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Abstract

Abstract

This work describesurther developmentsand applicationsof the catalytic asymmetric
Fischer indolizationln the first part of this thesisthe developmentof an organocatalytic
asymmetric synthesis of helicenes via a Fischer indolizagidiscussedThe application of a
novel SPINOWerived phosphoric acid, featuring extendédsurfacesl a -substtints
which can potentiallyparticipate in ™ -interactions wih the polyaromatic intermediate
afforded the corresponding products in high yields amdgioselectivitiesThe second part

of this work describes thdevelopmentof a catalytic asymmetric dearomatizing synthesis of
1,4-diketones via an interrupted Fischer indolizatidBmployingaryl K@ RNJ T A y-Sa & A i
substituents nexto the hydrazine grop preventsthe rearomatizatiorwhich takes placén
common Fischer indole synthesekus enabling the hydrolsis of the generated diimine
species.n the presence of STRIP as tah a variety of different 14iketones could be
obtained in generally fgh yields, diastereoand enantioselectivities. The last part of this
thesis deals with the development of an organocatalytic asymmestereadivergent
synthesis ohovel 3H- and ZH-pyrroles applyingan interrupted Fischer indolization aridr

the 2H-pyrroles a subsequent stereospecific [1;a8lkyl shift. Employing STRIP as catalyst
afforded the corresponding products in good to excellent yields and enantioselectivities.
Preliminarybiological investigations of these novel structure motifis celtbased assay,
monitoring biological signdtansductionpathwaysshowed an inhibition of the Hdgehog

signaling pathwayn auM range



Kurzzusammenfassung

Kurzzusammenfassung

Die vorliegende Arbeit beschreibt deiterentwicklungund Anwendungder katalytischen
asymmetrischen Fischer IndolisierunDer erste Teil dieser Dissertation diskutiert die
Entwicklung einer organokatalytischen asymmetrischen Synthese von Healicaitels
einer Fischer Indolsynthese. DieerWiendung einer neuartigen SPIN@hgeleiteten
Phosphorséaure mit ausgedehnterCf N OK S y-Subsfitég/ iYW ¢St OKS L2 4GS
Wechselwirkungen mit dem polyaromatischen Intermediat eingehen kénnen, lieferte die
entsprechenden Produkte in hohen Ausheu und EnantioselektivitatenDer zweite Teil
dieser Arbeit beschreibt di Entwicklung einer Kkatalytischenasymmetrischen
dearomatisierenden Synthese von I)ketonen mittels einer unterbrochenen Fischer
Indolisierung. Der Einsatz von Arylhydrazinen $uibstituentenin den ortho-Positioren zur
HydrazinGruppe verhinderte die Rearomatisierung, die in tblichen Fischer Indolsynthesen
stattfindet und ermdgliché so die Hydolyse derentstandenenDiimine.Unter Verwendung
von STHA als Katalysator konnteine Vielzahl verschiedenet,4-Diketone in hohen
Ausbeuten, Diasteree und Enantioselektivitidten erhalten werden. Dégtzte Teil der
vorliegenden Dissertation handelt von der Entwicklung einer organokatalytischen
asymmetrischen stereodivergenten SyntbBesneuartiger 8- und 2H-Pyrrole unter
Verwendung eineunterbrochenenFischer Indolisierung und, im Falle dé#-Ryrrole,einer
nachfolgendenstereospezifischerf1,5]-AlkylverschiebungDie Anwendung von STRIP als
Katalysator lieferte die entsprechendenddukte in guten bis exzellenten Ausbeuten und
Enantioselektivitaten. Vorlaufige biologische Untersuchungen unserer neuartigen
Strukturmotivein zellbasiertenAssay fur biologische Signaltransduktionswegeigen eine

Inhibition des Hedgehog Signalweigs UM Bereich

Vi
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1. Introduction

XeKS RSEAOFIOS gKAGS of 22 Y®un®ifF thelidgssrts a8fA | y (i
Arizon& FANBG F LIS NI 2yfteé o6KSy GKS LXLFYyG A& | 02
seen between this slowly maturing beauty and the development of asymmetric
organocatalysis, the origin of which goes back to the emergence of the efficient

homogeneous asymmetric catalysi8

Peter |. Dalko and Lionel Moisan2001.

The major breakthrough of asymmeatricatalysis goes back to the IR& GKSYy
Knowles and is colleaguaeported an enantioselectivehodium catalyzedydrogenationof
olefing applying a chiral phosphine ligaftiUnclosing a completely new research area,
asymmetric catalysis soon attracted a lot of attention in the scientific commuAitfew
years laterthe group of Noyori reported theatalytic asymmetric hydrogenatiaf ketones
applying a chiral liganith the presence of a metal catalysthereas Sharpless and coworkers
developedthe catalyticasymmetricoxidation of olefins In recognition of their tremendous
contributions in asymmetric catalysis, Knowles, Noyori and Shargtesed the 2001 bdbel
Prize inchemistry!® However, cespite the great developments of asymmetric catalysis, most
approaches were basedhanetal catalysts and biocatalysts such as enzymésereas pure

organic catalysts were completely unexplored

Althoughsmallorganic molecules have been employedcatalysts since the early days
of chemistry, their major application in asymmetric processesvas only developed
recently However, frst reports of enantioselectiveorganocatalysis go back to the year
1912, whenBreding and Fiskedeveloped a cinchona alkaloidaccelerated addition of
hydrogen cyarle to benzaldehyde. Although the reported enantioselectivity was low for
this transformation, Breding showed the proof of concémt asymmetric organocatalysis.
Inspired by the work of Breding, furth@ioneer workshave been achieved by the group of
Pracejuswho developedthe cinchona alkaloid catalyzed addition of methanol to ketéfles

and Hajos and Parish as well as Eder, Sauer and Wiecherteplooted a proline catalyzed
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intramolecular aldol reaction!”® Despite these great developments in asymmetric
organocatalysisit took almost 30 years until theatalytic activity of proline was further

explored

In 2000, the groups ofList and MacMillandiscoveredindependently that chiral
enantiopure secondary amines, namely prolineiraidazolidinonederivatives, respectely,
can be applied as catalysts for enantioselective Aldiotl DielsAlder reactionssia enamine
and iminium ion activatio®®*¥ These major developments were a great breakthrough in
asymmetric organocatalysis ansbon numerous contributionsn this field have been
reported. In the following years,ariousdifferent activation modes and new organocatstly
motifs could be identied. Nowadays, organocatalysis has become a powerful tool and well
established area and camwithout any doubt,be described as third pillar in asymmetric

catalysid!?

To organizeind differentiate the huge amount of reports in organocatalydise group
of List introduced a classification based the activation modeof the catalyst, namely
Brenstedacid, Lewiscid, Brgnstedase and_ewis baseatalysigFigure1.1).*¥ In general,
organocatalysts which donate or accept an electron pair from the substrate can be classified
as Lewis acids or bases wher@&sgnstedacids or bases angroposedto donate or accept a
proton. Lewis base&atalysis is one of the most explored classes in organocatalysisoémd b

enamine andminium ioncatalysisproceed via this type of mechanism.

)ROSR

A° ©PH ®®SH Po @BH P8
Bregnsted acid Lewis acid Bronsted base Lewis base
catalysis catalysis catalysis catalysis

Figurel.l  Classification obrganocatalytic reactionBy List et albased on the activation
mode. (S= Substrate, P = Product, (L)A = (kgwacid, (L)B = (Lewis) base).
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A further important and rapidly growrclass constitutes Brgnsted acid catalysis
Inspired bythe pioneering studies of Yamamoto and coworkgfsthe development of
hydrogen bonding catalysis Iiye group ofJacobselt” and the achievemerstofthe groups
of Terada and Akiyamin phosphoric acid catalysi$” Brgnsted acid catalysishas
attracted a lot of attention in the scientific community aricemendous contributions to this

field have ben reported in thdast fewyears
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2.1.  AsymmetricBrgnsted Acid Catalysis

Commonly acid catalysis can be differentiated into specific and general acid catalysis
terms which originally derive from kinetic§Vhereas general acid catalysis depends on the
concentrations of various proton donors and the proton transfer has a direct influence on
the reaction rate, pecific acid catalysis iadependent of the concentrationsf respective
proton donorsand is essentially controlled by the pH of the reaction medium instesithe
latter case,the reactant is in a prequilibrium with its protonatedform and the proton
transfer is not involed in the ratedetermining stepg'® Another definition of these two
types ofacid catalysis isutilized in the context of organocatalysidere a general Brgnsted
acid catalystactivates the substrat¢S) for nucleophilic attack (Nwu)a a hydrogen bonding
interactionin the transition sat§Scheme2.1, left). In contrast to this specificBrgnsted acid
catalysisproceeds throughthe formation of an ion pair betweethe substrateand the
catalyst Scheme2.1, right). In both cases the activated functional group becomes more

Lewis acidic and the substratetfisis activated via LUMO lowering effectd.

general specific
Bronsted acid Bransted acid
catalysis catalysis

Scheme2.1 Differentiation between general (left) and specific Brgnsted acid catalysis
(right) in organocatalysis

The classification of a reaction in one of both activation modes strongly depends on
the difference in the pkvalues of substrate and catalysiowever, in many cases there is no

possibility to distinguisbetween hydrogen bonding and proton transfé¥.
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2.1.1. General Brgnsted Acid Catalgsi

Hydrogen bonding is a fundamental activation mode in nature and can be found in
enzyme catalysidor the enantioselective synthesis of organic moleculblevertheless
highly enantioselective approaches via general Brgnsted acid catalysis were explored very
recently in chemistryln 1998 the group of Jacobsen explored tloatalytic asymmetric
Streckerreaction of allyl imines1 and hydrogen cyanide, using chiral thiee-derived
catalyst2 (Scheme2.2). After the treatment withtrifluoroacetic anhydrideavariety of the

corresponding amide could be obtained in gooyields and enantioselectivitiés’

o)
0,
N/\/ 1.2 (2 mol%) . FBCJ\N/\/ s <:\>
toluene, -78 °C : -
Bu  MNH N=
H + HCN ©/\CN “—NH
2. TFAA BnHN—<_ HO OMe
1 3 o]
78% 2 Bu
er=955:4.5

Scheme2.2 Thiourea catalyzed Strecker @imn by Jacobsest al*®

Five years later, Rawal and coworkers reported Highly enantioselectivehetero
DielsAlder reaction between aldehyddsand activated dieneS, catalyzed by the chiral diol
TADDOB (Scheme2.3).1¥

Ar. Ar

NMe, 1.6 (10 mol%) AN 0
o l\ toluene, -78 °C 0 >< OH
ho+ o) 0"\ OH
OTBS 2. ACC|, CHzclz, Ar Ar

toluene, -78 °C
4 5 7 Ar = 1-Naphthyl

6

Scheme2.3 TADDOlcatalyzed Hetero Dielalder reaction by Rawal al "

In the following years, various other chiral hydrogen bonding csislysuch as
squaramides, BINOLl& guanidines have beedeveloped®®?3 Today, hydrogen bonding
catalysis is a well explored area in organocatalysis and tremendous contributions to this field

have been achieved.


https://en.wikipedia.org/wiki/Trifluoroacetic_anhydride

2. Background

2.1.2. Specific Brgnsted Acid Catalysis

While general Brgnsted acids are rather Wweacids, specific Brgnsted agidan be
classified as stronger acids and have been used as catalysts in organic chemistry for decades.
Nevertheless, the corresponding chiral analogues r@avg been explored very recently. In
2004, Akiyamat al. developedBINOLderived phosphoric aci@iOa which was applied in the
enantioselective Mannich reaction of aryl iminégs and silyl ketene acetaB. The
corresponding amino estersll could be obtained in high vyields, diastere@nd

enantioselectivities$cheme2.4).*?

HO HO
) om 0 )
N 10a (10 mol%) HN
©)LH OEt toluene, -78 °C ©/’\/002Et

8 9 11
quant.
dr=87:13, er = 98:2 10a NO,

Scheme2.4 Phosphoric acid catalyzednantioselective Mannich reaction reported by
Akiyamaet al*®

At the same time, Terada and coworkers exptbpiosphoric acidOb as catalyst for
the enantioselective Mannich reaction of arfdBoc iminesl2 and acetyl acetone€l3,
affording Boeprotected amina 14 in excellent yields and enantioselectivitieScheme
2.5) 1

_Boc Boc.

N o o 10b (2 mol%) i
+
©)LH )J\/U\ toluene, -78 °C °
O
12 13 14
99%
er=97.5:25

Scheme2.5 Phosphoric acid catalyzednantioselective Mannich reaction reported by
Teradaet al "
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However, in 2010 the group of Ishihara found that the actual catalyst in this
transformation was thecorrespondingcalcium salt, rathethan the phosphoric acid, which
was accidentally formed during purification and not recogniZzddNevertheless, both

discoveriesnarkedthe beginning of a newrain asymmetric catalysis

2.1.3. Phosphoric Acids in Organocatalysis

Today, phosphoric acids are well explored catalyst motifs since they caadly
Y2RAFASR 0@ GHbstyuehts yrihe dhikad backiongbus, just some selected
examples will be discussed in the followsegtion In 2005, the group of Akiyama developed
the chiral TADDGderived phosphoric acidl5 which was applied to Manah type reactions
(Figure2.1).*¥ In the same yearAntillaet al. developed the VAPQerived phosphoric acid
16 which was used for imine amidatisff* The Hs-BINOLderived phosphdt acid17awas
first reported by the group of Gorand appliedn an enartioselective Biginelli reactio®® A
few vyears later, Akiyamaet al. reported the enantioselective synthesis of
tetrahydroquinolines, catalyzed by the biphert#rived phosphoric acid8.*” In 201Q the
group of List developed the SPIN@drived phosphoric aci®@TRIP1Qa) which was applied
to a kinetic resolution of alcohols via a transacetalizatfrin the same year, Lin, Waagd
coworkers repaied an enantioselective Fried€lrafts reaction, catalyzed by a related

SPINOWderived phosphoric acid’

15 16 17a 18 19a

Figure2.1  Selected exampkeof chiral phosphoric acids with different backbones.
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. SaARS (KS o0l O§ubsttyeds, alsg e phdshorio aritbi@ty can be
modified. In 2006, the group of Terada developed the stronger phosphordiamidic2&cid
which was applied to Mannich reactions lfacyl imines and 1;8icarbonylcompounds?”

In the same year, Yamamotd al. exploredN-triflyl phosphoramide21, a very strong acid
due to the triflyl substituent, which could be used for the asymmetric PAdder reaction of
enones and siloxydiené$! The group of Blanchet developed the first synthesis of
dithiophosphoric acid 2232 which were later applied to the enantioselective hydroamination
of allenes by Toste and coworkerd.A completely new structure motif was introduced by List
et al. in 2012, who developed confined dimeric imidodiphosphoric aoid/pe 23, which

could be applied t@n asymmetric spiroacetalizatioRigure2.2).>

20 21 22 23a

Figure2.2  Selected examples ofiodified chiral phosphoric acid catalysts.

The huge structural diversity of chiral phosphoric acid derived catalysts and their
versatileappliations show the importancand powerof these scaffolds in organocatalysis.
Despite the examples mentioned in this part, there are various other catalyst motifs and
applications which cannot be discussed in detaitl would go beyond the scope of this

discussior®>%¢
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2.2. [3,3]-Diaza Cope Rearrangemesnt

[3,3]-Sgmatropic rearrangments areintramolecular pericyclic reactiain which one
s-bond is changed to anothes-0 2 Y R | y JRlectibiic Sare TreorganizedThey are
powerful transformatiors for the stereoselectiveconstruction of GGbonds in organic
syntheses andwo of the most commorand popularexamples are the Claisen and the Cope

rearrangement discovered in 1912 and 194@spectivelfScheme2.6).3"3

)?\)\ [3,3]-sigmatropic @)
Claisen in 1912: EtO o) rearrangement EtO/u\éO

24 25
CN [3,3]-sigmatropic
Cope in 1940: \%jLCOZEt rearrangement MCOzEt
X A CN
26 27

Scheme2.6 Claisen rearrangement of allyl vinyl ethi&t and Cope rearrangement of 155
hexadiene26.

Both weltknown transformations have been investigated intensively in the following
years and a variety of analogous hetdB3]-sigmatropic rearrangements have been
developed A very famous representative tliese type ofrearrangements ishe diaza Cope
rearrangement in which diazeompounds of type28-30 undergo a [3,3sigmatropic
rearrangement, forming a neW-C bond Scheme2.7). In the latter casethe GGbond is
formed at the expense of aN-N-bond, renderinghis process, unlike most [3;3igmatropic
rearrangements irreversible. A weltkknown reaction, involving this type of diaza Cope
rearrangement is the Fischer indole synthesis which willdiseussed in the following
chapter. Due to the variety of nitrogen containing natural products and pharmacophores,

aza Cope rearrangements are of high interest in organic syntheses.



2. Background

[3,3]-sigmatropic
) Rj: N R® rearrangement R1\//N I R3
a _—
R ONTOR RZSNT R
28 29

b) ' S—— HN

2 [3,3]-sigmatropic >
HN & R rearrangement HN R

HN
R® R3
\g/\ R4
30 31

Scheme2.7 Different types 0{3,3]-sigmatropicdiaza Cope rearrangemesat

2.2.1. TheFischernndole Synthesis

One of the nost famousapplicationsof diaza Cope rearrangements the Fischer
indole synthesiswvhich was discovereih 1883 by the German chemist Emil Fischer. He
found that upon heating of phenylhydrazor® in hydrochloric acid a new compound was
formed ¥ Although herealizedthat the producthad lost one molecule ofammonia, he
structure remainé unclearuntil 1884 whenFischer and Hessere able toidentify it as

indole-3-carboxylic aci®5 (Scheme2.8).[*%

o) dil. HCI (aq. 10% HCI (aq.
@\N,NHZ + _dil. HCl (aa,)_ Ny -COoH _10% HCl ea) H—COH , NH,
| COQH | N\
Me Me Me
32 33 34 35

Scheme2.8 Fischer indole synthesiscovered by Emil Fischer in 1883.

Although the reactiorreceiveda lot of attentionin the scientific communityand was
used for a variety of applicationgdhe mechanismwas unclear for decades. In 1924,
Robinson and Robinsosuggested a possiblenechanistic scenariavhich is stilllargely

accepted todayScheme2.9).1*"
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COH COH si , H
\”/ tautomerlzatlon o 2 [i’j;] r;’%’;:f:;gﬁf COH
N @ “H l}] \H N \;H
Me o Me O I\I/Ie )
X X

[34+HX]c=n [34-HX]c=c
j rearomatization

A CO,H 5-exo-trig COH
COzH cyclization oON
N e N ONH; NH \H

Me Me H
NHs x° Me @
35 HX

Scheme2.9 Possible rachanism of the Fischemdole synthesiproposedby Robinson and
Robinson.

Upon protonation, hydrazone3@-HX¢-nis in equilibrium with enehydrazin@4-HX¢-c
which can undergo a [3,3jgmatropic rearrangement, forming aon-aromatic diimine
species. After rearomatization via a proton shift,-ex®-trig cyclization takes place, followed

by the release of ammonia and the acid which affords in@8le

Being the first methodology for the synthesi indoles, the Fischer indolizatiomas
investigated intensively ithe following years. Beside hydrochloric acid, a variety of other
acidscould be identified topromote the reaction as well. Amongst others, Lewis acids like
boron trifluoride, copperor zinc chlorideand Brgnsted acids sucls ormic acid, acetic acid
or polyphosphoric aciavere foundto be equallyeffective***¥ Nevertheless, approaches

employing catalytic amounts of acidave been elusivantil recently.

2.2.2. Chiral IndoleDerived Compounds

Indole itself is a simple molecule whidbes notfeature any stereogenic centgrthus
the question about catalytic asymmetric approachesthese scéolds might seem to be
odd. However potential chiral indolederived compoundssuch as tetrahydrocarbazoles
oxindolesor indolinesare ubiquitousin nature and are part of various pharmacophores and
biologically activeompoundsFor instanceindole alkaloid(+)-ajmaline (36), first isolated in
1931 by Siddiguand coworkersjs nowadayswidely used as acardiovascular drugFigure

2.3).%%% The indole alkaloighhysostigmine §7) which exhibits an indolenineore structure

11



2. Background

and was first isolated in 1864, is an acetylcholinesterase itohiand is employed for the

treatment of cholinergic diseasé¥:*®

HO; OH Me,
AAN-TEt  MeHN_ O
hig NMe
N H 0 N H

Me

NHMe

36 37 38 39

(+)-Ajmaline Physostigmine (+)-Aspidospermidine (R)-Frovatriptan

Figure2.3  Slected examples of chiral indole derived alkaloids and drugs.

Moreover, Aspidospermidine(38), an aspidosperma alkaloidas been investigated
intensively in the last years and numerous $tic approaches to this compound have
beendeveloped so fal*¥ MacMillan and coworkers reported the up to now shortest total
synthesis of (+Aspidospermidine(38), applying an elegant organocatalyzed cascade
reaction involving an imidazolidinonesalt 44 catalyzedDielsAlder 5-exo-heterocyclization
step (Scheme2.10).149

NHBoc
44 (20 mol%)

—_—
\_/ SeMe —40°Ctort —
O toluene 5 steps
N —
N o+ =
H 83% yield
40 41 98.5:1.5er 42

(+)-Aspidospermidine

Scheme2.10 Organocatalytickey step Ay al Oa A f fsyntyieQis of (+Pspidd
spermidine(38).1%

The tetrahydrocarbazotderived compound(R-Frovatriptan (39), a 5HT receptor
agonist,is commonlyused for the treatment of cluster headach&>! Although the R)-
enantiomer is used exclusively as a drug, the synthesis of Frovati{p®uis based on a
racemic Fischer indole synthesis, followed by resolution of the enantiomers and

manipulation of the functional group&Scheme2.11).°? An enantioselective approach to

12
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these scaffolds wouldbe highly appreciated due to economic aspects, the yield and the

associated costs since half of the product is discarded in this process.

% NHMe NHMe
o O e O e
NHMe : H
45 46 a7 39

(R)-Frovatriptan

Scheme2.11 Industrial synthesis dR)-Frovatriptan 89).

Despite the importance othiral indolederived compoundsn the pharmaceutical
industry, a straightforward asymmetric variation of the Fischer indole synthesis was
undeveloped until a few years ago when Garg and List started the first investigations in this

field 15354

2.2.3. TheCatalytic Asymmetric Fischer IndolSynthesis

The Fischer indole synthesis is a powerhdthodologyfor the synthesis of indole
derivativesand can be promoted by various Lewis and Brgnsted acids. Neverthatess,
asymmetric variant of this reactiowas elusive until the group of Garg developed the first
example of anenantioselective Fischer indolizati using chiral phosphoric acitiOc as
promoter. Although an excess of the Brgnsted abit (1.2equivalentswas necessargnd
the enantioselectivityof the product 50 was quite low,it wasthe proof of principle which

showed that stereoinduction is ineéel possiblen this transformatior®?

13
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Me,’
©\ sz—) 10c (1.2 equiv.) @E@
. NHZ + 2
N HO N

H o benzene, 40 °C

48 49 50

62%
er = 64:36

Scheme2.12 Chiral phosphoric acitlOb promoted enantioselective Fischer indagnthesis
developed by Garg and coworkers.

In 2011, Lisand coworkers achievedsgnificantbreakthroughin the field of catalytic
asymmetric Fischerindole syntheses.They found that the major challenge of this
transformation was the stoichiometric release of ammon@uring the course of reaction
which led toa poisoning of the catalyst vials formation. This observatioalso explains why
Ay DI NBQa excdsidNtBelplid&phario/acichs necessaro achievefull conversion
of the hydrazonelListet al. investigated differenapproachego overcome ths problem but
initially, with little successAmongstothers, refluxing conditions in order to liberate the
released ammonia from the reaction mixture atite use ofN-protected enehydrazinedo
generateless basic ammoniderived by-productswere tested™ After a few setbacks, List
and coworkers finally found that theation exchangeresin Amberlite® CG50 was able to
regenerate the catalyst via a proposedchange othe ammonium iorby a proton. Applying

this weakly acidic resirthe group of List developed the first catalydisymmetricFischer

19b (5 mol%)
CG50, 4A MS .
benzene 30 °C O
/@) N

NH; R =1: 52a:
99%, er = 95:5

R=1:51a cat/on R = H: 52b:
R =H: 51b exchange | 94%, er = 94:6

Scheme2.13 The catalytic asymmetric Fischer indolization by List and coworkers.
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indole synthesis, usini-protected preformed hydrazones of typel. In the presence of
catalytic amounts of chiral SPIN@é&rived phosphoric acidl9b, the corresponding
tetrahydrocarbazoles2 were generated in high yields and enantioselectiviti&&heme
2.13). Remarkably, SPIN@Eerived phosphoric acid%9, independently introduced by the
groups of Lis€¥ Lin and Wan§” in 201Q led to generallymuch higher enantioselectivities
in this transformation.Employingthe corresponding BINGderived phosphoric acidl0Oh

afforded the desired product52b in a significantly lower enantiomeric ratio @&5:15,

compared to 93.5:6.5applyingnon-optimizedreaction conditiong>*

In the mechanisnproposedby List and coworkers, the catalys®b accelerates the
hydrazoneenehydrazinetautomerization forming two possible diastereomeric ion pairs
[(9-51-(R-19b] and [R)-51-(R)-19h] via a dual activation mod&he benzyl grougR’) atthe
anilinic nitrogen of the enehydrazine is assumed to play an important role by increasing the
basicity and ensuring a protonation at this positi®tecent studies on the mechanism of the

Fischer indolization show that a protonation of the other nitradeads to a different

_P
@ @O \\O
NH,
[19b+NH;] N )y
_N. _N.
® H, HUeNC

/ N / \ 7
[3,3]-sigmatropic f :
A/rearrangement OJ &/O
> N\@N‘H [(S)-51+(R)-19b] [(R)-51+(R)-19b]
N\ R"H o O

;
R [55-19b] O-P-q
52 O\J

Scheme2.14 Proposed mechanism of the catalytic asymmetric Fischer indolization by List
and coworkers.
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reaction pathway>**® One of the two ion pairs §-51-(R-19b and [R)-51-(R-19Hb]
undergoes the irreversible enantiodetermining [3s3§imatropic rearrangement at a higher
rate, leading to a dynamic kinetic resoluticdBcheme2.13). The release of ammonia affords
the desired tetrahydrocarbazoles2 in high enantiomeric ratios and forms a salt with the
catalyst [19b:NH;], which is afterwards regenerated by a cation exchange with CG50.
Another possible scenario in which only one enehydrazine enantiomer of both would
preferentially be formed and rearrange was assumed to be unlikely due to mechanistic
studies of Hughes who found that the hydrazesrehydrazine isomerization is only rate

determining under extremely acidic conditioft§>>>"

The catalytic asymmetric Fischer indole synthesis develdyyeListet al. was not only
found to be amild and powerfulapproachto enantiopure tetrahydrocarézoles but could be
applied to other scaffolds as welh 2013, the same group reportetthe versatilesynthesis
of chiral indoline-derived compoundsutilizing a catalytic asymmetric Fischer indolization
(Scheme2.154).5% In contrast to the previoug reported transformation, the preformation
of the hydrazone was not necessamythis caseand hydrazine53b andh -substituted ketone
56 could beappliedas starting materialdJsing 5 mol% of the SPIN@¢rived catalysSTRIP
(199 in the presence of G50 affordedthe corresponding indoline derivatives/ in high
yields and enantioselectivitieRemarkably, also aimtramolecularinterrupted variation of
this transformation was developed, generatir@pmplex bridged indolines59 in high

enantiomeric ratioand yieldgScheme2.15b) °@

O O
NG NH, Ph
a) 19a (5 mol%)
©) + CG50
> N

toluene, 45 °C 98%

er=94555
53b 56 57

NH, TIPSO 0 1) 19a (5 mol%), CG50 N 19a
b) -z toluene, 25 °C RE
2) TBAF, THF O
+ N
80%
S/‘ er=94:6
53b 58 59

Scheme2.15 Enantioselective synthesis of indoliderived @mpounds, applying eatalytic
asymmetric Fischer indole synthe&sg and an iterrupted variant (b).
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The catalytic asymmetric Fischer indole synthesis is a milceHimient methodology
for the organocatalytic synthesis of entarenriched indole derivatives and the expansion to
interrupted processeseven broadens the applicability of this methodology. Further
developments of the catalytic asymmetric Fischer indole synthesis are objectives of this work

and will be discussed iné¢hcourse of this thesis.

2.2.4. The Catalytic Asymmetric Benzidine Rearrangement

Inspired by the development of a catalytic asymmetric Fischer indole synthesis by List
and coworkerd®**® the groups of Kurti and List independently reported a catalytic
asymmetric benzidine rearrangement, furnishing enantioenricB#§AM derivative$1. In
both transformations, chiral phosphoric acléc proved to be the best catalyst in terms of
yield and enantioselectivity. Kurti and coworkers conducted the reaction in toluene at a
tempeNJ (G dzZNB 2 F b H A molodof ohtils$ 10daffdtded2tfe carraesponding
BINAMderived compounds6l in good enantiomeric ratios and high yieldScheme
2.16a)1® However, List et al. found that the addition of the cation exchangesin CG50
accelerated the reaction without diminishing the enantioselectivity which enableith, a
reduced catalyst loadinp 5mol% I YR | RSONBI &S 2F (@®Demé S Y LISN
2.16b). Inthis case, the desired producl could be obtained in higher enantioselectivities

and similar yield€?

10c (20 mol%) OO
NH 4AMS NH,
NH toluene, —20 °C NH>
89% OO
6

er =937

10¢ (5 mol%) OO
CG50 NH,
NH CHCl, —50 °C NH,
oo 99

er = 96.3:3.7
60 61

Scheme2.16 Catalytic asymmetric benzidine rearrangement by the greapKairti (a) and
List (b).
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Diaza Cope rearrangements are powerful transformations for the constructi@hQof
bondsin organicsynthesesand especially enantioselective approaches are of high interest.
The reaction allows a broad applicatibg modifying the starting materials and the reaction
conditions. The development of newvcatalytic asymmetri@approachesof the diaza Cope

rearrangemenis part of thiswork and will be discussed in the course of this thesis.

18



2. Background

2.3. Catalytic Asymmetri®earomatization Reactions

Dearomatization reactiongsire important transformationsin organic syntheses and
have attracted cosiderable attention in the last few yearfhe simplestarting materias are
easily accessible anagan be readily transformed into complex and functionalized
compounds renderingdearomatization reactions common in natural product synthé&es.
%3 Despitethe importance of this transformatiorgatalytic enantioselectivdearomatization
reactions are rather challenging, due to the high resonanemergy of aromatic
compounds® The high energy barrieusually requires harsh reaction conditions which
render a control of stereochemisy rather difficult. Moreover, nost enantioselective
approachesrely on chiral starting madrials or metal catalysis while organocatalytic
methodologies are rather limited andften based on oxidative processes or cycloaddition
reactionsi®¥ A further limitation is the us@f engineeredstarting materials which makes a

broadapplication difficult.

In 2009, the group of Buchwald developed intramolecularpalladium catalyzed
asymmetric dearomatization afaphthalenederived compound$2. The deprotonation of
the aniline is believed to increase the electron densifythe naphthalene moietywhich
would enable an intramolecular aromatic substitutitype reaction, generating
enantioenriched indolenines of typ64. Applying chiral ligan®3 in this transformation
furnished the corresponding products in high experimental and optical yielBishéme
2.17) 169

Br THF, 70 °C N

Pd(dba), (3 mol%)
Ph 63 (4.5 mol%) Ph
©\ LiOtBu (1.2 equiv.) PCy,
) CrO
: 99

93%
er = 96.5:3.6 63

62 64

Scheme2.17 Palladium catalyzed asymmetric dearomatization of naphthalene derivatives
reported by Buchwald and coworkel¥!
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One vyear later You and coworkers reported tharidium catalyzed allylic
dearomatization of indole§5, generating enantioenriched spiroindolenin@d. The desired
products could be diained in generally high yielddiasterec and enantioselectivitigsusing

chiralphosphoramiditdigand66in the presence of an4atalyst. Scheme2.18).[°®

[Ir(cod)Cll, (2 mol%) N
NBn 66 (4 mol%) //
N\ k/ Cs,CO03 (2.0 equiv.) e O\P—N
= \_-CO,Me % CO o

CHCly reflux

Iz

95% 66
dr >99:1, er = 98:2

65 67

Scheme2.18 Ir-catalyzed allylic dearomatization of indalerivativesreported by You and
coworkers!®®

In 2013,the group of Kita reported the asymmetric dearomatization of naphthol
derived compounds8, applying a chiral spirobiindariEased hypervalent iodine catalyst.
Using5 to 15 mol% ofdiiodide 69 in the presence ofmCPBAafforded the desired

spirolactones70in moderate to good yields and enantioselectivit{sheme2.19).°”

O
OH 69 (10 mol%) Q5
CO,H mcPBA (1.3 equiv.) z
OO CHCI3 0°C O‘
83%
er=93.5:6.5 69
68 70

Scheme2.19 Hypervalent iodine catalyzedsymmetricdearomatizing spirolactonization of
naphthol derivatives reported by Kita and cowork8fs.

In the same year, Toste amhippsdevelopeda fluorinative dearomatization of phenol
derivatives71 utilizing a chiral phasdransfer catalystThe desired product33, bearing a
guaternary fluorine stereocenter, were generated in generally high vyields and
enantioselectivities, using 5 mol% of the BIN{®kived phosphoric aci@iOd in the presence

of Selectfluor72 (Scheme2.20).%8
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Cl
OH N 10d (5 mol%) o]
® F
N N82CO3 H
) e
toluene, rt
N 9
2BF
F 4 75%
er =98:2
71 72 73

Scheme2.20 Phasetransfer catalyzed fluorinative dearomatization of phenols reported by
Toste andPhipps'®®

Despite the great importace of dearomatization reactions in chemistry, theme still
just a few catalytic asymmetric approaches, especiadlyploiting organocatalysis. The
developed methodologies areften based onoxidatiors and cycloaddition reactionsr are
applied toheteroaromatic compounds such as indolsich results in a limited substrate
scope. Therefore, new catalytic asymmetridearomatizing approaches would be highly

valuable in synthetic chemistry
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2.4. Helicenes

2.4.1. Applications andProperties

Molecules featuringhelical chiralityare interesting scaffolds which possess unique
properties and are one of the most important elements in our life by being part of our DNA.
Interestingly, helicenesare opticdly active compounds although they dwt possessany
stereogent centerand are consequentlglassified as axiglchiral moleculesThe chirality
derives from the handedness of the heliceiteelf which can be lethanded (minus; M) or
right-handed (plus; P) (Figure2.4).1?

S &N e
Cgo Qgi

(P)-74 (M)-74

|~

mirror plane

Figure2.4  Rght-handed P) and kft-handed M) [6]helicenes74.

Due to their uniquestructuraland stereochemical featureshelicenes @y an essential
role in biology optoelectronicsand material science!’®”¥ In particular,their application in
catalysis has attracted a lot of attention in thesidew yearsin 1997, Reetet al.developed
the first application of a heliclgl chiral ligand76 in the hydrogenatiorof itaconic acid ester
75, affording the corresponding produg@t7 in a moderate enantiomeric ratio of 69.5:30.5
(Scheme2.21).["2

Rh(cod),BF (0.1 mol%)

JI\/ 76 (0.1 mol%) )Mi/
COzMe COzMe
MeO,C Hy (1 atm), CH,Cl, MeO,C

54%
er =69.5:30.5

75 77

Scheme2.21 Enantioselective hydrogenation of itaconic acid est#s, using helical
phosphine76 as ligand developed by Reetz and coworkéts.
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In the following years,numerous approaches have been developed, employing
helically chiral compoundsas catalysts or ligand® induce stereochemistry/®’¥ In 2010,
Takenaka and coworkers developed thddition of 4,7dihydroindole derivatives/8 to
nitroalkenes 79, applyinghelical 2-aminopyridinumion 80 as catalyst(Scheme2.22).l"™®
Using 2 mol% of thédwydrogen bond donor catalys80, followed by an oxidation step

afforded the desired product8lin high yields and enantioselectivities.

1) 80 (2 mol%)
]/ CH,Cl,, -50 °C
2) p-benzoquinone

78 79

Scheme2.22 Application of chiralhelical hydrogen bond donor catalys80 reported by
Takenaka and coworkel%!

One year laterthe group of Carbery reported a kinetic resolution of aryl alcoBals
using the helical chiral DMAderived catalysB83. With a catalyst loading anly 0.5 mol%,
the desired products could be obtained with a#fiaStor of up to 116 Scheme2.23)."

83 (0.5 mol%)
OH OH
O (iPrC0O),0 (0.75 equiv.) O
+
‘ NEt; (0.75 equiv.) ‘
O tAmOH, 0 °C O

51% conv.
S=116
rac-82 (S)-82 (R)-84

Scheme2.23 Kinetic resolution of secondary aryl alcoh@2, applying ahelical DMAR
derivedorganocatalysB3 developed by the group of Carbef.

Due to theincreasingimportance of helicenes in catalysad in other fields of
research approaches to their synthesggspecially in an enantioselective fashi@me of

great interest ancdhavebeen target of numerous research groups in the last few years.
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2.4.2. Approaches taEnantiopureHelicenes

The first reported synthesis of helicenedates back to the year 1903, when
Meisenheimer andWitte investigated the reductio of 2nitronaphthalenes which afforded
azéhelicenes85 and 86.""@ A few years laterni 1918, Weitzenbock and Klingler reported
the first all-carbon based [5]helicen®7,’® followed by Newman anctoworkers who

developedthe synthesis and resotion of the corresponding[6]helicene 74 in the 1950s

(Figure2.5).l"+7#7
3
" S o o
(£)-85 (+)-86 ()-87 (+)-74

Figure2.5  Selected examples of firsynthesizedelicenesreportedin literature.

Two major breakthroughs in helicene syntheses were achieved by the groups of
Schol# and Martif®? in 1967 and Katz in 19982? Inspired by the work of Wood and
Mallory in 1964%3who reported the photocyclization of stilbene® phenanthrene
derivatives, Scholz, Martin and coworkers applied this methodology to the first
photoinduced synthesis of helicenE&8#4 Almost 20 years later, Katz and Liu developed
another importanttransformationto accesgacemichelicenes, employing an intermolecular
DielsAlder reaction to access helical bisquinoHé&? Severalstereoséective approaches
have been explored in the following years, involving the use of circularly polarized light or
chiral starting materialdor stereoinduction®®” Despite the development of numerous
enantio- or diastereoselective methodologies, most of themfferedfrom low asymmetric
induction. Thus, a resdin of enantiomers was in many cases the method of choice to

accesenantiopure helicenes.
In 2001, the group ofarrefioreported a chiral auxilianbasedapproach to access

guinonehelicenes 90 in an highly enantioselective Diellder reaction of vinyl

dihydrophenanthrene$88 and chiral 1,4enzoquinone derivative89 followed by an in situ
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2. Background

elimination of the sulfoxiddScheme2.24). The products90 could befurther oxidized to

polyaromatic systems without loss of enantioselectivity.

'\ Jol

s i
TBDMSO. O CH,Cl,, ~40 °C TBDMSO
OTBDMS

OTBDMS

75%
er >99:1
88 90

Scheme2.24 Chiral auxiliary approach reported by Carrefio and cowork8rs.

A nowadays well established method for the construction of helicenes igdhsition
metal-catalyzed[2+2+2]cycloaddition of alkynes or aryneghe first example of a catalytic
asymmetric [2+2+2] cycloadditioid access helicenewas reported in 1999 bytara and
Stary.In the presence of aickel catalyst and the chiral BIN@&rived ligandd3, triyne 91

cyclizedto helicene92in moderate yield and enantioselectiviggcheme2.27).8%

N (SYMOP (40 mol %) - (L oy
Il (S)-MOP (40 mol %) ) O PPh,
= THF, —20 °C ‘ OO
O‘ 53% (S)-MoP
er=74:26 93
91 92

Scheme2.25 First catalytic asymmetrii2+2+2] cycloadditiomf triynes91 reported bythe
groupof Stara and Star§®

Sincethis seminal reporta lot of different approaches applying this methodology have
been destbed!™™®? In 2012, Tanakat al. developed an intermoledar double [2+2+2]
cycloaddition, usingegphos derived ligan@7 in the presence of a rhodiuroatalyst. The
correspondinghelicenes 96 could be obtained in good enantioselectivities and yields

(Scheme2.26) %
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2. Background

[Rh(cod),]BF, Q (O O
(20 mol%)
(S)-xyl-Segphos .O Me o PAr,
AN @0 moie) L ' o o PAr,
e “ | &)
CH,Cly, rt O o
Vi @ (S)-xyl-Segphos

Ar = 3,5-M92C6H3

97

67%
Me er=95545

94 95 96

Scheme2.26 Intermolecular double [2+2+2] cycloaddition developed by Tanaka and
coworkers!®

Another example for [2+2+2}ycloaddition reactions is the highly diastereoselective
synthesis of helicere99 developed by Stard and Stary in 201i&sing chiral trige 98 as
starting material in the presence of a nickel catalyst afforded the correspordilicene99
as a single dstereoisomer. Remarkably, this approach can be applied the

diastereoselectivasynthesis of [6]and [7]heteroheliceneas well

O/\ [Ni(cod),] (20 mol%)

Tol PPh; (40 mol%)

Tol THF, rt

98 929

AN

91%
dr >99:1

Scheme2.27 DiastereoselectiveZ+2+2]cycloisomerization of triyne88 developed bythe
groups of Stara and Stary”

Despite all effortdo stereoselectivesyntheses ohelicenes, there is stilllsigh demand
for general approaches, espellyain a catalyticasymmetric fashionOne reason for this
might bethat asymmetric catalysis rather challenging for the synthesis ledlicaly chiral
molecules In contrast to common approaches in asymmetric catalysis which are used to
create aspecific carbon center, helicenes require a control of their sgemse. Therefore,

there arespecific lengtkscale requirement$or the catalysto enable astereacontrol on the
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2. Background

nanoscale Nevertheless, & expanded structural diversity and new approachesthese
important scaffolds would be highly appreciated. Masetalbased catalytic asymmetric
transformationsto helicenesstill require high catalyst loadingshus an organocatalytic
alternative would be valuable Interestingly, there was not a singleeport of an

organocatalytic agammetric synthesis of helicenes prior to this work.
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2. Background

2.5. 2H and 3HPyrroles

Pyrroles are core structure of various biologically active compounds, natural products
and pharmaceutical agent¥®¥ However, leside the weldeveloped H-pyrroles, theless
familiar nonaromatic M and 3H-pyrrolesare important scaffoldss well For instance, I3
pyrroles 100 are part of Precorrin6B (102), a macrocyclic precursor aftamin B;0%Y
whereas 2Hpyrroles 101 can be foundin alkaloids such as Calyciphylline(1®3)*°3 or
Chamobtusin A104) (Figure2.6).1*%3

3H-Pyrrole 2H-Pyrrole

100 101

Precorrin-68 CO2H Chamobtusin A Calyciphylline G

102 103 104

Figure2.6  Selected examples oH3and ZH-pyrroles in natural products.

3H-Pyrroles 100 are compounds with interestinghemical propertiesand can be
applied tovarious transformations such asarrangements or addition and cycloaddition
reactions.In 1971, the group of Wong reported the rearrangement éf8/rroles to -
pyrroles under thermal inductioH®? Almost 20 years later, Sammes al. developed a
multi-stagesynthesis to racemick® and 2H-pyrroles, employin@ PaatlKnorrtype reaction,
followed by an acidand thermally induced rearrangemerlthoughthe authorsreported
some selectivityand stabiity issues, several 2 and 3H-pyrroles could be obtained in
moderate yieldd!°*%¥ |n 2006,Shirinian and coworkers reported the transformation o3
benzothienopyrrolesto 2H-benzahienopyrrolesvia a Lewis acid promotefl,5]-shift.*%”
Although numerous synthetic routes are known for the enantioselective synthesis of chiral
1H-pyrroles, corresponding approaches to nonaromaid¢ 100 and 2H-pyrroles 101 are

vastly underdeveloped
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2. Background

In 2015, the first enantioselective approach tel-pyrroles applying a [3+2] cyclization
of allenoateslO5and isocyanide406, was reported by Zhao and coworket$singl0 mol%
of AgO ascatalyst in the presence of chiral ligafh@7 afforded the desired B-pyrroles108
in high yields and enantioselectivitieSgheme2.28) [*%8

Ag,0 (10 mol%) PPh
B”TCOZMQ 107 (20 mol%) Bl Me 2

MeO,C
J A~ HN” S0
i +  CN7COMe  GHel, -20°C m

SN “COMe Et N

X
H _N

105 106 108

84%
er =96:4 107

Scheme2.28 Enantioselective synthesis ofHayrroles 108 via a [3+2] cyclization of
allenoatesl05andisocyanided 06 reported by Zhao and coworke$?

In 2012, the You group reportdtie firstiridium catalyzed intramolecular asymmetric
allylic dearomatization of H-pyrroles, generating enantioenriched spi2é-pyrroles!*®?
This approach was furthesppliedto a highly regie and enantioselective intermolecular
variant, generating polysubstitutedHpyrroles 112 via a dearomatization of H-pyrroles
109. Employing a palladium catalyst in the presenceSefphos ligandl11 afforded the
corresponding productsl12 in high yields and enantiomeric ratig§cheme2.29).M? |n
2015, the same group reported a further approach, applying a highly diastened

enantioselective synthesis of firaembered spire2H-pyrroles via the same strated”

O
[Pd(CgHs)Cllo(1 mol%) %
111 (2.2 mol%) o) PPh
ﬂ\ Cs,CO;3 (0.5 equiv.) 2
Me~ >\ ~Me *  Ph">"oco,Me 0 PPh2
H o-xylene, rt \/Ph <
(@]
109 110 112
85% 111
er =955

Scheme2.29 Enantioselective synthesis of Hjyrroles 112 via an asymmetric
dearomatization of H-pyrroles 109developed by the group of Ydétt?
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2. Background

Despite the recent developments in the synthesis3bf and 2H-pyrrole derivatives
(100, 101), enantioselective approachesare still very Inited which renders further
investigations ofthese compound classs very difficult. Organocatalytic asymmetric
approaches t@8H and H-pyrrolesof type 100 and 101 would be of high interest but have

not beenreported prior to this work.
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3. Objectives of this PhD Thesis

3. Objectives of his PhD Thesis

3.1. The Organocatalytic Asymmetric Approach to Helicenes

The catalytic asymmetric Fischiadolization developedby List and coworkensrovides
a novel access to enantiopure indolgerived compounds which are important scaffolds in
pharmacophores and natural produdté>>>® We wanted to apply thistransformation to
the catalytic asymmetric synthesis of helicenes,campound class with interesting
properties and applicationsvhich is hard to access @ catalytic asymmetric fashiomn
contrast to common reactions in asymmetric catalysis, the stereocontrol of helicenes is a
nanoscale phenomenon since the screw senset a specificstereocenter has to be
controlled. Thusparticularlength-scale requirements of the catalyst are necessary to enable
a high stereochemical inductioNew methodologies for the enantioselective synthesis of
helicenes would be highly appreciated and woekpand the structural diversity of these
compounds Especially organocatalytasymmetricapproaches tdelicenesare unexplored

and would be of high interest.

We hypothesizedhat common phosphoric acidsere too short-ranged to control the
enantioseledtity in our envisioned transformationin order to get a high level of
AaGSNB202y(iNRtz GKS Ol daldio&d ik  a48 3/ geEitoris wBich KIS S b &
O2dzf R Sy 3l 3 Intefaglionkirith Be/polyatomatic system present in the formed
enehydrazineln this manney the intermediate should be kept in a chiral nanometer sized

pocketwhich would enable the induction of the screw sense of the helicEigu(e3.1).

Figure3.1  Conceptand 3Dmodelfor the catalytic asymmetric synthesis of azahelicenes
via along-range controby the catalyst.
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3. Objectives of this PhD Thesis

We envisioned thalN-protected hydrazines of typ#l3wouldin situform a hydrazone
with polyaromatic ketones of typ&14. In the presence a chiral phosphoriacid bearing
SEGSYy-R&RA G A G dzS ypbsitions, Ghe liy&r&oneatld I2in an equilbrium with
the correspondingconjugatedenehydrazine which would undergo thenantiodetermining
[3,3]-sigmatropic rearrangemenfurnishing enantiopure azahelicenes of type5 (Scheme
3.1). Thereleasedammonia byproduct would then beremoved va cation exchange with
the weakly acididmberlite® CG5@nabling the regeneration of the catalyst as previously

reported by List and coworkef¥">>%8

CO\ L0
* [~
0" “OH

Amberlite® CG50

113 114 115

Scheme3.1 Envisioned synthesis of azahelicerlgls via a catalytic asymmetric Fischer
indolization.

The development of arorganocatalytic asymmetric approath helicenes applying a
Fischer indolizationvas one objective of this worfsee: chaptert.2). This approach would
give a completely new approachto enantioenrichedhelicenes andwould broadenthe

structural diversity of these importantaffolds.
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3. Objectives of this PhD Thesis

3.2. Catalytic Asymmetric Dearomatizing Synthesis of-Dketones

Dearomatization reactions are of great importance in organic syntheses due to the
simple and readily accessiblestarting materials which can be readily transformed into
complex functionalized products. Nevertheless, dearomatizing catalytic asymmetric
approaches aregather challengingdue to the usually high resonance energy of aromatic
compounds andhus, require hash reaction conditions. In most cases, catalytic asymmetric
approaches are based dransition metal catalysis whereas organocatalytic transformations

are less developed and mainly achievedoxalativeprocesses.

The Fischer indole synthesis is inhdhg a dearomatizing process in which
nonaromatic diimine species are generated after #grantiodetermining[3,3]-sigmatropic
rearrangement.ln common Fischeindolizations these intermediatesisuallyrearomatize

via a proton shift, followed by a-&xo-trig cyclizatiorto furnishindoles.

CO\ 0
- K
o O OH
Amberlite CG50, 2 H,0 Ri_4
2 1+ R® 2 R
R R R 7
NH R \' o JM
HoN" 2 NH, 07 R3
116 117 118
O
1 2
Gl O L, 0
1 2 “NL
R R -H0 H” N
HN. / : f ]
NH» Q‘ ,,H [3,3]-sigmatropic
116 117a o_p\:o . rearrangement
HO bo
=0

1
CG50 RO
~2 NH, N
+2 Hzo OI_ ’H
[ hydrolysis o_‘p\:()

Scheme3.2 Enantioselective dearomatizing synthesis of 1.4liketones 118 via an
interrupted catalyticasymmetric Fischer indolization
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3. Objectives of this PhD Thesis

We envisaged tadevelop an interrupted catalytic asymmetric variant, by hydrolyzing
the formed nonaromat diimine intermediates in situ, thus giviagcess tenantioenriched
1,4-diketones118which arevery important building blocks in organic chemisffjre use of
hydrazines of typel16 should prevent the rearomatization due to the substitugit y- h
position to the hydrazinegroup. In the presence of a chiral phosphoric acid as catalyst,
hydrazines 116 and ketones 117 would form a hydrazone and undergo the
enantiodetermining [3,3kigmatropic rearrangement, generatingearomatized diimine
species as intermediate We envisioned that uportreatment with water, these diimines
should be hydrolyzedh situ thusgenerating enantipure 1,4diketones118 (Schemes.2).
The realization of this concept wasi@ dojective of this work and will be discussed in the

course of this thesiésee: chapten.3).
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3. Objectives of this PhD Thesis

3.3. TheDivergent Enantioselective Synthesis of-2ithd 3HPyrroles

Pyrroles areimportant scaffoldssince they are core structuseof various natural
produds, bioactive compoundand pharmacophores. Althoughumerousenantioselective
approaches are known for the synthesis of chiraH-gyrrole-derived compounds,
methodologies to the corresponding nonaromatid-zand 3H-pyrroles are barely developed

andmainlybased ortransition metal catalysis.

We envisaged toaccess these scaffolds via @nterrupted Fischer indole synthesis,
applying a chiral phosphoric acid as catalydte use of hydrazines of typElL6 should

prevent the rearomatization after the [3,3jigmatropic rearrangement ggeviously

CO\ .0
* P/
o “OH

N2 0 119 R
R3 Amberlite CG50 /
R! .
R2 X —H20, NH3
116 117 g

HN. - H [3,3]-sigmatropic

) P , 3]-sigmatropic

116 117a O_‘P\:O | rearrangement
(P

[1,5]-alkyl
g O
s ST

120a 119a
2H-Pyrrole 3H-Pyrrole

Scheme3.3 Organocatalytic asymmetridivergent synthesis ofenantioenriched2H- and
3H-pyrrolesvia a Fischer indole synthesis and an in situ {ali§}l shift.
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3. Objectives of this PhD Thesis

described in chapteB8.2. In the absencef water, the formed diimine intermediate should

be converted to enantioenriche8H-pyrroles119via the release of ammoni@chemed.3).

Previousreports in literature show that 3Hpyrroles can be transformed to the
corresponding B-pyrroles via amcid or thermally inducedhtramolecular [1,5]alkyl shift.
Although there was no proof of the retention of enantioselectivity, we hypothesizedttieat
generatedenantioenriched Btpyrroles 119 could be converted to the correspondingd2
pyrroles 120 via an acid mediated [1,&lkyl shift without loss of enantiosettivity. This
approach would give access to both, enantioenrichéd 219 and 3H-pyrroles120at once.

To the best of our knowledge, this would be the first organocatalytic asymmetric synthesis of

2H- 119and 3H-pyrroles120.
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4. Results and Discussion

4.1. Synthesis of Novel SPINDlerived Phosphoric Acids

SPINO{erived phosphoriacidswere firstintroduced by the groups of List, Lin and
Wang in 2018%%9 and since then a variety of different catalyst motiiassbeen developed
This chapter describes the synthesis of novel SRiM@Ved phosphoric acidbearing
R A @S N&uBstiteeat® Q

The synthetic route to SPIN@Erived diiodide130 is literature krown and was
conducted following a slightimodified literature procedur&®2%%%112113 The synthesis of

SPINOIL28was initiated with amodified ClaiserRSchmid condensation of aldehyd&21and

O
H O NGOH H2 Raney-Ni
+
H20/EtOH acetone rt
OMe 0°Ctort
121 122 59% 99%
CH,Cl,
_10°Ctort ﬁ;zine
96% | P
Br.

n-BuLi ’O

OMe then EtOH OMe MSOH
OMe THF, 78 °C . OMe  “go-c
98% Q 56%

Br’
126

CH,Cl,
—78°Ctort | BBry
99%

’O preparative HPLC

Schemet.l Synthesis of SPINQRS8.
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4. Results and Discussion

acetone 122 which yieldedthe desireddienone123in 59% isolated yield. The subsequent
reduction was conducted using RanAdiyunder a hydrogen atmosphere which afforded the
corresponding ketond24in quantitative yield. The following bromination, using bromine in
the presence of pyridinefurnished compound 125in 96% vyield. The cyclization of ketone
125 was achieved by the treatment with MsOH, generatb&fo ofthe desired SPINGOL
derived compoundl26. Applying a lithium halogen exchange witkBuLi, followed by a
protic workup afforded the O-methylated SPINOL127 in 98% yield. The following
deprotection was achieved, using BBrhich generated the desired racemic SPINQ8in
guantitative yield.In contrast to the literature reported approachhe separation of both
enantiomers was conducted via preparative HPLC, affording both enantiomeogtical

purity (Schemet.1).

2S Sy @Aral 3SR -BukditientsReauld SeNBESduced yra&hsition metal
catalyzed cross coupling reactions. Thusthbenantiomers of SPINQL28 were separately
converted to the corresponding diiodide80. When SPINO128was treated with MOMCI in
the presence of GEQ, the corresponding MOMprotected SPINO129was obtainedn 95%
yield. Treatment of 129 with s-BuLi, TMEDA ahniodine in THHinally yielded 86% ofthe

common precursodiiodide 130(Schemed.2).

MOMCI

Cs,CO; s-BuLi (1.4 M in hexane)

TMEDA, I,

THF
86%

acetone, rt
95%

Schemet.2 Synthesis of SPIN@Erived diiodidel30.

Catalystof type 19¢ bearinganS E (i S y-8uBakel U (i KpBsitian areireresting
target moleculs which could be potentiatatalyss for the enantioglective synthesis of
helicenes(see chapted.2). Thepreparationof catalystl9cwas straightforward and started
with the Suzukicoupling of diiodide 130 and the corresponding commercially available
boronic acid which afforded the desired produd3l in 92% vyield. A ubsequent
deprotectionof 131 with concentrated hydrochloric acid furnished the corresponding diol in

92% vyield. The synthesis dfpyrenytsubstituted SPINGderived phosphoric acidl9c was
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4. Results and Discussion

achieved by treating the corresponding dwith POC]in the presence of pyridine at 80,°C
followed by the addion of water and 1,4ioxane to hydrolyze the formeg@hosphoryl
chloride furnishing 57% of phosphoric acidc Compound19c was found toconsist of
different rotameric speciegpresumably due to slow rotation around the-Ar bond at oom

temperature,and wassubsequentlyused as a mixture.

1. conc. HCI
MeOH:CHClj3 (3:2)
65 °C, 92%

ArB(OH),, K3PO,
SPhos, Pd,(dba)s

toluene, reflux

et 2. POCIj, pyridine, 80 °C
0

then H,0, 80 °C, 57%

Schemet.3  Synthesis of pyrenytsubstituted SPINGderived phosphoric aciti9c

Toavoidthe presence of different rotamers, the corresponding symmetric phosphoric
acid 19d waspreparedfor the investigation of aatalytic asymmetric synthesis of helicenes.
The synthesis first required the preparation 2{pyreneboronic acidl34 via aborylation
following a literature reported procedure by Marder and coworkétd Treating pyrenel 32
with Bypin, in the presence of amridium pre-catalystand dtbpy as ligandafforded the
corresponding boronic estekr33in 33% yield which was afterwards converted to the desired

boronic acidl34in 83% yield using Naj@nd HC{Schemet.4).

szinzy dtbpy O‘
O‘ [I(OCH3)(CgH12)l, NalOy, HCI O‘
B
“ n-hexane “ B”O THF/H,0 (4:1) ‘O
33% o
o | 83% B(OH)

0o
132 133 134

Schemet.4  Synthesis of Ppyreneboronic acid 34.

Phosphoric acid9d was synthesized following the same procedure as described for
compound19¢ applying a Suzuki coupling with boronic at&# and diiodide130 which
afforded product 135 in 88% vyield. The following deprotection was conductasing

concentrated hydrochloric acid and different solvent mixture (MeOHIHG 3:4) due to
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4. Results and Discussion

solubilityissues whiclgenerated 83% dahe correspondingliol. Treating the diolvith POG
and pyridine and subsequent hydrolygisally afforded phosphoric acid9d in 96% yield
(Schemed.5). It should be notedhat phosphoric acid9d was found to be poorly soluble in

most organic solvents.

1. conc. HCI
MeOH/CHCIj; (3:4)
65 °C, 83%

ArB(OH),, K3PO,
SPhos, Pd,(dba)s

toluene, reflux

2. POCI ridine, 80 °C
88% 3, Py

then H,0, 80 °C, 96%

Schemed.5 Synthesis of pyrenytsubstituted SPINGderived phosphoric aci@i9d.

Another interesting target molecules phosphoric acidl9e, bearingsterically more
RS Y| y R A-sUBktituens.cdR@cently, the group of List described the synthesis of the
correspondingBINOLderived phosphoric acid which proved to be a good catalyst for the
desymmetrization of epoxide$!® Previous develoments of sterically more hindered
phosphoric acids shoed that, in most cases Suzuki couplings are not successful for the
Ay (i NB R dzO (i A-8uifstitgerts addkofien Buinad@ couplings are the method of choice
as already reported for the synthesis of PRION™® and STRIP104).[?8%® Therefore, the
introduction ofthe substituens wasachieved via a Kumada coupling with the esponding
Grignard reagent in theresence of a nickel catalysthe corresponding produd36 could

be isolated in 67% yield and was afterwards deprotectettégtment with concentrated

1. conc. HCI
. ArMgBr MeOH/CHClI5 (3:2)
NiCly(PPh3), 65 °C, 99%
—_— -
THF, reflux

2. POCl3, pyridine, 80 °C

67% then H,0, 80 °C, 70%

130

Schemet.6  Synthesis of SPIN@Erived phosphoric aciti9e.
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hydrochloric acid, generating 99% of the corresponding diol. The conversion to phosphoric
acid 19e was conducted as described before, using R@@Gt pyridine followed by the
hydrolysis of the phosphoric acid chloride which afforded the poorly soluble cateédgsn

70% yield.
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4.2. The Organocatalytic Asymmetric Approach to Helicenes

The results reported in this section were obtained in collaboration Mit. Webber,

A.Martinez and C. De Fusco.

4.2.1. Concept

Catalytic asymmetric approaches to helicenes are of high interest but mainly limited to
a few metalcatalyzed methodologies whereas organocatalytic transformations were
undeveloped prior to these studies. One reason for this might be that the induction of
stereochemistry in helical molecules is more challenging than in consteneoselective
reactions since the screw sense of the helicenes has to be controlled which is in fact a
phenomenon of the nanoscale. Wpothesizedhat we could apply the recentlyaveloped
catalytic asymmetric Fischer indolization to access helical compounds enantioselegtively.
3 We envisioned that common phosphoric acids with phetefived substituers at the
0 >-mosiion are too short ranged to control the enantioselectivity in these kind of
OGNy yaF2NXIFdA2yad 2SS aLISOdz I S R-subditueints il tkeS  OF G |
0XoMAAGAZ2Y B KAOK O2 dzinteractoys Wikth3In® polyafomatie sySeyni A |
present in the formed enehydrazine. In this way, the intermediate is kept in a chiral
nanometer sized pocket which enables the induction of the sesemse of the helicene by

the catalyst Figured.1), thus, a high level of stereocontrol should be possible.

Figure4.1 Envisioned concepand 3D modefor the catalytic asymmetrisynthesis of
helicenes.
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4.2.2. Preparation of Starting Materials

4.2.2.1. Synthesis of Hydrazines

Commercially available hydrazing37 were protectedapplyinga literature procedure
reported by Gribble andPernj using NaHCOand the correspondingaryl bromide 138
(Scheme 4.7).**1 A variety of N-protected hydrazines113 was syrthesized for the
investigationof different protecting groups. The productsl13 were generallyobtained in

moderate to good yields (3%70%) due taegicselectivity issues.

|
NH2 NH NH;
[P N N
70%

113a 113b 113c
3
CF3
45% 69% 50%

113d 113e 113f

Schemet.7  Synthesis oN-protected hydrazine413.

Nonrcommercially available hydrazines were synthesized via different synthetic
pathwayswhich were optimized for the individualompounds. For the synthesis of TMS
containing hydrazind13g aryldibromide139was monosubstituted with TMS, usimgBuL.i
and TMSC(Scheme4.8).*'® The desired product40 could beobtained ina quantitative
yieldand was used for therosscoupling with hydrazine monohydrate. Following a modified
literature proceduré™*? using a palladium catalyst, M@alPhos as ligand, N&& as base
and hydrazine monohydrate solution, hydrazifi4l was obtainedand directly protected
without further purification. Treating compound 41 with NaNH and PIBBr finallafforded
22% ofthe desired produc.13gover twosteps!*??
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[Pd(cinnamyl)Cl],
Mor-DalPhos H

Br  nBuli, TMSOI TMSBF NaOtBu, NaH,eH,0 T'\"SN‘NH2
toluene, 65 °C

THF, -78 °C to rt

quant. yield 141

THF NaNH,
22% yield PIBBr

(over 2 steps) : |
T™MS \R
NH,

113g

Schemet.8 Synthesis of TM8ontainingN-protected hydrazine 139

The synthesis of diphengubstituted hydrazine143 turned out to be quite
challenging. The conversion of amind42 to the corresponding hydrazind43 via a
diazonium salt'?¥ a common method for the synthesis of hydrazinésiled and mainly

decomposition vas observedinderseveral condition§Schemet.9).

H

O NH, NaNO, O N.

O SnCl, O NH,
H,0, HCI

—_—

142 143

Schemet.9 Attempted conversion of amin&42to hydrazinel43.

It is known that aryl hydrazines can be obtained from the corresponding phenols
applyinghigh temperature and pressure. Thus alternativeapproachto access hydrazine
143 was the conversion of phenoledvative 145 to hydrazine 143 under microwave
conditions applying hydrazine monohydrate solutioA Suzuki coupling of dibromid&44
with phenyl boronic acid afforded dipherstibstituted phenol 145 in 94% yield.
Unfortunately, thesubsequentconversion of phenol45to hydrazinel43 at 210 °Cunder
microwave conditionspsing hydrazine monohydrate solution in the presence pisOH

failed andonly yieldedvarious decomposition product§¢hemet.10).
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PdCI,(PPh3), p-TsOH H
B"\@/OH K,CO4 NaHy°H,0 N

OH o “NH,
PhB(OH), 210°C, MW
-

Br dioxane, H,0, reflux

o) i
144 94% yield 145 ‘ 143 O

Schemet.10 Attempted ®nversion of phenoll45 to hydrazine 143 under microwave
irradiation.

Recently, the group of Stradiotto reported the cross coupling of hydrazine
monohydrate with arylhalides and tosylatesas already described for the synthesis of
compound 141™¥ To apply this methodologyphenol 145 was converted to the
corresponding tosylate, using TsCl and DABCO which afforded compé@idquantitative
yield (Schemet.11). Applying the literature reported procedure, using a pdillen catalyst in
the presence of MeDalPhos as ligand and NdBD as base, aryl tosylaiglé was converted
to the corresponding free hydrazine43 which wasfound to be highly unstable and directly
protected with p-iodobenzyl bromide to afford 13% ®f-protected hydrazinel13h over 2
steps. Compound.13h was found to be highly unstable, leading to decomposition upon

storage.

[Pd(cinnamyl)Cl],
OH OTs Mor-DalPhos
O TsCl, DABCO O NaOtBu, NaHy*H,0

CHyCly, rt toluene, 65 °C

‘ 99% yield ‘
145 146 143

THF, rt
13% yield NaNH,, PIBBr

(over 2 steps) |
A K :
Sa

113h O

H
N.
O NH,

Schemet.11 Synthesis oN-protected hydrazinell3h
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A further promising hydrazine for the synthesis of helicenegalyaromatichydrazine
153 bearinga helical structure. In the first ste@ HornerWadsworthEmmonsreactionwas
applied following aliterature proceduré?®? The correponding stilbenel49 was obtained
in 92% vyield and applied to a photocyclizatieffording 68% of compoundl50*%3 A
subsequent deprotection with BBy furnished polyaromatic phenoll51 in 98% vyield.
Unfortunately, theconversion ofl51to hydrazinel53 under microwave conditions failed.
Thus, compound 51 was converted to aryl tosylat#52, using TsCl and DABQ@nerating
compound152in 98% yield which was used for the coupling with hydrazine monohydrate
solution as described for hydrazine$41 and 1431 However, i this case, aryl hydrazine
153 could only be obtained in trace amounts dfsst decomposition of the productThus,

no protection andsubsequentpplication of this compound was possible.

P OEt tBuOK
MeO OEt DMF, rt /©/\
MeO

0,
147 148a 92% 149a
toluene, THF P
68% hv (125 W, (Hg))
HN’NHZ OH OMe

p-TsOH
Uk ToUsIN NeVe
7 -
NoH4°H,0 CH,Cl,
98%

153 151 150

CH,Cl,

TsCl, DABCO
98%

N2H4'H20 . NH2
OTs Mor-Dal-Phos HN

[Pd(cinnamyl)Cl],
NaOtBu
90 9@

unstable
152 153

Schemet.12 Approaches towards the synthesispmflyaromatichydrazinel53.

Also theapplicationof heterocyclic hydrazines the catalytic asymmetric synthesis of
helicenesseemed to benterestingsince examples in literature show the employment of
DMARderived helicenes as catalyst for the kinetic resolution of alcofidlQuinoline

derived hydrazin€l13i could bereadily prepared, starting from the corresponding amine
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154 via the formation of a diazonium satt? Treating aminel54 with sodium nitrite and
tin(Il) chloride affordedhe desired hydraziné55in 76% yieldSchemet.13). A subsequent
protection™? with a p-iodobenzyl group afforde80% ofN-protected hydrazinel 13i which
could betested in the catalytic asymmetric synthesis of helicenéinfortunately, the

corresponding pyridinelerived hydrazine could not be obtained following this procedure.

I
NaNO, H I
SnCIz (2 eq) x N\NHZ PIBBr, NaNH, I XN N‘NHZ
| —
(D/ H20 HCI N THF NZ

76% 30%
155 113i

Schemed.13 Synthesis of quinolinrderived hydrazind 13i.

Moreover, te application of bishydrazinesin a catalytic asymmetric synthesis of
heliceneswould be interesting, givingaccess to biszahelicenesvia a double Fischer
indolization. However the synthesis obis-hydrazinesturned out to be more challengg
than for simple monéhydrazines.The conversion of the corresponding bipherid6 to
unprotected hydrazinel57, using hydrazine monohydrate anpTsOH was successful,
generating bishydrazinel57in 45% yield$chemet.14) [*24 Unfortunately, several different
procedures for the selective protection of the phenylic nitrogen failed, resulting in a

complicatedreaction profile.

a) NaHCO3 BnBr, H,0

or ?n ?n

HO OH  NyH4*H,0 b) NaNH,, BnBr, THF N N.
stOH or HzN NH,
c) NaOH, BuyNCl, BnBr
xylene reflux
45% 158a

Schemed.14 Envisionedsynthesis otompoundl58a via protection of hydrazin&57.

An alternative approach to access compound58 was the coupling of
benzyhydrazinehydrochloride which would avoid the subsequent protecting st8pheme
4.15). Therefore aryltosylate 159was synthesized from the corresponding bipheb®6 via
the treatment with TsCl and DABCO, which yielded compdis@in 81%.Unfortunatdy,
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4. Results and Discussion

the following coupling step, applyingenzylhydrazinenydrochloridein the presence of a

palladium catalystfailed, resulting in @omplexreactionmixture.

[Pd(cinnamyl)Cl]5, Bn Bn
Mor-DalPhos ! !
CHZCIZ 0°C foluene, 65 °C
81% 159 158a

Schemet.15 Envusioned synthesis of hydrazine158a via a crosscoupling of
benzylhydrazindnydrochloride

To overcome the selectivity probleduringthe protection step,a literature reported
procedure for thepalladiumcatalyzed crossoupling of free ammonia with aryl tosylates
was applied!*® Although the coupling of similar compounds had beeeported, this

approach was unsuccessful in our system, givindetectableproduct Schemed.16).

Pd[(O-tO|)3P]2
CyPF-tBu

TSOOTS NaOtBu, NH; in dioxane HzNNHz
1,4-dioxane, 50 °C

160

159

Schemet.16 Attempted synthesis of diamin&60 via a crossoupling of aryl tosylatd59
and ammonia.

The last attempt to access Hiydrazinel58awas the crossoupling of arytosylate
159 with benzylamin&?® followed by the conversion to the corresponding hydrazlfi8a
(Schemed.17). This approach has the advantage of an already introduced protecting group
in the final moleculeFortunately, the palladiuatatalyzed coupling to diamin&6lawas
successful, generating thaesired productl6lain 94% vyield. The following conversionNe
nitroso compoundl62a was conducted usingodium nitritein water and acetic acid which
afforded 98% ofcompoundl62awhich was usedvithout further purification The reduction
step of N-nitroso compoundl62aturned out to be challenging and common methods such
as the use of Zn, Sn@r LiAlH failed, leading to decomposition or no conversion at all.

However, gamples in literatureshow that it is possible to reduce H\snitroso compourls
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to the corresponding hydrazinemployingTiCk and Mg!*?? Following this approach, bis
hydrazinel58awasfinally obtained in 44% yield over twateps

Pd[(o-tol)3P],

TsO oTs  CyPF-Bu Bn Bn Bn Bn

NaOtBu, BnNH, H’N N\H NaNO, ON/NN‘NO
toluene, rt OO H,0, AcOH
9 o
159 94% 161a 98% 162
TiCly, Mg
CH,Cly, Et;0, 1t
44%
(over 2 steps)

?n I|3n

N N.

158a

Schemet.17 Successful synthesis of bigydrazinel58avia a crossoupling of arytosylate
159with benzylamine.

Fortunately the procedure described for the synthesis af-bydrazinel58acouldalso
be applied to thesynthesis of thiophenelerived bishydrazinel58b. Smallimodificationsof
the couplingconditionswere necessary due to the use of an aryl brom@@3) instead of an
aryl tosylate. The crossoupling wasconducted at higher temperature, using Pd(QAa3
catalyst which afforded the corresponding diamih&lbin 89% yield $cheme4.18). The
subsequenttransformation tohydrazinel62b was straightforward, generating the desired

product158bin 42% yield over two steps.

Pd(OAc), Bn Bn Bn Bn
Br Br CyPF-tBu H-N N-y ON- N~-No
NaOtBu, BnNH, NaNO,
s toluene, 110°C s THF, H,0O s
89% AcOH
163 161b 162b

CH,Cly, Et,0, 1t

42% TiClg, Mg
(over 2 steps)
an Bn
H,N-N

158b
Schemet.18 Synthesis of thiophenderived bishydrazinel58h.
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4.2.2.2. Synthesis oPolyaromaticKetones

The synthesis of polyaromatic ketond44 was conducted,following a literature
reported procedure(Scheme4.19).*?2 |n the first step, a HornewadsworthEmmons
reaction was applied, using phosphonafel7 and the appropriate aldehydes 148 to
generate thecorrespondingstilbenes 149 in high yields.The followingphotocydization
underirradiationwith U\light (300 nm) afforded polyaromatic ketoned414a114¢ although

in generally low yields

o)
=
(e} O :—R
I N
P-OEt N OH tBUOK HCl R
ber * RE — " %
MeO Z DMF, it MeO MeCN P
UV (300 nm)
147 148 149 114

MeO 149a MeO 149b MeO 149¢
95% 98% 95%

114a 114b 114c
23% 15% 26%

Schemet.19 Gereral synthesis of polyaromatic ketones of typ#4.

A possiblemechanisticscenario for the photochemical synthesis of polyaromatic
ketonesof type 114is proposed by Ho and coworkétd? Theysuggest a isomerization of
stilbenes B-149 to (2-149 upon irradiation, followed by ghotoinduced conrotatory
electrocylization forming dihydrophenanthrenederived intermediates 11411 (Scheme
4.20). A subsequent acid catalyzed formal [hy@]rogenshift delivers intermediate 114-12
which undergo hydrolysis followed by anacid catalyzedformal [1,3]hydrogen shift,

generating the corrgponding polyaromatic ketorsel 14.
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©v

(E)-149a

0}

114a

OMe

photochemical
isomerization

photochemical
electrocyclization

L

(2)-149a

acid-catalyzed o
hydrolysis

-

hydrogen shift ‘ ‘

114a-13

OMe
114a-11

acid-catalyzed
hydrogen shift

OMe

114a-12

Scheme4.20 Possiblereaction pathwayfor the photochemical synthesis of polyaromatic
ketonesl114.

The synthesis of polyaromatic ketorfel4e was slightly modified, using dibromo
substituted aldehydel48d for the HornerWadsworthEmmons reaction, generating the
corresponding dibromstilbene149din 75% yieldSchemed.21). Since thephotocyclization
of this compound failed and led to decomposition of the starting matemaatrosscoupling
step was conducted to introduce pherstibstituentsin the 1- and 3-position of compound

149d. A subsequent photocyclizatiorof stilbene 149e finally afforded 23% of the

Br
MeCN Br

polyaromatic ketonel14e

P OEt
OEt
MeO

tBuOK

DMF, rt

Br 148d 149d 114d
EtOH, HZO PhB(OH),
toluene Ko,CO3
87% Pd (PPhg),
°| C
MeCN
UV (300 nm)
23%
114e 149¢

Schemet.21 Synthesis of polyaromatic ketorid 4e
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4.2.3. Optimization of theReaction Parameters

At the outset of our studieshydrazinell3a and polyaromatic ketonell4a were
chosen agmodel substrate for initial explorations We started our investigations testing
different BINOL10and SPINQderived phosphoric acidk9, runnng the reaction in toluene
at room temperature. Indeed, a variety of catalysts were identified that could accelerate the
desired process. The use of a simple pheydstituted BINOLderived phosphoric acidOe
generated the desired produciil5a with low enantioselectivity Table 4.1, entry 1).
Increasing the steric bulkiness by employing TRIH) (as catalyst did not improve the
enantioselectivity significantly T@ble 4.1, entry 2). Switching to catalysts with more
S E ( § y-BuBshtuents such as a phenanthryl group afforded the desired protilisain
an enantiomeric ratio of 68.5:31.5T#ble 4.1, entry 3). The change to SPINdHrived
phosphoric acid4.9 led to a generally improved enantioselectivity, generating the desired
product115ain 82.5:17.5 er, employing an an#duenylsubstituted phosphoric acid9b as
catalyst Table4.1, entry 7). Changing the solvent from toluene to dichloromethane afforded
azahelicened 15ain an improvedenantiomeric ratio of 85.2:14.8Table4.1, entry8). As
expected, the obtained results showed a notable increase of the enantioselectivity when the
“-adzNF I OS  -BubstituemsSwas eéxterded. Howeverspgrenyksubstituted catalyst
19d showed a reduceénantioselectivity of 78:22 er, indicating that artho-substituent on
0 K S -sob&tituéhts has a beneficial effect on the enantioselectivity. The application of
novel catalystl9¢ bearing ipyrenyl substituents finally afforded the desired prodddi5a
in a promising enantiomeric ratio of 91:9 at room tenateire whichcould be increased to

PpPpYndp o0& f26SNRY JabiedlSentiy SIYLISNI (G dzNBE G2 b7
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4. Results and Discussion

Table4.1 Optimization of reaction conditionfor the catalytic asymmetric synthesis of
helicene115a®

cat (5 mol%)
Amberlite® CG50

solvent (0.1 M), T

§ )=°

o Q

113a 114a

10 19
Entry  Catalyst Substituent Solvent T (°C) er”
M 10e t K G2t dzS H p po®pY
H 10f H Z Ao B G2f dzS Hp PTYnNC
0 10g BLIKSY F Y i {2t dz8 Hp cy dpY
n 10h Bl YOKNI C §2¢ dz8 Hp PHOpPY
p 10c 0 Z0p/o cl o G2t dzS Hp po®pY
c 19a H X FO% B G2t dzS H p cy®dpyY
T 19b Bt y i KNF C g2t dz8 Hp YyHOPY
y 19b Bt YUKNF C /oy g Hp ypoHY
) 19d HLE NBY & [ |/ f Hp TYYHE
M 19¢ ML NBY & /¢ Hp oMY b
m 19¢c MLIE NBY & / |/ f T hp ®p Y

a) Reactions were carried out on a 0.01 mmol scale using 5 mg Amberlite® CG50. b) Determined by HPLC analysis on a chiral

stationary phase. c) 3 days were required for full conversion.

A screening ofthe catalyst loading showed no significant effect on the
enantioselectivity, while the yieldecreasedconsiderablyJoweringthe catalyst loading to
2mol%. Thus, 5 mol% of catalyk®c were usa in the following transformatiors (Table
4.2, entry1).
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Table4.2 Screening ofhe catalyst loadindor the synthesis of helicent15a®

19¢ (5 mol%)

I
@ (e}
‘ ‘ Amberlite® CG50
N. +
\[ P/ NH,

OO CH,Cl, (0.1 M), 25 °C

113a 114a

Entry Loading NMR yiel® er?
M p Y2fi: o iz dnyYmn
H HY 2 272 H Ta? y @p®Pp YwmMn
0 M A 2302 p M2 dbnyYwmn

a) Reactions were carried out for 18 h on a 0.01 mmol scale using 5 mg Amberlite® CG50. b) Determined by *H-NMR analysis

using 1,3,5-trimethoxy benzene as internal standard. c) Determined by HPLC analysis on a chiral stationary phase.

The investigation of different protecting groups reveakep-iodobenzylgroup (PIB)}o
be the bestin terms of enantioselectivityT@ble4.3, entry 1).Removing the 4ubstitent or

changing it to a bulkietBu-group led to a significant decrease in theantioselectivity

Table4.3 Screening of different protecting groups.

NH2 19¢ (5 mol%) R—T N N O
Amberlite® CG50 = =
CH,Cl, (0.1M) )
rt, 24 h ‘

114a 115
Entry GCompound R er”
1 1153 4| 93.5:6.5
2 110 H 87.5:12.5
3 115 4tBu 87.5:12.5
4 11 4-CR 93:7
5 11%e 3,5Ch 77.5:22.5

a) Reactions were carried out on a 0.02 mmol scale. b) Determined by HPLC analysis on a chiral stationary phase.
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(Table4.3, entries 23) while a CFgroup afforded the corresponding produtfi5dwith a
similar enantiomeric ratioTable4.3, entry 5). Thus, p-iodobenzyl substituent was chosen

as protecting group in our transformation.

In conclusion, phosphoric aci®cwas found tobe the best catalyst for the catalytic
asymmetric synthesis of azahelicenkk5, which isconsistentwith our hypothesisthat an
SEG Sy R@fce is necessary in order to induce stereoselectivityp-iodobenzyl
substituent proved tobe the best protecting group in terms of enantioselectivity, running

the reactioninChChlr G b T dc/ F2NJ o

4.2.4. Substrate Scopef Azahelicenes

Calculationsvere performed in collaboration with Y. Zheng (AK Prof. Thiel, MPI Milheim).

With the optimized conditions in hand, we further investigated the scopehdf
transformation Hydrazinell3areacted smoothly with a variety of different polyaromatic
ketones114, furnishingthe corresponding azahelicen&45a,f-h in generally good yields and
enantioselectivitiesUsing thiophenealerived ketonell4bafforded azaelicenell5fin 66%
yield and ahigh enantiomeric ratio of 96:4Scheme4.22). The absolute configuration of
both, helicens 115aand 1151, could be assignednambiguously by -xay crystallography
showing (M) helicity if the (§ enantiomer of the catalyst wagmployed The use of
polyaromatic ketonell4c furnished the corresponding azahelicedd5gin an excellent
yield of 98% and a higkenantiomeric ratio of 96:4. Employing naphthalederived
hydrazine 113b afforded azahelicenes115+115] in slightly decreased yields and
enantioselectivities.Also the use of a TMSubstituted hydrazinell13g was possible,
generating the corresponding product15m in a diminished yield of 40% and an
enantiomeric rdio of 87.5:12.5.Applying the phenysubstituted hydrazinel13h afforded
azahelicenel15nin an enantiomeriaatio of 88:12althoughthe product was found to be
unstable and could not be obtained in pure form. The use of quinaleresed hydrazine
113i turned out to be challenging and the desired product cowdly be obtained as
racemate, using stoichiometric amounts of diphenyl phosph@iee reason for this might be

the basic nitrogen which couldpentially form a salt witlthe catalyst

55



4. Results and Discussion

o)
PIB (S)-19¢c (5 mol%) pIB.
i} R Amberlite® CG50
+
X P
RS NHz CH,Cl, (0.1 M)
= F -7°C,72h
113 114 115
e A
VTS

66%, 96:4 er

115h 115i

98%, 96:4 er 91%, 83.5:16.5 er 56%, 89.5:10.5 er 61%, 90:10 er

115k 1151 115m
54%, 87.5:12.5 er 75%, 76:24 er 40%, 87.5:12.5 er

Schemet.22 Substrate scope of catalytic asymmetric synthesis of azaheliddrtes

Encouraged by these results, we became interested in extending our approach to the
catalytic asymmetric synthesis of bazahelicenesl65 via a double Fischer indolization.
Interestingly, the treatment of bikydrazinel58aand commercially available ketorib4
with 20 mol% of catalyst9¢ afforded a bis-azahelicenel66 bearing just one benzyl group
and being sensitive tevards oxidation. Thus,a subsequentcontrolled oxidation with
chloranil was applied to directly access polyaromaticdzishelicenel65a As expected,
compoundl65awas obtained as the monbenzylated prduct and could be isolated in 43%
yield overtwo steps andwith an enantiomeric ratio of 94:65chemet.23). Interestingly the
fully benzylated producii65bwas justobtained in trace amounts whereas the completely

debenzylated compound coultbt be observed at all.
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a) (S)-19¢ (20 mol%)

BN BN Amberlite® CG50 QO

o . . N n. CH,Cl, (0.1 M), 25 °C N-Bn
@Cﬁ HoN NH, b) chloranil
= e
.N
164 158a H

165a
43% (over 2 steps)
er=94:6

Schemet.23 Catalytic asymmetric synthesis of faizahelicend65a

The selective loss of one benzyl group enabled modifications at the free nitrogen such
as the introduction of different substituents. Using NaH and the corresponding aryl bromide
afforded the helicened65b and 165cin high yields $cheme4.24). Potentially, also other
groups than benzyl op-iodobenzyl could be introduced which wouidrther broaden the

substrate scope of this transformation.

QO - NaH, RBr QO

N-Bn N-Bn
= ) owr0cen > L)
=) <)
H R
165a 165b: R= Bn, 89%

165c: R= PIB, 88%

Schemed.24 Modification of bisazahelicend 65a

We were interested in investigating tHate of the lost benzyl group and decided to
carefully study the mechanism of thisansformation Following the reaction via mass
spectrometry (MS) revealed that benzyl amine is released during the rea&tigussible
explanation for this would be the attack of the free amine on the benzyl imine which is
formed after the [3,3]sigmatr@ic rearrangement anavhichis stabilized by the hydrazine,
the formed hydrazone or the indole, depending on when benzyl amine is releAsetkase
in the first cyclization step could be explained by the following scenario: hydras@eis
converted to the corresponding mono or bishydrazone After the [3,3Jsigmatropic
rearrangement the formed benzyl imineould be stabilized by the hydrazone or the
hydrazine(C7. Due to this stabilization, thattack ofthe free amine C2P0 2 Penzil K S

iminium ion (C2 could befavored over the usually reversedattack. Thus, instead of
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ammonia, benzyhmine would bereleased during this step, leading to indd bearing
only one benzylgroup. (HRMS: 528.259642 (M}Hreferring to A2 and A3). The second
cyclizationstep would thenoccur via the conventional Fischer indolization pathweggding

to the desired producfi65aafter a subsequent oxidatiofschemet.25).

R= NHy, s~
ll [3,3]

‘ NH,
NHBn R2N NHBn
< OO L

H
NH; 166a possible stabilization
HRMS (ESI) m/z calculated for

Ca7HagN, (M+H*) 501.232520
BnNH,

found 501.232963. vs com 20001
(M+H")

OQ
e

HRMS (ESI) m/z calculated for ~_ HRMS (ESI) m/z calculated for
C37H3oN5 (M+H*) 518.259070, Ca7H3,N (M+H*) 518.259070,

found 518.259642. [3,3] found 518.259642.

Schemet.25 Possible pathway for the release of benzyl amine in the first cyclization step.

Another possible pathway could be the release of benzyl amine in the second Fischer
indolization step.In thisscenarig the first cyclization step of the reactiomould occurvia
the common Fischer indolization, generatimgjermediate B2 after the releas of ammonia
(HRMS: 608.306025 (M¥HH referring to B2 and B3). After the second[3,3]rsigmatropic
rearrangement, the preent indole could stabilize thgenzyliminium ion,therefore favoring
the attack of the free amine on the benzyl iminium i@B8). Therelease of benzyamine
would then generatenelicenel66a, bearing just one benzyl groSchemed.26). Based on
these results, we assume that the release of beragine is responsible for the selective
generation of monebenzylated helicenel65a. Yet a clear statement about which

cyclization step is preferred for the release of benzyl ancar@not be given at this stage.
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ey m s

NH
FF— H2N
= L)
BnHN
<)
Bn
BnNH, 166a
} NH3

MS (ESI+): 108.01 (M+H™) HRMS (ESI) m/z calculated for
Ca7Ha9N, (M+HY) 501.232520
found 501.232963.

L, L (>
N\H —N N
= [ Bn = @Bn Bn
—) —
B

Bn"\é) -N B3
. . HRMS (ESI) m/z calculated for HRMS (ESI) m/z calculated for
possible stabilization CagHagNs (M+H") 608306017 ~~———  CuHggNg (M+H") 608.306017
found 608.306025. [3,3] found 608.306025.

Schemet.26 Possible pathway for the release of benzyl menin the second cyclization
step.

Interestingly, bisazahelicenel65a showed in contrast to the rest of our products
(Scheme4.22), a positive specificoptical rotation ([a]%* = +535.9, indicating that in this
case the P)-enantiomer is preferentially formedUnlike in common chiral molecules, the
specific optical rotation of helicenes is usuallyconsistent with their absolute
configuration™® Thus, P)-helicenestypicdly show a positive (plus) specific rotation
whereas i)-helicenes have a negative (minus) specific rotatiba unambiguouslyassign
the absolute configuration of our product we decided toconduct CD spectroscopical
investigations of bimzahelicenel66a comparingthe CD characteristscof our experimental
CD spectrunfred line)with those ofthe correspamding TDDFT calculate@D spectrungblue
line) (Figure 4.2). Indeed, we found a significant agreement of the CD characteristics
between the experimental anthe calculated CD spectrum foP){166a indicatingthat in
this case theopposite enantomer is preferentially formed, using the same enantiomer of

19cas catalyst.
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ag=0.28 eV
shift correction = =2 nm

CD (mdeg)

166a

200 250 300 350 400
wavelength (nm)

Determination ofthe absolute configuration obis-azahelicenel66avia CD
spectroscopy (calculated: blue line, experimental: red line).

Figure4.2
A possible explanation for thisbservationcould be the generation of a different

intermediate. In contrast to the corresponding moaaahelicenesl15, the protected

nitrogen isin this caseconnected to the polyaromatic part after the first cyclization step.

This could lead to a different transition state and threferenceof the oppositeenantiomer

RdzS (2 RiktefagtiSnN& ytéric repulsiofFigure4.3).

115 [HX*] 166in¢*[HX*]

Figure4.3  Proposedransition state model for azahelicerid5and bisazahelicendl.66.
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The catalytic asymmetric synthesis of-aBmahelicenel65aencouraged us tdurther

investigatethe synthesis of othebis-azahelicenes via this methodolodynfortunately, the

use of indanonel67 and bishydrazine 158a afforded a complex mixture and no

compound could be obtained. Also the application oflysglrazinel158b turned out to be

challenging, generating complex reaction mixtuwg®n treatment withketones 164 or 167

and no desired produstcould be isolatedSchemet.27).

o~

167

g

164

T~

167

HoN-N :N‘NHZ
S
158b
Bn Bn
H,N-N

19¢ (20 mol%)
Amberlite® CG50
Y S—
CH,ClI, (0.1 M), 25 °C

complex mixture

19¢ (20 mol%)
Amberlite® CG50
7 S
CH,ClI, (0.1 M), 25 °C

complex mixture

19¢ (20 mol%)
Amberlite® CG50
- 4
CH,ClI, (0.1 M), 25 °C

complex mixture

Schemet.27 Attempts towards various biazahelicenesl66 via a catalytic asymmetric
double Fischer iolization.

4.2.5. Investigations of Azahelicenes

4.2.5.1. Oxidationto Polyaromatic Helicenes

To access enantioenriched polyaromatic helicenes via our methodology, we decided to

convert P)-115a derived from R-19¢ into the correspondingxidizedhelicene168. The

use of chloranil in the presence of diphenyl phosphate (DPP) ins ltiCessfully afforded

the desired azahelicenE68in 76%without loss of enantioselectivitfSchemed.28). The use

of DDQ as an oxidantainlyled to decomposition of the starting material.
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O N chloranil (5 equiv.)
/ | DPP (1 equiv.)
' . CHCI3 50 °C

115a

er=98.7:1.3 76%
(after crystallization) er=98.7:1.3

Scheme4.28 Oxidation of azdnelicenel1l5awith chloranil.

4.2.5.2. CDSpectroscopitnvestigations

To compare our products to literature reported helicenes, we decided to investigate
the CDspectra of compounds P)-115a (P)-168 and (M)-115a We found a significant
agreement of the CD characteristics betwe@)-1153 (blue line)(P)-168 (red line) and
those reported for(+)(P)-[6]helicene!?**3d As expected, the spectra @M)-115a (blue
dashed line) an@P)-115a(blue line)are perfectmirror imagesof each other(Figure4.4). In
this way we could independdy ascribe theP (dextrorotatory) andM (levorotatory) helicity

of our corresponding products by bqt€D spectroscopy andr&y crystallography.

CD (mdeg)

1 | 1 | 1 | 1
200 250 300 350 400
Wavelength (nm)

Figure4.4 CD spectra ofH-115a (blue line), P)-168 (red line) and N)-115a (blue
dashed line).
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4.2.5.3. ThermalRacemization Stuyg

It is known in literature thaseveralhelicenes can undergo thermal racemization over time
and the free energy for this process can be measufenr instance [6]helicene has a
racemization energy of 154.5 kJ mait 188 °€***3 which made 8 curious about the
racemization barrieof our compoundsWe che polyaromatic azahelicerig8 for further
investigations due to its stability towards oxygen and the compartsoliterature known
[6]- and [7]helicenes. The racemization BJ-(68was studied by following the change of the
enantiomeric ratio over timet 240 °C, using tetraglyme as solvefigure4.5). From the
obtained data we were able to determine the racemization barrier 8168 which was
found to be 172 + 0.4 kJ mblThis value is comparable to the literature known racemization
energy of [7]helicene which is reported to be 175.1 kI3 It has to be mentioned that
the racemization of nomxidized azahelicenekl5aturned out to be more challenging due

to partial oxidation during the racemization process at 240 °C.

100

AG™=172.2 £ 0.4 KJ/mol

90 -

ee(P)-168/ %
3

n0r

60

0 5000 10000 15000 20000 25000

Time / sec

Figured.5  Thermal racemization gfolyaromatic azahelicen@)-168.
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4.2.5.4. Nonlinear Effect Studies

For a better understanding of the reaction, we further conducted nonlinear effect
studies of our model reactionThe reaction wagperformed under the optimized reaction
conditions, using different mixtures oRf and §-19c Afterwards, the enantiomeric erss
of the catalyst19c was plotted against the enantiomeric excess of the corresponding
product 115a From the obtained data, a linear graph was obtained, indicating that there is

no nonlinear effect present in our reactioRigure4.6).

19¢ (5 mol%)

I
@ O
‘ ‘ Amberlite® CG50
N. +
\Q/ NH, ‘

O CH,Cl, (0.1 M), -7 °C

113a 114a

100

y =0,8758x - 0,7639
80 | R?z =0,9997

60 r

ee(115a) 1 %

40

20

0 20 40 60 80 100
ee(19¢c) /%

Figure4.6 Nonlinear effect study of the catalytic asymmetric synthesis of
azahelicend 15a
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4.2.6. Summary

In conclusion, we developed a mild and powerful approach toe catalytic
asymmetric synthesis of helicen&45, usingthe novel SPINGderived phosphoric acid9c
ascatalystt KS OF (I f a0z % IINK dz\ISa FHubSlittehSwaARpégiallyQ
designed for this reactionral allowsa high level of stereocontrol in this transfornmat. A
variety of different azahelicenes115 could be obtained in good yields and high
enantioselectivities. Remarkably, the synthesis of aa@helicenel65avia a double Fischer
indolization and a subsequent oxidatiocould be realized. The products were further
investigated via CD spectroscopyd the racemization barrier of azaheliceié8 was
determined under thermal conditiong.o the best of our knowledge, this is the first example
of an organocatalytic asymmetric synthesis of helicenes wprolides a novehccess tp

and allows a broadestructural diversity afthese important scaffolds.
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4. Results and Discussion

4.3. Catalytic Asymmetric Dearomatizing Synthesis of-Dketones

The results reported in this section were obtained in collaborationSvithuang and C. K. De.

4.3.1. Concept

The catalytic asymmetric Fischer indolization is a ygidpowerful transformation to
access chiral indolderived compounds enantioselectivél>>*® Considering the
mechanism of this reaction, dearomatized diimine speciE8) are generated as
intermediates after the enantiodetermining [3,3]igmatropic rearrangementUsually,
rearomatization via a proton shift, followed by ae%o-trig cyclization takes placegleasing
ammonia and generating the corresponding indole. However, the introduction of
substituents A y-poBitionto the hydrazinegroup (R, R) should preventa rearomatization,
allowing te hydrolysisof diimines 170 which would give access t@nantioenriched 1,4
diketones118which areimportant building blockin organic syntheseSchemed.29). This
chapter describes the development sficha catalytic asymmetric dearomatizing synthesis

of 1,4diketonesl18applyingan interrupted Fischer indaation.

0 2 2
2 RY[HX R°z¢  +2H,0 R? o4
R1 R2 + R3 _— R1 R —_— 1 1
R : 2NH; R .
HN . -H,0 HN_ , [3.3] - 3
“NH, R N" R HN”OR® Ry Rp#H 07 R
7

116 1 169¢-c 170 118

Schemet.29 Concept of the catalytic asymmetric synthesis ofdilkktones118, applying
an nterrupted Fischer indolization.

4.3.2. Preparation of the Starting Materia

Nonrcommercially available hydrazines were preparekbfving a literature procedure
reported by Demers and Klaubert applying a Grignard reactiéh? Treating
azodicarboxylatel71 with the corresponding aryimagnesiumbromide afforded Boc
protected hydrazined 72a-f which weredirectly deprotected, employing hydrochloric acid

in dioxane (Scheme4.30). Following this procedure, aariety of different hydrazine
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4. Results and Discussion

hydrochloridesalts(116af-HC) were synthesized. Due to thepoor stability towards oxygen
and light the saltswere stored under argoratmosphereand shielded from light. The
corresponding free hydrazine 116 were obtained via basic extraction under gon
atmosphereand were used as freshly prepared stock solutiofBe synthesis of more
electron richhydrazines, such as methesybstituted derivatives failed since the prodsct
were found to be unstable and decomposed to the corresponding amine. @ttsmnpts
towards a bromination of &c-protected hydrazinel72a were unsuccessful, leading to a

complex reaction mixture, applyingiriousbromination conditions.

Boc H

~ ArMgBr ‘N=NHBoc HCI in dioxane N—NH,HCI
BocN=NBoc _— Al _— A /
THF, -78 °C r iPrOH, reflux r
171 172 116-HCI
NH,HCI HN.
NH,+HCI NH,*HCI
116a-HCI 116b-HCI 116¢c-HCI
HN\NH HCI HN
2 .
HN. N
NH,+HCI NHz-HCI
116d-HCI 116e-HCI 116f-HCI

Schemet.30 Synthesis of hydrazine salts16-HClfor the catalytic asymmetric synthesis of
1,4-diketones118.

Most of the ketones used in our transformation were commercially available and were
directly usedas supplied Tosysubstituted piperidone 173b was synthezed following a
f AGSNI Gdz2NB LINE OSRdzZNB R S &8 dklng fitdsiutm &arbbratardi A f f
tosyl chloride which delivered ketorir3bin 95% yieldSchemet.31).

KoCO3, TsCl 0
O -
*HCI CHCly, H,0, rt S
95%
173a-HCI 173b

Schemet.31 Synthesis ofosyl piperidonel73b.
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4. Results and Discussion

4.3.3. Optimization ofthe Reaction Conditions

Employinghydrazine 116a bearing a methylsubstituent in ortho-position to the
hydrazine groumand cyclohexanondgl117a) as model substrate for our reaction, we started
to investigate our envisioned transformatioApplyingTRIR10f) as catalysin the presence
of Amberlite® CG5ihdeed afforded our desired produdtl8a albeit with low yield and
moderate enantioselectivity. Unfortunatelythe employment of other BINOLderived
phosphoric acidsieither improved theenantioselectivity nor the yield(Table4.4, entries1-

3). However, banging tothe SPINOIderived catalystSTRIP10d) generated 1,4diketone
118awith a goodenantioselectivityof 95.2:4.8and a diastereomeric ratio of >10Hut still
with a low yield of 40%T@ble 4.4, entry 6).A careful analysis of the reaction mixture
revealed that the poor yieldderivedfrom low conversion and the formation of various side
products which were identified to be different pple specieqsee: chapted.4). To improve
the conversiorwithout decreasing theenantioselectivity we envisioned that more acidic
catalyst featuring the same steric bulkinessould be required.Recent examples in
literature show thepresenceof cooperative effects between carboxylic acids and phosphoric
acids in organocatalysis>*¢1? |n 2014, the group of List reportethe formation of
heterodimers between the chiral phosphoric acid TRIBf) and carboxylic acids. The
authors propose that the heterodimer formation leads to a HOM@inganda more acidic
catalyst species. This concept was applied to the enantioselective opening of epoxides and
aziridines, interestingly without any catalyst degradation, presumably due to the
heterodimerization**>*¥ Inspired by this approachve tested benzoic acid as additive in
our transformation.Remarkablythe addition ofone equivalenbenzoic acid had a beneficial
effect on both, conversion and yield, without diminishing the diasterec and
enantioselectivity generating 1,4liketone118ain 52% yield anavith an enantiomeric ratio
of 95.1:4.9(dr>10:1)(Table4.4, entry 7) However, wecould still observethe formation of
various pyrrole species asde products which limitethe yield significantlyReconsidering
our envisionedeaction pathwayformally two equivalents of water would be necesséoy
an efficient hydrolysis of diimine intermediaté69%.-n However,only one equivalent of
water is released during the formation of the hydrazone. Thius,addition of water should

enhance the hydrolysis of diimirl&9.-y preventing the formation of the corresponding
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4. Results and Discussion

pyrroles.Indeed, adding an excess of l@ato our reaction mixture afforded the desired
product 118ain 65% jeld and 94.4:5.6 eldr>10:1) (Table 4.4, entry 9) without the
formation of pyrroles as sid@roducts and 10 equivalents of water were found to be best in

terms of yield and enantioselectivityhile higher or lower amounts led to a decrease in

Table4.4 Optimization of reaction paranters for the catalytic asymmetric synthesis of
1,4-diketones118®

o cat (5 mol%)
é Amberlite CG50 OO \\\\
+
HN.
NH, o

additives o)
toluene (0.1M), T, 3 d (@]

10 19

oyanr/Far {dzoa G Al Iuh t Kigh ¢oc/ A1 SR

M mna T HZ R L, - - np n o:: YHYN
H Mmn3 GLKSYlyi - - np HE?2 Tc®o)
0 MnO o X0/ o - - np nys>  TTYH
n MBS 0 =l cl o - - np nm: py ®p)
P M ¢p O MLIE NBYy:¢ - - np n/E: YHYWM
C M@l HZ T G, - - np nrEs: op dH
T M@l H I G, - M Sl np p H:  hp PMm
y Mpl HEIMERR, wm S ™ Sl np ppi: n dc
® Mpl HEIMER, mn ¢ m Sl np cCpi: non
M N Ml HIMEM, wnSl m S| np CH™Z (pMdo
M M Ml HIMERE, wmn ¢ ndo non C ciz dbp Yy
M H Mpl HIEBY, wmn ¢ ndo on c T2 do Y1
v B Ml HEIMERE, mSBIl ndo nn p ciz dp Yr
MY Ml HIMERE, mn & ndod nn T2 e Yr

a) Reactions were conducted on a 0.05 mmol scale with 50 mg Amberlite® CG50. The diastereomeric ratio was determined by
'H-NMR analysis of the crude reaction mixture (dr >10:1 in all cases). b) Yield determined by ‘H-NMR analysis using
CHCI,CHCI; as internal standard. c) Determined by HPLC analysis on a chiral stationary phase. d) Benzene was used as

solvent. e) p-Xylene was used as solvent.
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enantioselectivity or yield, sgpectively.Loweringthe reaction temperature to 40 °C and
reducing the amount of benzoic acid @3 equivalentsyielded 1,4diketone 118ain 66%
and 95:5 erTable4.4, entry 11). The change of the solventpgeylene finally affordedhe
desired productl118a in 70% yield,a high enantiomeric ratio of 96:4nd a good

diastereomeric ratio of 17:{Table4.4, entry 14).

4.3.4. Substrate Scopef 1,4Diketones

Having the optimized conditions in hand, we further investigated the scope of our
transformation. Naphthalenederived hydrazinell6a reacted smoothly with a variety of
cyclic ketones, generating the desired products in good yields and stereoselectivities
(Schemed.32). Substituents in the «position of the ketone were found to have a beneficial
effect on the enantioselectivity, furnishing icdketone 118bwith an enantiomeric ratio of
99:1 and an excellent diastereomeric ratio of >20:1. Also-dikétone 118¢ featuring an
acetal in 4position of the ketone, was obtainedith a high enantiomeric ratio of 97:@nd
excellent diastereoselectivityMoreover, heterocyclic ketones were found to be suitable
substrates for our transformationWhereas a thiesubstituted ketame delivered diketone
118din 61% yield and an enantiomeric ratio of 97d3>20:1) the corresponding oxygen
substituted product118e showed a slightly decreasednantiomeric ratioof 87.3:12.7
(dr=20:1) Applyingdifferent nitrogensubstituted ketonesafforded the dketones118fh in
good yields, diastereand enantioselectivitiesThe structure and absolute configuration of
both, product 118e and 118h could be asgned unambiguously by-tdy crystallography.
Changing the ring size to a fimeembered g led toa diminished yield obnly 29%,a low
enantiomeric ratio of 78.4:21.61(8)) and a reduceddiastereomeric ratio of 2:5The
introduction of substituents on the hydrazine moiety was also possible and the
corresponding product$18l were isolat@ in moderate to good yieldgnantioselectivities
and excellent diastereoselectivitieglepending on the position of the substituent. The
application of a phenydlerived hydrazine turned out to be challenging, delivering the
desired productl180in poor yeld and alow enantiomeric ratio of 77.6:22,4lbeit with an
excellent diastereomeric ratio of >20:A.further limitation of this transformation is the use

of noncyclic ketones such as acetone. Although the corresponding racemic paddjct
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(R)-19a (5 mol%)
Amberlite® CG50

H,0 (10 equiv.)
OO 0 PhCO,H (0.3 equiv.)
R + HJ\RZ

HN. R! p-xylene
40 °C, 3-7d

118a 118b 118¢c 118d
70% 64% 75% 61%
17:1 dr, 96:4 er >20:1 dr, 99:1 er >20:1dr, 97:3 er >20:1dr, 97:3 er

118e - 118f 1189

65% 73% 69%
20:1dr, 87.3:12.7 er 10:1 dr, 92:8 er 11:1dr, 90.9:9.1 er

118h ¢ 118i 118]
61% 29% 54%
13:1dr, 95:5 er 2.5:dr,78.4:21.6 er > 20:1dr, 96.4:3.6 er

(@]
118k 118l 118m 118n
81% 37% 43% 49%
> 20:1dr, 95:5 er > 20:1dr, 89.5:10.5 er > 20:1dr, 93.6:6.4 er 9:1dr, 91.2:8.8 er

1180 118p

<5% 57%, rac.?)
>20:1dr, 77.6:22.4 er < 5%. 70:30 er®

118q

Schemet.32 Substrate scope of catalytic asymmetric synthesik,étdiketones118.

a) Reaction was conducted using diphenyl phosphate (2 equiv.). b) Reaction was performed using 20 mol%
of 19e as catalyst at 50 °C for 3 d.
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could be obtained in 57% yield using two equivalents of diphenyl phosphate, no product was
observed in the presence of catalyka However, applying 20ol% of the more acidic
phosphoric acid19e afforded the desired diketonel1l8p in low yield but a promising
enantiomeric ratio of 70:30, running the reaction at an increased temperature of 50 °C.
Various d¢her noncyclic ketones didot yield any desired productl{8qt) at all. Aplying
different BINOL(10) and SPINQOderived phosphoric acidd9) and running the reaction at

higher temperature led in most cases to decomposition of the starting material.

A possible mechanistic scenario for this transformation is shov8tireme4.33. After
the formation of the hydrazone catalyst 19a accelerates the tautomrization between the
hydrazone [169a&«-194 and the enehydrazine[169a:-c1949] which undergoesthe
enantiodetermining [3,3kigmatropic rearrangement, forming dearomatized diimgpecies
[170a194]. Due to the substituenbn the naphthalene moietyrearomatization viaa proton
shift cannot occur andn the presence of watea subgquent hydrolysis to diketon&18a
takes placeAfter the releaseof enantioenriched producil8a the catalyst is regenerated

by a cation exchange with Amberlite® CG50.

é H @ N
@ H [169aC -c*19a]
[3,3]-sigmatropic
116a 117a \—/ [ rearrangement

&/0 1)
* @ H‘
HNHy
O-R"~  [170a-19a]
T (L
T e

anti-1,4-diketone 118a

Schemet.33 Possible mechanisror the catalytic asymmetric dearomatizing synthesis of
1,4-diketones118.
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The generally high diastereoselectivity of this transformation can be explained by
considering two different possible conformatis of enehydrazingl69a:--¢. In general, the
[3,3]}-sigmatropic rearrangemencan proceed via a chair likE69a.-d* or a boat like
[169a:-J° conformation of protonated enehydrazind 69a:-¢ (Figure4.7). Consideringhe
chair like conformer 169a:-4", the axial substituent causes steric repulsion with the
cyclohexene ring,disfavoring this conformation Hence, the boat like conformation

[169ac-d° should befavored, generating the corresponding observed amfit-diketones

118a
~ o &

[169ac-c]' (chair like, disfavored) syn-118a [169ac_c]? (boat like, favored) anti-118a

Figured.7  Stereochemical model fahe catalytic asymmetric synthesis of dJ&ketones
118a

To investigate the stability of our products, werformedepimerization studies, using
diketone 118e Under equilibrating conditions with diphenyl phospha{®PP)or 1,8
diazaicyclo[5.4.0undec7-ene (DBU) both, anil8e and synll8eafforded a 1:1 mixture
of the two diastereoisomers anfil8e and synl18e (Scheme4.34). However, sbmitting
enantiopure antil1l8e to our standard reaction conditions, using hydrazih&6a and
cyclohexanonell7a afforded the corresponding producl18aand enantiopure diketone
anti-118e whereas syri18e was not observed. This result shows that our products are
stable towards epimerization under the optimized reaction conditions. Moreover, it

indicates that our transformation is under kinetic rather than thermodynamic control.
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|‘ o
\
7,

stardard conditions OO O
i Ol
7d
(0]
(0] (0]

118a anti-118e

no epimerization

syn-118e not observed

Schemed.34 Epimerization study of 1,diketonesl18e

4.3.5. Summary

In conclusion, wehave developed a mild and efficient methodology to access 1,4
diketonesof type 118, enantioselectively. The concept for the transformation is based on an
interrupted catalytic asymmetric Fischer indolization, followedahyin situ hydrolysis of the
non-aromatic diimine intermediatd 70. Applying the SPIN@lerived phosphoric aci®TRIP
(199 afforded a variety of different 1;diketones 118 in generally high yields and

stereoselectivities.
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4.4. The Divergent Enantioselective Synthesis of 2Hd 3HPyrroles

4.4.1. Concept

Inspired by our work on the catalytic asymmetric dearomatizing synthesik,4ef
diketones118via an interrupted Fischer indolization, we became interested in applying this
approach to the enantioselective synthesis of the corresponding pyrmil@&swhich have
been observed as side products in this transformatide hypothesizedhat running the
reaction in the absence of water woufatevent the hydrolysis andhus give access to the
corresponding enantioenriched Hpyrroles 119 which are interesting scaffolds with
potential bioactivities(Scheme4.35). Interestingly, examples in literature show that-3
pyrroles can be converted to the correspondinig-f2yrroles via a suprafacial thermally or
acid induced [1,55hift.1°*1°7 Assuming that this shift is stereospecifieir strategy would
potentially provide a selective access to botimantioenriched B- 119and 2H-pyrroles120.
The developmenbf a catalytic asymmetric dearomatizing synthesis3bt 119 and 24

pyrroles120will be described in this chapter.

Schemet.35 Concept of the catalytic asymmetrigrghesis of3H 119and 2H-pyrroles120.

4.4.2. Enantioselective Synthesis oH3Pyrroles

4.4.2.1. Optimization of the Reaction Parameters
The hydrazines used in this transformation were sesthedfollowing the procedure

described in chapted.3.2 Choosinghydrazne 116aand ketonell7aas model substrate

for our envisioned transformation, we started our investigations towards the selective
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synthesis of B-pyrrole 119a Having idenfied SPINGUerived phosphoric aci® TRIP10a)
as best catalyst for the catalytic asymmetric synthesis oflikdtones118a we appliedthis
catalyst for further investigationsof our new transformation Conductingthe reaction
without the addition of waer afforded a complexnixture of different pyrrole specie¥19q
exo-119a and 120a as well asthe corresponding 1Aliketone 118a (Table4.5, entry 1)
Interestingly, B-pyrrole 119a partially converted to the correspondingHzpyrrole 120a
under our reaction conditionsMoreover, small amounts ofxo-3H-pyrrole exo-119a were
formed as side productAs already shown in the development of a catalytic asymmetric
synthesis of 14liketonesl18a(see: chaptert.3), the addition ofcarboxyic acids was found

to have a beneficial effect on the reactivitytbe transformation without diminishing the

Table4.5 Screening of additives for the selective synthesistpgrrole 119a(Part 1)?

_NH, 19a (5 mol%)
HN O Amberlite® CG50 ¢ "=
addltlves
bR SO A
116a 117a 118a 119a exo-119a 120a
A B (o3 D
Entry Addit.1 Addit.2 t T Conv.  NMR yield/eP
(equiv.) (mg/mmol) (°C)
A27%- 955
B3% - 95:5
[0)
1 / / 3d 45 60%  Coge .
D6% - 82:18
A38%- 97:3
AcOH B11%- 95.5:4.5
0,
2 (0.5) / 3d 45 B%  ca% - nad.
D23%- 96:4
A32%- 96:4
PhCGH . B16%- 98.5:1.5
3 (0.5) / 3d 45 W% 5% - nad.
D28%- 77:23
A30%- 96:4
PhCOH B25%- 94:6
4 (1.0) / 3d 30 full Ca% - nd.
D5% - n.d.

a) Reactions were conducted using Amberlite® CG50 (500 mg/mmol). b) Conversions and yields were determined by *H-NMR
analysis after basic extraction with KOH (3M), using 1,3,5-trimethoxybenzene as internal standard; er determined by HPLC

analysis on a chiral stationary phase.
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enantioselectivity Table 4.5, entries 2-4). However,the desired productl19a was only
obtained in low yields due tthe formation of 2H-pyrrole 120aand 1,4diketone 118aas
side products. Reducing the temperature to 30 °C imecdeasing the amount of benzoic acid
to one equivalent afforded 25% of Hyrrole 119a whereas the amount ofthe
corresponding2H-pyrrole 120awas decreased to 5%howing thatthe formation of 2H-

pyrrole 120ais favored at higher temperatures

The addition ofactivated4A molecular sieves was found to prevent the formatiaf
1,4-diketone 118a effectively, generating the desired produdtl9ain 51% vyield and an
enantiomeric ratio & 96.5:3.5(Table 4.6, entry 1) although the reactivity was reduced
significantly, presumably due to thkasicity of theproducts. Reducing the amount of
benzoic acid to 0.5 equivalents and increasing the amount of Amberlite® G50t
improve the yield othe desired productl19aand had no influence on the formation tife
corresponding Bpyrrole 120a(Table4.6, entries2-3). Decreasing the temperature to 20 °C
reduced the amount of byroduct 120a generating Bl-pyrrole 119ain 53% vyield and an
enantiomeric ratio of 95.5:4.5T@ble4.6, entry 4). Applying 10 mol% &TRIP10a and
changing the solvent tp-xylene finally affordedhe desired 3-pyrrole 119ain 56% isolated
yield and an excellent enantiomeric ratio of 98Table4.6, entry 6). It has to be mentioned
that the reaction concentration was found to have no fe€t on both, product and
enantioselectivity of B-pyrrole 119a Interestingly,however,the amount of side product
120awas found to have an influence on the enantiomeric ratio l¥rrole 119adue to a
kinetic resolutionof 3H-pyrrole 119avia a [1,5]alkyl shift as side reactigrincreasing the
enantiomeric ratio ofproduct 119a upon formation of H-pyrrole 120a (see: chapter
4.4.3.95. Since in most cases small amounts éf@/rrole 120a were generatedas side
product, we decided to perform a catalyst screening for the catalytic asymmetric synthesis
of 2H-pyrroles120awhich makes the comparison of the enantioselectivity mooasistent
(see: chaptert.4.3.]. In accordance with theatalytic asymmetric synthesis of igikketones
118awhich proceeds via a similar reaction pathw&frRIP10a wasfound to be thebest

catalyst for this transformation as well.
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Table4.6 Sreening ofreactionconditionsfor the selective synthesis oH3pyrrole 119a

a
(Part2)®
. NH2 19a 5 mol%
HN o Amberllteo CG50 N=
e OQ 99
+
“/ solvent (0.1M),
116a 117a 118a 119a exo-119a 120a

A B C D

Entry Addit.l  Addit.2 Solvent 't T Conv. NMR yield/e

(equiv.) (mg/mmol) (°C)
A0% - n.d.
PhCGH 4A MS 0 B51%- 96.5:3.5
1 (1.0 (500) toluene 3d 30 74% C5% - nd.
D10%-77.5:22.5
A0% - n.d.
PhCGH 4A MS B41%- 97.8:2.2
2 0.5 (500) toluene 4d 30 82% C3% - nd.
D12%-81.5:18.5
A0% - n.d.
PhCGH 4A MS B40%- 982
C) 0,
3 0.5 (500) toluene 4d 30 79% C3% - nd.
D12%-79.5:20.5
A0% - n.d.
PhC@H 4A MS B53% -95.5:4.5
4 (1.0 (500) toluene 5d 20 78% c8% - nd.
D<5% - 67:33
A0% - n.d.
d) PhCGH 4A MS B50% - 97:3
5 (1.0 (500) toluene 4d 20 82% C8% - n.d.
D<5%-73.5:26.5
A0% - n.d.
9 PhCeH  4AMS B56%6 - 98:2
$ (1.0 ooy  Pvlene 7d 20wl o4 nd
D<5% - n.d.

a) Reactions were conducted using Amberlite® CG50 (500 mg/mmol). b) Conversions and yields were determined by *H-NMR
analysis after basic extraction with KOH (3M), using 1,3,5-trimethoxybenzene as internal standard; er determined by HPLC
analysis on a chiral stationary phase. c) 1g/mmol CG50 was used. d) 10 mol% of STRIP (19a) were used. €) Isolated yield.
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4.4.2.2. Substrate Scope oft®Pyrroles

Having the optimized conditions in hand, weceeded tanvestigatethe scope of our
envisioned transformationNaphthalenederived hydrazinell6areacted smoothly with a
variety of different cyclic ketones, affording the corresponding producigoiod yieldsand
excellentenantioselectivities $cheme4.36). Substituentsn the 4position of the ketone
were well tolerated, generatingnethylsubstituted product 119b in 83% vyield andan
enantiomert ratio of 99:1as well as-propytsubstituted 3H-pyrrole 119cin 76% yield and
97:3 er.The use o&fluorine-substituted ketoneafforded the corresponding produdil9din
42% yield and an excellent enantiomeric ratio of 995%:0unning the reaction at 30 °C.
Substituents on the naphthalene moiety metolerated as well, generatingH3pyrroles
119ef in good yields and excellent enantiomeric ratios of 92:19¢) and >9%:0.5 1 19f).
However, he use of heterocyclic and noncyclic ketones was found tdithieult due tolow
reactivity or selectivity issuesof the obtained products Also the application ophenyt

derived hydrazinewas challengingfurnishing no desired products.

_NH
HN 2 o] (S)-19a (10 mol%)
R3
f NS * PhCO,H (1.0 equiv.)
LAY Amberlite® CG50,
R? RéR4  4AMS, pxylene, 20 °C

11§a 119b 119¢
56% yield? 83% yield 76% yield
er =98:2 er =99:1 er=97:3

119d

o 119e 119f
42% yield®®) 57% yield 61% yield
er=99.5:0.5 er =99:1 er >99.5:0.5

Schemet.36 Substrate scope for theatalytic asymmetric synthesis oH3yrroles 119.
a) (R)-STRIP (19a) was used as catalyst. b) Reaction conducted at 30 °C.
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4.4.3. Enantioselective Synthesis oHPyrroles

4.4.3.1. Optimization ofthe ReactionConditions

Encouraged by the development atatalytic asymmetric synthesis ofyrroles we
became interested inextendng this approach to the enantioselective synthesis & 2
pyrroles120g applyinga [1,5]-alkyl shift.It has previously been shown thaH3yrroles can
be converted into B-pyrroles via a acid mediated or thermally induced [1;5]kyl shift>*

197 which would give access to the corresponding-gyrroles120a [1,5}Shifts are known

to be sigmatropic rearrangements which occur suprafaciallthen ground state thus,
preservation of the enantiopurity should be expected. Howewreigontrast to [1,5]H-shifts
which have been studied intensivél§*'*? the stereospecifity of [1,5hlky! shifts has, to the
best of our knowledge, never been confirmed prior to this work. We started our
investigations with an initial experiment, treatingnantioenriched3H-pyrrole 119a with
stoichiometric amounts of diphenyl phosphate. Remarkably, after 15 h, full conversion to
the corresponding B-pyrrole 120awas observed without loss of enantiopurity, proving the
preservation of enantiopurity in this transformatio®¢heme4.37). The apptation of this
methodology should enable a conversion of enantioenriched-p@rroles 119a to
enantioenriched Btpyrroles 120a upon addition of @henyl phosphate to the reaction
mixture after ull conversion of the hydrazone. This methodolegyuld give a direct access

to enantioenriched Bi-pyrroles of typel20a

DPP (1.0 equiv.) { o | |
P i~
toluene-dg (0.1 M) { e |

45°C,15h N rr

119a full conversion .
er =98:2 [1,5]-methyl shift

Schemet.37 Stereospecific [1,5hlkyl shift of 3-pyrrole 119a
Indeed, we found that upon addition of diphenyl phosphate to the reaction mixture
after full conversion of the hydrazonall 3Hpyrrole 119a was fully converted to the

corresponding Bl-pyrrole 120a To enhance the reactivity and to get full conversion of the
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hydrazone, the reaction was conducted at an increased temperature of 40 °C. Applying this
reaction sequencewe tested different solvents and catalystor our new gproach. Using
TRIR0f) for an initial solvent screening revealed that the use of chlorinated solvents such
as CHIC} or chlorobenzene led to generally lower enantioselectivities of our desired product

(Table4.7, entries1-2). The best result was obtained usiprgylene, generating

Table4.7 Catalyst and solvent screening for the synthesis igf@¥rrole 120a

cat (10 mol%) DPP
PhCOOH (1 equiv.) (1 equiv.)
Amberlite® CG50, 40°C,12h

4A MS, solvent, 40 °C

19 10
Entry Catalyst Substituent Solvent er? NMR yiel®
M 10f 2,4,6(iPrx-GH, I W d YyNnYH. C H:?
H 10f 2,4,6(Pre-GH, OKf 2 NB yovYwm E
0 10f 2,4,6(iPri-CsHy G2tdzS ycVYwm c 1
n 10f 2,4,6(Prg-GsHy LE&t S yyYm P M
pC? Mmnd  pLKSYLy LE&ft S c Yo Yy OR G
OV MAK ¢ YyGKNI LE&ES pyodpy Yy OR G
T M A HY I LIKGE LE&T S cpYo C M3
y MO MLIE NBY LE&f S yMYM n s
4 MpPS  3,5(CR)xrGHs LE&tS copopy p T
M Ml  246(sGH LEES  dpnym ¢

a) Determined by HPLC analysis on a chiral stationary phase. b) Yield determined by *H-NMR analysis after basic
extraction with KOH (3M), using 1,3,5-trimethoxybenzene as internal standard. c) Reaction was very slow, full

conversion after 19 d. d) Isolated yield.
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2H-pyrrole120a in an enantiomeric ratio of 88:12Téble 4.7, entry 4). BINOHerived
phenanthryt and anthracenyisubstituted catalysts showed a very low reactivity and 19 d
were required to get full conversion of the hydrazone, affording the desired prab@ain
poor enantioselectivitiesTlable 4.7, entries 5-6). Changing to SPIN@e&rived phosphoric
acid STRIP103) finally furnished B-pyrrole 120ain 60% isolated yield anah enantiomeric
ratio of 90:10, using-xylene as solver(Table4.7, entry 10).

4.4.3.2. Substrate Scope oft2Pyrroles

After careful optimization of the reaction conditions, the developed protocol was
applied to different substratedNaphthalenederived hydrazind16areacted smoothly with
a variety of different cyclic ketones, generating the corresponding prodLt®sj in good
yields and enantioselectivitigScheme4.38). As already shown in the catalytic asymmetric
synthesis of B-pyrroles119, substituentdn the 4-position of the ketone were found to have
a beneficial effect on the enantioselectivity, generatirigi@/rrole 120bin 90% yield and an
enantiomeric ratio of95:5, running the reaction at aecreased temperature of 30 °C.
Remarkably,compound120b could be isolated with an excellent enantiomergxcess of
98%, applying &wo-step procedure at 20C and isolating compaod 119b prior to treating
it with diphenyl phosphateAlso the application of a seveanembered ring was possible,
generating H-pyrrole 120d in 53% isolated yield and an enantiomeric ratio of 90:10.
Employirg a fluorinesubstituted ketoneafforded the coresponding productl20e in 53%
yield and an enantiomeric ratio of 94:6 whereas thseuof acetakubstituted ketone
furnished compoundl20f in a decreased yield of 41% and 89:11 er. Remarkably, also
heterocyclic ketones such as oxygesulfur- or nitrogensubstituted cyclohexanones could
be applied although the corresponding produd®0gj were obtained in generally lower
yields and enantioselectivities. Moreover, etisylbstituted hydrazinel116f could be
employed, yielding the correspondingdyrrole 120 in 83% and 80:20 er. Substituents on
the hydrazine moiety were generally well tolerated, affordifig example product 120nin

83% yield and 95:5 er when the reaction temperature was decrets8 °C.
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_NH, i. (S)-19a (10 mol%)
HN 0 PhCO,H (1.0 equiv.)
RS +
SIS Amberlite® CG50,
Pz /\/RZ X 4A MS, p-xylene, 40 °C
i.DPP (0.5-1.0 equiv.)
116 "7 40°C,12h

120a 120b 120c 120d
60% yield ) 69% yield o/ vialdP)
90% vyield 53% vyield
=90:10 =92.57.
er er=95:5 er=9257.5 er=90:10
(56% yield
er=99:1)

120e 120f 120g 120h
53% yield” 43% yield®) 54% yield®) 26% yield
er=94:6 er = 89:11 er=91:9 er=81.5:18.5

120i 120j 120k 1201
45% yield 44% yield 41% yield 83% yield
er =84:16 er=79.5:20.5 er=84:16 er =80:20

120m 120n 1200
84% yield 83% yield® 54% yield
er=95:5 er =955 er=90.5:9.5

39% yield 21% yield 28% yield 35% yield 31% yield

Schemed.38 Substrate scope oft2pyrroles120via an in situ [1,5fnethyl shift.

a) Reaction conducted at 30 °C. b) (R)-STRIP (19a) was used as catalyst
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In general, a variety of differentH2pyrroles 120 could be obtained, although the
enantioselectivities were in most cases lower than for the correspondiigy8roles119.
Possible explanations for this observation cooédthe higher reaction temperature or small
amounts of nomreacted hydrazone whichoaverts to racemic B-pyrroles 120 upon
addition of diphenyl phosphate. Moreover, it has to be mentioned that a kinetic resolution
of 3H-pyrroles119 via a [1,5]alkyl shift takes place assade reaction leading to a higher
enantioselectivity of productd19 upon formation of 2-pyrrole 120. This could be one
reason forthe generally higlobservedenantioselectivityof 3H-pyrroles119 (see: chapter
4.4.3.9. Additionally 2H-pyrroles 120pt were synthesized as racemates under non
optimized reaction conditions, using stoichiometric amounts of diphenyl phosphate and

were used for investigations oneir biological activity.

A possible mechanism for the catalytic asymmetric synthesisHf139 and 2H-
pyrroles 120 is shownexemplaryfor products 119a and 120a (Scheme4.39). After the
formation of the hydrazone, the hydrazommehydrazine tautomerization is accelerated by
the catalyst, followed by the enantiodetermining [3dfmatropic rearrangement,
generatng dearomatized diimine speci§€l70a:194. Due to the substituent on the

naphthalene moiety, rearomatization via a proton shift cannot occur and in the absence of

I 69aC o+19a]
”\ é H = N
[3,3]-sigmatropic .
116a 117a rearrangement
HO

=0

\
(P ”:‘
N
CG50 NH ‘
H @ N
- NH
3 O@ ,H

i o- p/O [170a-19a]
N
() = ) L
[1,5]-alkyl
g O
e ST

DPP
120a 119a

2H-Pyrrole 3H-Pyrrole

Schemet.39 Possible mechanism for the catalytic asymmetric synthesistol B9and -
pyrroles120.
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water no hydrolysis to the corresponding diketoh&8ais possible. Thus, a cyclization td-3
pyrrole 119a and the release of one equivalent of ammonia takes pladee catalyst is
afterwards regenerated by the weakly acidic cation exchange resin Amberlite® CG50. Upon
addition of diphenyl phosphate, FBpyrrole 119ais converted to the correspondingH2

pyrrole 120avia a suprafacial [1,5Ikyl shift, preserving the enantiopurity of our product.

4.4.3.3. Structure Determination of B-Pyrroles

NMR investigations were performed in collaboration with M. Leutzsch.

To carefully determine the structuref our novel H-pyrroles120and to confirm the
[1,5]-alkyl shift, NMR spectroscopicexperiments were conductedFigure 4.8). For the
structure assignment of2pyrroles120, compound120bwas fully characterized by NMR
spectroscopy. The [1,8hethyl shift could be confirmed byH-'°N-HMBC measurements
which showed the coupling of protortdl1l of the methyl group tdN12, indicating that the
methyl group is positioned next to tHé¢-atom. Addiionally, the cross peaks {3, H11 and

129.0 1308

250 357
270 1.65

chemical shift assignments

1H-5N-HMBC

'H-"*N HMBC
MML 1H-13C-HMBC
ANS
80 selected correlations from the 2D spectra
70E TH-13C-HMBC
o l
{1.37,-56.83)[12) F-60 ; J
i@ 2 |6 10 Tl Uil ~
L-50 “w ,{7 68,51.91) /(5 58,81.87} {1.37,81.87, E
82 g
40 8
(2]
Y
35 30 25 20 15 10 05 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
31n (ppm) 81H (Ppm)

Crosspeak between H11 and N12 in the "H-"SN-HMBC. Details of 'H-13C-HMBC showing all protons coupling to C7.
Figure4.8  Structure determination of B-pyrrole 120bvia NMR analysis.
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HO to C7 in the'H-*GHMBC suggest a [1,5hift of the methyl groupMoreover,the shift of
Cl3isin perfectagreement with literature reported B-pyrroles(literature reported values
between 169.6179.9 ppm, observed: 173.1 ppi¥ suggesting the shown structure of
novel Hpyrrole 120b. In comparisonto this, the shift ofthis carbon cente(CL3) in 3H-
pyrrolesis reported to be between 149.4 and 157.2 ppt which is in agreement with the
shiftsobserved in B-pyrrole 119b(147.8 ppm)

4.4.3.4. Biological Evaluations

Biological screeningswere conducted in collaboration with S. Sievers at the Compound

Management and Screening Center (COMAS) in Dortmund

3H and ZH-pyrroles are core structure of various pharmacophores and bioactive
compound&*°? which encouraged us to investigate poti bioactivities of our novel
structure motifs.We were particularly interested in potential afitimor activities of this
new compound class, focusing on the Hedgehog signaling pattawdiie outset of our
studies The Hedgehog signaling pathway aé high importancefor the regulation of

differentiation and proliferation during the embryonic developmeHbwever, anutation or

Table4.8 Biological evaluation afaic-2H-pyrrole 120b in Hedgehog pathway inhibition.

rac-120b

Hh 1G, Hh 1G, Hh1G mean Hh std.dev. HhVIA HhVIA HhVIA

Entr 2 2 2
Yo aMP @MP M IGo (M) (M) 1Go (MM)? 1Ge (MM)P 1Gso (HM)?
1 5,89 6,45 6,37 6,23 0,30 inactive  inactive >10 pM
2 3,15 4,84 4,93 4,31 1,00 inactive >10uM > 10uM

a) Inhibition of the Hedgehog pathway as determined in an osteogenesis assay, using mouse embryonic mesoderm fibroblast
C3H10T1/2 cells. b) Influence on the viability of C3H10T1/2 cells as determined upon treatment with the compounds using the
CellTiter-Glo assay.
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deregulation, such as an abnormal activation of this signaling pathway can contribute to
different types of cancer and promote tumor growf? Thus, therapeutic strategies that
target or inhibit the Hedgehog pathway are currentlyhigh demand**? To identify a new
compound class of Hedgehog inhibitors, we subjected several diffédid- 119 and -
pyrroles 120 to celtbased assays monitoringsignal transduction pathway&**>2
Remarkably rac-2H-pyrrole 120b showed aninitial inhibition of the Hedgehogsignaling
pathway with a haHmaximal inhibitory concentration @g in UM range (4.3%1.0G
6.23:0.30uM) (Table 4.8), representing a completely new class of Hedgehog signaling
inhibitors. Yet, it has to be considered thahese results are preliminary and have to be
confirmed in a third screeningzurther investigations orthe bioactivity and the mode of

actionof these novel compounds are still ongoing.

4.4.3.5. Kinetic Resolutiorof 3HPyrroles

Encouraged by the development of a divergent catalytic asymmetric synthesks- of 3
119 and H-pyrroles 120, we became interested in extendindpis approachto a kinetic
resolution of 3H-pyrroles 119 via a [1,5]alkyl shiff applying a chiral phosphic acid as
catalyst (Scheme4.40). This investigationalso deliversmore insights into the reaction
mechanism, showinthe influence of a kinetic resolution as side reactitmfact we could
observethe conversion of B-pyrrole 119ato 2H-pyrrole 1203 employing 5 mol% of chiral
phosphoric acidSTRIP10a) in toluene at 45 °C. Remarkably, affiastor of 6 could be
achieved for this transformatiomnder non-optimized reaction conditions. This result also
shows that there is a significastde reaction n the catalytic asymmetric synthesis dfl-3
pyrroles119if the reaction is conducted at higher temperature. Moreover, the formation of
2H-pyrroles120 as side produaleads to a higher enantiomeric excess éff3yrroles119
due to a kinetic resolution assidereaction, preferring the minor enantiomer oH3pyrroles
119for the [1,5}methyl shift. Thus(S-STRIP1Qa), leading to R-119 as majorenantiomer
in the catalytic asymmetric synthesis dfi-pyrroles 119, preferentially converts§-119 to

the corresponding B-pyrrole §-120, resulting in a higher enantiomeric ratid (R)-119.
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N (R)-19a (5 mol%) N
CG50 (500mg/mmol) .
O‘ toluene (0.035M) O‘

45°C, 23 h
rac-119a 37% conversion (S)-119a (R)>-119a
s=6 er=67.5:32.5 er = 80:20

Scheme4.40 Kinetic resolution of B-pyrrole119avia a [1,5]methyl shift.

4.4.4. Determination ofthe Absolute Configuration of B- and 3H-Pyrroles

The determination of the absolute configuration of our novel compounds turned out
to be challenging since all products were obtained as oils which rendered crystallzation
difficult. Thus we applied different approaches towards the assignment of the absolute
configuration of 3H 119 and 2H-pyrroles 120 which will be discussed in the following

chapters.

4.4.4.1. Experimental Investigations

In generaljt should be possible tmfer the absoluteconfiguration of 3-pyrroles119
via comparison to the corresponding igiketones118. Considering that both products are
generated via a similar reaction pathway, involving the same diimine intermeldi@a6:194],
3H-pyrroles119 and 1,4-diketones118 should show the same absolute configuratiorhus,
the absolute configuration of KBpyrrole 119 was assignedvia comparison to the
corresponding 1,4liketone 118 whose absolute configuration is known (see: chaptex.4).
We performed a reaction without the addition of molecular sievesafford a mixture of
pyrroles119a exall1l9aand 120aas well aghe corresponding 14liketone 118a(Scheme
4.41). Asdescribed in chapte4.3.4 the absolute onfiguration of diketonel18awas found
to be , using the Q- enantiomer of STRIRYa) which was confirmed by-bay
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118e 118h
o (R)-19a (5 mol%)
CG50 N=
. PhCO,H (0.5 eq.) %
toluene (0.1M) Oe
AN-\H, 3d, 45 °C
116a 117a 118a 119a exo-119a 120a

absolute configuration
known

Schemet.41 Determination of absolute configuration via comparison to-diketonel118a

crystallography of thecorresponding diketonesl18e and 118h Considering that the
enantiodetermining step of the catalytic asymmetric synthesistp@rroles119 proceeds
via the same transition state as for the corresponding -didetones 118 the major
enantiomer of 3-pyrrole 119 should be $§-configured as well.Thus, the absolute

configurations of Bi-pyrroles119were assigneds ), using B-STRIF193) as catalyst.

Assumingthat the [1,5}alkyl shift occurs in a suprafacial fashion, the absolute
configuration should be preserved during this step, generat®Hd-pyrroles 120, derived
from (§-3H-pyrroles 119. However,in order to provethe suprafaciality of the [B]-alkyl
shift, an unambiguous assignment of the absolute configuration Hpyroles 120 was

required.

4.4.4.2. Attempts towards Crystallization

The determination of the absolute configuration of our novet@rroles120 turned
out to be challenging and initiaattempts towards crystallization failed since pibducts
were obtained as oils. Since a direct crystallization of our pyrroles was not possible, we tried
to obtain crystalscontaining2H-pyrrole 120nvia salt formation with different acids, bearing
heavy atoms such as #&romine atom or featuring a known stereogenic center.

Unfortunately, applying different acids such as TRIBf), bromo acetic acid174), (R-
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mandelic acid175) or 4-bromo benzoic ad (176) did na lead to crystallization of pyrrole

salt120nHX, employing different solvents and temperaturieg(re4.9).

OH o
it OH
COOH
Br\)J\OH
Br
120n<HX
iPr
10f 174 175 176

Figure4.9 Different acids for thecrystallization of pyrrolesalt 120n-HX

A further attempt to access crystals fronHpyrroles 120 was the introduction of
groups which presumablfavour the crystallinity & our products. Thus, wattempted to
synthesize B-pyrrole 120y, featuring asulfonyl group. Unfortunately, the corresponding
product 120u could only be obtainedin low enantioselectivity applying our optimized
reaction conditions usinTRIP10g) as caalyst. Presumably, the $@roup interfereswith
our catalyst,preventing astereochemical induction in this system. Thus, compo@26u

could not be used for the determination tfe absolute configuration ofi2-pyrroles120.

NHy o) _
HN i. (S)-19a (10 mol%)
. ﬁjj PhCO,H (1.0 equiv.)
OO s Amberlite® CG50,
W\
00
7

y 4AMS, p-xylene, 40 °C
116a 177 ii.DPP (0.5-1.0 equiv.) 120u
40°C, 12h 0%
er =51.5:48.5

Figure4.10 Catalytic asymmetric synthesissiflfonecontaining 2+-pyrrole 120u

The lastattempt to obtain crystals from our products was the derivatization &f 2
pyrrole 120n to access crystalline material. The introduction obm@mine atom in our
system seemed to be promising and could provide a potépttaystalline compound. Thus,
2H-pyrrole 120n was brominated, applyindN-bromosuccinimide(NBS) in CHLC(Scheme
4.42). Interestingly, we selectively obtained compouhitBa, bearing twobromineatoms on

the cyclohexene moietyregardless ohow many equivalents of NB8ere employed.For
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instance the use of just one equivalent of NBS led to half conversion of the starting material
to dibromo compoundl78a whereas the corresponding monobrominated analogugaild

not be isolated. Dibrom@H-pyrrole 178a was found to be highly unstable and crystalized as
decomposed compouni79, featuring no stereocenter anymore. Presumably, the release of

HBr upon hydrolysis leads to further decomposition and the subsequent loss of the methyl

group.

unstable

Schemed.42 Attempts towards the derivatization off2pyrrole 120n

In light of the instability of dibrom@H-pyrroles 178 we decided toconduct a
subsequent elimination step, generating the presumably more stabtobromo2H-
pyrrole 181 The treatment of compound78b with potassiumtert-butoxide (KQBuU) finally
afforded the corresponding elimination produt80 as a yellow solid in 42%eyd (Scheme
4.43). However,decomposition of thecompound 180 was observed during the reaction
which rendered the purificatiomnd an upscaling dhis procesdifficult. Moreover, gveral

attempts to crystaliz&H-pyrrole 180, applying different solvents and temperatures failed.

NBS (2 eq.) KOtBu
—_— _—
CHClg rt THF, 40 °C
67% 42%
120b 178b 180

unstable

Schemet.43 Bromination and subsequent elimination téiyrrole 120b.
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4.4.4.3. CDSpectroscopy

Computational studies were performed in collaboration with Y. Zheng (AK Prof. Thiel, MPI
Milheim)

For an independent determination of the absolute configuration of our products, we
decided to conduct CD spectroscagimvestigations Figure4.11). Thus, he CDBspectra of
119b (er = 98.5:1.5) and.20b (er = 98.5:1.5), botlsynthesized usingR-STRIR19a) as
catalyst,were recordel and comparedwith the corresponding THIDFT calculated CD spectra
of both possibleconformers of(§-119hl-2 and §-120bl-2 which were found to be very
similar in energy (differenc&0.1-0.2 kcal/mol)and presumably coexist in the reactiohfter
'+ O2NNBOGA2Y 2F bd ({2s-vhluenof 08 Y 04 wWRthED O2 NNE
characteristics ofthe calculated spectra (blue graph) were in good agreement with the
experimental spectra (red graphhusallowing the assignment of the alste configuration
of pyrroles11% and 120b, which were found to be§-configured, using theRj-enantiomer
of STRIP104a). This result is in perfect agreement with our investigations on the catalytic
asymmetric synthesis of l-diketones118(see: chapter.4.4.]). Moreover, itindicatesthat
the [1,5}alkyl shift is indeed stereospecific and occurs in a suprafacial mode, preserving the

absolute configuration in our system.
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Figured.11 Determination ofthe absolute configuration of pyrrolesl9band 120bvia CD

spectroscopy.
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4.4.5. Investigations @ the [1,5]-Methyl Shift

Computational studies were performea collaboration withY. Zheng (AK Prof. Thiel, MPI
Milheim)

Experimental investigations of the [1;8lkyl shift showed that under more ait
conditions and upon heatinthe amount of 2-pyrroles119 increasel. To determine the
energy barrier of the [1,5&lkyl shiftunder protonated and nomprotonated conditionswe
decided toperform computational studie®f the shift, using our modesubstrate 3-pyrrole
119a (Scheme4.44). The DFT calculations wereconducted for two different possible
conformers119al and 119a2 which were found to be similar ienergyand presumably
coexist in the reactionFor both conformers, he calculatedenergy barrierof the [1,5}
methyl shift wasdetermined to be approximately 30 kcahol* under non protonated

conditions Table4.9).

Schemed.44 Calculated [1,5methyl shift of3H-pyrrole 119ain the non protonatedstate.
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Table4.9 Computed relative energ\g), enthalpy H) and free energy@) at the B3LW-
D3/TZVP level (energy in koadl ™).

Compound E H G
11%:-1 0 0 0
TS-1 29.7 29.7 29.8
120a1 5.1 -5.2 -4.9
119a2 0 0 0
T®-2 29.7 29.7 29.7
120a-2 -4.9 -5.0 -4.8

In analogy, the [1,5inethyl shiftof both conformers of the corresponding protonated
3H-pyrrole speciesl19were calculated(Schemet.45). Remarkablyupon full protonation of
the nitrogenwith a strong acidthe calculatedactivationbarrier of the [L,5]-methyl shiftwas
found to belowered significantlyto approximately 20 &al mol* (Table4.10). This result
clearlysuggestghat the [1,5}alkyl shift is indeedcid-catalyzed although the energy barrier

is loweredessapplyingweaker acids such as diphenyl phosphate.

Schemet.45 Calculated [1,5methyl shift of3H-pyrrole 119ain the protonatedform.
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Table4.10 Computed relative energ)E), enthalpy H) and free energy®) at the B3LYP
D3/TZVP level (energy in koadl ™).

Compound E H G
11%-H1 0 0 0
TS-H1 19.2 19.3 19.0
120aH1 -9.2 -9.2 9.1
119aH2 0.1 0.1 0.1
TS-H2 19.2 19.3 19.0
120a-H2 -9.0 -9.0 -9.0

4.4.6. Summary

In conclusion, we developed a divergent catalytic asymmetric synthe8l4-dfl9and
2H-pyrroles 120 via an interrupted Fischer indolization and subsequent[1,5]-alkyl shift.
Applying SPINGderived phosphoric aci® TRIP1Qa), we could obtain a variety of different
pyrroles ingood toexcellent yields and enantioselectivitiéhe [1,5}alkylshift was found to
be suprafacial,preserving the absolute configation of our products.Moreover, DFT
calculations show that the [1,5hethyl shift is acid catalyze@Remarkablyjnitial biological
evaluationsin celltbased assaysevealed rac-2H-pyrrole 120b as an inhibitor of the
Hedgehog signaling pathway withhalf-maximal inhibitory concentration (¢} in the uM
range (4.31-6.23 uM). Further investigationson the biological activityof these novel
structure motifs are still ongoingTo the best of our knowledge, this is the first

organocatalytic approach tok8 and ZH-pyrroles.
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5.  Summary

5.1. The Organocatalytic Asymmetric Approach to Helicenes

Helicenes are interesting compods with unique properties which have attracted
considerableattention in fields such as catalysis, material science or biology in the last few
years. Howevercatalytic asymmetricapproachesto helicdly chiral moleculesare still
challenging since thescrew sense andot a commonstereogeniccenter has to e
controlled. Thus, nost approaches to enantiopure helicenes aséll based on chiral
auxiliaries, chiral starting materials or on transition metal catalygieereas organocatalytic

approacteswere unprecedentedorior to this work.

We developed a completely new access to these important scaffolds, applying a
catalytic aymmetric Fischer indolizatidif*® Considering the challenges of this
transformation, we hypothesized that a catalyst with special lersgihle requirements
should be able to control the screw sense of our heliceméhich is indeed a phenomenon
of the nanoscaleThus, weassumed that the catalyst would nRe S E (i SguBsStients
gKAOK 0O2dz R L ( StadkinginferfadionsSwitia thed fSrmetipglyaromatic
enehydrazine intermediatecreatinga chiral nanometer sized pocket. Indee@pdying novel

SPINOLderived phosphoric aciti9c which wasspecially designed fahis transformation

(5 mol%)

Amberlite® CG50
CH,Cly, -7 °C

113 114

14 examples
up to 98% vyield
er up to 96:4

Schemes.1 Catalytic asymmetric synthesis of azaheliceh&s
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and bearsSE( Sy REMIF F 0S& -subistituents, Saffomle oa@riety of different
azahelicened415in high yields and enantioselectiviti€Schemeb.1). The modular naturef
this approactallows a variation of the apical substituenf)Rr the terminal substituents on
the hydrazine and ketone {RR), respectivelywhich enablesa broad sibstrate scopefor
this transformation.Moreover, the obtainedazahelicened.15 canbe readily converted to

the corresponding polyaromatic compousii68using chloranil as an oxidant.

Remarkablythe methodology could bextendedto the catalytic asymmetric synthesis
of bisazahelicene&65, gererating compoundl65ain 94:6 er(Scheme5.2). Interestingly,
compoundl65awas obtained as mono beglated productjosingone benzyl group during
the reaction, presumably due to the release of benzyl amine via a different reaction
pathway. The selectiveloss of one benzyl group allowed modifications of compoa68a
such as the introduction of differérgroups on the free nitrogen, generating bisazahelicenes

165band165cin high yields

NH, NH, QO

H
‘ ‘ i) (S)-19¢ (20 mol%), CG50 N—Bn

o gN N-g, i) chloranil oxidation e O
- ==
N

164 158a

R-Br 165b R= Bn: 89%

NaH [E 165a R=H: 43% (over 2 steps), 6:94 er
165¢c R=PIB: 88%

Schemes.2 Catalytic asymmetric synthesis of bisazahelicelGs

We further investigated our novel helicenes, applying a racemization stafly
polyaromatic helicenel68. The energy barrierof compound168 was found to be 172.2
0.4kJ mot, a value which isimilar to theracemization barriereported for [7]helicenes
(175.1 kdnol™).***3 Moreover, CD spectra of compoun(®-115a (M)-115aand ©)-168
were recorded and compared to thkterature known CD spectrum of R)-[6]helicene,
showing a sigificant agreement in the CD characteristit€**® Thus, we could asibe
independently(P) (dextrorotatory) and(M) (levorotatory) helicity of our products, applying
both, CD spectroscopy anaray crystallography.
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5.2. Catalytic Asymmetri®earomatizingSynthesis of 4-Diketones

A furtherobjective of this work was thdevelopment of an interruptedariation of the
catalytic asymmetric Fischer indolizatjogenerating enantiopure 1,4diketones 118.
Considering the mechanisof the Fischer indolizatigmonaromaticdiimine specied70are
generated after the enantiodetermining [3;8]gmatropic rearrangementVe developed a
methodology tohydrolyzethese intermediates in situ, giving access to enantioenriched 1,4
diketones 118 via an interrupted Fischer indolizatiofscheme5.3). The introduction of
substituens ortho to the hydrazine groupvas found to be crucial angrevents the common

rearomatization, therefore allowing the trapping déaromatizeddiimines170.

2
4 2 R4 [HX] +2 H20 R R*
R* + RS o ¢ B3 TN, R *
NH 3 0
0~ "R®
17o 118

R1 R2¢H
116 169cc

Schemeb.3 Concept of the catalytic asymmetric synthesis ofdikktones118.

Applying the SPIN@lerived phosphoric aci®TRIP10a), a variety of different 1,4
diketones118 could be obtained in generally high yields, diasteraod enantioselectivities
(Schemeb.4). Interestingly, the addition of benzoic acid was found to have a beneficial effect
on the reactivity without diminishing the enantioselectivilyoreover,the addition of water
was found to be necessary to enalitee completehydrolysis ofdiimines 170 without side
product formation.Remarkably, the reaction also tolerates heterocyclic ketones, generating

the corresponding products in good yields and enasgiectivities.

iPr ’ iPr
' (R)-19a
/@\ 0 «Ry R3 16 examples
R R2 + Hj\ 4+ + HO o i . R! - up to 81% vyield
N . R (5 mol%) iPr o ‘H er up to 99:1
N R .
NH; Amberlite® CG50, PhCO,H 07 R dr up to >20:1
116 117 p-xylene, 40 °C 118

Schemeb.4 Catalytic asymmetridearomatizingsynthesis of 1,4liketones118.
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5.3. The Divergent Enantioselective Synthesis of aHd 3HPyrroles

Inspired bythe development of a catalytic asymmetric synthesid @gkdiketones118
via an interrupted Fischer indolization, we envisioned a similar approach to the
corresponding B-pyrroles119 which were indeed formed as side products if the reaction
was conductedvithout the addition of water.Thus, unning the reaction in the absence of
water shouldexclusively providéhe correspondingenantiopure3H-pyrroles119, interesting
and novel structure motifs with potential bioactivities. Additionallye envisioned thata

subsequent [1,5hlkyl shift of compound$19would give access t@H-pyrroles120as well.

Indeed, @plying the SPINGderived phosphoric aci® TRIP10a) afforded thedesired
3H-pyrroles 119 in good yields and excellent enantiosetigities (Scheme5.5). As already
describedpreviously(chapter4.3), the addition of benzoic acid was found to accelerate the
reaction without diminishing the enantioselectivity. Moreover, the addition of molecular

sieves was crucial to prevent the formatiofithe corresponding 1,4liketones118.

6 examples
up to 83% yield
er up to >99.5:0.5

_NH -
HN 2 0 Q
R® 10 mol% Pr 3
NN ° iPr
R +
NG, X PhCO,H (1.0 equiv.)
116

Amberlite® CG50,
4A MS, p-xylene, 20 °C

117

Schemeb.5 Catalytic asymmetric synthesis oHgyrroles119.

Previous reports in literature show the conversion &f@yrrolesto 2H-pyrroles via a
thermally or acid inducedigmatropid1,5]-alkyl shiftl***°? However, in contrast to [1,5H
shifts, the stereospecifity of [1,5lkyl shifs has, to the best of our knowledge never been
confirmed prior to this work.Remarkably, reating enantiopure Blpyrrole 119a with
stoichiometric amounts of diphenyl phosphate afforded the correspondidgpyrole 120a
in full conversion andvithout loss of enantiopuritySchemeb.6) which givesa selective

access to both, enantioenrichedH3119and 2H-pyrroles120.
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y
DPP (1.0 equiv.) Yo{ | |
O‘ s T = Clq
toluene-dg (0.1 M) { TN

45°C,15h

119 full conversion .
er = 98:2 [1,5]-methyl shift

Schemeb.6  Stereospecific [1,5Methyl shift of 3H-pyrrole 119,

EmployingSTRIP1@a) as catalyst and adding diphenyhl phosphate to the reaction
mixture after full conversion of the hydrazoneffarded avariety of different 24-pyrroles
120 in good yields and enantioselectivitieScheme5.7). In this case, alsohe use of
heterocyclic ketones was also possib&though the products were obtained in slightly
lower yields and enantioselectivitieRemarkablyrac-2H-pyrrole 120b was found to inhibit
the Hedgehog signaling pathway with a haibximal inhibitory concentration (¢} in the
MM range (4.31:6.23 uM) in initial celtbased assay$-urther biologicalnvestigationsand

studies on the mode of actioof these novektructure motifs are still ongoing.

HN’NHZ o i. (S)-19a (10 mol%)
R3 PhCOZH (10 equiv.) 15 examples
X X i
ad + Amberlite® CG50, up to 90% yield
N . er up to 95:5
2 X 4A MS, p-xylene, 40 °C
116 1

ii.DPP (0.5-1.0 equiv.)
40°C, 12 h

117

Schemeb.7  Catalytic asymmetric synthesis oHzyrroles120.

The absolute configurations of pyrrolesl% and 120b were determined via CD
spectroscopy, comparing the experimental CD spectra WidB3LYHD3/TZVP calculated CD
spectra Both pyrroles119b and 120b were found to be(S-configured, using theR)-
enantiomer of the catalysivhich is in agreement witbur work onthe catalytic asymmetric
synthesis of 14liketones118 (see: chapter4.3.4). Moreover, this resultlearly indicates

that the [1,5]-methyl shift is stereospecific and occurs in a suprafacial mode.
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6. Outlook

The work described ithe previous chaptershows thepotential and generality of the
catalytic asymmetric Fischer indolizatidhis a mildyet powerful transformationwith plenty
of interesting opportunitiesand challenges ad beside the presented resulthere isstill a
lot to be discovered Moreover, transformations such as [1;&lkyl shifts have been

investigatedwhichopennew and interestingesearch projects.

6.1. Further Developmentsof the Catalytic Asymmetric Synthesis of

Helicenes

Regarding the catalytic asymmetric synthesis of azaheliceldés via a Fischer
indolization,a more detailed insight o the reaction would benterestingto reveal the
interactions between the catalysind the intermediate in the transition state. In general,
OFdl feada o kibstituets weseyfBuSdRto have a beneficial effect on the
SYylLyGAaz2aSt SOGADAGE ¢ KA-Disracidasdzétireendte sulitdedts (0 2
and the intermediate To gather more information abouthese interactions, a detailed
computational study of the transition state would be highly appreciated and would show

which specificinteractions are involved in our transformation.

Moreover, an extersion of this concept to helical polymer$82 would be an
interesting project(Scheme6.1). The successful application of a double Fischer indolization
could already beealized(see:chapter4.2.4), generating thecorrespondingbisazahelicene
165ain good yield and enantiomeric exce#gplying bishydraziné@58aand bisketonel81
could potentially provide the corresponding helical polym#&82 after a subsequent
oxidation step. Moreover, other bishydrazines and bisketones couldeineployedfor this

transformation as well.
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0
N %
HoN” *NH, + O LA
[O]
158a 181

182

Schemes.1  Potentialpolymerizationvia a catalytic asymmetric Fischer indolization.

6.2. Further Developmens of the Dearomatizing Catalytic Asymmetric

Synthesis of 1Diketones

The development of a catalytic asymmetric dearomatizing synthesis afiletiones
118 shows the potential of Fischer indolization reactions. However, a current limitation is
still the use of phenyl derived hydrazineand noncyclic ketones which deliver the
corresponding products in lowiglds and enantioselectivitieg\n extension of this powerful

methodology to hese scaffolds would be highly appreciated and would show the generality

(e}
O
1180 118p
<5% < 5%,
>20:1dr, 77.6:22.4 er 70:30 er
catalyst 19a catalyst 19e
(e}
2
3 [HX*] R4
R rR=. , R ﬂﬁ G . R R
HN. R ’
NH, 0 (A
R', R? = Ar

116 117 118

Schemeb.2 Potential further developments of the catalytic asymmetric synthesis of 1,4
diketonesl118via an interrupted Fischer indolization.
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of this transformation $cheme®6.2). Initial experimentsrevealed that the more acidic
phosphoric acid9eis able tocatalyze the reaction of hydrazirid6aand acetone, although
in low yield andenantioselectivity Therefore further investigations of more acidic Brgnsted

acids seem to be promising for this transformation.

6.3. Kinetic Resolution 08H-Pyrroles via a [1,5Alkyl Shift

[1,5]-Alkyl shifts are powerful transformations1 organic synthesekowever, to the
best of ar knowledge, they have never been applied to a kineBsolution. Initial
experiments show thepossibility of akinetic resolution of Bi-pyrrole 119a via such a
sigmatropic [1,5]-methyl shift (Scheme 6.3a). Remarkably, pplying SPINOiderived
phosphoric acidSTRIP104a) as catalyst results ina promising dactor of 6 under non
optimizedreaction conditions.An extension of this methodologynd the development of a
kinetic resolution of simple B-pyrroles of typel85 via this strategy would be dfiuge
interest and would provide a newccessto enantiopure 3H- 185 and ZH-pyrroles 186
(Schemes.3b).

(R)-19a (5 mol%) N
CG50 (500 mg/mmol)
+
toluene (0.035M) O‘

a)
45°C, 23 h
rac-119a 37% conversion (S)-119a (R)-120a
s=6 er=67.5:32.5 er = 80:20
3 3
R2 R RZ R RZ R3
R* [HX*] R
b) / """"""""" > / + R4
RN RS kinetic resolution RS RS R' \N RS
rac-185 (S)-185 (R)-186

Scheme5.3 Potential kinetic resolution of 3-pyrroles185via a[1,5]-alkyl shift.
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6.4. Kinetic Resolution of Indolenines via a WagnerMeerwein

Rearrangement

Inspired by the kinetic resolution ofHz3pyrrole 119a via a [1,5]alkyl shift, we
envisioned a similar approach to enantioenriched indolenit®&s The application of a chiral
Brgnsted acidhould enablea kinetic resolution of thesecaffoldsvia a WagneMeerwein
rearrangement. Initial experiments indeed show the possibility of this transformation,
affording indolenine 187a in a promising enantiomeric ratio of 63:37employing
imidodiphosghoric acid23b as catalyst(Scheme6.4a). A more careful investigation and
optimization ofthe reaction parametewould readily provide a new access to enantiopure

indoleninesl87, interesting scaffolds with potentidlioactivities (Schemeb.4b).

Me  ph Me. ph Me Ph
23b (5 mol%)
Joe Cry - Crypn - Cope
N toluene, 0.1 M H
100 °C, 25 h
rac-187a o . 187a 188a 188b
64% conversion or = 63:37
R1 R2 O HO
[HX"]
by [\ seeeeeeeeeeeeeee- N / O
) /
N kinetic resolution
rac-187 S)-187 188 : Ar = 1-Naphthyl
: 23b

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

Scheme5.4 Potential kinetic resolution of diolenines 187 via a WagneMeerwein
rearrangement.
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6.5. BiologicalBEvaluation of Further 2H and 3HPyrrole Derivatives

Initial biological investigations in cdlased assays monitoring biological signal
transduction processes revealegc-2H-pyrrole 120b as an inhibitor of the Hedgehog
singaling pathway with a half maximal inhibitory concentrationgfli@ the uM range(4.31-

6.23 uM). More investigations opotential biological activities of these novel structure
motifs andcorrespondingstructurecactivity relationshipstudieswould be of huge interest

and could be a further future proje¢Figure6.1). For instance, different substituents on the
hydrazine moiety (R R, R) could have an effect on the biological activity. Moreover,
different ring sizes and heteroaromatic ketones could be investigated as well. Also the use of
the corresponding pyrrole salendthe evaluationof both optically pure enantiomersould

be interesting tostudy.

N
- %
n
R R?
/"":ﬁ R3
119
-
rac-120b =
g 2 N= X
4.31-6.23 pM R
e
R1
3
120 R

Figure6.1  Chemicallibrary of 3H 119 and ZH-pyrroles 120 for structure-activity
relationshipstudies.
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7. Experimental Part

7.1. General Experimental Conditions

Solvents and Reagents

All solventsapplied in thereactions were dried using standard procedures or purchased

from commercial suppliers. Dichloromethane and chloroform were distilled oves. JaHr

was dried overMg-anthracene. Chlorobenzene was distilled oveiOf Ethanol and

methanol were dried over magnesium. Diethyl ether, tolueneandK SEI yS 6 SNB R NA
sodium. Anhydrous acetone, acetonitrile, beneenyclohexane, DMF, DME, DM $§ridine

YR MIBTMBBABI YJMZNOKF AaSR FNRY {A3AYlFn! f RNAOK |y
sensitive reactions were conducted under inert Ar atmosphere using standard Schlenk
G§SOKYAIljdz§a A ywafDry¥r§an WaslpBdRased frémiAdr Liquide with >99.5%

purity. Reagents were purchased from different commercial suppliers and used without

further purification unless otherwise stated

Thin Layer Chromatography (TLC) and Preparative Thin Layer Chromatogradi@) (PT

Reactions were monitored by thin layer chromataghy on silica gel or aluminium oxide
pre-coated plastic sheets ® mm, MachereyNagel). Visualization was accomplished by
irradiation with UV light at 254 nm and staining reager®fosphomolybdic acid (PMA)

stain: PMA (10 g) was dissolved in EtOH (1Q9. fAreparative thin layer chromatography

was conducted on silicagel p@2 I § SR It I aa Lt VRS F L{ LswitDnwmp | 4
0.25 mm and 1.0 mm Sjdayers (MachereyNagel) or aluminium oxide preoated glass

plates ALO2R5 U\, with 0.25 mm AIO; layers (MachereyNagel).

Column Chromatography (CC)

[ 2T dzYy OKNRBYI G423INFLIKE g+ a LISNF2NXYSR dzaiAy3a a.
Merck) or aluminum oxide (neutral, activated Brockmann |, Sigidach) as stationary

phase; (Activity II: 3%-,8, Activity 1ll: 6% 4D). The exact solvent mixtures are given in the

corresponding experiments.
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High Performance Liquid Chromatography (HPLC)
All measurements were conducted at 26, using commercial HRgfade solvents. Specific

solvent mixtures are gen in the individual experiments. Reversed phase HPLC analyses

were conducted on a Shimadzu LC 2010 C system. Following stationary phases were used:

5F A0St / KANI f OSt h 5 mehitalpak BEBR &n8 tellutokt RRINDro&
phase HPLC anagswere performed on a Shimadzu LC 2010 C sy$tellowing stationary

h 5

phases were used: Daicel Chiralcel OD3 and Daicel Chiralcel AD3. Preparative HPLC was
LISNF2NYSR 2y | {KAYIRidz [/ my! &8&aGSY S| dza LILIS

Nuclear MagnetidResonance Spectroscopy (NMR)

Proton, carbon and phosphorus NMR spectra were recorded on Bruker Avance 1ll 600 MHz,
. NHzZl SNJ ! @ yOS LLL pnn allmnm . NMzlSNJ! @l yOoS
spectrometer in deuterated solvents. Proton chemishifts are reported in ppmt | relative

to tetramethylsilane (TMS) with the solvent resonance employed as the internal standard
(CDCh, ¢ = 5.32 ppm; CDECA = 7.26 ppmCRCN4 = 1.94, DMSO! = 2.50 ppm D04 =

4.79. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = dotiblet,
triplet, g = quartet, m = multiplet, b = broad), coupling constants (Hz) and integraton.
chemical shifts are reported in ppm)(from tetramethylsilane (TMSyith the solvent
resonance as the internal standard ¢CD, 1 =53.84 ppm; CDGJ4 =77.16 ppm,CRCNt =
118.26 DMSQO! = 39.52 ppm)The'N-spectra and*Fspectra were referenced indirectly to

the referenced proton¥ NB |j dzSy O & -saalk itk thei fiicfrs 8.10136767 fot*N
(d(MeNO,) =0 ppm) and 0.94094011 fdfF (d(OFCk) = 0 ppm).*****¥ The®N chemical shifts
were determined fromthe indirect dimension of a&H*N-HMBC.Phosphorous chemical
shifts €'P) are reported in ppm J relative to HPQ, without using an internal standard. The

calibration of the xaxis was used as received from the automated data processing.

MassSpectrometry (MS)

Electron impact (El) mass spectra were recorded on a Finnigan MAT 8200 or a Finnigan MAT

8400 spectrometer. Electrospragnization (ESI) mass spectrometry was conducted on a
Bruker ESQ 3000 spectrometer. High resolution mass spectraraeoseded on a Finnigan
MAT 95 or Bruker APEX Il FTMS (7 T mad@dat)e reaction controls were conducted using
ASARMS (Advion Expression Compact Mass Spectrometer L, APCI/ASAP).
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hLIJGAOFE wRiddlFGAz2ya oh

Optical rotations were measured on an Autopol IVaaméatic polarimeter (Rudolph Research
Analytical). Unless otherwise stated, the optical rotations were measured &tC2at a
wavelengthok I pdoy yVYI dzaAy3a F pn YY OStt GAGK {°

are calculated in 10 mg riL

XiRayCrystallography

X-Ray crystal structure analyses were performed oRrateum X8 diffractometer Bruker
AXS Apex 2/SAINT and P11 Beamline, Petra Il synchrDtES$P11 GUI/XD@n Hamburg)
The software used for data collection and structure refinememsisted of SHELXSHELXL
andSHELXT

Circular dichroism (CD)
The CD spectra were recorded at 20 using a JASC@1D-150s spectropolarimeter and
precision cells (quartz suprasilpm, Hellma). Solven{#3iPLC gradend concentrations are

given in the corresponding experiments.

Catalysts

Chiral BINOHerived phosphoric acid$0 were kindly supplied by coworkers from the List
group andpreparedaccording to, or in analogy with tHagerature proceduresiescribed by
Akiyama, Terada and colleagué’>>'%1 spINOWerived phosphoric acids were synthesized
according to, or in analogyith reported literature procedures.2¢5112113 | jterature known
phosphoric acid STR1IRawas generously provided by techniciaarsd synthesized following

a literature procedurd?®>®

BiologicalSreenings

Biological screeningsere conductedby the Compound Management and Screening Center
(COMAS) in Dortmund under the supervision of Dr. S. Sievers.

Sgnal transducthn assays through the Hedgehog pathway were conducted, usmgse
embryonic mesoderm fibdolast C3H10T1/2 celltJpon treatment withthe SMO agonist
Purmorphamine these multipotent mesenchymal progenitor cells can differentiate into

osteoblasts During differentiation osteoblast specific genes such as alkalihnegphatase
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(ALK are highly expressedhe alkaline phosphatase activity can be monitored via substrate
hydrolysiswhich generatesa highly luminescent productn inhibition of the Hedgehog
pathwayleads toa reducedluminescencé 162164

Small molecué inhibitor screeningf the Hedgehogpathway were conducted in 384 well
format. 800 Cells per well were seeded agwbwn overnight after which the compounds
were added to a final concentration of 10 uM using acoustic nanoliter dispenser ECHO 520.
After one hour, Purmorphamine was added tdiaal concentration of 1.5 puM, whereas the
corresponding control celiwere not treated withPurmorphamine. After four days, thelte
culture medium was aspirated commercial luminogenic ALK substrdCDFStar, Rocé)
was added and feer one hour, luminescence was readt the same time, el viability
measurements wereonductedto identify and exclude toxic compoundaich also lead to

a reduced luminescent signalFor te cell viability assag00 cellsper well wae seeded,
following the same praedure as described for the Hedgehog assay, uselh culture
medium aloneas control Cell Titer Glo reagent (Promega), determinitige cellular ATP
content, was usedto measurethe cell viability.Hits weredefined showing at least a 50%
reduction in the luminescent signal in theedgehogassayand a minimum of 80% cell
viability. A threefold dilution curve starting from 10 puM was used to carry out dose
response analysisof hit compounds For the calculations othe IGy values Quattro

software suite (Quattro Research Gmbi§s used

110



7. Experimental Part

7.2. Synthesis of SPINERerivedPhosphoric Acids

separation of O
OH enantiomers
)J\
preparative
HPLC

121 rac-128 (R)-128 (S)-128 130

precursor for
SPINOL-derived
phosphoric acids
|\ J

Racemic SPINO128) was synthesizetbllowing a literature reportedrocedureby Birman

and coworkersvith minor modifications'?*>*'4 The resolution of racemic SPINQR§) was
accomplished by preparative HPLC (Chiralpaksthexanegthanol 85:15, flow rate 50.0

mL/min). Fortheah a mLINR G SOGA2Y YR RAAZRAYIGAZBY 2F S
i KS LINR G2 02f NELR2NISR o¢@ wK2dz | yR O2mg 2

mod ificaﬁOns_[ZS,SS,llgl

4,4,5,5Tetramethyl-2-(pyren-2-yl)-1,3,2-dioxaborolane(133)

O"‘

S
CompoundL33was synthesizetbllowing a literature procedur&?
Purification: hexane:CkCh (2:1),colourlesssolid, 1.24 g, 33% yield.
'H NMR(500 MHz, CDgH = 8.67 (dJ= 15 Hz, 1H), 8.64 (d= 15 Hz, 1H), 8.17 (A= 7.6
Hz, 2H), 8.12 (dl= 9.0 Hz, 2H), 8.06 (d= 9.0 Hz, 2H), 8.02 #= 7.7 Hz, 1H), 1.48 (s, 12H)
ppm.
3¢ NMR(125 MHz, CDgl4 = 131.8, 131.5, 130.5, 127.9, 127.4, 126.51, 126.48, 125.0,
124.7, 84.3, 25.2 ppm.
MS (EI)m/z (%): 328 (66), 269 \7242 (11), 228 (100), 202 (11), 59 (20), 41 (26).
HRMSESIn/z calculated for &H,1O,BNa (M+N§ 351.152679, found 351.152670.

The obtained data are in agreement with those reported in literattié.
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Pyren-2-ylboronic acid(134)

’ B(OH),

Compoundl34was synthesizetbllowing a literature proceduré?

Purificaion: Filtration, washing with hexanegplourlesssolid, 520 mg, 83% vyield.
Compoundl34was nd fully characterizedlue to dimer and trimeformation of the boronic
acid and waslirectlyused as a mture for the subsequent coupling step.

MS (EI)m/z (%):684 (100), 202 (10).

(9-7,7-Bis(methoxymethoxy)6,6-di(pyren-1-yl)-2,2',3,3tetrahydro-1,1-spirobi[indene]
(131

A Schlenk tube was charged with pyrehdoronic acid (935 mg, 3.79 mmol), 3RQ,

(805mg, 3.79 mmol) and mc = ¢c UESTMATDRZ2 0 YSIK2E&@YSUK2E@ O TTH X
spirobiindane §-130 (250 mg, 0.42 mmol). The solids were set under argon, taken up in
toluene (15mL) and degassed for 15 min. fdbay (7.69 mg, 0.008 mmol) and SPhos
(13.8mg, 0.034 mmol) were added and degassing was continued for 10 min. The mixture

was stirred at 100C for 20 h. After coolindown to room temperature, HO and ChkCb

were added and thdayerswere separated. The aqueous layer was extracted withzH

and the combined organic layers were washed with brine and dried owS@lalrhe solvent

was removed under reduced pressure and the residue was purified by column

chromatography on SO

Due to the presence of different rotamers, NMR assignment wak pussible. The

compound was used without further characterization for the next step.

Purification: hexaneEtOAQ22:1MELOAG, yellow solid279mg, 90% vyield.

112



7. Experimental Part

MS (El)m/z (%): 740 (79), 664 (100), 319 (97), 305 (83), 289 (20), 45 (48)
HRMS(ESIn/z calculatedfor GsHseOsNa (M+N3) 763.281882, found 763.282050.

(9-7,7-Bis(methoxymethoxy)6,6-di(pyren-2-yl)-2,2',3,3'tetrahydro-1,1-spirobi[indene]
(139

Compoundl35was synthesizedbllowing the same procedure atescribedfor compound
131, applying §-diiodide 130 (190 mg, 0.32 mmol) and boronic aciB4 (630 mg,
2.56mmol).

Purification: hexaneEtOAQ2:1), yellowsolid,209mg, 88% vyield.

'H NMR(500 MHz, CDgH =8.40 (s, 4H), 8.20 (d= 7.6 Hz, 4H), 8.13 (d= 9.0 Hz, 4H),
8.11 (d,J= 9.0 Hz, 4H), 8.01 (= 7.7 Hz, 2H), 7.41 (@= 7.6 Hz, 2H), 7.18 (@ 7.6 Hz, 2H),
4.38 (d,J= 5.4 Hz, 2H), 4.22 (@= 5.5 Hz, 2H), 3.23.20 (m, 4H), 2.82.74 (m, 2H), 2.67 (s,
6H), 2.482.43 (m, 2H) ppm.

3¢ NMR(125 MHz, CDgh =152.4, 145.8, 142.8, 137.8, 133.4, 131.5, 131.3, 131.2, 127.7,
127.6, 126.0, 125.2, 124.7, 123.7, 120.6, 99.0, 60.3, 56.6, 39.8, 3.5 pp

MS(ESI/z: 763 (M+N3J).

HRMS(ESIn/z calculatedfor GsHscOsNa (M+N3) 763281879 found 763282130
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(9-7,7-Bis(methoxymethoxy)6,6-di(1,2,3,4,5,6,7,8€ctahydro-1,4:5,8diethanoanthracen
9-yl)-2,2',3,3*tetrahydro-1,1-spirobi[indene] (136)

The  corresponding aryl bromide (9-bromo-1,2,3,4,5,6,7,&ctahydro-1,4:5,8

diethanoanthracenpwas developed and generously provided by M. R. Morddo.

A flamedried three neck flask was charged with freshly smashed Mg (77.0 mg, 3.15 mmol)
and set under argon. A minimuramount of anhydrous THF,-Bromo-1,2,3,4,5,6,7,8
octahydro-1,4:58-diethanoanthracenein THF 6 &1 mL) and a few drops of 1;2
dibromoethane were added and the Grignard was initiated by local heating (heat gun). The
remaining THF (3mL in total) and 9bromo-1,2,3,4,5,6,7,&ctahydro-1,4:5,8
diethanoanthracenen THF (200 mg, 0.63 mmol in total) were added dropwise to keep the
reaction refluxing. After complete addition, the reaction was refluk@dl6 h and cooled to
ambient temperature. A flame dried Schlenk tube was charged Wi(RPh),CL (12.5 mg,
0.019mmol) and §-130 (75 mg, 0.126 mmol) in anhydrous THF (L3} and the Grignard
solution was added dropwise. The reaction was refluxed for 16 h, cooled to ambient
temperature and quenched by addition of®l andsat. NH,Clsolution. The aqueoukyer

was extracted with CkCL and the combined organic layers were washed with bramel

dried over NaSQ. The solvent was removed under reduced pressure and the crude mixture

was purified by column chromatography.

Purification: hexaneCHC} (4:1), colourlesssolid,69 mg, 67% yield.

'H NMR(500 MHz,CDG)) + =7.01 (d,J= 7.5 Hz, 2H), 6.89 (d= 7.5 Hz, 2H), 6.88 (s, 2H),
4.00 (dJ= 4.5 Hz, 2H), 3.85 (@ 4.4 Hz, 2H), 3.3827 (m, 2H), 3.18-04 (m, 2H), 2.95 (bs,
4H), 2.822-76 (M, 4H), 2.7:2.71 (m, 2H), 2.50 (s, 6H), 2:329 (m, 2H), 1.78.56 (M, 18H),
1.451.26 (m, 14H) ppm.
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3¢ NMR(125 MHzCDG) 1 = 151.8, 145.3, 143.2, 141.4, 141.0, 13938.7, 131.4, 130.8,

130.0, 119.8, 118.6, 98.0, 60.7, 56.3, 42.0, 34.62, 34.57, 32.0, 31.2, 30.7, 27.2, 26.93, 26.89,
26.42, 26.38, 25.3, 25.2 ppm.

MS (EI)m/z (%):812 (24), 736(100), 369 (24), 341 (12).

HRMS(ES) m/z calculated for §Hs4OsNa(M+Na) 835469679 found835.469630

(9-6,6-Di(pyren-1-yl)-2,2',3,3 tetrahydro-1,1-spirobi[indene} 7,7"-diol (189)

To a solution of9-1,1-(7,7-bis(methoxymethoxyp,2',3,3*tetrahydro-1,1-spirobi[indene}
6,6-diyl)dipyrene §-131 (285 mg, 0.38 mmol) in a mixture of MeOH (81 and CHGK3.5

mL), conc. HCI (2.811) was added dropwise. The reaction was heated to reflux for 6tar Af
cooling to room temperature ¥0 was added, the layers were separated and the aqueous
layer was extracted with GBb. The organic layer was washed with Nakl@al brine and
dried over NaSQ. The solvent was removed under reduced pressure and theuesichs

purified by column chromatography on SiO

Due to the presence of different rotamers, no clear assignment of the signals was possible.
Purification: hexane:EtOAdGB:1), yellow solid, 240 mg, 97% yield.

'H NMR(500 MHz, CDgH = 8.327.63 (m, 16H), 7.37 (d= 9.3 Hz, 1H), 7.2ZB22 (m, 2H),
7.047.02 (m, 3H), 5.08.87 (m, 2H), 3.2%8.10 (M, 4H), 2.62.52 (m, 4H) ppm.

3¢ NMR(125 MHz, CDgI = 150.34, 150.29, 150.2, 145.9, 145.8, 145.75, 145.65, 132.82,
132.76, 132.6, 185, 132.4, 132.2, 131.9, 131.8, 131.5, 131.45, 131.40, 131.24, 131.16,
131.12, 131.09, 130.8, 129.74, 129.66, 129.4, 129.3, 128.8, 128.6, 128.5, 128.4, 128.2, 128.0,
127.91, 127.86, 127.8, 127.69, 127.66, 127.53, 127.47, 126.3, 126.2, 126.0, 125.9, 125.8,
125.7, 125.6, 125.53, 125.45, 125.32, 125.29, 125.22, 125.18, 125.10, 125.05, 124.97,
124.94, 124.86, 124.8, 117.34, 117.28, 117.22,117.17, 58.9, 58.8, 38.5, 38.2, 37.9, 37.8, 31.6

ppm.
MS (EI)m/z (%): 652 (100 345 (9), 326 (26), 307 (19), 202 (7).
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HRMS(EI)m/z calculated for ¢zHs,0, (MY 652.240228, found 652.240693.

(9-6,6-Di(pyren-2-yl)-2,2',3,3 tetrahydro-1,1-spirobi[indene}7,7"-diol (190)

Compoundl190 was synthesizedbllowing the same procedure aescribedfor compound

189, employingMOM-protected compound135(180 mg, 0.24 mmol).

Purification: hexaneCHCL (1:1), yellowto greenishsolid,130mg,83% yield.

'H NMR(500 MHz, CDgI = 8.30 (s, 4H), 8.17 (d= 7.6 Hz, 4H), 8.07 (d= 9.0 Hz, 4H),
8.04 (d,J= 9.0 Hz, 4H), 7.99 (= 7.5 Hz, 2HY.45 (d,J= 7.6 Hz, 2H), 7.07 (@ 7.6 Hz, 2H),
5.39 (s, 1H), 5.30 (s, 1H), 3285 (m, 4H), 2.62.47 (m, 4H) ppm.

13C NMR(125 MHz, CDgk =149.9, 145.8, 135.3, 132.5, 131.6, 131.5, 131.2, 127.9, 127.5,
127.3, 126.0, 125.8, 125.2, 124.6, 123.8, 117.9, 58.8, 38.1, 31.5 ppm.

MS (El)m/z (%):652 (100), 345 (10), 307 (10).

HRMS(ES{) m/z calculated for GaHs:0, (M-H") 651.232955found651.232450.

(9-6,6-Di(1,2,3,4,5,6,7,8ctahydro-1,4:5,8diethanoanthracen9-yl)-2,2',3,3*tetrahydro-
1,1-spirobi[indene}7,7-diol (191)

Compound191 was synthesized, following slightly modified procedure adescriked for
compound 189, employing MOM-protected compound 136 (68 mg, 0.08 mmol). Due to
solubility issues, a concentration of 0.02 M was used. The reaction was heated to reflux for

24 h. Compoundl91was usedn the next stepwithout any further purification
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Colourlessolid,58 mg,99%yield.

H NMR(500 MHzCDG) { =6.93 (s, 2H), 6.88 (d=7.5 Hz, 2H), 6.85 (d= 7.5 Hz, 2H), 4.55

(s, 2H), 3.1B-08 (m, 4H), 2.98.97 (m, 2H), 2.92.93 (m, 2H), 2.72.74 (m, 2H), 2.62.66

(m, 2H), 2.5@.44 (m, 2H), 2.38-31 (m, 2H), 1.74.52 (m, 16H), 1.40-31 (m, 10H), 1.28

1.20 (m, 6H) ppm’C NMR(125 MHz,CDG) + = 150.5, 144.8, 141.9, 141.7, 140.6, 140.4,
133.2, 129.8, 125.9, 123.5, 119.5, 116.1, 59.1, 38.8, 34.6, 34.5, 31.5, 30.9, 30.6, 26.7, 26.55,
26.52, 26.44, 26.37, 26.3, 26.1 ppm.

MS (EI)m/z (%):724(100), 695(7), 314(25).

HRMS(ES) m/z calculated for gHs¢O:Na(M+Na) 747.417249 found747.417540

(R-12-Hydroxy-1,10di(pyren-1-yl)-4,5,6, #tetrahydrodiindeno[7,1-de:1',7*-
fg][1,3,2]dioxaphosphocine 1dxide (199

At0°CPOGH NnNT >[X ndyo YY2f0 ¢RIBIRIHR.6mA)I a&a2f
in anhydrous pyridine (6.51L) and the resulting mixture was heated to 80 in a stopper
sealed flask. After 24 h eolourlessprecipitate was formed and the mixture was again
cooledtoOc / ® ™ I n Tt RIA @ahéE HO/(BnlL)dvereadded and the reaction was heated

to 100 °C for 24 h until the precipitate was completely dissolved. At ambient temperature
the mixture was acidified with 10% HCI and extracted withGEHThe combied organic
layers were dried over MgQQOthe solvent was removed under reduced pressure and the
residuewas purified by column chromatography on Siasing CKHCb:MeOH (50:1 to 20:1)

as elent. The obtained product wadissolved in CKb (150 mL) and thaoughly washed

with 4 M HCI to remove salt impurities and completely protonate the catalyst. The organic
layer was separated and evaporated to dryness. The residue was dried in vacuo to give

catalyst R)18c¢(850 mg, 74%) as a light yellow solid.

The NMRspectra were recorded at 60C in DMS@s. Due to the presence of different

rotamers, no clear assignment of the signals vpassible. Based on NM&nhalysis we
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assume that there are twgairs of closely modifiedotamers, which give a total of four
signals for each atom. These signals often overlap, which makes an assignment difficult. The
purity of the catalyst was confirmed by HPLC (Chiralpal3AiBheptanei-propanol:TFA
96:4:0.1, mL/min).

[a]% = +1020 €= 0.20, CkC).

H NMR(500 MHz, DMS@g, 60°C} = 8.257.76 (m, 18H), 7.3%.23 (m, 4H), 3.38.27 (m,

2H), 3.083.01 (m, 2H), 2.52.55 (m, 2H), 2.32.23 (m, 2H) ppm.

3¢ NMR(125 MHz, DMS@g, 60°C)t = 145.1, 145.1, 144.9, 144.0, 143.94, 143.89, 143.8,
141.0, 140.2, 133.9, 133.8, 133.6, 133.5, 132.74, 131.66, 131.6, 131.0, 130.9, 130.6, 130.5,
130.4, 130.2, 130.1, 129.7, 129.5, 129.3, 128.8, 127.8, 127.0, 126.93, 126.90, 126.8, 126.7,
126.3, 125.81, 45.78, 125.7, 125.6, 125.1, 124.7, 124.44, 124.38, 124.2, 124.0, 123.73,
123.70, 123.4, 123.2, 121.5, 120.6, 59.3, 59.2, 38.7, 38.4, 29.6 ppm.

31p NMR(202MHz, DMS@lg, 60°CH =bMH ®Yy S b Mo ®nsE bmo ®H LILIY ®

MS (El)m/z (%): 714 (100), 357 (31), 289 (9).

HRMS(ESIn/z calculated for GaHs:04P (M+H) 715.203271, found 715.202905.

(9-12-Hydroxy-1,10di(pyren-2-yl)-4,5,6, #tetrahydrodiindeno[7,1-de:1',7*-
fg][1,3,2]dioxaphosphocine 1-dxide (19d)

Compoundl9d was synthesized, following the same proceduredascribedfor compound
19¢ starting from SPINGderived compound.90(107 mg, 0.16 mmol).

Purification: hexaneEtOAd1:1H1:2).

The obtained product was redissolved in,Ckand thoroughly washed with 4 M HCI to
remove salt impurities and completely protonate the catalyst. The organic layer was
separated and evaporated to dryne§he residue was dried in vacuo, affordicagalyst @ 1
19d(110mg,96%) as a light yellow solid
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H NMR(500 MHz, DMS@s) { =8.36 (s, 4H), 8.21 (d= 7.7 Hz, 4H), 8.10 (s, 8H), 7.994,

7.6 Hz, 2H), 7.57 (d= 7.7 Hz, 2H), 7.36 (d= 7.7 Hz, 2H), 3.28.22 (m, 2H), 3.02.98 (m,

2H), 2.482.45 (m, 2H), 2.22.17 (m, 2H) ppm.

13C NMR(125 MHz, DMS@) { = 145.6 (dJ= 2.1 Hz), 143.1 (d= 8.4 Hz), 141.0 (d= 3.0

Hz), 136.0, 134.2 (d= 3.2 Hz), 130.6, 130.5, 130.3, 127.6, 127.2, 126.2, 126.1, 125.0, 123.6,
122.7, 122.3, 59.5, 38.8, 29.9 ppm.

3P NMR(202MHz, DMS@ig,) 1 ' 132 ppm.

MS(ES-) m/z: 713 (MH).

HRMS(ES)) m/z calculated for gzHzOsP (M-H") 713.188724 found, 713188970

(9-12-Hydroxy-1,10di(1,2,3,4,5,6,7,8ctahydro-1,4:5,8diethanoanthracen9-yl)-4,5,6, 7
tetrahydrodiindeno[7,1-de:1',7-fg][1,3,2]dioxaphosphocine 1-®xide (19€)

Compoundl9e was synthesized, following the same proceduredascribedfor compound
19¢ starting from SPINGderived compound. 91 (60 mg 0.08 mmol).

Purification: hexane EtOAc 3:1¢olourlesssolid,44 mg, 70%yield.

H NMR(500 MHzDMSQds) ¢ =7.18 (d,J= 7.5 Hz, 2H), 6.95 (@= 7.5 Hz, 2H), 6.89 (s, 2H),
3.20:3.13 (m, 2H), 2.92.87 (m, 8H), 2.72.71 (m, 2H), 2.32.33 (m, 2H), 1.96.90 (m, 2H),
1.741.23 (m, 32H) ppm.

13C NMR(125 MHz, DMS@g) + = 144.3, 143.8, 140.9, 140.0, 139.5, 139.2, 138.6, 131.7,
130.2, 128.9, 121.318.6, 59.4, 38.5, 33.8, 33.6, 30.6, 30.3, 29.5, 26.3, 26.2, 26.1, 26.0, 25.7,
25.5, 24.9 ppm.

$1p NMR(202 MHZDMSGdg) ¢ =b12.5 ppm.

MS (E)m/z (%):786(100), 757 (72), 677 (23), 393 (11).

HRMS(ES-) m/z calculated for €3Hs4O4P (M-H) 785.376524 found785.377080
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7.3. The Organocatalytic Approach to Helicenes

7.3.1. Synthesis of Hydrazines

Hydrazined 13af were prepared according to the following procedure.

ProcedureA:

Unless otherwise stated,am-commercially &ailable hydrazinesiere synthesized from the
corresponding aminedollowing a literature procedurd’®¥ The corresponding aniline
(7.0mmol) was dissolved in concentrated HCI §13. To the solution, cooled in an ice bath,
a solution of NaNg(7.7 mmol) in KO (3mL) was added dropwise over 15 min. After stirring
the mixture at 0 °C for 10 mjra solution of Sng(15.4 mmol) in conc. HCI (3@) was
added dropwise and the retion was stirred for 30 miat 0 °C. The formed precipitate was

separated by filtration, dried under vacuum and was used directly for the following step.

NaNO,, SnCl, Ar<. _NH,

(A) Ar—NH,
HCI/H,0 H -HCI

ProcedureB:

Unless otherwise statedN-protected hydrazined 13were synthesized following a literature
procedure!’? Hydrazine137 or its hydrochloride salt37-HCI(4.0 mmol) was treated with
NaHC@ (1equiv. for the free hydrazine, Zequiv. for the hydrochloride salt) and the
appropriatearyl bromide 138 (8.0 mmol) in KO (4.5mL) at 100°C under vigorous stirring.
After 3 h the mixture was allowed to cool to room temptire and diluted with MTBE
(30mb). The organic layer was separated,edriover MgS@and concentrated under

reduced pressure. The residue was purified by column chromatography en SiO

NaHC03
Ar<  _NH
®) Are NH, * A" B —— o SN
N (Hch 100 °C, H,0 Q 1
Ar
137 138 113
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1-(3,5-Dimethylphenyl)-1-(4-iodobenzyl)hydrazing113a

Wy
@N
Compoundl13awas synthesized following procedure B.

Purification: pentane:MTBE (4:1), pale brown solid, 974 mg, 70% vyield.

HINMR (500 MHz, CDgl = 7.66 (dJ= 8.5 Hz, 2H), 7.06 (d= 8.5 Hz, 2H), 6.67 (s, 2H),
6.50 (s, 1H), 4.50 (s, 2H), 3.55 (s, 2H), 2.28 (s, 6H) ppm.

3CNMR (125 MHz, CDgH = 152.1, 139.2, 138.13, 138.05, 130.2, 121.3, 111.8, 93.0, 60.3,
22.1 ppm.

MS (El)m/z (%): 352 (24), 217 (9), 135 (100).

HRMS(EI)m/z calculated for GHi7N, | (M") 352.043646, found 352.043555.

1-(4-lodobenzyl}1-(naphthalene2-yl)hydrazine(113b)

Wy
”
Compoundl13bwas synthesized following procedure B.

Purification: pentane:MTBE (4:1), red solid, 415 18¢% yield.

'HNMR (300 MHz, CDgk = 7.767.72 (m, 2H), 7.68.64 (m, 3H), 7.44.37 (m, 2H), 7.31
7.26 (m, 2H), 7.07 (9= 8.4 Hz, 2H), 4.64 (s, 2H), 3.31 (b,s 2H) ppm.

BCNMR (125 MHz, CDgk = 149.3, 137.8, 137.1, 134.6, 130.0, 129.0, 12R0,5, 126.6,
126.4, 123.1, 117.1, 107.7, 92.9, 59.9 ppm.

MS(Em/z (%): 374 (29), 217 (8), 157 (100), 128 (51).

HRMSESIn/z calculated for GHisNoINa (M+N3) 397.017217, found 397.017385.

1-Benzyt1-(3,5dimethylphenyl)hydrazing1139
NHz

N
Compoundl13cwas synthesized following procedure B.
Purification: hexane:MTBE (9:1), yellow oil, 210 mg, 47% vyield.
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'HNMR (500 MHz, CDgl = 7.387.29 (m, 5H), 6.77 (s, 2H), 6.52 (s, 1H), 4.58 (s, 2H), 3.53
(b,s, 2H), 2.32 (s, 6H) ppm.

CNMR (125 MHz, CDgI = 152.1, 138.8, 138.0, 128.8, 128.0, 127.4, 120.8, 111.7, 60.6,
21.9 ppm.

MS (El)m/z (%): 226 (37), 135 (83), 91 (100).

HRMSES)m/z calculated for GHigNoNa (M+N3) 249.136214, found 249.136000.

1-(4-(tert-Butyl)benzyl)}1-(3,5-dimethylphenyl)hydrazing(113d)

Jea
I;N
Compoundl13dwas synthesized following procedure B.

Purification: hexane:MTBE (9:19olourlesssolid, 513 mg, 45% vyield.

'H NMR (500 MHz, CDgH = 7.37 (dJ= 8.3 Hz, 2H), 7.25 (d= 8.3 Hz, 2H), 6.77 (s, 2H),
6.50 (s, 1H), 4.53 (s, 2H), 3.505(02H), 2.30 (s, 6H), 1.33 (s, 9H) ppm.

3¢ NMR (125 MHz, CDgl = 152.2, 150.4138.8, 134.8, 127.8, 125.7, 120.7, 111.8, 60.2,
34.6, 31.5, 21.9 ppm.

MS (E)m/z (%): 282 (35), 147 (41), 135 (100).

HRMS(ESI)n/z calculated for GHy7N, 283.216872 (M+H, found 283.216712.

1-(3,5-Dimethylphenyl)-1-(4-(trifluoromethyl)benzyl)hydrazing113€

I;N
Compoundl13ewas synthesized following procedure B.

Purification: hexane:MTBE (4:1), dark yellow oil, 808 mg, 69% vyield.

'H NMR (500 MHz, CDgH = 7.60 (dJ= 8.1 Hz, 2H), 7.43 (d= 8.0 Hz, 2H), 6.67 (s, 2H),
6.52 (s, 1H), 4.63 (s, 2H), 3.63 (s, 2H), 2.29 (s, 6H) ppm.

3CNMR (125 MHz, CD§I = 151.9, 142.6, 139.1, 129.7 @y 33 Hz), 128.1, 125.6 (@
3.8 Hz), 123.2,121.1, 111.4, 60.1, 21.9 ppm.

MS (E)m/z (%): 294 (3Q)159 (50), 135 (100), 105 (40).

HRMSESIn/z calculated for GHigFN, 295.141658 (M+B, found 295.141704.
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1-(3,5Bis(trifluoromethyl)benzyl}1-(3,5-dimethylphenyl)hydrazing(113f)

CF;
Je!
\Q/N CF
Compoundl13fwas synthesized following procedure B.

Purification: hexane:MTBE (4:1), dark yellow oil, 728 mg, 50 % yield.

'H NMR (500 MHz, CDgl = 7.81 (s, 3H), 6.65 (s, 2H), 6.57 (s, 1H), 4.64 (s, 2H), 3.69 (b,s,
2H), 2.31 (s, 6H) ppm.

¥CNMR (125 MHz, CDgI = 151.9, 141.8, 139.3, 131.9 (5 33 Hz), 128.0, 123.5 (@=

271 Hz), 121.8, 121.4 (sel% 3.8 Hz), 111.5, 60.2, 21.8 ppm.

MS (El)m/z (%): 362 (35), 227 (16), 135 (100).

HRMS(ESI)n/z calculated for GH;eFsNoNa (M+N4&) 385.110988, found 385.11130

3

Synthesis of 44-lodobenzyl}1-(7-(trimethylsilyl)naphthalen2-yl)hydrazine(1139

[Pd(cinnamyl)Cl],

Mor-DalPhos H
Br Br pBuLi, TMsSCI TMSBF NaOtBu, NaHy*H,0 TlV'SN‘NHZ
THF, -78 °C to rt toluene, 65 °C
g9 quant. yield 140 141
i NaNH,,

2% yield | piggr

(over 2 steps) (©/|
TMS N.
NH,

113g

(7-Bromonaphthalen2-yl)trimethylsilane (140)

TMS\“/!! Br

Compoundl40was synthesized following a modified literature procediit8.

An ovendried flask was charged with 2dibromonaphthalenel39 (2.00 g, 7.00 mmol) in
anhydrous THF (181L) andn-BuLi (c = 2.5 M in hexane, 2.680Q, 7.34 mmol) was added
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dropwise at¢78 °C. After stirring the reaction at this temperature for 20 min, TMSCIngL,4

11.2 mmol) was slowly added 878 °C. The mixture was stirred for further 15 minka@8 °C
before it was allowed to warm to room temperature. After stirring for 2 h at room
temperature, the reaction was stopped by the addition of water. The aqudaysr was
extracted with MTBE and the combined organic layers were washed with brine and dried

over NaSQ. The crude mixture wasupified by flashcolumnchromatography on SO

Purification: hexane, colourless solid, 1.94 g, quantitative yield.

'H NMR (500 MHz, CDgH = 8.03 (dJ= 1.7 Hz, 1H), 7.02 (s, 1H), 7.79)d,8.2 Hz, 1H),

7.69 (d,J= 8.7 Hz, 1H), 7.63 (dd& 8.1, 1.0 Hz, 1H), 7.55 (di& 8.7, 2.0 Hz, 1H), 0.36 (s, 9H)
ppm.

3CNMR (125 MHz, CDgk =139.6, 134.1, 132.9, 132.1, 130.4, 1830129.7, 29.5, 126.9,
119.8,61.01 ppm.

MS (El)m/z (%): 280 (24), 278 (23), 265 (100), 263 (100), 183 (34), 167 (20), 155 (20), 141
(17), 115 (1R

HRMS(EI)m/z calculated for @HisBrSi (M) 278.012652, found 278.012614.

(7-(Trimethylsilyl)naphthalen2-yl)hydrazine(141)

H

T™MS N.

Compoundl41was synthesized followingraodified literature proceduré'*?

An ovendried flask was charged with MdpaPhos (62.2 mg, 0.13 mmoland
[Pd(cinnamyl)CJ] (46.3 mg, 0.09 mmol) in anhydrous toluene (0.1 M). The solution was
degassed for 15 min and N&8u (244 mg, 3.58 mmol) and aryl bromidet0 (500 mg, 1.79
mmol) were added. The mixture was stirred for 10 min, after which hydrazine monohydrate
solution (174 ul, 3.58 mmol) was added dropwise. The reaction was @gtaté5°C for 20 h,
cooled to room temperaire andfiltered over celite (EtOAc).hEe solvent was removed

under reduced pressure.

The compound was used without any further purification due to stabgdyes
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7. Experimental Part

1-(4-lodobenzyl}1-(7-(trimethylsilyl)naphthalen2-yl)hydrazine(1139

|
N
TMS\“/!!N

Compoundl13gwas synthesized followingraodified literature proceduré?®

A solution of crude hydrazine41(412 mg, 1.9 mmol) in anhydrous THF (81) was added
dropwise to a suspension of Nap{#3.3 mg, 1.88 mmol) in anhydrous THF ifil() at 0°C.
After degassing the reaction for 15 min, a solutionpabdobenzyl bromidg558 mg, 1.88
mmol) in anhydrous THF (I0L) wasadded dropwise at room temperature. The mixture
was stirred at 30C for 10 h after which it was diluted with MTBE an@® Hrhe organic layer
was separated, washed with,@& and brine and dried over BhB&Q. The crude mixture was

purified by flastcolumnchromatography.

Purification: Aluminium oxided y S dzii NI £ 0 = K S E10:¢)SovaAgé solidD15%mgn Y m
22% yield over 2 steps.

'H NMR (500 MHz, CETh) ¢ = 7.83 (s, 1H), 7.71.66 (m, 4H), 7.44 (dd= 9.1, 2.5Hz, 1H),

7.38 (dd,J= 8.1, 1.0Hz, 1H), 7.25 (¥ 2.4 Hz, 1H), 7.10 (@ 8.3 Hz, 2H), 4.66 (s, 2H), 3.70
(b,s, 2H), 0.32 (s, 9H) ppm.

BCNMR (125 MHz, CRTh) + = 149.9, 138.7, 138.1, 137.8, 134.5, 132.8, 130.4, 128.9, 128.4,
127.3, 126.7, 117.8, 107.8, 92.9, 66105 ppm.

MS(El)m/z (%): 446 (22), 229 (100), 217 (8), 185 (33).

HRMS(ESIn/z calculated for gHx4NoISi (M+F) 447.075222, found 447.074795.
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7. Experimental Part

Synthesis of 4((I1-Boranyl)iodophosphanyB1-([1,1":3',1"-terphenyl]-5"-yl)hydrazine(113h)

PdCI,(PPh3),
Br OH K,CO4 OH OTs
\Q/ PhB(OH), O TsCl, DABCO O
Br dioxane, H,0, reflux CH,Cly, rt
144 94% yield 145 ‘ 99% yield 146 ‘
NH

[Pd(cinnamyl)Cl],
toluene, 65 °C Mor-DalPhos

|
K<j/ NaOBu, NyHgeH,0
K

H
N

2 NaNH,, PIBBr “NH,

(e tawarey
THF, rt

13% yield

113h (over 2 steps) 143

5-Phenylbiphenyi3-ol (145)
¢ o
9

CompoundL45was synthesized followingraodified literature procedure*®®

A Schlenk tube was charged witB,5dibromophenol 144 (300 mg, 1.19 mmol),
phenylboronicacid 680 mg, 4.76 mmg| KCQ (740 mg, 5.36 mmoland PdG(PPh),
(8.35mmol, 001 mmo) anda mixture of dioxane/HO @ mL/1 mL) was added Thereaction

was refluxed for 23 h, cooled to ambient temperature and MTBE was added. The aqueous
layerwas extracted with MTBE and the combined organic layers were washed ¥@tlarkdl

brine and dried over N&Q. The solvent was remodeunder reduced pressure and the

crude product was purified by column chromatogrammySiQ.
Purification: hexane EtOAQ3:1), colourless solid246 mg, 94% vyield
'H NMR (500 MHz, CETb) 4 =7.667.64 (m, 4H), 7.48.45 (m, 4H), 7.427.417 (m, 1H),

7.407.37 (m, 2H), 7.08 (9= 1.4 Hz, 2H), 5.51 (s, 1H) ppm.
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7. Experimental Part

BCOINMR (125 MHz, CETh) + = 156.9, 143.7, 141.1, 129.2, 128.0, 127.5, 119.0, 113.3 ppm.
HRMS(B) m/z calculated for gHi140S(M") 246.104463 found246.104249.

The obtainediata are in agreement with those reported in literatuté?

[1,1:3',1"-Terphenyl}-5'-yl 4-methylbenzenesulfonatg146)

O ‘ OTs

CompoundL46was synthesized followingraodified literature procedure*®”

A solution of tosykhloride (110 mg, 0.57mmol) inanhydrous CKCh (3.5 mL) was aded
dropwise at 0 € to a mixture of phenaol45 (118 mg, 0.8 mmol) and DABCO (108 mg,
0.96mmol) in anhydrous GiEb (3.5mL). Aftercompleteaddition, the reaction mixture was
stirred at room temperature for 1 h after which MTBE and HCI (1Meé6¢ added. The
aqueous layer was extracted with MTBE and the combined organic layers were washed with
sat. NaHC®and brine and dried over N&8Q. The ®lvent was removed under reduced

pressure and the product was used in the next step without any further purification.

Golourlessoil, 190 mg, 99% vyield

'H NMR (500 MHz, CEZb) + =7.797.76 (m, 2H), 7.73 (1= 1,6 Hz, 1H), 7.5850 (m, 4H),
7.47-7.43 (m, 4H), 7.47.37 (m, 4H), 7.16 (d=1.6 Hz, 2H), 2.47 (s, 3H) ppm.

BCINMR (125 MHz, CETh) + = 150.9, 146.3, 143.7, 139.9, 132.6, 130.3, 129.3, 129.0, 128.5,
127.5, 125.0, 120.1, 21.8 ppm.

HRMS(ES) m/z calculated for gzHx00:Na (M+N4) 423.102535 found423.102710.
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7. Experimental Part

[1,13",1"-Terphenyl}-5-ylhydrazine(143)

SO
O “NH,

Compoundl43was synthesized following the same prooeel as described for compound
141, applyingaryl tosylate 146 (0.43 mmol) After 17 h, the reaction was filtered over celite
(EtOACc) and the solvent was removed under reduced pres€brapound143was used in

the next step without any further purification.

It has to be mentioned that pure compouridi3can be obtained via salt formation with HCI
(6 M), filtration and washing (GL). Afterwards, the salt is dissolved in sat. Naki@a
CHC} and the aqueous layer is extracted with COHand dried over Ng5Q. Following this
procedure, pure hydrazinel43 could be obtained and was characterized via NMR

spectroscopyHowever, fast decompositiorof hydrazinel43was be observed.

Yellow 0il32.3 mg, 36% yield (aftsalt formation andasic extraction)

'H NMR (500 MHz, CRTb) + =7.6%7.65 (m, 4H), 7.47.44 (m, 4H), 7.38.35 (m, 2H), 7.26
(t, J= 1.5 Hz, 1H), 7.06 (@ 1.5 Hz, 2H), 5.43 (b, 1H), 3.70 (b, 2H) ppm.

BCOINMR (125 MHz, CETh) + = 152.8, 143.0, 141.8, 129.1, 127.8, 127.5, 117.5, 110.3 ppm.

Due todecompositioncompoundl143couldnot be characterized vianassspectrometry

1-((11-Boranyl)iodophosphanyh1-([1,1":3',1"-terphenyl]-5'-yl)hydrazine(113h)

N
O NH,

Compoundl13hwas synthesized following the same procedure as described for compound

113g applying crude hydraziri43(0.14 mmol).

Purification: hexaneEtOAQ30:1M20:1MH10:1), yellow solid, 13% yie{dver 2 steps)
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7. Experimental Part

'HNMR (500 MHz, CfTh) ¢ = 7.70 (dJ= 8.2 Hz, 2H), 7.64 (@= 7. 5 Hz, 4H), 7.45 &= 7.5

Hz, 4H), 7.37.344 (m, 2H), 7.27.26 (m, 3H), 7.14 (d,= 8.2 Hz, 2H), 4.68 (s, 2H), 3.74 (s,

2H) ppm.

HRMS(ESIn/z calculated for gHNol (M+H) 477.082233, found 477.082643.

The product vas found to be highly unsto £ S I y R & (i 2 NB R0 °AzDReSINI | NH :

stability issues, n’GNMRspectra could be obtained.

6-Hydrazinylquinoline(155)

N
X “NH,

~

N
Hydrazinel55was synthesized from the corresponding amirtel, following procedure A on
a 3.50 mmol scale. The obtained salis dissolved in a mixture of @& and NaOH and the
aqueouslayer was extracted with Ci€b. The combined organic layers were dried over
N&SQ and the solvent was removed under reduced ae.

Yellowsolid 426 mg, 5% yield &fter basic extraction).

'HNMR (500 MHz, CETh) ¢ =8.44 (ddJ=1.6, 4.2 Hz, 1HY,.99 (d,J= 8.4 Hz, 1H), 7.87 (d,

= 9.1 Hz, 1H), 7.29 (ddz= 4.2, 8.3 Hz, 1H), 7.19 (dtk 2.6, 9.1 Hz, 1H), 7.09 (5 2.6 Hz,
1H), 5.60 (b, 1H), 3.69 (b, 2bm.

BOINMR (125 MHz, CEEb) ¢ =149.7, 147.1, 144.5, 134.3, 130.6, 130.2, 121.8, 119.7, 103.8

ppm.
Due tostabilityissues, compound@55could not be characterized via MS spectrometry.

6-(1-(4-lodobenzyl)hydrazinyl)quinoling113i)

Compoundl13iwas synthesizedbllowing the same procedure as described for compound
113g employinghydrazinel55(2.63 mmo).

Purification: column chromatography(SiQ) hexane:EtOAc 2(1)yellow solid, 298 mg,
30%yield.
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7. Experimental Part

'HNMR (500 MHz, CEZh) + =8.54 (ddJ= 1.4, 4.1 Hz, 1H), 7.97 (tt 8.4 Hz, 1H), 7.92 (@,
= 9.4 Hz, 1H), 7.6B66 (m, 3H), 7.29 (dd,= 4.2, 8.3 Hz, 1H), 7.19 @k 2.8 Hz, 1H), 7.10
7.09 (m, 2H), 4.69 (s, 2H), 3.74 (b, @pin.

MS (ESI)m/z (%):375(21), 217 (17), 184 (5), 15§100), 130 (29, 90 (13)

HRMSESIn/z calculated for GHisNzINa (M+N&) 398.012459, found 398.012673.

Synthesis of 2,/Bis(1-benzylhydrazinyl)naphthalen€1589

' N
[PA[P(o-tol)sla, @
CyPF-tBu
HO OH
TsCI DABCO TsO OO OTs NaOfBu, BaNH, HN NH
CH2CI2 0°C toluene, rt OO
81% yield 159 94% yield 161a

@ p A | e
TiCl,, Mg
N . .- S _N N.
Hy ON NO
CH,Cl,, Et,0, rt

44% yield
158a (over 2 steps)

Naphthalene 2,7-diyl bis(4methylbenzenesulfonate]159)

TSO\“/!!OTS

Compoundl59was synthesized following a modified literature procedtfé.

Tosylchloride (11.9 g, 62.5 mmol) was dissolved in anhydrousCEH.00 mL) and added
dropwise to a solution of naphthaler2 7-diol 156 (4.00 g, 25.0 mmol) an@ABCO (11.2 g,

100 mmol) in anhydrous GE&L (100 mL) at O °C. The reaction was stirred at room
temperaturefor 4 h The mixture was diluted with MTBE and 10% ag. HCI| was added. The
organiclayerwas washed with an aqueous solution of NakQffine anddried over NaSQ.

The solvent wasemoved under reduced pressure and thesidue was dissolved in EtOAc,

precipitated by addition of hexane ansblatedby filtration.

Purification: precipitation (EtOAc, hexane), colourless solid, 9.42 g, 81% vyield.
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