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3 sarpagine-type natural products:
normacusine B, affinisine, lochnerine

18 non-natural congeners:
3 of them dimeric structures

2 additional structures by functional group modifications: vinorine (X)

vellosimine & vellosimine dimethyl acetal & 17-epi-vinorine (XI)

Theenantioselectivesynthesis ofa library of four natural and 19 nematural congener®f the
sarpagine family of natural productéll as well as the first total synthesis of the ajmaliype
alkaloid vinoring(X) and its epimeiXlwas achieved by a unifiesyntheticstrategy. The key step
as an entry point for the synthesigasa [5+2}dipolar cycloadditiorof chiral ketene equivalerit

and dipole precursotl to tricycle Ill. Several chemical transformations led tocot ether IV



marking the junction between the sarpagineand the ajmaline pathway.Depending on the
stereochemical configuration at theX& carboratom, the two different natural product fanties
can be accessed.

On the one hand, keton¥ with G16 exoconfigurationcould besynthesizedn gram quantities.
Thisfurther enabled the synthesis ofvarietyof sarpagine alkaloidgll viaclassicaFischer indole
synthesiausingaryl hydrazines onon-classical Fischer indole synthesis using benzophenone
hydrazonesVI. The established structures included the natural products normacusiné,
affinisine, lochnerine and vellosimine as well as 19-natural congeners. Three of these
non-natural derivatives are dimeric structures. The diversified substitution pattern ef th
obtainedsarpagine alkaloitibrary enabledurther research orstructure-activity-relationships of
potential pharmacological propertied these substances

On the other handthe ajmaline pathway was accessiblg preventing epimerization of the-T6
stereochemicatonfiguration This was realized by installation of a blocking group as a dummy
substituent in bromideVIlito lock the €16 endoconfiguration. This compound was forwarded to
indole-aldehyde X, which representeda suitable precursor for # crucial formationof the
missing quaternary stereocenters well asthe last cycle After screening of amultitude of
conditions and reagents to realize afigrther optimize the acetylative cyclizatioreaction a
separable mixture of two cyclized epinsaewas obtainedSubsequentadical dehalogenation of
each epimer completed the first total synthesis ofajmaline alkaloidvinorine (X) and its

non-naturalepimer 17eptvinorineX|, respectively
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3 Sarpagin-Naturstoffe:
Normacusine B, Affinisin, Lochnerin

18 nicht-naturliche sarpaginartige Stoffe:
3 davon dimere Strukturen

2 weitere Strukturen Gber Umwandlung Vinorin (X)
von funktionellen Gruppen: & 17-epi-Vinorin (XI)

Vellosimin & Vellosimin-dimethylacetal
Die enantioselektiveSsynthese einer Bilbthek bestehendaus vier natirlichen und 18icht-
naturlichenVertretern der Naturstofffamilie der Sarpagingowie die erste Totalsyntbse des
ajmalinartigen Alkaloisl Vinorin(X) und seines EpimerXIl konnten mittels einer vereinigten
Synthesestrategie erfolgreich durchgefiihrt werden Als Schlisselschritt dienteeine
[5+2}dipolare Cycloadditiondes chiralen Ketenaquivalentsmit der DipotVorstufe Il zum

Trizykludll zu Beginn der Synthes@/eitere chemische Umwandlungen fuhrteschlie3lichzum



Enoleher IV, vonwelchemaugyehendsich dieSynthesewege der Sarpagine und der Ajmaline
trennten. Abhangig von der stereochemischen Hguration des €16 Kohlenstoffatom&onnten
beideNaturstofffamlien jeweilszuganglich gemacht werden.

Auf der einen &ite konnte KetonV mit der G16 exoKonfigurationn GrammMengen hergestellt
werden. Dies ermoglichte die Synthese einer Variation von SargdigatoidenVIl tber die
klassischd-ischefindolSynthesemittels Arylhydrazinen odeiiber die nichiklassische Fiber
IndokSynthese unter Verwendung volrylbenzophenonhydrazoneXl. Zu denhergestellten
Strukturen gehoren die Naturstoffe NormacusinB, Affinisin, lochnerin und Vellosimin sowie
19 nicht-natirliche DerivateDrei dieser nichnatirlichen Vertreter sid dimere Strukturen. Das
variationsreicheSubstitutionsmuster der angefertigten Sarpagitkaloid Bibliothek erméglicht
die Untersuchung von StrukturWirkungsbeziehuren potentieller pharmakologischer
Eigenschaften dieser Substanzklasse

Auf der anderen &te wurde der Syntheseweg zu Naturstoffen der Familie der Ajmaline
ermdglicht, indem dieEpimerisierungler stereochemischen Konfiguration an defl&Position
verhindert werden konnte. Diegrfolgte durch Installation einer blockierenden Gruppe als
DummySubstituent in Bromid/Ill, um die G16 endoKonfigurationzu fixieren In der weiteren
Synthes#olge wurde dieser Stoff zum Ind@dlldehydIX umgesetzt, welcheals ein geeignetes
Substrat fur dieAusbildungdes fehlenden quaternéren Sezentrums sowiales letzten Ring
diente. Nachdem eine Vielzahl von Reaktionsbedinungen und Reagenzien getesiet um die
acetylierende Zyklisierungzu ermdglichen undwveiter zu optimieren,konnte schlief3lichein
trennbares Gemisch aus zwei zyklisierten Epimeren &mhalerden Nach jeweildolgender
radikalischer Dehalogenierung dieseeiden Stoffewar die erste Totalsynthese von des
AjmalinAlkaloids VinorinX) und seines nichhatirlichen Epimers Xép+Vinorin (XI) am Ende

erfolgreich
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1. Introduction

&A] natural product is a smatholeculeli K & A a LINBPRdJzOSR o6& | o0Az2f
Editorial- Nature Chemical Biologg2007*

This is the simplest possible definition of natural products in the broadest sense. However, the
term natural product can be furthespecified On the one hand, there amatural substances
produced by pathways of primary metabolism, which are essential for growth, development and
reproduction d organisms. Examples for this class are nucleic acids, common amino acids or
unspecialized sugafsOn the other hand, there are secondary metabolites which are not
essentialfor life, but often ofer a selection advantage for the producing organisdm the fields
of natural product research as well as in synthetic orgariemistry the term natural product
most commonlyrefers tothese secondary metabolites exclusively and is therefore used in this
thesis synonymously. Natural products can be divided into the groups of alkaloids,
phenypropanoids, polyketides, specialized carbohydrates, specialized peptides and terpg&noids.
Due to the extremely divere and often highly complex structure2 ¥ Y I G4 dzZNBEQa &SSO
metabolites, synthetic organic chemistawere always fascinated by natural products andithe
synthesis’ The term btal synthesislescribeshe chemical construction of a complex molegule
usually a natural producfrom simple buildindlocks. The practice of total synthe#fiist started
in the 19" century andhas been adriving force for the discovery and development of new
synthetic methodsever since"’ In the early days, one of the most important goals of total
synthesis was twalidate hypotheticalor proposed structures of natural compounds. Witte
development ofanalytical techniques like NMR spectroscopy Xaray crystallography this
purpose became less sigedint during the 2t century. Instead, total synthesis evolved into a
battleground for probing and improving statd-the-art synthetic organic chemistry. At the same
time, natural products were seen as a test for synthetic feasibility by practitionetstalf
synthesisAt the end of the 20 century, the aim of total synthesis started to change again. The
quest for more elegant and concise synthetic roufg®vailed over purely demonstrating
synthetic accessibility Furthermore, additional focus wadaid on biological testingof the

synthesizedhatural products for identifying newharmacophore and potential drugs. In this



context, total synthesis offers thgreatadvantage that on-natural analogues can be accessed as

well, which ishardlypossible withmethods ofsynthetic biology**

Synthetic
n =420 34,7%

Synthetic with natural product
pharmacophoreor mimic
n=395

Natural product or derivative
n =396

Figurel: Origin of drugs that were approved between 1938014(n=1211).

After all, natural productsffer valuable pharmacological potenti&t*® Newman and Cragg
evaluated all drugs that were approved between 168014 based on their origifFigurel).

From 1211 approved smalnolecule drugsabout one third(396 drugs, 32.7%) was either an
unaltered natural productor a defined mixture of natural product®r a natural product
derivative. Furthermore, about another thif®95drugs, 32.6%) was in fact based synthetic
moleculeswhichwere related to natural product pharmacophores or were mimickirvgmodes

of actionof natural producs. The study identified only 420 dru®4.7%)hat were completely
synthetic without anyreference tonatural producs. These resultsmpressively showcase the
opportunities natural products prese for drug discovery angharmaceuticalead development.
Within the realm of natural productshe group of alkaloids is of special significance with regards
to pharmaceutical potential? In 2001 Cordellreportedthat almost 50% of plantierived natural
products with pharmaceutical or bimfjical significanceelong to the group ofilkaloids!? This
share is even more impress| when consideringhat plant-derivedalkaloids represermd only
15.6% ofthe known natural products at that time. In addition to that, Cordell stated that of
21120alkaloids the major share of 76.4% wagha time not yet evaluated in biological assays.
The high pharmacological potential of alkaloids does not only emphasize the need for further
biologicalevaluation, but also requires synthetic organic chemistry to develop strategies to access
these, in nature often scarce, compounds and derivativesabier

The two monoterpenoid indole alkaloidsarpagine(l) and ajmaline(4) are the eponymous
structures of two closely related alkaloid families. The total syntheses of natural andatoral

congeners of both of these families via a unified synthetjgrapch are discussed in this thesis.
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1.1. Sarpagineand Ajmalinetype Alkaloids

1.1.1. Occurrenceand Isolation

The sarpaging¢ype as well as the ajmaliAgpe indole alkaloids are both mainly isolated from the
plant family ofApocynaceaeommonly known as the dogha family which is one of théargest
familiesof the plant kingdom*>16 Plants of this family arfoweringtropical trees, shrubs and
vines (Figure2). A characteristidrait is that almost all species produce a milky $apVithin
Apocynaceagespecially the subfamily dRauvolfioideaecontains the most important genera

Alstoniag Rauvolfia Vincaand CatharanthugSchemet).16:18

Figure2: Representative specie$ the most important sarpaginend ajmalinetype alkaloid containing genera.
A) Alstonia scholari$® B) Catharanthus rosew® C)Rauvolfia verticillat#* D) Vinca minor?

Alkaloidsof the sarpagine and ajmaline familiase isolated fom all parts of the plantssuch as
leaves, twigs, stems, bark and roé#2’ To date, the group of sarpaginand ajmaline type
natural products comprises a set of over 200 congeners and the numbeonisnually

increasing®2428%0 Due to the fact that thenumeroussingle alkaloids were isolatesh many

3



different occasions and from many differeptant speciesover the years'3? the following
paragraphs will solely concentrate on the first isolations and structure elucidations of the

eponymouscongeners, as well as the target structures of thask (Figures3 & 4).

family Apocynaceae
|
subfamily Rauvolfioideae
/ \
tribe  Alstonieae Vinceae
/ 1\
genus Alstonia Rauvolfia Vinca Catharanthus

Schemel: Relationship of the geneffar the most important sarpagine@nd ajmalinetype indole alkaloid producing
plants®

The natural producsarpagingl) was first isolated in 1953 by Bodendorf and Eder from an extract
of the Indian snakerootRauvolfia serpenting The authorsrnamed the obtained alkaloid raupin,
but unfortunatelyassignedn erogenous sum formuta the compoundindependently Stoll and
Hofmann managed tesolate thesamealkaloid from the same plant specigsthe same yeaas
well and named it sarpaginéln 1954 Bodendorf and Edemtrected their mistaken sum formula
and stated that raupin and sarpagine are identié&aHowever, the later name prevailed. After
several years of debate, the structure wasaidiated in 1957 by Stauffacher and cowork&rs.

The history of isolatioand structure elucidation aformacusineB (2a) is rather unusual. In early
1961, Battersby and Yeowell published the synthesis and structure of this alkaloid, prior to its
isolation from natural sources, during their analysis of macu@n@).2’ In the same year,
Stauffacher eported the isolation of an alkaloid from roots Biplorhynchus condylocarppa
shrub native to Africa, belonging to the tribe dflelodineae within the subfamily of
Rauvolfioideag® This alkaloid was named tombozihater in 1961Le Men and coworkers
investigated constituents of the same plant and discovered one of tbamtedalkaloidbases to

be identical to both, tombozin andormacusineB (2a).3°



sarpagine (1) X =N, normacusine B (2a)

isol. 1953 Bodendorf/Eder isol. 1961 Stauffacher
struct. 1957 Stauffacher et al struct. 1961 LeMen et al
syn. raupin syn. tombozin, vellosiminol

X = N*Me, macusine B (3)

affinisine (2b) lochnerine (2¢)
isol. 1963 Weisbach et al isol. 1956 Mors et al
struct. 1964 Weisbach et al struct. 1957 Arnold et al

syn. alkaloid C, C-alkaloid T

Figure3: Structures okarpaging1), normacusineB (2a), affinisine(2b) andlochnerine(2c) with an overview of
their first isolations, structure elucidations and synonyms.

A research team of Le Men synthesiz#tinisine (2b) in 1961 as alegradation product during
their studyof vincamajine, without even knowing that it is a natural prodt¥ciwo years later in
1963 Weisbach and coworkeisolated affinisine (2b) for the first time from plant material of
Peschiera affinjswhich is an obsolete denomination dfabernaemontana catharinensis
collected in norh-eastern Brazit#2 This species is part of theabernaemontaneatribe within

the Rauvolfioideaesubfamily. In 1964a team around Weisbackvaluated the structureof
affinisine(2b) and proved the identity to the previously reged degradation product?
Lochnering2c) was isolated for the first timen 1956 by Mors and coworkefittom Catharanthus
roseus the pink periwinkle(Figure 2B)#* In the same year, Le Men and Janot isolated the
G £ 1/ dromihR same plan %5 They suspectedhis compoundo be either closely related or
ARSYUGAOIE (G2 a2NBRQ f 2 O0KY S NiaKdhi G GagNdetiGND 2 NS =
O-methylated sarpagine, whose structure was still unknown at thaétiTheir assumptions were
proven and the structurevaselucidated one year laten 1957by Arnold and coworkersvho

isolated and investigated the alkaloid again from calabash cufare.

5



ajmaline (4) vinorine (5)

isol. 1931 Siddiqui isol. 1964 Kiang et al
struct. 1956 Woodward struct. 1966 Kiang et al
syn. Raugalline, Rauwolfine syn. RP-7

Figured: Structures ofjmalire (4) andvinorine(5) with an overviewof their first isolatiors, structure elucidatios
and synonyms

Already n 1931 Siddiqui and Siddiqui first isolategymaline (4) from dried roots ofRauvolfia
serpentin@’¢ KS £ 1{Ff2AR gFa yIYSR I FGSNI {ARRAIl dzA Q&
two decadesof sophisticatedchemical analysiand fierce scientific debaté until the correct
structure was finally suggested by Woodward in 1956.

The ajmalingype alkaloidvinorine (5) was first isolated in 1964 bigiang and coworkers from
dried stems oRauvolfia perakensisvhich is an obsolete denomination Bauvolfia verticillata
alsoknown as the common devil peppéfigure2C).2”*2Two years latein 1966 the structure of

the at that time dRR7¢ called alkaloid was elucidated by a partial synthesis as well as a
degradation toa known structure® Independenly of the work by Kiang, Meisel and D6pke
elucidated the structure by aombinaton of spectroscopic and degradation methoids1971°!
They eventually named the structure which was obtained from an extractfioéa minor

commonly known as dwarf periwink(Eigure2D), vinorine (5).



1.1.2. Stuctural Analysis

quinuclidine system
with a tertiary amine

4 carbon stereocenters, nitrogen-bridged ethylidene side-chain
1 stereogenous nitrogen, 8-membered carbacycle
all of them contiguous

Figureb: Key structural features of sarpagityge alkaloids depicted using the examplesafpagingl).

The sarpagine alkaloid family possesses remarkable structural features, which are illustrated
usingthe example of its eponymous membsarpagine(l; Figure5). The skeletal numbering
depictedis the biogenetic numberingroposed by L&en and Taylor and is used throughdhis

work where applicable for both, sarpagirand ajmalinetype alkaloid$? Thescaffoldconsists of

rings AE and is therefore pentacyclic. Rings A and B fornmdole at one side of the molecule.

A didehydropiperidineunit is annulated to this indole asng C. On the opposite side of the
molecule, rings D and E are part of a quinuclidine system with the corresponding tertiary amine.
This amine is stereogenoirsthe structure since the rigigkeletonprevents pyramidal inversion.
Hence,its lone pair is in a fixed position, sticking right out of the molecule, which makes it even
more alkaline Furthermore, four carbon stereocenterare present Together with he
stereogenous nitrogematom all of these five stereogenic centers are contiguoimbeddedn

the structure is also a nitrogelridgedeightmembered carbacycle, which is annulateditay B.

Hence, the structure belongs to the group of cydtalblindoles.
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Figure6: A) Selected examples of sarpagine alkaloids to illustrate the main variations to the general structure.
B) Relationship between the-16 regularand episeries!®31.53

Dueto the huge number of existing sarpagine alkalpidss of variations to the general structure
can be found®3153The main alterationsre summarized in the followin@rigure6). First of all,
severalalterations at Gl6 can occur. Manyongeners bear an additionak @nit at varying
oxidation states at this positigre.g. macusiné (6) or voacarpir(7). This results from incomplete
decarboxylation during biosynthesisee chapter1.1.3). Depending orthe oxidation states of
G17/Gm 1, One can differentiate between the-T6 regular and epi series (Figure 6B). This
classification is alspossible for the decarboxylated varian{@°"e" ° state= H) However, often
these are referred to as-06 exoand enda Examples for the-@C6 epi series arevoacarpin(7),
ervahainanmine(8) and hydroxygardnutine(9). Moreover, there are congenerthat contain

additional rings involving-C6 and €17. Depending on the stereochemistry afL&, these rings



are closed on different sides of the molecule. They are either connecteebtof@ing Cas seen

in hydroxygardnuting9), or to the ethylidene sidehain, e.g. in trinervingl0). Another common
modification are substituents at the aromatic framework. The most common substituents are
hydroxyl or methoxy groups, which are mainly observed-a0@r G11, only rarely at €2 and
never at . A further variation at the aromatic framework are dimerizations at9do G11. A
largenumberof isolated dimers are indeedomerized at the aromatic framework, however not
exclusively.There aresymmetrical dimers like dispegatrir(@l), but also unsymmetrical ose
were found Actually, dimerizations with members of other alkaloid families are the most
common. Further changes to the general structure inelstibstitution of the nitrogen atoms
Methylation was discovered to take place at both nitrogens, e.g. in siaei (6) and affinisine
oxindole (12), while N-oxides are only formed at theNp-nitrogen atom as present in
ervahainanming8). Congeners with oxidized positions beside$CmMT Q> GKS | NR Yl G A
the Np-nitrogen atom are very common, too. Mainlygsitions C3, G6 and G18 are prone to
oxidation, as seem hydroxygardnuting9) or voacarpin(7). Some sarpagine alkaloids are even
altered in their carbon skeleton via rearrangement reactioRmducts of transfamation of
indoles to oxindoleas found iraffinisne oxindole(12) are isolatedin some case®\lkaloidsthat

have underwenta rearrangement of the &8 to G21 carbons, as seén dihydroperaksing13)

are found aswell. However, sometimes they are considered as a separate alkaloid
family (peraksine} while othersassume them to be of artificial characteé®® Last but not least,
sarpagine alkaloids with an inverted double bond geomeirghe ethylidene side chain are

observed asvell, for example in koumidin@nt-58; see chapter1.2.2).
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hexacyclic structure indolenine alkaloid quinuclidine system
with a tertiary amine

Aco_ H
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N// ‘/N-
H\\ .
H
6 carbon stereocenters, nitrogen- & carbon-bridged ethylidene side-chain
1 of them quarternary 8-membered carbacycle

1 stereogenous nitrogen,
all of them contiguous

Figure7: Key structural features afinorine(5).

Having a look at the framework of ajmaline alkalaigorine(5), one realizes that the structure is
even morecompexthan the one of the sarpagine fam{lyigure?). Its hexacycliscaffoldcontains
an additional fivememberedring F, which results in a highly rigid and strained framewd®tings
A and B form an indolenine maye while rings C, D andcEncluding the quinuclidine system
are virtuallyunmodified Resulting from the additional ringjx carbon stereocentersre now
present,one of which G7, is quaternary. Together with the stereogenous nitrogaiom, all
stereocenters areontiguous. The eighhembered carbacycle in this structure is doubledged
by a nitrogen anda carbonatom. The ethylidene sidehain isunalteredin vinorine. With these

key featuresyinorine(5) is a challenging target for total syntsia

3 add. stereocenters (C-2, C-20, C-21)
N -methyl indoline framework

ethyl side-chain at C-20

hemiaminal at C-21

no acetyl group

vinorine (5) ajmaline (4)

Figure8: Differences betweeninorine(5) and the eponymougjmaline(4).

On comparison o¥inorine (5) with the eponymousajmaline (4), severalstriking differences
appear (Figure8). First of all, the indolenine is reduced to an indoline, bearing.-anethyl

substitution with an additional stereocenter at the-Z position. Furthermore, the ethylidene

10



double bond is reducedesulting in an additional stereocenter at20 with an ethy group. In
contrast, the G21 carbon atom is oxidizedjiving a third additional stereocenter with a
hemiaminal groupFinally the acetyl group at @7 is cleaved and a free hydroxyl group is

observedinstead

Since the ajmalingype alkaloids are closelelated to the family of sarpagine alkaloids, the
common variations to the general structure are virtually the sdese above). Thereford is at
this point refrained from repeating them. Instead, additional ajmakpecific alterations are
discussed?3?

First of all, rearrangement of-T38 to G21 isobservedway more oftenfor ajmalinesthan for
sarpaginegiue toanincreased amount of congeners with oxidize@ CHemiaminall4 can be
opened to thecorrespadingamino-aldehydel5 (Scheme). After rotation around the @5/G20
bond, a 1,4additon to the unsaturatedaldehyde results in rearranged compoutd. Further
differences include the additional stereocenterspatsitions G and G17 in ajmaline alkaloids.
These can occur at different oxidation states, amino or imido and hydroxyl or keto oxidation
states respectively. Furthenore, in the reduced fornthese stereocenterare each found with
both stereochemical adfigurations. One modification that does not occur in ajmaliyyee

alkaloidsis the oxindolesince this structure motive is chemically not possible in this framework.

add.

H O/;

16

Scheme2: Rearrangement of 8 to G215

Sin@ one of the target structures of this workjnorine (5), is an indoleninealkaloid there are
some facts worth mentioning on this subgroup within the ajmaline family. Contrary to the rest of
the ajmalinetype alkaloids, the @7 stereochemical configurain wasonly found in theexo
configuration(as seerfor vinorine). Moreover, the substitution at this position is observed to be
an acetate grougor all isolations reported so faA hydroxylmoiety in combination with the
indolenineunit as depicted ircompound18 would not be stablelue to ring openin@f the very

strainedring Fand regeneration of the aromatic indole syst€8cheme3A). A furtherattribute
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of indolenine containing congeners ighat they can ocar as NiNo-dioxides such as
alstoyunineD (20; Scheme3B). However Na-oxides do never occur without tHé,-nitrogen being

oxidized asvell.

instable

Scheme3: A)Ring opening reaction of deacetyihorine(18). B) Structure of alstoyuninb (20).
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1.1.3. Biosynthesis

Sarpagine and ajmalinetype alkaloids belong to the large group of monoterpenoid indole
alkaloids. Members of this group are constructed frma two building blocksecologanin33)
and typtamine (34). The hosynthesis of the monoterpenoidecologanin(34) was studied
extensively and starts from isopentenyl pyrophosphatglPR 21) and dimethylallyl pyre
phosphate(DMAPP22) by the formation ofgeraniol(23; Schemet). The next step is an oxidation
at the G8 position catalyzed by geraniold&idaseG80) to form diallyl di®4. Further oxidation

to dienal25is promoted by &hydroxygeraniol oxidoreductasg-HGO)

)\/\ [H ]
OPP
isopentenyl
pyrophosphate ) GGPS o
(IPP, 21) GES 8 HGO
" |
dimethyIaIIyI
pyrophosphate
geraniol (23) 8-hydroxy- 8-oxogeranial
(DMAPP, 22) geraniol (24) (25) 1S
\\\ \\\ \\\
H
R\ \‘\OH [0} \ \‘\OH
H\\‘ e wenl ‘_
(o]
OHC S
iridotrial (lactol iridotrial iridodial iridodial
form, 29) (aldehyde form, (lactol form, (aldehyde form,
28) 27) 26)
|ol
& 0/’ & O/’ R
\ 1)7-DLGT /= CHO &
o WOH 2. ) 7-DLH o WOGlc LAMT o WOGlc  sLs WOGlc
H\\‘ H\\ \\‘ —
(o] o
HOOC X HOOC MeOOC MeOOC A
7-deoxyloganetic loganic acid loganin (32) secologanin (33)
acid (30) (31)

Scheme4: Biosynthesis of secologani(83). GGPSgeranyl diphosphate synthase, GEfgraniol synthase,
G80: gerariol 8-oxidase, 8HGO: 8-hydroxygeraniol oxidoreductase, ISridoid synthase, 10iridoid oxidase,
7-DLGT:7-deoxyloganetic acid glucosyl traesfse, 7~DLH:7-deoxyoganic acid hydroxylase, LAM®&ganic acid
O-methyl transferase, SLSecologanin synthas®>’
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An iridoid synthase(lS) assistedntramolecular Michaebhddition leads tocyclization The
intermediarytertiary cationis trappedwith a hydride soure (NADPH) to forniridodial, which
occurs in an equilibrium of dialdehy@® and lactol27. Twosubsequenbxidations catalyzed by
iridoid oxidase(lO) lead to 7deoxyoganetic acid(30) via the intermediate iridotrial, again
occurring in an equilibrium of trialdehyde28 and lactol 29. Acid 30 is glucosylated by
7-deoxyloganetic acid glucosyl transferag@-DLGT) and oxidized by-déoxyoganic acid
hydroxylase(7-DLH) to loganic aci(Bl). Esterificationis promoted by loganic aci®methyl
transferasgLAMT) to obtain logani(82).55°7

Enz—||=le_> Enz—Flb
o 7 OH
-
HO
Z D
'N\*‘D CHO ¢
{ \0Gle WOGIc
mt —_—
(o) (o)
MeOOC X MeOOC X
loganin (32) secologanin (33)

Scheme5: Proposed mechanism for the secologanin synthase catalyzed transformatidoganin (32) into
secologanin(33).5¢

The remaining step to secologan{B3) is an oxidative €€ bond cleavage catalyzed tye
secologanin synthag§&LS). The proposed mechanism starts with a homolgticabstractionin
a radical cascade reaction a vinyl moiety is formed, therfieenbered cycles opened and the
alcoholis oxidized to aldehyd&3 (Schemeb).>®

Secologanirg33) and tryptaming34) are fused in a stereoselective Pi¢t8peryler-like reaction
catalyzed by strictosidine synthag&S) to furnish the tetrahydrocarboline framework of
strictosidine (35, Scheme®6). Srictosidine (35) is a shared precursor of almost all natural
monoterpenoidindole alkaloid$%58%° In the next stepglucose s cleavedoff and the resulting
cyclic hemiacetal is opened to form aldehy8@. After condensation to imiom ion 37, the
terminal olefin migrates and the corgated double bond is formed. Further reductioh the
iminium moiety by dehydregeissoschizine oxidoreductagpGO)leads to the tertiary amine

geissoschizinss).t°
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CHO ¢ NH,

OGl SS
K\ c + \ —_—
N
o
Me0OC” X H
MeOOC
secologanin (33) tryptamine (34) strictosidine (35)

Meooc  OH MeOOC MeOOC
geissoschizine (38) 37 36

Schemeb: Biosynthesis of geissoschizif3®). SSstrictosidine synthase, S&rictosidine glucosidase, DGd&hydro
geissoschizine oxidoreducta¥&’

For theinstallation of the critical sarpagan bridge, geissoschi@8gis then oxidize@dgainto an
iminium ion, this time at &, to form compound39 by the sarpagan bridge enzym(BE
Scheme7). This enablegyclizaton by formation of the &/C-16 bond in a Manniclype
reaction®%2 The formed polyneuridine aldehydé0) undergoes cleavage of the methyl esbgr
the polyneuridine aldehyde esteras@NAE). The resulting acid is not stable and rapidly
decarboxylates to 1@pkvellosiming42). This is the last shared intermediate in the biosyntheses
of ajmaline(4) and sarpagingl).

The stereghemicalconfiguration at €16 in aldehyde42 is thermodynamically not favored.
Therefore, this compoundcan epimeriz spontaneously under physiological conditionsthe
more stable vellosimine(19).82 Reduction of the aldehyde mediated by vellosimine
reductase(VeR) leads tmormacusineB (2a).%* Oxidation at the €0 position as the remaining

step in the biosynthesis sfarpagingl) is catalyzed by thdeoxysarpagine hydreylase(DOSHY?
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MeOOC
geissoschizine (38)

16-epi-vellosimine (42)

¢ spontaneous

vellosimine (19) normacusine B (2a) sarpagine (1)

Scheme7: Final steps of the biosynthesis sérpagine(l). SBEsarpagan bridge enzyme, PNAIBlyneuridine
aldehyde esterase, VeRellosimine reductase, DOS#toxysampaginehydroxylase?6®

At the stage ofl6-epivellosiming42) the enzyme vinorine synthag@S)can trigger an additional
cyclization that leads to the ajmalipathway(Scheme3). The crucial bond betweenTand C17

is builtup via anucleophilic attack of the indolenthe aldehydewhich is trapped as an acetate.
The formedindoleninevinorine (5) is thereforethe first member of the family of ajmalirgype
alkaloids.The following step involves an oxidation at the allylic positiort iposition of the
tertiary amine at €1 to hemiaminal vomilening43) catalyzed by the enzymeinorine
hydroxylase(VH)676% Next, the indolenine is reduced by vomilenine reductf¢®) from the
more hindered conave side to yield amind4.”°® Another reduction step is catalyzed by
dihydrovomilenine reductas@d®HVRJjo hydrogenate the ethylidene moiety to the corresponding
ethyl group n O-acetylnorajmaline (45).” The two remaining steps involveleavage of the
acetate by anacetylajmalan esteras€éAAE)and methylation of the indolinenitrogen by a

norajmaline methyltransferasgNMT) to formajmaline(4).7%73
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Acetyl-CoA

ajmaline (4) O-acetyl-norajmaline (45) didehydrovomilenine
(44)

Scheme8: Final steps othe biosynthesis ofjmaline (4). VS vinorine synthase, VHinorine hydroxylase, VR:
vomilenine reductase DHVR: dihydrovomilenine reductaseARA acetylajmalan esterase NMT: norajmaline
methyltransferase&®’
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1.1.4. Pharmacology

Plant material of sarpagine or ajmalinetype alkaloidrich specieswas and is used in
ethnopharmacology and traditional medicine for a diversity of dise&s€sTherefore many
pharmacological properties likeantibacterial, anti-cancer, anti-inflammatory, antHIV,
antimalarial and cardioprotective effectsare connected with these plants and their
alkaloids!®'””>*Some of these pharmacological capabilities were proven in bioactivity studies of
selected sarpagineand ajmalinetype alkaloids®3*3? However, very few is known abotibeir

structure activity relationshipdn the following bioactivities ofii KA & @2 NJ Qa Gl NHAS

well as the therapeutic agemjmaline(4) are summarized.

normacusine B (2a) affinisine (2b) lochnerine (2c¢)
sedative & ganglion blocking anti-cancer hypoglycemic

weak antiplasmoidal weak antibacterial CNS-depressant & stimulant

weak AChE inhibitor moderate analgesic & CNS-depresant

Figure9: Structures of sarpaginype alkaloidsrormacusineB (2a), affinisine(2b) andlochnerine(2c) with their
pharmacologicaproperties

Experiments wittormacusineB (2a) reported by Sultanowshowed a sedative effect in mie
doses of 2660 mg/kg. For cats and dogslower doses(0.055 mg/kg) led to a drop in blood
pressure, while higher dosg20 mg/kg) caused a ganglionic blockade and depression of the
heart.”® The group of Guo recentpyublishedtwo different studiesof a chdinesterase inhibitory
assay withnormacusineB (2a). In their first communication they state that no inhibition of
AChHIGo value>200um) was observed; while in the second one they reportedtib be a weak
inhibitor of AChEIGy value of 186um).”” Furthermore,Lilaand coworkers examinetthe in vitro
antiplasmoidal effectaigainst thechloroquinesensitive strain oPlasmodium falciparuriD10)
With an 1Go value of 157um, weak antiphsmoidal activity was detecte@.In an earlier study by
Frédéich, less than 30%of growth inhibition of chloroquinesensitive strain Plasmodium

falciparum(FCA20 Ghandine) at 50um was specified?
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For affinisine (2b), early research exhibited weak antibacterial activity and moderate analgesic
and CNSlepressant propertie4!-8°In 2019 Moura and coworkers evaluated the cytotoxicity of
affinisine (2b) by testing it against three human melanoma cell li@875, WM1366 and
SKMEL:=28) 8! The antitumor activity was confirmed as all three cell lines showed considerable
growth inhibition with the best result against WM136Kso value of 32.86um). Additionally,

increased induction for apoptosis andllccycle arrest were observed.

In 1975 Svoboda and Blake reported several investigations on the biological activity of
lochnerine (2¢).8? It was tested in behavioral studies with mi¢g0-100 mg/kg intraperitoneal
injection), which showed a mixed Gi&pressant and stimulant effect. b further study they
revealed hypoglycemic activitfhe blood sugar lowering had a slow onset, but showed relatively

long duration.

The three examples of sarpaginype alkaloids already show a manifold of varying
pharmacological properties, despite their very small structural differeneég;h occur ony at
the indoleframework. Theséactsemphasize the importance to explore synthetic chemistry tools
to gain access t@s manysarpaginetype indole alkaloidcongeners as possible for further
investigations. Furthermore, also naratural derivatives are wired to gain insight into

structure-activity relationsips of the observed properties amelad structure identification.

ajmaline (4) vinorine (5)
treatment of cardiac arrhythmia nerve injury therapy
approved drug weak cytotoxycity & anti-inflamatory

weak AChE/BChe inhibitor

FigurelO: Structures ofjmaline(4) andvinorine (5) with their pharmacological propertie$3:8386

The eponymous alkaloidjmaline (4) possesses high pharmacological effect itself. In 1959
Kleinsorge introduced the compouridr treatment of cardiac arrhythmi&2 Theapproveddrug

is for example used against atrial fibrillation in thetreatment of patients with the
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Wolff¢ParkinsogWhite syndrome and in monomorphic ventricular tachycardfésurthermore

it is utilized as a diagnostic tool for tiBFugada syndrom@’

Only recently in 201,8_.uo and cworkersinvestigated the therapeutic effect afinorine (5) on
sciatic nerve injuries in raf8. Sciatic nerve injury is a common complication following
intramuscular injectios and can cause many body function disorders like loss of sensation or
function or even disabilit§® It was found that administration ofinorine (5) promotes motor
function rehabilitation and improved sensation recovefteasciatic nerve injury. Additionally, it
attenuates nerve damage caused by such an injury and accelerates nerve regen@ration.
Therefore vinorine(5) is a promising agenof nerve injury therapy.

Besides these findingkiang and coworkers investigated the cytotoxic potentiaviabrine (5)
against seven tumor cell linem 20122 Vinorine (5) showed weak cytotoxicity against
CCFsTTGlastrocytoma), SH@&4 (glioma) and MCF cells(human breast cancer)n the same
study, an anttinflammatory assay was performed, which indicated thiabrine (5) shows weak
inhibition of COXL and virtually no inhibition of C&Xat a concentration of 100m. Another
study by Fadaeinasab carried out a cholinesterasebitdny assayin 2015 They found that
vinorine (5) exhibits weak and unselective inhibition of AZind BCEwith 1Go values of 3uM

and 36uM, respectively?®

These findings exhibit the high pharmacological potential of ajmdlipe alkaloids and especially

vinorine (5). Consequentid, its role as a particularly attractive synthetic targe¢msphasized.
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1.2. PreviousSyntheticEfforts

In this chapter selected syntheses and synthetpproachegdowards sarpagineand ajmaline
type alkaloids ar@resented to give an overview previous synthetic efforts. For a more detailed
and comprehensive styd the reviews by Cook, Lewis and Lounasmaa@ highly

recommended8:3+32,53,89

The first total syntheses othe sarpaginetype alkaloids normacusine B (2a, 2001)%°
affinisine (ent-2b, 2000 &nat-2b, 2006%%? and lochnering(2c, 201292 were accomplishedby
Cook and coworkers. Since tapproachCookappliedis very similar for all three of them, instead
of presenting the synthesed all of the three compoundshe further discussed syntheses were
chosen to display the variety of approaches to various sarpagpe
alkaloids(chaptersl.2.1¢1.2.6).

Forvinorine (5), there was no total synthesis achieved so far. Therefthie pioneering works in
the field of ajmaline and ajmalirgpe alkaloid syntheses by MasamuifeSatd>°’ and
Tamelen’®®® aswell as a more recent work by Codkyolving indolenine intermediate¥? are

presented in the followingchaptersl.2.7.¢1.2.1Q).
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1.2.1. Tetracyclic Ketond6

R'=H, Me, Bn
R2=Bn, Bz
R3 = H, OMe

Figurell: The tetracyclic ketond6 as a building block.

In the history of total synthesis in the field of sagir@e- and ajmalinetype indole alkaloids there

is onestructuralintermediatethat is almost omnipresent, the tetracyclic ketodé. It consists of

a 9-azabicyclo[3.3.1]nonansystem annulated to amdole (Figurell). Thisbuilding block was
first synthesizedvia a PictetSpengler reaction and Dieckmann condensation1965 by
Yoneda®! and later usd by Satd>%, Klugé?, Magnug®31%4 Bailey®® and Cook®. It was also
Cook and cowordes who further developed the synthesis of this intermediate. They were not
only able to scale up the synthesis of the racemic compound Wildgramscalé31%7 but also
established atereoselectivesynthesisi®® Throughout the years their methods were continuously
improved, e.g. by are-pot PictegSpengler reactionfewer reaction steps®1% and further
diversification strategies e.g. by the extension to methoxy substituted indoles(see
chapter1.2.3).93110

Meanwhile, other approaches towards this a similartetracyclic ketone were developec
racemic synthesistartingfrom cis-1,2,5,6diepoxycyclooctandy Rassat'11? a synthesivia an
intramolecular azdielAlder reaction andsubsequentHeck cyclization by Kuetf&® or a
approachvia an enyne metathesis byartin.!4 All these approaches, whikexhibiting powerful

and sophisticated chemistrycan still notcompete with the efficiency of Co&k approach.
However, all the routes that involve this tetracyclic ketone bear one principal disadvantage:
sarpagineor ajmaline alkaloids which are diverselystituted at the indole systencan only be
obtained by applyingtremendoussynthetic effort, since they first require the corresponding
enantiopure substitutedryptophans and secorg, each of them has to be carried through the

whole synthéic sequence.
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1.2.2. TotalSynthesis of Koumidine by Magnus

COOH 1. ) NaNHZ‘ NH3, BnCI (95%) COOMe
2.) HCI, MeOH (68%) HOOC COOH
3.) PhCHO, MgSO, PhH \n/\/
NH2  4)) NaBH,, MeOH (95% o2s) NHEBn o 49
N > A\
N N Pictet— )
H Bn Spengler PhH, dioxane
reaction (67%)
L-tryptophan (47) 48
COOMe COOMe COOMe
NBn NBn TMSCI NBn
N\  COOMe , A\ COOMe g MeOH N3 COOH
N~ N (80%) N —
Bn Bn dr. 2:1 Bn
trans-51 cis-51 50
major minor

Schemed: Early steps of the total synthesis(e}-koumidine(58) by Magnug%1%4

Magnu<otal synthesis of the nomatural enantiomer okoumidine (58) in 1989 started from
L-tryptophan (47), which was converted to the dibenzylated methyl est8 in four
steps(Scheme9).193104 Condensatiorof the secondary amind8 with ketone 49 triggered the
Picte;Spengler reaction whichesulted ina mixture of two diastereomer$0 with varying
stereochemistry at @. After conversion to theorrespondingnethyl estersthe diastereomers
cis51 and trans51 could be separated. Ehcof them could then be subjected taeaction

conditions for a Dieckmann condensatig®cheme 10). Geometrically only the cisfused

COOMe
NBn
coome) __NaH
tol, MeOH
(88%)
cis-51 Dieckmann cyclization (-)-52
COOMe
COOMe a
tol, MeOH N \
(72%) Bn ~COOMe

trans-51 (

Schemel0: Enantiodivergent step of the total synthisof(+)}koumidine(58) by Magnug?3104
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cyclization product is feasible, and as expectesl51 formed the desired ringp. However, under
the employedreaction conditions the stereocenter at8of trans-51 wasfound to epimerize
which enabled the cyclization as well. The formed compoyqdS2 and(+)52 are enantiomers,
therefore this step rendered the synthesis enantiodivergent. The further sequence was only
described for the more abundant enantiomé¥)52 leading to the nomatural enantiomer of
koumidine(58).
3-Keto ester(+)52was decarboxylated to obtain the tetracyclic ketoe®-46a, which was then
submitted to reductive cleavage of the benzyl protecting group. The resulting secondary amine
was profargylated and the ketone was converted to silyl enol eth8r Deprotonation of the
alkyne followed by trapping with methyl chloroformate and subsequent hydrolysis of the silyl
enol ether yielded esteb4. Cyclization was achieved via-hdditon to the popargylate moiety
to obtain two diastereomeric olefins. Whil&{isomer 55 was utilized to form other natural
products, §-isomer564 I & FdzNIKSNJ I R@I yOSR Ay GKS agyikKSaax
1.) 10wt% Pd/C,

HCOOH (85%)
2.) propargyl bromide,

EtOH (60%) H
DCM (82%) | N
2 N
Bn J—
H \——_:
53
1.) n-BuLi, CICOOMe
(76%)
2.) LiBF4 (91%)
H
pyrrolidine
TFA | 0
N
PhH N COOMe
Bn i \%
COOMe
54
1.) DIBAL-H,
tol (92%)
2.) Na, NHz), OH
1.) Tebbe's reagent )(950/) 3 |
2.) diisoamylborane, ° R
then NaOH, H,0, ~_ _COOMe

(58% 02s) -
H
(+)-koumidine (58)

Schemell: Endgame othe total synthesis of+)koumidine(58) by Magnug®104
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and subsequent hydroboratigoxidation resulted in alcohd@7. Reduction of the ester followed
by reduction under Birch conditions formed the ethylidemeiety and deprotected the indole.

In total, the synthesis dft)}koumidine(58) was accomplished in 18 steps with an overall yield of
0.3% from.-tryptophan (47).
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1.2.3. Total Synthesisef Locimerine and Dispegatrine by Cook

Over the years, Cook and coworkeegtensively investigated the synthesis of numerous
sarpagineand ajmalinetype alkaloids viatetracyclic intermediaté€seechapter1.2.1).18.538%A¢t
this point, only the synthess of lochnerine(2c) and dispegatrine(11) via methoxy substituted
tetracyclic ketonet6b are showcased®110

In a first sequencethe required enantiopure %nethoxytryptophan ester65 had to be
syntheszed (Schemel2). For this purposep-anisidine(59) and 3-keto ester60 were connected

in a JappKlingemann/Fischer indole synthesis. The resulting ester was subsequently hydrolyzed
and decarboxylated to indol@l under copper catalysig heindole nitrogenatomwas protected

as a carbamate and the allylic positimasbrominated viaradicalhalogenation Bromide 62 was
then alkylated with Schoéllkopf chiral auxiliar§3 to obtain the essential stereocenter.
Deprotedion of the carbamate64 and hydrolysis of the auxiliary resulted in tlkesired
tryptophan analoguéb.

1.) NaNO; aq. HCI,
60 (74%) 1.) Boc,O, DMAP

2.) KOH (100%) (95%) Br
MeO 3.) Cu, quinoline MeO 2.)NBS, AIBN MeO
\©\ (94%) \ (90%) N\
> N N
NH, H Boc
59 61
o o “

OEt COOEt
1.) TMSOTT, Z/ n- BuL,
60 Et 2,6-lut (93%) (80%)
MeO NHy 5 )2 M HCI (85%) MeO
EtO_ _N A\
’
\[ N Schéllkopf
63 N/ OEt H Boc alkylation
& J

65 64

Schemel2: Synthesis ofhe enantiopure Smethoxytryptophan este65 by Cooké®110

With tryptophan 65 in hands, the primary amine was benzylated to prepare for the
Picte;Spengler reactiofSchemel3). Thisreactionwas conductedtogether with aldehyde66
under acid catalysisSimilar tothe results obtained byMagnus (see chapter 1.2.2), two
diastereomers with varying stereochemistry at3Cwere obtained at first. Howeverby
application of TFA assronger acid the stereocenter &3 could be epimerized via a cationic

intermediate, while the stereochemistry at-%Cremained fixed. Thereforghe reaction was
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stereoselectiveoveralltowards thetrans-substituted tricycle67 with a chirality transfer to G.

As expected from a geometal point of view,the following Dieckmann cyclizatiodid solely
occur from thecisconfiguration andvas exclusively able to reaaftter epimerization of the ester

at G5, whichtook place under thealkalinereaction conditions. Thigansformation ledto the
desired stereochemistry at both bridgehead positions. Further saponification and

decarboxylation under alkaline conditionssulted intetracyclic ketonet6b.

PhCHO NaQSO4

°°°Et ? thon NaBH, §=00Et 1) NaH
(93%) (88%)
) 66, AcOH NBn 2.)aq. KOH
" then TFA ( 93%) A\ COOMe (82%)
Pictet-Spengler reaction N Dieckmann
cyclization
MeO MeO
1.) Hp, Pd/C
p N (92%)
COOMe 2. 678652003
OHC\) Pd(PPhg),, <"
PhOH, H 3 _5,\
66 KOt-Bu H
(73%) 69

Br/\/\

68

1.) PhsPCH,OMeCl,
KOt-Bu
then 2 M HCI (90%)
2.) NaBH, (90%)

lochnerine (2c)

Schemel3: Total synthesis of lochnerir{@c) by Cook311°

In the next stepthe benzyl group was cleaved under reductive conditiand the resulting
secondary amine was alkylated with allyl bromi@®. Intermediate 69 then underwent an
intramolecular palladium catalyzed elate coupling to form pentacyclé0. The remaining steps
were a Wittig reaction and adjacent hydrolysis of the resulting enol ether tactheesponding

aldehyde, as well as the reductiontbk formedaldehyde toafford lochnerine(20).
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1.) BBr3 (80%)
2.) Mel, AgCl
(85%)

TI(OAC);,

) BF;-OEt,
lochnerine
(2¢) (60% brsm)

71 dispegatrine (11)
Schemel4: Endgame of the total synthesis of dispegatrih) by Cook3110

Continuing fromochnerine(2¢) the synthesis of dispegatrind 1) was performedSchemel4). A
thallium mediated oxidative coupling in the presencebkwis acid was utilized for dimerization
along the aryaryl bond. In thigransformationonly the desired atropisoméfl was formed with

highselectivity Afterwards the phenolic hydroxygroups were liberated by demethylatiolm the

last step the No/ Np@nitrogen atomswere methylated and the counter ion exchanged to chloride

to obtain dispegatring11). After all, lochnering2c) was synthesized ih7 steps with an overall

yield of 9.7%nd dispegatrin€l1) was synthesizedh 20 steps with an overall yield of 4.0% from

p-anisidine(59).
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1.2.4. Biomimetcally Inspiredsynthesis oNa-Methylvellosimine by Martin

In 2003 Martin and coworkers published a biomimetic, enantioselective total sysithef the
sarpagine alkaloitl;-methylvellosiming[81; Schemel5).1'° The synhesisstarted withthe non
natural amino acid D-tryptophan (ent-47), which was converted to dihydrocarbdine
hydrochloride72 by formylation and intramolecular ring closurdinylogousMannich reaction
with vinyl ketene acetal 3 occurred withtrans-selectvity, yieldingthe desired stereochemistry
at G3. Subsequent esterification let diester74. Treatmentof 74 with diketenefurnished the
corresponding -keto amide which was directly used for an intramolecular Michael addition to
obtain tetracycle75 with the appropriate stereocenter at-C5. Reduction of the ketone and
further elimination yielded unsaturated amidé with the required(B-ethylidene sile-chain in
high diastereoselectivity Compound76 was then converted to the biogenetic precursor of
sarpagineand ajmalinealkaloidsgeissoschizing8; see chapter.1.3) in five stepsHowever, to
continue thetotal synthesiof Na-methylvellosiming81), amide76 was methylated at the indole
nitrogenatom and the amidegunctionality wasreduced to thecorrespondingertiary amine77.
Further, a sequence of three steps was performed to convertahtebutyl eger to nitrile 78. The
transformation of the remainingnethyl ester toaldehyde79was achieved in two ste@gpplying
standard conditionsln a three step cascade the silyl enol ether of aldehf@eas formedfirst.

In the secondvery decisive stepminium ion 80 was generated by treatmemf the silyl enol
ether with boron trifluoride diethyl etherateThisreagenttriggered the biomimetically inspired
intramolecular Mannich reactiogonstructingthe crucial sarpagan bridge in the same way as
nature doesby catalysis othe sarpagan bridge enzymgeechapter1.1.3). After all, the two
diastereomerd\N,-methylvellosiming81) and 16epiN.-methylvellosimine were obtained in this
reaction Therefore the third step of the cascade involved exposureb@asic conditionsn order

to obtain the thermodynamically favored natural produBl as a single diastereomefhe
synthesis of the sarpagine alkald\d-methylvellosiming81) was accomplished ih6 steps with

an oveall yield of 7%
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OoTBS

73
§°°H COOH 1) COOtBu
S HCOOH, $ s
ACzO N -HCI 2 MezC CH2
HCI N\
60% N (59% 02s)
H vinylogous COOMe
D-tryptophan (ent-47) 72 Mannich 74
reaction

intramolecular | diketene, DMAP
Michael | then KOt-Bu (86%)

addition
1.) NaBHj (95%) £00tBu
2.) NaOMe N o)
then AcCl N H O
(89%) AN
N
N H 15
H
MeOOC OH MeOOC Me0OC

geissoschizine (38) 76

1.) TFA, PhSMe 1.) NaH, Mel
(90%) 2.) Me3OBF,4
2.) EDCI, NH,OH 2,6-t-Bu,Py
(86%) then NaBH,
3.) TFAA, pyr (90%) (90% o02s)
1.) LiBH4 <
(98%)
2.) DMP,
Pyro
(83%) 78 77
CN 1.) NaH, TBSCI
s 2.) BF3-OEt, (d.r. 7:3)
3.) KOH, MeOH
(54% 03s,
68% brsm)
biomimetically
inspired
intramolecular

Mannich reaction

79

Ng-methylvellosimine (81)

Schemel5: Biomimetically inspired total synthesis W methylvellosiming81) by Martin.t®
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1.2.5. RingClosing Metathesis Approach by Martin

Anothersyntheticapproach towards the synthesis of sarpagine alkaloids by the group of Martin
was published in 200G chemel6).14This approak involved the key transformation of an enyne
metathesis reaction to form thessentiakarpagarbridgeandring D. Theentry into the synthesis
wasdihydrocarbdine hydrochlorideent-72, derivedfrom L-tryptophan (47) in the same way as

its enantiomer(see chapterl.2.4, Schemel5).!'> The Ny-nitrogen atom was protected as a
carboxybenzyl carbamate and the resulting iminium veas trapped with methanol to form
hemiaminal etheB2. Allylation in a &uraitype reaction occurredisselectivein contrast to the
reaction with the unprotected nitrogemtom compound72 in the biommetic synthesigsee
chapterl.2.4, Schemelb5). Ester84 was then reduced and subsequently converted to alkyée
using the OhirgBestmann reagen85. The critical enyne ringlosing meéathesis reaction to
diene87 was realized using Grubbs | catalyst. A following chemoselective dihydroxylation of the
terminal double bond with successive glycol cleaviaggeilted inunsaturated aldehyd@&8. This
compoundwas ¢ besides the protecting grouat N-4 ¢ identical to an intermediatehat Cook

used for the total synthesis @jmaline(4) and alkaloidG (89).1%¢

COOH COOMe /\/TMS COOMe
CbzCl, NEt3, 83
SHel then MeOH NCbz B .oEt, NCbz
76% N OMe (72%) N
H H \
ent 72 82 84
° 0 DIBAL-H
(MeO),P. then NaOMe,
OMe 85 (55%)
N, 85
1.) AD-mix-o
2.) NalOy4
(54% 02s) Grubbs | NCbz
B ——
(97%)
Enyne metathesis
88 87

Schemel6: Enyne metathesis appach to sarpagineand ajmalinetype alkaloids by Martirt
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1.2.6. GoldCatalysisSrategy by Takayama

More recently in 2016the group of Takayama presenteddaher strategy for the synthesis of
sarpaginetype alkaloidgSchemel?7).tY” The starting material and the early steps are based on

the work by Klugé® and Rassat''2. However, while Kluge and Rassat headed towards the

indole-bearing tetracyclic ketone46 with their approacheE ¢ I 1 F &F YIF Qa dad NI &S

construction of the quinuclidingpart of the molecule via a goldatalyzedcyclizationfirst.

CAZNIKSNXY2NB>X ¢k 1FelYlQa aeéyilKS 8athat wasigreNdied oA (K

in four steps while thepredecessas used racemic material.

First, diol89 was oxidized and subsequentipe of the resulting ketonewasreduced andhe
alcohol wagrotected as the acetat®0. The benzyl group was cleaved under reductive conditions
and the secondary amineavas propargylated with mesylat®1. Afterwards,the ketone was
converted to silyl enbether 92, beforethe gold(l}catalyzed key transformatiowas performed
The bulky trityl protecting group was required in order to favor the destexXodig over the
7-endodig cyclization whichfurnished quinuclidine3. The acetate was then cleavedf, the
ketonewas2 f STAY I 1SR dzAAy3 ¢S0606SQa -2N#s &iSized tahe y R
correspondingketone. After further cleavage of the trityl group kesdcohol94 was obtained.
Thiscompoundunderwent Fischer indole synthesisatiord indole 95. Theexomethylene group
wasthen hydroborated and oxidized to the alcohol.the last step the allylic alcohol at18 and

the benzyl group were removed under Birch conditions to form natural pro@6icthe synthesis

of 16-eprnormacusineB (96) was accomplished in 16teps with an overall yield of 7%
Furthemore, sarpagindype alkaloids gardnerine (97), hydroxygardnerine (98) and

hydroxygardnuting9) were synthesizesiathis strategyas well
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A) 1.) Swern ox.

(88%) 1.) Pd/C, HCOOH
2.) BH3 THF 2.)91, K,CO4
(76%) (81% 02s)
OH 3.) Ac,0, DMAP O 3) TIPSOTf, NEt; OTIPS
(96%) (98%) y oTr
HO AcO AcO  — /
20
89 90 92
1.) KoCO3 MeOH (98%)
2.) Tebbe reagent, pyr (72%) H Au cat. | |PrAuCl
3.) Swern ox. (94%) 6-exo-dig | A9BF4
4.) p-TsOH-H,0 (99%) (85%)
-

1.) 9-BBN
H then NaOH, H,0,
(55%)
2.) Na, NH3 (54%)
r o

PhNBnNH,-HCI
pyr-HCI

(98%)

OH

gardnerine (97) hydroxygardnerine (98) hydroxygardnutine (9)

Schemel7: A) Totalsynthesis of 1&pinormacusineB (96) by Takayama. B) Further sarpagiype alkaloids
synthesizediiathis strategy*!’
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1.2.7. First Total Synthesis of Ajmaline by Masamune

1) MeONH,
o 2.) LiAIH,
(70% 02s)
COOEt dr. 2:1 082
Ci 100 O 3.) benzoylation O
—_— R e
Y T Yo LD
% N o) N NHBz
e e
99 101 Me 02
OSO4
1.) NH,0H OB NalO,
: 2 Zz uant.
BzCl, pyr AcOH (@ )
2.) Ph3CNa, Etl (40-50%) o)
(60-70%)
~
O—Mg
1.) NaOMe J EtO \ o
2.) DMSO, Ac,0
o)
100
Et
105 106a/106b N /

Schemel8: Early steps of the firgbtal synthesis ofjmaline(4) by Masamuné*

In 1967 the first total synthesis ofjmaline (4) was published by Masamune and coworkéfs.
While their approach waslegant and unique at that time, the route was racerard not all
stereocenters as well ag/nthetic details wereeported. The entry point into the synthesis was
acyl chloride99 (Schemel8). Condensation with magsium chelatel00 and subsequent
decarboxylation gave tricyclH01 Conversion of the ketone to a primary amine was achieved in
a two-step procedure via the methyl oxim&hisresulted intwo separable diastereomerthat
were carried through the synthesseparately Adjacent protection yielded dibenzoylai€®2
Dihydroxylation and subsequent ring opening by an oxidative glycol cletecigea dialdehyde
which directly formedring D as hemiaminal 103. Next, the €/C-3 bond was formed in a
Picte;Spengler reaction to obtaithe cisbridged ringCof tetracycle104. Transformation of the
remaining aldehydeinto a nitrile functionality was accomplished by treatment with
hydroxylamine followed by benzoyl chloride. Afteethylation of this nitrile compound105was
obtained. Deprotection of the alcohol and subsequent oxidation resulted epimeric

aldehydesl06a and 106b differing in the stereochemistry at-15.
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Al,O3 1}106a/1 06b 2.) hydrogenolysis

1.) LIAIH(OEt);3
d.r. 7:3

106a E ajmaline (4) 109

Schemel9: Endgame of the firdbtal synthesis ofjmaline(4) by Masamune®°4

For the decisive cyclization ttmrm pentacycle Fonly the G16 endoconformer 1060 was
viable(Schemel9). The authordound that the two epimers were interconvertiblender alumina
catalysis however the equilibrium was in favor of thexo-conformer 106a (d.r. 7:3) and no
comment wasmade about their separability After verification of identity with the synthetic
compound106b, material obtained by degradation afmaline(4) wasused as a relay substance
for the further synthesisCyclizatiorof endoaldehydel06b was achieve@mploying a method

by Bartlett and coworkerander acid catalysiand trappingof the resulting hgroxyl group as the
acetate 107.1'8 Hydrogenation of the hemiaminal was performed by platinum catalysis under
acidic conditions to give indolir08. Full deprotetion was accomplished in tweductive steps

G2 I OljdzA NB w20 Ay a2y Q9 dhicly Ha@ bR dn&ited fajinglii(4)2 EA Y S ¢
earlier by reduction and hemiaminal formatidi. Overall, ajmaline (4) was synthesizedn

15 linear steps, butunfortunately two diasteeomershadto be carried through a largehareof

the synthesis and at the stage of the aldehyd@&a and 10&b the interconversion equilibrium

favoredthe undesiredsomer.
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1.2.8. Total Synthesis of Isoajmaline and Formal Synthesis of Ajmaline by Sato

COOMe
COOMe
NHBn COOMe
toI/MeOH
60% 77%)
Pictet-Spengler WCOOMe Dieckmann

condensation R = COOMe 112 :|ACOH, HCI
R = H 46¢c (80%)

1.) Triton B,
propanal (54%)
H

1.) Me,S=CH, 2.) KCN, NH,CI (54%)
1.) PdIC, H, (58%) (50%)
2.) BzCl, pyr 2.) AlH; (54%)
3.) NaOMe -
4.) DMSO, CN
Ac,0 (80%) H H
113 Et

1.) Et30BF4
NaBH, (85%)

2.) reductive
debenzylation

isoajmaline (119) 118

Schene 20: Total synthesis of isgmaline(119) by Sato?>%7:101

In 1969 Sato and Mashimo developed aracemictotal synthesis of isgmaline (119) and
completed a formal synthesis @jmaline (4) usingthe same approacP™®’ On the basis of

. 2 Y SR I Qafracycit Ketonet6ewas preparedn three steps from tryptophan derivativiel0
via PictetSpengler reaction, Dieckmann condensation and decarbtioléSchene 20).1° By
application of an aldol condensation with propanalthreecarbon chain 8G15 was installed
before nitrile 113was formed by a 1;addtion. The ketone was then converted to an epoxide
using theCorey Chaykovskyeaction. Subsequety, the epoxide was opened yielding primary
alcohol114. This compound was deprotected; and O-benzoylated and selectively deprotected

at the oxygenatom again in a three step procedure before the alcohol was oxidized to
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aldehydell5a This compound bore the incompatible stereonfiguration at €L6for cyclization

to form ring F Therefore this position had to be isomerizedpplying the method of
Masamune (see chapter 1.2.7). Surprisingly the equilibrium was in favor of the desired
isomer 1195 (d.r. 2:3),howeverthe aldehydes were not separable. Thine, the mixture of
equilibrated aldehydesieededto be reducedby sodium borohydride in situ, separated at the
stage of the alcohols and oxidized back to the aldehydes. At this point, material obtained by
degradation of isajmaline(119) was used as a &y substance to further carry out the synthesis.
Since aldehydé1%bl Yy R a | & | Y dzy 30Bdiffér onkiyis thedsiei®ocenter of the ethyl
moiety at G20, the remaining steps to the natural produgere very similar. Cyclization using

. NJi £ S (callendo pedtd®dle?16. Reduction of the hemiacetak well as deprotection of

the Np-nitrogen atom under reductive conditionsesulted inw2 6 Ay 42y Qa al y K& RNE
2 E A XYIB éThis compound was already known to undergo transformation tajtisalire (119)

by further reductior’*®

The synthesis wathen slightly modified to further achieve a forrhaynthesis ofjmaline(4) as

well.?® For this purposgthe stereocenter at 0 was built in a different mannéBcheme21).
Ketone46cwas converted to enaming20. The €0/G21 chain was introduced via alkylation to

form nitrile 121 By irstallation of the cyanomethyl grougt first and subsequentattachment of

the G18/G19 ethyl side chain the opposite stereochemistry could be obtaihedhis way

nitrile 1216+ a FT2NB | NRSR (2 al B2ty tndlg coinplete yhé SoNdEIS RA | ¢

syrthesisof ajmaline(4).%*

(50%)

ajmaline (4)

Scheme21: Formal synthesis @jmaline(4) by SatoddA I al al Ydzy SQA@R¥*FPy i SNYSRAI G S
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1.2.9. ¢ I Y S tBSnyiredic Approach toDeoxyajmaline and Ajmaline

1.) LiAIH4 (97%) 1.) OC(MeO),

2.) BnCl, KOH OBn NaOMe (87%)
COOH (83%) 2.) PdIC, Hy, (95%) 1.) N-methyl tryptophan,

3.) OsOy4 pyr 3.) Collin's reagent Hy Pd/C (51%)

Et (79%) Et OH (98%) J 2.) KOH, MeOH (64%)
—_——

OH /&0 ‘
123 124

COOH

COOH N
Et
DCC, NalO, N\ N
-TSOH NaOAc N
3<7 Me
biomimetical N H g HO

intramolecular P/ctet Spengler OH
Mannich reaction

Al,O3

\O ——
~—

Et 129a/129b
d.r. 5:1

129a 129b deoxyajmaline (130)

Scheme&22: Biomimetic approach tdeoxyajmaline(130) by Tamelerf299.118

In 1979 Tamelen and OA GSNJ Lldzof A a KSIR LI$¢ abARIAS vy SaleayQl
deoxyajmaline (130).%°° Since the transformation 0130 to ajmaline (4) had already been
developed by Hobson and McClusktays completed a formal synthesaf ajmaline(4).11° At the
time of the publication, this work shed new light on the biosynthesis of sarpagimkajmaline
type alkaloids, which was later confirmed by the discovery ofsdugagan bridge enzymn(see
chapter1.1.3).

The synthesis started with racemacid 123 which was reduced to theorrespondingalcohol,
protected and dihydroxylated to obtain di@R4 (Scheme22). This diol was then protected as a
carbonate followed bydeprotection of the primary alcohol under reductigenditions andan
oxidation reaction to givealdehyde125. Reductive amination wittN-methyl tryptophan and
cleavage of the carbonate yielded indd&6. In the next stepa glycol cleavage saused to
cleave the fivanembered ring and induce a Pict&pengler reaction to form tetracycl®7. This
compound wasuitedfor a biomimetical intramolecular Mannich reaatioBy decarboxylation at

G5 triggered by treatment with DCC and acid, iminiton 128was formed. Attack of the enol
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position G16 formed the sarpagan bridgef pentacyclel29a At this point, a chiral resolution
was performed by crystallization withcamphor10-sulfonic acid

As Masamune and Satiid before (see chapterd.2.7. and1.2.8), epimerization of the aldehyde
at G16 was attempted. Due to the additionaing E the equilibrium strongly favored the
exoconformerl29aover the requiredendo-conformer109b(d.r. 5:1). Furthermore, separation
proved to be challenging and onkgry low yields ofpure aldehydel29bwere obtained(2%)?°
Submission of this aldehyd9bto strongly acidic reductive calitions as developed by Bartlett
led to cyclization with concomitant reduction to the indolideoxyajmaline(130).118 It is worth
to mentionthat the same condibns applied tocexc-aldehydel29 did not lead to the desired

ring F, but only to decomposition.

As mentioned beforejeoxyajmaline(130) couldbe converted to its oxidized foregmaline(4) in
a procedure developed by Hobson and McClugBepneme23).2%119First, the tertiaryNp-nitrogen
atom wasactivated as a carbamate, whielmableda nucleophilic attack to form iodid&31 The
iodide wasthen replaced by an acetate grpuSubsequent saponification cleavihe ester and
the carbamate yielding aminralcohol 132 After oxidation to thecorrespondingaldehyde,

cyclizationtook placeunder formation ofajmaline(4).

WH PhO(CO)CI
: Lil

—_—
3 (94%)
n A Et 0
deoxyajmaline (130) R =1, R'=COOPh 131 1.) NaOAc ajmaline (4)
\2.) KOH
R=0H,R'=H 132 (27% 02s)

Scheme23: Conversion ofieoxyajmaline (130) to ajmaline(4) by Hobsonand McCluske§®!*°
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1.2.10.Synthesis oQuebrachinine Diol and Vincarine Diol by Cook

Cook and coworkergsompleted a total synthesisof ajmaline (4) in 198 and furthermore
published the synthesis of two natural and three noatural ajmalinetype alkaloids 2004 and
2005100.109.1221 |1 this chapter, only the syntheses of the two nematural derivatives
guebrachidine dio[(137) and virtarine diol(139) will be highlightedBoth of theseare selected
due to the fact that their syntheses involve indolenine intermediates, wiephesentone of the
characteristicstructure motives owinorine (5). In addition further insightinto the formation of

ring Fis obtained.

COoOMe 1.) Boc,O, DMAP
., 7 (85%)
NH, reaction 2.) aq. CH,0, KOH
A\ vessels (92%)
N (27%)
H H
133 vellosimine (19) 134
1.) TPAP, NMO
(75%)
lZ.) TFA (84%)
1.) NaBH3CN

(90%)

2) aq. KzCO3’
MeOH (85%)

-

quebrachidine diol (137)

Scheme24: Synthesis of quebrachidine didi37) by Cook®

The synthesis starts with tryptophan est&83, which was converted to vellosiming19) very

efficiently in only sevemeaction vesselsvith 10 chemical transformationsia the tetracyclic

ketone intermediate46 (Scheme24; for more information on tetracyclic ketond6 see

chapters 1.2.1 and 1.2.3).19° In the next step, the idole Na-nitrogen atom was protected as a
OFNBFYFGS (2 LINB LI NBwhighZedb dicki84. Sklactive &xiddbién ofNe | O A 2
endcohydroxymethyl group and adjacent indole deprotectiogsulted inaldehyde 135. This

aldehyde was cyclized undeorditions that were slightly modifieth comparisoni 2 . I NI £ S G
conditions which were used by Masamune and Shaéfore.®+%5:97:118Cook and coworkers stated

that the reaction did not proceed under the origir@nditions and therefore the cyclization was

carried out without acetic acid and at 3& However, they did not obsenanly one hexacyclic
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diastereomer but two epimer@.r.>2:1 in favor oflepictedcompoundl136in Scheme4). These
epimers were separable after the following indolenine reduction stephich occurred
stereoselectiely. The last stemivolved cleavage of the acetaggoupsto furnish quebrachidine
diol (137) in 14 stepsvith 4.7% overall yield.

1.) TFA, Et3SiH
(90%)
TFA 2.) aq. KoCOg3,
W\"~OH Ac,0 WWT0Ac MeOH (87%)

_—

(80%)

only one

135 diastereomer 138 vincarine diol (139)

Sheme25: Synthesis of vincarine di¢ll39) by Cook®

When aldehydd 35was cyclized with TFA instead of hydrogen chlorideayddferent reactivity
was observedScheme?25). In this casgonly one diastereomer was obined and the selectivity
turned aroundin favor of indolenine 138 Cook refers to this diastereom@B8 as the kinetic
product, whereasits epimer 136 is described as the thermodynamic proddet. After
stereoselective reduction of the indolenine and double ester cleavégearine diol(139) was

obtained in 14steps with 8.3% overall yield.
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2. Results and Discussion

2.1. Synthesis of Sarpagines

2.1.1. Synthetic Planning &etrosynthetic Analysis

The work of ths thesis vas part of acollective syntheis developed in our grouf? Theidea of
collective synthesis is tiind a dructure-pattern-basedstrategywhich enables access to highly
diverse, even lugenetically unrelated natural product families withe common synthetic
sequence.In contrast, the classical targetientated synthesis requires individualynthetic
approaches for each narrow natural product family or ef@reach natural productin order to
take advantage of atmicture-pattern-based total synthesis, carefubatabase analysison
common structural motiveand functionalization patternef different unrelatednatural product
groups has to be conductedfter having identified such motivesan appopriate privileged
intermediate can be designe@ifferent members of several natural product families should be
readily accessiblérom this shared intermediateThereby the overall synthetic effort can be

diminished significantly.

In the Gaich researchroup, a privileged intermediate for the synthesis sdrpagine ajmaline,
macroline andSemona alkaloidshas beendeveloped.Figure12 depicts members of each of
these natural product families with their idengfi common structural features highlighted in the
privileged intermediate. The first part of theollective syntheis was completed in 201 our
group with the total synthesis of the three sarpagivigpe alkaloids vellosimine (19),
Na-methylvellosimine (81) and 10methoxyvellosimineas well asthe formal synthesis of
16-epinormacusineB (96).12%24 Furthermore, in 2018 the synthesis of a congener of the

Stemonaalkaloids, parvineostemonine, was comple&dploying this concept?®
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parvineostemonine
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Figurel2: Accessible natural product families through a designed privileged intermediate.

The retrosynthetic analysis and the synthetic route for sarpatype alkalads are based owork
performed byDr. Sebastian Kriigexhich isdescribed in detail ithe corresponding publications
and dissertation, respectivelf>1241%6 The retrosynthetic planning was guided by the
requirementto install as many differently substituted indole heterocyclepassible in order to
facilitate latestage functionalizationThistargetis accomplished most efficientlyy installation

of the indolesystemin the verylast step of the synthesisincethe entire material can be carried
through without any synthetic changes Therefore the retrosynthesis started with a
disconnection of the indolenoiety, which was intended to be introduced by a Fischer indole
synthesig{Scheme26).12"128 This ledbackto ketone140, which was expected to be accessible by
a TiffeneaugDemjanowring enlargement reaction from masked ketoh41'>*>'31 The enol ether

in 141 was intended tobe introducedby G elongationof ketone 142 with the corresponding
Wittig reagent32135 Theconfiguration at €16 was envisioned to bgenerated upon hydrolysis
of the enol etherto deliver the desiredgtereochemistry. This is in accordance with biosynthetic
investigations by 8tkigt and coworkers, whprovedthat the configuration at €16 sarpagine
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type alkaloidsis the thermodynamicallffavored one(see chapter 1.1.3).6366 The cagdike
structure of quinuclidine 142 was planned to be obtained via an intramolecular palladium
catalyzed enolate coupling reactié?f'3’ Thisled backto tricyclic privileged intermediaté43,
whichisreadily available through [5+2}dipolar cycloadditiorirom dipole precursor pyridinium
salt144F yR ! 33F NB I f Q4 14p8 8%y S SljdzAa @1 £ Sy i

Fischer indole )
9 ring enlargement

[5+2]
S o dipolar CA H
N Pd cat.
H“' Es/l 0 enolate
::I ::I \ coupling
H\
145 144 143 142

Scheme26: Retrosynthetic analysis with corresponding disconnections for the synthesis of sarpgugredkaloids.
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2.1.2. [5+2}OxidopyridiniumDipolar Cycloaddition

In order to render the synthetic appach enantioselectivel KS a &y (i KSa Achiral2 ¥ | 3=
ketene equivalenfi45was required at first3¢141 The starting point was bromidi46, whichwas
converted to benzyl ether147 in a Willamson ether synthes catalyzed by
tetra-n-butylammonium iodide (Scheme 27).142143 Next, the acetal underwent a
transacetalizationreaction by treatment with 1,2ethanedithiol and catalyticamounts of
iodine!** Thioacetall48 was obtained in excellent yieldh& following stepvasan asymmetric
Kagan oxidatiod?>146 Even though this reaction was reported with high yields and excellent
enantioselectivityt3%140 these results could not be reproduced to the same ektebespite
extensive attemptsfor optimization of the reaction conditionsthe yields and obtained
enantiomeric excess varied significanfity different batchesand were neverfound as high as
reported in literature. Optimization attempts included further purification of the starting
materials and reagents, modulation of equivalents, variation of the temperature program,
modificatiors of the workup procedure or additioof different amountsof water. As main side
products the monoxide, trioxide andis-dioxide of the desired compound49 were observed.
However, it was found thaiponrecrystallization from hot ethyl acetai® mL/g), solely racemic
material crystallized. This resulted in a mothiguor with enantiomeric excess &5¢98%.In this

way,decagram quantities adlmost enantiopurdrans-bissulfoxidel49were obtained.

BNaOHH Iy, (~)-DET
n 1,2-ethane- Ti(OiPr)4
OMe  Nn-Buyl OMe __dithiol___ S t-BuOOH
MeO —> MeO
_<_Br THF, reflux, 0Bn oom, 1an iOBn DCM, 3 d
18-20 h (96%) —4010-20 °C
146 (50-60%) 147 148 (17-40%)
42-86% ee
Mel recrystall.
10 NEti-Pr, 510 NHMe, from EA s10
13 -2 g B 149 =-=—— s
¢ MeCN, 04 THF, 3d o’
22 h NMe, (979 95% ee OBn
145 150 149

decagram quantities

Scheme7: Synthesis of chir&letene equivalenii45.

Substitutionof the benzyl ether with dimethylamine proceeded slowly, but in excellent yield to
give aminel50.1% Thiscompoundwas subjected tdHofmann eliminationconditions to obtain

the chiral ketene equivalerit45, which was usedithout further purificationfor the next step.
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Scheme28: Dipolar cycloaddition and reductions of the regioisomeric bissulfoXi8ésndregio-151

Ketene equivalentl45 was then applied as a dipolarophilefor the [5+2}oxidopyridinium
cycloadditionwith pyridiniumsalt 144 (Scheme28).14114714 The dipole was generatdd situby
deprotonation of the aromatic hydroxyl group. In thepfgur transition states are possible in this
transformation(Scheme29).14! However, onlywo of them(TS1 & TS2) occur,sincethey are
stabilized through electrostatic attractiarbetween the positively charged pyridinium nitrogen
and one of thenegatively polarizedxygen atoms of the dipolarophile. Furthermore,-T'$
favored due to an additional supportive interaction between the pyridinium oxygen and the

positively polarized sulfuatom. Therefore the desiredregioisomerl51 arising fromTS1 was

favored: not observed:
Ts1 o |t : [~ 1s30” |t
\/S' S‘\o .
= o il
‘.S'\/ : (\ ' —
|/\S-IO 2x electrostatic| %71 _ Major oS- v 4RN|' ' H _
.S attraction 110 — Hu” /  missing [T O steric
o LI RN » electrostatic|! ) _g repulsion
N}fll l H ' attraction N s’
145 NEt, | R | 151 desired | | o
+ + + ' +
HO DCM — a1t : o t
| . XS (\S‘\ ' RN=— | electrostatic
N* 'SI\/ . ' o A o & steric
I|2 o ! Minor 0;‘3‘/, ~ » missing ':' P '0 repulsion
144 electrostatic < \ ! —_— RN ' eletct:tro?tatlc ,| X! _s
attraction =1 ¢ attraction
I 'N}:I N _ H o ! 'Y \\S\/
) =W L R¥rs O- regio-151 L © 154

Scheme29: Transitions states of the [5+Bkidopyridinium cycloadditiof!
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found as the major producflransition states S and TS} do not occur since they both lack
electrostaic attractions and furthermore experience electrostatic and steric repulsion. On
account of this, the regioisomefilandregio-151were obtained in perfect diastereoselectivity

in a ratio of 2.5:1 as determined by NMR spectroscopy. At this stage, tfes@gers were not
separable from each other and from remaining pyridinium salts. This faciheglgyiblesince
these byroducts were very well tolerated in the following step. The bissulfoxides were converted
to dithiolanesl43andregio-143by activaton with trifluoroacetic anhydrideand reduction with
sodium iodidet*149In order to scale up this reaction to decagram scale, it was crucial to carefully
monitor and sustain the reaction temperature betweehO and ¢5 °C. After the reduction, the
regioisomeric dithiolanes could be easily separated and privileged intermediéBwas

obtained.
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2.1.3. Alternative Approach to the chiral Ketene Equivalent

In order to avoid theproblems arisingrom asymmetric oxidation tahe trans-bissulfoxide an
alternative approach was investigated. The general idea was to install a chiral ether instead of the
benzyl etheras usedn the original route(Scheme30A). In this way,diastereomers wold be
obtained after oxidation to thetrans-bissulfoxideswhich couldthen be separated. The chiral
ether couldsubsequentlybe cleaved to result in enantiopure amidé0 that can be further
proceeded to chiral ketene equivaletd5. Since the ether ha®tbe generated and later replaced

by an amine anyway, the use of a chiral alcohol does not require additional steps. The
requirements for the chiral alcon@iR OH) wereto be readily available and rather cheap for both
enantiomers. A secondary alcohol withirality at the hydroxyl group was thought to be the best
choice, since on the one hand primary alcohols would presumably not induce enough separation
potential due to the distance of the relevant stereocenters and on the other hand a tertiary

alcohol wauld be significantly less reactivethe ether synthesiand cleavagsteps.

A) OMe R'OH (\s mCPBA (\s-‘o (\s‘o (\s"o
Me0—<_ ——> s-ﬁ_ — 43~<_ + \‘s«_ p——r ;«
Br OR’ 0 orR" © OR’ Y
145

146 152 153a 153b

(separable) diastereomers enantiopure
ketene equivalent

R = |2 |
“'oH w “/OH

(=)-borneol (154) (=)-menthol (155)

Scheme30: A) General idea of an alternative approach to chiral ketene equivaéhtB) Structures of potential
suitable chiral alcohols for this apyach.

Initial attempts were madewith (¢)-borneol (154) and (¢)-menthol (155 Scheme 30B)
Bromide145was converted to the chiral ethers and after transacetalizatiom corresponding
thioacetals152 were obtained Upon oxidation withmeta-chloroperoxybenzoic acithese chiral
substrates gave exclusively ttrans-bissulfoxidesd53and 153, as itwas previouslyeported for
achiral substrate$?%1%|t turned out that theobtained borneolderivatives were not separable
by means offlash column chromatography or crystallizatiorlowever, the corresponding

mentholderivatives wergound to be separable by crystallization from ethyl acetate or diethyl
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ether. Uponfurther analysis the crystallized material proved to be diastereoni&3b, which is
unfortunately not suitable for the synthesis of the natuyadccurring enantiomers of sarpagine
and ajmalinetype natural products.

Therefore (+)ymenthol (ent-155 was used for furthe evaluation and scaleup of the
approach (Scheme31). After deprotection with sodium hydride(+)}menthol (ent-155 was
alkylated with the usual building blodiki6to form ether156. Transacetalization under standia
conditions gave dithiolan&57in excellent yieldOxidation withmeta-chloroperoxybenzoic acid
yielded diastereomeridrans-bissulfoxides158a and 158 in a 1.61 ratio in favor of the
desired158a. No formation of thecisbissulfoxide was observedtinis transformation. This three
step sequenceouldbe carried ousmoothlyon decagram scale. After two recrystallizations from
hot ethyl acetate the diastereomeric ratiovasenhanced to> 20:1 asdeterminedby *H-NMR
spectroscopy. Crystals suitable dray diffraction were obtained. The acquired crystal structure
unambiguously confirmed the absolute and relative stereochemistry. Amination of
compoundl58awas slower in comparison to benzyl derivativi9and did not go to completion.

However, good yiels were obtained after a reaction time of seven days by recovery of starting

I2,
NaH 1,2-ethane-
then 146 dlthlol
—_—>» MeO —
HO™ THF, reflux, Y\O DCM 16 h </\,/\o

A 40 h OMe (99%) 2

(55%) mCPBA
(+)-menthol Et,0, 0 °C,
(9nt-155) oy r;-—) 2 h

RN S 399,
o”%l\/k_\n___!\ ” 1!-—:;- rectr\;/vstall 5 <<
SN Sv S,o AN

158a ° 158a 158b
d.r. > 20:1 decagram quantities

(\ o (\S 0
SI‘ §
NHMe,, THF, 7 d Hi,
- 0
(70%, 82% brsm) o) NMe, H
|
71% ent-155 recovered 150 143

95% ee 94% ee

Scheme31: Alternative synthesis of chiral ketene precurd®0and further conversion to tricycl&43 with ORTEP
plot of bissulfoxidel58a (30% probabity).
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material. The liberated+)}menthol (ent-155) could even b&ecovered making the route more
economic. Attempts to increase the reaction velocity by heating t6G(@h a sealed tube led to
partial elimination, whereas conducting the reaction withiatetrahydrofuran in condensed

boiling dimethylamine did not give any conversion at all.

Analysis of the obtained aminks0 by chiral HPLC indicated an enantiomeric excess of 95%. To
further confirm this result, the material was carried furtherttcycle 143and analyzed again. An
enantiomeric excess of 94% was found, which is presumably still watbasurement precision

of the analysis. These results shtvat this alternative route can be a highly versatile tool. By
employing menthol as a chiral auarly, the often troublesome and unreliable chiral sulfide
oxidation reactionwith its furthermore quite expensive reagentsan be avoided during the

synthesis of the versatile chiral ketene equival&qb.
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2.1.4. Synthesis ofhe Fischer Indole Precursor

The sythesis was continued with privileged intermediatd3, which already contained two of
the required stereocenter§Scheme3?2). A very dilute solution ot-selectridewas employed to
perform a 1,4reduction of the eone to obtain sturated ketonel59in excellent yield This
ketone smoothly underwent an intramolecular palladivtatalyzed enolate couplingnder
2 y 2 2 OK Q ato far@isyi Guinuclidide/4awith the stereogenic nitrogeatomanda further

stereocente at G15.13¢137 By deprotonation with then situ generated mild base potassium
phenolate the correspondingenolatewasgeneratedand coupled with the vinyl iodideoietyto
furnish the required €15/G20 bond. The missing @7 carbon wasintroduced via Wittig
reaction13#135> Methoxymethytriphenylphosphoniumchloride was deprotonated with KHMDS

and used tanstall the enol ether in compount41

(oF
H\‘/’ L Selectride ” H\S\/— 15
X N
THF, —78 C H

(93%) 1 Pd(PPh3)s

143 159 PhOH

KOt-Bu
THF, reflux,

H 3.5h

PhsPCH,OMeCl N (94%)

KHMDS S, 0
C -
THF, s
—-78 °C tor.t.
(86%)
141 142

multigram scale

Scheme32: Synthesis of enol ethdrdlin a three step sequence from privileged intermedia%s.

Cleavage of the thioacetal in the next step proved to be troubles(@ubeme33). The previously
utilized conditions developed by Oishiere first employed for this purposé?®12415:152 These
conditionsinvolvein situ protonationof the basic nitrogemtomby TFAo enable chemoselective
alkylation ofthe thioacetd with Meerwein's salt The ketone is then liberated by subsequent
treatment with copper sulfate and then aqueous ammonia. However, low yields of the desired
ketone 160were obtained and hydrolysis of the enol ether to dicarbdiyl was observed as a
sidereactioninstead Several attempsto prevent thisside reaction were examingduch asising

different & dzLJLJbatcBasDffleerwein's salt modulation of equivalents, inverse quenching,
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variation of the amount of copper sulfate and ammonia solutieror additives) but were
unsuccessful.

Instead of the original plan to carry the enol ether moiety through the reaction sequerareler

to obtain sarpagine alkaloids bearing an aldehyde group in the end, the route was altetred

point to involve dicarbayl 161, which should be reducedt G17 to obtain natural products
comprisinga primary alcohol at this position eventually. This change may seem constrained at
the first glanceput offered potential benefits in a sense that alcohols are gemgtaks eactive

than aldehydesindtherefore they are favored in medicinal chemistry for pharmacological testing
since they provide bettechemical and metabolic stabilify?

Hence the crude reaction mixture after dithiolane removal was subjected to complete hydrolysis.
Rather harsh acidic conditions withMshydrochloric acid at 50Cwere required to trigger the
transformation of the enol ether. This is presumably due to the basic nitregem which is
protonated first to generate a cationic ammonium salt. The second protonahianis required

to hydrolyze the enol etheis then more relatant since adicationis formed Nevertheless, keto
aldehydel61 was obtained in very good yielthd perfect diastereoselectivitgver two steps,

even higher than the combined yield of separate@0 and 161 As expected fronBHO 1 A i Q&
biosynthetic studis (see chapter1.1.3),636% exclusively the desired sterecisomer atl€ was

received under these thermodynamic conditions.

TFA
H OMe Me3OBF,
N then CuSOy4
= then NH,OH

1) TFA, Me3OBF, DCM
then CuSO4, NH4,OH H

2) 6 M HCI, THF/H,0, .
50 °C (82% 02s)

Schemed3: Thioactal cleavage and subsequent hydrolysis to dicarbdéygl
Next, ®dium triacetoxyborohydridevas tested for the required chemoselective reduction of the
aldehyde in dicarbonyl61, since itssterially demandingand electronwithdrawing acetoxy
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groups stablizethe boronhydrogen bond and are responsible for its nald selectiveeducing
properties (Scheme34).1% Initial attempts using dichloromethane as a solvent under neutral
conditions resulted in low yields of the desired keflcohol 162 with overall low mass
preservation.When the solvent was switched to tetrahydrofuran and acetic acad added
subsequently after addition of the reducing aggihie yieldcould beslightlyincreased. However,
an undesired, significantly more polar side prod{i&in DCM/MeOH 9:11620.58,1630.02) was
observed. Analysis of this side product identifieds the overreduced dioll63. The depicted
stereochemical configuration was establishdy H-NMR coupling constants analysis in
combination with NOESY experiments. Afirected ketone reduction with edium
triacetoxyborohydridein a stereospecific maramn is known forh - andi -hydroxy ketone®>1%6
and -keto acids'®’ a similar effect was assumeal this cas. Structurel64shows the proposed
mechanismwith coordination of the borohydride by the nitrogen lone pair and consequent
hydride delivery, resulting in did63. To circumvent this internal delivery, the order of addition
of acetic acid anthe reducingagent was reversed. Protonation of the tertiary amprecluded
the coordination. Thereforeoverreduction was prevented and desired kettcohol 162 was
finally obtained in good yield.

It is assumed thathis coordinationeffect isalso responsible forthe even loweryields with
dichloromethane as a solvent compared to tetrahydrofuramce in dichloromethane as a

non-coordinating solvent the borohydride is even more pronéiteractwith the tertiary amine.

H
> NaBH(OAc);

W<xg then AcOH
o — +
R THF, 1h
H
161 163
(40%)
( )
AcOH H \P)h—OH
then NaBH(OAc); (OAc)nBI o s H

THF,
0°Ctort, 17 h
(72%)

Scheme34: Chemoslective reductiorof dicarbonyll61to keto-alcohol162
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Theremainingchallenge to obtain Fischer indole precurddOwas the Tffeneau;Demjanowing
enlargement ofing C(Scheme35). To be on the safe sidd)efirst idea was to protect the primary
alcohol prior to the methylene homologation. Hence, keloohol162 was converted to silyl
ether 165 under standard conditions imoderateyield. Next,a method developed bjeeand
coworker with addition of deprotonated trimethylsilyldiazomethaneto the ketone and
subsequentrearrangement to the expanded ring triggered by protonation under mild acidic
conditions with methanol and silica was test&d.Unfortunately, the desired ringnlarged,
silylated compound 166 could not be observedThe material mainly decomposed and the
TBSgroup was clearly cleaved, but traces of the deprotected ring enlarged ketlmobol 167

were detectedoy 'H-NMR spectroscopic analysis

NEt,
H DMAP H
\‘\\\OH TBSCI ‘\\\\OTBS
(0] o
DCM,
0°Ctort, 27 h
(51%)
162 165
n-BulLi, EtzO/THF, ’,: n-BuLi,TMSCH2N2
TMSCH,N» —78°Ctort, i v EtO./THF
then MeOH | (3gq;) e2.-" < then MeOH
then 1 M HCI A\t ' then SiO,
',"‘ V -78°Ctort.

140
gram quantities

Schemeds: TifeneaugDemjanov ring enlargement reaction leading to Fischer indole precardr

After these results, direct methylene homologation with unprotected kakoohol 162 was
attempted. For this purpose more than two equivalents ofin situ generated lithium
trimethylsilyldiazomethanevere used to account for the acidic hydroxyl protdhwas taken by
delight that the rearrangementto the six membered ring proceeded smoothly already after
addition of methano(Scheme36). 'H-NMR spectroscopgin CDGlas well as in ¢Ds) indicated
full conversion to the silyl enol ethér70, even withoutaddition ofsilicagel The reason why
silica, in contrast to the original methodology by Le&s not necessarin this case remairge

unclear at this point®® However, after results from the ajmalirtgpe alkaloids route(see
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chapter 2.2.3) one may speculate that the rationale behind these findings is, that the
intramolecular hydroxyl groupnay facilitate the rearrangementAfter treatment of silyl enol
ether 170 with dilute hydrochloric acidduring workup the desired Fischer indole precursor
ketone140was obtained as a single regioisomer in V@ghyield. After all,the developed route

andprocedures were robust enougb preparegram quantities of thisompound

TMS
>¢N2 re-face attack

Lz H
~\
“WTOH
—

reactive conformer

Scheme&6Y aSOKI yAaY 2F (KS YSiiKetSyS Kzyvyztz23al8 a2y NAy3I SEL

Further mechanistic detailsf the methylene homologation ring expansion reactiare depicted
in Scheme36. First of all, the deprotonatedimethylsilytldiazomethaneattacks selectively from
the less hinderede-face. Adductl67 undergoes a Brook reamgement to silyl etherl68.
Protonation to the diazonium sali69after addition of methanothen triggersthe ring expansion
rearrangement.The high regioselectivity of this transformatiaran be rationalized by the
requirement for an antperiplanar orietation of the involved bondghighlighted in red).
Rearrangement of the resulting reactive conform&s9 leads tosilyl enol ether170. This

compound is then hydrolyzed under aqueous acidic conditions.
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2.1.5. ClassicdFischelndole Synthesis

With sufficientquantitiesof ketone140in handsit waseventuallypossible to take advantage of
the syntheticdesignwith a Fischer indole synthesis as the last stgflization of differently
substituted arylhydrazinegnabled the synthesis o# library of members ofthe group of
sarpaginetype alkaloids and ncenatural derivatives thereof in only one diversifying reaction
step.

The mechanism of the Fischer indole synthes#s extensively studied and summarized by
Robinson(Scheme37).1%° At first, ketone 140 is condensed withan aryhydrazine 171 to
hydrazone 172 Hydrazoneenehydrazine tautomezation under acidic conditions leads to
compoundl173. In a [3,3]sigmatropic rearrangement the new carboarbon bond is formed.
After rearomatizationthe aniline nitrogeratom attacks at the former ketone position. Byrther

reprotonation, the elimingion of ammoniais triggered and the indolizatios completed.

R R R
H - T H T H
> LA NH, > . = >
N ~OH 171 N w~oH M1 4 W ~0OH
_

RN N7 == RNA

[3,3]-
sigmatropic

rearrangement

Scheme37: Mechanism of the Fischer indole synthesiudingcondensation oérylhydrazinel 71, [3,3}sigmatropic
rearrangement anelimination of ammonid>®

The Fischer indole synthesmwvards sarpagingype alkaloidswas performed usinganditions
similar tothose reported byBonpch and coworker§Scheme38).123124160Ketone140 and the
corresponding arylhydrazing71were refluxed in dry ethanol to form hydrazod@2 After full
conversion the slwent waschanged to methandad hydrogen chlorideand the reaction mixture
was heated to reflux agaito obtain the desired indole2. With this procedurethe natural

sarpagine alkaloids normacusiB&2a), affinisine(2b) and lochnering2c) were synttesized from
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EtOH
then HCI in MeOH

reflux

normacusine B affinisine lochnerine 2d
(2a, 79%) (2b, 91%) (2¢c, 81%) (67%)

2|
(10% and

20% 2a)

(66%)

Scheme38: Successfullpynthesizednatural and nomnatural sarpagingype alkaloids by classical Fischer indole
synthesis.
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the respective phenylhydrazing$71a-c) in good to excellent yields. Crystals suitable Xaay
diffraction were obtained from lochnerin€2c) as the corresponding monohydrate, which
unambiguouslyproved the correct structurérFigurel3A).

Furthemore, nonnatural derivativescould be synthesizedAt first, mainly symmetrical
phenylhydrazine§l71d-m) were usedn order to avoid formation of regioisomeric producihis
allowed theuse of para (171d, 171f-g, 171i-m, 171r), dimeta- (171h, 171s) and Na- (171€)
functionalizedphenyhydrazinedeading to D-, 9,11 andNa-substituted sarpagingype alkaloids,
respectively Successfullysynthesizedindoles included the thi@analogue of lochnerine2d,
Na-phenylderivative2e and congeners with alkyl grouaf-h) in good to very good yieldsach

A further crygal structure of the isopropyl derivativeg was also obtained (Figure13B). Highly
deviating results werebservedn reactions with halide substituted phenylhydrazines. While the
conversion to fluorine analogu@ proceeded smoothly, the heavidralide analoguesreacted
more sluggisly. Chloride2j and bromide2k were obtained in almost equal, fair yield. However,
iodide 2| was acquired in only 10% vyield with-ismlation of the dehalogenatederivative
normacusineB (2a). These halidegj-l offer the opportunity to obtain further sarpaginetype
natural products, since they enab&ibsequentcrosscoupling reactionsThe synthesis othe

trifluoro analogue of lochnerin2m was performedsuccessfullys wel] albeitin low yield.

A) B)

o A

Figurel3: ORTEP plebf A) lochnering2c) and B) nomatural isopropyl derivativ@g (30% probability, most of
the hydrogen atoms and ecrystallized water in the case of A) amitted for clarity).

In addition,alsounsymmetrical phenylhydrazindd In-q were employed to further broaden the
scope of accessible nematural sarpagingype alkaloids. Indolization withmeta-trifluoro-
methoxyphenylhydrazing171n) gavethe 1l-substituted congenen in moderate yield but
with very high regioselectivity(> 20:1 asdetermined by crude *H-NMR spectroscopy)The
ortho-fluoro-phenylhydrazine (1710) was chosen to showcase that even -dibstituted
sarpaginetype alkaloids are accessible, at least if the functional grbags an electron
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withdrawingcharacter'* However, the yielabf compound2o was significantly lower compared

to its regioisomeric analogue 2i resulting from the symmetrical parafluoro-
phenylhydrazing171i). Last but not least, aphthylhydrazies 171pand 171qwere utilized to
obtain benzoindoles. While there was no regioisomer possible in the synthesis of
benzop]indole 2p, its counterpart benzoglindole 2gq was formed in very high
regioselectivityagain>20:1 addeterminedby crude'H-NMR spetroscopy) This regioselectivity
possiblyoriginates from the intermediate dearomatization in the coursfethe Fischer indel
synthesis, which directs the carbaarbonbond formation in this reaction to the -position of

the naphthalenein the case of2q (leaving one of the aromatic rings intacind to the

para-position of the trifluoromethoxy group ithe case o@n.

EtOH \
P
then HCI in MeOH R™%
// > OH

/NHZ /77
N reflux

Scheme39: Nonnatural sarpagindype alkaloids that were notaessible by the applied conditions for classical
Fischer indole synthesis.

Unfortunately, some reactions with arylhydrazines did not lead to sarpagitype
alkaloids (Scheme39). When ester171r,%6? difluoride 171s or hydrazinopyridinel71t were
utilized in the Fischer indole synthesm indolization productswere observedat all. In each
instance,at least partialformation of the hydrazondas in172) was observed via TLC and/or
'H-NMR spectroscopyout no further conversion tthe desired productvas detected Therefore
it was assumedhat the [3,3}sigmatropic rearrangement did not succeelah the case of
hydrazinopyridinel 71t even very harsh conditionisuch asheating to 180°Cin polyphosphoric
acid or heating to 240Cin diethylene glycol) did not lead to anpdole formation. The

corresponding compoun@t would have been of special interest, since the-amle structure
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motif possesses fluorescence ahinescence propertiethat are highlyaluable forbiological
investigations83165

The three arylhydrazines71r-t are theelectronpoorestand thus most deactivatedpecies of
arylhydrazines that were employed in tlapproach Thereforethe deactivated charaer of the
corresponding arylhydrazines is presumably the rationale wWigse transformationswere
unsuccessfut®! Furthermore this also explains the relatively low yields of trifluoromethoxy

derivatives2m and 2n compared to lochnerin€2c).

After all, three natural sarpagingype alkaloids and 14 nemnatural derivatives, diversely
functionalized at the indole framework, were manufactured in only one step each from

ketone140and the corresponding arylhydrazinggla-q by classical Fischardole synthesis.
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2.1.6. Fischer Indole Synthesis with Benzophenone Hydrazones

As phenyor arylhydrazines are required for the classical Fischer indole synthesis, one limitation
to obtain further diversified sarpagirgpe alkaloids was the availability ofebe reagentsTo
overcome this constraint, atrategy developed by Buchwaldnd coworkersto produce aryl
benzophenone hydrazond¥d 8that can be used as substrates for Fischer indole synthesis seemed
to be an attractive choic&® For their method,the authorsused aryl bromidesl76 in a
palladiumcatalyzed BuchwaliHartwig crossoupling reaction with benzophenone
hydrazone(177) for the generation of aryl benzophene hydrazoned78 (Scheme40). They
proved thatthese underwent hydrazone transfer to enolizable ketones with subsequent Fischer
indolizationunder acidic conditions with equimolar amounts of water. Since aryinies are
widely abundant building blocksthe product scopecould be broadened and limitations of
availabilitycouldbe overcomelt was envisioned that this methodology was suitable to expand
the range of substrates for keton#40 and enabled applicatiomf synthonsthat are hardly
realizable with hydrazineSpecial interest was set on two different classes of compounds. The
first classwere precursors for azgischer indole synthesis, since the resulting products are usually
fluorescent and thereforearticularly useful for biological studies and the secoddsswere
bis(aryl benzophenone hydrazone)s as they enable the synthesis of dimeric structure analogues

to dispegatring(11).

[Pd]
_NH ligand
N N"" 2 base X PhYPh
R_I + )I\ —_— R—I I
Z~g; Ph” “Ph A2~V
H
176 177 178

178

Scheme40: Envisioned utilization of Buchwaldartig coupling to aryl benzophenone hydrazor&8 and their
application in Fischer indole synthesis with ketdm.16
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N,NHZ PhB(OH), (5mol%)
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(91%)
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/
(97%)
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B) OMe
o 0.0 S ® o o

MeO

176e 176f

Schemetl: A) Synthesisf aryl benzophenone hydrazon&g8-d. B) Arylbromided76that did not lead to(stable)
aryl benzophenone hydrazon&3g8

The synthesis dahe knownmeta-methoxy derivativel 78a was easily reproduced in good yields
applying. dzZOK g f RQ& LINE O&RazNBphedyl HokonicSaEidi dlactiviate the
catalyst(Scheme41A).15” While the corresponding hydrazir{er its hydrochloride respectively)
of this compound is commercially available, it waginlychosen as a test substrate to evaluate
the feasibility ofthis method. In the same fashiqgrthe ortho-azameta-methoxy derivativel78
was synthesized®® With the additional methoxy group compared to pyridi

hydrazine 171t (chapter 2.1.5) and the resulting higher electron densitythe critical
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[3,3]-sigmatropic rearrangement was expected to be more feasible. Furthermore, symmetric
dibromides 176¢c and 176d were converted to thecorrespondingbis(aryl benzophenone
hydrazone)d78cand178d in excellent yieldby adjustment of the equivalents of reagents to the
number of bromides in the molecule.

Besideghe very good yieldsbtained for thesdour reactions there were also examples this
reaction typethat did not proceed very we{Schemet1B). Dibromofluorend. 76e(prepared in a
two-step sequence fronfluorene)'%%7% was converted to the desired bis(aryl benzophenone
hydrazone)l78g as indicated by crude NMR spectroscopgder the same reaction conditien
However, the compound was not stable during purification and characterizadiwh could not
be isolaed in pure form. Multiple color changeduring column chromatography and
decomposition in deuterated chloroform or deuterated dichloromethane at amibien
temperature were observed. Only at 235K in deuterated dichloromethitheecompoundwas
stable long enough to be identified as the desired compowma 'H-, 3G and 2DNMR
spectroscopy. Decomposition might have occurred from oxidation with air as wastedpfor
similar substituted molecule¥*

Dibromide 176f (obtained in one step by bromination of >-dimethoxybiphenyf:’?>was probed
for the conversion to the corresponding bis(aryl benzophenone hydrazbrg@fas well since
this compoundcould have ld to the formal synthesis of dispegatrin&l) in a Fischer indole
synthesis with keton&40.°2 Unfortunately, no conversion was achieveden in an attempt with
dppf as a ligand with a larger bite anglél’ It is assumed tht the oxidative addition of

palladium does not proceed due to the increased electiensityof the aromatic system

A)

> 178a
\\\\\OH p-TSOH' H 20

EtOH, reflux,
30 h
(45%)

Schemet2: A) Synthesis ofltmethoxysarpagne derivative2u. B) Observed side product diethylacetaP.

With benzophenone hydrazone478a-d in hands, indolization was attempted under the
conditions employed by Buchwald. By refluxing ket@d® and hydrazonel 78ain ethanol with

p-toluenesulfonic acida moderateyield of indole2u was obtainedScheme4?2). Similar to the
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reaction with the unsymmetrical phenylhydrazine$7In and 171g, high diasteree
selectivity (> 10:1 as determinedby crude!H-NMR spectroscopyfowards the 1isubstituted
productwas obtainedThe startingnaterial was consumed quickly, but the reaction towards the
desired producRu proceeded rather slowly. This was attributed to the formation of intermediate
diethylacetall79as a resting state, which was observedres majorside product.

Submission opyridine 178b to the same reaction conditions deto partial formation of the
corresponding pydinylhydrazone along with theafore-mentioned diethylacetall79 (as
indicated by TLC arit--NMRspectroscopy)However, since no adadole product was obsenrge

it was concluded that the hydrazone transfer reaction wagctslow, but successful, whereas
the [3,3}sigmatropicrearrangementdid still not take place, even with the additioredtivation

by the methoxy group(compared to the attempted classicalsEher indole synthesis with
pyridinylhydrazinel 71t, seechapter2.1.5).

Reaction of ketonel40 with dihydrazonel78c in ethanol withp-toluenesulfonic acidatalysis
progressed even slower thamth the monameric representativel 78a. Mainly diethylacetal 79
was formedeven under prolonged reaction times. Nevertheless, traces of indole formation were
detected TLGMS showed signals fitting to a structure which underwent mamanlization only

on one side oflte compoundwhereas at the other side the benzophenone hydrazamsety
remained. Thidact raised hope that access to dimeric structures could still be possible if the
reactionrate could be increased. For this purpose it seemed necessary to awbiyldicetall79

as a resting state during the reaction. Therefore, building bldag8a was used with
cyclohexanone as a test systeamd different solvent systemgethanol/water, methanol
isopropano] tetrahydrofuran tetrahydrofuran/water) were screenedAfter conducting these
tests ketonel40wasreactedwith n Z-suléstitutedbiaryl 178c in a mixture of tetrahydrofuran
and water(Scheme43). While the reactiorwas still slow, the desired dimeric structu?e was

obtained in 35% yieldfter six days

N 178c
\\\\\OH p'TSOHH 20

THF/H,0 9:1,
reflux, 6 d
(35%)

Schemet3: Synthesis of nonatural, symmetricG10-fused, sarpagagsarpagan dimegv.
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178d

THF/H,0 9:1,
reflux, 5d
(48%)
dr.1:.04

Schemet4: Synthesis of nonatural G11 and €/C-11-fusedsarpagaqsarpagardimers2w and 2x.

The same conditions wemdsol LIJLJ A SR -Fudshitited Kidryll 383 (Bchemedtd). While in
theory three regioisomeric products are possible, only two of them veeteallyobserved. The
symnetrical G11-fused dimer2w and the unsymmetrical-8/C-11-fused dimer2x were isolated
in 48% as amixture, that was found to be inseparable by chromatographic
methods(d.r. 1:0.4 2w/ 2x as determined byH-NMR spectroscopy in DMSf). The symmetrical
G9-fuseddimer was not detected. The ratios fouhet to the conclusion that formation of the
less hindered 1&ubstituted indole is fivefold faster than the formation of thes@bstituted
analogue. The obtained compounds wetearacterized in the mixturaot only by sophisticated
NMR spectroscopic analggand HRMS but furthermore a crystal structure of the symmetrical

dimer2w was obtainedFigurel4).

Figurel4: ORTEP plot aymmetrical € 1-fused dimer2w (30% probability, most ohie hydrogen atoms and
co-crystallized methanol aremitted for clarity).
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After extensive screening of reported literature it appears that this is only the second example,
0SAARSA [/ 22 th@total gydthekbis of & 2liér with a sarpaggsarpaginetype

structure *310Furthermore, it is the first example of double Fischer indolization in the synthesis

of natural products or congeners theredffterallA 0 ¢l & aK2gy GKIFG o6& | LI
methodology he range of accessible sarpagiype structures can be furthexxpandedand even

the synthesis of dimeric structurds possible This was exhibited by enlarging the library of

synthesized structures by ttfeur non-natural congenergu-x.
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2.2. Synthesis oWinorine

2.2.1. Synthetic Planning &etrosynthetic Analysis

In an attempt to access ajmalisgpe alkaloids with thetsucture-pattern-basedstrategy for the
collective synthesis of different natural product famili@ee chapter2.1.1), vinorine (5) was
chosen as a targestructure. The most striking difference between sarpagine alkal@idd
vinorine, or ajmalindype alkaloids in general, is the additional fwvembered
ring F (Scleme 45). Therefore the formation of the crucial @/C-17 bond establishingthe
mentioned ring F was consideredas the mostchallenging structure motifFor geometrical
reasons, the cyclization requires thel€6 endo configuration. However, as described by
Stockigt® 6 and as it wasobserved in the synthesis of sarpagirieBapter2.1.4), the opposite
G-16 exoconfiguration is by far the thermodynamicathorefavored one. To citanvent this, the
idea was to install a dummy substituent al€ as a blocking group in order to avoid epimerization
from endoto exa This dummy substituent should be removable at a later stage witHradgeady
in placeto complete the synthesis.
C-16 exo

= sarpagine
pathway

C-16 endo
= ajmaline
pathway

ajmaline-type alkaloids

Scleme45: Intermediatel41as a branching point for the synthesis of sarpagarel ajmalinetype alkaloids.

Intermediate enol etherl4l was thought to be ideally suited as a branching point for the
synthesis of both, sarpaginand ajmalinetype alkaloids(Scteme 45). As previously discussed,
hydrolysisof compoundl41under thermodynamic conditions delivers tRel6 exoconfiguration

in very highdiastereoselectivityeadng to the sarpagingpathway(seechapter2.1.). Moreover,
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the enol ether functional group in compount¥41 was envisioned tde exploitable forthe
ajmaline pathway bynstalling the dummy substituent and thus secure the requiretb@ndo
configuration. Molecular modelling indicated that tlegoside of the enol ethers sterically less
hindered. Therefore, bromination fromhis sidewith concomitant acetal formation seemed be
the appropriateway to install the blocking group, vile forcing the €17 moiety ino a position
that allows thelater cyclizationAfter furthertransformations obromide 180and completion of

the carbon framework, dehalogenation would leadtbh@ structure of ajmalinetype alkaloids.

These considerationed to the following retrosynthetic analysd vinorine(5; Schemet6). The
first retrosynthetic operatiorg, eventhoughit is not a QC disconnection, but utmost important
for the synthetic planning; wasthe redwctive dehalogenatiorat the C16 position. The next
retrosynthetic cut involved the fivenembered ring= which was intended to be introduced by an
acetylative cyclization similar tthe method developed bBartlett and coworkerd!® This leads
back to indole181, which was expected to be accessilolea similar way as the sarpagine
alkaloids(chapter 2.1.). The indoleunit would be installedvia Fischer indole synthesis from
ketone18212%128This sixnembered cyclic ketone should be obtaingd aTiffeneaugDemjanov
ring enlargement reaction from compount80.12%13! As discussed above, bromidé0 was
expected to be accessible by bromination of enol ethél, which wasalreadyutilized in the

synthesis of sarpagine alkaloids.

reductive
dehalogenation Fischer indole

ring

cyclization
vinorine (5) 18

Schemel6: Retrosynthetic analysand corresponding disconnections for the synthesiginbrine (5).
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2.2.2. Brominationof Enol Ethed41

Bromination of enol ethet41proved to be more challenging than expected. Initial attempts with
N-bromosuccinimide in dichloromethane and methanol gave coplex mixtures and
decomposition of the starting materialn another attempt bromine in dichloromethane was
used and the reaction mixture then treated with methan(@cheme47). Unfortunately,
brominationwas obseved at the G19/G20 double bond instead of the desired positiofl&
Subsequent cyclopropanatioresulted ina diastereomeric mixture of bromide$83a This
observation indicates that the reaction proceeds mtermediate 185. Thetertiary carbocation
at G20is trapped by the enol ether functionalifprming the threemembered ring While the
bromides 183a wererather instable the correspondingliastereomericethers183b, whichwere
obtained by treatment with alkalinenethanol, were stable compounds.
a) Br,, DCM, —10 °C
then MeOH
or

b) Br, DCM, -10 °C
then MeOH, Cs,CO3

H OMe
~\

R
141 R = Br: 183a (22%) d.r. 1:1
R = OMe: 183b (48%) d.r. 1:1

184

Schemet7: Attempted bromination of enol ethet41using bromine.

In order to investigate ways to alter the selectivity of bromination, protonation of the tertiary
nitrogenatomwas tested. Therefore, TFA was added in stoichioimamounts to enol ethet41
prior to addition of N-bromosuccinimidg(Scheme48). Thisprocedure finallyled to two easily
separable bromide$80and186. NMR spectroscopic analysis arhlysis of therystal stricture
of diastereomer186 (Figure15) revealed that bromination occurred as desired at thd&C

carbon. However, the obtained diastereomeric rat{d.r. 1:2.4180/186) was in favor of the
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TFA

N-bromo-
succinimide
MeOH/MeCN 5:1
-78°Cto0°C
r.1:24
d.r 180 186
(20%) (48%)

Schemel8; Firg synthesis of bromide$80and 186with in situprotonation of the tertiary nitrogen.

undesiredstereochemical configuration. This may be attributed to bromination of the thioacetal
sulfur first and subsequent internal delivery of the bromonium ion toghel ether functionality

from the sterically more hindered side

Figurel5: Selected observed NOEs to determine the stereochemistry of diastereomeric brat8idlansd 186 with
ORTEP plot @316 exodiastereomerl86(30% probabity, hydrogen atoms aremitted for clarity).

To improve the ratio of diastereomera,variety ofborominating reagents were screened tato
different temperatures(Tabk 1). In total, 10 bromine sources were testedVhile significant
differences in conversion rates from no conversion to quantitative conversion were found, the
observed diastereomeric ratio varied td@wer extent. Unfortunately none of the reagents &

to formation of the desired>16 endodiastereomer 180as the main product. The initially used
NBS proved to be among the moshfavorable in terms of diastereoselectivityowards
bromide 180. Although there were notable changes in diastereoselectivity and conversion rates
at the two temperatureg; 78 °Cand 0°Cfor virtually each reagertested, these tendencies were
obverse from reagent to reagent and no clear general trends could be detefted all, the best
diastereomeric ratio and conversion rate was achieved by the usB-tmfomophthalimide
at¢78°C
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[Br]
180 186
desired undesired
[Br] Temperature Ratio 180/ 186 Gonversion
¢78°C 1:4.2° 78%
NBS
0°C 1.2.5 85%
¢78°C 11 quant.
NBPhth
0°C 1:1.2 >90%
¢78°C 1:1.9 70%
NBSacc
0°C 1.2.5 50%
¢78°C no conversion
NBA
0°C 1:1.25 >90%
¢78°C 1.3 60%
DBH
0°C 1:.1.6 80%
¢78°C 1.2 50%
DBF
0°C 1:.1.5 40%
¢78°C no conversion
DBM _
0°C no conversion
¢78°C <10% conversion
TBCHD
0°C 1:1.2 >95%
¢78°C 1:15 75%
Brz
0°C 1:.1.25 >90%
¢78°C 1:.1.6 80%
NnBwBr3
0°C 1:1.1 >95%

Tabk 1: Screening of bromination reagen®eactions were run on g0mol scale inMeOHDCM 2:1 for 2h with
1.0-1.1equiv.of TFA and 1.@quiv.of brominating reagenunlessstatedotherwise.Enol etherl41with aH Zratio
of 1:0.8 was used as the starting materiBletermination of ratios and conversion was performedtaNMRanalysis
of the crudereaction mixture. 2 MeOH/MeCN 5:1° isolated yield 0.5 equiv. used. NBS= N-bromosuccinimig,
DBH = 1,3-dibromo-5,5dimethylhydanton, NBPhth = N-bromophthalimide, NBSacc= N-bromosaccharin,
DBM=5,5-dibromomeldrum’sacid, TBCHE> 2,4,4,6tetrabromo-2,5-cyclohexadienone DBI=dibromoisocyanuric
acid, NBA= N-bromoacetamick.
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In order to recycle the @6 exodiastereomerl86, elimination of the bromide was attempted.
First, treatment with zinc powder under acidic conditions was te$Bmthemet9).17> As expected,

this resulted in reductive cleavage of the bromide. Howeweysequentelimination of a
methoxidewas not observedyut cyclopropanel87was formedinstead. A radical mechanism is
assumed for this transformation. Zinc reduces the bromide and generates tertiary ra@al
This is not directly further reduced to the anion but reacts with the ethylidene double bond to
generate the threemembered ring and &econdary radical at the resulting ethyl side chain
instead Thisradicalin compound190is then further reduced by zinc and the resulting ani®n
protonated. In order to promote methoxide elimination and at the same time avoid
cyclopropanationradicalformation had to be prevented. Therefariéthium halogen exchange

wasprobed next.

MeOH/PhH/
AcOH (10:10:1)

Schemet9: Attempted eliminationof bromide186with formation ofundesiredcyclopropan€el 87.

Fortunately the desired elimination proceeded as ntended by treatment with
n-butyllithium (Schemes0). Enol ethed41was recoveredi good yield and with remarkabhigh
selectivity for the()-olefin (HZ1:7). 1t is noteworthythat two equivalents oh-butyllithium were
required for full conversion. Presumablyne second equivalent reacts with the formedtil
bromide.l’® Due to the sterically hindered nature of the tertiary bromide in compougé its
reaction rate withn-butyllithium may be slower than the one of butyl bromidéne same reaction

with tert-butyllithium gave a less clean reactiand therefore no improvement.
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n-BulLi

THF, — 78°C
(79%)

Scheme0: Recovery of enol ethelrd1from bromidel86.

When mixtures of enol ethet41 of aforementionedrecovered material and material that was
obtained directly from the Wittig reaction were us@uthe bromination reactionan important
observation was made. The esulting diastereoselectivity in the reaction with
N-bromophthalimide was highly dependent on the enol ether geomet($scheme 51).
Fortunately,  was found thai(2)-olefin-enriched starting material gave preferentially the desired
G16 endo diastereomer 180. These findings rendered recycling of the undesired

diastereomerl86 even more profitable.

H OMe TFA
S N-bromo-
Es Z phtalimide
S MeOH/DCM
-78°Cto 0 °C
141 180 186
E/Z 0.3:1 (58%) d.r. 2.9:1 (20%)
E/Z 0.6:1 (47%) d.r. 1.4:1 (33%)

desired

Scheme 51: Optimized brenination conditions with the observed enol ether geometry dependency for
diastereoselectivity.
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2.2.3. Conversion to Aldehyd209

The next challenging task was the removal of the thioacetal in brof@@dJnfortunatelyh A a KA Qa

conditionsusingMeerwein's saland copper sulfateihich wereemployed in the sarpagine route
for this transformation(see chapter2.1.4) did not succeed in this ca$€12415t152 NMR and
TLEGMS analysis of the crude reaction mixture indicated formation of a vinyl
thioether 191 (Sheme52). However, clean isolation of the formed compound dad work out
and the compound couldnly be characterizedrom the aude mixture Furthermore, a
interesting pyrrole 192 was observed when the same reaction was carried out with
diastereameric bromidel86. The assumed mechanism involves formation of vinyl thioeflgr
after methylation of the dithiolane. Subsequéntto acetal hydrolysis and formation of the
aldehyde, a fragmentation takes place. The aromatic pyrrole is formed with concomi&G 16
bond cleavageThe resulting negative charge G16 is stabilized not only by the aldehyde but
also by the bromide.

TFA
Me3OBF,

then CuSO4
then NH,OH

191

TFA
Me3OBF4
then CuSO4
then NH,OH

acetal
hydrolyis
e ——>»

193 194 195

Sheme52Y ! GOSYLIWISR GKA2IF OSGlFt &%} @3S dzy RSNJ hA OKAQa
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After these results and fruitless attempts to change the outcome by variation of reaction
conditions and equivalentslifferent methodologies for thioacetal cleavage were probed. While
numerousconditionsfor thioacetal removahre reported in literatureonly very few are known

to proceed with(tertiary) amines'’’ First, oxidative conditions were testegpplyingPIFA, PIDA

or CANwith varyingequivalents, solvent ratiogacetonitrile/water) and with or without prior
addition of TFAWiIth all threeoxidizingreagents, traces of the desired product were obtained.
However, mixtures of inseparable sulfoxides wielentified asthe mainproducts.

Alternatively, bromodimethylsulfonium bromide was tested for dethioacetalizatioh
bromide 180.1” Reactionconditionswith precedingn situ protonation of the nitrogeatom with

TFA resulted in a rather clean reactiovhile the reaction under neutral conditions was more
sluggish. Nevertheless, the desir&dtonewasnot formed, buta ring expansiomeactionof the
dithiolane to didehydrodithiand 96took placeinstead(Scheméb3). Besides NMR spectroscopic
characterization, wystallogaphic analysis further confirmed the structure. Similar
transformations are known in literature for other halogenation reagentd®® The proposed
mechanism involves bromination of one thioacetal sulfur with subsequent elimination. The
formed vinyl thioetherthen attacks the activated thidlo generate the semembered ring. Final

elimination of a protoryields didehydrodithiand96.

TFA /\ /

[Me,SBr]Br = | . \
DCM,

reflux, 1 h

(42%)

S H

Schemeb3: Attempted dethioacetalization with bromodimethylsulfonium bromide and proposed mechanishe of
observed ring expansion witBRTEP plot afidehydrodithianel96 (30% probability, hydrogen atoms aeenitted
for clarity).*e°
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After additional attempts with ohethyl(methylthio)sulonium tetrafluoroborate!®+182 as well as
with claycopor clayfen(clay supporteccupric nitrateor ferric nitrate, respectively}®® did not
lead to any conversion of starting mater80, the attention was drawn to mercurgnediated
methodologiesEentually, mercury oxide in combination wiboron trifluoride diethyl etherate
in aqueous tetrahydrofuran proved to trigger the desired transformaf®chemeb4).18+185 After

little optimization ketone200was obtained in satisfactory yield.

HgO
BF3-OEt,

THF/H,0 85:15,
14 h
(70%)

Schemeb4: Successful dethioacetalization of bromit80with mercury oxideo form ketone200.

Interestingly, when the same conditions were appliedsmmerc G16 exobromide 186, atotally
different outcome was observe(Gcheme55). Instead of thioacetal cleavage, diastereomeric
cyclopropanealcohos 201 were formed (d.r. 1:1). Fortunately, both diastesomers

co-crystllized, thus their structures could be solved unambiguoussiy¢ray diffraction.

THF/H,O
85:15,
35h
(30%)
d.r. 1:1

Schemeb5: Attempted dethioacetalization of -C6 exo derivative 186 and resulting formation otyclopropane
alcohols201with ORTERIot (30% prdvability, disorder of one dithiolane ring and most hydrogen atomsoanéted
for clarity)

Thisfinding further illustrates along withseveralother occasions in thishesisand also in the
work of Dr.Sebastian Kriigéf®that cyclopropane formatiomeadilyoccursin these systems due

to the ideally suited geometry and very rigid structure of the framework.
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