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INTRODUCTION

1 Introduction

Sirtuins are enzymes that essentially contribute to epigenetic regulation, influencing gene
expression and cellular function. Modulating their activity with small molecules holds significant
potential and substantial pharmaceutical value, making medicinal chemistry research crucial

for developing corresponding compounds and discovering new therapeutic innovations.!"!
1.1 Fundamentals of epigenetics

Epigenetic processes play a fundamental role in the determination of cell functions, allowing
different differentiation and specialization based on identical DNA sequences. Even in
monozygotic twins, who share identical genetic characteristics, differences in lifestyle and
environmental influences over the course of their lives can lead to epigenetic-related twin pair
discrepancies, which may manifest as disease discordance.? This shows that the respective
development is not only influenced by the individual genetic make-up (genotype), but also by
the dynamic process of gene expression and gene silencing, which shapes the unique
phenotype of an organismt!.

In eukaryotic cells the DNA is organized as chromosomes and wrapped around histone
proteins to be further packaged with additional proteins to form chromatin (see Figure 1)
Histones are octameric protein complexes that are formally positively charged at physiological
pH due to the dominating basic properties of the amino acids lysine and arginine that they
contain. Positive charge allows histones to bind to the negatively charged phosphate
backbones of DNA through ionic interactions. This binding facilitates the compaction of DNA
by winding it around histones, forming nucleosomes, which represent the fundamental
organizational structure of chromatin.>!

The condensation of chromatin structure is highly influenced by epigenetic modifications, with
loosely packed, transcriptionally active euchromatin standing in contrast to silenced
heterochromatinl’. The translational accessibility of the chromatin structure is regulated by
various reversible chemical modifications of DNA and chromatin-associated proteins. Thereby,
this dynamic epigenetic network is controlled by three main groups: writers (enzymes that add
modifications), readers (proteins that bind to epigenetic modifications), and erasers (enzymes
that remove these modifications).®!

In principle, the specific reversible chemical modifications of DNA and histones are diverse,
however, enzymatically catalyzed (de)methylations and (de)acetylations are the most
prominent and pharmaceutically addressed to date®. The primary targets of these
modifications are the DNA base cytosine as well as the amino acids lysine and arginine, which
are located on the N-terminal histone tails that protrude from the nucleosomes. The chromatin

structure, the recruitment of chromatin-modifying proteins and the binding of transcription
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INTRODUCTION

factors are regulated and influenced by corresponding epigenetic modifications. These as a
result, have a direct and indirect effect on the level of gene expression and therefore leading
to fundamental consequences for biological processes such as cell function and
differentiation.[®]

Chromosome Territories
H2AorH2B ()
o
H3 Variant .
H4 @
HistonePTM 19
DNA Methylation n[}e
Nucleus
o Chromatin Fiber
me
([
x> me
Nucleosome

Figure 1: Histones form an octameric unit, composed of core histones (H2A, H2B, H3, and H4) and linker histones
(H1; in few organisms H5). The H3-H4 dimers combine to form an H3-H4 tetramer, which, together with two H2A-
H2B dimers, constitutes the histone octamer. By winding 147 base pairs of DNA around this histone core, a
nucleosome is formed, which is further linked by the H1 linker histone. Nucleosomes are then compacted into
chromatin with the help of additional non-histone proteins, such as various DNA-binding proteins. This chromatin is
further organized into chromatin fibers, which can be maximally condensed into chromosomes during cell division
processes.®l Figure adapted from Rosa et. al.l'"],

An organism, based on its unchanging genotype, is thus able to respond to varying demands
through epigenetic regulation in the form of flexible gene expression. Moreover, the potential
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inheritance of these acquired epigenetic characteristics to subsequent generations contributes
relevantly to evolutionary processes.[?

Imbalances in epigenetic processes and aberrant gene expression are associated with cancer,
immune and nervous system disorders and metabolic diseases. Drugs that target these
epigenetic mechanisms represent a valuable therapeutic approach, which has already been
successfully established in the treatment of certain cancers. Due to a broad range of potential
applications and the progress achieved so far in oncology, epigenome targeting drugs hold
immense potential for the treatment of complex and challenging diseases.[® 314

1.2 Epigenetic mechanisms as targets for the development of drugs

The wide variety of epigenetic modifications represents promising targets for the development
of drugs for the treatment of various diseases, therefore new drug candidates with different
mechanisms of action are constantly being investigated in preclinical and clinical studies (see

Figure 2).

© DNA methylation

Histone methylation HDACis
Histone acetylation Vorinostat
P Belinostat H H T
@ BET proteins - Epigenetic Writers |
Romidepsin
Etinostat EHMT2is
Givinostat BIX-01294 EZH2is
Epigenetic Readers \ / gaé?;nz%tgstat
[ |
Nucleosome HDACs » KMTs gg%ggg

/ / HATs

¢

/ ‘ : 2 DNMTis
BETis Epigenetic Erasers DNMTs 5-Azacytidine
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Figure 2. Key epigenetic mechanisms and selections of approved and experimental inhibitors. The figure was
adapted from Citron et al.l'®l. TETs (ten-eleven translocation enzymes, DNA-demethylases). HATs (histone
acetyltransferases), KMTs (general term for lysine methyltransferases) and KDMs (general term for lysine
demethylases). EHMTis 2: euchromatic histone-lysine N-methyltransferase 2 inhibitors). BETis: bromo-and extra-
terminal domain inhibitors. Bromodomains are protein domains that bind to acetylated lysine residues on histones,
recruiting chromatin-modifying proteins that promote transcription factors and euchromatin formation, indirectly

influencing the activity of histone-modifying enzymes "6l

By addressing directly related epigenetic mechanisms such as DNA methylation, histone
methylation and histone deacetylation, several drugs have already been successfully approved

as anticancer agents (see Figure 3).[''1 A key epigenetic regulation is the DNA methylation
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of the cytosine base, catalyzed by DNA methyltransferases (DNMTs), which hinders the
binding of transcription factors and creates a more condensed chromatin structure, reducing
accessibility for gene transcription. FDA approved DNA methyltransferase inhibitors (DNMTis),
such as Azacitidine and Decitabine, block these processes, leading to the reactivation of
silenced tumor suppressor genes.!'8

In addition to direct chemical modifications of DNA, histone modifications are also playing a
crucial role in epigenetic regulationl’™. The complex interplay between methylation and
demethylation, as well as acetylation and deacetylation of N-terminal amino acids of histones,
catalyzed by specific enzymes, is fundamental for major epigenetic processes and serves as
a relevant target for established therapeutic agents!?°.

Histone methyltransferases (HMTs) catalyze the N-methylation of specific lysine or arginine
residues on histones, which depending on the position and number of methyl groups, can lead
to either gene activation or repression by altering the chromatin structure. For example,
Tazemetostat, an FDA-approved EZH2 methyltransferase inhibitor (HMTi), reduces excessive
cancer-related enzyme activity, promoting the reactivation of corresponding tumor suppressor
genes.?'l Histone deacetylase inhibitors (HDACIs), such as the FDA-approved Vorinostat,
Romidepsin, Belinostat and Panobinostat, prevent the removal of acetyl groups from N-
acetylated lysine on histones, therefore reducing the ionic interactions between the DNA strand
and histones. The resulting relaxed chromatin structure enables increased gene expression,
leading to antiproliferative effects such as the activation of tumor suppressor genes and the

induction of apoptotic processes in corresponding cancer cells.[?%2l
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Azacitidine Decitabine Vorinostat
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Figure 3: FDA-approved (as of 2023) drugs that directly affect epigenetic mechanisms (cf. lit. ['7-241),
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1.3 Unique feature of sirtuins within histone deacetylases

Histone deacetylase inhibitors display an important therapeutic option in oncology,
representing a significant advance in the treatment of certain types of cancer. As of 2023, of
the seven FDA-approved drugs that directly affect epigenetic mechanisms, four of them
(Vorinostat, Romidepsin, Belinostat and Panobinostat) are histone deacetylase inhibitors.l'¢-""
231 Based on their homology to yeast proteins, histone deacetylases (HDACSs) are classified
into four main classes (I-1V), with corresponding subtypes showing different cellular
localizations and functions. They are furthermore categorized according to their catalytic
mechanism into zinc-dependent (classes I, Il and IV) and nicotinic adenine dinucleotide
(NAD")-dependent (class lll, also known as sirtuins). Moreover, the sirtuins are subdivided into
seven subtypes (Sirt1-Sirt7) due to the successive discovery of their individual functions and
cellular localizations (see Figure 4).125-27]

Nucleus = 7 - Mitochondria

SIRT1

Brain, liver, muscle, endothelium,
pancreas and adipose tissue
Nucleus, cytoplasm

Deacetylase

Cellular differentiation,
inflammation, oxidative stress, cell
apoptosis, mitochondrial function,
autophagy, etc

SIRT3

Brain, heart, liver and brown adipose
tissue

Mitochondria

Deacetylase

Regulate mitochondrial energy
metabolism, substrate oxidation, and
mitophagy.

SIRT6 e Brain, heart, kidney, liver and
muscle
e Liver, brain, thymus, muscle, and e Mitochondria
heart e ADP ribosyltransferase
e Nucleus

Regulate glutamine metabolism
and fatty acid oxidation

SIRTS

® Brain, heart, liver, kidney, muscle,
testicles
Mitochondria

Deacetylase, ADP-ribosyltransferase
Maintaining genome stability and
telomere integrity, promoting DNA
repair, preventing aging and
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Nucleolus

SIRT7 o Deacetylase, desuccinylation,
Brain. liver. heart and adipose tiss desmalonylation and desglutarylase
Liver, spleen, testicles, etc rain, liver, heart and adipose tissue RNl ordane s

Cytoplasm, nucleus
Deacetylase
Anti-oxidative stress, inhibit inflammatory

Nucleolus

Deacetylase

Mitochondrial homeostasis, genomic stability,
chromatin regulation, and ribosome biogenesis response, etc

Figure 4. Overview of the seven sirtuin subtypes focusing cell localization, predominant tissue expression and
related physiological effects. Although sirtuins are primarily known as deacetylases, some also carry out additional

or alternative key catalytic functions. The figure was adapted from Liu et al.[?8],

All currently (as of 2023) approved histone deacetylase inhibitors target the zinc-dependent
classes and are used to treat various cancer related diseases?®. Despite their fundamental
involvement in various cellular processes and the resulting therapeutic potential in the
treatment of cancer and immunological, neurodegenerative and metabolic diseases, the sirtuin
regulators unfortunately have not been convincing in clinical trials yet!"® 2>l Further extensive

research is therefore necessary to understand the effects of sirtuins and to unlock their
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therapeutic potential for the treatment of related diseases through the development of new

drugst®.
1.4 Sirtuin 2 and current state of research on corresponding inhibitors

Recent findings highlight the importance of Sirtuin 2 (Sirt2) in the treatment, understanding and
pathogenesis of complex diseases such as cancer, Alzheimer's disease, Parkinson's disease,
and Huntington's disease. The development and application of highly potent and selective
Sirtuin 2 inhibitors thereby showed several promising treatment effects and is therefore a
crucial contribution to the investigation of the pathophysiological roles of Sirt2 and its
fundamental part in epigenetic processes.*%! Unlike inhibitors of zinc-dependent histone
deacetylases, equipped with zinc-binding structural motifs, sirtuin inhibitors require a different
and more general medicinal chemistry design due to their NAD* dependency (catalytic
mechanism described in Chapter 3.2.1, Figure 15) and the distinct structural environment
within their active sites®®. Over the past several years, substantial progress has been made in

the discovery and development of highly potent and selective Sirt2 inhibitors (see Figure 5).
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Figure 5: Selection of current (as of 2024) highly potent submicromolar Sirt2 inhibitors displaying respective
chemical structures and inhibitory activities (cf. lit. 7-41). The ICsq values (inhibitory concentration 50%, substance
concentration to achieve half maximal target inhibition) shown are to be treated with caution regarding direct

comparability, as the individual test conditions differ.
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The revolutionary discovery of SirReal-type inhibitors (sirtuin-rearranging ligands) and
selectivity pocket binder principle by Prof. Manfred Jung (Freiburg, Germany) marks a
milestone in the systematic structural design of inhibitors and especially extensive
investigations on SirReal2 contributed significantly to deeper understanding of the structure-
activity relationships and requirements of the catalytic center of Sirt238 411,

Through ligand-induced structural rearrangement within the catalytic center of Sirt2, an in situ
formation of a so-called “selectivity pocket’ occurs, allowing the occupation of a structural
element with appropriate chemical properties (in the case of SirReal-inhibitors, the 2-((4,6-
dimethylpyrimidin-2-yl)thio)acetamide moiety)0 42431

Based on the selectivity pocket binder motif of the original SirReal-inhibitors, further structural
variations and analogues were developed that exhibit extended binding modes and show
increased potency (for example Schiedel compound 10, 28e and 24a, see Figure 5).
Furthermore, additional inhibitors were discovered that induce the selectivity pocket of Sirt2
and occupy it with various novel selectivity pocket binding motifs of different chemical

structures (see Figure 6).

Y ARH Gy OHO o
O HN e ° Ne /

SirReal2, IC5 (Sirt2) = 0.44 pM Mellini compound 53, Di Fruscia compound 10,
ICsq (Sirt2) = 0.57 uM ICsp (Sirt2) = 0.19 uM

Figure 6: Selection of highly potent and selective Sirt2 inhibitors taking advantage of the induced selectivity pocket
ensuring favorable ligand alignment and subtype selectivity, confirmed by crystal structure analysis (cf. lit. [42 44-45])
Blue coloring marks the structural part referred to as the selectivity pocket binder motif, interacting with the Sirt2

selectivity pocket formed in the respective ligand binding process.

In consequence, a selective binding principle results for Sirt2 over other sirtuin subtypes and
corresponding inhibitors provide the foundation for a high inhibitory potential for Sirt2[3% 41. 461
The catalytic domain (see Figure 7) of Sirt2 contains binding sites for the substrate, specifically
the N-terminal acetylated lysine of histones (lysine channel), and the cofactor NAD". In this
process, the nicotinamide from NAD* is accommodated in the C-pocket, while the
corresponding ADP-ribose is taken up by the A- and B-pockets.*’l Although established Sirt2
inhibitors generally target the same binding site, they can influence the function of the enzyme
and its conformation in different ways, making interactions between the substrate and cofactor
more difficult, thereby weakening the catalytic processes!*3-°%.

Due to the flexibility of the enzyme and the tendency for certain rearrangements, such as the

formation of the selectivity pocket or other structural configurations, additional inhibitory

7
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opportunities are possible. The specific orientation and interactions within the binding site are
diverse, leading to various binding modes that target the C-pocket, the extended C-site (ECS)
including the selectivity pocket and the lysine channel (substrate channel). Notably, in terms
of medicinal chemistry strategy development the combination of different binding modes has
led to the discovery of the most potent and selective Sirt2 inhibitors known to date.[4" 51-52

Zinc-binfiing =~
domain

SirReal SEB.
inhibitor , * ECs -

PDB: 5DY4

Figure 7: Insights into the active site of Sirt2 and detailed display of the respective binding pocket. The common
binding mode of SirReal-type inhibitors is vizualizied by the spartial orientation of the crystal structure of 7-bromo-
SirReal2 and NAD* within the catalytic center of Sirt2. The figure was adapted from Kaya et al.l52],

Knowledge of the selectivity-pocket binding principle and its potential for the development of
highly potent and selective Sirt2 inhibitors provides a promising opportunity for further
medicinal chemistry approaches to extend structure-activity relationships and thus represents
a valuable pharmaceutical contribution to sirtuin research through the design and synthesis of

novel inhibitors.
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2 Objectives

The discovery of the selectivity pocket binder principle opens a multitude of variations and
possible applications for improving existing structures and designing new compounds. The
fundamental idea of this thesis is to build a library of new generation high potent and selective
Sirt2 inhibitors by synthesizing novel compounds in order to make a decisive contribution to
the understanding of the structure-activity relationship of Sirt2 inhibitors. Due to its extensive
cellular function, Sirt2 is involved in a wide variety of physiological and pathophysiological
development processes. For this reason, the synthesized compounds can act as chemical
tools to deeper investigate the corresponding cellular processes. The therapeutic relevance of
developing novel inhibitors is underlined by the fact, that selective inhibition is associated with
numerous positive effects in the treatment of neurodegenerative and tumor related diseases.
Guided by docking experiments, the aim of this dissertation is to optimize selected lead
compounds by approved medical chemical approaches such as rigidization, introduction of
electrophilic warheads to target cofactor NAD* by covalent binding mechanism and lead
structure-based hybridization drug design.

One of the most important representatives of Sirt2 inhibitors based on the selectivity pocket
binder principle is SirReal2 published by Rumpf et al.l*?l and the corresponding modifications
(e.g., compound 28e) by Yang et.al.*®! (see Figure 8).

g i mm Sirt2-SirReal2-NAD*
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Figure 8: (a) Crystal structure of SirReal2 (adapted from Rumpf et al.*l) and docking pose of 28e (adapted from

Yang et al.l) with Sirt2, as well as chemical structures and published biological activities.
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Crystal structure analysis of SirReal2 (published IC5, value: 0.44 uM on Sirt2) reveals that the
substrate channel residue binding processes can be significantly characterized by the
hydrophobic interactions of the naphthyl group with various phenylalanine residues of the
proteinl“® 42 In contrast, 28e (published ICx, value: 0.041 uM on Sirt2) is equipped with a
thiophene-2-carboxamide residue instead, which enables additional polar interactions with
lle232 and the cofactor NAD* according to prediction®®. Inspired by SirReal2 and 28e, this
thesis focuses on the development of new selective SirReal-type Sirtuin 2 inhibitors using
different medicinal chemistry approaches to optimize the inhibitory potential of the
corresponding lead compounds. Systematic rigidization using suitable spacers aims for an
ideal geometrical arrangement of the polar amide residue of 28e, whereby the angular
orientation caused by the ether partial structure should be frozen and mimicked. Various
functional groups such as boronic acids, nitriles and aldehydes are suitable warheads for the
development of inhibitors offering a reversible covalent binding mechanism. Introduced in a
proper position in lead compound SirReal2, the spatial proximity to NAD* should enable the
interaction with this cofactor and thus provide a further inhibitory mode. Using lead structure-
based drug design, hybrid compounds of 28e and SirReal2 represent promising inhibitor
candidates that combine the structural advantages of both lead compounds. The different

approaches to the envisaged lead compound optimization are illustrated in Scheme 1.

lead structure hybridizaton

! \ 3\\/8\('\j
\ /4
s)\H NJ

electrophilic warhead to target
77777777777 . NAD* in a reversible covalent
manner

Scheme 1: Overview of different approaches and the associated structural variations with regard to lead structure
optimization. The concrete derivations from the lead compounds presented are also to be extended by further

structural variations for a comprehensive structure-activity relationship study.
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3 Results and discussion

3.1 Rigidization approach of lead compound 28e to increase the
inhibitory activity towards Sirt2

3.1.1 Rigidization as a fundamental principle of structural optimization in

medicinal chemistry

Rigidization is an established method in medicinal chemistry for optimizing the lead structure
in order to increase the binding affinity and thereby the corresponding biological activity of a
ligand. By introducing rigid structural elements, the flexibility of the molecule is restricted and
the number of possible conformations is reduced so that the therefore preorganized structure

can selectively bind to the appropriate target with a decisive entropic advantage.>*!

The strength of a protein-ligand interaction is described by the free Gibbs energy of binding
(G), which is influenced by enthalpy (H), entropy (S) and temperature (T). The individual
variables are related via the Gibbs equation AG = AH - TAS. A negative AG indicates a
thermodynamically favorable binding process. Enthalpy represents the strength and type of
interactions (mainly hydrophobic, electrostatic, complexometric and H-bonds) between the
protein and the ligand, while entropy describes the degree of disorder of the corresponding
system. A conformational constraint through rigidization reduces the flexibility and degrees of
freedom of the ligand, resulting in a lower entropy, which may advantageously impact the

binding free energy in total, increasing the protein-ligand binding affinity.>"1

However, it is important to consider with rigidization efforts that enthalpy and entropy can be
interdependent. Although the introduction of a rigid element can increase entropy, it may
reduce protein-ligand interactions and thus AH, too. Ideally, enthalpy and entropy contribute
synergistically to a significant increase in affinity, through rigidization improving ligand
interactions on the one hand and reduced degrees of freedom leading to a particularly
favorable decrease in AG on the other. However, strong conformational constraints may still
carry risks, as in addition to altered interactions, steric effects of the corresponding rigidizing
structural elements may hinder protein-ligand binding.*®! Nevertheless, a rigidization approach
provides valuable insights into structure-activity relationships and is therefore an important tool

within drug development processes!®.

Figure 9 illustrates the principle of structural optimization by means of rigidization by
comparing a rigidized molecule with its more flexible predecessor. Usually, conformations are
restricted by aliphatic linkers in terms of cyclization, however aromatic ring structures that
exhibit significant changes in chemical structure can contribute to enhancing the desired
biological effect, as seen in the case of Adapalene.
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Figure 9: Selection of successfully rigidized molecules and the corresponding predecessors with related biological
activities (cf. lit.[5 56.59-63]) ||lustration of the implemented conformal restrictions in blue coloring. Abbreviations:
ECsq (effective concentration 50%): substance concentration to achieve 50% of the maximum biological effect.
AChE: acetylcholinesterase, RAR: retinoic acid receptors, RXR: retinoid X receptor, HIV-IN: retroviral integrase of

human immunodeficiency viruses, ALK2: activin receptor-like kinase-2.

These examples visualize that rigidization of certain structure elements may represent a
powerful strategy to enhance biological activity of compounds, therefore corresponding
possibilities of conformational restriction with regard to the development of novel Sirt2
inhibitors are to be investigated subsequently. Based on lead compound 28e, the rigidization
potential was evaluated in advance in docking experiments in order to identify promising

candidates.
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3.1.2 Docking studies guided strategy to identify high potential rigid
analogues of lead compound 28e

The docking pose analysis of 28e indicated the potential for the application of a rigidization
approach (see Figure 10). The respective docking experiments were carried out by our
cooperation partner Dr. Thomas Wein, for further experimental details see Chapter 5.4.1. The
presence of the ether group enables a high degree of spatial freedom, which can be restricted
using a corresponding naphthalene element, resulting in candidate FM50 (see Figure 10).
Here, the molecular angulation occurring in the binding pocket is represented by the
rigidization. Benzothiazole FM129 was selected to provide an additional rigid variation due to
its 6-plus5-ring characteristics and the associated change in geometric orientation of attached
residues. In addition, this element was preferred, along with various other conceivable options,
firstly because of its synthetic accessibility and secondly because of the structural similarity of

the aminothiazole partial structure of SirReal2.

O\/©\NJOJ\/S\(/N
i ij

rigidization

s

N
DORBE e
S N N~
\ | H FM50

further rigid variation

\>—NH
o)
s S_</
YR FM129

Figure 10: Sirt2 docking pose (based on PDB ID: 5YQO) of 28e and vizualisation of the fundamental rigidization
condsiderations FM50 and FM129.

These initial ideas should then be validated in a further docking experiment (see Figure 11),
which involves the specific structural variation of 28e with a naphthyl element (FM50) and an
alternative benzothiazole structure (FM129). The docking experiment of the two main rigid
candidates (FM50 and FM129) showed very promising results. FM50 (red) displays a similar
binding mode as the reference compound 28e (blue), especially the selectivity pocket binder
structure motif (2-((4,6-dimethylpyrimidin-2-yl)thio)acetamide moiety) in the right-hand part of
the molecule is perfectly aligned and thus should guarantee high selectivity. According to

calculations, FM50 rigidized by the naphthalene element occupies the position of the replaced
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benzyl ether structure and the geometry framed by the naphthalene motif in this case enables

the substrate channel residue to be directed into the desired orientation.

e oA
T i @*‘( S*’?

[l 28e (lead structure) FM50 (naphthalene rigid candidate of 28e) [CJFM129 (benzothiazole rigid candidate of 28e)

Figure 11: Sirt2 docking poses of rigid variations (PDB ID: 5YQO prediction), lead compound 28e (blue) acts as
reference. NAD* (in yellow) is displayed as PDB ID: 4RMG extraction. Left) Naphthalene-based rigid candidate
FM50 (red). Right) and benzothiazole-based rigid candidate FM129 (green).

The docking calculation for benzothiazole FM129 (green) likewise predicted a spatial
orientation within the Sirt2 binding pocket that is comparable to the reference substance 28e,
showing a notable overlap with the substrate channel and the selectivity pocket residue. The
benzothiazole partial structure in this case is located in the same binding region as the benzyl
ether to be replaced, although the benzothiazole structure has an even stronger orientation
towards NAD™.

Based on these encouraging docking study results, an effective synthesis route for the
presented rigidized target compounds should be established. The rigid naphthalene and
benzothiazole elements constrain the bonding geometry and align the substrate channel
residue accordingly. Replacing the thiophen-2-carboxamide residue in the intended rigid target
compounds FM50 and FM129 with various amide-containing substrate channel residues offers
further interaction potential and introduces additional structural diversity, facilitating the
development of a comprehensive compound library of rigidized molecules for structure-activity

relationship studies (see subsequent Chapter 3.1.3).
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3.1.3 Synthesis of selected rigid analogues of lead compound 28e

To characterize the effect of rigidization more precisely, the further benzyl ether structures
based on 28e previously published by Yang et al. were predominantly used as reference and
the most promising variations were equipped with the corresponding rigid elementst™I.
Following this article, the selected candidates with high inhibitory potential are characterized
by different amide-based substrate channel residues and their corresponding substitution in
meta and para position. Based on these specifications, the envisaged target compounds were
identified resulting in a total of 20 molecules as rigid analogues of 28e (see Scheme 2).

substrate channel selectivity binder motif
residue synthesis introduction by acylation
through acylaton . . ‘"7 TTTTTTTTTTon
va
ﬁjk FM50
C-C cross
coupling
______________________________________ E rigid o
i element \ S
s Py Y N \(
\ I H i N
o. P i 3
U
o] SsL Ay
N L e,
S }1 H | i ‘
N i '
\ I H : :
Q Q : 5 5
/le )]\ }L | ' N '
N N N\
H H e
S

Scheme 2: Intended rigidized target compound library and fundamental approach of the synthesis strategy,

exemplified by FM50; the naphthalene element rigidized version of 28e.

A synthesis strategy was subsequently developed to provide general access to the desired
target compounds. Briefly, the fundamental intention was to link naphthalene and
benzothiazole to the selectivity pocket binding motif and, through C-C coupling, establish the

foundation for the subsequent introduction of amide-based substrate channel residues.
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3.1.3.1 Naphthalene-based rigid analogues of lead compound 28e

The initial approach involved connecting the naphthalene element to the selectivity pocket
binder motif to subsequently prepare the desired compounds by cross-coupling and amidation
reactions (see Scheme 3). A decisive advantage of this efficient 5-step synthesis design is the
early introduction of the selectivity pocket binder motif (2-((4,6-dimethylpyrimidin-2-
yl)thio)acetamide moiety), which protects the molecule from subsequent selectivity difficulties
in the amide synthesis of the substrate channel residue. The preparation of the 7-
phenylnaphthyl-2-amine substructure is the crucial part of the synthesis design, which is based
on the central building block 7-bromonaphthalen-2-amine, obtained by a literature-known
protocol®lvia Bucherer reaction®®. Following the addition of sodium bisulfite to the C-4 position
of alcohol 1, the predominantly tautomeric keto group at C-2 undergoes nucleophilic attack by
ammonia, leading to the formation of the 2-naphthylamine 2 after dehydration!®®!.

a o OO0 S e O R
—_— — Br—> S N
Br OH  Br NH,  Br N Br N \Nr/|
2 3 4 X

1

Scheme 3: Primary synthesis strategy with early introduction of the selectivity pocket binder motif. Conditions: a)
NaHSOs;, NH;3 (aqg., 25% wiw), 180 °C, 72 h, 88%; b) 2-bromoacetyl bromide, DCM, rt, 2 h, 82%; c) 4,6-
dimethylpyrimidine-2-thiol, DMF, t-BuOK, rt, 4 h, 89%.

The next step included the introduction of the selectivity pocket binder motif, which is inspired
by the literature-known two-step procedurel*! consisting of N-acylation of the amine 2 using 2-
bromoacetyl bromide with subsequent formation of the thioether 4 via base catalyzed (t-BuOK)
S\2-reaction of compound 3 with 4,6-dimethylpyrimidine-2-thiol. The bromine substitution of 4
enabled the synthesis of the required 2-phenylnaphthalene unit by Suzuki reaction.
Unfortunately, neither the originally desired amine 5 nor the nitro-substituted alternative 6 could
be obtained using various reaction conditions (see Table 1).

Standard Suzuki conditions include the use of potassium carbonate, catalyst Pd(PPh,),, and
the appropriate boronic acid in DMF. Initially, commercially available 4-(aminophenyl)boronic
acid pinacol ester, was used. However, after a failed synthesis, the reaction was attempted
with a different catalyst, palladium acetate, but this also remained unsuccessful. Due to the
stronger electron-withdrawing properties and the lack of nucleophilic reactivity, additional
attempts were made using 4-(nitrophenyl)boronic acid, although this required an extra step for
the reduction of the nitro group to an amine. Unfortunately, this did not have a beneficial effect
on the reaction outcome. A plausible explanation for this unsuccessful conversion might be the
presence of the sulfur atom in the reactant, potentially reducing the catalytic activity of the

palladium species, therefore further attempts to optimize the Suzuki reaction were not pursued
16
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and the synthesis strategy was adapted so that no additional synthesis steps were required.
For this purpose, the Suzuki reaction with 7-bromonaphthalene-2-amine (2) as reactant was

carried out first followed by the introduction of the selectivity pocket-binding motif.

(0] (0]
O 29 O
Br NJJ\/S\r/N NKS\(/N
H | - H |
N Suzuki reaction R N

4 R =NH,: 5
R =NO,: 6
entry residue boronic acid catalyst conditions yield [%]
BPin
a -NH, /©/ Pd(PPh3), i K,CO3;, DMF, 105 °C, 23 h 0

BPin

b -NH, Pd(OAc), K,CO3, DMF, 105 °C, 23 h 0

H,N
B(OH),
c -NO, . N/@f Pd(PPhs); | K;COs DMF, 105 °C, 23 h 0
QB(OH)Z
o,N

d -NO, Pd(OAc), K>COs, DMF, 105 °C, 23 h 0

Table 1: Suzuki cross coupling reactions attempts using compound 4 as precursor.

Remarkably, this reaction was successful at the first attempt using previously the presented
conditions and 7-(4-nitrophenyl)naphthalen-2-amine (7) was isolated with a yield of 42% (see
Scheme 4). Therefore, the nitro substituted boronic acid was used, as otherwise the obtained
ring would contain two aromatic amines. Leading to selectivity problems in subsequent
reactions, the nitro group acts as a protecting group in this case so the naphtalene-2-amine

structure is acylated exclusively.

42%

(I)H
B.__ Pd(PPHa),
o CC
OO ON DMF, 105 °C, 12 h NH,
Br NH,
2 OoN 7

Scheme 4. Successful preparation of 7-(4-nitrophenyl)naphthalene-2-amine (7) as first step of the rearranged

synthesis route via Suzuki reaction with 7-bromonaphthalen-2-amine (2).

Based on the established Suzuki reaction for the synthesis of compound 7, a new synthetic
approach was designed (see Scheme 5). In the adjusted synthetic route, 7-bromo-
naphthalene-2-amine (2), previously synthesized via the Bucherer reaction, was subjected to
a Suzuki reaction with the appropriate nitrophenylboronic acid, yielding compounds 7 and 8.
These compounds were then acylated via 2-bromoacetyl bromide. Using 4,6-
dimethylpyrimidine -2-thiol and -BuOK, thioethers 6 and 11 were synthesized from compounds
9 and 10. The nitro group of compounds 6 and 11 were subsequently reduced with iron and
acetic acid to afford amines 5 and 12, used as starting materials for the preparation of various

final compounds.

17



RESULTS AND DISCUSSION
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Scheme 5: Synthesis route of naphthalene-based rigid analogues of 28e. Conditions: a) NaHSO3;, NH,OH, 180 °C,
72 h, 88%; by) (4-nitrophenyl)boronic acid, K,CO3, Pd(PPh3),, DMF, 105 °C, 23 h; b,) (3-nitrophenyl)boronic acid,
K>COs, Pd(PPhs)4, DMF, 105 °C, 23 h; c) 2-bromoacetyl bromide, DCM, 0 °C, 2 h; d) 4,6-dimethylpyrimidine-2-thiol,

02N 3

by) 4-NOy: 7 (42%)

b,) 3-NO,: 8 (38%)

O
0L

- N
| T
4 N
O5N 3 4-NO,: 6 (83%)
3-NO,: 11 (87%)
) O JVS
—_—
acylation 4//
H 3
R

DMF, t-BuOK, rt, 4 h; e) Fe, AcOH, 50 °C, 3 h; f)-j) shown in Table 2.

The desired target compounds, which were previously defined in Chapter 3.1.3, were finalized
using appropriate carboxylic acid and sulfonyl chlorides, as well as acetic anhydride (see Table
2). This established synthetic route successfully yielded all 10 desired naphthalene-based rigid

analogues of 28e, whose biological activity against Sirt2 and related subtypes is presented in

Chapter 3.1.4.

a-

e

|

O J@s

—_—

4 / P N “ acylation N
H,N 3 4-NH,: 5 HN 3
3-NH,: 12 R
entry reaction conditions position | residue R | compound ID : yield [%]
f 2-thiophenecarbonyl it 2h 3 s i FM48 31
chloride, NEt; DCM ' 4 T Y FM50 53
5-methylthiophene-2- rt, 5h 3 o FM66 83
9) carbonyl chloride, NEt;, S ¥
DCM 40°C,3h 4 \ | FM69 74
3 7 FM54 87
h) benzoyl chloride, NEts, DCM rt, 2 h g
4 FM53 78
Oy ./
) benzenesulfonyl chloride, rt, 4 h 3 \s<; FM47 47
NEt; DCM 40°C, 7h 4 @ FM56 40
3 o FM46 91
i acetic anhydride, NEt; DCM rt, 2 h PN
4 ¥ FM26 72

Table 2: Last synthesis step and final preparation of naphthalene-based rigid analogues of 28e.
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3.1.3.2 Benzothiazole-based rigid analogues of lead compound 28e

The synthesis of the benzothiazole-derived molecules (see Scheme 6) was initially based on
the synthesis route previously established for the naphthalene compounds.

Starting from 4-bromoaniline (13), 2-amino-6-bromobenzothiazole (14) was prepared through
intramolecular cyclization using potassium thiocyanate and bromine in acetic acid, following a
literature-known method®l.Unfortunately, cross coupled compound 15 using 3-
(nitrophenyl)boronic acid could not be synthesized using the previously established Suzuki
reaction protocol (see previous Chapter 3.1.3.1, Scheme 4).

However, after carrying out several test experiments, suitable reaction conditions were

successfully discovered (see Table 3).

N NO,
L C
Br S Suzuki-reaction

14 NO,
entry base catalyst conditions yield [%]
a KoCO3 Pd(PPh); DMF, 105 °C, 48 h 0
b K>CO3 Pd(OAc), DMF, 105 °C, 48 h 0
c K3POy4 Pd(OAc), dioxane/water, 95 °C, 72 h 0
d K3POy4 Pd(PPh)3 dioxane/water, 95 °C, 42 h 19
e Cs,CO3 Pd(PPh)3 dioxanel/water, 80 °C, 21 h 61

Table 3: Suzuki reaction optimization to synthesize 6-(3-nitrophenyl)benzo[d]thiazol-2-amine (15).

By applying a method presented by Gull et al. using potassium phosphate in combination with
catalytic amounts of Pd(PPh;) in dioxane/water, the very first preparation of the previously
unknown 6-(3-nitrophenyl)benzo[d]thiazol-2-amine (15) was achieved with a yield of 19%![°8!.
A further optimization inspired by Dr. Alexandra Kamlah (research group of Prof. Franz
Bracher) gave a satisfactory yield of 61% by using cesium carbonate as the basel®!.

The improved Suzuki reaction conditions were subsequently used to prepare the para-
substituted compound 16. However, this resulted in a very low yield of 8% and unfortunately
the compound 16 proved to be particularly poorly soluble in common solvents. The fact that
these difficulties already occurred in the second synthesis step suggested an adjustment of
the previous strategy, as a practicable and efficient method for the preparation of the target
compounds should be developed. The use of 4-(N-Boc-amino)phenylboronic acid instead of
the 4-(nitro)phenylboronic acid increased the yield of the cross-coupling reaction by 3.5-fold
and provided compound 17 with significantly improved solubility properties without changing
the initial synthesis route in fundamental terms. The acylation of amines 15 and 17 with 2-

bromoacetyl bromide and triethylamine yielded compounds 18 and 19.
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NH, N N
a b, byorb Cq0rcy
/©/ /@[ \>_NH2 1 : : \>_NH2
Br Br S AN S

13 14 4/ by)R=3-NO,: 15 (61%)
R s by) R = 4-NO,: 16 (8%)
bs) R = 4-NHBoc: 17 (28%)

N N
S—NH d H—NH e ore;
| BN S — | X s N= —_—
N o & N o X 4
R '3 ¢,)R=3-NOy 18 (26%) R'3  R=3.NO, 20 (67%)
¢) R = 4-NHBoc: 19 (45%) R = 4-NHBoc: 21 (78%)
N N
S\>—NH f- S\>—NH
S N - X N=
77 N\ -
4 |/ _ o S—< _ acylation 4 |/ P o} S—<\ /
HoN 3 e1) 3-NH,: 22 (74%) N HN 3 N
e,) 4-NH,: 23 (83%) R

Scheme 6: Synthesis route of benzothiazole-based rigid target compounds. Conditions: a) KSCN, Br,, AcOH, 0 °C,
23 h, 35%; b,) 3-nitrophenyl)boronic acid, Cs,CO3, Pd(PPhs),, dioxane/water, 80 °C, 21 h; b,) (4-nitrophenyl)boronic
acid, Cs,CO;, Pd(PPhz),, dioxane/water, 80 °C, 21 h; bs) 4-(N-Boc-amino)phenylboronic acid pinacol ester,
Cs,COs3, Pd(PPh3),, dioxane/water, 80 °C, 20 h; c,) 2-bromoacetyl bromide, NEt;, DCM/DMF (6:1), 40 °C, 3 h; ¢,)
2-bromoacetyl bromide, NEt;, EtOAc, 77 °C, 3 h; d) 4,6-dimethylpyrimidine-2-thiol, DMF, {-BuOK, rt, 3 h; e;) Fe,
MeOH/water, NH4CI, 65 °C, 3 h; e,) TFA, chloroform, rt, 24 h; f) - j) shown in Table 4.

Due to solubility issues it was necessary to add DMF or switch to EtOAc as solvent. Thioethers
20 and 21 were then synthesized by default from respective compounds 18 and 19 using 4,6-
dimethylpyrimidine-2-thiol and -BuOK. The Boc protecting group of compound 21 was cleaved
off using trifluoroacetic acid to obtain amine 23, which is subsequently acylated to prepare the
desired target compounds in the next step.

To reduce the nitro group of compound 20 in order to obtain amine 22, the previously used
standard iron/acetic acid system was changed favoring iron/MeOH/water to avoid expected
acetic acid related extraction difficulties. Based on previous acylations (see Chapter 3.1.3.1,
Table 2), meta-substituted amine 22 and para-substituted amines 23, were subsequently
converted to the desired target molecules, defined in Chapter 3.1.3 (see Scheme 2), using
appropriate acid- and sulfonyl chlorides, as well as acetic anhydride (see Table 4).

In conclusion, all 10 desired benzothiazole-based rigid analogues of 28e were successfully
synthesized. Their biological activity against Sirt2 and related subtypes, along with the

naphthalene-based target compounds, is presented in the following Chapter 3.1.4.
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N N
SH—NH a-e SH—NH
S S>_ )—\ N R S S>_ s N=
. |/ _ ¢} S—</ \ acylation 4 |/ P ¢} S—<\ /
HoN 3 R-4-NO,: 22 (80%) N HN, 3 N
R-3-NOy: 23 (75%) R
entry reaction conditions position | residue R compound ID yield [%]
a) 2-thiophenecarbonyl 4 1h 3 s i FM96 81
chloride, NEts, DCM ' 4 T Y FMA129 77
5-methylthiophene-2- 3 0 FM108 46
b) carbonyl chloride, NEt;, rt,2h S ¥

DCM 4 \ FM131 45

o
o) benzoyl chloride, DCM 4 3h 3 v FM95 66
NEts, ' 4 FM127 46

O,
) benzenesulfonyl chloride, t,1h 3 \s§ FM104 15
NEt;, DCM 40°C,8h 4 @ FM130 59
acetic anhydride, NEt;, 3 o FM94 96

e) DCM rt, 3h )l\;
4 FM128 60

Table 4: Last synthesis step and final preparation of benzothiazole-based rigid analogues of 28e
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3.1.4 Biological evaluation of synthesized conformal-restricted target inhibitors

3.1.4.1 Inhibitory activity on Sirt2 and corresponding subtype selectivity

Using fluorescence-based sirtuin assays the ICx; values for Sirt2 and the selectivity on subtype
Sirt1, Sirt3 and Sirt5 of the synthesized compounds were determined by Reaction Biology
Corporation (Malvern, USA) to subsequently evaluate the biological impact of the

accomplished structural rigidization (see Figure 12).
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Figure 12: Determination of the inhibitory activity of the test substances on the corresponding sirtuin enzymes,
based on a fluorescence-based assay (for details see 5.3.3) by Reaction Biology Corporation (Malvern, USA). a)
Inhibitory activity (ICsq) on Sirt2 of lead compound 28e (red) and the synthesized rigid molecules based on
naphthalene (blue) and benzothiazole (green). Differences in the brightness of the respective colors represent the
corresponding substitution pattern of the synthesized compounds. The lighter color therefore describes the 3-
position (meta substitution) and the darker color the 4-position (para substitution) of the respective pairs of
substances. FM66, FM96, FM95 and FM108 are determined at least with ICso > 50 uM. For each serially diluted
replicate of the triplet, an ICsy value was determined by sigmoidal curve fitting and the presented mean and standard
deviation (displayed as error bars) were then calculated from the three resulting ICs values. b) Subtype selectivity
screening of synthesized rigid target compounds: the percentage enzyme activity of Sirt1, Sirt3 and Sirt5 in the
presence of the corresponding test substances was determined at 50 uM in duplicate, giving the presented mean
and corresponding standard deviation (displayed as error bars). FM66, FM96, FM95 and FM108 determined at
least with IC5o > 50 uM on Sirt2 were not included in the respective subtype selectivity analysis.
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According to the literature, the lead compound 28e, which was reported to have an IC5, of
0.042 pM (42 nM) against Sirt2, was also synthesized as a reference and included in the
corresponding assays, where it was determined with an ICs, of 0.087 uM (87 nM) towards
Sirt2%3. Considering the determined value of purchased SirReal2 of 0.235 uM (235 nM) on
Sirt2 (published IC5, = 0.44 uM, Sirt2, the announced superiority of 28e over SirReal2 in terms
of inhibitory potency with respect to Sirt2 can be confirmed and the experimentally determined
results are of a comparable magnitude to the published values!“?l.

Variations in ICx, values due to different testing conditions and assay formats are common and
often complicate direct comparison. Thus, including the lead compound in the same testing
system as the target compounds ensures a direct and reliable assessment due to consistent
conditions and data evaluation. The evaluated and processed biological results are assighed
and presented in Figure 12. Additional information regarding particular Sirt2 assay and
subtype selectivity screening conditions as well as detailed information on determined ICs,
values and enzyme activity are provided in Chapter 5.3.3.

Although unfortunately none of the tested compounds exceed the inhibitory activity of lead
compound 28e (ICs, = 0.087 uM, Sirt2), FM69 shows a respectable inhibitory potential with an
ICx value of 0.152 uM on Sirt2.

Since further effective substances were identified in the Sirt2 screening, an overview of

relevant inhibitors with submicromolar IC5, values is shown in Figure 13.
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Figure 13: Sirt2 screening results of synthesized compounds: Overview of the most effective inhibitors derived of
the rigidization approach displaying submicromolar ICs, values on Sirt2, as well as the corresponding lead

compound 28e.

As expected, the analysis of the subtype selectivity of synthesized compounds (see Figure
12) showed that none of the key active compounds display significant activity on other closely
related isoforms of Sirt2: Sirt1, Sirt3 and Sirt5. Therefore, the respective enzyme activity at 50
MM was determined, excluding any relevant inhibitory potential on determined sirtuin subtypes

especially in direct comparison with the submicromolar ICx, values of the tested compounds
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on Sirt2. The determined residual enzyme activity therefore indicates at least an I1Cx, value

greater than 50 uM for the respective subtypes.

3.1.4.2 SAR-analysis of rigidized target compounds

Analyzing the structure-activity relationship of the rigidized compounds, a clear conclusion
becomes apparent: the 4-position (para) at the phenyl ring is clearly preferred in terms of
inhibitory potential compared to the meta-substituted substances. The strong effect of the
different substitution patterns on the inhibitory potency can be vividly illustrated by comparing
ICs, values of FM66 (ICs, >100 puM, Sirt2) and FM69 (IC5, = 0.152 uM, Sirt2), which indicates
a high steric and spatial requirement of the Sirt2 binding pocket. The four weakest inhibitors
(FM66, FM96, FM95 and FM108) with IC5, values above 50 uM on Sirt2 all show a meta-
substituted substrate channel residue. The corresponding thiophenyl-, 2-methylthiophenyl-
and phenyl residues proved to be fundamentally advantageous in the amide-based substrate
channel residues variations, whereas sulfonyl- and acetyl substituted compounds were not
convincing in terms of biological activity. Interestingly, naphthalene-based FM50 and
benzothiazole-based FM129, which represent the directly rigidized versions of lead compound
28e, have noticeable potency, which is less strong than FM69 and FM131, carrying an
additional methyl group at C-5 of the thiophene ring, possibly due to additional hydrophobic
interactions. In addition, the compounds rigidized with a naphthalene structure are generally

superior to those with benzothiazole.

Based on the aforementioned biological study of inhibitory activity against Sirtuin 2, including
corresponding selectivity assessments, five selective inhibitors with submicromolar IC5, values
were identified out of the 20 tested target substances. Among these, FM69 exhibited the
strongest inhibitory potential within the compound library, with an ICs, value of 0.152 uM on
Sirt2. The SAR-analysis demonstrates that the optimization of inhibitors by rigidization is a
major challenge and therefore requires strong efforts to achieve favorable conformational
constraints. Although potency of lead compound 28e was not surpassed, the impact of various
amide-based substrate channel residues variations on biological activity revealed significant

potential for further structural variation of the synthesized rigid compounds.
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3.2 Warhead-based Sirt2 inhibitor modification approach targeting the
NAD* cofactor via reversible covalent binding principle

3.21 Overview of cofactor-based enzyme inhibition, reversible covalent
binding principle in medicinal chemistry and application to Sirt inhibitors

Incorporating the corresponding cofactor of a targeted enzyme into the molecular mechanism
of action of an inhibitor displays an established and promising drug design approach with

several approved pharmaceuticals taking advantage of this principle (see Figure 14)["0.
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Figure 14: Selection of FDA-approved drugs with cofactor involvement in the corresponding inhibitory mechanism.

Tranylcypromine, an antidepressant, causes irreversible enzyme inhibition by covalently
binding to flavin adenine dinucleotide (FAD), the cofactor of the targeted monoamine
oxidases!’-"2,

The same applies to Selegiling, a selective irreversible monoamine oxidase B inhibitor used in
the treatment of depression and Morbus Parkinson("3!.

Vorinostat, as a representative of FDA-approved HDAC inhibitors (also see Chapter 1.2),
utilizes a hydroxamic acid-based warhead to bind zinc, which serves as a cofactor in the zinc-
dependent histone deacetylases!??.

The xanthine oxidase inhibitor Allopurinol is a uricostatic agent used in the treatment of gout.
By binding to the molybdenum cofactor of xanthine oxidase, the active metabolite of
Allopurinol, Alloxanthin, blocks the physiological production of uric acid from purine
precursors.["

Eflornithine causes irreversible enzyme inhibition by interaction with the pyridoxal phosphate
cofactor of ornithine decarboxylase, leading to reduced cellular development, which enables

its therapeutic use in the treatment of hirsutism and human African trypanosomiasis!’* !,

Regarding Sirtuin 2, the use of mechanism-based warheads has led to the creation of a novel
class of inhibitors that irreversibly bind to NAD* by forming covalent conjugates with the
cofactori®l,

The physiological function of sirtuins involves the NAD*-dependent deacetylation of acetylated
lysine residues on histones and other target proteins. An inhibitor equipped with a mechanism-
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based warhead additionally interacts with NAD* in the sirtuin binding pocket, mimicking the
usual acetylated lysine substrate, resulting in the formation of a cofactor-inhibitor conjugate

(see Figure 15).537]

proposed mechanism: NAD*-dependent histone deacetylation by sirtuin catalysis
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Figure 15: Simplified overview of the proposed sirtuin catalysis mechanism of NAD*-dependent histone
deacetylation (cf. it."®77) and corresponding intervention of a mechanism-based warhead Sirt2 inhibitor: Mellini
compound 53 (cf. lit. %1). a) N-acetylated lysine initially transfers the acetyl group to NAD* via Sy2-based reaction
on C1' of the ribose with temporary formation of an O-alkylamidate and cleavage of nicotinamide. b) Intramolecular
electrophilic attack at C2'-OH with the formation of a corresponding cyclic acetal. c) Hydrolysis to C2'-O-acetylated
ADP-ribose and deacetylated lysin. d) Processed by NAD*, thioamide-based warhead Sirt2 inhibitor Mellini

compound 53 forms imidothiodate ADP-ribose conjugate.

To imitate the chemical structure of the sirtuin substrate, primarily structural elements based
on thioureas, thioamides and occasionally carboxamides are utilized as respective
warheads!“®. For instance, Mellini compound 53 represents an innovative thioamide-type
mechanism-based warhead that irreversibly binds cofactor NAD*, forming an ADP-ribose

inhibitor conjugate. In direct comparison with its corresponding unreactive carboxamide analog
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(ICso = 0.60 pM, Sirt2), which does not interact with NAD, the inhibitory activity of the Mellini
compound 53 (ICs, = 0.31 uM, Sirt2) nearly doubled.!*!

However, in principle a beneficial effect is not necessarily guaranteed, as respective
mechanism-based warhead modifications may negatively impact inhibitory activity(’®". In the
structure-activity relationship study on the development of inhibitor 28e, a corresponding
thiourea variant was found to be disadvantageous!®.

The current mechanism-based warheads result in irreversible NAD* binding, not necessarily
enhancing potency and require comprehensive chemical modification. This thesis investigates
the innovative approach of reversible covalent binding of NAD* to seamlessly integrate the
cofactor into the binding mechanism. The reversible covalent binding mode offers an
advantage over purely irreversible inhibitors, as off-target side reactions are less pronounced
due to non-permanent interaction, leading to a successful approval of reversible covalent

inhibitors for various targets and indications (see Figure 16).18"]
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Figure 16: Chemical structures of selected FDA-approved drugs with reversible covalent binding mechanism.

Drugs containing a boronic acid functionality are known to form reversible covalent bonds with
alcohols. Bortezomib marked a milestone in drug research for the treatment of multiple
myeloma as its reversible covalent binding to a threonine residue in the 20S subunit of
proteasomes was confirmed crystallographically.®-¥21 Following the success of Bortezomib,
Ixazomib was developed as a second-generation proteasome inhibitor and approved as an
oral treatment option(®3.

The antidiabetic agent Saxagliptin is a dipeptidyl peptidase 4 inhibitor based on the interaction
between its nitrile structure element and Ser630 of the enzyme, creating a corresponding
imidate!®.

Voxlelotor was approved as an aldehyde-based active substance that forms a reversible
covalent bond to hemoglobin via imine formation for the treatment of sickle cell disease!®-%!.
Hemiacetal formation by aldehyde warhead-equipped inhibitors in the presence of hydroxyl
groups was demonstrated using the example of serine proteases such as trypsin or prolyl

oligopeptidasel®’-88l,
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Instead of using substrate-mimicking structural elements (like thioureas, thioamides and
carboxamides), the novel approach involves boronic acid, nitrile and aldehyde-based
warheads that should specifically bind the hydroxyl groups of ribose of NAD" in a reversible
covalent manner.

Due to the reliable and extensive data available for the reversible covalent binding property of
boronic acids in particular and the confirmed formation of a corresponding cyclic boronic acid
ester between arylboronic acids and NAD* (see Scheme 7), especially boronic acids offer an

extremely promising modification with a reversible covalent binding mode®®-°°l,
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Scheme 7. NAD* forms anionic tetrahedral boronic esters with arylboronic acids under physiological pH

conditions!®l.

Based on systematic analyses of published crystal structures of known SirReal-inhibitors, the
possibility of corresponding reversible covalent binding warheads and suitable substitution

positions were to be investigated subsequently.
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3.2.2 Crystal structure-based evaluation of the envisaged reversible covalent

binding approach to target the cofactor NAD*

Extensive preliminary studies by Schiedel et al.in the research group of Prof. Dr. Manfred Jung
(Albert-Ludwigs-University Freiburg, Germany) formed the fundament and inspiration for
further structural modifications of SirReal2“’l. It was demonstrated that halogenation with
chlorine or bromine at position 7 of the naphthalene ring of SirReal2 is associated with
increased inhibitory activity, without affecting the original binding mode (see Figure 17, left).
While the previously predicted halogen bridge with His187 and Val233 could not be confirmed
in further crystallographic studies, it was possible to attribute the observed increase in potency
to the reorientation of the naphthyl ring caused by halogen substitution and the therefore
improved hydrophobic interactions. Thus, the mentioned variations of SirReal2 resulted in an
increase in potency without involving the corresponding halogens directly in the binding mode
through specific interactions. To unlock the potential of appropriate naphthalene substitutions
of SirReal2 for further interactions, NAD*, which is located in close spatial proximity, presents
itself as a promising target. In this thesis, SirReal2 was equipped with polar electrophilic
functional groups, such as boronic acids, nitriles and aldehydes, with the aim of selectively
targeting the alcohols of the ribose structure through a reversible covalent binding mechanism.

(see Figure 17, right).

Hot s < SSHhAL o

Figure 17: Left: Sirt2 crystal structure superimposition of SirReal2 (grey, PDB ID: 4RMG) and 7-bromo-SirReal2
(blue, PDB ID: 5DY4) together with NAD* (yellow). Right. Envisaged reversible covalent binding warhead
modification based on 7-bromo-SirReal2 (blue, PDB ID: 5DY4) and NAD* (yellow).
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3.2.3 Early proof of concept study using boronic acid modification of simplified
SirReal2-analogue 28a

3.2.3.1 Molecular docking-based verification of envisaged boronic acid substitution
patterns

Due to the promising achievements of approved Bortezomib and its analogs and the confirmed
reversible covalent binding mechanism of arylboronic acids and NAD* (see Scheme 7,
Chapter 3.2.1), the boronic acid warhead was chosen as an early prototype modification. For
an initial proof of concept study, instead of synthesizing the chemically challenging boronic
acid-substituted derivative of SirReal2 (SirReal2-boronic acid FM206) first, the simplified
variation 28a published by Yang et al. was selected (see Scheme 8)153!,

;\/[ >\N>+:\/ ‘<\ ©/0\/©\H)OK/S?J/N/\

7-Bromo-SirReal2, ICs (Sirt2) = 0.21 uM proof-of- concept ; 28a, 71% inhibition (Sirt2) at 5 uM
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28a-boronic acid substitution: !
(ortho-: FM167, meta-: FM166, para- : FM161) |

SirReal2-boronic acid FM206

Scheme 8: Lead compounds 7-bromo-SirReal2 and simplified variant 28a as well as envisaged boronic acid
warhead modifications FM206, FM167, FM166 and FM161 to target NAD* in reversible covalent manner.

To gain insights into the potential orientation of the boronic acid relative to the cofactor NAD",
docking experiments were conducted to evaluate the different substitution patterns of the
boronic acid (see Figure 18). The respective docking calculations were carried out by our
cooperation partner Dr. Thomas Wein, for further experimental information see Chapter 5.4.1.
Particular attention will be paid to comparing the binding mode of the lead compounds and the
proposed docking poses of corresponding boronic acid modifications, as well as the initially
hypothesized orientation of the boronic acid in relation to NAD* proximity.

Analysis of the predicted spatial orientations of the proposed boronic acid-equipped molecules
revealed an initial fundamental correlation with the lead structure of 7-bromo-SirReal2. The
alignment of the selectivity pocket binder motifs (2-((4,6-dimethylpyrimidin-2-yl)thio)acetamide
moieties) is similarly favorable across all three substitution patterns, and the benzene ring
replacing the thiazole occupies a comparable position in the binding pocket, suggesting a
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generally analogous binding mode. Expected differences are observed in the orientation of the
boronic acid-substituted substrate channel residue compared to the naphthyl ring of the
corresponding lead structure 7-bromo-SirReal2.

Due to the presence of the ether linkage, the phenylboronic acids exhibit increased spatial
freedom, which can result in varied orientations. In the docking experiment, the ortho-
substituted variant FM167 shows the smallest change in orientation, remaining in the same
plane as the planar naphthalene ring of the lead compound. In contrast, the meta-substituted
modification FM166 deviates significantly from the naphthalene position and protrudes into the
substrate channel of Sirt2. The predicted para-substituted boronic acid FM161, however,
aligns itself more closely with NAD*. These docking studies provide encouraging results, as
the fundamental agreement between the reference crystal structure and the predicted
candidates suggests promising selectivity and predictable inhibitory activity.
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Figure 18: Substitution strategy and docking poses of envisaged boronic acid modifications of lead compound 28a:
ortho (FM167): green, meta (FM166): orange, para (FM161): red with Sirt2 inclusive NAD* (yellow) based on PDB
ID: 4RMG. Visualization of 7-bromo-SirReal2 (blue, PDB ID: 5DY4) as crystal structure extraction.

The varying orientations of the boronic acid isomers in the substrate channel of Sirt2, due to

different substitutions, offer significant potential for a wide range of additional interactions and
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the targeting of cofactor NAD*. Consequently, efforts are being made to develop the most
efficient synthesis of the boronic acid-modified candidates (FM167, FM166, FM161) of lead

compound 28a to quickly confirm their anticipated positive effects on inhibitory potential.
3.2.3.2 Synthesis of boronic acid modifications of first lead compound 28a
3.2.3.2.1 Strategy development based on retrosynthetic approach

For initial considerations regarding the synthesis strategies of the target inhibitors, key building

blocks were identified through retrosynthetic analysis (see Scheme 9).
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Scheme 9: Retrosynthetic approach of envisaged boronic acid warhead prototype inhibitors revealing key building

blocks and fundamental synthesis options.

In this context, both the amidation to the known (2-((4,6-dimethylpyrimidin-2-yl)thio)acetamide
moiety-based selectivity pocket binder motif and the ether synthesis of an appropriate
hydroxyphenylboronic acid with the corresponding benzyl halide structure should ensure an

efficient and convenient synthesis approach.

However, the synthesis of the lead compound 28a served as a template and inspiration, the
published synthetic approach®® is not suitable for the feasible synthesis of the intended target
compounds, as the essential ether synthesis is conducted unfavorably in the initial step. By
incorporating the ether synthesis in the final step of the synthetic route, the different substitution
patterns of boronic acid-based target compounds as well as the lead compound 28a can be

derived from the same precursor.
3.2.3.2.2 Early chemical difficulties regarding initial step of the envisaged synthesis plan

Based on the commercially available 3-nitrobenzyl bromide (26), a patent method®? suggested

the conversion to 3-(bromomethyl)aniline (27) via reduction with iron/hydrochloric acid in EtOH.
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However, this outcome proved to be unreproducible, as undesired polymerization side
products and dehalogenation were observed. Further attempts®® 391 (see Scheme 10)
including different reduction conditions inspired by related substructures failed as well, leading
to the rejection of this synthesis strategy due to generally limited published data on this specific

reaction.
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Scheme 10: Failed reduction attempts to prepare 3-(bromomethyl)aniline (27). Conditions: a) Fe/HCl,q, EtOH, rt
— 85 °C, 2 h; b) Fe/NH,CI, MeOH/H,0, 95 °C, 6 h; c) Fe/AcOH, 8 h; d) SnCl, x 2 H,O/HCl,., acetone, 50 °C, 12
h; e) H,, Pd/C, MeOH, rt, 3 h.

3.2.3.2.3 Successful modification of synthesis strategy enables preparation of target inhibitors

To avoid unintended side reactions caused by the concurrent presence of both the primary
aromatic amine and the reactive alkyl halide, as seen in the attempted preparation of 3-
(bromomethyl)aniline (27), a new synthesis design was preferred, involving the initial amidation
of an aniline-based building block and subsequent preparation of the benzyl halide structure

to perform the required ether synthesis as a final step (see Scheme 11).

o 0] o]
I R S HOJCLNJVSTN\
28 25

(0] (0}
c BI’\)@\NJ\/SYN d-g N O\/©\NJJ\/S
H N | | H
NS 4 / =2
30 R
d) R = H: 28a (FM159) f) R =4-B(OH),: FM161
e) R = 3-B(OH),: FM166 g) R = 2- B(OH) FM167
Scheme 11: Synthesis of boronic acid substituted analogues of 28a. Conditions: a) 4,6-dimethylpyrimidine-2-thiol,
NEts;, acetonitrile, rt, 24 h, 81%; b) 3-(hydroxymethyl)aniline, HATU, DIPEA, DMF, rt, 3 h, 30%; c) PBr3, DCM, rt,
0.5 h, 85%; d) phenol, --BuOK, DMF, rt, 2 h, 43%, e) 3-hydroxyphenylboronic acid, K,COs, acetonitrile, rt, 6 h, 41%;

f) 4-hydroxyphenylboronic acid, t--BuOK, DMF, rt, 0.5 h, 15%; g) 2-hydroxyphenylboronic acid, --BuOK, DMF, rt,
4h, 6%.

The previously used two-step preparation of the selectivity pocket binder motif (for example

see Scheme 3, Chapter 3.1.3.1), as described in corresponding reference literature was

replaced with a one-step amidation process using 2-((4,6-dimethylpyrimidin-2-yl)thio)acetic
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acid (25). Firstly, formerly used 2-bromoacetyl bromide is unpromising in the context of a
primary alcohol due to its reactivity. Secondly, this adaption offers advantages, as the
previously synthesized carboxylic acid 25 can be directly used for the preparation of further
target compounds.

The coupling of 2-chloroacetyl chloride (28) with 4,6-dimethylpyrimidine-2-thiol to 2-((4,6-
dimethylpyrimidin-2-yl)thio)acetic acid (25) was initially carried out according to a published
protocol®! in a NaOH/H,O system, which however, resulted in scale-related isolation
complications, due to heat sensitivity and universal solubility properties of 25. Therefore, the
reaction was adjusted to anhydrous conditions with triethylamine as base and acetonitrile as
solvent, allowing flash column chromatographic purification by gentle evaporation in vacuo
without prior work-up or recrystallisation. HATU-mediated amidation of carboxylic acid 25 with
the commercially available 3-(hydroxymethyl)aniline, inspired by Dr. Carina Glas!’®! (research
group Prof. Bracher) yields alcohol 29, which is subsequently converted into the corresponding
benzyl bromide 30 via PBr;. Using the benzyl bromide 29 and the appropriate phenols, the
desired target inhibitors were synthesized using Williamson ether synthesis. In principle, the
Willamson ether synthesis was based on the reaction conditions published by Yang et al.*¥,
but adapted accordingly due to differing polarities and chemical properties. With the
combination of ~BuOK/DMF, enough product formation could be achieved, as for lead
compound 28a (FM159), FM161, FM167 the milder standard system of K,CO; and acetonitrile,
used for the preparation of FM166 was not sufficient. Although DMF shows excellent solvent
properties, it negatively affects work-up and extraction compared to acetonitrile, especially
regarding the highly polar products obtained.

The successfully synthesized target compounds were subsequently examined for their
biological activity on Sirt2 and selectivity over other subtypes to determine the impact of the
potentially reversible covalent binding of boronic acid groups in order to incorporate the

obtained knowledge into future strategies on more complex inhibitors.
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3.2.3.2.4 Biological evaluation and SAR-analysis of synthesized target inhibitors FM161,
FM166 and FM167

The Sirt2 inhibitory activity and subtype selectivity regarding Sir1, Sirt3 and Sirt5 (see Figure
19) was determined by Reaction Biology Corporation (Malvern, USA) using a fluorescence-

based assay (detailed conditions, values and procedures see Chapter 5.3.3).
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Figure 19: Determination of the inhibitory activity of the test substances on the corresponding sirtuin enzymes,
based on a fluorescence-based assay (for details see Chapter 5.3.3) by Reaction Biology Corporation (Malvern,
USA). a) Inhibitory activity (ICsp) on Sirt2 of reference substance 28a and the corresponding boronic acid substituted
analogues. For each serially diluted replicate of the triplet, an IC5, value was determined by sigmoidal curve fitting
and the presented mean and standard deviation (displayed as error bars) were then calculated from the three
resulting ICsq values. b) Subtype selectivity screening of synthesized compounds. The percentage residual enzyme
activity of Sirt1, Sirt3 and Sirt5 in the presence of the corresponding test substances was determined at 50 uM in

duplicate, giving the presented mean and corresponding standard deviation (displayed as error bars).

Lead compound 28a, acting as a reference substance, previously reported with 71% inhibition
on Sirt2 at 5 uM®3 was determined with an IC5, value of 7.7 uM. FM161, the para-substituted
boronic acid analogue of 28a, shows a 1.7-fold increase in potency with an ICs, value of 4.5
MM on Sirt2, which can clearly be interpreted as a positive result. The ortho-substituted variant
FM166, with an ICs, value of 28.1 uM towards Sirt2, falls clearly short of expectations and

represents a 3.6-fold reduction in inhibitory activity in relation to 28a. The meta-substituted
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boronic acid FM167 (ICs, = 9.0, Sirt2) was 1.2 times less potent than the reference substance.
The considerably lower inhibitory activity of the FM166 cannot be directly reconciled with the
findings of the docking studies. Docking experiments only provide a theoretical statement due
to the complex binding processes, which are associated with certain limitations and can
therefore deviate from the actual conditions, as in the case for the ortho-substituted boronic
acid.

The screening of subtype selectivity on the related subtypes Sirt1, Sirt3 and Sirt5 is based on
the determination of the residual enzyme activity in % at an inhibitor concentration of 50 uM.
Since all tested inhibitors still show a pronounced enzyme activity of at least greater than 85%
(average percentage) at 50 uM inhibitor concentration on all subtypes (residual enzyme activity
indicates at least IC5; > 50 uM on respective subtypes), the determined IC5, values of Sirt2

confirm a pronounced subtype selectivity.

The synthesized boronic acids exhibit a selective inhibitory activity with respect to Sirt2, which
is however, strongly dependent on the corresponding substitution pattern in the novel
arylboronic acid subunit. Compared to the unsubstituted lead compound 28a, only the para-
substituted variant FM161 shows improved inhibitory activity, whereas the meta-substituted
variant FM167 is determined with slightly poorer potency and the ortho-substituted FM166 is
clearly inferior (para>meta>>ortho). The results indicate that the alignment of the boronic acid
group and its specific position are crucial for inhibitory potential. A proper substitution pattern
of the boronic acids has been shown to enhance the potency compared to the reference lead
compound. Evidence for a hoped-for reversible covalent bond with NAD™ is not pursued further
here, as FM161 only achieved a moderate increase in potency. Nevertheless, the findings
provide valuable insights for further project planning. This proof of concept demonstrates that
a favorable alignment through targeted modification of the lead compound can enhance its
potency. It is expected that an appropriate boronic acid modification will further increase the
inhibitory activity of the already more effective lead compound of SirReal2, possibly due to a

reversible covalent binding mode.
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3.2.4 Transfer and application of the reversible covalent binding warhead
approach on lead compound SirReal2

3.2.4.1 Docking experiment guided pre-verification of envisaged SirReal2-boronic acid
modification FM206

The previously described proof of concept study indicates that achieving a beneficial effect on
inhibitory activity requires careful consideration of different substitutions. Based on this
conclusion, the three-dimensional alignment of the boronic acid modification of SirReal2 is
predicted (docking calculations carried out by cooperation partner Dr. Thomas Wein, for further
information see Chapter 5.4.1) and analyzed using the 7-bromo-SirReal2 analogue crystal
structure in a subsequent docking experiment (see Figure 20).

2 a = = v/ T

A
Figure 20: Left: Docking studies of SirReal2-boronic acid FM206 warhead modification (red) and NAD* (yellow)
based on PDB ID: 4RMG prediction with visualization of crystal structure of 7-bromo-SirReal2 (PDB ID: 5DY4,

blue, extraction). Right: Detailed view of SirReal2-boronic acid FM206 warhead modification prediction based on

PDB ID: 4RMG and neighboring amino acids in the Sirt2 binding pocket. Predicted polar contact distances of

boronic acid warhead with the ribose subunit of NAD* (oxygen atoms in red) and Val233 are given in Angstrém.

Occupying a position analogous to the bromine atom in 7-bromo-SirReal2, the boronic acid
not only adopts a favorable docking pose similar to the lead compound but also reduces the
risk of unwanted spatial clashes, thus providing a suitable environment for the intended
substitution. While polar interactions between the bromine atom of 7-bromo-SirReal2 and
Val233 and His187 were suggested by Schiedel et al. based on initial docking experiments,
subsequent crystallographic studies did not confirm these predicted contacts“. Introducing
various polar electrophilic functional groups such as boronic acids, aldehydes, or nitriles aims
to provoke corresponding polar interactions and, in best case, enable reversible covalent
inhibition by bonding to the hydroxy group(s) of the ribose subunit of the cofactor NAD".
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Notably, the docking prediction for SirReal2-boronic acid FM206 indeed indicates polar
interactions between the boronic acid subunit and Val233 in the enzyme, as well as a
secondary alcohol in the ribose structure of NAD*. This interaction not only has the potential
to enhance inhibitory potency but also could allow for the formation of a reversible covalent
bond via an electrophilic attack of the boron atom on the ribose hydroxy group, resulting in the

formation of a boronic acid ester.

Considering the promising predicted spatial orientation of FM206 and the advantageous
positioning of the boronic acid group, which suggests additional interactions with the binding
pocket and the cofactor NAD*, a synthesis strategy was subsequently developed. This
synthetic approach (see next Chapter 3.2.4.2) involves the substitution with a boronic acid
group as well as the subsequent incorporation of other intended polar electrophilic functional
groups, such as aldehydes and nitriles as warheads for reversible covalent binding to the
cofactor NAD™.
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3.2.4.2 Synthesis of SirReal2-based reversible covalent binding warhead modifications
3.2.4.2.1 Synthesis design and strategy considerations

Although the envisaged structural modifications differ only slightly from the corresponding
SirReal2 and 7-bromo-SirReal2 lead compounds, an adapted approach was required (see
Scheme 12). Since the reactivity of the polar electrophilic functional groups to be introduced
(boronic acid, nitrile and aldehyde) must be taken into account with regard to undesired side
reactions and instability, the use of appropriate protecting groups and synthesis within the final
synthesis step is recommended. The synthesis of the respective 5-(arylmethyl)thiazol-2-
amines follows a literature-known protocoll*?! using a modified version of the Meerwein

arylation!®’-%8l,

’N\ HO
s>\NH2 }/‘\\ N
g & (=
25 \ﬁlé

X modified meerwein arylation amidation

X = halogen
- potential adverse effect

- halogen substitution enables
palladium catalyzed formation of of thioether on palladium
electrophilic group for reversible -=- catalysis
covalent binding mechanism - oxidation-sensitive sulfur
- conceivable amine protection consideration

|
|
I .
i FM206 FM316 FM295 FM302 |

Scheme 12: Strategy development to synthesize the envisaged reversible covalent binding warhead modifications
(boronic acid FM2086, nitrile FM295, acetonitrile FM302 and aldehyde FM316) based on 7-bromo-SirReal2.

Introducing the boronic acid group presents certain challenges that need to be considered
within the synthesis strategy. Common methods include halogen-metal exchange, Grignard
reagent-based boronic acid formation, or Miyaura borylation. Due to the harsh reaction
conditions associated with lithiation reagents and aryl magnesium bromides, a palladium-
catalyzed cross-coupling was favored for the synthesis of the boronic acid.l*l

This method yields a corresponding boronic acid pinacol ester, which has subsequently to be
deprotected to yield the free boronic acid. The oxidative cleavage of the respective pinacol
ester to the free boronic acid is a reliable and established deprotection method, which, due to
the potential oxidation sensitivity of the thioether-containing selectivity pocket binder motif (2-
((4,6-dimethylpyrimidin-2-yl)thio)acetamide moiety), is preferably carried out prior to
amidation.l"%! Direct formylation of SirReal2 is avoided due to expected selectivity issues,
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favoring an aldehyde synthesis starting from the corresponding halogen precursor, which is

also used for the proposed nitrile substitution to selectively introduce the nitrile group.
3.2.4.2.2 Synthesis of SirReal2-boronic acid FM206

The method utilized by Schiedel et al. for the preparation of aminothiazole 35 involves a
modified Meerwein arylation protocol starting from 7-bromonaphthalene-2-amine (33), which
was synthesized by an unselective 5-step nitration-based synthesis with an overall yield of
8% By applying an alternative literature-known method for the preparation of 7-
bromonaphthalene-1-amine (33)!"°"l the compound was synthesized in a convenient two-step
synthesis in a threefold higher yield of 25% in total (see Scheme 13).

After 7-bromonaphthalene-1-amine (33) has been transferred to the corresponding diazonium
salt with in situ generated nitrous acid from sodium nitrite and hydrochloric acid, it reacts with
acrolein to form the a-chloropropanal 34, which subsequently condenses with thiourea to form
the desired aminothiazole 35.
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Scheme 13: Synthesis of 7-bromonaphtalene-2-amine (33), key aminothiazole (35) and subsequent Miyarua-
borylation attempts. Conditions: a) NH,-OH-HCI, NaOAc, EtOH, 2 h, 80 °C, quant.; b) Ac,0, H,SO,4, AcOH 60 °C,
24 h, 25%, c;) NaNO,, HCI then FeCl3-6H,0, HCI, H,0, 0 °C, c,) CuCl,-2H,0, HCI, acetone/EtOH, 0 °C, c3) acrolein,
acetone/H,0, 4 h; d) thiourea, EtOH, 80 °C, 30 h; 41% over 4 steps (cs-c3 + d); €) pinacolborane, PdCIl,(PPhj3),,
NEts, dioxane, 100 °C, 2 h, 0%; f) bis(pinacolato)diboron, Pd(dppf)Cl, - CH,Cl,, KOAc, dioxane, 80 °C, 19 h, traces;
g) di-tert-butyl dicarbonate, toluene, 100 °C, 4.5 h, 85%; h) bis(pinacolato)diboron, Pd(dppf)Cl, - CH,Cl,, KOAc,
dioxane, 80 °C, 1 h, thenrt 2 h, 51%.
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Starting from 7-bromo-1-tetralone (31), the first step consists of the conversion to the
corresponding oxime 32, which is then aromatized using Semmler-Wolff reaction!'®? to the
desired bromonaphthalene-1-amine (33) using sulfuric acid and acetic anhydride in acetic acid.
Subsequently, aminothiazole 35 was further synthesized according to the published method
of Schiedel et al.*% As direct Miyarua-borylation of the previously synthesized aminothiazole
35 to compound 36 was not successful using general literature-inspired conditions!'%*194 the
corresponding N-Boc-protected variant 37 was prepared. The Boc protection finally allowed
the successful introduction of the boronic acid pinacol ester resulting in compound 38 using

previously applied patent procedure!’® within the synthesis attempt of compound 36.
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Scheme 14: Deprotection attempts und final amidation to SirReal2-boronic acid FM206. Conditions: a) TFA,
chloroform, rt, 17 h quant.; b) sodium periodate, THF /waterrt, 1 h then aq. HCI (1 m), rt, 3 h, 84%; c) TFA, chloroform,
rt, 17 h, 79%; 2-((4,6-dimethylpyrimidin-2-yl)thio)acetic acid, DMAP, EDC-HCI, DMF, rt, 16 h, 17%.

The next step comprises the removal of the respective amine and boronic acid protecting
groups from compound 38, starting with the cleavage of the previously introduced Boc
protecting group to compound 36 to enable the oxidative cleavage of the boronic acid pinacol
ester to boronic acid 40 inspired by literaturel'®! Unfortunately, the respective boronic acid 40
could not be released in the presence of the primary aromatic amine of 36. After rearranging
the reaction sequence by initial pinacol ester cleavage using sodium periodate and
hydrochloric acid to boronic acid 39 and subsequent cleavage of the Boc protecting group with
trifluoroacetic acid, compound 40 was realized. Referring back to the previously established
method for the one-step introduction of the selectivity pocket binder motif (see Chapter
3.2.3.2.3, Scheme 11), the HATU-mediated amidation (yield 6%) initially carried out in this
regard was replaced in favor of a more efficient EDC-supported alternative (17%) to give the
target SirReal2-boronic acid FM206, generally inspired by other synthesis efforts of Dr.
Thomas KlaRmuller!'%! of research group Prof. Bracher.
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3.2.4.2.3 Synthesis of nitrile-substituted SirReal2 analogue FM295 and FM302

Due to previous negative experience with unprotected aminothiazoles 35 and 36 (see Scheme
13 and Scheme 14, Chapter 3.2.4.2.2) and the associated disadvantageous impact of Miaura-
borylation and pinacol ester deprotection, the synthesis of the corresponding nitrile-substituted
target compound FM295 was precautionary envisaged starting from the amine-protected
bromoarene 37 (see Scheme 15).

SU SUa
O )T nitrile synthesis attemps O )v

Br 37 CN 41

Scheme 15: Nitrile synthesis attempts based on Boc-protected aminothiazole 37. Conditions: a) NaCN, Cul, KI,
1,2-diaminoethane, toluene, 110 °C, 24 h, traces; b) Na,COj;, K Fe(CN)s], Pd(OAc),, NMP, 120 °C, 23 h, no
conversion of reactant; c) KCN, Pd,(dba); - CHCI;, DPPF, NMP, 60 °C, 24 h, traces, d) zinc cyanide, Pd(PPhj),,
DMF, 80 °C, 18 h, 35%.

Various general strategies for introducing a nitrile group from a halogen-containing precursor
are described in the literature (see Scheme 15). These methods typically involve a suitable
catalyst and an appropriate cyanide donor reagent. In a common Rosemund-von Braun
reaction protocol, Cul and sodium cyanide are used to synthesize aryl nitriles!'’. However,
when applied to Boc-protected aminothiazole 37, only trace amounts of the product were
detected. Using K,[Fe(CN)g] and Pd(OAc), as described by Yang et al.l'%! no conversion could
be observed, while employing the method of Shi et al.l'® with KCN and Pd,(dba); in CHCI,
resulted in only trace amounts of the product. Finally, a successful synthesis of nitrile 41 with
a yield of 35% was achieved using zinc cyanide and Pd(PPh;), according to a patent

method!1%].
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Scheme 16: Final synthesis of nitrile substituted analogues of SirReal2 based on aminothiazole 35. Conditions: a)
zinc cyanide, Pd(PPhz),, DMF, 80 °C, 18 h, 61%; b) ((4,6-dimethylpyrimidin-2-yl)thio)acetic acid, HATU, DIPEA,
DMF, rt ,18 h, (yields given in parentheses); c) isoxazole-4-boronic acid pinacol ester, KF/H,0O, Pd(dppf)Cl,-CH,Cl,,
90 °C, DMF, 20 h, 26%; proposed reaction intermediates of cyanomethylation displayed in brackets.
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For the sake of interest, the reaction conditions determined for the Boc-protected
aminothiazole 37 were transferred to the unprotected aminothiazole 35 in order to possibly
achieve a detour-free nitrile synthesis (see Scheme 16).

Contrary to expectations, the introduction of the nitrile group with the unprotected
aminothiazole 35 was successful with an even better yield of 61%. Encouraged by these
positive results, the preparation of the arylacetonitrile 43 was achieved through the application
of a general one-pot palladium-catalyzed cyanomethylation method!"'"’ based on an initial
Suzuki cross-coupling of aminothiazole 35 with isoxazole-4-boronic acid pinacol ester followed
by subsequent base-induced fragmentation of the respective isoxazole to an a-formyl-nitrile
intermediate, which finally undergoes deformylation to the desired arylacetonitrile 43
(proposed reaction intermediates visualized in Scheme 16).

Both nitrile intermediates 42 and 43 were then converted to the respective target compounds
FM295 and FM302 using previously established HATU-mediated (see Chapter 3.2.3.2.3,
Scheme 11) amidation procedure.

3.2.4.2.4 Synthesis of aldehyde-based SirReal2 variation FM316

The synthesis of the aldehyde-containing target molecule FM316 poses further challenges due
to the aldehyde’s reactivity and ability to form imines with primary amines, particularly under
acidic conditions. Accordingly, the simultaneous presence of aldehyde and primary amine
should be avoided at best, which would not be possible when using the Boc-protected

aminothiazole 37 due to the subsequent, standard acid-catalyzed deprotection.

‘ ’ N\>*NH2 ‘ ’ N>‘NH ‘ | N\>\NH
S o O > 0)_‘\8~</N \ —— O ° o)/\\s~</N§
Br 35 Br N= CHO N=

7-Bromo-SirReal2 (FM315) FM316

Scheme 17: Aldehyde synthesis and final amidation to SirReal2-aldehyde FM316. Conditions: a) ((4,6-
dimethylpyrimidin-2-yl)thio)acetic acid, DMAP, EDC-HCI, DMF, rt, 16 h, 52%, b) N-formylsaccharin, Na,COs,
Pd(OAc),, DPPF, triethylsilane, DMF, 80 °C, 16 h, 11%;

Despite poor experience with previously attempted palladium-catalyzed reactions and the
thioether containing selectivity pocket binder structural motif (see Chapter 3.1.3.1, Table 1),
an attempt was made to introduce the aldehyde group directly from 7-Bromo-SirReal2
(FM315) previously prepared from aminothiazole 35 by EDC-mediated amidation (see
Scheme 17). Fortunately, the synthesis of the SirReal2-aldehyde derivative FM316 was
successfully achieved (but as expected with a low yield) using an established general
palladium-catalyzed reductive carbonylation procedure!l'?, with N-formylsaccharin serving as

a carbon monoxide (CO) surrogate. N-formylsaccharin is a crystalline CO source that
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generates CO in situ under safe reaction conditions, offering a more practical alternative to the
use of toxic CO gas for introducing aldehyde moieties into aryl halides.['3]
The low yield of 11% is attributable on the one hand to the incomplete conversion of the starting

material, but predominantly to observed decomposition during isolation and purification.

By following the synthesis strategy, the lead compound SirReal2 was successfully modified
with the intended polar and electrophilic residues (boronic acid, nitrile, aldehyde) capable of
forming reversible covalent bonds under appropriate preconditions. Subsequently, the
inhibitory activity against Sirt2 and the subtype selectivity of the synthesized target compounds

were evaluated in the following Chapter 3.2.4.3.
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3.2.4.3 Biological evaluation and SAR-analysis of synthesized envisaged reversible
covalent binding SirReal2 derivatives

3.2.4.3.1 Sirt2 inhibitory activity (IC5, determination) and subtype selectivity screening (Sirt1,
Sirt3 and Sirt5)

The determination of the inhibitory activity of the synthesized target molecules and the
corresponding selectivity regarding Sirt2 (see Figure 21) was carried out by Reaction Biology
Corporation (Malvern, USA).
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Figure 21: Determination of the inhibitory activity of the test substances on the corresponding sirtuin enzymes,
based on a fluorescence-based assay (for details see Chapter 5.3.3) by Reaction Biology Corporation (Malvern,
USA). a) Inhibitory activity (ICsp) on Sirt2 of reference substances SirReal2 and 7-bromo-SirReal2 as well as the
corresponding synthesized reversible covalent binding warhead modifications. For each serially diluted replicate of
the triplet, an 1C5q value was determined by sigmoidal curve fitting and the presented mean and standard deviation
(displayed as error bars) were then calculated from the three resulting ICsg values. b) Subtype selectivity screening
of target substances on Sirt1, Sirt3 and Sirt 5. The percentage residual enzyme activity of the respective sirtuin
isoforms in the presence of the target inhibitors was determined at 50 uM in duplicate, giving the presented mean

and corresponding standard deviation (displayed as error bars).
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The detailed experimental conditions and results of the fluorescence-based assays performed
are summarized in Chapter 5.3.3. The lead compound SirReal2, which was purchased by
Sigma-Aldrich (Merck, Darmstadt, Germany) was determined with an ICs, value of 235 nM
towards Sirt2 and the expectedly more potent 7-bromo-SirReal2 showed an I1C5, value of 196
nM, both serving as a reference for the warhead-modifications prepared. According to literature
SirReal2 was reported with an ICx, value of 0.44 uM on Sirt2 and 7-bromo-SirReal2 (IC5, =
0.21, Sirt2) was published as an optimized derivativel*®. When comparing the literature values
of the lead compounds with the values determined in this thesis, the I1Cs, values for 7-bromo-
SirReal2 are consistent, indicating that it represents a more potent development of SirReal2.
While 7-bromo-SirReal2 shows improved potency over SirReal2, it does not achieve the more
than double increase in potency as published. Instead, SirReal2 was found to have 1.9 times
the inhibitory activity compared to the reported values. Due to variations in assay conditions,
ICs, values may differ and are not directly comparable. However, the lead compounds were
confirmed as potent inhibitors in the lower submicromolar range, and 7-bromo-SirReal2 was
identified as a more potent derivative of SirReal2, demonstrating that the overall outcome of
the commercial test system is consistent.

The SirReal2-boronic acid FM206 and the SirReal2-acetonitrile derivative FM302 similarly
display an ICx, value of 235 nM on Sirt2 and are therefore equipotent to SirReal2, but slightly
inferior to 7-bromo-SirReal2 (IC5, = 196 nM, Sirt2). The SirReal2 aldehyde derivative FM316
(ICso = 356 nM, Sirt2) demonstrated a 1.7-fold lower inhibitory activity than SirReal2 and
represents the least favorable structural modification compared to the competing inhibitors.
Encouragingly, the SirReal2-nitrile derivative FM295 with an IC5, value of 122 nM on Sirt2
showed a distinct 1.9-fold increase in potency in relation to SirReal2 and a clear improvement
by a factor of 1.8 compared to 7-bromo-SirReal2. These values can also be transferred to the
corresponding SirReal2-acetonitrile derivative FM302 allowing a direct assessment of the
effect of the corresponding methylene extension. Although the homologous variant increases
the flexibility of the nitrile group, its larger spatial requirements and associated alignment
constraints may negatively impact the binding strength of the inhibitor. The high demands on
inhibitors of the Sirt2 binding pocket for structural modifications involving polar functional
groups, as noted in Chapter 3.2.3.2.4, were successfully addressed through effective
structure-activity relationship analysis. All synthesized compounds exhibited strong inhibitory
activity, and the SirReal2-nitrile derivative FM295 significantly advanced the SirReal2 lead

compound, resulting in a notable increase in potency.

Sirtuin 2 selectivity was confirmed in a subsequent subtype selectivity screening, in which all
synthesized target compounds showed an average enzyme activity of over 77% on closely

related sirtuin isoforms (Sirt1, Sirt3 and Sirt5) at 50 uM inhibitor concentration. Based on
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demonstrated submicromolar I1C5, values on Sirt2 of the examined target inhibitors, the
remaining enzyme activity at the investigated subtypes indicates ICs, values at least greater
than 50 pM.

All synthesized structural modifications exhibit potent and selective biological activity on sirtuin
2, with SirReal2-nitrile derivative FM295 successfully developed as an inhibitor that
outperforms the lead compound SirReal2 by 1.9-fold in potency. Based on these positive
results, an investigation of the specific binding mode of the respective inhibitors in the Sirt2
binding pocket through crystal structure analysis was considered.

3.2.4.3.2 Crystallography-based binding mode investigation of boronic acid modification of
SirReal2: FM206

For the analysis and characterization of the respective binding modes, the synthesized
compounds were investigated by PD. Dr. Eva Huber (research group of Prof. Dr. Michael Groll)
at the Center for Functional Protein Assemblies of the Technical University of Munich the to
create corresponding protein-ligand crystal structures. Further information on applied

crystallographic background are outlined in Chapter 5.4.2.

The analysis of the binding properties and specific interactions of the corresponding inhibitors
can provide valuable insights into the potential presence of reversible covalent bonds, similar
to the approach used by Groll et al. who successfully demonstrated a reversible covalent
mechanism by the crystallization of Bortezomib with its target proteasomel''4l. Unfortunately,
up to now only the cocrystal structure of SirReal2-boronic acid FM206 in low resolution (4.2 A)
with Sirt2 could be recorded, while the other structural modifications eluded further
crystallographic investigation (see Figure 22). As predicted in the previously performed
docking experiment (see Chapter 3.2.4.1), SirReal2-boronic acid FM206 occupies a similar
position in the binding pocket as the lead compound SirReal2 and is characterized by
comparable interactions with the protein; a possible explanation for the similar potency of
SirReal2 and FM206 (both IC5, = 235 nm, Sirt2). However, the resulting crystal structure of
FM206 with Sirt2 lacks the obligatory cofactor NAD*, representing the actual target for the
formation of the envisaged reversible covalent bond with the boronic acid. In principle, a
displacement of NAD* by a Sirt2 is not unusual, since lead compound predecessor SirReal1
(in contrast to SirReal2) acts as a competitive inhibitor towards NAD* (see Figure 23)1“2,
However, there are more backgrounds to consider: possible steric hindrance and low
resolution of the crystallographic experiment. By visualizing the usual NAD™* orientation in the
Sirt2 binding pocket on the basis of the crystallographic data of the SirReal2 lead compound
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(PDB ID: 4RMG), the high spatial proximity of the ribose part of NAD* and the boronic acid
moiety of FM206 is evident (see Figure 22, B).

A hSirt2>**:FM206 B hSirt2***:FM206
hSirt2****:SirReal2:NAD’

% \ C"(‘(/ & F1e
} M206
L138

Figure 22: FM206 cocrystal structure with Sirt2 shows similar spatial arrangement as predicted in previous docking

experiments (see Chapter 3.2.4.1). A) General display of obtained crystal structure with FM206 in the Sirt2 binding
pocket. Contrary to expectations cofactor NAD* was not detected in the crystallographic experiment. B) Symbolized
theoretical position of NAD* by subsequent insertion of the respective crystal structure based on existing data (PDB
ID: 4RMG) indicates sterically demanding environment. C) Detailed view of FM206 and surrounding amino acids in
the Sirt2 binding pocket. D) Electron density illustration of FM206 in the Sirt2 binding pocket.

Therefore, it is conceivable that the cofactor could be displaced, making a reversible covalent
bond unavailable. The low resolution and the slow crystallization process of the cocrystal could
also be a reason why the cofactor NAD* could not be observed, which is why efforts are
currently being made to improve the resolution and the experimental conditions. Furthermore,
the absence of the cofactor may also explain the laborious and complicated crystallographic
process of the SirReal2-boronic acid FM206 protein complex, and the difficulties observed
during crystallization of the remaining structural modifications. Despite significant challenges,

the cocrystallization of FM206 succeeded, enabling the visualization of the underlying binding
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mode and the validation of the orientation of the boronic acid group in close proximity to the
binding site of the NAD™ ribose structure, as predicted previously.

As a result, within the scope of this specific crystallographic investigation and the underlying
resolution of the conducted experiment, the inhibitory potency of FM206 cannot be attributed

to a reversible covalent binding mode.
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SirReal1, IC5y(Sirt2) = 3.75 uyM SirReal2, IC5y(Sirt2) = 0.44 pM
competitive towards NAD* partial non-competitive towards NAD*

Figure 23: SirReal1 represents a less potent relative of SirReal2 and is an inhibitor that, unlike SirReal2, is

competitive towards NAD*. Consequently, SirReal1 has the ability to displace NAD* from the active site of Sirt2.12

Consequently, the remaining nitrile and aldehyde modifications, particularly SirReal2-nitrile
derivative FM295 (IC5, = 122 nM, Sirt2), continue to be promising inhibitors with the potential
to form a reversible covalent bond with the NAD* cofactor. Therefore, further crystallization
efforts are being undertaken and corresponding crystallographic studies are being intensively

pursued to identify the specific binding mode.
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3.3 Lead structure-based hybridization drug design strategy for
developing optimized Sirt2 inhibitors

3.3.1 Lead structure-based hybridization as a fundamental approach in
medicinal chemistry

The availability of established lead compounds offers the opportunity for a lead structure-based
hybridization approach, allowing the sophisticated combination of relevant pharmacophoric
structural elements, predominantly based on initial crystallographic analysis, to achieve
optimized hybrid compounds!'™.This strategy offers valuable insights into the complex
interaction processes within the binding pocket and serves as a targeted method for the

systematic advancement and customization of further inhibitors (see Figure 24)6],

1% 4 ci\\NH

6
0 Cl

N 7/ : /
B d18 1 Bregman compound 46, Bregman compound 52,
regman compoun ) : TNKS1 IC5¢ = 0.004 uM ' TNKS1 | = 0.024 UM
TNKS1 IC50 = 0.2 uM [ e H $11Cs0 = 0.024 p

F F
! Cl
Hutton compound 2, ! Hutton compound 20, E Hutton compound 1,
LANMT k; =63 nM i LANMT k;=1.6nM i LANMT  k; = 254 nM
YNYTY
o 0}

! i UKU10363,
33a, ICq (Sirt2) = 1.76 M Mellini compound 36, ; IC50 (Sirt2) = 0.59 M
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Figure 24. Successful application lead structure-guided hybridization approach to improve the binding affinity of
selected inhibitors, based on fusion or merging key structural elements to visualize hybrid approach principle (cf.
lit.[’8 1161201 Apbreviations: TNSK1 (tankyrase 1), LANMT (Leishmania N-myristoyltransferase), k; (inhibition

constant): describes the binding affinity of an inhibitor as the equilibrium concentration between dissociation and
association with the enzyme.
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Particularly regarding Sirtuin 2, lead structure-based hybridization based on available crystal
structures offers excellent prospects. This approach has been successfully demonstrated with
the hybrid Mellini compound 36 through the fusion of compounds 33a and UKU10363 (see
Figure 24). The application to SirReal2 and further optimized derivatives offers promising
potential, which will be evaluated in the following Chapter 3.2.2.

3.3.2 Selection and design of novel lead structure-based hybrid candidates

3.3.2.1 Crystal structure analysis of lead compounds as inspiration for envisaged

hybridization approach

Existing cocrystal structures of potent inhibitors can be utilized to identify key structural
elements designing improved analogue compounds. In the subsequent crystallographic
investigation of the lead compounds SirReal2 and 24a, potential hybrid candidates will be

identified and evaluated (see Figure 25).

substrate selectivity binder motif
channel i,

residue selectivity binder motif  substrate channel residue \/@\ 0
------------------------------------- o s N
" i Sy

SirReal2, ICg = 235 M 24a,C50=79 M

Figure 25. Selected lead compounds SirReal2 and 24a for a molecular hybridization approach. For direct
comparability, the 1Cso values on Sirt2 of the lead compounds determined using the assay system of this thesis (see

Chapter 5.3.3) are provided, as published literature values cannot be directly compared due to varying test

conditions.

Inhibitor 24a as a direct related but more potent further development of SirReal2 shares the
same (2-((4,6-dimethylpyrimidin-2-yl)thio)acetamide moiety selectivity pocket binder motif,
connected via an amide bond to the corresponding aromatic ring (thiazole for SirReal2,
benzene for 24a)®%. The substrate channel residue, in case of SirReal2 the naphthalene is
methylene linked, for 24a the amide-based substrate channel residue is connected via a methyl
ether bridge. Due to the structural similarity, a comparable binding mode can be expected,
which was subsequently confirmed by superimposing the respective cocrystal structures (see
Figure 26). The methyl ether element of 24a enables the necessary spatial alignment of the
amide-based substrate channel residue, considering to be a crucial structural feature. The
thiazole of SirReal2 and corresponding benzene ring of 24a occupy similar positions in the
binding pocket, making their interchangeable replacement feasible, enabling further variations

possibilities. Due to their structural similarities, SirReal2 and 24a possess the ideal
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prerequisites for identifying and strategically applying pharmacophoric fragments. The
common and crucial selectivity pocket binder motif (2-((4,6-dimethylpyrimidin-2-
yhthio)acetamide moiety) represents an essential and unchangeable structural element for the

development of corresponding hybrid compounds.

\ & 4
A
\

Figure 26: Stacked crystal structure visualization (prediction based on PDB ID: 4RMG) of lead compounds SirReal2
(blue, PDB ID: 4RGM) and 24a (red, PDB ID: 5YQO) together with cofactor NAD* (yellow: PDB ID: 4RMG) for

molecular hybridization considerations.

Whereas SirReal2 is mainly characterized by hydrophobic and 1-1r stacking interactions of
the naphthalene within the substrate channel, 24a shows additional polar interactions through
the amide unit, contributing to a stronger inhibition of Sirt24 801,

Based on the crystal structure analysis of the selected SirReal2 and 24a, several shared and
alternate structural elements involved in the biological activity of the inhibitors were identified.
Considering these aspects, novel hybrid candidates will subsequently be designed through

lead structure-based hybridization approach (see next Chapter 3.3.2.2).
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3.3.2.2 Assembly of selected structural elements to create a promising library of novel
hybrid candidates

Regarding SirReal2, two relevant structural elements are identified: the thiazole ring and its
adjoining methylene bridge (see Scheme 18). In contrast, the more effective inhibitor 24a and
28e features the corresponding amide-based substrate channel residue linked via a benzyl
ether structure. Based on the assumption that a certain spatial flexibility of the inhibitor is
advantageous and necessary, as concluded in previous rigidization approaches (see Chapter
3.1.4), the methyl ether group was considered the crucial fragment for the design of the desired
hybrid inhibitor candidates.

hig

NN
. oY
o (,\(? _/: N/IK/S
- H
o
\N\ X H ( -
N= 24a, ICy, (Sirt2) = 79 nM H
/ Q
s N>\

SirReal2, ICs,, (Sirt2) = 235 "M \ | H 28a, ICs (Sirt2) =7.7 M,
28e, ICsq = 87 NM

H FM345
N / o)

FM368

Scheme 18: Combination of key structural elements (methylether and thiazole) of selected lead compounds
(SirReal2, 24a, 28e, and 28a) to design promising hybrid candidates. For direct comparability, the ICsq values of
the lead compounds determined using the assay system, of this thesis are provided (for details see Chapter 5.3.3),

as published literature values cannot be directly compared in this case due to varying test conditions.

Therefore, a modification of SirReal2 with the corresponding ether group to FM368 is required
to analyze the assumed beneficial effect on inhibitory activity. The incorporation of the thiazole
ring represents a hybridization-based approach for the further development of 24a and 28e
with hybrid candidates FM358 and FM352, since polarity alterations and substrate channel
residue realignment due to the change from benzene to thiazole will potentially enable
favorable interactions within the active site of Sirt2. These fundamental considerations can be

expanded to include additional lead compounds such as 28a allowing further comparative and
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relational analyses of the impact of lead structure-based hybridization drug design approach

based on target compound FM345.
3.3.2.3 Docking experiment-guided validation of proposed hybrid candidates

Prior to initial synthesis efforts, the proposed hybrid candidates were to be evaluated by
molecular docking experiments (carried out by our cooperation partner Dr. Thomas Wein, for
further details see Chapter 5.4.1) focusing particularly on general binding properties and fitting
accuracy. The determination of equivalent binding modes is particularly desirable regarding
the alignment of the selectivity pocket binder motif (2-((4,6-dimethylpyrimidin-2-
yhthio)acetamide moiety) and substrate channel residues, as an excessive change in
conformation due to moderate structural adjustments is not expected or considered favorable.
The docking studies of FM345 and FM368 showed encouraging results, as both hybrid
candidates assume a spatial orientation comparable to the reference lead compound SirReal2
(see Figure 27).

FM368 is characterized by close similarity regarding the selectivity pocket binder motif and
corresponding thiazole positioning. Expected deviations are observed around the ether group,
as the less restricted spatial arrangements of hybrid candidate FM368 enable alternative
alignment positions of the naphthalene residue within the respective binding pocket of Sirt2.

Figure 27: Sirt2 docking experiment results of FM368 (red) and FM345 (green) based on the crystal structure of
the corresponding lead compound SirReal2 (blue, PDB ID: 4ARMG) and NAD* (yellow).

Similarly, FM345 displays a positional reorientation of the corresponding benzene residue due

to the presence of the ether group in the docking experiment. This reorientation is

accompanied by a more extended occupation of the substrate channel of Sirt2. Despite the

apparent overlap of the selectivity binder motif, FM345 shows a partial deviation from the
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reference SirReal2, including the thiazole ring positioned similarly but exhibiting a different

orientation.

In related docking experiments (see Figure 28), the hybrid candidates FM358 and FM352
were found to match perfectly with the crystal structure of lead compound 24a with regard to

the predicted position within the binding pocket.

Figure 28: Sirt2 docking experiment results of FM358 (red) and FM352 (green) based on the crystal structure of
the corresponding lead compound 24a (blue, PDB ID: 5YQO) and NAD* (yellow, PDB ID: 4RMG extraction).

The selectivity pocket binder motif fits precisely in both cases, the thiazole ring has a suitable
orientation, and the amide-based substrate channel residues demonstrate promising
alignments. Fundamentally, the intended hybrid candidates (FM345, FM368, FM352 and
FM358) designed intuitively on paper first and confirmed by docking studies, expectedly
display similar binding modes as their respective lead compounds. However, small changes
to the structural elements can have significant impacts, creating (or destroying) additional
binding opportunities and interactions within the binding pocket, which offer the potential to
develop a stronger inhibitory effect. Based on the positive results in the molecular docking
experiments a strategy for synthesizing the corresponding hybrid compounds was

subsequently devised (see next Chapter 3.3.3).
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3.3.3 Synthesis of hybridization-based target inhibitors

3.3.3.1 Retrosynthetic-analysis for envisaged hybrid candidates

In an exemplary retrosynthetic study of FM345 three main building blocks were identified,
consisting of phenol (44) (additionally substituted in the case of the other hybrid candidates),
carboxylic acid 25 and a 5-(halomethyl)-2- aminothiazole unit (see Scheme 19). However, the
synthesis design had to consider the commercial availability of the intended reactants and the
potentially strong electrophilic property of the alkyl halogen species with respect to nucleophilic
structures such as primary amines or thioethers to ensure an efficient and sophisticated

approach.

X = halogen N
x\/[ D—NH,
S
4

Willamson ether
synthesis

! o)
N
o\/[ %\NH"; )‘\ N=—
s’ N O s
SR ave
FM345 S‘<\ ya
y N 25
¥

OH ..
selectivity pocket
44 binder motif

Scheme 19: Retrosynthetic analysis of ether hybrid candidates; exemplary visualization with phenoxy-substituted
target inhibitor FM345.

amidation H

Due to difficult synthetic access, lack of commercially available options and concerns regarding
stability and reactivity of respective halomethyl aminothiazoles, the use of widely available and

well established 2-amino-5-formylthiazole (45) as starting material was favored.
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Scheme 20: Modified retrosynthetic approach after comprehensive analysis of various synthesis options.
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Therefore, the synthesis design was adapted (see Scheme 20) and it was intended to link 2-
amino-5-formylthiazole (45) with carboxylic acid 25 first, so that the respective aldehyde 46
can subsequently be reduced to the corresponding primary alcohol 47 to prepare an
appropriate alkyl halide compound required for the final ether synthesis step. The synthesis
plan takes into account the possible reactivity of the alkyl halogen species by preferably
excluding the presence of primary amines as reaction partners in advance. Therefore, the
amidation of amino-5-formylthiazole (45) has to take place at an early stage, followed by the
subsequent ether synthesis. Due to positive experience using Williamson ether synthesis on
similar compounds especially 28a (FM159) (see Scheme 11, Chapter 3.2.3.2.3) and related
literature, the synthesis of the so far poorly investigated class of 2-aminothiazole methyl ethers

was carried out based on previous used reaction conditions (see next Chapter 3.3.3.2).

3.3.3.2 Synthesis of a (bromomethyl)thiazole intermediate as precursor for the

intended Williamson ether synthesis to prepare aryloxymethylthiazolamides

The key element of the synthesis strategy is the preparation of the ether structure via
Williamson ether synthesis, connecting the (bromomethyl)thiazole 48 with the corresponding
phenolic substrate channel residue (see Scheme 21).

0] 0] S °NH

HO)K/CI 2 HOJ\/S\(/N | b o)\
N&

—_— —_—

S__N
T AN
N
28 25 46 \%/

S N S N
X \
47 WNT%/ 48 WNl/j)/

Scheme 21: Synthesis of alkyl bromide 48 as essential precursor for envisaged Williamson ether synthesis.
Conditions: a) 4,6-dimethylpyrimidine-2-thiol, NEt;, acetonitrile, rt, 24 h, 81%; b) 2-aminothiazole-5-carbaldehyde
(45), DMAP, EDC-HCI, DMF, rt, 16 h, 46%, c) NaBH,4, MeOH, 3 h, 0 °C, 79%; d) PBr;, DCM, rt, 18 h, quantitative.

The straightforward synthesis of the carboxylic acid 25 (previously established in Chapter
3.2.3.2.3, see Scheme 11) from 2-chloroacetyl chloride (28) marks the first step in the
preparation of the primary alkyl halide required for the intended Williamson ether synthesis.
EDC-HCI mediated amidation with 2-aminothiazole-5-carbaldehyde (45) provides the

aldehyde 46, which was reduced to the corresponding alcohol 39 using sodium borohydride.
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Subsequently, the alcohol obtained is converted to the desired alkyl bromide 48 using

phosphorus tribromide.

3.3.3.3 Williamson ether synthesis of aryloxymethylthiazolamides: scope and

limitations

3.3.3.3.1 Fundamental chemical difficulties and initial adjustments of reaction conditions

The envisaged Williamson ether synthesis for the preparation of FM345 should in fact be
unproblematic, as a general feasibility already has been demonstrated in the synthesis of
related boronic acid modifications of lead compound 28a (see Chapter 3.2.3.2.3, Scheme 11),
allowing theoretically simple transfer to the other desired hybrid candidates. Unfortunately,
however, the establishment of the respective Williamson ether synthesis revealed major
difficulties in the preparation of the so far uninvestigated class of 5-(aryloxymethyl)thiazoles of
type FM345 (see Table 5).

N | N
D - NH
Br\)is>_N>H N— 44 a-h O\):S>_ ; Ne
o s o s
_<}\j / Williamson ether synthesis ©/ _<\N /
48 FM345
entry base (1-2 eq) solvent condition outcome description
- Lot omE o b thyl)thiazol
b K,COs3 acetonitrile rt, 5h (bromomethyljthiazole
c K,CO DMF it 24 h reactant no longer detectable,
2 3 ,
d Cs,CO DMF it 24 h the desired product was not
3 tl
e NEt; DMF rt 24h generated, other products were
f NaH DMF rt, 24 h non-isolatable
h KoCOs DCM t, 24 h

undesired alkylation products

i - phenol (44)  40°C, 24 h

Table 5. Unsuccessful Williamson ether synthesis attempts using various reaction conditions. If reactant was still
present after 12 h, a further equivalent of the appropriate base was added. K,CO3/DCM attempt h) and base-free

phenol melting entry i) led to unwanted alkylation products (see Figure 29).

Despite applying the established reaction conditions of previously successfully performed
ether syntheses (see Chapter 3.2.3.2.3, Scheme 11) the desired product FM345 was not
obtained using potassium tert-butanolate in DMF or potassium carbonate in acetonitrile.
Further reactions in DMF with triethylamine, potassium carbonate, caesium carbonate, as well
as sodium hydride as a base, were unsuccessful. These experiments were performed in
consideration of favorable William ether synthesis reaction conditions, such as solvent
requirements (aprotic polar solvents stabilize the phenolate anion) and base specifications

(sufficient basicity, appropriate nucleophilicity and steric requirements).
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The utilization of K,CO5 in DCM (Table 5, entry h) and a base-free melting experiment (Table
5, entry i) initially gave misleading positive results, as a reaction product with the matching high
resolution mass spectrum could be isolated, which was however later identified as a para-
alkylated phenolic product by further comprehensive NMR spectroscopic structural analysis
(see Figure 29).

\ " \ \
T P P

N= N N=
O 5 o = OH 0 s
\ S \ \<\
\_7/ ‘<N / N—?
FM345 49 50
Chemical Formula: C4gH1gN40,S, Chemical Formula: C41gH1gN40,S, Chemical Formula: C4gH1gN402S,
Exact Mass: 386,0871 Exact Mass: 386,0871 Exact Mass: 386,0871

Figure 29: Undesired alkylation products observed (entry h and i) contributed to the further understanding of
unwanted side reactions under subsequent Williamson ether synthesis conditions. In contrast to the para-
substituted compound 49 (yield: 24% obtained from entry h), ortho variant 50 was assumed based on TLC-MS

analysis but could not be separated and therefore characterized.

A reasonable competing reaction to the proposed Williamson ether synthesis with phenolates
represents an electrophilic aromatic substitution, since the +M-effect of the corresponding
phenolate anion concentrates the electron density within the aromatic ring and less at the
oxygen atom, favoring an attack in ortho-, preferably in para-position™!. In contrast to the
para-alkylation product 49, the corresponding ortho-substituted product 50 was detected only
by TLC-MS analysis and not isolated, as the monitored yield was negligible. Nevertheless, the
experiments revealed valuable chemical properties of the previously unknown 5-
(bromomethylthiazol-2-amide 48 suggesting further synthesis adjustments. The undesired
alkylation side reactions observed under Williamson ether conditions revealed the strong
electrophilic properties of the previously unknown alkyl bromide 48, represents a possible
explanation for the fundamental difficulties in synthesizing 5-(aryloxymethyl)thiazolamides of
the type (FM345). Consequently, the reaction behavior of 48 was further investigated, and the

strategy for the Williamson ether synthesis was reconsidered.

3.3.3.3.2 Electrophilic property of the (bromomethyl)thiazole precursor and related synthetic
adjustments

The exceptionally strong electrophilic properties of the alkyl bromide 48 became evident in the
presence of water and methanol (see Scheme 22), leading to the corresponding alcohol 47
and methylether 51, whereas the related benzyl bromide 25 (described in Chapter 3.2.3.2.3,
Scheme 11) remains unaffected under similar conditions. The chemical property of phenol and

the extremely strong electrophilic property of the alkyl bromide 48 may be responsible for this
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undesirable side reaction described in the previous Chapter, so further experiments were
carried out using the theoretically less reactive respective alkyl chloride 52 instead of the alkyl
bromide 48.

N R G EEEEEELEEEE RS
H20 Br\/[ N MeOH : ﬂ
| S NH | \ Br NH
instant instant
quantitative quantitative 1 o 5. N
conversion o) N conversion 1 ~
HO / N S =~ o) / N | stable under 30 N~
»\ NH I\\j 7 - »\ NH 1 respective conditions
S S Veccccccccccccccccc e
o//\\\ 48 o)\\
N N
\ \
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Scheme 22: Spontaneous reactions of alkyl bromide 48 with solvent traces indicate high electrophilic reactivity.

Therefore, alcohol 47 was converted to the corresponding alkyl chloride 52 using thionyl
chloride. Additionally, to circumvent the alkylation reactions previously observed with phenol

(44), 1-naphthol (53), the precursor for FM368 was used for further attempts (see Scheme

23).
OH
N N O a-b N
Ho\/[s% NH SOCl,, CI\/[»\NH O Williamson O O\/[S S\
5
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47 52

HO,

QO [ S

o N
b 54 (38%) S =
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a K,CO4 acetonitrile 25°C,18h no isolable products N
O S s
undesired alkylation S
b K,CO4 DCM 30°C,18h
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Scheme 23: Preparation of alkyl chloride 52 and unsuccessful Williamson ether synthesis attempts with 1-naphthol
(53) confirmed alkylation tendency using DCM as solvent, whereas an acetonitrile-based attempt led to unspecific
non-isolable products.

Unfortunately, the alkyl chloride 52, prepared from the corresponding alcohol (47) using thionyl
chloride, showed no significant improvement in its electrophilic properties compared to the
bromine compound (48) and exhibited similar reaction behavior and instabilities in solvent
traces (see Scheme 22). Furthermore, replacing phenol (44) with 1-naphthol (53) did not
successfully yield the desired FM368, instead leading to similar undesired ortho- and para-
substituted C-alkylated products 54 and 55.
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3.3.3.3.3 Strategy change: alternative ether synthesis approach via Mitsunobu-based

reactions

Due to the large number of unsuccessful Williamson ether synthesis approaches, no further
attempts were made at this point and an alternative strategy using Mitsunobu reaction starting
from alcohol 47 was pursued to achieve the required ether synthesis to FM368 (see Scheme
24).
0}
)\OJ\N"N\H/O\(

PPhs THF, O

Ho\/[:\l)\NH o 25°C, 18 h DIAD O O\/[S’\\/LNH
a
Ay e O e
> ~
N
Bu_ Bu toluene,

BU,P\/;N 100 °C, 24 h
CMBP

47 53 FM368

Scheme 24: Mitsunobu-based ether synthesis attempts of FM368 remained unsuccessful. a) Typical Mitsunobu
setup using diisopropyl azodicarboxylate (DIAD) and triphenylphosphine (PPh3) and b) alternative attempt using
CMBP (cyanomethylenetributylphosphorane, Tsunoda reagent).

Since an initial literature-inspired Mitsunobu reaction attempt!'?? with DIAD and PPh; was
unsuccessful due to unreacted starting materials, another experiment was made using CMBP,
which is known to deprotonate weakly acidic pronucleophiles and tolerate higher reaction
temperatures!'23-124]

CMBP, acting as a phosphorane ylide, integrates the redox functions of DIAD and PPh; into a
single reagent, facilitating the activation of the alcohol 47, deprotonates the pronucleophile 1-
napthol, and mediates the formation of the ether(?°],

Unfortunately, this alternative application of the Mitsunobu reaction resulted in the previously
observed ortho/para-alkylation products 54 and 55, which is why no further synthetic efforts

were undertaken in this direction.
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3.3.3.3.4 The return to the Williamson ether synthesis: Successful achievement of the
preparation of 5-(aryloxymethyl)thiazole-2-amides using sodium phenolates

After this series of setbacks, one final attempt was made returning to the Williamson ether
synthesis using a variation without an additional base but solely with the addition of the
appropriate phenolate salt to exclude the potential disadvantageous effects of the base
addition. This purist approach, reduced to the absolute minimum, consists only of the alkyl
halide electrophile, respective phenolate and solvent to minimize the extent of possible side
reactions. Fortunately, using sodium 1-naphtholate (56) and alkyl chloride 52 the very first
synthesis of the previously unknown substance class of 5-(aryloxymethyl)thiazole-2-amides
with FM345 was achieved (see Scheme 25).

CI\/[SE\ Q/OV[SE\NH
)\\ rt, 24 h, DCM o)\\

S
NH ONS
N * © S — N
S~ 18% S—
7 '
56 FM345

Scheme 25: First successful synthesis of representative FM345 of the previously unknown structural class of 5-

o
52
(aryloxymethyl)thiazol-2-amides using a Williamson ether synthesis.

Conveniently, sodium 1-naphtholate (56) was commercially available, whereas other
phenolates (59, 61 and 62) had to be prepared from the corresponding phenols to apply the
newly discovered approach to the other target inhibitors.

Whereas sodium 1-naphtholate (62) can be prepared directly from 1-naphthol (53, see Table
6), the remaining amid-based substrate channel moieties of FM352 and FM358 require prior
amidation starting from 4-aminophenol (57, see Scheme 26). Based on 4-aminophenol (57)
the synthesis of 58, was achieved in a yield of 69% using thiophene-2-carbonyl chloride,
whereas the HATU-mediated amidation with 1-methyl-1H-pyrazole-4-carboxylic acid only
yielded 21% of 60, due to the substantial unwanted esterification observed in this case.
Subsequently, the appropriate phenols 58 and 60 were treated with an equimolar amount of
sodium methanolate and remaining liquid residues were removed by high vacuum to obtain
phenol salts 59 and 61 in powder form without the necessity of purification. Finally, the desired
FM352 and FM358 were prepared according to the previously modified Williamson ether
synthesis protocol, combining the corresponding phenolate salts 59 and 61 with the respective
alkyl chloride 52 in DCM.
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Scheme 26: Synthesis of hybrid candidates FM352 and FM358 comprising initial amidation step followed by

Z=

preparation of the corresponding phenolate salt and final Williamson ether synthesis using previously described
alkyl chloride 44.

By using an appropriate phenolate salt and the associated absence of an external base
additive, the reaction conditions of the Williamson ether synthesis could be successfully
modified to get access to the desired target ether compounds, without, in contrast to the initial
preparation attempts of hybrid candidate FM345, detecting any undesired C-alkylation
products. Starting from 1-naphthol (63), sodium 1- naphtholate (62) was prepared using
sodium methanolate according to the previous procedure, for subsequent Williamson ether
synthesis in DCM using alkyl chloride 52 (see Table 6). Contrary to expectations, by applying
these exact adjustments to the synthesis of the last remaining target compound FM368, the
intended ether synthesis was not achieved using sodium 1-naphtholate, instead only the
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previously described corresponding ortho/para-C-alkylation products 54 and 55 (see Chapter

3.3.3.3.2, see Scheme 23) were observed once more.

CI\/[){\]\

S °NH
(0)

® 0\/(
OH NaOMe 25 wt. %, Nao WJ/ )\
rt ,2 min, DCM
OO OO FM368 O%\
crude SYN\
53 62 N' _

entry solvent conditions outcome description
a DCM
a THF
b EtOAcC C-alkylation products (54 and 55)
c toluene rt, 24 h
d dioxan
e acetonitrile C-alkylation products (54 and 55)
f DMSO + FM368 traces
C-alkylation products (564 and 55)
g acetone rt, 5h + FM368 (14%)

Table 6: The Williamson ether synthesis strategy previously established did not allow the synthesis of FM368, so

various solvents were attempted to finally identify acetone as most suitable.

In a further screening (see Table 6), various solvents were examined, and the corresponding
undesired C-alkylation products 54 and 55 were detected in all entries. In addition, the desired
product FM368 was found in acetonitrile, DMSO and acetone, and in the latter case not only

traces but in a sufficient isolated yield of 14%.

The synthesis of the desired target compounds was associated with a series of challenges.
Particularly surprising was the unexpected and extensive need to modify the Williamson ether
synthesis. With the successful synthesis of the target inhibitors, the previously unknown
structural class of 5-(aryloxymethyl)thiazol-2-amides has been described for the first time, and
its previously unexplored potential is now available for general research. Subsequently, the
synthesized inhibitor candidates were examined for their biological activity with respect to

inhibition of Sirtuin 2 and corresponding subtypes.
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3.3.4 Biological evaluation and SAR-analysis of synthesized hybrid target
inhibitors
3.3.4.1 Sirt2 inhibitory activity examination (ICs, value determination) and subtype
(Sirt1, Sirt3 and Sirt5) selectivity screening

Based on previously used procedures for the determination of ICsy values on Sirt2 and
respective subtype selectivity screening on Sirt1, Sirt3 and Sirt5, the biological activity of the
synthesized target compounds were determined by Reaction Biology Corporation (Malvern,
USA). The detailed description of the respective assay conditions and specific values are
provided in Chapter 5.3.3. The application of the lead structure-based hybridization drug
design strategy distinctly reveals the successful achievement of the desired highly selective
Sirt2 inhibitors with increased potency by combining relevant structural features of the

respective lead compounds (see Figure 30).
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