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Inhalt

Terpene sind eine imposante Gruppe sekundarer Naturstoffe mit einer grofRen Vielfalt an
verschiedenen ungesattigten Kohlenstoffgertsten. Die Familie der Casbane gehdrt zu den
makrozyklischen Diterpenen und weist diverse biologische Aktivitaten auf. Einige Casbane-
produzierende Pflanzen finden in der traditionellen chinesischen Medizin Anwendung.
Interessanterweise wurden diese seltenen Metaboliten weltweit aus biologisch unabhangigen
Organismen isoliert. Trotz ihrer vielversprechenden Eigenschaften und ihres grof3raumigen
Auftretens wurden Casbane bisher weder synthetisiert noch ihre biologischen Aktivitaten
weitergehend erforscht. Basierend auf einer modularen Konstruktion des Grundgeristes und
einer vielseitigen Diversifizierungssequenz gelang die konvergente Darstellung diverser
Casbane: in nuce eine Strategie p diverse Naturstoffe (Abbildung 1).

Die Naturstofffamilie der Casbane besitzt als charakteristische Grundstruktur einen
14-gliedrigen ungesattigten Makrozyklus sowie ein anelliertes gem-Dimethylzyklopropan,
welches in allen vier Konfigurationen in der Natur prasent ist.

Dieses Motiv wurde mithilfe einer Rhodium-katalysierten Zyklopropanierung enantioselektiv
zum cis-System aufgebaut. Das entsprechende trans-Derivat wurde mittels anschlieRender
Epimerisierung erzielt. Unter Alkinmetathese Bedingungen wurde der 14-gliedrige Makrozyklus
in Gegenwart mehrerer Alkene geschlossen. Dies stellt einen Beleg fur die Orthogonalitat der
Alkin- zur Alkenmetathese dar. Erstmalig wurde gezeigt, dass ein Zyklopropan in Konjugation zu
einer C C Dreifachbindung, die an einer RingschlieRenden Alkinmetathese beteiligt ist,
unverandert bleibt. AbschlieBend wurden durch Anwendung regio- und stereoselektiver
Folgechemie diverse Naturstoffe (Depressin, Euphorhylonal A und Yuexiandajisu A) dargestellt.
Dies demonstriert die Vielseitigkeit der hier entwickelten Synthesestrategie.

Beim Vergleich der analytischen Daten des isolierten Naturstoffes Euphorhylonal A mit denen
der postulierten und dargestellten Diastereomere zeigten sich Diskrepanzen zwischen den
NMR Daten. Dies offenbarte die in der Literatur fehlerhaft zugeordnete Stereochemie. In einem
computerchemischen Ansatz konnten zum einen die erhaltenen spektroskopischen Daten
verifiziert und zum anderen die korrekte relative Stereochemie mit einer hohen
Wahrscheinlichkeit vorausgesagt werden. Die postulierte Struktur von Euphorhylonal A konnte
via Totalsynthese verifiziert und die absolute Konfiguration bestimmt werden.

Nach dem erfolgreichen Aufbau des Terpengeriistes wurde der Zugang zu zweifach
oxygenierten Casbanen, basierend auf der zuvor entwickelten Baukastenstrategie, untersucht.
Zum Einbau einer Hydroxyfunktionalitat im lsidlichend! TFlups war die Synthese eines neuen
Bausteines erforderlich. Diesbeziiglich ermoglichte die enantioselektive Bisborylierung mit
anschlieBender chemoselektiver Oxygenierung die Installation dieser Hydroxyfunktionalitat und
stellt einen Schlusselschritt auf dem Weg zur ersten Totalsynthese von 2-epi-10-
Hydroxydepressin dar. Zukiinftige Arbeiten zum Aufbau des 14-gliedrigen Makrozyklus und
Darstellung weiterer Casbane sollen die Robustheit, der hier entwickelten Synthesestrategie,
unterstreichen.
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Abbildung 1. Allgemeine retrosynthetische Analyse der Casban Naturstofffamilie.

Der Aufbau des gem-Dimethylzyklopropans basierte auf den Rh-Katalysatoren [Rhz(5R-MEPY)4]
oder [Rh2(5S-MEPY)4], welche zuerst von Doyle und Mitarbeitern beschrieben wurden. Um
ausreichend Katalysator zur Verfigung zu stellen, sollte der Zugang zu diesen
Katalysatorsystemen verbessert werden. In einem weiteren methodischen Ansatz sollte die
zugrundeliegende Reaktivitat der Rhodium-Rhodium-Katalysatoren mit der Reaktivitat der
analogen Wismut-Rhodium-Komplexe untersucht werden.

Basierend auf synthetischen Vorarbeiten innerhalb der Gruppe konnte durch ein effizienteres
Verfahren die Ausbeute des [Rh2(5S-MEPY)4] Katalysators gesteigert sowie die Darstellung jenes
vereinfacht werden. Im Vergleich zu diesen Rhodium-Rhodium Schaufelrad-Katalysatoren
zeigte der nah verwandte hetereodinukleare [BiRh(5S-MEPY)s] Komplex, entgegen der
Erwartung, keinerlei Reaktivitat bei der Zyklopropanierung von Diazoverbindungen. Dieser
unerwartete Unterschied wurde mit theoretischen Berechnungen der elektronischen Strukturen
auf Dichtefunktionaltheorie (DFT) Niveau und dem Vergleich der erhaltenen Kristallstrukturen
untersucht.

Als der strukturell signifikanteste Unterschied der verwandten Schaufelrad-Komplexe stellte
sich die Ausrichtung der Liganden dar. Dies fihrt beim Wismut-Rhodium Komplex zu einer
Verengung der Reaktionstasche am aktiven Rhodium-Zentrum. Die Analyse der elektronischen
Strukturen zeigte eine deutlich veranderte energetische Verteilung der Molekulorbitale sowie
eine VergroRerung der HOMO/LUMO Licke. Diese Grenzorbitale weisen zudem signifikant
verschiedene Populationen an den Metallzentren auf (Abbildung 2).

[RhRh(5S-MEPY)4] [BIRh(55-MEPY).] MO Diagramm

[RhRN(5S-MEPY)4] / [BIRh(5S-MEPY)4]

Abbildung 2. DFT-basierte geometrische Strukturoptimierungen und MO Diagramm der [RhRh(5S-MEPY)4] und
[BiIRh(5S-MEPY)4] Komplexe.



Abstract

Terpenes are a class of secondary natural products containing a fascinating diversity of
unsaturated carbon skeletons. The casbane family belongs to the macrocyclic diterpenes and
exhibit various biological activities. Some casbane diterpene producing plants are used in
traditional Chinese medicine. These rare metabolites have been isolated from biologically
unrelated organisms all over the world. Despite their promising biological activities and their
structural diversity, only preliminary biological activity studies were conducted; previous classic
total synthesis approaches were limited to the simplest member, the parent casbene. Based on
a modular construction of the macrocyclic diterpene framework in combination with a versatile
late-stage diversification, the convergent synthesis of several family members was
accomplished: in nuce One Strategy p Multiple Targets.

The casbane natural product family is structurally characterised by its 14-membered
unsaturated macrocycle with a fused gem-dimethyl cyclopropane, which naturally appears in all
four configurations.

The cis-configured cyclopropane motif was prepared enantioselectively by a rhodium
catalyst-controlled cyclopropanation. The corresponding trans derivative was accessed by
subsequent epimerisation. The ring-closing alkyne metathesis enabled the cyclisation towards
the 14-membered macrocycle in the presence of several alkenes and the cyclopropane unit.
This demonstrated the orthogonality of alkyne metathesis towards alkene metathesis.
Furthermore, the tolerance towards the cyclopropane unit, which was in conjugation with the
catalytically transformed C C triple bond, was shown for the first time. Several natural products
(depressin, euphorhylonal A, and yuexiandajisu A) were obtained after subjecting the resulting
macrocyclic alkynes to regio- and stereoselective semi-reductive manipulations and late-stage
diversifications. This synthesis of these natural products established the versatility of the herein
developed synthetic strategy.

Comparison of the analytical data of the natural product euphorhylonal A with those of the
synthesised diastereomers showed significant divergences. The configuration of euphorhylonal
A was found to be misassigned. Using computational chemistry, the correct configuration
(relative) of euphorhylonal A was predicted in high confidence and the absolute configuration
was clarified by total synthesis.

The successful preparation of the terpene framework enabled the synthetic approach of twice
oxygenated casbane diterpenes, including a hydroxy functionality in the fsouthernl sector. An
enantioselective bisborylation with subsequent mono-oxidation was employed to incorporate
the hydroxy functionality. This introduction marked a key step towards the total synthesis of
2-epi-10-hydroxydepressin. Future investigations towards the 14-membered macrocycle and
synthesis of additional casbane diterpenes are expected to demonstrate the robustness of this
synthetic strategy.
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Figure 3. General retrosynthetic analysis of casbane diterpene natural product family.

The preparation of the gem-dimethyl cyclopropane using the dirhodium catalyst,
[Rh2(5S-MEPY)4], was first described by Doyle and co-worker. The synthesis of these important
catalysts was optimised in terms of yield and practicality, following previous achievements of
the group.

In contrast to the [Rh2(5S-MEPY),] catalyst, the closely related bismuth-rhodium carboxamidate
complex [BiRh(5S-MEPY)s] showed no observable reactivity in cyclopropanations with
diazoacetate compounds. This surprising difference in reactivity was investigated by simulating
their electronic structures using a computational approach and by comparing their structures in
the solid state.

The geometric structures of both complexes showed dissimilar ligand orientations, forming a
narrow environment at the binding site of the bismuth-rhodium complex. The computed
molecular orbitals and the corresponding energy levels showed varied energetic distribution as
well as a significant increase of the HOMO/LUMO gap. Furthermore, the frontier orbitals exhibit
a dissimilar population at the metal centres (Figure 4). This constitution disfavours the diazo
decomposition and carbene formation.

[RNRh(5S-MEPY).] [BIRh(55-MEPY).] MO Diagram
[RhRh(5S-MEPY)4] / [BiRh(5S-MEPY)4]

Figure 4. DFT-based geometric structure optimisation und MO diagram of [RhRh(5S-MEPY).] und [BiRh(5S-MEPY)4]
complexes.
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A HFOFsBMIQBSU

1 JOUSPEVDUIPO

Nature generates an immense number of natural products with a diverse array of chemical
structures and properties. This variety cannot be matched by either any manmade creativity or
by artificial libraries. These molecules, not least because of their biological activities, have
always fascinated chemists. Hence, it is no wonder that the field of natural product synthesis is
so absorbing.

This research field commenced with the German chemist Friedrich Wohler jo!2939;lildboopu-tp!
to say, hold my chemical water, and must tell you that | can make urea, without thereby needing
to have kidneys, or anyhow, ao!bojnbr!cfljulivnbo!ps'ephiit

Since then, the world and chemistry research have changed. The purposes of natural product
synthesis have shifted from structural elucidation of small molecules to artistic and scientific
synthesis of highly complex molecules. Especially, in the 20" and 21°t century, the decades of
scientific progression,? scientists such as R. B. Woodward and E. J. Corey made significant
contributions to the field of organic chemistry and total synthesis. Their general understanding
of reactivity and selectivity of reactions as well as the conceptual design of complex molecule
synthesis remain popular until now.

To date, chemistry research is conducted at a very high level, combining different fields and
utilising the benefits of digitalisation and computational chemistry. Thus, upebz!t challenge is
synthesising highly complex natural products in high quantity and selectivity with a minimum
number of steps and material expenses, while aiming for several derivatives at once.

The herein discussed casbane natural product family is structurally characterised by a
14-membered macrocycle with a fused gem-dimethyl cyclopropane. Despite the impressive
structural diversity and interesting biological activities of the casbane diterpene family
members, their potential remains underrepresented in the synthetic research community.
Therefore, the casbane diterpene family is an inspiring target for a collective total synthesis
project.

The key steps of the total synthesis are ring-closing alkyne metathesis and post-metathetic
late-stage diversification, both developed in the Fiirstner group, in combination with a dirhodium
catalysed gem-dimethyl cyclopropanation.
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2 UIFDBTCBOFIGBNIMZ!PGIOBUVSBMIQSPEVDUT

2.1 STRUCTURAL DIVERSITY

Uifldbtcbof!gbnijiz!cfipoht!up!ui fiibshftu!dibtt!pglobuvsbil gspevdut-lui flufsqfoft/*Uifjslnbjo!
tusvduvsbn! dibsbdufsjtujdt! bsf! b! 25.nfncfsfe! votbuvsbufe! Nnbdspdzdif! boe! b! gvtfe! hfn.
ejnfuizil dzdpgspgzn voju! )cjdzdp\23/2/1'gFoubefdbof! gsbnfxpsl-! Figure 5*! The casbane
diterpene derivatives are produced by sessile soft corals as well as higher plants. Evflup!uif!
wbsjfuz!pg'dbtcboflejufsgfofigspevdjoh!tqgfdjft-ldbtcboflefsjwbujwt!ibwf!cffo!jtpibufe!bspvoe!
ui ! xpsie-! fven though they! bsf! fyusFnfiz! sbsf! jo! obuvsF/! Ui ! nbkpsjuz! pg! efsjwbujwft! bsf!
hfofsbufelczluisFflpshbojtnt;!

1) UifiBidzpojjebflgbnijiz!bltpguldpsbrlgspn!ui FITpvui!Dijob! TFb-IFbtu!Dijob! Tfb!boe!Sfe!

Tfb/*P2
2) Uif!'Fvgipscjbdfbf!gbnijiz!)tgvshf*!b!gpxfs!dpmfdufe!jo! Bysjdb-!Btjb-! Tpvui! Bnfsjdb-!
boe!Bvtushnjl/222332p37-24p31

3) UifIQpbdfbfigbnijiz'cfipohjohluplui FIBtjbo!sjdfigibout/*&°!
Ui fljtprbujpo!pgldbtcboflejufsgfoft!from soft corals and unrelated higher plants is opufxpsuiz,
as it invokes the question of how different organisms evolved metabolites of the same natural
product family and whether this observation is based on a more general aspect?
UiTlizespdbscpo!)g*.dbtcfof!))o*.2*Ixbtliiflgistulntncfspguijtiobuvsbilgspevdulgbnjizljtpibufe!
gspn! bo! fo{znbujd! gsfqgbshujpo! of the castor bean seedlings (Ricinus communis L.)/2:P42 !
sfasftfoutiui FitjnagrftuldbtcboflgbnjiziNnfncfy
Tjodf! uifo-! bo! fopsnpvt! ovncfs! pg! dbtcbof! obuvshil gspevdut! ibt! cffo! jtpibufe! boe!
dibsbdufsjtfelczwbsjpvtisfFtfbsdihspvgt!bspvoeli fixpsie/Ui Ftfldbtcboflejufsqfoft!jmvtusbuf!
b! tusvduvsbmz! ejwfstflgbnijiz-! xijdi!wbsjft! cz!ui £ pyzhfobujpo! gbuufso! boe!ui fl tufsFpdi fnjdbn!
dpogjhvsbujpot! bu! ui ! gvtfe! hfn.ejnfuizn dzdipgspgbof/! Bt! b! dvsjptjuz! pg! dbtcbof! obuvsh!
gspevdut! cpuii! boujgpebn djt dpogjhvsbujpot! bsf! qgsftfou! bt! efnpotusbufe! cz!
21.izespyzefgsfttjo! )3**"! boe! tjovibsdbtcbof! B! )4*8 )Figure 5*! Beejujpobmz:! uif! ushot.
dzdmpgspgboflbrtp!bggfbstljo!cpuifoboujpnfsjdigpsnt/Uijtligtfvep.foboujpnfsjdilisfibujpotijg!
jt!jmvtusbufe! cz! 2.fqgj.21. izespyzefgsfttjo! )5*"! boe! 3.Fqj.21. i zespyzefgsfttjo! )6*°! )Figure 5!
I pxfwfs!jolobuvst-lui Finpsfldpnnpo!sfibuyw!dpogjhvsbujpo!pglui fldzdipgspgbof!jtidjt/'Bopui fs!
joufsFtujohlefubjjtiui Fljtpibujpo!pgbmigpvsiqpttjcrf!gfsnvubujpot!pglui Fldzdipgspgboflgspniui f!
tjohrflhfovt! Tjovibsjb!tg/!NpsfljoufsFtujohnz-ui fidjtOusbot!efsjwbujwft-121. i zespyzefqsfttjo!)3*-!
2.fqj.21.izespyzefgsfttjo!)5*'-boe!3.fqj.21. i zespyzefqsfttjo!)6*°IxFsfljtpibufelgspnlui fitjohrf!
tgfdjft!Tjowibsjblefgsfttb!)Figure 5%
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2 H

(-)-casbene ((-)-1) i H
H
X
OH
X = OH, 10-hydroxydepressin (2) X = OH, sinularcasbane A (3)
X =H, depressin (9) X =0, ent-10-oxodepressin (30)

OH OH
1-epi-10-hydroxydepressin (4) 2-epi-10-hydroxydepressin (5)

Figure 5. A selection of casbane natural products with all naturally occurring cyclopropane configurations.

Btjef! gspn!uifl dzdipgspgbof-lui f! wbsjbujpo! pg! pyzhfobujpo! gbufsot! bspvoe! uif! nbdspdzdrf:-!
jodnvejoh! bm! pyjebujpo! rfwfit-! jt! opufxpsui z/'Ui I nbojgpre! pyjebujpo!rfwfit! bsf! sFgsfFtfoufe! cz!
brdpipn! hspvat! bu! binptu! fwfsz! gptjujpo! pg! uif! cjdzdif! )tbgjejtjo! D! )7*3~! cz! fgpyjef!
Yipplfsjboprjef! B! )8**4*! cz! biefizef! )qfljofobi! )9*264%*! bt! xfm! bt! cz! Ifupof! boe! tbdupof!
gvodujpobrjujft!)efgsfttjo!): *"-lipplfsjbopijef! B!)8*44! " Ithgjejtjo! D!)7*43/!Jolui ! sFdfou! zFbst:!
fwfolizespgfspyjefboelqfspyjefigvodujpobijujft)FCD.431!)21*31" Itinuereperoxide A (11)%!xfsf!
gpvoe/lolbeejujpoluplui Fldpnarfy!pyzhfobujpo!gbuufso-lui Fltusvduvsbrlejwfstjuz!gvsui fsljodsfbt ft!
vgpo'dpotjefsbujpo!pglui Fihfpnfusjd!dpogjhvsbujpo!pglui flvotbuvsbufe! D>Dlcpoet/IUijtiwbsjbcrf!
dpogjhvshujpo! )bhsptujtubdijo! )23**6-1 gfljofobn! )9*2645.1 Ipvnchbipof! B! )24*47* boe! gbsujbn!
tbuvshujpo!)21.pyp.22-23.ejizespefgsfttjo!)25** qbuufsot! bsf! jmvtusbufe! Figure 6/!Bo!pwfswjfx!
pglui FldbtcboTflejufsqfoflobuvsbilgspevdut!jtigspwjefeljo!Bggfoejy!H/

HOO ~

sapidisin C (6) hookerianolide A (7) EBC-320 (10) sinuereperoxide A (11)
0
HO
LA
H
pekinenal (8) koumbalone A (13) agrostistachin (12) 10-0x0-11,12-

dihydrodepressin (14)

Figure 6. Selection of oxygenated casbane natural products (*configuration tentatively assigned).
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Jowif12:91tlboe!2: - 1t-ui fhbdl!pglijhinz!bddvsbufitqfdusptdpgzinbefui fitusvduvshifivdjebujpo!
pg! ui ! qpizpyzhtobufe! dotcbof! obuvshi! gspevdut! dibmfohjoh-! ftqfdjbmz! xjui! sFtqfdu! up! ui !
stibujwF!boe!bctpmvuf!dpogihvsbujpo/!Gpsluijt!sfbtpo- tpnfltufsfpdi fnjdbibttjhonfout!jo!ui f!
prefshjufsbuvsfibsfNnjttjoh/lolui FisFdFouhjufsbuvst-ldpogjhvsbujpot! xfsflfivdjebufe!cz!nfuipet!
tvdi! bt! oPf! fygfsinfout-! djsdvibs! ejdispjtn! tafdusptdpgz-"! boe! Npti fs! Ftufs! bobiztjt/?"! Jo!
tpnfldbtft-lui flbvuipst! fwfo!gspwjefe!Y.shz! tusvduvsFt! xjui!bctprvuf!dpogjhvsbujpo/°lio!nboz!
dbtft-li pxfwfsli fidpogihvsbujpo!xbtiufoubujwfiz!bttjhofe!chtfe!po!ONS!ebub-!czidpngbsjtpo!
Xjuii! lopxo! tusvduvsft-*8 ps! cz! cjphfofujd! dpotjefshbujpot/! Dpotjefsjoh! ui ! tdbsdjuz! pg! sfijbcrf!
bobrzujdbrlebub-lbtzn N fusjdupubntzoui Ftjt)jtitujmboljoejtgfotberfluppnigpsitusvduvstifivdjebujpo/!
Jolijtiui Fjt-ui Fltzoui Ftjt!pgldbtcboflejufsgfoft!xjui!blejwfstFlpyzhfobujpo!gbuufso!bului FID6!
boe! ui f! D29! gptjujpo! efgsfttjo! ): *! opnjobn fvqipsizipobn! B! )26*! gfljofojo! D! )27*! boe!
zvfyjboebljtv!B!)28*jt!ejtdvttfe!)Figure 7*!Uiftf! tusvduvstt! xfsf!jefhbn tzouifujd!ubshfut!up!
dibmfohf! uif! sjoh.diptjoh! bnlzof! Nnfubui ftjt! )SDBN*! nfuipepiphz! efwfipgfe! jo! N _nifjn!
gpmpxfelcz!blusbot. i zesptuboobujpo!boenbuf. tubhFigvodujpobrjtbujpo!tfrvFodf/*!

depressin (9) nominal pekinenin C (16) X = OH, yuexiandajisu A (17)
euphorhylonal A (15) X = H, yuexiandajisu A (29)

Figure 7. Synthetically interesting casbane natural products.

2.2 BIOLOGICAL BACKGROUND OF THE CASBANE FAMILY

2.2.1 BIOSYNTHESIS OF CASBANE DITERPENES

Uif!)o*.dbtcfof!))o*.2* tzouibtf! gspn! mevalonate or geranylgeranyl pyrophosphate (GGPP)
was achieved by employing an enzyme extract from dbtups! cfbo! tffemnoht!jo!2:81-! xijdi!
efnpotusbuft!uibu!GGPP is a key intermediate in its biosynthesis.3*4:1Jo!2 : 87-lui f!gjstu! upubn!
tzoui ftjt!pg)°*.dbtcfof!))°*.2*dpogjsnfelui ficjdzdip\23/2/1'qgfoubefdbofigsbn fxpsl/>!
UxTiwf! zfbst! nbufs! uif! tufsfpdifnjtusz! bu! D3! boe! uif! tufsfpdifnjdbn dpvstf! pg!
Nbdspdzdijtbujpo! jo!ui ! dbtf! pg!)o*.dbtcfof!))o*.2* cFbsjoh! b! djt.hfn.ejnfuizi' dzdpgspgbof!
xbtljowftujhbufe/lUpluijtifoe-ui fifo{znT!fyusbdu!) T.261lgsbdujpo*lgspnlui Fldbtupsicfbo!tFfenjoh!
xbt!vtfeljoldpncjobujpo!xjuilefvifsivn.ibctirfe!HHQQ!)® I.29*boe!dbscpo.ibcfinfe!HHQQ!)?D.
29**21Ui FtfjowFtujhbujpot!sfwfbrfe!a suprafacial intramolecular ring closure on the re,re-face
of the 1,15 double bond and a 1S,2R configuration )¢*.2 (Scheme 1).** The cyclisation
mechanism of HHQQ with the dbtups!cfbo!tfferjoht!!'fo{znT!fyusbdu!jowpmwTt!clebwbhf!pgluif!
bmznjd! gzspqiptgibuf! cz! b! ejwbrfou! Nfubnl jpo-! rFbejoh! up! bo! bmzijd! dbscpdbujpo-! xijdi!
tvctfrvfouz!gpsntlui fidzdipgspgboficz!bil zibujpo!boe!e fgspupobujpo/4:53r57
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S-150

enzyme
e

’H-18

S-150
enzyme

1. RuO,
2. CHyN,

13c-18 casbene-13C, ('3C-1) 3c-19

Scheme 1. Labelling experiments towards the mechanistic understanding of the biosynthesis.

Buipvhiluif! cjptzouifujd! dzdipgspgbobujpo!rfbejoh!up!)o*.dbtcfof!))0*.2* xbt! tuvejfe-! Nboz!
efubjit! pg!uii F! cjptzoui Ftjt! sfnbjo! vodifbs/>* I pxfwfs! GGPP was clearly identified as a key
intermediate in the biosynthetic pathway of casbanes.?%4748

Understanding this tepvcrfllcyclisation is of great interest since the casbane framework is most
likely the gsphfojups! of many polycyclic ejufsgfof! obuvsbn gspevdu! gbnijijft! dpoubjojoh! b!
dzdipgspgbof!voju-! tvdi!bt! Fvgi psbdujof!)31*lkbuspgi pibof!)32*-bui zsbof!)33*! gsFnzstjobof!
)34*lijhnjbof!)35*Iboeljohfobof!)36*)Figure 8*Ibt!xfmbt!pghjofbs!qspevduthjIfitfdp.dotcboft!
boe!tfdp.ibuizsboft/>*5:IDbtcboflejufsqfoft!bsFijl fiz!cjptzoui fujdbmz!brtp!sfibufelup!ejufsgfof!
gonjijft!njttjohluifldzdpgspgbofhjl Fldfncsbof!)37*lebqiobof!)38*lkbuspqibof!)39*IgbNijift!
)Figure 8%/

Ui fljoufsttujoh!cjprphjdbnlgspgjrft!pglui fljohfobot!)36*!psiujhnjbof!)35*obuvsbilgspevdut!gbnijijft:!
btlgspjogibnNnbupsz!bhfout!boe!bt!gspufjo!ljobtfID)QLD*bdujwbupst-InjhiulcFlchtfe!polifisjoh!
tushjo! Fofshz! py! ui f! dzdipgspabof! boe! uifsfgpsf! bsf! tffo! bt! gpufoujon brlzibujpo! bhfout/>3!
Ustbuntou! pg! bdujojd! Ifsbuptjt! xjui! 4.P.bohfipzijohfopn )QFQ.116-! Qjdbup—-! Mfp! Qibsnb*!
efnpotusbuft!ui f! gibsnbdpiphjdbn sfrfwbodf! pg!ui Ftf! gpizdzdijd! ejufsqfoft/®!! Tjodf! dotcbof!
ejufsgfoft!brtp!dpoubjoluijt!hfn.ejnfuiziidzdipgspgbofivoju-ljulnjhiubrtp! cflsfrfwboulgps!ui fjs!
cjpiphjdbn!bdujwjuz/!
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= = = = OPP—»

geranylgeranyl diphosphate (18)

casbane M

euphoractine (20) / lathyrane (22) tigliane (24)

jatropholane (21) premyrsinane (23) ingenane (25)

G 7

cembrane (26) daphnane (27) jatrophane (28)

Figure 8. Related carbon skeletons of casbane.*?

2.2.2 HISTORY OF CASBANE DITERPENES! BIOLOGICAL ACTIVITY PROFILES

Fvqipscjb! jt!uiflibshftu! hfovt! pg! Fvqipscjbdfbf! gbnijiz! Xjui! npsfluibo! 3111! tgfdjft/! ! jt!
dibsbdufsjtfe! czluif! gsFtfodf! pg! njrlz!bufy! boe! sbohjoh! gspn!boovbrt! up! usFFt! Xjui! vojrvf!
gipxFs! tusvduvsF/s2 Ui f! HsFFI! Fvqipscvt! xbt!ui f! fgpozn! pg!ui f! Fvgipscjb! hfovt! boe! ui f!
gfstpobnphysician of Juba Il (c. 48 BC p AD 23), the!Spnbojtfe!ljoh!pg!Nbvsfubojb/!Fvgipscvt!
jt'tvgqgptfelup! ibwflvujijtfe! Fvqipscjb! tgfdjft!bt!bo!johsfejfou!jo! ijt!nfejdjof/f2Uijt!sFqpsu!
tipxtiuibulbrisfbezlui FISpnbot!xfsflbxbsf!pglui fiqibsnbmphjdbngpxfs!pglui FIFvgipscjb!gibou!
gbnjiz/'PuifsisFqpsut!pglusbejujpobn DijoftfinfejdjofliMboh! Evilefnpotusbufelui fivujijtbujpo!pg!
Fvqipscjbdfbf! boe! Uiznfibfbdfof! grbou! gbnijjft! gps! ui F! usFbunfou! pg! wbsjpvt! bjinfout/! Jo!
gvsui Fs!sFgpsut!julxbt!brtp!nfoujpofe!bt!b!gftujdje f!boe! fyqfdupsbou/3e3ISfdfoul tuvejft!pglui f!
iMboh!Evifyusbdutt i pxfeljoufsftujohljoijcjupszifggfdutljolhspxui 'pginfibopnb!dfirt/54ISfhbsejoh!
ui Ftf! cjprphjdbn! bdujwjuift-! b! eFfgfs! voefstuboejoh! xbt! hbjofe! cz! jowftujhbujoh! ui f! jtpibufe!
obuvshi! gspevdut! pg! Fvgipscijb! fcsbdufprbub-! F/! gjtdifsjbob! )cpui! Fvqipscjbdfbf! gonjiz*! boe!
Tufwfsb! dibnbfibtnf! )Uiznfibfbdfof! gbnjiz#/23¢3 Efufsnjobujpo! pg! uif! cjprphjdbmz! bdujwf!
dpngpvoet!gspn'iMboh!Evilcz!H/. X/'Rjo!boe!dp.xpslfs!xbt!gpdvtfe!po!F/lgjtdi fsjbob!tq/e36>%e!
boe!ui f!F/! fcsbdufprbub! tg/2!Ui fiponz!jtpibufe!dbtchof!ejufsgfoft1zvFyjboebljtv!B!)28* boe!C!
)3: *I fyijcjufe! boujcbdufsjbn! bdujwjuz! boe! joijcjufe! gsprjgfsbujpo! pg! Cliznqi pdzuft-! sFtgfdujwinz!
)Figure 7*/?31Jo!beejujpo-'Dijoftf!qibsnbdpiphz!sfgpsut!po!vujijtbujpo! pg'bopui fs!gjwF! Fvqi pscjb!
tq/)F/'\gfljofotjt-IF/'Ibotvj-IF/ibuizsjt-IF/livnjgvtb-boe!F/ nbdvibuf*ldpoubjojoh!tfwfsbnidbtcbof!
obuvsbrlgspevdut/?
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Ftgfdjbmz-lui fitgfdjf!Fvgipscjb!gfljofotjt!xbtigsfrvfouz!vtfeljolusbejujpobiDijoftfnfejdjof!
boeljt!lopxolgpsljut!gpjtpopvtiboe!tujnvibujoh!fygfdut/?421Vgluplopx-fihiuldbtcboflejufsqfoft!
xFsfljtpibufelgspn!F/ligfljofotjt?”284IxjuiljngsFttjwF!cjpiphjdbnbdujwjujft/2225-26:294553

In addition, the structure.activity relationship regarding cytotoxicity was studied, indicating that
the 3,4-double bond configuration does not have a significant effect. Contrary, the presence of
hydroxy or ketone groups at the C5 position increased this activity.’®” Casbane diterpenes
bearing an epoxide or lacking the cyclopropane were much less active.'6’

Aside the Fvqipscjb! hfovt! uif! tgfdjft! Dspupo! ofgfubfgpnjvt! gspn! Csb{jn bitp! gspevdft! b!
cjprphjdbmz!bdujwF!dbtcbof!xjui boujnjdspcjbifggfdut!po!gibo lupojdigpsnt!boe!cjpgjint/67pe°

In 2005, cashanes also have been isolated from the soft coral genus Sinularia with biological
profiles like bouj.jogilbnNbupsz-'cytotoxic, and anti-microbial activities.’>°

UV-irradiated Asian rice leaves (Oryza sativa) produced the casbane ent-10-oxodepressin (30),
representing another genetically unrelated and higher casbane-producing plant (Figure 5).28
Moreover, the ent-10-oxodepressin (30) was identified as a phytoalexin,?’28%0 as well as (Q)-
casbene ()§*-1).290316162 Egpecially, since rice represents an important nutrition for the world
population, the fungicidal activity of ent-10-oxodepressin (30) from the Asian rice plant is
relevant and requires detailed investigations in the future.®

2.3 PREVIOUS SYNTHETIC APPROACHES

Up to now, parent casbhene (1) is the only member of the casbane diterpene family, which has
been prepared by classic total synthesis. The number of biosynthetic investigations towards
casbane diterpenes increased in the recent years.4345476364

In 1970, the material of )0*-casbene ()§*-1) isolated by West and co-workers was not sufficient
for full characterisation.?®3° Therefore, Crombie et al. performed the first total synthesis of (+)-
casbene ((#)-1) in 1976, which enabled the structure elucidation (Scheme 2).293940 A nickel
carbonyl mediated marcocyclisation of 33 was utilised as the key step. Accordingly,
chrysanthemate (+)-31 was transformed through a multi-step sequence to alcohol 32 followed
by oxidation and Wittig homologation. An additional homologation and bromination sequence
afforded bisallylic dibromide 33, which was then subjected to the nickel carbonyl mediated
macrocyclisation to obtain (x)-casbene ((x)-1) (Scheme 2). The NMR data of the synthetic and
the naturally derived casbene sample showed close similarity and confirmed the proposed
relative stereochemistry.*°

Ni(CO),
DMF

(t)-casbene ((1)-1)

((#)-31)

(+)-cis-chrysanthemate

Scheme 2. Summary of the total synthesis of (x)-casbene ((z)-1) via a nickel carbonyl mediated cyclisation by
Crombie et al. (1976)40



General Part

In 1980, Crombie et al. published a chiral pool synthetic version of the previous total synthesis.
Both stereocentres were introduced from the naturally occurring 1R,3S-(+)-cis-chrysanthemic
acid ((+)-31). This total synthesis gave (9)-casbene ((p)-1).

While the synthesis of casbene reported by Crombie et al. relied on traditional bond
disconnections, in 1982 Takahashi and co-workers reported a biomimetic total synthesis of
(¥)-casbene ((+)-1) via an intramolecular bicyclisation (Scheme 3). The all-trans-geranylgeraniol
34 was converted into allylic diazo compound 35, which subsequently underwent a copper
mediated cyclisation upon slow addition to mixture of copper(l) iodide in THF at 0° C (Scheme
3).%5 This procedure represented a concise synthetic strategy towards (+)-casbene ((+)-1) with
14% overall yield, which was later used by Pattenden et al. to synthesise cembrenes via radical-
mediated alkenyl cyclopropane ring-opening of casbene.®°®

= = = = OH
geranylgeraniol (34)
L i ¢ Cul,
_N, THFRO°C
7 = 7 = — >

35

(¢)-casbene ((¥)-1)

Scheme 3. Summary of (+)-casbene (()-1) total synthesis via intramolecular carbene bicyclisation by T. Takahashi
co-workers (1982).65

Another chiral pool based total synthesis of (+)-casbene ((+)-1) was published by McMurry and
Bosch (Scheme 4). Their macrocyclisation step was carried out through a titanium-induced
intramolecular carbonyl coupling. The total synthesis commenced with (+)-2-carene (36),
bearing the desired chiral centres and the cyclopropane. Followed by a three step sequence, the
obtained E-alkenyl iodide 37 was cross-coupled with organozinc reagent 38 under Negishi
conditions. This multi-step sequence afforded the desired dicarbonyl cyclisation precursor 39.
The subsequent cyclisation was carried out by slow addition of 39 to a refluxing mixture of
TiCls/Zn-Cu in dimethoxyethane and gave a mixture of E/Z-isomers ((+)-1 & 40) in 75% yield
(Scheme 4).
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H E/Z =211

X

(+)-casbene ((+)-1)

Scheme 4. Summary of (+)-casbene ((+)-1) total synthesis via intramolecular carbonyl cyclisation by McMurry and
Bosch (1987).67

Motherwell and co-worker developed an intramolecular bicyclisation of an aldehyde and a
trisubstituted alkene, mediated by 1,2-bis(chlorodimethylsilyllethane and zinc. This
methodology was used in the total synthesis of casbene ((z)-1). Application of geranylgeranial
41 to these cyclisation conditions led to the formation of the side-product 42 in 46% yield and
to the desired (+)-casbene ((+)-1) in 30% yield (Scheme 5).58

n
0
Y\/YW - . +
/~\/
—Si\— Si—Cl |
geranylgeranial (41) cr 7/ _—

42 (1)-casbene (()-1)

Scheme 5. Summary of (t)-casbene total synthesis via intramolecular bicyclisation by Motherwell and Roberts
(1995).68

The total synthesis approach of Doyle and co-workers included a similar strategy as reported by
Takahashi and co-workers (Scheme 3). Instead of utilising copper(l) iodide, Doyle and co-
workers employed a dirhodium(ll) carboxamidate catalysts for the intramolecular
bicyclisation.®® Geranylgeraniol 34 was converted into allyl diazo compound 35 (Scheme 6).
Voefs! Epzifit! dzdijtbujpo! conditions, the major products were pyrazole 43 and dimer 44. In
addition, an inseparable mixture of the desired (z)-casbene ((z)-1) and two different bicyclic side-
products (45 & 46) was obtained.”
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N
= = = = OH—’_, = = = R

geranylgeraniol (34) 35

Y
R /
A R NGNS
@ MR S \
X
74
pyrazole (43) dimer 44 45 46 (+)-casbene ((+)-1)

(cycloaddition)

Re SN AN AN

Scheme 6. Attempted synthesis of casbene by intramolecular cyclopropanation by Doyle and co-workers (2002).

Two main strategies were employed in the previous synthesis approaches.

1) The cyclopropane unit was introduced as a building block from a natural pool and
stayed untouched throughout the syntheses. The macrocyclisation was carried out

under different conditions with low to moderate yields.

2) Geranylgeraniol was processed into the corresponding cyclisation precursor, which
was then converted into the cjdzdip\23/2/1*qfoubefdbof!gsbnfxpsl!jo one step. Uif!
dibmfohf!pgluijt!tusbufhz!xbtlup!bwpjelgpsnbujpo!pg!tjy!psiufo!Nnfncfsfelsjoht!evsjoh!

ui Finbdspdzdijtbujpo/!

Ui flipx!zjfiejoh!nbdspdzdijtbujpot!boelobsspxlubshfultfirfdujpo!pglui FtFlbggspbdi ftinpujwbufe!

vtlupletwipg!blejyggfsfoul tusbuthz/
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3 NPMCEFOVN!DBUBMZTFE!SJOH.DMPTJOH!BMLZOF!
NFUBUIFTJT

The interest in macrocyclic structures, as casbane diterpenes, comes in part from the enormous
number of such natural products and their biochemical functionalities, which led to the
development of macrocyclic pharmaceuticals. In this regard, the macrocyclic motif combines
the benefits of large biomolecules with those of small molecules. This provides high affinity and
selectivity for protein targets, whereas bioavailability is sufficiently preserved to reach the
intracellular matrix. Therefore, diversity-oriented total synthesis of macrocyclic structures is
important for initial target validation, structure-activity relationship establishment, and final
development of derivatives with ideal pharmacokinetic properties.”*P"3

During the synthesis of macrocyclic natural products, the cyclisation represents a key design
element. Therefore, a large variety of macrocyclisation approaches and methodologies were
developed.”*"™ Among these, alkene and alkyne ring-closing metathesis play an important role
to establish the macrocyclic architectures.” Unlike alkyne metathesis, alkene metathesis has
been more widely investigated over the years and was awarded with the Nobel prizes in 2005.75P
8 This is mainly due to the availability of user-friendly catalysts and the great compatibility with
a broad range of functional groups. A major drawback of ring-closing alkene metathesis (RCM)
is the low stereoselectivity, in some cases.”®"®2 On the other hand, alkyne metathesis, when
combined with partial reduction of the alkyne, enables a more elegant construction of large ring
sizes with full stereocontrol. For example, Lindlar reduction or trans-hydrostannation can be
applied as post-metathetic transformations.

3.1 DEVELOPMENT OF EFFICIENT ALKYNE METATHESIS CATALYST
SYSTEMS

In 1968, Pennella and co-workers reported the first alkyne metathesis by a heterogeneous
tungsten trioxide catalyst on silica. This system caused the conversion of pent-2-yne into
but-2-yne, hex-3-yne, and polymeric materials at 200 to 450 °C.82 Shortly thereafter, Mortreux
and Blanchard noted that a mixture of molybdenum hexacarbonyl and resorcinol enabled the
first alkyne metathesis by a homogeneous catalyst system.8

Katz and McGinnis proposed the generally accepted alkyne metathesis mechanism, proceeding
similarly up!Dibvwjo!t!dbubnzujd!bonl fofinfubui Ftjt!dzdrf/'Ui f reaction is initiated by a formal [2+2]
cycloaddition of a metal alkylidyne complex A and an alkyne B, generating a
metallacyclobutadiene intermediate C. Cycloreversion from the tautomer D leads to the product
F and regeneration of the metal alkylidyne complex E (Scheme 7).85p87

R! R!
M=—R' + R2——R? —>= T;( — Tﬂ( —>i\‘/|+||
R? R? R? R?
o] D

A B

Scheme 7. Basic mechanism of alkyne metathesis catalysis by alkylidyne complexes.8588
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The mechanistic proposal was experimentally confirmed by Schrock and co-workers, using high
oxidation state metal alkylidyne complexes of molybdenum(Vl), tungsten(Vl), and
rhenium(VI1).8%%° Further mechanistic studies revealed the importance and reactivity of
metallacyclobutadiene moieties as key intermediates in the catalytic cycle.9r%3

In 1998, Cummins and co-workers reported the synthesis and reactivity of trisamido
molybdenum(lll) complex 47, which reacts with dinitrogen (N2) to the nitrido molybdenum(VI)
product [NI Mo{('Bu)(Ar)N}s].94P% After in situ activation of 47 with CH.Cl,, alkyne metathesis
was observed, which is based on the active complexes [CIMo{(*Bu)(Ar)N}s] and
[HCI Mo{('Bu)(Ar)N}s]. While the molybdenum halide complex showed catalytic activity, the
terminal alkylidyne complex only performed one turnover due to instability."P9°

The catalytic activity of such trisamido alkylidyne molybdenum complexes was improved by
Moore and co-workers, avoiding the formation of unstable terminal alkylidyne and halide species
(Scheme 8). To this end, the trisamido molybdenum(lll) complex 47 was activated with 1,2-
dichloropropane, resulting in the formation of molybdenum halide complex 48 and propylidyne
molybdenum(VIl) complex 49. The halide species 48 can be reductively recycled with
magnesium to the trisamido molybdenum complex 47,100,102

o CU S e

47 T Mg ‘ 48

Scheme 8. iSfevduwF!rfdzdrf!strategy of molybdenum alkylidyne complexes synthesis by Moore and co-workers.

In 2010, Furstner and co-workers published a new generation of molybdenum-based alkyne
metathesis catalysts 50 bearing triphenylsilanolate ligands. The 1,10-phenanthroline adduct 51
represents an air-stable and therefore user-friendly pre-catalyst, which can be reactivated with
MnCl, at 80 °C (Scheme 9).28 The functional group tolerance and broad scope of this catalyst
was investigated in a series of alkyne homometathesis, cross metathesis (ACM), and RCAM
reactions.

1,10-phenanthroline Ph
h toluene/Et,0, RT |h

p
Highly Active /_\ MO~ Bench-stable
Alkyne |‘| Ph3SIO/,; \\\OSIPh3 Alkyne

.M N AN

Metathesis MOy, A PhsSIO” Metathesis
Catalyst Ph38|o/ OS'PhS\/ N Catalyst
Ph3SiO OEt,
MnCl,
toluene, 80 °C
50 51

Scheme 9. Bench-stable alkyne metathesis catalyst: Reversible coordination of 1,10-phenanthroline.

In addition, Fiirstner and co-workers reported a significant rate enhancement by addition of 5 A
molecular sieves (MS) of alkyne metathesis reactions with methyl-capped alkynes at room
temperature. This effect is based on the adsorption of the by-product 2-butyne, which shifts the
equilibrium towards the products and hinders the readmittance of 2-butyne into the catalytic
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cycle.® This modification avoids the need for elevated temperature or gentle vacuum to remove
these by-products.®®

The application of ancillary silanolate ligands to molybdenum alkylidyne complexes led to the
formation of alkyne metathesis catalysts with an extended functional group tolerance and a
broad substrate scope. These improvements are deriving from the electronic and steric features
of these ligand spheres, which are bulky enough to block undesired reactivity (bimolecular and
an associative decomposition), but flexible enough to allow the desired alkyne metathesis to
proceed.

In terms of the electronic properties, the Aland ¢ donating character of these silanolate ligands
enables the tuning of the Lewis acidity of the metal centre, satisfying the demands of the
catalytic cycle.l%31% However, recent theoretical studies of the metalpligand binding profile
revealed that linearisation of the MQPQT]j! bond angle would lead to a weaker MpO donor
strength and not as previously hypothesised to an increase of electron donation.%

In the bent conformation, one ¢-bond and one A-bond was found for each MpO binding, where
the ¢-bond contributed the larger O Y M electron donation. The linearisation of this MpOpSi
bond, considering a tripodal ligand system, leads to a second weak MpO A-bond, which
contributes to the O Y M electron donation. The simultaneous decrease of the orbital overlap
of the ¢-bond results in a much weaker O Y M electron donation. Consequently, the linearisation
weakens the MpO bond (Figure 9).

Bent Linear
!
- ) wM—0—sirR
ROYe N\ SiR RO 4 3
RO' o~ 78 %4

\&‘be\e/'ﬂ'\-co-b‘@—

c(0-Si) n(M-0) weak c(0-Si) n(M-0) weak
o(M-0) sp%-LP(0) (M-0) 1(M-0) weak

Figure 9. Bent vs linearised metal p ligand binding motifs.105

While the combination of molybdenum and these triarylsilanolate ligand spheres forms
well-defined and highly active alkyne metathesis catalysts, functional group tolerance was still
a challenge. Particularly substrates, which contain primary and propargylic alcohols, were often
met with decomposition in RCAM.1%® The catalysts belong to the class of Schrock alkylidynes
containing an early transition metal in its highest possible oxidation state (+VI) if one counts the
alkylidyne ligand as trianionic.88107p109
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Two main deactivation pathways of alkylidyne complexes with protic functional groups have to
be considered.

A) If the central metal is inappropriately sheltered, the Lewis acidic central metal
endangers substituents at any activated position, leading to a ligand substitution and
formation of a resonance-stabilised cation (Figure 10 A).

B) Even when the alkylidyne intermediate was formed, the propargylic alcohol, next to the
nucleophilic carbon, might turn into a leaving group (Figure 10 B).

A) ! B)
@ '
[Mo]. (Mo] 5 o
X\OH OH 5 o ('OH OH
R — R—— ©) ! XsMo=—=
= — N\ R XgMo—-—\R

Figure 10. Deactivation/decomposition pathway of alkyne metathesis catalyst with propargylic alcohols.106

This limitation can be overcome, at least in part, by introducing a tridentate silanolate ligand to
molybdenum alkylidyne complexes (Figure 11).1° This approach combined the virtues of
electronic and steric features of the silanolate ligands in an envisaged podand ligand sphere
that shields the metal centre and prevents ligand substitution due to its chelating effect.
Therefore, two versions with differently tethered backbones were synthesised in a few scalable
steps. These catalytically active species are generated in situ by mixing the activated trisamido
molybdenum alkylidyne complex 49 with either of the two ligands (52 & 53). The resulting alkyne
metathesis catalysts are characterised by a broad substrate scope and superb functional group
tolerance. More specifically this two-component alkyne metathesis catalyst system can tolerate
secondary and primary alcohols as well as propargylic alcohols.'%®

Similarly, Zhang and co-workers developed an alkyne metathesis catalyst (54) with tridentate
phenol ligand scaffold (55) generated in a similar manner (Figure 11).11%113 However, the major
drawbacks are the use of carbon tetrachloride as the solvent and the limited substrate scope.
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Figure 11. Two-component alkyne metathesis catalyst system,106110p113

The latest generation of alkyne metathesis catalyst, also termed the canopy catalyst, was
disclosed by Furstner and co-workers (Figure 12).11* The complexes 56, 57, and 58 exhibit a
unique reactivity and selectivity profile that stems from the podand silanolate ligand spheres.
Slight modification at the ligand sphere revealed a significant reaction rate acceleration with 58.
The excellent performance of these catalysts is illustrated by their broad functional group
tolerance including unprotected primary alcohols as well as molecules with donor sites like
basic nitrogen or heterocycles. In addition, this robustness gives the opportunity to use technical
grade solvents.!?> Gratifying results were obtained by applying the canopy catalysts to
macrocyclisation of demanding architectures, as en-route to the total synthesis of the marine
toxin amphidinolide F.**°

OMe

anisol phenyl canopy catalyst phenyl canopy catalyst system (57) methyl canopy catalyst system (58)
system (56)

Figure 12. Canopy alkyne metathesis catalyst systems.
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3.2 TERMINAL ALKYNE METATHESIS

Despite the success of alkyne metathesis with alkyl-capped alkynes, terminal alkynes are a
known limitation. The trisilanolate alkylidyne molybdenum catalyst 50 showed significant
deactivation in reactions with p-MeOCgH4CI CH. This is due to decomposition of Schrock
alkylidyne complexes via deprotiometallacyclobutadiene formation.’®* Nevertheless, also the
decomposition via a bimolecular collision needs to be considered (Scheme 10);103109116p118

1. Formation of metallacycle H-lgpmpxfe!cz!blusbotboowvibs! D I!bdujwbujpo! might generate
deprotiometallacyclobutadiene | by loss of one ligand (Scheme 10, left).2%411° This
deactivation is favoured by donor ligands, like alkoxides and silanolates.

2. Formation of metallacycle J, followed by cycloreversion might form the unstable
methylidyne complex K and dimetallatetrahedranes L (Scheme 10, right).10411%123 gych
p-bridging acetylene complexes are able to open a polymerisation channel.

Despite these challenges, Furstner and co-workers successfully utilised the trisilanolate alkylidyne
molybdenum catalyst 50 for the RCAM of methyl-capped/terminal alkynes in the total synthesis
of mandelalide A and for cross metathesis of methyl-capped/terminal alkynes.119124125

H H

M X M
X M .
| X X7
X x7 X
H G J
L
HX R———R
H H
R—ToR H |
x M X o
L X”Nl\/,Mix oM —x
| X7 X X
L K

Scheme 10. Basic scenarios in terminal alkyne metathesis reactions; L = neutral ligand; M = Mo, W; X = anionic
ligand.119

The limitation presented by terminal alkynes was addressed by Tamm and co-workers by
application of the 2,4,6-trimethylbenzylidyne catalysts ([MesCl M{OC(CFs3)2(CH3)}s], M = Mo, W).
These catalysts bearing highly fluorinated alkoxide ligands show advanced reaction profiles,
which are owed by the significantly accelerated reaction rates, the less basic fluorinated alkoxide
ligands, and the sterically demanding benzylidyne ligand.26012°
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Remark: Dr. Johanna Novacek initiated the total synthesis project of casbane diterpenes and
explored a different approach towards the casbane diterpenes, including preliminary attempts
of the RCAM/trans-hydrostannation/diversification. Parts of this research were carried out in
collaboration. Her accomplishments helped to redesign the route and to develop the herein
described total synthesis approaches.

1 GISTU'BQQSPBD I!p!TUVEJFTIUPXBSET!U I FIUPUBM!
TZOUIFTITIPG!3.FQJ 1 ZESPYZEFQSFTTIO!BOE!
TJOVMBSDBTCBOF!B

1.1 ISOLATION AND STRUCTURAL ELUCIDATION

1-epi-10-Hydroxydepressin and 2-epi-10-hydroxydepressin

1-epi-10-Hydroxydepressin (4)® and 2-epi-10-hydroxydepressin (5)* (Figure 13) were first
isolated from the South China Sea soft coral Sinularia depressa, which was collected at a depth
of 20 m in the Lingshui Bay, Hainan Province, China. Extraction of the natural materials (510 g)
and chromatographic purification of the dark brown residue gave 1-epi-hydroxydepressin
(4, 1.6 mg) and 2-epi-10-hydroxydepressin (5, 1.9 mg) as a colourless oil each.

The casbane framework of 1-epi-10-hydroxydepressin (4) was elucidated by 2D-NMR analysis.®
The trans configuration of the cyclopropane was determined by nOe analysis in combination
with the 3C NMR chemical shifts. The absolute stereochemistry of the C10pOH stereocentre
was determined by Mosher ester analysis. No conclusive stereochemical relationship between
the C10pOH group and the absolute configuration at the cyclopropane was identified based on
NMR analysis. Therefore, CD analysis was conducted, which revealed the absolute configuration
as 1R,25,10S.°

The structure of 2-epi-10-hydroxydepressin (5)* was elucidated by 2D-NMR analysis and by
comparison of analytical data with 1-epi-10-hydroxydepressin (4). Unfortunately, the Mosher
ester analysis was unsuccessful, due to the limited amount of isolated material.* The
trans configuration of the cyclopropane was determined by *C NMR and ROESY spectra
analysis, as well as by comparison to related casbane diterpenes from Sinularia sp. and S.
depressa.®’ Due to the flexibility of the macrocycle, the relative configuration at C10 could not
be elucidated by nOe experiments. Consequently, the configuration of C10pOH group was
tentatively assigned by comparing the **C NMR chemical shift (C10, (i = 65.1 ppm) with those
of sinularcasbane A (3)” (C10, Ul = 66.2 ppm) and 10-hydroxydepressin (2)¢ (C10, i = 67.5 ppm),
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in combination with biogenetic considerations. The absolute configuration was then determined
as 1S,2R,10S by CD and comparison to structurally similar casbanes.*

Sinularcasbane A

Sinularcasbane A (3) (Figure 13) was first isolated together with five new casbanes and six
known analogues from a South China Sea soft coral Sinularia sp,” which were collected at a
depth of 8 m off the coast of Ximao island, Hainan Province, China. Extraction of the natural
materials (2.7 kg) and chromatographic purification of the residue gave sinularcasbane A (3) as
a colourless oil (2.1 mg). The structure was elucidated by 2D-NMR analysis and by comparison
to 10-hydroxydepressin (2).°

The initial NMR data analysis revealed the similarity of sinularcasbane A (3) and
10-hydroxydepressin (2). The only significant deviation was the upfield shifted C20 signal
(0= 15.0 ppm) compared to that of 10-hydroxydepressin (2, i = 18.3 ppm). Consequently, the
isolation team suggested a diastereomeric relationship, in which both casbane diterpenes
possess a cis-configured cyclopropane. The absolute configuration of C10pOH was assigned
by biogenetic considerations and by comparison to 10-hydroxydepressin (2). The absolute
configuration of the cyclopropane was assigned, based on the absolute configuration of
C10pOH and the diastereomeric relationship to 10-hydroxydepressin (2).

As illustrated in Figure 13, this selection of the casbane natural products only differs in the
configuration of the cyclopropane, which appears in all four possible permutations.

10-hydroxydepressin (2) sinularcasbane A (3) 1-epi-10-hydroxydepressin (4) 2-epi-10-hydroxydepressin (5)

Figure 13. Selection of casbane natural products as synthetic targets 10-hydroydepressin (2), sinularcasbane A (3)7,
1-epi-10-hydroydepressin (4)8, 2-epi-10-hydroxydepressin (5)4.

1.2 OBJECTIVES

The casbane diterpenes are extremely rare in nature.* The discovery of these four casbanes
demonstrates a fascinating structural similarity within the natural product family (Figure 13).
None of these casbanes has been approached by classic total synthesis, yet. In addition, the
stereochemical assignments of 1-epi-10-hydroxydepressin (4), 2-epi-10-hydroxydepressin (5),
and sinularcasbane A (3) are based more on assumptions than on data-driven conclusions.
Therefore, the first total synthesis of these natural products with a diversity-oriented strategy
would not only clarify the relative and absolute configuration, but also would bring at least four
casbane derivatives into reach, and provide material for biological assays. The resulting
synthetic plan should be concise, efficient and flexible in order to address all four permutations
at the cyclopropane in one strategy. This flexibility should be catalytically achieved, rather than
obtaining these motives from the narrow chiral natural pool*® or utilising a masked gem-
dimethyl unit.13!
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1.3 RETROSYNTHETIC ANALYSIS OF SINULARCASBANE A

This approach was based on the employment of RCAM to form the unsaturated macrocycle,
followed by a hydroxy-directed trans-hydrostannation of the resulting cyclic alkyne. The resulting
alkenyl stannane, which would contain the desired double bond geometry, would be used in
late-stage diversification as a platform to access the desired oxygenation pattern in the
topsui fsol! tfdups. This late-stage diversification strategy was already successfully applied to
several complex natural product syntheses.’+132p134

The total synthesis of sinularcasbane A (3) would be completed by oxidation of the alcohol at
C5, followed by deprotection of the C10pOH (Scheme 11). The C5pOH group was envisioned
as a directing group for the trans-hydrostannation of macrocyclic alkyne 59, introducing the
required alkene geometry. Then, the resulting stannane would be subjected to formal Stille cross
coupling with methyl iodide to install the missing methyl group at the C18 position.
Macrocyclic alkyne 59 would be formed by RCAM of the terminal/methyl-capped diyne 60,
which would contain the gem-dimethyl cyclopropane in conjugation to the C C triple bond. This
motif is an interesting structural pattern for RCAM and late-stage diversification of the resulting
macrocyclic alkyne. The terminal alkyne of the RCAM precursor 60 would be introduced by
oxidation and subsequent Bestmann-Ohira homologation of the corresponding aldehyde. The
elongated cyclopropyl fragment 62 was envisaged to be coupled with western fragment 61,
after the secondary boronic ester would be selectively mono-oxidised to the corresponding
alcohol. Cyclopropane fragment 63 would be elongated by carbometalation of the terminal
alkyne and subsequent palladium catalysed coupling with vinyl bromide. The formed diene
would then be subjected to an enantioselective bisborylation to afford the elongated cyclopropyl
fragment 62.1% The western fragment synthesis (61) would commence from pentynol 64
followed by a hydroboration and bromination sequence to furnish E-alkenyl bromide 65. The
subsequent oxidation of 65 and introduction of the methyl-capped alkyne unit on treatment with
the corresponding Grignard reagent would afford the desired western fragment 61.

Bestmann-Ohira
homologation

oxidation trans-hydrostannation,
C-methylation

Suzuki

) OPG
coupling
sinularcasbane (3) 59 60
OH
OH
OH OH OPG H
carbometallation,
j j // + cross coupling j
| | = 5 N .
Bpin~
Br Br . Pz
Bpin =

64 65 western fragment | 62 cyclopropyl fragment
61) (63)
enantioselective
bisboration

Scheme 11. Retrosynthetic analysis of sinalurcasbane A (3) p second approach.
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The cyclopropyl fragment synthesis (63) would be accomplished by a multi-step sequence
including hydrogenation of the electron poor alkene 66 in presence of the cyclopropane,
selective ester reduction and subsequent Bestmann-Ohira homologation of the resulting
aldehyde to introduce the terminal alkyne (Scheme 12). The reduction of bicyclic lactone 67 to
bicyclic lactol 68, which is in equilibrium with the open monocyclic aldehyde 69, would allow for
the introduction of unsaturated ester (66) by Wittig homologation. The key intermediate 67,
would be accessed via an enantioselective cyclopropanation of allyl diazoester 70, which in turn
would be readily available in two steps from prenyl alcohol 71 and diketene 72 (Scheme 12). The
intramolecular cyclopropanation and the synthesis of the diazoester 70 are literature-known.%°

OH _ _
OH H
H
= | — ) - 0
o X
\ MeO ] - s JH
////_Bestmann—Ohira wittig- i
homologation O homologation
63 66 69 68
H
0 | N,
0 I
| + C 0 C 0
OH
0 0 H[RhZ]-cat.
cyclopropanation
71 72 70 67

Scheme 12. The retrosynthetic analysis iodpsqpsbujoh!Epzifit!jousbnprfdvibs!dirhodium catalysed cyclopropanation.

1.4 SYNTHESIS OF THE CYCLOPROPYL FRAGMENT

1.4.1 ENANTIOSELECTIVE CYCLOPROPANATION P SIMMONS-SMITH APPROACH

Initially, an enantioselective Simmons-Smith cyclopropanation of allylic alcohol 73 with
2,2-diiodo propane 74 via the Denmark-Kobayashi or Charette modification was investigated
(Table 1).

In terms of the Denmark-Kobayashi variant, the order of addition as well as the equivalents of
Et,Zn and chiral promotor 75 were varied. These attempts resulted in up 59% yield of the desired
cyclopropane 76 with no induced chirality. In addition, the Charette modification at different
temperatures, employing boronic ester 77 as chiral promotor, either led to no reaction or
decomposition (Table 1). Therefore, a literature-known intramolecular catalyst-controlled
cyclopropanation was employed.
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Table 1. Simmons-Smith cyclopropanation p summary.

chiral promotors

O/NHSOZCH3 H
““NHSO,CH5 !

OH -
P 75
| 74 : '
' Me,NOC CONMe, !
// O\ e
R i
R=H,73a nBu
R =TMS, 73b 77
Methodology Result
Denmark-Kobayashi Modification Racemic, up to 59%
Charette Modification No Reaction or Decomposition

1.4.2 ENANTIOSELECTIVE CYCLOPROPANATION p [RH2(MEPY)4] CATALYSED
CYCLOPROPANATION

[Rh2(MEPY)4] was discovered as a novel catalyst for the enantioselective intramolecular
cyclopropanation of allyl diazoesters by M. P. Doyle and co-workers 30 years ago. The desired
cis-gem-dimethyl cyclopropane is exclusively formed in very good vyield with excellent
enantioselectivity, while employing very low catalyst loading (0.1-1.0 mol%, Scheme 13).%° Both
enantiomers of the dirhodium(ll) carboxamidate paddlewheel complex are literature-known
([Rh2(5R-MEPY)4] (78) and [Rh2(5S-MEPY)4] (79)) and enable the synthesis of both cyclopropane
enantiomers (1S,2R-80 & 1R,2S-67) (Scheme 13). The trans cyclopropane motives would be
accessible by epimerising one of the bridging carbon stereocentres in the course of the total
synthesis. Nevertheless, the [Rho(MEPY)s] catalysts show an impressive reactivity profile
including (intramolecular) cyclopropanation and intramolecular CQH insertion. Thus, these are
applied in some total syntheses,3869.143p147.70,136p142

07N 07N
;0 N [0 N
H RA—RH Rh—RH H
Ny 074 78 | Noo N7 07L 79 s
0 o\{% 0
[Rh,(5R-MEPY),] [Rh,(5S-MEPY),]
g (0.1-1.0 mol%) 0 (0.1-1.0 mol%) g
(1R,55)-67 70 (1S,5R)-80
83%, 98% ee 89%, 98% ee

Scheme 13. Enantioselectivity of Doylels [Rh2(5R-MEPY)4] 78 and [Rh2(5S-MEPY),] 79 catalysts.137.143

The synthesis of the cyclopropyl fragment 63 commenced by NaOAc catalysed formation of
U-ketoester 81 from prenyl alcohol 71 and diketene 72 in 70% yield. The subsequent Regitz
diazotransfer under basic conditions with 4-acetamidobenzenesulfonyl azide (p-ABSA) and
hydrolysis of the terminal ketone generated diazoester 70 in 75% yield. If diketene is not
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available, a different protocol reported by Danheiser and co-workers might be used to access
diazoester 70.14801%0

0
I

SN SLL
0 N
T L SUUE= O
on i 0
0 0 0
71 72

81 70

Scheme 14. Synthesis of allyl diazoester 70. Conditions: a) 72 (1.2 equiv), NaOAc (0.12 equiv), THF, reflux, 70%;
b) i) p-ABSA (1.3 equiv), EtsN (1.3 equiv), MeCN, RT, ii) LiOH (5.5 equiv), H20, RT, 75% over 2 steps.

The intramolecular cyclopropanation was performed according to the procedure of Doyle and
co-workers.%9137143 A mixture of diazoester 70 in CH,Cl, was added over 30 hours, to prevent
any dimerisation, to a refluxing mixture of [Rh2(5R-MEPY)4] catalyst 78 (0.5 mol%) in CH.Cl.. The
desired lactone 67 was obtained in 89% yield with an enantioselectivity of 94% ee on multigram
scale.

0 N 2
0 I N
[ V2
N /Flih—RIh H
4 78
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0 0 H
70 67

Scheme 15. Cyclopropanation of allyl diazoester 70 by Doyle's [Rh2(5R-MEPY)4] catalyst. Conditions: a) 70 (in CHxCly,
addition over 30 h), [Rh2(5R-MEPY)4] (0.5 mol%), CH,Cly, reflux, 89% (94% ee).

The reduction of lactone 67 to the corresponding lactol 68 was carried out by slow addition of
DIBAL-H at 978 °C (Scheme 16).1! This procedure avoided any over-reduction to the undesired
diol. The resulting bicyclic lactol 68 was expected to be in an equilibrium with the monocyclic
aldehyde 69, which was converted into 66 by a Wittig homologation in 80% yield over two steps.
The electron deficient alkene 66 was selectively hydrogenated in the presence of the strained
cyclopropane with catalytic amounts of cobalt(ll) chloride, using sodium borohydride as
reducing agent under a hydrogen atmosphere, instead of an inert gas atmosphere.'®21% These
slightly modified conditions afforded the saturated ester 82 in 94% yield. The ester functionality
was then reduced to the corresponding aldehyde 83 with DIBAL-H in CH.Cl, at §78 °C. The
resulting aldehyde was subjected to Bestmann-Ohira homologation to give cyclopropyl
fragment 63 in 68% yield over two steps. In conclusion, the synthesis of fragment 63 was
completed in eight steps and 24% overall yield (Scheme 16).
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Scheme 16. Synthesis of the cyclopropyl fragment 63. Conditions: a) DIBAL-H (1.02 equiv, CH2Cl,), CH2Cly, §78 °C;
b) phosphoranylide (2.0 equiv), THF, 60 °C, 81% over 2 steps (E:Z G 20:1); ¢) E-ester 66 (1.0 equiv), CoCl-H,0
(20 mol%), NaBH4 (5.0 equiv), MeOH, DMF, RT, 94%; d) i) DIBAL-H (2.4 equiv, in CH2Cl,), CH2Cl,, 378 °C, ii) Bestmann-
Ohira reagent (1.5 equiv), K.CO3 (2.0 equiv), MeOH, RT, 68% over 2 steps.

The resulting terminal alkyne 63 was subjected to carbometalation with Cp2ZrCl, and Me3Al in
CH.CI, at room temperature. The resulting alkenylalumination species were quenched with
iodine at 78 °C to obtain the corresponding E-alkenyl iodide 84 in only 13% yield (Scheme 18).
Due to this low yielding reaction sequence, the O-silylated alcohol derivative 85 was envisaged
to be more suitable for the carbometalation/iodination sequence (Scheme 16).

Therefore, the primary alcohol 82 was TBS-protected and the resulting ester 86 was reduced
with DIBAL-H to aldehyde 87. Bestmann-Ohira homologation afforded terminal alkyne 85 in 82%
yield over two steps. In conclusion, the O-silylated cyclopropyl fragment 85 was prepared in nine
steps and 26% overall yield (Scheme 16, Scheme 17).

OH OTBS OTBS
H " " OTBSH
a) b) c)
—_— —_— —_—
H H H !
MeO MeO
| =
0 0 0 =
82 86 87 85

Scheme 17. Synthesis of the TBS-protected cyclopropyl fragment 85. Conditions: a) TBSCI (1.2 equiv), imidazole
(1.5 equiv), DMF, CHxCl, RT, 98%; b) DIBAL-H (1.02 equiv, in CH2Cl,), CH2Clz, §78 °C; c) Bestmann-Ohira reagent
(1.5 equiv), K2CO3 (2.0 equiv), MeOH, RT, 82% over 2 steps.

The cyclopropyl fragment 85 were subjected to a carbometalation/iodination sequence to
obtain the corresponding E-alkenyl iodide 88 in 39% yield. (Scheme 18, right).
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OH OH : OTBS 0TBS

Z D Z
63 84 85 88

Scheme 18. Carbometalation of the cyclopropyl fragments 84 and 88. Conditions: a) i) Cp2ZrCl, (20 mol%), MezAl
(3.0 equiv), CH.Cly, RT; i) I, THF, 578 °C, 13% over 2 steps (E:Z G 20:1); b) i) Cp,ZrCl, (20 mol%), Me3zAl (2.0 equiv),
H20 (1.0 equiv), CH2Cl,, p7 °C; i) I, THF, §78 °C, 39% over 2 steps (E:Z G 20:1).

This approach towards the elongated cyclopropyl fragment 62 included many steps with a low
yielding carbometalation/iodination sequence. The disillusioning situation caused the
termination of this approach and let us develop a significantly distinct synthetic strategy.
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Initially, ent-depressin (89, Scheme 19) was chosen as the prevailing target to develop a
synthetic route. The lactone 67 containing the cyclopropane unit was readily available and was
used as an intermediate in this approach. The lack of the C10pOH group, in comparison to the
previous target sinularcasbane A (3), reduced the synthetic effort throughout the development
of a viable route.

2.1 ISOLATION AND STRUCTURAL ELUCIDATION

Depressin

Depressin (9) was first isolated with eight other casbane analogues from the South China Sea
soft coral Sinularia depressa, which was collected at a depth of 20 m in the Lingshui Bay, Hainan
Province, China (Figure 15).% Extraction of the natural material (510 g) and chromatographic
purification of the dark brown residue gave depressin (9) as a colourless oil (5.6 mg). The
casbane diterpene framework was elucidated by 2D-NMR analysis.® The cis configuration of the
cyclopropane was assigned by nOe experiments in combination with the characteristic 3C NMR
chemical shifts. The absolute configuration was determined as 1S,2R by CD analysis.®

2.2 RETROSYNTHETIC ANALYSIS

In analogy to the previous retrosynthetic analysis, this approach included the same four final
steps, RCAM, trans-hydrostannation, C-methylation, and oxidation. In this approach, a
disconnection was envisaged between C12 and C13, which would lead to the cyclopropyl
fragment 90 and the western fragment 91.

The major challenges regarding the RCAM of diyne 92 to macrocycle 93 would be the terminal
alkyne in conjugation to the cyclopropane as well as the C5pOH group (see chapter 3). The
concise profile of this approach is based on combining advanced fragments (90 & 91), followed
by only five steps to complete the total synthesis of ent-depressin (89).

The corresponding C-/O-silylated RCAM precursor would be obtained by chemo- and
regioselective hydroboration of the terminal alkene 90 over the alkyne functionality and
subsequent sp?-sp® Suzuki cross coupling with the western fragment 91. The sterically
demanding TIPS group of the cyclopropyl fragment 90 was introduced to shield the alkyne and
to obtain the desired chemoselectivity during the hydroboration (Scheme 19). A global
deprotection would give access to the RCAM-required alkyne functionality (92).
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Scheme 19. Retrosynthetic analysis of ent-depressin (89) p second approach.

The C-silyl protected alkyne group of the cyclopropyl fragment 90 would be introduced by
oxidation of alcohol 94 and Corey/Fuchs homologation. The previously described synthesis of
lactone 67, followed by reduction and Wittig homologation of the resulting aldehyde would
provide terminal alkene 90 (Scheme 20).

Corey-Fuchs
homologation

;&I

Wittig [Rh,(5R-MEPY),]
homologatlon 94 67 cyclopropanation 70

Scheme 20. Retrosynthetic analysis of the cyclopropyl fragment 90 p second approach.

The Suzuki cross coupling partner 91 would be completed by stereoselective iododesilylation of
the corresponding alkenyl silane (Scheme 21). The silyl group was envisaged as a masked
iodide, allowing the sp?-sp® Negishi cross coupling between C8 and C9 (95 & 96) to proceed
without any reactivity at the C12 position (Scheme 21). Alkenyl halide 95 would be synthesised
by a (formal) hydroboration of 64, transformation of the resulting boronic ester into alkenyl
halide 97, and introduction of the methyl-capped alkyne unit. The organozinc compound 96
would derive from the corresponding alkyl iodide, which in turn would be obtained by an Appel
iodination. A sequence of lithiation/silylation starting from 2,3-dihydrogen furan 98 followed by
a nickel(0) catalysed opening of 99 with methyl magnesium bromide would lead to the desired
alcohol readily for iodination.1%41%°
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Scheme 21. Retrosynthetic analysis of the western fragment 91 p second approach.

2.3 SYNTHESIS OF THE CYCLOPROPYL FRAGMENT

As in the previous approach, the synthesis of the cyclopropyl fragment 90 commenced with the
preparation of U-ketoester 81 from prenyl alcohol 71 and diketene 72 under basic conditions.
Introduction of the diazo group to U-ketoester 81 by Regitz diazo transfer and subsequent
hydrolysis gave diazoester 70 in three steps and 53% yield (see chapter 1.4.2, Scheme 14).1%
The enantioselective gem-dimethyl cyclopropanation led to cis-cyclopropyl lactone 67 in 89%
yield with 94% ee on treatment with [Rh2(5R-MEPY)4] (78). The selective DIBAL-H reduction of
lactone 67 bu!@78 °C in CH2Cl. provided lactol 68, which was in equilibrium with the monocyclic
aldehyde 69. This in turn was used in a Wittig homologation and terminal alkene 94 was isolated
in 66% yield, according to a literature known protocol.?*® Dess-Martin oxidation of alcohol 94
gave aldehyde 100, which was converted into dibromide 101 upon treatment with the in situ
generated phosphorus ylide in CH.Cl, at 0°C. Unfortunately, 8.0 equivalents of
triphenylphosphine and 4.0 equivalents of carbon tetrabromide were necessary to consume
aldehyde 100 completely. These quantities of triphenylphosphine and carbon tetrabromide were
twice as in ordinary procedures.'®” Any further attempts to improve the yield by increasing the
temperature or by purifying the aldehyde 100 and bromide 101 intermediates led to
decomposition. The dibromination reaction was quenched with pentane at O °C, the precipitated
triphenylphosphine was filtered off, and crude dibromide 101 was subjected to the Fritsch-
Buttenberg-Wiechell rearrangement. Treatment of dibromide 101 with n-BuLi at 378 °C and
subsequent quenching of the resulting organolithium species with TIPSCI provided the
cyclopropyl fragment 90 in 46% yield over the final three steps. Overall, the synthesis of the
cyclopropyl fragment 90 was achieved in eight steps and 14% overall yield.
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Scheme 22. Synthesis of the cyclopropyl fragment 90. Conditions: a) [Rh2(5R-MEPY)4]-:2MeCN (0.5 mol%), CHxCl>,
reflux, 89% (94% ee); b) DIBAL-H (1.02 equiv in CH2Cly), CHxCl,, §78 °C; ¢) PhsPCH> (1.5 equiv), THF, RT, 66% over 2
steps; d) DMP (1.5 equiv), CH.Cl,, RT; e) PPhs (8.0 equiv), CBr4 (4.0 equiv), CH2Cly, 0 °C; f) i) n-BuLi (2.0 equiv), THF,
078 °C; i) TIPSCI (2.0 equiv), 78 °C, 46% over 3 steps.

2.4 SELECTIVE HYDROBORATION OF THE CYCLOPROPYL FRAGMENT

Initially, the feasibility of the chemo- and regioselective hydroboration of the terminal alkene 90
in combination with the subsequent Suzuki cross coupling of the resulting alkyl borane 104 was
investigated with alkenyl bromide 102, instead of the western fragment 91. The selective
hydroboration with the 9-H-9-BBN dimer was carried out in toluene at 100 °C followed by the
sp2-sp® Suzuki cross coupling (Scheme 23).1%8P162 This sequence yielded the desired isomer 103
in 56% yield and demonstrated the chemo- and regioselective hydroboration of terminal alkene
90 over the sterically shielded alkyne, the integrity of the cyclopropane, and the suitability of
borane 104 for Suzuki cross coupling.
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Scheme 23. Selective hydroboration and Suzuki cross coupling. Conditions: a) i) 9-H-9-BBN dimer (0.6 equiv), toluene,
100 °C; ii) 102 (1.0 equiv), [(dppf)PdCI;] (5 mol%), NaOH (2.6 equiv), H20, THF, 55 to 75 °C, 56% over 2 steps.

2.5 SYNTHESIS OF THE WESTERN FRAGMENT

The first attempts towards the synthesis of the western fragment 91 intended to use alkenyl
bromide 97 (Scheme 21, Scheme 24). Pentynol 64 was transformed into the corresponding
Z-alkenyl boronic ester 105 via a copper catalysed formal hydroboration in 75% yield.*®® The
following bromination gave the desired alkenyl bromide 97 in 81% yield. Unfortunately, the
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subsequent Dess-Martin oxidation resulted in a mixture of the desired E-alkenyl bromide E-106,
the undesired Z-isomer Z-106, and unknown side-products. Buffering of the reaction mixture on
treatment with sodium bicarbonate or accelerating the depletion of acetate of the Dess-Martin
periodinane with tBuOH led to inconsistent results, especially regarding the E-106/Z-106 ratio.64
Hence, alkenyl bromide 97 was replaced by alkenyl iodide 107. In this case, it was envisaged
that the formation of the undesired Z-106 isomer would be suppressed by enhanced
hyperconjugation (Scheme 24).

OH OH OH Ci 0 OTBDPS
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Scheme 24. Synthesis of alkenyl bromide 106. Conditions: a) CuCl (5 mol%), PPhz (6 mol%), t-BuOK (20 mol%),
Bopinz (1.1 equiv), MeOH (2.0 equiv), THF, RT, 75%; b) CuBr. (5.0 equiv), EtOH/H.O (1:1), 80°C, 81%;
¢) DMP (1.5-2.0 equiv), NaHCO3 (0-10 equiv), t-BuOH (0-1.5 equiv), CHxCl,, 0 °C.

However, direct iodination of boronic ester 105 gave alkenyl iodide 107 in only 10% yield under
aqueous basic conditions (Scheme 25). This insufficient result prompted us to explore an
unconventional alkenyl halide exchange under Finkelstein conditions.%® Treatment of alkenyl
bromide 97 with sodium iodide and catalytic amounts of copper(l) iodide afforded the desired
alkenyl iodide 107 in 82% yield.*®®> Subsequent Dess-Martin oxidation at 0 °C, followed by rapid
addition of propynyl magnesium bromide to a solution of the corresponding aldehyde in THF at
0 °C gave propargylic alcohol 109 in 62% yield; no isomerisation of the alkene geometry was
detected (E:Z G 20:1, *H NMR) (Scheme 25). O-silylation of 109 with quantitative yield enabled
the Negishi cross coupling with organozinc reagent 96.
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Scheme 25. Synthesis of alkenyl iodide 110. Conditions: a) NaOH (3.0 equiv), |2 (2.0 equiv), H.O/THF, RT, 10%; b)
CuBr; (5.0 equiv), EtOH/H,0 (1:1), 80 °C, 81%; c) Cul (5 mol%), Nal (1.5 equiv), DMEDA (10 mol%), MeOH, 120 °C, 82%;
d) i) DMP (1.5 equiv), CHxCl,, 0 °C to RT, ii) Propynyl MgBr (3.0 equiv), THF, 0 °C, 62% over 2 steps; e) TBDPSCI
(1.5 equiv), imidazole (2.0 equiv), DMF, CH,Cl,, RT, quant.

The synthesis of alkylzinc iodide 96 was accomplished in four steps starting from
4, 5-dihydrofuran 98. This furan was selectively lithiated of the C2 position and the resulting
organolithium intermediate was quenched with TMSCI. The obtained 2-silyl dihydrofuran 99 was
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converted into 111 in 86% yield with high levels of stereoselectivity by a nickel(0) catalysed
opening of the furan ring with methyl magnesium bromide.**%> Alcohol 111 was subjected to
Appel reaction, providing alkyl iodide 112 in 72% yield. Following the protocol for zinc insertion
of Huo and co-worker,'%® 112 was added to a mixture of preactivated zinc in DMF at 50 °C. After
1 hour the resulting organozinc reagent 96 was separated from the remaining zinc to avoid any
activation of alkenyl iodide 110 during the following Negishi coupling.17P1%° Next, alkenyl iodide
110 and Pd(PPhs), were added to the solution of in situ prepared organozinc reagent 96 in DMF.
This zinc-insertion/cross coupling sequence provided TMS masked western fragment 113 in
69% yield, in readiness for the stereoselective iododesilylation (Scheme 26).
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Scheme 26. Synthesis of the TMS masked western fragment 113. Conditions: a) 98 (1.2 equiv), t-BuLi (1.5 equiv),
THF, 940 to 0 °C, ii) TMSCI (1.0 equiv), THF, 378 °C to RT; b) Ni(dppe)Clz (10 mol%), MeMgBr (2.8 equiv), toluene,
reflux, 86% over 2 steps; ¢) NIS (1.3 equiv), PPh3 (1.3 equiv), CH2Cly, 0 °C to RT, 72%; d) i) Zn (2.5 equiv), |2 (6 mol%),
DMF, RT, ii) 112 (1.3 equiv), 50 °C, iii) 110 (1.0 equiv), Pd(PPhs)4 (6 mol%), DMF, RT, 69%.

To the best of my knowledge, the first stereoselective halodesilylation of alkenyl TMS
compounds was reported in 1974 by R. B. Miller and T. Reichenbach.'’® Since then, various
halodesilylation conditions have been published.}’*?'’* To date, iododesilylation of various
alkenyl silanes (TMS, TIPS, SiMe;Ph, etc.) have be performed under customised conditions with
high efficiency and excellent stereoselectivity.!’>1’® However, iododesilylation of u- boe! U-
substituted alkenyl silanes, as in this total synthesis, has only little precedent in the literature.’
The stereoselective iododesilylation of alkenyl silane 113 was investigated and optimised in
terms of yield and stereoselectivity, based on conditions reported by Fleming, Kishi, Vilarrasa,
Zakarian, and co-workers.1’1174P177 Thereby, a high stereoselectivity was mandatory, since
separation of the E- and Z-isomers was considered as challenging.

Initially, iododesilylation conditions developed by Zakarian and co-workers were applied.
N-iodosuccinimide (NIS) was added to a mixture of alkenyl silane 113, 2,6-lutidine, and
hexafluoro-iso-propanol (HFIP). However, the nonpolar alkenyl silane 113 was insoluble in the
polar HFIP, leading to no conversion.'”® The addition of CH,Cl, to a mixture of 113, 2,6-lutidine,
and HFIP gave a clear solution. Addition of NIS to the resulting solution led to a complex mixture
of products, including the desired E-isomer 91 and the corresponding Z-isomer (Entry 2, Table
2). Vilarrasa and co-workers considered that iodine and HI reduce the stereoselectivity and
efficiency during iododesilylation. Therefore, they reported a protocol, where 2,6-lutidine was
replaced with by silver(l) carbonate, which acts as a base as well as an iodine and HI
scavenger.”> However, addition of NIS to a mixture of 113, silver(l) carbonate, HFIP in CH.Cls,
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resulted in decomposition of the starting material (Entry 3, Table 2). In conclusion, the iZakarian
conditionsl!boe!iWjibssbth! npejgjdbujpollwere not suitable for iododesilylation of alkenyl silane
113.

Alternatively, a protocol reported by Kishi and co-workers was applied.r’” NIS was added to a
solution of 113 in acetonitrile (MeCN) and chloroacetonitrile (CICH2CN) (vol. 4:1), affording
alkenyl iodide 91 in 74% yield with a diastereoselectivity of E:Z = 2.6:1 (Entry 4, Table 2). Kishi
and co-workers considered a solvent participation of acetonitrile with sterically tolerant allylic
carbons under their iododesilylation conditions to occur, which would lower the
stereoselectivity. The acetonitrile could open the cyclic iodonium ion N (Scheme 27), leading to
motif Q. A subsequent anti-elimination would give the Z-alkenyl iodide R. By using the less
nucleophilic chloroacetonitrile, the cyclic iodonium ion N would be opened without direct solvent
participation to give motif O. In this case, elimination would form E-alkenyliodide P with retention
of the alkene geometry (Scheme 27). Due to these considerations, NIS was added to a solution
of 113 in pure chloroacetonitrile. The starting material was consumed within 30 min and alkenyl
iodide 91 was obtained in 69% yield with an increased diastereoselectivity of E:Z = 6.1:1 (Entry 5,
Table 2).
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Scheme 27. Mechanism of stereoselective iododesilylation under Kishi reaction conditions.177

Regarding the unsatisfying stereoselectivity, the effect of silver(l) carbonate, as described by
Vilarrasa and co-workers,*”® under the conditions of Kishi and co-workers was investigated. This
novel iododesilylation modification, addition of NIS to a mixture of 113 and silver(l) carbonate in
chloroacetonitrile, provided the desired E-alkenyl iodide 91 in 76% yield with full retention of the
double bond geometry (E:Z G 20:1, 'H NMR) (Entry 6, Table 2). In conclusion, the western
fragment 91 was obtained in 16% yield comprising eight steps along the longest linear sequence
(LLS).
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Table 2. lododesilylation of alkenyl silane 113 p optimisation.

OTBDPS OTBDPS
4 conditions 4
= =
TMS XN |
113 91
Entry Reagents Solvent Temp_erature, Results
Time
NIS (1.5 equiv), no reaction,
1 2,6-lutidine HFIP 0 °C, 30 min 113 insoluble in
(1.5 equiv) HFIP
NIS (1.5 equiv), full conversion,
2 2,6-lutidine CH.CI/HFIP (25:1)  0°C, 10 min complex crude
(1.5 equiv) NMR spectrum
NIS (1.2 equiv), _ o : .
3 AgG>COs (0.3 equiv) CH.CIl2/HFIP (25:1)  0°C, 30 min decomposition
4 NIS (4 x 2.0 equiv) MeCN(/4C,I1C):H2CN RT,5h 74% (E:Z = 2.6:1)
5 NIS (2.0 equiv) CICH.CN RT, 30 min 69% (E:Z =6.1:1)
6 NIS (2.0 equiv), CICH,CN RT,3h 76% (E:Z 6 20:1)

Ag2CO; (0.75 equiv)

E:Z ratios were determined by 1H NMR.
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2.6 COUPLING AND MACROCYCLISATION

2.6.1 COUPLING OF THE CYCLOPROPYL AND THE WESTERN FRAGMENT

In analogy to the model system 103, the cyclopropyl fragment 90 was united with the western
fragment 91 by chemoselective hydroboration and sp?-sp® Suzuki cross coupling protocol
(Scheme 23). The hydroboration of terminal alkene 90 with the 9-H-9-BBN dimer was carried out
at 100 °C in toluene and gave alkyl borane 104, which was directly coupled with E-alkenyl iodide
91 (E:Z 6 20:1) under Suzuki conditions, using an aqueous sodium hydroxide solution as the
base. This attempt led to an inseparable mixture of the desired product 114 and its regioisomer
115in 49% vyield (114:115 = 1.2:1, Entry 1, Table 3). No such isomerisation was detected during
the feasibility investigations (Scheme 23). Running the reaction at 70 °C increased the
regioselectivity slightly towards the desired product 114 (114:115=3.3:1, Entry 2, Table 3).
Mechanistic investigations of Suzuki couplings by Kishi and co-workers revealed that the
rate-determining step, which would be the problematic step in terms of regioselectivity, occurs
after the oxidative addition of the palladium(0) species.'’® Further, they reported a dramatic rate
acceleration by application of thallium(l) salts or silver oxide, both acting as a weak base and
halide scavanger.l’® In this project, the addition of silver oxide resulted either in a mixture of
regioisomers or no conversion of the starting material (Entry 3-5, Table 3). Whereas the
employment of thallium(l) ethoxide as additive at room temperature provided the desired
coupling product 114 in 93% yield with no regioisomer at the limit of detection (114:115 G 20:1,
H NMR) (Entry 6, Table 3). Additional literature research revealed the opportunity to use the less
toxic barium(ll) hydroxide, instead of thallium(l) ethoxide.'® Thus, barium(ll) hydroxide was
applied to the Suzuki cross coupling of borane 104 and western fragment 91. The desired
coupling product 114 was obtained in 81% yield with regioselectivity of 114:115 G 20:1 (Entry 7,
Table 3). These conditions were used in the following approaches as the optimised conditions.
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Table 3. Suzuki cross coupling of borane 104 and western fragment 91 p optimisation of regioselectivity.

a) OTBDPS
=
B B _—
TIPS TBDPSO TIPS
S !
91
H
o
B 104 B 114
Entry Base Temperature Yield Regioselectivity
114:115
1 NaOH, H-0, 3 h RT 49% 56:44
2 NaOH, H-0, 3 h 70 °C 47% 77:23
3 Ag20, KOH, H20, 20 min RT 51% 58:42
4 Ag20, 20 min RT no reaction -
5 Ag20, K»CO3, H20, 20 min RT 46% 50:50
6 TIOEt, H20, 20 min RT 93% G201
7 Ba(OH),, H20, 20 min RT 81% G201

Conditions: a) 104 (1.3 equiv), 91 (1.0 equiv), [(dppf)PdCl,] (10 mol%), toluene, THF, conditions see table; regioisomer
ratios were determined by *H NMR.

2.6.2 RING-CLOSING ALKYNE METATHESIS

The cleavage of both silyl-protecting groups of 114 upon treatment with TBAF provided 92 in
96% vyield (Scheme 28). This RCAM precursor 92 included a terminal and a methyl-capped
alkyne as well as an unprotected propargylic alcohol.

TBDPSO TIPS OH
N UL  f
Z a) Z c3
= —_— =z A e >
H H
N X
114 92

Scheme 28. Global deprotection of coupling product 114 and RCAM idea. Conditions: a) TBAF (6.0 equiv), THF, 0 °C
to RT, 96%.

The first RCAM attempts towards the 14-membered macrocycle 93 were catalysed by the
molybdenum alkyne metathesis catalyst (systems) Cat. 1 and Cat. 2. Based on literature
precedent, the integrity of alkene functionalities was assured.®81% |n the case of Cat. 1, also
protic functional groups were tolerated and strained macrocycles have been cyclised under
forcing conditions.% To the best of my knowledge, RCAM of a methyl-capped and a terminal
alkyne, catalysed by a silanolate ligand sphere complex, has only been reported on
21-membered macrocyclisation at room temperature.'?* However, terminal alkynes conjugated
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to a cyclopropane motif have not been investigated in RCAM, yet (Scheme 28). In this regard, it
remained unclear whether RCAM of terminal alkynes could be performed at elevated
temperature, which would be required to overcome the expected ring strain energy and to out-
compete side-reactions. Uif! dbubnzujd! tztufn!t! sigfuinf! dpwre! cf! shortened at elevated
temperature due to the instability of the intermediate methylidyne complex (see chapter 3).

On the other hand, the strained cyclopropane could open under forcing conditions due to the
electronic properties of the corresponding Schrock alkylidyne complex intermediate, which
might form at the u position (C3) to the cyclopropane.

When applying the two-component alkyne metathesis catalyst system (Cat. 1), a mixture of the
silane tethered ligand 52b and the trisamido alkylidyne complex 49 in toluene was stirred for
three minutes, before this catalytic system (Cat. 1) was added to the (preheated) mixture of the
corresponding RCAM precursor and grounded 4 & 5A molecular sieves (MS) in toluene
(1 & 2 mm).1% While the high dilution of the mixture prevented the formation of dimers, the
MS 4 &5A sequestered the by-products propyne and butyne, respectively, to shift the
equilibrium towards the macrocycle.

In the first attempt, RCAM of diyne 92 was initiated by the addition of Cat. 1 (10 mol%) at 60 °C.
After 4 hours, no conversion was observed. Unfortunately, only minor amounts of the starting
material 92 were recovered (Entry 1, Scheme 29, Table 4). Applying 50 mol% of Cat. 1 under the
same conditions afforded 6% of the desired macrocycle 93 (Entry 2, Scheme 29, Table 4). In
both attempts, various side-products, which could not be identified, were obtained. Next, the
corresponding silyl protected alcohol 116 was utilised. According to a successful formation of
a 21-membered macrocycle from a diyne with a terminal and a methyl-capped alkyne in the total
synthesis of mandelalide A'?* the monodentate triphenylsilanolate complex Cat. 2 (40 mol%)
was applied to diyne 116. This attempt resulted in a complex mixture, which included only 9%
of desired product 117 and 34% of the anisole-capped alkyne as the major side-product (Entry 3,
Scheme 29, Table 4).88 The anisole derivative, generated by cross metathesis with the p-
methoxybenzylidyne ligand of Cat. 2 and compound 116, could not re-enter the catalytic cycle.
Therefore, Cat. 2 and other benzylidyne-bearing metathesis catalysts were not considered
further. Instead, the two-component alkyne metathesis catalyst system Cat. 1, containing a
propylidyne ligand, was utilised in the following attempts. 116 was cyclised at room temperature
on treatment with 30 mol% of Cat. 1 to the desired macrocycle 117 in 35% yield, aside cross
metathesis products and unidentified side-products (Entry 4, Scheme 29, Table 4). To convert
cross metathesis products into the desired macrocycle, the RCAM was performed at elevated
temperature. Cat. 1 (30 mol%) was added to 116 at 50 °C. After 2 hours the starting material
was converted into a mixture of the desired macrocycle 117, cross metathesis products, and
unidentified side-products. Since the cross metathesis products were still present, the mixture
was stirred for 2.5 hours at 80 °C. This RCAM procedure gave the desired macrocycle 117 in
37% yield, in addition to unidentified side-products (Entry 5, Scheme 29, Table 4). Due to the
presence of these side-products in all RCAM attempts, the terminal alkyne motif was considered
as problematic. Therefore, the terminal alkyne 116 was methylated on treatment with n-BulLi
and methyl iodide to provide the bis(methyl-capped alkyne) 118. The product was successfully
cyclised to the desired macrocycle 117 in 70% yield with additional 5% of the closed dimer by
applying Cat. 1 (20 mol%) at 65 °C (Entry 6, Scheme 29, Table 4). The consecutive methylation
of terminal alkyne 116 and the successful cyclisation demonstrated that only methyl-capped
alkynes should be used in RCAM under forcing conditions. Furthermore, these results also
demonstrated the integrity of the cyclopropane and the unsaturated scaffold under these RCAM
conditions.
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)

IIIMO_

)il

/OH

Ph,Si. HO_
PhZSi’O'_>
JSi

i
Ph

52b

two-component alkyne
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L
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0SiPh,
Cat. 2
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4 conditions (Entry 1 & 2)
H toluene (2 mM), MS (4 A + 5 A)

TBSO OTBS

conditions (Entry 3-5)
H toluene (2 mM), MS (4 A + 5 A)
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Z conditions (Entry 6)

H toluene (2 mM), MS (5 A)

118 117

Scheme 29. RCAM investigations. Conditions: a) TBSCI (1.5 equiv), imidazole (2.0 equiv), DMF, CHxCly, RT, 83%; b) n-
BulLi (2.0 equiv), Mel (5.0 equiv), THF, 78 °C to RT, 73%.
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Table 4. Ring-closing alkyne metathesis investigations.

Entry I?/It:{:rri]agl Temperature Catalyst Results
o 0 recovered SM (92),
1 92 60°C  Cat.1(10mol%), 4 h unidentified side-product
6% (93)
o 0, 1
2 92 60°C  Cat.1(50 mol%), 4 h unidentified side-product
complex crude NMR;
Cat. 2 (30 mol%), RT, 0 o )
3 116  RTt050°C 4h+Cat 2(10mol), (17 20%Me-capped
50°C. 3 h 34% anlsole-qapped,
' 11% closed dimer
35% (117), Cross
4 116 RT Cat. 1(30 mol%), 4 h metathesis products,
unidentified side-products
0 . -
5 116 50t080°C Cat.1(30 mol%) 45h S/ 2 (117).  unidentified
side-products
0,
6 118 g5°c Cal-1(10mol%), 2h+ 70% (117), 5% closed dimer

Cat. 1 (10 mol%) 2 h

2.6.3 LATE-STAGE DIVERSIFICATION p TOTAL SYNTHESIS OF ENT-DEPRESSIN

The O-silyl group of 117 was cleaved on treatment with pyridinium p-toluenesulfonate (PPTS)
and alcohol 93 was obtained in 80% yield (Scheme 30). The unprotected alcohol was required
as the directing group in the subsequent trans-hydrostannation. Treatment of propargylic
alcohol 93 with tributyltin hydride and catalytic amounts of [Cp*RuCl]s gave the desired alkenyl
stannane 119 in 80% yield and excellent regio- and stereoselectivity.'81P18 This transformation
introduced the desired alkene geometry and enabled the substitution of the tin group with
various functional groups in the following step, bringing some casbane derivatives into reach.

OTBS

Scheme 30. Deprotection and trans-hydrostannation. Conditions: a) PPTS (6.0 equiv), MeOH, RT, 80%, (95% brsm);
b) [Cp*RuUCl]4 (2.5 mol%), BusSnH (1.5 equiv), CH2Cl,, RT, 80%.

C-Methylation of stannane 119 was carried out according to an in-house developed protocol,
which relies on the combination of methyl iodide, copper thiophene-2-carboxylate (CuTC) as
promotor, and tetra-n-butyl ammonium diphenyl phosphinate ([Ph2PO][BusN]) as tin
scavenger.'® In some cases it is beneficial to add catalytic amounts of Pd(PPhs)s and to run the
reaction in DMF instead of DMSQ.° The high concentration (0.2 m), the order of addition, and
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the immediate addition of CuTC after the addition of methyl iodide (10 sec) are essential to
obtain high yields.

The protocol with DMSO as solvent gave a 1.1 mixture of the desired methylated product 120
and the protodestannylated alkene 121 (Entry 1, Table 5). Applying the protocol with DMF as
solvent and Pd(PPhs)4 as additive led to the methylated product 120 in 62% yield, whereas only
5% of the protodestannylated product 121 was isolated (Entry 2, Table 5).

Table 5. C-Methylation of alkenyl stannane 119.

OH

121

Specific Ratio

Entry Conditions 119:120:121 Yield
o 120 Me- 39%
1 DMSO (0.2 M) 0:48:51 191 N
119 BusSn-  15%
0
2 Pd(m‘,i)‘gészﬂ?”’)' 117316 120 Me- 62%
' 121 H- 5%

General conditions: a) CuTC (1.05 equiv), [Ph2PO2][BusN] (1.1 equiv), Mel (3.0 equiv), RT. Specific conditions see table;
ratios were determined by 1H NMR.

The oxidation of the alcohol 120 to the corresponding ketone 89 was investigated under three
different reaction conditions using either Dess-Martin periodinane, pyridinium chlorochromate,
or manganese(ll) oxide. The buffered Dess-Martin oxidation generated only traces of ent-
depressin (89) in combination with an inseparable mixture of side-products (Entry 1, Table 6).
Treatment of 120 with pyridinium chlorochromate (PCC) and sodium acetate gave
ent-depressin (89) in 25% yield (Entry 2, Table 6). The best result was achieved when using
freshly prepared manganese(ll) oxide (MnO2)*¢ in CH,Cl, to afford ent-depressin (89) in 82%
yield (Entry 3, Table 6).
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Table 6. Oxidation of alcohol 120 to ent-depressin (89).

OH

H
conditions
¥
A
120 ent-depressin (89) depressin (9)
Entry Conditions Results

1 DMP (2.0 equiv), NaHCOs (10.0 equiv), CHxClz, RT traces of product
2 PCC (1.5 equiv), NaOAc (20 mol%), CH,Cl,, RT 25%
3 MnO; (2 x 25.0 equiv), CHzClz, RT 82%

Comparison of the spectral data of ent-depressin (89) with that of the isolated natural product
depressin (9) showed very good agreement with a maximum deviation of 0.06 ppm in the 'H
NMR data and 0.1 ppm in the ¥*C NMR data (Figure 14). Specific rotation of ent-depressin (89)
supported the assigned absolute stereochemistry of depressin (9) (ent-depressin (89)

1 =+72.0;depressin (9)° 4 =0980.0).
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Figure 14. Differences in 1H NMR shifts (left) and 13C NMR shifts (right) between ent-depressin (89) and natural
product depressin (9), numbering see Table 6.

2.7 CONCLUSION

The first total synthesis of ent-depressin (89) demonstrated the feasibility of this blueprint. This
accomplishment might bring many casbane diterpenes into reach.

The palladium catalysed Negishi coupling of alkenyl iodide 110 and organozinc compound 96
gave alkenyl silane 113, which was subjected to a novel iododesilylation procedure, providing
the western fragment 91. Overall, this fragment was synthesised in 16% yield comprising eight
steps along the LLS. The synthesis of the cyclopropyl fragment 90 was accomplished in 14%
yield and eight steps. Thereby, the enantioselective rhodium-catalysed cyclopropanation
represented the key step.

The chemoselective hydroboration of the cyclopropyl fragment 90 with the 9-H-9-BBN dimer
and the subsequent Suzuki cross coupling with the western fragment 91 enabled the RCAM
investigations towards the three fold unsaturated 14-membered macrocycle 117. It turned out,
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that the RCAM of diyne 118 performed best at elevated temperature and that both alkyne units
of the RCAM precursor had to be methyl-capped to obtain macrocyclic alkyne 117 in acceptable
yield. A trans-hydrostannation and C-methylation sequence starting from macrocyclic alkyne 93
gave alcohol 120 with the desired trans-alkene geometry. 120 was then oxidised to ent-
depressin (89). The total synthesis of ent-depressin (89) was achieved in 3% yield comprising
16 steps along the LLS (27 total steps). This accomplishment demonstrates the feasibility of
this synthetic blueprint, including RCAM and late-stage diversification of alkenyl stannane 119,
which also might be seen as platform to introduce various functional groups in the future.

8 steps (LLS) X = 2 0
16% OTBDPS H
91 8 steps
TIPS 17% H
8 steps ) N

14%
ent-depressin (89)

Scheme 31. Summary p total synthesis of ent-depressin (89).
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3 (GJOBM!BQQSPBD I!p!UPUBMITZOU I FTIT!PGIEFQSFTTJO-!
FVQIPS1ZVMPOBM!B!BOE!ZVFYJBOEBKITV!B

This approach would combine the general strategy of the previous one with a more concise and
elegant synthesis of the casbane gsbnfxpsl/!Uifibuf. tubhflejwfstjgjdbujpolupxbset! efgsfttjo!
): *Ifvqipsizipobn B!)26*!boe! zvfyjboebkjtv! B!)28* xpvie! eFnpotusbuflui flcspbeoftt! pgluijt!
civfqgsjou/!

3.1 ISOLATION AND STRUCTURE ELUCIDATION

Euphorhylonal A

Euphorhylonal A (15) (Figure 15) was first isolated from the plants Euphorbia hylonoma Hand-
Mazz and E. wangii Oudejans, which were collected at Gansu Province, China.?® Extraction of the
natural materials (E. hylonoma Hand-Mazz: 3.0 kg) and chromatographic purification of the
residue gave euphorhylonal A (15) as a colourless gum (9 mg). The structure was elucidated
NMR analysis as well as by comparison to crotonitenone.'8718 The geometry of the alkenes
were assigned by their NMR shifts and the characteristic large coupling constants. The
configuration of the C5pOH stereocentre is not discussed by the isolation team, whereas the
relative configuration of the cyclopropane is shown to be cis.

nominal
euphorhylonal A (15)

Figure 15. Structure nominal euphorhylonal A (15).26

3.2 OBJECTIVES

The casbane diterpenes are extremely rare in nature.* Their impressive diversity is an excellent
opportunity to design a diversity-oriented synthetic route to access many derivatives at once. In
particular, depressin (9) and euphorhylonal A (15) represented the perfect choice to expand the
range of the previous described blueprint. In addition, the preparation of each would depict its
first total synthesis while confirming the reported stereochemical assignment of depressin (9)
and clarifying that of euphorhylonal A (15). Later, the total synthesis of zvfyjboebijtv!B!)28*,
bearing a trans-cyclopropane, should be investigated to prove the tusbufhz!t versatility. The
resulting synthetic plan should be concise, efficient and flexible in order to address many
casbane diterpenes at once.
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3.3 RETROSYNTHETIC ANALYSIS

This retrosynthetic analysis was based on the concepts of atom economy and diversity-oriented
synthesis. Further, it included the in-house developed methodologies of ring-closing alkyne
metathesis (RCAM), trans-hydrostannation, and C-methylation of alkenyl stannanes.

The late-stage diversification would be initiated by a C5pOH directed trans-hydrostannation of
macrocyclic alkyne 122 to introduce the required alkene geometry. C-Methylation of the
resulting alkenyl stannane and oxidation of the C5pOH would complete the total synthesis of
depressin (9). In case of euphorhylonal A (15), the C5pOH directed trans-hydrostannation would
enable the formylation at the C18 position of the resulting alkenyl stannane.

The macrocycle 122 was envisaged to be achieved by RCAM, considering the investigations in
chapter 2, precursor 123 containing two methyl-capped alkynes was targeted. The
disconnection of 123 at C12 and C13 would allow a segmentation into the cyclopropyl fragment
124 and the western fragment 125. Subjection of the cyclopropyl fragment 124 to a
chemoselective hydroboration of the terminal alkene over the methyl alkyne and subsequent
sp2-sp® Suzuki cross coupling of the resulting borane with the western fragment 125 would
provide the RCAM precursor 123 in a concise and elegant fashion.

oxidation trans-hydrostannation,
C-methylation or formylation

OH

3

i
wz‘l

R=Me depressin (9) 122 123  hydroboration/
R = CHO nominal euphorhylonal (15) Suzuki coupling

OH

=
=
|
X
125 124

Scheme 32. Retrosynthetic analysis p final approach.

The cyclopropyl fragment 124 would be finalised by oxidation of alcohol 126 and subsequent
Corey/Fuchs homologation. Selective reduction of lactone 80 would give access to the
corresponding lactol, which would be in an equilibrium with the monocyclic aldehyde. A Wittig
homologation would convert the latter into 126. The reduction of lactone 80 would require low
temperature to prevent over-reduction. The enantioselective cyclopropanation of diazoester 70
with [Rh2(5S-MEPY)4] would afford lactone 80, which would be seen as a common intermediate
(Scheme 33).%°
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Corey-Fuchs
homologation

0

_ [Rhy(58-MEPY),]
DIBAL-H reduction 126 80 cyclopropanation 70
Wittig homologation

Scheme 33. Retrosynthetic analysis of the cyclopropyl fragment 124.

The synthesis of the western fragment 125 would be completed by a stereoselective
iododesilylation of the corresponding alkenyl silane 127. In this respect, the silane group would
be seen as a masked halide, which would allow the chemoselective Negishi cross coupling
between C8 and C9 to proceed. This disconnection would divide the western fragment 125 into
alkenyl iodide 128 and organozinc compound 129. The corresponding alkenyl iodide 128 would
derive from alcohol 130, which was envisaged to be used twice. Oxidation of alcohol 130 and
subsequent Grignard addition would result in the formation of propargylic alcohol 131, which
subsequently would be O-silylated with TBDPSCI. The sterically demanding TBDPS group was
chosen to prevent any reactivity of the hydroxy and alkyne functionality under Negishi coupling
conditions. A stereoselective iododesilylation of the corresponding alkenyl silane would provide
alkenyl iodide 128 for Negishi coupling. The corresponding organozinc compound 129 would
be prepared by an Appel halogenation of alcohol 130 with subsequent zinc insertion. The
common intermediate 130 would be synthesised by a copper mediated hydrosilylation of the
pentynol 64 (Scheme 34).1891%0

OTBDPS

Grignard
addition

OH

Negishi

coupling | Ph 130 64

125 N

129

Scheme 34. Retrosynthetic analysis of the western fragment 91.

3.4 SYNTHESIS OF THE CYCLOPROPYL FRAGMENT

Diazoester 70 was synthesised as described previously (see chapter 1.4.2) from prenyl alcohol
71 and diketene 72 in 53% yield over two steps. The product was converted into lactone 80 with
[Rh2(5S-MEPY),] catalyst (0.6 mol%) in 87% yield with an enantioselectivity of 93% ee.®®137143 To
preserve the chirality, the selective reduction of lactone 80 to lactol 133 was conducted at low
temperature )089 °C) on treatment with DIBAL-H in CH2Cl.. The resulting bicyclic lactol 133 was
in an equilibrium with monocyclic aldehyde 132, which was transformed into terminal alkene
126 in 55% yield by a Wittig homologation. The methyl-capped alkyne moiety was introduced by
a Corey/Fuchs homologation. To ensure the separation of the highly volatile hydrocarbon 124
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(C10H14) from the mixture, the homologation was carried out in diethyl ether instead of THF.
Therefore, alcohol 126 was oxidised with Dess-Martin periodinane to the corresponding
aldehyde 134. The subsequent dibromination was conducted with twice the amount of the
phosphorus ylide as ordinary to complete the conversion. Treatment of the resulting crude
dibromide 135 with n-BuLi bu!@89 °C in diethyl ether resulted in the formation of organolithium
species via the Fritsch-Buttenberg-Wiechell rearrangement. The addition of methyl iodide to the
resulting mixture led to no reaction. Therefore, DMPU was added to the organolithium species,
prior to the addition of methyl iodide to give the volatile cyclopropyl fragment 124 in 51% yield
over three steps. Overall, the synthesis, starting from 3-methyl-2-butenol 71 and diketene 72,
was accomplished in 13% yield and eight steps.

79

H OH
H
,(5S-MEPY :
\Q \H/ )] 0 b) OQ><A_—, \><
Ol >
0 H HO H H

126

Scheme 35. Synthesis of the cyclopropyl fragment 124. Conditions: a) [Rh2(5S-MEPY)4]-2MeCN (0.6 mol%), CHzCls,
reflux, 87% (93% ee); b) DIBAL-H (1.02 equiv in CHCl), CHxCl,, 378 °C; ¢) PhsPCH> (3.0 equiv), THF, RT, 55% over 2
steps; d) DMP (1.5 equiv), CH2Cly, RT; ) PPhs (8.0 equiv), CBr4 (4.0 equiv), CH.Cly, 0 °C; f) i) n-BuLi (5.2 equiv), Et,0,
078 °C, ii) DMPU (6.1 equiv), Et,0, §78 °C, iii) Mel (15.2 equiv), 078 °C to RT, 51% over 3 steps.

3.5 CHEMOSELECTIVE HYDROBORATION OF THE CYCLOPROPYL
FRAGMENT

In the previous approach, the chemoselective hydroboration of the cyclopropyl fragment 90 was
based on the sterical shielding of the alkyne by a TIPS group (Scheme 23).

In this approach, the chemoselective hydroboration of the alkene over the methyl-capped alkyne
was envisaged following a procedure of Brown and Coleman.'*! Treatment of the cyclopropyl
fragment 124 with the 9-H-9-BBN dimer in THF at room temperature resulted in chemoselective
formation of borane 136, which was subjected to Suzuki cross coupling. The choice of THF as
the solvent seemed to be decisive. This test reaction sequence, utilising alkenyl iodide 137
instead of the western fragment 91, gave exclusively isomer 138 in 72% yield (Scheme 36). The
application of this reaction sequence to the coupling of cyclopropyl fragment 124 and the
western fragment 91 would led to an improvement of the synthetic route in terms of the step
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count and efficiency compared to the total synthesis of ent-depressin (89) in chapter 2, since
the methyl-capped alkyne motif could be directly introduced.

124 138

Scheme 36. Proof of concept: Chemoselective hydroboration of cyclopropyl fragment 124. Conditions: a) 124
(1.2 equiv), 9-H-9-BBN dimer (0.75 equiv), THF, RT; b) i) Ba(OH)2:(H20)s (5.9 equiv), H,0 (5.9 equiv), DMF, ii) 137
(2.0 equiv), iii) [(dppf)PdCl;] (12 mol%), RT, 72%.

3.6 SYNTHESIS OF THE WESTERN FRAGMENT

The copper-mediated hydrosilylation of internal alkynes was first reported by Fleming and
co-workers and later adapted for pentynol 64 by Zakarian and co-workers.1%0192193 Although the
iGrfnjoh hydrosilylation protocolll counted formally as one step, it included several steps:
preparation of the corresponding cuprate at §78 °C, deprotonation of pentynol 64 bu!lg41 °C, and
cautious treatment of the lithium salt of pentynol 64 with the resulting cuprate at low
temperature )989 °C). However, this procedure provided alkenyl silane 130 in 90% yield with
excellent regio- and stereoselectivity (Scheme 37). This procedure limited the scale to three
gram. Therefore, a more scalable approach was perused.' 4,5-Dihydrofuran 98 was selectively
silylated in the C2 position. The subsequent nickel catalysed opening of the resulting silyl
dihydrofuran with methyl magnesium bromide, according to a protocol of Kocie ski and co-
workers, gave 130 in 91% yield over two steps on a 15 gram scale (Scheme 37).1541%

The propargylic alcohol 131 was synthesised in 78% yield over two steps by a Dess-Martin
oxidation of 130 to the G-0-unsaturated aldehyde 139 (without any isomerisation, 'H NMR)
followed by a Grignard reaction with propynyl magnesium bromide. The resulting C5pOH group
was subsequently O-silylated in 84% yield (Scheme 37). The sterically demanding TBDPS-group
did not only hinder any deactivation of the organozinc species, but also protect the alkyne during
the following Negishi coupling.

Alkyl iodide 141 was prepared by Appel iodination of the common intermediate 130 in 93% yield
(Scheme 37).

i This approach was developed in cooperation with Dr. K. Yahata.
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Scheme 37. Synthesis of alkenyl iodide 140 and alkyl iodide 141. Conditions: a) i) 64 (1.0 equiv), n-BuLi (1.0 equiv),
THF, 78 Dlup!@41 Dlup!d89 °C, ii) (PhMe2Si).Cu(CN)Li» (1.1 frvjw*!1989 °C, 90%; b) 98 (1.4 equiv), n-BuLi (1.3 equiv),
PhMe,SiCl (1.0 equiv), THF, 30 °C to RT, quant.; ¢) Ni(PPh3).Cl> (8 mol%), MeMgBr (3.2 equiv), toluene, 105 °C, 91%;
d) DMP (1.5 equiv), CHxCl,, 0°C to RT, e) Propynyl MgBr (3.3 equiv), THF, 0 °C, 78% over 2 steps; f) TBDPSCI
(1.5 equiv), imidazole (2.0 equiv), DMF, CHxCl, 84%; g) > (1.5 equiv), PPhs (1.5 equiv), imidazole (1.5 equiv), CH2Cly,
0 °Cto RT, 93%.

In the first attempt, the previous optimised iododesilylation conditions (see chapter 2.3) were
applied to alkenyl iodide 140. NIS was added to a mixture of 140 and silver(l) carbonate in
chloroacetonitrile at room temperature. The resulting alkenyl iodide 128 was obtained in 68%
yield with a selectivity of E:Z=10:1 (Entry 1, Table 7). Using 2,6-lutidine, instead of silver(l)
carbonate, decreased the yield of 128 to 25% with a selectivity of E:Z = 13:1 (Entry 2, Table 7).
Applying no additive to this iododesilylation gave 128 in 59% yield with a selectivity to E:Z =17:1
(Entry 3, Table 7). Due to this promising result, these reaction conditions were carried out at
different temperatures. While at 910 °C only decomposition was observed, 47% yield of 128 with
no sign of double bond isomerisation (E:Z G 20:1, *H NMR) was obtained at 40 °C (Entry 4-5,
Table 7). Due to these unsatisfying results, HFIP mediated iododesilylation conditions reported
by Zakarian and co-workers were applied.!”® 1.5 equivalents of NIS were added to a mixture of
140, HFIP, and 2,6-lutidine in CH.Cl, (0.07 M) at 78 °C. Warming the mixture to 010 °C gave 128
in 74% yield with integrity of the double bond (E:Z G 20:1, *H NMR) (Entry 6, Table 7). Dilution with
CH.CI, allowed the reaction to be carried out at low temperature, since pure HFIP freezes at
04 °C.1% To further optimise the iododesilylation conditions and to develop a reliable protocol
this transformation was conducted at 950 °C and 920 °C. Carrying out this reaction at 50 °C
for several hours gave the desired E-alkenyl iodide 128 in 65% yield and 15% of the starting
material 140 (Entry 7, Table 7). The best result was achieved, when NIS was added to a solution
of alkenyl silane 140, 2,6-lutidine, and HFIP in CH.Cl, (0.02 m) at §20 °C. After 4 hours, the
reaction was quenched at 920 °C and the desired E-alkenyl iodide 128 was isolated in 89% yield
without any detectable double bond isomerisation (E:Z G 20:1, *H NMR) (Entry 8, Table 7).
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Table 7. lododesilylation of alkenyl silane 140 p optimisation.

OTBDPS
OTBDPS
gz
= i,
_ conditions
) 4
/S,'\ i
Ph
140 128
. T ture,
Entry NIS Additive/Base Solvent emp.era ure Results
Time
1 2.0equiv  Ag2COs (0.75 equiv) CIH.CCN RT,4h 68%
2 eq g2t (0. 15€9 2 ’ (EZ=101)
- 25%
2 20equiv ?'26;“6“?{\'/‘; CIH.CCN RT,10h (58% brsm)*
<€ (EZ=131)
59%*
2. i - IH.CCN RT,2h
3 0 equiv CIH.CC : (EZ=171)
4 2.0 equiv - CIH.CCN 010°C,20h  decomposition
47%
5 2.0 equiv - CIH.CCN 40°C,4h (60% brsm)*
(E:Z G 20:1)
6 15equiv (21’6%";23:3; CH.Cl: 07810021 °C, 74%*
HFIP (133 equiv) (0.07 M) 10 min (EZ G 20:1)
2,6-lutidine 65%
. . CH:Cl> i}

7 1.5 equiv (5.0 equiv), HFIP (0.02 W) 050°C,5h (80% brsm)*
(24.0 equiv) ' (EZG20:1)
2,6-lutidine

. S CHClI; _ 89%

8 1.5 equiv (5.0 equiv), HFIP 020°C,4h .

. .02 ™m EZG20:1
(36.0 equiv) (0.02 M) (EZ620:1)

E:Z ratios were determined by 1H NMR; * = 1H NMR yield.

With alkenyl iodide 128 in hand, the final steps towards the synthesis of western fragment 125,
including Negishi cross coupling with organozinc compound 129 and subsequent
iododesilylation, were investigated.

Alkyl iodide 141 was converted into the corresponding organozinc compound 129 by a
zinc-insertion protocol of Knochel and co-workers.?%61% The in situ generated organozinc
compound 129 was separated from the unreacted zinc and directly used in the palladium
catalysed Negishi cross coupling with alkenyl iodide 128. This sequence led to the formation of
compound 142 in 82% yield (Scheme 38).
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OTBDPS
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=

| OTBDPS
| ol 128

dP a) " = b) Z
K/ﬁ/ ~ _— > K/\(Sl\ _— = | o
N SiZ_
141 129
142

Scheme 38. Synthesis of the silyl masked western fragment 142. Conditions: a) i) Zn (2.6 equiv), LiCl (1.4 equiv),
1,C2H4 (6 mol%), TMSCI (12 mol%), THF, 65 °C/RT, ii) 140 (1.3 equiv), THF, RT; b) 126 (1.0 equiv), Pd(PPhs)4 (6 mol%),
THF, RT, 82%.

First, iododesilylation conditions with NIS in chloroacetonitrile were applied, as used in the
preparation of western fragment during the total synthesis of ent-depressin (89) (see chapter
2.5). Unfortunately, alkenyl iodide 143 was obtained in only moderate yields (40-55%) with
selectivity of E:Z =10:1 to 15:1 (Entry 1-7, Table 8). Next, i[blbsjbo!iododesilylation dpoejujpotl
were used. NIS was added to a mixture of 142 and 2,6-lutidine in pure HFIP at 0 °C (Entry 8,
Table 8). This attempt led to no reaction, due to poor solubility of the nonpolar alkenyl silane 142
in the polar HFIP.1"® The application of a solvent mixture of CH:Cl, and HFIP dissolved the
alkenyl silane 142, resulting in a clear solution. NIS was added bu! 921 °C, resulting in
decomposition of the starting material. Further iododesilylation attempts were conducted at
020 °C and 050 °C as well as with reduced equivalents of NIS and HFIP in CH.Cl,. Unfortunately,
these attempts only led to decomposition (Entry 9-11, Table 8). Due to no observable trend
during the optimisation, the attempt with 55% yield of alkenyl iodide 143 and a stereoselectivity
of E:Z = 10:1 was considered as the preliminary best result (Entry 1, Table 8).
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Table 8. lododesilylation of TBDPS-protected propargylic alcohol 141 p optimisation.

OTBDPS OTBDPS
4 conditions 4
= R — e =
| _ph
N S\\ N |
142 143
Temper-
Entry NIS Additive/Base Solvent ature, Yield
Time

. Ag2CO3 0 7 —10
1 2.0 equiv (0.75 equiv) CIH,CCN RT,5h 55% (E:Z = 10:1)
. Ag2CO3 40% (63% brsm)

2 2.0 equiv (0.2 equiv) CIH,CCN RT,5h (EZ=151)
. Ag.CO3 R 46% (51% brsm)

3 2.0 equiv (0.75 equiv) CIH,CCN 0°C,4h (EZ=14:1)
. Ag.CO3 012 °C, 48% (64% brsm)*

4 20equv (0.75 equiv) CIHCCN 8h (E:Z=10:1)
5 2.0 equiv - CIH2CCN RT,2h 47% (E:Z =11:1)
6 2.0 equiv - CIH,CCN 40°C,4h 25% (E:Z =10:1)
. o 25% (30% brsm)

7 2.0 equiv - CIH,CCN 0°C,20h (EZ=10:1)

0 °C, no reaction

8 1.5 equiv 2,6-lutidine (2.0 equiv) HFIP 5 min (SM 142 insoluble)

2,6-lutidine (5.4 equiv), CHClI; 010 °C,

9 3.0 equiv decomposition

HFIP (100 equiv) (0.02 M) 4h
. 2,6-lutidine (5.0 equiv), CH2Cl> 020 °C, .
10 19equiv HFIP (35.0 equiv) (0.02 M) 45h decomposition
_ 26-utidine (5.0 equiv),  CH:Cl, 950 °C, g
11 19equv HFIP (35.0 equiv) (0.01 M) 25h decomposition

E:Z ratios were determined by 1H NMR; * = 1H NMR yield.

O-Silyl cleavage of the TBDPS-protected alcohol 142 (E:Z = 10:1) on treatment with TBAF at 0 °C
and subsequent separation of the isomers by flash chromatography provided exclusively E-
alkenyl iodide 125 in 80% yield. Overall, iododesilylation of alkenyl silane 142 with subsequent
deprotection gave the E-alkenyl iodide synthesis (125) in 44% over two steps (Scheme 39).

OTBDPS OTBDPS OH

142 143 125

Scheme 39. Synthesis of the western fragment 125. Conditions: a) NIS (2.0 equiv), Ag>.COs (0.75 equiv), CICH2CN, RT,
55% (E:Z = 10:1); b) TBAF (3.5 equiv), THF, 0 °C, 80% (after flash chromatography: E:Z G 20:1).
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The unsatisfying 44% yield caused a turnaround of the two last transformations. In this case,
the O-silyl cleavage would make the resulting alkenyl silane 144 soluble in HFIP, so that the
following stereoselective iododesilylation could be investigated under additional conditions.
Therefore, the TBDPS-group was cleaved on treatment of 142 with TBAF and the corresponding
propargylic alcohol 144 was obtained in 84% yield (Scheme 40).

OTBDPS OH OH
Z a) Z Z
= S —— 7 R b
S|_/Ph S'./Ph |
N | AN I\ N
142 144 125
insoluble in HFIP soluble in HFIP

Scheme 40. Synthesis of the silyl masked western fragment 125. Conditions: a) TBAF (2.0 equiv), THF, 0 °C to RT,
84%.

The subsequent iododesilylation of the resulting propargylic alcohol 144, which was soluble in
HFIP, required modified conditions to prevent any intramolecular nucleophilic attack of the
propargylic alcohol towards the HFIP/NIS activated alkene (C7=C8). This kind of HFIP/NIS
promoted nucleophilic reactivity of N-tosyl amines and carboxylic acids towards alkenes was
reported by Gandon and co-workers.1%

When, NIS was added to a solution of alkenyl silane 144 in HFIP at O °C, the iodoetherification
product 145 was formed in 73% as a mixture of two diastereomers (Entry 1, Table 9). Reducing
the equivalents of NIS led to a mixture of 144 and the desired alkenyl iodide 125 (E:Z G 20:1, *H
NMR), and minor amounts of 145 (Entry 2, Table 9). To prevent any iodoetherification from
occurring, the nucleophilicity of the C5pOH was envisaged to be decreased by bo!iin situ
efbdujwbujpo! tusbufhzl! applying acidic conditions. Such acidified iododesilylation conditions
were reported by Vanderwal and co-workers, who used acetic acid to prevent any interaction
with a tertiary amine.’®” Therefore, 1.1 equivalents of NIS were added to a mixture 144 and
2.2 equivalents of acidic acid in HFIP at 0 °C. The desired alkenyl iodide 125 was obtained in
65% yield with no observable double bond isomerisation (E:Z G 20:1, *H NMR), aside minor
iodoetherification product 145 (Entry 3, Table 9). To assure the integrity of the alkene (C7=C8),
10 equivalents, instead of 2.2 equivalents, of acetic acid were applied. After 2 min, this attempt
afforded exclusively E-alkenyl iodide 125 (E:Z G 20:1, *H NMR) in 67% yield, with additional 5% of
the starting material 144, and no iodoetherification product 145 (Entry 4, Table 9). Prolonging
the reaction time to 5 min provided E-alkenyl iodide 125 in 82% yield with no observable alkene
isomerisation (E:Z G 20:1, *H NMR) on a 1.9 mmol scale (Entry 5, Table 9).
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Table 9. lododesilylation of the silyl masked western fragment 144 p optimisation.

OH OH
// conditions // \d\/w/
_— bttt 7 + N
N Slr\Ph ’ ! !
144 125 145
Temperatur
Entry  NIS ACOH  Solvent crperature Yield
Time
1 2.0 equiv - HFIP 0°C, 2 min 73% (145, cis/trans 42:58)
: . 46% (125)*, 45% SM (144)*, 8%
2 1.0 equiv - HFIP 0°C, 2 min
a ' (145)*
3 1.1equiv 2.2equiv HFIP 0°C, 2 min 65% (125)*, 5% (145)*
4 1.1 equiv 10.0 equiv HFIP 0°C, 2 min 67% (125)* 5% SM (144)*
5 1.1 equiv 10.0 equiv HFIP 0°C,5min 82% (125)

All iododesilylations were performed with integrity of the alkene geometry (E:Z 6 20:1, *H NMR); * = H NMR vyield.

The revised order of transformations, first deprotection then iododesilylation, provided the
western fragment 125 in 69% yield over the final two steps. This is an increase of 25% yield to
the previous approach, in which iododesilylation was performed prior to deprotection (Scheme
39). Overall, the western fragment 125 was synthesised in 30% yield (8 steps, LLS). The modified
Zakarian iododesilylation conditions might increase the scope of this methodology and serve as
a protecting group free modification in the future.

3.7 COUPLING AND MACROCYCLISATION

The coupling of the fragments 124 and 125 commenced by a chemoselective hydroboration of
the terminal alkene 124 in the presence of the methyl-capped alkyne on treatment with the 9-H-
9-BBN dimer in THF at room temperature. The resulting borane 136 was subjected to Suzuki
coupling with the western fragment 125. This sequence gave RCAM precursor 123 in 69% yield
(Scheme 41).

OH

AN

125 124 123

Scheme 41. Coupling of the cyclopropyl fragment 124 and the western fragment 125. Conditions: a) i) 124 (1.3 equiv),
9-H-9-BBN dimer (0.95 equiv), THF, 0 °C to RT, ii) 125 (1.0 equiv), [(dppf)PdCI,] (10 mol%), Ba(OH),:(H20)s (1.9 equiv),
H->0, THF, RT, 69%.

The RCAM of compound 123, bearing two methyl-capped alkyne groups, was investigated
based on the results of the previous approach. In all RCAM attempts in this paragraph, the
catalyst was added to a suspension of the RCAM precursor 123 and 5 A MS in toluene at the
stated temperature. The canopy ligand sphere molybdenum catalyst Cat. 3 was employed
initially, but no reaction was observed at room temperature or at reflux (Entry 1, Table 10).1%°
Next, the two-component alkyne metathesis catalyst system Cat. 1 (10 mol%) was applied at
room temperature. After 6 hours, macrocycle 122 was obtained in 46% yield (Entry 2, Table 10).
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Running the reaction at 45 °C and utilising 10 mol% of Cat. 1 cyclised 123 to 122 in 42% yield
after 4.5 hours (Entry 3, Table 10). Applying 20 mol% of Cat. 1 to 123 at 45 °C afforded 59% yield
of macrocycle 122 (Entry 4, Table 10). In each attempt, undefined side-products were observed.
To prevent their formation, the temperature was further elevated and the dilution was increased
to 1 mm. Thus, the addition of a solution of catalyst system Cat. 1 in toluene to a refluxing
mixture of RCAM precursor 123 and 5 A MS in toluene led to macrocycle 122 in 81% yield on a
25 umol scale (Entry 5, Table 10). On a 140 umol scale, the application of these conditions gave
60% yield of macrocycle 122 (Entry 6, Table 10). The diastereomeric alcohols (5R-146 & 5S-147)
of the resulting mixture were separated by flash chromatography.

Table 10. Ring-closing alkyne metathesis of diyne 123 p optimisation.

o)
S
conditions /OH : O\Si’
toluene, Ph,Si HO\SlPh O O .
MS (5 A) Ph,si-OH 2 O
?I
Ph canopy catalyst system

two-component alkyne Cat. 3
metathesis catalst system
Cat. 1

Entry Catalyst Concentration Temperature Time Yield
1 Cat. 3 (10 mol%) 2 mM RTto100°C 16h no reaction
2 Cat. 1 (10 mol%) 2 mM RT 6 h 45%
3 Cat. 1 (10 mol% + 10 mol%) 2 mM 45 °C 45h 42%
4 Cat. 1 (20 mol%) 2mm 45 °C 2h 59%
5 Cat. 1 (20 mol%) 1 mm reflux 25 min 81%*
6 Cat. 1 (20 mol%) 1 mm reflux 25 min 60%

* = 1H NMR yield, 25 pmol scale.

3.8 TOTAL SYNTHESIS OF DEPRESSIN

The late-stage diversification towards the total synthesis of depressin (9) was performed
according to the best conditions in the previous total synthesis of ent-depressin (89) (see
chapter 2.6.3).

The C5pOH directed trans-hydrostannation of the RCAM product 5S-147 gave the alkenyl
stannane 148 in 88% vyield with the desired alkene geometry in excellent regio- und
stereoselectivity.18P184 The following C-methylation of alkenyl stannane 148 afforded alcohol
149 in 66% yield. The final oxidation of the allylic alcohol 149 with freshly prepared manganese
oxide'® gave depressin (9) in 73% yield (Scheme 42).

Comparison of the spectral data of depressin (9) with those of the isolated natural product
depressin (9) showed very good agreement with a maximum deviation of 0.06 ppm in the 'H
NMR data and 0.1 ppm in the *C NMR data (Figure 16). The specific rotation confirmed the
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absolute stereochemistry of depressin (9) (synthetic depressin | =085.0); depressin®

4 =091/1).

20

15,2R,55-147 148 149 depressin (9)

Scheme 42. Total synthesis of depressin (9). Conditions: a) [Cp*RuCl]s (2.5 mol%), BusSnH (3.0 equiv), CHCl,, RT,
88%; b) Mel (1.5 equiv), CuTC (1.05 equiv), [Ph2PO2][BusN] (1.1 equiv), Pd(PPh3)s (5 mol%), DMF, RT, 66%; c) MnO>
(30.1 equiv), CH.Cly, RT, 73%.
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Figure 16. Differences in 1H NMR shifts (left) and 13C NMR shifts (right) between natural product depressin (9) and
synthetic depressin.

3.9 CONCLUSION

The first total synthesis of depressin (9) was achieved in 7% overall yield comprising 13 steps
along the LLS (21 total steps). Comparison of the total synthesis of ent-depressin (89) (see
chapter 2) and that of depressin (9) revealed that the revised approach led to a reduction of
three steps along the LLS and of six steps in the total step count. This improvement was based
on a more concise blueprint, using the methyl-capped alkyne 124, instead of the TIPS-capped
alkyne 90, as the cyclopropyl fragment.

Synthesis of the western fragment 125 commenced by a selective hydrosilylation of pentynol
64 to obtain alkenyl silane 130, which is used twice in the synthesis and hence reduced the step
count and the synthetic effort. The sp2-sp® Negishi cross coupling of building blocks alkenyl
iodide 128 and organozinc reagent 129, which both derived from compound 130, in combination
with the modified stereoselective iododesilylation of the resulting coupling product 144
completed the synthesis of the western fragment 125 in 30% overall yield (8 steps, LLS). The
synthesis of the cyclopropyl fragment 124 included an enantioselective rhodium catalysed
cyclopropanation as the key step and was accomplished in 13% overall yield and eight steps.
The exquisitely chemoselective hydroboration of the cyclopropyl fragment 124 on treatment
with the 9-H-9-BBN dimer in THF provided borane 136, which was merged with the western
fragment 124 under Suzuki coupling conditions. The resulting RCAM precursor 123 was
cyclised on treatment with the two-component alkyne metathesis catalyst system (Cat. 1) at
elevated temperature. Employing a trans-hydrostannation and C-methylation sequence to the
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resulting macrocycle 122 followed by C5pOH oxidation completed the total synthesis. Overall,
depressin (9) was synthesised in 5% overall yield and 13 steps along the LLS (Scheme 43).

N
8 steps (LLS) o = = |
30%

5 steps
18%

8 steps
13%

depressin (9)

Scheme 43. Summary p total synthesis of depressin (9).
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3.10 TOTAL SYNTHESIS OF EUPHORHYLONAL A

nominal euphorhylonal A (15)

Figure 17. Structure of nominal euphorhylonal A (15).26

The configurational assignment of the C5pOH group as well as the absolute configuration were
not discussed by the isolation team.?® Therefore, the total synthesis of euphorhylonal A (15)
would not only demonstrate the versatility of the herein developed synthetic strategy, but also
clarify the both uncertainties (Figure 17).

To determine the configuration at C5, the two macrocyclic diastereomeric alcohols (5R-146 &
5S-147) were separated by flash chromatography (Scheme 44) followed by Mosher ester
analysis (see Experimental Part).1981%

flash 1S,2R,5R-146
chromatography

1S,2R,55-147

Scheme 44. Separation of macrocyclic diastereomer 1S,2R,5R-146 and 1S,2R,5S-147.

The structure of diastereomer 146 in the solid state (Figure 18, relative configuration) in
combination with the corresponding Mosher ester analysis not only revealed the configuration
at C5, but also confirmed the absolute configuration of the cyclopropane (Scheme 44, Figure
18).
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Figure 18. Single crystal X-ray structure of 1S,2R 5R-diastereomer 146 with the relative stereochemical
configuration.

3.10.1 LATE-STAGE DIVERSIFICATION P THE ESTER APPROACH

This approach towards the total synthesis of euphorhylonal A (15) was inspired by the in-house
developed methodologies of hydroxy-directed trans-hydrostannation and hydroxy-assisted
methoxycarbonylation.?® In case of the 1S,2R,5S-configurated cycloalkyne 147, the ruthenium
catalysed trans-hydrostannation gave the desired E-alkenyl stannane 148, as the only
observable isomer in 88% yield (Scheme 45).181P184 The resulting alkenyl stannane 148 was
subjected to the palladium catalysed methoxycarbonylation under CO atmosphere in methanol
to give methyl ester 150 in 81% yield.?® The following reduction of ester 150 to 1S,2R5S-
aldehyde 151 was not feasible on treatment with DIBAL-H in different solvents (THF, CHxCly,
toluene) and at various temperatures (978 °C to 910 °C). The 1S,2R5R-isomer 146 gave the
desired E-alkenyl stannane 152 in 79% vyield and the subsequent hydroxy-assisted
methoxycarbonylation resulted in 77% vyield of the corresponding methyl ester 153. The
selective DIBAL-H reduction to 1S,2R,5R-aldehyde 154 was not observed in CH2Cl, at ¢78 °C.
However, using toluene, instead of CH.Cl,, as solvent at 78 °C led to the formation of the
desired aldehyde 154 in 11% yield (Scheme 45). Comparison of the spectral data of 1S,2R,5R-
aldehyde 154 with those of the isolated natural product euphorhylonal A showed no accordance.
In conclusion, this synthetic strategy, employing methoxycarbonylation and selective reduction,
was not feasible for the total synthesis of euphorhylonal A.
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1S,2R,55-147

150 151

1S,2R,5R-146 152 153 154

Scheme 45. Late-stage diversification p synthesis of ester 150 and aldehyde 154. Conditions: a) [Cp*RuCl]s
(2.5 mol%), BuzSnH (3.0 equiv), CH2Cly, RT, 88% (1S,2R,55-148), 79% (1S,2R,5R-152); b) Pd(OAc)2 (20 mol%), PhsAs
(40 mol%), BQ (1.5 equiv), TFA (40 mol%), CO, MeOH, RT, 81% (1S,2R,5S-150), 77% (1S,2R,5R-153); c) DIBAL-H
(2.05 equiv), toluene, 378 °C, 11%.

3.10.2 LATE-STAGE DIVERSIFICATION p THE FORMYLATION APPROACH

This strategy compromised a tin/lithium exchange of stannanes 148 and 152, followed by
formylation of the resulting organolithium species with DMF. According to a procedure of Studer
and co-workers.?0* Methyllithium was added to a mixture of the corresponding alkenyl stannane
in THF at 078 °C and the resulting mixture was allowed to warm to room temperature. After full
conversion of the corresponding stannane, the mixture was cooled to ¢78 °C and DMF was
added. Subsequent warming to room temperature afforded 1S,2R5S-aldehyde 151 and
1S,2R,5R-aldehyde 154 in 68% and 53% yield, respectively (Scheme 46).

148 15,2R,558-151 : 152 15,2R,5R-154

Scheme 46. Synthesis of 1S,2R,5S-aldehyde 151 and 1S,2R,5R-aldehyde 154. Conditions: a) i) MeLi (2.0 equiv in Et,0),
THF, 978 °C to RT:; i) DMF (8.9 equiv), 378 °C to RT, 68% (1S,2R,55-151), 53% (1S,2R 5R-154).

Unfortunately, comparison of the spectral data of 1S,2R,5S-aldehyde 151 and 1S2R5R-
aldehyde 154 with those of the natural product euphorhylonal A showed no accordance (Figure
19). Hence, the proposed structure of euphorhylonal A must be misassigned at one of the
cyclopropyl stereocentres.
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Figure 19. Differences in 1H NMR shifts and 13C NMR shifts between either 1S,2R,5S-151 (orange) or 1S,2R,5R-154
(blue) and euphorhylonal A.

3.10.3 STRUCTURE ELUCIDATION OF EUPHORHYLONAL A

Elucidation of the actual configuration of euphorhylonal A was conducted by comparing the
analytical data of euphorhylonal A with these of a closely related casbane diterpene, by
computational simulation of chemical shielding tensors with subsequent probability calculation,
and, finally, by total synthesis.

3.104 STRUCTURE ELUCIDATION p COMPARISON

Literature research revealed that pekinenin C (16) has a closely related structure. Therefore, its
spectral data were compared with those of euphorhylonal A.126 The *H NMR data sets were in
good agreement, except the 'H shift of H-14a. The **C NMR data showed deviations in shifts of
the alkenyl quaternary carbons (C4 (0 = 4.7 ppm), C8 (8 = 1.7 ppm), C12 (& = 3.1 ppm)) (Figure
20).
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Figure 20. Differences in 1H NMR shifts and 13C NMR shifts of pekinenin C (16) with natural product euphorhylonal
A, humbering see Figure 21.

The similarity of those datasets, especially the cyclopropane related chemical shifts of C1, C3,
and C15, suggested a trans-cyclopropane motif for euphorhylonal A, instead of a
cis-cyclopropane. The comparison further indicated, that the C5pOH group were in a
cis configuration with the C2pH and in trans to the C1pH (Figure 21). In combination with the
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specific rotation, although these values can only be seen as a hint for a certain configuration at
this point, it could be notionally assumed that euphorhylonal A and pekinenin C (16) have the
same relative configuration but the opposing absolute configuration (pekinenin C (16)*
4 =019 euphorhylonal A% | =+90.5), as illustrated by structure 155 (Figure 21).

1R2R,55-16 : nominal 1R,2R,55-155
pekinenin C euphorhylonal A (15) tentative reassignment
euphorhylonal A

Figure 21. Tentative structure elucidation of euphorhylonal A (155).26

3.10.5 STRUCTURE ELUCIDATION p COMPUTATIONAL APPROACH

The application of computational spectroscopy to study the congruence of the proposed
stereochemical assignment of an organic compound with its experimental data has become
guite common.292P2%4 This approach, in combination with the application of powerful and freely
available statistical analysis tools as, for example, developed by Goodman and co-workers (CP3,
DP4, DP4-Al)?%0208 or by Sarotti and co-workers (DP4+, J-DP4, DIP, ANN)2%24 gllows a
stereochemical assignment with high confidence 125204215219

The herein employed DP4+ probability calculation uses the computed chemical shielding
tensors of all relevant diastereomers in combination with the experimental NMR data (*H and
13C) of an organic compound with an unknown configuration. The DP4+ program calculates the
statistical congruence of each computed data set to the subjected experimental NMR data.

The computational stereochemical assignment approach to clarify the actual configuration of
euphorhylonal Acommenced by determining all possible diastereomers of euphorhylonal A (15)
(Figure 22).

151 \ 154 ) \_ 155 ) \ 156 )

Figure 22. The possible diastereomers of euphorhylonal A (15).

Each of these four diastereomers was subjected to conformational sampling using the
Conformer-Rotamer Ensemble Sampling Tool (CREST),?2°221 which simulates the molecule
movement in solution and generates the most represented conformations. Due to the low level
of theory, the conformational sampling was conducted with a 6 kcal/mol threshold. This gave
174 conformers of aldehyde 151, 146 conformers of aldehyde 154, 274 conformers of aldehyde
156, and 155 conformers of aldehyde 155. The resulting geometries of the conformers were
then optimised at the B3LYP-D3BJ-(CPCM)/def2-TZVP level of theory, using the ORCA 4.2
program package.??2223
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1S,2R,55-151 1S,2R,5R-154 1S,2S,5R-155 1S,25,55-156

Figure 23. Optimised geometries of the lowest energy conformers of the four possible diastereomers.

Only structures with significant conformational distinctions and a relevant Boltzmann
population were used for chemical shielding calculation. Therefore, similar conformers were
sorted out, based on the root-mean-square deviations (RMSD) of atomic positions. The
remaining conformers (25 conformers of aldehyde 151, 28 conformers of aldehyde 154, 31
conformers of aldehyde 156, 17 conformers of aldehyde 155) were subjected to numerical
frequency calculations on the B3LYP-D3BJ-(CPCM)/def2-TZVP level of theory. The obtained
Gibbs free energies (0) of each conformer were used to calculate the Boltzmann distribution for
each diastereomer. Thereby, only conformers with a relevant Boltzmann population (] > 4%)
were considered.

The chemical shielding calculations were performed according to the DP4+ protocol of Sarotti
and co-workers.?®® Regarding the solvent modelling, the DP4+ protocol prefers the dielectric
polarisable continuum model (PCM) over the gas phase approximation. Since the ORCA 4.2
program package does not include the dielectric PCM, the shielding calculations were
conducted in the gas phase. The isotropic shielding tensors of all carbon and hydrogen atoms
(,, ) were computed for all relevant conformers at the density functional theory (DFT) level.
Gauge-independent atomic orbitals (GIAO)??4P22” were used to avoid the gauge origin problem,
in combination with the mPW1PW functional®?® and the split-valence double-zeta Pople basis
set (6-31G**)??° as implemented in the ORCA 4.2 program package.??2223

The calculated shielding tensors (,, ) were averaged by the Boltzmann distribution probability
(n ) for each significantly populated conformer 1 (threshold: 1}  1P). The Boltzmann averaged
shielding tensors were used in the DP4+ calculation. First the congruence probability of the *H
and 13C data are calculated individually. This is followed by a probability calculation combining
both datasets, giving uif!ibm! ebubl! gspcbcjijuz/! Bt!efgjdufe!jo! Figure 24, the DP4+ probability
regarding the *H data showed a high congruence with the 1S,2S,5S-diastereomer 156 (green),
whereas the probability using the *C data suggested a high similarity to the 1S,2S,5R-
diastereomer 155 (purple). The DP4+ probability dondvibujpolvtjohlibmlebublfelupli fidpodivtjpo
that euphorhylonal A likely has the same relative configuration as 1S,2S 5R-aldehyde 155. The
prediction can be made with high confidence (100%).
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Figure 24. Graph of 1H-DP4+, 13C-DP4+, and DP4+ probabilities for the congruence of the experimental NMR data of
euphorhylonal A%6 with the calculated chemical shielding data of 155 (purple), and 156 (green).

Both approaches, the comparison with pekinenin C (16) and the computational studies,
suggested that 1S,2S5R-aldehyde 155, including a trans-cyclopropane motif and a cis-
relationship between the C5pOH and C2pH, represents the actual structure of euphorhylonal A.

3.10.6 STRUCTURE ELUCIDATION P SYNTHETIC APPROACH

The synthesis of 1S,2S,5R-aldehyde 155 requires the trans-cyclopropyl fragment 157, instead of
the cis-cyclopropyl fragment 124. Thereby, the trans-cyclopropyl fragment synthesis (157)
would only differ by an additional epimerisation at the C2 position of cis-aldehyde 134 to form
the corresponding trans-aldehyde 158. The methyl alkyne unit would be introduced by a
Corey/Fuchs homologation.

Corey-Fuchs

. epimerisation
homologation P

157 158

Scheme 47. Retrosynthetic analysis of the trans-cyclopropyl fragment 157.

The aldehyde 134 was synthesised as described in chapter 3.4 and was subjected to
epimerisation of the C2 stereocentre under basic conditions. Therefore, potassium carbonate
was added to a solution of cis-aldehyde 134 in methanol at 50°C. The desired
trans-cyclopropane 158 was obtained as a mixture of diastereomers (trans/cis = 9:1). Attempts
to increase the trans/cis ratio at higher temperatures were unsuccessful. The Corey/Fuchs
homologation of the resulting trans-cyclopropyl aldehyde 158, using diethyl ether as solvent and
DMPU as promotor, completed the synthesis of trans-cyclopropyl fragment 157 in 63% yield
over the final four steps (trans/cis = 9:1) (Scheme 35).
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Scheme 48. Synthesis of the trans-cyclopropyl fragment 157. Conditions: a) K>CO3 (4.6 equiv), MeOH, 50 °C;
b) i) PPh3 (8.0 equiv), CBr4 (4.0 equiv), CH.Cly, 0 °C; ii) n-BuLi (4.6 equiv), Et,0, 78 °C; ili) DMPU (5.5 equiv), Et,0,
078 °C; iv) Mel (13.9 equiv), 978 °C to RT, 63% over 4 steps (trans/cis = 9:1).

The trans-cyclopropyl fragment 157 was subjected to a chemo- and regioselective
hydroboration on treatment with the 9-H-9-BBN dimer followed by a Suzuki cross coupling of
the resulting borane and the western fragment 125. The RCAM precursor 159 was obtained in
82% yield (Scheme 49).

OH

=
= +

125 157 159

Scheme 49. Coupling of the trans-cyclopropyl fragment 157 and the western fragment 125. Conditions:
a) i) 157 (1.3 equiv), 9-H-9-BBN dimer (0.95 equiv), THF, 0°C to RT; ii) 125 (1.0 equiv), [(dppf)PdClz] (5 mol%),
Ba(OH)2:(H20)s (1.9 equiv), H20, THF, RT, 82%.

Based on the previous results (see chapter 3.7), the RCAM of diyne 159 was investigated at
different temperatures and dilutions, while employing the two-component catalyst system
(Cat. 1) (Table 11).

A solution of the two-component alkyne metathesis catalyst system (Cat. 1, 20 mol%) in toluene
was added to a suspension of 159 and 5 A MS in toluene at room temperature. Under these
conditions 47% vyield of the desired macrocycle 160 was obtained, aside undefined
side-products (Entry 1, Table 11). Performing RCAM at elevated temperature could be beneficial
to overcome side-product formation and to improve the yield. In this regard, two attempts under
reflux conditions were investigated with concentrations of 1 and 2 mm in toluene, which led to
59% and 57% vyield of macrocycle 160, respectively (Entry 2-3, Table 11). While refluxing in
toluene gave slightly higher yields than at room temperature, a minor decrease to 70 °C was
found ideal for this particular RCAM of 159. This optimised conditions generated macrocycle
160 in 76% yield (Entry 4, Table 11).
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Table 11. Ring-closing alkyne metathesis of diyne 159 p optimisation.

OH
oH Aﬁ/ml % Ph,Si HO_
’\,i";Mo—N on.gi-OHy  SiPha
Cat. 1 :r;]
ZH toluene x\ $lj
5AMS Ph
150 160 two-component alkynecrgstfithesis catalyst system
Catalyst System . . Yield
Entry yst=y Concentration Temperature Time (160)
1 Cat. 1 (20 mol%) 1 mm RT 4h 47%
2 Cat. 1 (20 mol%) 1mm reflux 25 min 59%
3 Cat. 1 (20 mol%) 2mm reflux 30 min 57%
5 Cat. 1 (20 mol%) 2mm 70 °C 10 min 76%

At this stage, the diastereomeric alcohols 1S,25,5S-161 and 1S,2S,5R-162 were separated by
flash chromatography and the configuration of the C5pOH group of each diastereomer was
determined by Mosher ester analysis (see Experimental Part). Both diastereomers were used
separately towards the total synthesis and structure elucidation of euphorhylonal A.
1S,25,55-161 was subjected to trans-hydrostannation, affording alkenyl stannane 163 in 74%
yield with excellent regio- and stereoselectivity. Subsequent treatment of 163 with n-BuLi and
guenching of the resulting organolithium species with DMF gave 1S,2S,5S-aldehyde 156 in 69%
yield (Scheme 50). Unfortunately, the spectral datasets of 1S,2S5S-aldehyde 156 neither
matched with those of pekinenin C (16) nor euphorhylonal A.

The same trans-hydrostannation and formylation sequence was applied to 1S,2S,5R-162. While
an excellent regio- and stereoselective trans-hydrostannation of propargylic alcohol 162 was
expected, next to 65% yield of the desired alkenyl stannane 164 a noticeable amount of the
corresponding U, cis-alkene side-product EP-3 was isolated. The reason for the formation of EP-3
remained unclear.
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18,25,5R-162 164 euphorhylonal A (155)

Scheme 50. Late-stage diversification p total synthesis of natural product euphorhylonal A (155). Conditions:
a) [Cp*RuCl]4 (2.5 mol%), BusSnH (3.0 equiv), CHxCly, RT, 74% (15,25,55-163), 65% (15,2S,5R-164) + 12% EP-3 (see
the Experimental Part); b) i) MeLi (2.0 equiv in Et;0), THF, 878 °C to RT; ii) DMF (8.9 equiv), 78 °C to RT, 69%
(1S,2S,55-156), 51% (1S,2S,5R-155 or euphorhylonal A (155)).

The comparison of the analytical data of 1S,2S,5S-aldehyde 156 (green, Figure 25 & Figure 26)
with those of euphorhylonal A and pekinenin C (16) showed no accordance in either case. In the
case of 1S,2S,5R-aldehyde 155, the experimental NMR data matched with those of pekinenin C
(16) but did not match with those of euphorhylonal A in the first place. It turned out, that the
isolation team highly likely misassigned the alkenyl quaternary carbon NMR signals (C4, C8,
C12) of euphorhylonal A. After revising those assignment, the analytical data of euphorhylonal
A were in good agreement with those of 1S,2S,5R-aldehyde 155 (purple) (Figure 25 & Figure 26).
The only significant deviation of the *H NMR data sets was the H-14a 'H NMR signal. This
dissonance might be explained by a misassignment in the isolation paper due to the lack of 2D-
NMR data. (1S,2S,5R-aldehyde 155 | =+74.5, natural product euphorhylonal A28
| =+90.5).
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Figure 25. Differences in IH NMR shifts between either 15,2S,5R-155 (purple) 1S,2S,5S-156 (green) or and the
reassigned NMR data of euphorhylonal A; numbering see Scheme 50.
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Figure 26. Differences in 13C NMR shifts between either 1S2S,5R-155 (purple) or 1S,25,55-156 (green) or and the
reassigned NMR data of euphorhylonal A; numbering see Scheme 50.
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In the case of pekinenin C (16), it turned out that the NMR data are identical to those of
1S,2S,5R-aldehyde 155, whereas the sign of the specific rotation is dextrorotatory (pekinenin C
(16)¥* 4 =019). These data analysis revealed an enantiomeric relationship between
euphorhylonal A and pekinenin C rather than a diastereomeric.

3.10.7 CONCLUSION

The herein presented total synthesis of euphorhylonal A clarified the structure as 1S,2S,5R-155
and revealed the highly likely enantiomeric relationship with pekinenin C (16). In this case, it also
demonstrated that phylogenetically related Euphorbia plants can generate antipodal casbane
diterpenes.3®

Both diastereomeric alcohols of nominal euphorhylonal A (1S,2R,5S-151 and 1S,2R,5R-154)
were prepared along a concise and elegant route. The synthesis of the cis-cyclopropyl fragment
124 included an enantioselective rhodium catalysed cyclopropanation to generate the gem-
dimethyl cyclopropane, followed by a reduction and homologation sequence to afford the
cyclopropyl fragment 124 in eight steps and 13% overall yield. The western fragment 125 was
prepared as in the total synthesis of depressin (9) in 30% yield and eight steps along the LLS,
including two individually tuned iododesilylation steps and a sp?-sp® Negishi cross coupling as
key design elements. Due to the uncertainty of the configuration assignment at C5, the western
fragment 125 was prepared as a racemate. The coupling of fragments 124 and 125
commenced by chemoselective hydroboration of the terminal alkene in presence of a methyl-
capped alkyne on treatment with the 9-H-9-BBN dimer in THF. The resulting borane was
subjected to a Suzuki cross coupling with western fragment 125. The coupling product 123 was
cyclised in the subsequent RCAM under optimised conditions. The resulting cyclic
diastereomeric alcohols 146 and 147 were separated by flash chromatography and the absolute
configuration of each was determined. Both macrocyclic alkynes 146 and 147 were separately
subjected to the late-stage diversification via a regio- and stereoselective trans-hydrostannation
and formylation sequence. The resulting cis-cyclopropyl aldehydes 1S,2R,55-151 and 1S,2R,5R-
154 were prepared in 7% or 5% overall yield, respectively, and twelve steps along the LLS (21
total steps).

Unfortunately, the analytical data of both diastereomers (151 & 154) of the nominal structures
of euphorhylonal A were not in accordance with those of natural product. Comparison of the
analytical datasets of euphorhylonal A with those of pekinenin C (16) and computational
chemistry-based structure elucidation suggested 1S,2S5R-aldehyde 155 as the most likely
configuration of euphorhylonal A. Therefore, the trans-cyclopropyl fragment 157, instead of its
cis-analogue 124, was synthesised in nine steps and 16% overall yield. Their syntheses only
differed in an additional epimerisation at C2 position of the cis-aldehyde intermediate 134 to
afford the thermodynamically favoured trans-cyclopropyl aldehyde, which was then converted
into the cyclopropyl fragment 157 by a Corey/Fuchs homologation. A chemoselective
hydroboration of 157 followed by a Suzuki cross coupling with compound 125 afforded the
RCAM precursor 159. The subsequent RCAM and separation of the resulting diastereomeric
alcohols enabled the late-stage diversification. Both macrocyclic alkynes 161 and 162 were
subjected to a trans-hydrostannation and formylation sequence, affording the trans-cyclopropyl
aldehydes 1S,2S5R-155 and 1S,25,5S-156 in 3% or 5% overall yield, respectively, and 13 steps
along the LLS (21 total steps).

This collective total synthesis of two natural occurring casbane diterpenes and three derivatives,
confirms the versatility of the synthetic strategy and should bring many casbane diterpenes into
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reach. The application of the ligand-controlled gem-dimethyl cyclopropanation, with or without
subsequent epimerisation, enables the preparation of all permutations of the cyclopropyl
fragment. Further, the alkenyl stannane motif can be seen as a platform to access all
pyzhfobujpo!gbuufsot!pglui fidbtcboflejufsqfofigbnijizljolui Fitopsui FsnlltFdups/

The analytical data of 1S,2S5R-155 were in accordance to those of euphorhylonal A. This
synthesis led to the reassignment of euphorhylonal A structure and verified the theoretically
proposed configuration. Furthermore, the data analysis suggest rather an enantiomeric
relationship between pekinenin C (16) and euphorhylonal A, than a diastereomeric, as expected
from the originally proposed structures.

OH
=
=
x I
124 125 157
in 8 steps in 8 steps in 9 steps
13% 30% 16%
| | [ |
| | [ |
4 steps 4 steps 4 steps
17% 21% 32%

1S,2R,5S-aldehyde 151 1S,2R,5R-aldehyde 154 1S,2S,5R-aldehyde 155 1S,2S,5S-aldehyde 156
euphorhylonal A

Scheme 51. Summary p total synthesis and structure elucidation of euphorhylonal A (155) and its diastereomers.

3.10.8 COMPUTATIONAL STRUCTURE ELUCIDATION p CONTROL EXPERIMENTS

During the total synthesis and clarification of the configurational assignment of euphorhylonal
A, all four possible diastereomers were synthesised and their NMR data were recorded
(1S,2R,5S-151, 1S,2R,5R-154, 15,25,5R-155, and 1S5,2S,5S-156). In the additional computational
assignment of the relative stereochemistry, all chemical shielding tensors for each diastereomer
(151, 154, 155, 156) were calculated. These experimental and in silico data were used to verify
the stereochemical assignment of euphorhylonal A by the DP4+ program (chapter 3.10.5) and
to confirm the high confidence of those assignments for macrocyclic diterpenes. The
experimental NMR data (including *H and *C NMR) of each diastereomer were separately
subjected to the DP4+ probability calculation sheet, which contained the calculated chemical
shielding data of all four diastereomers (151, 154, 155, 156).

The experimental NMR data of 1S,2R 5S-151 were subjected to the DP4+ probability calculation
sheet, containing the calculated chemical shielding data for all four diastereomers, led to a
congruence between the experimental NMR data and calculated chemical shielding data of
aldehyde 151 in high confidence (Figure 27). Using the experimental NMR data of 1S,2R 5R-154,
led to an accordance with the calculated data of 154 in high confidence (Figure 28). This
performance of the DP4+ stereochemical assignment program was further demonstrated by
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the congruence between the experimental NMR data of 1S,2S,5S-156 and 1S,2S,5R-155 and the
corresponding calculated data in high confidence (Figure 30, Figure 29).

DP4+ probability for the exp. NMR data of 1S,2R 5S-aldehyde i}

DP4+ (*H data)

DP4+ (°C data)

DP4+ (all data)
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Figure 27. Graph of 1H-DP4+, 13C-DP4+, and thmlebubl!'DP4+ probabilities for the congruence of the experimental NMR
data of 1S,2R,5S-151 with the calculated chemical shielding data of 151 (orange), 154 (blue), and 155 (purple).
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Figure 28. Graph of 1H-DP4+, 13C-DP4+, and DP4+ probabilities for the congruence of the experimental NMR data of

1S,2R,5R-154 with the calculated chemical shielding data of 154 (blue).
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Figure 29. Graph of H-DP4+, 13C-DP4+, and DP4+ probabilities for the congruence of the experimental NMR data of
1S,2S,5R-155 with the calculated chemical shielding data of 155 (purple) and 156 (green).
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Figure 30. Graph of *H-DP4+, 13C-DP4+, and DP4+ probabilities for the congruence of the experimental NMR data of
1S,2S,5S-156 with the calculated chemical shielding data of 155 (purple) and 156 (green).
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3.11 TOTAL SYNTHESIS OF YUEXIANDAJISU A

3.11.1 ISOLATION AND STRUCTURE ELUCIDATION

Yuexiandajisu A

Yuexiandajisu A (17) (Figure 31) was first isolated from roots of Euphorbia ebracteolata Hayata,
which is gbsu!pglui flusbejujpobi!Dijoftf!nfejdjof!iMboh!Evi/*? Extraction of the natural material
(5 kg) and extensive chromatographic purification of the residue gave yuexiandajisu A (17) as
orthorhombic crystals (21 mg), next to yuexiandajisu B (29). The structure and the relative
configuration were elucidated by 2D-NMR analysis and single crystal X-ray analysis.'? It bears a
trans-cyclopropane motif and a carboxylic acid functionality at the C18 position beside the
casbane diterpene macrocyclic framework. A preliminary bioassay showed antibacterial
activities of yuexiandajisu A (17).

yuexiandajisu A (17) yuexiandajisu B (29)

Figure 31. Relative structure of yuexiandajisu A (17) and yuexiandajisu B (29).12

3.11.2 SYNTHESIS

As the bicyclic core structure of yuexiandajisu A (17) possesses the same relative configuration
as euphorhylonal A (155), alkenyl stannane 164 was used as the starting point. 164 was treated
with methyllithium at low temperature and the resulting organolithium species was trapped with
carbon dioxide (bubbled through the mixture). The sequence completed the total synthesis of
(+)-1S,2S,5R-acid ent-17 in 51% yield.

164 ent-17

Scheme 52. Late-stage diversification p total synthesis of (+)-yuexiandajisu A (ent-17); Conditions: a) i) MeLi
(2.2 equiv in Et20), THF, 678 °C to RT; i) CO2, 78 °C to RT, 51%.

The NMR data as well as the specific rotation of (+)-1S,2S,5R-acid ent-17 and of the isolated
natural product showed good agreement, except of the C-21 3C NMR signal with a deviation of
1.4 ppm (Figure 32). This confirmed the relative configuration and determined the absolute as
1S,2S5R (ent-17) (synthetic (+)-yuexiandajisu A (ent-17) 4  =+171.3); yuexiandajisu A (17)
1 =+172).
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Figure 32. Differences in 1H NMR and 13C NMR shifts between (+)-1S,2S,5R-acid (ent-17) and yuexiandajisu A.12

3.11.3 CONCLUSION

The total synthesis of (+)-yuexiandajisu A (ent-17) was accomplished in 3% overall yield
comprising 13 steps along the LLS (21 total steps). The comparison of the analytical data
revealed the absolute configuration of yuexiandajisu A as 1S,2S5R. This late-stage
diversification of alkenyl stannane 164 introduced the carboxylic acid group at the C18 position
and represents another example for the manifoldness of this synthetic strategy.

164 (+)-yuexiandajisu A (ent-17)

Scheme 53. Summary p total synthesis of (+)-yuexiandajisu A (ent-17).
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3.12 TOTAL SYNTHESIS OF 2-EPI-DEPRESSIN

3.12.1 ISOLATION AND STRUCTURE ELUCIDATION

1-epi-Depressin

1-epi-Depressin (165) (Figure 33) was first isolated with eight other casbane analogues from the
South China Sea soft coral Sinularia depressa, which was collected at a depth of 20 m in the
Lingshui Bay, Hainan Province, China. Extraction on the natural materials (510¢g) and
chromatographic purification of the residue gave 1l-epi-depressin (165) as a colourless oil
(6.2 mg). The casbane framework was elucidated by 2D-NMR analysis.® The trans configuration
of the cyclopropane was established by nOe experiments in combination with the *C NMR
chemical shifts and were in accordance to the trans-fused yuexiandajisu A (17). The absolute
configuration was determined by CD as 1R,2R.%

1-epi-depressin (165) 2-epi-depressin (ent-165)

Figure 33. Structure of the natural product 1-epi-depressin (165) and its enantiomer 2-epi-depressin (ent-165).

3.12.2 SYNTHESIS

The 1S,2S,5S-macrocyclic alkyne 161, which was used in the synthesis of 1S,2S55S-156
(Scheme 50), was employed to synthesise the enantiomer of the natural product 1-epi-depressin
(165) by a convenient trans-hydrostannation/C-methylation sequence.®

1S,25,55-161 was subjected to trans-hydrostannation and C-methylation. Each step was carried
out as described in the total synthesis of ent-depressin (89) (see chapter 2.6.3), without the
intermediate purification. After the trans-hydrostannation was completed, the solvent (CH»Cly)
was removed. The resulting crude stannane was dissolved in DMF and the C-methylation was
conducted as described before (Scheme 54). Alcohol 166 was obtained in 67% yield over both
steps. The following C5pOH oxidation with freshly prepared manganese oxide®® gave
2-epi-depressin (ent-165) in 88% yield.

15,25,58-161 166 2-epi-depressin (ent-165)

Scheme 54. Late-stage diversification p total synthesis of 2-epi-depressin (ent-165). Conditions: a) i) [Cp*RuCl]s
(1.3 mol%), BuzSnH (1.05 equiv), CH2Cly, RT; i) [Ph2oPO2][BusN] (1.1 equiv), Pd(PPhs)4 (5 mol%), Mel (1.5 equiv), CuTC
(2.05 equiv), DMF, RT, 67%; b) MnO_ (10.0 equiv), CH2Cl,, 88%.

The NMR data of 2-epi-depressin (ent-165) were in good agreement with those reported for
natural occurring 1-epi-depressin (165), whereas the sign of the specific rotation value was
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Figure 34. Differences in tH NMR and 13C NMR shifts between synthetic 2-epi-depressin (ent-165) and 1-epi-depressin

(165), numbering see Scheme 54.

3.12.3 CONCLUSION

The enantiomer 2-epi-depressin (ent-165) of the naturally occurring 1-epi-depressin (165) was

synthesised in 6% overall yield along 14 steps (LLS)

. Thereby, the proposed absolute

configuration of 1-epi-depressin (165) was confirmed. The direct use of the crude
trans-hydrostannation product for the C-methylation decreased the purification effort and

increased the overall yield.

Vi

8 steps = = |
30%

5 steps
37%

9 steps
16%

Scheme 55. Summary p total synthesis of 2-epi-depressin (ent-165).
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4 TUVEIJFTIUPXBSET!UIFIUPUBMITZOUIFTITIPG!I3.FQJL21.
1 ZESPYZEFQSFTTIO!BOE!TIOVMBSDBTCBOF!D

4.1 INTRODUCTION

Expanding the strategy to the total synthesis of casbane diterpenes containing an additional
hydroxy or ketone group at the C10 position would demonstrate the versatility of the blueprint.
The functionalities at the C5 and C10 position exist as a hydroxy or ketone group in different
combinations of the oxidation levels (Figure 35). This diversity is extended by combinations with
the four possible permutations of the gem-dimethyl cyclopropane unit (Figure 35).

0 0
H H
H H
N X
OH 0
10-hydroxydepressin (2) sinularcasbane A (3) ent-10-oxodepressin (30)

OH

1-epi-10-oxodepressin (4) 2-epi-10-hydroxydepressin (5) sinularcasbane C (167)

Figure 35. Selection of naturally occurring casbane diterpenes containing two oxygen-based functional groups;
10-hydroxydepressin (2)8, sinularcasbane A (3)7, ent-10-oxodepressin (30)28, 1-epi-10-oxodepressin (4),
2-epi-10-hydroxydepressin (5)%, sinularcasbane C (167)".

4.2 ISOLATION AND STRUCTURE ELUCIDATION

2-epi-10-Hydroxydepressin

2-epi-10-Hydroxydepressin (5) (Figure 35) was first isolated from the South China Sea soft coral
Sinularia depressa, which was collected at a depth of 20 m in the Lingshui Bay, Hainan Province,
China.* Extraction of the natural materials (510 g) and chromatographic purification of the
residue gave 2-epi-10-hydroxydepressin (5) as a colourless oil (1.9 mg). The casbane framework
was elucidated by 2D-NMR analysis. The analysis of the ROESY and *C NMR data revealed the
presence of a trans-configured cyclopropane unit* The absolute configuration of the
cyclopropane was determined as 1S,2R by CD. The configuration of the C10pOH centre could
not be determined by distance dependent NMR experiments, since the macrocycle was too
flexible. Comparison of the C10 *C NMR chemical shift of 2-epi-10-hydroxydepressin (5)
(Uc = 65.1 ppm) with that of sinularcasbane A (3) (lic = 66.2 ppm), showed high similarity. Based
on biogenetic considerations in combination with the elucidated absolute configuration of the
cyclopropane, the configuration at C10 was tentatively proposed as S.
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Sinularcasbane A

Sinularcasbane A (3) (Figure 35) was first isolated from the South China Sea soft coral Sinularia
sp., which was collected off the coast of Ximao Island, Hainan Province, China.” Extraction of
the natural material (2.7 kg) and chromatographic purification of the residue gave
sinularcasbane A (3) as a colourless oil (2.1 mg). The casbane framework was elucidated by 2D-
NMR analysis, which revealed the same gross structure as 10-hydroxydepressin (2).67
Comparison of their *C NMR data showed a significant distinction between the C20 signals.
This suggested a diastereomeric relationship, whereas both natural products contained a
cis-cyclopropane motif. The configuration at C10 was assigned by biogenetic considerations as
S. Consequently, the configuration of the cyclopropane of sinularcasbane A (3) was assigned
opposite to that of 10-hydroxydepressin (2).

4.3 RETROSYNTHETIC ANALYSIS

The late-stage diversification towards the desired casbane diterpene would be realised via a
C5pOH directed trans-hydrostannation of macrocyclic alkyne 168, C-methylation of the
resulting alkenyl stannane, and in case of a ketone group at C5, oxidation of the hydroxy group.
Finally, the O-silyl group (C10pOSiR3) would be cleaved. RCAM of diyne 169, which would be
provided by a hydroboration and Suzuki cross coupling sequence of the cyclopropyl fragment
157 and the western fragment 170, would form macrocyclic alkyne 168. Regarding the western
fragment 170, iododesilylation of compound 171 would complete the fragment synthesis
(Scheme 56).

oxidation trans-hydrostannation,
O.H C-methylation

OH
2-epi-10-hydroxydepressin (5)

hydroboration/

169 Suzuki coupling

OH OH
Z Z
Pz :> Pz
| ph
X S|\ X |
0TBS OTBS 157
171 170

Scheme 56. Retrosynthetic analysis of casbane diterpenes containing functional groups at the C5 and C10 position.

The corresponding alkenyl silane 171 would be divided into alkenyl iodide 172 and boronic ester
173 by a disconnection between C8 and C9 (Scheme 57). The alkenyl silane group could be seen
as a masked alkenyl halide and would enable the coupling of C8 and C9 under Suzuki cross
coupling®® or Zweifel olefination?31232 conditions to occur without any reactivity at C12.
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Alkenyl iodide 172 would be synthesised by Dess-Martin oxidation of the common alcohol 130,
Grignard addition to introduce the methyl-capped alkyne unit, trityl-protection of resulting
alcohol, and stereoselective iododesilylation. Utilising the sterically demanding trityl group,
instead of the TBDPS-group, would establish an orthogonal protecting group strategy,
considering an O-silyl protection of the C10pOH group. The corresponding boronic ester 173
would be prepared via a stereoselective bisborylation of diene 174, which was developed by
Morken and co-workers®323* followed by a site-selective mono-oxidation of the secondary
boronic ester group?® and TBS-protection of the resulting C10pOH group. This sequence would
enable the stereoselective introduction of the hydroxy group at C10 position and would provide
the boronic ester functionality for the Suzuki cross coupling or Zweifel olefination of 172 and
173. The corresponding diene 174 would be obtained after tosylation of compound 130 and
subsequent elimination. The common alcohol would be prepared by regio- and stereoselective
hydroboration of pentynol 64 (Scheme 57).

OTr
Grignard OH | ph OH
addltlon¢\ : WSl\ j K/
=
i 130 64

j 172 /ﬂ\

Bpin
S|_/Ph | _ph
W i : W&\
OTBS
Suzuki coupling or 173 174

Zweifel olefination

Scheme 57. Retrosynthetic analysis of the western fragment 172.

The retrosynthetic analysis as well as the forward synthesis of cyclopropyl fragments 157 are
discussed in the previous chapters.

4.4 STUDIES TOWARDS THE SYNTHESIS OF THE WESTERN FRAGMENT

The synthesis of bis(pinacolboronate) 175 commenced from the commercially available
pentynol 64 by a regio- and stereoselective hydrosilylation.>41%5192 The resulting alcohol 130
was tosylated in 90% yield (176) and subsequent treatment with t-BuOK gave E-diene 174 in
90% vyield (Scheme 58). Subjecting diene 174 to the platinum catalysed bisborylation with the
TADDOL ligand 177 provided bis boronic ester 175 in 86% yield with high optical purity
(99% ee).?%3

75



Results and Discussion

OH Ts |
OH a) | .Ph | ph o _Ph
I\/ > WSI\ W WSI\
64 130

0 J doPn
Ar A ' W N
i . B

Ar = 3,5-(C¢H3)iPr

! (S.S)-TADDOL-Ligand ! %
! 177 !

Scheme 58. Synthesis of 1,2-bis(pinacolboronate) 175. Conditions: a) i) 64 (1.0 equiv), n-BuLi (1.0 frvjw*U1G-1989 °C
up! 941 "Dlup! @89 °C, ii) (PhMe;Si)2Cu(CN)Li> (1.1 frvjw*!389 °C, 90%; b) TsCl (1.5 equiv), DMAP (0.2 equiv), EtsN
(2.0 equiv), CHCly, RT, 90%; c) t-BuOK (1.5 equiv), THF, RT, 80%; d) Pt(dba)s (3 mol%), (S,S)-TADDOL-Ligand 177
(4 mol%), Bx(pin)2 (1.05 equiv), THF, reflux, 86%, 99% ee;

The secondary boronic ester group (175) was site-selectively mono-oxidised to the
corresponding alcohol 178. Initially, the best literature conditions were employed.?®®> Two
equivalents of N-methyl morpholine N-oxide (NMO) were added to a solution of compound 175
in n-butanol or DMSO and secondary alcohol 178 was obtained in only 9% and 28% yield,
respectively. Using 10 equivalents of NMO in technical grade acetone reduced significantly the
reaction time, which prevented decomposition during the reaction. These conditions led to 72%
yield of secondary alcohol 178. The product was O-silylated on treatment with TBSCI in DMF
and the resulting boronic ester 173 was isolated in 86% (Scheme 59, left). The absolute
configuration of boronic ester 173 was confirmed by the structure of 173 in the solid state
(Scheme 59, right).

[

| .
Ph @) 00 b
K'/\‘/SI\ — > B | pp — | ph

B WSI\ \\l/\r&\ ;
j}_@ OH 0TBS

175 178 173

Scheme 59. Synthesis of boronic ester 174. Conditions: a) NMO (10 equiv), acetone, RT, 72%; b) TBSCI (2.0 equiv),
imidazole (1.5 equiv), DMF, 86%; Structure of boronic ester 174 in the solid state; H-atoms are omitted for clarity.

The protecting group strategy for the total synthesis of 2-epi-10-hydroxydepressin (5)
compromised an orthogonal cleavage of protection groups of C5pOH and C10pOH. Therefore,
the C5pOH was protected with a trityl group in 83% yield of 179 followed by stereoselective
iododesilylation to afford alkenyl iodide 172 in 95% yield with no detected double bond
isomerisation (E:Z G 20:1, *H NMR) (Scheme 60).
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Scheme 60. Synthesis of alkenyl iodide 172. Conditions: a) TrCl (1.2 equiv), DBU (1.4 equiv), CH2Cl,, RT, 83%;
b) NIS (1.9 equiv), 2,6-lutidine (5.0 equiv), HFIP (38.0 equiv), CH2Clz, 20 °C, 95% (E:Z G 20:1).

The coupling of alkenyl iodide 172 with boronic ester 173 or 168 was first investigated under
Suzuki cross coupling conditions, utilising various palladium catalysts and
additives/bases.161:230244p246.236p243 nfortunately, in all attempts, no cross coupling product
could be detected. Alternatively, a stereodivergent Zweifel olefination of alkenyl iodide 172 and
boronic ester 173 developed by Aggarwal and co-workers was employed.?*!232 The electrophilic
selenation of an alkenyl boronate complex followed a meta-chloroperoxybenzoic acid (mMCPBA)
promoted syn elimination led to the formation of E-alkene 180 in 63% yield with a moderate
stereoselectivity of approximately E:Z = 2:1.

OTr
Bpin |
_Ph , l
= . \I/\f&\ _a | ph
P Si
0TBS Tr0 ~ N, 0
[ OTBS
172 173 180

Scheme 61. Zweifel olefination, Conditions: a) i) 173 (2.0 equiv), t-BuLi (4.1 equiv), THF, §78 °C; ii) 174 (1.0 equiv),
Q78 °C,; iii) PhSeCl (2.4 equiv) in THF/HFIP, §78 °C to RT; iv) mCPBA (4.0 equiv), THF, 378 °C to 945 °C, v) DMS
(20 equiv), 345 °C, 63%.

The alkenyl iodide functionality at C12, required for the Suzuki cross coupling of the western
fragment 170 and the cyclopropyl fragment 157, was envisioned to be installed by a
stereoselective iododesilylation after cleavage of the trityl protection group. Therefore, the
Zweifel olefination product 180 was treated with lithium chloride in n-butanol at 120 °C, which
provided propargylic alcohol 181 in 78% yield.?*” The following HFIP mediated iododesilylation
was carried out according to the previously developed acidic conditions on treatment with NIS.
Unfortunately, this attempt led to decomposition. Therefore, the iododesilylation step was
envisaged to be performed prior to the cleavage of the trityl group. Another approach would be
the substitution of the corresponding dimethyl phenyl silane group with a trimethyl silane group.
In the future, these strategies should be investigated towards the synthesis of the western
fragment 170.

Tro AN A g ~ HO X X ~ HO A N
0TBS 0TBS 0TBS
180 181 170

Scheme 62. Synthesis towards the western fragment 170. Conditions: a) LiCl (10.0 equiv), n-BuOH, 120 °C,
b) NIS (1.1 equiv), AcOH (10.0 equiv), HFIP, 0 °C, decomposition.
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Regarding the total synthesis of tjovibsdbtcbof!D (167), a stereoselective introduction of the C5
stereocentre was required. This additional diversity is feasible by oxidation of propargylic
alcohol 131 and subsequent stereoselective Noyori hydrogenation, 246250

Dess-Martin oxidation of propargylic alcohol 131 gave ketone 182 in 66% yield. Enantioselective
hydrogenation with S,S-Noyori catalyst 183 in iso-propanol led to the formation of
(S)-propargylic alcohol 184 in 42% yield with a stereoselectivity of 94% ee (Scheme 63). The
configuration at C5 was confirmed by Mosher ester analysis. CBS reduction and Midland Alpine
borane reduction did not result in any observable reaction. The enantioselective hydrogenation
investigations were conducted in collaboration with Philipp Schlathélter.

OH 0 OH 5 Ts
/ _ s ©oPh,
Z a) Z b) Z : )i ‘Ru
= E—— = E—— = ! N
_ i i ¢ Ph )
/,%L\ Si S E H
Ph Ph Ph :

PR PN

183
131 182 184

Scheme 63. Synthesis of chiral propargylic alcohol 184. Conditions: a) DMP (2.0 equiv), CH2Cly, RT, 66%; b) S,S-Noyori
catalyst 183 (10 mol%), iPrOH, RT, 42% (94% ee).
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Remark: The investigations of [Rho(MEPY)s complexes were initiated by the postdoctoral
researcher Dr. Lee R. Collins. This chapter also includes independent research results of Michael
Buchsteiner and Dr. Lee R. Collins.

1 JOUSPEVDUIPO

In 1990, Doyle and co-workers presented [Rh2(5S-MEPY)4] (79) as a novel rhodium-rhodium
carboxamidate catalyst for enantioselective cyclopropanation of diazoacetate compounds and
styrene.!®® One year later, 79 and its enantiomer were employed in an intramolecular
cyclopropanation of diazoester 70 resulting in gem-dimethyl cyclopropanes 67 and 80 in 83-
89% yield with an enantioselectivity of 98% ee (Scheme 65, left).69137138143 Nycleophilic attack
of the diazoalkane compound onto the metal centre via alkyl transition state S, followed by
nitrogen gas release forms a metal carbene T. Next, the electron rich alkene abstracts the
carbene in a concerted fashion to give the cyclopropane motif (Scheme 64, right). Additional
computational studies clarified the enantioselectivity of the intramolecular cyclopropanation
with [Rh2(5S-MEPY),] (79).137:2%1

07N :
0o | N : SCR, S
Rh—RH :
N g 79 .
N 0 H .
| Ny [Rh,(55-MEPY),] S ;
0 ! 0 ! . -
3 ; LM U T LyM=CR, == [\M=CR,
70 O :"\/-|a- -------------------- \: ?“SSR’;BO é R —N S N2
' HsCO,C—N  CO,CHj4 SR80 Re= T -
: 3V H | 2 3 : LyM ?RQ
0 N : ; N,*

Scheme 64. Dirhodium catalysis, S: substrate.
To date, the [Rho(MEPY)4] complexes are a widely applied as catalysts for cyclopropanations

(80, 185, 186),5°1%7143 cyclopropenations (187),2°2 hetero-Diels-Alder reactions,®® and
jousbnprfdvibs!DQ I jotfsujpo!sFbdujpot (188-190) (Scheme 65).2°42%6
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(1S,5R)-80
89% (98% ee)
H

0 !
N N R
= e
H \ / o H
190 185
67% (97% ee) 73-88%, (=94% ee),
R = Et, i-Pr, i-Bu, Ph,

PhCH,, |
H H
/ \ =
0 [Rh,(58-MEPY),] 0
=0 =
H 0 H
189 186
100% (3:1 cis:trans; 75% (95% ee)
H ie- 970
H_: cis: 97% ee, RO,
j trans: 91% ee) (EtO)H,C
0 CO,Me
T
0 H
188 187
62-73%, (87-91% ee), 42% (> 98% ee)
R =Me, Et, Bn

Scheme 65. Applications of Doyle [Rh2(5S-MEPY).] catalyst (79) in enantioselective synthesis.

1.1 SYNTHESIS OF [Rh2(5S-MEPY)4] CATALYST

During the collective total synthesis of casbane diterpenes, the [Rh2(5S-MEPY),] catalyst 79 was
required in certain amounts to provide sufficient amounts of lactone 80. The known preparation
protocol of Doyle and co-workers included purification by reverse phase chromatography (J.T.
Baker BAKERBOND Cyano 40 6n! gsfq! MD! gbdljoh-! NfP 1/MeCN) to separate the desired
complex from the remaining methyl pyroglutamate ligand (191, MEPY-H). Their procedure led
to 58% yield of the desired complex 137138

In a different project, Dr. Lee R. Collins optimised the reaction conditions and developed a
convenient work-up procedure in our group. His protocol was optimised in terms of reliability
and user-friendliness (Scheme 66):

CO,Me

e I\ L
oA NH 0=y~ ~C0,Me 0=~y ZC0,Me
[ 020" 0| Of TSN NN o
R >0 I)x a) TR NT>co,Me _b) Rh— i 2ve

— h — / RH
0] SRR+ 05N CO,Me 21 T=RA--__ 1 R~
\.--O/ J_ 7 0 —0 =
Ve~ O ) O] ~r

b 191 Me0,Ca Nteoz0 hN Me0,Caer N3220

; ~ 7 A

Me0O,C
192 193 79a

Scheme 66. Convenient synthesis of [Rhz(5S-MEPY)4]-2MeCN complex (79a) by a simple purification method.
Conditions: a) 192 (1.0 equiv), 191 (6.7 equiv), CeHsCl, reflux, side-armed frit (K.CO3); b) Simple purification procedure:
i) dissolve in MeCN, ii) adsorb on SiOy, iii) rinse with MeCN, iv) elute with MeOH, v) evaporate and dry in vacuum at
100 °C, vi) dry MeCN/evaporation, 81%.
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[Rh2(5S-MEPY)4]-:2MeCN complex (79a) was prepared from commercially available [Rh2(OAC)4]
(192) by treatment with excess methyl pyroglutamate (191, 6.7 equiv, MEPY-H) in refluxing
HPLC-grade chlorobenzene for 13 hours (Scheme 66).

To prevent formation of rhodium oxide side-products, the chlorobenzene was degassed by
bubbling argon for 20 min, whereas drying of the solvent was not necessary as water is most
likely already coordinated to [Rhz(OAc)s] (192). The addition of the [Rh2(OAc)s] complex to
chlorobenzene coloured the solution deep green. Refluxing overnight turned the solution into a
dark red colour. During the reaction, the liberated HOAc coevaporated with chlorobenzene and
was removed from the equilibrium by passing the condensed vapour through a side-armed frit
filled with K,C03.18%7 When the ligand exchange was completed, the mixture was allowed to
cool to room temperature and the volatile components were removed under high vacuum. The
major product of the resulting blue/violet residue was investigated by Dr. Lee R. Collins. An
analytically pure sample of [Rhx(5S-MEPY)4]-2(5S-MEPY-H) 193 was obtained by sublimation
(Scheme 66). This complex explained the need of 6.7 equivalents of the MEPY-H ligand to
complete the ligand exchange.

The axially bound MEPY-H ligands were substituted with acetonitrile by following steps. Addition
of acetonitrile to the blue/violet crude product, causing a colour change to a red solution.
Absorption of the dirhodium complex on silica gel decolourised the solution and turned the white
silica gel into ared solid. The liberated excess MEPY-H ligand, which were formerly axially bound,
was removed by rinsing with acetonitrile. The dirhodium complex was desorbed by washing the
reddish silica gel with methanol. The resulting methanol solution, which contained the
[Rh2(MEPY)4] complex, was concentrated. This purification protocol was repeated three times,
before the solid residue was dried in high vacuum at 100 °C to afford the dirhodium complex,
free of any axial ligands, as a turquoise powder. For storage purpose, the turquoise powder was
triturated with dry acetonitrile under argon. The red solution was concentrated under high
vacuum to give the [Rhz(5S-MEPY)4-2MeCN complex (79a) in 81% yield (Scheme 66, more
details and pictures in the Experimental Part).

Gratifyingly, Dr. L. R. Collins obtained a single crystal of the [Rh2(5S-MEPY)4]-:2MeCN complex
(79a) suitable for X-ray diffraction (Figure 36, left).
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Figure 36. Structure of [Rha(5S-MEPY)4]-:2MeCN (79a) in the solid state; H-atoms are omitted for clarity.

In our hands, these dirhodium carboxamidate catalysts (78 & 79) performed the
cyclopropanation of diazoester 70 with excellent results in the total synthesis of casbane
diterpenes (Scheme 13).

,/Q"”COZMe /O\COQMe
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[Rh,(5R-MEPY),]-2MeCN [Rh,(5S-MEPY),]-2MeCN
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89%, 94% ee 87%, 93% ee

Scheme 67. Enantioselective cyclopropanation of diazoester 70 with [Rh(5S-MEPY),4] and [Rh2(5R-MEPY),] catalysts
prepared without reverse phase chromatography.38

Due to the excellent reactivity profile of the [Rh2(5S-MEPY)s] complex (79) and of certain
bismuth-rhodium carboxylate paddlewheel complexes, 28260 tiflhspvq't! bufoujpo!was driven
to the unknown heterobimetallic derivative [BiRh(5S-MEPY)4] complex (194). It was expected to
show an even better reactivity profile as in the case of the [BiRh(S-PTTL)4] catalyst, which gave
a higher enantioselectivity in an intermolecular cyclopropanation of methyl 2-diazo-2-
(4-methoxypheny)acetate and styrene compared to its dirhodium analog.?*® Furthermore, it
would shine light on these rarely discussed bismuth-rhodium carboxamidate complexes.
Therefore, Michael Buchsteiner synthesised the [BiRh(5S-MEPY)s complex (194) by an
improved procedure, which was based on previous literature reports of Dikarev and co-workers
and Collins et al.?57259261p264 The commercially available [Rh2(TFA)4]-2MeCN was converted into
the heterobimetallic analogue [BIRh(TFA)4] in 82% yield. Then, the trifluoroacetate ligands were
replaced by acetate ligands in refluxing toluene, affording [BiRh(OAc)4] complex in 94% yield.
Substitution of the acetate ligands with carboxamidate ligands gave the desired [BiRh(5S-
MEPY)] complex (194) in 51% yield.?*” The detour over the [BiRh(OAc)s] complex was necessary,

i [Rh(5S-MEPY)4]-2MeCN: H-atoms and disorder of two of the pCO2Me groups are omitted for clarity. Single crystals
for X-ray diffraction were obtained by Dr. L. R. Collins.257
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since the direct replacement of the trifluoroacetate ligands with the carboxamidate ligands
could not be achieved. This could be attributed to the mismatching pKa values of
trifluoroaceatete and methyl pyrogluatamate (191, MEPY-H). In addition, M. Buchsteiner was
able to obtain a single crystal suitable for X-ray diffraction analysis of the [BiRh(5S-
MEPY).4]-MeCN complex (194a) (Figure 37).
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Figure 37. Structure of the [BiRh(5S-MEPY)4]-MeCN complex (194a) in the solid state; H-atoms are omitted for
clarity.

The X-ray structures of both carboxamidate paddlewheel complexes (79a & 194a) showed
significantly different geometries. The dirhodium complex (79a) formed in a C,-symmetric
arrangement with two equivalent rhodium centres, bearing a mixed coordination sphere of two
cis-configured N- and two O-donor atoms at each centre (Figure 36). In contrast, the
bismuth-rhodium complex (194a) showed a Cs-symmetric geometry. This binding motif, where
all four oxygen atoms coordinated to the bismuth atom, was attributed to the higher oxophilicity
of bismuth compared to rhodium. Hence, the rhodium atom was coordinated by four nitrogen
atoms, forming a very tight binding environment (Figure 37). This ligand orientation might have
extreme impact on the reactivity profiles. Surprisingly, the [BiRh(5S-MEPY),] complex (194) did
not show any reactivity towards the intermolecular cyclopropanation of methyl 2-diazo-2-
(4-methoxypheny)acetate and styrene, nor towards the intramolecular cyclopropanation of
diazoester 70 to the corresponding lactone 80.

1.2 THEORETICAL INVESTIGATIONS

This striking difference initiated the computational studies to gain a deeper understanding.
While dirhodium and bismuth-rhodium carboxylate paddlewheel complexes received attention
of the research community in terms of mechanistic studies,?®®26°P27 sych research reports in
the field of bismuth-rhodium carboxamidate complexes, to the best of my knowledge, are
rare.137'268

Therefore, quantum chemical investigations based on density functional theory (DFT) were
conducted, according to previous computational investigations into [RhRh] and [BiRh]
carboxylate complexes in our group.?®* The PB862%° functional and the valence triple-p'cbtjt!tfu!
of the Karlsruhe group?’® together with the scalar relativistic zeroth-order regular approximation

il Structure of the [BiRh(5S-MEPY)4]-MeCN complex (195a) in the solid state: One of the independent molecules of in
the unit cell is displayed; differing only in minor conformational details from each other; H-atoms are omitted for
clarity. Single crystals for X-ray diffraction were obtained by M. Buchsteiner.257
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(ZORA Hamiltonian)?"*2"2 were utilised and showed a good balance between accuracy and
performance.

The structures obtained by single crystal X-ray analysis (79a & 194a) were geometrically
optimised at the DFT level of theory by using the generalised gradient approximation (GGA)
functional PB86%%° and the ZORA-def2-TZVP basis set?’® as implemented in the ORCA 4.2
program package.??>22® The calculations made use of the D3-dispersion correction of Grimme
jodivejoh! CFd1f9Johnson damping (D3(BJ))?7327* together with the scalar relativistic zeroth-
order regular approximation (ZORA Hamiltonian).2*272 The resolution of identity approximation
(RI) was applied with the corresponding SARC/J auxiliary basis set?’®27% to speed up the
calculation of the two-electron integrals.?’’P?’° The calculations included the implicit solvent
fygFdut!cz!' Fnagipzjohlui Fidpoevdupsdr I Figpibsj{bcrfldpoujovvn!npefi)DQDN*vtjoh! CH.CI; as
solvent (Figure 38).28%°283 Thijs level of theory is noted as ZORA-BP86-D3BJ-(CPCM)/def2-TZVP.
The geometrically optimised structures, using an implicit solvent model, were in good
agreement with the solved X-ray structures, concerning bond length and conformational details.
This also demonstrated the good performance of the ZORA-BP86-D3BJ-(CPCM)/def2-TZVP
level of theory for these complexes.

DFT-optimised structure of DFT-optimised structure of
[RhRh(5S-MEPY).]-2MeCN (79a) [BIRh(5S-MEPY).]-MeCN (194a)

Figure 38. DFT-optimised structures of [RhRh(5S-MEPY)4]-2MeCN (79a) and [BiRh(5S-MEPY)4]-MeCN (194a).

The axial bound acetonitrile ligands were removed for the electronic structure analysis, since
these are unequally distributed at both complexes and thus would influence the electronic
structure of each complex differently. Furthermore, these ligands would block the active sites at
ui Fisipejvn/IGjstu-lui Flichsfll tusvduvsts were optimised in the gas phase using the same level
of theory as before (ZORA-BP86-D3BJ-(CPCM)/def2-TZVP). These attempts showed axial
coordination between the rhodium and one bridging oxygen atom of the ester groups, which
influenced the electronic structure dissimilarly. Applying uif! dpoevdupsonlf! qgpibsj{bcnf!
continuum model (CPCM) using CH.Cl, as solvent for the geometry optimisation of both
complexes ([RhRh(MEPY)4] (79) and [BIRh(MEPY)4] (194)) released these coordination. The
visualisation of their molecular orbitals and the corresponding energies showed the strikingly
different nature of their electronic structures. In both cases the LUMOs were metal-centred, but
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in case of the heterobimetallic analogue the LUMO was tjhojgjdbourz!1jhifs!jo!fofshz!)g3/66 eV
(79*Iwfstvt!4/82 eV (194)). This would make the nucleophilic attack of the diazo compound
onto the catalyst unfavourable. The HOMO also showed significant differences: in the case of
the dirhodium complex (79), it was equally populated at both metal centres, whereas in the case
of the bismuth-rhodium complex (194) it was mainly centred at the rhodium metal. Moreover,
the HOMO of the heterobimetallic complex (194) lay fofshfujdbmznpxfs!)05.65 eV (194) versus
04.21 eV (79)), although the rhodium was coordinated to four nitrogen atoms, which were
assumed as stronger donors of the MEPY ligand. Furthermore, the visualised HOMO of the
heterobimetallic complex were missing an interaction between the 4d orbital of the rhodium and
the 6p orbitals of the bismuth, which could not be compensated by the donor ligands.
Consequently, the back-donation from the filled rhodium HOMO to the diazo compound would
be weakened, which would disfavour the extrusion of dinitrogen and thereby the carbene
formation.
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Figure 39. Nprfdvibs! pscjubn! tdifnf! gps! icbsfl\S12(5S-MEPY)4] (79, left) and [BiRh(5S-MEPY).] (194, right); the
structures were truncated for sake of clarity; energy in eV (further illustrations and details in the Experimental Section)

In addition to these unfavourable electronic features, the considerably narrower environment at
the active rhodium metal centre (194) might additionally hinder the axial binding and formation
of a carbene. In case of the C,-symmetric [Rh2(5S-MEPY)4] complex (79), this steric hindrance
is absent.
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1.3 CONCLUSION

The convenient synthesis of the [Rh2(5S-MEPY)4] complex (79) provided sufficient catalyst for
the collective total synthesis of casbane diterpenes. While the dirhodium carboxamidate and
carboxylate complexes as well as bismuth-rhodium carboxylate complexes have great reactivity
profiles, the bismuth-rhodium carboxamidate derivative [BiRh(MEPY).] 194 proved to be
unreactive towards diazo decompositions. Computational studies of the electronic structure of
the dissimilar analogues [Rho(5S-MEPY)4] and [BiRh(5S-MEPY).], revealed significant deviations
in the energetic distribution of the molecular orbitals, combined with game-changing structural
differences.
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The family of casbane natural products belongs to a group of diterpenes, which is characterised
by an unsaturated 14-membered macrocycle with a fused gem-dimethyl cyclopropane and is
rarely found in nature. Some casbane diterpene-producing plants are used in traditional Chinese
medicine.

The aim of this PhD project was to develop one synthetic strategy to access a series of casbane
diterpenes. This strategy, based on adaptably designed building blocks, resulted in the total
synthesis of three naturally occurring casbane diterpenes (depressin (9), euphorhylonal A (155),
& yuexiandajisu A (17), Figure 40). Thereby, the configuration of euphorhylonal A was clarified
in combination with computational chemistry.

depressin (9) euphorhylonal A (155) (+)-yuexiandajisu A (ent-17)

Figure 40. Structure of depressin (9), euphorhylonal A (155), and yuexiandajisu A (ent-17).

The total synthesis comprised an enantioselective dirhodium catalysed gem-dimethyl
cyclopropanation, with or without subsequent equilibration, a sp?-sp® Negishi cross coupling, a
chemoselective hydroboration in combination with a Suzuki cross coupling, a ring-closing
alkyne metathesis, a trans-hydrostannation, and a late-stage diversification of the scaffold.

RCAM/

late-stage trans-hydrostannation
diversification XY

OH

H

. Negishi coupling or hydroboration,
3 Zweifel olefination Y X Suzuki coupling
all oxygenation patterns Q &
XY =H,OH, =0
OPG
AN
~ OH xR
all stereochemical | ph = 0
configurations N SiZ_ C | j
all oxygenation patterns M | o]
AR O O8 Wl enantioselective
Y X [Rh,]-cat.
western cyclopropyl cyclopropanation
PG = TBDPS or Tr, M = Znl or Bpin fragement fragment

Scheme 68. General retrosynthetic analysis of casbane diterpene natural products.
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The synthesis of the western fragment 125 commenced with a regio- and stereoselective
hydrosilylation of pentynol 64 to afford alkenyl silane 130, which is used twice (Scheme 69). This
convenience reduced the step count and the practical effort as well as improved the atom
economy. Oxidation of alcohol 130 to the corresponding aldehyde, followed by addition of
propynyl Grignard reagent and O-silylation of the resulting propargylic alcohol provided
compound 140. No efforts towards an asymmetric alkynylation were undertaken, since in the
case of depressin (9) the corresponding alcohol was oxidised. In addition, the configuration of
the corresponding C5pOH group of euphorhylonal A (17) has not been assigned in the literature.
Therefore, access to both isomer was required anyway. The subsequent iododesilylation under
optimised conditions generated alkenyl iodide 128, which was used in the sp?-sp® Negishi cross
coupling with organozinc reagent 129. Its preparation from the alkenyl silane 130 was achieved
by an Appel iodination and in situ zinc insertion. The O-silyl deprotection of the Negishi cross
coupling product 142 enabled the second stereoselective iododesilylation with NIS under acidic
conditions in pure HFIP and provided the western fragment 125 with no detected double bond
isomerisation. This novel iododesilylation modification prevented an intramolecular
iodoetherification from occurring. Overall, the western fragment 125 was prepared in 30% yield
comprising eight steps along the LLS (Scheme 69).

OTBDPS OTBDPS
OH
| .
A/L,K/\(Sifhﬂ, Z ) 0. =
HO o ~
S i
Ph
64 130 140 128
o). a0 | ph ‘
K/\(S'\
g).h)
129

OTBDPS

OH
Z ) Z
= - =
Q/ﬁ/ Qﬁ/sfh
125 14

2

Scheme 69. Synthesis of the western fragment 125. Conditions: a) i) 64, n-CvMj-! Ul G-! 989! up! 941 up! 389 °C;
i) (PhMe2Si),Cu(CN)Li>!989 °C, 90%; b) i) DMP, CH,Cl,, 0 °C to RT; ii) Propynyl MgBr, THF, 0 °C, 78% over 2 steps;
c) TBDPSCI, DMF, CH2Cly, RT, 84% d) NIS, 2,6-lutidine, HFIP, CH,Cl»1931 °C, 89% (E:Z G 20:1, *H NMR); €) I, PPhs,
imidazole, CHxCly, 0 °C to RT, 93%; f) i) Zn, LiCl, I,C2Ha, TMSCI, THF, 65 °C/RT; ii) 141, THF, RT; g) Pd(PPhas)s, THF, RT,
82% (E:Z 6 20:1, *H NMR); h) TBAF, THF, 0 °C to RT, 84%; i) NIS, AcOH, HFIP, 0 °C, 82% (E:Z G 20:1, *H NMR).

The cyclopropyl gsbhnfou't!tzoui ftjt (124) was initiated by preparing diazoester 70 according
to a literature procedure from prenyl alcohol and diketene followed by Regitz diazo transfer.
Subsequent treatment with the [Rhx(5S-MEPY),] catalyst (79) led to the formation of lactone 80
with high optical purity (Scheme 70). The subsequent reduction at low temperature gave crude
lactol 133, which was directly subjected to a Wittig homologation to give alcohol 126. At this
point, the route was diverged: crude aldehyde 134 was subjected to a Corey/Fuchs
homologation and C-methylation, affording the cis-cyclopropyl fragment 124. When subjecting
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crude aldehyde 134 to basic reaction conditions at elevated temperature, the
thermodynamically favoured trans-isomer was formed. The subsequent Corey/Fuchs
homologation provided the trans-cyclopropyl fragment 157. Overall, the cis-cyclopropyl
fragment 124 was synthesised in 13% yield and eight steps, whereas the trans-cyclopropyl
fragment 157 was accomplished in 16% yield and nine steps.

0~ N

trans-157

Scheme 70. Synthesis of the cyclopropyl fragments, cis-124 and trans-157. Conditions: a) [Rh2(5S-MEPY)4]-2MeCN
(0.6 mol%), CH2Cly, reflux, 87% (93% ee); b) i) DIBAL-H, CHCl», 978 °C; ii) PhsPCHa, THF, RT, 55% over 2 steps; c) DMP,
CHaCly, RT; d) PPhs, CBr4, CH2Cly, 0 °C; €) i) n-BuLi, Et,0, 978 °C; ii) DMPU, Et,0, §78 °C: iii) Mel, 978 °C to RT, 51% over
3 steps (cis-124), 63% over 4 steps (trans-157, trans/cis = 9:1, 1H NMR); f) K,CO3, MeOH, 50 °C.

The chemoselective hydroboration of the terminal alkene in presence of the methyl-capped
alkyne of each cyclopropyl fragment (cis-124 & trans-157) on treatment with the 9-H-9-BBN
dimer in THF at room temperature, generated the corresponding borane intermediates, which
were merged with the western fragment 125 under Suzuki cross coupling conditions. The
resulting RCAM precursors cis-123 and trans-159 were cyclised at elevated temperature to
overcome Kkinetically favoured side-reactions. The diastereomeric alcohols 146/147 and
161/162 were separated by flash chromatography and the configuration assignment at C5 of
each was determined (Scheme 71).
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OH

124 125 157

Z !
AT N T
m\ ths@
cis-123 /@\ Ph trans-159

Two-Component Alkyne Metathesis Cataylst System
Cat. 1

1S,2R,55-147 1S,2R,5R-146 15,25,55-161 1S,25,5R-164

Scheme 71. Conditions: a) i) cis-124 or trans-157, 9-H-9-BBN dimer, THF, 0°C to RT; ii) 125, [(dppf)PdCly],
Ba(OH),:(H20)s, H20, THF, RT, 69% (cis-123), 82% (trans-157); b) Cat. 1, 5 A MS, toluene, 60% (cis-122, 60%, reflux),
76% (trans-160, 70 °C), separation of diastereomers by flash chromatography.

The regio- and stereoselective ruthenium catalysed trans-hydrostannation of the two cis-
configured cyclopropyl macrocycles 146 and 147 commenced the late-stage diversification
(Scheme 72). The C-methylation of stannane 148 and subsequent alcohol oxidation completed
the total synthesis of depressin (9), which was accomplished in 3% yield along 13 steps (LLS).

To determine the configurational assignment at C5 of euphorhylonal A (15), both diastereomeric
stannanes 148 and 152, bearing a cis-cyclopropane, were applied to a formylation sequence to
afford the corresponding aldehydes 151 and 154 (Scheme 72). Unfortunately, the analytical
datasets of either isomer were not in agreement with that of natural product euphorhylonal A.
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1S,2R,55-147 1S,2R,55-148 1S,2R,5R-146

b) o), d) a), b)

1S,2R,5S-aldehyde 151 depressin (9) 1S,2R,5R-aldehyde 154

Scheme 72. Synthesis of 1S2R5S-aldehyde 151, 1S,2R,5R-aldehyde 154, and depressin (9). Conditions:
a) [Cp*RuCl]s (2.5 mol%), BuzSnH, CH2Cly, RT, 88% (1S,2R,5S-148), 79% (1S,2R 5R-152); b) i) MeLi, THF, 378 °C to RT;
ii) DMF, 978 °C to RT, 68% (1S,2R,5S-151), 53% (1S,2R,5R-154); c) Mel, CuTC, [PhoPO2][BusN], Pd(PPhs)s, DMF, RT,
66%; d) Mn02, CHzC|2, RT, 73%.

Therefore, the misassigned structure of euphorhylonal A was revisited by three different
approaches: comparison of its analytical data with that of similar casbane diterpenes,
probability calculation for the stereochemical assignment based on GIAO NMR chemical shifts,
and total synthesis.

Initially, each of the four possible diastereomers of the nominal euphorhylonal A structure (15)
was considered as the potentially actual structure of the natural product. However, both
structures containing a cis-configured cyclopropyl motif were disregarded, due to the previous
findings. The analytical data of euphorhylonal A were compared to those of the structurally
similar pekinenin C (16). In addition, the experimental NMR data were employed to the DP4+
probability analysis program, which used the calculated chemical shielding tensors of all four
diastereomers. Both approaches suggested that 15*2S* 5R*-155 represents the most likely
configuration for euphorhylonal A.

In terms of the synthetic approach, the trans-cyclopropyl macrocycles 161 and 162 were
subjected to trans-hydrostannation followed by formylation to obtain the corresponding
aldehydes 155 and 156 (Scheme 73). Comparison of their analytical data with those of
euphorhylonal A showed that the data of 1S,2S,5R-155 were in very good accordance to those
of euphorhylonal A. This result confirmed the predicted configuration. In conclusion,
euphorhylonal A (155) was synthesised in 3% overall yield comprising 13 steps along the LLS
(21 total steps).

The total synthesis of yuexiandajisu A (17) utilised the previously generated 1S,2S,5R-stannane
164 in a carboxylation sequence, which completed the total synthesis of (+)-yuexiandajisu A
(ent-17) in 3% overall yield along 13 steps (LLS) (21 total steps). This accomplishment
demonstrated the versatility of this synthetic blueprint and determined the previously unknown
absolute configuration of yuexiandajisu A.

In an additional approach, the previously used 1S,2S,5S-macrocyclic alkyne 161 was utilised in
the synthesis of 2-epi-depressin (ent-165), which is the enantiomer of the natural product
1-epi-depressin (165). A more convenient trans-hydrostannation/C-methylation sequence with
direct application of crude stannane to the C-methylation was investigated. The subsequent
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oxidation of the hydroxy functionality gave 2-epi-depressin (ent-165) in 6% overall yield and 14
steps along LLS.

d).e)

euphorhylonal A (155)  (+)-yuexiandajisu A (ent-17) 18,2S,55-aldehyde 156 2-epi-depressin (ent-165)

Scheme 73. Synthesis of euphorhylonal A (155), (+)-yuexiandajisu A (ent-17), 1S,2S,5S-aldehyde 156, and
2-epi-depressin (ent-165). Conditions: a) [Cp*RuCl]s (2.5 mol%), BuzSnH, CHxCl,, RT, 65% (1S,2S,5R-164) + 12%
(isomer EP-3), 74% (1S,2S,55-163); b) i) MeLi, THF, 978 °C to RT; ii) DMF, 378 °C to RT, 51% (euphorhylonal A (155)),
69% (1S,2S,5S-156); c) i) MeLi, THF, §78 °C to RT; ii) CO,, 978 °C to RT, 51%; d) i) [Cp*RuCl]4 (1.3 mol%), BusSnH,
CH.Cly, RT; ii) [Ph2PO,][BusN], Ph(PPhs)s, Mel, CuTC, DMF, RT, 67%; €) MnO2, CHxCly, RT, 88%.

The first collective total synthesis of three naturally occurring casbane diterpenes (depressin
(9), euphorhylonal A (155), & (+)-yuexiandajisu A (ent-17)) clarified the configuration of
euphorhylonal A (15) as 1S,2S5R (155) and determined the absolute configuration of
yuexiandajisu A (17) as 1S,2S,5R (ent-17) (Scheme 72 & Scheme 73). Furthermore, these
achievements demonstrate the versatility of the chosen synthetic strategy and potentially brings
many casbane diterpenes into reach. Thereby, the application of the ligand-controlled gem-
dimethyl cyclopropanation, with or without subsequent epimerisation, enables the preparation
of all permutations of the cyclopropyl fragment. In terms of the late-stage diversification, the
alkenyl stannane motif can be seen as a platform to access all oxygenation patterns of the
dbtcboflejufsqfofigbnjiz!jolui fiiopsui FrnltFdups/

Studies towards the total synthesis of 3.fqj.21.izespyzefqsfttjo!)6*'boe!sinularcasbane A (3)
were initiated by modifications of the western fragment synthesis (Scheme 74). The
enantioselective introduction of the hydroxy functionality at C10 was achieved via bisborylation
of diene 174 and subsequent site-selective mono-oxidation of the resulting bis boronic ester
175. O-Silylation of the product afforded primary boronic ester 173. Besides, alkenyl iodide 172
was obtained by an adjusted protecting group strategy. A stereodivergent Zweifel olefination via
U-selenoboronic ester intermediate of alkenyl iodide 172 and primary boronic ester 174 afforded
the E,E-alkene 180 in moderate selectivity. The firstiododesilylation attempts of the unprotected
propargylic alcohol, as in the previous total synthesis, led to a complex mixture of compounds.
Therefore, iododesilylation of the trityl protected compound needs to be investigated in the
future (Scheme 74).
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Scheme 74. Towards the total synthesis of sinularcasbane A (3) and 2-epi-10-hydroxydepressin (5). Conditions: a) i)
DMP, CHxCl, 0 °C to RT; ii) Propynyl MgBr, THF, 0 °C, 78% over 2 steps; b) TrCl, DBU, CH,Cl,, RT, 83%; c) NIS,
2,6-lutidine, HFIP, CH,Cl»1931 °C, 95% (E:Z G 20:1); d) TsCl, DMAP, EtsN, CHzCly, RT, 90%: €) t-BuOK, THF, RT, 80%:
f) Pt(dba)s (3 mol%), (S,S)-TADDOL-Ligand (4 mol%), Bx(pin),, THF, reflux, 86% (99% ee); g) NMO, acetone, RT, 72%;
h) TBSCI,imidazole, DMF, 86%; i) i) 172 (2.0 equiv), t-BuLi (4.1 equiv), THF, §78 °C; i) 175 (1.0 equiv), 378 °C;iii) PhSeCl
(2.4 equiv) in THF/HFIP, §78 °C to RT; iv) mCPBA (4.0 equiv), THF, 978 to 945 °C, 63%.
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The [Rh2(MEPY),] catalysts (78 & 79) were applied in the casbane diterpene total synthesis
project to enantioselectively introduce the gem-dimethyl cyclopropane motif. Furthermore,
these catalysts show an impressive versatility in terms of diazo transformations throughout the
literature.

In contrast, the heterobimetallic [BiRh(5S-MEPY)4] complex (194) did not perform any intra- nor
intermolecular cyclopropanation. This surprising observation led to the investigations of their
electronic and geometric structures based on a computational approach in combination with X-
ray structures of both complexes. The structure of the [BiRh(5S-MEPY)4] complex (194) in the
solid state showed a serious steric impediment at the active centre, due to a change of the ligand
orientation.

The computed molecular orbitals and the corresponding energy levels showed varied energetic
distribution as well as a significant increase of the HOMO/LUMO gap. Furthermore, the frontier
orbitals exhibit a dissimilar population at the metal centres (Figure 4). These electronic attributes
disfavour the diazo decomposition and carbene formation at the [BiRh(5S-MEPY)4] complex
(194) (Figure 41). In conclusion, the narrow binding environment in combination with the
adverse electronic constitution likely cause the poor reactivity of [BiRh(5S-MEPY)4] complex
(194).
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[RhRh(5S-MEPY),]

[BiRh(5S-MEPY).]

MO Diagram
[RhRNh(5S-MEPY)] - [BiRh(5S-MEPY)4]

Figure 41. DFT-based geometric optimised structures und

[BIRh(5S-MEPY)4] (194) complexes.
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MO diagram of [RhRh(5S-MEPY)4] (79)
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Unless stated otherwise, all reactions were carried out in flame-dried glassware using anhydrous
solvents under argon. The following solvents and reagents were purified by distillation over the
drying agents as indicated and were transferred under argon: THF, Et,O (Mg/anthracene),
toluene (Na/K alloy), MeOH (Mg, stored over MS 3 A): 2 6-lutidine, MeCN, DMF, EtsN, CH2Cl,,
DMPU (CaHy).

All commercially available compounds (Alfa Aesar, Aldrich, TCI Chemicals, Strem Chemicals,
ChemPUR, Fluorochem) were used as received, unless stated otherwise. The following
compounds were prepared according to the cited literature by myself or within the department
of Prof. Dr. Furstner: Dess-Martin periodinane,* active Mn0O2,® [Cp*RuCl]s,® Mo complexes 49,’
Cat. 28 and Cat. 3°, ligand 52a,1° Bestmann-Ohira reagent,'* Pd(PPhs)s!2. Compounds [Rh2(5R-
MEPY)4] (78) and [Rh2(5S-MEPY)4] (79) were originally prepared by Dr. L. R. Collins and his
protocol was optimised.

Hexafluoro-iso-propanol (HFIP) was stored over molecular sieves at RT for 2 d prior to use.
CuCN was dried for 14 h at 120 °C (oil bath) under vacuum prior to use, storage and transfer
were conducted under argon atmosphere. N-lodosuccinimide was recrystallised form pentane
and stored under Argon in the dark. Diiodoethane was purified by washing a solution in Et,O with
saturated agueous Na;S;03 solution; the ether phase was dried over MgSO,4 and concentrated,
and the resulting product stored under argon atmosphere. The molecular sieves were dried at
140°C (oil bath) under vacuum overnight prior to use; they were stored and transferred under
argon atmosphere.

Thin layer chromatography (TLC): Macherey-Nagel precoated plates (POLYGRAM®SIL/UV254).
Detection was achieved under UV light (254 nm) and by staining with either acidic p-
anisaldehyde, cerium ammonium molybdenate, or basic KMnO, solution. Flash
chromatography: Merck silica gel 40-74! 6n! xjui! gsfejtujmfe! ps! 1QMD! hsbef! tpmwfout/!
Preparative HPLC separations were carried out on an Agilent 1260 Infinity Il Preparative LC
System.

IR: Spectra were recorded on an Alpha Platinum ATR instrument (Bruker) at ambient
temperature, wavenumbers (0 in cm®. MS: ESI-MS: ESQ3000 (Bruker), accurate mass
determinations: Bruker APEX Il FT-MS (7 T magnet) or Mat 95 (Finnigan). Optical rotations

4 M. Frigerio, M. Santagostino, S. Sputore, J. Org. Chem. 1999, 64, 4537p4538.

5 J. Attenburrow, A. F. B. Cameron, J. H. Chapman, R. M. Evans, B. A. Hems, A. B. A. Jansen, T. Walker, J. Chem.
Soc. 1952, 1094p1111.

6 a) P. J.Fagan, W. S. Mahoney, J. C. Calabrese, |. D. Williams, Organometallics 1990, 9, 1843p1852; b) P. J. Fagan,
M. D. Ward, J. C. Calabrese, J. Am. Chem. Soc. 1989, 111, 1698p1719.

7 W. Zhang, Y. Lu, J. S. Moore, Org. Synth. 2007, 84, 163p176.

8 J. Heppekausen, R. Stade, R. Goddard, A. Furstner, J. Am. Chem. Soc. 2010, 132, 11045p11057.

9 J. Hillenbrand, M. Leutzsch, E. Yiannakas, C. P. Gordon, C. Wille, N. Nothling, C. Coplret, A. Firstner, J. Am.
Chem. Soc. 2020, 142-12238:$223:5/

10 S. Schaubach, K. Gebauer, F. Ungeheuer, L. Hoffmeister, M. K. llg, C. Wirtz, A. Furstner, Chem. Eur. J. 2016, 22,
8494p9507.

11 J. Pietruszka, A. Witt, Synthesis 2006, 24, 4266p4268.

12 D.R.Coulson, L. C. Satek, S. 0. Grim, Inorg. Synth. 1972, 13, 121.
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(4 ) were measured with an A-Kriiss Otronic Model P8000-t polarimeter at a wavelength of
589 nm. NMR: Spectra were recorded on a Bruker AVIII 400 or AVIII 600 or AV600neo (the latter
uxp!cpui!frvjqgfe!Xjuildszpgspcftrtgfduspnfufsljolui FitpmwFout!joejdbufeddi Fnjdbnl tijgut!)i!
are given in ppm relative to TMS, coupling constants (J) in Hz. The solvent signals were used as
references and the chemical shifts converted to the TMS scale (CDCls;!tic [ 77.0 ppm,; residual
CHCI;z in CDClg)! Un [ 7.26 ppm; CD.Cly;! Uc [ 53.8 ppm; residual CDHCIy;! Un [ 5.32 ppm; all
spectra were recorded at 25 °C. Multiplets are indicated by the following abbreviations: s: singlet,
d: doublet, t: triplet, g: quartet, p: pentet, h: hextet, hept: heptet, m: multiplet, br: broad. *C spectra
were recorded in {*H}-decoupled manner and the values of the chemical shifts are rounded to
one decimal point. Signal assignments were established using HSQC, HMBC, COSY, NOESY and
other 2D experiments; numbering schemes as shown in the inserts. GC analyses were
conducted on an Agilent technologies 7890B instrument with a FID detector.
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Figure 42. Structure of cycloalkyne 146 in the solid state; arbitrary numbering system.

X-ray crystal structure analysis of macrocycle 146: Ci9H250, M, = 272.41 g mol??, colourless
plate, crystal size 0.141 x 0.062 x 0.043 mm?3, tetragonal, space group P43[78], a = 13.9323(3) A,
b=13.9323(3) A, ¢=8.8998(3) A, V=1727.53(9) A3, T=100(2) K, Z=4, Decac = 1.047 g cm®,
/ =1.54178 A, m(Cu-Kz) = 0.470 mm??, analytical absorption correction (Tmin = 0.95, Tmax = 0.98),
Bruker AXS Enraf-Nonius KappaCCD diffractometer with a FR591 rotating Mo-anode X-ray
source, 3.172<g<71.125° 46603 measured reflections, 3122 independent reflections,
2837 reflections with 1> 3¢)l), Rin=0.0626. S=1.051, 190 parameters, absolute structure
parameter = 0.0(4), residual electron density +0.2 (1.77 A from H1) 0/51/31)1.02 A from C6) e A%,
The hydrogen at O1 was found and refined, all other hydrogens were placed in calculated
positions.

The structure was solved by SHELXT and refined by full-matrix least-squares (SHELXL) against
F2to Ry = 0.033 [ > 25(I)], wR2 = 0.084. CCDC-2041047.
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Figure 43. Structure of boronic ester 174 in the solid state; arbitrary numbering system.

X-ray crystal structure analysis 174: C2sH4sBO3Siz, M = 460.60 g mol®?, colourless, crystal size
0.081 x 0.054 x 0.022 mm?3, orthorhombic, space group P 2:2:2; [19], a=7.8183(4)A,
b=11.8370(7) A ¢=30.6741(17) A, V=2838.7(3) A3, T=100(2) K, Z = 4, Dcarc = 1.078 mg m®,
/ =0.71073 A, mMMo-Ka) = 0.147 mm?®, Gaussian absorption correction (Tmin=0.99077,
Tmax = 0.99750), Bruker-AXS Mach3 diffractometer with APEX-II detector with IuS microfocus
Mo-anode X-ray source and focusing multilayer optics, 1.328 < g< 31.707°, 99585 measured
reflections, 9579 independent reflections, 8910 reflections with |>3¢)l), Rine =0.0417. The
structure was solved by SHELXT and refined by full-matrix least-squares (SHELXL) against F? to
Ri =0.0290 [I>25()], wR.=0.0699, 292 parameters, absolute structure parameter
Flack (x) = 90.012(18).
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3 DBTCBOF!EJUFSQFOFITZOUIFTIT

3.1 FIRST APPROACH

3.1.1 THE CYCLOPROPYL FRAGMENTS P SIMMONS-SMITH CYCLOPROPANATION

Ethyl (E)-hept-2-en-6-ynoate (EP-1). DMSO (4.05 mL, 4.46 g, 57.06 mmol) was added to a
o solution of oxalyl chloride (4.05 g, 2.74 mL, 31.96 mmol) in CH2Cl» (150 mL) at
. 078 °C and the resulting mixture stirred for 20 min, followed by slow addition
| © of pent-1-yn-5-ol (1.92 g, 2.11 mL, 22.83 mmol) in CHxCl, (20 mL). After
20 min, EtsN (11.55 g, 15.91 mL) was added, ui finjyuvsfixbt!tyjssfe!bu!d89! D!
V5 for 30 min, and for 2 h at RT. The mixture was diluted with CH>Cl> (100 mL)
and the reaction was quenched with water (20 mL). The aqueous layer was acidified with
aqueous 2 M HClI solution and extracted with CH2Cl> (2 x 50 mL). The combined organic phases
were washed with 1% aqueous HCI solution, brine and 5% aqueous saturated NaHCO3 solution,
dried over MgS0O4 and concentrated.
The crude aldehyde was directly added to a solution of LiCl (1.74 g, 41.09 mmol,) in THF
(150 mL), followed by DBU (6.14 mL, 6.25¢g, 41.09 mmol) and triethyl phosphonacetate
(8.15mL, 9.21 g, 41.09 mmol) at RT. The resulting mixture was stirred overnight. The reaction
was quenched with aqueous saturated NH4CI solution, the aqueous layer was separated and
extracted with CH»Cl; (3 x 40 mL). The combined organic phases were dried over MgSO4 and
concentrated. The residue was purified by flash chromatography (hexane/EtOAc, 20:1) to yield
the title compound as a colourless oil. (2.10 g, 13.81 mmol, 61%). *H NMR (400 MHz, CDCls)
U=6.97 (dtd, J = 14.8, 6.6, 1.5 Hz, 1H), 5.89 (dg, J = 15.6, 1.5 Hz, 1H), 4.19 (qd, J=7.1, 1.6 Hz,
2H), 2.39 (m, 4H), 2.00 (t, J = 2.6 Hz, 1H), 1.29 ppm (td, J = 7.1, 1.6 Hz, 3H); 3*C NMR (101 MHz,
CDCl3) 1=166.5, 146.4, 122.7, 82.8, 69.5, 60.5, 31.2, 17.6, 14.4 ppm; IR (film) ve= 3298, 2982,
1715, 1656, 1368, 1314, 1266, 1202, 1155, 1037, 971, 633 cm®t; HRMS (ESI): m/z calcd. for
CoH120, [M*+Na]: 175.07295; found: 175.07304.

(E)-Hept-2-en-6-yn-1-ol (73a). DIBAL-H (27.13 mL, 27.13 mmol, 1.0 M in THF) was added
oH dropwise to a solution of ester EP-1 (1.88 g, 12.33 mmol) in Et,O (150 mL) at
078 °C. The resulting mixturf! xbt! tujssfe! bu! 089 °C for 3 h and warmed to RT
overnight. The reaction was quenched with water at 0 °C. The mixture was filtered
through a plug of Celite® and rinsed with Et,O (3 x 50 mL). The filtrate was dried
over MgS0O,4 and concentrated. The residue was purified by flash chromatography
(pentane/Et;0, 4:1 Y 2:1) to yield the title compound as a colourless oil (1.09 g, 9.95 mmol,
81%). *H NMR (400 MHz, CDCls): 1=5.73 (m, 2H), 4.11 (m, 2H), 2.27 (m, 4H), 1.96 (m, 1H),
1.46 ppm (m, 1H); 3C NMR (101 MHz, CDCls): (1= 130.8, 130.6, 83.9, 68.9, 63.7, 31.3, 18.6 ppm;
IR (film) vé= 3294, 2918, 1433, 1084, 997, 967, 629 cm®t; HRMS (ESI): m/z calcd. for C7H100
[M*+Na]: 133.06238; found: 133.06241.

=
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(trans-3-(But-3-yn-1-yl)-2,2-dimethylcyclopropyl)methanol (76a). Et.Zn (2.04 mL, 2.23 mmol,
15% in toluene) was added to a solution of allylic alcohol 73a (50.0 mg, 0.45 mmol) and
cyclohexane disulfonamide 75 (122.7 mg, 0.454 mmol) in CHxCl, (16 mL) at
010 °C. The resulting mixture was stirred for 10 min at this temperature before 2,2-
diiodopropane 74 (268.6 mg, 0.908 mmol) was added dropwise. Stirring was
continued at RT for 2 h. The reaction was quenched with 2 M HCI solution and the
agueous layer was extracted with CH.Cl, (3 x8 mL). The combined organic
phases were washed with aqueous saturated NaSOs; solution, dried over MgSO, and
concentrated. The residue was purified by flash chromatography (hexane/EtOAc, 10:1) to yield
the title compound as a colourless oil (14.0 mg, 0.9 mmol, 20%, 1% ee). *H NMR (400 MHz,
CDClz): U =3.63 (m, 2H), 2.26 (td, J = 7.0, 2.7 Hz, 2H), 1.97 (t, J = 2.7 Hz, 1H), 1.69 (dq, J = 13.5,
6.7 Hz, 1H), 1.42 (m, 2H), 1.10 (s, 3H), 1.07 (s, 3H), 0.65 (td, J = 7.5, 5.2 Hz, 1H), 0.51 ppm (ddd,
J=8.0, 6.2, 5.3 Hz, 1H); **C NMR (101 MHz, CDCls): i = 84.8, 68.7, 63.9, 33.1, 29.1, 27.7, 21.9,
21.9,20.3,19.1 ppm; IR (film) vé= 3310, 2971, 2927, 2869, 1455, 1431, 1377, 1261, 1128, 1017,
800, 628 cm®t; HRMS (ESI): m/z calcd. for C10H160 [M*+Na]: 175.10933; found: 175.10939.

o # [manually integrated) LON-LA-043-01
1
30.0] 2
1
20,0

10,0 |

= ht = L. Sl e
e e e
0.0 10,0 20,0 300 40,0 524

Sample: LON-LA-D43-01 Instrumant: GC_213
Sequenz 3494 LON-LA RO Measured 08.10.17 08:53
Sequenz date: 08.10.17 Processing M.: MP1

Report-File Ubersichtsanalyse

No. Ret.Time area%  Peak Name o)y
min %

5
1 18.61 52,79
2 18.63 a2 \)\'
s
%

Colum 250m BGB 178008 15 G 642
Temperature: 230 100 35 MIN IS0 8NN 215 3 MIN IS0 350

s 0,60 bar M2

Sample size: 10

(E)-7-(Trimethylsilyl)hept-2-en-6-yn-1-ol (73b). n-BuLi (3.94 mL, 5.72 mmol, 1.45 M in hexane)

oH was added dropwise to a solution of (E)-hept-2-en-6-yn-1-ol 73a (300 mg,

2.72 mmol) in THF (4 mL) bu!989 °C and the mixture was stirred for 30 min.

| TMSCI (651 mg, 0.760 mL) was added dropwise bu! 989 °C, afterwards the

P mixture was stirred at RT for 2 h. Stirring was continued for 1.5 h after addition

Vs of aqueous HCI (1 M, 20 mL). The mixture was diluted with EtOAc (50 mL) and

the aqueous layer extracted with EtOAc (3 x 30 mL). The combined organic phases were

washed with water (2 x 30 mL), aqueous saturated NaHCOs solution (30 mL), and brine (50 mL),

dried over MgS0O. and concentrated to afford the title compound as a colourless oil. (435 mg,

2.72 mmol, 88%). 'H NMR (400 MHz, CDCl3): 1=5.72 (m, 2H), 4.11 (m, 2H), 2.29 (m, 4H),

0.15 ppm (s, 9H); *C NMR (101 MHz, CDCls): (1= 131.0, 130.5, 106.7, 85.2, 63.8, 31.5, 20.1,

0.3 ppm; IR (film) vé= 3329, 2958, 2174, 1248, 1039, 1000, 967, 836, 758, 697, 638 cm®:; HRMS
(ESI): m/z calcd. for C10H180Si [M*+Na]: 205.10191; found: 205.10202.
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(trans-2,2-Dimethyl-3-(4-(trimethylsilyl)but-3-yn-1-yl)cyclopropyl)methanol  (76b).  EtzZn
(716.0 pL, 795.0 umol, 15% in toluene) was added to a solution of allylic
alcohol 73b (29.0 mg, 159.0 umol) and cyclohexane disulfonamide 75
(43.0 mg, 159.0 mmol) in CH.Cl, (6 NM*!bu!d89 °C. The resulting mixture was
stirred for 10 min at this temperature before 2,2-diiodopropane 74 (188.2 mg,
636.0 umol) was added dropwise and the mixture was stirred at RT for 1 h.
The reaction was quenched with 2 M HCI solution and the aqueous layer was
extracted with CHxCl; (3 x 10 mL). The combined organic phases were washed with aqueous
saturated NaSOsz solution, dried over MgSO, and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (21.0 mg,
936.0 pmol, 59%, 0 %ee). *H NMR (400 MHz, CDCls): (1=3.62 (m, 2H), 2.31 (t, J = 7.1 Hz, 2H),
1.69 (dqg, J =134, 6.7 Hz, 1H), 1.41 (m, 2H), 1.10 (s, 3H), 1.07 (s, 3H), 0.66 (td, J =7.5, 5.3 Hz,
1H), 0.48 (m, 1H), 0.15 ppm (s, 9H); *C NMR (101 MHz, CDCls): i = 107.7, 85.1, 63.9, 33.1, 29.3,
27.6,22.0,21.9,20.5,20.3,0.3 ppm; IR (film) vé&= 2956, 2925, 2867,2173,1717,1697,1275, 1249,
1199, 997, 838, 758, 745, 639 cm®}; HRMS (ESI): m/z calcd. for C13H240Si [M*+Na]: 247.14886;
found: 247.14898.

2508 LON-LA-047-01

20,0
150
100]

504

|

037 - min
0.0 10,0 20,0 30,0 40,0 50.0 56,1
Sample: LON-LA-047-01 Instrument GC_213
Sequenz: 3542 LON-LA RO Measured: 10.10.17 07:16

Sequenz date: 10,1017 Precessing M.: MPI
Report-File:  Ubersichtsanalyse

HNo. Ret.Time area-%  Peak Name
min M
1 26,08 80,29
n
2 27,07 49,71 ,:,1’:'7’\ 9,

T‘Pp;

Instrument parameters:
Column: 250m HYDRODEX BTBDAC G 881
Temparatute: 230 115 40 MIN ISO &MIN 220 3 MIN IS0 350
G 0,80 bar H2

8-
Samale size: 1.04L

2,2-Diiodopropane (74). The title compound was prepared according to a literature protocol.?*
I 1 Acetone (7.56 mL, 5.98 g, 102.96 mmol) was added dropwise to hydrazine monohydrate
(10.00 mL, 10.32 g, 206.15 mmol) at RT and the mixture was stirred at 100 °C for 30 min.
The resulting mixture was extracted with Et,0 (3 x 25 mL) and the combined organic phases
were dried over MgSO.. This solution was used without further purification or concentration
(concentration would form acetone azine). EtsN (21.53 mL, 15.63 g, 154.44 mmol) was added,
followed by a solution of iodine (26.13 g, 102.96 mmol) in Et,0 (120 mL) until the brown colour
persisted. The mixture was washed with aqueous HCI solution (2 M), aqueous saturated Na,S;03
solution, water, brine, and was dried over MgSO. and concentrated. The title compound was
obtained as orange oil (6.38 g, 20%). *H NMR (400 MHz, CDCls): U = 3.00 ppm (s, 6H); *C NMR
(101 MHz, CDCls): i = 62/1-1921/4 ppm. IR (film) bes 2947, 1439, 1365, 1142, 1078, 889, 543, 524,
441 cm®; HRMS (ESI): m/z calcd. for CsHsl, [M*]: 295.85535; found: 295.85485.
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3.1.2 THE CYCLOPROPYL FRAGMENTS p [RH2(MEPY)4] CATALYSED
CYCLOPROPANATION

3-Methylbut-2-en-1-yl 3-oxobutanoate (81). The title compound was prepared according to a
literature protocol.*® A solution of freshly distilled diketene 72 (15.70 g,
\QO\H/\H/ 84.07 mmol) in THF (19mL) was added to 3-methyl-2-buten-1-ol 71
0 o (16.94mL, 14.36 g, 166.73 mmol) and sodium acetate (766 mg, 9.34 mmol)
in refluxing THF (47 mL) over the course of 1 h. Stirring was continued for 30 min at reflux
temperature before the mixture was cooled to RT and concentrated. The residue was purified
by distillation to yield the title compound as a colourless liquid (19.76 g, 70%). B.p. 85-88 °C
(10 mbar); *H NMR (400 MHz, CDCls): (i = 12.08 (s, enol form), 5.34 (ddt, J = 7.3,4.2, 1.4 Hz, 1H),
4.98 (m, enol form), 4.64 (d, J = 7.3 Hz, 2H), 3.44 (s, 2H), 2.26 (s, 3H), 1.94 (s, enol form), 1.76 (s,
3H), 1.71 ppm (s, 3H); **C NMR (101 MHz, CDCls): il = 200.6, 167.1, 139.9,117.9, 62.2,50.1, 30.1,
25.7, 18.0 ppm (minor signals of the enol tautomer are visible); IR (film) v& 2973, 2935, 1736,
1714, 1646, 1411, 1360, 1311, 1232, 1147, 953, 542 cm®}; HRMS (ESI): m/z calcd. for CoH1403
[M*+Na]: 193.08351; found: 193.08372.

3-Methylbut-2-en-1-yl 2-diazoacetate (70). The title compound was prepared according to a
literature protocol.’®® A solution of p-acetamidobenzenesulfonyl azide (18.44 g,
\QO .Nz 76.76 mmol) in MeCN (50 mL) was added to a solution of 3-methyl-2-buten-1-yl
\H/ acetoacetate 81 (10.05 g, 59.05 mmol) and EtzN (10.70 mL, 7.77 g, 76.76 mmol)
© in MeCN (50mL) over 30min. A white precipitate of p-
acetamidobenzenesulfonamide was observed after ©30 min; at this point, additional MeCN
(30 mL) was added and stirring continued for additional 4 h. A solution of LiOH (4.67 g,
194.85 mmol) in water (20 mL) was added and the mixture was stirred at RT for 12 h. The
aqueous layer was separated and extracted with Et,O/EtOAc (2:1, 3 x 70 mL). The combined
organic phases were dried over MgSO4 and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 15:1) to yield the title compound as a yellow oil (9.10 g, 75%).
1H NMR (400 MHz, CDCly): ii =5.34 (ddq, J = 8.6, 5.7, 1.4 Hz, 1H), 4.74 (s, 1H), 4.66 (d, J = 7.2 Hz,
2H), 1.76 (s, 3H), 1.72 ppm (s, 3H); 13C NMR (101 MHz, CDCls): il = 166.9, 139.3,118.5,61.7, 46.2,
25.8,18.0 ppm; IR (film) vé= 3113, 2973, 2935, 2103, 1684, 1444, 1386, 1356, 1342, 1234, 1172,
995, 462, 433 cm®; HRMS (ESI): m/z calcd. for C7H1oN202 [M*+Na]: 177.06345; found:
177.06346.

(1R,5S)-6,6-Dimethyl-3-oxabicyclo[3.1.0]hexan-2-one (67). The title compound was prepared
H according to a literature protocol.'®® A solution of diazo ester 70 (5.05¢g,
O)/j@< 3276 mmol) in CHxCl, (18 mL) was added to a clear violet solution of
: [Rh2(5R-MEPY)4]-2MeCN (78a) (138.9 mg, 162.2 umol, 0.5 mol%) in CH2Cl, (110 mL)
at reflux temperature via syringe pump over the course of 30 h. Once the addition
was complete, stirring was continued for an additional 30 min before the mixture was cooled to
RT and concentrated. The residue was purified by flash chromatography (hexane/EtOAc,
10:1 Y 3:1) to give the title compound as a colourless oil (3.68 g, 89%, 94% ee). 4 >!098/9!
(1.22 g/100mL, CHCI3); *H NMR (400 MHz, CDCls): (1=4.36 (dd, J=9.9, 5.5 Hz, 1H), 4.15 (dt,
J=9.9 1.0 Hz, 1H), 2.04 (m, 1H), 1.95 (dd, J = 6.3, 1.0 Hz, 1H), 1.18 (s, 3H), 1.17 ppm (s, 3H); 3C
NMR (101 MHz, CDCls): 1 =175.1,66.7, 30.7, 30.2, 25.4, 23.2, 14.7 ppm; IR (film) u& 2959, 2908,
1761, 1744, 1381, 1360, 1216, 1175, 1092, 1047, 1021, 973, 957, 891, 855, 655, 634, 490 cm?*;
HRMS (ESI): m/z calcd. for C7H100, [M*]: 127.07536; found: 127.07538.
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18,0+ * LON-LA-064-01 22,0 1_[manually integrated] LO?-LA-G&B—M
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Sample: LON-LA-064-01 Instrument: GC_ 122 Sample: LON-LA-086-01 Instrument: GC_122
Sequenz: 3766 LON-LA FK Measured 15.11.17 12:41 Sequenz: 4016 LON-LA RO Measured 15.01.18 10:44
Sequenz date: 15.11.17 Processing M.: 1MPI Sequenz date: 15.01.18 Processing M.: MPI ' )
Report-File:  Verraitnis Report-File: Ubersichtsanalyse
chirale Messung, ee-Verhalinis, Racemat-Probe
Zuordnung laut Herm Léffler, siehe achirale Messung
No. Ret.Time area-%  Peak Name
No. Ret.Time Rel.Area Peak Name 7 min %
min % -
o 1 21,25 1,85 S |
17 21,25 49,84 | 2 21,96 98,15 f
18 21,77 50,16 ')'7_'
K=t ou
1 Instrument parameters:
Instrument parameters Column: 250m LIPODEX A G732
Column: 250m Lipodex-A ; GI732 - Temperature: 230 65 25 MIN 1SO &/MIIN 220 3 MIN IS0 350
Temperature: 220/65i50/350 7 T Gas. 0,60 bar H:
Gas: 0,60 bar X

: H2 ad )
Sample size: 1.0pL Sampla size: 104

Methyl (E)-3-((1R,3S)-3-(hydroxymethyl)-2,2-dimethylcyclopropyl)acrylate (E-66) and Methyl
(2)-3-((1R,3S)-3-(hydroxymethyl)-2,2-dimethylcyclopropyl)acrylate (Z-66). DIBAL-H
(16.17 mL, 16.17 mmol, 1 m in CH2Cl,) was added dropwise over 25 min to a solution of lactone
OH o5 67 (2.00g, 15.85 mmol) in CH.Cl, (153 mL) bu! 988 °C and the
sFtvijoh! Njyuvst! xbt! tujssfe! bu! 989 °C for 1 h. The reaction was
H B! quenched with MeOH (45 mL). Aqueous saturated Rochelle solution
OMe (50 mL) was added and the mixture was warmed to RT. EtOAc
0 0 (150 mL) and water (50 mL) was added and the mixture was
vigorously stirred for 1 h until the two phases were clear. The agueous layer was extracted with
EtOAc (3 x 50 mL). The combined organic phases were dried over MgSO4 and concentrated.
Methyl (triphenylphosphoranylidene)acetate (10.60 g, 31.71 mmol) was added to a solution of
crude lactol 68 in THF (90 mL) and the mixture was stirred at 60 °C for 2 d. The mixture was
cooled to RT and concentrated. The residue was purified by flash chromatography
(hexane/EtOAc, 3:1) to obtain the title compound as a colourless oil (2.34 g, 12.84 mmol, 81%).
A small amount of the diastereomers E-66 & Z-66 were separated by flash chromatography
(hexane/EtOAc, 10:1) for analysis.
Analytical and spectral data of (E)-diastereomer E-66. | =085/4!)1/: g/100 mL, CHCI);
H NMR (500 MHz, CDCl): ti=6.78 (dd, J =15.2, 11.0 Hz, 1H), 5.98 (dd, J = 15.3, 0.5 Hz, 1H),
3.84 (dd, J=11.7, 7.7 Hz, 1H), 3.76 (dd, J=11.7, 7.8 Hz, 1H), 3.71 (s, 3H), 1.57 (dd, J =11.0,
8.7 Hz, 1H), 1.42 (dt, J=8.8, 7.8 Hz, 1H), 1.19 (s, 3H), 1.18 ppm (s, 3H): 3C NMR (126 MHz,
CDCl3): = 166.8, 146.9, 121.4, 59.8, 51.4, 35.4, 31.0, 28.7, 25.5, 15.7 ppm; IR (film) vé= 3413,
2950, 1714, 1698, 1633, 1436, 1267, 1148, 1020, 980, 857, 742 cm®}; HRMS (ESI): m/z calcd. for
C10H1603 [M++Na]: 207.09916; found:; 207.09918.
Analytical and spectral data of (Z)-diastereomer Z-66:. g = 073/4!)1/9 g/100 mL, CHCl);
'H NMR (400 MHz, CDCls): (i = 6.04 (dd, J =11.5, 10.6 Hz, 1H), 5.87 (dd, J = 11.5, 1.0 Hz, 1H),
3.80(dd,J=11.7,7.4 Hz,1H), 3.72 (s, 3H), 3.67 (dd, J = 11.6, 8.2 Hz, 1H), 2.72 (ddd, J = 10.6, 8.9,
1.0 Hz, 1H), 1.45 (ddd, J = 8.9, 8.1, 7.4 Hz, 1H), 1.21 (s, 3H), 1.15 ppm (s, 3H); *C NMR (126 MHz,
CDCl3): U =167.3, 147.2, 119.9, 59.9, 51.1, 35.5, 28.7, 27.9, 25.3, 15.5 ppm; IR (film) vé= 3228,
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2950, 1709, 1619, 1444, 1164, 1059, 1014, 815, 714 cm®; HRMS (ESI): m/z calcd. for C10H1603
[M*+Na]: 207.09916; found: 207.09914.

Methyl 3-((1R,3S)-3-(hydroxymethyl)-2,2-dimethylcyclopropyl)propanoate (82). CoCl,:(H20)s
OH (0.41 g, 1.74 mmol) was added to a solution of unsaturated cyclopropane E-66
3 (1.60 g, 8.68 mmol) in MeOH (70 mL). The resulting mixture was stirred at RT
for 30 min. The Argon atmosphere was exchanged to a hydrogen atmosphere,
MeO H before a solution of NaBH, (1.64 g, 43.42 mmol) in DMF (34 mL) was added. The
temperature was kept constant at RT with a water bath. The mixture was stirred
at RT for 1 h. The reaction was quenched with water and the mixture was diluted
with EtOAc (40 mL). The aqueous layer was extracted with EtOAc (3 x 10 mL). The combined
organic phases were washed with brine, dried over MgSO. and concentrated. The residue was
purified by flash chromatography (hexane/EtOAc, 4:1 Y 3:1) to yield the title compound as a
colourless oil (1.42 g, 8.14 mmol, 94%). | =+18.0(1.4 g/100 mL, CHClz); *H NMR (400 MHz,
CDCls): i1 = 3.67 (m, 5H), 2.40 (dd, J = 7.8, 6.9 Hz, 2H), 1.66 (m, 3H), 1.06 (s, 3H), 1.00 (s, 3H), 0.87
(td, J = 8.6, 7.2 Hz, 1H), 0.57 ppm (dt, J = 8.8, 7.0 Hz, 1H); **C NMR (101 MHz, CDCls): ti = 174.5,
59.9,51.8,34.7,29.2,28.9, 26.7, 20.0, 18.2, 14.9 ppm; IR (film) v& 3406, 2983, 2951, 2866, 1736,
1436, 1375, 1255, 1199, 1166, 1136, 1009 cm®; HRMS (ESI): m/z calcd. for C1oH1503 [M*+Nal:
209.11481; found: 209.11478.

0

((1S,3R)-3-(But-3-yn-1-yl)-2,2-dimethylcyclopropyl)methanol ~ (63). DIBAL-H (4.0 mL,
OH 40mmol, 1.0m in CHxCl;) was added dropwise to a solution of ester 82
(318.0 mg, 1.7 mmol) in CHxCl, (10 NnM*1989 °C and the mixture was stirred for
30 min. The reaction was quenched with MeOH (3 mL) and the mixture was stirred
for 10 min, aqueous saturated Rochelle solution was added and the mixture
Z warmed to RT. The mixture was diluted with CH,Cl, (10 mL) and stirred vigorously
until both layers were clear. The aqueous layer was extracted with CHxCl, (3 x 10 mL). The
combined organic phases were washed with brine, dried over MgSO4 and concentrated. The
crude aldehyde was used without further purification.
Bestmann-Ohira reagent (492.0 mg, 2.6 mmol) and K2COs3 (471.9 mg, 3.4 mmol) were added to
a solution of crude aldehyde 83 in MeOH (24 mL) and the mixture was stirred at RT for 14 h. The
mixture was diluted with Et,O (30 mL), washed with aqueous saturated NaHCOs solution and
brine, before it was dried over MgSO, and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 10:0 ¥ 5:1) to yield the title compound as a colourless oil
(178.0 mg, 1.17 mmol, 68%). 4 =+13.2 (0.87 g/100 mL, CHCIls); *H NMR (400MHz, CDClg):
=366 (m, 2H), 2.26 (tdd, J=7.3, 2.7, 0.8 Hz, 2H), 1.98 (t, J=2.7 Hz, 1H), 1.58 (qd, J=7.1,
5.9 Hz, 2H), 1.42 (br-s, 1H), 1.09 (s, 3H), 1.02 (s, 3H), 0.90 (dt, J =8.9, 7.7 Hz, 1H), 0.71 ppm (dt,
J=8.9, 7.1 Hz, 1H); *C NMR (101 MHz, CDCls): i = 84.9, 68.6, 60.1, 29.2, 28.9, 26.8, 23.9, 19.3,
18.3, 15.0 ppm; IR (film) 0& 3302, 2982, 2926, 2865, 2116, 1456, 1430, 1376, 1259, 1138, 1023,
1003, 625 cm®t; HRMS (ESI): m/z calcd. for C10H160 [M*+Na]: 175.10933; found 175.10941.

((1S,3R)-3-((E)-4-lodo-3-methylbut-3-en-1-yl)-2,2-dimethylcyclopropyl)methanol (84). AlMes
OH (0.32 mL, 630.0 pmol, 2.0 ™ in toluene) and alkyne 62 (32.0 mg, 210.02 umol)
were added to a pre-stirred (20 min) solution of ZrCpCl, (12.3 mg, 42.0 umol) in

CHCI; (0.8 mL). The resulting mixture was stirred at RT for 15 h. A solution of

H jodine (106.7 mg, 420.4 pmol) in THF (0.8 NM* xbt! beefe! bu! 989 °C and the
Njyuvst!xbt! tujssFe!bu! 989 °C for 1 h, before it was diluted with CH.Cl, (2 mL).
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The reaction was quenched with aqueous saturated Na,S.0s solution. The aqueous layer was
separated and the organic layer was washed with brine, dried over MgSO4 and concentrated.
The residue was purified by flash chromatography (hexane/tert-butyl methyl ether, 4:1) to yield
the title compound as a colourless oil (8.0 mg, 27.2 umol, 13%). 4 =+19.4 (0.4 g/100 mL,
CHCIs); *H NMR (400 MHz, CDCls): 1 =5.88 (q, J = 1.2 Hz, 1H), 3.63 (dt, J = 7.7, 1.2 Hz, 2H), 2.25
(ddt, J=8.3, 7.0, 1.3 Hz, 2H), 1.83 (s, 3H), 1.47 (m, 2H), 1.07 (s, 3H), 1.01 (s, 3H), 0.84 (m, 1H),
0.57 ppm (m, 1H); *C NMR (101 MHz, CDCls): G = 148.0, 74.9, 60.3, 40.3, 29.4, 28.8, 27.0, 24.1,
23.2,18.4,14.9 ppm; IR (film) &= 2958, 2923, 2868, 1705, 1655, 1458, 1377, 1261, 1214, 1090,
1021, 911, 866, 801, 736, 703, 669 cm®; HRMS (ESI): m/z calcd. for Ci1H190l [M*+Nal:
317.03728; found: 317.03723.

Methyl 3-((1R,3S)-3-(((tert-butyldimethylsilyl)oxy)methyl)-2,2-
dimethylcyclopropyl)propanoate (86). TBSCI (291.3 mg, 1.9 mmol) was added to a solution of
LS alcohol 82 (300.0 mg, 1.6 mmol) and imidazole (164.5 mg, 2.4 mmol) in DMF
(2 mL) and CHxCl, (6 mL). The mixture was stirred at RT for 15 min and the
reaction was quenched with water. The agueous layer was separated and the
MeO organic layer was washed with brine, dried over MgSO. and concentrated. The
0 residue was purified by flash chromatography (hexane/EtOAc, 10:1) to yield the
title compound as a colourless oil (428.0 mg, 1.4 mmol, 98%). | =+7.2 (0.46 g/100 mL,
CHCls); *H NMR (400 MHz, CDCls*!t = 3.66 (s, 3H), 3.62 (m, 2H), 2.39 (m, 2H), 1.64 (m, 2H), 1.04
(s,3H), 0.98 (s, 3H), 0.89 (m, 9H), 0.79 (ddd, J = 9.0, 8.1, 7.0 Hz, 1H), 0.57 (dt, J = 8.9, 7.4 Hz, 1H),
0.05 (s, 3H), 0.04 ppm (s, 3H). *3C NMR (101 MHz, CDCls*!ti = 174.2, 60.0, 51.4, 34.6, 29.2, 28.5,
26.4, 25.9, 20.3, 18.3, 17.9, 14.8, 5.2 ppm. IR (film) v& 2952, 2929, 2857, 1741, 1472, 1462,
1436, 1361, 1252,1216,1193, 1169, 1115, 1070, 1006, 833, 814, 773, 664 cm?'; HRMS (ESI): m/z
calcd. for C16H3203Si [M*+Na]: 323.20129; found: 323.20123.

((((1S,3R)-3-(But-3-yn-1-yl)-2,2-dimethylcyclopropyl)methoxy)(tert-butyl) dimethyl silane
OTBS (85). DIBAL-H (2.45 mL, 2.45 mmol, 1.0 m in CHxCl;) was added dropwise to a
" solution of ester 86 (722.0 mg, 2.40 mmol) in CH2Cl, (14 mL) at 989 °C and the
mixture was stirred for 30 min. The reaction was quenched with MeOH (10 mL)
H and the mixture was stirred for 10 min. An agueous saturated solution of Rochelle
= salt was added and the mixture warmed to RT. The mixture was diluted with
CH.Cl, (20 mL) and stirred vigorously until both layers were clear. The aqueous layer was
extracted with CH»Cl; (3 x 30 mL). The combined organic phases were washed with brine, dried
over MgSO, and concentrated. The crude aldehyde was used without further purification.
Bestmann-Ohira reagent (692.3 mg, 3.60 mmol) and K,COs3 (664.1 mg, 4.81 mmol) were added
to a solution of crude aldehyde 87 in MeOH (34 mL) and the mixture was stirred at RT for 14 h.
The mixture was diluted with Et.O (30 mL), washed with aqueous saturated NaHCO3 solution
and brine, before it was dried over MgSO, and concentrated. The residue was purified by flash
chromatography (hexane/tert-butyl methyl ether, 1.0 ¥ 10:1) to yield the title compound as a
colourless oil (526.0 mg, 1.97 mmol, 82%). 4 =+11.8 (2.06 g/100 mL, CHCIl3); *H NMR (400
MHz, CDCls): Ui = 3.64 (m, 2H), 2.26 (m, 2H), 1.95 (t, J = 2.6 Hz, 1H), 1.56 (m, 2H), 1.06 (s, 3H),
0.99 (s, 3H), 0.90 (s, 9H), 0.81 (m, 1H), 0.67 (dt, J = 8.9, 7.2 Hz, 1H), 0.05 ppm (s, 6H); **C NMR
(101 MHz, CDCls): i = 96/1-179/3-171/4-13 - /4-139/8-137/7-137/2-135/4-12 - [4-129/5-129/3-126/2-106/2 ppm;
IR (film) v&= 3314, 2954, 2929, 2858, 1462, 1252, 1069, 833, 773, 626 cm®:; HRMS (ESI): m/z
calcd. for C16H300Si [M*+Na]: 289.19581; found: 289.19609.
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tert-Butyl  (((1S,3R)-3-((E)-4-iodo-3-methylbut-3-en-1-yl)-2,2-dimethylcyclopropyl)methoxy)
dimethyl silane (88). AIMes (0.19 mL, 375.2 pmol, 2.0 M in toluene) was added to a solution of
ZrCp2Cl; (11.0 mg, 37.5 pumol) in CHxCl, (1 mL) and water (3.4 pL, 187.6 pmol).
Alkyne 85 (50.0 mg, 187.6 “ nprixbt!lbeefe!bu!ld8 °C and the mixture was stirred
for 1.5 h. A solution of iodine (95.2 mg, 375.2 umol) in THF (0.5 mL) was added
H bu!989 °C and the resulting Njyuvstixbt!tujssfe!bu!989 °C for 2 h, before it was

diluted with CHCI; (2 mL). The reaction was quenched with aqueous saturated

Na»S,03 solution. The aqueous layer was separated and the organic layer was
washed with brine, dried over MgSO4 and concentrated. The residue was purified by flash
chromatography (hexane/tert-butyl methyl ether, 1:0 Y 20:1) to yield the title compound as a
colourless oil (30.0 mg, 187.6 umol, 39%). 4 =+20.7 (0.14 g/100 mL, CHCIlz); *H NMR
(400 MHz, CDCls): i =5.87 (d, J = 1.1 Hz, 1H), 3.62 (m, 2H), 2.27 (m, 2H), 1.83 (d, J = 1.1 Hz, 3H),
1.44 (m, 2H), 1.04 (s, 3H), 0.96 (s, 3H), 0.89 (s, 9H), 0.77 (ddd, J = 8.9, 8.0, 7.0 Hz, 1H), 0.51 (dt,
J=8.9, 7.2 Hz, 1H), 0.05 ppm (d, J = 1.1 Hz, 6H); ¥*C NMR (101 MHz, CDCls): U = 148.3, 74.7,
60.4, 40.3, 29.4, 28.7, 26.7, 26.1, 24.2, 23.2, 18.4, 18.0, 15.0, - 5.0 ppm; IR (film) vé&= 2928, 2885,
2857,1978,1733,1508, 1472, 1461, 1376, 1361, 1268, 1254, 1228, 1185, 1141, 1078, 1006, 836,
815, 775, 668, 583, 441 cm®Y; HRMS (ESI): m/z calcd. for C17H33I0Si [M*+Na]: 431.12376; found:
431.12426.

OTBS
H

3.2 SECOND APPROACH

3.2.1 FRAGMENT SYNTHESES

((1S,3R)-2,2-Dimethyl-3-vinylcyclopropyl)methanol (94). DIBAL-H (8.2 mL, 6.5g, 8.2 mmol,
1.0 min CHCI,) was added in dropwise to a solution of the lactone 67 (1.0 g, 8.0 mmol)
H in CH.Cl, (21 nM*!bu!g89 D'boelui FlsFtvjoh!sfbdujpo!njyuvsfixbt!tujssfe!bu!lo89 °C for
30 min. The reaction mixture was quenched with MeOH (5 nM*!bu!989 °C, warmed to
| H RT and stirred vigorously with aqueous saturated solution of Rochelle Salt for 1 h. The
aqueous layer was extracted with CH2Cl. (3 x 30 mL). The combined organic phases

were dried over MgS0O4 and concentrated. The crude was used without further purification.
n-BuLi (7.8mL, 120mmol, 1.6M in hexane) was added to a solution of
methyltriphenylphosphonium bromide (4.3 g, 12.0 mmol) in THF (65 mL) at O °C. The mixture
was stirred at RT for 30 min. The solution of crude lactol in THF (2 mL) was added to the
resulting ylide solution at 0°C and stirred at RT for 20 h. THF (15 mL) was added and the
resulting mixture was stirred for additional 5 h. The reaction was quenched with aqueous
saturated NH4Cl solution. The aqueous layer was extracted with Et,O (3 x 30 mL). The combined
organic phases were dried over MgSO4 and concentrated. The residue was purified by flash
chromatography (hexane/Et,O, 3:2) to yield the title compound as a yellow oil (668.0 mg,
5.3 mmol, 66%). 4 >!054/2!)2/28'h0211!NM-'D I Dr3); *H NMR (400 MHz, CDCls) Ui = 5.61 (m,
1H), 5.21 (ddd, J =16.9, 2.1, 0.7 Hz, 1H), 5.06 (ddd, J =10.3, 2.1, 0.6 Hz, 1H), 3.74 (m, 2H), 1.44
(t, J = 9.3 Hz, 1H), 1.16 (m, 1H), 1.12 (s, 4H), 1.11 ppm (s, 3H); **C NMR (101 MHz, CDCls):
=134.5,116.3,60.4,32.5,31.6,28.9,22.2, 15.6 ppm; IR (film) & 3332,2987, 2945, 2866, 1632,
1454,1377,1138, 1016, 988, 895, 725 cm®; HRMS (ESI): m/z calcd. for CsH140 [M*]: 126.10392;

found: 126.10402.

OH
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(((1S,3R)-2,2-Dimethyl-3-vinylcyclopropyl)ethynyl)  triisopropylsilane (90). Dess-Martin
periodinane (1.98 g, 4.66 mmol) was added to a solution of alcohol 94
TP (392.0 mg, 3.11 mmol) in CH,Cl, (36 mL) at 0 °C and the resulting mixture was
S stirred at RT for 3 h. The mixture was diluted with CH-Cl, (50 mL) and stirred
rapidly with aqueous saturated solution of NaHCO3/Na»S»03 (150 mL, vol 1:1)
for 30 min. The aqueous layer was extracted with CH>Cl> (3 x 100 mL). The
combined organic phases were dried over MgSOy, filtered and concentrated. The crude aldehyde
was used without further purification. (Aldehyde 100: *H NMR (400 MHz, CDCls) (1=9.55 (d,
J=5.7 Hz, 1H), 6.08 (ddd, J = 17.0, 10.4, 9.4 Hz, 1H), 5.20 (m, 2H), 2.10 (ddt, J = 9.3, 8.4, 0.8 Hz,
1H), 1.87 (dd, J =8.5,5.7 Hz, 1H), 1.38 (s, 3H), 1.23 ppm (s, 3H).).
The crude aldehyde 100 was added at 0 °C to a mixture of PPh; (6.52 g, 24.85 mmol) and CBr4
(4.12 g, 12.42 mmol) in CH2Cl> (30 mL), which had previously been stirred at RT for 10 min. The
resulting mixture was vigorously stirred for 10 min before it was diluted with hexane (30 mL).
The suspension was filtered and the filter cake was carefully rinsed with hexane. The combined
filtrates were washed with water and brine, dried over MgSO4 and concentrated. The resulting
dibromide 101 was used without further purification. (Dibromide 101: *H NMR (400 MHz,
CD2Clz) U=6.30 (d, J =8.5Hz, 1H), 5.60 (ddd, J =16.9, 10.3, 9.2 Hz, 1H), 5.18 (m, 2H), 1.77 (t,
J=9.0Hz 1H),1.70 (t, J =8.6 Hz, 1H), 1.19 (s, 3H), 1.13 ppm (s, 3H).).
n-BuLi (5.82 mL, 9.32 mmol, 1.6 M in hexane) was added to a solution of the crude dibromide
101 in THF (30 NnM*'bu! 389 °C and the mixture was stirred for 1 h. TIPSCI (1.99 mL, 1.80 g,
9.32 nnpr!xbt!beefe!bu!@89 °C and the resulting mixture was warmed overnight to RT. The
reaction was quenched with aqueous saturated NH4Cl solution and MeOH. The aqueous layer
was extracted with tert-butyl methyl ether (3 x 20 mL). The combined organic phases were
washed with brine, dried over MgSO,4 and concentrated. The residue was purified by flash
chromatography (hexane) to yield the title compound as a colourless oil (542.0 mg, 1.96 mmol,
63%). 4 =-10.9(1.17 g/100 mL, CHCls); *H NMR (600 MHz, CDCl5): ii = 5.70 (dddd, J = 17.1,
10.4, 8.0, 1.2 Hz, 1H), 5.21 (ddd, J=17.3, 2.1, 0.5 Hz, 1H), 5.11 (ddd, J=10.5, 2.1, 0.5 Hz, 1H),
1.53 (m, 2H), 1.17 (s, 3H), 1.12 (s, 3H), 1.06 ppm (m, 21H); *3C NMR (151 MHz, CDCls): i = 135.0,
116.2, 106.3, 80.9, 33.9, 27.2, 24.7, 21.8, 18.6, 16.8, 11.3 ppm; IR (film) L& 2942, 2863, 1463,
1437, 1182, 1119, 882, 856, 745, 720, 693, 674, 539, 509 cm®!; HRMS (ESI): m/z calcd. for
CigH32Si [M*]: 276.22733; found: 276.22716.

| H

(E)-6-((1R,3S)-2,2-Dimethyl-3-((triisopropylsilyl)ethynyl) cyclopropyl)-4-methyl hex-3-en-1-ol
(103). A solution of 9-H-9-BBN (0.45 mL, 0.12 mmol, 0.28 M in toluene) was added to a solution
TIPS H of the terminal alkene 90 (28.5 mg, 0.10 mmol) in toluene (2 mL) in a pressure
Schlenk flask. The mixture for stirred at 100 °C for 3 h. The toluene was
removed under reduced pressure and the residue was dissolved in THF
N (2 mL). NaOH (0.31 mL, 0.31 mmol, 1 min H20), alkenyl bromide 102 (17.0 mg,
0.10 mmol) and [(dppf)PdCI;] (3.8 mg, 5.2 mmol, 5 mol%) were added and the

mixture was stirred at 75 °C for 3 h. The reaction was quenched with aqueous saturated NH4Cl
solution at RT. The aqueous layer was extracted with Et,0 (3 x 10 mL). The combined organic
phases were washed with brine, dried over MgSO. and concentrated. The residue was purified
by flash chromatography (pentane/Et,O, 10:1) to yield the title compound as a colourless oll
(21.0 mg, 58.2 pymol, 56%). 4 >!926/3!)1/15 g/100 mL, CHCIls); *H NMR (600 MHz, CDCls):
U=5.14 (tq, J =7.3, 1.3 Hz, 1H), 3.62 (t, J = 6.6 Hz, 2H), 2.29 (dddt, J = 7.7, 6.8, 5.9, 0.8 Hz, 2H),
2.15 (m, 1H), 2.05 (m, 1H), 1.65 (m, 3H), 1.55 (m, 2H), 1.23 (d, J = 8.5 Hz, 1H), 1.10 (s, 3H), 1.05
(m, 24H), 0.71 ppm (ddd, J = 8.5, 7.7, 6.4 Hz, 1H); 3C NMR (151 MHz, CDCly): ii = 139.0, 119.6,
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107.3, 79.6, 62.5, 39.1, 31.6, 29.8, 27.6, 24.1, 22.1, 18.8, 18.7, 16.3, 16.2, 11.4 ppm; IR (film)
L& 3339, 2942, 2865, 1463, 1382, 1382, 1258, 1048, 882, 824, 673 cm®}; HRMS (ESI): m/z calcd.
for C23H420Si [M*+Na]: 385.28971; found: 385.29014.

(2)-4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pent-3-en-1-ol (105). The reaction was
’? carried out according to a literature procedure.’®®* CuCl (58.8 mg,
0

594.4 ymol), PPhz (187.1mg, 713.3umol) and t-BuOK (266.8 mg,
HOWB\O 2.4 mmol) were dissolved in THF (5 mL) and the mixture was stirred at RT
for 0.5 h. A solution of B2pin, (3.3 g, 13.1 mmol) in THF (10 mL) was added
and the mixture was stirred at RT for 10 min. Subsequently a solution of pentynol 64 (1.0 g,
11.9 mmol) in MeOH (1 mL) and THF (3 mL) was added at 0 °C. The mixture was stirred at RT
for 16 h, filtered through a plug of Celite, which was rinsed with Et,0, and the combined filtrates
were concentrated. The residue was purified by flash chromatography (hexane/tert-butyl methyl
ether:CHCly, 7:1:2) to yield the title compound as a colourless oil (2.5 g, 8.9 mmol, 75%). The
analytical data match with the reported data.'®* *H NMR (400 MHz, CDCls): i1 = 6.30 (m, 1H), 3.71
(t, J=6.6 Hz, 2H), 2.43 (qd, J = 6.6, 1.0 Hz, 2H), 1.72 (m, 3H), 1.55 (br-s, 1H), 1.26 ppm (s, 12H);
13C NMR (101 MHz, CDCls): i1 = 141.5, 83.4, 62.0, 32.4, 25.0, 14.3 ppm (Signal of alkene CBO: is
silent); IR (film) ve= 3416, 2978, 2930, 2881, 1633, 1368, 1346, 1301, 1146, 1128, 1068, 1047,
858, 666 cm®t; HRMS (ESI): m/z calcd. for C11H2:BOs [M*+Na]: 235.14759; found: 235.14774.

(E)-4-Bromopent-3-en-1-ol (97). A solution of CuBr; (11.6 g, 51.9 mmol) in water (100 mL) was
HOWBr added to a solution of boronic ester 105 (?.2 g, 1.0.4 mmol) in EtOH (100 mL) in
a pressure Schlenk flask. The resulting mixture was heated to 80 °C
immediately and stirred for 14 h. The reaction was quenched with water, followed by dilution
with CH.Cl,. The aqueous layer was extracted with CHCl; (3 x 30 mL). The combined organic
phases were dried over MgSO; and concentrated. The residue was purified by flash
chromatography (CH-CI,) to yield the title compound as a colourless oil (1.4 g, 10.4 mmol, 81%).
H NMR (400 MHz, CDClg): ti = 5.88 (m, 1H), 3.67 (t, J = 6.4 Hz, 2H), 2.30 (tdt, J = 7.3, 6.4, 0.9 Hz,
2H), 2.25 ppm (g, J=1.0 Hz, 3H); ®*C NMR (101 MHz, CDCls): ii=128.3, 122.0, 61.7, 33.2,
23.6 ppm; IR (film) ve= 3332, 2951, 2921, 2879, 1651, 1428, 1379, 1186, 1108, 1045, 1011, 844,
636, 504, 421 cm®t; HRMS (ESI): m/z calcd. for CsHyOBr’® [M*]: 163.98314; found: 163.98331.

(E)-4-lodopent-3-en-1-ol (107). O-O!-Dimethylethylendiamine (64.8 pL, 602.5 pmol) and alkenyl
HOWI bromide 97 (1.03 g, 6.21 mmol) were added .to a suspension qf Nal (7.27 g,

48.48 mmol) and Cul (57.7 mg, 0.30 mmol) in MeOH (10 mL) in a pressure
Schlenk flask. The mixture was stirred at 120 °C for 22 h and diluted with CHCI, (5 mL) and
water (5 mL). The aqueous layer was extracted with CHCl; (3 x 20 mL). The combined organic
phases were dried over MgSOs and concentrated. The residue was purified by flash
chromatography (pentane/Et.0, 1:1) to yield the title compound as a colourless oil (1.07 g,
5.07 mmol, 82%). *H NMR (400 MHz, CDCls): (1 = 6.20 (td, J = 7.6, 1.5 Hz, 1H), 3.66 (t, J = 6.4 Hz,
2H),2.41(dd, J =1.6,0.9 Hz, 3H), 2.31 (dtd, J = 7.4,6.5, 1.0 Hz, 2H), 1.43 ppm (br-s, 1H); **C NMR
(101 MHz, CDCl3): U=137.2, 96.4, 61.6, 34.1, 27.9 ppm; IR (film) V& 3316, 2948, 2916, 2876,
1637, 1427, 1376, 1184, 1102, 1050, 1011 cm®; HRMS (ESI): m/z calcd. for CsHeOl [M*]:
211.96926; found: 211.96926.
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(E)-7-lodooct-6-en-2-yn-4-ol (109). Dess-Martin periodinane (2.08 g, 4.90 mmol) was added to
a solution of alcohol 107 (0.69 g, 3.26 mmol) in CH2Cl, (36 mL) at 0 °C and the
I mixture was stirred at 0 °C for 3 h. The mixture was diluted with CH»Cl, and
stirred vigorously with a mixture of aqueous saturated NaHCOs3 solution and
HO A aqueous saturated Na»S,0s solution (1:1) for 30 min. The aqueous layer was
separated and extracted with CH.Cl, (3 x 10 mL). The combined organic phases
were dried over MgSO, and concentrated. The crude aldehyde was used without further
purification.
A solution of propynyl magnesium bromide (13.0 mL, 6.5 mmol, 0.5 M in THF) was added rapidly
to a solution of crude aldehyde at 0 °C in THF (30 mL) and the mixture was stirred at 0 °C for
3 h. An additional amount of the propynyl magnesium bromide solution (9.8 mL, 4.9 mmol,0.5 m
in THF) was added and the mixture was stirred for 30 min at O °C. The reaction was quenched
with aqueous saturated NHCl solution. The aqueous layer was extracted with CHCl,
(3 x 10 mL), and the combined organic layers were dried over MgSO, and concentrated. The
residue was purified by flash chromatography (pentane/Et,0, 10:1 Y 5:1) to yield the title
compound as a colourless oil (432.0 mg, 1.7 mmol, 53%). *H NMR (400 MHz, CDClg): U = 6.27
(tg, J=6.5, 1.3, 0.9 Hz, 1H), 4.36 (tq, J = 6.2, 2.2 Hz, 1H), 2.41 (m, 5H), 1.85 ppm (d, J = 2.1 Hz,
3H); *C NMR (101 MHz, CDCls) Ui = 135.6,97.0, 81.9, 79.3, 61.4, 38.9, 28.0, 3.6 ppm; HRMS (ESI):
m/z calcd. for CgH1101 [M*]: 249.98491; found: 249.98508.

(E)-tert-Butyl((7-iodooct-6-en-2-yn-4-yl)oxy)diphenylsilane  (110). TBDPSCI (677.5 mg,
2.47 mmol) was added to a solution of alcohol 109 (467.0 mg, 1.64 mmol) and imidazole
(223.7 mg, 3.29 mmol) in CH2Cl> (13 mL) and DMF (1.3 mL) at RT and the
I mixture was stirred for 30 min. The mixture was diluted with CH.Cl, and
| washed with aqueous saturated NH4CI solution. The aqueous layer was
extracted with CH2Cl> (3 x 10 mL). The combined organic phases were
dried over MgSO, and concentrated. The residue was purified by flash chromatography
(pentane/Et,0, 50:1) to yield the title compound as a colourless oil (835.0 mg, 1.64 mmol,
quant.). *H NMR (400 MHz, CDCl3) (1 = 7.71 (ddd, J = 23.3, 7.9, 1.6 Hz, 4H), 7.39 (m, 6H), 6.19 (tq,
J=7.616Hz 1H), 4.29 (tq, J = 6.2, 2.1 Hz, 1H), 2.33 (m, 2H), 2.27 (dt, J = 1.6, 0.9 Hz, 3H), 1.68
(d, J=2.1Hz, 3H), 1.07 (s, 9H); 13C NMR (101 MHz, CDCls) ti = 136.6, 136.1, 135.9, 133.7, 133.6,
129.7,129.5,127.6,127.3,96.2,81.6, 79.8,62.8, 39.6, 27.8, 26.9, 19.2, 3.5 ppm; IR (film) L& 2957
29302856 1472 1427 1360 1105 1071 1052 999 945 821 737 699 610 501 485 422 cm®; HRMS
(ESI): m/z calcd. for C24H290ISi [M*+Na]: 511.092460; found: 511.09265.

TBDPSO N

(E)-4-(Trimethylsilyl)pent-3-en-1-ol (111). t-BuLi (33.1 mL, 56.3 mmol, 1.7 M in pentane) was
HOWTMS added slowly to 6_1 solution of 2,3-dihyd.ronfur.an 98 (3.5 m!_, 46.4 mmol) in
THF (19 NnM* bu! 51 °C and the resulting mixture was stirred at 0 °C for
45 min. A solution of TMSCI (4.9 mL, 38.5 mmol) in THF (5 nM*xbt!beefe!bu!g89 °C and the
Njyuvstixbt!tyjssfelbu!d89 °C for 10 min, followed by stirring at RT for 45 min. The reaction was
guenched with a mixture of aqueous NHs solution (25w%) and aqueous saturated NH4CI
solution (1:1). The aqueous layer was extracted with pentane (2 x 40 mL) and Et,O (40 mL), the
combined organic phases were dried over MgSO, and concentrated by Kugelrohr distillation
(60 °C at atm). The crude product was used as received.
A solution of methyl magnesium bromide (3.2 mL, 9.7 mmol, 3.0 min Et,0) was added dropwise
to a suspension of [(PhsP)2NiCl;] (2.5 g, 3.9 mmol, 8 mol%) in toluene (64 mL). The resulting
mixture was stirred at RT for 15 min, before additional methyl magnesium bromide solution
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(32.3 mL, 97.0 mmol, 3.0 M in Et,0) was added. The mixture was concentrated under reduced
pressure. Toluene (85 mL) was added to the residue, followed by a solution of the crude 2-
silyldihydrofuran in toluene (9 mL). The resulting mixture was stirred at reflux (110 °C) for
45 min, before the mixture was cooled to 0 °C. The reaction was quenched by pouring the
mixture carefully into a vigorously stirred aqueous saturated NH4Cl solution at O °C. After stirring
the resulting mixture for 20 min, the aqueous layer was extracted with Et,O (4 x 20 mL). The
combined organic layers were dried over MgSO, and concentrated. The residue was purified by
flash chromatography (pentane/Et;0, 6:1) to yield the title compound as a colourless oil (5.2 g,
33.0 mmol, 71%). *H NMR (400 MHz, CDCls): ii = 5.71 (m, 1H), 3.68 (t, J = 6.6 Hz, 2H), 2.40 (dddd,
J=7.6,6.7,5.8,0.8 Hz, 2H), 1.71 (m, 3H), 0.05 ppm (s, 9H); 13C NMR (101 MHz, CDCls): (i = 140.3,
245/4-173/4-143/2-125/9-102/: 7 ppm; IR (film) ve= 3329, 2954, 1619, 1404, 1247, 1046, 832, 748,
689 cm®t; HRMS (ESI): m/z calcd. for CgH150Si [M*]: 159.11997; found: 159.11980.

(E)-(5-lodopent-2-en-2-yl) trimethyl silane (112). PPh; (1.37g, 5.24 mmol) and N-
iodosuccinimide (1.18 g, 5.24 mmol) were added to a solution of trimethylsilyl pentenol 111

mvs  (709.0 mg, 4.03 mmol) in CH2Cl> (13 mL) at O °C and the mixture was stirred
IW at 0°C for 1 h and at RT for 4 h in the dark. The mixture was diluted with
pentane (3 mL), filtered through a plug of silica gel, rinsed with pentane (40 mL) and
concentrated. The residue was purified by flash chromatography (pentane) to yield the title
compound as a yellow oil (781.0 mg, 2.91 mmol, 72%). *H NMR (400 MHz, CDCls): i =5.62 (m,
1H),3.15 (t,J = 7.4 Hz, 2H), 2.69 (tdd, J = 7.5, 6.6, 0.9 Hz, 2H), 1.67 (m, 3H), 0.06 ppm (s, 9H); 13C
NMR (101 MHz, CDCls):ii = 141.6, 138.9, 34.7, 16.9, 7.3, 0.0 ppm; IR (film) ve&= 2955, 1615, 1422,
1246, 1170, 952, 836, 749, 689 cm®t; HRMS (ESI): m/z calcd. for CgH171Si [M*]: 268.01443; found:
268.01399.

tert-Butyl(((6E,10E)-7-methyl-11-(trimethylsilyl) dodeca-6,10-dien-2-yn-4-yl) oxy) diphenyl
silane (113). lodine (25.4 mg, 0.1 mmol) was added to a suspension of Zn dust (261.4 mg,
4.0 mmol) and DMF (23 mL). The resulting suspension was
| | stirred at RT until it was colourless. Alkyl iodide 112 (536.0 mg,
s'( 2.0 mmol) was added and the resulting mixture was stirred at
50 °C for 1 h, before it was filtered through a glasswool frit,
rinsing with DMF (2 mL). Alkenyl iodide 110 (781.0 mg, 1.6 mmol) and Pd(PPhs), (115.5 mg,
0.1 mmol, 5 mol%) were added and the mixture was stirred at RT for 4 h. The reaction was
guenched with aqueous saturated NH4Cl solution. The aqueous layer was extracted with EtOAc
(3% 20 mL). The combined organic phases were dried over MgSO4 and concentrated. The
residue was purified by flash chromatography (hexane/toluene, 5:1) to yield the title compound
as a colourless oil (554.0 mg, 1.1 mmol, 69%). *H NMR (400 MHz, CDClg): (i = 7.72 (ddd, J = 24.8,
7.9, 1.6 Hz, 4H), 7.38 (m, 6H), 5.67 (m, 1H), 5.17 (tt, J = 6.2, 3.5 Hz, 1H), 4.27 (ddt, J = 6.5, 4.4,
2.1 Hz,1H),2.34 (td, J = 6.9, 3.7 Hz, 2H), 2.14 (m, 2H), 2.01 (t,J = 7.8 Hz, 2H), 1.67 (d, J = 2.0 Hz,
3H), 1.64 (m, 3H), 1.51 (d, J = 1.3 Hz, 3H), 1.07 (s, 9H), 0.02 ppm (s, 9H); 1*C NMR (101 MHz,
CDClg): i =C NMR (101 MHz, CDCI3*1!1249/:-1248/6-1247/2-1247/1-1246/:-1245/1-1245/1-123: /6!
23:/5-1238/6-1238/3-122:/7-191/9-191/8-175/2-14 : /4-148/6-138/1-137/ --12 - |4-127/4-125/4-14/6-133/19 ppm;
IR (film) L& 2955, 2931, 2857,1428,1247,1111, 1073, 835, 740, 701, 613, 504 cm®}; HRMS (ESI):
m/z calcd. for C32H1s0Si; [M*+Na]: 525.29794; found: 525.29801.

TBDPSO N ~
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tert-Butyl(((6E,10E)-11-iodo-7-methyl dodeca-6,10-dien-2-yn-4-yl) oxy)diphenyl silane (91).

N-lodosuccinimide (483.2mg, 2.1 mmol) was added to a

|| suspension of Ag.C0O3(222.0 g, 0.8 mmol) and alkenyl silane 113

| (540.0 g, 1.1 mmol) in chloroacetonitrile (18 mL). The reaction

TBDPSO o 7 mixture was stirred at RT for 3 h in the dark. The reaction was

guenched with aqueous saturated Na,S;03 solution. The agueous

layer was extracted with tert-butyl methyl ether (3 x 50 mL). The combined organic phases were

dried over MgSO4 and concentrated. The residue was purified by flash chromatography

(hexane/toluene, 10:1) to yield the title compound as a colourless oil (453.0 mg, 0.8 mmol, 76%).

H NMR (400 MHz, CDCl3) ti = 7.72 (m, 4H), 7.38 (m, 6H), 6.12 (m, 1H), 5.18 (m, 1H), 4.29 (ddt,

J=6.54.3,2.1 Hz 1H), 2.35 (m, 5H), 2.04 (ddd, J = 30.7,8.7, 4.6 Hz, 4H), 1.69 (d, J = 2.1 Hz, 3H),

1.49 (d,J = 1.3 Hz, 3H), 1.07 ppm (s, 9H); *3C NMR (101 MHz, CDCls): i = 140.8,136.4, 136.1, 135.9,

134.0,133.9,129.6,129.4,127.5,127.3,120.4,93.5, 80.8, 80.7, 64.0, 38.6, 37.5, 29.2, 27.5, 26.9, 19.3, 16.2,

3.5 ppm; IR (film) &= 3071, 3049, 2956, 2929, 2856, 1472, 1427,1361, 1110, 1073, 940, 822, 739,

701, 613, 505, 487 cm®; HRMS (ESI): m/z calcd. for Cx9Hs70Sil [M*+Na]: 579.15506; found:
579.15554.

3.2.2 COMPLETION OF THE TOTAL SYNTHESIS p ENT-DEPRESSIN

tert-Butyl (((6E,10E)-13-((1R,3S)-2,2-dimethyl-3-((triisopropylsilyl) ethynyl) cyclopropyl)-7,11-
dimethyltrideca-6,10-dien-2-yn-4-yl)oxy)diphenylsilane (114). A solution of 9-H-9-BBN
(5.9 mg, 48.4 umol) in toluene (1 mL) was added to terminal
alkene 90 (10.3 mg, 37.2 pumoal) in a pressure Schlenk flask.
The reaction mixture for stirred at 100 °C for 2 h. The
toluene was removed under reduced pressure and the
residue was dissolved in DMF (1 mL). Ba(OH)2(H20)s
(14.1 mg, 44.7 mmol), alkenyl iodide 91 (16.4 mg, 29.4 mmol) and [(dppf)PdCl;] (2.7 mg,
3.7 mmol, 10 mol%) were added and the mixture was stirred at RT for 2 h. The reaction was
guenched with aqueous saturated NH.ClI solution (2 mL). The aqueous layer was extracted with
EtOAc (3 x 10 mL). The combined organic phases were dried over MgSO4 and concentrated. The
residue was purified by flash chromatography (hexane/tert-butyl methyl ether, 50:1) to yield the
title compound as a colourless oil (17.0 mg, 24.0 pmol, 81%). *H NMR (400 MHz, CDCl3) (1= 7.72
(ddd, J=25.3, 7.9, 1.6 Hz, 4H), 7.37 (m, 6H), 5.18 (m, 1H), 5.11 (m, 1H), 4.28 (ddt, J = 6.6, 4.3,
2.1 Hz, 1H), 2.34 (q, J = 6.4 Hz, 2H), 2.03 (m, 6H), 1.67 (d, J = 2.1 Hz, 3H), 1.58 (d, J = 1.3 Hz, 3H),
1.51 (m, 5H), 1.21 (d, J = 8.5 Hz, 1H), 1.07 (m, 36H), 0.71 ppm (dt, J = 8.5, 7.0 Hz, 1H): 3C NMR
(101 MHz, CDCl3): = 137.9, 136.2,136.0, 135.1, 134.2, 134.1, 129.7,129.5, 127.6, 127.4,124.3,
119.6, 107.6, 81.0, 80.9, 79.7, 64.3, 40.0, 39.2, 37.7, 30.0, 27.8, 27.1, 26.8, 24.3, 22.3, 19.5, 19.0,
18.8, 16.5, 16.4, 16.2, 11.6, 3.62 ppm; IR (film) L& 2941, 2862, 2152, 1462, 1428, 1381, 1363,
1261, 1110, 1072, 997, 940, 883, 822, 739, 701, 677, 612, 505 cm®}; HRMS (ESI): m/z calcd. for
C47H700Si, [M*+Na]: 729.48574; found: 729.48627.

(6E,10E)-13-((1R,3R)-3-Ethynyl-2,2-dimethyl cyclopropyl)-7,11-dimethyltrideca-6,10-dien-2-
yn-4-ol (92). TBAF (4.1 mL, 4.1 mmol, 1.0 M in THF) was added to a solution of TMS-protected
alkyne 114 (487.0mg, 0.7 mmol) at 0°C and the resulting
mixture was stirred at 0 °C for 1 h and for 3 h at RT. The reaction
was quenched with aqueous saturated NH4Cl solution. The
aqueous layer was separated and extracted with tert-butyl

111



Experimental Part

methyl ether (3x10mL). The combined organic phases were dried over MgSO.s and
concentrated. The residue was purified by flash chromatography (hexane/EtOAc, 15:1) to yield
the title compound as a colourless oil (206.0 mg, 0.7 mmol, 96%). *H NMR (400 MHz, CDCls):
0=5.23 (m, 1H), 5.13 (m, 1H), 4.32 (qq, J = 6.1, 2.1 Hz, 1H), 2.41 (m, 2H), 2.06 (m, 6H), 1.89 (d,
J=2.2Hz 1H), 1.85 (d, J = 2.1 Hz, 3H), 1.80 (d, J = 5.8 Hz, 1H), 1.65 (s, 3H), 1.61 (s, 3H), 1.49
(dtd, J =8.7,7.0,3.3 Hz, 2H), 1.15 (dd, J = 8.6, 2.2 Hz, 1H), 1.09 (s, 3H), 1.06 (s, 3H), 0.72 ppm (dt,
J=8.6, 7.1 Hz, 1H); *C NMR (101 MHz, CDCls): i = 139.7, 135.7, 124.2, 118.6, 83.4, 80.8, 80.2,
67.5,62.3,39.9,39.1, 36.8, 29.3, 27.6, 26.5, 24.1, 21.6, 17.2, 16.4, 16.03, 15.98, 3.6 ppm; IR (film)
L& 3312, 2983, 2919, 2860, 2109, 1665, 1451, 1378, 1327, 1261, 1122, 986, 882, 808, 688, 636,
551, 456 cm®t, HRMS (ESI): m/z calcd.for C22H320 [M*+Na]: 335.23453; found: 335.23427.

tert-Butyl (((6E,10E)-13-((1R,3R)-3-ethynyl-2,2-dimethylcyclopropyl)-7,11-dimethyl trideca-
6,10-dien-2-yn-4-yl) oxy) dimethyl silane (116). Imidazole (88.4 mg, 1.30 mmol) and TBSCI
(0.12 mL, 105.9 mg, 0.97 mmol) were added to a solution of
propargylic alcohol 92 (203.0 mg, 0.65 mmol) in CHxCl; (8 mL)
and DMF (0.5 mL). The mixture was stirred at RT for 2 h. The
reaction was quenched with aqueous saturated NH.Cl solution.
The aqueous layer was extracted with CH2Cl> (3 x 20 mL). The
combined organic phases were dried over MgSO. and concentrated. The residue was purified
by flash chromatography (hexane/toluene, 10:1) to yield the title compound as a colourless oil
(206.0 mg, 0.48 mmol, 74%). *H NMR (400 MHz, CDCls): (i = 5.20 (m, 1H), 5.15 (ddt, J = 6.9, 5.6,
1.3 Hz, 1H), 4.26 (tq, J = 6.6, 2.0 Hz, 1H), 2.34 (m, 2H), 2.05 (m, 6H), 1.88 (d, J = 2.3 H, 1H), 1.82
(d,J=2.1Hz 3H), 1.63 (s, 3H), 1.61 (s, 3H), 1.49 (m, 2H), 1.15 (dd, J = 8.6, 2.2 Hz, 1H), 1.09 (s,
3H), 1.06 (s, 3H), 0.90 (s, 9H), 0.72 (dt, J = 8.6, 7.1 Hz, 1H), 0.11 (s, 3H), 0.09 ppm (s, 3H); 13C
NMR (101 MHz, CDCls): 1=137.5, 134.9, 124.4, 119.8, 83.4, 81.1, 79.8, 67.5, 63.4, 39.9, 39.2,
37.8,29.3,27.6,26.6,24.1, 21.6,18.3,17.2, 16.4, 15.99, 15.96, 3.6, 1.0, 04.6, 05.0 ppm; IR (film)
L& 3315, 2955, 2927, 2856, 2116, 1461, 1378, 1361, 1256, 1078, 1023, 940, 834, 805, 776, 637,
588 cm?: HRMS (ESI): m/z calcd. for C2sHas0Si [M*+Na]: 449.32101; found: 449.32096.

tert-Butyl(((6E,10E)-13-((1R,3S)-2,2-dimethyl-3-(prop-1-yn-1-yl)cyclopropyl)-7,11-dimethyl
trideca-6,10-dien-2-yn-4-yhoxy) dimethyl silane (118). n-BuLi (0.30 mL, 0.45 mmol, 1.5M in
hexane) was added dropwise to a solution of terminal alkyne
116 (95.0 mg, 0.22 mmol) in THF (4 mL) at p78 °C and the
mixture was stirred at p78 °C for 1 h. Methyl iodide (69.3 pL,
1.1 mmol) was added dropwise and the mixture was stirred at
RT for 2 h. The reaction was quenched with water at 0 °C, the
aqueous layer was extracted with tert-butyl methyl ether
(3 x50 mL). The combined organic phases were dried over MgSO4 and concentrated. The
residue was purified by flash chromatography (hexane/toluene, 10:1) to yield the title compound
as a colourless oil (72.0 mg, 0.16 mmol, 73%). *H NMR (400 MHz, CDCls): i = 5.20 (m, 1H), 5.14
(m, 1H), 4.26 (ddt, J = 6.8,4.6, 2.1 Hz, 1H), 2.34 (m, 2H), 2.04 (m, 6H), 1.82 (t, J = 2.2 Hz, 6H), 1.63
(s,3H), 1.61 (s, 3H), 1.45 (m, 2H), 1.09 (dg, J = 8.6, 2.2 Hz, 1H), 1.05 (s, 3H), 1.03 (s, 3H), 0.90 (s,
9H), 0.63 (m, 1H), 0.11 (s, 3H), 0.09 ppm (s, 3H); **C NMR (101 MHz, CDCls): (i = 137.6, 135.2,
124.3,119.8,81.1, 79.8, 77.6, 74.9, 63.4, 39.9, 39.4, 37.8, 29.0, 27.7, 26.7, 25.8, 24.3, 21.0, 18.3,
17.8,16.4,16.1, 15.9, 3.7, 3.6, 04.6-'05.0 ppm; IR (film) L& 2951, 2926, 2856, 1471, 1461, 1451,
1378, 1361, 1341, 1251, 1136, 1078, 1005, 940, 834, 776, 668 cm?t; HRMS (ESI): m/z calcd. for
C20H4g0Si [M*+Na]: 463.33666; found: 463.33669.
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tert-Butyl dimethyl (((1S,6E,10E,14R)-7,11,15,15-tetramethyl bicyclo[12.1.0]penta deca-6,10-
dien-2-yn-4-yl)oxy) silane (117). MS5 (100 mg) was added to a solution of diyne 118 (72.0 mg,
OTBS 0.16 mmol) in toluene (100 mL) and the mixture was stirred at RT for 1 h.
In a different Schlenk flask a solution of trisilanol 52b (12.8 mg, 16.3 6npr*!
and molybdenum complex 49 (10.8 mg, 16.3 mmol) in toluene (1 mL) was
stirred at RT for 3 min and then added to the preheated diyne 118
suspension at 65°C. The mixture was stirred at 65°C for 2h. An
additionally freshly prepared solution of trisilanol 52b (12.8 mg,
16.3 6nprtlboe!nolybdenum complex 49 (10.8 mg, 16.3 mmol) in toluene (1 mL) was added to
the mixture and stirring continued at 65 °C for 2 h. The mixture was cooled to RT and the
reaction was quenched with EtOH. The mixture was filtered through a pad of Celite®, rinsing with
toluene, and the combined filtrates were concentrated. The residue was purified by flash
chromatography (hexane/toluene 10:1) to yield the title compound as a colourless oil as a
mixture of isomers (44.0 mg, 0.13 mmol, 70%). The diastereomers were separated by flash
chromatography (hexane/toluene, 20:1) for characterisation purposes.
Analytical and spectral data of Fraction A: § =07.6 (0.17 g/100 mL, CHCI3); 'H NMR
(500 MHz, CDCls): G =5.06 (m, 2H), 4.36 (ddd, J =9.9, 4.2, 1.7 Hz, 1H), 2.37 (ddd, J = 13.8, 6.9,
4.4 Hz, 1H), 2.27 (ddd, J = 14.3, 9.8, 6.7 Hz, 1H), 2.26 (m, 1H), 2.10 (t, J = 8.1 Hz, 1H), 2.01 (m,
4H), 1.82 (m, 1H), 1.60 (d, J = 1.4 Hz, 3H), 1.56 (d, J = 1.2 Hz, 3H), 1.16 (dd, J = 8.3, 1.6 Hz, 1H),
1.09 (m, 1H), 1.06 (s, 3H), 1.04 (s, 3H), 0.91 (s, 9H), 0.69 (ddd, J =11.0, 8.3, 2.6 Hz, 1H), 0.14 (s,
3H), 0.13 ppm (s, 3H); **C NMR (126 MHz, CDCls): il = 135.9, 135.8,124.0, 121.0, 83.2,81.7, 63.7,
4:/:-14:/7148/:-141/5-138/6-137/6-136/--134/--132/--129/4-128/9-127/4-126/8-1 26/5-1 2/24-12/12-1 §5/56-!
04.83 ppm; IR (film) vé= 3348, 2954, 2928, 2856, 2218, 1710, 1460, 1378, 1258, 1066, 1047, 861,
836, 801, 778, 740, 669 cm?: HRMS (ESI): m/z calcd. for C2sH420Si [M*+Na]: 409.28971; found:
409.28979.
Analytical and spectral data of Fraction B: 4 = +29.1 (0.11 g/100 mL, CHCIs); *H NMR
(600 MHz, CDCl3): i =5.19 (m, 1H), 5.07 (m, 1H), 4.47 (ddd, J = 8.9, 3.9, 2.0 Hz, 1H), 2.45 (dt,
J=14.0, 8.6 Hz, 1H), 2.24 (m, 1H), 2.13 (m, 4H), 1.99 (m, 2H), 1.74 (m, 1H), 1.62 (d, J = 1.3 Hz,
3H),1.60 (s, 3H), 1.22 (m, 1H), 1.18 (dd, J = 8.3, 2.0 Hz, 1H), 1.04 (s, 3H), 1.02 (s, 3H), 0.91 (s, 9H),
0.64 (ddd, J=10.3, 8.3, 2.3 Hz, 1H), 0.14 (s, 3H), 0.11 ppm (s, 3H); 13C NMR (151 MHz, CDCls):
U=136.2,135.1,123.9, 120.5, 83.4, 81.8, 63.5, 39.6, 39.4, 37.5, 30.4, 27.5, 25.9, 25.0, 24.1, 22.0,
18.4,18.3, 16.7, 16.5, 16.0, 95/62-106/12 ppm; IR (film) 0& 3354, 2953, 2925, 2854, 2217, 1711,
1461, 1377, 1258, 1079, 1020, 836, 799, 780, 739, 702 cm?; HRMS (ESI): m/z calcd. for
CasH120Si [M*+Na]: 409.28971; found: 409.28954.

(1S,6E,10E,14R)-7,11,15,15-Tetramethylbicyclo[12.1.0]pentadeca-6,10-dien-2-yn-4-ol  (93).
PPTS (214.5 mg, 0.85 mmol) was added to a solution of TBS-protected
macrocycle 117 (55.0 mg, 0.14 mmol) in MeOH (5 mL) and CHCl, (1 mL)
and the resulting mixture was stirred at RT for 6.5 h. The reaction was
quenched with aqueous saturated NaHCOj3 solution, the aqueous layer
was separated and extracted with tert-butyl methyl ether (4 x 5 mL). The
combined organic phases were dried over MgSO. and concentrated. The
residue was purified by flash chromatography (hexane/EtOAc 10:1) to yield the title compound
as a colourless oil (31.0 mg, 113.8 umol, 80%) and the starting material as a colourless oil
(8.0 mg, 20.7 umol, 15%). The diastereomers were separated by flash chromatography
(hexane/EtOAc, 20:1) for characterisation purposes.
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Analytical and spectral data of Fraction A: 4 =+73.3 (0.06 g/100 mL, CHCI3); *H NMR
(600 MHz, CDCl3): i =5.11 (m, 2H), 4.52 (tdd, J =7.5, 3.4, 1.8 Hz, 1H), 2.49 (dt, J = 14.2, 8.1 Hz,
1H), 2.32 (m, 1H), 2.17 (m, 2H), 2.08 (m, 2H), 2.02 (m, 2H), 1.81 (m, 1H), 1.80 (d, J = 7.5 Hz, 1H),
1.63 (s, 3H), 1.63 (s, 3H), 1.20 (dd, J =8.3, 1.9 Hz, 1H), 1.15 (m, 1H), 1.05 (s, 3H), 1.04 (m, 3H),
0.74 ppm (ddd, J =10.7, 8.3, 2.5 Hz, 1H); *C NMR (151 MHz, CDCl;) 1 =137.7, 135.9, 123.8,
119.8, 84.5,80.9, 62.6, 39.8, 39.3, 36.1, 30.5, 27.4, 25.7, 24.1, 22.2,18.0, 16.3, 16.2, 16.1 ppm; IR
(film) L& 3397, 2923, 2855, 2230, 2194, 1719, 1666, 1452, 1377, 1260, 1091, 1019, 798, 737,
702,525 cm® HRMS (ESI); m/z calcd. for C1oH2s0 [M*]: 272.21347; found: 272.21363.
Analytical and spectral data of Fraction B: 4 =+25.7 (0.14 g/100 mL, CHCIls); *H NMR
(600 MHz, CDCls): 1=5.06 (m, 2H), 4.40 (dddd, J=9.7,5.7, 4.1, 1.7 Hz, 1H), 2.47 (m, 1H), 2.27
(ddd, J=13.9, 9.8, 7.0 Hz, 1H), 2.17 (m, 1H), 2.11 (dd, J=9.5, 7.2 Hz, 1H), 2.01 (m, 4H), 1.84
(dddd, J =135, 11.1, 6.8, 2.5 Hz, 1H), 1.78 (d, J =5.5 Hz, 1H), 1.61 (d, J = 1.4 Hz, 3H), 1.58 (q,
J=0.9Hz, 3H), 1.18 (dd, J = 8.4, 1.7 Hz, 1H), 1.06 (m, 7H), 0.74 ppm (ddd, J = 11.0, 8.3, 2.6 Hz,
1H); C NMR (151 MHz, CDCls): i = 136.7, 135.9, 124.1, 120.0, 84.5, 81.2, 63.0, 39.7, 39.6, 36.8,
30.6,27.4,26.4,23.9,22.1,17.7,16.1, 15.8, 15.6 ppm; IR (film) vé&= 3263, 2930, 2850, 2231, 1668,
1452,1378,1325,1294,1261,1228,1092, 1015, 853, 832,802, 525 cm®; HRMS (ESI): m/z calcd.
for C19H290 [M*]: 273.22129; found: 273.22092.

(1R,2Z,6E,10E,14R)-7,11,15,15-Tetramethyl-3-(tributylstannyl)bicyclo[12.1.0]pentadeca-
2,6,10-trien-4-ol (119). A solution of BusSnH (0.2 M in CHxCl,, 0.9 mL, 49.7 umol) was added
dropwise to a solution of [Cp*RuCl]4 (3.1 mg, 11.4 umol, 2.5 mol%) and alkyne
H 93 (31.0 mg, 113.8 umol) in CH.Cl> (2 mL) at RT. The mixture was stirred for
e 15h before it was concentrated. The residue was purified by flash
N H chromatography (hexane/EtOAc, 20:1) to vield the title compound as a
colourless oil (51.3 mg, 91.0 umol, 80%). Analytical and spectral data of both
diastereomers: *H NMR (400 MHz, CDCls) (1=5.96 (dd, J=10.2, 1.7 Hz, 1H, trans), 5.81 (d,
J =10.3 Hz, 1H, cis), 5.97 (m, 3H, cis, trans), 4.86 (td, J=6.7, 3.5 Hz, 1H, cis), 4.42 (td, J=7.1,
3.6 Hz, 1H, trans), 4.11 (dt, J = 11.0, 3.2 Hz, 1H, cis), 2.58 (dt, J = 14.9, 7.6 Hz, 1H, trans), 2.39 (m,
1H, cis), 2.25 (dd, J = 13.8, 7.0 Hz, 3H, cis, trans), 2.13 (dd, J = 12.9, 6.4 Hz, 7H, cis, trans), 2.02
(m, 1H, trans), 1.86 (m, 5H, cis, trans), 1.65 (s, 3H, trans),1.62 (s, 3H, cis), 1.60 (s, 3H, trans), 1.59
(s, 3H, cis), 1.50 (dddd, J = 16.7, 7.7, 6.4, 4.6 Hz, 12H, cis, trans), 1.42 (d, J = 2.6 Hz, 1H, cis), 1.33
(m, 13H, cis, trans), 1.19 (m, 2H, cis, trans), 1.11 (m, 2H, cis, trans), 1.06 (s, 3H, trans), 1.06 (s, 3H,
cis), 1.00 (dd, J =8.3, 4.0 Hz, 6H, cis), 0.92 (m, 30H, cis, trans), 0.69 ppm (dddd, J =20.3, 10.2,
8.5, 1.5 Hz, 2H, cis, trans). 3C NMR (101 MHz, CDCls) Ui =147.1, 144.2, 139.4, 136.9, 135.4,
134.88, 134.85, 134.3, 125.0, 124.2, 120.4, 117.4, 82.5, 74.5, 40.0, 39.8, 38.7, 38.4, 36.4, 34.2,
32.4,32.0,31.7, 30.6, 29.3, 29.3, 28.9 (2 x), 27.6 (2 x), 24.3, 24.12, 24.08, 23.2, 22.1, 22.0, 17 .4,
17.3,17.2,16.9,15.7,15.6, 13.7 (2 x), 11.3, 10.4 ppm. IR (film) vé 2953, 2921, 2870, 2853, 1607,
1455, 1375, 1289, 1192, 1020, 874, 664, 594, 504, 451 cm®; HRMS (ESI): m/z calcd. for

Cs1Hs60Sn [M*+Na]: 587.32453; found: 587.32451.

OH

(1S,2E,6E,10E,14R)-3,7,11,15,15-Pentamethylbicyclo[12.1.0] pentadeca-2,6,10-trien-4-ol
OH (120). Pd(PPh3)s (2.1 mg, 1.8 pmol, 5 mol%) was added to a solution of
3 alkenyl stannane 119 (19.8 mg, 35.1 mmol) and [Ph2PO]?[BusN]* (17.8 mg,
38.7 umol) in DMF (0.2 mL) and the mixture was stirred for 10 min. Methyl
H iodide (3.3 pL, 7.5 mg, 52.7 umol) was added, immediately followed (after
10 sec!) by CuTC (7.0 mg, 36.9 pmol). The resulting mixture was stirred at
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RT for 4 h. The reaction was quenched with aqueous EtsN (0.1 ml), the mixture was diluted with
tert-butyl methyl ether and washed with aqueous NH3z (25%)/NH.CI solution (1:9). The aqueous
layer was extracted with tert-butyl methyl ether (3 x 10 mL). The combined organic phases were
dried over MgSO4 and concentrated. The residue was purified by flash chromatography
(hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (6.3 mg, 62%).

Analytical and spectral data of Fraction A: 4 =+56.7 (0.03 g/100 mL, CHCI3); *H NMR
(600 MHz, CDCls): i =5.20 (dp, J = 8.9, 1.4 Hz, 1H), 4.95 (t, J = 7.0 Hz, 2H), 4.19 (m, 1H), 2.44 (m,
2H), 2.20 (dt,J = 13.7,6.8 Hz, 1H), 2.10 (m, 2H), 1.95 (m, 1H), 1.86 (dt, J = 13.6, 7.0 Hz, 1H), 1.79
(m, 1H), 1.71 (d, J=1.1Hz, 3H), 1.60 (d, J=1.3Hz, 3H), 1.59 (d, J=1.2 Hz, 3H), 1.50 (d,
J=6.3 Hz, 1H), 1.27 (m, 1H), 1.08 (s, 3H), 0.99 (m, 1H), 0.96 (s, 3H), 0.68 ppm (ddd, J = 10.5, 8.8,
1.6 Hz, 1H); 3C NMR (151 MHz, CDCls): i = 137.1, 136.3, 135.6, 124.1, 119.8, 118.2, 74.4, 40.3,
39.1,32.5,31.2,28.9,25.7,24.3, 24.1, 20.5, 16.7, 16.5, 15.7, 15.6 ppm; IR (film) vé&= 3281, 2956,
2925, 2853, 1455, 1376, 1288, 1260, 1090, 1017, 995, 863, 799, 705, 570, 523 cm®; HRMS (ESI):
m/z calcd. for CxoH320 [M*+Na]: 311.23453; found: 311.23398.

Analytical and spectral data of Fraction C: 4 =+90.0 (0.05g/100 mL, CHCI3); *H NMR
(600 MHz, CDCl3): i = 5.10 (dqd, J = 8.9,1.3,0.4 Hz, 1H), 4.94 (ddddd, J = 6.6,5.3,3.9,2.4,1.2 Hz,
1H),4.77 (m, 1H), 4.08 (ddd, J = 11.2, 4.4, 2.5 Hz, 1H), 2.41 (ddd, J = 14.4, 11.2, 8.5 Hz, 1H), 2.30
(m, 1H), 2.20 (m, 1H), 2.10 (m, 3H), 1.87 (m, 2H), 1.73 (m, 1H), 1.69 (d, J = 1.3 Hz, 3H), 1.60 (m,
3H), 1.58 (m, 3H), 1.42 (d, J = 2.7 Hz, 1H), 1.26 (m, 1H), 1.06 (s, 3H), 0.95 (s, 3H), 0.63 ppm (ddd,
J=10.2,8.8,1.4 Hz, 1H); ®°C NMR (151 MHz, CDCls): ti = 137.2, 135.2, 135.0, 125.9, 123.4, 120.5,
79.4, 40.4, 39.3, 33.1, 31.5, 28.8, 25.5, 24.0, 23.6, 20.5, 16.7, 16.1, 15.7, 10.4 ppm; IR (film)
L& 3357, 2917, 2850, 1727, 1671, 1452, 1377, 1260, 1016, 872, 816, 729, 631, 545, 468 cm®;
HRMS (ESI): m/z calcd. for C,oH320 [M*+Na]: 311.23453; found: 311.23398.

ent-Depressin (89). MnO- (40.0 mg, 0.46 mmol) was added to a solution of allylic alcohol 120
0 (5.3 mg, 18.4 umol) in CHxCl, (0.5 mL) and the resulting mixture was stirred
H at RT for 2 h. Additional MnO_ (40.0 mg, 0.46 mmol) was added and the
mixture was stirred at RT for 2 h. The mixture was filtered through a plug of
H silica gel, rinsing with CH.Cl,, and concentrated. The residue was purified
by flash chromatography (fine silica, hexane/EtOAc, 10:1) to yield the title
compound as a colourless oil (4.3 mg, 15.0 umol, 82%). | =+72.0
(0.05 g/100 mL, CHClIs); *H NMR (600 MHz, CDCls): (1 = 6.38 (dg, J = 10.2, 1.3 Hz, 1H), 5.07 (ddq,
J=8.2,5.7, 1.2 Hz, 1H), 4.84 (m, 1H), 3.55 (dd, J = 13.8, 8.6 Hz, 1H), 2.98 (ddm, J = 13.9, 5.6 Hz,
1H), 2.16 (m, 2H), 2.08 (m, 2H), 2.02 (m, 1H), 1.98 (m, 1H), 1.87 (d, J = 1.3 Hz, 3H), 1.75 (ddd,
J=12.8,9.8, 2.9 Hz, 1H), 1.57 (s, 3H), 1.56 (s, 3H), 1.49 (dd, J =10.2, 8.5 Hz, 1H), 1.16 (s, 3H),
1.14 (ddd, J = 12.5, 8.5, 2.5 Hz, 1H), 1.09 (s, 3H), 0.86 ppm (m, 1H); 3C NMR (151 MHz, CDCls)
0=199.9, 143.2, 137.2,136.7, 135.9, 124.4, 119.4, 39.9, 39.4, 39.0, 35.2, 29.0, 27.7, 26.3, 25.4,
23.9, 15.9, 15.6, 15.3, 11.7 ppm; IR (film) vé& 2975, 2925, 2860, 1653, 1625, 1453, 1379, 1318,
1262, 1152, 1110, 1064, 1040, 1021, 918, 870, 827, 801, 733, 595, 523 cm®}; HRMS (ESI): m/z
calcd. for CyoHs10 [M*]: 287.23694; found: 287.23676.
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Table 12. NMR data of natural product depressin (9) and synthetic ent-depressin (89).

depressin (9) synthetic 89 depressin (9) synthetic 89
080.0°,c=0.26 +72.0°,¢c=0.05
H NMR U [ppm] (J [Hz]) 13C NMR U [ppm]
1 1.15 %é;l (ddd, 125, 8.5, 1 352 352
2 150 (dd, 10.2,8.7) 1.49(dd, 10.2, 8.5) 2 27.6 27.7
3 6.37 (d, 10.2) 6.38 (dg, 10.2, 1.3) 3 143.1 143.2
4 - - 4 136.6 136.7
5 - - 5 199.9 199.9
6a 3.55(dd,13.8,5.7) 3.55(dd, 13.8,8.6) 6 39.4 39.4
6b 297(dd, 13.8,5.7) 2.98(ddm, 13.9,5.6) 7 1194 1194
7 5.08 (t, 6.6) 5.07 (ddq, 8.2,5.7,1.2) 8 137.1 137.2
8 - - 9 39.0 39.0
9a 215 2.09 10 239 23.9
9b 2.00 2.01 11 124.4 124.4
10a 2.17 2.16 12 135.9 135.9
10b 1.96 1.98 13 39.9 39.9
11 4.84(t,5.4) 484 14 26.3 26.3
12 - - 15 25.4 25.4
13a 2.20 2.19 16 29.0 29.0
13b L.75 ;gf (ddd, 12.8, 98, 17 15.8 15.9
14a 2.05 2.06 18 11.6 11.7
14b 0.80 0.86 19 15.6 15.6
15 - - 20 15.3 15.3
16 1.16 1.16
17 1.09 1.09
18 1.87 1.87
19 156 157
20 1.56 1.56
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3.3 FINAL APPROACH

3.3.1 FRAGMENT SYNTHESES

(1S,5R)-6,6-Dimethyl-3-oxabicyclo[3.1.0]hexan-2-one (80). A solution of diazo ester 70 (5.15 g,

5 33.41 mmol) in CHxCl, (17mL) was added to a clear violet solution of
OP‘:>< [Rh2(5S-MEPY)4]-(MeCN), (168.3 mg, 196.5 umol, 0.6 mol%) in CH.Cl, (110 mL) at

7 reflux temperature via syringe pump over the course of 18 h. Once the addition was
complete, stirring was continued for an additional 30 min before the mixture was
cooled to RT and concentrated. The residue was purified by flash chromatography
(hexane/EtOAc, 10:1 Y 3:1) to give the title compound as a colourless oil (3.68 g, 87%, 93% ee).
41 =+86.9 (1.09 g/100 mL, CHCIls); *H NMR (400 MHz, CDCls): (1=4.36 (dd, J=9.9, 5.5 Hz,
1H),4.15 (dt, J =9.9,1.1 Hz, 1H), 2.04 (ddd, J = 6.5,5.5, 1.1 Hz, 1H), 1.95 (dd, J = 6.3, 1.0 Hz, 1H),
1.18 (s, 3H), 1.17 ppm (s, 3H); **C NMR (101 MHz, CDCl3) ti = 175.0, 66.5, 30.5, 30.0, 25.2, 23.0,
14.4 ppm; IR (film) vé= 2961, 2909, 2878, 1766, 1458, 1382, 1361, 1283,1217,1178,1118, 1092,
1049, 1023, 974, 958, 892, 857 cm®t; HRMS (ESI): m/z calcd. for C;H1002 [M*+Na]: 149.05730;
found: 149.05725.

- Page
18,0 ] LON-LA-064-01

0

22,0+ B tonm-sao-om
da
15,0 20,04
] 15,0
10,04
e
" 10,0
50
] 5.0
] lL i ; 10
] x mi
0,53 - : ]k min
0.0 10,0 20,0 302 40,0 -1,04 —
0,0 10,0 20,0 30,0 40,0 50,0 63,0
Sample: LON-LA-064-01 Instrument: GC_ 122
Sequenz: 3766 LON-LA FK Measured 151117 12:41 Sample: LON-LA-580-01;1 Instrument:  GC_212
Sequenz date: 15.11.17 Processing M.: 1MPI Sequenz: 6908 LON-LA PH Measured: 22.11.1907:44
Report-File: Vertalinis Sequenz date: 21.11.19 Processing M.: ee 580

Report-File: Verhaltnis
chirale Messung, ee-Verhaltnis, Racemat-Probe Verhaltnis Enantiomere
Zuordnung laut Herrn Léffler, siehe achirale Messung Zuordnung nach Vergleichsmessung LON-LA-064-01 17/3766

No. Ret.Time Rel.Area Peak Name o No. Ret.Time Rel.Area Peak Name
min %, { min %
17 2125 48,84 d 9 26,78 96,68
18 2177 50,16 10 27,22 332
o= L

Instrument parameters: Instrument parameters:
Column: 250m Lipodex-A ; G732 Column: 250m Lipodex-A 0,25/7df G732
Temperature: 220/65i0/350 {‘ =/ / Temperature: 220/ 60, 40 min iso 8/min 220, 3 min iso / 350
Gas: 0,60 bar H2 ! Gas 0,60 bar H2

Sample size: 1.0pL Sample size: 0.2 L

((1R,3S)-2,2-Dimethyl-3-vinylcyclopropyl)methanol (126). DIBAL-H (1.0 M in CH2Cl», 9.06 mL,
oH 9.06 mmol) was added dropwise to a solution of lactone 80 (1.12 g, 8.89 mmol) in
g CH2Cl bu!@89 °C and the resulting mixture was stirred for 30 min at this temperature.
Uiflsfbdujpo! xbt! rvfodife!bu! 89 °C with MeOH, followed by addition of saturated
| aqueous Rochelle Salt solution. The resulting mixture was rapidly stirred at RT for 1 h
before the aqueous layer was separated and extracted with CH>Cl (3 x 30 mL). The combined
organic phases were dried over MgSO.4 and concentrated, and the crude lactol was used without
further purification.

n-BuLi (1.6 M in hexane, 16.66 mL, 26.66 mmol) was added to a suspension of
methyltriphenylphosphonium bromide (9.52 g, 26.66 mmol) in THF (84 mL) at 0 °C and the
resulting suspension was stirred at RT for 1 h. A solution of the lactol in THF (2 mL) was added
to the ylide suspension at 0 °C and the resulting mixture was stirred at RT for 3 h. The reaction
was quenched with saturated aqueous NH4CI solution, and the aqueous layer was separated

H
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and was extracted with Et>0 (3 x 20 mL). The combined organic phases were dried over MgSO4
and concentrated. The residue was purified by flash chromatography (pentane/Et.0, 10:1) to
yield the title compound as a colourless oil (614 mg, 55%). 4 =+44.2(1.29 g/100 mL, CHCls);
'H NMR (400 MHz, CDCls): (1=5.62 (dt, J = 16.9, 10.1 Hz, 1H), 5.21 (ddd, J=17.0, 2.1, 0.7 Hz,
1H), 5.06 (ddd, J = 10.3, 2.1, 0.6 Hz, 1H), 3.72 (m, 2H), 1.44 (t, J = 9.3 Hz, 1H), 1.17 (m, 1H), 1.13
(s,3H),1.11 ppm (s, 3H); *C NMR (101 MHz, CDCls): ti = 134.3, 116.1, 60.3, 32.3,31.3, 28.7, 22.0,
15.4 ppm; IR (film) vé= 3330, 3081, 2986, 2946, 2925, 2866, 1632, 1454, 1377, 1259, 1165, 1017,
988, 896, 801, 725, 661 cm®; HRMS (ESI): m/z calcd. for CgH140 [M*+H]: 127.11174; found:
127.11160.

(2R,3S)-1,1-Dimethyl-2-(prop-1-yn-1-yl)-3-vinylcyclopropane (124). Dess-Martin-periodinane
(2.6 g, 6.2 mmol) was added to a solution of alcohol 126 (523.0 mg, 4.1 mmol) in
CHxCl; (40 mL) at 0 °C. The resulting mixture was stirred at 0 °C for 10 min,
| T followed by stirring at RT for 4 h. The reaction was quenched with saturated
aqueous NaHCO3/NazS:03 solution (1:1 v/v, 50 mL). The mixture was rapidly
stirred for 30 min, the aqueous layer was separated and extracted with CH,Cl, (3 x 30 mL), the
organic phases were dried over MgSQy, filtered and concentrated, and the resulting aldehyde
134 was used without further purification.
The crude aldehyde 134 was added at 0 °C to a mixture of PPhz (8.70 g, 33.15 mmol) and CBr,
(5.50 g, 16.58 mmol) in CHCl, (40 mL), which had previously been stirred at RT for 10 min. The
resulting mixture was vigorously stirred for 10 min before it was diluted with pentane (10 mL).
The suspension was filtered through a plug of Celite®, which was carefully rinsed with pentane
(20 mL). The combined filtrates were washed with water and brine, dried over MgSO4 and
concentrated. The resulting dibromide was used without further purification.
n-BuLi (1.6 M in hexane, 12.95 mL, 20.72 mmol) was added to a solution of the dibromide 135 in
Et,0 (65 mL) at 078 °C and the mixture was stirred for 1 h at this temperature. DMPU (3.01 mL,
3.19 g, 24.87 mmol) was added at §78 °C, followed, after 10 min, by Mel (3.87 mL, 8.82 g,
62.17 mmol) . The resulting mixture was warmed to RT overnight. The reaction was quenched
with saturated aqueous NH4Cl solution, and the aqueous layer was separated and extracted with
pentane (2 x 10 mL) and Et,O (1 x 10 mL). The combined organic phases were washed with
saturated aqueous NaCl solution, dried over MgSQO4 and concentrated. The residue was purified
by flash chromatography (pentane) to yield the title compound as a colourless oil (262.0 mg,
51%). 4 =+82.6(0.99 g/100 mL, CHCIs); *H NMR (600 MHz, CD,Cl): (i = 5.65 (ddd, J =17.2,
10.4, 9.4 Hz, 1H), 5.18 (ddd, J =17.1, 2.2, 0.6 Hz, 1H), 5.08 (ddd, J =10.4, 2.1, 0.6 Hz, 1H), 1.81
(d, J=2.2Hz, 3H), 1.44 (dd, J=9.3, 8.4 Hz, 1H), 1.40 (dg, J=8.3, 2.2 Hz, 1H), 1.11 (s, 3H),
1.08 ppm (s, 3H): 3C NMR (151 MHz, CD,Cl,): ii = 136.0, 115.8, 76.9, 76.5, 33.6, 27.3, 24.1, 21.2,
16.9, 3.7 ppm; HRMS (ESI): m/z calcd. for C10H14 [M*]: 134.10900; found: 134.10911.

(25,3S)-1,1-Dimethyl-2-(prop-1-yn-1-yl)-3-vinylcyclopropane (157). Dess-Martin-periodinane
(10.15 g, 23.93 mmol) was added to a solution of alcohol 126 (1.51 g, 12.96 mmol)
in CH2Cl, (115 mL) at 0 °C. The resulting mixture was stirred at O °C for 10 min and
| “ for another 4 h at RT. The reaction was quenched with saturated aqueous

NaHCO3/Na,S,03 solution (200 mL, vol 1:1). The mixture was rapidly stirred for
30 min before the aqueous layer was separated and extracted with CH2Cl, (3 x 40 mL). The
combined organic phases were dried over MgSO., filtered and concentrated, and the resulting
crude aldehyde 134 was used without further purification.
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K2COs (8.3 g, 59.83 mmol) was added to a solution of the crude aldehyde in MeOH (50 mL). The
resulting suspension was stirred at 50 °C for 3 h. The reaction was quenched at RT with
saturated aqueous NH4ClI solution. The aqueous layer was separated and extracted with CH,Cl»
(3 x 40 mL), and the combined organic phases were dried over MgSO4 and concentrated. The
resulting aldehyde 2-epi-158 was used without further purification.

This crude aldehyde was added to a mixture of PPhz (25.11 g, 95.72 mmol) and CBr, (15.87 g,
47.86 mmol) in CH2CI, (115 mL) at 0 °C, which had previously been stirred at RT for 10 min.
After 10 min, the mixture was diluted with pentane and the suspension filtered through a plug of
Celite, which was carefully rinsed with pentane. The combined filtrates were washed with water
and brine, dried over MgS0O4 and concentrated. The resulting dibromide was used without further
purification.

n-BuLi (1.6 M in hexane, 37.4 mL, 59.83 mmol) was added to a solution of the crude dibromide
in Et.0 (100 NM*1bu!@89 °C and the mixture was stirred for 1 h. DMPU (8.7 mL, 71.79 mmol) was
added at - 78°C, followed, after 10 min, by Mel (11.17 mL, 179.48 mmol). The resulting mixture
was warmed to RT overnight before the reaction was quenched with saturated aqueous NH4Cl
solution. The aqueous layer was separated and extracted with pentane (3 x 10 mL), and the
combined organic phases were washed with saturated aqueous NaCl solution, dried over
MgS0O. and concentrated. The residue was purified by flash chromatography (pentane) to yield
the title compound as a colourless oil (1.02g, 63%, cis/trans=19). 4 = Q77!
(2.08 g/100 mL, CHCIs); *H NMR (600 MHz, CD.Cl,): (1 =5.50 (dddd, J =17.0, 10.3, 8.9, 0.4 Hz,
1H),5.12 (ddd, J =17.0, 1.9, 0.8 Hz, 1H), 5.01 (ddd, J =10.3, 1.9, 0.6 Hz, 1H), 1.78 (d, J = 2.1 Hz,
3H), 1.37 (dd, J = 8.8,5.1 Hz, 1H), 1.19 (s, 3H), 1.14 (dd, J = 5.0, 2.3 Hz, 1H), 1.05 ppm (s, 3H); 13C
NMR (151 MHz, CD.Cl,): i = 137.0, 115.3, 78.7, 74.8, 38.2, 25.2, 23.0, 22.2, 20.8, 3.6 ppm; HRMS
(ESI): m/z calcd. for CioH14 [M*+H]: 135.11683; found: 135.11686.

(E)-4-(Dimethyl(phenyl)silyl)pent-3-en-1-ol (130). PhMe,SiCl (7.39 mL, 7.51 g, 44.00 mmol)
| h was added to a suspension of lithium sand (916 mg, 132.0 mmol) in THF
HOWSK (120 NnM*1bu!g21 D/'Ui FisFtvijoh! njyuvsTixbt! tujssFe!bu!g21 °C for 36 h. [The
titer of the PhMe,SiLi solution was determined by addition of an aliquot of the
resulting mixture (2 mL) to water (5 mL) followed by titration with HCI (1 M in water)].
The resulting PhMe,SiLi solution (102.00 mL, 37.74 mmol, 0.37 M in THF) was added dropwise
to a suspension of CuCN (1.69 g, 18.87 mmol, dried at 120 °C for 14 h under high vacuum prior
to use) in THF (5 NM*bu!089 D/UiflsFtviujoh!njyuvsFixbt!tujssfe!bu!d41 °C for 30 min before it
xbt!dpprfelup!989 °C.
n-BuLi (1.59 M in hexane, 98.7 mL, 16.98 mmol) was added dropwise to a solution of
3-pentyn-1-ol 64 (1.43 g, 16.98 mmol) in Et.P!bu!989 D/!Uif! njyuvsfixbt! tyjssfe!bu!g41 °C for
20 njolcfypstljuxbtidpprfelup!d89 °C. The resulting mixture was added dropwise to the solution
pglui Flijhifs!psefsitjiznidvgsbuf!bu!989 D/!UiflnjyuvsF!xbt!tujssFe!bu!g89 °C for 1 h before the
reaction was quenched with saturated aqueous NH4CI/NHs solution. The aqueous layer was
separated and extracted with ethyl acetate (3 x 200 mL). The combined organic phases were
washed with brine, dried over MgSO4 and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (3.38 g,
90%). *H NMR (400 MHz, CDCls): ti = 7.49 (m, 2H), 7.35 (dd, J = 5.0, 1.8 Hz, 3H), 5.82 (ddt, J = 6.9,
5.2,1.8 Hz, 1H), 3.69 (t, J = 6.6 Hz, 2H), 2.43 (dddd, J = 7.6, 6.7, 5.8, 0.9 Hz, 2H), 1.71 (dd, J = 1.7,
0.9 Hz, 3H), 1.46 (s, 1H), 0.34 ppm (s, 6H); 3*C NMR (101 MHz, CDCls): i = 138.3, 138.1, 136.5,
244]:-1239/:-1238/8-173/2-143/2-126/1-104/6!qgnN<IR (film) L& 3337, 3068, 2956, 1618, 1427, 1248,
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1110, 1045, 831, 814, 773, 731, 700, 638, 473 cm®};, HRMS (ESI): m/z calcd. for C13H2:0Si [M*]:
221.13562; found: 221.13540.

(4,5-Dihydrofuran-2-yl)dimethyl(phenyl)silane (EP-2). n-BuLi (1.6 M in hexane, 73.0 mL,

116.8 mmol) was added to a solution of 2,3-dihydrofuran 98 (9.5 mL, 8.8,
lo/),s{P_h 125.6 mmol) in THF (45 nM*Ibu!@41 °C. The resulting mixture was stirred for 30 min

at this temperature and for another 30 min at RT. The solution was cooled to - 30°C
before PhMe,SiCl (15.0 mL, 15.3 g, 89.4 mmol) was introduced and stirring was continued for
30 min. The mixture was slowly warmed over 1 h and stirred at RT for 12 h. The reaction was
guenched with aqueous saturated NH4Cl solution. The aqueous layer was separated and
extracted with pentane (3 x 200 mL). The combined organic phases were washed with aqueous
saturated NacCl solution, dried over MgSO4 and concentrated. The residue was filtered through
a plug of basic alumina, rinsing with pentane, and the combined filtrates were concentrated. The
residue was purified by flash chromatography (hexane/EtOAc, 50:1) to yield the title compound
as a colourless oil (18.7 g, quant.). *tH NMR (400 MHz, CDCls): (i = 7.58 (m, 2H), 7.36 (m, 3H), 5.25
(t, J=2.6Hz, 1H),4.31(t,J = 9.6 Hz, 2H), 2.60 (td, J = 9.6, 2.6 Hz, 2H), 0.42 ppm (s, 6H); *C NMR
(101 MHz, CDCls): U = 271/8-1247/9-1244/--123 - /4-1238/9-1224/2-181/7-141/8-194/6 ppm; IR (film) L&
3393, 3070, 2958, 1768, 1733, 1428, 1406, 1252, 1190, 1152, 1118, 1041, 998, 868, 830, 782,
736, 700, 645, 471, 447 cm®, HRMS (ESI): m/z calcd. for C12H160Si [M*+H]: 205.10432; found:
205.10418.

(E)-4-(Dimethyl(phenyl)silyl)pent-3-en-1-ol  (130). MeMgBr (3.0M in Et,O, 77.0 mL,
S|i/Ph 231.0 mmol) was added to a suspension of [(PPhs)2NiCl;] (3.8 g, 5.8 mmaol,
HOW >~ 8 mol%) in toluene (50 mL). The resulting mixture was stirred at RT for 20 min
before the bulk of the solvent was removed under reduced pressure and the
dark residue was suspended in toluene (461 mL). A solution of compound EP-2 (14.8 g,
72.12 mmol) in toluene (50 mL) was added and the resulting mixture stirred at 105 °C (bath
temperature) for 30 h. After cooling to RT, the reaction was quenched with aqueous saturated
NH.CI solution. The agueous layer was separated and extracted with tert-butyl methyl ether
(3% 200 mL). The combined organic phases were washed with aqueous saturated NaCl
solution, dried over MgSO., and concentrated. The residue was purified by flash chromatography
(hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (14.5 g, 91%). Spectral data
as described above.

(E)-7-(Dimethyl(phenyl)silyl)oct-6-en-2-yn-4-ol  (131). Dess-Martin-periodinane (9.53 g,

22.46 mmol) was added to a solution of alcohol 130 (3.30 g, 14.97 mmol) in

I | CHCI, (144 mL) at O °C. The resulting mixture was stirred at 0 °C for 15 min,

HO N Sifh followed by stirring at RT for 4 h. The mixture was diluted with CH2Cl> (50 mL)

and stirred rapidly with saturated aqueous NaHCO3/Na,S,0z solution (1:1 v/v,

50 mL) for 30 min. The aqueous layer was separated and extracted with CH,Cl, (3 x 100 mL).

The organic phases were dried over MgSQ,, filtered and concentrated. The resulting aldehyde
139 was used without further purification.

Propynyl magnesium bromide (0.5™ in THF, 100.0 mL, 50.0 mmol) was rapidly added to a

solution of the crude aldehyde 139 in THF (390 mL) at O °C and the resulting mixture was stirred

at 0 °C for 5 h. The reaction was quenched with saturated aqueous NH4CI (30 mL). The aqueous

layer was separated and extracted with EtOAc (3 x 100 mL). The combined organic phases were

washed with saturated aqueous NaCl solution, dried over MgSO4 and concentrated. The residue
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was purified by flash chromatography (hexane/EtOAc, 10:1) to yield the title compound as a
yellow oil (3.01 g, 78%). *H NMR (400 MHz, CDCls): (i = 7.50 (m, 2H), 7.34 (m, 3H), 5.91 (ddt,
J=6.8,5.1, 1.8 Hz, 1H), 4.40 (tt, J = 6.4, 2.1 Hz, 1H), 2.54 (m, 2H), 1.83 (d, J = 2.1 Hz, 3H), 1.70
(m, 3H), 1.65 (s, 1H), 0.35 ppm (d, J = 0.7 Hz, 6H); *3C NMR (101 MHz, CDCls): i = 138.5, 138.4,
135.2, 133.9, 128.9, 127.7, 81.2, 80.0, 62.1, 37.2, 15.2, 3.5, 33.5 ppm; IR (film) v&= 3341, 3068,
2956, 2918, 2856, 1619, 1427, 1247, 1147, 1110, 1028, 830, 810, 772, 729, 699, 638, 471 cm®,
HRMS (ESI): m/z calcd. for C16H220Si [M*+Na]: 281.13321; found: 281.13354.

(E)-tert-Butyl-((7-(dimethyl(phenylsilyl)oct-6-en-2-yn-4-yl)oxy)diphenylsilane (140).
Imidazole (0.48 g, 7.04 mmol) and TBDPSCI (1.37 mL, 1.45 g, 5.28 mmol)
Il were added to a solution of propargylic alcohol 131 (0.91 g, 3.52 mmol)
glr\Ph in CH2Cl (45 mL) and DMF (3 mL) and the resulting mixture was stirred
at RT for 1 h. The reaction was quenched with saturated aqueous NH4CI
solution and the aqueous layer was extracted with CH2Cl, (3 x 15 mL). The combined organic
phases were dried over MgSO. and concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (1.75 g,
84%). *H NMR (400 MHz, CDCls): G = 7.73 (ddd, J = 25.2, 8.0, 1.5 Hz, 4H), 7.49 (m, 2H), 7.36 (m,
9H), 5.95 (tt, J=5.0, 1.8 Hz, 1H), 4.39 (ddt, J=6.4, 4.3, 2.1 Hz, 1H), 2.50 (m, 2H), 1.63 (d,
J=2.1Hz, 3H), 1.60 (m, 3H), 1.07 (s, 9H), 0.31 ppm (d, J = 2.4 Hz, 6H); **C NMR (101 MHz,
CDCls): G1=138.6, 136.6, 136.5, 136.1, 135.9, 134.0, 133.9, 129.6, 129.4, 128.7, 127.6, 127.5,
238/3-192/2-191/6-174/7-148/9-137/--12:/4-126/1-14/5-104/5 ppm; IR (film) L& 3069, 2957, 2931, 2857,
1472, 1427, 1110, 1079, 819, 773, 736, 700, 612, 505, 486 cm®!; HRMS (ESI): m/z calcd. for
C32H100Si> [M*+Na]: 519.25099; found: 519.25144.

TBDPSO N

(E)-tert-Butyl-((7-iodooct-6-en-2-yn-4-yl)oxy)diphenylsilane (128). N-lodosuccinimide (2.35 g,

10.45 mmol) was added to a solution of 2,6-lutidine(3.20 mL, 2.95g,

27.50 mmol), hexafluoro-iso-propanol  (HFIP) (20.85mL, 33.28g¢,

f 198.0 mmol) and compound 140 (2.73 g, 5.50 mmol) in CH2Cl, (236 mL) at

TBDPSO ~' 031 °C. The mixture was stjssfe!bu!931 °C for 4 h before the reaction was

guenched with saturated aqueous Na»S;0s solution and MeOH at this

temperature. The aqueous layer was separated and extracted with tert-butyl methyl ether

(3 x 100 mL). The combined organic phases were dried over MgSO, and concentrated, and the

residue was purified by flash chromatography (hexane/toluene, 10:1) to yield the title compound

as a colourless oil (2.40 g, 89%). *H NMR (400 MHz, CDCls): G = 7.72 (m, 4H), 7.39 (m, 6H), 6.19

(ddt, J=9.2, 7.7, 1.5 Hz, 1H), 4.29 (ddt, J = 6.1, 4.1, 2.1 Hz, 1H), 2.33 (m, 2H), 2.27 (m, 3H), 1.68

(d, J=2.1Hz, 3H), 1.07 ppm (s, 9H); *C NMR (101 MHz, CDClg): (1= 136.6, 136.1, 135.9, 133.7,

133.6, 129.7, 129.5, 127.6, 127.3, 96.2, 81.6, 79.8, 62.8, 39.6, 27.8, 26.9, 19.2, 3.5 ppm; IR (film)

Lés 2930, 2856, 1427,1105, 1071, 1052, 945, 821, 737,699, 610, 501, 485 cm®; HRMS (ESI): m/z
calcd. for C24H200Si [M+Na']: 511.09246; found: 511.09265.

(E)-(5-lodopent-2-en-2-yl)dimethyl(phenyl)silane (141). PPhs (384 mg, 1.46 mmol), imidazole
| pn (99.6 mg, 1.46 mmol) and iodine (371 mg, 1.46 mmol) were added to a solution
|WS'\ of alcohol 130 (215 mg, 0.976 mmol) in CH2Cl. (4 mL) at O °C. The mixture was
warmed to RT over 30 min and the reaction was quenched with water (2 mL).

The agueous layer was separated and extracted with pentane (3 x 10 mL). The combined
organic phases were dried over MgSO. and concentrated, and the residue was purified by flash
chromatography (pentane) to yield the title compound as a colourless oil (300 mg, 93%).
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H NMR (400 MHz, CDClg): ti=7.51 (m, 2H), 7.35 (dd, J = 4.9, 1.9 Hz, 3H), 5.72 (m, 1H), 3.17 (t,
J=7.3Hz 2H), 2.73 (tdd, J=7.5, 6.6, 0.9 Hz, 2H), 1.67 (m, 3H), 0.35 ppm (s, 6H); *C NMR
(101 MHz, CDClg): U = 24:/1-1249/2-1248/6-1245/1-1239/ :-1238/8-143/7-126/1-15/ = -194/6 ppm:; IR (film)
vés 3067, 3007, 2956, 1615, 1427, 1245,1171,1110, 950, 831, 813, 773, 731, 700, 638, 473 cm?*;
HRMS (ESI): m/z calcd. for C13H10lSi [M*]: 330.02953; found: 330.02986.

tert-Butyl-(((6E,10E)-11-(dimethyl(phenyl)silyl)-7-methyldodeca-6,10-dien-2-yn-4-yl)
oxy)diphenyl-silane (142). A thoroughly dried Schlenk flask was charged with LiCl (95.3 mg,
2.3mmol) and Zn dust (267.5 mg, 4.1 mmol) and was then
Il heated under vacuum. After reaching ambient temperature, THF
slrph (24 mL) was added, followed by 1,2-diiodoethane (26.0 mg,
TBDPSO = N 921pmol) and TMSCI (23.4 pL, 20.0 mg, 184.2 umol). The
resulting suspension was stirred for 2 min at reflux temperature
to ensure activation of the zinc dust.
Alkyl iodide 141 (699.8 mg, 2.1 mmol) was added and the mixture was stirred at RT for 3 h
before it was filtered through a glasswool filter that was rinsed with THF (2 mL). Alkenyl iodide
128 (793.1 mg, 1.6 mmol) was added to the solution of the organozinc derivative, followed by
Pd(PPhs)s (106.5 mg, 92.1 umol, 6 mol%). The resulting mixture was stirred at RT for 3 h before
it was diluted with toluene (10 mL) and filtered through a plug of Celite®, which was carefully
rinsed with toluene (20 mL). The combined filtrates were concentrated and the residue purified
by flash chromatography (hexane/toluene, 10:1) to give the title compounds as a colourless oll
(753.2 mg, 82%). 'H NMR (400 MHz, CDCls): (i=7.72 (ddd, J =25.1, 7.9, 1.6 Hz, 4H), 7.48 (m,
2H), 7.36 (m, 9H), 5.78 (m, 1H), 5.18 (m, 1H), 4.28 (ddt, J = 6.5, 4.3, 2.1 Hz, 1H), 2.35 (td, J = 7.0,
3.5Hz, 2H), 2.18 (m, 2H), 2.02 (t, I = 7.8 Hz, 2H), 1.66 (d, J = 2.1 Hz, 3H), 1.63 (s, 3H), 1.51 (s,
3H), 1.07 (s, 9H), 0.30 ppm (s, 6H); 1*C NMR (101 MHz, CDCly): ii = 141.3, 138.8, 137.4, 136.1,
135.9, 134.02, 133.95, 133.93, 133.90, 129.5, 129.4, 128.7, 127.6, 127.4, 127.2, 119.7, 80.78,
80.75, 64.1, 39.2, 37.5, 27.2-137/:-12:/4-127/3-125/8-14/6-194/5 ppm; IR (film) 0& 3069, 2957, 2931,
2857,1617, 1472, 1428, 1247, 1111, 1074, 940, 815, 773, 737, 701, 613, 505 cm®}; HRMS (ESI):
m/z calcd. for C37H4s0Si; [M+Na*]: 587.31359; found: 587.31403.

tert-Butyl(((6E,10E)-11-iodo-7-methyldodeca-6,10-dien-2-yn-4-yl)oxy)diphenylsilane (91).
N-lodosuccinimide (367.2mg, 1.6 mmol) was added to a
I suspension of Ag.CO; (168.8 g, 0.6 mmol) and alkenyl silane 142
TBDPSO N X' (461.0g, 0.8 mmol) in chloroacetonitrile (13 mL). The reaction
mixture was stirred at RT for 5 h in the absence of light. The reaction
was quenched with aqueous saturated Na,S,03 solution. The aqueous layer was separated and
extracted with MTBE (3 x 10 mL). The combined organic phases were dried over MgSO4 and
concentrated. The residue was purified by flash chromatography (hexane/toluene 20:1) to yield
the title compound as a colourless oil (251.0 mg, 55%, E:Z = 10:1). *H NMR (400 MHz, CDCls)
=772(ddd,J=24.9,7.9,1.5Hz 1H),7.38 (m,6H),6.11 (td,J =7.2,1.5 Hz, 1H),5.17 (tt, J = 6.0,
1.3 Hz, 1H), 4.29 (tq, J = 6.5, 2.2 Hz, 1H), 2.34 (m, 5H), 2.07 (p, J = 8.2, 7.4 Hz, 2H), 2.00 (m, 2H),
1.69 (d, J =2.1 Hz, 3H), 1.49 (s, 3H), 1.07 ppm (s, 9H); 13C NMR (101 MHz, CDCls): i = 140.8,
136.4, 136.1, 135.9, 134.0, 133.9, 129.6, 129.4, 127.5, 127.3, 120.4, 93.5, 80.8, 80.7, 64.0, 38.6,
37.4,29.2,27.5,26.9,19.3,16.2, 3.5 ppm. IR (film) 0& 3071, 3049, 2930, 2856, 1472, 1462, 1427,
1390, 1361, 1344, 1110, 1074, 1007, 940, 822, 739, 701, 613, 505, 487 cm®L; HRMS (ESI): m/z
calcd. for C29H370Sil [M*+Na]: 579.15506; found: 579.15552.
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(6E,10E)-11-iodo-7-methyldodeca-6,10-dien-2-yn-4-ol (125). TBAF (1M in THF, 1.7 mL,
1.7 mmol) was added to a solution of compound 143 (265.0 mg, 0.5 mmol) in THF (20 mL) at
0 °C. The mixture was stirred at 0 °C for 8 and for another 2 h at RT. The
Il reaction was quenched with saturated aqueous NH4CI solution and the
| aqueous layer was separated and extracted with MTBE (3 x 5 mL). The
combined organic phases were dried over MgSO4 and concentrated, and
the residue was purified by flash chromatography (hexane/EtOAc, 10:1)
to yield the title compound as a colourless oil (153.0 mg, 80%). *H NMR (400 MHz, CDCls):
U=6.13 (m, 1H), 5.25 (m, 1H), 4.34 (m, 1H), 2.41 (m, 2H), 2.37 (m, 3H), 2.16 (m, 2H), 2.09 (m,
2H),1.86 (d,J = 2.1 Hz, 3H), 1.64 ppm (s, 3H); 1*C NMR (101 MHz, CDCls): ii = 140.7,138.1, 119.6,
93.6,81.1,80.1, 62.4, 38.7, 36.8, 29.1, 27.5, 16.3, 3.6 ppm; IR (film) U&= 3375, 2917, 2854, 2237,
1765, 1716, 1669, 1635, 1430, 1377,1261, 1176, 1135, 1102, 1037, 881, 838, 802, 702, 620, 562,
534 cm®t; HRMS (ESI): m/z calcd. for C13H1501 [M*]: 317.03969; found: 317.03945.

HO X X

(6E,10E)-11-(Dimethyl(phenyl)silyl)-7-methyldodeca-6,10-dien-2-yn-4-ol (144). TBAF (1 M in
THF, 4.67 mL, 4.67 mmol) was added to a solution of compound 142
(2.32 g, 2.34 mmol) in THF (57 mL) at 0 °C. The mixture was stirred

! | p, at 0°C for 10 min and for another 5h at RT. The reaction was
HO x ~r°'\ quenched with saturated aqueous NH.CI solution and the aqueous

layer was separated and extracted with EtOAc (3 x 100 mL). The
combined organic phases were dried over MgSO,4 and concentrated, and the residue was
purified by flash chromatography (hexane/EtOAc, 10:1) to yield the title compound as a
colourless oil (637.0 mg, 84%). *H NMR (400 MHz, CDCls): G = 7.49 (m, 2H), 7.34 (m, 3H), 5.78
(tq,J=6.7,1.8 Hz, 1H),5.24 (g, J = 1.3 Hz, 1H), 4.31 (m, 1H), 2.41 (m, 2H), 2.25 (M, 2H), 2.12 (dd,
J=8.6,6.5Hz 2H),1.84 (d,J =2.1 Hz,3H),1.76 (d,J =5.7 Hz, 1H), 1.66 (dd, J = 1.7, 0.9 Hz, 6H),
0.32 ppm (s, 6H); *C NMR (101 MHz, CDCls): G = 141.0, 139.4, 138.8, 134.3,133.9, 128.8, 127.6,
229/9-191/:-191/3-173/4-14-/3-147/9-138/1-127/5-125/9-14/7-194/6 ppm; IR (film) 0& 3365, 2955, 2919,
2855, 1617, 1428, 1247, 1110, 1039, 999, 831, 814, 773, 731, 701 cm®; HRMS (ESI): m/z calcd.
for C21H300Si [M*+Na]: 349.19581; found: 349.19563.

3-lodo-2-((E)-4-iodopent-3-en-1-yl)-2-methyl-5-(prop-1-yn-1-yl)tetrahydrofuran (145).
N-lodosuccinimide (20.1 mg, 89.4 umol) was added to a solution of
\:\{j“\/ﬁ/' compound 144 (14.6 mg, 44.7 umol) in hexafluoro-iso-propanol (HFIP)
| (2.2 mL). The mixture was stirred at 0 °C for 2 min before the reaction
was guenched with saturated aqueous Na»S,03 solution. The aqueous
\:d\/ﬁ/l layer was separated and extracted with tert-butyl methyl ether
| (3 x5 mL). The combined organic phases were dried over MgSQO,4 and
concentrated, and the residue was purified by flash chromatography (hexane/EtOAc, 20:1) to
yield the title compounds as a colourless oil each (14.4 mg, cis/trans = 42:58, 73%).
Analytical and spectral data of cis-isomer: *H NMR (600 MHz, CDCls): (1 = 6.13 (m, 1H), 4.48 (ddq,
J=8.8, 6.5 2.1Hz 1H), 3.90 (dd, J=11.8, 7.1 Hz, 1H), 2.75 (dt, 3 =12.7, 6.9 Hz, 1H), 2.51 (m,
1H), 2.37 (d, J = 1.3 Hz, 3H), 2.14 (dd, J = 7.1, 4.0 Hz, 2H), 1.84 (d, J = 2.2 Hz, 3H), 1.74 (m, 1H),
1.59 (m, 1H), 1.46 ppm (s, 3H); 13C NMR (151 MHz, CDCls): i = 140.4, 94.0, 84.3, 81.6, 78.8, 66.9,
445, 37.3,27.5, 26.0, 25.7, 25.2, 3.7 ppm.
Analytical and spectral data of trans-isomer: *H NMR (600 MHz, CDCls): (=6.17 (tt, J=7.7,
1.6 Hz, 1H), 4.66 (ddq, J = 8.5, 4.3, 2.1 Hz, 1H), 4.16 (dd, J = 9.4, 7.4 Hz, 1H), 2.60 (m, 2H), 2.39
(d, J=1.3 Hz,3H), 2.29 (m, 2H), 1.83 (d, J = 2.1 Hz, 3H), 1.74 (m, 2H), 1.34 ppm (s, 3H); 13C NMR
(151 MHz, CDCls): 1 = 140.6,93.9,84.7 81.7,78.8,66.7,44.7,37.4,27.9,27.5,25.7, 25.5, 3.7 ppm;
IR (film) D& 2971, 2918, 2851, 2243, 1784, 1716, 1677, 1635, 1592, 156, 1448, 1428, 1356, 1260,
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1172, 1155, 1108, 10590, 1015, 952, 917, 804, 737, 701, 664, 618 cm™*; HRMS (ESI): m/z calcd.
for C13H180l2 [M*+Na]: 466.93393; found: 466.93403.

(6E,10E)-11-lodo-7-methyldodeca-6,10-dien-2-yn-4-ol (125). N-lodosuccinimide (454.9 mg,
2.0 mmol) was added to a solution of compound 144 (617.0 mg, 1.9 mmol) in hexafluoro-iso-
propanol (HFIP) (50 mL) and HOAc (1.1 mL, 18.9 mmol). The mixture
I was stirred at 0 °C for 5 min before the reaction was quenched with
HO SN x' saturated aqueous Na,S;03 solution. The aqueous layer was separated
and extracted with tert-butyl methyl ether (3 x 50 mL). The combined
organic phases were dried over MgSO. and concentrated, and the residue was purified by flash
chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (423.2 mg,
70%). *H NMR (400 MHz, CDCls): G = 6.13 (tt, J =5.7, 1.6 Hz, 1H), 5.24 (ddt, J = 8.6, 7.3, 1.3 Hz,
1H),4.34 (ddt,J =6.2,4.2,2.1 Hz, 1H), 2.41 (ddt,J = 7.2, 6.3,0.8 Hz, 2H), 2.36 (dt, J = 1.7,0.9 Hz,
3H), 2.13 (m, 4H), 1.86 (d, J=2.1 Hz, 3H), 1.64 ppm (m, 3H); ¥*C NMR (101 MHz, CDCls):
01=140.7, 138.1, 119.6, 93.6, 81.0, 80.1, 62.3, 38.7, 36.8, 29.0, 27.5, 16.3, 3.6 ppm; IR (film)
L& 3391, 2917, 2854, 1765, 1714, 1634, 1430, 1377, 1256, 1175, 1135, 1104, 1053, 880, 839,
621 cm™; HRMS (ESI): m/z calcd. for C13H1901 [M*+Na]: 341.03728; found: 341.03766.

3.3.2 COMPLETION OF THE TOTAL SYNTHESES

Suzuki Coupling Product 123. A solution of 9-H-9-BBN (173.5 mg, 1.4 mol) in THF (4 mL) was
added to a solution of compound 124 (530.0 mg, 947.7 umol, 24%
w/w in pentane) in THF (15 mL) at O °C. The ice bath was removed
and the mixture was stirred at RT for 3 h. Water (1.5 mL, 1.5¢g,
83.3 mmol) and Ba(OH)2:(H20)s (448.5mg, 1.4 mmol) were
sequentially added and the mixture was stirred for 15 min. Alkenyl
iodide 125 (232.1 mg, 729.6 umol) and [(dppf)PdCI;] (69.3 mg,
94.8 umol, 10 mol%) were introduced and the resulting mixture was stirred at RT for 2 h. The
reaction was quenched with saturated aqueous NH.Cl solution. The aqueous layer was
separated and extracted with tert-butyl methyl ether (3 x 50 mL), the combined organic phases
were dried over MgSO, and concentrated, and the residue was purified by flash chromatography
(hexane/EtOAc, 20:1) to yield the title compound as a colourless oil (165.3 mg, 69%). *H NMR
(400 MHz, CDCl3) ii = 5.23 (ddt, J = 7.4, 6.1, 1.3 Hz, 1H), 5.13 (ddd, J = 6.9, 5.5, 2.7 Hz, 1H), 4.32
(ddt, J=6.1, 4.1, 2.1 Hz, 1H), 2.41 (t, J = 6.8 Hz, 2H), 2.07 (m, 6H), 1.85 (d, J = 2.1 Hz, 3H), 1.81
(d, J=2.2 Hz, 3H), 1.65 (s, 3H), 1.62 (s, 3H), 1.45 (m, 2H), 1.09 (dqg, J = 8.5, 2.2 Hz, 1H), 1.05 (s,
3H), 1.03 (s, 3H), 0.63 ppm (dt, J = 8.6, 7.1 Hz, 1H); *3C NMR (101 MHz, CDCls) (1 = 139.8, 135.6,
124.1,118.5, 80.8, 80.2, 77.6, 74.9, 62.3, 39.9, 39.3, 36.8, 29.0, 27.7, 26.5, 24.3, 21.0, 17.8, 16.4,
16.1, 16.0, 3.7, 3.6 ppm; IR (film) vé& 3394, 2981, 2918, 2858, 1450, 1378, 1134, 1038, 881,
831 cm®; HRMS (ESI): m/z calcd. for C23H340 [M*+H]: 327.26824; found: 327.26802.

Suzuki Coupling Product 159. Prepared analogously as a colourless oil (222.3 mg, 82%). 'H
NMR (600 MHz, CDCls) ii =5.23 (m, 1H), 5.11 (tg, J = 7.0, 1.5 Hz,
1H), 4.32 (tdg, J = 6.0, 4.1, 1.8 Hz, 1H), 2.41 (m, 2H), 2.07 (m, 6H),
1.85 (d, J = 2.1 Hz, 3H), 1.80 (d, J = 2.1 Hz, 3H), 1.65 (s, 3H), 1.59
(s, 3H), 1.45 (m, 1H), 1.37 (m, 1H), 1.15 (s, 3H), 1.04 (s, 3H), 0.69
(dt,J=4.4,2.2 Hz, 1H), 0.62 ppm (td, J = 7.2,5.2 Hz, 1H); 13C NMR
(151 MHz, CDCls) 1=139.7,135.0, 124.3,118.6, 80.8, 80.2,80.1, 73.3,62.3, 39.8, 39.6, 36.8, 33.7,
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27.7, 26.5, 23.5, 22.4, 20.1, 20.0, 16.4, 16.0, 3.7, 3.6 ppm; IR (film) v& 3411, 2970, 2918, 2857,
1667, 1450, 1379, 1333, 1124, 1036, 881, 839 cm®; HRMS (ESI): m/z calcd. for C23H340 [M*+Nal:
349.25018; found: 349.24996.

Cycloalkynes 146 and 147. Powdered MS 5 (100 mg) and MS 4 (100 mg) [pre-activated at
140 °C under vacuum overnight] were added to a
solution of diyne 123 (45.7 mg, 140.0 ©npr*ljolupivFof!
(150 mL) and the mixture was stirred at RT for 1 h. In
a second Schlenk flask, a solution of trisilanol 52b
(24.2 mg, 30.8 6nprtjolupivfof!)2 mL) was added to
146 147 the molybdenum complex 49 (18.6 mg, 28.0 6npr!
and the mixture was stirred at RT for 5 min. The
resulting catalyst solution was added to the preheated solution of the diyne at reflux
temperature. After stirring for 25 min, the mixture was cooled to RT before it was filtered through
a pad of Celite®, which was rinsed with toluene. The combined filtrates were concentrated and
the residue was purified by flash chromatography (hexane/EtOAc, 20:1) to yield the title
compounds as a colourless oil (22.6 mg, 83.0 pmol, 60%).
Analytical and spectral data of macrocycle 147: | =05/3!)1/24 g/100 mL, CHCI3); *H NMR
(600 MHz, CDCl3): 1 =5.06 (m, 2H), 4.40 (ddd, J =9.7, 4.1, 1.7 Hz, 1H), 2.47 (ddd, J = 13.9, 6.7,
4.1 Hz, 1H), 2.27 (ddd, J =14.1, 9.9, 7.1 Hz, 1H), 2.17 (m, 1H), 2.11 (m, 1H), 2.01 (m, 4H), 1.84
(dddd, J=13.6, 11.2, 6.8, 2.6 Hz, 1H), 1.61 (d, J =1.3 Hz, 3H), 1.57 (m, 3H), 1.18 (dd, J =8.3,
1.7 Hz, 1H), 1.07 (s, 3H), 1.06 (m, 1H), 1.05 (s, 3H), 0.75 ppm (ddd, J =11.1, 8.4, 2.6 Hz, 1H);
13C NMR (151 MHz, CDCls): i = 136.7, 135.9, 124.1, 120.0, 84.5, 81.2, 63.0, 39.7, 39.6, 36.8, 30.6,
27.4,26.4,23.9,22.1,17.7,16.1, 15.8,15.6 ppm. IR (film) L& 3278, 2948, 2929, 2852, 1667, 1452,
1378,1325,1294,1261, 1092, 1016, 853, 832,537,525 cm®. HRMS (ESI): m/z calcd. for C19H250
[M*+Na]: 295.20323; found: 295.20323.
Analytical and spectral data of macrocycle 146: 4 =091/:!)1/22 g/100 mL, CHCl3); *H NMR
(600 MHz, CDCl): i = 5.11 (m, 2H), 4.52 (ddd, J = 7.6, 3.4, 1.8 Hz, 1H), 2.49 (dt, J = 14.1, 8.1 Hz,
1H), 2.31 (M, 1H), 2.16 (m, 2H), 2.04 (M, 4H), 1.81 (m, 1H), 1.63 (s, 6H), 1.20 (dd, J = 8.3, 1.8 Hz,
1H), 1.17 (m, 1H), 1.05 (s, 3H), 1.04 (s, 3H), 0.74 ppm (ddd, J = 10.8, 8.3, 2.5 Hz, 1H); *C NMR
(151 MHz, CDCls): t1=137.7,135.9,123.8,119.8,84.4,80.9,62.6, 39.8,39.3,36.1, 30.5,27.4, 25.7,
24.1, 22.2, 18.0, 16.3, 16.2, 16.1 ppm; IR (film) vé= 3354, 2980, 2918, 2857, 2224, 1667, 1450,
1377, 1261, 1095, 1035, 992, 883, 801, 525 cm®. HRMS (ESI): m/z calcd. for C19H250 [M*+Nal:
295.20323; found: 295.20317.

Cycloalkynes 161 and 162. Prepared analogously as a colourless oil (42.5 mg, 76%). Analytical
and spectral data of compound 162: 4 =+47.6
(0.45 g/100 mL); *H NMR (600 MHz, CDCls): i =5.28
(tq, J=7.3, 1.4 Hz, 1H), 5.22 (m, 1H), 4.49 (t, J = 5.2
Hz, 1H), 2.38 (m, 2H), 2.19 (m, 6H), 1.87 (m, 1H), 1.79
(s, 1H), 1.59 (s, 6H), 1.13 (s, 3H), 1.04 (s, 3H), 0.92 (m,
1H), 0.65 (s, 1H), 0.64 ppm (m, 1H) ; ¥C NMR
(151 MHz,CDCls): 1 = 137.1,133.1,126.2,119.0,87.8, 78.0,62.8, 39.0, 38.5, 36.2, 34.0, 24.8, 24 4,
23.5, 23.4, 20.4, 19.2, 15.8, 15.0 ppm. IR (film) 0e&= 3358, 2969, 2923, 2857, 2232, 1437, 1378,
1308, 1256, 1098, 1037, 864, 896, 823 cm®:. HRMS (ESI): m/z calcd. for C19H250 [M*]: 272.21347,
found: 272.21351.

162 161
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Analytical and spectral data of compound 161: 4 = 06/6!)2/61 g/100 mL); *H NMR (600 MHz,
CDCls): =5.13 (m, 2H), 4.44 (m, 1H), 2.41 (m, 1H), 2.34 (m, 2H), 2.16 (m, 4H), 2.08 (td, J = 12.5,
3.3 Hz, 1H), 1.86 (ddt, J = 14.0, 12.3, 3.1 Hz, 1H), 1.70 (s, 1H), 1.59 (s, 3H), 1.56 (s, 3H), 1.16 (s,
3H), 1.05 (s, 3H), 0.89 (m, 1H), 0.67 (ddd, J =11.6, 5.2, 3.0 Hz, 1H), 0.63 ppm (dd, J = 5.3, 2.5 Hz,
1H); C NMR (151 MHz, CDCls): i = 136.9, 133.3, 126.3, 120.0, 87.8, 79.1, 63.1, 39.0, 38.6, 37 .4,
34.3,25.0,24.5,24.0,23.6,20.5,19.2, 15.4, 15.2 ppm. IR (film) vé& 3328, 2969, 2923, 2856, 2226,
1440, 1378, 1306, 1256, 1113, 1029, 965, 867, 825 cm®:. HRMS (ESI): m/z calcd. for C19H250
[M*]: 272.21347; found: 272.21331.

Compound 148. A solution of BuzSnH (0.2 min CH2Cl,, 0.8 mL, 157.5 pumol) was added dropwise
to a solution of [Cp*RuCl]s (1.4 mg, 1.1 pmol, 2.5 mol%) and alkyne 147
(14.3 mg, 52.5 pmol) in CH2Cl> (2 mL) at RT. The mixture was stirred for 2 h
before it was concentrated. The residue was purified by flash
chromatography (hexane/EtOAc, 20:1) to yield the title compound as a
colourless oil (26.1 mg, 46.3 umol, 88%). 4 =041/1!)1/13 g/100 mL,
CHCIlg); *H NMR (600 MHz, CDClg): 1 =5.81 (dd, J=125.9, 120.5 Hz, 1H),
4.99 (m, 1H), 4.86 (td, J = 6.8, 3.6 Hz, 1H), 4.11 (dt, J = 11.0, 3.0 Hz, 1H), 2.39 (ddd, J = 13.7,5.7,
3.8 Hz, 1H), 2.26 (dt, J =13.4, 6.1 Hz, 1H), 2.12 (m, 4H), 1.92 (m, 2H), 1.81 (dddd, J =14.1, 7.1,
5.7,1.5 Hz, 1H), 1.62 (d, J = 1.3 Hz, 3H), 1.59 (d, J = 1.3 Hz, 3H), 1.51 (m, 6H), 1.43 (d, J = 2.6 Hz,
1H), 1.34 (h, 3 =7.3 Hz, 6H), 1.17 (m, 1H), 1.12 (dd, J = 10.4, 8.5 Hz, 1H), 1.06 (s, 3H), 0.99 (m,
6H), 0.95 (s, 3H), 0.90 (t, J=7.3 Hz, 9H), 0.67 ppm (ddd, J=10.3, 8.5, 1.4 Hz, 1H); *3C NMR
(151 MHz, CDCls): t1=147.1,139.4,134.89, 134.86, 124.2,120.4,82.5, 39.8, 38.6, 36.4, 32.4, 30.6,
29.3,28.9,27.5,24.1,23.1,22.1,17.3,16.9, 15.7, 13.7, 11.3 ppm; 11°Sn NMR (224 MHz, CDCls)
U =068/3 ppm; IR (film) L& 3424, 2954, 2923, 2870, 2854, 1674, 1606, 1456, 1376, 1260, 1081,
1019, 866, 799, 665, 597,504 cm®!; HRMS (ESI): m/z calcd. for C31Hss0Sn [M*+Na]: 587.3245;
found: 587.32415.

Compound 152. Prepared analogously from 146 as a colourless oil (12.8 mg, 79%).

1 =027/9!)1/85 g/100 mL, CHCIls); *H NMR (400 MHz, CDCls): Ui = 5.96
(dddd, J =129.9, 104, 3.0, 1.7 Hz, 1H), 4.98 (m, 2H), 4.43 (m, 1H), 2.58 (dt,
J=14.9, 75Hz, 1H), 2.26 (m, 2H), 2.13 (m, 3H), 2.00 (m, J=17.0, 10.2,
5.2 Hz, 1H), 1.88 (m, 2H), 1.65 (d, J=1.3 Hz, 3H), 1.60 (s, 3H), 1.50 (m,
J=16.5, 9.8, 4.7, 2.6 Hz, 6H), 1.33 (m, 6H), 1.20 (m, 1H), 1.11 (dd, J =10.3,
8.4 Hz, 1H), 1.06 (s, 3H), 0.95 (m, 9H), 0.90 (t, J = 7.3 Hz,9H), 0.72 ppm (ddd, J = 10.9, 8.4, 1.4 Hz,
1H) ppm; 3C NMR (101 MHz, CDCls): ii = 144.2, 136.9, 135.4, 134.3, 125.0, 117.4, 74.5, 40.0,
38.4,34.2,32.0,31.6,29.3,28.9,27.5,24.3,24.1,21.9,17.3,17.5,15.6, 13.7, 10.4 ppm; 1Sn NMR
(149 MHz, CDCls*!ii = §65/7 ppm; IR (film) 0& 3453, 2953, 2921, 2871, 2853, 1608, 1455, 1376,
1289, 1261, 1058, 1020, 874, 802, 688, 666, 593 cm?L; HRMS (ESI): m/z calcd. for C31Hss0Sn
[M*+Na]: 587.3245; found: 587.32483.

Compound 163. Prepared analogously from 161 as a colourless oil (18.7 mg, 74%).
1 =033/7!)2/84 g/100 mL); *H NMR (400 MHz, CDCls): (1=5.75 (ddd,
J=132.2,9.8,1.2 Hz,1H),5.00 (dt,J = 11.4,6.1 Hz, 2H), 4.38 (m, 1H), 2.55 (dt,
J=15.9,8.2 Hz, 1H), 2.26 (m, 2H), 2.04 (m, 6H), 1.57 (s, 3H), 1.53 (s, 3H), 1.50
(m, 6H), 1.34 (m, 6H), 1.21 (d, J = 6.2 Hz, 1H), 1.05 (s, 3H), 1.04 (s, 3H), 0.96
(m, 7H), 0.90 (t, J = 7.3 Hz, 9H), 0.68 (m, 1H), 0.52 ppm (ddd, J =10.9, 4.9,
3.2 Hz, 1H); *C NMR (101 MHz, CDCls): i = 142.8, 140.1, 133.7, 133.0, 126.0, 121.1, 74.4, 38.8,
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38.4,34.8,34.1,33.8,29.3,27.6,24.4,24.3,23.8,23.0,21.9,15.9,14.8,13.7, 10.2 ppm; *°Sn NMR
(149 MHz, CDCls): U = §5:/82 ppm; IR (film) & 3457, 2955, 2923, 2871, 2853, 1612, 1455, 1376,
1118, 1070, 1018, 962, 897, 872, 687, 665, 596 cm®:. HRMS (ESI): m/z calcd. for C31Hss0Sn
[M*+Na]: 587.3245; found: 587.32455.

Compound 164 and Isomer EP-3. Prepared analogously from 162 as a colourless oil (6.9 mg,
65%). | =+7.0 (0.57 g/100 mL, CHCIlz); *HNMR (400 MHz, CDCls):
=554 (dd, J=126.4, 10.0 Hz, 1H), 5.08 (d, J =5.9 Hz, 1H), 4.89 (m, 1H),
4.20 (m, 1H), 2.44 (m, 1H), 2.05 (m, 7H), 1.58 (m, 3H), 1.56 (s, 3H), 1.50 (m,
7H), 1.34 (dg, J = 14.2, 7.3 Hz, 6H), 1.06 (s, 3H), 1.03 (s, 3H), 0.99 (m, 7H),
0.90 (t, J = 7.3 Hz, 9H), 0.73 (m, 1H), 0.47 (dt, J = 11.0, 4.5 Hz, 1H); *3C NMR
(101 MHz, CDCIls): 1=145.1, 143.7, 134.8, 132.7, 126.3, 120.7, 81.8, 38.9,
38.0,35.6,33.8,33.5,29.3,27.6,24.4,24.2,23.9,22.9,22.0,17.1,14.9,13.7,11.1 ppm; 1Sn NMR
(149 MHz, CDCls) : i = §67/46 ppm; IR (film) 0&= 3423, 1954, 2923, 2870, 2853, 1608, 1455, 1376,
1259, 1182, 1119, 1020, 964, 897, 877, 691, 669, 593, 541 cm?.. HRMS (ESI): m/z calcd. for
Cs1Hs60Sn [M*+Na]: 587.3245; found: 587.32466.
In this case, a second isomer was obtained, which was identified as the corresponding
talpha,cisl-adduct (EP-3) (1.3 mg, 12%): *H NMR (600 MHz, CDCls*!(i!>!6/33!
H (dd, J =75.0, 7.0, 1.5 Hz, 1H), 5.21 (m, 1H), 5.10 (t, J = 6.7 Hz, 1H), 4.70 (s,
1H), 2.55 (ddd, J =14.0,8.4,5.1 Hz, 1H), 2.20 (m, 4H), 2.16 (d, J =5.9 Hz, 1H),
2.12 (m, 2H), 1.92 (m, 1H), 1.77 (m, 1H), 1.62 (s, 3H), 1.64 (s, 3H), 1.47 (m,
7H), 1.30 (m, 7H), 1.05 (s, 3H), 1.02 (s, 3H), 0.87 (m, 15H), 0.55 ppm (dt, J =
8.2, 5.1 Hz, 1H). 3C NMR (151 MHz, CDClz*(!>!257/1-1251/2-1248/4-1245/7-1235/5-1229/7-14 2 /3-!
38.3,35.0,34.8,32.7,29.1, 27.4, 25.8, 24.7,23.0, 21.8,21.4,17.8,16.7,13.7,9.9, 1.0 ppm.

Bu3Sn

Compound 149. Pd(PPhs)s (2.7 mg, 2.3 umol, 5 mol%) was added to a solution of alkenyl
stannane 148 (26.1 mg, 46.3 mmol) and [Ph,PO2J°[BusN]" (23.4 mg,
51.0 umol) in DMF (0.2 mL) and the mixture was stirred for 10 min. Methyl
iodide (4.3 uL, 9.9 mg, 69.5 umol) was added, immediately followed (after
10 sec !) by CuTC (9.3 mg, 48.6 umol). The resulting mixture was stirred at
RT for 4 h. At this point, additional Pd(PPhs)s (1.4 mg, 1.2 mmol, 2.5 mol%),
methyl iodide (2.2 puL, 5.0 mg, 34.8 umol), and CuTC (4.7 mg, 24.3 umol) were added
sequentially (10 sec time difference between Mel and CuTC) and stirring was continued for
another 2 h. The reaction was quenched with aqueous EtsN (0.1 ml), the mixture diluted with
tert-butyl methyl ether and washed with aqueous NH3 (25%)/NH.CI solution (1:9). The aqueous
layer was separated and extracted with tert-butyl methyl ether (3 x 10 mL). The combined
organic phases were dried over MgSO. and concentrated, and the residue was purified by flash
chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless oil (2.4 mg,
67%). 4 =088/5!)1/39 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls): (1 =5.10 (m, 1H), 4.94
(ddt,J=6.5,5.2,1.3 Hz, 1H),4.78 (ddq,J = 7.7,5.2, 1.3 Hz, 1H), 4.08 (m, 1H), 2.41 (ddd, J = 14 .4,
11.2, 8.6 Hz, 1H), 2.31 (m, 1H), 2.20 (dt, J = 14.1, 6.9 Hz, 1H), 2.09 (m, 3H), 1.87 (m, 2H), 1.73 (m,
1H), 1.69 (d, J = 1.3 Hz, 3H), 1.60 (s, 3H), 1.58 (s, 3H), 1.42 (d, J = 2.8 Hz, 1H), 1.26 (m, 1H), 1.07
(s, 3H), 0.96 (s, 3H), 0.63 ppm (ddd, J=10.2, 8.8, 1.4 Hz, 1H); *C NMR (151 MHz, CDCls):
U=137.2,135.2,135.0,125.9,123.4,120.5,79.4,40.4,39.3,33.1,31.5, 28.8,25.5, 24.0, 23.6, 20.5,
16.7, 16.1, 15.7, 10.4 ppm; IR (film) 0& 3342, 2918, 2858, 1448, 1376, 1013, 871 cm®; HRMS
(ESI): m/z calcd. for C20H320 [M*+Na]: 311.23453; found: 311.23490.
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Depressin (9). MnO: (43.4 mg, 0.5 mmol) was added to a solution of alcohol 149 (4.8 mg,
16.6 pmol) in CH2Cl> (2 mL). The suspension was stirred at RT for 4 h before
it was filtered through a plug of silica, which was carefully rinsed with tert-
butyl methyl ether. The combined filtrates were concentrated and the residue
was purified by flash chromatography (hexane/EtOAc, 20:1) to yield the title
compound as a colourless oil (3.5 mg, 73%). 4 =096/1!)1/13 g/100 mL,
CHCIs); *H NMR (600 MHz, CDCls): 1 =6.38 (dg, J =10.2, 1.3 Hz, 1H), 5.07 (ddt, J=8.7, 5.9,
1.4 Hz, 1H),4.84 (dd,J =9.0,5.1 Hz, 1H), 3.55 (dd, J = 13.9, 8.6 Hz, 1H), 2.98 (dd, J = 13.9,5.7 Hz,
1H), 2.08 (m, 6H), 1.87 (d, J = 1.3 Hz, 3H), 1.75 (ddd, J = 12.8,9.9, 2.9 Hz, 1H), 1.57 (t, J = 1.2 Hz,
3H), 1.56 (s, 3H), 1.49 (dd, J = 10.2, 8.6 Hz, 1H), 1.16 (m, 3H), 1.14 (m, 1H), 1.09 (s, 3H), 0.86 ppm
(dddd, J =13.8,12.6, 9.6, 2.9 Hz, 1H); **C NMR (151 MHz, CDCls): (1 = 199.9, 143.2, 137.1, 136.6,
135.9,124.4,119.4,39.9, 39.4, 39.0, 35.2, 29.0, 27.7, 26.3, 25.4, 23.9, 15.9, 15.6, 15.3, 11.6 ppm;
IR (film) L& 2923, 2853 1654, 1626, 1454, 1379,1318,1270,1189,1152,1110,1064, 1041, 1018,
870, 827, 801, 762, 748, 595, 523 cm®!; HRMS (ESI): m/z calcd. for C2oH300 [M*]: 287.23694;
found: 287.23682.

Table 13. Comparison of the analytical and NMR data of natural product depressin (9) and synthetic depressin (9).

depressin (9) synthetic 9 depressin (9)  synthetic 9
1 080.0°,c=0.26 085.0°, ¢ =0.02
H NMR U [ppm] (J [Hz]) 13C NMR U [ppm]
1 1.15 1.14 (m) 1 35.2 35.2
2 é%) (dd, 102, 1.49 (dd, 10.2, 8.6) 2 27.6 27.7
3 6.37 (d, 10.2) 6.38 (dg, 1.3,10.2) 3 143.1 143.2
4 - - 4 136.6 136.6
5 - - 5 199.9 199.9
6a g%; (dd, 13.8, 3.55(dd, 13.9, 8.6) 6 394 394
6b 53)7 (dd, 1338, 2.98 (dd, 13.9,5.7) 7 119.4 119.4
7 5.08 (t, 6.6) 5.07 (ddt, 8.7,5.9, 1.4, 1.4) 8 137.1 1371
8 - - 9 39.0 39.0
9a 2.15 2.09 (m) 10 239 23.9
90 2.00 2.00 (m) 11 124.4 124.4
10a 2.17 2.16 (m) 12 135.9 135.9
10b 1.96 1.98 (m) 13 39.9 39.9
11  4.84(t, 5.4) 4.84 (dd, 9.0, 5.1) 14 26.3 26.3
12 - - 15 25.4 25.4
13a 2.20 2.20(d, 12.8) 16 29.0 29.0
13b 1.75 1.75(ddd, 12.8,9.9, 2.9) 17 15.8 15.9
14a 2.05 2.06 (m) 18 11.6 11.6
14b 0.80 0.86 (dddd, 13.8,12.6, 9.6, 2.9) 19 15.6 15.6
15 - - 20 15.3 15.3
16 1.16 1.16 (S)
17 1.09 1.09 (s)
18 1.87 1.87 (d, 1.3)
19 156 157( 1.2)
20 156 1.56 (s)
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Methyl (1R,2Z,4S,6E,10E,14S)-4-hydroxy-7,11,15,15-tetramethyl bicyclo[12.1.0]pentadeca-

OH 2,6,10-triene-3-carboxylate (150). p-Benzoquinone (1.6 mg, 15.2 umol),

; & PhsAs (1.2mg, 4.0pmol, 40 mol%) and Pd(OAc): (0.5mg, 2.0 umol,
20 mol%) were added to a solution of stannane 148 (5.7 mg, 10.1 pmol) in
TFA (0.05 m, 0.08 mL) in MeOH (0.3 mL). The Schlenk flask was flushed for
2min with CO before the mixture was stirred under CO atmosphere
(balloon) at RT for 2 h. The flask was vented, the mixture was diluted with
tert-butyl methyl ether and filtered through a plug of Celite®. The filtrate was evaporated and the
crude material purified by flash chromatography (hexane/EtOAc, 10:1) to yield the title
compound as a colourless oil (2.6 mg, 77%vyield). | =061/1!)1/22 g/100 mL, CHCIz); *"H NMR
(600 MHz, CDCl3): i =5.79 (d, J = 10.7 Hz, 1H), 4.93 (tt,J = 6.2, 1.4 Hz, 1H), 4.89 (ddt,J = 9.0, 6.3,
1.4 Hz, 1H), 4.00 (td, J=11.1, 4.3 Hz, 1H), 3.81 (s, 3H), 3.44 (d, J=10.6 Hz, 1H), 2.63 (ddd,
J=13.6,11.4,9.2 Hz, 1H), 2.43 (m, 1H), 2.28 (dt, J = 15.0, 5.3 Hz, 1H), 2.11 (m, 4H), 1.97 (ddd,
J=13.9,9.4,49 Hz, 1H),1.91 (m, 1H), 1.83 (dddd, J = 14.3,6.4,5.1, 1.5 Hz, 1H), 1.63 (s, 3H), 1.53
(s,3H),1.17 (dtd, J = 14.4,9.5,4.7 Hz, 1H), 1.10 (s, 3H), 0.99 (s, 3H), 0.90 ppm (ddd, J = 10.0, 8.6,
1.5 Hz, 1H); *C NMR (151 MHz, CDCls): i = 168.3, 145.1, 136.2, 134.7, 130.7, 123.5, 120.4, 78.6,
51.2,39.7,39.1, 35.7,34.7, 28.9, 28.2, 25.2, 24.1, 22.9, 17.5, 16.0, 15.9 ppm; IR (film) vé& 3521,
3431, 2976, 2947, 2918, 2861, 1715, 1686, 1627, 1437, 1377, 1351, 1310, 1263, 1222, 1196,
1152,1139, 1111, 1044, 986, 920, 833, 797, 557, 461 cm®*; HRMS (ESI): m/z calcd. for C21Hz,03
[M*+Na]: 355.22436; found: 355.22405.

Methyl  (1R,2Z,4R,6E,10E,14S)-4-hydroxy-7,11,15,15-tetramethylbicyclo[12.1.0]pentadeca-
2,6,10-triene-3-carboxylate (153). p-Benzoquinone (1.6 mg, 15.2 umol),
PhsAs (1.2mg, 4.0 umol, 40 mol%) and Pd(OAc). (0.5 mg, 2.0 umol,
20 mol%) were added to a solution of stannane 152 (5.7 mg, 10.1 umol) in
TFA (0.05 m, 0.08 mL) in MeOH (0.3 mL). The Schlenk flask was flushed for
2 min with CO before the mixture was stirred under CO atmosphere
(balloon) at RT for 2 h. The flask was vented, the mixture was diluted with tert-butyl methyl ether
and filtered through a plug of Celite®. The filtrate was evaporated and the crude material purified
by flash chromatography (hexane/EtOAc, 10:1) to yield the title compound as a colourless ail
(2.6 mg, 77% yield). 4 =075/6!)1/31 g/100 mL, CHCIz); *H NMR (600 MHz, CDClg): i1 =5.98
(dd, J=10.6, 1.2 Hz, 1H), 4.92 (m, 2H), 4.74 (td, J = 6.6, 3.2 Hz, 1H), 3.78 (s, 3H), 2.49 (m, 2H),
2.27 (m, 1H), 2.23 (dd, J = 10.5, 8.4 Hz, 1H), 2.12 (m, 2H), 1.99 (m, 1H), 1.94 (d, J = 6.0 Hz, 1H),
1.91 (m, 2H), 1.64 (d, J = 1.4 Hz, 3H), 1.56 (d, J = 1.4 Hz, 3H), 1.14 (m, 1H), 1.12 (s, 3H), 0.99 (s,
3H), 0.96 ppm (m, 1H); **C NMR (151 MHz, CDCls): (i = 168.2, 140.9, 137.7, 135.4, 132.0, 124.6,
117.5,70.1,51.2,39.8, 38.8,34.3,33.1, 28.9,27.9, 24.8, 24.4, 24.0, 17.0, 16.6, 15.7 ppm:; IR (film)
L& 3468, 2977, 2917, 2859, 1697, 1628, 1435, 1375, 1321, 1217, 1194, 1151, 1118, 1098, 1051,
1001, 914, 893, 874, 799, 733, 548, 525, 459 cm®%; HRMS (ESI): m/z calcd. for C21H3203 [M*+Na]:
355.22436; found: 355.22479.

Compound 151 )iOpnjobn! Fvqipsiznpobn! BU*/ MeLi (1.6 M in Et;0, 16.1 L, 25.8 umol) was

OH ; added dropwise to a solution of alkenyl stannane 148 (6.6 mg, 13.1 mmol)
2 in THF (1.5 NnM*1bu!d89 D/!Ui f!njyuvsf!xbt!tujssfe!bu!g89 °C for 5 min and
for additional 30 min at RT before it was cooled again to - 78°C. DMF (9.1 pl,
117.1 mmol) was added dropwise at this temperature and stirring was
continued for 31'Njo!bu!d89 °C and for 1 h at RT. The reaction was quenched
with a saturated aqueous NH.Cl solution, and the aqueous layer was separated and extracted
with tert-butyl methyl ether (3 x 5 mL). The combined organic phases were dried over MgSQO4
and concentrated, and the residue was purified by flash chromatography (hexane/EtOAc, 20:1)
to yield the title compound as a colourless oil (2.4 mg, 68%). | = Q48/8!)1/22 g/100 mL,
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CHClz); *H NMR (600 MHz, CDClg): i =10.13 (d, J = 2.0 Hz, 1H), 6.19 (d, J = 11.2 Hz, 1H), 4.90
(m, 2H), 3.95 (tdd, J =10.9, 4.1, 2.0 Hz, 1H), 3.50 (d, J = 10.7 Hz, 1H), 2.70 (ddd, J = 13.7, 11.3,
9.2 Hz, 1H), 2.45 (dt, J =12.9, 5.1 Hz, 1H), 2.33 (dt, J = 15.5, 5.6 Hz, 1H), 2.13 (m, 3H), 1.96 (dd,
J=11.2,83Hz 1H), 1.91 (m, 2H), 1.87 (dddd, J =145, 6.2, 4.7, 1.5 Hz, 1H), 1.62 (t, J = 0.9 Hz,
3H), 1.51 (d, J = 1.2 Hz, 3H), 1.28 (m, 1H), 1.16 (s, 3H), 1.03 (s, 3H), 1.02 ppm (td, J = 9.7, 8.3 Hz,
1H); 3C NMR (151 MHz, CDCls): (1=192.7, 151.3, 139.2, 136.6, 134.3, 123.5, 120.3, 77.5, 39.4,
38.9,35.7, 35.6, 28.9, 26.8, 25.4, 24.1, 22.0,17.7, 16.1, 15.9 ppm; IR (film) vé& 3436, 2921, 2853,
1734, 1657, 1620, 1452, 1377, 1260, 1091, 1017, 985, 798 cm®; HRMS (ESI): m/z calcd. for
C20H3002 [M*+Na]: 325.21380; found: 325.21422.

Compound 154. Prepared analogously from 152 as a colourless oil (2.1 mg,53%). 4 = (88/5!!
(0.06 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls): (i = 10.18 (s, 1H), 6.49
(dd,J=11.1,1.2 Hz, 1H), 4.91 (m, 2H), 4.81 (tt, J = 5.2, 2.8 Hz, 1H), 2.55 (m,
1H), 2.45 (dt, 1H), 2.31 (dt, 1H), 2.12 (m, 3H), 2.07 (dd, J = 11.1, 8.3 Hz, 1H),
1.95 (m, 3H), 1.88 (d, J=5.4Hz, 1H), 1.63 (d, J=1.3 Hz, 3H), 1.53 (d,
J=1.2 Hz, 3H), 1.22 (m, 1H), 1.17 (s, 3H), 1.08 (m, 1H), 1.04 ppm (s, 3H);
13C NMR (151 MHz, CDClg): 1=190.9, 148.1, 140.9, 137.7, 134.8, 124.6, 117.7, 67.8, 39.6, 38.8,
35.3,33.0,28.9,26.2, 25.0, 24.0, 23.5,17.2, 16.5, 15.7 ppm; IR (film) &= 3429, 2919, 2862, 1662,
1654, 1448, 1377, 1377, 1150, 1125, 1097, 1057, 1020, 800, 672 cm®}; HRMS (ESI): m/z calcd.
for C20H3002 [M*+Na]: 325.21380; found: 325. 21437.
The reaction delivered a side-product (ca. 10%) which was identified as allylic alcohol EP-4
OH y formed by protodestannation: 4 =Q54/9! )1/32 g/100 mL, CHCIy);
> 'H NMR (400 MHz, CDCl3): i1=5.62 (ddd, J=15.6, 3.5, 0.7 Hz, 1H), 5.41
(ddd, J =15.5,8.9, 1.8 Hz, 1H), 4.99 (m, 2H), 4.32 (s, 1H), 2.40 (m, 2H), 2.22
(dd,J =13.7,6.6 Hz, 1H), 2.13 (m, 3H), 2.00 (m, 1H), 1.91 (dt,J = 14.1, 7.2 Hz,
1H), 1.81 (dtd, J=13.1, 6.5, 1.8 Hz, 1H), 1.64 (s, 3H), 1.60 (s, 3H), 1.43 (d,
J=7.2Hz, 1H), 1.23 (m, 1H), 1.05 (s, 3H), 0.98 (s, 3H), 0.65 ppm (ddd, J = 10.4, 8.7, 1.8 Hz, 1H);
13C NMR (101 MHz, CDClg): 1=136.9, 135.5, 132.5, 126.5, 124.0, 118.5, 71.0, 40.1, 38.8, 34.9,
30.9,29.6,28.8,24.2,24.0,20.8,17.0, 16.4, 15.8 ppm; IR (film) v& 3367, 2923, 2857, 1719, 1666,
1453, 1376, 1260, 1071, 1019, 968, 872, 801, 735 cm®:; HRMS (ESI): m/z calcd. for C19Hz00
[M*+Na]: 297.21888; found: 297.21886.

Euphorhylonal A (155). Prepared analogously as a colourless oil (2.7 mg, 61%). 4 =+77.3;

OH 41 =+74.5(0.11 g/100 mL, CHCIls); *H NMR (600 MHz, CDCls): (1=10.12
(d, J=1.3Hz, 1H),5.98 (d, J=11.4 Hz, 1H), 4.96 (t, J = 6.0 Hz, 1H), 4.86 (t,
J=6.9 Hz, 1H), 4.08 (td, J=10.1, 9.6, 4.9 Hz, 1H), 3.55 (d, J = 9.9 Hz, 1H),
2.61 (m, 1H), 2.50 (m, 1H), 2.13 (M, 4H), 2.00 (M, 2H), 1.61 (M, 1H), 1.56 (s,
3H), 1.53 (s, 3H), 1.17 (s, 3H), 1.16 (s, 3H), 0.85 ppm (m, 1H); ¥¥3C NMR
(151 MHz, CDCls): =192.1, 156.5, 137.2, 135.7, 132.6, 125.9, 120.8, 76.5,
39.1, 38.6, 37.7,34.7,29.1, 28.5, 24.2, 24.1, 22.9, 22.0, 15.9, 14.7 ppm; IR (film) vé 3432, 2924,
2854, 1656, 1620, 1454, 1437, 1378, 1260, 1230, 1113, 1043, 1019, 965, 904 cm®, HRMS (ESI):
m/z calcd. for CxoH3002 [M*+Na]: 325.21380; found: 325.21378.
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The reaction delivered a side-product (< 10%) which was identified as allylic alcohol EP-5 formed
by protodestannation: g  =+52.5 (0.84 g/100 mL, CHCl3); HNMR
(600 MHz, CDCls): t1=5.38 (dd, J=15.2, 8.3 Hz, 1H), 5.20 (dd, J=15.2,
8.9 Hz, 1H), 5.06 (m, 1H), 5.00 (m, 1H), 4.16 (td, J = 8.9, 4.6 Hz, 1H), 2.45 (m,
1H), 2.13 (m, 7H), 1.92 (ddt, J = 14.6, 10.9, 3.8 Hz, 1H), 1.57 (s, 3H), 1.55 (s,
3H), 1.04 (s, 6H), 1.01 (m, 1H), 0.81 (dd, J = 8.9, 5.2 Hz, 1H), 0.37 ppm (ddd,
J=11.0,5.1,3.8 Hz, 1H); **C NMR (151 MHz, CDCl3): ti = 135.5, 135.2, 133.0,
130.6, 125.7,120.6, 74.1, 39.3, 38.4, 34.9, 32.7, 32.4, 24.5, 24.3, 22.8, 22.6, 21.7, 16.3, 14.8 ppm.
IR (film) L& 3370, 2956, 2922, 2871, 2855, 1664, 1455, 1377, 1292, 1252, 1182, 1151, 1075,
1023, 960, 878, 696, 675, 600, 519 cm?t. HRMS (ESI): m/z calcd. for C19H300 [M*+Na]: 297.21888;
found: 297.21873.

Compound 156. Prepared analogously from 163 as a colourless oil (5.1 mg,69%). 4 =+63.5;
OH 1 =+987° (0.55g/100mL, CHCls); *HNMR (400 MHz, CDCls):
0=10.17 (s, 1H),6.23 (d,J = 11.4 Hz, 1H), 4.91 (td, J = 6.2, 3.2 Hz, 1H), 4.88
(m, 1H), 4.83 (dd, J=7.5, 5.5 Hz, 1H), 2.47 (t, J = 7.5 Hz, 2H), 2.05 (m, 9H),
1.70 (dd, J =11.4, 4.9 Hz, 1H), 1.57 (s, 3H), 1.52 (s, 3H), 1.18 (s, 3H), 1.17 (s,
3H), 0.82 ppm (ddd, J=11.5, 5.0, 2.9 Hz, 1H); *3C NMR (101 MHz, CDCls):
U=190.9, 154.7, 138.3, 135.2, 132.9, 125.9, 120.6, 66.9, 38.8, 38.6, 37.8, 32.5, 29.2, 28.6, 24.3,
23.9, 22.9, 21.9, 15.4, 14.7 ppm. IR (film) L& 3368, 2922, 2870, 2853, 1660, 1625, 1552, 1440,
1378, 1259, 1227, 1141, 1065, 1031, 999, 963, 805, 688, 668 cm®:. HRMS (ESI): m/z calcd. for
C20H3002 [M*+Na]: 325.21380; found: 325.21354.
The reaction delivered a side-product (< 10%) which was identified as allylic alcohol EP-6 formed
OH y by protodestannation: 4 =021/3! )1/53 g/100 mL, CHCIl3); HNMR
(600 MHz, CDCls): Ui = 5.59 (ddd, J = 15.7, 4.7, 0.9 Hz, 1H), 5.48 (ddd, J = 15.7,
7.3, 1.4 Hz, 1H), 5.06 (m, 1H), 4.98 (m, 1H), 4.26 (m, 1H), 2.36 (m, 2H), 2.26
(dt,J=11.9,7.4 Hz, 1H), 2.12 (m, 4H), 2.03 (td, J = 12.5, 3.4 Hz, 1H), 1.92 (ddt,
J=15.0,11.9, 3.2 Hz, 1H), 1.57 (s, 3H), 1.53 (s, 3H), 1.05 (s, 3H), 1.01 (s, 3H),
0.96 (m, 1H), 0.78 (dd, J = 7.3, 5.4 Hz, 1H), 0.41 ppm (ddd, J = 11.4, 5.3, 3.2 Hz, 1H): 3C NMR
(151 MHz, CDCls): (1 = 135.4, 133.6, 131.7, 130.4, 125.6, 121.1, 70.6, 39.1, 38.6, 35.2, 33.0, 31.5,
24.8, 24.3, 22.9, 22.4, 21.7, 15.5, 14.8 ppm. IR (film) 0& 3345, 2919, 2850, 1729, 1668, 1453,
1377, 1287, 1258, 1105, 1083, 1018, 962, 881, 835 cm®:. HRMS (ESI): m/z calcd. for C1gH300
[M*+Na]: 297.21888; found: 297.21893
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Table 14. Comparison of the analytical and 1H NMR data (U [ppm] (J [Hz])) of euphorhylonal A and pekinenin C (16)

with those of various synthetic samples.

Euphorhylonal A pekinenin C (16) 1S,2R,5S-151 1S,2R5R-154 1S,2S,5R-155 1S,25,55-156
f +90.5°,¢=0.3 919°,¢c=0.04 037,7°,c=0.11 077.4°,¢c=0.28 +77.3°,c=0.11 +98.7°, ¢ =0.55
1 0.84 (m) 0.82 (m) 1.02 (td, 9.7, 8.3) 1.08 (m) 0.82 (m) 0.82 (m)
2 1.61(dd,11.4,49) 1.61(m) 1.96 (dd, 11.2,8.3) 2.07(dd, 11.1,8.3) 1.60(dd,11.4,5.0) 1.70(dd, 11.4,4.9)
3 5.99(d, 11.4) 5.97 (d, 11.5) 6.19 (d, 11.2) 6.49 (dd, 11.1,1.2) 5.98 (d, 11.4) 6.23 (d, 11.4)
5 4.07 (dd, 6.5, 1) 4.08 (dd, 10.0,4.5) 3.95 (tdd, 10.9, 4.81 (m) 4.08 (td) 4.83 (dd, 7.5, 5.5)
6(a) 2.51(m) 2.49 (m) 245 (dt, 13.7) 2.46 (m) 249 (dt, 14.4,5.2) 247 (t,7.5)
6b 2.62 (m) 2.61(m) 2.70 (ddd, 13.7,11 2.56 (m) 2.61 (ddd, 14.3, -
7 4.86 (t, 7.0) 4.86 (t, 7.0) 4.89 (m) 4.91 (m) 4.86 (dd, 7.7, 5.7) 4.92 (m)
9(a) 2.00(m) 2.04 (m) 1.91 (m) 1.99 (m) 2.01 (m) 2.09 (m)
9b - 2.09 (m) 2.14 (m) 2.11 (m) 2.11 (m) 2.11 (m)
10(a 2.14(m) 2.14 (m) 2.14 (m) 2.11 (m) 2.14 (m) 2.23 (m)
10b - - 2.09 (m) - - 1.98 (m)
11 4.96 (t, 6.6) 4.97 (t,6.0) 4.91 (m) 4.92 (m) 4.96 (t, 6.0, 6.0) 4.88 (m)
13(a 2.00 (m) 2.15 (m) 2.33(dt, 15.5,5.6) 2.30 (m) 2.15 (m) 2.18 (m)
13b - 2.01 (m) 1.95 (m) 1.91 (m) 2.00 (m) 1.96 (m)
l4(a 214 (m) 1.13 (m) 1.28 (m) 1.23 (m) 1.14 (m) 1.09 (m)
14b - 1.99 (m) 1.87 (dddd, 14.5, 1.94 (m) 2.00 (m) 1.98 (m)
16 1.17 (s) 1.17 (s) 1.16 (s) 1.17 (s) 1.17 (s) 1.17 (s)
17 1.16 (s) 1.16 (s) 1.03(s) 1.04 (s) 1.16 (s) 1.18(s)
18 - - 3.50(d, 10.7) 1.86 (s) 3.55(d, 9.9) -
19 1.54 (s) 1.53(s) 151(d 1.2) 153 (s) 1.53(s) 1.53(s)
20 1.57 (s) 1.57 (s) 1.62 (t,0.9) 1.63 (s) 1.56 (s) 1.57 (s)
21 1012 (d. 1.4) 10.11 (s) 10.13(d. 2.0) 10.18 (s) 1012 (d. 1.4) 10.17 (s)
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Table 15. Comparison of the 13C NMR data (Ui [ppm]) of euphorhylonal A and pekinenin C (16) as reported in the

literature with those of various synthetic compounds.

6'06T T¢6T 6'06T L¢6T T¢6T T¢6T T¢6T | X4
LYT LvT [AVA} L'LT LYl LT LYT (014
121 6'9T 991 T91 6'ST 6'9T 6'9T 6T

- - - - - - - 8T
6'1¢ 0¢c L'ST 6'9T 6'1¢ 6'T1¢ 6'T1¢ LT
6'¢c 6'¢c 6'8¢ 6'8¢ 8'¢c 8'¢c 8'¢c 9T
9'8¢ g'8¢ 2'9¢ 8'9¢ '8¢ '8¢ '8¢ aT
vve cve g'ec 0¢cc ve gve cve Vi
8'8¢ T'6E 9'6€ ¥'6E T'6€ 9'8¢€ 9'8¢€ €T
6'¢CET 9¢eT 8VET EPveT g¢eT 9¢eT 9'GeT A"
6'GcT 6'GCT 9T gect 6'GcT 6'GCT 6'GCT T
6'€C Tve ove Tve Tve Tve Tve ot
9'8¢ 9'8¢ 8'8¢ 6'8€ 98¢ (A A 6
¢'SET L'SET L'LET 9'9€T 9'GET 9'GET €LET 8
9'0¢T 8'0¢T L'LTT €0cT 8'0¢T 8'0¢T 8'0¢T L
g'¢ce LVE o€e L'SE L'YvE L'vE L'YvE 9
6'99 G99/ 819 Sl V9L 9. v'9. S
€8ET C'LET 6'0vT Z'6ET €LET €LET 9¢CeT 14
L'VST §'oGT T8rl eTaT 99T V'9ST 7'9ST €
Z'6¢c T6¢ 0's¢e 1A514 T'6¢ T6¢ T6¢ 4
8',E JAVAY €ae 9'Ge L'LE YAVAS L'LE T

paubisseal [euibLo
9GT-SS'SC'ST GST-YG'SC'ST YST-4GYC'ST TST-SGHC'ST (97) O ulusuyad v [euojAyioydn3
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(+)-Yuexiandajisu A (ent-17). MeLi (1.6 M in Et20, 7.6 pL, 12.1 pmol) was added dropwise to a
solution of alkenyl stannane 164 (3.1 mg, 5.5 pmol) in THF (1.6 mL) at
078 D/'UifInjyuvsFixbt!tujssFe!bu!089 °C for 10 min and for additional 15
min at RT before it was cooled again to - 78°C. CO, was bubbled through
ui FI NjyuvsTlgps! 6! Njo! bu! 989 °C and for 30 min at RT. The reaction was
guenched with a saturated aqueous NH.CI solution, and the aqueous layer
was separated and extracted with tert-butyl methyl ether (3 x5 mL). The combined organic
phases were dried over MgSO4 and concentrated, and the residue was purified by flash
chromatography (hexane/EtOAc, 10:1 Y EtOAc), followed by preparative HPLC (Eclipse Plus
C18,50 mm x 1.8 um, A 4.6 mm, methanol / 0.1% TFA in water = 80:20, 1.0 mL/min, 20.1 MPa,
308 K, UV, 254 nm) to yield the title compound as a colourless amorphous solid (0.9 mg, 51%).
1 =+171.3(0.08 g/100 mL, EtOH); *H NMR (600 MHz, CDClg): 1=5.71 (d, J = 11.0 Hz, 1H),
5.01 (d, J =6.8 Hz, 1H), 4.87 (m, 1H), 4.16 (dd, J = 11.0, 5.2 Hz, 1H), 2.64 (m, 1H), 2.49 (m, 1H),
2.08 (m, 6H), 2.04 (dd, J = 11.1, 5.1 Hz, 1H), 1.95 (ddt, J = 15.1, 11.5, 3.8 Hz, 1H), 1.58 (s, 3H),
1.56 (s, 3H), 1.16 (m, 1H), 1.14 (s, 3H), 1.12 (s, 3H), 0.73 ppm (dt, J = 11.1, 4.5 Hz, 1H); *C NMR
(151 MHz, CDCls): 1= 170.5, 153.2,136.1, 133.0, 126.8, 125.4,120.4, 78.1, 39.1, 38.6, 37.1, 34.6,
31.8, 27.9, 24.10, 24.12, 22.9, 22.0, 16.2, 14.8 ppm; IR (film) vé&= 3401, 2923, 2853, 1675, 1437,
1408, 1377,1263, 1244, 1190, 1142, 1114, 1029, 880, 804, 747,601, 491 cm®t; HRMS (ESI): m/z
calcd. for CxoH3003 [M*]: 317.21222; found: 317.21231.
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Table 16. Comparison of the analytical and NMR data of yuexiandajisu A (17) and synthetic ent-17.

. y synthetic yuexiandajisu A synthetic
yuexiandajisu A (17) ent-17 (17) ent-17
+172°, +171.3°,
)
U c=0.78 c=0.04
H NMR U [ppm] (J [Hz]) BC NMR U [ppm]
original reassigned original  reassigned
1 0.75(m) 0.75 (m) 0.73 (m) 1 37.3 37.3 37.1
2 2.04 (dd,J = 2 31.9 31.9 31.8
2.06 () 2.06 () 11.1,5.1)
3 ifi)(d, 574(d,11.1) 571 (d, 11.0) 3 1535 1535 153.2
4 . - - 4 127.0 127.0 126.8
5 4.15(dd, 4.15 (dd, 11.0, 4.16 (dd, 11.0, 5 78.0 78.0 78.1
11.0,5.3) 5.3) 5.2)
6a  2.48(m) 2.48 (m) 2.49 (m) 6 347 347 34.6
6b 267 (m) 2.67 (M) 2.64 (M) 7 1206 120.6 1204
7 4.88(dd, 4.88 (dd, 7.2, 8 136.0 136.0 136.1
72.52) 52) 4.87 (m, 1H)
8 . - 9 38.6 38.6 38.6
9(@) 2.04(m) 2.04 (m) 2.02 (m) 10 391 24.1 24.1
9b 2.09 (m) 11 1255 1255 125.4
10(a) 2.12 (m) 2.12 (m) 2.13(m) 12 1329 132.9 133.0
10b 13 24.1 39.1 39.1
11 502(tbr)  5.02(tbr) 5.01 (d, 6.8) 14 241 24.1 24.1
12 15 27.9 27.9 27.9
13a 2.14 (m) 2.14 (m) 2.10 (m) 16 22.0 22.9 22.9
13b 2.17 (m) 17 229 22.0 22.0
1l4a 1.19 (m) 1.19 (m) 1.16 (m) 18
14b 1.95 (ddt, 15.1, 19 16.2 16.2 16.2
1.95 (m) 1.95 (m) 115, 3.8)
15 - 20 14.8 14.8 14.8
16 1.15(s) 1.19 (s) 1.14 (s) 21 1718 171.8 1705
17 1.19(s) 1.15 (s) 1.12 (s)
18
19 157(s) 1.58 (s) 1.58 (s)
20 1.58(s) 1.57 (s) 1.56 (s)
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(1S,2E,4S,6E,10E,145)-3,7,11,15,15-Pentamethylbicyclo[12.1.0]pentadeca-2,6,10-trien-4-ol
(166). A solution of BusSnH (0.2 M in CH2Cl, 0.13 mL, 25.4 pmol) was added dropwise to a

OH solution of [Cp*RuCl]4 (0.4 mg, 1.2 pmol, 1.3 mol%) and alkyne 161 (6.6 mg,
- 24.2 pymol) in CH2Cl> (0.4 mL) at RT. The mixture was stirred for 30 min
before it was concentrated. The residue was dissolved in DMF (0.1 mL), then
Pd(PPhs)s (1.4mg, 1.2umol, 5mol%) and [Ph,PO2J°[BusNJ* (12.2 mg,
26.6 pmol) were added and the mixture was stirred for 10 min. Methyl iodide
(2.3 pL, 5.2 mg, 36.3 pmol) was added, immediately followed (after 10 sec!)
by CuTC (4.9 mg, 25.4 umol). The resulting mixture was stirred at RT for 1 h. The reaction was
guenched with aqueous EtsN (0.1 ml), the mixture diluted with tert-butyl methyl ether and
washed with agueous NH3z (25%)/NH4Cl solution (1:9). The aqueous layer was separated and
extracted with tert-butyl methyl ether (3 x 5 mL). The combined organic phases were dried over
MgSO, and concentrated, and the residue was purified by flash chromatography (hexane/EtOAc,
10:1) to yield the title compound as a colourless oil (4.7 mg,67%). 4 =+47.4(0.43 g/100 mL,
CHCIlz); *H NMR (400 MHz, CDCly): Ui = 4.99 (m, 3H), 4.16 (t, J = 5.4 Hz, 1H), 2.40 (t, J = 6.2 Hz, 2H),
2.04 (m, 7H), 1.70 (d, J = 1.3 Hz, 3H), 1.56 (s, 3H), 1.54 (s, 3H), 1.07 (s, 3H), 1.07 (s, 3H), 1.00 (m, 1H), 0.87
(dd, J=9.8, 5.3 Hz, 1H), 0.37 ppm (ddd, J=11.2, 5.2, 3.4 Hz, 1H); ¥*C NMR (101 MHz, CDCls):
1=134.2,133.6,133.0,125.5,125.4,120.3,74.5,39.5, 38.6, 33.2, 32.9, 29.2, 24.6, 24.0, 23.2, 22.9,
22.0, 15.9, 15.6, 14.7 ppm; IR (film) &= 3425, 3368, 3284, 2969, 2920, 2861, 1439, 1377, 1058,
1018, 976, 877, 822, 800, 572, 564, 451 cm®:;, HRMS (ESI): m/z calcd. for CxHs20 [M*+Nal:
311.23453; found: 311.23437.

2-epi-Depressin (ent-165). MnO; (11.0 mg, 0.1 mmol) was added to a solution of alcohol 166
(3.1 mg, 10.7 umol) in CH.Cl (0.5 mL). The suspension was stirred at RT for
4 h before it was filtered through a plug of silica, which was carefully rinsed
with tert-butyl methyl ether. The combined filtrates were concentrated and
the residue was purified by flash chromatography (hexane/EtOAc, 20:1) to
yield the title compound as a colourless oil (2.7 mg, 88%). 4 = 093/5!
(0.33 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls): ii = 6.11 (dq, J = 10.2, 1.3 Hz, 1H), 5.19 (dm,
J=11.2Hz, 1H),4.88 (d, J = 7.5 Hz, 1H), 3.72 (dd, J = 13.9, 11.3 Hz, 1H), 2.84 (ddt, J = 13.8, 5.1,
1.9 Hz, 1H), 2.30 (m, 1H), 2.18 (m, 2H), 2.10 (m, 2H), 1.94 (m, 2H), 1.81 (d, J = 1.2 Hz, 3H), 1.57
(m, 6H), 1.16 (s, 3H), 1.12 (s, 3H), 1.04 (m, 2H), 0.73 ppm (ddd, J = 11.9, 5.1, 3.0 Hz, 1H); *C NMR
(151 MHz, CDCls): = 201.2,149.4,135.1, 133.5,132.8,125.4,121.8, 40.4, 38.9, 38.4, 37.6, 32.0,
28.1,24.4,24.1,23.7,22.0,14.8,14.8, 11.2 ppm; IR (film) 0& 2966, 2923, 2855, 1732, 1671, 1653,
1632, 1437, 1381, 1338, 1306, 1275, 1216, 1168, 1152, 1115, 1083, 1063, 1030, 971, 932, 915,
899, 875, 835, 815, 755, 710, 615, 586, 539, 515 cm®; HRMS (ESI): m/z calcd. for CoHz00
[M*+Na]: 309.21888; found: 309.218930.
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Table 17. Comparison of the analytical and NMR data of natural occurring 1-epi-depressin (165) and synthetic
2-epi-depressin (ent-165).

1-epi-depressin 2-epi-depressin 1-epi-depressin  2-epi-depressin
(165) (ent-165) (165) (ent-165)
1 +34.0°,¢=0.25 082.4°,¢=0.33
H NMR U [ppm] (J [Hz]) 13C NMR U [ppm]
1 0.71 (m) 0.73 (m) 1 375 37.6
2 1.08 (m) 1.04 (m) 2 31.9 32.0
3 6.11 (d, 10.2) 6.11 (dg, 10.2, 1.3) 3 149.4 149.4
4 - - 4 132.8 132.8
5 - - 5 201.2 201.2
6a 3.71(dd,13.8,11.1) 3.72(dd, 13.7,11.3) 6 40.4 40.4
6b  2.83 (br-d, 13.8) ig;‘ (ddt, 13.8,5.1, 7 1217 121.8
7 5.21 (br-d, 11.1) 5.19 (dm, 11.2) 8 135.1 135.1
8 - - 9 38.4 38.4
9a 2.18(m) 2.18 (m) 10 24.0 24.1
9b  2.10(m) 2.10 (m) 11 125.4 125.4
10a 2.28 (m) 2.30 (m) 12 1335 1335
10b  2.07 (m) 2.10 (m) 13 38.8 38.9
11 4.88 (br-d, 8.4) 4.88 (d, 7.5) 14 24.4 24.4
12 - - 15 28.1 28.1
13a 217 (m) 2.18 (m) 16 22.0 22.0
13b  1.93(m) 1.94 (m) 17 23.7 23.7
14a 1.88 (m) 1.94 (m) 18 11.2 11.2
14b  1.03(m) 1.04 (m) 19 14.7 14.8
5 - - 20 14.8 14.8
16 1.16 (s) 1.16 (s)
17 1.11(s) 1.12(s)
18  1.80(s) 1.81(d, 1.2)
19  1.59(s) 1.57 (m)
20  1.59(s) 1.57 (m)
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3.3.3 MOSHER ESTER ANALYSES

Mosher Ester (ME-1a). (R)-)Q*-U-Methoxy-u-(trifluormethyl)phenylacetyl chloride (1.0 pL,
F.C. OMe 4.7 umol) was added to a solution of DMAP (0.1 mg, 1.0 umol), EtsN
O (2.0 uL, 14.3 umol) and propargylic alcohol 146 (1.3 mg, 4.7 umol) in
CH.ClI, (0.2 mL). The mixture was stirred at RT for 1 h before it was diluted
with Et20 (1 mL) and washed with aqueous saturated NH4Cl solution. The
agueous layer was separated and extracted with tert-butyl methyl ether
(3x2mL). The combined organic phases were dried over MgSO. and
concentrated, and the residue was purified by flash chromatography
(hexane/EtOAc, 20:1) to yield the title compound as a colourless oil (2.3 mg, 99%). 4 =+11.1
(0.18 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls): i1 = 7.56 (m, 2H), 7.39 (m, 3H), 5.59 (ddd,
J=95,41 18Hz 1H),5.05 (dddt, J =7.9,6.7,5.4, 1.2 Hz, 2H), 3.57 (g, J = 1.1 Hz, 3H), 2.52 (m,
1H), 2.46 (ddd, J =14.2, 9.5, 6.7 Hz, 1H), 2.15 (m, 2H), 2.01 (m, 4H), 1.81 (dddd, J =13.6, 11.3,
6.6, 2.5 Hz, 1H), 1.59 (d, J = 1.4 Hz, 3H), 1.58 (d, J = 1.2 Hz, 3H), 1.18 (dd, J =8.3, 1.9 Hz, 1H),
1.05 (m, 4H), 0.94 (s, 3H), 0.74 ppm (ddd, J = 10.9, 8.3, 2.5 Hz, 1H); 3C NMR (151 MHz, CDCls):
U=165.5,137.8,135.8,132.1, 129.5,128.3, 127.5, 123.9, 123.2 (q), 118.6, 86.6, 76.0, 67.1, 55.5,
39.6, 39.6, 33.4, 30.9, 27.4, 26.1, 23.8, 22.5, 17.6, 16.0, 15.8, 15.6 ppm (Cq, spz Signal is missing);
IR (film) &= 2946, 2927, 2853, 1750, 1452, 1268, 1251, 1170, 1122, 1081, 1016, 991, 968, 719,
697 cm®t; HRMS (ESI): m/z calcd. for Co9H3sF303 [M*+Na]: 511.24305; found: 511.24310.

Mosher Ester (ME-1b). Prepared analogously using (S)-(+)-u-methoxy-u-
MeO OF, (trifluormethyl)phenylacetyl chloride and compound 146; colourless oil
NP (21 mg, 78%). 4 =+94.1 (0.17 g/100 mL, CHCIs); *H NMR (600 MHz,
CDCl3): 1=7.57 (m, 2H), 7.40 (m, 3H), 5.59 (ddd, J = 9.6, 4.1, 1.8 Hz, 1H),
5.07 (m, 1H), 5.02 (tq, J = 6.5, 0.9 Hz, 1H), 3.60 (m, 3H), 2.45 (m, 1H), 2.38
(m, 1H), 2.17 (m, 1H), 2.11 (m, 1H), 2.02 (M, 4H), 1.84 (dddd, J = 13.5,11.1,
6.5, 2.5 Hz, 1H), 1.60 (d, J = 1.4 Hz, 3H), 1.57 (q, J = 0.9 Hz, 3H), 1.21 (dd,
J=8.3,1.8 Hz, 1H), 1.06 (m, 1H), 1.06 (s, 3H), 1.03 (s, 3H), 0.77 ppm (ddd,
J=10.9,8.3,2.5 Hz, 1H); **C NMR (151 MHz, CDCls): i = 165.6, 137.9, 135.8,132.4,129.5, 128.3,
127.4,123.9, 123.3 (q), 118.5, 86.6, 84.4 (q), 76.1, 66.9, 55.4, 39.6, 39.6, 33.3, 30.9, 27.4, 26.2,
23.8,225,17.7, 16.1, 15.8, 15.5 ppm; IR (film) vé&= 2980, 2945, 2928, 2863, 1750, 1452, 1268,
1248, 1185, 1169, 1122, 1016, 991, 920, 717, 698 cm®}; HRMS (ESI): m/z calcd. for C29H3sF303
[M*+Na]: 511.24305; found: 511.24322.
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Table 18. Mosher ester analysis of ME-1a and ME-1b.

Mosher Ester (ME-1a) Mosher Ester (ME-1b)

Position # (*H, [ppm]) #4 (*H, [ppm]) Vil
14a 1.81 1.84 01/14
14b 1.03 1.07 01/15

1 0.74 0.77 01/14
2 1.18 121 01/14
3 - - -

4 ; ] )

6a 2.52 2.45 +0.07
6b 2.46 2.38 +0.08
7 5.04 5.02 +0.02
19 1.58 157 +0.01
9a 2.12 211 +0.01
9b 2.02 2.00 +0.02
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Mosher Ester (ME-2a). Prepared analogously from compound 147 and (R)-)¢*-u-methoxy-u-
. oM (trifluormethyl)phenylacetyl chloride (1.0 pL, 5.5 pmol) as a colourless oil
_0 (1.4mg, 72%). 4 =0283/1!)1/16 g/100 mL, CHCIs); *H NMR (600 MHz,
0 CDCl3): i'=7.58 (m, 2H), 7.39 (m, 3H), 5.71 (ddd, J = 8.1, 3.8, 1.9 Hz, 1H),
: 5.14 (ddg, J =8.6,6.1, 1.3 Hz, 1H), 5.07 (ddq, J =8.5,5.9, 1.1 Hz, 1H), 3.61
(0,3 =1.2Hz,3H),2.52 (dt,J = 14.2,8.3 Hz,1H), 2.33 (dm, J = 14.2 Hz, 1H),
2.11 (m, 3H), 1.98 (m, 3H), 1.81 (dddd, J =13.8, 9.6, 6.0, 2.4 Hz, 1H), 1.62
(d, J=1.2Hz, 3H), 145 (t, J=1.1 Hz, 3H), 1.19 (dd, J=8.2, 1.9 Hz, 1H),
1.18 (m, 1H), 1.05 (s, 3H), 1.02 (s, 3H), 0.74 ppm (ddd, J=10.5, 8.2, 2.4 Hz, 1H); *C NMR
(151 MHz, CDCls): U =165.8, 138.0, 135.3, 132.7, 129.5, 128.3, 127.4, 124.1, 123.3 (q), 1184,
86.8, 84.3 (), 76.2, 66.8, 55.5, 39.6, 39.4, 32.9, 30.9, 27.4, 25.6, 24.0, 22.6, 18.0, 16.4, 16.2,
15.7 ppm; IR (film) vé= 2982, 2923, 2853, 1750, 1452, 1269, 1237, 1184, 1170, 1123, 1018, 992,
917, 844, 716, 697 cm®; HRMS (ESI): m/z calcd. for CaoHssF303 [M*+Na]: 511.24305; found:
511.24320.

Mosher Ester (ME-2b). Prepared analogously from compound 147 and (S)-(+)-u-methoxy-u-

MeO, CF (trifluormethyl)phenylacetyl chloride (1.0 uL, 5.5 pmol) as a colourless oil
P (1.3 mg, 72%). | =+15.0 (0.04 g/100 mL, CHCls); *H NMR (600 MHz,
0 CDCls): t=7.55 (m, 2H), 7.39 (m, 3H), 5.65 (ddd, J =8.4, 3.9, 1.9 Hz, 1H),

5.08 (m, 1H), 4.96 (t(m), J=7.0 Hz, 1H), 3.57 (m, 3H), 2.61 (dt, J=14.1,
8.4 Hz, 1H), 2.39 (dt, J = 14.2, 5.0 Hz, 1H), 2.11 (m, 3H), 2.08 (m, 1H), 1.99
(m, 1H), 1.90 (ddd, J = 14.3, 9.3, 5.8 Hz, 1H), 1.77 (dddd, J =13.7, 9.4, 6.0,
2.3Hz, 1H), 1.59 (d, J=1.3Hz, 3H), 1.57 (t, J=1.0Hz, 3H), 1.16 (dd,
J=8.3,1.9 Hz, 1H), 1.15 (m, 1H), 1.05 (s, 3H), 1.02 (s, 3H), 0.71 ppm (ddd, J = 10.5, 8.3, 2.3 Hz,
1H); 13C NMR (151 MHz, CDCls): 1 = 165.6, 138.1, 135.2, 132.2, 129.5,128.3, 127.4,123.9, 123.3
(9), 118.4, 86.6, 84.6 (q), 76.0, 67.0, 55.5, 39.6, 39.4, 33.0, 30.9, 27.4, 25.4, 24.0, 22.6, 18.1, 16.4,
16.2, 15.9 ppm; IR (film) veé= 2981, 2924, 2854, 1749, 1452, 1259, 1185, 1168, 1119, 1101, 1082,
1015,992,798, 717,696 cm®}; HRMS (ESI): m/z calcd. for C29H3sF303 [M*+Na]: 511.24305; found:
511.24328.
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Table 19. Mosher ester analysis of ME-2a and ME-2b.

Mosher Ester (ME-2a)

Mosher Ester (ME-2b)

F,C. OMe
0

MeO, CF,
__0

Position # (*H, [ppm]) #4 (*H, [ppm]) Vil oy
14a 1.81 177 +0.04
14b 1.18 115 +0.03

1 0.74 0.71 +0.03
2 1.19 1.16 +0.03
3

4

6a 252 261 oL/1:
6b 233 239 0L/17
7 5.07 5.08 01/12
19 1.45 157 01/23
9a 2.09 211 01/13
9b 1.96 1.97 01/12
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Mosher Ester (ME-3a). Prepared analogously from side-product EP-4 and (R)-)@*-u-methoxy-u-
F.G. OMe (trifluormethyl)phenylacetyl chloride (1.7 pL, 2.4 mg, 82pumol) as a
0 colourless oil (2.4mg, 49pumol, 90%). 4 =0:7/1! (0.05g/100 mL,
CHClIs3); *H NMR (600 MHz, CDCls): i = 7.55 (dd, J = 7.3, 2.6 Hz, 2H), 7.39 (m,
3H), 5.62 (m, 1H), 5.49 (dd, J = 15.7, 4.0 Hz, 1H), 5.38 (ddd, J = 15.6, 8.8,
1.5 Hz, 1H), 5.00 (m, 1H), 4.94 (t, 3 =6.9 Hz, 1H), 3.57 (d, J =1.2 Hz, 3H),
2.50 (m, 2H), 2.18 (m, 3H), 2.06 (m, 1H), 1.96 (t, J = 11.5 Hz, 1H), 1.88 (dt,
J=14.1, 6.9 Hz, 1H), 1.76 (dtd, J = 13.9, 6.9, 1.9 Hz, 1H), 1.59 (s, 3H), 1.58
(s, 3H), 1.19 (t, J =8.9 Hz, 1H), 1.01 (s, 3H), 0.93 (m, 1H), 0.83 (s, 3H), 0.63 ppm (ddd, J = 10.5,
8.7, 1.9 Hz, 1H); 3C NMR (151 MHz, CDCls): (i = 165.6, 137.1, 135.4, 132.5, 129.8, 129.5, 128.3,
127.4,126.0,123.4,118.4,75.9,55.4,39.9,39.1,31.7,31.2,29.6, 28.7, 24.1, 23.6, 21.2, 16.7, 16.0,
15.6 ppm (CF3 and Cq, sps Signals are missing); IR (film) &= 2952, 2918, 2850, 1745, 1452, 1383,
1261,1185,1169,1121, 1106, 1081, 1019, 991, 965, 799, 717, 672 cm®; HRMS (ESI): m/z calcd.
for CooH37F303 [M++Na]: 51325870, found:; 513.25861.

Mosher Ester (ME-3b). Prepared analogously from side-product EP-4 and (S)-(+)-u-methoxy-U-

(trifluormethyl)phenylacetyl chloride (1.7 uL, 2.4 mg, 8.2umol) as a
0 colourless oil (2.1 mg, 78%) 4 =029/2!)1/63 g/100 mL, CHCI3); *H NMR
(600 MHz, CDCls): U =7.54 (m, 2H), 7.39 (m, 3H), 5.60 (dd, J=7.7, 3.7 Hz,
1H), 5.56 (dd, J = 15.4, 4.0 Hz, 1H), 5.49 (ddd, J = 15.4, 8.6, 1.1 Hz, 1H), 4.93
(m, 2H), 3.56 (d, J = 1.2 Hz, 3H), 2.47 (q, J = 7.3 Hz, 1H), 2.41 (ddd, J = 14.8,
7.9, 3.1 Hz, 1H), 2.20 (dd, J =14.2, 6.9 Hz, 1H), 2.12 (m, 2H), 2.06 (m, 1H),
1.93 (t, J=10.4 Hz, 1H), 1.88 (dt, J=14.0, 6.9 Hz, 1H), 1.79 (dtd, J = 13.9,
7.0, 2.0 Hz, 1H), 1.59 (s, 3H), 1.57 (s, 3H), 1.23 (t, J = 8.7 Hz, 1H), 1.04 (s, 3H), 0.95 (td, J=7.1,
3.4 Hz, 1H), 0.91 (s, 3H), 0.66 ppm (ddd, J = 10.7, 8.7, 1.9 Hz, 1H); *C NMR (151 MHz, CDCls):
i1=165.7, 137.0, 135.4, 132.4, 130.3, 129.5, 128.4, 127.4, 126.0, 123.4, 118.4, 76.0, 55.3, 39.9,
39.1, 31.4, 31.2, 29.7, 29.6, 28.7, 24.1, 23.8, 16.7, 15.9, 15.8 ppm (CFs and C sps Signals are
missing); IR (film) 0& 2962, 2916, 2850, 1749, 1446, 1412, 1258, 1078, 1010, 684, 789, 700, 662,
466 cm®t; HRMS (ESI): m/z calcd. for CaoHs7F303 [M*+Na]: 513.25870; found: 513.25910.

MeQ, CF,
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Table 20. Mosher ester analysis of ME-3a and ME-3b.

Mosher Ester (ME-3a) Mosher Ester (ME-3b)
FsC. OMe MeO, CFg
. _0 X0

Position #) (*H, [opm)) #1 (*H, [ppm]) Yl
14a 0.93 0.95 01/13
14b 1.76 1.79 01/14
1 0.63 0.66 01/14
2 1.19 1.23 01/15
3 5.38 5.49 01/22
4 5.49 5.56 01/18
6a 251 2.47 +0.04
6b 2.50 241 +0.09
7 4.99 493 +0.06
19 1.58 1.57 +0.01
9a 1.96 1.93 +0.03
9b 2.13 2.12 +0.01
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Mosher Ester (ME-4a). Prepared analogously from compound 162 and (R)-)0*-U-methoxy-u-
F.C. OMe (trifluormethyl)phenylacetyl chloride as a colourless oil (2.6 mg, 97%).
X _0 4 =068/7!!)1/36 g/100 mL, CHCIs); *HNMR (600 MHz, CDCls):
U=7.56(m, 2H), 7.40 (m, 3H),5.59 (ddd, J = 6.7,4.3, 1.2 Hz, 1H), 5.18 (td,
J=73,6.9 14Hz 1H), 511 (m, 1H), 3.57 (d, J=1.1 Hz, 3H), 2.50 (m,
2H), 2.21 (m, 1H), 2.17 (m, 1H), 2.14 (m, 3H), 2.07 (td, J=13.1, 12.1,
3.2 Hz,1H),1.85 (ddt,J = 14.1,10.9, 3.1 Hz, 1H), 1.57 (s, 3H), 1.55 (s, 3H),
1.12 (s, 3H), 1.03 (s, 3H),0.93 (m, 1H), 0.64 (m, 1H), 0.61 ppm (dd, J = 5.3,
1.2 Hz, 1H); **C NMR (151 MHz, CDCls): il = 165.6,138.0,133.1, 132.2,129.5,128.3, 127.6, 126.1,
118.1,89.9,73.1,67.2,55.5,39.1,38.7,34.3,33.1,24.7,24.5,23.4,23.4,20.4,19.2,15.7,15.1 ppm
(CFs and Cq, sp3 signals are missing); IR (film) 0& 2972, 2923, 2852, 2239, 1750, 1497, 1451, 1379,
1270, 1250, 1185, 1169, 1122, 1081, 1017, 991, 965, 920, 882, 831, 764, 718, 696 cm®:; HRMS
(ESI): m/z calcd. for Ca9H3sF303 [M*+Na]: 511.24305; found: 511.24336.

Mosher Ester (ME-4b). Prepared analogously from compound 162 and (S)-(+)-u-methoxy-u-

(trifluormethyl)phenylacetyl chloride as a colourless oil (2.1 mg, 78%).
0 4 =07/211/29 g/100 mL, CHCIls); *H NMR (600 MHz, CDCls): (i = 7.59
(dd, 3 =6.8, 3.0 Hz, 2H), 7.40 (m, 3H), 5.61 (ddd, J =5.9, 4.7, 1.1 Hz, 1H),
5.18 (m, 2H), 3.61 (d, J = 1.1 Hz, 3H), 2.44 (dd, J =7.7, 5.0 Hz, 2H), 2.25
(dd, 3=10.9, 5.1 Hz, 1H), 2.16 (m, 4H), 2.10 (ddd, J =13.1, 10.8, 3.2 Hz,
1H), 1.86 (ddt, J=14.2, 11.1, 3.0 Hz, 1H), 1.59 (s, 3H), 1.52 (s, 3H), 1.12
(s, 3H), 1.04 (s, 3H), 0.93 (dddd, J =14.5,11.4, 6.1, 3.2 Hz, 1H), 0.67 (m,
1H),0.64 ppm (dd, J =5.3,1.1 Hz, 1H); **C NMR (151 MHz, CDCls): i = 165.7, 138.0,133.2, 132.5,
129.5, 128.3, 127.5, 126.1, 118.2, 90.0, 73.2, 67.1, 55.4, 39.1, 38.7, 34.3, 32.9, 24.8, 24.4, 23.6,
23.4, 20.4, 19.2, 15.5, 15.1 ppm (CF3 and C, sps Signals are missing); IR (film) v& 2971, 2924,
2849, 2236, 1751, 1496, 1452, 1379, 1270, 1250, 1239, 1185,1169, 1123, 1081, 1018, 992, 964,
717 cm®; HRMS (ESI): m/z calcd. for CaoHasF303 [M*+Na]: 511.24305; found: 511.24328.

MeO, CF,
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Table 21. Mosher ester analysis of ME-4a and ME-4b.

Mosher Ester (ME-4a) Mosher Ester (ME-4b)
MeQ_ CF3

0

Position # (*H, [ppm]) #4 (*H, [ppm]) Vel oy
14a 0.93 0.93 +0.00
14b 1.85 1.86 01/12

1 0.64 0.67 01/14
2 0.61 0.64 01/14
3 - - -

4 - ] )

6 2.50 244 +0.06
7 5.18 5.17 +0.01
19 155 152 +0.03
9 2.14 2.14 +0.00
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Mosher Ester (ME-5a). Prepared analogously from compound 161 and (R)-)¢*-u-methoxy-u-
F.C. OMe (trifluormethyl)phenylacetyl chloride as a colourless oil (2.2 mg, 62%).
0 4 =+92.4(0.17 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls): ii = 7.57
0 (dd,J=7.7,2.0 Hz, 2H), 7.39 (m, 3H), 5.57 (ddd, J = 10.5, 4.9, 2.3 Hz, 1H),
) 5.14(d,J =7.6 Hz,1H),5.11 (m, 1H), 3.60 (d, J = 1.1 Hz, 3H), 2.48 (m, 1H),
2.35 (m, 2H), 2.18 (m, 4H), 2.08 (td, J=12.5, 3.2 Hz, 1H), 1.87 (ddt,
J=15.0, 121, 2.9 Hz, 1H), 1.59 (s, 3H), 1.55 (s, 3H), 1.13 (s, 3H), 1.05 (s,
3H), 0.90 (m, 1H), 0.68 (m, 1H), 0.67 ppm (m, 1H); ¥*C NMR (151 MHz,
CDCls): U =165.7, 138.2, 133.3, 132.5, 1295, 128.3, 127.4, 126.0, 118.3, 90.1, 74.0, 66.7, 55.5,
38.8,38.4,34.4,33.4,24.8,24.3,24.2,23.5,20.4,19.1, 15.3, 15.0 ppm (CFs and Cq sp3 Signals are
missing); IR (film) 0e& 2923, 2853, 2243, 1191, 1170, 1122, 1082, 116, 991, 921, 909, 718,
698 cm?; HRMS (ESI): m/z calcd. for CaoHasF303 [M*+Na]: 511.24305; found: 511.24323.

Mosher Ester (ME-5b). Prepared analogously from compound 161 and (S)-(+)-U-methoxy-u-

MeO, CF; (trifluormethyl)phenylacetyl chloride as a colourless oil (5.3 mg, 72%).
O | =0212/8! )1/64 g/100 mL, CHCIl3); *H NMR (600 MHz, CDClg):
0 =756 (dd, J=7.4, 2.2 Hz, 2H), 7.40 (m, 3H), 5.55 (ddd, J=10.4, 5.0,

2.1 Hz, 1H), 5.13 (m, 2H), 3.56 (d, J = 1.1 Hz, 3H), 2.54 (m, 1H), 2.46 (m,
1H), 2.33 (dq,J = 15.9, 7.5 Hz, 1H), 2.19 (t, J = 5.1 Hz, 2H), 2.14 (br-s, 2H),
2.07 (td, J=12.6, 3.3 Hz, 1H), 1.85 (ddd, J =12.2, 10.2, 3.1 Hz, 1H), 1.58
(s, 3H), 1.56 (s, 3H), 1.04 (s, 3H), 1.04 (s, 3H), 0.89 (m, 1H), 0.65 (m, 1H),
0.64 ppm (s, 1H); *3C NMR (151 MHz, CDCls): (1 = 165.6, 138.2,133.3,132.2, 129.5, 128.3, 127.6,
125.9, 118.3,90.0, 73.8, 67.0, 55.5, 38.8, 38.5, 34.4, 33.5, 24.8, 24.3, 24.2, 23.4, 20.4, 19.0, 15.3,
15.0 ppm (CF3s and Cq, sps Signals are missing); IR (film) 0e&= 2924, 2852, 2236, 1749, 1452, 1379,
1352, 1252, 1185, 1168, 1121, 990, 964, 920, 871, 801, 764, 720, 696 cm®’; HRMS (ESI): m/z
calcd. for CogH3sF303 [M*+Na]: 511.24305; found: 511.24327.
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Table 22. Mosher ester analysis of ME-5a and ME-5b.

Mosher Ester (ME-5a) Mosher Ester (ME-5b)

F,C. OMe MeQ_ CF,
X__0 __0

Position #) (*H, [ppm)) #4 (*H, [ppmy)) 2 B #
14a 0.91 0.89 +0.02
14b 1.87 1.85 +0.02

1 0.68 0.65 +0.03
2 0.67 0.64 +0.03
3 - - -
4

6a 2.36 2.46 01/21
6b 2.48 2.54 Q1/17
7 5.11 5.12 91/12
19 1.55 1.56 01/12
9 2.19 2.19 +0.00
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Mosher Ester (ME-6a). Prepared analogously from side-product EP-5 and (R)-)g*-u-methoxy-u-
F,C. OMe (trifluormethyl)phenylacetyl chloride as a colourless oil (2,3 mg, 4.7 umol,
0 85%). 4 =+92.5 (0.16 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls):
U=7.52(m, 2H), 7.39 (m, 3H), 5.48 (ddt, J =12.5, 8.3, 4.1 Hz, 1H), 5.36 (dd,
J=15.2, 8.7 Hz, 1H), 5.27 (dd, J = 15.3, 8.2 Hz, 1H), 5.00 (m, 2H), 3.58 (d,
J=1.2Hz, 3H), 2.53 (dt, J = 11.8, 5.7 Hz, 1H), 2.37 (dt, J = 14.0, 8.4 Hz, 1H),
2.14 (m, 1H), 2.09 (t, J = 4.8 Hz, 2H), 2.03 (m, 1H), 1.91 (ddt, J = 14.5, 11.1,
3.6 Hz, 1H), 1.57 (s, 3H), 1.55 (s, 3H), 1.04 (m, 7H), 0.78 (dd, J = 8.6, 5.2 Hz,
1H), 0.40 ppm (m, 1H); *C NMR (151 MHz, CDCls): U = 165.7, 138.7, 137.2, 133.3, 132.5, 129.4,
128.3,127.5,125.6,124.8, 119.1, 78.3,55.4, 39.2, 38.6, 32.74, 32.69, 31.8, 24.4, 24.3, 23.1, 22.7,
21.7,16.2, 14.8 ppm (CF3 and Cq sp3 Signals are missing); IR (film) vé 2924, 2853, 1744, 1663,
1497, 1452, 1378, 1270, 1259, 1290, 1169, 1121, 1081, 1018, 991, 963, 919, 720, 697 cm®.
HRMS (ESI): m/z calcd. for CagH37F303 [M*+Na]: 513.25870; found: 513.25917.

Mosher Ester (ME-6b). Prepared analogously from side-product EP-5 and (S)-(+)-u-methoxy-U-

(trifluormethyl)phenylacetyl chloride as a colourless oil (1.9 mg, 3.9 umol,
0 71%). 4 =+56.7 (0.03 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls):
U =754 (m, 2H), 7.39 (m, 3H), 5.49 (m, 1H), 5.40 (m, 2H), 5.02 (t, J = 6.0 Hz,
1H),4.97 (t,J=7.1Hz 1H),3.57(d,J = 1.2 Hz, 3H), 2.48 (dt,J = 12.1, 5.6 Hz,
1H), 2.27 (m, 1H), 2.07 (m, 6H), 1.92 (m, 1H), 1.56 (s, 6H), 1.04 (s, 3H), 1.01
(m, 4H),0.82 (m, 1H), 0.41 ppm (dt,J = 11.2,4.4 Hz, 1H); *C NMR (151 MHz,
CDCls): 0=165.8, 138.7, 137.1, 133.2, 132.7, 129.5, 128.3, 127.4, 125.6,
125.0, 119.1, 78.2, 55.3, 39.2, 38.6, 32.8, 32.6, 31.6, 24.4, 24.3, 23.1, 22.7, 21.7, 16.1, 14.8 ppm
(CFs and Cq, spasignals are missing); IR (film) 0& 2923, 2852, 1745, 1452, 1378, 1270, 1259, 1180,
1169,1122,1081, 1020, 992,964,919, 719 cm®:. HRMS (ESI): m/z calcd. for Co9H37F303 [M*+Nal:
513.25870; found: 513.25897.

MeO,_ CF,
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Table 23. Mosher ester analysis of ME-6a and ME-6b.

Mosher Ester (ME-6a) Mosher Ester (ME-6b)

FsC, OMe MeQ_ CF;

0 0

Position # (*H, [ppm]) #4 (*H, [ppm]) Yl
14a 1.00 1.01 01/12
14b 191 1.92 01/12

1 0.40 0.41 01/12
2 0.78 0.81 01/14
3 5.35 5.40 Q1/16
4 5.28 5.39 01/22
6a 2.38 2.27 +0.11
6b 2.54 2.48 +0.06
7 5.01 497 +0.04
19 1.57 1.56 +0.01
9 2.10 2.08 +0.02
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Mosher Ester (ME-7a). Prepared analogously from side-product EP-6 and (R)-)g*-u-methoxy-u-
F,C. OMe (trifluormethyl)phenylacetyl chloride as a colourless oil (2.4 mg, 4.9 pmol,
P 90%). 4  =025/7!)1/46 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls):
U=7.53(m, 2H), 7.38 (m, 3H), 5.62 (dd, J = 15.8, 8.2 Hz, 1H), 5.53 (m, 1H),
5.47 (dd, J=15.6, 6.1 Hz, 1H), 4.98 (dd, J = 9.6, 5.0 Hz, 1H), 4.94 (m, 1H),
3.55(d, J=1.2 Hz, 3H), 2.54 (dt, J = 14.1, 9.6 Hz, 1H), 2.31 (d, J = 15.3 Hz,
1H), 2.25 (m, 1H), 2.10 (m, 4H), 2.00 (td, J = 12.4, 3.3 Hz, 1H), 1.92 (m, 1H),
1.55 (s, 3H), 1.51 (s, 3H), 1.06 (s, 3H), 0.97 (m, 4H), 0.79 (dd, J = 8.0, 5.4 Hz,
1H),0.46 ppm (ddd, J = 11.4,5.4, 3.5 Hz, 1H); **C NMR (151 MHz, CDCls): (i = 165.9, 137.0, 136 .4,
133.6,132.6,129.5,127.4,125.5,123.4,119.7, 75.3,55.4, 39.0, 38.6, 32.7, 32.0, 31.3, 29.7, 24.6,
24.3,24.3,22.3,21.8,15.5,14.8 ppm (CFs and Cq spz Signals are missing); IR (film) vé& 2961, 2923,
2852, 1744, 1662, 1451, 1378, 1258, 1184, 1168, 1081, 1012, 865, 791, 719, 697, 661 cm®,
HRMS (ESI): m/z calcd. for CagH37F303 [M*+Na]: 513.25870; found: 513.25889.

Mosher Ester (ME-7b). Prepared analogously from side-product EP-6 and (S)-(+)-u-methoxy-U-
MeO. CF, (trifluormethyl)phenylacetyl chloride as a colourless oil (2.2 mg, 4.5 umol,
0 82%). 4 =0219/7!)1/25 g/100 mL, CHCIs); *H NMR (600 MHz, CDCls):
U=7.52 (m, 2H), 7.38 (m, 3H), 5.52 (m, 2H), 5.42 (dd, J = 15.7, 5.8 Hz, 1H),
5.02 (t, J=7.3Hz, 1H), 493 (m, 1H), 3.56 (d, J=1.2 Hz, 3H), 2.59 (dt,
J=14.0,9.4 Hz, 1H), 2.40 (m, 1H), 2.26 (m, 1H), 2.16 (m, 1H), 2.11 (m, 3H),
2.00 (td,J=12.2,3.4 Hz, 1H),1.91 (m, 1H), 1.55 (s, 3H), 1.52 (s, 3H), 1.04 (s,
3H), 0.96 (m, 1H), 0.88 (s, 3H), 0.76 (dd, J = 7.9, 5.4 Hz, 1H), 0.41 ppm (ddd,
J=11.4,5.4,3.5Hz, 1H); ®C NMR (151 MHz, CDCls): i = 165.7,136.6, 136.4, 133.6, 132.5,129.4,
128.3, 127.4, 125.4, 1235, 119.6, 75.3, 55.4, 39.0, 38.6, 32.7, 31.9, 31.6, 24.6, 24.3, 24.1, 22.2,
21.7, 15.5, 14.7 ppm (CFs and Cq sp3 Signals are missing); IR (film) 0& 2922, 2851, 1744, 1665,
1452,1378,1259,1185,1168,1119,1102, 1082,1018, 992, 963, 799, 719 cm°®%; HRMS (ESI): m/z
calcd. for Cy9Hs7F303 [M*+Na]: 513.25870; found: 513.25883.
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Table 24. Mosher ester analysis of ME-7a and ME-7b.

Mosher Ester (ME-7a) Mosher Ester (ME-7b)

Position # (*H, [ppm]) #4 (*H, [ppm]) Yl #
14a 0.97 0.95 +0.02
14b 1.92 1.91 +0.01
1 0.46 0.41 +0.05
2 0.80 0.76 +0.04
3 5.62 552 +0.10
4 5.47 5.43 +0.04
6a 2.32 2.40 01/19
6b 2.54 2.59 01/16
7 4,98 5.02 01/15
19 151 1.53 01/13
9a 2.08 2.11 01/14
9b 2.15 2.16 01/12
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3.3.4 COMPUTATIONAL DETAILS FOR STRUCTURE ELUCIDATION

Conformational Search

Starting from the initial set of candidate structures for the four diastereomers, a set of
conformers was generated using the semiempirical XTB code (version 6.1).285 The
conformational search was performed by means of the conformer@rotamer ensemble sampling
(CREST) algorithm?20221286 sing the semiempirical tight-binding based quantum chemistry
method GFN2-xTB.?®” The default settings and thresholds for the meta-dynamic sampling
based conformational search were applied, including the implicit solvent model for CHzCl.

Geometric Optimisation

All geometry optimisations presented in the chemical shielding calculation project were carried
out with the ORCA 4.2 program package.????%* The optimisations were conducted at DFT level
using the B3LYP functional®®® and the def2-TZVP basis set,?’° in combination with the D3 version
pg! Hsinnfit! ejtgfstjpo! dpssfdujpo! jodivejoh! CFd1 FoKpiotpo! ebngjoh! )E4)CK**/273274 Implicit
solvent effects were included cz!ui fidpoevdupsdrj I figpibsj{bcrfidpoujovvn!npefil) DQDN*280p283
using the Van-der-Waals Gaussian surface type for CHCls. In all cases, a fine integration grid
(grid7) was used as well as very tight SCF convergence criteria. The RIJCOSX approximation
was utilised with the def2/J auxiliary basis set?®® and an increased grid setting (gridx7) for the
calculation of the two-electron integrals.?’’??”® This level of theory is noted as B3LYP-D3BJ-
(CPCM)/def2-TZVP.

Similarity Check

The relevant conformers with significantly conformational distinctions were sorted out, based
on the root-mean-square deviations (RMSD) of atomic positions within 3.0 kcal/mol threshold
from the lowest conformer in single point energy. The RMSD values were calculated by an
automated script?°r2%2 and pairs with a RMSD value lower than 1.5 A and a single point energy
difference low than 0.5 Kcal/mol underwent a visual similarity check in Chemcraft.?%

Boltzmann distribution
The Boltzmann distribution (1] ) was calculated based on the Gibbs free energies (¥'0) obtained
from the frequency calculation at the B3LYP-D3BJ-(CPCM)/def2-TZVP level of theory.

y

h — ———(al

The Boltzmann distribution was calculated according to eq. 1 and is summarized in Table 25:

probability of conformer 1, © is the Boltzmann constant (1.380649 x 1022 J/K), 'Y is the
temperature (Cwlipu +), and Y0 is the relative free Gibbs energy of conformer i to the lowest free
Gibbs energy conformer, O is the number of all relevant conformers (i~ TP).
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