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Abstract

Bielschowskysin (1), a highly oxygenated furanocembranoid isolated from the gorgonian octocoral
Pseudopterogorgia kallos, is currently one of the most pursued targets in natural product synthesis.
Besides its challenging molecular structure, bearing an unprecedented tricyclo
[9.3.0.0%")tetradecane ring system and eleven stereogenic centers, it was found to exhibit
interesting cytotoxic activity against human cancer cell lines and shows biological activity against

Plasmodium falciparum, the main causative organism of malaria.

Herein, synthetic efforts towards a total synthesis of bielschowskysin, centered upon a biomimetic
[2+2]-photocycloaddition to construct the western bicyclo[3.2.0]heptane core, are described.

Starting from (-)-malic acid and D-(+)-glucose, a stereoselective synthetic approach was initiated.

An aldol reaction was the method of choice for coupling between western allene building block I and
tetrasubstituted eastern tetrahydrofuran IV. By utilizing a custom-made photoreactor, the envisaged
biomimetic [2+2]-photocycloaddition regio- and stereoselectively allowed the synthesis of common
central intermediate VI. The ease of the crucial cycloaddition is remarkable considering the high
complexity of the substrate. A scalable route to the common intermediate allowed us to test several
different macrocyclization reactions. Unfortunately, cutting-edge transition metal catalysis, including
Au(l) salts, failed. Adventurous, but not unpromising, we envisaged powerful ruthenium based

metathesis catalysts as tools for the macrocyclization, which remained unrewarded.

Nonetheless, in regard of the numerous successful examples for palladium catalyzed cyclizations in
total synthesis, we decided to tackle an endo-selective Heck-macrocyclization. Unexpectedly, an
unprecedented reproducible palladium catalyzed carbo-oxygenation was observed under these
conditions. The resulting highly advanced tricyclo[8.3.0.0*%]tridecane carbon ring system XII contains
8 stereogenic centers of desired configuration, including the crucial all carbon quaternary center at
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C12. Ring enlargement strategies to the desired tricyclo[9.3.0.07 " ]tetradecane ring system of the

natural product have been proposed and will be pursued in due course.

Aside this central approach, the flexible synthesis of the eastern fragment enabled us to tackle
alternative approaches towards bielschowskysin. Thus, coupling with two western fragments,
bearing the bicyclo[3.2.0]heptane carbon core, by either metal-halogen exchange or NHK-coupling

lead to completion of the southern XIV and northern hemisphere Xlll of the natural product.



Zusammenfassung

Bielschowskysin (1), ein hoch oxygeniertes Furanocembranolid isoliert aus der gorgonischen
Oktokoralle Pseudopterogorgia kallos, ist zur Zeit eines der meist verfolgten Ziele in der
Naturstoffsynthese. Neben seiner herausfordernden Struktur, welche ein neuartiges
Tricyclo[9.3.0.0%"%tetradecan Ringsystem und elf stereogene Zentren beinhaltet, weist es
interessante zytostatische Aktivitdt gegen menschliche Krebszelllinien und biologische Aktivitat

gegen Plasmodium falciparum, dem Haupterreger von Malaria, auf.

Unsere zentrale Retrosynthese von Bielschowskysin baut auf einer biomimetischen
[2+2]-Photocycloadditon auf, welche den Cyclobutanring und drei stereogene Zentren auf einen
Schlag aufbauen soll. Diese stereoselektive Synthese hat mit (-)-Apfelsdure und D-(+)-Glucose billige
und chirale Ausgangsmaterialen. Fir die Verknipfung eines westlichen Allen-Baustein | mit einem
Ostlichen vierfachsubstituierten Tetrahydrofuranring IV war eine Aldolreaktion die Methode der
Wahl. Duch Bestrahlung mit einem sonderangefertigten Photoreaktor wurde die regio- und
stereoselektive Synthese des zentralen Intermediates VI gewahrleistet. Die Einfachheit, mit der diese
kritische Cycloaddition vonstattenging, ist im Hinblick auf die Komplexizitdit des Substrates
bemerkenswert. Mehrere Makrocyclisierungen konnten aufgrund der zuverlassigen Synthese des
zentralen Intermediates in Angriff genommen werden. Die Anwendung von innovativer
Ubergangsmetallkatalyse, unter anderem mit Au(l) Salzen, und leistungsfahiger RingschluR-

metathese, war ambitioniert aber nicht utopisch und fiihrte nicht zu dem gewiinschten Ergebnis.

Im Hinblick auf die zahlreichen erfolgreichen Palladium-katalysierten Cyclisierungen in der
Totalsynthese wurde eine endo-selektive Heck-Makrocycliserung anvisiert. Diese Versuche fiihrten
Uber eine neuartige und reproduzierbare Carbo-Oxygenierung zu dem unerwarteten,
hochfunktionalisierten  Tricyclo[8.3.0.0%®]tridecan  Kohlenstoffringsystem XIl. Die erhaltene
hochentwickelte, makrocyclische Struktur enthalt acht stereogene Zentren, unter anderem den
wichtigen quaternaren C12 Kohlenstoff mit gewilinschter Konfiguration. Strategien fir eine
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Ringerweiterung zum gewinschten Tricyclo[9.3.0.07 " ]tetradecan Ringsystem sind beschrieben und

werden zu gegebener Zeit ausgefihrt.

Neben diesem zentralen Ansatz befdhigte uns die flexible Synthese des Ostlichen Fragments dazu
alternative Zugange zu Bielschowskysin zu unternehmen. Die Verknlpfung durch konventionellen
Halogen-Metall-Austauch oder NHK-Kupplung mit zwei westlichen Fragmenten, welche den
Bicyclo[3.2.0]heptan Kohlenstoffkern beinhalten, flihrte zur Ausbildung der sidlichen (XIV) sowie

nordlichen Hemisphare (XIIl) des gewiinschten Naturstoffs.
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1. Introduction

Some plants are well known for their pleasant or unpleasant smell, specific taste and/or have found
application in traditional medicine for the treatment of a wide range of diseases. These properties
are related to the ingredients, natural compounds, which the plant produces to fulfill a specific task.
The use of such compounds may be of a wide variety reaching from protection from natural enemies
or as an attractant for insects, which are indispensable for pollination. Terpenes represent one of
the major families of natural compounds exhibiting such properties. In general all natural
compounds with a carbon skeleton built up by a different number of isoprene units are referred to
as terpenes.! Predominantly, these natural compounds originate from plants but some are produced

by insects, for example as pheromones.

(6}
bielschowskysin (1)  (-)-citronellol (2) geraniol (3) nerol (4) ethisterone (5)
Pseudopterogorgia kallos : B f derived from diosgenin
ingredients of rose ol extracted from yam (Discorea rotundata)

fragrance semi-synthetic contraceptive
o OH
OH
OH stevioside (6) docetaxel (7) (Taxotere®, Sanofi-Aventis)
extracts from Stevia rebaudiana extracts from the Pacific yew (Taxus brevifolia)
natural sweetener semi-synthetic anti-cancer agent

Figure 1 Various Terpenes and Terpene-derived Compounds and their Application

Steam distillation and extraction are the traditional methods to obtain large quantities of the desired
terpenes as essential oils. In this way roses, lavender, thyme, citrus fruits, eucalyptus amongst many
other natural sources are treated providing large quantities of fragrances and flavoring agents for
the industry. In cases where the desired terpene is of little concentration in the plant or the plant
itself is scarce in nature and/or a protected species the common extraction methods seem
inappropriate both ethically as well as economically. At this point a demand for a synthetic access to
the desired molecule arises. This need becomes even stronger, if the target substance exploits
pharmacological activity and therefore is a potential drug for the treatment of a specific disease.
Besides the importance of a synthetic access itself, the possibility for the derivatization of the

natural compound displays a flexibility which allows the improvement of its pharmaceutical activity.



2. Structure and Biosynthesis of Terpenes?

The basic structure of all terpenes is related to one common building block, the isoprene unit (9).
One or more of these 2-methylbutadiene entities are linked together building up the carbon-
framework of this class of natural products, which therefore are also referred to as isoprenoids. This

simple but consistent finding is referred to as the isoprene-rule introduced by Ruzicka and Wallach.?

According to the number of linked isoprene units the natural products are classified as hemi- (Cs),
mono- (Cyp), sesqui- (Cys), di- (Cyg), sester- (Cys), tri (Cso), tetra- (Cao) and polyterpenes (Cs), (Figure 2).
The 2-methylbutane subunits are predominantly linked in a head-to-tail fashion, with the isopropyl
part of isoprene referred to as head and the ethyl part as tail. Merely, the sester-, tri- and

tetraterpenes feature tail-to-tail connections.

Various degrees of oxygenation of these carbon skeletons as well as a manifold of different
cyclizations during the biosynthesis of terpenes result in numerous subfamilies with about 30.000

different known congeners.

i tail tail

Cs headgz@ ! %J\% C1o )\/\/k/ Cis )\/\)\/\/l\/

hemi- mono- head sesqui- head
— 2-methylbutane (8)  2-methyl-1,3-butadiene 2,6-dimethyloctane (10) 2,6,10-trimethyldodecan

(isoprene, 9) (farnesane, 11)
tail
C20 )\/\/k/\/l\/\/k/
di- head

— 26,10,14-tetramethylhexadecane (phytane, 12)

tail
CSO )\/\/l\/\/l\/\/\|/\/\|/\/\r
i tail

2,6,10,15,19,23-hexamethyltetracosane (squalene, 14)

head
2,6,10,14,18-pentamethylicosane (13)

tail
C25 )\/\/k/\/k/\/k/\/k/
sester-

( c ) tail (Cs)n
40 NI VAV 720 520 T 55 V0 Ve Ve Ve NN poly- X X X
tetra- tail n
-

terpenes

all-trans-polyisoprene

,y-carotene (15) (guttapercha, 16)

Figure 2 Basic Hydrocarbons of Terpenes

Terpenes are said to be built up along two different biogenetic pathways. Both, the acetate-
mevalonate- and the Rhomer-pathway (also known as activated acetaldehyde-glyceraldehyde-3-
phosphate pathway or non-mevalonate pathway), lead to the same Cs-intermediates, namely
isopentenyl pyrophosphate (IPP, 22) and dimethylallyl pyrophosphate (DMAPP, 23). These
biogenetic building blocks are later connected to give the basic hydrocarbon skeletons of the

different isoprenoids.



2.1. The Mevalonate Pathway!
The MVA-pathway (Scheme 1) starts with the biogenetic Claisen condensation of two molecules of
acetyl-coenzyme A (Ac-CoA, 17), which is also known as activated acetic acid, forming acetoacetyl-
CoA (18)."* This biological acetoacetate equivalent reacts as an electrophile with a third acetyl-CoA
molecule in an aldol-reaction to give (S)-3-hydroxy-3-methylglutaryl-CoA (HMG-CoA, 19), which is
subject to an enzymatic reduction with NADPH/H'. The resulting R-(-)-mevalonic acid (MVA, 20) is
phosphorylated twice by adenosine triphosphate (ATP) to give mevalonate-5-phosphate (21), which
consecutively undergoes decarboxylative fragmentation leading to isopentenyl pyrophosphate (IPP,
22). Finally, a Mg* or Zn®* dependent isomerase converts IPP (22) to y,y-dimethylallyl
pyrophosphate (DMAPP, 23). Both indispensable building blocks for the first time contain the

branched Cs isoprenic skeleton in the biogenesis of terpenes.
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Scheme 1 Biosynthesis of IPP (22) and DMAPP (23) via the Mevalonate Pathway



2.2. The Non-Mevalonate Pathway (Rhomer-pathway)4
In 1996, Rhomer and coworkers reported an alternative non-mevalonate pathway for isoprenoid
biosynthesis. Incorporation of **C-labeled glycerol or pyruvate into ubiquinone Q8 of Escherichia coli
mutants and into the triterpenoids of the hopane series of Zymomonas mobilis, whereas metabolism
of C-labeled acetate failed, indicated that in some organisms IPP does not stem from the

mevalonate pathway.*

Thus, pyruvate (24) forms an adduct with deprotonated TPP (vitamin B, or thiamine pyrophosphate),
the coenzyme of the pyruvate-dehydrogenase (Scheme 2). Intermediate 25 undergoes
decarboxylation accompanied by Umpolung of the carbonyl-carbon atom. Consequently, the former
electrophilic carbon of the ketone attacks the second biogenetic precursor, glyceraldehyde-3-
phosphate (G3P, 27), resulting in 28. Consecutive retro-aldol reaction liberates TPP and
1-deoxyxylulose-5-phosphate (DXP, 29). MEP (2C-methyl-D-erythritol-4-phosphate, 30) is generated
in an acyloin rearrangement/reduction sequence with NADPH/H". In multiple phosphorylations cyclic
pyrophosphate MEcPP (32) is established, which is said to be reduced to IPP (22), presumably by a
Fe’*-dependent enzyme. Again a Mg**- or Zn**-dependent isomerase is said to convert IPP (22) to

y,y-dimethylallyl pyrophosphate (DMAPP, 23).
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Scheme 2 Biosynthesis of IPP (22) and DMAPP (23) via the Non-Mevalonate Pathway
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Scheme 3 Biosynthesis of the Carbon Back Bone of Terpenes

The two known biogeneses of IPP (22) and DMAPP (23) combine at this stage in the biosynthesis
generating mono- to polyterpenes as follows. An Alder-Ene like reaction connects IPP (22), acting as
the ene with its nucleophilic methylene group, with DMAPP (23), as the corresponding enophile,
giving geranyl pyrophosphate (GPP, 35), the basic intermediate to all known monoterpenes
(Scheme 3). Elongation of GPP (35) with another IPP (23) along the same reaction mechanism,
building up a second tail-to-tail connection, establishes sesquiterpenoid farnesyl pyrophosphate
(FPP, 36). The C, carbon backbone of diterpenes in geranylgeranyl pyrophosphate (GGPP, 37) is
generated from FPP (36) via another Cs elongation with IPP (23). Various oxygenation and cyclization
steps starting from 36 generate more complex diterpenes such as bielschowskysin (1) and

intricarene (47). After a consecutive Cs elongation in a head-to-tail fashion leading to sesterterpenes,



tail-to-tail connectivities are possible for tri-, tetra- and polyterpenes by either combining FPP (36)

molecules or GGPP (37) molecules.

2.3. From Open-Chain to Cyclic and Polycyclic Terpenes!
Dissociation of the pyrophosphate anion in 35 to 38 is assumed to generate a carbocation. This
leaves plenty of opportunities for the formation of new carbon-carbon bonds and one or more
carbocycles. Thus, a broad variety of terpenes with mono- to polycyclic carbon cores arise from their
parent open-chain precursors. Not enough, the formation of diastereomers, enantiomers as well as
nonclassical carbocations, 1,2-hydride shifts, Wagner-Meerwein-rearrangements (1,2-alkyl-shifts)
and sigmatropic reactions add further paths to terpenes of high diversity. Scheme 4 depicts the
biogenesis of some basic mono- and sesquiterpenes including most of the aforementioned

operations.
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Scheme 4 Cyclization of GPP (35) and FPP (36)



2.4. Biogenetic Cyclizations of GGPP (37) Yielding Diterpenes?5
Though geranylgeranyl pyrophosphate (GGPP, 37) is the sole cyclization precursor for all known
diterpenes, the structure and connectivity of their carbon frameworks partly differ drastically due to
a variety of possible cationic cyclization mechanisms (vide infra). The natural product family of
diterpenes is divided in several subfamilies, each of which is defined by a common carbon core,

which also determines the numbering of the contained carbon atoms of all its members.

2.4.1. Type A Cyclization5
Similar to the already discussed syntheses of cyclic mono- and sesquiterpenes, GGPP (37) forms an
allylic carbocation (65) at C2 via dissociation of the pyrophosphate group, which initiates the Type A
cyclization (Scheme 5). Consecutively, the A“**-double bond acts as a nucleophile generating a
14-membered carbon macrocycle under formation of a stabilized carbocation at C15 (66). The next
step is a junction opening three different paths. On one hand construction of a A™**-double bond
upon abstraction of a proton leads to neocembrene (67). Alternatively, 1,3-hydride shift and
consecutive proton abstraction biogenetically yields cembrene (68). Along the third path, on the
other hand, casbene (69) is derived by formation of a cyclopropane ring via 8-proton abstraction.
The 14-membered cembrane macrocycle 67 is the biogenetic precursor of the family of

furanocembranoids which will be discussed in detail in the next section of this work.
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Scheme 5 Type A and Type B Cyclization of GPP (37)
2.4.2. Type B Cyclization5
In contrast to Type A cyclizations, Type B cyclizations are not initialized by disproportion of OPP’, but
by protonation of the A**-double bond of GGPP-conformer (70, Scheme 5). The following cyclization
cascade forms C4-C5 and C10-C11 single bonds along with a decaline system, the carbon skeleton of

labdane diterpenoids (71).



2.4.3. Mixed Cyclization Types: Type A - B and Type B - A Cyclizationss
Type A — B cyclizations, as the name already indicates, is initiated as Type A by dissociation of the
pyrophosphate, generating an allylic carbocation (65, Scheme 6). Depending on the biogenetic
surrounding and therefore on the conformation of the GG-cation, the carbenium ion proceeds in the
formation of either the 4,14-cyclocembrene skeleton (72) or the verticillane skeleton (73) of
diterpenes. These two macrocycles are transformed in either isoprenoids of the fusicoccane-family
(74) or of the taxane-family (75) by a consecutive Type B cyclization initiated by the protonation of

one double bond. Consequently this pathway is referred to as Type A —B.
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Scheme 6 Type A - B and Type B — A Cyclization of GPP (37)

Hence, not surprisingly, Type B — A cyclizations start with the protonation of a double bond and
generation of a carbocation which forms new CC single bonds (37 to 71, Type B, Scheme 6). After
proton abstraction this pathway proceeds in the formation of additional carbocyclic rings by
disproportionation of the pyrophosphate in a Type A fashion (76 to 78, 77 to 79). Basically, via this
Type B — A cyclization and optional Wagner-Meerwein rearrangements the carbon skeletons of

primarane- (77), kaurane- (79) and pleuromutilin-isoprenoids (78) are constructed.

As a rule of thumb, Type A and Type A — B cyclizations generally form large to medium sized
carbocycles. On the contrary, Type B and Type B — A cyclizations result in the formation of smaller

rings. In particular, a decaline system is initially formed.



2.5. Marine Derived Diterpenes: Furanocembranoids, Pseudopteranes

and Gersolanesé7

2.5.1. The Biosynthetic Correlation between Marine Derived Diterpenes
The marine environment is an immeasurable source of interesting natural products, which often
possess interesting biological activities (antitumor, anti-inflammatory and antimicrobial among
others) besides fascinating molecular structures. Due to these facts the scientific community
developed a broad interest in the investigation of the ingredients and constituents of corals. One of
the largest families found in this milieu are cembranoid macro- and polycyclic diterpenes most
commonly found in gorgonian and soft corals. These isoprenoids, biogenetically stemming from
GGPP (37) via Type A cyclization to neocembrene (67), are interconnected by a network of
oxygenation processes as well as rearrangements, ring contractions and transannular cyclizations.
According to the carbon skeletons arising from this manifold of biochemical operations, the group of
marine derived diterpenes has been divided into three basic subfamilies (Scheme 7). The by far
largest subfamily featuring a cembrane-skeleton is characterized by a 14-membered carbon
macrocycle. Furthermore, an oxygen-bridge between C3 and C6 of the cembrane, establishing a
furan ring in the northern hemisphere is another attribute, which together with the macrocycle act
as eponyms of this subfamily, the "furanocembranoids” (80, Scheme 7). Additionally, a butenolide
moiety along C10 to C12 and C20 is a common structural motive and the reason for the older name

“furanocembranolides”.
Other prevalent common structural features of furanocembranoids are:

e Clis usually (R)-configured

e Oxygenated C2

e (18 can occur in the oxidation states of an aldehyde, carboxylic acid or ester. But, to date,
no congener is known bearing a hydroxy functionality at C18

* No representative with C18 as CO,Me bearing an oxygenated C2

¢ The furan moiety (C3 to C6) may occur as enedione

e The A"™2-double bond often is oxygenated exclusively from the a-face (often as an epoxide)

e The A’%-double bond often is oxygenated almost exclusively as the (E)-isomer and usually
from the a-face (as epoxides or diol-derivatives)

e (13 often appears with an oxygen substituent, frequently with an acetate



o
neocembrene (67) furanocembranoid pseudopterane gersolane
skeleton (80) skeleton (81) skeleton (82)

Scheme 7 Subfamilies of Marine Derived Cembranoids

Marine derived diterpenes of the second most abundant subfamily are referred to as
“pseudopteranes” (81, Scheme 7). Structural motives of this pool of natural products are a
rearranged 12-membered macrocycle as well as a furan ring and a butenolide. Members of the
“gersolanes” (82), the third known subfamily, contain a characteristic bicyclo[11.1.0]tetradecane
carbon macrocycle (Scheme 7). As for the other two subfamilies the furan ring and the butenolide

are common structural features.
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Scheme 8 Biosynthetic Photochemical Relation between Cembranoids

Several synthetic studies concerning the biosynthesis of diterpenes and two excellent reviews by
Trauner® and Pattenden’ point out, that all highly oxygenated and polycyclic diterpenes might
biosynthetically arise from simpler common congeners. Thus, a series of oxygenations, presumably
mediated by cytochrome P450 monooxygenases, could convert neocembrene skeleton 67 to
bipinnatin J (83), amongst other simple congeners. As demonstrated by Rodriguez et al., irradiation
of bipinnatin J gave pseudopterane 84, known as kallolide A, via photochemically allowed
[02 + m2,]-cycloaddition, as the main product (1,3-sigmatropic rearrangement, Scheme 8)2
Additionally, this was accompanied by the formation of small amounts of gersolane pinnatin A (85),
presumably via [02, + m2,]-cycloadditions (1,2-sigmatropic rearrangement). Inversion of the hydroxy

group at C2 in 85 is observed, most likely via a furanoxonium intermediate. These seminal findings
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are a strong indication that pseudopteranes and gersolanes have a furanocembranoid as biogenetic

origin.

Along with the rearrangement an isomerization of the (2)-A”®-double bond to the (E)-diastereomer
86 is observed. Alternatively to the concerted ring-contraction, a radical mechanism has been
proposed. Excitation of the A”®-double bond in either isomers is said to result in diradical 87, which
can undergo homolytical C9-C10 bond cleavage (Scheme 8). Intermediary formed 88 finally
recombines between former C7 and C10 to give the pseudopterane skeleton in kallolide A (84).
Interestingly, furanocembranoids featuring a (2)-A”%-double bond are very rare congeners and those
with an epoxide at this juncture exclusively stem from the (E)-diastereomers, with one known
exception, 8-epilopholide (89, Scheme 9). Additionally, epoxidation of this double bond seems to
occur almost exclusively from the less hindered a-face of the cembrane-skeleton, generating
substitution patterns as found, for example, in providencin (92). As already mentioned in a previous
section this natural occurring furanocembranoid is the only one besides bielschowskysin (1),

featuring a cyclobutane core.

1 COzMe
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H ) H\O
) 16 hv O , 7 16
AM1s - ""n(1s
\ 1> \
OAc OAc
o} e}
8-epilopholide (89) bipinnatin E (90) 91 providencin (92)

Scheme 9 Cembranoids with an Oxygenated A”®-Double Bond and the Photochemical Biosynthesis of Providencin (92)

Again, a photoinduced reaction has been postulated to in vivo generate the methylenecyclobutanol
ring system from bipinnatin E (90) - which itself is biogenetically derived from lopholide, the
C8-epimer of 8-epilopholide (89) - as depicted in Scheme 9.”° This Norrish-Type Il reaction (Norrish-
Yang reaction)™ is a formal insertion of the aldehyde functionality at C16 into the C2-H bond. The
initiating step is photochemical excitation of the a,B8-unsaturated aldehyde and abstraction of a
hydrogen in the y-position forming biradical 91. Finally, radical combination closes the cyclobutane

ring in 92.
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Scheme 10 Biogenesis of Rearranged Furanocembranoid Sarcofuranocembranolide B (100)

The structure of skeletal rearranged furanocembranoid sarcofuranocembranolide B (100) is quite
remarkable and deserves some mechanistic explanation at this place (Scheme 10). Furthermore, it is
another example for a photochemically induced biogenesis of a furanocembranoid. Excitation of A”®
in 93 is presumed to generate diradical 94, which via a radical 4-exo-trig cyclization expels an acetate
radical giving cyclobutane 95. Next, fragmentation of the C8-C9 o-bond generates allylic radical 96,
which itself takes part in a 5-exo-trig cyclization generating the C10-C13 bond in 97. Consecutively,
via a second 5-exo-trig cyclization followed by fragmentation (C12-C13) and a formal H-radical
quench at C13, rearranged cembranoid scaffold 99 is formed. Finally, dihydroxylation of the

A"®-double bond and a translactonization provide sarcofuranocembranolide B (100).

2.5.2. The Biosynthesis of Bielschowskysin (1)
Besides intricarene (47) and verrillin (117), bielschowskysin (1) (amongst others) is said to
biosynthetically origin from bipinnatin J (101) as depicted in Scheme 11."' Enzymatic oxidation of
C13 and C16, followed by cyclization to the hemiacetal in 101 is likely to construct the eastern part
of the natural product. On one hand, face-selective dihydroxylation (102), of the A®-double bond
and consecutive Sy2’ reaction could deliver enol ether cyclic hemi-ketal 104. A photoinduced
[2+2]-cycloaddition of this enol-intermediate with the A"™2-double bond of the southern butenolide
has been proposed to contract the 14-membered cembranoid macrocycle, creating the hexacyclic

skeleton in bielschowskysin (1).
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Scheme 11 Photochemical Biosynthesis of Bielschowskysin (1)

Alternatively, hydration of A”® and an oxidative cleavage of the furan ring should give enedione 103,
which simply is a tautomer of cyclization precursor 104. This oxidative furan cleavage is a common
functionalization among diterpenes and may proceed either via a [4+2]-cycloaddition with
photochemically derived singlet oxygen via peroxide 106 or by an Achmatowicz-type oxidation via

epoxide 108, as depicted in Scheme 12.’
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Scheme 12 Biogenetic Oxidative Furan Cleavage

Another path for the formation of enol ether cyclic hemiacetal 104 may be initiated by the
enzymatic epoxidation of A”® according to biosynthetic studies by Pattenden and coworkers, which
are outlined in Scheme 13."” Hence, after epoxidation of 110 to 111 an acid catalyzed opening of the
epoxide presumably gave furanoxonium ion 112, which was quenched by methanol forming (E)-enol
ether 113, which in analogy to the biosynthesis depicted in Scheme 12 may proceed in a [2+2]-

cycloaddition.

MeOH
—_—

Scheme 13 Biomimetic Enol Ether Formation Proposed by Pattenden
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So far, all biosyntheses described in this work contain one or more photoinduced or photochemically
allowed reactions according to the rules of orbital symmetry.®® This is very remarkable and deserves
further discussion, as marine derived natural products have been isolated from soft and gorgonian
corals which usually are found in shallow water, 15 to 50 m beyond ocean surface.'® In consideration
of the habitat of these invertebrates and the amount of light available at this depth, the
photochemical steps might be arguable. It is possible that at least some of the mentioned
photoinduced reactions are enzyme mediated or are facilitated by a binding protein.® Furthermore,
the conditions under which the marine sources are harvested and prepared for investigation might
be the reason for some observed structures. In particular, the common method of drying the species
under sunlight might be the reason for structural rearrangements and therefore some of the
isolated furanocembranoids might be artifacts rather than natural products. However, as for
bielschowskysin (1), further investigations and comparison with the biosyntheses of related
compounds might reveal plausible biosynthetic pathways, which proceed without a photoinduced

step.

bielschowskysin (1)

Scheme 14 Stepwise Related Biosyntheses of Verrillin (117) and Bielschowskysin (1)

As already mentioned earlier, verrillin (117) has been isolated from the same gorgonian octocoral as
bielschowskysin (1). Thus, their skeletons might emerge from the same biogenetic precursor, namely
bipinnatin J (83). Therefore, enediones 114 and 103 are proposed to form new C7-C11 o-bonds via
Michael-additions, giving enolates 115 and 118 respectively (Scheme 14). The biogenetic path to
verrillin proceeds with an acyl migration from 013 to the enolate-O at C20 resulting in oxygen anion
116.” This specific oxygen initiates the formation of a hemiacetal at C6, which consecutively cyclizes
onto C3, finalizing the biogenesis of 117. On the other hand, the proposed non-photochemical

biogenesis of bielschowskysin continues with an aldol reaction of the intermediary formed enolate
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118. Thus, the cyclobutane-moiety and the 9-membered carbon macrocycle in 119 are generated by

formation of the C6-C12 junction. Finally, hemiketal formation at C3 results in bielschowskysin (1).

increasing complexity

bipinnatin J (83) sarcofuranocembranolide B (100) (+)-intricarene (47)

8 CO,Me

increasing oxygenation level

8-epilopholide (89)

18 CO,Me

flexilarin B (121) bipinnatin E (90) providencin (92) L bielschowskysin (1)

Figure 3 Increasing Complexity and Oxygenation Level of Marine Derived Cembranoids

To conclude this section, Figure 3 shows a number of different cembranoids with various grades of
oxygenation and increasing complexity, most of which have already appeared in this section.
Bielschowskysin (1) likely is the most complex of all known congeners. Probably, this is one reason
why this natural compound has gained such intensive attention by the scientific synthetic

community, which will be discussed later in this thesis.
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3. Selected Syntheses of Cembranoids

In the following section a selection of cornerstones in total synthesis of marine derived natural
products of differing complexity are given. All accomplished natural products are structurally related

to bielschowskysin.

3.1. Dauben’s Synthesis of (+)-Cembrene (68)15
In 1974, Dauben and coworkers published a racemic synthesis of the basic macrocyclic hydrocarbon
diterpene cembrene (52) centered upon a Ni(CO), mediated macrocyclization between two terminal
allylic bromides.'® Their convergent synthetic strategy started with ketone 123 (Scheme 15).
Nucleophilic addition of 2-imine-ethyllithium 124, followed by hydrolysis, dehydration and reduction
of the aldehyde led to allylic alcohol 125. Finally, protection of the alcohol and a reduction/oxidation
sequence provided aldehyde building block 126. Second building block 130 of this convergent
synthesis was obtained after Johnson-Claisen rearrangement’ of allylic alcohol 127 with triethyl
orthoacetate and addition of lithium dimethyl methylphosphonate (129). Horner-Wadsworth-
Emmons-reaction,™® to couple fragments 126 and 130, was followed by reduction of the resulting
enone and acylation yielding intermediate 131. Before the nickel-mediated macrocyclization (132)
was elaborated, removal of the THP-protecting groups and conversion of the diol to the
corresponding dibromide was performed. To accomplish the racemic total synthesis of cembrene
(68), the C18 methyl group was installed by 1,2-addition of MelLi to C4-ketone and consecutive acidic

dehydration, regioselectively installing the labile diene in the target molecule.
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Ni-mediated
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1) pTSA, EtOH 1) LiAIH,
1) BuLi, 126 2) PBrs 2) CrO3, H,S0,
2) LiAHg 3) Ni(CO)4, NMP 3) MeLi
130 ————~
3) Acz0, py THPO 4) pTSA

5 steps 23%

4 steps 18%
132 rac-cembrene (68)

Scheme 15 Dauben’s Synthesis of (+)-Cembrene (68)
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3.2. Paquette’s Synthesis of Acerosolide (141)1°
Paquette and Astles introduced one of the first routes to furanocembranoids by the publication of
the total synthesis of acerosolide (141) in 1993. Their retrosynthetic consideration was based on the
early introduction of the furan moiety, to which a butenolide moiety in the southern entity should
be appended before closing the 14-membered macrocycle by a chromium mediated intramolecular
Nozaki-Hiyama-Kishi reaction (NHK).”® Thus, known trisubstituted furan 133! was initially coupled
with aldehyde 134 via a tin-mediated allylation reaction resulting in (E)-isomer 135 in acceptable
yield. Acid catalyzed cyclization of the lactone, double phenylselenide introduction at C2 and C12
and sequential oxidative removal of the selenide residues provided butenolide 136. Stille-coupling at
C2, via the corresponding furfuryl-bromide, with vinyl stannane 137 introduced carbons C1 and C15-
17 in 138. Suitable macrocyclization precursor 140 was obtained after conversion of the THP ether to
the allylic bromide by treatment with 1,2-bis(diphenylphosphino)ethan tetrabromide (139) and an
deprotection/oxidation sequence at C14. Nozaki-Hiyama-Kishi reaction closed the macrocycle
generating an inconsequential single diastereomer at C14, presumably via a six-membered
Zimmermann-Traxler transition state. This was further oxidized with PDC finalizing the total
synthesis of acerosolide (141). A similar macrocyclization strategy will later be discussed in Trauner’s

total synthesis of bipinnatin J (83) (Section 3.5.1.), creating the C1-C2 single bond.

Sn-mediated 8 CO,Me
c;one allylation 1) CSA
SnCly, -78 °C 2) KHMDS
then 134 SPh PhSeCl
SPh tBuO oTBDPS —_
Bu.SH OTBDPS 55% 3) AgCIO,
3 13 13 4) NalO,
o
Bugsn/ﬁ/\omp 2Br 135 136
Ph,R  PPhy
Stille-coupling 137 © CO,Me Nozaki-Hiyama-
139 Kishi reaction
1) NaBH4 1)139
2) NBS, DMS OTHP  2)aq. HF 1) CrCl,
3) 137, Pd(PPh3)4 3) PDC 2) PDC
7 steps 15% 3 steps 20% 2 steps 5%
acerosolide (141)

Scheme 16 Paquette’s Synthesis of Acerosolide (141)
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3.3. Marshall’s Synthesis of ent-Rubifolide (152)22
Marshall et al. reasoned the low yielding steps in Paquette’s synthesis of acerosolide (141) due to a)
the sensitivity of the early introduced trisubstituted furan moiety and to the fact that b) the
macrocyclization might be energetically too high to overcome the arising ring strain as well as
unfavorable enthalpic and entropic factors of the macrocyclization. To proof this assumption,
Marshall’s related total syntheses of rubifolide (152) and deoxypukalide (164)* were centered upon
prior formation of a macrocycle and downstream intraannular furan cyclization. As the assignment
of the absolute configuration of rubifolide was planned, enantiopure (S)-(-)-perillyl alcohol (142) was
chosen as starting material for the total synthesis (Scheme 17). This terpene was transformed into
intermediate 143 in five steps. After a reduction/oxidation sequence and C1 homologation, utilizing

the Seyferth-Gilbert reagent (diethyl (diazomethyl)phosphonate),* alkyne 144 was derived in good

yield.
Seyferth-Gilbert
homologation
1) VO(acac), OTBS
HO {BUOOH OTBS 4 DIBALH 0TBS
2) Hsl0¢ 2) Swern 3 1) nBulLi, 147
3) TMSCHN, 3) (Et0),P(O)CHN, 2) nBulLi, CICO,Me
4) NaBH,4 3 steps 77% b 2 steps 84%
5 TBSCL Im M€02C & MOMO
-)-perillyl alcohol
e (13;2) 5 steps 71% 143 144
subsequence 1) mCPBA ,
2) 146 : 1) DDQ
BF3OEt2 3 2) MsCl, Eth
3) MOMCI 10—0 3) BusSnCu
;_is OPMB - 4) TBAF
otes Y TBAF MOMO™| ) 3 5) EtMgBr, ADD
145 5) Swern 147 !
OPMB ' 5 steps 65%

Li%<
146

Ag-mediated Pd-catalyzed carbonylation (

Lewis acid-n_ved/_'ated furan-cyclization Ag-mediated cyclization
macrocyclization 1) AgNO; i) 2,6-lutidine
6
1) BF5OEt, 2) pTSA Tf,0, Pd(PPhg),
2) DMP, Et;N 3) KoCO3, MeOH CO, THF,0°C
? MOMO 4) MnO ii) AgNOg/sili |
o > 10 = 1) AgQNOQOa/sllica gel
2 steps 74% 5) K-Selectride  HO 49%
151 :
4 steps 51% L ent-rubifolide (152)

Scheme 17 Marshall’s Synthesis of ent-Rubifolide (152)

Aldehyde 147 was synthesized in overall five steps from 145 containing an epoxidation,
regioselective opening of the same, protecting group operations and a Swern oxidation. Fragments
144 and 147 were coupled along C10-C11 via the lithium acetylide. Protecting group operations, Sy2’
reaction of a tributylstannyl cuprate onto a propargylic mesylate as well as oxidation of C3 furnished
precursor 149, suitable for the envisaged macrocyclization. Upon treatment with Lewis-acid, bond

formation between C3 and C4 was accomplished followed by oxidation of the alcohol. With 150 in
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hands the silver-mediated furan-cyclization was performed,” which was followed by
deprotection/dehydration, stereoselectively establishing the (2)-configured A’2-double bond. The
propargylic alcohol was converted into a single diastereomer by a substrate controlled
oxidation/reduction sequence giving intermediate 151. A Pd(0)-catalyzed carbonylation followed by
in situ AgNO; mediated butenolide-cyclization of the intermediary formed allene®® finished the total
synthesis of ent-rubifolide (152). All spectroscopic data was identical with that of a natural sample of
the target molecule, solely the optical rotation was equal in magnitude but of opposite sign,
indicating that the enantiomer was synthesized. Nonetheless, the absolute configuration of
rubifolide (174) was thus assigned. However, by applying (R)-(+)-perillyl alcohol as starting material,

naturally occurring rubifolide (174) would be accessible in 5% via this 22 steps counting sequence.

3.4. Donohoe’s Synthesis of (-)-(Z)-Deoxypukalide (164)27
Donohoe et al. tested a methodology developed in their own laboratories® in a total synthesis of the
furanocembranoid (-)-(Z2)-deoxypukalide (164). Thus, the retrosynthesis was based on formation of
the trisubstituted furan and late-stage formation of the southern butenolide via ring-closing

metathesis (RCM) with a macrolactone (163) as key intermediate (Scheme 18).

1) MePPh3Br, nBulLi MeO,C

HO 1) TIPSCI, Im i) Grubbs Il MeO,C 2) TBAF
2 2) Os, Py CH,Cly, A \ ) 3) TEMPO, NaCIO, [/ \
s isoprene EtO OTIPS i)PPTS s NaOCl (6] !
MeO,C 12
3) 153 z TIPSO B
4) PPTS, 154 5 steps 41% 3 steps 90% Ho o
(-)-perillyl alcohol
(142) 155 156 157
(0]
subsequence 1) TBSCI ‘ )HT Al(BU),
2) nBulLi, BF3OEt isylimi . MeO
) 3OEt, 1) trisylimidazole : NO, O O NO,
TMS-acetylene H NaH T8 !
o 3) MeOH, AcCl Q 2) Me;Sl, nBui QTBS 153 0
QNOH " 10 EE—— OEt
) 4) MesAl, [ZrCpoCly] | 3) TBSCI, Im ' o
(S)igg’g;“' Al 159 160 O 162 (MNBA)
4 steps 54% 3 steps 82% |
Negishi coupling 1 CO,Me 154 1©CO,Me
1) LDA, ZnBr, macrolactonization RCM
then 160 "
[PdCl,(dppf),] 162, EtzN Grubbs Il
2) TBAF DMAP toluene, A
1657 —— H _— _—
2 steps 78% \ COH 73% 72%
0
161 163 (-)-(2)-deoxypukalide (164)

Scheme 18 Donohoe’s Synthesis of (-)-(Z)-Deoxypukalide (164)

Due to economic reasons, (S)-(-)-perillyl alcohol (142) was chosen as starting material, resulting in
the enantiomer of the target compound after successful synthesis. Reaction of the aldehyde

intermediate from ozonolysis of 142 with vinylalane 153, which is derived from hydroalumination of
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methylpropionate, and formation of the acetal with 154 under acidic conditions readily furnished
155. RCM reaction followed by acidic workup allowed the formation of the furan moiety giving
156.%® Along three consecutive reaction steps building block 157 of this convergent synthesis was
finished. Double deprotonation of 157 and formation of the zinc species was followed by Negishi
cross-coupling with 160, which itself was derived from (S)-glycidol (158), leading to
macrolactonization precursor 161 after deprotection. Activation of the carboxylic acid with MNBA
(162)* allowed the closure of macrolactone 163. Finally, RCM reaction, generating the A™**-double

bond, finished the total synthesis of (-)-(Z)-deoxypukalide (164).

3.5. Trauner’s Studies on the Biosynthetic Relationship among

Furanocembranoids: Relay Synthesis of Furanocembranoidsé.11
Members of the furanocembranoid family have been preferred synthetic targets of the research
group of Trauner for a long time. Starting with bipinnatin J (83) in 2006,%° this research group
published a total of eight total syntheses of marine derived cembranoids. Based on profound
understanding of the biosynthetic correlation among this family of natural products®** seven of
these targets were accomplished in a biomimetic way from bipinnatin J as the common starting

point.31

3.5.1. Total Synthesis of (-)-Bipinnatin ] (83)11.30
Shortly after the research group reported a racemic synthesis of bipinnatin J (83)* a stereoselective
total synthesis of the target molecule via a slightly modified sequence was published.'* Their
synthesis started with literature known alcohol 165,* which was readily converted into enantiopure
propargylic alcohol 166 including a stereoselective reduction with (S)-alpine borane (Scheme 19).
C1-Elongation to intermediate 167 was accomplished via a series of protecting group operations and
coupling of the corresponding lithium acetylide with ethyl chloroformate. Ruthenium catalyzed
intermolecular Alder-ene reaction® of 167 with allylic alcohol (168), stereoselectively yielded the
butenolide moiety in 169. (E)-Selective HWE-reaction™® and a series of reduction oxidation steps set
the stage for the Stille-coupling®* of 2-methylfurfurylstannane 172 and vinyl iodide 171. After Appel
reaction® of the allylic alcohol to bromide 173 the macrocyclization was scheduled. Thus, similar to
Paquette’s synthesis of acerosolide (141, vide supra), a chromium mediated Nozaki-Hiyama-Kishi

reaction®® was used to diastereoselectively form (-)-bipinnatin J (83).
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1) K,CO3 Alder-ene reaction
MeOH

1) DMP 168, 5 mol%
OH 2) TMS-acetylene OH 2 ;FI;SIOth RUCP(MeCN) sPFg
; 3) DMP PN o-utidine then CSA
10 %
| 4) (S)-alpine | TMS 3) LIHMDS
165 borane 166 CICO,Et 52%
4) HF
4 steps 56% 2 steps 78%
Stille-coupling NHK-
1) 170 I OH coupling
2) DIBALH 7 1) 172, Pd(PPh3),4
3) PDC Cul, CsF CrCl,
—_— = B ——
4) NaBH,4 2) NBS, PPh; 72%
4 steps 59% 0 171 2 steps 80% v
(-)-bipinnatin J (83)

Scheme 19 Total Synthesis of (-)-Bipinnatin J (83)

With a viable stereoselective total synthesis of (-)-bipinnatin J (83) over 16 steps, starting from
alcohol 165 and 8% overall yield, Trauner et al. were able to tackle their endeavor to access other

congeners via biomimetic steps from this natural product as relay compound.

3.5.2. Total Syntheses of (+)-Rubifolide (174), (+)-Isoepilophodione B (175) and
(+)-Intricarene (47)11

Bipinnatin J (83) was directly converted to two more natural products by consecutive simple one

step procedures (Scheme 20). Thus, ionic deoxygenation of the benzylic position by trifluoroacetic

acid and triethylsilane® readily furnished (+)-rubifolide (174). Treatment of 174 with either mCPBA

or singlet oxygen lead to formation of the enedione in (+)-isoepilophodione B (175), completing

another total synthesis and confirming earlier proposed biomimetic correlations.

ionic oxidative
deoxygenation furan
cleavage
» CF3COH
il EtsSiH mCPBA
99% 88%
or'0,
(-)-bipinnatin J (83) (+)-rubifolide (174) (+)-isoepilophodione B (175)
1) mCPBA
Achmatowicz or'0,
reaction 2) Ac,O, py, DMAP
81%
OAc
] N \
0 H
1““/< DMSO, 150 °C
(e}
176 (+)-intricarene (47)

Scheme 20 Total Syntheses of (+)-Rubifolide (174), (+)-Isoepilophodione B (175) and (+)-Intricarene (47)
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Treatment of bipinnatin J (83) with mCPBA, via an Achmatowicz reaction,®® resulted in a
dihydropyran which was directly converted to 176 by acylation. Various conditions were screened
until heating of 176 in DMSO and 2,2,6,6-tetramethylpiperidine yielded (+)-intricarene (47) by an
intramolecular 1,3-dipolar cycloaddition of oxidopyryliumbetaine 177 with the butenolide,

>12_ and A*"-o-bonds. A few months earlier the research group of

stereoselectively forming A
Pattenden et al. published an almost identical endgame in their total synthesis of 47, only differing

in the reagents applied.*

3.5.3. Total Syntheses of Coralloidolides A, B, C and E31
(+)-Rubifolide (174), which itself is available in one step from bipinnatin J (83), served as a precursor
for another four natural products (Scheme 21). Scheffer-Weitz epoxidation® of the butenolide in
174 provided coralloidolide A (178) as a single diastereomer by attack from the less hindered a-face.
Upon oxidative cleavage of the furan moiety the next furanocembranoid, coralloidolide E (179), was
synthesized. Treatment with scandium triflate resulted in hydration of the enedione and
transannular epoxide opening, which established the oxygen bridged tetracyclic coralloidolide B
(180). The fourth and so far last furanocembranoid synthesized by Trauner et al. is coralloidolide C
(181). Formation of the cyclopentenone in 181 was accomplished by treatment of 179 with DBU,
presumably via y-deprotonation at C19 and transannular aldol reaction closing the C3-C7 connection

followed by migration of the resulting double bond in conjugation to the carbonyl at C6.

Scheffer-Weitz
epoxidation

15 H202| NaOH

Sy

N\

95%

coralloidolide A (178)

L J

oxidative furan | mCPBA
cleavage 73%

aldol
reaction

~ -
transannular

epoxide

opening

Sc(OTRzx HoO | | DBU

_ >

63% 20%

| coralloidolide B (180) | coralloidolide E (179) | coralloidolide C (181)

J

Scheme 21 Total Syntheses of Coralloidolides A, B, Cand E
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3.6. Mulzer’s Synthesis of 11-Gorgiacerol (191)41
Our research group has been working on a number of terpenoids such as bielschowskysin (1),
providencin (92)*? and 11-gorgiacerol (191). The synthesis of the latter was recently accomplished by
Weinstabl and Mulzer utilizing the biomimetic Rodriguez-Pattenden ring contraction”® of a
14-membered carbocyclic precursor. The synthesis of 191, which belongs to the pseudopterane
family of furanocembranoids, commenced with literature known ester 182, derived from (R)-(-)-
carvone in four steps.” Reduction of the ester, aldol reaction with methylacetate and subsequent
oxidation furnished 183 (Scheme 22), which was further alkylated with propargyl iodide 184 to 185.
Furan cyclization according to a procedure reported by Wipf* and subsequent acidic cleavage of the
dimethylacetal provided aldehyde 186. Aldol coupling with seleno lactone 187* and oxidative
elimination of the selenide ensued. By application of Grubbs Il catalyst in refluxing benzene, 188 was
readily converted to 14-membered carbon macrocycle 189 with the newly formed A”?-(Z)-double
bond. As generally proposed for the biosynthesis of pseudopteranes (biosynthesis of kallolide A (84),
Scheme 8) irradiation lead to contraction of the cembrane to the pseudopterane skeleton
completing the total synthesis of 11-gorgiacerol (191), presumably via diradical 190. Similar to the
studies by Pattenden,”® initial formation of the A’2-(E)-isomer was observed. Furthermore, the
completion of this synthesis and the synthesis of the C11 epimer lead to revision of the structure of

the natural compound.

Et02CO, . Wipf-furan COM
o = o cyclization Ve
1) DIBALH | /I
MeO 2) CH3C02M6 MeOZC 184 MeOZC 1) K2C03 / o
NaH, 184 2) TFA
e PR P . S A TR
r 3) IBX r EtOzCO\/ < ‘(
MeO~ “OMe MeO~ “OMe MeO~ “OMe o
182 3 steps 71% 183 90% 185 2 steps 96% 186
SePh Rodriguez-Pattenden ring contraction
CO,Me
CO,Me CO,Me
0”0 o\ RCM
187 3
i) LDA, 187 Grubbs Il
_— | P
i) Ho05 A, benzene r O\ r

OH

1% 65% o

11-gorgiacerol (191)

Scheme 22 Mulzer’s Synthesis of 11-Gorgiacerol (191)
The syntheses by Trauner and Mulzer elegantly represent the application of biomimetic strategies in
total synthesis. The biomimetic photoinduced ring contraction utilized in Mulzer’s total synthesis of
11-gorgiacerol (191) displays a suitable connection to the following section of this thesis, which deals

with the application of photochemical reactions as key steps in natural product synthesis.
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4. Photochemical Reactions as C-C Bond Forming Strategies in

Natural Product Synthesis

The design of natural product syntheses is a challenging field for synthetic organic chemists and
demands a deep seated knowledge of a broad number of chemical transformations as well as certain
creativity in setting the retrosynthetic cuts. Photochemical reactions add a wide range of different,
often underestimated transformations to the toolbox of synthetic chemists. The following section is
devoted to photochemical C-C bond forming processes with an emphasis on the
[2+2]-photocycloaddition, as this transformation has the largest impact of all photochemical
reactions on total synthesis and a main part of this thesis is centered upon this reaction. An insight
into the role of molecular orbitals in each of these reactions is not given, as this is part of numerous

excellent articles and books and would go beyond the scope of this thesis.*’

4.1. Photocyclizations48
Conrotatory [6m]- and disrotatory [4m]-photocyclizations are photochemically allowed according to
the Woodward-Hoffmann-rules™ and are among the most important light induced pericyclic ring
closing reactions. Phenanthrenes are readily accessed by [6m]-cyclizations forming the central
benzene ring under oxidative conditions. For example combretastatin C-1 (194) was synthesized
from stilbene 192 utilizing this pericyclic reaction (Scheme 23).* Irradiation of stilbene 192 in the
presence of iodine, as oxidant of an intermediary formed cyclohexadiene, gave the desired

phenanthrene scaffold 193.

OTBS [67] OTBS

:©/\ hv (L > 280 nm)  MeO MeO
é}\ MeO ——— me0

68%
OTBS OTBS

combretastatin C-1 (194)

Scheme 23 Application of a [6rt]-Photocyclization in the Total Synthesis of Combretastatin C-1 (194)
Substrates halogenated ortho to the alkenyl-bridge have also been applied, leading to the
rearomatization of the central benzene ring by elimination of HX under neutral conditions.™
Amongst others, further substrates of this pericyclic process were enamides of benzoic acid giving

isoquinolines and derivatives.”

Pyridinium salts as 195 were applied in [4n]-photocyclizations in natural product synthesis

(Scheme 24). The disrotatory reaction yields carbenium ion 196, which is saturated in the presence
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of water. A consecutive Sy2 opening of aziridine 197 and acylation afforded amino cyclopentene

199, which was proceeded to (+)-mannostatin (200) by Mariano et al.>

[47]
hv (A = 254 nm) HO.,,
() TRy e Moy ine
— —_— —_— —
o\ o N" o -Hcio, N
b ClO, H ClO; H
195 196 197
ACZO
DMAP HO, OH
py - .
HO' ""OH AcO™ ""OAc ———> HO "'SMe
0/
NH, 42% NH, NHAc
198 199 (+)-mannostatin (200)

Scheme 24 Application of a [4rt]-Photocyclization in the Total Synthesis of (+)-Mannostatin (200)
[4mn]-photocyclization of a cycloheptatrienone of general structure 201 is known to result in
bicyclo[3.2.0]cycloheptane 202 (Scheme 25), which might be a suitable intermediate for the

elaboration of bielschowskysin’s western carbon core (vide infra).

bielschowskysin (1)

Scheme 25 Proposed [4mnt]-Photocyclization to Generate the Bicyclo[3.2.0]cycloheptane Core of Bielschowskysin (1)

4.2. Norrish-Yang Cyclization48
Photoexcitation of a carbonyl group may result in the abstraction of a hydrogen in y-position, leading
to a short lived 1,4-diradical, which recombines closing a cyclobutane moiety. This process is
referred to as Norrish-Yang cyclization (Norrish type Il reaction).’® As an example (Scheme 26), the
reaction was used to construct the trans-fused cyclobutane ring in the total synthesis of
(-)-punctaporonin (206).>* Competitive cleavage of diradical 204 (Norrish type Il cleavage), giving

isobutene and a ketone in the substrate, were found to be the reason for the moderate yield.

Norrish-Yang

cyclization
MOMO Y MOMO
O hv (r=254nm)
benzene
SEMO 49% SEMO
2 (-)-punctaporonin (206)

Scheme 26 Norrish-Yang Cyclization in the Total Synthesis of (-)-Punctaporonin (206)

25



Mechanistically, the excitation may result in a triplet state carbonyl, which abstracts the y-hydrogen,
where after spin-flip to the singlet state (ISC, inter-system-crossing) facilitates recombination of the
1,4-diradical. The Norrish Yang cyclization has also been reported to form cyclopentanes in cases
where no y-hydrogen but a 6-hydrogen was present.”* Furthermore, irradiation of a,B8-unsaturated
carbonyl compounds was found to lead to the deconjugated B6,y-unsaturated equivalents by

abstraction of a y-hydrogen.>

4.3. Norrish-Type I Cleavage+8
The following section deals with the Norrish-Type | reaction, which refers to the a-cleavage of
photoexcited carbonyl compounds.’® Homolytic cleavage of the o-bond next to the carbonyl results
in the formation of a diradical, which offers different paths for further reactions. For example,
excitation of cyclohexanone 207 led to formation of unconjugated exocyclic aldehyde 209 via
diradical 208 (Scheme 27). In particular, the acyl-radical (208) abstracts the 8-hydrogen (C5) and the
A**-double bond is formed by recombination of the C5-C6 diradical. Compound 209 served as

intermediate in the total synthesis of sesquiterpene (+)-juvabione (210).*°

Norrish-Type |

He, cleavage H 1
N OHC H
hv (L =300 nm)
) MeOH NI ° —
/ . [——— s —_—
lo} -
66% -
207 208 209 (+)-juvabione (210)

Scheme 27 Norrish-Type | Cleavage in the Total Synthesis of (+)-Juvabione (210)

Formation of ketene 213 by Norrish-Type | reaction, which directly underwent cyclization to
butyrolactone 214 was used in the total synthesis of leukotriene-B, (215, Scheme 28).>’ Irradiation of
cyclobutanone 216 in acetic acid was used to establish mixed bisketal 219 in the total synthesis of
(-)-deacetoxyalcyonin 220.°® After homolytic bond cleavage to 1,4-diradical 217, formation of

oxacarbene 218 and trapping by the solvent resulted in the desired ring-enlargement.
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H hv
HO!+ benzene
H O 41%
211 212 213 214

Norrish-Type |
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\ H OMe
hV -‘\ g s
HOAc .
86% H 0Ac
L 218 (-)-deacetoxyalcyonin (220)

Scheme 28 Norrish-Type | Cleavage in the Total Syntheses of Leukotriene-B, (215) and (-)-Deacetoxyalcyonine (220)

4.4. Photochemical Rearrangements48

4.4.1. 1,2-and 1,3-Acyl Migration
These photochemical reactions are closely related to the Norrish-Type | reaction, starting with
homolytic cleavage of the bond in a-position to the photoexcited carbonyl group. The 1,3-acyl
migration presumably is a singlet state process, whereas the 1,2-acyl-migration, also known as
oxo-di-m-methane rearrangement, is a triplet process requiring a sensitizer. Scheme 29 gives an
example for the latter. Mechanistically, the excited triplet carbonyl in 8,y-unsaturated ketone
221 - via 1,2-acyl migration - generates 1,3-diradical 223, which recombines affording cyclopropane
224. Three more steps, including a reductive cleavage of the cyclopropane ring under Birch

conditions,” finalized the total synthesis of [3.3.3]propellane (+)-modhephene 225.%°
1,2-acyl migration

A g

221 rac-modhephene (225)

Scheme 29 Photochemical 1,2-Acyl Migration in the Total Synthesis of the [3.3.3]Propellane (+)-Modhephene (225)
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4.4.2. Photo-Fries Rearrangement - Mulzer’s Total Synthesis of
(-)-Kendomycin (237)62
In contrast to the thermal variant of the Fries rearrangement,® the photoinduced modification does
not require strong Lewis acidic conditions, facilitating the acyl-migration by irradiation with light of
short wavelengths. Magauer and Mulzer reported an application of the photo-Fries reaction for the
construction of a macrocycle in their total synthesis of (-)-kendomycin (237).%% Their highly
convergent synthesis was based on the connection of three building blocks 231, 228 and 227. The
latter two were accessed from aldehyde 226 in one and ten steps, respectively (Scheme 30).
Connection of these two intermediates by esterification was followed by Claisen-Ireland
rearrangement® and reduction of the resulting carboxylic acid providing (E)-alkene 230. Further
transformations and chain elongation with Evans ketoimide 231** under Lewis acidic conditions led
to intermediate 232. Diastereoselective reduction to the 1,3-anti diol®® and further manipulations
afforded seco acid 233, setting the stage for the macrolactonization. After successful lactonization,
irradiation of macrolactone 234 in cyclohexane resulted in intermediate 236 with the correct ring
size via photo-Fries reaction. Finally, a series of protecting group operations, reductions and

oxidations completed the total synthesis of (-)-kendomycin (237).

OH Claisen-Ireland
1 step :
H W * 1) LIHMDS
) TBDPSO™ 597 HMPA
: o TBSCI
_ —_—
2) LIAIH,
OTBDPS 84%
226 [ 10 steps | OMe ° OMe
i 0O o 229 230
oae
-/ o
Bn 231 macrolactonization
1) MsClI . 1) MesNBH(OAC);
2) LiAIH, * 2) LiOH, H,0, EDCI, DMAP
3) TBAF 3) HCI DMAP-HCI
4) IBX 4) (CH3),C(OMe), 55%
5) 231, Sn(OTf), Bn CSA
Et;N 2~N 5) LiOH
5 steps 70% o /&O OMe 5 steps 49% OMe
232 233
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X 1) NaBH,
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cy 3) TESOTF, Et;N
75% 4) IBX HO™ ™
5) HF :
C ) HO
OMe OMe 5 steps 17% 0
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Scheme 30 Mulzer’s Total Synthesis of (-)-Kendomycin (237) Containing a Photo-Fries Rearrangement as Key Step
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4.4.3. meta-Photocycloaddition - Mulzer’s Synthesis of (-)-Penifulvin A (250)48.66
This singlet process usually between an electron-rich arene and a double bond is one of the most
fascinating photochemical reactions applied in total synthesis. As the intermolecular case of this
reaction rarely gives satisfying yields it is most often carried out in an intramolecular fashion of an
arene with an alkenyl side chain. Along the path of this transformation three single bonds are
formed with up to six stereogenic centers. Gaich and Mulzer’s synthesis of sesquiterpenoid
(-)-penifulvin A (250),%” which is outlined in Scheme 31, is a very elegant example for the application

of this reaction in total synthesis.

HO
Myers' alkylation A3 strain
(o} OH
1) (R,R)-NMPE Ph\/LN
oH |

DIC, DMAP LDA
2) LiCl, LDA, 239 BH3NH;

—_—

HOOC 57% X 94%

238 240 241
BI'/_\:<
239

meta-photocycloaddition

hv (> 254 nm) )
pentane, 22 °C | o OH 245
anti243 —— S > . Birch reduction
70% .
° OH H 1) EtaNH, Li
2) IBX
OH
244 - then NaClO,
{ H 66%
OH e
246 246
o]

H O3
%OH thiourea

H 78%

247 248 249 ()-penifulvin A (250)

Scheme 31 Mulzer’s Total Synthesis of (-)-Penifulvin A (250) via meta-Photocycloaddition

Centered upon Wender’s previous work on this photocycloaddition,®® the synthesis commenced
with o-tolylacetic acid (238). Elongation in the benzylic position in stereoselective manner by Myers’
alkylation (240), utilizing pseudoephedrine ((R,R)-NMPE),*® afforded 241 after reductive cleavage of
the chiral auxiliary. Next, the meta-photocycloaddition was scheduled. On irradiation a singlet state
exciplex is said to be formed which reacts in a formal [3+2]-cycloaddition, preferentially as the anti-
conformer 243, due to reduced 1,3-allylic strain. In two different paths diradical 244 is able to
recombine, generating either linear triquinane system 245 or the angular 246. As a rule of thumb,
donor-substituents on the arene usually end up at the newly formed bridge head atom, forming a

quaternary center. Tetracycle 246 was further proceeded to 247 by Birch® reduction cleaving the
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cyclopropane ring and an oxidation sequence to the carboxylic acid. Ozonolysis of the double bond,
cyclization of intermediary dialdehyde 248 to hemiketal 249 and PDC oxidation completed the total

synthesis of (-)-penifulvin A (250) in eight steps and 8% overall yield.

4.5. Paterno-Biichi Reaction4869
The photocycloaddition of a carbonyl with an olefin, providing an oxetane, is a well established
photochemical reaction referred to as Paterno-Biichi reaction.®® Usually the reaction precedes on
the triplet hypersurface, involving 1,4-diradicals, and therefore it is a stepwise rather than a
concerted process. As oxetanes are rare structural motives in natural products, they are most often
used as intermediates and usually cleaved. Both inter- and intramolecular cases are feasible in total
synthesis. An example for the former is given in Scheme 32 in the total synthesis of (+)-preussin
(255).° In the photochemical reaction enamine 252 was treated with benzaldehyde giving
intermediate 254, which is the formal anti-aldol product due to the inherent 1,3-functionality.
Hydrogenolysis of 2-phenyloxetane 254 and reduction of the amide were the remaining steps to

conclude the total synthesis of (+)-preussin (255).

Paterno-Biichi

Y o Pd(OH Ho

hv (350 nm) 1) Hy, PA(OH),

| H;CCN t . 2) LiAIH

J QCQH19 e | PR N~ “CoHig |, Ph N~ “CoH1g )—4> 'il CoH1g

| | |
CO,Me 53% CO,Me CO,Me 74% Ph
251 252 253 254 (+)-preussin (255)

Scheme 32 Application of the Paterno-Biichi Reaction in the Total Synthesis of (+)-Preussin (255)

30



4.6. [2+2]-Photocycloaddition*8

4.6.1. General Discussion
The [2+2]-photocycloaddition is the most utilized photochemical reaction in natural product
synthesis. Even though cyclobutanes are scarce motives, they are often used as intermediates in
syntheses mimicking a variety of structural features. Besides inter- and intramolecular cases the

[2+2]-photocycloaddition can be classified into three different pathways.

(A) Most commonly, a,6-unsaturated usually cyclic carbonyl compounds react with olefins in a
stepwise fashion via comparatively long lived nrt* triplet states, similar to the Paterno-Biichi
reaction via 1,4 diradicals.

(B) [2+2]-photocycloadditions utilizing triplet sensitizers such as acetone, acetophenone or
benzophenone. This pathway enables photoexcitation of olefins with rather low triplet
energy, for example dienes and styrenes.

(C) [2+2]-photocycloadditions employing copper(l) salts as catalysts. This reaction is only useful
for 1,6-dienes, establishing bicyclo[3.2.0]lheptanes or corresponding heterocycles.
Mechanistically, the charge-transfer band of the copper-alkene complex is excited at

wavelengths of about 250 nm, resulting in [2+2]-photocycloadditions.

Whether on the singlet or triplet hypersurface, the [2+2]-photocycloaddition is the direct way to
cyclobutanes. Thus, whenever such a moiety is present in the scaffold of a natural product, this
process can immediately be recognized as a central retrosynthetic step. Scheme 33 gives examples

for the application of all three general pathways discussed above in intramolecular fashion.

In the racemic total synthesis of punctaporonin C (260) an intramolecular [2+2]-photocyclization was
employed to construct the tetrahydrofuran moiety of an oxygen linked butenolide with excellent
regio- and stereoselectivity (Scheme 33).”' Excitation of butenolide 256 and formation of
1,4-diradicals 257 and/or 258, after spin-flip to the singlet state, results in recombination and

formation of tetracycle 259.

1,3-bridged cyclobutanes like 263 are available from [2+2]-photocyclizations of 1,5-dienes, which are
said to react in crossed regioselectivity via their triplet states according to the so called rule of five’* -
not to be confused with the Lipinski rules (RO5).” The former describes the preference for the
formation of five membered rings in triplet-state reactions, whereas the latter is used to predict the
druglikeness of chemical compounds. Thus, by excitation of 261 in the presence of benzophenone as

sensitizer 1,4-diradical 262 is formed by closure of a cyclopentane ring. By inter-system-crossing to
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the singlet state, recombination becomes feasible and the bridged cyclobutane 263 is constructed.

Further transformations allowed the synthesis of rac-trans-bergamotene (264).”

Type A 2+21  [1IPSQ ]
AcO
z “ O hy (254 nm)
TIPSO—O /E//(O PIOH, -75°C | &
N "0 —
g 67%
\\ o
256

Type B
[2+2] <\o <\o
‘ hv (> 280 nm) 0 0
o Yo Ph,CO, cy . —
\ / —_—
7 80% N
261 262 263 rac-trans-bergamotene
crossed regioselectivity (264)
Type C
2+2,
OAc 2+
/ hv (254 nm)
3 [CuOTH], Et,0
\O—< 89%
265 rac-kelsoene (267)

Scheme 33 [2+2]-Photocycloaddition Types and their Application in Total Syntheses

The photocyclization of 265 to 266 represents the third general case. 1,6-Diene 265 was irradiated in
the presence of copper(l)triflate giving the cyclobutane in good overall yield and excellent regio- and
stereoselectivity. Further steps, including an epimerization, led to the racemic synthesis of

kelsoene (267).”

4.6.2. [2+2]-Photocycloaddition Products as Intermediates in Total Synthesis
The following section discusses the different ways in which cyclobutanes have been used as
intermediates in total synthesis. The potential of this strategy strongly depends on both reaction

partners and the outcome of the [2+2]-photocycloaddition itself.

The racemic total synthesis of periplanone B (273) by Schreiber and Santini utilized an
allene/[2+2]-photocycloaddition of cyclohexenone 269 to yield bicycle 270 in a regioselective head-

to-head fashion as an inconsequential 2:1 diastereomeric mixture (Scheme 34).”° Addition of a vinyl

32



appendage and consecutive oxy-Cope rearrangement’’ provided cyclobutene 271. Thermal
conrotatory ring opening followed by double-bond isomerization afforded (E)-cyclodecenone 272,

which could be proceeded to the desired natural compound 273.

[2+2] oxy-Cope
rearrangement

o hv (> 280 nm) 1) CH,CHMgBr o]
Et20 2) KH, 18-crown-6
S 72% 47%
268 269 271

head to-head

1) 175 °C
2) hy
70%

Scheme 34 Head-to-Head Allene/[2+2]-Photocycloaddition in the Total Synthesis of rac-Periplanone B (273)

rac-periplanone B (273)

Alkenes with electron-donor substituents at the double bond preferentially react in a head-to-tail
fashion. Thus, [2+2]-photocycloaddition of 1,1-dialkoxyalkene 274 with cyclohexene 275
regioselectively afforded bicycle 276 as reported by Smith and Richmond (Scheme 35).”% The latent
cyclobutanone was subjected to Baeyer-Villiger oxidation’ affording y-butyrolactone 278, which was

converted to rac-paniculide B (279).

[2+2]

i y o
ij\/ hv (> 280 nm) . /[;O\/
EtO OEt OTBS 84% EtO OTBS —— o OTBS
OEt H
276 277
Baeyer-Villiger
mCPBA

—>O

74%

H
278 rac-paniculide B (279)

Scheme 35 Head-to-Tail [2+2] Photocycloaddition in the Total Synthesis of rac-Paniculide B (279)

So far, only racemic total syntheses containing [2+2]-photocycloadditions have been discussed.
However, there are stereoselective cases utilizing chiral complexing agents or chiral auxiliaries. As an
example for such an enantioselective photocycloaddition, irradiation of a mixture of quinolone 280
and silyl enol ether 281 in the presence of enantiopure 282 afforded 283 with excellent regio- and
diastereoselectivity (Scheme 36). Fragmentation of the cyclobutane moiety was achieved under
basic conditions providing enone 284, which was further proceeded to (+)-meloscine (285) by Bach

et al®®
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283 — —_—
o

98% ”

284 (+)-meloscine (285)

Scheme 36 Enantioselective Intermolecular Head-to-Tail [2+2]-Photocycloaddition by Bach et al.

Silyloxy or alkoxy substituted double bonds are frequently used in de Mayo reaction sequences.®
This strategy was applied by Oppolzer and Godel to the total synthesis of (+)-longifolene (289), as
depicted in Scheme 37.% Intramolecular [2+2]-photocycloaddition of 1,3-dicarbonyl surrogate 286
resulted in caged intermediate 287. Upon cleavage of the benzyloxycarbonyl protecting group (Z) at
the tertiary alcohol by hydrogenolysis, retro-aldol reaction (the second step in the de Mayo reaction)

afforded tricyclic 288 which could be proceeded to desired natural product 289.

[2+2]

o]
oz hv (> 280 nm) oz H,, Pd/C
cy HOAc -
—_— —_—
76% 2 steps 96%
o H steps o o o
le]
286 287 288 (+)-longifolene (289)

Scheme 37 Photochemical de Mayo Reaction in the Total Synthesis of (+)-Longifolene (289)

Another very elegant example for an intramolecular [2+2]-photocycloaddition is the racemic
synthesis of (+)-hirsutene (295) by Mehta, outlined in Scheme 38.% Photocycloaddition precursor
292 was derived by Diels-Alder reaction of cyclopentadiene (290) and para-benzoquinone 291.
Irradiation of the [4+2]-cycloaddition product gave pentacyclic cubic intermediate 293. Thermal
cleavage of the cyclobutane resulted in the formation of the linear triquinane scaffold 294 of
(£)-hirsutene (295). Overall, the sequence from 292 to 294 can be seen as stepwise photothermal

metathesis.
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Diels-Alder [2+2]

[4+2] hv (> 280 nm)
@ EtOAc 500 °C M
85% o quant.
291 rac-hirsutene (295)

Scheme 38 [2+2]-Photocycloaddition in Mehta’s Synthesis of rac-Hirsutene (295)

Crimmins et al. also utilized a [2+2]-photocycloaddition/fragmentation sequence in their remarkable
synthesis of ginkgolide B (300).2* In their complex retrosynthetic considerations the intramolecular
cycloaddition between an enone and a furan moiety was envisaged to stereoselectively form spiro-
connectivity between three central rings (A, B and C). Thus, photoexcitation of 296 led to formation
of tetracycle 297, which was proceeded to 298 in three more steps (Scheme 39). After installation of
the enone functionality via the a-phenylselenyl ketone, the degradation of the cyclobutane ring was
performed. Thus, epoxidation of the dihydrofuran ring in the presence of water was accompanied by
a retro-aldol reaction resulting in cleavage of the cyclobutane ring in 299, which was further

converted to desired natural product 300.

[2+2]
1) 5% HF
CO,Et o hv (> 366 nm) 2) MsCl
| p cy 3) PPTS
: : quant. 0.a. 63%
TESO tBu
296 297 298
1) PhSeCl,
then, NalO4 o
2) DMDO,
H,0, pTSA OH
0.a.73%

299 rac-ginkgolide B (300)

Scheme 39 [2+2]-Photocycloaddition/Fragmentation Sequence in the Total Synthesis of rac-Ginkgolide B (300)

A series of applications of photochemical reactions and the [2+2]-photocycloaddition has been
discussed in this chapter, pointing out that these transformations are useful operations in total
synthesis only requiring light as “reagent”. Photochemical transformations, if designed carefully, are
very selective, high yielding and atom-economic processes leaving no waste at the end of the
reaction. As most of the presented syntheses were racemic, further elaboration of stereoselective
versions of these reactions is desirable. The good experience with photochemical reactions in our
group and the great potential of the [2+2]-photocyclization to construct cyclobutanes as
intermediates in total synthesis or as structural motives of natural products, encouraged us to utilize
this reaction in our efforts towards a total synthesis of bielschowskysin as outlined in the following

chapters.
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5. Bielschowskysin

The research group of A. Rodriguez has devoted a large part of its research to the investigation of
marine invertebrates and natural products isolated from them. Trying to find new types of
therapeutics and possible drug leads, the research group intensively studied extracts from specimen
of soft and gorgonian corals. Starting with a publication in 2004, this research group has reported
the isolation of more than 25 different cembranoid diterpenes from the gorgonian octocoral
Pseudopterogorgia kallos (Bielschowsky, 1918). Extracts of this specimen, collected near the Old
Providence Island located in the Southwestern Caribbean Sea off the coast of Colombia (Figure 4),%
revealed the isolation of a furanocembranoid with an unprecedented carbon skeleton,

bielschowskysin (1).%°
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Figure 4 Location of Old Providence Island and a Photography of Pseudopterogorgia kallos

From 1.07 kg of air-dried animal specimen,166 g of a crude dry extract were obtained by extraction
with CH,Cl,-MeOH (1:1). After a standardized extraction procedure and purification by flash
chromatography followed by normal-phase HPLC, 39.6 mg of pure crystalline 1 were obtained, which

equates 0.024 wt% of the crude extracts.

>ltetradecane ring

The carbon scaffold of bielschowskysin consists of a novel tricyclo[9.3.0.0
system, which was confirmed by single-crystal X-ray diffraction analysis (Figure 5). Accompanied by
2D-NMR analysis, the relative configuration of the natural product could be assigned as depicted in
Figure 5. Furthermore Rodriguez et al. proposed a new class of regular diterpenes,

bielschowskyanes, named after the so far sole representative 1.

The biogenesis of bielschowskysin is interrelated to the biosyntheses of its congeners and has

therefore been treated in context with them in a previous section of this work.
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bielschowskysin (1)

Figure 5 Crystal Structure of Bielschowskysin (1)

The unprecedented hexacyclic skeleton of 1 contains eleven stereogenic centers, seven of which are
part of or contiguous to the cyclobutane ring. This cyclobutane ring is encompassed by a fused
cyclopentane in the west (along C7-C11), a butyrolactone in the south (along C11-C12) and a spiro-2-
oxo-dihydrofuran ring in the north-east (C6). The natural product with the molecular formula
C,H,s04 features one all-carbon quaternary center (C12) and a total of nine oxygen atoms. Thus,
with a statistical carbon to oxygen ratio of 2.4:1 the level of oxygenation is remarkably high amongst
diterpenes. These oxygen atoms are part of two cyclic hemiacetals at C3 and C16, an acetoxy-group
at R-configured C13, a lactone bridging between C10 and C20, as well as a tertiary alcohol at

S-configured C8.

Besides the isolation and the assignment of the dense polycyclic structure, Rodriguez et al. reported
significant biological activity of bielschowskysin (1). Compound 1 was found to exhibit in vitro
cytotoxicity against two human cancer cell lines, EKVX nonsmall cell lung cancer (Glsy < 50 uM) and
CAKI-1 renal cancer. More interestingly it showed antiplasmodial activity against Plasmodium
falciparum (ICso = 10 ug/ml), the number one malaria causing parasite. With an estimated number of
200 million global cases and an annual mortality of more than one million people according to the
WHO, malaria is one of the most life-threatening diseases.®” Additionally, the parasite, whose vector
is the female anopheles fly, is well known to rapidly form resistances against common commercial
drugs. Therefore, an enormous interest of the scientific community concerning the investigation of
this disease and a pressing need for new therapeutics against Plasmodium species exists. With its
remarkable antiplasmodial activity, bielschowskysin (1) may serve as possible drug against P.
falciparum or at least as a promising drug lead. Thus, combined with its challenging structural
features, 1 represents a very attractive target for synthetic chemists, which is reflected by the
numerous contributions reported in literature. The following section is going to review all present

synthetic efforts towards a total synthesis of bielschowskysin.

37



6. Previous Synthetic Efforts towards BielschowsKkysin

In the following sections, synthetic efforts towards a total synthesis of bielschowskysin (1) by
different research groups, including our own, are disclosed in full detail and in chronological order.
To anticipate, though several approaches have been reported, no total synthesis was accomplished

so far.

6.1. SulikowsKki’'s Contributionss
In 2006, only two years after the isolation of bielschowskysin (1) was reported, Sulikowski and
coworker published a synthesis of a tetracyclic fragment of the natural product utilizing a biomimetic
[2+2]-cycloaddition to construct the cyclobutane ring (Scheme 40). Their endeavors started with
literature known ester 301, which is readily available from malic acid. Introduction of an alkyne
appendage via the Weinreb-amide® and transacetalization with mesitaldehyde dimethylacetal
under acidic conditions furnished 1,3-dioxane 302 in good overall yield. Oxidation of the primary
alcohol to the aldehyde was followed by a Still-Gennari olefination®™ with compound 303 providing
(2)-enoate 304 in good overall yield. Palladium mediated Sonogashira coupling®® with vinyl iodide
305 and a two-step oxidation sequence — DMP oxidation to the aldehyde followed by Pinnick
oxidation’ — lead to carboxylic acid 306. Silver-mediated cyclization of the carboxylic acid onto its
conjugated triple-bond gave the alkylidene butenolide”™ followed by acidic cleavage of the
mesitylene-acetal leading to formation of the second butenolide, providing [2+2]-photocyclization

precursor 307 in low yield.

Still-Gennari Sonogashira
olefination coupling
1) MeO(Me)NH HCI e Nes 1) 305, Pd(PPh)
MeMgBr /'\ 1) DMP o} Q Cul, NEt3
o o) 2) HCCMgBr 10) Q 2) 303, KHMDS p 2) DMP
o HO ' \ X
OMe  3) MesCH(OMe), XX 71% overall COMe 3) saﬁl(;go
201 CSA 302 304 arza
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Ag-mediated
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o o 1) AQNO3
: CO,H  2) HOAC
| NS —
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9 (e}
(FgcCHZO)ZP\)'LOMe
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OH
'\7(
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Scheme 40 Sulikowski’s Efforts towards a Total Synthesis of Bielschowskysin (1)
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After irradiation of a solution of 307 in CHCl; with a sun lamp for 2 h, a 3.6:1 mixture of 307 and
diastereomeric 308 was observed. Prolonged irradiation resulted in a complex mixture of products.
By replacing CHCI; with acetone as solvent the reaction was much cleaner allowing the isolation of a
5:1 diastereomeric mixture of [2+2]-photoadducts 311 and 312. Sulikowski explained the
diastereomeric outcome of the photocyclization by stereoelectronic effects and, according to the
rule of five,”* by a two-step mechanism along with the formation of 1,4-diradical intermediates 309
and 310, which are in equilibrium by bond rotation. Thus, with 1,4- and 1,6-dienes, as observed for
307, parallel addition is favored, whereas 1,5-dienes are said to preferentially form the cross-
adducts. This rule of five is regarded as general and applies where photosensitizers as acetone are

used generating triplet-state excimers or exciplex.

6.2. Lear’s Contribution®+
Three years after the publication of Sulikowski, Lear and coworkers reported a biomimetic
intramolecular [2+2]-photocyclization generating the cyclobutane moiety in a north-south manner
between an allene and a butenolide (Scheme 41). Their endeavors started from malic acid giving
intermediate 313 via a similar reaction sequence as in the previous publication, with the only
difference being a benzylidene instead of mesitylene acetal. Cyclization precursor 314 was obtained
by acidic deprotection of the acetal accompanied by closure of the butenolide, protection of the
tertiary alcohol and copper mediated allene-formation with formaldehyde via a protocol developed

> Irradiation of 314 in a 1:1 mixture of CH,Cl,/hexanes with three

by Searles and Crabbé.’
conventional UV-lamps at a wavelength of 254 nm, appertaining to the UV-C range, gave the

western bicyclo[3.2.0]heptane core 315 in regio- as well as diastereoselective manner and good

yield.
Searles-Crabbé
E 1) H,SO,, MeOH [2+2] ©
0 o 2) TMSOTF . 1) CHyCly/hexanes TMSO..
: 2,6-Iutidine ’ =\ 11, hv

\ N 3y o °

oMo 3) (CH,O)y, ProNH,  TMSO /, 12 h, 70% 5

313 CuBr 314 315 bielschowskysin (1)

30% overall

Scheme 41 Lear’s Synthesis of the Bicyclo[3.2.0]heptane Core of Bielschowskysin (1)

Both so far discussed approaches formed the cyclobutane moiety via [2+2]-cycloadditions along A%’
and A™'. Though caged ring systems 311 and 315 contain five respectively four stereocenters with
the correct configuration, both lack the crucial all-carbon quaternary at C12. Apparently, neither the
research group of Sulikowski nor that of Lear was able to report an accomplished total synthesis of

the target molecule so far, utilizing these advanced intermediates. Presumably, an elongation at C12
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could not be carried out as deprotonation of this bridge-head atom might be unfeasible according to

Bredt’s rule.*®

6.3. Nicolaou’s Synthetic Studies??
Six years after the isolation of bielschowskysin (1), Nicolaou and coworkers published results on a
biomimetic transannular [2+2]-photocycloaddition of a simplified macrocycle. Similar to the
proposed biosynthesis (vide supra), irradiation of a macrocyclic enol ether cyclic ketal 328 should

give the tricyclo[9.3.0.0°"°

]tetradecane ring system present in the natural product. The synthesis of
the macrocyclic test system commenced with a stereoselective reduction of acyl furan 316, utilizing
Noyori’s catalyst 317 and sodium formate (Scheme 42).® Consecutive treatment of a mixture of
alcohol 318 and B-keto ester 319 with CAN resulted in diastereomeric enol ether 325 in modest
yield.” Mechanistically, CAN initially forms radical 320, which creates the A*’-bond. Thereafter, a
series of SETs (Single Electron Transfers) and deprotonations give enol ether furanoxonium ion 324,

which is finally quenched by methanol, installing the ketal at C3. RCM reaction of the enantiopure

a-epimer of 325 with Grubbs | catalyst 326 provided macrocycle 327 in good yield.
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bielschowskysin (1)

Scheme 42 Nicolaou’s Synthetic Studies on Bielschowskysin (1)

Initial [2+2]-photocyclization attempts with 327, bearing a carbonyl group at C8, failed, presumably
because of too high ring strain imposed by the sp’-hybridized center. Thus, after NaBH, reduction to

the corresponding alcohol, irradiation of 328 resulted in contraction of the macrocycle along C7-C11
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and C6-C12 furnishing the carbocyclic core 331, representing the carbon scaffold of bielschowskysin
(1). Nicolaou proposed a stepwise mechanism for the [2+2]-photocycloaddition, explaining the
stereochemical outcome of the reaction. Photoexcitation of the enol-ether (A*) is said to generate a
diradical, which after bond rotation to 329 forms the C7-C11 o-bond. Finally, recombination of
diradical 330 between C6 and C12 forms the cyclobutane and installs the spiro-dihydrofuran. The

unprecedented tricyclo[9.3.0.0>*°

Jtetradecane ring system was accessed in only five steps from
achiral acyl furan 316, but a lot of work seems to be necessary to incorporate this fast sequence in a
total synthesis of 1. The accomplished model structure 331 lacks six carbon atoms (C15-17, C19-20)
of the cembranoid carbon backbone, the all carbon quaternary C12 as well as oxygenation at C10,
C13, C16 and C20. The ester-functionality at C7 is redundant, but may be necessary to stabilize the

crucial enol-ether cyclic ketal 325 and to guarantee the CAN mediated C-C bond formation.

6.4. Mulzer’s Non-Photochemical Approach100.101,102
Very recently, our research group reported a non-photochemical approach towards bielschowskysin
generating an advanced bicyclo[3.2.0]heptane fragment, which for the first time in literature
contained the crucial all-carbon quaternary center at C12. This synthetic entry to the western
fragment is not part of this PhD-thesis and is included in this section to complete all previous

contributions towards a total synthesis of bielschowskysin (1).'%*
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4) formalin, DBU HO then NaBH,4
53% overall 337 5) Swern
44% overall

bielschowskysin (1)

Scheme 43 Mulzer’s Non-Photochemical Approach towards Bielschowskysin (1)

This approach, in contrast to the preliminary publications by other research groups, was not
centered on a [2+2]-photocyclization to generate the cyclobutane moiety, but on the stepwise
introduction of the necessary functionalities on secondary alcohol 334 (Scheme 43). This starting
material - which itself is available by a thermal [2+2]-cyclization between cyclopentadiene (332) and
2,2-dichloroketene (333), reduction and enzymatic resolution (Lipase SAM-II) of the corresponding

chloroacetate - is an old acquaintance in our research group and has previously been used in
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synthetic efforts towards a total synthesis of providencin. However, enantiopure 334 was
converted to a,6-unsaturated ketone 335 including a photooxygenation with molecular oxygen,

03

acetic anhydride and porphyrin,'® a 1,4-addition of a methyl-group and consecutive Saegusa-Ito

104

oxidation.'® After Luche-reduction'® and protection of the secondary alcohol as a MOM-ether the

196 Thus, tertiary alcohol 336

stage was set for a Mukaiyama-Isayama oxidation-hydration reduction.
was installed utilizing catalytic amounts of cobalt-catalyst, molecular oxygen and phenylsilane as
hydrogen source. A series of protecting group operations, oxidation and double alkylation with
formalin gave diol 337. Protection of the free alcohols and olefination of the ketone with Petasis’
reagent (Cp,TiMe,) was followed by treatment with Jones’ reagent'”’ leading to deprotection of the
primary and secondary alcohols, oxidation to the diacid and in situ formation of the lactone. Finally,
a reduction/oxidation sequence via a carbonate gave the desired bicyclo[3.2.0]heptane core 338
containing all-carbon quaternary C12 as well as an aldehyde at C13, suitable for further

functionalization, in overall 16 steps and 11% yield from enantiopure 334. Despite initial difficulties,

this sequence evolved as a reliable and scalable route to the cyclobutane-moiety in our laboratory.

6.5. Ghosh’s Contribution108

s MgBr OH
340 1) AcOH/H,0 H
\)“O o 1) DMP 2) NaIO4 — 0 CuOTf, Et;0 7 0 ﬁL
0. e} 2) 340 3) LiAlH,4 = . hv,2h \ i
., H ~ i ‘. > H ~
/0 62% overall s 70% overall °© o 7£ 75% o
OH C)% OH
339 341 342 343
CuOTf, Et,0
hv, 2 h, 65%
H
o jL 1) DDQ @.
b \ o 2) NalO4 1) Jones
Hd o 3) CH,PPh; P 2) NaBH,
O
r,J-J\ 4) H2S0, 80% overall
bielschowskysin (1) S 5) NalO, 25

52% overall

Scheme 44 Ghosh’s Copper(l) Catalyzed [2+2]-Approach

While our first publication in Organic Letters'® was published, the ongoing research by Gosh et al.
was dealing with the installation of the all-carbon quaternary center and the introduction of the
oxygen at C13 with the correct configuration. As depicted in Scheme 44, their synthesis started with
known glucofuranose derivative 339. Oxidation and chain elongation with homoallyl-magnesium
bromide resulted in allylic alcohol 341, which was converted to a first [2+2]-photocyclization
precursor 342 within three more steps. The photocyclization to 343 was carried out with a 450 W
Hanovia medium pressure mercury vapor lamp in the presence of CuOTf, proofing the feasibility of

the copper catalyzed [2+2]-photocyclization to install the C12 quaternary center. Alternatively, 341

42



was directly subjected to irradiation, stereoselectively providing 344 in acceptable vyield,
accompanied by degeneration of one of the acetonides. Sequential selective degradation of one
acetonide to the allylic formate and the other acetonide to an aldehyde gave intermediate 345.
Finally, Jones’ oxidation'® followed by substrate controlled stereoselective reduction of the C10
ketone and cleavage of the formate furnished Ghosh’s bicyclo[3.2.0]heptane intermediate 346.
Though this caged fragment contains the C13 oxygen with correct configuration, it lacks crucial
structural features such as the tertiary alcohol at C8 and a functionalization at C6 for the

downstream introduction of any carbon appendage.

6.6. Stoltz’ Attempts to form the Cyclobutane-Moiety109
Early this year (2013), Stoltz and coworkers reported their endeavors to access the
bicyclo[3.2.0]heptane core of bielschowskysin (1) via a Lewis acid mediated cyclopropane
fragmentation/Michael addition sequence."' Initially, furan 347 was converted to racemic a-furanyl
enone 349 in four steps including a Suzuki-coupling'* with iodide 348 (Scheme 45). Next, reduction

5

of the enone under Luche conditions'® and palladium(ll) catalyzed oxidative kinetic resolution,

utilizing (-)-sparteine as chiral ligand,'*? afforded optically active 350 in 40% yield and 93% ee. In the

following, face-selective reduction, protecting group operations and esterification with

2-diazoacetoaceticacid (351) afforded diazo compound 352. Cyclopropanation mediated by Cu®'

"1 and €12 with numerous Cu

gave tetracycle 353. Attempts to form a cyclopropane ring between A
and Ru catalysts with a ketone present at C8 proofed unsuccessful, presumably due to too little

electron-density in the olefin.

0 1) iPrMgClI 1) NaBHy, CeClj

I 2) B(OMe)3 Q / \ 2) 5 mol% Pd(nbd)2C|2
. I\ o 3) 348, Ag,0, 8 mol% AsPh; o ~COMe 20 mol% (--sparteine
(@) 2 5 mol% PdCly(PhCN), MS 3 A 0,
TBSO TBSO
347 348 62% overall 349 38% overall
1) NaBHy, CeCl3
Q 2) Ac,0, DMAP, py QhAc R
CO,Me 3) TBAF CO,Me 2 mol% Cu(TBSal),
0 4) 351, DCC, DMAP 0 toluene, reflux
TBSO (o} N -
50% overall 2 up to 55% overall
350 g 352
(0]
cyclopropyl- _ _
fragmentation
1) K,CO3, MeOH O O
2) DMP COMe | michaer-
3) La(OTs addition “0)%
————————————— > B e N2
351

Scheme 45 Stoltz’ Attempted Construction of the Western Fragment of Bielschowskysin (1)
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Next acetate cleavage and oxidation with DMP were scheduled. Subsequent Lewis-acid mediated
cyclopropane-fragmentation to furanoxonium ion 354 was envisaged to be followed by an
intramolecular Michael-addition between C6 and nucleophilic C12, forming the spiro dihydrofuran

moiety and closing the cyclobutane ring in tetracycle 355.

2 0 HO (:)Me
1) KoCO3, MeOH O, H
La(OTf); MeOH
2) DMP come 2OTHs MeOH
77% overall ;/H 55% overall o
356

Scheme 46 Stoltz’ Results towards a Total Synthesis of Bielschowskysin (1)
Unfortunately, the removal of the acetate protecting group in 353 resulted in a transesterification
(Scheme 46). Thus by applying DMP, the alcohol at C10 in 356 was oxidized instead of C8. Finally,
treatment with La(OTf); in methanol resulted in unexpected fused lactone 357, the absolute
configuration and connectivity of which was confirmed by X-ray analysis of a p-bromobenzoic ester

analog.
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7. Results

This year overall four articles concerning synthetic efforts towards a total synthesis of
bielschowskysin have been submitted for publication by our research group. Two of them are still
pending for publication. As substantial input was made to all of these manuscripts, they have been
attached in this section with a short discussion ahead. The notation that has been used for
structures, tables and schemes in the publications section is in analogy to the published articles for

better understanding.

7.1. Photochemical and Thermal [2+2]-Cycloaddition to Generate the
Bicyclo[3.2.0]heptane Core of BielschowsKkysin101,102

Farcet, J.-B.; Himmelbauer, M.; Mulzer, J. Eur. J. Org. Chem. 2013, 4379.
Planning: Farcet, J.-B.; Himmelbauer, M.; Mulzer, J.

Experimentation: Farcet, J.-B.; Himmelbauer, M.

Manuscript preparation: Farcet, J.-B.; Himmelbauer, M.; Mulzer, J.

Discussion
Contributions have been made to the planning of the described approach. Preparation of all thermal
[2+2]-precursors (Table 1, Entries 12-14) as well as the cycloaddition and the characterization of
these intermediates have been carried out by Martin Himmelbauer (M. H.). Furthermore, the
successful intermolecular photochemical [2+2]-cycloaddition furnishing tricycle (-)-50 pointed out
that ring strain was the reason for all unfruitful [2+2]-attempts carrying a carbonyl functionality at
the later C20 of the desired natural product. At this time ongoing attempts to construct the

cyclobutane moiety of the natural product by a photochemical [2+2]-cycloaddition between an

3 114

allene and a butenolide® as well as attempts utilizing a Pauson-Khand/Wolff rearrangement
sequence (see section 7.3.) have been substantial for the successful cycloaddition of (+)-52 to (+)-53
(Table 1, Entry 17 and Scheme 5). Furthermore, significant contribution to the manuscript
concerning phrasing of the article and the experimental procedures has been made by the author of

this thesis.

Entries in the experimental section of the publication, which are irrelevant for this thesis and

ascribed to the first author, have been omitted.
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A bicyclic core fragment of the marine diterpenoid biel-
schowskysin has been synthesized. First, a large library of
precursors for a photochemical [2 + 2] cycloaddition was pre-
pared and tested, but with limited success. In the end, a ther-

mal [2 + 2] cycloaddition followed by appropriate regio- and
stereocontrolled functionalization efficiently gave access to
the desired bicyclo[3.2.0]heptane core. An optimized route to
this remarkable molecular structure is presented.

Introduction

Furanocembranoids are diterpenoids that have, to date,
been isolated exclusively from marine sources, in particular
from gorgonian corals. The combination of significant bio-
activity and interesting architectural structures has aroused
the interest of the scientific community over the last decade.
Notwithstanding their wide structural diversity, all mem-
bers seem to be related and have biogenetic intercon-
nections.['l Although bielschowskysin (1) has an uncommon
bicyclo[3.2.0]heptane core,?! it probably originates from an

bielschowskysin (1)

COOMe
O—

HO ’{

(0]

OAc

sethukarailide (3)

4 (unnamed)

Figure 1. Furanocembranoid family members.
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intramolecular [2 + 2] cycloaddition of an “ordinary” di-
terpenoid precursor.!

It has been suggested that exo enol ethers or known cem-
branoids such as sethukarailide (3) or unnamed compound
4 are stable key intermediates in the biosynthesis of more
complex polycyclic diterpenes.l'! These metabolites could
undergo transannular additions to form a furan-2(5H)-one
moiety en route to more complex furanocembranoids such
as bielschowskysin (1) and verrillin (2; Figure 1).

To design a biomimetic route to bielschowskysin (1), we
investigated the suitability of a nucleophilic insertion into
the furan ring of 5 as a potential precursor in the biosynthe-
sis of bielschowskysin (Scheme 1). However, before starting
with the construction of the complex and fully substituted
furanocembranoid macrocycle, it seemed reasonable to test

possible bielschowskysin 6
precursor (5)

Scheme 1. Biosynthesis of bielschowskysin.
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1. iPrPPhyl, BBuOK Br
Br THF, 2 h, 0 °C /
J 76 % o\ OH
I ~o~ “Br /
o 2. iPrMgCl THF, 30 min, —35 °C
8 then butanal, 1h, r.t. 9
78%
1. MOMCI, ProNEt, 2
CHoClp, 24 h, r.t. N g O PPTS, MeOH,
79 % O 15 min, r.t.
2. DMDO, acetone, or CAN, MeOH
30 min, 0 °C 4 min, r.t.
99 % 10
Br / Br
4 MeOH o/ \_ o._O°~
o OO HO (0]
HO
12 91%

Scheme 2. Synthesis of a test system. CAN = ceric ammonium nitrate.

the cycloaddition in a model system. Epoxide 10 was cho-
sen as a model for the reactivity of 5 (Scheme 2).

Results and Discussion

To prepare alcohol 9, Wittig olefination of known alde-
hyde 8™ was used to generate a trisubstituted double bond.
This was followed by regioselective halogen—-metal exchange
with isopropylmagnesium chloride (iPrMgCl) and addition
of the resulting intermediate to isobutyraldehyde to form
secondary alcohol 9. The hydroxy group was protected as
a methoxymethyl (MOM) ether to mimic the acetal group
in the target molecule. When a solution of dimethyldi-
oxirane (DMDO) was added, oxirane 10 was the only prod-
uct formed. By stirring 10 in methanol in presence of pyrid-
inium para-toluenesulfonate (PPTS), compound 12 was iso-
lated as single product after work-up and chromatographic
purification (Scheme 2). This was not surprising, as Pat-
tenden and co-workers have already reported the formation
of intermediate 13 and its rapid isomerization into 12.[%]

The lability of intermediate 13 discouraged us from pur-
suing this approach further. Instead, we considered the
photo-[2 + 2] cycloaddition of enoate 14, which could be
accessed from known enantiomerically pure prostaglandin
4380
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precursor (-)-15, readily available from furfuryl alcoholl®
(Figure 2).

Figure 2. Retrosynthesis based on photo-[2 + 2] cycloaddition.

A protection—deprotection sequence was used to convert
(-)-15 into (+)-16, whose esterification with known carbox-
ylic acid 17U under Mitsunobu conditions!® delivered ester
(-)-18. However, the desired photo-cyclization to cyclobut-
ane 19 was not observed under various photochemical acti-
vation conditions (Table 1, entry 3). Instead, malonate (-)-
20 was isolated in moderate yield (Scheme 3).

Next, we envisaged that compound (-)-27, containing a
push—pull system, could be a suitable precursor for the
photo-[2 + 2] reaction. Hence, mixed ester 22 was formed
quantitatively from potassium malonate 21°1 and methyl 2-
bromoacetate. Tetronic acid derivative 23 was obtained as

Eur. J Org. Chem. 2013, 4379-4398



The Bicyclo[3.2.0]heptane Core of Bielschowskysin

crystalline tetrabutyl ammonium salt from 22 upon treat-
ment with TBAF in THE. Methylation followed by debenz-
ylation gave carboxylic acid 25 in an excellent overall yield

Table 1. Screening of [2 + 2] cyclization substrates and conditions.

Eur

European Journal
of Organic Chemistry

(Scheme 4). As the Mitsunobu protocol failed to deliver es-
ter (—)-27 directly from alcohol (+)-16 and carboxylic acid
25, the desired inversion was effected in a two-step pro-

[2+2] Precursor Outcome, Irradiation [2+2] Precursor Outcome, Irradiation
Entry R i o Entry . . s T
Yield yield conditions' Yield yield conditions
/ Q 1 N\
MOMO,,.] O | (o) i ial
starting materia
1 P decomposition B, G K G, 10 recovered + A, B F
o) o H (e} 5 decomposition
(o)
(-)-41
, et 71% from (-)-29"
66% from (—)-26 and 25 and 39"
O o
| © AcO
2 decomposition A, B MOMO,,
[0} e} starting material
0 11 recovered + A,B,C,E
(--30 o decomposition
72% from (=)-29" 0
and 25 )2
52%, 97% b.r.s.m.
from (+)-16 and aspirin
MOMO,, o MOMO,,
[ O
3 b A, B, C F,G.
@ o © MOMO,, 0
(-)-18 (-)-20 12 no reaction, 3
(81%, 99% b.r.s.m.) 46% H then decomposition
from (+)-16 and 17 (6} o
[c]
MOMO, from (-)-26 and suboxide
4 5 decomposition A,B,D,F, I, J
(o)
(-)-32 CI
87% from (+)-16 +
and 31" TBSO
no reaction,
13 QJ\ then decomposition L
0]
5 @’ﬁ decomposition A,B,C,D,J (]
(o) fi — -45“’]
5 rom( )
(-)-33
60% from (-)-29™
and 310
I
HO, MOMO,,
/ H 14 no reaction, K
. then decomposition
6 /& decomposition A,B
()
(o)
(-)-35
35% from (—)-34" 48 el
and 31" from (-)-26 and 47"
. 48 o .
Eur. J. Org. Chem. 2013, 4379-4398 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.Eurjoc.org 4381
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Table 1. (continued).

Ent [2+2] Precursor Outcome, Irradiation = [2+2] Precursor Outcome, Irradiation
n ni
o Yield yield conditions'” £ Yield yield conditions!
MOMO, TBSO, 9
Intermolecular reaction o)
7 decomposition A, B,F, G, H 15 from (-)-49"' and maleic NglF A
(o) - OH anhydride 886 HHO
(-)-36 50
62% from para- 58%
formaldehyde and (-)-32
MOMO, TBSO
starting material :
8 recovered + A.B,C,D.E, 16 no reaglion, A,B,D,F, H
0 O\\ dncompsition F,G,1I 0 then decomposition
0]
(-)-38 (+)-51
58% from (+)-16 83%, 2 steps from (+)-44"
and 37" and propargyl bromide
o]
MOMO,,, [ o\
| starting material 17 G
9 recovered + A,B,F o
] d iti
) ecomposition (462
(-)-40 29%, 3 steps from (+)-44"
99% from (+)-16 and propargyl bromide
and 39™

[a] Irradiation conditions: A: UV-A lamps 8 X 16 W, acetone, B: UV-B lamps 8 X 16 W, acetone/CH,Cl,, 1:1, C: Sun lamp 750 W, duran
filter, pentane/CH,Cl,, 1:1, D: Sun lamp 750 W, duran filter, acetone, E: Sun lamp 750 W, quartz filter, pentane/CH,Cl,, 1:1, F: Sun lamp
750 W, quartz filter, acetone, G: UV-B lamp 2 X 16 W, quartz filter, Et,O, H: UV-B lamp 2 X 16 W, quartz filter, Et,O + cat. Cu(OTf),,
I: Sun lamp 750 W, quartz filter, Et,O + cat. Cu(OTY),, J: THF, 0 °C 90 min, then room temp. 6 h, K: DCE, room temp. 6 h, then reflux
2 h. [b] For preparation and characterization, see Supporting Information. [c] Formed in situ, not isolated.

o b

17
; [e) /
HO, 1. MOMCI, iProNEt MOMO, 5
i CHyClp, 15 h, r.t. " HO
2. TBAF, THF, 1 h, r.t. -0
TBSd 90% Hd Mitsunobu
conditions
(=95 (+)-16 81% (99% b.r.s.m.)
MOMO, MOMO, X
: o}
o) obo
o}
(-)-18 19 (not observed) (-)-20 46%

Scheme 3. Synthesis of [2 + 2] precursor (-)-18. TBAF = tetra-n-butylammonium fluoride; TBS = tert-butyldimethylsilyl; b.r.s.m. = based
on recovered starting material.

49
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o o}
go” Aok DME3RG g o N g 00
o o)
21 ok 22
Bu,N* ©
TBAF, THF, 15 h, .. ﬁ/@o Me,SO,, acetone, 2 h, rt.
(@) =
80 % 89 %
BnO 0 .
23
_0 _0
O}/@\o H (1 atm), PA/C, MeOH, 15 min, r.. o N 5
BnO O 99 % HO O
24 25
MOMO,,. 1. 4-nitrobenzoic acid MOMO,,
PPhs, DIAD, THF, 30 min, 0 °C
HO 2. K,CO3, MeOH, 35 min, 0 °C HO
(+)-16 % (-)-26
momo, ] ©
25, DIC, DMAP, o
CH20|2,15 h,0°Ctor.t.
40 % (88 % b.r.s.m) 0™
(-)-27

Scheme 4. Synthesis of [2 + 2] precursor (—)-27. DIAD = diisopropyl azodicarboxylate; DIC = N,N’-diisopropylcarbodiimide; DMAP =

4-dimethyl aminopyridine.

cedure to give (—)-26 in good yield. Carbodiimide-mediated
esterification eventually gave [2 + 2] precursor (-)-27. Un-
fortunately, this substrate only underwent decomposition
under photo-cyclization conditions, and polycycle 28 was
not formed (Scheme 4 and Table 1, entry 1). Nevertheless, a
broad screening of potential photo-[2 + 2] substrates under
various irradiation conditions was initiated (Table 1).
When enone (-)-30 (Table 1, entry 2) was used to pro-
mote a stepwise ionic mechanism via zwitterionic interme-
diates, decomposition occurred after a few minutes of UV
irradiation (conditions A and B). Similarly, irradiation of
buta-2,3-dienoic esters (-)-32, (-)-33, (-)-35, (-)-36, and
(—)-38 led to the formation of complex product mixtures,
none of which contained the desired tricycle (Table 1, en-
tries 4-8). Furylacrylic esters (-)-40 and (-)-41 (Table 1, en-
tries 9 and 10) were more stable to irradiation, but under
various conditions (conditions A, B, and F) only the start-
ing material was recovered. Substituted phenyl ester (-)-42
(Table 1, entry 11) did not lead to cycloaddition, even after
a prolonged irradiation time. Our attention turned to ther-
mally driven [2 + 2] cycloadditions, but no product was de-

Eur. J. Org. Chem. 2013, 4379-4398
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tected when ketene 43 or ketene iminium salts 46 and 48
(Table 1, entries 12-14) were stirred at room temperature or
even heated to reflux.

On reviewing these results, we suspected that cycload-
dition could have been prevented not only by electronic ef-
fects, but also by conformational issues. Hence, an intermo-
lecular cycloaddition was performed between alkene (-)-49
and an excess of maleic anhydride (Table 1, entry 15) in ace-
tone under UV-A irradiation (conditions A). Tricycle (-)-50
was formed as a single isomer in satisfactory yield. Next,
the carbonyl group was exchanged for a methylene group
to give more flexibility to the allenic side-chain. Thus,
alcohol (+)-441°1 was alkylated with propargyl bromide in
quantitative yield. A Searles—Crabbé reaction!'?! gave de-
sired allene (+)-51, which was unreactive to photoirradia-
tion (conditions A, B, D, F, H, Table 1, entry 16, Scheme 5).
However, when (+)-51 was converted into enone (+)-52 by
TBAF deprotection and oxidation of the allylic alcohol, ir-
radiation of (+)-52 with UV-B light led to tricycle (+)-53
as a volatile liquid in good overall yield (Table 1, entry 17,
Scheme 9).

4383
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TBSO TBSO
NaH, propargyl-Br
THF 5h,0°C

99 % Q===
(+)-44 (+)-54
TBSO

(CH20),, iPr,NH, CuBr,
dioxane, 15 h, 100 °C

TBAF, THF, 40 min, r.t.
then MnO,, CH.Cl, 2 h, r.t.

84 % 5 58 %
(+)-51
hv,UV-B, 6 h, 35 °C
6 60 %
(+)-52

Scheme 5. Synthesis of polycycle (+)-53.

From this screening, we concluded that precursors with
a carbonyl group in the position o to the reacting double
bond were unsuitable for intramolecular [2 + 2] photocycli-
zation under various conditions. Nevertheless, an intermo-
lecular cycloaddition seemed possible. More interestingly,
we showed that an intramolecular cycloaddition between
homoallenic ether and enone indeed gave tricyclic core (+)-
53. While further investigations to elaborate this intermedi-
ate were underway, we capitalized on the abundant non-
photochemical availability of functionalized bicyclo[3.2.0]
systems such as (+)-56.[''1 This compound was used in a
stereocontrolled synthesis of a fully substituted western
fragment (—)-55P9] of bielschowskysin (1), including its all-
carbon quaternary center (Figure 3). Here, we disclose the
full details of this route, as well as optimized procedures for
nine steps of the sequence.

bielschowskysin (1)

o}
I

H
G:I/ thermal .
— A
oA,

5
-5

(+)-56

Figure 3. Retrosynthesis based on a non-photochemical approach.

Our synthesis started with TBS protection of enantio-
merically enriched (+)-56, which was obtained in a four-
step sequence from commercially available racemic mate-

4384
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rial, 'l to give (—)-57. To functionalize the five-membered
ring, photooxygenation!!?l with molecular oxygen in the
presence of acetic anhydride and base was chosen. This oxi-
dation was exceptionally easy to carry out, even on a molar
scale, and produced o,B-unsaturated ketone (—)-58 with
high regioselectivity (isomeric ratio: 20:1). Conjugate ad-
dition of dimethyl cuprate and trapping of the enolate with
trimethylsilyl chloride (TMSCIl) gave enol ether (-)-59,
which was used in a Saegusa—Ito oxidation"3! to provide
enone (—)-60. The success of this oxidation crucially de-
pended on the use of dimethyl sulfoxide (DMSO) as solvent
and molecular oxygen as co-oxidant. Otherwise, the reac-
tion was difficult to scale up and suffered from inconsistent
yields. Moreover, TMS enol ether (-)-59 was prone to desil-
ylation to form undesired ketone (-)-61. It was shown that
this side-reaction was highly dependent on the batch of pal-
ladium(IT) acetate used and, on a larger scale, the ratio of
products (-)-60 and (—)-61 was not reproducible. However,
it was possible to recover (—)-61 by chromatography, and to
reconvert it into (—)-59 in quantitative yield. This procedure
led to a 10% increase in the overall yield (Scheme 6).

Ac,0, pyridine,

TBSCI, EtsN, DMAP, porphyrin,
DMAP, CH,Cly, OTBS 0, h, CH,Cly,
15h, 0°C to r.t. @j’ 7 days, r.t.
(+)-56 -
94% H quantitative
(-)-57
Cul, MeLi, Et,0,
H  oTrBs 1h,-78°C, then OTBS
@j, TMSCI, 4 h, 0 °C
l':1 quantitative FI
= ()58 TMSO Et,0, NEts,
()59 TMSOT,
14h,0°C
Pd(OAc)z, O, . 99 %
DMSO, 3 h, : B omes
+ —_—
o H o H

(-)-60 60-90% (-)-61 10-40%

Scheme 6. Synthesis of enone (-)-60. TMSOTf = trimethylsilyl tri-
fluoromethanesulfonate.

Taking advantage of the “open-book” geometry of bicy-
cle (—)-60, the enone was epoxidized diastereoselectively un-
der Scheffer-Weitz conditions.['¥ No conditions could be
found for the opening of epoxide (—)-62 to install the re-
quired tertiary alcohol. For instance, a Wharton transposi-
tion(!! did provide allylic alcohol (-)-63, but it turned out
to be highly unstable and impractical for the synthesis. Al-
ternatively, the carbonyl group was reduced diastereoselec-
tively under Luche conditions,'® and the product was pro-
ected with a MOM group to give compound (-)-64. This
sequence could be carried out in 85% overall yield from
(-)-57 (Scheme 7).
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OTBS 1. NaBH,4, CeCl3, MeOH,

30 min, 0 °C
) 2. MOMCI, ProNEt, 15 h, r.t. |
o 85% from (-)-57 MomO H
0 (-)-64

NaOH, H,0, (30 %)
MeOH, 30 min, 0 °C

NzHa, ACOH, MeOH, o J H
o, oTBS 2h, 65°C f JoLES
40 % 2

o H
(-)-62

99%

(-)-63

Scheme 7. Synthesis of enone (-)-63 and (—)-64.

Molecular oxygen, a catalytic amount of a cobalt com-
plex, and phenylsilane promoted the Mukaiyama-Isayama
oxidation-reduction-hydration sequence!'’! in a regio- and
stereoselective manner, leading to tertiary alcohol (-)-65.
The yield could be increased from 64 to 87% by using a
24 h aqueous workup, a time that presumably allowed the
peroxide intermediate to rearrange and hydrolyse com-
pletely. After an optimized protection—deprotection se-
quence, the five-membered ring in bicycle (-)-66 was appro-
priately substituted, and the installation of the quaternary
center could be envisaged (Scheme 8). Oxidation with 2-
iodoxybenzoic acid (IBX) smoothly formed the ketone,
which underwent a double aldol reaction with formalin to
deliver key intermediate (—)-67. Triethylsilyl (TES) protec-
tion of the two primary alcohols and Petasis’ olefination
gave (—)-68 (Scheme 8). The four-step sequence from (—)-66
to (-)-68 was performed with a single final purification step,
and allowed a quick and high-yielding substitution of the
bicycle.

OTBS Co(acac)y, Op, PhSiHs, HO.

THF, 15 h, r.t.
i 70 g
momo H Ll momo H
(-)-64 (-)-65
1. IBX, EtOAc,
1. TBSOTT, 2,6-lutidine, 3 h, reflux

THF, 15 min, 0 °C TBSO,

2. TBAF, THF,5h,0°C

OH 2. formalin, DBU,
neat, 30 min, r.t.

93% over 2 steps |:|
MOMO
(-)-66

1. TESCI, imidazole, TBSO,
CHqCly, 4 h,0°C

2. CpoTiMey, toluene
15 h, 65 °C
93% over 4 steps

’ MOMO

Scheme 8. Synthesis of olefin (-)-68. acac = acetylacetonate; DBU
= 1,8-diazabicyclo[5.4.0Jundec-7-ene; Cp = cyclopentadiene.
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To assign the relative configuration by single crystal dif-
fraction, racemic crystalline acetoxy diol rac-71 was pre-
pared by an analogous sequence (Scheme 9).[!8]

1. NaBHj,, CeCl;, MeOH,
30 min, 0 °C
OTBS 2. Acy0, pyridine, DMAP,
CH,Cly, 15 h,0°Ctor.t.

Ifl

82% from 60 AcO
rac-60 rac-69
H
Co(acac),, O,, PhSiH3, 0 OTBS
THF, 15 h, r.t. TBAF, THF, 1 h, 0 °C
67% 85%

B

AcO

Scheme 9. Synthesis and X-ray structure of rac-71.

To form lactone rac-77, the two TES protecting groups
were removed to give diol rac-72. Subsequent Swern oxi-
dation led to dialdehyde rac-73 in excellent yield. However,
during evaporation of the volatiles at bath temperatures
>30 °C, a decarbonylation with concomitant double-bond
shift was observed, which led exclusively to compound rac-
74. Similarly, Pinnick oxidation of crude dialdehyde rac-73
and subsequent esterification of the product with trimethyl-
silyl diazomethane (TMSCHN,) gave dimethyl ester rac-75
and decarboxylated methyl ester rac-76 as a nearly 1:1 mix-
ture. Gratifyingly, dimethyl ester rac-75 could be trans-
formed into lactone rac-77 in good yield (Scheme 10).

After some experimentation, an optimized cascade reac-
tion was developed to create the tricyclic core of bielschow-
skysin directly from (-)-68. Thus, under the acidic condi-
tions of the Jones’ reagent, deprotection of the two TES
protecting groups was followed by oxidation of the resulting
diol to the dicarboxylic acid. Concomitantly, the MOM
protecting group was removed, and lactonization of the re-
sulting alcohol with the cis carboxy group occurred sponta-
neously. Without purification, the free carboxylic acid was
transformed into a mixed carbonate with ethyl chloro-
formate, and this product was reduced with NaBH, to give
alcohol (—)-78 in 54% overall yield over eight transforma-
tions (>92% each) starting from (-)-68. Swern oxidation
gave desired aldehyde (—)-55 (Scheme 11).
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TESC, HF'Py (70 %), THF,
30 min, 0 °C
OTES i “oH
MOMO
MOMO OTES 99 %
rac-68 rac-72

(COCl),, DMSO,
CH,Cl»,1 h, 78 °C,
then Et3N, 1 h, 0 °C

95%

1. NaC|02, NaH2P04,
tBuOH/H,0 30 min, 0 °C

2. TMSCHN,, benzene
MeOH, 15 min, 0°C

50% rac-75 + 40% rac-76

1. AcCl, MeOH, 5 h, 0 °C to r.t.
2. TBSOTH{, 2,6-lutidine,
THF, 45 min, 0 °C

80 %

Scheme 10. Synthesis of bicyclo[3.2.0]heptane lactone rac-77.

T

MOMO

rac-74

rac-76

1. Jones' reagent,

TBSO,

OTES

acetone, 1h, 0 °C
2. Et3N, ethyl chloroformate, TBSO,,
THF, 30 min, 0 °C, /
then IPA, NaBH,4, 5 h, 0 °C

MOMo OTES

[
& Iv
(<]

(COCl),, DMSO,
CH,Clp,1 h, 78 °C,
then EtzN, 1 h, 0 °C

94%

54% from (-)-68

Scheme 11. Synthesis of aldehyde (-)-55. Jones’ reagent = CrO;, H,SO, in water; IPA = isopropyl alcohol.

Conclusions

After screening various substrates to obtain the bicy-
clo[3.2.0]heptane core of bielschowskysin by [2 + 2] photo-
cycloaddition, we developed a stereoselective and optimized
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scalable non-photochemical route to aldehyde (-)-55
[>30% overall yield from known alcohol (+)-56]. This tri-
cyclic building block bears promising functional groups for
connection with an eastern fragment and completion of the
total synthesis of bielschowskysin.
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Experimental Section

General Remarks: All moisture- and oxygen-sensitive reactions
were carried out in flame-dried glassware under a slight argon over-
pressure. All solvents (except dichloromethane and methanol) were
purchased as the highest available grade from Sigma-Aldrich,
Acros Organics, or Fischer Chemicals. Anhydrous dichloromethane
was purified by filtration through alumina under argon immedi-
ately before use. Methanol was heated at reflux for several hours
over sodium and then distilled. NEt;, iPr,NEt, and 2,6-lutidine
were distilled from CaH, before use. All other reagents were used
as received from Sigma-Aldrich, Acros Organics, Fischer Chemi-
cals, TCI, or ABCR, unless otherwise stated. Preparative column
chromatography was performed with silica gel 60 from Merck
(0.040-0.063 pm, 240-400 mesh). NMR spectra were measured
with Bruker AV400, DRX400, or DRX600 spectrometers. Chemi-
cal shifts are given in ppm and are referenced to the solvent residual
peaks (CDCl;: 'H, 6 = 7.26 ppm; '3C, § = 77.16 ppm). Infrared
spectra were recorded as thin films of pure products on an ATR-
unit with a Bruker Vertex 70 instrument. High-resolution mass
spectra were measured with a Bruker MaXis (ESI-TOF) instrument
at a resolution of 10000. A P341 Perkin-Elmer polarimeter
equipped with in a 10 cm cell and a Na lamp (589 nm) was used
for the measurement of optical rotation.

1-[3-Bromo-5-(2-methylprop-1-en-1-yl)furan-2-yl|-2-methylpropan-1-
ol (9): Potassium zert-butoxide (5.7 g, 51.0 mmol) was added in one
portion to a solution of isopropyl(triphenyl)phosphonium iodide
(2.5 g, 56.7 mmol) in THF (200 mL) at 0 °C. 4,5-Dibromofuran-2-
carbaldehyde (8; 7.20 g, 28.4 mmol) in THF (50 mL) was added
rapidly to the prepared solution. The mixture was stirred at 0 °C
for 60 min, after which TLC indicated complete consumption of
the starting material. Water (300 mL) was then added. The dark
solution was filtered through a pad of Celite, and the phases were
separated. The aqueous phase was extracted with EtOAc (2 X
150 mL). The combined organic extracts were washed with brine
(50 mL) and dried with MgSO,. SiO, (25 g) was added to the solu-
tion before it was concentrated under reduced pressure. The mate-
rial was purified by column chromatography (SiO,, hexane) to give
a light yellow oil (6.03 g, 76%) that darkened within a few hours.
"H NMR (400 MHz, CDCls): 6 = 6.20 (s, 1 H), 5.95 (m, J = 1.1 Hz,
1 H), 1.94 (s, 3 H), 1.90 (s, 3 H) ppm. '3C NMR (400 MHz,
CDCl;): 0 = 155.6, 138.3, 120.2, 113.1, 111.9, 102.8, 27.0, 20.2 ppm.
HRMS (EI): calcd. for CgHgOBr, [M]* 277.8942; found 277.8940.
IR: v = 1780, 1553, 1440, 1267, 1205, 951, 935, 925, 788, 586 cm™!.
Ry (hexane/EtOAc, 20:1): 0.93.

A solution of dibromoalkene (5.3 g, 19.1 mmol) in THF (200 mL)
was cooled to —35 °C. A solution of isopropylmagnesium chloride
(2™ in ether; 11.5 mL, 23.0 mmol) was added slowly, and the re-
sulting solution was stirred at the same temperature for 60 min.
Freshly distilled isobutanal (2.28 mL, 24.8 mmol) was added, and
the reaction mixture was stirred for 4 h at —35 °C, and then it was
allowed to warm to room temp. over 3 h. NH4Cl (saturated aq.;
40 mL) was added, and the aqueous phase was extracted with
EtOAc (3 X 45 mL). The combined organic extracts were washed
with brine (20 mL) and dried with MgSO,. After removal of the
solvent, the crude product was purified by flash chromatography
(Si0O,, hexane/EtOAc, 20:1) to give 9 (4.07 g, 78 %) as a colorless
oil. 'TH NMR (400 MHz, CDCl,): 6 = 6.15 (s, 1 H), 6.00-5.97 (m,
1 H), 441 (dd, J = 5.5, J = 8.3 Hz, 1 H), 2.21-2.09 (m, 1 H), 1.95
(s,3H), 1.91(d, J=4.6Hz, 1 H), 1.90 (s, 3 H), 1.09 (d, J = 6.6 Hz,
3 H), 0.82 (d, J = 6.8 Hz, 3 H) ppm. 3C NMR (400 MHz, CDCl5):
0 = 153.1, 149.7, 137.6, 113.9, 110.6, 99.3, 71.7, 33.8, 27.2, 20.4,
19.1, 18.6 ppm. HRMS (ESI): caled. for C;,H;;0,Br [M]*
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272.0412; found 272.0413. IR: ¥ = 3370, 2963, 2872, 1468, 1384,
1142, 1013, 844, 633, 537 cm". R; (hexane/EtOAc, 10:1): 0.21.

3-Bromo-5-(3,3-dimethyloxiran-2-yl)-2-[1-(methoxymethoxy)-2-meth-
ylpropyllfuran (10): MOMCI (3.77 mL, 41.7 mmol) was added

dropwise to a solution of alcohol 9 (3.8 g, 13.9 mmol) in DIPEA

(10 mL) and CH,Cl, (20 mL) at 0 °C. A few crystals of Nal were

added, and the solution was stirred for 1 h at 0 °C, and then for a

further 20 h at room temp. Water (100 mL) and EtOAc (100 mL)

were added, and the phases were separated. The aqueous phase

was extracted with EtOAc (3 X 50 mL), and the combined organic

extracts were washed with brine (30 mL), dried with MgSQO,, fil-

tered, and concentrated under reduced pressure. The residue was

purified by flash chromatography (SiO,, hexane/EtOAc, 20:1) to

give the MOM-protected alkene (3.47 g, 79%) as a pale yellow oil.

'H NMR (400 MHz, CDCls): 6 = 6.15 (s, 1 H), 6.02-5.98 (m, 1

H), 4.55(d, J=6.8Hz 1 H),4.50 (d, J = 6.9 Hz, 1 H), 4.34 (d, J
=89Hz, | H),3.36 (s, 3 H), 2.31-2.17 (m, 1 H), 1.95 (s, 3 H), 1.90

(s, 3H), 1.11 (d, J = 6.6 Hz, 3 H), 0.79 (d, J = 6.8 Hz, 3 H) ppm.

13C NMR (400 MHz, CDCl5): 6 = 153.5, 147.8, 137.6, 114.0, 110.3,

101.7, 94.5, 74.8, 55.8, 32.3, 27.2, 20.4, 19.7, 18.7 ppm. HRMS

(ESI): caled. for C4H,,03Br [M]* 316.0674; found 316.0665. IR:

v =2959, 1471, 1386, 1154, 1098, 1032, 971, 923, 784, 561 cm'. R¢
(hexane/EtOAc, 10:1): 0.43.

A solution of dimethyldioxirane (2.8 mL, 0.13 mmol) was added to
a magnetically stirred solution of the MOM-protected alkene
(40 mg, 0.13 mmol) in acetone (1.3 mL) at 0 °C. After 30 min at
0 °C, the solvent was removed to give pure oxide 10 (42 mg, 99 %)
as a 1:1 mixture of diastereoisomers. 'H NMR (400 MHz, CDCl5):
0=6.25and 6.24 (2d, J = 0.5Hz, 1 H), 4.56-4.50 (m, 2 H), 4.33
(d, J=9.0Hz, 1 H), 3.71 and 3.70 (2's, 1 H), 3.36 and 3.34 (2 s, 3
H), 2.28-2.17 (m, 1 H), 1.44 and 1.43 (2's, 3 H), 1.30 (s, 3 H), 1.10
(2d,J=6.5Hz 3 H), 0.79 and 0.76 (2 d, J = 6.8 Hz, 3 H) ppm.
13C NMR (400 MHz, CDCls): 6 = 151.3, 150.3, 111.8 and 111.7,
100.8, 94.7 and 94.6, 74.9, 61.7 and 61.7, 58.7 and 58.6, 55.9 and
55.8,32.3,24.2,19.7 and 19.6, 18.7, 18.6 ppm. HRMS (ESI): calcd.
for C;sH,505sBrNa [M + MeOH + Na]* 387.0783; found 387.0796.
IR: v = 2977, 2871, 1676, 1461, 1370, 1099, 1010, 979, 840,
653 cm'. R; (hexane/EtOAc, 5:1): 0.34.

1-{4-Bromo-5-[1-(methoxymethoxy)-2-methylpropyl]furan-2-yl}-1-
methoxy-2-methylpropan-2-ol (12)

Procedure A: PPTS (1 mg) was added to a solution of epoxide 10
(26 mg, 0.08 mmol) in MeOH (0.8 mL), and the solution was
stirred at room temp. for 15min. The reaction mixture was
quenched with water (1.5mL) and extracted with EtOAc (3 X
SmL). The combined organic extracts were washed with brine
(5 mL), dried with MgSQ,, filtered, and concentrated. The residue
was purified over a short column (SiO,, hexane/EtOAc, 4:1) to give
undesired tertiary alcohol 12 (26 mg, 91%) as a 1:1 mixture of dia-
stereoisomers.

Procedure B: Ceric ammonium nitrate (90 mg, 0.16 mmol) was
added to a solution of epoxide 10 (13.6 mg, 0.04 mmol) in MeOH
(2.7 mL). The reaction mixture was stirred for 4 min before being
cautiously quenched with sodium hydrogen carbonate (saturated
aq.; 2 mL). The mixture was diluted with water (5 mL) and EtOAc
(10 mL), and the phases were separated. The aqueous phase was
extracted with EtOAc (2 X 20 mL). The combined organic extracts
were dried with Na,SO,, filtered, and concentrated. The residue
was purified by column chromatography (SiO,, hexane/EtOAc, 4:1)
to give undesired tertiary alcohol 12 (13.5 mg, 91%) as a 1:1 mix-
ture of diastereoisomers. 'H NMR (400 MHz, CDCls): § = 6.36
and 6.34 (25,1 H), 455 (d, J = 3.8Hz, 1 H), 452 (s, | H), 4.34
and 4.32 (2d, J = 4.0 Hz, 1 H), 3.99 and 3.96 (2 s, 1 H), 3.35 and
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3.34 (25,3 H), 3.32 and 3.30 (2 s, 3 H), 2.45 (br. s, 1 H), 2.29-2.18
(m, 1 H), 1.19 and 1.18 2's, 3 H), 1.17 and 1.14 (2 s, 3 H), 1.11
and 1.09 (2d, J =3.8Hz 3 H), 0.78 and 0.76 (2d, J = 2.6 Hz, 3
H) ppm. '3C NMR (400 MHz, CDCl5): § = 152.8 and 152.4, 150.2
and 150.1, 112.9 and 112.2, 100.9 and 100.7, 94.8 and 94.7, 84.6
and 84.4, 75.2 and 75.0, 72.7, 57.9 and 57.7, 55.8, 32.3 and 32.2,
26.1 and 26.0, 24.6 and 24.4, 19.6, 18.6 ppm. HRMS (ESI): calcd.
for C;sH,505sBrNa [M + Na]* 387.0783; found 387.0797. IR: v =
3466, 2981, 2877, 2401, 1370, 1137, 1098, 1035, 779, 597 cm™'. R¢
(hexane/EtOAc, 1:1): 0.42.

(1R,45)-4-(Methoxymethoxy)-4-methylcyclopent-2-enol [(+)-16]:
iPro,NEt (757 uL, 4.33 mmol) and MOMCI (225 pL, 2.96 mmol)
were added to a stirred solution of tertiary alcohol (-)-15 (450 mg,
1.97 mmol) in CH,Cl, (4 mL) at 0 °C. The reaction mixture was
stirred at room temp. until the reaction was complete (after 24 h,
only traces of starting material remained). After slow addition of
NH,CI (saturated aq.; 0.5 mL), the mixture was diluted with water
(25 mL) and EtOAc (35 mL), and the phases were separated. The
aqueous phase was extracted with EtOAc (2 X 60 mL). The com-
bined organic extracts were dried with MgSQ,, filtered, and con-
centrated in vacuo. The crude product was purified by flash column
chromatography (SiO,, hexane/EtOAc, 20:1) to give methoxy
methyl ether (434 mg, 81%) as a pale yellow oil. '"H NMR
(400 MHz, CDCl3): 0 = 5.82 (dd, J = 1.0, J = 5.6 Hz, 1 H), 5.78
(dd,J=19,J=56Hz, 1 H),4.75(d, J=7.0Hz, | H), 4.71-4.66
(m, 1 H), 4.65 (d, J=7.0Hz, 1 H), 3.35(s, 3 H), 2.28 (dd, / = 7.1,
J=138Hz 1H),292(dd, J=4.5,J=13.8 Hz, | H), 1.33 (s, 3 H),
0.89 (s, 9 H), 0.07 (2's, 6 H) ppm. '*C NMR (400 MHz, CDCl;): §
= 138.2, 135.8, 91.9, 86.1, 75.0, 55.2, 47.9, 27.4, 26.0 (3 C), 18.3,
4.5 (2 C) ppm. HRMS (ESI): calcd. for C;3H,505Si [M — CH;]*
257.1573; found 257.1572. IR: ¥ = 2930, 2858, 1365, 1255, 1100,
1039, 836, 632, 534, 504 cm™!. [a]®) = + 7.2 (¢ = 1.00, CHCl5). R;
(hexane/EtOAc, 1:1): 0.57.

Methoxy methyl ether (381 mg, 1.40 mmol) was dissolved in THF
(9 mL), and TBAF (1 m in THF; 1.82 mL, 1.82 mmol) was added
at 0 °C. The resulting solution was stirred at room temp. for 1 h.
The solvent was evaporated under reduced pressure, and the resi-
due was purified by column chromatography (SiO,, hexane/EtOAc,
5:1) to give free alcohol (+)-16 (205 mg, 93%) as a colorless oil.
Alternatively, the crude methoxy methyl ether could be used di-
rectly to give the product in 90% yield over two steps. '"H NMR
(400 MHz, CDCly): 0 = 6.10 (dd, J = 2.4, J = 55Hz, | H), 5.74
(d,J=5.6Hz, 1H),491(d, J=7.6Hz | H), 4.64-4.58 (m, | H),
459 (d, J=7.7Hz, 1 H),3.39 (s, 3 H), 3.11 (d, 7 = 9.6 Hz, 1 H),
2.24(dd, J=174,J =15.0Hz, 1 H), 2.00 (dd, J = 2.3, J = 14.9 Hz,
1 H), 1.36 (s, 3 H) ppm. '3C NMR (400 MHz, CDCl;): § = 138.1,
137.3, 92.0, 86.5, 75.6, 55.0, 46.9, 27.6 ppm. HRMS (EI): caled. for
C,H,,0; [M - CHj;]* 143.0708; found 143.0712. IR: ¥ = 3402,
2972, 2891, 1444, 1354, 1220, 1144, 1091, 1035, 773 cm™!. [a]® =
+115.7 (¢ = 1.00, CHCIs). Ry (hexane/EtOAc, 1:1): 0.11.

1-[(15,4.5)-4-(Methoxymethoxy)-4-methylcyclopent-2-en-1-yl| 3-
Methyl 2-(1,3-Dioxolan-2-ylidene)malonate [(—)-18]: Triphenylphos-
phane (318 mg, 1.2 mmol) was dissolved in THF (3 mL), and the
solution was cooled to 0 °C. DIAD (236 pL, 1.2 mmol) was added
very slowly, and the mixture was stirred for 30 min. At this stage,
a milky precipitate formed. Acid 17 (226 mg, 1.2 mmol) was added
in one portion, and then a solution of alcohol (+)-16 (95 mg,
0.60 mmol) in THF (0.5 mL) was added dropwise at 0 °C. The mix-
ture was stirred at the same temperature for 20 h. Water (15 mL)
was added, and the aqueous phase was extracted with EtOAc (3 X
20 mL). The combined organic extracts were washed with brine
(15 mL), dried with MgSQ,, filtered, and concentrated. The residue
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was purified by chromatography (SiO,, hexane/EtOAc, 5:1 to 0:1)
to give recovered starting material (+)-16 (18 mg, 19%) and ester
(-)-18 (160 mg, 81%). '"H NMR (400 MHz, CDCls): d = 6.00 (s, 2
H), 5.83 (dd, J =2.9,J=7.2Hz, 1 H), 467 (d, J = 7.3 Hz, 1 H),
4.60 (s,4 H),4.59 (d, J = 7.3 Hz, 1 H), 3.73 (s, 3 H), 3.35 (s, 3 H),
2.54(dd, J=7.2,J=14.6 Hz, 1 H), 1.88 (dd, J = 2.9, J = 14.6 Hz,
1 H), 1.47 (s, 3 H) ppm. 3C NMR (400 MHz, CDCl5): 6 = 170.5,
165.5, 165.0, 141.6, 132.4, 92.0, 87.5, 80.9, 78.8, 67.8, 67.7, 55.2,
51.8, 44.1, 27.1 ppm. HRMS (ESI): calcd. for C;sH,;,0gNa [M +
Na]* 351.1056; found 351.1048. IR: ¥ = 2926, 1724, 1686, 1471,
1304, 1270, 1084, 1031, 983, 954 cm™'. [a]¥y) = — 131.8 (¢ = 1.11,
CHCl3). Ry (EtOAc): 0.23.

(1R,4R)-4-(Methoxymethoxy)-4-methylcyclopent-2-en-1-yl Methyl
Malonate [(-)-20]: Ester (-)-18 (13 mg, 0.04 mmol) was dissolved in
degassed Et,0 (4 mL) in a quartz vial. One crystal of Cu(OTf),
was added, and the mixture was irradiated with two 16 W UV-B
lamps (Irradiation conditions H) at room temp. for 50 min. The
solution was diluted with ice (15g) and NH4OH (0.5 mL), and
extracted with EtOAc. The organic phase was washed with brine
(5 mL), dried with MgSQO,, filtered, and concentrated. The residue
was purified by chromatography (SiO,, hexane/EtOAc, 1:1 to 1:2)
to give undesired (-)-20 (6 mg, 46%). 'H NMR (400 MHz, CDCl5):
0=26.03(dd, J=57,J=10Hz 1 H), 596 (dd, J = 5.7, J =
2.1 Hz, 1 H), 5.83-5.77 (m, 1 H), 4.66 (d, J = 7.4 Hz, 1 H), 4.57
(d, J=7.4Hz, 1 H), 3.74 (s, 3 H), 3.36 (s, 2 H), 3.34 (s, 3 H), 2.56
(dd, s =73,J=147Hz, 1 H), 1.85(dd, J = 3.1, J = 14.7Hz, 1
H), 1.47 (s, 3 H) ppm. '3C NMR (400 MHz, CDCl;): § = 167.1,
166.5, 142.3, 131.7, 92.1, 87.3, 80.1, 55.3, 52.6, 44.1, 41.6,
27.2 ppm. HRMS (ESI): caled. for C;,H;sO¢Na [M + Na]*
281.1001; found 281.1003. IR: ¥ = 2920, 2852, 1736, 1439, 1349,
1275, 1144, 1029, 641, 597 cm™. [a]®) = -95.6 (¢ = 0.09, CHCl5).
R; (EtOAc): 0.61.

Benzyl (2-Methoxy-2-oxoethyl) Malonate (22): Methyl bromoacet-
ate (2.61 mL, 28.4 mmol) was added dropwise to a suspension of
monopotassium carboxylate 21 (6.00 g, 25.8 mmol) in DMF
(51 mL) at 35 °C. The mixture was stirred for 1 h. The solvent was
removed (water bath at 55°C), and the residue was partitioned
between water (100 mL) and toluene (100 mL). The phases were
separated, and the aqueous phase was extracted with toluene
(100 mL). The organic phases were combined, washed with brine
(50 mL), dried with MgSO,, and concentrated to give analytically
pure malonate 22 (6.87 g, 99%). '"H NMR (400 MHz, CDCly): 6 =
7.30-7.38 (m, 5 H), 5.20 (s, 2 H), 4.67 (s, 2 H), 3.76