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Abstract

Abstract
Natural productgNPs) are an inspiring source for chemical biology and drug discovery
research, featuring complex and diverse structures. However, the chemical space explored by
nature is limited by the biosynthetic precursors and machineries available-pnobitrcing
organisns. To explore the vast chemical space of biological relevance, pseudo natural
product design is proposed to unprecedentedly recombine NP fragments from different
sources. This thesis aims to develop novel concepts and methodologies in pseudo natural
produd¢ design to supply structurally complex and diverse compound collections for

biological study.
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Figure 1. Overview of projects included in this thesis
To answer the question whether varying connections between two frisgoeen lead to
diverse biological performance, a systematic recombination of alkdévided NP fragments
pyrrolidine and tetrahydroquinoline is disclosed in Chapter 3. During the synthesis, 1,3
dipolar cycloadditionis applied strategically to access pyrrolidine fragmeBtécient and
concise methodologies are developed to afford a library28fmembers and 7 scaffolds

varying the connectity patterns, positions and saturation sta@seminformatic and cell



Abstract

painting analyss of the resulting compound collections reveal that different connections
between the same fragments can tifbrd novel chemical space and diverse biological
performance. Celbased biological screening of the library leads to the discoveaynolvel
inhibitor of the Hedgehog signaling pathwdy bindingthe Smoothened protein.

To improve the synthetic efficiency, a previously neglected RhgHtalyzed reaction
between benzhydroxamate and diazooxindole is presented in Chaptéaridtion d
protecthg groups on diazo oxindole proves to becrucial to controling the reaction
selectivity.N-Bn diazooxindolefavorsdirect [4+1] annulation reaction pathway, whHNeMs

favors C-H functionalization/carbene insertion/Lossen rearrangement cascade reaction.
Mechanistic study suggests tlzestereoelectronic effect dominates the reactiselectivity.

At last, a spirooxindole library is constructiedone stegwhichiillustrates thehigh efficiency

of scaffold divergent synthesis in pseudo natural prochemistry

Besides varying connections between two fragments, ring distortion can also lead to
structural diversity. In Chapter 5, ring distortion and pseudo natural product dasign
conceptudl combined where sesquiterpene lactones are converted to diverse socaffolds
ring distortion followed by incorporation of alkalegkrived pyrrolidine fragmeastyielding
pseudo sesquiterpenoid alkalaid® increasethe diversity of thecompound collection, a
stereodivergent 1;8ipolar cycloaddition is developed to afford stereocomplementary
pyrrolidines. During the synthesis, an unusual solvewtrolled endo/exoselectivity is
discovered.Furthermore,enantiomeric ligands lead to tteame produstbecause of the
substrate bias. The resulting -88mbered compound library is analyzed using
cheminformatic tools and cell painting technology. The combination of ring distortion and
pseudo natural product design yields a structurally comgpiexdiverse compound collection
with diversity in biological performance. Cdihsed assays reveal a novel chemotype
inhibiting Hedgehoglependent osteoblast differentiation. Thibapter emphasizes the
significance and necessity of combining ring distortipseudo natural produdesignand

stereodivergent synthesipproaches



Zusammenfassung

Zusammenfassung
Naturstoffe sind inspirierende Quellsowohlfir die chemische Biologie als auch fur die
Wirkstoffentwicklung und weisen komplexe und divergierende Strukturen auf. Jedoch ist der
von der Natuexploriertechemische Raum durch Naturstpifoduzierend@®rganismen tber
biosynthetische Vorlaufer und Mectiamen eingeschrankt. Um noch nicht definierte
chemische Raume auf biologische Relevanz zu uberprifed,das Konzept von pseudo
Naturstoffen, die neueKombinatioren von NaturstoffFragmenten aus unterschiedlichen
Quellen, aufweisen. Die vorliegende Dissertation strebt die Entwicklung von neuen
Konzepten und Methoden hinsichtlich des Designs von pseudo Naturstoffen an, um
strukturell komplexe Substanzklassen biologisch zu untersuchen.
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Figur 1. Uberblick der Projektenider Thesis.
Bezuglich der Beantwortung der Frage, ob eine variierende Kombination von zwei
Fragmenten zu unterschiedlichen biologischen Ergebnissen fihrt, wird eine systematische
Rekombination der von Alkaloiden abgeleitete Naturstofffragmente, Pyrrolidin und
Tetrahydrehinolin, in Kapitel 3 thematisiert. Der Zugang zu den Pyrroli@iagmenten

erfolgt Uber eine 1;8ipolare Cyloaddition. Effiziente und prazise Methoden werden
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entwickelt, um eine 23-gliedrige SubstanBibliothek mit unterschiedlichen
Verknupfungsmustern und Positionen zu gewéhren. Chefoomatische Ankysen der
resultierenden Verbindungsklassen illustrierten, dass verschiedene Verknupfungen von
identischen Fragmenten in unterschiedlichen biologischenbBiggen und chemischen
Raumen  resultieren  koénnen.  ZbHsierte  biologische  Untersuchung  der

Substanzbibliotheken fiihrt zur Entdeckung von neuen Inhibitoren des Hedgehog Signalwegs.

Zur Entwicklung neuer Synthesemethogdemird eine Rh(lll}katalysierte Rddion von
Benzhydroxamat und Diazaxindol in Kapitel 4untersucht Eine Schutzgruppe am Diazo
oxindol ist essentiell, um die Selektivitat der Reaktion zu kontrollierenNDiazo-oxindol
beginstig eine direkte [4+1] annulieng wahrendN-Ms eine Kaskaen-Reaktion aus ¢
Funktionalisierung/Carbemsertion/LossefUmlagerung  begunstigt. Mechanistischen
Untersuchungen zu Folge dominieren stereoelektronsiche Effekte die Selektivitat der
Reaktion. Schlie3lich wird eine Bibliothek von Spirooxindoleliber effziente
Synthesemethoden hergestellt. Dieses Projekt illustriert die beispielhafte Anwethelung
gerustdivergierenda Synthese iderpseudo Naturstoéhemie.

Zusatzlich zur divergierenden Verknipfung von zwei Fragmenten kann dierRivandlung
ebenfalls zur strukturelteDiversitat fihren. In Kapitel Sverdendie Ringumwandlungund
daspseudo Naturstofbesign konzeptionell zusammengefihindem Sesquiterpeibactone
zu diversen Gerlusten Uber eine Rinmgvandlungund anschlieBender Einbettung nvo
Alkaloid-Fragmenten zu pseudo Sesquiterpestoagmenten konvertiert werden. Um die
Diversitdat der Verbindungen zu erweitern, wird eine stereodivergentediggire
Cycloaddition zur Erhaltung von Stereokomplementéaren Pyrrefidagmenten durchgefihrt.
Wahremd der Synthese wird eine ungewdhnliche, Losungsmittel kontrolliertdo/exo
Selektivitat entdeckt. Enantiomere Liganden filhren zum selben Produkth
Substratkontrolle Die resultierende 98liedrige Substanzbibliothek wird UbeZheme
informatistie Methoden analysiert. Die Kombination von Ringvandlungund pseudo
NaturstoffDesign resultiert in strukturell komplexen und diversen Verbindungen mit
unterschiedlichen biologischéfigenschaftenZell-basierte Assaysrgabeneine neu&lasse
von Inhibitoren der Hedgehoepbhéngige Osteoblastn Differenzierung. Dieses Kapitel
verdeutlicht die Bedeutung und Relevanz von Bmgandlung pseudo Naturstoffen und

der stereodivergenten Synthese.
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Chapter 1. Introduction

1. Introduction

Natural products (NPs) are a source of inspiration for the design of biologically active
compoundsleading to the discovery of more th&0% of FDA approved small molecule
drugs(Fig. 1.1a, b).l! Therefore NPs have already become attractive research agents in the
field of chemical biology to modulate biological procesgesg. 1.1c). In 1989, Schreiber and
co-workers immobilized FK506 a potent immunosuppressive ageah a matrix and
identified a FK506 binding protein FKBPl4vhich functions as ais-trans isomerase of
proline residue¥! Another binding protein FKBP12 can form a tertiary complex with
rapamycin and FKBPapamycinassociaté protein (FRAPY! wherein rapamycin is seen as

a molecular glué These discoveies inspired the chemical biology research in natural
products. Since themmore and more natural prodedrived probesave beerutilized to
reveal the mechaniswf-actiors (MoAs)of NPs.Biotin (an affinity tag), alkyne(a clickable

tag or diazirine (a photoaffinity tag) can beincorporated into NP structur€s4 1 1-7) to

uncoverthe binding targets!

Considering the great potential v&tural products in drug discovery and chemical biology
research, efficient access to NPs or-iNspired compounds in high demand. Harnessing
the power of Naturebés evolution, NPs displ ay
in turn hampershe sufficient supply of these molecul&stect isolation of NPs from natural
sourcesoften offers limited quantities because of the low abundance and/or isolation
efficiency. Even though it has come to an era of scalability for total synthesis $fniNi3t

cases are still timeonsuming, lengthy and small scale, which Igiiie approachto pure
producs and their analogé! The supply of taxol-1 (Fig. 1.1b) still relies on the semi
synthesisrom 10-deacetylbaccatii! Trabectedinl-2 (Et-743 Fig. 1.1b) is a highly potent
antitumor marine natural product usedadimic for the treatment of advanced soft tissue
sarcoma® However, the extremely complex structure poses a huge challenge to the synthesis
community. Even thoughrémendous efforts have been devoted to the total synthesis of Et
7438 few of them can supply this molecule in large s€4le.

To supply structurally complex and diverse WMi8pired compound collections for biological
study, biology-oriented synthesigBIOS) and ring distortion and pseudoatural product

designwere proposeth thepast two decades.
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(a) All small-molecule approved drugs 01Jan1981 to 30Sep2019; n=1394 (b) Structurally complex natural product drugs
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(¢) Natural product-derived chemical probes
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Figure 1.1. Natural products in drug discovery and chemical bioldgy.All small molecule drugs
approved by FDA from 01 Jan. 1981 to 30 Sep. 2(1%i N o :

natur al product ;

fii N\vDaot i vNea; t ufir Sadl :

Natur al

product ;
pTrootdaulclty dseyrnt het i

synthesis, but the pharmacophore is/was from a natural prdeeminted from ref.!! copyright
(2020) American Chemical Societfp) Taxol and Trabectedin are two structurally complex natural
product drugs. (c) Classic chemical probes in disclosing theddbAPs.

1.1 Biology-oriented synthesis

Natural products are synthesizég and have coevolved withproteins Their molecular

scaffolds are highly conservdalit are decorated with different substitueriisr example,

more than 000 indolecontaining natural products have already been isolated from nature,

17% of which areendowedwith the same pyridoindole scaffoleB (Fig. 1.2a) Analogously,

only ca. 900 protein folding types angQ0 ligand binding pockets are estimate@xest in

spite of ca. 2H00 proteins encoded by the human genBfhélPs are biosynthesized by

3

f
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proteins and display diverse biological act
interacting with biological systemshe similar conservativeand diversityof NPs and

proteins are consistentwith ther reciprocaly evolutional relationship (Fig. 1.28). It is

envisioned thasame NP scaffolds with diverse substituents can bind with different protein
targets of the similar folding typesvhich has been proved irthe pioneering work of
dysidiolidel-10 (Fig. 1.2b).[*1]

(a) Conservative and diversity of NPs and proteins

Proteins Natural Products

. of
_ folding types scaffolds ‘
binding pockets
primary substituents
sequences

Pece Cdc25A
R
:> S AChE
o )
: 5112
: e 11BHSD1 \
' 1-13
e } Same scaffold Similar folding types
Dysidiolide (I-10) Different substituents Different sequences

Figure 1.2. Conservative and diversity of natural produeind protein structures. (a) Analogy
between NPs and proteins in their structural conservative and diversity. (b) Same dysidiolide scaffold
with different substituents bind with different
structural overlp of these three proteins is displayed.

Dysidiolide (I-10) is a sesterterpertbat inhibitsprotein phosphatased c 25 A, f eat ur i 1
hydroxybutenolide scaffold? Biological screening of the compound library derived from

this scaffold revealed thal varying the substituentse compoundd {117 1-13) areable to

selectively bind with diverse protein ¢gats of similar folding type&Fig. 1.2b) This exciting
discoveryrationalizesthe origirs of diversebioactivities of natural products anihspiresthe

synthesis campaignn library design and construction. Guided by coevolution of NPs and
proteins, NPscaffolds can be seen ie-validated angrivileged structures to be synthesized,
anddiverse appendages on the scaffolds bind with specific proteinsThiscan be seen as

the prototype of biologyoriented synthesi@10S) 1o 13l
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Biology-oriented synthesis (BIOS) aims to simplify the Nfuctures to their scaffolds,
which are then decorated with diversabstituent$*@ In the synthesis campaign, efficten
synthetic routes or methodologies are developguraduceNP-inspired compoundbraries

wherin the synthetic challenges arelatively decreasedand the biological relevance is
retained.Over the past two decaddbe BIOS desigrhas been employeitd produce many

fruitful results

(a). Biology-oriented synthesis of pyrrolocoumarine

g O
X HO3SO ~ M

Ningalin B (I-14) Baculiferin O (I-15) Lamellarin D (I-16)
o] _R!
1/\§OC RZ*CHO (0} (0]
xylene TFA, reflux
« N-RIIT Z N-R'

A 3 3

R R RZ
117 1-18

43 members
48%-88% yield

(b). Pyrcoumin and pyrcoumin based probes (c). The canonical Wnt signaling pathway
Arrow Arrow,
LRP5/6 LRP5/6
Frizzled Fnzzied
li
o Y
i
.
,/", ——— /

FsC 120 N I

Figure 1.3. Biology-oriented synthesis of pyrrolocoumarine. (a) Representative pyrrolocoumarine
containing natural products. A opet synthesis was developed to synthediae library o
pyrrolocoumarine. (b) Molecular structures of active compound pyrcoumin and its affinity probe. (c)
Outline of canonical Wnt signaling pathwaReprinted from ref.*! Copyright (2004) Annual
Reviews.

Pyrrolocoumarind-18 is a common NP scaffoldhown in many biologically active marine
natural products, likeNingalin B (1-14)1*% Bacuiferin O (1-15)*8 and Lamellarin D(I-
16171, The synthesis of this compound librafgaturel an intramolecular 1:8ipolar

cycloaddition between azomethine ylides and alkyfe#®wed by anoxidative aromatization
5
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(Fig. 1.3a) '8l Biological evaluation of the synthesized compound collection revealed a novel
chemotypepyrcouminl-19 (Fig. 1.3b) that inhibitscanonical Wnt signaling pathwawith a
half-maximal inhibitory concentration (Kg) of 8.4 uM inreporter gene ass&y!

Wwnt signaling pathway exhibits an impact on the embryogenesis and homeostasis, and its
deregulation is involved in carcinogenedsfsAs depicted irFig. 1.3c, when Wnt proteins are

not present, AxilAPC-GSK3 mediatesb-catenin degradation. Upon binding with Wnt
proteins Fig. 1.3c, right panel), the cellular receptdransducehe downstreamsignals thus
inhibitingt h e d e gr acdtenini o-paternrf quantification experimentp influence

of t h ecatdminabundance was observed wheells weretreated with pyrcoumin-19,

which suggest a MoA regarding thel o wn s t r -eatemn. ©henarbaffinity-based probe

[-20 based on pyrcoumiwas designed and synthesized to identify the taugitg stable
isotope labelling of amino acids in cell culture (SILAGhmobilized on solid support, the
probe was exposedibl i ght 6 (normal ) cell |l ysate, while
i h e a ¥*G+ and ®N-labelled) lysate. Mass spectromebrgsed proteomics identified the
selective enrichment of deoxycytiditigphosphate pyrophosphatase 1 (dCTPP1) with a high
SILAC ratio. This target was confirmed by cellular thermal shift assay (CETSA) in cell
lysates. Co-immunoprecipitation experiment of dCTPP1 identified its interacting partner
ubiquitin carboxylterminal hydrolase TUSP7)?°% Pyrcouminl-19 is capable oflisrupting

the interaction betweettlCTPP1 and USP7.

Ibogaine (1-21) is a naturally occurring psychedelic alkaloid produced Tiapernanthe
iboga?Y! However, its toxicity andow accessibility hamper its development as therapeutic
drugsf?? In 2020, Olson et. al. reported the syrsiBef ibogaine scaffold-22 andl-23) and
identified tabernanthalo -24) with better drugike properties (Figl.4a)?® This example
well-illustratesthe power of biologyoriented synthesis in scaffold simplification of complex
natural productsBecause of the biological activitiese retained, the example can also be
viewed as functiomriented synthesis (FO$Y! FOS is first proposed to simplify natural
products to identify the essential pharmacophores. Under the design principle of FOS,
phorbol este(l-25), a PKCmodulator was simplified to 1,2liacytsn-glycerol (DAG 1-26)

and inspired the discovery of simplifi@doleculel-27, where thebioactivities were retained

(Fig. 1.4c). This classic exampihowsthe conceptuabverlap and difference between BIOS
and FOS (Figl.4b). BIOS is a strategy with more emphasis on the molecular scaffold, so
that the synthesized scaffolds resemble those of parent DiPstse substituents will
hopefully cover different biological activities. Different from FOS, BIOS hasvider

6



Chapter 1. Introduction

coverage of bioactiviés. The mission of BIOSis to explore the diverse chemical and

biological space inspired by natural products. While R8s to disclose the Maof

selected natural products, and discover simple chemotypes with the same bindirsg mode

through structurasimplification as shown in the case of phorbol eqtéig. 1.4c)

(a) Scaffold simplification of ibogaine

R" Biological Nid
BIOS evaluation
TN N @ N\
& N Z MeO N

A\
N
H
Ibogame (1-21) 1-22 1-23 Tabernanthalog (1-24)
(b) Biology oriented synthesis and function oriented synthesis
BIOS FOS i .
biactivity C biactivity D — pioactivity A Lz—o
natural products  biactivity A
: bioactivity A !
biactivity B ! biactivity A | b|act|V|tyA
,,,,,,,, et i
(c) Function oriented synthesis of phorbol esters
OH
FOS ROCO AcHN
ROCO'"'\__0oH [
DAG A C10H21
1-26

Phorbol esters (1-25)

Figure 14. (a) Biology-oriented synthesis ofbogaine and discovery of a simplified analog
tabernanthalog with better safety andigdlike properties.(b) Similarity and difference between
biology-oriented synthesiBIOS) and functiororiented synthesig-OS) (c) FOS & phorbol esters.

1.2 Ring distortion

(o}

Complex natural products
|

Ring rearrangement  Ring expansion Ring contraction Ring cleavage Ring aromatization

Diverse NP-inspired compound collections

Figure 1.5. Ring distortion of natural products.



Chapter 1. Introduction

Different fromde novosynthesis of NRnspired compounds iBIOS, ring distortion utilizes

natural produ& as starting poits and conducts sersiynthesis of structurally complex and
diverse NPinspired compound collectiof8! In the synthesis campaignoriginal ring

systems are reorganized into cleaved/expanded/contracted/rearranged/aromatized rings. The
molecular complexity is tresformed to the compound diversitia multistep synthesig-ig.

1.5).

(a) Ring distortion of pleuromutilin

Ring expansioﬂ
1-30

Rin? fusion
-29

N . ) . )
Ring expansion Ring cleavage, Ring contraction Ring expansion
9942 i o N\N\A\o 1-36 37

Ring fusion
S?—31 ICTO 6.7 uM

Derivatisation

Ferroptocide (1-38)
ICs59 1.6 uM

(b) Target identification of ferroptocide

“OH

1-39 1-40
Probe 1 Probe 2

Figure 1.6 Ring distortion of pleuromutilir{l-28) led to the discovery of ferroptocidé-38). (a)
Diverse structures were derived from compfeatural product pleuromutilin. (b) Chemical probes
were used to identify the target of ferroptocideray structure of tliredoxin is shown, where C32S
was believed to be its covalent binding site.

In 2019,Hergenrother et. al. reported the discovery abgelinducerof ferroptosis by ring

distortion of complex natural product pleuromutiliti-28).2%! Pleuromutilin is a

8



Chapter 1. Introduction

commercially available diterpene antibiotic that inhibits the protein synthesis in bacteria by
binding with the 50S ribosome. Under the guidance of ring distortion, more tihiatir@tly
different scaffolds were derived from pleuromutiligig. 1.6a) Thereactions featured ring
expansion/fusion/cleavage/rearrangement/contractiotyiafttedpolycyclic structures.

In order to discover novel chemotypes inducing cell death, all the synthesized compound
collections were evaluated ia cell-based assay for éir ability to kill cancer cells.
Interestingly, compount:36 was capable of inducing cell death in a fratiximal inhibitory
concentration (I6p) of 6.7 uM in ES2 cell lines. SAR study of this compound led to the
discovery of a more potent molecule ferroptocie&B, and chemical probds39 and|-40

were synthesizedccordingly Structural truncation revealed that it is a covalent binder of
cyst ei ne r esi ehloro. estalvas meplacédenithUacetyl acetate, the anticancer
activity was totally abolished. Ferroptocitl&8 induced cell death which can be rescued by
iron chelator DFO and ferroptosis inhibitor ferrostatin. These resultgestithat ferroptocide
kills cancer cells through ferroptostd. Pull down assay and chemical proteomics identified
thioredoxin, aubiquitousoxidoreductase, as its target.

Indole-containing natural products are of high therapeutic relevance, and some of them are
commercially available. Ring distortiasf these natural products will extremely increase the
complexity and diversity of the resulting compound libf&®y.Huigens and coworkers
disclosed the divergent transformasdmased on indokeontaining alkaloid yohimbingl -

41).1%) Ring cleavage and rearrangement yieldecbanpoundibrary of around 70 members

(Fig. 1.7a) that was endowedwith novel biological activities. The synthesis campaign
resulted in the discovery &. falciparuminhibitor 1-493%  antiproliferative agenit502° and
selective antagoni$t51 against GPCR¥! (Fig. 1.7b)
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(a) Ring distortion of alkaloid yohimbine

NS o H«H H
MeO,C \ MeO2C OH
Ring cleavage Ring cleavage
1-42 Ring rearrangement
< }Q C @f% N
N&H MeO,C N -
€0y H O S
MeOZC Yohimbine (1 41) MeO,C OH
ng rearrangement Ring rearrangement
-43 / \ 1-47
Ac
N- H
Ac N—
N H N H N O 7
N N H
N O S N O 3 N OH
H H ¥ H -”OH OH
N \
OH OH Ring cleavage
Ring fusion
Ring cleavage Ring cleavage 1-46
1-44 Ring fusion
1-45
(b) Novel biologically active chemotypes
CN
N H
: ©OH
MeO,C
inhibitor of P. falciparum OMe HIF-dependent anticancer agent Br’ antogonist of FSHR
1-49 1-50 1-51

Figure 1.7. Ring distortion of indoleontaining natural product&) Ring distortion of yohimbine. (b)
Biological evaluation of synthesized compound collections.

1.3 Pseudo natural products

Biological relevance and matelar diversity are two key elements in library design and
synthesid'!! Biology-oriented synthesis and ring distortion harness the power of evolution
and yield structurally complex and diverse molecules endowed with interesting biological
activities. However, the chemical space explored by these two strategiesab related

with the guiding natural productswvhich limits the further exploration of novel biological
space(Fig. 1.8). Therefore, a unified and NRspired synthetic strateggnabling broader

coverage of NRike chemical spacis in high demand.
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BIOS ? % Ring distortion O
natural products
bioactivity A

Pseudo Natural Product
Step 1. Fragment generation

Step 2. Step 2.
@ Recombination . Recombination
: : H
T 3 3 ——> Wa s

spirocyclic fused bridged . in silico algorithm

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.8. Comparison between BIOS, ring distortion and pseudo natural products.

Natural products can be viewed as the combination of NP fragments. In previous work, more
than 180000 NPswveredisassembled into,@00 cluster®f naturatproductderived fragments

(NP fragmentspy in silico algorithm® The resulting fragments are structurally divesg®,

rich and biologically relevant. Protein-pay crystallography aided ligand discovery based on
NP fragments resulted in novel chemotypes inhibiting several phosphatasgsed by
fragmentbased drug discovery (FBDIS§! fragments from different NP sources are
recombined unprecedentedipablingthe exploration of novel chemical and biological space
not accessible by BIOS, ring distortion and even NaBeeause these mamademolecules

are derived from the artificial cdmmation of different NP fragments, they are termed as
Apseudo nat (Fgalld). Ip the design tprinciple of pseudo natural products,
cyclic NP fragments (common NP fragments or-dPived fragments) are recombined
unprecedentedly. They can h®assified based on the common atoms between these
fragments, such as spirocyclic (1 atom), edgefused (2 atom) and bridged (3 atom)
connectiongFig. 1.8) It is anticipated that different fragments and diverse connections and

substituents can lead tioe vast chemical and biological space.

Even though the first announced pseudo natural product chromopyHaneptent glucose
uptake inhibitor, was repodein 2018, we had unconsciously made pseudo natural products
before. Indole and tropane are two common NP fragments shown in various natural products.
Unprecedented recombination of these two fragments yielded myokih&€iba novel
inhibitor of myosin ight chain kinase 1 (MLCK1)Rig. 1.9)13 Under the catalysis of Cu(l)

and R)-Fesulphos, the cyclic azomethine ylide52 reacted with electron deficient
nitroalkened-53 in high stereeand diasteregelectivity. NRlikeness score ismployedto

quantify the frequencyof structural moiety found in natural produff8.The higher score
11
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indicates a more NRke structure. In the cheminformatic analysis of the synthesized
compound collectionjndotropanel-54 displayed a NP-likeness score around @hich
overlapswith the space occupied Inyoleculesrom DrugBank (Fig1.9d). Even though both
fragments are found in many NP structures, the unprecedented recombination leads to novel
chemical spaceandthusresultsin a relatively lower NRikeness score resenind that of

drug moleculesBiological ewaluation of the synthesized compound collections led to the
discovery of myokinasilb-56. The phenotypes of treated cells displayed impaired cytokinesis
and multinucleationHig. 1.9¢) 253 Considering the significant roles oihlases in modulating
cytokinesis, myokinasib was screened against a panel of kinases. It turned out to be an
inhibitor of MLCK1 with a halfmaximal inhibitory concentration (Kg) of 7.3 £ 1.9 uM.

(a) Enantioselective synthesis of indotropane

COyR? Cu(CH3CN),4PFg, CO,R? StBu
\ (R)-Fesulphos R* @P

N R \

\_/ . /[ DBU, DM O -‘;?"ioz Fe pp Ph
N R R3NO, N R <
R R5 (R)-Fesulphos
1-52 1-53 1-54 1-55
(b) Structure of myokinasib (¢) Multinucleation induced by myokinasib (d) NP likeness score

Tubulin DNA Merged
=7 )

a
@
«
5
3
°
>|
=
=
3
°
=

NP-Score

Figure 1.9. Pseudo natural product myokinasib. (a) Enantioselective synthesis of indotropane
catalyzed by Cu(l) and R)-Fesulphos. (b) Structure of myokinasib. (¢) Myokinasib induced
multinucleation. (d) NRikeness score of synthesized myokinagied line) in comparison with
ChEMBL natural product¥? (blue line) andnolecules inDrugBank® (black line).Reprinted from
ref.353 Copyright(2019) Elsevier.

Cinchona alkaloids are a type of antimalaria natural yetsd Commercial availabilityto

these complex natural products enalides stage modificatiorof them. Indole fragment was
incorporated into cinchona alkaloid derivatives to yield a novel class of pseudo natural
product indocinchona alkaloid&ig. 1.10).3% The synthesideatureda Pdcatalyed indole
formation between cinchona derived ketones7 and 2iodoanilines. The resulting NP
inspired compound clactions were then evaluated towaeditophagy by monitoring
autophagic flux. Phenotypic screening revealed that azaquihde®® inhibited rapamycin
induced autophagwith a halfmaximal inhibitory concentration (Kg) of 0.10 + 0.02 puM

which indicateda downstream regulation of autophagy pathvizsi! paintingsuggest that it

behaved similarly with kinase inhibitors. Considering thgportant role of kinases in
12
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modulating autophagy, azaquindlewas screened against a panel of kinagesre PI3Ks
stood out because of the high inhibitory potency. PIK3C3/VPS34 is an important target in
autophagosome biogenesasidtherefore, this kinase might be responsible foritigoitory
activity. Cellular thermal shift assafCETSA) was employeda evaluate the interaction
between -59 and VPS34. A temperature shift ®03+1.8°C was observed, whicimdicated
thatazaquindoléel directly binds VPS34.

OMe

OMe

Pd(OAc),, DABCO,
DMF
N

7
‘ N NH,
N o R P |

1-57 1-58

OH

azaquindole-1 (1-59)
Figure 10. Pseudo natural product indocinchona alkaloid
Natural products serve as a continuous source of inspiration for the development of drug
discovery and chemical biology researd@iology-oriented synthesis and ring distortion
strategies have already resulted in the discovery of many structurally coamuediverse
NP-inspired compoundsBiological evaluation of them reveals some importemgetsof
therapeutic relevance. However, owing to the limited chemical spgideredby BIOS and
ring distortion, a unified and NRspired synthetic strategy is high demand. Inspired by
fragmentbased ligand discovery, NP fragments from different sources are unprecedently
recombinedto afford pseudo natural produdtsat exhibitnovel biological activities. With
more effortsdevoted tathis field, more selectiveand potent chemotypes against interesting

targetswill be discovered
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Chapter 2. Design and aim of the
thesis
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2. Design and aim of the thesis

The aim of the thesis is tdevelopnovel concepts and methodologi@s pseudo natural
product chemistry Based on our previoustudes unprecedentedecombinatios of NP
fragmentsyieldednovel chemotypes and bioactivities, whimloved the utility otthe pseudo
natural productsconcepf3¥ Structural diversity and complexity are always the focus of
pseudonatural producsynthesis In Chapter 3, a systematic study is presented pdoex
whether varyingconnectionsbetween two NP fragments is able @ocesshighly diverse
chemical space. Pyrrolidine and tetrahydroquinoline are two common NP fragments
occurring in diverse natural products. Unprecedented combination of these tworftagme
will be enabled by strategic application of -dipolar cycloaddition. The resulting pseud®
classesvarying at connective positions, patterns and saturation sietesomparedusing
cheminformatic tools anthe cell paintinganalysis.Asymmetric 1,3dipolar cycloaddition

will also be explored.

In Chapter 3,de novosynthesis of pseudo natural produfrsm elaborateprecursorsis
described To improve the synthie efficiency, a scaffold divergent synthesis of
spirooxindoles will be presented in ChapterStaffold divergent synthesis is a strategy
aiming to achieve the structural diversitia tuning the properties of the intermediates. With
the development of theynthetic methodologies, more and more reaction processes are
tunablethrough different ligands, catalysts and substituddésein a previously neglected

Rh(lll)-catalyzed scaffold divergent synthesis of spirooxindeidide disclosed.

The above two chapters are about treeombination of common fragments, like
tetrahydroquinoline, pyrrolidine and oxindolln Chapter5, fragmentsized sesquiterpene
lactones, whose structures are biologically relevant, are combinedalkdloid-derived
fragment pyrrolidine. To increase the scaffold diversity of pseudo natural products,
commercially available sesquiterpene lactones will be converted to diverse structures using
ring distortion strategy. Thethe electrophilic lactones will react witha@rethine ylidewvia
stereodivergent 1;8ipolar cycloadditios. At last, a stereochemically and biologically

diverse pseudo natural product librargigected to beonstructed

Thesethreechaptersaim to tacklea core question in chemical biology, that is howdentify
structurally complex and diversmall moleculef therapeutic relevan®elnspired byNP
structuresthe pseudo natural product strategy is applied tooflhe synthesis campaign
Novel synthdt methodologes (1,3-dipolar cycloaddition; Rh(I)catalyzed €GH

15
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functionalization) and concepicombination of ring distortion and pseudo NW®wil be
developed in this thesis. Coupled with unbiased morphological profiling technology, the
synthesized compoundsill be systematicallyevaluated The efforts in thesehapterswill
hopefully strengthen our understandingpsfeudo natural prodiuecandlead b the discovery

of novel chemotypes.

16



Chapter 3. Design, synthesis and biological evaluations of pyrroquinolines

Chapter 3. Design, synthesis and
biological evaluations of
pyrroguinoline pseudo natural
products

Part of the conterftasbeen published it
Angew. Chem. Int. E@021, 60, 46484656.
Tetrahedron Lett2021, 76, 153228153231
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3. Design, synthesis and biological evaluations pyrroquinoline pseudo natural

products
3.1 Background

3.1.1 1,3dipolar cycloaddition in the synthesis of bioactive molecules

1,3-dipolar cycloaddition has become a powerful approach to functionalized pyrrolidines
through the development of catalysligands, dipoles and dipolarophilé®] Among the
diverse 1,2dipoles, amino acidierived azomethine ylides are of particular intelestause

of their synthetic versatility Azomethine ylide (EN-C) is usually represented in a
zwitterionic form with thenitrogenatom positively charged, while the negatisiearge is
distributed over the two terminal carbon atofiy. 3.19. The reactios with dipolarophiles
(alkenes) invale s i x 7, andthustake plazentilsrough a thermally allowed suprafacial
processaccording to Woodwardioffmann rules Fig. 3.1c). In most cases, the reaction
proceeds in a concerted wialyendoselectivitybecause of the secondary interaction between
1,3-dipoles and dipolarophiles to stabilize the transition st&tes/ever, aomethine ylide
adopt a bentype structure, so thahe secondary interaction with the dipolarophiles is not
strong enough compared withat of classic DielsAlder reactiors (Fig. 3.19. Thus, tuning

the properties of catalysts and ligamday beable to favorexoselectivity.

(a) Structures of azomethine ylide (b) FMO of 1,3-dipolar cycloaddition
\ o o \ —
\c’%‘ - NN~ LUMO
\

(¢) Orbital overlapping HOMO

o

A B

(d) Comparison between 1,3-dipolar cycloaddition and Diels-Alder reaction

endo O exo : endo O exo

Figure 3.1 The structure, diastereoselectivity and regioselectioftyl,3-dipolar cycloaddition(a)
Zwitterionic structure of azomethine ylide. (b) Frontier molecular orbitals eflip@ar cycloaddition.
(c) Regioselectivity of 1 8lipolar cycloadition. (d) Enddexoselectivity of 1,3dipolar cycloaddition
compared to Dielg\lder reaction.
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The regioselectivity of the reaction is controlled by the frontier molecular orbitals (FMO).
Azomethine ylides are electraith reactive species with higgnegy HOMOs and LUMOs.

In the reactions with electron deficient alkenes, the H@p@preferentially overlapwith
LUMOipolarophile because of the smaller energy d&jpg. 3.1b). The reaction proceeds in a
way to maximize the highest overlap of the orbitals. As depicted in3Fg the transition
state A is more stable than B because of more efficient orbital ov&Hegpproperty controls

the regioselectivity of 1;8ipolar cycloaddition.

(a) Enantioselective synthesis of spirooxindoles NH
@ 2
P
N\
R/ CO,Me éph Ph o
N (N n-3 / q_ /j\

PN ¢ Cu(CH3CN)4PFg Fe Ph “Ph
H "
1111 11i-2 I11-4
\ Et;N
MeO,C / \/\R
NH
R
P
T Nﬁ
H C /* -
I1l-6 ﬂ/

(b) Active spirooxindoles Fe Ph Ph

-5

m-7 -8
mitotic arrest p53-MDM2 inhibitor

Figure 3.2 Hydrogen bond directed highly diasterand enantieselective 1,3lipolar cycloaddition.
(a) Plausible reaction mechanism of hydrogen bond directed catalysis. (b) SpirooXihdéle
synthesized by reaction depicted in (a) induced mitotic akesither reported spirooxindoldl -8
behaved differently inhibiting (BMDM2 interaction.

Spirooxindole is a privileged scaffold with potent and diverse biological actitidsnder
the guidance of BIOS3 , -Bydolidinyl-spirooxindolelll -6 wasaccessedia Cu(l) catalyed
highly diastereoand enantieselective 1,3ipolar cycloadditior(Fig. 3.28).1*2 This catalytic
reaction proceeds in a hydrogen bond directed transition state. Firstly, the cdiryflexas
deprotonated by base to give #mwomethine yliddll -5, then the dipolarophile approached
through a hgrogen bond with the ligand. Abf the synthesizedcompounds were then
screened using diverse biological assayswever, onlycompoundlll -7 induced mitotic
arrest. Different fromWa n g 6 s t th a p-pwBsdlididyd-spirooxindoleis a hit scaffold
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targeting p5aMDM2 interaction*® our results revealed that this scaffold could also interfere
with microtube polymerizatiorfFig. 3.2b) This discovery again emphasizes the utility of
biology-oriented synthesis in identifying novel chemotypes with new bioactivitiesityyng
substituents on the scaffolds.

(a) Enantioselective synthesis of iridoids-inspired compound collections

SBu

& RS

/
0 COR' Fe ph Ph

( @ m-11 @ ~C
o + N R \o/ OR'
4 Cu(CH3CN),BF, Fe p Ph
OR R" <
racemic n-10 n-12

-9

‘ DBU

o @(S’?Ql ©<S'?i>+1

Fe ph Ph Fe pn Yon”

1-13 1-14
matched epimization ismatched

(b) Active compounds

Br

-16 nm-17
Wht inhibitor Hedgehog inhibitor

Figure 3.3. Dynamic kinetic resolution enabled Hy3-dipolar cycloaddition(a) Stereoconvergent
1,3-dipolar cycloaddition. (b) Biologically active compounds synthesized by the reaction depicted in

(a).

In the synthesis of iridoithspired compound collectignSchiff basdll -10 reacted withthe
subgrate 1l -9 vyielding highly potent inhibitors towarsl Wnt and Hedgehog signaling
pathway (Fig. 3.3).1*4 Notaly, in the reaction with the racemic substréte9, only one
cycloadductlll -15 was formed. When the Cu(l) chelates with the azomethine ylide and
Fesuphos, the steribindranceconfinesthe reactiorto occuron the less hindered sid@n
another handthe reaction favorgendoselectivity. To avoid the repulsion between the OR
group and azomethine ylidepnly (R)-configured substrate matches with the chiral
environmentwith its OR group oriented away from the azomethine y(idle-13). However,

there 8 a balance between the racemic substrai@sepimerization. With the reaction
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proceedingthrough dynamic kinetic resolutignthe racemic substrates can cmmpletely

transformed to the solely chiral prodsict

3.1.2 Cell painting profiling

Unbiasedbiological evaluation of synthesized compound collections is highly crucial to the
success of pseudo natural product design. Different from BIOS and ring distortion,-pseudo
NPshave no guiding natural prodsctso that an unbiased and higbntent profilirg is in

high demandWith the development of phenotypic screening and irtsged analysis, cell
painting has now emerged as a morphological profiing method to extract hundreds of
biologicaly relevant paramete(§ig. 3.4).4°1 U20S cells are treated with testing compounds
and then stained by six orthogonal fluorescent dyes to reveal the perturbatisegenf
cellular compartments and organelles, suchuedeus mitochondriaendoplasmic reticulum,

golgi/plasma menbrane and factin.

Measurements (features)
e e

x 384 wells x N plates

' Y .-‘

o o3 _\
R
..

Genetic or Experiments in Microscopy Image analysis Morphological profiles
chemical multiwell imaging
perturbations plates

Figure 3.4. Cell painting workflowReprinted from ref*a Copyright(2016) Nature.

In 2016, Schreiber et. al. utilizeich a reatime biological profiling method to evaluate the
synthesized compound collectidff8.All the tested compoundsre isomeric triads and have
similar molecular sizeCel painting profilesindicated that concentration, structirscaffolds

and substituents exhilanimpact on the biological performance.

Besides evaluation of the library diversity, cell painting can also be used to predict possible
MoAs of testing compound®iosimilarity is calculated according to the correlation distance
between two profiles. High biosimilarity between tested compounds and reference
compounds (those annotated with validated MoA) will suggest the possible bioactivity or
targets.In our inhouse screening of the pseudo natural product pyuaogyridones
(PFPsY# none of them exhibitedsignificant inhibition towards Watand hedgehog
signaling pathways, autophagy, glucose transport, and histone deacetylask. S\fF a
careful comparison of cell painting profiles between PFPs and reference compounds,
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researchers discovered that comnpd Il -18 displayed high cross biosimilarity with
reference compoundumitin Il -20*8, which is anotated as an inhibitor of mitochondrial
respiration by targeting mitochondrial complexHig. 3.6). Mito Stress Test assay was
employed to validate the mitochondrial inhibition through the evaluation of oxygen
consumption rate and extracellulacidification rateof treated cells. Compoundl -18
induced doselependent mitochondrial respiration with a half maximal effective
concentration (E6) of 3.7 + 0.9 uM.This isa strong support that cell painting can assist the

discovery of biological astities unbiasedly.
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Figure 36. Cell painting assisted target hypothe¥id.

3.2 Project design

In our previous work on pseudo natural produttep NP fragments werenprecedentedly
recombine in one specific connective pattelike indotropan&® andazaquimlole®®. Even
though a struorally complex library was established, lack of diversity limited the
development of pseudo natural product concept. Using different NP fragrfamts
recombination is an approach itereasng the structural diversity of the compound library.
In our recen work, different fragmensized NP derivatives are recombined witdole or

chromanone yielding a chemically and biologically diverse libaiy. 3.7).4%

Besides changing the recombined NP fragmewssying the connectivity patternsand
positionswould also lead to both structurally complex and diverse scaffdld® might
display distinctly different biologal performanceTo validate this hypothesis, we ahto
design a systematic synthes$ the pseudo natural products, whdhe same twoNP
fragments areombinedin differentconnectivity patternse. g.fused spiracyclic or bridged
combinationg(Fig. 3.8, see structureBl -33, 36, and37), or fusion positiongFig. 3.8, see
structuredll -33, 34, and35).
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(a) Pseudo natural product synthesis by varying the recombined NP fragments
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(b) Representative pseudo natural products derived from fragment-sized NP
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Figure 3.7. Representative pseudo natural prodyetsPseudo natural products synthesis by varying
the recombined NP fragments. (b) Representative pseudo natural products.
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Figure 3.8. Systematic synthesis of pseudo natural products.

Pyrrolidine and tetrahydroquinolirere two common fragments rarely combined in natural
products. Their broad occurrence in diverse biologically active natural products, such as
kainic acid(lll -38)%, cocaing(lll -39), yaequinolone JUII -41)? and virantmycin(lll -

42)3 inspired us that thanprecedentedecombination of these two privileged fragments
would lead to unexplored chemical and biological sg&ag 3.9). To maximize the scaffold

diversity, a systematic synthesis campaign was employedee five pyrrolidine
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tetrahydroquinoline (pyrroquinoline) scaffolds were synthesized. These two fragments were
fused in differentarrangementso afford scaffoldlll -43, 44 and 45. Different connectivity
patterns, like spirocyclic and bridged combinatioyslded scaffold Il -46 and 47
respectively. In order to obtain an overview of the relationship betwperich pseudo
natural products and planar drlike molecules, all the fused scaffoldd €431 Il -45) were
converted to their aromatized derivasv (Il -48 7 11l -50) respectively At last, a scaffold
diverse NPFinspired pseudo natural product library was established by varying the
connectivity patterngositions angaturatiorstates of the sane¢P fragments.

Me
Me \
4\_\\—(0 Me” XX MeO
g @ HO,C
Me g
_—CO,H N
/U st CoMe 0O O = o
- e

|
Me™™ e N OM
' CO,H Me 0Bz O NH )—Me
H N H N” 0 Me

Me
kainic acid (I11-38) cocaine (Il1-39) communesin B (11I-40) yaequinolone J1 (lll-41) virantmycin (ll1-42)

: N
H
recombination l
NH o)
NH NH
S
C Y-
N (0] N N
H H H

ZE/ S]
pd
© T
T
z z D
Iz [
O

H H
1n1-43 111-44 111-45 I11-46 111-47
— HN N
N N ‘
N o N" o N
H H H
111-48 111-49 111-50

Figure 3.9. Design ofpseudo natural product pyrroquinolin€sverseconnectbns(fused spirocyclic
and bridgeccombination} and saturation states lead to eight psehlBcclasses.

3.3 Resuls and discussion

3.3.1 Racemic synthesis of 7 classespgtroquinolines

1,3Dipolar cycloaddition of azomethine ylide is a powerful and efficient synthetic
methodology to incorporate pyrrolidine fragment into other scaffolds. All the scaffolds
(except bridgedll -47) wereaccessedising this unified methodologyused scaffoldll -43

was synthesizedia intramolecular 1,3lipolar cycloaddition according to our previous report
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(Fig. 3.10)>4 |t was then converted to the planar strucllire48 using DDQ as the oxidant.

Inspired by the success in the synthesidliof43 and 48, a similar intramolecular Ag{)

catalyzed cycloaddition was employed to give the scafftiid-44 in excellent

diastereoselectivity, which was then converted to its aromatized schffed® in satisfying

yield (Fig. 3.10).

. coMe 1.TFA, DCM MeO,C, A MeO,C_ AT
’ ¢ 07 ‘ 2. ArCHO, AgOAc, NH —
CE| ref. o TEA, DCM, 12 h ©\\\\\\ DDQ, PhMe, 1 h o NH
— = PPh
NH, '}‘ NHBoc N 0 N X0
|
Bn Bn Bn
111-51 111-52 11-43 111-48
16 examples 12 examples
21% - 79% 60% - 98%
o o CO,Me CO,Me
b. OH 0 e HN—
PPN ] N e N
1.Cl Z A o o A ""Ar DDQ, PhMe, 1b X TAr
_ =
NaHCO3, DCM, M _~, TEA MgSO,, DCM ©\
NH 12h N AT then AgOAc, PPhs, N” 0 N” 0
Bn 2.DMP, DCM, 1 h Bn Cs,CO,, DCM, 12 h Bn Bn
n-53 111-54 n-44 1n-49
18 examples 14 examples
54% - 89% 58% - quant.

d.r. > 20:1

Figure 3.10. Synthesis of pseudo natural product pyrroquindlinet3, 44, 48 and49.

(a) direct 1,3-dipolar cycloaddition

Cl
~-COzMe N._-COzMe
llI-56a
N (0] catalysts, ligands
Me low conversion

111-55

111-45

(b) intermolecular 1,3-dipolar cycloaddition/ intramolecular lactamization

reduction/

MeOC CO:Me MeO,C, selective
©\j/ 1,3-DC MeO,C lactamization
002
111-58 111-59

MeO,C,

III -45

Figure 3.11. Synthetic strategy towards pseudo natural product pyrroquindlings. (a) Low
conversion was observed In3-dipolar cycloaddition. (b) Intermolecular i¢®polar cycloaddition
followed by reduction/intramolecular lactamizaticesscade reaction

We envisioned that the synthesis faked scaffoldill -45 could be furnished by the 1,3

dipolar cycloadditionbetween Schiff basdll -56 and quinolinonelll -55 (Fig. 3.113.

However, only trace conversion was observed despite the screening of catalysts and ligands.

The low reactivity was possibly attributed to the aromaticity of quinolinone. Then another

strategy wasproposed where 1.8ipolar cycloadditionof linear dipolarophileslll -58
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followed by reduction/intramolecular lactamization cascaeaction afforded the target
scaffoldlll -45 (Fig. 3.11bH.

(a) Direct reduction of nitro group

H
o MeO,Cu N
Fe, HOAc, 80 °C
S—5=CO,Me

or Pd/C, MeOH, H,

777777777777777777777 . N //io
NH

Cl

111-61
complex!
(b) Plausible explanation for the formation of the side product during the reduction

(O OMe retro-1,3-DC ©\/I002Me
N Z N
0 N So
QNH O=m H

111-61 111-62 (isolated)
(c) Protection/reduction/lactamization sequence

11I-59a

Meo,¢ A A0 TEADCM W\ (- Ac

o
MeO,C.__CO,Me N then Pd/C, H
MeO,C s 2 N
] Ar\yN\)kOMe 2 NH  MeOH, 12h \\\%Ar
- / —_— W
AgOAc, TEA, P ©\ CO,Me
DCM, 12 h NOZCOZMB

NO, N O
111-58 111-59 111-45
10 examples
66% - 95%
d.r. >20:1

Figure 3.12. Synthesis of pyrroquinolinél -45. (a)(b) Unsuccessful reduction of pyrrolidine and
proposedretro-1,3-dipolar cycloaddition. (¢) Protection gdyrrolidine turned out to be crucial to
stabilize the final product.

The cycloaddition between azomethinedgliandelectrondeficient alkendll -58 afforded
functionalized pyrrolidingll -59in high yield and diastereoselectivityig. 3.12c). However,

the direct reduction of the produatas problematic.Under the classic conditions for the
reduction of nitrogroup, the reaction was really compleand it was hard to isolate the
desired produc{Fig. 3.12a) When Pd/C waemployed one main product was isolated,
which turned out to be the quinolinofragmentlll -62 (Fig. 3.12b). We postulated that the
reduction of nitro group took place, however, the sequintadtamized productll -61 was

not stable enough under the reduction conditions. Palladium would chelate with the 1,3
dicarbonyl moiety and activate ti@usualretro-1,3-dipolar cycloadditionTo prevent such a
process, protection of pyrrolidine was crucial. After the attachment of Ac group on the
pyrrolidine, the following reduction and intramolecular lactamization took place to give
single diastereometll -45 (Fig. 3.12c). To be noted, the reton occurredin high

diastereoselectivitgnd regioselectivityn spiteof the presence of three ester groups.
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However, the direct aromatization of scaffoldl -45 was not successful because of the
guaternarycenteron the structureTherefore, ade novosynthesis toward scaffoldl -50
should be developedBased on the retrosynthetic analysis of this scaffold, direct
cycloaddition between quinolinium sali$ -65 and azomethine ylides should be the most
concise ongFig. 3.13d) Many methodologies have already been develdpedeactions
with quinolinium salts. Under basic conditions, quinolinium salts can be converted to the
ylides (1,3dipoles), followed by the cycloaddition with dipolarophi{€sg. 3.139.5% Owing

to the electrophilic properties of quinolinium salts, they alo undergo the nucleophilic
attack at C2 or C4 position@ig. 3.13H.5¢1 Recently the Donohoe group reported the
concise reductive Gfinctionalizaiton of quinolinium salts througin interrupted transfer
hydrogenation(Fig. 3.139.571 This reaction featured ahidium-hydride (Ir-H) reduction,
followed by the enamine trapping before a finat@a8uctive quenching of the iminiutt -

68. Inspired by the cascade reaction on the quinolinium saksenvisioned that dual
functional reagents can first undergo the-riigleophile attack and then intramolecular
trapping of the electrophiles to fuse a new ring on C3/4 edge, which can be duinehed
with oxidative conditiongFig. 3.13d)

©\/j //>EWG X
N —— N EWG
<

A I11-63

a.

R R” 64 Nu
b.
AN X
w L \
+ -
e N
X R R R
11-65 111-66 111-67

c. E
N" N N

then E* reductive quench

X I N I
R | R
11-65 L R -
d. this work 111-68 111-69

X MeO,C MeO,C

O @ T :
+ 2 A\
11-65 N @ ©\/?\Ar @ Qf?\AF
R —_— —_— ‘
+ + n .
N/ oxidative quench N

Ar  -N__CO,Me é &
-70 m-71 11-50

Figure 3.13. (a)}(c): Previous reports regarding the reactions of quinolinium salts. (d) Concepts of
tandem dearomatization/oxidation cascade catalyzedyyer

Azomethine ylides are such reagents that can possibly cyclize with the quinoliniumiasalts
concerted or stepwise pathways. -Dipolar cycloaddition has emerged as a powerful
method to synthesize the pyrrolidines from azomethine yhde electron defient alkenes,

like linear or cyclic enones, or nearly neutral stysdffé 4°°l However, there arelmost no
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reports about dearomative idgolar cycloaddition of quinolinium salts. The challenges of
this reaction come from two aspects: the driving force for the dearomatization and the
efficiency of the oxidation step. Most pyrrolidines synthesized ,Bydibolar cycloaddition

need additional oxidants to be converiatb pyrroles. Considering theopper catalyzed
aerobic oxidatiof® is it possible to develop a tandem reaction to synthesize the

pyrroquinolinelll -50in onepotas shown in Fig. 3.13d

Table 3.1. Condition screening fat,3-dipolar cycloaddition of quinoliniursalts.

y MeOC
SoReU s o
Br g then 20% KOH solution N
1n-72 1I-70a Bn 111-50a

Entry Catalyst Ligand Additive T[°C] Yield™
12 CUPFR(CHsCN)4 - - rt. 49%
22 CUPR(CHsCN)s - Oz 40°C  73%
3 CUPFR(CH:sCN), - Pd/C  40°C  79%
42 CUPR(CHsCN)4 - DDQ®*  40°C  76%
5p CUPR(CH:CN), - O rt. 71%
6 CUPR(CHCN), 1l -73 O rt. 77%
7 CUPR(CHCN),  IIl -74 o} rt. 84%
g CUPR(CH:CN), Il -75 Oz . 81%
op CuPFR(CHsCN)4 I -76 Oz r.t. 80%
10° CUPR(CH:CN)s Il -77 o} r.t. 87%
11° - - Oz r.t. 64%

(8 quinoline (1.0 equiv), iminoester (1&quiv), catalyst (15 mol%), reaction scale @r2mol,
CH:CN 20 mL. (b) quinoline (1.0 equiv), iminoester (1.5 equiv), catalys0 {Bol%), ligand (60
mol%), reaction scale MImmol, CHCN 10 mL. (c) Isdated yield after column chromatograplg)
25 mol%. (e) 3.0 equiv.

Q \ b ®
o) N0
7/ \ , N7 Ph 7 N 0 Ph
=N N= N N
Mé M
-76

n-73 R=Ph, 1I-74
R=iPr, 1I-75

n-77

Initial attempt began with the cycloaddition Rfbenzyl quinolinium bromiddll -72 and
Schiff base lll -70a Primary sreening of the conditions revealed Cu(CECN)sPFs,
acetonitrile and triethylamine are the optimal catalyst, solvenbasdrespectivelyto give
49% vyield of pyrroquinolindll -50a (Table 3.1, entry 1). Considering the second oxidation

step, a series of oxidative additiveasgcreened. Oxygen was neofavored compared with
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high loading quantities of Pd/C and DDQ (Tall&, entry 24). We further lowered the
reaction temperature aride amount of cpper catalysto achieveonly a small decrease in
the yield (Table3.1, entry 5). In the pioneering reseh of CuO> chemistry, ligands could
assistthe formation of peroxde complex, which was the active intermediate for the
oxidation[®® Inspired by these studies, an extensive screening of ligands revealiéghnd

[l -77 as the best ongelding the cycloaddudil -50ain 87% yield (Table 1, entry 10Jhe
catalyst and ligandvere found tgoromote the reaction based on control experiments (Table 1,
entry 5, 11).

With the optimal reaction conditions in hand, the scop&dfiff baseswas first explored
(Fig. 3.14) The substrates tolerated a series of eleadmmating (R=Me, OMe) and
withdrawing groups (R=Cl, Br, F, GJ at the para position of thephenyl moiety. The
corresponding productdl -50a 1 50g were isolated iM5-87% yield. The meta or ortho-
substitutedSchiff basegeacted withlll -72 in satisfying yields To be noted, this reaction
could tolerate the sterically hinderedtho-bromosubstitutedSchiff baseto givelll -50min
62% yield. And only moderate yield was obtained when reacting witlortive- oxygen

containng substitutions|{l -500and50p).

MeO,C
1 . + R N CO.Me L5 (6 mol%), balloon X
= ’T'/ INF N2 Et;N (3.0 equiv.), Rt
Br R, CH4CN, rt., 24 h N
n-72 n-70 R, M-50
MeOC_ R=Cl, lll-50a 87% MeOL( N R
= - 0,
7\ R e e B R=Cl, IIl-50h 46%
R b~ o R=Br, l-50i 78%
\ R=CF, lll-50d 86% \ = KA
R=Me, lll-50e 78% R=Mes, lll-0] 80%
N : . N R=OMe, Il-50k 73%
5 R=OMe, llI-50f 65% 5 & o
n R=H, llI-50g 66% n
MeO,C R MeO,C
/ N R=Cl, 501 47% i NOR R=0, lll-50p 45%
R=Br, l-50m 62% J  R=S,Il-50q 73%
| R=Me, IlI-50n 70% | \
N R=OMe, IlI-500 46%
‘ N
Bn Bn
MeO, MeO,C

c
N R=F, IIl-50r 64%
R [ R=Cl, lll-50s 83%
| Br R=Br, lIl-50t 67%
. R=Me, IIl-50u 81%
|
Bn

R=0OMe, llI-50v 78%

R=Me, lll-50w 97%

R= pCICgHy, 1-50x 90%
Br R= pBrCgH,, II1-50y 85%
N R= mBrCgH,, Il-50z 96%
R R= oMeCgH,, llI-50aa 90%

Figure 3.14. Substrate scope azomethine ylideand quinoliniumsals. Isdated yield after column

chromatography

Then the scope of quinolinium salts was investigated. Substitutions at C6 position of

quinoliniums were tolerated, deliveringproducts Il -50r i

[l -50v in 64-83% yield.
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Moreover, diverse substitutionsibenzyl group also reactéud excellent yieldsAnd theN-
methyl quinolinium iodideafforded the productlll -50w in 97% yield. However, the
pyridinium salt failed to give the desired product, which was compatible wethhigher
aromatization energy of pyridines thémat ofquinolines.

MeO,C.
5~10‘0ppm—-|-l| —N

| 'm.}ll' |

11.0 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -0
f1 (ppm)

Figure 3.15. Structure andH NMR of pyrroquinolineH in CDCl.
Notably,theH NMR of the compound was really unusual, watkowrfield shift of C5-H to
~10 ppm, whichs rare in substituted quinolineEhe structure ofll -50mwas confirmed by

singlecrystal X ray diffraction €ig. 3.15. The dowrfield shift waspossiblyinduced bythe

intramolecular hydrogen bond between ester oxygen atom and the proted pbs@ion.
This hypothesis was validated based on isa¥ structure with a distance 22 bet ween

these two atoms.

The spirocyclic scaffoldlll -46 was then synthesizedia an intermolecular 1,3lipolar
cycloaddition betweerenonelll -78 and azomethine ylide®ifferent from the intramolecular
results, this reaction afforded a pair of inseparable diastereomers. After extensive screening
of the catalysts, solvents atemperatures, the reaction could only yield the product in 4.6:1
selectivity (Table 3.2, entry 1)To gain the pure produdbdr screening in biological assays
Boc-protected dihydroquinolinoneas employed as the substrate. After the cycloaddition,
deprotetion of the Boc group enabled the isolation of pemeotype product in acceptable

yield (see experiment part7.2.1.9.

In summary, 13lipolar cycloaddition was applied strategicallyyield the pyrroquinoline
embedded with similar appendages. Iniadid to the scaffoldlll -47 synthesized by Dr.
Gregor Cremosnik(32 members)a structurally diverse library of eight scaffolds and 155

membersvasconstructed.
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Table 3.2. Screening table for intermolecular dolar cycloaddition towards spirocyclic scaffold
Il -46.

Cl Cl

e _CUBF4(CH;CN)s _
O Z O CI Et3N DCM ©\)p 'CO,Me @\){) 'CO,Me
N OMe

Ts

n-78 l-70a n;lTj:t; n:llln g(;
Entry Catalyst solvent based TI[°C] d.r. (ll -46111 -80)
1 CuBFR(CHsCN)s DCM EtN r.t. 4.6:1
2 AgOAcC DCM EtN r.t. 2.9:1
3 AgTFA DCM EtsN r.t. 2.6:1
4 CUPR(CH:CN),  DCM Et:N r.t. 2.1:1
5 CuBR(CH:CN),  DCM Et:N 0 4.3:1
6 CuBR(CH:CN)4 THF Et:N r.t. 2.8:1
7 CuBFR(CHsCN)4 DCE EtsN r.t. 4.5:1
8 CuBR(CH:CN),  DME Et:N r.t. 3.2:1
9 CuBR(CH:CN)4 Et.O EtN r.t. 2.3:1
10 CuBR(CH:CN)s  PhMe EtN r.t. 2.5:1
11 CuBR(CH:CN), MeOH  EtN r.t. 3.1:1

Alkene Ill -78 (0.10 mmol, 1.0 equiv.), Schiff bask -70a(0.15 mmol, 1.5 equiv.) and base (0.10
mmol, 1.0 equiv.) were reacted in solvent (0.10 M, 1 mL) Withmol% metal catalysts. d.r. was
determined from the reaction mixture by mean¥bNMR.

3.3.2 Asymmetric synthesis of pyrro[3,4&]quinolines

Encouraged by the excellent diastereoselectivitthefracemic synthesis of pyrroquinoline
lll -45, an enantiosettive approach was developekhitially, a series of ligands was
screenedor intermolecular 1,3lipolar cycloadditionamong whichR)-Fesulpho8® was the
mostoptimal one to give excellent yield and enantioselectivity (T&seentry 1-5). In the
presence of AQOAc, a decline @éwas observedTable3.3, entry 6).Increasing the amount
of iminoesterlll -70aled to improved yield and excelleae (Table 3.3, entry 7).However,
no obvious enhancement was observed under higher catalyst and ligand (dadbiedg.3,

entry 8).
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Table 3.3 Condition screening of intermolecular Mpolar cycloaddition.

Cl

MeO,C.__CO,Me =N \)CLOMQ
©\J/ 11l-70a
o, o
111-58
Entry catalyst ligand Yield ee

1 CuBR(CH:CN)s Il -11  74% 99%
2 CuBR(CHsCN): 1l -3 25% 26%
3 CuBR(CH:CN); 1l -81  20% -64%
4 CuBR(CH:CN)s Il -82  12% -81%
5 CuBR(CHsCN). Il -83 trace n.d.
6 AgOAc -11  33% 74%
7 CuBR(CH:CN)s Il -11  94% 99%
8" CuBR(CH:CN)s Il -11  87% 98%

NH; 0 11182 Ar=Ph
StBu Me <
@P B PPh, 0 PAr, tBu
\
Fe prl Ph Fe pr! Mo PPh, o PAr, OMe
@ @ ( N-83 Ar=
(0] v tBu

-1 -3 111-81
Unless otherwise specified, all reactions weeeformedusing dipolarophildll -58 (0.10 mmol, 1.0
equiv.), Schiff basdél -70a (0.15 mmol, 1.5 equiv.), Bl (0.02 mmol, 0.20 equiv.) in dry DCM (0.10
M, 1 mL) with 5 mol% catalyst and 6 mol% ligand for-28 hours.Isdated yield after column
chromatographyThe ee was determined by chiral HPLC. * Schiff balke-70a (0.20 mmol, 2.0
equiv.) was used. T 10 moléatalyst and 12 mol% ligand was usBdd., not determined.

With optimal reaction conditiain hand (Table3.3 entry 7), the substrate scope thé
intermolecular 1,3lipolar cycloadditiorwas exploredTable3.4). Different substitutions on
Schiff baselll -70a were compatible with the reactionRegardlessof the electroit
properties of substitutions grara- or meta positions, high yield and more than 9%%were
obtained. The reaction could tolerate stahc hindered azomethine ylide with ortho-
substitutions (Table 3.4, entry-1%). However, a decline of yield arg¢was observed when

2-thiophenyl azomethine ylide was employed (Table 3.4, entry 16).
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Table 3.4. Scope of intermolecular Xdpolarcycloaddition.

o)
MeO,C.__CO,Me Ar\yN\)ko/ MeO,C N Ar

| -70
CUBF4(CH;CN O H CO2Me
UBF4(CH3CN),, CO,Me
NO, (R)-Fesulphos,

153 Et;N, DCM, rt. 5o

Entry Product Ar Yield ee
1 Il -5 %0 p-ClCsH4 89% >99%
2 Il -5 96 p-BrCesHa 88% 99%
3 -5 &6 p-FCeHa 73% 99%
4 -5 o p-CFsCsH4 80% 98%
5 -5 %0 p-MeCsHa 78% 97%
6 nm-5906 p-MeOGH4 80% n.s.
7 -5 9o p-CNGsHa4 86% 96%
8 -5 o Ph 91% n.s.
9 -5 96 m-BrCsH. 99% 98%
10 m-596 m-MeGsHa 93% 99%
11 1-5%06 mMeOGH4 85% 95%
12 1-598 0-CICsH4 75% 94%
13 -5 9m 0-BrCeHas 88% 95%
14 -5 9o 0-MeGCsH4 83% 97%
15 1-5%96  0-MeOGH. 60% 93%
16 11-59d  2-thiophenyl 66% 91%

Unless otherwise specified, all reactions wegeormedon 0.3 mmol scale using optimal conditon
After the asymmetric synthesis of pyrrolidgéhe cycloaddustwereconverted to the target
scaffolaks 11l -4 5séquentiallyTable 3.5) The reduction/lactamization sequence took place in
high efficiency and tolerated diverse substitutionstt@phenyl group. The structuresd
absolute stereochemistrpf pyrrolidine Il -5 9 6dnd pyrroquinoline lll -4 5 6veere

unamliguously confirmed by Xay diffraction crystallography (Figur8.16).
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Table 3.5. Scope of lactamization.

H Ac
MeO,Co N, L Ar 1. Ac,0, EtzN, DCM !

N
O H come 2. Pd/C, MeOH, H, MeongCAc;Me
CO,Me \ =0

NH

111-59" 111-45'
Entry Product R Yield ee
1 Il -4 306 p-FCeH4 79% 99%
2 -4 36 p-CRCeHa 66% 98%
3 -4 x6 p-MeCsH4 56% n.s.
4 -4 56 p-MeOGsH4 31% 99%
5 Il -4 =06 Ph 79% 95%
6 I-4506 m-MeCeHa 93% 98%
7 Il -4 596 m-MeOGsH4 85% 97%
8 [l -4 5o 0-MeOGsH4 47% 94%

Condition for step 1pyrrolidine lll -5 9 (0.1 mmol, 1.0 equiv.), A© (3.0 equiv.) and BN (5.0
equiv.)werestirred until full consumption of the starting materfatep 2: the reaction mixture from
step lunderwent hydrogenation catalyzed by Pd/C (30 mg) in MeOH (3 mL).

v

Figure 3.16. X-ray structure of pyrrolidindl -59 (left) and pyrroquinolingll -4 & {right).

The proposed transition state for the asymmetric intermoleculatidoBr cycloadditions
shown inFig. 3.17.1%% The azomethine ylide ar{®)-Fesilphosarechelated by Cu(l) catalyst
and he chiral ligandconfinesthe cycloaddition to take plagan thefront face When the
dipolarophile approacheshe chelated complex iendoeselectivity, steric repulsion would
disfavor such a pathwayll(-85, Fig. 3.17). Thereforethe exoproduct was formed in high

yield and excellente
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CO,Me
Me0,C
\4/ A\ A co,Me
S-.,,,”WC exo CO,Me
u _— HN
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CO,Me
\4/ MéO0,C
\ A co,Me
S, endo COzMe
@P/C” NO, | HN
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< ON

111-85 )
disfavored

Figure 3.17. Proposed transition states éxoselective 1,3lipolar cycloaddition

3.3.3 Asymmetric synthesis of pyrro[3,Z]quinolines

Even though various intermolecular dolar cycloadditions have already been reported,
the enantioselective intramolecular reactions lass explore®* mainly because of the
higher rigidity of the substrate. To realize the asymmsinthesis of pyrroquinolingl -44,
diverse catalysts, ligands, solvents and temperatugesscreenedinitially, all the reactions
were conductedbased orN-Me substrate. AldehydBl -86 reactedwith the glycine methyl
ester to give the Schiff basél -87, which was used sequentialfpr the asymmetric
cycloaddition. The use of @80z proved to be criticalor the full conversion of the reaction
compared with organic bases, likeftand DBU. Under the catalysis of AgOAc and ligand
[l -82, the reactin afforded cycloaddudtl -88 in the highest yield and enantioselectivity
(Fig. 3.18)

Thelow enantioselectivitynight beattributed to the rigid substrate structure, and therefore, a
mismatched substrate/catalyst pair was fornmadthough the screened ligands have been
widely employed in other 1;8ipolar cycloadditions. Teeducethe rigidity of Il -86, other
substrates werexplored The benzylatedierivative Ill -54 showed higher reactivity and
tunability relativeto theN-Me sibstratelll -86.
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Figure 3.18. Condition screening for intramolecular diolar cycloaddition towards fused scaffold
Il -88. All the reactions were done based on aldehyde (0.1 mmdkquiv), catalyst (5% maol),
ligand (6% mol) and GEO: (0.2 eqiv.) in DCM (1.0 mL) at room temperatur€uBF; =
CUBF4(CH3CN)4.
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Table 3.7. Screening table fasymmetridntramolecular 1,&lipolar cycloaddition

Ty

111-54

CH N/}(OMe

TEA, MgSO,, DCM

Cfﬁ

O OMe

Ph catalyst, ligands, Cs,COs,

DCM

III 102

CO,Me

-44'

Entry Catalyst Ligand solvent  T[°C] Yield® ee
I 1 I AgOAc I -82 I CHCl, I r.t 89% I 75% I
2 AgOAcC I -82 DCE r.t. 55% 73%
3 AgOAc I -82 THF r.t. 90% 79%
4 AgOAc I -82 Et.O r.t. 81% 7%
5 AgOAc I -82 PhMe r.t. 81% 73%
6 AgOAc I -82 CHsCN r.t. 73% 69%
7 AgOAc I -103 THF r.t. 65% 74%
9 AgOAc I -83 THF r.t. 64% 5%
10 AgOAc 11 -104 THF r.t. 66% 17%
11 AgOAc I -92 THF r.t. 83% 79%
12 AgOAc I -93 THF r.t. 85% 6%
13 AgOAcC I -90 THF r.t. 85% 26%
14 AgOAc I -89 THF r.t. 80% 73%
15 AgOAC Il -105 THF r.t. 77% 71%
16 AgOAcC I -91 THF r.t. 85% 67%
17 AgOAc 11l -106 THF r.t. 88% 1%
18 CuBR I -92 THF r.t. 70% 51%
19 Cu(OAc) I -92 THF r.t. 50% 56%
20* AgOAC I -92 THF -10 67% 91%

Unless otherwise specified, aflactiors wereconducted on aldehyd®.05mmol, 1.0 equiv), catalyst

(10 mol%), ligand (12 mol%), base (20 mol%), solver® fnl.

Isdated yield after column

chromatographyThe ee was determined by chiral HPLEThe reaction was performed on 0.1 mmol

scale.
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Table 3.7. Screening table fasymmetridntramolecular 1,&lipolar cycloadditior{continued)

Me Me
N-82 Ar= Ph /@\
111-104 1192 Ar=
11-103 Ar= e O Bu % Ve
MeO
PAr, o e PAr, OMe
PAr; MeO PAr, Ar= OMe
222 tBu
-83 Ar= 11-93 Ar= 122 OMe
OMe
e O
MeO PPh, MeO PAr, MeO PAr, O PPh;
MeO PAr, PAr -
MeO O PPh; MeO 2 -~ ro “PPh,
cl MeN (S
11-90 -89 Ar=Ph OMe 1111105 Ar=Ph 11-106

I-91 Ar=p-MeCgH,

Initially, solvent screening indicatethat ether solvents (THF or &) afforded better
selectivity(Table3.7, entry 3, 4)Diverse ligands were then screened (Table 3.7, entr§).7
When ligandll -92was employed, there was a slight increase of the enantioselectivity (Table
3.7, entry 11).The reaction was highly sensitive to the catalystsing Cu(l) or Cu(ll)
catalysts ld to lower enantioselectivity (Table.7, entry 18, 19). To further improve the
selectivity, the cycloaddition was conducted1d °C to yield 4% ee(Table3.7, entry 20)

N O OMe
| - ou CO,Me
=
o C|H3N/}( © catalyst, ligands, Cs,COs, HN
) DCM —XR
\_/
TEA, MgSO,, DCM
N0 N"~0
: Bn
l-54 ||| 102 n-44'

CO,Me CO,Me CO,Me CO,Me
L E ® (%‘ (%‘ (%‘
||| 44 a ||| 44'b ||| -44'd
67% y; 91% ee 92% y; 85% ee 92% y; 82% ee 89% y; 86% ee

CO,Me
HN
Cr X,
N"0
Bn
ll-44'e

43% y; 2% ee

Figure 3.19. Substrate scope para-substituted phenyl group.
With optimal conditios in hand, the substrate scope was then explored. It tolerated diverse

substituents on thepara-position of the phenyl group. However, electron deficient
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substitution led t@n extremely lowenantioselectivitylll -4 4 )5 Ehis might be attributed to
the Schiff base forming step, where the formation of racemic cycloaddgtobserved
Furthermoremeta or ortho-substituted substratesd different substituted benzyl group on
amide were tolerged to give moderate enantioselectivity (Fig. 3.18j last, a chiral

compoundcollectionwas constructed artdsted foibiologicalactivity.

HN

Oy_OMe
on j/ CO,Me
o CIHaNﬁ( © N”  Ph  catalyst, ligands, Cs,COs,
| |
= (0] = DCM, r.t
TEA, MgSO,, DCM O
f\H 6} N N™ ~0

O |
Bn Bn
l-54 1-102 1-44'
CO,Me CO,Me CO,Me CO,Me
(E o (%‘ (%' (%” >
N“70 Br
Bn
||| 44f ||| -44'g 1-44'i
81% y; 75% ee 55% y; 77% ee 3% y 73% ee 63% y; 75% ee
CO,Me CO,Me CO,Me CO,Me

N~ ~0
||| -44'K ||| -44'| 11I-44'm
48% ;8% ee 56% y; 79% ee 59% y; 85% ee B 59% vy; 81% ee
Cl r

CO,Me CO,Me
III -44'n
47% y; 85% ee 62% y 88% ee

Figure 3.19. Substrate scope oftho/metasubstituted phenyl grougnd different protections on
amide.

3.3.4 Systematic analysis of pyrroquinolines
Datawasproduced byhe compoundnanagement anecreeningcenter(COMAS and

analyzed by Jie Liu and Gregor Cremosnik.

The synthesized racemic compounds were fursalyzedby a series of cheminformatic tools,
like NP-likeness score and Tanimoto similarity. ileness scoredeveloped b¥rtl et al, 6!
is calculatedusingthe opensouce softwaré?® 6211t sums up thdrequency ofsubstructures

found among natural products amdanmade moleculesn the range from5 to +5.The
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equation of NHikeness score igiven below whereNP; represents the number of NPs
containing fragment i, while Nf&a means t he tot al number of
synthesized omanmademolecules, SMi is the number of SMs containing fragment i, and
SMotar is the total number of SM&=0 indicates thesubstructure is found in NPs or SMs in

the same frequencfi>0 means the fragment occurs more frequently in NPs than SMs.

fi=|09<

In theanalysis ofthe pyrroquinoline library, the eight different scaffolds displayed distinctly

NP;/ NPygta) >
SM;/ SMyg

different NRlikeness scoreeven though they contain almost the same NP fragn{Ergs

3.20). Only one scaffoldll -45 was found to display NRkeness score higher than 0. This
might be attributed to the common distribution of pyrrolidine and tetralquinoline in SMs.
Another plausible explanation to this score is that these two fragments are arranged in

unprecedentedays notavailablein NPs.

Apparently,sp’ rich scaffolds Il -43 i 47 exhibited higher NRikeness scomethan planar
scaffoldslll -48 1 50. Of the eight scaffolds, cladH -50 got lowest scoreNotably, NP-
likeness score seems to be independent on connection between two fragments. I8caffold
44 and its aromatized derivativéls -49 displayed very similar scores, while scafféld-45

andlll -50were highly different.

MeO,C, COzMe Ac

MeO,C_
 NH N
N S Ar
N “'CO,Me ©\ oMo
N

[¢]
H

11-48 111-45

Ar'
III 44 1-46
-0.81 | -0.56 I/ _0_34@ |
| -0.67 | -0.51 |-0.31 |\ 0.18

111-50 111-49 - 43 n-47
COzMe MeO,C

N

Figure 3.20. Average NHikeness score of eight pyrroquinoline clasdesA31 50.

We also comparethe NRlikeness scores dll pyrroquinolines with themoleculesfrom
DrugBank®® and NPs from ChEMBL databd®k (Fig. 3.21a) Although pyrrolidine and
tetrahydroquinoline are two common NP fragments, the unprecedented combination of them
led to novel chemical space resembling that of drug molecules. This tendency was also

observed in pseudo natural prodpgtanefuro-pyridones.*7]
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Figure 3.21. (a) NP-likeness scores gfyrroquinolinescompared to compounds fradrugBank®®!
andNPs fromChEMBL databag#’. (b) Chemical similarities of the differeptyrroguinolineclasses
calculatedbased orthe Tanimotaoefficients

In addition tothe NP-likeness score, chemicalimilarity of these eight scaffolds were
calculated based on Tanimoto coefficietttevaluate the library diversiffig. 3.21b) Most

of the scaffolds displayed high intcéass similarities above 70%. However, scafftld47

only afforded 56% similant because of the diverse substituents on the bridged scaffold. The
inter-class similarities of these eight scaffolds were relatively low (<70%). Using the
cheminformatic characterizations, like MReness score and chemical similarity, we
validated that arying the connectives and saturations can lead to structurally diverse

compound collections that are distinctly different frenownNPs.

Cell painting has now become a rfiale and unbiased compound annotation assay,
monitoring the morphological chargef treated cells. It has been employed to suggest
possible targets/activities of testing compolfiftiandto evaluatethe biological performance

of a compound collectiofi®! U20S cellsweretreated withpyrroquinoline library at 10, 30

and 50 uM concentratiorend then stained by six orthogonkidrescent dyes to reveal the
perturbations of seven cellular compartments and organelles, such as nucleus, mitochondria,
endoplasmic reticulum, golgi/plasma membrane aratctih. Then, 579 parametersvere
extracted for comparison using image analysiduction values were calculated based on the
significantly changed phenotypic parameters compared with DMSO control. An obvious
inductiondependent clustering was observed in principle component an@h3Ag of these

cell painting profilesKig. 3.22). Members of the same scaffold did not afford an aggregative

cluster although they displayed high intlass chemical similarity. And most of them
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showed restricted space tine first component (Comp_1) ranging frorB-+5 (Fig. 3.22a).
When plottedaganst differentinductions(Fig. 3.22b), an inductiordependent Comp_1 was
observed. Even though79 parametersvere extracted from the phenotypic features, the

dominant effect of induction values misled the systematic analysis

o °
]
e
°
2
. "
coss 043 044 945 046 247 ©48 °49 *5( Inducton 10 20 30 40 W & 0 & %

Figure 3.22. PCA of all active measurements with inductions more than 5%. Different scaffold
classes (a) and different concentrations (b) were depicted.

To increase the comparability of the dataset, we found that low induction profilés/45
induction)at 10 pMbecame independent of the induction values. This induction window was
then chosen for the further analy<id.the eight classed) -45 did not induce angignificant
morphological changeandthereforethey were not included in thanalysis.Then we started

the systematic biological evaluations of the pyrroquinoline libremgtly, cross biological
similarities of al |l compounds O based onthepai nt i
correlation distances between two profilds. shown inFig. 3.23a, profilestestedat 10 uM
displayed a high intralass similarity ranging from 72% to 91%/hen clasdll -44 was
analyzedat higherconcentrations, a decline of the intlass biological similarity was noted
(from 91% to 75% Fig. 323h. The same tendency was also observed in other scaffolds
(Figure 323¢). Fused scaffoldlll -43 and 44 displayeda high crossbiosimilarity (85%),
which might be attributed to their similthreedimensional structures where pyrrolidine and
tetrahydroquinoline werdransfused. However, scaffoldll -48 and 49 of the same

connection exhibited low cross similar{g5%)with each other.

Subsequently, cell painting profiles of different scaffoldere compared systematically using
PCA dataprocessing. ScaffoldBl -43 71 1l -44 and Il -48i 1l -49 formed by varying the
fusion positions weranalyzedfirst. As depicted inFig. 3.24a, scaffoldll -43 and Il -44
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shared high crodsiosimilarity. However, they differed largely when comparing cell painting

profiles induced by highr concentrations For the scaffoldlll -48 1

Il -49, different

connective positions led to distinctly different biological spdég.(3.24b). To investigate

the influenceof aromatization, scaffoldgl -4371 11l -44 were compared with its unsaturated

derivativeslll -48 i Il -49 (Fig. 3.24c). Y°-rich saturated scaffolds mainly reside in the

southwestern region of the PCA plot. The corresponding unsaturated stdafé&bccupied

the northwestern space, while scafftld-49 was distributed among the soudiseern region.

The vast distribution of unsaturated structures might be attributed to the promiscuous

potential of planar structures to bind with diverse protein pockefferentconnectionslike

fused, spiroyclic and bridged arrangements, were tkemparedFig. 3.24d). Scaffoldlll -

46 occupied a narrow space in Comp_1 ranging frbrto -4. Fused scaffolddll -437 Il -

44) were condensed together, while bridged scaffled7 had a wide distributiommong

the estern region. When these diverse scaffolds vaeadwedtogether by PCA, every class

occupied a specific cluster in the biological spée€g. 3.24e) These findigs again validate

our hypothesis that varying the connections can lead to chemically and biologically diverse

space.
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Figure 3.23. (a) Cross biosimilarity of all active compounds tested atpMd (b) Intra-class
biosimilarity table of clasHI -44 at different concentration€c) Intra-class biosimilarity table of class

Il -43, 46, 47, and50 at different concentrations.

43



Chapter 3. Design, synthesis and biological evaluatioqsybquinolines

Comp_2
)

864202468

Comp_1

cus 943 044 ©45 ©46 047 048 049 50

Figure 3.24. (a) PCA of saturate@yrroquinolinescaffoldslil -43 andlll -44 with induction 515%in
different concentrationsExplained variance: 76%b) PCA of unsaturategyrroquinolinescaffolds
[l -48, 11l -49, Il -50 with induction 515%. Explained variance: 52%c) PCA of the planar
pyrroquinolinedll -43 andlll -44 with sp™rich scaffolddll -48 andlll -49. Explained variance: 64%
(c) PCA of sp*rich scaffolds withdifferent connectbns Explained variance: 51%d) PCA for the
pyrroquinolines with induction-45% Explained variance: 50%.
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3.3.5 Hedgehog signaling pathway (Hh) inhibitory activity of pyrroquinolines
(performed by Jana Flege)

Hedgehog (Hh) signalingaphway is essential during vertebrate embryonic development,
tissue homeostasis and regenerafhlpregulation of Hh signaling in basal cell carcinoma
and medulloblastoma as observe#® Therefore, discovering novel chemotypes for the

inhibition of Hh signaling is highly significant.

Hh is a secreted proteirthat undergoes autoproteolytic cleavagend cholesterol
modification[®2@ After palmitoylation mediated by SKI, dually lipishodified Hh-N (aminc
terminal peptide)s transported to the plasma membréRgy. 3.25a) Hh protein can bind

with its receptor Patched (Ptc) and inhibit its suppression of Smoothened (Smo), which is a
member of G protektoupled receptor (GPCR) superfam(lyig. 3.25b) Smorestsin its

dimer statewhich is stabilized by electrostatic interactions between Arg and Asp. However,
in the presenceof Hh, Arg is neutralized by adjacent phosphorylation, leading to an open

conformationof Smo, which can mediate the following transcription of GLI2,3 in vestels.
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Figure 3.25. Hedgehog protein biogenesis and Hedgehog signaling patRepsinted from refl623
Copyright(2013) Springer Nature.
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Table 3.8 ODA and RGA results of scaffoldd -44.

Entry R ODA ICsxo RGA ICso
1 p-CICeHa 4.0+05uM 8.8+ 1.2uM
2 p-BrCsHa 4.5+0.1pM > 10uM
3 p-FCsHa 0.3+0.1uM 3.3+ 0.5uM
4 p-CRCsHa 5.4+ 08 uM inactive
5 p-MeCsH4 inactive inactive
6 p-MeOGsH, 2.5+ 02 uM 7.6+ 0.6 M
7 p-CNCsH, 1.5+ 0.2 pM > 10uUM
8 p-NO-CeHa 2.0£09uM >10uM
9 Ph 0.4+0.1pM 6.4+ 0.9uM
10 M-CICeHa 6.6+ 2.0uM >10uM
11 M-BrCeHs 5.2+ 3.0puM > 10uM
12 m-MeGCsHa 4.2+2.0uM > 10uUM
13 m-MeOGsH,4 inactive inactive
14 0-ClCsH4 0.9+ 0.3 uM 2.9+ 0.4uM
15 0-BrCsHa 0.3+ 0.1puM 3.0+ 1.8uM
16 0-MeCsHa 0.9+02uM 2.9+ 0.1uM
17 2-furanyl 5.8+ 0.7 yM > 10uM
18 2-thiophenyl 2.7+£06puM > 10uM

To investigatenovel chemotypethat modulate theih signaling pathway, apyrroquinolines
were first tested in the Hh-dependentosteoblast differentiation assay (ODAjsing
C3H/10T1/2 cellsstimulated by purmorphamin@¥ an agonist of Hh pathwayOnce

activated, the cells would differentiate into osteoblasts and express ostespkstic

marker alkaline phosphatase. The activity of Hh inhibition wedkectedby the reduced
activity of this marker enzyme! According to the data frorthe compound management and
screening center (COMAS%caffoldslll -44 stood out because of their high potency (Table
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3.8). To validate that these compounds inhibited Hh signaling pathwayi-dependent
reporter gene assay (RGA) was employmsed on ShhIGHT2 cells. Cells were first
activated with purmorphamine followed by the treatnveitih pyrroquinolines or DMSO as a
control. Upon inhibition of Hh signaling pathway, the expression of firefly Redilla
luciferase will be decreased, wieoactivity can be detected by Dtalciferase Reporter
Assay SystemEven though some active compounds in ODA failed to exhibit inhibitory
activity towardgli transcription,some pyrroquinolines still remained activethe reporter

gene assay

4
)
o
tivity / %
tivity / % :
e

ll-44a
Data from COMAS
IC50,0pa= 0.4£0.1 uM
IC50,rga= 6.520.9 uM
Viability: inactive
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GLl-dependend reporter activi
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Figure 36. Compoundll -44ainhibits Hh signaling pathway and proves to be a Smo binder.

Then a target identification and validatimereconducted by Jana Flegel. To ensure that it is
not a false positiveit caused by the inhibitioaf luciferase, a luciferase inhibition assay was
performed, where compountl -44a was inactive Fig. 3.26a,b,c). So, the activity of the
compound was induced by the ibhion of Hh signahg pathway. Additionallyexpression

of Patch1 andGli-1 genes wasnonitored after the treatmewith compoundill -44a This
compound was able tdosedependently downregulate the expression of these two ,genes
similar tovismodegiblll -104 (Fig. 3.269, a Smo binder inhibiting Hedgehog signaling. To
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investigatewhethercompoundlll -44atargets Smoa competitive experiment was designed.
BODIPY-cyclopamine Ill -103 (Fig. 3.26€f) is a reported fluorescent Smo binéfér.
Vismodegib couldsuccessfully competwith the fluorescent probe. The similkeompetition
could be observed when the cells were treated with 301JuM4a, thus indicating that this

compound was also a Smo binder.

3.4 Summary and outlook

In this project, pyrrolidine and tetrahydroquinolineagments were recombinedin
unprecedentedreangements$o give novel pseudo natural product collections. The resulting
pyrroquinolines were designed by varying domnectivitypositions, patterns and saturatipns
and 1,3-dipolar cycloaddition was strategically applieat the incorporation of pyrrolidine
fragments. A highlyasymmetricsynthesissequence was developed to afford scafftled50

in excellent yield and enantioselectivitA mild and concise dearomative idBolar
cycloadditionwas discoveredor rapid prepargéion of scaffold 11l -50, where Cu(l)/Pybox
promotal 1,3-dipolar cycloaddition and the following aerobic oxidatiddn asymmetric
intramolecular 1,3lipolar cycloaddition wasdevelopedto afford scaffold Il -446 in
moderate enantioselectivitZheminformatic and cell paintirgnalysesevealed that varying
the fusion positions andonnectivity patterngan increase the diversity of chemical and
biological space. Allof the synthesized compound3+( classes) were submittefbr
biological evaluabns using cellbased assaysvhich resulted in the discovery of novel
inhibitors of Hh signaling pathwall of these resultsllustrate the high value of pseudo

natural product design to yield biologically active small molecules.

Another highlight of this project is thenpact of systematic pseuddP synthesis on
methodology developmentn total seventarget scaffoldsvere elaborately designed and
efficiently synthesizedT h e At ar goetiented cymthekiadi/adcs the development
of synthetic methodologies. In this project, three methodologies were finally developed,
which increaseé our understanding of 1.@ipolar cycloaddition and the reactivity of
azomethine ylidedn conclusion systematic design and synthesigpseudo natural products
can not only provide structurally complex and diverse compound collections for biological

studes but also boost the development of synthetic methodedogi
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4. Rhodium(lll')-catalyzed scaffold divergent synthesi®f spirooxindoles
4.1 Background

4.1.10verview of C-H functionalization

Selective functionalization ahactivatedC-H bonds was once considered the holy grail of
organic chemistr{f” Different from canonical transformative chemistry starting from
preactivated €< bonds, functionalization of &1 bondscan directly afford the target
compounds enabling the laséage modification of complex moleculeSonsidering the
extremely high bundance of @1 bonds in most molecules, selective and efficient
functionalization of GH bonds can diversify molecular scaffolds, which will facilitate the
study of structuractivity relationship of leads and natural prodd@<Even though we have
witnessed grdaadvances achieved in the past two decades, most of the refsHed
activationreactions suffer from low reactivithhash conditionsindor high catalysts loading,

which hampers its utilit{f®!

(a) Directed C-H activation
aa. static directing group

|
A o De Wy CH A D6 WAy
X installation x\/DG functionalization X\/DG removal X
V-1
N Iv-2 V-3 V-4
ab. traceless directing group

| -
e o ‘

fj/\H C-H ;;T/\R DG, | ¥R
TsDG functionalization TsDG removed

v-5 V-6 Iv-7
ac. transient directing group

! | | |
nnn r

fj/\H — b6 }SH/\H __CH ?fj/\R TtDG ;Fw/\R
X installed X\/TtDGfunctionaIization X\/TtDG removed X

-8 . V-9 IV-10 v-11
(b) Undirected C-H activation

i substrate/ catalyst control i
\SSSA\/\H Py\/\R

IvV-12 IV-13

Figure 4.1 Strategies in € activation. (a) Directed € activation employing directing group. (b)
Undirected GH activation controlled by substrates and catalysts.

C-H functionalizationreactions can be classified into two main categories depending on the
usageof directing groupgFig. 4.1) To increase the activity of-8 bonds, static directing
groups can be incorporated into the molecules to triggemproximity-induced GH
functionalization Fig. 4.1aa). In 2014, Sanfordand coworkers developed a -Patalyzed
oxygenation ofsp® C-H bonds in high regioselectivity using oxime directing gr88ipThe
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reaction can tolerate diverse substrates example, bridged oaphor derivativdV -14 can

be converted tmxygenated produdl-15 in 75% vyield (Fig. 4.2a) Because of the high
compatibility of this synthetic methodsorensen and Li employed such a transformation in
their total synthesis gfadifenolide (IV -18)["Y) and septeding(lV -21)l?, respectively(Fig.

4.2b,c) However, the installation and removaldifectinggroups need two additional steps.

(a) Sanford et al. pioneering work in C-H oxygenation

5 mol% Pd(OAc),
; % AcO
N 1.1 equiv PhI(OAC), ;
MeQ™ -
AcOH/Ac,0 MeO™ =

IV-14 75% yield IV-15
(b) Sorensen's synthesis of jiadifenolide

5 mol% Pd(OAc),
1.5 equiv Phl(OAc),

_OH AcOH/Ac,0
22% yield

IV-16 IV-17 jiadifenolide (IV-18)

(c) Li's synthesis of septedine

5 mol% Pd(OAc), M0M0¥
\N .OMe 1.5 equiv Phl(OAc), :

AcOH/Ac,0
42%

O Iv-19 O v-20 septedine (IV-21)

Figure 4.2 Sanford developed oxirrdirected GH oxygenation. (a) €1 oxygenation of camphor
derivative. (b)(c) SorensBH and Li"? employed the methodology in the total synthesis of
jiadifenolide and septinerespectively

10 mol% Pd(OAc),
Q ' 40 mol% Glycine 0
1.5 equiv. AgTFA OH
* HOAC:H,0 (9:1)
or- 24
) 90 °C; 36-48 h 82% yiold

Iv-22 Iv-23 IV-24
10 mol% Pd(OAc),
o

? | 20 mol% L-tert-leucine ‘
F3C 2.0 equiv. AgTFA  F3sC F
+ 3.0 equiv. H,O
L H

HFIP:ACOH (9:1)

. H
100 °C, 24 h 80% vyield; 96% ee
IV-25 IvV-26 Iv-27

Figure 4.3. Transient directing group developed by Jinquan Yu et al.

To increase the pagconomy of the reactiorG-H activation usingraceless directing group
was developedCarboxylic acid were employed in most cases whereHCactivation and
decarboxylation take plade one pot(Fig. 4.1a). In 2016, Yu et al. developed a highly
concise and efficient functionalization si* C-H bonds using a transient directing grd&m.

4.1a & 4.3).I% In this method, amino acids can reversibly react with aldehydes or ketones.
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The resulting imines served asansient directing growpto induce proximitydriven
met al at i o+ bands. Ebantmselective §/nthesis was enabled by using chiral amino

acids

Another reaction class is undirecteeHCactivation, which is controlled by the substssded
catalysts Fig. 4.1b). White and coworkers inventedreon-heme catalyskV -30 enablingthe
selective GH oxygenation of natural product&ig. 4.4).'4 The selectivity of the reaction
position is controlled by the steric and electronic effects or directing effect of the native

functional groupgmong substrate$V -31).

| (SbFg)
Fe(PDP)
ACOH, H,0, NCCH
E;N/ "NCCHs
(+)-artemisinin (IV-28) (+)-IV-29, 54% IV-30
Fe (S, S) - PDP
H
H =
0 Fe(PDP) AcO . OAc
AcO . OAc AcOH, H202 .
315
H = 15 (0] (6]
HO
+) |v 31 (+)-IV-32, 52%

Figure 4.4. Undirected GH functionalization developed by White and coworkers.

4.1.2 Lossen rearrangement in Rh(llljcatalyzed reactions

In previous reports of CGH functionalization, stoichiometric amounts obxidants were
essential to enable catalyst turnover. 01@ Guimond and Fagnou reported the first case of
Rh(ll)-catalyzedredox neutral €H functionalization using énzhydroxarate IV -33 as the
starting material’® The pausible mechanism is depictedFiy. 4.5. Firsty, Rh(lll) chelates
benzhydroxarate affording a rhodacycldV -36. Then the alkyne is inserted into the-Rh
bond, yielding intermediatB/-37. N-O bond cleavage and-B bond formation afford the
final product IV-35 and release the catalyst. The reaction features mild corslitingh
efficiency, no external oxidant angl compatible to diverse substrates, wharomotes the

development and application of RhjitatalyzedC-H functionalization
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o] [Cp*RhCl,], (2.5 mol%)
R17\ H/OMe e s v CsOAc (30 mcz)l%) R17‘\ NH
L . eOH (0.2 M), 60 °C, 16 h ) 3
IV-33 o Iv-34 R2 IV-35

Rh(lll)Ln

Y

CE«/NOMe
Rh

\ ..
Ln IV-36

ve—=—_)

IV-34
Figure 4.5. Redox neutral € functionalization catalyzed by Rh(lll)
The Lossen reaangement was first discovered by M. Lossen ifi2i ig. 4.6)["®1 When the
benzoyl benzhydixamate IV -38 underwent the thermolysis, carboxylic adid-40 and
isocyanatdV -39 were obtained. In the past 150 years, more mild and useful conditions for

the Lossen reaangemenhave beemeveloped’”

o o]
o heat Nsee OH
N~ —_— ~o *
H o

IV-38 V-39 IV-40
Figure 4.6. The discovery of Lossen rearrangement
Because of theropertiesof hydroxanates some Rh(llljcatalyzedC-H functionalizatios
involving benzhydroxamatealso undergotandem Lossen rearrangengerih 2015, Li and
Wang reporteda Lossen rearrangement as a side reaction in the annulation with 1
alkynylphosphine dtide IV -42 (Fig. 4.7a).[”® During the reaction condition screening, they
identified a rearrangedide productlV-45 via a tandem Lossen rearrangement/alcohol
addition to isocyanatéV -48/reductive elimination as shown in Fig. 4.7awvo years later,
Feng and coworkerseported a Lossen rearrangement when they incorporagyins
difluoromethylene alkyndV-51 into N-pivaloyloxy benzamidelV-50 (Fig. 4.7b; right
pathway.[”® Notably, the reaction delered high yield and selectivity athe Lossen
rearrangement. The resulting isocyanates6 was trapped by the acholic solvefadowed
by protonolysisto afford IV -53. Interestingly, moro-fluorine substituted alkyne ogem
dichloromethylene alkyne failed to yiellde Lossen rearrangememtoduct which might be
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(a) Li and Wang (2015)
[Cp*RhCly] 2 5 mol%

oM
0 _ s CsOAc (2.0 equiv.) >’ ©
N-OFV Pepy MeOH/CFsCH,0H Ph

H * Ph/Ph 40°C, 45h " ~Fh N " A Ph

Ph Ph P~
IV-41 IV-42 IV 43 V-44 Ph

IV-45

84% (1:2.8) 10%

‘ reductlve‘
elimination OMe
0 ©¢< “OPiv alcohol CgN—\jo

N,OPiv addltlon Rh~|
R"h Lossen
' $=F.,, Ph rearrangement S:P\ Ph S=P__ _Ph

L

P I “Ph 1 "Ph
IV-46 PR \v-a7 PN V.48 PR V.49
(b) Feng (2017)
[CP*RhCly] 2 mol% o [Cp*RNCl,] 2 mol% Oy OR
OMe CsOPiv (0.3 equiv.) . F CsOPiv (0.3 equiv.) NH
R P MeOH, rt, 120 ANy OR /<F3 ROH,rt, 12h  piff F
R 2 R ——————» - 3
. TTRMe R U M a2 Z R'=Piv AR
IV-54 IV-51 Iv-53 R? F
protonolysis‘

R Icohol R! R
N==¢ @lcono =0
| addition A\ XX N
additiol

Lossen L % Rh\L
rearrangement —
3 R3 R2 R3
FF FF
IV-59 IV-56 IV-57
(c) Shibata and Tanaka (2018)
o [CP*RNCl,] 2.5 mol% cat. 2.5 mol% o
CsOPiv (0.3 equiv.) (o] CsOPiv (0.3 equiv.) yOMe
NH  MeOH, rt., 16h _OPiv pp  MeOH, rt, 16h N
EEEyre— b = i Ph
Z~ph 74% H * o / 78% + 20% of IV-51 /
Ph Ph
1V-62 1V-41 1V-60 1V-61
Ph
/
N
o T ph N reductive
cI-Rh o elimination
’| >/ cat. IV-67
(0]
.OPiv OMe
n-RR reductive OPrv N*O alcohol
L elrmrnatron addition
— Lossen
PH Ph rearrangement
IV-66 IV-63 1V-64 IV 65

Figure 4.7. Reported Lossen rearrangement in Rjydtalyzed @H functionalization with alkynes.
attributed to the uniqudluorine effects. Evidence indicated thaprotecting groups of
hydroxamic acid were highly important. Methylated hydroxamic acid only afforded [4+1]
product 1V -54 via fluorine elimination(Fig. 4.7k left pathway.®% In 2018, Shibata and
Tanaka et al. reportedigandcontrolled Lossen rearrangemenin Rh(lll)-catalyzed
anrulation reactiongFig. 4.7c).BY In the reaction with alkynéV -60, they discovered that

ligands played a significant role in controlling the reaction pathway. When [Cp3Rn@k
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used, the reaction only affordddrmal [4+2] productV-62 (Fig. 4.7c; left pathway)

However,formal [3+2] productlV -61 was more favored when catalyst-67 was employed
(Fig. 4.7c; right pathway)

(a) Dai (2019)

0-_N__R!
(0] N, |
RLH)J\N,OPN ©\—/E [RhCp*Cl],
+
H N"~o CH4CN N"~o
R R
IvV-68 IV-69 IV-70
PiVO )
NP O
L., =
1 9 . carbene insertion RhN\, LRh N
R NOPV ———— /R ZR'
| Lossen
Rh\L N (0] rearrangement N e
IV-71 R IV-72 R Iv713
(b) Cramer (2020)
[Cp*RNCI,] 2.5 mol% H
0 R2 NaOAc, THF, r.t. then R'_N__O
R\ -oPiv " =z HF-Py, 60 °C |
H + ’\Ill R2
PN’ F
IvV-68 IvV-74 IV-75
R H o
o} R NCE)Piv R! _N==0 |
R H _OPiv ~ Lossen ;
‘ N ‘ I‘?h\ rearrangemenf ‘ Rh_ Z R?
Rh_ L =( L N
L ~ N=N R N=N  R? N=T Ve
V-7 2PN v.76 JPN V7T N'Pr,
(¢) Zhou and Yi (2020)
¢ [Cp*RNCI,] 2 mol% [Cp*RhCIy] 2 mol% H
NP ONH NaOAc 0 o KOPiv, HOAc N0
R'w t. _OR' R1L
P CO,R MeOH, r.t., 12h e H . o) MeOH, r.t., 12h P R2
R? - Lz -
. R'=Piv H R2 R'=Ac 0CO,Me
1vV-81 IV-50 IvV-79 IV-80
N_o
X
<7R1 h . R1%R2
R2 Rh OCOMe
LY OAc
Ko IV-83 V-84
HOMe

Figure 4.8. Reported Lossen rearrangement in Rh(#jalyzed GH functionalizationsince2019
As indicated above, most of the Lossen rearrangenoecured in the reactioa involving

alkynes. In 2019, Dai et al. discovered that othebstratescan also undergo Lossen
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rearrangemest (Fig. 4.88).22 When N-pivaloyloxy acrylamide IV -68 reacted with
diazooxindoleslV-69, the reaction yielded solelthe rearranged productV-70. C-H
metalation oflV -68 generated rhodacycl¥ -71, which underwentarbene insertiohbssen
rearrangement to afford isocyandi-73. Subsequent intramolecular nucleophilic attack
yielded spirooxindoldV -70. Inspired by their work, Cramer and coworkers combihked
pivaloyloxy acrylamidelV -68 and alkynedV -74 together yielding fluorinated pyridines in
onepot manipulation(Fig. 4.80).8% Recently, Zhou and Yi et al. reported scaffold
divergent synthesis using Rh{jHtatalyzed €H functionalization by varying thprotecting
groups of hydroxamic acid¢Fig. 4.8¢).24 When N-pivaloyloxy benzamide was employed,
the reaction underwent direct annulation to give85, which was attacked by solvent
alcohol to give isoquinolonk/-81. However, in the presence Nfacetoxy benzamide, the
intermediatelV -82 underwenta Lossen rearrangemen/(-83) followed by intramolecular
nucleophilic attackly/ -84) a4 @limimationto afford quinolinondV -80.

4.2 Project design

i\

N o__cF

—J
Funapide (IV-90) Cipargamin (IV-91) Milademetan (IV-92)

Figure 4.9. Spirooxindolecontaining natural products and drugs.

Spirooxindoleis a privilegedNP fragmentoccurring in many biologically active natural

products and drugsig. 4.9).1 Horsfiline (IV -86) is an analgesic oxindole alkaloid isolated

from Horsfieldiasuperbd®! SpindomycinB (IV -87) was bund to possess inhibitory activity

against tyrosine kinas®! GelseminglV -88) is a highly toxic spirooxindole alkaloid isolated

from the genusSelsemiunt” It is a potent agonist ajlycine receptor perturbing chloride
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ion influx and leads to muscle relaxatig@itrinadin B (IV -89) is isolated fromPenicillium
citrinum and exhibits cytotoxicity against L1210 céf8. Inspired by the promising
bioactivity of spirooxindole natural products, many drugs or tool compounds, like funapide
(IV-90), cipar@amin (IV-91) and milademetar(lV-92), have beendeveloped based on

spirooxindolescaffolds

Therefore, it was enviened that pseudo natural product design based on spirooxindoles
would lead to interesting compounds for biological studythieprevious wok on pseudo
natural product pyrroquinolines (Chapter 3), thgnthetic routewas linear and each
compoundneededio be synthesizede novo which posed a huge challenge to the library
construction. Herein, scaffold divergent synthesvas envisionedto afford diverse

spirooxindolecontaining scaffolds by tuning the properties of reaction intermediates.

RNh(lll) catalysisattractedour attention because of its mild conditgrhigh yields, redox

neutraity and compatibility with diverse functional gups. A Rh(lll)-catalyzed [4+1]

annulation reaction was first reported by Rovis and coworkers in B0i8here
benzhydoxamate reacted with methylated diazooxindole in 64% yield without Lossen
rearrangementFig. 4.1Q right pathway, which i1s distinctly. diffe
4.8a Fig. 4.10 left pathwgy Notably, a small change of the substraths-68 vs IV -41) led

to different reaction pathways.

(a) previous reports
2013 Rovis

o H 2019 Dai RhCp*Cl, 2 mol %

‘ RhCp*Cl, 2 mol % [\ Cs,CO3 20 mol % HN
CHsCN Cﬁgzo CH3CN
- T _CHeN O
N (0] o N o N o
‘ . Me )
Me NH-OP NH-OP Me
IV-70 \ v IV-69 iv .03
H v.es H |v-a1 only one example
(b) this work 0
N HN
Rth C|2 Rth*CIZ
o —— [
0 NS0
&NH OPiv R NH-OPiv R
R IV- 96 IV-94 y V.95
Iv-41 Vo2

Figure 4.10. Rh(lll)-catalyzed reactionsith diazo spirooxindoles.
Inspired byDai6 and Rovi$ seports,we plamedto useprotecting group on diazooxindole
IV -94 to control thereaction pathway, thus, yielding diverse scaffdléig).4.10b). After the

condition screening, exploration of substrate scope will afford a focused compound collection.
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An elaborate study of reaction mechanisras planned taincover thefactors triggering

Lossen rearrangemesih Rh(lll)-catalyzed @H functionalization.

4.3 Resuls and discussion

4.3.1 Condition screening
Table 4.1. Condition screening of Rh()l-lcatalyzed [4+1] annulation

o N, [RNCP"Clalz 1 mol %
. Cs,C0O3 20 mol %
@\)LNH’OR E:\ngo CHLCN, T ‘\%\‘
H ’ N

R? g2
IV-41a Iv-94 IV-95aa IV-96aa

Entry R R T[°C] Yield®of 95+06[06] 200
1 Piv H 50 99 1.3:1
2 Piv Me 50 71 12:1
3 Piv Boc 50 71 1:1.2
4 Piv. Bn 50 88 >20:1

500 Piv Bn 50 91 (91)A >20:1
6 Piv Ac 50 5696+ <1:20
7 Piv Ms 50 70 <1:20

g4 Piv Ms 50 74 (82)A <1:20
9 Piv Ms r.t. 55 <1:20
10 Ac Ms 50 42 n.d.

Unless otherwise specified, akactiors were conducted orbenzhydroxamatéV-41a (0.10 mmol,

1.0 equiv.), diazole oxindol&/ -94 (0.10 mmol, 1.0 equiv.), [RhCp*gb (1 mol%) and C£LO; (0.02
mmol, 0.20 equiv.) were reacted in €N (0.10 M, 1 mL).(a) Yield for all isomers and selectivity
were determined from the reaction mixture by mean$4oRMR with 1,3,5trimethoxylbenzene as
the internal standardb) THF was used as solverft) 1.2 equiv. of diazooxindole was usédlT h e
man isomer was purified by column chromatography; isolated yields are shown in brackets.
Deprotection of Lossen rearrangement product was observed in 20% yield.

Initially, the model reaction between benzhydroséetV -41aand diazooxindoléV -94 was
investigated. The reaction selectivity displayed a high reliamcthe protectinggroup of
diazooxindole. When diazooxindole was usgicectly without anyprotecting group, the
reaction afforded the [4+1] produidt -95aaand|V -96aain almost quantitatie yield (Table
41, entry 1). However, the ratio between direct annulatiph-95ag and Lossen
rearrangemen(V -96aa was unsatisfyingln the presence of electron riphotectinggroups
(Me- and Bnrgroups) the reaction selectivity was dramatically iroped (Table 4.1, entry 2

and 4). Reaction withN-benzyl diazooxindole delivered the direct annulation proddet
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95aaas asingle isomer (Tablé.1, entry4). When THF was used as the solvent, a small
increase of yield was observed (Table 4.1, eBjryTo be noted, even though methylated
diazooxindole was employed by Rovis in direct annulation reacdtbhpssen rearrangement
was still observedin low yield (Table4.1, entry 2). Realizing the significant role of
protecting group in controlling the reaction pathway, more electron defigeatecting
groupswere employedo switch the reaction selectiviffable 4.1 entry 3,-@). Acetylated
diazooxindole gave excellent selectivitipr Lossen rearrangement, however, partial
deprotection was observed (Table 4.1, entry 6). More stable electron defisegtoupwas
then used to affordhe highest selectivity and good yield (Tadld, entry 7). In entry 7,
isoindigowas isolated which indicated the dimerization of diazooxedwider the reaction
conditiors. To improve the reaction yield, 1.2 equivakeof diazooxindolewas usedand a
slight increase of yield was observ@hble4.1, entry 8). Lowering the temperature did not
afford better results (Tablé.1, entry 9). Inspired by the previous reports thaitecting
groups of hydroxamic acid would affect the reaction pathwglg. 4.8c) benzyhydroxamic
acetatewas employed(Table 4.1, entry 10). However, this substrate failed to gave
improved yield.In conclusion N-Bn protecteddiazooxindoleafforded direct annulation

productlV -95, while N-Ms protecteddiazooxindolefavoredthe Lossen rearrangemeiv -96.

4.3.2 Substrate scope

With the optimal conditions in hand, the substrate scope of this reaction was exploed.
reaction between substituted benzhydroatahV -41 and N-Bn diazooxindoldV -97a was
investigated(Fig. 4.11). Independentof the electronic properties, apara-substitutions
delivered the direct annulation product in excellent yi@M-95a i h). For the meta
substitutions, formation of regioisomenssas observed. However, thmetamethyl substrate
afforded the produdv -95k in excellent yield and selectivity, which might h#ributed to
the relatively higher steric effect of Me group (IV-95k) compared with Cl, Br or OMe
substitutiong(IV -95i, j andl). All ortho-substitutions failed to give any isolatable products
(IV-95m). The reaction also toleratalifferent electron rich heterocyclél/-95n1 q). The
structure oflV-950 was unambiguously confirmed by single crystakay analysis (see

experimeral part7.3.3.
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o]

HN A

o N [ Ar}

. opiv . e

Ar H 'T‘ o) - = N o
Bn Bn

Iv-41 IV-97a IV-95

o) o)

F
PO
N ‘
|
Bn Bn Bn
IV-95m IV-95n IV-950 IV-95p IV-95¢q
complex 50% 72% 73% 66%

Figure 4.11 Substrate scope of benzhydroxamate reacting M#ltm diazooxindole. *ptherisomer
were observedsolated yield for product was given.

Then the reaction between substituted benzhydrai@ivi -41 and N-Ms diazooxindolelV -
98awas exploredFig. 4.12). In comparison to the reactions withBn diazooxindolethe N-
Ms group resulteth lower yield.For thepara-substitutions, electron rich groups (M&eO-)
delivered the producty -96f1 g in higher yield compared with other substituemts-96b i
h. For metasubstitutions, imilar tendency was observeith reactions with N-Bn

diazooxindole However, ortho-substitutions and electremch heterocycles were not

tolerated in this reaction.
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IV-96m IV-96n IV-960 IV-96p IV-96q
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Figure 4.12 Substrate scope of benzhydroxamate reactingNvids diazooxindole*, otherisomers
were observedsolated yield for product was given.

Additionally, the scope ofliazooxindole wasexplored(Fig. 4.13). For the reactiobetween
benzhydroxarate and N-Bn diazooxindole most of them delivered the target produict
excellent yield regardlesf the properties or positions of substituents. However, electron
deficient 5NO. substitution afforded direct annulatioproduct IV-95x in 50% yield
alongsidethe Lossen rearrangememiroduct C4 substitution was not tolerated for the
annulation reaction(lV-95r). For the reaction between benzhydrostenand N-Ms

diazooxindols, the yields (IV -96r i aa) wererelatively lower tharthoseof N-Bn substrate
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Figure 4.13. Substrate scope dfazooxindols reacting with benzhydroxaate *, other isomersvere
observed.

To explore the utility of this synthetic methodologfe natural product estrone was
converted to thdnydroxamatdV-99 and underwent the reaction witliazooxindols. The
reaction afforded the product¥ -100 and IV-101 in good vyield (Fig. 4148 as an
inseparablenixture ofdiastereomers. When the reactions wameductedn half gram scale,
they still afforded good to excellent yieldsF{g. 4.14b). The amideof the product was
diversifiedby adding a propargyl or choloroacetyl motif. At last, a librarg2members was
efficiently synthesized using the develomaahthetic methodology.
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(a). Derivatization of estrone
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(b). Scalable synthesis and derivatization
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Figure 4.14. Reaction application. (a) Modification of estrone. (b) Scalable synthasis
derivatization of representative scaffolds.

4.3.3 Mechanistic investigation

To unravel the essentials tife protectng group-controlledLossen rearrangement in Rhj#|
catalyzed GH functionalization mechanistic investigatisnwere carried out Firstly,
competition reactiosibetweendifferent substituted benzhydroxateswere conductedFig.
4.158). These two reactions turneolt to favor electron deficient substitution¥hen
competition reaction between CMe/Cl substituteddiazooxindole was performedFig.

4.15b) The results indicated that these two reactions favored more electroxindoles
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Figure 4.15. (a) Competition reactiorbetweenpara- Me/Cl substitutedbenzhylroxamate. (b)
Competition reactioetweenC5- Me/Cl substitutedliazooxindols.

Figure 4.16 Preliminary KIEexperiment.

To determine the ratBmiting step of the reaction the kinetic isotope effectKIE) was
determined Both benzhydroxaate IV -41a and its deuterated derivativdb-1V -41a were
subjected to the standard conditiaifsg.4.16bc). Their KIE valueswere above 3 which

suggest €H metalationis the ratd i mi t i ng step. This Blvamd al so
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