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Abstract

Natural products (NPs) have been a major source for the development of new small molecule drugs in
modern medicine. While today’s clinical agents almost exclusively originate from NPs from terrestrial
sources, marine natural products (MNPs) have started to become of bigger interest over the last five
decades, due to greater accessibility of the latter. Technological advances have allowed for extended
marine bioprospecting and together with new organisms, a wealth of new bioactive MNPs have been
discovered. Despite that, only four MNPs or derivatives thereof are currently in clinical use, leaving a
rich pool of bioactives largely untapped.

The focus of the presented thesis is on two MNPs, the eusynstyelamides and aspergilone A, showing
antimicrobial and anticancer/antifouling activity, respectively. Thus, these MNPs target pressing health

and economical challenges — antimicrobial resistance and marine fouling.

The eusynstyelamides share the pharmacophore of cationic antimicrobial peptides (AMPs), which
makes them potential candidates for the development of new antimicrobials. Our aim was to investigate
if small-molecule amphipathic eusynstyelamide derivatives can mimic the antimicrobial activity of
AMPs,

Almost 100 mimics of the eusynstyelamides were synthesized and tested for their antimicrobial potency
and haemolytic activity. Tetrasubstituted, amphipathic barbiturates and hydantoins were the two main
structural classes. Barbiturates were found to deliver the most active structures, whereas hydantoins had
a better activity-toxicity balance. N-propyl hydrocarbon linkers were the most versatile and n-butyl
linkers were the most active when combined with guanidyl cationic groups. The most active derivatives
exhibited MIC values of 2-8 pg/mL against multi-resistant clinical isolates. In the future, the
pharmacokinetic properties of the most promising mimics should be analyzed, to elucidate which
refinements need to be made and additional core structures could be evaluated to potentially improve

the potency even further.

Aspergilone A exhibits antifouling activity and shows additional selective in vitro cytotoxicity. This

dual activity and aspergilone A’s structural resemblance to other NPs sparked our interest.

The synthesis of aspergilone A has not been described, therefore we aimed to develop an
enantioselective synthetic route towards aspergilone A, with ent-phenol A as a key intermediate,
initiating a program to develop antifouling agents. Phenol A, the enantiomer of ent-phenol A, is a
structural motif found in a number of other NPs and is thus of additional interest for the potential

synthesis of the latter.

The synthetic efforts led to a stereocontrolled and adaptable synthesis of ent-phenol A, which allows for
the construction of all four stereoisomers of the latter without any changes to the protocol. ent-phenol

A was obtained enantiopure in >99% ee and 5% yield over 7 steps. The new approach towards ent-
v



phenol A can be a first step towards a future total synthesis of aspergilone A, and related NPs, and

subsequent structure-activity relationship (SAR) studies.
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Paper IV describes the stereoselective synthesis of ent-phenol A, a key intermediate in the synthesis of
the marine antifouling and anticancer compound aspergilone A. The approach allows for the total control
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1 Introduction

Natural products (NPs), in particular secondary metabolites, have been used for medical purposes over
several millennia and laid the foundation of modern drug discovery and development (DDD). According
to Newman et al. out of the 1394 small molecule drugs, approved between the beginning of 1981 and
the end of 2019, 699 were either (modified) NPs or based on the pharmacophore of a NP, amounting to
a total of 50% of all approvals.® In terms of clinical indications, 65% of all antibacterial and 73% of all

anticancer compounds were derived from natural sources.? 3

NPs have additional pharmaceutical applications outside of DDD. While not always occupying a leading
role, NPs serve as a source for new pesticides,* are used as food additives in the form of spices and
antioxidants to ensure freshness and longevity,® as well as being widely used in cosmetics in the form

of essential oils.®

A potential rich source for NPs is marine based organisms. However, despite the majority of earth’s
surface being covered by water, only in the last four decades this untapped source has gained increasing
attention with less than 1% of all marketed drugs being of marine origin.” Despite the wealth of
compounds found, many are not investigated beyond the elucidation of their structure and the
establishment of their bioactivity. This opens up opportunities to find a natural “blueprint” as a starting

point in the development of new synthetic drugs for today’s pressing clinical indications.

To investigate and improve the bioactivity of NPs it is often advantageous to either synthesize the natural
product itself or to make synthetic analogues. Analogues often have less complex structures or have
defined variations, to only study certain structural features at a time. Derivatives of NPs can either be
used to elucidate the pharmacophore needed for biological activity, or, if the mode of action (MoA) is

already known, to reduce the NP to its most elemental features.

The present thesis focuses on synthetic efforts towards compound libraries derived from two marine
natural products (MNPs), one with antimicrobial and one with anticancer/antifouling (AF) activity,
which address pressing health and economical questions in modern society. 1.27 million deaths were
linked directly to infections caused by antimicrobial resistant (AMR) bacteria in 2019, with a projected
death toll of 10 million by year 2050.° Cancer claims almost 10 million deaths per year and is the first
or second leading cause of death before age 70 in 60% of all countries.*® Marine biofouling describes
the attachment of micro- and macroorganisms to submerged man-made structures.'* Fouling has a major
impact on the fuel consumption of marine vessels,'? and thereby a huge financial impact on the shipping

industry.



Members of the eusynstyelamide family (Figure 1, left) were isolated from marine based organisms at
the Australian shore and in the Barrents sea and displayed mediocre antimicrobial activity with a
minimum inhibitory concentration (MIC) of 6.25-25 ug/mL against Staphylococcus aureus,

Escherichia coli and Pseudomonas aeruginosa.'® 4

HO o
X N
OH
OH
Eusynstyelamide (1) Aspergilone A (2) ent-Phenol A (3)
antimicrobial antifouling
anticancer

Figure 1. Left: General structure of the eusynstyelamides ent-B, D, E and F is shown. The lipophilic part is shown
in red and the hydrophilic part in blue. Brackets indicate the possible combinations of an amino and guanidino
group found in the different family members.14 Middle: The structure of aspergilone A is shown, with the ent-
phenol A partial structure shown in green. Right: The structure of ent-phenol A.

They feature two lipophilic 6-bromoindol moieties (red) and two cationic groups either being primary
amines, guanidines or a mixture of the two (blue), bound to a central heterocycle. Their amphipathic
nature is closely related to that of synthetic mimics of antimicrobial peptides (SMAMPs),**> which are
highly promising candidates as broad-spectrum antibiotics,'® and fulfills the pharmacophore model of
small cationic peptides (AMPs).® With AMR being on the rise!’ the demand for new antimicrobial
agents is higher than ever. The eusynstyelamides can serve as a valuable structural starting point for the

development of new SMAMPs with broad-spectrum antimicrobial activity.

Aspergilone A (2) (Figure 1, middle) is a member of the azaphilone family and was isolated from a
marine-derived fungus which was associated with a gorgonian in the South China Sea.*® It exhibited in
vitro cytotoxicity against three tumor cell lines with 1Cso values of 3.2-37 pg/mL.*¢ Additional potential
AF activity with a ECs value of 7.68 pug/mL was reported. Synthetic access to aspergilone A would
give the possibility to study its structure-activity relationships (SAR) and potentially identify new lead
compounds. Aspergilone A contains an ent-phenol A (3) partial structure (Figure 1, right) and the
enantiomer (phenol A) is found in a range of azaphilones, which is the parental class of NPs. If ent-
phenol A can be incorporated as a synthetic intermediate, it might facilitate the easier access to further

azaphilones.



1.1 Aim of the thesis

The aim of the work was two parted: A) The development of new synthetic mimics of the marine
antimicrobials 1 preserving the amphipathic nature of the natural product exhibited by two lipophilic
and two cationic groups. B) The development of a synthetic strategy towards the MNP 2 with 3 as a key

intermediate, enabling an easy-to-build compound library for future SAR studies.

For part A, the marine antimicrobials 1 served as structural starting point. To study mimics of the NP
we divided this part into three sub-projects (Figure 2), each focusing on one generation of mimics and

the following questions in order:

(1) Can the butyrolactam core of the eusynstyelamides be simplified by replacement with a barbituric
acid and will that, when correctly decorated with cationic and lipophilic groups, provide an
ampbhipathic structure with antimicrobial activity?

(2) Which combination of structural components (linker, lipophilic side chain, cationic group) delivers
the best balance between antimicrobial potency and haemolytic activity?

(3) Can the barbituric acid core structure be substituted by other heterocycles, and how will this affect
the bioactivity?

9 @
hydrocarbon hydrocarbon
(o]
H )]\ H NH linker \NJI\N/ linker -' H2N NH2
HoN N\/\/\ AN
2 NN HNT TN AONSNT A
H,N NH> o 7, ~O H 15/6-membered: H

) 07 & ¢} '\ {heterocycle  :
/\ S

Ar Ar lipophilic lipophilic / \

side chain 1 side chain

Ar Ar
1t Generation 2"d Generation 34 Generation

Ar = (halogenated) aromatic aryl or naphtyls
R = cationic group

Figure 2. General structures of the eusynstyelamide mimics investigated in this study. For all structures two identical
cationic groups were used. Brackets indicate that either two amino or two guanidino groups were used. Left: General
structure of the 15t generation of mimics. Ar = (pseudo)halogenated phenyl or naphthyl groups. Middle: General
structure of the 2" generation of mimics. R = cationic head group consisting of 1° - 4° amines, guanidyl and
pyridinyl. Hydrocarbon linkers consisted of linear chains containing 2-6 carbons or cyclobutyl and cyclohexyl groups.
As lipophilic side chains two identical or a mixture of two different substituted aryls, heteroaryls and linear
hydrocarbons were used. Right: General structure of the 3'¥ generation of mimics. Ar = (pseudo)halogenated phenyl
or naphthyl moieties.

For part B, we aimed for a concise and robust synthetic strategy towards 2 via ent-phenol A (3) as a key
intermediate, allowing for multiple points of derivatization for a future compound library (Figure 3). Of
particular interest was the facile access and control of the stereocenters (orange oval). Introduction of
substituted aryl groups (olive box) should happen as late as possible to facilitate the synthesis of a larger
compound library. Further points of interest were the removal of the methyl group (blue oval) and the

introduction of a substituent at C-8 (red oval).%°
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Aspergilone A (2)

Figure 3. Structure of aspergilone A (2) with possible points for derivatization and the key intermediate ent-phenol
A (3).

1.2 Outline

The thesis is divided into several sections. Chapter 1 states the motivation and aim of this investigation.
Chapter 2 summarizes the relevant background for the thesis. In subchapter 2.1, a brief summary of the
impact of NPs on the development of modern medicine is given, followed by describing general sources
of natural bioactives and closing with a comment on the obstacles posed by NPs in drug discovery.
Subchapter 2.2 describes the main sources of NPs. The two NPs relevant to this work are presented in
subchapter 2.3 and 2.4, including structural peculiarities, biological activity, and their MoA, if known.
Chapter 3 summarizes the findings, which are further elaborated in paper I-1V. The three subchapters
(3.1-3.4) are dedicated to the investigation of the mimics of the eusynstyelamides. Subchapter 3.5
contains the studies on aspergilone A, including additional information not reported in paper IV. Chapter
4 gives a short conclusion and an outlook. Experimental procedures, references and the appendix,
including additional data, can be found in chapters 5, 6 and 7, respectively. All structures, which can be
found in the papers I-1V are denoted with the same code as in the corresponding paper and carry the
prefix PI, P11, Pl or PIV, indicating in which paper they can be found. All other molecules are

numbered consecutively in order of their appearance in the thesis.



2 Background relevant for this thesis

2.1 Natural products: the template for drugs

The term NP is commonly used for small molecules from natural sources. A number of NPs are
secondary metabolites, indicating that the respective compounds originate from non-vital metabolic
pathways in the organism of interest.” 2 Many NPs have elaborate chemical structures and often exhibit
multiple, nevertheless specific biological activities. The biological activity of NPs has been utilized for
thousands of years in traditional, often plant based, medicine, long before any of the bioactive
compounds had been isolated and studied as single molecules.” 2

Penicillin, being isolated from Penicillium notatum in 1929 by Fleming? and commercialized in the
1940s,%% 24 can be considered the starting point of natural product based DDD.” In the years, which were
to come, most of the major pharmaceutical industries at the time initiated natural product discovery
(NPD) programs, focusing on antibacterial and antifungal compounds, as well as anti-infectious agents.’
During the course of those programs, additional lead compounds for various clinical indications were

identified, including cancer, hypercholesteremia and tissue rejection.?> 26

Many of the industrial NPD departments had been reduced or shut down in the early 1990s, which is
often correlated to the emergence of combinatorial chemistry and automated high throughput screening
(HTS).?” Despite the initial enthusiasm it was quickly realized that combinatorial libraries were
intrinsically limited in chemical space and could not deliver as many new chemical entities (NCES) as
anticipated, due to the libraries lacking the structural complexity found in nature.” 2 This is well
exemplified by the kinase inhibitor sorfendib. It is the only NCE being obtained from combinatorial
chemistry and being approved by the U.S Food and Drug Administration (FDA) as of 2010.%
Meanwhile, the total number of approved small-molecule NCEs has been reduced from the 1980s (more
than 60/year) to an average of 23 NCEs/year in the period between 2001-2010. 2* This reduction in
clinically approved NCEs coincides with the scaling down of industrial NPD programs.

The realization that combinatorial chemistry on its own would not generate enough novel synthetic
drugs has led to a renewed focus on NPs.? Using the structural richness of NPs as basis together with
modern combinatorial methods, led to the so called diversity-oriented synthesis.? In this now common
approach, privileged structures or structural subunits found in a wide range of diverse bioactive NPs,
are identified and used as starting points for building combinatorial libraries.?* 2 The value NPs still
hold is further exemplified by two NP derivatives having been number one and four of the best selling
drugs in the US between 1992 and 2017, namely the hypocholesterolemic drug atorvastatin (tradename:

Lipitor) and the beta-2-adrenergic agent advair.*



2.2 Sources of NPs
The Dictionary of Natural Products (DNP) lists over 300,000 NPs from all possible sources,> among the

listed are ~55,000 (~18%) from marine sources according to The Dictionary of Marine Natural Products
(MDNP), a subset of the DNP database.®® The difference seems quite surprising, given the fact that
around 70% of the earth’s surface is covered by water. Even though pharmaceutical companies and
research institutions had been aware of the great biodiversity found in the oceans, sampling of marine
sources is accompanied by the requirement of special equipment, and therefore much higher costs.?
However, technological advances during the last decades have allowed for the exploration of so far
unreachable territories and increased the cost-efficiency.? In the ten years from 1977 to 1987 around
2500 marine natural products (MNPs) had been reported,? whereas 1407 new compounds had been
listed in 2020 alone,! the numbers steadily increasing over the years. The late onset of exploration of
marine sources is also reflected by the fact that less than five MNPs (including derivatives thereof) were
approved for clinical use, as of 2016.3 In the following some important examples of NPs from terrestrial

and marine sources are given.

2.2.1 Terrestrial: Fungi and Plants

Fungi and plants have been used by mankind for several millennia as food, in preparation of alcoholic
beverages (yeasts) and as medication in traditional medicine.” Later, they were also recognized as a rich
source for the isolation of bioactive NPs, of which four are presented here (Figure 4). Isolated from a
fungus, as noted before, the
undoubtedly most famous natural

product is the B-lactam containing

penicillin  (4) (Figure 4). Its
isolation paved the way for the
“golden age” of the antibiotics,
Penicillin (4) Doxorubicin (3) leading to the discovery of other
antibiotics of fungal origin,
including the structural classes of
norcaridins,  carbapenems and

monobactams.”

Doxorubicin (5), an anthracycline,

is used to treat acute leukemia, lung

cancer, thyroid cancer, soft tissue

and bone sarcomas, and both
Artemisinin (6) Paclitaxel (7)
Hodgkins and  non-Hodgkins
Figure 4. Structures of penicillin (4), doxorubicin (5), artemisinin (6) and
paclitaxel (7).



lymphomas.?” 34 It was first isolated in 1969 from Streptomyces peucetius var. caesius® and belongs to

the daunomycin family.

One very important plant-based NP is artemisinin (6). The NP had been used unknowingly, when
employing its producer plant, Artemisia annua, for fever treatment in traditional Chinese medicine. In
1967, during a search for new antimalarial drugs among traditional remedies in China, the plant had
been rediscovered and artemisinin (6) was eventually isolated from A. annua in 1972.%¢ As of today, 6
is an approved antimalarial drug, together with some of its synthetic derivatives.*” The discovery of 6
had been a breakthrough, due to the emerging resistance in many tropical regions against the
antimalarials chloroquine and mefloquine, both being derivatives of the NP quinine.?

Paclitaxel (7) (tradename: Taxol) is a member of the taxane family and was originally isolated in 1971
from the bark of the Pacific yew Taxus brevifolia Nutt.*® % It took another 20 years for it to be approved
for clinical use against ovarian cancer in 1992 and breast cancer in 1994.%2 Its importance is reflected
by annual sales of over $1 billion and has inspired the development of many analogues, broadening its

use in cancer therapy.?* 38

2.2.2 Marine sources

A report from 2012 stated that a total of four MNPs or derivatives thereof (9, 12-14, Figure 5) had been
approved for clinical use and another 13 had been in clinical trials.” Of the four being marketed, three
compounds were FDA approved and one was registered in the EU. As of writing, the picture has not
changed much in terms of approvals, but increasingly more MNPs are in pre-clinical investigations.
The majority of the candidates being approved or in clinical trials are (potential) anticancer drugs. This
clinical indication being so prevalent, can often be traced back to the funding bodies’ interest in the

development of new chemotherapeutics.*® 4

Despite the focus on new anti-cancer drugs, the analgesic ziconotide (9) (Prialt®) (Figure 5), approved
in 2004, became the first MNP in clinical use without any modifications.® It is a 25-mer cyclic peptide
and was first isolated from cone snails (Conus magus) in 1985, alongside other peptides.*? Ziconotide’s
neurotoxic activity is based on reversibly blocking N-type calcium channels located at the dorsal horn
of the spinal cord,* * by binding to the presynaptic channels and reducing the release of
neurotransmitter. Importantly, it does not produce tolerance upon reoccurring application in contrast to
opiates, which lead to desensitization of the patient over time, presenting a major drawback.* Around
200 analogues had been synthesized and evaluated for their pharmaceutical potential, but eventually the

parent compound was chosen for commercialisation.®®
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Figure 5. Structures of ziconotide (9), spongouridine (10), spongothymidine (11), cytarabine (12), vidarabine (13)
and trabectedin (14). The sequential one letter code of peptide (9) is given in the black box. Structure (9) was
reproduced with permission from Lee et al., Mar. Drugs 2015, 13(8), 4967-4984.46

One of the first notable discoveries of bioactive compounds from marine sources can be traced back to
C-nucleosides spongouridine (10) and spongothymidine (11) (Figure 5), obtained from a Caribbean
sponge (Tethya crypta) in the early 1950s.47-4° While the NPs were not introduced into clinical use, a
synthetic derivative, cytarabine (12, Ara-C), was FDA approved in 1969 as a chemotherapeutic agent.
12 is converted intracellularly into cytosine arabinoside triphosphate that competes with the endogenous
substrate deoxycytidine triphosphate, resulting in inhibition of the DNA polymerase and DNA
synthesis.®® Chemically substituting the cytosine with an adenine delivered vidarabine (13, Ara-A),

which was commercialized as an antiviral compound. When first introduced to the market, 13 was



manufactured synthetically, but in later years it was also found in the Mediterranean sea (Eunicella

cavolini),* thus being a true MNP in clinical use.*

The fourth MNP currently in clinical use is trabectedin (14) (tradename: Yondelis®, ET-743), found in
a tunicate (Ecteinascidia turbinate) in the Caribbean and Mediterranean sea.>> ®2 It was first approved
in the European Union for treatment of soft tissue sarcoma® and relapsed platinum-sensitive ovarian
cancer. The structural basis is formed by three fused tetrahydroisoquinoline units through a 10-member
lactone bridge and 14 can now be obtained by semisynthesis from safracin B cyano.® % The MoA was
not fully elucidated, but 14 is hypothesized to bind to the DNA minor groove by a covalent reversible

bond and to interact with different binding proteins of the Nucleotide Excision Repair machinery.°

These examples demonstrate that MNPs are indeed a valuable source of novel drug candidates and are

worth investing more resources into their exploration.

2.2.3 Challenges in NP guided drug discovery

As successful as NPs have been in drug discovery, they face certain challenges in their development
phase. Historically, when a microorganism was not cultivatable (less than 1% of all microorganisms
observed spectroscopically??), it was practically impossible to study that organism and any secondary
metabolites it might produce. This challenge has been alleviated somewhat by improved culturing
procedures, allowing for the parallel growth of slow- and fast-growing organisms.?! If organisms are
still not culturable, modern genomics can be used for identification of the organism and with increasing
knowledge of gene clusters coding for certain groups of NPs (e.g. polyketide synthase for polyketides),

the relevant genes can be identified and expressed by modern cloning techniques.?

A previous difficulty was the compatibility of NP crude extracts with HTS. Given the complexity of the
extracts, one or many compounds may be present, interfering with the readout by, for instance,
autofluorescence or UV absorption. Some NPs can also directly interfere with the assay by means of
nonspecific interactions, thus masking the compounds of interest. For example, plant tannins can
interfere with enzyme-based assays by complexation of the enzymes® and fatty acids in high
concentrations are nonspecific binders due to their detergent-like properties.® Prefractionation
techniques and novel, orthogonal screening setups can help to mitigate this problem and largely

eliminate false-positive results. 2

Even if none of the compounds in a mixture are likely to interfere with the assay, the problem of isolation
of inactive and previously reported NPs arises, complicating the isolation of novel NPs. A known
method to overcome this obstacle is a process called dereplication.>® Before commencing with bioassay-
guided isolation, crude extracts are often analyzed by reversed-phase high performance liquid
chromatography (RP-HPLC) coupled to a mass spectrometer, usually producing MS/MS fragment ions,
and a fraction collector. All UV and MS data of active fractions from a primary screen, can be analyzed

against databases of known compounds and the fractions containing known compounds can be excluded
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from following isolation procedures.?” Despite these new methods being available, it was estimated that
it takes $US 50,000 and three months of work to identify a new bioactive NP from any source (some

being more challenging than others).%

A last obstacle to mention is the intrinsic property of NPs, which make them interesting in the first place:
their often novel and complex skeletons. While NPs frequently offer highly distinct bioactivity, due to
their unigue structures, total synthesis if often not trivial. Curiously enough, this sometimes daunting
task has led to many organic chemists taking on the challenge and synthesizing intricate structures,
thereby greatly advancing not only drug development, but also organic chemistry itself.5! Linking total
synthesis with combinatorial methods and improved fermentation processes has advanced natural
product guided DDD and is likely to continue doing so.
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2.3 Part A: Eusynstyelamides and their potential as
antimicrobial agents

2.3.1 The need for new antimicrobials

Since the commercial introduction of penicillin, resistant bacteria have started to develop resistance
more rapidly. The “golden age” of the antibiotics has passed over 50 years ago and the development of
new antimicrobials has been reduced dramatically. AMR has become a major global issue, inflicting
numerous deaths and leading to high communal costs for health care systems. Many factors are driving
the development of AMR, but the most common ones being listed are related to antibiotics: their
overprescription in clinical practice, the uncontrolled use of them in many parts of the world and massive
amounts of antibiotics used in animal husbandry and for agricultural applications.®? Large quantities of
sub-lethal amounts of antibiotics in the soil and water, create thereby an ideal environment for bacteria

to develop resistance.®

To tackle the rising AMR, the World Health Organization has enacted a global action plan, which
defines major steps to be taken in the future.%* At the core of the action plan are stricter regulations for
the controlled use of antibiotics and the development of new antimicrobial agents, preferentially with
broad-spectrum activity.

In the following chapters an interesting antimicrobial MNP is discussed and linked to AMPs, a

promising class of new antimicrobials.

2.3.2 The eusynstyelamides: promising marine antimicrobials

The eusynstyelamide family consists of seven members (A-F) (Figure 6) that were found in the
Australian ascidian Eusynstyela latericius®® (1a-1c) and the arctic bryozoan Tegella cf. spitzbergensis'*
(1d-1g) in the Barents sea. The authors were only able to elucidate the relative stereochemistry of la-1c
and ent-eusynstyelamide B 1d was found to be the enantiomer of 1b. All compounds displayed mild
antimicrobial activity against S. aureus (MIC: 4.4-12.5 pg/mL) except for 1c. Eusynstyelamides 1d-1g
demonstrated additional low activity against E. coli and P. aeruginosa (MIC: 12.5-25.0 pg/mL). All
members of the family feature two lipophilic 6-bromoindol moieties (red) and two cationic groups
(blue), which are either guanidines (1a-1d), amines (1e) or a combination of the two (1f, 1g). The central
scaffold is a 4-hydroxybutyrolactam ring, having a total of three stereogenic centers. The
eusynstyelamides have their biogenetic origin from arginine and tryptophan and are structurally similar
to other marine natural products such as anchinopeptolide (4-hydroxybutyrolactam core and arginine
derived),% barettin (derived from arginine and tryptophan), and the leptoclinidamines (6-bromoindole
and arginine containing).®” A biosynthetic route towards the eusynstyelamides involving the
dimerization of two modified dipeptides has been suggested.*® The dipeptides are likely to have originate
from an a-keto acid, which is derived from tryptophan and agmatine. Racemic 1a had been synthesized

from 6-bromoindole, methyl glycidate and Boc-protected agmatine in a total yield of 13% over 6 steps.®
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Eusynstyelamide B (1b) Eusynstyelamide C (1c)
ent-Eusynstyelamide B (1d)

Eusynstyelamide D (1e) Eusynstyelamide E (1f) Eusynstyelamide F (1g)

Figure 6. Structures of eusynstyelamides A-F (la-1g). The relative stereochemistry is shown. Ent-
eusynstyelamide B (1d) is the enantiomer of eusynstyelamide B (1b). The cationic part is shown in blue and the
lipophilic part in red.

The amphipathic nature of the eusynstyelamides satisfies the pharmacophore model of small cationic
antimicrobial peptides (AMPs). The model suggests that AMPs need at least two lipophilic and two
cationic groups to exert antimicrobial activity.’® AMPs are a very promising class of potential antibiotics

and more details of AMPs and the pharmacophore model are given in the next chapter.

2.3.3 Antimicrobial peptides

Since their first isolation in 1970,%° cationic antimicrobial peptides have been found throughout all
animal kingdoms and practically in all tissues investigated.”® 2 Today, over 3300 AMPs can be found
in the Antimicrobial Peptide Database (APD), displaying a wide range of activities besides being
antimicrobial.”® AMPs have a range of proposed benefits when considered as antimicrobial agents,
including slow resistance development, unique targets and the ability to modulate the immune
response.’> ™ > The very diverse group of AMPs is hard to classify, but the following four major ways
are frequently used in literature: source, activity, structural characteristics and amino acid-rich species.”
Most commonly, the classification by structure is used, which encompasses -sheets, a-helices, loops

and extended helices.”

AMPs are usually defined as peptides consisting of 10-50 amino acids, displaying at physiological pH
an overall net positive charge (+2 to +9), which originates from multiple arginine and lysine residues,
and having at least 30% hydrophobic residues.” ® The lipophilic residues originate mainly from the
aromatic amino acids tryptophane and phenylalanine, but aliphatic amino acid residues such as valine
and isoleucine are found as well.” ™ By folding into one of the aforementioned structures, AMPs
achieve a segregation of the lipophilic and the cationic parts, giving rise to highly amphipathic

structures.® Folding can occur in free media or upon contact with the negatively charged membranes of
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microbes. Some of the most thoroughly investigated AMPs are lactoferricin B, maganin-2, B-defensins,

nisin A and polymyxin E.”™

2.3.4 Mechanism of Action of AMPs

Many AMPs are active against a broad range of bacteria due to their rather unspecific MoA. Most known
antimicrobial compound classes target specific enzymes or cellular processes, such as
DNA-topoisomerase complexes in DNA replication (fluoroquinolones), transpeptidases in cell wall
synthesis (B-lactams) or inhibition of the 50S and 30S subunit of the ribosome in protein synthesis
(macrolides and tetracylines).®! In contrast, AMPs interfere with the bacterial membrane resulting in

damage, thinning or disruption.”™

The attraction of AMPs towards bacterial membranes arises from the fundamental differences between
bacterial and mammalian membranes. Mammalian cells are mostly constituted of phospholipids (PLs)
of zwitter- and anionic character. 8 8 Due to the anionic PLs being confined to the inner leaflet of the
membrane,3 eucaryotic cells display a neutral net surface charge. Bacterial membranes typically have
an overall negative charge due to incorporation of lipoteichoic- and teichoic acids (LTA and TA) (Gram-
positive bacteria) and lipopolysaccharides (LPS), enriched with lipids carrying anionic head groups
(Gram-negative bacteria). The differences in membrane structure of Gram-positive and Gram-negative

bacteria are illustrated in Figure 7.%
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Figure 7. The figure shows a schematic view of cell envelopes of exemplarily Gram-positive and Gram-negative
bacterial cells. Reprinted from Depelteau et al., Encyclopedia of Microbiology (Fourth Edition), 2019, 348-360, with
permission from Elsevier.8®

The cationic part of AMPs can interact electrostatically with the negatively charged membranes. Despite
the favorable interactions, AMPs still have to cross the outer membrane (OM) of Gram-negative bacteria
to reach the cytoplasmic membrane, their primary target. This explains the observation that Gram-

negative bacteria are usually more difficult to target using membrane active agents.%®

Multiple models of the membrane disruption process have been proposed, but the complete mechanisms

are yet to be elucidated and are likely to vary for different peptides.” Nevertheless, two main events are
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suggested to take place. First, the AMPs attach to and accumulate on the cytoplasmic membrane — a
process that often leads to a change in the secondary structure — until the AMP concentration reaches a
certain threshold and then the AMPs start to enter or traverse the membrane.®” The eventual membrane
disruption proceeds via a range of different mechanism, which predominantly are described by the carpet

model (Figure 8, A), the barrel stave model (Figure 8, B) or the toroidal pore model (Figure 8, C).”®
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Figure 8. Proposed mechanisms of action of AMPs. A: carpet model, B: barrel stave model, C: toroidal pore model.
Reproduced with permission from Huan et al. Frontiers in Microbiology 2020, 11.7°

In the carpet model (A) the AMPs align parallel to the cell membrane, their hydrophilic side facing the
aqueous environment and the lipophilic side embedded into the membrane. As given by the name, the
AMPs form a carpet on the cell membrane and destroy the latter eventually in a dispersion-like
manner.”> 768 A point worth mentioning here is that the peptides do not form any quaternary structures

as opposed to the other two models (see below).

In the barrel stave model (B), a number of AMPs form a “barrel-like” ring around an aqueous pore. The
“stave” term describes singular transmembrane spokes within the barrel’® and the peptides are thereby
aligned parallel to the phospholipids. The orientation of the phospholipids remains undisturbed. The
hydrophobic sites of the AMPs are directed towards the membrane and the hydrophilic sites face into
the aqueous pore, creating the pore lining. This arrangement leads to a minimal exposure of the peptide
hydrophilic residues to the hydrophobic membrane interior.”? Formation of the channels can result in
cytoplasmic outflow or, upon relaxation of the pore, transportation of peptides to the inner membrane
leaflet.”
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The primary difference between the toroidal pore model (C), also known as the wormhole model, and
the barrel stave model (B) is that in the former AMPs are intercalated with lipids in the transmembrane
channel. It has been regarded as a supramolecular complex and represents a membrane spanning pore,
lined with polar peptide surfaces as well as phospholipid head groups.” Association of a-helical AMPs
to the outside of the membranes induces a positive curvature strain, leading to the phospholipids bending
inwards, forming the toroidal pore complex.”? The pores tend to have short lifetimes and upon
disintegration some of the peptides are released into the interior of the cell. It has been suggested as one
of the mechanisms operating when AMPs cross the membrane and reach intracellular targets.”> %

While not as prominent, two additional models are worth mentioning. The electroporation model
suggests that cationic AMPs are effectively “pulled” into the cell, based on the negative transmembrane
electrochemical potential.*® Lastly, the sinking raft model, in which peptides being bound to the outer
surface of the membrane cause a mass imbalance, resulting in distress and bending of the membrane.
This process creates transient pores, through which the AMPs can translocate over the membrane into
the cytoplasm.®

It should be mentioned that AMPs can also have intracellular targets. Without going into detail, the four
most common targets are listed as follows’®: (1) Inhibition of protein synthesis by interfering with key
enzymes in either the protein transcription, translation or assembly step (Peptide PR-3%1); (2) Inhibition
of nucleic acid biosynthesis by affecting key enzymes (indolicidin®); (3) Inhibition of proteases
expressed by bacteria (histatin 57); (4) Inhibition of cell division by inhibiting DNA replication and

DNA damage response (buforin 2% 94)

2.3.5 AMPs in clinical use

AMPs have some major drawbacks when used es drugs, including often high toxicity, low
bioavailability, proteolytic stability and they often fail to demonstrate superiority in clinical studies.”™
Nevertheless, some AMPs have been approved for clinical use, mostly for topical treatments, of which

two are briefly discussed here.

Colistin (15) (polymyxin E) (Figure 9) is a member of the polymyxins, a class of non-ribosomal, cyclic

o H o o oligopeptide antimicrobials. The
H3N®\/\'¥*)L Efﬂ e Hs class consists of five members
OxNH H 0 EHW}N i d Hj’/ﬁmﬁ\/\/l\/ (polymyxins A-E), of which only the
@/%NH W oo Mo 0" HHOHS 0" aforementioned and polymyxin B are
HaT 0PN WN@H3 currently in clinical use.®® Isolated in
$ 1947 in Japan (Paenibacillus

polymyxa subsp. Colistinus),%
Colistin / Polymyxin E (15)

colistin was approved for treatment

Figure 9. Structure of colistin (15). Cationic residues are marked in

blue and lipophilic residues in red. of infectious diarrhea and urinary
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tract infections by the FDA in 1959. As a consequence of increase in reports of nephro- and
neurotoxicity, prescription levels dropped significantly.®” Due to developing multidrug resistance of P.
aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae, 15 has re-emerged as a last-line
treatment, but resistance against colistin is known as well. Colistin usually exhibits MIC values of
0.25-1.0 pg/mL against E. coli (ATCC 25922) and 0.5-2 pg/mL against P. aeruginosa (ATCC 27853).%
15 acts primarily on the bacterial membrane with a similar MoA as AMPs (vide supra). Additional
reported MoAs of colistin are the so-called vesicle-vesicle contact, leading to osmotic imbalance and
cell death, and the generation of reactive oxygen species.®® The cyclic nature of colistin and the
incorporation of the unnatural amino acid ornithine into the primary sequence increase its in vivo

stability.

The second compound worth mentioning is the

cyclic antimicrobial lipopeptide daptomycin (16) <:\\_\_(° 4
HN NH

(Figure 10). 16 was first discovered in the 1980s, o o

but was not developed further due to adverse HN §NH3
NH,

effects on skeletal muscle.” The FDA finally R 4 !

approved daptomycin in 2003 for the treatment of NH _\_3“3 _C)>\._Nﬁ_§N ‘
2 N o

infections caused by Gram-positive bacteria, as it o HN
also proved to be effective against methicillin- oo ° 0 HN‘@ "
resistant S. aureus (MIC®: 1 pug/mL). Structurally, HN~° N»H_$ °
16 is derived from depsipeptide and consists of 13 /jZ—N/;—%\‘_{ '

amino acid residues, many of them being non- ° HO

proteinogenic and D-amino acids. Daptomycin is Daptomycin (16)

notably different from the AMPs discussed before,  Figure 10. Structure of daptomycin (16). Anionic

residues are shown in green, cationic residues are

havmg a net Charge of -3. The overall hegative shown in blue and lipophilic residues are shown in red.

charge influences the MoA, which was suggested
to involve formation of micelles in the presence of Ca?* ions, masking its negative charge. The micelles
subsequently dissociate in proximity to the membrane, into which 16 then can insert. The formation of

micelles represents an effective way of bypassing the negatively charged layer of LPS.1%

Both examples demonstrate that it is often not the antimicrobial activity of AMPs and related natural

derivatives, but rather their toxicity halting their application and restricting them to topical treatment.”™

2.3.6 Towards the development of SMAMPs

To overcome the shortcomings of AMPs in clinical use, a number of research groups have channeled
their efforts during the last two decades into mitigating the former ones by developing synthetic mimics
of AMPs (SMAMPs). The main contributors to the activity and toxicity of SMAMPSs are their overall

charge and hydrophobicity, as well as the segregation of the charged and hydrophobic sites.®” 1t This
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led to researchers trying to replicate the function of AMPs, rather than their primary structure when
constructing SMAMPs. It has been realized that it is often a thin line between activity and toxicity and
increased antimicrobial activity frequently coincides with high toxicity. An interesting finding was made
by Strgm et al. in 2003, when they determined the minimum motif for AMPs to exert antimicrobial
activity.® In their study, a minimum of two cationic and two lipophilic groups was necessary to achieve
activity against Gram-positive bacteria, whereas for Gram-negative strains either two bulky lipophilic

groups or a third smaller one was needed.

Over the years, a wide variety of AMP mimics have been reported, including peptidomimetics
(o-peptides, B3-peptides, peptoids, B-peptoids, o/B-peptides, peptide/peptoid hybrids, a-AA peptides,
v-AA peptides, a-oligoacyllysines, and B-oligoacyllysines)'®? and small molecule peptidomimetics.1%3
A comprehensive review of the latter was given by Kumar and co-workers'® and Ghosh et al.’® In the
following, a selection of small molecule mimics, having molecular weights of <1000 Da, is presented.

Tew and deGrado had been very prolific in the field, developing several interesting structures (Figure
11).105116 One of their major developments were amide linked aryls 17, shown in Figure 11 (left).X®
They achieved topical amphiphilicity by an extensive intramolecular network of hydrogen bonds,
rigidifying the structure. In earlier studies, they had used urea linkages!®” and a central pyrimidine
instead of the dimethoxypheny! group.1®® All derivatives displayed high antimicrobial activity (MIC:
<1 yuM) against S. aureus and E. coli, but varied in toxicity. Only when the central structure could not

contribute to the H-bonding network, the antimicrobial activity was clearly diminished.

Another set of compounds was based on phenyleneethylene, connecting two benzene rings to a central
benzene ring by acetylene, being the first SMAMP with a full carbon backbone (Figure 11, middle).
The outer benzene rings could carry additional substituents and the most active structure 18 had the
cationic amines tethered to the outer phenyl rings by ethyl linkers (Figure 11, middle). It was found that
shorter linkers impaired the selectivity of the compounds for bacterial cells and oligomeric derivatives
did not exhibit any antimicrobial activity.** Another development of the all-carbon backbone mimics
is shown in Figure 11 (right).!** The central aromatic moiety was varied between benzene, naphthalene
and phenyl benzene, eventually delivering the most active derivative 19, for which a naphthyl core and
a total net charge of +6 was utilized. In a follow up study, they could show that the incorporation of an
amide linkage in the hydrophobic region of similar derivatives disrupted the facial amphiphilicity and

led to the loss of broad-spectrum activity.!!®
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Figure 11. Structures of AMP mimics developed by Tew and deGrado. The cationic part is shown in blue and
the lipophilic part in red. RBC = Red blood cells. ECso: The concentration required to cause 50% lysis of a
suspension of red blood cells.

Two interesting series of compounds were developed by Pfeffer and coworkers!’ 12123 and Savage and
coworkers.*?* 125 Rigidity was achieved by using a norbornane (Figure 12, left) and fused tetracyclic
cholic acid (Figure 12, right, cholic acid is shown in green), respectively. Norbornane derivative 20 had
been found to be the most active of a series of derivatives with no observed toxicity to mammalian cells.
They found that imidazolium and pyridinium cationic groups delivered compounds with low activity,
as did compounds with only one cationic guanidine group. Replacement of the cyclic 1,3-dioxolane with
substituted benzyl ethers delivered potent structures, but with high toxicity against human embryonic
kidney cells (HEK293). One point to make is that the NBD fluorophore (Figure 12, left, red part) in
derivative 20 impeded the activity only to a minor extent, although impaired activity of the bioactive
often is a concern when working with fluorophores. Savage and coworkers based their mimics on cholic
acid (Figure 12, right; cholic acid is shown in green), an inherently amphipathic compound, to mimic
polymyxin B.1 Polymyxin B binds to lipid A, acting as a sensitizer for the membrane. Savage and

coworkers hypothesized that their derivatives would be able to do the same, which they were able to

O,N Q
2 H
I ] N _NH
0 N/\/ 2
N/ / NH;( H @\'[\‘]/Hz
\ H 0
0-N NH
0 M NH;
HN
20 @M CSA-13 (21)
MIC!Y7: S, aureus (1 pg/mL), E. coli (8 ug/mL) MIC!8: S, aureus (0.5 pg/mL), E. coli (2.0 pg/mL)
HEK293!%7. CCso = (>50 pg/mL) RBCL: ECso = ~200 UM

LDso!?%: 25.74 pg/g of body weight in mice

Figure 12. Molecular designs of 20 by Pfeffer and coworkers''” and 21 by Savage and coworkers.'*® The cationic
part is shown in blue and the lipophilic part in red. Cholic acid is shown in green. HEK = human embryonic kidney
cells. RBC = Red blood cells. CCso: Concentration at which 50% of all cells lost viability. ECso: The concentration
required to cause 50% lysis of a suspension of red blood cells. LDso: The concentration required to cause 50%
death of the organism studied.
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proof eventually.1%®
Later, they could refine their mimics by introducing a lipid tail to C-17, resulting in the highly

bactericidal compound CSA-13 (21), alongside many other derivatives, which were less active.?

Lastly, two more peptide-like structures are worth mentioning. The arylamide foldamer brilacidin (22)
(Figure 13, left) was developed by deGrado and co-workers using coarse grained simulations.?’
Brilacidin’s MoA was found to be similar to daptomycin and LL-37 and 22 surpassed the latter ones in
terms of activity.% Evaluated for its anti-infective properties, 22 has recently completed clinical Phase-
Il studies for acute bacterial skin and skin structure infections, as well as for the prevention of oral
mucositis in cancer patients.’?® LTX-109 (23) was inspired by the AMP lactoferricin and was developed
by Lytix Biopharma in 2008.1%° It consists of three amino acids and is believed to have improved
proteolytic stability due to its synthetic modifications and small size. 23 has recently completed clinical

Phase-1l studies for topical treatment of impetigo, nasal decolonialization and mild diabetic foot

H
®, o N ~> N @ o
ke e o

Brilacidin (22) LTX-109 (23)

MIC®31; MRSA (0.5-1.0 pg/mL), E. coli (1-2 pg/mL) MIC®2: S, aureus (2 pg/mL), E. coli
RBC3L: ECso = >500 pg/mL (3 pg/mL), P. aeruginosa (8 pg/mL)
RBC!32: ECso = 175 pg/mL

Figure 13. Structures of Brilacidin (22) and LTX-109 (23). Both have successfully completed Phase-Il clinical
trials. The cationic part is shown in blue and the lipophilic part in red. RBC = Red blood cells. ECso: The
concentration required to cause 50% lysis of a suspension of red blood cells.

ulcers.%:204 Currently, 23 is developed further under the name of AMC-109.1%

These examples demonstrate the efforts put into the development of new SMAMPs, but despite many
promising mimics being reported and some of them being in clinical trials, there is still a big need for

further developments.

2.3.7 Resistance to AMPs and SMAMPs

AMPs have been believed to have a low potential to induce resistance due to the lack of specific
enzymatic target. Additionally, AMPs have a sharp onset of activity and high maximum killing effect,
resulting in a very narrow mutation selection window and therefore resistance to AMPs is less likely to
evolve.” Nevertheless, bacteria have found a number of mechanisms to reduce their susceptibility to

AMP type agents and emerging resistance against colistin has been reported.®’
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Two main mechanisms of resistance can be distinguished: constitutive and inducible resistance.”
Constitutive (passive) mechanisms consist of electrostatic shielding, changes in membrane potential
during growth and biofilm formation. Inducible mechanisms include substitution, modification and

acylation of membrane molecules, expression of proteolytic enzymes and efflux pumps.?’

Many of the inducible mechanisms are directed towards the reduction of the overall negative surface
charge to inhibit binding of AMPs, usually by the covalent attachment of a cationic molecule to parts of
the membrane.*®* 13 While modification of the membrane is common for Gram-positive and Gram-
negative bacteria, the compounds incorporated into the membrane differ for both types of microbes, due
to the differences in their membrane structure. Some possible modifications of the OM in Gram-negative
bacteria are shown in Figure 14. Gram-negative bacteria can attach cationic 4-aminoarabinose
(L-Ara4N) to lipid A, which is the innermost part of the LPS layer, by means of a phosphodiester bond
to the anomeric carbon of L-Ara4N.
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Figure 14. Major lipid A modifications in Gram-negative bacteria and substituents: L-Ara4N (4-aminoarabinose),
pEtN (phosphoethanolamine), glycylation (incorporation of glycine), acylation (incorporation of palmitate),
deacylation (removal of long-chain fatty-acid). Reprinted from Maria-Neto, S., et al., “Understanding bacterial
resistance to antimicrobial peptides: From the surface to deep inside.” Biochim. Biophys. Acta 2015, 1848 (11, Part
B), 3078-3088, with permission from Elsevier.134
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The overall negative surface charge gets thereby reduced and the charge attraction of AMPs to the
membrane diminished.!* Other modifications of lipid A include: acylation (incorporation of palmitate),
phosphoethanolamine bound to phosphate groups and glycylation (incorporation of glycine).*** Another

type of modification is the removal of long-chain fatty-acids (deacylation) from the lipid A layer.

Gram-positive bacteria, lacking an OM, have a thick layer of peptidoglycan with LTAs as the outermost
layer. The most frequent modification is esterification of LTA with D-alanine, effectively reducing the
surface charge (Figure 15).2% The D-alanylation may also alter the LTA conformation, increasing the
cell wall density and flexibility, and acting as a physical barrier to linear AMPs.*3* On that note, general
thickening of the cell wall has also been observed as a resistance mechanism against AMPs.**¢ While
all these modifications can occur, the changes in membrane composition are usually associated with
fitness costs,*” ¥ and may be difficult to maintain for the bacteria over an extended period of time.
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Figure 15. lllustration of the D-alanylation of teichoic acids in Gram-positive bacteria. Left: Interaction between the
unmodified TAs and cationic AMPs. Right: Repulsion of the modified TAs and cationic AMPs. Reprinted from Maria-
Neto, S., et al., “Understanding bacterial resistance to antimicrobial peptides: From the surface to deep inside.”
Biochim. Biophys. Acta 2015, 1848 (11, Part B), 3078-3088, with permission from Elsevier.13*

The discussion of AMR in the context of AMPs and SMAMPs is partially ethical in nature as well.
Some voices have been raised, questioning, if resistance induced by SMAMPs could affect our immune
system, due to the similar MoA of AMPs belonging to the immune system and AMP-based drug
candidates. A scenario with increased resistance against the innate immune system would, if it were to
happen, undoubtfully be critical and the current estimations of future deaths caused by AMR would
multiply. However, one could argue that bacteria did not become resistant against the immune system
of higher forms of life over the course of millions of years. This might partially be due to the immune

systems in vertebrates evolving, but they certainly do so at a much slower rate than bacteria express new
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resistances. One possible explanation of the slow buildup of resistance could be that the AMPs act in a

multitude of ways besides membranolytic, but there are still many factors not being understood.

There are indications that resistance to AMPs can be induced, as demonstrated by nisin, a 34-mer AMP,
which has been used as a food biopreservative over decades. A few examples of emerging resistance to

nisin have been reported, however, only under laboratory conditions.**

Based on the knowledge we have today, it is not possible to predict if widespread resistance against
AMPs and their mimics will develop and how this resistance would affect the efficiency of our immune
system. The development of new SMAMPSs possibly raises the stakes and researchers in the field need

to consider their ethical responsibilities.
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2.4 Part B: Aspergilone A, an interesting azaphilone

2.4.1 The importance of marine biofouling

Marine biofouling describes the undesired accumulation of living organisms, including microorganisms,
animals and plants, on submerged man-made surfaces.! %0 Fouling on ship hulls increases the
roughness of the hull’s surface and thereby the frictional resistance, resulting in markedly higher fuel
consumption.’*! As maritime transportation drives 80-90% of the global trade, the shipping industry
suffers huge economic losses per year, due to fouling on ship hulls.#> 3 The most successful way of
preventing fouling is the use of tributyltin-based coatings. However, the general toxicity of tin organyls
towards non-target species has led to their ban in 2008.14° Similar substances are often strictly regulated
as well, due to their environmental risks.**> Consequently, there is an urgent demand for finding

alternative AF agents.

One promising source are, yet again, NPs, produced by marine organisms to prevent fouling on their
outside. The marine polyketide aspergilone A (2) had been shown to exhibit cytotoxic and AF activity.
This dual activity and especially the latter has sparked our interest in 2 and the citrinin-type azaphilones
in general. In the following chapters, the parental class, that is the polyketides azaphilones, are briefly
introduced and some examples from the citrinin-type subclass are given. The chapter closes with a short
discussion on the efforts undertaken towards the synthesis of the azaphilone core and citrinin-type

azaphilones.

2.4.2 General characteristics of azaphilones
Polyketides are one of the structurally most diverse classes of NPs, spanning from simple aromatics to
highly complex structures, while fungi have been regarded as a major source of bioactive polyketides.'**
145 Azaphilones are polyketides isolated from fungi with a wide range of biological activities including
antimicrobial, anti-oxidative, anti-inflammatory, cytotoxic, AF, anticancer and enzyme inhibition.8 144
146, 147 Many of these activities were related to the general ability of azaphilones to react with amine
groups, which are ubiquitously found in amino acids, proteins and nucleic acids in the human body, to
form vinylogous y-pyridones.**” These adducts can easily be detected, due to the color changing to red,
when the pyrane oxygen is replaced with a nitrogen.'*® Structurally, the azaphilones feature an
isochroman scaffold, a bicyclic pyrone-quinone core and at least one quaternary carbon (Figure 16,
green dot).'*® Currently, over 600 naturally occurring azaphilones have been isolated and grouped into
up to 18 categories, based on their structure.’** 146 A comprehensive illustration of the structural
(H)0x /\ HO /\ characteristics of all subclasses was given very recently by Chen
mx \@\/x et al.,'* restricting the subdivision to 13 classes. Some groups
o) X=O.N  oH have focused on the efficient construction of the azaphilone core

Figure 16. Azaphilone scaffold. structure, %13 but there are still many structures not having been

investigated synthetically.
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2.4.3 Citrinin-type azaphilones

One important azaphilone subclass are the citrinin-type azaphilones (Figure 17). The common core,
which is shared by all members, is a bicyclic bisphenol-pyrane structure without any mandatory
substituents (Figure 17, red box).!** The classes eponym, (-)-citrinin (24a), is possibly the most
extensively investigated azaphilone and is produced by several fungal species of genera Penicillium,
Monascus, and Aspergillus.t® 1415 243 was first isolated in 1931,%%° and it was not before 1963 that the
absolute configuration®®® %2 and the tautomeric configuration®® were proposed. The absolute
configuration was confirmed in 1971 by X-ray diffraction studies. #6164 Albeit its antimicrobial activity
being acknowledged,'*° it is more commonly considered a hazardous contaminant of foods and feeds,

just like other mycotoxins. 59 165-167

Most members of the citrinin subclass can be classified based on their degree of polymerization of the
citrinin core (Figure 17, red box). Four main categories have been suggested*®: (1) monomeric
congeners (Figure 17, blue oval), including (-)-citrinin (24a) (2) citrinin dimers containing three to five
rings (Figure 17, orange oval), such as penidicitrinin B (27)8 (3) 7,7’-carbon-bridged citrinin dimers
(Figure 17, yellow oval), for example dicitrinone A-C (29a-c),'®® (4) citrinin trimers containing six or

more rings (Figure 17, green oval), such as tricitrinol B (30).17°

(=)-Citrinin (24a)
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OH Dicitrinone B (29b) R = CH3
Dicitrinone C (29¢) R = H
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Figure 17. The citrinin core structure and several examples from the citrinin subclass of azaphilones.
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As briefly touched upon before, 2 was isolated in 2011 from the marine derived fungus Aspergillus sp.,
which was associated with a gorgonian Dichotella gemmacea in the South China Sea.!® 2 exhibited in
vitro cytotoxicity against HL-60 human promyeloctic leukemia (ICso = 3.2 pug/mL), MCF-7 human
breast adenocarcinoma (ICsp = 25.0 pg/mL) and A-549 human lung carcinoma (ICso= 37 pg/mL).!8
Additional potential AF activity with an ECso value of 7.68 pug/mL was reported.® Its dimer, aspergilone
B, features a rarely found methylene bridge and had been inactive in the biological assays stated above.8
Monomeric colletobredins A-D (25a-d) were extracted from the cultural broth of Colletotrichum
aotearoa BCRC 09F0161, which is a fungal endophyte residing in the leaves of an endemic Formosan
plant Bredia oldhamii Hook. f. (Melastomataceae).*’* 25a-d were the first isochroman glycosides being
reported and showed weak inhibition of NO production in activated macrophages.*™

Pennicitrinones A (26a) and D (26b), isolated from Penicillium citrinum in 2006 and P. notatum B-52
in 2009, were the first examples of coupling products of 24a and 2,3,4-trimethyl-5,7-dihydroxy-2,3-
HGY1-5, exhibited an interesting linkage between a decarboxydihydrocitrinin and phenol A.% Isolated
from Peyronellaea glomerate in 2018, peyronellone B (28) featured a rare tetracyclic caged structure,
supposedly derived from a Diels-Alder cycloaddition between the azaphilone and pyruvic acid.™* A

significant hypoxia-protective effect of the same magnitude as verapamil was reported.*’

The unique carbon-bridged dicitrinones A and B (29a and 29b) were isolated as a mixture of two
atropisomers from P. citrinum 11GY1-5.% The n-propyl (29a) and methyl (29b) substituents on the
bridging carbon restricted the free rotation, an effect that was not observed for methylene bridged 29c.

Derivative 29b demonstrated the strongest cytotoxic effects against two leukemia cell lines.

Tricitrinol B (30) is the first known citrinin trimer and was isolated in 2011 from P. citrinum.*’® The
pentacyclic partial structure was hypothesized to have formed from two citrinin monomers via a
heterocyclic Diels-Alder reaction, followed by the coupling to a third citrinin unit. 30 was found to be
a 7:5 mixture of the 10S and 10R diastereomers and showed comparatively good activity against 17

tumor cells with low 1Cso values in the range of 1-10 uM.*"°

2.4.4 Synthesis of the azaphilone core and citrinin-type derivatives

Approximately 25 total syntheses of members of the azaphilone family have been reported, including
racemic and enantioselective approaches.!** 146 175 While azaphilones have diverse structures,
pyronoquinones and pyrylium salts are highly relevant intermediates or precursors for the synthesis of

the former.150-152. 176 A general synthesis towards the azaphilone core is outlined in Scheme 1.
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Scheme 1. General synthetic strategy towards the azaphilone core. LA = Lewis Acid. Reprinted with permission
from Chem. Rev. 2013, 113, 4755-4811.146

Readily available alkynes 32 were coupled under Sonogashira conditions with the substituted 2-
bromobenzaldehde 31 to yield o-alkynylbenzaldehyde 33.1%2 Under Lewis Acid (LA) catalysis (Au(l11)
or Cu(I1)) the 2-benzopyrylium salts 34 were formed, and the latter ones were subsequently oxidized by
2-iodoxybenzoic acid (IBX)*% **1 or lead tetraacetate (Pb(OAc)4)*"" 17 to the desired isochromene 35.17°
An alternative approach towards chloroazaphilone reported by Wei et al., utilized a one-pot
HCIO4/HOAC mediated condensation of an aromatic aldehyde with an aliphatic ketone to the pyrylium
salt and subsequent Pb(OAc), mediated oxidation delivered chloroazaphilone.'* Starting from a similar
intermediate, but using a chemoenzymatic strategy, Pyser et al. could access both sterecisomers of the
azaphilone core 35 in a high yields and enantiomeric excess.

Only a handful of total syntheses of the citrinin-type analogues have been reported until now, differing
from the approach shown in Scheme 1. Some partial syntheses of (-)-citrinin 24a starting from phenol
A, a degradation product of the former,!8-18 and various synthetic analogues were reported.® 181183, 184
Only one year after the first report of a diastereoselective total synthesis of citrinin in 1986, the same
researchers developed an enantioselective modification towards the unnatural analogue (+)-citrinin
(24b) (Scheme 2, top).1® Starting from o-ethylbenzoic acid ethyl ester 36, they could generate an
enantioenriched o-toluate carbanion, which, upon reaction with acetaldehyde, delivered an unfavorable
3:1 mixture of erythro-38 and threo-lactones 39. Erythro-lactone 38 could be converted into the desired
threo-lactone 39 by a three-step sequence including hydrolysis, oxidation of the secondary alcohol to
the ketone and subsequent stereoselective reduction with sodium borohydride. During the process they
did not observe any noteworthy racemization. Cleavage of the phenolic methyl ethers with boron
tribromide (BBrs3) and ensuing reduction with bis(2-methoxyethoxy)aluminium hydride delivered 3. As
previously reported,8!-18 carboxylation of 3 with carbon dioxide and followed by treatment with triethyl
orthoformate furnished enantiopure 24b. Despite having made the unnatural enantiomer of citrinin, their

strategy would allow for the synthesis of 24a as well, using the enantiomer of the chiral base 37.

Rodel et al*®” started from bromobenzene 40 to prepare the corresponding aryl Grignard reagent
(Scheme 2, middle). Treatment of the aryl Grignard with (2S)-trans-(-)-2,3-dimethyloxirane, 88 18° and
1,5-dicyclooctadienecopper(l) and magnesium bromide as catalysts, delivered erythro-alcohol 41.
Needing the threo-configuration, they utilized a Mitsunobu reaction to invert the configuration at C-2
to produce diastereomer 42. Removal of the benzyl protecting groups by palladium mediated

hydrogenation delivered phenol A (43).
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Scheme 2. Synthetic routes towards the unnatural (+)-citrinin (24b), natural (=)-citrinin (24a) and stoloniferol B (51).
R = 2-methoxyethoxy.

The same sequence, as used by Regan et al., furnished 24a in 99% ee. While delivering the enantiopure
natural product, the need for adjusting one of the stereocenters after its introduction added additional
synthetic steps.

Only recently three more members of the citrinin-type azaphilones were prepared by Ohashi et al.*®
They first have synthesized stoloniferol B (51), which then was used as the starting point for the
synthesis of penicitol A and fusaraisochromanone, culminating in the structural revision of the latter.
Not starting from a benzene derivative, they utilized a vinylogous Mukaiyama aldol reaction between
44 and paraldehyde 45 (Scheme 2, bottom), achieving excellent stereoselectivity for the threo-adduct
46. The conversion of alcohol 46 to acetoacetate 47, utilizing methyl acetoacetate, proceeded smoothly
via a ketene intermediate. Upon removal of the chiral auxiliary under basic conditions, they obtained a
bislactone which was converted into methyl ester 48 by methanolysis. Enol ether 49 was formed from
B-ketolactone 48 by treatment with K,COs and dimethyl sulfate. For the formation of cyclohexenone
50, the y-position of the B-methoxy-a,B-unsaturated carbonyl of 49 was deprotonated with sodium
hexamethyldisilazide (NaHMDS) to trigger a vinylogous Diekmann cyclization. The authors obtained
a mixture of C-5 epimers 50 and found that the (R)-epimer delivered considerably higher yields in the
subsequent oxidation with 2,3-dichloro-5,6-dicyanoquinone (DDQ) to the corresponding phenol. The
unfavorable C-5 (S)-epimer could be epimerized under acidic conditions with p-toluene sulfonic acid
(p-TsOH), prior to the oxidation. Lastly, de-O-methylation with BBr; completed the first total synthesis
of 51.
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These examples illustrate the efforts put forward to access citrinin-type azaphilones. Enantioselective
syntheses of 24a and 24b have been achieved, but in both cases the absolute configuration of one
stereocenter needed to be adjusted after its introduction. The enantioselective Mukaiyama aldol reaction
is an elegant way to introduce the stereocenters, but since it is substrate controlled, it calls for the

construction of different starting materials if other diastereomers were to be synthesized.
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3 General discussion of results from the thesis

In the following chapters 3.1-3.4, the synthesis and evaluation of eusynstyelamide mimics is discussed
(part A in chapter 1.1 Aim of the thesis). Three generations of compounds were developed (Figure 18)
to address the research questions formulated in the aim: (1) Can the butyrolactam core be replaced
without the compound losing its antimicrobial activity (1% generation); (2) What structural combinations
are the most favorable (2" generation) and (3) Will the findings transfer to other core structures (3"
generation). The insights gained from each generation of compounds are compiled in papers | — I11.
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Figure 18. Generations of the compounds developed and studied in this thesis.
In chapter 3.5 the retrosynthetic analysis of aspergilone A (2) and the forward synthesis towards the
intermediate ent-phenol A (3) are discussed (part B in chapter 1.1 Aim of the thesis) (Scheme 3). The

current progress of our efforts is presented and the challenges ahead are pointed out. The synthetic

achievements are summarized in paper IV.

ent-Phenol A (3) @ Aspergilone A (2)

Scheme 3. General approach towards aspergilone A (2) via ent-phenol A (3).

3.1 1% Generation of N,N’-dialkylated-5,5-disubstituted
barbiturates (paper I)

3.1.1 Introduction

To study mimics of the eusynstyelamides, a decision needed to be made on which structural features
were to be investigated. As stated before, the eusynstyelamides fulfill the pharmacophore model of
AMPs'® and we therefore hypothesized that their amphipathic nature was of greater importance than
their butyrolactam core (Figure 19, left). Although a racemic synthesis of eusynstyelamide A was
published in 2010,% the dihydroxybutyrolactam ring seemed too complex to allow for the efficient

construction of a compound library.
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Ar = halogenated aromatic aryls or naphtyls

Figure 19. Left: General structure of the eusynstyelamides. Right: General structure of the barbituric acid mimics.
Brackets indicate the presence of either the amido or guanidino group.

We reasoned further that if the core of the eusynstyelamides is not part of the pharmacophore according
to the model,*® it should be interchangeable. We, therefore, decided to replace the

dihydroxybutyrolactam ring with a much simpler barbituric acid core (Figure 19, right).

Barbituric acid, commonly known as barbiturate, offered several advantages: (1) Barbituric acid is an
achiral, well-known building block in drug design®® and is found in drugs, which are used for a wide
range of clinical indications.1922% (2) Many synthetic methods for the de novo synthesis?®2% and
modification?°% 205-27 of barbituric acids are reported. (3) The substitution pattern allows for segregation
of the cationic and lipophilic sides. (4) The trans-relationship of the lipophilic side chains in
eusynstyelamides!* could be retained by the gem-dibenzylation of the tetrahedral carbon of the

barbituric acid.

Using the 5,5-disubstituted barbituric acid as a premise for further planning, the n-butyl hydrocarbon
linkers required to be attached to the imide nitrogens. We decided to incorporate either two amine or
two guanidino groups, but no combination of the two. Coinciding with the naturally occurring 6-
bromoindole in eusynstyelamides, several groups have reported the successful introduction of
(pseudo)halo aryls in SMAMPs, albeit the use of aromatic heterocycles is rare.?%2!! In medicinal
chemistry, halogens and especially fluorine are often introduced into aromatic systems to retard or even
prevent metabolic degradation by oxidation, hydroxylation or epoxidation of the aromatic ring.?'% 13
We therefore decided to focus on promising halogenated side chains, which were evaluated in previous
studies of our co-workers.?**21¢ Those included 3,5-bis(trifluoromethyl)benzyl, 3,5-dibromobenzyl, 4-
bromo-3-chlorobenzyl, 4-fluoro-1-naphtyl, 2-naphtyl, 4-(tert-butyl)benzyl, 4-(trifluoromethyl)benzyl
and 3,5-bis(tert-butyl)benzyl.
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3.1.2 Summary of the synthetic work

We attempted to develop a convergent synthesis to quickly access the tetrasubstituted barbiturates by
coupling N,N’-dialkylated ureas with dialkylated diethyl malonates (Scheme 4 and PI, Supporting
Information). The idea was to have various derivatives of both building blocks to be able to synthesize
the target barbiturates in two steps on demand. We chose an n-ethyl linker over the intended n-butyl
linker because longer chains may hamper the cyclisation under basic conditions. 2,5-dimethylpyrrole
was chosen as the protecting group to reduce the number of potential reactive centers and due to its
stability under a wide range of conditions.

Starting from ethylendiamine, hexane-2,5-dione and catalytic amounts of chloramine-T, we could
access the mono 2,5-dimethylpyrrole protected diamine PI-B in 93% yield. Two equivalents of the
primary amine readily reacted with 1,1°-carbonyldiimidazole (CDI) to deliver N,N -disubstituted urea
P1-C in 78% yield. CDI served here as a safer alternative to phosgene. We then tried to cyclize PI-C
with substituted and unsubstituted diethyl malonate derivatives PI-D1 to PI-D3 (Scheme 4, upper

pathway).
o o
E OMOE = i -
t t
K NN~ AN
PI-D1R®=H O)?(}O
PI-D2 R® = 4-tBuBn '? R
PI-D3 R3 = 3,5-di-BrBn PI-E1R®=H
Nz e = 0 = 0o = PI-E2 R® = 4-tBuBn
AN NV2 a — X 3_ .
H,N 2, HZN/\/N 7 25 N\ N\/\HJJ\”/\/N Y o . PI-E3 R® = 3,5-di-BrBn
PI-A PI-B PI-C 1JJ\/U\ ) = o) =
R R \ N\/\NJ\N/\/N Y4
PI-D4R'=R?=ClI M
PI-D5R"=R? = OH ° ©
PI-D6 R' = OEt, R>=ClI PILE1

Scheme 4. Unsuccessful strategy towards di- and tetra-substituted barbituric acid derivatives. Reaction conditions:
a) hexane-2,5-dione, chloramine-T, MeCN, r.t., 1 h, 93%; b) CDI, DIPEA, DCM, r.t.,, 18 h, 78%. Adapted with
permission from Paulsen et al., J. Med. Chem. 2021, 64, 15, 11395-11417.27

Neither strongly basic conditions (KOtBu, Na, NaH) to activate the urea, nor strongly Lewis acidic
conditions (Al(Me)s, TiCly, Ti(OiPr), BFs*OEL,) to activate the malonate led to any conversion to PI-E.
Employing NaH under p-wave irradiation led mostly to decomposition of the starting material and
delivered fragments of the product. We changed the strategy to the use of more reactive carboxylic acid
derivatives (Scheme 4, lower pathway). Unsubstituted malonic acid was treated with N,N’-
diisopropylcarbodiimide (DIC) or N,N’-dicyclohexylcarbodiimide (DCC), followed by the N,N’-
dialkylated urea P1-C but no reaction took place. Reasoning that the O-acylisourea intermediate was
not electrophilic enough, we decided to employ highly electrophilic acid chlorides. Treating PI1-C with
malonyl chloride led to an insoluble solid, most likely being a polymer. As the di-acid chloride was too

electrophilic, we speculated that ethyl malonyl chloride would form one amide bond with the urea at
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low temperature and then cyclize to form the barbiturate upon warming. Unfortunately, slow addition
of ethyl malonyl chloride to a solution of PI-C at -78 °C yielded only some of the mono addition product
and mostly the di substituted urea. The lack of either reactivity or control of the reaction pathway let to

abandonment of this approach.

We were able to synthesize the target structures according to a sequence developed by co-workers
(Scheme 5). Diethyl malonate P1-1 was dialkylated with the respective aryl or naphthyl bromides in
moderate to excellent yields. Ensuing NaH mediated cyclisation with urea in dimethylformamide
(DMF) delivered the 5,5-disubstituted barbiturates PI-3(a-h) in 27-92% yields. N,N’-dialkylation was
carried out with an excess of 1,4-dibromobutane in the presence of K,COz in DMF to deliver the
tetrasubstituted barbiturates P1-4(a-h). Sn2 substitution of the bromides to the corresponding azides
P1-5(a-h) proceeded in moderate to quantitative yields (68-100%). Reduction of the azides with NaBH4
and a catalytic amount of propane-1,3-dithiol, followed by addition of Boc,O delivered the N-Boc
protected amines. Boc protection was crucial to obtain the compounds in high purity and meaningful
yields. TFA mediated Boc removal gave the primary amine barbiturates P1-6(a-h). The yields ranged
from 7-90% for the three-step process starting from azides PI1-5(a-h). The amines could be converted
into the respective Boc-protected guanidine barbiturates P1-7(a-h) by employing N-Boc-1H-pyrazole-
1-carboxamide in THF. The Boc-protected intermediates were purified before treatment with TFA in
DCM to yield the desired barbiturates P1-7(a-h) in 11-65% yields over two steps (025).

[0}

0]
Brao s B
St L dm, Y a0,
P N i» P N ﬂ» i»
(o) (0) (0) O o o o o
Ar Ar Ar Ar Ar Ar
PI-1 Pl-2(a-g) Pl-3(a-h) Pl-4(a-h)
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a (4-CF3) b (2-Nal) ¢ (4-F-1-Nal) d (4-Br, 3-Cl) e (3,5-di-Br) f (3,5-di-CF3) g (4-tBu) h (3,5-di-tBu)

Scheme 5. Successful synthetic strategy towards the 15t generation mimics. Experimental conditions: (a) ArCH2Br,
base, DMF; (b) urea (dry), NaH, DMF (dry); (c) 1,4-dibromobutane, K2.COs, DMF; (d) NaNs, DMF; (e) (i) NaBHa4,
1,3-propanedithiol, THF:isopropanol 1:1 then (i) Boc20; (iii) CH2CI/TFA; (f) (i) N-Boc-1H-pyrazole-1-
carboxamidine, THF; (ii) CH2Cl2/TFA. Purified using C-18 flash chromatography. Adapted with permission from J.
Med. Chem. 2021, 64, 15, 11395-11417.

32



3.1.3 Summary of the biological studies

MIC evaluation

All compounds were screened against antibiotic susceptible laboratory strains (Table 1) and 30 multi-
resistant clinical isolates. Both screenings delivered the same trends, of which some are highlighted in
the following summary. As a measure of systemic toxicity, the ECso values of the haemolysis of human
red blood cells (RBC) were used.

Table 1. Antimicrobial activity (MIC in pg/mL) against bacterial reference strains and haemolytic activity against
human RBC (ECso in pg/mL) for all compounds in paper I.

® 0 ® ® H JOL H ®
HsN\/\/\NJj\N/\/\/NH3 HZNYN\/\/\N N/\/\/N NH,
o%o Nz 0%0 N
Ar Ar Ar Ar
PI-6(a-h) PI-7(a-h)
Antimicrobial activity
Entry Comp. ID Ar ClogP S C 3 Ec P2 ECso
1 Pl-6a (4-CF3) 3.52 64 4 128 64 >398
2 P1-6b (2-Nal) 3.82 8 1 16 16 250
3 Pl-6¢c (4-F-1-Nal) 3.96 4 1 16 8 160
4 PI1-6d (4-Br, 3-Cl) 4.08 4 1 4 8 172
5 Pl-6e (3,5-di-Br) 4.37 4 1 16 16 79
6 P1-6f (3,5-di-CF3) 441 16 4 4 8 177
7 Pl-6g (4-tBu) 4.47 4 1 2 4 145
8 Pl-6h (3,5-di-tBu) 6.29 1 0.25 8 64 <5
9 Pl-7a (4-CF3) 3.52 2 0.25 8 64 >449
10 PI-7b (2-Nal) 3.82 1 0.25 1 8 133
11 PI-7c (4-F-1-Nal) 3.96 1 0.25 1 4 90
12 PI-7d (4-Br, 3-Cl) 4.08 0.5 0.25 2 8 77
13 Pl-7e (3,5-di-Br) 4.37 1 0.25 2 4 62
14 PI-7f (3,5-di-CF3) 441 2 2 2 8 98
15 Pl-7g (4-tBu) 4.47 1 <0.13 2 4 77
16 PI-7h (3,5-di-tBu) 6.29 1 0.25 4 4 <6
17 Oxytetracycline 0.65 0.65 25 20

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, C. g — Corynebacterium glutamicum ATCC
13032, E. ¢ — Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa PA01, DSM 19880 (ATCC
15692). 2Side chain Clog P was calculated for a substituted toluene, 1-methyl-Nal, or 2-methyl-Nal (ChemBioDraw
Ultra v19.0.0.1.28).  Values given as greater than correspond to the highest concentration (500 uM) tested in the
RBC assay.

The amine guanidines PI-6 (entries 1-8) were generally less potent and less haemolytic than their
guanidyl counterparts PI-7 (entries 9-16). Most of the derivatives showed a higher potency against
Gram-positive strains compared to Gram-negative strains. The potency for all strains, regardless of the
cationic head group, increased with higher CLogP values of the lipophilic side chains and the haemolytic
activity followed the same trend. Only amine PI-6f (3,5-di-CFs3, entry 6) and guanidine P1-7f (3,5-di-
CF3, entry 14) were notably less active than the lipophilicity of the side chains would suggest. Of note,

barbiturates PI-6e and PI-7e (3,5-di-Br, entries 5 and 13), having the same substitution pattern as
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P1-6f/7f (3,5-di-CFs, entries 6/14), were 2-4-fold more potent than the latter ones. The electron
withdrawing CF3 groups may lead to an unfavorable polarization of the aromatic ring and thereby impair
its ability to interact with the lipid membrane. Derivatives carrying 3,5-bis-(tert-butyl) groups, PI-6h
(entry 8) and PI-7h (entry 16), were highly active but too haemolytic for systemic application.

The most promising mimics were the amine barbiturate P1-6e (3,5-di-Br, entry 5) and the guanidine
derivatives PI-7c (4-F-1-Nal, entry 11), P1-7e (3,5-di-Br, entry 13) and PI-7g (4-tBu, entry 15), due to
their good broad-spectrum activity and limited haemolytic activity.

In vivo studies

Having established the general activity of our compounds against antibiotic susceptible strains and
multidrug resistant clinical isolates, we tested the in vivo efficiency of guanidyl derivative PI-7e (3,5-
di-Br). Using an established murine peritonitis model, we could show that P1-7e (3,5-di-Br) ledtoa 1.7-
log (98%) decrease in bacterial load of E. coli for a single treatment of 1.4 mg/kg. The same treatment
led to a 1.0-log (90%) reduction in bacterial load of K. pneumoniae compared to a vehicle negative
control. Despite those promising results the maximal tolerated dose (MTD) of 7 mg/kg poses some
limitation. Further pharmacokinetic and administrational studies may help to mitigate that limitation.

MOoA studies

Compounds PIl-6e (3,5-di-Br) and PI-7e (3,5-di-Br) were used to study the bacterial viability and
membrane integrity utilizing two luciferase-based biosensor assays in Bacillus subtilis 168 and E. coli
HB101.218 21° Both compounds exhibited an immediate and strong membranolytic effect for both strains
in a concentration-dependent manner. The Gram-positive B. subtilis seemed to be affected faster than

Gram-negative E. coli.

For B. subtilis a membranolytic effect was observed as soon as the viability of bacterial cells was
reduced. For E. coli the correspondence was not as linear. For both compounds the bacterial viability
decreased in a concentration-depended manner. The membranolytic effect, however, was much slower
leading to a suggested total metabolic shutdown according to viability assay, while a substantial part of
the bacterial population had an intact membrane. This finding was most pronounced for guanidyl

derivative PI-7e (3,5-di-Br) and may indicate an additional target along with the cytoplastic membrane.
Conformational analysis and membrane interaction simulations

To further investigate the interaction of our amphipathic barbiturates with the bacterial membrane
surface, we determined the most stable conformers in aqueous solution by density functional theory
(DFT) geometry optimization and nuclear magnetic resonance (NMR) spectroscopy and carried out a

membrane interaction simulation.

We found three minimum energy conformations for guanidine P1-7e (3,5-di-Br) mainly differing in the
orientation of the lipophilic side chains. Conformation PI-7e., in which the side chains and the

barbituric acid were forming a W-shape, had the lowest energy followed by P1-7eyp-down, Where one side
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chain was pointing up and one down, and PI-7eqown, in Which both side chains were pointing down,
respectively. Analysis of the rotating frame Overhauser enhancement spectroscopy (ROESY)
interactions in NMR confirmed a geometrical arrangement similar to PI-7ey,. The presence of a micelle
forming agent (sodium dodecyl sulfate, SDS) led only to minor changes in the spatial arrangement,

namely the n-butyl linkers being closer to the lipophilic side chains.

To further investigate the membrane interactions we used molecular dynamics simulations with an E.
coli inner membrane (IM) model?® for selected compounds. In a simpler model, the membrane can be
envisioned as a phospholipid bilayer with a pad of water above and underneath. At the start of the
simulation, the compounds were placed above the lipid bilayer in the water pad, having the up
conformation. The system was then allowed to evolve for a total of 260 ns. Most of the barbiturates
inserted rapidly (between 7-35 ns) into the membrane and resided there for the rest of the simulation.
For several compounds, a single change from the up to the up-down conformation was observed during
the simulation. Only P1-6a (4-CF3) exhibited more conformational flexibility, shifting multiple times
between the up and the up-down orientation. Additionally, P1-6a (4-CF3) did not remain in the bilayer
after the first insertion but left the membrane and re-inserted several times. This fluctuating behavior
may account for the low activity (MIC: 128 pg/mL) of Pl-6a (4-CFs3) against E. coli.
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3.2 2" Generation of  N,N’-dialkylated-5,5-disubstituted
barbiturates (paper Il)

3.2.1 Introduction

Having established the in vitro and in vivo efficiency of the new tetrasubstituted barbiturates, we wanted
to improve the therapeutic index (balance between antimicrobial potency and haemolytic activity), in
search of further lead structures with potential broad-spectrum application. We planned a 2" generation
of derivatives having the general structure shown in Figure 20. We wanted to keep the barbituric acid
core unaltered, while systematically investigating the contribution of the cationic groups, linkers and
lipophilic side chains towards the compounds’ antimicrobial potency and haemolytic activity. The
compounds of the 1% generation had shown similar trends of potency against antibiotic susceptible and
resistant strains. We therefore decide to only screen against susceptible strains, which reduced the
workload substantially.

hydrocarbon

linker \N

hydrocarbon _’
/ linker

Yo

O

lipophilic Ilpophlllc
side chain 1

2"d Generation

XZ

Figure 20. General structure of the 2" generation mimics of the eusynstyelamides.

3.2.2 Design of the compounds and the synthetic strategy

The compounds were grouped into 5 series varying one moiety at a time, while keeping the rest of the
molecule unaltered. The focus of each series was as follows: (1) cationic groups, (2) new lipophilic side
chains, (3) a combination of two different lipophilic side chains (the side chains were selected based on
the screening results from paper | and paper I, series 2), (4) different hydrocarbon linkers and (5)

combinations of the most promising structural elements from series 1-4.

In the following discussion a capital A denotes R® = amine and a capital G denotes R® = guanidine in
the compound codes. If the descriptor is omitted, both the amine and the guanidine derivatives are being

referred to.
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3.2.3 Synthesis

3.2.3.1 General synthetic strategy

To account for the greater number of derivatives needed, we envisioned a shorter synthetic approach
(Scheme 6), consisting of three main steps: (1) C-5 dialkylation of barbituric acid P11-6 to obtain 5,5-
disubstituted derivatives P11-7 (R! = R?) and P11-10 (R # R?); (2) N,N -dialkylation of P11-7 and P11-10
and (3) further transformations. For each step we used different methods, depending on the target
structures and the availability of starting materials. In the following chapters the synthesis of all target

structures is presented in more detail.
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07 XL o
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_X X X X _X X
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R1 RZ 1 R2 R‘l R2

PII-7 or PII-10

Scheme 6. New synthetic strategy towards tetrasubstituted barbiturates. Method 1: Sn2 alkylation with alkyl
bromides. Method 2: Mitsunobu reaction.

3.2.3.2 C-5dialkylation of barbituric acid

Commercially available barbituric acid P11-6 could be 5,5-dialkylated with either benzy! or alkyl halides
in the presence of sodium bicarbonate in PEG-400 at elevated temperatures to deliver compounds PI1-7
in 5-92% vyield (Scheme 7). The synthesis of mono-5-substituted barbituric acids is only possible by
utilizing indirect methods, as the alkylated barbiturate P11-9 is more nucleophilic than the unsubstituted
barbituric acid P11-6.2%* Therefore, a Knoevenagel condensation between 3,5-dibromobenzaldehyde and
barbituric acid P11-6 was utilized to deliver P11-8 and the latter one could be reduced with NaBH, in
ethanol to 5-mono-alkylated barbiturate P11-9.

L 1 1 1
o}
HNJ\NH NI G HNT SNH HNT ONH HN” “NH
i) : HN NH i) iii) iv)

OMO P AN oY o § o o~ > © Yo
R" R :O c-5 O: Br. Br R
Pll-7 : PII-6 J

Br Br
Br Br
PII-8 PII-9 PII-10

Scheme 7. Synthesis of core structures PlI-7 and PII-10. Reaction conditions: i) Alkylating agent, NaHCOs3,
PEG-400, 45-100 °C, 5-92%; ii) 3,5-dibromobenzaldehyde, H2O/EtOH (3:1), 105 °C, 58%; iii) NaBHa4, EtOH, 70 °C,
80%; iv) Alkylating agent, NaHCOs3, PEG-400, 50-100 °C, 5-61%.
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Next, using the aforementioned alkylation conditions, differently 5,5-disubstituted barbiturates P11-10

could be obtained. The yields ranged from 2-28% for the three-step process.

3.2.3.3 N,N’-dialkylation and further transformations

To introduce the alkyl linkers, we wanted to use either alkyl halides (Scheme 6, method 1) or aliphatic
alcohols (method 2) in a Mitsunobu reaction. As many aliphatic amino alcohols are commercially
available, this approach presents a straightforward way to quickly introduce different types of linkers.
An additional advantage of the second method is the possibility to use secondary and tertiary alcohols,

whereas the corresponding alkyl halides are challenging substrates.

Having the desired intermediates PII-7 and P11-10 in hand, we could use one of two methods to
introduce alkyl linkers as shown in Figure 21. For series 1, 3,5-dibromobenzyl containing barbiturate
was treated with 1-bromo-4-chlorobutane under basic conditions to introduce the linker bearing a
halogen leaving group (method 1). The terminal chlorine could be substituted with a suitable amine (R®)

to yield compounds Pl1-1(a-d).

For series 2 and 3, either N-Boc-4-amino-1-butanol or N,N’-di-Boc-4-guanidino-1-butanol was used as
the alkylation reagent to yield the final amine and guanidine groups, respectively (Scheme 6, method 2).
The alcohols could be coupled with 5,5-disubstituted barbiturates P11-7 and P11-10 under Mitsunobu
conditions with PPh; and diisopropyl azodicarboxylate (DIAD) in DCM. The resulting products were
treated with TFA in DCM to remove the Boc protecting groups and deliver the final compounds
P11-2(a-f) and P11-3(a-g).

The same synthetic protocol (method 2) was used for series 4, only utilizing commercially available N-
Boc protected amino alcohols as coupling partners. After removal of the Boc group, the primary amines
Pll-4(a-g)A could be guanylated by use of commercially available N,N’-di-Boc-1H-pyrazole-1-
carboxamidine. Ensuing TFA mediated Boc removal delivered the final guanidyl barbiturates
Pll-4(a-g)G.

For series 5, we reverted to method 1, employing N-Boc-3-bromopropylamine under basic conditions
for the N,N’-dialkylation. The previously attempted Mitsunobu protocol did deliver the desired products,
but in some cases purification posed a major issue. After acidic removal of the Boc groups the obtained
amine barbiturates PI1-5(a-g)A could be converted to their guanidyl counterparts P11-5(a-g)G as

described for the compounds in series 4.
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Figure 21. Overview of all synthesized derivatives. For R a capital A denotes amine groups and a capital G

denotes guanidine groups.
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On a short note, the Mitsunobu reaction (method 2) usually delivered higher and more reproducible
yields than when using alkyl halides (method 1). Only derivatives with extensively brominated side
chains suffered from low solubility and therefore reduced yields. For some derivatives, removal of the
reduced DIAD, which is formed during the course of the Mitsunobu reaction, by column
chromatography proved to be challenging. The problem could be mitigated by trituration of the final
products with Et,0.

In summary, our newly devised synthetic strategy could deliver both amine and guanidyl barbiturates
in as little as 3 steps in the case of identical lipophilic side chains.

3.2.4 Summary of biological results

MIC studies

59 compounds were evaluated for their antimicrobial potency expressed by their MIC values and their
systemic toxicity expressed by the ECsy values for haemolysis in the RBC assay. A selection of
compounds is given in Table 2 and in the following, some of the major trends are pointed out. A full

overview of all MIC values is shown in Tables 1-5 in paper Il.

Series 1

(Poly)-methylation of the primary amines led to the loss of activity against P. aeruginosa, supposedly
due to the lower effective charge of the cationic groups (Table 2, entries 1 and 3). Previously employed
amine and guanidine head groups delivered the highest broad-spectrum activity.

Series 2 and 3:

As found before, the antimicrobial potency and haemolytic activity were mainly influenced by the
lipophilicity of the side chains. The higher the lipophilicity, the more potent and the more haemolytic
the compounds were. CLogP values of the side chains exceeding 4.50, led to high haemolytic activity
and an unfavorable solubility profile. The combination of two different lipophilic side chains proved to

be an effective way to “fine-tune” the overall lipophilicity.

Series 4:

N-pentyl, n-hexyl, cyclobutyl and cyclohexyl linkers exhibited similarly high antimicrobial potency, but
demonstrated comparatively high haemolytic activity. The least haemolytic combination was an n-
propyl linker and a guanidine head group, followed by an ethyl linker and a guanidine head group.
Interestingly, the guanidyl derivatives with ethyl and n-propyl linkers demonstrated a decrease in
haemolytic activity compared to their amine counterparts. This trend opposed our previous findings in
paper |, where guanidyl derivatives bearing n-butyl linkers were more haemolytic than their amine

analogues.
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Series 5:

The most promising combination for broad-spectrum activity was an n-propyl linker and guanidyl
cationic group. Using this combination, either, barbiturates carrying two identical or two different
lipophilic groups, could be converted to promising candidates with low haemolytic toxicity (Table 2,

entries 4-6).

Several promising compounds could be identified (Table 2), of which some were mainly active and
selective towards the Gram-positive strains (entries 1-2), others being active against Gram-positive
strains and E. coli (entries 3-4) or all tested strains (entries 5-6). Selectivity was evaluated by means of
the selectivity index (SI = ECso/MIC), which is a measurement of the preference of a given compound

towards bacterial cells. The higher the Sl value is, the better is the selectivity towards bacterial cells.

Table 2. Antimicrobial activity (MIC in pg/mL) against bacterial reference strains, haemolytic activity against
human RBC (ECso in pg/mL) and selectivity index (S| = ECso/MIC) for selected compounds from paper II.
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Pll-1c PIl-3aG Pil-1d
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2 o NH, 2 Q NH,
A N/\/\NJ\N/\/\H NH HN N/\/\N/U\N/\/\N NH, HZNJ\H/\/\NJLN/\/\NJ\NH?
PN " oZ >0 § o 0 "
o Br %D\Br FaC DCF3
o Br B/ FsC CFs
PIl-59G PIl-4bG PIl-5¢G
Entry  Comp. ID Antimicrobial activity ECsg? SI (ECso/MIC)®
S.a B.s E.c P.a S.a B.s E.c P.a
1 Pll-1c 4 8 128 256 >539 >135 >67 - -
2 P11-3aG 2 4 32 32 450 225 113 - -
3 Pll-1d 2 4 8 128 >559 >280 >140 >70 -
4 P11-59G 1 1 2 16 169 >169 >169 85 11
5 Pl1-4bG 2 2 4 8 187 93 93 47 23
6 P11-5eG 4 2 8 16 445 111 222 56 28
7 Ciprofloxacin 0.06 0.03 0.03 0.25

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B.s — Bacillus subtilis 168, E. ¢ —
Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa ATCC 27853. 2 Values given as greater than
correspond to the highest concentration (500 pM) tested in the RBC assay. ? No S| was calculated if the MIC was
>16 pg/mL. —: not determined. Sl values >20 are considered good.

Counterion effect

When the CLogP value of the lipophilic side chains rose above 4, the water solubility of the respective
derivatives dropped below 1 mg/mL. For basic active pharmaceutical ingredients hydrochloride salts
are the most used??? and known to improve water solubility.??* We chose five amine and six guanidine

barbiturates in the form of their di-TFA salts, of which three amines and four guanidines were not water
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soluble. After conversion into their di-HCI salts, all amine and two additional guanidyl derivatives
became water soluble. The MIC and RBC values were evaluated again, revealing only slight changes in
their haemolytic toxicity for most of the derivatives. The changes could mostly be attributed to the lower
molecular weight of the di-HCI salts compared to the di-TFA salts. Interestingly, most of the derivatives
demonstrated slightly better antimicrobial potency against the Gram-positive strains by 1-2 titer steps.
One possible explanation could be a change in the dissociation rate of the anionic counterions, leaving
the cationic head groups more exposed and thereby enhancing their ability to interact with the negatively
charged bacterial membrane.

Mode of Action

In paper | we had already demonstrated the membranolytic effects of N, N ’-dialkylated-5,5-disubstituted
barbiturates. We now investigated additional 17 narrow-spectrum barbiturates against Gram-positive
strains and 14 broad-spectrum derivatives, spanning the chemical space employed in this study. Using
again our luciferase-based biosensor assays, we could confirm the concentration-dependent membrane
disruption of practically all compounds tested for the cytoplastic membrane in B. subtilis and E. coli.
Additionally, broad-spectrum barbiturate P11-3bG (3,5-di-BrBn; 4-CFsBn) was evaluated for its effect
on the OM of E. coli, by using the hydrophobic 1-N-phenylnaphthylamine (NPN) fluorescent probe. For
low concentrations (0.8x MIC) the permeability of the OM increased, but the bacterial cells were still
viable. At higher compound concentrations (6.4-12.8x MIC) the OM was disrupted at a similar rate as
the IM. The additional results in this paper suggest a concentration-dependent disruption of the OM and

IM as the primary mode of action.

3.2.5 Additional results not included in paper Il

When first investigating the behavior of different cationic groups, amidines were considered as a very
interesting link between the primary amines and guanidines. From the methods available, the Pinner
reaction is one of the oldest.??4% |t proceeds through the formation of an imino ether hydrochloride
(known as Pinner salts) from a nitrile precursor, by treatment with gaseous HCI in an alcoholic solvent.

Pinner salts can react with a range of nucleophiles, including ammonia to produce primary amidines.?**

The 5,5-dibenzylated barbituric acids P11-7 were N,N-dialkylated with 4-bromobutanenitrile in 7-85%
yields under the conditions used in method 1 (vide supra) (Scheme 8, exemplified with PII-7g).
Interestingly, the vyields were usually lower compared to the alkylations using N-Boc-3-

bromopropylamine.

Having the nitrile containing barbituric acid derivative 52 in hand, we employed slightly modified
Pinner reaction conditions to convert the nitriles into amidines. We decided to use HCI dissolved in
anhydrous MeOH instead of gaseous HCI, followed by ammonia in methanol. Unfortunately, we could
identify neither the imino ether nor the final amidine. Using a similar pathway, we employed NaOMe

in MeOH, followed by the addition of NH4CI, which yielded only traces of the desired amidine.
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Scheme 8. Attempted synthesis of amidine 53. Reaction conditions: i) 4-bromobutanenitrile, K2COs, TBAI, acetone,
50 °C, 72 h, 49%; ii) HCI (1.25 M in MeOH), 1,4-dioxane (dry), MeOH (dry), 0-25 °C, 2 d then NHz (7 N in MeOH),
25 °C, 24 h; 0% iii)) NaOMe, NH4Cl, MeOH (dry), 0-25 °C, 4 d, 0%; iv) AlMes, NH4Cl, 0-105 °C, 48 h, 0%.

Next, we tried chloro(methyl)aluminum amide, freshly prepared from Al(Me)s (trimethylaluminum)
and NH4CI, 27228 hut found only unidentified products, potentially formed by decomposition. As none
of the procedures discussed above could deliver the desired amidines, we decided to exclude amidines

from our study.
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3.3 39 Generation: Varying core structures with focus on
hydantoins (paper Ill)

3.3.1 Introduction and scaffold design

After the thorough investigation of the structural components of the amphipathic barbiturates, we were
interested in how the central scaffold influences the compounds’ biological behavior. To that end, we
decided to transfer our previously employed substitution pattern to five heterocycles (PI11-(2-5) and
P111-15), which were structurally related to barbituric acid PI1-4bA (Figure 22).
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Figure 22. Core structures PIII-(2-5) and PIII-15 used in this study. Ar = lipophilic side chain, R! = n-alky! linker
with a cationic head group.

Imidazolidine-2,4-dione PI111-2, commonly known as hydantoin, was chosen, as it is a well-known
scaffold in medicinal chemistry,?2%-23 but is rarely used in antimicrobial agents.?%® 2%>237 4-imidazolidin-
2-one PI111-3 was chosen, since it was likely to adopt a different geometry in solution and is more
lipophilic by one order of magnitude. Sulfur is found in a variety of different drugs,?®2%? including
prominent antimicrobials such as penicillins and cephalosporines.?*® While the sulfur atom often is part
of a heterocyclic structure, we wanted to probe its influence when incorporated in an amide (P111-4) or
urea type bond (P111-5). We did not account for 2-(hydroxy)-1H-imidazol P111-15 in our original library
design, but PI11-15 was obtained as a side product during synthesis. After having evaluated all the core
structures, we wanted to build a small library with the most promising core-structure: the hydantoin,

then being the basis for the 3 generation of derivatives.

3.3.2 Summary of the synthetic work

The synthetic strategies towards the tetrasubstituted hydantoins P111-2 and 4-imidazolidin-2-one P111-3
are shown in Scheme 9 and Scheme 10, respectively. Direct substitution of the commercially available
hydantoin is feasible, but regioselectivity is likely to pose a problem, due to the relatively high pKa
values of the imidic N-3 proton and the C-5 protons. Therefore, we decided on the de novo synthesis of

the hydantoins (Scheme 9).
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Scheme 9. Synthetic strategy towards the target hydantoins PIII-2, PIII-6 and PIlI-4A. The following compounds
were obtained: PlII-2 Ar = a-f; PIlI-6 Ar = b, c, d, f; PllI-4A Ar = d. Reaction conditions: a) ArCH2Br, TBAB or TBAI,
DCM, NaOHiag) (20-35 Wt%), r.t.; b) HCl(conc), DCM/THF, r.t., 53-69% 02s; ¢) KCN, NH4COs, KOAc, DMSO or KCN,
NH4COs, EtOH/H20, 60-75 °C, 45-85%; d) Lawesson’'s reagent, 1,4-Dioxane, 115 °C, 82%; e) N-Boc-3-
bromopropylamine or N-Boc-4-bromobutylamine, Cs2COs, TBAI, acetone, 65 °C then f) TFA, DCM, r.t., 45-85%
02s; g) N,N'-di-Boc-1H- pyrazole-1-carboxamidine, DIPEA, THF, 45 °C then h) TFA, DCM, r.t., 33-91% 02s.

In short, p-toluenesulfonylmethyl isocyanate (TosMIC) was a,a-dibenzylated and ensuing acidic
hydrolysis delivered ketones P111-8. Employment of modified Bucherer-Bergs conditions delivered the
respective hydantoins PI11-9. Treatment of the hydantoin of choice with the Lawesson’s reagent
delivered 2,4-dithiohydantoin PII1-16. Using a slightly altered version of the alkylation protocol
reported in paper I, utilizing primary alkyl bromides, we obtained the N,N’-dialkylated derivates.
Treatment of the latter ones with TFA in DCM delivered the primary amines PII1-2A, PI11-6A and
P111-4A. Conversion of the amines into the respective guanidines P111-2G and PI11-6G proceeded as

described before.

Tetrasubstituted 4-imidazolidin-2-one PI11I-3A can be obtained from the respective substituted
hydantoins by means of a cationic 1,2-benzyl shift (for details see paper Ill, Supporting Information).
We could demonstrate the general applicability of this method, but the purity of the final products was
unsatisfactory. Therefore, we developed the synthetic route shown in Scheme 10.
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Scheme 10. Synthetic strategy towards tetrasubstituted 4-imidazolidin-2-one PIII-3A, its constitutional isomer
PIlI-15A and unresolved structure 54. Ar = 3,5-dibromophenyl. a) PhsP(CI)CH20CHs, NaHMDS, THF (dry), -78 °C
tor.t., 91%; E/Z = 1.5/1.0; b) TMSCI, Nal, MeCN (dry), r.t., 60%; c) 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium
chloride, EtsN, PEG-400 (dry), 80 °C, 39%; d) urea, AcOH, PEG-400 (dry), 130 °C, 18% for PIII-13 and 39% for
PllI-14; e) N-Boc-3-bromopropylamine, K2CO3, (n-hexadecyl)tri-n-butylphosphonium bromide, toluene:water 1:1,
p-wave, 130-150 °C then f) TFA, DCM, r.t., 6-19% 02s.
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Briefly, commercially available 3,5-dibromobenzaldehdye P111-10 could be homologated to P111-11 by
a sequence of a Wittig reaction, followed by acidic enol-ether cleavage. Aldehyde PIII-11 was
transformed to the a-hydroxy ketone P111-12 by a thiazolium salt catalyzed benzoin-type condensation.
In the following condensation reaction with urea the desired 4-imidazolidin-2-one P111-14 was obtained.
Unexpectedly, 4-oxazolin-2-one P111-13 was formed as a side product. Utilizing phase-transfer catalysis
(PTC), PI1-13 and PI111-15 were alkylated under p-wave irradiation, and subsequent TFA mediated
Boc removal delivered derivatives PI111-3A, PI11-15A and 54.

Starting from diethyl 2,2-bis(3,5-dibromobenzyl)malonate PI-2e and thiourea, we could obtain 5,5-
dibenzylated 2-thiobarbituric acid P111-18, utilizing the conditions described in PI for the synthesis of
the barbiturate core (compounds PI-3). N, N -dialkylation with N-Boc-3-bromopropylamine proceeded
as described before, as did Boc removal with TFA in DCM to deliver 2-thiobarbituric acid PI11-5A
(Figure 22, Ar = 3,5-dibromobenzyl, R! = n-propylamine). It should be noted that desulfurization had
occurred during the final two steps of the synthesis, yielding a mixture of 2-thiobarbituric acid P111-5A
and barbituric acid P11-4bA in a ratio of 2.4:1.0. The mixture was inseparable and was tested as such.

Table 3. NMR data’ of compound 54 and a possible structure. R = unknown, but likely to contain a nitrogen bound
to the C-23. m/z corresponds to the mass of the fragment including C-23.

54
m/z = 673.8647

Pos.  &cmult. dv(JinHz) HMBC Pos.  dcmult. dv(JinHz) HMBC

1 - 13 1314,CH 7.25,d(1.7) C-11,C-13,C-14,C-15
2 1416,-C - 14 1241,-C -

3 - - 15 133.3,CH 7.52,t(1.7) C-13,C-14

4 1298,-C - 16 434,CH2 4.13-4.06,m C-2,C-4,C-17,C-18
5 1376,-C - 17 295, CH2 1.97-1.85,m C-16,C-18

6 29.1,CH2 4.14,s C-4,C-5,C-7,C-8,C-9 | 18  37.9,CH2 3.00-2.90,m C-16, C-17

7 143.1,-C 19 — -

8 131.1,CH 7.08,d (1.7) C-6,C-8° C-9,C-10 20 - -

9 124.4,-C 21 32.6,CH2 3.21,t(7.0) C-2,C-20,C-21

10  1338,CH 7.57,t(1.7) C-8 C-9 22 285,CH: 206,p(7.1) C-19, C-21

11  324,CH2 3.93,s C-4, C-5, C-12, C-13 23 39.0,CH2 3.13,t(7.0) C-19,C-20

12 1445,-C - 24 - -

IMeasured at 400 MHz (*H) and 101 MHz (*3C).
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Unfortunately, the structure of 54 could not be determined unambiguously. *H- and *C-NMR suggested

a structure as shown in Table 3.

A total of 11 carbons between 124-145 ppm and 8 aliphatic carbons was obtained. The splitting of the
aromatic protons in *H-NMR clearly showed that two 3,5-dibromobenzyl rings were present. HMBC
correlation suggested that they were attached to two different carbon centers at 137.6 ppm (C-5) and
129.8 ppm (C-4), respectively. Based on HMBC correlations of the methylene protons H-6 and H-11,
those two carbons had to be attached to heteroatoms. *H and COSY data clearly showed the presence of
two n-propyl groups and the splitting pattern of H-16 and H-21 indicated that C-16 and C-21 were bound
to a flat, rigid scaffold. Thus C-2 (141.6 ppm) needed to be sp? hybridized and was likely to be double
bound to nitrogen N-20.

A possible mechanism for the formation of 54 would be that the Boc group of N-Boc-3-
bromopropylamine was cleaved under p-wave irradiation®*4246 and the primary amine underwent a
condensation reaction with the carbonyl of 4-oxazolin-2-one P111-3A. The fate of the terminal bromine
remained however unknown. The isotope pattern in HRMS clearly showed the presence of only four
bromine atoms. No sensible molecular formula could be delineated from the observed mass
(m/z = 706.8684), even when MS/MS fragments had been taken into account. Chemical shifts of the
hydrogens H-23 indicated a heteroatom bound to carbon C-23. IR data showed the absence of hydroxyl
groups, limiting somewhat the identity of the substituent R. A crystal structure could settle that issue

but could not be obtained due to time constrains.

Further synthetic curiosities
Stability of 1,3-bis(guinoline-2-yl)acetone 55

We tried to synthesize hydantoin derivatives with previously utilized quinoline and 6-bromoquinoline

as side chains (Scheme 11).

Scheme 11. Most stable isomer of the ketone 55.

After treatment of the diarylated TosMIC derivative with HCI we obtained the target mass of 1,3-
bis(quinolin-2-yl)acetone 55 in HRMS, but the NMR was difficult to interpret and the compound lacked
the characteristic carbonyl signal in *C-NMR. Gawinecki et. al have reported tautomer 56 as being the
most stable in solution.?*” We believe to have obtained the same tautomer, as we did not observe a
carbonyl band in IR. Interestingly, neither a strong OH stretching vibration was found, but the intensity

might have been reduced by the intramolecular H-bonds. We subjected (the presumed) compound 56 to
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our developed Bucherer-Bergs conditions but did not detect any formation of hydantoin 57. It remains
unknown if the tautomer is too stable and would not revert to the ketone, thus not acting as an

electrophile or if we plainly had another structure to begin with.
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Synthesis of aldehyde PI11-11

Our first approach towards the homologated aldehyde PIII-11 was via nitrile formation from

3,5-dibromobenzyl bromide reacting with sodium cyanide and subsequent reduction to the aldehyde.
We screened a range of conditions and reducing agents including diisobutylaluminium hydride
(DIBAL-H), Raney Nickel and Ni-Al alloy. Only DIBAL-H yielded some product, but the yields did
not exceed 20%. This is a very good example that demonstrates that well-known textbook

transformations do not always work, even when utilizing seemingly simple substrates.

Another point to mention is that we had faced some difficulties in the homologation of aldehyde P111-
10 to P111-11 in the synthesis of PI11-3A. These complications led to the consideration of using a more
facile substrate to develop the synthetic route. We, therefore, used 4-(tert-butyl)benzaldehyde 58 to
develop the conditions for each synthetic step (Scheme 12), which then needed to be transferred to
aldehyde PI111-10. The yields for each step, excluding the Wittig reaction, were considerably higher and
the homologated aldehyde 59 could be readily purified on silica gel. Additionally, neither 4-oxazolin-
2-one formation in the urea condensation step to 4-imidazolidin-2-on 61, nor O-alkylation in the
penultimate step were observed. This demonstrates the generality of the synthetic approach and that 3,5-

dibromobenzaldehyde had been a challenging substrate.
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Scheme 12. Synthetic strategy towards tetrasubstituted 4-imidazolidin-2-one 62. Ar = 4-(tert-butyl)phenyl. a)
PhsP(ClI)CH20CHs, NaHMDS, THF (dry), -78 °C to r.t., 97%; E/Z = 1.9/1.0; b) (COCI)2, EtOH, H20, CHCls, 0 °C to
r.t., 73%; c) 3-benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride, EtsN, PEG-400 (dry), 80 °C, 77%; d) urea,
AcOH, PEG-400 (dry), 130 °C, 61%, e) N-Boc-3-bromopropylamine, K2COs, (n-hexadecyl)tri-n-butylphosphonium
bromide, toluene:water 1:1, p-wave, 130-150 °C then f) TFA, DCM, r.t., 26% 02s; g) EtsSiH, TFA, 0 to 50 °C, 33%.

We also managed to hydrogenate 61 with a mixture of TFA and Et;SiH?*® to obtain the saturated, cyclic
urea 63, but low yields and difficult purification led us abolishing this approach. Using Pd/C and Pt/C
for hydrogenation, no reaction was observed and only employing PtO; resulted in 20% conversion of
the double bond to the alkane.
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3.3.3 Summary of the biological studies

MIC studies

A total of 26 compounds were evaluated for their antimicrobial potency and haemolytic activity,
utilizing the same assays as in section 3.2.4. Some selected compounds are shown in Table 4 and the
major findings are discussed below. A full overview of MIC data can be found in paper Il1, Table 1 and
Table 2.

When thioamides or thioureas were incorporated, the compounds became less haemolytic and less active
against Gram-negative P. aeruginosa or unstable as in the case of PII11-5A. The hydantoins proved to
be in general less haemolytic than 4-imidazolidin-2-ones PIII-3A or 2-(hydroxy)-1H-imidazol
P111-15A. The potencies within the hydantoin series followed the trends as discussed in paper I, namely
guanidine derivatives being more potent and haemolytic than amine derivates for an n-butyl linker and
less potent against Gram-negative P. aeruginosa and less haemolytic for n-propyl linkers. Interestingly,
all compounds had ECso values >200 pg/mL, except for PI11-2eA (ECso: 69 pg/mL). Three promising
candidates are compiled in Table 4 showing, again, compounds being selective against two (entry 1),

three (entry 2) or all four strains (entry 4) of our test panel, as determined by the SI.

Table 4. Antimicrobial activity (MIC in pg/mL) against bacterial reference strains, haemolytic activity against human
red blood cells (ECso in pg/mL) and selectivity index (SI = ECso/MIC) for selected compounds from paper IIl.
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Plll-2cG PlII-6fG Plll-6cG
Entry Comp. ID Antimicrobial activity ECso SI (ECso/MIC)?
S.a B.s E.c P.a S.a B.s E.c P.a
1 PI11-2cG 2 2 32 64 >467 >234 >234 - -
2 PII1-6fG 2 2 8 32 384 192 192 48 -
3 PI11-6cG 4 2 16 8 347 87 172 22 44
4 Ciprofloxacin 0.06 0.03 0.03 0.25

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B.s — Bacillus subtilis 168, E. ¢ —
Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa ATCC 27853. @No Sl was calculated if the
MIC was >16 pg/mL. —: not determined. Sl values >20 are considered good.

Mode of Action

Having established the antimicrobial activity of tetrasubstituted, amphipathic hydantoins, we wanted to
confirm the suspected membranolytic properties of the compounds by using the same biosensor assay
as in paper Il. We investigated 13 hydantoins in B. subtilis and six hydantoins with broad-spectrum
activity in E. coli. In general, the compounds affected the viability and membrane integrity of both

strains in a concentration-dependent manner. The derivatives usually acted faster in the case of Gram-
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positive B. subtilis. OM permeability in E. coli was investigated using the NPN fluorescent probe.
Broad-spectrum hydantoin P111-2dA (3,5-di-Br) increased OM permeability at low concentrations (0.4x
MIC), but the viability of E. coli was not affected. At higher concentrations (1.6-3.2x MIC) low
fluorescence levels were detected, suggesting either rapid disruption of the OM before the measurement
had started or an intact OM. At the same time, the viability of the bacteria was clearly compromised. It
seems most likely that the OM is disrupted equally fast as the IM, however further studies need to be
conducted to exclude the possibility of the hydantoins simply translocating over the OM at higher

concentrations.

3.3.4 Additional biological results not included in paper i

During the development of the synthetic route towards the target structures and buildup of the library
for paper 111, we obtained some side products which were also amphipathic. They were not included in
paper Il for the lack of comparability with the compounds being discussed there. Nevertheless, these

compounds were tested against our panel of antibiotic susceptible strains (Table 5).

4-imidazolidin-2-one 62 was active against all strains (MIC: 2-4 ug/mL), but rather haemolytic.
Guanylated derivative 63 and mono N-alkylated derivative 64 had virtually the same antimicrobial
potency and haemolytic activity as their di-amine analogue PIII-3A. It seemed that for the 4-
imidazolidin-2-one core a single positive charge is enough to provide good antimicrobial activity. If the
same core was O-alkylated, 2-hydroxyimidazole derivative 65, the activity against P. aeruginosa was
reduced 4-fold (MIC: 32 pug/mL) and the haemolytic activity was almost doubled (ECso: 30 pg/mL).
Most surprisingly, the simple change from a nitrogen (64) to an oxygen (66) reduced the overall potency
and haemolytic activity drastically. It might be that the N-H proton in compounds 64 and 65 form
hydrogen bonds to the TA in the membrane of Gram-positive strains, thus compensating for the lack of
a second cationic head group. In the absence of the H-bond donor group in derivative 66 the interaction
between TA and the compound is reduced and therefore also the potency. Additionally, a single positive
charge in 66 might not be enough to effectively interact with the OM in Gram-negative bacteria,
resulting in the compound not being able to cross the OM and thus being virtually inactive. Compound
54 was very active against all strains, including P. aeruginosa (MIC: 2 pg/mL), but was just as
haemolytic as the 4-imidazolidin-2-one PIII-3A and 2-hydroxyimidazol PIII-15A derivatives.
However, it is unknown if the compound carries two positive charges or only one, due to the lack of
structural information. The mono-cationic hydantoin 67 was expectedly less potent than the di-cationic
analogue PI11-9cA, but almost three times as haemolytic for unknown reasons. Further studies need to

be conducted to fully unravel the mechanisms at play.
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Table 5. Antimicrobial activity (MIC in ug/mL) against bacterial reference strains, haemolytic activity against
human RBC (ECso in pg/mL) and selectivity index (SI = ECso/MIC) for compounds not included in paper Il1.

Clogp2 Antimicrobial activity

SI (ECso/MIC)P

Code Core R! ECso
S.a B.s E.c P.a S.aB.sE.cP.a
X
62 4-tBuBn -0.47 4 2 16 8 40 |10 20 3 5
ST,
3 R1 R1 3
j\ ®
®
63 HoN NN NH, 3,5-di-BrBn  -0.47 2 1 4 8 48 |24 48 12 6
2 H R R? H 2
o)
64 HN)I\N/\/\@ 3,5-di-BrBn  -0.47 4 2 4 8 51 |13 26 13 6
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Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B.s — Bacillus subtilis 168, E. ¢ —
Escherichia coli ATCC 25922, and P. a — Pseudomonas aeruginosa ATCC 27853. 2 CLogP values were calculated
for the unsubstituted central heterocycle (calculated with ChemBioDraw Ultra v19.0.0.1.28).  No Sl was calculated
if the MIC was >16 pug/mL. —: not determined. Sl values >20 are considered good.
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3.4 Comparison of the antibacterial compounds investigated

In our previous analysis (vide supra), we have mainly discussed activity trends of a series of compounds
for a given bacterial strain and used the same approach when comparing selectivity index (SI)geo values.
This is a useful approach, if only one strain at a time is considered, but does not fully reflect the
antimicrobial potential of an agent against multiple strains. In the following chapter we wanted to
compare the compounds reported in papers I-111 according to their potential broad-spectrum activity.
Some care must be taken in the comparison, as MIC data from paper | was obtained from a different lab
than MIC data in papers Il and I11. During re-testing of selected compounds from paper I, we observed
slightly higher MIC values than before, but never more than one titer step as such, this should not

influence the general trends highlighted in the following discussion.

For the purpose of comparing potential broad-spectrum activity the geometric mean (GM) of individual
MIC values is a valuable tool for representing the average activity of a compound against different
strains.?*® Since we were interested in broad-spectrum activity when we calculated the GM, MIC data
of the Gram-positive strains C. difficile and B. subtilis was excluded, as they are considered clinically
not as important. (Note: for Table 6, MIC data for B. subtilis is included in the GM). We chose this
selection to make sure that a low GM could only be achieved if a compound is active against Gram-
negative strains, which was one of our main interests, due to wide-spread resistance in Gram-negative
bacteria. For inactive compounds, a cut-off at MIC: 128 pg/mL was set. Furthermore, when using the
GM, the haemolytic toxicity cannot be disregarded. Only compounds with the combination of a low
GM and high ECso values (at least >100 pg/mL) are of general interest, as they have a good enough
selectivity towards bacterial cells. The data is summarized in Table 6 and Figure 23 to Figure 26 and
areas of interest are color coded to aid the readers understanding (green: good, yellow: medium, red:
bad, white: not potent). We tried to find the best compounds from individual series and finally indicate

the most promising mimics developed in this work.

3.4.1 Scaffold contribution

Table 6 focuses on the contribution of the core structure. We chose 3,5-dibromobenzy| as the lipophilic
side chain and n-propyl linkers carrying amine cationic groups. Compounds in entries 1-2 had the best
broad-spectrum activity with GM values of 2.8 pg/mL but were also the most haemolytic. One reason
could be the lipophilic side chains being attached to two vicinal sp? hybridized carbons, providing more
spatial separation and altered dihedral angle between the side chains. The planar geometry of the sp?
centers locks the benzyl groups to the bottom side of the ring, preventing the adoption of a W-shape as
observed for the barbiturates (see PI: Conformational Analysis and Membrane Interaction Simulations).
By confining the hydrophobic bulk to one side of the ring, the structures may interact more efficiently

with the hydrophobic membranes.
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Table 6. The table shows the MIC, GM and ECsp values in pg/mL for six different core structures having the same
linkers, lipophilic side chains and cationic groups. The selectivity index Sl is given by (ECso/GM).

...................

R2 H Br E
9 o~ JXJ\ X R2 ;
2 2 . '
RZ‘N)LN’RZ N)\N’RZ NN N I R1="}"o
= = A NS
R R R R O ™SRt © R "R’ ! Br
PlI-3A PIl-15A Pll-4bA X = O PI2dAX=0 1 ®
PII-5A X = S PI4A X=5 & RE=2ONASy,
Antimicrobial activity
Entry Compound ClogP? S.a B.s E.c P.a ECso GM Sl
1 PII-3A -0.47 2 1 4 8 52 2.83 184
2 PII-15A 0.26 2 2 4 4 44 2.83 155
3 Pl1-4bA -1.44 4 4 8 8 99 5.66 175
4b PIII-5A n.d. 8 4 4 16 305 6.73 45.3
5 PlI1-2dA -1.69 8 4 16 8 344 8.00 43
6 PII-4A -1.22 8 8 16 32 385 13.45 28.6

Bacterial reference strains: S. a — Staphylococcus aureus ATCC 9144, B.s — Bacillus subtilis 168, E. ¢ — Escherichia
coli ATCC 25922, and P. a — Pseudomonas aeruginosa ATCC 27853. GM = Geometric Mean. S| = Selectivity
Index. 2 CLogP was calculated for the respective tetrasubstituted core structure (calculated with ChemBioDraw
Ultra v19.0.0.1.28). PMixture of 2.4:1.0 (PIII-5A:PII-4bG). n.d. = not determined.

(Thio-)barbiturate derivatives (entries 3-4) were less active by a factor of two. Interestingly,
incorporation of one sulfur rendered PI11-5A only slightly less active than P11-4bA, but the selectivity
index was almost three times better and the overall haemolytic activity was very low (ECso: 305 pg/mL).
One has to keep in mind that entry 5 describes a 2:1 mixture of PI11-5A and P111-4bA, so a pure sample
of 2-thiobarbituric acid might show an even stronger effect. The chemical instability of PIII-5A is,
however, a major drawback for therapeutical applications. The least active and haemolytic scaffolds
were the hydantoin and 2,4-dithiohydantoin (entries 5-6). Di-thiolation (entry 6) led to a 4-fold drop in

potency against P. aeruginosa (entry 5) and had only a minor effect on the haemolytic activity.

In summary, the hydantoin appeared to be the superior scaffold. While not exerting as good
antimicrobial potency as the barbiturates or 4-imidazolidin-2-ones, its selectivity for bacterial
membranes was markedly higher than any of the other two scaffolds. The second-best choice among the
scaffolds was barbituric acid, followed by 4-imidazolidin-2-one. All other scaffolds were not of interest,
due to too low potency, too high haemolytic activity or chemical instability. Of note, the barbiturate

derivates were most facile to access synthetically.

3.4.2 Contribution of the lipophilic side chains

Next, we evaluated the performance of the 4-(trifluoromethyl)benzyl (4-CFs3), 4-bromo-3-chlorobenzyl
(4-Br, 3-Cl), 3,5-dibromobenzyl (3,5-di-Br) and 3,5-bis(trifluoromethyl)benzyl (3,5-di-CF3) side
chains, when combined with various scaffold structures and linkers, by plotting the GM of the MIC
values for each analogue against its ECso values (Figure 23). Derivatives having a GM <16 pg/mL and
ECso >100 pg/mL were of general interest (Figure 23, green area). From Figure 23 we can conclude that

the most potent and most haemolytic side chain was 3,5-dibromobenzyl (black triangles).
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Comparison of selected side chains
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Figure 23. Distribution of all compounds featuring (4-CF3), (4-Br, 3-Cl), (3,5-di-Br) or (3,5-di-CF3) side chains based
on their ECso (in pg/mL) values and the GM (in pg/mL) of the MIC values against S. aureus, E. coli and P.
aeruginosa. Red: high haemolytic activity (ECso: <50 pg/mL), Yellow: medium haemolytic activity (ECso:
50-100 pg/mL), Green: low haemolytic activity (ECso: >100 pg/mL), White: low antimicrobial potency (GM:
>16 pg/mL).

3,5-di-Br was closely followed by 3,5-bis(trifluoromethyl)benzyl (red diamonds) and 4-bromo-3-
chlorobenzyl (green dots), which performed quite similarly on average. The by far least potent and least
haemolytic side chain was the 4-(trifluoromethyl)benzyl (blue squares), with derivative Pl-7a
(barbiturate, n-butyl, guanidyl) being the only one having a GM of <16 pg/mL. As mentioned earlier,
this was well in accordance with the CLogP values of those side chains, with 3,5-

bis(trifluoromethyl)benzyl being the only exception.

The most promising lipophilic side chain was 3,5-di-Br, as demonstrated by derivatives P11-4bG and
P111-6dG (black triangles). 4-Br, 3-Cl and 3,5-di-CF; performed similarly, which is exemplified by
mimics PI1-5¢G and PI11-6¢G (green dots) and PlI-5eA, PIII-6fG and PlI-5eG (red diamonds),
respectively. The 4-CF; exhibited generally too low antimicrobial potency to be of general broad-
spectrum interest. Of the aforementioned derivatives, PI11-6fG and PII-5eG exhibited the highest

selectivity towards bacterial cells.

3.4.3 Combinations of linkers and cationic groups

We wanted to compare all compounds having n-butyl linkers and amine cationic groups (Figure 24), n-
butyl linkers and guanidine cationic groups (Figure 25) and n-propyl linkers and either amine or
guanidine cationic groups (Figure 26). Focusing first on mimics with n-butyl linkers and amine head
groups, it became clear from Figure 24 that approximately half of all the compounds had GM values

<16 pg/mL and only 50% out of those had ECso >100 pg/mL values in addition.
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n-butyl linkers and amine cationic groups
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Figure 24. Distribution of all compounds investigated in this thesis having an n-butyl linke