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III

Zusammenfassung

Im Rahmen dieser Arbeit wurden drei Projekte zur Synthese von ingsesamt fiinf Naturstoffen aus den Klassen

der Terpenoide, Polyketide und Meroterpenoide bearbeitet.

Das erste Thema beschreibt eine vierstufige Totalsynthese des Ci;-Homoterpenoids (+)-Greek Tobacco
Lacton, ein oxidatives Abbauprodukt, das aus den Blittern des griechischen Tabbaks isoliert wurde.
Charakteristisch fir diesen Naturstoff ist ein cis-fusioniertes Tetrahydropyran-Butyrolacton-Geriist. Die
Orientierung an verschiedenen Konzepten der Syntheseékonomie diente dabei der Entwicklung einer
moglichst effizienten Synthese. Die Verwendung von (R)-Linalool, einem nachhaltigen und in groflen
Mengen verfiigbaren Cjo-Startmaterial, ermdglichte dabei einen schnellen Aufbau des Kohlenstoffgeriists
einschlieflich des ersten Stereozentrums. Schliisselschritte der Synthese bilden die beiden strategischen
Oxidationen der in (R)-Linalool vorhandenen Doppelbindungen. Die selektive Darstellung eines Isomers,
von zwei moglichen epimeren Epoxiden, wurde durch eine Lewissiure-katalysierte Tandemsequenz,
bestehend aus Epoxidierung und Epimerenspaltung, erreicht. Die anschlieende Offnung des Epoxids mit
Cyanid lieferte zum einen ein Nitril als Carbonsdurevorldufer fir das Lactonmotiv und zum anderen die
sekundire Hydroxylgruppe fiir die oxidative Cyclisierung zum Tetrahydropyranring. Letzteres wurde durch
ein Selen-katalysiertes Redoxsystem mit NFSI oder molekularem Sauerstoff als terminales Oxidationsmittel
realisiert. Interessanterweise stellte sich der Selen-basierte Katalysator gegeniiber bewihrten

Palladiumkatalysatoren als iberlegen heraus.

Strategische Oxidation
B C-C-Bindungsbildung/ Me
:aOH
-spaltung (strategisch)

, Me. _~ A
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Me se '\EAeOH Redoxreaktion (strategisch) Me
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Schema I. Eine vierstufige Totalsynthese von (+)-Greek Tobacco Lacton ausgehend von (R)-Linalool wurde durch die
strategische Oxidation der beiden Doppelbindungen erreicht. Das rechts abgebildete Flussdiagramm erlaubt eine
qualitative Abschitzung der Effizienz der Synthese.

Im Zusammenhang der Synthese des (+)-Greek Tobacco Lactons wurde versucht eine Methode fiir die

asymmetrische Cyclopropanierung von Alkenen tiber einen intramolekularen Methylentransfer zu entwickeln.

Selektive Umlagerung des (2S,3R)-Epoxylinalools Asymmetrische Cyclopropanierung
HO., OH ‘
Me Mo Me :
~ oMe ——> oMe
Me u ) M ; Methylen-
H ° H H : X transfer X
) o
= e J—— ks
R? o R?

limitierter Substratumfang

Schema II. Konzeptionelle Ubertragung der angewandten Epimerenspaltung wihrend der Synthese des (+)-Greek
Tobacco Lactons auf eine generelle Methode zu asymmetrischen Cyclopropanierung von Alkenen.



IV ZUSAMMENFASSUNG

Hierbei stellte sich allerdings heraus, dass der Substratumfang durch sehr spezifische Substitutionsmuster

stark limitiert ist, weswegen das untersuchte System fiir eine allgemeine Anwendung ausgeschlossen wurde.

Das zweite Syntheseprojekt befasste sich mit der Synthese der beiden marinen Polyketide (+)-Plakortolid E
und (-)-Plakortolid I. Beide Naturstoffe wurden aus Schwimmen der Familie Plakinidae isoliert und weisen
ein Endoperoxidmotiv auf, welches bei vielen Sekundidrmetaboliten hiufig fir wichtige biologische Aktivititen
verantwortlich ist. Die in dieser Arbeit beschriebene siebenstufige Synthese orientierte sich erneut an
Konzepten zur Steigerung von Okonomie und Effizienz. Dabei bildete der zuvor erschlossene Zugang zu
substituierten y-Butyrolactonen die Basis fiir die verfolgte Synthesestrategie. Im Anschluss an die Darstellung
eines Butenolidintermediats ausgehend von (R)-Linalool lieferte die Modifikation des Prenylrests durch
Redoxmanipulationen und die Einfithrung einer Methylengruppe ein allylisches Acetat. Dieses diente als
Angriftspunkt fiir die beiden Schliisselschritte, eine Eisen-katalysierte allylische Substitution zur Installation
der Alkylkette sowie eine Cobalt-induzierte Endoperoxidbildung. Die Verwendung unedler und
kostengiinstiger Ubergangsmetalle ermoglichte dabei chemoselektive Transformationen, wodurch die
Verwendung von Schutzgruppen vermieden werden konnte. Weiterhin erlaubte die Entwicklung von
Eintopfprotokollen, Reaktionsschritte zur Umwandlung von funktionellen Gruppen mit denen strategischer

Bindungsbildungen zu verbinden und so die Kolbenékonomie der Synthese zu erhohen.

B C-C-Bindungsbildung/

l\g/IeOH -spaltung (strategisch)
Mej)/\g : C—Het-Bindungsbildung/-spaltung,
Redoxreaktion (strategisch)
Me . ‘
(R)-Linalool (+)-Plakortolid E (~)-Plakortolid | . Umwandlung funktioneller Gruppen,

Isomerisierung

nicht strategische Redoxreaktionen

* Schutzgruppenmanipulationen

7 Stufen i i Eintopfreaktion
9% e

Schema III. Eine siebenstufige Totalsynthese von (+)-Plakortolid E und (-)-Plakortolid I unter Verwendung unedler
Metalle. Das rechts abgebildete Flussdiagramm erlaubt eine qualitative Abschitzung der Effizienz der Synthese.

Der letzte Teil dieser Arbeit hatte die Synthese der beiden Meroterpenoide Hypatulin A und Hypatulin B zum
Ziel. Vertreter dieser Substanzklasse, sogannte polycyclische polyprenylierte Acylphloroglucinole (PPAP),
weisen vielversprechende biologische Aktivititen auf und wurden teilweise als Wirkstoffe in traditionellen
Pflanzenheilmitteln identifiziert. Beide Naturstoffe wurden 2016 aus den Blittern des Grofiblumigen
Johanniskrautes (Hypericum patulum) isoliert und durch die Verwendung von zweidimensionalen NMR-
Experimenten und ECD-Spektroskopie charakterisiert. Sie besitzen dicht substituierte bi- beziehungsweise
tricyclische Strukturen mit jeweils drei quarterniren Stereozentren an einem Cyclopentanring. Der
synthetische Ansatz, der in dieser Arbeit verfolgt wurde, orientierte sich an diesem zentralen fiinfgliedrigen
Ring, welcher durch retrosynthetische Analyse auf 2-Cyclopentenon als Startmaterial zuriickgefithrt wurde.
Die Installation der Substituenten sowie der Aufbau von vier Stereozentren konnte mittles Carbonylchemie
realisiert werden. Dabei wurde ein Enantiomereniiberschuss von 97% durch eine organokatalytische 1,2-
Allylierung der Ketofunktionalitit erzielt. Fiir den anschliefenden Aufbau des bicyclischen Geriists war
zunichst eine Dieckmannkondensation geplant. Aufgrund von Zersetzungsreaktionen musste jedoch auf eine
Mukaiyama-Aldolreaktion ausgewichen werden. Der Aufbau des letzten Stereozentrums erwies sich ebenfalls

als schwierig und lieferte ausschliefflich das unerwiinschte C-3-Epimer, so dass die Synthese der beiden



Naturstoffe nicht realisiert werden konnte. Die Darstellung des Naturstoffepimers 3-epi-Hypatulin B gelang
stattdessen durch eine Methoxycarbonylierung unter Verwendung von lithiiertem Methoxyallen und der
oxidativen Spaltung der Allengruppe mittels Singulettsauerstoff. Die Durchfiihrung der Photooxidation in
einem Flussprozess erméglichte hierbei eine bessere Skalierbarkeit und héhere Reaktionsgeschwindigkeit als
im Kolben. Nach anschlieBender Kreuzmetathese mit 2-Methylpropen wurde 3-epi-Hypatulin B in insgesamt
16 Stufen erhalten.

Selektive Photooxidation im Fluss

420 nm LED =5

hv
z
Me}
/J 0 Me oy
unerwinschte )\ =
Seitenselektivitit & Li
enantioselektive
organokatalytische HO Y

| 1,2-Allylierung 7
_—
94%, 97% ee
[16.8 g]

Evaluierung polarer
Bindungsschnitte

Aufbau von vier Stereozentren

Schema IV. Synthese von 3-epi-Hypatulin B in 16 Stufen ausgehend von 2-Cyclopentenon. Schliisselschritte sind eine
hochenantioselektive 1,2-Allylierung sowie eine im Fluss durchgefiihrte Photooxidation eines Methoxyallens.




VI ABSTRACT

Abstract

This thesis aimed at the total synthesis of five natural products belonging to the classes of terpenoids,

polyketides and meroterpenoids.

The first project describes a short total synthesis of the Ci;-homoterpenoid (+)-Greek tobacco lactone, an
oxidative degradation product that was isolated from the sun-cured leaves of Greek tobacco. The natural
product is characterised by a cis-fused tetrahydropyran-butyrolactone scaffold. In order to develop an efficient
synthetic route, various concepts of synthesis economy were used as guidelines. The identification of (R)-
linalool, an abundant and renewable chiral pool Cio-feedstock, as the starting material enabled the rapid
construction of the carbon scaffold including the first stereocenter. Key steps of the synthesis are two strategic
oxidations of the double bonds present in (R)-linalool thereby promoting formation of both cyclic motifs. The
first oxidation process comprises the selective preparation of one of two possible epimeric epoxides via a
tandem sequence of Lewis-acid catalysed epoxidation and resolution. Subsequent opening of the epoxide with
cyanide afforded a nitrile functionality for the formation of the lactone as well as a secondary hydroxyl group
for the construction of the tetrahydropyran core. The latter was achieved via a catalytic selenium-based redox
system with either NFSI or molecular oxygen as the terminal oxidant. Interestingly, in this case, selenium

proved to be a superior alternative to established palladium catalysts.

Strategic Oxidations

* C—C-bond formation/cleavage ’;AeOH
(strategic) I

\ Me __~ A
1 C—Het-bond formation/cleavage,
Me Me redox reaction (strategic) Me
S OH Se :aOH , ) ) | (R)-linalool
Me. - S~ ME_ ) , functional group interconversion, "
0 “CN isomerization @ v eO
Me oxidant Me \ Y
oxidation i non-strategic redox reactions 4 steps Me | | [e]

B
12% H H
* protecting group manipulations (+)-Greek tobacco lactone

Scheme I. A total synthesis of (+)-Greek tobacco lactone in four steps was enabled by the strategic oxidation of both
double bonds of (R)-linalool. The flow chart on the right gives a qualitative analysis of the efficiency of the synthesis.

Regarding the Lewis-acid catalysed resolution of the epimeric epoxides via an intramolecular methylene
transfer, the potential of this transformation for an asymmetric cyclopropanation of unactivated alkenes was

investigated.

Selective Rearrangement of (2S,3R)-| Epoxyllnalool : Asymmetric Cyclopropanation
HO.,

Me "ML,
A/
oMe —>
s methylene
: transfer
I Rgg —— > R2 J L
> Me, Me

Me@ 0

limited substrate scope

Scheme II. The attempted development of a method for the asymmetric cyclopropanation of alkenes, based on the
employed resolution of the epimeric epoxides during the synthesis of (+)-Greek tobacco lactone.

Unfortunately, the reaction proved to require rather specific substitution patterns which severely limited the

substrate scope. Thus, the investigated system was deemed unfeasible as a general methode.



The second synthesis project focused on the total synthesis of the two marine polyketides (+)-plakortolide E
and (-)-plakortolide I. Both natural products were isolated from sponges of the family Plakinidae and possess
an endoperoxide, a motif that is often responsible for potent biological activities of secondary metabolites.
With considerations for maximising aspects of synthesis economy in mind, a synthetic approach based on the
previously developed route for the construction of substituted y-butyro lactones from (R)-linalool was
designed. Preparation of a butenolide intermediate via elimination of the secondary hydroxyl group was
followed by modifications of the prenyl side chain to afford an allylic acetate that served as a platform for the
two key steps of the synthesis. These steps constitute an iron-catalysed allylic substitution to install the alkyl
chain and a cobalt-induced endoperoxide formation. By using earth-abundant transition metals to enable
chemoselective transformations and developing one-pot operations to couple functional group
interconversions with constructive bond formations the step and pot economy of the synthesis could be

enhanced. Thus, a protecting group free synthesis of both natural products was achieved in seven steps.

(@] (@]
" * C—C-bond formation/cleavage
v eOH o . o | * (strategic)
Meﬂ Me A ~0O~p -0~ T : C—Het-bond formation/cleavage,
Me 9 Me P
Me 9 Me ot

redox reaction (strategic)

(R)-linalool (+)-plakortolide E (-)-plakortolide | * ¢ functional group interconversion,
B isomerization

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : non-strategic redox reactions
Fe Co
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9% oo

Scheme III. A total synthesis of (+)-plakortolide E and (-)-plakortolide I in seven steps via chemoselective
transformations enabled by base metals. The flow chart on the right gives a qualitative analysis of the efficiency of the
synthesis.

The last part of this thesis deals with studies on the synthesis of the two novel meroterpenoids hypatulin A and
hypatulin B. Members of this class of natural products, referred to as polycyclic polyprenylated
acylphloroglucinols (PPAPs), have been identified as the active ingredients in some traditional plant-based
remedies. Both natural products were isolated from the leaves of Hypericum patulum (goldencup St. John’s
wort) in 2016 and characterised by two-dimensional NMR experiments and ECD spectroscopy. The highly
oxygenated bicyclic and tricyclic core of hypatulin A and hypatulin B, respectively, have a densely substituted
cyclopentane core bearing three quarternary stereocenters. The synthetic approach described in this thesis
focused on the five membered ring which was retrosynthetically traced back to 2-cyclopentenone as a suitable
starting material. Installation of the substitutions and the generation of four stereocenters was realised by
exploiting carbonyl chemistry. The first stereocenter was set via an enantioselective organocatalytic 1,2-
allylation of the ketone achieving 97% enantiomeric excess. Formation of the bicyclic carbon scaffold was
accomplished via a Mukaiyama aldol reaction as an initially envisaged Dieckmann condensation was
unsuccessful due to degradation of the substrate. Since the construction of the last stereocenter proceeded
exclusively with the undesired facial selectivity and delivered the epimeric product at C-3, the synthesis of both
natural products could not be realised. Instead, the focus was redirected towards 3-epi-hypatulin B which was
accessible via methoxycarbonylation through the addition of lithiated methoxyallene and an oxidative cleavage

thereof with singlet oxygen. Translation of the photo-oxidation into a flow process resulted in an improved
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scalability and a faster reaction compared to a batch process. Cross metathesis with 2-methylpropene

eventually afforded 3-epi-hypatulin B over 16 steps in total.

hypatulin A hypatulin B
enantioselective
organocatalytic

1,2- aIIyIatlon
b 94%, 97% ee
[16.8 g]

evaluation of polar
disconnections

Selective Photo-Oxidation in Flow
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z

MeO

// o Me
undesired

facial selectivity

construction of four stereocenters

Scheme IV. A synthesis of 3-epi-hypatulin B in 16 steps starting from 2-cyclopentenone. Key steps are a highly

enantioselective 1,2-allylation and a photo-oxidation of an methoxyallene intermediate in flow.
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1 Introduction

1.1 Natural Products

1.1.1 Primary and Secondary Metabolites

Natural products are biogenic substances which are produced by organisms such as plants, animals, and
microorganisms. Depending on their metabolic origin these organic compounds can be divided into two
major classes. Primary metabolites constitute the basic building blocks of organisms essential for maintaining
cellular homeostasis and life itself and include carbohydrates, lipids, amino acids, and nucleic acids.! These
molecules exhibit intrinsic functions such as nutrient assimilation, energy storage and production,
construction of cellular structures, enzymatic synthesis of all natural products, and encoding of genetic

information (Figure 1).

Primary Metabolites

Amino Acids Fatty Acids Carbohydrates Nucleobases
Rj)k i L HO 0 ? NN
oH ; ; Ho ; <)
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structure and catalysis ' energy storage, structure, i source of carbon and energy :  storage of genetic information
: transport, and signaling i structure, binding, and transport !

Figure 1. Primary metabolites and their biological functions.

Secondary metabolites, on the other hand, are not essential for the survival of an organism but are generally
used to regulate ecological relationships providing specific evolutionary advantages that include defense
against predators and competing organisms, attraction of sexual partners or pollinators, as well as interspecies

»¥*In response to biotic and abiotic influcences the evolution and

communication for various other purposes.
expression of secondary metabolites is extremely adaptive and has led to a vast catalogue of compounds that

can be divided into serveral structural classes such as terpenes and terpenoids, polyketides, and alkaloids.

1.1.2 Terpenoids

Terpenes and their oxidised derivates, referred to as terpenoids’, constitute the largest and most structurally
diverse class of natural products. The known terpenome with currently more than 80000 members, including
steroids and carotenoids, accounts for nearly one third of all characterised natural compounds to date.’ Due to
their structural complexity, terpenoids possess a wide range of features, which give rise to a great number of
applications. In particular, plants and their extracts, containing a plethora of these natural products, have
provided the basis for traditional medicine systems and served as fragrances, flavors and pigments over the
course of human history, culminating in a multi-billion dollar world market nowadays.® The importance of
these natural products has propelled numerous studies and considerable research efforts in order to gain a

deeper understanding of their biosynthesis, biological activities and roles in nature.”

T For the purpose of clarity, in this thesis the term ‘terpenoid(s)’ will be used to include terpenes.
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Based on the pioneering works of WALLACH® and RUZICKA® terpenes and terpenoids are classified according
to their carbon skeleton as multiples of the hydrocarbon unit isoprene (Figure 2). Further investigations,
however, revealed that isoprene itself is not an intermediate in the biosynthetic pathways of terpenoids.
Instead, its oxidised form isopentenyl pyrophosphate (IPP) and the isomeric dimetylallyl pyrophosphate
(DMAPP) constitute the actual key building blocks.'"""

isoprene

Monoterpenes (C4q) Sesquiterpenes (Cys) Diterpenes (Cy)

Me
Me Me
JL\ Me
Me ©
camphor
pest repellent

paclitaxel
anticancer agent

artemisinin
antimalarial agent

limonene
fragrance

increasing complexity and diversity

Figure 2. Examples of different types of terpenoids.

1.2 Biosynthesis of Terpenoids

1.2.1 Biosynthesis of IPP and DMAPP

Two distinct biogenetic pathways for the synthesis of these activated isoprene derivatives have been reported
(Scheme 1)."” Whereas all eukaryotes, archaea and some bacteria synthesise these universial terpenoid
precursors via (R)-mevalonic acid (MVA),"*'* an alternative pathway based on 2-C-methyl-D-erythritol 4-
phosphate (MEP) is used by algae, eubacteria, cyanobacteria, and protozoa." Interestingly, plants synthesise
IPP via both metabolic pathways and their biosynthesis of terpenoids is usually compartmentalised. While
sesqui- and triterpenoids are formed in the cytosol via the MVA pathway, mono- and diterpenoids as well as
tetraterpenoids, which comprise essential pigments such as carotenoids, arise in the plastid organelles, where
the MEP pathway is localised.”'® This compartmentalisation is line with the hypothesised origin of

chloroplasts resulting from the endosymbiosis between archaeal progenitors and blue-green algae."”

Mevalonate (MVP) Pathway Mevalonate-Independent (MEP) Pathway
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Scheme 1. Biosynthesis of IPP and DMAPP via the MVP and the MEP pathway.

HMB-PP



Biosynthesis of Terpenoids

The mevalonate pathway commences in the cytosol with the formation of acetoacetyl-CoA via a CLAISEN-
type condensation of two molecules of acetyl-CoA. Aldol addition of a third enolised unit of acetyl-CoA and
subsequent desymmetrization of the enzyme-bound prochiral bis-CoA ester by enantioselective hydrolysis
gives (§)-3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), which in turn is reduced to (R)-mevalonic acid
(MVA). The conversion of this Ce-building block to IPP is achieved by sequential phosphorylation and ATP

mediated decarboxylation/elimination."

In the mevalonate-independent pathway, which takes place in plastide organelles, MEP serves as the
biogenetic precursor for IPP and DMAPP. Starting point is the acylation of glyceraldehyde 3-phosphate
(G3P) with pyruvic acid to generate 1-deoxy-D-xylulose S-phosphate (DXP). The reaction is catalysed by the
corresponding DXP-synthase (DXS) and involves a thiamin-pyrophosphate mediated umpolung via
decarboxylation to generate an acyl anion equivalent that adds to the aldeyhde of G3P. Skeletal rearrangement
similar to a pinacol-type reaction and subsequent two-electron reduction of the resulting aldehyde with
NADPH as cofactor affords MEP. A sequence of phosphorylations activates the substrate for an
intramolecular condensation reaction under release of CMP to prepare 2-C-methyl-D-erythritol 2,4-
cyclopyrophosphate (MECPP). Sequential reduction processes with allylic alcohol HMB-PP as an
intermediate finally afford a mixture of IPP and DMAPP." Both isomers can be interconverted by the

organism via the action of IPP isomerase (IPPI).

1.2.2 Prenyltransferases

The universal biosynthesis of all terpenoids consists of certain phases, each adding increasing complexity and

thus contributing to the vast diversity of this family of natural products.
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Scheme 2. Regular and irregular coupling of IPP and DAMPP units.

The first phase commences with the sequential elongation of IPP by isomerisation to DMAPP and
condensation of both building blocks by a class of enzymes called prenyltransferases (PT).>'® During this
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process DMAPP is ionised to the corresponding allylic cation and coupled to the terminal double bond of the
more nucleophilic IPP in a head-to-tail fashion accompanied by stereospecific deprotonation (Scheme 2).The
product is geranyl pyrophosphate (GPP), a linear prenyl pyrophosphate, which, in turn, can be ionised and
coupled to further IPP units. Consecutive head-to-tail condensations provide a range of acyclic intermediates

with fixed lengths and stereochemistry, that serve as branch points in the next phase of the synthesis.>'*

Besides these regular prenyltransferases there are enzymes that catalyse irregular coupling reactions. Such
head-to-head couplings generate further roots for considerbly different carbon skeletons and include
cyclopropanation, cyclobutanation and 1’-2 branching.”” A prominent example is the biosynthesis of squalene,
an improtant precursor for cholesterol, which in turn is an integral part of animal cell membranes and several
biochemical pathways. The formation in two steps is catalysed by squalene synthase (SQS) and begins with
the condensation of two molecules of FPP to form the cyclopropylcarbinyl intermediate presqualene
pyrophosphate (PSPP).”° Subsequent conversion to squalene involves a series of carbocation rearrangments
that is initiated by the ionisation of the pyrophosphate and followed by a cyclopropylcarbinyl-
cyclopropylcarbinyl rearrangement, presumably via a transient cyclobutyl cation.”’ Ring opening gives an

allylic cation which is then trapped by an NADPH-dependent reduction process (Scheme 2).

1.2.3 TypeITerpenoid Cyclases

These precursors, which determine the size of the final carbon skeleton, are converted through the action of
terpenoid synthase enzymes, often called cyclases, to yield the parent scaffolds of various types of
terpenoids.”'® This phase, which consists of rearrangement and/or cyclisation reactions, is mostly responsible
for the vast structural diversity in terpenoid natural products. The underlying principle of these reactions is a
cascade of multiple carbocation intermediates whereby the positive charge is transferred along the molecule
by the intramolecular attack of double bonds to yield fused ring systems as well as ensuing WAGNER-
MEERWEIN rearrangements such as hydride shifts, methyl migrations or ring expansions. The cascade is
eventually terminated by deprotonation in the sense of a 1,2-elimination to yield an alkene, a 1,3-elimination
to give the corresponding cyclopropane or trapping of the final carbocation by an exogenous nuclophile, often
a molecule of water.”'® The intermediate positive charge can be stabilised in the active site of the cyclase by
weak polar interactions with other charges, dipoles or quadrupoles. Especially cation-n interactions with
aromatic side chains of phenylalanine, tyrosine and tryptophane offer an efficient way for charge stabilisation
without the risk of side reactions.” The precise spatial orientation and the controlled stabilisation of certain
carbocation intermediates allow the enzyme to direct the reaction along a specific pathway. These types of
cyclisation cascades are one of the most complex reactions found in nature, resulting in changes in bonding,

hybridisation and stereochemistry of, on average, more than half of the substrate’s carbon atoms.’

Terpenoid synthases, with some exceptions, generally fall into two main classes based on their initial substrate
ionisation mechanism.>'® Class I terpenoid synthases trigger ionisation of prenyl pyrophosphates by metal ion-
mediated coordination of the inorganic pyrophosphate anion to yield an allylic cation, whereas class II
terpenoid synthases initiate the ionisation by protonation of the terminal double bond or the corresponding
epoxide to yield a tertiary cation.”’® Depending on the size of the acyclic precursor these synthases produce

different mono-, sesqui-, di- and sesterterpenoids.

Monoterpenoid synthases generate acyclic, mono-, bi-, and in rare cases tricyclic products from the 10-carbon
precursor GPP.* The corresponding cyclisation cascades proceed typically through the a-terpinyl cation as
the universal monocyclic intermediate (Scheme 3). However, formation of the 6-membered ring cannot occur
from the E-configurated double bond. The topological requirement for a 6-endo-trig cyclisation entails the
necessity of an isomerisation step, which is achieved by ionisation of GPP to the E-allylic cation intermediate

and subsequent readdition of the inorganic pyrophosphate anion at the tertiary position to yield linalyl
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pyrophosphate (LPP). The resulting terminal double bond can adpot the required cisoid conformation that
gives rise to the Z-allylic cation intermediate, thereby enabling C1-C6 bond formation.” These ionisation
steps upstream to the a-terpinyl cation allow the formation of acyclic monoterpoids such as gerniol, linalool
and myrcene by quenching of the allylic cation. Termination of the reaction cascade via deprotonation or
addition of water can be preceded by numerous combinations of rearrangements and further cyclisations,
resulting in a structurally and stereochemically diverse array of carbon skeletons.” However, while some
terpenoid synthases are very specific and generate only one product, others produce several products from a
single prenyl pyrophosphate precursor, thereby increasing the terpenoid structural diversity. Interestingly,
(+)-bornyl pyrophosphate (BPP) synthase was shown to produce the product in only about 75%
accompanied by minor quantities of other cyclic monoterpenoids.”> Computational studies suggest that the 2-
bornyl cation, arising from the initial formation of a pinyl cation, is a transition state, rather than an

intermediate, and represents a bifurcation point leading to either BPP or camphene as a side product (Scheme
3).4
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Scheme 3. Biosynthesis of various monoterpenes and monoterpenoids via type I cyclases.

For higher order terpenoid synthases, the growing number of double bonds and gain in flexibility of the larger
acyclic prenyl pyrophosphates result in additional carbon—carbon bond-forming trajectories and consequently
in an increasingly diverse array of carbon skeletons.”*® In case of sesquiterpene synthases, the direct
cyclisation of farnesyl pyrophosphate (FPP) may occur from the terminal double bond to give either the the
(E,E)-humulyl cation or the (E,E)-germacradienyl cation (Scheme 4).>* However, cyclisations from the
central double bond require isomerisation to a Z-configurated allylic cation analogous to the cyclisation of
LPP. The corresponding cisoid nerolidyl pyrophosphate (NPP) eventually allows the formation of the
bisabolyl cation and the cycloheptenyl cation as well as the (ZE)-humulyl cation and the (Z,E)-
germacradienyl cation (Scheme 4).>*° While monoterpenoid synthases are already able to generate a wide
range of different carbon scaffolds from just one monocyclic carbocation intermediate, sesquiterpenoid
synthases can draw from a larger pool of six diverse intermediates. Considering the numerous possible
pathways of further cyclisation steps in combination with skeletal rearrangements, the tremendous impact of

an additional unit of IPP in the acyclic precursor becomes apparent.
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Scheme 4. Carbenium ions as precursors for sesquiterpenoid carbon scaffolds resulting from the cyclisation of FPP and
NPP via sequiterpenoid synthases.

1.2.4 TypeIl Terpenoid Cyclases

The additional double bond of FPP enables protonation induced cyclisations by type II cyclases starting from
the opposing end of the linear precursor (Scheme 5). The protonation occurs most likely concerted with bond
formation by general acid catalysis to yield a monocyclic tertiary carbocation. Depending on the size of the

prenyl chain, meaning the number of available double bonds, these enzymes can produce up to five fused

rings.5
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Scheme S. Examples of cyclisations via type II cyclases.
As with type I cyclases rearragements, typically a sequence of concerted anti-periplanar hydride and methyl

shifts, can accompany the cylisation cascade to relocate the initial carbocation before termination. After

completion of the type II catalysis, subsequent cyclisations can be triggered by ionisation of the remaining
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allylic pyrophosphate. These additional modes of cyclisation, class II and the combination of class I and II,
further expand the scope of possible terpenoid products as is demonstrated by the biosynthesis of the
pinguisane scaffold,"” a cis-fused bicyclic framework that can be found in sesquiterpenoids such as pinguisenol
and isonaviculol (Scheme S, top).””*® While the same principles apply to diterpenoid and sesterterpenoid
synthases, the cyclisation of squalene in prokaryotes or 2,3-oxidosqualene in eukaryotes by triterpene
synthases proceeds exclusively via the protonation initiated mechanism due to the lack of an allylic
pyrophosphate.’ The resulting tetracarbocyclic triterpenoids such as lanosterol serve as precursors for the class
of steroids, an entire class of diverse carbon scaffolds on its own, via oxidative degradation pathways (Scheme
S, bottom).

1.3 Meroterpenoids

The beauty of the entire terpenoid biosynthesis apparatus lies in the fact that it gives rise to the vast and
complex diversity of terpenoids from two simple building blocks.”” However, nature goes even further and
combines different biosynthetic machineries to create an almost infinite number of possible natural products.
Meroterpenoids represent such a class of hybride compounds that partially originate from the terpenoid
pathway.”® Altough a plethora of biogenic substances produced by animals, plants, bacteria, and fungi match
this definition, polyketide-terpenoid hybrids are by far the most numerous with 3,5-dimethylorsellinic acid
(DMOA)*" and acylphloroglucinol®* derivatives representing the flagships of this subset of natural products.

The biosynthesis of these polyketide cores commences with the construction of a chain via iterative addition

of extender units, usually malonyl-CoA or methylmalonyl-CoA, to an acyl-CoA starter unit (Scheme 6).**
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Scheme 6. Proposed biosynthesis pathways of polyketides via chain elongation and different types of cyclisations.

The chain extension step is catalysed by polyketide synthases (PKS) and proceeds via a CLAISEN-type
condensation facilitated by the decarboxylation of the extender unit. After each addition, optional
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transformations can alter the newly installed carbonyl fragment via the action of different catalytic domains.
The sequential modification via reduction by ketoreductases (KR), dehydration by dehydratases (DH), and
further reduction by enoyl reductases (ER) provides a variety of different degrees and combinations of
functionalisation. Thus, each cycle may afford either a carbonyl group, a hydroxyl group, a double bond or a
fully saturated ethylene group (Scheme 6).* The extension process is then repeated, adding two carbon units
with each cycle to the acyl terminus, until the chain reaches a specific length. This biogenetic pathway is
analogous to the construction of fatty acids. The crucial difference, however, is that polyketides may be left
unprocessed, whereas fatty acid chains are defunctionalised. Unsaturated fatty acids are generated via
isomerisation of the double bond at defined chain lengths. The Z-configurated unsaturated carbonyl

intermediate cannot be processed by the enoyl reductases and enters the next cycle of chain elongation.”

As with terpenoids, subsequent cyclisations create a pool of diverse polyketide natural products. The distinct
functionalisation of the acyclic precursor serves as a template for different types of ring closing reactions that
mould the final structure (Scheme 6). For instance, cyclic polyethers are proposed to be formed via the
stereoselective epoxidation of polyene chains and a subsequent cascade of Sn2 epoxide openings to form
tetrahydrofurans and tetrahydropyrans. The resulting rings can be separated by at least one single bond or
connected as either spiroketals or fused rings.”” Interestingly, all marine polyether ladders, meaning molecules
with extended fused-ring systems of cyclic ethers, exhibit a specific stereochemistry at their ring junctions
resulting in a series of trans-fused rings typically arranged in a syn-fashion. Other cyclisation reactions include
lactonisations, ketal formation, and aldol or CLAISEN condensations of polyketone chains to form aromatic

rings (Scheme 6).>** The latter two reactions account for the formation of DMOA and acylphloroglucinols.

Prenylation of the aromatic polyketide core, or derivatives thereof, via prenyltransferases initiates the second
phase of the meroterpenoid biogenesis.>*” Subsequent modifications such as cyclisations and oxidations can
give rise to various carbon scaffolds of polycyclic nature. For instance, (-)-berkeleyone A is synthesised via
prenylation of DMOA methyl ester with FPP, followed by epoxidation to facilitate an acid catalysed
cyclisation cascade akin to the cyclisation of 2,3-oxidosqualene.”* The intermediate carbenium ion is
ultimately trapped by the DMOA core and eliminated via deprotonation to give a tetracyclic product which is
further oxidised (Scheme 7). Other cyclisation reactions may be initiated by allylic oxidation or involve
nucleophilic attack of the electron-rich prenyl chains to protonated carbonyls or, as in the case of
cleistocaltone A, intramolecular DIELS-ALDER reactions (Scheme 7).%
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OH 5 oH
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COH 5 COMe Me ® Me COMe
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| _H.
O OH : o |O v
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—_— —_—
HO OH : o OH
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champanone B cleistocaltone A

Scheme 7. Examples of meroterpenoid biosyntheses via prenylation of polyketide cores and subsequent transformations.
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1.4 Natural Product Synthesis — Drug Development and Fundamental Research

The seemingly endless structural diversity of molecular architectures with their biological properties and
functions provided by nature have fascinated and inspired mankind since ancient times, with the oldest
records of herbal remidies dating as far back as Sumerian civilisation about 5000 years ago.*® As many of these
natural products have important biological and pharmaceutical applications, the development of chemical
synthesis has had a tremendous impact on our modern civilisation elevating standards of living and increasing

life expectancy.

With the realisation that specific molecular compounds are responsible for the pharmacological properties of
plant extracts and the ensuing paradigm shift in the medicinal treatment of diseases, the isolation and synthetic
production of these substances has garnered considerable scientific attention. Historical milestones are the
discovery of the opiate morphine from Papaver somniferum poppies,” the first antibiotic penicillin from the
fungus Penicillium notatum,* and the anticancer drug paclitaxel (Taxol®) from the Pacific yew tree Taxus
brevifolia.! The supply of these and other compounds, listed as essential medicines by the World Health
Organisation, is of great importance. Although some pharmaceutical substances such as morphine are still
isolated from natural resources in large quantities,*” the access to many other natural products is often limited
by low yields and insufficient biomass. Therefore, the development of synthetic routes from readily available
starting materials constitutes an indespensible alternative to natural sources. However, sometimes total
syntheses of complex natural products prove to be rather tedious and inefficient resulting in low yields. In
these cases the identification and isolation of other biochemically produced compounds, that may serve as
advanced intermediates and can be converted to the target molecule via few transformations, may offer a
solution. A prominent example is the semisynthesis of paclitaxel, starting from the more readily available 10-
deacetylbaccatin III, as a total synthesis has not been feasible on an industrial scale and isolation from its

natural source provides insufficient amounts to meet the global demand.*

With increasing insight into biochemical processes, modes of action, and molecular targets the focus shifted
towards the design and synthesis of totally synthetic drugs.” However, despite recent advances in chemical
techniques that allow for high-throughput screening to generate large compound libraries via combinatorial
chemistry only about 33% of small-molecule drugs are exclusively of synthetic origin (Figure 3). The majority
of approved drugs, on the other hand, consists of molecules that possess natural pharmacores or mimic natural
product compounds.* To date, only three new chemical entities originating from combinatorial chemistry,
the anti-cancer agents sorafenib (Nexavar®) and vemurafenib and the genetic disorder-inhibitor ataluren

(Translarna®), have been approved (Figure 3).*

Approved Small-Molecule Drugs of Synthetic Origin Percentage of Small-Molecule Drugs by Source

o} 5.1%
cl o Oy Me
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sorafenib (Nexavar®) 2005

W unaltered natural products

25.5% botanical drugs (defined mixtures)

W natural product derivatives
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synthetic drugs
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Figure 3. Small-molecule drugs that have been approved. Left: Approved drugs originating from combinatorial
chemistry. Right: Percentage of drugs approved by the FDA from 1981-2019 categorised by origin (NP = natural
product).*
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In contrast to the diverse structural architectures of natural products, early combinatorial libraries
predominantly focused on aromatic compounds neglecting intricate three-dimensional interactions with the
molecular target.* In order to expand the bioactive chemical space covered by these libraries, the focus shifted
to structural diversity, concerning functional groups, stereochemistry and molecular scaffolds.* In addition,
the entirety of natural diversity has barely been explored and it is estimated that less than 10% has been
investigated for biological activity and pharmacological potential."’ Therefore, natural products still represent
a major source for novel drug leads and the isolation and total synthesis thereof remains an indispensible
discipline. Furthermore, total synthesis enables the analysis and evaluation of structure-activity relationships
via selective derivatisation of lead structures.* This can lead to the identification of natural product analogues
with enhanced pharmacological profiles or simplified structures as showcased by the development of the
completely synthetic anti-cancer agent eribulin (Halaven®) which was derived from the marine natural
product halichondrin B (Figure 4).*

halichondrin B

Figure 4. Structures of halicondrin B and eribulin.

Besides the supply of pharmacologically active material, synthetic endeavours have inspired novel concepts

#%9 and conformational® analysis or considerations regarding atom,*

and principles such as retrosynthetic
redox,* step,* and pot® economy to provide guidelines for increasing the efficiency of a synthesis.*® Many
projects have led to the discovery of unkown reactivities, the development of new efficient methodologies to
access complex structural motifs, as well as mechanistic studies providing a deeper understanding of chemical
transformations and selectivities. Thus, the fields of organic and synthetic chemistry exceed purely industrial
and pharmaceutical interests, providing fundamental research to expand knowledge and serve as a source for

inspiration and innovation.
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2 (+)-Greek Tobacco Lactone

2.1 Introduction

2.1.1 Isolation of (+)-Greek Tobacco Lactone

In 1993, WAHLBERG and co-workers reported the isolation of the bicyclic Greek tobacco lactone (1) as one of
thirteen butyrolactones found in sun-cured leaves of Greek tobacco.”” Lactone 1 occurs in racemic form and
possesses a cis-fused tetrahydropyran-butyrolactone scaffold. The authors proposed a biosynthetic pathway
via degradative oxidation of acyclic isoprenoid precursors. The resulting Cy;-intermediate is oxygenated and
undergoes lactonisation with subsequent cyclisation to form the cis-fused bicyclic system (Scheme 8). The
isolation of Greek tobacco lactone (1) as a racemic mixture implies the lack of enantioselective oxidation

processes.

Me Me
oxidative cleavage --0 X aTion O o
| | 2:::0 "
Me i % —> Me . lactonisation Me. i1
Y\/W%\/ Z "0 cyclisation H o H
Me Me Me
H (+)-Greek tobacco lactone (1)

tobacco

Scheme 8. Proposed biosynthetic pathway and structure of (+)-Greek tobacco lactone (1).

The original structural assignment, which was derived from a combination of spectroscopic data, including IR,

NOE and HMBC experiments, and mass spectrometric fragmentation studies, was later confirmed by three

total syntheses.’**%
NOE HMBC determination of
relative stereochemistry
Q i H
" HY7  Me) H Me
Me\—x-0 i Me o
2 ; 2
Sa RSy
¢} o (+)-Greek tobacco lactone (1)

Figure S. Determination of the relative stereochemistry highlighted by selected NOE and HMBC correlations.*®

2.1.2 Total Syntheses of (+)-Greek Tobacco Lactone

The first total synthesis of racemic Greek tobacco lactone (1) was published by CLARK and co-workers in
2007 (Scheme 2).** The authors pursued the strategy to construct natural products containing highly
functionalised tetrahydropyran cores by employing reductive coupling reactions. The required cyclisation
precursor 3 was obtained by the addition of the corresponding GRIGNARD reagent of bromide 2 to
methacrolein, subsequent oxa-MICHAEL addition to ethyl propiolate, and deprotection. The reductive
cyclisation of 3 was then accomplished using samarium(II) iodide. Oxidation of the secondary alcohol and
subsequent treatment of the resulting ketone § with methyllithium initiated lactone formation to give 1 as a

racemate in a total yield of 22% over six steps (Scheme 9).
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Five years later BESADA, FALL and co-workers published a second total synthesis by exploiting their
methodology coined furan approach to oxacyclic systems, which is based on the oxidation of furans with
singlet oxygen to generate functionalised butenolide scaffolds.” Their synthesis commenced with furan 6 by
modifying the side chain to prepare an allylic alcohol for a late-stage oxa-MICHAEL addition. Oxidation of the
furan moiety eventually afforded butenolide 8, which, after methylation, was cyclised to racemic 1. The
product was obtained in a total yield of 15% over seven steps (Scheme 9).

CLARK (2007)

22% over 6 steps
racemate

oxa-MICHAEL addition

CHO LOH  DMSO, (COCI),
Sml, then Et3N MelLi
/k *» 7 ——— > Me o < 2 —_— >
\ MeOH/THF A CH,Cly, AR THF,-78°c Me
599 75% COEt -78°Ctort. CO,Et 56%
over 3 steps COzEt 90%
4 5
FALL (2012)
15% over 7 steps
racemate

oxa-MICHAEL addition

OTBDPS rose bengal OTBDPS 1. (i-PrO)3TiCl, MeLi

EtO,C._~ | o > Me o DIPEA, O, hv Me OHo THF, =78 °C to r.t.

V4 > | MeOH, 78 °C W 2. TBAF, THF
59% 77% 51%, rac
6 over 4 steps 7 8 dr 1.7:1 (C7-epi)

Scheme 9. Total syntheses of racemic Greek tobacco lactone (1).

The first enantioselective total synthesis was reported bei PIHKO and SHTONEN in 2014.% Starting from
silyloxyfuran 9, the butenolide core 10 was prepared by the reaction with acrolein in an asymmetric
MUKAIYAMA-MICHAEL protocol, employing catalytic amounts of (2R,SR)-diphenylpyrrolidine and para-
nitrobenzoic acid (p-NBA),”" in 60% yield and in 88% enantiomeric excess. Subsequent WITTIG olefination
and SHARPLESS asymmetric dihydroxylation afforded the cyclisation precursor 11 in 57% vyield and in a
diastereomeric ratio of 93:7. The synthesis was completed by base-induced oxa-MICHAEL addition to
construct the tetrahydropyran core and dehydration of the tertiary alcohol. (+)-Greek tobacco lactone (1)
was obtained in a total yield of 20% over five steps (Scheme 10).

PIHKO (2014)
20% over 5 steps
88% ee
H
Ph., N
Ph

(20 mol%)

p-NBA (20 mol%) oxa-MICHAEL addition Me BURGESS
Me fo) acrolein (6 equw) o :-Q o reagent M
OTBS *) HO — = Me
U H,0/CH,Cly, 0 °C m THE Moy 3073 PhMe, 110 °C
60%, 88% ee o Me 70% Me 85%
57%, dr 93:7
9 10 over 2 steps 12 1

Scheme 10. The first enantioselective total synthesis of Greek tobacco lactone (1).



Objective

2.2 Objective

In contrast to the published syntheses, focusing on the construction the carbon framework from smaller
carbon building blocks, it was envisaged to reduce the amount of carbon-carbon bond formations by strategic

retrosynthetic cuts to identify suitable starting materials.

The retrosynthetic opening of the tetrahydropyran core by an oxidative cyclisation — as opposed to an oxa-
MICHAEL addition — reveals two simple and readily available starting materials: the monoterpenoid
(R)-linalool (13) and the one-carbon building block cyanide. Activation of both double bonds of (R)-linalool
by oxidative transformations could give access to the fused bicyclic scaffold. Initial epoxidation of the terminal
double bond would allow installation of the carboxyl carbanion equivalent and enable subsequent
lactonisation. Oxidation of the prenyl double bond could then facilitate cyclisation with the epoxide-derived

hydroxyl group to build the tetrahydropyran core (Scheme 11).

Retrosynthetic Analysis of 1 : Strategic Oxidation of 13

cyclisation via

Me Me Me Me
0 o ZeOH eOH ZaOH
Mey ot —  Me~ e i Me_~ x Mp Men
Hi~ H 1 i O
: H Me oxidant Me
\ oxidative cyclisation H oxidation (2R)-14

(+)-Greek tobacco lactone (1) (R)-linalool (13) (R)-linalool (13)
Scheme 11. Retrosynthetic analysis of (+)-Greek tobacco lactone (1) and strategic oxidations for key-bond formations.

The utilization of chiral and optically enriched or pure terpene natural products such as (R)-linalool enables
several strategic approaches in synthesis planning. Due to their high abundance and general renewabiliy,
terpene building blocks represent an inexpensive and versatile pool of chiral starting materials for the chemical
synthesis of complex natural products as well as pharmaceutical agents.”” The identification of larger building
blocks might minimise carbon-carbon bond forming reactions resulting in a more rapid construction of the
carbon skeleton. Furthermore, the introduction of stereogenic centers by the starting materials omits the
necessity for resolution or asymmetric catalysis to generate enantioenriched compounds and allows the

installation of further stereogenic centers by substrate-induced diastereoselectivity.*®
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ABSTRACT: An asymmetric synthesis of the C,;-homoterpenoid (+)-Greek
tobacco lactone is developed starting from readily available (R)-linalool. The
synthesis is comprised of four operations and features a diastereoablative
epoxidation and an oxidative tetrahydropyran formation using vanadium-,

R)-linalool
palladium-, and selenium-catalyzed cyclizations. (+)-Greek tobacco S
lactone
any plants produce volatile C;;-homoterpenes, such as building block and cyanide as nucleophilic equivalent of the

(E)-4,8-dimethyl-1,3,7-nonatriene (DMNT, C,,H,g), to carboxyl group (Scheme 1).
defend against herbivores by attracting their carnivorous

) 1 .
predators (Figure 1)." It has been shown that DMNT is Scheme 1. Retrosynthetic Analysis of (+)-Greek Tobacco

Lactone
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Figure 1. C,;-homoterpenoids and their biosynthetic precursor.

",
1,
",

. . . . . OH idation OH
biosynthetically derived from the sesquiterpenoid (3S)-(E)- poxi
nerolidol” via oxidative degradation by P450 monooxygenases.” 7 N o + KON
3a

For this reason, C;;-homoterpenes are also referred to as
tetranorsesquitel;penes. Mono-oxidized homoterpenes such as
(E)-cyclanthone™ have been found as the major constituent of
the floral scent of Cyclanthus bipartitus Poit., a neotropical plant
in the family Cyclanthaceae. Higher oxidized C,;-homoterpenes
are rarely found in nature.” In 1993, Wahlberg et al. isolated the
bicyclic homoterpenoid lactone 1 from the sun-cured leaves of

(R)-linalool

Our study commenced with the vanadium-catalyzed
epoxidation of (R)-linalool."" Using a protocol published by
Opatz et al.'” as starting point, we obtained a 3:2 mixture of the
diastereomeric epoxides in good yield slightly favoring the

Greek tobacco.’ Although the exact biological role of this undesired diastereomer 3b. As the chromatographic separation
C,;-homoterpenoid is not yet known, three syntheses of 1 have of the two diastereomers turr}ed out to be. difficult, we
been reported by the groups of Clark,” Fall and Besada,® and attempted to remove the undesired epoxide using Jacobsen’s

P . . . - 13 . .
Pihko.” Herein, we report a four-step synthesis of (+)-Greek hydrolytic kinetic resolution. ~ To this end, the mixture of the

tobacco lactone from the readily available monoterpenoid (R)- diastereomeric epoxides was treated with catalyst 4, and water
linalool. was added in small portions. As expected, '"H NMR analysis of

the crude reaction mixture showed that only the desired
epoxide had remained (Figure 2).

However, no signals for the expected diol could be found.
Concomitant with the disappearance of the epoxide signals for
diastereomer 3b, an aldehyde and three cyclopropyl signals

A principal challenge in synthesis planning lies in the
identification of larger building blocks within a given target
molecule to minimize the number of carbon—carbon bond
forming reactions.'’ In contrast to the previous approaches
involving oxa-Michael additions to a butenolide and using
smaller building blocks, we opted for an oxidative cyclization of

hydroxyalkene 2 to form the tetrahydropyran. Accordingly, we Received: February 16, 2017
identified (R)-linalool-derived epoxide 3a as a ten-carbon chiral Published: March 3, 2017
ACS Publications  © 2017 American Chemical Society 1478 DOI: 10.1021/acs.orglett.7b00484
& Org. Lett. 2017, 19, 14781481
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Figure 2. (A) Conditions for the resolution of the mixture of
diastereomeric epoxides 3a and 3b and (B) 'H NMR analysis prior
and after treatment with Jacobsen’s catalyst 4.

appeared. Sharpless et al.'* identified an identical compound
within a complex mixture of products'® obtained by treatment
of epoxide 3b with 1.4 equiv of Ti(OiPr),. To shed light on the
formation of cyclopropane S, we determined the configuration
of the two stereogemc centers by X-ray analysis of
dinitrobenzoate 8. In line with the Sharpless proposal,
hydroxyl-directed Lewis acid activation of the epoxide via
chelate 6 induces an intramolecular attack of the alkene.
Subsequently, the resulting cationic cyclohexane intermediate 7
undergoes retro-homo-Prins fragmentation to form cyclopropyl
aldehyde S. The stereogenic center at the cyclopropane is set by
placing the isopropyl and methyl substituents in the equatorial
positions of intermediate cyclohexane 7 (Scheme 2). For

Scheme 2. Mechanism of the Cyclopropane Formation and
Determination of Its Absolute Configuration (Thermal
Ellipsoid at 50% Probability)
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diastereomeric chelate 9, the alkene 7- and epoxide C—O o*-
orbital overlap is insufficient for the initial epoxide opening
step, leaving epoxide 3a unreacted. As only 2 mol % of
Jacobsen’s catalyst decomposed the undesired epoxide
diastereomer, we speculated that, upon increasing the reaction
time,"” VO(acac), could not only epoxidize linalool but also
effect the hydroxyl-mediated fragmentation in a catalytic
diastereoablative manner.'®

Gratifyingly, treatment of (R)-linalool with S mol % of
VO(acac), and 1.5 equiv of TBHP in refluxing benzene for
24 h afforded epoxide 3a as a single diastereomer in 30% yield
on a 10 g scale. Opening of the epoxide 3a with cyanide could
be realized using relatively costly Et,AICN" (72% yield). As a
cost-eflicient alternative, we used KCN and p-TsOH-H,O in
DMEF to afford nitrile 10 in 78% yield. Hydrolysis with NaOH
and subsequent acidic lactonization provided lactone 2 in 75%

yield (Scheme 3).

Scheme 3. Synthesis of Lactone 2
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DMF, 80 °C,6 h
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2(75%) 22°CA7h 10 (78%)

Hartung et al have developed oxidative cyclizations of
hydroxyalkenes”' for the synthesis of tetrahydrofurans. The
stereoselectivity is induced through coordination of the
secondary alcohol to the vanadium catalyst. Encouraged by
their results, we applied these conditions to lactone 2 (Scheme
4). Product 11 was formed in 95% yield with high

Scheme 4. Vanadium-Catalyzed Oxidative Cyclization

VO{OE); (20 mol %!} 20 Burgess
3 TBHP (1.5 equiv) o] reagent
—_—— = =07 -
CHsCly, 23°C. 6 h Ho H H dioxane L (91%)
11 (95%) MW.15D C
dr 9:1 3 min

diastereoselectivity (9:1). As shown previously by Pihko,”
dehydration of 11 can be achieved using Burgess reagent.”” In
our case, under microwave irradiation in dioxane, (+)-1 was
produced in 91% yield. Although the two-step cyclization-
elimination sequence described above was effective, we set our
sights on a shortcut that would join an intramolecular
hydroxymetalation and a f-hydride elimination using a single
catalyst.

To this end, we took a closer look at Pd™mediated and
-catalyzed Wacker-type cyclizations developed by Semmel-
hack™ and Stoltz,”* respectively. A single equivalent of
palladium(II)-trifluoroacetate in DMSO under microwave
conditions afforded tobacco lactone 1 in 41% as an 85:15
mixture of C7-diastereomers (Scheme S). Along with the

DOI: 10.1021/acs.orglett.7b00484
Org. Lett. 2017, 19, 1478—1481
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desired product, we isolated A®-tetrahydrooxepine 12 from the
endocyclic ring closure in 15% yield.

Scheme S. Palladium-Mediated Oxidative Cyclization

Pd{TFA), z s H
{1 equiv) 3 / =0,
B O + 7 0]
DMSO 07z o=
Mw 80 “C. 8 h H H H
1(41%) 12 (15%)
dr85:15

Changing the solvent to MeCN rendered 12 as the major
product (32%) together with 8% of the regioisomeric
AS-tetrahydrooxepine 13.

Attempts at catalytic versions of the Wacker cyclization led to
simple proton-mediated etherification to give hexahydroox-
epine 14, possibly through catalysis by hidden Bronsted acids.”®
Each of the three oxepines ent-12, 13, and 14 was characterized
unambiguously by X-ray crystallography as shown in Figure 3.

) ~~i ent-12: A%tetrahydrooxepine
=t S | 13: AS-etrahydrooxepine
B! 14: hexahydrooxepine

14

Figure 3. X-ray analyses of oxepines ent-12, 13, and 14 (thermal
ellipsoid at 50% probability).”®

We recently showed diselenides to be cost-efficient and potent
alternatives for conventional palladium catalysis in oxidative
aminations®”** and acyloxylations®>*° of unactivated alkenes.
Our method relies on diphenyldiselenide as a catalytically active
species and N-fluorobenzenesulfonimide (NFSI) as the
terminal oxidant.>' Slight modifications of these conditions
eventually led to an efficient cyclization of 2 to 1 in 60% yield
(Scheme 6).

Most recently, we developed a new selenium-catalyzed
photoredox protocol for the oxidative allylic esterification of
nonactivated alkenes utilizing air as the terminal oxidant.*

Although the NFSI-based approach already achieved good

Scheme 6. Selenium-Catalyzed Oxidative Cyclization
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results, the use of ambient air as a complementary oxidant
would appear more attractive and obviate stoichiometric
amounts of byproducts other than water. Thus, we applied
the selenium-based oxidation catalysis protocol for this
synthesis. Consequently, the use of 10 mol % of (PhSe), in
the presence of 2,4,6-tri(4-methoxyphenyl)pyrylium tetrafluor-
oborate (S mol %) under air-exposed conditions led to the
clean cyclization of alcohol 2 to give target structure 1 in an
improved yield of 83% (84:16 dr).

In summary, we have developed a short synthesis of
(+)-Greek tobacco lactone (1) from readily available (R)-
linalool. Key steps include a vanadium-catalyzed stereoablative
epoxidation and an alkene hydroxylation using a selenium-
based redox system with either NFSI or molecular oxygen as
the terminal oxidant. Our example showcases how selenium can
offer a powerful and superior alternative to the palladium-
catalyzed alkoxylation of unactivated alkenes.
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3 Cyclopropanation — Studies Towards the Intramolecular
Methylenetransfer of 6,7-Alkenyl Epoxides

3.1 Cyclopropanes in Natural Products

Cyclopropanes are a widely distributed structural motif in natural products that display a broad range of
important biological activities, including enzyme inhibition, plant growth and fruit ripening controls, as well as
insecticidal, antifungal, and anticancer properties.*”* Prominent examples are the cholesteryl ester transfer
protein (CETP) inhibitor (-)-U-106305 (15), the insecticide (+)-trans-chrysanthemic acid (16), and the
promising anticanger agent (+)-ptaquiloside (17) (Figure 6). Furthermore, the presence of cyclopropane
structures can enhance drugs leading to derivatives with increased potency or stability.”® Therefore,
cyclopropane-containing compounds represent valuable leads for the developement of new pesticides and

drugs and continue to be in the focus of organic synthesis, medicinal chemistry, and pharmacology .

Me
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(—)-U-106305 (15) acid (16) OH

cholesteryl ester transfer insecticide
protein inhibitor

T
T

(+)-ptaquiloside (17)
anticancer agent

Figure 6. Cyclopropane-containing natural products and their biological properties.

3.2 Synthesis of Cyclopropanes

Cyclopropanes are generally prepared either via the addition of carbene-like intermediates, meaning carbons
with nucleophilic and electrophilic properties, to a double bond or intramolecular substitutions. The term
‘carbenoid’ was first introduced by CLOSS and MOSS in 1964 for these species and describes compounds,
‘which exhibit reactions qualitatively similar to those of carbenes without necessarily being free divalent
carbon species.””” While carbenoids are structurally related to singlet carbenes, their ambiphilic character is
generally realised in anionic carbon atoms that additionally bear a leaving group.*® Depending on the nature of
the double bond, different types of reagents with varying degrees of reactivity can be employed. Stabilisation
of the negative charge can either be achieved by metals to generate metal carbenoids or by adjacent
functionalities such as sulfonium or ammonium groups to give ylides, which can be considered a type of rather
stable carbenoids (Scheme 12). While the former, in particular those with transition metals capable of forming
vinylidene-based carbenoids with weak n-backbonding properties, have a stronger electrophilic character and
react with electron-rich alkenes,®* the latter exhibit more pronounced nucleophilic character and readily
attack electron-deficient double bonds. Cyclopropane formation can occur concerted or in a stepwise manner
(Scheme 12). In case of s-block metals and zinc carbenoids, the reaction usually proceeds concerted with

retention of the stereochemistry of the alkene.
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Scheme 12. Methods for cyclopropanation of alkenes. Left: Preperation of metal carbenoids and a simplified mechanism
for the reaction with alkenes. Right: Cyclopropanation via ylids.

One of the most prominent methods involving reagents of this kind is the SIMMONS-SMITH cyclopropanation,
which utilises zinc carbenoids.”’ Whereas the initial report from SIMMONS and SMITH in 1958 described the
preparation of the active zinc species via oxidative addition of a zinc-copper couple to diiodomethane, various
modifications to activate the zinc metal have been reported since then.”" In 1966, FURUKAWA and co-workers
reported an alternative preparation via zinc-halogen exchange between diethylzinc and diiodomethane,”
which constitutes one of the most applied methods nowadays, counting numerous examples in total syntheses,
such as the synthesis of omphadiol (19) reported by LIANG and co-workers (Scheme 13).”* Besides oxidative
addition and metal-halogen exchange, the direct metalation via deprotonation provides an alternative source
for metal carbenoids. For instance, in 2004 HODGSON and co-workers disclosed a novel methodology for
intramolecular cyclopropanations via the a-lithiation of terminal epoxides, as already observed by CRANDALL

and LIN in 1967,” and later applied their protocol to the total synthesis of (-)-cubebol (24) (Scheme 13).”®

However, as these systems require stoichiometric amounts of organometallic reagent, transition metal
catalysis remains one of the most efficient strategies for the construction of cyclopropanes.76 Typical strategies
for the in situ generation of transition-metal carbenoids include the decomposition of diazo compounds and
the cyclisation of 1,n-enynes. The reaction of diazo compounds and more stable surrogates such as hydrazones
have been widely used in combination with rhodium or copper catalysts,”” whereas the activation of alkynes is
dominated by gold and platinum catalysis.”® To rationalise the reactivity of metal-vinylidene-based carbenoids
derived from coordination of transition metals to alkynes, different mesomeric structures, corresponding to
different coordination modes, can be analysed (Scheme 12). In the #'-coordination mode both carbons of the
alkyne exhibit weak carbene-like properties and therefore can act as an electrophile and as a nucleophile.”
However, since the covalent character is rather weak, it can be considered as a polarised eletrophilic w-system
with an asymmetrical 7’-coordination to the metal center.” Thus, cyclopropanation is usually initiated by
attack of the alkene, followed by trapping of the resulting carbenium ion. The resulting covalently bonded
metal-carbenoid intermediate can then undergo further reactions typical for carbenes such as rearrangements
or additional cyclopropanations.® In particular, OHLOFF-RAUTENSTRAUCH-type rearrangement constitutes a
powerful reaction for the preparation of cyclopropanes embbeded in a polycyclic environment. The reaction
was first described bei OHLOFF and co-workers in 1976 utilising zinc chloride and later rediscovered by
RAUTENSTRAUCH during studies on palladium-catalysed NAZAROV-type cyclisations.*"*> However, increasing
awareness of its preparative potential emerged only with the work of FENSTERBAND, MALACRIA and MARCO-



Synthesis of Cyclopropanes

CONTELLES in 2002,% propelling a series of research efforts.** While initial works focused on platinum(II)
chloride as catalyst, FURSTNER and co-workers showed that gold(I) and gold(III) chlorides, usually in
combination with silver salts, represent potent alternatives.*> Naturally, many applications in total synthesis
projects ensued. In their endeavour towards a total synthesis of (~)-cubebol (24), FEHR and GALINDO found
that copper, gold and platinum salts are effective promotors for the envisaged cycloisomerisation reaction
(Scheme 13).*° Interestingly, the OHLOFF-RAUTENSTRAUCH rearrangement can be described via two
different mechanistic scenarios, depending on whether [1,2]-acyl migration or cyclisation occurs first.*" In
this particular case, DFT computational studies supported a mechanistic pathway with preceeding cyclisation,
as previously proposed by FURSTNER and co-workers, for platinum and gold catalysis, whereas calculations for

copper were inconclusive.”
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Scheme 13. Examples of cyclopropanations via metal-carbenoids in total synthesis.

On the other hand, ylides can be regarded as nucleophiles and cyclopropane formation is initiated by
irreversible conjugate addition to a MICHAEL system or electron-deficient double bonds in general. The
resulting carbanion displaces the associated leaving group in an intramolecular nucleophilic substitution to
give the cyclopropane. In systems with free rotation, the thermodynamically more stable trans-product is
produced. Ylides, therefore, represent a powerful alternative to metal-carbenoids that generally give rather low
conversions with electron-deficient alkenes. Moreover, the incorporation of chiral auxiliaries enables
enantioselective variants of these reactions. For instance, TANG and co-workers developed the camphor-
derived sulfonium salt 25 as a chiral ylide precursor for the enantioselective COREY-CHAYKOVSKY
cyclopropanation of t-butyl acrylate in their total synthesis of halicholactone (28) (Scheme 14).** Concerning
the advent of organicatalysis, the prospect of asymmetric catalyic systems have sparked great interest in further
expanding the repertoire of synthetic tools availabe to organic chemists. Based on the seminal works of
GAUNT and co-workers” on organocatalytic cyclopropanations using chiral tertiary amines, KUMARASWAMY
and PADMAJA devised an enantioselective total synthesis of (-)-eicosanoid (32).” Mechanistically, the
reactions proceeds via an ammonium ylide (30) generated in situ from the reaction between the catalyst and
an a-halo ester. Conjugate addition to enone 29 and ensuing intramolecular displacement of the ammonium

leaving group furnished the cyclopropane 31 with concomitant regeneration of the catalyst (Scheme 14).
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Corey-Chaykovsky Cyclopropanation
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Scheme 14. Examples of cyclopropanations via ylides in the total synthesis of natural products.

3.3 Objective

Although these strategies offer powerful methods for chemo- and even stereoselective cyclopropanations
some disadvantages remain, including the use of toxic and highly explosive diazocompounds, stoichiometric
amounts of organometallic reagents or expensive transition metals, the necessity of chiral ligands or carefully
prepared chiral reagents to induce stereoselectivity. With these considerations in mind, the vanadium-
catalysed rearrangement of (25,3R)-1,2-linaloolepoxide ((2S)-14) (Scheme 15), which was exploitet in the
total synthesis of (+)-Greek tobacco lactone (1),” could represent a potential alternative to established

methods for the enantioselective preparation of cyclopropanes.

Cyclopropanation via intramolecular methylene transfer of 1,2-epoxy-6-heptene derivatives

H H
,0 ,0
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(25)14 side products 36
HO.. %, § OBn BnO..
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d Me,, -Me OH ~H =
stereochemistry Me @ 0] R o] stereochemistry
H H R H H
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H o a Q
M
EMH H : H
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Scheme 15. Mechanistic proposals for the methylene transfer of heptene-based alkenyl epoxides by SHARPLESS (left) and
LAMBERT (right).

Following the works of SHARPLESS and MORGANS on the LEWIS-acid mediated intramolecuar methylene
transfer of a-hydroxy epoxides to olefins,”” two other groups have made similar observations. While MARSON
and co-workers described the reaction in constrained ring systems with concomitant ring expansion via semi-
pinacol rearrangement,” LAMBERT and HARDEE reported the first LEWIS-acid catalysed system and gave an
elaborated investigation of the substrate scope and stereoselectivity for open-chain substrates.”* Based on the
isolation of cyclic side products such as 34 and 35, presumably resulting from proton elimination of cationic
species, similar mechanistic pathways, that account for the stereospecific formation of the observed
cyclopranes, have been proposed by all three groups. However, while SHARPLESS proposed a six-membered,
HARDEE and LAMBERT postulated a seven-membered ring system as intermediate (Scheme 15). These
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different observations can be rationalised by hyperconjugative stabilisation with respect to the degree of

substitution on the alkenes and ensuing carbenium ions.

As all previous studies leveraged an adjacent hydroxyl group to promote cyclopropanation via chelation of the
LEWIS acid, it was of interest to investigate a more general substrate scope in order to evaluate the feasibility of
this method. Constraints such as requisite subsitution patterns would severely limit the applicability in total

synthesis. Therefore, different substrates that lack a directing group should be tested.

3.4 Results

It was first of interest to evaluate different LEWIS acids towards their ability to promote this intramolecular
methylene transfer. Therefore, a mixture of both diastereomeric epoxides, obtained by vanadium-catalysed
epoxidation of (R)-linalool (13),”" was treated with different catalyst systems under the same conditions and
the result was compared to the cobalt-mediated reaction with catalytic amounts of (salen)cobalt(II) complex
38 (Table 1, Entry 1). As a control experiment the reaction was performed solely with acetic acid as the
catalytic system to test whether simple BRONSTED-acid catalysis is sufficient to facilitate the reaction (Table 1,
Entry 2). Since no conversion was observed at all, it was concluded that stronger coordinating LEWIS acids are
required. Titanium tetraisopropoxide, which was already used by SHARPLESS in stoichiometric amounts to
induce the rearrangement of (25,3R)-1,2-linaloolepoxide, was tested (Table 1, Entry 3).” After three days, a
diastereomeric ratio of 4.9:1 in favour of the cis-a-hydroxy epoxide was measured, which corresponds to a
kinetic resolution by rearrangement of the trans-a-hydroxy epoxide to cyclopropane 33. However, the result
was inferior to the cobalt-salen-based catalyst system. In comparison, vanadyl acetylacetonate, which was the
catalyst of choice for the one-pot protocol in the aforementioned total synthesis of (+)-Greek tobacco lactone,
performed even worse under the same conditions and only marginally improved the diastereomeric ratio even
after a reaction time of five days (Table 1, Entry 4). On the other hand, boron trifluoride diethyl etherate led
only to degradation within minutes even at 0 °C (Table 1, Entry S).

Table 1. Screening of different LEWIS acids as catalysts for the rearrangement (25)-14."

‘"‘\MgH catalyst ':\MSH -’\MSH Oxidation of the Precatalyst
M 2 —— Me LR+ Mo A, & N\
Y < THE, 1. 7 < H O
Me Me ¥
33

Me HIB—éH
14 (2R)-14 _N\CO/N_
dr1.4:1 (2S12R) t—Bu—< ?ﬁ—o/ \o?</ >—t—Bu
Entry catalyst t Result® e
38 (2 mol%) AcOH, 0, i oxidation
:1
! AcOH (4 mol%) 3d dr>99
2 AcOH (10 mol%) 2d no conversion HN NH
3 Ti(Oi-Pr)s (10 mol%) 3d dr4.9:1 o o/(z);o Q .
4 VO(acac), (10 mol%) 5d drl:1 +BU Ct_Bu

catalytically active Co'" species (39)

5¢  BF;OEt (12mol%) 0.5h degradation

a) All reactions were performed on a 10 mg scale and in a
concentration of 0.1 M. b) The reaction progress was monitored
by GC-MS. c¢) The reaction was performed at 0 °C.
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Preliminary studies indicated that (salen)cobalt(II) complex 38 itself is not capable of facilitating the
methylene transfer and only in combination with acetic acid yields the rearrangement product. This is in
accordance with protocols for hydrolytic kinetic resolutions of racemic epoxides, where the corresponding
(salen)cobalt(III) complex 39 is the catalytically active species.” Activation of the (salen)cobalt(II)

precatalyst is achieved by oxidation with molecular oxygen in the presence of BRONSTED acids.

With a promising catalytic system in hand, the influence of different substitution patterns on the alkyl chain

between epoxide and alkene were investigated (Figure 7).

(0} (¢] o (0]
Me W\(Q Me\(\/YQ Mew Me\l/\/\/<l
Me  HO Me Me Me Me Me Me
13 40 41 42
adjacent directing group cis-configuration trans-configuration unsubstituted chain

Figure 7. Substrates for the evaluation of the influence of different degrees of substitution on the alkyl chain.

Since all previous studies utilised the presence of an a-hydroxyl directing group to promote rearrangement, it
was of interest to evaluate the absence thereof. Both epimeric a-methyl epoxides, the cis-configurated epoxide
40 and the trans-configurated epoxide 41, were prepared from (S)-citronellal (43), which in turn was
accessible by oxidation of commerecially available enantioenriched (S)-citronellol. Subjection of (S)-citronellal
to a one-pot procedure, consisting of a-chlorination, reduction, and basic epoxide formation with either the
L- or D-alanine-derived MACMILLAN catalyst, delivered the cis-epoxide 40 and the trans-epoxide 41 in 57%

yield and 76% yield, respectively (Scheme 16).
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Scheme 16. Synthesis of epoxides 40 and 41 and subsequent investigation of the cobalt-catalysed methylene transfer.

Interestingly, when the two epimeric epoxides were subjected to (salen)cobalt(II) complex 38 and acetic acid
a remarkable difference in reaction rates was observed. The reaction was much slower than with a-hydroxy
epoxide 13, which can be attributed to the lack of a directing group. Furthermore, while the cis-epoxide 40,
bearing the same relative configuration with respect to the methyl group and epoxide moiety as the
corresponding linalool-derived epoxide 13, showed complete conversion after eleven days, 'H-NMR analysis
of the trans-epoxide 41 indicated only 16% conversion. The influence of the relative configuration on the
reaction rates can be rationalised by steric interactions. The cyclic intermediate of trans-epoxide 41 bears the

methyl group in axial position, which may render the reaction pathway less favourable compared to that of cis-
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epoxide 40 with an equatorial positioned methyl group. Additionally, the reaction was performed with the
(R,R)-enantiomer of complex 38 as a control experiment to determine whether stereoselectivity can be
induced by chiral ligand and if matched or mismatched substrate-catalyst settings for stereocontrol are
present. However, no influcence was observed and the chiral backbone of the salen ligand was deemed
inconsequential. Therefore, the preparation of an achiral (salen)cobalt(II) precatalyst in larger quantities was
envisaged. Condensation of two equivalents of substituted salicylaldehyde 47, available from phenol 46, with
ethylenediamine and subsequent coordination of the resulting salen-based ligand to cobalt(II) afforded

recatalyst 48 in 81% yield over two steps (Scheme 17).77%
P y n P
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OH H(CH,),OH o OH NH; N ne
FBU  MgCL EGN i £BU MeOH, reflux, 2 h cs’
> 7N
THF, reflux, 4 h 2. Co(OAC),4H,0 tBu o o° tBu
EtOH/H,0, 60 °C, 1 h
t-Bu 70% t-Bu . 2 t-Bu t-Bu
46 47 81% over two steps 48

Scheme 17. Preparation of achiral precatalyst 48.

Next, the influence of an unsubstituted alkyl chain was investigated. The required epoxide 42 was synthesised
from aldehyde 51 analogous to both methylated substrates 40 and 41 via of a-chlorination. Preparation of the
aldehyde was accomplished by sequential oxidation of hexanediol (49) to introduce the prenyl moiety
(Scheme 18).

1. i-PrPPh3Br, n-BuLi

1. Et3N, TBSCI, DMAP THF, r.t., 90 min NCS, D/L-prolin
OH THF, rt, 18 h o 2.aq. HCI, MeOH, rt., 1 h MeWVO MeCN, r.t., 2 h MBM
_— 2 _— =

WOH 2. TEMPO, NaOCl HMOTBS 3. [Cu(MeCN),JOT Me 4 then NaBH, 1§

KBr, NaHCO, 0,, bpy, DMAP EtOH, 0 °C, 90 min e

49 CH,Cly/H,0 50 4-acetamidoTEMPO 51 then NaOH 42
0°C, 40 min MeCN, rt.,, 3 h H,O/EtOH, r.t., 16 h
67% over two steps 74% over three steps 68%

Scheme 18. Preparation of epoxide 42.

Employing achiral precatalyst 48 for the rearrangement of epoxide 42, surprisingly, gave no conversion at
ambient temperature after three days (Table 2, Entry 1). When the temperature was elevated to 50 °C,
analysis by '"H-NMR spectroscopy indicated a conversion of 76% after five days (Table 2, Entry 2). The same
result was found, when the reaction was performed with cobalt(II) complex 38 as a control experiment (Table
2, Entry 3). Switching the solvent from dichloromethane to 1,2-dichloroethane allowed to perform the
reaction at 80 °C resulting in complete conversion after one day (Table 2, Entry 4). On the other hand,
utilising THF as the solvent gave only 50% conversion at 80 °C after 3 days (Table 2, Entry S). Presumably,
the etheral solvent acts as a competing LEWIS base and thus coordination of the solvent is prefered. For
Comparison, in case of (25,3R)-1,2-linaloolepoxide the hydroxyl group is the stronger LEWIS base and directs
interaction between catalyst and epoxide via chelation. Scandium(III) triflate or LAMBERT’s lanthanum (I1I)

triflate system resulted exclusively in degradation (Table 2, Entries 6 and 7).
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Table 2. Optimsation of the catalytic rearrangement of unsusbtituted epoxide 42.”

Salen-Cobalt(Il) Precatalysts

| HIQH
catalytic system :
Me _~ — > Me X, ; =N, N= =N, N=
o conditions 0 i /Co\ /C
Me Me i tBu (@) (0] t-Bu t-Bu (0] (0] t-Bu
t-Bu t-Bu t-Bu Bu
52 : 38

t-|
42 48

)

/N

Entry Catalyst Additive Solvent t T Result”

48 (2.5 mol%)

1 AcOH (5 mol%) CH,Cl, 3d r.t. no conversion

2 Ati)(l-zli Smn(:i?;%) CD,ClL, 5d 50°C 76% conversion®

3 Az'ci)(ﬁzlfsmni@) CD,CL  5d  $0°C  75% conversion®
4 Ati)(l—zli Smn(:i?;%) 12-DCE 1d 80°C  complete conversion
5 Ati)(é‘? smn(:i@ ) THF  3d 80°C  $0% conversion

6 Sc(OTf); (10 mol%) 1,2-DCE 1d 40°C degradation

7 La(OTf); (5 mol%) 2]:61(;18:11(%(37(;(23:3) 1,2-DCE  1d r.t. degradation

a) All reactions were performed on a 10 mg scale and in a concentration of 0.1 M. b) The reaction progress was monitored
by GC-MS. ¢) The reaction progress was monitored by '"H NMR.

Having evaluated the influence of substituents on the alkyl chain, concerning the degree of substitution, the
relative configuration and the ability to direct the catalyst, it was furtherof interest to asses the nature of the
alkene. Although the rout towards epoxide 42 would allow for the introduction of other alkene moieties, a
shorter avenue was desired. As a general approach, the copper-catalysed opening of epichlorohydrin with
different homoallylic bromides was envisaged. The corresponding homoallylic bromides are either
commercially availabe or can be prepared from cyclopropylcarbinols via treatment with hydrobromic acid
(Scheme 19).

Synthetic Strategy for the Preparation of Homoallylic Bromides
: opening of

copper-mediated opening cyclopropylcarbonol via

/ of epichlorohydrine

i o o Sl
R%R{\/E\/Q —, R mR]f\/\ Br —> V)KMS e V(M;@::
R'=Me 63 |
CO:,;ZE::HV preparation via cyclopropylcarbinols
Hj/\/\Br MeWBr /W Br ©/\N Br
H ; H H H
54 55 56 57

Scheme 19. Retrosynthetic analysis for the preparation of different homoallylic bromides.

Cyclopropylcarbinols §8 and §9 were prepared by reaction of cyclopropyl methyl ketone (53) with lithium
aliminium hydride and vinylmagnesium bromide, respectively (Scheme 19). Surprisingly, when the reaction

was conducted with benzyl magnesium bromide as the nucleophile, addition of the GRIGNARD reagent to the
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carbonyl was not observed. Instead, an aldol addition occurred and product 61 was isolated in 75% yield
(Scheme 19). Cyclopropylcarbinol 60 was eventually available by ruthenium-catalysed addition of

benzaldehyde hydrazone as a carbanion equivalent in 68% yield.”

Addition of Nucleophiles to Ketone 53 ) Addition of 62 as Acyl Nucleophile
‘ =~
3 pr Sy NH2
aldol product ; 62
[Ru(p-cymene)Cl,]o
0 nucleophile HO Me O Me_ OH : o dppp, K3POy, CSF HO Me
_— : : —_—
V)k Me  conditions v)< R M 3 V)k Me  THF, 45°C,4h V)< Bn
53 R=H 58 | 61 ; 53 68% 60
R=CHCH, 59 [Ru(p-cymene)Cl,],
R=Bn 60 ! :
' : Me
S Me
Entry  Nucleophile Solvent T t Result /@/‘ .
: Me Ru_mclu ,,,,, R’/u
1 LiAIH, Et,0 reflux 30min 58 (86%) | of O Ny Me
2 BrMgCHCH,  THF rt. 1h  59(92%) | Ve [~
3 BrMgBn THF —78°Ctort.  18h 61 (75%) ‘ Me

Scheme 20. Preparation of cyclopropylcarbinols via attack of various nucleophiles to cyclopropyl methyl ketone (53).

Subsequent treatment with hydrobromic acid in aqueous medium afforded homoallylic bromides §5, 56 and
§7 in moderate to good yields as mixtures of E- and Z-isomers. Preparation of the corresponding GRIGNARD
reagents and copper-catalysed coupling to racemic epichlorohydrin (63) gave access to alkenyl epoxides 64,
65 and 66 (Scheme 21). The terminal alkene 67 was accessible from commercially available 4-bromobut-1-
ene and served further as a precursor for the aryl-substituted alkenes 69 and 70 via HECK coupling with
iodobenzene and 1-iodo-4-methoxybenzene, as well as for epoxides 71 and 72 via metathesis with methallyl

acetate and subsequent hydrolysis (Scheme 21).

1
R v‘”/\/\ MgBr

Preparation of Bomoallyl bromides

R2
HO Me o
HBr Me, Cul (5 mol%)
R "h0,-20-0°C e o THF, -50 °C R <
20, —20— R cl e
I~ 2. NaOH, CH,Cly, rt. it
58 R=H 55%, EIZ=9:1 55 63 , 5 . R

59 R = CHCH, 56%, EIZ = 2:1 56 R1 =H, R2 =Me 26% 64
60 R=Bn 53%, EIZ = 3:1 57 R"=CHCH,, R*=Me 18% 65
R'=Bn, RZ2=Me 27% 66
R'=H, R2=H 81% 67

R | %

Z

R
Pd(P(o-tol)3),Cl, @\/\/\ o
Umicore M71 SIMes (68) ‘ = /<]

Et;N, DMF, 60-80 °C
Me /™ Me

NN R=H  36% 69
MeQ @\Me O  R=0OMe 48% 70
M

CliRu=, o] 67

a” Y—cF, MeLOAC

0 NH ‘ 68 (5 mol%) o

i-Pr R/W
CH,Cly, reflux, 5 h

Me
65%, EIZ=3:1
K,CO3, MeOH, r.t., 86%

71 R=0Ac
72 R=0H

Scheme 21. Preparation of various alkenyl epoxides via copper-catalysed opening of epichlorohydrin and subsequent

functionalisation of 67.

Unfortunately, except for the vinyl-substituted substrate 65, none of these alkenyl epoxides underwent

methylene transfer (Table 3).
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Table 3. Treatment of various alkenyl epoxides containing an unsubsituted alkyl chain with 48 and AcOH in 1,2-DCE.’

48 (2.5 mol%)
Rg)/g AcOH (5 mol%) R%/l
0  12DCE, 80°C H™ "0
R R

Substrate Scope

Jemneemeoenocenoiesieiioiiooees NO CONVETSION -esmsmmmememeeneeeeeeeneeeeeee : conversion
e | o} o] 3 o
H : e
70 69 65
(¢] (o)
AcO” W HO™ W
Me Me
7 72
(0] o
| N M H\M HVLM
= H H Me
66 67 64

a) All reactions were performed on 60 pmol scale and in a concentration of
0.1 M. The reaction progress was monitored by GC-MS.

Geminal disubstitution in acyclic chains tethering the two reaction centers accelerates intramolecular
cyclisation reactions. This phenomenon is termed the gem-disubstituent effect, often also referred to as the
THORPE-INGOLD effect.'” Since the proposed mechanism for the methylene transfer involves a cyclisation
step, it was of interest to apply this effect and evaluate its influcence on the reaction. A suitable substrate
design with two ester functionalities as the geminal substitutions would employ dimethyl malonate as the
connecting building block, providing a potential access to the alkenyl-epoxide scaffold through double
alkylation of the activated methylene with allylic bromides and epichlorohydrin (Scheme 22).

Me
O
MeM Br |>\/C| [e)
K,CO3 MeO,C LDA Q ¢ NaOMe
N Me > Me
DMF, 80 °C, 18 h Wcone THF, 0°C AT MeOH, rt.
60% Me then 50 °C, 16 h Me 2
74 82% 75
MeO,C._CO,Me
73 R!
o~ -Br zj\/\
= R Br MeO,G CO,Me
KoCO3 Me0,C DMDO Me0,C o NaH - 2 20
_— —_—
=
Me,CO, r.t.,, 24 h MeO,C ™ Me,CO,0°C  MeO,C Et,0, 0 °C 5
78% 76 >99% 77 R
R! = Me, R2=Me 72% 78
R'=Ph, R2=Me 70% 79
R'=Me, R2=H 79% 80
R'=Ph, R2=H 77% 81
R'=H, RZ=H 40% 82
Preparation of bromides 86 and 87
R=Me
1
1. (EtO),P._CO,Et, NaH
o THF,0°Ctort,21h R PBrj R
—_—
Ph)l\ Me 2.DIBAL-H ph)\/\OH Et,0,0°C, 1h ph)\/\sr
83 Et;,0,0°Ctort, 20 h 84 R=H 86
40% over two steps 85 R =Me 87

Scheme 22. Preparation of alkenyl epoxides bearing a geminal-disubstituted alkyl chain.

Initial efforts focussed on the installation of the epoxide on a later stage. However, when prenylated dimethyl

malonat (74) was treated with epichlorohydrin under basic conditions, lactone 75 was isolated instead of the
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desired epoxide (Scheme 22). Attempts to open the lactone with methoxide were unsuccessful. Therefore, the
strategy was revised and it was envisioned to install the epoxide by epoxidation of an alkene. This was
accomplished in a two-step sequence starting with the allylation of dimethyl malonate (73), followed by
treatment with DMDO. Deprotonation of 1,3-diester 77 with sodium hydride and reaction with prenyl
bromide afforded epoxide 78. Varying the electrophile allowed the preparation of epoxides 79, 80, 81, and 82.

Bromide 87 was available from acetophenone (83) in three steps.

While epoxide 78 underwent complete conversion after 24 hours and the corresponding cyclopropane 88

could be isolated in 66% yield, none of the other epoxides reacted even after several days.

Table 4. Treatment of various alkenyl epoxides containing a geminal-disubstituted alkyl chain with 48 and AcOH in
1,2-DCE.?

MeO,C CO,Me MeO,C CO,Me

48 (2.5 mol%)
AcOH (5 mol%)
_—
2 o 2
RFA 1,2-DCE, 80 °C R )
R! ° R!

Substrate Scope

conversion fee oo LA LT w7014 V/=T ] o] o

MeOG COMe |1 () MeO,G COMe, 7T Me0g COMe,

MeMCHO NG S ;
Me Me H
88, 66% 79 81

a) All reactions were performed on 60 pmol scale and in a concentration of
0.1 M. The reaction progress was monitored by GC-MS.

Finally, it was of interest to test whether this reaction could be translated into a general method for the
stereoselective cyclopropanation of allylic alcohols. It was intended to functionalise the alcohol with
epichlorohydrin and subsequently transfer the methylene group to the alkene. Reductive cleavage could then
release the cyclopropanated alcohol. The advantage of this protocol is the direct transfer of stereochemistry
from the epoxide, which can be introduced by employing the appropriate enantiomer of commercially
available epichlorohydrin. Since alkenes with two methyl groups proved to be reliable substrates for the
cobalt-catalysed cyclopropanation protocol, prenol was chosen as a model substrate. Deprotonation with
sodium in n-pentane as solvent, followed by treatment with limited equivalents of epichlorohydrin in order to
suppress bisfunctionalisation of the epoxide gave product 89 in 91% yield with respect to epichlorohydrin.
Unfortunately, no conversion to the corresponding cyclopropane 90 was observed under the investigated

conditions (Scheme 23).

Asymmetric Cyclopropanation Preparation of Ether-Tethered Alkenyl Epoxide 89 and Attempted Rearrangement

R1\%\/OH R*\P*VOH

R2 R2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, MeWONa 48 (2.5 mol%) o

0 Me Me O\/<CI) AcOH (5 mol%) Me O\)J\
o mtethylfene o >~_-Cl > %/ — \’>\/ H
, S l sabenane. Me 12-DCE, 80 °C Me
RiF T R A N0 63 - 89 90
R 0 R 91%

Scheme 23. Attempted method for the asymmetric cyclopropanation of allylic alcohols.
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Based on these results, it was concluded that the intramolecular methylene transfer of alkenyl epoxides was
deemed unsuitable as a general method for the cyclopropanation of alkenes. The investigated catalytic system

proved problematic, requiring specific substitution patterns and thereby severely limiting the substrate scope.



Introduction

4 (+)-Plakortolide E and (-)-Plakortolide I

4.1 Introduction

4.1.1 Endoperoxide Natural Products and Malaria

Natural endoperoxides constitute a class of secondary metabolites with unique structural architectures and a
variety of potent biological and pharmacological activities, including antibacterial, antitumor and antimalarial
properties. Therefore, these compounds represent valuable sources in drug discovery and drug development

as potential lead structures.'”"

artemisinin (91) cardamom peroxide (92) yingzhaosu A (93)

Figure 8. Natural products containing an endoperoxide motif.

The most prominent endoperoxide is the sesquiterpene lactone artemisinin (91) which was isolated in 1972
and identified as the active component in Artemisia annua, a common type of wormwood native to temperate
regions of Asia.'”” This evergreen plant has been used for over 2000 years as a herbal remedy in traditional
Chinese medicine to treat various diseases and symptoms such as jaundice, bacterial dysentery, fever and

'% Artemisinin and artemisinin-based drugs have proven especially valuable for combating

haemorrhoids.
malaria, an infectious disease caused by protozoan parasites of the genus Plasmodium, with P. falciparum being
responsible for the most severe and fatal cases. The infection of the human host begins through the vector
contribution of female mosquitos of the genus Anopheles (Figure 9).'** Sporozoites transmitted during blood
feeding rapidly migrate to the liver, where they invade hepatocytes. After a phase of differentiation and
proliferation, merozoites are released which then infect mature human red blood cells, erythrocytes, and
initiate cycles of asexual blood stage parasite growth, release and reinvasion. A small fraction of merozoites
enter a phase of sexual development, producing gametocytes that can be taken up by Anopheles mosquitoes.
The life cycle is then completed by sexual recombination of male and female gametes to form ookinetes, and
eventually oocysts, which then produce sporozoites, ready for further infection.'” Ensuing complications such
as severe anemia, thrombocytopenia, and multiorgan dysfunction, including acute respiratory distress
syndrome, acute renal failure, and cerebral herniation, constitute primary causes of death.'” The highly potent
anti-Plasmodium efficacy of artemisinin in vitro can be attributed to its endoperoxide pharmacophore
embedded in a unique 1,2,4-trioxane structure. Although the exact mechanism of action has not been fully
elucidated and is still controversial it has been proposed that iron(II)-induced degradation of the peroxide
bond via one-electron reduction into free radicals — a pair of oxyl radical intermediats which then rearrange
either via 1,5 hydrogen shift or p-scission into carbon-centred radicals as strong alkylating agents — causes
oxidative stress and cellular damage (Figure 9).' Malaria parasites develop inside erythrocytes, hemoglobin-
rich cells that contain iron(II)-centred porphyrin domains, of their human host. Within their digestive vacuole
hemoglobin is then degraded by various proteases to release peptides and amino acids required for the parasite
protein synthesis.'”” The iron(II)-containing heme moiety itself is not catabolised but rather oxidised into

hematin, causing oxidative stress. Detoxification of hematin is achieved by the parasite through incorporation
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into an insoluble non-toxic crystal lattice of heme dimers called hemozoin."”® Hence, the abundance of
iron(II)-heme, that becomes accessible upon degradation of hemoglobin, could serve as a potential source of
activation.'” This hypothesis is supported by the high activity of artemisinin-based drugs against trophozoites,
in which hemoglobin catabolism peaks."® Furthermore, early ring stage parasites are effected as well, which
can be explained by recent data suggesting that hemoglobin proteolysis and release of heme are already

initiated at this stage.""'

B-scission
Me,

infection of liver cells

FeIIIH Me
infection of erythrocytes

iron(ll)-induced
enoperoxide cleavage

schizonts !

— erythrocyte
H blood-stage )
tocyt parasite . g’ or
gametocytes development
. Me‘&
trophozoites : P
P 1 i | : artemisinin (91) secondary carbon primary carbon
asexual flte cycle centred radical centred radical

104

Figure 9. Human stages of the Plasmodium’s life cycle'® and the proposed mechanism of artemisinin-based drugs.

The emerging resistance of parasites to traditional drugs such as quinine, chloroquinine, and mefloquinine and
the discovery of artemisinin heralding a major breakthrough in the treatment of malaria fueled the exploration
of endoperoxide-containing natural products as promising antimalarials.'”'"> While most of these naturally
occurring cyclic peroxides possess a 1,2-dioxolane or 1,2-dioxane structure, such as yingzhaosu A (93) (Figure

113

8) which was isolated by LIANG and co-workers in 1979 from Artabotrys uncinatus,'*> some medium sized

peroxide architectures have also been identified. For instance, the diterpenoid cardamom peroxide (92),
which was isolated by CLARDY and co-workers in 1995 from Amomum krervanh Pierre, the fruit of Thai

cardamom, features a distinct 1,2-dioxepane ring (Figure 8).""*

4.1.2 Marine Natural Products

Besides the large pool of terrestrial sources marine organisms have proven as prolific sources for endoperoxide
natural products in recent years. However, compared to the rich history of plant-based extracts as remedies in
traditional medicine and the identification of their phytoconstituents, the utilisation of marine-originated
substances is still in its infancy.”” With approximately 71% of the earth’s surface covered by sea, the marine
flora and fauna offer still uncharted resources for novel structures that cover unprecedented biologically
relevant chemical space.'"” As a result of extreme conditions, such as high pressure, low oxygen concentrations
and temperatures as well as the absence of light, that drastically differ from those in terrestial habitants, a rich
body of biodiversity, harbouring numerous unique secondary metabolites with intriguing biological activites,
has emerged.*’* A comparative analysis of molecular scaffolds showed that marine natural products are
superior in terms of chemical novelty. Furthermore, marine organisms seem to have a higher incidence of
significant bioactivity. This is reflected in a preclinical cytotoxicity screen, which revealed that approximately
1% of the tested marine samples exhibited antitumor properties compared to only 0.1% of the tested terrestrial

samples.''®
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4.1.3 Characteristic Endoperoxide Metabolites of Marine Sponges

In this context marine sponges constitute an attractive source of structurally novel bioactive metabolites."” In
particular, members of the genus Plakortis and Plakinastrella, both belonging to the family Plakinidae, have
provided a large number of endoperoxide-containing polyketides with interesting pharmacological

properties.''®

Chondrillin (94), isolated from sponges of the genus Chondrilla by WELLS in 1976,' and plakortin (95),
isolated from sponges of the genus Plakortis by FAULKNER and HIGGS in 1978,"*° were the first two of these
cyclic peroxides isolated from marine sources (Figure 10). While chondrillin was shown to exhibit in vitro
cytotoxicity against murine P388 leukaemia cells, plakortin possesses anitmalarial activity against chloroquine-
resistant strains of Plasmodium falciparum.”' Ever since, a plethora of such plakortin type polyketides, many

with either five- or six-membered endoperoxide subunits, have been isolated from marine sponges.'”'

Marine Polyketide Endoperoxides

M OMe Me Me Me Me
e R z 0
T N ome 7 wo eI s~
O. CO,Me [e) L
o H Me ~0 CO,Me Me O\O CO,Me Me Me Me O\oﬁ1
chondrillin (94) plakortin (95) haterumadioxin A (96) plakortide 97
= Me _Me
[ Me Me o COH Me Me
= 2 B
NS Z CO,H Me™ ~Z o COH
Me Me 0-0 Mo “Me °© 0-0
plakinic acid A (98) plakortisinic acid (99) andavadoic acid (100)

Figure 10. Various polyketide-endoperoxides from marine sources.'”"

4.1.4 Isolation of Plakortolide E and Plakortolide I

The first reported plakortolide 97 (Figure 10) was isolated by FAULKNER and STIERLE in 1980 from a
Caribbean sponge of the genus Plakortis.'” The structural assignment was elucidated by analysis of
spectroscopic (IR, '"H NMR and "C NMR) and mass spectrometric data in combination with oxidative
degradation experiments. The relative and absolute stereochemistry was later determined by optical rotation
computations.'” Various plakortolides have been isolated since then, all characterised by the bicyclic 1,2-
dioxane-fused butyrolactone with methyl substituents in C-4 and C-6 position as a common structural motif.
Variations in the side chain comprise length, degree of saturation and methylation as well as the nature of

terminal group, generally a phenyl or 4-hydroxyphenyl unit.

In 1995 CREWS and co-workers isolated a new plakortolide metabolite — initially coined plakortolide E — from
a Fijian sponge of the genus Plakortis which exhibited in vitro activity against melanima cancer cell lines.'** The
structure was assigned by NMR spectroscopy and mass spectrometry and the relative and absolute
configuration of its stereogenic centers were determinded by NOESY NMR experiments and the modified
MOSHER’s method respectively. Furthermore, the authors noted that rearrangement of some samples to
plakortone 105 was observed after storage of approximately one year (Scheme 24). However, when GARSON
and co-workers reported the isolation and characterisation of the homologous plakortolides L (102), its
corresponding seco-derivative 104 and the stereochemically related plakortone 106, the authors noticed that
the previously published NMR data by CREWS and co-workers were in disagreement with the structural
assigment.'” Instead, the spectroscopic data matched those of seco-plakortolide L (104) except for alkyl chain

length and absolute configuration, thereby explaining the rearrangement of CREW’s samples to plakortone E
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(105) via dehydration and oxa-MICHAEL addition (Scheme 24). This conclusion was confirmed by VATELE
and BARNYCH in 2012 with the total synthesis of seco-plakortolide E (103) and plakortolide E (101), which

corresponds to the initial structure proposed by CREWS and co-workers.'**

original structure proposed
by CREWS and co-workers

revised structure

rearrangement?
Me Me Me
2O 0 S0
- (-\o -
7 o z HO e
Me ~ H N
=
| Me Me Me Me Me o o
X . : (o] 5 (o] 5
n
O‘O °© HO o n 0%
H HO™Y, Me ~ H
n =7 plakortolide E (101) n =7 seco-plakortolide E (103) n =7 plakortone E (105)
n=9 plakortolide L (102) n =9 seco-plakortolide L (104) n=9 plakortone L (106)

Scheme 24. Structures of plakortolide E (101) and L (102) and rearrangement products.'?®

(-)-Plakortolide I (107) was isolated by FAULKNER and co-workers in 1998 from a Philippine sponge of the
genus Plakinastrella (Figure 11)."”’ Five years later the isolation of its supposed enantiomer, (+)-plakortolide I,
from the extracts of the Madagascar marine sponge Plakortis aff simplex was reported by KASHMAN an co-
workers.'”® However, with the works of VATELE and BARNYCH from 2012 it was shown that the metabolite

isolated by KASHMAN and co-workers rather fits the structure 101 originally denoted plakortolide E (Figure
11.).12¢

o

(9}
H
Me N~Oa)y
Me
9
(+)-plakortolide E (101)

plakortis simplex plakinastrella

Figure 11. Structures of (+)-plakortolide E (10) and (-)-plakortolide I (107) which were isolated from sponges of the
tamily Plakinidae.

4.1.5 Biosynthesis of Plakortolide E and Plakortolide I

Although the biosynthesis of plakortin and plakortin-derived natural products is still a matter of debate,
plausible biogenetic pathways have been proposed.'” In general, all plakortin type polyketides could originate
biosynthetically via some common linear precursors, which are accessible from acly-CoA and malonyl-CoA
building blocks through polyketide-synthase catalysed chain elongation (Scheme 25). Further
functionalisation is then achieved by oxidation and cyclisation reactions. The endoperoxide scaffold could be
generated either in a stepwise manner through a stereoselective hydroperoxide formation with molecular
oxygen, similar to the biosynthesis of prostaglandins, and subsequent oxa-MICHAEL addition to the terminal

a,B-unsaturated carbonyle or in a concerted fashion via a DIELS-ALDER reaction of the acyclic diene with
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molecular oxygen (Scheme 25). The predicted stereochemical outcome of the latter, however, is in
disagreement with the stereochemistry of some isolated compounds. Further transformations such as
reduction of the endocyclic double bond, reductive cleavage of the peroxide, KORNBLUM-DELAMARE
rearrangement, dehydrations or cyclisations give rise to a plethora structurally and stereochemically diverse
plakortin-type polyketides. In the case of plakortolides, cyclisation by electrophilic addition of the carboxylic
acid to the endocyclic double bond would furnish the butyrolactone core (Scheme 25).'*

(0]
Ph\)J\SCoA

phenylacetyl-CoA

chain elongation oxidation and cyclisation phases cis-fused bicycle
o Me Me
5 sV 'V'e o
SCoA SEnZ \ SEnZ el OH > fo)
COzH o] 8:1 L O‘O
malonyl-CoA H
plakortolide E  (101)
o plakortolide |~ (107)
2 Me\Hj\SCOA

CO,H
methylmalonyl-CoA

Scheme 25. Proposed biosynthesis of plakortolides via a common linear precursor for all plakortin-derived polyketides.

4.1.6 Total Syntheses of Plakortolide E and Plakortolide I

The first total synthesis of plakortolide I was described by JUNG and co-workers in 2002."* Starting from 1-
bromo-10-phenyldecane (108) the carbon skeleton was build up by a sequence of GRIGNARD additions and a
hydroboration to give diene 109. Installation of the endoperoxide was achieved by addition of singlet oxygen
in moderate yield of 45% and a diastereomeric ratio of 1.8:1 in favour of the desired product 110. Oxidation of
the primary alcohol and iodolactonisation followed by radical defunctionalisation eventually afforded racemic

(z)-plakortolide I (107) (Scheme 26).

JUNG (2002)

2% over 10 steps
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O,, rose bengal

Me Me
5 steps PhM/ hv (500 W) Ph I;/Ie Me 4 steps Ph Eife)
PhWBr \/\E\q CH,CI,/MeOH, 0 °C, 6 h s T
29% ~“otepms  “HClMe %% oTBDMs  25%
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Scheme 26. First total synthesis of racemic plakortolide I by JUNG and co-workers.'*

Ten years later VATELE and BARNYCH published the first enantioselective total synthesis of (- )-plakortolide I
and its C6-epimer, which was shown to possess the structure of plakortolide E (Scheme 27)."*** The carbon
scaffold was constructed from protected 2-methylglycidol 112, which in turn is available form p-methallyl
alcohol (111) via enantioselective SHARPLESS epoxidation. Unfortunately, the authors did not report the
enantiomeric excess. Epoxide opening with cuprate 113 and subsequent protection of the tertiary alcohol as
well as oxidation of the primary alcohol delivered aldehyde 114. MUKAIYAMA aldol addition with silyl ketene
acetal 116 in the presence of TiCL(i-OPr), at ~78 °C delivered selectively the syn-product. Deprotection of
the tertiary alcohol promoted lactonisation while the secondary alcohol was subjected to acetylation with the
purpose of generating a potential leaving group for late-stage butenolide formation. Installation of the
endoperoxide was then planned in a two-step sequence, a MUKAIYAMA-ISAYAMA hydroperoxysilylation and an
oxa-MICHAEL addition. Initial attempts lead to the formation of the butenolide via simple elimination of the
acetate as well as epoxide 120, presumably as the result of a WEITZ-SCHEFFER type epoxidation under the
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basic conditions, as side products in considerable yield. In order to suppress undesired pathways the authors
buffered the reaction mixture by the addition of 2,2,2-trifluoroethanol. The optimised conditions eventually
afforded both natural products plakortolide E (101) and plakortolide I (107) in 37% yield and 34% yield,
respectively (Scheme 27).

VATELE (2012)

3% and 4%

over 11 steps
A Construction of the carbon scaffold. P

1. 0OSiMe;
Me

on Eto&
T CuLi LiCN 116
Et,SiO. TiCl,(0i-Pr),
2 steps Et3SiO 113 3 3steps j\/\/u\(vr CHzC|2 —78 °C,3h Ph o
O ——mmmm ™ 9
k % Et,0 A —eus0 bn 2. TBAF THF, 11,3 M/\H/I/Eo
v —25°Ct00°C, 1h 3. Ac,0, DMAP AcO
112 70% CHoCly, rit, 2 h 17

59% (over 3 steps)

B Endoperoxide formation.

0,, Co(thd), M DBU Me Me
M e Me v Me Me
Ph 0 EtsSiH Ph : 0 THF,0°C,3h PhMg/\?/\/’EO/EO PPy O
9 —_— _— +
Mmo 12-DCE, rt, 2h EtSi00 © " then TFE Ot OH °
AcO 94%, dr 1:1 AcO TBAF, 0°C, 3h H 0
118 119 71% 6p-Me (+)-plakortolide E (101) 120 (5%)

6a-Me (—)-plakortolide | (107)

Scheme 27. Enantioselective total synthesis of (+)-plakortolide E (101) and (-)-plakortolide I (107) by VATELE and
BARNYCH."*®

4.2 Objective

Despite the adoption of an artemisinin combination therapy (ACT) in the early 2000s to minimise the chance
of developing resistances, several Southeast Asian countries have reported the emergence of parasites with
decreased susceptibility to artemisinin derivatives and ACT partner drugs in recent years.'” Regarding the life-
threatening course of malaria the need for new antimalarial substances is therefore a constant focus in
medicinal research. Inspired by the fascinating molecular structures and the pharmacological potential of
marine endoperoxides, especially in the context of global interest in antimalarial drugs, the following part of
this thesis pursued a rapid synthetic access towards plakortolide E and plakortolide I. Based on the total
synthesis of (+)-Greek tobacco lactone (1), a common butyrolactone precursor was envisaged to constitute a
general approach for the synthesis of various plakortolide natural products from linalool as a sustainable

resource (Figure 12).

Me Me Me
~=OH Ph 0
" o
Me = [ 1)
~o7
Me H

n=9 6p-Me (+)-plakortolide E (101)

(R)-linalool (13) n=9 6a-Me (-)-plakortolide | (107)

Figure 12. Development of an efficient synthesis of the endoperoxide-containing natural products (+)-plakortolide E
(101) and (-)-plakortolide I (107) starting from (R)-linalool.
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4.3 Unpublished Results — Preliminary Studies

Inspired by the total synthesis of (+)-Greek tobacco lactone (1)°' both natural products 101 and 107 were
retrosynthetically deconstructed to reveal butyrolactone 122 as a common precursor, available as previously
described from (R)-linalool (13). Formation of the endoperoxide was based on the hydroperoxidation/oxa-
MICHAEL addition sequence of VATELE and BARNYCH while installation of the side chain was envisioned by a
reductive coupling to enal 121. The a,pf-unsaturated aldehyde in turn could be accessible from the key

intermediate 122 by modification of its prenyl chain (Scheme 28).

reductive coupling

o
. Me M Me
S Phy FoEE-0 0 we =0
—_ 9 I .0
Me .O“OH = o= HJ\”/I/EO = e (e]
: Me / HO b
) ) 122
(+)-plakortolide E (101)  (-)-plakortolide | (107) endoperoxide formation 121

Scheme 28. Retrosynthetic analysis of (+)-plakortolide E (101) and (-)-plakortolide I (107).

Previous studies by F. BIENVENU revealed a challenge inherent to the substrate.”’ Whereas ozonolysis of the
trans-butyrolactone of 122 furnished the corresponding aldehyde, that could be converted to the desired enal,
the cis-butyrolactone of 122 resulted in formation of lactol 125 as a mixture of diastereomers, which were inert
to the following a-methylenation. Instead, only incorporation of pyrrolidine by formation of hemiaminal 123
under the organocatalytic conditions for the aldol condensation with formaldehyde was observed. Hence, in
order to avoid forfeiting the cis-isomer, due to inhibition of a-methylenation by lactol formation, either

protection or elimination of the hydroxyl group was envisaged prior to ozonolysis (Scheme 29).

Me
-0
o .
Me protection
RO
Me
ozonolysis
Me 0 pyrrolidine Me
.0 I\E/Ie CH,0, EtCO,H .0
N" 072 CHCl,  HO™ ~072
G 123” HO 45°C,3h H
124 125
84%, dr 65:35 lactonisation of syn-isomer
Me
-
Me. — O elimination
Me
126

Scheme 29. Encountered challenges during preliminary studies and potential solutions.

Both approaches were investigated by A. MAVROSKOUFIS."” Since a potential chemoselectivity challenge
concerning the double bonds present in butenolide 126 could arise, protection of the alcohol with a silyl-
based protecting group was pursued initially. Treatment of butyrolactone 122 with triethylsilylchloride under
basic conditions and subsequent ozonolysis of the crude product afforded both diastereomeric aldehydes in
very good yields. The following a-methylenation and one-pot reductive acetylation eventually gave the allylic
acetate 129 as precursor for the planned reductive coupling. Introduction of the side chain was then realised
by copper-mediated substitution in 78% yield and the resulting alkene was subjected to MUKAIYAMA-ISAYAMA
hydroperoxysilylation affording four diastereomers in 81% yield and a in diastereomeric ratio of 1:1 for each of

the epimeric silyl alcohols. Sequential elimination of the silyl-protected alcohol with NaHMDS and
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desilylation of the peroxide with CsF facilitated the desired oxa-MICHAEL addition to give both natural
products in 68% yield in a one-pot process (Scheme 30).

A Synthesis of the coupling precursor (129).

Me 1. Et3SiCl, Et3N, DMAP pyrrolidine 0 OAc
GSle) It Me Me Me
y % DMF, rt., 16 h HJ\/ ¥ CH,0, EtCO,H 9y 0 (py)Zn(BHy)2 H‘/ o
°~7 Ho 2.0y, CH,Cly, —78 °C \H]:/EO CH,Cl, o EtOAc o
Me then PPhs TESO 45 °C, 45 min TESO 0°Ctort,16h TESO
122 89% over two steps 127 85% 128 62% 129

B Reductive coupling via allylic substitution and and endo-peroxide formation.

Ph
M/\MQBF 02, Co(thd), Ve NaHMDS Me Me
o)
THFE/DMS, 0°C “CHCl Et3S|OO T tencsF O3
E158i0 78% FLSI0 81%, dr 1:1 EtsSiO TFE, 0°C H
130 131 (4 isomers) 68% 6p-Me (+)-plakortolide E (101)

6a-Me (-)-plakortolide | (107)

Scheme 30. Synthesis of (+)-plakortolide E (10) and (-)-plakortolide I (107) enabled by protection of the alcohol.

However, this approach suffered from the use of protecting groups and the formation of complex mixtures
with up to four diastereomeric products. Considering the alternative strategy of shifting the elimination to an
earlier stage would solve both problems by removing the additional stereocenter and unprotected hydroxyl
group. Unfortunately, preceding butenolide formation could render the side-chain installation via copper-
catalysed allylic substitution inaccessible since the MICHAEL system represents a competing electrophile that
is prone to react with cuprate reagents potentially yielding conjugate addition products (Scheme 31). To
circumvent the challenge of organometal-based allylic substitutions the synthetic strategy was revised with
enal 134 as the key intermediate and installation of the side chain was envisaged via WITTIG reaction followed
by hydrogenation. However, hydroperoxidation would have to be performed prior to reduction of the double
bond and further considerations of potential regioselectivity challenges reveal the necessity of an a-oxidation
of the aldehyde (Scheme 31). Typical protocols for this type of transformation proceed via deprotonation of

the carbonyl and subsequent exposure to either triplet or singlet oxygen.'*

Revised Synthetic Strategy

Me OAc
=0 Ph We Yeo PhM/\[ . Ve,

o side-chain fv)/ B Y T
Me\%:o\ﬂli): I (1 - T oy reverse order  elimination —> ™ — o
Me 122 competing electrophile

Olefination of Enal 134 Hydroperoxidation of Enal 134

regioselectivity challenge
for hydroperoxidation
1. conjugate reduction

o
Ph M o WITTIG Me 2. oxidation of enol ether
M : o< H .0
Sy O

=

WITTIG
reduction

133 134

Scheme 31. Revised Synthetic Strategy with butenolide formation on an early stage and chemo- and regioselectivity
considerations.

To this end, preparation of enal 134 was investigated. Elimination of the hydroxyl group was achieved by

treatment of butyrolactone 122 with acetic anhydride in the presence of triethylamine and catalytic amounts
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of DMAP. In order to further improve the synthesis a one-pot procedure of lactonisation and elimination
could be envisioned to convert nitrile 135 directly into butenolide 126. Functionalisation of the side chain via

ozonolysis and a-methylenation eventually afforded enal 134 in 77% yield over two steps (Scheme 32).
y Yy y Y p
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Scheme 32. Preparation of enal 134.

Next, various conditions utilising triethylsilane for a conjugate reduction and in situ trapping of the resulting
enolate were investigated. Surprisingly, a protocol by LIPSHUTZ and co-workers, employing STRYKER’s
reagent only provided the a,f-saturated aldehyde (Table S, Entry 1).”** Although WILKINSON’s catalyst
already delivered the desired silyl enol ether 138 in 37% yield (Table S, Entry2)," the best results were
obtained with palladium catalysts. While Pd/C afforded the product in 51% yield (Table S, Entry 3),"* a
system of palladium-nanoparticles, generated from PdCl,/PCys;,"”” improved the yield significantly and silyl
enol ether 138 was isolated in 85% yield (Table S, Entry 4). Alternatively, a one-pot protocol reported by
PIHKO and co-workers for the a-hydroperoxidation of a-substituted enals was tested."*® The authors proposed
the formation of metastable enols by conjugate reduction under aqueous and neutral conditions that upon
exposure to air can undergo autoxidation to furnish the corresponding hydroperoxides. Unfortunately, neither
the a-hydroperoxide 141 nor any degradation product thereof could be identified and only the formation of
the a,p-saturated aldehyde 140 was observed. Presumably, tautomerisation is too rapid and the equilibrium is

shifted almost exclusively towards the aldehyde, thereby suppressing/disabling the desired a-oxidation.

Table 5. Conjugate reduction of enal 134 and in situ trapping of the enolate.

j)\[( Meo Et;SiH, catalyst OfEt3 lyleo
H i o i tastable enol
\L/EO THF, temperature Me e/ ~© . PAIG, Et,SIH c’)': astable enol
134 138 J\”/ Meo EtOAC/H,0, r.t. “ Meo
H : - = :
Entry Catalyst T  Yield \L/Eo ve s/
134 139
1 [(PPh;)CuH]e (5 mol%) r.t. 0% then filtration
tautomerisation {( and exposure
2*  RhCI(PPhs); (Smol%) 60°C 37% oar
observed not observed
3 Pd/C (5 wt%) r.t. 51% o e_ WP we_
H ; Me T
4 PdCl, (1.5 mol%), t 85% he L )=0 R o
PCy; (3 mol%) 140 141

a) The reaction was performed in anhydrous toluene.

With enol ether 138 in hand, installation of the peroxide was addressed. While the direct treatment with triplet
oxygen resulted in no conversion, preceding desilylation to enhance nucleophilicity led only to degradation

even at —78 °C. It was speculated that undesired reactions can be attributed to the strong basic conditions, that
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represent a challenge for aldehydes due to the tendency of aldol self-condensation as well as the instability of
the anionic a-peroxy products.”” In order to maintain neutral conditions, singlet oxygen, which is well known
to react with silyl enol ethers to give silylperoxy carbonyl compounds thereby avoiding anionic intermediates
and corresponding degradation pathways, was tested. Gratifyingly, the reaction proceeded without noticeable
formation of side products and the silylperoxide 142 could be isolated in 60% yield (Scheme 33). In contrast
to the MUKAIYAMA-ISAYAMA hydroperoxysilylation the oxidation with singlet oxygen exhibits some degree of
diastereoselectivity affording a mixture of two diastereomers in a ratio of 1:2. To initiate the envisioned oxa-
MICHAEL addition deprotection was performed with TBAT in the presence of 2,2,2-trifluoroethanol as an
acidic buffer. Surprisingly, ketone 143 was isolated as the only observable product in 36% yield. Presumably,
1,2-dioxetane formation is kinetically favoured followed by oxidative cleavage. Thus, it was necessary to install
the side chain prior to deprotection of the hydroperoxide. Unfortunately, WITTIG reaction with triphenyl(9-
phenylnonylidene)phosphorane afforded the same degradation product 143. Oxidative cleavage in this case
could be rationalised by a fragmentation mechanism which is initiated by the addition of nucleophiles to the
aldehyde and subsequent collapse of the tetrahedral intermediate with triethylsiloxide as the leaving group.
However, this would imply that degradation is faster than oxaphosphetane formation. Neither the addition of
Me;SiCl nor TFE to capture the alkoxide improved the reaction and only oxidative cleavage occurred
(Scheme 33). When commercially available WITTIG salts or ethylmagnesium bromide as a control

nucleophile were employed the same result was observed thereby supporting the mechanistic hypothesis.

Attempted Oxa-MICHAEL Addition

not obseved 3 observed oxidative

TPP, O cleavage
Et 2
% _LED@20nm) 0 ve Me TBAT I e Yeo
0 CHyCIp0°C, 2N 0 THF”FE m Méf
60%, dr 1:2 TESOO
143 (36%)

installation of side chain
prior to oxa-MICHAEL addition

Nucleophile Additive possible fragmentation mechanism

F‘r~'f\/)za/§PPh MesSiCl 1 ve Me Nucleophlle &’O Me nucleophile
3 TFE H 0 Y\E/E <« Nu éé J\?/\f
------------------------------------- TESOO /"0 THR-78 THE 8% EL.Si0"
PhsPCH, - 142 3 Q Etysio™”
EtMgBr -

Scheme 33. Attempted endoperoxide formation via oxa-MICHAEL addition.

Consequently, this approach was deemed unfeasible and a combination of both strategies, butenolide
formation to avoid a complex mixture of diastereomers and protecting groups as well as the late-stage
endoperoxide formation after installation of the side chain, was pursued. Further studies addressed the
chemoselectivity challenge of an organometal-mediated allylic substitution in the presence of the a,p-

unsaturated lactone and thus enabled a seven-step synthesis of (+)-plakortolide E and (-)-plakortolide I.'*’
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ABSTRACT: A protecting-group-free synthesis of two endoperoxide natural products, o (v
plakortolide E and plakortolide I, is reported. Key steps are a vanadium-mediated \3 7 steps Me
epoxidation, an iron-catalyzed allylic substitution, and a cobalt-induced endoperoxide Fo, Q 1, N 3=OH
formation. Our approach combines chemoselective bond-forming reactions and one-pot % "\i/'leo‘b Mo N
operations to forge an overall efficient synthesis. d‘h Me | Co Me
(R)-linalool
60.-Me (-)-plakortolide |
6B-Me (+)-plakortolide E
n synthesis planning, it is desirable to derive the target (—=)-plakortolide I (2) from commercially available mono-
molecule from a carefully selected starting material through terpenoid (R)-linalool (5) (Scheme 1).
a sequence of successive construction steps with minimal
functional group interconversions or protecting-group manip- Scheme 1. Retrosynthetic Analysis of (+)-Plakortolide E
ulations." The concepts of atom,” redox,” step,” and pot’ and (—)-Plakortolide I
economy provide guidelines to evaluate different synthetic
approaches and to design an efficient synthesis.’® With these Q

considerations in mind, we embarked on developing rapid
syntheses of plakortolides E (1) and I (2) from (R)-linalool, a

H =
Me O~ -
readily available monoterpene with a seven-carbon overlap Ve °
with the bicyclic core structure of the target including one o
(+)-plakortolide E (1)  (-)-plakortolide I (2) endoperoxide formation

stereogenic center. Methodologically, we focused on the use of
base metal catalysts for some anticipated challenging chemo- allylic substitution U
selective transformations.” Ve ohc ¢ "

Endoperoxides from both terrestrial and marine sources Meﬂ — ﬁ()): — Ph \‘9‘ o
constitute a class of natural products featuring a wide range of > )0 m):o
unique and often underexplored bioactivities.” For instance, Me 4

(R)-linalool (5)
several polyketide-derived endoperoxides such as plakinic
acids, plakortides, and plakortolides show potential activity as
antitumor, antibacterial, and antifungal agents.9 Furthermore,
terpene-based endoperoxides have proven as valuable com-
pounds for combating malaria with artemisinin as the most
important lead structure.'®

The bicyclic 1,2-dioxane-fused butyrolactone plakortolide I
(2) and its C6-epimer, plakortolide E (1), were isolated from
marine sponges.” "> In 2002, Jung reported the first synthesis
of racemic plakortolide I (2).'> Ten years later, Vatele'*
described an asymmetric synthesis of (—)-plakortolide I (2)
and (+)-plakortolide E (1).

In our retrosynthetic approach, we envisioned a late-stage
endoperoxide formation by a tandem Mukaiyama hydro-
peroxidation/oxa-Michael addition sequence to access either of
the two natural products. Installation of the side chain by
allylic substitution would simplify both epimeric natural
products 1 and 2 retrosynthetically to allyl acetate 4 which
we traced back to our starting material S. Herein, we report a
seven-step synthesis of enantiopure (+)-plakortolide E (1) and

The synthesis commenced with the chemoselective vana-
dium-catalyzed epoxidation of the terminal double bond
providing the corresponding epoxide as an inconsequential
mixture of two diastereomers (dr 3:2) in 74% yield (see the
Supporting Information).'® Opening of the epoxides with
potassium cyanide under acidic conditions afforded nitrile 6 as
a mixture of diastereomers (80% yield). Hydrolysis under basic
conditions followed by acidic lactonization in an aqueous
medium provided the corresponding butyrolactone in 80%
yield after isolation (see the Supporting Information). In a
subsequent step, elimination of the hydroxyl group was
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achieved by treatment with acetic anhydride in the presence of
triethylamine to give the desired butenolide 7 in 81% yield.
Gratifyingly, we found that the hydrolysis and the lactonization
step could be combined in a tandem process mediated by p-
TsOH-H,O in DMF. Upon treatment with acetic anhydride
and triethylamine, elimination of the hydroxyl group was
achieved, thus allowing the synthesis of butenolide 7 from
nitrile 6 in a one-pot procedure with an overall yield of 69%.
Butenolide 7 was subjected to a one-pot ozonolysis/a-
methylenation'” (68% yield). The resulting enal was reduced
by pyridine zinc borohydride in ethyl acetate to directly furnish
allyl acetate 4 (Scheme 2).'®

Scheme 2. Synthesis of Allyl Acetate 4

1. TBHP, VO(acac),

Me toluene, 80 °C, 3 h Me
3OH 74%, dr 3:2 34OH
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Me DMF, 80 °C, 6 h Me
_ p-TsOH-H,O
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(R) ® * DMF, 90 °C, 16 h
then Ac,0,
1. O3, CH,Cl,, 78 °C EtsN, DMAP
then PPhs RT, 24 h
then CH0, EtCO,H, 69%
OAc pyrrolidine, 45 °C, 1 h Me

Me o)

e} 68% 0 |
o M =

< 2. Zn(BHPY] ~

4 EtOAc, RT, 16 h
61% 7

With a precursor for the allylic substitution in hand, we
investigated the installation of the side chain. Initial attempts
to couple both fragments by cuprate-mediated allylic
substitution failed. We recognized a chemoselectivity challenge
imposed by the substrate, as it is known that many transition
metals catalyze both allylic substitutions and conjugate
additions."” To shut down the competing pathway, we
investigated alternative processes.’’ Although palladium-
catalyzed conjugate additions have been reported in recent
years,”' we anticipated that selectivity for the allylic
substitution is achievable. However, typical nucleophiles for
Tsuji—Trost-type reactions are either heteroatoms or stabilized
carbanions, e.g., enolates, deprotonated sulfones and al-
kynes.””*” In contrast, the use of organomagnesium com-
pounds is plagued by p-hydride elimination of the organo-
metallic reagent or umpolung® of the r-allyl palladium
complex into a nucleophile. When we examined the
palladium-catalyzed allylic substitution with diethylzinc, we
observed deoxygenation, presumably via f-hydride elimination
and subsequent reductive elimination.”* Although there have
been reports by Maulide and co-workers to suppress those
competing pathways and promote reductive elimination, their
studies were limited to diethylzinc and required non-
commercially available ligands.”> Recently, Li and co-workers
described a method for the palladium-catalyzed C-allylation of
deprotonated hydrazones as surrogates for nonstabilized
carbon nucleophiles.”® When allyl acetate 4 was treated with
hydrazone 8, the formation of coupling product 3 was
observed, albeit in only 16% yield (Scheme 3). Next, we
proceeded to investigate approaches involving cobalt, nickel,
and iron catalysis as for these metals reactions with
nonstabilized nucleophiles are described.”” Unfortunately,
attempts using cobalt and nickel suffered from either no
conversion or decomposition. Recently, Jacobi von Wangelin

4732

Scheme 3. Chemoselective Allylic Substitution of 4
b Hydrazones as alkyl organometallic surrogates
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¢ Successful iron-catalyzed allylic substitution

and co-workers showed that inexpensive Fe(OAc), is an
efficient catalyst for the allylic substitution with alkylmagne-
sium halides under mild conditions.””® Their protocol
effectively inhibits competing f-hydride elimination without
the need of stabilizing ligands or solvents. Initial treatment of
allyl acetate 4 with alkylmagnesium bromide 9 in the presence
of catalytic amounts of anhydrous Fe(OAc), in Et,O gave no
conversion, presumably due to limited solubility. Interestingly,
we found that addition of anhydrous LiCl in THF afforded the
desired product 3 in 66% yield (Scheme 3).*”

Having assembled the carbon skeleton, we addressed the
remaining challenge of introducing the endoperoxide. Inspired
by the application of cobalt-catalyzed hydrofunctionalizations
with oxygen in total synthesis,”® we anticipated a chemo- and
regioselective hydroperoxidation of olefin 3 followed by an
oxa-Michael addition in a tandem process to furnish both
natural products 1 and 2. Based on the conditions employed
by Vatele and Barnych, we treated 3 with Et;SiH and Co(thd),
in vigorously oxygen-saturated 1,2-dichloroethane.'* Surpris-
ingly, these conditions did not result in the conversion of the
starting material even at prolonged reaction time or elevated
temperature. We found that addition of protic solvents such as
i-PrOH facilitated the conversion of olefin 3 which avoided
undesired side reactions."* Under these conditions, the direct
formation of endoperoxides 1 and 2 was observed, but was
accompanied by decomposition of the products resulting in
low isolated yields. Although decomposition reactions could be
suppressed at 0 °C, the oxa-Michael addition was slowed and
the intermediate was partially trapped as the corresponding
silyl peroxide. This drawback was circumvented by in situ
desilylation with TBAF in the presence of TFE (2,2,2-
trifluoroethanol) to buffer the enolate resulting from the oxa-
Michael reaction, thereby avoiding potential Weitz—Scheffer-
type epoxidation."™"® This tandem endoperoxide formation
afforded (—)-plakortolide I (2) in 42% yield, along with its C6-
epimer (+)-plakortolide E (1) in 35% yield. Single crystals of 1
were grown and analyzed by X-ray analysis, thereby confirming
the structure and absolute configuration of 1 and indirectly of
2 (Scheme 4).

To illustrate the efficiency of our synthesis, we applied a
color-coded flowchart representation that was recently
developed by our group (Figure 1).°° More than half of the
transformations are strategic bond forming reactions that
utilize all of the functional groups given by the chiral terpene
starting material 5. Two functional group interconversions
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Scheme 4. Tandem Endoperoxide Formation for the
Synthesis of (+)-Plakortolide E and (—)-Plakortolide I*
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Figure 1. Flowchart representation of the synthesis of (+)-plakorto-
lide E (1) and (—)-plakortolide I (2).

were combined with constructive bond formations in one-pot
procedures to enhance the pot economy of the synthesis.

In conclusion, we have developed a concise synthesis of
enantiopure (+)-plakortolide E (1) and (—)-plakortolide I (2)
from commercially available (R)-linalool (S). By using
Fe(OAc), as catalyst, a chemoselective installation of the
alkyl side chain was achieved in good yield.”” This work
demonstrates that a straightforward and protecting-group-free
synthesis of endoperoxide natural products can be fueled by
chemoselective transformations with earth-abundant transi-
tion-metal catalysts.
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Introduction

S Studies Towards the Total Synthesis of Hypatulin A and
Hypatulin B

5.1 Introduction

5.1.1 Characteristic Metabolites of Hypericum Plants

The plant genus of Hypericum represents the largest of the nine genera within the family of Hypericaceae and
comprises almost 500 species of perennial herbs, shrubs, and small trees."* Hypericum specimens, although
generally absent from the poles, deserts, and low-altitude tropical areas, are nearly worldwide distributed and
have been of great relevance due to their pharmaceutical and cosmeceutical properties.'** These plants have
been used in traditional medicine for the treatment of inflammations, bacterial and viral infections, burns,
gastrointestinal disorders, and various other ailments and diseases for over 2000 years.'* Moreover, as one of
the oldest used and extensively studied medicinal herbs, Hypericum perforatum, commonly termed St. John’s
wort, has gained increasing attention due to its efficacy in the treatment of mild to moderate depressions in
recent years. A variety of biologically active secondary metabolites that belong to different classes of natural
products — with naphthodianthrones, phloroglucinols, flavonoids, and phenylpropanoids being the most
prevalent — have been isolated from different Hypericum species. In particular, the phloroglucinol derivatives,
which encompass polyprenylated acyclphloroglucinols (PAPs) as well as polycyclic polyprenylated
acylphloroglucinols (PPAPs), exhibit fascinating and complex chemical structures with intriguing biological
activities that are responsible for many of the aforementioned pharmaceutical properties.*®'*' These types of
meroterpenoids therefore represent lead structures for neuroscience, infectious disease, and oncology drug
discovery programs. The most prominent phloroglucinol-derived meroterpenoid and one of the main
bioactive compounds present in Hypericum perforatum is the neuroactive PPAP hyperforin (144) (Figure
13).'* It is mainly accumulated in pistils and fruits where it presumably serves as a phytoconstituent to defend

the reproductive parts of the plant.

Hypericum sampsonii

Me
hyperforin (144) hyperibone K (145) hyperisampsins N (146) hypelodin B (147)

Figure 13. Examples of plants belonging to the genus Hypericum and PPAP natural products isolated therefrom.
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Hyperforin exhibits activity against gram-positive bacteria including multiresistant Staphylococcus aureus
strains as well as antiinflammatory action,'* rationalising the traditional use of St. John’s wort for the topical
treatment of inflammatory skin diseases, burns, and superficial wounds. Furthermore, recent studies identified
hyperforin as a potential anticancer agent by demonstrating its ability to inhibit proliferation and induce
apoptosis both in in vitro and in vivo experiments.'** In particular, hyperforin was shown to inhibit or modulate
several neurotransmitter systems in vitro and therefore is likely responsible for the observed antidepressant
and anxiolytic properties of the extracts of St. John’s wort. While classical antidepressants act as competitive
inhibitors for neurotransmitter transporters, instead, hyperforin indirectly affects the synaptosomal uptake due
to a unique mechanism of action by elevating the intracellular sodium ion concentration. Studies indictate that
this effect can be attributed either to the activation of nonselective cation channels (NSCCs)'** or the
induction of proton currents that cause cytosolic acidification which in turn fuels plasma-membrane sodium-
proton exchangers.'” Consequently, the gradient-driven synaptic reuptake, which requires sodium cation
cotransport, of several neurotransmitters including serotonin, dopamine, noradrenaline, L-glutamate, and
v-aminobutyric acid (GABA) is inhibited."* This leads to changes in extracellular and intracellular
concentrations of these neurotransmitters, explaining the observed pharmacological efficacy of hyperforin as

an antidepressant.

Many other meroterpenoids related to PPAPs with unique and often densely-substituted caged-like structures
and interesting biological activites such as hyperibone K (145),'” hyperisampsins N (146),"* and hypelodin
B (147)'* have been isolated from other Hypericum species (Figure 13).

5.1.2 Biosynthesis of Hyperforin

The biosynthesis of PAPs and PPAPs can be separated in two phases that represent a polyketide and a
terpenoid biosynthetic pathway, respectively. The first phase is catalysed by a PKS type III and is initiated by
formation of the acylphloroglucinol core, which is derived by condensation between one molecule of an acyl-
CoA equivalent and three molecules of malonyl-CoA to yield a linear tetraketide intermediate that
subsequently undergoes cyclisation.” In the case of hyperforin, isobutyryl-CoA serves as the acyl fragment and
phloroisobutyrophenone (148) is obtained (Scheme 34). The second phase consists of stepwise prenylation
by PTs with isoprenoid units such as DMAPP or higher homologues, which are derived predominantly
through the MEP pathway, to give PAPs (Scheme 34). As is the case with terpenoid biosynthetic pathways,
the initial prenylation phase can be succeeded by cyclisation reactions and rearrangements to add increased
complexity and yield structurally diverse PPAPs. In regard to hyperforin, cyclisation is induced by prenylation
of the geranyl side chain and the emerging carbeniumion is captured by the phloroglucinol to generate the

bicyclic scaffold (Scheme 34).'*

Me Me._ _Me
PKS Il Z>Me || pmaPP

OH

" j\ o 1.2 DMAPP i-Pr Me
3 HJ\SCOA * iPr” O SCoA i-Pr 2. GpP oH
CO,H i-PrOC
: HO oH PT A
malonyl-CoA isobutyryl-CoA 148 Me

149 hyperforin (144)

Scheme 34. Two-phase biosynthesis of hyperforin (1).'**
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Although the six-membered ring derived from its phloroglucinol precursor is often retained, rearrangements

and oxidative cleavage reactions can result in ring expansions or contractions or even lead to seco-PPAPs via

)‘150,151

ring opening (Scheme 35

Ring Opening Ring Expansion

hypsampsone A (150) 151 hyperbeanol B (153) hypatulon A (154)

Scheme 35. Examples of modifications of the phloroglucinol-dervied core via skeletal rearrangements.

5.1.3 Isolation of Hypatulin A and Hypatulin B

Hypericum patulum, commonly known as goldencup St. John’s wort, is an evergreen shrub native to the
provinces of Guizhou and Sichuan of China.'”” However, it has been naturalised in other countries such as
Japan, India and South Africa and is widely cultivated in many temperate regions.” In 2016, TANAKA and
KASHIWADA reported the isolation of two novel meroterpenoids, one possessing a contracted
acylphloroglucinol- and the other a seco-acylphloroglucinol-derived motif, from the leaves of hypericum
patalum."* The extraction of 1.48 kg of dried plant material yielded 36.9 mg and 3.6 mg of the two natural
products, which were named hypatulin A (155) and hypatulin B (156), respectively (Figure 14).

0]
Hypatulin A (155) Hypatulin B (156) Hypatulin C (157)

Hypericum patulum

Figure 14. Structures of the natural products hypatulins A, B, and C isolated from Hypericum patulum.

After determination of the molecular formula by HRESIMS, the structures were derived by spectroscopic
analysis, including COSY, HSQC, HMBC, and NOE experiments (Figure 15). The absolute configuration of
the naturally occurring hypatulin A (155) was deduced by comparing the experimentally obtained ECD
spectrum with the calculated spectra of both enantiomers. While hypatulin A has a unique highly oxygenated
tricyclic octahydro-1,5-methanopentalene core, hypatulin B possesses a bicyclo[3.2.1]octane motif. Both
natural products share a densely substituted cyclopentane core bearing four out of six stereocenters and were
evaluated for their antimicrobacterial activity on strains of Staphylococcus aureus, Bacillus subtilis, and
Escherichia coli. While hypatulin A exhibits activity against Bacillus subtilis, no activity could be observed for
hypatulin B.
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determination of
HMBC relative stereochemistry

determination of

NOE HMBC relative stereochemistry
Me Me
_ AN 1
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hypatulin B (156)

Figure 15. Elucidation of the relative stereochemistry of hypatulin A (155) and B (156) via key correlations obtained by

154

2D NMR spectroscopy experiments.

5.1.4 Biosynthesis of Hypatulin A and Hypatulin B

Additionally, after further investigation of the extracts from Hypericum patulum the same authors could isolate
two other PPAPs in 2019 - the newly identified hypatulin C (157)," possessing a tricyclic [4.3.10*7]-decane
core with four prenyl groups, and the structurally related hypelodin B (159), which was already isolated from
several other Hypericum species. The authors proposed a joint biosynthetic pathway for hypatulin C and
hypelodin B (Scheme 36).'** As is common for these PPAPs, the first steps build the polyketide chain from
three molecules of malonyl-CoA and one molecule of an acyl-CoA, in this case benzoyl-CoA, followed by
intramolecular condensation to yield acylphloroglucinol 152. A sequence of prenylations and geranylation
affords the precursor for the cyclisation cascade that eventually gives the polycyclic framework of hypatulin C
(157). Further cyclisation of the phenone moiety and the adjacent prenyl group followed by oxidation would
lead to hypelodin B (159).14155

PKS
1.2 DMAPP
0 i O OH 2. GPP
32\ SCoA * Ph” “SCoA Ph)‘j(j\ 3. DMAPP
COH HO OH
malonyl-CoA  benzoyl-CoA 152

hypelodin B (159) hypatulin C (157)

Scheme 36. Proposed biosyntheses of hypatulin C (157) and hypelodin B (159).14%%

A similar biosynthetic pathway, starting from the same acylphloroglucinol 152, could be proposed for
hypatulin A and hypatulin B (Scheme 37)."** Polyprenylation, including installation of the geranyl group and
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prenylation thereof, with only two instead of three equivalents of DMAPP would produce precursor 160,
thereby enabling a different cyclisation cascade. Oxidative decarboxylation would lead to ring contraction,
generating the five-membered ring motif of hypatulin A. Hypatulin B could either be produced by oxidative
cleavage and methylation through a biogenetic pathway or might be a side product during the extraction and
isolation process. The authors were able to show the structural relationship between both natural products
and support their structural assignment at position C-3 by chemical conversion of hypatulin A into
hypatulin B (Scheme 37)."**

hypatulin A (155) hypatulin B (156)

;. gr:PP Degradation upon
. | 2 "
3. DMAPP PKS isolation process?

(o] (0] I R
o OH Jie DMAP —
Ph 3 SCoA *  Ph” “SCoA MeOH = H
COH MeOH 0= K5)
HO OH

malonyl-CoA  benzoyl-CoA
152

Scheme 37. Proposed biosyntheses of hypatulins A (155) and B (156).>*

5.2 Objective

Despite numerous synthetic approaches towards PPAPs with retained six-membered acylphloroglucinol
motif, many rearranged congeners pose a synthetic challange and require novel strategies for the construction
of their densely substituted and highly oxygenated polycyclic scaffolds. Inspired by the complexity and the
intriguing structural architectures of this class of natural products and their diverse biological profiles, the
following part of this thesis was aimed at developing a convergent and concise enantioselective synthetic route
towards the two novel meroterpenoids hypatulin A and hypatulin B. Although little biological activities have
been reported for these two natural products, a synthetic avenue would enable further investigation of a
potential pharmacological profile. In light of the highly oxygenated framework, it was envisaged to strategically
exploit carbonyl chemistry for carbon-carbon forming reactions avoiding protecting groups or redox

manipulations.

evaluation of polar disconnections
exertion of stereocontrol

hypatulin A (155) hypatulin B (156)

Figure 16. Assessment of synthetic strategies and examination of their feasibility towards the development of an efficient
and enantioselective synthesis of the highly congested natural products hypatulin A and B as a major objective of this
project.
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5.3 Unpublished Results — Preliminary Studies

5.3.1 Retrosynthetic Analysis of Hypatulin A and Hypatulin B

It was speculated that hypatulin A (155) could be derived from the easier accessible hypatulin B (156) via
DIECKMANN or aldol cyclisation. Further retrosynthetic dissection by disconnecting the methoxycarbonyl
group as well as simplifying the prenyl to allyl groups would trace both natural products back to triketone 162.
Construction of the bicyclic framework was envisaged by a sequence of 1,4-addition and 1,2-addition between
fragments A (163) and B (Scheme 38). For the preparation of cyclopentanone 163 there two possible
retrosynthetic cuts, differentiated by the order in which the substitutens are installed, leading to either
cyclopentenone 163 or cyclopentanone 164. Fragment B on the other hand, could be accessible via selective

reduction of an alkyne resulting from nucleophilic addition to benzaldehyde and subsequent oxidation.

COZMe
Me

1,4-addition
1,2-addition

o/
07 Me

hypatulin A (155) hypatulin B (156) 162 fragment A (163) fragment B
Retrosynthetic Analysis of 163 3 Retrosynthetic Analysis of B
selective
= reduction o
o = Me
Me fr— X H
— “’CO,Me - | P
“CO,Me

164 benzaldehyde

Scheme 38. Retrosynthetic analysis of hypatulin A (155) and hypatulin B (156).

5.3.2 Preparation of Fragmen A

In light of the retrosynthetic analysis outlined above, an approach based on the retrosynthetic cut towards
cyclopentenone 164 was devised with 2-methoxycarbonyl cyclopentanone (166) as the starting material. It
was first necessary to identify suitable conditions for the stereoselective preparation of both stereocenters.
Therefore, installation of the methyl group was omitted and enone 168 was envisaged as precursor for the

conjugate addition (Scheme 39).

Asymmetric Allylation of the p-Keto Ester 166 \ \ Asymmetric Conjugate Addition to Enone 169
allyl alcohol Saccusa-To
170, Pd(OAc), oxidation o 171, (CuOTf), o)
O o P(4-F-CgHa)s o EtZZn Z
_
Eg_’{OMe PhMe, 40°C, 15 h "/COzMe “CO,Me “PhMe, 30 °C, 12h . \J"”COzMe
96%, 97% ee 97%, dr 3:2
166 n 167 "
169
Chiral Ligands forAsymmetnc Transformations
mismatched
OTBDPS substrate-catalyst
selectivity
HOZC\KL Me \)I\NHBu
NH.
2 PPh2
170 171

Scheme 39. Attempted asymmetric allylation and conjugate addition to construct both stereocenters of ketone 169.

Construction of the first stereocenter was achieved by S. PONATH via an asymmetric allylation protocol by

YOSHIDA using chiral ligand 170 to yield p-keto ester 167 in 96% yield and 97% enantiomeric excess.'*
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Subsequent SAEGUSA-ITO oxidation'?’ via a two-step sequence prepared enone 168 for the intended
allylation. Although there are examples for enantioselective conjugate additions to cyclic enons with many
catalyst systems showing promising results, these systems are often sensitive to ring size and substitution
patterns."*® HOVEYDA and co-workers developed an efficient protocol for the conjugate addition of dialkylzinc
species to cyclic enons of various ring sizes promoted by asymmetric copper-catalysis with peptide-based
phosphine ligands such as ligand 171."” However, since the protocol requires the utilisation of stoichiometric
amounts of organozinc reagents, which have to be prepared in advance, the feasibility of this system was tested
with commercially available diethylzinc. Unfortunately, the catalyst system exhibited a poor

diastereoselectivity of 3:2 indicating a mismatched substrate-catalyst setting.

Thus, the retrosynthetic analysis was revisited and another approach based on cyclopentanone 165 with
2-methylcyclopent-2-enone (172) as the starting material was devised. First attempts to construct the
stereocenter in B-position were made with a system developed by HOVEYDA and co-workers.'” The required
diallylzinc was prepared via boron-zinc exchange from triallylborane.'®*'*' These conditions, however, resulted
only in the formation of the 1,2-addition product 173 (Table 6, Entry 1) with higher catalyst loading and
lower temperatures exhibiting no influence on the chemoselectivity (Table 6, Entry 2). Next, a catalytic
system for the entantioselective conjugate addition of cuprates using NHC ligand 178§, as reported by
ALEXAKIS and co-workers, was tested.'* This system benefits from the use of GRIGNARD reagents, which are
in most cases easier to prepare or even commercially available, instead of organozinc compounds. Various
alkyl GRIGNARD reagents, including unbranched, branched, and even cyclic alkyl chains, could be added to
173 with moderate to good enantiomeric excesses.'®> However, all attempts using allylmagnesium bromide
were unsucessful and only gave the 1,2-addition product 173 as well (Table 6, Entries 3-6). Since the a slight
excess of organomagnesium reagent is used to reduce the copper(Il) precatalyst, it was speculated that allyl
GRIGNARD might not be able to promote the formation of the required oxidation state. However, when a
copper(I) catalyst was employed the same result was obtained (Table 6, Entry S). The use of THF as solvent
to improve solubility and faciliate formation of the active catalyst had no improving effect on the

chemoselectivity as well (Table 6, Entry 6).

Table 6. Attempted copper-catalysed conjugate addition of allyl nucleophiles to 2-methylcyclopent-2-enone (172).*

Chiral Ligands
not observed observed

Me.__Me (D Pre
we. [ A O Me%\/ ©?\NL(:\E)(I)\NHBU %I:ENTtB“
conditions PPh, © Spn HO
172 173 ! 171 174
Entry M Catalyst Ligand Solvent T
1 Zn(allyl) Cu(OTf), (1 mol%) 171 (2 mol%) PhMe -30°C
2 Zn(allyl) Cu(OTf), (2 mol%) 171 (S mol%) PhMe —45°C
3 MgBr Cu(OTf), (1.5 mol%) 171 (2 mol%) Et,0 -30°C
4 MgBr Cu(OTY), (11 mol%) 174 (14mol%)  Et,0O  -30°C
5 MgBr Cu(OTf)-PhH (1 mol%) 174 (1.4mol%) Et,O  -30°C
6 MgBr Cu(OTf)-PhH(1 mol%) 174 (1.4mol%) THE  -45°C

a) The results were analysed by TLC and "H NMR spectroscopy of the crude products.
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Since both catalytic systems disfavoured the conjugate addition, in it was concluded that the direct
enantioselective allylation in B-position of enone 172 is unfeasible with the employed systems. In general,
enantioselective conjugate allylation to a,f-unsaturated carbonyl compounds, in particular cyclic enones, still
poses a challenge underlined by the relatively scarce literature compared to that of conjugate alkylation

16316 The main difficulty described arises from the inability of many catalytic systems to

reactions.
chemoselectively override the inherent preference for the 1,2-addition.'" To provide a formal solution to this
challenging transformation, TABER and co-workers took advantage of the 1,2-addition by a subsequent oxy-
Cope rearrangement resulting in the formation of the 1,4-addition product and transfer of stereochemistry
(Scheme 40).'® Enantioselective allylation of the ketone was achieved by applying SCHAUS organocatalytic
protocol with allylboronate 176 as the allyl donor and 3,3’-dibromo-BINOL 179 as the enantioselective
catalyst.'® Both, reagent and catalyst, are easily accessible in 2 to 3 steps. TABER and co-workers showed thath
several a-iodo and a-alkyl functionalised five-, six- and seven-membered cyclic ketones could be prepared in
moderate to excellent yields and high enantiomeric excesses. Furthermore, the iodinated addition products
can be used in cross-coupling reactions prior to oxy-COPE rearrangement thereby enabling the introduction of
a variety of substituents in a-position.'® Although methylated allylic alcohol (R)-173 can be prepared by the
direct asymmetric allylation of 172 according to a procedure by WALSH and co-workers,'®” the strategy by TABER

and co-workers via 2-iodocyclopent-2-enone was reported to give higher enantiomeric excess (Scheme 40).

Conjugate Allylation by TABER and Co-Workers Conjugate Allylation by WALSH and Co-Workers

transfer of

stereochemistry :
enantioselective oxy-Cope Sn(allyl),
R Y4 HO

1,2-allylation R H% rearrangement TI(OI Pl (R) BINOL Ve ‘E\\\/
_— > _— >
b \b i-PrOH, CH,Cl, b
rt,24h

& 3 -
: 172 75%, 87% ee (R)173

reported: R =1 92%, 93% ee

A — Synthesis of allyl-transfer reagent 176

2~ MgBr Ho/j
Et,0,-78°C, 2.5h OH  sams, HO Q/j
BOMe)y —————— _~ B, —— > -~ _B.
then HCI, 0 °C, 1h Et,0,rt, 1d Z 0

178 88% over two steps 176

B — Synthesis of (S)-3,3"-dibromo-BINOL (179).

Br Br
CO O e (O C
OH NaH, MOMCI OMOM THF, 0°C, 1h OMOM NaHSO,-SiO, OH
OH THF 0°Ctort. OMOM  then Bry, n-pentan OMOM CHyCly, rt., 3 h OH
OO over night OO -78°Ctort,3d OO 94% OO
0
Br Br

93% 87%
(S)-BINOL 177 178 179

Scheme 40. Strategies for enantioselective conjugate allylations by TABER and co-workers and by WALSH and co-
workers.

The system was first tested with 2-methylcyclopentenone (172), which is either commercially available or can
be prepared on a multi-gram scale from inexpensive adipinic acid (181) (Scheme 41). Although the
enantioselective allylation reaction was published for 2-methylcyclohexanone by TAUBER and co-workers,
albeit with noticeably lower yields than all other examples,'® allylation with the five-membered homologue
resulted in no conversion. On the other hand, when a-iodocyclopentenone (183), which can be prepared in
one step from cyclopentenone 182,'% was subjected to the enantioselective allylation conditions, the reaction

proceeded smoothly and the desired product was isolated in 94% yield and 97% enantiomeric excess (Scheme
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41). Installation of the methyl group was achieved by a KUMADA cross-coupling reaction and the subsequent
conversion to -keto ester 185 could be realised in a one-pot procedure by trapping the in situ formed enolate
with dimethyl carbonate. The exclusive formation of the thermodynamic product 185 can be rationalised by
the susceptibility of a,a-disubstituted B-keto esters to undergo retro-CLAISEN reaction in the presence of
alkoxide bases.'® The initially formed product II is prone to attack by the released methoxide, due to the lack
of an a-proton between both carbonyls, and thus can revert to enolate I. However, methoxide can also
deprotonate II in the unfunctionalised a-position, thereby providing catalytic amounts of a proton source
which enables equilibration between I and III. Methoxycarbonylation of III, on the other hand, is irreversible
since the subsequent deprotonation leads to enolate IV as a thermodynamic sink that eventually shifts the

entire preceding equilibrium towards the desired product 185 (Scheme 41).

A — Attempted enantioselective 1,2-allylation of 2-methylcyclopent-2-enone (172).

Q
B
1. HySOy, allyl alcohol
o 65°C,20 h o 176 .
2. NaH, THF, 45 °C 0 Me Pd(OAC); (1 mol%) ve. 2 179 (5 mol%) Ve, "
o 3. Mel, K,COg MeCN, reflux t-BUOH (2 equiv.), r.t.
Me,CO, 50 °C, 3 h 78%
180 58% over three steps 181 [10.5 g scale] 172 (SH173

B — Enantioselective 1,2-allylation of 2-iodocyclopent-2-enone (183) and subsequent transformations for the preparation of cyclopentanone 185.

sﬁ
/\/B\

o MeMgBr KH, 18-crown-6
I, K2CO3, DMAP LR 179 (5 mol% _ NiCldppp THF, 80 °C,1h
—_ > CO;Me
THF/H,0, rt.,4.5h t-BuOH (2 equiv) EtzO rt,6h then ( MeO)QCO
80% rt, 16h 93% 80 °C, 30 min
182 183 94%, 97% ee S)-173 1%
(88% reisolated 179)
[16.8 g scale]
Proposed Transition State | Isomerisation |

: J O:)Me o)
MeO MeG (Me0),CO (MeO),CO
: _— —
. reversible irreversible
Siface-attack V7 i . 0

Scheme 41. Preparation of p-keto ester 185 via the enantioselective allylation strategy of cyclic enones reported by
TABER and co-workers.

With B-keto ester 185 in hand, construction of the quarternary stereocenter was pursued. To test whether
allylation could be achieved in a diastereoselective fashion via substrate control, 185 was treated with allyl
bromide in the presence of potassium carbonate in acetone. The reaction proceeded with 99% yield and a
moderate diastereoselectivity of 2.7:1 (Scheme 42). On the other hand, when the enantioselective allylation
protocol by YOSHIDA was applied the diastereoselectivity was reversed favouring the other isomer in a ratio of
1.6:1. These results could suggest a mismatched case between stereochemical control of the substrate and the
asymmetric catalytic system, with the latter not being able to completely override the inherent bias. However,
epimerisation of the methylated a-position could also account for the observation of two isomers. To elucidate
the stereochemistry of both obtained products, the mixture was subjected to enolisation to form the
corresponding silyl enol ethers. As no convergence was observed, the two isomers were deduced to be epimers

at the quarternary stereocenters. Separation by preparative thin layer chromatography and desilylation with
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aqueous hydrogen chloride afforded the initial epimeric ketones. Surprisingly, in both cases protonation
occurred in a stereoselective manner to yield a single configuration at the methylated a-position. The

135162 Both epimers

configuration is presumably set by the adjacent stereocenter to yield a trans-relationship.
were then subjected to olefin metathesis with the premise that only a cis-relationship between both allyl groups
would enable cyclisation. While isomer 1 (163) afforded the bicyclic product 187, isomer 2 (188) gave no

conversion, revealing the former to possess the desired configuration (Scheme 42).

Asymmetric Allylation : NMR of Products
ar 170 (20 mol%), allyl alcohol Isomer 1 5omer 2
~ Pd(OAC), (5 mol%) 0
P(4-F-CgHy)3 (15 mol%
come  K:COn (4-F-CgHe)a (15 mol%) M
Me,CO, reflux, 1 h PhMe, 40 °C, 30 h :
T
99%, dr 1:2.7 94%, dr 1.6:1 1151 110 1.05
Isomer 2 (major) Isomer 1 (major) :
LDA, MeSiCl cis-lsomer
THF, -78 °C CO,Me

]

T T T
115 110 1.05

Umicore M71SIPr (186) HCI 186 (1 mol%) N H
i-Pr ™/ i-Pr S —
° (0)
NyN MesSiO = / PhMe, 110°C, 1h Me
Me H

T 1%
EPr | i-Pr 187 Isomer 1 (163)
Clim. R.U o) CO,Me
a” i Y—CFs ? ve. / K
o NH z Hel 186 (1 mol%) é\
i two isomers ——>—— no conversion CO-Me
seperation Phivle. 410 °C
g e, B
by prep-TLC ) 115 110 1.05
Isomer 2 (188)

Scheme 42. Allylation of f-keto ester 185 and elucidation of the resulting stereochemistry.

Since the construction of the quaternary stereocenter via direct allylation of the p-keto ester proceeded with
low diastereoselectivity, an alternative approach was pursued. Inspired by the concept of TABER and co-
workers to transfer stereochemistry within the substrate, the intention was to further exploit the allyl group in
p-position. Functionalisation to form a Z-configurated olefin that contains a new allylic position with a leaving
group at its terminus could pose a suitable precursor for an intramolecular cyclisation to form bicyclic product
187 (Scheme 43). This revised strategy would allow the direct transfer of stereoinformation from the first
stereocenter and thereby bypassing the substrate imposed bias for the facial selectivity in intermolecular
allylation reactions. Subsequent ring opening metathesis could introduce both prenyl groups leading to
cyclopentanone 190. Unfortunately, inital attempts to introduce the Z-configurated olefin via an oxidative
cleavage/WITTIG sequence were unsuccessful, since a variety of different methods, such ozonolysis and
periodate cleavage in combination with preceding dihydroxylation or epoxidation, failed to give the required
aldehyde intermediate. To avoid the challenging oxidation step a direct functionalisation by olefin cross
metathesis was envisioned. Owing to its broad applications in synthetic organic and material chemistry, olefin
metathesis has founds its way into repertoire of organic chemists as a powerful transformation for the
construction of carbon-carbon bonds. In pursuit of a mechanistic understanding and expanding limitations of
imparting stereochemical control on the product formation in order to access kinetic Z-olefins, considerable
research efforts have pushed the development of catalysts capable of promoting Z-selective cross metathesis

reactions.'””
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1. oxidative cleavage
cis-isomer
o] intramolecular CO,Me ring opening
Me,, cyclization 2 metathesis
CO,Me N\ H
—_— _—
(0)
transfer of Me
X (2) stereochemistry H

X =0H, OMs, OTs, CI, Br

NS

(Z)-selective metathesis

Scheme 43. Strategy for an intramolecular transfer of stereochemistry to generate the second stereocenter.

However, in order to evaluate different olefins and to find suitable conditions, initial reactions were conducted
with common ruthenium-based metathesis catalysts (Table 7).'”" Reactions with allyl halides in excess (Table
7, Entry 1-2) gave no conversion."”” The same results was observed with allyl acetate (Table 7, Entry 3).
Neither the addition of titanium tetraisopropoxide to disarm chelating functional groups such as 1,3-
dicarbonyls (Table 7, Entry 4),'* nor microwave irradiation (Table 7, Entry $)"* had a facilitating influence
on the reaction. Gratifyingly, the use of (Z)-butenediol'”® in the presence of catalytic amounts of copper

iodide'” resulted in the formation of allylic alcohol 192 in 53% yield (Table 7, Entry 6).
Table 7. Optimisation of the cross metathesis of B-keto ester 185 with various olefins.”

alkene
catalyst
_—
conditions

Metathesis Catalysts
Umicore M71SIPr Grubbs 2
i-Pr, Me /—\ Me

i-Pr
S S e
lPr lPr T
c|y ..... Ru* c|l ,,,,, (;|, ,,,,, Ru=
a” i :@ ca” >—CF3 a” |
0 6 CysP
i’ i-pr’

190 186 191

Entry Catalyst Alkene Additive Solvent T Result®
1 190 (10 mol%) a?glocilcll(l)lri;cie CH,CL (0.3M) 50°C no conversion

allyl bromide .
2 186 (2 mol%) (2.5 equiv) CH,CL (0.5M) 35°C no conversion
3 190 (3 mol%) ?I;Y(I) 1:::; CH,CL (0.1M) 60°C no conversion
4 190 (3 mol%) ?I;Y(I) 1:::; Ti(0i-Pr), (15mol%) CH,CL (0.1M) 60°C no conversion
lyl
S 192 (4 mol%) ?13}’0 t;;:;t; 1,2-DCE (0.1 M) 100°C no conversion
(Z)-butenediol 20h, 53% of 192
0, 0,

6 186 (8 mol%) (5.0 equiv) Cul (12 mol%) CD,CL (0.5M)  rit. (X = OH)

a) The reactions were performed on a 25 mg scale. b) The reaction was monitored by 'H NMR spectroscopy.
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When these conditions were applied to the Z-selective cross-metathesis reaction with the Grubbs Catalyst® Z-

Selective (194) olefin 193 was isolated in 31% yield as a Z/E mixture with a ratio of 4:1 (Scheme 44).
yi

Grubbs Catalyst® Z-Selective Z-selectivity due to steric interaction
™\ Me
. . Ns—N v Me
(Z)-butenediol (5.0 equiv) Me NVNQ
CO,Me 194 (8 mol%), Cul (12 mol%) CO,Me TMe T
@ _OmRu=,
CD,Cl, (0.5m), rt., 20 h S} Ny | §
31%, ZIE = 4:1 (0] IL/O
i-Pr’
185 193 194

Scheme 44. Z-Selective cross metathesis between B-keto ester 185 and (Z)-butenediol.

Attempts to activate the alcohol with thionyl chloride or mesyl chloride for the subsequent cyclisation failed.
Instead of a two step sequence with initial formation of a leaving group, was envisioned to use the previously
applied conditions by YOSHIDA for the direct allylation of -keto esters with allylic alcohols to faciliate ring
closure in one pot. Unfortunately, 'H NMR spectroscopic analysis of the crude product indicated formation of
the undesired product 195 containing a five-membered ring and an exocyclic double bond (Scheme 45).
Although allylic substitutions usually proceeds through an Sx2 pathway, palladium-catalysis generates an
n’-allyl-palladium complex, thereby activating both positions and as a result favouring the S-exo-tet cyclisation

as clearly underlined by these observations.

not observed H-c H-b
He i J=168Hz  J=10.2Hz
170, Pd(OAc), COM CO:Me "
e -a .
CO,Me P(4 F-CeHa)s 2 J=16.8,10.2, 8.7 Hz va
PhMe, 40 “PhMe,40°C M
& tet
-exo-te
193 195 5.70 5.10

Scheme 45. Attempted cyclisation of olefin 193 via palladium-catalysed allylic substitution.

5.3.3 Preparation of Fragment B

Since this approach remained unsucessful as well, further efforts were focused on coupling fragment A (163)
to suitable enones in order to evaluate the synthetic strategy outlined in the retrosynthetic analysis (Scheme
38). Phenylvinyl ketone (197), readily accessible from benzoyl chlorid (196) in two steps,'”” was selected as a
model substrate to identify suitable conditions for the intended conjugate addition. S. PONATH could show
that the presence of LEWIS acids such as boron trifluoride diethyl etherate sucessfully promoted the coupling
of silyl enol ether 198 and enone 197, albeit with moderate yields (Scheme 46). Attempts to prepare the
corresponding enone by SAEGUSA-ITO oxidation'’ for subsequent installation of the third allyl group,

however, failed.

]
Preparation of Enone 197 MosS Ph> A\
1. Me(MeO)NH-HCI, Et;N Me. KH 0 197
0 CH,Cly, rt,, 16 h Q THF,rt,3h Me BF5 OEt,
)—ci >\‘—\ “1COMe >
Ph 2. vinyIMgBr, THF, r.t., 3 h Ph N then Me3SiCl CO,Me MeNO,

0 °C, 30 min -20°C,3h

198 32%

81%

196 over two steps 197 163 &

Scheme 46. Construction of the second quarternary stereocenter via conjugate addition to enone 197 as a model
substrate.
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Encouraged by this result, substituted enons were investigated. This strategy would allow the incorporation of
a prenyl group into fragment B, thereby avoiding late-stage allylation. Since the configuration of the double
bond of the enone might influence the facial selectivity of the conjugate addition an alkyne was envisaged as a
common precursor for preparation of E- and Z-enons. Access to such an intermediate 201 was realised in
three steps, starting from commercially available benzaldehyde (Scheme 47). The addition of trimethylsilyl
acetylene under basic conditions, followed by deprotection in methanol gave propargyl alcohol 200 in 95%
yield over 2 steps.'”® Propargylic alcohol 201 was then obtained by a subsequent copper-catalysed allylic
substitution with prenyl bromide as the electrophile in 58% yield."” Reduction with hydrogen in the presence
of P2-nickel'™ allowed for the selective conversion to the Z-configurated olefin 202, while lithium
aluminiumhydride'” delivered selectively the E-olefin 204 (Scheme 47). Unfortunately, in both cases the final
oxidation of the benzylic/allylic hydroxyl group failed with a variety of oxidising systems under mild
conditions.' Rapid degradation was observed which might be attributed the double allylic position between

the unsaturated carbonyl and the prenyl group resulting in undesired side reactions.

Z-selective reduction

(o}
Ni(OAc),4H,0
NaBH,4 Ph 7
(HoNCHa),, Hy | oxidation | (2)
EtOH rt,3h . _Me o Me
0,
87 /“ OX|d|5|ng system Me
1. MegSi—= on BuLi, THF, 0 °C, 30 min OH 202 Mo, 203
[0} BulLi, Et ° then Cul, 30 min , :
uLi, Et,0,0°C Ph R Me TEM'TSXBNB double allylic
Ph” ™H 2. MeOH, K,CO3 Ph X then Me A position
N )\/\ DMP
95% over 2 steps 200 Me” X Br 201 Me n(OAc);, DDQ o
r.t., over night Ph
58% L|AIH4 | (E) Ox'da""” | ()
THF, reflux M M
399 e~ e~
E-selective reduction 202%

Scheme 47. Attempted preparation of enones 203 and 20S.

To avoid such side reactions, it was intended to shift the double bond to the terminal position. However, since
in this approach the corresponding electrophile would lack an allylic position for the copper-catalysed
coupling with propargylic alcohol 200, it was necessary to install the terminal alkene moiety on the
alkynyllithium nucleophile prior to addition to benzaldehyde. Such an intermediate 206 could be obtained via
elimination from a suitable vinylic precursor (Scheme 48)."*> Attempts to prepare the corresponding vinylic
bromide 209 or chloride 210 failed.'" Although complete conversion of the starting material was observed,
the products could not be isolated. Alternatively, the use of enol ethers appeared promising.'** The
corresponding ketone 212 was prepared from ethyl acetoacetate (211) in a two-step sequence.'® Initial
attempts to synthesise enol nonflate 213 -78 °C suffered from the formation of an inseparable mixture of the
kinetic and thermodynamic enol ethers.'™ In order to suppress deprotonation at the undesired
thermodynamic a-position, lower temperatures were tested. Eventually, when ketone 212 was deprotonated
with lithium diisopropylamide at —~100 °C and then treated with nonaflyl fluoride enol nonaflate 213 could be
isolated in 38% yield. Elimination of enol nonaflate 213 and in situ deprotonation of the resulting alkyne with
lithium diisopropylamide, followed by the addition of benzaldehyde afforded propargylic alcohol 214 in 73%
yield. Subsequent Z-selective hydrogenation with P2-nickel and oxidation with manganese dioxide delivered

enone 216 (Scheme 48).
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A — Preparation of a Suitable Precursor for Alkynyllthium 206.

o X
s X inyl halides: CI, B
Ph \ vinyl haliaes: , Br
‘ B W fr— /I'\/\]/ ool ethere. OP(O)(OEt),
hd Me Me * OTf, ONf
M
© 206
Vinyl Halides : Kinetic Enol Ether 213
Me
i 1. KoCO3, /]\/C'
BrMg” y o DMF, rt. 48 h o LDA ont
X Me | 52% THF, 100 °C, 2 h
. e : _— > _ >
X Et,0, rt. [ Me 2.KOH, reflux, 1h  Me then NfF
' Me : EtO,C 83% Me  —100°Ctort,16h Me
207 X=cl 209 | 211 ) 212 " 213
208 X =Br 210 ‘ 38%
B — Preparation of Enone 216 from Enol Nonaflate 213.
OH
ont LDA (2.3 equiv) OH Ni(OAC),-4H,0, NaBH,
THF, -78 °C, 30 min (HoNCHa),, Hp Ph | MnO, Ph |
—— > Py _— > _—
If then PhACHO EtOH, rt, 1.5 h CH,Clp, rt, 2 h
e o .
~78°C, 30 min Me 98% Me 28% Me
73%
213 214 215 216

Scheme 48. Preparation of enone 216 via enol nonaflate 213.

5.3.4 Coupling of Fragment A and Fragment B

With fragment A and fragment B in hand, the coupling of both was attempted. Unfortunately, when the
previously tested conditions were applied, no formation of the 1,4-addition product was observed (Scheme
49). Presumably, the higher degree of substitution of the electrophile hinders approach of the densely
substituted silyl enol ether 198. Based on these results, the use of enones as coupling partners was deemed
unfeasible and the strategy was changed to employ the less sterically demanding aldehyde 219, which was
prepared in two steps from y-keto ester 218."" Gratifyingly, MUKAIYAMA aldol addition promoted by boron
trifluoride diethyl etherate proceeded concomitant with deacetalisation and B-hydroxy ketone 220 could be
isolated in 52% yield as a single diastereoisomer by S. PONATH."**'® Furthermore, the use of 219 provides a
suitable precursor for enone formation via dehydration, thereby avoiding the challenging oxidation of ketone

199. Refluxing the aldol product 220 under acidic conditions in acetone delivered enone 221.

A — Attempted conjugate addition of silyl enol ether 198 to enone 216.

8¢ 130.1 d¢c 149.2 -
c o ppm oc o ppm Me3Si 216
Me BF3-OEt; Electrophilicity of 216 compared to 197

Ph)j\ Ph | ""’COZMe % > Flecreased eIeFtron density

H O H H MeNO, increased steric demand

—20°Ctort.
Me
197 216 198

B — Preparation of enone $xx$ via MUKAIYAMA-aldol addition and subsequent dehydration.

Preparation of Aldehyde 219 O(\o
1. (CH,0H), Me3Si Ph CHO o
Q Pabratzan (o ve L [© sreos, P\ £ 7 pronro e
PH  CO,Et 2.DIBALH 2,1 cHO "“COMe  CH,Cl, HO "COMe  MeyCO
28 S;:fc(lf . 219 -78°C toﬂr.t., 4h reflux, 4 h
, 198 52% Z 22 >99%

77% over two steps

Scheme 49. Evaluation of enone 216 and aldehyde 219 as suitable coupling partners for silyl enol ether 198.
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With all substituents installed on the cyclopentanone core, optimisation of the stereoselectivity was addressed.
Instead of relying on ligand-induced diastereoselectivity, a strategy, that utilises the inherent substrate-control
for facial selectivity, was pursued. While it can be speculated that changing the order of methoxycarbonylation
and allylation would give the desired isomer as the major product, this sequence would generate an
intermediate 222 with two monofunctionalised a-positions posing a regioselectivity challenge for the
introduction of the methyl ester. Thus, it was necessary to construct the other quarternary stereocenter via

hydroxyalkylation of ketone 165 in advance (Scheme 50).

Revised Retrosynthetic Analysis of 162 ; Strategy for the Preparation of 221 via 223

: Installation of Substituents via Substrate Control
: regioselectivity challenge

221 O

Scheme 50. New retrosynthetic analysis of triketone 162 and synthetic strategy via cyclopentanone 223.

Ketone 165 was accessible via oxy-COPE rearrangement of allylic alcohol (S)-173. For the preparation of the
desired silyl enol ether 224, required for a MUKAIYAMA aldol reaction, conditions with weak amine bases were
investigated (Table 8). The resulting ammonium salts should act as a proton source allowing equilibration
under thermodynamic conditions with the more substituted silyl enol ether predominating. The use of
trimethylsilyl iodide and hexamethyldisilazane in a non-polar solvent, as reported by MILLER and MCKEAN for
the preparation of thermodynamic silyl enol ethers at ambient temperature, only gave a 50:50-mixture of both
regioisomers 224 and 225 (Table 8, Entry 1)."° Surprisingly, treatment of ketone 165 with trimethylsilyl
chloride and triethylamine in the presence of sodium iodide in acetonitrile at 100 °C gave the same result
(Table 8, Entry 2).”" When DMF was used as solvent an improvement of the regioisomeric ratio in favour of
the desired thermodynamic product was observed (Table 8, Entries 3). Moreover, the use of catalytic amounts
of sodium iodide were sufficient at higher temperatures leading to similar yields. When the temperature was

increased to 145 °C the product was isolated in 94% yield and a regioisomeric ratio of 93:7 (Table 8, Entry 4).
P be g ry

Table 8. Evaluation of different conditions for the preparation of the thermodynamic silyl enol ether 224.

.S ase OSiMe3 OSiMe;
Me HO 18 -crown-6 ! :s’d)l(tn?e
THF condltlons
reflux, 1 h
(S)173 7%
Entry  Me;SiX Base Additive Solvent T t Result®
Me;Sil HMDS n.d.
1 t -20°Ctor.t. 16 h
(22 equiv) (2.4 equiv) pentane or (50:50)
1 0,
2 Me;SiCl EtN Nal (1.5 equiv) ~ MeCN 100°C 16n 0%
(5.0 equiv) (5.0 equiv) (49:51)
Nal (1 19 DMF 120°C 20h
3 (3.0equiv) (3.3 equiv) al (10 mol%) 0 (75:25)
Me;SiCl Et;:N 94%
Nal 1% DMF 145°C 21h
4 (3.0equiv) (3.3 equiv) ol (S slB) s (93:7)

a) The ratio was determined by 'H NMR spectroscopy. The yields were determined by isolation.
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Having identified a suitable pathway towards enantioenriched silyl enol ether 224, further studies were
conducted with the easier accessible racemate, which can be prepared in one step from 2-methylcyclopent-2-

enone (172) on a multi-gram scale (Scheme S1)."*>

Hence, all following reactions were conducted with
racemic mixtures. The aforementioned sequence of MUKAIYAMA aldol reaction with aldehyde 219, delivering
an incosequental mixture of epimers that converge in the next step, and tandem deacetalisation/dehydration
afforded enone rac-223 in very good yields. Since the sequential functionalisation of cyclopentenones via
conjugate addition and subsequent a-alkylation usually gives trans-relationships between both substituents,'*
because the electrophile approaches from the less hindered face of the enolate, enone rac-223 was deduced to
possess the desired cis-relationship between methyl and allyl group. This was supported by NOE correlations

and proven by X-ray crystal structure analysis on later stages.

incosequential mixture

o of epimers
Preparation of Racemic 223 O7L\
Ph [}
/\/MgBr OSiMe; 219 A/\O o
Me M
Me O Cul, LiBr, Me3SiCl BF;-OEt, Ph Me O p-TsOH-H,O Ph \ (i

\b then EtN CHoCl HO Me,CO

THF, -78 °C P -78°C,4h reflux, 3 h

78% 91%, dr 4:3 Y 92% Va

172 [33.2 g scale] rac-224 rac-226 rac-223

cis-relationship

Scheme 51. Preparation of racemic enone 223 starting from 2-methylcyclopent-2-enone (172).

5.3.5 Construction of the Second Quarternary Stereocenter

For the construction of the second quarternary stereocenter, different methoxycarbonylation reagents were
tested. While the use of dimethoxy carbonate resulted in no conversion, methyl chloroformate only gave the
O-carbonylated product. Eventually, when methyl cyanoformate was used the desired B-keto ester rac-226
was isolated in 80% (Scheme 52)."* Treatment with allyl bromide and potassium carbonate in acetone
delivered the undesired isomer as revealed by comparison of the NMR data of the previously synthesised
B-keto ester 221 (Scheme 52). In accordance with the previous findings these results indicate that approach of
the second electrophile is entirely under substrate control and exclusively proceeds with the undesired facial
selectivity. Thus, the desired isomer should be accessibale by reversing the order of allylation and

methoxycarbonylation leveraging the substrate-inherent bias.

Functionalisation of rac-223 via Methoxycarbonylation Followed by Allylation : Preparation of Enone via 163

undesired isomer desired isomer

K,CO (0]
o NaHMDS, THF M 2uUs3 Ve P
Pre Y Ye _78"C.15min Ph” e P 3 steps
-
“then MeO,CON CoMe ) co CO,Me
—78 °C, 15 min 60°C,2h
0% 45% &z 7z
Zfac-223 80% rac -226 ? rac-227 163
top face o
Me Ph \ e P
reversing order — methoxy- allylaton —>
bonylati Y
of electrophiles carbonylation
Ph o bottom face 7
223

Scheme 52. Evaluation of substrate bias on the construction of the second quarternary stereocenter.
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Therefore, various allylation protocols employing different electrophiles were tested. Unfortunately, ketone
rac-223 was rather inert towards reaction with allyl bromide and either no conversion was observed or
degradation upon warming to ambient temperature (Scheme 53). Similar challenges have been reported for
other cyclic ketones. Previous reports by COVEY and co-workers noted the resistance of a Hajos-Parrish
ketone derived cyclohexanone to several alkylation attempts.'”* During their investigations, the authors found
that allylation was feasible by applying NEGISHI's protocol for the reaction of preformed potassium
enoxyborates with allylic electrophiles in the presence of a palladium(0) catalyst.'”® The reaction is proposed
to proceed via formation of a m-allyl palladium(II) complexes resulting form the oxidative addition of the allyl
reagent to the catalyst. The cationic palladium species exhibits pronouned electrophilic character and readily
reacts with enolate complex. Allylation can either occur via an outer-sphere mechanisms in a Sn2-like manner
or an inner-sphere mechanism involing transmetalation to generate a palladium-enolate species followed by
[3,3’]-reductive elimination (Scheme $3).*'”” However, when ketone rac-223 was deprotonated with
KHMDS, followed by sequential addition of triethylborane and a mixture of allyl bromide and catalytic
Pd(PPhs)4, even after several hours at ambient temperature, no conversion was observed (Scheme $3). A
similar protocol, utilising silyl enol ethers as enolate equivalents for the reaction with n-allyl palladium(II)
electrophiles, was described by TSUJI and co-workers, circumventing challenges associated with simple
ketones."”® Unfortunately, in situ formation of the corresponding silyl enol ether and subsequent treatment

with diallyl carbonate in the presence of catalytic Pd(dppe), resulted in no conversion as well.

Allylation Attempts with Enolate Equivalents Proposed Mechanisms for the Palladium-Catalysed Allylation of Enolate Equivalents
0] [0} /\/X
0] 0]
ph’ Ve Allylation Ph” | Me

oxidative (\
LPd®  addition [Pd"] OR

Y Y o) OR OSiMes  OBELK
rac-223 rac-228 {ﬁ_/: {i\§ e o
silane boron-'ate'

Failed Attempts for Direct Allylation

Enolisation Electrophile H
: 1P
NaHMDS allyl bromide : ) [PSJ] (ORrR
i : (\[Pd”]
KHMDS, Et;B Pd(PPh3)y, allyl bromide { XE o {
NaHMDS, Me;SiCl Pd(dppe),, C(0)(Oallyl), ;
conditions: THF, =78 °C to r.t. inner-sphere outer-sphere

Scheme 53. Attempted direct allylation of ketone rac-223 and the proposed mechanisms for palladium-catalysed
systems.

As several examples in the literature for five- and six-membered cyclic ketones noted the use of HMPA and
allyl iodide, initital attempts were conducted by applying these conditions."” Gratifyingly, deprotonation of
ketone rac-223 with LDA and treatment of the resulting enolate with allyl iodide in the presence of HMPA
delivered the desired product. Morover, telescoping the allylation and subsequent methoxycarbonylation
under these conditions into a one-pot process was achieved by S. PONATH affording ketone rac-221 in 54%
yield on a 100 mg scale. As exchange of HMPA with DMPU gave the same result, further experiments were
performed with the latter. Attempts to upscale the reaction, however, failed resulting in poor yields and
dialkylated ketone rac-229 as the major product. As it was unclear, which conditions facilitated the formation
of rac-220, the monoalkylated ketone rac-228 was isolated and then subjected to methoxycarbonylation in the
presence of DMPU to simulate the conditions during the one-pot process. Analysis of the reaction by TLC
revealed that formation of P-keto ester rac-221 was fast within the first minutes. Unfortunately, with

progressing consumption of ketone rac-228 the appearance of rac-229 was noted and, after several minutes,
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formation of the dialkylated product predominated, even at —100 °C. In light of these observations, it was
speculated that the a-alkylated B-keto ester rac-228 acts as a powerful allylating agent in the presence of

DMPU, thereby rendering a one-pot process unfeasible on larger scales.

desired isomer

]
NaHMDS ] NaHMDS
M
THF, -78 °C PR ALY N THE -78°C, 40 min
_——
then allyl iodide then MeO,CCN
DMPU, temperature —-78°C, 20 min
T 228229 Yied 7 90%
o o rac-228
o) -78 eC 51 :49 n. ? NOE correlations for irradiation
-100°C 100: 0 66% of the methyl group
ph’ ) Me
GOESY of rac-228
possible mechanism
V for allyl transfer
_ major product
rac-223 NaHMDS 00

THF, -78 °C
then allyl iodide

-
L w\ ' . Me

DMPU, -100 °C 5 1 1
-

then NaHMDS fastin DMPU MeO,C™ // ko m et W

—100 °C, 5 min

then MeO,CCN

2.55 2.40 2.25 2.10 1.95 1.80 1.30 1.1
rac-229

Scheme $4. Left: Preparation of B-keto ester rac-221 via direct allylation of ketone rac-223 and attempted one-pot
procedure. Right: GOESY experiment and NOE analysis to elucidate the stereochemistry for rac-228.

The relative configuration of the monoalkylated product rac-228 was elucidated by GOESY experiments and

analysis of the observed NOE correlations.

5.3.6 Installation of the Third Allyl Group

With enone rac-221 prepared, the attention was turned towards the installation of the third and final allyl
group. Initial efforts were focused on the use of allyl organocopper(I) reagents to facilitate conjugate addition.
However, exposure of enone rac-221 to allyl cuprate, generated from allylmagnesium bromide and Cul in the
presence of LiBr, furnished exclusively the 1,2-addition product (Scheme S5). This result might be attributed
to the steric encumbrance of the enone owing to its neopentyl-like position. Hence, the use of LIPSHUTZ-type
cuprates®® derived from copper(I) cyanide was explored, as these types of cuprates are reported in some

instances to be more reactive and therefore capable of promoting conjugate addition to even highly congested

200a, 200

enones.””*"! Unfortunately, reaction with cuprates prepared from 2-thienyl(cyano)copper(I) lithium®* and

allylmagnesium bromide exhibited the same selectivity and neither the addition of trimethylsilyl chloride*”

2002203 encouraged conjugate addition (Scheme 5S). A control

nor boron trifluoride diethyl etherate
experiment was performed with a methyl cuprate, prepared from the same LIPSHUTZ precursor’” and
methylmagnesium bromide, in order to assess whether addition to the carbonyl group is favoured in general.
The methylated product rac-232 was isolated in 41% yield as a 1:1.5 mixture of diastereomers and no
formation of 1,2-addition was observed (Scheme 55). These findings could suggest that, in case of allyl
cuprates, other mechanistical pathways, which might predominate under certain conditions, are available. As
the reaction of enone rac-221 with allyl cuprates turned out to result solely in addition to the carbonyl, other
systems were investigated. In light of various literature precedents for conjugate allylation, the HOSOMI-
SAKURAI reaction,” employing allyltrimethylsilane as allyl donor, was considered a promising alternative.
Therefore, several conditions were tested by S. PONATH. The screening of several LEWIS acids revealed that

204

typical systems employing stoichiometric amounts of either titanium tetrachloride® or boron trifluoride

diethyl etherate failed resulting in rapid degradation. Other systems using catalytic iron(III) chloride,*®

6

iodine’® or indium in combination with trimethylsilyl chloride,”” however, gave either veryl low or no
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conversion at all. Eventually, the use of indium(III) chloride in the presence of trimethylsilyl chloride, as
reported by LEE and co-workers, proved to deliver the best results.’® Under these conditions the desired
product rac-233 could be isolated in 58% yield as a mixture of two diastereomers (dr 1:2.4) (Scheme SS).
Interestingly, partial trapping of the enolate with trimethylsilyl chloride was observed during the reaction and
addition of triethylamine following complete conversion of enone rac-221 led to the isolation of silyl enol
ether rac-234 in 63% yield as a mixture of diastereomers (dr 1:2). Alternatively, the preparation of the silyl
enol ether can be achieved in a two-step sequence starting from enone rac-221 via enolisation of the SAKURAI

product rac-233.

Attempted Conjugate Addition via Cuprates Conjugate Addition via HOSOMI-SAKURAI

Curpate, Additive

T
THF, 78 °C 58%, dr 1:2.4
GRIGNARD Copper System Additive
R=H rac-230 dr 1:1 . . "
R=TMS rac-231dr1:4  2WMgBr  CulLiBr — MesSiCl A SMes NaHMDS
Me;SiCl, InCl R
allyMgBr  (2-Th)CU(CN)Li  MesSiCl Measibl s | ;HF,M783'8|
allylMgBr  (2-Th)Cu(CN)Li 1,2-DCE, rt. o oS!
allyMgBr  (2-Th)Cu(CN)Li BF5-Et,0 b
rac-221
Me(2-Th)Cu(CN)LiMgBr then EtsN
R EE—
THF, -78°C 63%, dr 1:2
41%, dr 1:1.5
p
rac-232 rac-234

Scheme 55. Attempted and successful conjugate allylation of enone rac-221.

In order to elucidate the relative configurations, both diastereomeric ketons were separated by HPLC and
subsequently cyclised via ring-closing metathesis to yield the corresponding seven-membered rings rac-234
and rac-236. Subjection to GOESY experiments and analysis of the resulting NOE correlations, unfortunately,
indicated that the observed minor isomer possess the desired coniguration, which was confirmed by X-ray

crystal structure analysis on a later stage (Scheme 56).

GOESY

desired isomer

J{o(\woe
186 (1 mol%) N _
1,2-DCE, rt. Me
78% L "'CO,Me
4
H
rac-235
29 27 25 23 24 19 1.7 15 1.3 11 0.
GOESY
o
186 (1 mol%) N
_—
1,2-DCE, r.t. Me
73% ~/ "COMe | 11 11
" e
maijor isomer rac-236 -

4127 25 23 21 19 1.7 15 13 11 09

Scheme 56. Ring-closing metathesis of both diastereomeric allylation products and elucidation of the respective relative
configuration via GOSEY experiments.
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Further attempts, including variation of temperature and solvent, as well as attempted conformational locking
via ring closing metathesis or introduction of other nucleophiles, to reverse the selectivity remained

unsuccessful.

5.3.7 Preparation of Triketone rac-162

Having assembled the carbon skeleton of the cyclisation precursor rac-233, the construction of the bicyclic
intermediate rac-162 was addressed. All attempts by S. PONATH to close the six-membered ring under basic
conditions via a DIECKMANN-type reaction resulted in degradation and only the decarboxylation product
rac-237 was isolated (Scheme S57). It is noteworthy that all experiments were conducted under carfeful
exclusion of water regarding solvent and base since it was it speculated at first that decarboxylation could be

triggered by ester hydrolysis. Moreover, at temperatures below —20 °C no conversion was observed.

Dieckmann-Type Cyclisation

== Base Solvent Temperature
base
= o (Ph KOtBu  THF 0°c
o KOt-Bu Et,O r.t.
conditions 0O~ Me \\ KHMDS THE 0°C observed product
ootz | NaH Et,O/MeOH  rt.

rac-233

1. LiAlHg4, THF, rt., 2 h
2.DMP, CH.Clp, rt., 1 h

61% over two steps

Aldol Cyclisation pZ
rac-237
== Base Solvent Temperature

= O P" | KotBu  THF rt.
o) TBD THF rt.

0" Me KOt-Bu THF -78°C

/ \\\ NaHMDS  THF -78°C

rac-238 rac-239

Scheme §7. Attempted DIECKMANN and aldol cyclisation of cyclopentanones rac-233 and rac-238, respectively.

Thus, it was envisaged to perform the cyclisation at lower temperatures via an aldol reaction in order to shut
down undesired degradation. Preparation of the requisite aldehyde rac-238 was achieved by sequentiel
reduction and oxidation in 61% yield over two steps. Unfortunately, when aldehyde rac-238 was exposed to
basic conditions to promote enolate formation and subsequent aldol cyclisation, the same degradation
product was observed irrespective of temperature and the employed base (Scheme 57). It was speculated that

the cyclopentanone initiates fragmentation via a retro-CLAISEN-type reaction to release ring strain.

To avoid such undesired pathways, it was envisaged to reduce the ketone prior to cyclisation. It should be
noted that the following reactions were conducted with the undesired isomer to test the feasibility of this
approach. Global reduction of rac-233 with lithium aluminium hydride and subsequent selective oxidation
employing ANELLI-like conditions with bis(acetoxy)iodobenzene as terminal oxidant*” allowed for the
preparation of the corresponding aldehyde rac-240 in 49% yield as a mixture of epimers (Scheme 58).
Eventually, mild basic conditions in a protic medium afforded two diastereomeric cyclisation products,*
which after oxidation yielded a single isomer. Analysis of the NMR spectroscopic data, however, revealed the
a,B-unsaturated ketone as the product rac-242 and in hindsight rac-241 as a mixture of epimeric aldol
condensation products (Scheme 58). Based on these results, it was concluded that mild and non-basic
conditions prevent fragmentation and the aldol reaction in general provides a suitable pathway to access the
bicyclic scaffold. In order to suppress the undesired elimination, lower temperatures and the exclusion of
protic solvents were investigated. These conditions are typically employed in MUKAIYAMA aldol reactions
using silyl enol ethers as neutral enolate equivalents."®® However, preparation of a suitable aldol precursor
required selective reduction of the ester while preserving the benzylic ketone. For this purpose, protection of

the ketone was envisioned by exploiting silyl enol ether rac-234 which is accessible from enone rac-221 in one
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pot via the aformentioned HOSOMI-SAKURAI conditions with triethylamine. When a diastereomeric mixture
of ester rac-234 was treated with DIBAL at —78 °C, the desired product rac-243 could be isolated in 50% yield,
however, overreduction to the primary alcohol rac-244 occurred as a side reaction. Lowering the temperature
to —100 °C suppressed formation of side product and the aldehyde was isolated in an increased yield of 70%
(Scheme 58).

A — Attempted Aldol cyclisation via Aldehyde rac-240.

o (o}
P 1. LiAIH,4 PH Phl(OAc),

THF, rt, 1,5h K2CO3 Ph  NOrAZADO
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rac-233 49% over two steps rac-240 rac-241 74% over two steps rac-242
undesired isomer (+20% mono-oxidised)

B — Aldol cyclisation via Aldehyde rac-234.
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Scheme $8. Attempted and successful aldol cyclisation to prepare triketones rac-162 and rac-247.

The subsequent intramolecular MUKAIYAMA aldol reaction with boron trifluoride diethyl etherate proceeded
with high conversion and afforded a mixture of four diastereomers. Samples of the two major aldol products
rac-24$ and rac-246 were separated and subjected to X-ray crystal structure analysis confirming the previous
assignment of minor and major product resulting from the HOSOMI-SAKURALI allylation. Eventually, oxidation
of the crude product gave both bicyclic products rac-162 and rac-247 which could be separated by column
chromatography at this stage. The undesired epimer rac-247 was found to be in equilibrium with its enol form,
whereas rac-162 adopts the thermodynamically stable form with allyl and acyl substituents equatorial

positioned.

5.3.8 Installation of the Methoxycarbonyl Group

With the bicyclic triketone rac-162 in hand, the remaining challenge of introducing the final carbonyl
functionality was addressed. To identify suitable acyl or carboxylate carbanionen equivalents preliminary test
reactions were conducted with the undesired triketone rac-247. Initial attemps, including
transhydrocyanation,”"' by S. PONATH to introduce a cyano group were unsuccessful as no conversion of the
starting material was observed. It was assumed that stronger nucleophiles, that add irreversible to the ketone,

2 no conversion was observed at lower

are required. However, when switching to lithiated 1,3-dithiane®
temperatures while warming to ambient temperature resulted in degradation. On the other hand, smaller
nucleophiles, such as hydride, lithiated alkynes, and lithiated methoxyallene,”"* added successfuly to triketone

rac-247 (Scheme 59). Unfortunately, X-ray crystal structure analysis of rac-251 and NMR analysis of rac-249
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and rac-250 revealed that addition occurred with the undesired facial selectivity leading to the epimeric

configuration of the natural product at C-3 in all cases.

NaHMDS
TMS e Ph THF, -78 °C
then TMSCCLi
OH  TMEDA,rt, 16 h OMe
0,
rac-249 28% / 4 o Pt
O»—Ph  TMEDA Ph
——» MeO =
Ve THF, -78 °C
o 99% J/  OH
NaHMDS rac-247 rac-251
THF, -78 °C

rac-251 [X-ray]

then LiAlHy, 2 h
52%

rac-250

Scheme §9. Addition on small nucleophiles to triketone rac-247.

Since all attempts to reverse the facial selectivity, including for instance ring-closing metathesis of the
cyclopentane-associated allyl groups to shield the observed trajectory for nucleophilic attack, remained
unsuccessful, synthetic efforts were focused on the synthesis of 3-epi-hypatulin B (252). During the course of
further studies the developed route was applied to enantioenriched ketone 165 and the methyl ester could
successfully be installed via a sequence of methoxyallene addition and subsequent oxidative cleavage with
singlet oxygen. Unfortunately, the methoxycarbonylation proceeded again with the undesired facial selectivity.
However, investigation of an olefin cross metathesis ultimately enabled the synthesis of enantioenriched 3-epi-

hypatulin B (252) in 16 steps starting from cyclopentenone 182.

Preparation of Enantioenriched 162

4 steps
54%, 97% ee

182 165

3-epi-hypatulin B (252)

Scheme 60. Synthesis of 3-epi-hypatulin B.
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ABSTRACT: A total synthesis of 3-epi-hypatulin B, a high-
ly oxygenated and densely functionalized bicyclic scaffold,
is reported. The carbon skeleton was prepared by function-
alization of a cyclopentanone core and an intramolecular
Mukaiyama aldol reaction. The synthesis features a late-
stage photo-oxidation of a methoxyallene intermediate for
the installation of an ester functionality. Problems encoun-
tered during the batch process were solved by translation of
the transformation into a flow protocol. Our synthesis
highlights the value of flow chemistry to enable challenging
steps in natural product synthesis.

Polycyclic polyprenylated acylphloroglucinols (PPAPs) are
a family of meroterpenoids with fascinating and complex
chemical structures.! Due to a wide range of intriguing
biological activities, PPAPs represent potential lead struc-
tures for neuroscience, infectious disease, and oncology
drug discovery programs.* Thus, several synthetic ap-
proaches, some of which culminated in elegant total syn-
theses, have been devised.> The most prominent congener,
the neuroactive hyperforin (1), is one of the main bioactive
compounds in Hypericum perforatum (St. John’s wort)
(Scheme 1).* While many of the isolated PPAPs retain the
six-membered ring of their acylphloroglucinol progenitors,
subsequent rearrangements and oxidative cleavages can
result in ring expansions, contractions, or ring openings.®

In 2016, Tanaka, Kashiwada, and co-workers reported the
isolation of two novel meroterpenoids with a contracted
acylphloroglucinol- and a seco-acylphloroglucinol-derived
motif, respectively, from the leaves of hypericum patalum.®
Whereas hypatulin A (2) has a highly oxygenated tricyclic
octahydro-1,5-methanopentalene core, hypatulin B (3)
possesses a bicyclo[3.2.1]octane motif. Both natural prod-
ucts have a densely substituted cyclopentane core bearing
four stereocenters, three of them being quaternary
(Scheme 1).

Hypatulin A (2) and B (3) were evaluated for their antimi-
crobacterial activity on strains of Staphylococcus aureus,
Bacillus subtilis, and Escherichia coli. Hypatulin A exhibited
activity against Bacillus subtilis.

According to Tanaka, Kashiwada, and co-workers hypatu-
lin B (3) could be produced by oxidative cleavage and
methylation through a biogenetic pathway from hypatulin
A (2). The structural assignment of C-3 was supported by
chemical conversion of hypatulin A (2) into hypatulin B
(3) by a retro-Dieckmann-type cleavage using N,N-
dimethylaminopyridine (DMAP) in MeOH.

We speculated that the easier accessible hypatulin B (3)
could be transformed into hypatulin A (2) via cyclization.
Simplification of hypatulin B (3) by methoxycarbonylation
and subsequent metathesis would lead to triketone 4. Con-
struction of the bicyclic scaffold was envisaged by a
Dieckmann-type cyclization and installation of the substit-
uents was intended by stereoselective functionalizations of
ketone 5 (Scheme 1).
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Scheme 1. Different PPAPs and Retrosynthetic Analy-
sis of Hypatulin A (2) and Hypatulin B (3)

A - Structures of hyperforin (1), hypatulin A (2) and hypatulin B (3).

retained phlor inol motif p inol motif pl inol motif

Me
hyperforin (1) hypatulin A (2) hypatulin B (3)

B — Retrosynthetic analysis of hypatulin A (2) and hypatulin B (3).
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The synthesis commenced with cyclopentanone 5, which
was prepared in 97% enantiomeric excess in analogy to a
procedure by Taber and co-workers in four steps starting
from 2-cyclopentenone.7 Enolization under thermodynam-
ic control afforded silyl enol ether 6 in 94% yield and in a
93:7 ratio of constitutional isomers (Scheme 2).8 Subse-
quent Mukaiyama aldol addition with aldehyde 7 proceed-
ed in 91% yield and generated the first of three quarternary
stereocenters of the cyclopentane core. A 3:2-mixture of
two diastereomers was obtained, providing, after separa-
tion, one diastereomer as a crystalline solid. X-ray crystal
structure analysis revealed (10R)-8 to possess the desired
cis-relationship between methyl and allyl substituent. Both
diastereomers were subjected to a tandem deacetaliza-
tion/elimination affording enone 9. As both diastereomers
8 converge into enone 9, it can be deduced that they are
diastereomers at C-10, thus rendering the low diastereose-
lectivity inconsequential for the further synthesis (Scheme
2). With enone 9 in hand, construction of the second quar-
ternary center bearing a methyl ester and an allyl group was
pursued. Initial attempts to install the ester first, followed
by an allylation resulted in the exclusive formation of the
undesired diastereomer. Thus, the order of the electrophile
additions was reversed. Interestingly, allylation of the corre-
sponding enolate with allyl iodide in the presence of N,N’-
dimethylpropyleneurea (DMPU) at —78 °C gave a mixture
of unreacted starting material, mono-, and bisallylated
products. However, by decreasing the reaction temperature
to —~100 °C monoallylation was achieved exclusively. Subse-
quent methoxycarbonylation was performed by deprotona-
tion with NaHMDS and treatment with methyl cyanofor-

mate providing the desired isomer 10 in 59% over two steps

(Scheme 3).

Scheme 2. Synthesis of Enone 9 (Thermal Ellipsoids at
50% Probability)
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Attempts to telescope both reactions into an one-pot
protocol’ revealed that the allylation step requires DMPU
as solvent, while methoxycarbonylation in the presence of
DMPU resulted in degradation (Scheme 3).

An attempted conjugate addition of an allyl cuprate to
the enone 10 failed and provided exclusively the corre-
sponding 1,2-addition product. Therefore, a Hosomi-
Sakurai reaction with allyltrimethylsilane was investigat-
ed.’® A screening of various Lewis acids, including titanium
tetrachloride,'® boron trifluoride diethyl etherate, iron(III)
chloride,'! iodine,'? and indium in combination with trime-
thylsily chloride,'® revealed indium(III) chloride'* in the
presence of trimethylsilyl chloride to be the best system.
Under these conditions, the 1,4-addition product 11 was
isolated in 58% yield as a mixture of two diastereomers (dr
1:2.4) (Scheme 3). During the reaction, partial trapping of
the enolate with trimethylsilyl chloride was observed.
When triethylamine was added after completion of the
conjugate addition, silyl enol ether 12 was obtained exclu-
sively in 63% yield as a mixture of two diastereomers (dr
1:2) (Scheme 3). The configuration was determined three
steps later by X-ray crystallographic analysis of intermediate
4. Unfortunately, the desired product turned out to be the
minor diastereomer. Attempts to reverse the stereoselectivi-
ty were unsuccessful.

Next, we aimed to construct bicyclic triketone 4 in a
Dieckmann-type cyclization of the highly substituted cy-
clopentanone 11." Unfortunately, a variety of different
conditions resulted in the formation of 13 (Scheme 3). To
suppress decarboxylation, reduction of the ester to the
corresponding aldehyde and subsequent aldol cyclization
was attempted. When ester 12 was treated with DIBAL-H
at -78 °C, overreduction to the primary alcohol was a major
side reaction. By lowering the temperature to —100 °C, the
corresponding aldehyde could be isolated in 70% yield. The
subsequent intramolecular Mukaiyama aldol reaction with
boron trifluoride etherate afforded a mixture of epimeric p-
hydroxy ketones.!” Oxidation of the crude mixture of both




S HYPATULIN AAND HYPATULIN B

Scheme 3. Synthesis of Key Intermediate Triketone 4 (Thermal Ellipsoids at 50% Probability; Disorder Was Obmitted
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epimers with Dess-Martin periodinane (DMP)'® eventually
gave triketone 4 in 62% yield over three steps (Scheme 3).
With the bicyclic carbon framework assembled, the intro-
duction of the remaining carbonyl functionality was ad-
dressed. Different d1-reagents either as acyl anion equiva-
lents or masked carbonyl equivalents were considered."”
While bulky reagents such as lithiated dithianes® gave no
conversion, smaller nucleophiles such as methoxyallenyl-
lithium?! or cyanide were added successfully to the ketone
(Scheme 4). In all cases, the 1,3-diketone was ‘disarmed’ by
in situ deprotonation with NaHMDS. Unfortunately, X-ray
and NMR analysis revealed that addition of all nucelophiles
proceeded with the undesired facial selectivity. As all our
attempts to obtain the epimeric tertiary alcohol were un-
successful, we redirected our synthetic efforts towards 3-
epi-hypatulin B (17).

Attempted conversion of cyanohydrine 14 to the corre-
sponding ester 16 resulted in the desilylation and cyanide
elimination leading to ketone 4. In contrast, the addition of
methoxyallenyllithium is irreversible and methoxyallene 15
was isolated in 72% yield (Scheme 4). Next, we attempted
the oxidative cleavage of the allenyl moiety to the corre-
sponding ester 16.2* Although examples for ozonolysis of
enol ethers in the presence of less electron-rich olefins have
been reported, controlled addition of a solution of ozone,
even at —115 °C, resulted in complete degradation of the
starting material® Alternatively, enol ethers can be reacted
with singlet oxygen leading to dioxetanes, which decom-
pose to the corresponding esters.”* Singlet oxygen exhibits
high chemo- and regioselectivity depending on substitution
patterns, conformations and stereoelectronic effects of the
substrates.” Gratifyingly, when methoxyallene 15 was
treated with singlet oxygen generated with tetraphenylpor-
phyrin (TPP) as photocatalyst in a test reaction the prod-
uct could be isolated. As we experienced scale-up problems
on a scale larger than 10 mg, we contemplated the applica-
tion of flow-chemistry.?® Recently, we developed a modu-
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cyclization
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85%
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lar, and argon-driven flow platform especially designed for
the robustification of late-stage transformations in natural
product synthesis.”” In particular, gas reactions and photo-
reactions can be significantly accelerated and upscaled in
flow.”® Therefore, we translated the oxidative cleavage of
methoxyallene 15 to ester 16 into a flow process. After
optimizing reaction parameters, the desired ester 16 was
obtained in a slightly higher yield of 64% and a remarkably
shorter reaction time of 60 minutes compared with
26 hours in batch (Scheme 4). Most importantly, in flow,
this transformation could be conducted on a 56 mg scale
providing sufficient material for the final step of the synthe-
sis.

Ester 16 was then subjected to cross metathesis condi-
tions.” Initial reactions using 2-methyl-2-butene as a dime-
thylvinylcarbene source resulted in a mixture of products
with dimethylated and monomethylated allyl groups.
Therefore, the metathesis reaction was performed with
gaseous 2-methylpropene in a pressure tube providing 3-
epi-hypatulin B (17) in 94% yield (Scheme 4).%°

In conclusion, we completed a synthesis of 3-epi-hypatulin B
(17) in 16 steps starting from 2-cyclopentenone. The synthet-
ic key challenge was to construct the unique bicyclic core
motif in an efficient way, which was achieved by introducing
all required substituents to a cyclopentane core, followed by a
Mukaiyama aldol cyclization. The introduction of the last
carbonyl fragment lead to the undesired epimer of the tertiary
alcohol. However, synthesis of 3-epi-hypatulin B could be
achieved utilizing an oxidative cleavage of an enol ether spe-
cies in presence of competing alkene functionalities. This
reaction could be performed in flow allowing larger scale,
shorter reaction time and a slightly higher yield. Our synthesis
demonstrates the value of combining an efficient approach to
a highly functionalized ring system with the virtue of flow
chemistry for the robustification of late-stage transformations
in natural product synthesis.
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Scheme 4. Methoxycarbonylation via Late-Stage Oxidation in Flow and Alkene Metathesis for the Formation of 3-¢pi-

Hypatulin (17) (Thermal Ellipsoids at 50% Probability)'
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6.2 Illustration Credits
Scheme 8, p. 11

Tobacco: The photograph was downloaded from pixabay and edited for the scheme.

Source: https://cdn.pixabay.com/photo/2018/09/20/22/32/tobacco-3691983 960 _720.jpg
(Accessed 18.11.2021).

Licence free. Photograph credited to Markus Distelrath.

Figure 11, p. 34

Plakortis simplex: The photograph was downloaded from porifera.myspecies.info and edited for the figure.
Source: http://bioweb.uwlax.edu/bio203/2011/pluym_conn/P.%20simplex%202.jpg

(Accessed 04.10.2021).
Permission granted by: Copyright © Scott Nichols.

Plakinastrella: The photograph was downloaded from bioweb.uwlax.edu and edited for the figure.

Source: https://porifera.myspecies.info/sites/porifera.myspecies.info/files/styles/large/public/p26_bocas
2009 182_0.jpg?itok=y8ZWvjHN
(Accessed 04.10.2021).

Free for use as per Creative Common Licence. Photograph credited to Robert W. Thacker, Christina Diaz,

Chris Freeman.

Figure 12, p. 47

Hypericum perforatum: The photograph was downloaded from pixabay and edited for the scheme.

Source: https://cdn.pixabay.com/photo/2013/03/01/18/11/flowers-87580_960 720.jpg
(Accessed 13.09.2021).

Licence free. Photograph credited to Emilian Robert Vicol.

Hypericum scabrum: The photograph was downloaded from freenatureimages and edited for the scheme.

Source: http://www.freenatureimages.eu/plants/Flora%20D-
I/Hypericum%20scabrum/Hypericum%20scabrum%204%2C%20Saxifraga-Ed%20Stikvoort.jpg
(Accessed 13.09.2021).

Permission granted by: Copyright © Saxifraga and Ed Stikvoort.

Hypericum sampsonii: Reuse with permission from (Silva, A. R.; Taofiq, O.; Ferreira, I. C. F. R.; Barros, L. Ind.
Crops Prod. 2021, 159, 113053) © 2011 Elsevier Ltd. (License No.: $266590981269).
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Hypericum elodeoides: The photograph was downloaded from efloraofindia and edited for the scheme.

Source: https://08511630493324166816.googlegroups.com/attach/160b76564827d191/
Hypericum%204%20(2).JPG?part=0.2&view=1&vt=ANaJVrErjPSXSZqJx3WTEEn6LYnsKp Visal
uABn9gZMKIST c9AhrONSzeeWXyxSFix2b3halel 7jM7FbdmCLOs8-
QWrnKib5SFlvuDiooqZ3XaygulHg Kc
(Accessed 04.03.2022).

Permission granted by: Copyright © Nidhan Singh.

Figure 14, p. 49

Hypericum patulum: The photograph was downloaded from pixabay and edited for the scheme.
Source: https://cdn.pixabay.com/photo/2018/10/21/18/05/image-3763331_960_720.jpg
(Accessed 13.09.2021).

Licence free. Photograph credited to H A<GH.
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APPENDIX

General Information

Dry dichloromethane, tetrahydrofuran and toluene were provided by purification with a MBraun SPS-800 solvent system using
solvents of HPLC grade purchased from Fischer Scientific. Dry N,N-dimethylformamide and methanol were purchased from Acros
Chemicals. Triethylamine was distilled from calcium hydride and stored under argon over KOH. Solvents for extraction,
crystallization and flash column chromatography were purchased in technical grade and distilled under reduced pressure prior to
use. Unless otherwise indicated, all staring materials and reagents were purchased from commercial distributors and used without
further purification. Microwave-assisted reactions were done in a microwave oven “micro Chemist” from MLS GmbH.

Products were purified by flash column chromatography on silica gel 60 M (0.040-0.063 mm, 230-400 mesh, Macherey-Nagel).
TLC-analyses was performed on silica gel coated aluminum plates ALUGRAM® Xira SIL G/UV,s, purchased from Macherey-
Nagel. Products were detected by UV light at 254 nm and by using staining reagents (based on KMnO, and anisaldeyhde).

"H NMR and "*C NMR spectral data were recorded on Bruker (AC 500, AVIII 700) and JEOL (ECX 400, Eclipse 500) spectrometer.
The chemical shifts (8) are listed in parts per million (ppm) and are reported relative to the corresponding residual solvent signal
(CDClj: &4 = 7.26 ppm, dc = 77.16 ppm). Integrals are in accordance with assignments; coupling constants (J) are given in Hz.
Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), sy, (broad
singlet), etc. *C-NMR spectra are 'H-broadband decoupled. For detailed peak assignments 2D spectra were measured (COSY,
HMQC, HMBC). The numbering of the carbon atoms was based on Wahlberg’s initial assignment of the isolated Tobacco lactone.
IR spectra were measured with a Jasco spectrometer (FT/IR-4100) equipped with an ATR unit. High resolution mass spectra
were measured with an Agilent 6210 ESI-TOF (10 yL/min, 1.0 bar, 4 kV) instrument. Melting points were determined by digital
melting point apparatus (Stuart SMP30) and are uncorrected. Optical rotations values were determined with a Jasco P-2000
polarimeter at the temperatures given. Diastereomeric ratios were determined by 'H NMR or gas chromatography with an Agilent
7890B instrument on a chiral column. The specific conditions are given in each case.

Experimental Procedures and Analytical Data
(R)-6-Methyl-2-(( S)-oxiran-2-yl)hept-5-en-2-ol (3a)

C10H1802
M = 170.25 g/mol

(R)-Linalool (10.0 g, 64.8 mmol, 1.00 equiv) and VO(acac). (0.86 g, 3.24 mmol, 5 mol%) were dissolved in toluene (250 mL) under
argon atmosphere and the solution was refluxed for 10 min. Then a solution of TBHP in decane (5.5 M, 17.7 mL, 97.2 mmol, 1.50
equiv) was added over 1 h and the resulting reaction mixture was stirred at 80 °C for 20 h. The mixture was cooled to ambient
temperature, washed with saturated aqueous NaHCOj solution (100 mL) and brine (100 mL) and dried over anhydrous MgSO,.
The solvent was removed under reduced pressure and the crude product was purified by column chromatography (SiOs,
pentane/Et,0, 10:1 to 4:1) to give epoxide 3a (3.29 g, 19.3 mmol, 30%, d.r. >99:1 ) as a slightly yellow oil. The diastereomeric
ratio was determined by chiral GC analysis (Lipodex-E, 100 °C, isothermal, 1.1 mL/min, He, ik (3a) = 19.79 min, i (3b, not
observed) = 20.77 min).

[o]%? = -5.2 (¢ = 1.00, CHCL).

H NMR (400 MHz, CDCl3): 5 = 1.19 (s, 3 H, H-11), 1.59-1.66 (m, 5 H, H-5, H-9/H-10), 1.68 (s, 3 H, H-9/H-10), 1.77 (s, 1 H, OH),
2.08-2.18 (m, 2 H, H-6), 2.69 (dd, 2J = 5.1 Hz, 3J = 4.1 Hz, 1 H, H-2), 2.77 (dd, 2J = 5.1 Hz, 3J = 2.8 Hz, 1 H, H-2), 2.97 (dd, 3J =
4.1, 2.8 Hz, 1 H, H-3), 5.09-5.16 ppm (m, 1 H, H-7).

13C NMR (126 MHz, CDCls): 5 = 17.7 (C-9/C-10), 22.3 (C-6), 22.8 (C-11), 25.8 (C-9/C-10), 41.3 (C-5), 43.4 (C-2), 57.8 (C-3), 69.4
(C-4), 124.2 (C-7), 132.0 ppm (C-8).

IR (ATR): 7= 3447, 2972, 2919, 2857, 1451, 1377, 1261, 1115, 915, 874, 837, 810, 755 cm™.
HRMS (ESI, pos.): m/z calcd for C1oH1sO,Na* [M+Na]*: 193.1199, found 193.1202.

(R)-4-((S)-2,2-Dimethylcyclopropyl)-2-methylbutane-1,2-diol (15)
OH

0, 3
‘H OH
2 15
C10H2002
M =172.27 g/mol

A solution of both diastereomeric epoxides 3b and 3a in a ratio of 1.4:1 (1.18 g, 6.91 mmol, 1.00 equiv), (S,S)-Jacobsen’s catalyst
4 (83.4 mg, 0.14 mmol, 2 mol%) and AcOH (16 pL, 0.28 mmol, 4 mol%) in THF (1.4 mL) was stirred at 23 °C. The reaction
progress was monitored by chiral GC. After 3 d the conversion of 3b was complete and MeOH (1.4 mL) and NaBH, (26.0 mg,
6.91 mmol, 1.00 equiv) were added at 0 °C and the reaction mixture was stirred for 40 min at this temperature. Then saturated
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aqueous NH,4CI solution (1 mL) was added and the mixture was stirred until no further gas evolution was observed. The solution
was extracted with EtOAc (3 x 1 mL) and the combined organic layers were dried over anhydrous Na,SO,4. The solvent was
removed under reduced pressure and the crude product was purified by column chromatography (SiO,, pentane/Et,0, 4:1 to 1:2)
to give alcohol 15 (377 mg, 2.19 mmol, 54% based on 3b) as a brown oil.

[o]%’ = 9.4 (c = 1.00, CHCly).

H NMR (700 MHz, CDCl5): 8 = —0.13 (dd, 3J = 5.3 Hz, 2J = 4.2 Hz, 1 H, H-2), 0.35 (dd, 3%J = 8.4 Hz, 2J = 4.2 Hz, 1 H, H-2), 0.40—
0.45 (m, 1 H, H-7), 1.00 (s, 3 H, H-9/H-10), 1.02 (s, 3 H, H-9/H-10), 1.13 (s, 3 H, H-11), 1.26-1.39 (m, 2 H, H-6), 1.52 (td, J= 12.8
Hz, J=4.8 Hz, 1 H, H-5), 1.59 (td, J= 12.8 Hz, J = 4.8 Hz, 1 H, H-5), 3.39 (d, 2J = 11.0 Hz, 1 H, H-3), 3.44 ppm (d, 2J = 11.0 Hz,
1H, H-3).

13C NMR (176 MHz, CDCl3): 5 = 15.6 (C-8), 19.8 (C-2), 19.9 (C-9/C-10), 23.2 (C-11), 24.2 (C-6), 25.0 (C-7), 27.7 (C-9/C-10), 39.2
(C-5), 70.0 (C-3), 73.1 (C-4) ppm.

IR (ATR): 7= 3384, 2972, 2938, 2866, 1455, 1376, 1053 cm™".
HRMS (ESI, pos.): m/z calcd for C4oH200.Na* [M+Na]*: 195.1356, found 195.1355.

(R)-4-((S)-2,2-Dimethylcyclopropyl)-2-hydroxy-2-methylbutyl 3,5-dinitrobenzoate (8)

NO,
C17H22N207
M = 366.37 g/mol

To a solution of alcohol 15 (100 mg, 0.58 mmol, 1.00 equiv) in dichloromethane (3.6 mL) was added 3,5-dinitrobenzoyl chloride
(200 mg, 0.87 mmol, 1.50 equiv), followed by the addition of Et;N (120 pL, 0.87 mmol, 1.50 equiv). The reaction mixture was
stirred at 23 °C for 1.5 h. Then saturated aqueous NaHCO; solution (3 mL) was added and the mixture was extracted with EtOAc
(3 x 3 mL). The combined organic extracts were washed with brine (3 mL) and dried over anhydrous Na,SQO,. The solvent was
removed under reduced pressure and the residue was purified by column chromatography (SiO,, pentane/EtOAc, 8:1 to 7:1) to
afford ester 8 (182 mg, 0.50 mmol, 86%) as a colorles solid. Crystallization from benzene/pentane gave crystals suitable for X-
ray diffraction.

[a]? =-0.9 (c = 1.00, CHCly).

H NMR (700 MHz, CDCl5): & = -0.10 (dd, 3J = 5.3 Hz, 2J = 4.2 Hz, 1 H, H-2), 0.39 (dd, 3J = 8.5 Hz, 2J = 4.2 Hz, 1 H, H-2), 0.47
(dtd, ®J = 8.5, 7.1, 5.3 Hz, 1 H, H-7), 1.02 (s, 3 H, H-9/H-10), 1.04 (s, 3 H, H-9/H-10), 1.32 (s, 3 H, H-11), 1.37-1.47 (m, 2 H, H-
6), 1.68-1.75 (m, 2 H, H-5), 4.33 (d, 2J=11.2 Hz, 1 H, H-3), 4.36 (d, 2J=11.2 Hz, 1 H, H-3), 9.15 (d, *J = 2.2 Hz, 2 H, H-14), 9.22
ppm (t, *J=2.2 Hz, 1 H, H-16).

13C NMR (176 MHz, CDCls): 5 = 15.7 (C-8), 19.8 (C-2), 19.9 (C-9/C-10), 24.1 (C-11), 24.1 (C-6), 24.8 (C-7), 27.6 (C-9/C-10), 39.7
(C-5), 72.0 (C-4), 73.0 (C-3), 122.7 (C-16), 129.6 (C-14), 133.9 (C-13), 148.8 (C-15), 162.7 ppm (C-12).

IR (ATR): 7= 3101, 2980, 2941, 2865, 1732, 1543, 1342, 1273, 1164, 921 cm™".
HRMS (ESI, pos.): m/z calcd for C47H2,N,O;Na* [M+Na]*: 389.1319, found 389.1329.

(3R,4R)-3,4-Dihydroxy-4,8-dimethylnon-7-enenitrile (10)

C11H1gNO>
M = 197.28 g/mol

A solution of epoxide 3a (5.49 g, 32.3 mmol, 1.00 equiv) in DMF (10 mL) was added to a suspension of KCN (5.25 g, 80.6 mmol,
2.50 equiv) and p-TsOH-H,0 (7.36 g, 38.7 mmol, 1.20 equiv) in DMF (54 mL) at 40 °C and the resulting reaction mixture was
stirred at 80 °C for 6 h. The solution was cooled to 0 °C, quenched with saturated aqgueous NaHCOj solution (50 mL) and water
(50 mL) and extracted with EtOAc (3 x 100 mL). The combined organic extracts were washed with brine (3 x 100 mL) and dried
over anhydrous Na,SO,. The solvent was removed under reduced pressure and the crude product was purified by column
chromatography (SiO,, pentane/EtOAc, 4:1 to 2:1) to give nitrile 10 (4.96 g, 25.1 mmol, 78%) as a colorless oil that crystallized in
the fridge.

[o]? = +26.2 (c = 1.00, CHCl;).
m.p. 55-57 °C.
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H NMR (500 MHz, CDCls): 3 = 1.13 (s, 3 H, H-11), 1.50-1.57 (m, 2 H, H-5), 1.61 (s, 3 H, H-9/H-10),
2.02-2.09 (m, 2 H, H-6), 2.29-2.39 (m, 1 H, OH), 2.57 (d, *J= 7.9 Hz, 1 H, H-2), 2.57 (d, *J = 5.0 Hz, 1
H, OH), 3.75 — 3.81 (m, 1 H, H-3), 5.06-5.12 ppm (m, 1 H, H-7).

13C NMR (126 MHz, CDCls): 5 = 17.8 (C-9/C-10), 21.2 (C-2), 21.7 (C-11), 22.3 (C-6), 25.8 (C-9/C-10), 38.5 (C-5), 72.7 (C-3), 74.2
(C-4), 119.0 (C-1), 123.8 (C-7), 132.7 ppm (C-8).

IR (ATR): 7= 3422, 2972, 2919, 2858, 2254, 1377, 1068 cm™".

HRMS (ESI, pos.): m/z calcd for Cq11H1gNO;Na* [M+Na]*: 220.1308, found 220.1328; m/z calcd for CxH3sN,OsNa* [2M+Na]*:
417.2724, found 417.2749.

1.68 (s, 3 H, H-9/H-10),
H, H-2), 3.26-3.43 (m, 1

(4R,5R)-4-Hydroxy-5-methyl-5-(4-methylpent-3-en-1-yl)dihydrofuran-2(3H)-one (2)

C11H1g03
M = 198.26 g/mol

A solution of nitrile 10 (3.00 g, 15.2 mmol, 1.00 equiv) in ethylene glycol monomethyl ether (15 mL) and NaOH (2 m, 40 mL) was
stirred at 110 °C for 1.5 h. The reaction mixture was cooled to 0 °C, acidified with HCI (2 M) until pH = 2 and stirred for further 17
h while slowly warming up to room temperature. The solution was extracted with Et,O (4 x 100 mL). The combined organic extracts
were washed with brine (150 mL) and dried over anhydrous Na,SO,. The solvent was removed under reduced pressure and the
crude product was purified by column chromatography (SiO,, pentane/EtOAc, 3:1 to 1:1) to give lactone 2 (2.25 g, 11.4 mmol,
75%) as a slightly yellow oil.

[o]?' = +21.3 (c = 1.00, CHCl).

H NMR (700 MHz, CDCly): & = 1.33 (s, 3 H, H-11), 1.61 (s, 3 H, H-9/H-10), 1.68 (s, 3 H, H-9/H-10), 1.77 (ddd, 2J = 14.0 Hz, 3J =
10.2, 6.7 Hz, 1 H, H-5), 1.83 (ddd, 2J = 14.0 Hz, 3J = 9.8, 6.1 Hz, 1 H, H-5), 2.05-2.16 (m, 2 H, H-6), 2.50 (dd, 2J = 18.1 Hz, 3J =
2.4 Hz, 1 H, H-2), 2.78 (d, *J = 4.7 Hz, 1 H, OH), 2.88 (sbr, 1 H, OH), 2.93 (dd, 2J = 18.1 Hz, 3J = 6.2 Hz, 1 H, H-2), 4.15-4.20 (m,
1'H, H-3), 5.10-5.17 ppm (m, 1 H, H-7).

13C NMR (176 MHz, CDCls): 5 = 17.8 (C-9/C-10), 22.5 (C-6), 23.2 (C-11), 25.8 (C-9/C-10), 34.1 (C-5), 38.6 (C-2), 73.6 (C-3), 90.0
(C-4), 123.5 (C-7), 133.0 (C-8), 175.5 ppm (C-1).

IR (ATR): V= 3438, 2971, 2921, 2858, 1748, 1173, 1080, 1067, 952, 929 cm™".

HRMS (ESI, pos.): m/z calcd for C41H1503K" [M+K]*: 237.0888, found 237.0919; m/z calcd for C,,H3s0sNa* [2M+Na]*: 419.2404,
found 419.2441.

(3aR,5R,7aR)-5-(2-Hydroxypropan-2-yl)-7a-methylhexahydro-2H-furo[3,2-b]pyran-2-one (11)

C11H1g04
M =214.26 g/mol

To a solution of vanadium(V)oxytriethoxide (3.00 pL, 15.8 pmol, 10 mol%) in dichloromethane (2.0 mL) under N,-atmosphere was
added TBHP (43.0 pL, 237 ymol, 1.50 equiv) and the reaction mixture was stirred at 23 °C. Lactone 2 (31.0 mg, 158 pmol, 1.00
equiv) dissolved in dichloromethane (1.0 mL) was added via cannula. The reaction mixture was stirred for 4 h and then more
vanadium(V)oxytriethoxide (3.00 pL, 15.8 ymol, 10 mol%) was added. After 2 h the reaction was complete and the solvent was
removed under reduced pressure. The crude product was purified via flash chromatography (SiO,, CH,Cl,/MeOH, 95:5). The
diastereomeric  products were obtained as colorless oils (11: 288 mg, 134 ppmol, 85% and
7-epi-11: 3.50 mg, 16.0 pmol, 10%) with a diastereometric ratio of 9:1 favoring the (7 R)-diastereoisomer as the major product.

(7R)-diastereoisomer (11):

H NMR (600 MHz, CDCls): & = 1.13 (s, 3 H, H-10), 1.16 (s, 3 H, H-9), 1.30 (s, 3 H, H-11), 1.51-1.60 (m, 2 H, H-6), 1.64-1.73 (m,
1 H, H-5), 2.25-2.36 (m, 2 H, H-5, OH), 2.51 (d, 2J = 17.5 Hz, 1 H, H-2), 2.89 (dd, 2J = 17.5 Hz, 3J = 4.3 Hz, 1 H, H-2), 3.14 (dd,
3J=10.2 Hz, 3J = 2.6 Hz, 1 H, H-7), 4.07 ppm (d, 3J = 4.2 Hz, 1 H, H-3).

13C NMR (150 MHz, CDCls): & = 20.8 (C-6), 24.1 (C-10), 25.2 (C-11), 25.7 (C-9), 32.3 (C-5), 38.2 (C-2), 71.8 (C-8), 78.0 (C-3),
82.0 (C-4), 82.3 (C-7), 175.7 ppm (C-1).

(7S)-diastereoisomer (7-epi-11):

H NMR (600 MHz, CDCls): 3 = 1.34 (s, 3 H, H-11), 1.56 (s, 3 H, H-10), 1.61 (s, 3 H, H-9), 1.59-1.68 (m, 1 H, H-6), 1.67-1.87 (m,
1 H, H-6), 1.91-2.00 (m, 1 H, H-5), 2.09-2.19 (m, 1 H, H-5), 2.54 (dd, 2J = 18.1 Hz, 3J = 1.3 Hz, 1 H, H-2), 2.96 (dd, 2J = 18.0 Hz,
3J=6.1 Hz, 1 H, H-2), 3.53 (dd, 3J = 10.8 Hz, 3J = 1.8 Hz, 1 H, H-7), 4.22 ppm (dd, 3J = 6.1 Hz, 3J = 1.5 Hz, 1 H, H-3).
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13C NMR (150 MHz, CDCly): & = 23.6 (C-11), 25.8 (C-6), 27.4 (C-10), 29.3 (C-9), 30.5 (C-5), 38.6 (C-2), 74.0 (C-3), 75.6 (C-8),
78.8 (C-7), 89.6 (C-4), 175.2 ppm (C-1).

All other data were in accordance with published data."

(3aR,5R,7aR)-7a-Methyl-5-(prop-1-en-2-yl)hexahydro-2H-furo[3,2-b]pyran-2-one (1)

Q

1
C11H1603
M = 196.24 g/mol

Elimination of alcohol 11

A mixture of alcohol 11 (43.0 mg, 0.20 mmol, 1.00 equiv) and Burgess' reagent (96.0 mg, 0.40 mmol, 2.00 equiv) in 1,4-dioxane
(1 mL) was sealed in a reaction vial and submitted to a microwave reactor. The reaction mixture was irradiated for 1 min with a
capacity of 150 W to reach a temperature of 150 °C and stirred for 3 min at this temperature. After cooling down to ambient
temperature the crude mixture was directly subjected to silica gel chromatography (SiO,, pentane/EtOAc, 4:1). The dehydration
product 1 (35.8 mg, 0.18 mmol, 91%) was obtained as a colorless oil.

Palladium-catalyzed cyclization

A mixture of lactone 2 (34.8 mg, 176 pmol, 1.00 equiv.) and palladium trifluoroacetate (60.2 mg, 176 pmol, 1.00 equiv.) in dry
DMSO (1.8 mL) under argon atmosphere, was stirred at 80 °C using microwave irradiation for 8 h. The reaction mixture was
allowed to cool to ambient temperature and then filtered through silica gel. The filtrate was concentrated under reduced pressure
and purified by column chromatography (hexane/EtOAc, 4:1 to 1:1) to give a mixture of 1 and 7-epi-1 (14.3 mg, 73.0 pmol, 41%)
as a colourless oil with a diastereomeric ration of 85:15 and 12 (5.20 mg, 26.0 ymol, 15%) as a white solid.

Selenium-catalyzed cyclization with NFSI

To a suspension of lactone 2 (2.00 g, 10.1 mmol, 1.00 equiv) and 4A molecular sieves (200 mg) in THF (100 mL) CaCO; (3.03 g,
30.3 mmol, 3.00 equiv) and (PhSe), (0.31 g, 1.01 mmol, 10 mol%) were added. Then NFSI (3.34 g, 10.6 mmol, 1.05 equiv) was
added in small portions over 1 h. The reaction mixture was stirred for further 2 h and then diluted with Et,O (50 mL) and filtered
through celite. The solvent was removed under reduced pressure and the crude product was purified by column chromatography
(SiO,, pentane/EtOAc, 10:1 to 5:1) to give 1 (1.20 g, 6.10 mmol, 60%) as a colorless oil.

Selenium-catalyzed cyclization with oxygen

A solution of lactone 2 (150 mg, 813 pmol, 1.00 equiv), (PhSe), (25.0 mg, 81.0 pmol, 10 mol%), 2,4,6-tris(4-
methoxyphenyl)pyrylium tetrafluoroborate (19.0 mg, 4.00 pmol, 5 mol%) and Na,HPO, (90 mg, 651 pmol, 0.80 equiv) in
dichloroethane (4.2 mL) was subjected to blue light irridiation (465 nm, 7200 lux) and stirred at 700 rpm with a cross-shaped
magnetic stirr bar for 5 h under an atmosphere of air (balloon). Once the reaction was complete all volatile materials were removed
under reduced pressure and the crude mixture was purified by column chromatography (SiO,, pentane/EtOAc, 8:1) to yield 1 (102
mg, 553 umol, 68%) as colorless oil and 7-epi-1 (20.0 mg, 107 ymol, 13%) as a colorless oil with small amounts of 1 (3.00 mg,
15.0 ymol, 2%).

(7R)-diastereoisomer 1:
[o]? = +40.8 (c = 1.00, CHCls).

H NMR (700 MHz, CDCls): & = 1.29 (s, 3 H, H-11), 1.56-1.60 (m, 1 H, H-6), 1.63—1.74 (m, containing s at 1.70, 5 H, H-5, H-6,
H-10), 2.26-2.30 (m, 1 H, H-5), 2.51 (dd, 2J = 17.5 Hz, J= 0.9 Hz, 1 H, H-2), 2.87 (dd, 2J = 17.5 Hz, 3J= 4.3 Hz, 1 H, H-2), 3.71
(d, 3J = 10.4 Hz, H-7), 4.06 (d, °J = 4.3 Hz, 1 H, H-3), 4.82-4.84 (m, 1 H, H-9), 4.94-4.95 ppm (m, 1 H, H-9).

13C NMR (176 MHz, CDCly): & = 18.5 (C-10), 25.2 (C-6), 25.3 (C-11), 32.4 (C-5), 38.3 (C-2), 77.6 (C-3), 78.7 (C-7), 81.7 (C-4),
111.5 (C-9), 144.9 (C-8), 175.9 ppm (C-1).

IR (ATR): V= 2976, 2927, 2851, 1777, 1288, 1077, 935 cm™".

HRMS (ESI, pos.): m/zcalcd for C11H1O3Na* [M+Na]*: 219.0992, found 219.0993; m/z calcd for C,,H3,0sNa* [2M+Na]*: 415.2091,
found 415.2094.

Compounds ent-12 and 13

To a round-bottom flask lactone ent-2 (24.2 mg, 122 umol, 1.00 equiv) and palladium trifluoroacetate (41.9 mg, 122 ymol, 1.00
equiv) were added and dissolved in acetonitrile (0.5 mL). The flask was evacuated and flooded with O, (3x) and then stirred at 80

1 Siitonen, J.; Pihko, P. Syn/ett2014, 25, 1888—1890.
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°C under O, atmosphere (1 atm) for 90 min. The mixture was allowed to cool and then filtered over silica gel. The filtrate was
concentrated under reduced pressure and the residue was purified by column chromatography (hexane/EtOAc, 4:1 to 3:1) to yield
tetraoxepine ent-12 (12.5 mg, 64.0 ymol, 52%) and tetraoxepine 13 (4.40 mg, 22.0 ymol, 18%).

(3aS,8aS)-5,5,8a-Trimethyl-3,3a,8,8a-tetrahydrofuro[3,2-bloxepin-2(3H)-one (ent-12):

o
/ o
OH
ent-12
C41H1603
M = 196.25 g/mol
[o]?° = -52.2 (¢ = 0.50, CH,Cl,).
m.p. 87-89 °C.

"H NMR (700 MHz, CDCl;): & = 1.24 (s, 3 H, H-9/H-10), 1.32 (s, 3 H, H-9/H-10), 1.33 (d, “J = 1.0 Hz, 3 H, H-11), 2.16 (dd, 2J =
12.8 Hz, %J=8.8 Hz, °J = 0.7 Hz, 1 H, H-5), 2.47 (dt, 2J = 13.8 Hz, °*J= 0.7 Hz, 1 H, H-2), 2.91 (dd, 2J = 13.8 Hz, ®J=7.0 Hz, 1 H,
H-2), 3.06 (dddq, 2J = 12.8 Hz, 3J = 5.4 Hz, *J= 2.5, 1.0 Hz, 1 H, H-5), 4.07 (d, ®*J = 7.0 Hz, 1 H, H-3), 5.38 (ddd, *J = 11.0 Hz, *J
=25, 0.6 Hz, 1 H, H-7), 5.51 ppm (ddd, 3J=11.0, 8.8, 5.4 Hz, 1 H, H-6).

13C NMR (176 MHz, CDCls): 5 = 23.4 (C-9/C-10), 25.2 (C-9/C-10), 29.3 (C-11), 32.8 (C-5), 36.8 (C-2), 73.8 (C-3), 79.2 (C-8), 90.4
(C-4), 121.3 (C-6), 138.1 (C-7), 175.2 (C-1).

IR (ATR): 7= 2974, 2935, 2871, 1773, 1085, 1071, 954 cm™".
HRMS (ESI, pos.): m/z calcd for C41H4¢O3Na* [M+Na]*: 219.0992, found 219.0097.

(3aS,8aS)-5,5,8a-Trimethyl-3,3a,5,6-tetrahydrofuro[3,2-bJoxepin-2(8aH)-one (13):

13
C11H1603
M = 196.25 g/mol

[o]%° = -28.5 (¢ = 0.20, CHCl,).
m.p. 125-127 °C.

H NMR (400 MHz, CDCls): & = 1.17 (s, 3 H, H-9/H-10), 1.20 (s, 3 H, H-9/H-10), 1.39 (s, 3 H, H-11), 1.93 (ddd, 2/ = 14.8 Hz, 3J =
8.6,%J=1.0 Hz, 1 H, H-7), 2.33-2.38 (m, 1 H, H-7), 2.48 (dt, 2J = 18.1 Hz, J= 0.7 Hz, 1 H, H-2), 2.96 (dd, 2J = 18.1 Hz, 3J = 6.5
Hz, 1 H, H-2), 4.17 (d, 3J = 6.5 Hz, 1 H, H-3), 5.68 (ddd, 3J = 11.0, 8.6, 5.8 Hz, 1 H, H-6), 5.77-5.79 ppm (m, 1 H, H-5).

13C NMR (176 MHz, CDCls): 5 = 24.9 (C-11), 26.1 (C-9/C-10), 27.7 (C-9/C-10), 36.7 (C-7), 37.4 (C-2), 72.9 (C-3), 76.4 (C-8), 91.9
(C-4), 123.8 (C-6), 132.6 (C-5), 174.6 ppm (C-1).

IR (ATR): 7= 2975, 2930, 2874, 1765, 1074 cm™".
HRMS (ESI, pos.): m/z calcd for C41H4cO3sNa* [M+Na]*: 219.0992, found 219.1002.

(3aS,8aS)-5,5,8a-Trimethylhexahydrofuro[3,2-b]oxepin-2(3H)-one (14)

O,
O

OH

14
C11H1803
M = 198.26 g/mol

Method A

To a flame-dried round-bottom flask lactone ent-2 (39.6 mg, 200 umol, 1.00 equiv), palladium(ll) chloride (7.10 mg, 40.0 ymol, 20
mol%) and copper(ll) chloride (80.6 mg, 600 pmol, 3.00 equiv) were added under argon atmosphere. Then dried methanol (0.8
mL) was added and the reaction was stirred at 50 °C for 1 d. The volatile materials were removed under reduced pressure and
the crude mixture was purified by column chromatography (hexane/EtOAc, 3:1 to 1:1) to afford hexahydrooxepine 14 (11.0 mg,
55.5 ymol, 28%) as a white solid.

S6



Method B

To a flame-dried round-bottom flask lactone ent-2 (20.4 mg, 103 pmol, 1.00 equiv), benzoquinone (22.3 mg, 206 pmol, 2.00
equiv), 1,2-bis(phenylsulfinyl)ethane]palladium acetate (5.20 mg, 10.0 pmol, 10 mol%) and silver trifluoromethanesulfonate (2.60
mg, 10 pmol, 10 mol%) were added under argon atmosphere. Then dried dioxane (0.3 mL) was added and the reaction was
stirred at 80 °C for 18 h. The mixture was allowed to cool and then brine (5 mL) was added, followed by the extraction with EtOAc
(3 x 5 mL). The combined organic layers were dried over anhydrous Na,SO,. The solvent was removed under reduced pressure
and the residue purified by column chromatography (hexane/EtOAc, 3:1 to 2:1) to afford hexahydrooxepine 14 (12.5 mg, 63.0
umol, 61%) as a white solid.

[o]?° =-26.2 (c = 0.50, CH,Cl,).
m.p. 79-81 °C.

H NMR (400 MHz, CDCly): 5 = 1.13 (s, 3 H, H-9/H-10), 1.22 (s, 3 H, H-9/H-10), 1.33 (d, J = 0.8 Hz, 3 H, H-11), 1.42-1.51 (m, 2
H, H-6, H-7), 1.59-1.67 (m, 1 H, H-7), 1.74-1.84 (m, 2 H, H-5, H-6), 2.14-2.25 (m, 1 H, H-5), 2.45 (d, 2J = 18.7 Hz, 1 H, H-2),
2.96 (dd, 2J = 18.7 Hz, %J = 7.7 Hz, 1 H, H-2), 4.01 ppm (d, 3%J = 7.7 Hz, 1 H, H-3).

13C NMR (176 MHz, CDCls): 5 = 18.6 (C-6), 23.2 (C-11), 26.9 (C-9/C-10), 27.6 (C-9/C-10), 32.9 (C-5), 36.1 (C-7), 37.3 (C-2), 73.4
(C-3), 77.2 (C-8), 90.9 (C-4), 175.2 ppm (C-1).

IR (ATR): 7= 2972, 2934, 2871, 1766, 1199, 1079, 946 cm™".
HRMS (ESI, pos.): m/z calcd for C11H4sO3K* [M+K]*: 237.0888, found 237.0893.

S7
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1H- and 3C- NMR Spectra
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GC Chromatogram of reaction mixture after 20 h.
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Unpublished Results — Cyclopropanation
The same general working methods have been used.
Experimental Procedures and Analytical Data

(8)-Citronellal (43)

Oy, [Cu(MeCN)JOTf

bpy, DMAP
MeWOH 4-acetamidoTEMPO MeWO
Me Me MeCN, rt,, 16 h Me Me H
(S)-citronellol 91% 43
C1oH200 CioH1g0
(156.27 g'mol~1) (154.25 g-mol~1)

To a solution of (§)-citronellol (6.00 g, 38.4 mmol, 1.0 equiv) in MeCN (77 mL) were added sequentially
[Cu(MeCN);]OTf (723 mg, 1.92mmol, Smol%), 2,2-biypridine (300mg, 1.92mmol, Smol%), 4-
acetamido TEMPO (409 mg, 1.92 mmol, S mol%), and DMAP (469 mg, 3.84 mmol, 10 mol%). The resulting
brown reaction mixture was stirred under an oxygen atmosphere at ambient temperature for 16 h. The
reaction was accompanied by a change of colour from brown to green. Then H,O (65 mL) was added and the
solution was extracted with a 8:1-mixture of n-pentan/Et,O (4 x 100 mL). The combined organic extracts
were dried over anhydrous Na,SO, and filtered through a plug of silica eluting with a 4:1-mixture of n-
pentane/Et,0. The filtrate was concentrated under reduced pressure to furnish (S)-citronellal (43) (5.38 g,

34.9 mmol, 91%) as a colourless oil.

"H NMR (400 MHz, CDCl;): § =9.75 (d, ] = 2.6 Hz, 1H, H-1), 5.11 - 5.05 (m, 1H, H-6), 2.41 (ddd, ] = 16.0,
5.6,2.0 Hz, 1H, H-2),2.23 (ddd, ] = 16.0, 8.0, 2.7 Hz, 1H, H-2), 2.13 - 1.92 (m, 3H, CH,, CH), 1.69 (s, 3H,
Me), 1.60 (s, 3H, Me), 1.42 — 1.33 (m, 1H, CH.), 0.97 (d, ] = 6.7Hz, 3H) ppm.

(R)-2-((S)-6-Methylhept-5-en-2-yl)oxirane (40)

o Me
I’\i - TFA
""" 1t-Bu
M
N (20 moi%)
cat1
—30° (6]
MeWWO NGS, MeCN, 30 °C, 4 d MEW
Me Me H then NaBH,, EtOH, 0 °C, 2 h
then NaOH, H,O/EtOH, rt., 16 h Me Me
43 57% 40
o
C1oH150 C1oH150
(154.25 g-mol~1) (154.25 g-mol~1)

A solution of (S)-citronellal (43) (3.24 g, 21.0 mmol, 1.0 equiv) in MeCN (100 mL) was cooled to -30 °C,
MACMILLAN catalyst catl (1.19 g, 4.20 mmol, 20 mol%) and NCS (3.65 g, 27.3 mmol, 1.3 equiv) were added
and the reaction mixture was for 4 d at the same temperature. Then EtOH (27 mL) and NaBH, (1.99 mg,
52.5 mmol, 2.5 equiv) were added and stirring was continued for 2 h at 0 °C. After 90 min, a solution of NaOH
(18.7 g, 468 mmol, 22.3 equiv) in a 2:1-mixture of H,O/EtOH (135 mL) was added, the cooling bath was
removed and the reaction mixture was stirred at ambient temperature for 16 h. The solution was extracted

with a 8:1-mixture of n-pentane/Et,O (4 x 100 mL), dried over Na,SO4, and concentrated under reduced
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pressure. The crude product was purified by preparative column chromatography (SiO,, n-pentane/Et,O,
40:1)to yield epoxide 40 (1.67 g, 11.9 mmol, 57%) as a colourless oil.

6 2 ,0

2
9 Me 10Me

8 Me

'"H NMR (400 MHz, CDCl;): § = 5.07 (dddt, ] = 6.9, 5.5, 2.6, 1.3 Hz, 1H, H-6), 2.76 (dd, ] = 5.0, 4.0 Hz, 1H,
H-1),2.69 (ddd, ] = 6.8, 4.0, 2.8 Hz, 1H, H-2), 2.53 (dd, ] = 5.0, 2.8 Hz, 1H, H-1), 2.09 - 1.96 (m, 2H, CH.),
1.68 (q,J = 1.3 Hz, 2H, H-8), 1.60 (s, 3H, H-9), 1.47 - 1.39 (m, 1H, H-3), 1.35 - 1.27 (m, 2H, CH), 1.03 (d,
J=6.3Hz, 3H, H-10) ppm.

(8)-2-((S)-6-Methylhept-5-en-2-yl)oxirane (41)

o Me
IN “TFA
/\ ~{-Bu
M
N (20 motw)
cat2
-30° 0
MeWWO NCS, MeCN, -30 °C, 4 d MEM
Me Me H then NaBH,, EtOH, 0 °C, 2 h
then NaOH, H,O/EtOH, rt., 16 h Me Me
43 41
76%
C1oH180 ° C1oH180
(154.25 g-mol~") (154.25 g-mol~")

A solution of (S)-citronellal (43) (2.25 g, 14.6 mmol, 1.0 equiv) in MeCN (71 mL) was cooled to -30°C,
MACMILLAN catalyst cat2 (828 mg, 2.91 mmol, 20 mol%) and NCS (2.53 g, 18.9 mmol, 1.3 equiv) were
added and the reaction mixture was for 4 d at the same temperature. Then EtOH (19 mL) and NaBH,
(1.38 mg, 36.4 mmol, 2.5 equiv) were added and stirring was continued for 2 h at 0 °C. After 90 min, a solution
of NaOH (13.0 g, 324 mmol, 22.3 equiv) in a 2:1-mixture of H;O/EtOH (95 mL) was added, the cooling bath
was removed and the reaction mixture was stirred at ambient temperature for 16 h. The solution was extracted
with a 8:1-mixture of n-pentane/Et,O (4 x 100 mL), dried over Na,SO4, and concentrated under reduced
pressure. The crude product was purified by column chromatography (SiO,, n-pentane/Et,O, 40:1)to yield
epoxide 41 (1.55 g, 11.1 mmol, 76%) as a colourless oil.

8 6 2 0
Me =

9 Me 10Me

'"H NMR (400 MHz, CDCl;): § = 5.11 (ddp, J = 8.5, 5.6, 1.4 Hz, 1H, H-6), 2.76 — 2.69 (m, 2H, H-1, H-2),
2.48 (dd,J=4.7,3.1 Hz, 1H,H-1),2.15 - 1.98 (m, 2H, CH,), 1.68 (q, ] = 1.3 Hz, 3H, H-8), 1.61 (s, 3H, H-9),
1.59 - 1.54 (m, 1H, H-3), 1.38 - 1.32 (m, 2H, CH.), 0.93 (d, ] = 6.6 Hz, 3H, H-10) ppm.

3,5-Di-tert-butyl-2-hydroxybenzaldehyde (47)

O OH
OH H(CH,),OH hi .
t-Bu MgCl,, EtsN H -Bu
_—
THF, reflux, 4 h
t-Bu 70% t-Bu
46 47
C14H220 C15H2,0,
(206.32 g:mol~") (234.33 g-'mol™")

A flame-dried two-necked round bottom flask equipped with a reflux condenser was charged with phenol 46
(10.3 g, 50.0 mmol, 1.0 equiv), MgCl, (7.14 g, 75.0 mmol, 1.5 equiv), Et;N (14 mL), and anhydrous THF
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(150 mL) under an argon atmosphere. The Suspension was stirred at ambient temperature for 30 min
followed by the addition of p-formaldehyde (3.00 g, 100 mmol, 2.0 equiv). The reaction mixture was heated to
reflux for 4 h. After cooling to ambient temperature, the reaction was quenched by the addition of aqueous
1.4 M HCI (50 mL). The layers were separated and the aqueous phase was extracted with EtOAc (4 x 30 mL).
The combined organic phases were dried over anhydrous Na,SO, and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography (SiO,, n-pentane/EtOAc, 20:1 to
10:1)to yield aldehyde 47 (8.20 g, 35.0 mmol, 70%) as a faint yellow solid.

"H NMR (400 MHz, CDCl;): § = 11.64 (s, 1H, OH), 9.87 (s, 1H, CHO), 7.59 (d, ] = 2.5 Hz, 1H, CH), 7.34
(d,J=2.5Hz, 1H, CH), 1.43 (s, 9H, t-Bu), 1.33 (s, 9H, t-Bu) ppm.

Preparation of 48

o OH
NH
t-Bu (\ 2
H NHz
“MeOH, reflux, 2h OH HO
83%

t-Bu
47
C15H2,0, C32H48N202
(234.33 g:mol™") (492.74 g-mol™")

A round bottom flask charged with 1,2-ethylenediamine (1.18¢g, 1.5mL, 19.6 mmol, 1.0equiv) and
anhydrous MeOH (50 mL) and as solution of aldehyde 47 (9.20 g, 39.3 mmol, 2.0 equiv) in anhydrous
MeOH (70 mL) was added dropwise. The reaction mixture was heated to reflux and stirred for 2 h. After
cooling to 0 °C, the resulting yellow precipitate was separated by filtration, washed with MeOH, and dried
under reduced pressure to afford salen ligand S$1 (7.98 g, 16.2 mmol, 83%) as a yellow solid.

'"H NMR (700 MHz, CDCl;): § = 1.30 (s, 18 H, H-10), 1.45 (s, 18 H, H-12), 3.93 (s, 4 H,H-1), 7.08 (d, ] =
2.5Hz,2H,H-8),7.38 (d,] = 2.5 Hz,2 H, H-6), 8.40 (5,2 H, H-2), 13.64 (s, 2 H, OH) ppm.

3C NMR (176 MHz, CDCl;): § = 29.6 (C-12), 31.6 (C-10), 34.3 (C-9), 35.2 (C-11), 59.7 (C-1), 118.0 (C-
3),126.2 (C-8),127.2 (C-6),136.8 (C-5), 140.2 (C-7), 158.2 (C-4), 167.7 (C-2) ppm.

_ ColOAG4H0 CO
OH HO EtOH/HZO 60°C, 1h
97%

032H48N202 C32H46C°N202
(492.74 g-mol-") (549.65 g-mol")

A flame-dried two-necked round bottom flask was charged with salen ligand S1 (7.98 g, 16.2 mmo], 1.0 equiv)
and anhydrous EtOH (260mL) under an argon atmosphere and heated to 60°C. A solution of
Co(OAc)»4H,0 (4.50¢g, 18.2mmol, 1.1 equiv) in H,O (33 mL) was added dropwise and stirring was
continued for 1h. After cooling to ambient temperature, the resulting orange precipitate was separated by

filtration, washed with EtOH (100 mL) and dried under reduced pressure. The crude product was
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recrystallised from EtOH under an argonatmosphere to yield cobalt(Il) complex 48 (8.62 g, 15.7 mmol, 97%)

as an orange solid.

HRMS (ESL, pos. mode): m/z calcd for C3,H47CoN,O," [M+H]*: 550.2964, found 550.2955.

Preparation of 6-((tert-butyldimethylsilyl) oxy)hexanal (50)

Et;N, TBSCI, DMAP
_—

A N-OH AN N-OTBS
HO w0 THF, rt., 18 h HO o
99¢ )
CeH1402 % C12H280,Si
(118.17 g-mol™") (232.44 g-mol™")

To a solution of 1,6-hexandiol (49) (20.0 g, 169 mmol, 2.0 equiv), in anhydrous THF (560 mL) were added
DMAP (1.03 g, 8.46 mmol, 10 mol%), TBSCI (12.8 g, 84.6 mmol, 1.0 equiv), and Et;N (11.7 mL, 8.56 g,
84.6 mmol, 1.0 equiv). The reaction mixture was stirred at ambient temperature for 18 h. Then H,O
(400 mL) was added, the layers were separated and the aqueous phase was extracted with EtOAc (3 x
300 mL). The combined organic extracts were dried over anhydrous MgSO, and the solvent was removed
under reduced pressure. The crude product was purified by column chromatography (SiO, n-

pentane/EtOAc, 8:1 to 3:1) to yield alcohol 82 (19.5 g, 83.9 mmol, 99%) as a colourless oil.

'"H NMR (400 MHz, CDCl;): § = 3.64 (t, ] = 6.5 Hz, 2H, CH,0), 3.60 (t, ] = 6.5 Hz, 2H, CH,0), 1.63 — 1.48
(m, 4H, CH,), 1.41 - 1.32 (m, SH, CH,, OH), 0.89 (s, 9H, t-Bu), 0.04 (s, 6H, Me) ppm.

TEMPO, NaOClI
PPN L N DO
RO CH,ClyH,0,0°C oTBS
S2 68% 50
C12H260,Si C1oH260,Si
(232.44 g-mol™") (230.42 g-mol")

To a solution of alcohol $2 (7.00 g, 30.1 mmol 1.0 equiv) in dichloromethane (75 mL) were added TEMPO
(235 mg, 1.51 mmol, S mol%), KBr (3.94 g, 33.1 mmol, 1.1 equiv), and S wt% aqueous NaHCO; (120 mL).
The suspension was was cooled to 0°C and an aqueous NaOCl (23 mL, 27.6 g, 48.2 mmol, 1.6 equiv) was
added dropwise over a period of 40 min. The reaction was quenched by the addition of saturated aqueous
Na,5,0; (40 mL) and the aqueous layer was extracted with dichloromethane (2 x 100 mL). The combined
organic phases were dried over anhydrous MgSO, und the solvent was removed under reduced pressure.
Purification of the crude product by column chromatography (SiO,, n-pentane/EtOAc, 14:1 to 1:1) afforded
aldehyde 50 (4.73 g,20.5 mmol, 68%) as a colourless oil.

'"H NMR (400 MHz, CDCl;): § =9.77 (t, ] = 1.8 Hz, 1H, H-1), 3.60 (t, ] = 6.4 Hz, 2H, H-6), 2.43 (td, ] = 7.4,
1.8 Hz, 2H, H-2), 1.65 (dt, J = 15.1, 7.4 Hz, 2H, H-3), 1.59 - 1.49 (m, 2H, CH.), 1.43 - 1.34 (m, 2H, CH,),
0.89 (s, 9H, t-Bu), 0.04 (s, 6H, Me) ppm.

Preparation of 7-methyloct-6-enal (51)

H i-PrPPh3Br, n-BuLi MewOTBS
A~ ~_OTBS =~
O

THF, r.t., 90 min Me
50 99% S3
C12H260,Si C45H320Si
(230.42 g:mol™") (256.50 g-mol~1)
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A flame-dried round bottom flask was charged with isopopropyltriphenylphosphonium bromide (8.30¢g,
21.6 mmol, 1.05 equiv) and anhydrous THF (70 mL). The suspension was cooled to 0 °C and n-BuLi (2.5 M
in hexanes, 8.54 mL, 21.3 mmol, 1.04 equiv) was slowly added. The resulting dark organge solution was stirred
for 30 min at this temperature. Then a solution of aldehyde 50 (4.73 g, 20.5 mmol, 1.0 equiv) in anhydrous
THF (40 mL) was added and the reaction mixture was warmed to ambient temperature and stirred for
additional 90 min. The reaction was quenched by the addition of H,O (100 mL) and the aqueous layer was
extracted with n-pentane (3 x 100 mL). The combined organic extracts were dried over anhydrous Na,SO4
and filtered through a plug silica eluting with n-pentane. The solvent was removed under reduced pressure to

yield alkene 3 (5.22 g, 20.4 mmol, 99%) as a colourless oil.

'"H NMR (400 MHz, CDCl;): § = 5.11 (ddq, J = 8.5, 5.7, 1.4 Hz, 1H, H-6), 3.60 (t, ] = 6.6 Hz, 2H, H-1), 2.01
- 1.93 (m, 2H, CH,), 1.68 (s, 3H, Me), 1.60 (s, 3H, Me), 1.55 — 1.47 (m, 2H, CH,), 1.36 — 1.29 (m, 4H,
CH,), 0.89 (s, 9H, t-Bu), 0.0S (s, 6H, Me) ppm.

MSWOTBS aq. HCI MEWoH

Me MeOH, r.t., 1h Me
S3 85% S4
C15H320Si CoH1g0
(256.50 g-mol~") (142.24 g:mol~1)

To a solution of alkene $3 (1.77 g, 6.90 mmol, 1.0 equiv) in MeOH (6.9 mL) was added 10 wt% HCI (120 pL,
126 mg, 345 pmol, S mol%) and the reaction mixture was stirred at ambient temperature for 1 h. The solvent
was removed under reduced pressure (300 mbar, 40 °C) and the residue was dissolved in dichloromethane
(10 mL). Brine (10 mL) was added and the mixture was extracted with dichloromethane (3 x 10 mL). The
combined organic phases were dried over anhydrous MgSO,4 and concentrated under reduced pressure.
Purification of the crude product by column chromatography (SiO», n-pentane/Et,O, 4:1 to 2:1) afforded
alcohol $4 (837 mg, 5.88 mmol, 85%) as a colourless oil.

'"H NMR (400 MHz, CDCl;): § = 5.10 (t, ] = 7.1 Hz, 1H, H-6), 3.62 (t, ] = 6.6 Hz, 2H, H-1), 2.04 - 1.91 (m,
2H, CH,), 1.68 (s, 3H, Me), 1.59 (s, 3H, Me), 1.58 - 1.51 (m, 2H, CH.), 1.38 - 1.30 (m, 4H, CH.) ppm.

Oy, [Cu(MeCN),JOTf

bpy, DMAP
e A OH  4HaAOTENFO - Mo O
Me MeCN, rt., 3 h Me H
sa 88% 51
CoH10 CoH160
(142.24 g-mol~") (140.22 g-mol~")

To a solution of alcohol $4 (2.18 g, 15.3 mmol, 1.0 equiv) in MeCN (30 mL) were added sequentially
[Cu(MeCN),;]OTf (289 mg, 766 pmol, S mol%), 2,2”-biypridine (120 mg, 766 pmol, S mol%), 4-acetamido
TEMPO (163 mg, 766 pmol, Smol%), and DMAP (187 mg, 1.53 mmol, 10 mol%). The resulting brown
reaction mixture was stirred under an oxygen atmosphere at ambient temperature for 3 h. A colour change
from brown to green was observed. Then H,O (30 mL) was added and the solution was extracted n-pentan (3
x 50 mL). The combined organic extracts were washed with brine (50 mL), dried over anhydrous Na,SO, and
filtered through a plug of silica eluting with a 4:1-mixture of n-pentane/Et,O. The filtrate was concentrated
under reduced pressure to yield aldehyde 51 (1.90 g, 13.5 mmol, 88%) as a colourless oil.
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"H NMR (400 MHz, CDCl;): § = 9.76 (t, ] = 1.9 Hz, 1H, H-1), 5.13 - 5.06 (m, 1H, H-6), 2.42 (td, ] = 7.4,
1.9 Hz, 2H, H-2), 2.00 (q, ] = 7.4 Hz, 2H, H-3), 1.69 (s, 3H, Me), 1.67 - 1.61 (m, 2H, CH,), 1.60 (s, 3H, Me),
1.41 - 1.32 (m, 2H, CH,) ppm.

2-(5-methylhex-4-en-1-yl)oxirane (42)

NCS, D/L-prolin
MeMO MeCN, rt., 2 h MeM
Me H then NaBH,
EtOH, 0 °C, 90 min Me
51 then NaOH 42
CgH160 H,O/EtOH, r.t., 16 h CgH160
(140.22 g-mol-") 68% (140.22 g-mol-)

To a solution of aldehyde 51 (587 mg, 4.19 mmol, 1.0 equiv) in MeCN (20 mL) were added racemic prolin
(241 mg, 2.09 mmol, 0.5 equiv) and NCS (727 mg, 5.44 mmol, 1.3 equiv) and the reaction mixture was stirred
at ambient temperature for 2 h. Then EtOH (5.5 mL) and NaBH, (396 mg, 10.5 mmol, 2.5 equiv) were added
at 0 °C and stirring was continued. After 90 min, a solution of NaOH (3.73 g, 93.3 mmol, 22.3 equiv) in a 2:1-
mixture of H,O/EtOH (28 mL) was added, the cooling bath was removed and the reaction mixture was
stirred at ambient temperature for 16 h. The solution was extracted with 8:1-mixture of n-pentane/Et,O (3 x
20mL), dried over Na,SO4 and concentrated under reduced pressure to yield epoxide 42 (400 mg,
2.85 mmol, 68%) as a colourless oil. The crude was pure enough and used for further experiments without

purification.
Me
=
W1
'"H NMR (400 MHz, CDCL;): § = 5.15 - 5.07 (m, 1H, H-6), 2.93 - 2.88 (m, 1H, H-2), 2.75 (dd, J = 5.0,
4.0 Hz, 1H, H-1), 2.46 (dd, ] = 5.0, 2.7 Hz, 1H, H-1), 2.08 — 1.99 (m, 2H, CH,), 1.68 (s, 3H, H-8), 1.60 (s,
3H, H-9), 1.57 - 1.43 (m, 4H, CH,) ppm.

1-Cyclopropylethanol (58)

(0] LiAIH, HO Me
—_— >
V)k""e Et,0, reflux, 30 min V)(H
53 86% 58
CsHgO y CsH100
(84.12 g-mol ') (86.13 g-mol~T)

A flame-dried two-necked round bottom flask was charged with LiAlH, (720 mg, 19.0 mmol, 0.8 equiv) and
anhydrous Et;,0 (16 mL) under an argon atmosphere and immersed in an ice bath. Then a solution of
cyclopropylmethylketone (53) (2.00 g, 23.8 mmol, 1.0 equiv) in anhydrous Et,O (S mL) was added dropwise.
The reaction mixture was heated to reflux for 30 min and then cooled to 0 °C and quenced with 20 wt%
aqueous NaOH (2.4 mL). The resulting suspension was filtered and the phases were separated. The organic
layer was dried over anhydrous Na,SO, and concentrated under reduced pressure (180 mbar, 23 °C) to afford

cyclopropylcarbinol §8 (1.76 g, 20.4 mmol, 86%) as a colourless liquid.
'"H NMR (400 MHz, CDCL;): § = 3.07 (dq, J = 8.3, 6.2 Hz, 1H, H-1), 1.62 - 1.58 (m, 1H, OH), 1.28 (d,] =

6.2 Hz, 3H, Me), 0.95 — 0.85 (m, 1H, H-2), 0.52 — 0.46 (m, 2H, CH,), 0.30 - 0.24 (m, 1H, CH,), 0.21 - 0.15
(m, 1H, CH,) ppm.
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2-Cyclopropylbut-3-en-2-ol (59)

o /\MgBr HO Me
—_—
v)k'\"e THF, rt, 1h ﬁ
53 86% 59
CsHgO C7H120
(84.12 g-mol) (112.17 g-mol-")

A flame-dried three-necked round bottom flask was charged with vinylmagnesium bromide (1M in THF,
60 mL, 60.0 mmol, 2.0 equiv) under an argonatmosphere. Then a solution of cyclopropylmethylketone (53)
(2.50 g, 29.8 mmol, 1.0 equiv) in anhydrous THF (20 mL) was added and the resulting reaction mixture was
stirred at ambient temperature for 1 h. The reaction was quenched by the addition of saturated aqueous
NH,Cl (4 mL) and H,O (2 mL). The layers were separated and the aqueous phase was extracted with Et,O (6
x 15 mL). The combined organic extracts were washed with brine (2 x 15 mL), dried over anhydrous MgSO,
and concentrated under reduced pressure. The crude product was purified by column chromatography (SiO,,

n-pentane/Et,0, 3:1) to yield cyclopropylcarbinol §9 (3.08 g, 27.4 mmol, 92%) as a colourless liquid.

HO Me
2

3
|1

'"H NMR (400 MHz, CDCl;): § = 5.84 (dd, J = 17.3, 10.7 Hz, 1H, H-2), 5.25 (dd, ] = 17.3, 1.4 Hz, 1H, H-1),
5.05 (dd, J = 10.7, 1.4 Hz, 1H, H-1), 1.29 (s, 3H, Me), 1.02 (tt, ] = 8.3, 5.5 Hz, 1H, H-4), 0.45 - 0.36 (m, 2H,
CH.), 0.36 — 0.27 (m, 1H, CH,) ppm.

2-Cyclopropyl-1-phenylpropan-2-ol (60)

>
/\N/NHz

62

[Ru(p-cymene)Cly]»
Q dppp, K3PO,, CsF HQ Me
—_—
V)J\’V'e THF, 45 °C, 4 h V)<B”
53 68% 60

CsHgO ) C12H160
(84.12 g-mol™") (176.25 g-mol~")

Ph

Preparation hydrazone 62: A flame-dried Schlenk flask was charged with benzaldehyde (7.60 g, 71.3 mmol,
1.2 equiv) and anhydrous THF (30 mL) under an argonatmosphere. Then hydrazine monohydrate (3.76 mL,
3.87 g, 77.3 mmol, 1.3 equiv) was added and the mixture was stirred at ambient temperature for 30 min. The

solution was dried by the addition of anhydrous Na,SO, prior to use.

A flame-dried Schlenk flask was charged with [Ru(p-cymene)CL], (364 mg, 594 pymol, 1 mol%), dppp
(490 mg, 1.19 mmol, 2 mol%), CsF (4.51 g, 29.7 mmo], 0.5 equiv), and KsPO, (3.15 g, 14.9 mmol, 25 mol%)
under an argonatmosphere. The solution of hydrazon 62 and cyclopropylmethylketone (53) (5.00g,
59.5 mmol, 1.0 equiv) were added sequentially and the resulting reaction mixture was stirred at 45 °C for 4 h
and then filtered through plug of silica eluting with EtOAc. The solvent was removed under reduced pressure
and the residue was purified by column chromatography (SiO, n-pentane/Et,O, 4:1) to vyield
cyclopropylcarbinol 60 (7.17 g, 40.7 mmol, 68%) as a colourless liquid.

'"H NMR (400 MHz, CDCl;): § = 7.33 - 7.23 (m, SH, Ph), 2.87 (d, ] = 13.1 Hz, 1H, CH,Ph), 2.81 (d, ] =
13.1 Hz, 1H, CH,Ph), 1.10 (s, 3H, Me), 0.95 - 0.86 (m, 1H, CH), 0.43 - 0.26 (m, 4H, CH,) ppm.
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5-Bromopent-2-ene (55)

HQMe HBr MeWBr
—_—
H H,0, 0°C, 2 h H
58 55%, EIZ=9:1 55
CsH10O CsHgBr
(86.13 g-mol™") (149.03 g-mol-")

A round bottom flask was charged with cyclopropylcarbinol §8 (1.76 g, 20.4 mmol, 1.0 equiv) and then
immersed in an ice bath. Aqueous 48 wt% HBr (24 mL) was added and the reaction mixture was stirred for 2
h. The resulting biphasic mixture was separated and the aqueous layer was extracted with Et,0 (3 x 15 mL).
The combined organic extracts were washed with saturated aqueous NaHCO5 (3 x 15 mL) and brine (3 x
15 mL) and dried ober anhydrous MgSO,. The solvent was removed under reduced pressure and the residue
was purified by column chromatography (SiO,, n-pentane) to yield bromide §5 (1.67 g, 11.2 mmol, 55%, E/Z

=9:1) as a colourless liquid.
MEW Br
2
H

'"H NMR (400 MHz, CDCl;): § = 5.61 - 5.49 (m, 1H, CH), 5.47 - 5.36 (m, 1H, CH), 3.35 (t, ] = 7.1 Hz, 2H,
H-1),2.58 - 2.67 (m, 0.2H, H-2*), 2.58 — 2.48 (m, 1.8H, H-2), 1.69 — 1.65 (m, 2.7H), 1.65 - 1.61 (m, 0.3H,
Me*) ppm.

The signals of the minor isomer are marked with *.

6-bromo-3-methylhexa-1,3-diene (56)

HQ Me HBr /qu,,(\/\
= T Br
_—
| H,0,0°C,2h Me
59 56%, E/Z = 2:1 56
C7H120 CeHoBr
(112.17 g-mol~") (161.04 g-mol~1)

A round bottom flask was charged with cyclopropylcarbinol §9 (2.50 g, 22.3 mmol, 1.0 equiv) and then
immersed in an ice bath. Aqueous 48 wt% HBr (26 mL) was added and the reaction mixture was stirred for 2
h. The resulting biphasic mixture was diluted with n-pentane (20 mL) and the layers were separated The
organic layer was washed with saturated aqueous NaHCO; (3 x 10 mL) and brine (3 x 10 mL) and dried ober
anhydrous MgSO,. The solvent was removed under reduced pressure and the residue was purified by column
chromatography (SiO,, n-pentane) to yield bromide $6 (2.19 g, 12.5 mmol, 56%, E/Z = 2:1) as a colourless
liquid.

PN e

Me

'"H NMR (400 MHz, CDCL): § = 6.71 (ddt, J = 17.4, 10.9, 0.9 Hz, 0.33H, H-5*), 6.38 (dd, ] = 17.4, 10.7 Hz,
0.67H, H-5), 5.47 (t,] = 7.3 Hz, 0.67H, H-3), 5.37 (t, ] = 7.5 Hz, 0.33H, H-3*), 5.27 (d, ] = 17.4 Hz, 1H, H6*),
5.21 - 5.13 (m, 1H, H-6, H-6*), 5.01 (d, ] = 10.7 Hz, 1H, H-6), 3.38 (q, ] = 7.3 Hz, 2H, H-1, H-1*), 2.73 (p, ]
=7.1 Hz, 2H, H-2, H-2*), 1.84 (s, 1H, Me*), 1.76 (s, 2H, Me) ppm.

The signals of the minor isomer are marked with *.
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6-bromo-3-methylhexa-1,3-diene (57)

HQ Me HBr /"lq,,(\/\
P L —)) = Br
Bn  H,0,-20°C,2h Me
60 53%, EIZ = 3:1 57
C12H160 CioH15Br
(176.25 g-mol-") (239.15 g-mol~")

A round bottom flask was charged with cyclopropylcarbinol 60 (7.16 g, 40.7 mmol, 1.0 equiv) and then colled
to —20 °C. Aqueous 48 wt% HBr (163 mL) was added and the reaction mixture was stirred for 2 h. The
resulting biphasic mixture was diluted with n-pentane (200 mL) and the layers were separated The organic
layer was washed with saturated aqueous NaHCO; (3 x 100 mL) and dried ober anhydrous MgSOs. The
solvent was removed under reduced pressure and the residue was purified by column chromatography (SiO»,

n-pentane) to yield bromide §7 (5.18 g, 21.7 mmol, 53%, E/Z = 3:1) as a coloutless liquid.

7 1

8|\6 %\2/\&

9 N\ F Me

'"H NMR (400 MHz, CDCI3): § = 7.41-7.27 (m, 2H, Ph), 7.22-7.15 (m, 3H, Ph), 5.36-5.30 (m, 0.25H,
H-3%), 5.29-5.24 (m, 0.75H, H-3) 3.42-3.37 (m, 2.5H, H-5% H-1), 3.31 (s, 2H, H-5), 2.72 (q, ] = 7.2 Hz,
0.5H, H-2*) 2.62 (q, ] = 7.4 Hz, 1.5H, H-2), 1.66 (s, 0.7SH, Me*), 1.57 (s, 2.25H, Me) ppm.

The signals of the minor isomer are marked with *.

General procedure for epoxide formation via epichlorhydrin (GP1):

E R1V"x‘/\/\MgBr

R2
Cul (5 mol%)
o THF, =50 °C R 0o
|>\/C| M
2. NaOH, CH,Cl,, rt. R2
63
C4HsCIO
(92.52 g:mol=")

Preparation of the GRIGNARD reagent: To a flame-dried two-necked round bottom flask equipped with a
reflux condensor was added freshly ground magnesium (1.5 equiv) and the flask was once more dried by
heating with a heat gun under high vacuum while vigorously stirring the magnesium. After cooling to ambient
temperature, the vessel was placed under an aron atmosphere and anhydrous THF (1 M) was added and
heated to reflux. A small crystal of iodine was added followed by the dropwise addition of the bromide

(1.0 equiv). The reaction mixture was stirred at reflux for 90 min and then cooled to ambient temperature.

A flame-dried Schlenk flask was charged with epichlorohydrin (1.0 equiv), Cul (S mol%) and anhydrous THF
(1.5 M) under an argon atmosphere. The suspension was cooled to —50 °C and the Grignard reagent was
added dropwise. The resulting reaction mixture was stirred at —50 °C for 2 h and then quenced by the addition
saturated aqueous NH,Cl. The layers were separated and the aqueous phase was extracted with Et,O (3 x).
The combined organic phases were washed with brine, dried over anhydrous MgSO, and concentrated under
reduced pressure. The crude product was purified by column chromatography to afford the corresponding

chlorohydrin.

The chlorohydrin (1.0 equiv) was dissolved in dichloromethane (0.5M) and 1M NaOH (6.0 equiv) was

added. The reaction mixture was stirred at ambient temperature for 18 h. The layers were separated and the
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aqueous phase was extracted with dichloromethane (3 x). The combined organic extracts were dried over

anhydrous MgSO, and the solvent was removed under reduced pressure to afford the corresponding epoxide.

2-(Hex-4-en-1-yl)oxirane (64)

Epoxide 64 was prepared from bromide §5 (580 mg, 3.89 mmol) according to
H%(\/\/Q GP1. The corresponding chlorohydrin (186 mg, 1.14 mmol, 29%, E/Z = 9:1)
Me 1 obtained from the first step afforded epoxide 64 (148 mg, 1.02 mmol, 89%, E/Z =
9:1) as a colourless oil.
"H NMR (700 MHz, CDCl;): § = 5.48 — 5.36 (m, 2H, H-6, H-7),2.93 — 2.88 (m, 1H, H-2), 2.74 (t, ] = 4.5 Hz,
1H, H-1), 2.46 (dd, ] = 5.2, 2.8 Hz, 1H, H-1), 2.14 - 2.08 (m, 0.2H, H-5%), 2.06 - 2.01 (m, 1.8H, H-5), 1.64
(d,] = 5.5 Hz, 2.7H, Me), 1.60 (d, ] = 6.8 Hz, 0.3H, Me*), 1.55 — 1.45 (m, 4H, H-3, H-4) ppm.

3C NMR (176 MHz, CDCL;): § = 130.9 (CH), 130.1%, 125.5 (CH), 124.5% 52.4 (C-2),47.3 (C-1), 32.4 (C-
5),32.2% 32.1 (C-3),29.8%26.7%,26.0 (C-4), 18.0 (Me), 12.9%.

The signals of the minor isomer are marked with *.

2-(5-Methylhepta-4,6-dien-1-yl)oxirane (65)

Epoxide 65 was prepared from bromide 56 (589 mg, 3.66 mmol) according to

2
/M GP1. The corresponding chlorohydrin (196 mg, 1.06 mmol, 29%, E/Z = 2:1)
Me o5 ! obtained from the first step afforded epoxide 65 (100 mg, 660 pmol, 62%, E/Z =

6:1) as a colourless oil.

'"H NMR (400 MHz, CDCL): § = 6.75 (dd, J = 17.3, 10.8 Hz, 0.14H, H-8*), 6.36 (dd, ] = 17.4, 10.7 Hz,
0.86H, H-8), 5.47 (t,] = 7.6 Hz, 0.86H, H-6), 5.37 (t, ] = 7.6 Hz, 0.14H, H-6*), 5.20 (d, ] = 17.3 Hz, 0.14H, H-
9%), 5.14 - 5.03 (m, 1H, H-9, H-9*), 4.93 (d, ] = 10.7 Hz, 0.86H, H-9), 2.96 — 2.87 (m, 1H, H-2*, H-2), 2.75
(dd, J=5.0,4.1 Hz, 1H, H-1*, H-1), 2.47 (dd, ] = 5.0, 2.7 Hz, 1H, H-1*, H-1), 2.26 - 2.14 (m, 2H, H-5* H-5),
1.81 (s, 0.43H, Me*), 1.73 (s, 2.57H, Me), 1.64 — 1.48 (m, 4H, H-3*, H-3, H-4*, H-4) ppm.

3C NMR (176 MHz, CDCL): § = 141.6 (C-8), 134.6 (C-7), 133.7%, 132.9%, 132.6 (C-6), 130.6%, 113.7%,
110.9 (C-9), 52.3 (C-2), 47.2 (C-1), 32.2 (CH,), 32.1%, 28.0 (C-5), 27.1%, 26.3*, 26.0 (CH,), 19.9%, 11.8
(Me) ppm.

The signals of the minor isomer are marked with *.

2-(5-methyl-6-phenylhex-4-en-1-yl)oxirane2 (66)

Epoxide 66 was prepared from bromide §7 (1.29 g, 5.39 mmol) according to GP1.

10 8

2
1 W/QO The corresponding chlorohydrin (541 mg, 2.14 mmol, 39%, E/Z = 3:1) obtained
Me from the first step afforded epoxide 66 (160 mg, 1.45 mmol, 68%, E/Z = 3:1) as a

12
66

colourless oil.

'"H NMR (700 MHz, CDCl;): § = 7.26 — 7.30 (m, 2H, H-11), 7.18 - 7.21 (m, 1H, H-12), 7.15 - 7.18 (m, 2H,
H-10), 5.29 - 5.33 (m, 0.2H, H-6*), 5.20 — 5.29 (m, 0.8H, H-6), 3.79 - 3.84 (m, 1H, H-2), 3.63 (dd, J = 11.1,
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3.3 Hz, 1H, H-1), 3.48 (dd, J = 11.1, 7.1Hz, 1 H, H-1), 3.37 (s, 0.4H, H-8*), 3.29 (s, 1.6H, H-8), 2.12 - 2.21
(m, 0.4H, H-5*), 2.05 - 2.12 (m, 1.6H, H-5), 1.63 (s, 0.6H, H-13*), 1.52 — 1.61 (m, 5.4H, H-13, H-3, H-4),
1.42 - 1.49 (m, 1H, H-4) ppm.

3C NMR (176 MHz, CDCl;): § = 140.5 (C-9), 140.2* (C-9), 135.2 (C-7), 134.6* (C-7), 129.0 (C-10),
128.6* (C-10), 128.5* (C-11), 128.3 (C-11), 126.2* (CH), 126.1 (CH), 126.1 (CH), 126.0* (CH), 71.54 (C-
2),71.52* (C-2), 50.7 (C-1), 46.4 (C-8), 38.0* (C-8), 34.0* (C-3), 34.0 (C-3), 28.1* (C-5),27.9 (C-5), 26.1*
(C-4),25.8 (C-4),23.6* (Me), 16.0 (Me) ppm.

The signals of the minor isomer are marked with *.

2-(5-Methylhepta-4,6-dien-1-yl)oxirane (67)

/z<? Epoxide 67 was prepared from 4-bromobut-1-ene (1.00 g, 7.41 mmol) according to
7 1 GP1. The corresponding chlorohydrin (1.03 g, 6.97 mmol, 94%) obtained from the

&7 first step afforded epoxide 67 (673 mg, 6.00 mol, 86%) as a colourless oil.

"H NMR (400 MHz, CDCl;): § = 5.85 - 5.75 (m, 1H, H-6), 5.05 — 4.99 (m, 1H, H-7), 4.99 - 4.95 (m, 1H, H-
7),2.94 - 2.89 (m, 1H, H-2), 2.75 (dd, ] = 4.9, 4.1 Hz, 1H, H-1), 2.47 (dd, ] = 4.9, 2.7 Hz, 1H, H-1), 2.14 -
2.09 (m, 2H, H-3), 1.62 - 1.51 (m, 4H, H-4, H-5) ppm.

2-Methyl-6-(oxiran-2-yl)hex-2-en-1-yl acetate (71)

Umicore M71 SIMes

Me ,/— Me
NN
A one W gt @ W
68 9 0 Me | Még’
(5 mol%) Che M
/\/\/<(|) T —— ACOW /RU O,
“ CH,Cly, reflux, 5 h Cl ; >—CF3
Me o NH
67 65%, EIZ=3:1 7 ,._Pr/
C7H120 , C11H1g03 1 68
(na1rgmer) (19826 g-mol™) CagHasClFsNzO,Ru
(737.64 g-mol")

A Schlenk flask was charged with epoxide 67 (50.0 mg, 450 umol, 1.0 equiv) and anhydrous and degassed
dichloromethane (7.5) under an argon atmosphere. Then 2-metallyl acetate (513 mg, 4.50 mmol, 10 equiv)
and Umicore M71 SIMes catalyst 68 (16.6 mg, 22.5 umol, S mol%) were added. The reaction mixture was
heated to reflux and stirred for Sh. After cooling to ambient temperature, the solvent was removed under
reduced pressure and the residue was purified by column chromatography (SiO,, n-pentane/Et,O, 16:1 to
10:1) to yield epoxide 71 (58.0 mg, 293 pmol, 65%, E/Z = 3:1) as a colourless oil.

Q@ s & 4 20

Me
1

'H-NMR (700 MHz, CDCl;): § = 5.44 — 5.47 (m, 0.8H, H-6), 5.37 — 5.41 (m, 0.2H, H-6*), 4.57 (s, 0.4H, H-
8%),4.45 (s, 1.6H, H-8), 2.88 — 2.93 (m, 1H, H-2*, H-2), 2.73 - 2.77 (m, 1H, H-1*, H-1), 2.44 - 2.49 (m, 1H,
H-1%, H-1), 2.08 — 2.15 (m, 2H, H-5* H-5), 2.07 (s, 2.4H, H-10), 2.07 (s, 0.6H, H-10*), 1.75 (s, 0.6H, H-
11%), 1.65 (s, 2.4 H,H-11), 1.49 - 1.60 (m, 4 H, H-3*, H-3, H-4*, H-4) ppm.
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BC-NMR (176 MHz, CDCl;): § = 171.2 (C-9%), 171.0 (C-9), 130.6 (C-7), 130.4* (C-7), 130.3* (C-6), 129.2
(C-6),70.2 (C-8),63.2 (C-8*),52.2 (C-2),47.1 (C-1),32.1 (C-3),32.0 (C-3%),27.5* (C-5),27.5 (C-5),26.2
(C-4*),25.7 (C-4),21.5 (C-11*),21.1 (C-10), 21.0 (C-10*), 14.0 (C-11) ppm.

HRMS (ESI, pos. mode): m/ calcd for C1;H;s03Na* [M+Na]*: 221.1148, found 221.1158.

2-Methyl-6-(oxiran-2-yl)hex-2-en-1-ol (72)

(0] (0]
K2CO3
AcO” W > HO~ W /<]
MeOH, r.t., 2d

Me Me
71 86% 72
Cy4H1g03 CgH1603
(198.26 g-mol~") (156.22 g-mol~T)

To a solution of epoxide 71 (90.0 mg, 454 ymol, 1.0 equiv) in anhydrous MeOH (5 mL) was added K,CO3
(120 mg, 900 pmol, 2.0 equiv). The reaction mixture was stirred at ambient temperature for 2 d. Then H,O
(5 mL) was added and the solution was extracted with Et,O (3 x 15 mL). The combined organic phases were
dried over anhydrous MgSO, and concentrated under reduced pressure. The crude product was purified by
column chromatography (SiO, n-pentane/Et,0, 4:1) to yield epoxide 72 (60.9 g, 390 mmol, 86%, E/Z = 3:1)

as a colourless oil.
8 6 4 2.0
HO/W
5 3 1

Me

1H NMR (700 MHz, CDCL): § = 5.43-5.39 (m, 1H, H-6), 4.01 (s, 2H, H-8), 2.93— 2.90 (m, 1H, H-2),
2.77-2.75 (m, 1H, H-1), 2.48-2.47 (m, 1H, H-1), 2.14-2.10 (m, 2H, H-5), 1.67 (s, 3H, Me), 1.59-1.50 (m,
4H, H-4, H-3) ppm.

HRMS (ESI, pos. mode): m/ calcd for CoHis0,Na* [M+Na]*: 179.1042, found 179.1051.

Dimethyl 2-allylmalonate (76)

/\/Br
MeO,C.__CO,M KOs Me02p
PR Me,CO, rit., 16 h Meozc)\/\
73 76% 76
CsHgO4 CgH1204
(132.11 g-mol~") (172.18 g-mol™")

To a suspension of K,CO; (52.0 g, 380 mmol, 4.8 equiv) in acetone (250mL) were added sequentially
dimethyl malonate (73) (12 mL, 100 mmol, 1.3 equiv) and allyl bromide (6.75 mL, 80.0 mmol, 1.0 equiv)
under an argon atmosphere. The reaction mixture was stirred at ambient temperature for 16 h and then
quenched by the addition of saturated aqueous NH4Cl (500 mL). The layers were separated and the aqueous
phase was extracted with dichloromethane (3 x 250 mL). The combined organic phases were dried over
anhydrous Na,SO4 and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (SiO,, n-pentane/Et,0, 20:1 to 4:1) to afford alkene 76 (10.5 g, 60.8 mmol, 76%) as

a colourless oil.

'"H NMR (400 MHz, CDCl;): § = 5.76 (ddt, ] = 17.1, 10.2, 6.8 Hz, 1H, H-2), 5.12 (d, J = 17.1 Hz, 1H, H-1),
5.06 (d, ] = 10.2 Hz, 1H, H-1), 3.74 (s, 6H, OMe), 3.46 (t, ] = 7.6 Hz, 1H, H-4), 2.64 (dd, ] = 7.6, 6.8 Hz, 2H,
H-3) ppm.
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Dimethyl 2-(oxiran-2-ylmethyl)malonate (77)

MeO,C DMDO MeO,C o
_— >
MeO,C ™ Me,CO,0°C, 1d MeO,C
76 >99% 77
CgH1204 CgH1205
(172.18 g-mol~") (188.18 g-mol-1)

A round bottom flask was charged with alkene 76 (410 mg, 2.38 mmol, 1.0 equiv) and DMDO (0.074 M in
acetone, 42mL, 3.10 mmol, 1.3 equiv) at 0°C and stirred for 25h while slowly warming to ambient
temperature. The solvent was removed under reduced pressure to afford epoxide 77 (447 mg, 2.38 mmol,

>99%) as a colourless oil.

MeO,C

2 O
Meozc)\/<‘

1

'"H NMR (400 MHz, CDCl;): § = 3.77 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.58 (dd, ] = 8.6, 6.1 Hz, 1H, H-4),
3.01 (dtd, J=6.9,4.2,2.6 Hz, 1H, H-2), 2.78 (t, ] = 4.8, 4.1 Hz, 1H, H-1), 2.52 (dd, ] = 4.8, 2. 6Hz, 1H, H-1),
2.30 (ddd, J = 14.4,8.6,4.4 Hz, 1H, H-3), 1.99 (dt, ] = 14.4, 6.4 Hz, 1H, H-3) ppm.

General procedure for epoxide formation via dimethyl malonate (GP2):

R1
R2J\/\ Br
MeO,C o NaH R Me0Q COZMEO
— > y
MeO,C Et,0,0°C R2
77
CgH1205
(188.18 g:mol~")

A flame-dried Schlenk flask was charged with diester (1.0 equiv) in anhydrous THF (0.1 M) and the solution
was cooled to 0°C. Then NaH (60 wt%, 1.2 equiv) and was added and the reaction mixture was stirred for
15 min followed by the addition of the alkenyl bromide (1.1 equiv). After 2 h of stirring at 0 °C, the mixture
was diluted with Et,O, washed with H,O and dried over ahydrous MgSO.. The solvent was removed under

reduced pressure and and the residue was purified by column chromatography.

Dimethyl 2-(3-methylbut-2-en-1-yl)-2-(oxiran-2-ylmethyl)malonate (78)

MeO,G_CO;Me_ Prepared from epoxide 77 (1.00g, S5.31 mmol) and prenyl bromide (670 uL,
MeTM/\ 27 5.84 mmol) according to GP2. Purification by column chromatography (SiO,, n-
e
8 pentane/Et,0, 4:1) afforded 78 (973 mg, 3.80 mmol, 72%) as a colourless oil.

'"H NMR (700 MHz, CDCl;): § = 4.93 — 4.97 (m, 1H, H-6), 3.73 (s, 3H, OMe), 3.72 (s, 3H, OMe), 2.93 —
2.99 (m, 1H, H-2), 2.70 — 2.74 (m, 2H, H-4, H-1), 2.41 (dd, ] = 5.1, 2.6 Hz, 1H, H-1), 2.15 (dd, ] = 14.6,
4.8 Hz, 1H, H-3), 1.97 (dd, ] = 14.6, 6.9 Hz, 1H, H-3), 1.69 (s, 3H, Me), 1.61 (s, 3H, Me) ppm.

3C NMR (176 MHz, CDCl;): § = 171.7 (CO,Me), 171.7 (CO,Me), 136.3 (C-7), 117.4 (C-6), 56.6 (C-4),
52.7 (OMe), 52.6 (OMe), 48.7 (C-2),46.9 (C-1),36.3 (C-3),32.4 (C-5),26.1 (Me), 18.0 (Me) ppm.

HRMS (ESI, pos. mode): m/z calcd for C13H»0ONa* [M+Na]*: 279.1203, found 279.1207.
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(E)-Dimethyl 2-(oxiran-2-ylmethyl)-2-(3-phenylbut-2-en-1-yl)malonate (79)

wzc COzMe_ Prepared from epoxide 77 (168 mg, 890 umol) and bromide 87 (207 mg,
Z 2>, 980 pmol) according to GP2. Purification by column chromatography (SiO,, n-
Me
79 pentane/EtOAc, 4:1) afforded 79 (197 mg, 620 pmol, 70%) as a colourless oil.

'"H NMR (400 MHz, CD,CL): § = 7.36 — 7.27 (m, 4H, Ph), 7.26 — 7.20 (m, 1H, Ph), 5.58 (tq, J = 7.5, 1.5 Hz,
1H, H-6), 3.74 (s, 3H, OMe), 3.72 (s, 3H, OMe), 3.00 — 2.87 (m, 3H, H-2, H-5),2.71 (dd, ] = 5.1, 4.0 Hz, 1H,
H-1),2.42 (dd, J = 5.1,2.6 Hz, 1H, H-1), 2.24 (dd, ] = 14.6, 4.6 Hz, 1H, H-3), 2.0S (s, 3H, Me), 2.01 (dd, J =
14.6,7.1 Hz, 1H, H-3) ppm.

3C NMR (176 MHz, CD,Cl,): § = 171.9 (CO,Me), 171.8 (CO,Me), 144.2 (C-8), 139.4 (C-7), 128.7 (CH),
127.5 (C-11), 126.3 (CH), 121.8 (C-6), 57.2 (C-4), 53.1 (OMe), 53.0 (OMe), 48.9 (C-2), 47.1 (C-1), 37.0
(C-3),33.3(C-5),16.5 (Me) ppm.

(E)-Dimethyl 2-(but-2-en-1-yl)-2-(oxiran-2-ylmethyl)malonate (80)

MeO,C CO,Me Prepared from epoxide 77 (150 mg, 790 ymol) and 1-bromobut-2-ene (110 mg,

o]
7 ™ 870 pmol) according to GP2. Purification by column chromatography (SiO», n-
H

80 pentane/EtOAc, 6:1) afforded 80 (151 mg, 630 pmol, 79%) as a colourless oil.

Me

'"H NMR (700 MHz, CD,CL): § = 5.62 (dqt, ] = 10.9, 6.9, 1.6 Hz, 0.25H, H-7*), 5.55 (dqt, ] = 15.5, 6.5,
1.3 Hz, 0.75H, H-7), 5.29 - 5.21 (m, 1H, H-6, H-6*), 3.71 (s, 0.75H, OMe*), 3.71 (s, 2.25H, OMe), 3.70 (s,
0.75SH, OMe*), 3.69 (s, 2.25H, OMe), 2.97 — 2.86 (m, 1H, H-2, H-2*), 2.78 (dddq, ] = 14.8, 7.8, 1.6, 0.9 Hz,
0.25H, H-5*),2.73 (dddq, ] = 14.8, 7.5, 1.7, 0.9 Hz, 0.25H, H-5%),2.69 (dd, ] = 5.2, 3.9 Hz, 0.25H, H-1*), 2.69
(dd, J=5.1,4.1Hz, 1H, H-1), 2.66 (dq, ] = 7.4, 1.1 Hz, 1.5H, H-5), 2.39 (dd, ] = 5.2, 2.6 Hz, 1H, H-1, H-1*),
2.14 (dd, ] = 14.6, 4.7 Hz, 0.25H, H-3*), 2.11 (dd, ] = 14.6, 4.6 Hz, 0.75H, H-3), 1.93 (dd, ] = 14.6, 6.9 Hz,
0.25H, H-3*), 1.92 (dd, ] = 14.6, 7.0 Hz, 0.75H, H-3), 1.64 (ddt, ] = 6.5, 1.7, 1.1 Hz, 2.25H, Me), 1.62 (ddt, ]
=6.9,1.9,0.9 Hz, 0.75H, Me*) ppm.

3C NMR (176 MHz, CD,CL): § = 171.9%, 171.8% 171.8 (CO,Me), 171.8 (CO,Me), 130.9 (C-7), 128.8%,
125.0 (C-6), 123.9%,57.2 (C-4), 56.9%, 54.0%, 53.0 (OMe), 53.0%, 52.9 (OMe), 48.9*, 48.8 (C-2), 47.1 (C-1),
47.1%,37.3 (C-5), 36.7%,36.6 (C-3), 31.4%,18.3 (Me), 13.2* ppm.

The signals of the minor isomer are marked with *.

Dimethyl 2-cinnamyl-2-(oxiran-2-ylmethyl)malonate (81)

@fzc CO,Me, Prepared from epoxide 77 (200mg, 1.06 mmol) and bromide 86 (150 mg,
Z 2™ 1.27 mmol) according to GP2. Purification by column chromatography (SiO, n-
M
81 pentane/EtOAc, 6:1) afforded 81 (250 mg, 821 pmol, 77%) as a colourless oil.

'"H NMR (500 MHz, CDCL): § = 7.36 — 7.24 (m, 4H, H-9, H-10), 7.27 — 7.17 (m, 1H, H-11), 6.47 (dt, ] =
15.7, 1.2 Hz, 1H, H-7), 6.03 (dt, ] = 15.7, 7.6 Hz, 1H, H-6), 3.77 (s, 3H, OMe), 3.76 (s, 3H, OMe), 3.02 (dtd,
J=7.2,42,2.6 Hz, 1H, H-2),2.93 (dt, ] = 7.6, 1.2 Hz, 2H, H-5), 2.76 (t, ] = 5.1, 4.0 Hz, 1H, H-1), 2.45 (dd, ]
=S5.1,2.6 Hz, 1H, H-1),2.27 (dd, J = 14.7, 4.4 Hz, 1H, H-3), 2.00 (dd, J = 14.7,7.2 Hz, 1H, H-3) ppm.
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3C NMR (126 MHz, CDCl;): § = 171.3 (CO,Me), 171.3 (CO,Me), 137.1 (C-8), 134.6 (C-7), 128.7 (C-10),
127.7 (C-11), 126.4 (C-9), 123.6 (C-6), 57.0 (C-4), 52.8 (OMe), 52.8 (OMe), 48.6 (C-2), 46.9 (C-1), 37.5
(C-5),36.6 (C-3) ppm.

Dimethyl 2-allyl-2-(oxiran-2-ylmethyl)malonate (82)

Prepared from epoxide 77 (20 mg, 100 pmol) and allyl bromide (95 uL, 13.3 mg,

MeO,G_COzMe,

H/ 2 110 pmol) according to GP2. The crude product was pure enough and 82 (9.3 mg,

H
82 40 umol, 40%) was obtained as a colourless oil.

"H NMR (400 MHz, CDCl;): § = 5.66 (ddt, ] = 18.0, 10.1, 7.5 Hz, 1H, H-6), 5.20 - 5.07 (m, 2H, H-7), 3.76
(s, 3H, OMe), 3.74 (s, 3H, OMe), 2.98 (dtd, ] = 7.2, 4.2, 2.6 Hz, 1H, H-2), 2.78 (dt, ] = 7.5, 1.1 Hz, 2H, H-5),
2.74 (dd, J = 5.1,3.9Hz, 1H, H-1), 2.44 (dd, ] = 5.1, 2.6 Hz, 1H, H-1), 2.21 (dd, ] = 14.6, 4.5 Hz, 1H, H-3),
1.97 (dd, ] = 14.6,7.2 Hz, 1H, H-3) ppm.

General procedure for epoxide rearrangement (GP3):

48 (2.5 mol%)
MeO,C COzMeo ACOH (5 mol%) MeO,C CO,Me

R! AR meTs) | g cHo

\Rf\ 1,2-DCE, 80 °C R2
A GC-vial was charged with epoxide (60.0 pmol, 1.0 equiv) and 1,2-DCE (600 pL). Then catalyst 48 (800 pg,
1.50 pmol, 2.5 mol%) and acetic acid (0.17 pL, 3.00 pmol, S mol%) were added and the reaction mixture was

stirred at 80 °C. The reaction progress was monitored by GC-MS.

Dimethyl 2-((2,2-dimethylcyclopropyl)methyl)-2-(2-oxoethyl)malonate (88)

7 MeO,GC CO,Me Prepared from epoxide 78 according to GP3. DPurification by column
MeMCHO
of ° 5 chromatography (SiO,, n-pentane/Et,O, 4:1) afforded 88 (10.1 mg, 821 pmol,
e
88 77%) as a colourless oil.

"H NMR (400 MHz, CDCL3): § = 9.73 (t, ] = 1.4 Hz, 1H, H-1), 3.75 (s, 3H, OMe), 3.75 (s, 3H, OMe), 3.12
(dd,J=17.8,1.4Hz, 1H,H-2), 3.05 (dd, J = 17.8, 1.4 Hz, 1H, H-2), 2.26 (dd, ] = 14.5, 5.0 Hz, 1H, H-4), 1.83
(dd, J = 14.5, 8.7 Hz, 1H, H-4), 1.01 (s, 3H, Me), 1.00 (s, 3H, Me), 0.43 (dd, ] = 8.4, 4.2 Hz, 1H, H-7), 0.34
(tt,J=8.6,5.1 Hz, 1H, H-5),-0.11 (t, ] = 4.8 Hz, 1H, H-7) ppm.

3C NMR (176 MHz, CDCl;): § = 199.4 (C-1), 171.2 (CO,Me), 171.1 (CO,Me), 55.3 (C-3), 53.0 (OMe),
52.9 (OMe), 46.6 (C-2),34.0 (C-4),27.3 (Me), 20.2 (Me), 20.1 (C-7), 19.8 (C-5), 15.4 (C-6) ppm.

HRMS (ESI, pos. mode): m/z calcd for C13H»00OsNa* [M+Na]*: 279.1230, found 279.1186.
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NMR Spectra

(8)-Citronellal (43)
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Epoxide 41
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Ligand S1
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Alcohol S2
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Alkene S3
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Aldeyhde 51
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Cyclopropylcarbinol 58
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Cyclopropylcarbinol 60
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Epoxide 66

1H NMR (700 MHz, CDCl3)
o

@/mhi\/\/Q

5.30

5.25

0.21+

\
=
~

0.43—~

L
>

o 11.00
1.07
161/

6.0

5. 5.0 . .
chemische Verschiebung (ppm)

w 11.01

[9)]

_<71 .54
71.52
—50.70
—46.37
37.99
34.00
33.95
28.07
27.90

i
£

LIk

R
o <
o
<«
105 100 95 9.0 85 7.0
13C NMR (176 MHz, CDCl3) BES RN
: FERRILE
| AN /\/\/Q ARSI
= Me
129.0 128.5 128.0 127.5 127.0 126.5 126.0
210 200 190 180 170 160 150 140 130 120

110 100
chemische Verschiebung (ppm)

APPENDIX
00 -05
©O© N O —
o 0w o
© M ©
AN AN N —
—
8.027.527.026.526.0 25.5
-10



137

Epoxide 67

IS T~
2917
60°'C
VH.NV
ob'C
VA x4
VA x4
8v'¢
vLC
SL'CT
SLT
9.°C
68°C
¥6°'C
S6'v
mm.v/
66t
mo.m\

SLS~
58S

By

3

D
L R0z
00T

1 001

J +00'T

H NMR (400 MHz, CDCl3)

-0.!

0.0

1.0 0.5

20 15

2.5

3.0

4.0 3.5

50 4.5

5.5
Chemische Verschiebung (ppm)

6.0

7.0 6.5

7.5

9.0 85 8.0

10.0 9.5



APPENDIX

138

Acetate 71

by 1
1S 1
[A N
€511
€511
S 1
il
SS9
9G°1
15719
851
G9' LA
SN
SLNE
JARANS
10T
1.0
10T
oLe
e
T
JARA
JARA
JARA
v.C
SLC
9.C
16°C

Sy~
VAh o
6€'S
or's
144°]
@*.mw
'S

(0]

H NMR (700 MHz, CDCl3)

AcO”

Me

—_—
2.06

5.46 5.40

L MJJL 1

oLy
ore
Voo
290
9T
66
oot
=£0')
=10}

=09'L
=0¥'0

220
080

10 05 00 -05

1.5

40 35 30 25 20

4.5
chemical shift (ppm)

6.0 55 50

6.5

80 75 70

8.5

9.0

9.5

10.0

€0yl

00°'le
L0°le
c¢s’'le
LL'Ge
L1192

8v'L¢C
¢s'le
NO.NM\
60ce
80,y —
cees—
GL'€9—

¢c0L—

9l'ecl
vm.om_‘/
Nv.omrw
€9°0¢€1

00°LLL
m_‘._‘t‘v

(0}

RN

13C NMR (176 MHz, CDCly)

AcO”

Me

215 21.0

171.0

26

27

129

130

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemische Verschiebung (ppm)

160

200 190

210




139

Alkene 76

S0°'S
L0°S
[
v1'S
VA
€S
VLS
SL'S
9L’
LL°S
8L'S
64°S
08’s
8'S

R

H NMR (400 MHz, CDCl3)

MeO,C

MeO,C

T T T
05 00 -05

1.0

T
1.5

20

25

Fioz

3.0

FeoL
€19

3.5

410
(ppm)

5.0

co’L
wmvo.v

5.5

Lol

6.0

6.5

7.0

T T
80 75

8.5

9.0

45
ift 5

chemical sh

9.5

10.0

Epoxide 77

Yo 17
6T
6611
6611
T10°24
2072
1222
82
6272
0€°Z
0€°Z
€2
€67
vEZ
15729
252
252
€972
L2172
82724
8277+
6472
007€
10°€
T0°€
20°€

4l

99°€
8S°€
6S°€

09°€
SL'E
LLE

H NMR (400 MHz, CDCl3)

MeO,C

MeO,C

ool
500’}
=160
/860
/8670

001
00°€
wAwm.N

40 35 30 25 20 15 1.0 05 0.0 -05

4.5

5.0
chemical shift & (ppm)

6.5 6.0 5.5

7.0

95 9.0 85 80 75

10.0



APPENDIX

140
Epoxide 78

191
19711
19711
8911
6911
6911
6911
mm.j
96'} 1
1671
86714
[ A%4
14X4
SLgH
912
ov.w.,
LY'2A

0227
0,24
0,29
122
1227
2z
2L
k%
kA
€12
€22
€12
v2°Z
662
96°Z]
96°Z
96'Z]
96°Z]
167
16
16
167
16
16
86'Z]
zL¢]
£2°¢]
€61
€61
€611
61
761
61
6t
611
G6'v]
G611
G611
5611
961

Lye
(344
e

961
96't”

Yoe

e
M@oe

z0'L
660
m\ow.m
/960

H NMR (700 MHz, CDCl3)

MeO,C COzMeO
Me =
Me

S6'¢C
Amm.m

=001l

10 05 00 -05

1.5

40 35 30 25 20

55 50 45
chemical shift (ppm)

6.0

6.5

80 75 70

8.5

9.0

9.5

10.0

08—

19z
v'ze~
€98~

697~
L8~
928

128
995/

vil—

€9eL—

LV
m._‘tv.

13C NMR (176 MHz, CDCls)

MeO,C_CO,Me

Me%\

Me

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

160

200 190

210

chemical shift (ppm)



141

Epoxide 79

86'L1
002+
102
£0'Z1
S0z
12z
zzz]
sz
92z
e
e
A XA
£¥'Z
0421
(YA
2Ly
€121
xal
26'CH

€62+
€62
€62
€627
62
662
G6'Z
662
96°Z
96°Z1
167
B.A
L62
862
867
66'C

NN.&
vie

95°5
95°5
85'G
85°G-
85°S]
65°G
09°G
09's’
2T L]
€217
ve' L]
ve L
sz L]
gz L]
82’
62 L1
o€’
0€
Si
zeL

ze' L
€€/
ve L
YL
Ge's”

—

—

A

IM_ €0’

H/Nm.m

660
H/mwm.o
=660
Fooe

TH NMR (400 MHz, CD,Cl,)

MeO,C_CO,Me

=

Me

__ sLl6¢
WAmm.m

—= ¥€0'I

860
MJ wmN_‘._u

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05

10.0

& (ppm)

1§91 —

geee—
20—
oLy
om.w»
10'€S

olL'es
00'vS
or.nm\

18'1Zh
Ge'ozl

S
v182L7

6l —
€yl —

€811
88 _.tv

13C NMR (176 MHz, CD,Cly)

MeO,C_CO,Me,

=
Me

220 210 200

180 170 160 150 140 130 120 10 100 90 8 70 60 50 40 30 20 10

190



APPENDIX

142
Epoxide 80

191y
19'L
29'H
291
2911
€9'1
v9'L
¥9' L
791
v9'LY
9" 1
v Ly
9" 1
G9'L
591
591
S9'L9
59’1
161
z6'L
£6°L]
76'1 1
0Lz
0LZ]
%4

L ]

16~
6L~
€61~
V6'L—~
*m.r\

89°C~
692~
69C—
69C~

1.94 1.92

2.69 2.68

rA
8eZ]
%.A
6671
6Z
59Z
59z
997
99T
99T
997
19T
19T
89°Z
69Z
69°Z
69
69C
162
16
162
162
16
6T
26T
69°€
0L€
Ve
Ve
sz's
sz's
125
8z's
¥S'S
§5's

9G'S
19

69'¢
0Le~C
L€
(VAR

MeO,C_COzMe
=
H

TH NMR (700 MHz, CD,Cl,)
Me

3.69

3.71

+66'0
S.'0
20

10 05 00 -05

1.5

4.5 4.0 3.5 3.0 25 2.0
ift 5 (ppm)

95 90 85 80 75 70 65 60 55 50
chemical sh

10.0

Y6'EZLN.
96vZL—
81°82L—
ggoelL”

9LV
8L
S8'LLL

68'LLL

13C NMR (176 MHz, CD,Cly)

MeO,C_CO,Me,

=

H

Me

220 210 200

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift & (ppm)

190



143

Epoxide 81

86'1q
66'}1
10
2021
sz'Z]
922
822
622
Sv'z
G¥'Z]
'z
oY'CH
522
512y
9124
9127
2627
262
262
€62
62
62
00°¢]
10e ]
10¢
z0°e]
20
20°¢-
€0¢]
9.°¢]
10¢’
009
209
€09
509
109

Sv'9
i'9
9’9

6%'9
679
679
0z'L
AR
121
2L
2z 1]
€z 1]
ez
vZ 1
121
1211
8z /1
6L
mm.g
0gL

0/
LE L
1€ 2
z€ L
€€/
ec /-

N T

o

TH NMR (500 MHz, CDCl3)

MeO,C_CO,Me

=

H

|

60
+160
+860
960
Y0z
oL

[40R>
%wm.m

860

160

»0')
20

9.5 90 85 80 75 70 6.5 6.0 5.5 6(50 ) 45 40 35 30 25 20 1.5 1.0 05 0.0
ppm

10.0

G9'9E~.
€587
9897
198~
§128

sgze’
66'957

G9'EZLA
6£'92L~
191217
sogzl’
85vEL~
902647

JRA VA
ge K_‘V

13C NMR (126 MHz, CDCl3)

T T T T T T T T
9 80 70 60 5 40 30 20

100

T
chemical shift & (ppm)

T T T T T T T T T
190 180 170 160 150 140 130 120 110

220 210 200

10



APPENDIX

144
Epoxide 82

€6°)
G6'L
6L
66'L
81Z]
611
1ze]
€2
e
vz
vz
vrz
2LT
€12
124
SL2
927
9/.°CH
912
TRA
8,27
8.2
S6'Z]
662
96'Z]
16
16
162
8621
86
667
v1e
sLg’
0L's
oL's
LG
(e
RE
ARE
116G
LG
ANCE
2.&
e1'g
€L
SL'G
GL'G
GL'G
SL'G
91'g
9l'g
09'S
29'S
29'S
£9'G
v9'S
v9'S
99°'G
99'G
196
89°G
89°'G

N

e )

TH NMR (400 MHz, CDCl3)

MeO,C_CO,Me

“

H
H

Rg60
/60
860
€L
6L
/660

wAwo.m

€6C

=lle

Foo'L

10 05 00 -05

1.5

4.5 4.0 3.5 3.0 25 2.0
ift 5 (ppm)

95 90 85 80 75 70 65 60 55 50
chemical sh

10.0



14§

Cyclopropane 88

<
<
o
il
——m

—
o
—
i
e

rad
82z

S.m;
€0'¢
10°¢]
10°¢]
ole
ovi
yLe]
Gl'e
RS
sl

€6
€L'6
.6

"H NMR (400 MHz, CDCl3)

MeO,C CO,Me
CHO

Me

Me

Y IIJILJJLJJ;

¥6°0
v 60
1670

€62
wAmo.m
=00'L

=201
90}
wmmo.v

vi'e
.Amo.m

—960

40 35 30 25 20 15 10 05 00 -05
(ppm)

4.5
ift &

95 90 85 80 75 70 65 60 55 50
chemical sh

10.0

i

vLLLL
ON._‘:V

L€°661—

13C NMR (176 MHz, CDCl3)

MeO,C CO,Me
CHO

Me

Me

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift & (ppm)

190

220 210 200



— m APPENDIX

Supporting Information - Synthesis of (+)-Plakortolide E and (-)-Plakortolide I

Synthesis of Plakortolides E and I Enabled by Base Metal Catalysis

Stefan Leisering, Alexandros Mavroskoufis, Patrick Voinacker, Reinhold Zimmer, Mathias
Christmann*

Institut fiir Chemie und Biochemie, Freie Universitit Berlin, Takustrale 3, 14195 Berlin, Germany

Supporting Information

Table of Content

1. General INfOrmation .....ceeiceeiiseeiinecssennssnncsssncsssnssssnsssssssssssesssnsssssssssssssssnsssssssssssssssssssssssssns 1
1.1 Materials and MeEthods ....c.ccveeeeereuceereineeeeineieeineieeese e esseseessessesssessssssessessesssesssssssssesssessssssessesassssssasasssssesssesnssaesns 1
1.2 ADALYSIS cevvuerrrcrnecrmcrnreeeeesereessrensse e s s s s sasessss s sas s e sse s e et 1

2. Experimental Procedures and Analytical Data.......ccceveeveinvennnensensnensensnensennnensensncsessscsesssessenns 2
2.1 (4R)-3,4-Dihydroxy-4,8-dimethylnon-7-enenitrile (6)......c.coueeruummeeeemmmeersmmeeeessseerssssesssssssssssssssesessssnsesess 2
2.2 (5R)-4-Hydroxy-S-methyl-S-(4-methylpent-3-ene-1-yl) 0xolan-2-0ne (SI-2) w..oovcevreeeemmceeermmmenmnnceenseennne 2
2.3 (SR)-5-Methyl-5-(4-methylpent-3-ene-1-y1)-3-0X0len-2-0n€ (7) socveuumeeruummeerermmeersmseseesssessssssssesessssneseens 3
2.4 (SR)-5-Methyl-5-(3-0x0prop-1-y1)-3-0x0len-2-0ne (SI-3) ...coccceuuueeeummeermmmeeeessmeenssssesesssssssssssssesessssnsssess 4
2.5 (SR)-5-Methyl-5-(2-methylene-3-oxoprop-1-yl)-3-oxolen-2-0ne (SI-4) ....cooccceuuecreummeceemmeeeressneseesiseeens S
2.6 (SR)-5-Methyl-5-(3-(acetyloxy)-2-methyleneprop-1-y1)-3-0X0len-2-0ne (4) ...oveeeeeumeceeemmeeeremsneceessseeens S
2.7 (SR)-5-Methyl-5-(12-phenyl-2-methylenedodec-1-y1)-3-0x0len-2-0n€ (3) .ccveuuumeeruummeceemsmeeeressnecersiseeeens 6
2.8 (3R4aR,7aR)-3,4a-dimethyl-6-0x0-3-(10-phenyldec-1-yl)oxolano[3,2-c]-1,2-dioxane (1) and
(3S,4aR,7aR)-3,4a-dimethyl-6-0x0-3-(10-phenyldec-1-yl)oxolano[3,2-c]-1,2-dioxane (2) .....cccoeeeeuerrrecerrunneee 7

3. Comparison Of NMR Data......ccecueresseesrensenssessanssnssasssessassssssssssssssssasssssssssssssasssssssssssssassasssasssssss 9
3.1 (+)-PlaKOTtolide B (1) covveeureesereessresesseeessesssssssssssseesssssssssssssssssssssesssssesssssssssssssssssessssssssssssssssssssssesssssssssssssssssnses 9
3.2 (=) -PIaKOTLOIAR T (2) euvrveernreersreessressseesssseesssssssssssesssssessssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssesssssesssssssssssnes 10

0. € -3 T 11

S.INMR SPECLIA cuceeerueiiiinniiinicisnniiiniensntessniessstessseesssnessssssssssessssssssssessassssssssssssssssssessasssssassssasesss 12

6. RELCICIICES ceeeerrueeeerreeeeerreeansressssssssssseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 22



147

1. General Information

1.1 Materials and Methods

Reactions with air or moisture sensitive substances were carried out under an argon atmosphere using standard
Schlenk technique. Ambient or room temperature (RT) refers to 18-23 °C. Heating of reactions was performed
with an oil bath unless otherwise noted.

Unless otherwise noted, all staring materials and reagents were purchased from commercial distributors and used
without further purification. Anhydrous dichloromethane, tetrahydrofuran and toluene were provided by
purification with a MBraun SPS-800 solvent system (BRAUN) using solvents of HPLC grade purchased from
FISCHER Scientific and ROTH. Anhydrous N,N-dimethylformamide and 1,2-Dichloroethane (99.8+%) were
purchased from ACROS Organics. HPLC-grade 2-propanol was purchased from VWR. Triethylamine was distilled
from calcium hydride and stored under argon over KOH. Solvents for extraction, crystallization and flash column
chromatography were purchased in technical grade and distilled under reduced pressure prior to use.

Column chromatography was performed on silica 60 M (0.040-0.063 mm, 230-400 mesh, MACHEREY-NAGEL).

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-Flash Rf200
using prepacked silica columns and cartridges from TELDYNE. UV response was monitored at 254 nm and
280 nm. As eluents, cyclohexane (99.5+% quality) and EtOAc (HPLC grade) were used.

The following compounds were prepared according to the literature: SI-1,' pyridine zinc borohydride,> 9-
phenylnonanal,® (9-bromononyl)benzene.*

1.2 Analysis

Reaction monitoring: Reactions were monitored by thin layer chromatography (TLC). TLC-analysis was
performed on silica gel coated aluminum plates ALUGRAM' Xtra SIL G/UVas4 purchased from MACHEREY-
NAGEL. Products were visualized by UV light at 254 nm and by using staining reagents (based on KMnO, and
anisaldeyhde).

NMR spectroscopy: 'HNMR and *C NMR spectral data were recorded on JEOL (ECX 400, ECP 500) and
BRUKER (AVANCE III 500, AVANCE III 700) spectrometer in the reported deuterated solvents. The chemical
shifts (8) are listed in parts per million (ppm) and are reported relative to the corresponding residual non-
deuterated solvent signal (CDCls: 8u = 7.26 ppm, 8¢ = 77.16 ppm). Integrals are in accordance with assignments;
coupling constants (J) are given in Hz. Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q
(quartet), br = broad and combinations thereof. In the case where no multiplicity could be identified, the chemical
shift range of the signal is given as m (multiplet). '*C NMR spectra are 'H-broadband decoupled. For detailed peak
assignments 2D spectra were measured (COSY, HMQC, HMBC).

High resolution mass spectrometry: High resolution mass spectra (HRMS) were measured with an AGILENT
6210 ESI-TOF (10 pL/min, 1.0 bar, 4 kV) instrument.

Optical rotation: Optical rotation values were measured with a JACSO P-2000 polarimeter at 589 nm using
100 mm cells and the indicated solvent and concentration (g/100 mL) at the given temperatures.

Melting points: Melting points were determined by a digital melting point apparatus (Biichi B-545) and are
uncorrected.

X-ray: X-ray diffraction data was collected on a BRUKER D8 Venture CMOS area detector (Photon 100)
diffractometer with Cuxg, radiation. Single crystals were coated with perfluoroether oil and mounted on a 0.2 mm
Micromount. The structures were solved with the ShelXT* structure solution program using intrinsic phasing and
refined with the ShelXL® refinement package using least squares on weighted F2 values for all reflections using
OLEX2.
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2. Experimental Procedures and Analytical Data

2.1 (4R)-3,4-Dihydroxy-4,8-dimethylnon-7-enenitrile (6)

Me Me
340H KON, p-TsOH-H,0 2aOH
_
Me 7 s DMF, 80 °C, 6 h Me A1 0N

Me 80% Me
SI-1 [3
C10H1802 (17025 g/mol) C11H19N02 (19727 g/mol)

To a flame-dried Schlenk flask containing a suspension of potassium cyanide (5.02 g, 77.0 mmol, 2.5 equiv) and
para-toluenesulfonic acid monohydrate (7.04g, 37.0 mmol, 1.2 equiv) in anhydrous N,N-dimethylformamide
(50 mL) under an argon atmosphere was added a solution of diastereomeric (dr (2S, 3R):(2R, 3R)) = 3:2) epoxide
SI-1 (5.25 g, 30.8 mmol, 1.0 equiv) in anhydrous N,N-dimethylformamide (10 mL) at 40 °C. The resulting mixture
was heated to 80 °C and stirred for 6 h. TLC analysis indicated complete consumption of the starting material. After
cooling to 0°C, the reaction was quenched by the addition of saturated aqueous NaHCO; (S0 mL) and H,O
(50 mL). The mixture was extracted with EtOAc (3 x 100 mL). The combined organic extracts were washed with
brine (100 mL), dried over anhydrous Na,SO,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, pentane/EtOAc, 4:1 to 2:1) to afford nitrile 6 (4.88 g,
24.7 mmol, 80%) as a colorless oil.

5 Me
6 40OH
M , N
°~ Ho
2
Me

'H NMR (700 MHz, CDCl3): § = 5.12 - 5.06 (m, 1H, H-7), 3.83 - 3.73 (m, 1H, H-3), 2.65 - 2.52 (m, 2H, H-2),
2.15 - 1.99 (m, 2H, H-6), 1.62 (s, 3H, Me), 1.68 (s, 3H, Me), 1.59 - 1.51 (m, 1.4H, H-55, H-5z), 1.44 - 1.35 (m,
0.6H, H-Ss), 1.21 (s, 1.8H, H-9s), 1.14 (s, 1.2H, H-9%) ppm.

13C NMR (176 MHz, CDCl;): § = 132.8 (C-8s), 132.6 (C-8r), 123.81 (C-7&), 123.79 (C-7s), 119.2 (C-1s), 119.0
(C-1r), 74.20 (C-4s), 74.18 (C-4zr), 73.3 (C-3s), 72.7 (C-3r), 38.5 (C-5r), 37.4 (C-Ss), 25.8 (Me), 22.6 (C-9s),
22.3 (C-6g), 22.1 (C-65),21.7 (C-9z),21.2 (C-2z), 21.1 (C-25), 17.83 (Mes), 17.81 (Mer) ppm.

HRMS (ESI, pos.): m/z caled for C1;H1sNO,Na* [M+Na*]: 220.1308, found 220.1328.

2.2 (5R)-4-Hydroxy-5-methyl-5-(4-methylpent-3-ene-1-yl) oxolan-2-one (SI-2)

Me NaOH, EGME Me

=" 410°c,15n N
_—
MeZ ho™~-N " then Hal Me# 1o
Me RT, 19 h Me
6 80% si-2
C11H1gNO; (197.27 g/mol) C11H1503 (198.26 g/mol)

A solution of nitrile 6 (4.80 g, 24.3 mmol, 1.00 equiv) in ethylene glycol monomethyl ether (25 mL) and aqueous
2 M NaOH (66 mL) was heated to 110 °C and stirred for 1.5 h. After cooling to 0 °C, aqueous 2M HCI (80 mL)
was added until a pH of 2 was reached. The cooling bath was removed and the reaction mixture was stirred for a
further 19 h. The solution was extracted with EtOAc (3 x 100 mL) and the combined organic extracts were washed
with brine (150 mL), dried over anhydrous Na,SOs, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, pentane/EtOAc, 3:1 to 2:1) to afford lactone SI-2 (3.84 g,
19.3 mmol, 80%) as a colorless oil.

Both diastereomers could by separated by column chromatography to obtain analytically pure samples which were
used for the characterization.
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trans-Lactone SI-2 (major diastereomer)

[alZ = +2.6 (c = 1.00, CHCL).

'H NMR (700 MHz, CDCl;): § = 5.08 - 5.02 (m, 1H, H-7), 4.29 - 4.20 (m, 1H, H-3), 2.89 (dd, ] = 18.0, 6.9 Hz,
1H, H-2), 2.84 (dv,, ] = 4.8 Hz, 1H, OH), 2.54 (dd, ] = 18.0, 4.4 Hz, 1H, H-2), 2.11 - 2.04 (m, 2H, H-6), 1.67 (s,
3H, Me), 1.66 — 1.57 (m, 2H, H-5), 1.59 (s, 3H, Me), 1.39 (s, 3H, H-9) ppm.

13C NMR (176 MHz, CDCl;): § = 175.2 (C-1), 132.9 (C-8), 123.1 (C-7),90.2 (C-4), 72.6 (C-3), 39.4 (C-5), 38.2
(C-2),25.7 (Me), 22.5 (C-6), 18.6 (C-9), 17.8 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C11H1503Na* [M+Na*]: 221.1148, found 221.1146.

cis-Lactone SI-2 (minor diastereomer)

[a]} = +21.3 (c= 1.00, CHCL).

'"H NMR (700 MHz, CDCl;): § = 5.17 - 5.10 (m, 1H, H-7), 4.20 — 4.15 (m, 1H, H-3), 2.93 (dd, ] = 18.1, 6.2 Hz,
1H, H-2),2.78 (dw, ] = 4.7 Hz, 1H, OH), 2.50 (dd, J = 18.1, 2.4 Hz, 1H, H-2), 2.16 - 2.05 (m, 2H, H-6), 1.83 (ddd,
J=14.0,9.8, 6.1 Hz, 1H, H-5), 1.77 (ddd, ] = 14.0, 10.2, 6.7 Hz, 1H, H-5), 1.68 (s, 3H, Me), 1.61 (s, 3H, Me), 1.33
(s, 3H, H-9) ppm.

13C NMR (176 MHz, CDCl;): § = 175.5 (C-1), 133.0 (C-8), 123.5 (C-7),90.0 (C-4), 74.6 (C-3), 38.6 (C-2), 34.1
(C-5),25.8 (Me), 23.2 (C-9),22.5 (C-6), 17.8 (Me) ppm.

The spectroscopic data are in accordance with the literature.®

2.3 (SR)-5-Methyl-5-(4-methylpent-3-ene-1-yl)-3-oxolen-2-one (7)

Yes Acz0, EtaN, Me,
o DMAP \L/E o
Me\%:o\‘r\): CH,Cly, RT, 24 h Me\%/ =
Me 91% Me
SI-2 7
C14H1505 (198.26 g/mol) C11H160 (180.24 g/mol)

To a flame-dried Schlenk flask containing a solution of lactone SI-2 (3.65 g, 18.4 mmol, 1.0 equiv) in anhydrous
CH,Cl, (26 mL) under an argon atmosphere were added Ac;O (6.97 mL, 74.1 mmol, 4.0 equiv), Et;N (25.7 mL,
185 mmol, 10 equiv) and 4-(dimethylamino)pyridine (112 mg, 917 ymol, S mol%). The reaction mixture was
stirred for 24 h at ambient temperature. The reaction was quenched by the addition of saturated aqueous NaHCO;
(20 mL), the layers were seperated and the aqueous phase was extracted with Et;O (3 x 20 mL). The combined
organic layers were dried over anhydrous Na,SO,, filtered and concentrated under reduced pressure. The crude
product was purified by column chromatography (SiO,, pentane/EtOAc, 4:1) to afford butenolide 7 (3.01g,
16.7 mmol, 91%) as a colorless oil.

One-pot procedure from nitrile 6

Me p-TsOH-H,0, Me

<4OH DMF, 90 °C, 16 h O o
MeZ Ho thenAc,0, DMAP  MeZ =
Me CN Et,N, RT, 24 h .
6 69% 7
C11H1oNO, (197.27 gimol) C11H160, (180.24 g/mol)
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A solution of diastereomeric nitrile 6 (293 mg, 1.49 mmol, 1.0 equiv) and para-toluenesulfonic acid monohydrate
(2.83 g, 149 mmol, 10 equiv) in anhydrous N,N-dimethylformamide (6 mL) under an argon atmosphere was
heated to 90 °C and stirred for 16 h. After TLC analysis indicated complete consumption of the starting material,
AcO (2.81mL, 29.7 mmol, 20 equiv), 4-(dimethylamino)pyridine (36.3 mg, 297 ymol, 20 mol%) and Et;N
(4.12mL, 29.7 mmol, 20 equiv) were added and stirring was continued for 24 h at ambient temperature. The
reaction was quenched by the addition of saturated aqueous NaHCO; (10 mL), the layers were seperated and the
aqueous phase was extracted with Et;O (§ x 10 mL). The combined organic extracts were washed with brine (20
mL), dried over anhydrous Na,SO, and concentrated under reduced pressure. The crude product was purified by
column chromatography (SiO,, pentane/EtOAc, 4:1) to afford butenolide 7 (186 mg, 1.03 mmol, 69%) as a
colorless oil.

[a]} =-95.6 (c = 1.00, CHCL).

"H NMR (700 MHz, CDCl3): § = 7.34 (d, ] = 5.6 Hz, 1H, H-3), 6.00 (d, ] = 5.6 Hz, 1H, H-2), 5.04 — 5.00 (m, 1H,
H-7), 2.03 - 1.96 (m, 1H, H-6), 1.94 — 1.88 (m, 1H, H-6), 1.85 (ddd, ] = 14.0 Hz, 10.5, 5.4 Hz, 1H, H-5), 1.72
(ddd, J = 14.0,10.7, 5.2 Hz, 1H, H-5), 1.67 - 1.66 (m, 3H, Me), 1.57 - 1.56 (m, 3H, Me), 1.46 (s, 3H, H-9) ppm.

13C NMR (176 MHz, CDCL): § = 172.7 (C-1), 160.4 (C-3), 132.9 (C-8), 123.0 (C-7), 120.6 (C-2), 89.0 (C-4),
38.4 (C-5),25.8 (Me),24.2 (C-9),22.6 (C-6), 17.8 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C;;H;60,K* [M+K*]: 219.0782, found 219.0793.

The spectroscopic data are in accordance with the literature.’

2.4 (5R)-5-Methyl-5-(3-oxoprop-1-yl)-3-oxolen-2-one (SI-3)

'¥Ieo Os o
\E),:O CH,Cl,, -78 °C 'gleo
Me\%/ = then PPhsy H T 0
Me -78°C - RT =
7 90% SI-3
C11H1602 (180.24 g/mol) CgH1003 (154.16 g/mol)

A solution of butenolide 7 (1.40 g, 7.77 mmol, 1.0 equiv) in CH,CL (77 mL) was cooled to ~78 °C and a stream of
ozone was passed through until a blue colour persisted. The excess ozone was then removed by saturating the
solution with oxygen until the blue colour faded and triphenylphosphine (2.44 g, 9.30 mmol, 1.2 equiv) was added.
The cooling bath was removed and the reaction mixture was warmed to ambient temperature. The crude solution
was dry-loaded onto silica and purified by column chromatography (SiO», pentane/EtOAc, 4:1 to 1:1 to 0:1) to
afford aldehyde SI-3 (1.08 g, 7.00 mmol, 90%) as a colorless oil.

0 8
5 Me
-0
7
H p o
S

[a]f} = -51.1 (c= 1.00, CHCL).

"H NMR (700 MHz, CDCL3): § = 9.71 (t, ] = 0.9 Hz, 1H, H-7), 7.31 (d, ] = 5.6 Hz, 1H, H-3), 6.01 (d, ] = 5.6 Hz,
1H, H-2), 2.50 (dddd, J = 18.7, 8.2, 6.0, 0.9 Hz, 1H, H-6), 2.39 (dddd, ] = 18.7, 8.1, 6.5, 0.9 Hz, 1H, H-6), 2.15
(ddd, J = 14.6,8.1, 6.0 Hz, 1H, H-5), 2.08 (ddd, ] = 14.6, 8.2, 6.5 Hz, 1H, H-S5), 1.48 (s, 3H, H-8) ppm.

BCNMR (176 MHz, CDCL): § = 200.5 (C-7), 172.2 (C-1), 160.0 (C-3), 121.0 (C-2), 87.8 (C-4), 38.0 (C-6),
29.7 (C-5),24.3 (C-8) ppm.

HRMS (ESI, pos.): m/z calcd for CsH1003Na* [M+Na*]: 177.0522, found 177.0515.

The spectroscopic data are in accordance with the literature.’
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2.5 (5R)-5-Methyl-5-(2-methylene-3-oxoprop-1-yl)-3-oxolen-2-one (SI-4)

o pyrrolidine,

o
Me CH,0, EtCO,H Me
H 0 —_—> 4 0
0 CHCly, 0
. 3\ 45°C, 45 min |-4\
- 85% S
C8H1oo3 (15416 g/mol) CgH1003(16617 g/mol)

Enal SI-4 was prepared in analogy to a reported procedure by PIHKO et al. for the a-methylenation of aldehydes.'” A
solution of aldehyde SI-3 (500 mg, 3.24 mmol, 1.0 equiv), aqueous formaldehyde (37 wt%, 362 pL, 4.87 mmol,
1.5 equiv), propionic acid (24.0 pL, 324 pmol, 10 mol%) and pyrrolidine (27.0 uL, 324 pmol, 10 mol%) in CH,Cl,
(13 mL) was heated to 45 °C and stirred for 1 h. The mixture was cooled to 0 °C, diluted with EtOAc (10 mL) and
carefully quenched with saturated aqueous NaHCO3 (10 mL). The layers were seperated and the aqueous phase
was extracted with EtOAc (3 x 10 mL). The combined organic layers were dried over anhydrous Na,SOy, filtered
and concentrated under reduced pressure. The residue was purified by column chromatography (SiO,,
pentane/Et,0, 4:1 to 1:2) to afford enal SI-4 (456 mg, 2.74 mmol, 85%) as a colorless oil.

One-pot procedure from butenolide 7

'\?Aeo 03, CH,Cly, —78 °C o Me
0 then PPhg . H .0
Mew/(\g): then CH,0, E1COH, ~/ 0
Me pyrrolidine, 45 °C, 1 h Sl-4
7 68%
C11H1602 (180.24 g/mol) CoH1003 (166.17 g/mol)

A solution of butenolide 7 (190 mg, 1.0S mmol, 1.0 equiv) in CH,Cl, (2.5 mL) was cooled to —78 °C and a stream
of ozone was passed through until a blue colour persisted. The excess ozone was then removed by saturating the
solution with oxygen until the blue colour faded and triphenylphosphine (276 mg, 1.0S mmol, 1.0 equiv) was
added. The cooling bath was removed and the reaction mixture was warmed to ambient temperature. Then
aqueous formaldehyde solution (37 wt%, 118 uL, 1.58 mmol, 1.5 equiv), propionic acid (8 pL, 10S ymmol,
10 mol%) and pyrrolidine (35 pL, 422 umol, 40 mol%) were added and stirring was continued at 45 °C for 1 h. The
mixture was cooled to 0 °C, diluted with EtOAc (S mL) and carefully quenched with saturated aqueous NaHCO;
(5 mL). The layers were seperated and the aqueous phase was extracted with EtOAc (3 x S mL). The combined
organic layers were dried over anhydrous Na,SOy, filtered and concentrated under reduced pressure. The residue
was purified by MPLC (dry-loaded onto Celite®, SiO», cyclohexane/EtOAc, 100:0 to 4:1 to 1:1) to afford enal SI-4
(119 mg, 713 pmol, 68%) as a colorless oil.

[a]}) = -4.4 (c=1.00, CHCL).

"H NMR (500 MHz, CDCl;): § = 9.41 (s, 1H, H-7), 7.24 (d, ] = 5.6 Hz, 1H, H-3), 6.49 (s, 1H, H-9), 6.19 (s, 1H,
H-9),5.88 (d, ] = 5.6 Hz, 1H, H-2), 2.88 (d, J = 13.7 Hz, 1H, H-S), 2.68 (d, ] = 13.7 Hz, 1H, H-5), 1.52 (s, 3H, H-
8) ppm.

I3C NMR (126 MHz, CDCl3): § = 194.2 (C-7), 172.3 (C-1), 159.5 (C-3), 143.0 (C-6), 140.2 (C-9), 120.9 (C-2),
87.3(C-4),35.4 (C-S),24.5 (C-8) ppm.

HRMS (ESI, pos.): m/z calcd for CoH1003Na* [M+Na*]: 189.0522, found 189.0526.

2.6 (SR)-5-Methyl-5-(3-(acetyloxy)-2-methyleneprop-1-yl)-3-oxolen-2-one (4)

e, ZHen) L Me
H)H‘/\[):o EtOAG, RT, 16 h ' 0
= 61% =
sl4 4
CgH1903 (166.17 g/mol) C11H1404 (210.23 g/mol)
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Allyl acetate 4 was prepared in analogy to a reported procedure by ZEYNIZADEH and SETAMDIDEH for the reductive
acetylation of carbonyl compounds.”’ To a solution of enal SI-4 (270 mg, 1.63 mmol, 1.0 equiv) in anhydrous
EtOAc (4.6 mL) at 0°C was added zinc borohydride pyridine complex (297 mg, 1.71 mmol, 1.05 equiv). The
resulting reaction mixture was warmed to ambient temperature and stirred for 16 h. The reaction was carefully
quenched with saturated aqueous NH4Cl (S mL). The layers were seperated and the aqueous phase was extracted
with EtOAc (3 x SmL). The combined organic layers were dried over anhydrous Na,SO., filtered and
concentrated under reduced pressure. Purification by column chromatography (SiO,, pentane/Et,O, 2:1 to 1:2)
afforded allyl acetate 4 (209 mg, 994 umol, 61%) as a colorless oil.

[a]} = -102 (c= 1.00, CHCL).

"H NMR (500 MHz, CDCl;): § = 7.38 (d, ] = 5.6 Hz, 1H, H-3), 6.03 (d, ] = 5.6 Hz, 1H, H-2), 5.25 - 5.24 (m, 1H,
H-9), 5.07 - 5.05 (m, 1H, H-9), 4.49 (s, 2H, H-7), 2.59 (d, ] = 14.3 Hz, 1H, H-5), 2.45 (d, ] = 14.3 Hz, 1H, H-5),
2.09 (s, 3H, Ac), 1.49 (s, 3H, H-8) ppm.

13C NMR (126 MHz, CDCl;): § = 172.2 (C-1), 170.7 (Ac), 159.7 (C-3), 137.6 (C-6), 121.2 (C-2), 118.9 (C-9),
88.0 (C-4),66.9 (C-7),41.9 (C-S),24.1 (C-8),21.0 (Ac) ppm.

HRMS (ESL, pos.): m/z caled for C;iH1404Na* [M+Na*]: 233.0784, found 233.0787; calcd for CiiH404K*
[M+K*]: 249.0524, found 249.0530.

2.7 (5R)-5-Methyl-5-(12-phenyl-2-methylenedodec-1-yl)-3-oxolen-2-one (3)

Palladium-catalyzed allylic substitution with hydrazone 8

Ph X .
oSy N2
OAc 8

l;/leo [Pd(allyl)Cl],, IPr-HCI, t-BuOLi Ph '\;"eo
: > 9
. =0 THF, 35°C, 24 h e
4 16% 3

C11H1404 (210.23 g/mol) C1gH1502 (242.31 g/mol)

The following procedure was done in analogy to a reported protocol by LI et al. for the palladium-catalyzed
alkylation of allyl acetates with hydrazones."

Preparation of the hydrazone 8: A mixture of 9-phenylnonanal (324 mg, 1.48 mmol, 1.0 equiv), hydrazine
monohydrate (86.5 pL, 1.79 mmol, 1.2 equiv) and anhydrous Na,SO4 (120 mg) in THF (1.2 mL) was stirred at
ambient temperature for 2 h. Then S A molecular sieves powder (150 mg) was added and the solution was dried
over night.

A flame-dried Schlenk tube was charged with 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride (10.0 mg,
24.0 pmol, 10mol%) and allylpalladium(II) chloride dimer (4.40 mg, 12.0 pmol, Smol%) under an argon
atmosphere. A solution of +-BuOLi (1 M in THF, 48.0 L, 48.0 pmol, 20 mol%) was added and the mixture was
stirred at ambient temperature for 1 h. Then a solution of allyl acetate 4 (50.0 mg, 238 umol, 1.0 equiv) in THF
(0.71 mL) was added and the mixture stirred for another 30 min before a solution of hydrazone 8 (1.25 M in THF,
0.24 mL, 300 pmol, 1.26 equiv) and t-BuOLi (1 M in THF, 480 uL, 480 pumol, 2.0 equiv) were added. The reaction
mixture was stirred at 35 °C for 24 h and then filtered through a short pad of Celite®, rinsing with CH,CL (3 x
SmL). The solvent was removed under reduced pressure and the crude product was purified by column
chromatography (SiO,, pentane/EtOAc, 8:1 to 6:1) to afford alkene 3 (13.8 mg, 389 umol, 16%) as a colorless oil.
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Iron-catalyzed allylic substitution with Grignard reagent 9

Ph
™ MgBr
9
OAc
H‘/ Ve LiCl, Fe(OAc), Ph Ve,
: - " A -
° (6]
\L/EO THF, 6060/C 3h ~
4 ° 3
C14H4404 (210.23 g/mol) C16H1802 (242.31 g/mol)

Preparation of the Grignard reagent (9-phenylnonylmagnesium bromide (9)): To a flame-dried Schlenk flask was
added freshly ground magnesium (146 mg, 6.00 mmol, 1.5 equiv) and the flask was once more dried by heating
with a heat gun under high vacuum while vigorously stirring the magnesium. After cooling to ambient temperature
the vessel was placed under an argon atmosphere and a solution of (9-bromononyl)benzene (1.13 g, 4.00 mmol,
1.0 equiv) in anhydrous THF (3 mL) was slowly added over a period of 1 h. Stirring was continued for 16 h and
then stopped. After the solids settled down, the clear solution was transferred with a syringe into another flame-
dried Schlenk flask and stored under an argon atmosphere. The concentration was determined by titration with
menthol in the presence of phenanthroline.'?

Alkene 3 was prepared in analogy to a procedure by JACOBI VON WANGELIN et al. for the iron-catalyzed alkylation
of allyl acetates with alkylmagnesium compounds.’* A Schlenk tube was charged with anhydrous Fe(OAc),
(4.9 mg, 28 ymol, 10 mol%) and anhydrous LiCl (16.6 mg, 392 umol, 1.4 equiv) and flame-dried under high
vacuum until bubbling ceased. Then a solution of allyl acetate 4 (58.8 mg, 280 pmol, 1.0 equiv) in THF (1.3 mL)
was added and the resulting mixture was cooled to 0 °C. The Grignard reagent 9 (0.9 M, 0.44 mL, 1.4 equiv) was
added dropwise over a period of 2 h and stirring was continued for further 1 h at 0 °C. The reaction was quenched
by the addition of 1 M HCI (2 mL) and the aqueous phase was extracted with EtOAc (3 x 2 mL). The combined
organic layers were washed with brine (2mL), dried over anhydrous Na,SO4 and concentrated under reduced
pressure. The crude product was purified by MPLC (dry-loaded onto Celite®, SiO,, cyclohexane/EtOAc, 100:1 to
10:1 to 6:1) to afford alkene 3 (65.4 mg, 185 pmol, 66%) as a colorless oil.

20 z 21
| 15 7 o 5 Ve
™ H
19 17 oY O 4
18 16 8 O
3 S

22 2

[a]}} = -12.3 (c= 1.00, CHCL).

'H NMR (700 MHz, CDCl;): § = 7.35 (d, ] = 5.6 Hz, 1H, H-3), 7.29 — 7.26 (m, 2H, H-19), 7.19 — 7.15 (m, 3H, H-
18,H-20),5.99 (d,] = 5.6 Hz, 1H, H-2), 4.94 — 4.93 (m, 1H, H-22), 4.81 — 4.79 (m, 1H, H-22), 2.60 (t, ] = 7.7 Hz,
2H, H-16),2.52 (d, ] = 13.9 Hz, 1H, H-5), 2.40 (d, ] = 13.9 Hz, 1H, H-5), 2.00 (t, ] = 7.7 Hz, 2H, H-7), 1.64 - 1.59
(m, 2H, H-15), 1.46 (s, 3H, H-21), 1.42 - 1.36 (m, 2H, H-9), 1.36 - 1.21 (m, 12H, CH,) ppm.

3C NMR (176 MHz, CDCl;): § = 172.5 (C-1), 160.4 (C-3), 143.6 (C-6), 143.1 (C-17), 128.5 (2C, C-18), 128.3
(2C, C-19), 125.7 (C-20), 120.6 (C-2), 115.4 (C-22), 88.7 (C-4), 44.9 (C-5), 37.0 (C-7), 36.1 (C-16), 31.6 (C-
15), 29.69 (CH,), 29.66 (CH,), 29.62 (CH), 29.61 (CHy), 29.44 (CH,), 29.35 (CH,), 27.9 (C-8), 24.1 (C-21)

HRMS (ESI, pos.): m/z calcd for C24H340,Na* [M+Na*]: 377.2451, found 377.2465.

The spectroscopic data are in accordance with the literature.'s

2.8 (3R,4aR,7aR)-3,4a-dimethyl-6-0x0-3-(10-phenyldec-1-yl)oxolano[ 3,2-c]-1,2-dioxane (1) and
(3S,4aR,7aR)-3,4a-dimethyl-6-oxo-3-(10-phenyldec-1-yl)oxolano[3,2-c]-1,2-dioxane (2)

05, Co(thd),, EtSiH

i-PrOH/1,2-DCE (1:3), Me Me Me Me
Ph i e, 0°C,28h . Ph%\?(io)zo . Ph : 0 o
M/\H/\L):O then TFE, TBAF, 0 °C, 15 min O‘O g O‘O A
3 77%, dr 1.2:1 H H
(-)-plakortolide I (2) (+)-plakortolide E (1)
Cy4H340, (354.53 g/mol) 1.2 . 1
CZ4H3604 (38854 g/mol) C24H3604 (38854 g/mol)
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A flame-dried Schlenk flask was charged with bis(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(II) (53.3 mg,
125 pmol, 30 mol%), 1,2-dichloroethane (6 mL) and half the amount of Et;SiH (80.0 uL, 501 pmol, 1.2 equiv). The
solution was saturated with a stream of oxygen for 5 min and stirred for 1 h under an atmosphere of oxygen. Then 3
(148 mg, 417 pmol, 1.0 equiv) and i-PrOH (2 mL) were added at 0 °C, followed by the dropwise addition of the
remaining half of Et;SiH (80.0 pL, 501 pmol, 1.2 equiv) in 1,2-dichloroethane (0.05 mL) over 3 h. After stirring for
28 h the reaction mixture was cooled to -5 °C and TFE (300 pL, 4.18 mmol, 10.0 equiv) and TBAF (1 M, 1.00 mL,
2.4 equiv) were added. The mixture was warmed to 0 °C and stirred for 15 min and then diluted with H,O (5 mL).
The layers were separated and the aqueous phase was extracted with CH,Cl, (3 x S mL). The combined organic
layers were dried over anhydrous Na,SOy, filtered and concentrated under reduced pressure. The crude product
was purified by column chromatography (SiO», pentane/CH,Cl, 1:3) to give 1 (57.0 mg, 147 pymol, 35%) as a
colorless solid and 2 (68.4 mg, 176 pmol, 42%) as a colorless oil.

(+)-Plakortolide E (1)

[a]2! = +10.1 (c= 1.00, CHCL); Lit.": [a] , = +8.0 (¢ = 0.0173, CHCL).

'"H NMR (700 MHz, CDCl3): § =7.29 — 7.26 (m, 2H, H-19), 7.19 — 7.16 (m, 3H, H-18, H-20), 4.45 (d, ] = 6.2 Hz,
1H, H-3),2.91 (dd, J = 18.5, 6.2 Hz, 1H, H-2), 2.65 - 2.58 (m, 1H, H-2), 2.60 (t, ] = 7.7 Hz, 2H, H-16),2.17 (d,] =
14.8 Hz, 1H, H-5), 1.71 (d, ] = 14.8 Hz, 1H, H-5), 1.64 - 1.59 (m, 2H, H-15), 1.58 - 1.51 (m, 1H, H-7), 1.51 — 1.46
(m, 1H, H-7), 1.38 (s, 3H, H-21), 1.29 (s, 2H, H-22), 1.38 - 1.24 (m, 14H, CH,) ppm.

3C NMR (176 MHz, CDCL3): § = 174.4 (C-1), 143.0 (C-17), 128.5 (2C, C-18), 128.3 (2C, C-19), 125.7 (C-20),
82.9 (C-4), 81.2 (C-3), 80.2 (C-6), 41.1 (C-7), 40.7 (C-5), 36.1 (C-16), 34.4 (C-2), 31.6 (C-15), 30.1 (CH,),
29.63 (2C, CH,), 29.59 (2C, CH,), 29.4 (CH>), 26.0 (C-21),23.2 (CH,), 22.5 (C-22) ppm.

HRMS (ESI, pos.): m/z calcd for C24H3604Na* [M+Na*]: 411.2506, found 411.2522.
m. p.: 54 - 55°C.

X-ray: Crystals were grown by slow evaporation of a solution of 1 in pentane and Et,O in a 1 mL vial at ambient
temperature.

6

The spectroscopic data are in accordance with the literature.'

(-)-Plakortolide I (2)

[a]}} = -5.8 (c= 1.00, CHCL); Lit."”: [a]} = -8 (¢ = 0.05, CHCL).

"H NMR (700 MHz, CDCly): § = 7.29 — 7.25 (m, 2H, H-19), 7.25 - 7.15 (m, 3H, H-18, H-20), 4.47 (d, ] = 6.0 Hz,
1H, H-3), 2.90 (dd, J = 18.5, 6.0 Hz, 1H, H-2), 2.60 (t, ] = 7.8 Hz, 2H, H-16), 2.56 (d, ] = 18.5 Hz, 1H, H-2), 2.27
(d,J = 15.0Hz, 1H, H-5), 1.77 — 1.70 (m, 1H, H-7), 1.65 (d, J = 15.0 Hz, 1H, H-5), 1.64 — 1.58 (m, 2H, H-15),
1.58 - 1.52 (m, 1H, H-7), 1.37 (s, 3H, H-21), 1.36 - 1.24 (m, 14H, CH,), 1.20 (s, 3H, H-22) ppm.

3C NMR (176 MHz, CDCl;): § = 174.2 (C-1), 143.1 (C-17), 128.5 (2C, C-18), 128.3 (2C, C-19), 125.6 (C-20),
82.6 (C-4),80.9 (C-3), 80.3 (C-6),40.3 (C-5),37.0 (C-7), 36.1 (C-16), 34.2 (C-2), 31.6 (C-15), 30.1 (CH,), 29.7
(CH,), 29.64 (2C, CH,), 29.59 (CH,), 29.4 (CH,), 26.0 (C-21), 25.0 (C-22), 23.8 (CH,) ppm.

HRMS (ESI, pos.): m/z calcd for C24H3604Na* [M+Na*]: 411.2506, found 411.2524.

The spectroscopic data are in accordance with the literature.'”

S8



185§

3. Comparison of NMR Data

3.1 (+)-Plakortolide E (1)

Table S1. Comparison of 'H and *C NMR Data for Isolated and Synthetic (+)-plakortolide E.?

Isolation® Synthetic Isolation® Synthetic
No. " CNMR (125 MHz) “CNMR (176 MHz) A/ppm 'HNMR (500 MHz) 'HNMR (700 MHz) A/ppm
8c/ppm© 8c/ppm© 8u/ppm (Jin Hz)? 8u/ppm (J in Hz)*
174.2 174.4 0.2
2 34.2 34.4 0.2 2.91dd (12.4,6.0) 2.91dd (18.5,6.2) 0
2.70d (12.4) 2.65-2.58m
3 80.1 81.2 1.1 4.44d(6.0) 4.45d(6.2) 0.01
82.0 82.9 0.9
5 39.5¢ 40.7 1.2 2.17d (15.0) 2.17d (14.8)
1.71d (15.0) 1.71d(14.8)
6 80.2 80.2 0
41.0° 41.1 0.1 1.50 m 1.58-1.51m
1.51 -1.46m
23.0° 1.25m
29.5 1.25m
10 29.5 1.25Sm
30.1,29.63,29.63, 29.59,
11 29.5 1.25Sm 1.38-1.24m
29.59,29.4,23.2
12 29.5 1.25Sm
13 29.5 1.25m
14 29.5 1.25m
15 314 31.6 0.2 1.58 m 1.64-1.59m
16 36.0° 36.1 0.1 2.60t(7.0) 2.60t(7.7) 0
17 1422 143.0 0.8
18 1283 128.5 0.2 7.19-7.16 m
19 1282 1283 0.1 7.20 - 725 m 7.29 -7.26 m
20 125.5 125.7 0.2 7.19-7.16 m
21 25.8 26.0 0.2 1.37s 1.38s 0.01
22 22.4° 22.5 0.1 1.27s 1.29s 0.02

a) All data were obtained in CDCl;. b) Data from reference 16; Revised structure (see reference 18), sample originally named as plakortolide I. c)
Chemical shifts are reported relative to the corresponding residual non-deuterated solvent signal (CDCls: §u = 7.26 ppm, 8c = 77.16 ppm). d)
Chemical shifts are reported relative to TMS (8u = 0 ppm). e) Revised assignments (see reference 18).
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3.2 (-)-Plakortolide I (2)

Table S2. Comparison of 'H and '*C NMR Data for Isolated and Synthetic (-)-plakortolide L.

Isolation® Synthetic Isolation® Synthetic
No. “CNMR(100MHz) "“CNMR(176MHz) A/ppm 'HNMR (300 MHz) 'HNMR (700 MHz) A/ppm
8c/ppm* 8c/ppm? 8u/ppm (J in Hz)* 8u/ppm (J in Hz)*
174.1 174.2 0.1
2 34.1 342 0.1 2.91dd (18.6,6.0) 2.90dd (18.5,6.0) 0.01
2.59dd (18.6,1.5) 2.56d (18.5) 0.03
3 80.8 80.3 0.5 4.49d(6.0) 4.47d(6.0) 0.02
82.5 82.6 0.1
40.2 40.3 0.1 2.28d(15.3) 2.27d (15.0) 0.01
1.66d (15.3) 1.65d (15.0) 0.01
6 80.2 80.3 0.1
7 36.9 37.0 0.1 1.75m 1.77-1.70 m
1.58-1.52m
23.7 127 m
9 29.5 1.30 m
10 29.6 1.30 m
30.1,29.7,29.64, 29.64,
11 29.9 1.30 m 1.36-1.24m
29.59,29.4,23.8
12 29.6 1.30m
13 29.5 1.30m
14 29.3 1.30m
15 315 31.6 0.1 1.57m 1.64 - 1.58 m
16 36.0 36.1 0.1 2.60t(7.8) 2.60t(7.8) 0
17 143.0 143.1 0.1
18 128.4 128.5 0.1 7.19m 725-7.15m
19 128.2 128.3 0.1 7.27 m 7.29-7.25m
20 125.5 125.6 0.1 7.19d (7.2) 725-7.15m
21 25.9 26.0 0.1 1.38s 1.37s 0.01
22 24.9 25.0 0.1 1.20s 1.20s 0

a) All data were obtained in CDCLs. b) Data from reference 17. c) Reference for chemical shifts not reported. d) Chemical shifts are reported relative to
the corresponding residual non-deuterated solvent signal (CDCL: 8u = 7.26 ppm, 8¢ = 77.16 ppm).
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4. X-ray data

(+)-Plakortolide E (1) (CCDC2074855) (Thermal Ellipsoids at 50% Probability)

Table S3. Crystal data of (+)-plakortolide E (1).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/

Y/

Volume/A3

Z

Peale/ gem™

p/mm™

F(000)

Crystal size/mm’®

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [1>=2¢ (1)]
Final R indexes [all data]
Largst diff. peak and hole/e.A™
Flack parameter

CCDC deposition number

C72H108012

1165.58

100.0

monoclinic

P2,

5.7306(2)
17.1506(7)
34.0117(14)

90

93.473(2)

90

3336.6(2)

2

1.160

0.611

1272.0

0.754 x 0.126 x 0.052
CuKa (A = 1.54178)
5.206 to 136.548
129589

12052 [Rine = 0.0410, Ryigma = 0.0174]

12052/6/860

1.034

R;=0.0380, wR, = 0.0906
R;1=0.0390, wR, =0.0915
0.45 and -0.63

0.02(2)

20748SS
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5.NMR Spectra
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cis-Lactone SI-2
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Butenolide 7
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Aldehyde SI-3
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Allyl acetate 4
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Alkene 3
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(+)-Plakortolide E (1)

1T17
1T
8T' 11
6211
0€ L
11
€1y
Z€' 1A
ZE 1N
€1
£’
ge'L ]
veL
veL ]
ve'L
€1
veL]
8L
8y
6v°L]
6 i
6v'L
0S'L
65°L
09'L
09'L
09'}
19')
29'L
z9'l
£9'L
0Ll
zlL
Sl'e
8LC
65T
09'C
19T
£9'C
€9'C
£9'C
€9'C
€9'C
£9'C
68'C
062
26T
€6'C
vy
Sv'y
9121
1121
vE
wri
8L/
9z'L
9z'L
9z'L
N
1T
8z,

8C'L

'H NMR (700 MHz, CDCl3)

e

o~owLANAN
e emoeoeN
- AN ®-

’V

i

00€

i

10"}

= 00}

© N
—Q
N ™

)

0.0

0.5

1.5 1.0

2.0

4.0 3.5 3.0 2.5

4.5

5.5 5.0
chemical shift (ppm)

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

10.0

€5'¢e
61'€C
10'9¢

cv'6e
65'6C

€9'6¢
:.om*
No.rm\
o' ve
60'9¢
99°0v
1124

£2°08~
vz 18—
06287

99°GZi~_
ze8ZL~
67’8zl

c0eyl—

VLl —

13C NMR (176 MHz, CDCl3)

T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift (ppm)

T
220

S20



167

(-)-Plakortolide I (2)
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1. General Information

1.1 Materials and Methods

Reactions with air or moisture sensitive substances were carried out under an argon atmosphere using standard
Schlenk technique. Ambient or room temperature (r.t.) refers to 18-23 °C. Heating of reactions was performed
with an oil bath unless otherwise noted.

Unless otherwise noted, all staring materials and reagents were purchased from commercial distributors and used
without further purification. (S)-3,3’-Dibromo-[1,1’-binaphthalene]-2,2’-diol (SI-9) is commercially available but
can easily be prepared in larger quantities. Anhydrous dichloromethane, Tetrahydrofuran (THF) and toluene were
provided by purification with a MBraun SPS-800 solvent system (BRAUN) using solvents of HPLC grade
purchased from FISCHER Scientific and ROTH. Anhydrous N,N-dimethylformamide (DMF) was purchased from
ACROS Organics. t-BuOH was was purchased from GRUSSING and stored under argon over activated molecular
sives. Triethylamine was distilled from calcium hydride and stored under argon over KOH. Solvents for extraction,
crystallization and flash column chromatography were purchased in technical grade and distilled under reduced
pressure prior to use.

Column chromatography was performed on silica 60 M (0.040-0.063 mm, 230-400 mesh, MACHEREY-NAGEL).

Medium pressure liquid chromatography (MPLC) was performed with a TELEDYNE ISCO Combi-Flash Rf200
using prepacked silica columns and cartridges from TELDYNE. UV response was monitored at 254 nm and
280 nm. As eluents, cyclohexane (99.5+% quality) and EtOAc (HPLC grade) were used.

Preparative high performance liquid chromatography (HPLC) was performed with a modular system from
KNAUER on a chiral column. As eluents, n-hexane (HPLC grade) and i-PrOH (HPLC grade) were used. The
specific conditions are given in each case.

The following compounds were prepared according to the literature: 2-iodocyclopent-2-enone (SI-4),' B-(prop-2-
en-1-yl)-1,3,2-dioxaborinane (SI-5),> 3,3-(ethylenedioxy)-3-phenylpropanal (7),® silica-supported sodium
hydrogen sulfate (NaHSO4-5i0,).*

1.2 Analysis

Reaction monitoring: Reactions were monitored by thin layer chromatography (TLC). TLC-analysis was
performed on silica gel coated aluminum plates ALUGRAM® Xtra SIL G/UV,s4 purchased from MACHEREY-
NAGEL. Products were visualized by UV light at 254 nm and by using staining reagents (based on KMnO, and
anisaldeyhde).

NMR spectroscopy: '"HNMR and *C NMR spectral data were recorded on JEOL (ECX 400, ECP 500) and
BRUKER (AVANCE III 500, AVANCE III 700) spectrometer in the reported deuterated solvents. The chemical
shifts (8) are listed in parts per million (ppm) and are reported relative to the corresponding residual non-
deuterated solvent signal (CDCls: 84 = 7.26 ppm, 8¢ = 77.16 ppm). Integrals are in accordance with assignments;
coupling constants (J) are given in Hz. Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), q
(quartet), br = broad and combinations thereof. In the case where no multiplicity could be identified, the chemical
shift range of the signal is given as m (multiplet). *C NMR spectra are 'H-broadband decoupled. For detailed peak
assignments 2D spectra were measured (COSY, HMQC, HMBC).

High resolution mass spectrometry: High resolution mass spectra (HRMS) were measured with an AGILENT
6210 ESI-TOF (10 pL/min, 1.0 bar, 4 kV) instrument.

Optical rotation: Optical rotation values were measured with a JACSO P-2000 polarimeter at 589 nm using
100 mm cells and the indicated solvent and concentration (g/100 mL) at the given temperatures.

Melting points: Melting points were determined by a digital melting point apparatus (Biichi B-545) and are
uncorrected.

Chiral GC: Enantiomeric excesses was determined by chiral GC using an AGILENT 6850 instrument equipped
with a chiral column. The specific conditions are given in each case.

X-ray: X-ray diffraction data was collected on a BRUKER D8 Venture CMOS area detector (Photon 100)
diffractometer with Cug, and Mok, radiation. Single crystals were coated with perfluoroether oil and mounted on a
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0.2 mm Micromount. The structures were solved with the ShelXT® structure solution program using intrinsic
phasing and refined with the ShelXLS refinement package using least squares on weighted F2 values for all
reflections using OLEX2.”

1.3 Flow Equipment

All flow experiments were carried out using a self-assembled flow platform as previously reported.®

Tubings, connectors and valves: FEP tubing (outer diameter 1/16”, inner diameter 1/32”) were obtained from
the company BOLA. T-mixers made from stainless steel 316L were provided by the company VICI. Tubings and
mixers were connected using either coned 10-32 UNF fittings made from stainless steel 316L obtained from
UPCHURCH SCIENTIFIC or flat bottom %-28 UNF gripper fittings made from PP or ETFE obtained from
DIBAFIT. Adapters for ¥4-28 UNF systems were made from PP or PTFE and were provided from UPCHURCH
SCIENTIFIC.
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2. Experimental Procedures and Analytical Data

Ketone § was prepared starting from cyclopent-2-enone (S$-3) in analogy to reported procedures. Although allylic
alcohol S-2 can be prepared by the direct asymmetric allylation of 2-methylcyclopent-2-enone (8-1) according to a
procedure by WALSH and co-workers,” we found that the strategy by TABER and co-workers via 2-iodocyclopent-2-

enone (S-4) gives higher enantiomeric excess.'

A — Asymmetric allylation strategy by WALSH and co-workers.

Sn(allyl)4 o

L H
Me O Ti(Oi-Pr)s, (R)}-BINOL Me \/
i-PrOH, CH,Cl,
rt,24h
S-1 (R)-8-2

75%, 87% ee

B — Asymmetric allylation strategy by TABER and co-workers.

9”j
/\/B\

(¢
o '2.KCOs o S-5 MeMgBr
DMAP | $-9 (5 mol%) 7 N|CI2 dppp
_—
6 THF/H,0 b t-BuOH (2 equiv) EtZO rt,6h
rt,4.5h rt, 16 h 3%
s3 80% S4 94%, 97% ee

(88% reisolated S-9)
[16.8 g scale]

(Sys-2 7%

(¢]
Me
KH 18-crown-6
THF reflux, 1 h
V
5

§ Synthesis of (S)-3,3™-dibromo-BINOL ($xx$).

BulLi
NaH MOMCI OMOM THF, 0°C 1h
OH THF 0°Ctort. OMOM then Br,, Pentan
16 h —78°Ctort, 16 h
93% 76%

(3) -BINOL

[o)Ne]

Br

OMOM NaHSO4 Sio, H
OMOM CHzCIZ,rt 3h H
94% O i

X Br |

Preliminary studies were conducted with the easier accessible racemat of silyl enol ether 6, which can be prepared
by copper-mediated conjugate addition of allylmagnesium bromide to 2-methylcyclopent-2-enone S-1. Thus,
crystals structures for the compounds 4, 14 and 15 were obtained as racemates. Cyanhydrin 14 was only prepared

in racemic form.

enantioselective

Me Nal, Et3N
TMSCI
DMF
> 145°C, 24 h
5 94%, rr 93:7
prersesssssseereaaees preliminary studies with easier accessible racemat .......................... ,
NaHMDS ‘
Me. solvent
Ph -78 cC, 5 min
_—
then NC
o nucleophile M
4 Me,Sio V'€
14
racemic
/\/MgBr

o) . )

Me Cul, LiBr, Me3SiCl
then EtsN
THF, =78 °C
S-1

78%
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2.1 Preliminary Studies with Racemic Silyl Enol Ether rac-6

All reaction conditions with racemic compounds are identical to those starting from enantioenriched silyl enol
ether 6. Procedures for compounds, that were only obtained as racemates, are reported in this section.

2.1.1 (2-Methyl-3-(prop-2-en-1-yl)cyclopent-1-en-1-yl) oxy)trimethylsilane (rac-6)

MgBr OSiMe.
o P Me 3
Me Cul, LiBr, Me;3SiCl
_—
\b then Et3N
THF, 78 °C
s 76% 7
CeHgO ’ rac-6
(96.13 g-mol") C15H2,08i
(210.39 g'mol-")

Racemic silyl enol ether rac-6 was prepared according to a reported procedure by WICHA et al.'" A flame-dried
three-neck round-bottom flask equipped with a dropping funnel was charged with LiBr (54.2 g, 624 mmol,
3.0 equiv) and Cul (119 g, 624 mmol, 3.0 equiv) and the salts were flame-dried under high vacuum until bubbling
ceased. Anhydrous THF (1 L) was added and the suspension was cooled to —78 °C. The allylmagnesium bromide
(1M in Et,O, 541 mL, 541 mmol, 2.6 equiv) was added dropwise and the resulting suspension was stirred for
30 min. Then 2-methylcyclopent-2-enone S-1 (20.0 g, 208 mmol, 1.0 equiv) and trimethylsilyl chloride (81.5 mL,
645 mmol, 3.1 equiv) were added and the reaction mixture was stirred for 60 min at —78 °C. Then Et;N (130 mL)
was added and the mixture was warmed to ambient temperature. A second portion of Et;N (130 mL) was added
and the mixture was diluted with n-pentane (1 L) and was left to rest for 15 min. The precipitate was removed by
filtration and the residue was rinsed with n-pentane (3 x). The filtrate was washed with saturated aqueous NaHCOj3
(1L) and the aqueous layer was extracted with n-pentane (3 x 500 mL). The combined organic layers were washed
with brine (500 mL), dried over anhydrous Na,SO, and concentrated under reduced pressure. The crude product
was purified by distillation (90 °C, S mbar) to yield silyl enol ether rac-6 (33.2 g, 158 mmol, 76%) as a colorless
liquid.

The analytical data are identical with those for enantioenriched silyl enol ether 6.

2.1.2 Attempted Dieckmann-Type Cyclization

not observed isolated product
base solvent T
KOt-Bu THF 0°C base
KOt-Bu Et,0 r.t.
KHMDS THF 0°C conditions
NaH Et,0/MeOH rt. H V.
rac-4 rac-13
CasHa204 CasH2503 Cu4H300,
(408.53 g:'mol~") (376.49 g-mol™) (350.49 g-mol™")

All reactions were performed on a 1-5 mg scale. Formation of the decarboxylation product rac-13 was observed
within several minutes in all cases. Purification was done either by column chromatography or preparative TLC
(Si0,, n-pentane/EtOAc, 50:1).

15), 5.89 (dddd, J = 17.1, 10.1, 7.7, 6.2 Hz, 1H, H-7), 5.74 (ddt, = 17.1, 10.1, 7.0 Hz, 1H, H-18), 5.68 (dddd, ] =
17.1,10.1, 8.7, 5.3 Hz, 1H, H-21), 5.13 - 5.09 (m, 1H, H-8), 5.07 - 5.03 (m, 2H, H-8, H-19), 5.01 — 4.95 (m, 2H,
H-19, H-22), 491 — 4.88 (m, 1H, H-22), 3.31 (dd, ] = 17.6, 5.6 Hz, 1H, H-11), 2.99 (dd, J = 17.6, 6.0 Hz, 1H, H-
11),2.61 (dddd, J = 9.8, 6.0, 5.6, 3.5 Hz, 1H, H-10), 2.49 (dddt, ] = 14.2, 6.9, 4.2, 1.3 Hz, 2H, H-17), 2.44 - 2.35
(m, 2H, H-6, H-20), 2.29 - 2.21 (m, 2H, H-3, H-4), 2.20 - 2.14 (m, 1H, H-5), 2.04 (dddt, ] = 14.2, 8.5, 7.2, 1.2 Hz,
1H, H-17), 1.96 - 1.88 (m, 2H, H-6, H-20), 1.19 - 1.12 (m, 1H, H-4), 0.83 (s, 3H, Me) ppm.
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13C NMR (176 MHz, CD,CL,): § = 223.4 (C-1),200.4 (C-12), 138.0 (C-21), 137.9 (C-13), 136.6 (C-18), 133.3 (C-16),
129.1 (C-15), 128.6 (C-14),117.0 (C-22), 116.6 (C-19), 116.3 (C-8), 54.0 (C-2), 50.1 (C-5), 40.9 (C-3), 39.7 (C-11),
38.5 (C-10), 36.3 (C-20), 35.6 (C-6), 34.6 (C-17),31.9 (C-4), 16.7 (Me) ppm.

2.1.3 (1R,3S,4R,5R,6R,8S)-5-methyl-8-((trimethylsilyl) oxy)-2-oxo-3-(oxophenylmethyl)-1,4,6-tris(prop-
2-en-1-yl)bicyclo[3.2.1]octan-8-carbonitrile (rac-14)

7 then 4
/ 0 Ph NaHMDS TMSCN, TBAF U o Ph
—_— —_—
% CHzClz, 78 °C, 5 min CH,Cly, rt. NC
0" Me ) Me °©
82% Me3SiO y/
c raFT-4O rac-14
251283 CygH37NO3Si
(376.49 g-mol1) (475.69 g-mol1)

A flame-dried Schlenk tube was charged with racemic triketone rac-4 (20.0mg, 53.0 ymol, 1.0 equiv) and
anhydrous CH,Cl, (200 pL) under an argon atmosphere. Sodium hexamethyldisilazide (1.9M in THF, 28 yL,
53.0 ymol, 1.0 equiv) was added at -78 °C and the solution was stirred for S min. Then trimethylsilyl cyanide
(33.2 uL, 266 pymol, 5.0 equiv) was added and the mixture was warmed to 0°C, followed by the addition of
tetrabutylammonium fluoride (1 M in THF, 5§3.1 pL, 53.0 pmol, 1.0 equiv) and removal of the cooling bath. After
stirring for 3 h at ambient temperature the reaction was quenched by the addition of saturated aqueous NaHCO3
(2 mL). The layers were separated, the aqueous phase was extracted with Et;O (3 x 2 mL), dried over Na,SO., and
concentrated under reduced pressure. The crude product was purified by preparative TLC (SiO,, n-
pentane/EtOAc, 6:1) to yield cyanohydrin rac-14 (20.7 mg, 435 mmol, 82%) as a colorless solid.

'H NMR (400 MHz, CDCl;): § = 7.80 — 7.75 (m, 2H, H-28), 7.56 — 7.50 (m, 1H, H-30), 7.48 - 7.39 (m, 2H, H-
29), 5.83 — 5.68 (m, 2H, H-12, H-17), 5.63 — 5.50 (m, 1H, H-22), 5.19 — 5.06 (m, 3H, H-13, H-18), 5.01 (d, ] =
10.2 Hz, 1H, H-13), 4.84 — 4.78 (m, 1H, H-23), 4.74 - 4.69 (m, 1H, H-23),4.11 (d,J = 11.0 Hz, 1H, H-1), 3.07 -
3.00 (m, 1H, H-8),2.87 (dd, J = 13.3, 5.2 Hz, 1H, H-11), 2.46 — 2.23 (m, 4H, H-6, H-16, H-21), 2.17 (dd, J = 13.3,
9.0Hz, 1H, H-11), 2.06 (dd, ] = 15.4, 8.9 Hz, 1H, H-5), 1.93 (dt, ] = 15.0, 7.8 Hz, 1H, H-21), 1.64 (dd, ] = 15.4,
5.7 Hz, 1H, H-5), 1.36 (s, 3H, Me), 0.30 (s, 9H, SiMe;) ppm.

13C NMR (176 MHz, CD,CL,): § =207.2 (C-9), 197.5 (C-26), 145.7 (C-2),139.2 (C-27), 137.2 (C-22), 136.9 (C-
17),135.1 (C-12),133.4 (C-30), 129.1 (C-29), 128.8 (C-28), 118.3 (C-13),117.5 (C-23), 117.2 (C-18), 87.6 (C-
3),62.7 (C-4),58.3 (C-1),52.8 (C-7), 42.9 (C-8), 38.5 (C-16), 36.9 (C-11), 36.7 (C-6), 36.4 (C-5), 35.7 (C-21),
18.3 (Me), 1.7 (SiMes) ppm.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of 15 in Et,O in a 1 mL vial until a
nearly saturated solution was reached. The solution was then left to rest at ambient temperature.

2.2 Synthesis of Enantioenriched 3-epi-Hypatulin B (17).
2.2.1(S)-2,2’-Bis(methoxymethoxy)-1,1’-binaphthalene (S-7)

O OH NaH, MOMCI OO OMOM
OH THFO0°Ctort,16h OMOM
0 w00

(S)-BINOL s7
C20H1402 C24H2204
(286.32 g-mol-") (374.43 g-mol-")

BINOL S-7 was prepared according to a procedure by and et al."> NaH (60 wt%, 1.12 g, 27.9 mmol, 4.0 equiv) was
added to a a flame-dried round-bottom flask under an argon atmosphere, washed with hexane and then suspended
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in anhydrous THF (20mL). The flask was immersed in an ice bath and a solution of (S)-BINOL (2.00g,
6.99 mmol, 1.0 equiv) in anhydrous THF (12 mL) was added dropwise. The mixture was stirred at 0 °C until the
evolution of gas ceased and then stirred for additional 30 min. Then chloro(methoxy)methane (1.11mL,
14.7 mmol, 2.1 equiv) was added dropwise and stirring was continued for 16 h, while warming to ambient
temperature. The mixture was diluted with Et,O(80 mL), washed with water (3 x 25 mL), dried over anhydrous
MgSO,, and filtered through a plug of silica. The solvent was removed under reduced pressure and the crude
product was purified by column chromatography (SiO,, n-pentane/Et,O, 4:1) to give ether $-7 (2.42g
6.46 mmol, 93%) as a colorless solid.

'H NMR (400 MHz, CDCl3): § = 7.95 (d, ] = 9.0 Hz, 2H, H-4), 7.88 (d, ] = 8.2 Hz, 2H, H-5), 7.58 (d, ] = 9.0 Hz,
2H,H-3),7.35(ddd, J = 8.2,6.7, 1.3 Hz, 2H, H-6), 7.23 (ddd, ] = 8.5, 6.7, 1.3 Hz, 2H, H-7), 7.16 (d, ] = 8.5 Hz, 2H,
H-8),5.09 (d, ] = 6.8 Hz, 2H, CH.), 4.98 (d, ] = 6.8 Hz, 2H, CHa), 3.15 (s, 6H, OMe) ppm.

The spectroscopic data are in accordance with the literature.'

2.2.2 (S)-3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’-binaphthalene (S-8)

Br
OO e OO
omom _ THRO0°C 1h OMOM
OMOM then Br,, Pentan OMOM
OO _78°Ctort, 16 h OO
Br

76%

S-7 S-8
Ca24H2204 C24H20Br204
(374.43 g-mol™") (532.22 g-mol~")

BINOL S-8 was prepared according to a procedure by WILLS and et al.'> To a flame-dried Schlenk flask containing
a solution of ether §-7 (3.18 g, 8.49 mmol, 1.0 equiv) in anhydrous THF (37 mL) under an argon atmosphere was
added n-BuLi (2.5 M in hexanes, 8.15 mL, 20.4 mmol, 2.4 equiv) at —78 °C. The mixture was then warmed to 0 °C,
stirred for 1h and then cooled to —78 °C again. A solution of bromine (1.30 mL, 25.5 mmol, 3.0 equiv) in n-
pentane (6.8 mL) was added over a period of 20 min. After complete addition the reaction mixture was warmed to
ambient temperature and stirred for 16 h. The reaction was quenched by the addition of saturated aqueous Na,SO;
(20 mL), and the aqueous phase was extracted with EtOAc (3 x 20 mL). The combined organic layers were dried
over anhydrous Na;SO4 and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO,, n-pentane/Et,0, 10:1 to 4:1) to give ether S-8 (3.45 g, 6.48 mmol, 76%) as a colorless
solid.

5 4
3

6 Br
L
7 0" OMe

8 1

! l O__-OMe
Br

"H NMR (400 MHz, CDCL): § = 8.27 (s, 2H, H-4), 7.80 (dur, ] = 8.2 Hz, 2H, H-5), 7.44 (ddd, ] = 8.2, 6.8, 1.1 Hz,
2H, H-6), 7.30 (ddd, ] = 8.5, 6.8, 1.3 Hz, 2H, H-7), 7.18 (dd, J = 8.5, 1.1 Hz, 2H, H-8), 4.83 (d, ] = 5.8 Hz, 2H,
CH,), 4.81 (d, ] = 5.8 Hz, 2H, CH,), 2.57 (s, 6H, OMe) ppm.

The spectroscopic data are in accordance with the literature.'
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2.2.3 (S)-3,3’-Dibromo-[1,1’-binaphthalene]-2,2’-diol (S-9)

o o4

OMOM NaHSO,'SiO, OH

~ O OMOM  CH,Cly, rt, 3h OH
w0

X Br Br

S-8 S-9
C24H20Br204 C20H12Br20;
(532.22 g-mol-1) (444.12 g-mol-1)

BINOL S$-9 was prepared in analogy to a reported procedure by DAS et al. for the deprotection of phenolic
methoxymethyl ethers.'> Activated (vacuum-dried and hot) NaHSO4-8iO; (5.1 g) was added to a solution of ether
S-8 (2.30g, 4.32mmol) in anhydrous CH,Cl, (60mL) and the reaction mixture was stirred at ambient
temperature. After 2h TLC analysis indicated incomplete conversion of the starting material and additional
NaHS048i0; (2.0 g) was added and stirring was continued for 1 h. The mixture was dry-loaded onto silica and
purified by column chromatography (SiO,, n-pentane/Et,O, 5:1) to give BINOL §-9 (1.80 g, 4.05 mmol, 94%) as

a colorless solid.
5 4
6 3_Br
Ik
7 OH

8 1
O
Br
"H NMR (400 MHz, CDCl;): § = 8.26 (s, 2H, H-4), 7.82 (d, ] = 8.2 Hz, 2H, H-5), 7.39 (ddd, ] = 8.2, 6.8, 1.3 Hz,
2H, H-6),7.31 (ddd, J = 8.5, 6.8, 1.2 Hz, 2H, H-7), 7.10 (d, ] = 8.5 Hz, 2H, H-8), 5.54 (s, 2H, OH) ppm.
m.p.: 255 -257°C

The spectroscopic data are in accordance with the literature.'

2.2.4 (S)-2-Iodo-1-(prop-2-en-1-yl)cyclopent-2-enol (S-6)

f.fj
/\/B\o

S-5
LF $-9 (5 mol%) , 1O
Wé t-BuOH (2 equiv) ”
rt, 16 h
S-4 94%, 97% ee S-6
CsHs10 (88% reisolated $-9) CgH11I0
(208.00 g-mol-") (250.08 g-mol")

Alcohol S-6 was prepared according to a reported procedure by TABER and et al.'’ A flame-dried Schlenk flask was
charged with BINOL S-9 (1.79 g, 4.03 mmol, S mol%), allyl boronate S$-5 (15.2g, 121 mmol, 1.5 equiv), and
anhydrous +-BuOH (15.1 mL, 161 mmol, 2.0 equiv) under an argon atmosphere. The suspension was stirred for
about 10 min at ambient temperature until the catalyst was completely dissvoled. Then enon S$-4 (16.8 ¢,
80.6 mmol, 1.0 equiv) was added and the reaction mixture was stirred at ambient temperature for 16 h. The
solution was diluted with Et,O (10 mL) and washed with 1 M aqueous NaOH (3 x 10 mL). The aqueous phase was
extracted with Et;0 (3 x 10mL) and the combined organic extracts were dried over anhydrous Na,SO, and
concentrated under reduced pressure. The crude product was purified by column chromatography (SiO», n-
pentane/Et,0, 8:1 to 6:1) to give alcohol §-6 (18.9 g, 75.7 mmol, 94%, 97% ee) as a yellow wax.

The combined aqueous layers were acidified with 1 M HCl until a pH value of 1 was reached and then extracted
with Et;O (3 x 10 mL). The combined organic extracts were dried over anhydrous Na,SO4 and concentrated under
reduced pressure. BINOL $-9 (1.58 g, 3.56 mmol, 88%) was reisolated as a colorless solid, that was pure enough for

HQG Y
IW
3

S8

further use.
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[a]? = +9.0 (c= 1.00, CHCL).

'H NMR (600 MHz, CDCl;): § = 6.25 (t, ] = 2.5 Hz, 1H, H-3), 5.78 - 5.70 (m, 1H, H-7), 5.21 - 5.16 (m, 1H, H-
8), 5.15 - 5.12 (m, 1H, H-8), 2.49 — 2.42 (m, 1H, H-4), 2.39 (dd, J = 13.7, 7.9 Hz, 1H, H-6), 2.30 (dd, ] = 13.7,
6.7 Hz, 1H, H-6), 2.29 - 2.19 (m, 2H, H-4, H-5), 1.96 - 1.90 (m, 1H, H-5), 1.88 (s, 1H, OH) ppm.

3C NMR (151 MHz, CDCl3): § = 141.9 (C-3), 132.7 (C-7), 119.2 (C-8), 106.7 (C-2), 86.2 (C-1), 44.8 (C-6),
33.3(C-5),33.0 (C-4) ppm.

HRMS (ESI, pos.): m/z calcd for CsH;;IONa* [M+Na*]: 272.9747, found 272.9748.

GC (Hydrodex-p-TBDAc; temperature gradient 50-190 °C; 1.1 mL/min; split 50:1; FID 300 °C): tz(minor) =
11.27 min, tr(major) = 11.49 min.

The spectroscopic data are in accordance with the literature.'

2.2.5 (S)-2-Methyl-1-(prop-2-en-1-yl)cyclopent-2-enol ((S)-S-2)

MeMgBr (2.3 equiv)

"9 Nickdppp (05 mal%) e 3~
Et,0, rt, 6 h

93%

S-6 (S)-8-2
CgH1110 CoH140
(250.08 g-mol~") (138.21 g-mol")

Alcohol (S)-S-2 was prepared in analogy to a reported procedure by TABER and BERRY.> A flame-dried Schlenk
flask was charged with dichloro(1,3-bis(diphenylphosphino)propane)nickel (51.0 mg, 94.0 umol, S mol%) and
anhydrous Et;O (85 mL) under an argon atmosphere. A solution of methylmagnesium bromide (3 M, 14.4 mL,
43.2 mmol, 2.3 equiv) was added and the mixture was stirred for 10 min. A change of color from orange to yellow
occurred during the addition. The flask was immersed in a water bath (16 °C) and a solution of vinyl iodide S-6
(4.70 g, 18.8 mmol, 1.0 equiv) in anhydrous Et,O (23 mL) was added dropwise. The reaction mixture was stirred at
room temperature for S h. After analysis indicated complete consumption of the starting material Na,SO3 (10.5 g)
was added and the mixture was stirred vigorously for 15 min. The solution was degassed with argon while ice-cold
saturated aqueous N2,$,0; (105 mL) was added. The mixture was rapidly transferred to a separatory funnel and
the layers were separated. The aqueous phase was extracted with Et;0 (3 x 85 mL). The organic layers were
collected in an Erlenmeyer flask charged with Na,SO3, Na;SO, and a magnetic stir bar and vigorously stirred to
ensure complete removal of water. The combined organic extracts were filtered through a pad of silica and
concentrated under reduced pressure (40°C, 400 mbar and then 25°C, 150 mbar). The crude product was
immediatly purified by column chromatography (SiO,, n-pentane/Et,O, 2:1) to give alcohol (S)-S-2 (2.42 g,

17.5 mmol, 93%) as a light yellow oil.
8
6
0 Me\%\/
7
3

'H NMR (700 MHz, CD,CL): § =5.77 (dddd, J = 17.1,10.2, 7.8, 6.8 Hz, 1H, H-7), 5.48 (tq, ] = 2.3, 1.5 Hz, 1H, H-
3), 5.12 (ddt, J = 17.1, 2.2, 1.5 Hz, 1H, H-8), 5.07 (ddt, ] = 10.2, 2.2, 1.1 Hz, 1H, H-8), 2.39 (ddt, ] = 13.6, 7.8,
1.3Hz, 1H, H-6), 2.31 - 2.25 (m, 2H, H-4, H-6), 2.17 - 2.07 (m, 2H, H-4, H-5), 1.78 - 1.74 (m, 1H, H-5), 1.69 —
1.68 (m, 4H, Me, OH) ppm.

I3C NMR (176 MHz, CD,CL,): § = 143.9 (C-2), 134.9 (C-7), 128.0 (C-3), 118.2 (C-8), 85.6 (C-1), 43.6 (C-6),
38.1(C-5),29.3 (C-4),11.8 (Me) ppm.

[a]} = +2.7 (c = 1.00, CH,CL).

HRMS (ESI, pos.): m/z caled for CoH1sONa* [M+Na*]: 161.0937, found 161.0943.

The spectroscopic data are in accordance with the literature.’
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2.2.6 (28,3S)-2-Methyl-3-(prop-2-en-1-yl)cyclopentan-1-one (5)

HO
Me 3 / KH, 18-crown-6
B E—
THF, reflux, 1 h

Me,,

(Sy6-2 77%, dr 10:1 _
CoH140 5
(138.21 g-mol") CgH140

(138.21 g-mol~")

Ketone § was prepared in analogy to a reported procedure by TABER and et al. for the oxy-Cope rearrangement of
1,2-allylated cyclic enones.’® A flame-dried two-neck round-bottom flask equipped with a reflux condensor was
charged with KH (30 wt%, 5.80 g, 43.4mmol, 1.5 equiv) under an argon atmosphere. The KH was washed with
three portions of n-pentane and dried under reduced pressure. The flask was flushed with argon again and
anhydrous THF (340 mL) was added, followed by the addition of a solution of alcohol (§)-S-2 (4.00 g, 28.9 mmol,
1.0 equiv) and 18-crown-6 (8.14 g, 30.8 mmol, 1.07 equiv) in ahydrous THF (50 mL). The reaction mixture was
heated to reflux for 1h, then cooled to 0°C and quenched with aqueous 2M HCI (200 mL). The solution was
diluted with Et,O (200 mL) and the layers were separated. The aqueous layer was extracted with Et,O (2 x
100 mL) and the combined organic extracts were washed with brine (200 mL), dried over anhydrous Na,SO4 and
concentrated under reduced pressure (25 °C, 180 mbar and then 0 °C, 80 mbar). The crude product was purified by
column chromatography (SiO», n-pentane/Et,0, 1:0, then 10:1 to 6:1) to give ketone § (3.07 g, 22.2 mmol, 77%,
dr 10:1) as a yellow oil.

[a]? = +60.2 (c = 1.00, CHCL).

'H NMR (700 MHz, CDCL): § = 5.82 (ddt, J = 17.2, 10.2, 7.1 Hz, 1H, H-7), 5.08 (d, ] = 17.2 Hz, 1H, H-8), 5.05
(d,] =102 Hz, 1H, H-8), 2.46 - 2.41 (m, 1H, H-6), 2.34 (dd, ] = 17.3, 8.6 Hz, 1H, H-5), 2.16 - 2.02 (m, 3H, H-4,
H-5,H-6), 1.79 - 1.68 (m, 3H, H-2, H-3), 1.49 - 1.39 (m, 1H, H-4), 1.07 (d, ] = 6.4 Hz, 3H, Me) ppm.

I3C NMR (176 MHz, CDCl;3): § =221.7%,221.1 (C-1), 136.8%,135.9 (C-7), 116.7 (C-8), 116.3*,49.8 (C-2), 47.1%,
44.5(C-3), 39.6% 38.4 (C-6),37.4 (C-5), 35.9%,33.8%,26.9 (C-4), 25.1%,12.7 (Me), 9.8* ppm.

Signals of the minor isomer indicated by *.
HRMS (ESI, pos.): m/z caled for CoH1sONa* [M+Na*]: 161.0937, found 161.0939.

The spectroscopic data are in accordance with the literature.'

2.2.7 ((S)-(2-Methyl-3-(prop-2-en-1-yl)cyclopent-1-en-1-yl)oxy)trimethylsilane (6)

(0] OSiMe3 OSiMej3
Me Me Me
Nal, Et3N, TMSCI
—_— +
DMF, 145 °C, 24 h
Y 94%, (6/S-10 = 93:7) 7 yZ
5 6 S-10
CoH140 C12H2,0Si C12H220Si
(138.21 g'mol~") (210.39 g'mol~") (210.39 g'mol")

A pressure tube was flushed with argon and charged with ketone § (3.70 g, 26.8 mmol, 1.0 equiv), anhydrous N,N-
dimethylformamide (8.1 mL), Nal (201 mg, 1.34 mmol, 5 mol%), Et;N (12.3 mL, 88.3 mmol, 3.3 equiv) and
trimethylsilyl chloride (10.1 mL, 80.3 mmol, 3.0 equiv). The reaction mixture was heated to 145 °C and stirred for
24 h. The conversion and ratio of regioisomers was monitored by '"H NMR spectroscopy. The mixture was cooled
to 0 °C, diluted with n-pentane (100 mL) and quenched with ice-cold saturated aqueous NaHCOj; (100 mL). The
layers were separated and the aqueous phase was extracted with n-pentane (3 x 100 mL). The combined organic
layers were dried over anhydrous MgSO,, filtered through a pad of silica with n-pentane and concentrated under
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reduced pressure to give a mixture of both silyl enol ethers 6 and $-10 (5.30 g, 25.2 mmol, 94%, 6/S-10 = 93:7) as a

yellow oil. The obtained product was pure enough and directly used in the next step without further purification.
OSiMe;
1

[a]Z = -3.9 (¢ = 1.00, CH,CL).

'H NMR (600 MHz, C¢Ds): 8§ = 5.77 (ddt, J = 17.2, 10.1, 7.0 Hz, 1H, H-7), 5.07 - 5.01 (m, 2H, H-8), 2.49 (s, 1H,
H-3),2.30 - 2.16 (m, 3H, H-5, H-6), 1.97 - 1.91 (m, 1H, H-6), 1.91 — 1.84 (m, 1H, H-4), 1.59 (s, 3H, Me), 1.55 -
1.43 (m, 1H, H-4), 0.14 (s, 9H, SiMe;) ppm.

13C NMR (151 MHz, C¢Dg): 8§ = 147.6 (C-1), 137.4 (C-7),115.9 (C-8), 115.4 (C-2), 44.7 (C-3),39.0 (C-6), 33.1
(C-5),26.2 (C-4),10.6 (Me), 0.7 (SiMes) ppm.

The spectroscopic data are in accordance with the literature."

2.2.8 (2R,3S)-2-(1-hydroxy-2-(2-phenyl-1,3-dioxolan-2-yl)ethyl)-2-methyl-3-(prop-2-en-1-

yl)cyclopentanone (8)
(o
(0]
Ph  CHO
OTMS 7 (')/\ 0
Me Me @]
BF3-OEt, Ph
"
CH,Cl, HO
-78°C,4h
/ 10 .
6 91%, dr 3:2 y
C12H220Si (10S)-8 (10R)-8
(210,39 g-mol~") CooH604 CaoH2604

(330.42 g-mol") (330.42 g-mol")

Ketone 8 was prepared in analogy to a reporte procedure by LEI et al.'® A flame-dried Schlenk flask was charged
with silyl enol ether 6 (13.0 g, 61.8 mmol, 1.0 equiv) and anhydrous CH,CL, (600 mL). The solution was cooled to
-78°C and aldehyde 7 (61.8 g, 61.8 mmol, 1.0 equiv) was added, followed by the dropwise addition of boron
trifluoride etherate (8.61 mL, 67.9 mmo], 1.1 equiv). The reaction mixture was stirred for 3 h, then allowed to warm
to —20 °C and quenched with saturated aqueous NaHCO; (300 mL). The layers were separated and the aqueous
phase was extracted with CH,Cl, (3 x 200 mL). The combined organic layers were washed with brine (200 mL),
dried over anhydrous Na,SO,4 and concentrated under reduced pressure. The crude product was purified by
column chromatography (SiO», n-pentane/EtOAc, 10:1, then 5:1) to yield a mixture of epimeric ketones (10S)-8
and (10R)-8 (18.6 g, 56.3 mmol, 91%, dr 3:2) as a colorless oil.

A sample of both diastereoisomers could be separated by column chromatography and characterized.

(2R,35)-2-((R)-1-hydroxy-2-(2-phenyl-1,3-dioxolan-2-yl)ethyl)-2-methyl-3-(prop-2-en-1-
yl)cyclopentanone ((10R)-8)

[a]}} = +25.8 (c = 1.00, CH,CL).

'H NMR (700 MHz, CDCL): § = 7.46 — 7.43 (m, 2H, H-14), 7.37 - 7.33 (m, 2H, H-15), 7.33 - 7.29 (m, 1H, H-
16), 5.85 - 5.77 (m, 1H, H-7), 5.05 (d, ] = 17.2 Hz, 1H, H-8), 4.99 (d, ] = 10.6 Hz, 1H, H-8), 4.14 — 4.07 (m, 1H,
OCH.), 4.07 - 4.02 (m, 1H, OCHy,), 3.94 (d, ] = 10.8 Hz, 1H, H-10), 3.87 - 3.81 (m, 1H, OCHy,), 3.75 - 3.69 (m,
2H, OCH,, OH), 2.55 - 2.48 (m, 1H, H-3), 2.43 - 2.37 (m, 2H, H-6, H-11), 2.26 (dd, J = 18.1, 8.0 Hz, 1H, H-5),
2.17 -2.01 (m, 3H, H-4, H-5, H-11), 1.94 - 1.87 (m, 1H, H-6), 1.38 — 1.30 (m, 1H, H-4), 0.86 (s, 3H, Me) ppm.
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13C NMR (176 MHz, CDCl3): § = 222.6 (C-1), 142.0 (C-13), 137.3 (C-7), 128.5 (C-15), 128.4 (C-16), 125.7 (C-
14), 115.9 (C-8), 111.0 (C-12), 71.0 (C-10), 64.8 (OCH,), 64.0 (OCH,), 54.2 (C-2), 41.3 (C-11), 40.9 (C-3),
38.9 (C-5),35.1(C-6),25.2 (C-4), 14.6 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C30H2604Na* [M+Na*]: 353.1723, found 353.1727.
m.p.: 52 - 58 °C.

X-ray: Crystals were grown by slow evaporation of a solution of (10R)-8 in n-pentane and Et,O in a 1 mL vial at
ambient temperature.

(2R,35)-2-((S)-1-hydroxy-2-(2-phenyl-1,3-dioxolan-2-yl)ethyl)-2-methyl-3-(prop-2-en-1-
yl)cyclopentanone ((10S)-8)

[alZ! = +25.9 (c = 1.00, CH,CL).

'H NMR (700 MHz, CDCl;): § = 7.46 — 7.43 (m, 2H, H-14), 7.38 - 7.34 (m, 2H, H-15), 7.33 - 7.30 (m, 1H, H-
16), 5.78 (dddd, J = 17.1, 10.1, 8.2, 5.8 Hz, 1H, H-7), 5.04 - 5.00 (m, 1H, H-8), 4.99 — 4.96 (m, 1H, H-8), 4.13 -
4.07 (m, 2H, H-10, OCH.), 4.04 (td, ] = 7.5, 5.5 Hz, 1H, OCH.), 3.83 (td, ] = 7.6, 5.5 Hz, 1H, OCH,), 3.71 (td, ] =
7.6, 6.4 Hz, 1H, OCH,), 3.53 (d, ] = 1.3 Hz, 1H, OH), 2.56 (tdd, ] = 11.4, 6.1, 3.4 Hz, 1H, H-3), 2.32 - 2.24 (m,
2H, H-5, H-6), 2.20 - 2.11 (m, 3H, H-4, H-5, H-11), 1.95 (dd, ] = 14.7, 10.4 Hz, 1H, H-11), 1.85 (dddt, J = 13.6,
11.4,8.2,1.1 Hz, 1H, H-6), 1.31 - 1.24 (m, 1H, H-4), 0.78 (s, 3H, Me) ppm.

13C NMR (176 MHz, CDCl;): § = 222.9 (C-1), 141.9 (C-13), 137.0 (C-7), 128.6 (C-15), 128.4 (C-16), 125.6 (C-
14), 116.0 (C-8), 110.8 (C-12), 72.0 (C-10), 64.8 (OCHa), 64.2 (OCH,), 54.1 (C-2), 41.6 (C-11), 38.9 (C-3),
38.7 (C-5), 36.7 (C-6),25.8 (C-4), 14.2 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C30H2604Na* [M+Na*]: 353.1723, found 353.1719.

2.2.9 (2R,3S)-2-methyl-2-((E)-3-0xo0-3-phenylprop-1-en-1-yl)-3-(prop-2-en-1-yl)cyclopentan-1-one (9)

o S
M
e’ \Me £ prsonH,o PR O\§
— >
HO Me,CO
reflux, 3 h
7 92% 7
8 9

Ca20H2604 C1gH2002

(330,42 g-mol") (268.35 g-mol~")

A solution of 8 (13.1g, 39.5 mmol, 1.0 equiv) and para-toluenesulfonic acid monohydrate (15.0 g, 79.1 mmol,
2.0 equiv) in acetone (400 mL) was heated to reflux for 3 h and then cooled to room temperature. The mixture was
concentrated to about half its volume under reduced pressure and saturated aqueous NaHCO; (150 mL) was
added. The layers were separated and the aqueous phase was extracted with EtOAc (3 x 100 mL). The combined
organic layers were dried over anhydrous Na,SO4 and concentrated under reduced pressure. The crude product
was purified by column chromatography (SiO», n-pentane/EtOAc, 5:1) to give enone 9 (9.75 g, 36.3 mmol, 92%)
as a yellow oil.

[a]}} =-36.0 (c = 1.00, CHCL).
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'H NMR (700 MHz, CDCl;): § =7.92 (d, ] = 7.2 Hz, 2H, H-14), 7.56 (t, ] = 7.4 Hz, 1H, H-16), 7.47 (t, ] = 7.7 Hz,
2H,H-15),6.95 (d,J = 15.7 Hz, 1H,H-11), 6.91 (d, ] = 15.7 Hz, 1H, H-10), 5.84 - 5.74 (m, 1H, H-7), 5.10 (dby, ] =
17.0 Hz, 1H, H-8), 5.05 (dw, J = 10.1 Hz, 1H, H-8), 2.48 (ddd, ] = 19.2, 8.5, 1.8 Hz, 1H, H-5), 2.34 - 2.26 (m, 3H,
H-3, H-4, H-6), 2.23 - 2.15 (m, 1H, H-5), 2.07 - 1.99 (m, 1H, H-6), 1.66 - 1.57 (m, 1H, H-4), 1.16 (s, 3H, Me)
ppm.

13C NMR (176 MHz, CDCl;): § = 218.5 (C-1), 190.6 (C-12), 150.3 (C-10), 137.9 (C-13), 136.1 (C-7), 133.0 (C-
16), 128.8 (C-14), 128.7 (C-15), 125.9 (C-11), 116.8 (C-8), 55.0 (C-2), 46.3 (C-3), 37.1 (C-5), 34.5 (C-6), 25.1
(C-4),15.7 (Me) ppm.

HRMS (ESI, pos.): m/z caled for CisH,10," [M+H*]: 269.1536, found 269.1539.

2.2.10 (2R,3R,5R)-2-methyl-2-((E)-3-oxo-3-phenylprop-1-en1-yl)-3,5-bis(prop-2-en-1-yl)cyclopentan-1-
one (S-11)

NaHMDS
P\ M THE -78°C, 20 min

then allyl iodide
DMPU, —100 °C, 15 min

66%

S-11
C18H2002 C21H2402
(268.35 g-mol~T) (308.41 g-mol~")

A flame-dried Schlenk flask was charged with enone 9 (11.1g, 41.4 mmol, 1.0 equiv) and anhydrous THF
(480 mL) under an argon atmosphere. Sodium hexamethyldisilazide (1.9 M in THF, 21.8 mL, 41.4 mmol, 1.0
equiv) was added at —78 °C and the reaction mixture was stirred for 20 min. The resulting orange solution was
cooled to —100°C and allyl iodide (3.8 mL, 41.4 mmol, 1.0 equiv) in 1,3-dimethyl-1,3-diazinan-2-one (DMPU,
80 mL) was added over 15 min. After the addition, TLC indicated complete consumption of the starting material
and the reaction was quenched with saturated aqueous NaHCOj3 (200 mL) and diluted with EtOAc (200 mL). The
layers were separated and the aqueous phase was extracted with EtOAc (3 x 200 mL) and the combined organic
layers were washed with brine (200 mL), dried over Na,SO4, and concentrated under reduced pressure. The crude
product was purified by MPLC (dry-loaded onto Celite®, SiO,, cyclohexane/EtOAc, 20:1) to afford enon S-11
(8.36.g,27.1 mmol, 66%) as a colorless oil.

[al2} = +2.3 (c= 1.00, CHCL).

'H NMR (600 MHz, CDCl;): § = 7.96 - 7.88 (m, 2H, H-14), 7.58 - 7.54 (tt, ] = 6.8, 1.2 Hz, 1H, H-16), 7.46 (d,] =
8.0 Hz, 2H, H-15), 6.92 (d, ] = 15.7, 1H, H-11), 6.89 (d, ] = 15.7 Hz, 1H, H-10), 5.83 - 5.66 (m, 2H, H-7, H-18),
5.13 - 5.00 (m, 4H, H-8, H-19), 2.51 (tt, ] = 9.2, 4.3, 1H, H-5), 2.46 — 2.40 (m, 1H, H-17), 2.35 - 2.26 (m, 2H, H-
3,H-6),2.16 - 2.08 (m, 1H, H-17), 2.02 - 1.91 (m, 2H, H-4, H-6), 1.83 (dt, ] = 13.5, 9.2, 1H, H-4), 1.19 (s, 3H,
Me) ppm.

3C NMR (151 MHz, CDCl;): § = 219.8 (C-1), 190.4 (C-12), 150.3 (C-10), 137.8 (C-13), 136.1 (C-7), 135.4 (C-
18),133.0 (C-16), 128.8 (C-14), 128.7 (C-15), 125.9 (C-11), 117.3 (C-19), 116.8 (C-8), 55.7 (C-2), 45.6 (C-5),
43.6 (C-3),35.6 (C-17),34.5 (C-6),30.0 (C-4), 16.3 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C51H240,Na* [M+Na*]: 331.1669, found 331.1681.

The relative configuration was deduced by NOE correlations.
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GOESY

2.55 240 2.25 2.10 1.95 1.80 1.30 1.1

2.2.11 (1R,3R 4R )-methyl 3-methyl-2-0x0-3-((E)-3-0xo0-3-phenylprop-1-en-1-yl)-1,4-bis(prop-2-en-1-
yl)cyclopentanecarboxylate (10)

[0}
NaHMDS

0
pr” Y Ve \> THF, -78 °C, 40 min
o then MeO,CCN

—78 °C, 20 min
Vi 90%
S-11
C21H2402 C23H2604
(308.41 g-mol-") (366,45 g-mol")

A flame-dried Schlenk flask was charged with enone S-11 (4.04 g, 13.1 mmol, 1.0 equiv) and anhydrous THF
(160mL) under an argon atmosphere. Sodium hexamethyldisilazide (1.9M in THF, 14.4mL, 28.8 mmol,
2.2 equiv) was added at —78 °C and the reaction mixture was stirred for 40 min. To the dark red solution was added
methyl cyanoformate (2.50 mL, 31.4 mmol, 2.4 equiv) and stirring at —~78 °C was continued for 20 min. The
reaction was quenched by addition of saturated aqueous NaHCOj; (50 mL), H,O (50 mL), and brine (50 mL) and
diluted with EtOAc (50 mL). was added and the layers were separated. The layers were separated and the aqueous
phase was extracted with EtOAc (3 x SOmL) and the combined organic layers were dried over Na,SO4, and
concentrated under reduced pressure. The crude product was purified by MPLC (dry-loaded onto Celite®, SiO2,
cyclohexane/EtOAc, 20:1 to 6:1) to give ester 10 (4.34 g, 11.9 mmol, 90%) as a colorless oil.

[a]}} = -45.0 (c = 1.00, CHCL).

'H NMR (600 MHz, CDCl3): § = 7.94 — 7.91 (m, 2H, H-14), 7.58 — 7.54 (m, 1H, H-16), 7.49 — 7.45 (m, 2H, H-
15), 6.96 (d, J = 15.7 Hz, 1H, H-11), 6.90 (d, J = 15.7 Hz, 1H, H-10), 5.78 (ddt, J=17.0, 10.1, 6.8 Hz, 1H, H-7),
5.69 - 5.60 (m, 1H, H-18), 5.15 - 5.14 (m, 1H, H-19), 5.13 - 5.08 (m, 2H, H-8, H-19), 5.07 - 5.04 (m, 1H, H-8),
3.70 (s, 3H, OMe), 2.71 (dd, ] = 13.9, 7.8 Hz, 1H, H-17), 2.55 - 2.47 (m, 3H, H-3, H-4, H-17), 2.32 - 2.25 (m, 1H,
H-6),2.06 - 1.99 (m, 1H, H-6), 1.65 - 1.59 (m, 1H, H-4), 1.14 (s, 3H, Me) ppm.

13C NMR (151 MHz, CDCl3): § = 213.9 (C-1), 190.5 (C-12), 171.0 (C-20), 150.1 (C-10), 137.9 (C-13), 135.9
(C-7),133.0 (C-16), 132.8 (C-18), 128.8 (C-14), 128.7 (C-15), 125.6 (C-11), 119.8 (C-19), 116.9 (C-8), 61.4
(C-5),55.1(C-2),53.0 (OMe), 43.3 (C-3),39.0 (C-17),35.1 (C-4), 34.5 (C-6), 16.6 (Me) ppm.

HRMS (ESI, pos.): m/z calcd for C33Hy604Na* [M+Na*]: 389.1723, found 389.1741.
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2.2.12 (1R,3R 4R )-methyl 3-methyl-2-0x0-3-((R)-1-0x0-1-phenylhex-5-en-3-yl)-1,4-bis(prop-2-en-1-
yl)cyclopentanecarboxylate (11)

/\/SiMeg
Me3SiCl, InCls

""ICOZMe CH,Cly, rt., 4 h
58%, dr 1:2.4

10 1 S-12
Ca23H2604 CoeH3204 Co26H3204
(366.45 g-mol-1) (408.53 g-mol-1) (408.53 g-mol-1)

Ketone 12 was prepared in analogy to a procedure by LEE et al.'¢ Anhydrous InCl; (42.6 mg, 192 pmol, 15 mol%),
trimethylsily chloride (814 pL, 6.14 mmol, 5.0 equiv), and allyltrimethylsilane (306 pL, 1.92 mmol, 1.5 equiv) were
added sequentially to a solution of enone 10 (470 mg, 1.28 mmol, 1.0 equiv) in anhydrous CH,Cl, (3.9 mL). The
reaction mixture was stirred for 4 h at ambient temperature and then washed with saturated aqueous NaHCOj3
(4mL). The aqueous phase was extracted with CH,CL (3 x S mL) and the combined organic layers were dried
over Na;SOy4 and concentrated under reduced pressure. After purification by column chromatography (SiO,, n-
pentane/EtOAc, 30:1) to give a mixture of epimeric ketones 11 and S-12 (302 mg, 739 pmoL, 58%, dr 1:2.4) was
obtained as a colorless oil.

Both epimers 11 and S-12 can be separated by HPLC (1% i-PrOH/n-hexane, Chiralpak IA, 32 mm x 250 mm, UV
detection at 254 nm, 18 mL/min, tr(minor) = 11.19 min, tr(major) = 12.53 min.). Alternatively, the mixture can be
used for the next steps and both corresponding diastereomers can be separated at the stage of the triketone 4.

(1R,3R,4R)-methyl 3-methyl-2-0x0-3-((R)-1-0xo-1-phenylhex-5-en-3-yl)-1,4-bis(prop-2-en-1-yl)cyclopen-
tanecarboxylate (11)

[a]}/ = +12.1 (c= 1.00, CH,CL).

'H NMR (700 MHz, CDCl;) § = 8.01 - 7.93 (m, 2H, H-14), 7.59 - 7.50 (m, 1H, H-16), 7.50 - 7.40 (m, 2H, H-
15), 5.88 (dddd, J = 17.1, 10.2, 7.6, 6.1 Hz, 1H, H-7), 5.69 — 5.54 (m, 2H, H-18, H-22), 5.18 - 5.09 (m, 1H, H-8),
5.13 - 5.03 (m, 3H, H-8, H-19), 4.94 (dtd, ] = 17.1, 1.9, 1.1 Hz, 1H, H-23), 4.89 (dtd, ] = 10.1, 1.7, 0.7 Hz, 1H, H-
23),3.67 (s, 3H, OMe), 3.47 (dd, ] = 18.1, 5.8 Hz, 1H, H-11), 2.95 (dd, ] = 18.1, 5.4 Hz, 1H, H-11), 2.77 (ddt, ] =
13.9,7.5, 1.1 Hz, 1H, H-17), 2.67 - 2.62 (m, 2H, H-4, H-10), 2.49 (dddd, ] = 12.0, 10.4, 6.6, 3.9 Hz, 1H, H-3), 2.45
-2.40 (m, 1H, H-6), 2.31 - 2.25 (m, 2H, H-17, H-21), 1.93 (dddt, ] = 13.9, 10.4, 7.6, 1.2 Hz, 1H, H-6), 1.76 (dddt,
J=14.1,10.3,8.5,0.9 Hz, 1H, H-21), 1.41 (t,] = 13.4, 12.0 Hz, 1H, H-4), 0.90 (s, 3H, Me) ppm.

13C NMR (176 MHz, CDCIl;) § =217.9 (C-1),200.1 (C-12), 170.0 (C-20), 137.4 (C-22),137.3 (C-13), 136.5 (C-
7),133.1 (C-18), 133.0 (C-16), 128.7 (C-15), 128.2 (C-14), 119.1 (C-19), 117.0 (C-23), 116.5 (C-8), 61.9 (C-3),
54.8 (C-2), 52.8 (OMe), 40.8 (C-17), 39.7 (C-3), 38.9 (C-11), 37.2 (C-10), 35.6 (C-21), 34.9 (C-6), 34.7 (C-4),
17.6 (Me).

HRMS (ESI, pos.): m/z calcd for C;6H3,04Na* [M+Na*]: 431.2193, found 431.2208.

(1R,3R,4R)-methyl 3-methyl-2-ox0-3-((S)-1-oxo0-1-phenylhex-5-en-3-yl)-1,4-bis(prop-2-en-1-yl)cyclopen-
tanecarboxylate (S-12)

15),5.82 (dddd, = 16.9, 10.1, 7.8, 6.0 Hz, 1H, H-7), 5.67 — 5.58 (m, 2H, H-18, H-22), 5.13 - 5.04 (m, 4H, H-8, H-
19),4.94 (dtd, J = 16.9, 1.9, 1.0 Hz, 1H, H-23), 4.83 (dt, ] = 10.1, 1.7 Hz, 1H, H-23), 3.65 (s, 3H, OMe), 2.98 (dd, J
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=17.9,4.1Hz, 1H, H-11),2.91 (dd, ] = 17.9, 6.5 Hz, 1H, H-11), 2.76 (dd, ] = 13.9, 7.5 Hz, 1H, H-17), 2.66 (ddt, |
=10.5, 6.5, 4.1 Hz, 1H, H-10), 2.58 (dd, ] = 13.5, 6.6 Hz, 1H, H-4), 2.51 — 2.40 (m, 1H, H-6), 2.36 — 2.22 (m, 3H,
H-3,H-17, H-21), 2.17 (dt, ] = 13.9, 9.7 Hz, 1H, H-21), 1.90 (ddd, J = 13.7, 10.8, 7.8 Hz, 1H, H-6), 1.39 (dd, ] =
13.5,11.9 Hz, 1H, H-4), 0.98 (s, 3H, Me) ppm.

13C NMR (151 MHz, CDCl;): § = 217.5 (C-1), 199.1 (C-12), 170.3 (C-20), 137.7 (C-22), 137.4 (C-13), 136.5
(C-7), 133.1 (C-18), 132.9 (C-16), 128.6 (C-15), 128.0 (C-14), 119.1 (C-19), 116.8 (C-23), 116.5 (C-8), 61.4
(C-5), 54.7 (C-2), 52.8 (OMe), 40.5 (C-3), 40.5 (C-17), 39.4 (C-11), 38.0 (C-10), 35.8 (C-21), 35.5 (C-6), 35.0
(C-4),16.6 (Me) ppm.

2.2.13 (1R,3R 4R )-methyl 3-methyl-2-o0xo0-3-((R,E)-1-phenyl-1-((trimethylsilyl)oxy)hexa-1,5-dien-3-yl)-
1,4-bis(prop-2-en-1-yl)cyclopentanecarboxylate (12)

Preparation of silyl enol ether 13 from enone 10

o Me;Si0
/\/SiMe3
Me3SiCl, InCly

.""COZMe CHyCly, rt., 4 h
then Et3N, 5 min

63%, dr 1:2
10 s-13
C23H2604 Ca29H4004Si Co9H4004Si
(366.45 g-mol~") (480.71 g-mol™") (480.71 g-mol~")

Anhydrous InCl; (60.4 mg, 273 pmol, 20 mol%), trimethylsily chloride (1.73 mL, 13.6 mmol, 10 equiv), and
allyltrimethylsilane (1.08 mL, 6.82 mmol, 5.0 equiv) were added sequentially to a solution of enone 10 (500 mg,
1.36 mmol, 1.0 equiv) in anhydrous CH,CL, (4.0 mL). The reaction mixture was stirred at ambient temperature,
while the reaction progress was monitored by TLC. After 60 min TLC analysis indicated complete consumption of
the starting material, anhydrous Et;N (1.90 mL, 13.6 mmol, 1.0 equiv) was added and stirring was continued for
S min. Then n-pentane (4 mL) was added and the resulting suspension was filtered through a plug of Celite®. The
filtrate was washed with saturated aqueous NaHCO; (8 mL) and the aqueous phase was extracted with CH,Cl, (3
x 8 mL). The combined organic layers were dried over Na,SO4 and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography (SiO,, n-pentane/EtOAc, 100:1 to 50:1) to
give a mixture of epimeric silyl enol ethers 12 and $-13 (410 mg, 853 umoL, 58%, dr 1:2) as a colorless oil.

The mixture can be used for the next steps and both 12 and S-13 can be separated at the stage of the triketone 4.

Preparation of silyl enol ether 12 from ketone 11

(0]
PR NaHMDS, Me;SiCl
7 “coMe THF.~78°C,30min
then r.t., 30 min
85%
1" )
Co6H3204 C29Hg004Si
(408.53 g-mol1) (480.71 g-mol~")

A flame-dried Schlenk tube was charged with ketone 11 (146 mg, 358 ymol, 1.0 equiv) and anhydrous THF
(4.7 mL) under an argon atmosphere. Sodium hexamethyldisilazide (1.9 M in THF, 0.28 mL, 537 pymol, 1.5 equiv)
was added at —78 °C and the solution was stirred for 30 min. Then trimethylsilyl chloride (226 pL, 1.79 4.67 mmol,
5.0 equiv) was added and the reaction mixture was warmed to ambient temperature and stirred for 2 h. The
reaction was quenched by the addition of saturated aqueous NaHCOj; (4 mL) and the aqueous phase was extracted
with CH,CL (3 x 8 mL). The combined organic layers were dried over Na,SO4 and the solvent was removed under
reduced pressure. The crude product was purified by column chromatography (SiO,, n-pentane/EtOAc, 100:1 to
50:1) to give silyl enol ether 12 (146 mg, 304 pmoL, 85%) as a colorless oil.
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'H NMR (700 MHz, CD,Cl,): § = 7.46 - 7.38 (m, 2H, H-14), 7.34 — 7.28 (m, 2H, H-15), 7.27 - 7.23 (m, 1H, H-
16), 5.89 (dddd, J = 17.1, 10.1, 7.9, 6.0 Hz, 1H, H-7), 5.83 — 5.70 (m, 1H, H-22), 5.61 (ddt, ] = 17.3, 10.1, 7.3 Hz,
1H, H-18), 5.12 - 5.08 (m, 1H, H-8), 5.12 (d, J = 10.4 Hz, 1H, H-11), 5.08 — 5.00 (m, 4H, H-8, H-19, H-23), 4.94
(ddt, J =10.0,2.1, 1.0 Hz, 1H, H-23), 3.55 (s, 3H, OMe), 2.78 (td, J = 11.1, 10.4, 3.1 Hz, 1H, H-21), 2.74 (ddt, ] =
13.9,7.5, 1.1 Hz, 1H, H-17), 2.64 (dd, ] = 13.4, 6.6 Hz, 1H, H-4), 2.48 (tdd, ] = 10.6, 6.7, 3.6 Hz, 1H, H-3), 2.42 —
2.35 (m, 2H, H-6, H-21), 2.24 — 2.20 (m, 1H, H-17), 1.93 - 1.84 (m, 2H, H-6, H-21), 1.42 - 1.32 (m, 1H, H-4),
0.94 (s, 3H, Me), 0.10 (s, 9H, SiMe;) ppm.

13C NMR (176 MHz, CD,Cl): § = 217.0 (C-1), 170.5 (C-20), 151.6 (C-12), 140.2 (C-13), 138.5 (C-22), 137.6
(C-7),134.0 (C-18), 128.6 (C-15), 128.3 (C-16), 126.6 (C-14), 118.9 (C-19), 116.3 (C-8), 115.9 (C-23), 111.9
(C-11),61.9 (C-5), 55.8 (C-2), 52.9 (OMe), 42.1 (C-10), 41.1 (C-17), 40.4 (C-3), 36.1 (C-6), 35.6 (C-21),35.2
(C-4),16.7 (Me), 1.3 (SiMe;) ppm.

HRMS (ESI, pos.): m/z caled for C2oH4004SiNa* [M+Na*]: 503.2588, found 503.2610.

2.2.14 (1R,3R,4R)-3-methyl-2-ox0-3-((R,E)-1-phenyl-1-((trimethylsilyl ) oxy)hexa-1,5-dien-3-yl)-1,4-
bis(prop-2-en-1-yl)cyclopentanecarbaldehyde (S-14)

DIBAL-H
CH,Cl,
—100 °C, 30 min
70%
S-14
C2oH4004Si C2gH303Si
(480.71 g-mol™") (450.69 g-mol-")

A flame-dried Schlenk flask was charged with ester 12 (840 mg, 1.75 mmol, 1.0 equiv) and anhydrous CH,Cl,
(13 mL) under an argon amtmosphere. The solution was cooled to ~100 °C and diisobutylaluminium hydride (1 M
in hexane, 4.37 mL, 4.37 mmol, 2.5 equiv) was added over a period of 30 min. Then the reaction was quenched by
the addition of EtOAc (1.71 mL, 17.5 mmol, 10 equiv) followed by saturated aqueous NaHCO3 (1S mL). The
layers were crudely separated and the organic layer was washed with saturated aqueous NaHCOj3 again. This
process was repeated until a clear separation was observed. The collected aqueous phases were extracted with
EtOAc (3 x 15mL) and the combined organic extracts were washed with brine (15 mL), dried over anhydrous
over Na,SOy and concentrated under reduced pressure. The crude product was purified by MPLC (dry-loaded
onto Celite®, Si0,, cyclohexane/EtOAc, 80:1 to 50:1 to 20:1) to give aldehyde S-14 (550 mg, 1.22 mmol, 70%) as a
colorless oil.

[a]2’ =-13.1 (c = 1.00, CH,CL).

'H NMR (400 MHz, CD,Cl,) § = 9.24 (d, ] = 1.4 Hz, 1H, H-20), 7.44 — 7.37 (m, 2H, H-14), 7.34 - 7.22 (m, 3H,
H-15,H-16), 5.96 - 5.83 (m, 1H, H-7), 5.73 (ddt, ] = 17.1, 10.1, 7.1 Hz, 1H, H-22), 5.52 (dddd, J = 17.0, 10.2, 7.8,
6.9 Hz, 1H, H-18), 5.15 - 491 (m, 7H, H-8, H-11, H-19, H-23), 2.77 (td, ] = 10.8, 3.2 Hz, 1H, H-10), 2.68 - 2.56
(m, 2H, H-4, H-17), 2.45 — 2.25 (m, 3H, H-3, H-6, H-17), 1.97 - 1.82 (m, 2H, H-21), 1.39 (dt, ] = 11.0, 2.4 Hz,
1H, H-4), 0.94 (s, 3H, Me), 0.09 (s, 9H, SiMe;) ppm.

13C NMR (176 MHz, CD,Cl,): § =217.4 (C-1), 197.8 (C-20), 151.8 (C-12), 140.1 (C-13), 138.2 (C-22), 137.4
(C-7),132.7 (C-18), 128.6 (C-15), 128.3 (C-16), 126.6 (C-14), 119.7 (C-19), 116.5 (C-8), 116.1 (C-23), 111.9
(C-11), 68.9 (C-5), 55.9 (C-2), 41.6 (C-10), 39.6 (C-3), 38.5 (C-17), 36.1 (C-6), 35.8 (21), 31.0 (C-4), 16.6
(Me), 1.3 (SiMes) ppm.
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HRMS (ESI, pos.): m/z caled for C,3H3303SiNa* [M+Na*]: 473.2482, found 473.2478.

2.2.15 (1S,3S,4R,5R,6R )-5-methyl-3-(oxophenylmethyl)-1,4,6-tris(prop-2-en-1-yl)bicyclo[ 3.2.1]octan-
2,8-dione (4)

1. BF5-OEt,
CH,Clp, —40 °C, 4 h

>

2. DMP
CH,Cly, rt., 2h
89% over two steps
S-14 CasH2803
CugH3503Si (376.49 g-mol’1)
(450.69 g-mol™")

A flame-dried Schlenk flask was charged with aldehyde S-14 (550 mg, 1.22 mmol, 1.0 equiv) and anhydrous
CH,CL, (16 mL) under an argon amtmosphere. To the solution was added boron trifluoride etherate (619 pL,
4.88 mmol, 4.0 equiv) at —78 °C. The reaction mixture was then warmed to —40 °C and stirred for 4 h. The reaction
was quenched with saturated aqueous NaHCOj3 (15 mL) and extracted with CH,Cl, (3 x 15 mL). The combined
organic phases were washed with brine (15 mL) and dried over anhydrous over Na,SO,. The solvent was removed
under reduced pressure to give a crude mixture of diastereomeric f-hydroxy ketones.

The crude product was dissolved in anhydrous CH,Cl, (12mL) and Dess-Martin periodinane (555 mg,
1.31 mmol, 1.1 equiv) was added. The reaction mixture was stirred at ambient temperature for 2 h. Then n-pentane
(30mL) was added and the suspension was filtered through a plug of Celite®. The filtrate was dry-loaded onto
Celite® and purified by column chromatography (SiO», n-pentane/EtOAc, 20:1 to 8:1) to afford triketone 4
(405 mg, 1.08 mg, 89% over two steps) as a colorless solid.

[a]2’ = +8.2 (c = 1.00, CH,CL).

'H NMR (700 MHz, CDCl;): § = 7.81 (d, ] = 7.8 Hz, 2H, H-28), 7.56 (t,] = 7.8 Hz, 1H, H-30), 7.45 (t,] = 7.8 Hz,
1H, H-29), 5.75 - 5.66 (m, 2H, H-12, H-17), 5.61 — 5.53 (m, 1H, H-22), 5.14 — 5.05 (m, 4H, H-13, H-18), 4.84 (d,
J = 16.6 Hz, 1H, H-23), 4.74 (d, ] = 10.5 Hz, 1H, H-23), 4.61 (d, ] = 11.3 Hz, 1H, H-1), 2.53 - 2.46 (m, 3H, H-6,
H-8,H-11),2.46 — 2.39 (m, 2H, H-11, H-21), 2.32 - 2.28 (m, 1H, H-16), 2.20 (dd, J = 14.8,9.7 Hz, 1H, H-5), 2.13
-2.07 (m, 1H, H-21), 1.82 (dd, ] = 14.8, 4.3 Hz, 1H, H-5), 1.73 - 1.67 (m, 1H, H-16), 1.23 (s, 3H, Me) ppm.

13C NMR (176 MHz, CDCl;): § = 209.6 (C-3), 203.9 (C-9), 196.8 (C-26), 138.2 (C-27), 135.7 (C-22),135.2 (C-
17),133.8 (C-12), 133.3 (C-30), 128.8 (C-29), 128.5 (C-28), 118.9 (C-13), 118.3 (C-23), 118.2 (5), 67.5 (C-4),
57.8 (C-1),54.5(C-7),43.4 (C-8),37.8 (C-16),35.1 (C-21),34.0 (C-6),33.6 (C-5),31.7 (C-11), 15.4 (Me) ppm.

HRMS (ESI, pos.): m/z caled for C2sHas03Na* [M+Na*]: 399.1931, found 399.1938.
m.p.: 106 - 108 °C.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of 4 in Et;O in a 1 mL vial until a
nearly saturated solution was reached. The solution was then left to rest at ambient temperature.
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2.2.17 (1R,3S,4R,5R ,6R,8S)-8-hydroxy-8-(1-methoxypropa-1,2-dien-1-yl)-5-methyl-3-
(oxophenylmethyl)-1,4,6-tris(prop-2-en-1-yl)bicyclo[3.2.1]octan-2-one (15)

then OMe

/’ Li

NaHMDS Ph TMEDA
>
PhMe, -78 °C, 5 min (on PhMe, —90 °C, 1.5 h
0" Me 72%
CasH2503 CogH3404
(376.49 g-mol-") (446.58 g-mol-")

Preparation of methoxyallenyllithium: To a flame-dried Schlenk tube was added anhydrous toluene (660 puL) and
methoxyallene (104 L, 1.07 mmol, 6.1 equiv) under an argon atmosphere. The reaction was cooled to 50 °C and
n-BuLi (2.5 M in hexanes, 420 pL, 1.05 mmol, 6.0 equiv) was added. The reaction mixture was stirred at -50 °C to -
40°C over Smin. Then anhydrous N,N,N’,N’-tetramethylethylenediamine (158 yL, 1.0S mmol, 6.0 equiv) was
added and the mixture was cooled to -78 °C.

A flame-dried Schlenk tube was charged with triketone 4 (66.0 mg, 175 pmol, 1.0 equiv) and anhydrous toluene
(660 pL) under an argon atmosphere. Sodium hexamethyldisilazide (1.9 M in THF, 102 pL, 193 pymol, 1.1 equiv)
was added at 78 °C and the solution was stirred for S min. Then the mixture cooled to —90 °C and the prepared
solution of methoxyallenyllithium was added. Stirring was continued at -90°C for 1.5h. The reaction was
quenched by the addition of saturated aqueous NaHCO5 (S mL). The layers were separated, the aqueous phase
was extracted with Et,O (3 X S mL), and the combined organic layers were washed with brine (20 mL), dried over
Na,SO4, and concentrated under reduced pressure. The crude product was purified by MPLC (dry-loaded onto
Celite®, SiO,, cyclohexane/EtOAc, 25:1 to 10:1) to yield methoxyallene 15 (56.4 mg, 126 mmol, 72%) as a
colorless solid.

[al2! = -3.44 (c = 1.00, CH,CL).

'H NMR (700 MHz, CD,Cl,): § = 7.84 — 7.82 (m, 2H, H-28), 7.56 — 7.52 (m, 1H, 30), 7.46 — 7.42 (m, 2H, H-29),
5.91-5.79 (m, 2H, 9, H-12, H-17), 5.76 (d, ] = 7.9 Hz, 1H, H-32), 5.71 (d, ] = 7.9 Hz, 1H, H-32), 5.55 (dddd, ] =
16.9, 9.9, 8.4, 6.1 Hz, 1H, H-22), 5.08 (d, ] = 17.2, 1H, H-18), 5.04 — 4.98 (m, 2H, H-13, H-18), 494 (d, ] =
10.1 Hz, 1H, H-13), 4.78 (dq, ] = 17.0, 1.8 Hz, 1H, H-23), 4.63 (d, ] = 10.0 Hz, 1H, H-23),4.13 (d, ] = 10.4 Hz, 1H,
H-1), 3.48 (s, 3H, OMe), 3.14 (ddd, ] = 10.4, 7.6, 4.9 Hz, 1H, H-8), 2.44 (dd, ] = 13.5, 6.9 Hz, 1H, H-11), 2.39 -
2.31 (m, 3H, H-6, H-16, H-21), 2.28 - 2.23 (m, 1H, H-16), 2.23 - 2.17 (m, 1H, H-11), 1.93 - 1.81 (m, 3H, H-5, H-
21), 1.03 (s, 3H, Me) ppm.

3C NMR (176 MHz, CD,Cl,): § = 209.8 (C-9), 199.1 (C-26), 199.0 (C-31), 139.6 (C-27), 138.7 (C-17), 137.3
(C-22),136.9 (C-12), 133.0 (C-30), 129.0 (C-28), 128.9 (C-29), 116.9 (C-13), 116.7 (C-23), 116.0 (C-18), 96.4
(C-32),86.3 (C-3),63.3 (C-4),59.6 (C-1), 56.5 (OMe), 52.5 (C-7), 44.0 (C-8), 38.5 (C-6), 38.0 (C-5), 37.2 (C-
16),36.1 (C-21),35.4 (C-11), 16.4 (Me) ppm.

HRMS (ESI, pos.): m/z caled for C3oH3404Na* [M+Na*]: 469.2349, found 469.2360.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of 15 in Et,O in a 1 mL vial until a
nearly saturated solution was reached. The solution was then left to rest at ambient temperature.
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2.18 (1R,3S,4R,5R,6R,8S )-methyl 8-hydroxy-5-methyl-2-ox0-3-(oxophenylmethyl)-1,4,6-tris(prop-2-
en-1-yl)bicyclo[3.2.1]octane-8-carboxylate (16)

Preparation of ester 16 in batch

/ 7 TPP (1.5 mol%), O,
oo o pn LED (420 nm)
CH,Cly, ., 26 h
* 0,
/ HO Me 61%
15 16
CogH3404 C27H3205
(446.58 g-mol-") (436.54 g-mol")

A solution of methoxyallene 15 (46.0 mg, 103 ymol, 1.0 equiv) and tetraphenylporphyrine (1.0 mg, 1.5 ymol,
1.5mol%) in CH,Cl, (4.0 mL) was stirred at ambient temperature. The reaction mixture was irradiated using a
LED chip (420 nm, max 30 W) at ambient temperature and a stream of oxygen was passed through until TLC
analysis indicated complete consumption of the starting material. After 26 h the solvent was removed under
reduced pressure and the crude product was purified by column chromatography (SiO,, n-pentane/EtOAc, 8:1) to
to yield ester 16 (27.5 mg, 63.0 mmol, 61%) as a reddish oil.

Preparation of ester 16 in flow

+ TPP (1.5 mol%)

15
CH,Cl,

SL

6wV

MFCO01

Vfiowo1 = 0.1 mL/min

T-piece ¢

MFC02

Viiowo2 = 0.1 mL/min
collection flask

64%

In a small vial, a solution of allene 15 (56.4 mg, 126 ymol, 1.0 equiv) and tetraphenylporphyrine (1.2 mg, 1.9 pmol,
1.5mol%) in CH,Cl, (4.8 mL) was prepared and loaded on the sample loop SL (V =2.2 mL). This solution was
driven by an oxygen flow using mass flow controller MFCO01 (Viiowor = 0.1 mL/min) and mixed with an oxygen flow
controlled by mass flow controller MFC02 (vgowo2 = 0.1 mL/min) resulting in a segmented gas-liquid flow with an
initial flow rate of Vaow tot = Veiowo1 + Vaiowoz = 0.2 mL/min. Due to the oxygen consumption during the reaction, the
real flow rate was decreasing over timer. This segmented gas-liquid-flow was passed through a tailor made, 3d-
printed photoreactor (V=10 mL) and irradiated using a LED chip (420 nm, max 30 W) at ambient temperature
with a residence time of t, = 60 min. At the end of the reactor, the reaction mixture was collected in a collection
flask. The solvent was removed under reduced pressure and the crude product was purified by MPLC (dry-loaded
onto Celite®, $i0,, cyclohexane/EtOAc, 20:1 to 6:1) to yield ester 16 (35.4 mg, 81.1 mmol, 64%) as a reddish oil.

[a]}} =-19.21 (c = 1.00, CH,CL).
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'H NMR (700 MHz, CDCl;): § = 7.92 — 7.88 (m, 2H, H-28), 7.56 — 7.52 (m, 1H, H-30), 7.47 — 7.43 (m, 2H, H-
29),5.93 - 5.77 (m, 2H, H-12, H-17), 5.61 - 5.50 (m, 1H, H-22), 5.14 (dq, ] = 17.0, 1.6 Hz, 1H, H-18), 5.10 - 5.07
(m, 1H, H-18), 4.95 - 491 (m, 2H, H-13), 4.83 (dq, ] = 17.0, 1.6 Hz, 1H, H-23), 4.69 (d, ] = 10.1 Hz, 1H, H-23),
4.13 (d, ] = 10.4 Hz, 1H, H-1), 3.89 (s, 3H, OMe), 3.28 (ddd, J = 10.4, 7.5, 4.9 Hz, 1H, H-8), 2.46 — 2.38 (m, 2H,
H-6,H-11),2.38 - 2.25 (m, 3H, H-16, H-21),2.22 - 2.11 (m, 1H, H-11), 2.01 — 1.98 (m, 2H, H-5), 1.95 - 1.90 (m,
1H, H-21), 1.00 (s, 3H, Me) ppm.

13C NMR (176 MHz, CDCl3): § = 207.8 (C-9), 198.1 (C-26), 173.1 (C-2),138.7 (C-27),137.3 (C-17), 136.8 (C-
22),135.4 (C-12), 132.8 (C-30), 128.8 (C-28), 128.5 (C-29), 117.1 (C-23), 117.0 (C-13), 116.5 (C-18), 89.6 (C-
3),62.1 (C-4),59.0 (C-1),52.7 (OMe), 51.8 (C-7), 43.2 (C-8), 38.0 (C-6), 37.8 (C-S), 36.7 (C-16), 35.4 (C-11),
352 (C-21),15.9 (Me) ppm.

HRMS (ESI, pos.): m/z caled for C;7H3,0sNa* [M+Na*]: 459.2142, found 459.2141.

2.19 (1R,3S,4R,5R,6R,8S)-methyl 8-hydroxy-5-methyl-2-oxo-3-(oxophenylmethyl)-1,4,6-tris(3-
methylbut-2-en-1-yl)bicyclo[3.2.1]octane-8-carboxylate (17)

Me
Me
HG I
rt,48 h
94%
16
Ca7H5205 ) .
(436.54 g-mol~") 3-epi-hypatulin B (17)
C33H4405
(520.70 g'mol-")

The alkene metathesis was performed in analogy to a reported procedure by NAKADA and UWAMORL"” A pressure
tube was placed under an argon atmosphere, charged with ester 16 (8.0 mg, 18 umol, 1.0 equiv) and then
submerged into a cooling bath with a temperature of —78 °C. Liquid 2-methylbut-2-ene (1.8 mL) and Hoveyda-
Grubbs II catalyst (3.0 mg, S pmol, 26 mol%) were added. The tube was sealed and the cooling bath was removed.
The reaction mixture was warmed to ambient temperature and stirred for 48 h. The solution was cooled to -78 °C
before opening the pressure tube and then diluted with CH,Cl, (2 mL). The cooling bath was removed and the
tube was warmed to ambient temperature to vent off all volatile compounds. The residue was purified by
preparative TLC (SiO,, n-pentane/EtOAc, 8:1) to afford 3-epi-hypatulin B (17) (9.0 mg, 17.3 mmol, 94%) as a
colorless oil.

[al} = +3.78 (c = 1.00, CH,CL).

'H NMR (700 MHz, CD;0D): § = 7.91 - 7.89 (m, 2H, H-28), 7.56 — 7.53 (m, 1H, H-30), 7.49 — 7.45 (m, 2H, H-
29),5.22 - 5.18 (m, 1H, H-12), 5.14 - 5.10 (m, 1H, H-17), 4.74 - 4.70 (m, 1H, H-22), 4.14 (d, ] = 10.2 Hz, 1H, -
1),3.83 (s, 1H, OMe), 3.16 (ddd, ] = 10.2, 9.5, 4.9 Hz, 1H, H-8), 2.53 — 2.46 (m, 1H, H-6), 2.46 — 2.36 (m, 2H, H-
11,H-16),2.15 - 2.08 (m, 2H, H-5, H-11), 2.07 - 1.93 (m, 4H, H-5, H-16, H-21), 1.74 (s, 3H, H-15), 1.71 (s, 3H,
H-14), 1.63 (s, 3H, H-20), 1.57 (s, 3H, H-19), 1.33 (s, 3H, H-24), 1.13 (s, 3H, H-25), 1.00 (s, 3H, H-10) ppm.

13C NMR (176 MHz, CD;0D): § = 210.8 (C-9), 200.4 (C-26), 174.6 (C-2), 139.7 (C-27), 134.2 (C-23), 133.6
(C-30),133.3 (C-18),133.2 (C-13), 129.8 (C-28), 129.4 (C-29), 125.3 (C-22), 125.0 (C-12), 122.3 (C-17),91.4
(C-3),64.2 (C-4),59.8 (C-1),53.1 (C-7),52.5 (OMe), 46.4 (C-8),40.2 (C-6),38.0 (C-21),31.7 (C-11),29.7 (C-
5),29.4 (C-16),26.1 (C-20),26.0 (C-15),25.8 (C-25), 18.3 (C-14), 18.0 (C-19), 17.6 (C-24), 16.2 (C-10) ppm.

HRMS (ESI, pos.): m/z calcd for C33HOsNa* [M+Na*]: 542.3081, found 543.3106.
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4. X-ray data

Ketone ((10R)-8) (CCDC2154248) (Thermal Ellipsoids at 50% Probability)

Table S1. Crystal data of ketone ((10R)-8).

Empirical formula C10H2604
Formula weight 330.41
Temperature/K 100.01

Crystal system triclinic

Space group P1

a/A 8.961(4)

b/A 9.353(4)

c/A 11.693(6)

a/° 92.43(3)

/e 110.673(18)
v/° 102.285(16)
Volume/A3 888.5(7)

7 2

Pealc/ gem ™ 1.235

p/mm™ 0.682

F(000) 356.0

Crystal size/mm? 0.5x0.34x0.21
Radiation CuKa (A =1.54178)
20 range for data collection/® 8.15to 143.936
Reflections collected 27548
Independent reflections 6594 [Rine = 0.0311, Ryjgma = 0.0283]
Data/restraints/parameters 6594/3/437
Goodness-of-fit on F? 1.082

Final R indexes [1>=20 (I)]
Final R indexes [all data]

R;=0.0292, wR; = 0.0760
R;=0.0295, wR, =0.0761

Largst diff. peak and hole/e.A™ 0.20 and -0.20
Flack parameter 0.06(3)
CCDC deposition number 2154248
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(£)-Triketone (rac-4) (CCDC2151468) (Thermal Ellipsoids at 50% Probability)
p

cs

Table S2. Crystal data of (+)-triketone (rac-4).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/

Y/°

Volume/A3

7

Peale/ gem™

p/mm™

F(000)

Crystal size/mm?*
Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largst diff. peak and hole/e.A™
CCDC deposition number

C25H2803

375.46

100.00

monoclinic

P2,/n

8.43994(5)

12.19920(8)

21.41911(3)

90

96.3817(2)

90

2191.66(2)

4

1.138

0.580

804.0

0.58 x 0.24 x 0.06

CuKa (A =1.54178)
8.308 to 140.628

97662

4161 [Rine = 0.0346, Ryjgma = 0.0146]
4161/0/272

0.977

R; = 0.0408, wR, = 0.1022
Ri =0.0411, wR, = 0.1024
0.35and -0.47

2151468
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(+)-Cyanhydrin (rac-14) (CCDC2151470) (Thermal Ellipsoids at 50% Probability)

Table S3. Crystal data of (+)-cyanhydrin (rac-14).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

%

Y/

Volume/A?

7

Peale/gem™

p/mm™

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [1>=2¢ (1)]
Final R indexes [all data]
Largst diff. peak and hole/e.A™
CCDC deposition number

Ca9H37NO3Si

475.68

100(2)

triclinic

P1

12.028(4)

14.201(5)

16.489(5)

105.487(7)

97.062(13)

93.370(7)

2681.2(15)

4

1.178

0.117

1024.0

0.51 x0.32 x0.19

MoKa (A =0.71073)
3.988to 51.474

61969

10234 [Rine = 0.0333, Ryigma = 0.0200]
10234/0/621

1.033

R, = 0.0347, wR, = 0.0825
R, = 0.0391, wR, = 0.0853
0.34 and -0.27

2151470
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(+)-Methoxyallene (rac-15) (CCDC2151469) (Thermal Ellipsoids at 50% Probability)

Table $4. Crystal data of (+)-methoxyallene (rac-15).

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

%

Y/°

Volume/A3

Z

Peale/ gem™

p/mm™

F(000)

Crystal size/mm’®
Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=20 (I)]
Final R indexes [all data]
Largst diff. peak and hole/e.A™
CCDC deposition number

Cy9H3404

446.56

100(2)

monoclinic

P2,/n

14.8004(14)
11.7432(11)
15.7166(15)

90

113.198(3)

90

2510.8(4)

4

1.181

0.613

960.0

0.24 x 0.17 x 0.03
CuKa (A =1.54178)
6.952 to 140.28

124225

4757 [Rine = 0.0362, Ryjgma = 0.0112]
4757/0/308

1.021

R, =0.0351, wR, = 0.0837
R, = 0.0362, wR; = 0.0845
0.26 and -0.29

2151469
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Cyanhydrin rac-14
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3-epi-Hypatulin B (17)
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APPENDIX
6. Chiral GC Analysis
(S)-2-Methyl-1-(prop-2-en-1-yl)cyclopent-2-enol (SI-6)
Hydrodex-TBDAc; temperature gradient 50-190 °C; 1.1 mL/min; split 50:1; FID 300 °C
Racemic mixture
FID1 A, Front Signal (Stefan\SL0675a_1.D)
pA ]
1 HO o
I
300 ) \6\/
o
)
N - 63,)@'»‘
] g & 2 &
250 g?s & =°
A “,' u‘l
|'| \ “ {
200 | | [
[ |
| \ |
[ ] [
_ [ [ |
150 ‘! | [
§ | | |
|
[ [ |
| )
100 [ ; ,l
| |
| | | ‘.
] [ | n
] ' x ‘ x
50 [ \ | \
1 [ \ | \
/ '\\\A_ J/" \\ N
0 T - T — == T By I
11.2 1.3 1.4 1.5 11.6 min
Enantioenriched
FID1 A, Front Signal (Stefan\SL0688e_1.D)
pA ] o &
HO < A
Q P =
[N i
600 Iy
[
A
500 J \
[ |
[
400 | \
\ l
| “
| |
300 4 \
\ |
\ \
4 | \
200 | \
L
I
100~ L | \
~ o | \
N & [ \
B B
0= T == == T = T —
112 1.3 1.4 1.5 1.6 min
Signal 1: FID1 A, Front Signal
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

R |--eefommeees |-smmmeeees |-emmmme - |-=nnmee- |
1 11.271 MM T 0.0227 16.21828 11.90638 1.25154

2 11.492 MM T ©.0342 1279.64709 623.27820 98.74846

Totals : 1295.86538 635.18458
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Unpublished Results — Additional Experiments Towards 3-epi-Hypatulin B

The same general working methods have been used.

Experimental Procedures and Analytical Data

(2R,3aR,4R,8aR )-methyl-3a-methyl-3-0x0-4-(2-0x0-2-phenylethyl)-2-(prop-2-en-1-yl)-
1,2,3,3a,4,5,8,8a-octahydroazulene-2-carboxylate (rac-235)

minor isomer .
Umicore M71SIPr

o o Pro— i-Pr

e S g
Ph Y
186 (1 mol%) YO l._PrTI._Pr
“4COMe  1,2-DCE, T, 20 min CluRu= Q
il $—cFy
78% o} NH
P’
rac-233 rac-235 186
C26H3204 C24H2504
(408.53 g-:mol=") (380.48 g-:mol")

A closed vial was charged with the minor isomer of keton rac-233 (22.8 mg, 55.8 ymol, 1.0 equiv), Umicore
catalyst 186 (460 pg, 0.588 umol, 1 mol%) and 1,2-DCE (1,24 mL) under an argon atmosphere. The reaction
mixture was stirred at ambient temperature for 20 min and then concentrated under reduced pressure. The
crude product was purified by preparative TLC (SiO,, n-pentane/EtOAc, 14:1) to afford rac-23$ (16.6 mg,
43.6 pymol, 78%) as a colourless oil.

'"H NMR (700 MHz, CDCl;): § = 7.95 — 7.92 (m, 2H, H-14), 7.56 — 7.52 (m, 1H, H-16), 7.47 — 7.43 (m, 2H,
C-15), 5.76 - 5.67 (m, 2H, H-7, H-18), 5.53 — 5.47 (m, 1H, H-6), 5.15 - 5.09 (m, 2H, H-19), 3.69 (s, 3H,
OMe), 2.96 (dd, J=15.3,11.3 Hz, 1H, H-11), 2.85 (ddt, ] = 14.0, 7.2, 1.2 Hz, 1H, H-17), 2.76 - 2.72 (m, 1H,
H-4),2.58 (dt, ] = 15.3, 1.9 Hz, 1H, H-11), 2.54 (ddd, ] = 12.4, 6.1, 3.2 Hz, 1H, H-9), 2.42 — 2.34 (m, 3H, H-
1,H-5,H-17),2.27 (ddd, J = 16.5, 8.0, 3.2 Hz, 1H, H-8),2.21 (ddd, ] = 17.4, 8.0, 3.1 Hz, 1H, H-5), 2.12 - 2.03
(m, 1H, H-8), 1.64 (t, ] = 12.9 Hz, 1H, H-1), 1.04 (s, 3H, Me) ppm.

3C NMR (176 MHz, CDCl;): § = 217.2 (C-3), 199.6 (C-12), 170.9 (CO,Me), 137.0 (C-13), 133.3 (C-18),
133.1 (C-16), 129.6 (C-7), 128.7 (C-15), 128.4 (C-14), 128.1 (C-6), 119.2 (C-19), 61.5 (C-2), 56.3 (C-10),
52.9 (OMe), 40.7 (C-17),39.2 (C-11), 37.0 (C-9), 36.8 (C-4),35.5 (C-1),29.7 (C-8),27.4 (C-5), 16.3 (Me)
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(2R,3aR,4S,8aR )-methyl-3a-methyl-3-0x0-4-(2-0x0-2-phenylethyl)-2-(prop-2-en-1-yl)-
1,2,3,3a,4,5,8,8a-octahydroazulene-2-carboxylate (rac-236)

major isomer

Umicore M71SIPr

Pro— I-Pr,
L
i—Pr\(

i-Pr

186 (1 mol%)

_—

“"COMe  1,2-DCE, rt., 20 min Gl Ru= Q
i $—cFy
78% o NH
i’
rac-233 rac-236 186
CoeH3204 C24H2504
(408.53 g-mol~') (380.48 g-mol~')

A closed vial was charged with the minor isomer of keton rac-233 (4.4 mg, 11 pmol, 1.0 equiv), Umicore
catalyst 186 (89 pg, 0.11 pmol, 1 mol%) and 1,2-DCE (0,24 mL) under an argon atmosphere. The reaction
mixture was stirred at ambient temperature for 20 min and then diluted with pentane and filtered through a
plug of Celite®, rinsing with a S:1-mixture of n-pentane/Et,O. The product rac-236 (3.0 mg, 7.9 pmol, 73%)

was obtained as a colourless oil.

'H NMR (700 MHz, CDCl;): § = 7.97 — 7.93 (m, 2H, H-14), 7.57 - 7.52 (m, 1H, H-30), 7.47 — 7.43 (m, 2H,
H-29), 5.67 - 5.59 (m, 2H, H-7, H-18), 5.55 - 5.50 (m, 1H, H-6), 5.11 - 5.05 (m, 2H, H-19), 4.16 — 4.10 (m,
1H, H-11), 3.76 (s, 3H, OMe), 2.67 (ddt, ] = 14.0, 7.9, 1.0 Hz, 1H, H-17), 2.62 — 2.55 (m, 2H, H-4, H-11),
2.44 - 2.34 (m, 3H, H-1, H-9, H-17), 2.31 — 2.22 (m, 2H, H-5, H-8), 2.10 - 1.93 (m, 2H, H-5, H-8), 1.56 —
1.50 (m, 1H, H-1), 0.92 (s, 3H, Me) ppm.

3C NMR (176 MHz, CDCl;): § = 218.0 (C-3), 199.8 (C-12), 171.2 (CO;Me), 137.6 (C-13), 133.2 (C-18),
132.9 (C-16), 128.9 (C-7), 128.6 (C-15), 128.4 (C-6), 128.2 (C-14), 119.2 (C-19), 62.2 (C-2), 52.9 (OMe),
52.3 (C-10),45.2 (C-9),40.9 (C-4),40.4 (C-11),39.3 (C-17),35.6 (C-1),30.8 (C-8), 11.5 (Me) ppm.

Sequence for the aldol cyclisation via global reduction

undesired isomer

(0] (0]
1. LiAH, PhI(OAc),
Phi THF, rt, 1,5h Ph K2CO3 Ph  norAZADO
—_—> —_— —_—
“CO,Me 2. Phi(OAc), “CHO  MeOH/CH,Cl, ve S CH,Cl,
4-acetamido-TEMPO rt,1h HO rt,16h
CH,Cly, rt., 16 h Yz
Cr a:zsg 49% over two steps Cr 37;248 Cr ac'_-|24c1) 74% over two steps Cr ac'_—|24é
2671324 » (+20% mono-oxidised) 25M132~3 » 2511302 » 2571282 »
(408.53 g'mol~) (380.52 g'mol=) (362.50 g-mol) (360.49 g'mol~T')

A flame-dried Schlenk flas was charged with the undesired isomer of rac-233 (250 mg, 612 pmol, 1.0 equiv)
and anhydrous THF (2.6 mL). Then lithium aluminium hydride (139 mg, 3.67 mmol, 6.0 equiv) was carefully
added in small portions at 0 °C. After complete addition, the reaction mixture warmed to ambient temperature
and stirred for 1.5 h. The reaction was diluted with Et,O (2 mL), cooled to 0 °C and quenched by the addition
of H;O (0.2mL) and 4M NaOH (0.4 mL). Filtration through a plug of Celite®, rinsing with Et,O and

concentration under reduced pressure afforded a crude mixture of four diastereomeric products.
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The crude mixture was dissolved in dichloromethane (10 mL) and 4-acetamido-TEMPO (26.1 mg, 122 ymol,
20 mol%) and PhI(OAc), (433 mg, 1.34 mmol, 2.2 equiv) were added. The reaction mixture was stirred at
ambient temperature for 16 h and then dry-loaded onto silica and purified by column chromatography (SiO,,
n-pentane/Et,0, 5:1 to 3:1) to affored a mixture of diastereomeric alcohols rac-240 (115 mg, 302 pmol, 49%
over two steps) as a colourless oil and a mono-oxidised product containing an aldehyde (46.0 mg, 120 pmol,

20%).

The mixture of rac-240 (115 mg, 302 pumol) was dissolved in a 9:1-mixture of dicholoromethane and MeOH
(28 mL) and K,COj; (418 mg, 3.02 mmol, 10 equiv) was added. The reaction mixture was stirred at ambient
temperature for 1 h. Then H,O (10 mL) was added and the aqueous layer was extracted with dichloromehane

(3 x 10 mL), dried over anhydrous Na,SO, and concentrated under reduced pressure.

The crude mixture was dissolved in dichloromethane (6 mL) and norAZADO (2.1 mg, 15 pmol, S mol%) and
PhI(OAc), (236 mg, 732 pmol, 2.4 equiv) were added. The reaction mixture was stirred at ambient
temperature for 16 h and then dry-loaded onto silica and purified by column chromatography (SiO,, n-
pentane/Et,0, 10:1) to affored rac-242 (80.6 mg, 224 pmol, 74% over two steps) as a colourless oil.

'"H NMR (600 MHz, CDCl;): § = 7.72 - 7.67 (m, 2H, H-28), 7.57 - 7.50 (m, 1H, H-30), 7.44 — 7.38 (m, 2H,
H-29),6.27 (s,1H, H-9), 5.92 - 5.84 (m, 1H, H-12), 5.72 - 5.57 (m, 2H, H-17,H-22), 5.10 - 5.07 (m, 1H, H-
13), 5.06 — 4.99 (m, 3H, H-13, H-18), 4.89 — 4.84 (m, 1H, H-23), 4.80 — 4.75 (m, 1H, H-23), 3.56 (dd, ] =
8.2, 5.1 Hz, 1H, H-8), 2.46 — 2.32 (m, 3H, H-11, H-16, H-21), 2.27 — 2.11 (m, 3H, H-5, H-6, H-11), 2.03
(dtd, J=14.2,8.1,1.0 Hz, 1H, H-21), 1.84 — 1.75 (m, 1H, H-16), 1.18 (dd, ] = 12.7, 8.9 Hz, 1H, H-5), 1.12 (s,
3H, Me) ppm.

3C NMR (151 MHz, CDCl;): § =215.7 (C-3), 196.3 (C-26), 146.6 (C-9), 140.3 (C-1), 137.2 (C-27), 135.9
(C-17), 132.6 (C-30), 130.0 (C-28), 128.2 (C-29), 56.5 (C-8), S1.2 (C-4), 50.7 (C-7), 42.3 (C-5), 41.5 (C-
6),37.6 (C-16),35.5(C-21),35.4 (C-11), 13.0 (Me) ppm.

Characterisation of compounds rac-245, rac-246, rac-162 and rac-247/248

The reactions were performed as described in the supporting information.

Me,SiO
on _~  1.BF3OE,
CH,Cl,, —40 °C, 4 h
- > +
“"cHO 2.DMP

CH,Cly, rt,1h

7 tac-243 89% over two steps rac-162 rac-248

CogH3503Si Ca5H2803 Ca5H2803
(450.69 g-mol~") (376.49 g-mol~1) (376.49 g-mol~1)

After the first step, samples of the two major aldol products were isolated an characterised.
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'H NMR (700 MHz, CD,CL,): § = 7.81 — 7.78 (m, 2H, H-28), 7.58 — 7.54 (m, 1H, H-30), 7.50 — 7.46 (m, 2H,
H-29), 5.76 (dtd, ] = 16.8,9.9, 9.3, 5.3 Hz, 1H, H-22), 5.70 (dddd, J = 17.1, 10.1, 9.1, 5.8 Hz, 1H, H-12), 5.63
(dddd, J = 17.1,10.3,7.6, 5.7 Hz, 1H, H-17), 5.17 - 5.11 (m, 2H, H-23), 5.09 (dtd, J = 17.1, 1.9, 1.1 Hz, 1H,
H-13), 5.04 (dddd, J = 10.1, 2.1, 1.4, 0.7 Hz, 1H, H-13), 5.01 (dddd, J = 10.3, 2.2, 1.5, 0.9Hz, 1H, H-18), 4.97
(dtd, J = 17.1, 1.9, 1.3 Hz, 1H, H-18), 4.74 (ddd, ] = 4.8, 2.1, 1.2 Hz, 1H, H-9), 3.68 (t, ] = 1.2Hz, 1H, H-1),
2.87 (ddt, J = 11.7, 3.7, 2.1, 1.5 Hz, 1H, H-8), 2.46 (dddt, ] = 13.9, 5.3, 3.7, 1.5 Hz, 1H, H-21),2.37 (ddt, ] =
14.3,9.1,0.9 Hz, 1H, H-11), 2.30 - 2.24 (m, 1H, H-6), 2.23 - 2.15 (m, 2H, H-11, H-16), 2.11 (ddd, J = 13.9,
11.7,9.3 Hz, 1H, H-21), 1.88 (dd, J = 14.4, 9.7 Hz, 1H, H-5), 1.59 - 1.54 (m, 1H, H-16), 1.24 (dd, ] = 14.4,
5.0 Hz, 1H, H-5), 1.00 (s, 3H, Me) ppm.

3C NMR (176 MHz, CD,CL,): § = 218.4 (C-3), 202.7 (C-26), 138.2 (C-22), 137.7 (C-27), 136.8 (C-17),
134.7 (C-12),133.0 (C-30), 129.2 (C-29), 128.9 (C-28),118.9 (C-23),118.6 (C-13),117.2 (C-18), 82.5 (C-
9), 54.4 (C-4), 52.9 (C-7), 52.3 (C-1), 52.0 (C-8), 39.0 (C-16), 37.8 (C-6), 36.1 (C-21), 35.6 (C-11), 32.5
(C-5),14.2 (Me) ppm.

HRMS (ESI, pos. mode): m/z calcd for CsH3003Na* [M+H]*: 401.2087, found 401.2098.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of rac-245 in Et20 ina 1 mL

vial until a nearly saturated solution was reached. The solution was then left to rest at ambient temperature.

'H NMR (700 MHz, CD,CL,): § = 8.04 — 8.01 (m, 2H, H-28), 7.60 — 7.56 (m, 1H, H-30), 7.50 — 7.46 (m, 2H,
H-29), 5.98 (ddt, ] = 17.2, 10.1, 7.3 Hz, 1H, H-12), 5.76 (dddd, ] = 16.5, 10.6, 7.7, 5.9 Hz, 1H, H-17), 5.52
(dddd, J = 16.7, 10.2, 7.6, 6.4 Hz, 1H, H-22), 5.10 - 5.03 (m, 4H, H-13, H-18), 4.69 — 4.64 (m, 2H, H-23),
3.83 - 3.78 (m, 2H, H-1, H-9), 2.44 (dd, ] = 14.2, 10.0 Hz, 1H, H-S), 2.34 - 2.27 (m, 3H, H-11, H-21),2.23 -
2.14 (m, 2H, H-16, H-21), 1.99 — 1.93 (m, 3H, H-6, H-8, OH), 1.62 (dddt, ] = 13.4, 11.1, 7.7, 0.9 Hz, 1H, H-
11),1.31 (ddd, J = 14.2, 4.4, 0.8 Hz, 1H, H-S), 1.00 (s, 3H, Me) ppm.

3C NMR (176 MHz, CD,CL): § = 217.9 (C-3), 203.6 (C-26), 139.9 (C-27), 136.9 (C-22), 136.8 (C-17),
136.2 (C-12),133.6 (C-30), 129.2 (C-28), 129.0 (C-29), 118.2 (C-13),117.4 (C-18),117.3 (C-23), 80.3 (C-
9), 55.9 (C-4), 53.4 (C-7), 51.7 (C-1), 48.1 (C-8), 38.6 (C-16), 36.1 (C-11), 35.0 (C-21), 34.5 (C-6), 30.0
(C-5),15.1 (Me) ppm.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of rac-246 in Et20 ina 1 mL

vial until a nearly saturated solution was reached. The solution was then left to rest at ambient temperature.




224 APPENDIX

After the second step, both triketones rac-162 and rac-247 could be separated and characterised. The

analytical data for compound rac-162 are identical with those reported in the supporting information

'"H NMR (700 MHz, CD;CN): § = 15.75 (s, 1H, OH), 7.87 — 7.84 (m, 1H*), 7.63 — 7.59 (m, 0.5H*), 7.58 —
7.54 (m, 2H, H-28), 7.51 - 7.47 (m, 3H+1H* H-29, H-30), 5.91 (ddt, J = 17.3, 10.2, 7.1 Hz, 1H, H-17), 5.86
- 5.80 (m, 0.5H*), 5.81 — 5.67 (m, 1H+0.5H*, H-12), 5.49 (dddd, J = 17.1, 10.1, 9.0, 5.5 Hz, 0.5H*), 5.15 -
4.99 (m, SH+2H*, H-13, H-18, H-22), 4.98 — 4.94 (m, 0.5H*), 4.80 — 4.76 (m, 0.5H*), 4.68 (ddt, J = 10.1, 2.0,
1.1 Hz, 1H, H-23), 4.62 — 4.58 (m, 1H, H-23), 4.30 (d, J = 5.1 Hz, 1H*), 3.13 (t, ] = 5.9 Hz, 1H, H-8), 2.74
(dt,J =10.8, 5.1, 3.8 Hz, 1H*), 2.55 — 2.48 (m, 3H, H-6, H-16), 2.44 — 2.37 (m, 1H+2H* H-11), 2.24 - 2.19
(m, 1H+0.SH*+H,0, H-5), 2.03 - 1.96 (m, 1H+0.5H* H-21), 1.85 - 1.71 (m, 1H+1H* H-11), 1.68 (dddt, J
= 14.6,7.3,5.9, 1.3Hz, 1H, H-21), 1.48 (dd, ] = 13.4, 8.2 Hz, 1H, H-5), 1.39 (dd, ] = 13.4, 8.8 Hz, 0.5H*),
1.15 (s, 1.5H*), 1.0 (s, 3H, Me) ppm.

3C NMR (176 MHz, CD;CN): § = 212.3% 211.9 (C-3), 207.4%, 202.8 (C-9), 198.3*, 181.4 (C-26), 138.0%,
137.2 (C-12),137.1%,136.9 (C-22), 136.7%,136.6 (C-27), 135.8 (C-17), 134.8*,134.3%,131.3 (C-30), 129.8%
129.5 (C-29), 129.3 (C-28), 119.3*, 118.8*%,118.2 (C-18), 117.4%, 117.4 (C-23), 117.3 (C-13), 109.9 (C-1),
67.5% 63.2 (C-4), 63.2%, 53.0 (C-7), 49.0 (C-8), 45.8% 41.4*, 40.4 (C-6), 40.0 (C-5), 38.6%, 38.0 (C-21),
37.9% 36.6% 36.5% 32.7%,32.0 (C-16), 13.8 (Me), 13.1* ppm.

Signals for the 1,3-diketone form rac-247 are marked with * and were not assigned.

HRMS (ESI, pos. mode): m/z calcd for C,sH3003Na* [M+H]*: 399.1931, found 399.1944.

(1R,4R,5R,6R,8S)-8-hydroxy-3-(hydroxy(phenyl)methylene)-5-methyl-8-((trimethylsilyl)ethynyl)-
1,4,6-tris(prop-2-en-1-yl)bicyclo[3.2.1]octan-2-one (rac-249)

NaHMDS
Ph THF, -78 °C

then Me3SiCCLi

Me3Sime

Me

TMEDA, r.t, 16 h HO
o
rac-247 \ 28% rac-249
Ca5H2803 C30H3503Si
(376.49 g-'mol") (474.71 g'mol™")

Preparation of the organolithium reagent: To a flame-dried Schlenk tube was added anhydrous THF
(0.2mL), TMEDA (24.0 uL, 150 pmol, 3.0 equiv) and trimethylsilylacetylene (22.4 L, 15.7 mg, 159 pmol,
3.0 equiv) under an argon atmosphere. The reaction was cooled to 78 °C and n-BuLi (2.5 M in hexanes,

63.7 uL, 159 pmol, 3.0 equiv) was added.

A flame-dried Schlenk tube was charged with ketone rac-247 (20.0 mg, 53.0 pmol, 1.0 equiv) and anhydrous
THF (0.25 mL) under and argon atmosphere. The solution was cooled to ~78 °C and NaHMDS (1.9 M in
THF, 28.0uL, 1.0equiv) was added. After stirring for Smin, the prepared solution of lithium
(trimethylsilyl)acetylide was added. The reaction mixture was stirred for 16 h while slowly warming to

ambient temperature. The reaction was quneched by the addition of saturated aqueous NH4Cl (1 mL) and
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extracted with EtOAc (3 x 1 mL). The combined organic layers were dried over anhydrous Na,SO4 and
concentrated under reduced pressure. The crude product was purified by preparative TLC (SiO,,
n-pentane/EtOAc, 30:1) to afford alkyne rac-249 (6.3 mg, 151 pumol, 28%) as a colourless oil.

"H NMR (600 MHz, CDCl;): § = 7.46 — 7.42 (m, SH, Ph), 6.24 (dtd, ] = 17.3, 10.1, 4.5 Hz, 1H, H-12), 5.69
(dddd, J = 17.0, 10.1, 8.2, 5.7 Hz, 1H, H-17), 5.33 (dt, J = 17.3, 1.9 Hz, 1H, H-13), 5.17 (ddd, J = 10.0, 2.5,
1.2 Hz, 1H, H-13), 5.04 (dq, J = 17.0, 1.7 Hz, 1H, H-18), 5.01 (ddt, J = 10.1, 2.0, 1.0 Hz, 1H, H-18), 4.84
(dddd, J = 17.0, 10.1, 8.1, 6.0 Hz, 1H, H-22), 4.44 (dtd, ] = 10.1, 1.8, 0.8 Hz, 1H, H-23), 4.34 (dtd, ] = 17.0,
1.9, 1.3 Hz, 1H, H-23), 3.04 (ddt, ] = 13.4, 4.5, 1.4 Hz, 1H, H-11), 2.95 (dt, ] = 15.9, 7.7 Hz, 1H, H-21), 2.71
(dd, J = 7.4,2.2 Hz, 1H, H-8), 2.63 (s, 1H, OH), 2.55 (dd, J = 13.4, 10.2 Hz, 1H, H-11), 2.42 — 2.38 (m, 1H,
H-16), 2.13 (td, ] = 12.6, 8.2 Hz, 1H, H-16), 2.06 (dd, ] = 13.5, 9.1 Hz, 1H, H-S), 1.94 — 1.81 (m, 1H, H-6),
1.74 (ddq, J = 16.1,6.1,2.0 Hz, 1H, H-21), 1.51 (dd, ] = 13.5, 7.8 Hz, 1H, H-S), 1.20 (s, 3H, Me), 0.24 (s, 9H,
SiMe;) ppm.

3C NMR (151 MHz, CDCl;) § = 198.3 (C-9), 185.8 (C-26), 140.4 (C-21), 137.6 (C-12), 137.3 (C-17),
137.0 (C-27), 130.1 (C-30), 128.7 (CH), 127.9 (CH), 118.9 (C-13), 116.1 (C-18), 114.0 (C-23), 111.4 (C-
1),105.5 (C-2),94.2 (C-31),82.3 (C-3), 58.8 (C-4), 50.4 (C-8),49.4 (C-7), 44.9 (C-6), 44.0 (C-5), 40.4 (C-
21),38.5 (C-16), 36.4 (C-11), 17.9 (Me), -0.1 (SiMe;) ppm.

(1R,4R,5R,6R,8S)-8-hydroxy-3-(hydroxy(phenyl)methylene)-5-methyl-1,4,6-tris(prop-2-en-1-
yl)bicyclo[3.2.1]octan-2-one (rac-250)

7
/ O, NaHMDS
Oy—Ph THF, -78 °C OH
" then LiAlHg, 2 h
o Me 52% Ph
rac-247 \ rac-250 \
Ca5H2803 Ca5H3003
(376.49 g-mol") (378.50 g-:mol~")

A flame-dried Schlenk tube was charged with ketone rac-247 (100 mg, 266 pmol, 1.0 equiv) and anhydrous
THF (2.6 mL) under and argon atmosphere. The solution was cooled to ~78 °C and NaHMDS (1.9 M in
THF, 140 pL, 1.0 equiv) was added. After stirring for S min, lithium aluminium hydride (15.1 mg, 398 ymol,
1.5 equiv) were added and the reaction mixture was stirred for 2 h. The reaction was quneched by the addition
of 1M HCI (1 mL) and extracted with EtOAc (3 x 2mL). The combined organic layers were dried over
anhydrous Na,SO4 and concentrated under reduced pressure. The crude product was purified by column
chromatography (SiO,, n-pentane/EtOAc, 10:1) to afford alcohol rac-250 (52 mg, 137 pmol, 52%) as a

colourless oil.
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"H NMR (700 MHz, CDCl;): 8§ = 7.48 — 7.46 (m, 2H, H-28), 7.45 — 7.42 (m, 3H, H-29, H-30), 6.10 (dddd, J
=17.1,10.0, 8.5, 6.3 Hz, 1H, H-12), 5.70 (dddd, ] = 17.1, 10.2, 7.6, 6.0Hz, 1H, H-17), 5.21 (ddt, ] = 17.1, 2.1,
1.3Hz, 1H, H-13), 5.14 (ddd, J = 10.0, 2.1, 1.0 Hz, 1H, H-13), 5.06 (dq, J = 17.1, 1.7 Hz, 1H, H-18), 5.04 —
4.97 (m, 2H, H-18, H-22), 4.52 — 4.48 (m, 1H, H-23), 4.36 (dtd, ] = 17.1, 1.9, 1.3 Hz, 1H, H-23), 3.67 (s, 1H,
H-3),2.85 (dtt, ] = 15.5,7.7, 1.1 Hz, 1H, H-21), 2.78 (ddt, ] = 14.1, 6.3, 1.4 Hz, 1H, H-11), 2.71 (dd, J = 7.7,
2.7 Hz, 1H, H-8), 2.40 (dddt, J = 13.3, 5.8, 4.1, 1.6 Hz, 1H, H-16), 2.34 (dd, ] = 14.1, 8.5 Hz, 1H, H-11), 2.05
(s, 1H, OH), 2.02 (dd, J = 13.6,9.1 Hz, 1H, H-S), 1.87 (dddd, J = 11.4, 9.1, 7.3, 4.1 Hz, 1H, H-6), 1.84 - 1.75
(m, 1H, H-16, H-21), 1.29 (dd, J = 13.6, 7.3 Hz, 1H, H-5), 1.09 (s, 3H, Me) ppm.

3C NMR (176 MHz, CDCL;): § = 199.4 (C-9), 185.9 (C-26), 139.9 (C-22), 137.2 (C-27), 136.9 (C-17),
136.3 (C-12), 130.1 (C-30), 128.6 (C-29), 127.9 (C-28), 118.1 (C-13), 116.4 (C-18), 114.4 (C-23), 110.7
(C-1),81.9 (C-3),54.7 (C-4),49.0 (C-8),45.1 (C-7),44.4 (C-6),41.3 (C-5),40.0 (C-21), 38.7 (C-16), 36.4
(C-11),19.4 (Me).

HRMS (ESI, pos. mode): m/z calcd for C,sH3003Na* [M+H]*: 401.2087, found 401.2096.

(1R,3R,4S,5R,6R,8S)-8-hydroxy-8-(1-methoxypropa-1,2-dien-1-yl)-5-methyl-3-(oxophenylmethyl)-
1,4,6-tris(prop-2-en-1-yl)bicyclo[3.2.1]octan-2-one (rac-251)

OMe

= Li
Ph TMEDA Ph
MeO
THF, =78 °C
99%
]\ ° / OH
rac-247 rac-251
CasH2803 C29H3404
(376.49 g-mol~1) (446.58 g-mol")

Preparation of methoxyallenyllithium: To a flame-dried Schlenk tube was added THF (190uL) and
methoxyallene (19.2 yL, 198 umol, 3.1 equiv) under an argon atmosphere. The reaction was cooled to —50 °C
and n-BuLi (2.5 M in hexanes, 76.5 pL, 191 pmol, 3.0 equiv) was added. The reaction mixture was stirred at —
50°C to —40°C over Smin. Then anhydrous N,N,N’,N-tetramethylethylenediamine (28.7 yL, 191 pmol,

3.0 equiv) was added and the mixture was cooled to —78 °C.

A flame-dried Schlenk tube was charged with triketone rac-247 (24.0 mg, 64.0 umol, 1.0 equiv) and
anhydrous toluene (240 pL) under an argon atmosphere. Then the mixture cooled to —78 °C and the prepared
solution of methoxyallenyllithium was added. After stirring for 10 min, the reaction was quenched diluted with
Et;O (S mL) by the addition of saturated aqueous NaHCOj; (S mL). The layers were separated, the aqueous
phase was extracted with Et;0 (3 x SmL), and the combined organic layers were dried over Na,SO,, and
concentrated under reduced pressure. The crude product was purified by column chromatography (SiO,,

cyclohexane/EtOAc, 40:1) to yield methoxyallene rac-251 (28.6 mg, 64.0 mmol, >99%) as a colorless solid.

'"H NMR (700 MHz, CD,Cl,): § =7.93 — 7.90 (m, 2H, H-28), 7.57 - 7.53 (m, 1H, H30), 7.48 — 7.44 (m, 2H,
H-29), 5.86 (dddd, J = 17.2, 10.1, 8.9, 5.7 Hz, 1H, H-12), 5.79 - 5.66 (m, 3H, H-17, H-32), 5.31 - 5.28 (m,
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1H, H-22), 5.06 — 5.00 (m, 2H, H-13, H-18), 4.99 — 4.95 (m, 2H, , H-13, H-18), 4.89 — 4.85 (m, 1H, H-23),
4.63 (d, ] = 5.0 Hz, 1H, H-8), 4.55 - 4.53 (m, 1H, H-23), 3.47 (s, 3H, OMe), 2.68 (ddt, ] = 14.0, 5.7, 1.6 Hz,
1H, H-11),2.56 - 2.48 (m, 2H, H-1, H-21), 2.44 - 2.33 (m, 3H, H-6, H-16, H-21), 2.23 - 2.12 (m, 2H, H-11,
H-16),1.78 (dd, ] = 13.5,9.1 Hz, 1H, H-5), 1.56 (dd, ] = 13.5, 9.6 Hz, 1H, H-5), 1.07 (s, 3H, Me) ppm.

3C NMR (176 MHz, CD,CL): § = 211.3 (C-9), 200.6 (C-26), 199.6 (C-31), 138.8 (C-27), 138.8 (C-17),
138.8 (C-22),138.4 (C-2),136.8 (C-12),133.1 (C-30),129.9 (C-28), 128.7 (C-29),117.5 (C-23),117.0 (C-
13),115.6 (C-18),95.9 (C-32), 86.4 (C-3),65.0 (C-4), 61.5 (C-1), 56.5 (OMe), 51.1 (C-8),49.9 (C-7), 45.5
(C-6),40.5 (C-5),39.3 (C-21),37.0 (C-16),36.1 (C-11), 16.4 (Me).

HRMS (ESI, pos. mode): m/z calcd for C2oH3403Na* [M+H]*: 469.2349, found 469.2360.

X-ray: Crystals were grown by addition of n-pentane to a concentrated solution of rac-251 in Et20 ina 1 mL

vial until a nearly saturated solution was reached. The solution was then left to rest at ambient temperature.
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X-ray Data

Compound (rac-245) (Thermal Ellipsoids at 50% Probability)

Table S1. Crystal data of compound (rac-245).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/

Y/

Volume/A?

Z

Peale/ gem ™

p/mm™

F(000)

Crystal size/mm?
Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I1>=20 (I)]
Final R indexes [all data]

Largst diff. peak and hole/e.A™

C25H3003

378.49

100.0

triclinic

P1

8.1210(2)
12.2495(4)
13.3618(4)
71.511(2)
84.704(2)
81.242(2)
1244.53(7)

2

1.010

0.511

408.0

0.472 x 0.241 x 0.121
CuKa (A =1.54178)
6.984 to 94.478
22683

2246 [Rine = 0.0536, Ryigma = 0.0234]

2246/0/255

1.122

R1=0.0341, wR; =0.0858
R; =0.0370, wR, = 0.0876
0.11 and -0.24
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Compound (rac-246) (Thermal Ellipsoids at 50% Probability)

Table S2. Crystal data of compound (rac-246).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

b

Y/

Volume/A?

Z

Pealc/ gem ™

p/mm™

F(000)

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I1>=20 (I)]
Final R indexes [all data]

Largst diff. peak and hole/e.A™

C25H3003

378.49

100.0

monoclinic

P2,/c

12.851(2)
9.0732(19)
17.664(3)

90

91.182(7)

90

2059.1(7)

4

1.221

0.618

816.0

CuKa (A =1.54178)
10.016 to 140.568
50563

3895 [Rint = 0.0814, Rygma = 0.0354]

3895/0/255

1.130

R; =0.0619, wR, = 0.1470
R;=0.0770, wR, = 0.1585
0.26 and -0.26

229
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Compound (rac-251) (Thermal Ellipsoids at 50% Probability)

Table S1. Crystal data of compound (rac-251).

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/

v/*

Volume/A?

Z

Peale/ gem ™

p/mm™

F(000)

Radiation

20 range for data collection/®
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largst diff. peak and hole/e.A™

Ca9H3404

446.591

100.0

monoclinic

P2i/n

9.7347(4)

24.2605(9)

21.1414(8)

90

93.452(2)

90

4983.9(3)

8

1.190

0.617

1926.1

CuKa (A= 1.54178)
5.56t0176.18

60569

5770 [Rine = 0.5485, Ryjgma = 0.1552]
5770/48/659

15.245

R; =0.6842, wR, = 0.8920
R;=0.6914, wR, = 0.9026
13.42 and -8.58

APPENDIX
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NMR Spectra

Compound rac-235§
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