 1H,

"-Ha), 3.14 (dt, 2J1"-Hp/17-Ha = 12.9 Hz, 3J1mpp2mn = 7.2 Hz, 1 H, 1"-Hp), 3.28-3.38 (M, 3 H,
3"-H, 5V-Ha), 3.44 (dt, Jsiv-rp/sv-a = 12.3 Hz, 3Jsiv-npsaiv-n = 6.1 Hz, 1 H, 5V-Hp), 3.76 (ddd,
3siv-njaiv-H = 7.9 Hz, 3J3iv-Hjaiv-Ha = 5.7 Hz, 3J3iv-Hpaiv-np = 5.7 Hz, 1H, 3V-H), 4.02 (dd,
3J3-wyamn = 6.0 Hz, 3J3-n/2-n = 5.9 Hz, 1 H, 3'-H), 4.05 (dd, *Je-t/5-1p = 6.7 Hz, *Je-r/s-n, =
6.1 Hz, 1 H, 6'-H), 4.14-4.17 (m, 1 H, 4'-H), 4.18 (d, >Jov-r/3v-n = 5.1 Hz, 1 H, 2'-H), 4.36
(dd, 3Jo-/3-n = 5.9 Hz, 3Ja-ppien = 3.9 Hz, 1 H, 2'-H), 449 (d, *iv-nsivn = 79 Hz, TH,
2V-H), 4.54 (d, 3>y3-n = 6.2 Hz, 1 H, 2"-H), 5.14 (dq, 3J37-r/a-n = 6.4 Hz, 3J3mpjomy =
6.2 Hz,1 H, 3"'-H), 5.71 (d, 3/1-n/2-1 = 3.9 Hz, 1 H, 1'-H), 5.73 (d, 3Js-n/6:1 = 8.1 Hz, 1H,
5-H), 7.61 (d, *J6-r/5:1 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = 16.64 (C-4""), 17.87 (C-4Y), 19.71 (C-4"), 21.08
(C-2¥), 22.15 (C-4"), 27.50 (C-2"), 31.72 (C-3Y), 34.10 (C-5"), 37.24 (C-3"), 37.32 (C-5"),
45.42 (C-1"), 52.05 (C-3"), 56.60 (C-2"), 58.23 (C-2""), 59.60 (C-2"), 59.69 (C-6'), 70.74
(C-3"), 74.00 (C-2"), 74.76 (C-3"), 81.20 (C-4"), 94.04 (C-1"), 103.12 (C-5), 143.87 (C-6),
152.18 (C-2), 155.55 (NC(=NH)N), 160.23 (NC(=O)N), 166.04 (C-4), 171.29 (C-7"), 171.88
(C-1"), 172.00 (C-1¥), 172.30 (C-1"), 175.78 (C-1Y).

19F NMR (471 MHz, MeOH-da): § [ppm] = -76.92.

LC-MS (ESI*): m/z = 799.55 [M+H]".

IR (ATR) v [cm™]: 3295, 3080, 2965, 1652, 1555, 1240, 1198, 1132, 1098, 720.
HRMS (ESI*): calcd. for C32Hs2N10014%*: 400.1827, found: 400.1800 [M+2H]?".
UV (HPLC) A [nm]: 262, 208.

C32H50N10014 (798.81)

C32H52N100142* « 2 C2F302 (1026.85)
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7.4.10 '‘BuO-Val-Arg(Pbf)-allo-Thr(COCHz)-NuAA 50

TBDMSO  OTBDMS

Dry N,N-diisopropylethylamine (19.0 pyL, 112 ymol, 1.0 eq.) was added to a solution of
‘BuOH-Val-Arg(Pbf)-OH 36 (70.0 mg, 112 umol, 1.0 eq.) in dry dichloromethane
(0.8 mL). After 15 min, HATU (63.7 mg, 168 pumol, 1.5 eq.) was added. After 30 min, the
reaction mixture was cooled to 0°C and dry N,N-diisopropylethylamine (47.7 L,
280 pmol, 2.5 eq.) was added. Then, H-allo-Thr(COCH3)-NuAA bis-TFA salt 90 (114 mg,
112 umol, 1.0 eq.) in dry dichloromethane (3.5 mL) was added dropwise at this
temperature. The reaction was stirred for 16 h. During this time, the reaction mixture
was allowed to warm up to room temperature. Water (5 mL) was added to the reaction
mixture at 0 °C. The layers were separated, and the aqueous layer was extracted with
dichloromethane (6x 5 mL). The combined organic layer was washed with brine (15 mL)
and dried over sodium sulfate. The solvent was removed under reduced pressure. The
title compound was obtained after purification by silica gel column chromatography
(38 g, 3x17 cm, CH2Cl2:MeOH (100:0 - 98.5:1.5 - 80:20). The purity of the product was
estimated by LC-MS due to the complexity of the NMR data (LC-MS (ESI*): m/z =
1394.43 [M+H]*, 697.59 [M+2H]**).

Yield (50): 106 mg (~76.1 ymol, ~65%) as a white solid.
TLC: Rf = 0.37 (CH2Cl2:MeOH 9:1).
LC-MS (ESI*): m/z = 1394.43 [M+H]*, 697.59 [M+2H]".

Ce5H112N10017SSi2 (1393.89)
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7.4.11 'BuO-Val-Arg(Pbf)-allo-Thr-NuAA 491>

TBDMSO  OTBDMS

Anhydrous potassium carbonate (3.38 mg, 24.5 umol, 0.5 eq.) was added to a solution
of muraymycin derivative 50 (67.2 mg, 48.2 umol, 1.0 eq.) in dry methanol (0.9 mL).
Potassium carbonate was added again after 30 min (1.20 mg, 8.68 umol, 0.2 eq.), after
100 min (1.50 mg, 10.9 umol, 0.2 eq.) and after 180 min (1.20 mg, 8.68 umol, 0.2 eq.).
The suspension was stirred vigorously for a total of 5.5 h. The solvent was removed
under reduced pressure. Then, the residue was dissolved in water (2 mL) and was
extracted with diethyl ether (5x 2 mL). The solvent was removed under reduced
pressure. The title compound was identified by LC-MS (LC-MS (ESI*): m/z = 1352.37
[M+H]*, 676.80 [M+2H]?*) and HRMS (m/z = 1351.7412 [M+H]*, 676.3743 [M+2H]*")

and was used without further purification.
Yield (49): 62.1 mg (~45.9 pmol, ~95%) as a colorless solid.
LC-MS (ESI*): m/z = 1352.37 [M+H]*, 676.80 [M+2H]?*.

HRMS (ESI*): calcd. for Ce3sH112N10016SSi2%*: 676.3753, found: 676.3743 [M+2H]%*.
calcd. for Cs3H111N10016SSi2*: 1351.7434, found: 1351.7412 [M+H]*.

Ce3H110N10016SSi2 (1351.86)
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7.4.12 Target compound T9: Val-Arg-allo-Thr(COC12H23)-NuAA['45146.153]

1 3vi 14V gvi 7vi 6Vi 4vi

1 2vi 1 Ovi BVi 5vi

EDC « HCl (7.21 mg, 37.6 mmol, 2.6 eq.) was added to a solution of muraymycin
derivative 49 (19.8 mg, 14.7 umol, 1.0 eq.), (2)-tridec-6-enoic acid 47 (4.92 mg,
23.2 ymol, 1.6 eq.) and 4-dimethylaminopyridine (4.20 mg, 34.4 mmol, 2.3 eq.) in dry
tetrahydrofuran (0.6 mL). The reaction mixture was stirred for 5.5h at room
temperature. Then, hydrochloric acid (0.5 M, 2 mL) was added. After extraction with
ethyl acetate (4x 2 mL), the solvent was removed under reduced pressure. The coupling
product was identified by LC-MS (LC-MS (ESI*): m/z = 1546.75 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 3 mL) and stirred for
23 h at room temperature. The solvent was removed under reduced pressure, the
residue was dissolved in water and lyophilized. The title compound was isolated after
purification by HPLC.

Yield (T9): 3.29 mg (2.79 pmol, 19% over two steps) as a white solid.

HPLC (semi-preparative): tr = 15.7 min (method: D, conc. of injection: 11.1 mg/mL in
DMSO).

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.90 (t, *J13vi-nj12vin = 7.0 Hz, 3 H, 13"-H),
0.94 (d, *Jav-yzv-n = 6.9 Hz, 3 H, 4'-H), 0.99 (d, *Jav-nsav-n = 6.9 Hz, 3 H, 4'-H), 1.29 (d,
Jawzen = 65 Hz, 3H, 4M-H), 130-140 (m, 10H, 4Y-H, 9"-12"-H), 160 (i,
3avinavien = 7.6 Hz, 3Javicnyavicn = 7.5 Hz, 2 H, 3Y-H), 1.62-1.70 (m, 3 H, 3V-H,, 4V-H), 1.79-
1.85 (m, 1 H, 3"¥-Hp), 1.85-1.95 (m, 2 H, 2""-H), 2.00-2.08 (m, 4 H, 5Y-H, 8"-H), 2.12-2.19
(m, TH, 3V-H), 2.21 (ddd, %Js-Hay/s5-Hp = 14.8 Hz, 35 p/a-n = 9.8 Hz, 3J5-h,6-n = 6.5 Hz,
TH, 5-Ha), 2.30 (t, 3Jovinsavion = 7.5 Hz, 2 H, 2Y-H), 2.40 (ddd, %J5-Hp/5-Ha = 14.8 Hz,
35 mpse-H = 6.4 Hz, 3Jsppa-n = 3.3Hz, TH, 5-Hp), 3.02 (dt, Y1m-Ha1-Hp = 12.8 Hz,
3J1°Has2-n = 7.2 Hz, TH, 1"-Ha), 3.08 (dt, 2J1"-1p/1m-Ha = 12.8 Hz, 3J1-pp/2n = 7.5 Hz, T H,
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"-Hp), 3.19-3.25 (m, 3 H, 3"-Ha, 5V-H), 3.36-3.43 (m, 1 H, 3"-Hp), 3.72 (dd, 3Je-H/5-Ha =
6.5 Hz, 3Jg-n/s-mp = 6.4 Hz, 1H, 6'-H), 3.99 (dd, 3/3-n/a-n = 6.0 Hz, 3/3-n/2-4 = 5.9 Hz,
1H, 3'-H), 4.15-4.20 (m, 1 H, 4'-H), 4.18 (d, 3Jov-t/3v-n = 4.9 Hz, 1 H, 2'-H), 4.26 (dd,
3Joiv-h/3iv-Ha = 8.0 Hz, 3Jaiv-pssiv-pp = 5.5 Hz, 1 H, 2V-H), 4.35 (dd, 3J>-H3-H = 5.9 Hz,
3Jomr-n = 3.8 Hz, 1H, 2'-H), 444 (d, 3Jo»nj3~n = 6.6 Hz, TH, 1H, 2"-H), 5.13 (dq,
3J3vn2vn = 6.6 Hz, 3J3v-pavn = 6.5 Hz, TH, 3"-H), 533 (dt, 3Jevi-nmin = 11.4 Hz,
3Jevi-nysvi-n = 6.2 Hz, 1 H, 6Y-H), 5.38 (dt, *J7vi-nsevi-n = 11.4 Hz, 3Jnvisvicn = 6.1 Hz, 1 H,
7Y-H), 5.69 (d, *J1-H/2-n = 3.8 Hz, 1 H, 1'-H), 5.73 (d, *Js5-ns6-n = 8.1 Hz, 1 H, 5-H), 7.61 (d,
3J6-1s5-H = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): & [ppm] = 14.43 (C-13¥), 17.01 (C-4"), 17.96 (C-4Y),
19.75 (C-4Y), 23.70 (C-4Y, C-9v-12¥), 25.55 (C-3¥), 26.03 (C-4"), 27.65 (C-2"), 27.82, 28.19
(C-5", C-8), 30.05 30.24, 30.80 (C-4¥, C-9v-12"), 30.97 (C-3"), 31.87 (C-3Y), 32.92 (C-4¥,
C-9¥-12¥), 34.69 (C-5'), 35.05 (C-2"), 36.96 (C-3"), 41.84 (C-5Y), 45.42 (C-1"), 54.41
(C-2"v), 58.31 (C-2""), 59.45 (C-2Y), 61.62 (C-6"), 70.72 (C-3"), 73.99 (C-2"), 74.80 (C-3",
81.95 (C-4"), 94.19 (C-1'), 103.04 (C-5), 143.95 (C-6), 152.18 (C-2), 158.67 (NC(=NH)N),
160.39 (NC(=O)N), 166.06 (C-4), 172.16 (C-1""), 172.66 (C-7"), 174.41 (C-11), 175.13
(C-1V), 175.94 (C-1Y).

19F NMR (471 MHz, MeOH-da): 5 [ppm] = -76.94.

IR (ATR) v [cm™]: 3349, 3200, 2928, 2858, 1652, 1556, 1463, 1386, 1184, 1134.
UV (HPLC) A [nm]: 257, 213.

LC-MS (ESI*): m/z = 953.80 [M+H]*, 477.60 [M+2H]>*.

HRMS (ESI*): calcd. for C43H7aN100142*: 477.2688, found: 477.2675 [H+2H]**.
C43H72N10014 (953.11)

C43H74N10014%* + 2 C2F302 (1181.15)

200



Experimental

7.5 Synthesis of muraymycin derivatives with L-threonine

7.5.1 Cbz-Thr(COC12H25)-NuAA mono-TFA salt 794!

12i\/ 10iv 8iV

13i‘/ 11 iv gV

Dry N,N-diisopropylethylamine (12.4 uL, 72.9 umol, 1.0 eq.) was added to a solution of
Cbz-Thr(COC12H25)-OH 39 (32.5 mg, 72.3 umol, 1.0 eq.) in dry tetrahydrofuran (2 mL).
The resulting reaction mixture was stirred for 30 min at 0 °C. Then, HOBt (9.89 mg,
73.2 ymol, 1.0 eq.) and EDC « HCI (14.0 mg, 73.0 ymol, 1.0 eq.) were added at 0° C.
After 1 h, nucleosyl amino acid 35 (46.7 mg, 72.6 umol, 1.0 eq.) in dry tetrahydrofuran
(3 mL) was added dropwise at this temperature. The reaction was stirred for 14.5 h.
During this time, the reaction mixture was allowed to warm up to room temperature.
Ethyl acetate (30 mL) was added, and the organic layer was washed with saturated
sodium carbonate solution (30 mL). Then, the solvent was removed under reduced
pressure. The title compound was obtained after purification by silica gel column
chromatography (15 g, 1.5x25 cm, PE:EtOAc 2:8) and HPLC.

Yield (79): 33.8 mg (28.4 umol, 39%) as a colorless foamy solid.

HPLC (semi-preparative): tr = ~23.5 min (method: G, conc. of injection: 11 mg/mL in
DMSO).

TH NMR (500 MHz, MeOH-da): & [ppm] = 0.07 (s, 3 H, SiCH3), 0.11 (s, 3 H, SiCH3), 0.15
(s, 3 H, SiCH3), 0.16 (s, 3 H, SiCH3), 0.90 (t, */13iv-n/12iv-n = 7.8 Hz, 3 H, 13V-H), 0.91 (s, 9 H,
SiC(CH3)3), 0.95 (s, 9 H, SiC(CH3)3), 1.26 (d, *J4"-/3+-1 = 6.5 Hz, 3 H, 4"'-H), 1.27-1.30 (m,
18 H, 4V-12V-H), 1.53 (s, 9 H, OC(CH3)3), 1.54-1.60 (m, 2 H, 3"-H), 1.85-1.92 (m, 2 H,
2"-H), 2.18-2.36 (m, 4 H, 5'-H, 2V-H), 3.03 (dt, %1 -Ha/1"-Hp = 13.0 Hz, 3J1ha2-n = 6.7 Hz,
1H, 1"-Ha), 3.11 (dt, 2J1-mp/1"-Ha = 13.0 Hz, 2J1mpp2-n = 7.2 Hz, 1T H, 1"-Hp), 3.25 (dt,
2J3Hay3"-Hp = 13.4 Hz, 3J3vpa2-n = 6.6 Hz, 1 H, 3"-Ha), 3.36 (dt, 2J3-pp/37-H, = 13.4 Hz,
33" Hp/2v-n = 6.7 Hz, 1 H, 3"-Hp), 4.03 (dd, 3Je-r/5-Hs = 9.0 Hz, 3Je-t/s-n, = 4.5 Hz, TH,
6'-H), 4.07 (dd, 3/3-n/2-n = 4.6 Hz, 3J3-1ya-n = 4.6 Hz, 1 H, 3'-H), 4.18-4.22 (m, 1 H, 4'-H),
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4.23 (d, 3>y = 3.8 Hz, 1 H, 2'"-H), 4.69 (dd, /o111 = 4.7 Hz, 32 1/3-n = 4.6 Hz,
1 H, 2'-H), 5.06-5.18 (m, 2 H, 1¥-H), 5.31-5.38 (m, 1 H, 3""-H), 5.58 (d, 3J1-/2-1 = 4.7 Hz,
1H, 1'-H), 5.72 (d, ¥)s5-1/6-n = 8.1 Hz, 1 H, 5-H), 7.28-7.34 (m, 1 H, 5%-H), 7.34-7.40 (m,
4 H, 3"-H, 4'-H), 7.62 (d, *J6-n/s-n = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): & [ppm] = -4.49 (SiCH3), -4.34 (2x SiCH3), -4.02 (SiCH3),
14.45 (C-13"), 17.50 (C-4""), 18.85 (SiC(CH3)3), 18.95 (SiC(CH3)3), 23.73 (C-4"-12"), 26.39
(SiC(CHs)3), 26.42 (SiC(CH3)3), 27.62 (C-3"), 28.23 (OC(CHs)3), 27.61 (C-2"), 30.17, 30.43,
30.47, 30.62, 30.76, 33.07 (C-4V-12V), 34.29 (C-5"), 35.01 (C-2"), 36.81 (C-3"), 45.04
(C-1"), 59.11 (C-6'), 60.49 (C-2""), 68.11 (C-1Y), 70.81 (C-3""), 74.23 (C-2'), 76.36 (C-3"),
81.90 (C-4'), 86.23 (OC(CHs)3), 9545 (C-1"), 103.12 (C-5), 128.99, 129.18, 129.52
(C-3"-5Y), 137.93 (C-2¥), 144.85 (C-6), 152.07 (C-2), 158.78 (NC(=0)0), 165.87 (C-4),
168.87 (C-7"), 173.52 (C-1'"), 174.47 (C-1V).

19F NMR (471 MHz, MeOH-da): § [ppm] = -77.21.

LC-MS (ESI*): m/z = 1074.82 [M+H]".

HRMS (ESI*): calcd. for CssHosN5O12Si>*: 1074.6589, found: 1074.6519 [M+H]".
UV (HPLC) A [nm]: 259, 209.

Cs5Ho5N5012Si2 (1074.56)

Cs5H9o6N5012Si2* « C2F3027 (1188.58)

7.5.2 Target compound T6: Val-Arg-Thr(COC12H2s5)-NuAA!'4>148.153]

1,4-Cyclohexadiene (26.9 uL, 285 pmol, 11.0 eq.), palladium black (2 spatula tips) and
trifluoroacetic acid (4.39 pL, 57.0 umol, 2.2 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-Thr(COCi2H2s)-NuAA 79 (30.6 mg,

25.8 umol, 1.0 eq.) in dry iso-propanol (2 mL). The reaction mixture was stirred for 4 h

202



Experimental

at room temperature. The reaction mixture was filtered through a syringe filter and the
filter was washed with methanol (7x 3 mL). The solvent was removed under reduced
pressure to give the bis-TFA salt 80. It was identified by LC-MS and was used without
further purification (LC-MS (ESI*): m/z = 940.86 [M+H]").

Dry N,N-diisopropylethylamine (3.80 uL, 22.4 umol, 1.0 eq.) was added to a solution of
‘BuO-Val-Arg(Pbf)-OH 36 (14.0 mg, 22.4 umol, 1.0eq.) in dry dichloromethane
(0.5 mL). After 10 min, HATU (12.6 mg, 33.1 umol, 1.5 eq.) was added. After 30 min, the
reaction mixture was cooled to 0°C and dry N,N-diisopropylethylamine (9.50 pL,
56.0 umol, 2.5 eq.) was added. Then, bis-TFA salt 80 (26.1 mg, 22.3 ymol, 1.0 eq.) in dry
dichloromethane (0.7 mL) was added dropwise at this temperature. The reaction was
stirred for 18 h. During this time, the reaction mixture was allowed to warm up to room
temperature. Then, HATU (8.39 mg, 22.1 umol, 1.0 eq.) and dry dichloromethane
(0.5 mL) were added again. The reaction mixture was stirred for further 24 h at room
temperature. The solvent was removed under reduced pressure. The residue was
dissolved in ethyl acetate (3 mL). The organic layer was washed with water (1 mL) The
layers were separated, and the aqueous layer was extracted with ethyl acetate
(3x 2 mL). The solvent was removed under reduced pressure. The coupling product was
identified by LC-MS (LC-MS (ESI*): m/z = 1549.78 [M+H]").

The residue was dissolved in aqueous trifluoroacetic acid (80%, 3 mL) and stirred for
19 h at room temperature. The solvent was removed under reduced pressure, the
residue was dissolved in water and lyophilized. The title compound was isolated after
purification by HPLC.

Yield (T6): 2.04 mg (1.54 umol, 6.7% over three steps) as a white solid.

HPLC (semi-preparative): tr = 11.2 min (method: I, conc. of injection: 12.6 mg/mL in
MeOH).

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.90 (t, *J13vi-nj12vin = 7.0 Hz, 3 H, 13"-H),
0.94 (d, *Jav-sav-n = 6.9 Hz, 3 H, 4'-H), 0.99 (d, *Jav-n/av-n = 6.9 Hz, 3 H, 4%-H), 1.25 (d,
3gpzn = 6.5 Hz, 3 H, 4"-H), 1.27-1.31 (m, 18 H, 4"-12"-H), 1.54-1.62 (m, 2 H, 3"-H),
1.63-1.72 (m, 3 H, 3"-H,, 4V-H), 1.82-1.93 (m, 3 H, 2"-H, 3V-Hy), 2.13-2.24 (m, 2 H,
5'-Ha, 3Y-H), 2.30 (t, *Javinsavicn = 7.5 Hz, 2 H, 2Y-H), 2.40 (ddd, %Js-y/5-ns = 14.6 Hz,
3J5-mpse-n = 6.1 Hz, 3Js-ppa-n = 3.5 Hz, 1 H, 5'-Hp), 3.00-3.11 (m, 2 H, 1"-H), 3.19-3.26 (m,
2 H, 5V-H), 3.28-3.30 (m, 2 H, 3"-H), 3.71 (dd, J6-t/5-Ha = 6.4 Hz, 3Je-r/5-Hp = 6.1 Hz, T H,
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6'-H), 4.00 (dd, 3J3-n/a-n = 6.2 Hz, 33424 = 5.9 Hz, 1 H, 3'-H), 4.17 (ddd, 3J4-p/5-1, =
9.8 Hz, 3Ja-n/3-n = 6.2 Hz, 3Ja-rys-np = 3.5 Hz, 1 H, 4'-H), 4.20 (d, 3Jov-p/av-n = 49 Hz, 1 H,
2V-H), 4.30 (dd, Jaiv-nyziv-Ha = 7.9 Hz, 3Jaiv-nsziv-rp = 5.4 Hz, 1 H, 2¥-H), 4.35 (dd, 3/2-/3-n =
5.9 Hz, 3>-n/1-n = 3.8 Hz, 1 H, 2'-H), 441 (d, 3J2»-n/3-n = 4.3 Hz, 1 H, 2""-H), 5.32 (dq,
3J3v-pparn = 6.5 Hz, 3J3mq42n = 43 Hz,1 H, 3"'-H), 5.68 (d, *J1-r/2-n = 3.8 Hz, T H, 1'-H),
5.73 (d, *Js-n/6-n = 8.1 Hz, 1 H, 5-H), 7.61 (d, J6-ri/s-4 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = 14.43 (C-13Y), 17.40 (C-4"-12Y)), 17.94 (C-4Y),
19.82 (C-4Y), 23.73 (C-4-12"), 25.98 (C-3Y), 26.07 (C-4"), 27.51 (C-2"), 30.15, 30.21,
30.42, 30.47, 30.64, 30.76, 30.79 (C-4¥-12"), 30.74 (C-3V), 31.89 (C-3Y), 33.07 (C-4v-12"),
34.75 (C-5"), 35.09 (C-2")), 37.00 (C-3"), 41.87 (C-5Y), 45.44 (C-1"), 54.50 (C-2"), 58.57
(C-2"), 59.47 (C-2Y), 61.74 (C-6'), 70.80 (C-3""), 73.97 (C-2'), 74.79 (C-3'), 82.08 (C-4),
94.29 (C-1'), 103.03 (C-5), 144.05 (C-6), 152.19 (C-2), 158.68 (NC(=NH)N), 160.49
(NC(=O)N), 166.08 (C-4), 172.29 (C-1""), 172.75 (C-7"), 174.42 (C-1¥), 175.48 (C-1"Y),
175.94 (C-1Y).

19F NMR (471 MHz, MeOH-da): 5 [ppm] = -76.97.

IR (ATR) v [cm™]: 3324, 2926, 2855, 1653, 1558, 1542, 1508, 1201, 1135, 1068.
UV (HPLC) A [nm]: 260, 207.

LC-MS (ESI*): m/z = 955.90 [M+H]".

HRMS (ESI*): calcd. for Ca3H7sN10014™: 955.5459, found: 955.5439 [M+H]".
Ca3H74N 10014 (955.12)

Ca3H76N100142* « 2 C2F302 (1183.17)
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7.6 Synthesis of truncated muraymycin derivatives
7.6.1 Truncated target compound TT1: Cbz-allo-Thr(COC12H25)-NuAA

12iv 10iv 8iv 6iV 4iV

13iv 1 1iv gV 7iv 5iv
A AN
v
4 o
5Y 3v

The reaction was not carried out under an inert gas atmosphere. Cbz-allo-
Thr(COC12H25)-NuAA 52 (19.5 mg, crude) was dissolved in aqueous trifluoroacetic acid
(80%, 5 mL) and stirred for 24 h at room temperature. The solution was diluted with
water (10 mL) and the solvent was removed by lyophilization. The title compound was

isolated after purification by HPLC.
Yield (TT1): 3.99 mg (4.41 uymol, 5.4% over two steps from 38) as a white solid.

HPLC (semi-preparative): tr = 15.2 min (method: E, conc. of injection: 30.0 mg/mL in
MeOH).

"H NMR (500 MHz, DMSO-de): & [ppm] = 0.85 (t, 3/13iv-n/12iv-n = 6.9 Hz, 3 H, 13V-H), 1.11
(d, 3Javpzn = 6.5 Hz, 3 H, 4"-H), 1.18-1.28 (m, 18 H, 4"-12V-H), 1.41-1.50 (m, 2 H,
3V-H), 1.64-1.72 (m, 2 H, 2"-H), 1.91 (ddd, s-tys-Hp = 13.5 Hz, 3Js-naa-n = 8.0 Hz,
3s-ta6-n = 4.9 Hz, 1 H, 5'-Ha), 2.00-2.09 (m, 1 H, 5'-Hp), 2.13-2.19 (m, 2 H, 2-H), 2.72-
2.84 (m, 2H, 1"-H), 3.03-3.16 (m, 2 H, 3"-H), 3.20-3.27 (m, 1H, 6'-H), 3.79 (dd,
3J3-na-n = 5.7 Hz, 3J3-n/2-n = 5.3 Hz, 1 H, 3'-H), 4.01 (ddd, 3Ja-/5-1, = 8.0 Hz, 3Ja-n/3-n =
5.7 Hz, *Ja-n/s-mp = 5.6 Hz, 1H, 4'-H), 4.06 (dd, 3)>-n/3-n = 5.3 Hz, 3Jo-m/r-n = 4.5 Hz,
1 H, 2'-H), 4.27 (dd, *J2-nj2-nu = 9.6 Hz, 3Jampyzn = 6.2 Hz, 1 H, 2"-H), 4.98-5.11 (m,
3 H, 3"-H, 1¥-H), 5.38 (bs, 1 H, 6'-NH), 5.61 (d, 3/5-n/6-1 = 8.1 Hz, 1 H, 5-H), 5.67 (d,
31-njz-n = 4.5 Hz, 1 H, 1'-H), 7.29-7.33 (m, 1 H, 5%-H), 7.33-7.39 (m, 4 H, 3"-H, 4'-H), 7.60
(d, 3Jerssv = 8.1Hz, 1H, 6-H), 7.63 (d, *2--nHj2-n = 9.6 Hz, TH, 2"'-NH), 8.14 (dd,
3J3-NH/3"-Ha = 5.5 Hz, 3J3-Nm/3-Hp = 5.5 Hz, 1 H, 1""-NH), 11.34 (s, 1 H, 3-NH).

13C NMR (126 MHz, DMSO-de): & [ppm] = 13.96 (C-13"), 15.51 (C-4""), 22.09 (C-4"-
12V), 24.28 (C-3"), 26.56 (C-2"), 28.37, 28.70, 28.88, 28.99, 29.01, 29.03, 31.29 (C-4"-
12VY), 34.27 (C-5"), 33.61 (C-2"), 36.13 (C-3"), 43.65 (C-1"), 58.76 (C-6'), 57.39 (C-2"),
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65.64 (C-1Y), 69.25 (C-3"), 72.95 (C-2"), 73.16 (C-3'), 80.40 (C-4"), 89.27 (C-1"), 101.90
(C-5),127.32,127.69, 128.81 (C-3Y, C-4", C-5Y), 136.91 (C-2"), 141.30 (C-6), 150.54 (C-2),
156.17 (NC(=0)0), 163.07 (C-4), 168.82 (C-1""), 169.87 (C-7"), 172.00 (C-1").

19F NMR (471 MHz, MeOH-da): & [ppm] = -73.43.

IR (ATR) v [cm™]: 3326, 2923, 2853, 1676, 1631, 1525, 1232, 1203, 1025, 696.
UV (HPLC) A [nm]: 260, 208.

LC-MS (ESIF): m/z = 790.74 [M+H]".

HRMS (ESI*): calcd. for C39HeoNsO12*: 790.4233, found: 790.4205 [M+H]*.
C39H59N5s5012 (789.42)

C39HeoN5012* « C2F3027 (903.95)

7.6.2 Truncated target compound TT2: H-allo-Thr(COC12H25)-NuAA

12iv 10iv 8iv 6iv 4iv

13iv 1 1iv v 7iv 5iv

The reaction was not carried out under an inert gas atmosphere. H-allo-Thr(COC12Hzs)-
NuAA bis-TFA salt78 (21.0 mg, 18.0 umol, 1.0 eq.) was dissolved in aqueous
trifluoroacetic acid (80%, 5 mL) and stirred for 24 h at room temperature. The solvent
was removed under reduced pressure, the residue was dissolved in water and

lyophilized. The title compound was isolated after purification by HPLC.
Yield (TT2): 6.19 mg (7.00 pmol, 39%) as a white solid.

HPLC (semi-preparative): tr = 14.1 min (method: E, conc. of injection: 16.1 mg/mL in
MeOH).

"H NMR (500 MHz, MeOH-da): § [ppm] = 0.90 (t, 3/13iv-n/2iv-n = 7.0 Hz, 3 H, 13V-H),
1.27-1.36 (m, 18 H, 4V-12V-H), 1.31 (d, *Js-13~n = 6.7 Hz, 3 H, 4"'-H), 1.58-1.66 (m,
2 H, 3V-H), 1.91-1.99 (m, 2 H, 2"'-H), 2.29 (ddd, Y5 -H5-Hp = 14.8 Hz, 3Js-tiza-n = 10.3 Hz,
3snae-n = 6.0 Hz, 1H, 5'-Ha), 238 (t, Jav-nsziv-n = 7.5 Hz, 2 H, 2V-H), 2.44 (ddd,
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2 )5 Hp/5-Ha = 14.8 Hz, 3Jsnpse-n = 6.5 Hz, 35 ppa-n = 3.0 Hz, 1 H, 5'-Hyp), 3.06-3.20 (m,
2 H, 1"-H), 3.32-3.42 (m, 2 H, 3"-H), 4.00 (dd, 3J3-h/4-H1 = 6.4 Hz, 3J31/21 = 6.0 Hz, 1 H,
3'-H), 4.02 (dd, 3Je-r/5-np = 6.5 Hz, 3Jo-r/5-1a = 6.0 Hz, 1 H, 6'-H), 4.10 (d, 3J2v-n/3m-h =
4.2 Hz, 1 H, 2"-H), 4.13 (ddd, *Ja-t/5-Hs = 10.3 Hz, *Ja-njz-n = 6.4 Hz, *Ja-ns-mp = 3.0 Hz,
1H, 4'-H), 433 (dd, *2-n3-1=6.0Hz, 3)nn=38Hz, 1H, 2'-H), 527 (dq,
33 pyyamn = 6.7 Hz, 3J3nemn = 4.2 Hz, 1 H, 3'-H), 5.70 (d, 3J1-H/21 = 3.8 Hz, 1 H, 1'-H),
5.72 (d, 3Js-/6-1 = 8.1 Hz, 1 H, 5-H), 7.60 (d, 3J6-r/5-1 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d4): § [ppm] = 14.42 (C-13V), 15.38 (C-4"), 23.72 (C-4"-
12V, 25.75 (C-3"), 27.43 (C-2"), 30.15, 30.42, 30.46, 30.60, 30.71, 30.74, 30.76, 33.06
(C-4V-12V), 34.27 (C-5'), 34.27 (C-2V), 37.55 (C-3"), 45.55 (C-1"), 57.49 (C-2""), 59.92
(C-6"), 69.13 (C-3'""), 74.03 (C-2'), 74.73 (C-3'), 81.21 (C-4'), 94.13 (C-1"), 103.11 (C-5),
143.80 (C-6), 152.18 (C-2), 166.03 (C-4), 167.49 (C-1""), 171.22 (C-7"), 174.04 (C-1V).

19F NMR (471 MHz, MeOH-da):  [ppm] = -76.92.

IR (ATR) v [cm™]: 2925, 2853, 1672, 1465, 1419, 1384, 1265, 1201, 1182, 1133.
UV (HPLC) A [nm]: 260, 201.

LC-MS (ESI*): m/z = 656.59 [M+H]".

HRMS (ESI*): calcd. for C31Hs4Ns5010*: 656.3866, found: 656.3844 [M+H]*.
C31H53N5010 (655.79)

C31H55N50102* « 2 C2F30;" (883.84)

7.6.3 Truncated target compound TT3: N-Ac-allo-Thr(COCi2H25)-NuAA!'46:148/153]

1,4-Cyclohexadiene (12.9 uL, 137 uymol, 10.0 eq.), palladium black (2 spatula tips) and
trifluoroacetic acid (2.10 pL, 27.4 umol, 2.0 eq., added as a 10% solution in dry iso-
propanol) were added to a solution of Cbz-allo-Thr(COCi2H25)-NuAA 52 (14.7 mg,
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13.7 ymol, 1.0 eq.) in dry iso-propanol (1.5 mL). The reaction was stirred for 1.5 h at
room temperature. The residue was filtered using a syringe filter. The filter was washed
with methanol (6x 4 mL). The solvent was removed under reduced pressure to give the
bis-TFA salt 78. It was identified by LC-MS (LC-MS (ESI*): m/z = 940.90 [M+H]*) and

was used without further purification.

Dry N,N-diisopropylethylamine (1.90 uL, 11.2 ymol, 1.0 eq.) was added to a solution of
glacial acetic acid (0.64 pL, 11.2 umol, 1.0 eq.) in dry dichloromethane (0.1 mL). After
10 min, HATU (6.50 mg, 17.1 umol, 1.5 eq.) was added. After 30 min, the reaction
mixture was cooled to 0 °C and N,N-diisopropylethylamine (4.72 uL, 25.2 ymol, 2.5 eq.)
was added. Muraymycin analog 78 (13.0 mg, 11.1 umol, 1.0 eq.) in dry dichloro-
methane (0.8 mL) was added dropwise at this temperature. The reaction was stirred for
18 h. During this time, the reaction mixture was allowed to warm up to room
temperature. The solvent was removed under reduced pressure. The residue was
dissolved in ethyl acetate (2.5 mL). The organic layer was washed with water (1 mL). The
layers were separated, and the aqueous layer was extracted with ethyl acetate
(2x 2.5 mL). The solvent was removed under reduced pressure. The coupling product
was identified by LC-MS (LC-MS (ESI*): m/z = 982.88 [M+H]*) and was used without

further purification.

The residue was dissolved in aqueous trifluoroacetic acid (80%, 2 mL) and was stirred
for 23 h at room temperature. The solvent was removed under reduced pressure. The

title compound was isolated after purification by HPLC.
Yield (TT3): 1.81 mg (2.23 umol, 16% over three steps) as a white solid.

HPLC (semi-preparative): tr = 16.5 min (method: E, conc. of injection: ~17.0 mg/mL in
MeOH).

"H NMR (500 MHz, MeOH-da): & [ppm] = 0.90 (t, 3J13v-n/12v-n = 7.0 Hz, 3 H, 13¥-H), 1.27
(d, 3Jamp3mn = 6.5 Hz, 3 H, 4"-H), 1.23-1.34 (m, 18 H, 4-12"-H), 1.59 (tt, 3Jav.p/ovps =
7.2 Hz, 3J3v-pjav-n = 6.9 Hz, 2 H, 3V-H), 1.88 (ddt, 3/2-1/1%-H, = 6.9 Hz, )2 4/1-1p, = 6.7 Hz,
3prnszn = 6.7 Hz, 2 H, 2"-H), 2.03 (s, 3 H, 2V-H), 2.22-2.27 (m, 1H, 5'-Ha), 2.29 (t,
3ovejaven = 7.2 Hz, 2 H, 2Y-H), 245 (ddd, %Js-nps-ra = 14.8 Hz, 3Js_ppe-n = 6.3 Hz,
35 mp/a-H = 3.1 Hz, 2 H, 5'-Hp), 3.04 (dt, 2J1"-Ha/1"-Hp = 12.8 HZ, 3J1"Ha2v-n = 6.9 Hz, T H,

"-H,), 3.10 (dt, 2J1"-Hp/17-Ha = 12.8 Hz, 3J1mppomn = 6.7 Hz, 1 H, 1"-Hp), 3.24-3.29 (m, 2 H,
3"-H), 3.97 (dd, ¥Je-n/5-rp = 6.3 Hz, 3Je-r/s-na = 6.2 Hz, 1 H, 6'-H), 4.01 (dd, 3/3-n/a-n =
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6.5 Hz, 3J3-/2-1 = 6.0 Hz, 1 H, 3'-H), 4.14 (ddd, 3Ja-/5-1, = 10.1 Hz, 3Ja-njz-n = 6.5 Hz,
3a-nss-Hp = 3.1 Hz, 1 H, 4'-H), 435 (dd, 3J2-1/3-1 = 6.0 Hz, 3Jopj1n = 4.7 Hz, 1 H, 2'-H),
455 (d, 32m-py3mm = 6.3 Hz, 1 H, 2"'-H), 5.17 (dq, 3J3-n/a-n = 6.5 Hz, 3J3-n/2-n = 6.3 Hz,
2 H, 3"'-H), 5.68 (d, 31121 = 4.7 Hz, 1H, 1'-H), 5.72 (d, 3Js-1/6-n = 8.1 Hz, 1 H, 5-H),
7.60 (d, 3Je-/5-4 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-da): § [ppm] = 14.96 (C-13Y), 16.89 (C-4"), 23.04 (C-2Y),
24.26 (C-4"-12%), 26.45 (C-3Y), 28.11 (C-2"), 30.69, 30.95, 30.99, 31.13, 31.25, 31.28, 31.30,
33.60 (C-4"-12Y), 34.63 (C-5"), 35.70 (C-2"), 37.38 (C-3"), 45.73 (C-1"), 58.54 (C-2""), 60.23
(C-6"), 71.17 (C-3"), 74.51 (C-2'), 75.30 (C-3'), 81.74 (C-4'), 95.01 (C-1"), 103.55 (C-5),
144.53 (C-6), 152.64 (C-2), 166.58 (C-4), 171.64 (C-7"), 173.10 (C-1"), 174.30 (C-1"),
175.00 (C-1Y).

19F NMR (471 MHz, MeOH-d4): 5 [ppm] = -76.97.

IR (ATR) v [cm™"]: 3325, 2923, 2851, 1681, 1650, 1201, 1168, 1134, 839, 721.
UV (HPLC) A [nm]: 260, 202.

LC-MS (ESI*): m/z = 698.51 [M+H]".

HRMS (ESI*): calcd. for C33Hs6NsO11*: 698.3971, found: 698.3956 [M+H]*.
C33Hs5Ns5011 (697.83)

C33Hs56Ns5011* »« C2F3027 (811.85)

7.6.4 Truncated target compound TT4: N-Ac-allo-Thr(COCH3)-NuAA!'4!

Dry N,N-diisopropylethylamine (6.10 pL, 35.9 umol, 1.0 eq.) was added to a solution of
acetic acid (2.10 yL, 37.7 uymol, 1.0 eq.) in dry dichloromethane (0.2 mL). After 10 min,
HATU (20.5 mg, 53.9 pmol, 1.5 eq.) was added. After 30 min, the reaction mixture was
cooled to 0 °C and dry N,N-diisopropylethylamine (15.3 pyL, 90.0 umol, 2.5 eq.) was
added. H-allo-Thr(COCH3z)-NuAA bis-TFA salt 90 (36.4 mg, 35.9 ymol, 1.0 eq.) in dry
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dichloromethane (1.5 mL) was added dropwise at this temperature. The reaction was
stirred for 30 min at 0 °C, then for 5 h at room temperature. Then, water (2 mL) was
added to the reaction mixture. The layers were separated, and the aqueous layer was
extracted with dichloromethane (4x 2 mL). The solvent was removed under reduced
pressure. The product was identified by LC-MS (LC-MS (ESI*): m/z = 828.16 [M+H]")

and was used without further purification.

The residue was dissolved in aqueous trifluoroacetic acid (80%, 2 mL) and stirred for
24 h at room temperature. The solvent was removed under reduced pressure. The title

compound was isolated after purification by HPLC.

Yield (TT4): 1.56 mg (2.37 ymol, 6.5% over two steps, calcd. from AcOH) as a colorless

solid.

HPLC (semi-preparative): tr = 11.2 min (method: I, conc. of injection: ~15 mg/mL in
MeOH).

'H NMR (500 MHz, MeOH-da): & [ppm] = 1.27 (d, *Ja-/3-n = 6.5 Hz, 3 H, 4"'-H), 1.88
(dt, 3J2vmzmn = 6.7 Hz, 32 rj1ha = 6.6 Hz, 3avnj1mp = 6.6 Hz, TH, 2"-H), 2.02 (s, 3 H,
2'-H), 2.03 (s, 3H, 2V-H), 2.26 (ddd, %Js-pas-tp = 14.8 Hz, 3J5-naa-n = 10.0 Hz,
3Js-Hase-H = 6.3 Hz, 1H, 5'-Ha), 245 (ddd, %s-np/s-Ha = 14.8 Hz, 3Js-np/e-n = 6.3 Hz,
3Js-tpa-n = 3.0 Hz, T H, 5'-Hp), 3.04 (dt, Z17-na-np = 14.6 Hz, 3J1-pg2n = 6.6 Hz, TH,

"-Ha), 3.10 (dt, 2J17-Hp/17-Ha = 14.6 Hz, 31214 = 6.6 Hz, 1 H, 1"-Hp), 3.27-3.30 (m, 2 H,
3"-H), 3.96 (dd, 3J6-r/5-Ha = 6.3 Hz, 3Je-r/5-np = 6.3 Hz, 1 H, 6'-H), 4.01 (dd, 3/3-/a-n =
6.4 Hz, 3J3-n/2-4 = 5.9 Hz, 1 H, 3'-H), 4.14 (ddd, *Ja-r/s-Ha = 10.0 Hz, *Ja-p3-n = 6.4 Hz,
*Ja-/s-vp = 3.0 Hz, 1 H, 4'-H), 435 (dd, *Jo-nz-n = 5.9 Hz, *Jomyrn = 3.6 Hz, 1 H, 2'-H),
454 (d, 3Jovpzmn =63 Hz, TH, 2"-H), 515 (dq, *J3-nman = 6.5 Hz, 3J3mppmp =
6.3 Hz,1 H, 3""-H), 5.68 (d, 3/1-r/2-1 = 3.6 Hz, 1 H, 1'-H), 5.72 (d, *Js-/6-n = 8.1 Hz, 1 H,
5-H), 7.60 (d, *Je-H/5-1 = 8.1 Hz, 1 H, 6-H).

13C NMR (126 MHz, MeOH-d.): § [ppm] = 16.90 (C-4""), 21.58 (C-2"), 23.01 (C-2"), 28.11
(C-2"), 34.77 (C-5", 37.38 (C-3"), 45.76 (C-1"), 58.45 (C-2"), 60.65 (C-6"), 71.46
(C-3"), 74.50 (C-2"), 75.28 (C-3"), 81.95 (C-4"), 94.93 (C-1'), 103.54 (C-5), 144.54 (C-6),
152.65 (C-2), 166.59 (C-4), 171.29 (C-7"), 172.41 (C-1Y), 172.99 (C-1"), 174.27 (C-1V).

19F NMR (471 MHz, MeOH-da): § [ppm] = -76.98.

IR (ATR) v [cm™]: 3293, 1667, 1539, 1429, 1377, 1258, 1182, 1131, 800, 721.
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UV (HPLC) A [nm]: 260, 204.

LC-MS (ESI*): m/z = 544.42 [M+H]".

HRMS (ESI¥): calcd. for C22H34Ns011™: 544.2250, found: 544.2241 [M+H]".
C22H33N5011 (543.53)

C22H34N5011* « C2F30;7 (657.55)
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7.7 Biological evaluation

7.7.1 Fluorescence based in vitro activity assay

The assay was performed by N. Kagerah and M. Lutz according to previously described
the method.’®121172-1741 Tg determine the inhibitory activity towards MraY (ICso), the
increase in fluorescence intensity was determined at the wavelengths Aex = 355 nm and
Aem = 520 nm (BMG Labtech POLARstar Omega, 384-well plate format) over time. Each
well contained 20 uL of the following composition: buffer (100 mM Tris-HCI buffer
pH 7.5, 200 mM potassium chloride, 10 mM magnesium chloride, 0.1% Triton X-100,
5% DMSO0), dansylated Parks nucleotide!' (synthetic, 7.5 uM), undecaprenyl
phosphate (50 pM) and a solution of the compound (in DMSO) in varying
concentrations. The membrane preparation containing MraY!"’¥ was added to the
mixture and the measurement was started simultaneously. The measurement was
performed in triplicate. MraY activity was now determined by a linear fit of the
fluorescence intensity curve (period: 0-2 min). By plotting the enzymatic activity against
the logarithmic inhibitor concentrations, the ICso value could be determined by a

sigmoidal fit.

7.7.2 Determination of antibacterial activity

Antibacterial activities were determined by M. Jankowski and N. Kagerah using a
previously described method.['*! Here, the first row of a 96-well plate under sterile
conditions was filled with 4 L of a suitable concentrated solution of the test compound
(DMSO) and 194 pL LB medium. After mixing, 100 pL of the solution were transferred
to the next row, which was prepared with 100 yL LB medium. This procedure is
repeated until a range of different concentrations of the compound is achieved. A
culture of the corresponding strain (S. aureus Newman, E. coli AtolC and E. coli DH5a)
was shaken in LB medium (10 mL) for 16 h at 37 °C and 180 rpm. It was then diluted by
adding 100 pyL of the overnight culture in 10 mL LB medium. This mixture was
incubated until the value of optical density ODsoo = 0.6 was reached. 100 uL of the
resulting bacterial suspension was added to each well hole. The plate was incubated
for 16 h at 37 °C and 180 rpm. The optical density was determined both before and

after the incubation period.
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The determination of the antibacterial C. difficile activity was performed at Prof. Dr.
Soren Beckers laboratory at Saarland University, Institute for Medical Microbiology and

Hygiene in Homburg.

7.7.3 Determination of stability
The stability assays were performed by M. Jankowski. The calibration was performed
using a dilution series of the respective chemical compound (conc.: 5 pM, 2.5 uM, 1 uM,

0.5 uM, 0.25 pM and 0.1 uM) in MiiliQ-water.

7.7.3.1 Bacterial Cell Lysate E. coli AtolC

The bacterial cell lysate was obtained from E. coli AtolC. Therefore, the cells grew in LB
medium at 37 °C until an optical density of ODeoo = 0.6 was reached. The cells were
separated from the medium by centrifugation (3060 « g, 4 °C), and the resulting pellet
was resuspended in sodium phosphate buffer with protease inhibitor. Then, the cells
were lysed using ultrasound (10 cycles at 80% power, 15 s pulse, with a 45 s pause).
After centrifugation, the lysate was separated from the pellet and used for stability

measurements.

For the stability assay, 27 yL of the lysate was mixed with 3 pL of a 100 uM solution of
the respective compound (1 uL from the 20 mM stock solution in 199 uL buffer).
Diphenhydramine solution (1.5 pM) was used as stop-solution. 60 pL of this solution
were added to the respective sample at the time-depending moment. After mixing, the
mixture was cooled on ice. The measurements were taken at 0 (two measure points: 1.
stop-solution was added to the lysate before the compound; 2. compound was added
to the lysate before the stop-solution), 15, 30, 60, and 150 min in duplicate after
another centrifugation. Detection of the compounds in the supernatant was performed
by HPLC-coupled HRMS.

7.7.3.2 Luria-Bertani Medium

The used LB medium consisted of 5 g yeast extract, 10 g peptone, 5 g sodium chloride

and 1 L of water.

For the stability assay, 27 yL of the LB medium was mixed with 3 yL of a 100 uM
solution of the respective compound (1 pL from the 20 mM stock solution in 199 pL

buffer). Diphenhydramine solution (1.5 uM) was used as stop-solution. 60 pL of this
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solution were added to the respective sample at the time-depending moment. After
mixing, the mixture was cooled on ice. The measurements were taken at O (two measure
points: 1. stop-solution was added to the LB-medium before the compound; 2.
compound was added to the LB-medium before the stop-solution), 15, 30, 60, and
150 min in duplicate after another centrifugation. Detection of the compounds in the

supernatant was performed by HPLC-coupled HRMS.

7.7.3.3 Human Plasma
First, the used plasma was diluted 1:10 with MilliQ water.

For the stability assay, 27 uL of the diluted plasma was mixed with 3 yL of a 100 uM
solution of the respective compound (1 pL from the 20 mM stock solution in 199 pL
buffer). Diphenhydramine solution (1.5 uM) was used as stop-solution. 60 uL of this
solution were added to the respective sample at the time-depending moment. After
mixing, the mixture was cooled on ice. The measurements were taken at O (two measure
points: 1) stop-solution was added to the LB-medium before the compound; 2)
compound was added to the LB-medium before the stop-solution), 15, 30, 60, and
150 min in duplicate after another centrifugation. Detection of the compounds in the

supernatant was performed by HPLC-coupled HRMS.
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Appendix

9 Appendix

Stabilities of different target compounds in different media

Used compounds:

95 32
half live in BakLys(E. coli AtolC): t; = 9 min

Fig. 103: Tested compounds: compound 32, synthesized by M. Wirth and reference compound 95, with
known half-life, synthesized by V. B&ttner.[45190]
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Fig. 104: Evaluation of the stability of T1 (reference: testosterone and 32) in E. coli AtolC lysate with
visible plateau formation after ~25% (left) or ~33% (right) of the initial concentration.
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Fig. 105: Evaluation of the stability of T1 (reference: testosterone and 32) in LB medium.
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Target compound T2

BaclLys (E. coli AtolC)
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Fig. 107: Evaluation of the stability of T2 (reference: testosterone and 32) in E. coli AtolC lysate.
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Fig. 108: Evaluation of the stability of T2 (reference: testosterone and 32) in LB medium.
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Fig. 109: Evaluation of the stability of T2 (reference: testosterone and 32) in LB medium over 24 h.
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Target compound T3
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Fig. 110: Evaluation of the stability of T3 (reference: erythromycin) in E. coli AtolC lysate with visible
plateau formation after ~30% (left) or ~45% (right) of the initial concentration (note: masked

value at 15 min (left)).
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BacLys (E. coli AtolC)
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Fig. 111: Different attempts to define the stability of T4 in E. coli AtolC lysate (reference: testosterone

and 951901,
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. BacLys (E. coli AtolC) ® 950 T4
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Fig. 112: Two attempts to define the stability of T4
(reference: 95!190)),

@ 95with 0.01% Tween
® T4 with 0.01% Tween

BacLys (E. coli AtolC
150 aclLys (E. coli AtolC)

100

50

remaining compound [%)]

-100

—150 L L. L1, L
20 40 60 80 100 120 140

time [min]

160

Fig. 113: Two attempts to define the stability of T4 in
with Tween (reference: 95[190).

BacLys (E. coli AtolC)

[® 95 @74
100 e e
]
= ]
=
E L.
o
Q
§ . o
[5)
o 50
£
£
©
5
= 25}
0 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
time [min]

in E. coli AtolC lysate without internal standard

5 ® 95 with 0.01% Tween
140 BacLys (E. coli AtolC) ® T4 with 0.01% Tween

remaining compound [%]
S [} [o<] 5 K;
o o o o o

N
o

@

20 40 60 80 100 120 140
time [min]

160

E. coli AtolC lysate without internal standard and

235



Appendix

Target compound T5
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Fig. 114: Evaluation of the stability of T5 in E. coli AtolC lysate (reference: 95!'% as compound with
known half-life of ~35min).
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Bacterial growth inhibition of the truncated derivatives
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Fig. 115: Activity against the bacterial growth of E.
ampicillin (highest conc. 5 pg/mL)).
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Fig. 116: Activity against the bacterial growth of E. coli DH5a of T1 (reference DMSO (blank) and

ampicillin).
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Truncated target compound TT2
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Fig. 117: Activity against the bacterial growth of E. coli AtolC of T2 (reference DMSO (blank) and
ampicillin (highest conc. 5 pg/mL)).
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Fig. 118: Activity against the bacterial growth of E. coli DH5a of T2 (reference DMSO (blank)).
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Truncated target compound TT3
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Fig. 119: Activity against the bacterial growth of E. coli AtolC of T3 (reference DMSO (blank) and

ampicillin (highest conc. 5 pg/mL)).
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Fig. 120: Activity against the bacterial growth of E. coli DH5a of T3 (reference DMSO (blank) and
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Truncated target compound TT4
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Fig. 121: Activity against the bacterial growth of E. coli AtolC of T4 (reference DMSO (blank) and

ampicillin (highest conc. 5 pg/mL)).
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Bacterial growth E. coli DH5c.| = DMSO A Ampicilin_ @ TT4
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Fig. 122: Activity against the bacterial growth of E.

ampicillin (highest conc. 5 pg/mL)).
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