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1 Abstract / Zusammen -
fassung

The exploration of the structural scope
of the octahedral coordination mode and
investigations of defined structural isomers
regarding their physico-chemical properties
are of valuable interest for applications in
the field of catalysis, materials sciences, and
life sciences. The MEGGERS group establi-
shed a variety of different transition metals
as structural templates to gain access to
highly potent and selective kinase inhibitors.
During this effort, the effectiveness of metal
complexes as kinase inhibitors with potential
anticancer properties has repeatedly been
proven in vitro as well as in vivo. The ambi-
tion to establish metals as structural tem-
plates led from initial half sandwich com-
plexes to highly sophisticated octahedral
complexes.

In the current thesis, the challenge to
selectively synthesise a desired enantiomer
is presented highlighting the application of
symmetric polydentate ligands and chiral
polydentate ligands.

As a first example, regarding the chem-
ical and biological properties, an N-methyl-
1,4,7-trithiacyclodecan-9-amine based ru-
thenium(ll) complex, in context of S6 kinase
1 (S6K1) inhibition, is presented. Aberrant
activation of S6K1 is found in many diseas-
es, including diabetes, aging, and cancer.
The presented ATP competitive organo-
metallic kinase inhibitors were inspired by
the pan-kinase inhibitor staurosporine, and
specifically inhibit S6K1, and verify the
strategy successfully applied previously to
target other kinases. Furthermore, the ob-
tained biochemical data demonstrate that
the compounds inhibit S6K1 with an ICs
value in the low nanomolar range at 100 gMm
ATP. Moreover, the crystal structures of
S6K1 bound to staurosporine, and two ru-
thenium(ll) based inhibitors reveal that the
compounds bind in the ATP binding site and
exhibit S6K1-specific contacts, resulting in

Abstract / Zusammenfassung

changes to the p-loop, aC helix, and aD
helix compared to the staurosporine bound
structure. In vitro assays reveal inhibited
S6K phosphorylation in yeast cells. These
cumulated biological studies demonstrate
that potent, selective, and cell permeable
metal based inhibitors can provide a scaffold
for the future development of compounds
with possible therapeutic applications.

However, the so far presented com-
plexes are racemic mixtures. Thus, to apply
these compounds for the therapeutic use
the pharmacologic and toxicological charac-
terisation of each present structural isomer
is obligatory. Therefore, the asymmetric syn-
thesis of desired structural isomers of the
metal based kinase inhibitors is highly fa-
vourable.

Thus, controlling the metal centered
relative stereochemistry represents the key
to achieve this task. The application of a
proline based chiral tridentate ligand to de-
cisively influence the coordination sphere of
an octahedral rhodium(lll) complex is de-
scribed as possible solution to face this is-
sue. The mirror-like relationship of synthe-
sised enantiomers and differences between
diastereomers were investigated. Further-
more, the application of the established pyr-
idocarbazole pharmacophore” ligand as part

"The term Aphar macophoaeh
structural unit coordinated to the metal core and
mainly mediating the interactions to the biological

target.
The | UPAC definition (1998)
given as:
A~ A pharmacophore is the en

electronic features that is necass to ensure the

optimal supramolecular interactions with a specific
biological target structure and to trigger (or to block)

its biological response.

A A pharmacophore does not r
or a real association of functional groups, butieefy

abstract concept that accounts for the comman m

lecular interaction capacities of a group of compounds
towards their target structure.

A A

phar macophore can be cor

common denominator shared by a set of activeemol
cules. This defition discards a misuse often found in
the medicinal chemistry literature which consists of
naming as pharmacophores simple chemical funetio
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of the organometallic complexes to obtain
kinase inhibitors is demonstrated. Moreover,
the importance of the relative stereochemis-
try at metal in chiral environments like bio-
molecules is highlighted by both, protein
kinase profiling and competitive inhibition
studies. The cumulated results confirm that
the proline based enantiopure rhodium (ll1)
complexes differ entirely in their selectivity
and specificity despite their unmistakably

mutual origin.

The successful work using proline as a
chiral building block inspired to implement
other chiral amino acids into the ligand de-
sign. For this aim, a versatile set of amino
acids were elaborated as starting points for
the ligand synthesis. As highly functional-
ised building blocks, they offer the possibility
to orient a particular functional group into a
defined site of the enzyme pocket, overall
predefined by the chirality-at-metal. Howev-
er, the ambitious attempts were limited by
the synthetic issues accompanying the im-
plementation of primary amino acids into the
ligand design due to steric effects influenc-
ing the yields. Nevertheless, the biological
data evaluating the obtained complexes
offered valuable hints for the future ligand

scaffolds.

alities such as guanidines, sulfonamides ory-dih
droimidazoles (formerly imidazolines), or typical
structural skadtons such as flavones, phenothiazines,

prostaglandins or steroids.

A A pharmacophore
descriptors, including Hbonding, hydrophobic and
electrostatic interaction sites, defined by atoms, ring

centers and virtual points

Die Erkundung des dreidimensionalen
Raumes anhand der Strukturen, welche
durch die oktaedrische Koordinationssphare
ermoglicht werden, fihrt zu Isomeren, deren
physiko-chemische Eigenschaften fir die
Forschungsfelder der Katalyse, Material-
wissenschaften und Lebenswissenschaften
von besonderem Interesse sind. Der Ar-
beitskreis MEGGERS hat hierzu eine Vielzahl
von unterschiedlichen Ubergangsmetallen
als Strukturtemplate etabliert, um Zugang zu
hochpotenten, selektiven sowie strukturell
hochdiversifizierten  Kinaseinhibitoren zu
erhalten. Im Zuge dieser Anstrengungen,
wurden Kinaseinhibitoren entwickelt, deren
anitcancerogene Wirkung mehrfach, sowohl
in vitro als auch in vivo, belegt werden konn-
ten. Hierbei fihrten die Ambitionen, Metalle
als Strukturtemplate zu verwenden, Uber
anfangliche Halbsandwich-Komplexe zu
hochdiversifizierten oktaedrischen Komple-
xen.

In der vorliegenden Arbeit sollen inshe-
sondere die Herausforderungen und die
Umsetzung der selektiven Synthese von
angestrebten Enantiomeren anhand von
mehrzahnigen symmetrischen Liganden
sowie anhand von mehrzahnigen chiralen
Liganden verdeutlicht werden.

Als erstes Beispiel dient hierzu die Be-
trachtung der chemischen und biologischen
Eigenschaften eines auf N-methyl-1,4,7-tri-
thiacyclodecan-9-amin basierenden Ruthe-
nium(ll) Komplexes, im Kontext der S6
Kinase 1 (S6K1) Inhibierung. Eine gestorte
Aktivierung von S6K1 wird mit zahlreichen
Erkrankungen wie z.B.: Diabetes, Krebs und
Alterungsprozessen in Verbindung gebracht.
Die vorgestellten ATP kompetitiven metall-
basierten Inhibitoren sind von dem Pan-
Kinaseinhibitor ~ Staurosporin  abgeleitet,
doch inhibieren spezifisch S6K1. Dariber
hinaus verifizieren sie das Konzept, welches
bereits erfolgreich bei der Inhibierung ande-
iret Kidaseh YAnwerideny rgefeéndenhhat! Die
erhaltenen biochemischen Daten zeigen,
dass die Ruthenium(ll) basierten Verbin-
dungen S6K1 mit einem ICsy Wert im



nanomolaren Bereich inhibieren bei einer
ATP Konzentration von 100 um ATP. Zu-
satzlich konnte anhand der Kristallstrukturen
von Staurosporin in S6K1 und von zwei Me-
tallkomplexen in S6K1, die Bildung von
S6K1 spezifischen Kontakten, welche im
Falle der metallbasierten Inhibitoren im Ver-
gleich zu Staurosporine zu Anderungen in
der p-Schleife, der aC Helix und der abD
Helix fuhren, gezeigt werden. In vitro Unter-
suchungen zeigten eine inhibierte S6K
Phosphorylierung in Hefe Zellen. Die Ge-
samtheit der biologischen Studien zeigen,
dass potente, selektive sowie zellpermeable
metallbasierte Inhibitoren eine Grundstruktur
fur die Entwicklung von potentiellen Chemo-
therapeutika bereit halten.

Zu beachten ist, dass die hierbei ge-
zeigten Komplexe in racemischer Form vor-
liegen. Um diese Verbindungen in der The-
rapie einsetzen zu kénnen, missen somit
auch die pharmakologischen und die toxiko-
logischen Eigenschaften beider Isomere
charakterisiert und miteinander verglichen
werden. In diesem Zusammenhang ist die
asymmetrische Darstellung eines ge-
wiinschten Isomers eines metallbasierten
Inhibitors sehr erstrebenswert.

Daher stellt die Kontrolle der relativen
und absoluten metallzentrierten Stereoche-
mie eine Schlisselaufgabe zur Realisierung
dieses Zieles dar. Die Anwendung von pro-
linbasierten dreiz&hnigen Liganden zur ent-
schiedenen Beeinflussung der Koordinati-
onsphére von Rhodium(lll) Komplexen wird
daraufhin als mogliche Losung dieser Her-
ausforderung diskutiert. Die spiegelbildliche
Beziehung der synthetisierten Enantiomere
und die Unterschiede zu den entsprechen-
den Diastereomeren werden durchleuchtet.
Zudem wird die Anwendung des etablierten
Pyridocarbazole Pharmakophorliganden” als

"DerBegri ff

welches als metdtoordinierterLigand hauptséchlich

fur die Wechselwirkungen mit dem biologischen

Zielmolekil verantwortlich ist.

APhar makopher i
ser Dissertation fur eine Struktureinheit verwendet,
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Teil des metallbasierten Komplexes zur
Darstellung von Kinaseinhibitoren demon-
striert. Daruber hinaus, wird die enorme Be-
deutung der relativen Stereochemie am Me-
tallzentrum bei der Wechselwirkung mit
chiralen Umgebungen wie Biomolekile
durch Kinase Profiling Untersuchungen und
kompetitiven Inhibitionsstudien verdeutlicht.
Die gesammelten Daten bestatigen, dass
die unterschiedlichen Rhodium(lll) Isomere
sich ganzlich in lhrer Selektivitdt und Spezi-
fitdt unterscheiden, trotz eines eindeutig
gemeinsamen Ursprungs.

Die erfolgreichen Arbeiten mit der Ver-
wendung von Prolin als Geristbaustein in-
spirierte folgerichtig zu dem Einsatz weiterer
Aminosauren im Ligandendesign. Hierzu
wurde eine vielseitige Auswahl an Amino-
sauren als Ausgangspunkt fir die Liganden-
synthese erarbeitet. Die Arbeiten mit prima-
ren Aminosduren zeigten deren Potential
zur Er6ffnung von hochdiversifizierten okta-
edrischen Komplexen. Als hochfunktionali-
sierte Geristbausteine ermdglichen sie die
Positionierung von funktionellen Gruppen in
bestimmte Raumrichtungen einer Enzymta-
sche, welche durch die Chiralitat-am-Metall
vorgegeben wird. Jedoch wird dieses ambi-
tionierte Ziel durch synthetische Schwierig-
keiten bei der Koordination von aminosau-
renbasierten  Liganden, begriindet in
sterischen Effekten und den reduzierten
Ausbeuten, limitiert. Nichtsdestotrotz, eroff-
nen die erhaltenen biologischen Daten wich-
tige Erkenntnisse fir das zukiinftige Ligan-
dendesign.
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2 Introduction

2.1 Kinases

More than 518 different protein kinas-
es have been identified in the human prote-
ome and represent approximately 1.7% of
the human genome.™® Among these 518
kinases, 478 are classified as typical kinas-
es, and 40 as atypical, based on the fact
that the latter still have biochemical kinase
activity but lack sequence similarity to the
typical kinases.™*® The typical kinases are
further subdivided into two categories de-
pending on the phosphorylated amino acid
residue: either serine/threonine (388 kinas-
es) or tyrosine (90 kinases).’®”

2.1.1 Classification and Role in Cellular
Signal Transduction

The eukaryotic protein kinases have
evolved in a divergent manner than prokar-
yotic protein kinases, that are indeed abun-
dant, but poorly understood.®! However, in
eukaryotic cells kinases play an inevitable
role in the majority of cellular signaling
pathways by regulating the flow of infor-
mation via protein phosphorylation.**"! The
phosphorylation of protein substrates results
in versatile effects, covering increased or
decreased enzyme activity of the effector
proteins, the creation of recognition sites for
protein assembly or conformational changes
inducing structure related effects, like con-
traction and relaxation on macro-molecular
level.!*?

An overview of the kinase classifica-
tion is provided in Chapter 6.1. Moreover, a
detailed discussion of kinase classification,
structural difference, and role in physiologi-
cal processes is out of the scope of this the-
sis. Therefore, further publications are rec-
ommended giving detailed insights in each
kinase family, see Chapter 6.1.
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Figure 1: Dendrogram of the human kinome. AGC:
named after protein kinase A, G, and C. CAMK: acro-
nym for Ca2+/CaImodulin-dependent protein kinases.
CMGC: acronym based on initials of key members
CDK, MAPK, GSK, and CDK. RGC: receptor guanyl-
ate cyclase group. TK: tyrosine kinases. TKL: tyrosine
kinases like group. STE: homologues of yeast Ster-
ile 7, Sterile 11, and Sterile 20 kinases group. CK1:
casein kinase 1 group.™

Figure 2: Crystal structure of ATP bound to PKA (pdb:
1ATP). The N-lobe is coloured in blue and the C-lobe
in yellow. The ATP molecule is showed as red
spheres and the hinge region is coloured in magenta.
The manganese ions and the peptide inhibitor 1P20
were omitted for clarity.[13]
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2.1.2 Structural Properties

Protein kinases themselves are regu-
lated by phosphorylation,™ among other
mechanisms, leading either to the active
conformation or the inactive conform-
ation."?*®! The active conformation was first
investigated on the protein kinase A (PKA)
crystal structure;*® whereas, the inactive
conformation was first investigated on the
crystal structure of cyclin-dependent protein
kinase 2 (CDK2).'! Moreover, PKA as one
of the first reported kinases ever in 1968 by
WALSH et al.,*® beside the phosphorylase
kinase by KReBs and FISCHER in the late
1950's,™ is one of the most characterised
ones in literature.*®*?° 22l Thus, numerous
structural investigations discussing PKA, an
AGC kinase,”™ have been performed show-
ing that this is an ideal representative for the
elucidation of the structural properties of
protein kinases and their catalytic mecha-
nism. The first crystal structure of PKA was
obtained with manganese ions instead of
magnesium and the peptide inhibitor
IP20.% Although, PKA serves as the model
system, the crucial residues are highly con-
served throughout the kinome.***!

2.1.2.1 The N-Lobe

Two structurally and functionally dis-
tinct lobes contribute in a unique way to the
catalytic function and the regulation of a
kinase, see Figure 2.?%*2?%! The smaller one,
the N-lobe, is dominated by five b-sheets,
incorporating two a-helical subdomain,
aB-helix and the aC-helix, see Figure 3. The
b5-sheet is structurally connected via the
hinge region to the C-lobe. In contrast, the
aC-helix forms functional contacts to the
C-lobe. Thus, the b5-sheet and the aC-helix,
are the only two structural elements, which
interact between the two main
segments.””?® The b1, b2, and b3 strands
possess two highly conserved sequence

motifs. The first motif (GxGxxG) is called the
glycine rich loop (Gly-loop), between bl and
b2 and the second is the AxK motif in the b3
strand.

The Gly-loop is the most flexible part
of the N-lobe. Its main function is to fold
over and enclose the nucleotide for the
proper positioning the gphosphate of aden-
osine triphosphate (ATP) for catalysis.”*
Further, it is noteworthy to distinct Gly-loop
from the P-loop (Walker-A  motif,
(GxxxxGKT/S).B Although, both loops an-
chor the phosphonucleotides, their interac-
tion mechanism is different. Whereas, the
P-loop does not form any contacts to the
purine moiety, the Gly-rich loop connects
the bl and b2-strands enclosing the adenine
ring, see Figure 3. Highly conserved resi-
dues of the P-loop and the Gly-loop are a
Ser/Thr binding g phosphate and a Val resi-
due (Val57 in PKA) forming hydrophobic
contacts to the purine base, respectively.

Figure 3: Crystal structure of ATP bound to PKA (pdb:
1ATP). The b-sheet core and the a-helical domains of
the N-lobe are highlighted. The distal N-terminal
aA-helix is shown in blue, further turning into the bl
sheet (red). The b2-sheet is shown in green followed
by the b3 sheet in yellow. The Gly-loop is depicted in
orange. The aB-helix is coloured in cyan directly driv-
ing into the aC-helix (magenta). The b4-sheet is col-
oured in sienna and the b5 in brown followed by the
hinge region in wheat. The ATP molecule is coloured
in white and is covered by the bl, b2 sheet and the
Gly-loop. The C-lobe, manganese ions, and the pep-
tide inhibitor IP20 were omitted for clarity.[l3]



Figure 4:. Crystal structure of ATP bound to PKA
(pdb: 1ATP). The hinge region connecting the N-lobe
and the C-lobe is coloured in wheat. The aD (ivory),
aE (green), aF (blue), aG (olive), aH (magenta) and
al (cyan) form the helical core of the C-lobe. The cata-
Iytic loop is shown yellow; the phosphate binding site
containing the DFG-moitif is highlighted in red. Moreo-
ver, the activation segment is presented in orange,
and the b6-b9 sheets in white. The ATP molecule is
shown as white sticks. The C-terminal end is shown in
light blue. The N-lobe, manganese ions, and the pep-
tide inhibitor were omitted for clarity.™?

The second important AXK motif, lo-
cated in the b3 strand, fixes the phosphates
of ATP towards the C-helix (Lys72 in PKA).
Moreover, the b3 strand further descends
into the aB-helix and then into the aC-helix.
The latter is very dynamic as well as flexible
and acts as a crucial regulatory element in
the protein kinase. Although, belonging to
the N-lobe due to the primary sequence, it
occupies an important structural position
functionally connecting many different parts
of the kinase. Thus, the aC-helix serves as
a 66signal i 4 Whgreas,tits
C-terminus is connected via b4 to b5 and
subsequently to the C-lobe, its N-terminus
points towards the activation loop for effi-
cient catalysis. The right positioning of the
aC-helix is one of the crucial steps for the
kinase catalysis defining the open and
closed conformations.®" The aC-helix con-
tains a highly conserved glutamate residue,
Glu9l in PKA, which functionally interacts
with Lys72 in the b3-strand forming a salt
bridge. The formation of this interaction is an
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indispensable characteristic of the activated
state of a kinase. Furthermore, this interac-
tion, when the aC-helix is bound to the
b-sheet core, induces a conformational
change moving the entire rigid N-lobe and
subsequently the Gly-loop, which forms in-
teractions to the triphosphate of ATP.*?°)

2.1.2.2 The C-lobe

The large C-lobe consists mainly of
a- helices, see Figure 4. The C-lobe helical
subdomains are very stable and harbour the
substrate binding site. Most of the a- helices
(D, E, F, and H) backbone amides are ori-
ented away from solvent,***! despite the
aG-helix, which is solvent exposed. Four
short b-strands, b6 to b9, contain most of
the amino acid residues responsible for the
catalytic transfer of the g phosphate from
ATP to the protein substrate. Moreover, the
anchoring of these loops to the helical core
is mainly mediated by hydrophobic interac-
tions. The catalytic loop is located between
b6 and b7, whereas b8 and b9 flank con-
served Asp-Phe-Gly (DFG) motif. The as-
partate of the DFG motif, Asp184 in PKA,
offers the chelating carboxyl group, which is
urgently needed for magnesium ion com-
plexation and subsequent ATP recognition,
see Figure 8. The activation segment is fol-
lowed by the F-helix, which is the most vari-
able part in sequence and length throughout
the kinome, offering the possibility to selec-
tively turning a certain kinase off and on
bBsRIL bihefs®4% Moreover, it anchors
firmly other motifs in the C-lobe including the
catalytic loop, the P+1 loop, the activation
segment, and the aH-al loops via hydro-
phobic interactions. The remaining aG, aH
and, al helices, often termed as the
GHI-domain, play an additional role as allo-
steric binding sites for substrate proteins
and regulatory proteins.®”
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2.1.2.3 The ATP Binding Site

The ATP binding site is highly con-
served through the human kinome assuring
its common recognition. In general, the ac-
tive conformation is defined by several re-
gions contributing to the g-phosphate trans-
fer. A flexible loop, the hinge region,
connects the b5-sheet of the N-lobe with the
aD-helix of the C-lobe. Further, the C-lobe
includes the activation segment, which is a
region of a 20 to 35 amino acids covering
sequences located between a conserved
Asp-Phe-Gly motif (the DFG motif) and a
less conserved Ala-Pro-Glu motif (APE mo-
tif).[?*4°l The main characteristic of the active
conformation is the aC helix arranged to-
wards the N-terminal lobe, and the aspartate
of the DFG chelating an Mg** ion to preor-
ganise the ATP substrate, ADmMG ,

Figure 8. In opposite, in the inactive con-
residue is
nDRG O,

formation the phenylalanine
turned into the ATP binding site,
excluding a Mg?* coordination.

NH o
R7

o]
‘;*NH
0
Hydrophobic o

Region I

The adenine ring forms specific hy-
drogen bonds between N1 and N6 to the
main chain of the hinge region along with
nonpolar  aliphatic  groups  providing
VAN-DER-WAALS contacts to the purine moie-
ty, see Figure 6. Val57 in b2 and Ala70 from
the AxK-motif in b3 form VAN-DER-WAALS
contacts to the adenine ring of ATP in the
same way as Leul73, which is located in
the middle of b7 and is always flanked by
two hydrophobic residues, Leul72 and
Leul74 in PKA.*? These two residues con-
tact a hydrophobic residue from the
aD-helix, Met128, which in turn is in touch
with residues of the aF-helix (Leu227 and
Met231). The hydroxyl groups of the ribose
ring form hydrogen bonds to the side chain
of Glul27 and the main chain carbonyl oxy-
gen of Glul70, respectively. The triphos-
phate group is directed offside the adeno-

S esfe pocket for optimal accessibility and

transfer of the gphosphate to the peptide
substrate. For the optimised orientation of
the a- and b-phosphate groups the Glu9l
residue, within the aC helix, and Lys72 as-

% |‘;{ Phosphate-binding
\o O Region

Figure 5: A schematic version of the interacting regions involved in adenosine triphosphate (1) binding to the cata-
Iytic site of PKA. The gatekeeper residue R1 is Met120 (dark blue) in PKA excludes large residues via sterical hin-
drances. The purine moiety of ATP forms two hydrogen bonds to the peptide backbone of R2 and R4 of the hinge
region (sienna); in PKA residues Glul21 and Val123. The highly negatively charged triphosphate group is oriented
towards the catalytic DFG motif (maroon) and is further enclosed by the glycine rich loop (dark orange). Moreover
Mg2+ ions assist the preorganization of the triphosphate group. The ribose moiety forms polar interactions with the
sugar binding region (blue). Two hydrogh%]bic regions, the hydrophobic region | (cyan) and the hydrophobic region I

[38,3

(yellow) are poorly addressed by ATP.



sist the coordination. Furthermore, a net-
work of interactions mediated by a magne-
sium ion, fixed by Asp184 of the DFG motif
and Asnl71, ensure correct positioning re-
guired for ATP binding and catalysis. A sec-
ond magnesium ion chelated by Aspl84
coordinates to the b- and gphosphate for
further stability. Moreover, the compensation
of the negative charges of the triphosphate
group by the magnesium ions decreases
electrostatic repulsion and facilitates the
convergence of a nucleophilic reaction part-
ner.*® The glycine rich loop further contrib-
utes to the stabilizing effect mediated by the
interactions formed with the b- and
g-phosphate, see Figure 6.

Moreover, the HRD-motif is of spe-
cial interest for the catalytic mechanism. In
PKA the histidine of the HRD-motif is substi-
tuted by a tyrosine leading to the residues
Tyrl64, Argl65, and Aspl66. Whereas the
hydrophobic Tyrl64 is part of the regulatory
spine, Argl65 residue forms ionic interac-
tions to the phosphorylated Thr197 mediat-
ing the conformational change of the activa-
tion loop to the rest of the enzyme.B®
Furthermore, Aspl66 is positioned to act as
a weak catalytic base deprotonating the
peptide substrate for eased nucleophilic
attack. 434

An additional important role in pro-
tein kinase activation is occupied by the
66gapekééd ,MetkR0 id BKA, posi-
tioned at the N-terminal side of the hinge
region, see Figure 6.1! An investigation of
the human kinome reveals that 77% of the
human kinases possess relatively large res-
idues (Leu, Met, Phe) in opposite to 21%,
mainly tyrosine kinases, bearing smaller
gatekeeper residues (Thr, Val).*®! The gate-
keeper residue not directly inflicts the ATP
binding, but mutagenesis of large gatekeep-
ers to smaller residues allows the binding of
bulky synthetic analogues of ATP, and con-
sequently influences substrate selectivity.""!
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Figure 6: Crystal structure of adenosine triphosphate
(1) bound to the catalytic site of PKA (pdb: 1ATP);
three dimensional representation of Figure 5. ATP
forms tow hydrogen bonds to the hinge region (red
dashes). The triphosphate group is coordinated by two
Mg?" ions (red dashes). Carbon atoms of ATP are
colored in green. Carbon atoms of the gatekeeper
residue are colored in dark blue. Carbon atoms of the
hinge region are colored in sienna. Carbon atoms of
the hydrophobic region | are colored in cyan. Carbon
atoms of the hydrophobic region Il are colored in yel-
low. Carbon atoms of the sugar region are colored in
blue. Carbon atoms of the catalytic DFG residues are
colored in maroon. Carbon atoms of the glycine rich
loop are colored in dark orange. Magnesium ions are
shown as magenta spheres. Oxygen atoms are col-
ored in red, nitrogen in blue, phosphorus in orange
and sulfur in yellow. The residual structure of PKA is
represented as cartoon in grey. The side chains of the
highlighted regions, excePt of the gatekeeper residue,
were omitted for clarity.[13

2.1.2.4 The Substrate Binding Site

The substrate-binding is mainly me-
diated by the activation segment. Whereas,
the activation segment of the inactive kinase
conformation is often partially disordered,
the catalytically competent active confor-
mation, forming the peptide binding site, is
triggered in many kinases by phosphoryla-
tion.'>2*1% For instance, Thr197 of PKA in
its phosphorylated phosphothreonine state,
acts as an organizing centre forming hydro-
gen bonds to the side chains of His87,
Arg165, and Lys189."% The resulting con-
formational changes promote closure of the
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N- and C-lobe inducing the correct confor-
mational arrangement of the activation seg-
ment for substrate binding. Although, the
phosphorylation of a regulatory residue of-
fers a control mechanism for kinase activa-
tion and many kinases are capable of adopt-
ing the correct activation segment
conformation without a preceding phosphor-
ylation, i.e.: phosphorylase kinase (PhK),"*"
epidermal growth factor receptor

(EGFR),"®*9  cyclin-dependent kinase 5
(CDK5).5% In some kinases, additional sec-
ondary structures in the activation segment

further increase the
[51,52]

substrate
selectivity.

Figure 7: Crystal structure of ATP and peptide inhibi-
tor IP20 bound to PKA (pdb: 1ATP). PKA is presented
in grey with surface. The peptide inhibitor IP20 (green)
occupies the substrate binding site. Beside the helical
core of the C-lobe, the activation segment and the
P+1 loop (orange) is mainly responsible for the pep-
tide substrate binding. The residue of the peptide
substrate for phosphorylation is oriented towards the
catalytic region (yellow) and the DFG motif (red) for
optimal phosphoryl group transfer.?

Besides the highly conserved ATP
binding site, all kinases share in common
the orientation of the substrate, whereas the
the hydroxyl group is directed for functional-
ization directly towards the catalytic aspar-
tate, Aspl166 in case of PKA. In serine/thre-
onine kinases, a lysine residue two residues
next to the catalytic aspartate contacts the
g-phosphate and is assumed to stabilise the

developing negative  charge  during
catalysis.”¥ In tyrosine kinases, the stabiliz-
ing amino acid is four residues away and is
an arginine instead of a lysine offering more
space for the larger tyrosine residue.”®
Moreover, two additional chains of con-
served hydrophobic residues, termed the
catalytic and regulatory spines, which as-
semble as a response to changes within the
catalytic site due to kinase activation and
conduct those changes to the rest of the
domain.B®*¥51 The regulatory spine de-
scribes an assembly of interactions of resi-
dues located in the N- and C-terminal lobes
and promoted by the conformational chang-
es of the activation segment.”*” Thus in turn,
is responsive to peptide binding. Whereas,
active kinases share a common catalytically
competent conformation, the inactive kinas-
es are structurally diverse especially in the
conformation of the hydrophobic regulatory
spine.” This diversity is based on the
abundance of catalytic requirements and
constrains missing in the inactive state, al-
lowing the different conformations.>263%54
Although common structural themes across
the kinome for the inactive form are existing,
the possible conformations differ more ex-
tensively than the conformations of the ac-
tive form. Therefore, addressing the inactive
form offers possibilities to selectively ad-
dress single kinases among others, see
Chapter 2.1.5.

2.1.3 The Catalytic Mechanism of Pho s-
phate Group Transfer

Protein kinases catalyse the transfer
of the the g-phosphate from ATP to the hy-
droxyl group of serine, threonine, or tyrosine
residues in protein substrates and recognise
local regions around the site of phosphoryla-
tion. They usually phosphorylate sites of
less ordered parts of the protein substrate
exposed on the surface.® This preference
allows the kinase to induce an extended
conformational change to the substrate pro-
tein fitting the catalytic site and allowing the



localization of specificity determining resi-
dues.®”’ Moreover in numerous kinases,
remote docking sites located either offside
the catalytic domain, i.e.: the mitogen-
activated protein kinases (MAPKSs),*® or on
separate domains or subunits, i.e.. the
Cdk2/cyclin complexes,®® contribute to an
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The chemical principle of the phos-
phorylate transfer step is simple and de-
pends on the correct orientation of the two
substrates. The gphosphate of ATP and the
hydroxyl group of the serine, threonine, or
tyrosine residue to be phosphorylated must
be orientated in the right fashion based on

additional mechanism of target recognition the structural properties of the kinase, see

and selectivity. Chapter 2.1. Kinetic studies using
a)
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Figure 8: a) Mechanistic details of the g-phosphate group transfer in the PKA binding site."*? Left: The triphosphate
is preorganised for the catalytic reaction by a network of interactions. One magnesium ion (magenta) coordinates the
a- and g-phosphate, and is itself anchored by Asn171 and Asp184, whereas the second ion coordinates to the b- and
gphosphate anchored by Asp184. Further, the Lys72 and Lys168 side chains form hydrogen bonds to the a- and
b-phosphate, and to the gphosphate, respectively. Asp166 assists the deprotonation of the substrate hydroxyl group
for phosphorylate group transfer. Middle: gphosphate in a trigonal-bipyramidal transition state. Right: g phosphate
transferred to the substrate hydroxyl function. Oxygen atoms of the triphosphate group and the substrate are high-
lighted in red; magnesium ions in magenta, phosphor atoms in orange, the substrate carbons in green, and the sub-
strate hydrogen in blue. Ad = Adenosine. b) Crystal structures of the phosphorylate group transfer from ATP to a
substrate inhibitor molecule, reflecting the principles of a) in the PKA binding site. Left: The triphosphate group is
preorganised as described above. Note that the peptide inhibitor IP20 has no serine residue being capable of accept-
ing the g phosphate, thus bearing an alanine instead at this position for the crystallisation of ATP in the binding site,
(pdb: 4DH3). B Middle: AIFs is crystallised as a transition state mimic of the trigonal-bipyramidal form of the

phosPhate during catalytic transfer together with ADP and magnesium ions in the ATP binding site of PKA, (pdb:
1L3R). #I|n this, and the third case, the peptide inhibitor molecule offers a serine residue at the proper position. Right:
The gphosphate group has been transferred to the substrate molecule SP20, (pdb: 4IAD). 51 Carbon atoms of ATP
and ADP are represented in green, phosphor atoms in orange, oxygen in red, nitrogen in blue. The peptide inhibitor
IP20 and SP20 are shown as cartoon in green. PKA is shown as cartoon in grey as well as the carbon atoms of the
highlighted residues.
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[¢**P]-ATP or radiolabelled peptide sub-
strate with PKA indicate that both substrates
have unrestricted access to the catalytic
site.’? Moreover, the binding of one sub-
strate does not exclude the other, although
at high ATP concentrations, which are typi-
cal in the cellular media, there is a prefer-
ence for sequenced binding with ATP
first.1?

Thereafter, the phosphorylate group
transfer reaction proceeds attacking the hy-
droxyl group of the substrate in a trajectory
opposite and in line to the leaving
b-phosphate group, leading to the Walden-
inversion at the phosphorus atom of the
¢ phosphate, indicating the absence of a
phosphorylated kinase intermediate. This
postulated geometry was supported by
structural studies of PKA co-crystallised with
the transition state analogue aluminium tri-
fluoride, see Figure 8.2% Furthermore, the
reaction mechanism highlights the im-
portance of the coordinated magnesium ions
stabilising the significant amount of negative
charges and aiding the controlled release of
ADP [

The transition state intermediate is
discussed to be either dissociative, where
the bond to the leaving group is broken be-
fore the new bond is formed, or associative,
where the reaction proceeds through a pen-
tavalent phosphorane intermediate with
bond formation first by the attacking group
or at least at the same time as bond break-
ing by the leaving group.®® Beside the
phosphorylate group transfer mechanism, a
base catalysis from the catalytic aspartate
deprotonating the attacking hydroxyl group
followed by a subsequent transfer of the
proton to the reaction product facilitates the
entire reaction cascade, see Figure 8 a).%
Nevertheless, deprotonation of the nucleo-
philic hydroxyl group in the early stages of
the reaction is not a rate-limiting step.®
Once the substrates have been correctly
oriented, the rate-limiting step is the release
of products. [626466.67]

2.1.4 Kinases Re lated Disorders

The regulating mechanisms of protein
kinases is based on the inhibition or activa-
tion of assembling protein partners,® their
phosphorylation,*#597% their cellular ex-
pression and localization,!’” the limitation of
substrates and activating cofactors, and
their degradation.’#™ The dysregulation of
protein kinase activity mediated by muta-
tions leading to constitutively active forms,
the loss of down-regulating mechanisms, or
chromosomal rearrangements are associat-
ed with numerous disorders including can-
cer,>™  neurodegenerative,’""®  neuro-
logic,"® or cardiovascular disorders.®
Moreover, a detailed physiological and
pathophysiological role of the investigated
kinases during this work will be discussed in
the results section in detail. Nonetheless,
since the first description of protein kinases,
they achieved special interest as drug tar-
gets, confirmed today by the numerous FDA
approved small molecule compounds suc-
cessfully applied in therapy.® The increas-
ing insights of the structural properties of the
protein kinases had a significant impact on
the development of selective and specific
inhibitors.

79]
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Figure 9: Comparison of different types of kinase inhibition mediated by small molecules. a) The irreversible inhibitor
afatinib (2a) binds to a similar active conformation of EGFR (pdb: 4G5P) as observed for type | inhibitors.® b) Type |
inhibitors like dasatinib (3) bind to the active conformation of the target kinase, here BCR-ABL (pdb: ZGQG),[83] with
the DFG in motif. ¢) TYePe Il inhibitors like imatinib (4) bind to the inactive DFG out conformation of the target kinase
BCR-ABL (pdb: 1IEP). “l Moreover, the P+1 loop contributing to peptide substrate recognition is disordered. d) Type
11l inhibitors like TAK-733 (6) bind to an adjacent allosteric Pocket next to the ATP binding site and still allow the bind-
ing of ATP (1) to target kinase, here MEK1 (pdb: 3PP1).[85 e) Finally, type IV inhibitors like GNF-2 (7) (blue spheres)
bind to an allosteric site remote the ATP binding site of BCR-ABL (pdb: 3K5V) occupied by imatinib (4) in the inactive
conformation.®® All inhibitors binding to or next to the ATP binding site are presented as red spheres; ATP is present-
ed as sticks with the carbon atoms in green. The hinge region is coloured green, the catalytic loop in yellow, the activa-
tion loop with the DFG motif in red, and the P+1 loop in orange. All kinases are represented as cartoon in grey with the
surface in grey.
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2.1.5 Mechanisms of Kinase Inhibit ion

Small-molecule kinase inhibitors rep-
resent useful tools to investigate and evalu-
ate kinase functions in numerous cellular
activities. Nevertheless, due to the highly
conserved domains targeting selectively
single kinases among others was assumed
to be an unconvertible challenge, unless the
first selective kinase inhibitors against the
epidermal growth factor receptor (EGFR)
were reported in the late 1980s.%”%® This
incidence as a starting point, led to a large
number of kinase inhibitors with various
structural scaffolds and selectivity profiles
aiding to elucidate the molecular recognition
of kinase/inhibitor interactions. %%

The majority of kinase inhibitors tar-
get the ATP binding site, which is formed
between the N- and C-lobe, to perturb the
ATP fixation; see also Chapter 2.1.2.3. The
flexible activation loop containing the DFG
motif controls the access to the active site,
see Figure 4.°" In principle the developed
kinase inhibitors can be divided into two
classes covering the irreversible and re-
versible ones. The former ones bind cova-
lently with a reactive nucleophilic cysteine
residue adjacent to the ATP binding site
resulting in a permanent irreversible extru-
sion of ATP. In opposite, reversible inhibi-
tors compete with ATP and do not form
permanent covalent modifications with the
target kinase. Moreover, they are subdivided
into four main types based on the confor-
mation of the kinase occupied during bind-
ing, see Figure 9.9 Nevertheless, a strict
discrimination into the classes are not al-
ways appropriate since some kinase inhibi-
tors, i.e.: bi-substrates and bivalent inhibi-
tors (type V),'*¥ exhibit more than one of the
mentioned binding modes.

Most of the clinically approved Kki-
nase inhibitors are tyrosine kinase
inhibitors,’® a few are serine/threonine ki-
nase inhibitors, and only one is a lipid ki-
nase inhibitor.®® Mechanistically, 26 are

reversible inhibitors and only two are irre-
versible inhibitors. Moreover, only one type
Il inhibitor is approved so far, although sev-
eral promising allosteric kinase inhibitors are
being currently in clinical trials at different
stages.® Detailed review discussing FDA
approved small molecule kinase inhibitors
are provided in literature.®

2b O

Figure 10: Chemical structure of afatinib (2a) and
ibrutinib (2b). In both inhibitors a MICHEAL acceptor
moiety highlighted in red covalentely connetcs the
compounds to their corresponding target kinases. In
case of afatinib, the residues interacting with specific
regions of the ATP binding site are coloured according
to Figure 5. The quinazoline core occupies the ade-
nine region, whereas the 3-chloro-4-fluoro-aniline
residue is steered to the hydrophobic region I. The
quinazoline ring forms a hydrogen bond to the hinge
region (red dashed arrow). The N,N-(dimethylamino)-
but-2-enamide residue contains the MICHAEL acceptor
moiety forming the covalent bond to the Cys797 side
chain of EGFR.

2.1.5.1 Irreversible Kinase Inhibitors

Currently, two irreversible kinase in-
hibitors are approved by the FDA, first the
EGFR inhibitor afatinib (2a), followed shortly
by the Bruton’s tyrosine kinase (BTK) inhibi-
tor ibrutinib (2b).°*"% Both of them incorpo-
rate a MICHAEL acceptor moiety in their scaf-
fold forming a covalent bond with a reactive
cysteine residue in the active site of the ap-
propriate target kinase. Despite the achie-
ved specificity and potency, concerns re-
garding potential toxicities have to be



considered during the design of irreversible
inhibitors to avoid unspecific covalent modi-
fication of off-targets.®® Nevertheless, the
success of these two examples of kinase
inhibitors, i.e.: ibrutinib is expected to reach
US$ 9 billion in 2020,1** should emphasise
further drug design endeavours to consider
irreversible inhibitors as a true alternative to
develop inhibitors with increased selectivity
and potency profile.

Figure 11: Crystal structure of afatinib (2a) bound to
the active site of EGFR (pdb: 4G5P). The quinazoline
moiety forms a hydrogen bond with the main chain of
the hinge region residue Met793 (red dashes). The
reactive cysteine residue of Cys797 forms a covalent
Ci S bond with the MICHAEL acceptor enone group at
the edge of the active site in the C-lobe. The carbon
atoms of afatinib are presented in green. Nitrogen
atoms are shown in blue, oxygen atoms in red, chlo-
rine in green, fluorine in light cyan, and sulfur in yel-
low. EGFR is presented as cartoon with the surface in
grey and the hinge region as sticks.®®?

However, the detailed mechanism of
irreversible inhibitor interaction is best high-
lighted on the example of afatinib (2a). The
crystal structure of afatinib bound covalently
to the wild type EGFR is shown, see Figure
11. It is noteworthy, that afatinib shows ap-
parently a type | binding, very similar to oth-
er approved reversible EGFR inhibitors due
to the same common anilinoquinazoline
core. For instance, a conserved hydrogen
bond is formed between hinge residue
Met793 and the quinazoline moiety of the
aromatic ring system. The reactive cysteine
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residue Cys797 forms the covalent Ci S
bond with the MICHAEL acceptor enone
group at the edge of the active site in the
C-lobe.®?
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Figure 12: Chemical structure of dasatinib (3). The
residues interacting with specific regions of the ATP
binding site are coloured according to Figure 5. The
thiazole core occupies the adenine region, whereas
the 2-chloro-6-methylaniline residue is steered to the
hydrophobic region |. The piperazine moiety with the
attached hydroxyethylene residue is solvent exposed.
The thiazole core forms two hydrogen bonds hinge
region region, and the aniline residue forms one addi-
tional hydrogen bond to the gatekeeper residue
Thr315 (red dashed arrows).

2.1.5.2 Type | Kinase Inhibitors

Type | inhibitors are ATP competitive
inhibitors binding to the active conformation
of the target kinase with the aspartate resi-
due of the DFG motif oriented into the active
site. For instance, dasatinib (3), as a type |
inhibitor, binds to BCR-ABL with the fully
extended activation loop ready for substrate
binding. In case of dasatinib, see Figure 13,
the nitrogen of the heteroaromatic thiazole
core and the adjacent bridging amino group
form hydrogen bonds with the amid back-
bone of the hinge residue Met318. The ali-
phatic hydroxyethylpiperazinyl residue is
solvent exposed, whereas the terminal
2-chloro-6-methyl aniline group is oriented
towards the hydrophobic pocket I. The latter
further interacts via the bridging amide with
the gatekeeper by hydrogen bond formation.
All compounds addressing the hydrophobic
region | are affected by mutation-related
drug resistance often mediated by a T315I
mutation leading to steric shielding of this
important grove, see Chapter 2.1.5.3.1*1
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Figure 13: Crystal structure of dasatinib (3) bound to
the active site BCR-ABL (pdb: 2GQG). The thiazole
core forms two hydrogen bond with the main chain of
the hinge region residue Met318; an additional hydro-
gen bond is formed between the aniline residues and
Thr318 (red dashes). The carbon atoms of dasatinib
are presented in green. Nitrogen atoms are shown in
blue, oxygen atoms in red, chlorine in green, and
sulfur in yellow. BCR-ABL is presented as cartoon with
the surface in grey and the hinge region as sticks.®’

2.1.5.3 Type Il Kinase Inhibitors

In contrast to the type | inhibitors, the
type Il inhibitors bind to the inactive forms of
the target kinase where the aspartate resi-
due of the DFG motif is oriented outwards of
the ATP binding. Moreover, kinases differ in
their inactive conformations more extensive-
ly then in their active conformation and sub-
sequently offering more differentiable inter-
action sites, see Chapter 2.1.2.3. Thus, the
type Il inhibitors exploiting these specific
pockets adjacent to the ATP-binding site
offer the potential for increased selectivity.

However, BCR-ABL was the first ki-
nase, which was addressed by the first suc-
cessfully approved small-molecule inhibitor
imatinib  (4).7°? Beside the revolutionary
success for the treatment of patients suffer-
ing on chronic myeloid leukemia (CML),*%3
imatinbi nduced a
tor development of kinases as druggable
therapy targets. Numerous SAR studies

using imatinib led to the design of whole
classes of second generation inhibitors and
provided a deeper understanding of the in-
hibition mechanism."**!%! Thus, the acting
mechanism of type Il inhibitors is best high-
lighted using imatinib as a model.

Figure 14: Chemical structure of imatinib (4). The
residues interacting with specific regions of the ATP
binding site are coloured according to Figure 5. The
pyridinylprimidine residue occupies the adenine re-
gion, whereas the 4-methylbenzene-1,3-diamine core
is steered to the hydrophobic region I. The piperazine
moiety binds to an allosteric pocket formed by the
DFG out motif (olive). Hydrogen bonds were formed
mainly by the 4-methylbenzene-1,3-diamine and the
pyridine residue (red dashed arrows).

Imatinib binds to the inactive BCR-
ABLwi th the DFG motif
conformation by addressing three different
binding pockets, see Figure 14. The 4-(py-
ridin-3-yl)pyrimidine moiety of imatinib forms
a conserved hydrogen bond to the back-
bone of the hinge residue Met318. The
bridging 4-methylbenzene-1,3-diaminyl core
occupies the hydrophobic pocket |, whereas
the adjacent amine, connecting the 4-(py-
ridin-3-yl)pyrimidine moiety group, forms a
hydrogen bond with the side chain of the
gatekeeper residue Thr315. Moreover, the
terminal  4-((4-methylpiperazin-1-yl)methyl)
benzoic acid, connected via an amide group
to the 4-methylbenzene-1,3-diaminyl core,
binds to an allosteric pocket, which is
formed by DFG out conformation. Further-
more, bidentate ionic interactions with
His361 and lle360 are formed by the methyl
piperazinyl group. Closing, the set of molec-
ular interactions is completed by hydrogen
bonds formed by the amide group and both
the Glu286 and Asp381, see Figure 15.14

figol di-fevero in the inhib
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Figure 15: Crystal structure of imatinib (4) bound to
the active site BCR-ABL (pdb: 1IEP). The pyridinyl-
primidine moiety forms a hydrogen bond to the main
chain of Met318 (red dashes). The 4-methylbenzene-
1,3-diamine core forms two hydrogen bond with the
side chain residues of Thr315 and Glu286, whereas
the carbonyl oxygen of the amide group forms a hy-
drogen bond to the main chain of Asp381. The 4-((4-
methylpiperazin-1-yl)methyl) benzoic acid residue of
imatinib occupies an allosteric binding region only
accessible due to the DFG out conformation of BCR-
ABL. Beside the hydrophobic interactions, ionic inter-
actions (magenta dashes) between the terminal ter-
tiary nitrogen of the piperazine with His361 and 1le360
complete the set of attracting interactions. The carbon
atoms of imatinib are presented in green. Nitrogen
atoms are shown in blue, oxygen atoms in red, and
sulfur in yellow. BCR-ABL is presented as cartoon with
the surface in grey and the hinge region as sticks.®®*

Despite high efficacy and limited tox-
icity compared to traditional chemo-
therapeutic drugs, point mutations, in the
kinase domain of BCR-ABL, especially of
the gatekeeper residue, led to the develop-
ment of drug resistance against imatinib.*®
1981 Several potential explanations of this
resistance have been discussed; however, a
mutation towards larger gatekeeper resi-
dues stabilises the R-spine more efficiently
than threonine, subsequently shifting the
equilibrium to the active conformation in-
stead of the imatinib recognised inactive
conformation.’® Such a stabilization, in
combination with simple steric blocking of
the binding site,*! prevents the binding of
imatinib, and inevitably creates a constitu-
tively active oncogenic kinase. To overcome
these resistance mechanisms a proceeding
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development of next generation compounds
is necessary to ensure a fast substitutional
therapy.™" Indeed, next-generation drugs
like nilotinib,™? dasatinib,™* or ponatinib™**!
were developed overcoming drug resistance
towards imatinib, and the latter even toler-
ates the gatekeeper mutation.!***!

Figure 16: Chemical structure of trametinib (5) and
TAK-733 (6). Specific regions of the ATP binding site
are coloured according to Figure 5. TAK-733 as a
trametinib derivative crystallised in MEK1 acts as a
surrogate to elucidate the molecular interactions of
type 1l kinase inhibitors. The pyridopyrimidine core of
TAK-733 interacts with an allosteric pocket (olive)
adjacent to the ATP binding site, whereas the halo-
genated phenylaminyl substituent occupies a MEK
selective hydrophobic pocket | (cyan). Moreover, hy-
drogen bonds are formed between the dihydroxypro-
pyl group and the ATP phosphate as well as Lys97,
between the carbonyl group of the pyrimidine moiety
and Lys97, and between the oxygen in the pyridine
moiety to Val211 and Ser212 (red dashed arrows).

2.1.5.4 Type lll Kinase Inhibitors

The type Il inhibitors bind exclusive-
ly in an allosteric pocket adjacent to the ATP
binding site. The only FDA approved type llI
kinase inhibitor so far is trametinib targeting
MEK1 and MEK2. It was developed based
on a high-throughput screening (HTS) hit
and subsequent SAR studies, driven by
growth inhibitory activity against cancer cell
lines,™*® guided by the structural features of
established MEK inhibitors."”
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Figure 17: Crystal structure of TAK-733 (6) and ATP
(1) bound to the allosteric and the MEK specific hy-
drophobic pocket | (pdb: 3PP1). The pyridopyrimidine
core of TAK-733 interacts with the allosteric pocket
adjacent to the ATP binding site, whereas the halo-
genated phenylaminyl substituent is steered to the
MEK selective hydrophobic pocket I. The dihydroxy-
propyl group and the ATP phosphate as well as
Lys97, the carbonyl group of the pyrimidine moiety
and Lys97, as well as the oxygen in the pyridine moie-
ty and Val211 and Ser212 form hydrogen bonds (red
dashes). The carbon atoms of TAK-733 are presented
in green. The carbon atoms of ATP are presented in
wheat. Nitrogen atoms are shown in blue, oxygen
atoms in red, sulfur in yellow, and the magnesium ion
as magenta sphere. MEK1 is presented as cartoon
with the surface in grey and the hinge region as
sticks.®®!

Although the co-crystal structure of
MEK21 or MEK2 with trametinib could not be
achieved by now, an analogue of trametinib,
TAK-733, was crystallised successfully in
complex with MEK1, see Figure 17, which
also showed a type Ill binding mode and is
therefore discussed as a surrogate. The
pyridopyrimidinedione core occupies an al-
losteric pocket in direct proximity to the ATP
binding site with hydrogen bond formations
of both the oxygen on the pyridine moiety to
Val211 and Ser212, as well as the oxygen
of the pyrimidine moiety to Lys97. The at-
tached 2-fluoro-4-iodoaniline moiety acts as
a MEK-selective recognition motif for the
hydrophobic pocket I. The terminal dihy-
droxypropyl chain forms hydrogen bonds
with both hydroxyl functions to the ATP
a-phosphate and Lys97 respectively.®!
Type Il inhibitors, like trametinib, are valua-

ble tools to modify kinase activity distinct to
type | or type Il inhibitors, and as in case for
the combination strategy along with the
B-Raf inhibitor dabrafenib, they offer diverse

possibilities to overcome resistance mecha-
nism.[118.119]

2.1.5.5 Type IV Kinase Inhibitors

The type IV inhibitors bind to an allo-
steric site completely offside the ATP bind-
ing pocket.™ Currently, they are no FDA
approved type IV kinase inhibitors in use;
although several candidates are in different
clinical stages.**?*l For instance, GNF-2 is
a highly selective non-ATP competitive in-
hibitor of BCRi ABL (ICs = 0.14 mm).[*??
The allosteric myristoyl pocket located near
the carboxyl terminus of the ABL kinase
domain was discovered as the precise bind-
ing site of GNF-2 to the BCR-ABL fusion
protein by both NMR and X-ray experi-
ments.*? 128l GNF-2 replaces the myristoy-
lated peptide occupying an extended con-
formation with the trifluoromethyl group
buried at the same cleft as originally occu-
pied by the final two carbons of the
myristate ligand, see Figure 19. Moreover, a
favourable, but probably weak, polar interac-
tion between one fluorine atom and the main
chain of Leu340 can be described, along
with water-mediated hydrogen bonds. No
direct hydrogen bonds with the protein can
be observed, thus confirms the binding me-
diated mainly by hydrophobic interactions.

CONH,

Figure 18: Chemical structure of GNF-2 (7). GNF-2
binds to the myristate binding site of BCR-ABL remote
the ATP binding site and the catalytic cleft. The mo-
lecular interactions are mainly driven by hydrophobic
interactions, although a weak polar interaction be-
tween one fluorine atom and Leu340 can be assumed
(red dashed arrow).



Figure 19: Crystal structure of GNF-2 (7) bound to the
myristate binding site of BCR-ABL remote the ATP
binding site (pdb: 3K5V). The 4-trifluoromethoxy-
phenylaminyl residue is steered deep into the C-ter-
minal a-helices, whereas the benzamide moiety is
solvent exposed. The carbon atoms of GNF-2 are pre-
sented in green. Nitrogen atoms are shown in blue,
oxygen atoms in red, and fluorine in light cyan.
BCR-ABL is presented as cartoon with the surface in

grey.®

Nevertheless, allosteric inhibitors are
likewise affected by resistance
mechanisms.®® For instance, mutation of
three residues near the entrance of the
myristate-binding site (C464Y, P465S and
V506L) is found to evoke GNF-2 resistance,
presumably caused by steric reasons. How-
ever, as described for type Il inhibitors, a
combination of inhibitors, acting according to
different mechanisms, lead to increased
selection pressure on oncogenic kinases.
Therefore, the likeliness of a kinase suc-
cessfully handling two distinct binding sites
to overcome inhibition by alterations via mu-
tagenesis is significantly decreased. For
instance, the simultaneous binding of a
myristoyl mimic and an ATP-competitive
inhibitor results in the inhibition of both the
wild-type and the T3151 BCR-ABL kinase
activity and cell growth.®

Introduction



Introduction

2.2 Metal Complexes as Kinase | n-
hibitors

The MEGGERS group established a va-
riety of different transition metals as struc-
tural templates to gain access to highly so-
phisticated organometallic complexes
serving as catalysts for asymmetric reac-
tions,"?**4 as DNA intercalators and bind-
ers,*¥¥1% phiorthogonal catalysts,™***"! pho-
tosensitiser,****3 or as highly potent and
selective kinase inhibitors.!*4% 142!

Remarkably, the MEGGERS group es-
tablished the pyridocarbazole pharma-
cophore ligand, derived from staurosporine,
as a bidentate ligand for metal complex-
ation, which proved to be part of highly se-
lective and specific kinase inhibitors with
potential anticancer effects, see Figure
21.1431145 However, the initial ruthenium
based kinase inhibitors elaborated in the
MEGGERS group were half-sandwich com-
plexes coordinated to a cyclopentadienyl
ligand beside the mentioned pyridocarba-
zole pharmacophore and a monodentate
ligand  completing the  coordination
sphere.[®!

Figure 20: Superimposed crystal structures of stauro-
sporine (8) bound GSK-34 (pdb: 1Q3D) and organo-
metallic inhibitor (R)-10 bound GSK-34 (pdb: 2JLD).
An almost identic position of the indolocarbazole
moiety of staurosporine and the pyridocarbazole lig-
and of (R)-10 in the ATP binding site can be observed
forming identical hydrogen bonds to the main chain of
Tyrl34. The carbon atoms of staurosporine are pre-
sented in green and the carbon atoms of (R)-10 are
presented in cyan. Nitrogen atoms are shown in blue,
oxygen atoms in red, fluorine in light cyan, and the
ruthenium core in teal. GSK-3b is presented as car-
toon and the hinge region as sticks with the surface in

grey.[

Figure 21: Staurosporine (8) serves as a lead structure for metal based kinase inhibitors. The bidentate pyrido-
carbazole pharmacophore ligand mimics the indolocarbazole moiety of staurosporine and mediates hydrogen

bonds to the hinge region as it is true for staurosporine.
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Figure 22: The development of metal based kinase inhibitors led from initial half-sandwich complexes to highly
sophisticated octahedral complexes with increasing structural diversity. The shown isomers of (R)-9, (R)-10 and
L-12, are the more potent ones, whereas 11 is as racemic mixture of two enantiomers both existing as thiocyanate

and isothiocyanate. ™" 249!

Subsequent developments led to
modifications of the cyclopentadienyl ligand,
of the pyridocarbazole ligand, and of the
monodentate ligand, see Figure 22 14714
Moreover, the metal core of the kinase in-
hibitors itself was substituted by a variety of
transition metals covering platinum, rhodi-
um, rhenium, osmium, or iridium, 1381501153l
However, the ambition to establish metals
as structural templates lead from initial half
sandwich complexes to highly sophisticated
octahedral complexes by establishing a va-
riety of ligand scaffolds as part of metal
based kinase inhibitors, 401431 145.152.154]

Indeed, it is an obvious fact that a
tetravalent carbon with its possible two en-
antiomers is no comparison in its complexity
to a hexavalent metal ion with 30 possible
structural isomers in case of six distinguish-
able monodentate ligands, see Figure
23."%%1 Byt on the other hand, this enormous
number of possible stereoisomers has a
high demand of well elaborated methods to
selectively synthesise the desired structures
over the undesired ones. This bidentate pyr-
idocarbazole pharmacophore ligand as a
prerequisite for the mentioned purpose of
the organometallic compounds, influences
the number of possible structural isomers.
Whereas, half-sandwich complexes, con-
taining at least one bidentate ligand, form
only two enantiomers, octahedral complexes
can reach up to 24 different structural iso-

mers using four distinguishable monoden-
tate ligands.**"**® Moreover, introducing
multidentate ligands into the organometallic
complex scaffold further alter the possible
number of structural isomers. Since, initially
octahedral complexes were designed con-
taining C,-symmetric ligands, like 1,4,7-tri-
thiacyclononane in complex 11, simplifying
the mentioned challenge, more and more
sophisticated modified ligands were devel-
oped addressing unexplored chemical
space, like L-12.01%7]

The specificity and selectivity of or-
ganometallic compounds against their target
kinases of the human kinome are highly
dependent on the globular shape and the
ligand sphere which is built by the coordi-
nated ligands.***® Therefore, the conse-
guent development of these organometallic
compounds as kinase inhibitors from half-
sandwich complexes to octahedral ones is
accompanied by the increase of the chanc-
es as well as the challenges of the feasibility
of particular structural isomers.****% As the
target interaction structures are biomole-
cules consisting of chiral building blocks,
they create a chiral environment which rec-
ognises sensitively complementary struc-
tures and excludes mismatching ones.! !
Therefore, methods for the asymmetric syn-
thesis of octahedral organometallic com-
plexes to obtain certain desired structural
scaffolds, ideally designed to a correspond-
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ing binding site of a target biomolecule, are
highly appreciated,****%21%9161 gnd  many
articles report about the structural potential
disclosed by multivalent organometallic

complexes and the associated challen-
ges.[155’162' 167]

2.3 Octahedral Complexes
the Structural Scope

I Taming

Many ways to control the metal cen-
tered relative and absolute stereochemistry
have been published with different ad-
vantages and disadvantages. In principle,
the approaches can be clustered in several
groups controlling the relative and absolute
stereochemistry via chiral ligands, chiral
anions, chiral auxiliaries, or even via catalyt-
ic asymmetric synthesis. 3216216813771 gy
ever, the approach of these methods must
be correlated to the requirements of an or-
ganometallic compound being capable of
acting as a kinase inhibitor simultaneously.
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Structural restrictions of the ligands
inevitably lead to the discrimination of cer-
tain structures over others. These structural
restrictions are mostly represented by chiral-
ity introduced into the ligand system; either
in the scaffold in direct proximity of the co-
ordinating atoms of a multidentate ligand or
via sophisticated linkers which preorganise
the ligand for complexation.*"-*721781181 Eqp
instance, the binaphtyl core of the (S)-2,2'-
(1,1'-binaphthyl-2,2'-diyl)bis(7-tert-butylqui-
nolin-8-ol) ligand (S)-13 incorporates an
axial chirality into the tetradentate ligand
subsequently leading to chirality transfer to
the metal core favouring the shown confor-
mation of cis-b-L-(S)-14, Scheme 1. In op-
posite, the (S, S)-[4,5]-chiragen-[6] ligand 15
projects its chiral information to the metal
centre via the aliphatic linker. Both dime-
thylbicyclo[3.1.1] heptane moieties of 15 act
as conformative anchors restricting the pos-
sible coordination patterns of the peripheral
bipyridinyl residues mediated by the linker.
Although, the coordination leads to signifi-
cant loss of the number of degrees of free-
dom for the spacious ligand 15 resulting in
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Figure 23: a) Staurosporine (8) serves as a lead structure for metal based kinase inhibitors. Depending on the
design and connectivity of the residual ligands a diversity of different stereocisomers can be achieved. From two

stereoisomers regarding half sandwich complexes to up to 24 regarding octahedral complexes i n
transition

C I D. M: a diversity of

monodentate ligands to polydentate ligands.
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the low yields observed for the formation of
D17, Scheme 113 |n  contrast,
2,6-bis((((S)-2-phenyl-4,5-dihydrooxazol-4-
yl)methylthio)methyl) pyridine ligand 18,
which is C,-symmetric, results in the shown
conformation of D-19 based on both, the
incorporated chirality of the oxazoline moie-
ties and the ligand design itself. The corre-
sponding L-19 complex would be less fa-
voured, because the peripheral phenyl
groups of the oxazolines would be placed
above and below the ligand backbone lead-
ing to steric repulsions, Scheme 1.8

1.) CrCly, THF
2.) air oxidation
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Due to the restricted space offered
by the active site of a kinase, the strategy
using large linking systems is not suitable to
transfer the ligand chirality onto the metal for
octahedral organometallic compounds with
the purpose of kinase inhibition.*®%84 The
same is true for ligands based on axial chi-
rality which often leads to bulky coordination
spheres.'® And as the pyridocarbazole is a
mandatory prerequisite, the dentity of possi-
ble ligands to form an octahedral scaffold
cannot exceed the number of four making
many successful approaches with multiden-
tate ligands inapplicable for this case.

(5)-13
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Scheme 1: The axial chirality of (S)-13 results into chirality transfer to the metal core leading to cis-b-L-(S)-14. The
chiral information of 15 is mainly projected via the aliphatic linker. In contrast, the C2-symmetric ligand 18 medi-
ates chirality to the metal centre based on the oxazoline moieties and the ligand design itself.
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Scheme 2: The TRISPHAT ligand L 22 can be ap-
plied as auxiliary for the synthesis and separation of
enantiomers via extraction forming an ion pair.!

Moreover, the approach of using chiral
anions to form certain octahedral scaffolds
presupposes a matching charge in the de-
sired organometallic complex.*5%*7¢17"1 For
example, the chiral tris(tetrachlorobenzene-
diolato)phosphate(V) anion can be obtained
either as D or L form.’®*® Moreover, this
compound can be used as an auxiliary in
the asymmetric synthesis of organometallic
complexes and for the selective extraction of
a particular enantiomer via ion pair for-
mation, see Scheme 2.5 However, the
design of a kinase inhibitor in contrast

24

_ >

bpy (2 eq.),

base (10 eq.),
HeHsCI:DMF (8:1)
A:A =52:1

[RUCl,(dmso),]
23

59%

] 2*a2cr

tri(n-butyl)-ammonium (21) -
A-TRISPHAT (1eq.) (A-22)

[A-20][(A-22),] + [A-20]Cl,

DCM, rt, 10 min
extraction

organic layer aqueous layer

claims ideally for a neutral compound, which
is suitable to pass the lipid bilayer of a cell
membrane via passive diffusion.®®

High inertness of the complex as well
as a high persistence of the absolute stere-
ochemistry are desirable features for organ-
ometallic compounds interacting with biolog-
ical structures to avoid unspecific binding or
unintended release of the  metal
core.[152189191 cqordination compounds  of
the ds metals like Rull, Osll, Rhlll, and Irlll
fulfill these criteria.™®” But at the same time
this characteristic poses significant chal-
lenges for the asymmetric synthesis using
auxiliaries coordinating to the metal centre
compared to anion mediated asymmetric
synthesis. The harsh conditions to coordi-
nate and to substitute the chirality inducing
auxiliary by the final ligand limit available
methods via this strategy.™®” After intensive
research and experience on this area, the
MEGGERS group reported innovative strate-
gies to overcome this issue like using
switchable auxiliaries, which can possess
different coordination preferences by trigger-

— o

bpy

MeCN or
THF

ca. 90%
>99:1er

A-[Ru(bpy)sI**

Scheme 3: The (S)-Salox ligand 24, an auxiliary in asymmetric synthesis, can be labilised by protonation followed
by the substitution of other ligands under sustained stereoconfiguration.[lsa]



ing a recognition group e.g. via protonation
or reduction.3113219119%] £or instance, the
(S)-Salox ligand 24, utilised as auxiliary in
asymmetric synthesis, can be labilised by
protonation followed by the substitution of
other coordinating ligands under sustained
stereoconfiguration, Scheme 3.2% |t s
noteworthy, that the proper choice of the
appropriate solvent is crucial for stereo-
chemical outcome of the reaction: only co-
ordinating solvents, like acetonitrile or tetra-
hydrofuran  (THF) are capable of
suppressing racemization at the applied
reaction temperature.**®!

The smart optimization of reaction con-
ditions can further develop a former auxiliar
into a true catalyst. The reaction of 27
300 mMm in ethylene glycol using 0.2 eq. of
(S)-28 in the presence of TFA and bipyridine
result in D-[Ru(bpy)s]** with a yield of 93 %
and an er of 8.0:1.0, whereas the chiral
compounds 27 acts as true catalyst with
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turnover numbers of more than three,
Scheme 4.*3 Although, the feasibility of
catalytic asymmetric coordination chemistry
has been demonstrated, the broad applica-
tion must be established in future.

Considering all restrictions, being in-
evitable for a metal based kinase inhibitor,
ends up to following characteristics ideally
united in one single compound: enantiopure,
neutral, low molecular weight, inert complex,
and persistent stereoconfiguration. In this
work, ways to fulfill these requirements in a
metal compound were elaborated and com-
pared to established ligand systems. More-
over, the chemical modification of the pre-
sented ligand systems to improve selectivity
and specificity as well as pharmacological
properties will be discussed. Closing, sruc-
tural inspirations guided by computer aided
design will be introduced as a potential use-
ful tool.

bpy, TFA

- -

0.2 eq. (S)-28
ethyleneglycole

93%, er = 8.0:1

via

N/ H*

+H*

A-[Ru(bpy)sl**

2" r

MeO

Scheme 4: A former auxiliar (S)-28 acts as a true catalyst under specialised conditions. The achiral starting material
27 is converted to enantiomerically pure qa[Ru(bpy)s]** in an asymmetric catalysis.**
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3 Results and Discussion

3.1 The Pyridocarbazole Pharmac o-
phore Ligand

[ -

Figure 24: Superimposed crystal structures of E%/rido-
carbazole-based complex (R)-9 (pdb: 2BZH)™ and
an organoruthenium complex based on the pharma-
cophore ligand 34 (pdb: 4AS0),**¥ both bound to
PIM-1. Both pharmacophore ligands mediate the
complex binding into the ATP binding site of the target
kinase. However, the residual ligand sphere is signifi-
cantly shifted in relation to each other, resulting in
different selectivity and specificity. The carbon atoms
of (R)-9 are presented in green and the carbon atoms
of the 34 based organoruthenium complex are pre-
sented in cyan. Nitrogen atoms are shown in blue,
oxygen atoms in red, sulfur in yellow and the rutheni-
um cores in teal. PIM-1 is presented as cartoon in

grey.

The pyridocarbazole pharmacophore
ligand was established in the MEGGERS
group as a bidentate ligand for metal com-
plexation mimicking the indolocarbazole
moiety of staurosporine (8).*! As depicted

Results and Discussion

in Figure 21 the pyridocarbazole pharmaco-
phore ligand steers the entire coordination
sphere into the kinase hinge region and is
therefore the major mediator of target
recognition. Nevertheless, additional phar-
macophore ligands with modified scaffolds
have been successfully designed in the
MEGGERS group to enlarge the set of organ-
ometallic compounds with new structures
addressing the kinome with diverse affinity
and selectivity profiles.[01"!

However, the pyridocarbazole ligand
(31) serves as the standard pharmacophore
ligand for the complexation reactions in this
work. The convergent synthetic route starts
with 1H-pyrrole-2,5-dione (35) which is re-
acted with bromine in an electrophilic addi-
tion for 18 h under reflux conditions and cat-
alysed by aluminium trichloride, see
Scheme 5. The resulting 3,4-dibromofuran-
2,5-dione (36) in a yield of 47% serves as
starting point for different maleimides. 36
can be processed using either benzyl amine
or methyl ammonium chloride to obtain 1-
benzyl-3,4-dibromo-1H-pyrrole-2,5-dione
(37) (87%) or 3,4-dibromo-1-methyl-1H-
pyrrole-2,5-dione (38) (55%), respectively.
Both reactions were performed in acetic acid
at 130 °C for 16 h. These two modified ma-
leimides can be used directly for the photo-
cyclisation reaction resulting in modified
pyridocarbazoles. A sufficient protection
group must be applied to obtain an unsubsti-
tuted maleimide moiety in the final pyrido-
carbazole pharmacophore ligand.

31 32

33 34

Figure 25: The pyridocarbazole 31 as the first pharmacophore ligand derived from the indolocarbazole moiety of
staurosporine served as lead structure for several new pharmacophore ligand scaffolds like 32, 33, 34 shifting the
position of the coordination sphere and subsequently leading to organometallic kinase inhibitors with diverse affini-
ty and selectivity profiles.™****"! The coordinating atoms have been indicated by dashed arrows.
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Scheme 5: The synthesis of maleimide derivatives 37, 38, and 42.
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Scheme 6: FiscHER indole synthesis of 2-(pyridin-2-
yl)-1H-indole (46).

Therefore, 3,4-dibromo-1H-pyrrole-
2,5-dione (39) obtained under the same re-
action conditions as 37 and 38 in 54% vyield
must be protected with the tert-butyldi-
methylsilyl protection group using tert-
butyl(1-methoxyvinyloxy)dimethylsilane (41)
(54%) in acetonitrile under reflux conditions
for 5 h followed by stirring for 8 h at ambient
temperature. Methyl acetate (40) was react-
ed with lithium diisopropylamine, which was
generated first in situ, 1,3-dimethyl-tetra-

hydropyrimidin-2(1H)-one (DMPU), and tert-
butyldimethylsilyl triflate in THF over 3 h
from -78 °C to ambient temperature to ob-
tain 41 in 51% vyield. 3,4-dibromo-1-(tert-
butyldimethylsilyl)-1H-pyrrole-2,5-dione (42)
as the resulting intermediate can then be
applied for the photocyclisation in analogue
to 37 and 38.

The second component for the pho-
tocyclisation reaction is 2-(pyridin-2-yl)-1H-
indole (46) or its modified derivatives. The
unsubstituted 46 can be obtained in a
FISCHER indole synthesis by reacting phe-
nylhydrazine (43) and 2-methyl-pyridyl-
ketone (44) in ethanol under slow heating to
80 °C over a period of 15 min and reflux
conditions for 45 min, see Scheme 6. The
resulting 2-(1-(2-phenylhydrazono)ethyl)
pyridine (45) (98%) is then further reacted to
46 (94%) by the sequential addition of small
portions into polyphosphoric acid and heat-
ing at 95 °C under firm stirring for 4 h.

In contrast to the general reaction
conditions applicable for maleimide deriva-
tives described above, the FISCHER indole
synthesis cannot be applied universally to
obtain modified pyridylindoles due to the
harsh conditions of the reaction and the re-
action mechanisms itself, which bears the
potential leading to rearrangements or the
loss of attached groups.™*®!
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50, R' = OMe 54, R' = OMe, 98% 58, R' = OMe, 98%

Scheme 7: The synthesis of the boronic acids 55 to 58 as coupling partners for the Suzuki reaction.

Therefore, to synthesise modified
pyridylindoles a synthetic route applying the
Suzuki coupling was established, see
Scheme 7.1 First, the indole has to be
protected with the tert-butyl carboxylate
group using di-tert-butyl dicarbonate. The
protection group masks the indole nitrogen
and hinders potential interferences during
the synthetic route. Moreover, it supports
the deprotonation of the indole at the 2 posi-
tion for the formation of the boronic acid.
Therefore, indole (47) was reacted with
di-tert-butyl-dicarbonate and dimethylamino-
pyridine in THF at 4 °C for 16 h to afford
tert-butyl 1H-indole-1-carboxylate (51) in
guantitative yield. The same reaction condi-
tions were applied to obtain tert-butyl-5-(tert-
butyldimethylsilyl)-1H-indole-1-carboxylate
(52) (93%), tert-butyl-5-benzyl-1H-indole-1-
carboxylate (53) (92%), and tert-butyl-5-
methoxy-1H-indole-1-carboxylate (54)
(98%).

All protected indole derivatives were
then transformed into the appropriate bo-
ronic acids for the Suzuki coupling using in
situ generated lithium diisopropylamide and
triisopropyl borate in THF in almost quantita-
tive yields. Nevertheless, the resulting bo-
ronic acids must be processed promptly due

to the limited stability of the intermediates,
see Scheme 8. As coupling partner, a selec-
tion of modified pyridines, 59 to 63, were
used and combined with the synthesised
boronic acids 55 to 58. The reaction was
performed using tetrakis(triphenylphos-
phine) palladium(0) and sodium carbonate
in a dimethoxyethane : water (4:1) mixture
under reflux conditions for 16 h. The yields
of the synthesised pyridylindoles 64 to 70
varied from 47% to 79%.

However, due to investigational find-
ings achieved during this work, only three
different pyridylindoles 46, 71, and 72 were
processed to the appropriate pyridoc-
arbazoles. Prior to the use of the pyridyl-
indoles for the monobromide synthesis and
the following photocyclisation step, the
deprotection of the tert-butyl-carboxylate
group must be performed. Soaking the
compounds 64 and 70 on silica gel under
heating at 80 °C in vacuo for 16 h afforded
the unprotected pyridylindoles 71 and 72 in
guantitative and 93% yield, respectively.

R’ Na,CO; 59-63 R - R _
2
N DME:H,0 4:1, N 80 °C, 16 h, N N
Boc reflux, 16 h Boc 10 Pa
1= _ _ 71, R' = OMe, R2 = F, quant.
55, R1 =H /N 64, R' = OMe, R?=F, 79% 72 R'= OTBS. RZ = F. 93%
56, R' = OTBS Br R2 65, R' = H, R? = CF3, 62% ’ ’ ’
57,R'=Bn N= 66, R'=H, R? = OH, 47%
58, R' = OMe ) 67, R' = H, R? = NO,, 64%
gg’ 22 - EF 68, R" = H, R2 = NH,, 77%
61,RZ= OH 69, R" = H, R? = CN, 68%
BV 70,R"' = 2= 9
62 R2=NO, ,R"=0TBS, R2=F, 60%
63, R>=CN

Scheme 8: The Suzuki coupling using different boronic acids in combination with different pyridine derivatives led to
the formation of a set of protected pyridylindoles 64 to 70. Two derivatives were further proceeded and deprotected.
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77, R'= OTBS, R2=F, R® = Me, 53%
78, R' = OMe, R?2=F, R®=TBS, 67%
79, R'=H, R?=H, R® = TBS, 63%
80, R'=H, R2=H, R®=Bn, 80%

Scheme 9: The monobromide synthesis and the following photocyclisation reaction affording the pyridocarbazole

pharmacophore ligand.

The pyridylindoles 46, 71, and 72
were reacted with the maleimides 37, 38, or
42 in a MICHAEL reaction using lithium
bis(trimethylsilyllamide as base in THF to
obtain the monobromides 73 to 76 in varying
yields from 54% to 71%, see Scheme 9.
These intermediates had to be converted
immediately into the corresponding pyrido-
carbazoles due to their instability. The pho-
tocyclisation itself was performed in toluene
under continuous water cooling. For this
purpose, the compounds were irradiated
with an iron iodide endowed mercury UV
lamp of 700 W power and a wavelength of
| max =350 nm. The finished pyridocarba-
zoles 77 to 80 were obtained in yields vary-
ing from 53% to 80%. The pyridocarbazoles
77 to 80 were then used for the complexa-
tion reactions discussed in this work. More-
over, the pyridocarbazole derivatives 81 to
84 from the internal compound library of the
MEGGERS group have been used to synthe-
sise novel complexes with diverse inhibition
profiles, see Figure 26.

The established pyridocarbazole
synthesis, offers many possibilities to intro-
duce additional functional groups. Especial-
ly, the convergent synthetic route increases
the general flexibility and the quick access
to a plethora of different structures. Never-
theless, the multistep synthesis is a disad-
vantage. One of the major tasks of the alter-
natively established compounds 32, 33, and
34, beside the development of new scaf-
folds, was to decrease the number of syn-
thetic steps.'*” However, the pyrido-

carbazole ligand itself serves as reference
pharma-cophore ligand to investigate the
complementarily coordinating ligands pre-
sented in this work.

81,R! = OTBS, R? = CF; R®=TBS
82, R' = OTBS, R? = OMe, R® = TBS
83, R' = OMe, R? = OMe, R® = TBS
84, R'=0TBS, R®=F, R®=TBS

Figure 26: Pyridocarbazole derivatives retrieved from
the MEGGERS group internal compound library.



3.2 Development of S6K1 Inhibitors

3.2.1 Target Synopsis and Aim
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Figure 27: Growth factors, hormones, and amino
acids, as proliferation and anabolism mediators, acti-
vate the downstream located mTORC1. This complex
consecutively phosphorylates Thr389 in the hydro-
phobic motif of S6K, providing a docking site for
PDKZ1, which then phosphorylates Thr229 in the acti-
vation segment, converting S6K into its active form.??!

S6 kinases (S6K) are members of
the AGC serine/threonine kinases which
belong to the RSK family. The catalytic do-
main is highly conserved and the phos-
phorylation of Thr-389 within the activation
loop triggers the kinase induced by the
phosphoinositide-dependent kinase-1
(PDK1), see Figure 27.19°2% The S6 kinas-
es act downstream of the phosphatidyl-
inositide-3-kinase (PI3K) pathway. Beside
PDK1, mTOR is also involved in the activa-
tion of S6K1.1992° Whereas yeast contains
one S6K kinase, called sch9D, the human
kinome covers two isoforms called S6K1
and S6K2. S6 kinases are associated with
many cellular processes, including protein
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synthesis, mMRNA processing, cell growth,
and cell survival mainly based on the phos-
phorylation of glycogen synthase kinase 3
(GSK3) and the ribosomal S6 protein.2°22%3!
Both isoforms of S6K phosphorylate and
activate the 40S ribosomal protein S6, which
promotes protein synthesis through an in-
creased rate of mRNA transcription.?*¥
S6K1 also regulates cell proliferation
through the cell cycle, in addition to promot-
ing cell survival by inactivating the pro-
apoptotic protein BAD.[2%%' 2]

Whereas S6 kinases are involved in
indispensable cellular processes, a per-
turbed activation leads to severe diseases.
Alterations in S6 kinase activity have been
shown to play a critical role in many patho-
logic incidences, including diabetes, obesity,
aging, and cancer.”®2%l Many melanoma
cells exhibit constitutive activation of the
PIBK-AKT pathway, which results in AKT
phosphorylation and leads to an amplifica-
tion of the downstream targets mTOR and
S6K1.2* This increase in phosphorylation
of ribosomal S6 by S6K1 results in in-
creased protein translation and cell growth.
This effect can be abolished by the treat-
ment with rapamycin, an allosteric mTOR
inhibitor, causing a significant dephosphory-
lation of S6K1 and consequently to a de-
creased cell growth.”? However, the treat-
ment with rapamycin is accompanied by
drawbacks, mainly reasoned in the abroga-
tion of feedback inhibitions of other path-
ways.™¥ This cross-talk perturbance leads
to side effects such as hyperglycaemia, hy-
percholesterolemia, and hyperlipidaemia.?*¥
Therefore, inhibition of S6K1 represents an
alternative therapeutic strategy that may
bypass the disadvantages of mTOR inhibi-
tion. Recent studies reveal S6K as being a
critical node linking HER-family and PI3K
pathway signaling, making it an effective
target for single-agent therapy.?**!
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3.2.2 Synthesis and Structural Invest i- MEGGERS group, also contain this motif and
gations of Organoruthenium (Il) turned to be selective and potent S6K1 in-
Complexes hibitors, beside 87, see Figure 28.%'% But,

the ligand is only capable of forming hydro-
phobic VAN-DER-WAALS contacts and offers
no additional functional groups to either form
hydrogen bonds or to enhance physico-
chemical properties, e.g.: solubility. There-
fore, ligands offering modification sites to
improve biomolecular recognition as well as
physico-chemical parameters for the conse-
guent development of octahedral organome-

MeO

. w= NH . . .
NS / tallic complexes are highly desirable.
87 )
Keeping the sulfur atoms for com-
Figure 28: Octahedral organoruthenium complexes plexation sustained, we introduced a meth-
inhibiting S6K1. ylene group into the cyclic ring system to

include a secondary amine function. This
additional group is known to act as both, a
hydrogen bond acceptor and hydrogen bond
donor.”?""#9 Moreover, a secondary amine
influences the protonation state of the com-
plex at different pH levels and subsequently
the potential membrane permeability.!?2* 222!

Highly  sophisticated  octahedral
complexes were realised by an extensive
screening of potential ligands suiting the
requirements of a hexavalent metal
centre.!¥1%31%2 The tridentate 1,4,7-trithia-
cyclononane ligand is capable of both, being
a synthetically quickly accessible com-
pound, and fitting in numerous binding sites
as a part of organometallic inhi-
bitors.[140151.1521%4 g5 and 86, which were
synthesised during former studies in the

9 o 1) MeNH, HCI, K,CO;4 “NH
aJ_c /J\ MeOH
88 Cs,CO3 S S 0°Ctort,2h s s
* 60°C. 18h K / 2) NaCNBH, K j
' s MeOH
3H SH  46% 34°C,18h, pH 7 S
90 36% 91
s o
89 CI)J\O/\/
92
pyridine, DMAP,
DCM
30°C, 16 h
- - 2* 2CF;S05 70%
\\\ Z
SN N// o, Alloc.. -
S""hRu/—N:— SQU\—S\:O N
/ /‘\
(\S\—\S AgOTf g3 RUCI,(dmso), s <
o wen o T, U
reflux, 6 h N— reflux, 5 h s
_N=Alloc 87% » "Alloc quant.
- 95 h 94 93

Scheme 10: Synthesis of complex precursor 95. The key steps are the formation of the medium-sized ring 90 by a
nucleophilic substitution, the functional group interconversion by a reductive amination to 91. Prior to the complexa-
tion a potential cross-coordination has to be avoided by protecting the secondary amine group by allyl chlo-
roformiate. To obtain the reactive precursor 95, a substitution of all monodentate ligands towards acetonitrile as
better leaving group for the pyridocarbazole introduction is necessary.
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Scheme 11: Synthesis of ruthenium(ll) complex 87. The acetonitrile ligands of the reactive precursor 95 were
sequentially substituted by the pyridocarbazole ligand 78 and sodium thiocyanate. The deprotection step of the
allyloxycarbonyl using tetrakis(triphenylphosphine) palladium(0) results in the final complex 87.

The synthesis of the modified ligand
is similar to the published one of
1,4,7-trithiacyclononane, according to Blow-
er et al.,”®! with slight modifications, see
Scheme 10. First, the ten-membered ring
has to be formed. For this reason, caesium
carbonate was suspended in dimethyl-
formamide (DMF) and heated to 60 °C.
Caesium carbonate acts as a base, depro-
tonating the thiol groups of the 2,2'-thio-
diethanethiol (89) and increasing their nu-
cleophilic character. The use of caesium
carbonate at this step is substantial, due to
the size of the caesium ion preorganizing 89
for the nucleophilic substitution reac-
tion.[?*2241 Fyrthermore, this preorganisation
reduces the competing polymerisation reac-
tion beside the intended cyclisation.
1,3-dichloracetone 88 was pre-diluted in
DMF and added drop wise to the reaction
mixture. The drop wise addition of the reac-
tants was performed over a time period of
9 h followed by an additional 9 h of stirring
at 60 °C. The low concentration (38 mmol/L)
of both reaction partners is crucial to avoid
the mentioned polymerisation. This fact lim-
its the amount of reactants applicable in a
single reaction batch. The yield of 46% is
low but not unusual for medium-sized ring
synthesis.[??°!

The resulting 1,4,7-trithiacyclodecan-
9-one (90) was then processed in a reduc-
tive amination using potassium carbonate
and methyl ammonium chloride to form the
imine intermediate in situ. The reaction was
performed in methanol at 34 °C for 2 hours.
Sodium cyanoborohydride was used as a
reducing agent and the reaction mixture was
stirred over night at 34 °C. The N-methyl-
1,4,7-trithiacyclodecan-9-amine (91) ligand
was obtained at 36% vyield. It is noteworthy
that the sp®-carbon centre of 90 turned into
a prochiral sp*-carbon during this reaction
procedure. Due to the symmetric character
of the ligand, this fact has no further influ-
ence on the synthesis, unless it is coordi-
nated to the metal centre, see Chapter
3.2.4.

Prior to complexation, the secondary
amine of 91 had to be protected to avoid
competing cross-coordination towards a
second metal ion. The most suitable protec-
tion group for this purpose is the al-
lyloxycarbonyl group, which can be cleaved
under mild orthogonal conditions after com-
plexation. Therefore, 91 in methylene chlo-
ride was reacted with allyl chloroformiate
(92), pyridine, and 4-dimethylaminopyridine
at 0°C according to standard protection
procedure.” The allyl methyl (1,4,7-tri-
thiacyclodecan-9-yl) carbamate ligand (93)
was obtained in a yield of 70% and was fur-
ther processed in the complexation reaction.
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Dichlorotetrakis(dimethylsulfoxide)
ruthenium(ll) as a standard precursor was
used to coordinate (93). The reaction was
performed in chloroform under reflux condi-
tions for 5 h. The preliminary resulting com-
plex 94 was directly processed to ligand
exchange by precipitating the chlorido lig-
ands using silver trifluoromethanesulfonate
in acetonitrile under reflux conditions for 6 h.
95 could be obtained in 87%. It is notewor-
thy that the prochiral carbon centre of 91
turns into a stereogenic centre during the
complexation reaction. Due to the high
moisture sensibility of this compound, a di-
rect continuance into the complex synthesis
is necessary.

Therefore, the pharmacophore lig-
and 78 was reacted with the ruthenium pre-
cursor 95 using potassium carbonate as a
base, in DMF at 85 °C under microwave
irradiation for 40 min, followed by addition of
sodium thiocyanate as the residual mono-
dentate ligand, see Scheme 11. After an
additional 40 min at 85°C and column
chromatography, the organometallic com-
plex 96 was obtained as a racemic mixture
in 59% yield. The crystal structure of 96 re-
veals the coordination pattern of the ligands
towards the ruthenium metal centre, see
Figure 29. The tridentate ligand forms two
five-membered and one six-membered
metallacycles. The six-membered metalla-

cycle aligns in a chair conformation as ob-
served for aliphatic rings. It must be high-
lighted, that the secondary amine function is
oriented in equatorial position minimising the
steric hindrance of the bulky allyloxycarbon-
yl protection group with the residual coordi-
nation sphere. The isothiocyanate ligand is
observed to be coordinated in the N-bound
form.

To obtain the final complex 87, the
allyloxycarbonyl  protection group was
cleaved using tetrakis(triphenylphosphine)
palladium(0) in methylene chloride for 14 h
and allowing the reaction mixture to warm
from 0 °C to ambient temperature. The reac-
tion was quenched using sodium hydrogen
carbonate, and after column chromatog-
raphy, the metal complex 87 was obtained
in 47% vyield.

Figure 29: Crystal structure of 96. Solvent Molecules were omitted for clarity. ORTEP drawing with 50% probabil-
ity of thermal ellipsoids. Selected bond lengths [A] for 96: Rul-N1=2.1411(18), Rul-N4 =2.124(2),
Rul-N36 = 2.061(2), Rul-S1 = 2.2862(7), Rul-S2 = 2.2802(6), Rul-S3 = 2.3029(6).



3.2.3 Biological I nvestigations

3.2.3.1 Screening and ICs, Determination

A screening set of ten different stau-
rosporine-inspired organometallic ruthenium
complexes against a diverse panel of 283
protein kinases by Millipore (Kinase Profil-
er™) led to the identification of 85 as a po-
tential inhibitor of S6K1, with 7% activity at a
concentration of 100 nM in the presence of
10 um ATP. 86 has an almost identical
chemical structure, differing only in the ex-
change of the substituted isothiocyanate
towards an isocyanate, see Figure 28, lead-
ing to significantly less, only 54%, activity
under the same conditions. In the kinase
panel, the inhibitor 85 inhibited only 41 ki-
nases (16%) to less than 10% activity, in-
cluding S6K1 and the related S6K family
members RSK1, RSK2, RSK3, and RSK4.

To characterise the preliminary hits,
biological investigations were performed in
the MARMORSTEIN group. For this purpose, a
radioactive kinase assays were performed
to determine the activity of S6K1 protein
constructs prepared in baculovirus-infected
insect cells, in order to identify a construct
that would be suitable for inhibitor testing.
The construct preparation and the radio-
active kinase assays were performed by JIE
QIN and JULIE S. BARBER-ROTENBERG. Initial
tests revealed, that the full-length a-l iso-
form of S6K1, S6K (1-525), and the isolated
kinase domain, S6K (84-384), had low ki-
nase activity, although the full-length kinase
showed more activity than the kinase do-
main, see Figure 30. The S6K1 protein con-
structs had low kinase activity because the
full-length kinase contained the C-terminal
auto-inhibitory domain. To address this is-
sue and express a more active kinase for
further inhibitor studies, a S6K1 (1-421)
construct was prepared, including both the
Thr-252 and Thr-412 phosphorylation sites,
based on previous data from Keshwani et
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al.??"! The results indicate that the catalytic

domain of the S6K1all isoform (residues 1-
398) is analogous to S6K1 (1-421) of the a-I
isoform. To further enhance the catalytic
activity of S6K1 (1-421), the T412E mutant
was prepared to mimic phosphorylation at
this position and was co-expressed with
PDK1 to promote phosphorylation of T252.
Preparation of the S6K1 (1-421, T412E,
PDK1 activated) protein resulted in a highly
active kinase that was suitable for further
inhibition studies in vitro, Figure 30.
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Figure 30: Radioactive kinase assays performed by
JIE QIN and JULIE S. BARBER-ROTENBERG were used to
determine the activity of five different protein con-
structs of S6K1. Only the S6K1 (1-421, T412E, PDK1
activated) construct (cyan) resulted in a highly active
kinase, which was suitable for further radioactive
competition studies in vitro.

Both organoruthenium metal com-
plexes were assayed against the construct
S6K1 (1-421, T412E, PDK1 activated) in a
radioactivity-based kinase assay by JULIE S.
BARBER-ROTENBERG to determine the ICs
values of 33.9 nm for 85 and 23.5 um for 86,
respectively, at an ATP concentration of
100 pm, see Figure 32. As a control, the ICsg
value of the unselective kinase inhibitor
staurosporine was determined resulting in
64.1 nM under the same conditions. Moreo-
ver, the S6K1 inhibitor PF-4708671 (97) was
tested against S6K1 under the same condi-
tions as a literature known specific S6K1
inhibitor, see Figure 31. An ICs, value of
142.8 nM was determined for PF-4708671,
consistent with published results.??®
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Given the apparent specificity and
potency of 85, it became the lead structure
for the development of second-generation
organometallic S6K1 inhibitors covering
charged and neutral octahedral organo-
ruthenium and organorhodium complexes.
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Figure 31: S6K1 inhibitor PF 4708671 (97).1%
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Figure 32: 85 (33.9 nm), 86 (23.5 um), 87 (7.3 nm),
Staurosporine  (64.1 nm), and PF-4708671 (97)
(142.8 nm) were assayed by JuLe S. BARBER-
ROTENBERG against the construct S6K1( 171 421,
T412E, PDK1 activated) in a radioactive kinase assay

using 100 em ATP and 2 nm of enzyme. Data points
represent mean values calculated from triplicates.

3.2.3.2 Crystallisation Studies of 85

To investigate the binding mecha-
nisms the crystallisation and structure deter-
mination of 85 bound in the ATP binding
pocket of S6K1 were performed. In this con-
text, the crystal growth, preparation, and
compound soaking was performed by JIE
QIN and the structure was solved by JOHN
Doswmic. These studies revealed an unusual
binding conformation. Whereas, initial trials
to co-crystallise the S6K1 kinase domain
(S6K1KD, residues 84-384) bound to 85,
using several factorial screens, failed, the
reproduction of the crystals of the S6K1 ki-
nase domain in complex with staurosporine,

according to SUNAMI et al. were
successful.?®! Thereafter, soaking of these
crystals with high concentrations of 85, for
the exchange of staurosporine by the or-
ganoruthenium inhibitor, led to crystals
which diffracted to about 2.5 A resolution
and formed in space group P2; with two
molecules per asymmetric unit. The struc-
ture was refined to Ryok and Rgee Values of
19.15% and 22.21%, respectively, with ex-
cellent geometry, see Table 13. Closing, the
inhibitors were modelled after the full re-
finement of the protein.

Figure 33: 85 bound to the active site of one of two
S6K1 kinase molecules in the asymmetric unit
(pdb: 4RLO). The b-sheet rich N-lobe and the a-helix
rich C-lobe enclose the ATP-binding site. The protein
surface discloses the substrate binding groove per-
fectly occupied by the organometallic inhibitor. Oxy-
gen atoms are depicted in red, nitrogen in blue, fluo-
rine in light blue, and sulfur in yellow. Carbon atoms of
85 are depicted in grey. S6K1 is represented as car-
toon in cyan.

In accordance to the published struc-
tures of the S6K1 kinase domain, the kinase
domain is bilobal, consisting of an b- sheet
rich N-lobe and a a-helix rich C-lobe.??°2%%
The crystal structure revealed that only one
staurosporine molecule could be substituted
by 85 of the two protein molecules in the
asymmetric unit. This is an additional proof
that 85 is indeed an ATP-competitive inhibi-
tor, displacing staurosporine from the active
site. Both, the staurosporine as well as the



85-bound protein molecules in the asymmet-
ric units are similar to each other with an
overall r.m.s.d. of 0.68 A for the shared at-
oms.

o

Figure 34: Staurosporine bound to the active site of
one of two S6K1 kinase molecules in the asymmetric
unit (pdb: 4RLO). The glactam ring of staurosporine
forms two hydrogen bonds (red dashes). The back-
bone nitrogen of Leu-175 interacts with the lactam
oxygen and the backbone oxygen of Glu-173 with the
lactam nitrogen. The methylamine group of stauro-
sporine forms a third hydrogen bond (red dashes) to
the backbone oxygen of Glu-222. Additional amino
acid residues involved in VAN-DER-WAALS contacts are
highlighted and labelled. Oxygen atoms are depicted
in red, nitrogen in blue, and sulfur in yellow. S6K1 is
depicted as cartoon with carbon atoms in cyan and
carbon atoms of staurosporine are depicted in orange.

Although both molecules bind in the
ATP binding pocket, the increased S6K1
potency of the organoruthenium complex is
caused by extensive interaction compared
to staurosporine. The latter forms hydrogen
bonds to S6K1 via the backbone oxygen of
Glu-222 of the kinase with the nitrogen of
the methylamine residue of the aliphatic ring
system of staurosporine. Furthermore, the
pyrrolidine ring of the aromatic indolocarba-
zole moiety of staurosporine forms hydrogen
bonds to the backbone nitrogen of Leu-175
and the backbone oxygen of Glu-173 of the
kinase hinge region via the oxygen and ni-
trogen atom, respectively. Beside the hy-
drogen bonds VAN-DER-WAALS contacts are
formed by Leu-97, Lys-99, Gly-98, Val-105,
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Ala-121, Tyr-174, Glu-179, and Met-225,
see Figure 34.

=

Figure 35: 85 bound to the active site of one of two
S6K1 kinase molecules in the asymmetric unit (pdb:
4RLO). The maleimide moiety of the pyridocarbazole
ligand forms two hydrogen bonds (red dashes). The
backbone nitrogen of Leu-175 interacts with the ma-
leimide oxygen and the backbone oxygen of Glu-173
with the maleimide nitrogen. Additional amino acid
residues involved in VAN-DER-WAALS contacts are
labelled. Oxygen atoms are depicted in red, nitrogen
in blue, fluorine in light blue, and sulfur in yellow.
S6K1 is depicted as cartoon with carbon atoms in
green and carbon atoms of 85 are depicted in grey.

Compared to staurosporine, 85 re-
tains two hydrogen bonds between the
backbone atoms of the hinge residues
(Glu-173 and Leu-175) and the maleimide
ring of 85, as well as all of the
VAN-DER-WAALS interactions, but forms addi-
tional interactions between the ruthenium
coordination sphere and the protein, as
shown in Figure 35. In particular, the isothi-
ocyanate group of 85 leads to VAN-DER-
WAALS interactions with Gly-100 and
Val-105 of the kinase p-loop. The 1,4,7-tri-
thiacyclononane ligand forms VAN-DER-
WaALS contacts to Gly-100 of the p-loop,
Glu-179 and Glu-222 across from the
p-loop, where the protein substrate is likely
to bind, as well as to Thr-235 and Asp-236
of the activation loop. Comparing the stau-
rosprine bound S6K1 structure to the 85
bound S6K1 structure of the asymmetric unit
indicate a dramatic movement of these ami-
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no acid residues towards 85, see Figure 36.
The binding of 85 to S6K1 also introduces
significant structural changes in the kinase
relative to the staurosporine complex. These
structural changes appear to be indirectly
caused by the 1,4,7-trithiacyclononane lig-
and of 85. The aD-helix of the staurosporine
complex is about two turns longer at its
N-terminus than the corresponding helix of
the 85 complex, where the corresponding
segment takes on a b-strand conformation.
This structural differrence appears to be
driven by the interaction of the tridentate
ligand of 85 with Glu-179.

Figure 36: Superimposed structures of S6K1 bound to
staurosporine and bound to 85. Glu-179, Glu-222,
Thr-235 and Asp-236 undergo a dramatic movement
comparing the staurosporine bound conformation to
the 85 bound conformation (red arrows) (pdb: 4RLO).
The tridentate 1,4,7-trithiacyclononane ligand of 85
seems to cause these drastic alterations in the secon-
dary structure, whereas the aD-helix of the stauro-
sporine complex is nearly two turns longer at its N-ter-
minus than the corresponding helix in the 85 bound
form possessing a b-sheet conformation instead.
Oxygen atoms are depicted in red, nitrogen in blue,
fluorine in light blue, and sulfur in yellow. S6K1 bound
to 85 depicted as cartoon with carbon atoms in green
and carbon atoms of 85 in grey; S6K1 bound to stau-
rosporine is depicted as cartoon with carbon atoms
cyan and carbon atoms of staurosporine in orange.

On the opposite side of the inhibitor,
the staurosporine complex has an activation
loop folded towards the ATP active site in an
inactive conformation without an ordered
aC-helix, as previously reported.”*” Striking-

ly, the 85 complex contains a well-defined
aC-helix of about 2 turns. The different
alignment of the aC-helix in the two struc-
tures appears to be centred around the
N-terminal region of the activation loop that
undergoes about a 6 A movement towards
85 compared to staurosporine. The move-
ment of the activation segment towards the
85 inhibitor appears to be mediated by the
VAN-DER-WAALS interactions between
Thr-235 and Asp-236 with the 1,4,7-trithia-
cyclononane ligand, see Figure 36. This in
turn, provides enough space for the aC-helix
to be formed and being stabilised by VAN-
DER-WAALS contacts between Phe-237 of
the activation loop and Leu-147 of the
aC-helix as well as a hydrogen bond be-
tween Lys-123 of the small domain and
Glu-143 of the aC-helix, see Figure 37. In-
terestingly, these interactions are character-
istics of the active conformations of kinases,
even though the activation segment is in an
inactive conformation.

Figure 37: Th e -blelix (magenta) is more ordered in
the 85-bound S6K1 structure. This conformation is
based on hydrophobic interactions between Phe-237
and Leu-147, and a hydrogen bond between Lys-123
and Glu-143 (pdb: 4RLO). Oxygen atoms are depicted
in red, nitrogen in blue, fluorine in light blue. S6K1
bound to 85 is depicted as cartoon with carbon atoms
in green and carbon atoms of 85 are depicted in grey.

In contrast, the activation loop is is
turned outwards in case of the staurosporine
bound S6K1 placing Phe-237 and Asp-236



in sterically hindered positions to form the
aC-helix, see Figure 36. Concluding,
whereas staurosporine bound to S6K1 in-
duces the inactive conformation, the
S6K1/85 complex has characteristics of
both, the inactive and active kinase, confor-
mations.

3.2.3.3 Development of Second Genera-
tion Organometallic Ruthenium In-
hibitors

85 offered an ICsy value in the mid-
nanomolar range and the co-crystal struc-
ture confirmed that it is a competitive inhibi-
tor binding in the ATP-pocket of the S6K1.
Therefore, 85 was a promising lead struc-
ture for the design of second generation
S6K1 inhibitors. The organometallic com-
pounds offer plenty of possible positions for
modifications regarding e.g.: the pyrido-
carbazole moiety or the different coordi-
nated ligands. As previous work proved,
modifications in the coordination sphere can
have significant effects on binding affinities
and kinase selectivity.*****°2*1 Moreover,
the crystal structure of 85 bound to S6K1
indicated several positions suitable for
chemical elaboration to improve specificity
for the kinase. A series of 64 derivatives of
85 were synthesised by the MEGGERS group
with modifications at the pyridocarbazole
and the remaining ligand sphere. Then, they
were tested for inhibition of S6K1 activity
using both a radioactive kinase assay and
an ADP-Glo assay with 1 um of compound,
by the MARMORSTEIN group.?*¥ Twenty-five
of these inhibitors were further screened
using 250 nm of compound. The eight com-
pounds that inhibited S6K1 to less than 25%
activity, were assayed to determine their
ICso values (at 100 uMm ATP). This analysis
produced several compounds that inhibited
S6K1 similarly or more potently than 85 with
compound 87 (Figure 28) as the most potent
one with an ICsq of 7.3 nM, using 100 um of
ATP and 2 nm of enzyme, see Figure 32.
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Figure 38: 87 was analysed by JuLE S. BARBER-

ROTENBERG against the construct S6K1( 171 421,

T412E, PDK1 activated) in a radioactive kinase assay
using varying concentrations of ATP and 2 nm of en-
zyme. The determined ICso values are: 3.61 nm (1 pum
ATP), 4.46 nm (10 pm ATP), 6.90 nm (100 pum ATP),
11.23 nm (250 um ATP), and 18.86 nm (500 um ATP).
Data points represent mean values calculated from
triplicates.

3.2.3.4 Characterisation of 87

The radioactive kinase assays, using
either S6K1 or S6K2 as target molecule,
resulting to the following ICs, values were
performed by JULIE S. BARBER-ROTENBERG.
Testing the inhibitor 87 at a range of con-
centrations from 1 uMm ATP to 500 um ATP
resulted in an expected increase of the 1Cs
value concurrent with the increasing ATP
concentrations from 3.61 nm at 1 um ATP to
18.86 nm at 500 um ATP, confirming that 87
is an ATP competitive inhibitor, see Figure
38. The increase in ICsy values between
1 pm and 500 pm ATP is quite modest com-
pared to the range published before, indicat-
ing that the inhibitor binds very tightly within
the ATP binding site.[??

To further prove the specificity of 87
for the S6K1 isoform, the compound was
also analysed against recombinant S6K2,
which resulted in an ICs, value of 11.2 nwm,
which is in the same range as the ICs, value
for S6K1, see Figure 39. Thus, leads to no
significant prevalence of 87 for any S6K
isoform. Indeed, S6K1 and S6K2 share 83%
sequence identity in the catalytic domain.?**!
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Figure 39: Radioactive kinase assay of 87 (11.2 nm)
against S6K2 using 100 um of ATP and 2 nm of en-
zyme; performed by JULIE S. BARBER-ROTENBERG.

To establish the kinase selectivity
profile of 87, the compound was submitted
at a concentration of 100 nm to the Discov-
eRx  KINOMEscan™  performed by
LeadHunter Discovery Services. 87 was
tested against 456 kinases. The results for
primary screen binding interactions are re-
ported as percent of control (% Citrl,
(POC)), where lower numbers indicate
stronger hits and larger red circles in the
dendrogram, see Figure 40. Empiric investi-
gations proved that binding constants (Kg)
are correlated with primary screening re-
sults, whereas lower POC values correlate
with low Ky values (higher affinity interac-
tions). Moreover, the selectivity score (SS)
iS a quantitative measure of compound se-
lectivity. It is calculated by based on the
number of kinases bound by the compound
divided by the total number of distinct kinas-
es tested, excluding variants. Furthermore,
this score value can be calculated for differ-
ent selectivity levels using POC as a poten-
cy threshold, e.g. below 35% or 10%. These
SS clustered in different selectivity score
types (SST) provide a quantitative method
of describing compound selectivity and allow
a facilitated comparison of different com-
pounds among each other.

87 demonstrated a high degree of
kinase selectivity. Only 10 kinases (2.2%)
showed less than 10% activity (SST(10))
and only 26 kinases (5.7%) showed less

than 35% (SST(35)). In analogue to 85, 87
showed characteristic inhibition of the CAM,
DAP, FLT, PIM, and RSK family member
kinases. Unexpectedly, S6K1 itself had a
residual activity of 71% in the DiscoveRx
KINOMEscan™ with 70 kinases (15.3%)
showing a higher degree of inhibition than
S6K1. The potency of 87 seems to be
greater against the S6K1 prepared by our
protocol than the preparation performed by
Lead Hunter Discovery Services. The differ-
ent S6K1 kinase preparation and/or phos-
phorylation state, used by Lead Hunter Dis-
covery Services, may have led to the
different 87 potencies measured for S6KL1.
Nevertheless, taking together the analysis of
87 against S6K1 and the kinase profiling
results led to the conclusion, that 87 exhibits
a high degree of kinase selectivity.
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Figure 40: Kinase profiling of 87. The complex was
tested against 456 human kinases at 100 nm by an
active-site-directed affinity screening (KINOMEscan'™,
DiscoveRx, LeadHunter Discovery Services). The
dendrograms show the remaining POC levels of the
kinases in percent to the control depicted as red cir-
cles. The selectivity score type (SST), the number of
hits (NH) as well as the selectivity score (SS) of 87
are: SST(35) NH(20) SS(0.051); SST(10) NH(10)
SS(0.025); SST(1) NH(2) SS(0.005).



3.2.3.5 Crystallisation Studies with 87

To investigate the molecular mecha-
nisms for the increased potency of 87 over
85, the X-ray crystal structure of 87 in com-
plex with S6K1 to 2.7 A resolution was de-
termined, see Table 13. In this context, the
crystal preparation and growth was per-
formed by JIE QIN, the compound soaking
was performed by JEMILAT SALAMI, and the
structure was solved by JOHN Doswmic. The
overall structure for the 87-bound S6K1
(pdb: 4RLP) is very similar to the 85-bound
structure (pdb: 4RLO), with an r.m.s.d. of
0.54 A for all atoms. Especially the p- and
activation-loops, the aD, and the aC-helices
take an almost identical conformations, alt-

hough the aC-helix is about one turn shorter
at its N-terminal end, see Figure 41.

Figure 41: Superimposed structures of S6K1 bound
to 85 (green) (pdb: 4RLO) and bound to 87 (blue)
(pdb: 4RLP). The U Ghelix of S6K1 (red circle) is one
turn shorter at its N-terminal end of the 87-bound
structure compared to the 85-bound structure. Oxygen
atoms are depicted in red, nitrogen in blue, fluorine in
light blue. S6K1 bound to 85 is depicted as cartoon
with carbon atoms in green and carbon atoms of 85 in
grey. S6K1 bound to 87 is depicted as cartoon with
carbon atoms in navy and carbon atoms of 87 in apri-
cot.

87 retains all interactions made by
85, covering some additional interactions
including a hydrogen bond between the
backbone carbonyl of Lys-99 of the kinase
p-loop with the amine ligand of the
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N-methyl-1,4,7-trithiacyclodecan-9-amine
ligand. The methoxy group of the pyrido-
carbazole moiety forms VAN-DER-WAALS
interactions with Tyr-174 of the kinase hinge
region, see Figure 42. These additional in-
teractions of 87 likely contribute to the in-
creased potency of 87 over 85. The protru-
sion of the amine ligand into the region
where protein substrate binds for phos-
phorylation probably also contributes to the
increased inhibitor potency.

Figure 42: 87 forms more interactions with the ATP
binding site of S6K1 compared to 85 (pdb: 4RLP). An
additional hydrogen bond between the methylamine
group and Lys-99 can be observed. The methoxy
group of the pyridocarbazole pharmacophore ligand
increases VAN-DER-WAALS contacts especially to
Tyr-174. Oxygen atoms are depicted in red, nitrogen
in blue, fluorine in light blue. S6K1 bound to 87 is
depicted as cartoon with carbon atoms in navy and
carbon atoms of 87 in apricot.

3.2.3.6 Cellular Properties of 87

After establishing that 87 functions
as a potent ATP competitive S6K1 inhibitor
in vitro, studies to characterise the cellular
activity have been performed by PATRICIA
REYES-URIBE. 87 was first tested for overall
cell cytotoxicity and downregulation of
phosphorylation of S6 in the 451Lu
(BRAFV60OE mutant) and 451Lu-MR
(BRAF/MEK-inhibitor resistant) melanoma
cell lines. Cells were treated with inhibitor
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ranging from 0.001 pum to 10 uM for 22 h,
see Figure 43. Neither the 451Lu or 451Lu-
MR cell lines showed a significant decrease
in S6 phosphorylation, nor a decrease in cell
viability as indicated by the absence of
cleaved PARP. There was also no change
in total S6 or peEF2K levels, indicating that
MTOR was not targeted by 87.

451Lu 451Lu-MR
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Figure 43: Western Blot of human cells treated with
87. 451Lu (BRAFV600E mutant) and 451Lu-MR
(BRAF/MEK-inhibitor resistant) melanoma cells were
treated with increasing concentrations of 87 for 22 h.
Cells were lysed and blotted for pS6 and other down-
stream effectors of S6K1. Neither the 451Lu or
451Lu-MR cell lines showed a significant decrease in
S6 phosphorylation. The absence of cleaved PARP
indicates unaffected cell viability. No change in total
S6 or peEF2K levels indicate that mTOR was not
affected by 87. The experiment was performed by
PATRICIA REYES-URIBE.
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Figure 44: AZD8055, an ATP-competitive dual
mTORC1 and mTORC2 inhibitor.[?342%!

Furthermore, the effect of 87 in 293T
cells, at both 3 h and 16 h of treatment, was
investigated, see Figure 46. As controls,
AZD8055 (98), PF-4708671 (97), and 99
were measured in parallel. AZD8055 is an

ATP-competitive dual mTORC1 and
MTORC?2 inhibitor that inhibits their phos-
phorylation and consequently the phos-
phorylation of the substrates S6K1 and
4EBP1 as mTORC1 substrates, as well as
the phosphorylation of AKT, which is the
downstream target of mTORC2.1234%
PF-4708671 is a reported S6K1 inhibitor
that does not affect the phosphorylation of
AKT. 99 is an 87 analogue with an ICsy of
11 nM towards S6K1. In 99 the fluorine of 85
is substituted by a hydroxymethyl group and
the thiocyanate ligand by selenocyanate.

99

Figure 45: Second generation S6K1 inhibitor 99.

Previous studies using 97 demon-
strated a significant reduction in S6 phos-
phorylation in 293T cells within 30
minutes.” Therefore, both a short time
point of 3 h and long-time point of 16 h for
treatment were evaluated. As expected, the
98 mTOR inhibitor showed a significant de-
crease in downstream target levels of pS6 at
both the S235 and S240 sites, along with a
decrease in pAKT at T308 and S473. The
97 compound showed a modest decrease in
phosphorylation of S6 at the 3 h time point,
but this phosphorylation returned to near
basal levels by the 16 h time point. No effect
on the phosphorylation of AKT was ob-
served. Notably, neither 87 nor 99 inhibited
phosphorylation of S6 or AKT. Therefore, 87
either has poor cell membrane permeability
or the inhibition of S6K1 in cells does not
significantly reduce S6 phosphorylation. The
latter possibility is consistent with the fact
that the structurally unrelated compound 97
also shows poor inhibition of S6 phosphory-
lation in cells.
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Figure 46: Western Blot of 293T cells treated with
AZD8055 (98) (dual mMTORC1 and mTORC?2 inhibitor),
PF-671 (4708671) (97), 87, or 99 for 3 or 16 h.
AZD8055 shows a significant decrease of pS6 at the
S235 and S240 sites and a decrease of pAKT at T308
and S473. PF-4708671 shows a modest decrease in
phosphorylation of S6 after 3 h, but almost basal lev-
els after 16 h, and no effect on the phosphorylation of
AKT. Neither 87 nor 99 inhibit phosphorylation of S6
or AKT. The experiment was performed by PATRICIA
REYES-URIBE.

Moreover, S6K2 is also capable of
S6 phosphorylation and could circumvent an
S6K1 inhibition in a cellular system.® To
verify if 87 is able to inhibit S6 phos-
phorylation in a setting excluding S6K2, its
inhibition potency of S6 phosphorylation in
budding yeast was investigated by HAIYING
Liu, where only a single kinase, sch9D, is
orthologous to human S6K1. In this system,
the treatment of wild-type budding yeast
cells (BY4742) with 87 significantly de-
creased the level of phosphorylated S6 in a
dose dependent manner, see Figure 47. At
the highest dosage, S6 phosphorylation was
reduced to a level similar to the sch9D
knockout strain. This control experiment
suggests that 87 functions as an inhibitor of
S6 kinases in vivo in a yeast cellular system.
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Figure 47: Western Blot of BY4742 budding yeast
cells treated with 87 for 4 h. They were then lysed and
blotted for pS6. 87 significantly decreased the level of
phosphorylated S6 in a dose-dependent manner. At
1 um dosage, S6 phosphorylation level is similar to the
sch9D knockout strain. Quantitative Western blot sig-
nals were detected by Li-Cor, and the relative pS6
levels were calculated by normalizing raw pS6 meas-
urements to GAPDH signals. () p< 0.05 (two-tailed
student-t test, n = 3). The experiment was performed
by HAIYING LIu.

3.2.4 Interpretation

The Millipore Kinase Profiler and ra-
dioactivity-based kinase assays proved 85
as a selective and potent S6K1 inhibitor with
an ICg, of 100 nm and inhibiting 93% of
S6K1 activity and only 16% of 283 kinases
by less than 90%. Furthermore, it served as
a lead compound for a second generation of
potent and selective S6K1 inhibitors. 86, an
analogue in which an isocyanate group re-
places the monodentate isothiocyanate is
about 1000-fold less potent, implying that
potency and specificity could be further op-
timised. The crystal structure of 85 bound to
S6K1 provided important molecular insights
for the development of 87, a compound con-
taining a novel ligand scaffold and an ICsg in
the single digit nanomolar range for S6K1.
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Moreover, the crystal structure of 87 bound
to S6K1 revealed the molecular basis for the
compoundds
S6K1.

To investigate the efficacy of 87 in
living cells, the inhibitor was evaluated in
both human 293T and BRAFV600E mutant
melanoma cells and in budding yeast. 87
was only able to inhibit S6 phosphorylation
in yeast cells. This results may be evoked
by the following suggested incidences: ei-
ther the compound is unable to enter human
cells, a significant shift in the ICsy of the
compound occurs in the presence of physio-
logical levels of ATP, or the uninhibited
S6K2 isoform in human cells, is still capable
of maintaining S6 phosphorylation. Regard-
ing that 87 had previously been used to
successfully target MST1, PAK1, and PI3K
in cells, the second possibility seems to be
plausible.[159,188,231]

The setting of the radioactive kinase
assay prohibits measurements at physio-
logical levels of ATP. Nevertheless, the ac-
tivity of 87 against S6K1 using an ATP
range from 10 pM to 500 pM and the subse-
guent increase of ICs, values with increasing
ATP concentrations, is consistent with 87
binding competitively to ATP in the ATP
binding site. Moreover, this conclusion is
further confirmed by the crystal structure of
the S6K1/87 complex. Interestingly, the I1Cx
ranged from 3.91 nm at 10 um ATP to only
25.79 nm at 500 um ATP (a 6-fold increase),
suggesting that S6K1 binds ATP relatively
loosely. Therefore, it is likely that 87 is able
to displace ATP even at the higher physio-
logical concentration. Based on this accu-
mulated data, 87 is supposed of being una-
ble to inhibit S6 phosphorylation in human
cells because S6 is still phosphorylated by
the uninhibited S6K2.

S6K1 and S6K2 share 83%
sequence identity in the catalytic domain.!?*!
A study involving S6K1/2 knockdown in
mice suggests that both S6K1 and S6K2 are
required for full phosphorylation of S6, but

potency am d

S6K2 may be the more important one for the
phosphorylation of S6./2% The MEK inhibitor
AZ06244c(100) whowey additive effects on
decreasing the phosphorylation of S6 in
vitro, when treated in combination with
SiRNA inhibition of both S6K1 and S6K2,
indicating the importance of S6K2 in the
phosphorylation of S6.2¥"  Furthermore,
while pathologically inconspicuous tissues
often express low levels of S6K2, over-
expression of S6K2 in cancer cells is
observed more commonly than an over-
expression of S6K1.2¥2  Concluding,
targeting S6K2 either alone or in
combination with S6K1 may be a more
promising option for direct S6 inhibition in
melanoma cells and potentially other cancer
forms.
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Figure 48: Structure of the MEK inhibitor Selumetinib
(AZD6244) (100).24

Despite the similarities in the catalyt-
ic domain, homology modelling between
S6K1 and S6K2 indicates an important dif-
ference in residue Tyr-174 which is crucial
for binding of 87 and is exchanges for a cys-
teine in S6K2.2*¥ This residue is located in
the hinge region of S6K1 and forms an im-
portant VAN-DER-WAALS contact with the
methyl group of the secondary amine, which
cannot be formed with a cysteine residue.
This circumstance suggests that 87 may not
be a potent inhibitor for S6K2. However, the
cumulated data show no significant preva-
lence of 87 towards S6K2. The perinatal
lethality of S6K1-/-/S6K2-/- knockout mice
implies that S6K2 targeting may need to be
selective for therapeutic value.® Up to
now, no commercially available S6K2-
selective inhibitors are reported, indicating a
potential target for the next series of organ-
ometallic inhibitors.



Taken together, 87 is a potent and
selective S6K1 inhibitor that should be use-
ful to probe S6K1 function and could act as
a starting point for the development of effi-
cacious S6K inhibitors for therapeutic use.
Although, to realise the selective targeting of
S6K2, especially the structural challenges of
the metal based inhibitor had to be solved.
In particular, 87 is based on the 85 lead
structure, but it differs by a methoxy group
instead of the hydroxyl group at the pyrido-
carbazole moiety and the ten-membered
thioether-containing tridentate ligand instead
of the nine-membered ring. Especially the
substitution of the nine-membered ring from
the symmetrical 1,4,7-trithiacyclononane
ligand to a prochiral 1,4,7-trithiacyclodecane
bearing a basic N-methylamine group at the
9-position significantly increased the struc-
tural complexity of the inhibitor, which is
exemplified by the number of possible ste-
reoisomers. This prochiral stereogenic cen-
tre becomes a true stereocentre after the
complexation reaction compared to the tri-
dentate ligand in the uncoordinated state.

Therefore, the coordination must be
controlled to obtain the desired complex
which directs the hydrogen bond accepting
as well as donating N-methylamine group in
the ATP binding site of S6K1 in optimised
fashion. The orientation of the N-methyl-
amine functionality coordinated to the metal
centre underlies several synthetic principles,
which can be utilised by a smart reaction
procedure. Therefore, a detailed analysis of
the stereogenic effects during complexation
must be considered to transfer and improve
the concepts to design future complexes
with desired structure.

During this synthetic route, the al-
lyloxycarbonyl group was chosen to protect
the N-methylamine functionality combining
several favourable advantages at once. The
most important reason is to avoid the for-
mation of possible side products during the
complexation reaction itself due to the
cross-coordination of the N-methylamine
group to a second metal ion. Further, the
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synthetically orthogonal deprotection of the
allyloxycarbonyl group can be performed
under mild conditions using tetrakis(tri-
phenylphosphine)palladium. Nevertheless,
due to its bulkiness, the allyloxycarbonyl
group is an ideal modification to implement
a large residue to the N-methyl-1,4,7-tri-
thiacyclodecan-9-amine ligand leading to a
substrate based stereocontrol during the
complexation reaction. The ruthenium pre-
cursor has two different possibilities to coor-
dinate to the tridentate ligand resulting in
different orientations of the allyloxycarbonyl
protected N-methylamine functionality, see
Figure 49. Both, the coordination from the
front side and from the back side, lead to a
six membered ring with the metal ion at one
end, highlighted in red. This cyclic six mem-
bered metallacycle can be assumed to act
similarly to cyclohexane with the corre-
sponding sterical and conformational princi-
ples. Therefore, the coordination of the met-
al ion from the front side leading to a six
membered metallacycle in a stable chair
conformation as well as setting the allyloxy-
carbonyl protected N-methylamine group
into an equatorial position is highly favoured
in contrast to all other possible structural
isomers.

The final exchange of the three
monodentate ligands by the pyridocarbazole
and the isothiocyanate also underlies mainly
steric effects forced by the coordinated al-
lyl-N-methyl-(1,4,7-trithiacyclodecan-9-yl)
carbamate. The bulky pyridocarbazole lig-
and coordinates as far as possible from the
tridentate ligand and coordinates therefore
at the opposite positions to the sulfur atoms
of the six-membered metallacycle, leaving
only one residual position for the isothiocya-
nate. Furthermore, the described principles
could be assured by the obtained crystal
structure of the allyloxycarbonyl protected
precursor of 87, see Figure 29. Since the
coordination positions for the two nitrogen
atoms of the pyridocarbazole ligand towards
the metal centre are both equal but the pyri-
docarbazole itself is asymmetric, a 180° flip
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of the pharmacophore ligand leads exactly
to the enantiomer, which is the bioactive
one, see Figure 42.

The stereocontrol of the coordination
sphere induced by the bulky allyloxycarbon-
yl-group is comparable to the concept intro-
duced in Chapter 2.3. Even though the in-
fluence of the protection group during
synthesis is valuable, its presence in the
final inhibitor would be a disadvantage due
to steric hindrances in the binding site of
target kinases. For the purpose of inhibitor
design with predefined structural scaffold,
large persisting groups controlling the coor-
dination sphere via steric effects cannot be
applied for future development. Moreover,
cleavable groups claim for additional syn-
thetic steps, dramatically increasing the ef-
fort of the entire workflow. Nevertheless, the
chirality-at-metal itself was not affected by
the  N-methyl 1,4,7-trithiacyclodecan-9-
amine ligand due to its intrinsic symmetry.
Therefore, the investigated complex 87 was
obtained as a racemic mixture. However,
the investigation of single enantiomers is
standard for chiral organic compounds in
biological context. To make organometallic
compounds more and more adequate to the
requirements of drug-like molecules, meth-
ods have to be developed to obtain a partic-
ular isomer in an enantiopure fashion.

Several concepts could be pursued
to achieve this goal based on different ap-
proaches. To avoid a racemic mixture the
synthesis of organometallic kinase inhibitors
must avoid the formation of enantiomers,
e.g.. by forming separable diastereomers
during the complexation, or forming only one
possible coordination product in analogue to
organic meso-compounds. Whereas the first
approach could be achieved using chiral
ligands transmitting the chiral information
into the metal complex, the latter one could
be achieved via highly symmetric ligands.
Both concepts were investigated and the
advantages and disadvantages will be dis-
cussed in the following Chapters.
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3.3 Enantiopure Organorhodium(lll)
Complexes

3.3.1 Target Synopsis and Aim

3.3.1.1 PIM Kinases

The proviral insertion in murine (PIM)
lymphoma protein genes were first identified
as oncogenes in mouse models in the
1980s.%* They are constitutively active and
the regulation of activity is mainly regulated
at the transcriptional and translational level
induced by diverse signals depending on the
cell type.?*>?%l p|M kinases are expressed
in haematopoietic,**"'?*%  neuronal,>*?>!
vascular  smooth  muscle,*?  cardio-
myocyte,?”®® endothelial,’”®” and epithelial
cell lineages.”****® Moreover, they are al-
ready expressed in early progenitors of
some of these cells types,®”?*® and in em-
bryonic stem cells. 24825425

PIM kinases, covering PIM-1, PIM-2,
and PIM-3, play important physiological
roles evidenced by knock-out mice experi-
ments. For instance, PIM-1 deficient mice
had a specific defect in IL-7 driven growth of
pre-B cells, as well as IL-3 dependent
growth of bone marrow-derived mast
cells.#82%1 p|M-2 deficient mice had re-
duced T cell activation and expansion in the
presence of the serine/threonine protein
kinase mTOR inhibitor rapamycin;**® PIM-3
deficient mice had an increased glucose
tolerance.®"

However, the physiological activities
of the PIM kinase family is mediated through
the phosphorylation of a broad range of cel-
lular effectors subdivided in different clas-
ses, i.e.: transcriptional regulators such as
Myc, 2% Myb,?*3 RUNX1 and RUNX3;12%4
cell cycle regulators such as p21,[¢2%l
CDKN1B,?® Cdc25A,%%" Cdc25C;*%¥ sig-
nalling intermediates such as Socs-1,?%%
Socs-3,%% and MAP3KS5;™ protein transla-

tion regulators such as elF4B,??
elF4EBP1;**® and apoptosis regulators
(P) 5155

245,273i 275
such as BAD.! 1273]
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P P P) P

[Survival kinases:
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Figure 50: BAD has strong pro-apoptotic activity by
binding to and neutralizing anti-apoptotic Bcl-2 part-
ners.?’® Moreover, BAD regulates glucose-dependent
mitochondrial respiration in hepatocytes and pancreat-
i c-cels by activating glucokinase (GCK) via dimeri-
zation.””® The regulatory phosphorylation sites of
BAD are Serl12, Ser135 and Ser155,%"® phosphory-
lation of Serll12 and Serl35 lead to the binding of
14-3-3274278277 required for phosphorylation on
Serl55. The Serl55 phosphorylation is the rate-
limiting stelo for the dissociation from BCL-2 and
BCL2L1.%® several survival kinases like AKT, PIM,
S6K1, PKA, RSK1 have been found to phosphorylate
BAD, leading consequently to increased cell
survival 27427678

Due to the manifold interaction part-
ners and substrates, and their role in cell
signaling, PIM kinases are potent onco-
genes overexpressed in a range of hemato-
poietic malignancies and solid cancers. PIM
kinases are often overexpressed in the con-
text of increased Myc levels,?™ where the
overexpression of PIM-1 has been observed
to counteract Myc-induced apoptosis.?®% In
addition, PIM kinases prevent cells from
apoptosis by the phosphorylation of the
proapoptotic BCL-2i associated agonist of
cell death (BAD), which abolishes the bind-
ing with the anti-apoptotic protein BCL-2,
leading consequently to increased cell sur-
vival, see Figure 50.%/ Moreover, they are
involved in the cell proliferation through the
phosphorylation of the cyclin-dependent
kinase inhibitors p21.?%®! Due to their digres-
sive expression in several human tumors,
they could be important contributors in the
pathogenesis of neoplasias including lym-
phomas, gastric, colorectal and prostate
cancers.® 2% p|\M kinase expression is
correlated with poor prognosis in most hem-



atopoietic malignancies.”®¥? A similar
association was observed in pancreatic duc-
tal carcinoma,’”® non-small-cell lung can-
cer,”® in gastric cancer,”* and squamous
cell carcinoma of the head and neck.”* The
cumulated findings make PIM kinases to
appealing targets for specific treatment of
cancer and autoimmune diseases.?"82922%l

3.3.1.2 FLT-3

The FMS-like tyrosine kinase 3
(FLT-3) is @ 993 amino acid long membrane
bound receptor tyrosine kinase (RTK) of the
subclass lll family. It is composed of five
immunoglobulin-like extracellular domains, a
transmembrane domain, a juxtamembrane
domain and two intracellular tyrosine kinase
domains linked by a kinase-insert
domain.”® Two forms of human FLT-3 have
been described: a 1587 160-kDa membrane
bound protein glycosylated at the extracellu-
lar N-terminus and an unglycosylated cyto-
solic 130i 143-kDa protein.’?*>?%! |n the inac-
tive state, the conformation of the receptor
might result in steric inhibition of dimeriza-
tion and to the exposure of phosphorylate
acceptor sites in the tyrosine kinase domain
by the juxtamembrane domain. This occurs
to be a general inhibition mechanism also
found in other families of tyrosine
kinases.”®” Thus, after ligand binding, the
membrane-bound FLT-3 changes its con-
formation, forming a homodimer and expos-
ing phosphorylate acceptor sites in the tyro-
sine kinase domain.?®® The dimerization
leads to a stabilizing conformational change,
further increasing the activation of the re-
ceptor.”® |n contrast, the receptor inactiva-
tion is mainly driven by receptor internaliza-
tion and degradation.®®
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Figure 51: FLT-3 signalling cascade has not been
entirely characterised. However, the binding of FLT-3
ligand (L) to FLT-3 activates the Akt/mTOR and
Ras-Raf pathways resulting in increased cell prolifera-
tion and the inhibition of apoptosis.°% 34

FLT-3, triggers both the Ras-Raf-
MEK signaling pathway via the activation of
the growth factor receptor-bound protein 2
(Grb2)B%3% and the Akt/mTOR signaling
pathway mediated by Gab, Ship, Chl, which
subsequently activate the phosphatidyl-
inositol-3-kinase (PI3K),F%®3053% see Figure
51.894304" These interactions lead to the
phosphorylation of associated proteins and
the activation of downstream effectors in-
volved in haematopoiesis.****°? Moreover,
the FLT-3 receptor was found to be associ-
ated with SH2-domain-containing inositol
phosphatase (Ship) activity.®*” Beside the
primary role of Ship in phospholipid metabo-
lism, it also acts as a negative regulator of
cell proliferation mediated by the competitive
binding of phosphorylated SHC proteins,
which would otherwise activate the Rasi
Rafi Meki Erk pathway.?%? However, FLT-3
pathways seem to be highly species and
tissue specific;F°+3%3%%! whereas, in healthy
state, FLT-3 is expressed mainly in early
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myeloid and lymphoid progenitors,®® but
not in erythroid cells,*® megakary-
ocytes,® or mast cells.?*"

As all members of the RTK class I,
FLT-3 plays an important role in the early
hematopoiesis, being involved in pro-
liferation, differentiation and apoptosis.%3!%
Moreover, its increased expression was re-
ported in 70-90% cases of acute myeloid
leukemia and acute lymphoblastic
leukemia,2%6298:3131315] bt not in chronic my-
eloid leukemia (CML) and chronic lympho-
cytic leukemia (CLL) above all possessing a
common progenitor stem cell.**®! Despite
the widespread expression of FLT-3 and its
role in signaling pathways, it is surprising
that flt-3-knockout mice had relatively incon-
spicuous haematopoiesis without severe
morphological changes in the bone
marrow.®”! However, mice with both, kit and
flt-3 knockouts, developed lethal haemato-
poietic deficiencies indicating a conjunction
of FLT-3 with other growth factor receptors
to promote the proliferation and differentia-
tion of myeloid and lymphoid cells. B*"

These findings suggest a significant
but not absolute role of FLT-3 in healthy
haematopoiesis and thus indicate selective
FLT-3 inhibition as a treatment option to
block inappropriate FLT-3 activation in leu-
kaemia cells avoiding severe haematopoiet-
ic side-effects. Moreover, considering the
high frequency of activating FLT-3 mutations
in patients with AML, FLT-3 and its down-
stream pathway members are attractive tar-
gets for directed inhibition.%0%*!

3.3.1.3 Aurora Kinases

The serine/threonine Aurora kinases,
play important roles in the control of the cen-
trosome and nuclear cycles, and have es-
sential functions in mitotic processes cover-
ing the chromosome condensation, spindle
dynamics, kinetochore-microtubule interac-
tions, chromosome orientation and estab-
lishment of the metaphase plate.?™ 3%
Moreover, they are also involved in cytoki-
nesis. Due to the first description of Aurora
A in the spindle pole regions, it was named
after the polar lights.??? However the family
consist of Aurora A, B, and C whereas hu-
man Aurora A and B share 71%
identity.*?¢%?") Nevertheless, the main differ-
ences are located in the amino-terminal do-
main.?3%°! Especially Aurora A and B are
of high interest in research, whereas little is
known about Aurora C.326:327]

Aurora A associates with the sepa-
rating centrosomes during late S/early G2,
which is directed independently by the ami-
no-terminal region as well as the carboxy-
terminal catalytic domain.**® But the catalyt-
ic kinase activity is not necessarily required
for the association. Thereafter TPX2 has
been found to mediate Aurora-A activation
and localization to the spindle microtubules,
but not to the spindle poles.**" During cell
maturation the absence of Aurora A, has
significant adverse effects on the recruit-
ment of several components of the pericen-
triolar material, like gtubulin, to the centro-
some and downstream effectors leading to a
decreased microtubule mass of spindles by
about 60%.2%** 334 Moreover, Aurora A was
identified as a component of the progester-
one signalling pathway.** Its activation is
an early event after progesterone induced
signal transduction resulting in the activation
of the ERK/MAPK pathway.



The regulation of Aurora A is com-
plex and involves phosphorylation and
dephosphorylation as well as protein degra-
dation.®*®! Aurora A has three phosphoryla-
tion sites, Ser53, Thr288, Ser349, whereas
the first two sites are important for kinase
regulation, the third is not essential for cata-
lytic activity but structural stability.**®! The
degradation of Aurora A occurs in the late
mitosis/early G1 by the APC/C.[*"4

Human Aurora B is a chromosomal
passenger protein with full expression peak
at the G2i M transition state, and maximal
kinase activity during mitosis.*?233") Where-
as the protein exchanges continuously with
the surrounding cytoplasmic pool, the kinase
association with central spindle microtubules
during anaphase is highly reduced.®*® Auro-
ra B also seems to have an important role in
the regulation of kinetochorei microtubule
interactions in higher eukaryotes, whereas
perturbance of its activity causes defects in
chromosome congression.**%3#? Moreover,
Aurora-B kinases are important for the
phosphorylation of histone H3.54!

To date, most interest has focused
on Aurora A, due to its high potential as on-
cogene and its amplified expression in a
number of cancer cell lines and primary tu-
mours.B2344381  Moreover, malfunction of
Aurora A, as well as the overexpression of
Aurora B or Plk1, cause cytokinesis failure
and perturbed centrosome duplication.*¢%"]
Remarkably, even catalytically inactive ki-
nase forms induce cytokinesis failure and
centrosome amplification.®*”!  Aurora in-
duced mitotic abnormalities are exacerbated
in cells that lack p53 due to its inactivating
influence on the kinase function.B*"**8 Nev-
ertheless, Aurora B has also been implicat-
ed in cancer reasoned in the elevated levels
of phosphorylated histone H3 and defects in
chromosome  segregation and  cyto-
kinesis.**! The resulting cells are aneuploid
and can produce aggressive tumours as
observed in human colorectal tumour cell
lines.®*¥ Taking all together, the important
role of Aurora kinases in cell cycle progres-
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sion and their role as oncogene in several
tumor types revealed them as potential new
target for cancer treatment, i.e.. of the
treatment of prostate cancer.®*% %2 Further
information is provided in literature.320:353 3%

Spindle pole — Centromere

e
Metaphase

Figure 52: Starting from G1 phase, the expression of
Aurora kinase A (green boxes) and Aurora B (red
circles) increases turning into the prophase. Aurora A
is mainly concentrated around the centrosomes. In
opposite, Aurora B associated nuclear. During meta-
phase, Aurora A is attached to the microtubules adja-
cent to the spindle poles, whereas Aurora B is fixed to
the inner centromere. In the next cell cycle phase, the
anaphase, Aurora A is mainly located on the polar
microtubules, although some might also be located in
the spindle midzone. In contrast, Aurora B is exclu-
sively concentrated in the area of spindle midzone and
at the appropriate cell cortex at the site of cleavage-
furrow ingression. In cytokinesis, both kinases are
concentrated in the midbody.[szo]
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3.3.2 Synthesis and Structural Invest -
gations

One strategy to control relative and
absolute configuration of a metal centre is
the use of chiral multidentate ligands, see
Chapter 2.3. Along these lines, during previ-
ous work of the MEGGERS group, a chiral
tridentate proline-containing ligand as being
part of a cyclometalated rhodium(lll) com-
plex with the pharmacophore ligand 32 led
to enantiopure metal complexes. ™" This
promising initial work inspired us to investi-
gate this chiral ligand in the context of the
established metallo-pyridocarbazole kinase
inhibitors.

3.3.2.1 Synthesis of Enantiopure Prolinato

Organorhodium(lll) Complexes

Starting with either enantiopure (R)
or (S)-pyrrolidine-2-carboxylic acid ((R)-101
and (S)-101) first the protection of the car-
boxyl group to methyl ester was performed
by suspending the starting material in meth-
anol and adding thionylchloride drop wise at
0 °C, followed by a slow warm up to ambient
temperature over 16 h, see Scheme 12. The
methyl pyrrolidine-2-carboxylate hydrochlo-
ride product was obtained in quantitative
yield for (R)-102 and 96% for (S)-102.

After the protection of the carboxyl
group, a reductive amination using picolin-
aldehyde (103) was performed to attach a
pyridine ring to (R)-102 and (S)-102, respec-
tively. Hence, palladium on carbon
(10 wt. %) was suspended in methanol, pic-

olinaldehyde, and sodium acetate were
added at 0 °C. After addition of (R)-102 or
(S)-102, the reaction mixture was stirred for
1 h and the nitrogen atmosphere was com-
pletely substituted by hydrogen in three
turns. The reaction was continued for 16 h
allowing the mixture to warm up to ambient
temperature. After chromatographic puri-
fication, 61% of (R)-104 and 58% of (S)-104
were obtained. Prior to the complexation
reaction the methyl ester must be cleaved to
reveal the carboxyl group. Therefore, both
compounds were dissolved in sodium hy-
droxide (1 ™, ag.) and reacted for 16 h at
ambient temperature. (R)-105 was obtained
in 91% and (S)-105 in quantitative yields.

The rhodium(lll) complexes were
synthesised in a one-pot reaction under ni-
trogen atmosphere in sealed vessels, see
Scheme 13. Accordingly, the pyridocarba-
zole ligand 79 was reacted first in a sequen-
tial addition to a suspension of RhCl;8H,0
in an ethanol/water mixture at 90 °C for 3 h
followed by addition of the chiral tridentate
ligand (R)-105 or (S)-105. Reacting the mix-
tures at 90 °C for 16 h led to the formation of
the two diastereomers L-(R)-106 (22%) plus
L-(R)-107 (15%) starting from (R)-105, and
D-(S)-106 (24%) plus D-(S)-107 (14%) start-
ing from (S)-105. Note that the absolute
configuration of the chiral ligand controls the
absolute metal centred configuration with
R-ligand leading to L-metal and S-ligand to
D-metal so that in the course of each reac-
tion only two diastereomers are generated.
These two diastereomers could be separat-
ed by silica gel chromatography with meth-
ylene chloride/methanol 20:1 to 10:1 fol-
lowed by a preparative TLC for each single

N ‘ A | X
e
Hﬁ)l N7 N
H . 1M NaOH
Hooc N SOCl, MeOOC(@ H, atm., Pd/C, Meooc N —en HOOCQ@
MeOH, 0 °C MeOH, 0 °C, 16 h \Q o
\<—7 tort, 16 h quant.
(R)-101 (R)-102, quant. (R)-104, 61% (R)-105, 91%

(5)-101 (5)-102, 96% (S)-104, 58% (S)-105, quant.

Scheme 12: Synthesis of enantiopure chiral tridentate ligand (R)-105 and (S)-105.
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Scheme 13: Asymmetric synthesis of organorhodium complexes L-(R)-106, L-(R)-107, D-(S)-106 and D-(S)-107.

compound using methylene chloride/me-
thanol 15:1. The tert-butyl-dimethyl silyl pro-
tection group of ligand 79 was cleaved un-
der the reaction conditions. Additional
isomers were not detected which can be
rationalised with the restricted possible con-
formations of the proline-based ligand. The
low yields of this reaction may arise from the
usage of RhCI;8H,O as staring material.
Indeed, rhodium(lll) complexes typically
react very slowly.**® Moreover, the labilizing
trans effect of chloride is greater than that of
the aqua ligand leading among others to a
fac-[RhCI3(H,0)3] configuration possessing
all aqua ligands in opposite positions to the
chloride ligands.?*® This fac-[RhCls(H,0)s]
configuration is inert to further aquation and
thus may also be adverse for the ligand ex-
change by i.e. ligand 79, (R)-105, or (S)-105
respectively. The formation of
fac-[RhCI3(H,0);] is promoted by free chlo-
ride ions which are inevitably released dur-
ing the coordination of 79 to the metal cen-
tre of already reacted RhCI;8H,0.
Therefore, scavenging free chloride ions in
solution or pre-activating RhCI:8H,0 into
precursors with labilised ligands like
[Rh(C4HgS):Cl;] may improve the product
yield.1*5%

3.3.2.2 Assignment of The Relative Stere-

oconfiguration

The assignment of the stereo-
configuration in case of the presented com-
plexes L-(R)-106, L-(R)-107, D-(S)-106 and
D-(S)-107 is not trivial. Thus, a short ab-
stract of the operations leading the nomen-
clature is mandatory. To describe the abso-
lute configuration, and to distinguish the
enantiomers of coordination compounds,
two major, but fundamentally different, sys-
tems have been elaborated and docu-
mented by the IUPAC in the Red Book.B*"!
Although, a short overview is indispensable:

The first is based on the chemical
constitution of the compound and is related
to the R/S convention established by Cahn-
Ingold-Prelog (CIP) and is applied to de-
scribe tetrahedral centres. In contrast, the
closely related C/A (C = clockwise, A = anti-
clockwise) convention was established for
other polyhedral coordination spheres. The
R/S and C/A conventions use the priority
sequencing according to Cahn-Ingold-
Prelog, where the atomic number and the
substituents of the coordinating atoms have
to be respected to assign a priority, see Fig-
ure 53 a) and b).?%®3% This system is often
also applied to describe the configuration of
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coordinated ligands beside the tetrahedral
metal centres. Moreover, in case of pseudo-
tetrahedral organometallic complexes, i.e.: a
cyclopentad i en vy |
treated as monodentate ligands of highest
priority, as it is true for (R)-9, see Figure 53
a). To assign the correct chirality symbol to
an octahedral complex according to the C/A
nomenclature the reference axis has to be
identified: the coordinating atom of the high-
est CIP priority and the trans coordinated
atom of lowest possible CIP priority form the
reference axis. The reference axis is then
oriented pointing the highest CIP priority
ligand upwards and the residual coordina-
tion plane aligned perpendicular to the ref-
erence axis. Thereafter, the orientation of
the ligands and their sequence of CIP priori-
ty numbers are compared, see Figure 53 b).
Closing, a sequence readable in clockwise
orientation is assigned by the symbol C, and
a sequence readable in anticlockwise orien-
tation is assigned by the symbol A.

The second nomenclature principle
is based on the geometry of the molecule
and is based on the skew-lines convention.
B571 This principle is mainly established to
describe octahedral complexes and the two
enantiomers are identified by the symbols D
and L, Figure 53 c¢). A chiral enantiomeric
pair of octahedral complexes in three-
dimensional space corresponds unambi-
guously to a screw (or often referred as a
helix) and is either right-handed leading to
the D isomer or left-handed leading to the L
isomer.

To describe the absolute configura-
tions of octahedral complexes, both, the D/L
system or the C/A system can be applied,
but the first is used more commonly. Never-
theless, the C/A system is more general and
probably used for most complexes. Moreo-
ver, the DIL system is only applicable to
tris(bidentate), bis(bidentate) and closely
related systems.
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Figure 53: Assigning the relative stereoconfiguration
of metal complexes. a) Tetraedic metal centres can be
assigned analogously to the Cahn-Ingold-Prelog (CIP)
nomenclature established for organic compounds.
(3583591 The same priority rules are valid. However,
" -ligands were treated as monodentate ligands of
highest priority as in case of (R)-9. b) The coordinating
atom of the highest CIP priority defines the reference
axis. The highest CIP priority ligand is oriented up-
wards and the residual coordination plane is oriented
perpendicular to the reference axis. The clockwise (C)
or anticlockwise (A) oriented sequence of ligands
leads to the appropriate chirality symbol. c¢) A chiral
enantiomeric pair of octahedral complexes in three-
dimensional space forms a screw beeing right-handed
(D) or left-handed (L) isomer. d) The D /-homen-
clature is also applicable to bis(bidentate) and other
related systems as illustrated for L-12.
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Figure 54: The terminal edge convention (TEC) sim-
plifies polydentate ligands coordinated to octahedral
complexes to apply the D / -homenclature. a) Only the
edges of polydentate ligands were taken to account,
whereas the connections inbewteen were disrespect-
ed.**” The simplification via the TEC operation results
in model complexes suitable for the D/ kystem. b)
The TEC operation results not in a doubtless assign-
ment of D or L configuration in case of octahedral
complexes containing both a bidentate and a triden-
tate ligand.

To transfer the D/L-nomenclature on
complexes of higher polydentate ligands
additional rules are required and some solu-
tions have been suggested in literature, i.e:
the terminal edges convention (TEC). ¥
However, they were not aimed as general
nomenclature proposal, see Figure 54, and
consequently the possible solutions to fit
polydentate ligands to the D/IL -nomenclature
have not been adopted by the IUPAC to a
general recommendation by now.?*”]

However, as the aim of this work is
the clean comparison of enantiomers of oc-
tahedral complexes and their biological ac-
tivities, the unambiguous definition of the
stereoconfiguration  according to the
D/L-nomenclature is highly appreciable.
Moreover, this would offer a quick correla-
tion of the newly synthesised complexes to
former ones based on tris(bidentate) or
bis(bidentate) scaffolds as L-12. Unfortu-
nately, the mentioned TEC fails considering
octahedral complexes containing both bi-
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dentate and tridentate ligands as it is true for
L-(R)-106, L-(R)-107, D-(S)-106 and
D-(S)-107; there is simply no terminal edge
in a tridentate ligand, see Figure 54 b).

Thus, to assign the stereocon-
figuration of the newly synthesized com-
plexes an additional stereodescription step
was introduced based on the already esta-
blished conventions, see Figure 55. First,
the priority of all coordinating atoms were
determined according to CIP. Then, the lig-
and with the highest priority was assigned
as reference ligand and oriented upwards in
the vertical lane according to the established
procedure of the C/A nomenclature. At this
point, the assignment of chirality symbols
according to the C/A nomenclature is possi-
ble as recommended by the IUPAC. How-
ever, as the aim is to apply the D/ homen-
clature for these octahedral complexes, the

stereodescri ptréfereace igper at i
ntrod

and expansiono ( RLE) was [
this operation the reference ligand is virtual-
ly connected to the tridentate ligand. The
virtual connection has to be performed be-
tween the coordinating atom of the triden-
tate ligand with highest priority and the ref-
erence ligand. Furthermore, the coordinating
atom of the tridentate ligand has to be in the
plane which is oriented perpendicular to the
vertical lane of the reference ligand. This
operation converts the tridentate ligand into
a virtual tetradentate ligand, which is now
suitable for the TEC operation, see Figure
55. The additional stereodescriptive RLE
operation turns octahedral complexes con-
taining both bidentate and tridentate ligands
into models suitable to apply the
D / -lnomenclature. All further complexes
with these specifications, presented in this
thesis, have been processed analogously.
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Figure 55: Assignment of stereoconfiguration D-(S)-106 (a), D-(S)-107 (b), L-(R)-106 (c), and L-(R)-107 (d) accord-
ing to the D/ -homenclature. In the second column the assignment according to the C/A-nomenclature is demon-
strated. The reference ligand expansion (RLE) adds a virtual connection form the ligand of highest priority to the
tridentate ligand shown in the third column. The connection is formed to the atom of highest Cahn-Ingold-Prelog
(CIP) priority located in the perpendicular plane of the tridentate ligand. After this virtual operation the terminal edg-
es convention can be applied as reported in literature to fit the complex to the D / $_ystem.[36°]
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Figure 56: 2D-spectra of L-(R)-107 as an example for the determination of the stereoconfiguration (500 MHz,
(CD3)2S0). (a) H-H-COSY spectrum of L-(R)-107 of the aromatic protons. (b) HSQC spectrum of L-(R)-107 of the
aliphatic protons and carbons. (c) HSQC spectrum of L-(R)-107 of the aromatic protons and carbons.



