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INTRODUCTION

1 Introduction

As a consequence of the FDA approval of Gleevec (imatinib mesylate) in 2001, PHiLIP COHEN
posed the prophesying question “Protein kinases — the major drug targets of the twenty-first

century?’™ and 20 years later it is apparent, how right he was about that.

Although the true future meaning of this drug was not evaluable at the time of approval, the
treatment of chronic myelogenous leukemia (CML) with the protein kinase inhibitor imatinib
(Figure 1) was surely considered as a milestone from the very beginning. Protein kinases,
despite known to be over-activated and over-expressed in several malignant tumors, were
formerly said to be “undruggable”, since the very early ATP competitive inhibitors were lacking
both, potency and selectivity. However, when the bisindolyl maleimide staurosporine was
identified as nanomolar inhibitor of protein kinase C in 1986, it became plausible to overcome
the first issue. While this natural product isolated from Streptomyces staurosporeust® is still
highly unselective, it could be further developed and the semi-synthetic N-benzoyl derivative
midostaurin even became FDA approved in 2017%. Thus, neither imatinib nor midostaurin
inhibit just a single kinase and this “unspecificity” even has synergistic effects in cancer

treatment(*,

N_o
. oale®
(@]

imatinib

R=H staurosporine
R = benzoyl midostaurin

Figure 1. Structure of the kinase inhibitors imatinib, staurosporine and midostaurin.

The very first, in 1999, FDA approved kinase inhibitor was immunosuppressant rapamycin,
that was found to target mTOR®!. However, imatinib was the first drug to be developed for a
specific kinase, the BCR-ABL tyrosine kinase, which is constitutively activated in Philadelphia
chromosome-positive CML patients resulting in uncontrolled growth of leukemic cells. This
breakthrough in therapy was not just an unprecedented proof to emphasize the potential of

target-based medicinal chemistry, but even changed the lives of so many patients. A disease,
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which had been rare due to very bad prognosis, has just become (not curable but at least)
manageablel® 7.

In the subsequent two decades several FDA approvals of kinase inhibitors followed, resulting
in overall 73 drugs until September 2021%. The major part of these drugs still covers cancer
indications, but also other therapeutic areas are already accessed, such as rheumatoid
arthritis, ulcerative colitis, fibrosis or ocular hypertension, and many more are addressed in
clinical trialst®. The major drawback of kinase inhibitors in antitumor therapy is, similar to other
approaches, the development of resistance by mutation. This affords constant improvement of
inhibitors leading e.g. to dasatinib, nilotinib and ponatinib as therapeutic options for imatinib-
resistant CMLU"!, Besides optimizing ligands, this problem can also be counteracted from a
mechanistic point of view. The mode of action of approved kinase inhibitors relies mainly (for
approx. 80%) on orthosteric binding, which implies ATP competitive kinetics at either an active
or inactive conformation in the ATP site, but also allosteric and covalent inhibitors now gain

more attention®.

The human kinome comprises 518 protein kinases with manifold relevance for biochemical
processes'?. An essential component in signal transduction is the phosphorylation of effector
proteins by protein kinases (and vice versa the dephosphorylation by phosphatases). Protein
kinases utilize ATP (or rarely GTP) to transfer the y-phosphate group onto the hydroxyl group
of serine/threonine or tyrosine residues of their specific substrates and thereby cause a
conformational change which corresponds to activation or deactivation. The regulation of the
protein kinases themselves can be achieved by the intracellular action of other protein kinases
within a transduction cascade, but in the case of membrane-bound receptor tyrosine kinases
also upon binding of the respective ligands (such as growth factors like EGF, PDGF or VEGF)
at the extracellular binding domainf*Y],

Taking into consideration, that protein kinases differ under various aspects, the
aforementioned challenges that had to be overcome to develop orthosteric inhibitors arise from
their most important commonness: ATP as co-substrate. This endogenous ligand is fixed in
the binding pocket by several distinct hydrogen bonds of the adenine, the ribose and the
phosphate moiety (Figure 2)!213, Small molecule inhibitors commonly resemble the adenine
unit and therefore hinder ATP at acquiring the needed position by blocking the pocket most
deep inside the hinge region. While competing with very high intracellular ATP concentrations
(up to 10 mm) is a hurdle regarding the inhibitor’s potency, the strong structural and sequence
similarity of various kinases due to the highly conserved ATP binding domain makes selectivity
even more pivotal®l. This issue can be addressed with inhibitors that besides the adenine
pocket additionally protrude into adjacent alternative regions, which are not occupied by ATP,

such as the hydrophobic pockets!**: 141,
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Hinge * Adenine

Figure 2. lllustration of ATP in complex with serine/threonine kinases AKT1 (red dotted lines indicate
hydrogen bonds). Reproduced with permission from Springer Naturel2,

A sort of selectivity is inevitably required, since the more than 500 protein kinases are
ubiquitous and involved in almost all biological functions, ranging from cell cycle regulation,
movement and differentiation over metabolism to gene transcription!*Yl, Highly specific kinase
inhibitors could therefore not only have less adverse side effects for patients, but are also
needed as chemical tools to elucidate the biological relevance of all of these kinases, from

which many are up to now underexplored.

This applies for example to the Cdc2-like kinases (CLKs). CLK1 (initially named STY) was first
described in 1991151 put the role of the CLK family is not fully unraveled until today. The four
isoforms (CLK1-4) show high homology and are phylogenetically categorized in the CMGC
group together with the cyclin-dependent kinases (CDKSs), mitogen-activated protein kinases
(MAPKs) and glycogen synthase kinases (GSKs)'7-18. Under structural aspects, the CLKs
share a kinase typical N-terminal lobe (consisting of five B-sheets and one a-helix) and
C-terminal lobe (consisting of six a-helices including the LAMMER amino acid motif) linked to
each other by the hinge region, which contains the ATP binding site*®. While CLK1, CLK2 and
CLK4 consist of roughly 500 amino acids, CLK3 has some additional elements resulting in a
length of 638 amino acids®”. Like all LAMMER kinases, the CLKs possess dual specificity,
which means that they can act as serine/threonine as well as tyrosine kinases® 24, The latter
function, however, is limited to autophosphorylation. CLKs are found in nearly all human

tissues, although their expression levels differ. For example, levels of CLK3 are very high in
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the cytoplasm of spermatozoal®?, whereas CLK1 is ubiquitous and in particular located in
nucleil?,

Less is known about the “direct” participation of CLKs in processes such as cell growth and
division, but their capability to regulate splicing is well documented and demonstrates the
potential to be involved in nearly all biological processes indirectly!??l. Splicing, which refers to
the processing of pre-mRNA to mature mRNA, is the elimination of non-coding areas (introns)
and ligation of coding areas (exons) of the primary transcript prior to translation into the protein.
This mechanism is important in refutation of the “one gene, one polypeptide chain”
hypothesis?4. Since pre-mRNA processing can not only follow the path of constitutive splicing,
but also several modes of alternative splicing (Figure 3)°, one gene can result in several
different MRNAs and therefore one gene can code for several proteins depending on the splice

variant.

Pre-mRNA Mature mRNA

Constitutive splicing

Exon skipping/inclusion

Alternative 5’ splice sites

&

Alternative 3’ splice sites

Intron retention

Mutually exclusive exons

Figure 3. Schematic procedure of constitutive splicing and five common modes of alternative splicing
(exon skipping/inclusion, alternative 5’ or 3’ splice sites, intron retention and mutually exclusive exons).
Reproduced with permission from Springer Nature!23l,

The spliceosome, which is the machinery responsible for the splicing process, consists of
proteins and uridine rich small nuclear RNAs, that form a ribonucleoprotein complex. Its
assembly is promoted by serine and arginine rich splicing factors, the SR proteins?®, that are
in turn regulated by CLKs. For example, the localization and phosphorylation of the SR protein
SRSF1 is mainly controlled by CLK1 (Figure 4)*9. Enriching of this splicing factor in the
nucleus can be achieved by formation of a complex with the CLK1 in the cytoplasm, which

enables nuclear import of both components via transportin SR2 (TRN-SR2)%2", or by provoking

4
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release of SRSF1 from nuclear speckles®?®. A ternary complex of SRSF1, CLK1 and another
kinase, the serine/arginine-protein kinase (SRPK1), needs to be formed to achieve full
phosphorylation of the splicing factor, which is then released and provokes spliceosome
assembly!?l, This whole system is highly sensitive and hypo- as well as hyperphosphorylation
of the SR proteins strongly impair splicing?®l. Activity of CLK1 is dependent on factors, such
as body temperature or stress, and regulated upon a complex network, which involves inter
alia also alternative splicing of the clkl gene itselft®*-31, Taken all of this into consideration, it
becomes apparent that dysregulation of splicing can have many reasons and many
consequences. Thus, it can in general be associated with a variety of diseases, ranging from
cancer® to neurological®, immune-associated®, cardiovascular® and metabolic

diseases(®l.

Arg-Ser N
phosphorylation \ < cytoplasm
N,
SRPn CLK1 Y /—\ Ternary complex \

®
Ser-Pro
phosphorylation
i

Complex
CLI(l formahon @
................................. >
Dual complex
t 3 3 x SRSF1 protein

A Spliceosome e
RS Domain

assembly
Figure 4. Schematic mechanism of regulation of spliceosome assembly by SRSF1, CLK1 and
SRPK1[19],

Relevance of the CLKs and in particular of CLK1, was observed for several of the
abovementioned disease areas. Predominantly, it was mentioned in oncological contexts. Only
recently, in 2021, it was found, that CLK1 is upregulated in pancreatic cancer and promotes
growth and metastasis thereof by affecting splicing®”. Likewise, it was demonstrated that the
CLK1/CLK4 inhibitor TG003F® (Figure 5, left) reduced cell proliferation and induced apoptosis
in prostate cancer cells in vitro, while it caused widespread changes in splicing of cancer-
associated genes®?. CLK1 knockdown experiments confirmed, that the observed effects were
not mainly due to off-targets but CLK1 inhibition, and a xenograft mouse model indicated that

TGO003 can also prevent in vivo tumor growth®%. Furthermore CLK1 was identified as potential

5
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therapeutic target in gastric cancer“’l, whereas CLK2 was found to be especially promising for
breast cancer®l and CLK3 for hepatocellular carcinomal®?, With SM08502 (Figure 5, center)
the first CLK inhibitor has even entered phase | clinical trial for advanced solid tumors
(castration-resistant prostate cancer, non-small cell lung cancer and colorectal cancer) 344, |t
was discovered in gastrointestinal cancer models, that the antitumor effect of SM08502 results
from a reduction of Wnt signaling, which is aberrantly activated in several tumors, and
alteration of splicing of Wnt pathway genes!*®. While this perfectly meets the hypothesis of
CLKs being responsible for splicing, SM08502 was found in this study to be a pan CLK/DYRK
inhibitor with nanomolar ICso values for all CLK and DYRK isoforms and some further kinases
of the CMGC and other subfamilies (in total approx. 20 kinases). Hence, it remained poorly
understood, the interplay of which kinases is responsible for the favorable impact, although a

particular contribution of CLK2 and CLK3 was assumed“.,

H,N
w N ’ |\N 2N N—CN
0 N —N
-
- AN S
S cl N
_N O K/N\ \
o cl

TG003 SM08502 R = COOCH,CH; KH-CB19
R = phenyl NIH39

Figure 5. Structure of CLK inhibitors TG003[38, SM08502[431, KH-CB19[46-471 and NIH3948],

Another potential therapeutic area linked to the CLKs, and again also to the closely related
DYRK family, are neurodegenerative diseases. Hyperphosphorylation and aggregation of tau
protein is a key factor for e.g. ALZHEIMER'’s disease or frontotemporal and DOwN syndrome
dementia®®. Thus, dysregulation of splicing of the tau gene is one aspect within this
pathology®™ and involvement of CLKs was demonstrated®%%, Of the DYRKs especially
DYRKZ1A has significant impact on tauopathies by direct phosphorylation of tau proteins or as
well by regulation of splicing®. The close homology of both families and the fact that most
small molecules target several isoforms thereof hamper the understanding of the role of each
kinase also in this context, for which only very recently a DYRK1A-selective inhibitor was

identified!®°.

Lastly, infectious diseases shall be mentioned. The risk of emerging viral diseases was not
unknown or unforeseeable when the COVID-19 pandemic hit the world. However, it
demonstrated impressively the importance of taking imminent infectious diseases seriously

and investigating therapeutic options foresightedly. One particular challenge therefore is the

6
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high mutability and adaptability of viruses, which in many cases cause fast development of
resistance. A promising approach to at least decrease this risk is to target not only virus factors,
such as structural and nonstructural proteins like viral enzymes involved in replication, but
additionally also host factorsl®®. Besides reinforcing protective immune response
(therapeutically utilized by interferon therapy), host-directed antiviral mechanisms also refer to
impacting structures of the host organism, which the virus needs for efficient internalization,
replication or persisting. Since different pathogens are dependent on the same host factors,
this approach also provides the possibility of broad-spectrum antiviral agents®.,

Within this context the CLK1 was repeatedly identified as host factor, in particular for
influenza A virus (IAV)B7-58 West Nile virus®! and Chikungunya virus (CHIKV)®%, Regarding
the relatively small genome of viruses, it is not surprising that these pathogens also take
advantage of alternative splicing. It is known for example for IAV, that the same viral pre-mRNA
gives rise to membrane protein M1 (“unspliced”) and ion channel M2 (“spliced” variant)[%-62,
Participation of the CLK1 in this process was first described by KARLAS et al.*”], when treatment
with TGO003 resulted not only in decreased IAV replication in vitro but also reduced levels of
M2 mRNA and protein. This was further confirmed by CLK1 knockdown experiments with
SiRNA and in CLK1 deficient mice®. Inhibition of IAV replication was also achieved with the
CLK1 inhibitors KH-CB19154"l and NIH398! (Figure 5, right), which were developed within the
BRACHER group. However, their impact on splicing was different. While NIH39 promoted
splicing, KH-CB19 caused no change in the M1/M2 ratio, but both lead to decreased
expression of M1 and M2, as well as of other proteins®. A possible explanation therefore is,
that the mentioned inhibitors affect the CLK isoforms differentially!*® and this remarkably
emphasizes the susceptibility of IAV to any changes in this sensitive balance.

A genome-wide loss-of-function screening then revealed CLK1 also as host factor for
CHIKVI, Of in total 156 proviral and 41 antiviral host factors, 6 were identified as highly
promising druggable targets, since their inhibition correlated with good antiviral activity but low
toxicity. One of these was the CLK1, for which the relevance was again validated with CLK1
deficient mice in vivo, that developed in contrast to the control group nearly no paralysis upon
CHIKYV infection®®. These experiments further indicated that the CLK1 is at least temporarily

dispensable for the host, making it even more appealing as drug target!®® &3,

Chikungunya fever — the mosquito-borne infectious disease caused by CHIKV — is widespread
in (sub)tropical regions, but not very familiar in Europe. However, this could change rather
quickly. The ECDC reported 516 cases of chikungunya virus disease in the EU/EEA in 201964,
None was a result of autochthonous transmissions and approx. 80% were “imported” by
travellers infected in Asia (mainly Thailand, Myanmar and India). This tallies entirely with the
only 59 cases reported in 2020, when the global mobility was massively impaired due to the

COVID-19 pandemic®. However, in former years also several hundred autochthonous
7
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transmissions as a result of viraemic travel-related cases were already noticed in Europe, most
recently in France and Italy in 2017%¢-67], Since the alpha-virus is transmitted by mosquitoes of
the Aedes species (Ae. aegypti and Ae. albopictus), its spreading and persisting is likely to be
continued with its vectors adapting to previously unaffected regions. This is facilitated by
climate change and applies not only to CHIKV but also to other pathogens potentially
establishing in our latitudes (e.g. Dengue virus, Zika virus and yellow fever virus), that may
represent a major challenge in the future®&-5,

Systematically, CHIKV belongs to the Togaviridae family and is a single-stranded positive-
sense RNA enveloped virus!™. It was first recognized and isolated in the 1950s in Tanzanial’!
and subsequently multiple small-scale outbreaks occurred in Africa and Asia in the following
50 years. A large outbreak commenced in 2004 in Kenya and infested several countries
bordering the Indian Ocean with more than 2 million cases in total in the following few
yearsl’>73, Within this time a genetic adaption of the virus enhanced infectivity and
transmissibility by Ae. albopictus’l, which caused also the first local transmissions in Europe
and attracted global attention. In 2013 the first outbreaks were also documented in the
Caribbean territories and today CHIKV disease is endemic in large parts of Africa, Southeast
Asia, the Indian subcontinent, the Pacific Region and the (sub)tropical regions of the
Americasl’> ™,

After transmission by a bite of an infected mosquito, CHIKYV is replicated first within the skin,
from where it is disseminated through the blood circuit particularly to the liver, lymphatic
system, brain, muscles and joints!’®. Clinical manifestation then occurs after an incubation time
of 2 — 12 days by a sudden onset of illness including high fever, headache, rash, arthralgia,
myalgia and gastrointestinal symptomsl’?. The acute phase is mainly marked by the
incapacitating joint pain, giving the disease its name — meaning "that which bends up”".
Although it is self-limiting in the majority of cases and the mortality is generally low, severe
manifestations such as encephalitis, myocarditis and hepatitis occur occasionally and roughly
30 — 40% of infected persons suffer from a protracted chronic course with recurrent joint pain
for several months or even years’®. This is, first and foremost, a burden for the affected
patients but from the economic point of view also for the health care system. CHIKV disease
can only be treated symptomatically with analgesic, antipyretic and anti-inflammatory drugs,
since no prophylactic or specific therapeutic treatment is available?. Although clinical
research is advanced regarding the development of vaccines, especially since Valneva’'s
candidate VLA1553 has completed its phase Il trial in March 20227, there still is an urgent
need to develop specific antiviral drugs and the involvement of CLK1 in CHIKV pathology

makes it one promising novel target therefore.
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To sum it up, the relevance of CLKs and especially of CLK1 for a variety of diseases has to be
further investigated to understand the complex biochemical and pharmacological processes,
as well as regulation and functions of these kinases in general. Diverse inhibitor chemotypes
with nanomolar ICso values were published already. However, as reviewed in literature in 2020
by MoyanNo et al.'¥l, many suffer from off-target activities or are missing selectivity profiling
data and results from cellular assays. Whereas inhibitors with high subtype selectivity could
help to exploit the role and contribution of each CLK isoform, closely related inhibitors which
target also other kinases could have synergistic biological effects. For both purposes there is
a need to develop novel chemotypes of inhibitors, for which structure-activity relationships are
comprehensively investigated regarding their activity and selectively.
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2 Objective

Kinase inhibitors derived from natural products and related heterocyclic organic molecules
have quite a tradition in the group of PROF. DR. FRANZ BRACHER. A large number of compounds
synthesized within the group was already found to be inhibitors of several kinases, e.g.
CDK1l"&81 DYRK1®2, PIM kinases!*® &l and CLK1[46 48. 82 A cooperation with the group of
PROF. DR. ODED LIVNAH (The Hebrew University of Jerusalem, Israel) allowed to start a more
target-based approach to CLK1 inhibitors, as these cooperation partners are not just able to
isolate the target protein, but can perform co-crystallization experiments with potential
inhibitors®. This can reveal the binding mode and interactions of the crystallized ligand with
the protein, but also give insight into the electronic and spatial conditions and surrounding
residues. Following this approach, DR. CHRISTIAN AIGNER did a systematic variation of indole
KH-CB19 (cf. Figure 5), which is a potent and highly specific inhibitor of CLK1 and CLK4!16-47],
He could replace the labile enaminonitrile moiety by heteroaromatic amines, that are

hydrolytically stable and share the same binding mode®sl.

In addition to indole KH-CB19, the screening of a substance library of the BRACHER group by
DR. JENS PETER VON KRIES at the Leibniz-Forschungsinstitut fur Molekulare Pharmakologie
(FMP, Berlin, Germany) evinced g-carboline 1 as very promising hit for CLK1 inhibition (Figure
6, left). p-Carboline 1 was formerly synthesized by DR. TIM TREMMEL as intermediate, when he
was elaborating new synthetic routes to 6-substituted canthin-4-ones®. Besides having a
submicromolar I1Cso value (< 0.05 um) as CLK1 inhibitor in the mobility shift assay, the lead
structure 1 and its methyl analogue 2 (ICso = 1.2 uM) were also co-crystallized already in
complex with CLK1. Since both ligands show the same binding mode in the ATP-binding
pocket and are only marginally shifted (Figure 6, right), the ideal basis for a structure-based

optimization of the lead structure was given.

R=Phe 1

Me 2 \/

Figure 6. Structure of lead structure 1 and its methyl analogue 2 (left) and superposition of the
orientation of both ligands (1 blue, 2 beige) in the ATP-binding pocket of CLK1 (right) (protein not
shown). A water molecule (red sphere) is involved in an intramolecular hydrogen bond.
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Basing on the analysis of the aforementioned co-crystal structures by DR. MICHAEL MEYER
(MBC-Statistik, Falkensee, Germany), it was aimed at further developing inhibitors of this
chemotype. The almost coplanar orientation of the 1-aryl-f-carbolines 1 and 2 is fixed by an
intramolecular hydrogen bond between the NH (indole) and the O (isoxazole), whereby also a
water molecule is involved. Surprisingly, the crystal structure did not show any direct hydrogen
bonds to the protein, but at different positions short distances of roughly 3.0 — 3.6 A between
donor and acceptor atoms of the protein and nonpolar atoms of the lead structure were
observed (Figure 7). Therefore, the introduction of corresponding acceptor and donor groups
into hit 1 was estimated to be capable of establishing further interactions and this could
possibly improve affinity, activity and selectivity.

Figure 7. CLK1 (blue) in complex with lead structure 1 (grey). Yellow lines indicate short distances
between nonpolar atoms of the ligand and donor or acceptor atoms of the protein.

Additionally, the crystal structures with ligand 1 and 2 revealed areas, which are not yet
occupied by the ligand. This suggests, which substructures could be enlarged with additional

substituents to even better fill the binding pocket.

With regard to these considerations, the aim of this thesis was to synthesize different sets of
structural analogues of lead structure 1. Besides the introduction of polar groups or additional

residues, the relevance of the different structural elements and heteroatoms and the tolerance

11
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regarding the replacement by structurally related motifs were to be examined. With not just
more complex but also simplified molecules in hand it should be determined, which
substructures are crucial for the affinity and inhibitory activity.

While the concrete intentions and retrosynthetic considerations are described at the beginning
of each chapter, Figure 8 shows a summary of envisaged analogues. Such as the molecule
can be divided in three parts, the modifications respectively comprise a variation of the phenyl
group, the isoxazole moiety or the g-carboline motif. Therefore, some of the analogues should
presumably not only have beneficial properties, but would in their entirety also allow the

discussion of structure-activity relationships.

seco and six-membered ring B
carbazole analogue and
6- or 7-aza analogues 3- or 4-subituted ring A

4-substituted isoxazoles and
other five-membered rings
7,8-disubstituted or

8-substituted ring C

N-substitution ortho-substituted benzene
and five- or six-membered
heterocycles

Figure 8. Structure of lead structure 1 and envisaged analogues thereof. Nonpolar atoms of the ligand
for which short distances to donor or acceptor atoms of the protein were observed are marked with
blue spheres.
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3 Results and discussion

In the following chapters, the synthesis of lead structure 1 and analogues which are variations
of the phenyl (3.1), the isoxazole (3.2) and the B-carboline moiety (3.3) will be discussed in the
order stated. Concrete aims from considerations upon the co-crystal structure and
retrosynthetic approaches are described respectively at the begin of each (sub)chapter. The
results from the biological testing will then be outlined and assessed for all analogues

collectively at long last (3.4).

3.1 Lead structure 1 and variations of the phenyl ring

Following the published approach®®, the key step regarding the synthesis of lead structure 1
and also the envisaged variations of the phenyl ring is a HUISGEN cycloaddition (Scheme 1).
The therefore required dipolarophile, arylacetylene 3, can be prepared from (pseudo)halide
building blocks (C). Nitrile oxides (B), which act as 1,3-dipoles, allow the introduction of various
(hetero)aromatic substituents at C-3’ and are accessible by (formal) oxidation of the respective
oximes (A).

Huisgen
cycloaddition = -O.
\ N + N
e / N
G 3 B
| ) i
oL U Sonogashllra U oxidation
- cross-coupling
Variation of the phenyl ring HO
(hetero)aromatic ring = N
\ N I ...
N O
H X W
C A
X = Hal, OTf

Scheme 1. Retrosynthesis of lead structure 1 (phenyl ring) and variations with modified
(hetero)aromatic substituents at C-3'.

3.1.1 Synthesis of lead structure 1

Synthesis of lead structure 1 was conducted similar or identical to published procedures.
However, the conducted syntheses will be outlined in brief as improvements, alterations and
additional findings were fundamental for syntheses of miscellaneous variations and expanded

the scope of accessible analogues.



RESULTS AND DISCUSSION

To begin with, another approach to the required B-carbolinone building block 5 was followed.
Formerly this intermediate was synthesized within the BRACHER group following the two-step
procedure of HILDEBRAND®5®7l, This approach starts from tryptamine and triphosgene and
gives an intermediary isocyanate, which cyclizes upon treatment with hydrobromic acid
(Scheme 2)®#7,

ccly
(0] (0]
o\CCI HBr oxidation -
N N G N N
H H H O H O

4 5

Scheme 2. Synthesis of B-carbolinone 5 according to HILDEBRANDI®],

The obtained 1,2,3,4-tetrahydro-1-oxo-B-carboline 4 is subsequently dehydrogenated with
palladium on carbont®! or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)®® to pyridone 5.
However, this approach has some major drawbacks. The first step affords an excess of toxic
phosgene. Modifying the equivalents of this reactant to avoid this hazard, drastically reduced
the yield (to approx. 35% instead of 74%). Additionally, the subsequent aromatization is poorly
reproducible with palladium on carbon and the use of DDQ is inevitably linked to very large

amounts of hydroquinone side product, which complicates purification on a large scalefl,

Therefore, a different approach was followed. LA REGINA et al.[®® found that the acid catalyzed
cyclization of amides, generated from indole-2-carboxylic acid and 2-aminoacetaldehyde
dimethyl acetal, can progress from 1- or 3-position of the indole precursor and that the
predominant route depends on the employed acid. According to their studies, polyphosphoric
acid (PPA) showed the highest selectivity for the cyclization in 3-position and 5 was isolated
almost quantitatively (98% vyield, 2% vyield of side product 7). As their experiments were
conducted on a rather small scale (1.0 mmol), the procedure was to be tested and optimized
for the larger scale.

The coupling of indole-2-caboxylic acid and 2-aminoacetaldehyde dimethyl acetal was
conducted with DCC as coupling reagent (instead of the more expensive BOP used by LA
REGINA et al.®) (Scheme 3). DCC was found to be superior to EDC hydrochloride, when
reactions were conducted on a large scale (60 mmol). The major part of the poorly soluble
DCC urea could be partitioned off simply by filtration and subsequent flash column
chromatography readily gave amide 6 (69% yield). The cyclization with polyphosphoric acid
afforded B-carbolinone 5 indeed as major product. It was accompanied to very little extent by

the expected side product 7, whereby the cyclization had proceeded in 1-position. The work-up
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procedure was somehow more laborious on a larger scale (18.5 mmol) than described in the
publication. Hydrolysis of the polyphosphoric acid in the tar-like reaction mixture resulted in
formation of vast amounts of precipitate, which was found to contain 5. As this product is
soluble in ethyl acetate only to a minor extent and huge quantities of this solvent would have
been needed, the precipitate was collected by filtration and washed with methanol instead.
This filtrate was then combined with the organic phases from extracting the aqueous solution,
and flash column chromatography allowed purification and simple separation of both
pyridones 5 (50% vyield) and 7 (approx. 5% yield).

HzN\)\ e

/
O
/ PPA
\ OH \ \)\0
N CH,Cl,, 1t, 16 h J 110 C 05h

H O NH
69% 50% \\/

6 5 7 (approx. 5%)

Scheme 3. Synthesis of B-carbolinone 5 via amide coupling and PPA mediated cyclization.

B-Carbolinone 5 can then be further functionalized to (pseudo)halide building blocks, which
are required for SONOGASHIRA cross-couplings. To do so, bromide 8 (88% yield) was accessed
following the established procedure of HILDEBRAND using phosphorus oxybromide in anisole®
(Scheme 4). The subsequent cross-coupling with trimethylsilylacetylene was described by
TREMMEL®Y92, Repetition of his procedure, however, revealed that some alterations could
improve feasibility. First, the reaction mixture was filtered over celite to remove the catalyst
before an aqueous work-up was conducted to simplify the extraction process. Second, since
TMS-protected alkyne 9 and bromide 8 show very similar chromatographic behaviour and are
barely separable with flash column chromatography, the crude mixture was directly desilylated
with potassium carbonate in methanol® and purification is achieved on the stage of terminal
alkyne 3 (70% vyield over two steps). This was especially beneficial, since desilylation of the
very labile TMS-protected alkyne 9 already occurred partially during flash column
chromatography.

In addition, also the respective triflate 10 was synthesized following the procedure of
ROGGERO et al.t® (81% vyield) and its utility for the SONOGASHIRA cross-couplings with
trimethylsilylacetylene was examined. HILDEBRAND had synthesized the same triflate already
earlier, but it was accompanied by the N-9 triflated 8-carbolinone in his experiment®®¥. Also the
SONOGASHIRA cross-coupling was already attempted by HILDEBRAND, but the reaction failed

with copper(l) iodide and PdClI>(PPhs), in a mixture of triethylamine and dimethylformamide
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(at 55 — 100 °C)1. ScoTT and STILLEP® have demonstrated, that lithium chloride can expand
the scope of cross-coupling reactions by impacting oxidative addition. Therefore, additive
lithium chloride was used under otherwise equal conditions®”! and 10 indeed underwent
SONOGASHIRA cross-coupling. Arylacetylene 3 was then obtained after TMS cleavage (40%
yield over two steps). Although the yield is relatively poor in comparison to the route starting
from bromide 8, this finding opens up new possibilities, since not all precursors of intended

analogues can be brominated.

|,/
sil =
\ N
\\ \ POB3 Cul, Pd(dppf)Cl, N K,CO3
N anisole, 120 °C, 13 h THF/EtzN 1:1, 1t, 4 h \\ MeOH, rt, 1 h
H O Si
88% 7\
5 8 9 —
| N
Sii \ Y
=z N
Tf,0 LiCI, Cul, PdCI,(PPhs), W
pyridine, 0 °C - rt, 1 h Et;N/DMF 1:1,75°C, 2 h 3
I
81% - § CF, 70% (from 8)

40% (from 10)

Scheme 4. Synthesis of arylacetylene 3 from bromide 8 and triflate 10.

RoOLF HUISGEN was the first, who recognized the general applicability of the 1,3-dipolar
cycloaddition, which is also referred to as (3+2)-cycloaddition, to synthesize five-membered
heterocycles. He comprehensively investigated mechanism and kinetics of this reaction
between a 1,3-dipole and a dipolarophile®®®. The concerted reaction proceeds via a cyclic
electron shift, whereby two new o-bonds are formed (Scheme 5). 1,3-Dipoles possess a
Zwitterionic structure with an incomplete octet of electrons and a positive charge on the one
side (a) and a lone pair of electrons with a negative charge on the other side (c). These
structures are stabilized by mesomeric dislocation, as depicted exemplarily for nitrile oxides(®®.

The most commonly employed dipolarophiles are alkenes and alkynes.

Db © b R
a \\C —_— a/ \C \C\\‘N+ D \C:\N
s d—é o o

Scheme 5. Cyclic electron shift between a 1,3-dipole (abc) and a dipolarophile (de) (left) and
mesomeric stabilization of nitrile oxides (right)!8l.
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Depending on the chosen components various five-membered heterocycles are accessible via
the HUISGEN cycloaddition. For example, nitrile oxides lead to isoxazolines with alkenes and
to isoxazoles with alkynes. In general, the reaction of unsymmetrical dipolarophiles can form
two regioisomeric products, since the addition can progress from both sides of the multiple
bond. However, it was also realized by HUISGEN already in 1963, that in contrast to other
1,3-dipoles the reaction of benzonitrile oxide with terminal alkenes or alkynes gives only
3,5-disubstituted isoxazol(in)es®®. Since this observation was not dependent on the electronic

nature of the dipolarophile’s substituent, it was assumed that steric reasons prevail®®®.

The final step to obtain lead structure 1 is such a cycloaddition with benzonitrile oxide.
TREMMEL used a one-pot protocol, in which (E)-benzaldehyde oxime was first reacted with
N-chlorosuccinimide (NCS), followed by the addition of arylacetylene 3 and triethylamine to
generate the nitrile oxide in situ and initiate the HUISGEN cycloaddition®Y. With this procedure
he received isoxazole 1 in 40% yield.

In order to improve the 1,3-dipolar cycloaddition, it was first attempted to split the protocol into
two separate steps (Scheme 6). Therefore, hydroxymoyl chloride 11 was isolated (89%
yield)2%%, Milder conditions were then chosen for the in situ nitrile oxide synthesis and
subsequent cycloaddition, since benzonitrile oxide tends to dimerization®. Isoxazole 1 was
obtained, but the yield (37%) was not improved.

Another, very convenient method to conduct 1,3-dipolar cycloadditions was described by
JAWALEKAR et al.l’% and applied within the BRACHER group repeatedly by PLESCH!%?, Thereby,
the hypervalent iodine reagent [bis(trifluoracetoxy)iodo]benzene (PIFA) is used to generate the
nitrile oxide species from the respective oxime in situ. JAWALEKAR et al.'%U found that this
oxidation proceeds very rapidly. The best results regarding the formation of isoxazoles were
achieved in a mixture of methanol and water (5:1) and using a small excess of oxime and PIFA
(1.5 eq each), whereby the oxidant is added portion wise (3 x 0.5 eq with an interval of 2 h) to
diminish dimerization*°%,

By applying this procedure to benzaldehyde oxime and arylacetylene 3, the synthesis of

isoxazole 1 was greatly improved (85% yield).
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oH oH
_N NCS Clu N 3, Et;N
_—
DMF, 0°C - t, 16 h CHCly, 1t, 2 h
89% 37%
11 1
3, PIFA T

MeOH/H,0 5:1, rt, 6 h
85%

Scheme 6. Synthesis of isoxazole 1 via HUISGEN cycloaddition.

3.1.2 Syntheses of variations with substituted phenyl rings and heteroaromatic residues

As first set of analogues, the phenyl ring of lead structure 1 was to be altered. TREMMEL had
synthesized also the related 3-methyl and 3-ethyl isoxazole analogues, but both were rather
inferior regarding the CLK1 inhibitory activity (ICso = 1.2 um for both in the mobility shift assay)
compared to 3-phenyl isoxazole 1 (ICso < 0.05 um). Therefore, only residues with a similar size
than phenyl were envisaged. On the one side, marginally smaller bioisosters, such as furan
and thiophene, were to be introduced. On the other side, also replacement by a pyridyl residue
and substituted phenyl rings were to be investigated. The crystal structure revealed, that for
the introduction of substituents especially the ortho-position is of interest (cf. Figure 7). Donor
groups like -OH and -NH- could establish a hydrogen bond with the acceptor carbonyl oxygen
of LEU 167 or GLY 245. Same could presumably be achieved with the NH of a 2-substituted
pyrrole.

In addition, it was striven for a “clickable” analogue to be tested in a yeast three-hybrid (Y3H)
system in the group of Dr. SIMONE MOSER to identify potential further (off-)targets!*®3.
Therefore, it was necessary to implement an acetylene group, which can be linked to the
trimethoprim based probe for the assay, without affecting the affinity towards the CLK1.
According to the crystal structure, several areas are unoccupied within the binding pocket, but
the phenyl ring is particularly relevant, as it is directed outward of the binding pocket (Figure
9). Thus, introduction of the acetylene group in para-position of the phenyl residue was

assumed to be most expedient as it could protrude into the solvent.
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— N

Figure 9. Surface of the CLK1 (blue) in complex with lead structure 1 (blue) and methyl analogue 2
(grey) showing the orientation of the phenyl residue out of the binding pocket. Water molecules (red
spheres) indicate further unoccupied areas within the binding pocket.

To synthesize variations with substituted phenyl and heteroaromatic residues in analogy to
lead structure 1, various arylaldehydes were converted into the corresponding oximes in very
good yields (75 — 99%) by condensation with hydroxylamine (Scheme 7). For this purpose a
general procedure of LOHRER was followed employing hydroxylamine hydrochloride and
sodium acetate!**4, Interestingly, while all six-membered rings gave selectively (E)-configured
oximes (12-15), thiophene 16 and pyrrole 18 were obtained as (Z)-configured oximes only, and
furan 17 as a mixture of both (E/Z ratio 1.0:1.8 determined via *H NMR spectrum).

Next, the HUISGEN cycloaddition of the oximes, or rather the corresponding nitrile oxides, with

arylacetylene 3 was investigated and all results are summarized below (Scheme 7).
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’

\

method a: 1. NCS 1.1 eq, oxime 1.1 eq, pyridine 0.05 eq, CHCI3/TCE, 50 °C, 1 h; 2. 3, Et3N 1.2 eq, rt - 50 °C, 3 h

/\\N
A
\
5 _OH 5
. U HaNOH - HCl, NaOAc M alblcid

v
1
’

MeOH/H,0 7:3,80°C,2h |

12-18

method b: 3, PIFA 1.5 eq, oxime 1.5 eq, MeOH/H,0 5:1, rt, 16 h
method c: 3, PIFA 10 eq, oxime 10 eq, MeOH/H,0 5:1,rt,1-7d
method d: 1. NCS 1.1 eq, oxime 1.1 eq, pyridine 0.2 eq, DMF, 0 °C - rt, 20 h; 2. 3, Et3N 1.1 eq,0°C -rt, 18 h

OH

from 12 (96%)
NO,

from 13 (75%)
Cl

19-26

from 14 (99%)

O O O ﬁl
19 20 21 22

27% (a) traces (a) - -

89% (b) 10% (b) 58% (b) 73% (b)
51% (c)

from 15 (84%)

from 16 (97%)

from 17 (98%)

from 18 (96%)

H
/ NS s o N
_ |/ |y |y
23 24 25 26
-- traces (a) - 18% (a)
61% (b) traces (b) traces (b) 0% (b)
- 14% (c) 14% (c) -
[56% (d)]

Scheme 7. Syntheses of variations with substituted phenyl and heteroaromatic residues via HUISGEN
cycloaddition. Yields of oxime syntheses are given above the illustrated residues, whereas yields of
subsequent cycloadditions are given below for each of the applied methods.

Initial experiments were conducted with salicylaldehyde oxime and nitro compound 12 similar
to the procedure of TREMMEL®® by generating the hydroxymoyl chlorides in situ in chloroform
or trichloroethane (method a). However, the outcome of this initial reaction already remained
unclear. TLC and MS analysis had little informative value as it could not be distinguished, if
the chlorination had proceeded only barely or if the hydroxymoyl chlorides decompose rapidly.
Therefore, the reaction sequence was continued and alkyne 3 and triethylamine were added
after 1 h. 2-Nitrophenyl analogue 20 was only observed in traces among starting material and
various unidentified side products. In contrast, the cycloaddition was successful for the
2-hydroxyphenyl analogue and isoxazole 19 could be isolated (27% yield). However, also this

compound was accompanied by various poorly separable side products, from which one is an
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additionally chlorinated product according to HRMS analysis. This could result from ring
chlorination through NCS due to the activating hydroxyl group. A similar observation was made
by PLESCH with a furan substituent, which is likewise electron rich1%2,

To circumvent this and broaden the substrate scope, the use of PIFA was investigated
(method b). JAWALEKER et al.'! have used none of the intended oximes, but by applying their
procedure the synthesis of various phenyl variations was achieved. The vyield of
2-hydroxyphenyl analogue 19 was improved (89%) and 2-nitrophenyl analogue 20 (10% yield)
was isolable. Additionally, 2-chlorophenyl analogue 21 (58%), 4-iodophenyl analogue 22
(73%) and 2-pyridyl analogue 23 (61%) were all prepared in good yields.

However, the envisaged isoxazoles bearing five-membered heteroaromatic rings could not be
synthesized. Traces of thiophene 24 and furan 25 were observed, whereas the pyrrole residue
obviously withstands the oxidative conditions not at alll*®l, JAWALEKER et al.**Y could improve
the conversion in one example by increasing the amount of oxime and PIFA. By doing so
(method c), also the yield of 2-nitrophenyl analogue 20 was improved (51%) and thiophene 24
(14% vyield) as well as furan 25 (14% yield) could be isolated, although purification was really
hampered by the excess of reagents.

Synthesis of pyrrole 26 was still pending and therefore it was returned to the initially used
procedure. With this (method a), the isoxazole synthesis was achieved (18% yield), but the
received quantity was too small. A literature search revealed only very few examples of
HUISGEN cycloadditions with oxime 18. However, it was noticed, that BHOSALE et al.l*%! applied
milder conditions in another solvent (without pyridine in DMF, 0° C — rt). Several test reactions
were run and the best result was obtained, when a combination of both procedures was used
with prolonged reaction times (method d). With this method, synthesis of isoxazole 26
(56% vyield) was achieved. (Similar optimization studies are likely to also improve the yield of
thiophene 24 and furan 25. However, as the obtained quantities were sufficient, no further

reactions were conducted.)

Two of the analogues synthesized via HUISGEN cycloaddition were further modified. To
synthesize a “clickable” ligand for the Y3H screening™®l, iodide 22 was subjected to
SONOGASHIRA crass-coupling with trimethylsilylacetylene. Subsequent desilylation then gave

arylacetylene 27 (88% yield over two steps) (Scheme 8).
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|
sil
=z
1. Cul, Pd(dppf)Cl,
EtsN/THF 1:1,rt, 16 h

2. K,CO3, MeOH, rt, 1 h

88%

Scheme 8. Synthesis of arylacetylene 27 from iodide 22 via SONOGASHIRA cross-coupling.

Furthermore, it was envisaged to reduce the nitro group of 20 to the corresponding amino
function. While this is generally achievable with a variety of reducing agents, also the isoxazole
ring is susceptible to reductive cleavagel'®. By choosing very mild conditions*°®! and using
zinc granules instead of zinc dust, it was ensured that the isoxazole ring remained intact, while

the reduction to aniline 28 (39% vyield) proceeded (Scheme 9).

Zn, HOAc
CH,Cl, 0°C - rt, 48 h

39%

20

Scheme 9. Synthesis of aniline 28 from nitroarene 20 via reduction.

22



RESULTS AND DISCUSSION

3.2 Variations of the isoxazole

The second intention was to vary the isoxazole moiety, which links the B-carboline with the
phenyl residue in the lead structure 1. As mentioned in the beginning an entire substance
library from previous work of the BRACHER group was tested at the FMP (Berlin) in the group
of DR. JENS PETER VON KRIES, and these screening results have demonstrated, that six-
membered heteroaromatic rings possess only very limited activity compared to the isoxazole.
This could presumably be due to the very distinct, almost planar orientation of the ligand, which
is a consequence of the intramolecular hydrogen bond between the NH (indole) and the O
(isoxazole) (cf. Figure 6).

However, the potential of other five-membered heterocycles was to be investigated, which
could adopt the same geometry (Figure 10). The relevance of the isoxazole nitrogen was low
according to the crystal structure, therefore the respective 2,4-disubstituted furan was
envisaged. Substitution of the oxygen by less polar sulfur atoms, such as in isothiazole or
thiophene, or by nitrogen might affect or not affect the planarity and orientation of the ligand
by rotation of the single bond. Nitrogen containing five-membered rings are multifarious and
comprise for example a 1,2,3-triazole, a 3,5-disubstituted pyrazole and an isomeric isoxazole,
where the positions of the substituents are interchanged. Furthermore, also the opposite side,
which corresponds to C-4’ of the isoxazole and is oriented towards the protein in the crystal
structure, was to be modified. On the one side further acceptor groups as being present in
oxa(dia)zoles should be implemented to examine the tolerance regarding size and electron
density. On the other side donor groups such as the NH of an imidazole or a 4-aminoisoxazole
possess a clear rationale, since they could establish a hydrogen bond to the acceptor carbonyl
oxygen of GLY 245. By synthesizing the latter, further 4-substituted isoxazoles should be

accessed and investigated.

zj Njﬂ\/'?ﬂ\/}? }/N”
NNy o Ny

Figure 10. Overview of envisaged five-membered heterocycles.

3.2.1 Replacement of the isoxazole by other five-membered heterocycles
At first, a variety of other five-membered heterocycles should be synthesized, which affords

several different synthetic approaches.
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3.2.1.1 Syntheses of other five-membered heterocycles via HUISGEN cycloaddition

As already described, the 1,3-dipolar cycloaddition of alkynes and nitrile oxides leads to the
formation of isoxazoles. Besides this, other 1,3-dipols than nitrile oxides can be used to
generate other five-membered heterocycles: triazoles are accessible from azides, pyrazoles
from diazo intermediates and isoxazolines from nitrones. Therefore, the use of different phenyl
substituted 1,3-dipoles (A) in cycloaddition reactions with arylacetylene 3 gives analogues with

the corresponding heterocycles instead of isoxazole (Scheme 10).

= cycloaddition =

-
\© 3 1,3-dipole (A)

Variation of the isoxazole ring
triazole, pyrazole, isoxazoline

Scheme 10. Retrosynthesis of variations of the isoxazole group with other 5-membered heterocycles
accessible via HUISGEN cycloaddition.

The first analogue synthesized of this set is triazole 29 (Scheme 11). The therefore needed
phenyl azide can be prepared with different methods, e.g. the diazotation of aniline and
subsequent treatment with sodium azidel'® or the “diazotization” of phenylhydrazine®?,
However, as phenyl azide is highly instable and reactive, a more recent protocol was chosen,
whereby the 1,3-dipole is generated in situ from phenyl boronic acid and sodium azide with
copper(ll) sulfate. While the general procedure of TAo et al.'*Y described the azide formation
under mild conditions at room temperature in methanol, TLC indicated no considerable
conversion after 16 h. At elevated temperature (55 °C) the azide synthesis was in contrast
completed after 3 h. For the following cycloaddition reaction, alkyne 3 was then added besides
Na-L-ascorbate to generate the copper(l) catalyst. Although generally known as perfect
example for click chemistry, even with a phenyl azide excess (2.0 eq) the formation of triazole
29 worked rather mediocre (39% vyield).
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©/B‘QH NaNz CuSO, Ng 3, Na-L-ascorbate
_
MeOH, 55 °C, 3 h ©/ MeOH/H,0 1:1,rt-40°C, 7 d

39%

Scheme 11. Synthesis of triazole 29 from phenylboronic acid.

Next, pyrazole 31 was prepared (Scheme 12). According to AGGARWAL et al.!*?], it would have
been possible to apply a one-pot synthesis from benzaldehyde, but they mentioned even better
yields when the appropriate tosylhydrazone was preformed. Therefore, tosylhydrazone 30 was
synthesized from benzaldehyde and p-toluenesulfonyl hydrazide and isolated'®! and then
used to generate the labile phenyldiazomethane in situ. After deprotonation, the
tosylhydrazone anion decomposed at elevated temperatures resulting in the 1,3-dipole**4],

which reacted with alkyne 3 to pyrazole 31 (49% yield).

cl) d H Hr}r e 1. NaOH, ACN, rt, 20 min
_N 2.3,50°C,60h
MeOH, rt, 3 h
66% 49%
30 31

Scheme 12. Synthesis of pyrazole 31 from benzaldehyde.

Due to prototropic exchange, the formation of two tautomeric forms of pyrazoles is possible
depending on the NH position. However, *H NMR analysis of pyrazole 31 in DMSO-ds showed
only a single set of signals. This could be either due to the presence of only one tautomer or a

mixture of both with a high interconversion rate. The relatively broad signals in the *C NMR
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spectrum for C-3’ and C-5’ support the latter hypothesis**®. A NOESY experiment indicated
the illustrated tautomer, as a weak signal between the pyrazole-NH and 2”-H/6”-H was

observed, but this does not exclude also the presence of the other tautomer.

Another envisaged analogue was isoxazoline 33 (Scheme 13). In contrast to the
aforementioned ones, this 2,3-dihydroisoxazole is not aromatic and therefore has a differing
molecular geometry as well as an asymmetric carbon atom. The required nitrone 32 was
prepared from benzaldehyde and N-methylhydroxylamine hydrochloridel*!€l, but the following
cycloaddition with arylacetylene 3 in toluene (Table 1, entry 1) did not lead to the formation of
isoxazoline 33. This was not absolutely unexpected as the used alkyne is neither highly
strained, such as cyclooctyne derivatives*'’l, or highly reactive, such as methyl propiolate!*®l,
A Chinese patent describes the facile synthesis of 3,5-diaryl substituted 2,3-dihydroisoxazoles
in various solvents with the help of different bases**®, but none of the conditions tested, even
at elevated temperatures and with prolonged reaction times (Table 1, entry 2 — 4), gave traces

of the desired product.

T

N
ZN * HCI 0.
g = ™ ¥
NaOH 3
_—
H,O, rt, 1 h base, solvent, conditions
98% 32

Scheme 13. Attempted synthesis of isoxazoline 33 from benzaldehyde.

Table 1. Reaction conditions tested for the HUISGEN cycloaddition of nitrone 32 and alkyne 3.

entry base  solvent conditions

1 - toluene 125°C,4d

2 K2COs acetonitrile rt—50°C,5d

3 K2COs acetonitrile 100 °C, 3 d (pressure tube)
4 KOH methylene chloride rt,5d

In contrast to other 1,3-dipoles, nitrones are less reactive and within this subgroup, N-methyl-
C-phenyl-nitrone (32) was shown to be a nitrone with only weak “willingness” to add to
dipolarophilest®. This can be explained by the trans-configuration of the organic residues to
each other regarding the CN double bond. In comparison, 3,4-dihydroisoquinoline N-oxide,
adds 200 times faster to ethyl crotonate in toluene due to its cyclic structure, which stabilizes

the cis-configuration of the organic residues®.
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Although this would have been a promising alternative nitrone, no further attempts were made
to synthesize any isoxazolines, as the size of the phenyl residue should not be changed too
much and the flexibility to rotate around the single bond should be maintained.

Another interesting variation of the isoxazole group, which is accessible via HUISGEN
cycloaddition, is inverse isoxazole 34, whereby the substituents at C-3' and C-5 are
interchanged. Compared to the synthesis of isoxazole 1, building blocks with the converse
residues are needed. Therefore, phenylacetylene is the alkyne component, whereas a nitrile
oxide derived from S-carboline-1-carbaldehyde oxime (35) is used as 1,3-dipole (Scheme 14).
This oxime can be synthesized from the corresponding aldehyde 36, which in turn can be
prepared from styrene 37 via ozonolysis.

oxidation,

" condensation ozonolysis
cycloaddition y

o0 35
+
X
Variation of the isoxazole ring
inverse isoxazole (34)

Scheme 14. Retrosynthesis of inverse isoxazole 34 via HUISGEN cycloaddition.

1-Formyl B-carboline (36), also known as kumujian C, is a natural alkaloid isolated from the
wood of Picrasma quassioides*?”, Several strategies for synthesizing it were published, e.g.
via PICTET-SPENGLER reaction of tryptamine with dimethoxyglyoxal and subsequent
dehydrogenation and acetal cleavage*?!! or oxidation of harmane with SeO*??, Additionally
ozonolysis of N-PMB protected benzalharman to the corresponding aldehyde was
described?®l. The protective group was needed for the subsequent reaction with an aryl lithium
compound, but assumed to be irrelevant for the ozonolysis.

Hence, the same protocol, which implied the use of Sudan Il as an ozonizable dye to indicate
the selective cleavage of the olefinic linkagel*?¥, was used to generate 1-formyl B-carboline
(36) from benzalharman (37), which was available in sufficient quantities from a former
project*?], The ozonolysis was found to be completed within 5 min and reductive work-up with
dimethyl sulfide gave aldehyde 36 (55% yield) (Table 2, entry 1). The importance of the
indicator, monitoring the completion of the reaction by colour change, was demonstrated, when

the reaction was accidently run for too long (15 min) and the yield substantially decreased to
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21%. Besides dimethyl sulfide other reducing agents can be used to generate aldehydes from
the intermediate ozonides, but neither zinc in acetic acid (Table 2, entry 2) nor

triphenylphosphine (Table 2, entry 3) were as efficient.

Table 2. Synthesis of aldehyde 36 via ozonolysis of benzalharman (37) with different reductive
work-up procedures.

1. Oz, Sudan lll, -78 °C, 5 min
2. reductive work-up
\ N

CH,Cl,/MeOH 5:1

N \=o
36

entry reductive work-up yield

1 Me:S, -78 °C —rt, 16 h 55%

2 Zn, HOAc, rt, 2 h 15%

3 PPhs, -78 °C —rt, 48 h 40%

Next the oxime synthesis and cycloaddition was to be examined. SINGH et al.[*?®! prepared one
example of a related “inverse” isoxazole from a [-carboline-1-carbaldehyde that was
additionally N-methyl and ethyl 3-carboxylate substituted. While the condensation with
hydroxylamine could be applied to aldehyde 36 to give (E)-oxime 35 quantitatively, several
attempts for the subsequent preparation of the hydroxymoyl chloride 38 and isoxazole 34 failed
(Scheme 15). First, it was tried to prepare the hydroxymoyl chloride 38 with NCS in DMF at
room temperature, but no conversion was indicated by TLC analysis. Rising the temperature
to 40 °C and adding pyridine did also not lead to full consumption of the starting material, but
several new spots were observed. Therefore, it was tried to proceed with the reaction cascade
and phenylacetylene and triethylamine were added. The formation of isoxazole 34 could be
detected with MS, but no sufficient quantities could be isolated. Presumably already the
chlorination was inefficient. This could be due to side reactions, such as ring chlorination of the
B-carboline*?”, or an interference of the NH group. The reaction was repeated in chloroform,
but this did also not lead to an improvement. Again another method to generate the nitrile oxide
in situ was needed and the protocol of JAWALEKAR et al.*%Y using PIFA as oxidant was applied

once more successfully and gave isoxazole 34 (43% yield).
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NCS, DMF, rt, 16 h

1. NCS, pyridine, DMF,
40°C,1h

2. phenylacetylene, Et3N,
rt, 48 h

H,NOH « HCI,
NaOAc

MeOH, reflux, 1 h

traces

o T

PIFA, MeOH/H,0 5:1, rt, 16 h

99%

43%

Scheme 15. Synthesis of inverse isoxazole 34 from aldehyde 36.

3.2.1.2 Syntheses of five-membered heterocycles from open-chained intermediates
In addition to the intermolecular HUISGEN cycloaddition, several other five-membered
heterocycles are accessible via intramolecular cyclization reactions starting from bifunctional

open-chained intermediates.

The first envisaged analogue of this subset was isothiazole 39, in which sulfur replaces the
oxygen atom of the isoxazole lead structure (Scheme 16). In general, isothiazoles are
accessible from the respective open-chained enamino ketones. After generating the thioketone
by displacing O by S, oxidative ring closure leads to formation of the isothiazole ring. The
therefore required enamino ketone 40 can be generated from the corresponding isoxazole 1
via reductive cleavage of the N-O bond.

thionation,
oxX. ring closure

Variation of the isoxazole ring 40 1
isothiazole (39)

Scheme 16. Retrosynthesis of isothiazole 39 from isoxazole 1.
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The preparation of enamino ketone 40 from lead structure 1 was already described by
TREMMEL as intermediate for the synthesis of canthin-4-ones. However, when the
hydrogenation was run under the published conditions with palladium on carbon (Table 3,
entry 189) reductive isoxazole cleavage was only achieved in traces according to TLC and
ASAP analysis. When the reaction conditions were more forcing, the conversion was
improved, but even after 4 d the starting material/product ratio was only 1:1 according to
'H NMR analysis (Table 3, entry 2). The presence of a base is often required, but KAMLAH!*?8!
made other observations recently, when she could only cleave a 3,4,5-trisubstituted isoxazole
without the addition of a base. For isoxazole 1 this was not expedient (Table 3, entry 3), but
full conversion was achieved, when KOH was replaced by Cs,COsl28l and a mixture of
methanol and ethyl acetate was used as solvent mixture, in which 1 showed greatly enhanced

solubility. Enamino ketone 40 was then isolated in a yield of 67% (Table 3, entry 4).

Table 3. Reaction conditions for the synthesis of enamino ketone 40 from isoxazole 1.

N H,, Pd/C, base

—_—
solvent, conditions

1 40

entry base solvent conditions yield
1 KOH EtOH 1 bar (Hz), rt, 16 h traces
2 KOH EtOH 20 bar (H2), 30 °C,4d n.d.*
3 - EtOH 1 bar (Hz), rt, 18 h -

4 Cs2C0s  MeOH/EtOAc 1:1 30 bar (H2), rt, 16 h 67%

(*Yield was not determined due to bad separability of starting material and product, but 1:1 ratio was

observed in 'H NMR analysis.)

Next, the isothiazole synthesis was approached. Thionation reagents such as LAWESSON’S
reagent or P4S1o can be used for the transformation of ketones into thioketones. The latter one
was shown to be more efficient in the presence of a base and in solvents more polar than
toluenel®®. The ring closure can then be accomplished by oxidants such as sulfur or
p-chloranilf*3],

Following a procedure of PLESCH? the synthesis of isothiazole 39 was accomplished
(Scheme 17). Enamino ketone 40 was treated with P4Sio in the presence of NaHCOs. After
16 h TLC analysis showed no remaining starting material, but multiple other spots indicating

degradation in a non-specific manner*3%, Nevertheless, the addition of p-chloranil resulted in
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the formation of the envisaged isothiazole 39 (17% yield). In order to increase the yield,
repetition of the thionation with LAWESSON’S reagent was attempted, but this did not show any

improvement regarding the degradation. Thus, the reaction sequence was not continued.

N P4S19, NaHCO3 p-chloranil
—_— —_—
THF, rt, 16 h rt-60°C,48h

17%

Scheme 17. Synthesis of isothiazole 39 from enamino ketone 40.

The next intention was the synthesis of analogues, for which C-4’ is replaced by heteroatoms,
such as in oxazoles or oxadiazoles. In general, those rings can be generated from different
open-chained intermediates (A) by intramolecular cyclocondensation or oxidative ring closure
(Scheme 18). These intermediates are in turn accessible from carboxylic acid 41 or aldehyde
36, which can both be prepared from benzalharman (37) by oxidative cleavage (cf. 3.2.1.1). In
total, four analogues were envisaged: the 2,4- and 2,5-disbstituted 1,3-oxazoles 46 and 43,
which differ in the position of the phenyl ring, and the 1,2,4- oxadiazole 48 and 1,3,4-oxadiazole

50 with their altering order of heteroatoms.

L amidation or
cyclization

S5 esterification =
\ N - - \ N
N ’ N
7 X OH
X (0]

Variation of the isoxazole ring
oxa(dia)zoles U condensation

"; '; ; ox. cleavage
=N /=0 . == (ozonolysis)
O\%y N\7S,/ E \ Y N p—

. N

, H

46 43 ~
’-S/\ 0o
o =N N 70 E 36
N= N= !
48 50

Scheme 18. Retrosynthesis of oxa(dia)zoles from benzalharman (37).
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The conducted oxidative cleavage of benzalharman (37) using KMnO. in acetone was
described by MCEvoy et al.**¥ and gave carboxylic acid 41 in good yield (78%) (Scheme 19).
Subsequent activation with 1,1'-carbonyldiimidazole (CDI) and coupling with phenylethylamine
resulted in amide 42 (62% vyield), which was the precursor for an oxidative cyclisation.
However, this iodine catalysed oxazole synthesis, which uses TBHP as oxidant and most likely
follows a radical pathway*?, failed to give oxazole 43. Probably the close proximity to the free
indole NH impeded the reaction, since this method was only applied to N-phenylethylamide
derived from pyridine-2-carboxylic acid according to the literature(*32),

The ROBINSON-GABRIEL synthesis is a more common approach to substituted oxazoles, which
covers the cyclodehydration of a-acylamino ketones!*33-134, Based on this, a Russian patent
describes a one-pot protocol for the multigram-scale preparation of 2-pyridyl-5-phenyloxazoles
from respective pyridinecarboxylic acids and 2-aminoacetophenone hydrochloride making the
isolation of the intermediate redundant*3%. For the synthesis of oxazole 43 some adjustments
had to be made. The reaction could not be conducted in pure phosphorus(V) oxychloride due
to the extremely limited solubility of carboxylic acid 41. Toluene was added to obtain at least
an inviscid suspension. Additionally, a pressure tube was used to not distil off any
phosphorus(V) oxychloride prior to completeness of the reaction sequence, since it possesses
dual functions as activation and dehydration reagent. After stirring for 16 h at 105 °C, residual
intermediate a-acylamino ketone 44 was still present, but the conversion to 2,5-disubstituted
oxazole 43 was completed after 40 h (39% yield).

= 1. CDI, reflux, 2 h —
N KMnO, \ N 2. phenylethylamine, rt, 16 h \ N
acetone, -13 °C, 2.5 h N THF N
H &/ OH H O
78% 62%
41
37 0
HoN 42
« HCI
POCI; toluene, 105 °C, 40 h I, TBHP,
ACN, 100 °C, 7 d
\ N
N 9
0 N
HN ¢
—_—
(0]
N/
—
39% \)\©
44 43

Scheme 19. Synthesis of 2,5-disubstituted oxazole 43 from styrene 37.
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The corresponding 2,4-disubstituted oxazole 46 was accessible from the same precursor 41
(Scheme 20). Following a protocol of REDDY et al.'*¢l, nucleophilic substitution of phenacyl
bromide was attempted, but due to the extremely poor solubility of carboxylic acid 41, formation
of ester 45 was only achieved at elevated temperature. No side products, e.g. caused by
N-alkylation, were detected by TLC analysis and the crude product showed only negligible
impurities in *H NMR analysis after extraction. However, the yield dropped dramatically after
flash column chromatography (32%). As phenacyl esters are used as photocleavable
protective groups*®™ and linkers!*38-139 (photo)lability of ester 45 is also a plausible explanation
for degradation.

Condensation of such phenacyl esters with ammonium acetate results in oxazoles in only
relatively low yields, because the respective imidazoles can form as well. To prevent this side
reaction, HUANG et al.’*% described an improved approach by using acetamide and boron
trifluoride etherate. With this procedure, oxazole 46 was synthesized (31% yield) among

several unidentified side products.

0
o)
Br )J\
\ N (j)b \ N NH,
H OH ; H O
(e} EtOAc, rt - 60°C, 6 h (e} o xylene, 120 °C, 24 h
M 32% 31%

45 46

Scheme 20. Synthesis of 2,4-disubstituted oxazole 46 from carboxylic acid 41.

The 1,2,4-oxadiazole 48 was prepared following a one-pot procedure of SHARONOVA et al.[4,
which consists of three steps: activation of the carboxylic acid with CDI, coupling with an
amidoxime to the respective O-acylamidoxime, and base-catalysed cyclodehydration.
According to the published method, the entire reaction cascade can be conducted in DMSO at
room temperature. However, in the case of carboxylic acid 41, activation could only be
achieved at elevated temperature, due to the aforementioned, very limited solubility (Scheme
21). As cooling to room temperature resulted in the formation of a large amount of precipitate
again, the coupling with amidoxime 47, which was synthesized from benzonitrile and
hydroxylamine hydrochloride#?, was also run at elevated temperature. This led to the
intermediary O-acylamidoxime, even though a small amount of oxadiazole 48 was detected at
this stage already. Treatment with KOH then resulted in the complete conversion to
1,2,4-oxadiazole 48 (46% yield).
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\ N
N
: o8
o/ ~OH
41
H,NOH « HCI, NaHCO,
col MeOH, 85 °C, 5 h
DMSO, rt- 70 °C, 24 h 99%
NH,
=S \N/OH B = N =S
\ N \ N \ N
N N N
H NN 47 H o KOH H <N
R E—
o =/ rt-70°C, 16 h Q  NH, ,2h o _
N= N
46%
48

Scheme 21. Synthesis of 1,2,4-oxadiazole 48 from carboxylic acid 41.

The synthesis of envisaged 1,3,4-oxadiazole 50 was performed as described in literature
(Scheme 22)143. After condensation of aldehyde 36 and benzoylhydrazine, the intermediary
benzoylhydrazone 49 was subjected to oxidative cyclisation using iodine and Cs2COs. In
contrast to the literature, oxadiazole 50 (63% vyield) was however not obtained pure after

filtration, requiring subsequent purification by flash column chromatography.

_NH B N
S O[O )
\ N b N Cs,CO;3 Iy ) N
v y , \

O MeOH, 70°C, 1 h H N4 DMSO, 90 °C, 45 min H N

U o .

36 HN N

63%
50

49

Scheme 22. Synthesis of 1,3,4-oxadiazole 50 from aldehyde 36.

Besides the variety of analogues described to this point containing other five membered
heterocycles as variations of the isoxazole ring, also an acetylene analogue was synthesized.
SONOGASHIRA cross-coupling of bromide 8 with phenylacetylene was conducted to obtain

alkyne 51 (69% vyield) (Scheme 23). This very simple variation can be seen as an
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open-chained analogue (isoster), which has an acetylene linker instead of a five-membered

heterocycle between the phenyl residue and the S-carboline motif.

~

Cul, Pd(dppf)Cl,
THF/Et;N 1:1, 1t, 16 h

=

\ N

N
H Br

69%
8

51

Scheme 23. Synthesis of phenylacetylene 51 from bromide 8.

3.2.1.3 Syntheses of variations with other five-membered heterocycles than isoxazole via
PICTET-SPENGLER reaction
Another intensively investigated method to synthesize 1-substituted 3-carbolines in general is
the dehydrogenation of respective 1,2,3,4-tetrahydro-B-carbolines. These intermediates (B)
can be obtained via PICTET-SPENGLER reaction of tryptamine and (hetero)aromatic aldehydes
(A), whereby with the latter the desired variation of the isoxazole moiety (five-membered
heterocycle with a phenyl substituent) is introduced (Scheme 24). In contrast to the previous
analogues, this approach is particularly advantageous for heterocycles, which cannot

straightforwardly be synthesized from the aforementioned precursors.

Pictet-Spengler

dehydrogenation reaction

Variation of the isoxazole ring
furan, thiophene, imidazole

Scheme 24. Retrosynthesis of variations of the isoxazole group with other 5-membered heterocycles
accessible via PICTET-SPENGLER reaction and dehydrogenation.

To confirm the feasibility of this strategy, it was at first utilized for the synthesis of lead structure
1. The required arylaldehyde 53 was prepared similar to literature (Scheme 25): HUISGEN

cycloaddition of propargyl alcohol and benzonitrile oxide (derived from hydroxymoyl chloride
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11 with triethylamine) gave alcohol 52144 (79% vyield), which was further oxidized following a

SWERN protocol to aldehyde 531451 (84% yield).

OH 1, Et;N 1. DMSO, (COCl),, -78 °C, 1 h
\ CH,Cly, 0°C - 1t, 16 h ZEGN.m Th
2vl12, =T
X CH,Cl,
79% 84%
52 53

Scheme 25. Synthesis of aldehyde 53 via HUISGEN cycloaddition and SWERN oxidation.

Next, the PICTET-SPENGLER reaction was elaborated. This reaction comprises two steps in
general (Scheme 26), whereby the first step is the condensation of an amine, such as
tryptamine, with an aldehyde group. The formed imine can then undergo an intramolecular
cyclization to the respective 1-substituted 1,2,3,4-tetrahydro-B-carboline. This step is facilitated
by BR@NSTED or LEWIS acids, as the iminum ion is more electrophilic than the corresponding

iminel4l,

T
kR H*
Qi = Q- ol
N N ¢ N
H H R H R

R = alkyl, aryl,...

Scheme 26. PICTET-SPENGLER reaction of tryptamine.

Initially, an acid-promoted protocol**” was tried to synthesize tetrahydro-B-carboline 54. This
was promising also with regard to the isoxazole analogues, as the conditions were used in
literature for the synthesis of various 1-substituted 1,2,3,4-tetrahydro-g carbolines derived from
benzaldehydes, but also from thiophene- and furancarbaldehydes!*4®14%  However, the
treatment of tryptamine and aldehyde 53 in methylene chloride with trifluoroacetic acid at 0 °C
and the subsequent warming to room temperature, resulted only in traces of tetrahydro-G-
carboline 54, even after stirring for 48 h (according to TLC and HRMS analysis) (Scheme 27).

Instead of screening various solvents, acids and reaction conditions to optimize the
conversion, another type of PICTET-SPENGLER reaction was utilized. Although it is not the most

common approach, PICTET-SPENGLER reactions can also be conducted without acid in high-
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boiling solvents, e.g. xylene or toluenel**®, as high temperature can obviously overcome the
energy barrier even in the case of imines derived from electron-rich (hetero)arylaldehydes!*%.
However, the formation of traces of acid in situ by air oxidation of the aldehyde is possibly a
facilitating contribution*®l, In general, this approach was particularly beneficial for the intended
variations, as it would also enable the subsequent dehydrogenation of tetrahydro-S-carbolines
to the fully aromatic derivatives to be carried out one-pot by the addition of sulfur or palladium
on carbon(52153],

RAJKUMAR et al.l'>¥ synthesized, for example, 1-(thiophen-2-yl)-9H-pyrido[3,4-b]indole with
such a one-pot reaction to elaborate B-carbolines as directing group in ruthenium(ll)-catalyzed
C-H arylation. When the first step of their general procedure, stirring tryptamine and
(hetero)arylaldehyde in anisole at 120 °C for 2 h, was applied to aldehyde 53, TLC indicated
the full conversion of the aldehyde to a quite polar substance, which was after flash column
chromatography identified indeed as tetrahydro-B-carboline 54 (63% yield). When the reaction
was repeated and after 2 h palladium on carbon was added and the mixture was heated to
140 °C for 24 h, the tetrahydro-B-carboline 54 was fully dehydrogenated to give B-carboline 1
in equal and satisfying yield (63%).

TFA
CH,Cl, 0°C -rt, 48 h

traces

53

anisole, 120 °C, 2 h

63%

1. anisole, 120 °C, 2 h
2. Pd/C, 140 °C, 24 h

63%

Scheme 27. Synthesis of 1,2,3,4-tetrahydro analogue 54 via PICTET-SPENGLER reaction and lead
structure 1 by subsequent dehydrogenation.

The developed method should also be applied to the synthesis of analogues, which contain a

furan, thiophene and imidazole ring instead of the isoxazole.
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The required furan aldehyde 55 and thiophene aldehyde 56 could easily be prepared according
to literature in good yields via Suzuki cross-coupling of bromoarylaldehydes and phenyl
boronic acid*** (Scheme 28). With aldehyde 55 once again an acid-promoted protocol was
tried!248l, but treatment with trifluoroacetic acid did not lead to the formation of tetrahydro-g-
carboline 57 (according to HRMS). The fast transition of the brownish solution to a black slurry
and the plethora of spots on the TLC plate indicated the decomposition of furan 55, probably
due to acid-lability. When the abovementioned acid-free one-pot reaction was applied to
aldehydes 55 and 56 respectively, both envisaged B-carbolines were obtained: furan 58 (18%
yield) and thiophene 59 (23% yield). Although the yields fell short of expectations compared to
1 (63% vyield), they were somehow acceptable for a one-pot three step procedure

(condensation, cyclization and dehydrogenation).

(I)H
B
0 HO \© 0
X§j\ Pd(PPhs),, Cs,CO5 X B tryptamine, TFA
Br 1,4-dioxane/H,0 2:1,95°C,5h CHyCl, 0°C-rt, 18 h
X=0,8 X=0 72% 55 X=0 57

X=8 91% 56

1. tryptamine, anisole, 120 °C, 2 h
2.Pd/C,140°C, 24 h

X=0 18% 58
X=8 23% 59

Scheme 28. Synthesis of furan 58 and thiophene 59 via Suzuki cross-coupling, PICTET-SPENGLER
reaction and subsequent dehydrogenation.

The DEBUS-RADzISZEWSKI imidazole synthesis is a well-known strategy for the synthesis of
substituted imidazoles. Over 100 years ago, it was observed, that the condensation of glyoxal
and formaldehyde with two equivalents of ammonia results in imidazole*®. When substituted
1,2-dicarbonyl components, aldehydes and amines are used, differently substituted imidazoles
are accessible. For disubstituted imidazoles such as 60, phenylglyoxal (commercially available
as monohydrate) is the required 1,2-dicarbonyl component.

Initially, a direct synthesis of 60 from aldehyde 36 was attempted*¢1%l, Therefore,

phenylglyoxal monohydrate was reacted with ammonium acetate and aldehyde 36, but no
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formation of imidazole 60 was observed (Scheme 29). As phenylglyoxal can react as both,
dicarbonyl and aldehyde component, obviously the condensation with itself to 61 takes place,
as described by KHALILI et al.'*8 and confirmed by HRMS.

In contrast, the DEBUS-RADzISZEWSKI imidazole synthesis could be applied to the synthesis of
aldehyde 62, following a patent starting from phenylglyoxal monohydrate and
2,2-dimethoxyacetaldehydel*®®, After condensation, the intermediary dimethyl acetal was
cleaved with aqueous hydrochloric acid to give the free aldehyde (62% vyield). This aldehyde
was then subjected to the acid-free PICTET-SPENGLER reaction and one-pot dehydrogenation,
which was run at further elevated temperature*¢°, Purification of imidazole 60 (19% yield) was
difficult due to its limited solubility in various organic solvents. TLC demonstrated a broadened,
not clearly defined spot and dragging of the compound was also a challenge for flash column
chromatography.

(@)

NH,OAc \
CH,CI,/EtOH 1:1, reflux, 025 h  HN" °N

(n.d.)

N
OH NH H =0 N/ NH

OH NH4OAc
CH,CI,/EtOH 1:1, reflux, 6 h

O
.
P4
C§

60
(mixture of tautomers)

o
0
O A ﬂ ‘
7 ~NH

1. NH40Ac, MeOH, rt, 16 h N 1. tryptamine, anisole, 155 °C, 2 h
2. HCI (aqg.), 80 °C, 0.5 h 2. Pd/C, 160 °C, 20 h
62%

19%

Scheme 29. Synthesis of imidazole 60 via DEBUS-RADzISZEWSKI imidazole synthesis,
PICTET-SPENGLER reaction and subsequent dehydrogenation.

'H NMR analysis showed, that all signals (besides one very broad singlet >12 ppm) were
doubled, but this was difficult to assess as some signals were overlapping. Also imidazoles
can occur in two tautomeric forms due to protopic exchange of the NH and — in contrast to

pyrazole 31 — this time the interconversion rate is obviously slow enough to observe both in a
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ratio of 1:5 in *H NMR analysis in DMSO-ds under standard conditions (25 °C, 400 MHz). It
could not be assigned, which tautomeric form is predominant and similar to KHALILI et al.l*°8]
both can be stabilized by intramolecular hydrogen bonds (Figure 11, top). As the exchange
rate is related to temperature, the *H NMR spectra were also recorded at elevated
temperatures (Figure 11, bottom). At 50 °C and 80 °C a difference is already observed and
the doubled signals start merging. At 100 °C some signals are still not fully overlapping,
resulting in a slightly bulbous shape, while full coalescence is achieved at 120 °C, when only

a single set of signals is remaining.

tautomerization
\ N Somereaon
N
Ho J=NH

L

T T T T
11.5 11.0 10.5 10.0 9.0 8.5 8.0 7.5

9.5
1 (ppm)

Figure 11. Tautomeric forms of imidazole 60 (top) and 'H NMR spectra recorded at 25 °C (purple),
50 °C (blue), 80 °C (green), 100 °C (yellow) and 120 °C (red) (bottom).
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3.2.2 Studies towards isoxazoles with additional substituents at C-4’

After synthesizing diverse five-membered heterocycles, the 4-substitued isoxazoles should
next be investigated. Gaining access to 4-aminoisoxazole 63 was a key objective in terms of
the introduction of donor groups onto lead structure 1 (cf. Figure 7). It seemed highly promising
according to docking experiments performed by DR. MICHAEL MEYER (MBC-Statistik,
Falkensee, Germany), that the 4’-amino group could be capable of establishing a hydrogen
bond with the backbone carbonyl oxygen of GLY 245 (Figure 12).

GLY 245

Figure 12. lllustration of the potential hydrogen bond (dotted line), which could hypothetically be
formed between the 4-aminoisoxazole 63 and GLY 245.

3.2.2.1 Attempted synthesis of 4-aminoisoxazole 63 via reduction of the corresponding nitro
compound

The presumably most widely used method to generate primary aromatic amines is the

reduction of the corresponding nitroarenes. In the case of 4-aminoisoxazole 63, the suitable

precursor is 4-nitro isoxazole 64 (Scheme 30). Since selective nitration at C-4’ of lead structure

1 is not feasible, this precursor should be synthesized via (3+2)-cycloaddition of benzonitrile

oxide and (the enol form of) a-nitro ketone 65.

reduction cycloaddition

Variation of the isoxazole ring 64
4-amino isoxazole (63)

Scheme 30. Retrosynthesis of 4-aminoisoxazole 63 via reduction of 4-nitro isoxazole 64.

a-Nitro ketones can generally be accessed from nitromethane and activated carboxylic acids.

BAKER et al.'®Y showed that the reaction of the nitromethane anion and N-acylimidazoles,
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which are generated from carboxylic acids upon reaction with CDI, results in C-acylation (rather
than O-acylation). Thus, for the preparation of a-nitro ketone 65, carboxylic acid 41 was
activated to receive the intermediary N-acylimidazole, which was then reacted with preformed
sodium methanenitronate (prepared by the reaction of sodium hydride with dry nitromethane)
(Scheme 31). As the activated intermediate of 41 is not sufficiently soluble, the suspension
was transferred, while it was still hot and inviscid enough to be drawn up and injected by
syringe. The resulting a-nitro ketone 65 (61% yield) could then be purified solely by extraction
at different pH values due to the rather acidic methylene group. In basic aqueous solution, the
anion was predominant and remained in the aqueous phase, while organic substances, such
as imidazole, were partitioned off with methylene chloride. When pH 1 was subsequently
adjusted, the then uncharged form could be moved to the organic layer. Although a-nitro
ketones can possibly undergo keto-enol and nitro-aci-nitro tautomerism, *H NMR analysis
clearly showed a single set of signals and the singlet of the methylene group with the integral

of 2 H was a further confirmation of the depicted structure of 65.

— 1.CDI, 70°C,2h
\ Y N 2. sodium methanenitronate, 70 °C, 5 h

N THF, 70 °C
o ~OH

61%
a4 65

Scheme 31. Synthesis of a-nitro ketone 65.

Next, the isoxazole synthesis was attempted. DAL PI1AZ et al.*%? found, that a-nitro ketones can
react as dipolarophiles in cycloaddition reactions with nitrile oxides. In contrast to the
cycloadditions mentioned so far, the corresponding enolates of the ketones lead to the
formation of hydroxyisoxazolines, which are then dehydrated to isoxazoles. When a-nitro
ketone 65 and hydroxymoyl chloride 11 were used as described in the procedure of DAL
Piaz et al.'®? (Table 4, entry 1), no cycloaddition to isoxazole 64 occurred. Neither varying the
temperature (Table 4, entry 2), nor the solvent and base system (Table 4, entry 3 — 6) lead to
any conversion of the dipolarophile. Obviously, the generated nitrile oxide is more prone to

undergo competing side reactions, such as dimerization®.
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Table 4. Attempted synthesis of 4-nitro isoxazole 64 from a-nitro ketone 65.

11, base

solvent, conditions

65 64

entry base solvent conditions yield
EtsN EtOH -10°C—rt, 18 h -
EtsN EtOH 80°C,8h -
EtsN MeOH 0°C,16h -
EtsN CHCls  rt,24h -
Cs2COs EtOH -10°C —rt, 18 h
NaH THF -10°C —rt, 18 h

o U WDN R

As there are only very few examples!*62-1%4 of 4-nitro isoxazoles synthesized following this
approach and none of them contained pyridine or indole substructures, no further attempts
were made. Additionally, it was assumed, that an alternative synthesis route via CURTIUS
rearrangement would give access to further interesting analogues, such as an ester and a
carboxylic acid.

3.2.2.2 Synthesis of 4-aminoisoxazole 63 via CURTIUS rearrangement

Besides nitroarenes, other suitable precursors for the synthesis of primary aromatic amines
are carboxylic acids. These can be converted into intermediary acyl azides and then subjected
to degradation reactions such as the CURTIUS rearrangement. For 4-aminoisoxazole 63 the
required carboxylic acid 66 is, again, approachable via HUISGEN cycloaddition (Scheme 32).
To obtain this 3,4,5-trisubtituted isoxazole no terminal alkyne, but ethyl propiolate 67 is
required. This dipolarophile should be accessible via SONOGASHIRA cross-coupling of
bromide 8.
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Curtius cycloaddition, Sonogashira
rearrangement ester cleavage cross-coupling

Variation of the isoxazole ring 66 67
4-amino isoxazole (63)

Scheme 32. Retrosynthesis of 4-aminoisoxazole 63 via CURTIUS rearrangement of carboxylic acid 66.

Initially, SONOGASHIRA cross-coupling of bromide 8 with ethyl propiolate was attempted under
the same conditions as described for the previous couplings with TMS-acetylene and
phenylacetylene (Scheme 33). Full conversion of bromide 8 to a more polar substance
occurred according to TLC analysis. However, ASAP analysis showed a characteristic isotope
pattern (m/z = 345 and 347 [M+H]*, ratio approx. 1:1), which indicates that the bromine
remained unaffected and no alkyne 67 has formed. NMR and HRMS confirmed that instead
an aza-MICHAEL addition of ethyl propiolate to the indole NH occurred and the resulting alkene
68 was obtained as E/Z mixture (in a ratio of 1.0:0.27 determined via *H NMR spectrum).
HILDEBRAND®! made similar observations for the corresponding 1-chloro-B-carboline and
ethyl propiolate, but received only E-configured alkene. Although aryl bromides are generally
more reactive towards SONOGASHIRA cross-couplings than the respective chlorides, bromide

8 obviously also undergoes the aza-MICHAEL addition selectively.

o]
= /j\
\ N Cul, Pd(dppf)Cl,
H Br  Et;N/THF 1:1,1t, 16 h
8
o] 67

N
e

Cul, Pd(dppf)Cl, Q_/(:(\
N

Et3N/THF 1:1,rt, 16 h

=

/\

76% @)

68
(E/Z mixture)

Scheme 33. Attempted synthesis of ethyl propiolate 67 via SONOGASHIRA cross-coupling.
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To circumvent this, a protective group for N-9 of the B-carboline should be introduced. The
4-aminoisoxazole 63 is accessible from the N-protected ethyl propiolate (B) with the same
reaction cascade described for the unprotected intermediate plus an additional deprotection
step, which could be performed at any stage (Scheme 34). It was assumed that the
SONOGASHIRA cross-coupling with ethyl propiolate can be achieved with the N-9 protected
bromide (A), which can in turn be synthesized from bromide 8.

Curtius

rearrangement, .
9 Sonogashira

ester cleavage, cross-counlin protection
cycloaddition, piing
deprotection
\ /N - \ /N - \ /N
N N N
PG \\ pg B H '
0 A 8

Variation of the isoxazole ring
4-amino isoxazole (63) B

Scheme 34. Retrosynthesis of 4-aminoisoxazole 63 via CURTIUS rearrangement with using a
N-9 protective group (PG).

The protective group of first choice for the indole NH was the “SEM” group, which corresponds
to the 2-(trimethylsilyl)ethoxymethyl group. It can be introduced easily by deprotonation of the
NH and subsequent nucleophilic substitution of SEM-chloridel**”], The resulting amino acetal
derivative is relatively stable and can later on be cleaved by treatment with acids or fluoride
ions, whereby the latter is very selective and more commoni*®¥’l, Additionally, SEM as
N-protective group was used within the BRACHER group successfully in a variety of related
issues[79—80, 83, 91, 128].

Protection of B-carboline 8 was achieved in almost quantitative yield under standard conditions
(Scheme 35). When the protected bromide 69 was then subjected to SONOGASHIRA Cross-
coupling with ethyl propiolate, there was no conversion to internal alkyne 70 and the starting
material was entirely recovered by flash column chromatography. However, also another
substance was isolated, which was identified as ether 71. This finding is consistent with the
reports of WINTERFELDT!'®! and McCuLLOCH et al.'®l, who describe that amines, such as
triethylamine, mediate the transformation of acetylenic esters to symmetrical ethers like 71, if
only traces of water are present. The SONOGASHIRA cross-coupling is generally performed
under inert gas atmosphere and with anhydrous solvents to exclude oxygen and water. Despite

this, traces of water were obviously still present as the reagents were not further dried.

45



RESULTS AND DISCUSSION

Subsequently, an amine-free protocol using cesium carbonate instead was attempted with
ethyl propiolate!*®®l. However, conversion of 69 still remained marginal and internal alkyne 70
was isolated in a yield of less than 5%. Obviously the electron withdrawing ester group directly
attached to the alkyne impedes efficient SONOGASHIRA cross-coupling substantially and the

aforementioned side-reactions were only of secondary relevance for the failure.

0]

I

/J\O

Cul, Pd(dppf)Cl, \/Om/\/o\/\[(o\/
0 0

Et3N/THF 1:1, rt, 16 h

71
77%

(0]
= — PN —
\ N \ N ///J\O \ N
Y 1. LIHMDS, 10 min N N
N 2. SEM-CI, 18 h B Cul, Pd(dppf)CI
N Br S Cl, 18 O) r u (dppf)Cl; o) \\
DMF, rt EtsN/THF 1:1,rt, 16 h
8 H g 0\\
98 % Si Si
° e | ~ o - | ~
69 /J\ N 70
=z ©
Cul, F’dC'Q(PPh:;)ZY CSQCO3 T

DMF, 80 °C, 72 h
<5%

Scheme 35. Synthesis of alkyne 70 via SONOGASHIRA cross-coupling of bromide 69 and ethyl
propiolate.

Therefore, internal alkyne 70 was pursued by a two-step procedure. SONOGASHIRA
cross-coupling of protected bromide 69 and TMS-acetylene followed by desilylation gave
terminal alkyne 72 (88% vyield over two steps) (Scheme 36). The completion of the ethyl
propiolate motif was then achieved by deprotonation of the terminal alkyne and subsequent
ethoxycarbonylation with ethyl chloroformate*®?, and finally propiolate 70 was obtained in

satisfying yield (57%).
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1 n-BulLi, -78 °C, 45 min ==
1. Cul, Pd( dppf)CI2 \ N
N EtsN/THF 1:1,1t, 16 h N
) Br 2.K,COj3 MeOH, rt,1h \\ ) \\

o) O

H H THF, -78 °C - rt, 16 h H
0
88% sic 57% o

/ ~ PR

69 72 70

Scheme 36. Synthesis of alkyne 70 via SONOGASHIRA cross-coupling of bromide 69 and
TMS-acetylene, followed by TMS-cleavage and ethoxycarbonylation.

Next, the 1,3-dipolar cycloaddition was performed to generate isoxazole 73 (Scheme 37). The
use of benzaldehyde oxime and PIFA was again superior (69% vyield) to the procedure with
hydroxymoyl chloride 11 and triethylamine (45% yield).

The possibility of forming isoxazole-4- and isoxazole-5-carboxylates was already investigated
by HUISGEN et al.*”® who described that the methyl ester of propiolic acid gives preferentially
isoxazole-5-carboxylate. However, they found that substitution at the terminal alkyne results in
a reversed orientation and esters of phenylpropiolic acid give almost selectively isoxazole-
4-carboxylates. In accordance with this, only one isomer was isolable here, and its structure
was determined as 3,4,5-substituted isoxazole 73 with NMR analysis. The routine experiments
had no sufficient informative value to distinguish between the two possible isomers, since no
3J-coupling to the isoxazole C-4’ and C-5' are existent. However, a NOESY experiment
demonstrated the proximity of the ethyl ester to the 2”-H/6”-H of the phenyl ring. That is only
compliant with the illustrated isoxazole-4-carboxylate, as the two residues would not be
adjacent in case of the isoxazole-5-carboxylate, for which the substituents at C-4’ and C-5’ are
interchanged. Additionally, this substitution pattern was confirmed retrospectively at several of
the following stages when 3J-coupling to the isoxazole C-4’ or C-5’ was observed, e.g. for
aminal 80 or amines 79 and 63.

Initially, simultaneous ester cleavage and SEM-deprotection was attempted with hydrochloric
acid to receive carboxylic acid 66 in the next step. However, the ester remained entirely

unaffected and SEM was only removed in traces.
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HCI (aq.)
™~ THF, 80°C,2h

o) o)
o
/Sli\ /Sli\
70 73 66
11, Et;N T
CHClg, 1t, 40 h

45%

Scheme 37. Synthesis of 4-substituted isoxazole 73 via HUISGEN cycloaddition and attempted
simultaneous ester cleavage and SEM-deprotection.

Therefore, it was planned to cleave the protective group first and then subsequently hydrolyze
the ester under alkaline conditions (Scheme 38). SEM-cleavage was much more tedious than
expected and not achieved with fluoride ions. Tetra-n-butylammonium fluoride (TBAF) was
tried solely®! (Table 5, entry 1) and in combination with ethylenediamine as formaldehyde
scavengerl®3: 171 (Table 5, entry 2), but both attempts were effectless. Also hydrogen fluoride,
as aqueous HF in THF® (Table 5, entry 3) and HF in pyridinel*’? (Table 5, entry 4), did not
lead to any conversion. Since the SEM group in 73 is obviously resistant towards fluoride ions,
its cleavage was attempted with acids. As the aforementioned treatment with hydrochloric acid
achieved deprotection at least in traces, more forcing conditions were chosen (Table 5,
entry 5). TLC analysis indicated formation of deprotected ester 74, but also several side
products. In contrast to this, the use of trifluoroacetic acid and ammonial*”™ was expedient
(Table 5, entry 6). Although residual starting material was still present, ester 74 was finally
found to be the main component. With regards to a deprotection, the yield (69%) surely is
mendable. However, the recovered starting material (approx. 20%) could be subjected to the
SEM-cleavage again. Next, the ester group was hydrolyzed, but treatment with KOH resulted
in the formation of two products. The envisaged carboxylic acid 66 was accompanied by a side
product (ratio 1.0:0.15 according to *H NMR spectrum), which could not be identified at this
stage. Due to the very poor solubility of both substances, the crude product was directly

subjected to a modified CURTIUS rearrangement.
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73 74 66

Scheme 38. Synthesis of carboxylic acid 66 from ester 73.

Table 5. Reaction conditions for the SEM cleavage of 73.

entry deprotection yield
1 TBAF, THF, reflux, 40 h -

2 TBAF, ethylenediamine, THF, reflux, 16 h -

3 HF (ag. 40%), THF, rt, 40 h -

4 HF (70% in pyridine), EtOAc, rt, 40 h -

5 HCI (ag.), THF/EtOH 1:1, 110 °C, 24 h n.d.
6 1. TFA, CHxClz, rt, 16 h; 2. NHs, rt, 0.6 h  69%

First discovered by CURTIUSI'’, the rearrangement of acyl azides to isocyanates and their
further transformation was extensively investigated in the past century (Scheme 39). The
required acyl azides are accessible from carboxylic acids and derivatives, e.g. by treatment of
acid chlorides with sodium azide or acyl hydrazides with nitrous acid*’®, Heating then leads to
rearrangement with loss of nitrogen and the resulting isocyanates can undergo consecutive
reactions with nucleophiles. For example, water gives intermediary carbamic acids, which
upon release of carbon dioxide result in primary amines, while alcohols give carbamates!*’4,
Especially tert-butanol can be useful in this context to generate N-Boc protected amines, that

can then be cleaved at a later stage.

acyl azide
synthesis 0 A (0]
j\ —’y )L ~_ R/N‘\C o, R. .C —— Ry
R” ~OH RNy - N2 ~o ‘N/ ~OH -CO, 2
1) Boc
t-BuOH R (Ll J< cleavage
NTTTo
H

Scheme 39. Overview of the sequence of the CURTIUS rearrangement.

One particularly important simplification of the original approach has been published by

SHioRI et al.l'’®l, who found diphenylphosphoryl azide (DPPA) as azidation reagent (Figure
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13). With their modified CURTIUS rearrangement, carboxylic acids are directly transformed to
the N-Boc protected amines. Hence, isolation of the rather unstable acyl azides becomes
redundant with this one-pot reaction. From a mechanistic point of view, DPPA generates the
acyl azide in the presence of triethylamine in situ and tert-butanol functions as both, solvent

and nucleophile to attack the isocyanate.

(I)I
i:\/P\/::
o 10

3

Figure 13. Structure of diphenylphosphoryl azide (DPPA), which can be used for the modified
CURTIUS rearrangement(176l,

Following the procedure of REITERI7, the modified CURTIUS rearrangement of carboxylic acid
66 however, did not lead to the formation of envisaged N-Boc protected amino isoxazole 75
(Scheme 40). TLC analysis indicated complete conversion to the former side product of 66.
HRMS suggested formal dehydration of 66 and *H NMR showed signals for eleven aromatic
protons, but no NH signal. Presumably, the intermediary acyl azide reacts not as CURTIUS
precursor, but as activated carboxylic acid. Promoted by the close proximity, the indole NH
then undergoes intramolecular amide coupling to lactam 76. This fits with the observation as
side product in the alkaline ester cleavage of 74 at elevated temperatures. Obviously, also the
ethyl ester is activated to some extent towards the amidation. Due to the extremely poor
solubility of the obtained substance, it was not possible to run *C and 2D NMR experiments
to verify the postulated structure. However, treatment of carboxylic acid 66 with the coupling
reagent HBTU resulted in formation of the same substance according to TLC and MS analysis

and confirmed the hypothesis.
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DPPA, Et;N

t-BuOH, 100 °C, 24 h

66

DPPA, Et;N

t-BuOH, 100 °C, 24 h

76

Scheme 40. Attempted synthesis of N-Boc amine 75 via modified CURTIUS rearrangement.
(76 was not characterized due to extremely poor solubility.)

This intramolecular cyclization is obviously preventable, if the N-9 protective group is cleaved
from amines (B) — successively or simultaneously with Boc — only after the CURTIUS

rearrangement (Scheme 41). Therefore, N-9 protected carboxylic acids (A) are used, whereby
SEM is again the first choice.

Boc clevage, Curtius
deprotection rearrangement

Variation of the isoxazole ring B A
4-amino isoxazole (63)

Scheme 41. Retrosynthesis of 4-aminoisoxazole 63 via CURTIUS rearrangement of N-9 protected
carboxylic acids.

Alkaline hydrolysis of N-SEM protected ester 73 gave carboxylic acid 77 (96% vyield), which
was also subjected to the modified CURTIUS rearrangement®®’” (Scheme 42). TLC analysis
showed again complete conversion and the product was this time identified as N-Boc
aminoisoxazole 78 with ASAP analysis. The crude product, obtained from aqueous acidic and
basic workup, was directly used for the next step.
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73 77 78

Scheme 42. Synthesis of N-Boc amine 78 from ester 73 via ester hydrolysis and CURTIUS
rearrangement.

Boc cleavage was attempted with HCl in 1,4-dioxane (Scheme 43). However, the solubility of
N-Boc amine 78 was limited and after 16 h, ASAP analysis indicated only marginal conversion
resulting in traces of amine 79 and another hitherto unknown side product. To improve the
solubility and accelerate the reaction, the mixture was diluted with ethanol and stirred at
elevated temperature for 3 h. By doing so, complete consumption of the starting material was
achieved and the former side product obtained as a sole product. However, MS as well as

NMR analysis revealed that it was not amine 63, but cyclic aminal 80.

HCI

H 1. dioxane, 0 °C -rt, 16 h
N‘Boc 2. dioxane/EtOH 3:1, 85 °C, 3 h

78

(over two steps
from 77)

Scheme 43. Synthesis of cyclic aminal 80 from N-Boc amine 78.

While almost all signals of the SEM group were missing in the 'H NMR spectrum, the N-9 was
obviously still substituted, as no downfield singlet for the indole NH was present. Besides

signals for eleven aromatic protons, a doublet at 5.36 ppm (2H, J = 6.2 Hz) and a triplet at
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4.39 ppm (1H, J = 6.2 Hz) were observed. The latter of these neighbouring protons was shown
to be bound to a heteroatom in the HSQC spectrum and HMQC spectrum demonstrated
3J-coupling to the isoxazole C-3’ and C-5'. In contrast, the CH. group was shown to couple
over three bonds with C-4’ of the isoxazole and C-8a and C-9a of the B-carboline. With all
these observations taken into consideration, the only plausible explanation is the formation of
an aminal between N-9 and the 4’-amino group with the “formaldehyde unit” of SEM.

Although unexpected at first, several notices support this hypothesis. Obviously, Boc cleavage
occurs initially. This was confirmed with closer reaction monitoring by MS analysis, which
demonstrated that over time only starting material 78, amine 79 and aminal 80, but no fully
SEM deprotected intermediate, were present. However, SEM deprotection with acids generally
follows the mechanism of acetal cleavage. The ether is protonated and elimination of an
alcohol then causes the formation of an iminium ion. Instead of water, which results in the
formation of a hemiaminal and subsequent hydrolysis to formaldehyde, also other nucleophiles
can attack this intermediate. In the case of 79, this is obviously the 4’-amino group, which
causes the formation of aminal 80. This intramolecular cyclisation seems to be highly favoured
due to the spatial proximity of the 4’-amino group and the generally limited basicity of the
4-aminoisoxazole moiety, for which a pKavalue of approx. 1.5 (calculated with
ACD/Labs)*"817 explains the presence of sufficient amounts of unprotonated species.

In accordance with this, BUSACCA et al.*®° made a similar observation, when they investigated
the cleavage of N-SEM B-carbolines (Scheme 44). They found that deprotection with
hydrochloric acid in (deuterated) ethanol, was accompanied by the formation of a (deuterated)
hydroxyethyl ether, which can be explained by the reaction of (deuterated) ethanol with the
intermediary iminium species.
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Scheme 44. According to BusAcca et al.lt8%, SEM cleavage with hydrochloric acid in deuterated
ethanol gives deuterated hydroxyethyl ether besides the unprotected species.

Further attempts were carried out. However, repetition of the cleavage of N-Boc amine 78 with

aqueous hydrochloric acid in ethanol resulted again solely in the formation of intermediary
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amine 79 and aminal 80 according to MS. Traces of both were even found, when N-Boc amine
78 was treated with TBAF and ethylenediamine in THF at 60 °C, although mainly starting
material was observed after 48 h. Obviously, the 4-amino group is really prone to undergo this

intramolecular cyclization.

As cyclic aminals could also be hydrolysed in acidic agueous solution in some cases!*81-182),
the cleavage was also attempted for 80. However, no conversion was achieved with
hydrochloric acid in a mixture of ethanol and water (Table 6, entry 1) and formic acid (Table
6, entry 2). Sulfuric acid*®, in contrast, led to decomposition of the starting material (Table 6,
entry 3). Additionally, the SEM deprotection protocol with trifluoroacetic acid and ammonia was

tried, but again aminal 80 remained completely unaffected (Table 6, entry 4).

Table 6. Attempted aminal hydrolysis of 80.

hydrolysis
—
80 63
entry hydrolysis yield
1 HCI, EtOH/H20 1:1, 100 °C, 16 h -
2 HCOOC, rt, 4 d, then 105 °C, 8 h -
3 H2S04, H20, rt — 100 °C, 24 h decomposition
4 1. TFA, CH2Clz, rt, 16 h; 2. NHs, rt, 0.5 h -

Since SEM turned out not to be ideal due to its ability to form a cyclic aminal and its resistivity
regarding the cleavage, other protective groups were investigated. They should be attachable

to ester 74 and withstand the subsequent ester hydrolysis.

N-Boc is known as a rather labile protective group, which is usually deprotected with acids!*7],
Within the synthesis of amine 63, it was particularly interesting as a double N-Boc protected
intermediate amine was very likely to be easily cleavable. Its lability towards alkaline conditions
is described, but less extensively investigated*7,

As a patent’® mentioned the selective methyl ester cleavage besides a N-9 Boc protected
p-carboline, this approach was attempted. Boc protectioni*®® of B-carboline 74 with Boc
anhydride gave ester 81 (79% yield) (Scheme 45). Initially, the subsequent ester cleavage
was attempted with 1.0 eq of an aqueous potassium hydroxide solution in ethanol at room
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temperature. However, after 1 h no conversion at all has been achieved. When the temperature
was raised to 60 °C and the reaction mixture stirred for further 1 h, TLC and MS analysis
revealed the formation of two products, besides large amounts of residual starting material:
envisaged carboxylic acid 82, but also additionally Boc cleaved product 66. Although this
identified Boc as an unsuitable protective group regarding the synthesis of amino isoxazole
63, the use of excess potassium hydroxide allowed the preparation of analytically pure
carboxylic acid 66 (95% yield), which was not achieved from ester 74 directly but also intended
to be tested as CLK1 inhibitor.

Boc,O, DMAP

CH,Cl, 1t, 16 h

79%

74 81 82

KOH (5.0 eq)
EtOH, 85°C,2h

95%

66

Scheme 45. Synthesis of carboxylic acid 66 from N-Boc substituted ester 81.

Another class of protective groups, which would definitely withstand the ester cleavage,
contains N-benzyl derivatives, such as benzyl itself or p-methyoxybenzyl. As it was assumed
that their great stability could again cause problems, when it comes to deprotection, preliminary

tests were conducted and are briefly outlined.

1-Bromo-B-carboline (8) was used as test molecule, since it is substituted at C-1 and was
available in large quantities. NH-Substitution® was achieved with sodium hydride and the
respective benzyl halides (Scheme 46). The reaction with benzyl bromide gave N-benzyl
B-carboline 83 (60% yield) and the reaction with 4-methoxybenzyl chloride gave N-PMB
B-carboline 84 (85% vyield).
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1.NaH,0°C-rt,1h 1.NaH,0°C-rt,1h

\ N Br\/© — C|\/©/ \ N
N N
Br  DMF it,16h N DMF, rt, 16 h Br
H Br
60% 85% ~
84

Scheme 46. Synthesis of N-benzyl 8-carboline 83 and N-PMB S-carboline 84.

Next, suitable conditions for the cleavage were examined. The conducted reactions were
monitored by TLC and MS analysis, respectively. Debenzylation was attempted first, but as
hydrogenolysis was not an option for the envisaged intermediate isoxazole, only other, less
widely used methods were tried. However, aluminum chloride in anisole!*®”! (Table 7, entry 1)
as well as potassium tert-butoxide and oxygen in DMSO!88 (Table 7, entry 2) did not lead to
conversion of N-benzyl derivative 83, even after much prolonged reaction times. PMB
cleavage of 84 was attempted with DDQ in toluene*®®, but also not achieved with this
procedure (Table 7, entry 3). Conversely, the use of trifluoroacetic acid in anisole was
expedient’®, When the reaction was run at elevated temperature, encouragingly, the
formation of deprotected B-carboline 8 was observed after 4 h. However, after further 8 h the
reaction was still not complete and the starting material/product ratio was only approx. 1:1
(Table 7, entry 4). When, in contrast, the reaction was run at room temperature with
supplementary sulfuric acid*®Yl, already after 2 h full conversion had taken place (Table 7,

entry 5).

Table 7. Attempted deprotection of N-benzyl B-carbolines 83 and 84.

=

= benzyl cleavage PMB cleavage

\ N — \ N \ N

N Br H Br ) Br
o s O

83 84

entry starting material cleavage conditions observation

1 83 AICls, anisole, rt, 7 d only 83

2 83 tBuOK, Oz, DMSO, rt, 4 d only 83

3 84 DDQ, toluene, 115 °C, 16 h only 84

4 84 TFA, anisole, 135°C, 12 h  84/8 (ratio 1:1)

5 84 TFA, H2SO4, anisole, rt, 2 h  only 8
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Since the PMB group seemed to be a promising protective group, it should next be applied to
the synthesis of amine 63. PMB was introduced onto 74 via NH-substitution with sodium
hydride and 4-methoxybenzyl chloride (Scheme 47). While the reaction seemed to had
proceeded smoothly at first sight, two substances with very similar chromatographic behavior
were found to be present. *H NMR and MS analysis were used to identify these as ethyl ester
85 and PMB ester 86. As the 4-methoxybenzyl chloride used for this reaction had been stored
in the fridge for several years already, it was presumably partially hydrolyzed and the resulting
alcohol then participated in transesterification. As both esters lead to the same envisaged
carboxylic acid, the obtained mixture was subjected to alkaline ester cleavage and gave 87

(69% vyield over two steps).

1.NaH,0°C-rt,1h
o}

85 86
KOH
EtOH, 80 °C,2h

69%
(over two steps)

Scheme 47. Synthesis of carboxylic acid 87 via N-substitution and alkaline ester hydrolysis.

The modified CURTIUS rearrangement of carboxylic acid 87 in tert-butanol gave N-Boc
protected amine 88 (86% yield), which should then be deprotected (Scheme 48). However,
the treatment with trifluoroacetic acid and sulfuric acid in anisole did not result in the formation
of amino isoxazole 63. TLC analysis indicated immediate decomposition, as already after
5 min no defined substance was observable anymore. When in contrast only trifluoroacetic
acid was used, the reaction progress could be monitored with MS and TLC analysis. After

15 min at room temperature, the major proportion of starting material 88 was solely N-Boc
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cleaved to amine 89. When the temperature was raised, complete conversion to another
substance was achieved after 1 h, but it turned out to be again not the desired amino isoxazole
63. PMB deprotection has not proceeded, but amidation of the amino group with trifluoroacetic
acid resulted in amide 90 according to MS analysis. The reaction mixture was stirred for further
17 h under reflux, but the PMB group remained rather unchanged and only traces of
deprotected trifluoroacetamide 91 were found.

\ DPPA, Et;N O v

t-BuOH, 100 °C, 24 h N

O\ O\
86%
° ?

87 88 63

TFA
anisole, rt, 15 min

135°C, 18 h

90 91
(traces)

Scheme 48. Attempted synthesis of amino isoxazole 63 from N-9 PMB protected carboxylic acid 87.

Although the failure of this approach was another setback, it opened a new perspective. The
use of a protective group for the 4-aminoisoxazole (B), which is cleaved after the N-9 protective
group (A), can also circumvent the described undesired reactions, such as aminal or lactam

formation (Scheme 49). The findings from the aforementioned attempts to synthesize amino
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isoxazole 63 already suggest the most expedient strategy: to use SEM as N-9 protective group

and mask the 4-aminoisoxazole as trifluoroacetamide.

deprotection deprotection

Variation of the isoxazole ring B A
4-amino isoxazole (63)

Scheme 49. Retrosynthesis of 4-aminoisoxazole 63 via CURTIUS rearrangement using N-9 and
4-NH: protective groups.

To synthesize the intended intermediate, a slightly modified procedure®? was used this time
for the modified CuURTIUS rearrangement of carboxylic acid 77 (Scheme 50). Instead of

tert-butanol, which directly attacks the intermediary isocyanate 92 to form a carbamate, THF

was used as inert solvent. Subsequent treatment with water then gave primary amine 79
(68% vyield).

DPPA, Et;N H,0
_—
THF, rt-80°C, 5 h 80°C, 16 h
68%
77 - 92 - 79

Scheme 50. Synthesis of 4-aminoisoxazole 79 from carboxylic acid 77.

Although the masking of amines as trifluoroacetamides is a rather unusual strategy, this
protective group perfectly meets the requirements. It decreases the nucleophilicity of the amino
group, which will prevent formation of a cyclic aminal in the course of the SEM deprotection.
Additionally, it withstands the treatment with trifluoroacetic acid, but can in the following be

removed easily with other acids or under basic conditions!**"),
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Introduction with trifluoroacetic anhydride and 4-(dimethylamino)pyridine (DMAP)1%3l gave
amide 93 (84% vyield) (Scheme 51). Subsequent N-9 SEM cleavage with the established
method using TFA and ammonia then resulted in p-carboline 91 (66% yield).

DMAP 1. TFA, CH,Cl, rt, 16 h

pyridine, rt, 16 h 2.NHj3,rt, 0.5h

84% 66%

79 93 91

Scheme 51. Synthesis of trifluoroacetamide 91.

The last step pending was the trifluoroacetamide cleavage. As trifluoroacetamides are known
to be susceptible to basic conditions, K.COs in methanol/water under reflux*** was tried first,
but gave only traces of the envisaged deprotected amine 63 (Table 8, entry 1). Also ammonia
in refluxing methanol*®* was not expedient. After 3 h, the conversion was insufficient, but the
product was clearly observable with TLC analysis (Table 8, entry 2). However, when the
reaction time was prolonged to 24 h, no defined substance was present anymore, indicating
again decomposition (Table 8, entry 3). Also procedures for acid mediated cleavage of
trifluoroacetamides are found in literature. For example, KING et al.'®®! used hydrochloric acid
in methanol at 65 °C, after basic conditions had failed. As other attempts to generate amine
63 also led to degradation (aminal cleavage and PMB cleavage with sulfuric acid), it is
conceivable that the envisaged product maybe has actually formed, but is rather unstable.
Therefore, the acidic cleavage was conducted, but milder conditions were chosen. When
amide 91 was treated with anhydrous hydrochloric acid in methanol at room temperature, the
formation of amine 63 was again observed with TLC analysis after 2 h. This time, prolonging
the reaction time to 16 h did not lead to decomposition, but complete conversion. Finally, with

this procedure synthesis of amine 63 was achieved (69% yield) (Table 8, entry 4).
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Table 8. Synthesis of amine 63 from trifluoroacetamide 91.

deprotection

solvent, conditions

WEA-148 WEA-151
entry deprotection solvent conditions yield
1 K2COs MeOH/H20 15:1 70°C, 16 h traces
2 NHs (aqg.) MeOH 70°C,3h traces
3 NHs (aqg.) MeOH 70 °C, 24 h decomposition
4 HCI MeOH rt, 16 h 69%
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3.3 \Variations of the B-carboline nucleus

3.3.1 N-9 substituted B-carbolines

As already mentioned (in chapter 3.2), the NH group of the B-carboline is involved in stabilizing
the almost planar orientation of the ligand by an intramolecular hydrogen bond (cf. Figure 6).
In contrast to the isoxazole variations, for which it was taken into account that the formation of
this hydrogen bond is somehow allowed, the NH was now to be substituted to intentionally
impede this, in order to gain deeper insight into the SAR. Thus, in a first step simply a methyl
group should be introduced, which could promote rotation of the single bond and result in
another orientation and therefore could or could not lead to a change of affinity and activity.
Additionally, WURZzLBAUER has shown, that propargyl and cyanomethyl residues at N-9 of
B-carbolines can be beneficial regarding the kinase-inhibitory activity towards CLK1 and the
related DYRKsS, when she investigated harmine analogues®?. Although no crystal structure
data was available for these at the active site of the CLK1, it should be examined, if these

modifications eventually improve the activity of lead structure 1.

The envisaged N-9 alkylated analogues of lead structure 1 can be generated thereof via
nucleophilic substitution (Scheme 52). Hence, the B-carboline is deprotonated first and

subsequently treated with the respective alkyl halide.

N-alkylation

R = alkyl
Variation of the B-carboline 1

N-substitution

Scheme 52. Retrosynthesis of N-9 alkylated analogues.

As described for the N-9 benzyl and PMB protection*8®], the N-9 substitution of lead structure
1 was achieved with sodium hydride and selected alkyl halides (Scheme 53). While the
reactions with iodomethane and propargyl bromide proceeded smoothly to N-methyl derivative
94 (59% vyield) and N-propargyl derivative 95 (75% yield), only limited conversion was
observed with bromoacetonitrile at room temperature after 16 h. Also further addition of the
alkyl halide and elevated temperature®® did not lead to full consumption of the starting material.
This indicated insufficient deprotonation with sodium hydride in the first step, which could be

due to degradation of the reagent by residual water in this particular reaction mixture.
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Nevertheless, the reaction was not repeated, since N-cyanomethyl derivative 96 was obtained

in a sufficient yield (32%) after separation from starting material 1 (approx. 40%).

\ N
2.CHgl, rt, 17 h T
59% 94
- \ N
1.NaH, DMF, rt, 1 h | 2. Br-CH,C=CH, rt, 17 h N 7
75% 4
95
2.Br-CH,C=N, rt- 40 °C, 60 h =
1
\ N

32%

Scheme 53. Synthesis of N-alkyl derivatives 94, 95 and 96 from lead structure 1.

3.3.2 Ring A substituted SB-carbolines

Next, substitution at ring A of the B-carboline moiety was to be investigated. Although the
binding pocket is relatively restricted “upwards” (cf. Figure 9), this also exhibits short distances
between the ligand and protein (Figure 14). Substitution in 3-position seemed especially
promising, since the carbonyl oxygen of GLU 242 can act as hydrogen bond acceptor.
Therefore, donor groups such as OH and NH: should be introduced onto the B-carboline
directly or with a C-1 spacer.
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Figure 14. Detailed short distances (indicated by yellow lines) between ring A of the §-carboline
moiety of lead structure 1 and CLK1.

Since only very recently new chemistry was developed within the BRACHER group to introduce
residues on the 3- and 4-positions of B-carbolines!*?® 191971 3 4-dimethylaminocarbonyl
derivative was additionally envisaged. Although there are no donor groups present in the
protein to form a hydrogen bond with the carbonyl oxygen, the methyl groups could participate
in hydrophobic interactions.

3.3.2.1 Synthesis of 3-substituted analogues

The central building block to introduce donor groups onto C-3 of the B-carboline moiety is the
corresponding 3-methoxycarbonyl-B-carboline 97 (Scheme 54). Hydrolysis of the ester
function gives carboxylic acid 98 and subsequent CURTIUS rearrangement aminopyridine 99.
Further envisaged analogues with a slightly greater distance between the pyridine ring and the
donor group are carboxamide 100 and hydroxymethyl compound 101, which are accessible
respectively via amidation or reduction of ester 97. A very established approach towards the
synthesis of 3-alkoxycarbonyl substituted B-carbolines is the PICTET-SPENGLER reaction.
Likewise to tryptamine, also tryptophan esters can participate in this condensation and ring
closure with aldehydes, such as 53, and give the 3-substituted [-carbolines after

dehydrogenation.
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Variation of the B-carboline
3-substitution

101

U reduction

Curtius

rearrangement amidation

NH,
' R
R=CH; 97
H 98
Pictet-Spengler

reaction,
dehydrogenation

o0 S
o PN
{ N, TON=
N
53

Scheme 54. Retrosynthesis of 3-substituted analogues from tryptophan esters.

In contrast to tryptamine, the PICTET-SPENGLER reaction of tryptophan derivatives gives rise to
diastereomeric mixtures of 1,2,3,4-tetrahydro-f-carbolines. While the configuration of the later
C-3 is preserved from the amino acid, the planar iminium intermediate allows the formation of
both, cis and trans configured products*®®. This is, however, irrelevant for syntheses like the
following, when actually the fully aromatic B-carboline is pursued.

Following the method of a patent!!®, which described the synthesis of an isomer of the
probably most prominent tetrahydro-B-carboline, tadalafil, L-tryptophan methyl ester
hydrochloride was reacted with aldehyde 53 (Scheme 55). Reaction monitoring with TLC-MS
analysis revealed the complete conversion of both starting materials to three new components.
One was fluorescing (at 365 nm excitation), but only present in traces. According to MS
analysis, this referred to -carboline 97. The two others showed very similar chromatographic
behaviour and the same m/z, which matched the two diastereomeric tetrahydro-B-carbolines
102. These components were not separated or even isolated, but directly oxidized with

potassium permanganate?°?. With this, 3-methoxycarbonyl-B-carboline 97 could be received
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in good yield (59%) with a one-pot reaction. Purification was accomplished with two simple
filtration steps, exploiting the variable solubility in organic solvents, which was also
fundamental for the following reactions. While its good solubility in methylene chloride allowed
the separation of manganese dioxide, the removal of other impurities was achieved by

resuspension in methanol, in which 97 was only very poorly soluble and obtained as

precipitate.
o)
%
o)
53 KMnO,
W\ NHHCl e ™eec 35n i, 3d

N

H
59%

102 97

(cis/trans mixture)

Scheme 55. Synthesis of §-carboline 97 via PICTET-SPENGLER reaction and dehydrogenation.

Hydrolysis of ester 97 was achieved from a suspension in THF with aqueous potassium
hydroxide solution and gave carboxylic acid 98 in nearly quantitative yield (Scheme 56).
Subsequent modified CURTIUS rearrangement using DPPA and generation of the respective
amine by the addition of water!*®?, was a straight forward approach to 3-amino-gB-carboline 99
(46% vyield).
In contrast, amide coupling® of carboxylic acid 98 with ammonium carbonate failed and only
the starting material was recovered. However, aminolysis of ester 97 was successful, resulting
in the desired amide 100 in 80% yield. Initially, aqueous ammonia solution was used, but gave
only traces of amide 100 and mainly carboxylic acid 98 (after 8 h at 100 °C). When ammonia
in methanol was used instead, the desired conversion proceeded very well. Due to limited
solubility of both, starting material and product in methanol, the reaction mixture permanently
remained a suspension. Hence, traces of the residual ester 97 could be removed by washing
the precipitate with methylene chloride, giving pure amide 100.
Reduction of ester functions to the corresponding hydroxymethyl analogues are most
commonly performed with lithium aluminum hydride in ethereal solvents. However, the very
limited solubility of ester 97 in THF prompted the use of sodium borohydride. “Activated” with
calcium chloride, its scope is significantly widened(?°? and it can be used in a mixture of ethanol
and methylene chloride®® and thus gave alcohol 101 (87% yield).
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1. DPPA, Et;N, rt-80°C, 5 h
2.H,0,80°C, 16 h

THF

KOH
THF/H,0 1:1,80 °C, 2 h

97% 46%

98 99

1. EDC « HCI, DIPEA,
HOBt, rt, 15 min

2. (NH4),COg3, rt, 16 h
DMF

NH3
MeOH, 80 °C, 16 h

80%

100

97

NaBH,, CaCl,
CH,CI,/EtOH 1:1, t, 2.5 h

87%

101

Scheme 56. Synthesis of 3-substituted analogues from ester 97.

3.3.2.2 Attempted synthesis of 4-substituted analogue 103

The 4-dimethylaminocarbonyl derivative 103 should be accessible via a protocol developed
very recently in the BRACHER group (Scheme 57). Thereby, ring A of the B-carboline is built up
by the condensation of ammonia with a keto and an enamino group. The introduction of the
latter onto ketone 104 should be achievable with BREDERECK’S reagent, which later on
corresponds to C-3 of the fB-carboline. The indole structure is envisaged via an
aza-alkylation/MICHAEL addition cascade reaction of sulfonamide 105 and a-bromoketone 106.
UNTERGEHRER™® and THEES!® developed this method for the synthesis of some
1,4-disubstituted B-carbolines. However, this approach was not fully exploited until finalization
of this project and the general applicability remained vague. The sole employed aromatic
residue at C-1 of the B-carboline was a phenyl ring, which possesses very different size and

electronic properties compared to the phenylisoxazole moiety.
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enamination (Bredereck's reag.),
condensation (NH3)

aza-alkylation,
Michael addition cascade

N/
o Br
e o
¥ N
(@)
NH N=
0=8=0
Variation of the B-carboline
106

4-substitution (103) 104 105

~

Scheme 57. Retrosynthesis of 4-subtituted analogue 103.

The sulfonamide intermediate 105, which was generously provided by KATHARINA THEES!®7]
and synthesized via HECK reaction and N-sulfonylation from 2-iodoaniline, was subjected to
the aza-alkylation/MICHAEL addition cascade reaction (Scheme 58). This sequence is based
on the diketoindole synthesis of Kim et al.?4, who proposed from a mechanistic point of view,
that triethylamine leads to N-alkylation and MICHAEL addition to an intermediary indoline and
treatment with DBU then initiates the desulfonation to the respective indole.

THEES and UNTERGEHRER aimed at expanding the substrate scope to MICHAEL systems with
other electron withdrawing groups than ketones such as the envisaged amide. In a first
attempt, the reaction was performed following the general procedure of UNTERGEHRER
precisely™®®® using 1.5 eq each of triethylamine and a-bromoketone 106. This gave, after DBU
treatment, indole 104 in 19% yield. However, while sulfonamide 105 was not fully consumed,
no residual a-bromoketone was present. This indicates degradation and at the same time
greatly decreased reactivity towards the N-alkylation compared to phenacyl bromide. When
the reaction was modified, so that triethylamine and a greater excess of a-bromoketone 106
were added repetitively (3 x 1.0 eq, stirring for 0.5 h each time at 60 °C; then DBU treatment),
the yield could be significantly improved (54%).
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\N/
e} 106 (3 x 1.0 eq)

1. Et3N, 60 °C, 1.5 h (3 x 1.0 eq)
2.DBU, 60 °C, 0.5 h

I}IH acetonitrile

0=8=0
54%
105 104

Scheme 58. Synthesis of indole 104 via aza-alkylation/MICHAEL addition cascade reaction.

BREDERECK’S reagent (tert-butoxybis(dimethylamino)methane) has been widely used for the
enamination of active methylene groups. This reagent is advantageous over other approaches,
as thermal decomposition results in the generation of both required components in situ: tert-
butoxide and the iminium species (Scheme 59). The strongly basic alkoxide can deprotonate
the active methylene group, which then subsequently attacks the iminium ion. This
corresponds to the introduction of one carbon atom and gives the envisaged enamine after
B-elimination of dimethylamine. The ultility of this reagent was demonstrated in several natural

product total syntheses?%,

S}
XOYN\ _A> XO + WN\
N ~

AN

Scheme 59. Thermal decomposition of BREDERECK’S reagent.

In the case of indole 104 the active methylene group is a vinylogous 1,3-dicarbonyl
substructure, which was assumed to be sufficiently CH-acidic. Treatment with BREDERECK’S
reagent, however, did not lead to any conversion to enamine 107. Although different
temperatures and increasing amounts of the reagent were tried, only starting material was
recovered (Scheme 60). As this reaction worked well, when conducted by THEES with the
corresponding phenyl residue (70% yield)™®", the reason for this failure is likely to be the

phenylisoxazole moiety. Possibly, the electron rich substituent decreases the CH-acidity.
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DMF, 0°C-rt,3h
90 °C,3h
120 °C, 24 h

104 107 103

Scheme 60. Attempted synthesis of 4-substituted analogue 103 with BREDERECK’S reagent.

As a positive effect of the 4-substitution in terms of target affinity is highly questionable, no
further attempts were made to synthesize amide 103 or related analogues with formylation
reagents, such as ethyl formate. However, also with indole 104 an interesting compound was
accessed. It can be seen as a more flexible, truncated analogue of the lead structure 1,

whereby the keto function replaces C-1 and the pyridine nitrogen.

3.3.3 Other tricyclic heteroarenes and ring C substituted B-carbolines

Other tricyclic heteroarenes and ring C substituted S-carbolines were investigated for several
reasons. For one thing the relevance of the pyridine nitrogen in lead structure 1 was to be
examined. A very weak hydrogen bond was observed between the pyridine nitrogen of methyl
analogue 2 and LEU 244 in the co-crystal structure, but the significance for lead structure 1
remained unclear. To examine this, a carbazole as well as a phenothiazine analogue were
pursued, from which the latter has also modified geometry.

Furthermore, the presence of substituents was not just promising at ring A but also at ring C.
The 7,8-dichloro motif is familiar from bauerine alkaloids and indole KH-CB19 (Figure 15, left),
where it is even involved in the formation of a dual halogen bond with the hinge region of
protein kinases (Figure 15, right)*. Although the orientation of KH-CB19 is twisted, it was
envisaged to introduce this motif in lead structure 1, as reorientation was observed in many

other ligands.
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cl \ N—

cl | O

KH-CB19

Figure 15. Structures of bauerine C and KH-CB19 (left) and illustration of the halogen bonds (yellow
lines) formed between KH-CB19 and the hinge region of CLK1 (right).

The crystal structure with ligand 2 revealed that especially the 8-position provides plenty of
space, which is filled by other inhibitors, such as KH-CB19 (cf. Figure 17 in chapter 3.3.4).
Additionally, two water molecules are present in 4 — 5 A distance in this region of the protein,
which could be displaced by donor groups to interact with the backbone oxygen of GLU 292
or ASN 293 (Figure 16). Molecular modelling (performed by DR. MICHAEL MEYER,
MBC-Statistik, Falkensee, Germany) suggested that either a five-membered heteroarene with

a NH function, such as pyrazole, or a propargylamine or alcohol could fit well.

Figure 16. Detailed short distances (indicated by yellow lines) between C-8 of ring C of the
B-carboline moiety of ligand 2 and the CLK1. Water molecules (red spheres) are nearby.

The other tricyclic heteroarenes and ring C substituted B-carbolines can be approached with
the same reaction sequence as described for lead structure 1 (Scheme 61). The isoxazole is
thereby built up via HUISGEN cycloaddition of arylacetylenes (B), which are in turn synthesized

from the corresponding (pseudo)halides (A). However, these (pseudo)halides (A) can also
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serve as key intermediates, when the phenylisoxazole moiety is introduced as a whole via
SuzUKI cross-coupling. The required boronic acid pinacol ester 108 can therefore be prepared

again via HUISGEN cycloaddition from alkynylboronates and benzonitrile oxide.

Sonogashira
T cross-coupling -~~~ R
R \

R “\ — R \ — Theeeee ‘\;(
a A}

X =Hal, OTf

Variation of the B-carboline
other tricyclic heteroarenes and
ring C substituted §-carbolines

U Suzuki
cross-coupling

e y( cycloaddition
( ; 0 02 ®

,\’/ + O\B/ = O N

X =Hal, OTf

108

Scheme 61. Retrosynthesis of analogues with modified heteroaromatic tricycles.

3.3.3.1 Studies towards the use of boronic acid pinacol ester 108

The use of a boronic acid derivatives, such as 108, can be advantageous, as it paves the way
to introduce the phenylisoxazole moiety directly onto aromatic (pseudo)halides. This approach
could spare several steps compared to the previously used procedure. However, the building
block has to meet the requirement of being stable enough in general, but readily reactive in
SuzUKI cross-couplings. While the corresponding free boronic acid of 108 was reported to be
very easily deboronated already in 1966[°%I, the properties of its related boronates remained
ambiguous. DAVIES et al.?°’l and MooRE et al.?%! intensively investigated the synthesis of
isoxazoleboronic acid pinacol esters via cycloaddition of alkynylboronates with nitrile oxides.
While internal alkynes gave the 3,4,5-trisubstituted isoxazoles with the boronic acid derivative
in 4-position, the terminal alkyne led to 3,5-disubstituted analogues with the boronic acid
derivative in 5-position. Unfortunately, to demonstrate the utility of these building blocks in
SUZUKI cross-couplings the authors chose only isoxazole-4-boronic acid derivatives. Two
patents however use isoxazole-5-boronic acid derivative 108[2°%-21% which prompted to do the

same.
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Synthesis was accomplished from hydroxymoyl chloride 11 and 2-ethynyl-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane similar to the procedure of DAVIES et al.?°l and *H NMR analysis of the
crude product confirmed formation of the envisaged boronic acid pinacol ester 108 with slight
impurities (Scheme 62). The attempt to purify it by flash column chromatography (as stated in
the publication), resulted in protodeboronation and only 3-phenylisoxazole (109) was isolated
(approx. 55% yield). This was somehow surprising, as MOORE et al.[?°®! mention this sensitivity
only for 3-halo analogues, but specifically not for the phenyl substituent. In another attempt,
crude 108 was directly subjected to Suzuki cross-coupling with 1-bromo-B-carboline (8) under
standard conditions/?!t, *H NMR analysis of the crude mixture showed only traces of lead
structure 1, whereas 3-phenylisoxazole (109) and bromide 8 were the main components.

N
H Br
8

Pd(PPh3)4, N32003
DME/EtOH, 90 °C, 16 h

O/k< A\)(
B

~ 0
= © ool

NOT EtN

' Et,0, 40 °C, 24 h \ \
cl
1 108 1
O\ —
c N
109

(traces)
\FC—

Scheme 62. Attempted synthesis of lead structure 1 via Suzuki cross-coupling with boronic acid
pinacol ester 108.

A publication of GRoB et al.[?*?l indicates that other groups were facing similar problems. They
report the synthesis of the respective N-methyliminodiacetic acid (MIDA) masked boronic acids
and highlight their superiority compared to pinacol esters in terms of stability. However, they
had to perform tedious optimization of reaction conditions for the Suzuki cross-coupling to
circumvent competing protodeboronation even of those MIDA esters. Therefore, this approach
was not followed further, as the general applicability to more complex substrates remained

uncertain and the required catalysts as well as the MIDA alkynylboronate are rather expensive.
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3.3.3.2 Syntheses via SONOGASHIRA cross-coupling and cycloaddition from tricyclic
heteroaromatic precursors

The other tricyclic heteroarenes and ring C substituted S-carbolines were then approached via

SONOGASHIRA cross-coupling and HUISGEN cycloaddition from the respective (pseudo)halides.

The synthesis of these key intermediates and their further transformation will consecutively be

described in the following.

The first envisaged tricyclic heteroarene was the phenothiazine moiety. While bromination of
phenothiazine proceeds in the first place para to the nitrogen in 3-position?'®,
HALLBERG et al.?'¥ described the synthesis of 1-chloro- and 1-bromo-phenothiazine via
lithiation and subsequent halogenation. Following their procedure, treatment of phenothiazine
with n-butyllithium generated the dilithio species 110121, which was then reacted with
1,2-dibromoethane?®! to bromide 11124 (50% yield) (Scheme 63). Replacement of the
electrophile by 1,2-diiodoethane gave also the corresponding 1-iodinated analogue 112 (43%
yield), of which the constitution was confirmed by *H NMR and NOE analysis.

©[Sj© n-BuLi @[S X\/\X @[S
_
N Et,0,0°C-rt, 24 h N Et,O, rt, 1 h N
H Li L

H X
110 X=Br 50% 111

X=1 43% 112

Scheme 63. Synthesis of 1-halogenated phenothiazines 111 and 112 via lithiation and halogenation.

Next, the SONOGASHIRA crass-coupling of both aryl halides was investigated, but a literature
search revealed no examples for SONOGASHIRA cross-couplings of phenothiazines in
1-position. KRAMER et al.?'”l performed a few with N-alkylated 3-bromo phenothiazines and
trimethylsilylacetylene in piperidine. However, these conditions failed for bromide 111
(Scheme 64). In contrast to this, the procedure of a Chinese patent?'®l led to at least partial
conversion to alkyne 113, when it was applied to iodide 112 and trimethylsilyl acetylene. As
even after 40 h not all iodide was consumed, the reaction was stopped. After TMS cleavage
with potassium carbonate, arylacetylene 114 was obtained (45% yield over two steps). The
last step was the cycloaddition. Since the PIFA method was superior in nearly all compared
reactions hitherto, it was initially also applied to 114. However, this resulted only in traces of
isoxazole 115 according to TLC-MS analysis among residual starting material and several
other components. Most likely, the hypervalent iodine reagent does not only lead to oxidation

of benzaldehyde oxime, but also of the phenothiazine. This consideration is supported by the
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use of related reagents for the transformation of phenothiazine to phenothiazin-3-onef?'9,
When in contrast hydroxymoyl chloride 11 and triethylamine were used for the cycloaddition,
isoxazole 115 could be obtained (31% yield).

N\
Si\/
S /
@: Cul, PACly(PPhg),, PPh,
N piperdine, 110 °C, 5 h
H
Br
11
s
. . 989
@: K,COs ©: 11, EtsN N
N MeOH, rt, 1 h N CH,Cly, 0°C - 1t, 16 h o
H H -
I [ "
. 45% 31%
/Sl'\
113 114 115
N
'
s
ul, )
Cul, Pd(PPhg),, PPh,
N THF/Et;N 2:1, 1t, 40 h
H

112

Scheme 64. Synthesis of 1-substiued phenothiazine 115 via SONOGASHIRA cross-coupling and
HUISGEN cycloaddition.

The next envisaged tricyclic heteroarene was the carbazole, which corresponds to the
2-desaza analogue of lead structure 1. Since bromide 117 has already successfully been
employed in various SuUzUKI and STILLE cross-coupling reactions within the BRACHER
groupl® 82111 it was also chosen as building block for the SONOGASHIRA cross-coupling.

The preparation of bromide 117 was accomplished by repeating the established BORSCHE-
DRECHSEL carbazole synthesis[’ 83211 (Scheme 65). At first, FISCHER indole synthesis[?20-221]
of 2-bromophenylhydrazine hydrochloride and cyclohexanone gave tetrahydrocarbazole 116
(89% yield), which was then dehydrogenated with p-chloranil and resulted in carbazole 117
(72% yield)[222,
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@O Q—Q p-chloranil
_—
HN EtOH/acetic acid 20:1, N xylene, 145 °C, 19 h N

NH, Br  90°C,4h H  Br H  Br

« HCI 116 17
89% 72%

Scheme 65. Synthesis of bromide 117 via BORSCHE-DRECHSEL carbazole synthesis.

Then, the SONOGASHIRA cross-coupling of bromide 117 and trimethylsilylacetylene was
studied. Application of the conditions, which have proven successful for the respective
1-bromo-B-carboline 8, gave only traces of arylacetylene 118 (Table 9, entry 1). Considering
the enhanced electrophilic properties of pyridine in ortho-position in contrast to phenyl, it
deemed necessary to use more forcing conditions. When palladium(ll) acetate and
triphenylphosphine were used in a mixture of THF and isopropylamine at 60 °C??%, only little
improvement was achieved (Table 9, entry 2). However, the use of PdCIx(PPhs), in pure
triethylamine at 80 °C??4 |ead to complete conversion (Table 9, entry 3).

Table 9. SONOGASHIRA cross-coupling of bromide 117.

|
sil
=
N
Cul, catalyst H \\
N solvent, conditions
H Br

/S\i\
17 18
entry catalyst solvent conditions observation
1 Pd(dppf)Cl2 THF/EtsN 1:1 rt, 16 h traces (TLC-MS)
2 Pd(OAc)2, PPhs  THF/iPraNH 1:4 60°C,16 h <10% (*H NMR)
3 PdClz(PPhs)2 EtsN 80 °C, 24 h full conversion (TLC)

With these conditions and subsequent desilylation, arylacetylene 119 was then synthesized
(55% vyield over two steps) (Scheme 66). The HUISGEN cycloaddition was conducted once
more with the PIFA method. However, to achieve full consumption of the starting material, the
addition of PIFA and benzaldehyde oxime (1.5 eq each) was repeated. The stated relatively
low yield of isoxazole 120 (21%) did not arise from insufficient conversion, but difficulties during
purification. In contrast to B-carboline 1, carbazole 120 is much less polar. Therefore, the
isolation by flash column chromatography and recrystallization was hampered by the presence

of large quantities of organic compounds derived from PIFA and benzaldehyde oxime. Since
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a sufficient amount of isoxazole 120 was obtained analytically pure, no more efforts were made

to separate the mixed fractions.

|
Si

\N/OH
=z ©/\
1. Cul, PdCl,(PPhj),
O O Et3N, 80 °C, 24 h O O PIFA
N 2. K,COg3, MeOH, rt, 1 h N MeOH/H,0 5:1, rt, 40 h
H Br H \\

17 55% 119 21%

/\

120

Scheme 66. Synthesis of 1-substiued carbazole 120 via SONOGASHIRA cross-coupling and HUISGEN
cycloaddition.

Next, synthesis of the 7,8-dichloro-B-carboline was approached. Preparation of the required
bromide building block 124 was already described by WURZzLBAUER®Z based on previous
studies!*® 78,

Tetrahydro-1-oxo-B-carboline 122 was synthesized following the two-step procedure of
PoHLI®, At first, 3-ethoxycarbonyl-2-piperidone was hydrolysed and subjected to a
JAPP-KLINGEMAN reactiont??5-226 with diazotised 2,3-dichloroaniline (Scheme 67). The resulting
hydrazone 121 (60% vyield) was then treated with formic acid to undergo FISCHER
cyclisation??’, As stated by HUBER“®, tetrahydro-B-carboline 122 was accompanied by its
N-formyl analogue, which could by cleaved with sodium hydroxide to give solely
N-unsubstituted tetrahydro--carboline 122 (43% vyield).

O
aeelteat

H
NaNO,, HCI
H,0, 5 °C, 0.5 h
KOH, H,0
30 °C, 16 h
®
cl N,
o
Cl .
o ol N 1. HCOOH, 80 °C, 24 h ol { H
o pH=4,5°C-rt, 16 h o H 2. NaOH, H,0, 100°C, 0.5 h N
0” >N c H o
(6] H H
60% 43%
121 122

Scheme 67. Synthesis of 1,2,3,4-tetrahydro 1-oxo-B-carboline 122 via JAPP-KLINGEMANN reaction and
FISCHER cyclisation.
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The dehydrogenation was performed following the procedure of WURzLBAUER[E? with small
alterations (Scheme 68). Decreasing the amount of DDQ (from 2.0 to 1.2 eq) still led to
complete conversion and simplified the purification of B-carbolinone 123 (63% vyield). Then,
bromination was achieved with phosphorus oxybromide in anisole giving bromide 12412 (75%

yield).

CI/Q_\/(\\\QNH DDQ CI/Q_/\(\\\QNH POBr, cl \ N
N N N

cl H O THF, 75°C,18h cl H O  anisole, 120 °C, 4 h cl H  Br

63% 75%
122 123 124

Scheme 68. Synthesis of bromide 124 via dehydrogenation and bromination.

WURzLBAUER®? has used bromide 124 within the synthesis of 7,8-dichloro annomontine to
introduce a methyl ketone via STILLE cross-coupling with tributyl(1-ethoxyvinyl)tin. This time it
should be subjected to SONOGASHIRA cross-coupling with trimethylsilyl acetylene. Initially,
triethylamine and THF were used as solvent mixture as usual. However, bromide 124 showed
only poor solubility and arylacetylene 125 was obtained in only 6% vyield after TMS
deprotection. The conversion was improved when THF was replaced by DMF in the first step
(52% yield), which obviously also enhanced solubility (Scheme 69). HUISGEN cycloaddition
with the PIFA method then gave 7,8-dichloro analogue 126 (88% yield).

e N
//S'\ ©/\N”OH cl
\ N 1.Cul, Pd(dppf)Cl

cl Cl \ N
N Et,N/DMF 1:1, 1t, 18 h N PIFA
CF H B 5kcouMeoH, it 1h S H W\ Meomm,05:1, 1t 16
124 52% 125 88% 126

Scheme 69. Synthesis of isoxazole 126 via SONOGASHIRA cross-coupling and HUISGEN cycloaddition.

With the procedure described for 7,8-dichloro analogue 126, also other substitution patterns
of ring C could be synthesized. Instead of utilizing the various 1,2,3,4-tetrahydro-1-oxo-
B-carbolines with chloro-, bromo-, methyl-, methoxy- and alkoxycarbonyl-substituents
described by PoHLI® more specific analogues were envisaged. These larger and more

complex residues in 8-position, such as propargyl alcohol or amine and pyrazole, do not

78



RESULTS AND DISCUSSION

tolerate all reactions included in the sequence. To circumvent their incompatibility and
establish an access to versatile substituents, it was striven for a pseudo(halide) intermediate,
which can be modified via cross-coupling reactions. However, this functional group has to be
introduced only after implying the 1-substituent. To do so, the respective triflate 127 can easily
be accessed from the corresponding phenol and this, in turn, can be generated from 8-methoxy
analogue 128 via ether cleavage (Scheme 70). To sum it up, the methyl ether substituent is
not just an interesting analogue, but in addition perfectly meets the requirement of a phenol
protecting group. It is supposed to be resistant towards all required reagents and conditions,

but later on selectively cleavable.

Suzuki or Sonogashira ether cleavage,
cross-coupling triflatation,

-

R = alkinyl, aryl

127 128
Variation of the B-carboline
8-substituted analogues

Scheme 70. Retrosynthesis of 8-substituted analogues from methyl ether 128.

Preparation of the 1,2,3,4-tetrahydro-1-oxo-B-carboline 130 was already described by
SoTi et al.??1 within the synthesis of 7-methoxytryptamine. While the JAPP-KLINGEMANN
reaction generated hydrazone 129 (68% yield) as described, the procedure for the FISCHER
cyclisation had to be adjusted (Scheme 71). Following their experimental part, the reaction
was initially conducted in refluxing formic acid over a course of 4 h. This, however, caused not
only ring formation, but mostly also N-2 formylation. The subsequent hydrolysis, as described
for the 7,8-dichloro analogue, using sodium hydroxide was not feasible. Even after just 30 min,
also extensive lactam cleavage??”! had proceeded. WURZLBAUER faced the same problem,
when she synthesized the respective 7-methoxy analogue, which she tried to solve by stirring
the crude product in an ethanolic potassium hydroxide solution at room temperaturef®?,
However, no conclusions were drawn regarding an improvement of the yield, that remained
poor in her case (14%). In contrast to this, closer reaction monitoring revealed, that the
cyclisation is completed already after 1 h, while N-formylation is nearly negligible at that time.
The excess of formic acid was simply evaporated and 1,2,3,4-tetrahydro-1-oxo-B-carboline

130 was obtained in acceptable yield (53%) after flash column chromatography.
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1. KOH, H20, 30°C, 16 h 1. HCOOH, 80 °C, 4 h
2. NaOH, H,0, 100 °C, 0.5 h

2. O %
: NH, ‘

(o) (diazotised with
o~ NaNO,, HCI, H20, 5 °C, 0.5 h) NS HCOOH, 80 °C, 1 h \_NH
0o pH=4,5°C-rt,5h o H N
- 0“ N 0 H ©
07N H
H 68% 53%
129 130

Scheme 71. Synthesis of 1,2,3,4-tetrahydro 1-oxo-B-carboline 130 via JAPP-KLINGEMANN reaction and
FISCHER cyclisation.

Next, dehydrogenation was achieved with p-chloranil giving B-carbolinone 131 (56% yield),
which then again needed to be functionalized at C-1 (Scheme 72). In this case, bromination is
not an option. The method of HILDEBRAND!®, which has proven successful for bromides 8 and
124, implies the use of anisole as solvent. This is necessary to prevent additional ring
bromination at ring A and ring C of the B-carboline, because thermal decomposition of
phosphorus oxybromide results in the formation of bromine. Therefore, anisole functions not
only as solvent, but also as bromine scavenger. As the methoxy substituent of 131 likewise
increases the electron density of the B-carboline, ring bromination is probably no longer
sufficiently suppressed by anisole. WURZLBAUER experienced this for the 8-methoxy
substituent and therefore switched to the corresponding chloride®®?. However, 131 was to be
converted into triflate 132, as the prospects for the subsequent SONOGASHIRA cross-coupling
reaction seemed more promising. Treatment with trifluoromethanesulfonic anhydride in
pyridinel®® vyielded triflate 132 (93%) without any indices of a related N-2 or N-9 triflated

regioisomeric byproduct.

Q_Q\NH p-chloranil Q_Q\NH Tf,0 \ N
N N N ]

—0 (0] xylene, 125 °C,38h _-O O pyridine, 0 °C-rt, 1Th _0O

56% 93%
130 131 132

Scheme 72. Synthesis of triflate 132 via dehydrogenation and triflation.

Applying again the conditions of ZHENG et al.®"), which included lithium chloride, SONOGASHIRA
cross-coupling of triflate 132 proceeded smoothly and subsequent TMS deprotection gave
arylacetylene 133 (68% yield over two steps) (Scheme 73). HUISGEN cycloaddition with the
PIFA method was also high yielding in the case of 128 (86%).
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|
~N

Si X, .OH
= ©/\N
— 1. LiCl, Cul, PACI,(PPh3), =
\ N EtsN/DMF 1:1, 75 °C, 2 h \ N PIFA —0
4 N 0‘9 2.K,CO3, MeOH, 1, 1h 4 N \ MeOH/H,0 5:1, rt, 16 h
S=CFs \
o) 68% 86%
132 133 128

Scheme 73. Synthesis of isoxazole 128 via SONOGASHIRA cross-coupling and HUISGEN cycloaddition.

After introducing the phenylisoxazole moiety in 1-position, the transformation of the 8-methoxy
substituent had to be realized. Several approaches of aryl methyl ether cleavage are
known*3", however the initial attempts were not expedient. Boron tribromide??®l, which is
probably the most commonly used reagent for this purpose, gave traces of phenol 134
according to TLC-MS analysis, when the reaction was performed with 10 eq at room
temperature for several days (Table 10, entry 1). Surprisingly, harsher reaction conditions
(20 eq, 40 °C) did not lead to a significant improvement (Table 10, entry 2). Pyridine
hydrochloride®®?! has been successfully employed for demethylation of a 6-methoxy-
B-carboline, after boron tribromide and other reagents have failed according to recent
literaturel®®2, However, in the case of 128 no conversion at all was observed, neither neat
(Table 10, entry 3) nor with additional pyridine as co-solvent (Table 10, entry 4). Hydrobromic
acid was at first tried solely?3%-231 without success (Table 10, entry 5). However, when acetic
acid was added[?*?, the reaction mixture became a clear solution temporarily and conversion
was achieved. With this, phenol 134 could finally be accessed (Table 10, entry 6). After full
conversion and cooling to room temperature, the precipitate, which is likely the hydrobromide
salt, was filtered off. Resuspension in dilute aqueous sodium hydroxide solution and extraction

with ethyl acetate then gave sufficiently pure 134 (63% vyield).
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Table 10. Demethylation of ether 128.

reagent

solvent, conditions

128 134

entry reagent solvent conditions yield
1 BBrs3 (10 eq) CHzCl2 -78°C—-rt,7d traces
2 BBrs (20 eq) CH2Cl2 -78°C—-40°C,3d traces
3 pyridine-HCI - 150 °C, 24 h -

4 pyridine-HCI pyridine 130 °C, 16 h -

5 HBr (aqg., 48%) H20 rt—130°C, 4h -

6 HBr (ag., 48%) aceticacid 135°C,6h 63%

The subsequent triflation was conducted with trifluoromethanesulfonic anhydride again(?3l,
When the reaction was run for the first time, triflate 127 was the sole product (approx. 90%
yield). However, repetition with a new batch of phenol 134 resulted in a decreased yield of the
envisaged product 127 (67%) and the formation of a side product (Scheme 74). This could be
separated by flash column chromatography and identified by HRMS and NMR analysis as
acetate 135 (23% yield). Obviously, residual acetic acid was still present from the previous
step. Reaction with trifluoromethanesulfonic anhydride could give a mixed anhydride and
related substances, such as trifluoroacetyl triflate!?**l, were shown to be efficient acylating
reagents under similar conditions.

Tf,0, pyridine
CH,5Cl, 0°C -rt, 1 h

67%

134 127

residual acetic acid,
Tf,0, pyridine
CH,Cl, 0°C -rt,1h

23%

135

Scheme 74. Synthesis of triflate 127 and acetate 135.
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With triflate 127 in hand, substitution at C-8 via cross-coupling reactions could be addressed
next. However, since the available amount was limited at this stage after numerous synthesis
steps, preliminary test reactions to find suitable conditions were run, which are outlined in brief.
Phenyl triflate was therefore used as starting material and several conditions were tested for
the Suzuki cross-coupling with 1H-pyrazol-3-ylboronic acid. The reaction failed, when
palladium(ll) acetate and SPhos were used with potassium phosphate in DMF (Table 11,
entry 1) or dioxane (Table 11, entry 2)%%. While again no notable conversion was achieved,
when tetrakis(triphenylphosphine)palladium(0) was used in a combination with potassium
carbonate in a mixture of DMF and ethanol?%¢! (Table 11, entry 3), the use of the same catalyst
with sodium carbonate in a mixture of dioxane and water?*" |ead to the formation of biaryl 136
(Table 11, entry 4, 70% vyield).

Table 11. Synthesis of biaryl 136 via Suzuki cross-coupling.

HO,
B—OH
S
N
H
© catalyst, base
0 //O solvent, conditions
S \ SN
o CFe NH
136
entry catalyst base solvent conditions  yield
1 Pd(OAc)2, SPhos KsPOs  DMF 100°C,16 h -
2 Pd(OAc)2, SPhos KsPOs  dioxane 100 °C, 16 h traces
3 Pd(PPh3)4 K2COs DMF/EtOH 2:1 80°C,16h -
4 Pd(PPhs)4 Na:COz dioxane/H204:1 85°C,20h  70%

Initially, test reactions for the SONOGASHIRA cross-coupling were also run with phenyl triflate.
The outcome was however barely assessable with TLC and MS analysis due to high volatility,
limited UV activity and extensive fragmentation. Therefore, triflate 137 was synthesized?%!
(96% vyield) and used as starting material in a test reaction with trimethylsilyl acetylene
(Scheme 75). The use of a copper-free procedure (Table 12, entry 1) as well as standard
conditions (Table 12, entry 2)2*° resulted in only limited consumption of the starting material
to the envisaged product 139. The acceleration and improvement of SONOGASHIRA Cross-
coupling reactions of aromatic triflates by the addition of tetra-n-butylammonium iodide was

described by POWELL and RYCHNOVSKY already in 199324° This protocol also lead to full
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conversion of triflate 137 in only 3 h and arylacetylene 138 was isolated in nearly quantitative
yield (Table 12, entry 3, 99%).

oH pyridine, 0 °C - rt, 2.5 h O\ T Si—
N ) ] ” \

/S/ O solvent, conditions
H 96 %

o)

137 138

Scheme 75. Synthesis of arylacetylene 138 via SONOGASHIRA cross-coupling.

Table 12. Reaction conditions for the SONOGASHIRA cross-coupling between triflate 137 and
trimethylsilylacetylene.

entry catalyst additive solvent conditions  observation

1 PdCl2(PPhs)2 - DMF/EtsN 14:1 50°C, 24 h  incomplete conversion
2 PdClz(PPhs)2, Cul - DMF/EtsN 8:1 100 °C, 16 h incomplete conversion
3 PdCIl2(PPhz)2, Cul n-BusNlI  DMF/EtsN 5:1  70°C,3h full conversion (99%)

These optimized conditions were then applied to the synthesis of 2-substitued carbazoles with
the intended propargyl residues (Scheme 76). While the reaction with propargylamine showed
no residual triflate 137 after 3 h, also no arylacetylene 139 was present. The only substance
which could be isolated in a noteworthy amount was tetra-n-butylammonium iodide. In contrast
to this, the N-Boc protected analogue 140 (70%) and propargyl alcohol 141 (84%) were
isolated in high yields. Subsequent acidic Boc cleavage of 140 under different conditions
(trifluoroacetic acid in methylene chloride, aqg. HCI in ethyl acetate, HCI in dioxane) did
surprisingly again not result in the formation of propargylamine 139, but in a mixture of several

unidentified substances (according to TLC-MS analysis).
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/\NHz
Cul, Pd(PPh;),Cly, n-BugNI
CrfD-, mrwmmnn, Oy (3
L.-0 DMF/Et;N 5:1, 70 °C, 3 h
N _8* aN o, , N
o~ NH
H \CF3 H 2
139 i
acidic
137 j)J\ J< cleavage
Zz N o
Cul, Pd(PPhs),Cly, n-BuyNI O O
DMF/EtsN 5:1, 70 °C, 3 h N = o
H HN«(
70% o}
140
/\OH
Cul, Pd(PPhs),Cly, n-BuNI O O

DMF/Et3N 5:1,70 °C, 3 h N
H OH

0,
84% 141

Scheme 76. Model reactions: Attempted synthesis of propargylamine 139 and synthesis of N-Boc
protected propargylamine 140 and propagyl alcohol 141 via SONOGASHIRA cross-coupling.

Consequently, besides 1H-pyrazol-3-ylboronic acid, propargyl alcohol was chosen as building
block to be introduced onto triflate 127. The SONOGASHIRA cross-coupling proceeded just as
good as the test reaction and gave 8-alkynyl substituted analogue 142 (86% yield) (Scheme
77). Conversely, Suzukl cross-coupling was less effective. While complete conversion was
achieved, TLC and MS analysis indicated the formation of two substances with very similar
chromatographic behavior, which were presumed to be pyrazole 143 and phenol 134.
Obviously, triflate hydrolysis is a competing side reaction under the applied conditions. *H NMR
analysis of the crude product confirmed this hypothesis. The expected very distinct signals of
the pyrazole moiety were observed and could be used to differentiate between the two
substances, that were present in a 1.0:0.8 ratio (according to *H NMR spectrum). However,
with laborious flash column chromatograph, which had to be conducted repeatedly, separation
of phenol 134 (26% yield) and pyrazole 143 (41% yield) was achieved.
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CUl, Pd(PPh3)ZC|2, n-BU4N|
DMF/Et3N 5:1, 70 °C, 3 h

86%

127 142

Iz

Pd(PPh3)4, N32003
1,4-dioxane/H,0 4:1, 85 °C, 20 h

41%

143 134 (26%)

Scheme 77. Synthesis of propargyl alcohol 142 and pyrazole 143 via SONOGASHIRA and SUZUKI
cross-coupling reactions.

3.3.4 Ring C aza and ring B seco analogues

The interest in aza analogues arose from the comparison of the crystal structures of lead
structure 1 and indole KH-CB19. The nitrile group of the latter functions as acceptor for a strong
hydrogen bond with LYS 191 (Figure 17, left). Superposition of both ligands in their respective
orientation within the active centre of the protein demonstrates that the position of the nitrile

group roughly corresponds to C-6 or C-7 of the B-carboline (Figure 17, right).

Figure 17. Hydrogen bonds (blue lines) between KH-CB19 and CLK1 (left) and superposition of lead
structure 1 (beige) and indole KH-CB19 (blue) in the active centre of the CLK1 (right).
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In order to enable a correspondent interaction with CLK1, the introduction of an acceptor group
onto lead structure 1 was pursued by replacing the phenyl ring C with a pyridine, which gives
6- and 7-aza analogues 145 and 144, respectively (Figure 18). Since a hydrogen bond with
LYS 191 was found to be established also by several other CLK1 inhibitors, this modification

was highly promising.

HN LYS 191 HN LYS 191

144

145

Figure 18. lllustration of the potential hydrogen bond (dotted line), which could hypothetically be
formed between 7-aza analogue 144 or 6-aza analogue 145 and LYS 191.

Furthermore, seco analogues, which are in this context diarylamines that lack the direct
connection between ring A and ring C, were envisaged. Since these are much more flexible
than the rigid B-carboline, it was assumed, that they could adopt the same orientation or an

even more favored position than lead structure 1.

3.3.4.1 Attempted synthesis of 7-aza analogue 144 from pyridone precursor 1512

As described in the previous chapter, also the envisaged 6- and 7-aza analogues should be
accessible from the respective pyridones (D) (Scheme 78). However, a new efficient approach
to these building blocks had to be developed. This was carried out by FRANCESCA DONA in the
course of her master thesis under my supervision?®Yl, Similar to KAMLAH?4Y, the B-carboline
motif, or to be more precise ring A, should be built up by intramolecular cyclization of an
ethoxyvinyl side chain with a carbonyl group under incorporation of ammonia. While KAMLAH
used ketoindoles and ended up with 1-alkyl and aryl substituted 8-carbolines, aza-B-carboline-
1-ones should be synthesizable from azaindoles bearing an ester or a carboxamide function
at C-2 (C). The introduction of the ethoxyvinyl residue can be performed via SUzZUKI or STILLE
cross-coupling of 3-brominated azaindoles (B), which can in turn be synthesized from

azaindole esters (A) by ring halogenation.
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cycloaddition,
Sonogashira
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.- (pseudo)halogenation  .--. — oo ~
N ‘) N
— . { \_NH — NP
N N
H (0] H R
D C
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B
A X = Hal
R = NH,, OEt

Scheme 78. Retrosynthesis of aza analogues from azaindoles.

FRANCESCA DONA focused on the synthesis of 7-aza-B-carboline-1-one (151%) and
comprehensively described different approaches thereto within her thesis. Hence, only the

essential findings and optimized reaction conditions will be briefly presented in the following.

The 6-azaindole building block 1472 was synthesized following literature procedures via
REISSERT indole synthesisi?*? with small alterations (Scheme 79). Pyruvate 1462 (70% yield)
was generated from 4-methyl-3-nitropyridine with sodium ethoxide and diethyl oxalate?*3! and
reductive cyclization was found to be most efficiently achieved with iron in acetic acid?* (74%

yield).

o} 0}

CHs o
. o e
NS“No,  Na, EtOH, rt, 18 h Neo | HOAc, 60 °C, 4 h Na AN

NO, Ho O\
70% 74%
1462 1472

Scheme 79. Synthesis of 6-azaindole 1472 via REISSERT indole synthesis.

Bromination at C-3 of 6-azaindole 1472 could be carried out with pyridinium tribromide in
pyridine as described in a patent®*® (82% yield®°Y), but N-bromosuccinimide in DMF was
found to be even more convenient to generate bromide 1482 (93% vyield) (Scheme 80). The

transformation of the ester to the amide function was conducted by alkaline hydrolysis (98%
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yield) and subsequent amide coupling with ammonium carbonate?*®! to carboxamide 1492
(61% vyield).

1. NaOH Br
o NBS Br o EtOH, 60 °C, 4.5 h (— 170 o
m—/{ DMF, rt, 16 h @E\g—/( 2. EDC « HCI, DIPEA, HOB, m—/{
S N o\ N N 0\ (NH4),CO3, THF, rt, 22 h STUN K
93% 60%
1472 1482 (over two steps) 1492

Scheme 80. Synthesis of carboxamide 1492 from 6-azaindole 1472,

Initially, the intended intermediate should carry the caboxamide function, as cyclization to the
pyridone with the ethoxyvinyl side chain then is easily enabled by treatment with acid. A similar
approach was applied successfully within the synthesis of isoquinoline alkaloids in the
BRACHER group recently(?471,

However, several attempted Suzukl and STILLE cross-couplings of bromide 1492 with (E)-2-
ethoxyvinylboronic acid pinacol ester and (Z)-tributyl[2-ethoxyethenyl]stannane?®! have failed
to yield enol ether 1502 or, after treatment of the crude product with trifluoroacetic acid@*,
pyridone 1512 (Scheme 81).

(0]
i
Q/\/B\/\O/\

Pd(PPh3) C52C03
dioxane/H,0 3:1, 75 °C, 18h%

I 4 Q_/Q
NS N NH l/\o/\

SnBU3
Pdy(dba); SPhos 1502 1512
DMF, 95 °C, 18 h

Iz _

Scheme 81. Attempted synthesis of pyridone 1512 from carboxamide 1492

Since the cross-coupling reactions seemed to be completely ineffective for bromide 1492,
conceivably due to complexation of the catalyst, the approach was modified in several ways.
For one thing, synthesis of a N-1 SEM protected analogue of 1492 was performed, which could
indeed be transformed to the respective enol ether and pyridone 1512 However, the reaction
showed poor reproducibility regarding the yields, and the use of a protecting group should

generally be avoided.
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Therefore, the cross-coupling reaction was implemented already on the stage of ester 1482
STILLE as well as Suzuki cross-couplings were initially hampered by extensive debromination.
However, this could be prevented in the latter reaction, when the temperature was raised from
75 °C to 95 °C and only enol ether 1522 was obtained (57% vyield) (Scheme 82). To construct
the pyridone ring A from the enol ether and ester group, in contrast to the carboxamide,
condensation with ammonia has to proceed before the cyclization. Several attempts therefore
failed using ammonia and various acids, before it was finally achieved with an ammonium
acetate melt?*®. Although the very poor solubility greatly impeded work up and purification,
pyridone 1512 was finally obtained in good yield (69%) with an efficient synthesis.

2 o
0 0 - —

@E\g_/{ Pd(PPhs),, Cs,CO3 = B NH,OAc Ne J \ NH

NN dioxane/H,0 3:1,95°C, 18h  Nx N o—\ DMF, 140 °C, 60 h N

57% 69%
1482 1522 1512

Scheme 82. Synthesis of pyridone 1512 from ester 1482,

Individual functionalization of the pyridine (ring C) and pyridone (ring A) due to their differing
reactivity could allow a general access to various substituted 7-aza-gB-carbolines, which are
generally poorly explored. However, substitution at C-1 was most relevant since the synthesis
of 7-aza analogue 144 was pursued. Initially, bromination of pyridone 1512 was attempted with
phosphorus oxybromide in anisole® (Scheme 83). No homogenous reaction mixture was
obtained and no conversion at all was achieved under the common (120 °C, 4 h) or more
forcing conditions (160 °C, 14 h), and when dioxane was utilized as cosolvent (120 °C, 4 h).
Next, phosphorus oxychloride was tried to synthesize chloride 154, but again no reaction took
place (with and without catalytic N,N-dimethylanilinel®™).

Pyridone 1512 turned out not to be a convenient building block due to very poor solubility and
reactivity. Though, it was found to be at least slightly soluble in pyridine and therefore treated
with trifluoromethanesulfonic anhydride®® to generate pseudohalide 155. The reaction was
closely monitored by TLC and MS analysis. With 1.0 eq of trifluoromethanesulfonic anhydride
the conversion was marginal, but as soon as further 0.5 eq were added, two products with very
similar chromatographic behavior were generated, which were according to MS analysis a
mono-triflate and a twofold triflated side product. Pyridone 1512 was only fully consumed with
addition of another 0.5 eq of trifluoromethanesulfonic anhydride. Both products were not

separable by flash column chromatography, but NMR analysis of fractions, which contained
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mainly the mono-triflated species, clearly confirmed the formation of 155 (approx. 35% vyield,
calculated from *H NMR). The structure of the side product could not be analyzed in detail, but
additional formation of an N-9 triflamide 156 is plausible (approx. 15% yield, calculated from
'H NMR). Noteworthy, none of the B-carboline triflates (10 and 132), which were prepared
likewise with 2.0 eq of trifluoromethanesulfonic anhydride were accompanied by a twofold

triflated side product.

The mixture of triflates was next subjected to SONOGASHIRA cross-coupling with
trimethylsilylacetylene, and subsequent desilylation resulted in arylacetylene 157 as sole
product in 20% yield over three steps (from pyridone 151?). The following cycloaddition with
(E)-benzaldehyde oxime using PIFA lead to formation of isoxazole 144 to some extent (approx.

30% vyield). However, the quantity was too small and the product could not be sufficiently

purified.
POBr - \
. Ne 1/ NN
anisole, 120 - 160 °C, 18 h N
H Br
153
- — POCI; (dimethylaniline) —
NG N N 110°z17h AN
N ’ N
H O H cl
1512 154
Tf,0

pyridine, 0 °C -rt, 1.5 h

Ne / N\ N sli/
N =
H o O=Tf 4 Licl, cul, PdCI,(PPhs),
155 Et;N/DMF 1:1,75°C, 2 h

approx. 35%
(app 03 K,COs, MeOH, rt, 1 h

20%

— = (over three steps)
N/ \ N 144
N\ % approx. 30%
| —
T O

156
(approx. 15%)

Scheme 83. Synthesis of 7-aza-B-carboline analogue 144 from pyridone 1512.
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One further attempt was made to improve this approach by introducing again a SEM protecting
group onto the indole NH. This could not only avoid the formation of an N-9 triflamide, but also
enhance solubility.

Therefore, 6-azaindole 1482 was protected using SEM chloride (73% yield) and subsequent
Suzuki cross-coupling with (E)-2-ethoxyvinylboronic acid pinacol ester was even superior
(76% yield) in comparison to the unprotected indole (Scheme 84). However, the cyclization
with the ammonium acetate melt failed. Consumption of enol ether 158 was very slow and only
resulted in degradation, probably due to instability of SEM. According to HRMS analysis neither
pyridone 159 nor the deprotected pyridone 1512 were found to be present.

o)
B 1. LIHMDS, SEM-CI —— _— —
1712 NH,4OAC
_ L P DMF, rt, 18 h ( ) _ § 0 4 Ne / N\ NH
b 2. Ne | DMF, 140 °C, 5 d NS
S N e} N 0
H “\ % ) A\ o)
. o \/\O/\ o
148 Pd(PPhj),, Cs,CO3
dioxane/H,0 3:1, 95 °C, 18 h _Si_
Si— !
7\
55%
(over two steps) 158 159

Scheme 84. Attempted synthesis of N-9 SEM protected pyridone 159.

In summary, an efficient route towards 7-aza-B-carboline-1-one (151?) was developed, but the
further functionalization of this building block turned out to be inconvenient. Therefore, it was
not expanded to other azaindole carboxylates, which carry the nitrogen in another position.
Instead of repeating the laborious and low yielding sequence to synthesize 7-aza analogue
144, another more general approach towards aza analogues was developed.

3.3.4.2 Synthesis of seco analogues via BUCHWALD-HARTWIG N-arylation and 6- and 7-aza
analogues from seco precursors
In context with another approach to the aza analogues, also the envisaged diarylamines, that
can be seen as seco analogues with a cleaved ring B, were addressed. These are accessible
from aminopyridine 160° via N-arylation (Scheme 85). In contrast to the rather complex
variations of ring C of the B-carbolines, this allows the straightforward introduction of various
residues mimicking ring C from the same building block. Once again, the phenylisoxazole
substituent can be introduced onto the respective bromide (A) via SONOGASHIRA Cross-

coupling and HUISGEN cycloaddition. As interference of the amino group was possible, also
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the utilization of a nitro group as precursor of the primary amine was to be elaborated. This

was carried out by LUKAS FINGER in the course of his bachelor thesis under my supervision?4],

Sonogashira

diaryl amine cross-coupling,
e synthesis cycloaddition, AN
|
\ A
f— f—
Br
N ) = NH,, NO,
A
Variation of the B-carboline 160°

seco analogues

Scheme 85. Retrosynthesis of seco analogues from bromopyridines.

In addition, this route can also provide direct access to the envisaged 6- and 7-aza analogues
(Scheme 86). Intramolecular HECK-like cyclization can achieve ring closure to connect ring A
and ring C, if the used diarylamines are halogenated in ortho-position (A). This consequently

results in construction of ring B and formation of the aza-B-carboline motif.

Heck-like
reaction N

Variation of the B-carboline
aza analogues X = Cl, Br

Scheme 86. Retrosynthesis of aza analogues from diarylamine intermediates.

LUKAS FINGER comprehensively investigated the synthesis of seco analogue 162° and
variations thereof. He described in detail the individual approaches and compared different
methods. Hence, in the following his findings will be presented briefly and only the optimized

reaction conditions will be depicted.

Synthesis of isoxazole 160° was initially approached from 3-amino-2-bromopyridine and

2-bromo-3-nitropyridine, respectively. While starting from the nitropyridine requires an
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additional step, because it has to be reduced to the amine at a later stage, it was assumed,
that the electron withdrawing effect could be beneficial regarding the SONOGASHIRA cross-
coupling. Nevertheless, it was found, that also the aminopyridine undergoes coupling with
trimethylsilylacetylene efficiently as described in a patent?*® (74% vyield) (Scheme 87).
TMS-cleavage to receive arylacetylene 161° was found to work even better with potassium
carbonate (99% yield) than with tetra-n-butylammonium fluoride!?® (70% yield).

Next, the isoxazole synthesis was investigated. Only very few examples of HUISGEN
cycloaddition reactions of arylacetylenes with amino groups in ortho-position were found in
literature, from which all use hydroxymoyl chlorides as intermediates!?>-252, However, applying
the NCS/triethylamine procedure!®¥, gave isoxazole 160° only in low yield (28%), whereas the
PIFA method*®Y was again superior (66% yield). This demonstrates once more the reagent’s

broad applicability and compatibility with various functional groups.

Si =
// ~ \N/OH |
X X H-N XN
| 1. Cul, Pd(PPhs),, PPh, | 2
N PN BN 60°C, 5h (- 1728 NN PiFA o\
\
Br 2. K,CO3, MeOH, rt, 1 h | | MeOH/H,0 5:1, rt, 20 h N=
74% 66%
161°
160°

Scheme 87. Synthesis of isoxazole 160° from 3-amino-2-bromopyridine via SONOGASHIRA Cross-
coupling and HUISGEN cycloaddition.

To build up the envisaged diarylamine motif several reactions can be utilized, from which the
CHAN-LAM cross-coupling and BUCHWALD-HARTWIG amination were conducted for the
synthesis of seco analogue 162° comparatively. The copper(ll)-mediated cross-coupling with
phenylboronic acid, following the procedure of MAzu et al.’>® resulted in only slow and
incomplete conversion to diarylamine 162° (28% vyield). In contrast, the cross-coupling with
iodobenzene under Pd(dba)./Xantphos catalysis?®* was highly efficient and gave diarylamine
162° in 86% yield (Scheme 88). Hence, the BUCHWALD-HARTWIG N-arylation was the method
of choice for further seco compounds: pyridines 163 (57% yield) and 164° (71% yield) as well
as 3-methoxy-phenyl analogue 165° (29% vyield) were synthesized from respective halides.

Additionally, ortho-halogenated diarylamines 166° (99% yield) and 167 (90% vyield) were
prepared as precursors for the 7-aza-B-carboline 144. In both cases, coupling took place in
very good yield selectively at the iodide in 3-position, although the bromide/chloride is situated

at the activated 4-position.
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PO X=1 X=1 X=Br
\‘~-’I\X _ | N _ |
= Pd(dba),, Xantphos = N X
« N NaomBu LN
HoN - 7N
toluene, 110 °C,6 h H 162° 163b 164
o' 0"
\ \ 86% 57% 71%
N=— N=
X=1 X=1 X=1
. = | Cl = | Br
160 ~0 Na N
165° 166° 167
29% 99% 90%

Scheme 88. Synthesis of seco analogues 162°, 163°, 164°, 165, 166° and 167 from aminopyridine
160° via BUCHWALD-HARTWIG N-arylation.

NAMJOSHI et al.?>® investigated the synthesis of 3-substituted B-carbolines from related seco
precursors. Initially, they attempted direct CH activation/oxidative coupling cyclization of non-
halogenated diarylamines, which was without avail. However, they accomplished the synthesis
via an intramolecular HECK-like cyclization of the respective chloride. Since the cyclization can
proceed in both ortho-positions of their building blocks, they obtained a mixture of 8- and
o-carbolines.

This approach is particularly interesting for the synthesis of 1-substituted related
aza-B-carbolines, such as 144, that can result in only one product. NAMJOSHI et al.?*®l screened
a few conditions, from which some resulted in no reaction, dechlorination or decomposition,
and found that a combination of tri-tert-butylphosphonium tetrafluoroborate as ligand and
potassium carbonate as base in dimethylacetamide at 120 °C gave the best results. The same
conditions at slightly elevated temperature (130 °C) were actually used in a patent?*® for the
synthesis of a 7-aza-B-carboline from a chloro precursor and seemed therefore very promising.
Hence, chloride 166° was subjected to the intramolecular HEck-like cyclization, but the
conversion was low (Table 13, entry 1°). Starting material was still present after 24 h and
besides the envisaged 7-aza-B-carboline 144 also extensive dechlorination occurred. The
patent indicated also incomplete conversion, as it mentioned the need to recharge with an
additional portion of catalyst and ligand. However, in the case of chloride 166° the conversion
still remained poor and the reaction was stopped after 48 h. Both products were roughly
generated in a 1:1 ratio in approximately 10% vyield each, but purification was impeded due to
their similar chromatographic behavior. Next, more forcing conditions were applied and the
reaction was run at 140 °C (Table 13, entry 2). Full consumption of the starting material was
observed and cyclization seemed to prevail over dechlorination, but obviously also

decomposition occurred and the yield was still insufficient (approx. 20%). Hence, other
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conditions were tried. While sodium tert-butoxide in dioxane did not lead to any conversion
(Table 13, entry 3), the exchange of the ligand by CyJohnPhos and base by DBU® gave
comparable results (Table 13, entry 4, approx. 20% vyield). In general, bromides are more
reactive towards cross-coupling reactions than chlorides and the same was described for an
intramolecular HEck-like cyclization to carbazoles, when both halides could compete!©8l,
Therefore, bromide 167 was subjected to the aforementioned conditions and the conversion
was much improved (Table 13, entry 5). Only traces of debrominated side product 163° were

found to be present and 7-aza-B-carboline 144 was finally obtained in 45% yield.

Table 13. Synthesis of 7-aza analogue 144 from ortho-halogenated precursors 166° and 167 via
intramolecular HECK-like cyclization.

= X =z Pd(OAc),, ligand, base - | - \
| l N& N
Nx N N solvent, conditions M
H o\
0" -
N= N
X=Cl 166° 144 163°
X=Br 167
entry halide ligand base solvent conditions observation yield (144)
1° Cl [(t-Bu)sPH]BF4 K2COs DMA 120 °C, 48 h low conversion  approx. 10%
2 Cl [(t-Bu)sPH]BF4 K2COs DMA 140 °C, 40 h  full conversion approx. 20%
3 Cl [(t-Bu)sPH]BFs4 NaOtBu dioxane 115 °C,24 h no conversion -
4 Cl CyJohnPhos DBU DMA 130°C, 40 h  full conversion approx. 20%
5 Br CyJohnPhos DBU DMA 130°C, 40 h  full conversion 45% isolated

(° Reaction setup and work-up was performed by LUKAS FINGER within his bachelor thesis2491.)

With optimized conditions in hand, this straightforward approach was then also applied to the
synthesis of the respective 6-aza analogue 145. 3-Bromo-4-iodopyridine (168) was
synthesized similar to literature®®® from 3-bromopyridine by regioselective direct ring lithiation
and subsequent iodination (18% yield) (Scheme 89). The BUCHWALD-HARTWIG N-arylation

with aminopyridine 160° then gave ortho-halogenated diarylamine 169 (78% yield).
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1.LDA, -78 °C, 1 h
o 2lT8C-mEN e
N~ THF |
| X
X |
18% 168

N7 | Br = |
N N
160, Pd(dba),, Xantphos, ﬁ
NaOtBu o
toluene, 110 °C, 6 h N=
78%
169

Scheme 89. Synthesis of seco analogue 169 from 3-bromopyridine via lithiation/iodination and
BUCHWALD-HARTWIG N-arylation.

'\@EBT = l
XN XN Pd(OAc),, CyJohnPhos, DBU
A o\ DMA, 120 °C, 16 h
\
=
51%
169

Finally, the intramolecular HECK-like cyclization was performed under the optimized reaction
conditions. To a very small extent also debromination to side product 164° was observed, but
predominantly cyclization proceeded and 6-aza-f-carboline 145 was isolated in good yield
(51%) (Scheme 90).

164°

145

Scheme 90. Synthesis of 6-aza analogue 145 from ortho-halogenated precursor 169 via
intramolecular HECK-like cyclization.
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3.4 Results from biological testing

3.4.1 Reevaluation of lead structure 1 as inhibitor of CLK1 and CHIKYV replication

The interest in lead structure 1 originally arose from a cooperation with the group of PROF. DR.
THOMAS MEYER at the Max Planck Institute for Infection Biology (MPI, Berlin, Germany) and
the group of DR. JENS PETER VON KRIES at the Leibniz-Forschungsinstitut fir Molekulare
Pharmakologie (FMP, Berlin, Germany), who investigated host factors as antiviral targets
against IAV and CHIKVE? €063 Prior to the beginning of this project, lead structure 1 was in
that context identified as promising inhibitor of both, CHIKV replication and CLK1.

The inhibition of CHIKV replication was initially assessed at the MPI and an 1Cso value below
30 nMm was reported for lead structure 1 with an infection model using HEK-293 cells. This cell
line was also used for the genome-wide loss-of-function screening that identified CLK1 as host
factor®®, Due to structural and personnel changes it was not possible to further investigate this
subject at the MPI at all and it was therefore attempted to verify the anti-CHIKV activity of lead
structure 1 in the group of PROF. DR. LEEN DELANG (University of Leuven, Belgium) with a

different assay in Vero cells. However, this verification was not accomplished.

Therefore, the focus of this project was placed solely on kinase inhibition. However, also with
respect to that, the initially available data from the enzymatic assay had to be revaluated. As
already mentioned, the mobility shift assay performed at the FMP suggested a highly potent
inhibitor with an ICso value below 50 nm. In brief, this enzymatic assay is based on the change
of the net charge of a fluorescence labelled substrate upon phosphorylation by the kinase!2°l,
The substrate and product have different net charges and are consequently separable by
electrophoresis. By measuring the fluorescence signals respectively, the ratio of the readout
of both signals, substrate and product, then draws conclusions on the enzyme activity.
Generally, this method is reliable and also suitable for autofluorescent compounds, such as
most of the synthesized analogues?60-262],

However, the given ICso value, which corresponds to “lower than the lowest measured
concentration”, has to be interpreted with caution. First, the reported data suggests only
relatively low efficacy of lead structure 1: at a concentration of 1 um the residual activity was
approx. 45%, which corresponds to only 55% inhibition and is therefore a significant but merely
moderate effect. Second, to confirm the potency of lead structure 1 regardless of the low
efficacy, the measurement would have to be repeated at lower concentrations. Unfortunately,
this was not carried out until finalization of this thesis and therefore neither a defined numerical
value could be determined nor the curve progression could be assessed. Since the mobility
shift assay was furthermore no longer run regularly at the FMP, it was not a convenient test
system to obtain a comparable and comprehensive set of data for the synthesized analogues

in a timely manner.

98



RESULTS AND DISCUSSION

Therefore, other assays were needed to closer examine the true inhibitory potential of lead
structure 1 and afterwards also the synthesized analogues. In contrast to enzymatic assays,
which quantify the conversion of a substrate to the corresponding product, differential scanning
fluorimetry (DSF) — also known as thermal shift assay — is a binding assay, that relies on
thermodynamic principles!?®®. The melting temperature (Tm) which corresponds to the thermal
unfolding of a protein is a characteristic property of each kinase. It is determined with the help
of fluorescent dyes such as SYPRO Orange, that binds to hydrophobic regions exposed only
by the unfolded protein. Since the interaction with ligands can result in stabilization of the
protein and thus in higher melting temperatures, these T shifts are a measure for the affinity
and indicate inhibitory activity, although there is no direct quantitative correlation(263-265],

The DSF experiments were run in the group of PROF. DR. STEFAN KNAPP at Goethe University
(Frankfurt, Germany). CLK1 is a kinase for which also very potent inhibitors have relatively low
temperature shifts — for example, the included positive control staurosporine shifts only approx.
11 °C for CLK1, but more than 23 °C for other kinases. However, the measured temperature
shift of CLK1 was only 2.9 °C for lead structure 1 and is therefore only marginally significant.
As already mentioned, the temperature shifts differ very much among kinases and the
comparability with other assays tremendously depends on various assay parameters?®, In
spite of this, a very rough approximation indicates that T, shifts of greater than 4 °C measured
at an inhibitor concentration of 10 uM usually correspond to more than 50% inhibition of kinase
activity at an inhibitor concentration of 0.5 umi265-2661 Although this categorization includes a
notable number of false-positives and false-negatives?®®, which seem to be particularly
relevant for those “low shifting kinases”, this matches the relatively low efficacy of lead
structure 1 observed in the mobility shift assay.

Additionally, a radiometric assay was performed at Reaction Biology Europe GmbH (Freiburg,
Germany), since radiometric assays are generally seen as gold standard of enzymatic assays.
The basis of the 33PanQinase assay is the transfer of 3¥P-phosphate from radioisotope-labelled
ATP to the kinase substrate. The incorporation of 3P is then quantified with a microplate
scintillation counter and provides insight into the extent, to which kinase activity is reduced in
the presence of an inhibitorf267-2681,

Lead structure 1 was tested at a concentration of 1 um and the residual activity of CLK1 was
determined as 42%, which corresponds to 58% inhibition. In general, compounds which cause
inhibition greater or equal to 40% are — like lead structure 1 — categorized as moderate
inhibitors and compounds which cause inhibition greater or equal to 80% are categorized as

highly potent.

Taken together all of these results it becomes apparent, that lead structure 1 has not the

outstanding inhibitory properties as assumed at the beginning of this project, but is a moderate

inhibitor of CLK1. However, this did not diminish the potential to develop highly potent CLK1
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inhibitors and investigate the structure-activity relationships of this chemotype based on the

co-crystal of lead structure 1 with CLK1.

3.4.2 Evaluation of the synthesized analogues as CLK1 inhibitors

Although the aforementioned results revealed that the kinase-inhibitory and the antiviral
properties of lead structure 1 were initially overestimated, the co-crystal structure with CLK1
(cf. Figure 7) still provided a rational basis to investigate this inhibitor chemotype towards
CLK1. As explained in detail at the beginning of each chapter, the co-crystal structure
suggested various approaches to develop advanced inhibitors with beneficial properties.

All synthesized analogues were therefore tested like lead structure 1 in the thermal shift assay
(in the group of PROF. DR. STEFAN KNAPP, Goethe University Frankfurt, Germany) and in the
radiometric 33PanQinase (Reaction Biology Europe GmbH, Freiburg, Germany) for their
CLK1-inhibitory properties. While there is no direct quantitative correlation, it was found in this
study, that for the investigated inhibitor chemotype the results of both assays are generally in
good agreement with each other: a temperature shift of more than 3 °C at 10 uM inhibitor
concentration in the DSF roughly corresponds to equal or greater than 40% CLK1 inhibition at
1 pM inhibitor concentration. Therefore, these values were chosen as threshold to assess the
inhibitory potential of all synthesized analogues as significant. Highly potent inhibitors, such as
the positive control staurosporine, were expected to display more than 80% CLK1 inhibition
and temperature shifts of above 6 — 7 °C.

In total, 10 analogues of lead structure 1 with a modified or replaced phenyl residue were
synthesized and tested (Figure 19) and all results for these phenyl variations are depicted in

Figure 20.
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Figure 19. Synthesized analogues with a modified or replaced phenyl residue.

The four ortho-substituted analogues can be categorized in two groups. 2-Hydroxyphenyl

analogue 19 and 2-chlorophenyl analogue 21 had no significant activity (¢ 10% CLK1

inhibition, 1.4 °C Ty, shift), whereas nitro compound 20 (40% inhibition, 2.7 °C T shift) and
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aniline 28 (41% inhibition, 2.9 °C T shift) were close to the limit values in both assays. In
contrast to the considerations resulting from the co-crystal structure of lead structure 1 and
CLK1, the electronic nature of the substituent and its ability to function as hydrogen bond donor
are obviously not pivotal.

The para-substituted analogues, 4-iodophenyl analogue 22 and phenylacetylene 27, showed
no remarkable activity in both assays. This was particularly unfavorable, since the intention
behind phenylacetylene 27 was the target identification with the Y3H system. Although the
confirmation of CLK1 as target of this inhibitor chemotype was now likely to be impossible, it
could still point out potential off-targets.

All of the variations for which the phenyl is replaced by heteroaromatic rings were found to be
notably active in both assays. The most remarkable variation was furan 25, which displayed
the highest level of inhibition (64%) and the greatest temperature shift (5.0 °C). Whereas the
other five-membered heteroarenes, thiophene 24 and pyrrole 26 (3.9 °C and 3.8 °C Ty, shift),
were superior to pyridine 23 (3.4 °C Tn shift) regarding the temperature shift assay, the latter
demonstrated higher inhibition in the enzymatic assay (54% vs. 40 and 46%). In summary, the
replacement of the phenyl residue by bioisosteric five- as well as six-membered

heteroaromatic rings was shown to be tolerated or have even beneficial properties.

CLK1 inhibition
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Figure 20. Results of the 33PanQinase assay (top) and the thermal shift assay (bottom) for analogues
with a modified or replaced phenyl residue (sta = staurosporine). Yellow bars indicate moderate
inhibitors, whereas green bars indicate potent inhibitors. Shaded bars point out discrepancies between
the two different assay systems.
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Regarding the isoxazole unit, overall 15 analogues of lead structure 1 were investigated: 11
other disubstituted five-membered rings with additional or altered heteroatoms, the
phenylacetylene analogue 51 and 3 isoxazoles, which carry a substituent in 4’-position (Figure
21). All results for these isoxazole variations are depicted in Figure 22.

IRV SV S
5550 5N BR &

46 43 48

Figure 21. Synthesized analogues with a modified or replaced isoxazole unit.

First, the closely related analogues were analysed. Isothiazole 39 and isomeric isoxazole 34
showed no activity, whereas triazole 29 and pyrazole 31 displayed 57% and 47% inhibition
and temperature shifts of 3.7 °C and 3.1 °C. Obviously the oxygen atom can be replaced by
nitrogen to maintain kinase-inhibitory activity. This is in accordance with the observed
intramolecular hydrogen bond between the NH (indole) and the oxygen (isoxazole) in the co-
crystal structure of lead structure 1 and CLK1, which seems to be formable also with the
nitrogen atom in this position. Although sulphur is generally also capable of acting as hydrogen
bond acceptor, its divergent size and electronic properties are likely to require a different
geometry.

In contrast, the isoxazole nitrogen was presumed to be dispensable. However, isomeric
isoxazole 34 suggested that no exchange by oxygen was tolerated. Also omission of this
heteroatom — by replacement with CH as found in furan 58, thiophene 59, imidazole 60 and
oxazoles 46 and 43 — lead to no notable activity in the **PanQinase or in the temperature shift
assay. The two oxazoles and imidazole 60 not only support the importance of N-2’, but also
point out that C-4’ cannot readily be replaced by heteroatoms. This was not expectable but
confirmed by the lacking activity of oxadiazoles 48 and 50. Although the geometry of these
five-membered rings is very similar, it is obviously no longer possible to acquire the needed
position in the active center of the enzyme with an additional heteroatom. As last replacement
of the isoxazole, phenylacetylene 51 was tested. It showed a temperature shift of 3.3 °C, but
no significant CLK1 inhibition (25%).
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Figure 22. Results of the 32PanQinase assay (top) and the thermal shift assay (bottom) for analogues
with a modified or replaced isoxazole unit (sta = staurosporine). Yellow bars indicate moderate
inhibitors, whereas green bars indicate potent inhibitors. Shaded bars point out discrepancies between
the two different assay systems.

A very promising approach to improve lead structure 1 was according to the co-crystal structure
the introduction of donor groups at C-4’. This has turned out to be of no avail for imidazole 60,
but since imidazoles can occur in two tautomeric forms and it was not assignable which form
is predominant, a meaningful evaluation of this strategy could only be achieved with
4-substitued isoxazole analogues. However, the two precursors, ester 74 and carboxylic acid
66, and likewise the envisaged very auspicious 4-aminoisoxazole 63, displayed no activity at
all in both assays. Obviously not only replacement of C-4’ by heteroatoms but also substituents

at C-4’ are absolutely not tolerated regardless of their capability to establish hydrogen bonds.
The first class of variations of the 8-carboline were the 8 modifications of ring A and the second

class were the 6 modifications of ring B (Figure 23). All results for these B-carboline variations

are depicted in Figure 24.
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Figure 23. Synthesized analogues with a modified or substituted ring A or ring B.

None of the 3-substituted analogues, which comprise ester 97, carboxylic acid 98,
carboxamide 100, amine 99 and hydroxymethyl compound 101, showed significant activity
towards CLK1. Especially the last two variations mentioned seemed highly promising
according to the co-crystal structure of 1 with CLK1, but fell short of expectations. Also indole
104 and tetrahydro-B-carboline 54 were found to be inactive. In contrast, the 2-desaza
analogue, carbazole 120 showed a temperature shift below the limit value (2.5 °C), but 68%
CLK1 inhibition. The relevance of N-2 of the lead structure therefore seems low.
Phenothiazine 115 and seco analogue 162 indicate that no alteration of the size of ring B is
allowed and the angle between ring A and ring C is not to be changed. Obviously the enhanced
flexibility of the diarylamine impedes the correct orientation.

Regarding the substitution at N-9, in contrast to N-methyl derivative 94 and N-propargyl
derivative 95, only N-cyanomethyl derivative 96 turned out to be significantly active with 43%
inhibition and a temperature shift of 3.7 °C. Also cyclic aminal 80, which is “rigidized” but in an
orientation at odds to lead structure 1, displayed no activity. While this generally supports the
hypothesis, that the orientation caused by the intramolecular hydrogen bond is crucial, this
does not explain the exception regarding N-cyanomethyl derivative 96. Most likely, a
completely different orientation in the active center is adapted. This could potentially be driven

by the capability of the nitrile group to function as hydrogen bond acceptor.
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Figure 24. Results of the 32PanQinase assay (top) and the thermal shift assay (bottom) for analogues
with a modified or substituted ring A or ring B (sta = staurosporine). Yellow bars indicate moderate
inhibitors, whereas green bars indicate potent inhibitors. Shaded bars point out discrepancies between
the two different assay systems.

The final set of compounds are 15 variations of the 8-carboline with a modified or substituted

ring C, for which some are additionally ring B seco derivatives (Figure 25). All results for these
variations are depicted in Figure 26.
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Figure 25. Synthesized analogues with a modified or substituted ring C (and in some cases
additionally with a seco ring B).
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The 6 further seco derivatives 163, 164°, 165°, 166°, 167, and 169 and their mutual precursor
160P were not significantly active. Obviously the introduction of heteroatoms or substituents on
the “ring C surrogate” does not facilitate to acquire the needed orientation.

Also substitution at ring C had only very limited positive impact. In contrast to 7,8-dichloro
analogue 126, 8-methoxy analogue 128, phenol 134, pyrazole 143 and propargyl alcohol 142,
only acetate 135 showed significant inhibition (67%) and temperature shift (3.1 °C). This was
somehow surprising, since the co-crystal data suggests the introduction of hydrogen bond
donor groups in a defined distance at C-8. While these analogues, namely propargyl alcohol
142 and pyrazole 143 were now found to be inactive, the acetate residue obviously enhances
inhibition, although it can only act as acceptor group.

As final strategy the introduction of acceptor groups into ring C of the B-carboline was realized
with the last subset, the two aza analogues. While 7-aza analogue 144 is close to but below
the limit values in both assays (35% inhibition, 2.8 °C T, shift), with 6-aza analogue 145 finally
a highly potent inhibitor was created: with a temperatures shift of 6.4 °C it is the highest shifting
of all synthesized compounds and with 95% inhibition it has even comparable activity to

staurosporine in the radiometric assay.

CLK1 inhibition
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Figure 26. Results of the 3PanQinase assay (top) and the thermal shift assay (bottom) for analogues
with a modified or substituted ring C and in some cases additionally with seco ring B (sta =
staurosporine). Yellow bars indicate moderate inhibitors, whereas green bars indicate potent inhibitors.
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According to this initial testing, replacing C-6 by a nitrogen is a huge advancement of lead
structure 1. To further confirm that with 6-aza-B-carboline 145 indeed a really potent CLK1
inhibitor was found, the **PanQinase assay was also used to determine the ICso value. Starting
at a concentration of 100 pm a 10 times serial dilution was performed (up to a concentration of
3 nm) and the residual activity was then measured at each concentration, respectively.
Likewise to the positive control staurosporine, which has in this assay an ICso value of 52 nm,
for 6-aza analogue 145 indeed an ICso value of 56 nM was determined. This highlights the great
potential of 6-aza analogue 145, which should in the next step also be investigated in cellular

assays such as NanoBRET.

In summary, the testing of this comprehensive set of synthesized analogues of lead structure
1 demonstrated, that only small changes are tolerated. Only very few variations have
conserved or improved CLK1-inhibitory activtiy and several of the very promising variations
suggested by docking experiments based on the co-crystal structure of CLK1 and 1 turned out
to be entirely inactive. However, with 6-aza analogue 145 indeed a highly auspicious
nanomolar inhibitor of this chemotype was developed from lead structure 1 (Figure 27) based
on a rational drug design approach, that exhibits great potency and at the same time great

efficacy.

1 145

Figure 27. Structure of lead structure 1 in comparison to 6-aza analogue 145.
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3.4.3 Co-crystal structures of CLK1 with selected synthesized analogues

To evaluate whether the synthesized analogues bind in the same manner as lead structure 1,
it was attempted to obtain co-crystal structures of all final compounds with the CLK1 in the
group of PROF. DR. ODED LIVNAH (The Hebrew University of Jerusalem, Israel). Previous
projects have shown that already small structural alterations of ligands can cause drastic
changes regarding the binding mode or a complete loss of affinity. Thus, prediction of the
interactions of the synthesized analogues with the protein are difficult and experimental results
are of pivotal importance.

However, co-crystallization is a highly complex and time-consuming process. No success is
guaranteed even in the case of compounds, for which binding is likely according to the results
from the radiometric and temperature shift assay. In total only very few co-crystal structures of
synthesized ligands in complex with CLK1 were available already until finalization of this thesis.
Although this generally supports the conclusion that the majority of compounds has decreased
or lost inhibitory activity because the affinity to the target structure is no longer given, in several
cases the co-crystallization was successful according to preliminary analysis, but the final
coordinates and data were not yet provided. Encouragingly, this applies to the very promising

6-aza analogue 145.

GIRAUD et al.?*°! have investigated the ATP binding mode within the active centre of the CLK1
by docking experiments. They described that binding of the adenine moiety is mainly driven by
two hydrogen bonds with GLU 242 and LEU 244 in the hinge region (Figure 28)?%°. Inhibitors

acquiring similar positions can therefore be seen as ATP-competitive.

PHE 241

v/

///v
/\VAL 324 ASN 293

"Lys 290

GLU 292

Figure 28. Docking of ATP in the ATP binding pocket of CLK1[?%9, Reprinted with permission from
Giraud et al., J. Med. Chem. 2011, 54, 4474-4489. Copyright 2011 American Chemical Society.
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Until finalization of this thesis a comprehensive dataset of co-crystals was only obtained for
the variations of the phenyl residue and evaluated in collaboration with DR. MICHAEL MEYER
(MBC-Statistik, Falkensee, Germany). Hydroxyphenyl derivative 19, aniline 28, pyridine 23,
furan 25 and pyrrole 26 share a binding mode that corresponds closely to the one of lead
structure 1. Superposition of the crystal data, revealed that all of these compounds are only

marginally shifted within the active site of the protein (Figure 29).

Figure 29. Superposition of hydroxyphenyl derivative 19 (rose), aniline 28 (white), pyridine 23
(orange), furan 25 (green) and pyrrole 26 (blue).

All of these analogues show the expected almost planar orientation (water molecules not
shown) and establish a mutual hydrogen bond between the nitrogen of ring A and the
backbone NH of LEU 244. The distance is roughly 3.2 — 3.3 A, as exemplarily depicted for
furan 25 (Figure 30). This ATP-mimetic hydrogen bond was not observed for lead structure 1,
for which the distance between the protein and N-2 is marginally greater. In addition, it should

be noticed, that no interaction with LYS 191 is relevant for binding of these compounds.
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Y S 191.A

LEU 244 A
R,

Figure 30. Furan 25 at the active site of the CLK1.

The analogues which carry donor groups in ortho-position, namely 19 and 28, are capable of
building an additional hydrogen bond to the same amino acid (LEU 244). Although these
substituents were originally intended to form a hydrogen bond with LEU 167 or GLY 245, the
co-crystal structure revealed the interaction with the backbone O of LEU 244 (Figure 31).

Figure 31. Hydroxyphenyl derivative 19 (left) and aniline 28 (right) at the CLK1.

Taking into account the data from the CLK1 assays, interpretation of the co-crystal structures
is difficult. On the one side, several inhibitors with significant enzyme inhibition (= 40% in the
radiometric assay) were shown to be oriented similar to lead structure 1 and establish a ATP-

mimetic hydrogen bond to the hinge region. This is a rational explanation for the activity of the
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variations with five-membered heterocycles: furan 25 (64% CLK1 inhibition), pyridine 23 (54%
CLK1 inhibition) and pyrrole 26 (46% CLK1 inhibition).

In contrast, the introduction of donor groups in ortho-position allowed the formation even of an
additional hydrogen bond, but this enhanced affinity is not reflected in enhanced activity.
Hydroxyphenyl analogue 19 was found to be inactive (5% CLKL1 inhibition), whereas aniline 28
displayed 41% CLK1 inhibition. Obviously this interaction is not detrimental for enzyme

inhibition under assay conditions.

Additionally, the binding mode of pyrrole 26 was questioned, since two different co-crystal
structures were reported. While both have very similar resolution (1.9 A and 1.8 A), one
measurement revealed the “standard binding mode” as mentioned earlier (cf. Figure 29),
which closely corresponds to lead structure 1 (Figure 32, left). In contrast, a second
measurement proposed a completely different orientation, whereby the ligand is flipped
(Figure 32, right).

Figure 32. Superposition of lead structure 1 (beige/grey) and pyrrole 26 (blue/green) according to the
standard (left) and an alternative binding mode.

The “alternative binding mode” results in the loss of the ATP-mimetic hydrogen bond of the
pyridine nitrogen to LEU 244. Only nonpolar atoms are directed thereto, whereas the ligand is

fixed by a single hydrogen bond from the pyrrole NH to the side chain of LYS 191 (Figure 33).
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Figure 33. CLK1 (green) in complex with pyrrole 26 (grey) according to the alternative binding mode.

It remained unclear, which is the “more true” orientation, although the “standard binding mode”
seems more likely, because it was observed also for the other heteroaromatic rings. However,
this discrepancy highlights the importance of experimental results, as prediction of ligand
properties is impossible, if already small modifications can unexpectedly cause an altered

binding mode or complete loss of affinity.

Unfortunately for the variations of the isoxazole moiety and the B-carboline nucleus no final
co-crystal data was available until finalization of this thesis. Preliminary analysis of the data
however indicated, that up to now five further compounds were found to bind to CLK1:

phenylacetylene 51, diarylamines 164 and 165, as well as aza analogues 144 and 145.

It seems that phenylacetylene 51 is flipped in comparison to lead structure 1 and N-2 can

therefore establish a single hydrogen bond with LYS 191 (Figure 34).
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HN LYS 191 HN LYS 191

NH,

Figure 34. lllustration of the flipped orientation of phenylacetylene 51 in the active center of CLK1 in
comparison to lead structure 1. This enables the formation of a hydrogen bond (dotted line) between
N-2 and LYS 191 (according to preliminary results).

For 7-aza analogue 144 and 6-aza analogue 145 it was reported that binding occurs in a similar
but not identical mode as furan 25. While this suggests the formation of a hydrogen bond
between N-2 and LEU 244, it is purely speculative that the strategy to establish an additional
hydrogen bond with LYS 191 was possibly fulfilled (Figure 35). However, this would be in

agreement with the observations for phenylacetylene 51.

HN LYS 191 HIN LYs 191
™~

LEU 244 NH; LEU 244

145

Figure 35. lllustration of the orientation of furan 25 in the active center of CLK establishing a
ATP-mimetic hydrogen bond (dotted line) to LEU 244. A similar binding mode of 6-aza analogue 145
(according to preliminary result) could potentially be capable of forming an additional hydrogen bond

between N-6 and LYS 191.

In summary, final interpretation is yet impossible and it is especially of interest, if the greatly
enhanced inhibitory activity of 6-aza analogue 145, but not 7-aza analogue 144, will be
explainable on the basis of the co-crystal structures. Moreover, further co-crystal structure data

will hopefully be obtainable for several more of the synthesized analogues.
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3.4.4 Kinase selectivity profiling of the synthesized analogues

Since the structure of the ATP-binding pocket is highly conserved among different families of
kinases, selectivity of kinase inhibitors is a main issue. Although in some cases inhibition of
several kinases has an additive effect, kinase inhibitors with a certain level of selectivity are
pursued. Not only more specific drugs with less adverse effects are striven for, but also
chemical tools which help to unravel signal transduction pathways and general relevance in

biological contexts.

To investigate the spectrum of targeted kinases of the herein described inhibitor chemotype,
DSF experiments were conducted in the group of PROF. DR. STEFAN KNAPP at the Goethe
University Frankfurt for all final compounds towards a panel of more than 100 kinases of
different subfamilies. In total 23 kinases shifted significantly (= 3.0 °C) due to one or more
compounds at a concentration of 10 um (Table 14). Although all synthesized analogues are
closely related, the targeted kinases and the selectivity observed was very distinct. As
expected, the highest number of compounds (10 in total) caused a shift in the melting
temperature of CLK1, but also other kinases were influenced repeatedly, such as AAK1,
BMP2K, CAMKK2, DYRK and PIM kinases.

The selectivity of 6-aza analogue 145 was clearly of highest interest. 145 was found to have a
moderate impact on the melting temperature of some kinases (BMP2K, CSNK1D, CLK3, PIM3,
STK17A, ULK3), but exhibited a temperature shift of more than 5 °C besides CLK1 for only
further 3 kinases: CAMKK2 (7.8 °C Tm shift), DYRK1A (5.4 °C Tn shift) and DYRK2 (5.5 °C
Tm shift). Three further compounds were found to have also high shifts for CAMKK2: pyrazole
31 (7.5 °C T shift), acetylene 51 (6.7 °C Ty, shift) and furan 58 (7.0 °C T, shift), of which the
latter was even entirely selective among all kinases tested. Several other compounds
additionally had moderate effects on the melting temperature of CAMKK2. However, as
highlighted by the positive control staurosporine (23.6 °C Tn shift), this kinase generally
displays much greater shifts than e.g. CLK1 and the threshold values are therefore presumably
not suitable. This was further investigated and confirmed with the 33PanQinase assay
(Reaction Biology Europe GmbH, Freiburg, Germany). A small selection of 8 compounds,
which are according to the temperature shift assay potential inhibitors of CAMKK2 (1, 25, 26,
29, 31, 51, 58, 145), was tested for their inhibition with this assay. However, only 6-aza
analogue 145 was found to show significant activity at a concentration of 1 uM (76% inhibition),
whereas all others were below the limit value of 40% inhibition. In addition, also the inhibitory
properties of 145 towards DYRK1A and DYRK2 were assessed with the 3*PanQinase assay
(Reaction Biology Europe GmbH, Freiburg, Germany). Contrary to the DSF results, it was
found, that DYRK1A (93% inhibition) is much more impacted than DYRK2 (51% inhibition).
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staurosporine). In total all final compounds

Table 14. Results of the DSF selectivity profiling (sta
were tested against a panel of 104 kinases at a concentration of 10 um. (Values between 3.0 °C and

3.9 °C are marked in yellow, values between 4.0 °C and 5.9 °C in orange and values = 6.0 °C in red.)

sta| 1 [ 20| 23 | 24 | 26 | 26 | 290 | 31 | 39 | 51 | 58 | 59 | 96 | 98 | 101 | 115 | 120 | 128 | 135 | 145 | 160 | 163 | 164
AAK1 28 11|27 44|43 30 (47 | 15|33 | 28|10 |11 |00|03|-03|08|33|25|29|08|04|02
BMP2K 14|09 (23|33 |50(38 |11 38|19 |38 |22 |12 |06 |-01|05|16 |07 22|11 |39 |14 |04 |06
CAMKK2 37|07 |24 | 5655|5732 . 23 I 221002 |03|05|13 |27 |25 . 1317 |05
CAMK1D 46|09|17|17|12|15|17|18|07|11|-18|02|42|-07|08|17|08|13|10[16|31|-09]|12
CSNKID | 17 (10|01 |16 |09 |13 |26 |03 |06|01|02|02|-01|-07|07|38|03|[10|05|18/|41]|01]|31]35
CSNKIE | 16 [ nd. |nd [nd |nd |nd [nd |nd |nd [nd |nd |nd |nd |nd [-01]|27 |09 |nd |-02|06]|28|01]|33]|32
CSNK2A1 | 37 01|06 |04 | 05|13 | 08|03 |19 |16 |24|09 |12 |01|53|02|-04|12|03|02|14|06|03]|06
CSNK2A2 [ 42 (04 |10 |08 |11 |19 |13 |04 |22 |18 |24 | 10|14 |-01|42 |08 |00|14 |04 |03]|21|09]|-02|07
CHEK2 01(03|01|03|06|11|/03|15|20| 06|11 |15|04|-04|01|30|17]|06|-06|08]|08)|05] 00
CLK1 2090|2734 |39|50|38|37|31|29|33|25|20/|37|02|02|-04|25|16]31 . 05| 16|03
CLK3 E 10|06 |09 |11 |17 |17|14|17|08| 09|09 |07 |11 |07|01|00|06|06|11|40]| 01|07 |02
DCAMKLA 10|14 (12|16 |15|17 |08 |31 (19|22 |07 |19 |05 |-13|13|-06|15|-01|-04|12|-09|-03|-04
DYRK1A 02|09 |08 |18|21|21|18|38|34 |29 |17 |28 |-14|27(-07|-15|26|19|23[564(-02] 11|11
DYRK2 12|35 |22 |22 |24 |34 |17 |21 |10|36|18|05|11|04|09]|01|02]|16|16|55]| 02| 04|04
MAPK10 09|04 |-08|-06|09|02|-09{06|14|03|-08|/04|nd |16|-01|05|01|18|12|21 213113
MST3 14|06 |08 [14|11|19|11|36|25|20|21|32|04|05|15|11|[33|05|09|01]|05|-03|06
PIM1 11 |26 |09 |15 |28 |26 |02 |25 |37 | 24|07 |36 |-06(23|-01|-06|19 (07|04 |-04|09)|05]-01
PIM3 08|34 |18| 19|27 |34 05|34 35|16 | 27|04 |11|04|05|48| 06|12 |31| 08|07 |04
STK17A ©01|35|05|05|13|13|03|24|21|30|06|12|-07|09|-06|03|25]|-01|-04|44]|05]|05]-09
TOPK E 00|01|01|02|17|24|-05|12|17|33|09|12|-17|nd |[nd |nd |08 |nd |[nd |[nd |nd |nd |nd
TTK 12|04 |04 | 06|07 |11 |06 |23|24|15|08|22|26|/05|05[02|30|04|18|16|08| 13|08
ULK1 o1|/o08|01|05|11|07|00|13|16 | 10| 00|10 | 01|04 |-01|-15|14|-01|(-04| 16| 06|01 |-086
ULK3 19 (10|22 |39 |37|45| 14 |28|08|33|15|04|09|04|-02|04|-02|17|17]|43]|05]|03]00
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To sum it up, this first selectivity profiling showed that 6-aza analogue 145 is no broad spectrum
protein kinase inhibitor like staurosporine, but targets only few kinase families. As next step to
deeply study the potential of 6-aza analogue 145 also further selectivity profiling should be
performed. Especially the subtype selectivity towards all CLK and DYRK isoforms has to be
comprehensively assessed.

Additionally, the temperature shift assay indicated two other potent and relatively selective
inhibitors: isothiazole 39 for PIM3 (6.0 °C T, shift) and pyrrole 26 for AAKL (7.9 °C Ty shift).
Further investigations should be carried out in the future to confirm these results with enzymatic
assays. Besides that, for all other kinases only moderate inhibitory activity could be assumed
according to the temperature shift assay. For example, BMP2K was targeted by furan 25
(5.0 °C T shift) and PIM3 by carbazole 120 (4.8 °C T shift). Remarkably, carboxylic acid 98
was found to be entirely selective towards CSNK2A1 (5.3 °C Tn, shift) and CSNK2A2 (4.2 °C
Tm shift), for which none of the other synthesized analogues displayed any temperature shift

at all.

In summary, the selectivity profiling helped not only to characterize the newly synthesized
CLK1 inhibitors, but unraveled also other (potentially even more) affectable targets. Several of
the mentioned kinases are considered as important for various biochemical processes and

linked to several diseases, especially tumors (Table 15).

Table 15. Relevance of the kinases for which notable temperature shifts were observed with DSF.

Kinase Relevance

AAK1L Involved in clathrin mediated endoc_:ytosi_s. Inhik_)itors coyld be

(Adaptor-associated kinase 1) relevant for treatment of neuropathic pain, schizophrenia and
Parkinson’s diseasel270l,

BMP2K Involved in osteoblast differentiation and clathrin mediated

(BMP-2-inducible protein kinase)  endocytosis; relevant as host factor for HIV?271,

CAMKK?2 Involved in regulation of CAMKs and other kinases and

(Ca?*/calmodulin-dependent
protein kinase kinase 2)

CAMK1D (Ca?*/calmodulin-
dependent protein kinase 1D)

CSNK1D and CSNK1E
(Casein kinase | isoform & and €)

CSNK2A1 and CSNK2A2
(Casein kinase Il subunit a and a’)

DYRK (Dual specificity tyrosine-
phosphorylation-regulated kinase)

PIM1 and PIM 3
(Serine/threonine-protein kinase
Pim-1 and Pim-3)

therefore in inflammation, cell proliferation, cell survival etc.;
overexpressed in several tumors, e.g. gastric and prostate
cancer{272:273],

Associated with diabetes; overexpression relevant for e.g.
breast cancerl274-275],

Involved in cell cycle and neuronal processes, e.g.
neurotransmitter signaling, and relevant for Alzheimer disease
and several tumors, e.g. blood cancer(?76-2771,

Involved in cell cycle, division, apoptosis, tumorigenesis;
overexpressed in several tumors[278l,

1A: Involved in neuronal development and cell cycle control;
inhibition e.g. relevant for tumors, Down syndrome, Alzheimer
diseasel>4 279,

2: Involved in cell survival, cancer stem cell formation and
metastasisl?79-280],

Involved in cytokine signaling, promote cell growth, proliferation,
survival and migration; relevant for P-glycoprotein mediated
drug resistance and overexpressed in several tumors[?81,
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3.4.5 MTT assay

Subsequent characterisation of the synthesized compounds with cellular assays is only
feasible, if the relevance of unspecific cytotoxicity is known. Therefore, all final compounds
were tested routinely in a MTT assay by MARTINA STADLER in our group for their cytotoxic

effects towards HL-60 cells.

Basis of this assay developed by MosMANNZ8? is the metabolic activity of living cells, which is
necessarily required to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide

(MTT) to the respective formazan (Scheme 91).

J}— N)ﬁ/
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Scheme 91. Reduction of MTT to a blue formazan derivative by metabolically active cells.

Early considerations directly linked this reaction to the presence of active mitochondria, but it
was described later, that also extramitochondrial reduction occurs?®¥, However, NADH and
NADPH were found to be crucial®®®. The reductive cleavage of MTT's tetrazolium ring
generates a formazan derivative with an intense blue color, of which the absorbance can be
measured photometrically at 570 nm?82, Since the amount of generated formazan is directly
proportional to the number of metabolically active cells, the MTT assay allows to draw
conclusions on cell viability. Thus, if cytotoxicity is determined, no information about the

responsible mode of action is gained.

All final compounds were tested initially at a single concentration (100 um) and, if cytotoxicity
was observed, ICso values were determined. As positive control the detergent Triton X-100

was used, which causes total cell lysis.

Substances, which exhibit ICs value of <5.0 uM are classified as highly cytotoxic, comparable
with the chemotherapeutic agent cisplatin. Although CLK inhibition is also linked to strong
antitumor activity against several cancer cell lines, this was generally not relevant in HL-60
cells, which made it a suitable cell line for cytotoxicity testing. The very potent CLK1/4 inhibitor
indole KH-CB19 for example had an ICs, value of approx. only 30 puM in this MTT assay!*®],

which corresponds to weak activity.
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Table 16. Results of the MTT assay. (Compounds which displayed moderate/strong cytotoxic effects
are marked in light orange/orange.)

Compound | ICsp (UM) Compound | ICsp (UM) Compound | ICs (UM)

1 > 100 51 12 115 > 100
19 15 54 > 100 126 > 100
20 > 100 58 44 128 > 100
21 > 100 59 > 100 134 >100
22 10 60 > 100 135 >100
23 > 100 63 > 100 142 >100
24 > 100 66 > 100 143 >100
25 > 100 74 > 100 144 >100
26 > 100 80 > 100 145 >100
27 > 100 94 > 100 160° >100
28 >100 95 > 100 162° >100
29 > 100 96 > 100 163° >100
31 46 97 35 164° > 100
34 > 100 98 16 165° >100
39 > 100 99 > 100 166° >100
43 >100 100 > 100 167 >100
46 > 100 101 > 100 169 >100
48 > 100 104 > 100

50 > 100 120 > 100

Of all final compounds only five exhibited noteworthy cytotoxicity. For phenol 19, iodide 22,
acetylene 51 and carboxylic acid 98, ICsy values indicated moderate effects. The
corresponding methyl ester 97, in contrast, was found to have comparable cytotoxicity to
cisplatin. As already mentioned, no conclusions regarding the mechanism can be drawn.
However, antitumoral activity towards several cancer cell lines of g-carbolines in general and

especially related 3-alkoxycarbonyl-s-carbolines were reported in literature[?84-2861,

Regarding the future investigation of the synthesized compounds as kinase inhibitors in cellular
assays, the cytotoxicity was considered as unproblematic. Whereas cytotoxic ester 97 was
found to have no affinity to any of the investigated kinases by DSF, all potential inhibitors were

evaluated as only moderate or nontoxic.

3.4.6 Agar diffusion assay
Additionally, all final compounds were tested routinely by MARTINA STADLER in our group for

their antimicrobial effect towards several model germs in the agar diffusion assay.

This qualitative assay is based on the formation of zones of growth inhibition. Therefore, test
platelets are impregnated with a solution of the compound and placed on agar plates, which

contain appropriate growth medium and are incubated with a selected germ. The applied
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compound can then diffuse into the medium and inhibit growth of the germ. If zones of inhibition

are then present after incubation, antimicrobial effects are determinant.

None of the tested compounds showed any noteworthy antimicrobial effect towards the
investigated bacteria (Escherichia coli, Pseudomonas marginalis, Straphylococcus equorum,
Streptococcus entericus) and fungi (Yarrowia lipolytica, Saccharomyces cerevisiae). As
positive control, tetracycline as broad-spectrum antibiotic and clotrimazole as broad-spectrum

antifungal agent were included in all experiments.

3.4.7 Yeast three-hybrid screening with arylacetylene 27

The Y3H system is a method to identify targets of small molecules, that is intensively
investigated in the group of DR. SIMONE MOSER (Pharmaceutical Biology) at our
department° 287 |n brief, small molecules of interest (such as 27) are coupled through a
linker to trimethoprim based probes (via click chemistry or amide coupling), and these
combined probes are then responsible for binding to two proteins that are needed to cause
transcription of a reporter genel'®, First, the trimethoprim subunit binds to the anchor protein,
the enzyme dihydrofolate reductase, that is fused to the DNA binding domain of a split
transcription factor. Second, a variety of potential targets each coupled to the activation domain
of the same transcription factor is available for the small molecule subunit to interact with and
only if the small molecule binds to one of these potential targets, activation of the reporter gene
transcription takes place and the yeast survives. Subsequently, the respective target is then

identifiable by DNA sequencing*®?,

Although arylacetylene 27 was shown to have no significant CLK1-inhibitory activity, the Y3H
screening could still be useful to identify potential off-targets of the herein investigated inhibitor
chemotype. Unfortunately, no final results were available until finalization of this thesis, since
the experiments could only be started with a delay of several months. Nevertheless,
preliminary results indicated quinone reductase 2 (NQO2) as interesting target, which is
however not yet validated.

NQO?2 is a flavoenzyme highly expressed in liver and kidney cells, that utilizes not NAD(P)H
but less common reducing equivalents, such as N-ribosylnicotinamide. Its involvement in
reducing catechol quinones links it to neurotransmitter homeostasis and therefore
neurodegenerative diseases?®l. Furthermore NQO2 could be implicated in drug metabolism
(as a toxifying as well as a detoxifying enzyme?®?) and is considered as potential (off-)target
of melatonin, resveratrol and some licensed drugs like chloroquine and imatinib, which

suggests also a role in malaria and cancer!8%-291,
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4 Summary

The screening of a substance library, containing various compounds from the BRACHER group
which are derived from natural products, identified B-carboline 1 as inhibitor of the protein
kinase CLK1 and as promising candidate for further development. By co-crystallization with
the target enzyme, the orientation of the ligand within the ATP-binding pocket was revealed
and it was found that no direct hydrogen bonds to the protein, but several short distances
between donor or acceptor groups of the protein and nonpolar atoms of the ligand are existent
(Figure 36).

Figure 36. Structure of lead structure 1 (left) and CLK1 (blue) in complex with 1 (grey) (right). Short
distances are indicated by yellow lines.

Basing on this, the aim of this thesis was to investigate the structure-activity relationship of this
inhibitor chemotype. With a structure-based design and synthesis of several sets of analogues
thereof, it was striven for inhibitors with considerably improved activity. Therefore, variation of
each part of the molecule — namely the phenyl, the isoxazole and the B-carboline moiety —
were to be successively pursued. Besides examining the necessity of the present
substructures and the tolerance regarding the replacement by structurally related motifs, the
introduction of donor or acceptor groups at particular positions was intended purposefully.
Since 1 unusually displays no notable interactions with the active centre of the protein
according to the obtained co-crystal structure, it was assumed that the analogues which are
capable of forming hydrogen bonds will have significantly enhanced affinity to the target and

as a result also enhanced CLK1-inhibitory activity.
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Synthesis of lead structure 1 was possible according to literature®®. However, several
adaptions were examined to improve feasibility and broaden the substrate scope regarding the
intended analogues (Scheme 92). 3-Carbolinone 5 was accessed from indole-2-carboxylic
acid by amide coupling with 2-aminoacetaldehyde dimethyl acetal and subsequent acid-
mediated cyclization®, then transformed into the respective bromide 8 (with POBr; in
anisole)® and triflate 10 (with Tf,O)®8., Both were demonstrated to undergo smooth
SONOGASHIRA cross-coupling with trimethylsilylacetylene and terminal alkyne 3 was obtained
after desilylation with potassium carbonatel®®. The final HUISGEN cycloaddition to isoxazole 1
with benzonitrile oxide derived from benzaldehyde oxime was achieved by chlorination with
NCS and subsequent dehydrohalogenation with triethylamine, but could even be more
improved by using PIFA as direct oxidant.

o~
HoN \)\O/
1. amide coupling
2. PPA-mediated — bromination
cyclization or triflation —
%oH e | g e o
N N N
H o) H e} H X
X =Br 8
5 OTf 10
|
HO. e
Si
N/\© // ~
) ” 1. Sonogashira
Huisgen cycloaddition = cross-coupling
with NCS/Et3N or PIFA \ N 2. desilylation
N
A\

Scheme 92. Overview of the synthesis of building block 3 and lead structure 1.

The first intended variations of lead structure 1 focussed on the phenyl ring, which was either
substituted in ortho- or para-position or replaced by bioisosteric five- and six-membered
heteroaromatic rings. According to the co-crystal structure of 1 in complex with CLK1, donor
groups in ortho-position could be particularly beneficial, since the formation of a hydrogen bond
with LEU 167 or GLY 245 is conceivable.

In close analogy to the synthesis of lead structure 1, various analogues with a substituted or
replaced phenyl ring were accessed (Scheme 93). Therefore, several arylaldehydes were
transformed into the respective oximes 12 — 18 by condensation with hydroxylamine.
Subsequently, the nitrile oxides were generated, again either by a NCS/triethylamine mediated

procedure or by using PIFA, and subjected to HUISGEN cycloaddition with arylacetylene 3.
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Although this afforded some tedious optimization, a representative set of analogues was
obtained (19, 20, 21, 22, 23, 24, 25, 26). Additionally, the ortho-aniline residue 28 was
accessed by selective reduction of the nitro group from 20 and the corresponding
para-acetylene analogue 27 by SONOGASHIRA cross-coupling from iodide 22. The terminal
alkyne was intended to be used as clickable ligand in the Y3H system established in the group
of DR. SIMONE MOSER[1? to identify further (off-)targets of this substance class.

3

_OH
? condensation with ‘N Huisgen cycloaddition
) hydroxylamine ) with NCS/Et;N or PIFA
R s A
| | )
;
12-18 19-26
OH cl NO,
19 21 20 22
S ] 1. Sonogashira
| Y/ ‘ Y/ Zn, H* cross-coupling
2. desilylation
24 25
NH,
H
: - O
‘ / = \\
28 27

Scheme 93. Overview of the syntheses of variations of the phenyl ring.

The second set of analogues comprises variations of the isoxazole ring, which is (based on
co-crystal structure data; cf. Figure 6) important for the almost co-planar orientation of the
ligand due to the formation of an intramolecular hydrogen bond between the isoxazole oxygen
and the indole NH. Besides investigating the replacement by many other five-membered
heterocycles (containing other as well as less and more heteroatoms) to fully investigate the
tolerance and potential of this substructure, especially the C-4’ position was of interest.
According to the co-crystal structure of CLK1 in complex with isoxazole 1, a donor group in

this position is likely capable of building a hydrogen bond with GLY 245.

For this purpose, alkyne 3 was also used as dipolarophile in HUISGEN reactions with other
1,3-dipoles than nitrile oxides (Scheme 94). With phenyl azide the Cu(l)-catalyzed synthesis
of triazole 29 was achieved and with phenyldiazomethane pyrazole 31 was accessible. Only

preparation of isoxazoline 33 from N-methyl-C-phenyl-nitrone was not feasible.
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Scheme 94. Overview of the syntheses of variations of the isoxazole via HUISGEN cycloaddition from
alkyne 3.

To access further isoxazole analogues, literature-known aldehyde 36 and carboxylic acid 41
were utilized*3! (Scheme 95). Both were synthesized from benzalharman (37) by oxidative
cleavage and employed as precursors in several heterocycle syntheses. To begin with
aldehyde 36, condensation with hydroxylamine gave oxime 35, which could be converted into
the corresponding nitrile oxide and reacted with phenylacetylene to the isomeric isoxazole 34
only by using PIFA but not with NCS/triethylamine. Furthermore, condensation with
benzoylhydrazine and iodine-mediated oxidative cyclization afforded literature-known
oxadiazole 50143,

Carboxylic acid 41 was activated with CDI and after coupling with amidoxime 47 subjected to
KOH catalyzed cyclodehydration to give oxadiazole 48. When the intermediate acylimidazole
was reacted with phenylethylamine instead, amide 42 was accessed. However, the
subsequent oxidative cyclisation to oxazole 43 was not achieved using iodine and TBHP!32,
In contrast, the one-pot ROBINSON-GABRIEL synthesis starting from carboxylic acid 41 and
2-aminoacetophenone, which uses POCI; as activating and cyclodehydrating reagent, was
expedient. The related oxazole 46 was accessible from carboxylic acid 41 and phenacyl
bromide, which gave phenacyl ester 45, that was reacted with acetamide/boron trifluoride

etherate.
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Scheme 95. Overview of the syntheses of variations of the isoxazole from central precursors aldehyde
36 and carboxylic acid 41.

PICTET-SPENGLER reaction was used to establish an alternative synthesis for lead structure 1
and gain access to furan 58, thiophene 59 and imidazole 60 (Scheme 96). The required
aldehydes (53, 55, 56 and 62) were synthesized according to literature245 154 1591 and reacted
with tryptamine at elevated temperature. Solely the respective 1,2,3,4-tetrahydro-B-carboline

analogue 54 was also isolated, all other cyclization products were directly subjected to
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Pd-catalyzed dehydrogenation to obtain the fully aromatic derivatives with a one-pot
procedure.

Additionally, isoxazole 1 was converted into the corresponding enamino ketone 40 via
reductive cleavage, and subsequent isothiazole synthesis via thionation with P1Sip and
p-chloranil mediated ring closure gave sulfur analogue 39. Last but not least, phenylacetylene

analogue 51 was synthesized from bromide 8 via SONOGASHIRA cross-coupling with

phenylacetylene.
NH
2 \ /N
N
H Br
A\
N 8
H
O\\l =
. 1. Pictet-Spengler )
Hetar h red. isoxazole
\Eimr, reaction J cleavage Sonogashira
b ‘2. dehydrogenation ‘ cross-coupling
\ N

54

1. thionation
2. ox. ring closure

Scheme 96. Overview of the syntheses of further variations of the isoxazole from tryptamine, lead
structure 1 and precursor 8.

In order to synthesize 4-aminoisoxazole analogue 63, for which dockings based on the
co-crystal structure data predicted attractive additional interactions with the CLK1, the initially
intended key step was the reduction of the corresponding nitro analogue 64 (Scheme 97). For
this purpose, a-nitro ketone 65 was synthesized, but the 1,3-dipolar cycloaddition with
benzonitrile oxide could not be realized. Therefore, an alternative approach was followed, in
which the amino group should be generated from the respective carboxylic acid via CURTIUS
rearrangement using DPPA. Direct synthesis of the needed ethyl propiolates (67 and 70) via

SONOGASHIRA cross-coupling with ethyl propiolate was not feasible, presumably due to the
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electron withdrawing ester group directly attached to the alkyne. However, 70 was accessed
from SEM-protected 1-bromo-B-carboline 69 with trimethylsilylacetylene, desilylation and
subsequent ethoxycarbonylation with ethyl chloroformate. Cycloaddition with benzonitrile
oxide readily gave 3,4,5-trisubstituted isoxazole 73, for which SEM cleavage to 74 was only
achieved with trifluoroacetic acid, but surprisingly not with fluoride ions. After alkaline ester
hydrolysis, CURTIUS rearrangement of carboxylic acid 66 was attempted, but instead of
degradation to amine 63, intramolecular amide formation to 76 proceeded. When in contrast
the reactions were run in reverse order, CURTIUS rearrangement of N-SEM protected
carboxylic acid 77 in tert-butanol gave Boc amine 78. Treatment with hydrochloric acid then
resulted in Boc cleavage, but subsequently in the formation of intramolecular aminal 80 with
the “formaldehyde unit” of SEM. To circumvent this, several other N-9 protective groups (Boc,
benzyl, PMB) were investigated, but found to be not suitable. Therefore, it was striven for a
4’-amino protecting group, which withstands the conditions of SEM cleavage and is eliminable
in the last step. This was realized by masking amine 79 as trifluoroacetamide 93. After SEM
cleavage with trifluoroacetic acid, trifluoroacetamide cleavage of 91 was achieved with

hydrochloric acid in methanol and finally led to 4’-amino analogue 63.
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Scheme 97. Overview of the synthesis of 4-aminoisoxazole 63.

The third and final set of analogues affects the tricyclic B-carboline skeleton. Besides
investigating the necessity of the present nitrogen atoms, the co-crystal structure indicated

several positions, for which the introduction of substituents was highly promising.

Firstly, to further investigate the co-planar orientation of lead structure 1 based on an
intramolecular hydrogen bond, the crucial indole NH moiety was eliminated. So, the indole NH
was methylated via nucleophilic substitution (94) (Scheme 98). Additionally, N-propargyl
derivative 95 and N-cyanomethyl derivative 96 were synthesized, since both residues showed
beneficial properties at N-9 of B-carbolines investigated as kinase inhibitors in previous

studies!®?.
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Scheme 98. Overview of the synthesis of N-9 substituted analogues.

Regarding ring A, the introduction of substituents was especially auspicious at C-3. Donor
groups were assumed to be capable of forming an ATP-mimetic hydrogen bond with the
carbonyl oxygen of GLU 242. The access to such analogues was established via PICTET-
SPENGLER reaction between L-tryptophan methyl ester hydrochloride and aldehyde 53, which
was in turn synthesized in close analogy to literature from propargyl alcohol via 1,3-dipolar
cycloaddition with benzonitrile oxide!**¥ and subsequent SWERN oxidation**%! (Scheme 99).
The following dehydrogenation with potassium permanganate gave 3-methoxycarbonyl
analogue 97 directly, which was then further transformed into envisaged donor groups:
hydrolysis to carboxylic acid 98 and subsequent CURTIUS rearrangement with DPPA gave
aminopyridine 99, aminolysis with ammonia in methanol resulted in amide 100 and reduction
with NaBH4/CacCl, lead to hydroxymethyl compound 101.
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Scheme 99. Overview of the (attempted) synthesis of ring A substituted analogues.
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With regard to further variations of the B-carboline moiety also several other tricyclic

heteroarenes and ring C substituted B-carbolines were envisaged for different reasons. First
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of all, a carbazole moiety was pursued, since this 2-desaza analogue would allow to evaluate
the relevance of the nitrogen atom in ring A. Furthermore, the replacement of the g-carboline
by phenothiazine was intended. This widely spread tricyclic core structure additionally has
different geometry due to the central thiazine ring.

Also variations of ring C were investigated, for which substituents seemed especially
interesting at C-7 and C-8. The 7,8-dichloro pattern is familiar from bauerine alkaloids and
KH-CB191“547 Donor groups with a short spacer at C-8 could interact with the backbone
oxygen of GLU 292 or ASN 293. Also the introduction of acceptor atoms into ring C was very
promising according to the co-crystal data. An additional nitrogen replacing C-6 or C-7, could
enable a hydrogen bond with the side chain of LYS 191.

To access these multifarious analogues the corresponding (pseudo)halide building blocks
were generated (Scheme 100). While several of these precursors could be synthesized
following literature or related procedures via lithiation and halogenation (111, 112), BORSCHE-
DRECHSEL carbazole synthesis (117) or JAPP-KLINGEMANN reaction (124, 132), a new
approach was to be developed for the 7-aza analogue 155. Starting from 4-methyl-3-
nitropyridine and ethyl pyruvate, literature-known ester 1482 was accessed via REISSERT indole
synthesis and bromination with NBS, and subsequently transformed to amide 1492. The key
step was the construction of ring A by introduction of an ethoxyvinyl side-chain and subsequent
ring closure. Since neither the STILLE nor the SuzukI cross-coupling was achieved at the stage
of amide 1492, the side chain was then already introduced at the stage of ester 1482, However,
cyclization of 1522 then affords condensation with ammonia, which was only achieved with an
ammonium acetate melt. Subsequent bromination and chlorination of the pyridone moiety
failed and triflation was only very low yielding, making the extremely poorly soluble 7-aza-
B-carboline-1-one (151%) not a convenient building block to further investigate the
underexplored class of 7-aza-B-carbolines.

Introduction of the phenylisoxazole residue on these (pseudo)halides was initially intended via
SuzukI cross-coupling with boronic acid pinacol ester 108. As this was, however, not feasible
due to extensive protodeboronation, the well-established combination of SONOGASHIRA cross-
coupling with trimethylsilylacetylene, desilylation and HUISGEN cycloaddition with benzonitrile
oxide was applied. With this sequence, phenothiazine 115, carbazole 120, 7,8-dichloro-
B-carboline 126 and 8-methoxy-B-carboline 128 were accessed. The latter was subsequently
converted to the corresponding phenol 134 via ether cleavage with HBr in acetic acid. Triflation
and cross-coupling with suitable building blocks then allowed the introduction of the envisaged
donor groups: propargyl alcohol 142 via SONOGASHIRA and pyrazole 143 via SUZUKI Cross-

coupling.
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Scheme 100. Overview of the synthesis of other tricyclic heteroarenes and ring C substituted
analogues from (pseudo)halide precursors.

Also synthesis of 7-aza analogue 144 was achieved with the aforementioned procedure, but
suffered from low yields and substantial loss of substance, which hampered the isolation of
analytical pure final compound. Therefore, another approach was followed, that additionally
gave access to the more flexible ring B seco derivatives (Scheme 101). The phenyl isoxazole
residue was introduced at first onto 3-amino-2-bromopyridine, which corresponds to ring A of
the B-carboline. BUCHWALD-HARTWIG N-arylation of amine 160° with aryl halides was then

utilized to generate seco analogue 162° and several related diarylamines (163°, 164°, 165",
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166°, 167, 169). Key step for construction of the aza-B-carboline motif was an intramolecular
HEcCK-like cyclization of the ortho-halogenated precursors to connect ring A and ring C. Initially,
synthesis of 7-aza analogue 144 was attempted with chloride 166°, but impeded by competing
dechlorination. The procedure was significantly improved and readily gave 7-aza-B-carboline
144 by employing bromide 167. Likewise, this method could be applied to prepare 6-aza-
B-carboline 145 from bromide 169.
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Scheme 101. Overview of the synthesis of seco and aza analogues via BUCHWALD-HARTWIG
N-arylation.

In total, 10 variations of the phenyl ring, 15 variations of the isoxazole moiety and 29 variations
of the B-carboline nucleus were synthesized and their CLK1 inhibitory activity was determined
in the 33PanQinase assay (Reaction Biology Europe GmbH, Freiburg, Germany). Additionally,
their affinity towards CLK1 and more than 100 further kinases was assessed with DSF
experiments (in the group of PROF. DR. STEFAN KNAPP, Goethe University Frankfurt, Germany)
and co-crystallization with the target enzyme was achieved with some of these ligands (in the

group of PROF. DR. ODED LIVNAH, The Hebrew University of Jerusalem, Israel).

In summary, the biological testing of these analogues revealed that only few structural changes

of lead structure 1 are tolerated to maintain or improve CLK1 inhibitory activity. According to
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the radiometric assay, which measured the enzyme inhibition at a concentration of 1 um,
besides lead structure 1, further 11 synthesized analogues were found to be moderate
inhibitors (40 — 80% inhibition), whereas only 6-aza analogue 145 was classified as very potent
inhibitor (> 80% inhibition) (Figure 37). These results were all in all reflected well in the
temperature shift assay with CLK1, for which nearly all moderate inhibitors caused a
temperature shift of 3 — 5 °C and only 6-aza analogue 145 of more than 6 °C.

120 96 135 145
68% 43% 67% 95%

Figure 37. Overview of lead structure 1 and synthesized analogues, which were identified as
moderate or potent CLK1 inhibitors with the 33PanQinase assay. The respectively measured CLK1
inhibition in % is given below each structure.

Taken this into consideration, it becomes apparent, that the rational synthesis of inhibitors
based on considerations of the co-crystal structure of ligand 1 at the active site of the CLK1 is
challenging. Several expectedly highly promising modifications, which were assumed to
enable further interactions with the protein, fell short of expectations and several minor
changes unexpectedly resulted in a complete loss of activity and affinity as summarized in
Figure 38.
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The highest variability and tolerance towards modifications was observed for the phenyl ring.
Replacement by five- and six-membered heteroaromatic rings was tolerated well regarding the
CLK1 inhibitory activity and co-crystal structures of several of these ligand (pyridine 23, furan
25, pyrrole 26) with the protein revealed a mutual orientation similar to lead structure 1, but the
establishment of a ATP-mimetic hydrogen bond between N-2 and LEU 244. In contrast,
substitution in para-position resulted in a loss of activity and affinity, whereas substitution in
ortho-position has to be considered differentially. The introduction of donor groups in this
position was assumed to be particularly beneficial due to potential further interactions. While
this seems to be accomplished according to the co-crystal structures of hydroxyphenyl
analogue 19 and aniline 28, that demonstrate an additional hydrogen bond to LEU 244, this
advancement was not reflected in enhanced activity. While aniline 28 has decreased activity,
like its nitro precursor 20, hydroxyphenyl analogue 19 is entirely inactive.

Regarding the isoxazole moiety, it was figured out that this substructure is a lot more
susceptible to structural changes. Only triazole 29 and pyrazole 31 still displayed inhibitory
activity. While this suggests the replaceability of O-1" and C-3’ by nitrogen, all other alterations
were not tolerated. This comprises the replacement of O-1’ by sulphur, N-2’ by oxygen or
methine and C-4’ by oxygen or nitrogen, although the relevance of the latter two positions was
considered as low from the co-crystal structure of isoxazole 1. Also the introduction of a donor
group at C-4’, such as realized with imidazole 60 and 4’-aminoisoxazole 63, did not fulfil the
intended task to interact with GLY 245, but resulted in entirely inactive analogues.
Unfortunately, until finalization of this thesis no co-crystal structures for any of these variations
could be obtained. Only phenylacetylene 51 was found in complex with CLK1, which occurs
according to preliminary analysis not in a binding mode similar to lead structure 1, but in a
flipped orientation that enables the formation of a hydrogen bond between N-2 and LYS 191.

Also the B-carboline nucleus was found to not readily tolerate broad alterations. Although this
is in contradiction to the results from co-crystal structures of the phenyl variations, the
relevance of N-2 was assumed to be low for 8-carboline 1, which could explain the conserved
activity of carbazole 120. Substitution was not conducive as planned at various positions: the
highly promising introduction of donor groups at C-3, such as present in aminopyridine 99,
which could theoretically establish even two ATP-mimetic hydrogen bonds with the protein,
was not beneficial. Same was observed for the donor groups at C-8, that were realized with
propargyl alcohol 142 and pyrazole 143 and intended to interact with GLU 292 or ASN 293.
Also several other substituents at C-3, C-7 and C-8 were not tolerated, but surprisingly acetate
135 was found to still have inhibitory activity. Ring B (the pyrrole substructure of the
B-carboline) should also not be changed — as demonstrated with phenothiazine 115 and the

many seco derivatives — and further, substitution at N-9 obviously hinders the co-planar
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orientation of the ligand. However, N-cyanomethyl derivative 96 was found to be a moderate
inhibitor.

In contrast to the aforementioned unsuccessful strategies to promote interaction with the
protein by additional donor groups and therefore enhance inhibitory activity, this objective was
finally achieved by the introduction of an acceptor group at ring C of the -carboline. While the
replacement of C-7 by nitrogen is not beneficial, such replacement of C-6 creates a highly
potent CLK1 inhibitor: 6-aza analogue 145 was found to have comparable efficacy (95%
inhibition) and potency (ICso = 56 nw™m) to staurosporine (97% inhibition, ICso = 52 nMm) in the
enzymatic assay. The final results from the co-crystallization of both aza analogues (144 and
145) are not yet available, but a binding mode similar to furan 25 was already reported. This
indicates the ATP-mimetic hydrogen bond between N-2 and LEU 244, but does not yet allow
to draw conclusions, if the improved kinase-inhibitory activity of 145 can be explained by
formation of the intended interaction with LYS 191.

seco and six-membered ring B
cause a complete loss of activity

N-6 has enhanced activity ’ substitution at C-3 is not at all tolerated

\ / N-2 desaza analogue has

N-7is not beneficial _— conserved activity

) o - substitution at C-4' or replacement
7,8‘d|Ch|0rO substitution S8 — by heteroatoms cause a
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substitution at C-8 is not beneficial, / . , and five- and six-membered
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replacemet of O-1' and C-3' by N is tolerated, 1N Para-position
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Figure 38. Summary of the outcome from the biological testing of all synthesized analogues of lead
structure 1.

At long last, a rational approach led to the advancement of the moderate CLK1 inhibitor 1 to
the highly promising inhibitor 145. Initial selectivity profiling with DSF against a panel of 104
kinases from different families further revealed that in total only 9 other kinases are potential
targets of 145. However, apart from DYRK1A, DYRK2 and CAMKK, all measured temperature
shifts were below 5 °C and therefore only moderate effects are presumable. Besides further
investigating the selectivity, especially towards all CLK and DYRK isoforms, the next essential

step is to study the inhibitory potential of 6-aza-B-carboline 145 also in cellular assays.
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5 Experimental Part
5.1 Materials and methods

5.1.1 General reaction conditions and reagents

Oxygen- and moisture-sensitive reactions were run in oven-dried glassware under N
atmosphere using SCHLENK line technique. All chemicals and reagents were purchased from
commercial sources (abcr, Fischer Scientific, Merck, Sigma-Aldrich, TCI, Th. Geyer) and used
without further purification. Solvents were also purchased from commercial sources, used
without further purification or purified and dried by distillation and stored over molecular sieves,

if needed. Phase separation filters (MN 617 WA) were purchased from Macherey-Nagel.

5.1.2 Reaction monitoring and purification

Monitoring of all reactions and fraction control was performed by thin layer chromatography
(TLC) on POLYGRAM SIL G/UV254 silica gel polyester sheets (0.2 mm silica gel, 40 x 80 mm,
Macherey-Nagel). Visualization was achieved with UV light irradiation (254 nm or 365 nm) or
one of the following TLC staining reagents: CAM (ceric ammonium molybdate), DNPH
(2,4-dinitrophenylhydrazine) or EHRLICH’s reagent (4-(dimethylamino)-benzaldehyde). If
needed, direct mass analysis from TLC plates using Plate Express and direct mass analysis
from solid and liquid samples using atmospheric solids analysis probe (ASAP) on an
expression Compact Mass Spectrometer (Advion) with atmospheric pressure chemical
ionization (APCI) was performed for further reaction monitoring or compound identification.
Flash column chromatography was run on silica gel (pore size 60 A, particle size 0.040 —
0.063 mm) purchased from Merck or Macherey-Nagel. Isolated yields were determined after
work-up and purification by flash column chromatography or recrystallization, if needed.

5.1.3 Compound characterisation

Retardation factors (Rr) were determined by TLC analysis using the eluents as described for
the single products.

Melting points were measured with a Biichi B-540 Melting Point Apparatus in capillary tubes.
Values are reported in °C and are uncorrected.

Nuclear magnetic resonance (NMR) spectroscopy was performed by the NMR Analytics Group
of the Department of Pharmacy (Dr. LARS ALLMENDINGER and co-workers). All NMR spectra
(*H, BC, DEPT, H-H-COSY, HSQC/HMQC, HMBC) were recorded on an Avance Ill 400 MHz
Bruker BioSpin or Avance Il 500 MHz Bruker BioSpin device at room temperature, unless
otherwise stated. Chemical shifts & are reported in parts per million (ppm) and refer to the
residual solvent peak of chloroform-d, DMSO-ds, methanol-ds or methylene chloride-d,. The
signals in the *H and C NMR spectra were assigned using COSY, DEPT, HSQC/HMQC,
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HMBC and, if needed, NOE spectra. Multiplicities are abbreviated as s = singlet, d = doublet,
t=triplet, g = quartet, m =multiplet (and derivatives thereof) and coupling constants J are
reported in Hz. The software MestReNova (Mestrelab Research S.L.) was used to analyze all
spectra.

Infrared spectra were recorded on a Perkin Elmer FT-IR BXI1/1000 spectrometer with Smiths
ATR sensor. Wavenumbers of absorption bands were assigned with the software Spectrum
(PerkinElmer) and are reported in cm™.

High resolution mass spectrometry was performed by the LMU Mass Spectrometry Service
(Dr. WERNER SPAHL and co-workers). Spectra were recorded on a Jeol JMS-700 MStation or
JMS GC Mate Il device at 250 °C and electron energy of 70 eV for electron impact ionization
(El) and on a Thermo Finnigan LTQ device at 250 °C for electron spray ionization (ESI).
Observed molecular ions are reported in m/z units.

Analytical HPLC measurements were performed on a HP Agilent 1100 HPLC system with a
diode array detector. Purity was determined at 210 nm and 254 nm by applying the following

methods and is reported in %.

Method 1:

Agilent Poroshell 120 EC-C18 (2.7 um, 3.0 x 100 mm), temp. 50 °C, flow 0.5 — 1.0 mL/min
a) 80% acetonitrile, 20% water; injection vol. 10 pL
b) 70% acetonitrile, 29.9% water, 0.1% formic acid; injection vol. 10 pL
c) 50% acetonitrile, 49.9% water, 0.1% THF; injection vol. 2 — 5 pL

d) 50% acetonitrile, 49.9% water, 0.1% formic acid; injection vol. 10 pL

Method 2:
Agilent Zorbax Eclipse Plus C18 (5.0 um, 4.6 x 150 mm), temp. 50 °C, injection vol. 10 pL
a) 80% methanol, 20% water, pH 9; flow 1.2 mL/min
b) 80% methanol, 20% water; flow 1.0 mL/min
c) 70% acetonitrile, 30% water; flow 1.5 mL/min
d) 70% acetonitrile, 29.9% water, 0.1% formic acid; flow 1.0 mL/min
e) 50% acetonitrile, 50% water; flow 1.0 mL/min
f) 30% acetonitrile, 69.9% water, 0.1% formic acid; flow 1.0 mL/min
g) 20% — 80% acetonitrile in water; flow 1.0 mL/min
h) 20% — 90% acetonitrile + 0.1% formic acid in water; temp. 25 °C, flow 1.0 mL/min
i) 5% — 95% acetonitrile in phosphate buffer (0.03 M, pH 3.5) with octane-1-sulfonic acid

sodium salt (1 mg/L); flow 1.5 mL/min

Method 3:
Raptor Biphenyl (5.0 pum, 4.6 x 150 mm) temp. 50 °C, injection vol. 10 pL,
20% — 95% methanol in water; flow 1.0 mL/min
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5.1.4 Nomenclature and numbering
All compounds are titled with the systematic name following IUPAC recommendations.
Compounds, which were (first) synthesized by undergraduate students under my supervision

and are described also within their theses, are marked with letters in superscript as follows.
a: Master thesis of FRANCESCA DONAI20Y
b: Bachelor thesis of LUKAS FINGER!?49

Numbering is based on IUPAC rules, though the apostrophes are not in accordance with the

priority of the root systems, but constantly remain as in the depicted order for all analogues.
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5.2  General synthetic procedures

I: SONOGASHIRA cross-coupling reactions

a: SONOGASHIRA cross-coupling of bromopyridines and aryl iodide 22 with alkynes

The respective aryl halide (1.0 eq) was dissolved or suspended under N atmosphere in
anhydrous triethylamine (3 — 9 mL/mmol halide) and anhydrous THF (3 — 10 mL/mmol halide)
and the reaction mixture was stirred at room temperature. Cul (0.2 eq) was added and the
mixture was purged with N2 for 5 — 10 min. Then, Pd(dppf)Cl. (0.05 eq) was added and again
the mixture was purged with N, for 5 — 10 min. A degassed solution of the respective alkyne
(1.2 - 2.0 eq) in anhydrous THF was added dropwise and the reaction mixture stirred at room
temperature for 3.5 — 20 h. After diluting with ethyl acetate, the mixture was filtered through a
pad of celite and the pad was washed with ethyl acetate. Sat. ag. NaCl solution was added to
the filtrate and the phases were separated. The aq. phase was further extracted with ethyl
acetate, the combined organic layers were dried over Na;SO., filtered and the solvent was
removed in vacuo. The crude TMS-protected alkynes were used without further purification,

while the other crude products were purified by flash column chromatography.

b: SONOGASHIRA cross-coupling of pyridyl triflates with trimethylsilylacetylene

The respective triflate (1.0 eq), LiCl (3.0 eq), Cul (0.1 eq) and Pd(PPhs).Cl. (0.08 eq) were
dissolved in anhydrous DMF/triethylamine (1.1:1, 20 mL/mmol triflate) under N, atmosphere in
a pressure tube. The solution was stirred for 10 min at room temperature, before
trimethylsilylacetylene (7.0 eq) was added. The reaction mixture was purged with N> for 10 min
and, after sealing the tube, stirred at 75 °C for 2 h and at room temperature for further 16 h.
After diluting with ethyl acetate (10 mL), the mixture was filtered through a pad of silica and the
pad was washed with ethyl acetate (100 mL). Sat. ag. NaCl solution (50 mL) was added to the
filtrate and the phases were separated. The aq. phase was further extracted with ethyl acetate
(2 x 50 mL) and the combined organic layers were dried using a phase separation filter. The
solvent was removed in vacuo and the TMS-protected alkynes were used without further

purification.

C: SONOGASHIRA cross-coupling of aryl triflates with alkynes

The respective triflate (1.0 eq), tetra-n-butylammonium iodide (3.0 eq) and Pd(PPhs).Cl»
(0.1 eq) were dissolved in anhydrous DMF/triethylamine (5:1, 5 — 10 mL/mmol triflate) under
N2 atmosphere in a pressure tube. The solution was stirred for 10 min at room temperature,
before Cul (0.3 eq) was added. Then, the reaction mixture was purged with N» for 10 min and
the respective alkyne (2.0 eq) was added. The tube was sealed and the mixture stirred at 70 °C
for 3 h and at room temperature for further 16 h. After diluting with water (20 mL), the mixture

was extracted with methylene chloride (3 x 20 mL) and the combined organic layers were dried
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using a phase separation filter. The solvent was removed in vacuo and the residue purified by

flash column chromatography.

Il: TMS deprotection

The appropriate TMS-protected alkyne (1.0 eq) was dissolved in methanol (5 — 20 mL/mmol
alkyne) and K,COs3 (3.3 eq) was added. After stirring for 1 h at room temperature, sat. agq. NaCl
solution (40 mL/mmol alkyne) was added and the mixture was extracted with ethyl acetate (3 x
10 mL/mmol alkyne). The combined organic layers were dried using a phase separation filter
or dried over Na SO, and filtered. The solvent was removed in vacuo and the residue purified
by flash column chromatography.

IIl: HUISGEN cycloaddition of alkynes and nitrile oxides

a: Using [bis(trifluoracetoxy)iodo]benzene and oximes (1.5 eq)

The respective alkyne (1.0 eq) and oxime (1.5 eq) were dissolved or suspended in
methanol/water (5:1, 10 mL/mmol alkyne). [Bis(trifluoroacetoxy)iodolbenzene (0.5 eq) was
added initially and further 0.5 eq every 2 h (until in total 1.5 eq were added), while stirring the
reaction mixture at room temperature. After stirring for additional 2 — 20 h, the reaction mixture
was diluted with ethyl acetate (40 mL/mmol alkyne) and filtered through a pad of silica. The
pad was washed with ethyl acetate (50 — 150 mL), the filtrate concentrated in vacuo and the

residue purified by flash column chromatography.

b: Using [bis(trifluoracetoxy)iodo]benzene and oximes (10 eq)

The respective alkyne (1.0 eq) and oxime (10 eq) were dissolved or suspended in
methanol/water (5:1, 10 mL/mmol alkyne). [Bis(trifluoroacetoxy)iodo]benzene (0.5 eq) was
added initially and further 0.5 eq every 30 min (until in total 10 eq were added), while stirring
the reaction mixture at room temperature. After stirring for additional 1 — 7 d, the mixture was
diluted with ethyl acetate (40 mL/mmol alkyne) and filtered through a pad of silica. The pad
was washed with ethyl acetate (50 — 150 mL), the filtrate concentrated in vacuo and the residue

purified by flash column chromatography.

IV: PICTET-SPENGLER reaction of arylaldehydes and tryptamine

The respective aldehyde (1.0 eq) and tryptamine (1.0 eq) were dissolved in anisole
(10 mL/mmol aldehyde) and the solution was stirred at 120 °C for 2 h. Then, palladium on
carbon (10 wt.%, 0.5 eq) was added, the reaction mixture was stirred at 140 °C for 24 h and,
after cooling to room temperature, filtered through a pad of celite. The pad was washed with
methanol or ethyl acetate, the filtrate concentrated in vacuo and the residue purified by flash

column chromatography.
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V: Oxime synthesis

The respective aldehyde (1.0 eq), hydroxylamine hydrochloride (1.6 eq) and sodium acetate
(2.0 eq) were dissolved in methanol/water (7:3, 2 mL/mmol) and the solution was stirred at
90 °C for 2 h. After cooling to room temperature, the reaction mixture was diluted with water
(50 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic layers were dried
over Na>SO, and filtered. The solvent was removed in vacuo and the oximes were used without
further purification or purified by flash column chromatography, as described below for the
single products.

VI: SUZUKI-MIYAURA cross-couplings

a: SUZUKI-MIYAURA cross-coupling of bromoarylaldehydes with phenyl boronic acid
The respective bromoarylaldehyde (1.0 eq), phenylboronic acid (1.2 eq) and Cs,COs (2.5 eq)
were dissolved or suspended in degassed 1,4-dioxane/water (2:1, 15 mL/mmol aldehyde)
under N2 atmosphere. The reaction mixture was stirred for 5 min at room temperature, before
Pd(PPhs)4 (0.05 eq) was added, then purged with N, for 5 min and stirred at 100 °C for 5 h.
After cooling to room temperature, the mixture was partitioned between methylene chloride
(20 mL) and sat. ag. NaCl solution (40 mL). The aq. phase was further extracted with
methylene chloride (3 x 20 mL) and the combined organic layers were dried over Na.SO, and
filtered. The solvent was removed in vacuo and the residue purified by flash column

chromatography.

b: SuzukI-MIYAURA cross-coupling of aryl triflates with 1H-pyrazol-3-ylboronic acid

The respective aryl triflate (1.0 eq), 1H-pyrazol-3-ylboronic acid hydrate (1.2 — 2.0 eq), Na.COs3
(3.0 eq) and Pd(PPhs)s (0.04 — 0.05 eq) were dissolved or suspended in degassed
1,4-dioxane/water (4:1, 12.5 — 15 mL/mmol triflate) under N, atmosphere in a pressure tube.
The suspension was purged with N2 for 5 min at room temperature, before the tube was sealed
and the reaction mixture stirred at 85 °C for 16 — 20 h. After cooling to room temperature, the
mixture was partitioned between ethyl acetate and sat. ag. NaCl solution. The aq. phase was
further extracted with ethyl acetate and the combined organic layers were dried using a phase
separation filter. The solvent was removed in vacuo and the crude product purified by flash

column chromatography.

C:  SUZUKI-MIYAURA  cross-coupling of  3-bromo-6-azaindoles  with  (E)-2-
ethoxyvinylboronic acid pinacol ester

The respective 3-bromo-6-azaindole (1.0 eq), Pd(PPhs)4 (0.1 eq) and (E)-2-ethoxyvinylboronic
acid pinacol ester (2.0 eq) were dissolved or suspended in degassed 1,4-dioxane (6 mL/mmol
aryl bromide) under N, atmosphere and the mixture stirred at room temperature for 10 min. A

solution of Cs,COs3 (5.0 eq) in degassed water (2 mL/mmol aryl bromide) was added and the
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reaction mixture was stirred at 95 °C for 18 h. After cooling to room temperature, the mixture
was filtered through a pad of celite. The pad was washed with ethyl acetate and sat. aq. NH4ClI
solution was added to the filtrate. The phases were separated and the aq. phase further
extracted with ethyl acetate. The combined organic layers were dried over Na,SO, filtered and
concentrated in vacuo and the crude product was purified by flash column chromatography.

VII: NH-Substitution of B-carbolines and 6-azaindoles

a: SEM protection

The respective B-carboline or 6-azaindole (1.0 eq) was dissolved in anhydrous DMF
(1.2 - 2.5 mL/mmol B-carboline or 6-azaindole) wunder N> atmosphere. Lithium
bis(trimethylsilyl)amide (1 m in THF, 1.1 eq) was slowly added and the reaction mixture stirred
at room temperature for 10 min, before 2-(chloromethoxy)ethyltrimethylsilane (SEM chloride)
(1.1 eq) was added. The mixture was stirred for further 18 h, then diluted with sat. aq. NaCl
solution and extracted with ethyl acetate. The combined organic layers were dried over
NaSO., filtered and concentrated in vacuo and the crude product was purified by flash column
chromatography.

b: Benzyl and PMB protection

The respective B-carboline (1.0 eq) was dissolved in anhydrous DMF (16 — 20 mL/mmol
B-carboline) under N2 atmosphere and the solution was cooled to 0 °C. Sodium hydride (60%
dispersion in mineral oil, 2.0 eq) was added and the reaction mixture was warmed to room
temperature and stirred for 1 h. Then, a solution of the respective benzyl halide (1.1 — 1.9 eq)
in anhydrous DMF (0.5 mL) under N2 atmosphere was added dropwise. After stirring for 16 h,
the mixture was diluted with water and extracted with methylene chloride. The combined
organic layers were dried over Na;SO,, filtered and concentrated in vacuo and the crude

product was purified by flash column chromatography.

c: Further NH-substitutions

The respective B-carboline (1.0 eq) was dissolved in anhydrous DMF (20 mL/mmol
B-carboline) under N> atmosphere, then sodium hydride (60% dispersion in mineral oil,
1.1 - 2.0 eq) was added and the reaction mixture was stirred for 1 h at room temperature.
Then, a solution of the respective alkyl halide (1.2 — 1.4 eq) in anhydrous DMF (0.5 mL) under
N, atmosphere was added dropwise. After stirring for 16 h, the mixture was diluted with water
(30 mL) and extracted with methylene chloride (3 x 30 mL). The combined organic layers were
washed with sat. ag. NaCl solution (30 mL) and aqg. LiCl solution (5%, 60 mL). The ag. LiCl
phase was reextracted with methylene chloride (2 x 30 mL) and the combined organic layers
were dried over Na SOy, filtered and concentrated in vacuo. The crude product was purified

by flash column chromatography.

141



EXPERIMENTAL PART

VIII: Alkaline hydrolysis of 4-isoxazolecarboxylic acid esters

The respective carboxylic acid ester (1.0 eq) was dissolved or suspended in ethanol
(25 mL/mmol ester). KOH (5.0 eq) was added and the reaction mixture stirred for 2 h at 85 °C.
After cooling to room temperature, the solvent was removed in vacuo. The residue was
resuspended in water (50 mL/mmol ester) and the pH was adjusted to 1 with aq. HCI (2 M). As
described for the single products in detail, the agq. phase was then either extracted with
methylene chloride or the precipitate was collected by filtration.

IX: SEM deprotection

The respective N-SEM protected B-carboline (1.0 eq) was dissolved in methylene chloride
(40 mL/mmol B-carboline) and cooled to 0 °C. Trifluoroacetic acid (4 mL/mmol B-carboline)
was added dropwise, the reaction mixture was slowly warmed to room temperature and stirred
for 16 h. The solvent was removed in vacuo and the residue was redissolved at 0 °C in aq.
ammonia (25%, 40 mL/mmol B-carboline) and methylene chloride (40 mL/mmol B-carboline).
After stirring for 30 min at room temperature, the mixture was diluted with water (30 mL/mmol
B-carboline) and extracted with methylene chloride (30 mL/mmol B-carboline). The combined
organic layers were dried using a phase separation filter and concentrated in vacuo and the

crude product was purified by flash column chromatography.

X: CURTIUS rearrangements

a: Formation of N-Boc amines

The respective carboxylic acid (1.0 eq) was dissolved in tert-butanol (10 mL/mmol, dried over
3 A molecular sieves) under N, atmosphere in a pressure tube. Diphenyl phosphoryl azide
(1.0 eq) and triethylamine (1.0 eq) were added and the tube was sealed. The solution was
stirred at 100 °C for 24 h and, after cooling to room temperature, partitioned between aq. HCI
(1 M, 50 mL/mol) and ethyl acetate (50 mL/mol). The aq. phase was further extracted with ethyl
acetate (2 x 50 mL/moal), the combined organic layers were washed with sat. aq. NaHCO3
solution (50 mL/mol) and dried using a phase separation filter. The solvent was removed in
vacuo and the crude product was used without further purification or purified as described for

the single products.

b: Formation of primary amines

The respective carboxylic acid (1.0 eq) was dissolved or suspended in anhydrous THF

(6 mL/mmol carboxylic acid) under N, atmosphere in a pressure tube. Triethylamine (2.3 eq)

and diphenyl phosphoryl azide (1.15 eq) were added and the tube was sealed. The mixture

was stirred at room temperature for 3 h and subsequently at 80 °C for 2 h. After cooling to
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room temperature, water (1.0 mL) was added and the reaction mixture stirred at 80 °C for 15 h.

The work-up procedure was performed as described for the single products.

XI: C-1 Halogenation of 10H-phenothiazine

Phenothiazine (1.0 eq) was dissolved in anhydrous diethyl ether (10 mL/mmol phenothiazine)
under N2 atmosphere and cooled to 0 °C, then n-butyllithium (2.5 M in hexanes, 2.25 eq) was
added dropwise and the reaction mixture was slowly warmed to room temperature. After
stirring for 24 h, a solution of the respective ethylene 1,2-dihalide (1.1 eq) in anhydrous diethyl
ether (0.5 mL/mmol dihalide) under N, atmosphere was added. The mixture was stirred for
further 24 h at room temperature and, after the addition of ice water (40 mL/mmol
phenothiazine), extracted with ethyl acetate (3 x 40 mL/mmol phenothiazine). The combined
organic layers were dried using a phase separation filter, the solvent was removed in vacuo

and the residue purified by flash column chromatography.

XIl: BUCHWALD-HARTWIG N-arylation of aminopyridine 160°

Aminopyridine 160° (1.0 eq), Pd(dba). (0.04 — 0.05 eq), Xantphos (0.08 — 0.09 eq), NaOtBu
(2.0 eq) and the respective aryl halide (1.0 — 3.0 eq) were suspended in anhydrous toluene (5
mL/mmol aminopyridine) under N, atmosphere. The reaction mixture was stirred at 110 °C for
6 h and, after cooling to room temperature, filtered through a pad of celite. The pad was washed
with ethyl acetate (50 — 100 mL), the filtrate concentrated in vacuo and the residue purified by
flash column chromatography.

XIlII: HECK-like cyclization of brominated diarylamines

The respective bromide (1.0 eq), Pd(OAc)2 (0.2 eq) and CyJohnPhos (0.2 eq) were suspended
in anhydrous DMA (2 mL/mmol bromide) under N, atmosphere in a pressure tube. The
suspension was purged with N2 for 10 min at room temperature, before DBU (2.0 eq) was
added. The tube was sealed and the reaction mixture stirred at 130 °C for 20 h. After cooling
to room temperature, the mixture was diluted with methylene chloride (50 mL). Water (50 mL)
and sat. ag. NaCl solution (50 mL) were added, and the pH was adjusted to 12 with ag. NaOH
solution (2 M). The phases were separated and the aq. phase was further extracted with
methylene chloride (2 x 50 mL). The combined organic layers were dried using a phase
separation filter, the solvent was removed in vacuo and the residue purified by flash column

chromatography.
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5.3  Synthetic procedures and analytical data

5.3.1 Lead structure 1 and variations of the phenyl ring

N-(2,2-Dimethoxyethyl)-1H-indole-2-carboxamide (6)©%

/

@)
6 - \3 \)\ O/

ZT

C13H16N203

r = 248.28 g/mol

Indole-2-carboxylic acid (9.67 g, 60.0 mmol, 1.0 eq) and aminoacetaldehyde dimethyl acetal
(7.20 mL, 66.0 mmol, 1.1 eq) were dissolved in methylene chloride (60 mL) and cooled to O °C.
N,N*“Dicyclohexylcarbodiimide (12.4 g, 60.0 mmol, 1.0 eq) was added in portions, then the
reaction mixture was warmed to room temperature and stirred for 20 h. The precipitate was
filtered and washed with methylene chloride (150 mL). The solvent of the filtrate was removed
in vacuo and the residue purified by flash column chromatography (25% — 40% ethyl acetate

in hexanes) to give amide 6 as white solid (10.3 g, 41.5 mmol, 69%).
Rt = 0.13 (25% ethyl acetate and 1% acetic acid in hexanes).
Melting point = 130 °C (lit.?°2 130 — 131 °C).

'H NMR (500 MHz, chloroform-d) & (ppm) = 9.60 (s, 1H, NH), 7.66 (dq, J = 8.0, 0.9 Hz, 1H,
4-H), 7.45 (dg, J = 8.2, 0.9 Hz, 1H, 7-H), 7.29 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H, 6-H), 7.14 (ddd,
J=8.0, 7.0, 1.0 Hz, 1H, 5-H), 6.90 (dd, J = 2.2, 1.0 Hz, 1H, 3-H), 6.48 (t, J = 6.1 Hz, 1H,
CONH), 4.53 (t, J = 5.3 Hz, 1H, CH), 3.67 (dd, J = 5.9, 5.3 Hz, 2H, CH>), 3.46 (s, 6H, OCH3).

13C NMR (126 MHz, chloroform-d) & (ppm) = 161.9 (CO), 136.5 (C-7a), 130.6 (C-2), 127.8
(C-3a), 124.7 (C-6), 122.1 (C-4), 120.8 (C-5), 112.1 (C-7), 102.9 (CH), 102.5 (C-3), 54.9
(OCHs), 41.4 (CHy).

IR (ATR) 7 (cm™) = 3306, 3238, 1633, 1555, 1419, 1312, 1302, 1266, 1189, 1101, 1060, 1042,
818, 745.

HRMS (EI) (m/z) = calculated for C13H16N2O3* [M]™* 248.1156, found 248.1156.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2,9-Dihydro-1H-pyrido[3,4-b]indol-1-one (5)©%

C11HgN2O

M: = 184.20 g/mol

Similar to literature®, amide 6 (4.59 g, 18.5 mmol, 1.0 eq) was suspended in polyphosphoric
acid (38.0 g, 158 mmol, 8.6 eq) and stirred at 110 °C for 30 min. After cooling to room
temperature, the resinous mass was neutralized with sat. ag. Na.COs solution. The precipitate
was filtered and the filtrate was extracted with ethyl acetate (3 x 300 mL). The combined
organic layers were dried over Na,SOy, filtered and concentrated in vacuo. Additionally, the
precipitate from the initial filtration was washed with methanol (400 mL) and the solvent of this
filtrate was removed in vacuo. Both residues were united and purified by flash column
chromatography (50% ethyl acetate in hexanes — 100% ethyl acetate — 3% methanol in ethyl

acetate) to give B-carbolinone 5 as ochre solid (1.69 g, 9.19 mmol, 50%).
Rt = 0.40 (7% ethanol in methylene chloride).
Melting point = 265 °C (lit.B% 251 — 252 °C).

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.92 (s, 1H, 9-NH), 11.38 (s, 1H, 2-NH), 8.02 (dq,
J=8.0, 1.0 Hz, 1H, 5-H), 7.51 (dt, J = 8.3, 1.0 Hz, 1H, 8-H), 7.40 (ddd, J = 8.3, 7.0, 1.2 Hz,
1H, 7-H), 7.17 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, 6-H), 7.10 — 7.04 (m, 1H, 3-H), 6.98 (d, J = 6.8 Hz,
1H, 4-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 155.7 (CO), 139.0 (C-8a), 128.0 (C-9a), 126.2 (C-7),
124.5 (C-3), 124.2 (C-4a), 122.0 (C-4b), 121.3 (C-5), 119.5 (C-6), 112.4 (C-8), 99.7 (C-4).

IR (ATR) ¥ (cm™) = 3109, 3962, 2843, 1640, 1444, 1326, 1232, 952, 831, 738.
HRMS (El) (m/z) = calculated for C11HsN-O™ [M]* 184.0632, found 184.0630.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-Bromo-9H-pyrido[3,4-b]indole (8)!°

C11H7BrN2

M, = 247.10 g/mol

Similar to literature®, phosphorus(V) oxybromide (9.0 g, 32 mmol, 7.0 eq) was dissolved in

anisole (9.0 mL) and this solution added to B-carbolinone 5 (829 mg, 4.50 mmol, 1.0 eq). The

reaction mixture was stirred at 120 °C for 13 h, slowly cooled to room temperature and stirred

for further 16 h. The mixture was cautiously neutralized with sat. ag. Na,COs; solution and

extracted with ethyl acetate (3 x 200 mL). The combined organic layers were dried over

Na>SOs, filtered and concentrated in vacuo. The crude product was purified by flash column

chromatography (10% — 20% ethyl acetate in hexanes) to give bromide 8 as pale yellow solid
(981 mg, 3.97 mmol, 88%).

R = 0.35 (20% ethyl acetate in hexanes).
Melting point = 155 °C (lit.*% 152 °C).

H NMR (400 MHz, chloroform-d) & (ppm) = 8.50 (s, 1H, NH), 8.23 (d, J = 5.2 Hz, 1H, 3-H),
8.10 (dg, J = 7.9, 0.9 Hz, 1H, 5-H), 7.91 (dd, J = 5.2, 0.7 Hz, 1H, 4-H), 7.62 — 7.55 (m, 2H, 7-H,
8-H), 7.33 (ddd, J = 8.0, 6.4, 1.7 Hz, 1H, 6-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 139.9 (C-8a), 139.3 (C-3), 135.0 (C-9a), 130.1
(C-4a), 129.2 (C-7), 124.7 (C-1), 122.3 (C-5), 122.2 (C-4b), 121.0 (C-6), 114.7 (C-4), 112.1
(C-8).

IR (ATR) Vv (cm™) = 3157, 1626, 1545, 1500, 1452, 1321, 1236, 1182, 1149, 1039, 824, 730.
HRMS (ESI) (m/z) = calculated for C11Hs"°BrN,* [M+H]* 246.9866, found 246.9865.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-Ethynyl-9H-pyrido[3,4-b]indole (3)&®

Ci3HsN2
M; = 192.22 g/mol
Method A: Following General Procedure la, bromide 8 (1.20 g, 4.85 mmol, 1.0 eq), Cul
(193 mg, 1.01 mmol, 0.2 eq), Pd(dppf)Cl. (181 mg, 0.247 mmol, 0.05 eq) and
trimethylsilylacetylene (0.816 mL, 5.77 mmol, 1.2 eq, dissolved in 4.0 mL anhydrous THF)
were used in anhydrous triethylamine (15 mL) and anhydrous THF (11 mL). After stirring for
3.5 h, the reaction was completed. The celite pad was washed with ethyl acetate (200 mL) and
the extraction was performed with water (150 mL) and ethyl acetate (3 x 50 mL).
The crude TMS-protected intermediate 9 (Rs = 0.39, 20% ethyl acetate in hexanes) was
desilylated, following General Procedure I, with K.CO3 (2.21 g, 16.0 mmol, 3.3 eq) in
methanol (40 mL). The crude product was purified by flash column chromatography
(20% — 40% ethyl acetate in hexanes) to give terminal alkyne 3 as light brown solid (652 mg,

3.39 mmol, 70% over two steps).

Method B: Following General Procedure Ib, triflate 10 (0.380 g, 1.20 mmol, 1.0 eq), LiCl
(0.15 g, 3.6 mmol, 3.0 eq), Pd(PPhs3).Cl, (67 mg, 0.096 mmol, 0.08 eq), Cul (23 mg, 0.12 mmol,
0.1 eq) and trimethylsilylacetylene (1.19 mL, 8.40 mmol, 7.0 eq) were used in anhydrous
DMF/triethylamine (25 mL).

The crude TMS-protected intermediate 9 was desilylated, following General Procedure I, with
K2CO3 (0.654 g, 3.96 mmol, 3.3 eq) in methanol (10 mL). The crude product was purified by
flash column chromatography (40% ethyl acetate in hexanes) to give terminal alkyne 3 as light
brown solid (95.0 mg, 0.494 mmol, 41% over two steps).

Rt = 0.24 (40% ethyl acetate in hexanes).
Melting point = 163 °C (lit.t%1 174 °C).

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 8.65 (s, 1H, NH), 8.43 (d, J = 5.2 Hz,
1H, 3-H), 8.16 (dgq, J = 7.9, 0.9 Hz, 1H, 5-H), 7.98 (dd, J = 5.2, 0.7 Hz, 1H, 4-H), 7.62 — 7.56
(m, 2H, 7-H, 8-H), 7.33 (ddd, J = 8.0, 4.9, 3.2 Hz, 1H, 6-H), 3.63 (s, 1H, CCH).

1B3C NMR (126 MHz, methylene chloride-d2) & (ppm) = 140.6 (C-8a), 140.2 (C-3), 138.4
(C-9a), 129.4 (C-7), 129.2 (C-4a), 125.9 (C-1), 122.4 (C-5), 122.1 (C-4b), 121.0 (C-6), 115.6
(C-4), 112.1 (C-8), 82.2 (CCH), 80.0 (CCH).
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EXPERIMENTAL PART

IR (ATR) v (cm™) = 3289, 3054, 2007, 1625, 1561, 1498, 1452, 1424, 1321, 1227, 1065, 826,
738, 667.

HRMS (El) (m/z) = calculated for C13HgN2* [M]™* 192.0682, found 192.0684.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).

148



EXPERIMENTAL PART

3-Phenyl-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole (1)1

C20H13N30

M, = 311.34 g/mol

Method A: Following General Procedure llla, alkyne 3 (100 mg, 0.520 mmol, 1.0 eq),

(E)-benzaldehyde oxime (94.5 mg, 0.780 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene

(335 mg, 0.780 mmol, 1.5 eq) were used in methanol/water (5.2 mL). After stirring for additional

2 h, the reaction was completed. The crude product was purified by flash column

chromatography (15% — 20% ethyl acetate in hexanes) to give isoxazole 1 as yellow solid
(138 mg, 0.443 mmol, 85%).

Method B: Alkyne 3 (192 mg, 1.00 mmol, 1.0 eq) and N-hydroxybenzimidoyl chloride (233 mg,
1.50 mmol, 1.5 eq) were dissolved in anhydrous chloroform (2.0 mL) under N2 atmosphere.
The solution was stirred at room temperature, while triethylamine (0.209 mL, 1.50 mmol,
1.5eq) was added dropwise over 15 min. After stirring the reaction mixture at room
temperature for 2 h, it was partitioned between water (60 mL) and methylene chloride (30 mL)
and the ag. phase was further extracted with methylene chloride (2 x 30 mL). The combined
organic layers were dried over Na>SO., filtered and concentrated in vacuo. The crude product
was purified by flash column chromatography (15% — 25% ethyl acetate in hexanes) to give
isoxazole 1 as pale yellow solid (115 mg, 0.370 mmol, 37%).

Method C: Following General Procedure 1V, aldehyde 53 (86.6 mg, 0.500 mmol, 1.0 eq),
tryptamine (80.1 mg, 0.500 mmol, 1.0 eq) and palladium on carbon (10 wt. %, 266 mg,
0.250 mmol, 0.5 eq) were used in anisole (5.0 mL). The celite pad was washed with ethyl
acetate (50 mL). The crude product was purified by flash column chromatography (20% ethyl

acetate in hexanes) to give B-carboline 1 as yellow solid (97.4 mg, 0.313 mmol, 63%).
R = 0.26 (20% ethyl acetate in hexanes).
Melting point = 172 °C (lit.® 166 °C).

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.62 (s, 1H, NH), 8.54 (d, J = 5.1 Hz,
1H, 3-H), 8.18 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.05 (dd, J = 5.0, 0.8 Hz, 1H, 4-H), 7.97 — 7.93
(m, 2H, 2”-H, 6”-H), 7.66 — 7.60 (m, 2H, 7-H, 8-H), 7.56 — 7.50 (m, 3H, 3”-H, 4”-H, 5”-H), 7.43

(s, 1H, 4'-H), 7.34 (ddd, J = 8.0, 5.8, 2.3 Hz, 1H, 6-H).
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13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 171.3 (C-5), 163.4 (C-3'), 141.2
(C-8a), 139.7 (C-3), 133.2 (C-9a), 131.3 (C-4a), 130.7 (C-4*), 130.3 (C-1), 129.6 (C-7), 129.4
(C-3%, C-5%), 129.2 (C-1"), 127.3 (C-2“, C-6“), 122.1 (C-5), 121.3 (C-4b), 121.0 (C-6), 116.4
(C-4), 112.3 (C-8), 100.3 (C-4°).

IR (ATR) v (cm™) = 3229, 2927, 1609, 1556, 1440, 1428, 1399, 1286, 1238, 1223, 811, 755.
HRMS (EI) (m/z) = calculated for C2oH13N3O* [M]* 311.1054, found 311.1053.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).

150



EXPERIMENTAL PART

(E)-2-Nitrobenzaldehyde oxime (12)?%]

6
s 1 \N,OH
4 2
Z" "NO,
C7H6N203

M: = 166.14 g/mol
Following General Procedure V, 2-nitrobenzaldehyde (1.51 g, 10.0 mmol, 1.0 eq),
hydroxylamine hydrochloride (1.11 g, 16.0 mmol, 1.6 eq) and sodium acetate (1.64 g,
20.0 mmol, 2.0 eq) were used in methanol/water (20 mL). The crude product was purified by

flash column chromatography (20% — 25% ethyl acetate in hexanes) to give oxime 12 as
white solid (1.59 g, 9.56 mmol, 96%).

Rt = 0.22 (100% methylene chloride).
Melting point = 101 °C (lit.?°31 100 — 101 °C).

IH NMR (400 MHz, DMSO-de) & (ppm) = 11.77 (s, 1H, OH), 8.41 (s, 1H, CHN), 8.04 (dd,
J=8.2,1.3Hz, 1H, 3-H), 7.88 (dd, J = 7.8, 1.5 Hz, 1H, 6-H), 7.76 (td, J = 7.6, 1.3 Hz, 1H, 5-H),
7.64 (td, J = 7.8, 1.5 Hz, 1H, 4-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 147.6 (C-2), 144.8 (CHN), 133.6 (C-5), 130.2 (C-4),
128.4 (C-6), 127.2 (C-1), 124.6 (C-3).

IR (ATR) ¥ (cm') = 3255, 1518, 1487, 1344, 1318, 1210, 1145, 977, 960, 851, 740, 693.
HRMS (ESI) (m/z) = calculated for C;HsN,O3 [M-H] 165.0306, found 165.0306.

Purity (HPLC, method 2h) > 93% (A = 210 nm), > 95% (A = 254 nm).
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(E)-2-Chlorobenzaldehyde oxime (13)2%4

6

S@N/OH
4 2
Cl

3

C7HsCINO

r = 155.58 g/mol

Following General Procedure V, 2-chlorobenzaldehyde (703 mg, 5.00 mmol, 1.0 eq),

hydroxylamine hydrochloride (556 mg, 8.00 mmol, 1.6 eq) and sodium acetate (820 mg,

10.0 mmol, 2.0 eq) were used in methanol/water (10 mL). The crude product was purified by

flash column chromatography (10% ethyl acetate in hexanes) to give oxime 13 as white solid
(584 ng, 3.75 mmol, 75%).

Rt = 0.45 (100% methylene chloride).
Melting point = 73 °C (lit.?® 72 — 74 °C).

IH NMR (400 MHz, DMSO-dg) & (ppm) = 11.68 (s, 1H, OH), 8.36 (s, 1H, CHN), 7.82 (dd,
J=7.6,1.9 Hz, 1H, 6-H), 7.50 (dd, J = 7.9, 1.4 Hz, 1H, 3-H), 7.41 (td, J = 7.7, 2.0 Hz, 1H, 4-H),
7.39 — 7.35 (m, 1H, 5-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 144.5 (CHN), 132.2 (C-2), 130.9 (C-4), 130.3 (C-1),
129.8 (C-3), 127.5 (C-5), 126.8 (C-6).

IR (ATR) v (cm™) = 3273, 1480, 1441, 1311, 1284, 1211, 1050, 1035, 971, 949, 872, 745, 708.
HRMS (EI) (m/z) = calculated for C;HsCINO* [M]* 155.0133, found 155.0131.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

(E)-4-lodobenzaldehyde oxime (14)29%!

i@wN,OH
| . - 2
C7HsINO
M; = 247.04 g/mol
Following General Procedure V, 4-iodobenzaldehyde (232 mg, 1.00 mmol, 1.0 eq),
hydroxylamine hydrochloride (111 mg, 1.60 mmol, 1.6 eq) and sodium acetate (164 mg,
2.00 mmol, 2.0 eq) were used in methanol/water (2.0 mL). Without further purification, pure

oxime 14 was obtained as pale yellow solid (248 mg, 1.00 mmol, quantitative).
Rt = 0.36 (100% methylene chloride).
Melting point = 116 °C (lit.2*! 111 — 112 °C).

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.35 (s, 1H, OH), 8.10 (s, 1H, CHN), 7.80 — 7.72
(M, 2H, 3-H, 5-H), 7.42 — 7.34 (m, 2H, 2-H, 6-H).

13C NMR (101 MHz, DMSO-dg) & (ppm) = 147.4 (CHN), 137.5 (C-3, C-5), 132.6 (C-1), 128.3
(C-2, C-6), 95.7 (C-4).

IR (ATR) ¥ (cm™) = 3246, 1584, 1480, 1392, 1310, 1003, 965, 949, 926, 865, 810.
HRMS (El) (m/z) = calculated for CHsINO™ [M]* 246.9489, found 246.9489.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 94% (A = 254 nm).
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(E)-Picolinaldehyde oxime (15)2°!

3

4| N2 \N,OH
5 /N

6

CsHsN2O

M, = 122.13 g/mol

Following General Procedure V, 2-pyridinecarboxaldehyde (536 mg, 5.00 mmol, 1.0 eq),

hydroxylamine hydrochloride (556 mg, 8.00 mmol, 1.6 eq) and sodium acetate (820 mg,

10.0 mmol, 2.0 eq) were used in methanol/water (10 mL). The crude product was purified by

flash column chromatography (20% — 25% ethyl acetate in hexanes) to give oxime 15 as
white solid (512 ng, 4.19 mmol, 84%).

Rt = 0.10 (20% ethyl acetate in hexanes).
Melting point = 114 °C (lit.[2°¢1 114 °C).

IH NMR (400 MHz, DMSO-dg) & (ppm) = 11.66 (s, 1H, OH), 8.61 — 8.53 (m, 1H, 6-H), 8.07 (s,
1H, CHN), 7.84 — 7.80 (m, 1H, 4-H), 7.78 (dt, J = 6.8, 0.7 Hz, 1H, 3-H), 7.37 (ddd, J = 6.8, 4.9,
1.8 Hz, 1H, 5-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 152.1 (C-2), 149.4 (C-6), 148.9 (CHN), 136.8 (C-4),
123.9 (C-5), 119.8 (C-3).

IR (ATR) v (cm™) = 2804, 1592, 1564, 1514, 1434, 1320, 1154, 976, 960, 943, 768, 735.
HRMS (EI) (m/z) = calculated for CsHgN.O ™ [M]* 122.0475, found 122.0475.

Purity (HPLC, method 2i) > 95% (A = 210 nm), > 94% (A = 254 nm).
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(2)-Thiophene-2-carbaldehyde oxime (16)2°7

CsHsNOS

r=127.16 g/mol

Following General Procedure V, 2-thiophenecarboxaldehyde (0.467 mL, 5.00 mmol, 1.0 eq),

hydroxylamine hydrochloride (556 mg, 8.00 mmol, 1.6 eq) and sodium acetate (820 mg,

10.0 mmol, 2.0 eq) were used in methanol/water (10 mL). The crude product was purified by

flash column chromatography (20% ethyl acetate in hexanes) to give oxime 16 as white solid
(617 mg, 4.85 mmol, 97%).

Rt = 0.24 (100% methylene chloride).
Melting point = 137 °C (lit.[?*"1 136 — 138 °C).

IH NMR (400 MHz, DMSO-de) & (ppm) = 11.85 (s, 1H, OH), 7.84 (d, J = 1.0 Hz, 1H, CHN),
7.73(dt, J=5.1, 1.2 Hz, 1H, 5-H), 7.47 (dd, J = 3.7, 1.3 Hz, 1H, 3-H), 7.13 (dd, J= 5.1, 3.7 Hz,
1H, 4-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 139.8 (CHN), 131.1 (C-2), 131.1 (C-3), 131.0 (C-5),
126.2 (C-4).

IR (ATR) v (cm™) = 2750, 1631, 1433, 1416, 1347, 1306, 1232, 1213, 1051, 941, 799, 712.
HRMS (EI) (m/z) = calculated for CsHsNOS™* [M]* 127.0087, found 127.0087.

Purity (HPLC, method 2h) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Furan-2-carbaldehyde oxime (17)2%!

CsHsNO-

M; = 111.10 g/mol

Following General Procedure V, furan-2-carboxaldehyde (0.414 mL, 5.00 mmol, 1.0 eq),

hydroxylamine hydrochloride (556 mg, 8.00 mmol, 1.6 eq) and sodium acetate (820 mg,

10.0 mmol, 2.0 eq) were used in methanol/water (10 mL). The crude product was purified by

flash column chromatography (25% ethyl acetate in hexanes) to give oxime 17 as an

E/Z mixture (E/Z ratio 1:1.8 determined via *H NMR spectrum) as white solid (542 mg,
4.88 mmol, 98%).

Rt = 0.32 (100% methylene chloride).
Melting point = 89 °C (lit.?°8 89 — 91 °C).

IH NMR (400 MHz, DMSO-de) & (ppm) = 11.79 (s, 1H, OH (2)), 11.23 (s, 1H, OH (E)), 8.01 (s,
1H, CHO (E)), 7.75 (dd, J = 1.7, 0.8 Hz, 1H, 5-H (2)), 7.74 (dd, J = 1.8, 0.8 Hz, 1H, 5-H (E)),
7.52 (s, 1H, CHO (2)), 7.21 — 7.17 (m, 1H, 3-H (2)), 6.71 — 6.68 (m, 1H, 3-H (E)), 6.63 (ddd,
J=3.5, 1.8, 0.8 Hz, 1H, 4-H (2)), 6.56 (dd, J = 3.4, 1.8 Hz, 1H, 4-H (E)).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 147.9 (C-2 (E)), 145.4 (C-2 (2)), 144.2 (C-5 (E)),
143.4 (C-5 (2)), 138.9 (CHO (E)), 135.5 (CHO (2)), 116.4 (C-3 (2)), 112.2 (C-4 (2)), 111.7
(C-4 (E)), 111.6 (C-3 (E)).

IR (ATR) v (cm™) = 2852, 1645, 1477, 1443, 1376, 1144, 1016, 967, 820, 808, 746.
HRMS (El) (m/z) = calculated for CsHsNO2™* [M]* 111.0315, found 111.0316.

Purity (HPLC) n.d.
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(2)-1H-Pyrrole-2-carbaldehyde oxime (18)?%

5

4 2 |
— — N

3
CsHsN2O

r=110.12 g/mol

Following General Procedure V, pyrrole-2-carboxaldehyde (476 mg, 5.00 mmol, 1.0 eq),
hydroxylamine hydrochloride (556 mg, 8.00 mmol, 1.6 eq) and sodium acetate (820 mg,
10.0 mmol, 2.0 eq) were used in methanol/water (10 mL). Without further purification, pure

oxime 18 was obtained as pale yellow solid (526 mg, 4.78 mmol, 96%).
Rt = 0.07 (100% methylene chloride).
Melting point = 166 °C (lit.?*® 165 — 166 °C).

IH NMR (400 MHz, DMSO-de) & (ppm) = 11.16 (s, 1H, NH), 11.12 (s, 1H, OH), 7.26 (s, 1H,
CHO), 6.88 (td, J = 2.7, 1.5 Hz, 1H, 5-H), 6.55 (ddd, J = 3.8, 2.3, 1.5 Hz, 1H, 3-H), 6.11 (dt,
J=3.6, 2.4 Hz, 1H, 4-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 137.2 (CHO), 124.0 (C-2), 121.0 (C-5), 114.0 (C-3),
108.5 (C-4).

IR (ATR) ¥ (cm) = 3426, 3410, 2763, 1644, 1461, 1429, 1412, 1303, 1276, 1083, 916, 832,
741.

HRMS (El) (m/z) = calculated for CsHgN.O™* [M]* 110.0475, found 110.0470.

Purity (HPLC, method 2h) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

2-(5-(9H-Pyrido[3,4-b]indol-1-yl)isoxazol-3-yl)phenol (19)

C20H13N30>

M, = 327.34 g/mol

Method A: Following General Procedure llla, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq),

2-hydroxybenzaldoxime (51 mg, 0.38 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene

(161 mg, 0.375 mmol, 1.5 eq) were used in methanol/water (2.5 mL). After stirring for additional

16 h, the reaction was completed. The crude product was purified two times by flash column

chromatography (15% ethyl acetate in hexanes, 100% methylene chloride) to give isoxazole
19 as white solid (73.1 mg, 0.223 mmol, 89%).

Method B: N-Chlorosuccinimide (59 mg, 0.44 mmol, 1.1 eq) was suspended in anhydrous
chloroform (1.0 mL) under N2 atmosphere, then anhydrous pyridine (0.002 mL, 0.020 mmaol,
0.05 eq, dissolved in 0.02 mL anhydrous chloroform) and 2-hydroxybenzaldoxime (60 mg,
0.44 mmol, 1.1 eq) were added. The solution was stirred for 30 min at room temperature and
for 1 h at 50 °C. Alkyne 3 (76.9 mg, 0.400 mmol, 1.0 eq) was added in one portion and
anhydrous triethylamine (0.067 mL, 0.480 mmol, 1.2 eq, dissolved in 0.25 mL anhydrous
chloroform) dropwise over 15 min. The reaction mixture was stirred at 50 °C for 3 h and, after
cooling to room temperature, partitioned between water (15 mL) and methylene chloride
(10 mL). The ag. phase was further extracted with methylene chloride (2 x 10 mL) and the
combined organic layers were dried over Na>SO, and filtered. The solvent was removed in
vacuo and the crude product purified by flash column chromatography (20% ethyl acetate in

hexanes) to give isoxazole 19 as white solid (35.8 mg, 0.109 mmol, 27%).
Rt = 0.28 (20% ethyl acetate in hexanes).
Melting point = 222 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.87 (s, 1H, NH), 10.27 (s, 1H, OH), 8.53 (d,
J=5.0Hz, 1H, 3-H), 8.34 — 8.30 (m, 2H, 4-H, 5-H), 7.90 (dd, J = 7.8, 1.8 Hz, 1H, 3“-H),
7.85—7.80 (m, 1H, 8-H), 7.68 (s, 1H, 4-H), 7.62 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H, 7-H), 7.38 (ddd,
J=8.7,7.3,1.8 Hz, 1H, 5“-H), 7.32 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H, 6-H), 7.09 (dd, J = 8.2,
1.1 Hz, 1H, 6“-H), 6.99 (td, J = 7.5, 1.1 Hz, 1H, 4“-H).
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13C NMR (101 MHz, DMSO-ds) & (ppm) = 168.7 (C-5), 160.5 (C-3°), 155.8 (C-1“), 141.6 (C-8a),
138.5 (C-3), 132.1 (C-9a), 131.6 (C-5“), 130.4 (C-1 or C-4a), 129.6 (C-1 or C-4a), 128.9 (C-7),
128.7 (C-3“), 121.8 (C-5), 120.3 (C-4b), 120.1 (C-6), 119.5 (C-4“), 116.8 (C-6*), 116.3 (C-4),
114.9 (C-2*), 113.0 (C-8), 103.1 (C-4).

IR (ATR) 7 (cm™) = 3390, 3234, 1618, 1557, 1406, 1382, 1368, 1324, 1299, 1231, 936, 828,
800, 740.

HRMS (ESI) (m/z) = calculated for C20H14N3O02* [M+H]* 328.1081, found 328.1080.

Purity (HPLC, method 1a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(2-Nitrophenyl)-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole (20)

C20H12N4O3

M, = 356.34 g/mol

Following General Procedure lllb, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq), oxime 12 (415 mg,

2.50 mmol, 10 eq) and [bis(trifluoroacetoxy)iodo]benzene (1.08 g, 2.50 mmol, 10 eq) were

used in methanol/water (2.5 mL). After stirring for additional 16 h, the reaction was completed.

The crude product was purified two times by flash column chromatography (20% — 25% ethyl

acetate in hexanes, 100% methylene chloride) to give isoxazole 20 as yellow solid (45.2 mg,
0.127 mmol, 51%).

Rt = 0.36 (40% ethyl acetate in hexanes).
Melting point = 209 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.59 (s, 1H, NH), 8.55 (d, J = 5.1 Hz,
1H, 3-H), 8.21 (dqg, J = 7.9, 0.9 Hz, 1H, 5-H), 8.09 (dd, J = 5.1, 0.7 Hz, 1H, 4-H), 8.03 (ddd,
J=8.1,1.2,0.6 Hz, 1H, 3“-H), 7.84 - 7.76 (m, 2H, 5“-H, 6“-H), 7.71 (ddd, J = 8.0, 6.7, 2.3 Hz,
1H, 4“-H), 7.68 — 7.62 (m, 2H, 7-H, 8-H), 7.37 (ddd, J = 8.0, 6.1, 2.0 Hz, 1H, 6-H), 7.24 (s, 1H,
4°-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 171.4 (C-5'), 161.0 (C-3°), 149.3 (C-2%),
141.2 (C-8a), 139.4 (C-3), 133.4 (C-5“), 133.3 (C-9a), 132.0 (C-6“), 131.4 (C-1), 131.4 (C-4"),
129.9 (C-4a), 129.7 (C-7), 124.9 (C-3), 124.1 (C-1%), 122.2 (C-5), 121.4 (C-4b), 121.1 (C-6),
116.6 (C-4), 112.3 (C-8), 102.3 (C-4°).

IR (ATR) v (cm™) = 3457, 1611, 1523, 1430, 1347, 1295, 1227, 1139, 1117, 1063, 951, 923,
786, 750.

HRMS (ESI) (m/z) = calculated for CaoH13N4Os* [M+H]* 357.0983, found 357.0981.

Purity (HPLC, method 1c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(2-Chlorophenyl)-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole (21)

C20H12CIN3O

M, = 345.79 g/mol

Following General Procedure llla, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq), oxime 13 (58 mg,
0.38 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene (161 mg, 0.375 mmol, 1.5 eq) were
used in methanol/water (2.5 mL). After stirring for additional 16 h, the reaction was completed.
The crude product was purified by flash column chromatography (10% — 20% ethyl acetate

in hexanes) to give isoxazole 21 as pale yellow solid (49.9 mg, 0.144 mmol, 58%).
Rt = 0.61 (40% ethyl acetate in hexanes).
Melting point = 186 °C.

'H NMR (400 MHz, methylene chloride-dz2) & (ppm) = 9.63 (s, 1H, NH), 8.56 (d, J = 5.1 Hz,
1H, 3-H), 8.21 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.08 (dd, J = 5.1, 0.8 Hz, 1H, 4-H), 7.88 — 7.79
(m, 1H, 6“-H), 7.70 — 7.56 (m, 3H, 7-H, 8-H, 3“-H), 7.52 (s, 1H, 4-H), 7.46 (pd, J = 7.4, 1.8 Hz,
2H, 4“-H, 5"*-H), 7.36 (ddd, J = 8.0, 6.5, 1.6 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 170.7 (C-5), 162.2 (C-3°), 141.2
(C-8a), 139.8 (C-3), 133.5 (C-9a or C-2), 133.3 (C-9a or C-2%), 131.6 (C-4*), 131.4 (C-6"),
131.3 (C-4a), 130.9 (C-3"), 130.3 (C-1), 129.6 (C-7), 128.5 (C-1), 127.6 (C-5%), 122.2 (C-5),
121.4 (C-4b), 121.0 (C-6), 116.5 (C-4), 112.3 (C-8), 103.5 (C-4").

IR (ATR) 7 (cm™) = 3228, 2923, 1609, 1555, 1497, 1444, 1426, 1396, 1285, 1237, 1114, 1051,
950, 812.

HRMS (ESI) (m/z) = calculated for CaoH133CIN:O* [M+H]* 346.0742, found 346.0742.

Purity (HPLC, method 1b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(4-lodophenyl)-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole (22)

C20H12IN30

r = 437.24 g/mol

Following General Procedure llla, alkyne 3 (96.1 mg, 0.500 mmol, 1.0 eq), oxime 14 (185 mg,
0.750 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene (323 mg, 0.750 mmol, 1.5 eq) were
used in methanol/water (5.0 mL). After stirring for additional 20 h, the reaction was completed.
The crude product was purified by flash column chromatography (15% — 20% ethyl acetate

in hexanes) to give isoxazole 22 as yellow solid (159 mg, 0.365 mmol, 73%).
R = 0.29 (20% ethyl acetate in hexanes).
Melting point = 203 °C.

'H NMR (500 MHz, methylene chloride-d2) 6 (ppm) = 9.59 (s, 1H, NH), 8.55 (d, J = 5.1 Hz,
1H, 3-H), 8.20 (dq, J = 7.9, 1.0 Hz, 1H, 5-H), 8.07 (dd, J = 5.0, 0.8 Hz, 1H, 4-H), 7.90 — 7.87
(m, 2H, 3“-H, 5“-H), 7.72 — 7.69 (m, 2H, 2-H, 6“-H), 7.67 — 7.65 (m, 1H, 8-H), 7.65 — 7.62 (m,
1H, 7-H), 7.42 (s, 1H, 4'-H), 7.36 (ddd, J = 8.0, 6.5, 1.6 Hz, 1H, 6-H).

13C NMR (126 MHz, methylene chloride-dz) & (ppm) = 171.7 (C-5’), 162.7 (C-3’), 141.2
(C-8a), 139.8 (C-3), 138.7 (C-3”, C-5”), 133.2 (C-9a), 131.4 (C-1), 130.1 (C-4a), 129.7 (C-7),
128.9 (C-2”, C-6"), 128.8 (C-1"), 122.2 (C-5), 121.4 (C-4b), 121.1 (C-6), 116.5 (C-4), 112.3
(C-8), 100.1 (C-4’), 96.8 (C-4").

IR (ATR) ¥ (cm™) = 3124, 1608, 1554, 1492, 1431, 1418, 1321, 1286, 1234, 1005, 948, 809,
747.

HRMS (EI) (m/z) = calculated for CxoH12IN3O* [M]* 437.0020, found 437.0018.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(Pyridin-2-yl)-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole (23)

C19H12N4O

M, = 312.33 g/mol

Following General Procedure llla, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq), oxime 15 (46 mg,
0.38 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene (161 mg, 0.375 mmol, 1.5 eq) were
used in methanol/water (2.5 mL). After stirring for additional 16 h, the reaction was completed.
The crude product was purified by flash column chromatography (40% ethyl acetate and
0.5% triethylamine in hexanes) and subsequent recrystallization (from ethyl acetate/hexanes)

to give isoxazole 23 as ochre solid (47.9 mg, 0.153 mmol, 61%).
R = 0.18 (40% ethyl acetate in hexanes).
Melting point = 226 °C.

'H NMR (400 MHz, methylene chloride-dz) & (ppm) = 9.61 (s, 1H, NH), 8.76 (ddd, J = 4.8,
1.9, 1.0 Hz, 1H, 6"-H), 857 (d, J = 5.1 Hz, 1H, 3-H), 8.21 (dg, J = 7.9, 0.9 Hz, 1H, 5-H), 8.14
(dt, 3 =7.9, 1.1 Hz, 1H, 3"-H), 8.08 (dd, J = 5.0, 0.7 Hz, 1H, 4-H), 7.87 (td, J = 7.7, 1.8 Hz, 1H,
4"-H), 7.67 (s, 1H, 4"-H), 7.67 — 7.60 (m, 2H, 7-H, 8-H), 7.42 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H,
5-H), 7.36 (ddd, J = 8.0, 6.6, 1.5 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-d;) & (ppm) = 171.4 (C-5°), 163.4 (C-3), 150.4
(C-6“), 148.7 (C-2“), 141.2 (C-8a), 139.8 (C-3), 137.3 (C-4"), 133.2 (C-9a), 131.3 (C-1), 130.4
(C-4a), 129.6 (C-7), 125.1 (C-5"), 122.2 (C-3"), 122.0 (C-5), 121.4 (C-4b), 121.0 (C-6), 116.4
(C-4), 112.3 (C-8), 101.2 (C-4).

IR (ATR) v (cm™) = 3319, 1607, 1555, 1490, 1451, 1401, 1364, 1289, 1216, 1067, 996, 839,
750.

HRMS (ESI) (m/z) = calculated for CioH13N4O* [M+H]* 313.1084, found 313.1083.

Purity (HPLC, method 1c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-(9H-Pyrido[3,4-b]indol-1-yl)-3-(thiophen-2-yl)isoxazole (24)

Ci18H11N30S

M, = 317.37 g/mol

Following General Procedure lllb, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq), oxime 16 (318 mg,

2.50 mmol, 10 eq) and [bis(trifluoroacetoxy)iodo]benzene (1.08 g, 2.50 mmol, 10 eq) were

used in methanol/water (2.5 mL). After stirring for additional 6 d, the reaction was completed.

The crude product was purified by flash column chromatography (15% ethyl acetate in

hexanes) and subsequent recrystallization (from chloroform/hexanes) to give isoxazole 24 as
pale yellow solid (10.8 mg, 0.0340 mmol, 14%).

Rt = 0.22 (20% ethyl acetate in hexanes).
Melting point = 183 °C.

'H NMR (500 MHz, methylene chloride-d2) & (ppm) = 9.58 (s, 1H, NH), 8.55 (d, J = 5.1 Hz,
1H, 3-H), 8.21 (dq, J = 8.0, 1.0 Hz, 1H, 5-H), 8.08 (dd, J = 5.1, 0.8 Hz, 1H, 4-H), 7.69 — 7.61
(m, 3H, 7-H, 8-H, 3“-H), 7.52 (dd, J = 5.0, 1.1 Hz, 1H, 5“-H), 7.38 (s, 1H, 4‘-H), 7.36 (ddd,
J=7.9 6.6, 1.4 Hz 1H, 6-H), 7.21 (dd, J = 5.1, 3.6 Hz, 1H, 4"-H).

13C NMR (126 MHz, methylene chloride-dz) & (ppm) = 171.3 (C-5), 158.7 (C-3'), 141.2
(C-8a), 139.8 (C-3), 133.3 (C-9a), 131.4 (C-1 or C-2“), 130.8 (C-1 or C-2%), 130.1 (C-4a), 129.7
(C-3“), 128.6 (C-7), 128.4 (C-5), 128.3 (C-4%), 122.2 (C-5), 121.4 (C-4b), 121.1 (C-6), 116.6
(C-4), 112.3 (C-8), 100.3 (C-4°).

IR (ATR) 7 (cm™) = 3450, 3056, 1608, 1564, 1462, 1422, 1391, 1321, 1296, 1227, 1132, 1054,
906, 849, 798, 740.

HRMS (ESI) (m/z) = calculated for C1gH12N3OS* [M+H]* 318.0696, found 318.0695.

Purity (HPLC, method 1c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(Furan-2-yl)-5-(9H-pyrido[3,4-b]lindol-1-yl)isoxazole (25)

C18H11N30>

M; = 301.31 g/mol

Following General Procedure lllb, alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq), oxime 17 (287 mg,

2.50 mmol, 10 eq) and [bis(trifluoroacetoxy)iodo]benzene (1.08 g, 2.50 mmol, 10 eq) were

used in methanol/water (2.5 mL). After stirring for additional 7 d, the reaction was completed.

The crude product was purified by flash column chromatography (10% — 20% ethyl acetate

in hexanes) and subsequent recrystallization (from chloroform/hexanes) to give isoxazole 25
as pale yellow solid (10.8 mg, 0.0358 mmol, 14%).

Rt = 0.31 (25% ethyl acetate in hexanes).
Melting point = 177 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.58 (s, 1H, NH), 8.55 (d, J = 5.1 Hz,
1H, 3-H), 8.20 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.08 (dd, J = 5.1, 0.7 Hz, 1H, 4-H), 7.70 — 7.59
(m, 3H, 7-H, 8-H, 5*-H), 7.39 — 7.35 (m, 1H, 6-H), 7.35 (s, 1H, 4'-H), 7.04 (dd, J = 3.4, 0.8 Hz,
1H, 3“-H), 6.62 (dd, J = 3.4, 1.8 Hz, 1H, 4“-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 171.1 (C-5°), 155.7 (C-3'), 144.8
(C-5“), 144.5 (C-2), 141.2 (C-8a), 139.8 (C-3), 133.3 (C-9a), 131.4 (C-1), 130.1 (C-4a), 129.7
(C-7), 122.2 (C-5), 121.4 (C-4b), 121.1 (C-6), 116.6 (C-4), 112.3 (C-8), 112.2 (C-4“), 111.5
(C-3%), 99.8 (C-49).

IR (ATR) 7 (cm™) = 3462, 3093, 1609, 1557, 1493, 1425, 1380, 1286, 1231, 1137, 1064, 1012,
887, 726.

HRMS (ESI) (m/z) = calculated for CisH12N3O2* [M+H]* 302.0925, found 302.0923.

Purity (HPLC, method 1c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-(9H-Pyrido[3,4-blindol-1-yl)-3-(1H-pyrrol-2-yl)isoxazole (26)

C18H12N4O
M, = 300.32 g/mol
N-Chlorosuccinimide (37 mg, 0.28 mmol, 1.1 eq) and oxime 18 (30 mg, 0.28 mmol, 1.1 eq)
were dissolved anhydrous DMF (0.5 mL) under N2 atmosphere and stirred at 0 °C. Then
anhydrous pyridine (0.004 mL, 0.05 mmol, 0.2 eq) was added and the reaction mixture was
stirred at 0 °C for 0.5 h and at room temperature for further 20 h. Alkyne 3 (48.1 mg,
0.250 mmol, 1.0 eq) was added in one portion and, after stirring for 5 min, anhydrous
triethylamine (0.038 mL, 0.28 mmol, 1.1 eq) dropwise over 10 min. The suspension was stirred
for 16 h at room temperature and then partitioned between water (20 mL) and methylene
chloride (20 mL). The aqg. phase was further extracted with methylene chloride (2 x 20 mL) and
the combined organic layers were dried using a phase separation filter. The solvent was
removed in vacuo and the crude product purified two times by flash column chromatography
(20% — 25% ethyl acetate in hexanes, 100% methylene chloride — 0.1% methanol in
methylene chloride) to give isoxazole 26 as white solid (33.8 mg, 0.113 mmol, 56%).

Rt = 0.44 (40% ethyl acetate in hexanes).
Melting point = 180 °C (decomposition).

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.80 (s, 1H, 9-NH), 11.73 (s, 1H, 1”-NH), 8.52 (d,
J=5.0 Hz, 1H, 3-H), 8.34 — 8.29 (m, 2H, 4-H, 5-H), 7.82 (d, J = 8.2 Hz, 1H, 8-H), 7.62 (ddd,
J=8.3,7.1, 1.2 Hz, 1H, 7-H), 7.56 (s, 1H, 4-H), 7.32 (td, J = 7.5, 7.1, 1.0 Hz, 1H, 6-H), 7.03
(td, J = 2.7, 1.5 Hz, 1H, 5”-H), 6.83 (ddd, J = 3.9, 2.5, 1.5 Hz, 1H, 3”-H), 6.25 (dt, J = 3.6,
2.5 Hz, 1H, 47-H).

13C NMR (101 MHz, DMSO-de) & (ppm) = 168.6 (C-5'), 156.3 (C-3'), 141.5 (C-8a), 138.5 (C-3),
132.1 (C-9a), 130.4 (C-1 or C-4a), 129.5 (C-1 or C-4a), 128.9 (C-7), 121.8 (C-5), 121.5 (C-5"),
120.3 (C-4b), 120.1 (C-6), 120.0 (C-2"), 116.3 (C-4), 112.9 (C-8), 110.3 (C-3"), 109.3 (C-4"),
100.1 (C-4).

IR (ATR) 7 (cm™) = 3606, 3256, 2922, 1613, 1453, 1428, 1385, 1324, 1291, 1230, 1135, 1122,
1031 884, 745, 722.

166



EXPERIMENTAL PART

HRMS (ESI) (m/z) = calculated for C1sH13N4O* [M+H]* 301.1084, found 301.1085.

Purity (HPLC, method 1a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-(4-Ethynylphenyl)-5-(9H-pyrido[3,4-b]Jindol-1-yl)isoxazole (27)

C22H13N30
M, = 335.37 g/mol
Following General Procedure la, iodide 22 (144 mg, 0.330 mmol, 1.0 eq), Cul (13 mg,
0.069 mmol, 0.2 eq), Pd(dppf)Cl. (12 mg, 0.017 mmol, 0.05 eq) and trimethylsilylacetylene
(0.093 mL, 0.66 mmol, 2.0 eq, dissolved in 0.25 mL anhydrous THF) were used in anhydrous
triethylamine (3.0 mL) and anhydrous THF (3.0 mL). After stirring for 20 h, the reaction was
completed. The celite pad was washed with ethyl acetate (100 mL) and the extraction was
performed with sat. aq. NaCl solution (50 mL) and ethyl acetate (2 x 50 mL).
The crude TMS-protected intermediate (R: = 0.50, 20% ethyl acetate in hexanes; HRMS (El)
(m/z) = calculated for C2sH21N3OSi™* [M]+ 407.1449, found 407.1442) was desilylated, following
General Procedure Il, with K2COs3 (180 mg, 1.09 mmol, 3.3 eq) in methanol (7.0 mL). The
crude product was purified by flash column chromatography (100% methylene chloride) to give
terminal alkyne 27 as off-white solid (96.8 mg, 0.289 mmol, 88% over two steps).

R = 0.35 (20% ethyl acetate in hexanes).
Melting point = 241 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.86 (s, 1H, NH), 8.54 (d, J = 5.0 Hz, 1H, 3-H),
8.35 — 8.30 (m, 2H, 4-H, 5-H), 8.11 — 8.06 (m, 2H, 2“-H, 6“-H), 7.86 (s, 1H, 4'-H), 7.82 (dt,
J=8.3,0.9 Hz, 1H, 8-H), 7.72 — 7.66 (m, 2H, 3“-H, 5“-H), 7.63 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H,
7-H), 7.32 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, 6-H), 4.40 (s, 1H, CCH).

13C NMR (101 MHz, DMSO-de) & (ppm) = 169.9 (C-5'), 161.8 (C-3'), 141.5 (C-8a), 138.5 (C-3),
132.5 (C-3”, C-5”), 132.2 (C-9a), 130.5 (C-1 or C-4a), 129.3 (C-1 or C-4a), 129.0 (C-7), 128.7
(C-17), 127.0 (C-2”, C-6”), 123.7 (C-4"), 121.8 (C-5), 120.3 (C-4b), 120.1 (C-6), 116.6 (C-4),
112.9 (C-8), 100.7 (C-4’), 83.0 (CCH), 82.7 (CCH).

IR (ATR) v (cm™) = 3463, 3166, 2097, 1613, 1553, 1494, 1433, 1421, 1288, 1229, 949, 917,
839, 806, 740.

HRMS (El) (m/z) = calculated for C2;H13NzO* [M] ™ 335.1054, found 335.1054.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-(5-(9H-Pyrido[3,4-b]indol-1-yl)isoxazol-3-yl)aniline (28)

C20H14N4O
M, = 326.36 g/mol
Nitro compound 20 (44.5 mg, 0.125 mmol, 1.0 eq) was dissolved in methylene chloride
(1.0 mL) and the solution was cooled to 0 °C. Then zinc granules (490 mg, 7.50 mmol, 60 eq)
and acetic acid (0.11 ml, 2.0 mmol, 16 eq) were added. The reaction mixture was slowly
warmed to room temperature, stirred for 48 h, then diluted with methylene chloride (20 mL)
and filtered. The filtrate was washed with sat. ag. NaHCOs3 solution (50 mL) and the aq. phase
further extracted with methylene chloride (2 x 30 mL). The combined organic layers were dried
over Na SO, filtered and concentrated in vacuo. The crude product was purified by flash
column chromatography (40% ethyl acetate in hexanes) to give aniline 28 as pale orange solid
(15.9 mg, 0.049 mmol, 39%).

R = 0.60 (40% ethyl acetate in hexanes).
Melting point = 244 °C (decomposition).

IH NMR (500 MHz, DMSO-dg) & (ppm) = 11.81 (s, 1H, NH), 8.55 (d, J = 5.1 Hz, 1H, 3-H),
8.35 — 8.30 (m, 2H, 4-H, 5-H), 7.85 — 7.79 (m, 3H, 8-H, 4-H, 3“-H), 7.63 (ddd, J = 8.3, 7.1,
1.2 Hz, 1H, 7-H), 7.36 — 7.30 (m, 1H, 6-H), 7.23 (ddd, J = 8.3, 7.0, 1.6 Hz, 1H, 5“-H), 6.90 (dd,
J=8.2,1.2 Hz, 1H, 6"-H), 6.74 — 6.69 (M, 1H, 4“-H), 6.42 — 6.36 (M, 2H, NH,).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 167.5 (C-5), 163.4 (C-3°), 147.0 (C-1“), 141.5 (C-8a),
138.5 (C-3), 132.2 (C-9a), 130.8 (C-5), 130.4 (C-1 or C-4a), 129.8 (C-3“), 129.4 (C-1 or C-4a),
129.0 (C-7), 121.8 (C-5), 120.3 (C-4b), 120.1 (C-6), 116.5 (C-4), 116.0 (C-6), 115.8 (C-4"),
112.9 (C-8), 109.9 (C-2“), 101.1 (C-4").

IR (ATR) v (cm™) = 3421, 3318, 2920, 1611, 1554, 1433, 1424, 1391, 1282, 1231, 929, 802,
762, 743.

HRMS (ESI) (m/z) = calculated for CaoHisN4O* [M+H]* 327.1241, found 327.1240.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5.3.2 Variations of the isoxazole

1-(1-Phenyl-1H-1,2,3-triazol-4-yl)-9H-pyrido[3,4-b]indole (29)

CioH13Ns
r = 311.35 g/mol
Phenylboronic acid (31 mg, 0.25 mmol, 1.0 eq), sodium azide (18 mg, 0.28 mmol, 1.1 eq) and
CuSO0s4 (4.0 mg, 0.025 mmol, 0.1 eq) were dissolved in methanol (1.0 mL) and stirred at 55 °C
for 3 h (= phenyl azide solution). Water (1.0 mL), alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq) and
sodium L-ascorbate (25 mg, 0.13 mmol, 0.5 eq) were added and the mixture stirred for 72 h at
room temperature. Then, the abovementioned phenyl azide solution (1.0 eq) was prepared
again and added to the reaction mixture besides water (1.0 mL) and sodium L-ascorbate
(25 mg, 0.13 mmol, 0.5 eq). The mixture was stirred for further 72 h, then diluted with aq. NH3
solution (1 M, 100 mL) and extracted with ethyl acetate (3 x 70 mL). The combined organic
layers were dried over Na>SO., filtered and concentrated in vacuo. The crude product was
purified two times by flash column chromatography (1% methanol in methylene chloride,
100% chloroform) to give triazole 29 as pale yellow solid (30.6 mg, 0.0983 mmol, 39%).

Rt = 0.23 (1% methanol in methylene chloride).
Melting point = 166 °C.

!H NMR (500 MHz, methylene chloride-d2) & (ppm) = 10.57 (s, 1H, NH), 8.86 (s, 1H, 5-H),
8.46 (d, J =5.2 Hz, 1H, 3-H), 8.20 (dq, J = 7.8, 0.9 Hz, 1H, 5-H), 7.99 (dd, J = 5.2, 0.7 Hz, 1H,
4-H), 7.94 — 7.89 (m, 2H, 2"-H, 6“-H), 7.69 (dt, J = 8.2, 0.9 Hz, 1H, 8-H), 7.65 — 7.60 (m, 3H,
7-H, 3*-H, 5“-H), 7.56 — 7.51 (m, 1H, 4"“-H), 7.33 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, 6-H).

13C NMR (126 MHz, methylene chloride-d2) & (ppm) = 150.0 (C-4‘), 141.1 (C-8a), 139.0 (C-3),
137.4 (C-1"), 133.6 (C-1 or C-9a), 133.5 (C-1 or C-9a), 130.3 (C-3", C-5“), 130.1 (C-4a), 129.5
(C-4*), 129.0 (C-7), 122.1 (C-5), 121.6 (C-4b), 121.0 (C-2“, C-6“), 120.4 (C-6), 120.4 (C-5),
114.7 (C-4), 112.4 (C-8).

IR (ATR) 7 (cm™) = 3612, 3427, 3403, 2918, 2206, 1627, 1574, 1505, 1490, 1420, 1366, 1352,
1285, 1267, 1029, 746.
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HRMS (ESI) (m/z) = calculated for Ci9H14Ns" [M+H]* 312.1244, found 312.1247.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-(5-Phenyl-1H-pyrazol-3-yl)-9H-pyrido[3,4-b]indole (31)

C20H14N4
M, = 310.36 g/mol
Benzaldehyde p-toluenesulfonylhydrazone (30) (68 mg, 0.25 mmol, 1.0 eq) was dissolved in
acetonitrile (1.0 mL). Ag. NaOH solution (5 M, 0.050 mL, 0.25 mmol, 1.0 eq) was added and
the reaction mixture stirred for 20 min at room temperature (= tosylhydrazone anion solution).
Then, a solution of alkyne 3 (48.1 mg, 0.250 mmol, 1.0 eq) in acetonitrile (1.0 mL) was added
and the mixture was stirred at 50 °C. An additional portion of the abovementioned
tosylhydrazone anion solution (1.0 eq) was prepared and added to the reaction mixture after
24 h (1.0 eq) and 40 h (0.5 eq). After stirring for additional 6 h, the mixture was diluted with
water (15 mL) and extracted with ethyl acetate (3 x 15 mL). The combined organic layers were
dried over Na,;SO., filtered and concentrated in vacuo. The crude product was purified two
times by flash column chromatography (40% ethyl acetate and 1% triethylamine in hexanes,
100% chloroform — 2.5% methanol in chloroform) to give pyrazole 31 as pale yellow solid
(38.2 mg, 0.123 mmol, 49%).

Rt = 0.18 (40% ethyl acetate in hexanes).
Melting point = 224 °C.

'H NMR (500 MHz, methylene chloride-d;) & (ppm) = 10.79 (s, 1H, 1°-NH), 10.37 (s, 1H,
9-NH), 8.49 (d, J = 5.2 Hz, 1H, 3-H), 8.19 (dd, J = 7.9, 1.0 Hz, 1H, 5-H), 7.97 (d, J = 5.2 Hz,
1H, 4-H), 7.76 —7.70 (m, 2H, 2“-H, 6*-H), 7.64 (dt, J = 8.2, 1.0 Hz, 1H, 8-H), 7.58 (ddd, J = 8.2,
7.0, 1.2 Hz, 1H, 7-H), 7.52 — 7.45 (m, 3H, 4'-H, 3“-H, 5“-H), 7.44 — 7.40 (m, 1H, 4"“-H), 7.31
(ddd, J=7.9,7.0, 1.1 Hz, 1H, 6-H).

13C NMR (126 MHz, methylene chloride-d;) & (ppm) = 154.4 (C-3°), 144.9 (C-5%), 141.2
(C-8a), 139.0 (C-3), 135.9 (C-1), 133.6 (C-9a), 129.9 (C-1), 129.8 (C-3", C-5"), 129.7 (C-4a),
129.4 (C-4“), 128.9 (C-7), 126.1 (C-2“, C-6“), 122.2 (C-5), 122.0 (C-4b), 120.5 (C-6), 114.6
(C-4), 112.4 (C-8), 101.9 (C-4°).

IR (ATR) 7 (cm™) = 3433, 3223, 2918, 1623, 1574, 1563, 1452, 1431, 1416, 1359, 1315, 1253,
1228, 981, 813, 732.
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HRMS (ESI) (m/z) = calculated for CoH1sN4" [M+H]* 311.1292, found 311.1290.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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9H-Pyrido[3,4-b]indole-1-carbaldehyde (36)F"

C12HsN20O

M, = 196.20 g/mol

Benzalharman (37) (2.50 g, 9.25 mmol, 1.0 eq) and Sudan 111 (0.005 mg, 0.01 mmol, 0.001 eq)
were dissolved in methylene chloride/methanol (5:1, 240 mL). The reaction mixture was cooled
to -78 °C and purged with N for 15 min. Then, ozone was passed through (flow rate 60 L/h,
50 W), until the colour changed to yellow (5 min). The solution was again purged with N for
30 min and dimethyl sulfide (7.50 mL, 101 mmol, 11 eq) was slowly added. The mixture was
stirred at -78 °C for 1 h, at 0 °C for 2 h and at room temperature further 16 h. The solvent was
removed in vacuo and the crude product was purified by flash column chromatography
(20% ethyl acetate in hexanes) to give aldehyde 36 as yellow solid (994 mg, 5.07 mmol, 55%).

Rt = 0.27 (20% ethyl acetate in hexanes).
Melting point = 202 °C (lit.*? 202 °C).

H NMR (500 MHz, chloroform-d) & (ppm) = 10.35 (s, 1H, CHO), 10.08 (s, 1H, NH), 8.64 (d,
J = 5.0 Hz, 1H, 3-H), 8.19 — 8.12 (m, 2H, 4-H, 5-H), 7.65 — 7.56 (m, 2H, 7-H, 8-H), 7.36 (ddd,
J=8.0,6.8,1.2 Hz, 1H, 6-H).

13C NMR (126 MHz, chloroform-d) & (ppm) = 195.9 (CHO), 141.4 (C-8a), 139.8 (C-3), 136.1
(C-1), 135.4 (C-9a), 131.8 (C-4a), 129.7 (C-7), 122.1 (C-5), 121.3 (C-6), 120.6 (C-4b), 119.5
(C-4), 112.2 (C-8).

IR (ATR) Vv (cm™) = 3378, 2915, 2827, 1681, 1449, 1433, 1274, 1199, 1121, 1057, 739.
HRMS (EI) (m/z) = calculated for C12HgN.O ™ [M]* 196.0632, found 196.0631.

Purity (HPLC, method 1c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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(E)-9H-Pyrido[3,4-b]indole-1-carbaldehyde oxime (35)

C12H9N3O

M, = 211.22 g/mol

Hydroxylamine hydrochloride (130 mg, 1.88 mmol, 1.25 eq) and sodium acetate (154 mg,

1.88 mmol, 1.25 eq) were dissolved in methanol (15 mL). Then, aldehyde 36 (294 mg, 1.50

mmol, 1.0 eq) was added and the suspension stirred at 75 °C for 1 h. After cooling to room

temperature, the solvent was removed in vacuo and the residue resuspended in water (50 mL).

The precipitate was filtered and washed with diethyl ether (25 mL) to give oxime 35 as ochre
solid (313 mg, 1.48 mmol, 99%).

Rt = 0.33 (40% ethyl acetate in hexanes).
Melting point = 230 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.65 (s, 1H, OH), 10.98 (s, 1H, NH), 8.45 (s, 1H,
CHN), 8.40 (d, J = 5.1 Hz, 1H, 3-H), 8.26 (dd, J = 7.8, 1.1 Hz, 1H, 5-H), 8.15 (d, J = 5.1 Hz,
1H, 4-H), 7.81 (dd, J = 8.2, 0.9 Hz, 1H, 8-H), 7.56 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H, 7-H), 7.28
(ddd, J = 8.0, 7.1, 1.0 Hz, 1H, 6-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 150.8 (CHN), 140.9 (C-8a), 138.1 (C-3), 135.6 (C-1),
132.4 (C-9a), 128.7 (C-4a), 128.3 (C-7), 121.6 (C-5), 120.5 (C-4b), 119.9 (C-6), 115.1 (C-4),
113.0 (C-8).

IR (ATR) 7 (cm™) = 3430, 2851, 1628, 1571, 1494, 1428, 1376, 1322, 1233, 1131, 1069, 989,
819, 735.

HRMS (EI) (m/z) = calculated for C12HgN3O* [M]* 211.0741, found 211.0737.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-Phenyl-3-(9H-pyrido[3,4-blindol-1-yl)isoxazole (34)

C20H13N30

M, = 311.34 g/mol

Similar to General Procedure llla, phenylacetylene (0.10 mL, 0.94 mmol, 1.25 eq), oxime 35

(158 mg, 0.750 mmol, 1.0 eq) and [bis(trifluoroacetoxy)iodolbenzene (484 mg, 1.13 mmol,

1.5 eq) were used in methanol/water (5.0 mL). After stirring for additional 16 h, the reaction

was completed. The crude product was purified two times by flash column chromatography

(25% ethyl acetate in hexanes, 100% methylene chloride) to give isoxazole 34 as pale yellow
solid (99.4 mg, 0.319 mmol, 43%).

Rt = 0.79 (40% ethyl acetate in hexanes).
Melting point = 166 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.99 (s, 1H, NH), 8.56 (d, J = 5.1 Hz,
1H, 3-H), 8.20 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.07 (dd, J = 5.1, 0.7 Hz, 1H, 4-H), 7.97 — 7.90
(m, 2H, 2*-H, 6“-H), 7.67 — 7.58 (m, 2H, 7-H, 8-H), 7.57 — 7.50 (m, 3H, 3“-H, 4“-H, 5“-H), 7.47
(s, 1H, 4'-H), 7.34 (ddd, J = 8.0, 6.9, 1.3 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 170.3 (C-5°), 165.1 (C-3'), 141.1
(C-8a), 139.3 (C-3), 134.2 (C-9a), 131.6 (C-1), 130.9 (C-4“), 130.4 (C-4a), 129.5 (C-3“, C-5%),
129.3 (C-7), 127.7 (C-1%), 126.3 (C-2“, C-6"), 122.1 (C-5), 121.6 (C-4b), 120.8 (C-6), 116.3
(C-4), 112.4 (C-8), 98.7 (C-4").

IR (ATR) Vv (cm™) = 3425, 3051, 1628, 1568, 1490, 1453, 1361, 1262, 1143, 943, 828, 732.
HRMS (El) (m/z) = calculated for C2oH13NzO* [M]™ 311.1054, found 311.1054.

Purity (HPLC, method 1b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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(2)-3-Amino-3-phenyl-1-(9H-pyrido[3,4-b]lindol-1-yl)prop-2-en-1-one (40)e°

C20H1sN30

M, = 313.36 g/mol

Isoxazole 1 (62.3 mg, 0.200 mmol, 1.0 eq) was dissolved in ethyl acetate/methanol (1:1,

2.0 mL), before Cs,CO3 (65 mg, 0.20 mmol, 1.0 eq) and palladium on carbon (10 wt.%, 21 mg,

0.020 mmol, 0.1 eq) were added. Hydrogenation was performed under 35 bar H, pressure at

30 °C for 16 h. The reaction mixture was filtered through a pad of celite and the pad was

washed with ethyl acetate/methanol (1:1, 25 mL). The filtrate was concentrated in vacuo and

the residue purified by flash column chromatography (20% ethyl acetate in hexanes) to give
enamino ketone 40 as yellow solid (41.8 mg, 0.133 mmol, 67%).

Rt = 0.45 (40% ethyl acetate in hexanes).
Melting point = 221 °C (lit.[% 221 °C).

IH NMR (500 MHz, chloroform-d) & (ppm) = 10.74 (s, 1H, NH), 10.48 (s, 1H, NH), 8.52 (d,
J = 4.9 Hz, 1H, 3-H), 8.16 (d, J = 7.8 Hz, 1H, 5-H), 8.08 (d, J = 5.0 Hz, 1H, 4-H), 7.80 — 7.74
(m, 2H, 2*-H, 6“-H), 7.62 — 7.56 (m, 2H, 7-H, 8-H), 7.54 — 7.46 (m, 3H, 3“-H, 4“-H, 5“-H), 7.31
(dg, J=8.0, 4.4 Hz, 1H, 6-H), 7.20 (s, 1H, CH), 5.58 (s, 1H, NH>).

13C NMR (126 MHz, chloroform-d) & (ppm) = 191.2 (CO), 163.4 (CNH,), 141.1 (C-8a), 138.5
(C-1), 138.0 (C-3), 137.5 (C-1*), 136.0 (C-9a), 131.2 (C-4a), 131.0 (C-4“), 129.1 (C-3“, C-5%),
128.9 (C-7), 126.7 (C-2“, C-6“), 121.9 (C-5), 121.0 (C-4b), 120.2 (C-6), 117.5 (C-4), 112.0
(C-8), 91.7 (CH).

IR (ATR) 7 (cm™) = 3405, 2919, 2850, 1985, 1600, 1588, 1559, 1524, 1484, 1380, 1281, 1213,
1132, 1073, 1061, 810, 734.

HRMS (El) (m/z) = calculated for C2oH1sNzO* [M]™* 313.1210, found 313.1211.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9H-pyrido[3,4-b]Jindol-1-yl)isothiazole (39)

C20H13NsS
M, = 327.41 g/mol
Enamino ketone 40 (78.3 mg, 0.250 mmol, 1.0 eq) and NaHCO3 (21 mg, 0.25 mmol, 1.0 eq)
were suspended in anhydrous THF (2.5 mL) under N. atmosphere. Phosphorus pentasulfide
(83 mg, 0.38 mmol, 1.5 eq) was added and the reaction mixture was stirred at room
temperature for 16 h. Anhydrous THF (2.0 mL) and p-chloranil (92 mg, 0.38 mmol, 1.5 eq)
were added and the mixture was stirred at room temperature for 40 h and at 65 °C for 6 h.
After cooling to room temperature, it was diluted with water (50 mL) and extracted with ethyl
acetate (3 x 20 mL). The combined organic layers were dried over MgSQO,, filtered and
concentrated in vacuo. The crude product was purified three times by flash column
chromatography (20% acetone in hexanes, 100% methylene chloride, 50% methylene chloride
in chloroform) to give isothiazole 39 as white solid (14.1 mg, 0.0431 mmol, 17%).

R = 0.41 (20% ethyl acetate in hexanes).
Melting point = 197 °C.

'H NMR (500 MHz, methylene chloride-d2) & (ppm) = 8.69 (s, 1H, NH), 8.53 (d, J = 5.2 Hz,
1H, 3-H), 8.21 (dq, J=7.9, 0.9 Hz, 1H, 5-H), 8.18 (s, 1H, 4*-H), 8.13 — 8.08 (m, 2H, 2“-H, 6" H),
8.06 (dd, J = 5.2, 0.7 Hz, 1H, 4-H), 7.68 (dt, J = 8.2, 1.0 Hz, 1H, 8-H), 7.64 (ddd, J = 8.2, 6.9,
1.2 Hz, 1H, 7-H), 7.56 — 7.51 (m, 2H, 3"-H, 5“-H), 7.50 — 7.45 (m, 1H, 4“-H), 7.38 (ddd, J = 7.9,
6.9, 1.2 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 168.8 (C-3‘), 167.3 (C-5), 141.2
(C-8a), 140.0 (C-3), 135.3 (C-1*), 134.3 (C-1), 132.5 (C-9a), 131.7 (C-4a), 129.8 (C-7 or C-4*),
129.6 (C-7 or C-4“), 129.3 (C-3“, C-5"), 127.3 (C-2“, C-6"), 122.2 (C-5), 122.1 (C-4b), 121.4
(C-6), 118.0 (C-4), 116.0 (C-4), 112.4 (C-8).

IR (ATR) v (cm™) = 3228, 2919, 2850, 1497, 1455, 1424, 1403, 1321, 1227, 1205, 1012, 847,
832, 748.

HRMS (El) (m/z) = calculated for C2oH13N3S™ [M]* 327.0825, found 327.0827.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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N-Phenethyl-9H-pyrido[3,4-b]indole-1-carboxamide (42)E%)

C20H17N30
M, = 315.38 g/mol
Carboxylic acid 41 (53.1 mg, 0.250 mmol, 1.0 eq) and 1,1'-carbonyldiimidazole (49 mg,
0.30 mmol, 1.2 eq) were suspended in anhydrous THF (3.0 mL) under N, atmosphere and the
reaction mixture was stirred at 70 °C for 2 h. After cooling to room temperature, a solution of
2-phenylethylamine (0.038 mL, 0.30 mmol, 1.2 eq) in anhydrous THF (0.5 mL) was added to
the activated carboxylic acid (R:= 0.16, 40% ethyl acetate in hexanes). The mixture was stirred
for 18 h at room temperature, then diluted with sat. ag. NaCl solution (20 mL) and extracted
with ethyl acetate (3 x 20 mL). The combined organic layers were dried over Na.SO,, filtered
and concentrated in vacuo. The crude product was purified by flash column chromatography
(15% — 20% ethyl acetate in hexanes) to give amide 42 as pale yellow oil (49.0 mg,
0.155 mmol, 62%), which solidified in the cold (2 — 8°C).

Rt = 0.68 (40% ethyl acetate in hexanes).
Melting point = 94 °C.

'H NMR (500 MHz, chloroform-d) & (ppm) = 10.32 (s, 1H, 9-NH), 8.35 (d, J = 5.1 Hz, 1H,
3-H), 8.27 (s, 1H, CONH), 8.14 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.08 (dd, J = 5.1, 0.7 Hz, 1H,
4-H), 7.59 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H, 7-H), 7.55 (dt, J = 8.2, 1.1 Hz, 1H, 8-H), 7.36 — 7.29
(m, 5H, 6-H, 2°-H, 3‘-H, 5'-H, 6*-H), 7.26 — 7.23 (m, 1H, 4’-H, collapses with chloroform peak),
3.84 - 3.77 (m, 2H, NHCH), 3.02 (t, J = 7.3 Hz, 2H, NHCH,CHy).

13C NMR (126 MHz, chloroform-d) & (ppm) = 166.7 (CONH), 141.2 (C-8a), 139.1 (C-1’), 137.4
(C-3), 135.7 (C-9a), 132.2 (C-1 or C-4a), 131.5 (C-1 or C-4a), 129.3 (C-7), 129.0 (C-2’, C-6'),
128.8 (C-3', C-5'), 126.7 (C-4’), 122.0 (C-5), 120.8 (C-4b), 120.4 (C-6), 117.9 (C-4), 112.0
(C-8), 40.7 (NHCHy), 36.3 (NHCH,CH,).

IR (ATR) 7 (cm™) = 3343, 2923, 1648, 1624, 1522, 1491, 1449, 1370, 1318, 1243, 1218, 1205,
728, 697.

HRMS (ESI) (m/z) = calculated for C20H17NsO* [M+H]* 316.1445, found 316.1445.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-Phenyl-2-(9H-pyrido[3,4-blindol-1-yl)oxazole (43)

C20H13N30

M, = 311.34 g/mol

Carboxylic acid 41 (106 mg, 0.500 mmol, 1.0 eq) and 2-aminoacetophenone hydrochloride
(85.6 mg, 0.500 mmol 1.0 eq) were suspended in toluene (2.5 mL) in a pressure tube.
Phosphorus(V) oxychloride (0.375 mL, 4.00 mmol, 8.0 eq) was added and the reaction mixture
stirred at 105 °C for 16 h. Then, another portion of phosphorus(V) oxychloride (0.375 mL,
4.00 mmol, 8.0 eq) was added and the mixture stirred for further 24 h at 105 °C. After cooling
to room temperature, it was added dropwise to aq. NaOH solution (1 M, 50 mL) and vigorously
stirred for 15 min. The mixture was extracted with ethyl acetate (3 x 30 mL) and the combined
organic layers were dried over Na,SO,, filtered and concentrated in vacuo. The crude product
was purified two times by flash column chromatography (50% — 65% methylene chloride in
hexanes, methylene chloride) to give oxazole 43 as yellow solid (61.0 mg, 0.196 mmol, 39%).

R = 0.55 (40% ethyl acetate in hexanes).
Melting point = 179 °C.

H NMR (400 MHz, methylene chloride-dz) & (ppm) = 10.44 (s, 1H, NH), 8.58 (d, J = 5.1 Hz,
1H, 3-H), 8.21 (dqg, J = 7.9, 0.9 Hz, 1H, 5-H), 8.09 (dd, J = 5.1, 0.7 Hz, 1H, 4-H), 7.89 — 7.84
(m, 2H, 2*-H, 6“-H), 7.70 — 7.66 (m, 2H, 8-H, 4‘-H), 7.62 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, 7-H),
7.54 —7.48 (m, 2H, 3"“-H, 5*-H), 7.44 — 7.39 (m, 1H, 4“-H), 7.35 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H,
6-H).

13C NMR (101 MHz, methylene chloride-d2) & (ppm) = 160.5 (C-2°), 152.2 (C-5%), 141.1
(C-8a), 139.3 (C-3), 134.6 (C-9a), 130.4 (C-1), 129.4 (C-3“, C-5%), 129.3 (C-4a), 129.3 (C-7),
129.3 (C-4“), 128.1 (C-1“), 125.0 (C-2“, C-6“), 123.7 (C-4‘), 122.2 (C-5), 121.7 (C-4b), 120.8
(C-6), 116.4 (C-4), 112.4 (C-8).

IR (ATR) 7 (cm™) = 3403, 1627, 1491, 1448, 1318, 1253, 1224, 1172, 1070, 943, 817, 757.
HRMS (El) (m/z) = calculated for C2oH13NzO* [M]™* 311.1054, found 311.1055.
Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-Ox0-2-phenylethyl 9H-pyrido[3,4-b]indole-1-carboxylate (45)

C20H14N203

M, = 330.34 g/mol

Carboxylic acid 41 (106 mg, 0.500 mmol, 1.0 eq) was suspended in ethyl acetate (3.0 mL),

then 2-bromoacetophenone (99.5 mg, 0.500 mmol, 1.0 eq) and triethylamine (0.091 ml,

0.65 mmol, 1.3 eq) were added and the mixture stirred at 60 °C for 5 h. After cooling to room

temperature, the mixture was partitioned between water (15 mL) and ethyl acetate (10 mL).

The ag. phase was further extracted with ethyl acetate (2 x 10 mL) and the combined organic

layers were dried over Na;SO., filtered and concentrated in vacuo. The crude product was

purified by flash column chromatography (40% — 60% ethyl acetate in hexanes) to give ester
45 as white solid (50.8 mg, 0.154 mmol, 32%).

R = 0.11 (40% ethyl acetate in hexanes).
Melting point = 219 °C.

H NMR (500 MHz, methylene chloride-dz) & (ppm) = 10.45 (s, 1H, NH), 8.60 (d, J = 4.9 Hz,
1H, 3-H), 8.23 — 8.17 (m, 2H, 4-H, 5-H), 8.09 — 8.02 (m, 2H, 2-H, 6'-H), 7.73 — 7.66 (m, 2H,
8-H, 4-H), 7.64 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, 7-H), 7.61 — 7.55 (m, 2H, 3'-H, 5'-H), 7.35 (ddd,
J=8.0,6.9, 1.2 Hz, 1H, 6-H), 5.81 (s, 2H, CH,).

BBC NMR (126 MHz, methylene chloride-dz) & (ppm) = 192.9 (CO), 165.5 (COO), 141.3
(C-8a), 139.4 (C-3), 137.8 (C-9a), 134.7 (C-4"), 134.4 (C-1), 132.0 (C-4a), 129.8 (C-7), 129.5
(C-3, C-5%,128.3 (C-2, C-6), 122.2 (C-5), 121.3 (C-4b), 121.0 (C-6), 119.2 (C-4), 112.4 (C-8),
67.6 (CHy). Signal for C-1 not observed.

IR (ATR) 7 (cm™) = 3292, 2925, 1748, 1681, 1625, 1596, 1425, 1369, 1309, 1284, 1236, 1171,
1151, 969, 934, 765.

HRMS (EI) (m/z) = calculated for C2oH14N2Oz* [M]™* 330.0999, found 330.1000.

Purity (HPLC) n.d.
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4-Phenyl-2-(9H-pyrido[3,4-blindol-1-yl)oxazole (46)

C20H13N30
M, = 311.34 g/mol
Ester 45 (66.1 mg, 0.200 mmol, 1.0 eq) and acetamide (59 mg, 1.0 mmol, 5.0 eq) were
suspended in xylene (2.0 mL) in a pressure tube. Boron trifluoride diethyl etherate (0.020 mL,
0.16 mmol, 0.8 eq) was added and the reaction mixture stirred at 120 °C for 24 h. After cooling
to room temperature, cold water (20 mL) was added and extracted with ethyl acetate
(3 x 20 mL). The combined organic layers were washed with sat. ag. NaCl solution (20 mL),
dried over Na,;SO., filtered and concentrated in vacuo. The crude product was purified two
times by flash column chromatography (100% methylene chloride, 100% chloroform —
10% methylene chloride in chloroform) to give oxazole 46 as white solid (19.5 mg,
0.0626 mmol, 31%).

R = 0.38 (20% ethyl acetate in hexanes).
Melting point = 199 °C.

H NMR (500 MHz, methylene chloride-dz) & (ppm) = 10.42 (s, 1H, NH), 8.57 (d, J = 5.1 Hz,
1H, 3-H), 8.22 (dd, J = 7.9, 1.0 Hz, 1H, 5-H), 8.21 (s, 1H, 5'-H), 8.11 (d, J = 5.1 Hz, 1H, 4-H),
8.00 — 7.95 (m, 2H, 2“-H, 6“-H), 7.74 (dd, J = 8.2, 0.9 Hz, 1H, 8-H), 7.65 (ddd, J = 8.2, 7.0,
1.2 Hz, 1H, 7-H), 7.56 — 7.51 (m, 2H, 3“-H, 5"“-H), 7.45-7.41 (m, 1H, 4“-H), 7.36 (ddd, J = 8.0,
7.1, 1.0 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 161.1 (C-2°), 142.3 (C-4°), 141.1
(C-8a), 139.4 (C-3), 134.6 (C-5'), 134.5 (C-9a), 131.1 (C-1), 130.6 (C-1“), 129.4 (C-7), 129.3
(C-3", C-5%), 129.1 (C-4a), 128.9 (C-4“), 126.1 (C-2“, C-6"), 122.3 (C-5), 121.8 (C-4b), 120.9
(C-6), 116.6 (C-4), 112.5 (C-8).

IR (ATR) 7 (cm™) = 3405, 3095, 1624, 1490, 1430, 1390, 1315, 1242, 1217, 1165, 1123, 1065,
942, 837, 748.

HRMS (El) (m/z) = calculated for C2oH13NzO* [M]™* 311.1054, found 311.1057.
Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-Phenyl-5-(9H-pyrido[3,4-b]indol-1-yl)-1,2,4-oxadiazole (48)

C19H12N4O

M; = 312.33 g/mol

Carboxylic acid 41 (91.2 mg, 0.430 mmol, 1.0 eq) and 1,1'-carbonyldiimidazole (84 mg,
0.52 mmol, 1.2 eq) were suspended in anhydrous DMSO (1.0 mL) under N, atmosphere. The
reaction mixture was stirred at 70 °C for 2 h and at room temperature for 16 h. Then a solution
of benzamidoxime (47) (64 mg, 0.47 mmol, 1.1 eq) in anhydrous DMSO (0.2 mL) was added
dropwise to the activated carboxylic acid (Rr = 0.16, 40% ethyl acetate in hexanes). The
mixture was stirred for further 6 h at 70 °C and for 16 h at room temperature, before NaOH
(21 mg, 0.52 mmol, 1.2 eq) was added. After stirring for 2 h, the reaction mixture was diluted
with cold water (20 mL) and sat. aq. NaCl solution (30 mL) and extracted with ethyl acetate
(3 x 50 mL). The combined organic layers were dried over Na>SOy, filtered and concentrated
in vacuo. The crude product was purified by flash column chromatography (15% — 20% ethyl

acetate in hexanes) to give oxadiazole 48 as white solid (62.1 mg, 0.199 mmol, 46%).
Rt = 0.65 (40% ethyl acetate in hexanes).
Melting point = 218 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 10.00 (s, 1H, NH), 8.68 (d, J = 5.0 Hz, 1H, 3-H),
8.29 — 8.25 (m, 2H, 2“-H, 6“-H), 8.17 (dd, J = 8.0, 1.0 Hz, 1H, 5-H), 8.15 (d, J = 5.0 Hz, 1H,
4-H), 7.68 (dt, J = 8.2, 1.2 Hz, 1H, 8-H), 7.65 (ddd, J = 8.2, 6.7, 1.2 Hz, 1H, 7-H), 7.60 — 7.56
(m, 3H, 3“-H, 4“-H, 5“-H), 7.36 (ddd, J = 8.0, 6.7, 1.3 Hz, 1H, 6-H).

13C NMR (126 MHz, chloroform-d) & (ppm) = 173.8 (C-5°), 168.8 (C-3‘), 140.8 (C-8a), 140.0
(C-3), 135.3 (C-9a), 131.7 (C-4“), 131.4 (C-4a), 129.8 (C-7), 129.1 (C-3, C-5“), 127.8 (C-2",
C-6“), 126.7 (C-1%), 125.8 (C-1), 122.2 (C-5), 121.3 (C-4b), 121.2 (C-6), 118.4 (C-4), 112.2
(C-8).

IR (ATR) v (cm™) = 3410, 3241, 1628, 1556, 1446, 1358, 1246, 1220, 1185, 1072, 847, 736,
696, 686.

HRMS (El) (m/z) = calculated for C19H12N4O* [M]™* 312.1006, found 312.1007.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

2-Phenyl-5-(9H-pyrido[3,4-blindol-1-yl)-1,3,4-oxadiazole (50)*43

C19H12N4O
M, = 312.33 g/mol
Similar to literature®*®, aldehyde 36 (98.1 mg, 0.500 mmol, 1.0 eq) and benzoic acid hydrazide
(72.9 mg, 0.525 mmol, 1.05 eq) were dissolved in methanol (6.0 mL) and the reaction mixture
was stirred at 75 °C for 1 h. The solvent was removed in vacuo and the crude hydrazone 49
(Rt = 0.04, 40% ethyl acetate in hexanes) was redissolved in DMSO (3.0 mL). Then Cs,CO3
(489 mg, 1.50 mmol, 3.0 eq) and iodine (190 mg, 0.750 mmol, 1.5 eq) were added, the mixture
was stirred at 90 °C for 1 h and, after cooling to room temperature, diluted with cold water
(10 mL) and sat. ag. Na»S,03 solution (10 mL). It was extracted with ethyl acetate (3 x 30 mL)
and the combined organic layers were dried over Na>SOu, filtered and concentrated in vacuo.
The crude product was purified by flash column chromatography (20% — 25% ethyl acetate
in hexanes) to give oxadiazole 50 as white solid (98.2 mg, 0.314 mmol, 63%).

R = 0.20 (20% ethyl acetate in hexanes).
Melting point = 237 °C (Iit.[}431 209 — 211 °C).

H NMR (500 MHz, chloroform-d) & (ppm) = 10.22 (s, 1H, NH), 8.66 (d, J = 5.1 Hz, 1H, 3-H),
8.32 — 8.29 (m, 2H, 2'-H, 6°-H), 8.18 (dq, J = 7.9, 0.9 Hz, 1H, 5-H), 8.12 (dd, J = 5.0, 0.8 Hz,
1H, 4-H), 7.65-7.62 (m, 2H, 7-H, 8-H), 7.60 — 7.54 (m, 3H, 3‘-H, 4‘-H, 5'-H), 7.35 (ddd, J = 8.0,
5.0, 3.1 Hz, 1H, 6-H).

13C NMR (126 MHz, chloroform-d) & (ppm) = 165.0 (C-2'), 164.0 (C-5), 140.9 (C-8a), 139.5
(C-3), 134.9 (C-9a), 132.3 (C-4), 130.8 (C-4a), 129.6 (C-7), 129.2 (C-3, C-5), 127.6 (C-2',
C-6'), 125.9 (C-1), 123.6 (C-1%), 122.1 (C-5), 121.3 (C-4b), 121.0 (C-6), 117.4 (C-4), 112.3
(C-8).

IR (ATR) 7 (cm™) = 3411, 3062, 1629, 1538, 1492, 1449, 1431, 1397, 1318, 1283, 1250, 1224,
744,722, 687.

HRMS (El) (m/z) = calculated for C19H12N4O* [M]™ 312.1006, found 312.1003.
Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(Phenylethynyl)-9H-pyrido[3,4-blindole (51)

C19H12N2

M, = 268.32 g/mol

Following General Procedure la, bromide 8 (98.8 mg, 0.400 mmol, 1.0 eq), Cul (16 mg,
0.084 mmol, 0.2 eq), Pd(dppf)Cl. (15 mg, 0.020 mmol, 0.05 eq) and phenylacetylene
(0.060 mL, 0.55 mmol, 1.4 eq, dissolved in 0.6 mL anhydrous THF) were used in anhydrous
triethylamine (2.4 mL) and anhydrous THF (2.0 mL). After stirring for 18 h, the reaction was
completed. The celite pad was washed with ethyl acetate (50 mL) and the extraction was
performed with sat. ag. NaCl solution (50 mL) and ethyl acetate (3 x 25 mL). The crude product
was purified two times by flash column chromatography (15% — 20% ethyl acetate in hexanes,

methylene chloride) to give alkyne 51 as pale yellow solid (74.1 mg, 0.276 mmol, 69%).
Rt = 0.16 (20% ethyl acetate in hexanes).
Melting point = 229 °C.

'H NMR (500 MHz, methylene chloride-d2) & (ppm) = 8.99 (s, 1H, NH), 8.49 (s, 1H, 3-H),
8.17 (dt, J =8.0, 0.9 Hz, 1H, 5-H), 7.97 (d, J = 5.0 Hz, 1H, 4-H), 7.65 - 7.61 (m, 3H, 8-H, 2“-H,
6“-H), 7.60 (ddd, J = 8.2, 6.7, 1.2 Hz, 1H, 7-H), 7.42 — 7.37 (m, 3H, 3“-H, 4“-H, 5“-H), 7.33
(ddd, J = 8.0, 6.6, 1.4 Hz, 1H, 6-H).

13C NMR (126 MHz, methylene chloride-d2) & (ppm) = 140.8 (C-8a), 140.4 (C-3), 138.1
(C 9a), 132.5 (C-2”, C-6”), 129.7 (C-4”), 129.4 (C-7), 129.3 (C-4a), 129.1 (C-3”, C-5"), 127.3
(C-1), 122.7 (C-1"), 122.5 (C-5), 122.3 (C-4b), 121.0 (C-6), 115.3 (C-4), 112.3 (C-8), 94.4
(C 2'), 85.8 (C-1').

IR (ATR) 7 (cm™) = 3054, 2208, 1625, 1560, 1499, 1492, 1453, 1427, 1276, 1239, 826, 742,
687.

HRMS (EI) (m/z) = calculated for C1gH12N2 " [M]* 268.0995, found 268.0995.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

(3-Phenylisoxazol-5-yl)methanol (52)144

C10H9NO>
M, = 175.19 g/mol
Propargyl alcohol (0.76 mL, 13 mmol, 1.3 eq) and N-hydroxybenzimidoyl chloride (1.56 g,
10.0 mmol, 1.0 eq) were dissolved in methylene chloride (20 mL). The solution was stirred at
0 °C, while triethylamine (1.53 mL, 11.0 mmol, 1.1 eq) was added dropwise over 30 min. After
stirring the reaction mixture at room temperature for 16 h, water (20 mL) was added and the
phases were separated. The aq. phase was further extracted with methylene chloride
(2 x 20 mL) and the combined organic layers were dried using a phase separation filter. The
solvent was removed in vacuo and the crude product purified two times by flash column
chromatography (20% ethyl acetate in hexanes, 1% methanol in methylene chloride) to give
isoxazole 52 as white solid (1.38 g, 7.88 mmol, 79%).

Rt = 0.18 (20% ethyl acetate in hexanes).
Melting point = 54 °C (lit.144 52 — 54 °C).

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.81 — 7.76 (m, 2H, 2'-H, 6'-H), 7.48 — 7.42 (m,
3H, 3-H, 4-H, 5"-H), 6.56 (d, J = 0.9 Hz, 1H, 4-H), 4.81 (dd, J = 6.4, 0.8 Hz, 2H, CHy), 2.56 (t,
J =6.4 Hz, 1H, OH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 172.0 (C-5), 162.6 (C-3), 130.3 (C-4’), 129.1
(C-3, C-5), 129.0 (C-1"), 127.0 (C-2', C-6), 100.2 (C-4), 56.7 (CH.).

IR (ATR) v (cm™) = 3244, 3104, 1608, 1405, 1183, 1041, 988, 950, 899, 837, 766, 691.
HRMS (EI) (m/z) = calculated for C10HsNO>™* [M]* 175.0628, found 175.0626.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-Phenylisoxazole-5-carbaldehyde (53)14%

C10H7NO>
r=173.17 g/mol
Similar to literature!’®®, anhydrous DMSO (1.94 mL, 27.3 mmol, 2.6 eq) was dissolved in
anhydrous methylene chloride (40 mL) under N, atmosphere and stirred at -78 °C for 15 min.
Then a solution of oxalyl chloride (1.16 mL, 13.7 mmol, 1.3 eq) in anhydrous methylene
chloride (7.0 mL) was added slowly and the reaction mixture was stirred at -78 °C for 15 min,
before a solution of alcohol 52 (1.84 g, 10.5 mmol, 1.0 eq) in anhydrous methylene chloride
(14 mL) was added dropwise. After stirring the mixture at -78°C for 1 h, anhydrous triethylamine
(6.22 mL, 44.6 mmol, 4.25 eq) was added. The reaction mixture was warmed to room
temperature and stirred for 1 h. After addition of sat. ag. NaHCO3; solution (80 mL), it was
extracted with methylene chloride (3 x 60 mL) and the combined organic layers were dried
using a phase separation filter. The solvent was removed in vacuo and the crude product
purified by flash column chromatography (10% ethyl acetate in hexanes) to give aldehyde 53
as white solid (1.52 g, 8.77 mmol, 84%).

Rt = 0.59 (20% ethyl acetate in hexanes).
Melting point = 70 °C (lit.14% 73 — 74 °C).

!H NMR (400 MHz, chloroform-d) & (ppm) = 10.04 (s, 1H, CHO), 7.87 — 7.83 (m, 2H, 2'-H,
6’-H), 7.52 — 7.49 (m, 3H, 3'-H, 4’-H, 5’-H), 7.29 (s, 1H, 4-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 178.5 (CHO), 166.3 (C-5), 163.2 (C-3), 130.8
(C-4’), 129.2 (C-3', C-5'), 127.7 (C-1’), 126.9 (C-2’, C-6'), 106.5 (C-4).

IR (ATR) v (cm™) = 2963, 1702, 1574, 1439, 1368, 1278, 1175, 1082, 927, 828, 165, 690.
HRMS (EI) (m/z) = calculated for C10H;NO2™* [M]* 173.0472, found 173.0472.

Purity (HPLC, method 3) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-Phenyl-5-(2,3,4,9-tetrahydro-1H-pyrido[3,4-blindol-1-yl)isoxazole (54)

C20H17N30

M, = 315.37 g/mol

3-Phenylisoxazole-5-carbaldehyde (53) (86.6 mg, 0.500 mmol, 1.0 eq) and tryptamine
(80.1 mg, 0.500 mmol, 1.0 eq) were dissolved in anisole (5.0 mL). The solution was stirred at
120 °C for 2 h and, after cooling to room temperature, the solvent was removed in vacuo. The
crude product was purified by flash column chromatography (50% ethyl acetate in hexanes)
and subsequent recrystallization (from ethyl acetate) to give tetrahydro-B-carboline 54 as pale

rose crystals (98.8 mg, 0.313 mmol, 63%).
Rt = 0.16 (50% ethyl acetate in hexanes).
Melting point = 192 °C.

IH NMR (400 MHz, DMSO-dg) & (ppm) = 10.84 (s, 1H, 9-NH), 7.89 — 7.84 (m, 2H, 2"-H, 6”-H),
7.52 — 7.46 (m, 3H, 3"-H, 4”-H, 5"-H), 7.44 (dd, J = 7.8, 1.1 Hz, 1H, 5-H), 7.31 (dt, J = 8.0,
1.0 Hz, 1H, 8-H), 7.06 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H, 7-H), 6.98 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H,
6-H), 6.80 (s, 1H, 4’-H), 5.39 (s, 1H, 1-H), 3.16 (s, 1H, 2-NH), 3.12 — 3.00 (m, 2H, 3-H), 2.69
(t, J = 5.6 Hz, 2H, 4-H).

13C NMR (101 MHz, DMSO-d¢) & (ppm) = 174.2 (C-5'), 161.6 (C-3’), 135.9 (C-8a), 131.3
(C-9a), 130.1 (C-4"), 129.1 (C-3”, C-5"), 128.7 (C-1"), 126.6 (C-4b), 126.6 (C-2”, C-6”), 121.1
(C-7), 118.4 (C-6), 117.8 (C-5), 111.3 (C-8), 108.8 (C-4a), 100.4 (C-4"), 48.6 (C-1), 40.2 (C-3,
collapses with DMSO peak), 21.9 (C-4).

IR (ATR) 7 (cm™) = 3328, 1598, 1578, 1454, 1403, 1306, 1265, 1114, 924, 856, 829, 772, 746,
692.

HRMS (EI) (m/z) = calculated for C2oH1sN3O* [M+H]* 316.1445, found 316.1448.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

4-Phenylfuran-2-carbaldehyde (55)*54

Ci11HgO2

M, =172.18 g/mol

Following General Procedure Vla, 4-bromofuran-2-carboxaldehyde (350 mg, 2.00 mmol,

1.0 eq), phenylboronic acid (293 mg, 2.40 mmol, 1.2 eq), Cs.CO3 (1.63 g, 5.00 mmol, 2.5 eq)

and Pd(PPhs)s (119 mg, 0.100 mmol, 0.05 eq) were used in degassed 1,4-dioxane/water

(30 mL). The crude product was purified by flash column chromatography (4% ethyl acetate in
hexanes) to give biaryl 55 as yellow oil (249 mg, 1.45 mmol, 72%).

Rt = 0.24 (5% ethyl acetate in hexanes).

H NMR (500 MHz, chloroform-d) & (ppm) =9.71 (d, J= 0.7 Hz, 1H, CHO), 7.95 (t, J = 0.8 Hz,
1H, 5-H), 7.53 — 7.50 (m, 3H, 3-H, 2'-H, 6°-H), 7.45 — 7.41 (m, 2H, 3'-H, 5-H), 7.37 — 7.33 (m,
1H, 4'-H).

13C NMR (126 MHz, chloroform-d) & (ppm) = 178.3 (CHO), 153.7 (C-2), 143.8 (C-5), 130.6
(C-1"), 129.5 (C-4), 129.3 (C-3', C-5'), 128.3 (C-4’), 126.1 (C-2’, C-6’), 119.0 (C-3).

IR (ATR) 7 (cm) = 3129, 1763, 1674, 1522, 1477, 1334, 1147, 1049, 942, 926, 755, 691.
HRMS (El) (m/z) = calculated for C11HgO,* [M]* 172.0519, found 172.0517.

Purity (HPLC, method 2e) > 81% (A = 210 nm), > 92% (A = 254 nm).
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EXPERIMENTAL PART

4-Phenylthiophene-2-carbaldehyde (56)E%

C11HsOS

M, = 188.24 g/mol

Following General Procedure Vla, 4-bromothiophene-2-carboxaldehyde (382 mg, 2.00 mmol,
1.0 eq), phenylboronic acid (293 mg, 2.40 mmol, 1.2 eq), Cs.CO3 (1.63 g, 5.00 mmol, 2.5 eq)
and Pd(PPhs)s (119 mg, 0.100 mmol, 0.05 eq) were used in degassed 1,4-dioxane/water
(30 mL). The crude product was purified by flash column chromatography (5% ethyl acetate in

hexanes) to give biaryl 56 as pale yellow solid (343 mg, 1.82 mmol, 91%).
Rt = 0.18 (5% ethyl acetate in hexanes).
Melting point = 69 °C (lit.B°Y 68 — 69 °C).

H NMR (400 MHz, chloroform-d) & (ppm) =9.98 (d, J = 1.3 Hz, 1H, CHO), 8.04 (d, J= 1.5 Hz,
1H, 3-H), 7.86 (t, J = 1.4 Hz, 1H, 5-H), 7.61 — 7.57 (m, 2H, 2'-H, 6°-H), 7.47 — 7.42 (m, 2H, 3'-H,
5-H), 7.39 — 7.34 (m, 1H, 4‘-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 183.1 (CHO), 144.6 (C-2), 143.8 (C-4), 134.9
(C-3), 134.5 (C-1"), 129.8 (C-5), 129.2 (C-3’, C-5'), 128.2 (C-4’), 126.5 (C-2', C-6').

IR (ATR) 7 (cm™) = 2836, 1669, 1536, 1430, 1368, 1244, 1190, 1175, 1156, 859, 757, 696.
HRMS (El) (m/z) = calculated for C1;HsOS™ [M]"* 188.0291, found 188.0290.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(4-Phenylfuran-2-yl)-9H-pyrido[3,4-b]indole (58)

C2:1H1aN20

M, = 310.36 g/mol

Following General Procedure 1V, 4-phenylfuran-2-carbaldehyde (55) (86.1 mg, 0.500 mmol,

1.0 eq), tryptamine (80.1 mg, 0.500 mmol, 1.0 eq) and palladium on carbon (10 wt.%, 266 mg,

0.250 mmol, 0.5 eq) were used in anisole (5.0 mL). The celite pad was washed with methanol

(50 mL). The crude product was purified two times by flash column chromatography (10%

— 15% ethyl acetate in hexanes, 100% methylene chloride) to give B-carboline 58 as yellow
solid (28.0 mg, 0.0902 mmol, 18%).

Rt = 0.27 (20% ethyl acetate in hexanes).
Melting point = 170 °C.

'H NMR (500 MHz, methylene chloride-d2) & (ppm) = 9.49 (s, 1H, NH), 8.45 (d, J = 5.1 Hz,
1H, 3-H), 8.17 (dd, J = 7.8, 1.1 Hz, 1H, 5-H), 8.04 (d, J = 0.9 Hz, 1H, 5-H), 7.92 (d, J = 5.2 Hz,
1H, 4-H), 7.66 — 7.63 (m, 3H, 8-H, 2"-H, 6-H), 7.62 — 7.58 (m, 2H, 7-H, 3*-H), 7.46 — 7.42 (m,
2H, 3“-H, 5*-H), 7.35 - 7.31 (m, 2H, 6-H, 4“-H).

13C NMR (126 MHz, methylene chloride-d;) & (ppm) = 156.2 (C-2°), 141.1 (C-8a), 139.6 (C-3),
139.2 (C-5'), 133.7 (C-1), 132.3 (C-1“), 132.0 (C-9a), 130.7 (C-4a), 129.5 (C-3“, C-5%), 129.3
(C-4%), 129.2 (C-7), 128.1 (C-4“), 126.5 (C-2“, C-6), 122.2 (C-5), 121.8 (C-4b), 120.7 (C-6),
114.4 (C-4), 112.2 (C-8), 107.8 (C-3°).

IR (ATR) ¥ (cm™) = 3055, 1627, 1564, 1450, 1420, 1316, 1232, 929, 822, 742.
HRMS (El) (m/z) = calculated for C1H14N>O* [M]™* 310.1101, found 310.1101.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(4-Phenylthiophen-2-yl)-9H-pyrido[3,4-b]indole (59)

C21H14N2S

M, = 326.42 g/mol

Following General Procedure 1V, 4-phenylthiophene-2-carbaldehyde (56) (94.1 mg,

0.500 mmol, 1.0 eq), tryptamine (80.1 mg, 0.500 mmol, 1.0 eq) and palladium on carbon

(10 wt.%, 266 mg, 0.250 mmol, 0.5 eq) were used in anisole (5.0 mL). The celite pad was

washed with methanol (50 mL). The crude product was purified by flash column

chromatography (5% — 10% ethyl acetate in hexanes) and subsequent recrystallization (from

methylene chloride/hexanes) to give B-carboline 59 as pale yellow solid (38.1 mg, 0.117 mmol,
23%).

Rt = 0.44 (20% ethyl acetate in hexanes).
Melting point = 174 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 8.86 (s, 1H, NH), 8.52 (d, J = 5.2 Hz, 1H, 3-H),
8.15 (dg, J = 7.9, 0.9 Hz, 1H, 5-H), 7.98 (d, J = 1.4 Hz, 1H, 3-H), 7.91 (dd, J = 5.2, 0.7 Hz, 1H,
4-H), 7.65-7.61 (m, 2H, 2”-H, 6”-H), 7.58 (dd, J = 4.6, 1.1 Hz, 3H, 7-H, 8-H, 5’-H), 7.43 - 7.38
(m, 2H, 3”-H, 5”-H), 7.36 — 7.29 (m, 2H, 6-H, 4”-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 143.6 (C-2’ or C-4’), 143.4 (C-2’ or C-4’), 140.7
(C-8a), 139.5 (C-3), 137.1 (C-1), 135.8 (C-1"), 132.5 (C-9a), 130.7 (C-4a), 129.0 (C-3”, C-57),
128.9 (C-7), 127.6 (C-4”), 126.6 (C-2", C-6”), 124.4 (C-3’), 122.2 (C-5), 122.1 (C-4b), 121.9
(C-5), 120.8 (C-6), 114.1 (C-4), 112.0 (C-8).

IR (ATR) Vv (cm™) = 3058, 1625, 1562, 1471, 1454, 1322, 1255, 1233, 883, 826, 744, 728.
HRMS (El) (m/z) = calculated for C>1H14NS™ [M]* 326.0873, found 326.0855.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

4-Phenyl-1H-imidazole-2-carbaldehyde (62)1**

C10HsN20
M, = 172.19 g/mol
Similar to literaturel*®¥, phenylglyoxal monohydrate (152 mg, 1.00 mmol, 1.0 eq) was dissolved
in methanol (1.7 mL). Then 2,2-dimethoxyacetaldehyde solution (60% in water, 0.347 mL,
2.30 mmol, 2.3 eq) and a solution of ammonium acetate (301 mg, 3.90 mmol, 3.9 eq) in
methanol (1.7 mL) were added and the reaction mixture was stirred at room temperature for
16 h, before the solvent was removed in vacuo.
The residue, containing the crude dimethyl acetal (R; = 0.66, 40% ethyl acetate in hexanes;
HRMS (El) (m/z) = calculated for Ci2H1aN202* [M]* 218.1050, found 218.1060), was
resuspended in ag. HCI (2 M, 2.5 mL) and stirred at 80 °C for 30 min. After cooling to room
temperature, the mixture was diluted with water (3.0 mL) and extracted with ethyl acetate
(5.0 mL). The organic phase was discarded, the aq. phase basified with aq. NaOH solution
(9 M, 1.0 mL) and extracted with ethyl acetate (3 x 20 mL). The combined organic layers dried
using a phase separation filter and the solvent was removed in vacuo to give sufficiently pure
imidazole 62 as light brown solid (107 mg, 0.624 mmol, 62%).

Rt = 0.26 (20% ethyl acetate in toluene).
Melting point = 174 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 13.71 (s, 1H, NH), 9.69 (s, 1H, CHO), 8.03 (s, 1H,
5-H), 7.96 — 7.84 (m, 2H, 2“-H, 6“-H), 7.42 (dd, J = 8.3, 7.0 Hz, 2H, 3“-H, 5“-H), 7.30 (t,
J=7.4Hz, 1H, 4“-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 181.2 (CHO), 146.2 (C-2), 142.2 (C-4), 132.5 (C-1°),
128.7 (C-3', C-5'), 127.5 (C-4'), 125.0 (C-2", C-6'), 122.1 (C-5).

IR (ATR) 7 (cm™) = 2830, 2679, 1511, 1467, 1371, 1307, 1283, 1171, 1085, 962, 901, 846,
748, 694.

HRMS (El) (m/z) = calculated for C10HsN2O™* [M]* 172.0632, found 172.0631.

Purity (HPLC, method 3) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-(5-Phenyl-1H-imidazol-2-y)-9H-pyrido[3,4-b]indole (60)

C20H14N4
M, = 310.36 g/mol
Similar to General procedure 1V, 4-phenyl-1H-imidazole-2-carbaldehyde (62) (172 mg,
1.00 mmol, 1.0 eq) and tryptamine (160 mg, 1.00 mmol, 1.0 eq) were suspended in anisole
(45 mL) and the solution was stirred at 155 °C for 2 h. After cooling to room temperature,
palladium on carbon (10 wt.%, 266 mg, 0.250 mmol, 0.25 eq) was added. The reaction mixture
was stirred at 160 °C for 40 h and, after cooling to room temperature, filtered through a pad of
celite. The pad was washed with methanol (100 mL) and the filtrate concentrated in vacuo.
The crude product was purified two times by flash column chromatography (15% — 20% ethyl
acetate in hexanes, 50% methylene chloride in chloroform) to give B-carboline 60 as yellow
solid (59.4 mg, 0.191 mmol, 19%).

Rt = 0.37 (20% ethyl acetate in toluene).
Melting point =213 °C.

'H NMR (400 MHz, DMSO-dg, 373 K) & (ppm) = 12.84 (s, 1H, 1*-NH), 11.18 (s, 1H, 9-NH),
8.44 (d, J = 5.2 Hz, 1H, 3-H), 8.26 (d, J = 7.9 Hz, 1H, 5-H), 8.21 — 8.05 (m, 3H, 4-H, 2“-H,
6“-H), 7.97 (d, J =8.3 Hz, 1H, 8-H), 7.74 (s, 1H, 4'-H), 7.60 (t, J = 7.8 Hz, 1H, 7-H), 7.49 — 7.42
(m, 2H, 3"“-H, 5“-H), 7.34 — 7.26 (m, 2H, 6-H, 4“-H). (Tautomeric ratio 1:5 according to *H NMR
in DMSO-ds at 293 K.)

13C NMR (101 MHz, DMSO-ds, 373 K) & (ppm) = 145.6 (C-2'), 141.6 (C-5°), 140.5 (C-8a),
137.2 (C-3), 134.0 (C-1%), 132.0 (C-1 or C-9a), 131.8 (C-1 or C-9a), 128.7 (C-4a), 127.8 (C-3",
C-5%), 127.7 (C-7), 125.9 (C-4“), 124.6 (C-2*, C-6), 121.0 (C-5), 120.4 (C-4b), 119.2 (C-6),
114.0 (C-4'), 113.7 (C-4), 112.5 (C-8).

IR (ATR) 7 (cm™) = 3349, 3195, 1574, 1552, 1494, 1453, 1443, 1398, 1319, 1249, 1123, 746,
718, 689.

HRMS (ESI) (m/z) = calculated for CoH1sN4™ [M+H]* 311.1292, found 311.1292.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-Nitro-1-(9H-pyrido[3,4-b]indol-1-yl)ethan-1-one (65)

C13HoN3Os3
M, = 255.23 g/mol
Carboxylic acid 41 (424 mg, 2.00 mmol, 1.0 eq) and 1,1'-carbonyldiimidazole (389 mg, 2.40
mmol, 1.2 eq) were suspended in anhydrous THF (15 mL) under N, atmosphere and the
reaction mixture was stirred at 70 °C for 2 h (= activated carboxylic acid; Rs = 0.16, 40% ethyl
acetate in hexanes). In another flask, sodium hydride (60% dispersion in mineral oil, 96 mg,
2.4 mmol, 1.2 eq) was suspended in anhydrous THF (4.0 mL), cooled to 0 °C and nitromethane
(dried over 4 A molecular sieves, 0.13 mL, 2.4 mmol, 1.2 eq) was slowly added. The mixture
was stirred for 1 h at room temperature, then the activated carboxylic acid was, still slightly
warm, added dropwise to the nitromethane anion and the mixture was stirred at 70 °C for 5 h
and at room temperature for further 16 h. It was diluted with water (100 mL), extracted with
methylene chloride (3 x 50 mL) and these organic phases were discarded. The pH of the aqg.
phase was adjusted to 1 with aq. HCI (1 M) and it was extracted with methylene chloride (3 x 50
mL). These combined organic layers were dried over Na>SOy, filtered and concentrated in
vacuo to give pure a-nitro ketone 65 as yellow solid (313 mg, 1.23 mmol, 61%).

R = 0.64 (40% ethyl acetate in hexanes).
Melting point = 170 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 12.13 (s, 1H, NH), 8.55 (d, J = 4.9 Hz, 1H, 4-H), 8.53
(d, J = 4.9 Hz, 1H, 3-H), 8.34 (d, J = 7.9 Hz, 1H, 5-H), 7.80 (d, J = 8.2 Hz, 1H, 8-H), 7.63 (t,
J=17.7Hz, 1H, 7-H), 7.34 (t, J = 7.5 Hz, 1H, 6-H), 6.56 (s, 2H, CH,).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 189.6 (CO), 142.1 (C-8a), 137.8 (C-3), 134.4 (C-9a),
133.1 (C-1), 131.6 (C-4a), 129.4 (C-7), 122.1 (C-5), 120.8 (C-4), 120.7 (C-6), 119.8 (C-4b),
113.1 (C-8), 82.1 (CHy).

IR (ATR) 7 (cm™) = 3418, 3014, 1690, 1546, 1493, 1434, 1321, 1290, 1206, 1131, 1109, 1014,
999, 742.

HRMS (ESI) (m/z) = calculated for C1sHsN3Os™ [M-H] 254.0571, found 254.0573.

Purity (HPLC, method 1d) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 3-(1-bromo-9H-pyrido[3,4-b]lindol-9-yl)acrylate (68)

4b 4a /—=
8a N 9a

I,

1"
o/\o

C16H13BrN20>
M, = 345.20 g/mol
Following General Procedure la, bromide 8 (98.8 mg, 0.400 mmol, 1.0 eq), Cul (16 mg,
0.084 mmol, 0.2 eq), Pd(dppf)Cl. (15 mg, 0.020 mmol, 0.05 eq) and ethyl propiolate (0.093 mL,
0.66 mmol, 2.0 eq, dissolved in 0.3 mL anhydrous THF) were used in anhydrous triethylamine
(1.5 mL) and anhydrous THF (1.2 mL). After stirring for 16 h, the reaction was completed. The
celite pad was washed with ethyl acetate (20 mL) and the extraction was performed with water
(15 mL) and ethyl acetate (3 x 15 mL). The crude product was purified by flash column
chromatography (10% — 15% ethyl acetate in hexanes) to give alkene 68 as an E/Z mixture
(E/Z ratio 1.0:0.27 determined via *H NMR spectrum) as yellow solid (105 mg, 0.304 mmol,
76%).

Rt = 0.44 (20% ethyl acetate in hexanes).
Melting point = 70 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 9.39 (d, J = 14.1 Hz, 1H, 3‘-H (E)), 8.30 (d,
J =5.0 Hz, 1H, 3-H (E)), 8.25 (d, J = 5.1 Hz, 1H, 3-H (2)), 8.11 — 8.05 (m, 2H, 5-H (E), 5-H
(2)), 7.93-7.87 (m, 3H, 4-H (2), 4-H (E), 8-H (E)), 7.79 (d, J = 8.7 Hz, 1H, 3'-H (2)), 7.66 (ddd,
J=8.5, 7.2, 1.3 Hz, 1H, 7-H (E)), 7.57 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, 7-H (2)), 7.43 (ddd,
J=8.0,7.2,0.8 Hz, 1H, 6-H (E)), 7.32 (dt, J = 8.3, 0.9 Hz, 1H, 8-H (Z)), 7.34 (ddd, J = 8.0, 7.2,
0.9 Hz, 1H, 6-H (2)), 6.32 (d, J = 14.1 Hz, 1H, 2'-H (E)), 6.26 (d, J = 8.7 Hz, 1H, 2°-H (2)), 4.34
(q,J=7.2Hz, 2H, CHz (E)), 3.93 (q, J = 7.1 Hz, 2H, CH (2)), 1.39 (t, J = 7.1 Hz, 3H, CHs (E)),
0.86 (t, J = 7.1 Hz, 3H, CHs (2)).

13C NMR (101 MHz, chloroform-d) & (ppm) = 166.9 (C-1° (E)), 164.1 (C-1° (2)), 141.7 (C-3
(E)), 140.9 (C-8a (2)), 140.5 (C-3 (2)), 140.0 (C-8a (E)), 138.8 (C-3‘ (E)), 134.9 (C-3‘ (2)),
134.5 (C-9a (2)), 133.9 (C-9a (E)), 133.7 (C-4a (E)), 132.6 (C-4a (2)), 130.2 (C-7 (E)), 129.3
(C-7 (2)), 124.3 (C-1 (E)), 124.2 (C-1 (2)), 123.3 (C-6 (E)), 123.1 (C-4b (E)), 122.0 (C-5 or C-6
(2)), 121.9 (C-5 (E)), 121.7 (C-4b (2)), 121.7 (C-5 or C-6 (2)), 118.1 (C-2* (2)), 114.4 (C-4 (2)),
114.3 (C-4 (E)), 113.6 (C-8 (E)), 112.0 (C-8 (2)), 108.7 (C-2" (E)), 60.9 (CH: (E)), 60.8 (CH.
(2)), 14.5 (CHs (E)), 13.8 (CHs (2)).
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IR (ATR) v (cm™) = 2925, 1712, 1638, 1536, 1415, 1217, 1172, 1148, 1130, 1025, 969, 956,
771, 746.

HRMS (ESI) (m/z) = calculated for C1sH14"°BrN,O2* [M+H]* 345.0234, found 345.0234.

Purity (HPLC) n.d.
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1-Bromo-9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indole (69)

6

5 4 3
4bd4a /—=
7
\ N
8 8a N 9a

1
) Br

\
/

Ci17H2:BrNOSi

r = 377.36 g/mol

Following General Procedure Vlla, B-carboline 8 (1.98 g, 8.00 mmol, 1.0 eq), lithium
bis(trimethylsilyl)amide (1 m in THF, 8.80 mL, 8.80 mmol, 1.1 eq) and SEM chloride (1.56 mL,
8.80 mmol, 1.1 eq) were used in anhydrous DMF (10 mL). The extraction was performed with
sat. ag. NaCl solution (100 mL) and ethyl acetate (3 x 100 mL) and the crude product was
purified by flash column chromatography (5% — 10% ethyl acetate in hexanes) to give N-SEM
derivative 69 as pale yellow oil (2.97 g, 7.87 mmol, 98%), which solidified in the cold (2 — 8°C).

Rt = 0.59 (20% ethyl acetate in hexanes).
Melting point = 70 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.25 (d, J = 5.1 Hz, 1H, 3-H), 8.11 (dt, J = 8.0,
1.0 Hz, 1H, 5-H), 7.94 (d, J = 5.1 Hz, 1H, 4-H), 7.67 (dt, J = 8.2, 1.1 Hz, 1H, 8-H), 7.64 (ddd,
J=8.4,6.8, 1.2 Hz, 1H, 7-H), 7.36 (ddd, J = 7.9, 6.7, 1.2 Hz, 1H, 6-H), 6.20 (s, 2H, NCHy),
3.69 — 3.56 (m, 2H, OCH), 0.93 — 0.86 (m, 2H, SiCH>), -0.09 (s, 9H, Si(CHz)3).

13C NMR (101 MHz, chloroform-d) & (ppm) = 142.5 (C-8a), 139.6 (C-3), 134.3 (C-9a), 132.7
(C-4a), 129.4 (C-7), 123.3 (C-1), 121.6 (C-5), 121.5 (C-6), 121.2 (C-4b), 114.5 (C-4), 111.3
(C-8), 72.2 (NCH>), 65.9 (OCHy), 18.2 (SiCH>), -1.3 (Si(CHz)z3).

IR (ATR) 7 (cm™) = 2949, 2923, 2882, 1619, 1534, 1487, 1477, 1433, 1424, 1298, 1218, 1073,
1053, 960, 857, 830.

HRMS (ESI) (m/z) = calculated for C17H22."°BrN.OSi* [M+H]*" 377.0680, found 377.0683.

Purity (HPLC, method 2a) > 92% (A = 210 nm), > 92% (A = 254 nm).
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1-Ethynyl-9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol (72)

C19H22N20Si
r = 322.48 g/mol
Following General Procedure la, bromide 69 (2.26 g, 5.98 mmol, 1.0 eq), Cul (239 mg,
1.26 mmol, 0.2 eq), Pd(dppf)Cl: (223 mg, 0.305 mmol, 0.05 eq) and trimethylsilylacetylene
(1.27 mL, 8.97 mmol, 1.5 eq, dissolved in 6.0 mL anhydrous THF) were used in anhydrous
triethylamine (18 mL) and anhydrous THF (14 mL). After stirring for 16 h, the reaction was
completed. The celite pad was washed with ethyl acetate (150 mL) and the extraction was
performed with sat. aq. NaCl solution (100 mL) and ethyl acetate (3 x 100 mL).
The crude TMS-protected intermediate (R: = 0.57, 20% ethyl acetate in hexanes; HRMS (El)
(m/z) = calculated for CyH3zN20Si>™ [M]* 394.1892, found 394.1898) was desilylated,
following General Procedure Il, with K2COs (3.26 g, 20.0 mmol, 3.3 eq) in methanol (50 mL).
The crude product was purified by flash column chromatography (15% ethyl acetate in

hexanes) to give terminal alkyne 72 as amber oil (1.69 g, 5.25 mmol, 88% over two steps).
Rt = 0.27 (20% ethyl acetate in hexanes).

H NMR (400 MHz, chloroform-d) & (ppm) = 8.49 (d, J = 5.1 Hz, 1H, 3-H), 8.12 (dt, J = 7.8,
1.0 Hz, 1H, 5-H), 7.98 (d, J = 5.1 Hz, 1H, 4-H), 7.67 (dt, J = 8.4, 1.1 Hz, 1H, 8-H), 7.63 (ddd,
J=28.3, 6.8, 1.2 Hz, 1H, 7-H), 7.35 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H, 6-H), 6.27 (s, 2H, NCH>),
3.66 — 3.60 (m, 3H, OCH,CH>, CCH), 0.91 — 0.85 (m, 2H, SiCHy), -0.11 (s, 9H, Si(CHs)s).

13C NMR (101 MHz, chloroform-d) & (ppm) = 142.1 (C-8a), 140.3 (C-3), 137.0 (C-9a), 130.9
(C-4a), 129.3 (C-7), 124.7 (C-1), 121.7 (C-5), 121.3 (C-4b), 121.3 (C-6), 115.3 (C-4), 111.2
(C-8), 82.6 (CCH), 82.0 (CCH), 72.5 (NCH), 65.9 (OCH2CH>), 18.2 (SiCH), -1.3 (Si(CHz)3).

IR (ATR) 7 (cm™) = 3295, 2951, 2896, 2096, 1621, 1556, 1441, 1420, 1327, 1298, 1282, 1247,
1210, 1066, 1035, 856, 833, 738.

HRMS (EI) (m/z) = calculated for C19H22N,OSi* [M]* 322.1496, found 322.1494.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 3-(9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol-1-yl)propiolate (70)

C22H26N203Si
r = 394.55 g/mol
Terminal alkyne 72 (1.71 g, 5.30 mmol, 1.0 eq) was dissolved in anhydrous THF (10 mL) under
N2 atmosphere and cooled to -78 °C. Then n-butyllithium (2.5 M in hexanes, 2.12 mL,
5.30 mmol, 1.0 eq) was slowly added and the solution was stirred for 45 min. After ethyl
chloroformate (0.507 mL, 5.30 mmol, 1.0 eq) was added dropwise, the reaction mixture was
stirred at -78 °C for 5 h, slowly warmed to room temperature and stirred for further 16 h. Then
the mixture was diluted with water (50 mL) and extracted with ethyl acetate (3 x 50 mL). The
combined organic layers were dried using a phase separation filter, the solvent was removed
in vacuo and the residue purified by flash column chromatography (10% ethyl acetate in
hexanes) to give propiolate 70 as amber oil (1.19 g, 3.02 mmol, 57%).

Rt = 0.28 (20% ethyl acetate in hexanes).

H NMR (400 MHz, chloroform-d) & (ppm) = 8.55 (d, J = 5.0 Hz, 1H, 3-H), 8.13 (dt, J = 7.9,
1.0 Hz, 1H, 5-H), 8.04 (d, J = 5.0 Hz, 1H, 4-H), 7.70 - 7.63 (m, 2H, 7-H, 8-H), 7.37 (ddd, J = 8.0,
6.4, 1.7 Hz, 1H, 6-H), 6.20 (s, 2H, NCH>), 4.35 (g, J = 7.2 Hz, 2H, OCH>CH3), 3.74 — 3.66 (m,
2H, OCH,CH>), 1.38 (t, J = 7.1 Hz, 3H, OCH2CHz3), 0.95 — 0.88 (m, 2H, SiCHz), -0.09 (s, 9H,
Si(CHa)s).

13C NMR (101 MHz, chloroform-d) & (ppm) = 153.7 (CO), 142.2 (C-8a), 140.7 (C-3), 138.3
(C-9a), 131.3 (C-4a), 129.7 (C-7), 122.4 (C-1), 121.8 (C-5), 121.6 (C-6), 121.2 (C-4b), 116.6
(C-4), 111.3 (C-8), 84.6 (CC), 83.1 (CC), 72.9 (NCHy), 66.1 (OCH,CH>), 62.4 (OCH,CH3), 18.1
(SICH,), 14.2 (OCH,CHs), -1.4 (Si(CHs)s).

IR (ATR) 7 (cm™) = 2952, 2898, 2214, 1705, 1621, 1555, 1441, 1421, 1367, 1311, 1275, 1248,
1200, 1067, 1035, 856, 832, 739.

HRMS (EI) (m/z) = calculated for C22H26N203Si™* [M]* 394.1708, found 394.1711.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 3-phenyl-5-(9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol-1-

ylisoxazole-4-carboxylate (73)

C29H31N304Si

M, = 513.67 g/mol

Method A: Following General Procedure llla, alkyne 70 (138 mg, 0.350 mmol, 1.0 eq),

(E)-benzaldehyde oxime (63.6 mg, 0.525 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene

(226 mg, 0.525 mmol, 1.5 eq) were used in methanol/water (3.5 mL). After stirring for additional

16 h, the reaction was completed. The crude product was purified by flash column

chromatography (15% — 20% ethyl acetate in hexanes) to give isoxazole 73 as pale yellow
oil (124 mg, 0.242 mmol, 69%).

Method B: Alkyne 70 (63.1 mg, 0.160 mmol, 1.0 eq) and N-hydroxybenzimidoyl chloride
(50 mg, 0.32 mmol, 2.0 eq) were dissolved in chloroform (2.5 mL). The solution was stirred at
room temperature and triethylamine (0.045 mL, 0.32 mmol, 2.0 eq, dissolved in 0.5 mL
chloroform) was added dropwise over 15 min. After stirring the reaction mixture for 16 h,
N-hydroxybenzimidoy! chloride (25 mg, 0.16 mmol, 1.0 eq) and triethylamine (0.022 mL,
0.16 mmol, 1.0 eq, dissolved in 0.25 mL chloroform) were added again. The reaction mixture
was stirred for further 24 h and then partitioned between water (10 mL) and methylene chloride
(10 mL). The ag. phase was further extracted with methylene chloride (2 x 10 mL) and the
combined organic layers were dried over Na,SO., filtered and concentrated in vacuo. The
crude product was purified two times by flash column chromatography (20% ethyl acetate in
hexanes, 65% methylene chloride in hexanes) to give isoxazole 73 as pale yellow oil (37.0 mg,
0.0720 mmol, 45%).

Rt = 0.23 (20% ethyl acetate in hexanes).

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.65 (d, J = 5.1 Hz, 1H, 3-H), 8.20 (dt, J = 7.9,
1.1 Hz, 1H, 5-H), 8.15 (d, J = 5.1 Hz, 1H, 4-H), 7.85 — 7.81 (m, 2H, 2“-H, 6“-H), 7.66 (ddd,
J=8.3, 6.9, 1.2 Hz, 1H, 7-H), 7.60 (dt, J = 8.3, 0.9 Hz, 1H, 8-H), 7.53 — 7.48 (m, 3H, 3“-H,
4“-H, 5*-H), 7.39 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H, 6-H), 5.43 (s, 2H, NCH>), 3.94 (q, J = 7.1 Hz,
2H, OCH,CHj3), 3.30 — 3.20 (m, 2H, OCH,CH>), 0.79 — 0.72 (m, 2H, SiCH>), 0.68 (t, J = 7.1 Hz,
3H, OCH2CHs), -0.15 (s, 9H, Si(CHj3)3).
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13C NMR (101 MHz, chloroform-d) & (ppm) = 172.2 (C-5%), 162.8 (C-3'), 161.1 (CO), 142.3
(C-8a), 139.6 (C-3), 135.5 (C-9a), 131.6 (C-1), 130.5 (C-4a), 130.3 (C-4“), 129.7 (C-2*, C-6*),
129.6 (C-7), 128.4 (C-3“, C-5%), 128.0 (C-1“), 121.9 (C-5), 121.4 (C-6), 121.4 (C-4b), 116.4
(C-4), 112.0 (C-4‘), 110.6 (C-8), 73.4 (NCH), 66.0 (OCH,CHx), 60.8 (OCH,CHs), 17.7 (SiCH2),
13.4 (OCH,CHs), -1.4 (Si(CHs)s).

IR (ATR) 7 (cm™) = 2952, 2896, 1726, 1622, 1554, 1444, 1418, 1248, 1213, 1138, 1100, 1071,
1024, 857, 834, 741.

HRMS (EI) (m/z) = calculated for C2oHs1NsO4Si* [M]* 513.2079, found 513.2058.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 3-phenyl-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole-4-carboxylate (74)

C23H17N30s3

M, = 383.41 g/mol

Following General Procedure I1X, N-SEM derivative 73 (121 mg, 0.235 mmol) and

trifluoroacetic acid (0.9 mL) were used in methylene chloride (9.0 mL). The crude product was

purified by flash column chromatography (15% ethyl acetate in hexanes) to give unprotected
B-carboline 74 as pale yellow solid (62.0 mg, 0.162 mmol, 69%).

Rt = 0.40 (20% ethyl acetate and 1% acetic acid in hexanes).
Melting point = 194 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 9.40 (s, 1H, NH), 8.53 (d, J = 5.0 Hz, 1H, 3-H),
8.16 (dd, J = 7.8, 1.0 Hz, 1H, 5-H), 8.03 (dd, J = 5.0, 0.7 Hz, 1H, 4-H), 7.89 — 7.80 (m, 2H,
2"“-H, 6"“-H), 7.65 — 7.59 (m, 2H, 7-H, 8-H), 7.54 — 7.48 (m, 3H, 3"“-H, 4"“-H, 5"-H), 7.35 (ddd,
J=8.1,6.3, 1.8 Hz, 1H, 6-H), 4.47 (9, J = 7.1 Hz, 2H, CHy), 1.34 (t, J = 7.1 Hz, 3H, CHa).

13C NMR (126 MHz, chloroform-d) & (ppm) = 168.4 (C-5°), 163.7 (CO), 161.3 (C-3), 140.8
(C-8a), 139.6 (C-3), 133.5 (C-9a), 131.2 (C-1), 130.6 (C-4“), 129.5 (C-7), 129.1 (C-4a), 129.0
(C-3“, C-5“), 128.3 (C-2“, C-6), 128.0 (C-1“), 122.0 (C-5), 121.2 (C-4b), 120.9 (C-6), 116.6
(C-4), 112.0 (C-8), 110.9 (C-4‘), 62.3 (CH>), 14.1 (CHa).

IR (ATR) 7 (cm™) = 3355, 1722, 1618, 1430, 1368, 1322, 1286, 1272, 1230, 1186, 1140, 1120,
1061, 840, 748, 728.

HRMS (ESI) (m/z) = calculated for Cz3H1sN3O3* [M+H]* 384.1343, found 384.1343.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol-1-yl)isoxazole-4-
carboxylic acid (77)

C27H27N30,4Si

M; = 485.61 g/mol

Following General Procedure VII, ester 73 (334 mg, 0.650 mmol, 1.0 eq) and KOH (182 mg,

3.25 mmol, 5.0 eq) were used in ethanol (15 mL). The aqg. phase was extracted with methylene

chloride (3 x 30 mL) and the combined organic layers were dried using a phase separation

filter. The solvent was removed in vacuo to give pure carboxylic acid 77 as yellow solid
(302 mg, 0.622 mmol, 96%).

Rt = 0.00 (20% ethyl acetate in hexanes).
Melting point = 139 °C.

'H NMR (500 MHz, chloroform-d) & (ppm) = 8.59 (d, J = 5.2 Hz, 1H, 3-H), 8.28 (d, J = 5.2 Hz,
1H, 4-H), 8.24 (dd, J=7.9, 1.0 Hz, 1H, 5-H), 7.84-7.78 (m, 2H, 2“-H, 6“-H), 7.76 (ddd, J = 8.3,
6.9,1.2 Hz, 1H, 7-H), 7.71 (dd, J = 8.4, 0.9 Hz, 1H, 8-H), 7.54 — 7.48 (m, 3H, 3“-H, 4“-H, 5“-H),
7.47 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H, 6-H), 5.95 (s, 2H, NCH>), 3.20 — 3.11 (m, 2H, OCH,CH,),
0.69 — 0.60 (m, 2H, SiCHy), -0.20 (s, 9H, Si(CHs)s). Signal for COOH not observed.

13C NMR (126 MHz, chloroform-d) & (ppm) = 166.7 (COOH or C-5°), 165.2 (C-3'), 161.3
(COOH or C-5%), 144.1 (C-8a), 136.8 (C-3), 135.4 (C-1), 134.6 (C-9a), 130.9 (C-7), 130.3
(C-4“), 129.8 (C-2*, C-6*), 129.5 (C-4a), 128.3 (C-3", C-5%), 127.8 (C-1“), 122.3 (C-6), 122.2
(C-5), 121.0 (C-4b), 117.7 (C-4), 112.0 (C-4‘), 111.7 (C-8), 75.3 (NCH.), 66.4 (OCH,CH,), 17.6
(SiCHy), -1.5 (Si(CHa)s).

IR (ATR) 7 (cm™) = 2921, 1712, 1598, 1547, 1417, 1338, 1302, 1222, 1161, 1108, 1084, 1028,
919, 853, 830, 745.

HRMS (ESI) (m/z) = calculated for C27H26N304Si” [M-H] 484.1698, found 484.1700.

Purity (HPLC, method 2d) > 95% (A = 210 nm), > 95% (A = 254 nm).
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6-Phenyl-7,8-dihydro-4-oxa-3,5,7,8a-tetraazaazuleno[4,5,6-jk]fluorene (80)

C21H14N4O
M, = 338.37 g/mol
Following General Procedure Xa, carboxylic acid 77 (97.1 mg, 0.200 mmol, 1.0 eq),
triethylamine (0.028 mL, 0.20 mmol, 1.0 eq) and diphenyl phosphoryl azide (0.043 mL,
0.20 mmol, 1.0 eq) were used in tert-butanol (2.0 mL).
The crude N-Boc amine 78 (Rt = 0.64, 40% ethyl acetate and 1% triethylamine in hexanes)
was suspended at 0 °C in HCI solution (4 M in 1,4-dioxan, 3.0 mL) and stirred at room
temperature for 16 h, before ethanol (1.0 mL) was added and the reaction mixture stirred at 90
°C for 3 h. After cooling to room temperature, water (20 mL) was added and the pH adjusted
to 9 with sat. agq. Na,COs solution. The mixture was extracted with methylene chloride
(3 x 15 mL) and the combined organic layers were dried using a phase separation filter. The
solvent was removed in vacuo and the crude product purified two times by flash column
chromatography (40% ethyl acetate in hexanes, 100% methylene chloride — 0.5% methanol
in methylene chloride) and subsequent recrystallization (from chloroform) to give aminal 80 as

light brown solid (41.2 mg, 0.122 mmol, 61% over two steps).
R = 0.28 (40% ethyl acetate and 1% triethylamine in hexanes).
Melting point = 181 °C (decomposition).

H NMR (400 MHz, chloroform-d) & (ppm) = 8.62 (d, J = 5.1 Hz, 1H, 3-H), 8.15 (dt, J = 7.9,
1.0 Hz, 1H, 5-H), 7.98 — 7.92 (m, 2H, 2“-H, 6“-H), 7.87 (d, J = 5.2 Hz, 1H, 4-H), 7.62 (ddd,
J=8.4,7.1,1.2 Hz, 1H, 7-H), 7.56 — 7.48 (m, 4H, 8-H, 3“-H, 4“-H, 5“-H), 7.35 (ddd, J = 7.9,
7.1, 0.9 Hz, 1H, 6-H), 5.40 (d, J = 6.2 Hz, 2H, CH»), 4.38 (t, J = 6.2 Hz, 1H, NH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 157.7 (C-3‘), 156.8 (C-5‘), 140.8 (C-8a), 140.8
(C-3), 135.3 (C-9a), 131.8 (C-1), 130.8 (C-4a), 130.2 (C-4“), 129.1 (C-7), 129.1 (C-3“, C-5),
128.4 (C-1%), 128.1 (C-2“, C-6*), 126.4 (C-4*), 122.3 (C-5), 121.7 (C-4b), 121.1 (C-6), 114.3
(C-4), 110.0 (C-8), 58.2 (CH5).

IR (ATR) v (cm™) = 3288, 3054, 1621, 1488, 1445, 1429, 1325, 1226, 1130, 1013, 885, 776,

742, 689.
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HRMS (ESI) (m/z) = calculated for C21H1sN4O* [M+H]* 339.1241, found 339.1237.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 5-(9-(tert-butoxycarbonyl)-9H-pyrido[3,4-b]indol-1-yl)-3-phenylisoxazole-4-

carboxylate (81)

Ca28H25N30s

M, = 383.41 g/mol

B-Carboline 74 (46.0 mg, 0.120 mmol, 1.0 eq) was dissolved in anhydrous methylene chloride
(2.3 mL) under N. atmosphere. 4-(Dimethylamino)pyridine (2.9 mg, 0.024 mmol, 0.2 eq) and
di-tert-butyl dicarbonate (2 m in methylene chloride, 0.090 mL, 0.18 mmol, 1.5 eq) were added
and the resulting mixture was stirred at room temperature for 18 h. The solvent was removed
in vacuo and the crude product purified by flash column chromatography (100% methylene
chloride) to give N-Boc derivative 81 as pale yellow semi-solid (45.7 mg, 0.0945 mmol, 79%).

Rt = 0.25 (20% ethyl acetate in hexanes).

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.75 (d, J = 5.0 Hz, 1H, 3-H), 8.15 (dd, J = 8.5,
0.9 Hz, 1H, 8-H), 8.12 (dt, J = 7.7, 1.0 Hz, 1H, 5-H), 8.05 (d, J = 5.0 Hz, 1H, 4-H), 7.81 - 7.72
(m, 2H, 2“-H, 6“-H), 7.65 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H, 7-H), 7.53 — 7.47 (m, 3H, 3"-H, 4“-H,
5“-H), 7.47 — 7.43 (m, 1H, 6-H), 4.02 (g, J = 7.1 Hz, 2H, CH>), 1.59 (s, 9H, C(CHs)s), 0.80 (t,
J =7.1Hz, 3H, CHy).

13C NMR (101 MHz, chloroform-d) & (ppm) = 172.5 (C-5°), 162.3 (C-4), 161.7 (COOCH,),
149.8 (COOC), 142.7 (C-3), 139.9 (C-8a), 134.6 (C-1 or C-4a), 134.3 (C-1 or C-4a), 134.1
(C-9a), 130.5 (C-7), 130.0 (C-4"), 129.5 (C-2“, C-6"), 128.6 (C-1*), 128.3 (C-3“, C-5%), 123.8
(C-6), 123.3 (C-4b), 121.4 (C-5), 115.8 (C-8), 115.7 (C-4), 110.3 (C-4‘), 85.6 (C(CHs)s), 60.9
(CHy), 28.1 (C(CHs)3), 13.5 (CHs).

IR (ATR) 7 (cm™) = 2980, 1725, 1443, 1405, 1302, 1256, 1147, 1125, 1098, 1040, 1022, 837,
745, 694.

HRMS (EI) (m/z) = calculated for C2sH2sN30s* [M]* 483.1789, found 483.1780.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazole-4-carboxylic acid (66)

C21H13N30s3

M, = 355.35 g/mol

Following General Procedure VI, ester 81 (41.1 mg, 0.085 mmol, 1.0 eq) and KOH (23.8 mg,

0.425 mmol, 5.0 eq) were used in ethanol (2.0 mL). The precipitate was filtered, washed with

water (10 mL) and dried to give pure carboxylic acid 66 as yellow solid (28.7 mg, 0.0810 mmol,
95%).

R = 0.23 (40% ethyl acetate in hexanes).
Melting point = 254 °C.

'H NMR (500 MHz, DMSO-dg) 6 (ppm) = 12.31 (s, 1H, NH), 8.63 (d, J = 5.3 Hz, 1H, 3-H), 8.58
(d, J =5.2 Hz, 1H, 4-H), 8.42 (d, J = 7.9 Hz, 1H, 5-H), 7.86 (d, J = 8.2 Hz, 1H, 8-H), 7.75— 7.68
(m, 3H, 7-H, 2“-H, 6“-H), 7.60 — 7.53 (m, 3H, 3“-H, 4“-H, 5“-H), 7.39 (t, J = 7.5 Hz, 1H, 6-H).
Signal for COOH not observed.

13C NMR (126 MHz, DMSO-de) & (ppm) = 166.9 (COOH or C-5), 164.2 (C-3'), 161.6 (COOH
or C-5), 142.8 (C-8a), 136.2 (C-3), 133.1 (C-9a), 132.8 (C-44), 130.5 (C-7 or C-4*), 130.4 (C-7
or C-4%), 129.7 (C-2“, C-6"), 128.7 (C-3", C-5%), 128.6 (C-1*), 127.6 (C-1), 122.8 (C-5), 121.3
(C-6), 120.4 (C-4b), 118.8 (C-4), 113.7 (C-8), 112.0 (C-4°).

IR (ATR) 7 (cm™) = 3204, 2920, 1709, 1692, 1553, 1499, 1442, 1326, 1303, 1232, 1083, 969,
744, 695.

HRMS (ESI) (m/z) = calculated for C21H12N303" [M-H] 354.0884, found 354.0887.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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9-Benzyl-1-bromo-9H-pyrido[3,4-b]indole (83)

CigH13BrN2

M, = 337.22 g/mol

Following General Procedure Vb, B-carboline 8 (49.4 mg, 0.200 mmol, 1.0 eq), sodium

hydride (60% dispersion in mineral oil, 16 mg, 0.40 mmol, 2.0 eq) and benzyl bromide (38 mg,

0.22 mmol, 1.1 eq) were used in anhydrous DMF (4.0 mL). The extraction was performed with

water (30 mL) and methylene chloride (3 x 30 mL) and the crude product was purified by flash

column chromatography (15% ethyl acetate in hexanes) to give N-benzyl derivative 83 as
yellow solid (40.1 mg, 0.119 mmol, 60%).

Rt = 0.43 (20% ethyl acetate in hexanes).
Melting point = 139 °C.

IH NMR (400 MHz, chloroform-d) & (ppm) = 8.24 (d, J = 5.1 Hz, 1H, 3-H), 8.19 — 8.13 (m, 1H,
5-H), 7.98 (d, J = 5.1 Hz, 1H, 4-H), 7.57 (ddd, J = 8.4, 7.1, 1.2 Hz, 1H, 7-H), 7.42 (d, J = 8.3 Hz,
1H, 8-H), 7.34 (t, J = 7.5 Hz, 1H, 6-H), 7.31 — 7.22 (m, 3H, 3“H, 4-H, 5'-H), 7.11 — 7.04 (m,
2H, 2-H, 6*-H), 6.08 (s, 2H, CH,).

13C NMR (101 MHz, chloroform-d) & (ppm) = 142.5 (C-8a), 139.0 (C-3), 137.7 (C-1°), 134.3
(C-9a), 131.9 (C-4a), 129.4 (C-7), 128.9 (C-3', C-5'), 127.6 (C-4"), 126.2 (C-2, C-6'), 123.0
(C-1), 121.7 (C-5), 121.0 (C-6), 120.9 (C-4b), 114.6 (C-4), 110.8 (C-8), 47.5 (CH>).

IR (ATR) ¥ (cm') = 2923, 2852, 1621, 1532, 1448, 1431, 1351, 1296, 1183, 1054, 845, 727.
HRMS (EI) (m/z) = calculated for C1gH13BrNz* [M]* 336.0257, found 336.0257.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-Bromo-9-(4-methoxybenzyl)-9H-pyrido[3,4-b]indole (84)

C19H15BrN2O

r = 367.25 g/mol

Following General Procedure Vb, B-carboline 8 (98.8 mg, 0.400 mmol, 1.0 eq), sodium

hydride (60% dispersion in mineral oil, 32 mg, 0.80 mmol, 2.0 eq) and 4-methoxybenzyl

chloride (0.060 mL, 0.44 mmol, 1.1 eq) were used in anhydrous DMF (7.5 mL). The extraction

was performed with water (30 mL) and methylene chloride (3 x 30 mL) and the crude product

was purified by flash column chromatography (15% ethyl acetate in hexanes) to give N-PMB
derivative 84 as yellow solid (125 mg, 0.341 mmol, 85%).

Rt = 0.33 (20% ethyl acetate in hexanes).
Melting point = 141 °C.

'H NMR (500 MHz, chloroform-d) & (ppm) = 8.23 (d, J = 5.0 Hz, 1H, 3-H), 8.14 (dt, J = 8.0,
1.0 Hz, 1H, 5-H), 7.97 (d, J = 5.0 Hz, 1H, 4-H), 7.57 (ddd, J = 8.4, 7.2, 1.2 Hz, 1H, 7-H), 7.43
(dt, J = 8.4, 0.9 Hz, 1H, 8-H), 7.33 (ddd, J = 7.8, 7.0, 0.9 Hz, 1H, 6-H), 7.06 — 7.01 (m, 2H,
2-H, 6'-H), 6.83 — 6.78 (m, 2H, 3'-H, 5'-H), 6.01 (s, 2H, NCH>), 3.75 (s, 3H, OCH3).

13C NMR (126 MHz, chloroform-d) & (ppm) = 159.1 (C-4°), 142.5 (C-8a), 138.9 (C-3), 134.2
(C-9a), 131.9 (C-4a), 129.7 (C-1), 129.3 (C-7), 127.5 (C-2', C-6°), 122.9 (C-1), 121.7 (C-5),
120.9 (C-6, C-4b), 114.5 (C-4), 114.3 (C-3*, C-5‘), 110.9 (C-8), 55.4 (OCHs), 46.9 (NCH>).

IR (ATR) 7 (cm™) = 2925, 2836, 1611, 1532, 1512, 1436, 1293, 1251, 1174, 1158, 1053, 1030,
846, 745, 726.

HRMS (El) (m/z) = calculated for C19H15"°BrN.O* [M]* 366.0363, found 366.0366.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-(9-(4-Methoxybenzyl)-9H-pyrido[3,4-b]indol-1-yl)-3-phenylisoxazole-4-carboxylic
acid (87)

C29H21N304
M, = 475.50 g/mol
Following General Procedure Vlib, B-carboline 74 (69.0 mg, 0.180 mmol, 1.0 eq), sodium
hydride (60% dispersion in mineral oil, 14 mg, 0.36 mmol, 2.0 eq) and 4-methoxybenzyl
chloride (0.046 mL, 0.34 mmol, 1.9 eq) were used in anhydrous DMF (3.0 mL). The extraction
was performed with water (15 mL) and methylene chloride (3 x 15 mL). The crude product was
purified by flash column chromatography (20% — 35% ethyl acetate in hexanes) to give a
mixture of N-PMB derivatives 85 (R; = 0.31, 40% ethyl acetate in hexanes; HRMS (ESI)
(m/z) = calculated for CsiH26N3O4* [M+H]" 504.1918, found 504.1916) and 86 (R:=0.31,
40% ethyl acetate in hexanes; HRMS (ESI) (m/z) = calculated for Cs7H3oN3Os® [M+H]*
596.2180, found 596.2178).
Following General Procedure VIIl, the mixture of esters 85 and 86 and KOH (51 mg,
0.90 mmol, 5.0 eq) were used in ethanol (5.0 mL). The aqg. phase was extracted with methylene
chloride (3 x 10 mL) and the combined organic layers were dried using a phase separation
filter. The residue was redissolved in aq. NaOH solution (2 M, 10 mL), diluted with water
(40 mL) and extracted with diethyl ether (3 x 15 mL). These organic phases were discarded.
The pH of the aq. phase was adjusted to 1 with aq. HCI (37%) and it was extracted with
methylene chloride (3 x 20 mL) again. The combined organic layers were dried using a phase
separation filter and the solvent was removed in vacuo to give pure carboxylic acid 87 as yellow

semi-solid (59.2 mg, 0.124 mmol, 69% over two steps).
Rt = 0.07 (40% ethyl acetate in hexanes).

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.51 (d, J =5.2 Hz, 1H, 3-H), 8.31 — 8.25 (m, 2H,
4-H, 5-H), 7.81 - 7.71 (m, 3H, 7-H, 2“-H, 6“-H), 7.68 — 7.62 (m, 1H, 8-H), 7.55 — 7.44 (m, 4H,
6-H, 3“-H, 4“-H, 5“-H), 6.62 (s, 4H, 2*-H, 3*‘-H, 4“-H, 5“-H), 5.76 (s, 2H, CH>), 3.66 (s, 3H,
OCHs5). Signal for COOH not observed.

13C NMR (101 MHz, chloroform-d) & (ppm) = 166.3 (COOH or C-5'), 165.2 (C-3'), 160.9
(COOH or C-5'), 159.5 (C-4*), 144.6 (C-8a), 136.1 (C-3), 135.1 (C-1 or C-9a), 134.9 (C-1 or

211



EXPERIMENTAL PART

C-9a), 131.0 (C-7), 130.3 (C-4%), 129.8 (C-2*, C-6“), 128.9 (C-4a), 128.3 (C-3“, C-5%), 127.8
(C-1%), 127.2 (C-2*“, C-6*), 127.0 (C-1), 122.2 (C-5), 121.9 (C-6), 120.7 (C-4b), 117.6 (C-4),
114.3 (C-3", C-5*), 111.7 (C-4"), 111.4 (C-8), 55.4 (OCHs), 49.3 (CH).

IR (ATR) ¥ (cm™) = 2929, 1711, 1612, 1512, 1460, 1417, 1296, 1246, 1198, 1175, 1030, 906,
727.

HRMS (ESI) (m/z) = calculated for C29H20N304 [M-H] 474.1459, found 474.1457.

Purity (HPLC, method 2i) > 95% (A = 210 nm), > 95% (A = 254 nm).
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tert-Butyl (5-(9-(4-methoxybenzyl)-9H-pyrido[3,4-b]indol-1-yl)-3-phenylisoxazol-4-

yl)carbamate (88)

Ca3H30N404

M, = 546.63 g/mol

Following General Procedure Xa, carboxylic acid 87 (45.2 mg, 0.0950 mmol, 1.0 eq),

triethylamine (0.013 mL, 0.095 mmol, 1.0 eq) and diphenyl phosphoryl azide (0.021 mL,

0.095 mmol, 1.0 eq) were used in tert-butanol (1.0 mL). The crude product was purified by

flash column chromatography (25% ethyl acetate in hexanes) to give N-Boc amine 88 as
orange oil (44.4 mg, 0.0812 mmol, 86%), which solidified in the cold (2 — 8°C).

Rt = 0.51 (40% ethyl acetate in hexanes).
Melting point = 137 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 8.58 (d, J = 5.0 Hz, 1H, 3-H), 8.22 (d, J = 7.8 Hz,
1H, 5-H), 8.11 (d, J = 5.0 Hz, 1H, 4-H), 7.86 — 7.80 (m, 2H, 2”-H, 6”-H), 7.64 — 7.59 (m, 1H,
7-H), 7.53 —= 7.45 (m, 4H, 8-H, 3”-H, 4”-H, 5”-H), 7.37 (t, J = 7.5 Hz, 1H, 6-H), 7.09 (s, 1H, NH),
6.88 — 6.76 (m, 2H, 2”’-H, 6"’-H), 6.69 — 6.63 (m, 2H, 3’’-H, 5"’-H), 5.64 (s, 2H, NCH), 3.66
(s, 3H, OCHs), 1.13 (s, 9H, C(CHs)a3).

13C NMR (126 MHz, chloroform-d) & (ppm) = 159.6 (C-3'), 159.0 (C-4"), 158.9 (C-5' or COO),
153.1 (C-5' or COO), 143.1 (C-8a), 138.8 (C-3), 135.1 (C-9a), 132.2 (C-4a), 130.3 (C-1"),
129.8 (C-4”), 129.5 (C-1, C-7), 128.8 (C-1""), 128.8 (C-3”, C-5”), 127.6 (C-2”, C-6"), 127.4
(C-2, C-6™), 121.7 (C-5), 121.3 (C-4b), 120.8 (C-6), 117.4 (C-4), 115.8 (C-4), 114.2 (C-3",
C-5"), 111.0 (C-8), 81.0 (C(CHa)s), 55.2 (OCHs), 48.0 (NCHy), 27.9 (C(CHa)s).

IR (ATR) 7 (cm™) = 2932, 1713, 1614, 1513, 1444, 1413, 1366, 1273, 1246, 1198, 1156, 1034,
741, 693.

HRMS (ESI) (m/z) = calculated for CssHaN4O4* [M+H]* 547.2340, found 547.2339.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol-1-yl)isoxazol-4-

amine (79)

C26H28N40-Si

r = 456.62 g/mol

Following General Procedure Xb, carboxylic acid 77 (257 mg, 0.530 mmol, 1.0 eq),

triethylamine (0.17 mL, 1.2 mmol, 2.3 eq) and diphenyl phosphoryl azide (0.13 mL, 0.61 mmol,

1.15 eq) were used in THF (3.0 mL). The reaction mixture was diluted with water (15 mL) and

extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with sat.

ag. NaHCOs; (30 mL) and sat. ag. NaCl solution (30 mL) and dried using a phase separation

filter. The solvent was evaporated in vacuo and the crude product purified by flash column

chromatography (20% ethyl acetate in hexanes) to give amine 79 as yellow oil (164 mg,
0.360 mmol, 68%), which solidified in the cold (2 — 8°C).

Rt = 0.66 (40% ethyl acetate in hexanes).
Melting point = 83 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.57 (dd, J = 5.0, 0.7 Hz, 1H, 3-H), 8.16 (dq,
J=17.8,0.9 Hz, 1H, 5-H), 7.98 (dd, J = 5.0, 0.7 Hz, 1H, 4-H), 7.93 — 7.85 (m, 2H, 2“-H, 6“-H),
7.73 = 7.67 (m, 1H, 8-H), 7.64 (ddd, J = 8.6, 6.7, 1.2 Hz, 1H, 7-H), 7.59 — 7.49 (m, 3H, 3“-H,
4“-H, 5“-H), 7.40 — 7.33 (m, 1H, 6-H), 6.05 (s, 2H, NCHy), 4.53 (s, 2H, NH,), 3.35 — 3.21 (m,
2H, OCH2CHz), 0.72 (m, 2H, SiCH>), -0.20 (d, J = 0.7 Hz, 9H, Si(CHa)3).

13C NMR (101 MHz, chloroform-d) & (ppm) = 156.5 (C-3’), 149.9 (C-5’), 143.1 (C-8a), 139.1
(C-3), 133.9 (C-9a), 133.7 (C-1), 132.7 (C-4a), 129.9 (C-4"), 129.3 (C-3", C-5”), 129.2 (C-7),
129.0 (C-1"), 127.8 (C-2”, C-6"), 126.5 (C-4), 122.0 (C-4b), 121.4 (C-5), 121.3 (C-6), 114.3
(C-4), 111.9 (C-8), 74.5 (NCH,), 65.8 (OCH,CH>), 17.8 (SiCHz), -1.5 (Si(CHa)s).

IR (ATR) 7 (cm™) = 3406, 3330, 2952, 1631, 1552, 1444, 1400, 1368, 1248, 1196, 1074, 1055,
855, 829, 748.

HRMS (ESI) (m/z) = calculated for CasH20N4O2Si* [M+H]* 457.2055, found 457.2052.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2,2,2-Trifluoro-N-(3-phenyl-5-(9-((2-(trimethylsilyl)ethoxy)methyl)-9H-pyrido[3,4-b]indol-
1-yhisoxazol-4-yl)acetamide (93)

Ca2sH27F3N4OsSi

M, = 552.63 g/mol

Amine 79 (155 mg, 0.340 mmol, 1.0 eq) and 4-(dimethylamino)pyridine (62 mg, 0.51 mmol,

1.5 eq) were dissolved in anhydrous pyridine (1.7 mL) under N2 atmosphere. Trifluoroacetic

Anhydride (0.071 mL, 0.51 mmol, 1.5 eq) was slowly added and the reaction mixture stirred at

room temperature for 16 h, diluted with ethyl acetate (50 mL) and washed with sat. ag. NaHCO3

solution (25 mL), water (2 x 25 mL) and sat. ag. NaCl solution (15 mL). The organic layer was

dried using a phase separation filter and the solvent removed in vacuo. The crude product was

purified by flash column chromatography (20% ethyl acetate in hexanes) to give amide 93 as
yellow solid (157 mg, 0.285 mmol, 84%).

Rt = 0.21 (20% ethyl acetate in hexanes).
Melting point = 162 °C.

'H NMR (500 MHz, chloroform-d) & (ppm) = 10.45 (s, 1H, CONH), 8.47 (d, J = 5.0 Hz, 1H,
3-H), 8.18 (dt, J = 7.8, 0.9 Hz, 1H, 5-H), 8.07 (d, J = 5.0 Hz, 1H, 4-H), 7.73—7.70 (m, 2H, 2“-H,
6“-H), 7.70 - 7.67 (m, 2H, 7-H, 8-H), 7.47 - 7.43 (m, 3H, 3"-H, 4”-H, 5”-H), 7.40 (ddd, J = 7.9,
5.0, 3.0 Hz, 1H, 6-H), 5.84 (s, 2H, NCH), 3.39 — 3.30 (m, 2H, OCH,CH>), 0.80 — 0.70 (m, 2H,
SiCHy), -0.17 (s, 9H Si(CHa)s3).

BC NMR (126 MHz, chloroform-d) & (ppm) = 160.7 (C-3’), 159.2 (C-5’), 155.4 (q,
Jor = 38.0 Hz, CONH), 143.1 (C-8a), 138.9 (C-3), 134.5 (C-9a), 133.3 (C-4a), 130.3 (C-7),
130.0 (C-1), 129.9 (C-4”), 128.9 (C-3”, C-5"), 128.2 (C-1"), 127.5 (C-2”, C-6"), 121.7 (C-5),
121.7 (C-6), 121.4 (C-4b), 116.3 (C-4), 115.9 (q, Jcr = 288.1 Hz, CFs), 114.1 (C-4°), 111.5
(C-8), 74.5 (NCHy), 66.1 (OCH,CHy), 17.8 (SiCH.), -1.5 (Si(CHa)s).

IR (ATR) 7 (cm) = 2954, 1737, 1622, 1447, 1410, 1212, 1179, 1148, 1074, 833, 740, 693.
HRMS (ESI) (m/z) = calculated for CaosH27FsN4OsSi* [M+H]* 553.1877, found 553.1875.

Purity (HPLC, method 2g) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2,2,2-Trifluoro-N-(3-phenyl-5-(9H-pyrido[3,4-blindol-1-yl)isoxazol-4-yl)acetamide (91)

C22H13F3N4O2

M; = 422.37 g/mol

Following General Procedure IX, N-SEM derivative 93 (138 mg, 0.250 mmol) and

trifluoroacetic acid (1.0 mL) were used in methylene chloride (10 mL). The crude product was

purified two times by flash column chromatography (35% methylene chloride in hexanes,

100% methylene chloride) to give unprotected B-carboline 91 as pale yellow solid (70.0 mg,
0.166 mmol, 66%).

Rt = 0.45 (100% methylene chloride).
Melting point = 179 °C.

'H NMR (500 MHz, chloroform-d) & (ppm) = 10.81 (s, 1H, CONH), 9.44 (s, 1H, 9-NH), 8.54
(d,J=5.1Hz, 1H, 3-H), 8.18 (d, J=7.9 Hz, 1H, 5-H), 8.05(d, J=5.1 Hz, 1H, 4-H), 7.71 - 7.66
(m, 2H, 2”-H, 6”-H), 7.65 (dd, J = 6.6, 1.2 Hz, 1H, 7-H), 7.62 (dt, J = 8.1, 1.3 Hz, 1H, 8-H),
7.53-7.45 (m, 3H, 3"-H, 4”-H, 5”-H), 7.38 (ddd, J = 8.0, 6.6, 1.5 Hz, 1H, 6-H).

13C NMR (126 MHz, chloroform-d) & (ppm) = 158.8 (C-3‘), 157.9 (C-5), 155.3 (q,
Jor = 38.3 Hz, CONH), 140.9 (C-8a), 138.8 (C-3), 132.6 (C-9a), 131.4 (C-1 or C-4a), 130.4
(C-1 or C-4a), 130.3 (C-4“), 129.9 (C-7), 128.8 (C-1“), 128.8 (C-3“, C-5%), 127.5 (C-2", C-6"),
122.1 (C-5), 121.2 (C-6), 121.0 (C-4b), 116.2 (C-4), 115.9 (g, Jcr = 288.2 Hz, CFs), 115.0
(C-4), 112.2 (C-8).

IR (ATR) 7 (cm™) = 3386, 3269, 1720, 1453, 1245, 1232, 1187, 1168, 1160, 911, 740, 720,
698.

HRMS (ESI) (m/z) = calculated for C22H14F3N4O>" [M+H]* 423.1064, found 423.1061.

Purity (HPLC, method 2b) > 93% (A = 210 nm), > 93% (A = 254 nm).
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3-Phenyl-5-(9H-pyrido[3,4-b]indol-1-yl)isoxazol-4-amine (63)

C20H14N4O

M, = 326.36 g/mol

Trifluoroacetamide 91 (50.7 mg, 0.120 mmol) was dissolved in methanol (7.0 mL) and HCI

solution (1.25 M in methanol, 3.0 mL) was slowly added. The reaction mixture was stirred at

room temperature for 16 h. The solvent was evaporated in vacuo and the residue resuspended

in water (15 mL). After adjusting pH 8 with sat. ag. NaHCO3; solution, it was extracted with

methylene chloride (3 x 10 mL) and the combined organic layers were dried using a phase

separation filter. The solvent was removed in vacuo and the crude product purified by flash

column chromatography (100% chloroform) to give amine 63 as yellow solid (26.9 mg,
0.0824 mmol, 69%).

Rf = 0.41 (20% ethyl acetate and 1% triethylamine in hexanes).
Melting point = 161 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 9.50 (s, 1H, NH), 8.50 (d, J = 5.2 Hz, 1H, 3-H),
8.16 (dt, J = 7.8, 0.9 Hz, 1H, 5-H), 7.93 — 7.86 (m, 3H, 4-H, 2“-H, 6“-H), 7.62 — 7.59 (m, 2H,
7-H, 8-H), 7.59 — 7.51 (m, 3H, 3"“-H, 4“-H, 5“-H), 7.33 (ddd, J = 8.0, 5.3, 2.8 Hz, 1H, 6-H), 4.94
(s, 2H, NHy).

13C NMR (126 MHz, chloroform-d) & (ppm) = 156.1 (C-3°), 149.7 (C-5°), 140.6 (C-8a), 138.7
(C-3), 133.8 (C-1), 131.5 (C-9a), 130.1 (C-4“), 129.9 (C-4a), 129.4 (C-3“, C-5“), 128.9 (C-7),
128.7 (C-1), 127.8 (C-2“, C-6“), 126.6 (C-4‘), 121.8 (C-5), 121.3 (C-4b), 120.5 (C-6), 113.6
(C-4), 112.0 (C-8).

IR (ATR) 7 (cm™) = 3364, 3285, 1635, 1559, 1492, 1453, 1422, 1378, 1325, 1236, 1198, 1075,
946, 816, 773, 739, 698.

HRMS (El) (m/z) = calculated for C2oH1sN4O* [M]™ 326.1162, found 326.1157.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5.3.3 Variations of the B-carboline

5-(9-Methyl-9H-pyrido[3,4-blindol-1-yl)-3-phenylisoxazole (94)

C21H15N30

M, = 325.37 g/mol

Following General Procedure Vlic, B-carboline 1 (74.1 mg, 0.238 mmol, 1.0 eq), sodium
hydride (60% dispersion in mineral oil, 19 mg, 0.48 mmol, 2.0 eq) and iodomethane (0.02 mL,
0.3 mmol, 1.2 eq) were used in anhydrous DMF (5.0 mL). The crude product was purified two
times by flash column chromatography (20% ethyl acetate in hexanes, 100% methylene

chloride) to give N-methyl derivative 94 as pale yellow solid (45.3 mg, 0.139 mmol, 59%).
Rt = 0.47 (2% methanol in methylene chloride).
Melting point = 157 °C.

'H NMR (400 MHz, methylene chloride-d;) & (ppm) = 8.55 (d, J = 5.1 Hz, 1H, 3-H), 8.22 (dt,
J=7.8, 1.0 Hz, 1H, 5-H), 8.12 (d, J = 5.0 Hz, 1H, 4-H), 8.00 — 7.94 (m, 2H, 2“-H, 6“-H), 7.68
(ddd, J = 8.4, 7.1, 1.2 Hz, 1H, 7-H), 7.58 — 7.47 (m, 4H, 8-H, 3“-H, 4“-H, 5-H), 7.36 (ddd,
J=8.0,7.1,0.9 Hz, 1H, 6-H), 7.15 (s, 1H, 4'-H), 3.79 (s, 3H, CHa).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 170.3 (C-5°), 163.3 (C-3'), 143.4
(C-8a), 138.9 (C-3), 136.1 (C-9a), 131.4 (C-1), 130.6 (C-4a), 130.6 (C-4*), 129.5 (C-7), 129.4
(C-3", C-5%), 129.4 (C-1%), 127.3 (C-2, C-6"), 121.9 (C-5), 121.1 (C-4b), 120.7 (C-6), 116.3
(C-4), 110.4 (C-8), 103.4 (C-4‘), 32.6 (CHa).

IR (ATR) ¥ (cm™) = 3035, 1609, 1547, 1463, 1450, 1440, 1410, 1396, 1293, 1229, 1125, 906,
802, 734.

HRMS (EI) (m/z) = calculated for C21H1sNzO* [M]* 325.1210, found 325.1210.

Purity (HPLC, method 1b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9-(prop-2-yn-1-yl)-9H-pyrido[3,4-blindol-1-yl)isoxazole (95)

C23H15N30

r = 349.39 g/mol

Following General Procedure Vlic, B-carboline 1 (77.8 mg, 0.250 mmol, 1.0 eq), sodium
hydride (60% dispersion in mineral oil, 11 mg, 0.28 mmol, 1.1 eq) and propargyl bromide
(80% in toluene, 0.040 mL, 0.35 mmol, 1.4 eq) were used in anhydrous DMF (5.0 mL). The
crude product was purified by flash column chromatography (20% — 25% ethyl acetate in

hexanes) to give N-propargyl derivative 95 as pale rose solid (65.8 mg, 0.188 mmol, 75%).
Rt = 0.16 (20% ethyl acetate in hexanes).
Melting point = 152 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 8.62 (d, J = 5.0 Hz, 1H, 3-H), 8.20 (dt, J = 7.8,
1.0 Hz, 1H, 5-H), 8.10 (d, J = 5.0 Hz, 1H, 4-H), 7.99 — 7.94 (m, 2H, 2“-H, 6“-H), 7.70 (ddd,
J=8.2,7.1, 1.2 Hz, 1H, 7-H), 7.63 (d, J = 8.3 Hz, 1H, 8-H), 7.55 — 7.47 (m, 3H, 3"“-H, 4“-H,
5“-H), 7.40 (ddd, J = 7.9, 7.1, 0.9 Hz, 1H, 6-H), 7.25 (s, 1H, 4-H), 5.10 (d, J = 2.5 Hz, 2H,
CHy), 2.20 (t, J = 2.5 Hz, 1H, CCH).

13C NMR (126 MHz, chloroform-d) & (ppm) = 169.5 (C-5°), 163.1 (C-3'), 142.2 (C-8a), 139.5
(C-3), 134.6 (C-9a), 132.3 (C-4a), 130.5 (C-1), 130.2 (C-4*), 129.5 (C-7), 129.1 (C-3“, C-5%),
128.9 (C-1“), 127.0 (C-2¢, C-6“), 121.7 (C-5), 121.5 (C-4b), 121.2 (C-6), 116.1 (C-4), 110.5
(C-8), 103.1 (C-4), 77.7 (CCH), 73.0 (CCH), 35.0 (CH>).

IR (ATR) V (cm™) = 3252, 2116, 1614, 1554, 1439, 1422, 1397, 1300, 1201, 1051, 819, 772,
735, 694.

HRMS (EI) (m/z) = calculated for C23H1sNzO* [M]* 349.1210, found 349.1208.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-(1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]lindol-9-yl)acetonitrile (96)

C22H14N4O

M, = 350.38 g/mol

Similar to General Procedure Vlic, B-carboline 1 (78.0 mg, 0.250 mmol, 1.0 eq), sodium
hydride (60% dispersion in mineral oil, 20 mg, 0.50 mmol, 2.0 eq) and bromoacetonitrile
(0.025 mL, 0.36 mmol, 1.4 eq) were used in anhydrous DMF (5.0 mL). In contrast to the
general procedure, another amount of bromoacetonitrile (0.025 mL, 0.36 mmol, 1.4 eq) was
added after 16 h and the mixture stirred for further 72 h at room temperature and 4 h at 40 °C.
Then the work-up was performed and the crude product was purified two times by flash column
chromatography (15% — 20% ethyl acetate in hexanes, 100% methylene chloride) to give

N-cyanomethyl derivative 96 as white solid (28.4 mg, 0.0811 mmol, 32%).
Rt = 0.10 (20% ethyl acetate in hexanes).
Melting point = 198 °C.

'H NMR (400 MHz, methylene chloride-d.) & (ppm) = 8.65 (d, J = 5.0 Hz, 1H, 3-H), 8.25 (dt,
J=17.8, 1.0 Hz, 1H, 5-H), 8.14 (d, J = 5.0 Hz, 1H, 4-H), 8.02 — 7.96 (m, 2H, 2“-H, 6"“-H), 7.77
(ddd, J = 8.4, 7.2, 1.2 Hz, 1H, 7-H), 7.61 (dt, J = 8.3, 0.8 Hz, 1H, 8-H), 7.59 — 7.51 (m, 3H,
3“-H, 4“-H, 5“-H), 7.48 (ddd, J = 8.0, 7.2, 0.9 Hz, 1H, 6-H), 7.33 (s, 1H, 4'-H), 5.26 (s, 2H,
CHo).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 169.5 (C-5%), 163.8 (C-3'), 142.2
(C-8a), 141.0 (C-3), 134.7 (C-9a), 133.1 (C-4a), 130.9 (C-1), 130.8 (C-7), 130.4 (C-4), 129.5
(C-3, C-5%), 129.0 (C-1“), 127.4 (C-2“, C-6“), 122.5 (C-6), 122.4 (C-5), 122.2 (C-4b), 116.6
(C-4), 115.0 (CN), 110.4 (C-8), 103.9 (C-4‘), 34.4 (CHo).

IR (ATR) v (cm™) = 3052, 2164, 1977, 1611, 1554, 1442, 1433, 1416, 1202, 1128, 910, 896,
858, 739.

HRMS (El) (m/z) = calculated for C2;H14N4O* [M] ™ 350.1163, found 350.1161.

Purity (HPLC, method 1b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Methyl 1-(3-phenylisoxazol-5-yl)-9H-pyrido[3,4-b]indole-3-carboxylate (97)

C22H15N303

M, = 369.38 g/mol

3-Phenylisoxazole-5-carbaldehyde (53) (520 mg, 3.00 mmol, 1.0 eq) and L-tryptophan methyl

ester hydrochloride (764 mg, 3.00 mmol, 1.0 eq) were suspended in THF (10 mL). The reaction

mixture was stirred at 75 °C for 3.5 h and, after cooling to room temperature, KMnO4 (1.19 g,

7.50 mmol, 2.5 eq) was added. The suspension was stirred at room temperature for 3 d and

filtered through a pad of celite. The pad was washed with methylene chloride (200 mL) and the

filtrate concentrated in vacuo. The crude product was resuspended in methanol (50 mL), the

precipitate was filtered, washed with methanol (50 mL) and dried to give B-carboline 97 as pale
yellow solid (650 mg, 1.76 mmol, 59%).

Rt = 0.31 (25% ethyl acetate in hexanes).
Melting point = 246 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 9.80 (s, 1H, NH), 8.93 (d, J = 0.7 Hz, 1H, 4-H),
8.22 (dd, J = 7.9, 1.0 Hz, 1H, 5-H), 7.98 — 7.90 (m, 2H, 2”-H, 6”-H), 7.69 — 7.63 (m, 2H, 7-H,
8-H), 7.58 (s, 1H, 4-H), 7.55 — 7.48 (m, 3H, 3”-H, 4”-H, 5”-H), 7.41 (ddd, J = 8.0, 5.6, 2.5 Hz,
1H, 6-H), 4.10 (s, 3H, OCHs).

13C NMR (101 MHz, chloroform-d) & (ppm) = 169.9 (C-5), 166.2 (CO), 163.3 (C-3), 141.1
(C-8a), 138.1 (C-3), 134.3 (C-9a), 131.5 (C-1 or C-4a), 130.6 (C-4*), 130.0 (C-7), 129.7 (C-4a
or C-1%), 129.2 (C-3“, C-5), 128.6 (C-1 or C-1"), 127.2 (C-2*, C-6*), 122.2 (C-5), 121.7 (C-6),
121.4 (C-4b), 118.8 (C-4), 112.4 (C-8), 101.4 (C-4), 53.0 (OCHs).

IR (ATR) 7 (cm™) = 3463, 3166, 1613, 1553, 1433, 1421, 1288, 1260, 1229, 949, 840, 806,
740.

HRMS (ESI) (m/z) = calculated for CooH16NsOs* [M+H]* 370.1187, found 370.1188.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]lindole-3-carboxylic acid (98)

C21H13N30s3

M, = 355.35 g/mol

Ester 97 (443 mg, 1.20 mmol, 1.0 eq) was suspended in THF (7.0 mL) and a solution of KOH

(337 mg, 6.00 mmol, 5.0 eq) in water (7.0 mL) was added. The reaction mixture was stirred at

80 °C for 2 h. After cooling to room temperature, the solvent was evaporated in vacuo. The

residue was resuspended in water (10 mL) and acidified with ag. HCI (2 m, 3.0 mL). The

precipitate was filtered, washed with water (50 mL) and dried to give carboxylic acid 98 as pale
yellow solid (411 mg, 1.16 mmol, 97%).

Rt = 0.08 (40% ethyl acetate in hexanes).
Melting point = 285 °C.

1H NMR (400 MHz, DMSO-ds) & (ppm) = 12.92 (s, 1H, COOH), 12.26 (s, 1H, NH), 9.07 (s, 1H,
4-H), 8.49 (d, J = 7.9 Hz, 1H, 5-H), 8.12 — 8.04 (m, 2H, 2"-H, 6"-H), 7.97 (s, 1H, 4-H), 7.87 (d,
J=8.2 Hz, 1H, 8-H), 7.68 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H, 7-H), 7.64 — 7.56 (m, 3H, 3"-H, 4"-H,
5"-H), 7.43 — 7.35 (m, 1H, 6-H).

13C NMR (101 MHz, DMSO-de) & (ppm) = 168.9 (C-5), 166.2 (COOH), 162.5 (C-3"), 142.0
(C-8a), 137.3 (C-3), 133.4 (C-9a), 131.0 (C-4a), 130.6 (C-4"), 129.5 (C-7), 129.3 (C-3", C-57),
128.7 (C-1 or C-1"), 128.3 (C-1 or C-1"), 126.8 (C-2”, C-6"), 122.3 (C-5), 120.9 (C-6), 120.7
(C-4b), 118.3 (C-4), 113.3 (C-8), 101.6 (C-4").

IR (ATR) Vv (cm™) = 3215, 2924, 1759, 1614, 1555, 1381, 1351, 1325, 901, 766, 743, 690.
HRMS (ESI) (m/z) = calculated for C21H12N303" [M-H] 354.0884, found 354.0887.

Purity (HPLC, method 2f) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]lindol-3-amine (99)

C20H14N4O
M, = 326.36 g/mol
Following General Procedure Xb, carboxylic acid 98 (107 mg, 0.300 mmol, 1.0 eq),
triethylamine (0.096 mL, 0.69 mmol, 2.3 eq) and diphenyl phosphoryl azide (0.074 mL,
0.35 mmol, 1.15 eq) were used in THF (2.0 mL). The reaction mixture was partitioned between
ethyl acetate (50 mL) and aqg. HCI (1 m, 50 mL). Ag. NaOH solution (2 M, 60 mL) was added
and the phases were separated. The aq. phase was further extracted with ethyl acetate
(3 x 50 mL), the combined organic layers were dried using a phase separation filter and the
solvent was evaporated in vacuo. The crude product was purified by flash column
chromatography (40% ethyl acetate in hexanes) to give amine 99 as yellow solid (45.0 mg,
0.138 mmol, 46%).

Rt = 0.32 (40% ethyl acetate in hexanes).
Melting point = 179 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.10 (s, 1H, NH), 8.09 (d, J = 7.8 Hz, 1H, 5-H),
8.06 — 7.98 (m, 2H, 2"-H, 6”-H), 7.63 (d, J = 8.2 Hz, 1H, 8-H), 7.62 — 7.55 (m, 3H, 3“-H, 4“-H,
5-H), 7.55 — 7.47 (m, 2H, 7-H, 4*-H), 7.32 (s, 1H, 4-H), 7.16 (t, J = 7.5 Hz, 1H, 6-H), 5.68 (s,
2H, NH>).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 169.8 (C-5), 162.2 (C-3'), 152.6 (C-3), 142.9 (C-8a),
134.2 (C-4a), 130.4 (C-4”), 129.2 (C-3”, C-5"), 128.8 (C-7), 128.6 (C-1"), 127.3 (C-9a), 126.8
(C-2", C-6”), 125.4 (C-1), 121.7 (C-5), 120.1 (C-4b), 119.0 (C-6), 112.3 (C-8), 100.2 (C-4),
99.7 (C-4).

IR (ATR) 7 (cm) = 3397, 3327, 1615, 1561, 1466, 1444, 1397, 1323, 1233, 801, 765, 737.
HRMS (ESI) (m/z) = calculated for CaoH1sN4O* [M+H]* 327.1241, found 327.1241.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]lindole-3-carboxamide (100)

C21H14N4O2

M, = 354.37 g/mol

Ester 97 (49.9 mg, 0.135 mmol) was suspended in ammonia solution (7 Mmin methanol, 2.0 mL)
in a pressure tube and the suspension was stirred at 80 °C for 16 h. After cooling to room
temperature, the precipitate was filtered, washed with methanol (5.0 mL) and methylene
chloride (5.0 mL) and dried to give amide 100 as off-white solid (38.1 mg, 0.108 mmol, 80%).

Rt = 0.20 (40% ethyl acetate in hexanes).
Melting point = 346 °C (decomposition).

IH NMR (400 MHz, DMSO-dg) & (ppm) = 12.20 (s, 1H, NH), 8.99 (s, 1H, 4-H), 8.47 (dt, J = 7.9,
1.0 Hz, 1H, 5-H), 8.44 (d, J = 3.0 Hz, 1H, CONH_), 8.30 (s, 1H, 4'-H), 8.08 — 8.01 (m, 2H, 2"-H,
6”-H), 7.91 — 7.85 (m, 1H, 8-H), 7.74 (d, J = 3.0 Hz, 1H, CONH,), 7.70 — 7.59 (m, 4H, 7-H,
3"-H, 4”-H, 5”-H), 7.37 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, 6-H).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 170.0 (C-5'), 166.8 (CO), 162.9 (C-3'), 142.6 (C-8a),
140.4 (C-3), 133.3 (C-9a), 131.9 (C-4a), 131.1 (C-4"), 129.8 (C-7, C-3”, C-57), 128.9 (C-1 or
C-17), 128.90 (C-1 or C-1"), 127.2 (C-2”, C-6”), 122.7 (C-5), 121.2 (C-4b), 121.2 (C-6), 115.6
(C-4), 113.7 (C-8), 102.3 (C-4).

IR (ATR) ¥ (cm) = 3476, 3361, 3231, 1684, 1569, 1551, 1442, 1382, 1318, 1238, 897, 760,
740, 684.

HRMS (ESI) (m/z) = calculated for C21H1sN4+O2" [M+H]* 355.1190, found 355.1191.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

(2-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]indol-3-yl)methanol (101)

C21H15N30:
M; = 341.37 g/mol
Ester 97 (49.9 mg, 0.135 mmol, 1.0 eq) and pulverized calcium chloride (30 mg, 0.27 mmol,
2.0 eq) were dissolved in methylene chloride/ethanol (1:1, 3.0 mL) under N, atmosphere.
Sodium borohydride (25.5 mg, 0.675 mmol, 5 eq) was added and the reaction mixture stirred
at room temperature for 2.5 h. Water (2.0 mL) was added and the solvent removed in vacuo.
The residue was cautiously treated with ag. HCI (1 M, 20 mL), then ethyl acetate (60 mL) and
ag. NaOH solution (2 M, 10 mL) were added. The phases were separated and the organic layer
dried using a phase separation filter. The solvent was removed in vacuo and the crude product
purified by recrystallization (from methanol/methylene chloride) to give alcohol 101 as yellow
crystals (40.1 mg, 0.117 mmol, 87%).

Rt = 0.39 (40% ethyl acetate in hexanes).
Melting point = 234 °C.

IH NMR (400 MHz, DMSO-de) & (ppm) = 11.76 (s, 1H, NH), 8.37 (s, 1H, 4-H), 8.34 (d,
J=7.9 Hz, 1H, 5-H), 8.13 — 8.05 (m, 2H, 2”-H, 6”-H), 7.80 (dt, J = 8.2, 0.9 Hz, 1H, 8-H), 7.77
(s, 1H, 4-H), 7.66 — 7.56 (m, 4H, 7-H, 3"-H, 4’-H, 5”-H), 7.31 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H,
6-H), 5.54 (t, J = 5.8 Hz, 1H, OH), 4.84 (d, J = 5.8 Hz, 2H, CHb,).

13C NMR (101 MHz, DMSO-de) & (ppm) = 169.6 (C-5'), 162.4 (C-3'), 151.1 (C-3), 141.9 (C-8a),
131.4 (C-1 or C-9a), 131.3 (C-1 or C-9a), 130.5 (C-4”), 129.2 (C-3”, C-57), 128.9 (C-7), 128.5
(C-4a or C-17), 127.9 (C-4a or C-1”), 126.8 (C-2”, C-6"), 121.8 (C-5), 120.4 (C-4b), 120.0
(C-6), 113.1 (C-4), 112.8 (C-8), 100.5 (C-4’), 64.4 (CHy).

IR (ATR) v (cm™) = 3261, 1610, 1552, 1500, 1464, 1437, 1394, 1316, 1278, 1240, 1004, 764,
741, 682.

HRMS (ESI) (m/z) = calculated for CoiH16NsO2" [M+H] 342.1238, found 342.1241.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

N,N-Dimethyl-2-(2-(3-phenylisoxazole-5-carbonyl)-1H-indol-3-yl)acetamide (104)

C22H19N303

M, = 373.41 g/mol

To a solution of sulfonamide 105! (165 mg, 0.500 mmol, 1.0 eq) in acetonitrile (2.5 mL) was
added 2-bromo-1-(3-phenylisoxazol-5-yl)ethan-1-one (106) (133 mg, 0.500 mmol, 1.0 eq) and
triethylamine (0.070 mL, 0.50 mmol, 1.0 eq) and the reaction mixture was stirred at 60 °C.
Further amounts of 2-bromo-1-(3-phenylisoxazol-5-yl)ethan-1-one (106) (133 mg, 0.500 mmol,
1.0 eq) and triethylamine (0.070 mL, 0.50 mmol, 1.0 eq) were added after 30 min and 1 h
(resulting in 3.0 eq of both in total). Then DBU (0.262 mL, 1.75 mmol, 3.5 eq) was added and
the reaction mixture stirred at 60 °C for further 30 min. After cooling to room temperature, the
mixture was diluted with sat. ag. NaHCO3; solution (30 mL) and extracted with ethyl acetate
(3 x 30 mL). The combined organic layers were dried over Na>SOy, filtered and concentrated
in vacuo. The crude product was purified by flash column chromatography (40% — 50% ethyl

acetate in hexanes) to give indole 104 as yellow solid (101 mg, 0.270 mmol, 54%).
Rt = 0.35 (40% ethyl acetate in hexanes).
Melting point = 222 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 9.99 (s, 1H, NH), 7.91 - 7.83 (m, 2H, 2”-H, 6”-H),
7.72 (d, J = 8.3 Hz, 1H, 4-H), 7.55 — 7.48 (m, 3H, 3“-H, 4“-H, 5“-H), 7.42 (dt, J = 8.3, 1.1 Hz,
1H, 7-H), 7.39 — 7.34 (m, 2H, 6-H, 4-H), 7.11 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H, 5-H), 4.33 (s, 2H,
CHy), 3.20 (s, 3H, NCHs3), 3.03 (s, 3H, NCHs).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.3 (CO), 170.5 (CON), 168.2 (C-5°), 163.0
(C-3%), 137.7 (C-7a), 130.9 (C-4“), 129.6 (C-1“), 129.3 (C-3", C-5"), 128.2 (C-2 or C-3a), 128.0
(C-2 or C-3a), 127.9 (C-6), 127.1 (C-2¢, C-6), 123.4 (C-3), 121.6 (C-4), 121.4 (C-5), 113.0
(C-7), 107.6 (C-4), 37.7 (CH>), 36.0 (NCHs), 31.1 (NCHs).

IR (ATR) 7 (cm™) = 3259, 1621, 1528, 1440, 1403, 1321, 1223, 1155, 1027, 948, 881, 732.

1 Sulfonamide 105 was generously provided from KATHARINA THEES.
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EXPERIMENTAL PART

HRMS (EI) (m/z) = calculated for C22H19N3O3* [M]* 373.1421, found 373.1420.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-Bromo-10H-phenothiazine (111)4

7 A % S f 2 3
BQ;H 0 2
Br
C12HsBIrNS
r = 278.17 g/mol
Following General Procedure Xl, phenothiazine (199 mg, 1.00 mmol, 1.0 eq), n-butyllithium
(2.5 M in hexanes, 0.900 mL, 2.25 mmol, 2.25 eq) and 1,2-dibromoethane (0.095 mL,

1.1 mmol, 1.1 eq) were used. The crude product was purified by flash column chromatography
(100% hexanes) to give bromide 111 as white solid (140 mg, 0.501 mmol, 50%).

Rt = 0.58 (5% ethyl acetate in hexanes).
Melting point = 108 °C (lit.[?*4 108 — 110 °C).

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.22 (dd, J = 8.0, 1.3 Hz, 1H, 2-H), 7.03 (td,
J=7.6, 1.5 Hz, 1H, 6-H), 6.99 (dd, J = 8.0, 1.6 Hz, 1H, 8-H), 6.92 (dd, J = 7.7, 1.3 Hz, 1H,
4-H), 6.87 (td, J = 7.6, 1.3 Hz, 1H, 7-H), 6.67 (t, J = 7.8 Hz, 1H, 3-H), 6.64 (d, J = 1.2 Hz, 1H,
9-H), 6.49 (s, 1H, NH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 141.0 (C-9a), 139.2 (C-10a), 130.7 (C-2), 127.7
(C-6), 126.8 (C-8), 126.1 (C-4), 123.5 (C-7), 123.1 (C-3), 120.1 (C-4a), 118.4 (C-5a), 115.4
(C-9), 109.6 (C-1).

IR (ATR) Vv (cm™) = 3420, 3334, 1571, 1476, 1439, 1408, 1291, 1126, 1089, 764, 747, 710.
HRMS (EI) (m/z) = calculated for C12Hs®BrNS™* [M]* 276.9556, found 276.9554.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-lodo-10H-phenothiazine (112)
. 6 5a S _4a 4 3
8 i I 2
5 9a ” 10a f

C12HsINS

r = 325.17 g/mol

Following General Procedure Xl, phenothiazine (199 mg, 1.00 mmol, 1.0 eq), n-butyllithium

(2.5 M in hexanes, 0.900 mL, 2.25 mmol, 2.25 eq) and 1,2-diiodoethane (310 mg, 1.10 mmol,

1.1 eq) were used. The crude product was purified by flash column chromatography

(100% hexanes — 3% ethyl acetate in hexanes) to give iodide 112 as pale yellow solid
(140 mg, 0.429 mmol, 43%).

Rt = 0.60 (5% ethyl acetate in hexanes).
Melting point = 103 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.45 (dd, J = 8.0, 1.3 Hz, 1H, 2-H), 7.06 — 6.99
(m, 2H, 6-H, 8-H), 6.95 (ddd, J = 7.6, 1.3, 0.6 Hz, 1H, 4-H), 6.87 (td, J = 7.5, 1.3 Hz, 1H, 7-H),
6.67 (dd, J=7.9, 1.2 Hz, 1H, 9-H), 6.54 (t, J = 7.8 Hz, 1H, 3-H), 6.42 (s, 1H, NH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 141.6 (C-9a or C-10a), 141.5 (C-9a or C-10a),
137.1 (C-2), 127.7 (C-6 or C-8), 127.2 (C-4), 126.6 (C-6 or C-8), 123.9 (C-3), 123.5 (C-7),
119.3 (C-4a), 119.0 (C-5a), 115.5 (C-9), 85.1 (C-1).

IR (ATR) 7 (cmY) = 3326, 1566, 1494, 1475, 1433, 1286, 1125, 1066, 881, 747, 709.
HRMS (EI) (m/z) = calculated for C12HgINS™ [M]* 324.9417, found 324.9417.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-Ethynyl-10H-phenothiazine (114)

7 NS ALs
4@P)
f
C14HoNS
M, = 223.29 g/mol
1-lodo-10H-phenothiazine (112) (97.6 mg, 0.300 mmol, 1.0 eq) and PPh; (8.0 mg, 0.030 mmol,
0.1 eq) were dissolved in anhydrous THF/triethylamine (2:1, 9.0 mL) under N, atmosphere and
the reaction mixture was stirred at room temperature. Cul (5.7 mg, 0.03 mmol, 0.1 eq) was
added and the mixture was purged with N2 for 5 min. Then, Pd(PPhs)s (7 mg, 0.006 mmol,
0.02eq) was added and the mixture was purged again with N for 5 min.
Trimethylsilylacetylene (0.085 mL, 0.60 mmol, 2.0 eq) was added dropwise and the reaction
mixture stirred at room temperature for 40 h. Then, it was filtered through a pad of celite and
the pad was washed with ethyl acetate (70 mL). The filtrate was washed with sat. aq. NaCl
solution (50 mL) and the ag. phase was further extracted with ethyl acetate (2 x 80 mL). The
combined organic layers were dried over Na,SOq, filtered and concentrated in vacuo.
The crude TMS-protected intermediate 113 (R = 0.74, 5% ethyl acetate in hexanes) was
desilylated, following General Procedure Il, with K;CO3; (164 mg, 0.990 mmol, 3.3 eq) in
methanol (5.0 mL). The crude product was purified by flash column chromatography
(2% — 5% ethyl acetate in hexanes) to give terminal alkyne 114 as brown semi solid (30.1 mg,
0.135 mmol, 45% over two steps).

Rt = 0.51 (5% ethyl acetate in hexanes).

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.13 (dd, J = 7.7, 1.4 Hz, 1H, 2-H), 7.01 (td,
J=17.6,1.5 Hz, 1H, 8-H), 6.95 (m, 2H, 4-H, 6-H), 6.84 (td, J = 7.5, 1.3 Hz, 1H, 7-H), 6.74 (t,
J=7.7 Hz, 1H, 3-H), 6.65 (s, 1H, NH), 6.60 (dd, J = 7.9, 1.2 Hz, 1H, 9-H), 3.49 (s, 1H, CCH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 143.3 (C-10a), 140.7 (C-9a), 130.6 (C-2), 127.6
(C-8), 127.5 (C-6), 126.8 (C-4), 123.2 (C-7), 121.8 (C-3), 118.4 (C-4a), 118.0 (C-5a), 115.2
(C-9), 107.0 (C-1), 84.2 (CCH), 79.2 (CCH).

IR (ATR) v (cm™) = 3260, 2095, 1598, 1562, 1476, 1450, 1435, 1289, 1263, 1127, 893, 774,
743.

HRMS (El) (m/z) = calculated for C1sHeNS ™ [M]* 223.0451, found 223.0451.

Purity (HPLC, method 2i) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-(10H-Phenothiazin-1-yl)-3-phenylisoxazole (115)

6 4
7 5a S _4a 3
8 : : :
9a N 10a
9

H

C21H14N20S
r = 342.42 g/mol
Alkyne 114 (40.2 mg, 0.180 mmol, 1.0 eq) and N-hydroxybenzimidoyl chloride (42 mg,
0.27 mmol, 1.5 eq) were dissolved in methylene chloride (1.0 mL) and the solution was stirred
at 0 °C. Triethylamine (0.038 mL, 0.27 mmol, 1.5 eq, dissolved in 0.3 mL methylene chloride)
was added dropwise over 30 min. After stirring the reaction mixture at room temperature for
16 h, it was partitioned between water (10 mL) and methylene chloride (10 mL) and the ag.
phase was further extracted with methylene chloride (2 x 10 mL). The combined organic layers
were dried using a phase separation filter and the solvent was removed in vacuo. The crude
product was purified by flash column chromatography (2% ethyl acetate in hexanes) and
subsequent recrystallization (from methylene chloride/hexanes) to give isoxazole 115 as
yellow crystals (19.3 mg, 0.0564 mmol, 31%).

Rt = 0.32 (5% ethyl acetate in hexanes).
Melting point = 151 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.90 — 7.85 (m, 2H, 2“-H, 6“-H), 7.82 (s, 1H,
NH), 7.55-7.48 (m, 3H, 3“-H, 4“-H, 5“-H), 7.33 (dd, J = 7.9, 1.5 Hz, 1H, 2-H), 7.09 (dd, J = 7.6,
1.4 Hz, 1H, 4-H), 7.04 (td, J = 7.7, 1.5 Hz, 1H, 8-H), 7.02 — 6.98 (m, 1H, 6-H), 6.92 — 6.85 (m,
2H, 3-H, 7-H), 6.80 (s, 1H, 4‘-H), 6.71 (dd, J = 7.8, 1.2 Hz, 1H, 9-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 170.4 (C-5’), 162.9, (C-3’), 140.9 (C-9a or
C-10a), 140.4 (C-9a or C-10a), 130.5 (C-4"), 129.2 (C-3", C-5"), 129.1 (C-4), 128.7 (C-1"),
127.8 (C-8), 127.4 (C-2), 127.1, (C-2”, C-6") 126.8 (C-6), 123.5 (C-7), 122.3 (C-3), 121.0
(C-4a), 118.4 (C-5a), 115.8 (C-9), 112.6 (C-1), 99.9 (C-4").

IR (ATR) 7 (cm) = 3388, 1601, 1571, 1479, 1447, 1425, 1399, 1292, 911, 759, 681.
HRMS (El) (m/z) = calculated for C21H1aN-OS™ [M]* 342.0822, found 342.0824.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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1-Ethynyl-9H-carbazole (119)

C14HoN
M, = 191.23 g/mol
1-Bromo-9H-carbazole 117 (295 mg, 1.20 mmol, 1.0 eq) was dissolved in anhydrous
triethylamine (6.0 mL) under N, atmosphere in a pressure tube and the reaction mixture was
stirred at room temperature. Cul (23 mg, 0.12 mmol, 0.1 eq) was added and the mixture was
purged with N2 for 5 min. Then, Pd(PPhs3).Cl. (51 mg, 0.072 mmol, 0.06 eq) and
trimethylsilylacetylene (0.204 mL, 1.44 mmol, 1.2 eq) were added and the mixture was purged
again with N2 for 5 min. The tube was sealed and the reaction mixture stirred at 80 °C for 24 h.
After cooling to room temperature, the mixture was filtered through a pad of celite and the pad
was washed with ethyl acetate (50 mL). The filtrate was washed with sat. aq. NaCl solution
(50 mL) and the ag. phase was further extracted with ethyl acetate (3 x 50 mL). The combined
organic layers were dried using a phase separation filter and concentrated in vacuo.
The crude TMS-protected intermediate 118 (Rt = 0.63, 10% ethyl acetate in hexanes) was
desilylated, following General Procedure Il, with K,CO3 (654 mg, 3.96 mmol, 3.3 eq) in
methanol (12 mL). The crude product was purified two times by flash column chromatography
(10% methylene chloride in hexanes, 6% ethyl acetate in hexanes) to give terminal alkyne 119

as pale yellow solid (126 mg, 0.657 mmol, 55% over two steps).
R = 0.37 (10% ethyl acetate in hexanes).
Melting point = 140 °C.

'H NMR (500 MHz, methylene chloride-d2) & (ppm) = 8.54 (s, 1H, NH), 8.16 — 8.06 (m, 2H,
4-H, 5-H), 7.57 (dd, J = 7.5, 1.1 Hz, 1H, 2-H), 7.53 (dt, J = 8.2, 0.9 Hz, 1H, 8-H), 7.47 (ddd,
J=8.1,7.0,1.2Hz, 1H, 7-H), 7.28 (ddd, J = 7.9, 7.0, 1.1 Hz, 1H, 6-H), 7.21 (t, J = 7.6 Hz, 1H,
3-H), 3.55 (s, 1H, CCH).

13C NMR (126 MHz, methylene chloride-d;) & (ppm) = 141.4 (C-9a), 139.7 (C-8a), 129.5
(C-2), 126.8 (C-7), 123.7 (C-4b), 123.4 (C-4a), 121.7 (C-4), 120.9 (C-5), 120.3 (C-6), 119.6
(C-3), 111.3 (C-8), 104.7 (C-1), 82.2 (CCH), 80.2 (CCH).

IR (ATR) Vv (cm™) = 3401, 3276, 1595, 1494, 1453, 1422, 1317, 1238, 748, 682.
HRMS (El) (m/z) = calculated for C14HoN* [M]* 191.0730, found 191.0730.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5-(9H-Carbazol-1-yl)-3-phenylisoxazole (120)

C21H14N20
M, = 310.36 g/mol
Similar to General Procedure llla, alkyne 119 (95.6 mg, 0.500 mmol, 1.0 eq),
(E)-benzaldehyde oxime (91 mg, 0.75 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodolbenzene
(0.32 g, 0.75 mmol, 1.5 eq) were used in methanol/water (5.0 mL). In contrast to the general
procedure, after stirring for 16 h, another amount of (E)-benzaldehyde oxime (91 mg,
0.75 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodo]benzene (0.32 g, 0.75 mmol, 1.5 eq) were
added. After stirring for additional 20 h, the reaction was completed. The crude product was
purified by flash column chromatography (7% ethyl acetate in hexanes) and subsequent
recrystallization (from methylene chloride/hexanes) to give isoxazole 120 as pale yellow solid
(31.8 mg, 0.102 mmol, 21%).

R = 0.17 (7% ethyl acetate in hexanes).
Melting point = 168 °C.

!H NMR (400 MHz, methylene chloride-d;) & (ppm) = 9.55 (s, 1H, NH), 8.21 (dt, J = 7.7,
0.9 Hz, 1H, 4-H), 8.14 (dt, J = 7.8, 1.0 Hz, 1H, 5-H), 7.97 — 7.91 (m, 2H, 2“-H, 6“-H), 7.85 (dd,
J=7.6, 1.0 Hz, 1H, 2-H), 7.59 (dt, J = 8.2, 0.9 Hz, 1H, 8-H), 7.57 — 7.47 (m, 4H, 7-H, 3“-H,
4“-H, 5*-H), 7.36 (t, J = 7.7 Hz, 1H, 3-H), 7.30 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H, 6-H), 7.05 (s, 1H,
4'-H).

13C NMR (101 MHz, methylene chloride-d;) & (ppm) = 171.1 (C-5%), 163.2 (C-3), 140.3
(C-8a), 136.4 (C-9a), 130.6 (C-4“), 129.4 (C-3“, C-5%), 129.4 (C-1“), 127.3 (C-2“, C-6"), 127.1
(C-7), 125.3 (C-4a), 124.1 (C-2), 123.0 (C-4b), 122.9 (C-4), 120.8 (C-5), 120.4 (C-6), 119.8
(C-3), 111.6 (C-8), 110.7 (C-1), 97.9 (C-4°).

IR (ATR) Vv (cm™) = 3435, 1611, 1597, 1564, 1442, 1427, 1397, 1322, 1270, 1231, 911, 757,
682.

HRMS (El) (m/z) = calculated for C1H14N>O* [M]™* 310.1101, found 310.1110.

Purity (HPLC, method 2b) > 95% (A = 210 nm), > 95% (A = 254 nm).
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7,8-Dichloro-1-ethynyl-9H-pyrido[3,4-b]Jindole (125)

C13HeCI2N2
M = 261.11 g/mol
1-Bromo-7,8-dichloro-9H-pyrido[3,4-bjindole (124) (63.2 mg, 0.200 mmol, 1.0 eq) was
dissolved under N, atmosphere in anhydrous triethylamine (0.75 mL) and anhydrous DMF
(0.55 mL) and the reaction mixture was stirred at room temperature. Cul (7.6 mg, 0.040 mmol,
0.2 eq) was added and the mixture was purged with N, for 5 min. Then, Pd(dppf)Cl. (7.3 mg,
0.010 mmol, 0.05 eq) was added and the mixture was purged again with N, for 5 min.
A degassed solution of trimethylsilylacetylene (0.035 mL, 0.24 mmol, 1.2 eq, dissolved in
0.2 mL anhydrous DMF) was added dropwise and the reaction mixture stirred at room
temperature for 4 h. Then, the mixture was partitioned between sat. agq. NaCl solution (25 mL)
and ethyl acetate (25 mL). The ag. phase was further extracted with ethyl acetate (2 x 25 mL)
and the combined organic layers were dried over Na,SQO., filtered and concentrated in vacuo.
The crude TMS-protected intermediate (R: = 0.72, 2% methanol in methylene chloride) was
desilylated, following General Procedure Il, with K;CO3 (109 mg, 0.660 mmol, 3.3 eq) in
methanol (2.0 mL). The crude product was purified by flash column chromatography
(35% ethyl acetate in hexanes) to give terminal alkyne 125 as light brown solid (27.1 mg,
0.104 mmol, 52% over two steps).

R = 0.30 (40% ethyl acetate in hexanes).
Melting point = 178 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 8.62 (s, 1H), 8.50 (d, J = 5.2 Hz, 1H, 3-H), 7.91
(d, J = 8.4 Hz, 1H, 5-H), 7.88 (d, J = 5.2 Hz, 1H, 4-H), 7.38 (d, J = 8.4 Hz, 1H, 6-H), 3.61 (s,
1H, CCH).

13C NMR (126 MHz, chloroform-d) & (ppm) = 141.0 (C-3), 138.4 (C-8a), 137.8 (C-9a), 132.5
(C-7), 129.0 (C-4a), 126.5 (C-1), 122.8 (C-6), 121.5 (C-4b), 120.8 (C-5), 116.0 (C-8), 115.4
(C-4), 83.1 (CCH), 79.2 (CCH).

IR (ATR) v (cm™) = 3265, 2107, 1620, 1568, 1461, 1420, 1305, 1261, 1231, 1158, 1071, 801,
773.

HRMS (EI) (m/z) = calculated for C13Hs*CILN,* [M]* 259.9908, found 259.9903.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

5-(7,8-Dichloro-9H-pyrido[3,4-blindol-1-yl)-3-phenylisoxazole (126)

C20H11CI2N3O

M, = 380.23 g/mol

Following General Procedure llla, alkyne 125 (65.3 mg, 0.250 mmol, 1.0 eq),

(E)-benzaldehyde oxime (45 mg, 0.38 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodolbenzene

(161 mg, 0.375 mmol, 1.5 eq) were used in methanol/water (2.5 mL). After stirring for additional

16 h, the reaction was completed. The crude product was purified by flash column

chromatography (20% — 25% ethyl acetate in hexanes) to give isoxazole 126 as white solid
(83.4 mg, 0.219 mmol, 88%).

Rt = 0.43 (40% ethyl acetate in hexanes).
Melting point = 210 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.50 (s, 1H, NH), 8.56 (d, J = 5.1 Hz,
1H, 3-H), 7.99 — 7.92 (m, 4H, 4-H, 5-H, 2"-H, 6”-H), 7.55 — 7.50 (m, 3H, 3”-H, 4”-H, 5”-H),
7.42 (s, 1H, 4-H), 7.40 (d, J = 8.4 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-d;) & (ppm) = 170.8 (C-5'), 163.5 (C-3), 140.9 (C-3),
139.4 (C-8a), 133.2 (C-7 or C-9a), 132.9 (C-7 or C-9a), 131.4 (C-1 or C-4a), 131.2 (C-1 or
C-4a), 130.9 (C-4%), 129.6 (C-3“, C-5%), 129.2 (C-1%), 127.5 (C-2“, C-6*), 123.1 (C-6), 121.4
(C-4b), 121.2 (C-5), 116.7 (C-4), 116.4 (C-8), 101.0 (C-4°).

IR (ATR) Vv (cm™) = 3193, 1610, 1554, 1458, 1441, 1421, 1398, 1162, 919, 911, 796, 759.
HRMS (EI) (m/z) = calculated for C20H113Cl.NsO* [M]* 379.0274, found 379.0277.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).

235



EXPERIMENTAL PART

3-(2-(2-Methoxyphenyl)hydrazineylidene)piperidin-2-one (129)22"

C12H15N30:
r = 233.27 g/mol
Similar to literaturel??”, 3-ethoxycarbonyl-2-piperidone (4.32 g, 25.0 mmol, 1.0 eq) was
dissolved in ag. KOH solution (0.5 M, 50 mL) and stirred at 35 °C for 16 h, then ag. HCI (6 Mm,
2.5 mL) was added dropwise at 0 °C. At the same time, 2-methoxyaniline (3.08 g, 25.0 mmol,
1.0 eq) was dissolved in aq. HCI (2.7 M, 48 mL) and at 0 °C a solution of NaNO (1.76 g,
25.5 mmol, 1.02 eq) in water (12.4 mL) was added over 10 min and stirred for further 15 min.
The piperidone solution was transferred dropwise to the diazotized aniline at 0 °C and sodium
acetate (11.2 g, 137 mmol, 5.5 eq) was added to adjust pH 4 — 5. After stirring the suspension
for 5 h at 0 °C, the precipitate was filtered, washed with water (100 mL) and dried to give pure
hydrazone 129 as yellow solid. Additionally, the filtrate was extracted with ethyl acetate
(3 x 100 mL). The combined organic layers were washed with sat. ag. NaHCO3; solution and
dried using a phase separation filter. The solvent was removed in vacuo and the crude product
purified by flash column chromatography (40% ethyl acetate in hexanes) to give further
hydrazone 129 as yellow solid (in total 3.98 g, 17.1 mmol, 68%).

R = 0.31 (65% ethyl acetate in hexanes).
Melting point = 163 °C (lit.??1 162 — 164 °C).

H NMR (400 MHz, chloroform-d) & (ppm) = 12.95 (s, 1H, NNH), 7.54 — 7.47 (m, 1H, 6'-H),
6.96 — 6.90 (m, 1H, 5’-H), 6.89 — 6.82 (m, 2H, 3’-H, 4’-H), 5.90 (s, 1H, CONH), 3.88 (s, 3H,
OCHs), 3.41 — 3.33 (m, 2H, 6-H), 2.76 — 2.69 (m, 2H, 4-H), 2.04 — 1.93 (m, 2H, 5-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 164.1 (C-1), 146.4 (C-2’), 133.7 (C-1), 126.6
(C-3), 121.4 (C-5), 120.7 (C-4’), 112.1 (C-6'), 110.5 (C-3"), 55.8 (OCHs), 42.2 (C-6), 31.3 (C-4),
23.0 (C-5).

IR (ATR) 7 (cm™) = 3208, 3150, 1644, 1595, 1540, 1506, 1399, 1336, 1228, 1150, 1100, 1029,
804, 741, 715.

HRMS (El) (m/z) = calculated for C12H1sN3O2* [M]™* 233.1159, found 233.1156.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

8-Methoxy-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-1-one (130)22"

C12H12N20>

r = 216.24 g/mol

Hydrazone 129 (3.97 g, 17.0 mmol) was dissolved in formic acid (17 mL) and stirred at 80 °C

for 1 h. After cooling to room temperature, the solvent was cautiously removed in vacuo and

the crude product purified by flash column chromatography (65% ethyl acetate in hexanes) to
give tetrahydro-B-carboline 130 as light brown solid (1.94 g, 8.95 mmol, 53%).

Rt = 0.49 (100% ethyl acetate).
Melting point = 238 °C (lit.[??"1 241 — 242 °C).

'H NMR (400 MHz, chloroform-d) & (ppm) = 9.24 (s, 1H, NH), 7.19 (dt, J = 8.2, 0.8 Hz, 1H,
5-H), 7.07 (t, J = 7.9 Hz, 1H, 6-H), 6.73 (dd, J = 7.7, 0.8 Hz, 1H, 7-H), 6.06 (s, 1H, CONH),
3.97 (s, 3H, OCHg), 3.70 (td, J = 7.0, 2.6 Hz, 2H, 3-H), 3.05 (t, J = 7.0 Hz, 2H, 4-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 163.1 (C-1), 147.0 (C-8), 128.3 (C-8a), 126.7
(C-4b), 126.1 (C-9a), 121.0 (C-6), 120.2 (C-4a), 112.8 (C-5), 104.5 (C-7), 55.7 (OCH3), 42.3
(C-3), 21.2 (C-4).

IR (ATR) ¥ (cm') = 3206, 2922, 1650, 1576, 1501, 1389, 1329, 1254, 1099, 992, 785, 735.
HRMS (EI) (m/z) = calculated for C12H1,N20,™ [M]* 216.0894, found 216.0889.

Purity (HPLC, method 2e) > 94% (A = 210 nm), > 95% (A = 254 nm).

237



EXPERIMENTAL PART

8-Methoxy-2,9-dihydro-1H-pyrido[3,4-blindol-1-one (131)

C12H10N202

M: = 214.22 g/mol

Tetrahydro-B-carboline 130 (1.93 g, 8.90 mmol, 1.0 eq) and p-chloranil (3.28 g, 13.40 mmol,

1.5 eq) were suspended in toluene (90 mL). After the reaction mixture was stirred at 145 °C

for 20 h, another portion of p-chloranil (1.09 g, 4.45 mmol, 0.5 eq) was added. The suspension

was stirred at 145 °C for further 24 h and, after cooling to room temperature, the solvent was

removed in vacuo. The crude product was purified by flash column chromatography

(100% ethyl acetate — 5% methanol in ethyl acetate) to give S-carboline 131 as taupe solid
(2.07 g, 4.98 mmol, 56%).

Rt = 0.31 (100% ethyl acetate).
Melting point = 155 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 11.89 (s, 1H, NH), 11.33 (s, 1H, CONH), 7.57 (d,
J=8.0 Hz, 1H, 5-H), 7.10 (t, J = 7.9 Hz, 1H, 6-H), 7.06 (d, J = 6.7 Hz, 1H, 3-H), 6.98 — 6.89
(m, 2H, 4-H, 7-H), 3.93 (s, 3H, OCHa).

13C NMR (101 MHz, DMSO-de) & (ppm) = 155.7 (C-1), 146.8 (C-8), 129.6 (C-8a), 127.9 (C-9a),
124.7 (C-4a), 124.6 (C-3), 123.4 (C-4b), 120.2 (C-6), 113.3 (C-5), 106.3 (C-7), 9.6 (C-4), 55.5
(OCHy).

IR (ATR) v (cm™) = 2957, 1644, 1606, 1435, 1419, 1259, 1246, 1076, 994, 771, 756.
HRMS (EI) (m/z) = calculated for C12H10N2O2* [M]™* 214.0737, found 214.0732.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

8-Methoxy-9H-pyrido[3,4-b]indol-1-yl trifluoromethanesulfonate (132)

5 4

6 woae s
o N O-$_p
/1 3
Ci13HoF3N204S
M, = 346.28 g/mol
B-Carbolinone 131 (107 mg, 0.500 mmol, 1.0 eq) was dissolved in anhydrous pyridine (5.0 mL)
under Nz atmosphere. The solution was cooled to 0 °C and purged with N, for 5 min.
Trifluoromethanesulfonic anhydride (0.17 mL, 1.0 mmol, 2.0 eq) was added dropwise over
15 min. Then the reaction mixture was warmed up to room temperature and stirred for 1 h. The
solution was partitioned between ethyl acetate (50 mL) and a mixture of water (100 mL) and
ag. HCI (2 M, 10 mL). The ag. phase was further extracted with ethyl acetate (2 x 50 mL), the
combined organic layers were washed with ag. HCI (2 M, 30 mL) and dried using a phase
separation filter. The solvent was removed in vacuo and the crude product purified by flash
column chromatography (15% ethyl acetate in hexanes) to give triflate 132 as white solid
(162 mg, 0.467 mmol, 93%).

Rt = 0.60 (35% ethyl acetate in hexanes).
Melting point = 157 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 8.60 (s, 1H, NH), 8.14 (d, J = 5.2 Hz, 1H, 3-H),
7.97 (dd, J =5.3, 0.7 Hz, 1H, 4-H), 7.69 (dt, J = 8.1, 0.7 Hz, 1H, 5-H), 7.28 (t, J = 7.9 Hz, 1H,
6-H), 7.06 (dd, J = 7.9, 0.8 Hz, 1H, 7-H), 4.06 (s, 3H, OCH3).

13C NMR (126 MHz, chloroform-d) & (ppm) = 146.6 (C-8), 141.3 (C-1), 136.4 (C-3), 134.9
(C-4a), 131.4 (C-8a), 125.2 (C-9a), 122.5 (C-4b), 122.0 (C-6), 118.9 (q, Jor = 320.8 Hz, CF3),
116.5 (C-4), 113.9 (C-5), 109.0 (C-7), 55.9 (OCHb).

IR (ATR) 7 (cmt) = 3420, 1583, 1474, 1406, 1395, 1263, 1202, 1126, 1051, 965, 838, 783.
HRMS (El) (m/z) = calculated for C1sHeFaN204S™* [M]™* 346.0230, found 346.0225.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-Ethynyl-8-methoxy-9H-pyrido[3,4-b]indole (133)

C14H10N20
M, = 222.25 g/mol
Following General Procedure Ib, triflate 132 (104 mg, 0.300 mmol, 1.0 eq), LiCl (38 mg,
0.90 mmol, 3.0 eq), Pd(PPhs).Cl; (17 mg, 0.024 mmol, 0.08 eq), Cul (6 mg, 0.03 mmol, 0.1 eq)
and trimethylsilylacetylene (0.30 mL, 2.1 mmol, 7.0 eq) were used in anhydrous
DMF/triethylamine (5.8 mL).
The crude TMS-protected intermediate (R: = 0.66, 40% ethyl acetate in hexanes; HRMS (EI)
(m/z) = calculated for C17H1sN.OSi™* [M]* 294.1183, found 294.1183) was desilylated, following
General Procedure I, with K2CO3 (0.16 g, 0.99 mmol, 3.3 eq) in methanol (1.0 mL). The crude
product was purified by flash column chromatography (40% ethyl acetate in hexanes) to give
terminal alkyne 133 as light brown solid (45.0 mg, 0.204 mmol, 68% over two steps).

Rt = 0.25 (40% ethyl acetate in hexanes).
Melting point = 159 °C.

H NMR (500 MHz, chloroform-d) & (ppm) = 8.63 (s, 1H, NH), 8.45 (d, J = 5.2 Hz, 1H, 3-H),
7.92 (dd, J = 5.3, 0.8 Hz, 1H, 4-H), 7.70 (dd, J = 8.0, 0.8 Hz, 1H, 5-H), 7.23 (t, J = 7.9 Hz, 1H,
6-H), 7.03 (dd, J = 7.8, 0.8 Hz, 1H, 7-H), 4.05 (s, 3H, OCHs), 3.57 (s, 1H, CCH).

13C NMR (126 MHz, chloroform-d) & (ppm) = 146.4 (C-8), 139.9 (C-3), 137.6 (C-9a), 130.9
(C-8a), 129.3 (C-44a), 126.1 (C-1), 122.8 (C-4b), 121.2 (C-6), 115.6 (C-4), 114.2 (C-5), 108.6
(C-7), 82.2 (CCH), 79.8 (CCH), 55.8 (OCHs).

IR (ATR) Vv (cm™) = 3393, 3274, 2106, 1574, 1461, 1424, 1323, 1265, 1224, 1051, 959, 839,
791, 769.

HRMS (El) (m/z) = calculated for C14H10N>O* [M]™* 222.0788, found 222.0793.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

5-(8-Methoxy-9H-pyrido[3,4-b]indol-1-yl)-3-phenylisoxazole (128)

C21H15N30:

M; = 341.37 g/mol

Following General Procedure llla, alkyne 133 (267 mg, 1.20 mmol, 1.0 eq), (E)-benzaldehyde

oxime (218 mg, 1.80 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodolbenzene (774 mg,

1.80 mmol, 1.5 eq) were used in methanol/water (12 mL). After stirring for additional 2 h, the

reaction was completed. The crude product was purified by flash column chromatography

(25% ethyl acetate in hexanes) to give isoxazole 128 as yellow solid (351 mg, 1.03 mmol,
86%).

Rt = 0.34 (25% ethyl acetate in hexanes).
Melting point = 174 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.78 (s, 1H, NH), 8.64 (d, J = 5.5 Hz,
1H, 3-H), 8.17 (dd, J = 5.4, 0.7 Hz, 1H, 4-H), 7.97 — 7.92 (m, 2H, 2“-H, 6“-H), 7.80 — 7.75 (m,
2H, 5-H, 4-H), 7.57 — 7.51 (m, 3H, 3“-H, 4“-H, 5“-H), 7.32 (t, J = 7.9 Hz, 1H, 6-H), 7.12 (dd,
J=17.8,0.8 Hz, 1H, 7-H), 4.07 (s, 3H, OCHs).

13C NMR (101 MHz, methylene chloride-d;) & (ppm) = 167.7 (C-5'), 163.7 (C-3), 146.9 (C-8),
136.7 (C-3), 133.6 (C-4a), 133.0 (C-8a), 132.4 (C-9a), 131.0 (C-4*), 129.5 (C-3“, C-5%), 128.7
(C-1%), 128.1 (C-1), 127.4 (C-2“, C-6“), 122.5 (C-6), 121.8 (C-4b), 117.2 (C-4), 114.3 (C-5),
110.2 (C-7), 102.6 (C-4°), 56.2 (OCHb).

IR (ATR) ¥V (cm™) = 3461, 2230, 1558, 1427, 1434, 1320, 1257, 1220, 1054, 1029, 9718, 762,
722.

HRMS (EI) (m/z) = calculated for C21H1sN3O2* [M]™* 341.1159, found 341.1152.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]lindol-8-ol (134)

C20H13N30>

M, = 327.34 g/mol

Methyl ether 128 (307 mg, 0.900 mmol) was dissolved in glacial acetic acid (4.5 mL) and HBr

(48% in water, 4.5 mL) was slowly added. The reaction mixture was stirred at 135 °C for 6 h

and, after cooling to room temperature, diluted with water (35 mL) and cooled to 0 °C. The

precipitate was filtered, washed with cold water (50 mL), resuspended in ag. NaOH solution

(2 M, 200 mL) and extracted with ethyl acetate (4 x 100 mL). The combined organic layers

were dried using a phase separation filter and the solvent was removed in vacuo to give
sufficiently pure phenol 134 (186 mg, 0.569 mmol, 63%).

Rt = 0.23 (25% ethyl acetate in hexanes).
Melting point = 269 °C.

IH NMR (500 MHz, DMSO-de) & (ppm) = 11.27 (s, 1H, NH), 10.11 (s, 1H, OH), 8.53 (d,
J=5.0 Hz, 1H, 3-H), 8.28 (d, J = 5.0 Hz, 1H, 4-H), 8.11 — 8.06 (m, 2H, 2“-H, 6“-H), 7.86 (s,
1H, 4-H), 7.81 — 7.77 (m, 1H, 5-H), 7.62 — 7.55 (m, 3H, 3“-H, 4“-H, 5“-H), 7.18 (t, J = 7.7 Hz,
1H, 6-H), 7.04 (dd, J = 7.6, 1.0 Hz, 1H, 7-H).

13C NMR (126 MHz, DMSO-dg) & (ppm) = 169.6 (C-5°), 162.5 (C-3'), 143.6 (C-8), 138.6 (C-3),
132.0 (C-9a), 131.0 (C-1 or C-4a), 130.5 (C-8a, C-4“), 129.6 (C-1 or C-4a), 129.2 (C-3“, C-5%),
128.4 (C-1%), 126.9 (C-2, C-6“), 122.4 (C-4b), 121.4 (C-6), 116.7 (C-4), 114.0 (C-7), 112.5
(C-5), 100.8 (C-4°).

IR (ATR) v (cm™) = 3324, 3063, 1560, 1463, 1436, 1399, 1374, 1288, 1265, 1240, 1226, 812,
763, 686.

HRMS (ESI) (m/z) = calculated for CaoH14N3O2" [M+H]* 328.1081, found 328.1082.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]indol-8-yl trifluoromethanesulfonate (127)

Co1H12F3N304S
M; = 459.40 g/mol
Phenol 134 (131 mg, 0.400 mmol, 1.0 eq) was suspended in anhydrous methylene
chloride/pyridine (2:1, 6.0 mL) under N2 atmosphere. The suspension was cooled to 0 °C and
purged with N2 for 5min. A solution of trifluoromethanesulfonic anhydride (0.080 mL,
0.48 mmol, 1.2 eq) in anhydrous methylene chloride (0.1 mL) was added dropwise over
10 min. The reaction mixture was stirred for 15 min at 0 °C, then warmed up to room
temperature and stirred for further 1 h. The mixture was partitioned between methylene
chloride (40 mL) and sat. ag. NaCl solution (40 mL). The aq. phase was further extracted with
methylene chloride (2 x 40 mL), the combined organic layers were dried using a phase
separation filter and the solvent removed in vacuo. The crude product was purified by flash
column chromatography (30% — 40% methylene chloride in hexanes) to give triflate 127 as
white solid (124 mg, 0.269 mmol, 67%).

Rt = 0.23 (50% methylene chloride in hexanes).
Melting point = 177 °C.

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 9.70 (s, 1H, NH), 8.64 (d, J = 5.1 Hz,
1H, 3-H), 8.24 (dt, J = 7.9, 0.8 Hz, 1H, 5-H), 8.10 (dd, J = 5.1, 0.7 Hz, 1H, 4-H), 7.99 — 7.96
(m, 2H, 2*-H, 6“-H), 7.63 (dd, J = 8.1, 0.9 Hz, 1H, 7-H), 7.56 — 7.52 (m, 3H, 3“-H, 4“-H, 5"-H),
7.48 (s, 1H, 4°-H), 7.41 (t, J = 8.0 Hz, 1H, 6-H).

13C NMR (101 MHz, methylene chloride-dz) & (ppm) = 170.7 (C-5), 163.5 (C-3'), 140.9 (C-3),
135.2 (C-8), 133.3 (C-9a), 132.6 (C-8a), 131.4 (C-1 or C-4a), 130.9 (C-1 or C-4a), 130.8 (C-4*),
129.5 (C-2“, C-6*), 129.0 (C-1%), 127.4 (C-3“, C-5“), 125.5 (C-4b), 122.5 (C-5), 121.6 (C-6),
121.5 (C-7), 119.2 (q, Jor = 320.8 Hz, CFs), 116.7 (C-4), 100.9 (C-4°).

IR (ATR) 7 (cm™) = 3418, 1560, 1436, 1420, 1399, 1298, 1282, 1222, 1208, 1193, 1131, 1000,
934, 831, 800, 766.

HRMS (ESI) (m/z) = calculated for C21H13F3N304S* [M+H]* 460.0573, found 460.0575.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]indol-8-yl acetate (135)

C22H15N303

r = 369.38 g/mol

In the synthesis of triflate 127, flash column chromatography (40% methylene chloride in

hexanes — 100% methylene chloride) gave also side product 135 as yellow solid (33.5 mg,
0.0907 mmol, 23%).

Rt = 0.10 (50% methylene chloride in hexanes).
Melting point = 249 °C.

'H NMR (500 MHz, methylene chloride-d2) 6 (ppm) = 9.44 (s, 1H, NH), 8.57 (d, J = 5.0 Hz,
1H, 3-H), 8.08 — 8.05 (m, 2H, 4-H, 5-H), 7.97 — 7.94 (m, 2H, 2“-H, 6“-H), 7.56 — 7.51 (m, 3H,
3“-H, 4“-H, 5*-H), 7.45 (s, 1H, 4*-H), 7.44 (dd, J = 7.9, 1.0 Hz, 1H, 7-H), 7.33 (t, J = 7.8 Hz,
1H, 6-H), 2.53 (s, 3H, CHa).

13C NMR (126 MHz, methylene chloride-dz) & (ppm) = 171.3 (C-5°), 169.6 (CO), 163.6 (C-3'),
140.4 (C-3), 137.1 (C-8), 133.5 (C-8a or C-9a), 133.3 (C-8a or C-9a), 131.6 (C-1 or C-4a),
130.9 (C-1 or C-4a), 130.9 (C-4"), 129.6 (C-3”, C-5”), 129.3 (C-1"), 127.5 (C-2”, C-6"), 124.3
(C-4b), 122.1 (C-7), 121.4 (C-6), 119.7 (C-5), 116.8 (C-4), 100.8 (C-4’), 21.8 (CHb).

IR (ATR) v (cm™) = 3383, 1746, 1556, 1442, 1424, 1399, 1278, 1200, 1164, 1013, 765, 690.
HRMS (ESI) (m/z) = calculated for C22H16N3Os" [M+H]* 370.1187, found 370.1190.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-Phenyl-1H-pyrazole (136)1%2

CoHsN2

M, = 144.18 g/mol

Following General Procedure Vlb, phenyl triflate (45.2 mg, 0.200 mmol, 1.0 eq), 1H-pyrazol-

3-ylboronic acid hydrate (31 mg, 0.24 mmol, 1.2 eq), Na>COs3 (64 mg, 0.60 mmol, 3.0 eq) and

Pd(PPhs)s (12 mg, 0.010 mmol, 0.05 eq) were used in degassed 1,4-dioxan/water (2.5 mL).

The reaction was completed after 16 h and the extraction was performed with sat. aq. NaCl

solution (15 mL) and ethyl acetate (3 x 15 mL). The crude product was purified by flash column

chromatography (35% ethyl acetate in hexanes) to give biaryl 136 as colourless oil (20.1 mg,
0.139 mmol, 70%), which solidified in the cold (2 — 8°C).

Rt = 0.48 (50% ethyl acetate in hexanes).
Melting point = 60 °C (lit.°2 60 — 62 °C).

'H NMR (400 MHz, chloroform-d) & (ppm) = 10.10 (s, 1H, NH), 7.71 — 7.65 (m, 2H, 2’-H,
6’-H), 7.52 (d, J = 2.3 Hz, 1H, 5-H), 7.35 -7.29 (m, 2H, 3’-H, 5’-H), 7.28 — 7.22 (m, 1H, 4'-H),
6.53 (d, J = 2.2 Hz, 1H, 4-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 149.3 (C-3), 133.4 (C-5), 132.3 (C-1°), 128.9
(C-3', C-59, 128.2 (C-4), 126.0 (C-2', C-6°), 102.8 (C-4).

IR (ATR) ¥ (cm™) = 3159, 2921, 1456, 1441, 1353, 1072, 1048, 953, 918, 826, 749, 693.
HRMS (El) (m/z) = calculated for CoHgN2>™* [M]* 144.0682, found 144.0681.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

2-((Trimethylsilyl)ethynyl)-9H-carbazole (138)2%

7 e
8 8a N 9a 1 ? T SI\
H
C17H17NSi
r = 263.42 g/mol

Following General Procedure Ic, 9H-carbazol-2-yl trifluoromethanesulfonate (137) (94.6 mg,
0.300 mmol, 1.0 eq), tetra-n-butylammonium iodide (0.33 g, 0.90 mmol, 3.0 eq), Pd(PPh3).Cl,
(21 mg, 0.030 mmol, 0.1 eq), Cul (17 mg, 0.090 mmol, 0.3 eq) and trimethylsilylacetylene
(0.085 mL, 0.60 mmol, 2.0 eq) were used in anhydrous DMF/triethylamine (1.7 mL). The crude
product was purified by flash column chromatography (5% ethyl acetate in hexanes) to give
alkyne 138 as beige solid (78.5 mg, 0.298 mmol, 99%).

Rt = 0.58 (25% ethyl acetate in hexanes).
Melting point = 217 °C (lit.?>1 218 °C).

!H NMR (400 MHz, DMSO-ds) & (ppm) = 11.36 (s, 1H, NH), 8.16 — 8.06 (m, 2H, 4-H, 5-H),
7.56 (dd, J = 1.5, 0.7 Hz, 1H, 1-H), 7.51 (dt, J = 8.2, 1.0 Hz, 1H, 8-H), 7.41 (ddd, J = 8.2, 7.0,
1.2 Hz, 1H, 7-H), 7.22 (dd, J = 8.0, 1.4 Hz, 1H, 3-H), 7.18 (ddd, J = 7.9, 7.1, 1.0 Hz, 1H, 6-H),
0.26 (s, 9H, Si(CHa)s).

13C NMR (101 MHz, DMSO-dg) & (ppm) = 140.5 (C-8a), 139.1 (C-9a), 126.3 (C-7), 122.9
(C-4a), 122.1 (C-3), 121.9 (C-4b), 120.6 (C-4 or C-5), 120.4 (C-4 or C-5), 119.0 (C-6), 118.6
(C-2), 114.1 (C-1), 111.2 (C-8), 106.8 (SiCC), 93.0 (SiCC), 0.0 (Si(CHs)s).

IR (ATR) V (cm™) = 3405, 2956, 2154, 1607, 1458, 1440, 1327, 1246, 836, 725.
HRMS (ESI) (m/z) = calculated for C17H17NSi* [M]* 263.1125, found 263.1125.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

tert-Butyl (3-(9H-carbazol-2-yl)prop-2-yn-1-yl)carbamate (140)

5 4

6
4b 4a3
7 —
2 ==
g 8a 9a 1 (@)

N HN\/(

C20H20N20>

M, = 320.39 g/mol

Following General Procedure Ic, 9H-carbazol-2-yl trifluoromethanesulfonate (137) (94.6 mg,

0.300 mmol, 1.0 eq), tetra-n-butylammonium iodide (0.33 g, 0.90 mmol, 3.0 eq), Pd(PPh3).Cl»

(21 mg, 0.030 mmol, 0.1 eq), Cul (17 mg, 0.090 mmol, 0.3 eq) and N-Boc-propargylamine

(93 mg, 0.60 mmol, 2.0 eq) were used in anhydrous DMF/triethylamine (1.7 mL). The crude

product was purified two times by flash column chromatography (2% methanol in methylene

chloride, 20% — 40% ethyl acetate in hexanes) to give alkyne 140 as beige solid (67.4 mg,
0.21 mmol, 70%).

Rt = 0.41 (25% ethyl acetate in hexanes).
Melting point = 161 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 8.14 (s, 1H, 9-NH), 8.05 (d, J = 7.8 Hz, 1H, 5-H),
7.99 (d, J = 8.0 Hz, 1H, 4-H), 7.49 (d, J = 1.3 Hz, 1H, 1-H), 7.45 — 7.40 (m, 2H, 7-H, 8-H), 7.29
(dd, J =8.0, 1.4 Hz, 1H, 3-H), 7.25 - 7.22 (m, 1H, 6-H, collapses with chloroform peak), 4.83
(s, 1H, CONH), 4.21 (d, J = 5.4 Hz, 2H, CH,), 1.49 (s, 9H, C(CHj3)3).

13C NMR (101 MHz, chloroform-d) & (ppm) = 155.5 (CONH), 140.2 (C-8a), 139.1 (C-9a),
126.5 (C-7), 123.6 (C-4a), 123.4 (C-3), 123.1 (C-4b), 120.7 (C-5), 120.3 (C-4), 119.9 (C-6),
119.7 (C-2), 114.1 (C-1), 110.9 (C-8), 84.9 (CH,CC), 84.3 (CH.CC), 80.2 (C(CHs)s), 31.5
(CH>), 28.6 (C(CHa)s).

IR (ATR) 7 (cm™) = 3398, 3361, 1690, 1514, 1459, 1440, 1368, 1327, 1283, 1246, 1160, 1139,
816, 750, 730.

HRMS (ESI) (m/z) = calculated for CaoH20N202* [M]* 320.1520, found 320.1520.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-(9H-Carbazol-2-yl)prop-2-yn-1-ol (141)

OH
C1sH12NO
M, = 221.26 g/mol
Following General Procedure Ic, 9H-carbazol-2-yl trifluoromethanesulfonate (137) (94.6 mg,
0.300 mmol, 1.0 eq), tetra-n-butylammonium iodide (0.33 g, 0.90 mmol, 3.0 eq), Pd(PPh3).Cl»
(21 mg, 0.030 mmol, 0.1 eq), Cul (17 mg, 0.090 mmol, 0.3 eq) and propargyl alcohol
(0.035 mL, 0.60 mmol, 2.0 eq) were used in anhydrous DMF/triethylamine (1.7 mL). The crude
product was purified two times by flash column chromatography (2% methanol in methylene
chloride, 20% — 40% ethyl acetate in hexanes) to give alkyne 141 as beige solid (55.5 mg,
0.251 mmol, 84%).

Rt = 0.33 (2% methanol in methylene chloride).
Melting point = 199 °C.

IH NMR (500 MHz, DMSO-ds) & (ppm) = 11.35 (s, 1H, NH), 8.17 — 8.06 (m, 2H, 4-H, 5-H),
7.53 (d, J = 1.3 Hz, 1H, 1-H), 7.50 (d, J = 8.1 Hz, 1H, 8-H), 7.40 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H,
7-H), 7.22 — 7.15 (m, 2H, 3-H, 6-H), 5.33 (t, J = 5.9 Hz, 1H, OH), 4.35 (d, J = 5.8 Hz, 2H, CH,).

13C NMR (126 MHz, DMSO-dg) & (ppm) = 140.3 (C-8a), 139.3 (C-9a), 126.1 (C-7), 122.5
(C-4a), 122.0 (C-4b), 121.8 (C-3), 120.5 (C-4 or C-5), 120.4 (C-4 or C-5), 119.0 (C-2), 118.9
(C-6), 113.8 (C-1), 111.1 (C-8), 89.0 (CH.CC), 84.9 (CH2CC), 49.6 (CHo).

IR (ATR) 7 (cm™) = 3396, 2922, 1606, 1458, 1438, 1325, 1231, 1022, 822, 746, 726.
HRMS (El) (m/z) = calculated for CisH1sNO™ [M]* 221.0836, found 221.0830.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-(1-(3-Phenylisoxazol-5-yl)-9H-pyrido[3,4-b]indol-8-yl)prop-2-yn-1-o0l (142)

C23H15N30:

M, = 365.39 g/mol

Following General Procedure Ic, triflate 127 (50.1 mg, 0.109 mmol, 1.0 eq),

tetra-n-butylammonium iodide (121 mg, 0.327 mmol, 3.0 eq), Pd(PPhs).Cl; (8 mg, 0.01 mmol,

0.1 eq), Cul (6 mg, 0.03 mmol, 0.3 eq) and propargyl alcohol (0.013 mL, 0.22 mmol, 2.0 eq)

were used in anhydrous DMF/triethylamine (1.2 mL). After the extraction, the combined

organic layers were additionally washed with water (2 x 50 mL). The crude product was purified

two times by flash column chromatography (25% ethyl acetate in hexanes — 100% ethyl

acetate, 100% methylene chloride — 1.0% methanol in methylene chloride) to give alkyne 142
as off-white solid (34.4 mg, 0.0941 mmol, 86%).

Rt = 0.15 (25% ethyl acetate in hexanes).
Melting point = 236 °C.

IH NMR (500 MHz, DMSO-dg) & (ppm) = 10.90 (s, 1H, NH), 8.61 (d, J = 5.0 Hz, 1H, 3-H),
8.41 — 8.36 (M, 2H, 4-H, 5-H), 8.10 — 8.06 (m, 2H, 2“-H, 6“-H), 7.84 (s, 1H, 4'-H), 7.72 (dd,
J=7.4,1.1Hz, 1H, 7-H), 7.62 — 7.56 (m, 3H, 3“-H, 4“-H, 5“-H), 7.36 (t, J = 7.6 Hz, 1H, 6-H),
5.50 (t, J = 5.9 Hz, 1H, OH), 4.51 (d, J = 5.8 Hz, 2H, CHb,).

13C NMR (101 MHz, DMSO-ds) & (ppm) = 169.2 (C-5), 162.4 (C-3’), 141.5 (C-8a), 139.5 (C-3),
132.7 (C-9a), 132.3 (C-7), 130.9 (C-4a), 130.5 (C-4”), 130.3 (C-1), 129.3 (C-3", C-5"), 128.4
(C-17), 126.8 (C-2”, C-6"), 122.6 (C-5), 121.1 (C-4b), 120.7 (C-6), 116.7 (C-4), 107.1 (C-8),
101.4 (C-4’), 95.1, (CH,CC), 79.6 (CH,CC), 50.0 (CH.).

IR (ATR) 7 (cm™) = 3464, 3253, 1608, 1559, 1441, 1430, 1398, 1305, 1294, 1283, 1168, 1031,
948, 765, 739, 691.

HRMS (ESI) (m/z) = calculated for CosH16NsO2* [M+H]* 366.1238, found 366.1235.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

5-(8-(1H-Pyrazol-3-y)-9H-pyrido[3,4-b]indol-1-yl)-3-phenylisoxazole (143)

C23H1sNsO

M, = 377.41 g/mol

Following General Procedure VIb, triflate 127 (59.7 mg, 0.130 mmol, 1.0 eq), 1H-pyrazol-3-

ylboronic acid hydrate (34 mg, 0.26 mmol, 2.0 eq), Na.CO3; (64 mg, 0.60 mmol, 3.0 eq) and

Pd(PPhs)4 (6 mg, 0.005 mmol, 0.04 eq) were used in degassed 1,4-dioxan/water (2.0 mL). The

reaction was completed after 20 h and the extraction was performed with sat. aq. NaCl solution

(100 mL) and ethyl acetate (4 x 50 mL). The crude product was purified two times by flash

column chromatography (100% methylene chloride — 10% methanol in methylene chloride,

0.1% — 1.0% methanol in methylene chloride) to give pyrazole 143 as pale yellow solid
(20.1 mg, 0.0533 mmol, 41%).

Rt = 0.38 (0.5% methanol in methylene chloride).
Melting point = 315 °C (decomposition).

IH NMR (400 MHz, DMSO-ds) & (ppm) = 13.54 (s, 1H, 1"’-NH), 11.75 (s, 1H, 9-NH), 8.61 (d,
J = 5.1 Hz, 1H, 3-H), 8.40 (d, J = 5.1 Hz, 1H, 4-H), 8.33 (d, J = 7.8 Hz, 1H, 5-H), 8.14 (dd,
J=7.5,1.1Hz, 1H, 7-H), 8.12 — 8.07 (m, 2H, 2"-H, 6”-H), 8.01 (dd, J = 2.5, 1.0 Hz, 1H, 5""-H),
7.86 (s, 1H, 4'-H), 7.64 — 7.57 (m, 3H, 3“-H, 4“-H, 5“-H), 7.45 (t, J = 7.6 Hz, 1H, 6-H), 7.11 (t,
J=2.0 Hz, 1H, 4“-H).

13C NMR (101 MHz, DMSO-dg) & (ppm) = 170.4 (C-5'), 162.6 (C-3'), 149.5 (C-3""), 139.2 (C-3),
137.3 (C-8a), 132.0 (C-9a), 130.6 (C-5""), 130.4 (C-4a), 130.2 (C-4"), 129.4 (C-1), 129.3 (C-3”,
C-57), 128.3 (C-17), 126.9 (C-2”, C-6”), 125.9 (C-7), 121.1 (C-5), 121.0 (C-4b), 120.7 (C-6),
117.3 (C-8), 116.9 (C-4), 102.2 (C-4”"), 100.6 (C-4’).

IR (ATR) 7 (cm™) = 3379, 3160, 2921, 1608, 1561, 1459, 1425, 1400, 1278, 1222, 1212, 1058,
951, 796, 750, 738.

HRMS (ESI) (m/z) = calculated for CosHi6NsO* [M+H]* 378.1350, found 378.1350.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

Ethyl 3-(3-nitropyridine-4-yl)-2-oxopropanoate /
ethyl 2-hydroxy-3-(3-nitropyridin-4-yl)acrylate (146%)303

C10H10N20s
r = 238.20 g/mol
Sodium (1.21 g, 52.5 mmol, 2.5 eq) was dissolved in absolute ethanol (38 mL) under N
atmosphere. Diethyl oxalate (5.7 mL, 42 mmol, 2.0 eq) was added and the reaction mixture
stirred for 15 min at room temperature. Then a solution of 4-methyl-3-nitropyridine (2.36 mL,
21.0 mmol, 1.0 eq) in absolute ethanol (38 mL) was added dropwise and the reaction mixture
stirred for further 17 h. Water (0.5 mL) was added and the solvent removed in vacuo. The
residue was redissolved in water (150 mL) and the pH adjusted to 4 with acetic acid. The
precipitate was filtered, washed with cold water (50 mL) and dried to give a mixture of keto-
enol tautomers 1462 (ratio 1.0:0.35 determined via *H NMR spectrum) as red solid (3.52 g,
14.8 mmol, 70%).

Rt = 0.35 (50% ethyl acetate in hexanes).
Melting point = 133 °C (Iit.%1 132 — 133 °C).

'H NMR (500 MHz, chloroform-d) & (ppm) = 9.37 (s, 1H, 2’-H (keto)), 9.14 (s, 1H, 2’-H (enol)),
8.82 (d, J =5.0 Hz, 1H, 6’-H (keto)), 8.77 (d, J = 5.3 Hz, 1H, 6°-H (enol)), 8.21 (d, J = 5.4 Hz,
1H, 5-H (enol)), 7.31 (d, J = 5.1 Hz, 1H, 5’-H (keto)), 6.98 (s, 1H, 3-H (enal)), 4.60 (s, 2H, 3-H
(keto)), 4.47 — 4.38 (m, 4H, OCH: (keto), OCH: (enol)), 1.42 (t, J = 7.2 Hz, 3H, CHs (enol)),
1.41 (t, J=7.1 Hz, 3H, CHs; (keto)). Signal for OH (enol) not observed.

13C NMR (126 MHz, chloroform-d) & (ppm) = 188.0 (C-2 (keto)), 165.0 (C-1 (enol)), 160.1
(C-1 (keto)), 154.2 (C-6’ (keto)), 153.1 (C-6’ (enol)), 146.8 (C-2’ (keto)), 146.0 (C-2’ (enol)),
145.0 (C-2 (enol)), 144.8 (C-3’ (keto)), 144.0 (C-3’ (enol)), 138.2 (C-4’ (keto)), 136.3 (C-4’
(enol)), 127.8 (C-5 (keto)), 124.7 (C-5 (enol)), 100.4 (C-3 (enal)), 64.0 (OCH: (enol)), 63.5
(OCHz; (keto)), 43.9 (C-3 (keto)), 14.3 (CHs (enol)), 14.1 (CHs (keto)),

IR (ATR) 7 (cm™) = 2981, 1709, 1654, 1591, 1519, 1493, 1465, 1424, 1324, 1276, 1214, 1140,
110, 1017, 832, 790.

HRMS (ESI) (m/z) = calculated for C10HoN2Os™ [M-H]  237.0517, found 237.0515.
Purity (HPLC, method 2g) > 93% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

Ethyl 1H-pyrrolo[2,3-c]pyridine-2-carboxylate (1472)304

5 4

/ \33 3
N/ \ 0o
7 7a N 2
H o\\

C10H10N20>

M; = 190.20 g/mol

Nitro compound 1462 (1.55 g, 6.50 mmol, 1.0 eq) was dissolved in glacial acetic acid (35 mL)

and iron powder (1.82 g, 32.50 mmol, 5.0 eq) was added. The reaction mixture was stirred at

60 °C for 4 h and, after cooling to room temperature, filtered through a pad of celite. The pad

was washed with methanol (50 mL) and the solvent was removed in vacuo. The residue was

resuspended in ethanol (50 mL) and solid NaHCO3 (approx. 1.5 g) was cautiously added. The

mixture was stirred for 15 min, then the solvent was again removed in vacuo. The crude

product was purified by flash column chromatography (4% methanol in methylene chloride) to
give 6-azaindole 1472 as off-white solid (912 mg, 4.79 mmol, 74%).

Rt = 0.33 (35% ethyl acetate in hexanes).
Melting point = 211 °C (Iit.% 212 — 214 °C).

'H NMR (400 MHz, chloroform-d) & (ppm) = 9.83 (s, 1H, NH), 8.97 (t, J = 1.1 Hz, 1H, 7-H),
8.34 (d, J =5.6 Hz, 1H, 5-H), 7.61 (dd, J = 5.6, 1.2 Hz, 1H, 4-H), 7.21 (d, J = 0.9 Hz, 1H, 3-H),
4.46 (q,J = 7.1 Hz, 2H, CH), 1.43 (t, J = 7.1 Hz, 3H, CHa).

13C NMR (101 MHz, chloroform-d) & (ppm) = 161.6 (COO), 139.5 (C-5), 136.0 (C-7), 133.6
(C-7a), 132.1 (C-3a), 131.0 (C-2), 116.6 (C-4), 107.3 (C-3), 61.8 (CH), 14.5 (CH).

IR (ATR) 7 (cm™) = 3076, 2927, 2687, 1914, 1840, 1711, 1613, 1481, 1372, 1322, 1368, 1160,
1168, 1024, 972, 828, 789, 743.

HRMS (ESI) (m/z) = calculated for CioH11N2O>* [M+H]* 191.0815, found 191.0816.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

Ethyl 3-bromo-1H-pyrrolo[2,3-c]pyridine-2-carboxylate (148?)24

4
5/ \33 3 Br
N/ \ 0o
7 7a N 2
H o\\
C10H9BrN20O>
M: = 269.10 g/mol
6-Azaindole 1472 (1.43 g, 7.50 mmol, 1.0 eq) dissolved in anhydrous DMF (30 mL) under Nz
atmosphere and stirred at room temperature for 5 min, then N-bromosuccinimide (1.35 g,
7.50 mmol, 1.0 eq) was added in portions. After stirring for additional 3 h, the reaction mixture
was cooled to 0 °C and diluted with ice water (100 mL). The precipitate was filtered, washed

with cold water (100 mL) and dried to give bromide 1482 as pale yellow solid (1.87 g,
6.95 mmol, 93%).

Rt = 0.31 (50% ethyl acetate in hexanes).
Melting point = 260 °C.

IH NMR (400 MHz, DMSO-ds) & (ppm) = 12.75 (s, 1H, NH), 8.88 (s, 1H, 7-H), 8.28 (d,
J =5.6 Hz, 1H, 5-H), 7.52 (dd, J = 5.6, 1.2 Hz, 1H, 4-H), 4.41 (q, J = 7.1 Hz, 2H, CHy), 1.38 (t,
J=7.1Hz, 3H, CHa).

13C NMR (101 MHz, DMSO-dg) & (ppm) = 159.8 (COO), 139.2 (C-5), 137.0 (C-7), 132.4 (C-7a),
131.0 (C-3a), 127.0 (C-2), 114.0 (C-4), 94.4 (C-3), 61.4 (CH,), 14.1 (CH3).

IR (ATR) 7 (cm™) = 3413, 3065, 2985, 2621, 1902, 1713, 1612, 1494, 1369, 1322, 1265, 1205,
1021, 928, 808, 744, 654.

HRMS (ESI) (m/z) = calculated for C1oH10™BrN,O, [M+H]* 268.9921, found 268.9923.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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EXPERIMENTAL PART

3-Bromo-1H-pyrrolo[2,3-c]pyridine-2-carboxylic acid (170%)

4
5/ \Sa 3 Br
N/ \ 0
7 7a N 2
H OH
CgHsBrN,O-
r = 241.04 g/mol
Ester 1482 (404 mg, 1.50 mmol, 1.0 eq) was suspended in ethanol (20 mL) and ag. NaOH
solution (2 M, 2.25 mL, 4.50 mmol, 3.0 eq) was added. The reaction mixture was stirred at
60 °C for 4.5 h and, after cooling to room temperature, the solvent was removed in vacuo. The
residue was resuspended in water (15 mL) and the pH adjusted to 4 with acetic acid. The
precipitate was filtered, washed with cold water (15 mL) and dried to give carboxylic acid 1702
as white solid (354 mg, 1.47 mmol, 98%).

Rt = 0.00 (3% methanol in ethyl acetate).
Melting point = 262 °C.

'H NMR (400 MHz, DMSO-ds) & (ppm) = 12.64 (s, 1H, NH), 8.85 (s, 1H, 7-H), 8.26 (d,
J=5.7 Hz, 1H, 5-H), 7.53 (d, J = 5.6 Hz, 1H, 4-H). Signal for COOH not observed.

13C NMR (101 MHz, DMSO-de) & (ppm) = 161.3 (COOH), 138.8 (C-5), 136.6 (C-7), 132.2
(C-7a), 131.2 (C-3a), 128.6 (C-2), 114.0 (C-4), 93.7 (C-3).

IR (ATR) 7 (cm™) = 3398, 3057, 3564, 2100, 1716, 1639, 1572, 1350, 1321, 1231, 1151, 915,
854, 804.

HRMS (ESI) (m/z) = calculated for CsHe""BrN2O2* [M+H]* 240.9607, found 240.9606.

Purity (HPLC) n. d.
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EXPERIMENTAL PART

3-Bromo-1H-pyrrolo[2,3-c]pyridine-2-carboxamide (149?)

5/ 1\33 5 Br
gl
NG
H NH,
CsHeBrNsO

r = 240.06 g/mol
Carboxylic acid 1702 (301 mg, 1.25 mmol, 1.0 eq) was suspended in anhydrous THF (50 mL)
under N atmosphere. N,N-Diisopropylethylamine (1.09 mL, 6.25 mL, 5.0 eq),
1-hydroxybenzotriazole (186 mg, 1.38 mmol, 1.1 eq), and 1l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (264 mg, 1.38 mmol, 1.1 eq) were added and
the reaction mixture was stirred at room temperature for 15 min. Then, ammonium carbonate
(961 mg, 10.0 mmol, 8.0 eq) was added and the suspension was stirred at room temperature
for 22 h. The solvent was removed in vacuo and the residue partitioned between sat. aq.
Na2COs solution (80 mL) and ethyl acetate (80 mL). The aqueous phase was further extracted
with ethyl acetate (2 x 80 mL) and the combined organic layers were dried over Na;SO., filtered
and concentrated in vacuo. The crude product was purified by flash column chromatography
(3% methanol in ethyl acetate) to give primary amide 1492 as off-white solid (183 mg,
0.762 mmol, 61%).

Rt = 0.17 (3% methanol in ethyl acetate).
Melting point = 264 °C.

IH NMR (400 MHz, DMSO-de) & (ppm) = 12.52 (s, 1H, NH), 8.82 (s, 1H, 7-H), 8.24 (d,
J =5.6 Hz, 1H, 5-H), 8.06 (s, 1H, CONH>), 7.56 (S, 1H, CONHy), 7.48 (d, J = 5.6 Hz, 1H, 4-H).

13C NMR (101 MHz, DMSO-de) & (ppm) = 161.2 (CONH,), 138.8 (C-5), 136.2 (C-7),
131.9 (C-7a), 131.1 (C-3a), 129.4 (C-2), 113.6 (C-4), 89.2 (C-3).

IR (ATR) 7 (cm™) = 3406, 3189, 2922, 2853, 1894, 1743, 1657, 1599, 1382, 1232, 1043, 919,
808, 765, 733, 696, 655.

HRMS (ESI) (m/z) = calculated for CsH,7°BrNsO* [M+H]* 239.9767 found: 239.9767.

Purity (HPLC, method 2g) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl (E)-3-(2-ethoxyvinyl)-1H-pyrrolo[2,3-c]pyridine-2-carboxylate (152%)

C14H16N203

r = 260.29 g/mol

Following General Procedure Vic, bromide 1482 (444 mg, 1.65 mmol, 1.0 eq), Pd(PPhs).

(191 mg, 0.165 mmol, 0.1 eq), (E)-2-ethoxyvinylboronic acid pinacol ester (0.70 mL, 3.3 mmol,

2.0 eq) and Cs,COs3 (2.69 g, 8.25 mmol, 5.0 eq) were used in degassed 1,4-dioxane (10 mL)

and water (3.3 mL). The reaction mixture was stirred at 95 °C for 18 h and the extraction was

performed with sat. ag. NH4ClI solution (100 mL) and ethyl acetate (3 x 100 mL). The crude

product was purified by flash column chromatography (1% — 3% methanol in methylene
chloride) to give enol ether 1522 as yellow solid (244 mg, 0.937 mmol, 57%).

Rt = 0.24 (3% methanol in methylene chloride).
Melting point = 204 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 9.27 (s, 1H, NH), 8.88 (d, J = 1.1 Hz, 1H, 7-H),
8.32 (d, J =5.7 Hz, 1H, 5-H), 7.70 (d, J = 5.6 Hz, 1H, 4-H), 7.32 (d, J = 13.4 Hz, 1H, 2’-H), 6.61
(d, 3 =13.3 Hz, 1H, 1’-H), 4.46 (g, J = 7.1 Hz, 2H, COOCH,), 4.01 (q, J = 7.0 Hz, 2H, OCH,),
1.45 (t, J = 7.1 Hz, 3H, COOCH2CHs3), 1.40 (t, J = 7.0 Hz, 3H, OCH,CHy).

13C NMR (101 MHz, chloroform-d) & (ppm) = 161.9 (COO), 150.4 (C-2’), 139.0 (C-5), 136.0
(C-7), 133.0 (C-7a), 129.9 (C-3a), 124.9 (C-2), 118.9 (C-3), 116.5 (C-4), 98.3 (C-1’), 65.4
(OCHby), 61.6 (COOCHj), 14.9 (OCH,CHs), 14.6 (COOCH,CHs).

IR (ATR) 7 (cm™) = 3081, 2976, 2846, 1713, 1641, 1613, 1455, 1330, 1268, 1172, 1028, 922,
796, 773, 663.

HRMS (ESI) (m/z) = calculated for C14H17N2O3* [M+H]* 261.1234, found 261.1235.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2,9-Dihydro-1H-pyrrolo[2,3-c:5,4-c']dipyridin-1-one (151%?)

6 O 43
N2 T
g 8a N % |
H O
C10H7N3O
r = 185.19 g/mol
Enol ether 1522 (234 mg, 0.900 mmol, 1.0 eq) was suspended in DMF (0.5 mL) in a pressure
tube. Ammonium acetate (3.47 g, 45.0 mmol, 50 eq) was added and the mixture stirred for
72 h at 140 °C. Then it was transferred to a flask containing cold water (40 mL) and, after
adjusting pH 8 with sat. ag. NaHCOj3; solution, the suspension was kept in the fridge for 48 h.
The precipitate was collected by filtration, washed with water (20 mL) and ethyl acetate (10 mL)
and dried to give pure pyridone 1512 as brown solid. Additionally, the filtrate was diluted with
water (40 mL) and extracted with chloroform/isopropanol (3:1, 5 x 40 mL). The combined
organic layers were dried using a phase separation filter and concentrated in vacuo. The crude
product was purified by flash column chromatography (10% methanol in methylene chloride
— 100% methanol) to give further pyridone 1512 as brown solid (in total 115 mg, 0.621 mmol,
69%).

Rt = 0.22 (10% methanol and 1% triethylamine in ethyl acetate).
Melting point = 250 °C (decomposition).

IH NMR (400 MHz, DMSO-dg) & (ppm) = 12.38 (s, 1H, NH), 11.60 (s, 1H, CONH), 8.91 (s, 1H,
8-H), 8.31 (d, J = 5.4 Hz, 1H, 6-H), 8.03 (d, J = 5.3 Hz, 1H, 5-H), 7.14 (t, J = 6.2 Hz, 1H, 3-H),
7.04 (d, J = 6.8 Hz, 1H, 4-H).

13C NMR (101 MHz, DMSO-de) & (ppm) = 156.0 (C-1), 138.2 (C-6), 136.1 (C-8), 135.2 (C-8a),
130.0 (C-9a), 126.5 (C-4b), 125.2 (C-3), 122.8 (C-4a), 115.6 (C-5), 99.8 (C-4).

IR (ATR) Vv (cm™) = 3061, 2981, 2842, 1645, 1442, 1354, 1275, 1202, 745, 660.
HRMS (El) (m/z) = calculated for C10H7;NsO™* [M]* 185.0584, found 185.0589.

Purity (HPLC, method 2i) > 95% (A = 210 nm), > 95% (A = 254 nm).

2 Pyridone 1512 was first described within the master thesis of FRANCESCA DONA, but was not analytically
pure.
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1-Ethynyl-9H-pyrrolo[2,3-c:5,4-c']dipyridine (157)

C12H7N3
M; = 193.21 g/mol
Pyridone 1512 (46.3 mg, 0.250 mmol, 1.0 eq) was dissolved in anhydrous pyridine (7.5 mL)
under N, atmosphere. The solution was cooled to 0 °C and purged with N, for 5 min.
Trifluoromethanesulfonic anhydride (0.042 mL, 0.25 mmol, 1.0 eq) was added dropwise over
15 min and the reaction mixture was warmed up to room temperature and stirred for 30 min.
The mixture was again cooled to 0 °C and another amount of trifluoromethanesulfonic
anhydride (0.021 mL, 0.13 mmol, 0.5 eq) was added dropwise. After stirring at room
temperature for 30 min, another amount of trifluoromethanesulfonic anhydride (0.021 mL,
0.13 mmol, 0.5 eq) was added once more dropwise at 0 °C and the reaction mixture stirred at
room temperature for further 1 h. The solution was partitioned between ethyl acetate (50 mL)
and a mixture of water (100 mL) and aq. HCI (2 m, 10 mL). The ag. phase was further extracted
with ethyl acetate (2 x 50 mL), the combined organic layers were washed with ag. HCI (2 m,
30 mL) and dried using a phase separation filter. The crude product was purified by flash
column chromatography (50% ethyl acetate in hexanes) to give an inseparable mixture of
mono- and ditriflated intermediates 155 (Rr = 0.50, 100% ethyl acetate; HRMS (EI)
(m/z) = calculated for C11H7F3N303S* [M+H]* 318.0155, found 318.0158) and 156 (R; = 0.50,
100% ethyl acetate; HRMS (EI) (m/z) = calculated for C12HsFeN3OsS2* [M+H]* 449.9648, found
449.9649).
Following General Procedure Ib, the mixture of triflates 155 and 156, LiCl (32 mg, 0.75 mmol,
3.0 eq), Pd(PPh3)2Cl> (14 mg, 0.020 mmol, 0.08 eq), Cul (4.8 mg, 0.025 mmol, 0.1 eq) and
trimethylsilylacetylene (0.25 mL, 1.8 mmol, 7.0 eq) were used in anhydrous DMF/triethylamine
(4.8 mL).
The crude TMS-protected intermediate (R = 0.30, 100% ethyl acetate; HRMS (EI)
(m/z) = calculated for C1sH1sN3Si* [M]* 265.1030, found 265.1032) was desilylated, following
General Procedure I, with K2CO3 (0.14 g, 0.83 mmol, 3.3 eq) in methanol (1.0 mL). The crude
product was purified by flash column chromatography (100% ethyl acetate — 2% methanol in
ethyl acetate) to give terminal alkyne 157 as brown semi-solid (9.7 mg, 0.050 mmol, 20% over

three steps).

Rt = 0.16 (100% ethyl acetate).
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'H NMR (400 MHz, methanol-d4) & (ppm) = 8.99 (d, J = 1.2 Hz, 1H, 8-H), 8.42 (d, J = 5.4 Hz,
1H, 6-H), 8.37 (d, J=5.4 Hz, 1H, 3-H), 8.25-8.18 (m, 2H, 4-H, 5-H), 4.31 (s, 1H, CCH). Signal
for NH not observed.

13C NMR (101 MHz, methanol-d4) & (ppm) = 139.9 (C-9a), 139.9 (C-3), 139.7 (C-6), 138.5
(C-8a), 136.4 (C-8), 128.7 (C-1 or C-4a or C-4b), 128.6 (C-1 or C-4a or C-4b), 128.5 (C-1 or
C-4a or C-4b), 118.0 (C-4), 117.7 (C-5), 85.6 (CCH), 79.6 (CCH).

IR (ATR) v (cm™) = 3171, 2922, 2098, 1560, 1474, 1443, 1420, 1254, 1232, 1068, 1038, 818,
760.

HRMS (EI) (m/z) = calculated for Ci2H7Ns™ [M]* 193.0635, found 193.0639.

Purity (HPLC, method 2e) > 82% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl 3-bromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrolo[2,3-c]pyridine-2-
carboxylate (1719

5/ 4\38 3 Br
N%\WO\/
7 Ta N 2
P o)

0]

-

Si

- | ~

C16H23BrN203Si
M, = 399.36 g/mol
Following General Procedure Vlla, 6-azaindole 148 (431 mg, 1.60 mmol, 1.0 eq), lithium
bis(trimethylsilyl)amide (1 m in THF, 1.76 mL, 1.76 mmol, 1.1 eq) and SEM chloride (0.311 mL,
1.76 mmol, 1.1 eq) were used in anhydrous DMF (4.0 mL). The extraction was performed with
sat. ag. NaCl solution (50 mL) and ethyl acetate (3 x 50 mL) and the crude product was purified
by flash column chromatography (40% — 90% ethyl acetate in hexanes) to give N-SEM

derivative 1712 as yellow oil (464 mg, 1.16 mmol, 73%).

Rt = 0.16 (100% ethyl acetate).

'H NMR (400 MHz, methylene chloride-dz) & (ppm) = 9.01 (d, J = 1.2 Hz, 1H, 7-H), 8.39 (d,
J=5.5Hz, 1H, 5-H), 7.55 (dd, J = 5.5, 1.1 Hz, 1H, 4-H), 5.97 (s, 2H, NCHy), 4.47 (9, J = 7.1 Hz,
2H, OCH,CHz), 3.56 — 3.47 (m, 2H, OCH2CH?>), 1.46 (t, J = 7.1 Hz, 3H, OCH2CHs), 0.89 — 0.84
(m, 2H, SiCH,), -0.08 (s, 9H, Si(CHj3)3).

13C NMR (101 MHz, methylene chloride-d,) & (ppm) = 161.0 (COO), 140.9 (C-5), 135.9 (C-7),
134.8 (C-7a), 132.0 (C-3a), 128.8 (C-2), 115.0 (C-4), 98.9 (C-3), 74.6 (NCHy>), 66.8 (OCH.CHy),
62.4 (OCH,CHpg), 18.1 (SiCH>), 14.4 (OCH2CHz3), -1.5 (Si(CHs3)3).

IR (ATR) 7 (cm™) = 2953, 2896, 1713, 1451, 1324, 1243, 1218, 1097, 1077, 1028, 1016, 857,
833, 764.

HRMS (EI) (m/z) = calculated for C16H23"°BrN.O3Si* [M]* 398.0656, found 398.0656.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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Ethyl (E)-3-(2-ethoxyvinyl)-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-
pyrrolo[2,3-c]pyridine-2-carboxylate (158)

C20H30N204Si

M, = 390.56 g/mol

Following General Procedure Vic, bromide 1712 (399 mg, 1.00 mmol, 1.0 eq), Pd(PPhs)4

(116 mg, 0.100 mmol, 0.1 eq), (E)-2-ethoxyvinylboronic acid pinacol ester (0.42 mL, 2.0 mmol,

2.0 eq) and Cs,COs3 (1.63 g, 5.00 mmol, 5.0 eq) were used in degassed 1,4-dioxane (6.0 mL)

and water (2.0 mL). The reaction mixture was stirred at 95 °C for 18 h and the extraction was

performed with sat. aq. NH4ClI solution (30 mL) and ethyl acetate (3 x 20 mL). The crude

product was purified by flash column chromatography (100% methylene chloride

— 1% methanol in methylene chloride) to give enol ether 158 as yellow oil (296 mg,
0.757 mmol, 76%).

Rt = 0.19 (40% ethyl acetate in hexanes).

'H NMR (400 MHz, methylene chloride-d2) & (ppm) = 8.97 (d, J = 1.1 Hz, 1H, 7-H), 8.31 (d,
J =5.6 Hz, 1H, 5-H), 7.69 (dd, J = 5.7, 1.2 Hz, 1H, 4-H), 7.19 (d, J = 13.3 Hz, 1H, 2'-H), 6.47
(d, J=13.3 Hz, 1H, 1'-H), 5.94 (s, 2H, NCH), 4.43 (g, J = 7.1 Hz, 2H, COOCH>CHs), 3.98 (q,
J = 7.0 Hz, 2H, OCH,CHs), 3.52 — 3.45 (m, 2H, OCH,CH,), 1.44 (t, J = 7.1 Hz, 3H,
COOCH2CHa), 1.38 (t, J = 7.0 Hz, 3H, OCH2CHzs), 0.90 — 0.82 (m, 2H, SiCH_), -0.08 (s, 9H,
Si(CHs)s3).

13C NMR (101 MHz, methylene chloride-d2) & (ppm) = 162.5 (COO), 150.7 (C-2'), 140.3
(C-5), 136.0 (C-7a), 135.78 (C-7), 129.6 (C-3a), 126.4 (C-2), 120.4 (C-3), 116.2 (C-4), 98.8
(C-1°), 74.1 (NCH,), 66.4 (OCH,CH,), 65.8 (OCH,CHs), 61.7 (COOCH,CHs), 18.2 (SiCH>),
15.0 (OCH,CHs), 14.6 (COOCH,CHz), -1.4 (Si(CHs)s).

IR (ATR) 7 (cm™) = 2954, 2918, 1702, 1636, 1453, 1336, 1226, 1193, 1178, 1142, 1102, 1074,
1036, 932, 828.

HRMS (EI) (m/z) = calculated for C2oH3oN204Si™* [M]* 390.1970, found 390.1964.
Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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((Trimethylsilyl)ethynyl)pyridin-3-amine (172°)1250

Ci1oH14N2Si

r = 190.32 g/mol

Similar to literature®>®, Pd(PPhs)4 (1.2 g, 1.0 mmol, 0.10 eq), PPh3 (0.26 g, 1.0 mmol, 0.11 eq)

and Cul (0.19 g, 1.0 mmol, 0.10 eq) were dissolved in anhydrous triethylamine (50 mL) under

N2 atmosphere. Then 3-amino-2-bromopyridine (1.73 g, 10.0 mmol, 1.0 eq) and

trimethylsilylacetylene (3.0 mL, 21 mmol, 2.1 eq) were added and the reaction mixture was

stirred at 60 °C for 5 h. After cooling to room temperature, the mixture was filtered through a

pad of celite. The pad was washed with ethyl acetate (400 mL) and the filtrate concentrated in

vacuo. The crude product was purified by flash column chromatography (20% ethyl acetate in
hexanes) to give TMS-protected alkyne 172° as dark brown solid (1.41 g, 7.40 mmol, 74%).

Rt = 0.63 (50% ethyl acetate in hexanes).
Melting point = 114 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.98 (dd, J = 4.4, 1.6 Hz, 1H, 6-H), 7.03 (dd,
J=8.3, 4.4 Hz, 1H, 5-H), 6.99 (dd, J = 8.3, 1.6 Hz, 1H, 4-H), 4.22 (s, 2H, NH.), 0.28 (s, 9H,
Si(CHs)3).

13C NMR (101 MHz, chloroform-d) & (ppm) = 144.7 (C-3), 140.1 (C-6), 128.4 (C-2), 124.2
(C-5), 121.1 (C-4), 100.8 (CCSi), 100.6 (CCSi), 0.04 (Si(CHa)s).

IR (ATR) 7 (cm™) = 3462, 3308, 3161, 2958, 2153, 1612, 1578, 1465, 1441, 1324, 1265, 1250,
1211, 1137, 1063, 887, 839, 800, 790, 758, 700.

HRMS (EI) (m/z) = calculated for C1oH14N2Si™* [M]* 190.0921 found 190.0920.

Purity (HPLC) n.d.
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2-Ethynylpyridin-3-amine (161)(0)

5
4R ¢
3|/N

2

HoN

C7HsN2

M; = 118.14 g/mol

Similar to General Procedure Il, TMS-protected alkyne 172° (1.41 g, 7.40 mmol, 1.0 eq) and

K2COs3 (4.04 g, 24.4 mmol, 3.3 eq) were used in methanol (85 mL). In contrast to the general

procedure, a modified work-up was performed. After stirring for 1 h, the solvent was removed

in vacuo, the residue was resuspended in water (150 mL) and extracted with methylene

chloride (3 x 150 mL). The combined organic layers were dried using a phase separation filter

and concentrated in vacuo to give terminal alkyne 161° as light brown solid (872 mg,
7.38 mmol, 99%).

Rt = 0.35 (50% ethyl acetate in hexanes).
Melting point = 69 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 7.99 (dd, J = 4.5, 1.5 Hz, 1H, 6-H), 7.07 (dd,
J=8.3, 4.5 Hz, 1H, 5-H), 7.00 (dd, J = 8.3, 1.5 Hz, 1H, 4-H), 4.25 (s, 2H, NH>), 3.48 (s, 1H,
CCH).

13C NMR (101 MHz, chloroform-d) & (ppm) = 145.1 (C-3), 140.2 (C-6), 127.4 (C-2), 124.5
(C-5), 121.3 (C-4), 82.8 (CCH), 79.9 (CCH).

IR (ATR) 7 (cm™) = 3422, 3238, 3063, 2098, 1623, 1575, 1462, 1439, 1312, 1257, 1244, 1207,
1134, 1060, 963, 800, 792, 754, 695.

HRMS (EI) (m/z) = calculated for C;HeN2* [M]* 118.0525, found 118.0526

Purity (HPLC, method 2i) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-(3-Phenylisoxazol-5-yl)pyridin-3-amine (160°)

C14H11N30
M, = 237.26 g/mol
Similar to General Procedure llla, alkyne 161° (59.1 mg, 0.500 mmol, 1.0 eq),
(E)-benzaldehyde oxime (91 mg, 0.75 mmol, 1.5 eq) and [bis(trifluoroacetoxy)iodolbenzene
(0.32 g, 0.75 mmol, 1.5 eq) were used in methanol/water (15 mL). In contrast to the general
procedure, a modified work-up was performed. After stirring for additional 16 h, the solvent
was removed in vacuo. Sat. aq. NaCl solution (20 mL) was added and the mixture extracted
with ethyl acetate (3 x 20 mL). The combined organic layers were dried using a phase
separation filter and concentrated in vacuo. The crude product was purified by flash column
chromatography (25% ethyl acetate in hexanes) to give isoxazole 160° as pale yellow solid
(78.5 mg, 0.331 mmol, 66%).

Rt = 0.45 (50% ethyl acetate in hexanes).
Melting point = 141 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.11 (dd, J = 4.2, 1.6 Hz, 1H, 6-H), 7.96 — 7.82
(m, 2H, 2”-H, 6”-H), 7.56 — 7.41 (m, 3H, 3”-H, 4"-H, 5”-H), 7.22 (s, 1H, 4’-H), 7.15 (dd, J = 8.3,
4.2 Hz, 1H, 5-H), 7.10 (dd, J = 8.3, 1.5 Hz, 1H, 4-H), 4.96 (s, 2H, NH>).

13C NMR (101 MHz, chloroform-d) & (ppm) = 172.0 (C-5'), 162.6 (C-3'), 141.4 (C-3), 139.7
(C-6), 130.3 (C-2), 130.3 (C-4*), 129.1 (C-3“, C-5“), 129.0 (C-1%), 127.1 (C-2*, C-6“), 125.5
(C-5), 124.7 (C-4), 100.5 (C-4").

IR (ATR) 7 (cm™) = 3487, 3146, 1639, 1600, 1584, 1555, 1335, 1328, 1294, 1263, 1142, 1097,
1058, 960, 949, 924, 800, 771, 755, 689.

HRMS (ESI) (m/z) = calculated for CiaH12NsO* [M+H]* 238.0975 found 238.0976.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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N-Phenyl-2-(3-phenylisoxazol-5-yl)pyridin-3-amine (162°)

C20H15N30

r = 313.36 g/mol

Following General Procedure Xll, aminopyridine 160° (50.2 mg, 0.210 mmol, 1.0 eq),

Pd(dba), (5 mg, 0.009 mmol, 0.04 eq), Xantphos (11 mg, 0.019 mmol, 0.09 eq), NaOtBu

(46 mg, 0.46 mmol, 2.2 eq) and iodobenzene (0.050 mL, 0.45 mmol, 2.1 eq) were used in

anhydrous toluene (1.1 mL). The crude product was purified by flash column chromatography

(25% ethyl acetate in hexanes) to give diarylamine 162° as yellow solid (56.6 mg, 0.181 mmol,
86%).

Rt = 0.81 (50% ethyl acetate in hexanes).
Melting point = 150 °C.

IH NMR (400 MHz, chloroform-d) & (ppm) = 8.19 (dd, J = 4.4, 1.4 Hz, 1H, 6-H), 7.95 — 7.86
(m, 2H, 2"-H, 6"-H), 7.65 (dd, J = 8.6, 1.4 Hz, 1H, 4-H), 7.63 (s, 1H, NH), 7.54 — 7.45 (m, 3H,
3"-H, 4”-H, 5"-H), 7.42 — 7.34 (m, 2H, 3”-H, 5”-H), 7.29 (s, 1H, 4’-H), 7.25 — 7.20 (m, 2H,
2""-H, 6”-H), 7.18 (ddd, J = 8.6, 4.3, 0.6 Hz, 1H, 5-H), 7.13 (tt, J = 7.1, 1.2 Hz, 1H, 4""-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.8 (C-5%), 162.7 (C-3‘), 140.7 (C-6), 140.5
(C-1*), 139.7 (C-3), 132.5 (C-2), 130.4 (C-4“), 129.8 (C-3*“, C-5"‘), 129.2 (C-3“, C-5), 128.9
(C-1%), 127.1 (C-2%, C-6“), 125.1 (C-5), 124.1 (C-4*), 123.4 (C-4), 122.1 (C-2*, C-6*), 101.4
(C-49.

IR (ATR) 7 (cm™) = 3301, 3048, 1594, 1580, 1570, 1506, 1447, 1391, 1309, 1257, 1226, 1175,
1119, 948, 918, 807, 753, 694.

HRMS (ESI) (m/z) = calculated for C20H16NsO* [M+H]* 314.1288, found 314.1289.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-(3-Phenylisoxazol-5-yl)-N-(pyridin-3-yl)pyridin-3-amine (163®)

C19H14N4O

r = 314.35 g/mol

Following General Procedure Xll, aminopyridine 160° (50.9 mg, 0.215 mmol, 1.0 eq),

Pd(dba); (6 mg, 0.01 mmol, 0.05 eq), Xantphos (10 mg, 0.017 mmol, 0.08 eq), NaOtBu (42 mg,

0.43 mmol, 2.0 eq) and 3-iodopyridine (53 mg, 0.26 mmol, 1.2 eq) were used in anhydrous

toluene (1.1 mL). The crude product was purified by flash column chromatography

(1% methanol in methylene chloride) to give diarylamine 163" as pale yellow solid (37.4 mg,
0.119 mmol, 57%).

Rt = 0.22 (50% ethyl acetate in hexanes).
Melting point = 187 °C.

IH NMR (400 MHz, chloroform-d) & (ppm) = 8.58 (d, J = 2.7 Hz, 1H, 2*-H), 8.38 (dd, J = 4.7,
1.5 Hz, 1H, 6“-H), 8.26 (dd, J = 4.4, 1.3 Hz, 1H, 6-H), 7.93 — 7.87 (m, 2H, 2"-H, 6“-H),
7.64 —7.57 (m, 2H, 4-H, NH), 7.55 (ddd, J = 8.2, 2.7, 1.5 Hz, 1H, 4““-H), 7.52 — 7.47 (m, 3H,
3“-H, 4“-H, 5“-H), 7.33 — 7.28 (m, 2H, 4*-H, 5“-H), 7.22 (dd, J = 8.5, 4.4 Hz, 1H, 5-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.4 (C-5), 162.9 (C-3'), 145.1 (C-6), 143.9
(C-2), 141.7 (C-6), 138.7 (C-3), 137.3 (C-3*“), 133.3 (C-2), 130.5 (C-4“), 129.2 (C-3“, C-5%),
128.7 (C-1%), 128.6 (C-4*), 127.1 (C-2“, C-6), 125.2 (C-5), 124.2 (C-5"), 123.5 (C-4), 101.8
(C-49).

IR (ATR) 7 (cm™) = 3241, 3155, 3025, 2978, 2912, 1572, 1456, 1429, 1393, 1319, 1313, 1266,
1181, 1120, 959, 951, 912, 799, 775, 765, 693.

HRMS (ESI) (m/z) = calculated for C1gH15N4O* [M+H]* 315.1240, found 315.1241.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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2-(3-Phenylisoxazol-5-yl)-N-(pyridin-4-yl)pyridin-3-amine (164°)

C19H14N4O
M, = 314.35 g/mol
The required 4-bromopyridine was prepared from its commercially available hydrochloride.
Therefore, ag. NaOH solution (2 M, 20 mL) was added to 4-bromopyridine hydrochloride
(300 mg, 1.54 mmol) and extracted with methylene chloride (3 x 10 mL). The combined organic
phases were dried using a phase separation filter. The solvent was cautiously removed in
vacuo (> 700 mbar) and further by applying a N2 flow to receive the free base as yellow oil
(100 mg, 0.633 mmol, 41%).
Following General Procedure Xll, aminopyridine 160° (50.6 mg, 0.213 mmol, 1.0 eq),
Pd(dba), (5 mg, 0.009 mmol, 0.04 eq), Xantphos (10 mg, 0.017 mmol, 0.08 eq), NaOtBu
(43 mg, 0.44 mmol, 2.1 eq) and 4-bromopyridine (100 mg, 0.63 mmol, 3.0 eq) were used in
anhydrous toluene (1.1 mL). The crude product was purified by flash column chromatography
(2% — 5% methanol in methylene chloride) to give diarylamine 164° as pale yellow solid
(46.8 mg, 0.149 mmol, 71%).

Rt = 0.20 (5% methanol in methylene chloride).
Melting point = 103 °C.

H NMR (400 MHz, chloroform-d) & (ppm) = 8.44 — 8.40 (m, 3H, 6-H, 2*-H, 6*‘-H), 7.92 (dd,
J=8.4,1.4Hz, 1H, 4-H), 7.90 - 7.86 (m, 2H, 2“-H, 6“-H), 7.61 (s, 1H, NH), 7.50 (m, 3H, 3“-H,
4“-H, 5*-H), 7.35 (dd, J = 8.4, 4.4 Hz, 1H, 5-H), 7.31 (s, 1H, 4*-H), 7.02 — 6.96 (m, 2H, 3*-H,
5“-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 170.6 (C-5°), 162.9 (C-3‘), 151.0 (C-2*“, C-6"),
148.7 (C-4*), 144.1 (C-6), 136.3 (C-2), 135.5 (C-3), 130.6 (C-4*), 129.2 (C-3“, C-5%), 128.6
(C-1%), 128.1 (C-4), 127.1 (C-2%, C-6%), 124.9 (C-5), 111.7 (C-3*, C-5°), 102.5 (C-4).

IR (ATR) 7 (cm™) = 3241, 3051, 1594, 1578, 1569, 1453, 1441, 1392, 1330, 1307, 1212, 1123,
989, 947, 820, 808, 765, 695.

HRMS (ESI) (m/z) = calculated for C19H1sN4O* [M+H]* 315.1240, found 315.1241.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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N-(3-Methoxyphenyl)-2-(3-phenylisoxazol-5-yl)pyridin-3-amine (165°)

C21H17N302

r = 343.39 g/mol

Following General Procedure Xll, aminopyridine 160° (49.9 mg, 0.210 mmol, 1.0 eq),

Pd(dba); (6 mg, 0.01 mmol, 0.05 eq), Xantphos (10 mg, 0.017 mmol, 0.08 eq), NaOtBu (42 mg,

0.42 mmol, 2.0 eq) and 3-iodoanisole (0.050 mL, 0.42 mmol, 2.0 eq) were used in anhydrous

toluene (1.1 mL). The crude product was purified by flash column chromatography (20% ethyl

acetate in hexanes) to give diarylamine 165° as brown semi-solid (21.1 mg, 0.0614 mmol,
29%).

Rt = 0.32 (25% ethyl acetate in hexanes).

IH NMR (400 MHz, chloroform-d) & (ppm) = 8.20 (dd, J = 4.4, 1.4 Hz, 1H, 6-H), 7.92 — 7.88
(m, 2H, 2“-H, 6“-H), 7.71 (dd, J = 8.6, 1.4 Hz, 1H, 4-H), 7.60 (s, 1H, NH), 7.53 — 7.47 (m, 3H,
3“-H, 4“-H, 5“-H), 7.29 — 7.26 (m, 2H, 4*-H, 5*-H), 7.19 (ddd, J = 8.6, 4.3, 0.6 Hz, 1H, 5-H),
6.82 (ddd, J = 8.0, 2.2, 0.9 Hz, 1H, 6“-H), 6.76 (t, J = 2.3 Hz, 1H, 2*-H), 6.67 (ddd, J = 8.3,
2.5, 0.9 Hz, 1H, 4*-H), 3.82 (s, 3H, OCHy).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.7 (C-5), 162.7 (C-3'), 161.0 (C-3), 141.8
(C-1"), 140.9 (C-6), 139.4 (C-3), 132.7 (C-2), 130.5 (C-5"), 130.4 (C-4“), 129.2 (C-3", C-5),
128.9 (C-1), 127.1 (C-2“, C-6), 125.1 (C-5), 124.0 (C-4), 114.0 (C-6*‘), 109.5 (C-4"), 107.5
(C-2), 101.4 (C-4'), 55.5 (OCHs).

IR (ATR) 7 (cm™) = 3426, 2934, 1594, 1577, 1489, 1456, 1441, 1399, 1317, 1281, 1247, 1214,
1155, 1119, 1039, 961, 949, 915, 843, 799, 765, 686.

HRMS (ESI) (m/z) = calculated for C21H1sN3O2" [M+H]* 344.1394, found 344.1396.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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4-Chloro-N-(2-(3-phenylisoxazol-5-yl)pyridin-3-yl)pyridin-3-amine (166°)

C19H13CINLO

r = 348.79 g/mol

Following General Procedure XlI, aminopyridine 160° (142 mg, 0.600 mmol, 1.0 eq), Pd(dba).

(14 mg, 0.024 mmol, 0.04 eq), Xantphos (28 mg, 0.048 mmol, 0.08 eq), NaOtBu (0.12 g,

1.2 mmol, 2.0 eq) and 4-chloro-3-iodo-pyridine (0.21 g, 0.90 mmol, 1.5 eq) were used in

anhydrous toluene (3.0 mL). After filtration, the celite pad was additionally washed with

methanol (50 mL). The crude product was purified by flash column chromatography

(1% methanol in methylene chloride) to give diarylamine 166° as pale yellow solid (207 mg,
0.593 mmol, 99%).

Rt = 0.38 (50% ethyl acetate in hexanes).
Melting point = 144 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.65 (s, 1H, 2*“-H), 8.34 (dd, J = 4.4, 1.4 Hz, 1H,
6-H), 8.24 (d, J = 5.2 Hz, 1H, 6*“-H), 7.95 — 7.86 (m, 2H, 2“-H, 6“-H), 7.71 (s, 1H, NH), 7.63
(dd, J = 8.5, 1.4 Hz, 1H, 4-H), 7.55 - 7.44 (m, 3H, 3“-H, 4“-H, 5“-H), 7.42 (d, J = 5.2 Hz, 1H,
5%-H), 7.33 (s, 1H, 4'-H), 7.28 (m, 1H, 5-H, collapses with chloroform peak).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.0 (C-5'), 162.9 (C-3'), 144.6 (C-6"),
142.8 (C-6), 142.2 (C-2), 137.2 (C-3), 135.3 (C-3"), 135.3 (C-4“), 134.5 (C-2), 130.5 (C-4“),
129.2 (C-3“, C-5%), 128.7 (C-1%), 127.1 (C-2“, C-6“), 125.1 (C-5), 125.1 (C-5), 124.9 (C-4),
102.1 (C-4°).

IR (ATR) v (cm™) = 3387, 2920, 2851, 1603, 1584, 1565, 1551, 1502, 1457, 1400, 960, 907,
792, 751, 698, 680, 675.

HRMS (ESI) (m/z) = calculated for C1oH143CIN4O* [M+H]* 349.0851, found 349.0852.

Purity (HPLC, method 2a) > 94% (A = 210 nm), > 95% (A = 254 nm).
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4-Bromo-N-(2-(3-phenylisoxazol-5-yl)pyridin-3-yl)pyridin-3-amine (167)

C19H13BrN4O

M, = 392.24 g/mol

Following General Procedure Xll, aminopyridine 160° (99.6 mg, 0.420 mmol, 1.0 eq),

Pd(dba), (10 mg, 0.017 mmol, 0.04 eq), Xantphos (19 mg, 0.034 mmol, 0.08 eq), NaOtBu

(83 mg, 0.84 mmol, 2.0 eq) and 4-bromo-3-iodo-pyridine (143 mg, 0.504 mmol, 1.2 eq) were

used in anhydrous toluene (2.0 mL). After filtration, the celite pad was additionally washed with

methanol (50 mL). The crude product was purified by flash column chromatography

(1% methanol in methylene chloride) to give diarylamine 167 as pale beige solid (148 mg,
0.377 mmol, 90%).

R = 0.26 (2% methanol in methylene chloride).
Melting point = 158 °C.

!H NMR (400 MHz, chloroform-d) & (ppm) = 8.61 (s, 1H, 2"’-H), 8.34 (dd, J = 4.4, 1.4 Hz, 1H,
6-H), 8.13 (d, J = 5.2 Hz, 1H, 6"’-H), 7.93 — 7.88 (m, 2H, 2”-H, 6”-H), 7.72 (s, 1H, NH), 7.64
(dd, J=8.5, 1.4 Hz, 1H, 4-H), 7.60 (d, J = 5.2 Hz, 1H, 5”-H), 7.52 — 7.48 (m, 3H, 3”-H, 4”-H,
5”-H), 7.33 (s, 1H, 4’-H), 7.30 — 7.26 (m, 1H, 5-H, collapses with chloroform peak).

13C NMR (101 MHz, chloroform-d) & (ppm) = 171.0 (C-5), 162.9 (C-3'), 144.6 (C-6"), 142.8
(C-6), 142.0 (C-2), 137.2 (C-3), 136.7 (C-3"), 134.5 (C-2), 130.5 (C-4"), 129.2 (C-3“, C-5%),
128.7 (C-1%), 128.4 (C-5*), 127.1 (C-2“, C-6“), 126.2 (C-4*), 125.2 (C-5), 124.9 (C-4), 102.1
(C-4").

IR (ATR) v (cm™) = 3385, 1590, 1566, 1508, 1458, 1440, 1397, 1333, 1214, 1015, 922, 778,
765, 704.

HRMS (EI) (m/z) = calculated for C19H14"°BrN,O* [M+H]* 393.0346, found 393.0352.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(9H-pyrrolo[2,3-c:5,4-c']dipyridin-1-yl)isoxazole (144)

C19H12N4O

M, = 312.10 g/mol

Following General Procedure XllII, bromide 167 (138 mg, 0.350 mmol, 1.0 eq), Pd(OAc)-

(16 mg, 0.070 mmol, 0.2 eq), CyJohnPhos (25 mg, 0.070 mmol, 0.2 eq) and DBU (0.1 mL,

0.7 mmol, 2.0 eq) were used in anhydrous DMA (0.7 mL). The crude product was purified two

times by flash column chromatography (1% — 2% methanol in methylene chloride,

2% methanol in chloroform) to give 7-aza-B-carboline 144 as pale yellow solid (48.8 mg,
0.156 mmol, 45%).

Rt = 0.20 (3% methanol in methylene chloride).
Melting point = 270 °C (decomposition).

IH NMR (500 MHz, DMSO-dg) & (ppm) = 12.21 (s, 1H, NH), 9.22 (d, J = 1.2 Hz, 1H, 8-H), 8.64
(d, J = 5.1 Hz, 1H, 3-H), 8.52 (d, J = 5.2 Hz, 1H, 6-H), 8.47 (d, J = 5.1 Hz, 1H, 4-H), 8.32 (d,
J =5.3 Hz, 1H, 5-H), 8.10 — 8.07 (m, 2H, 2"-H, 6”-H), 7.88 (s, 1H, 4'-H), 7.62 — 7.56 (m, 3H,
3"-H, 4”-H, 5"-H).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 169.2 (C-5), 162.5 (C-3"), 139.3 (C-6), 138.9 (C-3),
137.3 (C-8a), 136.5 (C-8), 132.5 (C-9a), 130.9 (C-1), 130.6 (C-4"), 129.3 (C-3", C-5), 128.8
(C-4a), 128.3 (C-1%), 126.9 (C-2, C-6"), 125.5 (C-4b), 118.0 (C-4), 115.9 (C-5), 101.1 (C-4").

IR (ATR) ¥ (cm™) = 3050, 1555, 1482, 1464, 1444, 1423, 1400, 1288, 1255, 1236, 1220, 978,
812, 758.

HRMS (ESI) (m/z) = calculated for CioH13N4O* [M+H]* 313.1084, found 313.1085.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Bromo-4-iodopyridine (168)12%%

CsHsBrIN
M, = 283.89 g/mol
LDA (2 M in THF, 1.5 mL, 3.0 mmol, 1.0 eq) was added to anhydrous THF (11 mL) under N
atmosphere and stirred at -78 °C for 30 min. Then, 3-bromopyridine (0.32 mL, 3.3 mmol,
1.1 eq) was added dropwise and stirred at -78 °C for 1 h. A solution of iodine (1.5 g, 6.0 mmol,
2.0 eq) in anhydrous THF (12.5 mL) was slowly added and the reaction mixture was stirred
at -78 °C for 3 h, then slowly warmed up to room temperature and stirred for further 18 h.
Subsequently, the reaction was quenched with sat. ag. Na>S,0s solution (75 mL) and extracted
with ethyl acetate (2 x 75 mL). The combined organic layers were washed with sat. aq. Na>S>03
solution (50 mL), water (50 mL) and sat. ag. NaCl solution (50 mL) and dried using a phase
separation filter. The solvent was removed in vacuo and the crude product was purified by
flash column chromatography (50% — 66% methylene chloride in hexanes) to give iodide 168
as white solid (156 mg, 0.548 mmol, 18%).

Rt = 0.52 (100% methylene chloride).
Melting point = 112 °C (lit.?*® 112 — 113 °C).

H NMR (400 MHz, chloroform-d) & (ppm) = 8.69 (s, 1H, 2-H), 8.12 (dd, J = 5.1, 0.5 Hz, 1H,
6-H), 7.81 (d, J =5.2 Hz, 1H, 5-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 151.1 (C-2), 147.8 (C-6), 135.3 (C-5), 129.1
(C-3), 112.3 (C-4).

IR (ATR) ¥ (cm™) = 2922, 1553, 1541, 1447, 1388, 1265, 1113, 1056, 1008, 822, 707, 654.
HRMS (EI) (m/z) = calculated for CsH3"°BrIN* [M]* 282.8489, found 282.8489.

Purity (HPLC, method 2e) > 95% (A = 210 nm), > 95% (A = 254 nm).
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N-(3-Bromopyridin-4-yl)-2-(3-phenylisoxazol-5-yl)pyridin-3-amine (169)

C19H13BrN4O

M, = 392.24 g/mol

Following General Procedure Xll, aminopyridine 160° (99.6 mg, 0.420 mmol, 1.0 eq),

Pd(dba), (10 mg, 0.017 mmol, 0.04 eq), Xantphos (19 mg, 0.034 mmol, 0.08 eq), NaOtBu

(83 mg, 0.84 mmol, 2.0 eq) and 3-bromo-4-iodo-pyridine (168) (0.14 g, 0.50 mmol, 1.2 eq)

were used in anhydrous toluene (2.0 mL). After filtration, the celite pad was additionally washed

with methanol (50 mL). The crude product was purified by flash column chromatography

(1% methanol in methylene chloride) to give diarylamine 169 as pale yellow solid (129 mg,
0.329 mmol, 78%).

Rt = 0.38 (2% methanol in methylene chloride).
Melting point = 165 °C.

'H NMR (400 MHz, chloroform-d) & (ppm) = 8.62 (s, 1H, 2“-H), 8.51 (dd, J = 4.5, 1.4 Hz, 1H,
6-H), 8.24 (d, J = 5.6 Hz, 1H, 6*-H), 7.97 (s, 1H, NH), 7.91 (dd, J = 8.4, 1.4 Hz, 1H, 4-H),
7.90 — 7.87 (m, 2H, 2"-H, 67-H), 7.51 — 7.46 (m, 3H, 3"-H, 4”-H, 57-H), 7.39 (dd, J = 8.4, 4.5
Hz, 1H, 5-H), 7.31 (s, 1H, 4-H), 7.02 (d, J = 5.6 Hz, 1H, 5”-H).

13C NMR (101 MHz, chloroform-d) & (ppm) = 169.9 (C-5'), 163.0 (C-3'), 152.6 (C-2),
149.2 (C-6*), 146.6 (C-4"), 145.4 (C-6), 138.0 (C-2), 134.2 (C-3), 130.5 (C-4"), 129.9 (C-4),
129.2 (C-3, C-5), 128.6 (C-1%), 127.1 (C-2*, C-6"), 124.9 (C-5), 110.7 (C-3*), 108.7 (C-5),
102.8 (C-4°).

IR (ATR) v (cm™) = 3385, 1574, 1566, 1508, 1458, 1440, 1397, 1333, 1214, 1015, 922, 778,
766, 704.

HRMS (ESI) (m/z) = calculated for CioH147°BrN,O* [M+H]* 393.0346, found 393.0345.

Purity (HPLC, method 2c) > 95% (A = 210 nm), > 95% (A = 254 nm).
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3-Phenyl-5-(5H-pyrrolo[2,3-c:4,5-c']dipyridin-6-yl)isoxazole (145)

C1oH12N4O

M; = 312.10 g/mol

Following General Procedure Xlll, bromide 169 (98.3 mg, 0.250 mmol, 1.0 eq), Pd(OAc)-

(11 mg, 0.050 mmol, 0.2 eq), CyJohnPhos (18 mg, 0.050 mmol, 0.2 eq) and DBU (0.075 mL,

0.50 mmol, 2.0 eq) were used in anhydrous DMA (0.5 mL). The crude product was purified two

times by flash column chromatography (1% — 2.5% methanol in methylene chloride,

4% methanol in chloroform) to give 6-aza-B-carboline 145 as white solid (40.1 mg,
0.128 mmol, 51%).

Rt = 0.33 (5% methanol in methylene chloride).
Melting point = 304 °C (decomposition).

IH NMR (500 MHz, DMSO-ds) & (ppm) = 12.25 (s, 1H, NH), 9.56 (d, J = 1.0 Hz, 1H, 5-H), 8.65
(d, J=5.0 Hz, 1H, 3-H), 8.63 (d, J = 5.7 Hz, 1H, 7-H), 8.44 (d, J = 5.0 Hz, 1H, 4-H), 8.09 — 8.06
(m, 2H, 2"-H, 6"-H), 7.85 (s, 1H, 4"-H), 7.74 (dd, J = 5.7, 1.1 Hz, 1H, 8-H), 7.61 — 7.56 (m, 3H,
3"-H, 47-H, 5”-H).

13C NMR (126 MHz, DMSO-ds) & (ppm) = 169.3 (C-5), 162.5 (C-3'), 147.3 (C-7), 145.5 (C-8a),
144.9 (C-5), 140.0 (C-3), 132.0 (C-9a), 130.5 (C-4“), 130.0 (C-1), 129.2 (C-3“ C-5%), 129.2
(C-4a), 128.3 (C-1"), 126.9 (C-2“, C-6"), 117.6 (C-4b), 116.9 (C-4), 108.0 (C-8), 101.1 (C-4").

IR (ATR) 7 (cmt) = 3046, 1609, 1558, 1468, 1456, 1418, 1398, 1296, 1238, 1170, 1025, 899,
802, 759, 684.

HRMS (ESI) (m/z) = calculated for C19H13N4O* [M+H]* 313.1084, found 313.1085.

Purity (HPLC, method 2a) > 95% (A = 210 nm), > 95% (A = 254 nm).
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5.4  Procedures for biological testing

5.4.1 Thermal shift assay

The assay was performed as previously described?®* 3051 employing SYPRO Orange as
fluorescent dye. All potential inhibitors were tested at a concentration of 10 um against a panel
of the following 104 kinases (and bromodomains): AAK1, ABL1, AKT3, AURKB, BMP2K,
BMPR2, BMX, BRAF, BRD4, BRPF1, CAMK1D, CAMK1G, CAMK2B, CAMK2D, CAMK4,
CAMKK2, CASK, CDC42DPA, CDK2, CDKL1, CHEK2, CLK1, CLK3, CSNK1D, CSNKIE,
CSNK2A1, CSNK2A2, DAPK1, DAPK3, DCAMKL1, DMPK1, DYRK1A, DYRK2, EPHAZ2,
EPHA4, EPHA5, EPHA7, EPHB1, EPHB3, FESA, FGFR1, FGFR2, FGFR3, FLT1, GAK,
GPRK5, GSG2, GSK3B, HIPK2, MAP2K1, MAP2K4, MAP2K6, MAP2K7, MAP3K5, MAPK10,
MAPK13, MAPK14, MAPK15, MAPK1, MAPK8, MAPK9, MAPKAPK2, MARK3, MARKA4,
MELK, MERTK, MST3, MST4, NEK1, NEK2, NEK7, OSR1, PAK1, PAK4, PCTK1, PDK4,
PHKG2, PIM1, PIM3, PKMYT1, PLK4, RIOK1, RPS6KALl, RPS6KAS5, SLK, SPRK1, SRC,
STK10, STK17A, STK17B, STK38L, STK39, STK3, STK4, STK6, TAF1, TIF1, TLK1, TOPK,
TTK, ULK1, ULK3, VRK1, WNK1. All measurements were performed in the lab of PROF. DR.
STEFAN KNAPP at the Goethe University Frankfurt (Germany).

5.4.2 Radiometric 33PanQinase

All kinase assays (CLK1, CAMKK2, DYRK1A, DYRK2) were performed in 96-well plates from
PerkinElmer in a 50 pL reaction volume. The reaction cocktail was pipetted in the following
order: 25 pL of assay buffer (standard buffer/[y-*3P]-ATP), 10 pL of ATP solution (in H.0), 5 pL
of test compound (in 10% DMSOQO) and 10 pL of enzyme/substrate mixture. The assay buffer
for all protein kinases contained 70 mm, HEPES-NaOH pH 7.5, 3 mm MgClz, 3 mm MnCly, 3 uM
Na-orthovanadate, 1.2 mm DTT, 50 ug/mL PEG20000, ATP (corresponding to the apparent
ATP-K, of the respective kinase) and [y->3P]-ATP (approx. 7 x 100° cpm per well). After an
incubation time of 1 h at 30 °C, 50 uL of 2% HsPO4 was added, then the plates were aspirated
and washed two times with 200 pL 0.9% NaCl. Incorporation of 33Piwas determined with a
microplate scintillation counter (Microbeta, Wallac). The residual activities for each
concentration and the ICso values were calculated using Quattro Workflow V3.1.1. All

measurements were performed at Reaction Biology Europe GmbH (Freiburg, Germany).

5.4.3 MTT assay
HL-60 cells (DSM number: ACC 3) were purchased from the German Collection of
Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig) and cultivated in RPMI 1640

medium supplemented with 10% fetal bovine serum (FBS).
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For the MTT assay, cell density was adjusted to roughly 9 x 10° cells/mL. Cells were then
seeded in 96-well plates by transferring 99 pL into each well and incubating for 24 h at 37 °C
with 5% CO.. The test compounds were used as 10 mM solutions in DMSO or, if ICso values
were determined, as a dilution series thereof (1:2, at least 5 dilution steps). 1.0 pL of test
compound solution or Triton X-100 (0.1 mg/mL) as positive control or DMSO alone as negative

control were transferred to each well and incubated for additional 24 h.

Then 10 puL MTT solution (5.0 mg/mL in PBS) were added to each well and incubated for 2 h.
After this time, 190 uL DMSO was added and the plate was shaken for 1 h in the dark. The
absorbance of each well was measured at 570 nm with a MRX Microplate Reader (Dynex
Technologies). The software Prism 4 (GraphPad) was used to analyze all data and calculate

ICso values.

5.4.4 Agar diffusion assay
All tested germs were also purchased from the DSMZ and cultivated following their instructions

in liquid culture.

The agar plates were filled with suitable culture media as follows. For Escherichia coli (DSM
number: 426), Pseudomonas marginalis (DSM number: 7527) and Yarrowia lipolytica (DSM
number: 1345) a mixture of 35.2 g all-culture agar (AC agar) and 20 g agar in 1.0 L water was
used. For Saccharomyces cerevisiae (DSM number: 1333) 35.2 g AC agar in 1.0 L water was
used. For Straphylococcus equorum (DSM number: 20675) and Streptococcus entericus
(DSM number: 14446) a mixture of 10 g casein peptone, 5.0 g yeast extract, 5.0 g glucose,
5.0 g sodium chloride and 15 g agar in 1.0 L water was used. All agar media were autoclaved
and filled in petri dished under aseptic conditions, while still hot and liquid. After cooling for at

least 1 h at 8 °C, the agar plates were ready to use.

The test platelets (d = 6.0 mm, Macherey-Nagel) were impregnated with 3.0 yL of a 1% (m/V)
solution of the respective compounds or the positive control tetracycline (as antibacterial) or
clotrimazole (as antifungal agent) in DMSO. As negative control DMSO (3.0 pL) alone was
used. All platelets were dried for 24 h at room temperature, then six were placed onto each
agar plate, onto which germs were transferred before with cotton swabs: 4 test platelets
impregnated with compounds, as well as 1 suitable positive and 1 negative control. The agar
plates were sealed and incubated for 36 h at 32 °C (bacteria) or 28 °C (fungi). Then the
antimicrobial effect was assessed by manually measuring the diameters of the zones of

inhibition.
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5.4.5 Y3H screening
The Y3H screening was performed as previously described!?%® 2871 and all measurements were
performed in the lab of DR. SIMONE MOSER at the LMU Munich.
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6 Appendices

6.1 Abbreviations

AAK1
Ae.
AKT1
APCI
approx.
aqg.
ASAP
ASN
ASP
ATP
ATR
BCR-ABL
BMP2K
Boc

BOP

Bu

CAM
CAMK
CAMKK2
CDI

CDK

cf.
CHIKV
CLK
CML
COosy
COVID-19
CSNK

d

DBU
DCC

adaptor-associated protein kinase 1
Aedes

RAC-alpha serine/threonine-protein kinase
atmospheric-pressure chemical ionization
approximately

aqueous

atmospheric pressure solids analysis probe
asparagine

aspartic acid

adenosine triphosphate

attenuated total reflection

breakpoint cluster region Abelson
BMP-2-inducible protein kinase
tert-butyloxycarbonyl

benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate

butyl

ceric ammonium molybdate
Ca?*/calmodulin-dependent protein kinase
Ca?*/calmodulin-dependent protein kinase kinase 2
1,1’-carbonyldiimidazole

cyclin-dependent kinase

confer (compare)

Chikungunya virus

Cdc2-like kinase, cell division cycle like kinase
chronic myelogenous leukemia

correlation spectroscopy

coronavirus disease 2019

casein kinase

doublet

1,8-diazabicyclo[5.4.0]Jundec-7-ene
N,N’-dicyclohexylcarbodiimide
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DDQ
DEPT
DIPEA
DMA
DMAP
DMF
DMSO
DNA
DNPH
DPPA
DSF
DYRK
ECDC
EDC
e.g.
EGF
El

eq

ESI

Et
etal.
EU/EEA
FBS
FDA
FMP
GLU
GLY
GSK
GTP
HBTU

HEK
HetAr
HMBC
HMQC

2,3-dichloro-5,6-dicyano-1,4-benzoquinone
distortionless enhancement by polarization transfer
N,N-diisopropylethylamine

dimethylacetamide

4-dimethylaminopyridine

dimethylformamide

dimethyl sulfoxide

deoxyribonucleic acid

2,4-dinitrophenylhydrazine

diphenylphosphoryl azide

differential scanning fluorimetry

dual specificity tyrosine-phosphorylation-regulated kinase
European Centre for Disease Prevention and Control
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
exempli gratia (for example)

epidermal growth factor

electron ionisation

equivalent

electrospray ionisation

ethyl

et alia (and others)

European Union/European Economic Area

fetal bovine serum

U.S. Food and Drug Administration
Leibniz-Forschungsinstitut flir Molekulare Pharmakologie
glutamine

glycine

glycogen synthase kinases

guanosine triphosphate

(2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate

human embryonic kidney
heteroarene
heteronuclear multiple bond correlation

heteronuclear multiple quantum coherence
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HOBt
HPLC
HRMS
HSQC
IAV
ICso

IR
IUPAC
LDA
LEU
LIHMDS
lt.

LYS

MAPK
Me
MIDA
MPI
MRNA
MS
mTOR
MTT

NADH
NADPH
NBS
NCS
n.d.
NMR
NOE
NQO2

PDGF
PG

hydroxybenzotriazole

high-performance liquid chromatography
high-resolution mass spectroscopy
heteronuclear single quantum correlation
influenza A virus

half maximal inhibitory concentration
infrared spectroscopy

International Union of Pure and Applied Chemistry
lithium diisopropylamide

leucine

lithium bis(trimethylsilyl)amide

literature

lysine

multiplet

mitogen-activated protein kinase

methyl

N-methyliminodiacetic acid

Max Planck Institute for Infection Biology
messenger ribonucleic acid

mass spectroscopy

mammalian target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
unbranched

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
N-bromosuccinimide
N-chlorosuccinimide

not determined

nuclear magnetic resonance

nuclear Overhauser effect

qguinone reductase 2

para

platelet-derived growth factor

protective group
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Phe
PIFA
PIM
pKa
PMB
PPA

quant.
Ry
RNA
rt

S

SAR
sat.
SEM
SiRNA
SRPK
SR protein
SRSF
sta
STK

t

t
TBAF
TBAI
TBHP
temp.
TFA
THF
TLC
TMS
TRN-SR
uv
Val

phenylalanine

[bis(trifluoracetoxy)iodo]benzene

proviral integration site for Moloney murine leukemia virus

acid dissociation constant
p-methyoxybenzyl
polyphosphoric acid

quartet

quantitative

retardation factor

ribonucleic acid

room temperature

singlet

structure-activity relationships
saturated
2-(trimethylsilyl)ethoxymethyl
small interfering RNA

SRSF protein kinase
serine/arginine-rich protein
serine/arginine-rich splicing factor
staurosporine
serine/threonine kinase

triplet

tertiary
tetra-n-butylammonium fluoride
tetra-n-butylammonium iodide
tert-butyl hydroperoxide
temperature

trifluoroacetic acid
tetrahydrofuran

thin-layer chromatography
trimethylsilyl

transportin-3

ultraviolet

valine
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VEGF
vol.
VS.
WNV
Y3H

vascular endothelial growth factor
volume

versus

West Nile virus

yeast three-hybrid
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