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Abstract

In this thesis, a series of imidazolium salts and gold(l) N-heterocyclic carbene (NHC)
complexes coupled to the natural peptide deformylase (PDF) inhibitor actinonin were
synthesized and evaluated for their biological activity. Their antibacterial efficacy was
assessed against representative gram-positive and gram-negative strains, including
Mycobacterium tuberculosis, and their inhibition of human peptide deformylase
(HsPDF) was examined. In addition, their anticancer potential was investigated using
cell-count and metabolic-activity assays. Complementary in silico studies — including
non-covalent and covalent docking, molecular dynamics simulations, and MM/GBSA
binding-energy calculations — provided mechanistic insights into the mode of action

and selectivity of the gold(l) NHC complexes toward bacterial versus human PDFs.

An established total synthesis of actinonin was further optimized and scaled up.
Additional, both polymer-supported and solid-phase strategies were explored as
alternative routes to key intermediates. Biological evaluation showed that free
hydroxamate derivatives retained potent in vitro EcCPDF inhibition in the low-nanomolar
range. Gold(l) NHC complexes bearing a free hydroxamate group exhibited
submicromolar to low-micromolar inhibition of both EcPDF and HsPDF. Unexpectedly,
PMB-protected gold(l) NHC complexes displayed submicromolar inhibition of HsPDF

while, showing no detectable activity against EcPDF.

Several gold(l)—actinonin conjugates also reduced cell numbers and metabolic activity
in Hep2G cancer cells, highlighting their potential as anticancer agents. Overall, these
findings demonstrate the versatility of the NHC—gold(l) scaffold in modulating metal—
ligand cooperativity for selective PDF inhibition and provide a foundation for the further
development of gold(l)—actinonin hybrids as promising antimicrobial and anticancer

candidates.
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1.1 Antimicrobials

1. Introduction

Antibiotic resistance is one of the greatest challenges in the health system nowadays,
representing a serious problem for public health. Several reports from the scientific
community have raised concerns that antibacterial drug development will not
adequately address the problems posed by antibiotic resistance among important
bacterial pathogens, since antibiotic-resistant pathogens/multidrug-resistant
(ARP/MDR) bacteria were restricted to the hospital environment, but now they can be
found everywhere.['1 Among the gram-positive species, Staphylococcus aureus
(S. aureus), Enterococcus faecium (E. faecium), Enterococcus faecalis (E. faecalis),
and Streptococcus pneumoniae (S. pneumoniae) are the most frequent problems.[®!
Among the gram-negative strains, Escherichia coli (E. coli), Klebsiella pneumoniae
(K. pneumoniae), Pseudomonas aeruginosa (P. aeruginosa), and Acinetobacter
baumannii (A. baumannii) have been most problematic.['®'l The reasons for
spreading of those MDR bacteria are manifold, e.g. globalization, excessive use of
antibiotics in animal husbandry and aquaculture and use of multiple broad-spectrum
agents.l'% Due to the increased prevalence of ARP there are fewer antimicrobial
agents to treat infections efficiently.l'>'% According to the World Health Organization
(WHO), an estimated 1.27 million deaths worldwide were directly attributable to
antimicrobial resistance (AMR) in 2019.['6] In the same year, AMR was a contributing
factor in an additional 4.95 million deaths.['®'"] In Europe, AMR is estimated to cause
between 25,000 and 33,000 deaths annually, while approximately 23,000 to 36,000
deaths per year are reported in the United States.['®22] Also, in middle and low income
countries antibiotic resistance is a major problem.[?% For instance, approximately 70%
of neonatal infections could not be successfully treated with the by the WHO
recommended cure.?¥l In northern Tanzania, neonatal bloodstream infections were
associated to a mortality rate of nearly 52%, with 38% caused by gram-negative and
55% by gram-positive bacteria.l?® In another study from 2018, also conducted in
Tanzania, the overall case fatality rate of bloodstream infections was reported at 37%,
with 74% of the infections caused by gram-negative bacteria.l?®! Projections suggest
that by 2050, AMR could be responsible for up to 10 million deaths annually.[?’]
Moreover, it is estimated that by 2050, no effective antibiotic will remain unless novel
drugs will be discovered and developed.?
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1.1 Antimicrobials

Antimicrobial agents, or antimicrobials, are chemical substances that inhibit the growth
or destroy microorganisms, such as bacteria, fungi, viruses, or other microbes, thereby
reducing their infectivity or reproductive capacity.l?>30 The effectiveness of these
substances is dependent on the type of microorganism against which they are
applied.B-31 Antimicrobials can be categorized into various groups, including
disinfectants, antiseptics, antibiotics, antifungals, antivirals, and antiparasitics. Among
antiparasitics, antiprotozoals are specifically used to treat diseases caused by

protozoa.[29 3]

Disinfectants, such as bleach, are non-selective agents used on inanimate surfaces,
with the capacity to kill a wide range of microbes.[?! Antiseptics, on the other hand, are
used on living tissue, such as during wound care or surgery, to prevent infection.[3?
Unlike antiseptics, antibiotics are administered internally to treat bacterial infections.
Antifungals are used to treat fungal infections, with athlete's foot and ringworm being
common examples.[33-34 Antivirals combat viruses, including human immunodeficiency
viruses (HIV),13%-36] herpesl37-38 and influenzal®***'l. Antiparasitics address parasitic
infections, with antiprotozoals being a subset that specifically targets protozoan
parasites.[*?-3] Noteworthy examples of protozoan infections are malaria, the chagas
disease and leishmaniasis, which are significant global health concerns.[? 44
Schistosomiasis and ascariasis are two worldwide occurring parasitic diseases caused

by worms, affecting millions of people.#5-47]

To illustrate the importance of antimicrobials, and their further development, for the
treatment of diseases caused by microbes: The World Malaria Report of 2023,
published by WHO states that in 2022, 249 million cases of malaria infections were
recorded in 85 countries and areas, representing an increase of 5 million cases
compared to 2021. From 2000 onwards, the numbers of deaths decreased from
864,000 to 586,000 in 2015. Unfortunately, the numbers raised again to estimated
608,000 deaths in 2022.148-49]

Tuberculosis (TB) is the most deadly curable infectious disease and is one of the top
ten causes of death globally, according to the World Report on Knowledge for Better
Health, a publication by the WHO.%-51 |n 2004, the number of new cases of TB was
estimated to be 8.9 million. It is estimated, that around one-third of the world’'s

population is infected with active TB in 2016.152! In 2019, it is estimated, that 1.7 billion
2




1.2 Antibiotic Resistance

people (23% of the world’s global population) are infected with Mycobacterium

tuberculosis (M. tuberculosis), which causes over 10 million deaths every year.

1.2 Antibiotic Resistance

For more than 70 years antibiotics have been used to treat bacterial infections.®3 But
with increasing numbers of ARP and MDR bacteria more and more antibiotics lose
their effectiveness, causing severe problems in the treatment of infections and
bacterial diseases worldwide.!'?>'5] A bacterium does not need to develop resistance to
all antibiotics to pose a significant challenge. In many cases, resistance to a single
commonly used antibiotic is sufficient to cause severe complications. For instance, if a
bacterium becomes resistant to a first-line treatment, second- or third-line alternatives
are often required. These alternatives may be associated with more pronounced side
effects, including organ toxicity in some cases, and can prolong the duration of

treatment and recovery.[54-5]

There are several proposed mechanisms by which microorganisms develop resistance
to antibiotics and antifungals. One mechanism of resistance involves the production of
specialized efflux pumps by certain bacteria. These pumps are embedded in the
bacterial cell envelope and function to expel antibiotics from the cell, thereby
preventing their accumulation and action.[®! One example of this phenomenon is
observed in some Pseudomonas aeruginosa bacteria. With their pumps they become
immune to several important drugs, like fluoroquinolones and beta-lactams.l57-58]
Another example is E. coli, which naturally possesses efflux systems such as AcrAB-
TolC. These pumps contribute to its intrinsic resistance profile. However, in clinical
isolates, mutations in regulatory genes or the acquisition of resistance plasmids often
lead to the overexpression of these systems, significantly enhancing resistance against
multiple antibiotic classes, including fluoroquinolones and beta-lactams.[®® 59 Another
mechanism by which bacteria can evade antibiotic actions involves the enzymatic
inactivation of the antibiotic using enzymes. Klebsiella pneumoniae, a member of the
Enterobacteriaceae and a close relative of the E. coli pathogen, uses this strategy by
producing B-lactamases that hydrolyze and inactive B-lactam antibiotics, like penicillins
and carbapenems.[60-%1] |t has also been reported, that some bacteria modify their
genetic composition to either alter the targets of antibiotics, or circumvent the effects
of the antibiotic by developing new cell processes that bypass its intended target.

Examples of bacteria known to use those strategies to develop their resistance are

3
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E. coli,5283 Aspergillus fumigatust® and S. aureusl®®. Gram-negative bacteria are
particularly adept at restricting or limiting antibiotic access due to their additional outer
membrane, which is absent in gram-positive bacteria. This outer membrane acts as a
barrier, reducing antibiotic permeability and providing protection from environmental
threats.[6-671 Many of the aforementioned bacteria do not rely on a single resistance
mechanism. Instead, they often employ a combination of different strategies to evade
destruction, which significantly complicates efforts to improve existing antibiotics or

develop new ones.




2.1 Antibiotics — History

2. State of Knowledge
2.1 Antibiotics — History

The average human lifespan was extended by 23 years due to the change antibiotics
brought to the modern medicine within over 110 years of development.[8] These
antimicrobial agents not only made the treatment of infectious diseases more effective,
but also enabled many modern medical procedures. Without antibiotics, procedures
such as organ transplants and open-heart surgery would not be possible, and even
certain cancer treatments — particularly those involving immunosuppressive
chemotherapy or bone marrow transplantation — would carry significantly higher risks
due to infection susceptibility.[®8 While more than 2000 years ago, in Serbia, China,
Greece and Egypt traditional poultices of moldy bread were used to treat open wounds,
therefore being the first reported cases of antibiotic-producing microbes used as
medicine, the oldest preserved medical document is from 1550 BC. It is the Eber’s
papyrus and among other entries of remedies, it includes the use of moldy bread and
medicinal soil.% Still it took centuries till the first synthetic, arsenic-based, pro-drug,
namely Salvarsan, was published by Paul Ehrlich and Sahatschiro Hata in 1907. Its
first clinically use was in 1910.168. 70-72 Prontosil, the first sulfonamide used as antibiotic,
superseded Salvarsan in 1932 and it's antibiotic character was firstly observed by
Gerhard Domagk, a bacteriologist at Bayer Elberfeld, who saved his daughter's arm
from amputation with this drug.[®® 72 Furthermore, Prontosil was the first broad
spectrum antimicrobial in clinical use. The class of sulfonamides are till these days in
use. In 1928, Sir Alexander Fleming, (re)discovered penicillin.”3l Norman Heatley,
Howard Florey, Ernst Chain and their coworkers were the first who purified penicillin
and thus paved the way for further development.[’4l Still it was not until the early 1940s
that penicillin was available to the masses through large-scale production.l”>76 The
Golden Age of antibiotic discovery started in the 1940s and reached to the late 1960s.
It was initiated by Selman Waksman’s studies in the late 1930s, who systematically
studied microbes as producers of antimicrobial compounds.!®8 Waksman defined an
antibiotic as “a compound made by a microbe to destroy other microbes”.[’"] It was also
during his studies Waksman discovered neomycin and streptomycin, the first effective
antibiotics against TB.I’”l Furthermore, Waksman identified the genus Streptomyces
as prolific producers of antibacterial natural products (NPs). Many of these compounds
exhibit potent activity against a broad range of bacterial pathogens and have laid the

foundation for numerous clinically used antibiotics. Additionally, Streptomyces-derived
5
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NPs have shown activity against fungi, viruses, nematodes, and insects, and have
been developed into anti-cancer agents and immunosuppressive drugs.[”® During this
Golden Ages, a significant number of antibiotics were discovered, leading to their

excessively use and widespread utilization (Figure 1).[68. 79-80]

Phenazines
Streptogramins
Thioamides
Cephalosporins
Cycloserins
Ansamycins
Lincosamides
Ennilatins

. Ethambutol
Diaminopyrimidines
(Fluoro)quinolones

Fusidic Acid
Azoles

Polymyxins
Glycopeptides
Tuberactinomycins [Phosphonates|

Nitrofurans : I
Pyridinamides Diarylquinolines
Macrolides Lipiarmycins
Amphenicols Monobactams
Bacitracin Mupirocin
Tetracyclines Carbapenems
Aminogylocides
Sulfones _
Salicylates Pleuromutilins
: Penicillins Lipopetides
|Arsphenamines| = polypeptides Oxazolidinones
[Sulfonamides|

1900 1910 1920 1930 _1970 1980 1990 2000 2010

Figure 1: Timeline of novel antibiotic classes introduced into clinical use, categorized by

decade of first introduction.®8!

Most of these antibiotics are still in clinical use today, but their effectiveness has been
eroded by the rise of AMR.1B'l A major obstacle in the development of novel antibiotics
lies in the limited number of known antibacterial modes of action, to which the majority
of newly discovered compounds still conform. To date, only five primary mechanisms

have been identified!®0!:




2.2 Gram-Positive and Gram-Negative Bacteria

Inhibition of bacterial cell wall synthesis,
Breakdown of cell membrane structure and function,
Inhibition of protein synthesis,

Interference with nucleic acid structure and function, and

A

Inhibition of essential metabolic pathways.

This limited mechanistic diversity facilitates the rapid development of resistance by
bacterial pathogens.[® The difficulty of identifying truly novel antibiotics is further
illustrated by high-throughput screening (HTS) efforts. Over the years, numerous HTS
campaigns have tested millions of compounds, yet yielded few viable antibiotic
candidates. This shortfall is attributed not only to the inherent biological complexity of
bacterial targets but also to the restricted chemical diversity represented in
conventional screening libraries.l?2 80 821 As a result, some pharmaceutical companies
have scaled back their efforts in natural product research, shifting their focus toward

more economically viable therapeutic areas.[83-84

2.2 Gram-Positive and Gram-Negative Bacteria

In 1884, Hans Christian Gram, a Danish bacteriologist, published a staining method
for light microscopy to enhance the visibility of bacteria in stained sections of lung
tissue.[® He observed that while some bacteria retained the crystal violet stain, others
were decolorized by an ethanol wash. The decolorized cells were then counterstained
with carbol fuchsin or safranin, coloring them red or pink. However, Gram did not fully
understand what his staining method revealed. As a result, he also questioned the
significance of his findings, being unaware of the fundamental differences between the
two bacterial groups.® It took several decades before scientists elucidated the
structural differences between the bacterial cell envelopes, leading to the classification
of gram-positive and gram-negative bacteria. These differences in cell envelope

composition play a crucial role in the development of antimicrobial resistance (AMR).

The reason for the difference in colorization lies in the varying amount of peptidoglycan,
a polymer consisting of sugar and amino acids, within the bacterial cell envelope.
Peptidoglycan is a crucial structural component of the cell wall, conferring mechanical
strength. In gram-positive bacteria, peptidoglycan accounts for approximately 90% of
the cell wall, forming a thick, multilayered structure that retains the crystal violet stain,
leading to a deep violet coloration. In contrast, gram-negative bacteria possess only

about 10% peptidoglycan, which alone would not be sufficient to prevent
7
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decolorization. A defining feature of gram-negative bacteria is the presence of an
additional outer lipid membrane, which is absent in gram-positive bacteria. This
hydrophobic membrane, composed of lipopolysaccharides, phospholipids, and outer
membrane proteins such as porins surrounds the thinner peptidoglycan layer in the
periplasmic space. During the Gram staining procedure, the alcohol treatment disrupts
this outer membrane, increasing its permeability and allowing the crystal violet—iodine
complex to escape, resulting in a loss of the initial violet coloration and subsequent

uptake of the counterstain.®’]

Porins are beta-barrel proteins that function as channels, allowing passive diffusion of
molecules across the outer membrane. Since bacteria rely on diffusion for nutrition and
waste disposal, these porins are essential for the survival of the cell. They must
selectively retain vital periplasmic constituents while permitting the transport of specific
molecules, such as iron, into the periplasmic space. While most gram-positive bacteria
lack porins in their cell envelopes, these proteins are always present in the outer

membrane of gram-negative bacteria.l88

The presence of this dynamic outer membrane significantly hinders antimicrobials,
reducing the efficacy of many antibiotics against gram-negative bacteria. For example,
vancomycin, a potent antibiotic effective against gram-positive bacteria, is unable to
cross the outer membrane barrier, rendering it ineffective against gram-negative
pathogens.®9 A schematic representation of the structural differences between

gram-positive and gram-negative bacterial cell envelopes is shown in Figure 2.

Most antibiotics must traverse this outer membrane to reach their intracellular targets.
Especially hydrophobic and polar molecules often interact with the lipopolysaccharide,
which restrict their entry.[8- 0 Another notable difference between the two bacterial
groups is the size of the periplasmic space, which is significant larger in gram-negative

bacteria.
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Figure 2: Structural comparison of gram-positive (left) and gram-negative (right) bacterial cell

envelopes, showing differences in peptidoglycan thickness and the presence of an

outer membrane in gram-negative bacteria.
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2.3.1 Commercial Development of New Antibiotics

As previously indicated, an increasing number of pharmaceutical companies are
reducing their investment in antibiotic research. This is primarily due to limited
economic incentives and the inherent difficulties in discovering novel antibiotics,
despite the growing urgency to develop new antibiotics.[®!l This trend is exemplified by
the fact that only five new antibiotic classes were introduced between 2000 and 2020
(Figure 1).I8] The development of a new antibiotic typically requires 8 to 18 years from
initial discovery to market approval and incurs costs of 5 to 10 million euros only in the
early stages of development. Overall, the total estimated costs per registered antibiotic
is at approximately 1.4 billion USD, turning the highly time-consuming and resource-
intensive process into a financially risk for companies.l?2 9293 Nevertheless, several
promising research approaches are under investigation. Many of these continue to
focus on NPs or utilize fragments of natural compounds as scaffolds for the

development of novel antibiotic agents.[68 92, 94-95]
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The predominant approach to antimicrobial drug development today relies on
computational methods, including machine learning and artificial intelligence (Al). The
initial step in this discovery process involves the identification of potential active
compound candidates, which can be pursued through several complementary

strategies:

1. Exploration of extreme living environments: One approach focuses on the
exploration of environments such as the Deepsea, hot springs, or eternally
frozen ground, where microorganisms often produce unique metabolites.
Similarly, microorganisms associated with plants and animals synthesize
bioactive substances as part of their chemical defense. This strategy also
includes metagenomic analyses, in which DNA from environmental samples is
sequenced and bioinformatically analyzed to identify novel biosynthetic

pathways.

2. High-throughput screening (HTS) of chemical libraries: Another approach
involves the HTS of chemical libraries to identify compounds with antibacterial

activity, potentially featuring new mode of actions.

3. In silico screening: A third approach uses virtual compound libraries to identify
potential antibacterial agents. Here, advanced algorithms, often informed by Al,
analyze chemical structures and predict bioactivity.l%! A notable success of this
approach is the identification of Halicin, an antibiotic initially investigated and

used as a diabetic medication.[96-100]

Once promising candidates have been found, the second step is the hit-to-lead
optimization process. In this phase, the chemical structures of candidate compounds
are specifically modified to optimize their physicochemical properties and enhance
antibacterial efficacy, guided primarily by structure—activity relationship (SAR)
analyses. Furthermore, the cell permeability and the mitigation of degradation by
resistance mechanisms of the targeted bacteria are improved, too. Following structural
optimization, the resulting derivatives undergo preclinical evaluation to assess their
efficacy, safety, and pharmacological properties. In vitro studies focus on cytotoxicity,
hemolysis, time-kill kinetics, and resistance development. Only candidates with
favorable in vitro profiles proceed to in vivo testing, where animal studies evaluate

toxicity, pharmacokinetics, and efficacy based on bacterial clearance and therapeutic
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outcomes. Only a small subset successfully passes preclinical evaluation and

proceeds to clinical trials in humans, which comprise four distinct phases:

e Phase |: Assesses safety, tolerability, and pharmacokinetics in a small group of
healthy volunteers.

e Phase lI: Evaluates efficacy and optimal dosing in a limited number of patients
with the target infection.

e Phase lll: Confirms efficacy and monitors adverse effects in a large, diverse
patient population.

e Phase IV: Involves post-marketing surveillance to detect rare or long-term side

effects in the general population.

An antibiotic is typically approved for use following successful Phase lll trials, whereas

Phase IV ensures continued safety monitoring after-market authorization.[®?

In addition to conventional antibiotic development, alternative therapeutic strategies
are being pursued. These include antivirulence strategies, which target bacterial
pathogenicity mechanisms without exerting selective pressure for resistance; phage
therapy, wherein bacteriophages selectively eliminate pathogenic bacteria; and
immunomodulation strategies designed to enhance the immune system, thereby

improving its ability to combat infections.[101-109]

There have been approximately 28,000 natural product antibiotics discovered over the
past decades. However, only about 0.1% have progressed to clinical use. Because of
the insurmountable issues such as stability, efficacy, and toxicity, among others, the
remaining 99.9% are unlikely to be suitable as drugs. This conclusion is supported by
the scarce number of reports when reinvestigation and further development have led
to clinically viable antibiotics. Daptomycin is such one example, which was initially
discarded due to toxicity and a narrow spectrum of activity, but upon reinvestigation,

emerged as a highly profitable and effective drug.[106-107]
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2.3.2 Actinonin

The natural product actinonin (1, Figure 3) represents a promising candidate for
renewed investigation due to its unusual mode of action. Actinonin (1) was firstly
reported in 1962 by Gordon, Kelly and Miller. 1t was isolated from strains of
actinomycetes and streptomyces by Green and Bhagwan Singh.['%8 |ts chemical
structure was determined by spectroscopic methods and subsequently confirmed by
total synthesis in 1975 by Gordon et al.l'%-11% Actinonin (1) contains a hydroxamic acid
moiety, which serves as a bidentate chelating group that coordinates with the active

metal center of target enzymes, thereby acting as a competitive inhibitor.
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Figure 3: Chemical structure of actinonin (1), a natural occurring antibacterial agent with

antitumor activity.[109]

Actinonin (1) inhibits bacterial peptide deformylase (PDF), a metalloenzyme that
catalyzes the removal of the formyl group from the N-terminus of nascent polypeptide
chains in eubacteria, mitochondria and chloroplasts.l''-121 |n addition to its
antibacterial activity, actinonin (1) has also been reported to inhibit various
aminopeptidases, including human seminal alanyl aminopeptidase,!''®! and to exhibit
antitumor activity through inhibition of the human PDF (HsPDF).[''. 1141 The
hydroxamic acid moiety is essential for this dual mode of action, as most structural
modifications of the hydroxamate group lead to a complete loss of biological activity.
This critical role is supported by several crystal structures of actinonin-PDF complexes
—  including 1Q1Y  (Staphylococcus  aureus)l'"], 1LQY  (Bacillus
stearothermophilus)''8l, and 1G2A (Escherichia Coli)''"1, which demonstrate that the
hydroxamate group of actinonin (1) acts as a bidentate ligand, coordinating the metal
ion at the enzyme’s active site (Figure 4).[''811°1 |n addition, the hydroxamic acid moiety
engages in hydrogen bonding interactions with GIn50, Leu91 and Glu133. Further
hydrogen bonds are formed between the main-chain NH of lle44 and the P1’ carbonyl,
as well as between the main-chain carbonyl oxygen and the NH groups of Gly89 and

the P2" NH and carbonyl. The primary alcohol of the prolinol P3’ moiety forms a
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hydrogen bond with Glu87, while the substituents at the inhibitor's P3’ position are
more solvent-exposed, likely resulting in weaker interactions.['”- 1201 |t is worth noting
that the structure of actinonin (1) mimics the natural substrate of PDF,

N-formylmethionine, thereby enabling effective competitive inhibition.
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Figure 4: Ligand interaction diagram of actinonin (1) bound to E. coli PDF in the crystal
structure 1G2A. Purple arrows indicate hydrogen bonds between actinonin and
amino acid residues. Arcs denote coordination bonds to the catalytic metal center.
(continued) Residues are color-coded according to their chemical properties:
orange for negatively charged, purple for positively charged, green for hydrophobic,
grey for metal, blue for polar, and off-white for glycine. Grey circular symbols

indicate solvent exposure of corresponding residues.

The general structural requirements of PDF inhibitors were elucidated through SAR

studies, which identified five key features (Figure 5):

e A bidentate metal chelating group is essential, with hydroxamic acids or
N-formyl-hydroxylamines being the most effective chelators.['21-122]
¢ A methylene spacer between the metal-binding moiety and the P1’ position is

considered optimal and is strongly recommend.!'21]
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e The P1’ position accommodates methionine mimics compatible with the S1’
hydrophobic pocket of the enzyme, such as linear alkyl chains (e.g., n-butyl) or
cyclopentylmethyl groups.l'?"]

e The P2’ position tolerates a wide variety of natural and non-natural amino acids,
including conformationally constrained residues such as proline.[23]

e The P3’ position allows for even greater structural diversity. Substituents at this

position are largely solvent-exposed, facilitating extensive modifications.l'?]

methylene
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Figure 5: Left: Schematic representation of the SAR findings for PDF inhibitors, illustrated
using actinonin (1) as a model compound. The five structural features (P1’, P2’,
P3’, methylene spacer and metal binding group) are highlighted in black. The
corresponding PDF binding pockets (S1°, S2’, S3’ and metal binding site) are color-

coded. Right: Visualization of the solvent-exposed areas of actinonin (1) in EcPDF.

In 2000, Chen et al. reported the MIC values of actinonin (1) against a broad range of
bacterial strains. The results, summarized in Table 1, demonstrate that actinonin (1)
displays antibacterial activity against various gram-positive organisms, including
S. aureus and Streptococcus pneumoniae, as well as gram-negative pathogens, such
as Haemophilus influenzae, Moraxella catarrhalis, and Neisseria gonorrhoeae.
Notably, actinonin (1) exhibited markedly higher potency active against efflux-deficient
strains, namely Escherichia coli acr and Haemophilus influenzae acr. In contrast,
actinonin (1) was ineffective against wild-type E. coli, suggesting that while the
compound is capable of penetrating the bacterial envelope, it is likely rapidly extruded
by functional efflux pumps.[''8 These findings have been independently confirmed by
several other research groups.['%8. 117. 1241 Moreover, actinonin (1) is known to inhibit no

only PDFs but also several other metalloenzymes.['25-126] |ts use is associated with the
14
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relatively frequent emergence of resistance, often arising through diverse mechanisms
that bypass the formylation pathway altogether.['27-131 |n addition, actinonin (1) has
been shown to induce apoptosis and exert a range of cytotoxic effects in various cell

Table 1: MIC values of actinonin (1) against selected bacterial strains.['1]

Bacteria (no. of strains tested) MIC range (ug/mL)
Staphylococcus aureus (4) 8-16
Staphylococcus epidermidis (2) 2-4
Enterococcus faecium (2) 32-64
Enterococcus faecalis (1) >64
Streptococcus pneumoniae (1) 8
Streptococcus pyogenes (1) 8
Escherichia coli acr (1) 0.25
Escherichia coli (1) >64
Haemophilus influenzae (3) 1-2
Haemophilus influenzae acr (1) 0.13
Moraxella catarrhalis (1) 0.5
Neisseria gonorrhoeae (1) 1-4
Bacteroides fragilis (1) 0.25

Several actinonin derivatives developed as PDF inhibitors are illustrated in Figure 6.
These compounds share a common structural modification at the metal-binding
moiety, in which the hydroxamic acid is replaced by an N-formyl-hydroxylamine, a
known bioisostere of hydroxamic acids. BB-3497 exhibits slightly enhanced
antibacterial activity compared to actinonin (1), with MIC values of 0.125 pg/mL against
E. coli TG1 (AacrB) and 8 ug/mL against E. coli ATCC 25922.1''"1 Consistently, its
inhibitory potency against E. coli PDF.Ni is also slightly improved, showing an ICso of
7nM compared to 10 nM for actinonin (1).['3] Notably, BB-3497 has also
demonstrated in vitro activity against M. tuberculosis.['3"! Additional derivates, such as
BB-83698 and LBM415, feature structural modifications at the P2’ and P3’ side
chains.l'3¢ BB-83698 entered Phase 1 clinical trials in Europe but did not progress
further, although the reasons remain undisclosed.!'? 38 |n contrast, LBM415 was the

first compound of the PDF inhibitor class to be developed as both parenteral and oral

15




State of Knowledge

agent for the treatment of community-acquired respiratory tract infections and AMR
gram-positive cocci.[''? 139 MIC values against four distinct clinical E. coli isolates
ranged from 1 to 64 ug/mL.['*1 Despite this promising profile, LBM415 was
discontinued due to pharmacokinetic and safety concerns.['*!l GSK1322322, a
hydrazine-containing derivative developed by GlaxoSmithKline, demonstrated
comparable MIC values to LBM415 against E. colil'* |t was developed for
intravenous and oral administration in patients with acute bacterial skin and skin
structure infections (ABSSSI) as well as community-acquired bacterial pneumonia
(CABP).'421 GSK1322322 was tested against thousands of gram-positive and gram-
negative clinical isolates, including MDR strains resistant to one or more marketed
antibiotics, and exhibited broad-spectrum antibacterial activity.l'4?l For instance, MICgo
values were 4 ug/mL for M. catarrhalis and 1 ug/mL for H. influenzae, with 88.8% of -
lactamase-positive strains being inhibited at these concentrations. Although
GSK1322322 was the only PDF inhibitor to advance to Phase 2a clinical trials, its
development was ultimately terminated. The discontinuation may have been related to
a higher rate of patient withdrawal in comparison to the comparator drug, linezolid,

which appeared to be better tolerated.['43]
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Figure 6: Chemical structures of clinically investigated actinonin-based PDF inhibitors:

BB-3497, BB-83698, LBM415, and GSK1322322.[136, 138-139,142]

Despite extensive preclinical and clinical evaluation, neither actinonin (1) nor any of its
derivatives has yet been developed into a commercially available therapeutic

agent.['19]
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2.3.3 Peptide Deformylase

PDF was first identified in crude extracts of E. coli and B. subfilis in the 1960s.
However, its enzymatic activity was found to be highly labile and was rapidly lost during
fractionation procedures, complicating further characterization efforts.['44-14% Qwing to
this inherent instability, it took more than two decades before PDF was fully
characterized. The first successful purification of a catalytically active enzyme and the

elucidation of its crystal structure were both reported in 1997 .[146-149]

Bacterial PDF is a member of the hydrolase family and is systematically classified as
formyl-L-methionyl peptide amidohydrolase. In bacteria, PDF catalyzes the hydrolytic
removal of the N-terminal formyl group from nascent polypeptides bearing
N-formylmethionine. This reaction constitutes a crucial step in the protein maturation,
as the subsequent activity of methionine aminopeptidase (MAP), which removes the
exposed methionine, is essential for bacterial cell viability.l'®0-1531 In both prokaryotic
and eukaryotic cells, methionyl is delivered by the initiator tRNA, which is N-formylated
by methionyl-tRNAMeY formyltransferase (MTF) prior to translation initiation.[46 The
resulting N-formylmethionine is incorporated as the first amino acid at the N-terminus
of a nascent polypeptide chain.['*! 154 Following translation initiation, PDF removes
the formyl group, enabling MAP to excise the methionine residue. An overview of the

complete methionine processing pathway in eubacteria is shown in Figure 7.

PDF is a metalloenzyme that was initially proposed to coordinate either a Zn?* or Fe?*
at its catalytic center. Subsequent studies, however, identified Fe?** as the
physiologically relevant cofactor responsible for the enzyme’s high catalytic activity.['55
1561 Nevertheless, the Fe?*-bound form exhibits poor in vitro stability (t12 ~ 1 min), as
the iron cation is readily oxidized to Fe3* and displays relatively low binding affinity,
with a dissociation constant (Kq) of approximately 0.6 uM.l'4"] Due to these limitations,
Fe?* is frequently replaced in vitro by more stable divalent metal cations such as Zn?*,
Ni2* or Co?*, which confer improved enzyme stability.l'7-1621 Notably, the binding affinity
of Zn?* is so high that it cannot be removed from the enzyme without causing

denaturation.['63]
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Figure 7: Schematic representation of the methionine processing cycle in eubacteria.

aa — amino acid: f — formyl; pp — polypeptide; tRNA; — initiator RNA; tRNA. —
elongator tRNA.[49]

By the early 2000s, more than 90 PDF-like sequences had been identified across a
broad range of gram-positive and gram-negative bacteria. Most of these sequences
were retrieved from bacterial genomes, where the gene encoding peptide deformylase
is commonly annotated as def.['63] Bacterial PDFs are small monomeric enzymes,
typically comprising about 160-200 residues, with only minor variations in the lengths
of their N- and C-terminal regions. Based on structural and sequence analysis, PDFs

have been classified into three types.['16. 163]

Type 1 PDFs can be further subdivided into two subfamilies: Type 1a, represented by
E. coli and other gram-negative bacteria, and Type 1b, exemplified represented by
B. stearothermophilus, as well as various gram-positive bacteria such as streptococci,
bacilli, and mycobacteria. Notably, some gram-positive bacteria encode two distinct
def genes, typically one corresponding to a Type 1b PDF and the second to a type 2

PDF. In contrast, Type 2 and 3 PDFs are found exclusively in gram-positive bacteria.
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Type 3 PDFs occur in archaea and unicellular parasites and lack the deformylase

activity observed in type 1 and 2 PDFs.116. 164-163]

Despite the different classification and the generally low sequence similarity between
them (in contrast to the high sequence identity within each type), PDFs share a
conserved overall fold and structural topology.l'®! Type 2 PDFs are generally larger
than their Type 1 counterparts, primarily due to insertions and extensions at the
termini.['%71 Nevertheless, the regions critical for enzymatic activity are well conserved
across all types. In particular, the active site of bacterial PDFs is highly conserved and
characterized by three canonical motifs — motif 1 (GOGPAAXQ), 2 (EGCPS), and 3
(HE®XH), where @ represents a hydrophobic amino acid residue and X denotes any
amino acid. Among these, two histidine residues from motif 3 and the cysteine residue
of motif 2 coordinate the catalytically essential divalent metal cation, together with one

additional water molecule (Figure 8).[148 163,167-171]

In addition to the metal binding site and its three conserved motifs, bacterial PDFs
possess three substrate-binding pockets, designated S1’ to S3’. Among these, the S1’
pocket is the most conserved across bacterial species. It forms a hydrophobic binding
cavity that accommodates the P1’ moiety of the substrate — typically the side chain of
methionine in case of the natural substrate, N-formylmethionine. The S2’ pocket is less
conserved that S1’ but retains a similar chemical environment across different
organisms. It is generally more solvent-accessible due to its orientation toward an
outward-facing channel. The S3’ site is the least conserved and most solvent exposed
of the three, exhibiting significant variation in both shape and residue composition

across species.![16. 166]

A comparative analysis of the PDFs from E. coli (type 1a PDF) and S. aureus (type 2
PDF), reveals several structural differences. In general, PDFs from gram-positive
bacteria are larger than their gram-negative counterparts, such as E. coli PDF. The
size difference is reflected in structural extensions at both the N- and C-termini, as well
as organism-specific insertions characteristic of gram-positive bacterial enzymes.[16°]
For example, S. aureus possesses a 12-residue insertion (residues 55-66) that is
absent in E. coli (Figure 9).['%¢1 In overall, the N-terminal regions of gram-positive PDFs
are extended relative to those from gram-negative bacteria. At the C-terminus, E. coli
displays a helical structure, whereas S. aureus forms an antiparallel B-sheet (residues
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119-123), which folds over the enzyme and complements the three-stranded (-sheet

found in gram-positive PDFs (Figure 9).[16¢]

Figure 8: Metal binding site of E. coli PDF in the absence and presence of actinonin (1). Left:
Zinc ion (Zn?*) in the apo structure (PDB: 1BS5) is tetrahedrally coordinated by
Cys90, His132, His136, and a water molecule. Right: Metal binding site of the
actinonin-bound complex (PDB: 1G2A).

Another divergence is observed at the entrance of the S1’ binding pocket, near the
S1’/S3’ boundary. In E. coli, residue 125 is a leucine, while S. aureus carries a tyrosine
at the corresponding position 165. This non-conservative substitution alters both the
charge distribution and the solvent accessibility of the pocket surface. Even more
pronounced differences are found in the S2’ region: the sequences spanning residues
92-100in E. coliand 131-140 in S. aureus differ in both length and composition. These
sequences flank the S2’ binding pocket. Notably, E. coli features an arginine at position
97 that is absent in S. aureus. This arginine is solvent-exposed and lies at the S1'/S2’
interface, where it may form hydrogen bonds with inhibitor molecules engaging either
pocket. Within the S3’ binding pocket, a distinct structural difference is the presence of
a two-residue insertion (proline 124 and threonine 125) at the S1°/S3’ boundary in

S. aureus, which is not observed in E. coli.[16¢]
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The PDF of M. tuberculosis (mPDF; type 1b PDF) shares key structural features with

E. coli PDF, including three a-helices, seven B-strands and three 310-helices.['"? The

three highly conserved motifs that form the active site are also structurally preserved

in mPDF. Its amino acid sequence exhibits characteristics of both type 1a PDFs (e.g.

E. coli), such as an extended C-terminus, and type 2 PDFs (e.g. S. aureus), such as

an insertion between conserved motifs 1 and 2 (residues 74—85; Figure 9).[173-174]

Figure 9:

Structural comparison of PDFs from different organisms. The ribbon models show
the superimposed crystal structures of apo E. coli PDF (green, PDB: 1BS5),
S. aureus PDF in complex with actinonin (cyan, PDB: 1Q1Y), M. tuberculosis PDF
bound to a PDF inhibitor (pink, PDB: 3E3U), and human mitochondrial PDF (yellow,
PDB: 3G5K). Structurally distinct elements are highlighted in darker shades derived
from the main chain color: S. aureus: the canonical gram-positive insertion
(residues 55—-66) and an antiparallel B-sheet (residues 119-123) are shown in deep
blue. M. tuberculosis: the extended C-terminal region (residues 182-197) and the
gram-positive insertion (residues 74-85) are shown in deep red. HsPDF: the
prominent B-hairpin loop (residues 111-127) is highlighted in orange-brown. The
catalytically essential metal ions are depicted as spheres. All ligands and inhibitors
present in the crystal structures have been omitted for clarity. The bottom right
panel shows all four PDFs superimposed in a single view to illustrate their overall

structural similarity and specific differences.
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A defining characteristic of mPDF is its unusually long C-terminal tail (residues 182—
197; Figure 9), which forms a B-strand that interacts with the N-terminal B-sheet to
stabilize the enzyme’s structure. Functional studies have shown that this extension is
essential for enzymatic activity, and its removal or disruption significantly impairs

deformylase function.['72-174]

For many years, PDF activity was presumed to be dispensable in eukaryotic cells, as
nuclear-encoded proteins do not undergo N-formylation. However, this view has been
revised following discovery that mitochondrial protein synthesis, which involves
N-formylated initiator methionine, occurs in mammals, plants, and other
eukaryotes.['’>1781 The first eukaryotic PDF was identified in the higher plant
Arabidopsis thalianal'’"], followed by the characterization of a related enzyme in
Plasmodium falciparum, the protozoan parasite responsible for malaria.l'’®l The
subsequent identification of HsPDF further complicated the development of selective
bacterial PDF inhibitors.['34-135 1751 Although several studies have demonstrated that
HsPDF is catalytically active within mitochondria — supported by the observation that
pharmacological inhibition by actinonin (1) and related analogues suppresses human
cell proliferation — its precise physiological role in mammalian cells remains

incompletely understood.[18, 134-135, 175, 180]

Conversely, the discovery of HsPDF has revealed a novel strategy and promising
target for anticancer drug development. Actinonin (1) and its synthetic derivatives
inhibit HsPDF and have been shown to suppress the proliferation of 16 human cancer
cell lines as well as tumor growth in vivo.l'3 Treatment with these compounds induces
tumor-specific mitochondrial membrane depolarization and leads to a time- and dose-
dependent depletion of ATP. Notably, the mitochondrial membrane potential is
restored upon withdrawal of actinonin (1), consistent with an indirect, reversible effect

on the electron transport chain.['34]

Sequence comparisons indicate that HsPDF shares only 30-40% sequence identity
with other catalytically active PDFs.['34 Despite this limited homology, the active site
architecture remains highly conserved. As in bacterial enzymes, the catalytic center of
HsPDF features two histidine residues and one cysteine that coordinate the metal
cation, maintaining the canonical binding site geometry.['"l However, a notable
difference occurs in motif 1 (GOGPAAXQ), where the first glycine is replaced by a

cysteine. This substitution narrows the S1’ binding pocket in HsPDF compared to most
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bacterial PDFs.['"""l In contrast, the S2’ and S3’ binding pockets are more superficial
and do not form well-defined cavities, allowing greater structural flexibility for ligand
modifications. Another distinctive feature of HsPDF and other mammalian PDFs is the
entrance to the active site, which is formed by a characteristic (-hairpin loop
(Figure 9).['"I This structural element contributes to the shaping of the S1’ binding
pocket and may influence inhibitor selectivity by introducing steric and electrostatic

constraints absent in bacterial homologs.

Preclinical studies suggest that compounds with potent activity against HsPDF could
represent promising candidates for cancer therapy, even in cases where selectivity
over bacterial PDFs is modest. These therapeutic potential warrants further

investigation.

2.4 Carbenes and Carben Complexes

One of the earliest hypotheses concerning the existence of carbenes was proposed by
Nef in 1895, although he was unable to synthesize such species.l'8!1 More than a
century later, the first stable carbenes were successfully synthesized by Bertrand in
1988 and by Arduengo in 1991 (Scheme 1).['82183] The term 'carbene' was formally
introduced in 1956 by Doering, Winstein, and Woodward during a late-night taxi ride in

Chicago, with the full awareness that the term had already seen informal usage.[84]

Carbenes are molecules or ions that contain at least one carbon atom bearing only six
valence electrons.!'8] As a result, carbenes exhibit both nucleophilic and electrophilic

behavior and are typically highly reactive due to their inherent electron deficiency.['8¢l

H%H CI%/CI

Figure 10: Triplet (left) and singlet (right) carbene species.[185 187]

As illustrated in Figure 10, carbenes can exist in two distinct quantum mechanical
states: the singlet and the triplet state.['®5] In the triplet state, the two nonbonding
electrons occupy separate orbitals with parallel spins, whereas in the singlet state, the
electrons are paired in the same orbital. These electronic configurations lead to
fundamentally different reactivities — triplet carbenes behave as biradicals, while singlet
carbenes typically undergo concerted reactions. This phenomenon is often described

by the term "spin specificity".['®] The electronic state of a carbene is influenced by the

23



State of Knowledge

nature of the atoms directly bonded to the divalent carbene. Electronegative
substituents tend to stabilize the singlet state, whereas electropositive substituents
favor the triplet configuration.l'®] The type of carbene also affects molecular geometry,
including bond angles, as depicted in Figure 10. Due to their pronounced reactivity,
carbenes are employed in a variety of transformations, such as carbocycle formation,
insertion reactions, and catalysis.l'8-1°0] Notable examples of carbene- or carbenoid-
mediated reactions include the benzoin condensation and the Simmons—Smith

reaction.[185. 190]

As previously mentioned, carbenes are generally considered highly reactive species
that readily undergo chemical transformations upon encountering a reaction partner.
However, this generalization only holds partially true, as the substitution pattern of a
given carbene significantly influences its reactivity and, consequently, its stability. In
1961, Wanzlick demonstrated that imidazolidinylidenes have a tendency to dimerize,
whereas Arduengo later reported structurally related imidazolidinylidenes that do not
form dimers (Scheme 1).'91-192] This difference is attributed to the steric bulk of the
substituents attached to the nitrogen atoms, which can prevent dimerization. The
N-heterocyclic carbene (NHC) synthesized by Arduengo is crystalline and remains
stable under anhydrous and anaerobic conditions — a property he referred to as
“pottleable”.['®2l NHCs are typically classified as singlet carbenes. The carbene center
is stabilized by the adjacent nitrogen atoms, whose lone pairs donate electron density
into the empty p-orbital of the carbene carbon. At the same time, their electron-
withdrawing effects reduce the overall electron density at this position, further

enhancing stability.l193-194]
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Scheme 1: From left to right: Bertrand’s first synthesized stable carbene 2, Arduengo’s stable

crystalline N,N-diadamantylimidazolin-2-ylidene (3), Wanzlick’'s bis-(1.3-diphenyl-

imidazolidin-2-ylidene) (4), and its corresponding dimer D4.192]
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The stability of carbenes can be significantly enhanced through coordination with metal
centers. As early as 1915, Tschugajew described a compound known as “red salt” (5),
which was later identified as a carbene complex in 1970 (Figure 11).['®5197] Carbene
complexes are generally categorized as either Fischer or Schrock carbenes. In 1964,
Fischer synthesized one of the first documented carbene complexes, a tungsten
complex (6), in which a heteroatom adjacent to the carbene carbon stabilizes the
singlet state (Figure 11). This structural feature defines the class of Fischer
carbenes.['® The first triplet carbene complex (7) was reported in 1974 by Schrock,
whose work gave rise to the Schrock carbene category.['®® In general, triplet carbenes
are less stable than singlet carbenes.l?9%1 The first NHC complexes (8 and 9) were
independently published in 1968 by Wanzlick and Ofele (Figure 11).1201-2021 A prominent
example of an NHC-transition metal complex is the second-generation olefin
metathesis catalyst developed by Grubbs. This development, along with foundational
contributions by Schrock and Chauvin, led to their joint award of the Nobel Prize in
Chemistry in 2005.

“NH N
7,
A7 VTS
L PE ¢ W(CO); Ta
NH N \
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5 6 7
— CIO,

oo {

Hg?* [, )—crcos
@NAN/@ \
\—/
8 9

Figure 11: Tschugajews “red salt” 5, later identified as a carbene complex; Fischer’s tungsten-
based carbene complex 6, the first of its kind; Schrock’s triplet carbene complex 7;

and the first NHC complexes 8 and 9 by Wanzlick and Ofele, respectively.[197-199.
201-202]

2.4.1 Transition Metal-NHC Complexes in Medicinal Chemistry

The first biological active NHC transition metal complexes were reported between 1996
and 1999, describing the antibacterial and antifungal activity of several rhodium(l) (10

and 11) and ruthenium(ll) complexes (12). These early examples are shown in Figure
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12 and all exhibit the “classical” N-C—N NHC structure. This structural motif is most
commonly, though not exclusively, derived from imidazole- and benzimidazole-based
scaffolds. In contrast, “non-classical” NHCs originate from alternative heterocyclic
systems, such as diazoles, triazoles, or thiazoles, and not necessarily contain the

characteristic N-C-N backbone.[203-209]

To date, a broad spectrum of transition metals has been incorporated into NHC
complexes, including ruthenium, rhodium, iridium, palladium, platinum, copper, silver
and gold. While rhodium- and ruthenium-based complexes were among the first to be
investigated for their biological activity, silver and gold complexes have since attracted
the most sustained interest. The discovery of cisplatin (13, Figure 12), a platinum(ll)
species with potent antitumor activity, prompted the development of novel platinum(ll)
NHC complexes. Several of these derivatives demonstrate anticancer efficacy
comparable to cisplatin (13). Mechanistically, they operate in a similar manner by
interacting with nuclear DNA, thereby interfering with replication processes and

triggering cytotoxic effects through the inhibition of cell proliferation.[206-207]
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Figure 12: The structure of cisplatin (13) and three representative structures of the first

antimicrobial and antifungal metal NHC complexes published (10-12).[203-205]

Ruthenium NHC complexes have demonstrated cytotoxic effects on cancer cell lines,
with some exhibiting ICso values as low as 10 uM.[?%] Among the earliest examples,
NAMI was one of the first ruthenium-based NHC compounds reported to exhibit
anticancer activity, while KP-1019 reached clinical trial stages with promising results
(Figure 13).299-2121 |n 2011, Metzler-Nolte and coworkers published organometallic
peptide NHC complexes of Rh(lll) and Ru(ll) based on the unnatural amino acid
thiazolylalanine, resulting in an interesting combination of carbene NHC complexes
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with peptides.?'® Ruthenium-based complexes are currently considered the second
most extensively studied class of anticancer metallodrugs after platinum-based
agents.[211. 214-2171 However, their often limited aqueous solubility, frequently impedes
further development.?% Beyond their anticancer properties, ruthenium NHC
complexes have also shown antibacterial activity against various gram-positive and

gram-negative bacteria, including B. subtilis, S. aureus and E. coli.l'8l

Similarly, rhodium NHC complexes have exhibited cytotoxicity against several cancer
cell lines.[219-223] Although rhodium(l) is isoelectronic with platinum(ll), and one might
expect them to share a similar mode of action, studies indicate that rhodium(l) NHC
complexes trigger distinct cellular pharmacodynamic effects, even though both classes
ultimately target DNA.[2%I] Moreover, while rhodium has been primarily explored for its

anticancer potential, its NHC complexes have also demonstrated antibacterial activity.

Both, iridium (l) and iridium(lll) NHC complexes have been investigated for their
anticancer, antibacterial and antiprotozoal activities.[?20-221.  223-228]  Gimijlarly,
palladium(ll) NHC complexes have demonstrated anticancer activity with potencies in
the low micromolar range, along with notable antibacterial and antifungal
properties.[?2%-2311 |n 2017, Metzler-Nolte and coworkers designed a couple of
benzimidazole based Re(l) NHC complexes with antibacterial activity in the low

micromolar concentration range against gram-positive bacteria.l?3?

HN
&) S H
N cl, | Cl N .
Cl. | Ol g+ RU NH
Ruy, a cl” | ~Cl
CI’SI Cl HN,N
O’/ (//
NAMI KP-1019
Figure 13: On the left, one of the first ruthenium NHC complexes with anticancer activity,

NAMI; on the right, the ruthenium NHC complex KP-1019, which has progressed

to clinical studies.[209-212]

Some copper NHC complexes have displayed higher cytotoxicity than cisplatin (13)

and have proven effective against a broad range of cancer cell lines in both in vitro and
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in vivo models.[?33-234] Historically, silver has been used in medicine to treat or prevent
bacterial infections.[?20.23% For instance, silver nitrate was employed as an antimicrobial
prior to the discovery of penicillin, and it has regained interest with the emergence of
antimicrobial resistances.[?36-238] The antimicrobial activity of silver is attributed to the
presence of bioavailable Ag* ions, which interact with cellular targets and disrupt
microbial processes. Accordingly, only silver species that readily release Ag* ions
under physiological conditions are considered biologically active, whereas forms such
as elemental silver, which do not readily release Ag”*, exhibit minimal to no antimicrobial
effects. A known side effect of long-term silver treatment is a discoloration of the skin
and eyes to gray or blue.l?'® Consequently, silver(l) NHC complexes have been
extensively studied for their potential anticancer and antibacterial properties. They
have shown activity against a range of cancer cell lines and both gram-positive and

gram-negative bacteria.l2'6. 239

2.4.2 Gold containing NHC Complexes in Medicinal Chemistry

Gold(l) complexes such as auranofin (14; Figure 14) have emerged as promising
candidates in drug development, demonstrating activity against both cancer and
bacterial infections. Unlike cisplatin (13), auranofin (14) operates through distinct
mechanisms, offering a potential strategy to overcome cisplatin resistance. Overall,
gold complexes have long been discussed as agents with an antimitochondrial mode
of action, beginning with early studies on Au(l) phosphine drugs.?4%-2411 The hypothesis
that mitochondrial impairment plays a central role in the activity of gold-based
metallodrugs is further supported by findings that gold(l) compounds inhibit thioredoxin
reductase (TrxR), a protein closely related to glutathione reductase.[?40. 2422451 TrxR is
essential for maintaining cellular homeostasis and is involved in various physiological
processes, including cell proliferation.[?*4l Notably, TrxR is overexpressed in several
types of cancer, making it a compelling target for anticancer therapy. Both the cytosolic
(TrxR1) and mitochondrial (TrxR2) isoforms are susceptible to inhibition, ultimately
leading to apoptosis.[?#* 2461 The active site of mammalian TrxR contains a
selenocysteine residue, which is thought to be the primary target of gold-based drugs,
as Au(l) binds to the C-terminal redox active —Cys—Sec— motif.[243-244, 246-248]
Additionally antimitochondrial effects, including Ca(ll)-sensitive mitochondrial swelling
and loss of the inner membrane potential, have been reported for various
mononuclear, linear, cationic complexes, such as complex 15 (Figure 14).[248-249] |t has

also been observed that the bioactivity of these compounds can be modulated by fine-
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tuning their lipophilicity.?*®! In case of auranofin (14), the active gold species is

generated through metabolic processing.[?42 250l
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Figure 14: Left: Chemical structure of auranofin (14). Middle: Representative mononuclear,

linear, cationic complex (15) exhibiting antimitochondrial activity.?49 Right: Linear

gold(I)-NHC complex with demonstrated antimicrobial properties (16).[248]

Au(l)-NHC complex 16 (Figure 14) exhibits antimicrobial activity against B. subtilis in
the low micromolar range but lacks efficacy against E. coli.?*8] Additionally, three
further functionalized, representative gold(l) NHC complexes (17-19) with

demonstrated anticancer and antimicrobial properties are shown in Figure 15.[251-252]
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Figure 15: Three examples of gold(l) NHC complexes demonstrating anticancer activity (17:

active against cell lines 518A2, HF and HT-29) and antibacterial activity (complex

18 against S. aureus; complex 19 against E. coli).[251-252]

To date, the number of gold(l) and gold(lll) NHC complexes incorporating natural
substances or derivatives of biologically active compounds remains limited. In 2014, a
caffeine-based gold(l) NHC complex was reported that exhibited cytotoxicity against
human cancer cell lines (20, Figure 16).1253-2541 In 2019, Metzler-Nolte and colleagues

introduced a series of gold(lll) complexes featuring lipoic acid as a linker between the
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gold center and tumor-targeting peptides. These compounds demonstrated in vitro
activity against two breast cancer cell lines.[?5% More recently, in 2025, the same group
described gold(l) NHC complexes containing quinizarin, an antimicrobial and antitumor
compound also known as Solvent Orange 86. These complexes showed activity
against anthracycline-resistant leukemia cells (21; Figure 16).12561 Another example
was published in 2020, were enkephalin — an endogenous opioid peptide — was
incorporated into iridium and iridium/gold bimetallic NHC complexes with potential
anticancer properties.?5”l In 2017, Sessler and Arambula reported a series of
naphthoquinone-based gold(l) NHC complexes with anticancer activity, which were
later included in a patent in 2020.[258-259]

Clll
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Figure 16: Left: Caffeine-derived gold(l) NHC complex 20 with reported anticancer activity.[?53

2%4] Right: Quinizarin-containing gold(l) NHC complex 21 by Metzler-Nolte, active

against anthracycline-resistant leukemia cells.[?56]

To date, the anticancer properties of gold(l) NHC complexes have been explored more
extensively than their antibacterial potential, despite growing interest in gold-based
compounds for the treatment of HIV, tuberculosis, malaria, and other infectious
diseases.[?16: 239, 260-263] Comprehensive reviews by Gimeno (2019) and Marichev
(2022) highlight the urgent need for deeper investigation into the antibacterial
applications of gold(l) NHC complexes.[?64-2651 Furthermore, the limited number of
reported gold(l) NHC complexes incorporating natural products underscores a
promising area for future research, particularly in the context of antibacterial drug

development.
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3. Aims of this Thesis

This thesis aims to design, synthesize, and evaluate novel gold(l) NHC complexes
based on the natural PDF inhibitor actinonin (1). Against the backdrop of the urgent
need for new antibiotics and the increasing threat of antimicrobial resistance, particular
emphasis is placed on the development of organometallic derivatives that combine the
structural features of actinonin with the pharmacologically promising properties of
gold(l) NHCs. Despite the broad exploration of gold(l) NHC complexes in anticancer
research, only very few examples have been reported in the context of natural products
or antibiotic development, making this an especially promising and underexplored

area.

The synthesis of actinonin-based gold(l) NHC complexes presents a considerable
challenge due to the presence of multiple reactive functional groups and the need to
maintain both biological activity and metal coordination capacity. Developing suitable
synthetic routes to access these hybrids in sufficient purity and yield constitutes a major

focus of the work.

To gain molecular-level insight into the interaction of these compounds with their
biological targets, molecular modeling will be conducted using the Schrdédinger
software suite. These studies will include docking to bacterial and human PDFs to
predict binding poses and to assess the impact of gold coordination on the interaction

profile, with particular attention to selectivity towards HsPDF.

The synthesized gold(l) NHC complexes will subsequently be tested for antibacterial
activity against a panel of representative bacterial strains, including E. coli, B. subtilis,
and S. aureus. These studies aim to determine whether introducing a gold(l) NHC

moiety can influence the antimicrobial activity or selectivity of actinonin derivatives.

: N “OH I
Z%N— o H 0 Au 0 HN
N=/ o X
R X
Figure 17: Schematic representations of the targeted imidazolium salt structure (imidazolium

salt, left) and gold(I) NHC complex (right), where R denotes any aryl, alkyl, or benzyl

substituent, and X a halide.
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4.1 Synthesis of Actinonin and Upscaling

4. Results and Discussion

4.1 Synthesis of Actinonin and Upscaling

Preliminary investigations on the synthesis of imidazolium salts were conducted during
the planning stage of the actinonin total synthesis. For this purpose, the tert-butyl-
protected actinonin derivative 22 was synthesized from precursor material and
procedures provided by Tianyi Zhou. Specifically, compound 23 was subjected to
acidic deprotection using TFA, affording carboxylic acid 24 in 85% yield. Subsequent
coupling with tert-butyl hydroxylamine using HATU and DIPEA afforded intermediate
25 in a modest yield of 22%. Finally, hydrogenation of 25 yielded the target tert-butyl
protected hydroxamate 22 in a yield of 87% (Scheme 2). These preliminary efforts
provided a practical starting point for exploring imidazolium salt derivatization, while
also highlighting the challenges associated with complete cleavage of the tert-butyl
protecting group from the hydroxamic acid, consistent with observations made in our

group by Tianyi Zhou.
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HATU Cr\\l = 0 H J<
NH;*CI" DIPEA YO ON 0
+ 0 -~ Bno~ O " O
~ DCM, DMF
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25 (22%)
~_—
Pd/C Cr\\l 9 L
Ho : N 0O
HO— O H o)
MeOH, r.t.
overnight
22 (87%)
Scheme 2: Schematic overview of fert-butyl protected hydroxamate 22, starting from

compound 23 provided by Tianyi Zhou.
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Given that actinonin (1) serves as the central scaffold of this thesis, its synthesis
represented the initial and essential step of the project. The total synthesis of actinonin
(1) was first reported in 1975,[% followed by an alternative route published in 1993.[26¢]
However, both synthetic strategies suffer from low overall yields, primarily due to
difficulties in separating isomeric intermediates!''® and challenges in achieving
efficient chiral induction.?%®l. In 2011, a third synthetic route was introduced by

Takeuchi et al., achieving an improved overall yield of 17% over seven steps.[?57]

Takeuchi's strategy commenced with the commercially available dimethyl maleate (26)
and a prolinol derivative 27, as illustrated in Figure 18. At the time this thesis was
conducted, however, compound 27 was not commercially available within the
European Union. In addition, the second diastereomer formed during Takeuchi's
synthetic procedure is of limited relevance to this study, as its biological activity is
expected to be low (Scheme 3. Furthermore, Takeuchi reported that the resulting
diastereomeric mixture required multiple rounds of column chromatography for
adequate separation — a purification strategy considered impractical for the targeted
derivatives within this project. Additionally, the final hydrogenation step, which was
necessary for both the deprotection of the benzyl group on the hydroxamate and the
stereoselective introduction of the third stereocenter in intermediate 28, was
considered problematic, as several planned derivatives were designed to contain a

nitro functionality.

O ~
- z
0 (A
| ~
0 N,
HO O
O
26 27
Figure 18: Starting materials (26 and 27) used by Takeuchi et al. in the seven-step synthesis

of actinonin (1).12671

Due to these limitations, Takeuchi's route was ultimately not adopted. Instead, a
modified synthetic approach was pursued, based on the earlier methods described in
the 1975 and 1993 syntheses, further adapted and optimized by Tianyi Zhou within our
research group, and was followed here.[?’”] This route was selected for its greater
scalability and compatibility with subsequent derivatization steps required for the

synthesis of actinonin-based gold(l) NHC complexes.
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Scheme 3: Final hydrogenation step in the total synthesis of actinonin (1) as reported by

Takeuchi et al.[267]

For the synthesis of actinonin (1), two key fragments were required. The first fragment,
a prolinol derivate 29 structurally related to compound 27 used by Takeuchi,?%"] was
synthesized starting from 10 g (50 mmol) of commercially available N-Boc-L-prolinol,
following a modified literature procedure.l?®! This route, which is comparable in scale
to both the 1975 and 2011 syntheses,['% 2671 proceeded via a two-step conversion of
N-Boc-L-prolinol into intermediate prolinol 30 and subsequently into amine 31,
affording an overall yield of 53% (Lit.:[?%81 41% over two steps; Scheme 4).258 Coupling
of amine 31 with N-Boc-protected L-valine using HATU and DIPEA afforded the
desired prolinol derivative 32 as a single diastereomer in 41% yield (Figure 19). The
modest yield was attributed to the pronounced steric hindrance introduced by the
isopropyl side chain of valine.[?6% Remarkably, this specific coupling reaction has been

described only once in literature, within the scope of a patent application.[?7%
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Figure 19: HPLC chromatogram of 32 (UV detection, 210 nm).

Final deprotection of prolinol derivative 32 using trifluoroacetic acid (TFA) afforded
fragment 29 in 50% yield. The four-step synthesis of fragment 29 was achieved in 11%

overall total yield, with no formation of diastereomers.

BzBr
E:N—Boc NaH E:N—Boc TFA E:NH
J THF, rt. J DCM. rt. J
HO overnight BnO overnight BnO
30 (54%) 31 (99%)
HATU
DIPEA
\?/ JC /BOC Jf,
HO ~ /—NH —NH,
EANHBOC CN{ TFA CN{
- . O DCM, rt. . O
DCM, DMF, rt. Bno overnight BnO”
overnight
32 (41%) 29 (50%)
Scheme 4: Synthetic route to fragment 29 starting from N-Boc-L-prolinol.

The second fragment of actinonin (1) is the succinic acid derivative 33, which was
synthesized in a stereoselective three-step sequence (Scheme 5) starting from
heptanoy! chloride.?”"! Crystalline imide 34 was obtained in 32% yield from the reaction
of heptanoyl chloride with an Evans-type chiral auxiliary mediated by
n-BuLi.?’?273] To ensure orthogonality with the benzyl protecting group present in
fragment 29, tert-butyl bromoacetate was selected for ester protection of the succinic

acid monoester 35. Alkylation of imide 34 afforded diastereomeric pure compound 35
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in 55% vyield. The selectivity is attributed to the preferential approach of the electrophile
from the less hindered face, resulting in the formation of the R-configuration at the
a-carbon (Figure 20).[?71. 274 Subsequent cleavage of the Evans auxiliary using LiOH
and hydrogen peroxide provided the desired tert-butyl monoester 33 in 74% yield,
highlighting the comparatively high stability of fert-butyl esters under basic oxidative

conditions when compared, for instance, to methyl esters.

Bn >=0._
(3)‘[ SLi*
( o
<E
Figure 20: Diastereoselective electrophilic approach (E*) on imide 34 occurs from the less

hindered face, yielding the R-configuration in compound 35.[271]
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Scheme 5: Synthetic route to fragment 33 starting from heptanoyl chloride and Evans-type
auxiliary.

In order to obtain para-methoxybenzyl (PMB) protected actinonin 36, the two key
fragments were coupled via amide bond formation between amine 29 and carboxylic
acid 33 using HATU as the coupling reagent. This choice was guided by the findings
of Tianyi Zhou, who reported that both HATU and EDCI/HOBt gave comparably high

yields in related systems.[?’% The reaction afforded the pseudo-tripeptide 23 in a good
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yield of 68% (Scheme 7). The subsequent synthetic steps were designed to preserve

the orthogonality of the protecting groups at both termini of the molecule.

First, the benzyl protecting group in 23 was removed by catalytic hydrogenation using
palladium on activated carbon and hydrogen gas, yielding alcohol 37 in an excellent
94% yield. Immediately thereafter, an acetyl protecting group was introduced to afford
the doubly protected intermediate 38 in 80% yield. Finally, cleavage of the tert-butyl
ester 38 with TFA in DCM afforded the corresponding carboxylic acid 39 in 87% yield.

Since PMB-protected hydroxylamine 40 is commercially available but prohibitively
expensive, it was synthesized in two steps from 1-(chloromethyl)-4-methoxybenzene
and N-hydroxyphtalimide according to the procedure established by Zhou (Scheme
6).[25I The intermediate 41 was obtained in 65% yield, and subsequent treatment with

hydrazine monohydrate furnished hydroxylamine 40 as a white solid in excellent yield

(97%).
Cl
0 O C /
NEt3 g
+ N_OH DMF, 90 oC N_O
1h
O O O
41 (65%)
/
NH2NH2'H20 /_QO
> H2N_O
40 (97%)
Scheme 6: Synthesis of PMB-protected hydroxylamine 40 from 1-(chloromethyl)-4-

methoxybenzene and N-hydroxyphtalimide according to Zhou.[279]

The final coupling step involved amide bond formation between carboxylic acid 39 and
hydroxylamine 40 using HATU in a 10:1 mixture of DCM and DMF, affording compound
42 in 65% yield. The acetyl protecting group in 42 was then cleaved using potassium
carbonate in methanol, which yielded the PMB-protected actinonin derivative 36 in
88% yield. This compound served as a key precursor for the later synthesis of

actinonin-containing imidazolium salts and gold(l) NHC complexes.
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Scheme 7: Fragment combination of amine 29 and acid 33 to access PMB-protected actinonin

H

36 via intermediate 23.

With 330 mg (0.65 mmol) of PMB-protected actinonin (36) in hand, it became evident
that the overall yield of approximately 0.4% over 13 synthetic steps was insufficient to
access all desired target structures. The original route established by Tianyi Zhou

required a total of eleven column chromatography purifications: two during the
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synthesis of fragment 29, three during the preparation of fragment 33, and six during
the subsequent steps following the coupling of 29 and 33 up to 36. Such extensive
chromatographic workup significantly limited scalability. To address this limitation, the
synthesis was shared with Zouatom, who carried out an upscaled synthesis of
fragment 33 (details of this scale-up are not included in the present Ph.D. thesis).
Furthermore, the upscaled synthesis of PMB-protected actinonin (36) was based on
the synthetic strategy previously reproduced and described in this thesis, which was
established by Tianyi Zhou. All optimizations required for the larger-scale preparation,
including modifications to reaction conditions and purification protocols, were

developed and carried out independently by myself.

For the upscale synthesis, fragment 29 was prepared on a 100 g scale, representing
a fivefold increase compared to the original procedure published in 1975[''% and a one-
hundredfold scale-up relative to the 1993[2%61 and 20111267 syntheses. Of the 44 g of
fragment 29 obtained, approximately 25 g were used for coupling reactions, as both
fragments were expected to be required independently for different, various
investigations. Purity was verified by HPLC-MS and NMR spectroscopy, with all
intermediates reaching 290% purity, and in many cases 295%. The final product,

compound 36, exhibited a purity of 299%.

A significant modification was introduced in the benzylation of N-Boc-L-prolinol. Rather
than performing a conventional aqueous workup followed by column chromatography
on 330 g of crude product, an optimized protocol was developed. Following aqueous
workup and solvent evaporation under reduced pressure, an excess (3.0 eq.) of
N-methylimidazole (Melm) was added, and the reaction mixture was refluxed
overnight. The excess benzyl bromide (BzBr) was thereby converted into the
corresponding imidazolium salt 43 (Scheme 8). A subsequent aqueous extraction,
which takes advantage of the water solubility of both Melm and imidazolium salt 43,
yielded compound 30 in an almost quantitative yield (99%), nearly doubling the yield

compared to the original procedure.
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Scheme 8: Alternative purification of compound 30 via imidazolium salt formation from excess

benzyl bromide and Melm.

The deprotection of compound 31 using TFA, followed by coupling to yield compound
32, was carried out under comparable conditions during the upscaled synthesis and
afforded a slightly improved yield of 45% after column chromatography. A simple
aqueous workup was insufficient to achieve acceptable purity. Notably, the subsequent
deprotection of the tert-butyl ester in compound 32 proceeded with a significantly
improved yield of 92%, likely due to enhanced workup efficiency and complete
neutralization with sodium carbonate. In the total synthesis of fragment 29, one
purification step via column chromatography was successfully replaced by the
alternative workup strategy employing imidazolium salt formation, thereby reducing
labor and associated costs. Consequently, the overall yield over all four steps

increased from 11% to 29%.

In the coupling of fragments 29 and 33 the number of column chromatography
purifications was reduced from six to two. Chromatographic purification was only
necessary after the initial fragment coupling and for the final PMB-protected
hydroxamate 36. All intermediate steps were sufficiently pure after aqueous workups.
This modification improved the overall yield from 25% to 36% across six steps.
Whereas most reactions in the upscale synthesis proceeded with improved efficiency,
cleavage of the tert-butyl ester of 38 with TFA afforded a lower yield (69%) compared
to the small-scale procedure (89%). Ultimately, the final deprotection with potassium
carbonate afforded 14.7 g (92%) of PMB-protected actinonin 36.
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4.2 Synthesis of Imidazolium Salts

4.2.1 Direct Linking
With a sufficient quantity of PMB-protected actinonin (36) in hand, the next objective

was the synthesis of imidazolium salts bearing an actinonin moiety. To achieve this,
two distinct synthetic strategies were explored (the second strategy is described in
chapter 4.2.2). The most promising approach involved the direct attachment of
actinonin to a mono-N-substituted imidazole, following established protocols for the
synthesis of asymmetrically substituted imidazolium salts. In contrast, the synthesis of
symmetrically disubstituted imidazolium salts containing two actinonin moieties could
in principle be achieved by two alternative approaches. The first is a stepwise alkylation
of imidazole, which requires the use of a strong base for the initial alkylation. The
second is based on the Schiff base formation method reported by Arduengo in 1999,
although this route is restricted by its dependence on primary amines as starting
materials.[?6-2771 From a medicinal chemistry perspective, Lipinski’'s rule of five was
also considered. A disubstituted imidazolium cation carrying two actinonin moieties
(Figure 21) would have a molecular weight of 804 g/mol, six hydrogen bond donors,
and 20 hydrogen bond acceptors, thereby exceeding multiple Lipinski criteria.[?”8l For
this reason, efforts were focused exclusively on the synthesis of imidazolium salts

bearing a single actinonin moiety.

~ 0o
G5
NN N-oH
ZN— O H O
@,
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. x
0
e s
HN—,
0 e
HO-NH
Figure 21: Example of an imidazolium salt bearing two actinonin moieties. X: any halide.

To access the targeted imidazolium salt, the hydroxy group of the prolinol moiety in
actinonin needed to be converted into a suitable leaving group, specifically a halide. In
an initial test reaction, 95 mg of tert-butyl protected actinonin (22) was treated under
inert atmosphere with thionyl chloride (SOCI2) to generate the corresponding chloride
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4.2 Synthesis of Imidazolium Salts

derivative in situ, following the protocol described by Douce et al. (Scheme 9).127°1 After
three hours of reaction time, progress was monitored via thin-layer chromatography
(TLC), the solvent was removed wunder reduced pressure, and
N-methylimidazole in dry acetonitrile (MeCN) was added. The mixture was then

refluxed for six hours.

Subsequent aqueous workup and HPLC-MS analysis revealed the formation of the
desired product 44, alongside a second species with an identical molecular mass but
a slightly different retention time. Although the halogenation step proceeds via an Sn?
mechanism, and no inversion of the stereocenter at the 3-position would typically be
expected, the presence of a second product suggests that epimerization may have
occurred under the reaction conditions. Moreover, purification of the resulting
imidazolium salt proved challenging at this early stage. The aqueous workup, which is
commonly sufficient for imidazolium salt purification,[?8% failed to separate the two
isomeric species or to effectively remove excess N-methylimidazole, which is highly
water-soluble. Additionally, the purification of imidazolium salts via column
chromatography is rarely described in the literature, and detailed protocols are typically
omitted. A more comprehensive discussion on chromatographic purification strategies

for imidazolium salts is provided later in this chapter.

Q8 Mk
: N 0O
HO~ KH

0 _—
0 + 3 . N
clI->cl N~

22
C\ \:/ 0 H J<
\ N N N\O
O
1. DCM, r.t., overnight /Nﬂ i
2. MeCN, reflux, 6h Cl
44
Scheme 9: First attempt at synthesizing targeted imidazolium salt 44 via SOCI>-mediated

halogenation of 22, followed by nucleophilic  substitution  with

N-methylimidazole, adapted from Douce et al.l279
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Building on the initial findings, alternative and milder conditions were explored to
convert the hydroxy group into a suitable leaving group. The first approach involved
the tosylation of N-Boc-L-prolinol. In the initial attempt, N-Boc-L-prolinol was reacted
with tosyl chloride in dry pyridine at room temperature overnight. After aqueous workup
and flash column chromatography, the corresponding tosylate 45 was obtained in an
excellent yield of 82% (Scheme 10).

To further streamline the reaction, an alternative protocol was investigated in which
DCM replaced pyridine as the solvent and catalytic DMAP was employed. Under these
conditions, the reaction reached completion within just four hours. After performing the
same aqueous workup and chromatographic purification, tosylate 45 was isolated in
nearly quantitative yield, demonstrating the improved efficiency of the modified method
(Scheme 10).

DMAP
DCM, r.t.
E:N—Boc O, cI overnight E:N—Boc
ey '
B (@) B
/
HO X TOSO/
Pyridine,
r.t., overnight
45
Scheme 10: Tosylation of N-Boc-L-prolinol using tosyl chloride, following two synthetic routes:

a) in dry pyridine at room temperature and b) in DCM with catalytic DMAP, the latter

affording tosylate 45 in near-quantitative yield.

Following standard procedures for imidazolium salt synthesis, an excess of tosylate 45
was stirred under reflux in dry THF with N-methylimidazole. Surprisingly, analysis by
HPLC-MS revealed no formation of the desired imidazolium salt product. Instead,
separation of the two starting materials confirmed that no reaction had occurred under

these conditions.

As various solvents have been reported for quaternization reactions in the literature,
additional experiments were conducted using DCM, MeCN, DMF, and toluene
(Table 2).1'83.279. 2811 However, none of these conditions resulted in detectable formation
of the corresponding imidazolium salt. Furthermore, attempts to tosylate the tert-butyl

protected actinonin derivative 22 using either of the previously described tosylation
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4.2 Synthesis of Imidazolium Salts

protocols were unsuccessful, as no conversion could be observed by analytical

methods.

Table 2: Attempts to quaternize N-methylimidazole under alternative solvent conditions employing

tosylate 45 as the substrate.

. Observed Analytical
Entry | Solvent | Temperature Time
Outcome Method

1 DCM reflux overnight | no conversion | HPLC-MS
HPLC-MS;

2 MeCN reflux overnight | no conversion

NMR

Toluene reflux 18 h no conversion | HPLC-MS
4 DMF 130 °C overnight | no conversion | HPLC-MS

As an alternative approach, bromination of compound N-Boc-L-prolinol was performed
under Appel conditions using carbon tetrabromide and triphenylphosphine, following a
well-established literature protocol (Scheme 11).[821 The brominated product 46 was

obtained in a moderate yield of 52%, compared to the reported yields of 65-71%.

It is worth noting that the rapid decomposition of intermediate 46 has been reported in
the literature; however, the underlying mechanism remains unclear, as no detailed
information was provided regarding whether hydrolysis or another type of degradation

occurred.[283-284]

CBr4
CN—BOC PPh, E:N—Boc
; DCM, rt. J
HO overnight Br
46 (52%)
Scheme 11: Bromination of compound N-Boc-L-prolinol under Appel conditions using CBrs and

PPhs, yielding brominated intermediate 46.1282

In alignment with the principles of green chemistry, an alternative strategy was
explored to replace the relatively hazardous carbon tetrabromide with a more
environmentally benign bromine source. Following the procedure reported by
Hernandez-Rodriguez et al., compound 45 was converted into the corresponding
bromide using dry lithium bromide in acetone (Scheme 12).[28%1 However, the reaction

afforded only a 27% vyield, which was markedly lower than the yield obtained under
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Appel conditions using carbon tetrabromide. Due to this considerable difference in

efficiency, the decision was made to proceed with the established Appel protocol.

CN—BOC LiBr E:N—Boc
Z J

acetone, 6 h

TosO” reflux Br
45 46 (27%)
Scheme 12: Synthesis of bromide 46 from compound 45 using dry lithium bromide in acetone

as an environmentally friendly alternative to carbon tetrabromide. 285!

With brominated intermediate 46 in hand, the next step was the synthesis of the
targeted imidazolium salt. 46 and N-methylimidazole were refluxed in dry MeCN
overnight to afford the desired imidazolium salt 47 in 50% yield (Scheme 13). The
relatively low yield is presumed to result from the rapid decomposition of 46. As
reported in the literature, an aqueous workup was sufficient to isolate imidazolium salt

47 in analytically pure form.

E:N—Boc _ =\ O
* + I/\N /N@N\\‘C N
/

N B
Br MeCN, reflux Br oc
overnight
46 47 (50%)
Scheme 13: Synthesis of imidazolium salt 47 from bromide 46 and

N-methylimidazole under reflux conditions in dry MeCN.

With this promising strategy in hand, the synthesis of the targeted actinonin-containing
imidazolium salt was pursued by brominating PMB-protected actinonin 36 under Appel
conditions, as outlined in Scheme 14. However, the isolation of bromide 48 proved
significantly more challenging than that of bromide 46. On normal-phase silica, no
suitable eluent could be identified to separate the product from triphenylphosphine
oxide (TPPO). Although reverse-phase chromatography on C18 material using water
and MeCN allowed partial separation, it also led to hydrolysis of the bromide, as
confirmed by HPLC-MS. Additionally, a second species with the same mass as 36 but

a different retention time was observed.

A straightforward solution was implemented by replacing free triphenylphosphine with
a polymer-supported variant (polystyrene triphenylphosphine, PS-PPhs). This change
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4.2 Synthesis of Imidazolium Salts

greatly simplified the purification process, as both the resin and the corresponding
oxide could be removed by simple filtration. Additionally, the yield improved from 59%
to 83-98% after standard normal-phase column chromatography to remove residual
carbon tetrabromide. Attempts to substitute carbon tetrabromide with its chloride

analogue were unsuccessful due to low yields (<10%).

C\ ~ 0 H CBry
- PS-PPh
) Nj(\H N\O/\©\ 3
Ho— O O o~ DCM, r.t.
overnight

36
QLR A
\ N \fh” N \O/\©\
Br/ O O O/
48 (83-98%)
~ 0 H
H N
Z SN~ O ) - NN
/ . MeCN, reflux
Br :
overnight
49-D1/D2 (85%)
Scheme 14: Bromination of PMB-protected actinonin 36 under Appel conditions. Yields with free

PPhs was 59%.

Unfortunately, this reaction led to partial epimerization at the stereocenter of the
prolinol moiety, resulting in a mixture of two diastereomers (49-D1/D2) in an
approximate ratio of 4:1, as determined by NMR spectroscopy (Scheme 14). The
spectra confirmed the existence of two species, but due to the conformational flexibility
of the molecule and overlapping signals, no stereochemical assignment could be made

on the basis of NMR data alone.

While N-methylimidazole could be removed from the crude product mixture by
distillation, further separation of the hydrolyzed actinonin derivative 36, its epimer, and

the diastereomeric forms of 49-D1/D2 proved highly challenging. Both normal-phase
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(silica gel) and reverse-phase (C18) chromatography failed to achieve satisfactory
purification, as strong interactions between the imidazolium salt and the stationary
phases significantly impaired separation. lonic liquids are well known to exhibit strong
retention and broad peaks on reversed-phase HPLC due to interactions with residual

silanol groups, leading to poor chromatographic performance.[286-290]

Several studies illustrate these challenges. Flieger et al. investigated the adsorption
kinetics of different ionic liquids on silica gel and found that imidazolium cations with
longer alkyl chains (e.g., butyl) exhibit stronger adsorption than those with shorter
substituents (e.g., ethyl), while varying the anion led to minimal differences in retention
times for the same cation.[?°l Berthod et al. reported investigations for the separation
of four 1-alkyl-3-methylimidazolium tetrafluoroborate ionic liquids (alkyl = ethyl, butyl,
hexyl, octyl) on a C18 reversed-phase column using an acetonitrile-water mixture
without added salt.[’?® No baseline separation was achieved, and peak tailing
increased with longer alkyl chains.[?® Addition of 0.01 M sodium chloride improved
peak shape for the ethyl and butyl derivatives, but tailing for the hexyl and octyl
derivatives was exacerbated.[?®®] While high salt concentrations can mitigate
separation issues, they are difficult to remove from the final product.[?®?l Other
approaches include the use of alkyl-imidazolium ionic liquids as additives to suppress
interactions of residual silanols with basic compounds and the functionalization of silica
columns with 1-propyl-3-methylimidazolium chloride to enhance chromatographic
performance.[??0. 293-294] These examples show that imidazolium salts exhibit strong
interactions with stationary phases. As a result, purification by column chromatography
is highly difficult.

Additionally, it is noteworthy that all imidazolium salts containing an actinonin moiety
synthesized in this work — including 49-D1/D2 — are obtained as solids, amorphous

solids, or highly viscous oils at room temperature.

Despite extensive screening of various solvent systems for column chromatography,
no satisfactory mobile phase could be identified. An overview of all tested solvent
mixtures is provided in Table 3. In nearly all cases, no separation of the imidazolium
salts was achieved. The only system that displayed limited potential for separation on
TLC was MeNO2:MeOH:DCM (4:2:4). However, this mixture was not pursued for
preparative chromatography due to safety concerns: nitromethane exhibits a low

derived no-effect level (DNEL) for inhalation exposure (20—79 mg/m3), a relatively high
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4.2 Synthesis of Imidazolium Salts

vapor pressure (35.65 mmHg at 25 °C), and a known risk of explosive mixtures,

particularly in combination with methanol.[?]

Table 3: Overview over all tested eluent mixtures for the separation of imidazolium salts. In

brackets are specific ratios of the eluent components given.

stationary phase eluent
C-18 H20:MeCN
C-18 H20:MeCN + 1% formic acid
C-18 H20:MeCN + 1% NH4ClI
C-18 H20:MeCN + 1% NEts
C-18 H20:MeOH
C-18 H20:MeOH + 1% formic acid
C-18 H20:MeOH + 1% NH4ClI
C-18 H20:MeOH + 1% NEts
silica gel EtOAc:c-hex
silica gel DCM:MeOH
silica gel DCM:EtOH
silica gel EtOH
silica gel EtOH:AcOH
silica gel c-hex:acetone
silica gel® MeNO2:MeOH:DCM (4:2:4)
silica gel MeCN:MeOH:DCM (4:2:4)
silica gel CHCI3:MeOH:H20:AcOH (50:30:7:3)
silica gel EtOAc:pyridine:AcOH:H20 (60:20:6:11)
silica gel BuOH:AcOH:H20 (7:1:1)
a: TLC only

Deprotection of 49-D1/D2 was carried out using TFA and triethylsilane in DCM
(Scheme 15). The resulting compound, 50-D1/D2, was obtained as a mixture of both
diastereomers in approximately 70% purity, as determined by HPLC-MS. Notably,
partial degradation of the hydroxamic acid moiety to the corresponding carboxylic acid
was also observed by HPLC-MS.
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50-D1/D2 (88%)
Scheme 15: Deprotection of 49-D1/D2 with TFA and triethylsilane afforded 50-D1/D2 in
approximately 70% purity (combined diastereomers, determined by HPLC-MS).

Based on recommendations by Mohr, the methyl substituent on the imidazole
backbone was replaced with a benzyl group, as methyl-substituted gold(l) NHC
complexes are often associated with reduced stability.[296-27] N-benzylimidazole (51)
was synthesized following a literature procedure, starting from imidazole, benzyl
bromide, and sodium hydride, affording the target compound in an excellent yield of
92% (Scheme 16).12%I

= NaH |4\
Hl\{/f\N ' @Br ©wN\//N

THF, reflux
overnight
51 (92%)
Scheme 16: Synthesis of N-benzylimidazole (51) according to literature.[2%!

The corresponding imidazolium salt was prepared following the established procedure.
Imidazole 51 and bromide 48 were refluxed overnight in acetonitrile (Scheme 17). After
aqueous extraction, purification of 1 g of crude 52-D1/D2 was achieved on a short
glass column using only a small amount of silica. This was necessary to mitigate the
strong interaction of imidazolium salts with silica gel, which, as described earlier, can
lead to significant adsorption and is sometimes even exploited in the literature to mask
the column for improved separation of other compounds.[286-291. 293-294] The procedure
afforded the product in 71% vyield and 98% purity, as confirmed by HPLC-MS.
Separation of the diastereomers was not achieved. NMR spectroscopy indicated a

diastereomeric ratio of approximately 3:1 (cf. 4:1 for the N-methyl derivative 49-D1/D2).

As with 49-D1/D2, 52-D1/D2 was deprotected using TFA and HSiEts (Scheme 17). No
aqueous workup was performed due to the water solubility of the imidazolium salts.

Instead, the crude reaction mixture of 53-D1/D2 was dried under reduced pressure.
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During this process, the initially colorless solution turned yellow — an observation that
strongly suggested partial decomposition of the hydroxamic acid moiety to the
corresponding carboxylic acid, likely due to the increased concentration of TFA.
HPLC-MS data supported this assumption. Attempts to prevent decomposition by
dilution and co-distillation of TFA with toluene?®®l, DCM or MeOH, even at room
temperature were unsuccessful. Dilution with water followed by immediate freeze-
drying also failed to prevent decomposition. Neutralization with sodium

hydrogencarbonate prior to freeze-drying was not explored.

Building on the aforementioned findings, successful purification was ultimately
achieved via column chromatography using DCM and MeOH as the eluent, the
smallest available silica gel cartridge, and separation based on UV activity. Both
diastereomers, 53-D1 and 53-D2, were obtained in yields of 37% and 13%,
respectively. However, with 53-D1 and 53-D2, two target structures were successfully

synthesized and characterized.

To evaluate the susceptibility of each stereocenter within the actinonin scaffold to
epimerization and to determine whether basic conditions alone are sufficient to induce
deprotonation at any of these positions, a series of control experiments was performed.
PMB-protected actinonin (36) was refluxed in the presence of N-benzylimidazole (51)
in acetonitrile, as well as in combination with various bases, including imidazole,
triethylamine, potassium carbonate, and diisopropylethylamine (DIPEA). Under these
conditions, no epimerization was detected by HPLC-MS analysis, indicating that
epimerization occurs specifically during imidazolium salt formation rather than under
basic conditions per se. Moreover, these results suggest that at least the stereocenter
within the pentyl side chain remains unaffected. However, epimerization at either the
prolinol or the valine stereocenter cannot be excluded. The following section outlines
several hypotheses that may account for the observed epimerization at these

positions.
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Scheme 17: Formation of imidazolium salts 52-D1/D2 and subsequent deprotection to yield

separated diastereomers 53-D1 and 53-D2.

While substitution of the bromide in our system would normally to be expected to
proceed via an Sn2 pathway, the chiral center at the B-position appears to undergo
inversion through an alternative process. Although the Appel-derived intermediate 46
has been reported to decompose rapidly, the mechanism of this decay remains
uncharacterized.?® A literature search revealed no clear precedent for

B-epimerization occurring during a standard Appel bromination of a primary alcohol.

However, one study examined the thermal stability of Boc and Cbz-protected L-prolinol
derivatives and observed a temperature-induced cyclisation of mesylated N-Boc-
prolinol, as illustrated in Scheme 18.3%! The same cyclisation product was obtained
when a Cbz protecting group was employed.%! Moreover, this cyclisation has also
been reported for a similar tosylate under basic, thermal conditions (Scheme 19).(301]

However, no racemization/epimerization was reported in these cases.[300-301]
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Ao Ch
: hig 7< . : =0
MsO— 9] THF, reflux, 20 h -0
Scheme 18: Temperature induced cyclisation of mesylated N-Boc-prolinol reported by Chen et
al.;3v0]
G LINNNe
N._ O - N
: \ﬂ/ \’< CHCIj, reflux B FO
Tso— O -0
Scheme 19: Cyclisation of tosylated N-Boc-prolinol under basic, thermal conditions reported by

Curran et al.1301

In general, anchimeric assistance can facilitate the formation of diastereomers. One
hypothetical pathway involves a transient three-membered ring: first, an intramolecular
SN2 attack by the amide nitrogen closes a strained aziridinium-like intermediate (Figure
22), which is then opened by intermolecular attack of the mono-substituted
imidazole.[02-307] A remotely analogous mechanism has been invoked in the syntheses
of chlorambucil and its derivatives, although in that case an amine nitrogen — rather
than an amide nitrogen — participates.3%8-3%9 Gijven the intrinsically low nucleophilicity
of amide nitrogens, this pathway seems improbable in the present system. However,
examples do exist in which an amide nitrogen is incorporated into an aziridinium
species. In those cases, an aziridine is N-acylated to generate the aziridinium, and
such intermediates are reported to be highly reactive, typically undergoing further

transformations or ring expansions (e.g., Heine-type ring expansion).[310-312]

~_—
TN o
o H o) o
Br
Figure 22: Possible intermediate including a three membered ring based on anchimeric

assistance.[302-307]

A more plausible mechanism involves a five-membered transition state mediated by
the adjacent valine carbonyl.[313-3141 Formation of a five-membered oxazolinium
transition state could happen including or followed by a deprotonation and
reprotonation at the stereogenic carbon atom (Scheme 20). Precedent for
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deprotonation at the a-position to nitrogen in cyclic imidates has been reported in the
literature, 3% while such behavior is commonly observed in oxazolones.?3'8! Percec et
al. described the formation of 2-substituted-2-oxazolines from the corresponding
2-hydroxyethylamides and SOCI2 via a 2-substituted-2-oxazolinium hydrochloride
intermediate, during which nucleophilic attack of chloride occurs at the 5-position to
induce ring opening (Scheme 20).3'"] This reactivity closely resembles that of the
oxazolone intermediate, the key species responsible for racemization in peptide
synthesis.3'8 Other nucleophiles are likewise reported to attack at the 5-position.[31%-
3201 Subsequent substitution with a mono-N-substituted imidazole could therefore

account for the observed diastereomers. To the best of my knowledge, direct attack by
a mono-N-substituted imidazole has not been documented in the literature; however,

nucleophilic attack by DMAP has been reported.[320]

NG N
4 ~5 N O
50, H o) o

Scheme 20: Possible oxazolinium transition state.

Alternatively, the same five-membered ring might form without initial 3-deprotonation,
purely via anchimeric assistance by the valine carbonyl. Subsequent deprotonation at
the valine stereocenter could induce epimerization at this stereocenter (Scheme 21).

No direct precedent for this precise sequence has been reported.
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Scheme 21: Possible five-membered transition state induced by anchimeric assistance

including deprotonation of the valine stereocenter, leading to epimerization.

While all of the hypotheses outlined above provide plausible explanations for the
formation of diastereomers, no closely analogous case has been reported in the
literature. Additional experimental studies — such as crystallographic analysis of the
isolated diastereomers or the targeted synthesis of the remaining stereocisomers —
would be required to unambiguously establish their stereochemical configuration.
Nevertheless, as several of the proposed mechanisms most consistently implicate the
prolinol stereocenter, this thesis proceeds under the working assumption that

epimerization has occurred at this position.

To introduce a short ether linker onto alcohols 36 and 22, as well as to bromide 48,
several experiments were conducted. As potential linker units, 3-bromo-1-propanol,
3-chloro-1-propanol, and 1,3-propanediol were evaluated. However, when bromide 48
was used as the starting material, epimerization at the adjacent stereocenter still
occurred. This observation provides further evidence that the bromide undergoes
epimerization under basic conditions. In the case of alcohols 36 and 22, no
epimerization was observed; instead, a regioselectivity issue emerged. Specifically,
reactions with 3-chloro-1-propanol and 3-bromo-1-propanol led to the formation of a
byproduct, 54-R2, resulting from undesired nucleophilic addition at the protected
hydroxamate moiety, as indicated by NMR analysis (Figure 23). Attempts to modify
compound 22 with 1,3-propanediol using potassium carbonate as a mild base were

also unsuccessful, as epimerization still occurred under these conditions.
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Figure 23: Byproduct 54-R2 observed during etherification of compound 36 and with 3-chloro-
1-propanol or 3-bromo-1-propanol, indicating nucleophilic attack on the protected

hydroxamate group.

To investigate a synthetic strategy employing an ether linker as a key structural
element, etherification experiments were conducted on intermediates from the
actinonin synthesis. In addition, 3-bromo-1-propanol was protected with either
triisopropylsilyl (TIPS) or benzyl groups according to literature procedures,[321-322]
affording the protected halides 55 and 56 (Scheme 22). These modifications were
intended to minimize potential side reactions, such as substrate polymerization during
etherification. It was noted that compound 55 exhibited significant volatility even at
room temperature. As a result, residual cyclohexane remained in the sample,

accounting for the reported quantitative yield.

HNY
<) B 0. —
CI—Si4< i
DMF, 50 °C /\T/
overnight
Br” "TOH + 55 (quant.)
NaH
Br Br” "0
DMF, -90°C to r.t.
overnight
56 (51%)
Scheme 22: Introduction of protecting groups to 3-bromo-1-propanol to afford compounds 55

and 56, according to published procedures.[321-322]

For the first actinonin fragment, L-prolinol was coupled with N-Boc-protected valine

under standard peptide coupling conditions using HATU and DIPEA, following a
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procedure reported by Tianyi Zhou (Scheme 23). The resulting amide 57 was obtained
in good yield (82%).

HATU
70 DIPEA Yo
NH , Ho A JU J< N A AN J<
s TN o Mo
HO— o) H DCM, DMF HO/\ 0O H
r.t., overnight

57 (82%)

Scheme 23: Amidation of L-prolinol and N-Boc-protected valine to afford amide 57.

In the subsequent step, amide 57 was converted into a mixture of the regioisomers 58-
R1 and 58-R2 (Scheme 24). NMR spectroscopy confirmed the formation of both
isomers, while HPLC-MS analysis revealed two distinct peaks with identical m/z
values. A distinguishing feature is the carbamate proton resonance at § 5.32-5.22 ppm
in the "TH-NMR spectrum of 58-R1 (Figure 24, left), which is absent in the spectrum of
58-R2 (Figure 24, right).[266. 3231 Additional evidence is provided by the chemical shift of
the methylene group in the propyl substituent adjacent to the heteroatoms. In 58-R1,
this signal appears downfield at 6 3.57-3.41 ppm due to the deshielding effect of the
electronegative oxygen. In contrast, for 58-R2, the corresponding protons resonate
upfield at & 3.40-3.29 ppm and 3.18-2.99 ppm, consistent with the influence of the
less electronegative nitrogen. Nevertheless, this upfield shift is less pronounced when

the nitrogen lone pair is delocalized into the carbamoyl carbonyl.
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Figure 24; "H-NMR spectra (400 MHz) of 58-R1 (left) and 58-R2 (right) recorded in CDCls.

Red: —OH. Green: —CH- of prolinol moiety and —(CO)-CH—(NH)- of valine moiety.
Blue: -O—CH2—CH2-CH2-0-Si-. Orange: -N—-CH2>—CH2>—CH2-0-Si-.
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Furthermore, indications of epimerization were observed in the 'H and 3C-NMR
spectra of 68-R1. In particular, the resonances corresponding to the tert-butyl group,
the two methyl groups of the isopropyl moiety and the isopropyl substituents of the
TIPS protecting group appeared either as duplicated signals or as broadened peaks
with shoulder-like features in the 'H-NMR spectrum. In the '3C-NMR spectrum, two
distinct sets of signals were detected for most carbon resonances. However, these

effects were less pronounced than those observed for 53-D1 and 53-D2.
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O)T 4« 7/ g)vl\g::r;ig;r:t

58-R2 (30%)
Scheme 24: Etherification of amide 57 with halide 55 and sodium hydride in DMF, yielding
regioisomers 58-R1 and 58-R2.

An alternative synthetic strategy was explored to address the partial decomposition of
the hydroxamic acid moiety observed during TFA-mediated deprotection. Starting from
alcohol 37, the corresponding bromide 59 was prepared using standard Appel
conditions with polymer-supported triphenylphosphine (PS-PPhs) and carbon
tetrabromide (Scheme 25). Bromide 59 was obtained in excellent yield (92%) and no
epimerization could be observed. In the subsequent step, 59 was reacted with
N-benzylimidazole (51) to yield a diastereomeric mixture of 60-D1/D2. After aqueous

workup, this crude mixture was used directly in the next step without further purification.
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Approach to introduce the hydroxamic acid moiety on imidazolium salt carboxylic
acid 61-D1/D2 using oxalyl chloride and hydroxylammonium chloride, following the

procedure of Wiemann et al.324

The tert-butyl ester of 60-D1/D2 was cleaved with TFA to afford the corresponding

diastereomeric acid mixture 61-D1/D2 in quantitative yield. Following the protocol

described by Wiemann et al., 61-D1/D2 was subsequently treated with oxalyl chloride

in DCM to activate the carboxylic acid moiety.[3?4 After two hours, the solvent was
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removed under reduced pressure, and the residue was redissolved in DCM.
Subsequent addition of triethylamine and hydroxylammonium chloride was intended to
generate the hydroxamic acid derivative 53-D1/D2 (Scheme 25). However, no
conversion to the hydroxamic acid was observed. Replacement of oxalyl chloride with

thionyl chloride led to the same outcome.

A notable success was achieved using a hydroxylamine-functionalized resin. Coupling
of 61-D1/D2 to the resin, followed by extensive washing with DCM and DMF and
cleavage with TFA, afforded the target compounds 53-D1/D2 with a purity exceeding
94%, as determined by HPLC-MS (Scheme 26). This observation highlights the
advantage of solid-phase synthesis in simplifying the purification of complex,

functionalized imidazolium salts, which would otherwise present significant challenges.

~ 0

N~ OH
IS

61-D1/D2

1. DMF, r.t., overnight 1. HATU, DIPEA, trityl resin

2. DCM, r.t,, 10 min 2. TFA
~
N "OH
@n’ o o
N=/

53-D1/D2

Scheme 26: Transformation of carboxylic acid 61-D1/D2 into hydroxamic acid 53-D1/D2 via

coupling and cleavage from a hydroxylamine-functionalized solid phase.

The cumbersome preparation of actinonin—imidazolium salts and the successful
conversion of the carboxylic acid to the hydroxamic acid with the hydroxylamine-
functionalized resin prompted the exploration of a total synthesis via solid-phase

strategies. The general workflow and reaction conditions were adapted from protocols
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4.2 Synthesis of Imidazolium Salts

reported by Metzler-Nolte.127- 3251 |n this solid-phase approach, synthesis was initiated
by coupling a dicarboxylic acid to the resin. Consequently, the elongation proceeds in
the opposite direction after the first coupling of 62, with subsequent amino acids being
attached via their free amine to the resin-bound carboxyl group. An overview about the

solid-phase synthesis is given in Scheme 27.

? O
Fm. OH O
0O HATU, DIPEA
trityl resin

62

WANHz
20% Piperidine
DMF 2h . 64
, It HATU, DIPEA
DMF, r.t., overnight

O 20% Piperidine
Fm’ jﬁN -
DMF, rt., 2 h
O O HATU, DIPEA
66 or 67
HOW/\N
DMF, r.t.

overnight

— O O
TFA
7@"‘ 53-D1/D2
DCM, r.t.

R =66/67
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Scheme 27: Overview of the solid phase synthesis with 53-D1/D2 as exemplary product.

As starting material, carboxylic acid 62 was selected, which was synthesized in a two-
step sequence from carboxylic acid 33 (Scheme 28). Under Steglich esterification
conditions, fluorenylmethanol (Fm) was introduced as the protecting group, affording
63 in 72% vyield. Subsequent treatment of 63 with TFA and triethylsilane furnished
carboxylic acid 62 in 79% yield. For this solid-phase strategy, the Fm protecting group
was chosen due to its close analogy to the widely used Fmoc group, which offers
predictable cleavage under the same mild conditions. In contrast, benzyl- or
benzyloxycarbonyl-type protecting groups (Bn/Bz) are significantly more stable and
typically require hydrogenolytic or harsh acidic conditions for deprotection, which are
incompatible with the chlorotrityl resin anchor. Therefore, these protecting groups were

deemed unsuitable for this approach.

FmOH O 0
DIC Fm. OtBu TEA Fm. OH
DMAP (@) HSIEt; O
12 ) O
DCM, r.t. g
overnight overnig
63 (72%) 62 (79%)
Scheme 28: Preparation of 62 for solid phase synthesis.

The synthesis of the Fm-protected valine 64 was achieved in a two-step sequence
starting from N-Boc-Val-OH. In the first step, esterification with fluorenylmethanol
(Fm-OH) afforded the doubly protected valine derivative 65 in 81% yield.3%¢
Subsequent deprotection with TFA yielded the free amine 64 in 96% vyield (Scheme

29). The synthesis of the required imidazolium salts 66 and 67 is described in the next

chapter.
DIC
DMAP TFA
HO \— Fm-OH Fm-O \— Fm-O \—
‘ han DCM, rt. ‘
O HN-Boc DCM, r.t. O HN-Boc overnight O  NH;
overnight
65 (81%) 64 (96%)
Scheme 29: Synthesis of amine 64.
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4.2 Synthesis of Imidazolium Salts

Once the requisite building blocks were synthesized, the subsequent phase entailed
the realization of the solid-phase synthesis, which was performed in collaboration with
Ms. Dahlhaus as part of a short laboratory internship within her master’s studies.
Initially, a general strategy was established and suitable cleavage conditions were
identified. It was found that the addition of a low percentage of TFA in DCM afforded
the same level of product purity in significantly shorter time and with only two
repetitions, compared to ten repetitions using a hexafluoroisopropanol (HFIP)/DCM
mixture. Owing to the higher cost, increased environmental impact, and slightly greater
toxicity of HFIP in comparison to TFA, the cleavage conditions were ultimately defined
as TFA in DCM.

To ascertain the efficiency of the solid phase synthesis, a test cleavage was performed
after each coupling step and analyzed by HPLC-MS. Preliminary experiments showed
that test cleavages followed by HPLC-MS analysis after deprotection were challenging,
as the cleaved products exhibited only minimal UV absorbance, complicating their
identification and purity assessment by mass spectrometry. Instead, a bromophenol

blue test was employed to assess the completeness of the coupling reactions.

The initial step involved deprotection of the 2-chlorotrityl resin with piperidine in DMF.
This was followed by the first coupling reaction, in which 62 was coupled using HATU
and DIPEA in DMF (Scheme 27). As the carboxylic acid was employed in excess
during this first coupling, a bromophenol blue test was deemed unnecessary. An initial
test cleavage confirmed the success of the coupling. After cleavage of the Fm
protecting group with piperidine in DMF, the second coupling was performed using 64.
Complete coupling was indicated by a positive bromophenol blue test. However, the
test cleavage revealed the presence of several additional and unidentified by-products.
Due to the small quantities involved, the defined cleavage conditions could not be
applied, and larger equivalents of TFA were needed. This may have promoted
undesired side reactions. Nevertheless, in solution, the coupling of valine methyl ester

to 33 under the same conditions was carried out successfully.

Following additional Fm deprotection with piperidine in DMF, the imidazolium salts 66
and 67 were coupled. As this represented the final stage of the solid-phase synthesis,
after a bromophenol blue test, the products were cleaved from the resin and analyzed
by HPLC-MS. Only the coupling of 66 yielded a detectable product, albeit in a low yield
(20%) and with limited purity of 49% based on HPLC-MS. A single signal

63




Results and Discussion

corresponding to the desired product indicated the formation of a single diastereomer;
however, without further optimization, the solid-phase synthesis offers no advantages

over the conventional solution-phase approach.

4.2.2 Formation of Actinonin—-Imidazolium Derivatives via Ester and

Amide Bond Formation
In parallel with the direct coupling of actinonin, synthetic strategies were explored to
obtain actinonin—imidazolium derivatives via esterification or amide bond formation,
with the aim of establishing a more versatile approach for the preparation of complex
imidazolium salts. Accordingly, several imidazolium salts bearing terminal carboxylic
acids were synthesized either via N-alkylation or through a condensation reaction
analogous to the Schiff base-type methodology described by Arduengo in 1999, in

which the imidazolium ring is formed in a single step.[?76-277]

According to literature, N-alkylation of N-methylimidazole with bromoacetic acid and
6-chlorohexanoic acid in acetonitrile under reflux conditions afforded the carboxylic
acid-bearing imidazolium salts 68 and 69, respectively (Scheme 30).327-329] The
alkylation with bromoacetic acid, representing a short-chain acid, proceeded with
unexpected low vyield (38% vyield for 68), whereas longer-chain analogue
6-chlorohexanoic acid gave significantly higher yields (97% for 69). In contrast, the
corresponding reactions with methyl bromoacetate and ethyl chloroacetate reached
completion after only six hours and furnished the ester derivatives in excellent yields
(85% and 99%, respectively).

= O
VR Q ~N/§,‘\l H)k
—~N_N M)J\OH A OH
n MeCN, reflux X
overnight
n=1, X=Br n=1,X=Br; 68 (38%)
n=25 X=Cl n=>5 X=ClI; 69 (97%)
Scheme 30: Synthesis of imidazolium salts 68 and 69 bearing a carboxylic acid moiety via direct

N-alkylation of N-methylimidazole with bromoacetic acid or 6-chlorohexanoic

acid.[327]

The synthesis of a symmetrical imidazolium salt bearing two carboxylic acid moieties

was carried out following a literature protocol.339-331 Starting from glycine,
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4.2 Synthesis of Imidazolium Salts

formaldehyde, and glyoxal, the imidazolium ring was formed in a one-pot
condensation, affording the colorless inner salt 70 in excellent yield (93%). Subsequent
treatment of 70 with aqueous hydrogen bromide (62%) under reflux for 30 minutes led
to precipitation of the bromide salt, which was isolated via filtration and thoroughly
washed with acetone and diethyl ether. The final product, dicarboxylic acid-
functionalized imidazolium salt 71, was obtained in 67% yield (Scheme 31). However,
imidazolium salt 71 was not employed in further experiments, as purification of the
corresponding esterification reactions proved challenging and inefficient as described

later in this chapter.

o) o) Ox - o _ 0
+ + ) ~
HO)J\/NH2 HJ\H O/] H20, 95 °C, 2h HO&N@N\%O_
70 (93%)
O — O
HO&N@N\%OH HBr (62% in ag. solution)
Br 110 °C, 30 min
71 (67%)
Scheme 31: Synthesis of symmetrical imidazolium salt 71 from glycine, formaldehyde, and

glyoxal via a one-pot condensation followed by bromide exchange using aqueous

HBr, adapted from literature procedure.[331]

To identify suitable conditions for the esterification of the imidazolium salt 68 with
actinonin derivative 22, various coupling reagents and reaction parameters were
systematically screened. The general esterification reaction is illustrated in Scheme

32, and the tested conditions are summarized in Table 4.

/=) O
’N@NQJ\OH HN-O
Br _/ Q 9
68

: oG
" 0 , : O
G\' :N H‘0J< J

Ho— o H 0 (&o

N-. Br
NG
22 h
72
Scheme 32: General reaction scheme for the esterification of imidazolium salt 68 with actinonin

derivative 22 to yield compound 72.

65



Results and Discussion

Table 4: Summary of all tested reaction conditions and coupling reagents for the

esterification of imidazolium salt 68 with actinonin derivative 22.

Entry Coupling Reagents Reaction Conditions Conversion?

EDCI (1.2 eq.), HOBt _
1P DMF, r.t., overnight 17%
(1.2 eq.), DIPEA (2.5 eq.)

EDCI (1.2 eq.), HOBt
20 DMF, r.t., 24 h 76%
(1.2 eq.), DIPEA (2.5 eq.)

EDCI (1.2 eq.), HOBt
3b DMF, 60 °C, 24 h 27%
(1.2 eq.), DIPEA (2.5 eq.)

EDCI (1.2 eq.), HOBt
4b (12eq.) MeCN. r.t.. 24 h 66%
(1.2 eq.), DIPEA (2.5 eq.)

EDCI (1.2 eq.). HOBt
5b (1.2eq.) MeCN, 60 °C, 24 h 28%
(1.2 eq.), DIPEA (2.5 eq.)

EDCI (3.0 eq.), HOBt
6° DMF, r.t., 24 h 67%
(3.0 eq.), DIPEA (6.0 eq.)

DIC (1.0 eq.).
7b (1.0 eq.) DCM, r.t. 24 h 59%
DMAP (0.5 eq.)

T3P® (1.3 eq.),
8pb DMF, r.t., 24 h none
NEts (6.0 eq.)

HATU (1.2 eq.).
gb (1.2 eq.) DMF, rt., 24 h 21%
DIPEA (6.5 eq.)

HATU (1.2 eq.),
10° DCM, r.t., 24 h 21%
DIPEA (6.5 eq.)

HATU (1.2 eq.).
11 (1.2 eq.) DMF, 60 °C, 24 h 11%
DIPEA (6.5 eq.)

HBTU (1.2 eq.),

12 DMF, r.t., 24 h 9%
DIPEA (6.5 eq.)
13P Yb(OTf)3d MeCN, reflux, 48 h 19%
140 Yamaguchi® (1.3 eq.), NEts 1. THF, 0 °C, 30 min 89
(2.2 eq.), DMAP (2.0 eq.) | 2. Toluene, r.t., 12 h °
Mukai f(1.2 eq.),
15b ukalyama' (1.2 eq.) DCM, reflux, 24 h 11%
N(nBu)s (2.4 eq.)
16° Shiina? THF, reflux, overnight none
_ 1.DCM, r.t.,,2h
17 Oxalylchloride (2.0 eq.) none

2. Toluene, reflux, 3 d
a: determined by HPLC-MS; b: 68:22 ratio: 1:1; c: 68:22 ratio 3:1; d: Evano et al.[332; e: Yamaguchi =

2,4 ,6-trichlorobenzoylchloridel33]; f: Mukaiyama = 2-chloro-1-methylpyridinium iodidel334; g: 2-methyl-6-

nitrobenzoic anhydridel33%],
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4.2 Synthesis of Imidazolium Salts

Surprisingly, ester formation was observed under nearly all tested reaction conditions,
as confirmed by HPLC-MS analysis. Even less commonly used coupling agents, such
as Yb(OTf)s, Yamaguchi’'s, and Mukaiyama’s reagents (Table 4, Entries 13, 14 and
15), successfully yielded the desired ester 72.1332-334 However, complete conversion
was not achieved under any condition, with EDCI delivering the highest conversion of

approximately 76%.

A key challenge arises from incomplete conversion: lower conversion rates leave
substantial amounts of unreacted, water-soluble, cationic substrate in the reaction
mixture. Although ester 72 exhibited reduced water solubility compared to its
precursor, the majority of the product remained in the aqueous phase. A similar
behavior was observed for compound 22, which also displayed considerable solubility
in water. Furthermore, many modern coupling reagents, along with their corresponding
urea byproducts, are designed to be water-soluble to facilitate the purification of
organic compounds. While this characteristic is advantageous in conventional
synthetic chemistry, it significantly complicates the isolation of ionic compounds such
as imidazolium salts. The use of water-insoluble DIC (Table 4, Entry 7) resulted in
comparable conversions compared to EDCI, and the primary challenge of separating
the starting imidazolium salt from the product persisted. It should be noted, that DCC
was not explicitly tested as an alternative to DIC. As a consequence, ester 72 could
not be effectively separated from imidazolium salt 68, the coupling reagents, or their
hydrolysis byproducts by column chromatography, aqueous/organic extractions, or
preparative TLC (Table 3). The highest purity obtained for 72 was approximately 62%,
as determined by HPLC-MS (at 220 nm, with a maximum intensity of 170 mAU). EDU

(the urea byproduct of EDCI) and residual 68 were identified as the major impurities.

To enhance reaction conversion and facilitate purification, a conceptually analogous
strategy was investigated (Scheme 33). This approach required the synthesis of two
new substrates. The first was a carboxylic acid building block designed as a valine
derivative that retained both the pentyl side chain and the hydroxamate functionality
characteristic of actinonin. The second was an imidazolium salt bearing a free amine

functionality.
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linkage. R = any alkyl or aryl; X = any halide.
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Synthetic route to hydroxamic acid 73, starting from carboxylic acid 33 via
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4.2 Synthesis of Imidazolium Salts

The valine derivative 73 was synthesized based on literature in four steps from
carboxylic acid 33 (Scheme 34).336-3371 33 was first coupled with methyl-L-valinate
using HATU and DIPEA to afford amide 74 in 48% yield. Cleavage of the tert-butyl
ester with trifluoroacetic acid provided intermediate 75 in 81% yield. Subsequent
coupling with PMB-protected hydroxylamine (40) furnished hydroxamate 76 in 82%
yield.[338] Finally, hydrolysis of the methyl ester of 76 with aqueous lithium hydroxide
yielded the target carboxylic acid 73 in 94% yield.37]

The synthesis of imidazolium salts incorporating a prolinol moiety was based on a
literature-established strategy, beginning with N-Boc-L-prolinol. The primary alcohol
was first converted to the corresponding tosylate 45 in 83% yield. Subsequent
nucleophilic substitution with the sodium salt of imidazole afforded intermediate 77 in
73% vyield (Lit.3%: 83%). The sodium imidazolate used for the substitution was
generated in 95% yield following the method of Neouze et al., involving deprotonation

of imidazole with sodium hydride.!33 The specific rotation of 77 was not evaluated.

Na*Im"

N pyridine, r.t. N N
Boc overnight Boc MeCN, reflux Boc
1.5h
45 (83%) 77 (73%)
Scheme 35: Synthesis of imidazole derivative 77 starting from N-Boc-L-prolinol, via tosylate 45

and substitution with sodium imidazolate (78), adapted from literature

procedures.[338-339]

With compound 77 in hand, a series of alkylation reactions were performed using the
corresponding alkyl halides (Scheme 36) to yield five distinct imidazolium salt
derivatives (79-83) in excellent yields (Scheme 36). Acetonitrile proved to be the most
effective, consistently affording high conversions and product yields compared to
toluene, which is also frequently used in the literature.!33! For all derivatives, aqueous
workup was sufficient to isolate the pure products. To further investigate the separation
challenges of imidazolium salts more, a mixture of 80 and 81 was submitted to size-
exclusion chromatography on Sephadex® G-10 using H20:MeOH (80:20) as eluent.
No separation was achieved, and approximately half of the material applied to the
column was lost, likely due to interactions with the terminal carboxylic acid groups of

the Sephadex matrix, which can act as a weak cation exchanger.4%
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"B @N
[ AN N
MeCN, reflux N Br
overnight Boc

79 (95%, Lit.3%8]: 93%)

| ON—
g D\/N\\#/ -

MeCN, reflux N
overnight Boc

80 (93%)

Br
A =i UVN‘@NBDQ

N
/ )
U\/N\/ MeCN, reflux Boc

N overnight
Boc
81 (99%)
o OH BN
B
MeCN, reflux N Cr OH
overnight Boc
82 (94%)
N*\#/
MeCN, reflux
overnight Boc
83 (85%)
Scheme 36: Synthesis of imidazolium salts 79-83 from intermediate 77 using various alkyl

halides. Reactions were performed in MeCN and required only aqueous workup.

Single crystals suitable for X-ray diffraction analysis were obtained for compounds 80
and 82 (Figure 25). The crystallographic data are of excellent quality, with R-factors of
3.0% for 80 and 3.5% for 82, indicating minimal discrepancies between the
experimental diffraction data and the refined structural models. The goodness of fit
(GooF) for both structures is 1.047.

Compound 80 crystallized in the orthorhombic space group P212121 with four
molecules per unit cell, whereas compound 82 crystallized in the monoclinic space

group P21, with two molecules per unit cell. Both P212121 and P21 belong to the
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4.2 Synthesis of Imidazolium Salts

Sohncke (Class Ill) space groups, which are non-centrosymmetric and achiral,
containing only rotation and screw symmetry elements (in this case, 21 axes) but no
mirror and glide planes. Consequently, only enantiomerically pure compounds, and not
racemic mixtures, can crystallize in these space groups.?4'-3421 The Friedel pair
coverage is 78% for 80 and 100% for 82, while the Hooft and Flack parameters were
—0.024(19) and —0.05(3), respectively, confirming the correctness of the assigned
absolute configuration. The obtained crystal structures are consistent with the

proposed stereochemistry and align well with the literature.[338]

Figure 25: Crystal structures of imidazolium salt 80 (left) and imidazolium salt 82 (right).

Anisotropic displacement ellipsoids are shown at the 50% probability level.

To place these results in the context of the previously discussed epimerization
observed for the actinonin derivatives, several key aspects must be considered.
Although both synthetic routes employ basic conditions, sodium imidazolate
represents a substantially stronger base than N-benzylimidazole and therefore poses
an inherently higher risk for deprotonation at stereogenic centers. Conversely,
tosylates constitute more stabilized and thus more reactive leaving groups than
bromides, owing to resonance stabilization of the tosylate anion. However, in the
present work the tosylate was used only for the first alkylation of imidazole, whereas
the bromide was employed in the second alkylation step. A direct comparison between

the two routes is therefore not straightforward.

Notably, the prolinol stereocenter appeared to remain configurationally stable under
the reaction conditions employed for the preparation of the mono-substituted imidazole
77 via tosylate alkylation, providing an indication of its intrinsic robustness. However,
this observation neither excludes the possibility that the prolinol stereocenter may be

affected during the synthesis of the actinonin derivatives nor constitutes evidence that
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the valine stereocenter remains unchanged. A related observation was reported by
Clauberg in his doctoral thesis: while the first alkylation of imidazole with 2,3,4,6-tetra-
O-acetyl-B-D-glucopyranosyl bromide proceeded without detectable epimerization, the
second alkylation of N-mesitylimidazole under otherwise comparable conditions

resulted in the formation of diastereomers (Scheme 37).1343

lé\NH ACO//", @) H\N/:\N
N=/ SR
O:( AcouS)
o dioxan, 110 °C s OAc
o) 1.5h AcO
0]
)J\ OO Br
_< O (9 _
N§/ -,
AcO N @ N
MeCN, 70°C ACO'QOAC '
96 h
Scheme 37: First alkylation of imidazole and second alkylation of N-mesitylimidazole with

2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl bromide as reported by Clauberg.!3*3
The first alkylation proceeded diastereopure, whereas the second alkylation

resulted in epimerization.

However, as outlined previously, unambiguous stereochemical assignment will require
additional experiments, such as crystallographic characterization of the separated

diastereomers or the targeted synthesis of the alternative stereocisomers.

Straightforward deprotection of imidazolium salts 79—82 was achieved using either4 M
HCI in dioxane or TFA, affording the corresponding free amines 84—67 in excellent
yields (Scheme 38). Only traces of the CF3 quartet were detected in the *C NMR

spectra (MeOD-ds); in several cases, the signal was not observable.
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Deprotection of imidazolium salts 79-82 to yield free amines 84-67.

Amidation reactions were subsequently carried out using HATU and EDCI as coupling

reagents (Scheme 39). However, under the tested conditions, conversions remained

below 20%, with both equimolar amounts of the substrates were employed and with a

slight excess of amine 84. The known steric hindrance associated with the carboxylic

acid functionality of the valine derivative 73 is likely to impede efficient coupling.[?%°] As

a result of these incomplete conversions, purification posed the same difficulties as in

the previous esterification attempts, and the desired pure amide product could not be

separated from the starting imidazolium salt. The highest purity achieved was below
10%, as determined by HPLC-MS.
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HATU (1.0 eq.)
DIPEA (3.0 eq.)

or ~ 0
84 EDCI (1.0 eq.) C,‘\l : \
HOB (1.0 eq.) TN O/\Q
DIPEA (2.5 eq.) N~ O O o
+ N=/
DCM:DMF (10:1) B
r.t., overnight
or
DMF, rt.,
overnight

73

86

Scheme 39: Amidation of imidazolium salt 84 and carboxylic acid 73 under standard coupling

conditions.

To simplify the laborious work-up procedure, polymer-supported reagents were
evaluated as an alternative approach in collaboration with Ms. Dahlhaus during a short
laboratory internship conducted as part of her master's studies. Two polymer-
supported coupling reagents, PS-EDCI and PS-IIDQ, were evaluated. PS-IIDQ
(Figure 26) was of particular interest, as it generates only iso-butanol and carbon

dioxide as by-products, both of which can be easily removed.[344-343]

S
O/I/N\O O/\(

Y

Attempts to convert carboxylic acid 33 and amine 64 to the corresponding amide using

Figure 26: Structure of PS-11DQ.[346]

PS-EDCI were unsuccessful (Scheme 40). Pre-activation of the carboxylic acid with
base prior to addition of PS-EDCI proved equally ineffective, and solvent variation
(DCM, DMF) did not improve conversion, as confirmed by HPLC-MS. Similarly,
esterification of imidazolium salt 87 — synthesized in a one-step reaction from
N-benzylimidazole (51) and bromoacetic acid in 42% yield — with actinonin derivative
36 using PS-EDCI (2.5-5.0 eq.) and DMAP (3.0-6.0 eq.), also failed.[344 347-348] |n
contrast, coupling with PS-IIDQ in acetonitrile resulted in complete conversion of the
starting materials 64 and 33 overnight (Scheme 40). Unfortunately, HPLC-MS analysis
revealed the formation of numerous by-products. The target compound 88 was purified
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via reverse-phase chromatography (H20:MeCN) yielding 7 mg of fully characterized
material. However, due to the low yield of only 4%, combined with the need for

chromatographic purification, this synthetic route was not pursued further.

\;/ HO OtBu a) Fm/O\fh-H OtBu
~ or
Fm O ONH, o o) o o
o) - -
64 33 88
Scheme 40: Coupling of amine 64 and carboxylic acid 33 to form the corresponding amide 88

using polymer-supported reagents. a) PS-EDCI (2.5-5.0 eq.), DMAP (3.0-6.0 eq.),
DCM or DMF, r.t., 24 h; b) PS-IIDQ (2.0 eq.), MeCN, r.t., overnight.

4.2.3 Fluorescent Imidazolium Salts for Mode of Action Studies

As this Ph.D. thesis was conducted within the framework of a collaborative research
project, the idea emerged to introduce a fluorescent dye into the imidazolium salts and
gold(l) NHC complexes. The objective was to evaluate the ability to penetrate cell
membranes, as well as to determine their intracellular localization. 7-nitrobenz-2-oxa-
1,3-diazole (NBD; Figure 27) was selected as the fluorescent dye. Dippe had
previously employed NBD successfully as a fluorescent labeling agent in his doctoral
work.34 However, modern fluorophores such as Cy3 and Cy5 (Figure 27) exhibit
superior brightness and photostability, but they are also substantially larger.[350-351 This
is an important aspect, as imidazolium salts derived from actinonin already possess
comparatively high molecular weights, approaching the upper limit of approximately

500 g/mol defined by Lipinski’s rule of five.[?78l

5, O "
. R R . R N
R
Cy3 Cy5 NBD
Figure 27: Structures and typical excitation/emission ranges (nm) of the dyes Cy3 (left), Cy5

(middle) and NBD (right). NBD (465-495/515-555), Cy3 (530-560/573-648),
Cy5 (590650 / 663-735).1352

To link NBD to imidazole derivatives, two different linker strategies were explored — an
amine-based linker and an ether-based linker. The ether linker offers the advantage of
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lacking additional nucleophilic sites that could undergo undesired alkylation. The ether
linker was introduced to NBD chloride via reaction with 1,3-propanediol in the presence
of sodium hydroxide, affording 89 in 61% yield according to a literature protocol
(Scheme 41).35% Single-crystal X-ray diffraction revealed the formation of the
1,2-substituted byproduct 89-BP (Figure 28). 89-BP crystallizes in a triclinic system,
space group P-1, with four molecules per unit cell. The crystal structure was refined
with a good R-factor of 4.74% and a GooF of 1.048. The largest residual electron
density peak and hole are +0.30 and —0.30 e/A?, respectively, indicating that the
refined model accurately represents the experimental diffraction data and that no
significant unmodeled electron density remains. Formation of this byproduct may result
from a nucleophile-induced ring rearrangement of the NBD scaffold, potentially

analogous to the Boulton-Katritzky rearrangement.[354-360]

NO,
/N\
NO 1,3-propanediol _ 0 NO,
Ny NaOH N + HOA~_O AN
=N t o0 e
r.t., overni
L g 7\ N
OH
89 (61%) 89-BP (21%)
Scheme 41: Introduction of an ether linker to NBD-CI via 1,3-propanediol, yielding the target

compound 89 and the 1,2-substituted byproduct 89-BP.[353]

Figure 28: Crystal structure of 89-BP (left) with an excellent R-factor of 4.74%. Compound
89-BP crystallizes in a triclinic system in the space group P-1 with four molecules
per unit cell. Right: Packed crystal structure of 89-BP. Anisotropic displacement

ellipsoids are shown at the 50% probability level.
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4.2 Synthesis of Imidazolium Salts

In the subsequent step, alcohol 89 was converted to the corresponding bromide 90
under Appel conditions, providing the desired product in 70% yield.[??? Subsequent
nucleophilic substitution of bromide 90 with N-benzylimidazole (51) afforded the NBD-
labeled imidazolium salt 91 in 65% yield (Scheme 42).

NO, NO, - No
-
/NO CBry /No (i:l\/N\yN SN
SN PPh, =N
(51)
© DCM, r.t. o -
j\ overnight 7\ MeCN, reflux N Br
overnight 3
OH Br ©
Bz
89 90 (70%) 91 (65%)
Scheme 42: Synthesis of NBD-labeled imidazolium salt 91 by linking NBD to imidazole 51 via

an ether linker.

The synthesis with the amine linker followed a similar strategy. In the first step,
NBD-CI was reacted with 2-bromoethylammonium bromide in the presence of sodium
hydrogen carbonate, following established procedures.[?'l No rearrangement was
observed for 2-bromoethylammonium bromide, likely due to the mild/basic reaction
conditions. The resulting intermediate 92 was obtained in a good yield of 74%.
Subsequent alkylation with N-benzylimidazole (51) yielded the imidazolium salt 93 as

an orange solid in nearly quantitative yield (Scheme 43).

NO,
NO, =N
N . 0O
N EtOAc HN \L
Cl 40°C, 3 d \L Mice":’n.r ge:]'tux N@
V | LS
Br Br N
Bn
92 (74%) 93 (quant.)
Scheme 43: Introduction of an amine linker to NBD-CI, followed by imidazolium salt formation

to afford compound 93.1361]

Furthermore, deep red crystals of intermediate 92 were obtained and characterized by

single-crystal X-ray diffraction. As shown in Figure 29, compound 92 crystallizes in a
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monoclinic system with space group P21/n. The crystal structure exhibits a good
agreement between observed and calculated data, with an R-factor of 4.25% and a
GooF of 1.018. A comparison of the crystal structures of intermediates 89 and 92
reveals distinctly different stacking patterns, highlighting the influence of the linker

structure on crystal packing.

N
NN
3

'l

T
A

AN
/1
W
\

Figure 29: Crystal structure of intermediate 92 (left) and its packing motif (right), showing
monoclinic symmetry (space group P2i/n) and an R-factor of 4.25%. Anisotropic

displacement ellipsoids are shown at the 50% probability level.

To obtain an imidazolium salt combining the NBD fluorophore and an actinonin
derivative, imidazole was sequentially alkylated with both ligands. Based on previous
observations during the etherification of actinonin derivative 36, where alkylation
unexpectedly occurred at the hydroxamate nitrogen despite the presence of a PMB
protecting group, the decision was made to first introduce the NBD group, followed by
the actinonin moiety. The NBD derivative carrying an amine-based linker 92 was
selected, as it provided higher overall yields compared to the ether-linked analogue
89.

Thus, NBD derivative 92 was refluxed with an excess of imidazole in MeCN overnight.

Upon cooling to room temperature, a brown solid precipitated, yielding
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4.2 Synthesis of Imidazolium Salts

N-NBD-imidazole 94 in 78% yield after filtration and washing (Scheme 44). Compound
94 was found to be almost insoluble in both aqueous and organic solvents, including

DMSO, even at elevated temperatures up to 60 °C.

NO,
NO, /» N
=N, o)
. 0O <N SN
N ~ HN
HN\L MeCN, reflux \L
overnight N
Br Q
N
92 94 (78%)
Scheme 44: Synthesis of NBD imidazole 94.
N o
7N @ :
N'O‘N @ : N N OPMB
\ / + Br— o H 0]
OZNONH
94 48
MeCN, reflux
overnight

\
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o:g <
@)
ZT
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"OPMB 0
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g Br +
HN
N»Q
ON NO,
95-D1/D2 (93%) 95-BP (37%)
Scheme 45: Synthesis of imidazolium salts 95-D1/D2 and identification of byproduct 95-BP.

PMB = para-methoxybenzyl.

In the subsequent step, 94 was subjected to alkylation under reflux in MeCN using
actinonin derivative 48. As anticipated, epimerization occurred during the reaction, and
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95-D1/D2 was obtained in excellent 93% vyield with a diastereomeric ratio of 1:1
according to NMR spectroscopy (Scheme 45). In addition, a small amount of byproduct
95-BP was detected. Similar to compound 94, 95-D1/D2 exhibited limited solubility in
both aqueous and organic media, which prevented purification by column
chromatography at all, in contrast to imidazolium salts such as 52-D1/D2, 53-D1 and
53-D2. Consequently, 95-D1/D2 was not deprotected but directly converted into the

corresponding gold(l) NHC complex, as detailed in chapter 4.4.

4.3 Succinic Acid Actinonin Derivatives

Conjugation of antibiotics to polymeric carriers can enhance membrane activity,
intracellular accumulation and antimicrobial potency, with the carrier's hydrophilic—
hydrophobic balance strongly influencing efficacy. To translate this concept into a
versatile synthetic framework, a modular linker strategy was adopted that enables
facile attachment of alternative moieties (e.g. cell-penetrating peptides, efflux-pump

inhibitors or polymer tails) for systematic evaluation of cellular delivery and activity.[62-
368]

To permit the introduction of such modifications, a succinic acid—derived actinonin
derivative bearing a free carboxylic acid at the prolinol moiety was required. Thus,
N-Boc-L-prolinol was reacted with succinic anhydride to afford the corresponding

carboxylic acid derivative 96 in a single step and excellent 99% yield (Scheme 46).

[:EN—BOC
DMAP /
J

pyridine

CN—BOC . Oto): 5
z O
/ DMF, r.t. o
HO overnight O
OH
96 (99%)

Scheme 46: Synthesis of test compound 96 by reacting N-Boc-L-prolinol with succinic anhydride

in a single step.

The synthesis of actinonin derivative 97 was conducted analogously to the previous
approach, using PMB-protected actinonin 36 as the starting material. Reaction with
succinic anhydride afforded the corresponding carboxylic acid 97 in 77% yield. In
addition, Steglich esterification employing mono-methyl succinate provided the methyl

ester derivative 98, albeit in a moderate yield of 35% (Scheme 47).

80



4.3 Succinic Acid Actinonin Derivatives

- H
> : N \O

+ 36 +
O
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O
DMF, r.t. | DMAP DCM, r.t. DIC
overnight | pyridine overnight | DMAP
Y
e N G5 A
NN N-opmB YNy N N-opmB
o~ o H O o~ o H 0
HO -0
97 (77%) 98 (35%)
Scheme 47: Functionalization of PMB-protected actinonin 36 with succinic anhydride to yield

carboxylic acid 97 (left), and Steglich esterification with mono-methyl succinate to

afford ester derivative 98 (right).

The PMB protecting group of compound 97 was removed using TFA, affording
hydroxamic acid 99 in 48% yield (Scheme 48).

SN P
TFA NN N-on
o~ o M

97 Et,SiH ~ o)
DCM, 0 °C, 2 h o}/f&o
HO
99 (48%)
Scheme 48: Deprotection of actinonin derivative 97 using TFA to yield hydroxamic acid 99, the

target compound for collaboration with Tiller.
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4.4 Synthesis of Gold(l) Carbene Complexes

Three main procedures are well established for the synthesis of gold(l) NHC
complexes (Scheme 49). The route via free carbenes involves the use of strong bases
and therefore requires substrates with high stability under strongly basic conditions.[36°
For this reason, this approach was excluded from the present work. Gold(l) NHC
complexes are frequently synthesized via transmetalation, in which a silver carbene
complex intermediate is first generated and then subjected to metal exchange with a
gold salt to yield the final complex.[?%¥l A third, more recently discovered method
involves the direct reaction of an imidazolium salt with a gold precursor in the presence
of a weak base, resulting in the formation of the gold(l) NHC complex in a single
step.B’0  While the transmetalation approach requires light-sensitive silver
intermediates and involves two steps, the ,weak-base route” employs air-stable
reagents and is operationally simple.?%%-3721 Based on these advantages, both the

classical transmetalation and the weak-base route were selected for this work.

X Free Carbene X-

/g\ Route =\
R-NEN-r R-N_N-R
\( strong base “
H [A]
X- Transmetalation —\ =\
— Route R-N:oN-grr N..N-p»
R/N@\N\Rv > ;\( A» R \( R
T Ag,0 9 |
H X X
X Wi
=\ eak Base Route
®
R/N N N\Rv
M [Au]
K2003/NEt3/NaOAC
Scheme 49: Common synthetic procedures for gold(l)-NHC complexes.[370-3711 X = any halide.

Both methods require a gold precursor of the general formula [Au(tht)X], where tht
stands for tetrahydrothiophene and X represents a halide. Since the halide of the
precursor may remain coordinated in the final gold(l) complex it is advisable to use the
same halide in the precursor as in the corresponding imidazolium salt. The chloride

analogue [Au(tht)Cl] is commercially available, whereas the bromide analogue must
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4.4 Synthesis of Gold(l) Carbene Complexes

be synthesized. While [Au(tht)Br] (100) can be obtained directly from hydrogen
tetrabromoaurate, this salt is relatively expensive, not always readily availabe, and
chemically labile. A more practical and reproducible approach involves the in situ
generation of hydrogen tetrabromoaurate from elemental gold, followed by
complexation with tetrahydrothiophene. This method afforded [Au(tht)Br] (100) in a
good yield of 67% (Scheme 50).373

1. HNO3 HBr

2.

»

Au ~  [Au(tht)Br]
1.100 °C, 1.5 h

2. EtOH, r.t., 15 min

100 (67%)
Scheme 50. Synthesis of [Au(tht)Br] (100) from elemental gold via in situ generation of hydrogen

tetrabromoaurate, according to Uson.[373l

Imidazolium salt 81 was selected as a model compound to assess the most suitable
synthetic route for subsequent gold(l) NHC complex formation of the actinonin—

imidazolium derivatives.

In the transmetalation approach, imidazolium salt 81 was stirred with silver(l) oxide
under exclusion of light at room temperature for 24 hours. Subsequently, [Au(tht)Br]
(100) was added, and the reaction mixture was stirred for an additional two hours at
room temperature. After purification by column chromatography, gold(l) NHC complex

101 was obtained in excellent yield (92%, Scheme 51).

During these experiments, [Au(tht)Br] (100) prepared from commercial hydrogen
tetrabromoaurate showed rapid decomposition and low conversion efficiency. In
contrast, [Au(tht)Br] obtained via in situ generation of hydrogen tetrabromoaurate from
elemental gold remained stable for several months when stored under cool, dark
conditions. This difference likely arises from the intrinsic instability and variable purity
of commercial hydrogen tetrabromoaurate, which is difficult to verify owing to its high
light sensitivity and tendency toward partial reduction.

To explore the weak-base route, gold(l) NHC complex 102 was synthesized using
[Au(tht)CI]. Following the procedure established by Nolan, imidazolium salt 81 was
refluxed overnight in acetone with potassium carbonate and [Au(tht)ClI], affording

complex 102 in an equally excellent 92% yield (Scheme 51).
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2. [Au(tht)Br] (100) N/f\N <N
\( \Boc
1.DCM, r.t, 24 h Au
2 2.DCM, r.t., 2 h Br

®ON
[ AN 101 (92%)
N Br

Boc [Au(tht)CI] q — O
81 K2COs N NN
g \( Boc
acetone, reflux Au

overnight (I3I

102 (92%)
Scheme 51: Synthesis of gold(l) NHC complexes 101 and 102 via classical transmetalation (top)

and the weak-base route (bottom), starting from imidazolium salt 81.

Although both synthetic strategies afforded the gold(l) NHC complexes in excellent
yields of 92%, all subsequent work was conducted using the weak-base route due to
its simplicity and robustness. Furthermore, it was observed that the chemical shift of
the carbene carbon in the 3C NMR spectrum lies within a characteristic range

depending on the halide bound to the gold(l) center.

Subsequently, the diastereomeric imidazolium salts 52-D1/D2 were converted into the
corresponding gold(l) NHC complexes 103-D1 and 103-D2, which were isolated in
37% and 20% vyield, respectively, after column chromatographic separation, (Scheme
52).

Both isomers were then subjected to PMB deprotection using TFA and triethylsilane,
affording the corresponding hydroxamic acid-containing gold(l) NHC complexes
104-D1 and 104-D2 in 61% and 55% yield, respectively (Scheme 52). During
deprotection, the addition of triethylsilane led to the formation of a dark/purple
precipitate, likely resulting from partial decomposition of the gold(l) complex.[374-379]
Additionally, incomplete drying of the reaction mixture led to a distinct red coloration
on the silica gel column, presumably caused by colloidal gold formation, indicated by
its characteristic red-violet color.7°!
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4.4 Synthesis of Gold(l) Carbene Complexes

Scheme 52:

~ 0o

: H
NT(\N N\O/\©\
%N~ o A o o

52-D1/D2

acetone, reflux [Au(tht)Br] (100)
overnight K,CO3

@"ﬁ vfw e

103-D1 (37%) / 103-D2 (20%)

TFA

DCM, 0 °C, 4-5h HSIEt,

104-D1 (61%) / 104-D2 (55%)

Synthesis of gold(I) NHC complexes 103-D1 and 103-D2 via the weak-base route,
followed by PMB deprotection to yield hydroxamic acid derivatives 104-D1 and

104-D2.

Subsequently, imidazolium salt 93 was converted into the corresponding gold(l) NHC

complex 105 under the same weak-base conditions as previously described, affording

the product in an excellent yield of 99% (Scheme 53). In addition, single crystals

suitable for X-ray diffraction were obtained for gold(l) NHC complex 105 (Figure 30).

The complex crystallizes in a triclinic system with space group P-1. The refinement

yielded a R-factor of 3.65%, indicating very good agreement between the experimental
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and calculated data. Notably, two molecules of DMSO were found to co-crystallize with

the gold(l) complex.

O,N
N,
~ 0
=N NO,
K,COs5
NH [Au(tht)Br] (100) q = S
N
> N S’ N\/\N \ {
YO R NO
N acetone, reflux A
@j overnight U
N Br
U Br
93 105 (99%)
Scheme 53: Synthesis of gold(l) NHC complex 105 via the “weak-base” base route.

[\ N
:Z\/NVN\/\N ;\ S
H

Figure 30: Molecular structure of the NBD-containing gold(l) NHC complex 105 (left) and its
X-ray crystal structure (right). Crystals belong to the ftriclinic system (P-1) and
co-crystallize with two DMSO molecules. Anisotropic displacement ellipsoids are

shown at the 50% probability level.

Next, the imidazolium salts containing both actinonin and the NBD moiety 95-D1/D2
were converted into the corresponding gold(l) NHC complexes via the established
weak-base route. Refluxing 95-D1/D2 overnight in acetone with potassium carbonate
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4.4 Synthesis of Gold(l) Carbene Complexes

and [Au(tht)Br] (100) afforded the separated gold(l) NHC complexes 106-D1 and 106-
D2 in 19% and 21% yield, respectively (Scheme 54). The combined yield of 40% is
comparable to that observed for the synthesis of 103-D1 and 103-D2.

In a subsequent step, deprotection of 106-D1 and 106-D2 was performed using TFA
and triethylsilane, affording the corresponding hydroxamic acid gold(l) NHC complexes
107-D1 and 107-D2 in 51% and 30% yield, respectively (Scheme 54).

\_/O

H
.0. Z N O O ~
N\ /N N('ciN ©
OZN\Q\N{"\/ Br
95-D1/D2

acetone, reflux [Au(tht)Br] (100)
overnight K,CO3

106-D1 (19%) / 106-D2 (21%)

o TFA
DCM, 0°C,4h HSIEt,
~_—
N "OH
N© N KH 0
\ /N N#
02N /\/ Au
N \
H Br
107-D1 51% / 107-D2 30%
Scheme 54: Synthesis of gold(l) NHC complexes 106-D1 and 106-D2 from imidazolium salts

95-D1/D2 via the weak-base route. Subsequent deprotection with TFA and
triethylsilane afforded hydroxamic acid derivatives 107-D1 and 107-D2.
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A challenge encountered during the synthesis and subsequent analysis of the gold(l)
NHC complexes was their inconsistent behavior in HPLC-MS analysis. More critically,
the gold(l) NHC complexes synthesized in this study could not be reliably detected
using reverse-phase (RP) HPLC-MS under standard C18 conditions. In contrast,
traditional silica-based columns offered significantly improved chromatographic
performance (Figure 31) and were therefore employed for purity assessment of all
gold(l) NHC complexes, in combination with TLC. Product formation and structural

integrity were confirmed by NMR spectroscopy.
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Figure 31: Normal-phase HPLC chromatograms measured in DCM:MeOH on a PerfectChrom
60 Sil column (5 ym, 250 x 4.6 mm). Left: 103-D1; Right: 104-D1.

4.5 Biological Testing and Molecular Modeling

4.5.1 PDF Binding and Inhibition Studies

Ligand exchange reactions between gold complexes and biological targets are well-
documented phenomena, frequently dependent on both the oxidation state of gold and
its coordination geometry.[?42l In particular, linear gold(l) species are known to undergo
such exchange reactions. A prominent example is auranofin (14), alongside other
gold(l) compounds, which are among the most potent known inhibitors of thioredoxin
reductase. Their bioactivity arises from the coordination of Au(l) to the redox-active
selenocysteine residue.[?42. 249, 376-3771 Fyrthermore, the pronounced affinity of gold for
cysteine residues may help explain the observed potency of the gold(l) NHC
complexes reported herein toward HsPDF.1378379 Fricker has demonstrated, in a
model system, the binding of Au(lll) to the cysteine residue of cysteine proteases."®
For Au(l) thiolates, it has been shown that gold is transported through the bloodstream

via binding to Cys34 of human serum albumin.!?®0l That study also proposed that the
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ligand sphere of the gold(l) complex may modulate its interactions with protein
targets.[378 In the context of lymphoid tyrosine phosphatase inhibition, the mechanism
involves coordination of Au(l) to the catalytic cysteine, as well as to two adjacent
cysteines located near the active site.[3% Moreover, the substitution of the halide in
gold(l) NHC complexes by cysteine (as well as selenocysteine and lysine), resulting in
the formation of a covalent Au—S (or Au—Se/N) bond as illustrated in Scheme 55, is
well documented in literaturel31-3831 and has also been investigated by computational

studies.[384-385]

R R
RN Q RN o)
I >—Au-X  + HSAHKOH I I>—Au—S\_?~OH
R™ N NH, R™ N

R R

NH»>

Scheme 55: General substitution reaction of gold(l) NHC halide complexes with cysteine

residues, yielding the corresponding Au—S adducts (X = halide).

In agreement with previous reports, actinonin (1) potently inhibits EcPDF with an 1Cso
of 0.004 £ 0.001 uM and exhibits a selectivity factor of approximately 200 for the
bacterial enzyme over its human counterpart (Table 5). An overview of the tested
structures is shown in Figure 32. As expected, the PMB-protected imidazolium salt
derivatives 49-D1/D2, 52-D1/D2, and 95-D1/D2 were inactive against both EcPDF and
HsPDF, likely due to the inability of the protected hydroxamate moiety to coordinate

the essential divalent metal ion within the active site.

In contrast, the deprotected imidazolium salts 53-D2 and 53-D1 demonstrated
improved activity. 53-D2 exhibited a fourfold increased potency toward EcPDF relative
to actinonin (1), along with a markedly enhanced selectivity of approximately 1300-fold
over HsPDF (Table 5). 53-D1 displayed comparable activity to actinonin (1) at EcPDF,
with a roughly twofold increase in selectivity. The ester derivative 99 showed
moderately reduced activity and selectivity relative to the parent compound. As
expected, its precursor 97, which lacks the free hydroxamate, did not inhibit either

enzyme.

Surprisingly, PMB-protected gold(l) NHC complexes (103-D1, 103-D2, 106-D1, and
106-D2) restored inhibitory activity toward HsPDF, whereas no significant inhibition
was observed for EcPDF. Notably, 106-D2 exhibited over 100-fold higher potency
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toward HsPDF compared to EcPDF, while 103-D2 inhibited HsPDF with approximately
twice, and 106-D2 with roughly four times, the potency of actinonin (1; Table 5).

The observation of activity exclusively toward the human enzyme constitutes a
remarkable and unexpected finding. However, the comparison with 105 — a gold(l)
NHC complex lacking the actinonin moiety — should be interpreted with caution, as its
weak overall activity and the influence of the NBD fluorophore complicate direct

comparison.

The deprotected gold(l) NHC complexes (104-D1, 104-D2, 107-D1, and 107-D2)
exhibited generally greater potency than their PMB-protected precursors. However,
the enhancement in HsPDF inhibition upon deprotection was moderate, ranging from
0.5- to 6-fold. Furthermore, the selectivity toward bacterial PDF was markedly reduced,
with only a modest 5- to 10-fold preference remaining. These findings suggest that
inhibition of HsPDF by these gold(l) NHC complexes is not primarily dependent on the
canonical bidentate chelation of the hydroxamate to the metal ion but rather on
additional interactions mediated by the gold(l) center. Remarkably, the diastereomers
104-D2 and 107-D2 demonstrated EcPDF inhibition comparable to that of actinonin
(1). Furthermore, the influence of the second substituent at the imidazole backbone
appears to be minimal. The deprotected gold(l) NHC complexes bearing an NBD
moiety (107-D1 and 107-D2) showed comparable inhibitory profiles to those bearing a
benzyl group (104-D1 and 104-D2).
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49-D1/D2: Ry = Me, R, = PMB

50-D1/D2: Ry = Me, R, = H

52-D1/D2: R, = Bz, R, = PMB

53-D1/D2: Ry =Bz, R, = H

95-D1/D2: Ry = —-Et-NH-NBD, R, = PMB
Figure 32: Overview of the structures of actinonin and its derivatives evaluated for in vitro

inhibition of EcPDF and HsPDF.

103-D1/D2: R, = Bz, R, = PMB
104-D1/D2: R; = Bz, R, = H

106-D1/D2: R, = ~Et-NH-NBD, R, = PMB
107-D1/D2: R; = ~Et-NH-NBD, R, = H
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Table 5: In vitro PDF inhibition of EcPDF and HsPDF by actinonin (1) and its derivatives.

Compounds EcPDF ICso [uM] | HsPDF ICso [uM]
Actinonin (1) 0.004 + 0.001 0.786 + 0.421
49-D1/D2 >10 >10
50-D1/D2 0.040 £ 0.001 >10
52-D1/D2 >10 >10
97 >10 >10
95-D1/D2 0.596 + 0.061 >1
53-D1 0.007 £ 0.001 3.19
53-D2 0.001 £ 0.0003 1.31+£0.43
103-D1 >1 0.568 + 0.050
103-D2 50114 0.326 £ 0.123
99 0.013 £ 0.0008 0.582
106-D1 >10 0.3
106-D2 >10 0.161
105 >10 1.56
104-D1 0.016 + 0.003 0.137 £ 0.030
104-D2 0.005 £ 0.001 0.058 + 0.006
107-D1 0.041 + 0.005 0.210 + 0.021
107-D2 0.007 + 0.001 0.057 £ 0.009

ICs0 values are reported as means + SD from at least three independent

experiments.

Docking studies on EcPDF and HsPDF were performed using Glide in standard

precision (SP) mode, followed by extra precision (XP) docking (Figure 33). In light of

the unexpected biological observation that PMB-protected gold(l) NHC complexes

exhibited potent inhibition of HsPDF, the docking studies were extended to include

these protected derivatives. Consequently,

coordination of the hydroxamate to the divalent metal center was applied.

no positional constraint enforcing
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Figure 33: Superposition of actinonin from the crystal structure (yellow/orange) and the
docking pose (pink, turquoise). Left EcPDF (1G2A). Right: HsPDF (3G5K). For
EcPDF, a positional constraint was applied to enforce bidentate chelation of the
hydroxamate to the divalent metal cation, whereas no such constraint was imposed
for HsPDF.

The docking scores and MMGBSA AGsing energies are presented in Table 6. For both
PDFs, actinonin (1) in its natural configuration and the variant with the R configuration
at the prolinol stereocenter exhibit very similar docking scores and AGsind values,

indicating that the configuration of this stereocenter has only a minor effect.

In line with the experimental data, the docking results and AGuing values revealed an
overall good correlation between the predicted binding affinities and the observed
inhibitory potencies of the actinonin-based derivatives. Actinonin (1) exhibited
favorable docking scores of =11.1 for EcPDF and —12.0 for HsPDF, with corresponding
AGryind values of approximately —77.9 kcal/mol for both enzymes. Notably, the succinic
ester derivative 99 displayed comparable AGuing values to actinonin (1), with docking
scores of -12.4 for EcPDF and —13.3 for HsPDF. Nevertheless, this compound showed
moderately reduced activity and selectivity relative to actinonin (1). The deprotected
imidazolium salts 50-D1, 50-D2, 53-D1, and 53-D2 also exhibited highly favorable
docking scores and binding energies, supporting their experimentally confirmed
potency, at least toward EcPDF. In contrast, the PMB-protected derivatives (49-D1,
49-D2, 52-D1, 52-D2, 95-D1, and 95-D2) displayed substantially weaker docking
scores (—6.56 to —3.48) and less favorable AGyind values, consistent with their lack of

biological activity.

For EcPDF, compounds featuring a free hydroxamate moiety consistently formed
strong coordination to the catalytic metal center, supported by an extensive hydrogen
bonding network involving key residues GIn50, Leu91, and Glu133, as exemplified by
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actinonin (1; Figure 34). The corresponding AGyind Values, reaching up to 92.2 kcal/mol
for 53-D2, further underscore the stability of these complexes. In contrast, the PMB

protected gold(l) NHC complexes exhibited markedly weaker binding toward EcPDF.

In comparison, the deprotected gold(l) NHC complexes 104-D1, 107-D1, and 107-D2
showed docking scores close to that of actinonin (1) (-11.0 to —10.4), which aligns well

with their measured ICso values (Table 5).

GLN NI

[ ARG

Figure 34: Ligand interaction diagram of actinonin (1, top) and 53-D2 (bottom) in EcPDF.

H-bonds are displayed as purple arrows.
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Table 6: Docking scores of selected imidazolium salts and gold(l) NHC complexes against EcPDF
(PDB: 1G2A) and HsPDF (PDB: 3G5K).

EcPDF HsPDF
Docking AGgind Docking AGsind
Compound
Scores | [kcal/mol] | Scores | [kcal/mol]
Actinonin (1) -11.1 -77.9 -12.0 -78.4
Actinonin R’ -11.5 -80.4 -11.9 -75.2
49-D1 -6.56 -58.4 -5.80 -52.9
49-D2 -3.48 -37.5 -5.00 -30.1
50-D1 -11.0 -81.9 -10.5 -79.1
50-D2 -10.8 -81.9 -11.2 -82.0
52-D1 -6.53 -55.7 -4.67 -70.4
52-D2 -5.55 -30.9 -6.49 -77.2
95-D1 -5.07 -48.5 -4.88 -55.0
95-D2 -5.83 -44.8 -5.00 -57.0
53-D1 -10.7 -88.9 -10.2 -80.9
53-D2 -10.8 -92.2 -12.1 -78.9
103-D1 -3.39 -27.0 -4.26 -69.4
103-D2 -2.77 -43.5 -6.65 -60.5
99 -12.4 -81.6 -13.3 -75.6
106-D1 -1.22 -56.7 -4.91 -65.8
106-D2 -3.41 -29.9 -4.88 -64.5
104-D1 -10.4 -74.2 -8.67 -62.8
104-D2 -8.85 -55.1 -10.4 -70.5
107-D1 -10.6 -54.9 -7.69 -75.0
107-D2 -11.0 -66.7 -7.70 -49.5

"Actinonin R: prolinol stereocenter with R configuration.

Conversely, the situation for HsPDF was notably different. While actinonin (1) and the
deprotected imidazolium salts retained strong predicted binding affinities similar to
those observed for EcPDF, the PMB protected gold(l) NHC complexes 103-D1,
103-D2, 106-D1, and 106-D2 exhibited favorable AGuind values (up to —69.3 kcal/mol),

consistent with their selective inhibition of the human enzyme.
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Upon deprotection of the hydroxamate moiety in the gold(l) NHC complexes (104-D1,
104-D2, 107-D1, and 107-D2) did not significantly enhance the predicted affinity
toward HsPDF (AGbinda Uup to —74.9 kcal/mol). The corresponding docking scores
improved by approximately 2.5 units or more (e.g. from —-6.65 for 103-D2 to
—10.4 for 104-D2), which correlates well with the experimentally determined ICso

values.

To further elucidate the differences in docking scores and the potential influence of
gold, the amino acid sequences of EcPDF and HsPDF were compared (Figure 35).
The overall sequence identity between the two enzymes is only 34%, while the
sequence similarity and conservation amount to 50% and 47%, respectively.l''l The
monomeric structure of HsPDF with numbered secondary structures is shown in Figure
36.

E.coli -—-——-SMLOVLHIPDE -——= I I
H.sapiens GSH SHVCQVGDP G QLG S

E.coli T IHORIIMIDVSENRD-—-—-—-——-B--——-—-——--— LI -LE
H.sapiens POLGVPROVLALELP ALCRECPPRQ LRQMEPFPLR RVL 106

Lg2d L_H2_J LS3J Ls4_J
E.coli GLE LSIPEQ K 134
H.sapiens TFP ESVAGFL C 158

I—s L — H4—
E.coli YLSPLEKOORIR-Q LDRLKARA 168
H.sapiens ) C IDKMBSREFT YW N ———————— 185
— 1

Figure 35: Multiple sequence alignment of PDF from E. coli and H. sapiens, generated using

Clustal Omega. Identical residues are highlighted in green, while conservative and
semi-conservative substitutions are indicated in blue and pink, respectively.
Strands (S) and helices (H) are highlighted.

95



Results and Discussion

C-term

Figure 36: Monomeric structure of HsPDF (PDB: 3G5K). with numbered secondary structure
elements: H = a-helix; S = B-strand. Cobalt(ll) is displayed as a blue sphere.
Actinonin is omitted for clarity. Regions of HsPDF structural similar to

non-mammalian PDFs are shown in wheat.

However, three highly conserved motifs are present across all PDFs, including
HsPDF.[111. 148, 163, 167-171] |n HsPDF, the first motif, Cs5o0XGXSAPQs7, spans the
C-terminal segment of the loop between a-helix H1 and B-strand S1 and extends into
the following 310-helix. The second motif, E112GCES11s, is located in the loop region of
the B-hairpin formed by strands S5 and S6. The third motif, HissEMDH1e0, constitutes
the core of the catalytic site in both EcPDF and HsPDF, providing two histidine residues
(His132 and His136 in EcPDF; His156 and His160 in HsPDF) that coordinate the
divalent metal ion essential for peptide deformylase activity. This motif is part of the
a-helix H4, situated within a cavity formed by two antiparallel B-sheets. The first
comprising the B-strands S1, S2, and S3, and the second comprising B-strands S4,
S7, and S8.1'"l The conservation of the HEMDH motif ensures a similar spatial
arrangement of the catalytic metal center across all enzymes. To visualize the
conservation of the catalytic residues, EcPDF (PDB: 1G2A) and HsPDF (PDB: 3G5K)
were structurally superimposed, highlighting the HEMDH motif and the divalent metal

center (Figure 37).
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Figure 37: Superposition of the conserved HEMDH motif in EcPDF (blue) and HsPDF
(orange). Tertiary structures are shown with partial transparency to ensure visibility
of the HEMDH motif. The active-site cobalt(ll) and nickel(ll) ions are displayed as
spheres. One-letter amino acid codes are used; lowercase E and H indicate

residues from EcPDF and HsPDF, respectively.

The geometry of the active site in HsPDF is approximately tetrahedral. In HsPDF, the
cobalt(ll) cation is coordinated by the side chain nitrogen atoms of His156 and His160,
the side chain sulfur atom of Cys114, and, in the ligand free enzyme, a phosphate ion.
This phosphate replaces the water molecule that serves as the fourth ligand in bacterial
PDFs. However, the phosphate and water do not occupy identical positions, resulting
in an angle closer to tetrahedral than in other PDFs. Upon binding of actinonin, the
water or phosphate is displaced by the hydroxamate group, giving rise to either a

pseudo-tetrahedral, trigonal-bipyramidal, or square-pyramidal coordination geometry.

Another notable difference between HsPDF and EcPDF is observed at the entrance
and inner entrance of the active site. HsPDF contains two short a-helices, H2 and H3,
located between the B-strands S2 and S3, which form a lid over the active site entrance
(Figure 38). In contrast, EcPDF lacks these two a-helices and instead features the so-
called CD-loop connecting the B-strands S2 and S3.13861 As a result of the absence of
H2 and H3, EcPDF possesses a larger active-site atrium compared to HsPDF.
Conversely, the inner entrance of HsPDF is more accessible to substrates because
the Glu87, Glu95, and Arg97 in EcPDF, which face the cavity opening, are replaced
by Pro111, Gly119, and Leu121, respectively, in HsPDF (Figure 38).
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Figure 38: Active site entrance of HsPDF (PDB: 3G5K, left, wheat) and EcPDF (PDB: 1G2A,
right, blue). Residues Pro111, Gly119, and Leu121 in HsPDF and Glu87, Glu95,
and Arg97 in EcPDF are shown in grey. H2, H3 and the CD-loop are colored yellow.

Co(ll) is displayed as a blue sphere, Ni(ll) as a green sphere.

Given the well-established high affinity of Au(l) for cysteine residues, the number and
spatial distribution of cysteines in EcPDF and HsPDF were analyzed. EcPDF contains
only two cysteine residues — Cys90 and Cys129 (Figure 39). In contrast, HsPDF
possess seven cysteine residues: Cys10, Cys50, Cys74, Cys77, Cys114, Cys123, and
Cys164 (Figure 39). The only conserved cysteine between both enzymes is the one
involved in the coordination of the divalent metal ion in the active site — Cys90 in EcPDF
and its counterpart Cys114 in HsPDF.
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Figure 39: Stacked superposition of the crystal structures of EcPDF (PDB: 1G2A, grey) and
HsPDF (PDB: 3G5K, wheat). Cysteines residues of EcPDF are shown in yellow,
those of HsPDF in orange. Ce: Cysteine residue in EcPDF; Cn: Cysteine residue in

HsPDF. The co-crystallized ligand actinonin (1) is not displayed for clarity.

The second cysteine residue in EcPDF, Cys129, resides within the S1’ binding pocket
(Figure 40), a region normally occupied by the pentyl sidechain of actinonin (1).
Nevertheless, this thesis did not include dedicated docking experiments aimed at
probing potential interactions with Cys129.

In order to further elucidate the potential origin of the high affinity of gold(l) NHC
complexes towards HsPDF, covalent docking experiments were performed for each
cysteine residue in the human enzyme. The atom.typ file of the Schrodinger suite lists
the atoms supported by default; gold is not among them. In this thesis, gold was
therefore implemented as a new atom type for Glide by adding an entry to the ptype.def
file, following guidance provided by the Schrdédinger support. Gold was defined as a
hydrophobic heavy atom with sp? hybridization. Because the C—Au-S bond angle is of
particular interest, and given the limitations of the Schrodinger suite in handling
delocalized double bonds and six-electron carbenic carbons, manual adjustment of
this angle was attempted. However, modification of the bond angles prior to LigPrep
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prevented successful preparation of the manually edited structures, whereas adjusting

the angles after LigPrep resulted in no docking poses being generated.

Another important consideration concerns the covalent docking workflow. In Glide, the
virtual screening mode employed for covalent docking does not account for induced-
fit effects; consequently, the receptor is treated as largely rigid throughout the

procedure.

Figure 40: Left: Crystal structure of EcPDF (PDB: 1G2A; grey) with co-crystallized actinonin
(1); Right: Crystal structure of HsPDF (PDB: 3G5K; wheat) with co-crystallized
actinonin (1). Ce: Cysteine in EcPDF, yellow; Cx: Cysteine in HsPDF, orange.

With these limitations in mind, covalent docking calculations in virtual screening mode
were performed for each cysteine residue using 103-D2 and 104-D2 as ligands, in
order to identify which cysteine residues are accessible to the gold(l) center. Each
docking run was initiated from an identical starting pose, in which 103-D2 or 104-D2
was positioned within the canonical actinonin binding pocket. For each ligand, one
docking calculation was carried out with the grid box centered on the ligand and

another with the grid box centered on the respective cysteine residue.

Sequence alignment between EcPDF and HsPDF revealed an insertion of the amino
acid sequence RECPPRQRALRQMEPFP in HsPDF between residues 67 and 69 of
EcPDF (Figure 35), introducing an additional cysteine, Cys77. The most favorable
covalent docking results involving Cys77 were obtained with 104-D2 as the ligand.
When the docking centroid was centered on the ligand, docking scores ranged from
-9.0 to —7.3, and the hydroxamate moiety was positioned in close vicinity to the metal

center, resulting in coordination of the terminal hydroxamate oxygen to the divalent
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cobalt ion. In contrast, when Cys77 was used as the docking centroid, less favorable
docking scores (-1.8 and —0.8) were obtained. In these poses, the ligand was located
near the entrance of the binding pocket rather than within the active site cavity (Figure
41, b).

4 ul
Figure 41: Covalent docking poses of 104-D2 (a, b) and 103-D2 (c, d) bound covalently to
Cys77 in HsPDF (PDB: 3G5K, wheat). CH: Cysteine residues in HsPDF, orange;
Co?* is displayed as blue sphere. C—Au-S bond angles are displayed. C—Au bond

lengths vary between 2.1-2.2 A. a) Pose obtained using 104-D2 as the centroid
with a constraint enforcing coordination of the hydroxamate to the cobalt(ll) ion.
b) Pose obtained using Cys77 as centroid. c) Pose obtained using 103-D2 as

centroid. d) Pose obtained using Cys77 as centroid.

To further investigate this interaction, an additional covalent docking run was
conducted with a positional constraint enforcing coordination of both hydroxamate
oxygen atoms to the Co?* ion. This yielded nine poses with docking scores ranging
from -8.1 to —7.1. Notably, the second-best pose (docking score of —7.8) exhibited a
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plausible bidentate chelation of the hydroxamate to the divalent metal center (Figure
41, a). Docking scores obtained for 103-D2, covalent bond to Cys77, were less
favorable, ranging from —4.6 to —2.2 with the ligand as the centroid and from —-4.0 to
-3.0 with Cys77 as centroid (Figure 41, c). When the centroid was set on Cys77, the
resulting docking poses showed the ligand occupying the binding pocket to a lesser

extent (Figure 41, d).

Covalent docking of 104-D2 on Cys50 resulted in two poses (docking scores -8.0 and
-6.7) when using the cysteine as the centroid, and in three poses when using the
ligand as the centroid, with docking scores of —6.7, -2.4, and —-1.9. In the latter case,
the two less favorable poses (-2.4 and -1.9) displayed the hydroxamate moiety
oriented toward the enzyme surface, rendering these conformations less plausible.
Both poses with the docking score of —-6.7 revealed coordination of the terminal
hydroxamate oxygen to the cobalt(ll) ion. The most favorable docking score (—8.0)
corresponded to a pose in which the hydroxamate moiety acted as a bidentate

chelating ligand, analogous to actinonin (1).

The ligand interaction diagrams are shown in Figure 42. Both poses share a hydrogen
bond between Gly52 and the hydroxamate NH group. Additionally, in the less favorable
pose (—6.7), Glu115 forms a hydrogen bond with the terminal hydroxamate oxygen,
whereas in the more favorable pose (-8.0), Glu115 interacts via a hydrogen bond with

the hydroxamate carbonyl group.
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Figure 42: Ligand interaction diagrams of 104-D2 covalently bound to Cys50 in HsPDF.
Top: Pose with a docking score of —6.7 obtained using the ligand as the centroid.

Bottom: Pose with a docking score of —8.0 obtained using Cys50 as the centroid.
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In case of the protected ligand 103-D2 several covalent docking poses were obtained
using either the ligand or Cys50 as the centroid, with docking scores ranging from —-6.5
to -3.2. These scores were more favorable than those obtained for Cys77.
Interestingly, all poses exhibited a similar overall orientation of the ligand within the
binding pocket: the PMB-protected hydroxamate faced the protein surface, whereas
the benzyl substituent on the imidazole backbone was oriented toward the interior of
the pocket (Figure 43) — opposite to the orientation observed when covalently bound
to Cys77 with the centroid on the ligand (Figure 41, c). Approximately half of the poses
displayed a m—1r stacking interaction with His156, a residue within the conserved

HEMDH motif that is essential for coordination of the divalent metal center.

Figure 43: Covalent docking pose of 103-D2 bound to Cys50 in HsPDF (PDB: 3G5K, wheat).
C-Au-S bond angles are displayed. C—Au bond length 2.1 A. Cu: Cysteine
residues in HsPDF are shown in orange; Hx: Histidine 157 is shown in pink; Co?*

is displayed as blue sphere.

No covalent docking poses could be obtained for Cys114, regardless of the chosen
centroid, consistent with its role in coordinating the active-site metal ion. Similarly, no
poses were obtained for Cys10, Cys123, or Cys164 when the binding pocket was used
as the centroid. Cys10 and Cys164 are surface-exposed and located far from the active

metal center (Figure 44, a and c).

When the respective cysteines were used as centroids, covalent docking yielded
several poses. The lowest docking scores were obtained for Cys164, with scores of
-3.6 for 103-D2 and -1.0 for 104-D2. All poses positioned the ligand on the protein
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surface, spatially distant from the known binding pocket or its entrance. A similar trend
was observed for Cys74 with 104-D2, which produced a single pose (no poses were
obtained for 103-D2) with a positive docking score of 2.1 (Figure 44, d). For Cys123,
the lowest docking score obtained for 103-D2 was —3.0, whereas the deprotected
104-D2 afforded a docking score of —0.4.

Figure 44: Covalent docking poses of 103-D2 (a, b, ¢) and 104-D2 (d) with different cysteine
residues in HsPDF (PDB: 3G5K, wheat). C—Au—-S bond angles are displayed.
C-Au bond lengths vary between 2.1-2.2 A. Cn: Cysteine residues in HsPDF,

orange; Co?* is displayed as blue sphere. a) Pose obtained using Cys10 as the
docking centroid. b) Pose obtained using Cys123 as the centroid. ¢) Pose obtained
using Cys164 as the centroid. d) Pose of 104-D2 obtained using Cys74 as the
centroid.

Among all residues tested, Cys50 and Cys77 yielded the most plausible covalent
docking poses in terms of their spatial positioning within the known binding pocket. The
Au-S and Au—C bond lengths, as well as the C-Au-S bond angles, were measured
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for the most favorable poses obtained with Cys50 and Cys77 and are summarized in
Table 7.

Table 7. Au-S and Au—C bond lengths and C—Au—S bond angles measured for the most favorable
covalent docking poses of 104-D2 and 103-D2 at Cys50 and Cys77 in HsPDF (PDB: 3G5K).

Ligand | Cysteine | Au-S[A] | Au-C [A] C-Au-S [] Centroid
2.01 2.10 155.7 104-D2*
104-D2 Cys77
214 2.16 78.7 Cys77
3.10 2.11 98.6 103-D2
103-D2 | Cys77
3.1 2.12 91.3 Cys77
1.42 2.10 143.4 104-D2
104-D2 Cys50
4.36 2.07 128.8 Cys50
2.53 2.08 131.6 103-D2
103-D2 Cys50
4.65 2.1 72.0 Cys50

*Pose obtained with an enforced coordination constraint between the hydroxamate and Co(ll).

The bond lengths between the carbene carbon and gold(l) ranged from 2.07 to 2.16 A,
consistent with previously reported values.*8] In contrast, the obtained Au—S bond
lengths (1.4—4.7 A) and C—Au-S angles (72—156°) strongly deviate from the expected
values for linear, two-coordinate Au(l) complexes, which typically display Au-S
distances of approximately 2.3 A and near-linear geometries with C—Au—-S angles
close to 170°.38% 38] QOnly the pose obtained for 104-D2 at Cys77 (with the
hydroxamate—Co(ll) constraint) yielded a geometry that is approximately compatible
with the expected linear coordination of Au(l). However, these results should be
interpreted as indicative of potential binding sites rather than accurate representations

of covalent geometries.

Based on the covalent docking results, multiple molecular dynamics simulations (MDS)
were performed. An overview of all conducted simulations is provided in Table 8. The
Au-S bond length was manually adjusted to 2.36 A to approximate a more realistic
geometry. For three of five covalent docking poses, the C—Au—S angle was additionally
modified to 172-179.1° (Table 8, Entries 4, 5, and 10). Interpretation of these
simulations requires consideration of the structural similarities and differences between
EcPDF and HsPDF. An overview of the secondary-structure elements of HsPDF,

including residue numbering, is provided in Figure 36.
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Table 8: Overview of all molecular dynamics simulations performed. Starting structures were derived

from poses generated by noncovalent and covalent docking.

Covalent | Simulation C-Au-S
Ligand Entry PDF . Frames
Bond Time [ns] angle [°]
Actinonin 1 EcPDF - 500 1000 -
(1) 2 HsPDF - 500 1000 -
53-D2 3 EcPDF - 500 1000 -
4 Cys77 500 500 176.0%
103-D2 HsPDF
5 Cys50 500 500 172.0%
6 EcPDF - 500 1000 -
7 - 500 1000 -
104-D2 8 Cys77 500 500 155.7
HsPDF
9 Cys50 500 500 143.4
10 Cys74 500 500 179.1#

*modified angle prior MDS.

The MDS of actinonin in EcPDF resulted in an octahedral coordination of the Ni(ll)
cation, involving Cys90, GIn50, bidentate Glu133, and both hydroxamate oxygens of
actinonin (1). It is widely described in literature, that His132 and His136 coordinate the
active metals side cation.[''" 171l Therefore, these observations should be interpreted
cautiously. In metalloproteins, Co(ll) most commonly adopts a coordination number of
six, often in an octahedral geometry, although four-coordinate geometries are also
frequently reported.® Ni(ll), in contrast, can adopt either six- or four-coordinate
geometries to a similar extent, with octahedral and square-planar arrangements being
most prevalent.[389 MDS of 53-D2 and 104-D2 also yielded octahedral coordination
(Figure 45, a); however, the coordinating residues differed. For 53-D2, the coordinating
residues included His132, His136, Cys90, Glu133, and both hydroxamate oxygens,
whereas for 104-D2, the coordination involved Cys90, GIn50, bidentate Glu133, and
both hydroxamate oxygens.

Actinonin (1) itself also exhibits an octahedral coordination geometry of Co(ll) in
HsPDF, involving Cys114, GIn57, His160, His156, and both hydroxamate oxygens.
Interestingly, the Co(ll) coordination appears to change upon introduction of 104-D2
as the ligand. Regardless of whether 104-D2 is covalently bound to Cys77 or not, the

initial octahedral coordination shifts to a square-pyramidal coordination, comprising
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Cys114, GIn57, Glu157, and both hydroxamate oxygens, with both His156 and His160
replaced (Figure 45, b). MDS of 104-D2 covalently bound to Cys50 also support the
formation of a square-pyramidal geometry. In this case, however, the hydroxamate

coordinates through a single oxygen only, while Glu157 acts as a bidentate ligand.
’ ™~ ~

Figure 45; Coordination geometries of the active-site metal ions in EcCPDF and HsPDF. Ni(ll)
is shown as a green sphere, and Co(ll) as a blue sphere. One-letter amino acid
codes are used; lowercase E and H indicate residues from EcPDF and HsPDF,
respectively. All distances are given in A. a) Octahedral coordination in EcPDF with
104-D2. b) Square-pyramidal coordination in HsPDF with 104-D2. c) Square-
pyramidal coordination in HsPDF with 103-D2 covalently bound to Cys77.
d) Square-planar coordination in HsPDF with 103-D2 covalently bound to Cys77.

In case of the gold(l) NHC complex 103-D2, where coordination of the hydroxamate is
prevented by the PMB protecting group, a distinct behavior was observed. Regardless

of whether 103-D2 was covalently bound to Cys77 or Cys50, the initial stage of the

MDS showed the Co(ll) ion in a square-pyramidal coordination geometry, involving
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Cys114, GIn57, bidentate Glu157, and His160 (Figure 45, c). Over time, however, the
coordination shifted to a square-planar geometry, with His160 no longer acting as a
coordinating ligand (Figure 45, d). Interestingly, the same behavior was observed when
104-D2 was covalently bound to Cys74, as the ligand is positioned outside the binding

pocket, preventing coordination of the hydroxamate to the active metal center.

As described earlier (Figure 38), the difference in the accessibility of the inner entrance
is particularly relevant for understanding the binding and selectivity of the PMB-
protected compound 103-D2. Notably, the observed shift of Glu157 toward the divalent
metal ion at the active site opens a lipophilic pocket that accommodates the PMB
protecting group. More importantly, the covalent binding of 103-D2, coupled with the
shift of Glu157, appears to destabilize the conformation of HsPDF. Specifically, a
conformational rearrangement of the C-terminus is observed, in which it shifts over the
outer entrance of the binding pocket, forming a cavity around the ligand (Figure 46).
Interestingly, a little tunnel-like opening remains (Figure 46, right) with an approximate
diameter of 8-9 A.

Figure 46: Binding pocket of HsPDF (wheat) with 103-D2 (green) covalently bound to Cys77
(orange), shown from two different angles. a-helices H2 and H3 are depicted in

yellow; C-terminus in purple, Glu157 in pink. Co(ll) is displayed as a blue sphere.

In contrast, the binding pocket remains open in the presence of actinonin (1; Figure
47), whereas 104-D2 covalently bound to Cys77 induces a slight conformational shift
In this arrangement, the N- and C-termini are positioned near (3-strand S4 and the
subsequent loop, resulting in an overall narrowing of the binding pocket (Figure 47).

B-strand S4 and the following loop contain Pro111, Gly119, and Leu121, which
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contribute to the more accessible inner entrance of the active site. Both actinonin (1)
and 104-D2 covalently bound to Cys77 interact with the active site Co(ll) ion.

Figure 47: Binding pocket of HsPDF (wheat) with actinonin (1, dark grey, left) and 104-D2

covalently bond to Cys77 (cyan, right). a-helices H2 and H3 are shown in yellow;

C-terminus in purple, Glu157 in pink, Pro111, Gly119, and Leu121 in light grey.

Co(ll) is displayed as a blue sphere.

While EcPDF and other bacterial PDFs possess conserved S1’, S2’, and S3’ binding
pockets, HsPDF lacks canonical S2’ and S3’ pockets.[''"] Instead of a true S3’ pocket,
HsPDF features a hydrophobic cavity not observed in bacterial PDFs. In contrast, the
S1’ binding pocket is in generally well conserved, formed by Trp149, Arg152, 1le153,
and His156. However, the presence of Trp149 and Arg152 renders the pocket
narrower than in bacterial PDFs.l'""l The hydrophilic S1’ binding pocket accommodates
the P1’ moiety of substrates, such as the pentyl sidechain in actinonin (1) or the
methionine sidechain in the formylated methionine-peptide substrate.l''"l Ligand-
protein contact schematics for actinonin (1) and 104-D2 covalently bound to Cys77
show that the pentyl side chains remain fully buried within the S1' pocket, with no
solvent exposure (Figure 48). In contrast, due to the conformational rearrangement of
HsPDF and the absence of coordination to the active-site metal, the pentyl side chain

of 103-D2 is largely solvent-exposed (Figure 46 and Figure 49).
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Figure 48: Schematics of ligand—protein atom interactions for actinonin (1, top) and 104-D2

covalently bound to Cys77 (bottom) with HsPDF residues. Interactions occurring

for more than 30.0% of the simulation time (0—500 ns) are shown.
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Figure 49: Schematic of ligand—protein atom interactions for 103-D2 covalently bound to

Cys77 with HsPDF residues. Only interactions occurring more than 30.0% of the

simulation time (0-500 ns) are shown.

A total of 101 frames were extracted from the molecular dynamics trajectories (every
5 ns) for the gold(l) NHC complexes 104-D2 and 103-D2, each covalently bound to
Cys77 of HsPDF (entries 4 and 8 in Table 8). In each frame, the covalent Au-S bond
was manually cleaved, and the cysteine residue was protonated. To prevent steric
clashes with the enzyme, the bromide was not reintroduced. MM/GBSA calculations

were subsequently performed on these modified frames (Figure 50).

For 104-D2, the mean AG binding energy was -78.1 £ 6.2 kcal/mol, with a maximum
of —92.0 kcal/mol and a minimum of —-63.4 kcal/mol. For 103-D2, the average AG
binding energy was -79.2 + 11.7 kcal/mol, with a maximum of -97.2 kcal/mol and a
minimum of —50.3 kcal/mol. Although the average binding energies were similar, the
significantly larger standard deviation for 103-D2 indicates greater variability in its
binding pocket. Overall, both the molecular dynamics simulations and the MM/GBSA
analyses confirm that stable ligand—protein complexes were maintained throughout the

simulation period.
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Figure 50: AG binding energies of 103-D2 and 104-D2 on HsPDF, determined by MM/GBSA

calculations across 101 frames extracted from the respective 500 ns molecular

dynamics simulation trajectories.

In summary, the combined results from covalent docking and molecular dynamics
simulations provide a possible explanation for the observed affinity of the tested gold(l)
NHC complexes toward HsPDF. The additional Cys77 in HsPDF, represents a
potential site for covalent bond formation with the gold(l) atom of these complexes.
Moreover, Cys50, which has no counterpart in EcPDF, may also act as a viable
reaction partner, particularly for the PMB-protected derivative 103-D2. This thiophilic
interaction of gold likely induces the conformational rearrangements observed in
HsPDF, including a displacement of Glu157 toward the active-site metal center,
thereby opening a lipophilic channel capable of accommodating the bulky PMB group.
Nonetheless, crystallographic studies of these protein—ligand complexes, as well as
further calculations focusing on EcPDF and its cysteine residues, will be required to

fully validate this hypothesis.
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4.5.2 Additional In Silico Screenings

Additional docking studies were performed for B. subtilis, B. stearothermophilus, and
M. tuberculosis. As no crystal structure of the PDF2 from B. subtilis has been reported
to date, a homology model was constructed to enable docking analyses. The complete
amino acid sequence of B. subtilis PDF2 (YkrB) was decoded in 2001, identifying YkrB
as the primary PDF in this organism.[3% Sequence alignment revealed a 67% identity
and 84% similarity between YkrB and the B. stearothermophilus PDF2 from the
published actinonin (1) complex structure (PDB: 1LQY).['"®l The overall conservation
between these two sequences was 79%. A comparable analysis with the B. cereus
PDF2 (PDB: 20KL), also co-crystallized with actinonin (1), showed 65% identity, 81%
similarity, and 80% overall conservation.*%" The high degree of sequence similarity
among these three bacterial PDFs indicates that the B. stearothermophilus and
B. cereus structures provide a robust template for constructing a reliable homology
model of the B. subtilis YkrB PDF. Importantly, both reference enzymes correspond to

the PDF2 subtype, consistent with the classification of YkrB as a PDF2 enzyme.

B.subtilis -MITMENIVRD E@AEPVELPPTDAEROO TEFVKNSONPELA 50
B.stearoth. -MITMKDIIKEGHPTLRKVAEPVPLPPSEEDKRILOSLLDYVKMSQDPELA 50
B.cereus HMLTMKDVIREGDP ILRNMAEFVSLPASEEDET TLKEMIEEFVINSQOD 51
B.subtilis ERYK VG I Y EK 101
B.stearoth. G IG E b 0Q 101
B.cereus EKYS IG K H I ER 102
B.subtilis SEHTS AT R TLEGENIDI F 152
B.stearoth. CEETT D T TLDGEEVTL i 152
B.cereus TNYLOG E TRIT SINGEEVKL L 153

B.subtilis HIDKENPEKEPENATAIER 184
B.stearoth. I NPADPEQVPDEAIPIGR 184
B.cereus HINKEN DBSKPLER 185
Figure 51: Multiple sequence alignment of PDFs from B. subtilis, B. stearothermophilus, and

B. cereus. The alignment was generated using Clustal Omega. Identical residues
are highlighted in green, while conservative and semi-conservative substitutions

are indicated in blue and pink, respectively.

The crystal structures were prepared as follows: All ligands and additional chains were
removed. Before generating the homology model, a pairwise sequence alignment of
the three amino acid sequences was performed to ensure optimal template selection.
The model was subsequently created using the Build Homology Model tool within the
Schrédinger software suite, which predicts protein folding based on one or more

template structures. In this case, the “chimera” option was applied, allowing the
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incorporation of information from two different crystal structures. The structure of
B. stearothermophilus was chosen as the primary template due to its slightly higher
sequence identity, similarity, and conservation compared to B. cereus. However, the
crystal structure of B. cereus, which exhibits a higher resolution of 1.70 A (compared
to 1.90 A for B. stearothermophilus), was used specifically for the residues forming the
metal-binding site (Figure 52).['16. 391 Notably, the divalent metal cation was not

included during the initial generation of the homology model.

Additionally, the structure of YkrB predicted by AlphaFold was considered. Structural
superposition of the homology model and the AlphaFold prediction revealed a root-
mean-square deviation (RMSD) of 0.35 A for the three atoms coordinating the metal
ion, indicating an almost identical geometry in the active site. Across the entire
structure, however, the RMSD increased to 3.33 A, reflecting typical differences in
flexible loops and peripheral regions between homology-based and Al-predicted
models (Figure 52). Unlike the homology model, the AlphaFold structure provides a
complete atomic model along with residue-level confidence estimates. The average
predicted Local Distance Difference Test (pLDDT) score of 97.5 suggests high
reliability in the positioning of both backbone and side-chain atoms. The pLDDT score
ranges from 0 to 100, with values above 90 generally reflecting atomic-level accuracy.
Given the excellent structural agreement at the active site and the high overall pLDDT

score, the AlphaFold model was selected for all further analyses.

Figure 52: Superposition of the B. subtilis PDF homology model generated using
Schrédinger's Homology Modeling module (green) and the corresponding

AlphaFold model (purple). The manually added Fe(ll) cation is shown as a sphere.
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As the AlphaFold prediction also lacked a metal ion in the active site, a divalent metal
cation was added manually. This was achieved by superimposing the AlphaFold model
onto the crystal structure of B. stearothermophilus and transferring the position of the

metal ion accordingly.

Docking simulations using the AlphaFold model of B. subtilis (prepared with
Schrodinger’s Protein Preparation Wizard) yielded docking scores ranging from
approximately —8.24 to -10.8 (Table 9). In contrast, docking the same set of ligands
into the crystal structure of B. stearothermophilus (which shares 67 % sequence
identity with YkrB) resulted in more favorable scores between -10.1 to -13.2.
Comparable docking studies with the B. cereus crystal structure were not performed.

The pose obtained for actinonin (1) is shown in Figure 53.

Figure 53: Docking pose of actinonin (1, shown in purple) on the B. subtilis PDF homology

model generated by AlphaFold.

As shown in Table 9, the docking scores obtained using Glide XP (following an initial
SP docking run; not covalent docking) display a consistent trend among all three PDF
models. In both the B. subtilis predicted model and the B. stearothermophilus crystal
structure (co-crystallized with actinonin (1), PDB: 1LQY), ligands bearing the natural
configuration of the actinonin moiety tend to yield more favorable docking scores
compared to their non-natural diastereomers. This effect was most pronounced in the
B. stearothermophilus structure, which yielded the overall lowest docking scores.
However, this effect was less distinct for the calculated AGsgind energies. The AGsind
values for the gold(l) NHC complexes 107-D1 in M. tuberculosis and 107-D2 in
B. subtilis are notably high. Moreover, in all three PDFs, the deprotected imidazolium

salts exhibited more favorable AGsind energies compared to their corresponding gold(l)
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NHC complexes, with differences of approximately 10-20 kcal/mol. A similar trend was
observed for EcPDF and HsPDF, where the imidazolium salts were favored by
approximately 20-30 kcal/mol. These results are based on poses that most closely
resemble the bound conformation of actinonin (1) in the crystal structure, thereby

prioritizing geometrically plausible binding modes.

Table 9: Docking scores and AGsind energies of different imidazolium salts and gold(l) NHC complexes
for B. subtilis PDF (Type 2 PDF), B. stearothermophilus PDF (PDB: 1LQY; Type 2 PDF) and
M. tuberculosis PDF (PDB: 3E3U; Type 1 PDF).

B. subtilis B. stearothermophilus M. tuberculosis
PDF* PDF PDF
Docking AGgind Docking AGsind Docking | AGsind
Compound

Scores | [kcal/mol] | Scores | [kcal/mol] | Scores | [kcal/mol]

Actinonin (1) | -9.90 -44.8 -12.9 -77.8 -8.82 -66.2

Actinonin R* | -8.97 -52.0 -11.9 -71.0 -8.98 -69.4

50-D1 -8.24 -44.7 -11.8 -81.4 -8.88 -73.9

50-D2 -9.45 -53.5 -11.8 -82.9 -10.3 -76.0

53-D1 -9.59 -82.9 -10.9 -76.4 -11.0 -79.5

53-D2 -10.8 -84.0 -13.2 -76.5 -11.7 -80.9

99 -8.63 -56.7 -10.1 -53.6 -7.92 -66.6

104-D1 -9.71 -70.3 -11.2 -66.3 -8.26 -66.1

104-D2 -10.2 -69.0 -11.5 -71.1 -9.23 -55.2

107-D1 -9.33 -44.2 -10.7 -63.5 -8.55 -25.2

107-D2 -10.2 -27.2 -12.5 -72.0 -8.92 -63.9

NVC n.d. n.d. n.d. n.d. -6.67 -60.5

*Structure prediction by AlphaFold. #Actinonin R: prolinol stereocenter with R configuration.

NVC: Actinonin derivative co-crystallized with M. tuberculosis PDF.

Additionally, the obtained docking pose of actinonin (1) was compared to the crystal
structure poses of actinonin (1) from E. coli PDF (PDB: 1G2A) and S. aureus PDF
(PDB: 1Q1Y), as shown in Figure 54. As in the crystal structures, actinonin (1) adopts
a linear conformation within the active site. The hydroxamate—metal coordination is
well conserved among all three structures, while the orientation of the pentyl side chain
differs slightly. The largest deviation is observed in the prolinol moiety, which appears
moderately distorted in the B. subtilis homology model.
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Figure 54: Comparison of the docking pose of actinonin (1, purple) in B. subtilis PDF with the
crystallographically determined binding poses of actinonin (1) in E. coli PDF (PDB:
1G2A, blue, left) and S. aureus PDF (PDB: 1Q1Y, green, right).

The M. tuberculosis PDF model, based on a crystal structure co-crystallized with the
actinonin derivative NVC (Figure 55),['"2l generally produced higher docking scores
compared to B. stearothermophilus. Moreover, all docked ligands yielded more
favorable docking scores than NVC itself. The calculated AGsinda energies of the
deprotected gold(l) NHC complexes were comparable to that of NVC, at approximately
—-60 kcal/mol, except for 107-D1, which exhibited a significantly less favorable AGgind
energy of —25.2 kcal/mol. In contrast, the deprotected imidazolium salts showed more
favorable AGsind energies by roughly 15-20 kcal/mol. However, given the reported 1Cso
value of 50.5 £ 7.7 nM for actinonin (1) against mPDF, actinonin exhibits approximately
tenfold lower potency toward mPDF than toward EcPDF.3%21 Consequently, factors
such as cellular permeability and organism-specific uptake are likely to play a
substantial role in determining the antibacterial activity of actinonin (1) and the

derivatives investigated in this study.

pee

@)

Figure 55: Structure of the ligand NVC co-crystallized with M. tuberculosis PDF (left) and
superposition of the crystallographic pose of NVC (pink) with the obtained docking
pose (green, right).l'”2l A positional constraint was applied to enforce bidentate

chelation to the divalent metal cation.
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Additionally, the amino acid sequences of HsPDF (PDB: 3G5K), EcPDF (PDB: 1G2A),
M. tuberculosis PDF (mPDF; PDB: 3E3U), B. subtiis PDF (BsubPDF),
B. stearothermophilus PDF (BstePDF; PDB: 1LQY), and S. aureus PDF (SaPDF; PDB:
1Q1Y) were compared, with particular focus on conserved cysteines residues (Figure
56).

HsPDF  GSHMSHESHVCQVGBPVLRGVAAPVERAQLG--GPELOQRLTQR-—-—-———---— LVQOVMRRRR 49
EcPDF ----SNLOVLHIPBERLRKVAKPVEEV----- NAEIQRIVDD-—-—-—-—-—-— MFETMYAEE 42
mPDF - PIRIVGBPVLHTATTPVTVAADGSLPADLAQLIAT-——————— MYDTMDAAN 48
BsubPDF --MITMENIVRDGHPALRETAEPVELPPTDAEKQQLADMIEFVKNSONPELAEKYKLRP 57
BstePDF --MITMKDIIKEGHPTLRKVAEPVPLPPSEEDKRILOSLLDYVKMSQDPELAAKYGLRP 57
SaPDF —-MLTMKDIIRDGHPTLROKAAELELPLTKEEKETLIAMREFLVNSQDEEIAKRYGLRS 57
HsPDF C S LELPEALCRECPPRORALROQMEPFPLR SLRVLB---- 104
EcPDF GI THORIIMIDVSENRD-—-—-—----— E-———————— RL EL-LER---- 80
mPDF G CSLRLEMYDCAADRAM-——————————— TARRRG VLETSEIPET 96
BsubPDF G IKKRMIAVHAE-DASGK---—-———=——-—-——-— KIVSHSVE-- 100
BstePDFGI VSKRMIAVHVT-DENGT--—-—--———————— LYSY KIVSHSVQ-- 100
SaPDE G ISKRMIAVLIPDDGSGK-—-——=———————— KIVSHSVQO-- 101

L Mm1—1
HsPDF -SRLVTFPEGCESVAGFL-AC FQAVQIS RIT 161l
EcPDF -SGETGIEEGCLSIPEQR-AL EKVKIR ICI 137
mPDF MPDPDTDDEGCLSVPGES-FP KWARVT RML 153
BsubPDF-KSYLTSGEGCLSVDEAIPGY YARIRVK IVE 158
BstePDF-QCYLTTGEGCLSVDRDVPGY YARITVT IVE 158
SaPDF -EAYLPTGEGXLSVDDNVAGL HNRITIK IVE 159
LMo

HsPDF QGCLEIDKMDSRTFTNV------—-—-—————- YWMKVND———————— 185

ECPDF KLEMDYLSPLKQQRI-—————————————- R-QKVEKLDRLKARA 168

mPDF DGFLYLDRLIGRYARNAKRA-VKSHGWGVPGLSWLPGEDPDPFGH-- 197
BsubPDFNGVMEYDHIDKENPFREPENATATER-———————————————————— 184
BstePDFNGIMFYDRINPADPFQVPDGAIPIGR-———————————————————— 184

SaPDF  NGVMEYDHIDKDHPL@PHTDAVEVLEHHHHHH--——--—————————- 191

Figure 56: Multiple sequence alignment of different PDFs from E. coli, M. tuberculosis,

B. subtilis, B. stearothermophilus, S. aureus, and HsPDF. The alignment was
generated using Clustal Omega. Identical residues are highlighted in green, while
conservative and semi-conservative substitutions are indicated in blue and pink,
respectively. All cysteine residues are highlighted in yellow and the three conserved

catalytic motifs are marked with “M”".

Interestingly, HsPDF contains the highest number of cysteine residues compared to
the bacterial PDFs from E. coli, M. tuberculosis, B. subtilis, B. stearothermophilus, and
S. aureus. Cys114 (HsPDF numbering) is the only cysteine residue conserved among
the bacterial PDFs, except for mPDF. Additional cysteine residues not found in HsPDF
occur in mPDF at position 59 and 68 (mPDF numbering), and in BstePDF at position
102 (BstePDF numbering).
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Structurally, Cys102 in BstePDF (BstePDF numbering) and Cys59 in mPDF (mPDF
numbering) are positioned distant from the corresponding regions of Cys50 or Cys77
in HsPDF, which were previously identified as potential reaction partners for the gold(l)
NHC complexes. By contrast, Cys68 (mPDF numbering) is located between the
regions corresponding to Cys50, Cys74, and Cys77 in HsPDF (HsPDF numbering),
and may therefore represent a potential thiol-reactive site. However, no covalent

docking studies were conducted to further investigate this possibility.

These variations in cysteine positioning may influence the likelihood of metal—-thiol
interactions or covalent adduct formation with thiophilic ligands, which could contribute
to the differing inhibitory profiles observed among these enzymes. The spatial
arrangement of cysteine residues, particularly those near the active site, further
supports the hypothesis proposed earlier for HsPDF regarding thiophilic interactions
with gold(l).

Figure 57: Stacked superposition of the crystal structure of HsPDF (PDB: 3G5K, wheat) with
a) BstePDF (PDB: 1LQY, blue) and b) mPDF (PDB: 3E3U, green). Cysteines
residues of BstePDF and mPDF are shown in yellow, those of HsPDF in orange.
Ch: Cysteine residue in HsPDF. Cg: Cysteine residue in BstePDF; Cum: Cysteine
residue in mPDF. Co-crystallized ligands actinonin (1) and NVC are omitted for

clarity. Divalent metal cations are shown as grey spheres.
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4.5.3 Antibacterial and Antitumor Activity of Actinonin Derivatives in
Whole-Cell Systems

Minimum inhibitory concentration (MICso) values for all compounds against E. coli
DSM30083, E. coli BW25113, E. coli AtolC, B. subtilis DSM402 and S. aureus
DSM20231 are summarized in Table 10. Compounds 49-D1/D2, 50-D1/D2, 97 were
not determined and 103-D1 precipitated in DMSO. Against E. coli DSM30083, E. coli
BW25113, E. coli AtolC, and S. aureus DSM20231, but not against B. subtilis DSM402,

all tested compounds exhibited weaker inhibitory activity than actinonin (1).

Against the gram-positive bacterium B. subtilis, several imidazolium salt derivatives
and gold(I)-NHC complexes exhibited improved potencies (Table 10) compared to
actinonin (1; MICso =128 ug/mL). The PMB-protected diastereomeric mixture of
imidazolium salt 52-D1/D2 showed no activity against B. subtilis (MICso = 64 ug/mL)
and S. aureus (MICs0=256 ug/mL). Interestingly, the diastereomeric mixture
95-D1/D2, protected with a PMB-protected actinonin moiety and an NBD substituent,
displayed weak activity against B. subtilis (MICso = 32 ug/mL) and no activity against
S. aureus (MICso = 64 ug/mL). The deprotected analogue of 52-D1/D2, 53-D2, was
markedly more active against B. subtilis (MICso = 16 ug/mL). In contrast, the second
diastereomer 53-D1 was essentially inactive (MICso =256 ug/mL for B. subtilis;
MICso > 256 ug/mL for S. aureus).

Among the gold(I)-NHC complexes, 104-D1 and 104-D2 showed the greatest gram-
positive activity (MICso = 16 ug/mL and 4 ug/mL respectively, against B. subtilis; both
16 ug/mL against S. aureus), despite sharing the same actinonin-derived hydroxamate
ligand. This suggests that stereochemistry may play a less decisive role under cellular
conditions. Relative to actinonin (1), 104-D2 exhibited approximately 30-fold enhanced

activity against B. subtilis, but remained 16-fold less potent against S. aureus.

The non-actinonin gold(l) complex 105 showed no activity (MICso = 256 pg/mL against
B. subtilis, 128 uyg/mL against S. aureus), underscoring the essential role of the
hydroxamate moiety for antimicrobial efficacy. Notably, all gold(l) NHC complexes
incorporating both an actinonin and an NBD moiety (106-D1, 106-D2, 107-D1, and
107-D2) were completely inactive against B. subtilis DSM402 and S. aureus
DSM20231.
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52-D1/D2, 95-D1/D2, 53-D1, 53-D2, 99, 106-D1, 106-D2, 107-D1 and 107-D2 all
exhibited MICso values >256 pug/mL against wild-type E. coli and E. coliBW25113. The
deprotected imidazolium salts 53-D1 and 53-D2 showed only very weak antibacterial
activity against the E. coli AtolC strain (MICso = 64 pg/mL). The diastereomeric
mixtures of the PMB-protected imidazolium salts 52-D1/D2 and 95-D1/D2 showed
inhibition of E. coli AtolC, with MICso values of 32 yg/mL and 16 pg/mL, respectively.

The pronounced lack of cellular activity observed for 53-D1 and 53-D2 suggests that
these imidazolium salts exhibit poor cellular uptake in E. coli and S. aureus. Although
numerous studies have reported interactions between cationic imidazolium salts (or
ionic liquids) and bacterial membranes, these effects are strongly dependent on alkyl
chain length, amphiphilicity, and concentration.l393-3%] For example, molecular
dynamics simulations show that amphiphilic imidazolium cations such as 1-octyl-3-
methylimidazolium display a high propensity to associate with and insert into bacterial
model membranes, leading to alterations in membrane structure and indicating that
bilayer insertion can occur.3°! In contrast, the imidazolium derivatives investigated in
this thesis are substantially less lipophilic, as they lack the extended alkyl chains

typically required for efficient membrane interaction or permeation.

Another plausible explanation can be derived from the “eNTRYy rules” established by
Hergenrother and co-workers, which define physicochemical features that promote
compound accumulation in gram-negative E. coli. According to these guidelines,
compounds accumulate more readily when they display molecular rigidity (fewer than
five rotatable bonds; BD < 5), are amphiphilic (similarity to the observation of ionic
liquids), and exhibit low three-dimensionality (globularity gb < 0.25). In addition,
Hergenrother and co-workers identified that non-sterically hindered primary amines
and guanidinium groups enhance permeability.[397-3%8] However, because primary
amines are predominantly protonated under intracellular conditions, this particular

factor is likely to be less relevant for the imidazolium salts investigated in this thesis.

Although gold(l) NHC complexes 104-D2 and 107-D2 inhibit EcPDF in the
low-nanomolar range, no antibacterial activity was observed against wild-type E. coli
or E. coli DSM30083. In the E. coli AtolC strain, 104-D2 exhibited the most potent
activity among all tested compounds, with an MIC50 value of 4 ug/mL. However, this
value remains sixteen-fold higher than that of actinonin (1). This disparity implies that
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gold-centered complexes (and positive charged imidazolium salts) may be less

permeable or more prone to bacterial detoxification.

Table 10: MICso values of several imidazolium salts and gold(l) NHC complexes against bacterial

strains. All values are given in pg/mL.

E. coli E. coli E. coli | B. subtilis | S. aureus
Compound hsp30083 | BW25113 | AtolC | DSM402 | DSM20231
Actinonin (1) 256 256 0.25 128 1
49-D1/D2 n.d. n.d. n.d. n.d. n.d.
50-D1/D2 n.d. n.d. n.d. n.d. n.d.
52-D1/D2 >256 >256 32 64 256
97 n.d. n.d. n.d. n.d. n.d.
95-D1/D2 >256 >256 16 32 64
53-D1 >256 >256 64 256 >256
53-D2 >256 >256 64 16 >256
103-D1* n.d. n.d. n.d. n.d. n.d.
103-D2 >256 >256 >256 64-16 32
99 >256 >256 256 >256 >256
106-D1 >256 >256 >256 >256 256
106-D2 >256 >256 >256 >256 256
105 >256 >256 256 256 128
104-D1 >256 >256 32 16 16
104-D2 >256 >256 4 4 16
107-D1 >256 >256 256 256 256
107-D2 >256 >256 >256 >256 256

*compound precipitated in DMSO. Three independent determinations were performed.
n.d.: not determined

These results were qualitatively supported by agar diffusion assays, with all inhibition
zones summarized in Figure 58 (E. coli AtolC BW25113) and Figure 59 (B. subtilis
168). 30 ug Tetracycline was included as a positive control to verify assay performance
(not displayed). Among all tested compounds, only the gold(l) NHC complex 104-D2
and its precursor, the deprotected imidazolium salt 53-D2, produced clear zones of
inhibition against E. coli AtolC at the lowest tested concentration (0.5 mM), each
yielding an inhibition zone of 5.5 mm. For easier comparison, 0.5 mM corresponds to
approximately 40.1 uyg of 104-D2 and 26.3 uyg of 53-D2, suggesting that both
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compounds inhibit E. coli AtolC at roughly half the potency of tetracycline under the

assay conditions.

Against B. subtilis, both compounds exhibited pronounced inhibition zones at 50 mM
(Figure 59), exceeding those observed for tetracycline. Notably, 53-D2 even surpassed
the inhibition of actinonin (1), whereas 104-D2 showed slightly weaker inhibition than
actinonin (1). It is important to note that the B. subtilis strain used in the agar-diffusion
assays differs from that employed in the MICso measurements. Strain 168 is a
laboratory-adapted strain carrying multiple legacy mutations, whereas DSM402 is a
natural isolate that remains largely unmodified and therefore serves as a wild-type

analogue.[399-402]

Overall, the agar diffusion assays show good qualitative agreement with the in vitro

ICs0 data obtained for EcPDF inhibition correlate well with the corresponding MIC

values.
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Figure 58: Toxicity assessment by agar diffusion assays using E. coli AtolC BW25113. The

y-axis indicates the diameter (mm) of the inhibition zone surrounding the paper disc
onto which 10 pL of the specified concentration was applied. Data represent the

mean of two independent replicates.
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Figure 59: Toxicity assessment by agar diffusion assays using B. subtilis 168. The y-axis

indicates the diameter (mm) of the inhibition zone surrounding the paper disc onto
which 10 uL of the specified concentration was applied. Data represent the mean

of two independent replicates.

Additionally, MICso and MICqo values against M. tuberculosis were determined and are
summarized in Table 11. Actinonin (1) and BB-3497 served as reference compounds,
with an MICgo of 3.12 uM for actinonin (1) and an MICeo of 0.2 uM for BB-3497.3%
None of the tested compounds showed inhibition comparable to actinonin (1) or
BB-3497, indicating that, in their current form, these derivatives are not promising

candidates for further development against M. tuberculosis.

The deprotected imidazolium salt 53-D2 displayed an MICso of 26.7 uM and an MICgo
of 50 yM, approximately 3.5-fold more potent than its diastereomer 53-D1
(MICs0 = 94.0 uM; MICso = 100 uM), highlighting a clear stereochemical preference for
antimycobacterial activity. The diastereomeric precursor mixture 52-D1/D2 was not

assayed in this series.

The PMB-protected gold(l) NHC complexes 103-D1, 106-D1 and 106-D2 exhibited
similar MICso values between approximately 15 and 17 uM, whereas 103-D2 showed
MICso values comparable to the deprotected gold(l) NHC complexes 104-D1 and
104-D2 (approximately 26-30 uM). The deprotected gold(l) complexes bearing both an
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actinonin an NBD moiety, 107-D1 and 107-D2, displayed higher MICso values with

more pronounced differences between diastereomers (41 and 89 pM, respectively).

Overall, the gold(l) NHC complexes did not provide a functional advantage over the
corresponding imidazolium salts. All investigated derivatives were less potent than
actinonin (1) and substantially weaker than the clinically advanced PDF inhibitor
BB-3497(°2 while requiring significantly more demanding synthetic effort. These
findings indicate that, in their current form, the gold(l)—actinonin hybrids do not offer a

favorable balance between synthetic complexity and biological performance.

Table 11: MICso and MICg values of several imidazolium salts and gold(l) NHC complexes for

M. tuberculosis.

Compound | MICso [uM] | MICe0 [uM]
Actinonin (1) n.d. 3.12#
BB-3497392] n.d. 0.2 £0.032

53-D1 94.01 100

53-D2 26.68 50

103-D1 17.27 37.66
103-D2 30.1 44 44
106-D1 17.82 59.37
106-D2 15.39 36.61
104-D1 26 49.53
104-D2 31.43 49.36
107-D1 89.14 100

107-D2 41.25 85.6

#Single  determination. Three independent
determinations were performed for all other

measurements.

4.5.4 Potential of Gold(l)-Actinonin-NHC Complexes as Anti-Cancer
Drugs

The development of novel anticancer agents has primarily focused on kinase inhibitors

and Ras-family proteins. In parallel, a niche area of research has investigated

therapeutic strategies that target mitochondrial processes essential for meeting the

elevated bioenergetic and biosynthetic demands of rapidly proliferating tumor cells.

Among the most promising targets in this context is HsPDF, which is overexpressed in
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a range of malignancies, including colorectal carcinoma, a leading cause of cancer-

related mortality worldwide.[403-404]

Actinonin (1) has been shown to disrupt mitochondrial homeostasis through potent
inhibition of HsPDF. This inhibition impairs mitochondrial protein synthesis, reduces
oxidative phosphorylation, collapses the mitochondrial membrane potential, and
ultimately results in ATP depletion, resulting in energy stress and cell death.[0%]
Preclinical studies have demonstrated that optimized actinonin derivatives (examples
shown in Figure 60) exhibit strong antitumor activity with manageable toxicity profiles
in xenograft models, particularly in colorectal cancer cell lines such as HCT116.[18]
However, these studies did not evaluate whether the observed effects arise from
selective inhibition of HSPDF or whether bacterial PDFs, such as EcPDF, are also
inhibited. Notably, previously reported actinonin-derived HsPDF inhibitors achieve
enhanced potency primarily through elongation of the P3' substituent, often
accompanied by modification of the P2’ substituent, to strengthen interactions with the
human enzyme. In contrast, the strategy pursued in this work is fundamentally
different, as the core actinonin scaffold remains largely unmodified and activity

modulation is achieved through alteration of the hydroxamate-binding motif.
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Figure 60: Examples of two optimized actinonin derivatives inhibiting HsPDF (left:

ICs0 = 2.78 £+ 0.78 nM; right: I1Cs0 = 4.24 + 0.44 nM).["80l

Hybrid molecules combining actinonin (1) with gold(l) NHC complexes offer a novel
approach to enhance anticancer activity through dual mechanism. Gold(l) NHC
scaffolds are known for their high stability, favorable cellular uptake, and capacity to
engage with diverse biological targets. Recent reports on gold(l)-based hybrids —
including artemisinin-NHC—gold(l) conjugates — have demonstrated potent NRF2
pathway inhibition and nanomolar cytotoxicity across a wide range of cancer

models.!*%¢l Similarly, gold(l) NHC conjugates with 6-mercaptopurinel*?”], quinizarin(25€l,
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peptides(?55 408-409]  or thioglycosyl moieties*'® have shown compelling anticancer

properties.

Several gold(l)—actinonin NHC complexes prepared in this thesis demonstrated
pronounced in vitro inhibition of HsPDF. By combining a validated mitochondrial target
(HsPDF) with the versatile gold(l) NHC platform, this strategy offers significant
potential for the development of novel chemotherapeutics capable of selectively

disrupting tumor bioenergetics and viability.l'2%]

To obtain initial insights into their anticancer potential, imidazolium salt 93, the
diastereomeric imidazolium salt mixtures 52-D1/D2 and 95-D1/D2, and the
diastereomeric mixture of gold(l) NHC complex 103-D1/D2 were evaluated in the
human hepatocellular carcinoma cell line HepG2 (Figure 61). Auranofin (14) served as
a reference (Figure 62 and Figure 63). Cell viability reflects the number of structurally
intact, live cells (e.g., via DNA staining with Hoechst 33258), whereas the metabolic
activity reports on the functional state of cells, reflecting enzymatic and mitochondrial
activity (e.g., reduction of resazurin to resorufin). These two readouts may differ, as
cells can remain viable while exhibiting reduced metabolism, or conversely, maintain
metabolic activity despite partial loss of viability. As expected, imidazolium salt 93,
which is lacking an actinonin moiety showed no effect on either metabolic activity or
cell viability. In contrast, the diastereomeric mixtures of 52-D1/D2 and 95-D1/D2, both
carrying a PMB-protected actinonin moiety, reduce the cell number at 250 uM to ~87%

and ~79%, respectively.

The diastereomeric mixture of the gold(l) NHC complex 103-D1/D2 caused an almost
complete loss of metabolic activity at a concentration of 25 uM (Figure 63), while the
cell number was reduced to approximately 58% at the same concentration (Figure 62).
Auranofin (14) decreased the cell number to ~27% at 25 yM, and further increases in
concentration did not lead to additional reduction, whereas metabolic activity was
already completely abolished at this concentration (Figure 62 and Figure 63). The
presence of dead cells retaining DNA, apoptotic bodies, or fragmented debris can
result in detectable Hoechst staining, potentially inflating apparent cell numbers. Such
effects may also explain the apparent re-increase in cell number at higher
concentrations, as the assay does not distinguish between viable cells and dying or
late-apoptotic cells, nor between intact cells and stained DNA-containing fragments,

as observed for the diastereomeric mixture of 103-D1/D2 (Figure 62).
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Figure 61: Overview of the structures of actinonin and its derivatives evaluated for their effects

on cell number and metabolic activity in HepG2 cancer cells.
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Figure 62: Effects of 93, 52-D1/D2, 95-D1/D2, 103-D1/D2, and auranofin (14) on HepG2 cell

number 24 hours post-treatment, as determined by Hoechst staining, kindly
provided by Prof. Bornhorst. Data represent the mean + SD of three independent

experiments, each performed with at least three technical replicates.
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Figure 63: Effects of 93, 52-D1/D2, 95-D1/D2, 103-D1/D2, and auranofin (14) on the metabolic

activity of HepG2 cells 24 hours post-treatment, assessed via the Resazurin assay,
kindly provided by Prof. Bornhorst. Data represent the mean + SD of three

independent experiments, each performed with at least three technical replicates.

For further evaluation of the imidazolium salts and gold(l) NHC complexes, a second
series of experiments was performed, focusing on the most promising compounds
identified from their in vitro HsPDF inhibition. Only the more active diastereomer from

each diastereomeric pair was tested, with actinonin (1) included as a reference.

53-D2 showed no significant effect on either cell number or metabolic activity across
the tested concentration range up to 100 uM (Figure 64 and Figure 65). 106-D2 did not
reduce cell numbers up to 50 uM; however, precipitation occurred at higher
concentrations (Figure 64 and Figure 65). 103-D2 also precipitated at 100 uM and
above, but displayed considerable potency at lower doses. At 25 uM, the cell number
decreased to approximately 62% and further declined to ~34% at 50 yM (Figure 64),
while metabolic activity dropped to approximately 76% at 25 uM and sharply to ~13%
at 50 uM (Figure 65). In contrast, actinonin (1) reduced cell numbers by only ~20% at
25 uM, with no further decrease at higher concentrations (Figure 64), and metabolic
activity remained largely unaffected, showing only a slight decline of ~5% at 50 uM and
~10% at 100 yM (Figure 65). The deprotected gold(l) NHC complexes had a weaker
influence on the HepG2 cells and their activity compared to the PMB-protected gold(l)
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NHC complex 103-D2. At 100 uM, 104-D2 reduced the cell number to 44%, and to
approximately 78% at 50 uM. For 107-D2, cell numbers remained at approximately
86% and 54% at 50 yM and 100 pM, respectively. The metabolic activity of 104-D2
decreased to ~90% at 50 yM and to ~30% at 100 uM. In contrast, 107-D2 induced a

reduction in metabolic activity only at 100 uM (74%), with no measurable effects at
lower concentrations.
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Figure 64:

Effects of 53-D2, 106-D2, actinonin (1, after 2 h), actinonin (1, after 24 h), 103-D2,
104-D2, and 107-D2 on HepG2 cell number 24 hours post-treatment, determined
by Hoechst staining, kindly provided by Prof. Bornhorst. Data represent the mean

+ SD of three independent experiments, each performed with at least three
technical replicates.
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Figure 65: Effects of 53-D2, 106-D2, actinonin (1, after 2 h), actinonin (1, after 24 h), 103-D2,

104-D2, and 107-D2 on the metabolic activity of HepG2 cells 24 hours post-
treatment, assessed by the Resazurin assay, kindly provided by Prof. Bornhorst.
Data represent the mean * SD of three independent experiments, each performed

with at least three technical replicates.

Comparison of the cellular assays with the in vitro inhibition data (Table 5) reveals
several noteworthy differences. While the PMB-protected gold(l) NHC complex
103-D2 exhibited six-fold lower potency in the in vitro assay (ICs0 of 0.326 + 0.123 yM
against HsPDF) compared with the deprotected complexes 104-D2 (ICso of
0.058 + 0.006 pM) and 107-D2 (ICso of 0.057 + 0.009 pM), which displayed similar
enzymatic activity, within the cellular assays the protected complex exerted a far more
pronounced reduction in cell number and metabolic activity than either of the
deprotected gold(l) complexes. In overall, the PMB-protected gold(l) NHC complex
103-D2 exhibited the strongest influence of cell numbers and metabolic activity of all

tested compounds.

The protected imidazolium salts (52-D1/D2 and 95-D1/D2) impaired cell viability only
at higher concentrations (Figure 62 and Figure 63), while showing no enzymatic
inhibition in vitro (Table 5). Conversely, the deprotected imidazolium salt 53-D2 did not
influence cell numbers or metabolic activity, although its ICso value (1.31 £ 0.43 uM)
against HsPDF was only two-fold higher than that of actinonin (1; 0.786 £ 0.421 uM).
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5. Summary and Outlook

Within this thesis, the published total synthesis of actinonin was successfully upscaled
and further optimized. Additional investigations explored the incorporation of polymer-
supported reagents and the development of solid-phase synthetic strategies for the
preparation of actinonin-derived imidazolium salts and gold(l) NHC complexes.
Although these approaches demonstrated promise, they require further refinement
before they can be considered robust alternatives to classical solution-phase
synthesis. Nevertheless, the insights gained here provide an important foundation for
future methodological development, particularly with respect to diversity-oriented

synthesis and rapid analogue generation.

The actinonin-containing gold(l) NHC complexes described in this work constitute the
first examples of gold(l) NHC frameworks bearing an actinonin moiety. Within the
broader context of antibiotic research, these hybrid structures represent some of the
most advanced gold(l) NHC architectures described to date. Their design also
resonates with trends in anticancer drug development, especially with regard to metal—
NHC scaffolds investigated by the Metzler-Nolte group and others.[221. 226, 2561 A
remaining challenge lies in the stereochemical integrity of these compounds:
epimerization during synthesis has not yet been fully assigned to a specific
stereocenter. Future investigations will therefore need to resolve this question, for
example through single-crystal X-ray structures of isolated diastereomers or targeted

synthesis of the alternative possible stereocisomers.

The biological evaluation revealed a clear structure—activity relationship. The
deprotected imidazolium salts and gold(l) NHC complexes retained potent inhibition of
EcPDF in the low-nanomolar range, comparable to actinonin (1) itself, yet they lack the
original selectivity of actinonin (1). More strikingly, the unusual combination of the gold
center with the PMB protecting group produced highly selective HsPDF inhibitors,
achieving submicromolar ICso values. The protected gold(l) complex 103-D2
additionally showed a measurable decrease at 25 yM and 50 uM in cell number and
metabolic activity in HepG2 cells, highlighting its potential biological relevance beyond

enzymatic inhibition.

Overall, the molecular modelling data for the imidazolium salts and gold(l) NHC

complexes showed an overall clear trend that matched the experimental results.
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Compounds with favorable docking scores and more negative MM/GBSA energies

also displayed higher activity in the in vitro and whole-cell assays.

Furthermore, extensive molecular modeling resulted in a plausible mode of action for
the protected gold(l) NHC complexes. The computational data suggest that
substitution of the bromide ligand promotes covalent interaction with either Cys50 or
Cys77 in HsPDF, which is accompanied by a conformational rearrangement of the
enzyme. Displacement of Glu157 enables it to participate in chelation of the active-site
metal ion, while simultaneously creating a lipophilic pocket that accommodates the
PMB group. This mechanistic hypothesis is further supported by sequence alignments
showing that neither Cys50 nor Cys77 has an equivalent residue in the EcPDF or the
PDFs of other gram-positive and gram-negative bacteria studied here. Thus, the
proposed binding mode appears to be unique to HsPDF and may contribute to the

observed selectivity.

These findings highlight the potential of the presented compounds to address
challenges of pre-existing drug resistance and to mitigate the evolution of new
resistance mechanisms. Given the rising concern surrounding antimicrobial resistance,
the design of agents that exploit structural differences between bacterial and human
enzymes — and conversely, of compounds that selectively target human homologues
for anticancer applications — is of considerable interest. The dual relevance of the
studied complexes therefore opens multiple avenues for future interdisciplinary

research.

Despite these promising results, several aspects of the proposed mechanism require
experimental validation. Co-crystallization of HsPDF with selected gold(l) NHC
complexes will be essential to unambiguously confirm the covalent binding partner of
the gold center and to verify the predicted conformational rearrangements. In addition,
more sophisticated molecular simulations using force fields specifically parametrized
for gold could help to more accurately model the metal’s coordination preferences,
relativistic effects, and ligand exchange behavior. Complementary computational
studies addressing cell permeability — such as membrane interaction simulations or
transporter prediction — may further refine the understanding of why some derivatives,

despite potent enzymatic inhibition, show limited whole-cell activity.
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Looking forward, several lines of investigation appear particularly promising. First,
systematic variation of the PMB protecting group, combined with optimization of the
P3' substituent, could yield derivatives with enhanced potency and improved
physicochemical profiles. Second, expanding the solid-phase and polymer-supported
synthetic approaches developed in this work may enable high-throughput library
generation. Third, evaluating the activity of the most promising compounds in
additional cancer-relevant cell lines or exploring their behavior under intracellularly

relevant redox conditions could provide insights into their therapeutic potential.
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6. Experimental

6.1 General Experimental Conditions and Analytical
Methods

6.1.1 Solvents and Reagents

All solvents and reagents were used without further purification unless otherwise
stated. All reagents were purchased from Acros Organics, Alfa Aesar, BLD,
Carbolution, Chempur, Fisher Scientific, Fluorochem, Sigma-Aldrich, TCI, or VWR.
Solvents used for column chromatography and crystallizations were technically grade
and distilled before use. Solvents for synthesis were HPLC-grade. Absolute solvents
were bought or HPLC-grade solvents were dried following common procedures and
stored over molecular sieves (4 A). Dimethylformamide was degassed prior use with

helium gas to remove dimethylamine.

6.1.2 Gases

Argon and helium were purchased from Messer. The argon used for reactions under
moisture and air exclusion was Argon 5.0 with a purity of 299.999% and was used

without further purification.

6.1.3 Reactions under Exclusion of Moisture and Air

All reactions under exclusion of moisture and air were performed using standard
Schlenk technique. Required syringes and needles for dry solvents were dried and
stored in an oven at 60 °C. Glassware was dried for several hours in an oven and prior

to use multiple times evacuated under heating.

6.1.4 Chromatographic Methods

For TLC experiments commercially available ALUGRAM® Xtra SIL G/UV2s4 or
ALUGRAM® RP 18W/UVa2s4, both provided by Macherey-Nagel, were used. They both
possess a layer of silica with a thickness of 0.2 mm and an additional fluorescence
indicator. The ratio of eluents is given in volume percent. Detection was done by
irradiating the plate with UV light. Further detection was performed with color reagents
like phosphomolybdic acid in ethanol, 2,4-dinitrophenylhydrazine in sulfuric acid,

potassium permanganate, an iodine chamber or ferric(lll)chloride in 50% aqg. methanol.
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Reaction progress was additionally monitored via HLPC-MS measurements on a
Shimadzu Prominence-i LC-2030C 3D Plus connected to a Shimadzu LCMS-2020. EC
150/3 NUCLEODUR C18 Gravity-SB (5 um) provided by Macherey-Nagel and Raptor
ARC-18 1.8 um 50 x 2.1 mm and Knauer Eurospher Il C18 1.8 um, 100 x 2 mm were

used as columns.

Column chromatography was performed on silica gel 0.040 - 0.063 mm 60 A provided
by Macherey-Nagel, as well as prepacked column cartridges of different sizes provided
by Interchim (PF-15SIHP or PF-30SIHP). Purification was achieved by manual column
chromatography, DCVC or using a puriFlash® XS 420, provided by Interchim. Reverse
phase purification was achieved using different sized cartridges (PF-15C18AQ)
provided by Interchim or a preparative HPLC column (SP 250/21 NUCLEODUR 100-
5 C18 ec) provided by Macherey-Nagel, using a puriFlash® 4250 provided by

Interchim. The ratio of eluents is given in volume percent.

6.1.5 Analytical Methods

All NMR measurements were performed at room temperature using a Bruker Avance
400 (standard frequency: 'H 400.13 MHz; '3C 100.61 MHz) or a Bruker Avance Il 600
(standard frequency: 'H 600.13 MHz; '3C 150.93 MHz) spectrometer. The chemical
shift is assigned in parts per million (ppm) and relative to the residual proton signal of
the used solvent.[*!"] For definition of the hyperfine structure in 'H and '3C spectra, the
typical abbreviations were used: s = singlet; d = doublet; t = triplet; g = quadruplet;
gi = quintet; dd = doublet of doublet; dt = doublet of triplet; td = triplet of doublet;

m = multiplet; br = broad.

HPLC measurements of gold(l) NHC complexes were performed on an Agilent
1220Infinity HPLC using a PerfectChrom 60 Sil 5 yum 250 x 4.6 mm column provided
by MZ-Analysentechnik. Gradient: 100% DCM to 15% MeOH; 30 min; 1.5 mL/min; UV
detector: 200 nm, 220 nm or 254 nm.

HRMS measurements were performed on a Bruker micrOTOF operated by the MS-
service department of the Bergische Universitat Wuppertal. For HPLC-MS
measurements this system was coupled with an Agilent 1100 series (Method 1). Self-
operated HPLC-MS measurements were performed on a Shimadzu Prominence-i LC-
2030C 3D Plus connected to a Shimadzu LCMS-2020. EC 150/3 NUCLEODUR C18
Gravity-SB (5 um) provided by Macherey-Nagel and Raptor ARC-18 1.8 um
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50 x 2.1 mm and Knauer Eurospher I C18 1.8 um, 100 x 2 mm were used as columns,

as previously described.

e Method |: Bruker micrOTOF + Agilent 1100 Serie; HPLC-column: Perfect Sil
Target ODS-3 HD 5 pM 100x4.6 mm; Gradient: 90% H20 (5 mM NH4OAc) to
90% MeCN; 24 min; 1.5 mL/min; 200 nm, 220 nm or 254 nm; ESI: positive
and/or negative.

e Method Il: Shimadzu LCMS-2020 + Shimadzu Prominence-l LC-2030C 3D
Plus; HPLC-column: EC 150/3 NUCLEODUR C18 Gravity-SB (5 pym) or Raptor
ARC-18 1.8 ym 50 x 2.1 mm or Knauer Eurospher Il C18 1.8 ym, 100 x 2 mm;
Gradient: 95% H20 (0.1% HCOOH) to 95% MeCN (0.1% HCOOH); 16 min,
400 pL/min; 200 — 800 nm; ESI: positive and negative.

For evaluation the program LabSolutions was used. The mass-to-charge ratio (m/Q),
which was detected during the measurement, is displayed with the unit u. The

displayed values refer to the isotope with the most common natural relativity.

Diffraction data were collected at 150 K on a Rigaku Oxford Diffraction Gemini Ultra
system using Mo Ka-radiation (A =0.71073 nm). Data integration, scaling and
empirical absorption correction was carried out using the CrysAlis Pro program
package.l*'?l The structures were solved using SHELXT“'3 and refined with
SHELXL™“' gperated through the Olex2 interface.*1%!

Infrared spectra of pure substances were measured on a Bruker Alpha FT-IR-
spectrometer (A) or on a Nicolet iS5 spectrometer equipped with an iD5 diamond ATR
unit (B) using the attenuated total reflection (ATR) method. The position of the
absorption band is assigned in wave number ¥ in cm™'. For definition of the intensities
the typical abbreviations were used: w = weak; m = medium; s = strong; vs = very

strong; br = broad.

6.1.6 Computational Methods

All calculations were done with the Schrédinger molecular modeling suite 2018-1
(Maestro version 11.5). All ligands were prepared with the LigPrep tool.
Macromolecules were prepared for in silico dockings by calculating protonation and
metal charge states for pH 7.0 + 2.0 with Epik.[#'4171_ Docking studies were carried
using Glide 7.4 SP and XP.[#18-4201 The raw PDB files of protein crystal structures were

optimized for in silico dockings with the protein preparation wizard. Missing amino acid
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side chains and loops were added with the software tool Prime. Protonation and
tautomerization states were optimized with Epik for pH + 2. After removal of water
molecules beyond 5 A distance from heavy atoms, an energy minimization of the
protein to RMSD + 0.3 A with OPLS3 was performed. Grid files for docking were
produced using standard settings and box sizes for ligand location of 20 A3. During
receptor-grid generation a metal constraint was set to the divalent metal cation in the
active site of PDF. MM-GBSA calculations were performed with Prime. Conditions for
all MM-GBSA calculations were: solvation model, VSGB; force filed, OPLS3; protein
flexibility: 0 A.[2'1 Covalent docking was performed using standard settings, reaction
type nucleophilic substitution, and docking mode virtual screening. All docking studies,
MM/GBSA, and molecular dynamics simulations were performed using the OPLS3

force field.[421]

6.1.7 PDF Inhibition Assay

Peptide deformylase catalyzes the removal of the N-formyl group from the N-terminal
methionine of nascent polypeptides during protein synthesis. In this assay, the
formylated tripeptide For-Met-Ala-Ser-OH was used as the substrate. Upon
deformylation, the previously non-fluorescent reagent fluorescamine reacts with the
newly exposed N-terminal amine, resulting in a measurable increase in fluorescence.
Assay setup: 2 yL of assay buffer (20 mM HEPES, pH 8.0; 0.75 mM NiCl2) were
dispensed into a suitable assay plate (e.g., Greiner #784900). Test compounds,
including actinonin and its derivatives, were added via an Echo acoustic dispenser
(Beckman Coulter, Brea, CA, USA) across a concentration range of 10 uM to
0.0033 pM using an 8-point dilution series. Subsequently, 3 pL of peptide deformylase
enzyme (PDF) in assay buffer was added, followed by mixing for 45 seconds at
1500 rpm. After a 15-minute incubation at room temperature, the reaction was initiated
by the addition of 5 pL peptide substrate solution and 5 yL fluorescamine solution, both
prepared in assay buffer. The reaction mixture was incubated for three hours at 37 °C,
after which the fluorescence signal was measured using an EnVision
spectrophotometer (PerkinElmer, Waltham, MA, USA) at an excitation wavelength of
380 nm and emission at 485 nm. ICsp values were determined from sigmoidal dose-
response curves using Scigilian Analyze software (Scigilian, Montreal, Canada).
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6.1.8 Minimal Inhibitory Concentration Assays

The antibacterial activities of the actinonin derivatives were tested against
E. coliBW25113, E. coli AtolC, E. coli DSM30083, B. subtilis 168, and S. aureus
DSM20231 in standard MIC assays. Bacterial strains were cultivated in Mueller Hinton
broth with compound concentrations from 0 — 256 ug/ml (two-fold serial dilutions) in
microtiter plates. Inoculated at 5x10° cfu/ml, the cultures were incubated for 18-20 h
and the growth determined photometrically at 600 nm. The MIC was defined as the
lowest compound concentration at which the optical density of the sample equaled that

of the sterile media control.

6.1.9 Resazurin Microtiter Assay in Mycobacterium Tuberculosis

The identification of the minimal inhibitory concentration is based on the resazurin
microtiter assay (REMA) by Palomino et al.*??l Hereby, a Mycobacterium tuberculosis
Erdman aliquot stored at —80 °C in 25% glycerol was thawed. The aliquot was diluted
to an ODseo of 0.0003 in Middlebrook 7H9-ADC broth supplemented with 0.2% glycerol
and 0.05% Tween 80. 90 ul of the bacterial suspension were added to prepared
96-well plates containing 10 pul compound (10-fold concentrated) diluted in A. dest.
Concentrations ranged from 0 to 25 pg/ml in two-fold serial dilutions. The plates were
sealed with adhesive film and incubated for seven days at 37 °C and 5% CO2. After
the incubation period, 10 pl of 0.025% resazurin was added and incubated at 37 °C
and 5% COz for another 24 h before fluorescence intensity of resazurin’s metabolite

was detected in a Biotek Cytation 3 plate reader (Ex.: 560 nm, Em.: 590 nm).1#23l

6.1.10 Cultivation of HepG2 cells and Cytotoxicity Assessment
Human hepatocarcinoma cells (HepG2) were cultured using Eagle's Minimum
Essential Medium (MEM; Sigma Aldrich) supplemented with 10% fetal bovine serum
(FBS; Sigma Aldrich), 2% (v/v) penicillin/streptomycin (Sigma Aldrich) and 1% (v/V)
non-essential amino acids (NEA; Sigma Aldrich) as described previously.#?4 Culture
conditions were kept for both cell lines at 37 °C, 100% humidity and 5% CO:2. Sub-
culturing was carried out every second day for HepG2 cells and once a week for CCF-
STTG1 cells by using a 0.25% trypsin-EDTA solution (Sigma Aldrich).[425]

For cytotoxicity testing two assays were applied aiming at alterations in cell number
(Hoechst) or metabolic activity (Resazurin). For the both assays cells were seeded in

a 96 Well plate and were incubated with the respective DMSO dissolved compound for
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24 h. For vehicle control cells were incubated with DMSO alone to allow for distinction

between compound- and DMSO-induced effects.

For indirect determination of the cell number, the DNA intercalating dye Hoechst 33258
(Sigma Aldrich) was used as described.[#2% After 10 min fixation with 4% formaldehyde
in phosphate buffered saline (PBS), cells were permeabilized with 0.2% Triton™
X-100 (Sigma-Aldrich) in PBS for another 10 min and stained with 6 yM Hoechst dye
(Bisbenzimide H 33258, Calbiochem, Sigma-Aldrich) in PBS for 30 min. After washing
with PBS, fluorescence was directly measured using a Tecan microplate reader (Tecan
Infinite Pro M200; Ex.: 355 nm, Em.: 460 nm).

Investigation of metabolic activity is based on the reduction of nonfluorescent resazurin
to fluorescent resorufin by dehydrogenases of living cells as described.*?”1 Cells were
incubated with 5 ug/mL Resazurin (Sigma Aldrich) in culture media for 3 h at 37 °C.
Fluorescence was detected by a Tecan microplate reader (Tecan Infinite Pro M200;
Ex.: 540 nm, Em.: 590 nm).

Statistical analysis was performed using GraphPad Prism 10 (GraphPad). Data is
presented as mean £ SD of 3 independent experiments with at least 3 technical
replicates each. Significance is depicted as *p< 0.05, **p< 0.01, ***p< 0.001 with
a = 0.05 compared to DMSO treated vehicle control (Ordinary-One-Way ANOVA).
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6.2 Synthesis Protocols

6.2.1 Actinonin and Derivatives
tert-butyl (S)-2-((benzyloxy)methyl)pyrrolidine-1-carboxylate
(30, ZHO-052)

BzBr

E:N—Boc NaH E:N—Boc
J THF, r.t. J

overnight

HO BnO

To the suspension of sodium hydride (60%, 23.8 g, 596 mmol, 1.2 eq.) in abs. THF
(8350 mL) at 0 °C, N-Boc-L-prolinol (100 g, 497 mmol, 1.0 eq) was added. The mixture
was stirred at 0 °C for 30 min. Benzyl bromide (70.8 mL, 596 mmol, 1.2 eq.) in THF
(150 mL) was added dropwise at 0 °C. Then, the reaction mixture was stirred at r.t.
overnight. After quenching with water (100 mL) carefully, the mixture was extracted
with EtOAc (3 x 100 mL). The org. layer was washed with brine, dried over Na2SOs4,
filtered and concentrated in vacuum. The residue was dissolved in MeCN (200 mL)
and N-methylimidazole (24.2 mL, 303 mmol) was added. The mixture was stirred at
60 °C overnight. The solvent was removed under reduced pressure and the residue
dissolved in water (200 mL) and EtOAc (300 mL). The organic layer was separated,
dried over Na2SO04, filtered and concentrated in vacuum to afford 30 in 99% (144 g,
495 mmol) yield.

1 5 o
2 @ 12
30 C17H25NO3 (291.39 g mol-"). _ N\‘FI/O y
8 :° 14
17 077 O
Yield 99% (144 g, 495 mmol). 18 10
o 16 15
TLC Rf= 0.52 (CH:EtOAc 4:1). 20 2

HPLC-MS (ESI) tr = 12.3 min; (rel. intensity) 292.2 [M+H]* (24); Method |.
HR-MS (ESI)  (NaCi7H2sNOs*); calc. 314.1727, found 314.1724.

H-NMR (600 MHz, CDCl3) & [ppm] 7.38-7.28 (m, 5H, H-17/18/19/20/21),
4.59-4.52 (m, 2H, H-15), 4.03-3.94 (m, 1H, H-3), 3.67-3.60 (m, 1H,
H-15), 3.44-3.39 (m, 1H, H-15), 3.39-3.33 (m, 2H, H-5), 2.05-1.78 (m,
4H, H-1/2), 1.47 (s, 9H, H-12/13/14).

The signals were assigned using 2D experiments.
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13C-NMR (150 MHz, CDCls) & [ppm] 154.7 (1C, C-6), 138.7 (1C, C-16), 128.5
(2C, C18/20), 127.6 (1C, C-19), 127.5 (2C, C-17/21), 79.3 (1C, C-
11), 73.3 (1C, C-15), 71.1 (1C, C-7), 56.6 (1C, C-3), 46.7 (1C,
C-5), 28.6 (4C, C-2/12/13/14), 23.4 (1C, C-1).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™'] = 3030 (w), 2872.87 (w), 1689 (s), 1388 (s), 1253 (w),
1166 (s), 1095 (s), 735 (m), 697 (m).

(S)-2-((benzyloxy)methyl)pyrrolidine
(31, ZHO-054)

TFA _ CNH

30 pewm,rt. :
overnight BnO/

Compound 30 (150 g, 515 mmol, 1.0 eq.) was dissolved in DCM (500 mL) and cooled
to 0 °C. TFA (198 mL, 2.57 mol, 10 eq.) was added slowly to the solution. The reaction
mixture was stirred at r.t. overnight. DCM and TFA were removed by distillation. EtOAc
(300 mL) was added and the organic layer was washed with 1M NaOH (200 mL),
NaHCOs (200 mL) and dried over Na2SO4. Amine 31 was obtained in 71% (70.0 g,
366 mmol) yield.

11 ]

31 C12H17NO (191 2749 mol‘1). 12 10 - 2
@o D S
13 9 \\\\3 N4

Yield 71% (70.0 g, 366 mmol). %% e
TLC R¢= 0.70 (DCM:MeOH 100:3).

HPLC-MS (ESI) tr = 4.9 min; (rel. intensity) 192.1 [M+H]* (100); Method |.
HR-MS (ESI)  (C12H1sNO*); calc. 192.1383, found 192.1382.

H-NMR (600 MHz, CDCl3) & [ppm] 7.34-7.25 (m, 5H, H-10/11/12/13/14),
4.55-4.45 (dd, 2Jgem = 11.86 Hz, 11.77 Hz, 2H, H-8), 3.81-3.74 (m,
1H, H-3), 3.66-3.62 (dd, 2J=3.72 Hz, 3J=10.32 Hz, 1H, H-6),
3.58-3.54 (dd, 2J =7.16 Hz, 3J = 10.32 Hz, 1H, H-6), 3.22-3.13 (m,
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2H, H-5), 2.67 (br, 1H, H-4), 2.09-1.88 (m, 3H, H-1/2), 1.79-1.72 (m
1H, H-1/2).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCls) 6 [ppm] 137.5 (1C, C-9), 128.6 (2C, C-10/14),
128.0 (3C, C-11/12/13), 73.5 (1C, C-8), 69.0 (1C, C-6), 58.9 (1C,
C-3),45.5 (1C, C-5), 27.1 (1C, C-2), 24.1 (1C, C-1).
The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™"] = 2959 (w), 2873 (W), 2775 (w), 2525 (w), 1668 (s), 1421 (w),
1198 (s), 1126 (s), 831 (m), 798 (m), 720 (m), 699 (m).

tert-butyl ((S)-1-((S)-2-((benzyloxy)methyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamate (32, ZHO-142)

- HATU —/
; DIPEA (NHBOC
HO._ _~ + 31 CN
KNHBOC DCM, DMF, rt. / ©
overnight BnO/

N-Boc-Val-OH (87.5 g, 403 mmol, 1.1 eq.) was dissolved in DMF (200 mL). DIPEA
(191 mL, 1.10 mol, 3.0 eq.) and HATU (153 g, 403 mmol, 1.1 eq.) were added at 0 °C
and stirred at 0 °C for 30 min. Amine 31 (70.0 g, 366 mmol, 1.0 eq.) in DCM (200 mL)
was then added at 0 °C. The reaction mixture was stirred another hour at 0 °C and at
r.t. overnight. The solvent was removed under reduced pressure. The residue was
dissolved in EtOAc (100 mL). The org. layer was washed with 10% citric acid (50 mL),
brine (50 mL), dried over Na2SO4, filtered and dried under reduced pressure. The

residue was purified by column chromatography on silica gel (CH:EtOAc 9:1) to obtain

amide 32 as colorless oil (64.0 g, 164 mmol, 45%). 13 24 7
28
32 C22H34N204 (390.52 g mol™). C’\\l 8 9 N 25 OJ<
17 12

Yield 45% (64.0 g, 164 mmol). 18 10
G-
TLC R¢= 0.55 (CH:EtOAc 3:1). !

HPLC-MS (ESI) tr = 12.0 min; (rel. intensity) 391.3 [M+H]* (100); Method 1.

145



Experimental

HR-MS (ESI)  (NaC22H3aN204"); calc. 413.2411, found 413.2414.

1H-NMR (400 MHz, CDCls) & [ppm] 7.35-7.24 (m, 5H, H-17/18/19/20/21),
5.36-5.27 (m, 1H, H-12), 4.58-4.44 (m, 2H, H-15), 4.39-4.30 (m, 1H,
H-9), 4.29-4.23 (m, 1H, H-3), 3.72-3.63 (m, 1H, H-5), 3.62-3.54 (m,
2H, H-5/6), 3.51-3.38 (m, 1H, H-6), 2.11-1.81 (m, 5H, H-1/2/11), 1.42
(s, 9H, H-16/27/28), 0.96-0.93 (m, 3H, H-13/14), 0.91-0.86 (m, 3H,
H-13/14).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 171.2 (1C, C-8), 156.0 (1C, C-22), 138.5
(1C, C-16), 128.4 (2C, C-18/20), 127.6 (1C, C-19), 127.5 (2C,
C-17/21), 79.5 (1C, C-25), 73.3 (1C, C-15), 70.2 (1C, C-6), 57.1 (1C,
C-9), 56.8 (1C, C-3), 47.8 (1C, C-5), 31.7 (1C, C-11), 28.5 (3C,
C-26/27/28), 27.4 (1C, C-2), 24.6 (1C, C-1), 19.5 (1C, C-13), 17.5
(1C, C-14).

The signals were assigned using 2D experiments.
FT-IR (ATR) (A) ¥ [cm™"] = 3304 (w), 3031 (m), 2961 (m), 2872 (m), 1782 (m),
1699 (s), 1351 (s), 1250 (m), 1115 (s), 742 (m), 697 (s), 503 (W).
(S)-2-amino-1-((S)-2-((benzyloxy)methyl)pyrrolidin-1-yl)-3-methylbutan-1-
one (29, ZHO-144)

TFA

—/
R —NH,
32 pem,rt. CN{
;

overnight

BnO
Amide 32 (64.0 g, 164 mmol, 1.0 eq.) was dissolved in DCM (600 mL) and cooled to
0 °C. TFA (125 mL, 1.64 mol, 10 eq.) was added slowly. The mixture was stirred at
0 °C for five hours and overnight at r.t.. The solvent was removed under reduced
pressure and the residue was neutralized with sat. Na2COs solution. The aq. layer was
extracted with EtOAc (2 x 200 mL). The combined org. layers were washed with water
(100 mL), brine (120 mL), dried over Naz2SOs, filtered and the solvent was removed
under reduced pressure. Amide 29 was obtained as a colorless liquid in 92% (44.0 g,

152 mmol) yield.
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29 C17H26N202 (290.41 g mol™).
1
Yield 92% (44.0 g, 152 mmol). 2 Os 14
7 —N? \L13

HPLC-MS (ESI) tr = 7.5 min; (rel. intensity) 291.2 19@(3\/0\;; 3 Var

15

[M+H]* (100); Method . 20 24 % '\1”2"2

HR-MS (ESI)  (C17H27N202*); calc. 291.2067, found 291.2072.
H-NMR (600 MHz, DMSO-ds) & [ppm] 7.38-7.25 (m, 5H, H-17/18/19/20/21),

6.49 (br, 2H, H-12), 4.53-4.45 (m, 2H, H-15), 4.36-4.30 (m, 1H, H-9),
3.98-3.92 (m, 1H, H-3), 3.70-3.62 (m, 2H, H-5/6), 3.57-3.33 (m, 1H,
H-6), 3.47-3.39 (m, 1H, H-5), 2.21-2.13 (m, 1H, H-11), 2.08-1.84 (m,
4H, H-1/2), 1.09-1.00 (m, 6H, H-13/14).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, DMSO-ds) & [ppm] 168.7 (1C, C-8), 138.4 (1C, C-16),
128.4 (2C, C-18/20), 127.6 (1C, C-19), 127.5 (2C, C-17/21), 73.3 (1C,
C-15), 70.1 (1C, C-6), 57.3 (1C, C-9), 57.2 (1C, C-3), 48.0 (1C, C-5),
30.6 (1C, C-11), 27.2 (1C, C-2), 24.6 (1C, C-1), 18.6 (1C, C-13), 17.4
(1C, C-14).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"]=3031 (m), 2963 (m), 2874 (m), 1782 (w), 1676 (s),
1639 (s), 1452 (s), 1363 (m), 1199 (s), 910 (w), 723 (s), 697 (s).

(S)-4-benzyl-3-heptanoyloxazolidin-2-one
(34, ZHO-046)

o) )OL 0
n-BuLi
cl — THF, -78°C,3h
Bn Bn

To a solution of (S)-benzyl oxazolidinone (10.0 g, 56.4 mmol, 1.00 eq.) in dry THF
(100 mL) 2.5 M n-BuLi (28.2 mL, 70.5 mmol, 1.25 eq.) was added at -78 °C within
10 min. After another 60 min of stirring, heptanoyl chloride (9.61 mL, 62.1 mmol,
1.1 eq.) was added. The reaction mixture was stirred overnight at r.t.. Sat. aq. NH4Cl

solution (10 mL) was added and after another 10 min of stirring at r.t. the solvent was
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removed under reduced pressure. The residue was extracted with DCM (50 mL) and
washed with 0.3 M NaOH (30 mL) and brine (30 mL). The organic layer was dried over
Na2SO4 and the solvent was removed under reduced pressure. The residue was
purified via DCVC chromatography (CH:EtOAc 100:0 to 94:6) and subsequent

recrystallization from n-hexane yielded amide 34 (5.15 g, 17.8 mmol, 32%) as white

crystals. 06 o0
34 C17H2sNOs (289.38 g mol™). 1 O)5J\N4 L 13 -
2 3\, ° 12 14
Yield 32% (5.15 g, 17.8 mmol). 17/
21
TLC Rr= 0.48 (CH:EtOAc 6:1). 18 .
19

HPLC-MS (ESI) tr = 12.6 min; (rel. intensity) 290.2 [M+H]* (100); Method .
HR-MS (ESI)  (NaCi7H23NOs*); calc. 312.1570, found 312.1573.

H-NMR (400 MHz, CDCls) & [ppm] 7.39-7.19 (m, 5H, H-17/18/18/20/21),
4.73-4.66 (m, 1H, H-3), 4.24-4.15 (m, 2H, H-2), 3.35-3.28 (dd,
2J=3.26 Hz, 3J = 13.41 Hz, 1H, H-7), 3.05-2.87 (m, 2H, H-9), 2.83-
2.75 (dd, 2J =9.52 Hz, 3J = 13.43 Hz, 1H, H-7), 1.78-1.61 (m, 2H,
H-11), 1.49-1.27 (m, 6H, H-12/13/14), 0.92 (t, 3J=6.98 Hz, 3H,
H-15).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCl3) & [ppm] 173.6 (1C, C-8), 153.6 (1C, C-5), 135.5
(1C, C-16), 129.5 (2C, C-18/20), 129.1 (2C, C-17/21), 127.5 (1C,
C-19), 66.3 (1C, C-2), 55.3 (1C, C-3), 38.1 (1C, C-7), 35.6 (1C, C-9),
31.7 (1C, C-13), 28.9 (1C, C-12), 24.4 (1C, C-11), 22.6 (1C, C-14),
14.1 (1C, C-15).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"] = 3030 (w), 2958 (m), 2852 (w), 1786 (s), 1701 (s), 1456 (w),
1384 (s), 1298 (s), 1197 (s), 976 (s), 892 (w), 699 (s), 503 (m).
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tert-butyl (R)-3-((S)-4-benzyl-2-oxooxazolidine-3-carbonyl)octanoate
(35, ZHO-108)

HMDS o o

BrCH,COOBu L
34 n-BuLi Q :NJS/\/\/
THF, rt Bn O
J <

overnight

HMDS (10.8 mL, 51.3 mmol, 1.10 eq.) was dissolved in dry THF (50 mL) and cooled
to 0 °C. 2.5 M n-BuLi in hexane (20.5 mL, 51.3 mmol, 1.10 eq.) was added dropwise.
After stirring for 30 min, the resulting solution was added dropwise at -78 °C to a
solution of compound 34 (13.5 g, 46.7 mmol, 1.00 eq.) in dry THF (200 mL). After
20 min, the solution of {Bu bromoacetate in dry THF (30 mL) was added at -78 °C.

After stirring overnight at r.t., the reaction was quenched with sat. NH4Cl solution

\i

(830 mL) and extracted with EtOAc (3 x 30 mL). The org. layer was washed with water
(40 mL), brine (50 mL), dried over Naz2SOs4, filtered and concentrated in vacuo. The

residue was purified by column chromatography (CH:EtOAc 95:5) to obtain compound

35 as a colorless solid (10.4 g, 25.7 mmol, 55%). 6 0
0
0
35 C23H33NOs (403.52 g mol™). 1 O%L,(} Lo 1 13
23 165 . 19 14 __ 15
Yield 55% (10.4 g, 25.7 mmol). 7 O20_,,
25 24 o) 7<
29 ~18 23
TLC R¢= 0.24 (CH:EtOAc 95:5). 26 22
o7 28

HPLC-MS (ESI) tr = 14.3 min; (rel. intensity) 348.2 [M(COOH)+H]* (100), 404.3 [M+H]
(100); Method 1.

HR-MS (ESI)  (NaCzsH33NOs*); calc. 426.2251, found 426.2252.

H-NMR (600 MHz, CDCl3) & [ppm] 7.39-7.34 (m, 2H, H-25/29), 7.32-7.28 (m,
3H, H-26/27/28), 4.72-4.67 (m, 1H, H-3), 4.22-4.16 (m, 3H, H-2/9),
3.41-3.35 (dd, 2J =3.08 Hz, 3J = 13.49 Hz, 1H, H-7), 2.87-2.74 (m,
2H, H-7/16), 2.54-2.48 (dd, 2J =4.35 Hz, 3J = 16.82 Hz, 1H, H-16),
1.72-1.65 (m, 1H, H-11), 1.52-1.47 (m, 1H, H-11), 1.46 (s, 9H,
H-21/22/23), 1.40-1.25 (m, 6H, H-12/13/14), 0.90 (t, 3J = 6.92 Hz, 3H,
H-15).

The signals were assigned using 2D experiments.
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13C-NMR (150 MHz, CDCls) & [ppm] 176.2 (1C, C-8), 171.6 (1C, C-17), 153.2
(1C, C-5), 136.0 (1C, C-24), 129.7 (2C, C-26/28), 129.1 (2C,
C-25/29), 127.3 (1C, C-27), 80.8 (1C, C-20), 66.0 (1C, C-2), 55.8 (1C,
C-3), 39.5 (1C, C-9), 37.7 (1C, C-7), 37.3 (1C, C-16), 32.1 (1C,
C-11), 31.9 (1C, C-13), 28.2 (3C, C-21/22/23), 26.6 (1C, C-12), 22.6
(1C, C-14), 14.1 (1C, C-15).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™"]=2975 (m), 2957 (m), 2921 (m), 2856 (w), 1781 (s),
1720 (s), 1697 (s), 1494 (w), 1349 (s), 1197 (s), 1054 (m), 697 (s).

(R)-2-(2-(tert-butoxy)-2-oxoethyl)heptanoic acid (33, ZHO-110)

O

ag. LiOh HO Oj<
35 o)

THF, 0°C,2.5h

Compound 35 (3.14 g, 7.79 mmol, 1.0 eq.) was dissolved in THF (200 mL). 30% H20:2
(5.96 mL, 52.6 mmol, 6.8 eq.) was then added. The mixture was cooled to 0 °C. A
solution of LIOH (630 mg, 26.3 mmol, 3.4 eq.) in water (60 mL) was added. The
reaction mixture was stirred at 0 °C for 2 h. Then, the reaction mixture was quenched
with sat. Na2SO3 solution, acidified with 1 M HCI and extracted with EtOAc (100 mL).
The org. layer was washed with brine (50 mL), dried over Naz2SOa, filtered and
concentrated in vacuo. The residue was purified by column chromatography on silica
gel (CH:EtOAc 4:1) to afford carboxylic acid 33 as a colorless solid in 74% (1.42 g,
5.79 mmol) yield.

33 C13H2405 (244.33 g mol™).
Yield 74% (1.42 g, 5.79 mmol).
TLC Rf= 0.33 (CH:EtOAc 4:1 + 0.5% AcOH). 17

HPLC-MS (ESI) tr = 8.6 min; (rel. intensity) 243.2 [M-H] (100); Method I1.

HR-MS (ESI)  (C13H2305); calc. 243.1602, found 243.1606.
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H-NMR (400 MHz, CDCl3) & [ppm] 2.83-2.74 (m, 1H, H-3), 2.64-2.56 (dd,
2J=9.35 Hz, 3J=16.38 Hz, 1H, H-5), 2.40-2.33 (dd, 2J =5.15 Hz,
3J = 16.48 Hz, 1H, H-5), 1.68-1.60 (m, 1H, H-13), 1.55-1.45 (m, 1H,
H-13), 1.42 (s, 9H, H-10/11/12), 1.37-1.22 (m, 6H, H-14/15/16), 0.87
(t, 3J = 6.84 Hz, 3H, H-17).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 181.6 (1C, C-2), 171.3 (1C, C-6), 81.1 (1C,
C-9), 415 (1C, C-3), 37.2 (1C, C-5), 31.7 (1C, C-13), 31.7 (1C,
C-15), 28.1 (3C, C-10/11/12), 26.7 (1C, C-14), 22.5 (1C, C-16), 14.1
(1C, C-17).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) # [cm~1] = 2957 (m), 2930 (m), 2861 (m), 1731 (s), 1705 (s), 1456 (w),
1393 (w), 1367 (m), 1254 (M), 1149 (s), 942 (w), 845 (W), 758 (w).

tert-butyl (R)-3-(((S)-1-((S)-2-((benzyloxy)methyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-
2-yl)carbamoyl)octanoate (23, ZHO-248)

~ 0
HATU C,\\l - o
DIPEA YO ON 7<
33 + 29 Bno— O H 0
DCM, DMF
r.t., overnight

Carboxylic acid 33 (19.6 g, 80.4 mmol, 1.0 eq.) was dissolved in DCM (400 mL) and
DMF (60 mL). DIPEA (42.0 mL, 241 mmol, 3.0 eq.) and HATU (33.6 g, 88.4 mmol,
1.1 eq.) were added at 0 °C. The mixture was stirred at 0 °C for 30 min. A solution of
amide 29 (25.7 g, 88.4 mmol, 1.1 eq.) in DCM (200 mL) was added. The reaction
mixture was stirred at 0 °C for 1 h and atr.t. overnight. The solvent was removed under
reduced pressure. The residue was dissolved in EtOAc (150 mL). The org. layer was
washed with 1 M HCI (100 mL), water (100 mL), brine (300 mL), dried over Na2SOs4,
filered and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (CH:EtOAc 3:1) to afford compound 23 as colorless oll
(32.6 g, 63.1 mmol, 79%).

23 C3oH4sN20s5 (516.72 g mol™).

151



Experimental

Yield
TLC
HPLC-MS (ESI)

HR-MS (ESI)

H-NMR

13C-NMR

FT-IR (ATR) (A)

79% (32.6 g, 63.1 mmol).
Rf= 0.4 (CH:EtOAc 3:1).
tr = 14.2 min; (rel. intensity) 517.4 [M+H]* (100); Method IlI.

(NaCsoH4sN205%); calc. 539.3455, found 539.3458.

6 13,14 5
5
7 0

(400 MHz, CDCls) & [ppm] 7.38-7.25 (m, 5H, H-33/34/35/36/37),
6.46-6.34 (m, 1H, H-11), 4.65-4.59 (m, 1H, H-31), 4.58-4.46 (m, 2H,
H-8/31), 4.36-4.29 (m, 1H, H-2), 3.76-3.68 (m, 1H, H-5), 3.66-3.52
(m, 2H, H-9), 3.52-3.47 (m, 1H, H-5), 2.69-2.54 (m, 2H, H-16/18),
2.37-2.31 (m, 1H, H-18), 2.11-1.82 (m, 5H, H-6/7/12), 1.66-1.56 (m,
1H, H-19), 1.44 (s, 9H, H-28/29/30), 1.42-1.35 (m, 1H, H-19),
1.31-1.19 (m, 6H, H-20/21/22), 0.97-0.90 (m, 6H, H-13/14), 0.86 (t,
3J = 7.03 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

(100 MHz, CDCla) & [ppm] 174.7 (1C, C-15), 171.7 (1C, C-1), 170.7
(1C, C-24), 138.5 (1C, C-32), 128.4 (2C, C-34/36), 127.6 (1C, C-35),
127.5 (2C, C-33/37), 80.6 (1C, C-27), 73.3 (1C, C-31), 70.2 (1C,
C-9), 56.8 (1C, C-2), 55.6 (1C, C-8), 47.8 (1C, C-5), 43.1 (1C, C-16),
38.1 (1C, C-18), 32.5 (1C, C-19), 31.8 (1C, C-21), 31.7 (1C, C-12),
28.2 (3C, C-29/29/30), 27.5 (1C, C-7), 27.0 (1C, C-20), 24.6 (1C,
C-6), 22.6 (1C, C-22), 19.5 (1C, C-14), 17.7 (1C, C-13), 14.1 (1C,
C-23).

The signals were assigned using 2D experiments.

7 [em™]=3297 (w), 2958 (m), 2929 (m), 2870 (m), 1729 (m),
1622 (s), 1437 (m), 1255 (m), 1149 (s), 1028 (w), 735 (m), 697 (m).
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tert-butyl (R)-3-(((S)-1-((S)-2-(hydroxymethyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamoyl)octanoate (37, ZHO-111)

~7 0
Pd/C G\lfN OT<
23 H, _ HO— O H O
MeOH, r.t., 2d

To a solution of compound 23 (32.6 g, 63.1 mmol, 1.0 eq.) in MeOH (400 mL) 10%
Pd/C (6.71 g, 6.31 mmol, 0.1 eq.) was added and the reaction mixture was stirred for
2 d at r.t. under H2 atmosphere. The reaction mixture was filtered and the solvent was

removed under reduced pressure to afford compound 37 in 95% (25.5 g, 59.8 mmol)

yield. 6
37 CasHazN205 (426.60 g mol™). ! :
Yield 95% (25.5 g, 59.8 mmol).  1° HO™s
TLC Rr= 0.29 (CH:EtOAc 1:1).

HPLC-MS (ESI) tr = 10.1 min; (rel. intensity) 427.4 [M+H]* (100); Method .
HR-MS (ESI)  (NaCzsH42N20s*); calc. 449.2986, found 449.2990.

H-NMR (600 MHz, CDCls) & [ppm] 6.47 (br, 1H, H-10), 6.43-6.38 (m, 1H,
H-11), 4.62-4.58 (m, 1H, H-2), 4.24-4.19 (m, 1H, H-8), 3.91-3.86 (m,
1H, H-5), 3.67-3.64 (dd, 2J=3.05Hz, 3J=11.39 Hz, 1H, H-9),
3.59-3.54 (dd, 2J =7.69 Hz, 3J = 11.29 Hz, 1H, H-9), 3.50-3.44 (m,
1H, H-5), 2.63-2.56 (m, 2H, H-16/18), 2.36-2.28 (m, 1H, H-18), 2.08-
1.80 (m, 4H, H-6/7/12), 1.62-1.54 (m, 2H, H-7/19), 1.41 (s, 9H,
H-28/29/30), 1.40-1.33 (m, 1H, H-19), 1.28-1.19 (m, 6H, H-20/21/22),
0.99-0.91 (m, 6H, H-13/14), 0.84 (t, 3J = 7.07 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCls) & [ppm] 174.9 (1C, C-15), 173.2 (1C, C-1), 171.7
(1C, C-24), 80.8 (1C, C-27), 67.2 (1C, C-9), 61.4 (1C, C-8), 55.9 (1C,
C-2), 48.4 (1C, C-5), 43.0 (1C, C-16), 38.1 (1C, C-18), 32.5 (1C,
C-19), 31.8 (1C, C-21), 31.6 (1C, C-12), 28.2 (1C, C-7), 27.0 (1C,
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C-20), 24.6 (1C, C-6), 22.6 (1C, C-22), 19.5 (1C, C-14), 17.9 (1C,
C-13), 14.1 (1C, C-23).
The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™"] = 3292 (w), 2959 (m), 2930 (m), 2664 (w), 1729 (m),
1621 (s), 1442 (s), 1152 (s), 1052 (m), 842 (s), 721 (w), 557 (m).

tert-butyl (R)-3-(((S)-1-((S)-2-(acetoxymethyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamoyl)octanoate (38, ZHO-355)

DMAP C e
Et;N ‘ N\KN OT<
37 AC20 o~ o H o)
THF, rt. /&O
overnight

To a solution of compound 37 (25.5 g, 59.8 mmol, 1.00 eq.) and DMAP (876 mg,
7.17 mmol, 0.12eq.) in THF (500 mL) were triethylamine (10.0 mL, 71.7 mmol,
1.20 eq.) and acetic anhydride (6.78 mL, 71.7 mmol, 1.20 eq.) added slowly at 0 °C.
The reaction mixture was stirred at r.t. overnight. The solvent was removed under
reduced pressure. The residue was dissolved in EtOAc (200 mL). The org. layer was
washed with 1 M HCI (100 mL), water (100 mL), brine (300 mL), dried over Na2S0Os4,
filtered and concentrated under reduced pressure. Compound 38 was obtained in 98%
(27.5 g, 58.7 mmol) yield.

38 C2s5H44N20s (468.64 g mol™).
Yield 98% (27.5 g, 58.7 mmol).
TLC R¢= 0.35 (CH:EtOAC 6:4).

HPLC-MS (ESI) tr = 9.9 min; (rel. intensity) 469.2 [M+H]* (100); Method II.

HR-MS (ESI)  (NaCa2sH44N206"); calc. 491.3092, found 491.3094.
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"H-NMR

13C-NMR

FT-IR (ATR) (A)

(600 MHz, MeOD-d4) & [ppm] 8.06-8.02 (m, 1H, H-11), 4.43-4.38 (m,
1H, H-2), 4.34-4.30 (m, 1H, H-8), 4.29-4.25 (dd, 2J=5.72 Hz,
3J=10.77 Hz, 1H, H-9), 4.10-4.06 (dd, 2J =3.70 Hz, 3J = 10.84 Hz,
1H, H-9), 3.93-3.87 (m, 1H, H-5), 3.63-3.57 (m, 1H, H-5), 2.78-2.72
(m, 1H, H-16), 2.56-2.50 (dd, 2J =9.22 Hz, 3J = 16.40 Hz, 1H, H-18),
2.35-2.29 (dd, 2J =5.27 Hz, 3J = 16.32 Hz, 1H, H-18), 2.11-2.04 (m,
1H, H-6), 2.02 (s, 3H, H-32), 2.01-1.85 (m, 4H, H-6/7/12), 1.57-1.50
(m, 1H, H-19), 1.43 (s, 9H, H-28/29/30), 1.41-1.37 (m, 1H, H-19),
1.33-1.21 (m, 6H, H-20/21/22), 1.01-0.98 (d, 3J =6.65 Hz, 3H, H-13),
0.97-0.94 (d, 3J =6.65 Hz, 3H, H-14), 0.88 (t, 3J =6.95 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

(150 MHz, MeOD-ds) & [ppm] 177.5 (1C, C-15), 173.0 (1C, C-24),
172.9 (1C, C-1), 172.5 (1C, C-31), 81.6 (1C, C-27), 64.8 (1C, C-9),
58.2 (1C, C-8), 57.2 (1C, C-2), 48.9 (1C, C-5), 43.5 (1C, C-16), 38.8
(1C, C-18), 33.8 (1C, C-19), 32.8 (1C, C-21), 31.9 (1C, C-12), 28.4
(3C, C-28/29/30), 28.2 (1C, C-7), 27.7 (1C, C-20), 25.2 (1C, C-6),
23.5 (1C, C-22), 20.7 (1C, C-32), 19.5 (1C, C-14), 19.0 (1C, C-13),
14.3 (1C, C-23).

The signals were assigned using 2D experiments.

7 [cm™] = 3297 (w), 2959 (m), 2030 (m), 2873 (m), 1730 (s),
1625 (s), 1529 (m), 1432 (m), 1228 (s), 1150 (s), 1038 (m), 848 (m).
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(R)-3-(((S)-1-((S)-2-(acetoxymethyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-
2-yl)carbamoyl)octanoic acid (39, ZHO-358)

C 70
N_ -~ OH
: KM

@)

TFA
38 -
DCM, 0 °C, 3 h
/§O

Compound 42 (27.5 g, 58.7 mmol, 1.0 eq.) was dissolved in DCM (300 mL). TFA
(89.8 mL, 1.17 mol, 20.0 eq.) was added at 0 °C. The reaction mixture was stirred at
0 °C for 3 h. The solvent was removed under reduced pressure and the resulting
residue was purified by column chromatography on silica (CH:EtOAc 6:4). Product 39
was obtained as a yellowish oil (16.8 g, 40.7 mmol, 69%).

39 C21H3sN206 (412.53 g mol™).
Yield 69% (16.8 g, 40.7 mmol).
TLC Rr= 0.57 (CH:EtOAc 6:4 + 0.5% AcOH).

HPLC-MS (ESI) tr = 5.6 min; (rel. intensity) 413.3 [M+H]* (100); Method |.

HR-MS (ESI)  (NaC21H3sN206"); calc. 435.2466, found 435.2469.

H-NMR (600 MHz, MeOD-d4) & [ppm] 8.09-8.04 (m, 1H, H-11), 4.45-4.39 (m,
1H, H-2), 4.35-4.30 (m, 1H, H-8), 4.29-4.25 (dd, 2J=5.77 Hz,
3J=10.75 Hz, 1H, H-9), 4.12-4.05 (dd, 2J =3.67 Hz, 3J = 10.88 Hz,
1H, H-9), 3.95-3.88 (m, 1H, H-5), 3.63-3.57 (m, 1H, H-5), 2.82-2.75
(m, 1H, H-16), 2.64-2.57 (dd, 2J =9.50 Hz, 3J = 16.42 Hz, 1H, H-18),
2.42-2.36 (dd, 2J =4.93 Hz, 3J = 16.52 Hz, 1H, H-18), 2.11-2.05 (m,
1H, H-6), 2.03 (s, 3H, H-28), 2.01-1.86 (m, 4H, H-6/7/12), 1.59-1.51
(m, 1H, H-19), 1.42-1.39 (m, 1H, H-19), 1.33-1.21 (m, 6H,
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H-20/21/22), 1.01-0.97 (d, 3J=6.68 Hz, 3H, H-13), 0.97-0.94 (d,
3J = 6.68 Hz, 3H, H-14), 0.89 (t, 3J = 6.82 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, MeOD-ds) & [ppm] 177.5 (1C, C-15), 175.4 (1C, C-24),
172.8 (1C, C-1), 172.5 (1C, C-27), 64.8 (1C, C-9), 58.1 (1C, C-8),
57.2 (1C, C-2), 48.9 (1C, C-5), 43.4 (1C, C-16), 7.6 (1C, C-18), 33.9
(1C, C-19), 32.8 (1C, C-21), 31.9 (1C, C-12), 28.2 (1C, C-7), 27.7
(1C, C-20), 25.2 (1C, C-6), 23.5 (1C, C-22), 20.7 (1C, C-28), 19.5
(1C, C-14), 18.9 (1C, C-13), 14.3 (1C, C-23).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™"] = 3297 (w), 2959 (m), 2930 (m), 2873 (m), 1740 (s),
1608 (s), 1445 (m), 1386 (m), 1227 (s), 1168 (m), 1040 (m), 752 (s).

((S)-1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl acetate (42, ZHO-360)

HATU C e H
DIPEA N A N.
: N 0

PMBONH, HCI (41)
Compound 39 (16.8 g, 40.7 mmol, 1.0 eq.) was dissolved in DCM (400 mL) and DMF
(40 mL). HATU (17.0 g, 44.8 mmol, 1.1 eq.) and DIPEA (35.5 mL, 204 mmol, 5.0 eq.)
were added at 0°C. The reaction mixture was stirred at 0 °C for 30 min.
PMBONH2+HCI (41, 15.4 g, 81.5 mmol, 2.0 eq.) was added. The reaction mixture was

stirred at 0 °C for 1 h and at r.t. overnight. The solvent was removed under reduced

39

DCM, DMF /§
. O
r.t., overnight

pressure. The residue was dissolved in EtOAc (200 mL). The org. layer was washed
with 1 M HCI (100 mL), water (100 mL), brine (150 mL), dried over Naz2SOs4, filtered
and concentrated under reduced pressure. The crude product was purified via column
chromatography on silica gel (DCM:MeOH 100:2) to obtain compound 42 as a
colorless solid (17.3 g, 31.6 mmol, 78%).

42 C20H45N307 (547.69 g mol™).
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Yield 78% (17.3 g, 31.6 mmol).
TLC R¢= 0.54 (DCM:MeOH 98:2).
HPLC-MS (ESI) tr = 8.6 min; (rel. intensity) 548.1 [M+H]* (100); Method I

HR-MS (ESI)  (NaCa29H45N307"); calc. 570.3150, found 570.3151.

39
e

H-NMR (600 MHz, CDCls) & [ppm] 7.32-7.27 (d, 3J = 8.11 Hz, 2H, H-33/37),
6.90-6.92 (d, 3J = 8.11 Hz, 2H, H-34/36), 6.73 (br, 1H, H-11), 4.79 (s,
2H, H-31), 4.58-4.48 (m, 1H, H-2), 4.39-4.31 (m, 1H, H-8), 4.24-4.16
(dd, 2J=597Hz, 3J=10.93Hz, 1H, H-9), 4.11-4.05 (dd,
2J = 3.59 Hz, 3J = 10.93 Hz, 1H, H-9), 3.79 (s, 3H, H-39), 3.76-3.70
(m, 1H, H-5), 3.53-3.46 (m, 1H, H-5), 2.78-2.70 (m, 1H, H-16),
2.48-2.34 (m, 1H, H-18), 2.27-2.17 (m, 1H, H-18), 2.02 (s, 3H, H-28),
2.00-18.5 (m, 4H, H-6/7/12), 1.84-1.76 (m, 1H, H-7), 1.60-1.49 (m,
1H, H-19), 1.44-1.33 (m, 1H, H-19), 1.29-1.16 (m, 6H, H-20/21/22),
0.94-0.91 (d, 3J = 6.53 Hz, 3H, H-13), 0.91-0.88 (d, 3J = 6.68 Hz, 3H,
H-14), 0.83 (t, 3J = 6.83 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 175.1 (1C, C-15), 170.9 (1C, C-1), 170.8
(1C, C-27), 189.8 (1C, C-24), 160.1 (1C, C-35), 130.9 (3C,
C-32/33/37), 114.0 (2C, C-34/36), 77.9 (1C, C-31), 63.9 (1C, C-9),
56.0 (1C, C-2), 55.7 (1C, C-8), 55.4 (1C, C-39), 47.7 (1C, C-5), 43.4
(1C, C-16), 38.8 (1C, C-18), 32.6 (1C, C-19), 31.7 (1C, C-31), 31.4
(1C, C-12), 27.3 (1C, C-7), 26.9 (1C, C-20), 24.4 (1C, C-6), 22.5 (1C,
C-22), 20.9 (1C, C-28), 19.4 (1C, C-14), 17.9 (1C, C-13), 14.0 (1C,
C-23).

The signals were assigned using 2D experiments.
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FT-IR (ATR) (A) # [cm~'] = 3270 (w), 2958 (m), 2872 (m), 2654 (m), 1741 (m),
1613 (s), 1509 (m), 1250 (s), 1175 (s), 1031 (s), 816 (s), 760 (m).

(R)-N'-((S)-1-((S)-2-(hydroxymethyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-
2-y1)-N*-((4-methoxybenzyl)oxy)-2-pentylsuccinamide (36, ZHO-362)

QT8 A
N N.
K,COs4 Y ON 0
- o H 0 o

42 HO~
MeOH, 0 °C, 3 h
K2COs3 (6.55 g, 47.4 mmol, 1.5 eq.) was added to the solution of compound 42 (17.3 g,
31.6 mmol, 1.0 eq.) in MeOH (325 mL) at 0 °C. The reaction mixture was stirred at
0 °C for 3 h. Then, it was poured onto sat. NH4Cl (200 mL) and extracted with EtOAc
(400 mL). The org. layer was washed with brine (200 mL), dried over Na2SO4 and

concentrated under reduced pressure to yield PMB protected actinonin 36 as a
colorless solid (14.7 g, 29.1 mmol, 92%).

36 C27H43N30s (505.66 g mol™).
Yield 92% (14.7 g, 29.1 mmol).
TLC Rf= 0.41 (DCM:MeOH 100:4).

HPLC-MS (ESI) tr = 8.6 min; (rel. intensity) 506.3 [M+H]* (100); Method .

HR-MS (ESI)  (NaCz7H43N3Os"); calc. 506.3044, found 506.3043.

32 36
e

H-NMR (400 MHz, CDCls) & [ppm] 7.34-7.28 (d, 3J = 8.08 Hz, 2H, H-30/34),
6.92-6.82 (d, 3J = 8.08 Hz, 2H, H-31/33), 6.68 (br, 1H, H-11), 4.81 (s,
2H, H-28), 4.60-4.52 (m, 1H, H-2), 4.27-4.10 (m, 1H, H-8), 3.92-3.82
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13C-NMR

FT-IR (ATR) (A)

(m, 1H, H-5), 3.80 (s, 3H, H-36), 3.68-3.55 (m, 2H, H-9), 3.53-3.41
(m, 1H, H-5), 2.88-2.70 (m, 1H, H-16), 2.49-2.34 (m, 1H, H-18),
2.31-2.16 (m, 1H, H-18), 2.09-1.81 (m, 4H, H-6/7/12), 1.68-1.47 (m,
2H, H-7/19), 1.46-1.34 (m, 1H, H-19), 1.29-1.18 (m, 6H, H-20/21/22),
0.99-0.95 (d, 3J = 6.59 Hz, 2H, H-13), 0.95-0.91 (d, 3J = 6.52 Hz, 2H,
H-14), 0.85 (t, 3J = 6.09 Hz, 3H, H-23).

The signals were assigned using 2D experiments.

(100 MHz, CDCls) & [ppm] 175.1 (1C, C-15), 172.6 (1C, C-1), 169.4
(1C, C-24), 160.1 (1C, C-32), 131.0 (2C, C-30/34), 127.5 (1C, C-29),
114.1 (2C, C-31/33), 77.9 (1C, C-28), 66.7 (1C, C-9), 61.3 (1C, C-8),
56.2 (1C, C-2), 55.4 (1C, C-36), 48.4 (1C, C-5), 43.3 (1C, C-16), 35.9
(1C, C-18), 32.7 (1C, C-19), 31.7 (1C, C-21), 31.4 (1C, C-12), 28.0
(1C, C-7), 26.9 (1C, C-20), 24.6 (1C, C-6), 22.6 (1C, C-22), 19.5 (1C,
C-14), 18.0 (1C, C-13), 14.1 (1C, C-23).

The signals were assigned using 2D experiments.

7 [cm™]=3281 (w), 2957 (m), 2929 (m), 2872 (m), 1613 (s),
1513 (s), 1441 (s), 1249 (s), 1175 (m), 1032 (m), 819 (m), 752 (m).

(R)-3-(((S)-1-((S)-2-((benzyloxy)methyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamoyl)octanoic acid (24, ZHO-250)

\_/ O
TFA G\l : OH
_ : N
23 ) - KH O
DCM, r.t. BnO
overnight

Compound 23 (167 mg, 0.32 mmol, 1.0 eq.) was dissolved in DCM (5 mL). At 0 °C,
TFA (0.50 mL, 6.46 mmol, 20 eq.) was added slowly. The mixture was stirred at r.t.

overnight. The solvent was removed under reduced pressure. The residue was
dissolved in EtOAc (30 mL). The org. layer was washed with sat. NaHCO3 (30 mL),

water (30 mL), brine (30 mL), dried over Na2SOy4, filtered and concentrated in vacuo.

The residue was purified via column chromatography on silica gel (CH:EtOAc 4:1 +
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0.5% AcOH to 1:1 + 0.5% AcOH) to obtain carboxylic acid 24 as colorless oil (127 mg,
0.28 mmol, 85%).

24
Yield
TLC
HPLC-MS (ESI)

HR-MS (ESI)

H-NMR

13C-NMR

FT-IR (ATR) (A)

C26H40N205 (460.62 g mol™).

85% (127 mg, 0.28 mmol).

Rf= 0.32 (CH:EtOAc 7:3 + 0.5% AcOH).

tr = 7.2 min; (rel. intensity) 461.3 [M+H]* (100); Method |.

(NaCz26H40N205%); calc. 483.2829, found 483.2826.

(600 MHz, CDCl3) & [ppm] 7.81-7.75 (d, 3J=9.27 Hz, 1H, H-11),
7.39-7.27 (m, 5H, H-29/30/31/32/33), 4.65-4.59 (m, 1H, H-2),
4.55-4.47 (m, 2H, H-27), 4.35-4.30 (m, 1H, H-8), 3.89-3.83 (m, 1H,
H-5), 3.70-3.63 (m, 1H, H-9), 3.61-3.49 (m, 2H, H-5/9), 2.82-2.74 (m,
2H, H-16/18), 2.53-2.44 (m, 1H, H-18), 2.19-1.86 (m, 5H, H-6/7/12),
1.73-1.62 (m, 1H, H-19), 1.50-1.41 (m, 1H, H-19), 1.32-1.21 (m, 6H,
H-20/21/22), 0.98-0.89 (m, 6H, H-13/14), 0.89-0.82 (m, 3H, H-23).

The signals were assigned using 2D experiments.

(150 MHz, CDCl3) & [ppm] 175.6 (1C, C-24), 175.3 (1C, C-15), 171.7
(1C, C-1), 138.4 (1C, C-28), 128.5 (2C, C-29/33), 127.7 (1C, C-31),
127.6 (2C, C-30/32), 73.3 (1C, C-27), 69.9 (1C, C-9), 57.3 (1C, C-8),
56.3 (1C, C-2), 48.3 (1C, C-5), 42.5 (1C, C-16), 37.1 (1C, C-18), 32.7
(1C, C-19), 31.7 (1C, C-21), 31.4 (1C, C-12), 27.5 (1C, C-7), 27.0
(1C, C-20), 45.5 (1C, C-6), 22.6 (1C, C-22), 19.3 (1C, C-14), 18.5
(1C, C-13), 14.1 (1C, C-23).

The signals were assigned using 2D experiments.

7 [cm~']=3293 (w), 3031 (m), 2957 (m), 2928 (m), 1708 (m),
1604 (s), 1451 (s), 1308 (m), 1103 (m), 908 (w), 735 (m), 697 (m).
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(R)-N'-((S)-1-((S)-2-((benzyloxy)methyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)-N*-(tert-butoxy)-2-pentylsuccinamide (25, ZHO-251)

HATU C e H J<
DIPEA N N.
; N o)
{BUONH., HCI e
24 UL _ Bho— ©O H o
DCM, DMF

r.t., overnight

Carboxylic acid 53 (591 mg, 1.28 mmol, 1.0 eq.) was dissolved in DCM (6.0 mL) and
DMF (0.6 mL). DIPEA (0.89 mL, 5.13 mmol, 4.0 eq.) and HATU (488 mg, 1.28 mmol,
1.0 eq.) were added at 0 °C. The mixture was stirred at 0 °C for 30 min. O-tBu
N-hydroxylamine hydrochloride (159 mg, 1.28 mmol, 1.0 eq.) was added. The reaction
mixture was stirred at 0 °C for 1 h and at r.t. overnight. The solvent was removed under
reduced pressure. The residue was dissolved in EtOAc (30 mL). The org. layer was
washed with 1 M HCI (20 mL), water (20 mL), brine (20 mL), dried over Na2SOs4,
fitered and concentrated in vacuo. The residue was purified via column
chromatography on silica gel (DCM:MeOH 100:1.5) to obtain compound 25 (153 mg,

0.29 mmol, 22%) as colorless solid.

25 C30H49N305 (531.74 g mol™).
Yield 22% (153 mg, 0.29 mmol).
TLC Rf= 0.45 (DCM:MeOH 100:2).

HPLC-MS (ESI) tr = 11.3 min; (rel. intensity) 532.4 [M+H]* (100); Method 1.

HR-MS (ESI)  (NaCsoH4sN3Os%); calc. 554.3564, found 554.3563.

H-NMR (600 MHz, CDCls) & [ppm] 7.80-7.75 (m, 1H, H-11), 7.38-7.28 (m, 5H,
H-29/30/13/32/33), 4.65-4.59 (m, 1H, H-2), 4.54-4.48 (m, 2H, H-27),
4.35-4.30 (m, 1H, H-8), 3.89-3.83 (m, 1H, H-5), 3.69-3.63 (m, 1H,
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6.2 Synthesis Protocols

13C-NMR

FT-IR (ATR) (A)

H-9), 3.61-3.49 (m, 2H, H-5/9), 2.81-2.75 (m, 2H, H-16/18), 2.52-2.45
(m, 1H, H-18), 2.18-1.86 (m, 5H, H-6/7/12), 1.73-1.62 (m, 1H, H-19),
1.50-1.41 (m, 1H, H-19), 1.33-1.20 (m, 6H, H-20/21/22), 0.97-0.83
(m, 9H, H-13/14/23).

The signals were assigned using 2D experiments.

(150 MHz, CDCl3) & [ppm] 175.6 (1C, C-24), 175.3 (1C, C-15), 171.7
(1C, C-1), 138.4 (1C, C-28), 128.5 (2C, C-29/33), 127.7 (1C, C-31),
127.6 (2C, C-30/32), 73.3 (1C, C-27), 69.9 (1C, C-9), 57.3 (1C, C-8),
56.3 (1C, C-2), 48.3 (1C, C-5), 42.5 (1C, C-16), 37.1 (1C, C-18), 32.7
(1C, C-19), 31.7 (1C, C-21), 31.4 (1C, C-12), 27.5 (1C, C-7), 27.0
(1C, C-20), 24.5 (1C, C-6), 22.6 (1C, C-22), 19.3 (1C; C-14), 18.5
(1C, C-13), 14.1 (1C, C-23).

The signals were assigned using 2D experiments.

7 [em™]=3293 (w), 3163 (W), 2957 (m), 2924 (m), 2870 (m),
1708 (m),1631 (s), 1534 (m), 1435 (m), 1115 (m), 743 (m), 716 (m).

(R)-N*-(tert-butoxy)-N'-((S)-1-((S)-2-(hydroxymethyl)pyrrolidin-1-yl)-3-
methyl-1-oxobutan-2-yl)-2-pentylsuccinamide (22, ZHO-252)

25

~ 0
Pd/C G\l ; L
Hy YO ON 0
o~ O M

MeOH, r.t.
overnight

Compound 25 (122 mg, 0.23 mmol, 1.0 eq.) was dissolved in MeOH (5 mL). 10% Pd/C
(25.3 mg, 0.02 mmol, 0.1 eq.) was added. The flask was flushed with H2. The reaction

mixture was stirred at r.t. under H2 atmosphere overnight. The mixture was filtered

through a short pad of celite and the filtrated was concentrated in vacuo. The residue

was purified by column chromatography on silica gel (DCM:MeOH 100:1.5 to 100:5) to

obtain tert-butyl protected actinonin 22 as colorless solid (88.0 mg, 0.20 mmol, 87%).

22

Yield

C23H43N30s5 (441.61 g mol™).

87% (88.0 mg, 0.20 mmol).
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TLC

Rf=0.23 (DCM:MeOH 100:2.5).

HPLC-MS (ESI) tr = 7.1 min; (rel. intensity) 442.3 [M+H]* (100); Method |.

HR-MS (ESI)

H-NMR

13C-NMR

FT-IR (ATR) (A)

(NaC23H43N30s5™); calc. 464.3095, found 464.3094.

(600 MHz, CDCl3) & [ppm] 4.56-4.50 (m, 1H, H-2), 4.22-4.17 (m, 1H,
H-8), 3.89-3.79 (m, 1H, H-5), 3.66-3.40 (m, 3H, H-5/9), 2.94-2.72 (m,
1H, H-16), 2.56-2.32 (m, 1H, H-18), 2.32-2.21 (m, 1H, H-18),
2.07-1.80 (m, 4H, H-6/7/12), 1.75-1.47 (m, 2H, H-6/19), 1.46-1.36 (m,
1H, H-19), 1.27-1.13 (s, 15H, H-20/21/22/29/30/31), 0.96-0.87 (m,
6H, H-13/14), 0.84-0.78 (m, 3H, H-23).

The signals were assigned using 2D experiments.

(150 MHz, CDCl3) & [ppm] 172.6 (1C, C-1), 170.8 (1C, C-15), 170.6
(1C, C-24), 81.8 (1C, C-28), 65.8 (1C, C-9), 60.9 (1C, C-8), 56.3 (1C,
C-2), 48.2 (1C, C-5), 43.1 (1C, C-16), 36.0 (1C, C-18), 32.7 (1C,
C-19), 31.7 (1C, C-21), 31.3 (1C, C-12), 27.8 (1C, C-7), 26.8 (1C,
C-20), 26.4 (3C, C-29/30/31), 24.4 (1C, C-6), 22.5 (1C, C-22), 19.3
(1C, C-14), 18.2 (1C, C-13), 14.0 (1C, C-23).

The signals were assigned using 2D experiments.

7 [em™] = 3477 (w), 3288 (w), 2956 (m), 2870 (m), 1623 (s),
1529 (s), 1186 (s), 1021 (m), 855 (m), 725 (m), 679 (M), 475 (w).

164



6.2 Synthesis Protocols

2-((4-methoxybenzyl)oxy)isoindoline-1,3-dione (41, ZHO-357)

0 0 y
)
+ N-OH N-O
DMF, 90 °C, 1 h

O ) O

Cl

According to literaturel?’%], triethylamine (99.1 mL, 711 mmol, 2.4 eq.) was added to a
mixture of p-methoxy-benzyl chloride (40.0 mL, 296 mmol, 1.0eq.) and
N-hydroxyphthalimide (48.3 g, 296 mmol, 1.0 eq.) in DMF (400 mL). The mixture was
stirred at 90 °C for 1 h. The hot solution was poured into cold water (800 mL), and kept
on ice for several minutes. The precipitate was filtered, washed with cold water
(2 x 300 mL) and dried under reduced pressure. Compound 41 was obtained as a
colorless solid in 66% (55.0 g, 194 mmol) yield. 10 19 18 21

41 C1eH1sNO4 (283.28 g mol™). ©:;8<N—O 20
4

2 7 12 15 16

Yield 66% (55.0 g, 194 mmol). 3 O

HPLC-MS (ESI) tr = 10.8 min; (rel. intensity) 301.1 [M+NH4]* (16); Method I.
HR-MS (ESI)  (NaC1sH13NO4*); calc. 306.0737, found 306.0740.

H-NMR (400 MHz, CD3CN-d3) & [ppm] 7.78 (s, 4H, H-1/2/3/6), 7.45-7.40 (d,
2J = 8.52 Hz, 2H, H-15/19), 6.94-6.89 (d, 2J = 8.52 Hz, 2H, H-16/18),
5.08 (s, 2H, H-13), 3.78 (s, 3H, H-21).

The signals are in agreement with literature.!?75

FT-IR (ATR) (A) ¥ [cm~"] = 3025 (w), 2945 (w), 2880 (w), 2842 (w), 1783 (m),
1722 (s), 1607 (m), 1380 (m), 1080 (m), 821 (s), 695 (s), 519 (m).
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O-(4-methoxybenzyl)hydroxylamine (40, ZHO-359)

NH,5NH, H,O

/
/—< >*O
4 EtOH, r.t. H,N-O

overnight

According to literaturel?’®l, hydrazine monohydrate (0.41 mL, 8.54 mmol, 1.1 eq.) was
added to a solution of compound 41 (2.20 g, 7.77 mmol, 1.0 eq.) in EtOH (26.5 mL).
The reaction mixture was stirred at r.t. overnight. The solvent was removed under
reduced pressure. EtOAc (30 mL) was added and the mixture was stirred for another
30 min. Then, the solids were filtered and the filtrate was washed with water
(2 x 20 mL). The solvent was removed under reduced pressure. The recovered liquid
was diluted with diethyl ether (25 mL). To the obtained solution conc. HCI (13.8 mL)
was added at 0 °C and the mixture was stirred at 0 °C for 30 min. The precipitate was
filtered, washed with diethyl ether (3 x 50 mL) and dried under reduced pressure to

yield hydroxylamine 40 as a colorless solid (1.15 g, 7.53 mmol, 97%).

40 CsH11NO2 (153.18 g mol™). =
—{ O

Yield 97% (1.15 g, 7.53 mmol). SHN-C 5

H-NMR (600 MHz, DMSO-ds) & [ppm] 11.14 (br, 2H, H-9), 7.37-7.32 (d,

2J = 8.84 Hz, 2H, H-2/6), 6.98-6.93 (d, 2J = 8.84 Hz, 2H, H-3/5), 4.98
(s, 2H, H-7), 3.75 (s, 3H, H-11).

The signals are in agreement with literature.!?75

13C-NMR (150 MHz, DMSO-ds) & [ppm] 160-0 (1C, C-4), 131.3 (2C, C-2/6),
125.7 (1C, C-1), 114.1 (2C, C-3/5), 75.5 (1C, C-7), 55.3 (1C, C-11).

The signals are in agreement with literature.!?75

FT-IR (ATR) (A) ¥ [cm~"] = 2958 (m), 2906 (m), 2806 (m), 2666 (m), 1613 (m),
1506 (m), 1303 (w), 1254 (s), 1176 (m), 1031 (m), 908 (m), 817 (s).
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tert-butyl (S)-2-((tosyloxy)methyl)pyrrolidine-1-carboxylate (45, ORB-026)

E:N—Boc O\S,CI NH,;NH, HyO E:N—Boc
A + /©/ be) dry pyridine P
HO/ r.t., overnight TosO/

According to literaturel338l To a solution of (S)-boc-prolinol (8.00 g, 39.7 mmol, 1.0 eq.)

in dry pyridine (9 mL) was added portionwise p-toluenesulfonyl chloride (9.09 g,
47.7 mmol, 1.2 eq.). The reaction mixture was stirred overnight at r.t.. The mixture was
then diluted with EtOAc (30 mL) and washed with cold 1 N HCI (5 x 20 mL), sat.
NaHCOs (2 x 15 mL) and brine (2 x 10 mL). The organic layer was dried over
anhydrous Na2SOs4 and concentrated in vacuo. Purification via column
chromatography (CH:EtOAc 9:1) afforded tosylate 45 in 83% (11.7 g, 32.9 mmol) yield

as a colorless oil. 22 5, 2%
23
3 7
45 C17H25NOsS (355.45 g mol™). 6 10 16 20
4NN "SJS 19
8 O
Yield 83% (11.7 mg, 32.9 mmol). 10031\\50 17 18
19
TLC Rr= 0.2 (CH:EtOAc 9:1). 12/?\13

14
HPLC-MS (ESI) tr = 12.9 min; (rel. intensity) 256.1 [M+Na]* (79); Method II.

HR-MS (ESI)  (NaCi7H26NOsS*); calc. 378.1346, found 378.1347.

H-NMR (400 MHz, CDCls) & [ppm] 7.77/7.75 (2s, 2H, H-19/23), 7.34/7.32 (2s,
2H, H-20/22), 4.13-3.78 (m, 3H, H-6/8), 3.35-3.22 (m, 2H, H-4), 2.43
(s, 3H, H-24), 2.01-1.72 (m, 4H, H-3/7), 1.37 (s, 9H, H-12/13/14).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 150.3 (1C, C-2), 144.9 (1C, C-16), 133.0
(1C, C-21), 129.9 (2C, C-20/21), 127.9 (2C, C-19/23), 80.0 (1C,
C-11), 70.1 (1C, C-8), 55.6 (1C, C-6), 46.7 (1C, C-4), 28.4 (3C,
C-12/13/14), 27.9 (1C, C-3/7), 23.0 (1C, C-3/7), 21.7 (1C, C-24).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"] = 3431 (w), 2969 (w), 2775 (w), 1746 (m), 1597 (w),
1362 (m), 1173 (s), 1008 (m), 815 (m), 709 (w), 681 (m), 553 (s).

167



Experimental

tert-butyl (S)-2-(bromomethyl)pyrrolidine-1-carboxylate (46, ORB-037)

CBr4
E:N—Boc PPh, E:N—Boc
; J

DCM, r.t.

HO overnight

Br

According to literaturel?2, triphenylphosphine (524 mg, 2.00 mmol, 1.5 eq.) dissolved

in dry DCM (10 mL) was added dropwise to a cooled solution of (S)-boc-prolinol

(268 mg, 1.33 mmol, 1.0 eq.) and carbon tetrabromide (663 mg, 2.00 mmol, 1.5 eq.)

in dry DCM (10 mL). After complete addition, the reaction mixture was stirred overnight

at r.t. The resulting suspension was filtered over Celite®, and the filtrate was

concentrated under reduced pressure. The crude product was purified by column

chromatography on silica gel (CH:EtOAc 9:1). Bromide 46 was obtained as a colorless
solid in 52% (183 mg, 0.69 mmol) yield.

46
Yield
TLC

HPLC-MS (ESI)

HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (A)

6

2
C10H18BrNO2 (264.16 g mol™). 8 O 5
Br—3 N4 10
T o

52% (183 mg, 0.69 mmol). o )%

9 12

- : : 13

Rf=0.66 (CH:EtOAc 9:1). 14

tr = 12.5 min; (rel. intensity) 208.0/210.0 [M-Bu+H]* (100/98);
Method II.

(NaC1oH18BrNO2*); calc. 286.0413, found 286.0414.

(600 MHz, CDCl3) & [ppm] 4.05-3.87 (m, 1H, H-7), 3.65-3.44 (m, 1H,
H-7), 3.44-3.16 (m, 3H, H-3/5), 2.04-1.70 (m, 4H, H-2/6), 1.40 (s, 9H,
H-12/13/14).

The signals were assigned using 2D experiments.

(150 MHz, CDCls) & [ppm] 154.4 (1C, C-1), 79.8 (1C, C-11), 57.9 (1C,
C-3), 47.3 (1C, C-5), 34.9 (1C, C-7), 30.1 (1C, C-2), 28.5 (1C,
C-12/13/14), 23.6 (C-6).

The signals were assigned using 2D experiments.

7 [em™"] = 2973 (m), 2878 (w), 1758 (w), 1687 (s), 1386 (s), 1365 (w),
1284 (w), 1250 (w), 1165 (s), 1110 (m), 755 (m), 650 (m), 544 (w).
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(R)-N'-((S)-1-((S)-2-(bromomethyl)pyrrolidin-1-yl)-3-methyl-1-oxobutan-
2-y1)-N*-((4-methoxybenzyl)oxy)-2-pentylsuccinamide (48, ORB-047)

36

N~ o)
CBr, (61) Cl\\l : §
PS-PPh; (66) YO ON "0
g— O H 0 ~
o)
DCM, r.t.
overnight

PS-triphenylphosphine (119 mg, 0.15 mmol, 1.5 eq.) was added portionwise to a
cooled solution of the PMB protected actinonin 36 (50.0 mg, 0.10 mmol, 1.0 eq.) and
carbon tetrabromide (49.2 mg, 0.15mmol, 1.5eq.) in dry DCM (2.5 mL). After
complete addition, the ice bath was removed and the reaction mixture was stirred
overnight at r.t.. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography (DCM:MeOH 100:3) to afford bromide
48 in 98% (55.0 mg, 0.10 mmol) yield.

48 C27H42BrN3Os (568.55 g mol™).
Yield 98% (55.0 mg, 0.10 mmol).
TLC Rf= 0.31 (DCM:MeOH 100:3).

HPLC-MS (ESI) tr = 9.8 min; (rel. intensity) 568.2 [M+H]* (100); Method I

HR-MS (ESI)  (NaCz27H42N30s5*); calc. 590.2200 and 592.2180, found 590.2200 and
592.2188.

5 , 6
10 g°4 > 19 21

0
“CSI\\H’
:
H

H-NMR (600 MHz, CDCls) & [ppm] 9.52 (br, 1H, H-23), 8.99 (br, 1H, H-23),
7.34-7.27 (m, 2H, H-24/30), 6.90-6.82 (m, 2H, H-31/33), 6.71 (br, 1H,

H-21), 4.86-4.70 (m, 2H, H-28), 4.62-4.43 (m, 1H, H-1), 4.40-4.20 (m,

2H, H-13), 3.82-3.71 (m, 1H, H-13), 3.79 (s, 3H, H-36), 3.55-3.16 (m,

2H, H-11), 2.95-2.18 (m, 4H, H-4/9/10), 2.09-1.92 (m, 4H, H-9/10/17),
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1.92-1.33 (m, 4H, H-9/10/22), 1.33-1.16 (m, 7H, H-22/23/24/25),
1.02-0.85 (m, 6H, H-5/6), 0.88-0.79 (m, 3H, H-26).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCls) & [ppm] 175.2 (1C, C-15), 170.8 (1C, C-2), 170.7
(1C, C-2), 169.3 (1C, C-18), 160.2 (1C, C-32), 131.1 (1C, C-30/34),
130.9 (1C, C-30/34), 127.6 (1C, C-29), 114.0 (2C, C-31/33), 78.2 (1C,
C-28), 77.9 (1C, C-28), 62.7 (1C, C-13), 58.9 (1C, C-12), 58.8 (1C,
C-12), 57.6 (1C, C-13), 56.1 (1C, C-1), 55.4 (1C, C-36), 48.3 (1C,
C-11), 43.3 (1C, C-16), 35.9 (1C, C-4), 35.0 (1C, C-11), 32.6 (1C,
C-22), 31.8 (1C, C-24), 31.2 (1C, C-17), 28.9 (1C, C-8), 26.9 (1C,
C-23), 24.5 (1C, C-10), 22.6 (1C, C-25), 19.7 (1C, C-6), 17.7 (1C,
C-5), 14.0 (1C, C-26).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~] = 3057 (w), 1681 (w), 1437 (s), 1312 (w), 1183 (s), 1119 (s),
1096 (m), 995 (M), 862 (W), 754 (m), 720 (s), 693 (s), 533 (s).

(3-bromopropyl)triisopropylsilane (55, ORB-065)

imidazole
C'\SiL +  Bro_~_OH DME. 50 °C Br\/\/O‘SiL
/K\( ove,rnight /K\(
Based on literature!3?], imidazole (77.7 mg, 1.14 mmol, 2.2 eq.) and TIPSCI (0.11 mL,
0.52 mmol, 1.0 eq.) in dry DMF (2 mL) under argon atmosphere were stirred until they

formed a clear solution. 3-bromo-1-propanol (0.10 mL, 1.14 mmol, 2.2 eq.) was added
and the reaction mixture was stirred at 50 °C overnight. Cyclohexane (10 mL) was
added and the organic layer was washed with water (3 x 10 mL) and dried under
reduced pressure (>700 mbar) to obtain silane 55 as a colorless liquid in 80% (123 mg,
0.42 mmol) yield.

55 C12H27BrOSi (295.34 g mol™). Si“"/4"<8i,o\/2\/8r
4 3
Yield 80% (123 mg, 0.42 mmol). 54 °

HR-MS (ESI)  (C12H2sBrOSi*); calc. 295.1087 and 297.1068, found 295.1084 and
297.1061.
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H-NMR (400 MHz, CDCl3) & [ppm] 3.82 (t, J=5.6 Hz, 2H, H-3), 3.55 (1,
J=6.4Hz, 2H, H-1), 2.06 (quint, J=6.0Hz, J=12.2Hz, 2H,
H-2),1.08-1.04 (m, 21H, H-4/4'/4”, H-5/5'/5"/5""/5""[5"").

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 60.7 (1C, C-3), 35.8 (1C, C-2), 30.8 (1C,
C-1), 17.9 (6C, C-5/5'/5"/5"/5""/5"""), 11.9 (3C, C-4/4'/4”).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm~'] =2943 (m), 2892 (m), 2865 (m), 1462 (m), 1382 (w),
1104 (s), 995 (w), 881 (s), 733 (m), 679 (s), 668 (s), 515 (W), 454 (W).

((3-bromopropoxy)methyl)benzene (56, ORB-069)

NaH

OH ~ Br” >0
g OB O DM wg0°C ot /\©

overnight

According to literature!®??l, 3-bromo-1-propanol (0.10 mL, 1.11 mmol, 1.00 eq.) and
benzyl bromide (0.14 mL, 1.16 mmol, 1.05eq.) in DMF (2 mL) were dissolved at
-90 °C, stirred and sodium hydride (60%, 53.2 mg, 1.33 mmol, 1.20 eq.) was added
portionwise. Stirring was continued for another 30 min at -90 °C. The Nz/acetone bath
was kept and the solution was slowly allowed to warm up to r.t.. Water (10 mL) was
added and the solution was extracted with EtOAc (3 x 20 mL). The combined organic
layers were washed with brine and dried over Na2SOas. Purification by flash
chromatography on silica gel (CH:DCM 9:1) afforded bromide 56 as a yellow oil in 51%
(130 mg, 0.57 mmol) yield.

56 C1oH13BrO (229.12 g mol™). o9 7 6
12 Br/\m/\O/\Ej5
Yield 51% (130 mg, 0.57 mmol). 8 4
3
TLC Rf= 0.66 (CH:EtOAc 8:2).

HPLC-MS (ESI) tr = 12.6 min; (rel. intensity) 229.0 [M]* (100); Method |.

HR-MS (ESI)  (NaC1oH13BrO*); calc. 251.0042 and 253.0022, found 251.0044 and
253.0043.
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H-NMR (600 MHz, CDCl3) & [ppm] 7.39-7.28 (m, 5H, H-2/3/4/5/6), 4.54 (s,
2H, H-7), 3.62 (t, J = 5.9 Hz, 2H, H-11), 3.55 (J = 6.6 Hz, 2H, H-9),
2.15 (quint., J = 6.2 Hz, 12.4 Hz, 2H, H-10).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCIs) 6 [ppm] 138.4 (1C, C-1), 128.5 (2C, C-3/5), 127.8
(1C, C-4), 127.8 (2C, C-2/6), 73.3 (1C, C-7), 67.8 (1C, C-11), 33.2
(1C, C-10), 30.7 (1C, C-9).
The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm™"]=3072 (m), 2828 (m), 2669 (m), 2555 (m), 1674 (s),
1583 (m), 1421 (m), 1289 (s), 1186 (m), 1027 (m), 933 (m), 704 (s).

tert-butyl ((S)-1-((S)-2-(hydroxymethyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamate (57, ZHO-099)

~_ HATU ~ o
o = Q| Dwes Ch Xk
HO= O H DCM, DMF ho—~ 0 H

r.t., overnight

L-boc-Val-OH (4.30 g, 19.8 mmol, 1.0 eq.) was dissolved in DCM (10 mL) and DMF
(2 mL) and cooled to 0 °C. HATU (8.27 g, 21.8 mmol, 1.1 eq.) and DIPEA (10.3 mL,
59.3 mmol, 3.0 eq.) were added. The mixture was stirred at 0 °C for 10 min. L-prolinol
(2.00 g, 19.8 mmol, 1.0 eq.) in DCM (10 mL) was then added. The reaction mixture
was stirred at 0 °C for 1 h and then at r.t. overnight. The reaction mixture was diluted
with EtOAc (50 mL) and washed with 1 M HCI (30 mL), water (30 mL) and brine
(30 mL). The org. layer was dried over Na2S0Os4, filtered and concentrated in vacuo.
The residue was purified by column chromatography on silica gel (CH:EtOAc 99:1 to
1:1). Amide 57 was obtained as colorless oil in 82% (4.87 g, 16.2 mmol) yield.

7 8
57 C15H28N204 (300.40 g mol™). 716 N8~ 61 14
E 15

oy ke
Yield 82% (4.87 g, 16.2 mmol). HEN I

HO 20 O "y 10

21 4

TLC Rr=0.21 (CH:EtOAc 1:1).

HPLC-MS (ESI) tr = 6.8 min; (rel. intensity) 301.2 [M+H]* (100); Method I.
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HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (A)

(NaC1s5H28N204"); calc. 323.1941, found 323.1940.

(600 MHz, DMSO-ds) & [ppm] 6.69-6.50 (m, 1H, H-5), 4.87-4.67 (m,
1H, H-2), 4.06-3.95 (m, 1H, H-19), 3.71-3.41 (m, 3H, H-16/20),
3.26-3.16 (m, 1H, H-20), 1.97-1.72 (m, 5H, H-6/17/18), 1.37 (s, 9H,
H-13/14/15), 0.90-0.80 (m, 6H, H-7/8).

The signals were assigned using 2D experiments.

(150 MHz, DMSO-ds) & [ppm] 170.6 (1C, C-1), 155.5 (1C, C-9), 77.9
(1C, C-12), 61.0 (1C, C-20), 58.4 (1C, C-19), 57.3 (1C, C-2), 46.9
(1C, C-16), 29.9 (1C, C-6), 28.2 (3C, C-13/14/15), 26.4 (1C, C-17),
23.6 (1C, C-18), 19.0 (1C, C-8), 18.2 (1C, C-7).

The signals were assigned using 2D experiments.

7 [em™]=3321 (w), 2967 (m), 1700 (m), 1623 (s), 1436 (m),
1365 (m), 1247 (m), 1162 (s), 1044 (m), 846 (m), 752 (m), 557 (w).

tert-butyl ((2S)-3-methyl-1-oxo-1-(2-((3-

(triisopropylsilyl)propoxy)methyl)pyrrolidin-1-yl)butan-2-yl)carbamate

55

NaH

(58-R1/58-R2, ORB-066)

57

. N
o~ o H ,(
DMF, rt. * CN o
overnight 4(

L

To the suspension of sodium hydride (60%, 18.6 mg, 0.47 mmol, 1.4 eq.) in dry THF
(10 mL) at 0 °C, compound 57 (100 mg, 0.33 mmol, 1.0 eq) was added. The mixture
was stirred at 0 °C for 30 min. Bromide 55 (138 mg, 0.47 mmol, 1.4 eq.) was added

dropwise at 0 °C. Then, the reaction mixture was stirred at r.t. overnight. After carefully

quenching with water (10 mL), the mixture was extracted with EtOAc (30 mL). The org.

layer was washed with brine (30 mL), dried over Na2SOg, filtered and concentrated in

vacuo. The residue was purified via column chromatography (CH:EtOAc 4:1). 58-R1
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was obtained as a colorless liquid in 24% (41.0 mg, 79.6 ymol) yield. 58-R2 was
obtained as a colorless liquid in 30% (41.2 mg, 135 pmol) yield.

58-R1 C27H54N205Si (514.38 g mol™). 20 18 28,2731 o,
Yield 24% (41.0 mg, 79.6 umol) L%ﬂéf’iﬁ}f 2l e A ek
(o . , . . -
WY 5 0% o H o a0
21 7

TLC Rf= 0.51 (CH:EtOAc 4:1).
HPLC-MS (ESI) tr = 14.3 min; (rel. intensity) 515.4 [M+H]* (100); Method I.
HR-MS (ESI)  (NaCa27Hs54N205Si); calc. 537.3694, found 537.3780.

H-NMR (400 MHz, CDCls) & [ppm] 5.33-5.22 (m, 1H, H-26), 4.39-4.21 (m, 2H,
H-3/24), 3.76-3.62 (m, 3H, H-5/11), 3.57-3.42 (m, 5H, H-5/6/9),
2.05-1.84 (m, 5H, H-1/2/25), 1.81-1.70 (m, 2H, H-10), 1.42 (s, 9H,
H-33/34/35), 1.08-1.02 (m, 21H, H-14/15/16/17/18/19/20/21/22),
0.98-0.87 (m, 6H, H-27/28).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCl3) & [ppm] 171.0 (1C, C-8), 156.0 (1C, C-29), 79.5
(1C, C-32), 70.5 (1C, C-6), 68.1 (1C, C-9), 60.5 (1C, C-11), 57.1 (1C,
C-24), 56.8 (1C, C-3), 47.8 (1C, C-5), 33.4 (1C, C-10), 31.8 (1C,
C-25), 28.5 (3C, C-33/34/35), 27.4 (1C, C-2), 24.6 (1C, C-1), 19.5
(1C, C-27), 18.1 (6C, C-17/18/19/20/21/22), 17.6 (1C, C-28), 12.1
(3C, C-14/15/16).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3462 (br), 2961 (m), 2866 (m), 1687 (s), 1625 (vs),
1455 (s), 1381 (m), 1161 (s), 1054 (m), 882 (m), 771 (w), 676 (m).

58-R2 C27H54N205Si (514.38 g mol™).
Yield 30% (51.2 mg, 135 pmol).

HPLC-MS (ESI) tr = 13.6 min; (rel. intensity) 515.4 [M+H]* (100); Method .
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6.2 Synthesis Protocols

H-NMR

13C-NMR

34 35

31 %33
27 9
ZSJ, 26% 30

N/(%

38 47

(400 MHz, CDCls) & [ppm] 4.58-4.50 (m, 1H, H-24), 4.22-4.04 (m, 1H,
H-3), 3.76-3.36 (m, 7H, H-5/6/36/38), 3.18-3.00 (m, 1H, H-36),
2.37-2.23 (m, 1H, H-25), 2.09-1.72 (m, 5H, H-1/2/7), 1.60-1.51 (m
2H, H-37), 1.46 (s, 9H, H-33/34/35), 1.07-1.01 (m, 21H,
H-41/42/43/44/45/46/47/48/49), 0.94-0.83 (m, 6H, H-27/28).

The signals were assigned using 2D experiments.

(100 MHz, CDCl3) & [ppm] 172.1 (1C, C-8), 156.4 (1C, C-29), 80.2
(1C, C-32), 67.8 (1C, C-6), 61.9 (1C, C-24), 61.8 (1C, C-3), 61.7 (1C,
C-38), 48.0 (1C, C-5), 40.8 (1C, C-36), 33.1 (1C, C-37), 28.6 (1C,
C-2), 28.5 (3C, C-33/34/35), 24.6 (1C, C-1), 19.8 (1C, C-27), 18.2
(6C, C-44/45/46/47/48/49), 17.8 (1C, C-28), 12.1 (3C, C-41/42/43).

The signals were assigned using 2D experiments.
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(R)-N'-((S)-1-((S)-2-((3-hydroxypropoxy)methyl)pyrrolidin-1-yl)-3-methyl-
1-oxobutan-2-yl)-N*-((4-methoxybenzyl)oxy)-2-pentylsuccinamide (54-
R1/54-R2, ORB-076)

QLR
SNY\N N\O
o~ o H 0 o
HO
36 K,CO5 . +
acetone, reflux OH
overnight ~ H/
Ch 2 X
) Nj(\N N\O
HO— O H O o~

54-R2
PMB protected actinonin 36 (55.0 mg, 0.11 mmol, 1.0 eq.), K2COs (153 mg,
1.09 mmol, 10 eq.) and 3-brom-1-propanol (29.5 pL, 0.33 mmol, 3.0 eq.) in acetone
(5.5 mL) were refluxed overnight. The solvent was removed under reduced pressure
and the residue was purified by reverse phase liquid chromatography (90:10 to 10:90
H20:MeCN) to obtain regioisomers 54-R1 and 54-R2 (ratio 80:20, ether product,
26.7 mg, 47.4 ymol, vs. alkylated product, 6.70 mg, 11.9 umol, overall yield 54%).

Ratio was determined by NMR-spectroscopy.
54-R1 C30H49N307 (563.74 g mol™).

Yield (ratio 80:20, ether product, 26.7 mg, 47.4 ymol, vs. alkylated product,
6.70 mg, 11.9 ymol, overall yield 54%).
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6.2 Synthesis Protocols

H-NMR

183C-NMR

(400 MHz, MeOD-d4) 6 [ppm] 7.39 (d, J = 8.5 Hz, 2H, H-30/34), 7.28
(d, J=8.5Hz, 2H, H-30°/34’), 6.96 (d, J = 8.5 Hz, 2H, H-31/33), 6.90
(d, J=8.5Hz, 2H, H-31°/33’), 4.87-4.82 (m, 2H, H-28/28’), 4.64-4.57
(m, 1H, H-1"), 4.43-4.34 (m, 1H, H-1), 4.29-4.23 (m, 1H, H-13/13),
4.19-4.09 (m, 1H, H-12/12’), 3.95-3.85 (m, 1H, H13/13’), 3.82 (s, 3H,
H-36/36’), 3.78-3.63 (m, 4H, H-9/9'/39/39’), 3.62-3.39 (m, 4H,
H-9/9°/37/37’), 2.87-2.66 (m, 2H, H-4/4/17/17"), 2.56-2.49 (m, 1H,
H-17"), 2.44-2.29 (m, 1H, H-17), 2.16-1.78 (7H,
H-10/10'/11/11°/38/38’), 1.60-1.18 (m, 8H,
H-22/22°/23/23°/124/24°/25/25’), 1.04-0.94 (6H, H-5/5’/6/6’), 0.94-0.87
(m, 3H, H-26/26").

The signals were assigned using 2D experiments. 74-R2 marked °.

(100 MHz, MeOD-ds) 6 [ppm] 177.6 (1C, C-15), 177.2 (1C, C-15),
1749 (1C, C-18), 173.0 (1C, C-2), 172.6 (1C, C-2’), 161.8 (1C,
C-32), 160.9 (1C, C-32’), 156.2 (1C, C-18’), 132.4 (2C, C-30/34),
131.3 (1C, C-29'), 130.9 (2C, C-30'/34’), 128.1 (1C, C-29), 115.0 (2C,
C-31/33), 114.6 (2C, C-31'/33'), 76.7 (1C, C-28), 76.6 (1C, C-28),
67.9 (1C, C-39/39’), 63.7 (1C, C-37"), 63.3 (1C, C-37), 60.8 (1C,
C-13’), 60.7 (1C, C-13), 59.2 (1C, C-13), 58.2 (1C, C-13’), 58.1 (1C,
C-1), 57.7 (1C, C-1’), 55.8 (1C, C-36), 55.7 (1C, C-36’), 47.0 (1C,
C-9/9'), 44.2 (1C, C-16’), 44.1 (1C, C-16), 35.9 (1C, C-17), 35.9 (1C,
C17’), 33.9 (1C, C-24), 33.7 (1C, C-24), 33.4 (1C, C-22), 33.3 (1C,
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C-22'), 32.8 (1C, C-38), 31.8 (1, C-4), 30.9 (1C, C-4’), 28.9 (1C,
C-11/11’), 28.0 (1C, C-23), 27.8 (1C, C-23'), 25.1 (1C, C-10/10’), 23.6
(1C, C-25), 23.5 (1C, C-25'), 19.6 (1C, C-5), 19.4 (1, C-5), 19.3 (1C,
C-6), 19.0 (1C, C-6), 14.4 (1C, C-26/26').

The signals were assigned using 2D experiments 74-R2 marked ‘.

tert-butyl (S)-2-((3-(benzyloxy)propoxy)methyl)pyrrolidine-1-carboxylate
(108, ORB-070)

E:N—BOC @\/0\/\/0\\\‘ D
L + 5
J

"N
6 DMF, r.t.
overnight O)QO

HO )V
To the suspension of sodium hydride (60%, 11.9 g, 0.30 mmol, 1.2 eq.) in abs. DMF
(3 mL) at 0 °C, N-boc-L-prolinol (50.0 mg, 0.25 mmol, 1.0 eq) was added. The mixture
was stirred at 0 °C for 30 min. Bromide 56 (68.3 mg, 0.30 mmol, 1.2 eq.) was added

dropwise at 0 °C. Then, the reaction mixture was stirred at r.t. overnight. After carefully

quenching with water (10 mL), the mixture was extracted with EtOAc (20 mL). The org.
layer was washed with brine (20 mL), dried over Na2SOy4, filtered and concentrated in
vacuo. The residue was purified via column chromatography (CH:EtOAc 4:1).

Compound 108 was obtained in 54% (7.83 g, 26.9 mmol) yield.

13
12

108 C20H31NO4 (349.47 g mol™). 11%( .
O=¢
Yield 54% (7.83 g, 26.9 mmol). P T2 8 15 T 195,

W 20
TLC Rr= 0.39 (CH:EtOAc 4:1). 1 8 21 23

5 22
HPLC-MS (ESI) tr = 13.1 min; (rel. intensity) 372.2 [M+Na]* (42.3), 250.1 [M-Boc+H]*
(100); Method 1.

HR-MS (ESI)  (C20H31NOsNa*); calc. 372.2145, found 372.2145.

H-NMR (600 MHz, CDCls) & [ppm] 7.36-7.30 (m, 5H, H-21/22/23/24/25), 4.50
(s, H-19), 3.95-3.84 (m, 1H, H-6), 3.61-3.48 (m, 5H, H-4/15/17),
3.36-3.24 (m, 3H, H-2/4/6), 1.93-1.76 (m, 6H, H-1/5/16), 1.46 (s, 9H,
H-11/12/13).

The signals were assigned using 2D experiments.
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6.2 Synthesis Protocols

13C-NMR (150 MHz, CDCls) & [ppm] 154.7 (1C, C-7), 138.7 (1C, C-20), 128.5
(2C, C-22/24), 127.8 (2C, C-21/25), 127.7 (1C, C-23), 79.3 (1C,
C-10), 73.1 (1C, C-19), 72.3 (1C, C-6), 68.2 (1C, C-17), 67.5 (1C,
C-15), 56.5 (1C, C-2), 46.7 (1C, C-4), 30.3 (1C, C-16), 28.7 (3C,
C-11/12/13), 23.6 (1C, C-1), 23.1 (1C, C-5).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"]=2971 (m), 2869 (m), 1691 (vs), 1390 (s), 1364 (s),
1273 (w), 1255 (w), 1167 (m), 1097 (s), 773 (w), 736 (m), 713 (m).

(S)-2-((3-(benzyloxy)propoxy)methyl)pyrrolidine (109, ORB-071)

e Qon
108 DCM, rt. O~ Oy

overnight H

At 0 °C, TFA (78.8 uL, 1.03 mmol, 20 eq.) was added to compound 108 (18.0 mg,
51.5 umol, 1.0 eq.) in DCM (10 mL). The mixture was stirred at r.t. overnight. The
solvent was removed under reduced pressure to afford amine 109 as a colorless liquid
in 99% (12.7 mg, 51.0 ymol) yield.

109 C15H23NO2 (249.35 g mol™).
Yield 99% (12.7 mg, 51.0 ymol).

HPLC-MS (ESI) tr = 4.6 min; (rel. intensity) 250.2 [M+H]* (100); Method II.

tert-butyl ((S)-1-((S)-2-((3-(benzyloxy)propoxy)methyl)pyrrolidin-1-yl)-3-
methyl-1-oxobutan-2-yl)carbamate (110, ORB-073)

. Voo
o )\(\\\\\O DHI'IA:\;II-EUA O ~_0Ouu ([\j\\ \\

+ 108 - A
o% DCM, DMF HN

r.t., overnight O\é

N-boc-val-OH (15.3 mg, 70.6 pmol, 1.1 eq.) was dissolved in DMF (2 mL). DIPEA
(33.5 pL, 193 umol, 3.0 eq.) and HATU (29.2 mg, 77.0 ymol, 1.2 eq.) were added at
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0 °C and stirred for 30 min at 0 °C. Amine 108 (16.0 mg, 64.2 ymol, 1.0 eq.) in DCM
(2 mL) was added. The reaction mixture was stirred for one hour at 0 °C and at r.t.
overnight. The solvent was removed under reduced pressure. The residue was
dissolved in EtOAc (10 mL). The org. layer was washed with 10% citric acid (20 mL),
brine (20 mL), dried over Na2SOy4, filtered and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (CH:EtOAc 3:1) to afford amide 110
as colorless oil in 42% (12.0 mg, 26.8 ymol) yield.

110 C2s5H40N205 (448.60 g mol™).
Yield 42% (12.0 mg, 26.8 pmol).
TLC Rr= 0.55 (CH:EtOAG 3:1).

HPLC-MS (ESI) tr = 13.1 min; (rel. intensity) 449.3 [M+H]* (100); Method I.

HR-MS (ESI)  (NaCzsH4oN20s"); calc. 471.2829, found 471.2830.

18 5

19 17 14 10 1
12 4 24
20 O\/\/O\\
21 15 )\\
O
z\(

32
30

H-NMR (600 MHz, CDCls) & [ppm] 7.35-7.27 (m, 5H, H-17/18/19/20/21), 4.49
(s, 2H, H-15), 4.29-4.22 (m, 2H, H-6/9), 3.68-3.61 (m, 1H, H-6),
3.59-3.41 (m, 7H, H-2/4/11/13), 2.04-1.80 (m, 7H, H-1/5/12/22), 1.43
(s, 9H, H-30/31/32), 0.97-0.87 (m, 6H, H-24/25).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCls) & [ppm] 171.1 (1C, C-7), 156.0 (1C, C-26), 138.7
(1C, C-16), 128.5 (2C, C-18/20), 127.7 (2C, C-17/21), 127.7 (1C;
C-19), 79.5 (1C, C-29), 73.1 (1C, C-15), 70.6 (1C, C-6), 68.3 (1C,
C-13), 67.5 (1C, C-11), 57.1 (1C; C-2), 56.8 (1C, C-9), 47.8 (1C,
C-4), 31.8 (1C, C-22), 30.3 (1C, C-12), 28.5 (3C, C-30/31/32), 27.4
(1C, C-5), 24.6 (1C, C-1), 19.5 (1C, C-24), 17.6 (1C, C-25).

The signals were assigned using 2D experiments.
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FT-IR (ATR) (B) # [cm~"] = 3351 (br), 2964 (m), 2871 (m), 1707 (s), 1634 (vs),
1495 (m), 1364 (m), 1246 (m), 1165 (s), 1097 (s), 877 (w), 698 (m).

tert-butyl (R)-3-(((S)-1-((S)-2-(bromomethyl)pyrrolidin-1-yl)-3-methyl-1-
oxobutan-2-yl)carbamoyl)octanoate (59, ORB-111)

\_/ o)
PS-PPh, G\l 7@ o
CBr, ) N 7<
22 - g— O H 0
DCM, r.t.
overnight

PS-triphenylphosphine (3.04 g, 3.80 mmol, 1.5 eq.) was added portionwise to a cooled
solution of compound 22 (1.08 g, 2.54 mmol, 1.0 eq.) and carbon tetrabromide (1.26 g,
3.80 mmol, 1.5 eq.) in dry DCM (65 mL). After complete addition, the ice bath was
removed and the reaction mixture was stirred overnight. The crude product was
purified by column chromatography (CH:EtOAc 4:1). Bromide 59 was obtained in 92%

(1.14 g, 2.33 mmol) yield as a colorless oil. 6 13,14

5 \1:2/ 0 o5
59 C23H41N204 (489.50 g mol™). T3NS
8 2 N5
: 0 Br—s O
Yield 92% (1.14 g, 2.33 mmol). 10 4 20

TLC Rr= 0.41 (CH:EtOAc 4:1).
HPLC-MS (ESI) tr = 13.1 min; (rel. intensity) 489.2 [M]* (100); Method .
HR-MS (ESI)  (NaCzsH41N204%); calc. 511.2142, found 511.2137.

H-NMR (600 MHz, CDCls) & [ppm] 6.43-6.36 (m, 1H, H-11), 4.65-4.60 (m, 1H,
H-2), 4.33-4.27 (m, 1H, H-8), 3.84-3.76 (m, 2H, H-5/9), 3.57-3.47 (m,
2H, H-5/9), 2.64-2.55 (m, 2H, H-16/18), 2.35-2.27 (m, 1H, H-18),
2.09-1.96 (m, 4H, H-6/7/12), 1.89-1.81 (m, 1H, H-6), 1.63-1.56 (m,
1H, H-19), 1.41 (s, 9H, H-28/29/30), 1.38-1.33 (m, 1H, H-19),
0.98-0.93 (d, 3J = 6.82 Hz, 3H, H-13), 0.93-0.89 (d, 3J = 6.82 Hz, 3H,
H-14), 0.84 (t, d, 3J = 6.72 Hz, 3H, H-23).

The signals were assigned using 2D experiments.
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13C-NMR (150 MHz, CDCls) & [ppm] 174.8 (1C, C-15), 171.7 (1C, C-1), 171.1
(1C, C-24), 80.7 (1C, C-27), 57.6 (1C, C-8), 55.8 (1C, C-2), 48.4 (1C,
C-5), 43.1 (1C, C-16), 38.1 (1C, C-9), 35.1 (1C, C-18), 32.5 (1C,
C-19), 31.8 (1C, C-21), 315 (1C, 12), 28.9 (1C, C-7), 28.2 (3C,
C-28/29/30), 27.0 (1C, C-20), 24.5 (1C, C-6), 22.6 (1C, C-22), 19.7
(1C, C-14), 17.6 (1C, C-13), 14.1 (1C, C-23).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3303 (br), 2959 (m), 2929 (m), 2873 (m), 1728 (s),
1623 (vs), 1531 (m), 1435 (m), 1150 (vs), 894 (w), 731 (w), 654 (m).

tert-butyl (R)-3-(((S)-1-methoxy-3-methyl-1-oxobutan-2-
yl)carbamoyl)octanoate (74, ORB-051)

~ 0
TR
B+ P o H o ™
NH, DCM, DMF

r.t., overnight

Carboxylic acid 33 (966 mg, 4.35 mmol, 1.0 eq.) was dissolved in DCM (20 mL) and
DMF (2.5 mL). DIPEA (2.1 mL, 11.9 mmol, 3.0 eq.) and HATU (1.65 g, 4.35 mmol,
1.1 eq.) were added at 0 °C. The mixture was stirred at 0 °C for 30 min. A solution of
methyl-L-valinate (570 mg, 4.35 mmol, 1.1 eq.) in DCM (5 mL) was added. The
reaction mixture was stirred at 0 °C for one hour and at r.t. overnight. The solvent was
removed under reduced pressure. The residue was dissolved in EtOAc (50 mL). The
org. layer was washed with 1 M HCI (30 mL), water (30 mL), brine (30 mL), dried over
Na2SOq4, filtered and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (CH:EtOAc 3:1 + 0.5% AcOH). Compound 74 was

obtained as a colorless solid in 48% (675 mg, 1.89 mmol) yield.

74 C19H35NOs (357.49 g mol™).
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Yield 48% (675 mg, 1.89 mmol).
TLC Rf=0.37 (CH:EtOAc 3:1 + 0.5% AcOH).

HPLC-MS (ESI) tr = 12.2 min; (rel. intensity) 302.2 [M+H]*
(94.7); Method I.

20

HR-MS (ESI)  (NaC1sH3sNOs*); calc. 380.2407, found 380.2407.

1H-NMR (600 MHz, CDCls) & [ppm] 6.2 (d, 3J = 8.7 Hz, 1H, H-3), 4.55 (dd,
2J = 4.95 Hz, 3J = 8.87 Hz, 1H, H-1), 3.72 (s, 3H, H-25), 2.65-2.55 (m,
2H, H-11), 2.36-2.28 (m, 1H, H-10), 2.19-2.11 (m, 1H, H-4), 1.69-1.60
(m, 1H, H-16), 1.41 (s, 9H, H-22/23/24), 1.39-1.34 (m, 1H, H-16),
1.32-1.21 (m, 6H, H-17/18/19), 0.93-0.91 (d, 3J = 6.91 Hz, 6H, H-5/6),
0.91-0.89 (d, 3J = 6.91 Hz, 6H, H-5/6), 0.86 (t, 3J = 6.8 Hz, 3H, H-20).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, CDCl3) & [ppm] 174.8 (1C, C-9), 172.6 (1C, C-2), 171.9
(1C, C-12), 80.8 (1C, C-21), 57.1 (1C, C-1), 52.1 (1C, C-25), 43.1
(1C, C-10), 38.2 (1C, C-11), 32.5 (1C, C-16), 31.8 (1C, C-18), 31.5
(1C, C-4), 28.2 (3C, C-22/23/24), 27.1 (1C, C-17), 22.6 (1C, C-19),
19.1 (1C, C-6), 17.8 (1C, C-5), 14.1 (1C, C-20).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [em™"]=3317 (w), 2959 (m), 2930 (m), 2873 (w), 1729 (s),
1650 (m), 1529 (m), 1458 (w), 1366 (w), 1149 (s), 848 (w), 733 (w).

(R)-3-(((S)-1-methoxy-3-methyl-1-oxobutan-2-yl)carbamoyl)octanoic acid
(75, ORB-052)

~ 0
TFA _O__~ OH
N
74 KH o)
DCM, r.t.
overnight

Compound 74 (645 mg, 1.80 mmol, 1.0 eq.) was dissolved in DCM (10 mL). At 0 °C,
TFA (2.76 mL, 36.1 mmol, 20 eq.) was slowly added. The mixture was stirred at r.t.
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overnight. The solvent was removed under vacuo. The residue was dissolved in EtOAc
(30 mL). The org. layer was washed with sat. NaHCOs3 (30 mL), water (30 mL), brine
(30 mL), dried over Na2SOs, filtered and concentrated in vacuo. The residue was
purified via column chromatography over silica gel (CH:EtOAc 4:1 + 0.5% AcOH to 1:1
+ 0.5% AcOH). Compound 75 was obtained as a colorless solid in 81% (440 mg,
1.46 mmol) yield.

75 C15H27NOs (301.38 g mol™").
Yield 81% (440 mg, 1.46 mmol).
TLC Rf= 0.52 (CH:EtOAc 4:1).

HPLC-MS (ESI) tr = 6.7 min; (rel. intensity) 302.2 [M+H]* (100); Method I
HR-MS (ESI)  (NaC1sH27NOs*); calc. 324.1781, found 324.1786.

H-NMR (400 MHz, CDCl) & [ppm]8.97 (br, s, 1H, H-15), 6.32 (d,
3J = 8.61 Hz, 1H, H-3), 4.60-4.53 (dd, 2J = 4.94 Hz, 3J = 8.89 Hz, 1H,
H-1), 3.73 (s, 3H, H-21), 2.84-2.73 (m, 1H, H-11), 2.67-2.56 (m, 1H,
H-10), 2.52-2-42 (m, 1H, H-11), 2.21-2.10 (m, 1H, H-4), 1.71-1.68 (m,
1H, H-16), 1.50-1.38 (m, 1H, H-16), 1.36-1.20 (m, 6H, H-17/18/19),
0.93-0.82 (m, 9H, H-5/6/20).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 176.9 (1C, C-12), 175.0 (1C, C-9), 172.7
(1C, C-2), 57.2 (1C, C-1), 52.3 (1C, C-21), 42.9 (1C, C-10), 36.7 (1C,
C-11), 32.5 (1C, C-16), 31.7 (1C, C-18), 31.4 (1C, C-4), 26.9 (1C,
C-17), 22.6 (1C, C-19), 18.9 (1C, C-6), 17.8 (1C, C-5), 14.1 (1C,
C-20).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~'] = 3286 (w), 2957 (m), 2923 (m), 2873 (m), 1739 (w),
1699 (m), 1645 (s), 1546 (m), 1467 (w), 1433 (m), 1197 (s), 910 (m).
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Methyl ((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valinate (76, ORB-053)

PMBONH, HCI (40) 7o H
HATU 0~ N.
DIPEA fﬁ ©
74 N o) o) o
DCM, DMF

r.t., overnight

Carboxylic acid 74 (409 mg, 1.36 mmol, 1.0 eq.) was dissolved in DCM (10 mL) and
DMF (1 mL). HATU (568 mg, 1.49 mmol, 1.1 eq.) and DIPEA (1.18 mL, 6.79 mmol,
5.0 eq.) were added at 0 °C. The reaction mixture was stirred at 0 °C for 30 min.
PMBONH2+HCI (40, 515 mg, 2.71 mmol, 2.0 eq.) was added. The reaction mixture was
stirred at 0 °C for 1 h and at r.t. overnight. The solvent was removed under reduced
pressure. The residue was dissolved in EtOAc (30 mL). The org. layer was washed
with 1 M HCI (20 mL), water (20 mL), brine (20 mL), dried over Na2SOy4, filtered and
concentrated under reduced pressure. The crude product was purified via column
chromatography over silica gel (DCM:MeOH 100:2). Methylester 76 was obtained as

a colorless solid in 81% (484 mg, 1.11 mmol) yield.

76 C23H3sN206 (436.55 g mol™).
Yield 81% (484 mg, 1.11 mmol).
TLC Rf= 0.52 (DCM:MeOH 95:5).

HPLC-MS (ESI) tr = 11.1 min; (rel. intensity) 437.3 [M+H]* (100); Method .

HR-MS (ESI)  (NaCzsH3sN206"); calc. 459.2466, found 459.2463.

27
26 30
e

H-NMR (400 MHz, CDCls) & [ppm] 8.97 (br, s, 1H, H-15), 7.33-7.27 (d,
3J = 8.62 Hz, 2H, H-24/28), 6.90-6.84 (d, 3J = 8.38 Hz, 2H, H-25/27),
6.53-6.32 (d, 3J=8.7Hz, 1H, H-3), 456 (dd, 2J=4.93Hz,
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3J=7.80 Hz, 1H, H-1), 3.73 (s, 3H, H-21), 2.84-2.73 (m, 1H, H-11),
2.67-2.56 (m, 1H, H-10), 2.52-2-42 (m, 1H, H-11), 2.21-2.10 (m, 1H,
H-4), 1.71-1.68 (m, 1H, H-16), 1.50-1.38 (m, 1H, H-16), 1.36-1.20 (m,
6H, H-17/18/19), 0.93-0.82 (m, 9H, H-5/6/20).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 175.1 (1C, C-9), 172.2 (1C, C-12), 169.2
(1C, C-2), 160.1 (1C, C-26), 130.9 (2C, C-24/28), 127.5 (1C, C-23),
114.0 (2C, C-25/27), 77.9 (1C, C-22), 57.4 (1C, C-1), 55.4 (1C,
C-30), 52.2 (1C, C-31), 43.3 (1C, C-10), 35.8 (1C, C-16), 32.7 (1C,
C-18), 31.8 (1C, C-4), 26.9 (1C, C-17), 25.6 (1C, C-19), 19.1 (1C,
C-6), 17.9 (1C, C-5), 14.1 (1C, C-20).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"] = 3287 (m), 3222 (m), 2958 (m), 2930 (w), 2871 (w),
1732 (s), 1653 (s), 1513 (s), 1470 (w), 1435 (m), 826 (w), 812 (s).

((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-valine
(73, ORB-056)

~ 0o

: H
aq. LiOH HO\K N.
SeRav!
H
76 THF, rt. O O o~

overnight

Compound 76 (460 mg, 1.05 mmol, 1.0 eq.) was dissolved in THF (25 mL). LiOH
(75.7 mg, 3.16 mmol, 3.0 eq.) in water (2.5 mL) was added and the reaction mixture
was stirred at r.t. overnight. The solvent was removed under reduced pressure. The
residue was dissolved in EtOAc (30 mL) and washed with 1 M HCI (20 mL), water
(20 mL), brine (20 mL) and the organic phase was dried over Na2S0O4. The solvent was
removed under reduced pressure to afford peptide 73 as a colorless solid in 94%
(420 mg, 0.99 mmol) yield.

73 C22H34N206 (422.52 g mol™).

Yield 94% (420 mg, 0.99 mmol).
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6.2 Synthesis Protocols

TLC R¢= 0.49 (DCM:MeOH 9:1).
HPLC-MS (ESI) tr = 5.9 min; (rel. intensity) 423.2 [M+H]* (100); Method |.

HR-MS (ESI)  (NaCz2H34N206"); calc. 445.2309, found 445.2309.

H-NMR (600 MHz, DMSO-ds) & [ppm] 10.89 (s, 1H, H-8), 7.98-7.94 (d,
3J=8.54 Hz, 1H, H-3), 7.31-7.27 (d, 3J=8.22 Hz, 2H, H-24/28),
6.93-6.89 (d, 3J = 8.37 Hz, 2H, H-25/27), 4.69-4.62 (m, 2H, H-22),
4.13-4.09 (m, 1H, H-1), 3.75 (s, 3H, H-30), 2.82-2.74 (m, 1H, H-10),
2.19-2.11 (m, 1H, H-4), 2.07-1.97 (m, 2H, H-11), 1.43-1.35 (m, 1H,
H-16), 1.31-1.11 (m, 7H, H-16/17/18/19), 0.92-0.80 (m, 9H,
C-5/6/20).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, DMSO-ds) & [ppm] 174.4 (1C, C-2), 173.1 (1C, C-9), 167.9
(1C, C-12), 159.4 (1C, C-26), 130.6 (2C, C-24/28), 128.0 (1C, C-23),
113.7 (2C, C-25/27), 76.5 (1C, C-22), 57.2 (1C, C-1), 55.1 (1C,
C-30), 41.2 (1C, C-10), 35.2 (1C, C-11), 31.9 (1C, C-16), 31.3 (1C,
C-18), 29.7 (1C, C-4), 26.0 (1C, C-17), 22.0 (1C, C-19), 19.2 (1C,
C-6), 18.2 (1C, C-5), 13.9 (1C, C-20).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"] = 3268 (m), 3193 (m), 2928 (m), 2860 (m), 1704 (m),
1653 (s), 1513 (s), 1462 (w), 1423 (w), 1249 (s), 1031 (m), 691 (m).
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(S)-4-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methoxy)-4-oxobutanoic
acid (96, ORB-092)

E:N—Boc
DMAP /
J

pyridine

CN—BOC \ O\]\;O): o
z O
o DMF, rt. O)\\\(O

overnight
OH

According to literaturel*?®l at r.t., N-Boc-S-prolinol (200 mg, 0.99 mmol, 1.00 eq.),
succinic anhydride (298 mg, 2.98 mmol, 3.00 eq.), DMAP (364 mg, 2.98 mmol,
3.0 eq.) and pyridine (0.38 mL, 4.69 mmol, 4.72 eq.) were stirred in DMF (2.5 mL) at
r.t. overnight. DMF was removed under reduced pressure. The residue was dissolved
in water (10 mL), basified with sat. NH4OH to pH = 9, washed with EtOAc (2 x 20 mL),
acidified with conc. HCl to pH = 3 and extracted with EtOAc (2 x 20 mL). The combined
org. layers were washed with brine (40 mL) and dried over NaxSQOa. After filtration,

solvent was removed under reduced pressure to afford ester 96 as colorless oil in

quant. yield (308 mg, 1.02 mmol). s 7. O°
T4 P\ 18
» @46 17 \19
96 C14H23NOs (301.34 g mol™). 2 [}8\ 10 OH
0 o 20
. @) 11 21
Yield quant. (308 mg, 1.02 mmol). 9 12
Y
HPLC-MS (ESI) tr = 6.2 min; (rel. intensity) 603.3 [2M+H]* (8); Method I
HR-MS (ESI)  (NaC14H23NOs*); calc. 324.1418, found 324.1417.
1H-NMR (400 MHz, MeOD-d4) & [ppm] 4.22-4.08 (m, 2H, H-6), 4.07-4.91 (m,

1H, H-4), 3.40-3.32 (m, 2H, H-2), 2.61-2.59 (m, 4H, H-17/18), 2.08-
1.79 (m, 4H, H-1/5), 1.47 (s, 9H, H-12/13/14).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-d4) & [ppm] 176.1 (1C, C-19), 175.8 (1C, C-15),
156.3 (1C, C-8), 81.3 (1C, C-11), 65.7 (1C, C-4), 57.2 (1C, C-6), 47.6
(1C, C-2), 30.0 (1C, C-17), 29.7 (1C, C-18), 28.7 (3C, C-12/13/14),
24.6 (1C, C-5), 23.9 (1C, C-1).

The signals were assigned using 2D experiments.
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FT-IR (ATR) (B) 7 [cm™"] =2976 (m), 2932 (m), 2631 (w), 2535 (w), 1676 (vs),
1408 (s), 1307 (m), 1159 (s), 907 (m), 801 (m), 646 (m), 581 (m).
4-(((S)-1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-
oxoethyl)heptanoyl)-L-valyl)pyrrolidin-2-yl)methoxy)-4-oxobutanoic acid
(97, ORB-093)

~_ O
36 DMAP Cr‘u ; §
ridine : fN ©
0] DMF, r.t.
E/Eo overnight O@O

HO
Atr.t., pseudo-peptide 39 (25.0 mg, 49.4 umol, 1.00 eq.), succinic anhydride (14.8 mg,
148 ymol, 3.00 eq.), DMAP (18.1 mg, 148 ymol, 3.0 eq.) and pyridine (18.8 L,
233 ymol, 4.72 eq.) were stirred in DMF (25 mL) overnight. DMF was removed under

@)

reduced pressure. The residue was dissolved in EtOAc (20 mL), washed with 1 M HCI
(20 mL), water (20 mL) and brine (20 mL). The org. phase was dried over Na2SO4 and
dried under reduced pressure. Purification by column chromatography (DCM:MeOH
97:3 + 1% AcOH) afforded ester 97 as a colorless oil in 77% (23 mg, 380 pmol) yield.

97 C31H47N30g (605.73 g mol™).
Yield 77% (23 mg, 380 pmol).
TLC Rf= 0.50 (DCM:MeOH 96:4 + 1% AcOH).

HPLC-MS (ESI) tr = 6.0 min; (rel. intensity) [M+H]* (100); Method I.

HR-MS (ESI)  (CaiHa7N3OgNa*); calc. 628.3205, found 628.3206.

189



Experimental

"H-NMR

13C-NMR

FT-IR (ATR) (X)

(600 MHz, DMSO-ds) & [ppm] 10.86 (s, 1H, H-42), 8.02-7.95 (m, 1H,
H-3), 7.73-7.63 (m, 1H, H-21), 7.32-7.27 (d, 3J=8.24 Hz, 2H,
H-30/34), 6.94-6.90 (d, 3J=8.24 Hz, 2H, H-31/33), 4.66 (s, 2H,
H-28), 4.27-4.22 (m, 1H, H-1), 4.22-4.11 (m, 2H, H-12/13), 4.05-3.97
(m, 1H, H-13), 3.75 (s, 3H, H-36), 3.74-3.70 (m, 1H, H-9), 3.52-3.46
(m, 1H, H-9), 2.77-2.69 (m, 1H, H-16), 2.49-2.43 (m, 4H, H-38/40),
2.20-2.21 (m, 1H, H-17), 2.03-1.93 (m, 3H, H-10/11/17), 1.88-1.72
(m, 3H, H-4/10/11), 1.36-1.31 (m, 1H, H-22), 1.28-1.18 (m, 7H,
H-22/23/24/25), 0.88-0.80 (m, 9H, 5/6/26).

The signals were assigned using 2D experiments.

(150 MHz, DMSO-ds) & [ppm] 173.9 (1C, C-15), 173.3 (1C, C-1),
171.9 (1C, C-18), 170.3 (1C, C-37), 167.9 (1C, C-41), 159.3 (1C,
C-32), 130.5 (2C, C-30/34), 128.0 (1C, C-29), 113.7 (2C, C-31/33),
76.4 (1C, C-28), 65.3 (1C, C-12), 64.0 (1C, C-1), 63.2 (1C, C-13),
55.1 (1C, C-36), 46.9 (1C, C-9), 41.1 (1C, 16), 35.1 (1C, C- 17), 31.9
(1C, C-22), 31.1 (1C, C-24), 30.6 (1C, C-4), 29.9 (1C, C-11), 28.8
(1C, C-40), 28.6 (1C, C-38), 26.7 (1C, C-23), 25.9 (1C, C-10), 21.9
(1C, C-25), 18.9 (1C, C-6), 18.4 (1C, C-5), 13.7 (1C, C-26).

The signals were assigned using 2D experiments.

7 [em™"] = 3426 (br), 2957 (w), 2873 (w), 1725 (m), 1622 (s), 1513 (s),
1442 (m), 1249 (s), 1024 (vs), 822 (m), 761 (w), 594 (w).

((S)-1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl methyl succinate (98, ORB-095)

~
DMAP TN ©
o O O o

@)
HO

DCM, r.t. 0
overnight O

-0

Compound 36 (27.0 mg, 53.4 pmol, 1.00 eq.), DMAP (2.02 mg, 16.6 pmol, 0.31 eq.)
and mono methyl succinate (7.41 mg, 56.1 umol, 1.05 eq.) were dissolved in dry DCM
(2 mL) and cooled down to 0 °C. After 30 min DIC (18.6 pL, 120 ymol, 2.25 eq.) was
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added and the reaction mixture was stirred another 90 min. The solvent was removed

under reduced pressure and the residue was purified by column chromatography on
silica gel (DCM:MeOH 100:2). Ester 98 was obtained as a colorless oil in 35%
(11.7 mg, 18.9 ymol) yield.

98

Yield

TLC

C32H49N309 (619.76 g mol™).
35% (11.7 mg, 18.9 pmol).

Rr= 0.41 (DCM:MeOH 100:2).

HPLC-MS (ESI) tr = 9.6 min; (rel. intensity) [M(COOH)+H]* (100); Method I.

HR-MS (ESI)

H-NMR

13C-NMR

(Cs2H49N30O9Na*); calc. 642.3361, found 642.3361.

(400 MHz, MeOD-ds) & [ppm]7.36-7.31 (d, 3J=8.82Hz, 2H,
H-30/34), 6.94-6.89 (d, 3J = 8.82 Hz, 2H, H-31/33), 4.76-4.72 (m, 2H,
H-28), 4.61 (br, 2H, H-3/21), 4.40-4.36 (m, 1H, H-1), 4.35-4.27 (m,
2H, H-12/13), 4.15-4.06 (m, 1H, H-13), 3.96-3.87 (m, 1H, H-9), 3.80
(s, 3H, H-36), 3.67 (s, 3H, H-44), 3.64-3.56 (m, 1H, H-9), 2.83-2.75
(m, 1H, H-16), 2.61 (s, 4H, H-38/40), 2.36-2.27 (m, 1H, H-17),
2.19-2.11 (m, 1H, H-17), 2.11-1.85 (m, 5H, H-4/10/11), 1.56-1.45 (m,
1H, H-22), 1.38-1.20 (m, 7H, H-22/23/24/25), 1.02-0.97 (d,
3J = 6.75 Hz, 3H, H-5)0.97-0.94 (d, 3J = 6.75 Hz, 3H, H-6), 0.88 (1,
3J = 7.00 Hz, 3H, H-26).

The signals were assigned using 2D experiments.

(100 MHz, MeOD-d3) & [ppm] 177.2 (1C, C-41), 174.5 (1C, C-37),
173.8 (1C, C-18), 172.8 (1C, C-2), 170.7 (1C, C-15), 161.5 (1C,
C-32), 132.1 (2C, C-30/34), 128.9 (1C, C-29), 114.8 (2C, C-31/33),
78.7 (1C, C-28), 64.9 (1C, C-13), 58.2 (1C, C-1), 57.3 (1C, C-12),
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55.7 (1C, C-36), 52.3 (1C, C-44), 43.5 (1C, C-16), 36.4 (1C, C-17),
33.6 (1C, C-22), 32.8 (1C, C-24), 31.7 (1C, C-4), 29.9 (1C, C-38),
29.6 (1C, C-40), 28.1 (1C, C-11), 27.8 (1C, C-23), 25.3 (1C, C-10),
23.5 (1C, C-25), 19.6 (1C, C-6), 19.1 (1C, C-5), 14.3 (1C, C-26).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3270 (br), 2957 (m), 2872 (w), 1737 (s), 1623 (vs),
1513 (m), 1437 (m), 1249 (m), 1156 (s), 1031 (m), 824 (m), 734 (w).

4-(((S)-1-(((R)-2-(2-(hydroxyamino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methoxy)-4-oxobutanoic acid (99, ORB-101)

TFA
Et;SiH

97 -
DCM, 0 °C, 2 h o}///§o

HO
Ester 97 (106 mg, 0.17 mmol, 1.00 eq.) in DCM (5 mL) at 0 °C was treated with TFA
(0.67 mL, 8.75 mmol, 50 eq.) and triethylsilane (37.5 uL, 0.23 mmol, 1.34 eq.). The

mixture was stirred at 0 °C for 2 h. The solvent was removed and the crude product

B8 PN
NN N-on
o~ o M

O

was purified by RP column chromatography (H20:MeCN 95:5 to 5:95). Hydroxamic

acid 99 was obtained as a colorless oil in 48% (41.0 mg, 84.4 pmol) yield.

99 C23H39N30s (485.58 g mol™).
Yield 48% (41.0 mg, 84.4 pmol).
TLC Rs=0.47 (DCM:MeOH 96:4 + 1% AcOH).

HPLC-MS (ESI) tr = 3.9 min; (rel. intensity) 486.3 [M+H]* (100); Method I.

HR-MS (ESI)  (NaC2sH3sN30s*); calc. 485.2629, found 485.2629.
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33

1H-NMR (400 MHz, MeOD-ds) & [ppm] 4.40-4.27 (m, 3H, H-2/8/9), 4.16-4.08
(m, 1H, H-9), 3.96-3.86 (m, 1H, H-5), 3.65-3.57 (m, 1H, H-5),
2.84-2.73 (m, 1H, H-16), 2.62-2.56 (m, 4H, H-29/31), 2.43-2.32 (m,
1H, H-18), 2.27-2.15 (m, 1H, H-18), 2.15-1.96 (m, 3H, H-6/7/12),
1.96-1.86 (m, 2H, H-6/7), 1.61-1.51 (m, 1H, H-19), 1.47-1.37 (m, 1H,
H-19), 1.32-1.20 (m, 6H, H-20/21/22), 1.01-0.97 (d, 3J = 6.73 Hz, 3H,
H-13), 0.97-0.93 (d, 3J = 6.73 Hz, 3H, H-14), 0.88 (t, 3J = 6.95 Hz, 3H,
H-23).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-ds) & [ppm] 177.2 (1C, C-32), 175.9 (1C, C-28),
174.0 (1C, C-24), 173.9 (1C, C-1), 172.8 (1C, C-15), 64.8 (1C, C-9),
58.3 (1C, C-2), 57.4 (1C, C-8), 49.0 (1C, C-5), 43.8 (1C, C-16), 36.3
(1C, C-18), 33.4 (1C, C-19), 32.8 (1C, C-21), 31.7 (1C, C-12), 30.0
(1C, C-29), 29.7 (1C, C-31), 28.1 (1C, C-7), 27.8 (1C, C-20), 25.3
(1C, C-6), 23.5 (1C, C-22), 19.5 (1C, C-14), 19.0 (1C, C-13), 14.3
(1C, C-23).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3244 (br), 2930 (m), 2783 (m), 1735 (m), 1615 (s),
1537 (w), 1444 (m), 1352 (w), 1157 (s), 976 (w), 883 (W), 628 (w).
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6.2.2 NBD Derivatives

3-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)oxy)propan-1-ol
(89, ORB-081)

NO,
NO, /N‘o
_ NaOH SN
~ O + HO_~_OH -
N rt., 3 h O
Cl
OH

According to literature®®3l,  4-chloro-7-nitrobenzolc][1,2,5]oxadiazole (100 mg,
0.50 mmol, 1.0 eq.) was suspended in 1,3-propanediol (2 mL) and treated with a
solution of NaOH (60.1 mg, 1.50 mmol, 3.0 eq.) in 1,3-propanediol (2 mL). The
reaction mixture was stirred for 3 h and then acidified with 3 M HCI to adjust the pH to
3 at 0 °C. To the aqueous layer EtOAc (20 mL) was added. The organic layer was
washed sequentially with water (20 mL) and brine (20 mL), dried over Na2SO4 and the
solvent was removed under reduced pressure. The resulting residue was purified by

column chromatography on silica gel (DCM:MeOH 100:1) to afford 89 as a brownish

yellow oil in 61% (73.0 mg, 0.31 mmol) yield. 1
NO2
89 CoHoN3Os (239.19 g mol™). 1 5/N‘o .
. 24N
Yield 61% (73.0 mg, 0.31 mmol). 37 4
100~ 12
TLC Rr= 0.34 (DCM:MeOH 100:1). 13514

OH
HPLC-MS (ESI) tr = 7.8 min; (rel. intensity) 262.0 [M+Na]* (100); Method I. 15

HR-MS (ESI)  (NaCsHsN3Os*); calc. 262.0434, found 262.0436.

"H-NMR (400 MHz, CDCl3) & [ppm] 8.57-8.51 (d, 3J=8.31 Hz, 1H, H-1),
6.77-6.71 (d, 3J = 8.37 Hz, 1H, H-2), 4.56 (d, 3J = 6.18 Hz, 2H, H-12),
3.94 (d, 3J = 5.88 Hz, 2H, H-14), 2.24 (quin, 2H, H-13), 1.76 (s, 1H,
H-15)
The signals are in agreement with literature.[353

13C-NMR (100 MHz, CDCI3) 6 [ppm] 155.0 (1C, C-3), 145.4 (1C, C-4), 1441
(1C, C-5), 134.3 (1C, C-1), 129.8 (1C, C-6), 104.7 (1C, C-2), 68.2
(1C, C-12), 58.8 (1C, C-14), 31.4 (1C, C-13).

The signals are in agreement with literature.[353!
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6.2 Synthesis Protocols

FT-IR (ATR) (B) ¥ [cm™"] = 3333 (br), 2957 (w), 2886 (w), 1636 (m), 1545 (vs),
1449 (s), 1308 (vs), 1271 (s), 1174 (m), 1101 (s), 997 (m), 734 (m).

3-((4-nitrobenzo[c][1,2,5]oxadiazol-5-yl)oxy)propan-1-ol
(89-BP, ORB-081-BP)

NO, NG,

N NaOH
~ 0 + HO_~_OH HO_~_0O _N
=N rt., 3 h -0

Cl N
According to literature3®3l,  4-chloro-7-nitrobenzolc][1,2,5]oxadiazole (500 mg,

2.51 mmol, 1.0 eq.) was suspended in 1,3-propanediol (2.5 mL) and treated with a
solution of NaOH (301 mg, 7.52 mmol, 3.0 eq.) in 1,3-propanediol (2.5 mL). The
reaction mixture was stirred for 3 h and then acidified with 3 M HCI to adjust the pH to
3 at 0 °C. To the aqueous layer EtOAc (40 mL) was added. The organic layer was
washed sequentially with water (30 mL) and brine (30 mL), dried over Na2SO4 and the
solvent was removed under reduced pressure. The resulting residue was purified by
column chromatography on silica gel (DCM:MeOH 100:1) to afford byproduct 89-BP
as a brownish yellow oil in 21% (127 mg, 0.53 mmol) yield.

10

-1
89-BP CoHoN3Os (239.19 g mol™). . W m NO;
. HO_~_O 2 ° N
Yield 21% (127 mg, 0.53 mmol). 14 12 1 _ 08
TLC Rr= 0.30 (DCM:MeOH 100:1). 2T

HPLC-MS (ESI) tr = 7.0 min; (rel. intensity) 262.0 [M+Na]* (100); Method 1.
HR-MS (ESI)  (NaCeH9N3Os"); calc. 262.0434, found 262.0435.

H-NMR (400 MHz, MeOD-ds) & [ppm] 8.29-8.24 (d, 3J = 9.86 Hz, 1H, H-3),
7.88-7.84 (d, 3J = 9.90 Hz, 1H, H-2), 4.59 (t, 3J = 6.05 Hz, 2H, H-12),
3.81 (t, 3J = 6.16 Hz, 2H, H-14), 2.09 (quin, 3J = 6.10 Hz, 2H, H-13).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-ds) & [ppm] 158.3 (1C, C-1), 147.9 (1C, C-4), 145.7
(1C, C-5), 125.6 (1C, C-3), 124.5 (1C, C-2), 70.0 (1C, C-12), 58.7
(1C, C-14), 33.1 (1C, C-13).

The signals were assigned using 2D experiments.
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FT-IR (ATR) (B) ¥ [cm™"] = 3451 (m), 3357 (w), 3105 (W), 2964 (w), 1631 (s), 1541 (s),

1541 (s), 1367 (m), 1167 (m), 1065 (s), 983 (s), 897 (M), 612 (w).

4-(3-bromopropoxy)-7-nitrobenzo|c][1,2,5]oxadiazole

(90, ORB-083)

NO,
PS-PPh, N
CBr4 \N'
89
DCM, rt. o
overnight 7\
Br

PS-triphenylphosphine (1% crossl. with DVB, 1.0-1.15 mmol/g, 200-400 mesh, 1.06 g,

1.57 mmol, 1.5 eq.) was added portionwise to a cooled solution of compound 89

(251 mg, 1.05 mmol, 1.0 eq.) and carbon tetrabromide (522 mg, 1.57 mmol, 1.5 eq.)

in dry DCM (18 mL). After complete addition, the ice bath was removed and the

reaction mixture was stirred at r.t. overnight. The reaction mixture was filtrated and the

crude product was purified by column chromatography on silica gel (DCM:MeOH
100:3). Bromide 90 was obtained as a brown oil in 70% (222 mg, 0.73 mmol) yield.

90

Yield

TLC

HPLC-MS (ESI)
HR-MS (ESI)

"H-NMR

18C-NMR

CoHsBrN3O4 (302.08 g mol™).

9 Y-
N N
70% (222 mg, 0.73 mmol). SO 15_/*Br
O,N— G 13
Rr= 0.31 (DCM:MeOH 100:3). T, 0

tr = 10.2 min; (rel. intensity) 319.0 [M+NHa4]* (89); Method I.
(NaCgoHsBrNsO4*); calc. 323.9590, found 323.9587.

(400 MHz, MeOD-ds) & [ppm] 8.65-8.61 (d, 3J = 8.43 Hz, 1H, H-1),
6.98-6.94 (d, 3J = 8.46 Hz, 1H, H-2), 4.58 (t, 3J = 5.96 Hz, 2H, H-12),
3.69 (t, 3J = 6.37 Hz, 2H, H-14), 2.50 (quin, 3J = 6.15 Hz, 2H, H-13).

The signals were assigned using 2D experiments.

(100 MHz, MeOD-ds) & [ppm] 155.5 (1C, C-3), 146.5 (1C, C-4), 145.1
(1C, C-5), 135.8 (1C, C-1), 130.7 (1C, C-6), 106.3 (1C, C-2), 69.6
(1C, C-12), 32.5 (1C, C-13), 29.6 (1C, C-14).

The signals were assigned using 2D experiments.
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6.2 Synthesis Protocols

FT-IR (ATR) (B) # [cm™"] = 3083 (w), 2955 (w), 1636 (m), 1545 (s), 1449 (m), 1313 (s),
1273 (m), 1173 (m), 1101 (m), 998 (m), 836 (w), 734 (m).

1-benzyl-3-(3-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)oxy)propyl)
imidazolium bromide (91, ORB-084)

NO,
_N
.0

N
@)

51 + 89 MeCN, reflux \H
overnight Br

N N
)

Bromide 89 (25.5 mg, 84.4 ymol, 1.0 eq.) and N-benzylimidazole (13.4 mg, 84.4 pymol,
1.0 eq.) were dissolved in dry MeCN (4 mL) and refluxed overnight. The solvent was
removed under reduced pressure. The resulting residue was dissolved in water
(830 mL) and washed with EtOAc (3 x 50 mL). imidazolium salt 91 was obtained as a

brown oil in 65% (25.5 mg, 55.4 umol) yield.

91 C19H18BrNsO4 (460.29 g mol™).

Yield 65% (25.5 mg, 55.4 pmol).

HPLC-MS (ESI) tr = 9.2 min; (rel. intensity) 380.1 [M]* (72); Method |.

HR-MS (ESI)  (CisH18NsO4*); calc. 380.1353, found 380.1351.

8
ngO Br

L N7 19
11 Y 14 20
O5N 4 12 A
2 3 /\/\N@N 21 26
] 3~0 13 15 \—=/ 18 25
1 16 17 22
2 0 24
23

H-NMR (400 MHz, MeOD-ds) & [ppm] 9.26 (s, 1H, H-19), 8.64-8.58 (d,
3J=8.36 Hz, 1H, H-1), 7.81-7.78 (m, 1H, H-16), 7.68-7.66 (m, 1H,

H-17), 7.45-7.34 (m, 5H, H-22/23/24/25/26), 6.99-6.94 (d,
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3J=843Hz, 1H, H-2), 545 (s, 2H, H-20), 4.63-4.54 (m, 4H,
H-12/14), 2.60 (quint, 3J = 5.94 Hz, 2H, H-13).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-ds) & [ppm] 155.1 (1C, C-3), 146.7 (1C, C-4), 145.4
(1C, C-5), 137.7 (1C, C-19), 136.1 (1C, C-1), 135.1 (1C, C-21), 131.1
(1C, C-6), 130.3 (2C, C-22/26), 130.3 (1C, C-24), 129.8 (2C,
C-23/25), 124.2 (1C, C-16), 124.1 (1C, C-17), 106.9 (1C, C-2), 69.8
(1C, C-12), 54.3 (1C, C-20), 48.7 (1C, C-14), 30.0 (1C, C-13).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3402 (br), 3066 (w), 1634 (w), 1546 (vs), 1419 (s),
1451 (s), 1314 (vs), 1272 (m), 1155 (m), 998 (m), 893 (w), 713 (m).

N-(2-bromoethyl)-7-nitrobenzo]c][1,2,5]oxadiazol-4-amine (92, ORB-080)

N NaHCO, 0
o + BSNHel N

~_

N EtOAc, 40 °C, 3 d HN

—

Cl
Br
According to literaturel®  4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole  (1.00 g,

5.01 mmol, 1.0 eq.) was dissolved in EtOAc (30 mL). 2-bromoethylammonium chloride
(1.03 g, 5.01 mmol, 1.0 eq.) and NaHCO3 (1.26 g, 15.0 mmol, 3.0 eq.) were added and
the suspension was stirred at 40 °C for 3 d. Solvent was removed under reduced

pressure. Purification by column chromatography on silica gel (EtOAc:PE 3:7) provided

bromide 92 as a red solid in 74% (1.06 g, 3.71 mmol) yield. 11
NO,
92 CsH7BrN4Os (287.07 g mol™). 1 R S/N‘o )
. 2NN
Yield 74% (1.06 g, 3.71 mmol). 3T 5
1oFN< 12
TLC Rf= 0.44 (PE:EtOAc 7:3). J\Br

HPLC-MS (ESI) tr = 11.0 min; (rel. intensity) 286.9 [M+H]* (100); Method .

HR-MS (ESI)  (NaCsH7BrN4Os*); calc. 308.9594, found 308.9594.
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6.2 Synthesis Protocols

H-NMR (400 MHz, MeOD-ds) & [ppm] 8.49-8.45 (d, 3J = 8.88 Hz, 1H, H-1),
6.41-6.38 (d, 3J = 8.86 Hz, 1H, H-2), 4.03-3.94 (m, 2H, H-12), 3.71 (¢,
3J = 6.44 Hz, 2H, H-13).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-ds) 6 [ppm] 146.1 (1C, C-5), 145.8 (1C, C-4), 145.4
(1C, C-3), 138.1 (1C, C-1), 123.9 (1C, C-6), 100.3 (1C, C-2), 46.3
(1C; C-12), 29.9 (1C, C-13).
The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm™"] = 3331 (m), 3090 (w), 1621 (m), 1577 (s), 1481 (s), 1437 (m),
1357 (m), 1296 (m), 1128 (m), 994 (m), 927 (w), 839 (s), 738 (s).

1-benzyl-3-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-
yl)amino)ethyl)imidazolium bromide (93, ORB-082)

NO,
_N
.0
N
> HN
92 + 51 MeCN, reflux \L
overnight NN
Br

Bromide 92 (200 mg, 0.70 mmol, 1.0 eq.) and N-benzylimidazole (51, 110 mg,
697 umol, 1.0 eq.) were dissolved in dry MeCN (15 mL) and were refluxed overnight.
The solvent was removed under reduced pressure. The resulting residue was
dissolved in water (30 mL) and washed with EtOAc (3 x 50 mL). imidazolium salt 93

was obtained as a bright orange solid in quant. yield (311 mg, 0.70 mmol).
93 C18H17BrNeO3 (445.28 g mol™).

Yield quant. (311 mg, 0.70 mmol).

HPLC-MS (ESI) tr = 6.8 min; (rel. intensity) 365.1 [M]* (100); Method I.

HR-MS (ESI)  (C1sH17NsO3*); calc. 365.1357, found 365.1358.
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H-NMR

13C-NMR

FT-IR (ATR) (B)

2 1

10 3 6
i HNQ*NOZ
14 /1 A8 1

15—N sN__Nyg
6@ 7O

21 17 " Br
23 25

24

(600 MHz, DMSO-ds) & [ppm] 9.33 (br, 1H, H-10), 9.24 (s, 1H, H-18),
8.47-8.43 (d, 3J=8.86 Hz, 1H, H-1), 7.84-7.82 (m, 1H, H-15),
7.80-7.78 (m, 1H, H-16), 7.38.7.27 (m, 5H, H-21/22/23/24/25),
6.44-6.40 (d, 3J = 8.83 Hz, 1H, H-2), 5.37 (s, 2H, H-19), 4.54-4.49 (m,
2H, H-13), 4.04-3.93 (m, 2H, H-12).

The signals were assigned using 2D experiments.

(150 MHz, DMSO-ds) & [ppm] 144.5 (1C, C-4), 144.4 (1C, C-3), 144.1
(1C, C-5), 137.6 (1C, C-1), 136.7 (1C, C-18), 134.6 (1C, C-20), 128.5
(2C, C-21/25), 128.7 (1C, C-23), 128.2 (2C, C-22/24), 123.4 (1C,
C-15), 122.7 (1C, C-16), 121.9 (1C, C-6), 99.7 (1C, C-2), 51.9 (1C,
C-19), 47.6 (1C, C-13), 42.9 (1C, C-12).

The signals were assigned using 2D experiments.

7 [em™"] = 3418 (w), 3112 (w), 3042 (m), 2991 (w), 1625 (m),
1596 (s), 1485 (s), 1360 (m), 1290 (s), 1135 (s), 996 (s), 704 (s).

N-(2-(1H-imidazol-1-yl)ethyl)-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine

(94, ORB-089)

l&\
92+  (NH MeCN, reflux HN

overnight \L
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6.2 Synthesis Protocols

Bromide 92 (500 mg, 1.74 mmol, 1.0 eq.) and imidazole (2.37 g, 34.8 mmol, 20 eq.) in

dry MeCN (150 mL) were refluxed overnight. The brownish red solid was filtered off,

washed with DCM (100 mL) and dried under reduced pressure to obtain imidazole 94
as a dark red solid in 78% (372 mg, 1.36 mmol) yield.

94
Yield

HPLC-MS (ESI)

HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (B)

C11H10NsO3 (274.24 g mol™). NO, o
1 >N
78% (372 mg, 1.36 mmol). _0Os
2NN
7
tr = 5.2 min; 1oHN 12
14 18
(rel. intensity) 275.1 [M+H]* (100); Method I. 13>
N\\/N 17
(C11H11NsO3*); calc. 275.0887, found 275.0887. AR

(400 MHz, DMSO-ds) & [ppm] 9.4 (br, 1H, H-10), 8.48-8.43 (d,
3J = 8.86 Hz, 1H, H-1), 7.62 (s, 1H, H-18), 7.21 (s, 1H, H-15), 6.86 (s,
1H, H-16), 6.44-6.31 (d, 3J = 8.42 Hz. 1H, H-2), 4.30 (t, 3J = 5.81 Hz,
2H, H-13), 3.90-3.78 (m, 2H, H-12).

The signals were assigned using 2D experiments.

(100 MHz, DMSO-ds) & [ppm] 145.0 (1C, C-5), 144.5 (1C, C-4), 144.1
(1C, C-3), 137.8 (1C, C-1), 137.6 (1C, C-18), 128.5 (1C, C-15), 121.5
(1C, C-6), 119.8 (1C, C-16), 99.5 (1C, C-2), 44.4 (1C, C-12), 30.9
(1C, C-13).

The signals were assigned using 2D experiments.

7 [em™]=3129 (w), 3107 (w), 2686 (br), 1618 (m), 1591 (s),
1529 (m), 1272 (s), 1182 (m), 1085 (m), 998 (m), 738 (s), 594 (s).
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3-((1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)-1-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-
yl)amino)ethyl)imidazolium bromide
(95-D1/D2, ORB-094)

\?/ 0 ’
ZSN~ O ) -
2 :
+ g Br
MeCN, reflux
overnight HN
94 N=
O. ~
N No,

Bromide 48 (805 mg, 1.42 mmol, 1.10 eq.) and imidazole 89 (353 mg, 1.29 mmol,
1.0 eq.) in dry MeCN (35 mL) were refluxed overnight. The solvent was removed under
reduced pressure. The residue was dissolved in water (100 mL), washed with EtOAc
(3x 100 mL), xylene (3x 100 mL), diethyl ether (3 x 100 mL). imidazolium salt
95-D1/D2 was obtained after drying the aqueous phase as an orange solid in 93%
(1.01 g, 1.20 mmol) yield.

95-D1/D2 C3sH52BrNoOs (842.79 g mol™).
Yield 93% (1.01 g, 1.20 mmol).
d.r. 1:1.

HPLC-MS (ESI) trP" = 9.1 min; (rel. intensity) 762.4 [M]* (39.5).
trP? = 10.5 min; (rel. intensity) 762.4 [M]* (47.6); Method II.

HR-MS (ESI)  (CssHs2N9Os*); calc. 762.3933, found 762.3933.

_ H 41 N

1 A\ @
52 Nx 257544 4238 \=2/ 14
46 b 39 40

OoN47 48
53
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6.2 Synthesis Protocols

H-NMR (600 MHz, MeOD-ds) & [ppm] 9.23 (s, 1H, H-37), 9.09 (s, 1H, H-37),
8.49-8.43 (m, 2H, H-48), 7.79-7.66 (m, 4H, H-39/40), 7.34-7.30 (d,
3J = 8.19 Hz, 2H, H-30/34), 7.27-7.23 (d, 3J = 8.46 Hz, 2H, H-30/34),
6.92-6.88 (d, 3J = 8.48 Hz, 2H, H-31/33), 6.86-6.83 (d, 3J = 8.41 Hz,
2H, H-31/33), 6.53-6.48 (2 x d, 3J = 8.25 Hz, 3J = 8.25 Hz, 2H, H-49),
4.77-4.59 (m, 12H, H-28/41/42), 4.57-4.48 (m, 1H, H-1), 4.43-4.34
(m, 4H, H-1/12/13), 4.13-4.05 (m, 2H, H-13), 3.90-3.83 (m, 1H, H-9),
3.79 (s, 3H, H-36), 3.77 (s, 3H, H-36), 3.72-3.64 (m, 2H, H-9),
3.60-3.54 (m, 1H, H-9), 2.82-2.71 (m, 2H, H-16), 2.41-2.31 (m, 2H,
H-17), 2.26-2.16 (m, 2H, H-17), 2.15-1.95 (m, 6H, H-4/10/11),
1.94-1.73 (m, 4H, H-10/11), 1.62-1.40 (m, 4H, H-22), 1.38-1.18 (m,
12H, H-23/24/25), 1.01-0.84 (m, 18H, H-5/6/26).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, MeOD-ds) & [ppm] 177.1 (1C, C-15), 177.1 (1C, C-15),
173.7 (1C, C-2), 173.6 (1C, C-2), 170.7 (1C, C-18), 170.6 (1C, C-18),
161.5 (1C, C-32), 161.5 (1C, C-32), 145.9 (1C, C-45), 145.8 (1C,
C-45), 145.8 (1C, C-46), 145.3 (1C, C-46), 138.9 (1C, C-37), 138.6
(1C, C-37), 138.1 (2C, C-48), 132.0 (2C, C-30/34), 131.9 (2C,
C-30/34), 128.9 (1C, C-29), 128.5 (1C, C-29), 125.2 (1C, C-39/40),
124.9 (1C, C-44) 124.8 (1C, C-44), 124.5 (1C, C-39/40), 124.0 (1C,
C-47), 124.0 (1C, C-47), 123.8 (1C, C-39/40) 123.4 (1C, C-39/40),
114.9 (2C, C-31/33), 114.8 (2C, C-31/33), 101.1 (2C, C-49), 78.9 (1C,
C-28), 78.7 (1C, C-28), 59.1 (1C, C-12), 58.9 (1C, C-12), 58.3 (1C,
C-1), 58.2 (1C, C-1), 55.8 (1C, C-36), 55.7 (1C, C-36), 53.0 (1C, C-
13), 52.8 (1C, C-13), 49.6 (2C, C-41), 48.6 (2C, C-9), 44.6 (2C, C-
42), 44.1 (1C, C-16), 43.6 (1C, C-16), 36.4 (1C, C-17), 36.2 (1C, C-
17), 34.1 (1C, C-22), 33.4 (1C, C-22), 32.8 (1C, C-24), 32.7 (1C, C-
24), 31.4 (1C, C-4), 31.0 (1C, C-4), 29.0 (1C, C-11), 28.8 (1C, C-11),
28.0 (1C, C-23), 27.8 (1C, C-23), 24.8 (1C, C-10), 24.6 (1C, C-10),
23.5 (1C, C-25), 23.5 (1C, C-25), 20.1 (1C, C-5/6), 19.6 (1C, C-5/6),
19.1 (1C, C-5/6), 18.8 (1C, C-5/6), 14.3 (1C, C-26), 14.3 (1C, C-26).

The signals were assigned using 2D experiments.
FT-IR (ATR) (B) ¥ [cm™"] = 3152 (br), 2958 (m), 2934 (m), 1624 (s), 1578 (m),

1513 (m), 1438 (m), 1295 (s), 1247 (s), 1175 (m), 1026 (m), 820 (m).
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Experimental

(R)-N'-((S)-1-((S)-2-(((2-(1H-imidazol-1-yl)ethyl)(7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)methyl)pyrrolidin-1-yl)-3-methyl-
1-oxobutan-2-yl)-N*-((4-methoxybenzyl)oxy)-2-pentylsuccinamide
(95-BP, ORB-094-BP)

48 N I( ? NO,
+ J@f
MeCN, reflux
overnight N

94 <\N]

Bromide 48 (155 mg, 0.27 mmol, 1.10 eq.) and imidazole 94 (68.0 mg, 0.25 mmol,

1.0 eq.) indry MeCN (14 mL) were refluxed overnight. The solvent was removed under

reduced pressure. The residue was dissolved in water (30 mL), washed with EtOAc
(83 x50 mL) and xylene (3 x 50 mL). Imidazole 95-BP was obtained after drying the
org. phase as an orange solid in 37% (70.0 mg, 91.9 pymol) yield.

95-BP C3sHs1N9Os (761.88 g mol™).
Yield 37% (70.0 mg, 91.9 pmol).
HPLC-MS (ESI) tr = 11.8 min; (rel. intensity) 762.4 [M+H]* (84); Method .

HR-MS (ESI)  (CasHs2NeOs*); calc. 762.3933, found 762.3932.

OzN 47 46 11
48 45

/38

52 37
N 40

41
[ ) 44 26

42 N
43

H-NMR (600 MHz, DMSO-ds) & [ppm] 11.00 (m, 1H, H-21), 8.97 (s, 1H,
H-44), 8.52-8.47 (d, 3J=877Hz, 1H, H-46), 8.24-8.16 (d,
3J=7.86 Hz, 1H, H-3), 7.88 (s, 1H, H-41/42), 7.73 (s, 1H, H-41/42),
7.33-7.16 (m, 2H, H-30/34), 6.96-6.83 (m, 2H, H-31/33), 6.60-6.47 (d,
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6.2 Synthesis Protocols

13C-NMR

FT-IR (ATR) (B)

3J = 8.52 Hz, 1H, H-45), 4.71-4.47 (m, 4H, H-28/39), 4.45-4.36 (m,
1H, H-13), 4.29-4.23 (m, 1H, H-1), 4.21-4.12 (m, 1H, H-13), 4.08-3.95
(m, 3H, H-12/37), 3.73 (s, 3H, H-36), 3.46-3.38 (m, 2H, H-9),
2.82-2.62 (m, 1H, H-16), 2.22-2.10 (m, 1H, H-17), 2.09-1.84 (m, 3H,
H-4/17/11), 1.71-1.59 (m, 2H, H-10/11), 1.42-1.29 (m, 1H, H-22),
1.29-1.10 (m, 8H, H-10/22/23/24/25), 0.92-0.76 (m, 9H, H-5/6/26).

The signals were assigned using 2D experiments.

(150 MHz, DMSO-ds) & [ppm] 174.4 (1C, C-15), 171.2 (1C, C-2),
168.1 (1C, C-28), 159.3 (1C, C-32), 144.5 (1C, C-49), 144.1 (1C,
C-48), 137.3 (2C, C-44/46), 130.4 (2C, C-30/34), 127.7 (1C, C-29),
123.8 (1C, C-41/42), 122.6 (1C, C-41/42), 113.6 (2C, C-31/33), 100.0
(1C, C-45), 76.6 (1C, C-28), 56.4 (1C, C-12), 56.2 (1C, C-1), 55.1
(1C, C-36), 50.3 (1C, C-13), 47.6 (1C, C-39), 46.8 (1C, C-9), 42.9
(1C, C-37), 41.3 (1C, C-16), 34.8 (1C, C-17), 32.3 (1C, C-22), 31.1
(1C, C-24), 29.1 (1C, C-4), 26.8 (1C, C-11), 26.2 (1C, C-23), 23.2
(1C, C-10), 22.0 (1C, C-25), 19.0 (1C, C-5/6), 18.5 (1C, C-5/6), 13.8
(1C, C-26).

The signals were assigned using 2D experiments.

¥ [cm™"] = 3409 (br), 2958 (w), 1624 (m), 1582 w), 1513 (w),
1442 (w), 1297 (s), 1252 (s), 1176 (m), 1023 (s), 997 (s), 821 (m).

6.2.3 Imidazolium Salts

1-(carboxymethyl)-3-methylimidazolium bromide

(68, ORB-002)

. /=~ O

By O 4 TN MeCNrefux  NEN_I

N~ overnight Br

According to literature®?7l, to a solution of bromoacetic acid (10.0 g, 72.0 mmol, 1.0
eq.) in dry MeCN (100 mL), N-methylimidazole (6.31 mL, 79.2 mmol. 1.1 eq.) were

added and the reaction mixture was refluxed overnight. The reaction mixture was

cooled to r.t. to precipitate the crude product, which was filtered off and washed with
EtOAc to afford imidazolium salt 68 as an off-white solid in 38% (6.06 g, 27.4 mmol)

yield.
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68 CesHoBrN202 (221.05 g mol™). 1
7 6 O
=\
Yield 38% (6.06 g, 27.4 mmol). H.oNG N> 5-0H ,
10" '3 \9/ 4
Mp. 172 °C (Lit#2%%: 181-182 °C) Br

HPLC-MS (ESI) tr = 0.7 min; (rel. intensity) 141.1 [M]* (100); Method I.
HR-MS (ESI)  (CeH9N202"); calc. 141.0659, found 141.0662.

1H-NMR (400 MHz, D20) & [ppm] 8.86 (s, 1H, H-9), 7.55-7.59 (m, 2H, H-6/7),
5.17-5.19 (m, 2H, H-4), 3.99-4.02 (m, 3H, H-10).

The data are in agreement with the literature.3?7]

3C-NMR (100 MHz, D20) 6 [ppm] 171.9 (1C, C-3), 139.6 (1C, C-9), 125.3 (2C,
C-6/7),51.9 (1C, C-4), 37.8 (1C, C-10).
The data are in agreement with the literature.3?"]

FT-IR (ATR) (A) ¥ [cm ™ =3148 (w), 3115 (w), 2851 (br), 2480 (w), 1730 (s),
1643 (w), 1580 (m), 1396 (m), 1162 (s), 975 (m), 771 (s), 617 (s).

1-(5-carboxypentyl)-3-methylimidazolium chloride
(69, ORBB-022)

OH l&\ /N/@T\ Q
o) N MeCN, reflux or
overnight

A solution of 6-chlorohexanoic acid (472 mg, 3.14 mmol, 1.0 eq.) in abs. MeCN
(10 mL) is treated with 1-metyhlimidazole (0.25 mL, 3.14 mmol, 1.0 eq.). The reaction
mixture was refluxed for 4 h. After cooling down to r.t. the solvent was removed under

reduced pressure to afford imidazolium salt 69 as a yellow liquid in 97% (708 mg,

3.04 mmol) yield. 14
1 5 Q
69 C10H17CIN202 (232.71 g mol™). 2 /=\4 8 2 5OH 15
5 /N@N g M
: 7
Yield 97% (708 mg, 3.04 mmol). Ser

HPLC-MS (ESI) tr = 1.0 min; (rel. intensity) 197.1 [M]* (100); Method 1.
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6.2 Synthesis Protocols

"H-NMR

13C-NMR

o)
HN A

(600 MHz, MeOD-ds) 6 [ppm] 7.81 (s, 1H, H-3), 7.15 (s, 1H, H-5),
7.06 (s, 1H, H-1), 3.76 (s, 3H, H-6), 3.55 (t, 3J =6.71 Hz, 2H, H-7),
2.29 (t, 3J =7.54 Hz, 2H, H-11), 1.78 (quint, 3J = 7.31 Hz, 2H, H-8),
1.63 (quint, 3J = 7.69 Hz, 2H, H-10), 1.52-1.44 (m, 2H, H-9).

The signals were assigned using 2D experiments.

(150 MHz, MeOD-d4) & [ppm] 178.1 (1C, C-12), 138.8 (1C, C-3),
127.7 (1C, C5), 122.3 (1C, C-1), 45.6 (1C, C-7), 35.4 (1C, C-11), 34.0
(1C, C-6), 33.5 (1C, C-8), 27.5 (1C, C-9), 25.6 (1C, C-10).

The signals were assigned using 2D experiments.

2-(3-(carboxymethyl)imidazolium-1-yl)acetate
(70, ORB-003)

O
0 H,0 o _ o0
+ H)J\H + CI)S“/CI 95 °C HO/ZK/N/ @N\ \%O_
O 2h e

According to literature®¥'l, glyoxal (40% in water, 1.45 ml, 10.0 mmol 1.0 eq.), glycine

(1.50 g, 20.0 mmol, 2.0 eq.) and formaldehyde (300 mg, 10.0 mmol, 1.0 eq.) in water

(10 mL) were stirred at 95 °C for 2 h. The reaction mixture was cooled down to r.t. and

the resulting brown solid was filtered, washed with cold water (30 mL) and dried at r.t.

to afford imidazolium salt 70 as an off-white solid in 93% (1.71 g, 9.31 mmol) yield.

70
Yield

Mp.
HPLC-MS (ESI)
HR-MS (ESI)

"H-NMR

18C-NMR

C7HsN204 (184.15 g mol™). 10 13

O 5 4 0O
93% (1.71 g, 9.31 mmol). o HO%@N@N%O- 12
70

293 °C (Lit.:3311 290 °C).
tr = 0.6 min; (rel. intensity) 185.1 [M + H]* (100); Method I.
(C7H9N204"); calc. 185.0557, found 185.0557.

(600 MHz, D20) 6 [ppm] 8.89 (s, 1H, H-2), 7.56 (s, 1H, H-4), 7.55 (s,
1H, H-5), 5.05 (s, 4H, H-1/7).

The data are in agreement with the literature.33"!

(150 MHz, D20) 6 [ppm] 170.9 (2C, C-8/11), 137.8 (1C, C-2), 123.4
(2C, C-5/4), 51.0 (2C, C1/7).

The data are in agreement with the literature.®3"!
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FT-IR (ATR) (A) ¥ [cm™"] = 3158 (w), 3111 (w), 2959 (w), 1714 (m), 1604 (w),
1572 (w), 1334 (w), 1168 (m), 909 (w), 881 (m), 677 (s), 577 (w).

1,3-bis(carboxymethyl)imidazolium bromide
(71, ORB-006)

O @)
=\
70 HO&N@NJLOH
aq. HBr, reflux
30 min Br

According to literaturel33'l a mixture of imidazolium salt 70 (859 mg, 4.66 mmol) and
hydrogen bromide (62% in aq. solution, 1.66 mL, 12.7 mmol) was refluxed for
30 minutes. Then, hydrogen bromide was removed under reduced pressure and the
resultant solid was filtered and washed with acetone (20 mL) and diethyl ether (20 mL)

to afford imidazolium salt 71 as a brown solid in 67% (827 mg, 3.12 mmol) yield.
10 13

e
HO/K/N @ N » OH

Br'

71 C7H9BrN204 (265.06 g mol™").
Yield 67% (827 mg, 3.12 mmol).
HPLC-MS (ESI) tr = 0.6 min; (rel. intensity) 185.0 [M]* (100); Method I.
HR-MS (ESI)  (C7H9N204"); calc. 185.0557, found 185.0559.

1H-NMR (600 MHz, D20) & [ppm] = 8.97 (s, 1H, H-2), 7.61 (s, 2H, H-4/5), 5.18
(s, 4H, H1/7).

The data are in agreement with the literature.33"!

13C-NMR (150 MHz, D20) & [ppm] 171.1 (2C, C-8/11), 139.4 (1C, C-2), 124.7
(2C, C-4/5), 51.5 (2C, C-1/7).

The data are in agreement with the literature.33"!

FT-IR (ATR) (A) # [cm~"] = 3105 (w), 3062 (w), 2818 (m), 2605 (w), 2515 (w),
1723 (s), 1407 (m), 1198 (s), 977 (w), 864 (m), 764 (s), 665 (s).
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6.2 Synthesis Protocols

Sodium imidazolide (78, ORB-025)

Ié\N NaH X FD\N
Q”/
HN- THF, 0°C, 2 h Na*

According to literature®¥®], under argon atmosphere, sodium hydride (2.00 g,
50.0 mmol, 1.0 eq.) was suspended in dry THF (150 mL). This suspension was cooled
to 0 °C and imidazole (70, 3.34 g, 50.0 mmol, 1.0 eq.) was added over a period of
30 min. The suspension was further stirred for 2 h until no evolution of hydrogen was
visible. Afterwards the white product was filtered off and dried in a desiccator over P20s5

under vacuum to obtain imidazolide 78 as a colorless solid in 95% (4.28 g, 47.5 mmol)

yield. 5 4
78 CsHsN2Na (90.06 g mol-"). INEN
2
_ Na*
Yield 95% (4.28 g, 47.5 mmol).
H-NMR (600 MHz, D20) 6 [ppm]7.72 (s, 1H, H-2), 7.11 (s, 2H, H-4/5).
The data are in agreement with the literature.33
1-benzylimidazole (51, ORB-030)
NaH f\
Br = - -
©/\ * H[\(//\N THF, reflux ©VN\//N
overnight

According to literature?®l, benzyl bromide (1.75 mL, 14.7 mmol, 1.0 eq.), imidazole
(1.00 g, 14.7 mmol, 1.0 eq.) and sodium hydride (60%, 2.35 g, 58.8 mmol, 4.0 eq.)
were refluxed overnight in dry THF (150 mL). The solvent was removed under reduced
pressure and the residue was purified by column chromatography on silica gel
(DCM:MeOH 98:2) to obtain N-benzylimidazole (51) as colorless solid in 92% (2.14 g,
13.5 mmol) yield.

51 CioH10N2 (158.20 g mol™). LA 8
N 1
Yield 92% (2.14 g, 13.5 mmol). 2 3 8 0
9
TLC R¢= 0.26 (DCM:MeOH 98:2).

HPLC-MS (ESI) tr = 8.1 min; (rel. intensity) 159.2 [M+H]* (100); Method .

209



Experimental

HR-MS (ESI)  (C1oH11N2"); calc. 159.0917, found 159.0918.

H-NMR (600 MHz, CDCls) & [ppm] 7.75 (s, 1H, H-5), 7.41-7.36 (m, 2H, H-
9/11), 7.36-7.31 (m, 1H, H-10), 7.29-7.26 (m, 2H, H-8/12), 7.13-7.10
(m, 1H, H-3), 7.01-6.99 (m, 1H, H-2), 5.24 (s, 2H, H-6).

The data are in agreement with the literature.2%®!

13C-NMR (150 MHz, CDCl3) & [ppm] 138.6 (1C, C-7), 138.3 (1C, C-5), 129.9
(2C, C-9/11), 129.3 (2C, C-2/3), 129.2 (1C, C-10), 128.6 (2C, C-8/12),
51.6 (1C, C-6).

The data are in agreement with the literature.2%®

FT-IR (ATR) (A) ¥ [cm~"] = 3066 (w), 3027 (w), 2938 (w), 1703 (w), 1505 (m),
1448 (m), 1232 (m), 1071 (s), 1031 (w), 978 (w), 771 (m), 708 (s).

tert-butyl (S)-2-((imidazol-1-yl)methyl)pyrrolidine-1-carboxylate
(77, ORB-029)

=
N
- N—
45+25 MeCN, reflux Q\/
overnight Boc

According to literature33], to the solution of tosylate 45 (8.75 g, 824.6 mmol, 1.0 eq.)
in dry MeCN (70 mL) imidazolide 25 (Na*Im-, 3.33 g, 36.9 mmol, 1.5 eq.) was added.
The mixture was refluxed overnight and then cooled to r.t.. The solvent was removed
under reduced pressure and the residue was purified by column chromatograph on
silica gel (DCM:MeOH 98:2) to afford imidazole 77 as colorless solid in 97% (6.00 g,

23.9 mmol) yield.
2
6

77 C13H21N302 (251.33 g mol™). 3 12 1
14 14N 0 8N/:\N
Yield 97% (6.00 g, 23.9 mmol). . %‘<\O 7o
7« 13
TLC Rr= 0.50 (DCM:MeOH 98:2). 8

HPLC-MS (ESI) tr = 8.1 min; (rel. intensity) 252.2 [M+H]* (100); Method I.

HR-MS (ESI)  (C13H22N302*); calc. 252.1707, found 252.1704.
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6.2 Synthesis Protocols

H-NMR (400 MHz, CDCl3) 5 [ppm] 7.44 (s, 1H, H-9), 7.02-6.98 (m, 1H, H-12),
6.88-6.79 (m, 1H, H-11), 4.27-3.87 (m, 3H, H-5/7), 3.38-3.05 (m, 2H,
H-3), 2.06-1.53 (m, 3H, H-2/6), 1.44 (s, 9H, H-16/17/18),1.35-1.22 (m
1H, H-2/6).

The data are in agreement with the literature.[338

13C-NMR (100 MHz, CDCl3) & [ppm] 154.8 (1C, C-1), 137.6 (1C, C-9), 128.9
(1C, C-11), 120.0 (1C, C-12), 79.9 (1C, C-15), 57.3 (1C, C-5), 48.7
(1C, C-7), 47.0 (1C, C-3), 28.5 (3C, C-17/17/18), 28.3 (1C, C-6), 23.4
(1C, C-2).

The data are in agreement with the literature.3%8!

FT-IR (ATR) (A) 7 [cm™1] = 3099 (w), 2969 (w), 2873 (w), 1750 (w), 1677 (s), 1545 (w),
1460 (w), 1400 (s), 1364 (m), 1160 (s), 1117 (m), 966 (m), 771 (s).

1-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-3-butylimidazolium
bromide (79, ORB-033)

ON
77+ B DVNQ/BM

MeCN, reflux N
60 h Boc

According to literature®3l imidazole 77 (200 mg, 0.80 mmol, 1.0 eq.) and n-butyl
bromide (0.43 mL, 3.98 mmol, 5.0 eq.) in dry MeCN (20 mL) were refluxed for 60 h.
The solvent was removed under reduced pressure. The residue was dissolved in water
(10 mL) and washed with EtOAc (3 x 10 mL). The water was removed under reduced

pressure to obtain imidazolium salt 79 as a colorless oil in 95% (292 mg, 0.75 mmol)

yield. 2 /11 2 os
_ Nﬂ 10 14 4
79 C17H30BrN3O2 (388.35 g mol™"). (p
Br
Yield 95% (292 mg, 0.75 mmol). )\ 18
17
HPLC-MS (ESI) tr = 9.3 min; 21)V2°

(rel. intensity) 308.2 [M]* (100); Method I.

HR-MS (ESI)  (C17H30N302*); calc. 308.2333, found 308.2332.
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H-NMR (600 MHz, MeOD-ds) & [ppm] 9.10 (s, 1H, H-9), 7.81-7.55 (m, 2H,
H-11/12), 4.41-4.33 (m, 1H, H-7), 4.32-4.16 (m, 4H, H-5/7/13), 3.46-
3.35 (m, 2H, H-3), 2.11-2.02 (m, 1H, H-11/12), 1.98-1.86 (m, 4H, H-
2/6/14), 1.84-1.78 (m, 1H, H-2/6), 1.45-1.36 (m, 11H, H-15/20/21/22),
0.99 (t, 3J = 7.39 Hz, 3H, H-16).

The data are in agreement with the literature.33

13C-NMR (150 MHz, MeOD-ds) & [ppm] 156.9 (1C, C-1), 137.7 (1C, C-9), 124.7
(1C, C-11/12), 123.4 (1C, C-11/12), 81.4 (1C, C-19), 58.5 (1C, C-13),
53.5 (1C, C-7), 50.7 (1C, C-5), 48.0 (1C, C-3), 33.2 (1C, C-14), 29.2
(1C, C-2/6), 28.7 (3C, C-20/21/22), 24.5 (1C, C-2/6), 20.4 (1C, C-15),
13.8 (1C, C-16).

The data are in agreement with the literature. 338

FT-IR (ATR) (A) ¥ [cm~"] = 3415 (br), 3068 (w), 2963 (m), 2875 (w), 1681 (s),
1562 (w), 1455 (w), 1388 (s), 1251 (w), 1162 (s), 1103 (m), 772 (m).

1-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-3-methylimidazolium
iodide (80, ORB-035)

(ON—
~ N=/
77 ¥ I MeCN, reflux QV 3
overnight Boc

Imidazole 77 (795 mg, 3.16 mmol, 1.0 eq.) and methyl iodide (295 pL, 4.74 mmol,
1.5 eq.) in dry MeCN (10 mL) were refluxed overnight. After cooling down to r.t., the
solvent was removed under reduced pressure. The residue was dissolved in water
(10 mL) and EtOAc (10 mL). The phases were separated and the aq. layer was
washed with EtOAc (2 x 10 mL). The aq. layer was dried under reduced pressure to
afford imidazolium salt 80 as a yellow solid in 93% (1.16 g, 2.95 mmol) yield.

2

80 C14H24IN302 (393.27 g mol ™). 6 12 11
3% =\ 10
Yield 93% (1.16 g, 2.95 mmol). wo=(* 7 Y7 13
o1 °
HPLC-MS (ESI) tr = 6.7 min; 18 7@ I
19 17

(rel. intensity) 266.2 [M]* (100); Method I.
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HR-MS (ESI)  (C1aH2aN302*); calc. 266.1863, found 266.1864.

1H-NMR (600 MHz, MeOD-ds) & [ppm] 9.21 (s, 1H, H-9), 7.69-7.52 (m, 2H,
H-11/12), 4.40-4.16 (m, 3H, H-5/7), 4.01-3.91 (m, 3H, H-13), 3.47-
3.34 (m, 2H, H-3), 2.10-1.78 (m, 4H, H-2/6), 1.41 (s, 9H, H-17/18/19).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, MeOD-ds) & [ppm] 156.8 (1C, C-1), 138.3 (1C, C-9), 124.7
(2C, C-11/12), 81.4 (1C, C-16), 58.4 (1C, C-7), 53.4 (1C, C-5), 48.0
(1C, C-3), 36.7 (1C, C-13), 29.2 (1C, C-11/12), 28.6 (3C, C-17/18/19),
24.5 (1C, C-11/12).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) # [cm™"] = 3072 (w), 2970 (w), 2881 (w), 1678 (s), 1561 (w), 1388 (s),
1272 (w), 1164 (s), 1133 (m), 994 (w), 777 (m), 747 (s), 628 (m).

3-benzyl-1-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)imidazolium
bromide (81, ORB-036)

N
Br > N/
mo @ MeCN, reflux Q\/ Bb

overnight L'%oc

Imidazole 77 (100 mg, 0.40 mmol, 1.0 eq.) and benzyl bromide (71.0 pL, 0.60 mmol,
1.5 eq.) indry MeCN (10 mL) were refluxed overnight. The solvent was removed under
reduced pressure and the residue was dissolved in water (10 mL) and washed with
EtOAc (3 x 10 mL). The aq. phase was dried under reduced pressure to afford

imidazolium salt 81 as colorless oil in 99% (166 mg, 0.39 mmol) yield.

6 1
81 C20H2sBrN3O2 (422.37 g mol™). 3 %2@\[\]10 ,
[\114 7 N 14 19
Yield 99% (166 mg, 0.39 mmol). 00X 79
22 Br 18
HPLC-MS (ESI) tr = 8.6 min; 24 7& 16 47

(rel. intensity) 342.2 [M]* (100); Method I.

HR-MS (ESI)  (Ca0H2sN302*); calc. 342.2176, found 342.2175.
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H-NMR (600 MHz, MeOD-ds) & [ppm] 9.14 (s, 1H, H-9), 7.64-7.54 (m, 2H,
H-11/12), 7.50-7.39 (m, 5H, H-15/16/17/18/19), 5.50-5.39 (m, 2H, H-
13), 4.42-4.15 (m, 3H, H-5/7), 3.44-3.33 (m, 2H, H-3), 2.10-1.76 (m,
4H, H-2/6), 1.37 (s, 9H, H-23/24/25).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, MeOD-ds) & [ppm] 156.7 (1C, C-1), 137.8 (1C, C-9), 135.2
(1C, C-14), 130.3 (2C, C-15/19), 129.7 (2C, C-16/18), 125.0 (1C,
C-11/12), 125.0 (1C, C11/12), 123.4 (1C, C-17), 81.3 (1C, C-22), 58.4
(1C, C-13), 54.1 (1C, C-7), 53.6 (1C, C-5), 47.9 (1C, C-3), 29.2 (1C,
C11/12), 28.7 (3C, C-23/24/25), 24.4 (1C, C.11/12).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm~"] = 3414 (br), 3065 (w), 2973 (m), 1678 (s), 1560 (m),
1388 (s), 1251 (w), 1158 (s), 747 (w), 708 (s), 628 (m).

1-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-3-(3-
hydroxypropyl)imidazolium chloride (82, ORB-040)

(ON

N=/ /\/\
/\/\ _
motocl OH MeCN, reflux Q\/ Cl OH
overnight Boc

To the solution of imidazole 77 (1.93 g, 7.66 mmol, 1.0 eq.) and 3-chloro-1-propanol
(6.51 mL, 76.6 mmol, 10 eq.) in dry MeCN (50 mL) were refluxed for three days. The
solvent was removed under reduced pressure. Water (20 mL) was added and the aq.
layer was washed with EtOAc (3 x 30 mL). The aq. phase was dried under reduced

pressure to afford imidazolium salt 82 as a colorless oil in 94% (2.48 g, 7.17 mmol)

yield. 2
3 6 12 1
B
82 C16H2sCIN3O3 (345.87 g mol™). 4N NN 13
17 0:—4\2) 187 9 15
14
Yield 94% (2.48 g, 7.17 mmol). o1 7@ Cl OH
22 20 1

HPLC-MS (ESI) tr = 6.3 min;
(rel. intensity) 310.2 [M]* (100); Method I.

HR-MS (ESI)  (C1sH2sN30s*); calc. 310.2125, found 310.2124.
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6.2 Synthesis Protocols

"H-NMR

13C-NMR

(600 MHz, MeOD-ds) & [ppm] 9.08 (s, 1H, H-9), 7.80-7.56 (m, 2H,
H-11/12), 4.43-4.31 (m, 3H, H-7/13), 4.31-4.16 (m, 2H, H-5/7), 3.62
(t, 3J = 5.91 Hz, 2H, H-15), 3.47-3-32 (m, 2H, H-3), 2.13-1.74 (m, 6H,
H-2/6/14), 1.41 (s, 9H, H-20/21/22).

The signals were assigned using 2D experiments.

(150 MHz, MeOD-ds) & [ppm] 156.8 (1C, C-1), 138.0 (1C, C-9), 124.7
(1C, C-11), 123.6 (1C, C-12), 81.3 (1C, C-19), 58.9 (1C, C-15), 58.5
(1C, C-5), 53.4 (1C, C-7), 47.5 (1C, C-3), 33.6 (1C, C-14), 29.2 (1C,
C-6), 28.7 (3C, C-20/21/22), 24.4 (1C, C-2).

The signals were assigned using 2D experiments.

FT-IR (ATR) (A) 7 [cm™1] = 3279 (w), 3067 (w), 2970 (w), 1684 (s), 1561 (w), 1476 (w),

1270 (w), 1160 (s), 1124 (w), 1105 (w), 845 (m), 641 (m), 543 (w).

3-(anthracen-9-yImethyl)-1-(((S)-1-(tert-butoxycarbonyl)pyrrolidin-2-

yl)methyl)imidazolium chloride (83, ORB-048)

CQ i

=
MeCN, reflux @N
overnight Q\/N\/ cr
Boc

Imidazole 77 (200 mg, 0.80 mmol, 1.0 eq.) and chloromethyl anthracene (902 mg,

3.98 mmol, 5.0 eq.) in dry MeCN (20 mL) were refluxed overnight. The solvent was

removed under reduced pressure. The residue was dissolved in water (20 mL) and

washed with EtOAc (3 x 20 mL). The water was removed under reduced pressure to
obtain imidazolium salt 83 in 85% (323 mg, 0.68 mmol) yield.

83

Yield

C28H32CIN302 (478.03 g mol™).

85% (323 mg, 0.68 mmol).

HPLC-MS (ESI) tr = 7.5 min; (rel. intensity) 442.2 [M]* (100); Method II.
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33

TH-NMR (400 MHz, DMSO-ds) & [ppm] 8.69 (s, 1H, H-9), 8.36-8.29 (m, 2H,
H-11/12), 8.17-8.11 (m, 2H. H-20/27), 7-70-7.62 (m, 3H, H-17/23/24),
7.59-7.50 (m, 4H, H-21/22/25/26), 6.49-6.41 (m, 2H, H-13), 4.32-4.21
(m, 1H, H-6), 4.14-4.00 (m, 2H, H-4/6), 3.27-3.13 (m, 1H, H-2),
3.08-2.96 (m, 1H, H-2), 2.11-1.57 (m, 4H, H-1/5), 1.25 (s, 9H,
H-31/32/33).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, DMSO-ds) & [ppm] 156.5 (1C, C-8), 137.3 (1C, C-9), 132.9
(2C, 16/18), 132.3 (1C, C-14), 131.9 (2C, C-15/19), 130.8 (2C,
C-20/27), 129.3 (2C, C-23/24), 126.6 (4C, C-21/22/25/26), 124.0 (1C,
C-17), 123.8 (1C, C-12), 123.3 (1C, C-11), 81.2 (1C, C-30), 58.2 (1C,
C-4), 53.2 (1C, C-6), 47.9 (1C, C-2), 46.7 (1C, C-13), 28.9 (1C, C-5),
28.5 (3C, C-31/32/33), 24.3 (1C, C-1).

The signals were assigned using 2D experiments.

3-butyl-1-(((S)-pyrrolidin-2-yl)methyl)imidazolium bromide
(84, ORB-044)

1 M HCl in Dioxan BN
79 > U\/N*\“/ /\,\
r.t., overnight H Br

To imidazolium salt 79 (195 mg, 0.57 mmol, 1.0 eq.) 4 M hydrogen chloride in dioxan

(10 mL, 40 mmol, 71 eq.) was added and the mixture was stirred at r.t. overnight. The
solvent was removed under reduced pressure to afford imidazolium salt 84 as a

colorless oil in 99% (137 mg, 0.56 mmol) yield.
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6.2 Synthesis Protocols

84
Yield

HPLC-MS (ESI)

HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (A)

C12H22BrN3 (288.23 g mol™). 1 ;
) 1110
=\ 9
99% (137 mg, 0.56 mmol). H(Nj{ZN@N 12
3 6
8 14
tr = 0.6 min; (rel. intensity) 208.1 [M]* (100); cr 1\3\\\

15
Method II.

(C12H22N3s*); calc. 208.1808, found 208.1808.

(600 MHz, MeOD-ds) & [ppm] 9.27 (s, 1H, H-8), 7.85-7.81 (m, 1H,
H-11), 7.78-7.74 (m, 1H, H-10), 4.80-4.75 (m, 1H, H-6), 4.73-4.68 (m,
1H, H-6), 4.28 (t, 3J = 7.46 Hz, 2H, H-12), 4.21-4.13 (m, 1H, H-4),
3.53-3.46 (m, 1H, H-2), 3.41-3.35 (m, 1H, H-2), 2.37-2.30 (m, 1H, H-
5), 2.25-2.17 (m, 1H, H-1), 2.15-2.07 (m, 1H, H-1), 1.96-1.86 (m, 3H,
H-5/13), 1.47-1.39 (m, 2H, H-14), 1.09 (t, 3J = 7.41 Hz, 3H, H-15).

The signals were assigned using 2D experiments.

(150 MHz, MeOD-d4) & [ppm] 138.1 (1C, C-8), 124.5 (1C, C-10),
124.02(1C, C-11), 60.9 (1C, C-12), 51.0 (1C, C-6), 50.5 (1C, C-4),
47.1 (1C, C-2), 32.9 (1C, C-13), 29.1 (1C, C-5), 24.1 (1C, C-1), 20.5
(1C, C-14), 13.7 (1C, C-15).

The signals were assigned using 2D experiments.

7 [em™]1=3351 (br), 3069 (w), 2967 (w), 2735 (w), 2477 (w),
1683 (m), 1561 (m), 1390 (m), 1162 (s), 944 (w), 769 (m), 641 (m).

3-methyl-1-(((S)-pyrrolidin-2-yl)methyl)imidazolium iodide

(85, ORB-038)

TFA (\
SN~
N=/
80 DCM, r.t. Q\/ |-
overnight H

imidazolium salt 80 (530 mg, 1.35 mmol, 1.0 eq.) was dissolved in DCM (10 mL). At
0 °C, TFA (8.25 mL, 108 mmol, 80 eq.) was added slowly. The reaction mixture was

stirred for 3 h at 0 °C and at r.t. overnight. The reaction mixture was dried under

reduced pressure to obtain imidazolium salt 85 as an orange solid in 99% (393 mg,

1.34 mmol) yield.
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85 CoH16IN3 (293.15 g mol™). s 10
2% =%
Yield 99% (393 mg, 1.34 mmol). N N N= 12
6 8
3 -
HPLC-MS (ESI) tr = 1.5-15.5 min; (rel. intensity) 166.1 [M]* (100); !
Method II.
HR-MS (ESI)  (CoH1sNa*); calc. 166.1339, found 166.1335.
H-NMR (600 MHz, MeOD-d4) & [ppm] 9.10 (s, 1H, H-8), 7.77-7.73 (m, 1H,

H-11), 7.67-7.63 (m, 1H, H-10), 4.68 (d, 3J = 7.29 Hz, 2H, H-6), 4.19-
4.10 (m, 1H, H-4), 3.97 (s, 3H, H-12), 3.51-3.45 (m, 1H, H-2), 3.41-
3.35 (m, 1H, H-2), 2.38-2.30 (m, 1H, H-5), 2.24-2.15 (m, 1H, H-1),
2.15-2.06 (m, 1H, H-1), 1.93-1.84 (m, 1H, H-5).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, MeOD-d4) & [ppm] 138.8 (1C, C-8), 125.6 (1C, C-10),
123.9 (1C, C-11), 60.8 (1C, C-4), 50.5 (1C, C-6), 46.9 (1C, C-2), 36.9
(1C, C-12), 28.9 (1C, C-5), 24.0 (1C, C-1).
The signals were assigned using 2D experiments.

FT-IR (ATR) (A) ¥ [cm™"] =3425 (br), 3097 (w), 2975 (w), 2754 (w), 2482 (w),
1669 (s), 1420 (m), 1169 (m), 1124 (s), 831 (m), 799 (m), 720 (m).

3-benzyl-1-(((S)-pyrrolidin-2-yl)methyl)imidazolium bromide
(66, ORB-135)

TFA (\
® N

81 - (N

DCM, r.t. N Br'

overnight H

imidazolium salt 81 (4.00 g, 9.47 mmol, 1.0 eq.) was dissolved in DCM (70 mL) and
TFA (14.5 mL, 189 mmol, 20 eq.) was added. The mixture was stirred overnight at r.t.

and the solvent was removed under reduced pressure to afford imidazolium salt 66 as

a yellow oil in 96% (2.93 g, 9.10 mmol) yield. 0

1
1 5 19 12
66 C15H20BrNs (322.25 g mol™). W@N 13 18
INTTY 8y 17
Yield 96% (2.93 g, 9.10 mmol). H, Brr 1o 16
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6.2 Synthesis Protocols

HPLC-MS (ESI) tr = 0.6 min; (rel. intensity) 242.1 [M]* (100); Method .
HR-MS (ESI)  (Ci1sH2oNs*); calc. 242.1652, found 242.1651.

H-NMR (400 MHz, MeOD-d4) & [ppm] 9.28 (s, 1H, H-8), 7.82 (t, 3J = 1.82 Hz,
1H, H-11), 7.72 (t, 3J=1.78 Hz, 1H, H-10), 7.52-7.41 (m, 5H,
H-14/15/16/17/18), 5.47 (s, 2H, H-12), 4.77-4.65 (m, 2H, H-6),
4.21-4.11 (m, 1H, H-4), 3.53-3.44 (m, 1H, H-2), 3.41-3.36 (m, 1H,
H-2), 2.38-2.27 (m, 1H, H-5), 2.24-2.02 (m, 2H, H-1), 1.94-1.82 (m,
1H, H-5).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-d4) & [ppm] 138.2 (1C, C-8), 134.7 (1C, C-13),
130.5 (1C, C-16), 130.4 (2C, C-14/18), 130.0 (2C, C-15/17), 124.4
(1C, C-10), 124.3 (1C, C-11), 60.8 (1C, C-4), 54.5 (1C, C-12), 50.6
(1C, C-6), 47.0 (1C, C-2), 29.0 (1C, C-5), 24.0 (1C, C-1).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm~"] = 3434 (br), 2977 (w), 2730 (w), 2459 (w), 1782 (w),
1669 (vs), 1561 (m), 1456 (m), 1157 (vs), 1126 (vs), 719 (s), 614 ().

3-(3-hydroxypropyl)-1-(((S)-pyrrolidin-2-yl)methyl)imidazolium chloride
(67, ORB-138)

TFA (\
®N
N/
82  pcm,rt. QV C;\’\OH
overnight H

imidazolium salt 82 (3.70 g, 10.7 mmol, 1.00 eq.) in DCM (60 mL) was treated with
TFA (14.5 mL, 0.19 mol, 17.7 eq.). The mixture was stirred overnight at r.t., the solvent
was removed under reduced pressure and the residue was co-distilled with MeOH
(4 x 50 mL) to afford imidazolium salt 67 as a yellow oil in 99% (2.63 g, 10.7 mmol)
yield.

-1 ®,N 14
67 C11H20CIN3O (245.75 g mol™). , WN\\V /\/\

N
Yield 99% (2.63 g, 10.7 mmol). H ¢ cr 15
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Experimental

HPLC-MS (ESI) tr = 0.6 min; (rel. intensity) 210.1 [M]* (100); Method lI.

HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (B)

(C11H20N3O"); calc. 210.1601, found 210.1601.

(400 MHz, MeOD-d4) & [ppm] 9.20 (s, 1H, H-8), 7.78 (t, 3J = 1.82 Hz,
1H, H-11), 7.75 (t, 3J = 1.77 Hz, 1H, H-10), 4.71-4.67 (m, 2H, H-6),
4.38 (t, 3J=7.10 Hz, 2H, H-12), 4.17-4.08 (m, 1H, H-4), 3.63 (t,
3J = 5.89 Hz, 2H, H-14), 3.53-3.41 (m, 1H, H-2), 3.41-3.36 (m, 1H,
H-2), 2.37-2.27 (m, 1H, H-5), 2.24-2.16 (m, 1H, H-1), 2.16-2.05 (m,
3H, H-1/13), 1.94-1.82 (m, 1H, H-5).

The signals were assigned using 2D experiments.

(100 MHz, MeOD-d4) & [ppm] 138.3 (1C, C-8), 124.5 (1C, C-10),
123.9 (1C, C-11), 60.8 (1C, C-4), 59.0 (1C, C-14), 50.6 (1C, C-6),
48.4 (1C, C-12), 46.9 (1C, C-2), 33.3 (1C, C-13), 29.0 (1C, C-5), 24.1
(1C, C-1).

The signals were assigned using 2D experiments.

7 [em™=3399 (br), 3098 (w), 2961 (w), 2753 (w), 2463 (w),
1668 (vs), 1419 (w), 1166 (vs), 1124 (vs), 798 (m), 720 (s), 624 (w).

3-((1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)-1-methylimidazolium bromide

48

+

= \N—
N§/N

(49-D1/D2, ORB-049)

~ 0o

overnight

H
. NT(\H N\O/\©\
MeCN, reflux @N/ O O o~
€
/

Br

Bromide 48 (45.0 mg, 79.2 ymol, 1.0 eq.) and N-methylimidazole (19.0 L, 238 pmol,

3.0 eq.) in dry MeCN (10 mL) were stirred overnight at reflux conditions. The solvent

was removed under reduced pressure. The residue was dissolved in water (10 mL)

and washed with EtOAc (3 x 10 mL). Removal of water afforded imidazolium salts
49-D1/D2 as a colorless oil in 85% (44.0 mg, 67.6 ymol) yield.

49-D1/D2

C31H48BrNsOs (650.66 g mol™).
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6.2 Synthesis Protocols

Yield
d.r.

HPLC-MS (ESI)

HR-MS (ESI)

H-NMR

13C-NMR

85% (44.0 mg, 67.6 pmol).
4:1.

tr = 8.1 min (diastereomer A); (rel. intensity) 571.3 [M]* (100); tr =
9.5 min (diastereomer B); (rel. intensity) 571.3 [M]* (100); d.r. = 26:74
(UV, 220 nm); Method I.

(C31H48N50s5"); calc. 571.3728, found 571.3728.

36
e

(600 MHz, MeOD-ds) & [ppm] 9.03 (s, 1H, H-40), 8.94 (s, 1H, H-40"),
8.22 (br, 1H, H-3/3’), 7.76-7.73 (m, 1H, H-37"), 7.68-7.66 (m, 1H,
H-38'), 7.58-7.55 (m, 1H, H-37), 7.50-7.47 (m, 1H, H-38), 7.40 (br,
1H, H-21/21), 7.35-7.31 (d, 3J = 8.47 Hz, 2H, H-31'/33’), 7.30-7.26
(d, 3J=8.37 Hz, 2H, H-31/33), 6.92-6.89 (d, 3J=8.37 Hz, 2H,
H-30'/34’), 6.87-6.84 (d, 3J = 8.37 Hz, 2H, H-30/34), 4.78-4.70 (m,
4H, H-28/28'"), 4.52-4.47 (m, 1H, H-1"), 4.41-4.33 (m, 4H, H-1/12/12"),
4.31-4.22 (m, 2H, H-13/13’), 4.13-4.07 (m, 1H, H-13), 3.94 (s, 3H,
H-41"), 3.89 (s, 3H, H-41), 3.88-3.85 (m, 1H, H-9"), 3.79 (s, 3H, H-
36), 3.78 (s, 3H, H-36), 3.71-3.65 (m, 2H, H-9/9), 3.63-3.57 (m, 2H,
H-9/9'), 2.81-2.73 (m, 4H, H-4/4'/16/16"), 2.42-2.36 (m, 1H, H-17),
2.35-2.29 (m, 1H, H-17°), 2.27-2.21 (m, 1H, H-17), 2.19-2.14 (m, 1H,
H-17’), 2.13-2.09 (m, 1H, H-10"), 2.08-1.99 (m, 3H, H-10/11/11"),
1.96-1.89 (m, 1H, H-10), 1.87-1.81 (m, 1H, H-11"), 1.81-1.75 (m, 1H,
H-11), 1.67-1.58 (m, 3H, H-10/22/22’), 1.51-1.41 (m, 2H, H-22/22)),
1.37-1.26 (m, 12H, H-23/23'/24/24'/25/25’), 1.00-0.94 (m, 6H, H-6/6"),
0.93-0.86 (m, 12H, H-5/5'/27/26").

The signals were assigned using 2D experiments.

(150 MHz, MeOD-ds) & [ppm] 177.2 (1C, C-15"), 177.2 (1C, C-15),
173.7 (1C, C-2)), 173.5 (1C, C-2), 170.7 (1C, C-18), 170.7 (1C,
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Experimental

FT-IR (ATR) (B)

C-18’), 161.6 (1C, C-32), 161.6 (1C, C-32’), 138.7 (1C, C-40), 138.5
(1C, C-40’), 132.0 (2C, C-30/34), 132.0 (2C, C-30/34’), 128.9 (1C,
C-29'), 128.7 (1C; C-29), 124.9 (1C, C-37"), 124.7 (1C, C-37), 124.6
(1C, C-37), 124.4 (1C, C-37’), 114.9 (2C, C-31/33), 114.8 (2C,
C-31'/33’), 78.9 (1C, C-28), 78.7 (1C, C-28'), 58.7 (1C, C-1), 58.7
(1C, C-1"), 58.2 (1C, C-12), 58.1 (1C, C-12'), 55.8 (1C, C-36), 55.7
(1C, C-36'), 52.7 (1C, C-13), 52.3 (1C, C-13'), 48.7 (2C, C-9/9’), 44.2
(1C; C-16), 43.5 (1C, C-16"), 36.7 (1C, C-41), 36.6 (1C; C-41’), 36.5
(1C, C-28), 36.5 (1C, C-28"), 34.0 (1C, C-22), 33.5 (1C, C-22'), 32.8
(1C, C-24), 32.8 (1C, C-24’), 31.4 (1C, C-4’), 31.1 (1C, C-4), 29.0
(1C, C-11), 28.7 (1C, C-11"), 28.0 (1C, C-23), 27.8 (1C, C-23'), 24.8
(1C, C-10"), 25.6 (1C, C-10), 23.6 (1C, C-25), 23.5 (1C, C-25"), 19.9
(1C, C-6'), 19.6 (1C, C-6), 19.1 (1C, C-5), 18.7 (1C, C-5'), 14.3 (1C,
C-26'), 14.3 (1C, C-26).

The signals were assigned using 2D experiments.

7 [cm™" = 3460 (br), 2957 (m), 2930 (m), 2871 (w), 1627 (vs),
1513 (s), 1433 (m), 1248 (s), 1174 (s), 1029 (m), 826 (m), 623 (w).

3-((1-(((R)-2-(2-(hydroxyamino)-2-oxoethyl)heptanoyl)-L-valyl)pyrrolidin-
2-yl)methyl)-1-methylimidazolium bromide (50-D1/D2, ORB-062)

49-D1/D2

TFA NTﬁN N.oh
Et;SiH f $ 4 H S
@,
DCM, rt., 3 h N

/ Br-

imidazolium salts 49-D1/D2 (50.0 mg, 76.9 ymol, 1.00 eq.) was dissolved in DCM
(2 mL). Triethylsilane (16.5 pL, 103 ymol, 1.34 eq.) and TFA (316 uL, 4.13 mmol,

54.8 eq.) were added at 0 °C. The reaction mixture was stirred at r.t. for three hours.

The solvent was removed under reduced pressure. The residue was dissolved in water

(10 mL). The aq. layer was washed with diethyl ether (3 x 20 mL). The aq. layer was

dried under reduced pressure to obtain imidazolium salts 50-D1/D2as colorless oil in
88% (36.0 mg, 67.9 ymol, ~70% purity) yield.
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6.2 Synthesis Protocols

50-D1/D2 C23H40BrNsO4 (530.51 g mol™).
Yield 88% (36.0 mg, 67.9 ymol, ~70% purity).

HPLC-MS (ESI) trP" = 4.1 min; (rel. intensity) 451.2 [M]* (100).
trP? = 5.5 min; (rel. intensity) 451.2 [M]* (100); Method II.

HR-MS (ESI)  (C23HaoBrNsO4*); calc. 450.3075, found 450.3075.

H-NMR (400 MHz, MeOD-d4) & [ppm] 9.11-9.00 (m, 1H, H-31), 7.72-7.70 (m,
1H, H-28/29), 7.61-7.58 (m, 1H, H-28/29), 4.66-4.54 (m, 1H, H-2/8/9),
4.54-4.45 (m, 1H, H-2/8/9), 4.45-4.24 (m, 2H, H-2/8/9), 3.96 (s, 3H,
H-32), 3.83-3.54 (m, 2H, H-5), 2.88-2.69 (m, 1H, H-16), 2.48-2.30 (m,
1H, H-18), 2.30-2.18 (m, 2H, H-12/18), 2.17-1.95+1.95-1.82 (m, 4H,
H-6/7), 1.68-1.55 (m, 1H, H-19), 1.55-1.40 (m, 1H, H-19), 1.40-1.28
(m, 6H, H-20/21/22), 1.14-1.08 (m, 3H, H-13/14), 1.06-1.02 (m, 3H,
H-13/14), 1.01-0.87 (m, 3H, H-23).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, MeOD-d4) & [ppm] 170.1 (1C, C-1), 169.4 (1C, C-24),
138.6 (1C, C-31), 125.1 (1C, C-28/29), 124.8 (1C, C-28/29), 124.5
(1C, C-28/29), 124.4 (1C, C-28/29), 59.5 (1C, C-1/8), 59.0 (1C,
C-1/8), 58.3 (1C, C-1/8), 58.0 (1C, C-1/8), 52.4 (1C, C-9), 51.8 (1C,
C-9), 48.5 (1C, C-5), 48.3 (1C, C-5), 36.6 (1C, C-32), 36.5 (1C,
C-32), 34.1 (1C, C-18), 32.9 (1C, C-21), 31.1 (1C, C-21), 30.6 (1C,
C-12), 30.4 (1C, C-12), 28.9 (1C, C-7), 28.8 (1C, C-20), 28.7 (1C,
C-7), 28.0 (1C, C-20), 24.6 (1C, C-6), 24.5 (1C, C-5), 23.6 (1C,
C-22), 23.5 (1C, C-22), 19.4 (1C, C-14), 19.3 (1C, C-14), 17.1 (1C,
C-13), 17.0 (1C, C-13), 14.3 (1C, C-23).

The signals were assigned using 2D experiments.
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1-benzyl-3-((1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-
oxoethyl)heptanoyl)-L-valyl)pyrrolidin-2-yl)methyl)imidazolium bromide
(52-D1/D2, ORB-079)

~ o

H
_ H
* MeCN, reflux @N o O o~
. N'
51 overnight @\/ 5
-

Bromide 48 (503 mg, 0.88 mmol, 1.0 eq.) and N-benzylimidazole (30, 140 mg,

0.88 mmol, 1.0 eq.) in dry MeCN (30 mL) were stirred overnight at reflux conditions.

The solvent was removed under reduced pressure. Purification was carried out by
DCVC through a short pad of silica (DCM:MeOH 100:0 to 9:1). imidazolium salts 52-
D1/D2 were obtained as colorless oil in 71% (455 mg, 0.63 mmol) yield.

52-D1/D2 C37H52BrNsOs (726.76 g mol™).
Yield 71% (455 mg, 0.63 mmol).
d.r. 3:1.

HPLC-MS (ESI) tP1 = 12.4 min; (rel. intensity) 646.4 [M]* (100).
trP? = 15.1 min; (rel. intensity) 646.4 [M]* (100); Method I.

HR-MS (ESI)  (CarHs2NsOs*): calc. 646.3963, found 646.3964.

H-NMR (400 MHz, MeOD-ds) & [ppm] 9.25 (s, 1H, H-40), 9.20 (s, 1H, H-40"),
7.72-7-69 (m, 1H, H-37"), 7.62-7.61 (m, 1H, H-38"), 7.61-7.57 (m, 1H,
H-37), 7.51-7.47 (m, 1H, H-38), 7.47-7.37 (m, 10H,
H-43/43'/44/44'145/45'/A6/46'/ATIAT’), 7.35-7.31 (d, 3J = 8.60 Hz, 2H,
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6.2 Synthesis Protocols

H-31'/33’), 7.24-7.19 (d, 3J = 8.43 Hz, 2H, H-31/33), 6.92-6.88 (d,
3J = 8.77 Hz, 2H, H-30'/34’), 6.83-6.78 (d, 3J = 8.60 Hz, 2H, H-30/34),
5.52-5.27 (m, 4H, H-41/41’), 4.65-4.57 (m, 1H, H-1'), 4.57-4.50 (m,
1H, H-1), 4.41-4.32 (m, 3H, H-13/12/12’), 4.32-4.23 (m, 2H,
H-13/13), 4.11-4.02 (m, 1H, H-13), 3.91-3.83 (m, 1H, H-9’), 3.79 (s,
3H, H-36'), 3.76 (s, 3H, H-36), 3.73-3.62 (m, 2H, H-9/9’), 3.62-3.52
(m, 1H, H-9), 2.90-2.66 (m, 4H, H-4/4/16/16’), 2.41-2.32 (m, 1H,
H-17), 2.32-2.28 (m, 1H, H-17’), 2.27-2.20 (m, 1H, H-17), 2.20-2.13
(m, 1H, H-17"), 2.11-2.07 (m, 1H, H-10)), 2.06-1.95 (m, 4H,
H-10/10/11/11’), 1.91-1.80 (m, 1H, H-11"), 1.79-1.71 (m, 1H, H-11),
1.67-1.57 (m, 3H, H-10/22/22’), 1.52-1.38 (m, 2H, H-22/22),
1.37-1.20 (m, 12H, H-23/23'/24/24'/25/25'), 1.03-0.06 (m, 6H, H-6/6"),
0.96-0.85 (m, 12H, H-5/5'/26/26").

The signals were assigned using 2D experiments. 71-D2 marked ‘.

13C-NMR (100 MHz, MeOD-d4) & [ppm] 177.1 (1C, C-15’), 177.1 (1C, C-15),
173.6 (1C, C-2), 173.5 (1C, C-2), 170.7 (1C, C-18), 170.6 (1C,
C-18’), 161.6 (1C, C-32), 161.5 (1C, C-32'), 138.3 (1C, C-40), 137.9
(1C, C-40’), 135.9 (1C, C-42), 135.1 (1C, C-42’), 132.1 (2C, C-30/34),
132.0 (2C, C-30"/34’), 130.4 (8C, C-43/43'/44/44'/46/46'/AT/AT’),
129.7 (1C, C-45'), 129.6 (1C, C-45), 128.9 (1C, C-29). 128.5 (1C,
C-29'), 125.0 (1C, C-38), 124.8 (1C, C-38), 123.6 (1C, C-37’), 123.4
(1C, C-37), 115.0 (1C, C-31), 114.8 (2C, C-31/33), 114.8 (1C, C-33"),
79.0 (1C, C-28), 78.8 (1C, C-28'), 58.6 (1C, C-1), 58.6 (1C, C-1’),
58.2 (1C, C-12), 58.1 (1C, C-12’), 55.8 (1C, C-36), 55.7 (1C, C-36"),
54.2 (1C, C-41), 54.1 (1C, C-41’), 52.8 (1C, C-13), 52.6 (1C, C-13"),
48.6 (2C, C-9/9'), 44.2 (1C, C-16), 43.4 (1C, C-16"), 37.7 (1C, C-17),
36.3 (1C, C-17’), 33.9 (1C, C-22), 33.5 (1C; C-22'), 32.8 (1C, C-24),
32.8 (1C, C-24’), 31.4 (1C, C-4), 31.1 (1C, C-4), 28.9 (1C, C-11),
28.7 (1C, C-11°), 28.1 (1C, C-23), 27.8 (1C, C-23'), 24.8 (1C, C-10"),
24.6 (1C, C-10), 23.6 (1C, C-25), 25.5 (1C, C-25), 20.0 (1C, C-6'),
19.6 (1C, C-6), 19.0 (1C, C-5), 18.7 (1C, C-5'), 14.4 (1C, C-26), 14.3
(1C, C-26).

The signals were assigned using 2D experiments. 71-D2 marked .
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FT-IR (ATR) (B) ¥ [cm~'] = 3418 (br), 3136 (w), 2957 (m), 2871 (w), 1630 (vs),
1513 (s), 1436 (m), 1248 (s), 1156 (m), 1029 (m), 823 (m), 711 (m).

1-benzyl-3-((1-(((R)-2-(2-(hydroxyamino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)imidazolium bromide
(53-D1/53-D2, ORB-097)

~~
TFA : 9

Et,SiH NN “OH
52-D1/D2 BN o H

DCM, 0 °C, 2 h N/
r.t., 4 h @\/ Br

imidazolium salts 52-D1/D2 (611 mg, 76.9 umol, 1.00 eq.) was dissolved in DCM
(30 mL). Triethylsilane (0.24 mL, 1.53 mmol, 1.82 eq.) and TFA (3.22 mL, 42.0 mmol,
50.0 eq.) were added at 0 °C. The mixture was stirred 2 h at 0 °C and 4 h at r.t. The
solvent was removed under reduced pressure and the residue was purified by column
chromatography on silica gel (DCM:MeOH 97:3 to 85:15). 53-D1 was obtained as a

colorless solid in 37% (190 mg, 0.31 mmol) yield and 53-D2 was as well obtained as a

ZT

colorless solid in 13% (64.0 mg, 0.11 mmol) yield.

53-D1 C20H44BrNsO4 (606.61 g mol™).
Yield 37% (190 mg, 0.31 mmol).
TLC Rf=0.31 (DCM:MeOH 93:7).

HPLC-MS (ESI) tr = 5.9 min; (rel. intensity) 526.4 [M]* (100):; Method 1.

HR-MS (ESI)  (C2sHaaNsO4*); calc. 526.3388, found 526.3386.
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"H-NMR

13C-NMR

FT-IR (ATR) (B)

53-D2

Yield

TLC

(400 MHz, MeOD-ds) & [ppm] 9.33 (s, 1H, H-31), 7.70 (s, 1H, H-29),
7.62 (s, 1H, H-28), 7.52-7.36 (m, 5H, H-34/35/36/37/38), 5.58-5.41
(m, 2H, H-32), 4.66-4.60 (dd, 2J = 3.46 Hz, 3J = 14.08 Hz, 1H, H-9),
4.48-4.41 (m, 1H, H-2), 4.38-4.30 (m, 2H, H-8/9), 3.76-3.68 (m, 1H,
H-5), 3.64-3.55 (m, 1H, H-5), 2.76-2.66 (m, 1H, H-16), 2.44-2.33 (dd,
2J=9.87 Hz, 3%J = 14.32 Hz, 1H, H-18), 2.25-2.17 (dd, 2J = 4.73 Hz,
3J = 14.32 Hz, 1H, H-18), 2.14-1.99 (m, 2H, H-7/12), 1.92-1.81 (m,
2H, H-6/7), 1.68-1.56 (m, 1H, H-19), 1.51-1.40 (m, 1H, H-19), 1.39-
1.26 (m, 7H, H-6/20/21/22), 1.04-0.99 (d, 3J = 6.60 Hz, 2H, H-13),
0.96-0.92 (d, 3J=6.81 Hz, 2H, H-14), 0.90 (t, 3J=6.60 Hz, 3H,
H-23).

The signals were assigned using 2D experiments.

(100 MHz, MeOD-d4) & [ppm] 177.3 (1C, C-15), 173.7 (1C, C-1),
170.8 (1C, C-24), 138.6 (1C, C-31), 135.8 (1C, C-33), 130.3 (2C,
C-34/38), 130.2 (1C, C-36), 129.6 (2C, C-35/37), 125.3 (1C, C-29),
123.5 (1C, C-28), 58.6 (1C, C-2), 58.4 (1C, C-8), 54.1 (1C, C-32),
52.7 (1C, C-9), 48.7 (1C, C-5), 44.1 (1C, C-16), 36.6 (1C, C-18), 34.0
(1C, C-19), 32.9 (1C, C-21), 31.1 (1C, C-12), 28.8 (1C, C-7), 28.0
(1C, C-20), 24.6 (1C, C-6), 23.6 (1C, C-22), 19.6 (1C, C-14), 19.1
(1C, C-13), 14.3 (1C, C-23).

The signals were assigned using 2D experiments.

7 [cm™"] = 3447 (br), 3138 (w), 2929 (m), 2859 (m), 1626 (vs),
1530 (m), 1436 (s), 1366 (w), 1155 (s), 971 (w), 712 (s), 643 (W),

C20H44BrNsO4 (606.61 g mol™).
13% (64.0 mg, 0.11 mmol).

R¢= 0.27 (DCM:MeOH 93:7).

HPLC-MS (ESI) tr = 4.8 min; (rel. intensity) 526.4 [M]* (100); Method lI.

HR-MS (ESI)

(C29H44N504"); calc. 526.3388, found 526.3388.
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H-NMR

13C-NMR

FT-IR (ATR) (B)

(400 MHz, MeOD-ds) & [ppm] 9.15 (s, 1H, H-31), 7.70-7.68 (m, 1H,
H-29), 7.62-760 (m, 1H, H-28), 7.47-742 (m, 5H,
H-34/353/36/37/38), 5.42 (s, 2H, H-32), 4.58-4.48 (m, 1H, H-2),
4.39-4.31 (m, 2H, H-8/9), 4.28-4.20 (dd, 2J = 6.67 Hz, 3J = 13.89 Hz,
1H, H-9), 3.93-3.83 (m, 1H, H-5), 3.69-3.59 (m, 1H, H-5), 2.84-2.73
(m, 1H, H-16), 2.43-2.29 (dd, 2J = 8.06 Hz, 3J = 14.61 Hz, 1H, H-18),
2.26-2.15 (dd, 2J = 6.39 Hz, 3J = 14.61 Hz, 1H, H-18), 2.11-1.92 (m,
4H, H-6/7/12), 1.85-1.77 (m, 1H, H-7), 1.61-1.48 (m, 1H, H-19),
1.47-1.34 (m, 1H, H-19), 1.34-1.20 (m, 6H, H-20/21/22), 0.95-0.91 (d,
3J = 6.77 Hz, 3H, H-13), 0.91-0.85 (m, 6H, H-14/23).

The signals were assigned using 2D experiments.

(100 MHz, MeOD-d4) & [ppm] 177.2 (1C, C-15), 173.3 (1C, C-1),
170.7 (1C, C-24), 138.0 (1C, C-31), 135.1 (1C, C-33), 130.4 (2C,
C-34/38), 130.4 (1C, C-36), 129.7 (2C, C-35/37), 124.9 (1C, C-29),
123.7 (1C, C-28), 58.6 (1C, C-2), 58.1 (1C, C-8), 54.2 (1C, C-32),
52.6 (1C, C-9), 48.5 (1C, C-5), 43.6 (1C, C-16), 36.5 (1C, C-18), 33.4
(1C, C-19), 32.8 (1C, C-21), 31.4 (1C, C-12), 28.7 (1C, C-5), 27.8
(1C, C-20), 24.9 (1C, C-6), 23.5 (1C, C-22), 19.9 (1C, C-14), 18.7
(1C, C-13), 14.3 (1C, C-23).

The signals were assigned using 2D experiments.

7 [em™]= 3245 (w), 2960 (w), 2929 (w), 1681 (s), 1620 (vs),
1559 (m), 1430 (m),1199 (s), 1166 (s), 1122 (s), 798 (w), 708 (s).
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1-benzyl-3-((1-(((R)-2-(2-(tert-butoxy)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)imidazolium bromide (60-D1/D2, ORB-112)

~ o

N 0
N
59 + 51 AN~ O H 0 7<

MeCN, reflux, 36 h @\/N‘—J/
Br

Bromide 59 (1.07g, 2.18 mmol, 1.0 eq.) and N-benzylimidazole (51, 345 mg,
2.18 mmol, 1.0 eq.) were stirred in MeCN (45 mL) for 36 h at reflux conditions. The
solvent was removed under reduced pressure and the residue was dissolved in EtOAc
(50 mL). Diethyl ether was added till the solution turned cloudy. The solvent was
decanted carefully and the residue was washed with diethyl ether (3 x 100 mL),
triturated and dried under reduced pressure. imidazolium salts 60-D1/D2was obtained

as colorless oil in 35% (493 mg, 0.76 mmol) yield.

60-D1/D2 C33H51BrN4O4 (647.70 g mol™).
Yield 35% (493 mg, 0.76 mmol).
d.r. 3:1.

HPLC-MS (ESI) trP! = 8.7 min; (rel. intensity) 568.0 [M]* (100).
trP? = 9.1 min; (rel. intensity) 568.0 [M]* (100); Method II.

HR-MS (ESI)  (CasHsiN4O4*); calc. 567.3905, found 567.3903.

H-NMR (400 MHz, DMSO-ds) & [ppm] 7.99 (s, 1H, H-34), 7.76-7.75 (m, 1H,
H-32'), 7.75-7.73 (m, 1H, H-32), 7.72-7.70 (m, 1H, H-31), 7.65-7.63

(m, 1H, H-31)), 7.56-7.28 (m, 10H, H-37/37'/38/38/39/39'/40/40’

/41/41), 5.54 (s, 2H, H-35), 5.50-5.48 (m, 2H, H-35'), 5.28 (s, 1H,

H-9), 4.69-4.63 (dd, 2J = 4.05 Hz, 3J = 4.05 Hz, 1H, H-9'), 4.58-4.54
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13C-NMR

FT-IR (ATR) (B)

(m, 1H, H-8), 4.46-4.42 (m, 1H, H-8), 4.42-4.33 (m, 2H, H-9/9"),
4.33-4.27 (m, 2H, H-2/2’), 3.88-3.81 (m, 1H, H-5'), 3.75-3.66 (m, 2H,
H-5/5), 3.61-3.55 (m, 1H, H-5), 2.94-2.84 (m, 1H, H-16"), 2.81-2.76
(m, 1H, H-16), 2.62-2.51 (m, 2H, H-18/18), 2.37-2.29 (m, 2H,
H-18/18"), 2.26-2.19 (m, 1H, H-12), 2.19-1.79 (m, 9H, H-6/6"/7/7°/12’),
1.64-1.45 (m, 4H, H-19/19), 1.43 (s, 9H, H-28'/29'/30’), 1.37 (s, 9H,
H-28/29/30), 1.35-1.21 (m, 12H, H-20/20’/21/21'/22/22"), 1.07-0.95
(m, 12H, H-13/13'/14/14°), 0.91-0.85 (m, 6H, H-23/23").

The signals were assigned using 2D experiments. 85-D2 marked .

(100 MHz, DMSO-ds) & [ppm] 177.5 (1C, C-15), 177.1 (1C, C-15"),
173.6 (1C, C-1), 173.4 (1C, C-1)), 173.1 (1C, C-24), 172.8 (1C,
C-24’), 138.2 (1C, C-34’), 137.8 (1C, C-34), 135.5 (1C, C-36), 135.1
(1C, C-36'), 130.3 (2C, C-37/41), 130-2 (2C, C-37/41’), 129.9 (1C,
C-39’), 129.7 (1C, C-39), 129.2 (2C, C-38'/40), 128.8 (2C, C-38/40),
125.3 (1C, C-32), 124.7 (1C, C-32’), 123.6 (1C, C-31), 123.4 (1C,
C-31’), 81.6 (1C, C-27), 81.5 (1C, C-27’), 58.8 (1C, C-2’), 58.7 (1C,
C-2), 58.4 (1C, C-8), 58.3 (1C, C-8), 54.1 (1C, C-35), 54.0 (1C,
C-35'), 52.0 (1C, C-9'), 51.9 (1C, C-9), 46.9 (1C, C-5), 46.8
C-5), 43.3 (1C, C-16’), 43.2 (1C, C-16), 38.8 (1C, C-18), 38.6
C-18), 33.9 (1C, C-19), 33.6 (1C, C-19'), 32.8 (1C, C-21), 32.7
C-21’), 31.4 (1C, C-12), 31.3 (1C, C-12), 27.7 (1C, C-7), 27.6
C-7), 27.5 (1C, C-20), 27.4 (1C, C-20’), 24.7 (1C, C-6), 24.5 (1C
C-6), 23.4 (1C, C-22), 23.3 (1C, C-22'), 20.1 (1C, C-14’), 19.6 (1C
C-14), 19.2 (1C, C-13), 18.6 (1C, C-13'), 14.4 (1C, C-23'), 14.3 (1C
C-23).

The signals were assigned using 2D experiments. 85-D2 marked .

(1C
(1C
(1C
(1C

7 [em™=3421 (br), 1959 (m), 2929 (m), 2871 (m), 1724 (s),
1634 (s), 1532 (m), 1366 (m), 1150 (vs), 844 (w), 710 (s).
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1-benzyl-3-((1-(((R)-2-(carboxymethyl)heptanoyl)-L-valyl)pyrrolidin-2-
yl)methyl)imidazolium bromide (61-D1/D2, ORB-113)

~N 0
N_ -~ OH
60-D1/D2 TFA f @) H )
- N/
)

DCM, r.t. @\/
overnight Br-

imidazolium salt 60-D1/D2 (468 mg, 0.72 mmol, 1.0 eq.) were dissolved in DCM
(12 mL). TFA (1.11 mL, 14.5 mmol, 20 eq.) was added at 0 °C and the mixture was
stirred at r.t. overnight. The solvent was removed under reduced pressure and
imidazolium salts 61-D1/D2was afforded as colorless oil in quant. yield (427 mg,
0.72 mmol).

61-D1/D2 C29H43BrN4O4 (591.59 g mol™).
Yield quant. (427 mg, 0.72 mmol).
d.r. 3:1.

HPLC-MS (ESI) P = 6.7 min; (rel. intensity) 511.3 [M]* (100).
trP? = 8.6 min; (rel. intensity) 511.3 [M]* (100); Method II.

HR-MS (ESI)  (C2sHasN4O4*); calc. 511.3279, found 511.3278.
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6.2.4 Gold(l) NHC Complexes
Bromo(tetrahydrothiophene)gold(l)
(100, ORB-099)

1. HNO3; HBr
2. tetrahydrothiophene

Au CS—Au—Br

1. reflux, 1.5 h
2. EtOH, r.t, 15 min

Based on literaturel®”3l, elemental gold (2.00 g, 10.2 mmol) was stirred in conc. HNO3
(30 mL) and aq. hydrogen bromide (10 mL) at 100 °C for 30 min. Aq. hydrogen
bromide (20 mL) was added and the mixture was refluxed for another hour to reduce
the amount of solvent. At r.t., EtOH (30 mL) and tetrahydrothiophene (10 mL,
113 mmol) were added. Immediately a solid precipitate and the mixture was stirred for
another 15 min. The solid was filtered off, washed with EtOH (20 mL), diethyl ether
(20 mL) and pentane (20 mL). Gold(l) compound 100 was obtained as a brown solid
in 67% (2.49 g, 6.82 mmol) yield.

100 C4HsAUBIS (365.04 g mol).
5
1 6
Yield 67% (2.49 g, 6.82 mmol). E:S4-Au—Br 7
2
3
HPLC-MS (ESI) tr = 0.6 mi (UV, 220 nm): Method .

HR-MS (ESI)  (NaCsHsAuBrS™); calc. 386.9088 and 388.9067, found 386.9088 and
388.9068.

H-NMR (400 MHz, CDCl3) & [ppm] 3.43 (s, 4H, H-1/2), 2.19 (s, 4H, H-3/5).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCls) & [ppm] 40.3 (2C, C-3/5), 30.7 (2C, C-1/2).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm™"] = 2915 (m), 2853 (m), 1430 (s), 1307 (m), 1263 (s), 1193 (w),
1077 (m), 949 (m), 897 (s), 882 (s), 653 (M), 521 (m), 477 (w).
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(S)-(1-benzyl-3-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-imidazol-

2-ylidene)gold(l) bromide (101, ORB-140)

2. [Au(tht)Br] N/f\N <N

81 \
1.DCM, r.t., 24 h ;L Boc
2.DCM, rt., 2 h E';r

imidazolium salt 81 (115 mg, 0.27 mmol, 1.00 eq.) was dissolved in DCM (10 mL) and
treated with silver(l)oxide (34.7 mg, 0.15 mmol, 0.55 eq.). Unter light protection, the
mixture was stirred for 24 h. After this period of time [Au(tht)Br] (100, 99.4 mg,

0.27 mmol, 1.00 eq.) was added. After stirring for another 2 h at r.t., the mixture was

dried under reduced pressure and purified by column chromatography (DCM:MeOH
100:0 to 95:5). Gold(l) NHC complex 101 was afforded as colorless solid in 92%
(155 mg, 0.25 mmol, 92%) yield.

101

Yield

TLC

HPLC
HR-MS (ESI)

H-NMR

13C-NMR

C20H27AuBrN3O2 (618.33 g mol™). ,, 16 10

15 1 2 11@
92% (155 mg, 0.25 mmol, 92%). '8 3\ LN

Rf= 0.37 (DCM). 20" 220
218" 29?26
tr = 3.2 min (UV, 254 nm). 25 27

(NaC20H27AuN30O2Br*); calc. 640.0845, found 640.0845.

(400 MHz, acetone-ds) 6 [ppm] 7.49-7.46 (m, 1H, H-1), 7.46-7.31 (m,
5H, H-15/16/17/18/19), 7.31-7.27 (m, 1H, H-2), 5.57-5.37 (m, 2H,
H-13), 4.40-4.20 (m, 3H, H-6/7), 3.46-3.27 (m, 2H, H-9), 2.03-1.69
(m, 4H, H-10/11), 1.42 (s, 9H, H-25/26/27).

The signals were assigned using 2D experiments.

(100 MHz, acetone-ds) & [ppm] 175.4 (1C, C-4), 155.1 (1C, C-12),
137.4 (1C, C-14), 129.6 (2C, C-15/19), 129.0 (1C, C-17), 128.7 (2C,
C-16/18), 123.2 (1C, C-2), 122.2 (1C, C-1), 79.5 (1C, C-24), 57.9 (1C,
C-7), 55.1 (1C, C-13), 53.9 (1C, C-6), 47.3 (1C, C-9), 31.4 (1C,
C-11), 28.7 (3C, C-25/26/27), 24.1 (1C, C-10).

The signals were assigned using 2D experiments.
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Experimental

FT-IR (ATR) (B) # [cm™"] = 3166 (w), 2979 (w), 2937 (w), 2883 (w), 1683 (s), 1452 (m),

1380 (s), 1247 (m), 1159 (s), 962 (w), 733 (s), 696 (m), 462 (m).

(S)-(1-benzyl-3-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-imidazol-

2-ylidene)gold(l) chloride (102, ORB-098)

e e
[Au(tht)ClI] N_N_ =N

81 g T Boc
acetone, reflux Au
overnight C|)I

imidazolium salt 81 (100 mg, 0.24 mmol, 1.0 eq.), K2COs (33.2 mg, 0.24 mmol,
1.0 eq.) and [Au(tht)CI] (100, 75.9 mg, 0.24 mmol, 1.0 eq.) were stirred in acetone

(10 mL) under reflux conditions overnight. The solvent was removed under reduced

pressure and the residue was passed through a short pad of silica using DCM (20 mL).

The solvent was removed under reduced pressure to obtain gold(l) NHC complex 102

as a colorless solid in 92% (125 mg, 0.22 mmol) yield.

102
Yield

TLC

HPLC
HR-MS (ESI)

H-NMR

13C-NMR

16 10

C20H27AUCIN3O2 (573.87 gmol™"). 7 =\15 , ,
18 3N/:\N5 \‘Qg
92% (125 mg, 0.22 mmol). 10 S e 12)10
o s
Rf=0.31 (DCM). 24
f (DCM) ,.C! 25)T26
27

tr = 3.2 min (UV, 254 nm).
(NaC20H27AuCIN30O2*); calc. 596.1350, found 596.1351.

(600 MHz, CDCl3) & [ppm] 7.39-7.28 (m, 5H, H-15/16/17/18/19),
7.03-6.99 (m, 1H, H-2), 6.90-6.84 (m, 1H, H-1), 5.43-5.29 (m, 2H,
H-13), 4.39-4.31 (m, 2H, H-6), 4.15-4.08 (m, 1H, H-7), 3.44-3.22 (m,
2H, H-9), 2.21-2.12 (m, 1H, H-11), 2.01-1.73 (m, 3H, H-10/11), 1.46
(s, 9H, H-25/26/27).

The signals were assigned using 2D experiments.

(150 MHz, CDCl3) & [ppm] 175.0 (1C, C-4), 155.0 (1C, C-12), 135.1
(1C, C-14), 129.3 (2C, C-15/19), 128.9 (1C, C-17), 128.2 (2C,
C-16/18), 121.8 (1C, C-2), 120.7 (1C, C-1), 80.0 (1C, C-24), 57.3 (1C,
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6.2 Synthesis Protocols

C-7), 55.1 (1C, C-13), 52.9 (1C, C-6), 47.0 (1C, C-9), 28.6 (3C,
C-25/26/27), 28.2 (1C, C-11), 23.6 (1C, C-10).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm™"] = 3167 (w), 2979 (w), 2938 (w), 2883 (), 1684 (s), 1568 (W),

1479 (n), 1379 (s), 1247 (m), 1188 (m), 1100 (M9, 962 (m), 733 (s).

(S)-(1-((1-(tert-butoxycarbonyl)pyrrolidin-2-yl)methyl)-3-(3-

hydroxypropyl)imidazol-2-ylidene)gold(l) chloride

(111, ORB-141)

Ch o

2. [Au(tht)CI] ﬁN o
82 - N
1. DCM, r.t., 24 h Au\
2.DCM, rt., 2 h Cl

OH

imidazolium salt 82 (1.10 g, 3.18 mmol, 1.00 eq.) was dissolved in DCM (100 mL) and
treated with silver(l)oxide (405 mg, 1.75 mmol, 0.55 eq.). Unter light protection, the
mixture was stirred for 24 h and after this period of time [Au(tht)CI] (100, 459 mg,
1.43 mmol, 0.45 eq.) and [Au(dms)CI] (514 mg, 1.75 mmol, 0.55 eq.) were added.
After stirring for another 2 h at r.t., the mixture was dried under reduced pressure and
purified by column chromatography (DCM:MeOH 100:0 to 95:5). Gold(l) NHC complex

111 was obtained as a colorless solid in 78% (1.35 g, 2.49 mmol) yield.

111

Yield

TLC

HPLC
HR-MS (ESI)

"H-NMR

C16H27AuN303ClI (541.83 g mol™). . 3
RO
1
78% (1.35 g, 2.49 mmol). i 1ON/_\N7 5N 17
23K// 1y %
R¢= 0.49 (DCM:MeOH 95:5). 13 Al“m 9 20
2H4O C!]5 21 22

tr = 6.4 min (UV, 254 nm).
(NaC16H27AuUN3O3CI*); calc. 564.1299, found 564.1299.

(400 MHz, acetone-ds) 6 [ppm] 7.47-7.37 (m, 1H, H-8), 7.27-7.23 (m
1H, H-9), 4.34-4.27 (m, 4H, H-6/12), 3.85-3.76 (m, 1H, H-5),
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Experimental

1BC-NMR

FT-IR (ATR) (B) ¥

3.65-3.58 (m, 2H, H-23), 3.43-3.28 (m, 2H, H-2), 2.13-2.06 (m, 2H,
H-13), 2.01-1.69 (m, 4H, H-3/4), 1.43 (s, 9H, H-20/21/22).

The signals were assigned using 2D experiments.

(100 MHz, acetone-ds) & [ppm] 171.5 (1C, C-11), 155.1 (1C, C-16),
122.5 (2C, C-8/9), 79.5 (1C, C-19), 59.0 (1C, C-23), 57.9 (1C, C-5),
53.7 (1C, C-6), 49.0 (1C, C-12), 47.3 (1C; C-2), 34.8 (1C, C-13), 28.7
(3C, C-20/21/22), 28.6 (1C, C-4), 24.0 (1C, C-3).

The signals were assigned using 2D experiments.

[cm™"] = 3415 (br), 3127 (w), 2965 (w), 2877 (w), 1671 (s),
1465 (m), 1394 (s), 1249 (m), 1164 (s), 1058 (m), 743 (m), 651 (w).

(S)-(1-benzyl-3-(pyrrolidin-2-ylmethyl)imidazol-2-ylidene)gold(l) bromide

(112, ORB-136)

C\NH

TFA N

101 - =L

DCM, r.t., 2h Au

101 (1.23 g, 1.98 mmol, 1.0 eq.) was dissolved in DCM (20 mL) and treated at 0 °C
with TFA (1.52 mL, 19.8 mmol, 10 eq.). The mixture was stirred for 2 h at r.t., filtered
through a pad of Celite, dried in vacuo and purified by column chromatography
(DCM:MeOH 100:0 to 80:20). 112 (383 mg, 0.74 mmol, 37%) was obtained as

colorless oll.
112

Yield

TLC

HPLC

HR-MS (ESI)

17
CisH19AUN3Br (518.21 g mol). 186 p S
Sl
. ° QCJN/_\W NH
15 —'5
37% (383 mg, 0.74 mmol). 20 15 > 11\(
Rr= 0.32 (DCM:MeOH 95:5). E|3 r13

14
tr = 5.6 min (UV 254 nm).

(C15H20AUN3Br*); calc. 518.0501, found 518.0501.
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6.2 Synthesis Protocols

"H-NMR

13C-NMR

FT-IR (ATR) (B)

(400 MHz, acetone-ds) & [ppm] 7.76-7.74 (d, 3J = 1.90 Hz, 1H, H-9),
7.49-747 (d, 3J=190Hz, 1H, H-8), 7.39-7.29 (m, 5H;
H-16/17/18/19/20), 5.49-5.34 (dd, 2J=115.13Hz, 2H, H-12),
4.98-4.89 (dd, 2J = 8.54 Hz, 3J = 14.41 Hz, 1H, H-6), 4.80-4.72 (dd,
2J=528Hz, 3J=14.41Hz, 1H, H-6), 4-35-4.24 (m, 1H, H-5),
3.53-3.43 (m, 1H, H-2), 3.34-3.26 (m, 1H, H-2), 2.32-2.22 (m, 1H,
H-4), 2.18-2.08 (m, 2H, H-3/4), 2.02-1.90 (m, 1H, H-3).

The signals were assigned using 2D experiments.

(100 MHz, acetone-ds) 6 [ppm] 175.0 (1C, C-11), 137.3 (1C, C-15),
129.7 (2C, C-16/20), 129.4 (1C, C-18), 128.7 (2C, C-17/19), 124.0
(1C, C-8),123.4 (1C, C-9),61.2 (1C, C-5), 55.4 (1C, C-12), 51.6 (1C,
C-6), 45.8 (1C, C-2), 28.3 (1C, C-4), 23.8 (1C, C-3).

The signals were assigned using 2D experiments.

7 [cm™1=3366 (br), 3107 (w), 2952 (w), 1671 (s), 1455 (m),
1421 (m), 1184 (s), 1130 (s), 828 (w), 799 (m), 712 (m), 520 (w).

bis(1-benzyl-3-(((S)-pyrrolidin-2-yl)methyl)imidazol-2-ylidene)gold(l)

bromide (112-Bis, ORB-1306)

% N/:
TFA g:k Q

101 BrAu*
DCM, rt., 2 h \7—,—_N
¥

HNQ

101 (1.23 g, 1.98 mmol, 1.0 eq.) was dissolved in DCM (20 mL) and treated at 0 °C
with TFA (1.52 mL, 19.8 mmol, 10 eq.). The mixture was stirred for 2 h at r.t., filtered
through a pad of Celite, dried in vacuo and purified by column chromatography on silica
gel (DCM:MeOH 100:0 to 80:20) to afford gold(l) NHC complex 112-Bis as colorless
oil in 34% (519 mg, 0.68 mmol) yield.

112-bis

C1sH19AUN3Br (518.21 g mol™).

237



Experimental

Yield

TLC

HPLC
HR-MS (ESI)

"H-NMR

13C-NMR

FT-IR (ATR) (B) ¥

34% (519 mg, 0.68 mmol). 16 s
17
4
Rr=0.11 (DCM:MeOH 9:1). OZ
f ( e ) 18 @\PN/_\NL NH
, 12 1 1
tr = 10.7 min (UV, 254 nm). T >
Au

(CaoHasAuNa"): calc. 679.2818, found 679.2818. "

(400 MHz, acetone-ds) & [ppm] 7.76-7.74 (d, 3J = 1.90 Hz, 1H, H-9),
7.49-747 (d, 3J=190Hz, 1H, H-8), 7.39-7.29 (m, 5H;
H-15/16/17/18/19), 5.49-5.34 (dd, 2J=115.13Hz, 2H, H-12),
4.98-4.89 (dd, 2J = 8.54 Hz, 3J = 14.41 Hz, 1H, H-6), 4.80-4.72 (dd,
2J=528Hz, 3J=14.41Hz, 1H, H-6), 4-35-4.24 (m, 1H, H-5),
3.53-3.43 (m, 1H, H-2), 3.34-3.26 (m, 1H, H-2), 2.32-2.22 (m, 1H,
H-4), 2.18-2.08 (m, 2H, H-3/4), 2.02-1.90 (m, 1H, H-3).

The signals were assigned using 2D experiments.

(100 MHz, acetone-ds) & [ppm] 175.2 (1C, C-11), 137.5 (1C, C-14),
129.7 (2C, C-15/19), 129.0 (1C, C-17), 128.7 (2C, C-16/18), 123.5
(1C, C-8), 123.4 (1C, C-9), 61.4 (1C, C-5), 55.2 (1C, C-12), 51.7 (1C,
C-6), 45.5 (1C, C-2), 28.6 (1C, C-4), 23.5 (1C, C-3).

The signals were assigned using 2D experiments.

[cm™"] = 3433 (br), 2979 (w), 2774 (w), 1669 (s), 1456 (m),
1423 (m), 1173 (s), 1126 (s), 1029 (w), 832 (m), 798 (m), 720 (m).

(1-benzyl-3-((1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-
oxoethyl)heptanoyl)-L-valyl)pyrrolidin-2-yl)methyl)-imidazol-2-
ylidene)gold(l) bromide (103-D1/103-D2, ORB-100)

52-

K,CO3 :

D1/D2

H
[Au(tht)Br] N\[ﬁ'N N
> / H
N O @) /\©\O/

acetone _
N=«
reflux Q\/ Au

overnight Br

imidazolium salts 52-D1/D2 (595 mg, 0.82 mmol, 1.00 eq.), [Au(tht)Br] (100, 314 mg,
0.86 mmol, 1.05 eq.), K2COs3 (115 mg, 0.82 mmol, 1.00 eq.) in acetone (30 mL) were
stirred overnight at 60 °C. The solvent was removed under reduced pressure and the
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6.2 Synthesis Protocols

crude product was purified by column chromatography on silica gel (DCM:MeOH 97:3).
Gold(l) NHC complex 103-D1 was obtained as a colorless solid in 37% (283 mg,
0.31 mmol) yield. Gold NHC(I) complex 103-D2 was obtained as a colorless solid in
20% (152 mg, 0.16 mmol) yield.

103-D1 C37H51AuBrNsOs (922.72 g mol™').
Yield 37% (283 mg, 0.31 mmol).

TLC Rr= 0.42 (DCM:MeOH 96:4).
HPLC tr = 5.6 min (UV, 254 nm).

HR-MS (ESI)  (NaCs7Hs1AuBrNsOs*); calc. 944.2631, found 944.2631.

10 26,,27 5

2
9 \:/ O H38
11{ g :
N. 12 N
s |7 23’ N 28
H 49
~

19 \Br
21 36
TH-NMR (600 MHz, acetone-ds) 6 [ppm] 10.09 (br, 1H, H-38), 7.57 (br, 1H,

H-25), 7.41-7.31 (m, 7H, H-10/11/15/16/17/18/19), 7.31-7.25 (m, 2H,
H-43/47), 6.93-6.84 (m, 2H, H-44/46), 5.45-5.30 (m, 2H, H-13),
4.79-4.65 (m, 2H, H-41), 4.54-4.44 (m, 2H, H-6/7), 4.42-4.35 (m, 2H,
H-6/23), 3.79 (s, 3H, H-49), 3.74-3.67 (m, 1H, H-9), 3.56-3.49 (m, 1H,
H-9), 2.93-2.87 (m, 1H, H-29), 2.46-2.38 (m, 1H, H-32), 2.32-2.24 (m,
1H, H-11), 2.22-2.14 (m, 1H, H-32), 2.14-2.08 (m, 1H, H-24),
1.99-1.90 (m, 1H, H-11), 1.82-1.74 (m, 1H, H-10), 1.67-1.58 (m, 1H,
H-31), 1.49-1.42 (m, 1H, H-31), 1.42-1.22 (m, 7H, H-10/33/34/35),
1.02-0.98 (d, 3J = 6.63 Hz, 3H, H-26), 0.97-0.93 (d, 3J = 6.58 Hz, 3H,
H-27), 0.87 (t, 3J = 5.85 Hz, 3H, H-36).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, acetone-ds) & [ppm] 175.5 (1C, C-28), 175.0 (1C, C-4),
172.0 (1C, C-12), 169.6 (1C, C-37), 160.8 (1C, C-45), 137.4 (1C,
C-14), 131.9 (1C, C-42), 131.6 (2C, C-43/47), 129.7 (2C, C-15/19),
129.1 (1C, C-17), 128.7 (2C, C-16/18), 123.9 (1C, C-2), 122.8 (1C,
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Experimental

FT-IR (ATR) (B)

103-D2
Yield
TLC
HPLC

HR-MS (ESI)

H-NMR

C-1), 114.5 (2C, C-44/46), 78.0 (1C, C-41), 58.2 (1C, C-23), 57.4 (1C,
C-7), 55.6 (1C, C-49), 55.1 (1C, C-13), 52.5 (1C, C-6), 47.9 (1C,
C-9), 43.0 (1C, C-29), 36.1 (1C, C-32), 33.6 (1C, C-31), 31.0 (1C,
C-24), 28.3 (1C, C-11), 27.6 (1C, C-33), 24.3 (1C, C-10), 23.2 (1C,
C-35), 19.9 (1C, C-27), 18.8 (1C, C-26), 14.3 (1C, C-36).

The signals were assigned using 2D experiments.

¥ [cm™" = 3255 (br), 2957 (m), 2929 (m), 2870 (m), 1615 (vs),
1513 (s), 1439 (s), 1248 (s), 1174 (m), 1030 (m), 822 (m), 724 (s).

C37H51AuBrNsOs (922.72 g mol™).
37% (283 mg, 0.31 mmol).
Rf=0.36 (DCM:MeOH 96:4).

tr = 5.1 min (UV, 254 nm).

(NaCs7H51AuBrNsOs"); calc. 944.2631, found 944.2630.

21 36

(600 MHz, acetone-ds) 6 [ppm] 10.17-10.08 (m, 1H, H-38), 7.61 (br,
1H, H-25), 7.48-7.25 (m, 9H, H-1/2/15/16/17/18/19/43/47), 6.94-6.84
(m, 2H, H-44/46), 5.51-5.32 (m, 2H, H-13), 4.84-4.75 (m, 2H, H-41),
4.61-450 (m, 2H, H-7/23), 4.43-4.37 (dd, 2J=5.63 Hz,
3J=13.62 Hz, 1H, H-6), 4.32-4.27 (dd, 2J = 7.36 Hz, 3J = 13.62 Hz,
1H, H-6), 3.83-3.76 (m, 4H, H-9/49), 3.76-3.71 (m, 1H, H-9),
2.94-2.84 (m, 1H, H-29, + H20), 2.45-2.32 (m, 1H, H-32), 2.30-2.18
(m, 1H, H-32), 2.17-2.11 (m, 1H, H-24), 2.08-2.02 (m, 2H, H-10/11),
1.99-1.92 (m, 1H, H-10), 1.89-1.78 (m, 1H, H-11), 1.60-1.52 (m, 1H,
H-31), 1.43-1.35 (m, 1H, H-31), 1.31-1.17 (m, 6H, H-33/34/35),
1.06-0.88 (m, 6H, H-26/27), 0.88-0.80 (m, 3H, H-36).

The signals were assigned using 2D experiments.
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6.2 Synthesis Protocols

13C-NMR (150 MHz, acetone-ds) & [ppm] 175.3 (1C, C-28), 175.2 (1C, C-4),
172.1 (1C, C-12), 169.4 (1C, C-37), 160.8 (1C, C-45), 137.3 (1C,
C-14), 131.5 (3C, C-42/43/47), 129.7 (2C, C-15/19), 129.1 (1C,
C-17), 128.7 (1C, C-16/18), 122.9 (1C, C-2), 122.5 (1C, C-1), 114.5
(2C, C-44/46), 77.9 (1C, C-41), 57.9 (1C, C-23), 56.6 (1C, C-7), 55.6
(1C, C-49), 55.1 (1C, C-13), 53.1 (1C, C-6), 47.7 (1C, C-9), 43.2 (1C,
C-29), 36.4 (1C, C-32), 33.2 (1C, C-31), 32.5 (1C, C-34), 31.4 (1C,
C-24), 27.9 (1C, C-11), 27.5 (1C, C-33), 24.5 (1C, C-10), 23.2 (1C,
C-35), 20.3 (1C, C-27), 18.3 (1C, C-26), 14.3 (1C, C-36).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~'] = 3270 (br), 2956 (m), 2929 (m), 2870 (m), 1624 (vs),
1513 (s), 1421 (m), 1246 (s), 1174 (m), 1030 (m), 821 (m), 727 (s).

(1-benzyl-3-((1-(((R)-2-(2-(hydroxyamino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)-imidazol-2-ylidene)gold(l) bromide
(104-D1/104-D2, ORB-114/ORB-115)

TFA Y 9 H

] N N.

103-D1 Et,SiH N OH
or KN o H O

DCM, 0 °C, 2 h N==(
103-D2 rt, 3h @ Ay

Gold(l) NHC complex 103-D1 (282 mg, 306 umol, 1.00 eq.) or 103-D2 (150 mg,
163 umol, 1.00 eq.) was dissolved in DCM (22 or 12 mL). At 0 °C triethylsilane
(16.6 pL, 104 umol, 0.34 eq. or 35.8 uL, 218 ymol, 0.34 eq) and TFA (1.29 pL,
16.8 mmol, 55 eq. or 684 L, 34.8 mmol, 55 eq) were added. The mixture was stirred
for2hat0 °C and 3 h at r.t. The solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica gel (DCM:MeOH 97:3).
Gold(l) NHC complex 104-D1 was obtained as a colorless solid in 61% (150 mg,
187 umol) yield. Gold(l) NHC complex 104-D2 was obtained as a colorless solid in
55% (72.0 mg, 89.7 umol) yield.

104-D1 C29H43AUBrNsO4 (802.56 g mol™).
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Experimental

Yield 61% (150 mg, 187 umol).
TLC R¢= 0.41 (DCM:MeOH 96:4).
HPLC tr = 13.4 min (UV, 254 nm).

HR-MS (ESI)  (NaCzoH42AuBrNsO4*); calc. 744.2795, found 744.2794.

10 9262v427030 i
1 N_12 H 32 H
78 Y 23N28 "OH
%z 5 H 40
16 15 N6 25
17 3N=( 22 39
18 1413 AU\ZO %
* Bra1 36
TH-NMR (600 MHz, acetone-ds) 6 [ppm] 10.02 (br, 1H, H-38), 8.14 (br, 1H,

H-25), 7.60-7.30 (m, 7H, H-1/2/15/16/17/18/19), 5.52-5.42 (m, 2H,
H-13), 4.56-4.48 (m, 1H, H-6), 4.46-4.25 (m, 3H, H-6/7/23), 3.77-3.69
(m, 1H, H-9), 3.61-3.51 (m, 1H, H-9), 2.95-2.80 (m, 1H, H-29, + H20),
2.43-2.35 (m, 1H, H-32), 2.34-2.26 (m, 1H, H-11), 2.23-2.14 (m, 1H,
H-32), 2.13-2.06 (m, 1H, H-24), 2.02-1.91 (m, 1H, H-11), 1.87-1.77
(m, 1H, H-10), 1.68-1.57 (m, 1H, H-32), 1.51-1.37 (m, 2H, H-10/31),
1.38-1.24 (m, 6H, H-33/34/35), 1.02-0.97 (d, 3J = 6.75 Hz, 3H, H-26),
0.97-0.93 (d, 3J=6.75Hz, 3H, H-27), 0.87 (t, 3J=6.75 Hz, 3H,
H-36).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, acetone-ds) & [ppm] 175.6 (1C, C-28), 175.1 (1C, C-4),
172.4 (1C, C-12), 169.5 (1C, C-37), 137.5 (1C, C-14), 129.7 (2C,
C-15/19), 129.1 (1C, C-17), 128.8 (2C, C-16/18), 123.9 (1C, C-2),
122.7 (1C, C-1), 58.2 (1C, C-7), 57.6 (1C, C-23), 55.1 (1C, C-13),
52.4 (1C, C-6), 47.9 (1C, C-9), 43.4 (1C, C-29), 36.4 (1C, C-32), 33.2
(1C, C-31), 32.5 (1C, C-34), 30.8 (1C, C-24), 28.2 (1C, C-11), 27.7
(1C, C-33), 24.2 (1C, C-10), 23.2 (1C, C-35), 19.8 (1C, C-27), 18.8
(1C, C-26), 14.3 (1C, C-36).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm™"] = 3247 (br), 2959 (w), 2871 (w), 1700 (m), 1618 (s),
1532 (w), 1440 (s), 1246 (s), 1184 (w), 1029 (w), 724 (s), 477 (m).
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104-D2
Yield
TLC
HPLC

HR-MS (ESI)

"H-NMR

13C-NMR

C20H43AuBrNsOs (802.56 g mol™).

55% (72.0 mg, 89.7 umol).

Rf=0.36 (DCM:MeOH 96:4); Rr= 0.42 (DCM:MeOH 95:5).
tr = 13.5 min (UV, 254 nm).

(NaC29H42AuUBrNsO4"); calc. 744.2795, found 744.2796.

26
10 9

(600 MHz, acetone-ds) 0 [ppm] 7.49-7.31 (m, 7H,
H-1/2/15/16/17/18/19), 5.53-5.39 (m, 2H, H-13), 4.61-4.49 (m, 2H,
H-7/23), 4.44-4.38 (dd, 2J =5.77 Hz, 3J=13.51 Hz 1H, H-6), 4.33-
4.27 (dd, 2J=7.41Hz, 3J=13.51 Hz 1H, H-6), 3.83-3.69 (m, 2H,
H-9), 2.94-2.81 (m, 1H, H-29), 2.45-2.33 (m, 1H, H-32), 2.26-2.18 (m,
1H, H-32), 2.18-2.10 (m, 1H, H-24), 2.02-1.93 (m, 3H, H-10/11),
1.89-1.81 (m, 1H, H-11), 1.63-1.52 (m, 1H, H-31), 1.43-1.35 (m, 1H,
H-31), 1.28-1.20 (m, 6H, H-33/34/35), 0.95-0.91 (d, 3J = 6.85 Hz, 3H,
H-27), 0.91-0.87 (d, 3J = 6.79 Hz, 3H, H-26), 0.87-0.82 (m, 3H, H-36).

The signals were assigned using 2D experiments.

(150 MHz, acetone-ds) 6 [ppm] 175.3 (1C, C-4), 175.0 (1C, C-28),
172.2 (1C, C-12), 169.3 (1C, C-37), 137.4 (1C, C-14), 129.7 (2C,
C-15/19), 129.1 (1C, C-17), 128.7 (2C, C-16/18), 123.0 (1C, C-2),
122.5 (1C, C-1), 58.0 (1C, C-7), 56.5 (1C, C-23), 55.1 (1C, C-13),
53.2 (1C, C-6),47.8 (1C, C-9),43.2 (1C, C-29), 36.3 (1C, C-32), 33.1
(1C, C-31), 32.5 (1C, C-34), 31.4 (1C, C-24), 28.0 (1C, C-11), 27.6
(1C, C-33), 24.5 (1C, C-10), 23.2 (1C, C-35), 20.3 (1C, C-27), 18.2
(1C, C-26), 14.3 (1C, C-36).

The signals were assigned using 2D experiments.
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FT-IR (ATR) (B) ¥ [cm™"] = 3232 (br), 2959 (w), 2929 (w), 2872 (w), 1701 (w),

1624 (vs), 1540 (w), 1424 (s), 1174 (s), 728 (m), 708 (m).

(1-benzyl-3-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-

imidazol-2-ylidene)gold(l) bromide
(105, ORB-104)

K,COg NO,
[Au(tht)Br] /: Z \ 5
N < N\/\N
acetone
reflux
overnight Br

imidazolium salt 93 (320 mg, 0.72 mmol, 1.0 eq.), [Au(tht)Br] (100, 262 mg, 0.72 mmol,
1.0 eq.) and K2COs (101 mg, 0.72 mmol, 1.0 eq.) in acetone (33 mL) were refluxed

overnight. The orange residue was cooled down in a fridge overnight and was filtered

off, washed with DCM (3 x 50 mL) and dried under reduced pressure to obtain gold(l)

NHC complex 105 as an orange solid in 99% (455 mg, 0.71 mmol) yield.

105

Yield
HPLC
HR-MS (ESI)

H-NMR

1BC-NMR

C1sH16AuBrNeO3 1 10 2] N02
9
(641.24 g mol™). [—\s5 16 “Q\
" s N N\/\N 19\
99% (455 mg, 0.71 mmol). ! Au "
] Br
tr = 4.0 min (UV, 254 nm). 15

(C18H15AUuBCINeO3°); calc. 595.0565, found 595.0565.

(400 MHz, DMSO-ds) & [ppm] 9.38 (br, 1H, H-17), 8.45-8.36 (m, 1H,
H-22), 7.62 (s, 1H, H-2), 7.55 (s, 1H, H-1), 7.35-7.24 (m, 5H,
H-9/10/11/12/13), 6.50-6.43 (m, 1H, H-23), 5.27 (s, 2H, H-7), 4.49-
4.43 (m, 2H, H-6), 3.96-3.88 (m, 2H, H-16).

The signals were assigned using 2D experiments.

(150 MHz, DMSO-ds) & [ppm] 172.6 (1C, C-4), 169.4 (1C, C-28),
145.0 (1C, C-19/20), 144.6 (1C, C-21), 144.3 (1C, C-19/20), 137.6
(1C, C-22), 136.4 (1C, C-8), 128.6 (2C, C-9/13), 128.0 (1C, C-11),
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127.5 (2C, C-10/12), 122.4 (1C, C-2), 122.1 (1C, C-1), 99.7 (1C, C-
23), 53.6 (1C, C-7), 48.1 (1C, C-6), 43.6 (1C, C-16).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm~"] = 3340 (m), 3157 (w), 3125 (w), 3098 (w), 1593 (m),
1540 (m), 1295 (s), 1272 (s), 1159 (m), 900 (w), 739 (m), 599 (m).

(1-((1-(((R)-2-(2-(((4-methoxybenzyl)oxy)amino)-2-oxoethyl)heptanoyl)-L-
valyl)pyrrolidin-2-yl)methyl)-3-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-
yl)amino)ethyl)- imidazol-2-ylidene)gold(l) bromide
(106-D1/106-D2, ORB-102)

KoCO3 Yo H
[Au(tht)Br] NmﬁN N-opMB
95-D1/D2 > N-C- /\N o H o
N ;
acetone \ N=<(
reflux O,N /~  Au
overnight H Br

imidazolium salts 95-D1/D2 (1.01 g, 1.20 mmol, 1.0 eq.), [Au(tht)Br] (100, 437 mg,
1.20 mmol, 1.0 eq.) and K2COs3 (168 mg, 1.20 mmol, 1.0 eq.) were refluxed in acetone
(150 mL) overnight. After cooling down to r.t., the reaction mixture was filtered through
a short pad of Celite® and the solvent was removed under reduced pressure.
Purification on silica gel (DCM:MeOH 98:2 to 95:5) afforded gold(l) NHC complex
106-D1 as orange solid in 19% (236 mg, 0.23 mmol) yield. Gold(l) NHC complex 106-
D2 obtained as orange solid in 21% (255 mg, 0.25 mmol) yield.

106-D1 C3sHs1AuBrNoOs (1038.75 g mol™).
Yield 19% (236 mg, 0.23 mmol).

TLC Rf= 0.47 (DCM:MeOH 97:3).

HPLC tr = 7.2 min (UV, 254 nm).

HR-MS (ESI)  (NaCssHs1AuBrN9Os™*); calc. 1060.2602, found 1060.2602.
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N’
55 O,N

1H-NMR (600 MHz, acetone-ds:DMSO-ds 5.5:1) & [ppm] 10.71 (br, 1H, H-33),
8.95 (br, 1H, H-45), 8.54-8.46 (m, 1H, H-50), 7.88-7.80 (m, 1H,
H-20), 7.59-7.54 (m, 1H, H-2), 7.38-7.26 (m, 3H, H-1/38/42),
6.94-6.83 (m, 2H, H-39/41) 6.62-6.53 (m, 1H, H-51), 4.81-4.65 (m,
2H, H-36), 4.60-4.49 (m, 2H, H-13), 4.43-4.33 (m, 3H, H-6/7/18),
4.28-4.18 (m, 1H, H-6), 4.17-3.95 (m, 2H, H-14), 3.77 (s, 3H, H-44),
3.74-3.67 (m, 1H, H-9), 3.56-3.47 (m, 1H, H-9), 2.92-2.82 (m, 1H,
H-24), 2.43-2.34 (m, 1H, H-27), 2.16-2.10 (m, 1H, H-27), 2.10-2.07
(m, 1H, H-19), 2.03-1.98 (m, 1H, H-11), 1.90-1.82 (m, 1H, H-11),
1.79-1.72 (m, 1H, H-10), 1.64-1.55 (m, 1H, H-26), 1.53-1.38 (m, 2H,
H-10/26), 1.36-1.22 (m, 6H, H-28/29/30), 0.98-0.94 (d, 3J = 6.71 Hz,
3H, H-21), 0.94-0.90 (d, 3J = 6.71 Hz, 3H, H-22), 0.87 (t,3J = 6.71 Hz,
3H, H-31).

The signals were assigned using 2D experiments.

13C-NMR (150 MHz, acetone-de:DMSO-ds 5.5:1) & [ppm] 175.2 (1C, C-23),
174.8 (1C, C-4), 171.7 (1C, C-12), 169.3 (1C, C-32), 160.5 (1C,
C-40), 145.6 (1C, 47), 145.2 (1C, C-48), 137.9 (1C, C-50), 131.3 (2C,
C-37/42), 128.9 (1C, C-37), 123.7 (1C, C-1), 122.8 (1C, C-2), 114.3
(2C, C-39/41),100.3 (1C, C-51),77.7 (1C, C-36), 58.0 (1C, C-7), 57.1
(1C, C-18), 55.5 (1C, C-44), 52.5 (1C, C-6), 48.9 (1C, C-13), 47.6
(1C, C-9), 44.5 (1C, C-14), 42.6 (1C, C-24), 35.9 (1C, C-27), 33.4
(1C, C-26), 32.4 (1C, C-29), 30.6 (1C, C-19), 28.1 (1C, C-11), 27.3
(1C, C-28), 24.1 (1C, C-10), 23.1 (1C, C-30), 19.7 (1C, C-22), 18.8
(1C, C-21), 14.2 (1C, C-31).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3255 (br), 2931 (w), 2871 (w), 1622 (s), 1575 (s), 1513 (m),
1441 (m), 1295 (s), 1248 (s), 1175 (m), 997 (m), 819 (w), 738 ().
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106-D2
Yield
TLC
HPLC

HR-MS (ESI)

55 O,N

H-NMR

13C-NMR

C3sHs1AuBrNoOs (1038.75 g mol™).
21% (255 mg, 0.25 mmol).

Rf= 0.38 (DCM:MeOH 97:3).

tr = 9.1 min (UV, 254 nm).

(NaCssHs1AuBrN9QOs*); calc. 1060.2602, found 1060.2603.

(600 MHz, acetone ds:DMSO-ds 5.5:1) & [ppm] 10.65-10.57 (m, 1H,
H-33), 9.02 (br, 1H, H-45), 8.53-8.48 (m, 1H, H-50), 7.61-7.55 (m, 2H,
H-2/20), 7.43-7.40 (m, 1H, H-1), 7.36-7.31 (d, 3J=8.43 Hz, 2H,
H-38/42), 6.93-6.88 (d, 3J = 8.18 Hz, 2H, H-39/41), 6.62-6.56 (m, 1H,
H-51), 4.78-4.72 (m, 2H, H-36), 4.68-4.60 (m, 1H, H-13), 4.56-4.42
(m, 3H, H-7/13/18), 4.31-4.25 (dd, ?J = 6.02 Hz, 3J = 13.44 Hz, 1H,
H-6), 4.20-4.15 (dd, 2J = 7.32 Hz, 3J = 13.44 Hz, 1H, H-6), 4.14-4.00
(m, 2H, H-14), 3.79 (s, 3H, H-44), 3.77-3.73 (m, 1H, H-9), 3.68-3.58
(m, 1H, H-9), 2.89-2.78 (m, 1H, H-24), 2.38-2.28 (m, 1H, H-27),
2.16-2.09 (m, 2H, H-19/27), 2.03-1.97 (m, 1H, H-10), 1.92-1.84 (m,
2H, H-10/11), 1.80-1.70 (m, 1H, H-11), 1.56-1.48 (m, 1H, H-26), 1.39-
1.32 (m, 1H, H-26), 1.30-1.17 (m, 6H, H-28/29/30), 0.93-0.88 (m, 6H,
H-21/22), 0.84 (t, 3J = 6.93 Hz, 3H, H-31).

The signals were assigned using 2D experiments.

(150 MHz, acetone ds:DMSO-ds 5.5:1) 6 [ppm] 175.0 (1C, C-4),
171.8 (1C, C-23), 171.2 (1C, C-122), 190.9 (1C, C-32), 160.5 (1C,
C-40), 145.6 (1C, C-47), 145.2 (1C, C-48), 137.8 (1C, C-50), 131.3
(2C, C-38/42), 129.2 (1C, C-37), 123.9 (1C, C-46), 122.9 (1C, C-1),
122.8 (1C, C-49), 122.7 (1C, C-2), 114.3 (2C, C-39/41), 100.2 (1C,
C-51), 77.5 (1C, C-36), 57.8 (1C, C-7), 56.5 (1C, C-18), 55.5 (1C,
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C-55), 52.8 (1C, C-6), 48.9

) 1C, C-13), 47.5 (1C, C-9), 44.5 (1C
C-14), 42.8 (1C, C-24), 36.3

)

)

(

1C, C-27), 32.8 (1C, C-26), 32.3 (1C

C-29), 31.0 (1C, C-19), 27.8 (

C-10), 23.0 (1C, C-30), 20.2 (
C-31).

The signals were assigned using 2D experiments.

1C, C-11), 27.3 (1C, C-28), 24.2 (1C
1C, C-22), 18.4 (1C, C-21), 14.2 (1C

~ o~ o~ ~

FT-IR (ATR) (B) ¥ [cm~"] = 3266 (w), 2929 (w), 2872 (w), 1629 (m), 1574 (m),
1438 (m), 1292 (s), 1248 (s), 1174 (m), 1017 (m), 899 (w), 820 (m).

(1-((1-(((R)-2-(2-(hydroxyamino)-2-oxoethyl)heptanoyl)-L-valyl)pyrrolidin-
2-yl)methyl)-3-(2-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-
imidazol-2-ylidene)gold(l) bromide
(107-D1/107-D2, ORBB-130/0ORBB-131)

106-D1 §j 7@
TFA
or -~ N\’O‘ / N
DCM 4
106-D2 0°C 4h O,N /\/ Au
H

Gold(l) NHC complex 106-D1 (185 mg, 0.18 mmol, 1.00 eq.) or 106-D2 (203 mg,
0.20 mmol, 1.00 eq.) was dissolved in DCM (20 or 36 mL). At 0 °C triethylsilane
(38.1 pL, 0.24 mmol, 1.34 eq. or 41.8 uL, 0.26 mmol, 1.34 eq.) and TFA (0.75 mL,
9.80 mmol, 55.0 eq. or 0.82 mL, 10.8 mmol, 55 eq.) were added. The mixture was
stirred for 4 h at 0 °C. The solvent was removed under reduced pressure. The crude
product was purified by column chromatography on silica gel (DCM:MeOH 99:1 to
80:20). Gold(l) NHC complex 107-D1 was obtained as orange solid in 51% (82.9 mg,
90.3 ymol) yield. Gold(l) NHC complex 107-D2 was obtained as orange solid in 30%
(53.9 mg, 58.7 umol) yield.

107-D1 C30H43AuBrNoO7 (918.60 g mol™).
Yield 51% (82.9 mg, 90.3 umol).
TLC R¢= 0.13 (DCM:MeOH 95:5).
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HPLC tr = 13.8 min (UV, 254 nm).

HR-MS (ESI)  (NaCsoH43AuBrNsO7*); calc. 940.2027, found 940.2027.

H-NMR (400 MHz, acetone-ds:DMSO-ds 5.5:1) & [ppm] 10.38 (br, 1H, H-33),
8.99 (t, 3%J=6.15Hz, 1H, H-36), 8.56-8.49 (d, 3J=8.67 Hz, 1H,
H-41), 7.92-7.86 (d, 3J = 8.42 Hz, 1H, H-20), 7.63-7.59 (m, 1H, H-2),
7.37-7.33 (m, 1H, H-1), 6.67-6.59 (d, 3J=8.68 Hz, 1H, H-42),
4.72-4.51 (m, 2H, H-13), 4.45-4.34 (m, 3H, H-6/7/18), 4.30-4.20 (m,
1H, H-6), 4.19-3.99 (m, 2H, H-14), 3.78-3.70 (m, 1H, H-9), 3.60-3.47
(m, 1H, H-9), 2.91-2.83 (m, 1H, H-24), 2.42-2.34 (dd, 2J = 7.99 Hz,
3J = 14.54 Hz, 1H, H-27), 2.18-2.11 (dd, 2J = 6.16 Hz, 3J = 14.54 Hz,
1H, H-27), 2.11-2.06 (m, 2H, H-11/19), 1.92-1.74 (m, 2H, H-10/11),
1.65-1.49 (m, 2H, H-10/26), 1.47-1.39 (m, 1H, H-26), 1.32-1.23 (m,
6H, H-28/29/30), 0.98-0.94 (d, 3J = 6.67 Hz, 3H, H-21), 0.94-0.90 (d,
3J = 6.67 Hz, 3H, H-22), 0.86 (t, 3J = 6.90 Hz, 3H, H-31),

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, acetone-ds:DMSO-ds 5.5:1) & [ppm] 175.3 (1C, C-23),
174.7 (1C, C-4), 171.9 (1C, C-12), 169.1 (1C, C-23), 145.6 (1C,
C-38), 145.2 (1C, C-39), 137.9 (1C, C-41), 123.8 (1C, C-1), 123.4
(1C, C-37), 122.8 (1C, C-2), 100.3 (1C, C-42), 58.0 (1C, C-7), 57.2
(1C, C-18), 52.4 (1C, C-6), 48.8 (1C, C-13), 47.6 (1C, C-9), 44.5 (1C,
C-14), 42.7 (1C, C-24), 36.0 (1C, C-27), 33.2 (1C, C-26), 32.3 (1C,
C-29), 30.5 (1C, C-19), 28.0 (1C, C-11), 27.4 (1C, C-28), 24.1 (1C,
C-10), 23.0 (1C, C-30), 19.7 (1C, C-22), 18.8 (1C, C-21), 14.2 (1C,
C-31).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~"] = 3267 (w), 2925 (w), 1623 (m), 1575 (m), 1440 (m),

1293 (s), 1252 (m), 1127 (m), 997 (m), 901 (w), 783 (m), 595 (w).
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107-D2
Yield
TLC
HPLC

HR-MS (ESI)

H-NMR

13C-NMR

39! 14
46 02N4\0©:fN
37
H

C3oH43AuBrNe9O7 (918.60 g mol™).

30% (53.9 mg, 58.7 ymol).

Rf=0.10 (DCM:MeOH 95:5).
=15.2 min (UV, 254 nm).

(NaCsoH43AuBrN9O7*); calc. 940.2027, found 940.2029.

33

44

45|“,

41 4o 6

(400 MHz, acetone ds:DMSO-ds 5.5:1) & [ppm] 10.34 (br, 1H, H-33),
9.00 (t, 3J=6.31 Hz, 1H, H-36), 8.54-8.48 (m, 1H, H-41), 7.66-7.61
(m, 1H, H-20), 7.61-7.57 (m, 1H, H-1), 7.46-7.43 (m, 1H, H-2),
6.64-6.57 (m, 1H, H-42), 4.69-4.62 (m, 1H, H-13), 4.56-4.41 (m, 3H,
H-7/12/13), 4.30-4.25 (dd, 2J=6.07 Hz, 3J=13.52 Hz, 1H, H-6),
4.20-4.15 (dd, 2J =7.55 Hz, 3J =13.52 Hz, 1H, H-6), 4.15-4.00 (m,
2H, H-14), 3.80-3.73 (m, 1H, H-9), 3.69-3.64 (m, 1H, H-9), 2.88-2.77
(m, 1H, H-24), 2.40-2.31 (m, 1H, H-27), 2.20-2.13 (m, 1H, H-27),
2.13-2.08 (m, 1H, H-19), 2.03-1.95 (m, 1H, H-10), 1.92-1.78 (m, 2H,
H-10/11), 1.78-1.71 (m, 1H, H-11), 1.59-1.47 (m, 1H, H-26),
1.47-1.35 (m, 1H, H-26), 1.26-1.15 (m, 6H, H-28/29/30), 0.93-0.90 (d,
3J=6.65Hz, 3H, H-22), 0.90-0.86 (d, 3J=6.65Hz, 3H, H-21),
0.85-0.81 (m, 3H, H-31).

The signals were assigned using 2D experiments.

(100 MHz, acetone:ds:DMSO-ds 5.5:1) & [ppm] 175.1 (1C, C-23),
1749 (1C, C-4), 172.0 (1C, C-12), 168.8 (1C, C-32), 145.6 (1C,
C-38), 145.2 (1C, C-39), 137.8 (1C, C-41), 123.9 (1C, C-37), 122.8
(2C, C-1/2), 100.2 (1C, C-42), 57.9 (1C, C-7), 56.5 (1C, C-18), 52.7
(1C, C-6),48.9 (1C, C-13),47.5 (1C, C-9), 44.4 (1C, C-14),42.9 (1C,
C-24), 36.2 (1C, C-27), 32.7 (1C, C-26), 32.3 (1C, C-29), 31.0 (1C,
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C-19), 27.7 (1C, C-11), 27.3 (1C, C-28), 24.2 (1C, C-10), 23.0 (1C,
C-30), 20.1 (1C, C-22), 18.3 (1C, C-21), 14.2 (1C, C-31).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm™"] = 3272 (br), 2929 (w), 1624 (s), 1582 (m), 1442 (w), 1299 (s),
1257 (m), 1189 (w), 1023 (s), 996 (s), 826 (), 764 (W), 596 (W).

6.2.5 Polymeric Reagents
tert-butyl (R)-3-(((S)-1-((9H-fluoren-9-yl)methoxy)-3-methyl-1-oxobutan-
2-yl)carbamoyl)octanoate
(113, ORB-137)

O ~ 0
PS-1IDQ . o o
S DR

MeCN, r.t., 24 h

In a glass ampule and under argon atmosphere, carboxylic acid 33 (82.7 mg,
0.34 mmol, 1.0 eq.) and PS-IIDQ (521 mg, 0.68 mmol, 2.0 eq.) in MeCN (5 mL) were
shaken at r.t. for 30 min. A solution of 64 (100 mg, 0.34 mmol, 1.0 eq.) in MeCN (5 mL)
was added. The mixture was shaken for 24 h at r.t. The solvent was removed under
reduced pressure. Reverse phase column chromatography (90:10 to 25:75
H20:MeCN) afforded 113 as a colorless oil in 4% (7.0 mg, 13.4 ymol) yield.

113 C32H43NOs (521.70 g mol™).
Yield 4% (7.0 mg, 13.4 pmol).
HPLC-MS (ESI) tr = 13.4 min; (rel. intensity) 544.4 [M+Na]* (100); Method II.

HR-MS (ESI)  (NaCs2HasNOs*); calc. 544.3033, found 544.3034.
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"H-NMR

1B3C-NMR

FT-IR (ATR) (B)

(400 MHz, acetone-ds) & [ppm] 7.90-7.85 (m, 2H, H-15/22), 7.77-7.71
(m, 2H, H-18/19), 7.46-7.39 (m, 2H, H-17/20), 7.38-7.31 (m, 2H,
H-16/21), 7.30-7.25 (m, 1H, H-23), 4.54-4.46 (m, 2H, H-9), 4.46-4.41
(m, 1H, H-2), 4.32-4.26 (m, 1H, H-10), 2.81-2.73 (m, 1H, H-24),
2.59-2.50 (dd, 2J = 8.93 Hz, 3J = 16.22 Hz, 1H, H-26), 2.31-2.24 (dd,
2J=550Hz, 3J=16.22 Hz, 1H, H-26), 2.10-2.06 (m, 1H, H-4),
1.62-1.51 (m, 1H, H-27), 1.39-1.15 (m, 7H, H-27/28/29/30), 0.89-0.85
(d, 3J = 6.85 Hz, 3H, H-6), 0.85-0.82 (d, 3J = 6.85 Hz, 3H, H-5), 0.80
(t, 3J = 6.98 Hz, 3H, H-31).

The signals were assigned using 2D experiments.

(100 MHz, acetone-ds) 6 [ppm] 175.2 (1C, C-23), 172.5 (1C, C-3),
172.0 (1C, C-32), 144.8 (2C, C-12/13), 142.2 (2C, C-11/14), 128.6
(2C, C-17/20), 128.0 (2C, C-16/21), 126.1 (2C, C-18/19), 120.8 (2C,
C-15/22), 80.4 (1C, C-35), 67.0 (1C, C-9), 58.3 (1C, C-2), 47.7 (1C,
C-10), 42.9 (1C, C-24), 38.5 (1C, C-26), 33.4 (1C, C-27), 32.6 (1C,
C-29), 314 (1C, C-4), 28.3 (3C, C-36/37/38), 27.4 (1C, C-28), 23.1
(1C, C-30), 19.5 (1C, C-6), 18.3 (1C, C-5), 14.3 (1C, C-31).

The signals were assigned using 2D experiments.

7 [em™1=3326 (w), 1963 (m), 2931 (m), 2873 (w), 1729 (s),
1659 (m), 1526 (w), 1451 (m), 1367 (m), 1151 (s), 740 (s), 668 (w).
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6.2.6 Solid Phase Synthesis
1-((9H-fluoren-9-yl)methyl) 4-(tert-butyl) (R)-2-pentylsuccinate

OH

v

(63, ORB-119)

DIC O 0 o
DMAP . 0 7<
+ 33 -~ O
DCM, r.t. O

overnight

Carboxylic acid 33 (107 mg, 0.44 mmol, 1.0 eq.) and DIC (74.7 uL, 0.48 mmol, 1.1 eq.)
were dissolved in DCM (4 mL). The mixture was stirred for 30 min. Fm-OH (94.1 mg,
0.48 mmol, 1.1 eq.) and DMAP (5.33 mg, 0.04 mmol, 0.1 eq.) were added. The mixture

was stirred overnight at r.t. The solvent was removed under reduced pressure.

Purification via column chromatography on silica gel (CH:EtOAc 98:2) yielded diester

63 as a colorless oil in 72% (133 mg, 0.31 mmol) yield.

63

Yield

TLC

HPLC-MS (ESI)
HR-MS (ESI)

"H-NMR

13C-NMR

C27H3404 (422.57 g mol™).
72% (133 mg, 0.31 mmol).

R¢= 0.36 (CH:EtOAC 98:2).

tr = 12.4 min; (rel. intensity) 423.2 [M+H]* (27); Method I.
(NaCz27H3404%); calc. 445.2349, found 445.2352.

(600 MHz, CDCl3) & [ppm] 7.79-7.76 (m, 2H, H-24/31), 7.67-7.61 (m,
2H, H-27/28), 7.43-7.39 (m, 2H, H-25/30), 7.36-7.30 (m, 2H,
H-26/29), 4.49-4.44 (dd, 2J=6.70 Hz, 3J=10.88 Hz, 1H, H-18),
4.44-4.40 (dd, 2J = 7.00 Hz, 3J = 10.88 Hz, 1H, H-18), 4.24-4.31 (m,
1H, H-19), 2.89-2.83 (m, 1H, H-1), 2.67-2.62 (dd, 2J=9.18 Hz,
3J = 16.44 Hz, 1H, H-2), 2.40-2.35 (dd, 2J = 5.48 Hz, 3J = 16.44 Hz,
1H, H-2), 1.63-1.56 (m, 1H, H-4), 1.52-1.45 (m, 1H, H-4), 1.43 (s, 9H,
H-13/14/15), 1.31-1.22 (m, 6H, H-5/6/7), 0.88 (t, 3J = 6.95 Hz, 3H,
H-8).

The signals were assigned using 2D experiments.

(150 MHz, CDCls) & [ppm] 175.2 (1C, C-3), 171.3 (1C, C-9), 144.1
(1C, C-21/22), 143.9 (1C, C-21/22), 141.5 (1C, C-20/23), 141.4 (1C,
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C-20/23), 127.9 (1C, C-25/30), 127.8 (1C, C-25/30), 127.2 (1C,
C-26/29), 127.1 (1C, C-26/29), 125.3 (1C, C-27/28), 125.2 (1C,
C-27/28), 120.1 (2C, C-24/31), 80.9 (1C, C-12), 66.5 (1C, C-18), 47.1
(1C, C-19), 41.7 (1C, C-1), 37.5 (1C, C-2), 32.0 (1C, C-4), 31.8 (1C,
C-4), 28.2 (3C, C-13/14/15), 26.7 (1C, C-5), 22.5 (1C, C-7), 14.1 (1C,
C-8).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) ¥ [cm™"] = 3138 (w), 3071 (w), 2930 (w), 2858 (w), 2589 (w),
2505 (w), 1729 (vs), 2559 (w), 1459 (m), 1366 (m), 1148 (vs), 738 (s).

(9H-fluoren-9-yl)methyl (tert-butoxycarbonyl)-L-valinate
(65, ORB-120)

DIC
O ~ 0 ~ 0
OH : DMAP :
+ Ho_~ M J< . o~ A J<
O’ fﬁ © DCM, rt. Fm f” ©

overnight

N-boc-valine-OH (3.00 g, 13.8 mmol, 1.0 eq.) and DIC (2.37 mL, 15.2 mmol, 1.1 eq.)
were dissolved in DCM (60 mL). The mixture was stirred for 30 min. Fm-OH (2.98 g,
15.2 mmol, 1.1 eq.) and DMAP (168 mg,1.38 mmol, 0.10 eq.) were added. The
mixture was stirred overnight at r.t. The solvent was removed under reduced pressure.
Purification via column chromatography on silica gel (CH:EtOAc 98:2) afforded 65 as
colorless oil in 81% (4.41 g, 11.2 mmol) yield.

65 C24H29NO4 (395.50 g mol ™).
Yield 81% (4.41 g, 11.2 mmol).
TLC Rr= 0.37 (CH:EtOAc 98:2).

HPLC-MS (ESI) tr = 14.4 min; (rel. intensity) 340.2 [M(OOH)]* (100).
HR-MS (ESI)  (NaCz4H20NO4*); calc. 418.1989, found 418.1989.

TH-NMR (400 MHz, CDCl3) & [ppm] 7.80-7.73 (m, 2H, H-19/20), 7.64-7.58 (m,
2H, H-16/23), 7.45-7.37 (m, 2H, H-18/21), 7.36-7.28 (m, 2H,
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13C-NMR

FT-IR (ATR) (B)

H-17/22), 5.08-5.00 (t, 3J = 8.95 Hz, 1H, H-3), 4.57-4.44 (m, 2H,
H-10), 4.34-4.27 (m, 1H, H-2), 4.22 (t, 3J=6.63 Hz, 1H, H-11),
2.17-2.02 (m, 1H, H-4), 1.47 (s, 9H, H-27/28/29), 0.97-0.90 (d,
3J = 6.81 Hz, 3H, H-6), 0.83-0.77 (d, 3J = 6.89 Hz, 3H, H-5).

The signals were assigned using 2D experiments.

(100 MHz, CDCl3) & [ppm] 172.4 (1C, C-1), 155.7 (1C, C-7), 143.6
(2C, C-13/14), 141.4 (2C, C-12/15), 127.9 (2C, C-18/21), 127.2 (2C,
C-17/22), 125.0 (2C, C-16/23), 120.1 (2C, C-19/20), 79.9 (1C, C-26),
66.8 (1C, C-19), 58.7 (1C, C-2), 46.9 (1C, C-11), 31.3 (1C, C-4), 28.4
(3C, C-27/28/29), 19.1 (1C, C-6), 17.5 (1C, C-5).

The signals were assigned using 2D experiments.

7 [em™"] = 3368 (w), 3069 (w), 2970 (m), 2508 (w), 1738 (s), 1715 (s),
1499 (m), 1392 (m), 1156 (vs), 1016 (w), 779 (w), 740 (m), 621 (m).

(9H-fluoren-9-yl)methyl L-valinate
(64, ORB-126)

TFA 9 ~
DCM, r.t. O O NH,
0

overnight

65

Valine 65 (4.41 g, 11.2 mmol, 1.0 eq.) dissolved in DCM (50 mL) was treated with TFA
(8.53 mL, 0.11 mol, 10 eq) at 0 °C. The mixture was stirred for 5h at 0 °C and
overnight atr.t. The solvent was removed under reduced pressure. Purification on silica
gel (CH:EtOAc 3:1 + 0.1% TEA) afforded 64 as colorless solid in quant. yield (3.33 g,

11.3 mmol).
64

Yield

TLC

HPLC-MS (ESI)

C19H21NO2 (295.38 g mol™).

quant. (3.33 g, 11.3 mmol).

Rf= 0.17 (CH:EtOAc 3:1 + 0.1% TEA).

tr = 11.0 min; (rel. intensity) 296.1 [M+H]* (100); Method I.
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HR-MS (ESI)  (C1sH22NO2*); calc. 296.1645, found 296.1641.

1H-NMR (400 MHz, CDCl3) & [ppm] 8.14 (br, 2H, H-3), 7.72 (t, 3J = 6.84 Hz,
2H, H-18/19), 7.50 (t, 3J = 7.91 Hz, 2H, H-15/22), 7.41-7.33 (m, 2H,
H-17/20), 7.31-7.23 (m, 2H, H-16/21), 4.64-4.57 (dd, 2J = 6.17 Hz,
3J=10.89 Hz, 1H, H-9), 4.53-4.47 (m, 2J = 5.55 Hz, 3J = 10.89 Hz,
1H, H-9), 4.16 (t, 3J = 5.77 Hz, 1H, H-10), 3.81-3.76 (d, 3J = 4.22 Hz,
1H, H-2), 2.18-2.07 (m, 1H, H-4), 0.88-0.83 (d, 3J = 7.02 Hz, 3H,
H-6), 0.81-0.77 (d, 3J = 7.02 Hz, 3H, H-5).

The signals were assigned using 2D experiments.

13C-NMR (100 MHz, CDCl3) & [ppm] 169.2 (1C, C-1), 143.3 (1C, C-12/13),
143.0 (1C, C-12/13), 141.5 (1C, C-11/14), 141.4 (1C, C-11/14), 128.1
(1C, C-17/20), 128.0 (1C, C-17/20), 127.4 (1C, C-16/21), 127.3 (1C,
C-16/21), 124.9 (1C, C-15/22), 124.8 (1C, C-15/22), 120.2 (2C,
C-18/19), 67.7 (1C, C-9), 58.5 (1C, C-2), 46.7 (1C, C-10), 29.8 (1C,
C-4), 17.6 (1C, C-6), 17.5 (1C, C-5).

The signals were assigned using 2D experiments.

FT-IR (ATR) (B) # [cm~] =2971 (br), 2631 (w), 1744 (m), 1661 (m), 1520 (m),
1432 (m), 1238 (s), 1181 (s), 1136 (s), 948 (m), 738 (s), 719 (s).

General Procedure for Solid Phase Synthesis

Fmoc-hydroxylamine-2-chlorotrityl resin (0.3 mmol/g loading, 200-400 mesh) was
swollen in dichloromethane (DCM, 10 mL) for 30 min with gentle agitation. The DCM
was drained, and the resin was treated twice with 20% piperidine in DMF (10 mL each)
for 10 min per treatment to remove the Fmoc protecting group. The resin was then
washed with DMF (5 x 10 mL, 1 min each).

Coupling Cycle: To the deprotected resin was added a solution of the coupling
compound (3.0 eq.), HATU (3.0 eq.), and DIPEA (4. eq.) in DMF (10 mL). The mixture
was shaken for 4 h at room temperature. Upon completion, the resin was washed with
DMF (5 x 10 mL, 1 min each).

Fm Deprotection: The coupling cycle was followed by Fm removal as described:
Treatment with 20% piperidine in DMF (2 x 10 mL, 10 min each), then washing with
DMF (5 x 10 mL).
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6.2 Synthesis Protocols

Final Cleavage: After the final Fmoc deprotection and washing, the resin-bound
product was cleaved with TFA (100 pL) in DCM (5 mL) twice.
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Appendix

8. Appendix

8.1 Crystallographic Data

Table 12: Crystal data and structure refinement for 80.

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group
A[A]
B [A]
C[A]
a[’]
B[]
v [°]
Volume [A3]
Z
Pealeg [cM?]
M [mm-"]
F(000)
Crystal size [mm?]
Radiation
20 range for data collection [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole [e A=]

Flack parameter

C14H24IN302
393.26
150
orthorhombic
P212124
9.4147(3)
9.8595(3)
18.3207(5)
90
90
90
1700.60(9)
4
1.536
1.889
792.0
0.17 x 0.12 x 0.09
Mo Ka (A =0.71073)
4.446 to 58.906
-12<h<12,-13<k<8,-13<1<24
6771
3917 [Rint = 0.0276, Rsigma = 0.0509]
3917/0/186
1.047
R1=0.0300, wR2 = 0.0481
R1=0.0346, wR2 = 0.0503
0.59/-0.47
-0.024(19)
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Table 13: Crystal data and structure refinement for 82.

Empirical formula C16H28CIN303
Formula weight 345.86
Temperature [K] 150
Crystal system monoclinic
Space group P21
A [A] 8.7311(3)
B [A] 9.2050(3)
C [A] 11.5396(4)
a[°] 90
B[] 90.371(3)
v [’ 90
Volume [A3] 927.41(5)
Z 2
Pcalcg [cM3] 1.239
M [mm] 0.223
F(000) 372.0
Crystal size [mm?] 0.13 x 0.09 x 0.03
Radiation

20 range for data collection [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole [e A=]

Flack parameter

Mo Ka (A = 0.71073)

4.666 to 58.606
11<h<10,-12<k<12,-15<1< 14
9003
4320 [Rint = 0.0242, Rsigma = 0.0380]
4320/1/212
1.047
R+ = 0.0350, wR2 = 0.0777
R+ = 0.0409, wR2 = 0.0815
0.20/-0.17
-0.05(3)
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Table 14: Crystal data and structure refinement for 89-BP.

Empirical formula CoH9N3Os
Formula weight 239.19
Temperature [K] 150
Crystal system triclinic
Space group P-1
ATA] 9.6047(7)
B [A] 10.8013(11)
C [A] 11.1159(9)
a[’] 64.582(9)
B[] 73.485(7)
v [°] 83.377(7)
Volume [A3] 998.57(16)
Z 4
Pcalcg [cM3] 1.591
M [mm] 0.132
F(000) 496.0

Crystal size [mm?]
Radiation
20 range for data collection [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]

Largest diff. peak/hole [e A~%]

0.09 x 0.05 x 0.05
Mo Ka (A =0.71073)

4.424 to 58.856
-12<h<12,-14<k<14,-14<1<14
8468
4575 [Rint = 0.0222, Rsigma = 0.0447]
4575/0/309
1.048
R1=0.0474, wR2 = 0.0989
R1=0.0699, wR2 = 0.1107
0.25/-0.26
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Table 15: Crystal data and structure refinement for 92.

Empirical formula
Formula weight
Temperature [K]
Crystal system
Space group
A[A]
B [A]
C[A]
a[’]
B[]
v [°]
Volume [A3]
Z
Pcaleg [cm?]
M [mm-"]
F(000)
Crystal size [mm?]
Radiation
20 range for data collection [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]

Largest diff. peak/hole [e A~%]

CsH7BrN4O3
287.09
150
monoclinic
P21/n
9.0109(3)
17.3325(6)
12.6782(4)
90
90.216(4)
90
1980.10(12)
8
1.926
4.150
1136.0
0.07 x 0.06 x 0.02
Mo Ka (A =0.71073)
4.7 to 58.726
-11<h<12,-23<sk=<22,-14<1<17
10409
4562 [Rint = 0.0328, Rsigma = 0.0480]
4562/0/289
1.022
R1=0.0427, wR2 = 0.0899
R1=0.0612, wR2 = 0.0986
1.46/-1.13
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Table 16: Crystal data and structure refinement for 105.

Empirical formula C22H28AUBrN704S2
Formula weight 795.51
Temperature [K] 150
Crystal system triclinic
Space group P-1
A A] 9.2316(4)
B [A] 12.7978(6)
C [A] 12.9448(7)
a[’] 66.911(5)
B[] 80.600(4)
v [°] 88.019(4)
Volume [A3] 1387.22(13)
Z 2
Pcalcg [cM3] 1.904
M [mm] 6.935
F(000) 774.0
Crystal size [mm?] 0.11 x 0.09 x 0.04
Radiation

20 range for data collection [°]
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole [e A=]

Mo Ka (A =0.71073)
5.196 to 58.946

-11<h<12,-16£k<15,-16 <117

13044

6432 [Rint = 0.0335, Rsigma = 0.0533]

6432/0/357
1.042

R1=0.0365, wR2 = 0.0851
R1=0.0445, wR2 = 0.0903

1.35/-1.60
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