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Abstract

In this thesis synthetic studies toward the total synthesis of tHeuphorbia diterpene
euphorikanin AlY) are described. Different possibilities to synthesize the unky6é7/3 -fused
tetracycliccarbon skeleton of the natural produb¥ were inestigated. The first approach relied
on an ambitious and unprecedented cascade of a sHdioected Nazarov cyclization and
DielsAlder reaction which should allow the construction tife A/B Gring system of the natural
productlVin a single stepWhile the precursoll for this reaction could be obtaéd in 14 steps
from commercially available prendl),(the cascade for the synthesis of intermediditiefailed

under variousconditions.

The simplified substrate¥ and VIl were synthesized irl2 steps eachin a similar way as
intermediatell, to test the silicordirected Nazarov cyclization as an isolated reacttouen after
extensive studiesthe desired cyclopentenon&/l could not be obtainedby the envisioned

silican-directed Nazarov cyclization
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Finally, cyclopentenon¥lcouldbe sy §t KS& AT SR SYLJX 2 & A yillylatioyof @aNH | y 2 (
h >unsaturated aldehyde as the key transformationl6 stepsbut the envisioned Pummerer

reaction necessary forthe thioether removal at a later stage of the synthesi® obtain
aldehydeVIl|, failed.
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The subsequent approach for the total synthesisgbhorikanin AlY) relied on a PauseKhand
reaction for the formation of the A/Bing system. Three promising precursdiX) for the
envisioned reaction could beegerated in 17 to 19 steps from prend), (but the key stepto

obtain enoneXfailed under various conditions.

r 17 -19 steps
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In a completely different approacthe very promising tricyclic enon€/ could be constructed in
which the B, G, and Dring of the target molece 1V were established. For thisldehydeXll was
generated in five steps startinfrom chiral oxazolidinon&l, and the severmemberedcyclic
ketoneXIVwas obtained in six steps starting from commercially availatj8-Carene Klll). Both
building blocks were combine@nd enone XV was synthesizeth elevensteps in the longest

linear sequence.
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EnoneXVwas converted taliketoneXVlin three steps For the formation of the last renmang

carbocyclean aldol addition was attempted, but even after extensseeeeningno conditions

generating the desired produetVIl could be found

XV XVI XVII

In the last approachthe remaining Aring was envisioned to be comstted by a Coniene
reaction of kéone XVIII This was obtained in fiveteps starting from key intermediat¥V.

Though several modern methodologies for the Ceema reaction were tested, none of them led

to the formation of the desired productiX
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Thus,this thesispresents the synthesis afeveral advanced intermediatdsr the synthesis of
euphorikann A (V). While thesynthesis of a very promising intermediatecluding the B G,
and Dring (X\), can be reported, even after extensive studieghe total synthesis of

euphorikaninA (IV) could not beconcluded.

VIII



Zusammenfassung

In dieser Arbeit waden Studien zur Totalsynthese deaphorbiaDiterpens Euphorikanin A\W{)
beschrieben. Vielféaltige Mdglichkeiten zum8ese des einzigartigenetracydischen5/6/7/3 -
Kohlenstoffskeletts des Naturstoffs wurden erprober erste Ansatz der Synthese beruhte auf
einer anspruchsvollen, neuartigeiiaskadenreaktion, bestehend aus einer siliziumdirigierten
NazarovCyclisierungund einer DielAlder-Reaktion, durch welche das A/BRingsystem des
Naturstoffs IV in einem einzigen Schritt aufgebaut werden sollt&Vahrend die
Vorlauferverbindungll fir die geplante Reaktion in 14 Stufen gakend vonkommerziell
erhaltlichem Preno(l) dargestelltwerden konnte, scheiterte die gepleReaktionskaskadaur

Synthese des IntermedialB unter verschiedenerBedingungen.

T™MS

™S
) - Me o H Me
OH Me
14 Stufen \ /
g— <N —>- G I
| TMS\ _H H H H
Me™ Me Me 11Me Me 11Me Me
H Me H Me
I I

Die vereinfachten Substradund VIlwurdenunter analogen Bedingungen wietermediatlll in

12 Stufen dargestellt, um die geplanten siliziumdirigierte Naz&yslisierung al isolierte
Reaktion zu testerSelbst nach umfangreichen Studien konnte dasigeschte Cyclopentenovl

mittels der siliziumdirigierten Nazargvyclisierungpicht erhalten werden.
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Letztlich konnte das Cyclopentendvil durch eine organokatalytigcS -Vihylierung eines
h i -ungesattigten Aldehyds im Schliisselschritt in 16 Stul@rgestelltwerden. AnschlieRend
scheiterte jedoch digieplante PummereReaktion, die fur di&ynthese des AldehydAll unter

Abspaltung des Thioethers notwendig war.
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Im Folgeansatz fur die Totalsynthese \Euphorikanin AlY) sollte das A/BRingsystem durch
eine PausofKhand-Reaktion dargestellt werden. Drei vielversprechende Vorlaufer fir diese
Reaktion(IX) wurden ausgehend von Prend) {n 17 bis 19 Stufen erhalten, jedoch scheiterte der

Sdlusselschritt unter Erprobung umterschiedlichsBadingungen.

r 17 - 19 Stufen
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In einem ganzlich verschiedenen Ansatz konnte das tricyclischeX@ndargestellt werden, in
welchem der B G und DRing der ZielverbindunéVv bereits etabliertsind Daflr wurden
AldehydXIl ausgehend vom chiralen Oxazolidinghund das SiebenringketornX1V ausgehend
vom kommerziell erhéltlichen (8-Caren (XIll) dargestellt. Die beiden Bausteine wurden

zusammengefuhrt, wodurch EnoXV in elf Stufen in der langsten linearen Sequenz erhalten

werden konnte.
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Im Folgenden wurde as EnonXVin das DiketonXVI uberfuhrt. Fur die Synthese des letzten
verbleibenden Kohlenstoffringes wurde eine Aldoladdition angestrebt. Selbst nach ausgiebiger

Erprobung der Reaktion konnte dgswinschteProduktXVlinicht erralten werden.

XV XVI XVII

Im letzten Versuch zur Synthese des verbleibenddrinyswurde eire ConiaEnReaktion des
KetonsXVlllangestrebt. Dieses wurde in finf Stufen ausgehend vom Schlusselintermxddiat
erhalten. Obwohl verschiglene moderne Methoden fir die CornrReaktion angewendet

wurden, fuhrte keine zur Bildurdes gewinschten ProduktedX

Xl



XV XV XIX

Somit wurden in dieser Arbeit mehrere fortgescheiie Intermediate mit demZel der
Totalsynthesevon Euphoikanin A (V) dargestellt Wahrend die Synthese des vielversprechenden
Intermediaes XV, welches den BG und DRing des Naturstoffes enthalt, berichtet werden kann,

konnte die Synthese des Naturstoffes Euphorikanih/Anicht abgeschlossenerden.
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| Studies dwardthe Total Synthesis of Euphorikanin A

1 Introducton

1.1 Natural PBductsand their Rle inDrug Oscovery

In a broader definition, natural products are all molecules produced by living organisms, however
in organic chemistry, primary metabolites are excluded from this definition. Hence, only
secondary ratabolites, substances produced by living organisms that are not essential for the
development, growth, or reproduction of the species, are included. These are usually produced
to accomplish a higher function of the organism and can serve, for examplalisgor defense
purposes. As these compounds were developed by nature over millennia, a huge structural
diversity was formed, and consequentially, a broad diversity of biological activities can be

observed!

Natural products have been a greabusce of therapeutic drugs fothousands of yearsin
traditional medicine plants and plant extracts were used to treat all kinds iskdses without
specific knowledge about the active compousnad itsmode of action. Especially during the last
century, the identification of biologically active natural products, the elucidation of their mode of
action, synthetic variation, and thustructure-activity relationship studies made a huge
contribution to the development of therapeutic drugsspecially against cancer and infecis

disease$?4

For example, of the 75 small molecsiEpproved bythe FDAbetween 1946 and. 980 for cancer
therapy, 40 were natwal products or natural produederived. While this proportion decreased
from 53% beforeto 34% in the timdrame from 1981 to 2019, if natural product mimics were
included the figurewould changeto 65%. This statistic emphasizes the importance of @étur
product total synthesis, whicmot only facilitatesthe preparation oflarger quantities of
substances for biological testing the early stages of drug developmenbut also allows

structural modfication and the preparation gfotentially evenmore active compounds!

Complementary to total synthesisemisynthetic approaches offer a viable option for preparing

pharmaeuticals. A prominent examplef the interplay ofisolation, semisynthesis and total

1



synthesisin the field of drug discovery, resulting am FDAapproved drug produced on a ton
scaleistaxol(1, figure 1.5 The terpenoid isolated from the stem bark of the western y&axus
breviolia, showedto possess potent cytostatic activity towards tumor celidhich was first
demonstratedoy Wall and Wani in 1974.The promising bioactivityn combiration with thelow
abundance of taxoll) in nature created great interest in synthetic approaches toward the
compound. The first total syntheses were accomplished in 1994 by the groups of Holton and
Nicolaou independentlV: 8 Asthese could not provide the desired compourdon a scale
relevantto industry, semisynthetic approaches were developéd parallel Holton patented a
short access tdaxol (1) starting from 10-deacetylbaccatin which can be isolatedhilarge
guantities from the needles of théuropean yew,Taxus baccataenabling the first industrial
access to the compouri¥.Meanwhile, taxol 1) can be produced by plant cell culturé8 and is

used for the therapy of different forms of candér.

Figurel: The anticancer drug taxolj.

1.2 Terpene Natural Products

Terpenes represent an important class of natural produ@hey are found in most living
organisms and represent the largest group of natural products. Terpenes atfate
biosynthetically led back to isoprene monomers. Besittest, they show avast structural
diversity[*l In nature terpenes play aale in antagonistic rad beneficial interactions between
organisms. For example, they serve as substatwakefend against pathogens, predators, or
competitors. In addition, they can be involved in signal transmission regarding food,,roates
enemies? Their biological effects includégr example,anticancer, antimicrobial, antifungal,

antiviral, antihyperglycemic, analgesic, ainflammatory, and antiparasitic activitie8]



1.2.1Biosynthesis of Terpenes

Terpenes in nature are constructed startingrfr the activated isoprene unitssopentenyl
pyrophosphate (IPPY7), and the isomeric 3;8limethylallyl pyrophosphate (DMAPB). The
G building blocksare generated in the fitsphase of terpene synthesi®&oth compounds can

originate from two different metabolic pathwayschemel).

mevalonate

)ol\ R )ol\/loj\ pathway
Me SCoA CoAS Me
PP
2 3 Me isomerase Me
NG
Me OPP C OoPP
o o MEP/ DOXP H
)l\ . )]\‘/\ pathway DMAPP (6) IPP (7)
H OPP
Me” “CO,H
OH
4 5 prenyl
HOPP transferase
Me Me
monoterpenes & ————— )\/\/k/\
- HOPP M X X-"opp
GPP (8)
HOPP +IPP

Me Me Me
sesquiterpenes Z )\/\)\/\)\/\
-HOPP Me” X N"opp

FPP (9)
HOPP +1PP
Me Me Me Me
dierpenes T )\/\)\/\/l\/\/l\/\
- HOPP Me X X X X OPP
GGPP (10)

Schemed.: Overview of the biosynthesis of terpenes.

In the mevalonate pathwayvhich isactive in most living organism®&P is synthesized selectively
starting from acetylCoA ) and acetoacetyCoA 8), which itself is formed from two molecules
of acetylCoA(2). A sequencef enzymatic transformations under the consumption of ATP and

NADPH/H* yields IPP(7), which can be isomerized to DMARS) by IPP isomeradél! Most



bacteria, plantsand some microorganismare additionallycapableof producing amixture of
IPP(7) and DMAPE®) by the MEP/ DOXP pathwayhich uses pyruvatelf and glyceraldehyd&-
phosphate(5) as starting materialg8

In the second phase of terpene synthesiie precursors fohigherorderterpene building blocks
are formed by chain elongation. By a nucleophilic attack of P DMAPPE) underthe
elimination of pyrophosphate catalyzed ayrenyl transferasgthe formation of the @ building
block geranyl pyrophosphate (GP#),can take placeAn analogous process is repeated for
forming the Gs building block farnesyl pyrophosphate (FPIP and the Go building block
geranylgeranyl pyrophosphate (GGRB),[*5

The dorementioned type of connection of isoprene units is classified as a-teetall connection
(figure 2). Additionally, in the third phase of terpene biosynthesisis possible to observe the
formation of tailto-tail connected dimeric terpenes. For examplee triterpene squalengthe
precursor for steroid biosynthesis, is obtained te dimerization oftwo FPP §) molecules.
Furthermore the phosphorylated terpene precursors can be utilized in enzymatic alkysaten
attach terpenoid side chainsto non-terpenoid natural products But nost importantly,
intramolecular cationic cyclizations can occur after the enzymaticodeson of the

pyrophosphate.n this way a variety of cyclic terpenes can be forméd.

JCEP Y

head head

Cs (hemiterpenes) C4o (monoterpenes)

tail
Cjg (triterpenes)

Figure2: Different modes of connection of the isoprene units in terpenes.
In the final fourth stage of terpene biosynthesiBe seformed fundamentalterpene structures
can underg diverse other enzymatic transformatisrsuch as oxidations, reductions, and
isomerizations leadingto further cyclizations and rearmgementsof the carbon skeleton

resulting inthe wide structural variety of terpenoid natural products!
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1.3EuphorbieDiterpenes

Spurges Euphorbiaceaerepresent one of thenost prominern families of flowering plantsOf

the over 300 genera consisting of more than 8000 spetiesgenusEyhorbiais the largest
comprising over 2000 species all otbe world[*”: 18 Because of their wide distributigrthe
plants of thegenusEuphorbighad to adapt to a variety of environmental influences. That is why
they show a broad spectrum of chemical constituents suslsesqui, dir and triterpenoids,
phloracetophenones, cerebrosides, glycerols, flavonoids, and stef@se components are the
reason why plants of the genuuphorbiahave been used in traditional medicine globally for
centuriest’® The most pharmaceutically important and characteristic constituents of the
Euphorbiaspecies are dédrpenoids, of which over 800 different compounds with a diversity of
distinct carbon skeletons could be isolated from different parts of the plants suchwassleaerial
parts, milky latex, roots, andeed?® 2! Among those diterpenoigssome of the most
representative examples are the macrocyclic casbanes, lathyranes and jatrophanes, the tricyclic
rosanes, abietanes, myrsinanemd daphnanes as well dke tetracyclic atisanes, kaumas,

premyrsinanes, cycloymsinanes, pepluanetiglianes and ingenanes (figug.?ll

Amidthese chemically diverse substancesveralpharmacologically promising compounatsuld

be identified as the representatives of tHeuphorbialiterpene family show a variety of biological
activities. These include antiproliferative, cytotoxic, DN#lamaging, allergynhibiting,
antimicrobial, antidiarrheal, antipyretianalgesic and antidip®genic activities*® After
extensive pharmacological studjemgenol 3mebutate a representative of the ingenane
diterpenoids, which can be isolated from different species of teaug Euphorbia was even
approved for the treatment of actinic keratosis, which is a precondition of squamous cell

carcinoma?z24l
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rosane (11) abietane (12) atisane (13) kaurane (14)
2 D %:Cb< -7 < 8
casbene (15) jatrophane (16) lathyrane (17) myrsinane (18)
premyrsinane (19) cyclomyrsinane (20) pepluane (21)

daphnane (22) tigliane (23) ingenane (24)

Figure3: Overview ofthe diterpenoid skeletons observed in natural products isolated fEamphorbigplants?4

1.3.1 Biosynthes of Euphorbia Diterpenes

The biosynthesis dEuphorbiaditerpenes is assumed tcommencewith the cyclization of the
general diterpenoid precursoreganygeranyl diphosphat@.0), catalyzed by the enzyme casbane
synthase(scheme?).l?®! Whereas thisfirst cyclization step in the biosynthesis Bfiphorbia
diterpenes las been well establishethe further steps containing oxidations, cyclizatipaad

skeletal rearrangements remain mostly hypotheti@éll.
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GGPP (10) casbene (15)

Scheme2: Cyclization of GGRP0) to form casbenel().?¢!

Taking the high degree of oxidation of the multicy@igphorbiaditerpenesinto account it is
indicated that the formation of thosditerpenestakes place in a combined pathway of oxidation
and gclization controlled by ytochrome P450monooxygenase The primary oxidations of
casbendg15) and the construction of lathyranetype diterpeneshave been studied but
biosynthesis othe higherEuphorbiaditerpenes is still under investigatioAlthough tere is no
proof so farin genera)the pathway depicted in schentis suggestet® 2”1 According to this
postulate lathyranes are formed bthe cyclizationof oxidized casbane derivativesglianes are
created by a further cyclization of lathyraneg&inally,ingenanes are obtained by a skeletal

rearrangemenbf tiglianes.

Me Me Me
Me Me
Me > Me Me ) Me
EERY = EERy =
Me Me
Me Me Me
casbane (26) lathyrane (17) tigliane (23)
Me
Me
Me
[ .
Me
Me
ingenane (24)

Schemes: Formation of the higheEuphorbiaditerpenes(?é 271



1.3.2 Total Synthesis BliphorbidDiterpenes

Because of their interesting biological activitiesit partially low abundance in the plants and

their challenging chemical structurBuphorbiaditerpenes represenan attractive taget in total

synthesis. By chemical preparatidarger quantities of the compounds can be provided for
bioactivity testing and potentially even pharmacological applications. Heneelevariety of
Euphorbiaditerpenes have been synthesized in the pdést example the daphnane diterpene
(+)resiniferatoxin (27) by Wenderet al,?® the 2 i NR LK y S -18®EE&WIASY S 0 b
propionylcharacio(28) by Hiersemann and Schnalt®l the ingerane diterpene (+)ngenol(29)

by Bararet al*% andthe tigliane diterpene prostrati30) by Liet al (figure 4.

(o) Me
AcO
Lo
Me
o Me
fo) (o]
OMe j’

HO
HO HO

(+)-ingenol (29) prostratin (30)

Figure4: SelectedEuphorbiaditerpenes as former targets to total synthesis (characteristic carbon skelégbtighted in blue).



1.4 TheEuphorbieDiterpene Euphorikanin A

1.4.1 Isolation of Euphorikanin A, Structural Features and Bioactivity

In 2016 the isolation of euphorikanin A1), a Euphorbiaditerpene with an unprecedented
5/6/7/3 -fused tetracyclicartbon skeleton was reported by Zhangt all®? The group investigad

the roots ofEuphorbia kansuwhichare used in traditional Chinese medicitzetreat diseases
such as edema, ascites, asthma, epilepsy, and sorefkssrenders the plant an attractive target
in the search for pharmaceutically relevant natural puots. In the pastearly 100 compounds,
especially diand triterpenes have beerisolated fromEuphorbia kansu#! Some of them were
shown to possess, for example, antivifdlor anticancer activitie$®® These previous results
prompted Zhanget al. to continue their search for biologically active compounds produced by
Euphorbia kansuiresulting in the isolation of euphi@anin A 81). Besides the interesting
structural features of compoun@8L1 discussed in the followingaragraph euphorikanin A31)

also showed moderate cytotoxic activities against the two human tumor cell lines HelLa and
NC#446. Hence, further testing fothe biological activities seem@momising. As only éhg of
compound31 could be isolated from 2kg of the dried roots oEuphorbia kansuan effective

total synthesis would be desirable to malkeger quantities accessiblé!

The structure of euphorikanin 8Y), which was confirmed by singteystal Xray diffracion, is
depicted infigure 5 together with the numbering used in this thesand the key structural
features. The 5/6/7/3fused tetracyclic carbon skeleton of moleci8é is unprecedented. It
combines a trangused hydroindane skeletofA/B-ring) with a cisfused hydroazulene skeleton
(A/Gring). This tricyclic hydrdenzo[cd]azuleneore is known from kempane natural products,
but together with the fusedyem-dimethyl cyclopropane moietgD-ring), it is uniquel®! Besides
the synthetically challenging skeleton, euphorikanin(34) also possesses eight contiguous
stereogenic centes, two of whichare tertiaty oxygenated carbons {€& G14). Additionally, the
natural product3lincludes the fivemembered lactone #ng bridging the hydroindane and two

trisubstituted alkenes.
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eight contiguous

euphorikanin A (31) hydroindane hydroazulene stereocenters

Figureb: Structural featues of euphorikanin £A31).

1.4.2Biosynthesis of Euphorikanin A

A conclusive pathway of the biosynthesis of euphorikanirBA By skeletal rearrangement
starting from theingananetype precursorn33) was proposed by Zhare al. upon its isolation
(schame 4).32 The postulation is based on the coisolation éd4cetyl-5-O-benzoylo +hydroxy
20-deoxyingenol 32) from the same plant as euphorikanin 2L). The natural produc32 could

be led back to the common precurs88 by a short sequence of two acylations and oxidation.
Intermediate 33 could undergo a retrealdol reaction to form the tricyclic compoun84. By an
intramolecular aldoaddition,intermediate35 could thenbe formed. After an oxidation step and
another intramolecular aldohddition, the carbon skeleton of euphorikanin (81) would then
already be presat in intermediate37. The natural product31) could be formed by a final retro

benzoin condensatian

10
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Schemet: Postulated biosynthesis of euphorikanin3a)(s2

1.4.3Total Syntheses of Euphorikanin A

Whilethe work on this thesis was conductgao successfl total syntheses and one synthesis of

the carbon skeleton of euphorikanin(31) were reported [37-39

Thefirst syntheticapproach toward the unique skeleton of euphorikanirB4) (was published by
Yanget al.in 2020 (schem&).13% Even though the closing of the remaining lactoreng turned

out to be challenging in the envisioned way and could not be accomplished so far, an efficient
synthesis of a promising intermediate containing the A,,Bn@ D rings, as Vileas six of the eight

stereocenterqsee figureb, chapter 1.4.1jvasdescribed.

11



The synthesis started from entomerically pure, commercially available 3-farene 89)
already cataining the fully substituted threenembered DBring of the target molecle. The
sixmembered ring of cane was cleaved by ozonolysis. The resulting aldehyde was protected
and the methyl ketone was fuionalized by treatment with potassium hydridend dimethyl
carbonate to obtain -ketoester 40. In the following a TiCi-catalyzed ringclosing reaction
furnished enonetl bearing the €and Dring of the target molecule. After a diastereoselective
1,4-addition and subsequent trapping of the enolate by allyl iodid#one 42 was obtained. It
could be further functionalized byliastereosetctive alkylationwith allyl bromide 43 and
1,2-addition of ethynylmagnesium bromide, delivering dienyt¥eas the precursor for the key

step of the synthesis, a domino riagpsing metathesiRCM)

Intermediate 44 was thoughtfully designed s@rubls' secondgeneration catalys{G-1l) could
selectivelyreact with the lesssubstituted terminal olefin to start the domino RCM reaction
delivering dien&l5. In this single steghe fivemembered Aas well as the simmembered Bring

of the target nolecule could be generated. After extensive optimizatidiene 45 could be
converted to enoned6 by ironcatalyzed Wacketype oxidation. Treatment of the latter with
trimethylsilyl cyanide and zinc iodide furnished cyamdeAcidicconditions did notéad to the
envisioned formation of lacton49. Under various conditionenly enone4d6was regenerated. A
palladiumcatalyzed carbonylative ring formation was attempted as an alternative approach to
lactone formation For that enone46was converted to te correspondinginyltriflate 48, which
was treated with different palladiumcatalysts and additives undeCOatmogphere.
Unfortunately, noformation of the desired product0 could be observedoresumably because
of the rigidity of the system. This markehe endpoint of the studies so far. Even though the
target molecule could not be obtainedanget al.accomplished the first synthesis of the 5/6/7/3

carbon skeleton of euphorikanin 81) by a domino RCM strategy a gramscale.

12



1.) O3, DCM, MeOH,

-78°C, 78%
2.) CeCle7H,0, CH(OCH3)3
MeOH, rt, 95% o o
H Me 3 KH. CO(OCH3), xylene 4. TiCl,, DCM, OMe
Me\@/ reflux, 75% OMe 78 °C, 85%
) > — >
R Hire OMe
Me' H\:
Me™= 'H OmMe
Me
39 40 a1

6.) LDA, 43,-78 °Cto 0 °C,
THF, 80%

7.) ethynylmagnesium bromide,
THF, 0 °C, 68%

5.) Cul, MeLi, HMPA;
allyl iodide, Et,0,
-78 °C, 50%

-
y

we)

9.) FeCly,
8.) 7.5 mol% G-Il, PMHS, 10.) TMSCN,
DCM, 45 °C, EtOH, Znly DCM,
88% 50 °C, 56% rt, 75%
45
11.) LiIHMDS,
PhNTf,, acidic
THF, 0°C, conditions
43%
TfO (o) OH
N
Pd-catalyzed
carbonylation
Me02C
Me
Me' P
H Me

Scheme: Synthetic affords towards the total synthesis of euphorikan{@# by Yand3*!

The first successful total synthesis of euphorikaniB® Wwas published by Careired al.in 2021
(schemes) .38l |t featured a Smp-mediated intramolecular ketygénoate addition to &etone and

a chemoselectivé,2-addition of a vinyl lithium species tand -ketolactone

Carreiras synthesis also commenced from -B+garene (39), which was converted to

heptenone52 by an optimized literatureknown fourstep procedurd?® The ring enlargement

13



was accomplished by a sequence of ozonolysis, aldehyde piareicirmation of TMSenol ether
51, lewisacid mediated ring closureand acidic elimination furnishing enen52. By a
1,4-addition, the G6 methyl group was introduce@nd the resulting enolate could directly be
trapped by aldehyd®&3in an aldol addition. The sormed atohol was TBfrotected before a
further h-alkylation with 2chloro-1,3-dithiane (54) as a formyl cation equivalent was performed
to obtain ketoneb5. Oxidative PM#&leprotection, followed by Parikboeringoxidationand Stili
Gennari olefinationgenerated the precursob? for the key step The brmation of the kety
enoate wasmediated by treatmenbf the h >unsaturated este67 with samarium iodide The
addition to the ketone moiety proceeded smoothly and undet §téreocontrol to furnish the
five-membered Aring, the tertiary alcoho] as wel as the lactone ring of the target molecule.
Subsequentlythe dithiane moiety was oxidatively converted to the corresponding aldehyde,
which was directly subjected to a Ramirez olefination yieldingdihdomo alkenes9. Afterward
the double bond was imoduced to the Aring by TBSleprotection and elimination of the
resulting secondary alcohol. Subsequeihe dibromo alkene was converted to the methylated
(Z)yvinyl iodice 60. Thenthe lactone wash-hydroxylated with Davisoxaziridine and the
subsequenbxidation delivered -ketoester61. Finally, the target molecul&l could be obtained
by treatment of vinyl iodidé1 with '‘BuLi inducing lithiurhalogen exchange and chemoselective
1,2-addition. h this way euphorikanin A31) could be synthesized by Carre@tal.in 19 steps in
an enantiomerically pure form starting from {3carene (39), rendering this the shortest

synthesis of the natural product published so far.

14
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1.) O3, MeOH/DCM, -78 °C, OTMS
then SMe, then HC(OMe);, 3.) SnCl,, MeCN, -20 °C,
H CeClze7H,0, rt 32% (2 steps)
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Me v Me Me
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OMe
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-8 "C, then 53, 45% (2 steps) MeO
78 "Ctort, 79% 10.) KHMDS, 56
6.) TBSOTF, DCM, -78 °C ) KIS, . Me,
to 0 °C, 78% - -6, ”
7.)54, THF, 0°Cto i, ;25,48 Ctort, /j
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90% » T1BSOY » TBSO S
Me
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12.) PhI(0,CCF3),.
MeCN/H,0, M o
rt, 95%
11.) Sml, MeOH, 13.) CBr4, PPhz DCM . Br
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H
H Br
Me
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-78 °C
18.) DMP, DCM, rt
M ] s L
€ 7 49% (2 steps)

14.) TBAF, THF, 0 °C to t,
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>
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Schemeb: Total synthesis of (#§uphorikanin A31) by Carreireet al.[3!
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The second successful total synthesis of euphorikanBlLAwas published by J&t al.in 2022

(scheme?) BT While the start of the synthesis shows several parallels to Calseipproach and
even features thecommon intermediate 52, as well as similar borArming events by
1,4-addition, enolate alkylationand aldol reactionthe further synthesis differs drastically

involving a bioinspired benzilic acid type rearrangement as a key feature.

Jids synthesis analogasly to Carreirs synthesis commenced withthe conversion of
(+)3-carene (39) to enone 52. Though, by the development of a different sequence of
transformations a more efficient route towardthe common intermediate52 could be
established. First(+)3-carene (39) was converted to compound2 by a literatureknown
sequence of epoxidation and epoxide openitig*? The allylic alcohd2 could be converted to
phosphonate63 by an Appel reaction followed by a dhiaelisArbuzov reaction employing
triethyl phosphite. Ozonolysis tie double bond and subsequent intramolecular condensation
furnished cycloheptenoné2. The @ methyl group could be itslled by 1,4addition to
enoneb52. Afterward two functionalizedside chains could be introduced by regioselective
h -alkylation ofthe ketonewith allyl iodide64 and subsequent aldol addition to aldehy6i& After
some functional group protections and functional group interconversitms fivemembered
A-ring of the target molecule rad the tertiary alcohol could benstalled by anucleophile
promoted aldoHactonizationwith high stereoselectivity. Through reductive cleavage of the
lactone 68 and several transformations to adjust the oxidation states and protecting groups of
oxygencontaining functional groupslialdehyde69was obtained, which served as the substrate
for a McMurry coupling. By thatthe sevemmembered ring contained in the ptulated
biosynthetic precursoB6 (see chapterl.4.2)f euphorikanin A 81), which wasiecessary for the
bioinspired end gamefahe synthesiswas closed. Aftethe deprotection of acetater0 and
subsequent treatment with Bdbtt's salf lactol 71 was formed. Then the remaining free alcohol
was oxidized by Cordgim oxidationandthe lactol hydroxybroup was acetylated, after hich
allylic oxidation could be performed with the only purposteshiftingthe double bond to the
endocyclic position at a later stage. Because the reaction conditions of the allylic oxidation also
resulted in the MOMdeprotection of the moleculgelimination could be performed afterward to
obtain compound/2. The containe@&xodouble bond had to be shifted undére loss of the free

hydroxyl groupof intermediate72in order to obtain the precursor3for the bioinspired benzilic

16



acid type rearrangemenf his could be accomplished bybjectingthe acetate of compound?2
to Stoltzs protocol. Treatment of the acetat&3 with KOH led to deacetylatiomvhich triggered
the aforementioned spontaneousearrangement to furnish the target molecule euphorikanin A

(32) in a biomimetic fashion.

17
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Schemd: Jia's total synthesis of (uphorikanin A31).[3]
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In summarytwo complete total syntheses of euphorikanir{3l) and one synthesis of the carbon
scaffold have beenpublished so falf3% They all started from (+3-carene (39), already
possesing the correctly substituted thremembered DBring with two stereocenters. They all
used a ring enlargeent strategy to construct the sevanembered @ing from the carbon atoms
of (+)3-carene(39) by a ringopening ringclosing sequence. Rimgpening was performed by
ozonolysiswhereas ringclosing wasccomplishedy an aldoltype condensation in all the cases.
In the following all three strategies relied on B 4-additionfor introducingthe methyl group on
G6 of the naural product31 and enolate chemistry (enolate alkylation or aldol addition) for the
introduction of the C1¢G5 and the €11¢CG12 carbon bondgéscheme 8)Thereby, most or in the
case of Jia synthesiseven all carbon atoms of the target molecule wargoducedat this stage
After this point the syntheses differed drastically, as distinct strategies for the further cyclization

reactions were chosen.

(o) stage 2: (o)
stage 1: R side chain R,
; 1 ) ) -
Me Me ring enlargement introduction R4
D ’ > H —_— H
’Me Me
H -==Me —=Me
H Me H Me
39 41, 52 44, 57, 67

Scheme: General approach for the ring Emgement starting from (+3-carene 81) by Yang, Carreirand Jid3"-39
In Yants approachthe ketone4l was trther functionalized by d,2-addition to install the
tertiary alcohol The fivemembered Aringand thesixmembered Bring were closed by a domino
RCM reaction in a remarkably efficient fashion (sche®)e Nonetheless the obtained
intermediate45 could not be converted to the natural produgt, as the remaining lactonerihg

could not be closed.

stage 3: 6
cyclization wH
e H

MeOZC
M
N

H Me

44 45

Scheme: Cyclization stage in Yang's synthetic approach towards the euphorikanin A sk&feton.
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Carreiras synthesis involved an intramolecular ketyloate addition using the functionalized
ketone intermediate57, closing thdive-membered Aring and the lactone-{Eng both in one step.
The final tosing of the skmembered Bring was caducted by a chemoselectivig2-additionto

an h-ketolactone (schemé&o0).

Me o
stage 3:
cyclization-1 TBSO"
—_— H s

stage 3:
€ cyclization-2

Schemel0: Gyclization stage in Carreira's total synthesis of euphorikanBLA!
Jids synthesis relied on anucleophilepromoted aldokactonization of functionalized
intermediate 75 to form the five-membered Aring. In the furthe course of the synthesis
sevenmembered ring was formed to prepare the final biomimetic benzilic acid type

rearrangement to instll the lactone Eing and the sbmembered Bring by ring contaction in
the last step (schae 11).
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TBDPSO
(o)
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oy cyclization-1 fo) Me
=
: IMe T >
H Metr
H
H
MOMO ma
75 68
stage 3:
cyclization-2
69 70 73

stage 4:
rearrengement

Scheme 1: Gyclization au rerarrangement phase in Jia's total synthesis of euphorikan@BIpE7
It is worth noting at this point that all the synthetic approaches described in this thesis differ
drastically from theoublished onesEven when (+3-carene(39) was used athe starting mateial
the way of ring enlargement, the introduction of the methyl group 66 &s well as the order of
connecting the remaining rings of the target molecd& to the G and Dring containing

intermediate wasvery distinct.
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1.5 TheNazarov Cyclization

Anessentiakeaction discussed in this thesis is the Nazarov cyclization, which oniterttional
form is a 4 electrocyclization of a divinyl ketor{é6) to form a cyclopentenoné€/7) under Lewis
or Brgnsted acid catalysis or by photoinitiation (scheib® first described by Nazarov and
Kuznetzova in 1942% 44 After its discovery, a manifold of protocols usivariousdifferently
substituted starting materialflas been developed. For different purposes besides the classic
Brgnsted acig (BA)and the most common Lewis acid (Lfor the transformationFeG),1*3 45!
which were used earlierdifferent transitionmetalcatalystsbased on AL*6l Au' 471 Ad, 148l
PcP, 149 pt 501 |1 1511 and many others were applied more recentue to the easy accessibility
of the starting materials and the availability afbroad spectrum of catalystdhe Nazarov
cyclization represents a powerful tool foyrghesizing densely functionalizexyclopentenone
derivatives fused to aromatic, heteiromatic and noraromatic rings. Imaddition, several
tandem processes were developed using the intermediate cation formete course othe
Nazaov cyclizationfor nucleophilic trapping So-called interrupted Nazarov cyclizatiof} or

rearrangement chemistrip3l

0 (o]
R1j)j\(R3 LA/BA Ri~ ii _R,
| | or hv
R; R4 R, R,
76 77

Schemel 2: General reaction scheme of the conventional Nazarov cycliz8fion.

1.5.1Mechanisic @nsiderations

The conventional Nazarov cyclization starts with a Lewis or Brgastddhediated formation of

the oxypentadienyl catio@9, 6 KA OK (G KSy OFly dzyRSNH2 | (GKSN)I f
the oxycyclopentenyl catioB0.5* %5In order to conserve orbital symmetry during this progess

it has to proceed in a conrotatory modschemel3).°¢! A torquoselectivity during this process

can be induced by the substrate (chapteb.3 or the catalyst (chaptet.5.4). Due to the two
mesomeric forms of catioB0, the following deprotonation to form end2 can occur on both

sides of the cyclopentenyl cati@®. In general, the thermodynamically more stable douad
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is formed, but methodologies to control the regioseigity have been developed (chapte’s.2).

Finally, protonation and dissociation of the Lewis acid lead to cyclopente8ias the product.

o ®,-LA oA ,OLA
LA*
I e tadB | Sk
R; R, R; R, R; R, R
78 79 79'
OLA R, OLA OLA o
4mAcon -H* +H*
—_— ® = —_— —_—
- LA*
H 2 E £
Ry R, R, Ri R, Ri R,
80 81 82

Scheme 3: Mechanism of the conventional achtalyzedNazarov cyclizatiof§ 5%

1.5.2 Regioselectivity in the Nazarov Cyclizgtibe SilicorDirected Nazarov Cyclization

In cases wherasymmetrically substituted divinyl ketoné&3 are employed for the Nazarov
cyclization the product formation is controlled by thermodynamj@nd the higher substituted
double bond is formed in the cyclopentenone prod86t(schemel4, part A). Neverthelss, this
regioselectivity could benverted by Denmarket al. in 1982 by the development of the
silicondirected Nazarov cyclizatioh® Applying i -TMS substituteddivinyl ketones87 in
FeC-catalyzed Nazarov cyclization cyclopenten@tewith the less substituted double bond
O2dzf R 0SS 20l AYSR® ¢ K SsilicoiNa¥HeotS BAker tifd cyclizationdza S
positive charge insidecyclopentenyl cation88 is partially localized due to the stabilizing
hyperconjugation withthe neighboring €St -bond orbital. Subsequentlyhe Q;Si -bond can
be cleaved by nucleophilic attack othalide anion under the formation of the desired double
bond (scheméd4, part B).
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A: non-directed Nazarov cyclization

fo) OLA OLA (o)
R LA R ~ R AN - LA+ R
1 1 R —_— 1 ” @ N > 1
| | © ] i
R2 R3 R2 R3 R2 R3 R2 R3
83 B 84 85 B 86

(o}
R LA-X R, - Me;SiX
| -
Ry SiMe;
— X -
87 88
OLA
LA*
R, R,
89 90

Schemel4: Reaction meleanism of the nordirected part A) and the silicomlirected Nazarov cyclizatiopdrt B) *°]

1.5.3Tarquoseekctivity in the NazarowClization

The first advances in the field twrquoselective Nazarov cyclizat®were made by Denmart
al.in 199008 In thefirst study, a substratecontrolled torquoselective Nazarov cyclization could
be established byapplyingthe enantioenriched silane91 and 94. In both cases the silicon
substituent is attached to an $garbon atom irthe i -position of the ketoneln the course ofhis
variation of the silicordirected Nazarov cyclizatipthe TMS group is losstill, thetwo possible
directions of the conrotatory electrocyclization lead to two enantiomeric products. In fact,
complete toquoselectivity was observed g conversion of enantiomed1led tothe formation

of enantiomer93 and the application 0f94 led to the formation of 96. This selectivity can be
explained by steric factors, as a strong steric repulsion of the bulky T8 gnd the rest of the

molecules occursachin one ofboth conrotatory directiongscheme 15)
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Scheméd 5; First example of a torquoselective silieditected Nazarov cyclizatidef!

1.5.4 Enantioselective Variations of the Nazaymlization

In recent years substantial efforts have been undertaken to establish protocols for
enantioselective variations of theddarov cyclization. Thiseans that torquoselectivity has to be
induced externally by a chiral catalyst leadiagnantioenriched prodats. In the course ohiese
developments several effective catalystBased onenantiomerically pure transitiometal
complexes, fustrated Lewigpairs or chiral amines were fouhto inducehigh enantiomeric ratios
in the products of over 90% and goodlgeeven though fomostlyvery specific substrates. Some

exemplary catalysts are depictedfigure 6563
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Figure6: Selected examples of catalysts tmantioselective variants of the Nazarov cyclizafiéf!

Very recentlyon top of that the first enantioselective silicedirected Nazarov cyclization was

reported by Zhowet al. By the use of chiral spirdypsphoric acid04in combination with Zn(OTX)

asLewis acid additive and PhOH as a proton source a broad scope efubstButeddivinyl
ketonescould be converted to the corresponding cymbmtenones with excellent regicand
enantioselectivitiesNevethelessit Ydza & 6S YSy (A 2y SR { Kpoditions of & dzo a G 7

the ketone seemedrucial for thesuccess of theeaction!6!

5 mol% Zn(OTf)y,
[o) 6 mol% 104, fo)
1.1 eq. PhOH,
R R; DCE, 40 °C R, R,
| >
TMS R R4
Ry Ry * R:s Ry
103 105,
up to 95% yield, 104, ;
up to 98% ee (A" =2.4.6-(Pr)sCeHz )

Schemel6: Zhous asymmetric silicodirected Nazarov cyclizatioff!
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1.5.5 The Nazarov Cyclization in Total Synthesis

The Nazarov cyclizationas been representing commonly used tool for the formation of
cyclopentenones in the total synthesis of complex natural produmstslécades. Because of the
high functional group tolerance and generally good yiglde reaction was applied dhe early

andlate stages ofotal synthesed668l

One examplef the application of a very convéonal Nazarov cyclization in the middpart of
Chens synthesis oent-nanolobatolide is depicted in schenie. The Sé-catalyzed Nazarov
cyclization of divinyl keton@07 was employed for the formation of one of the fameembered

rings of the naturaproduct109,

Sc(OTf);, DCM,
—_— 0°Ctort, 75%
—_—
3 Me y Me
o)

Me Me

106 107 108

Me\\‘ OH

ent-nanolobatolide (109)

Schemel 7: Application of a conventional Nazarov cyclization in Chen's total synthesig-oénolobatolide {09).166]
An examplef a late-stage application ad Brgnstedacid-catalyzedNazarov cyclizainis depicted
in schemel8. In Redd\s synthesis of (#fusicoauritone {13), the reaction is employetb form

the natural product's fivemembered and eighimembered ringn a single stef’!
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(+)-fusicoauritone (113)

Schemel 8: Application of a Brgnsted acid catalyzed Nazarov cyclization in Reddy's total synthesis of fusie@u@d]

A final exampleof the application of a Nazarov cyclization in tosinthesis is depicted in
schemel9. This should highlight two variations of the conventional Nazarov cyclizatiaoh

are notfurther discussed in this thesis. Firfiie Nazarov cydation employed by Gaet al.in the
total synthesis of gracilamin&16) is photoinduced. By irradian with UV lightthe dienonell4

Is activatedln thiscase, the cyclization proceedm the excited state and hencedissrotatory to
conserve orbital symmetriy® Additionally, the dienonel14 is benzannulatedrendering the
formed productll5aromatic This earlystage Nazarov cyclization enabled the total synthesis of
gracilaming(116).168l

300 nm ho,
< O ‘ _DCE.80%

TBSO TBSO

114 115

gracilamine (116)

Schemel9: Application of a photoinduced Nazaroyclization in Gao's total synthesis of gracilamitioy 8!
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2 Result and Discussion

2.1 Approach TheNazarowDielsAlder Cascade

2.1.1Retrosynthetic Analysis

In the course ofthe first retrosynthetic analysis of the pentadgclnatural product
euphorikaninA (31), a cascade reaction consisting of a Nazarov cyclizaimha subsequent
intramolecular DielsAlder reaction was chosen as the key stépis unprecedented type of
cascade reaction was envisioned eédficiently give access to the natural product's carbon

skeleton creating three of the four carbocycles in agie step.

In the overall retrosynthetic analysithe final product31 was planned to be obtained starting
from alcohol117by oxidation and subsequent lactone formation. For the latsewveral options
seemed promisingsuch as a Sminediated reductiveketone-carbonate couplin§” after
functionalization of the tertiary alcohol on4; a simplel,2-additionof cyanideand a subsequent
lactone formation underhydrolytic conditiond’® a 1,2-addition of LICHGland subsequent
hydrolysis and oxidatidft! or even the use of photoredox cataly§i8.Intermediate117 should
have been led back to the desired product of the NazddmlsAlder cascad&18by a segence
of an epimerization on @, Pdcatalyzed methylation of avinyl triflate,[”®! TamaeFleming
oxidation"¥ and a directed Ir-catalyzedCcH activation”™ The precursor19 of the Nazarov
DielsAlder cascadeon theother side was planned to be obtained starting from alkyh20by a
sequence of Tinediated alkynealkyne couplind’®! HWE addition of a dianidh? Rucatalyzed
asymmetric hydrogenation of the >unsaturated acid’® Wittig reaction and 1,zaddition as the
primary transformations. Alkyn&20shoull be led back to théterature-known lactonel21 by
lactone opening, oxidatignrand OhiraBestmann alkynation.”®! The enantioselective synthesis
of lactone121 by a threestep sequence featuring Ruatalyzed cyclopropanation starting from
commercially available preno(122) and bromoacetyl bromide(123) was described by

lwasaet al.[e
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Scheme0: Retrosynthetic analysis of euphorikanir{34) in approach |I.

2.1.2 Synthesis of NazasDielsAlder Precursor

The synthetic effos towardeuphorikanin A31) started with the enantioselective synthesis of
bicyclic lactone 121 (scheme 21¥% Therefore the commerally available compounds
prenol(122) and bromoaetyl bromide (123) were converted to the corresponding ester by
treatment with triethylamine and catalytic amounts of DMA&H. The compound could be
preparedon a decagram scale and was purified by distillation. Subsequgintl Soromoester
was converted to the diazo compound by diazotransfer WtN'-ditosylhydrazing124).182 The
resulting h-diazeester underwent enantioselective intramolecular cyclopropanation upon
treatment with chiral ruheniumbased catalysi125under literature-known conditions adapted
for largescale synthesi8 Thisthree-step procedureallowedthe preparation of lactonel21in
adecagram scale in excellent enantiomeric excéss convenient protocol, catalyd®5 could

be prepared starting from3-(+)-2-phenylgycinol and RugIé”
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Me ‘H’ STs Ph
122 121 124 125
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Scheme1: Synthesis of lacton&21

The high enantioselectivity of the reactionnche explained by the transition state depicted in
figure 7. Due tothe steric repulsion of the alkene chain of the startimgterialand the bulky
phenyl group locatean the sg-carbonnext to the dihydrooxazolenitrogen, the attack ofthe

carbenoid caronly occur from one side.

favorable reaction site :> <:| unfavorable reaction site
(minimized steric interaction) (strong steric repulsion)

Figure7: Postulated transition state in the synthesis of lactdrd.[5%

With lactone 121 in hand the construction of the TM8iene motif represented the next
challengeTherefoe, lactonel21was opened with morpholine assisted the Lewis aciddIMes.
This methodologyas showrto be effective in the past for the opening of sian ciscyclopropyl
lactones without any epimerizatiof®! The reaction worked with good yieldinfortunately
rendering the product very polacomplicating theaqueous workup for the following reaction
steps.Unfortunately, opening the lactone by other less polar amines resulted in lower yields, so
morpholine was preferred anywaySubsequent oxidation of the primary alcohol by IBX in
DMS®4 and alkynylation of the resulting aldehyde by application of thdéra@Restmann
reagent(127)["° proceeded in high yields without any optimizatida obtain alkyne120.
Subsequently different waysof introducing the TM$liene motif were tested. Inspired by
Micalizids recent publicationdirst, a generation of the primary alcohol out of the amide and a
subsequent alkoxiddirected alkynealkyne coupling was trie@! The desired product could not

be isolated in notewdhy yields. Fortunately, after studying the earlier findings by ®aial [76]

31



and combination with a current protocol dewgled by Micalizioet all®® it was found that
alkyne120 could be converted to dien&29in high yields without any alkoxidg#irection. It is
noteworthy that the temperature protocol had to be followeccurately to obtaifull conversion
of the starting materiall20. At lower temperaturesno conversion occurred at all, at higher
temperatures the intermediate titaniusalkyne complex was not stable for longer tiperiods

and only partial conversion wgabserved.

TMS Me
4) morpholine, AlMe3 —
DCM, reflux, 93%:; \\ o n )
o H 5) IBX, DMSO, 83% o H 7) 128, Ti(OiPr),4, "Buli, /
6) 127, K,CO3, MeOH, 98% -78°C to -40 °C, 87% H
«wiMe > wiMe > o
(0] N — “IMe
H Me (0] (o] H Me TMS———Me
B o 125 N H Me
I “OMe >
121 OMe 120 129
127 N, o

Scheme2: Synthesis of dien&29,

The postulated mechanism of themetallacycle mediated alkyralkyne coupling is depicted in
scheme23. In the frst step of the reactionthe titana(lV)cyclopropend 30is formed starting
from alkynel28and Ti(CPr) by reduction with'BuLi at elevated temperatures. Aftibre addition
of the terminal alkynel20, a ligand exchange could take placendering the following reaction
intramolecular. Theitana(lV)cyclopropene and the terminal alkyne in intermedib3d are then
arranged in a way that the steric interactions are minimized. Hence, the bulkygfdd$ points
away from the substrateesulting in complete regioselectivity. Subsequerithg terminal alkyne
inserts into thetitanium-carbon bond forming the titanacyclopentadien&32 After the protic

guench of this intermediat& 32, the transtransdiene129is formed selectivel{/®: 85!
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Scheme23: Postulated mechanism of the-fietallacycle mediated alkyralkyne coupling of20and 128,85

With diene 129 in hand the left arm of the molecule remained to be installed to set up the
substrate 119 for the NazarowDielsAlder cascadePreliminary experiments showed that
Schwarts reagent (CpZrHCI) allowed the direct conversion of amidZ to the corresponding
aldehyde. In order to increase the scale of the reactihe use of Schwarts reagent was
replacedby theapplication of a protocol developed by Snieckus and Zhao fantsieuformation

of the reagent starting from the much more inexpensive reagent&Cp and LiAIH(@u).5]
This allowed the formation of the deenl aldehyde in high yield3he aldehydewnas further
converted tothe O 2 NNB & LI2-yh&aturatad chrfiokylic acid bynadWEreaction with the
dianion of the diethoxyphosphorylpramoic acidl33in quantitative yield?’’”! Subsequentlythe
formed double bond needed to be hydrogenated in a diastereoselective manivestadl the C6
stereocenter of the target molecul@l. For the asymmetric hydrogenation of the substrate type
of (B-2,3-disubstituted alkenai acids only a limited sebof catalytic systems is knowff: 88921
Fortunately, hydrogenation of the substrate undbe application of the commercially available
catalyst R-Ru(OAc Hs-BINAP) X34) resulted n the formation of carboxylic acid35 in

acceptableyields anddiastereomeric ratio§scheme 248 Because of the linear nature of the
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starting material it was assumed that the diastereoselectivity in the product formation runs
under catalystcontrol. The reaction conditions had to be carefully adjusted. Oxygen had to be
excluded from the reaction mixture carefully fsreezepump-thaw. The reaction had to be run at

a slightly elevated temperature and undarslight hydrogen ovepressure of ar. Toohigh
reaction temperatures led to decomposition of the starting evél and the product and an

exeessive H-pressure led to overreduction.

e o “
8) Cp,ZrCl,, LIAIH(O'Bu)3, 1]
™S THF, 86%; HO,C__F~oEt
Me TMS
_ 9) 133, "BuLi, THF, Me OEt
=~ Me
-78 °C to rt, 100% 133
/ 10) 1 mol-% 134, MeOH o /
H 5 bar Hp 50 °C OH
o) > H PPh,
\
"1iMe Me “iMe /Ru(OAc)z
<—N H Me H Me ‘O PPh,
_> 134
0 129 135 4 J

Scheme24: Synthesis of carboxylic aci@s.

Theexact nechanism of the specifapplied Recatalyzed hydrogenation has not been elucidated
so far, but a general reaction mechanism is depicted in sch@md-irst a rapid ligand exchange
of an acetate ligand by the substrate carboxylic acid oc&ubsequentlyheterolytic hydrogen
splitting leads to the formation of the rutheniwalicarboxylatemonohydride specie$38 Then
an insertion of the alkene into the RH bond takes place. In this stefhe asymmetric
information of thechiralphosphane ligand is trafesred to the substrateFinal potonolyss of
the R C bondgeneratesruthenium-dicarboxylatel40. Ligandexchange liberates produdt35

and closes the catalytic cydfél
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Scheme5: Postulated catalyti cycle for the asymmetric hydrogenationaskenoic acid 36/
After the hydrogenation stepall the following compounds on the route turned out to be highly
sensitive to temperaturghigher than room temperatur@and acidic conditiondDecomposition
of the matrials occurred even in deactivated Ci@hich rendered complete characterization
of the compounds problematidDue to thisthe following structures could only be tentatively
assignegdand the substances had to be rapidly converted. The observed detgpocould be
affiliatedwith the TMSdiene motif by*H-NMR which already indicated potential problemstire

course of the planned Lewis aadtalyzed Nazarov cyclization.
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The crude carboxylic acidd5was converted to the corresponding Weinreb amafter removal
of the solvent without further purification by treatment with CD[141) and
N,Odimethylhydroxylaminehydrochloride®4 Even hereit was crucial only to apply a &ght
excess of the amine hydrochloride. Otherwidecomposition of the starting materiahs well as
the product, occurred. The sibsequent reduction of the amide to form the corresponding
aldehyde by DIBAH proceeded without complicationsas well as the @ elongation by
treatment with the stabilized ylidl42 Finally, al,2-addition after in situ formation of the
nucleophile byithium-halogen exchange starting from virfybmide 143led to the formation of

the NazarowDielsAlder cascade precsor 119in good yieldgscheme 26)

( o N\
11) 141, H,NMe(OMe)Cl,
DCM, 45% (2 steps) é\NJLN/\\
dr~2.4:1; N\/I \\/N
™S 12) DIBAL-H, DCM, o TMs = 4 =
- Me 78 °C 90%: ~ Me
13) 142, DCM, 70%; | o
1 H o
o OH/ 14) 143, BuLi, -78 c,71%> N Y /0\N _PPh;
H TMS\ _H | 142
Me Me
1iMe ‘1iMe
H Me H Me Br\/\TMS
135 119 L 143 )

Scheme6: Preparation of the tetraend19.

2.1.3 Attempts of the NazarddielsAlder Cascade

With tetraene 119 in hand, the envisioned NazareDiek-Alder reaction could be testedThe
envisionedeactioncascade is depicted in sche@& On the one hand, it has to be admitted that
the present phn was quite ambitious, and several points of the reaction cascade involved the
possibility of failure. On the other hand, if the reactioadworked in the desired way unique

and novel way of the construction of tHg6/7-fusedtricyclic core of euphakanin A 81) in a

singlestepwould have been established.
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Scheme@7: Planned silicortirected-NazarovDielsAlder cascadd?®?!

The first critical step of the cascade would be the siidoacted Nazarov cyclization. One
potential problem at this point could behemoselectivity. It is known and in adatstage of the
cascade specifically desired that Lewis acids are able to catalyze\Dietgeactions?® Hence,

a DielsAlder reaction couldake place before the Nazarov cyclization with either one of the
electronpoordouble bonds of the divinyl ketorfel9. The idea was that the presence of the bulky
TMSgroup and the relatively largdistance of the divinyl ketone and the diene in the linear

substrate119should be enough to qpressthis side reaction.

Another issueri the case of the silicowlirected Nazarov cyclization is the torquoselectivity, which
is necessary toonstruct the & stereocenter selectivelA certain control over its formation was
anticipated to be obtained by substrate control. The reactive con@dion of the Lewis
acidactivated divinyl ketone is depicted in schen@8. It should be determined by the
minimization of the allylic 1;8train[¢ Consequently, the conrotatory ring closure was expected
to proceed so that repulsion of the bulky ubstituent of the molecule and the TM&oup is
minimized and thus the desired product is formdéthe stereoinduction by theubstrate would

not be sufficientchiral catalysts for the Nazarov cyclization cowgdapplied (see chaptet.5.4).

37



minimization of "3A

Q FH OLA 0
L@ H Me ) @
wo L — Y@@ —= el
SiMe, R SiMe,
R R
119 144 148

Scheme8: Envisioned control abrquoselectivity by allylic 1;8train model.

If the silicondirected Nazarov cyclization had worked, the sdgent DielsAlder reactionhad

to proceed in a stereoselective manner. In the case of substdd8 four potential
diastereomeric products could be formed by twgotransition states leadlig to the products
118and149and twoendotransition statedeading to the product§50and 151 (figure 8) While
intermolecular DielsAlder reactiongienerallyproceedviaanendotransition statel?”! the case is
much more complicated for intramolecular reactidf8.Alsq the use of bulky Lewis acids is
known to render Dieldlder reactionexoselectivel® 10|nterestingly, one of thenB(GFs)s, is

also known to catalyze Nazarov cyclizatiarsl even chiral versions are knoWpt!

Hence, it was anticipated that thexd endo-selectivity could be controlleldy the catalyst choice.
The sie-selectivity of the Dielg\lder reaction is harder to predict, especially for complex
substratessuchas148, but a certain selivity in favor of diastereomet18was expected. It was
envisioned that the correct adjustment of theSGstereocenter would also lead to the formation

of the desired product18in the DielsAlder reaction.

TMS TMS
o H Me O H= Me
1IH IH
H H H H
Me uiMe Me uiMe
H Me H Me
118 149 150 151

Figure8: Possible products of the Diefdder reaction.
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Implementing all these considerationisesides the classical conditions for the sifialirected
Nazarov cyclization under FeChtalysis(table 1, entriesl to 3) the Lewis acidBRIOEb
(entry 6), the sterically hindered Lewis add{GFs)s(entry 7) and chromiumbased catalystac-99
(entry 8)were tested. Unfortunately, tetraen&19 underwent rapid decomposition under the
Lewis acidiceaction conditionsThe NMR spectra of theuzle reaction mixtures indicated that
the decomposition originated from the TMitene of which not even traces could be detected
whereas other parts of the moleculeere partially seen Additionally, recently an iodine
catalyzed Nazarov cyclization waported, which is postulated to work by halogen bonding of
iodine to the carbonyloxygen atom without any Lewis acidic interactidi? Treatment of
tetraene 119 with iodine under the reported conditions also led to decompositeven though
it occurred not as rapidly as befofentry 9) Alsq the addition of water or methanol to the
reaction mixture irthe case of the Fegtatalyzed silicomlirected Nazarov cyclizatipwhichwas
described to be beneficial to yield attte scalability of the reaction by West al.,, did not change

the outcome(entries 4& 5).110°]
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Tablel: Attempts ofthe plannedNazarovDielsAlder cascade.

e

Bu
o T™Ms T™S
~_ Me o H Me | ‘Bu
I conditions N\ /O @
N\ TMS/ + H (:,r /Cr\@ SbFg
H H H “N* o
M
€ iMe Me "iMe I tBu
H Me H Me
119 118 rac-99
L Bu
entry conditions result
1.05eq. FeG| DCM (0.MM), -78°C to-50°C decomposition

© 00 N o o A~ W N B

1.05eq. FeG| DCM (0.M), -78°C to-50 °C
0.2eq.eq. FeG| DCM (0.M), -78°C b-50 °C
0.6eq.eq. FeG| 1.5eq. RO, DCM (0.M), -50°C
0.6eq.eq. FeGl| 1.5eq. MeOH, DCM (0M!), -50 °C
0.1eq.BRIOEt, EtO (0.1M), -78°C

0.1eq. B(GFs)3, DCM;78°C to 0°C

0.1eq.rac-99, DCM, rt

0.1eq. b, MeCN (0.2M), rt

decomposition
decomposition
decomposition
decomposition
decomposition
decomposition
decomposition

decomposition
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2.2 Approachi: Isolated Nazaw Cyclization and Diefdder RRacion

2.2.1 Synthesidah

After it was clear that the planned NazarbDielsAlder cascade reaction failed due to the lacking
stability of the TMS.,3-diene motif anadaptedplanwasdeveloped. The key intermediatddd.8
was intended to be converted to the esired natural producBl in the aforementioned way
(chapter2.1.1), but in contrast to the previous plathe Nazarov cyclizatioma the DielsAlder
reaction should be performed separately. The cyclopentenone shoeilobtained first by the
desired sicon-directed Nazarov cyclizatioiihe diene motif was planned to be constructed only
after that to enable the Dielglder reactionIn order to accomplish thabnly minor changes to

the previously established routead to be made.

In the first adaptionOTBS was identified as the most promising protection group for the right
arm of the molecule. On the one hantiwas envisioned to be stable enough towards Lewis acidic
conditions to facilitate the Nazov cyclizationOn the other handit should be clavable without
further complications. As a second optie®Ph was considered as a protecting group. Although
its cleavage by an envisioned Pummerer oxidation would directly teaddehydel57, it was
anticipatedthat the neighboring cyclopropane ring dduead to complications. Neverthelesise

use of a thioether was considered as it should represent one of the most inert protection groups
towards Lewis acidgsablein the synthesisin this way the general applicabilityfea Lewis acid
catalyzed silien-directed Nazarov cyclizatidar the synthesis of the desired cyclemienonel56
could be testedIf the envisioned sequené@dbeen successful after deprotection and formation
of aldehyd€el57, two options were conceivable for the generation of tetraliy intermediatel 18.

The more conventional option would have beem HWE reaction to construct dienk48 and
proceed with a classical DieMder reactionwhich has been described for comparable
substrated!%4 Another interesting approach would have been the application of the previously
described Fmetallacycle mediate alkynealkyne coupling for the formation of the diene motif.

In contrast to the previous case,a subsequent [4+2¢ycloaddtion of the intermediate
titanacyclopentadienel 58 and the cyclopentenone double bond would be conceivable. Similar

methodologies were recently used by Micalizigt al. for constructingcomplex carbocycle$?!
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Both described optionsn the best casewould lead to intermediatel 18 The finalization of the

synthesis would proceed as described in chagtérl

(0] (o)
OH
protection, then
(0] H as in chapter 2.1.1 N | R Nazarov R
------------- b EERRRRE H
wiMe TMS H H
(\N Me Me
\) HoMe ''IMe ''Me
© H Me H Me
152 153: R=0OTBS 155: R = OTBS
154: R = SPh 156: R = SPh
o) T™MS
(o)
~_ Me
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(oxidation) HWE
---------- » H 7 R Rl H /
H
Me Me H
1iMe HiMe
H Me H Me
157 148
1 alkynylation, E
i Ti-mediated .
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v coupling *
— —%
o T™MS T™MS
H Me
(0]
[4+2]-CA,
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Scheme9: Adapted plan for the synthesis of tetracyclic intermedihes.

2.2.2 Attempts of the Nazarov Cyclizatimler TB&rotection

The synthesis of the TB8otected precursor153 for the silicondirected Naarov cyclization
proceeded smoothly (schent®0). After TB$rotection of the primary alcohal52, the divinyl
ketone motif was constructed under similar cotidns as described in chapt@rl.2 The yields
in generalwere even betterand the problems related to the instability of the TMEBne motif

were eliminated. Related to thigspecially the yields after the asymmetric hydrogenation step
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could be inceased significanthandthe compounds' characterization was no longer problematic

Additionally, separation of diastereomers was possible aftereduction of Weinreb amidé60.

1.) TBSCI, ImH, DCM, 96%; 4.) 1 mol-% (R)-Ru(OAc),
(Hg-BINAP), MeOH

2.) Cp,oZrCly, LIAIH(OBu);, 5 bar Ho 50 °C
. 2'
OH THF, 92%; OTBS 5. 141, H,NMe(OMe)Cl,
o H 3.) 133, "BuLi, THF, M DCM, 94% (2 steps),
-78 °C to rt, 99% 0 e H dr ~ 3.6:1;
N nwiMe > \ >
'"1Me
(\ H Me 0 HO lo)
1] H Me
0 HO,C.__P~gEt P'§
\
152 OEt 159 Z>NT SN
133 N N
Me =l \~/
141
6.) DIBAL-H, DCM, o
78 °C 80%;
OTBS 442 pcm, 77%:
o, Me H 8.) 143, ‘BuLi, -78 °C, 79% N | otes
> s\ _y
MeO—N ‘1iMe 4 A Me
\ (o]
Me H Me ‘1iMe
Oy __PPh; N Me
160 | 153
142
Br.
N 1ws
L 143 )

Scheme30: Synttesis of the TBfrotected silicordirected Nazarov precursdi53

With intermediate153in hand the siliconrdirected Nazeov cyclization could be tested. The hope
was that without the acieéensitive TM$liene motif which seemed to prevent the desired
reaction before the transformation would be feasle now as the TBfrotected alcohol showed
much higher stability towards Lewis acids. Similar conditiasslescribedn chapter2.1.3were
appliedfor the silicondirected Nazarov cyclizatioftable 2) Inthe cases where no significant
conversion was observethe reaction temperature was increased in K&teps. Unfortunately,
in none of the cases the formation of the desired prodwLsb could be observed. Even though
the substrate turned out to be much mestable under all of the applied reaction conditions and
no immediate decomposition was observed as befapon increasing the reaction temperatyre
only advancing decomposition wabserved in most cases. ThE-NMR spectra of the crude
reaction mixtues afterthe aqueous workup indicated a loss of the OTB®iety, presumably

related to a Lewis acithediated opening of the cyclopropane ring.
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Table2: Attempts of the planned silicedirected Nazarov cyclization of substréig3.

o o
N l OTBS conditions OTBS
——¢—> H
™S\ _, H
Me Me
1iMe '1iMe
H Me H Me
153 155
entry conditions result
1 1.05eq. FeG| DCM (0.M), -50°C to-30°C decomposition
2 0.2eq.eq. FeG| DCM (0.M), -50°C to-30°C decomposition
3 0.6eq.eq. FeGl 1.5eq. HO, DCM (0.M), -50°C t0-30°C decomposition
4 0.6eq.eq. FeG| 1.5eq. MeOH, DCM (0M!), -50°C t0o-30°C decomposition
5 0.1eq.BRIOE:, E£O (0.1M), -78°C decomposition
6 0.1eq. B(@Fs)3, DCM;78°C to O°C decomposition
7 0.1eq.rac-99, DCM, rt decomposition
8 0.1eq. b, MeCN (0.M), rt decomposition

2.2.3 Attempts of the Nazarov Cyclization under Thioether Protection

After the OTB®$rotecting group turned out to be too unstable towards Lewis acidic d¢immdi in

the attempt of the Lewis acid catalyzed silicalirected Nazarov cyclizatiothe right arm of the
molecule was protected as a thioether to prevent any complicaticalated to Lewis acidic
conditions. ih that way it was planned to elucidate if a Nazarov cyclization is applicable at all for
the formation ofthe desired cyclopentenone starting from the specific substrate type. The
protecting group was installed by treating primary dob152 with diphenyl disulfide ad
tributylphosphine in pyridine to obtain the corresponding thioetheaimexcellentyield %6 The
remainingsynthesis of Nazarov precursbs4 proceeded without complicationss described in

chapter2.2.2 in mostly very good yields (scher@g).
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4.) 1 mol-% (R)-Ru(OAc),
(Hg-BINAP), MeOH
5 bar Hy 50 °C

1.) (PhS),, P"Bug_ py, 91%;
2.) Cp,ZrCly, LIAIH(O'BU)3,

OH THF, 97%; SPh 5.) 141, H,NMe(OMe)Cl,
H 3.) 133, "BuLi, THF, M DCM, 82% (2 steps),
o -78 °C to rt, 99% 0 e H dr~4.8:1;
wiMe - \ >

N ''IMe
(\ H Me 0 HO o
1] H Me
Hoi. o, iy
152 133 OEt 161 J N7 NN

e N,

6.) DIBAL-H, DCM, o
-78 °C 85%;
SPh 7.) 142, DCM, 89%;
o, Me H 8.) 143, 'BuLi, -78 °C, 87% N | spn
>

T™MS H

MeO—N_ ''Me h Me

Me H Me 0 PPh "1iMe
/O\NJl\é 3 H Me

162
142

B
N 1us

\ 143 )

Scheme3l: Synthesis of SPirotected precursod54for the silicondirected Nazarov cyclitian.
After the successful synthesis of the Spfotected precursod54for the silicondirected Nazarov
cyclizationthe same conditionasdescribed before were applied to trigger the desired reaction.
Under thesame reaction conditionsvhich led to rajpd decompositiorof the previoussubstrates
no significant conversion of the starting material was observEide reaction temperatuie
consequentially wre increased in 1& steps At a certain temperaturgn all of the casesslow

decomposition startedUnfortunately, no product formation could be observed.
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Table3: Attempts of the planned silicedirected Nazarov cyclization of substréig4.

o o
iti SPh
\ I SPh conditions H
T™MS H
Me H Me
"1iMe '”Me
H Me H Me
154 156
entry conditions result

© 00 00 N o o b~ W N P

1.05eq. FeG| DCM (0.M), -50 °Crt

0.2eq.eq. FeG| DCM (0.M),-50°C to rt

0.6eq.eq. FeGl 1.5eq. HO, DCM (0.M), -50°C tort
0.6eq.eq. FeG| 1.5eq. MeOH, DCM (0M!), -50°Cto rt °C
0.1eq.BRIOE}, EtO (0.1M), -78°Cto rt

0.1eq. B(EFs)3, DCM-78°C to reflux

0.1eq. B(GFs)s, DCE, rt to reflux

0.1eq.rac-99, DCM, rtto reflux

0.1eq.rac-99, DCE, rt to ribux

0.1eqg. b, MeCN (0.M), rt

slowdecomposition
slowdecomposition
slowdecomposition
slowdecommsition
slowdecomposition
slowdecomposition
slow decomposition
no conversion

slow decomposition

slow decomposition

After extensive experimentationit had to be concluded that the envisioned siliedinected

Nazarov cyclization of the present substrate type was not viable. After comparistime of

investigated substrates for the desired reaction with literatkreown substrates that underwent

cyclization under the tested conditionsome differences became apparent that presumably

rendered the transformation unsuccessful.

In the original work bDenmarket al, the silicondirected Nazarov cyclization of one substrate

with the same substitution pattern as the substrate$9, 153 and 154 was described. In this

case the divinylketone was methysubstituted. Even with the smallest possible sitisint, the

yield of the reaction with 54% waslativelylow compared to the other substrates us&#.To

the best ofour knowledge only one substrate with the same substitution pattern and an aliphatic

substituent in additionto the one described by Denmaek al., is knownin the literature. In that
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case the carbon atom connected to the divinylketewas secadary1°1 The substratesised in

this work displayed a tertiary carbon next to tpesition ofcyclization Steric repulsion might
have prevented the systenfrom adaptingto the reactve conformation. Reviewing the recent
publications addressing Nazarov cyclization discussed in chaf@enother factor becomes
apparent.Most ofthe applied substrates either are part of a (pdlgyclic system rendering the
compounds more rigidhusfacilitating the cyclization processr display an aromatic substituent

or an oxygen atom directly connected to the divinylketone stabilizing the cationic intermediate.
As the substrates investigated inigshwork were lacking both of tise factors faciliating the

reaction the activation barrier for the cyclization is suspected to be too high.

2.3 Approach lll:hRE RCMDielsAlder Approach

2.3.1 Retrosyntheticralysis

After no conditions could be found to trigger the desired silidmected Nazarov cyieltion, the
retrosynthetic analysis was adapted once more. As the Dileler reaction still seemed to be a
promising way to construct the siand the severmembered ringin one stepit was aimed for
an alternative option for the construction of the dgpentenonel48. In the new approackhhis
was planned to be accomplished ln RCM reaction of diese163 & 164 to obtain
cyclopentenoned55& 156after subsequent oxidatiorthe diens163& 164shouldbe obtained
by a sequence afduction of the Weinreb amided65 & 166 to the corresponding aldehydes
asymmetric organocatalytit,4-addition,*%8l and 1,2-addition. The synthesis diVeinreb amides

165 & 166, starting from lactonel 2], isdescribed in chaptex2.2.2 and 2.2.3
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Diels-Alder

analogous
to previous

(o] H approach
e {———1
o

asymmetric
1,4 addition

H Me R

121 H Me
165: R = OTBS 163: R = OTBS
166: R = SPh 164: R = SPh

Scheme32: Adapted retrosynthetic analysis of euphorikaninda)(

2.3.2 Construction of the Cyclogenone

The envisioned,4-additionintroducing the vinyl group reliedn an organocalytic 1,4-addition

of I -nitroethyl sulfone 170 as a masked vinyl anion equivalafgveloped byPalomoet al. A
proposed catalytic cycle is depicted in scheB3 The mechanism starts with the formation of
iminium ion 169 starting from prolinokderived catalyst 167 | y R {i KuSsaturated
aldehydel68 as starting materials. The intermediatel69 is formed in a way that steric
interactions between the bulky substituent on the pyrrolidine ring and the substrate are
minimized. Subsequentlya 1,4-addition2 ¥  GnitrSethyl sulfone(170) takes place from the
backside of intermediaté69asthe bulky substituent of the prolinaderivative sterically shields
the front side By tydrolysis othe productcatalyst adductL72, the catalystl67is regainedand

the primary productl73is liberated. Subsequent)ynitrous acid is eliminated directly to form

vinyl sulfonel74.
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R
-HN H
\ 4—02
PhO,S Ph
R o 173 NO, Ph R/\/\o 168
174 / OTBS \

@
| OTBS N)
172 I OTBS
) 169
R "”(\SOZPh |
N R HO ® SO,Ph
02 Né\/ 2
\

Scheme3: Postulated catalytic cycle involved in Paldsorganocatalytit -vinylationprotocol2 ¥ -Ungaturated
aldehydeg168).[108]

The secondary reaction product, vinylfeule 174 can be converted to the degidi -vinylated
aldehydel76in a onepot procedure. Firstthe aldehyde function is at& protected under acid
catalysis. Subsequemtl the resulting intermediate can be reductively desulfurated by

magnesium. Findl, hydrolysis yields the desired produci6 (scheme34).

a.) HC(OMe);,

cat. PTSA
$0,Ph b) Mg, TMSCI,
[ EDB j\)\ aq HCl j\/\
T
R No
174 175 176

Schemed4: One pot conversion of vinyl sulfod&4to i -vinylated aldehydd 76.

By the application of this onpot procedure to prochiral aromatic and aliphalttic:unsaturated
aldehydes (168), Palomoet al. 02 dzf R 2 0 @inylated ald&h$desi76 in excellent

enantiomeric excess and good yield. Hence, it was anticipated that the reaction would be
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applicable tathe stereoselective construction of the8Xstereacenter oftarget mokcule31 and

enable the formation of the cyclopentenone in the envisioned way.

The OTBSand the SPiprotected Weinreb amided.65and 166 obtained on the previous routes
were reduced by DIBAH to the corresponding >unsaturated aldehyde Those were usgin
tf2Y20U0a&a 2 NBihyaOTha prinaryd,4a0ditionturned out to be messy already
for both substrates. Iithe case ofthe OTBSprotected compoungthe subsequenthattempted
acetal formation did not lead to the formation of a defined smot TLC. Irthe caseof the
SPhprotected substratehe following reactions were conducted as described by Paletrad.,

' yR 0 KS -viRydated aiiByRle 177 could be obtainedn arather poor yield of 26%ut as

a single diastexomer. It was tried tooptimize the yield by isolation of the intermediates to

suppress undesired side react®iJnfortunately, no increase in yield was observed.

1.) DIBAL-H, Et,0, -78 °C.
165: R = OTBS: 98%

O,Me 166: R = SPh: 83%

] 2.) 20 mol% 167, 1.7 eq. 170, DCM, rt; o
then HC(OMe)3, PTSA, MeOH, rt;
then Mg, TMSCI, DBE, rt;
then aq. HCI, rt

R =0OTBS:
decomposition,
R = SPh: 26% 177

H Me

165: R = OTBS, Ph

‘R= Ph SO,Ph
166: R = SPh N O,N7 72

H  oTBs 170
167

Schemed5: Attempts of thel -vinylation starting from Weinreb amidesl65and 166.
In this way the i -vinylated aldehydel77 could be obtaied even though the yield was paor
Nonethelessthe synthetic route was continued. With aldehy@ié7 in hand, al,2-addition, an

RCM reaction, and final oxidation were nes&y to finish the synthesis of enot&6.

The 1,2-addition was achieved by application of the commercially available Grignard reagent
vinylmagnesium bromide yieldingla2:1 mixture of diastereomeric alcohol64. RCM reaction
proceeded rapidly with secal-generation Grubbscatalyst(178) in DCM at room temperaire.
Oxidationof the resulting cyclopentenolsy PCC resulted in the formation of cyclopenten®b6é

in an acceptable yield.
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1.) vinylMgBr, THF,

-78°Ctort,

84% (dr =1.2:1)
2.) 2 mol% 178, (o)

DCM, rt, 66%
3.) PCC, DCM, rt,

)560/0 H Mes’N N\Mes
(o]
H SPh CI:Rlua
Me niMe PCy3 Ph
H Me 178

156

Scheme36: Synthesis of cyclopentenoris6.

2.3.3 The Pummerer Rearrengement

To obtain the desired aldehydE57 from thioether 156to enable theplanned formation of the
dienemotif for the DielsAlder reaction a sequence applying the Pummerer rearrangement
depicted in scheme37, was planned tdoe applied. The Pummerer rearrangement allows the
conversion of an alkyl sulfoxidd80) to an h-acyloxythioether (184) in the presence of a
carboxylic acid anhydride 81).[1% In the greater image, this reaction allowset conversion of
alkyl thioethers 179 to aldehydes 185 by a sequence consisting of thioether oxidation,
Pummerer rearrangement, and final hydrolysis (sch&¥ge This type of sequence was applied

in the synthesis of various natural produéts: 11

2)

P S {

1.) [Ox] o] o®© R 3 0~ “R
s__R I I 181 | 3
RS N2 > S__R, > @ Rr s® R
1 O 2 OS2 - 2
R1 R1 R1 tr
179 180 180 /yH 182
e
o)
o ®
J\ R/SQ/RZ RSN R2
HO R3 1 /V 183 1 Y 3.) hydrolysis; 0 R,
— oL Ry ——» Y
. R D H
\n/ 3 5 -R,SH
o) 184 185

Scheme37: Synthesis of aldehyde$&5) from thioesters 179) by a sequence involving the Pummerer reagement.
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The oxidation of thioetherl56 to the sufoxide 186 by mCPBA proceeded smoothly.
Subsequently, the Pummerer rearrangement was testedhleyaddition of acetic anhydride or
TFAA. This resulted in the rapid conversion to a complex product mixture at low tempearature
NMRanalysis of the product mire showed that the thiophenyl moiety was still incorporated in
the products. Additionally, the formation of new double bonds was indicataot no
incorporation of trifluor@cetate could be seen. This indicated the instability of intermediate
cation188. It is supposed that this intermediate could undergo follop/rearrangements under

the opening of the strained cyclopropane (scheB8&.

[ 2 G)_ TFAA/AC,0
Cc20,
) MCPBA, Ph\g/o lutidine, ACN,
DCM, 0 °C H 20 °C
— —
SPh H
Me niMe Me 11Me
H Me
186

H Me
/o\n/R Q.Ph
-RCO,H i
o) 2 H | 3 _mlxture gf
E— —_— ring-opening
. products
Me 1MMe ‘iMe
187 188

Scheme38: Attempted Pummerer sequence and postulated fallap reaction.
These results showed that thenvisioned Pummerer reaction for the thioether removal was
incompatible with the substrateAs the sequence for the construction of the cyclopentenone only

worked with the thioether protecting groyphe approat had to be dismissed.
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2.4 Approach IVHE PausorkKhand Approach

2.4.1 Retrosynthetic Analysis

As all the plans relying on a Didlkler reaction to close the sevanembered ring tested before
failed, a novel approach was developeth alternativewayfor the construction of the 5,fused
core of euphorikanin £31) comprised an intramolecular Paus#&and reation. By this reaction

the five- and the severmembered ring were envisioned to be closed in a single step.

In the final step of the planned symsis(scheme39), the methyl group on @ of the target
molecule 31 shouldbe introduced byPd-catalyzed methylation of theinyl triflate formed of
ketone189[7%1 The sixmembered carbocycle of the target moleculgas planned to be
construced by a sequence consistingasfRCM reaction andnintramolecular aldol addition to
a h-ketoester The precursor for the RCM reactioh90 was intended to be obtained by
epoxidationof the PausorKhand productl91, reductive epoxide openingnddirecttrapping of
the alkoxide The five-membered Aring and the seveimembered @ing were planned to be
obtained ina singlestepby intramolecular PauseKhand reactionTwo options were envisioned
for the synthesis of the precursofer this reaction In one way, precursorl92 could have been
obtained by a sequence of Rlatalyzed asymmetric malononitrile addition followed by some FGls
starting from enynel93 This enynd93wasled back to intermediatd 94 already obtained on
the previous route by some sirtg transformations.The second alternative comprised an
asymmetric organocatalytic aldol atidn of aldehydel96 for the construction of theG11
stereocenteri'? A following OhiraBestmann alkynylatioand TBSrotectionwould lead to the
PausonKhandprecursor195. Aldehydel96 could be led back to known intermediafe4 by

simple transformations.
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aldol addition RG reductive epoxide opening

Pd-catalyzed
vinyl triflate

methylation 3 189 190
e e Pauson-Khand :
Rh-cat. mal trile addit
Wittig Ohira-Bestmann cal. malononitriie addition
{ H \\J /
%Yﬂ\ ¢ N H
Me H I'’Me “Me Me niMe
Me
H Me
193 192
organocatalytic
. aldol addition
Wittig Wittig

Ohira-Bestmann , oTBS
" l Y A\
OTBS AN
o/ \ \0 H
Me H L’Me Me e
Me Me

194 196 195

Scheme9: Retrosynthetic analysis of euphorikanin34)(using an intramoleculadPausorKhand raction.

2.4.2Synthesis of the Paus#thand Recursor

The first approaciior the constructon ofthe G11 stereocenter of the target molecull (see
chapter 1.4.JwasaRhcatalyzed addition o& nucleophildo a methylalkynedeveloped by Breit
et all113 14\With the goal of the formation ofhe PausorKhand precursoi92 an addition of
malononitrileto alkynel193 seemed to be the most efficient optioMalononitrile (203) can be
used as aracyl anionequivaknt, as demonstrated by Helmcheat all**%! Theso-formed ester

could be converted to compountB2by reduction and subsequent alkynylation.
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Aldehyde 194 was already known from the pvéous Nazarov approactchapter 2.2.2 and
converted into the precursor for the Riatalyzed malononitrile additiot93in six stepsFirst,
aldehydel94 was mehylenated by a Wittig reactigrand TBSether wassubsequentlycleaved
by TBAFHigh volatilityof the compounds starting from this point of the route required careful
handling Aldehyde 197 was obtained in high yielthy LeyGriffith oxidatior*'¢! and further
converted toterminal alkynel98 by OhiraBestmann alkynylationThe subsequent methylation

required stoichiometri@amountsof DMPUto achieve full conversion.

1.) PhsPMeBr, KHMDS, THF,
-78 °C to rt, 93%,

H 2.) TBAF, THF, t, 100%, ) 127, K,CO;
4\‘/\4\/0TBS 3.) TPAP, NMO, DCM, 83% /\‘/\4\/ __ MeOH, 86%;
o
Me H L’Me
Me
194

.) "BuLi, DMPU, Mel, H o ﬂ
78°Ctort, 100%> p )J\[(P\
| "OMe
,,\\ OMe
Me H Me "Me 127 N,
Me
193

Schemel0: Synthesis of methylalkyr93.

With methylalkyne193 in hand the envisioned Ricatalyzed malononitrile addition could be
tested. The postulated mechanism of the Rhatalyzed malononitrile addition is depicted in
scheme4l. Thecatalytic cycle starts with thie situformed monomeric Rispecie200. Afterthe
coordination of the alkyn€01 and malononitrile(203), a protontransfer is enabled to form
Rhvinyl specie205. Sibsequent -hydride elimination leads tthe formation of the Rkhydride
specie206 and a coordinated alleneHydrometalationyieldsthe ™ -allyFRh complexX207, which

is formally attacked by the coordinated malononitrile anidReductive elimination liberates the

desired produc09andregenerates the catalytically active Rpecie200.117]
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[Rh(cod)Cl],
+

dppf
P, Cl P
rn )
P Cl P

Cl Me
Ps,, I\
CP'R:hI
N 'R
Il 4
]
]
NC H
H
o cl: H / 204
1, WY Cl
Rh \,R Ps,, |
P” | 'N I”Rh
H || Cp' \

206 CN

Schemet1: Proposed catalytic cycle for the Rhtalyzed addition of malononitril203) to a methylalkyng201).1113. 114, 117]
Several liganda/ere employedin the reactionto investigatetheir effect on diastereoselectivity
(table 4). Even though the desired reaction was conducted successfully under the described
conditions with ((pent3-yn-1-yloxy)methyl)benzeneas a test substrateno reaction was
observed usingubstrate193 [Rh(cod)C}las the precatalyst anthe phosphinebased ligands
dppf 211, entries 1 & 4), BINARX2 entries 2 & 5), and chirdbsiphos S10011 (213 entries 3
& 6) and PTSA in different solventhis might be caused kihie increased steric bulk of the
tetrasubstituted cyclopropane ih-position to the alkynewhich prohibits the proton transfer
from the nitrile to the alkyneHence no allene was formed, which should occur before the

malononitrile's actual addition
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Tabk 4: Attempts of the planned Rbatalyzed malononitril¢203) addition to alkynel93,

CN
N conditions NC
7 N K N
Me H Me Me
Me Me H k’Me
Me
193 210
o —
NC\/CN F|e PPh2 thP Fle E Y2
C>—PPh, OO PPh, o e
203 211 212 213
\_ J
entry conditions result
1 4 mol% [Rh(cod)GJ]10 mol9211, 2.0 eq.203, 20 mol% PTSA, MeC no conversio
80 °C
2 4 mol% [Rh(cod)GJ]10 mol%211, 2.0 eq.203, 20 mol% PTSA, MeC no conversion
80 °C
3 4 mol% [Rh(cod)GJ]10 mol9212, 2.0 eq.203, 20 mol% PTSA, MeC no conversion
80 °C
4 4 mol% [Rh(cod)GJ]10 mol%212 2.0 eq.203, 20 mol% PTSA, PhM no conversion
110°C
5 4 mol% [Rh(cod)GJ]10 mol%213, 2.0 eg.203 20 mol% PTSA, PhM no conversion
110 °C
6 4 mol% [Rh(cod)GJ]10 mol9213, 2.0 eq.203, 20 mol% PTSA, PhM no conversion
110 °C

As the allene formation was suspectedto be aproblem and allenesare potential starting
materials for theenvisionedtransformationas well the synthesis oéllene215was attempted.
Direct conversion of alkyné98to allene 215 was attempted by Crabbé reactidti® but the
reaction yielded propargylic amirgl4as the only poduct. As an alternativethe gereration of

allene215from amine214wasattempted bythe use ofdifferent conditiongtable5). Application
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of Cul and CuBr did not lead to any convergamries 1 & 2)Catalytic amounts of Pt{entry 3)
and Pd (entry 4)in combination withthe Lewis acidid®(GFs)-ligand resulted in conversion but
led to a complexinseprable mixture of the desired product215 and several unidentified
byproducts!'® Clean conversion of the starting materi2d4 was observed upon heating in
benzene in the presence of catalytic amounts of,Qatitry 5)1220 Repetition of the reaction in
GsDs allowed for characterization of e crude product(entry 6) but all attemptsto isolate
allene215 failed. After filtration of the reaction mixture and concentration under reduced
pressure only decomposition products were detecte®irect column chromatography of the
reaction mixture was attempted to remove cadmitnglated residues which possibly led to

decomposition but no allen215could be isolated aftethe column.

Table5: Attempts of the planned synthesis of alleB&5.

1.) (Pr),NH,
(CH20)y,
H Cul, THF, H H
y reflux, 89% y conditions /.4
—_— L —
Xy XX _NPr Z .
Me H 1’Me Me H 1’Me Me H 1’Me
Me Me Me
198 214 215
entry conditions result
1 0.5eq. Cul, dioxane, reflux no conversion

2 0.5 eq. CuBr, dioxane, reflux

3 5 mol% PgdbajiCHG, 10 mol¥P(GFs), CHJ, reflux
4 5 mol% P@Ac), 10 mol%P(GFs), CHG| reflux

5 20 mol% Cd) GHs, 80 °Csealed tube

6 20 mol% Cd) GDs, 80 °C, sealed tube

no conversion
complex mixture
complex mixture
clean conversion,
isolation failed
clean conversion,

isolation failed
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As the attempted Ricatalyzed malononitrile addition did not lead to the formation of the desired
dinitrile 210and allene215could not be isolategthe second option to obtaia suitablePauson
Khand precursor undehe control of the stereochemistry at-Cl1 of the target molecul81 was
tested Theorganocatalyzecddition of aldehydel96to formaldehyde was envisioned to fuilfi

this purpose.

The postulated reaction mechanism for the planned transformation developed by klillris
depicted in schemd&2.112 At the start of the catalytic cycl¢E)-enamine220is formed from
prolinol derivative216 and aldehyde?17. Rotdion around the GN-' -bond is hindered athe
steric interaction between former aldehyd&l7 and the bulky substituent on the pyrrolidine
should be minimized. This results in shielding of the front side of the molecule by this bulky
substituent and thus emntioselectiven -functionalizationby addition to formaldehyde2@1).
Product225is liberated ly hydrolysis of the sgenerated iminium catio224,and catalys216is
regenerated to close the catalytic cycle. Under the reaction condittbesormal praduct225of
the transformation reacts with another molecut# formaldehyde(221) to form lactol226. It is
noteworthy that Miller et al. never isolated produc26 due to its instabilitybut directly
convertedit to a more stable derivativefor example to the corresponding acid by Pinnick

oxidation or a corresponding >unsaturated ester by HWE reaction.
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v~ “OH v
R R Ph o
226 225 N Ph
/ " otms \\
Ph 216
OH N e P:h
|, OTMS N
Hm OH R, OTMS
R OH
1
224 218
S}
©om OH
Ph Ph
OH%Ph ﬁ Ph
|,’ OTMS \)I OTMS
H Ri
219

221

Schemet2: Postulated catalytic cycle of Miller's enantioselectiveydroxymethylation of aldehydg®17).1112
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A G-homologation of &lehyde197 had tobe conductedo generate the precursot96 for the
planned organocatalytic transformatiofscheme43). Treatment ofcompound 197 with the
pre-generatedylid of methoxymethytriphenylphosphoniunthloride gavean (E)/(2)-mixture of
methyl enol ethers whichvere hydrolyzed under acidic conditions withquior purification to

obtain aldehydel96in good yield.

Aldehydel196 was treated withagueousformaldehyde and catalys216 under the conditions
described by Milleet al. Aqueous workup was followed by tratment of the crude product with
OhiraBestmanmreagent After column chromatographic purificatioalkyne227was obtained in
good yield as a single diastereomer without any optimization. The obtained all¥nevas
directly used in the PauseKhand reaabn. Additionally two other derivatives were prepared.
First,the primary alcoholn 227was TB®$rotected to prevent detrimentaihteractionduringthe
PausonKhand reaction. Second, the terminal alkyi#/ was converted to chloroalkyn228 by
deprotonation and subsequent treatment with NCS to obtain another potentially promising

substrate for the planned cyclization.

3.) 30 mol% 216,

1) PhsPCH,0MeCl,
KHMDS, THF, Hﬁ(;obaf;‘ ). PhMe,
78°C / 4. F1)27 Kuc((e)r
H 2) aq. HCI, THF, )MeOH2 3,
(o) 83% (2 steps) o
= “ » 2 H 74% (2 steps)
Me H I’Me Me H I’Me
Me Me
197 196 TMS
)H(I OMe
5) TBSCI, ImH, N 6.) "BuLi, NCS, THF, \\
DCM, 95% 78 °C, 93%
— . oTBS > oTBS
=z H
Me H L’Me
Me

195

Schemel3: Preparation of the precursors for the planned Paugdrand reaction.
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2.4.3 The Pauseaiihand Reaction

The Pauso#Khand reactionis a powerful and widely used tool for the formation of

cyclopentenones in natural product synthesspecially of terpened?!]

The classical Pausdthand reaction represents a cobatiediated formal [2+2+1] cycloaddition
of analkyne, an alkeneand carbon monoxidgfirst reported by Pauson and Khand in 19%%.
The mechanism of the reactipras postulated by Magnust al. in 198, is depicted in
scheme 44.123. 124 The reaction starts witlthe formation ofthe binuclear cobalt comple229,
which can be isolated in many cas€@sordination of the alkae can occuafter the dissociation
of an additional carbonyl ligan&ubsequently, the coordinadealkene ingrts into a €Co bond
to form complex232via transition state231 Afterthe coordination of onemolecule of carbon
monoxide, Cénsertion into thenewly formedCcCo bond takes placeéfter the addition of
another CO moleculereductive eliminationvia transition state235 generatesthe binuclear
Cocomplex of the product A36). Dissociation of G@ECO§ leads to the liberation of
cyclopentenone237.1123. 1241 _ater, minor correctionsvere made after more detailed studiglsut

the overall mechanism could be confirm@ep: 126!

OC co OC
0C);Co—Co(CO — 0C),Co— Co 0
Coz(COJs 200 (0C)s €0k —  (0C) (0C);Co— Co~
R oo / —> X i
H H
229 230 231
t
oc, co OC\/CO//}) oc co 0O
(0C);Co— 007 +CO (0C)sCo=Coz 1 (OC)3C3£COJ/
H H H H
232 233
- 14
Co(CO)s
A 0 9
_> .

(oc)3ccl)——’ COZ CO)6
(0C);Co-- ( ;

236 237

Schemet4: Mechanisn of the PausoiKhand reaction postulated by Magnus et!at; 124
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After the development of this cobalt mediated [2+2+1] cycloadditidifferent analogous
transition-metakcatadyzed processes were developettich apply for examplerhodium:,[12712°]
titanium-,13%  ruthenium-,*34  nickel,1*3d  or zirconiumbased!*®! procedures under
CQOatmosphee. The reaction found wide application in the field of natural product total synthesis
because especially the intramolecular Paugdrand reaction allows the formation of complex

bicyclic structurefrom relatively simple substraté& 1351

Theconventional conditions for the Paustthand reaction were testefirst. The formation of
the alkynecobalt complex worked smoothlyas indicated by full conversion of the starting
materiak 195& 227to a defined spot oTLC after two hours at room temperaturdeating the
resulting complexes in toluene did not result in any converstablé 6, entries 1 & 6).The
addition of TMANO as aN-oxide additiveis known to potentially enhance the reaction by
oxidation of a Céigand to CQ@ generating a free coordination site for the alkeries application
only led to partial decomplexatigi®® but no product formation was observed (entries 2 &'7%.
Theformation of severmembered rings by the Paus#thand reactiomas already been reported
to be dhallenging due to the low population of the reactive conformationthe initial cyclization
step.*38 This problem could be solvdor some substrates byérezCastellst al. by the addition

of molecular sieves to the reaction mixture for the thermal and TMANDced Pauso#hand
reaction!'38 13°IThe observed promotion of the reaction westionalized by the adsorption of
the substrates on the surface of the molecular sieves and a subsequent preorganization of the
cobaltalkyne complex anthe alkene to facilitate the cyclization evest.certain rapprochement
of the alkyne and the alkenby the cissubstituted, strained cyclopropane was anticipated
anyway. Together witPérezCastellsmethodology this wasenvisioned to render the Pausen

Khand reaction successful despite the necessary formation of a-$egsrbered ring.

Hence after the formation of the cobakalkyne complex at room temperaturtéhe PausorKhand
reactionof the TBSrotected substratel 95and the unprotected substrate27was testedn the
presenceof molecular sieves with (entries 4 & 9) and without (3 & 8) TMANdLtion. No
reaction was observed in the absence of TMAN®@e addition of TMANO led tpartial

decomplexatiorand regeneratiorof the starting materiald 95and227 as before. Subsequently,
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also a hodium-catalyzed reaction was attemptdualy application of [Rh(C2ClIp as the catalyst

under a C@tmosphere but no conversion was observéehtries 5 & 10).

A final attempt to enable the Pausdthand reaction was the use of chloro alkyz#8in the
rhodium-catalyzed version of the reactionn 2011 i was shown by Ens et al. that the
polarization of the triple bond by ahloro substituent facilitates the rhodiwtatalyzed Pausen
Khand reaction, allowinghe reaction to proceed under very mildconditions'*® The
methodology was recently applied by Yang and Chen in the course of their synthesis of
(b)-spirochensilide A#1 Unfortunately, under the application of chloro alkyne228 in the

Rhcatalyzed PauseKhand reactiopno conversion was observed as well (entry 11).
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Table6: Attempts of the planned Pausethand reaction.

Ry o, R
\\ 1
conditions OR,
R, — X H
z H
., Me 11Me
Me H Me
Me H Me
227:R;=H, Ry = H; 229: Ry =H, Ry = H;
195: R, = H, R, = TBS; 230: Ry =H, Ry =TBS;
228: R =Cl, R, = TBS 231: Ry =Cl, R, = TBS
entry substrate conditions result
1 195 1.0 eq.Co(COy, PhMe, rt to refluXsealed tube) no conversion
2 195 1.0 eq. Cg(COy, PhMe,3.0 eq. TMANO;10°C to reflux 195
(sealed tube)
3 195 1.0 eq. C&COy, 4A MSPhMe, rt to refluxsealed tube) no conversion
4 195 1.0 eq. C&(CO}, 4A MSPhMe,3.0eq. TMANO;10°C to 195
reflux (sealed tube)
5 195 10 mol% [Rh(C&glpk, CO (balloon), rt to reflugsealed no conversion
tube)
6 227 1.0 eq. Cg(COg, PhMe, rt to refluysealed tube) no conversion
7 227 1.0 eq. Cg(COy, PhMe,3.0 eq. TMANO10°C to reflux 227
(sealed tube)
8 227 1.0 eq. C&COy, 4A MSPhMe, rt to refluxsealed tube) no conversion
9 227 1.0 eq. Cg(CO}, 4A MSPhMe,3.0eq. TMANO;10°C to 227
reflux (sealed tube)
10 227 10 mol% [Rh(CeQIp, CO (balloon), rt to refiu no conversion
11 228 10 mol% [Rh(C&gIlp, CO (balloon), rt to reflux no conversion
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2.5Approach V:Hfe AldolRCMAIdol Approach

2.5.1 Retrosynthetic Analysis

Since the PausorKhand approachfor the construction of the A/@dring system of
euphorikanin A(31) did not succeeds well an entirely new retosynthetic analysis was designed
The plan involved the use ddfromoenone236. The synthesis othis intermediate 236 was
developed in the Gaich group in the course of the synthesis of pepldd@l starting from
commaecially available (+3-carene(39) and employing a sequence developed by Baatal. for

the synthesis of ingen®

The endgame dhe envisioned synthesis featur@dl-catalyzedmethylationof avinyl triflateand

the final formation of the lactone ring as described in chap2et.1 to obtain the target
molecule31 starting from intermediate232 (scheme45). The dtter was planned tdoe obtained

by a sequence of aldol condensation and subsequent directed hydrogenation using Cgabtree
catalyst to generate the fivenembered Aring[*3 The aldol precurso233 was plannedto be
generated by a sequence df4-additionto enone234followed byh -hydroxylation and Wacker
oxidation. The key intermediat@34 should be obtained starting fromthe aforementioned
bromoenone236by a sequence df,4-addition, Reformatskitype aldol addition to aldehyd235,

RCM and elimination of the secondary alcohol.
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Pd-catalyzed 1,4 addition;

vinyl triflate 1, 2-addition Wacker oxidation
methylation aldol
(o]

condensation

31 232

QTBS Reformatski-

O _A~ Me
o
o T

g;é H 235

7,
Me Me Me Me

(+)-3-carene (39) 236

Schemel5: Retrosynthetic analysis eluphorikanin A31) by useof bromoenone236.

2.5.2 Synthesis of the GRIng Building Block

The synthesis of the C/iing building block proceeded smoothlyThe conversion of
(+)-3-carene(39) to chloro hexaone 237 by applicationof Barans conditions vas conducted on

a decagram scalé” Intermediate 237 could be converted to bromo cyclohepteno286 by a

protocol developedoy Po Yuanin our groupemployinga sequenceconsistingof methylation,

formation of TB®nol ether238, cyclopropanationand ring enlargement!*? The subsequent
l4addiion g & O2y RdzZOGSR GAGK @Ay eafydnd @ arideiie 0 NP Y A
application of the Lipshutz protocBf*!employing TMSCI ad_ewis acidln this waythe C/D-ring

building block239could be obtained in 88% yield asingle diastereomer. Overall, the synthesis
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of compound239required six isolated steps and could be accomplished in gram scale and 22%

combined yield.

3.) LiNap, Mel, HMPA,

Me 1.) NCS, DMAP, DCM cl fo) THF, -78°Ctort, 55%,  Me OTBS
2.) O3 DCM/MeOH, -78 °C, 4.) KHMDS, TBSOTf
the thiourea, 48% (2 steps) THF, -78 °C, 100%
> >
H H H H H H
Me' Me Me Me Me Me
39 237 238
6.) vinylMgBr,
¢ CuBreSMey,
5.) CHBr3, ‘BuOK, o LiCl, TMSCI,
PE, -20 °C; Br THF, -78 °C,
then Ag,0, HBF,, Me then aq. HCI,
EtOH, 83% -78 °C to rt, 88%
’ —_—
H
H .,
Me Me
236 239

Schene 46: Synthesis of CABing building block239.

2.5.3 Synthesis of the Aldehyde Building Block

After the successful synthesis of building bl@8®, the side chain necessafor the construction
of the sixmembered Bring needed & be synthesizedshielding of the back side of molec@lg4
was crucial to allow a selective attack from the front sidehe planned 1,4addition. For the
introduction of the stereocenteran auxiliary controllegreliable method developed by Evaet
al. was choseit*®! The methodology relies on-deprotonation of h =unsaturated carbonyl
compound240 with NaHMDS @&-78 °C. At that temperaturethe O-(2-enolate 241 is formed
selectively and the molecule adpts the depicted conformation due tothe chelation of the
sodium cation. The backside aftermediate 241 is shielded bythe isqropyl group of the
D-valinederived auxiliary. Hence, theactionof the enolatewith Davis oxaziriding(242) occurs
from the front side accounting forthe diastereomeric outcome of the reactioAlcohol245is

formed dter the elimination of imide244and protic quench.
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© A\
“ipr Me “ip ( Tpr 0
240 Ph—L- ~S0,Ph piY’  “s0,Ph
242 243

Schemel7: Postulated mechanism of the diastereoselectivhydroxylation of carbamat240.

Auxiliary 246 had to be coupled with acid chlorid247 to enable the previously described
reaction Auxiliary 246 was deprotonated by'BuLi and treated withfreshly prepared acid
chloride247 to yield carbamate240. Compound 240 was then deprotonated antteated with
Davis oxaziridine(242). It was crucial to quench the reaction with a solution of an organic acid
(PTSA or C®8th worked) in THF a78 °C snceaqueousjuenching resulted ia rearrangement
related to the hydroxytanion as described by Evaret alll#®l Because separation of the
h-hydroxylation produc45 from imine 244 wasdifficult, the crude material was treated with
TBStriflate and lutidine to obtain TBSrotected dcohol 248 as a single diastereomeaafter
chromatographic purificationA two-step procedure for the cleavage of the auxiliary had to be
applied sincehe direct treatment of carbamat@48 with hydride-based reducing agents led to
partial TBSleprotection of the secondary TB&her. The auxiliary was cleaved undére
formation of the n-dodecyl thioester by treatment with deprotonated-dodecanethiol. The
auxiliary246 could be reisolated at this pointh€& thioester was reduced to the corresponding
aldehycae 235by DIBAIH at-78°C.In this way, aléhyde235 could be obtained in fivesolated

stepson agram scale and 61% overall yield.
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2.) NaHMDS,
Davis' oxaziridine,

THF, -78 °C,
I . then PTSA
o) 1.) "BuLi, THF, -78 °C o) 3.) TBSOTY, lutidine, O
/[( then 247, -78 °C /[( o DCM, 0 °C, o”« (o]
(o] to rt, 949 (o) 76% (2 steps
LM e > |\/N4/<—<Me — L
’iPr ’iPr Me ”'Pr OTBS Me
246 240 248

4) C12H258H, nBULi, THF

-78 °C to rt, 100% 0 (o} Me
5.) DIBAL-H, DCM, H /u\)\
-78°C, 86% cl Me
' 4%—(
247
OTBS Me

235

Schemel8: Synthesis of aldehyd235by auxiliarycontrolledh -hydroxylation.

2.5.4 BRing Formation by Reductive Aldol Addition and RCM

With the two building block " -bromoketone 239 and aldehyde235, in hand the planned
reductive Reformatskiype aldol additiorwas attempted (table’). Several different protocol$or
this transformationwere developed in the past!tl Someapproaches relpn the reduction of the
bromoketone by metallic zindor example assisted by additivesuchas E£AICI as Lewis acid for
the formation of an aluminurenolate and CuB#* Other protocolsgenerateboron-enolates
under radical reductive conditiors'” zincenolates after lithiation withBuLji*4® or inducealdo}
additionby SETrom Smp in the presencef different additived!4% 150t is noteworthy thatthe
use of Smiled tothe direct elimination of the formed hydroxgroupin some casgg*° which
was undesired in the specific case as complications due to the formation @&)/éh-product

mixture wereanticipated.

Therefoe, the Zrbased procedure reported Hyozakiet al. underthe application of EAAICI and
CuBr as additivesas tested first!4”] Conversion of the two starting materia235& 239at low
temperatures as described in the literaturavas tested(table 7, entry 1). A solution of the
starting materials was added dropwise oweperiod of twohoursto a mixture of zinc andhe
additives listed in tabl&. 'H-NMRanalysiof the reaction mixture revealed barely any conversion

of bromoketone 239. Only trace amounts of the desired produ2#9 and traces of the
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debrominated starting materig50) were detected. An elevated reaction temperature did not
change that outcome (entr®). As an alternativethe more reactive zinsilver couple was
employed with and without the addition of catalytic amounts of coppdromide (entries 3 to
5). Nore of the combinatiors of zinc sources and Lewis acid seehto bereactive enough for an
efficient reductive enolatdormation starting from bromoketon239. Next conditions described
by Kobayashi and Kawashima under the applicatioiBoEi and Znlere tested(entry 6).148]
Different reaction times foenolateformation and the aldol reaction itself wesereenedbut no
significant improvemenin yield and reproduchility was achievedn addition,the separation of
the aldol product249 andthe debrominated side produ@50 by column chromatographwas
difficult. Finally, the Smi-mediated protocol described by Kodanet al. was tested.No
conversion of the startingnateriak occurred at-78 °C (entry 7)Satisfactorily, the dropwise
addition of a mixture of the starting materials to an excess ob 8mIHFat room temperature
resulted in the clean conversion to aldol prodd#9 as a single diastereomédentry 8) No

formation of an elimination produgts described by Ligt al, was observed.*d
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Table7: Screening of conditions of the reductive aldol addition.

oTBS

Me

239 249 250
entry conditions result

1 1.5eq.Zn 1.1 eq. BAICI, 1.1 ecR35,5 mol% CuBifHF;20°C 239 + traces o0f249
to rt and250

2 1.5eq.Zn 1.1 eq. BAICI, 1.1 eq235 5 mol% CuBFHFyeflux 239 + traces of249
and250

3 1.5eq.Zn(Ag), 1.1 edERAICI, 1.1 eqR35, THF;20°C tort 239 + traces 0f249
and250

4 1.5eq.Zn(Ag), 1.1 eq. EAICI, 1.1 eqr35, THFreflux 239 + traces 0f249
and250

5 1.5eq. Zn(Ag), 1.1 edAICI, 1.1 eg235, 5 mol% CuBTHF, 239 + traces o0f249
reflux and250

6 2.5 eq.'Buli, 2 eq. ZnlTHF;78 °C, then 1.2q.235,-78°C to best yield: 369249,

rt, different reaction times tested inseparable  mixture
with 250
7 3.0eq. Smy, 1.1 eq235, THF;78°C no reaction
8 3.0eq. Smy, 1.1 eq235, THF, rt 88%249

After the successful preparation of aldol addu#9, the plannedRCM needed to be performed
For the optimization of the progss the secondgeneration Grubbscatalyst(178)*5 and the
secondgeneration Hoveyd#&rubbs catalys252)[152 were tested(table 8). With both catalysts
no reaction was observed in DCBVen under reflux condition&ntries 1 & 2) Therefoe, the

solvent was changed to toluene to allow higher reaction temperatesdries 3 to §. After
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optimization of the procedurgthe best yield was obtaineby running the reaction in toluene at

80°C and by successive addition of threen&%portions of the catalystThis result was

independent of which of the two catalysts was ugettries5 & 6) In this way the desired

tricyclic produc51could be obtainedvith anexcellent yield of 98% (tab®). For the upscaling

of the reaction secondgeneration Grubbscatalyst 178) was used as in the case of application

of secondgeneration Hovegla-Grubbs catalysf252), side products related to the catalyst were

observedwhich were hard to separate from the produzs1l

Table8: Optimization of the RCM reaction of die249.

e ™
oo, oS M\
H% 3
e N \ Mes/N\rN‘Mes
conditions Me |Mes— Y ~Mes CI,R
> Cl/ cl* :u_
H crr N &
H Y, PCy; PN \r
Me Me
178 252
249 251 \_
entry conditions result

10 mol%l78 DCM, rt to reflux, o.n.
10 mol%252, DCM, rt to reflux, o.n.
10 mol%178 PhMe, 60C

10 mol%252, PhMe, 60 °C

15 mol%l78, PhMe, 80 °C

15 mol%252, PhMe, 80 °C

O O A W N P

no conversion
no conversion
71%251
74%251
98%251
98%251

After successful ringlosure elimination of the secondary alcohol to construct end2#4 and

enable the plannedl,4-addition was aldressed Two strategies were considered for this

transformation The first and more convenient optiomasa directelimination of the hydroxyl

group, analogous to an aldol condensation under acid or baseliated conditions!5315% The

secondoption was a twestep procedurdan whichalcohol251was convertedo an appropriag¢

leaving group firstand a basemediated eliminationtook placein a separate stepDirect

elimination was attempted first byhe use of the Brgnsted acid PTSA and TFoA the base
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potassiumtert-butoxide. Acidic conditions ledmainly to the decompositimn of the starting
material(table 9, entries 1 &2), whereaso conversion was observed upon treatment wit®Bu
(entry 3) Using PTSA at elevated temperatytezce amounts of the mmaticside product253

were observed.

Table9: Screening of conditions for the direct elimination efiydroxy ketone251

oHo, otes o oTBS o)
M Me
Me Me conditions € Me Me
H H
H . : H ‘, H ‘s
Me ,Me Me Me Me Me
251 234 253
entry conditions result
1 10 mol% PTSA, PhMe, rt to reflux mostly decomposition, trace253
2 10 mol% TFA, DCM, 0°C to rt decomposition
3 10 mol% K&Bu, THF, 0°C to reflux no conversion

As the diect elimination did not seem very promisinthe two-step procedurewas tested.
Various esters of organic and inorganic aci@se consideredor that purpose The formation of

a triflate, a benzoate, a trifluoroacetatand a mesylat®f the secondary abholwasattempted
(table10).11561591 The first attempt made was the mesylation of alcoR61 under basic condition

in the presenceof catalytic amounts of DMAP in DCM at room temperature. The reaction
succeee@d and producedthe desired product254 in good yieldon 10mg scale (entry 1).
Unfortunately, the experiment could not be reproduced due to unknown reasons. Under the
same conditions at room temperatureo conversiorwasobserved even after purificatioof the
appliedmesyl chloride by distillatiofentry 2) A change of the solvetd THF did not affect the
observed outcomgandthe application of elevatedemperatures only led toehe decomposition

of the starting materia{entry 3) Thusthe functionalzation with other leaving groups was tested.
The reaction withtriflic anhydrideled to full consumption of the starting materidabl, but the
intermediate255was not stable under the reaction conditions. Hence, ¢tindyformation ofthe

aromatzed prodwet 253 was observed. ntermediate 255 could not be isolated under any
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conditions (entries 4 to 6). As an alternatitke less reactive trifluoroacetat@57 should be
obtained by treatment of alcohoR51 with trifluoroacetic anhydridepyridine and DMAP. No
conversion of the starting materialas observed even under reflux conditiongentry 7) The
sameresult was obtainedising benzoyl chloride undanalogousonditions(entry 8) After these
disenchantingobservationsthe initially successful asylation was tested once agajentry 9)
Surprisinglythe mesylation in toluene as the solvergsulted in the clean conversion of the

secondary alcohol to the corresponding mesyl25d in areproduciblygood yield.

Table10: Seeening of conditions for the functionalization iothydroxy ketone251

o H% :\OTBS o RO,,‘ :\OTBS o
Me Me conditions Me Me Me Me
—>
H H H H
H ., H ., 254: R = Ms, "M
Ma Me Ma ‘Me  255:R =TT, Me Ve
256: R = Bz,
251 257: R = CF5CO, 253
entry conditions result
1 3 eq. MsCl, 6 eq. N&tLO mol% DMAP, DCM, rt 70%254(10mg scale)
2 3 eq. MsCl, 6 eq. N&tLO mol% DMAP, DCM, rt toflex no conversion (rt),

decomposition (reflux)
3 3 eqg. MsCl, 6 eq. N:tL0 mol% DMAP, THF, rt to reflux no conversion (rt),

decomposition (reflux)

4 1.5 eq. O, py, rt 253

5 1.5 eq. TO, 2 eq. py, 10 mol% DMAP, THF, rt 253

6 1l.1eq. T$0,1.2eq.NEg, 10 mol% DMAP, THF, rt 253+251

7 1.5 eq. TFAA, 2 eq. NEtO mol¥©MAP DCM rt to reflux no conversion

8 1.5 eq. BzCl, 2 epy, 10 mol¥OMAP DCM rt to reflux no conversion

9 3 eq. MsCl, 6 ed\&3,PhMe, 0 °C to rt 83%254, reproducble

Asmesyhtion of alcohol251 finally worked the eliminationto the enone 234 was attempted.
Sincecompound 234 tended to undergo further elimination of TBSOH to fothe aromatc

compound253,exactlyl.0eq. of the strong base DBU was usé&tis allowed fothe quantitative
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formation of enone234. The acidsensitive compound was obtained in analytically pure form

after carefulagueous workup.

MsO OTBS
MO, otBs o K
15) 1.0 eq. DBU,
Me Me THE 1t, 100% M€ Me
_—
H H
H Y, o
Me Me Me Ve
254 234

Schemel9: Synthesis of enon234.

2.5.5 Attempts of Ring Gnstruction by Aldol Reaction

With enone234in hand the planned sequence df,4-addition of a vinyl anion, trapping of the
enolate as silyénol ether and subsequent Rubottom oxidation could be tested. THeaddition
under the use of the Ligsutz protbcol**4 as applied before (chapte?.5.2 led to clan
conversionand trapping of the enolate with TMSCI turned out to be successful as well without
complications Rubottom oxidation employinghCPBA yielded mixture of TM$orotected and
deprotected alcohok58. Redissolving the crude reaction mixture kiFfandhe addition of acetic

acid delivered the desired tertiary alco288in good yield as a single diastereomer with correct

configuration (schem&0).

1.) CuBreSMe,, LiCl,
vinylMgBr, TMSCI,
THF, -78 °C, 80%;

(0] \\OTBS then NEt; -78°C to rt;
2.) mCPBA, DCM, 0 °C,
Me Me then AcOH, THF, 79%
H
H A
Me Me

Schemés0: Preparation of tertiary aldml 258.

76



The subsequent transformation was planned to be a Wajcker oxidation. This transformation
of a terminal alkene to a methyl ketone represents a powerfutdadalyzed reaction used in

research laboratories as well as in indudtf. 161

The conventional TsdyWacker oxidation is conducted using Pd&$ a catalyst in a solvent
mixture of DMF and water undethe addition of coppe(ll) chloride under an oxygen
atmospherel!% The catalytic cycle is depicted in scheBfe The reaction starts witolvated
PdCi (259), which coordinates the terminablefin 260). Subsequentlya Markovnikowtype
addition of water takes place to the partially positively charged carbon atom of the double bond
in a hydroxypalladation forming fkdomplex262 This camindergo d -hydride elimination. After
decomplexationthe desired methyl keton€63) is formed.Subsequentlyreductive elimination

of HCI from Pdcomplex264leads toPd-specie265. To close that catalytic cyckhis has to be
reoxidized. This ismanaged by a coupled catalytic cycle. GuGl responsible for the
aforementionedoxidation process forming Cy@ihich itself is reoxidized by the stoichiometric

oxidizing agent oxygeff?

2HCI+0.50,
A
2 cuCl RN
" 260
L,Pd"Cl,
2 CUCIi%/
L,CIPd"— |\5
L,Pd° R
265
HCI

L,Pd"HCI HCl

CIPd"
>/ o

Schemeés1: Catalytic cycle of the conventional TSiacker oxidatior6

263
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A known problemthat was anticipated to play a role in the planned syntkesi the
regioselectivity of the reaction in the case of allylic and homoallylic alc888[Ehis observation

is explained byhe coordination of the substrate oxygen atom to the Lewis acidic'Rdom of
the catalyst(scheme 52)The hyroxypalladation of intermediat@67 then can occur through
different pathways by Markovnikov and amiarkovnikov addition of water, which in many cases
leads to the formation of product mixture of aldehyd@69 and methyl ketone268 (part A,
scheme 52), while sometimes even the selective formation of only the aldehyf® is

observed164

A. classical Wacker conditions:

T
o
x_ AO~R < R o
1 ] @
Pd'X, —>» X,Pd\/ . Me +
266 ~_ P _OH, OR OR H
267 2 268 269
B. TBHP-mediated Wacker with bidentate ligand:
- 1@ -~ 1@
N 'N AN "' 0
Pd" B O/Pd —> R
s N —_— -
Bu” /4 “ % R Me
OR OR oR
R R
270 271 272

Schemé2: Rationalization of aldehydéormation in the conventional TsejWacker oxidation (part A) and postulated
intermediate in Sigman's Pd(quinox)Ctalyzed Wacketype oxidation/16!

Several strategies exi$b circumvent this problemThe more conventional approach would be to
use an orthogonal twestep procedure of oxidation of thela@ne toa secondary alcohdby, for
example oxymercuratioft®® 671 or Mukaiyama hydratiof68 169 and subsequent oxidation.
Additional to that in recent yearssevera Pd'-catalyzed TsujiWacker oxidation protocols were
developed specifically tailored for the described problem. Especially Sigghahaddressed the
issueby ligandcontrol of the hydroxypalladation step. Thereédsidentate nitrogencontaining
ligands suchas quinoline-2-oxazolineand sparteine were applied to shield the palladium atom
during the reaction to prevent coordination of the substratexygen functionalitiegpart B,

scheme52).[165. 170l Another nethodology developed by Fernandes al. involves the use of
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Pd(OAg) as the catalyst and MnCasthe terminal oxdant in a heterogenic system. Whilee
exact mode of action remains speculatiiteould be shown that oxygenated substrates that tend
to aldehyde formation under conventional TsMjacker conditions were converted to the

corresponding methyl ketone selectively.

In the case of theplanned TsujiWackertype oxidation of terminal alken258 to the desired
methyl ketone233 most of the abovementioned strategies were tested (tablEl). Application

of the classical TstiWacker conditions only led to decomposition (entries 1 &2)When MnQ
was used as the terminal oxidant under Fernandesaditions in contrast to his obswations an
inseparable 4.1:1 mixture of methyl ketorz33and aldehyde73was obtainedn apooryield of
38% (entry 3¥:74 Oxymercuration using Hg(OAo©y the more reactive HgUQCE).led to rapid
decomposition of the starting material (entries 4 &%¥! The same was true when Mukaiyama
hydration conditions were applied (entry 85 Using a recently pulshed methodology by
Kndlkeret al. employing anron-based catalyst also led to decomposition (entry'?).Finally
the application of Sigmas protocolusng Pd(quinox)Zhs the precatalyst and TBHP as terminal

oxidantmethyl ketone233was formed selectively ian acceptable yield of 56% (entry 185!
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Tablell: Screening of conditions of the Wackexidation of olefin258,

_—

entry conditions result

1 0.2eq.PdCl, 1 eq.CuCl, DMF/pD (7:1), & (balloon) rt slow decomposition

2 0.2eq. PdC], 1 eq.CuCl, DMF/ED (7:1), O (balloon, stream) slow decomposition
rt

3 0.2eq.PdC4, 4 eq.MnOz, MeCNH20 (7:1), rt 38%233/273(4.1:1)
4 1.2 eqHg(OAG) THF/HO (1:1), rt, then NaBklin NaOkhq.) decomposition

5 1.2 eq.Hg(&CCE)2, THF/HO(1:1), rt, then NaBklin NaOkkq) decomposition

6 20 mol%Co(acae) 2 eq.PhSiH, Q(balloon) THF, rt decomposition

7 20 mol% Fe(dbre)2 eq. PESiH, EtOH decomposition

8

20 mol% Pd(quinox)£K0 mol% AgSbkFL2 eq. TBHR), DCM, 56%233
rt

With methyl ketone233in hand the crucial aldol reaction could be testeltherefore the enolate

or the enole ofthe methyl ketone233had to be formed to allovthe nucleophilic attaclon the
other ketone moiety. As the methyl group of the methyl ketone dorepresent the least
hindered GH acidic position of the molecylehe first attempts focused on the kinetic
deprotonation of this position with sterically hindered bases at low temperatures to enable the
aldol addition(table 12). When KHNDS or LDA wengsed at-78 °C no conversion of the starting
material was detected. Hence the reaction mixture was gradually warmed K &@ps.
Unfortunately, upon increasing the temperaturenly intense coloration of the solution and
complete decomposition are obseaved (entries 1 & 2)The aldition of HMPA to enhance the

reactivity of the lithiumenolate did not change the outcome of the reaction (entry 3.
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deprotonation under kinetic conditions did not lead to the formation of the desired prodiddt
thermodynanic conditions using higher temperatures and weaker bases were tested. st
and KCQ were tested in MeOHs a protic solvenfentries 4 & 5). In both casgbe desilylated
alcohol275was obtained after a short reaction time, presumably by the &ttatcmethanolate

at the silicon atom of the protection group. In consequen¢@Bu, asa sterically more hindered
base was used in the aprotic solvents THF and benzene. At room tempeyanireonversion
was detected. Upon heating the reaction mixturesly decomposition was observed (entries 6
& 7). Finallyenamine catalysis was attempted by treating the substrate with pyrrolidine. At room
temperature no significant conversion was observed. Upon heatohgcomposition started

(entry 7).

Tablel2: Attempts of the planned intramolecular aldol reaction of diket@83.

233 274 275
entry conditions result
1 1.2 eq. KHMDS, THF/8 °C to rt decomposition
2 1.2 eq.LDA, THF78 °C to20 °C decomposition
3 12 eq.LDA2 eq. HMPATHF;:78 °C to20 °C decomposition
4 2 eq. KCQ, MeOH, rt 93%275
5 2 eq. KOH, MeOH, rt 76%275
6 KOBu, THF, rt to reflux decomposition
7 KOBuU, PhHIrt to reflux decomposition
8 2 eq. yrrolidine, DMF, rt to 60 °C decompositon
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At this point the apprehension was that the tertiary alcohol could be responsible for the observed
decomposition reactions After deprotonation of theh-position of ketone 233 an aldol
elimination could take plact form enedione276, which coud, for example further eliminate

TBSOH to form aromiatcompound77, which could undergo further followp reactions.

Schemé3: Postulated start of the decomposition of diketoB83under basiconditions.
Diketone 279 should subsequentlybe synthesized without the tertiary alcohod test this
hypothesis If the following sequencevould prove feasiblea latestage GH-oxidation (see
chapter2.1.]) to introduce the tertiary alcohol was considerel he adapted substta necessary
for this plan was quiteasily accessible by quenching thd-addition of the vinyl cuprate with

aqueousHCl instead of NE{scheme 54) and subsequent TsutjVacker oxidation.

oTBs 1) CuBreSMe, LiCl,

o N vinylMgBr, TMSCI,
THF, -78 °C; then
Me Me HCI,-78°Ctort, 83% Me
e
H
H .,
me Me
234 278

Schemeés4: Synthesis ofinylketone278.
For the TsujWacker oxidatiopno problems with a competing aldehyde formatj@s in the case
of substrate258, were anticipated as the tertiary alcohol was missifgplying the conventional
TsujtiWacker oxidation conditions with a stationary &imosphereonly led to poor conversion
(table 13, entry 1) In contrast when a stream of oxygen was bubbled through the solytion
conversion wasighly improved Surprisingly aldehyd280was formed selectely (entry 2). This

must be related to the ketone moietyvhich of coursecan also coordinate the Rchtalyst.
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Applying MnQ@as the stoichiometric oxidant led to the dominant formatimirmethyl ketone279
together with minor amounts of aldehyd279 but in an overall pooryield. While screening
conditions surprisingly it was found thatthe application of catalytic amounts of Pd(OAahd
DMP as the stoichiometric oxidant led to the exclusive formation of desired methyl k2#&ie

anacceptable yieldf 60% (entry 4).

Tablel3: Screening of condition of the Wackexidation of olefin278.

278 279
entry conditions result
1 0.2eq.PdC}, 1 eq.CuCl, DMF/pD (7:1), & (balloon) rt slow conversion

2 0.2eq.PdC4, 1 eq.CuCl, DMF/ED (7:1), & (balloon, stream) 43%280

rt
3 0.2eq.PdCl, 4 eq.MnO;, MeCNH20 (7:1), rt 38%279280(5:1)
4 0.2eq. Pd(OA@) 1.5 eq.DMP, MeCIH,0 (7:1), rt 60%279

With the desired methyl keton279in hand the plannel aldol addition could be tested. The use

of methanol as a protic solvent was avoided smilar substrate233 tended to undergo
desilylation under basic protic conditions. Interestingly, the application of the sterically hindered,
strong bases KHMDS anbDA.led to no conversion of the starting mater2a9, even at room
temperature (table 14, entries 1 &2). This observatiorvalidated the assumption that the
decomposition of hydroxylated substra283was related to the tertiary alcohol functionality (see
scheme53). Unfortunately, even undethe addition of HMPA for the activation of the lithium
enolate no conversion was observed at room temperature (entry 3). It seemed that the
envisioned aldol addition wasot favored.Potentially, as the aldol additigorocess is reversible,

another explanation might be thahe addition-product was formed as an intermediateut the
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starting material was reformed upon wotp. An aldol condensation under thermodynamic
conditions was tested to render the aldol reactioreversible Treatment of diketon@279with

KOBu in THF or benzene led to no conversion at room temperature and decomposition at
elevated temperatures (entries 4 & 5). The attempt of a Lewis-meadiated aldol addition
applying TB&iflate only led tothe formation of a complex, insepable mixture of silyl enol

ethers (entry 6).

Tablel4: Attempts of the planned intramolecular aldol reaction of diket@¥®.

279

entry conditions result

1 1.2 eq.KHMDS, THF/8 °C to rt no conversion

2 1.2 eq.LDA, THF/8 °Cto 1t no conversion

3 1.2 eq.LDA2 eq. HMPATHF;:78 °C to rt no conversion

4 0.2 eq.KOBuU, THF, rt to reflux decomposition
5 0.2 eq.KOBu, PhHrt to reflux decomposition
6 3 eq. BSOTTf, 5 eq. N:fTHF, 0 °C complex mixture

As the envisioned ringlosure by aldol reaction did neithesork for substrate233, containing the
tertiary alcohol,nor substrate279, not including the alcoholnother option for the ringclosure
wasconsdered. Thel,4-addition of an isopropenyl anion was planned to enabieRCM after
Rubottomoxidation andl,2-addition of a vinyl anionQubsequent deoxygenation should lead to

the key intermediate283 (schemeb5).
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N 1,4-addition;
Rubottom; deoxygenation;
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--------- b R Ll
H
H .,
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234

Schemés5: An adapted synthetic approach towarohtermediate283.

For the desiredl,4-addition, first, Normant cuprates were testedor accessibilityreasons
applying commercially available Grignard reag@s®.'’3l Besides Cul as the conventional
copper() sourcetable 15, entry 1), the copper(l)lmmide-DMS adduct was applied undie use

of the Lipshutz protocdt*¥ which turned out to be most efficient in thé,4-addition of vinyl
cupratesto substrate234as deschied in chapte?2.5.41144 The reaction was tested with (entB)
and without (entry 2) the addition of TMSCI as Lewis acid for the enone activationth&siher
cases no conversion bthe starting material was observedven at room temperatureAlso,
Gilman cuprates were testé#*l The lithium organyl was prepared from the corresponding vinyl
bromide285by lithium-halogen exchangeith ‘BuLjand the cuprate was subsequently prepared
in situ by transmetallation Besides the classicaonditions (entry 4)several additives were
tested, which were described the literature to enhance the reactivity of either the cuprate or
the enone. The addition of tributyl phosphine as a ligand for the cuprate (ert®y! 6y HMPA
with or without the addition of TMSCI as Lewis acid (entries 6 ,&’%did not lead to any
conversioneven at room temperaturelThe aldition of boron trifluoride as a strong Lewis acid to
activate the enon@34177:178] |ed to the rapidformation of thepreviouslyobserved aromatized
product 253 (entry 8 see table 10, chapter 2.5.4Theseobservations indicated that all applied
cuprates were not stable enough at reaction temperatures at which a 1,4 reacbold have

potentiallytaken place.
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Tablel5: Attempts ofthe planned1,4-addition of isopropenyhucleophileso enone234.

Me Me conditions

e

‘s
Me We J]\ J]\
Me Br Me MgBr
284

234 285

entry conditions result
1 0.2 eq. Cul3.0 eq.284, THF;78 °C to rt no corversion
2 1.0eq.CuBr-SMg 1.0eq.LiCl 3.5 eq.284, THF;78 °C to rt no conversion

3 1.0 eq. CuBr-SMg 1.0 eq. LiCl, 3.5 eq. 284, 1.5 egq. TMSC no conversion
THF78°Ctort

4.0eq.'BuLi,2.0eq.285,1.0eq.Cul,THF;78 °C to rt no convesion
2.0eq.'BulLi,1.0eq.285 1 eq.Cul,2.2 eq.PBu, THF;78 °C tort  no conversion
4.0eq.'BuLi,2 eq.285,1.0eq.Cul,2.0eq. HMPATHF;78 °C to rt no conversion
4.0eq.'BuLi,2.0eq. 285, 1.0eq. Cul,2.0eq. HMPA1.5 eq. TMSCI no conversion
TH-,-78 °C to rt

8 4.0eq.'BuLi,2.0eq.285, 1.0 eq. Cul, BR-OE$, THF;78 °C to rt 253

~N o o1 b~

A potential reason for the failure of the envisionggl-addition could be thesterical hindrance
of the starting material. The bulky OTBS grouph&! -position of the ketone could prevent an
effective 1,4 attack of the cuprate. As the length of a silicarbon bond is bigger #m the one
of a carborcarbon bongf*” cuprates generated from vinybromide 288 were used for the
1,4-addition to sterically demanding substrat&$® 181|f the reaction worked, the produc89
could be converted analogoushs shown in scheme 55ubsequently, the resulting vinyl silane
could be converted to intermediat283 via convession to the correspondent vinyl iodide and

subsequenPd-catalyzedmethylation[180. 182]

For the reactions described in the followingnyl bromide288 was treated with'BuLi for a

lithium-halogen exchangeand the resulting organdithium compound was used for the
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preparation of the corresponding Gilman cuprate under the listed conditionslerthe use of

Cul without additivesno conversion was observed even after warming the reaction to room
temperature succesivdy (entryl). Alsg applying the Lipshutz prototalid not change this
outcome with or without the addition of TMSCI (entries 2 &'3Y.The addition of tributyl
phosphine or HMPA did not lead to conversion as well (entries 4 to 6). Also, the application of

cyano cuprate derived from288did notbring the desired success (entries: 8).

Tablel6: Attempts of the planned.,4-additionto enone234.

o otBS
Me Me conditions Me
—X—
H TMS__ _B
H r
ol e T
234 288 290

entry conditions result
1 4 eq.'BuLi,2 eq.288 1 eq.Cul,THF;78 °C to rt no conversion

2 2 eq.'BulLi,1 eq.288 1 eq.CuBr-SMg 1 eq.LiC] THE-78 °C to rt no conversion

3 2 eq.'BulLi,1 eq.288 1 eq.CuBr-SMg 1 eq.LiC] 1.5 eq. TMSC no conversion
THF;78 °C to rt

4 2 eq.'BulLi,1 eq.288 1 eq.Cul,2.2 eq.P'Bw, THF;78 °C to rt no conversion

5 4 eq.'BuLi,2 eq.288, 1 eq.Cul,2 eq. HMPATHF;78 °C to rt no conversion

6 4 eq.'BulLi,2 eq.288 1 eq.Cul,2 eq. HMPAL.5 eq. TMSCIHF- no conversion
78°Ctort

7 2 eq.'BulLi,1 eq.288 1 eq. CUCNTHF;78 °C to rt no conversion

8 2 eq.'BuLi,1 eq.288, 1 eg.LiCu(2thienyl)CN, THF78 °Cto rt no conversion

As the desired latestage aldol condensation ithe previous approach failed withifferent
substrates and under various conditioasd strateges relying on thel,4-addition of other
nucleophiles failed as wel,novel approacltomprisinghe promising key intermediat234was

designed.
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2.6 Approach VIHE AldolRCMConiaEne Approach

2.6.1 Retrosynthetic Analysis

The target molecul&1 was led back to the keton291, which was planned to be converted to
the natural product31 by the lactone formation sequences discussed in chapted. Tetracyclic
ketone 291 wasintended to be obtained by anetalcatalyzed Coniane reactiofi®3! of alkynyl
ketone292, followed by reductive deoxygenatippossibly under Pdatalysid*®¥ The Conigene
precursor292 should beobtained by a Rubottom oxidation and a subsequ#&j&addition, as
well as some FGls starting from Jd&£®| ether293, that was planned to be generated starting

from key intermediate234by 1,4-reduction for example by hydrosilylatiori!&®]

1,2 addition

Conia-Ene

OH-deoxygenation

euphorikanin A (31)

Me TESO

as before
H
’/

Me Me

hydrosilylation

(+)-3-carene (39) 234 293

Schemé6: Retrosynthetic analysis of euphorikanin34)(utilizing aConiaene reaction.
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2.6.2 Attempt of &onventional ConiBne Reaction

For the preparation of the envisioned Comae precursoR92, first, al,4reductionof enone234
under the formation of a siylSy 2 £ S (i K S NiydiyatighAiwddSredessaryherefore,
several conditions were testedt first, hydridebased methodolgies were applied. The use of
L-selectride, which has been shown to perform selectivd-addition on cyclic enoneB?g!
surprisingly, led td.,2-addition (table 17, entry 1) Alsq the application of a copper{batalyzed
DIBAEH-mediatedmethodology for thel,4-reductionof ketones led to the same result (entry 2).
This was probably because of the strong steric hindrance due to the bulkgro&s which
already led to problems ithe case of thel,4-additionaddressed in chapter 2.5.5. @®quential,
complementary methodologies were tested. The application of the methodology employing the
copper(l) hydride complex [(B)CuHdeveloped by Strykest al. underthe addition of TMSCI
resulted in the formation of the aromatized produ2$3 (entry 3)[871 Birch conditions lé to the
formation of a complex product mixture (entry @38 In consequence, antion was turnedo
transitionrmetalcatalyzed hydrosilylation reactions. Initial efforts were made employing the
divinykdisiloxane Ptbased Karsteds catdyst!*®?] While the desired prduct 293 could be
obtained, the reproducibility was rather bathdependent of the reaction temperature and
catalyst loadingoften, no full conversion was observed after reaction times of multiple days
(entries5 & 6). Luckily, it was found that [Rh(Oeh@)} catalyzed the desired transformation
effectively and reproducibly (entry).'8% The optimization of this hydrosilylation of compound

234was part of the bachelor thésof Nomi Busse in our grolig®
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Tablel7: Screening of conditions for thie4-reductionof enone234.

OTBS

TESO HO

conditions

M “Me

234 293 294 253
entry conditions result
1 1.5 eq. kselectride, THF78 °C 294
2 0.1 eq. Cul, 0.1 eqg. MeLi, 1.2 eq. DHBIAB.O eq. HMPA, THF8 °C 294
3 0.32 eq. [(P5P)CuHy, 2.0eq. TMSCI, PhH, rt 253
4 6.0 eq. LiNHs, THF;78 °C complex

mixture

5 10 mol% Karstetk catalyst, BSiH, rt 25-63%293
6 10 mol% Karstetk catalyst, BSiH, rt to 95 °C 16- 65%293
7 1 mol% [Rh(OH)(cod)[E&SiH/THF (1:1)t 80- 84%293

A postulated catalytic cyelfor the transitioametalcatalyzed hydrosilylation of enones is
depicted in schem&7. The process commences with the oxidative addition of the sda®&H
bond to the catalysP95to form metal hydride296. This then camteract withenone297by " -
|y Rcodrdination. Subsequently, insertion takes pladerming complex299, which in the
following can undergo reductive elimination to form the desired wiybl ether 300 and
regenerate the catalys?95. Besides the catalysts tested for the trarmshation, various other

platinoid-based catalysts can be applied for similar transformatiéfd?+
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Schemé7: Postulated catalytic cycle for éitransiion-metalcatalyzed hgrosilylation of enones.

As the synthesis of TS0l ether293wassuccessfylthe subsequent Rubottom oxidation could
be tested.ApplyingmCPBA as the oxidgnn this caseresulted in relatively low yields of the
desired alcohoB01. Alsq the reproducibility of the experiments was rather bad. This problem
occurred using DCM, CHG@F ethyl acetate as solventable 18, entries 1 to 3). értunately, the
use of the milder oxidant MMP¥! |ed to the formationof product 301 in reproducibly good
yield (entry 4).
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Tablel8: Screening of condition®f the Rubottom oxidation of TESol ether293

TESO

293 301
entry conditions result
1 1.1 eq.mCPBA, 2.0 eq. NaH§OCM, 0 °C 23-57%
2 1.1 eq.mCPBA, 2.0 eq. NaH¢GQHGJ 0 °C 37%
3 1.1 eqmCPBA, 2.0 eq. NaH§BA, 0 °C 40- 59%
4 0.55 eq MMPR6 H,0, 2.0 eq. NaHGCDCM/MeOH (1:1), 0°C  80%

Subsequentlythe propargylmoiety was introduced to ketong801 by Grignard addition applying
the canmercially available -propynymagnesium bromide. Thus, di802 was obtained in
qguantitative yield. While substrate 302 showed no reactivity towards TBAF, desilylation
proceeded smoothly under acidic conditions in methanol. Due to the high polagiingous work

up was omitted at this stepSubsequent oxidation by IBX led to the formation of Cesme

precursor292in good yield84

Me
2.) cat. PTSA,
o \\OTBS MeOH, 78%,
N 1) propynylMgBr, . 3.) IBX, DMSO,
Me THF, 45 °C, 100% Me 90%
T
301 302 292

Schemé8: Synthesis of the Coniene precurso292

Recrystallization of keton292 from toluene provided single crystals of the compound, which

allowed unambiguous confirmation of the correct stereochemistryu(écg).
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Figure9: ORTEP &f92with ellipsoids drawn at 50% level and hydrogen atoms omitted for clarity.
With ketone292in hand the planned Coni#ne reaction could be tested. The Corgae reaction
is a longknown methodologyfor the construction offive- and sixmembered carbocyclesy
thermal sigmatropic cyclization of enolizable carbonyls with tethewedctivatedalkyne or
alkene moietiesThis represents a variation of the classical ene reactirich is athermally
allowed all suprafacial[”?b ?b 2] sigmatropic rearrangementegarding the Woodward
Hoffmann rules (part A, schem®&9).°¢1 The conventional thermal Conéne reaction was
in-depth described by Conia and Perchec in 19%6t(B,scheme59),19%! while in fact a base
catalyzed analogous reaction of specific substrates was already described in 1953 by Eglington
and Whitng [1°7]
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A. Classical ene reaction:
s> H 2 H
NI —— |
NV !
T|:2
303 4 305

30
B. Thermal Conia-ene reaction:

Ph (o} H Me o Ph (0]
Me M a - Oj k| | 3894, © Me
// — P me - =
306 307

308

Schemé9: Classical ene reaction (part A) andmple for a thermal Coniane reaction described by ConiadaRerchec
(part B).[56' 196]

As for the classical thermal Coraae reaction in generglextremely high temperatures are
necessaryand therefoe the overall functional group tolerance is limitgd recent yearsseveral
catalytic versions of the Conéne reactionhave beendeveloped.A wide variety of transion-
metalcatalysts turned out to be applicabte the reaction. Besides dominantly used'-hased
catalystg'92%] for example CB,/2%U Ni'-and YH'-,[202 Fd!\ [203] Zpj\. [204] |niil. [205] C-[206] and
PdP-based??’] catalytic systems were developed.is worth noting that all theaforementioned
catalytic versions of the Conene reactiondza Sketd esters as substrase They show a much

higher @ I OA R A dpdsitiéhyand ih&r&oe &re muchmore easilyenolizable.

For the more challenging catalytic Coeiae reaction of simple ketones with unactivated alkynes
a more limited set of ptocols is knownOne commonly used approach is the activation of the
ketone bythe formation ofasilytenol ether and subsequent application of Au-based catalytic
system asPhsPAuCIlin combination with AgBFThis methodology was developed by Toste
al.?%land was laterfor example used in Plietkeés synthesis of someigrotoxanealkaloidsf?9!
Another mode of activation developed by Dixat al. is represented byaminecopper
co-catalysis. By the applicatoof chiral amines for the enamirfermation, desymmetrization
could be achieved ithe course of the reactiof1° Dixoris methodology was shown to represent
a viable alternative for the more conventional activationtime form of a silylenol ether in
Plietkets aforementioned synthesis of iprotoxane alkaloidsl?®® More recently an

enantioselective Coniane reaction of simple linear ketones was reported by W&sa. by the
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cooperative ation of B(GFs)z as Lewis acid sterically hinderetNZlkylamineas Lews baseand
a Znbased atalyst!’®l In additionto the metalcatalyzed Coniane reaction alspthe more
conventional baseatalyzed versions havto be mentioned. For example, a Coriae reaction
of acyclohexanone with a tethered alkyne catalyzed biB&Qvas applied in an early stage of the

total synthesis of (+yvaihoensene by Huang and Yang €t‘al.

As the substrat€292 for the envisioned Coniane reaction represents a neactivated simple
ketone, the application of the latter methodologies was prioritiz&tbnetheless, the application
of the most common Atbased catalysts together with different additives was tested. A
hypothetical mechanism for the envisioned reaction is depicted in sch&n€he catalytic cycle
starts with the coordination of alkyn810 by the catalytically active cationic Aapecies309.
Subsequent tautomerization allows the attack of the eBbP on the activated triple bondria
transition state313. Protodeauration of intermediat814leads to the formation of the desired

product315and regeneration of the catalytically active'Apecies309.

Me Me
) I
0
315
®
PhPAU 310
309 \\
Me
Ph;PAu Me @
® PhyPAu--f|
ON
Z H (o)

314
31

313 312

Schemds0: Envisioned catalytic cycle of the 'Auatalyzed Coniane reactiorn/®!
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In the initial attempts toward the envisioned Corgiae reactiorof ketone292 conventional Al
based catalystss described by Tostt al., were tested% PrsPAu(OTf) was preparéd situby

the combination of PEPAuUCI and Ag(OTtable 19.entry 1). Aroom temperature no conversion
was observed, while at elevated temperatarenly decomposition took place. The same result
was obtained under the use of fBAU(NTH (entries 2 & 3).Subsequentlya basecatalyzed
Coniaene reactionas described by Hung and Yangvas attempted? Unfortunately, uponthe
addition of K(Bu to the substrate in DMBnly decomposition took place (entry 4). Alsmder
copper(lYamine cocatalysisas described by Dixoet al., no product formation was loserved
(entry 5)?10 Wasas procedure for the Coniane reaction of unactivated ketones through
cooperative action of BgEs)s, PMR and Znd or PRPAuUCI was tested (entries 6 & 7). Upon use of
PhePAuCldecomposition took f@ce at elevated temperatures, wheret® use of Zniresulted

in no conversion of the substra92 Additiondly, in situformed PRPAUYBR)was applied under
the addition of water as a proton source. While no conversion was observed at room temperature

decomposition took place at elevated temperatures (entry 8).

Tablel9: Attempts of the planned Coniane reaction of keton@92

entry conditions result

1 0.1 eq. PBPAUCI, 0.1 eq. Ag(OTf), DCHg reflux decomposition

2 0.1 eq. PBPAU(NT®), DCE, rt to reflux decomposition

3 0.1 eq. PBPAUNT®S), PhMe, rt to reflux decomposition

4 0.5 eq. K@u, DMF, rt decomposition

5 5 mol% Cu(OTf), 0.2 eq. BRh2 eq. pyrrolidine, DMF, 70 °C  slow decompsition
6 0.1 eq. PEPAUCI, 0.1 eq. B{f)3, 0.2 eq. PMP, DCE, rt to reflu decomposition

7 0.1 eq. Znl 0.1 eq. B(Fs)3, 0.2 eq. PMP, DCE, rt to reflux no conversion

8 0.1 eq. PBPAUCI, 0.1 eq. AgBBCE/ED (10:1), rt to reflux decomposition

(o}
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As cecomposition of the substrat292took place under most of the applied conditigrasd this
process was most likely related to interactions of the applied Lewis acids or bases with the diol
motif, protection of it was attempted. For 1-@ols several proécting groups are knowim the
literature, such as cyclic carbonates, thiocarbonates, acetalsiloxanes. Thastallation of all

the aforamentioned moietiesat the diol292was attempted (tabl€0). The treatment of dioR92

with O-phenyl chlorothiofomate under literatureknown basic conditio$?! for the formation

of thiocarbonate317 did not result in any conversion of the starting materaten at elevated
temperatures (entries 1 & 2). The addition of catalytic amounts of DMAP led to decomposition
(entry 3).For the construction of carbona®l8§, first CD141) was employed?'3lUnder neutral
conditions even at elevated temperatureso conwersion was observed (entry 4)he aldition

of catalytic amounts of DMAP rdged inthe decomposition of the starting materidb2(entry 5).

The application ofrtphosgenan the attempted synthesis of carbonaBd 8led to decomposition
already at low temperatures with (entry 7) and without DMAP addition (entBA8)[he attempts

to obtain cyclic acetaB20 also did not lead to the desired product undére application of
2-methoxypropene (entry 8) or 2-@imethoxypropane(entry 9) under acidic condition3.he
synthesis of the cyclic siloxar819 under the application of Coreg protocolfailed as well
(entry 10)12%%] Treatment of substrate292 with 'PrSi(OTfwith the addition of lutidine ld to

decomposition.
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Table20: Attempts of the protection of dia292

entry conditions

result

© 00 ~N o o A~ W DN R

=
o

2.0 eg. PhOC(S)CI, py, DCM, rt to reflux

2.0 eq. PhOC(S)CI, py, DCE, rt to reflux

2.0 eg. PhOC(S)CI, 0.2 eq. DMAP, py, DCE, rt to reflux
2.0 eq. CD(141), PhMe,rt to reflux

2.0 eq.CDI(141), 0.2 eq.DMAP, PhMert to reflux

0.5 eq. triphosgene, py, DCM, 0 °C

0.5 eq. triphosgene, 0.1 eq. DMAP, py, DCM, 0 °C

5.0 eg. 2methoxypropene, 0.2 eq. CSA, DCM, rt to reflux
5.0 eq. 2,2dimethoxypropane, 0.2 eq. CSA, DCM, ntetibux
1.1 eq.'PrSi(OTH, 5.0 eq.lutidine, DCM, 0 °C

no wnversion

no conversion
decomposition
no conversion
decomposition
decomposition
decomposition
decomposition
no conversion

decomposition
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During the experiments towards the formation of a séylol ethess of ketone292, discussed in
the next paragraph, it was found that treatment of the substratiéh TMSCI, Ngtand NaBr for
the in situformation of TMSBr did not result in the desired formation of the T@18I ethef?16l
but in the selective TM§rotection of the sterically less hinderedrgpargylic alcohol of
substrate292 The compoun@®21obtainedin this way was further tested as a substrate for the
envisioned Conigne reacion (table 21). The application of all the conditions described
table 21 for the unprotected substrat@92 substantially led tdhe same results (entries 1 to&
10). While the TM®rotected substrate321 was slightly more stable under the applied
condtions, and decomposition took place more slowly and at higher temperatutes overall
outcome was still the sameand no formation of the desired Coreme product322 was
observed. In additiorto the beforetested conditions, an alteration of Wasapotocol was
attempted. When the addition d?MP as basic additive was omittedapid decomposion took
place (entry 8 Meanwhile, when no B§&)sz was addedno converfon was observed at all
(entry9). Finally, the addition of methanol as a protosource to possibly facilitate
protodeauratior?Iresulted in the formation o complex producmixture (entry 1). The crude
NMR of this mixture indicated thaddition of methanol to the triple bond of the substrate. This
implied that the desired activain of the alkyne took place, but the ketone did not seem to be

reactive enough to attack.
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Table21: Attempts of the Conigne reaction of TM@rotected compound21

“"%:Z‘%M“S?E JZ"S .
322

entry conditions result
1 0.1 eq. PBPAUCI, 0.1 eqg. Ag(OTf), DCE, rt to reflux slow decomposition
2 0.1 eq. PBPAUNTS, DCE, rt to reflux slow decomposition
3 0.1 eq. PBPAU(NTH), PhMe, rt to 80 °C slow decomposition
4 0.5 eq. K@u, DMF, rt decomposition
5 5 mol% Cu(OTf), 0.21ePPh, 0.2 eq. pyrrolidine, DMF, 70 °C  slow decomposition
6 0.1 eq. PEPAUCI, 0.1 eq. Bffs)3, 0.2 eq. PMP, DCE, rt to reflu slow decomposition
7 0.1 eq. PBPAUCI, 0.1 eq. AgBBCE/KHO (10:1), rt to reflux decomposition
8 0.1 eq. PBPAUCI, 0.2 ed®®MP, DCE, rt to reflux decomposition
9 0.1 eq. PBPAUCI, 0.1 eq. Bf)3, DCE, rt to reflux no conversion
10 0.1 eq. Znl 0.1 eq. B(€Fs)3, 0.2 eq. PMP, DCE, rt to reflux no conversion
11 0.1 eq. PBPAU(NTS), 2.0 eq. MeOH, PhMe, rt to 80 °C complexmixture

As the ketone321 itself seemingly was not reactive enough under the applied conditions to
undergo a Coni@ne reaction, it was tested to activate it by the formation of siybl ethers323

324& 325. This represents the most common strategy $olving the present issu?8: 209

Unfortunately, thetransformationturned out to be nortrivial. In the cases where conversion
was obtainedthe formed product turned out to be extremely unstable. While cersion was
detected by TLG;leanisolation and characterizationfailed under any conditions. Hence, the
crude product was directly subjected to the most common conditions for the Gor@aeaction
of silytenol ether (table22). First the formation of aTBSenol ether323was attempted under

various conditions (entries 1 to 4and the obtained crude product was subjected to the
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conditions described by Tostt al. for the envisioned Coniane reaction2°8! As this was not
successful and only led to decomposititme formation of the more reactive TMé&hol ether324
was tried (entries 5 to 7), but with the same outcometHa last attempt, the formation ofte

more stable TIR8nol ether325failed, presumably due to steric reasofentries 8 & 9).

Table22: Attempts of the Conigne reaction after silyenol ether formation.

321 323: SiR; = TBS 322
324: SiR; = TMS
325: SiR; = TES

entry conditions result

1 a) 2.4 eqLDA, 2.4 eq. TBSCI, THB,°C to rt decomposition
b) 0.1 eq. P#PAUCI, 0.1 eq. AgBFDCM/HO (10:1), rt to reflux

2 a) 2.4 eqLDA, 2.4 eq. TBSOTTf, THB,°C to rt deconposition
b) 0.1 eq. P§PAUCI, 0.1 eq. Ag(BFDCM/HO (10:1), rt to reflux

3 a)5.0eq.lutidine, 3.0 eq. TBSOTf, THR °C to rt decomposition
b) 0.1 eq. P§PAUCI, 0.1 eq. Ag@BFDCM/HO (10:1), rt to reflux

4 a) 2.4 eqLiHMDS, 2.4 eq. TBSOTf, A& C to rt decomposition
b) 0.1 eq. P¥PAUCI, 0.1 eq. Ag@BFDCM/HO (10:1) rt to reflux

5 a) 2.4 eqLDA, 2.4 eq. TMSCI, THR °C to rt decomposition
b) 0.1 eq. P¥PAUCI, 0.1 eq. Ag@BFADCM/HO (10:1), rt to reflux

6 a)5.0eq.NEg, 3.0 eq. TMSOTf, THIF8 °C to rt decomposition
b) 0.1 eq. P#PAUCI, 0.1 eq. Ag(BFD®A/H20 (10:1), rt to reflux

7 a) 2.4 eqLDA, 2.4 eq. TMSOTf, THR °C to rt decomposition
b) 0.1 eq. P§PAUCI, 0.1 eq. Ag@BFDCM/HO (10:1), rt to reflux

8 a) 2.4 eqLDA, 2.4 eq. TIPSOTf, THB,°C to rt no conversion

9 a)5.0eq.lutidine, 3.0 eq. TIPSOTf, THR °C to rt no conversion
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Considering the results of these extensive experiments, also the approach relying on the Conia

ene reaction of the substrateé292 and 321 was discarded.

2.6.3Adapted Coni&ne Approach

Tricyclc ketone301 seemed like an extremely promising intermediate on the route towards
euphorikanin A31), as it was obtainable by a relatively short and reliable synthesis and already
included three of the four carbocycles, the central tertiary alcolamd fve of the eight
stereocentersn the correct way. Hence,lastattempt was made to close the final carbocyélic
ring of the target molecule31. The admittedly nake initial idea was to reproduce the synthesis of
the Coniaene precurso92with the onlydifference of using the anion of ethyl ethynyl ether for
the 1,2-addition. Even if the Coniane reaction of this type of &kynyl ethers is not
literature-known to the best of our knowledge, the lo#gown transformation88l of addition
products similar ta326 under Lewis and Brgnstedacidic conditions indicated a chandéthe
Coniaene reactiorhadworked, diketone327would have been formed. Thdan was to convert
this intermediate327to intermediate291by a sequence of aldol elimination, hydroxiylected
1,4-reduction vinyltriflate formation, and Pd-catalyzedmethylation. Finally, compoun291was

intended to be converted to target mole@B1 by lactone formation (see chapt@rl.3.
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301

elimination,
directed
1,4 reduction,
Pd-catalyzed vinyl
triflate methylation

lactone
formation

291 31

Scheme1: An adapted approach for the synthesis of euphorikani(84) starting from tricyclic keton801

The initial 1,2-addition of the deprotonaed ethynyl ethyl ether 328) proceeded smoothly
(scheme 62after the deprotonation witHBuLi leading to the selective formation of alky3#9.
5 eq. 328, 4.0 eq. "Buli,

THF, -78 °C, then 301,
-78 °C to rt, 68%

=——OEt
328

301 329

Schemes2: 1,2-Additionof 328to ketone301

After the 1,2-addition, TBSdeprotection was planned to enable the synthesis of the desired
Coniaene precursor326 by oxidation. As already observedr fsimilar compound302 (see
chapter2.6.2), treatment of the TB®ther 329 with TBAF did not lead to the forrtian of the
desired product even at elevated temperatures. When compad8@@was treated with acid in a
protic solvent, which turned out to be effective for the T@&protection before, the

h i -unsaturated estei330was obtained selectively (schend®), indicating that the TB&ther

was more stable than the present propargylic alcohol motif in this case. The reaction is known for

thiskind of substrate£!® but it was assumed that harsher conditions would be necessary.
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0.1 eq. CSA,
EtOH, rt, 61%

329

Scheme3:{ & y (i K S &unsaturatdd esteB30.

The envisioned Coniane reaction was no option anymqmeonsidering the previous resultd/ith
this unprecedentedh X>unsaturated ester330 in hands, asequence of 14eduction,
TBS&deprotection and oxidation wagnvisioned. This should lead tioe precursor331 suitable
for a Claisen condensation, which should finally facilitateynethesis of the desired dikete
327. Hence, al,4reduction was applied next under conditions enablitige direction of the
1,4-reduction process by the tertiary alcohol to obtain the desired stereochemical outcéime.
the transformation only conditions selective fofl,4-reduction were applied. Protocols for
directed hydrogenation involved the danger of hydrogenation of the othkerad included in
molecule330, which is in close proximity to the hydroxyl grolipe first protocol applied was the
alkoxidedirected 1,4-reduction by DIBAiH table 23, entry 1) or LAH (entry 2), which was
described by Liottat al. It was reported thathese hydridesources would enable a selective and
directed 1,4reduction at elevated temperatures by rapid coordination and subsequent
intramolecular delivery of the hydridg®! v T2 NIl dzy | § St &8 = § Kupsaturdtd&il G Y Sy
ester 330 under the described conditions only led to decomposition. @pelication of Pak
protocol for thel,4reduction2 ¥ -Ungaiurated esters by magnesium in methanegulted in
decomposition(entry 3)[22% as wel asthe application of Bircltonditions(entry 4) In contrast,
use of Strykes reagent led to no conversion of the starting mateB8a0 (entry 5). Finally, the
application of Yokoyams protocolutilizing Smp under the addition of DM led to the clean
conversion taa single producbn asmall scale. As the NMRta acquired (todittle material for
13GNMR) looked like the desired prodig31was formedthe remainirg8 mgofh Xunsaturated
ester 330 were converted under the same conditions (en@)y Proper characterization of the

compound showed thatctually, elimination product332was formed
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Table23: Attempts of thel,4reductionof ' >unsatuated ester330.

conditions

330 331 332
entry conditions result
1 2.4 eq. DIBAH, DME, reflux decomposition
2 1.1 eq. LAH, DME, reflux decomposition
3 30 eq. Mg, MeOH, rt decomposition
4 6.0 eq. LiNHs, THF;78 °C decomposition
5 0.32 eq [(PRP)CuHy, PhH, rt to reflux no conversion
6 3.0 eq. Sm| THF/DMA (10:1), rt 41%332

At this point no material was left to test further conditions for the desired-reduction

3 Summary and Outlook

Several synthetic approaches toward the tatgihthesis of euphorikanin 81) were exploredn

this thesis. While the first four approaches relied on the erasgiective synthesis of lactori 1

and further functionalization and subsequent cyclizations, the later synthetic planning started
from the literatureknown bromoenon&36, which can be obtained from commercially available
(+)3-carene 89).
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o H approaches | - IV
wiMe <: I
(0]

H Me

121 31 236

Scheme4: Overview of the approaches towards the total synthesis of euphorika@i)A

In the course of the first approach, the bicyclic lactod@1 could be prepared in three
literature-known steps from commercially available prenol2?) by enantioselective
cyclopropanation as the key stéfd! After lactoneopening diene 129 could be obtained i
four-step sequence involving a-fMiediated alkynealkyne coupling Subsequently, carboxylic
acid135wasgenerated ovethree steps. The ® stereocenter wa introduced by asymmetric
hydrogenation. It took four further transformations to finally obtain the precur&a® for the
envisioned NazarelielsAlder cascade reactionwhich thus could be obtaineid 14 steps and
8% overall yield. Unfortunately, the ke step thenfailed under various conditions due to the

severe instability of the TM&@ene motif.

T™MS Me

H /

OH
3 steps o 4 steps 3 steps
r p—l aMe —% o H >
(0]
Me Me
122

H Me '''Me

N H Me
121 < >
129
o

TMS TMS TMS
(0]
— Me —_ Me o H Me
4 steps
ON—oHY — N 7 — > (H
H TMS H H H
Me ‘IMe Me niMe Me wiMe
H Me H Me H Me
135 119 118

Schemes5: Overview of approach I.
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Due to the observed instability of the Thi&ne motif in approahl, its construction was planned

to be performed after the formation of the cyclopentenone.order to do spalcohol152, which

was obtained in four steps from prendld2), wasconverted toits TBSprotected derivative and

to its corresponding thioetér, and both were converted to the respective precurddBand154

for the silicondirected Nazarov cyclizatian the sameway asdescribed beforen 7 steps each.

In this way the TB&protected substratel53 could be obtained in 12 steps in 26% oveyald,

and thioether 154 was synthesized in 12 steps and 31% overall yield. Unfortunately, the
envisioned silicomlirected Nazarov cyclization did not work with both substratgenunder

harsh conditions.

OH
4 steps 8 steps
| wiMe —>
Me Me 1Me ''Me

H Me H Me
122 152 153: R = OTBS, 155: R = OTBS,
154: R = SPh 156: R = SPh

Scheme6: Overview of approach 1.

Subsequently, the cymbentenonel56was generated by five-step sequence involving an RCM
NEIF OGAZ2Y | YR | ¥inylgtiNdofl yy/2 @h3dtrdted @nbr@that wasformed by
the reduction of amide 166 obtainable from prenol (22) on the previous route.
Cyclopentenonel56 could be generatedn this way in 16 steps and%@ overall yield. The
subsequently plannedoxidationPummerer sequencefailed due to the opening of the

cyclopropane ring under the apetl conditions.

o
o
H H |
| SPh ol
Me 1Me Me 11Me
H Me H Me
122 156 157

Schemé7: Overview of approach lll.
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In the final approach reliant oallylic alcohol122 intermediate 194, already obtained in the
course of approach II, was used. Aldehyid was conveted to aldehydel96in five simple
transformations. Undetthe dza S 2 F |y 2 Nadroyyth&@Hylatibrkthie (diffeGently
substituted precursor227 (17 steps2099, 195 (18 steps19%), and228(19 steps18%) for the
PausonKhand reaction were obta@d. Unfortunately, the desired tricyclic enon@29, 230, or

231could not be obtained with any of the substrates under any of the tested conditions.

OH
10 steps OTBS 5 steps
[ —
Me Me

122

R o R,
2 - 4 steps \ OR,
—
— R, —HK—> )
=z ',H Me “iMe
Me H MeMe H Me
227: R1 :H, RZZH; 229: R1 :H, R2:H;
195: R1 = H, Rz = TBS, 230: R1 = H, RZ = TBS,
228: Ry =CIl, R, =TBS 231: R4 =CI, R, =TBS

Schemes8: Overview of Approach IV.
For the appoachesV and IYthe C/Dring building block436) was constructed starting from
commercially available (-8-carene 89) employing five literatur&known steps followed by a
diastereoselectivd ,4-additionin 19% overall yield. Aldehyde building bl@36was obtained in
five steps and 61% vyield starting frdbavaline derived auxiliar46. Both building blocks were
combined in a reductive aldol additipand after four more transformationsncluding an RCM

key intermediate234was obtained in 11 stepsd 14% yield in the longest linear sequence.

108



)J\ OTBS
5 steps o H "
(o) NH » N e
—
\_/
“, 235
iPr
246 5 steps
Me
H H
Me i\ne
(+)-3-carene (39) 236

Scheme9: Overview of the synthesis of key intermedi&a4.

The key intermediate234 was then converted to the diketone®33 and 279. Diketone233
containing the tertiary alcohol was obtained in14 steps and 5% overall yield. DiketoR&9
without the tertiary alcoholvas obtained in 13 steps and 7% overall yield. The planned formation
of the Aring by aldol addition or aldol condensation did not detithe desired produst274and

281under any of the tested conditions with both substrates.

3 steps Me
—

2 steps Me
>

Schem&0: Overview of Approach V.
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In approach Vkey intermediate234was converted to the Corni@ne grecursor292by five simple
transformations. Compoung92was obtained in 16 steps in 6% overall yield. Unfortunately, the

planned Conigne reactiondid not proceedunder any of the tested conditions.

234

Schemé& 1: Overview of approach VI.
Due to a lack of material and tim#e final approach could not be fully elaborated. On the way
to test the Coniaene reaction withan ethoxyalkyne it was found K I (i  {ufc&urated |
ester330could be obtained starting from key intermedié?84in 4 stepsSo farthe only defined
product that wasobtained uporthe subjection of thé' =unsaturated esteB30to 1,4-reduction

conditions was esteB32

Schemé&'2: Overview of adapted approach VI.

In conclusion, construction of the finalrg of the target molecul@1 from intermediate 234
was not possibleemploying different reactiotypes and differehdirections of the construction
under a multitude of conditiond\Nevertheless, intermediat234 should be considered in future
attempts to construct the natural produ@l as it already contains three of the four carbocycles

and four of the eight stereocsers.

Besides further experimentation towards a selectitgreduction 2 ¥ (i KuBsatuirafed

ester330to pursue the synthat plan described in chapter 2.61Be plan could also be adapted.

110



One option would be to omit the construction of the tertiamicohol by Rubottom oxidatiorin
this way, the observed problems due to alcohol elimination in the Smédiated1,4-reduction
could be circumvented, potentially leading to intermedi&883 This could be converted to

intermediate334in the ways descréd in chapte2.6.3

Schemé& 3: Potential synthesis of intermedia&34.

Only the lactone ringwould need to be constructedto finish the total synthesis of
euphorikaninA (31) using intermediate334. G;H oxidation would be necessarmg order to
achieve that The mostfficient way to conduct the €H oxidation would start with the synthesis
of carboxylic aci®@35. The carboxylic acid moiety could then be used as a directing dootipe
CcH oxidaton, which would lead to lactone formation arttus, the desired natural produc3l.
Analogous carboxykacid-directed GH oxidations for the formation of utyrolactones were

described irthe literature under copperand ironcatalysis/??2224

Schemé& 4: Potential endgame for the total synthesis of euphorikani38.(
Additionally, there are several other promising options for theidesQ;H oxidationm the case
that the reaction under carboxylic acid direction would not work. The ket88d could be
reduced and the resulting alcohol could be used to attach otlewalently bounddirecting

groupssuchas carbamate&?% silanes??¢! or N-hydroxyamided??7]
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