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Abstract

The tdal synthesis of waihoenser(¥/l) is described in the first part of this theskderein
the key reaction for construction of thenique carbon skeleton of the diterpene natural
productis an intramolecular Pauseéfdhand reaction. Severpgrecedentattempts on the
synthesis of suitable gcloaddition precursoas well as a X4tep racemic total synthesis
are discussedWithin this synthetic sequence, enomlewas availabldan two steps from
commerciallyavailable vinylogous estéiand allowed for stereoselective construction of

the cishydrindane motif inlll by use of a tirmediated radical cyclization.

Me
EtO (o) 2 steps 3 steps

Me

5 steps intramolecular

3 steps
Pauson Khand

waihoensene (VI)

The fused tetracyclic carbon skeleton of waihoensene was delivered by an intramolecular
PausonKhand reactiorof cycloaddition precursoiV and convertedto the hydrocarbon
natural product in three further steps. In addition, the ressilof cooperative work with
Dr. Maximilian Hafner on the enantioselective total synthesis ofw@ahoensene are

presented.
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Synthetic studies toward the total synthesed the two alkaloid natural products
vallesamidingX) and lyconadirC (XVII) aredescribedin the second part of this thesis. In
both cases, the intramolecular [3+2ycloaddition of a transient thioisominchnone dipole
was intendedas key transformatiofior construction of the fused polycyclic skeleton of the

natural product

R R
/B NG
R—~-__ S N
Se —N+
\
R R
R = Ar, alkyl, H
vallesamidine (X) lyconadin C (XVIII)

With regard to a potential synthetic access to the monoterpenoid trialkgling alkaloid
vallesamidingX), the short synthesis of two cycloadditipmecursor thiolactam¥/Illfrom

commercial Zpiperidone(VIl)  via  different  alkylation strategies  and
palladium(O)mediated indole synthesis is presented. Furthermostudies on the
formation and planned cycloaition of the corresponding intermediate

thioisominchnonalipolesiXare presented

(o}

S
4 steps \
NH
Ay = O e .
\
R=Ts, Ns R Et
Vil Vil

IX vallesamidine (X)

The g/nthetic efforts towardthe Lycopodiumalkaloid lyconadir€(XVIIl) comprisedthe
development of a sequence fareparation d a suieible Michael acceptoXll, which was
accomplished in eight steps from commercially avadaiiethylphosphono acetatéXl).
Successful conjunction of the start building bloxkl Xl and XIV afforded the bicyclic
intermediate XV. Extensive studies dhe accessibility of enearbamatexXVifrom XVwere

conducted and allowed for succeskfransformation in two steps.



In addition, analysis of this intermediate and an outlook on further elaboration of the

planned synthesis of lyconad@(XVIl) via [3+2}cycloaddition of thioisominchnongVIi

are given.
1] °
8 steps
P\)l\ —_— z
EtO” | OEt —_— > 5 © NBocBn
Et
X1 Xl
+ ~ NBocBn Me
Me,,, O/\"/\ 2 steps o H CO,Me 2 steps
Xl i i -
OTBS
+ TBSO O NBocB
ocBn
o OMe XIV
Xl XV
Me//'
BocN
H
XVi Xvil lyconadin C (XVIII)



Zusammenfassung

Der erste Teil dieser Arbeitprasentiert die Totalsynthese von WhoensenVI). Der
Schlusselschritt zum  Aufbau des  einzigartigen  Kohlenstoffgeristies
Diterpen-Naturstoffes ist eine intramolekulare Paus&ihand Reaktion. Mehrere Ansatze
zur Synthese einer geeigneten Vorlauferverbindtiirgdiese Schllisselaktion sowie die
erfolgreiche racemische Totalsynthese von Néainsen(VI) in 14Schritten werden
vorgestellt und diskutiert. Enoh wurde dabeiin zwei Schritten aus dem kommerziell
erhaltlichen vinylogen Estérerhalten und ermoglichte tberdieden stereoelektiven
Aufbau descisHydrindan Strukdrmotivs inlll Gber eine Zinrvermittelte radkalische

Ringschlussreaktion.

Me
EtO (o) 2 Schritte 3 Schritte

II,I

Me

intramolekulare

Pauson Khand Reaktion 3 Schritte

5 Schritte

Waihoensen (

Das vollstandige Molekulgrist des Naturstoffes, welchesaus vier kondensierten
Kohlenstoffringenbesteht, wurde in einer intramolekularen Pauséthand Reaktiormus
der Cycloaddition®/orlaufeverbindunglV erzeugt und anschliel3end Uber drei weitere
Schritte in derKohlenwasserstoff Waihoensé¥|1) Uberfuhrt. Dariber hinaus werden die
Ergebnisse einer gemeinschaftlicheékrbeit mit Dr.Maximilian H&fner zur enantio

selektiven Totalsynthese vor)Waihoensen prasentiert.

Xl



Im zweiten Teil der Arbeit werden synthetische Studien zur versuchten Totalsynthese
zweier Alkalal-Naturstoffe, Vallesamidi(X) und Lyconadi€(XVIl), beschrieben. In
beiden Fallen sollte das Geriist aus mehreren fusib@n Ringen tber die intramolekulare

[3+2}Cycloadditionsreaktion eines kurzlebigen ThioisactinonDipols aufgebaut

werden.
(o]
R R HN
A N0 = Me,,, /
~\=p*
\
R R N
. R = A, alkyl, H H
Vallesamidin (X) Lyconadin C (XVIII)

Hinsichtlich eines synthetischen Zugangs zu dem monoterpenoiden TrnidikirkAlkaloid
Vallesamidin(X) wird die Synthese zweier mdglicher Vaorfiérverbindungen,
ThiolactameVlll, ausgehend von kommeeti erhéltlichem 2Piperidon(VII) vorgestelltEs
werden verschiedene Alkylierungsstrategien sowie eine Pallattmtadysierte
Indolsynthesehematisiert. Zudem wird die Bildung und geplante Cycloadditionsreaktion

der jeweiligenintermediaren ThioisominchneipolelXuntersucht und diskutiert.

(o}

S
4 Schritte \
NH
O -
R=Ts, Ns R Et
Vil Vil

IX Vallesamidin (X)

Die synthetischen Arbeitenim Rahmen der geplanten Totalsynthesedes
LycopodiummAlkaloids LyconadinC(XVIl) beinhalteten unter anderem die Entwicklung
einer Sequenz zuHerstellung eineggeeigneten MichaeRkzeptorsXIl. Diese konnte
ausgehend von kommerziell erhatiem Triethylphosphonoacet#Xl) in acht Schritten
realisiert werdenDie bicyclische Zwischenstuf&/wurde durch erfolgreiche Verknipfung
der Ausgangsverbindungefill, XIl und XIV erhalten. Ausfuhrliche Untersuchungen zur

Umwandlung vonXV in das gewinschte EGarbamatXVI wurden durchgefiihrt und
XIl



erlautten dessen Darstellung in zwei weiteren Schritten. Weiterhin wird die Analyse dieser
Zwischenverbindung thematisiert, sowie ein Ausblick auf die weitere Ausarbeitung der
geplanten synthetischen Sequenz Uber den ThioisomunciipolXVII hin  zu

LyconadinC(XVII) gegeben.

?I 0
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L e
EtO” | OEt — > 5 O NBocBn
OEt
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Me + 049\"/A\NBocBn Me,,, co.M
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o )\OMe XIV Z
X XV
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XVi Xvii Lyconadin C (XVIII)
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|. The Total Synthesis of Waihoensene



1. Introduction

1.1 NaturalProducts and Total Synthesis

In general, organic compounds derived from living organisms are referred to as natural
products. Depending on their molecular structure and biological function, these
compounds are classified into two sgiboups: primary and s®ndary metabolites. The
primary metabolites comprise the fundamental building blocks of life, like amino acids,
nucleic acids or carbohydratesnd are essential for the development, growth and
reproduction of the organisii. In nature, these molecules often occur in polymeric
structures, e.g. proteins or polysaccharides. Histoaily, the term natural productvas
exclusively used for secondary metabolites. They occur with broad structural diversity and
are not necessary fothe cell life itself but offer numerous selection advantages for the
producing organism. Alkaloids, polyketides, terpenoids as well as specialized carbohydrates
and peptides function as part of the survival strategy of the producing organism and show
a \ariety of physiological activitieass biological weapons, hormones, metal transporting
agents or agents for symbioglsThe associated pharmacological potential has been used
for the treatment of injuries and diseaséar thousands of years. Between 1981 and 2014,
about 65% of the newly approved drugs for cancer treatment were natural products or
synthetic modifications there®# demonstrating the importance of natural structure
Y2(0ATa §pghhknadedtikdl @dddstry. However, structural complexity and limited
natural occurrence restrict the availability of many target moledfile¥he strategies to
circumvent this problem are sermynthesis and totakynthesis. Paclitaxel, known as
Taxo®(6) (shown in Figure 1), representsprobably the most popular example for
semisynthesis of aractive substance Thepolycyclic terpenoid from the taxane group
shows cytostatic activif§f and is used for treatment of various types of cancer. Due to its
limited natural occurrence in the bark ®axus brevifolizalternative productio processes
were needed to meet the growing demanelatively large quantities of the related
10-deacetylbaccatifll can be isolated from th&uropean yewTaxus baccataand allow

of short semisynthetic access to paclita’&l Nowadaysplant cell fermentaibn affords
paclitaxelon ton sale’l. In contrast to the sensynthetic approach, total synthesis
constucts complex target molecules from simple building blocks by application of various

a8y UKSGAO YSi(iK2R2t23A8ad {dFNIAy3a Ryl GKS
2
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total synthesis has developed @vthe years and allowed to synthesize myriads of

compounds with increasingly complex molecular structi§t¢Sigurel).

OH
HO 0
OH
glucose (2) penicillin V (4) Taxol (6)
[Fischer, 1890] [Sheehan, 1957] [Nicolaou/Holton, 1994]
urea ( tropinone (3 gingkolide B (5) increasing molecular complexity
[Wohler 1828] [Robmson 1917] [Corey, 1988]

Figurel: Chronological progress in total synthesis.

The synthetic methods used in total synthesis are not always suitable for pharmaceutical
A Y Rdza (i N&alkaproduttibhB kit provide access to sufficient amounts of material
needed for initial biological testing, molecular structure elucidation to edichypothetical

or proposed structures and the investigation of structativity relationship¥.

1.2 Terpene Naturalm@ducts

hNAIAYEFGAY 3T T NEagamuhi tdebblniBina theyfetnQtergefies destbes a
natural product family that occurs in almost all known life forms, like plants, fungi, algae
and sponged’. Turpentine itself is obtained from the resin of pine trees and contains
significant amounts of hydrocarbons with repetitiousd@rbon units as monomers. These
hydrocarbons blong to the grap of terpenes, which represettie largest group of natural
products with wide structural diversity and more than 55,000 known members in'2007
Although the biological function of most terpenes in plants is still unknown, their properties
indicate protection of the producingrganism against predatory or parasitic enemies as
their main task?. Volatile mono-, sesqui and diterpenes are part of thenain defense
mechanism in form of scents to repel herbivores and are released upon tissue damage.
Additionally,enemies of the herbivores themselves are attracted. Less volatile members,
who act as antifeedants, often feature a strongly bitter taste anddity/'3! and in general,

the complex plantlefense mechanism is the result of an interaction of different types of
3



terpenes. Furthermore, the mimicry of pheromonasns to attract certain insects for
pollination and thus, terpene natural products inevitably play a substantial role in the
LJt | yepreédéactioNkycle and are involved in mutualistic interactions among different
organismsas well. Besides, insects and animals produce pheromones and growth factors
by the metabolism of terpenes that were ingested with plant food. In the human body,
multiple physiological functions of terpenes are knowerg.in form of steroids as sexual
hormones or vitamin&®. In combination with their antibacterial, artiflammatory or
antiviral activities, this provides a basis for the pharmacological application of terpene

natural products.

1.2.1Classificabn

The fundamental concept behind the immense structural variety found in terpene natural

LINE RdzOGA Aa RSY2(GSR o0& GKS WA d'¥redNgiyes theNbzt S Q @
repetitious arrangement of isoprene units as core terpehsiructure. According to the

number of linked isoprene units, the compounds are categorized into hé@),

mono- (Go), sesqui (Gs), di(Go), sester (Gs), tri- (Go), tetraa (Go) and
polyterpeneg(more than eight isoprene units).

Cs )\/‘a"

hemiterpenes head

C1o )\/H\)\/

monoterpenes head

Cis )\/~)\/~)\/

sesquiterpenes

C20 )\/J\/J\/J\/

diterpenes

Cas )\/J\/J\/J\/J\/

sesterterpenes

triterpenes tail

tetraterpenes tail
(Co)n )\/ )\/ ~)\/
polyterpenes

n

Figure2: Classification of terpenes.



In general, the monomers areNaNJ y 3 S fo-(i W BB, see chapterl.2.2 for

RSGFAT A0 odzi BEDSIIRAZVNY I BASK MBI Affadd2 1y 26
tetraterpenes¥d  wdzl A O1 | Q& SE G Sy R $FRallodvéfer Sushytléviators A & 2 LJ
from the regular arrangement by rearrangemerdr degradation events during
biosynthesis. The terms terpenoids and isoprenoids are recommended by the IUPAC to be
used for isoprene polymers that chemically deviate from the isoprene rule, however, they

are in general used interchangeably with the termptenes.

1.2.2Biosynthesis

isoprene (7) isopentenylpyrophosphate (IPP, 8)  -dimethylallylpyrophosphate (DMAPP, 9)
Figure3: Isoprene and activated derivatives.

48 AYRAOFGSR o0& wdzZ AO1F Q& NUzZ S Fff (SNLISY
isoprene building block, which isopentenyl pyrophosphatélPP, 8) (Figure 3). This
compound also exists in an isomeric form2dimethylallyl pyrophosphat¢DMAPR 9),
and biochemically originates from two different metabolic pathways: the
mewvalonate(MVA) pathway $cheme 1) and the 2@nethylD-erythritol-
4-phosphate(MEB or l-deoxyD-xylulose5-phosphate(DOXP) pathwayScheme2). The
MVA pathway is common in almost all living organisms, namely most eukaryotes, archaea

and some bacteria, and also takes place in the cytosol of péints

M lo) HMG-CoA HO Me O HMG-CoA HO Me
synthase - reductase -
+)J\ — N © C\/Q)L 7? o0, A~
CoAS o SCoA 2 SCoA 2 OH
10 1

HSCoA 2NADPH  HSCoA
12 2 NADP* 13

ATP
mevalonate-5-
kinase
ADP
mevalonate pyrophosphate HO Me phosphomevalonate HO Me

kinase

OPP _o _ decarboxylase 0 C\A/\ 0 c\/-k/\
8 Y N\ 2 S s 0PO,%

PP ADP ATP 15 ADP ATP 14
isomerase CO2
H,O

NS
9

OPP

Schemd.: Mevalonate pathway of IPP/DMAPP biosynthesis.

As depicted irSchemel, an initial aldokeaction of acetoacet-CoA(10) with a molecule

of acetytCoA(11) yields b-hydroxy-6-methylkglutaryFCoA (HM@GC0A,12) and enzymatic
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reduction of the latter with dihydronicotinamide adenine dinucleotide phosphate
(NADPH/H produces R-mevalonic acidMVA, 13). Stepwise phosphorylation to the
corresponding diphosphaté5) by reaction with adenosine triphosphaaTP) is followed

by a decarboxylation/dehydtion process and gives IR8). Isomerization to DMAP@) is
catalyzed by the IPP isomerase.

In some microorganisms and the plastids of plants and algae, IPP is produced by the
alternative MEP/DOXP pathway that initiates frggyruvate(16) and glyceraldehyde-
phosphate(17)171 (shown inScheme?).

DOXP

? DOXP OH reducto-
‘0,C ,. Synthase ) isomerase
\ﬂ/ * 0PO5™ \_‘ OPO;™ NADPH/H*
(o) OH co o OH
2
16 17 18

NH, NADP*
NN
Me, :\OH 0 o | /& MEP cytidyl Me  OH
1" " transferase N
o—B-0-F-o0 N~ o (o] Jo ey
OH OH o o 0 PP CTP OH OH
20 OH OH 19
ATP
CDP-ME
kinase
ADP NH, o O
AW}
P—o
Me, OPO.% | SN Me 0~ \ O
S o) o /& MECDP > N
o—lﬁ;'o'i,"—o N~ o synthase 0" Yo
o \
OH OH o o _\T_?‘ cMP OH OH
21 OH OH 22
HMB-PP
synthase
H,0

)\/\ )\/\ e
oxidoreductase
oPP * S "opp >~ NX-"opp

NADP* NADPH/H*
8 9 H,0 OH 23

Scheme: MEP pathway of IPP/DMAPP biosynthesis.
The G-precursor of IPP,1l-deoxypentuloseb-phosphate(18), is produced in a
condensation reaction catalyzed by the DOXPlsyse. Activation of pyruvat@6) occurs
by addition to tke thiamine diphosphate cofactoand decarboxylation prior to the
condensation. The DOXP reductoisomerase catalyzes the isomerization of
1-deoxypentulse-5-phosphate(18) to erythrose as well as the subsesnt reduction to
erythritol (19) with NADPH/H 4-DiphosphocytidyR-GmethytD-erythritol-2-phosphate



(CDPMEP,20) is obtained by transfer of a cytidyl monophosphate to erythr(i®) and

then phosporylated in 2-position. Further cyclization to thecorresponding
cyclophosphate?2 and reduction under release of water give
(B)-4-hydroxy-3-methylbut-2-enyl pyrophosphaté€23), which is transformed to IRB) and
DMAPR?9) with NADPH/H This process icatalyzed by the HMBP oxidoreductase. In
analogy to the MVA path, interconversion of IPP and DMAPP occurs by enzymatic catalysis.
In every producing organism, the further terpene biosynthesis follows the same central

route and is catalyzed by prgliranderases(seeSchemes).

A
)\/EL isomerase )\/\
X OPP OPP
head
9 8
I |
prenyl
HOPP transferase
)\/ta”\/K/\ geranylpyrophosphate (GPP, 24)
head OPP (monoterpene)
HOPP + )\/\
OPP
)MW farnesylpyrophosphate (FPP, 25)
OPP (sesquiterpene)
HOPP + )\/\
OPP
geranylgeranylpyrophosphate (GGPP, 26)
X X X X OPP (diterpene)
B
tail
2 A A OPP FPP (25)
HOPP ﬂ
tail
NS NS NS squalene (27)
tail N N A (triterpene)

Scheme: Terpene synthesis from IPP/DMAPY headto-tail or B by tailto-tail linkage

The basic principle of this processis linear attachment of single IPP and DMAPP building
blocks, generally by heao-tail connection. The nucleophilic methylene group of IPP
(denoted as head) reacts with the electrophilic allylie @dup of DMAPRdenoted as tail)

to form geranylpyrophephate(GPP 24) as the simplest monoterpenéScheme3 A).



Further attachment of an IPP molecule in hdaetail fashion yields the sesquiterpene
farnesypyrophosphatg FPR 25). Higher homologues such as geranylgeranylpyro
phosphate(GGPP26) and farnesylgeranylpyrophosphaeGPP) are produced by multiple
repetitions of this sequence. In case of irregularaitail attachment of two molecules of
FPR25) the triterpene squaleng27) is formed (Scheme3 B) andthe analogous linkage of

two GGPP units produces the tetraterpene phytoene. Presumabllzatyons to cyclic or
polycyclic members occur by enzymatically induced dissociation of a pyrophosphate anion
and reaction of the intermediate carbenium iohhe simplest exampli®r the mentioned
derivatization is shown inScheme4 and describesformation of the monocyclic
monoterpenelimonene(30) from linear GPI24) via the a-terpinyl cation29, which is

suspected to béhe key intermediate in many terpene cyclase reactibh®l

éj\ cydase gj@ . i

a-terpinyl cation 29 (R+S)-limonene (30)

Schemel: Terpene cyclase reaction of GPP to limoneiaghe a-terpinyl cation.

Althoughthere islittle evidence on the involvement of an intermediate carbenium ion
species, this concept allows for rationalization of @wlution of avast structural diversity
within the terpene group.Alongside the mentionedcyclization, further enzymatic
processes, like 1;Bydride and 1,2lkyl (WagneiMeerwein) shifts or sigmatropic
rearrangementse.g.in form of the Cope rearrangement, are involved in these processes.
Associated formation of diastereomeric and enantiomseanaloguesis caused by the

generation of newasymmetric carbon atonfs!,



1.2.3Triquinane NaturalBducts

The polyquinane natural product family is a small subgroup among the terpenes, or more
precisely, among sesquidi, and sesterterpenes and steroids. The term quinane derives
T NR Y SHijQzuitis dihieh means five and refers to their common structure motif

consisting of fused¥e-membered ringsKigure4).

o oo & A

diquinane linear triquinane angular triquinane [3.3.3]propellane tetraquinane
triquinane

Figure4: Common structure motifs of polyquinane natural products.
The first known repesentative, hirsutic acid 1), wasdiscovered already in 1947 by
Heatleyet al.'®, but its triquinane structure was not elucidated until 1866 Since then,
several hundred quinanes with up to four fused fimembered rings have been isolated
from plant, marine and microbial sources. Depending on the number of rings, the
compounds are categorized as,diri- or tetraquinanes and can be of linear, angular or

propellanetype fusion §eeFigure4, Figureb).
linear angular propellane

~
=
=

H CO,H

)“h

hirsutic acid C (31) retigeranic acid (32) modhephene (33)

Figure5: Exempliied compounds for the different classes of triquinane natural products
As depicted inFigure6, angular triquinanes occur in four skeletal types differing in the
position of their substituents and the number of quaternary carbon centers: isocomanes,

siliphinanes, pentalenanes and silpaifolanes.

S B oD B

isocomane silphinane pentalenane silphiperfolane

Figure6: Skeletal types of angular triquinane natural products.



Gomprising not only challenging structural complexity but also intriguing biological
activities, ratural products with a triquinanstructure motif embody notable targets for
synthetic chemist8! and requirefor the development of new methods for their efficient
synthesisThe strategidifficulty arises from the installation of several substituents under
stereocontrol as well as stereoselective construction of the quaternary carbon atoms
during the respectig annulation reaction. Compared to the fusion ofisigmbered rings,
additional strain energy is incorporated for the quinane analogtleSeveral synthetic
strategies have been applied in the syntheseghef angular triquinane structure motif,
including ring expansion or contraction processes, photochemical approaches or
rearrangement reaction®l. The first known angular triquinanesesquiterpene
a-isocomeng(35) gained remarkable attention as a synthetic taf¢fgtparticularly due to

its three contiguous quaternary carbon atoms. Fitggial.[** attempted an aciemediated,
cationic rearrangemat cascade aflispiranebased tertiary alcohdd4 (Schemé) and were

able to access not only the isocomene motif but alse propellane {-modhephene(33)

by consecutive 1;2lkyl shifts.

p-TsOH, PhH,
8 steps 70 °C, 10 min
—
—>
kinetic control
(-)-modhephene (33)
34 <
p-TsOH, PhH, <

70°C,22h -

thermodynamic control

(-)-isocomene (35)

Schemé: Acidmediated synthesis of}modhepheng33) and ¢)-isocomeng35) from
propan2-ylidenecyclobutan@é?l.

Both sesquiterpenes are known to coexistsncoma Wightiil?® and presumably have the
same biosynthetic ogin comprisingd0 as common precursoAs depicted inSchemes,
acidpromoted conversion of34 to the tertiary carbenium ion36 was followed by a
sequence of 13hifts to release angle strain from the cyclobutanes. Further
rearrangement of the intermedte angularly fused tricgle38 produced key
intermediate40 which can either eliminate a proton t@versibly yield modhephen@3)

as kinetic product of te sequence or form isocomergb) as the thermodynamic product.
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\\\\

-H* \
—
-~
+
+H -
2

43 (-)-isocomene (35) (-)-modhephene (33)

Schemes: C A (i 2 S-Nduéed datldricRearrangement cascade of a dispiraaged tertiary alcohol to angular and
propellanetype triquinane&-l.

An intramolecularphotocycloadditioacyclobutane fragmentation stratggwasused by

Crimminset al.in the total synthesis of racemic silpleine (50)?%! (Schemer) andprovided

elegant access to the [4%5] fenestrane carbon skeleton.Intramolecular

[2+2}photocycloaddition of the enone in48 with the terminal olefin afforded
cyclobuane-fused angular triquinand9. Fragmentation of the foumembered ring and

concomitant regioselective formation of the double bondemne realized by radical
tributyltin hydride reduction.

S o W ©
44 y 45 y 46 CO,Me a) Me,CulLi
b) LiCl, H,0,
DMSO
c) TMSCH,CO,Et, cat. TBAF
d) Pd(OAc),, p-benzoquinone
\\\“ o W o
48 47
hv
H e) DiBAI-H
H, f) TMSCI, Nal
'Y g) BuzSnH, AIBN
— —_—
(o)

\‘\\\

49 (x)-silphinene (50)

Schem&@:/ NAYYAyaw aeyikSaira 27 |y

Iy 3dzf I NJ G Nglgbdzing | yS o6& |y
fragmentation strategh®l.
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A smilar, Grobtype radical fragmentation of a [2}Photoadduct was used by
Langeet al.?”lin the formal synthesis oftf-pentaleneng(60) (Scheme). Upon treatment
of iodide54 with tributyltin hydride under radical conditions, a highly labile
cyclobutylcarbinyl radicdl5 was formed and immediately fragmenteid a 5,7bicyclic
systemb56 with a stabilized secondary radical. Treatment with silica gel affotide#nown
ketone 571281 which was converteahto the coriesponding cyclooctd,5-diene58by Wittig
methylenation and isomerization to thendoolefin. Reaction with boron trifluoride
etherate led to the desired stereospecific transannulatuecarbenium ion intermediates

and resulted in the formaon of the triquinane pentalenenés0).

H CO,Me H 7
MeOZC = z
H H H
3 o 54 O
_ BuzSnH,
H H oz AIBN
— \\ ‘—SIOZ \\ - \\ -
W K\ W 4
H HY H H
57 (o] 56 (o] 55 O
a) MePPh3Br L
b) RhCl3-3H,0
N BF,-OEt,
\

H
58 - 59 (+)-pentalenene (60)

Scheme: Langes pentalene synthesis via [2+@]cloaddition/ Grob fragmentatid#r).

A totally different approach was chosen by Wender and deBdrigr the total synthesis

of (¥)-subergorgic aci7) (Schemed). The key transformation in their synthesis was an
arenealkenemeta-photocycloaddition that constructs the triquinane motif in a single step
from readily accessible precursors, albeit as a mixture of the undesired is@aer63

and the angular isomes4. This general finding for theeta-photocycloaddition process of
such systems can be rationalized by a lack of regioselectivity for the recombination
processes in the biradical intermediate and a slight energetic preference for the linear
isomer$®. A two-step sequence comprising the addition of a free radical obtained from
acetonitrile to 64 and subsequent reductive decyanation reaction to the corresponding
methylated compound6 provided access to the complete carbon skeleton of subergorgic
acid(67). The natural product was produced fro®® by application of a fivestep allylic

oxidation protocol.
12



o, O H
Br 7 H
—_ > —_— o \“\\ +
m
\ o
0\\ o </o I,'//
61 62 63 I\/ 64
_ K, 18-Cr-6, PhMe (BzO),, MeCN |
o ’llH NC o "'H
</0 //,'/ </O 1,’11
66 65
— HOZC
> "y
(o)

)
s,
s,
‘2

(+)-subergorgic acid (67)
Scheme: Wender's synthesis of subergorgic acid by aral@nemeta-photocycloadditiof?l.

Demuth and Hinskéf! employed an interesting Diekslder/oxadi-p-methane
rearrangement sequence for constitian of the silphiperfolane skeleto{Schemel0). The
precursor70 for the photorearrangement was obtained by sequential intermolecular
[4+2}cycloaddition of the silyl enol etherfcenone69 with maleic anhydride as an
acetylene equivalenthydrolysis of the anhydride and electrochemical decarboxylation.
Angular triquinaner2was effectively produced by oxdi-p-methane rearrangement under
photoirradiation, and reductive cleavage of the cyclopropane afforded the carbon skeleto

of silphipefol-6-en-5-one (74).

OMOM
[o) OMOM @) LDA, TMSCI s
s T b) maleic anhydride, neat
—_— : c) eletrolysis .
— v
(o] (o}
68 69 o 70
hv
OMOM OMOM QMOM
/ Li, iPr,NH, / 2
Z TMSCI @
o (o]
$ H A o

72 71

~
(2]

S H
(-)-silphiperfol-6-en-5-one (74)

<
~

Scheme 0: Demuth's synthesis of silphiperfolenoni@ a DielsAlder/oxadi-p-methane rearrangement sequeniés.
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1.3The Podocarp Diterpene {Jaihoensene

1.3.1Isolation and Structural Characterization

The diterpenehydrocarbon (+waihoenseng75) (shown inFigure 8) was isolated by

Weaverset all®2 in 1997 fromPodocapus totara varietas waihoensi€onfined to the

2Sa0 /21aG 2F bS¢ »%SIflyRQa {2dzikKk LaftlyRI @K
Podocarpus actufoliusnd Podocarpus totaréut constitutes an own speciéd.

Figure7: Podocarpus totara var. waihoensim

cultivation. Mar 2007", Photographer: Jere
| R. Rolfe, Licenc&C B3]

‘o

Samples of the tree contained waihoensene in up to 5% of the total amount of diterpenes,
however, purification proved difficult due to the emccurrence of several other diterpene
hydrocarbons. The major impurities were identified asytclic hydrocarbons rimuen@8)

and pimaradiend79), both depicted irFigure8. A pure sample oivaihoenseng75) was
obtained by a series of chromatographic purification steps including centrifugal
chromatography on a silver nitrate impregnated silica plaaead allowed for
characterization of the tetracyclic structure of waihoensene. The new diterpene showed
structural similarity toduren-1-ene (76), which is still the only known natural product with

a [5.5.5.7] carbon fenestrane ring system. Lauren@i®@ itself accounts to noteworthy
35-50% of the total diterpenes isolated froRodocarpus totarand was originally isolated
from Dacrydium apressinunil8 years earlier by Corbett and Weavét#lsUp to 1997, no
laurenenerelated natural products were known. The unique tetracyclic carbon framework
of laurenene is characterized by a slight structural deformation at the central carbon atom,
a feature that is caused lige central junction of four carbon rings. In fact, this was verified

by single crystal structure analysis of synthesizeldrdolaurenl-ene(80) showing

14



central bond angles in the range of PO 119123 The associated increasing strain
manifests in a remarkable proneness towards structural rearrangement, which was indeed
observed for treatment of laurenen@6) with various acids. @ of the obtained
rearrangement productsvas identified ag7 (Figure8). This compound ia double bond
position isomer of waihoensen@5) and sugges a common biosynthetic origin of the two
diterpenes 75 and 76. The hypothesis of waihoensene being a direct metabolite of
laurenene was further substantiated by inevitable-a@ocurrence of the latter in all
waihoensenecontaining natural sourcedNevertheless, neither laurener(@6) nor its
rearrangement produc?7 could be converted into waihoenser§és) by chemical means
yet. This seems logical considering that protonation oféhdo-double bond in77 would

be required to occur from the steridglhinderedsi-face of the molecule and for this reason

does not happen.

Me Me Me
\\H Me
HCO,H
Me Me — cHon o Me Ve
Me
Me

waihoensene (75) laurenene (76) rearr. product 77

32

Br Me
rimuene (78) pimaradiene (79) 2-bromolauren-1-ene (80)

Figure8: Diterpenes fromPodocarpus totara var. waihoengiaurenene rearrangement produdt7 and
2-bromolauren1-ene(80).

The tetracyclic skeleton of waihoense(#b) is unique among the hitherto known
diterpenes and incorporates a silphiperfolatype angular triquinane unighighlighted in
orange inFigure9) and a thereteannulated sixmembered ring. Adtisjunction of the rings
and four contiguous quaternary carbon atorfrearked in green irFigure9) result in a
curved molecular shape and high steric congestion. Structure model calculations by
Weavers suggested two low energy conformers that differ only in the conformation of the
sixmembered ring: the chair conformation with an axial methyl substituent or a twist boat,
which is about 1.2 kcal/mol lower in energy compared to the chair conformation. However,
'H NMR NOE difference experiments revealed the chair conformation to be the actual
15



structure in solution. A 1;flisubstituted double bond constitutes the only functionality in
the molecule(red inFigure9). The hydrocarbon contains total four cisoriented methyl

substituents, two of which are connected to quaternary carbon atoms.

Me Me Me Me
Me | Me Me Me
\
Me Me Me Me
Me Me Me Me

6 contiguous stereocenters 4 quaternary stereocenters exo-double bond
(contiguous) as only functionality

Figure9: Strucural features of waihoensen@b).
The relative stereochemistry of all six stereogenic cer(leltge inFigure9) in waihoensene
could be determined by comparison of the obtained NMR spectra with the spectroscopic
data of the laurenene rearrangement product and by additidheBNMR NOE experiments.
The isolated compound showed dextrorotation but its absolute stereotby remained

unknown by the time of the first asymmetric total synthéSi$y Huang and Yang in 2020.

1.3.2Previous Total Syntheses @yhthetic Approaches toward Waihoensene

The uniqueand complex structure with multiple stereocenters and contiguous quaternary
carbon atoms in combination with lacking functionalization of the molecule rendered
waihoenseng75) an attractive and challenging target for synthetic chemists. The lack of
traditional reactive functional groups and high steric congestion complicate an efficient
synthetic access. In fact, 20 years passed by after the isolation before a first total synthesis
was published by Leet all®®l in 2017. The application of their previously develdpe
tandem cycloaddition stratedif! via a trimethylenemethane (TMM) diyl intermediate

allowed for elegant construction of the angular triquinac@e structure of @ihoensene.

N =N : . .
3 I ”
N —=& ==L~
\
o~ = A 00|~

84b

Schemd. 1: Lee's TMMbased tandem cycloaddition strategy for the synthesis of linear and angular triquinane
system#&7l,
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Depending on the substitution pattern on the allene moigbee structures8la/b in
Schemell), either angular84a or linear84b polyquinane systems are assgble This
methodology was also applied in the total synthesis of a few other polyquinane natural
productd®. In both of the above shown casedfigient generation ofthe TMM diyls

in 83a/b could be realized by antramolecular 1,&ipolar cycloaddition reaction of a diazo
compound with an allene followed by the loss ofumder thermal conditions. The second
[3+2}cycloaddition occurred by immediate intramolecular reaction of the higbactive
TMM diyl intermedates with the olefin and resulted in effective formation dhe
triquinane structure motiB4.

¢KS FANRG adSLI Ay [ SS8Hwahdedsend?s) (Scheyhd B vaa A a 2 F
TakaiLombardo olefinationof literature-known ketoestet85, which was followed by
reduction of the ester functionality to theorresponding primary alcoh86. Twacarbon
homologation wa achieved in for steps and yielded aldehyd8. The propargylic alcohol
functionality was introduced by use of the Coréychs alkyne synthesis with formaldehyde
as trapping reagent for the acetylide ion. The alcahd9 was further converted into a
leaving group andubstitutedin a coppermediated §H Q | RRAGA 2y (¢ OGA2Y
butyldimethylsilyl)oxy)propyl) magnesium bromide. Aftessilyl deprotection, alcohd0

was oxidized to the aldehyde and further convett® the corresponding tosyl hydrazone.
Treatment with sodium hydride providezh intermediatediazo allenyl compound, which
reacted in the aforementioned [3+&}ycloaddition cascade reaction to give the tetracyclic
carbon skeletonof waihoensene. The desd compound1 was formed as the major
product but obtained in a 3.3:hixture with other steree and regioisomeric products.
Separation of these isomers wanot possible at this point. four step allylic oxidation
protoca was applied to access enofid, since direct Cr(Mpediated oxidation was
unselective and gave the desired compound along with other oxidation products in low
yield. The three steps containing endgame comprised stereospecific copgaiated
1,4-addition and a-methylation as well asirfal olefination of the keton®4 by Petasis
reagent. Overall, Leet al.obtained racemic waihoenser(@5) by a 21step sequence in an

overall yield of 0.6%.
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1.) Zn, TiCly, CHaly, THF,

3.) (COCI),, DMSO, NEts,

° DCM, 0 °C to r.t., 60% Me DCM, -78 °C to r.t. Me
Me \‘COZEt2)LAH Et,0, 0 °C to r.t., Me WA 4) (EtO):P(0)CH,CO,EL, Me Xy COEt
91% - (o) NaH, THF, 0°C
- 93% (2 steps)
85 86 87
7.) CBry, PPh,, DCM,
5.) Mg, MeOH, r.t., 99% Me 0°C, 93% Me _—Z OH
6.) D/BAL-H, DCM, -78 °C Me \w~\_-CHO 8)n-BuLi, (CH,0),, THF, Me L z
tort. 97% - 78 °Ctort, 91% o
9.) TsCl, KOH, Et,0, 0 °C 88 89
tort., 94%
10.) Mg, 1,2-dibromoethane, 12.) (COCl),, DMSO, NEt,
Br(CH,);0TBS, CuCN, DCM, -78 °C to r.t., 94%
THF, 0 °C Me \\\\ OH 13.) NH,NHTs, MeOH Me
11.) TBAF, THF, 0°Ctort. . 14.) NaH, PhMe, 0 °C to reflux o Me
95% (2 steps) - 83% (2 steps) -
90 91
TsO 0
19.) CUCN, MeLi, BF5-OEt,,
15.) OsO4, NMO, acetone, HO THF, -78 °C to -55 °C, 65%
H,0, 0 °C to r.t. 17.) DBU, DMF, 115 °C, 50% 20.) LIHMDS, Mel, THF, -78 °C
16.) TsCl, DMAP, DCM, r.t. 18.) PDC, DCM, r.t., 68% tort. 75% -
39% (2 steps) > Me »Me =
Me Me
(o)
92 93
Me Me
Me 1) cp,TiMe,, PhMe, Me
rt. to 70 °C, 32% .
Me > Me
Me Me
94 (+)-waihoensene (75)
Schemd 2: Total synthesis oftj-waihoenseng75) by Le&®l,
[ $SQ& | LILINRIF OK 41 i KS 2y (%) for soyiditin befoe 0O S & &

two rather similar asymmetric total syntheses were published in close succession by Huang
and Yang® and the Snyder grouf§! in 2020. Both pproaches are based on a
PausonrKhand strategy for the construction of the tetracyclic skeleton 76f and

furthermore use a Contane reaction to build up theisfused bigclo[4.3.0]nonane system

(Schemeld).
= =
o o
| | Conia-ene
reaction Pauson-Khand
reactlon
95 \
Me
002Me
) (0]
MeO,C Conia-ene
Q reaction Me
Pauson Khand 99 (+)-waihoensene (75)
reaction
Me 97 Me 98

Schemd 3: Synthetic strategy for the asymmetric total syntheseg¢tiwaihoenseng75) by Huang & Yarti§! and
Snydek9l,
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The syntheses require 15 and 16 steps, respectively, and introduce chirality by use of a
YR | | VHShemé& @ y 1 K S

14) commenced with the additioelimination reaction of horapropargylic Grignard

coppercatalyzed asymmetric conjugate dition. HU- y 3

reagent106 to commercidly available vinylogous est&f00, which generated an enone.
This enone was subjected tbe abovementioned asymmetric 1;&ddition usng chiral

SimplePhos ligantiO7.

4.) allylTMS, BF3-OEt,, DCM,
-78 °C tor.t., 89%

1.) 106, THF, 0 °C to r.t., 98% 5.) O3, DCM, -78 °C, 4
OEt 2.) CuTC (5 mol%), 107 (10 mol%), o TMS then PPh;, rt., 65% o
AlMe;, Et,0, -30 °C, 6.) Ohira-Bestmann reagent,
then n-BUOCH,NEt,, rt. | | K,CO3, MeOH, 0 °C to r.t., | |
3.) m-CPBA, DCM, r.t. - 72% -
) o, _ _
61% (2 steps), 91% ee 0, 0,
100 101 Me 95 Me
—
= 9.) Ni(acac), (10 mol%), LiBr,
o o o Me,Zn, Et,0, 0 °C to r.t., 81%
7.) t-BuOK, DMSO, 8.) Co,(CO)g, N0, 10.) 2-ethyl-2-methyl-3-dioxolane,
rt., 83% DCE, 80 °C PTSAH0, Et,0, rt, 91%
—_— D
59%, 93% ee
Me 402 Me 103

Me

13.) Fe(acac);, PhSiH3, Me

Me Me
(o} o ) o
11.) PhsPMeBr, t-BuOK, o FEtOH, 60°C,75% o
PhMe, reflux, 78% 14.) LIHMDS, Mel, THF,
O™ 12.) 1 MHCI, THF, rt., 89% - -78°Ctort, 90% o \

Me 104 Me 105 Me g4
e N
Me Me Me
Me MgBr TMS
// Me
15.) PhyPMeBr, +-BuOK, 106 o (Rp*"1Ph
PhMe, reflux, 90% . >P—N
Me o (R), Ph
Me O Me
(+)-waihoensene (75) Me Me
L 107 y

Schemd 4: Total synthesis of (+yaihoenseng75) by Huang and Yak§.

The enolate was trapped with am-aminoether and further converted to the
a,b-unsaturated ketonel01 by oxidation. The altarbon stereocenter was obtained with

an enantiomeric excess of 91%. Intermolecular Sakurai reaction with allyltrimethylsilane
was followed by ozonolysis and conversion of the aldehyde to the terminal alkyne by
treatment with OhiraBestmann reagent. Baseatalyzed Conigne type cyclizatioof 95
afforded thecisfused hydrindine102as a single diastereomer and provided the precursor
for the second key transformation in the reaction sequence, namely the Patisand

reaction. For ths, the use of dicobalt octarbonyl in combination with nitrous oxide as
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promoter was found to effectively mediate the ring annulation to the desired tetracyclic
carbon framework of waihoensene. The missing quaternary stereocenter was constructed
viaa Nicatalyzed conjugate additiolm enonel03and the resulting cyclopentanone was
selectively acetalized in presence of the sterically encumbered cyclohexanone.
Methylenation of the latter was followed by acetal depection and provided keton&05.
Diastereselective reduction of theexomethylene toa methyl group was realized by
proposed intramolecular iron(Ithatalyzed hydrogen atom transf@AT) and paved the
way for the endgame of the synthesis consisting-ohethylation and Wittig olefination of

the ketone.

The synthetic route developed bgnyderet all® (Schemel5) used 3methoxy
cyclopent2-en-1-one (108) as the initial building block, yet the first two steps were virtually

the same as in the Huang/Yang synthesis: Addilimination reaction with alkyl-

Grignardl116 was followed by asymmetric conjugate addition for the construction of the

o)
MeOZC
™S
x
10 Me

first of six stereogenic carbon atoms.

3 ) NaHMDS,
Mander's reagent,
»TMS THF, -78 °C, 56% -

6.) H,, PtO,, DCM,

1.)116, THF, 0 °C
tort., 54%
OMe 2.) Cu(OTf), (7.5 mol%),
117 (3.75 mol%),
AlMeg, -78 °C, THF
81%, 92% ee

108

4.) TBAF, THF, 0 °C to r.t.,, 94%

c02Me 7.) PhsPMeBr, t-BuOK,

quant., 3.2:1 d.r.

) DMP, NaHCO3, DCM,
O °Ctort., 94%

5.) PhzPAUCI (1 mol%), PhMe reflux 10.) (EtO),P(O)CH,CN,
AgOTf (1 mol%), DCM, r.t., ) DIBAL-H, DCM, t-BuOK, THF, reflux, 93%
quant. - -78 °C 11.) Mg, MeOH, 0 °C to r.t., 72%
- 67% (2 steps)
Me 112
CN — Me
M = 14.) Coy(CO)g, CO, mesitylene, M
e 12.) D/BAL-H, DCM, 0 °C 160 °C, 50% € o
13.) Ohira-Bestmann reagent, .) CuCN, Meli, BF3-OEt,, THF,
K,CO3, MeOH, 30°C -78 °C to -55 °C, 54% -
55% (2 steps)
Me 113 Me 115
(
(o)
Me
16.) LIHMDS, Mel, THF, M ™S R Os g
0°Ctort, 81% , [ o~
17.) PhyPMeBr, +-BuOK, \/\/MgBr >_A’ N
PhMe, reflux, 83% . 116 g A ' j,
- Ph 97\
Me ] @ N
-0 /
Me S0 R
(+)-waihoensene (75) 8
\_R = 2,6-Et,CqH; 17 )

Schemd. 5: Total synthesis of (#yaihoenseng75) by Snydepd.
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¢KS fFGGSNI 61 & OF (I NRBeteBdyclicoc@rberie x@pl@F lar@d OK A |
furnished theb-disubstituted ketonel09with high enantioselectivity92%ee€). Gacylation

o0& dzaS 27T al yRSNketoetd@l1@ Afeli TBARheHiatdd Syl
deprotection of the alkyne, theisbicyclic core il11was established in a stereoselective
gold(lycatalyzed Coniane reaction. Hydrogenation of ttexoY S K&t Sy S dzy Al o @&
catalyst proceeded with preference for tltkesired alcisproduct (3.2:1d.r.). The ketone

was olefinated and the remaining ester was transferred to the corresponding aldehyde in

two steps and further converted to the required terminal alkyne substituganitrile 113.

The obtained enyn&l4 wasused as substrate for the desired Paud€imand reaction to

install the triquinane core of waihoensene and was for thatposetreated with aslight

excess amount of cobalt(@arbonyl and heated in a CO atmosphere td 16. The

tetracyclic productwas dtained in 50% vyield and transformed tketonell5 by
copper(l¥mediated conjugate addition. Theatural product75was obtainedn analoy to

the other total syntheses in two further steps.

Furthermore, additional synthetic approaches toward the carbonelethn of
waihoenseng75) were reported in literature by two otheresearch groups. Already in

1999, Moore and cavorkers* published the synthesis of angular polyquinane ring

systems by a tandem Michael addition seqoef{Schemel6).

0~ OMe

Me / 0'-
_125 OMe o OMe TMSO
TMSO THF 78 “ThE 78 ¢ > |TMsO o —>
H
119

118

1)TMSCI  Me H PhSH (0.1 eq.), Me H
2.)25°C PhSNa (0.1 eq.),
3.) HCI THF, reflux, 93%
o —————"3=|0 —
H H
(o) O- SPh
121 122

H
Me
—>
o o
H 124

Schemd 6: Synthetic approach toward the waihoensene carbon skeleton by M#bre
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The tricyclic precursat21 for their key cascade was rdidy prepared from squaric
acid-derived bicyclo[3.2.0]heptenon&18 by addition of cyclic vinyllithium speciek25.
After addition to the cyclobutenone carbonyl, immediate anionic-@ope rearrangement
of 119resulted in ring annulation and expansion to the eigiembered ring. Subsequent
elimination of methoxidefrom intermediate 120 and acidic hydrolysis led to a tricyclic
dienone systemRemarkably efficient transformation of this precursor to the tetracyclic
core of waihoensene was realized by dual Michadlitieh initiated by intermolecular
conjugate addition of thiophenolate from thé-side of the molecule. This triggered a
transannular ring closure followed by intramolecularly induced éimination of
thiophenol. The tetracyclic product24 of the cascadeexhibits the core structure of
waihoenseng75) with its angular triquinane and the fused shembered ring, albeit with
only two instead of four quaternary carbon centers in place.

In 2020, another tandem reaction sequence leading to the waihoensegesystem was
reported by Wang and T (Scheme 17). Their approach comprised a
CastreStephengoupling/acyloxyshift/cyclization/semipinacbrearrangement sequece
of bicyclo[3.2.0]heptanol25and started with treatment of the latter with prog-yn-1-yl

acetate(131) in the presence of copper(l) acetate and cesium carbonate.

TBDPSO  ___ TBDPSO TBDPSO
TESO, £ Cu1§/1c, ngf‘:‘és! TESO £ rauCls TESO, £
\ T DCE, 70 °C \ T CgFs, It AcO 0 T
YED =5 | oy HOS oy D
125 H O\fo 126 H (Al ® 42 H

OA

Cc
OTBDPS

1.) TBAF, THF, 0 °C, 93%
2.) IBX, EtOAc, reflux, 91%

(o)
)l K,CO3, MeOH, H,0,
< 0°Ctort., 64%
= —_—

40% (2 steps),
3.2:1d.r.

128 |§| 129 |§| 130 E,
Scheme 7: Synthetic approach toward the waihoensene carbon skeleton by Wang &t Tu
Copper(Bmediated Castrestephens coupling of the acetylide with the allylic bromide
furnished the substratd 26 for the 1,3acyl shift, which occurred upon additiarf a gold
catalyst. The intermediate cationic speclEs/ was trapped by a spontaneous

intramolecularcyclization/semipinacalearrangement to produce annulated

22



spirocyclo[4.5]decand28 as a 3.2:Imixture of diastereomers. Final intramolecular aldol

condensationof 129 provided the angular triquinane motif present in waihoensene.

1.3.3Preliminary Work in our Group

First attempts on a synthetic access toward the diterpene waihoensene were implemented
by Dr.Maximilian Hafner during his master and PhD trese our grouftd. The
retrosynthetic analysisSchemel8) was remarkably short and incorporated application of

a meta-photocycloaddition reaction as key step for the construction of the carbocyclic

framework of waihoensenérs).

meta-photocyclo-
addition

Me olefination Me

Me, / Me,
= =

Me Me

Me Me
waihoensene (75) 94

Me

oleflnatlon

B "'Eir fﬁ

coupling

1322 vmylatlon

Schemd. 8: Retrosynthetic approach toward waihoensevia metaphotocycloaddition.

Synthesis of photo precursdB2a was realized in four steps from commexci
2,6-dimethylcyclohexanonél34) (Schemel9). Diastereoselective aldol addition of the
corresponding zinc enate to phenylseleno aldehydE38 was followed by elimination
upon treatment of the selenoalcohol with methanesulfonyl chloride in the presence of
triethylamine. The obtaineda-vinylated ketonel33 was used as substrate in a’sp’
Suzuki coupling reaction employing the conditions ohdoim and Brauf¥l, which prevent
b-hydride elimination. The coupling with eonercially available -®do-1,3-dimethyt
benzeneg(13939 was efficiently accomplished and subsequent olefination of the ketone by
use of TakalL.ombardo conditions provided the precursor for tmeta-photocycloaddition.
However, irradiation of compound32ain degassed pentane with 3225W or 400W
medium pressure mercury lamgr with up to eight 18N 254nm lampsdid not induce the
desired photoreaction after different irradiation tim€&to 8h). Since the methyl

substituents on the aromatic moiety (marked in redstructuresl32and 136, Schemel9)
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are not necessary for the photoreaction and might alternatively be introduced at a later
stage of the synthesis, further irradiation precurs@B2b-d with less steric hindrance were

synthested accordingly to the developed method.

9-BBN, THF, 0 °Cto rt., R
o 1.) LDA, ZnCl,, 138, Mo then 139, Pd(dppf)Cl, (3 mol%),
Me Me Et0,-78°Cto0°c |} Me PhsAs (19 mol%), Cs,CO;,
2.) MsCl, NEt;, DCM d DMF, THF, H,0, rt, 70% Me
68% (2 steps), 7.5:1 d.r. R R ", Me
134 PhSe.__CHO 133 o
138 1 139 e, Me: 135a, 78%

OMe: 135¢, 82%

M

H, Me: 135b, 88%
H

H, H: 135d, 91%

A
01D
nononon

R

R
Me Me
. R R
Zn, CHyly, TiCly, THF, hv R
DCM, 0 °C to r.t.
: Me 9{» =

Me, Me: 132a, 60%

H, Me: 132b, 80% Me We

H R

H 136 137

, M
, OMe: 132¢, 82%
, H:132d, 82%

Y

AV R
nwonouon

Schemel9: Synthesis of photo precursors32and attemptedmeta-photocycloaddition.

Irradiation of 132bd under the same conditions as before did not induce the desired
meta-photocycloaddition in all cases. Final DFT calculations on ldhestenergy
conformation ofl32arevealed the two axially oriented methyl groups on the cyclohexane
moiety to prevent thephotoreaction from happening by shielding tesodouble bond

which is locatedn pseudeequatorial position.
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1.4The PausoiKhand [2+2+1Lycloaddition Reaction

Cobaltmediated formal [2+2+1¢ycloaddition of an alkyne, alkene and carbon monoxide
to give cyclopentenones was discovered and first reported by Pauson and [Khiant971
during their studies on the preparation and characterization of alkene and alkyne
complexes derived from GEOg (Scheme0). Further investigations on this reaction were

conducted by the Pauson group during the early 1970s and described in detail #1973
H
oM H
S + 3
(0C)scc{é}30(00)3 ﬂb o ;
140 141 H 142

Scheme0: First reported Pauseihand reactioi“l.

Reaction of the cobalt complexe$type 1400f simple acetylenes with norbornadieiid 1

or norbornene in an inert aromatic or nonaromatic hydrocarbon solvent at elevated
temperatures was found to produdbe corresponding enone productsgl2in synthetically
reasonable amounts (30 to 60%) and with significant regind stereoselectivity.
Additionally, not only a stoichiometric but also a catalytic version of the reaction was
described in these studies. Dteeits high synthetic utility, various studies and reviews with
regard to its scope, the control of regiand stereoselectivity as well as optimization of the
reaction conditions and the development of Paugdimand type reactions catalyzed by

other transtion metal complexes have been published since #fén

1.4.1Mechanistic Aspects

First attempts to explain the observed selectivities by mechanistic principles were made by
Magnus and cavorkers in 198871 based on their studies on the synthesis of
bicyclo[3.3.0]octenones. However, since no intermediates were detected with the
exception of the ahstable alkynedicobalthexacarbonyl complef44(Scheme2l), a
mechanistic hypothesis referring to the relationship between ster@ad regiochemical
outcome and acetylene substitution was formulated and rationalized by the minimization
of steric intgactions. Initially, formation of the alkyreobalt complex occurs by
coordination of the alkyn&43to binuclear dicobalt octacarbonyl and related substitution

of one carbonyl ligand at each cobalt atom. Complexation of the alkene to one cobalt atom
viaareversible dissociative mechanism comprising initial loss of a carbon monoxide ligand

from 144 was proposed. Insertion of the alkeng-bond into one of the formal
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carboncobalt bonds of the alkyne compléd46would be irreversible and accompanied by

re-coordination of a CO ligand.

%chcoh = ;
carbonyl dissociation

OC/ I \CO 144

{&

olefin coordination

145

OC CO
R R> R,
< %F/CO(CO)Q, — 0 5 =Co(CO); —> —Co(CO);
1 . . . . 1
,CO\ alkene insertion Co ( c 0)3 carbonyl insertion Co ( c 0)2
X doco
X co 146 147 . e
(OC);Co—Co(CO); R4
_¢co o R, R
reductive elimination reductive elimination * COz(CO)G
o

150

Scheme1: Proposed reaction mechanism of the cobalediated PausoiKhand by Magnifsl.

This process was assumed to be the rated productdetermining step. In succession, a
sequence of steps resulis formation of the enone product commencing with migratory
insertion of a cobalbound CO. The coordinatively unsaturated cobalt atom148

coordinates an additional CO molecule aahcurrentreductive elimination of a Co(C)
moiety produces the producas Ce(COg-complex149. Further reductive elimination
liberates the enond 50 and concomitantly generates €€0Og. Eight possible structures
146ah exist for the intermediate cobalt complex of a terminal alkyne and an

unsymmetrically substitutedlefin, as shown ifrigurelO.

4 )
CR!
=Co(CO >Co(CO
HC/I7C0(C0)3 |_I(:/l/c<>(co)3 HC/|7CO(CO)3 Hc/|7 (CO); / |7 (CO);
C0~ CH co CO‘CO CO‘CO
co 5 ) HoC.- =co oc”: oc’:
H,C=CHR? oc | CHR ) | : :
co co R?HC H,C=CHR? R2HC=CH,
146a 146¢c 146e 146g 146h
CoCO c co
O‘CO / lI RZHC CO‘CO
RZHCZC | | o o
¢
co HC o R?
146b 146d 146f L 151 R2 152

Figurel0: Sructures forpossiblecobalt complexes of terminal alkyne and an unsymmetric oleind emergence of

different enone products from favored intermediate complexes

Complexation and insertion confine to the sterically less hindered site of the atiolradt

complex, as it is the case in structute¥5gand 146h, to prevent steric destabilization and
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explain the observed regioselectivity in terms of alkyne incorporation. As a result, the larger
substituent of the unsymmetrically substituted alkyne is located-pog&ition of the final
cyclopentenondlike in151and152), whereas rather unselective incorporation is observed
for the olefin.In 2001, DFT calculations by Nakamura and Yaméflakaa model Pauscen
Khand reaction with ethylene and acetylene supported the mechanistic proposal of
Magnus. However, collision activated reactioARJ experiments withCO as the collision
gas by Gimberet al.in 2014*9 revealed the incorporated carbon monoxide to be retained

in the complexhroughout the whole process. Mass spectrometric analysis of the reaction
and further theoretical calculations suggested alternative intramolecular pathways
involving a transfer of CO from one cobalt to the othena bridging
intermediates 156a/b (Scheme 22). Kinetic simulations support this hypothesis and

necessitate revision of the original mechanism.

CO
co
(OC)3CO Co-mediated cyclopentenone formation - &
>A( \// o

H¢ H 146 155

(0C)3Co—Co(CO)s

c (o)
|/CO Magnus et. al. \ I/Co
(0C);Co—Col | (98s) o (0C)Co—Col ... > °
....... > H
H H

H

H 453 H o147 154
O O
0
(0C),CS Co\ Co—Co
Gimbert et. al. CO —> —_—
(2014) ’\/ <>4 W \ 8 (I:oco
156 157 158
a a 2 0c)cd—3cd P
N\
(o]
C. co oc CO oc CO H
|co %% 0c),co—rcd_° / H
(OC)zCo>\ZCro7 (OC)zCo>\-Z-Cro7 (oc), w 159
H H H
H 156b H 157b H 158b

Scheme2: Proposed alternative mechanistic pathway of the colmadidiated PausotKhand reaction by Gimbetl.
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1.4.2Scopeand Limitations

The PausoiiKhand reaction is applicable to a variety of substrates and tolerates various
functional groups, including ethg, alcohols, ketones, esters and tertiary amines or amides.
Problems occur for allylic or propargylic functionalities and with further conjugated
psystems. In addition to the originally intermolecular Paugdrand reaction, an
intramolecular version waalso reported and applied in several total syntheses for the
construction of complex carbon skeletdtts°l Best reslts with regard to the yield are
obtained in either case for strained cyclic alkenes, due to strain release induced by the
cycloaddition reaction. An increasing degree of substitution at the olefin moiety is
prejudicial to its reactivity in a Paus#thandreaction, since steric hindrance inhibits
efficient coordination to the metal center and insertion into the metarbon bond. In
these cases, alkyne trimerization or multicomponent cycloaddition reactibtise alkyne

and CO were observadstead Asimilar trend exists for alkynes, in which acetylene and
simple, terminal alkynes give superior results compared to internal alkynes. For the
intramolecular reaction of a sterically encumbered trisubstituted olefin, satisfactory yields

were obtained only \ith terminal alkynes?,

1)

?Oz(co)e ™S
—_— 115 °C, sealed tube,
Me — ™S heptane, 36 h Me o
Me X Me’
MeOH,CO(H,C), MeOH,CO(H,C), H
160 161

(78%)

MeOH,CO(H,C), e

MeOH,CO(H,C),)
Co~

Co\}7c°
M TMS
162a 162b
\ disfavored ' favored y
2)
TBSO ?02(‘30)6 TBSO ™S TBSQ ™S
S __— 110 °C, sealed tube A
——TMS ' ’
Me heptane, 20 h 3 Me o Me o
Me >\/_\\ Me Me
H H
163 164 165
(79%) (3%)

Scheme3: Stereochemical effects of steric hindrance in the intramolecular Pak$@md reaction.
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In general, substitution on the tether facilitatéise intramolecular ring closure according
to the Thorpelngold effect and hence, it is frequently used to accelerate the reaction and
improve the yields.In the course of the annulationallylic (C3) or propargyl(€5)
substituents preferentially positionn the exoface of theproduct @s depicted irScheme

23) to escape from steric interactions on tleadoface. Bulky substitution on the alkyne
terminus reinforces this effect.

Various strategies for the optimization of the Paud€imand reaction cagitions are
reported in literaturd®y. Originally, rather forcing conditns (generally high temperatures
or elevated pressure) were required to overcome the activation energy barrier for the
ligand exchange at cobalt from CO to the olefin. The accelerating effect-cdllsd
chemical promoters was first observed by Schreiteal.®? in 1990. The addition of
N-methylmorpholineN-oxide(NMO) was found to enable intramolecular Pausdrand
reaction of multiple model sudirates to occur at room temperature and with higher

diastereoselectivity compared to the theahreaction, as shown ihablel.

Tablel: Acceleration and altered stereoselectivity by use of chemical promoters in the P&insomd reactiof§2l.

conditions

167

conditions yield (%) selectivity (167:168
NMO, DCM, r.t. 68 11:1
MeCN, 82C 75 4:1
MeCN, ultrasound, 45C 45 31

Later, similar results were reported for several otiNpxides. The mechanistic pathway
for N-oxide activation of metal carbonyls was suggested by Rfband is outlined in
Scheme24. Initial oxidation of a CO ligand to £®as proposed to generate an empty
coordination site at the cobalt center and to render the dissociation step irreversible.
Competing reaction of the codinatively unsaturated complek71with either an excess

of N-oxide, the emerging tertiary amine or direct coordination of the alkene was supposed.
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Scheme4: Proposed mechanistic pathway fidroxide activation of a GECOj-alkyne complex by Alpépl.

Increased reaction rates also occur upon additof Lewisbasic cesolvents,e.g.DMSO or
primary amine84, which stabilize the coordinatively unsaturated metal ceraéier CO

dissociation and labilize further CO ligands in the Lé&age substituted complegScheme

25).

OC\/CO OC CO OC\/CO
R_ Co /CO R co—L
:E _COo.+L o \|

A\ ~o \

H Co-CO Co co H FQ—CO
od ‘co od “co od ‘co
172 173 174

high energy Lewis-base stabilized
pentacarbonyl complex pentacarbonyl complex

Scheme5: Stabilizing and destabilizing effecsCOor Lewis bases on the cobalt hexacarbonyl comfflex

An acceleratingffect is sometims alsoachieved by reducing the partial CO pressure to
favor the dissociation proce83, whereas an overpressure of CO results in decreased
reaction rate&l. Based on the original publication, several stoichiometric and catalytic
PausorKhand reactions were conducted by use tiiey transition metal catalysts.g.
titaniuml®€!, rutheniun®”l, nickeP® or zirconiun®?l. An intramolecular rhodim-catalyzed

PausorKhand type reaction was published by the Narasaka dt8amd Jeon§! in 1998.

reductive

elimination M(n)L,1 X/__
- s
175
179 )

complexation

with enyne
(o) —
X z /—_\
M2 X "ML
\/§
178 176

CO-insertion isomerization to
metallacyclopentene
X | w2y
co n
177

Scheme6: Proposed mechanistic pathway for the rhodiurdéitalyzed PauseKhand type reactiof?l.
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The reaction proceedsia a metallacyclopentene keintermediatel77, as shown in
Scheme26. A smooth reaction process requires efficient catalyst binding to the enyne
system to initiate the reactiona capability that is promoted bg-acceptor ligands on the
metal centel®?. This is contrastetb some extenby acceleration of the ratéetermining
oxidative isomeriation from 176 to the metallacyclopentee 177 in the presence of
electrondonating ligands. Systematic screening of a variety of rhodium catalysts revealed
acceptorligand substituted complexes (or complexes with ligands thatraséu replaced

by CO) as the catalysts of choiegy.[RhCI(CQ). or [RhCI(CORJit02 611

1.4.3Application in Total Synthesis

Since the PauselKhand reaction allows for the construction of highly functionalized
polycyclic systems and asymmetvariants additionally enable the formation of multiple
stereogenic centers in a single step, it has become a powerful tool for the total synthesis of
complex natural products. An early example for synthetic application of the intramolecular
PausorKhard reaction was the syhesis of (+epoxydictymeng185) by Schreibéf! in

1994, shown inScheme27. Starting from R)-pulegone(180), the precursor for the

cobaltmediated transfamation, dienynel82, was obtained in ninsteps.

Me
Me H Me H
8 oTf n-BuLi, 186, HMPA, THF, H
steps _45 ° ° o,
p 45°Cto 0 °C, 74% - Q o N
(o] 3
| a a EtO M& Me
Me Me T™MS
(R)-180 181 182 TMS

1.) Coy(CO)g MeCN, reflux,

2.) TMSOTT, Et,0, -78 °C 85%, 5:1d.r.

—_—
82% (2 steps)
ho
12 steps S o=
EtO Mé Me

(+)-epoxydictymene (185)

Scheme27: Use of an intramolecular Pauséthand reaction for the total synthesis of {gpoxydictymeng185) by
Schreibelf?l,

Treatment with Cg(COg yielded the corresponding Gakyne complex, which underwent

intramolecular stereoselective Nicholas reactito the 5,8bicyclic systeni83under Lewis
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acid catalysis. Subsequeheating in acetonitrile led to intramolecular Pauskhand
reaction and construction of the tetracyclic skeleton of the natural product. Adjustment of
the correct configuration at Cland regioselective alkylation at Ggquired additional

12 stepsfrom PKRproduct184and completed the total synthesis.

Application of a catalytic version of the Paudéimand reaction was reported by Baran and
co-workers in the tdal synthesis of (+)ngenol(192)%4. Development of a synthetic agss
toward the diterpenoid attracted much attention due to the anticancer and -&HW
activities of several sensiynthetic derivatives and concurrent insufficient availability from
natural sources. An efficient istep total synthesis was designed by Bamasing an

intramolecular allenic Pausehand reactior{Scheme28).

ME/,' Me//,

Me [RhCI(CO)yy,

TMSO,,' CO, p-xylene, o TMSO’/I, M
Me 5 steps _ Me 140°C, 72% e
—_—— ————
Me z H
Me ‘0
= Y OTBS
187 e 188
1.) MeMgBr, THF, Mo BF3-OEt,, DCM,
-78 °C, 82% brsm / Me -78°Cto-40°C,
2.) OsOy, pyr., r.t. Me M then Et3N/MeOH,
e
3.) CDI, DMAP, DCM, r.t. > HOW 80% 3

68% (2 steps)

(+)-ingenol (192)

Scheme8: Use of an allenic Pausédthand reaction for the total synthesis of {mjenol(192) by Baraffl.

The precursor for this key reaction was obtained in a -§tep sequence from
(+)3-carene(187). Slyl protection of the alcoholunctionalities as well as a high dilution
and the strict exclusion of water and air proved essential for the feasibility of the
rhodium-mediated Pausoi#Khand cyclization. The reaction was conducted under an
atmosphere of carbon monoxide in refluxipexylene and produced the desired tricyclic
product189 in 72%. Subsegent 1,2addition of methylmagnsgum bromide,
dihydroxylation and protection of the diol provided the precursorddrewis acigatalyzed

vinylogous pinacol rearrangement, which efficigrtonstructed the full ingenane skeleton
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in 191 The natural product (+ihgenol(192) was obtained in four additional steps with an
overall yield of 1.2%.

In 2016, Reisman and -weorkers®® published an elegant 18tep total synthesis of the
structurally complex diterpenoid J+yanodol(196). The sequence is outlined 8theme

29. Starting from §-pulegone(180), the bicyclic enyn&93 with a lactone moiety was
synthesized in a seven step sequence containing stereoselectiveddidon of a vinyl

cuprate for efficiem constructionof the quaternary stereocenter.

o Me BnO /o [RhCI(CO),], (1 mol%), BnO /0
. o CO (1 atm), m-xylene, N o Me
ZNe T steps o 110 °C, 85% _ . o
, \_ A
. Me Me 6g scale €
Me™ Me
BnO (o] H
(S)-180 103

1.) Se0,, 4A MS, 1,4-dioxane, 110 °C
2.) Comins' reagent, iPr,NEt,
DCM, -78 °C to 0 °C -
28% (2 steps)

OoTf 5 steps

(+)-ryanodol (196)

Scheme9: Use of an intramolecular Paustthand reaction for the total synthesis of {yanodol(196) by Reismais.

Treatment of this precursor compound with stoichiometric amounts o{ COg produced

the desired product only as a diastereomeric mixture, however, an alternative catalytic
procedure with [RhCI(C&)) under CO atmosphere provided the desired diastereomer as
the only product in 85% vyieldThe scalability of the process to medtiam scale
demonstrates its versatility and robustness and emphasizes its relevance for the rapid

construction of highly complex structures in natural product total synthesis.

33



2. Results and Discussion

2.1Approach A: Construction of thisHydrindane Coret@icture viaReductiveOlefin
Coupling

2.1.1Retrosynthetic Aalysis

In the course of careful retrosynthetic analysis, an intramolecular Pakisamd reaction

was chosen as the key reaction for construction of the angulguittane core of
waihoensend75) froma bicyclic precursor. Since the Paugtmand reaction is capable of
inducing high molecular complexity in a single step and does not require additional
functional groups beside the enyne, an efficient potential access to theadgdttic

diterpene was degined(Scheme30).

intramolecular Ohira-Bestmann
Pauson-Khand

1,4-addition olefination

olefination/
isomerization

Me
198

OBn
sp2-sp® Suzuki
coupling

Fe-mediated reductive
olefin coupling

Me

199 200 201 202

Scheme30: Retrosynthetic approach A for the total synthesist)fyaihoensend75).

Indeed, Hoshinet al%¢ have demonstrated the feasibility of angular triquinane synthesis
by intramolecular PauseKhand reactions. The second key transformation within this first
synthetic approach was a catalytic reductive olefin coupling by udste method of
Baranet al.!*”], which should produce the bicyclic precursor for the Patishand reaction
from aubstituted cyclopentene este200. Starting in retrosynthetic dection, the target
molecule75 should arise from the product of a Pauskhand reaction by olefination of
the ketone and preceding coppanediated conjugate additioto enonel97. As indicated,

the angular triquinane in the tetracyclic enone is planned to be produced in an
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intramolecular version of the Pausdthand reaction of bicyclic enyn¥98 The alkyne
funcionality should be introducedvia the correspondiag aldehyde by use of the
OhiraBestmann reagefff], while the trisubsituted olefin should be generatedrh the
ester by a sequence of reduction to the aldehyde, olefination and isomerization of the
double bond to the internal position. An iremediated intramolecular reductive olefin
coupling should furnistthe bicyclic core of compount®9. This radical mcess was
expected toentropically and stericallfavor the formation of the desired atlis product

and should be realized by the application of conditions developed by Baran and
co-workerg®”- 8 The substrat®00for the cyclization could be obtained by Pa¢atalyzed
methoxycarbonylation of the corresponding vinyl triflate, which in turn should be derived
from coppermediated conjugate addition of pert-en-1-ylmagnesium tomide to the
enone moiety in 201 Precedent functionalization ina-position of comnercial
3-methylcyclopent2-en-1-one (202 might be accomplished by a %sgp® Suzuki coupling
with 9-(3-(benzyloxy)propytp-BBN.

2.1.2Attempts toward theSynthesis of theisHydrindane Core

The precursor for the intramolecular reductive cyclization wasessfully synthesized in
five stepsfrom 3methylg/clopent2-en-1-one (202) (Scheme3l). Alkylation ina-position
was realized by application of a twstep protocol comprising iodination and
palladiun(0)-catalyzed spsp® Suzuki coupling. The iodination was performed according t

a literatureknown procedure for the formation ofa-iodoenones by Nelis and

co-workerd”l.
1.)1,, PDC, DCM, r.t., 88%
2.) (i) ((allyloxy)methyl)benzene,
0 . 9-BBN, THF, -10 °C tor.t. O  pent-4-en-1-ylmagnesium
(i) PACly(dppf)-DCM, AsPhg, bromide, Cul, TMEDA, TMSCI,
Cs,CO3, HyO, 1t 70% BnO NEt;, THF, -78 °C, 74% >
Me Me’
202 201
OBn 1.) MeLi, THF, 0 °C, then PhNTf,, OBn

-78 °C tort., 69%

2.) Pd(n3-1-PhC3H4)(n5-CsHs),
P(t-Bu);, NEt;, CO, MeOH,
80 °C, 44% (78% brsm)

" nn
’\JMe ’\JMe

203 200

OTMS CO,Me

Scheme1: Synthetic acess to cyclization precursgao.
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Suzuki coupling was chosen for further functionalization of thédoenone, since
organoboron compounds are generally easily accessible from the corresponding olefin by
hydroboration and tolerate a variety of functional groupsj.ketones, esters and alcohols.
Palladium(Oxatalyzed cross coupling ofB-alkyl9-borabig/clo[3.3.1]Jnonanes was
described by Suzuki and Miyalithand later applied by Johnsat al. for the synthesis of
a-alkenones from iodoenoné&gl. Forthis purpose prop-2-en-1-ol (204) was protected as

a silyl ether, and subjected to hydroboration conditifag (Schemes?2).

(i) imidazole, TBSCI, DCM, r.t.
or 9-BBN (0.5 M in THF),
/\/OH (ii) NaH, BnBr, THF, 0 °C to reflux= /\/OR THF, -10 °C to r.t. - } ’—B\/\/OR

204 R =TBS: 205 (56%) R =TBS: 207
R =Bn: 206 (quant.) R =Bn: 208

Scheme32: Synthesis of alkylboran&97and208.

However, low yields in theubsequent 1,4addition step(seeTable3) revealed the benzyl
ether 206 to be the superior substrateThein situ generated organoborane was directly
coupled to 2iodo-3-methylcycloperi2-en-1-one (209) under palladiuncatalysigTable2).
As indicated by the findings of Suzuki and Johndshydride elimination from the
alkylpalladium complex was effectively prevented by usethe PdCidppf) catalyst.
Selfpreparation of the cataly§®! allowed for diminution of problems with the

reproducibility of the coupling reaction.

Table2: Optimization of the spsp® Suzuki coupling.

(o) (o] o]
b I, PDC, DCM, rt., 8% __ Ib conditions Ro/vjzg
Me’ Me Me
202 209 R =TBS: 210
R =Bn: 201
entry conditions organoborane(eq.)  result

1 PdC)(dppf), KPQ, DMF, 70C 207(1.00) 20%210
2 PdCi(dppf), kCQ, AsPB, DMF, 70C 208(2.00) 38%201
3 PdCi(dppfiDCMW), KLCQ, DMF, 70C) 208(2.50) 15%201
4 PdCl(dppfiDCMW), kCQ, DMF, 70C) 208(3.00) 42%201
5 PdCi(dppfiDCM, CsCQ, AsPb, DMF, KO 207(1.30) 71%210
6 PdCi(dppfiDCM, CsCQ, AsPb, DMF, HO 208(1.50) 70%201

a) selfpreparedby literatureknown proceduré?; b) 0.18mmol scale; ¢) 2.1¢hmol scale.
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Johnson and Braun have already noticed cesium carbonate tthdéase of choice,
producing higher yields compared to the potassium bases used by Suzuki and Miyaura.
Furthermore, Johnson reported increased yields with the addition of AdBé to a higher
turnover rate and cleaner reaction. These observations m@ctordance witlthe results
shown inTable2.

Coppermediated conjugate addition of a pefiten-5-yl nucleophile to the enone was first
attempted on 3-methylcyclopeni2-en-1-one202 as a test substrate and later on the
a-alkylated analoguegqTable 3). Initially, a lowetorder cyanocuprate RCu(CN)ii
combination with boron trifluoride etherate was choséentries 15). The necessity of
carbonyl activation by a Lewis acid is causedsteyic hindrance at the reacting carbon
center of the enone. The ge of a combination of cyanocuprate and trimethlylschloride
instead was not effective (entry 6). In addition, careful control of the reaction temperature
was found to be crucial with regard to successful formation and stability of the
organocuprate specge Reaction of the test enor#2 with the cyan@uprate generated
from 5-bromopentl-ene in presence of boron trifluoride etherate led to full consumption
of the starting material and formation afesired211as the only producfentry 1).

Table3: Optimization of the coppecatalyzed 1,4ddition.

(o)

R1
Jé conditions ﬁ b
Me ‘__\—/llll ni
R' = H: 202 R'=H:21 R'=H; R?=TMS: 214
1= (CH,);0Bn: 201 R' = (CH,);0Bn: 212 R'=H;R?=Tf: 215
R' = (CH,);0TBS: 210 R'=(CH,);0TBS: 213 R, = (CH,);0Bn; R, = TMS: 203
entry conditions result
1 5-bromopentl-ene,t-BuLi, EXO,-78°C,then  full conversion after 3@nins,
CuCN;50°C; then B&OEE, 202 E£O,-78°C 211asonly product
5-bromopentl-ene,t-BulLi, E{O,-78 °C then 0 .
+
2 CuCN;50°C; then BFOEY, 210, E4O,-78°C 1076213+ decomposition
3 5-bromopentl-ene,t-BuLi, E{O,-78 °C then 5104212

CuCN;50°C; then B#OEb, 201, EtO,-78°C

5-bromopentl-ene,t-BuLi, EXO,-78 °C,then
4 CuCN;50°C; then B&OER, 201, EtO,-78°C, no 215observed
0KSY [ 2YAYBQtoNB I 3¢
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entry conditions result

5-bromopentl-ene,t-BulLi, E{O,-78 °C then
5 CuCN;50°C; then B&OER, 201, E&O,-78°C, no 215o0bserved
GKSY 5at! 3 [/ 278ICyoitQ

5-bromopentl-ene,t-BuLi, EXO,-78 °C,then

CUCN:50°C: then TMSC201, EtO,-78°C no reaction, recovere@01

pent-4-en-1-ylmagnesium bromide, Cul,2EX,
7 0°C,then NEt, TMSCI, TMEDA8 °C, then 55%214
202, THF;78°C

pent-4-en-1-ylmagnesium bromide, Cul,-EX,
8 0°C,then NEt, TMSCI, TMEDA(8 °C, then 74%203
201, THF;78°C

However, when the same conditionseve applied to enon10 the yield dropped
significantly and no other defined compoutithn 213 could be isolated from the reaction
mixture due to decomposition (entry 2As mentioned above, a benzyl ether was used as
alternative protecting group for the primaryaihol, and indeed, compour2D1 could be
trandformed into addition producRl2 with a yield of 51%entry3). The relative
configuration of the adjacent stereocenters was not determined at this point, since
envisaged conversion to the vinyl triflate would lead to formation of &hsfridized
carbonatom in the next step anyway. However] aktempts for this transformatiorvia
conseaitive deprotonation of keton®12 with potassium hexamethyldisilazide or
ONBY2YlF Ay SaAidzy RAAAZ2LINR LR I YA RPhetyyriRmidleRRA G A 2y
produced the desired vinyl triflat216 only in trace amounts and led to reisolation of the

starting material cheme33).

OBn OBn
(i) KHMDS, THF, 0 °C to r.t., then Comins' reagent

or
0 (i) KHMDS, THF, 0 °C to r.t., then PhNTf, oTf
or

(i) i-Pr,NMgBr, DMPU, Et,0, 0 °C to r.t.,, then PhNTf,, r.t. to reflux
N/

" - nn
::\J 75 - =\J
Me Me

212 216

Scheme33: Attempted triflation of ketone212

Since altenative direct trapping of the intermediatenolate would allow for regioselective
F2NXYIFGA2Y 2F GKS NXBIjdzA NBR @A ytd the dorjilyaref | G S/
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addition reactionprior to the aqueous quench (en&s 4& 5). In neither case formation of

the triflate was observed, which might be due to strong coordination of the enolate oxygen

to boron.Application of a 1,4ddition protocol by Wright and Speff§} finally gave access

to the respective trimethylsilyl enol ether in fair to good yields (entri&€s8). Subsequent

conversion to thecorresponding vinyl triflatavas accomplished by regeneration of the

enolate with methyllithium and further reaction witB A Gt K SNJ / 2 Y ANghéhyl NB I 3 Sy
triflimide. The reaction yield showed strong dependence on the quality of the triflating

F 3ASy i YR @FNASR FNRBY HH35to7002 Nor Nplehh ya Q 1|
triflimide (Scheme34).

(i) MeLi, THF, 0 °C to r:t.,
OBn then PhNTf,, -78 °C to r.t., OBn
35-70%
or
OTMS i) MeLi, THF, 0 °C to ., OTf
then Comins' reagent,
-78°Ctort, 22%

y

n nn
——\JMG _—\—jMe
203 216

Scheme4: Conversion of silylenol eth@03to vinyl triflate 216.

Unexpectedly, first attempts orpalladiumcatalyzed methoxycabonylation of vinyl
triflate 216 produced only trace amounts of the desiredmpound Table4, entry1). To
exclude problems with the palladium tedyst, a new batch of tetrakiériphenyt
phosphine)palladium(0) was preparéd! and used for the reaction. As reaction monitoring
by TLC did not show any conversion after two hours, the reaction was heated@s@ler

a CO atmosphere. After two hours at this temperature, the desired methyl e§i@could

be isolated in 27% alonwith unreacted vinyl triflate216 (entry 2). Prolongation of the
reaction time under these conditions further increased the yield up to 36%, but also led to
partial decomposition of the material (entd). In contrast, a contd experiment using the
identical canditions as in entry lbut with the unsubstuted vinyl triflate analogu@15as
substrate, yielded the correspondirgb-unsaturated methyl este?17in 87% after two
hours and only trace amounts of the starting ma#trivere reisolated(entry5). This
indicated a drastically deceleratedoxidative addition for the alkyl substituted
derivative216and required for optimization of the catalytic systeimsitugenerated Pd(0)
complexes from a Pd(ll) precursor and bidentate biphosphine ligands have been reported

in literature to efficiently catalyze alkoxycarbonylati&fis
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Table4: Catalyst screening for the methoxycarbonylation of vinyl trigét#5/ 216.

OTf CO,Me
R [Pd], ligand, Et;N, R
CO, MeOH, DMF
=\JMe =\—/Me
R =H: 215 R =H: 217
R = (CH,);0Bn: 216 R = (CH,);0Bn: 200
entry substrate catalyst (mol%) ligand T I[°C] t[h] result
traces 0f200,
0, -
1 216 6% Pd(PPju r.t. 4 recovered216
rt, 27%200
0 a) - !
2 216 6% Pd(PPju then 2+2 recovered216
50
2%200, 5%218,
0,
3 216 3% Pd(OAg) dppp 60 18 67%216
36%200, 40%216,
4 216 6% Pd(PP)® - 50 20 decomposition
observed
5 215 6% Pd(PPu? - r.t. 2 87%217
4% Pd(3-PhGHs) 38%200,
° 216 (' >-GsHs)?) Pt-Bu 80 24 recovered216
10%
7 216 Pd( 3-PhGH;) P¢-Bup 80 24 44%200, 42%216
(' >-GsHs)?)

a)freshly preparedy literatureknown procedur&; b) preparel by literatureknown procedur&®l.

Bno The use of a 1;Bis(diphenylphosphino)propane ligand instead

By of triphenylphosphine waseported to effect a significantly

enhanced rate for the oxidative addition to palladilifh

Me  However, an alternative catay system consisting of

BnQ palladium(ll) acetate in combination with the dppgand did

e not prove to be suitable for thdesired transformationgntry 3)

and moreover, led to drmation of the unexpected
M
= ¢ sideproduct218by intermolecular Heck coupling-{gurell).

Figurell: Sideproduct by intra
molecular Heck couplingith the
Pd(OAcydppp catalyst system.
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Baird and ceworkers’® 78 have described and applied P&(1-PhGH.)( >-GHs) as
effective catalyst precursor for a variety of crassipling reactions The use of
Pd( 3-1-PhGH,)(' 5-GsHs) in combination with R¢Bu} efficiently generates the desired
palladium(0) species Pgln situ and thus is very effective for many catalytic preses.
Indeed, a cleaner reaction and a slightly increased yield were obtained by use of the
abovementioned catalyst system for metlgcarbonylation o216 (entries 6& 7), but full
conversion was still not observed.

However, with ompounds200and217in hands, intramolecular reductive olefin coupling
for construction of the cishydrindane core was attemptedIn 2014, Baran and
co-workerd®7- 6%lhave reported interand intramolecular couplings of various unactivated
olefins (donors219) with electrondeficientolefins (acceptors221) by use of an iron(lll)
catalyst and a silane reducing ageAs shown in the proposed mechanistic pathway in
Sheme35, the Mukaiyamatype olefin hydrofunctionalization is supposed to procesal

a nucleophilic radical intermedia@20generatd by a Fe(IHhydride species.

Me Me
j/\R W)\R

Me 219 Me 220 EWG

donor \"
)—4 acceptor
221

LoFe'-H e

PhSiH,(OR) \st
222
PhSiH, + RO o H EWG_H
ROH

Me Me Me Me
223 224

Sheme35: Simplified proposed mechanistic pathway for the(lllimediatedreductive olefin couplinglevelopedby
Baran and coworkeld],

Furthermore, Baran demonstrated the reaction to be robust (insensitive to oxygen and

moisture), easily scalable and capable of producing quaternary stereocenters.

In a first attempt, only partial decomposition was observedhew subjecting test

substrate217 to the reported catalytic conditions. The reaction was stopped after four
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hours and small quantities afnreacted starting material could be reisolated along with
decomposed materiall@ables, entry 1). Degassing the solvents prior to usg bt change
the outcome (entry2), but recrystallization of the iron catalyst from ethanol led to a ticas
improvement after 30minutes under the sameonditions the starting materiavas
completely consume@entry 3). The newly formed compounds were slightly less polar than
the starting material and did not show any olefinic signals inttheMR spectra, but could
not be further characterized as theiseparation was not possible by column

chromatography or HPLC.

Table5: Attempted intramolecular reductive olefin coupling.

CO,Me Me R co,me
R
..conditions __ o
nn
’\—/Me

Me
R =H: 217 R = H: 225
R = (CH,);0Bn: 200 R = (CH,);0Bn: 199
entry substrate conditions T[°C] t][h] result

Fe(acac)(30mol%), PhSiH
1 217 (1.50eq.), EtOH/(C¥DH)» 60 4
(5:1)

partial decomposition,
recovered217

0 .
Fe(aca)(30mol%), PhSiH partialdecomposition,

2 217 (1.50eq.),( SEE)H/(C@H)Z 60 4 recovered217
Fe(acacy (30mol%), : :

3 217 PhSiH(1.50eq.), 60 05 O']f‘:;‘l)jrr:g('ﬁnrggjﬂaes
EtOH/(CHOH} (5:1)
Fe(acacy (30mol%),

4 200 PhSiH(1.50+1eq.), 60 4 decomposition
EtOH/(CHOH} (5:1)
Fe(acac)’ (5mol%),

PhSiH (5 mol% + 1.5@q.), .

5 200 styrene (5mol%), 70 20 no reaction
THF/(CEOH) (4:1p

6 200 Fe(acacy (1.00eq.), 60 17 inseparable mixture

PhSiH (2.50eq.), EtOH of severalkcompounds

a)recrystallized from EtOH prior to usie) solvents degassed.
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The reaction was repeated with thesubstitutedanalogue200, but no defined compound
could be isolated rbm the reaction mixture (entry). Application of an improved
secondgeneration set of conditio®®], which comprised the addition offiol% of styrene
for catalyst activabn, did not succed for substrate200 (entry5). Stochiometric
conditions gave a complex mixture of several compouedsry6), which were not
separable at this point. Attempted conversion of the ester functionalitésthese
compoundsto the corresponthg secondary amides by treatment with methylamine
hydrochloride and trimethylaluminum led to complete conversion of the starting mixture
and formation of polar products. Subsequent pwafion by sempreparative
HPLQgradient hexanes/EA 100:0 to 0:10(n 50min) enabled separation and
characterization of compawd 226 from the mixture Figurel?). An additional fraction
contained an inseparable mixtud three compounds. Alternative reduction of the initial
compound mixture by lithium aminum hydride produced alcoh@P7 alongside an
inseparable complex mixture of several compounds (sem@parative HPLC, gradient

hexanes/EA 100:0 to 70:30 in BOn). Further characterization of these compounds was

OBn OBn
o
NHMe OH
"y n
—_\_/Me —_\JMe
226 227

Figurel2: 226and 227 by reduction of the terminal olefin under the reaction conditions.

not possible.

The occurrence a226 and 227 was rationalizd by reduction of the starting olefin to the
saturated alkyl analogue, which seemed reasonable with regard to the formation of an
unstabilized secondary radical intermediate in a protsolvent. This competing
sidereaction has also been observed by Barmamd coworkers with some of their

substrate&7: 69%0]
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2.2 Approach BConstruction of theisHydrindane Coret@cture viaIntramolecular

Sakurai Reaction

2.2.1Retrosynthetic Aalysis

Since intramolecular cyclization by reductiva@efin-olefin coupling could not be
successfully accomplished, an alternative strategy for the construction of the
cishydrindane motif and modification of the synthepproach toward waihoensen@5)
were required. In analogy to the previous approatie revised retrosynthesisScheme36)
comprised an intramolecular Pausé&hand reaction of precursdr98for construction of

the angular triquinane mat and the endgame consisting of coppaediated conjugate

addition and ketone methylenation.

intramolecular Ohira-Bestmann
1,4-addition olefination Pauson-Khand \‘
\ \

—
o Me Me
Me Me
(£)-waihoensene (75) 197 198
OBn Stork-Danheiser
transposition Bn

Me .// Ti(IV)-mediated

cyclization

Me Me )
228 229 alkylation 230

TMS
\ Me
| | EtO o
\
. =
"K Me
Scheme36: Retrosynthetic approach B for the total synthesis®)fWaihoenseng75).

As intended before, the alkyna 198 would be provided bylkynylationreaction of the
corresponding aldehydeith OhiraBestmann reagenfrhe bicyclic core was planned to be
installed in a Ti(I¥inediated intramolecular Sakureeaction of propargylsilan229, which
concurrently would lead to the formation of an allene functionality. This allene might
subsequently be reduced to the trisubstituted olefin. A straightforward sequence of
StorkDanheiser transposition and alkylationf @wommercidly available vinylogous

ester230should deliver the precursd29for the cyclization reaction.
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2.2.2Synthesis of theisHydrindane Core

The syntlesis of cyclization precurs@29 commenced with alkylation of commercially
available vinylogous este230. A modified version of the general procedure for the
alkylation of 3ethoxycyclohexenones by Schinzer andwewkers’! was used forthe
synthesis of compoun@36 (see Table 7). Initial problems with the synthesis of the
alkylatng agent homopropargy! iodid235 (depicted inScheme7) concerned not only the
synthesis and TH&eprotedion of alcohol232 but also conversion of the latter into the
iodide. After protection of the alcohdlinctionality of but3-yn-1-ol (233) as THRether, the
terminal alkynein 231 was deprotonated by reaction with-butyllithium and alkylated by
reaction with (iodmethyl)trimethylsilane.This sequence was initially reported by Aubé
and Frank% but required minor modifications for the alkylation step. The tested conditions

are shown inTable6.

Table6: Optimization ofthe alkylation of THiprotected 3butin-1-o0l 231

e OTHP
OTHP conditions
—_—

231 232
entry conditions t [min] result
1 n-BuLi, DMPU, THH.8°C, then-60 °C, 10 recovered231
TMSCH +tracesof 232
5 n-BuLi, DMPU, THH,8°C, then60°C, 9 recovered231
TMSCH +tracesof 232
3 n-BuLi, DMPU, THH8°C, then 180 639232

TMSCH, -60°C to r.t.

n-BuLi, DMPU, THH,8°C, then
4 TMSCH, -60°C to r.t. (stepwise 300 70%232
+10°C/30min)

n-BuLi, DMPU, THH,8°C, then

0,
> TMSCEDT,-60°C t0-10°C 270 79%232
n-BuLi, DMPU, THH8°C, then
] y y y 0
° TMSCH, -60°C to r.t. 540 74%232
n-BuLi, DMPU, THH8°C, then
7 TMSCH, -60 °C to-50°C (overnight), then 1440 79%232

warm to r.t.
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The first experiments were carried out according to therature proceduré® but only
traces of a new compound were observed on TLC afteraction time of 10minutes

at -60°C(Table6, entry 1). Therefore, the reaction time andngerature program were
altered (entries 24). Aubé used either trimethylsilylmethyl triflate or
(iodomethyl)trimethylsilane for the alkylation and reported the triflate to give the better
results with regard to the yiel@fl. Both reagents were tested under adjusted conditions
and found to givecomparable yields othe desired compoun@32 (entries 4& 5),
however, purification of the product turned out to bmore efficientwith the iodide.
Furthermore, a prolonged reaction time at a temperature betweé&0 °C and-50°C
showed to be advantagesuand enabled to inease the yield up to 79% (enty.

Aubé reported the subsequent THigprotection to proceed wittp-toluenesulfonic acid
monohydrate in methanol at room temperatUfd. Due to problems with the
reprodudbility of this transformation, a modified procedure using pyridinium

p-toluenesulfonate at eleated temperature was preferred (sekchemes?).

1.) p-TsOH-H,0, DHP,
THF, 0°C, 90%

2 n-BuLi, DMPU, THF, 4.) MsCl, Et3N,
then TMSCHyl, -60 °C DCM, 0 °C, 95%
to -50 °C, 79% 5.) Nal, acetone,
/%3.) PPTS, MeOH, 45 °C, 92% _ /\/\TMS reflux, 92% /\/\TMS
HO HO |
233 234 235

Scheme7: Optimized syrtesis of homopropargyl iodid235.

However bringing the reaction to completeness on decagram scale remained an unsolved
problem and resulted in varying yields of 64 to 94%. Diceatversion of the alcoh@34

to the corresponding homopropargy! iodi@35 was attempted by Appel reaction using
DI NB 33 Qa Blhat gidnbtiaffod Yansidexble amounts of the desired compound.
Thus, an alternative twastep procedurevia the mesylate was tgeted and eventually,
iodide 235was obtainedn five stepsand with a good overall yielof 57%from commercial
but-3-yn-1-o0l (233). As mentionedbeforehand, iodid&235was used as alkylating agent in
the alkylation reaction of vinylogous est280 (Table7). Following the general procedure
of Sclinzet’®, the desired alkylation occurred only to a negligible extent and mainly
unreacted starting material was recovered (enlly An alternative alkylation protocol by
Abad®? comprised an enhanced reaction temperature during enolate formation and

produced significant amounts of the desired prodd86 (entry 2).
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Table7: Optimization and scalap of thealkylation of vinylogous estez30.

Me

TMS
Me Me
Eto\do y Eto\f:ro Il Eto\c[w
conditions
y ol
TMS
Me /\/\ /'1, Me
| Me
230 235

236 237
entry conditions result
1 LDA (1.2@q.), THF (0.8), -78 °C, thenDMPU(1.00eq.), traces 0f236,
then 235(1.05eq.),-78°Cto r.t. recovered230
LDA (1.3@q.), THF (0.81),-78°C, 0
2 then DMPU(1.60eq.),-78°C to r.t. to-78 °C, 32%236,
recovered230

then 235(1.50eq.),-78°C to r.t.

LDA (1.2@q.), THF (0.81), -78°C,
3 then-78°Cto r.t. to -78 °C, then DMP1.00eq.), 28%236, 68%:230
then 235(2.00eq.),-78°C to r.t.

DMPU (1.2%q.), KHMDS (1.25.), THR0.3M), -78°C,

4 then 235(2.00eq.),-78°C to r.t. no reaction
5 DMPU(1.25€eq.), LIHMDS(1.25eq.), THFKO0.5M), -78°C, 2%236,
then 235(2.00eq.),-78°C to r.t. recovered230

LiITMP (1.3@q.), THRO.3M), -78°C, then-78°C tor.t.

0
6  to-78°C, then DMP\L.60eq.), then235(1.50eq.),-78°C 070238 traces of

tor.t. 237
7 LiNCy (1.20eq.), PhMg0.4M), -78°C, then-78°Cto r.t. 237, 2%236,
to -78°C, ther235(1.00eq.),-78 °Cto r.t. recoveded230
,  UTPGR T MIO IO g
o ' -ov€d.), recovered230

then 235(2.00eq.),-78°C to r.t

LiITMP (1.3@q.), THF (M), -78°C, then-78°C to
9 r.t. to -78 °C, thenDMPU(1.60eq.), 61%236
then 235(2.00eq.),-78°C to r.t?)

LiTMP (1.3@q.), THF (M), -78°C, then-78°C to
10 r.t. to -78°C, then DMPI(L.60eq.), 71%236
then 235(2.00eq.),-78°C to r.t9

a)1.20mmol scale; b) 12.tamol scale; c) 23.8imolscale.
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This resultserved as a basis fdurther optimization of the reaction in theensuing
approaches. Application of the same temperature program to the conditions from entry 1
led to a similar result (entr8). Other bases, like potassiuis(trimethylsilylyamidelithium
bis(trimethylsilyl)amide or lithium dicyclohexylamide, produced only trace amounts of the
desred alkylation product (entrie4,5& 7). Moreover, baséenduced aromatization of
compound230 was observed as a sideaction with lithium dicycloheylamide and
produced compoun@37. Lithium tetramethylpiperidide, on the other hand, afforded the
desired produc36in 39% in the first attempt (entr@). Aromatization was also noticed
under these conditions, albeit to a lower exit. A further increase of the concentration
and the number of equivalents of the alkylating age885 as well as a séaup of the
reaction allowed for/ields up to 71% (entrie&10).

The experimental procedure for the ensuing treorsnation of vinylogos ester236to the
cyclization precurso229 by StorkDanheiser additiorelimination reaction $cheme38)

also required some optimization.

[~ OBn ]
TMS TMS
Me Me Meo_
LITMP, DMPU, 235, THF,
Eto\(t/(o -78°Ctort., 71% Etoﬁo | | 239, Et,0, -78 °C Fto l l
> =

1, ‘s,

M 4 ,
¢ Me i Me )

230 236 238

OBn
TMS
Me /\/\TMS
I 235
thenag. HCI(1M) _ O | |
88% -

b, BnOo” " Li 239
Me
229

Scheme38: Optimized alkylation 0230and StorkDarheiser transposition to enon229.

Benzylated 3odopropanl-ol241 was chosen as precursor for the organolithium
nucleophile239, in which the primary alcohdunctionality might be converted to the
required homologated terminal alkyne later in the synthesis. A -sip sequence
comprising monebenzyl protection and Appel reaction of the unprotected alcohol
furnished the desired alkyl iodide in very good yifetiim 1,3propanol(240) (Scheme39).

In situ generation of the lithium nucleophiléom 241 by lithium-halogen exchange with
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t-butyllithium was monitored by TLC and careful gida of the vinylogous este236to the

reactioneffectively prevented any sideeactions.

1.) NaH, THF, 0 °C,
then BnBr, 0 °C to reflux, 84%
2.) PPhs, imidazole, |,, DCM,

HO/\/\OH 0 °Ctort., 95% - Bno/\/\I

v

240 241

Scheme39: Two-step synthesis of alkyl iodid&41from 1,3-propanol.

Clean conversion ofhe intermediate tertiary alkoxid238 (see Scheme38) to the
eliminated enone produc229was achieved by an aqueowsrkupwith 1 M hydrochloric
acid. The choice of solvent for the subsequent extraction proved to play a crucial role with
regard to the isolated yield a229 and satisfactory results were only obtained I0CM
extraction (80 to 90% vyield), whereather solventse.g. EAor EtO, led to a significantly
reduced yield<50%). Annulation of a fivmembered ring to this enone was realized by
application of the methodology of Schinzer andworkerd™.. Treatment of a solution of
enone 229 with titanium(lV) chloride at78°C in DCM caused an immediate deep red
coloring of the reaction mixture and formation of an inseparabkeliastereomeric mixture

of the bicyclic produc228(Schemel0). Since higher temperatures resulted in concomitant
Lewis aciemediated benzyl deprotection, dropwise addition of the 7€0lution as well as
conscientious quenching ir to removal of the cooling bath were fundamental for

successful implementation of the desired transformation.

OBn OBn
™S
Me 1.) TiCl,, DCM, -78 °C, 1:1 d.r. Me //
o | | 2.)NaOH,MeOH,50°C ¢
89% (2 steps), 16.7:1d.r.
/,I/
Me Me
229 228

SchemelO: Intramolecular Sakurai retion by Lewis acid catalysis and subsequent epimerization to desireid 288.

Epimerization of the C7 methyl group 228 to the desired thermodynamically favored

all-cisconfiguration proceeded smoothly under basic conditions in methanol
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2.2.3Preparaion of an 1,éEnyne as Substrate for the intramolecular PauSasnd

Reaction

The ensuing deoxygenation of the C8 ketone functionaliB28 constituted an inevitable
consequence of the retrosynthetic planning and was necessary due to the abskeacg
functional groups in the taef molecule waihoensen’5). However, realization of the
desired transformation caused considerable proble@sect deoxygenation by use of a
Wolff-Kishner reductiol§®! produced the desired alkar@42 in only 25% along with a

significant poportion of decomposed material due the harsh reaction conditiondable

8, entry1).
Table8: Screening of condiins for the deoxygenation @&28.
OBn OBn
Me .// Me ,//
o " conditions - "
Me Me
228 242
entry conditions result
NoHsiHO (65%, &0eq.), KOH9.00eq.), 0 "
1 diethylene glycol, 200C 25%242, decomposition
1) NaBH (1.00eq.), MeOH, OC to r.t., 85%
5 2.) TCD(2.00 eq.), THF, reflux, 75% no reaction,
3.) AIBN10mol%), HSnBu(2.50eq.), PhMe, recoveredcarbothioate243

reflux

1) NHNHTS1.20eq.), EtOH, 60C, 64%8
3 2.)NaBHCN(4.00eq.), p-TsOKH,O traces of242
(30mol%), DMF/sulfolane (1:1), 12C

1)) ethane1,2-dithiol (4.00eq.), BRIOE®

4 (2.70eq.), ACOH, r.t. isolation of244as
. L only productfrom 1.)
2.) reductive desulfurization

1.) NHNHTs (1.2@q.), EtOH, 60C, 64%8 13%242,
2.) DBALH (3.50 eq.), DCM,<C to r.t. recoveredhydrazone245

1.) NHNHTY1.20eq.), EtOH, 60C, 64%

6 2)NaBH(OAgf2.00eq.), AcOH/MeCN (1:1)  recovered hydrazon245
0°Ctor.t.
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entry conditions result

1) Nl‘tNHleZO eq), EtOH, 6@:, 64% traces Of242,
2.) NaBH(5.50 eq.), THF, r.t. to reflux recoveredhydrazone245
1) NHNHTY1.20eq.), EtOH, reflux, 68%
8 2.) catechol boranél M in THF2.40eq.), traces of242,
DCM, O°C to r.t., then NaOABHO (4.80eq.),  recoveredhydrazone245
reflux

1.) NHNHTS1.20 eq.), EtOH, r.t., 66%

2) catechol boranél M in THF, 24GQ), 54%242
DCM, C°C to r.t., then NaOAgHO (4.80eq.),
reflux

1) NHNHTY1.20eq.), EtOH, OC, 53%

10 2.) catechol boranél M in THF, 1.56q.), 70%242
CHG, -10°C to r.t., then
NaOAGBHO (2.90eq.), reflux

1.) NHNHT1.20eq.), EtOH, 80°C,
67%(77% brsn)

11 2)) catechol boranél M in THF1.50eq.), 66%242
CHJ, -10°C to r.t., then
NaOA&HO (2.90eq.), reflux

a)hydrazone obtained as an inseparable mixture of stereoisomers; b) formation of desired hydrazone isomer favored (1desjredi un
isomer present in traces.

Conversion to the carbothioateathe corresponding alcohol succeeded, but subsequently
attempted Barton McCombie deoxygenatiéthunder radical conditiongentry2) did not
produce the desired product and led to reisolation ofunreacted
carbothioate243(seeFigurel3). An interesting mild and selective deoxygenation protocol
by Hutchins and cworkerd®! that is also applicable for hindered systems comprised
in situformation of an iminium ion intermediate. Therein, effective defunctionalization was
achieved by selective reduction of the intermediate iminium ioa bfydrazone by sodium
cyanoborohydride. In case of substra228 only trace amounts of the desired
deoxygenated product could be obtained under the described condifiensy 3). An
alternative method for the deoxygenation of ketones includes reductasutfurizatiorif®l,

Initial treatment of carbonyl compoun@28with ethane1,2-diol was intended to produce
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the correspondingl,2-dithiolane but afforded undesire®44 (Figure 13) as the only
product in 55% yieldentry 4).

OBn OBn SH OBn
/SI I
N
t\ Me i s / Me i
Q\/N\n/o <: ToHN ™S

Me Me Me
243 244 245

Figurel3: Observed sid@roducts in course of thattempted deoxygenation 0228,

The conversion o228 with p-toluenesulfonyl hydrazide in ethanol proceeded rather
smoothly and gave the desired tosylhydrazom®empound245 as a mixture of
stereoisomers in fair yields. These isomers have not been further characterized but

geometricalE Z-isomerism of hydrazones is a known phenomeftn

Me
OBn OBn
=S
0 0 ve I/ OZI>NH Me //
\// o |
Suy-Na Na
H
Me
Me Me
(E)-245 (2)-245

Figurel4: Proposede/Zisomerism ofp-toluenesulfonyl hydrazon245.

Initially, all attempts to reduce #se tosylhydrazones (shown iRigure 14) to the
corresponding alkane compound proved unsatisfactory (entri83. Tfficient conversion

of several tosylhydrazones to their methylene derivatives was repblly Kabalka and
BakeP8 upon treatment with catechol boranend sodium acetate. Caiitentally,
different reactivitiesof the isomersof hydrazone245toward the reduction with catechol
borane werenoticed. Considering the assumé&tiZ-isomerism, this might be rationalized
by differing steric hindrance for thearticular isomers and thus, for the accessibility of the
GN double bondSince separation of the isomers was not trivial, selective formation of one
isomer was attempted and successfully implemented by reducing the reaction temperature
during hydrazone érmation (see entries 41). However, this was accompanied by a
prolongation of the reaction time and incomplete conversion. Fortunatebugh, the

obtained major stereoisomg(not further determined)could be efficiently reduced to the
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desired alkane arague242 by successive treatment with catechol borane and sodium
acetate(entry 9) and the yield could be further increased by an enhanced reaction
temperature during the elimination step (entries ®011).

As outlined inSchemetl, subsequent hydrogenation of the alleme242to the tertiary
olefin and concurrent benzyleprotection afforded compound®46 as a inseparable

mixture ofH Z-isomers.

OBn OBn OH
// 1.) NH,NHTs, EtOH, 5 °C to 10 °C, //
Me . 67% (77% brsm) Me . Me Me
lo) 2.) catechol borane, CHCI3, -10 °C to r.t., /
then NaOAc:3H,0, reflux, 66% > H,, Pd/C, THF, r.t., 98%
Me Me Me
228 242 246

Schemell: Optimized synthetic sequence for the deoxygenation and hydrogenaticis-bfydrindane228.

Alternatively, a reversed course of reactions was implemented with the intention to further
increase the yieldScheme4?2). For this purpose, bicyclk28 was hydrogenatedo 247
prior to the deoxygenationsequence and indeed, better results for both the

tosylhydrazone formation and its subsequeatuction wereobtained.

OH
Me1 ) NH,NHTs, EtOH, 10 °C, 80% Me Me
H,, Pd/C, 2.) catechol borane, CHCI3, -10 °C to r.t., /
THF 95% then NaOAc-3H,0, reflux, 81% -
228 247

Me
246

Schemet2: Alternative, reversedequence for the synthesis 8#6from cishydrindane228.

With alcohol246in hands, installation of the desired terminal alkyne was approached by
oxidation to the corresponding aldehyde and Seyfe®itbert homologation using

OhiraBestmann reagentSchemetJ).

OH
—
/
Me Me Me Me
/ TPAP, NMO, 4A MS, Ohira-Bestmann reagent, /
DCM, r.t., 65% K,CO,3, MeOH, r.t., 94%
Me Me
246 198

EtO\"

Et0”
Ohlra Bestmann

2 reagent

Schemel3: Optimized synthetic sequence for the preparatiorRausorKhand precursor enynE8from 246.
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Treatment of alcoho246with LeyGriffith reagent® led to full consumption of the starting
material after one hour at room temperature, however, the desired aldel4igcould be
isolated only in fair yield&0 to 65%)Concomitantly, formation of a second compound
with similer polarity like the starting material was observed TLC. This compound was not
further characterized in the first instance, but could later be identified as the product of an
unexpected intramolecular Prins cyclizati@cheme44) that appears to occur during
purification of the product on silica gel. Besides, slightlidiacoxidation conditions,
e.g.IBX, also trigger th sidereaction aml allow for further oxidation of then situ formed

(homohpllylic alcohoR50to the correspomling enone or dienone systegbl

Me Me Me Me
248 249 250 251

Schemet4: Proposed mechanism for the intramoleaulPrins reactiomf aldehyde248and formation of di)enone251

Selective formation of thisarbon skeletorunder adjusted conditionsiight be potentially
interesting for the synthesis of taxane related compouffisand is currently under
investigation in our groupt. Meanwhile, the synthsis of Pausoi#hand precursot 98

was competed by reaction of aldehyd248 with OhiraBestmann reagentScheme43).
Unfortunately, all attempts to realize the following intramolecular Pauktyand reaction
failed (Table9). Indeed, treatment 6 a diluted solution of enynd 98 in benzene with a
slight excess of dicobalt octacarbonyl at room temperature led to consumption of the
starting material and formation of thdeep red and strongly apolar coballkyne complex
252 This complex, however, couldt be converted into the desired tetracyclic systéav

at elevated temperaturdentry 1). Higher reaction temperature by use of toluene as the
solvent and a prolongation of the reaction time did not change the outcome (entry 2). The
addition ofN-oxidepromoters has been extensively investigated and reported in literature
to drastically accelerate the PKR of several substdte®: %by reduction of the activation
barrier, but did not enable the desired trarmfmation in case of substratE98(entries 35).

A stepwise conversion by isolation of comps2 failed as well aattempted oxidationof

the latter by ceric ammonium nitraté regeneratethe alkynel98.
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Table9: Attempts on the intramolecular&usorrKhand reaction of enyn£98.

(OC);Co—Co(CO);
—_—
—_—
Me Me Me Me Me,
| conditions / . Londitions
Me
Me L Me . Me
198 252 197
entry conditions additive result

C(CO} (1.10eq.), PhH0.04M), r.t., 1h, _
1 sealed tube, then reflux, 17 no 197observed

Ca(COj} (1.10eq.), PhMe0.04M), .t., 1h,

2 sealed tube, then reflux, 72 ) no 197observed
3 Co(COy (1.20esqégl(la:)dctt/(:emM), r.t., 15h, (6381(3.?) o 197 observed
[ OB ONOII MO s
OO AL TS 1
6 [RhCI(CQY (1?erzl(j)l(%)i,7pr-]xylene(5 mM), CO(latm) no197observed
7 [RhCI(CQ). (10 mol%),p-xylene(5 mM), OB o SR

reflux, 17h

All used solvents were anhydrous and degassedrészepump-thaw (3cycles) prior to usea) addition in one portion after H;
b) addition after 1.0th, 1.50h and 2.0th in 1eq. portions; c) addition in one portion prior to heating.

As it proceedsvia a different mechanistic pathway (as described in chapter 1.4.2), an
alternative rhodium(Bcatalyzed procedure was attemptekhterestingly, treatment 0198

with rhodium(l) carbonyl chloride ip-xylene at reflux and under an atmosphere of CO
(entry 6) dd not result in formation of the desired enone product but produced an apolar
compound that showed strong UV activity on TLC. Although purification and
characterization werélifficult to realize due to itenstability, it was possible to idgify the
compound as diene256 (Scheme45). The mechanistic genesis comprises an unusual
skeletal reorganization of the 1-gnyne, which has been reported in literagufor various
metal catalyst§€®, including [RhCI(C&. Trost? observed a simdir transformation upon
treatment of 1,6 and 1,7enynes with tetrakis(hydroxycarbonyl)palladacyclopentadiene

ester and suggested an intermediate cyclobutene.
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" :[Rh] [Rhl Me
Me.- Me A\ Me . Me
. ( [Rh]
— — Me |[—>
Me
Me 253 Me 254 Me 255 Me 256

Schemel5: Proposed mechanistic pathwégr the formation of diene systems from tghynes by skeletal
reorganization.

Later, other transition metal catalysts,g. [RuCi(COj]., PtCl, Audd, [RhCI(CQ]p, were
found to mediate the same skeletal reorganizafér?®. However, the actual mechanism

is still not fully elucidated.

Even though elevated CO pressure is known to cause lower reaction rates for the
PausorKhand reaction by prevention ahetalCO dissociatidff], the reactionwas
repeated under a slight overpressure of (&atm). With regard to the abowvdescribed
mechanism, premature reductive elimination of rhodiufmom the intermediate
metallacyclopenten@54should be avoided by preferential insertion of G@ler elevated
pressure Unfortunately,the intended process could not be realized. As the Pa#&wend
reaction is known to & sensitive tosteric hindrance fronthe olefin moietyf® %I the
methyl substituent might account for the lacking reactivity and, upon reconsidering the
retrosynthetic analysis, should be installed on a later stage in the sequence, as shown in
Schemed46. This would only require minor changes in the planned synthesis including
ozonolysis of the allene moiety 2568 and olefination of the obtained carbonyl to the

analogousexomethylene derivative257.

intramolecular Ohira-Bestmann
1,4 addition olefination Pauson-Khand \\
\
Me \ —
Me /olefination
Me alkylation Me

(+)-waihoensene (75) 257

OBn Stork-Danheiser
t iti n
ransposition TMS
Me o intramolecular Me
<\0 \ Sakurai reaction EtO o
o — —
Me
Me
alkylation
258 229 230

Schemel6: Revised retrosynthesis.
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As the substrat29for the modified intramolecular Sakurai reaction was already known
from the former approach, conversion to the ketalizeidghydrindane systen258 could
directly be approached.In contrast to the previous approach, cyclization of the
propargylsilane 229 was conducted in hte presence of methoxy dioxolane and
Amberlys®15 asBrgnstedt acid catalysto deliver the corresponding ketal aftea

non-agueous workup (Schemet?).

OBn OBn
OBn TMS Amberlyst® 15 (100 w%),
2-methoxy-1,3- //
Me dioxolane (7.00 eq.), Me e 03z, DCM, -78 °C, o Me o
o | | PhMe, rt. - <\° then PPh,, 62% <\
o o
Me Me Me
229 258 259

Schemel7: Alternative intramolecular Sakurai cyclization and subsequent ozonolysis of the allene.

Protection of the carbonyih 258 was required witin this strategy to allow for efficient
differentiation in the olefination step. In 1995, Schinzer anéwaykers used a similar
sequence of cyclization and ozonolysis for the total synthesispafiguisen&’l. However,
initial attempts by application of their reported conditions.e( trace amounts of
Amberlys®15, 2.00eq. 2methoxy1,3-dioxolane, 0.2V in PhMe r.t.) did not afford the
desired hydrindane syster58 No reaction was observedith increased amounts of
acid(1.00eq.) and ketalizing agent @0eq.), and unreacted enor229 was the only
compoundisolated from the reaction mixture. A control experiment with catalgticounts

of p-toluenesulfonic acid (36ol%) and an excess of methoxy dioxolane (£0.0 led to

full consumption of the starting material within two hours and formation of the dekire
ketal 258 However, the reaction was rather unclean and several spots were detected on
TLC. To audelight, repetition with a freshly purchasdxhtch of Amberlys®15 did indeed

lead toformation ofthe desired produc258 but in contrast to theeaction of Schinzer,

an increased amount of resin equal in weight with the substrate was required to achieve
full conversion. The obtained crude material was subjected to ozonolytisut further
purification, sincethe ketal tended to hydrolyze on sila geleven inthe presence of
triethylamine. The ozonolysis proceeded with varying, but overall satisiry yields and
provided the desired cyclopentanorb9. Different conditions were applied to realize
methylenation of the carbonyl T@ble 10). Wittig olefination conditions with
methyltriphenylphosphonium  bromide and different bases at different
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temperatures(entries 1, 3 & 4) did not lead to any reimet and resulted in recovery of the
starting material. Since steric hindrance was suspected to cause the lack of reactivity,
TakaiLombardo condition®®! were applied. The titaniuamediated olefination is known

to succeedeven with sterically encumbered carbonyl substrates. However, no reaction was
observed for substrat@59 (entries 2 & 6). In 2004, Yaat. all®® have developed an
efficient methylenation methodology, especially for enolizable or sterically hindered
ketones.This olefination idased on a Mg/Ti@mediated dichloromethane activatioand
indeedproduced 10% of the desiregkomethylene compoun@60 after 24h along with
unreacted starting materia259 (entry 5), but a further increase of the yield was not
possible. Other direct olefination conditions, like the use of Petasis reBgféerar
HornerWadsworthEmmons reactiof®l  with triethyl phosphonoacetate,
failed (entries7 & 8) and so did &lthe attempted twostep proceduregl,2-addition/
elimination) with different C1 nucleophiles (entries19). As the exomethylene
substituted hydrindane syste@60 did not seem to be efficiently accessiblga the
intramolecular  Sakurai reaction route, the synthetic planning towards
(¥)-waihoenseng75) was revised again and a different strategy for construction of the

bicyclic intermediat&57was chosen.
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Tablel0O: Attempts on the methyleation of ketone259.

OBn OBn
Me o) Me
o) o)
<: ...conditions __ o <:
Me Me
259 260
entry conditions result
NaHMDS2 M in THF, 1.2@q.), MePP§Br(1.20eq.), :
1 THR0.15M), 0°C 1o r.t. to reflux no reaction
Zn(13.5eq.), CH> (7.50eq.), TiCI41 M in DCM, .
2 3.00eq.), DCM/THEL:3), 1.t. no reaction
3 MePPhBr(2.00eq.),t-B:JtOK(Z.OOeq.),THF(O.lM), no reaction
4 MePPRBr(1.30eq.),t-BuOK(1.30eq.), PhHO0.5M), no reaction
reflux
5 Mg (10.0eq.), TiGI(1 M in DCM, 5.0@q.), 10%260,
DCM/THK3:1), 0°C to 40°C recovered259
Zn(9.00eq.), CH> (3.00eq.), AIMe (2M in PhMe, .
6 0.60eq.), THRO.2M), r.t. no reaction
7 Petasis reagentl M in PhMe, 3.0@q.),PhMe, 63C no reaction
triethyl phosphonoacetat€5.00eq.), NaH60%, .
8 5.00eq.), THRO.5M), 0°C to 50°C no reaction
1.) TMSCEMgCI(1.1M inTHF4.50eq.), EtO (0.1M),
9 0°Cto35C no reaction inl.)
2.) Peterson olefination
1.) MeLi(1.6M in EtO, 1.50eq.+ 2.00eq.),
10 EtO (0.25M), 0°C to r.t. no reaction inl.)
2.) elimination
1) MeMgBr(1 M in THF, 10.eq.), THF0.1M), -65°C
11 tor.t. no reaction inl.)

2.) elimination
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2.3Approach CTheTotal Synthesis of Waihoensene

2.3.1Retrosynthetic Aalysis

In analogy tahe previous approach, thearget moleculewaihoenseng75) was plamed

to arise from the produc®3 of an intramolecular Pausekihand reactiorvia a three-step

endgame consisting of carbonyl olefination, coppesdiated conjugate addition and
methylation in a-position(Scheme 48). The precursoe57 for the mentioned

[2+2+1}cycloaddition should feature aexomethylene functionality, whichmight be

generated from enon62 in an intramolecular rada cyclization reaction with the
terminal alkyne substtuent. Sequential alkylation reaction and Stddknheiser
transposition would give straightforward access to thepwegpriately substituted

enone262from commercidly available vinylogous est@B80.

intramolecular Ohira-Bestmann
1,4-addition olefination Pauson-Khand ‘
\
Me \ —
Me
Me alkylation Me
(+)-waihoensene (75) 257
OBn Stork-Danheiser
transposition n
Me radical Me
cyclization
(o) \ EtO (0
Me
Me Me )
261 262 alkylation 230

Schemel8: Retrosynthetianalysis ofpproach C for the total synthesis éj-{vaihoenseng75).

2.3.2Synthesis of theisHydrindane by Intramolecular Radical Cyclization
Trimethylsilylprotected alkyne264 was obtained in decagram scale according to a
literature-known procedur€% in two steps from commeially available
3-butyn-1-ol (233) (Scheme49) and was used in thaitial approach for the lkylation of
vinylogous esteR30(seeTablell).

n-BuLi, THF, -78 °C,
then TMSCI, -78 °C to 0 °C, OH PPhj3, imidazole, |, DCM,

OH . I
///\/ then aq. HCI - /\/ 0 °C tort. - /\/
™S 73% (2 steps) ™S
233 263 264

Schemel9: Synthett access to alkylating age?64.
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The same optimized conditions aspreviously for the alkylation wih

propargylsilane235 (chapter 2.2.2 were applied. Hwever, the best result for the
alkylation with 2.0Cquivalents of alkylating ager@264was an isolated yield of 20% of the
desiredproduct265(Tablell, entry 1).

Tablell: Optimization of the kylation ofvinylogous este30.

1 ( X )
Me Me R /\/
Eto\do conditions Eto\f:ro Il R
> R'=TMS, X = I: 264
", R'=H, X =1:267
s Me X = OMs: 268
230 R' = TMS: 265 X = Br: 269
R' = H: 266 L X = OTf: 270
entry conditions alkylating agent result
LITMP (1.3@q.), THF (M), 20%265,
1 DMPU(1.60eq.);78°C to r.t. A recovered230
LITMP (1.3@q.), THF (M), 30%265,
2 DMPU(1.60eq.);78°C tor.t. 264(5.00eq) recovered230
LITMP (1.3@q.), THF (M), 26%265,
3 DMPU(3.20eq.);78°C to r.t. AR recovered230
LITMP (1.3@q.), THF (M), 56%266,
4 DMPU(1.60eq.);78°C to r.t. 267(2.00eq.) recovered230
LDA(1.30eq.), THF (M), 39%266,
> DMPU(1.60eq.);78°C to r.t. 2R recovered230
LiITMP (1.3@q.), THF (M), 15%271; traces of
6 DMPU(1.60eq.);78°C to r.t. 268(2.00eq ) 266, recovered230
LITMP (1.3@q.), THF (M), formation of271+
! DMPU(1.60eq.);78°C o r.t. 269(2.00eq) 546 recovered30
LITMP (1.3@q.), THF (M), 74%266, formation
8 DMPU(1.60eq.);78°C to r.t9 270(2.00eq ) of 272
9 LITMP (1.3@q.), THF (M), 270(2.00eq.) 80%266

DMPU(1.60eq.); 78 °C to r.t?

a) 3.48mmol scale; b) 19.emmol scale.

Me

EtO o
F
2

Me 271

Figurel5: Observed sidg@roducts in the alkylationeaction of vinylogous est&30.
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Incressing amounts of either iodid264 (entry 2) or 264 and DMPU as polar
additive (entry 3) entailed only slightly improved vyields arl both casesunreacted
starting materia30was recoveredSince steric hindrance might have a negative impact
on the generation of the quaternargarbon center during thisreaction, other ¢ékynes
lacking the bulky TMS group werenflyesized (compords267, 268, 270in Schemé&0) or
purchased (compound269) and tested asalternative alkylating agents Table 11,

entries4-8).

PPhj, imidazole, |,, DCM, r.t., 20%

/ Nal, acetone,
OH MsCI, NEt;, DCM, -30 °C, 98% //\/OMS reflux, 40% //\/I
' —_—
=z =z

233 268 267

z

Tf,0, DCM, 0 °C, 86% OoTf
-z

270

Schemé0: Synthete access to alkylatiregents267, 268and 270.

Indeed, an improved yield of 56% was obser¥edthe reaction with homopropargylic
iodide267 under otherwise identical conditions (entry 4). The use of lithium
diisopropylamide insteaaf lithium tetramethylpiperidig@ as base dichot prove to be
advantageous with regard to the enolate formation andactvity as the yield
decreasedentry 5). Howeer, an alternative for iodid@67 was desirable, since its
preparation and handling caused problems: Both the direct synthesis from
3-butyn-1-ol (233 via Appel reaction and an alternative production using a Finkelstein
reactionof the corresponding mesyla@68(Schemes0) provided thehighly volatile and
foul-smelling compound only in poor yields (20 40%). The use of mesyl&2é8 as
alkylating agent resutid in the formation of allen271(Figurel5) as the majorisolated
product. Only trace awunts of the desired compoun266 were observed and the major
part of the material was recovered as unreacted starting mat@38l(entry 6). A snilar
result wasobtained for the correspondingommercialy availablebromide 269 (entry 7).
Ewentually, a good yield of 74266 was obtained by using triflate270 as the alkylating
agent (entry 8) and an increased scale allowed for yields up to 80% @ntunder these
conditions, minor amounts of unexpectedcyclopropylidee-substituted272 were
obtained as sid@roduct. Neverthelesswith alkylation product265 and 266 in hands,

StorkDanheiser transposition was approachdd.analogy to the previous approach in
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chapter 2.2.2, ifst attempts on this transformation were carried out wibh the

TMSprotected substrate265using 2.0Geq. of lithiumnucleophile Tablel2, entries 13).

Tablel2: Optimization of the StoHbanheiser transpositiofor the synthesis of enone&62/273274.

OR?
R1 R1
Me 241 or 275, t-BuLi, Et,0, -78 °C, Me
EtO 0 I | then substrate, -78 °C to -60 °C, o | I I/\/\ORZ
+
then H'/H,O > R2 = Bn: 241
&z 1, R?=TBS: 275
Me Me

R'=TMS: 265 R'=H, R?=Bn: 262
R'=H: 266 R'=TMS, R? = Bn: 273

R'=H, R?=TBS: 274

entry enone iodide (eq.) work-up result
1 265 241(2.00) NHCI 86%273)
2 265 241(2.00) NHCI 71%273)
3 265 241(2.00) NH,CI 61%273)
4 266 241(3.00) NH,CI 60%262
5 266 275(3.00) NH.CI 13%274
6 266 275(3.00) 1 M HCI 32%274
7 266 275(3.00) NHCI 41%274)
8 266 275(3.00)) NH,CI decomposition
9 266 241(3.00) 2 M HCl 89%262

a) 1.93mmol scale; b) 3.16mol scale; c) 8.78imol scale d)warmedto -20 °C; e)solvents degassed, cooling bath removed3omin
after addition oft-BulLi, then recooled to-78 °C

Goodresults were obtainedyut increased reaction scales resulted in diminished yiéds
indicated by entries 2 and 3), which might be rationalized by temperature sensitivity of the
reaction during the nucleophilic addition step. Sdgprotection of 273 by use of
potassium fluoride or tetrabutylammonium fluoride provided the substrate for the
intramolecular radical cyclizatiofschemebl). Besides, the ddition/elimination reaction

was attempted with the alternative substraf66(Table 12, entries4-9). As discussed
earlier, this compound was readily accessible fi@80 and in addition, would allow for a
reduced overall step count, as the addition/elimination reaction woulcealy yield

cyclization substrat@62
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OBn OBn
TMS (i) TBAF (1 M in THF),

Me DCM, rt., 95% Me
(o) | | or (o) | |
(ii) KF, DMF, r.t., 76%_
I," "/,
Me Me
273 262

Schemé1: Silyl deprotection of alkyn273.

The presence of the acidic terminal alkyneHGequired an increased amount of the
organolithium reagenand 60% of the desired enor&2 could be isolated after aqueous
work-up with a saturated ammonium chloridsolution (entry 4). ATBSprotected alcohol
functionalitywas expected to be advantageous with regard to a facile deprotection later in
the synthess, but thealternative use of silylate@75 provedunsatisfactory (entries-3).
Taking account of similar experiences of Mi#eral.'% during an analogousddition
reaction of lithiated 275 minor modifications of the experimental procedure during the
lithium halogen exchange reaction were made (er@)ybut did not lead to the desired
improvement. Moreover,an increasing degree afecomposition of the organolithium
species was noticed andhe desired enon&74wasnot produced. Finally, threaction with

the benzylated derivativé41and an aqueousorkup with2 M hydrochloric acid enabled

a drastically improved yield (entry 9) and provided gram quimsti of cyclization
substrate262

Inspired by a publication of Rajagopaketnal 14, synthesis of theishydrindane core was
approached by tirmediated adical cyclizationSchemes?2). Initial attempts revealed the
necessity of an excess of tributyltin hydride, 4.00eq. at minimum, and addition of the
latter and the radical initiatolAIBNat regular intervals during the reaction in order to
accomplish full conversion. In contrast to the work of Rajagopalan, protiodestannylation of
the crude vinylstannaneéid not give satisfying results, whichdaused by the excess of

stannanefrom the preceding step.

OBn OBn
Me 1.) AIBN, HSnBu3, EhH, reflux, Me
89% (mixture of isomers) + 6% 261
0 | | 2.) PPTS, DCM, rt. o
3.) NaOH (10% aq. solution), MeOH, 50 °C>
‘1, 88% (2 steps), 33.3:1 d.r.
Me Me
262 261

Schemés2: Optimized sequence of timediatedradical cyclization, protiodestannylation and epimerization.
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Finally,Birch conditions witlsodium n liquid ammonia succeeded and selective cleavage
of the O-benzyl bond angrevention ofthe unwanted double bond isomerizatiomere
observed Minor optimizaton of the reaction temperature program and the amount of

sodium metal were required to achieve full conversion and excellent yi€lcisefns6).

OBn
=
Me SO3 pyr, NEt3, DMSO, r.t. Me

Na, NH3, THF, ) Ohira-Bestmann reagent,

-78 °C to -60 °C, 91% K,CO3, MeOH, r.t. -
65% (2 steps) -

Me
280

Me
257

Schemé6: Optimized sequence for the preparation&usorKhand precursor enyn2s7.

With regard to thepreviouslyobserved acignediated Prins sideeaction in the course of
the oxidation reation (chapter2.2.3, nonacidic conditions were aimed for the
transformationof 285to the aldehyde. Unexpectedly, formerly successful Ley oxidation
provided thedesired intermediate aldehydenly in trace amounts andh a complex
mixture with other unidentified sideproducts. Alternative Parikboering conditions, on
the other hand, succeeded. However, some problems were experienced concerning
reproducibility in terms of yield. Considering its proneness to undergo further
intramolecular cyclizatiorthe crude aldehyde was immediately usedthe next reaction
without further purification to prohibit any acithduced loss of materiaduring column
chromatographyEnsuingreatment with OhiraBestmann reagent under basic conditions
provided the enyne mcursor257 for the planned intramolecular Pausdthand reaction

in a good yieldf 65% over two steps

2.3.4The htramolecular PauseKhand Reaction &y Step

A first experimenbn the key step of the synthetic sequence was carried out in anhydrous
anddegassed toluene with high dilution and a slight excess of dicobalt octacaiiaimt

14, entryl). Formation of the intermediate coba#tlkyne complex was indicated by
appearance of an apolar, dark red spot on TLC and consumption of the starting material at
room temperature. This cobalt complex was not isolated, but further converted by heating
the reaction solution to 110C in a sealedube. In contrast to the futile efforts with the

ethylidene substrate (chapter 2.2.3), this intermediate indeed underwent the desired
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2.4The Asymmetric Tot&8lynthesis of (AVaihoensene

In addition to the successful implementation of a racemictatosynthesis of
waihoensendg75), an asymmetric access was approached in cooperatwith
Dr.Maximilian Hafner. The symesis of chiral intermediat@62 (Scheme59) was
established in the context of his PhD th&8i and completion of the asymmetric total
synthesis was achieved by shared work in accordance with the racemic route. The following

results were also part of the abovyaentioned publication ilAngewandte Chemie

2.4.1Retrosynthetic Aalysis

The retrosyntheit approach toward (#yvaihoensengSchemé9) was consistent with the
racemic synthetic route up tohe common intermediat@62 As distinguished frorthe
approach shown in chapté&.3, optically active262 should be dtained from vinylogous
ester290 by sequential StoHbanheiser transposition and a thretep homologation of
the allyl substituent to the terminal alkyne. Tleequaternary stereocenter ir290 was
planned to be installed by use of a methylation and palladaatalyzed decarboxylative
asymmetric allylic alkylatio(DAAA) reaction leading back to commercial

2-methylcyclohexand,3-dione (134).

intramolecular Ohira-Bestmann
1,4 addition olefination Pauson-Khand ' OBn
\
Me \ —
Me Me radical
: 0 \ cyclization
Me alkylation Me Me
(+)-waihoensene (75) 257 261
Stork-Danheiser OBn
transposition
Me Ohira-Bestmann Me Me
) 1 |/ MeO o HO )
— — S ==
’ Ll
\\\=
Me alkylation/ Me
262 290 DAAA 134

Schemé9: Retrosynthetic analysis for the asymmetric total synthesig-pivainoensend75).

Sinceall the other reactionghat generat a chiral carbon atom,e.intramolecular radical
cyclization, intramolecular Pausdthand reaction, a-methylation and 1,4&uprate
addition, would proceed under substrate control, this first stereocenter should serve as a

chiral relay throughout the planned synthetic sequence.
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2.42 Synthesis ad Chiral Intermediatby Use othe DAAA &action

The following studies were mainly conducted by Dr. Maximilian Hafner in the course of his
PhD project and hence, the results will not be discussed in detail but a short summary is
given hereFor the corresponding detailed report as well as experimental procedures see

the mentioned thesié?”! and publicatiof13],

The precursoR92for the planned DAAA was synthesizedhree steps froni.34(Scheme
60). Conversion to the vinylogous thioester and subsequent acylatio@-frosition
proceeded smoothly according tdé procedure reported by Stolgt all'4, On the
contrary, ensuinga-quaternization by methylation required some optimization of
literature-known procedued*11%! regarding the amount of methyl iodide and the
reacton time. Finally, the desirefi-ketoester292was obtained in satisfactonyields and

in gram quantities.

1.) MsClI, NEt;, MeCN, 0 °C,
Me then NEtz, PhSH, 0 °C to r.t. Me Me
2.) LDA, allyl chloroformate, NaH, Mel, THF,
HO o PhMe, -78 °C to r.t. PhS 0°Ctort., 88% PhS

o]
r o —_—
86% (2 steps) \) MGO\J

134 291 292 O
(S,S)-phenyl-ANDEN Me Me Rh(PPh3);Cl (3 mol%),
Trost ligand 302 (8.3 mol%), catechol borane, THF, 10 °C,
Pd,dbaz*CHCl; (3.8 mol%), PhS Na, MeOH, MeO (o} then H,O,, EtOH, THF,
1,4-dioxane, rt., 87% ) reflux, 93% J pH 7 buffer, 10 °C to r.t., 80%

gram scale "'/ ‘.

Me
(S)-293 (96% ee) 290

1.) SOz*pyr, NEt;3,

Me DMSO, 10 °C
2.) Ohira-Bestmann
MeO O _OH  reagent, K,CO, MeO | 239, Et,0, -78 °C,
__MeOH,rt . then aq. HCI (2 M), 93%
‘t, 70% (2 steps) :,,/ BnO/\/\Li
Me 239

294

Schemes0: Synthetic sequence for the ffresis of chiral intermediatg62
The use of a vinylogous thioester in this sequence is due to the poorer orbital overlap of
carbon and sulfur, which results in a higher reactivity of thdetoester in the

decarboxylative alkylation step compared to t@eanalogue. This effect was previiy

described by Trost and eworkerg!5.
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Heading toward the planned DAAA reactidhe pheny!ANDEN Trost ligar@D2 was
prepared from dimethyl fumarat€296) and anthraceng297) by application of
literature-known procedure'®l as outlined inScheme61. DielsAlder reactionand
subsequent saponification of the methyl ester pided the corresponding diaci2B9,
which was subjected to chiral restion by the aid of brucing303*17], This procedure
allows, in principle, the preparation of both enantiomers of the ligand, as th§ 123-salt

is obtained in crystalline form, whereas the @12R)-salt remainsn solution. However,
aiming for the synthesis of (tyaihoensene, only the (H129-isomer was further
O2y@SNISR (2 GKS fA3IlIyR®d | a-$tepIdquendd®™ Y2 RATFAS
included purificationvia the bishydrochloride andurnished the desired diaming01 on

gram scale. The final amidation proceeded without any problems and afforded the desired
phenytANDEN Trost ligand (§129-302in gram quantities and with high enantiomeric

excess of 96%.

MeO,C.__~
NP Nco,Me <\ 2T kon os% o, <\ 2T
296 + o-xylene, reflux, 5 d ( reflux, overnight (
—_— —_—
82% quant.
OOO MeO,C "c02Me Ho,&”  "co.H

297 299
N
brucine (3.00 eq.)
EtOH/H,0 (8:5), reflux
then crystallisation
HO,C COz HOZC CO,H
41% (11S,12S)-300 40% (11R,12R)-300 4
\_ brucine (303) H )

1.) SOCl,, cat. DMF, PhMe, reflux
2.) NaN3, DMF, 0 °C to r.t.

3.) PhMe, reflux

4)aq NaOH, THF, rt., <\ 4
then HCI (4 M in dioxane), r.t., DCC, DMAP,
then j-PrOH, reflux, o (diphenylphosphino)- o ( o
then aq. NaOH benzoic acid, DCM, r.t. 4 I:I’N PPh

70% (4 steps) quant. - 2
HO,C COzH PPh,
(11S,12S)-300

(11S,12S)-302

Schemeés1: Optimized synthesis of the pherf&NDEN Trost ligand1S,125302

Initially observed low yields for the DAAA were overcome by the usseléprepared

tris-(dibenzylideaceton)dipalladium(0) chloroform adduét®! and adjusted ligand and
catalyst loadings. These modifications allowed for @esgp of the reaction onto gram
scale and very good yields wim excellent enantiomeric excegbaround 96%, as stated

in Scheme60. Having optically actived3 in hands, the vinylogous thioester was
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proceduré!’®. As atempted aldehydeselective Wacker oxidati®d®! did not succeed,
homologation of the allyl substituent to thalkynein 295was realized in good yield by a
sequence comprising rhoditimediated hydroboratioR?% of the olefin, oxidation under

non-acidic ParikkDoering conditions and final alkynylation with OhBastmann reagent.

In analogy to the acemic synthesis (see chap®B.2, treatment of295with lithiated 239

produced the desired enon262in a StorkDanheiser addition/elimination reaction. Key
intermediate262was obtained in optically active form with an enantiomericesscof 96%

and in gram quantitites with a total yield of 32% over nine steps.

2.4.3Completion of the Total Synthesis of\W¥aihoensene

With the established acce#s optically active compoun@62, the following completion of

the asymmetric otal synthesis of (+)vaihoenseng75) was conducted as shared work and

in analogy to the racemic route. The herein obtained yields were in accordance with the
yields of the acemic synthesifor all stepgsee chapteR.3). Tinmediated intramolecular
cyclizaion, followed by protiodestannylation and epimerization provided the-call

hydrindane systen261in good yieldSchemes?2).

OBn
OBn 1.) HSnBuj, AIBN, PhH, reflux Me 4.) NHoNHTs, EtOH, rt.
2.) PPTS, %Hzcby rt. 5.) catechol borane, CHCI3, -10 °C,
3.) NaOH (10% aq. solution), O then NaOAc-3H,0, reflux
MeOH, 50 °C o 6.) Na, NH;(l), -60 °C -
80% (3 steps) - 44% (3 steps) -
Me
261
—
M =
V. 7.) pyr-SO5, NEt;, DMSO, rit. Me 9.) Coy(CO),
8.) Ohira-Bestmann reagent, xylenes,
K,CO3, MeOH, r.t. reflux, 43%
—_—
73% (2 steps)
Me Me
285 257
11.) MeLi, CUCN, BF5-OEt,,
Me Et,0, -78 to -55 °C
10.) LiTMP, DMPU, Mel, o 12 MePPhsBr, KOtBu,
THF, -78 °Ctort. PhMe, reflux
61% (72% brsm) 60% (2 steps)
Me
Me
197 )-waihoensene (75)

Schemé2: Completion of the asymmetric total synthesis of-@gihoenseng75) in analogy to the racemic synthesis.

Formation of the new stereocenters in the cyclization step was efficiently gibgletie
guaternary stereocenter in 262 The obtaind bicyclic compoun@61 was
79




































1.2.2Previousl otalSyntheseand Formal Syntheses of Vallesamidine

The initial studies om semisynthetic accesto vallesamiding311) were carried out by
LeMen et al’3in 1971 and have already been presented in the previous chapter (see
chapter 1.2.1). However, a total synthesis of thistructurally unique monotergnoid
alkaloidhad not been published for a period of almosty&ars after its isolation. In 1989,
the first and remarkably short total synthesis of racemic vallesamidine was reported by
Heathcock*!l (Schemes7).

Scheme7: Total synthesis oftj-vallesamiding311) by HeathcockA1l,

The linear sequence required only seven steps starting from commercial
2-ethylcyclopentanong330) and furnished the pentacyclic alkalddd1in an overall yield

of 19%. Michael addition ofthe thermodynamic enolate oB30 to acrylonitrile and
subsequent reductive hydrogenation induced cyclization te tmine compoun®32,
which was further converted in a proposed Michael addition/lactamization sequence of its
enamine tautomer with o-nitrocinnamic acid. The observed stereoselectivity was
rationalized by a minimization of steric interactions in the cgpaxing transition
state333 and produced tricyclic lacta®34. Formation of the indoline core was
accomplished by reductive hydrogenatioa the aniline, NB&ediated cyclization and
hydrolysis of the bromo lactam to the hydroxy analogue. Reduction to the lactam and

methylation of the indoline nitrogen was followed by lithium aluminum hydride reduction
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