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Summary

The family of epicoccolides has been known for over a decade now and show remarkable
biological properties in a variety of fields. Different groups have reported antibacterial,
antifungal and antitumor reactivity. More recently, an inhibition of galactosylceramide
sulfotransferase by epicoccolide B was patented. This sulfotransferase is involved in the very
rare but deadly disease metachromatic leukodystrophy. To be able to use the mentioned
biological activities it is essential to gain access to large amounts of the desired natural
product. Extraction from nature is a costly and time-consuming venture and no reliable source
for the required material. To provide a solution for this problem a successful total synthesis of

the natural products epicoccolide A and epicoccolide B was the goal of this thesis.

Efforts into the total synthesis of epicoccolide B have been invested by previous members of
our working group and were continued. The first total synthesis of epicoccolide B was
achieved after investigating several different routes with varying outcomes and a multitude
of challenges that needed to be overcome. In the course of these investigations two structural

analogs were synthesized as well.

After the final step of the total synthesis epicoccolide B showed interesting and
unprecedented reactivity under mild aqueous conditions. The outcome and reproducibility of
this reaction was examined in detail leading to the first total synthesis of epicoccolide A.
Comparison of synthetic epicoccolide A to reported literature resulted in structural
reassignment and questioning of the previously proposed biosynthetic pathways. To clear up
these problems, plausible answers have been provided including a newly proposed

biosynthesis.

First attempts at the total synthesis of epicocconigrone A were also initiated but exceeded the
final scope of this thesis. The project was handed off to a new member of our working group
with the current plans presented herein. Finally, initial testing of the bioactivity of the two
structural analogs synthesized during the course of this project revealed valuable data that is

worthwhile to be pursued further.
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1. Introduction

1.1 Natural products and their importance for pharmaceuticals and beyond

Natural products are every single compound that can be isolated from nature. This can be from edible
things like apples, inedible things like dirt and wood or even microscopic organisms such as bacteria or
fungi. The list of places where one can find natural products is endless. Many of these compounds are
thoroughly researched or even commercially available, e.g. simple citric acid. In the case of organic
natural products, they can be classified as either primary or secondary metabolites. Primary
metabolites are essential for life of the organism and basically needed every single day. Some of the

most common and known primary metabolites are amino acids, sugars and lipids.*

Secondary metabolites however are not directly essential for the metabolism of the organism they are
found in. For many compounds their purpose within an organism is still unclear and needs in-depth
research. The biosynthesis and mode of operation for the majority of the representatives of these
compounds has yet to be clarified presenting a fascinating research area. Many known secondary

metabolites show interesting antibacterial or other bioactive properties.?

Two of the known applications of secondary metabolites for an organism are as a defense mechanism
against external threats or as a signaling substance.? The antibacterial properties of some secondary
metabolites can be used to fend off diseases for an organism. Instead of antibacterial properties some
secondary metabolites have presented antifungal properties such as extracts of an endophytic fungus
of the genus Epicoccum.? This particular fungus has a symbiotic relation with the cocoa tree Theobroma
cacao. The fungus is harbored in the tree but in return some of its secondary metabolites protect the
tree from phytopathogenic fungi and other dangers. This kind of symbiotic system can be used as an

inspiration for the development of new natural fungicides and pesticides.

In case of antibacterial compounds, the oldest known natural antibiotic is penicillin. It is formed as a
secondary metabolite by a fungus of the genus Penicillium.* This discovery of antibiotics led to the
possibility to treat bacterial infections for the first time. This in turn caused a significant increase in life
expectancy for humans and animals. In livestock farming antibiotics are used as a precaution before
any infections can start spreading. Additionally, some antibiotics are used as growth-promoting agents
in large quantities. This overuse of antibiotics in livestock farming, in many cases due to missing
regulations or controls, leads to an absorption of residual amounts through the consumption as food.
As a result, a habituation effect of these antibiotics can be observed reducing their effectiveness, even
up to a point of complete ineffectiveness. Furthermore, an overuse or misuse in human medicine

carries a large risk of developing multi-resistant bacteria strains.> The constant increase of multi-
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resistant bacteria and other pathogens is a rising concern all across the world.® This problem cannot
be solved by regulation of existing antibiotics alone but rather has to be addressed differently. New
compounds have to be found, researched and optimized yield further options in battling this global

challenge.

Sadly, bacteria are not the only type of pathogen that can infect humans and animals. Another major
class of pathogens are fungi.” Before it was common knowledge to only treat bacteria with antibiotics
they were also used for many other kinds of infections, e.g. also for fungal infections. This was also a
cause for the problems mentioned above. Only few targeted medicines that can be used for fungal
infections exist compared to the number of available antibiotics.” Compared to the amount of resistant
pathogens the quantity of therapeutically used antifungals is negligible.® Not only humans can be
infected with fungi but especially plants can be vulnerable without proper fungicides. Many
phytopathogenic fungi exist that can devastate crops and obliterate entire harvests. Combined with a
constantly growing world population and the resulting increase in demand for food the development

of new fungicides and antifungals for plants and humans is of great interest.

Lastly another disease that plagues humankind are tumors. They exist in many different forms and
places making it very difficult to target therapy and research in general. A widely used method is
chemotherapy, which targets the cancer cells directly or sometimes indirectly to reduce or even revers
growth. One kind of chemotherapeutic drugs are protein kinase inhibitors.” Many secondary
metabolites are tested regarding their activity as protein kinase inhibitors in the hope of finding new

potential structures for the development of novel chemotherapeutics.®

All of the fields mentioned above and more are constantly expanding and evolving. With increasing
demand due to resistances and growing population the need for new, suitable drugs is continuously
rising. To meet this demand already isolated secondary metabolites are investigated and the search
for novel compounds that exhibit relevant bioactivity is never ending. Still, the discovery is just the first

step on a long road for the development of new therapeutically active substances.

1.2 The importance of total synthesis

Once a secondary metabolite of interest is found extensive testing of bioactivity and cytotoxicity needs
a reasonably large amount of the compound. These substances are usually extracted as a mixture of
several compounds that need to be separated and purified. The process of separation and purification
is extremely tedious and expensive while only yielding a very small amount of the desired secondary
metabolite. Often the other isolated materials are not even of any interest and are considered waste
product. In many cases this small amount of extract is enough for an initial analysis and activity testing

but not a sufficient amount for detailed in vitro and in vivo testing.
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Additionally, the function and mode of operation of the new compounds in the human body are of
major interest. Knowledge of the interaction at a cellular level can help improve the structure by
molecular modification to reduce undesired cytotoxicity and increase the desired bioactivity and
stability within a living organism. The (quantitative) analysis of the structure-activity relationships
(Q)SAR of a compound can be used to identify the pharmacophore of a specific active substance.%*2
The pharmacophore encompasses all the steric and orderly alignments of an active substance in
relation to a pharmacological target structure, while ensuring optimized supramolecular interactions.!?
The term pharmacophore is often used synonymously, but incorrectly, to describe certain structural

elements within an active substance.’? These elements should alternatively be named the lead

structure of the active substance.

The bioactive secondary metabolites mentioned before have some kind of lead structure that results
in their desired activity, but only in very rare cases that encompasses the entire molecular structure.
Usually, the lead structure is only part of the natural product and other parts are irrelevant or even
hindering. The determination of the lead structure and eventual modifications thereof can only be
done after SAR-studies are carried out. This process generally requires more material than the

extraction from nature can provide, especially when the access is limited.

To supply enough material for extensive activity and SAR studies a successful total synthesis of the
desired compound is crucial. The goal of natural product synthesis is to provide a way to produce the
active compound starting from industrially available, ideally cheap substances using efficient reactions.
Additionally, a modular route provides easier access to structure modification and the synthesis of
analogs, a pivotal part of SAR studies. This shows that the research area of natural product synthesis

is of key importance for the development of new active substances.

In conclusion, many secondary metabolites that exhibit antibiotic or other useful activity are cytotoxic
as well making them unsuitable for use as pharmaceutical products. Their structure needs to be
modified accordingly to shift their biological activity, which is only possible after the lead structure has

been identified. This is made possible by a modular total synthesis of the natural product.

1.3 The family of epicoccolides and their bioactivity

A promising and potent family of substances for tackling the aforementioned challenges (chapter 1.1)
are the epicoccolides, which were found in different strains of the endophytic fungus Epicoccum.
Epicoccolide A (1) and epicoccolide B (2) together with epicolactone (3) and their postulated
biosynthetic precursor flavipin (4) were found in Epicoccum sp. CAFTBO in 2013 by Laatsch.?
Additionally, epicocconigrone A (5) and epicocconigrone B (6), together with some of the other

compounds, were found in Epicoccum nigrum in 2014 by Proksch (Figure 1).2° Epicoccolide B (2)
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however was already known since 2005 after being isolated from the fungus Aspergillus flavipes
ST003878 (DSM 15290)*® and presents the main target of this work. It demonstrates the most divers

biological activity of the epicoccolide family.

Oy _H H
o OH
s Ses
HO 0
OH OH

Epicoccolide A (1) Epicoccolide B (2)
Iﬁﬁ H
FIaV|p|n Epicocconigrone B (6)

Eplcoccomgrone A(5)
Figure 1: All relevant compounds isolated from two different strains of Epicoccum fungus.

1, 2 and 3 showed antimicrobial activities against E. coli and multiresistant strains of B. subtilis and S.

aureus (Table 1).2

Table 1: Antimicrobial activities of 1-3 (diameters of growth inhibition zone [mm])al.3

compound E. coli B. subtilis S. aureus
1 10 8 n.a.
2 14 n.a. 16
3 16 13 n.a.

[al 40 ug per paper disk with 9 mm diameter. n.a.: not active at 40 g per paper disk.

E. coliis one of the most common causes for bacterial infections for humans. B. subtilis can also cause
infections but only in very rare cases.™ S. aureus usually leads to an asymptomatic colonization of the
host (humans and animals). In case of a weak immune system however some severe or even lethal
infections can occur like Pyomyositis®, Mastitis!’ or sepsis. Especially strains which are multiresistant

against common antibiotics cause major complications in the treatment of these occurrences.

The same compounds also showed significant growth inhibition of two different tested
peronosporomycete phytopathogens (P. ultimum and A. cochlioides) and another plant pathogenic
fungus (R. solani) (Table 2).2 All three of these plant pathogenic fungi can be the source of major crop-

loss and ruin an entire harvest.

Table 2: Antifungal activities of 1-3 in agar diffusion tests (estimated MICs in ug per paper disk).3

compound P. ultimum A. cochlioides R. solani
1 40 40 80
2 40 >40 20
3 40 20 40
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Furthermore, epicocconigrone A (5) and epicoccolide B (2) were tested in vitro for their protein kinase

inhibition as well as histone deacetylase inhibition (Table 3 & Table 4).1°

Table 3: Protein kinase inhibition activities of compounds 2 & 5 (ICso [um])[1.10

compound AKT1 ALK ARK5 Aurora-B AXL FAK IGF1-R  MEK1 wt
2 4.07 0.25 3.77 7.29 0.22 0.80 0.15 >30
5 2.15 0.18 2.51 2.51 .016 0.42 0.07 >30
MET wt NEK2 NEK6 PIM1 PLK1 PRK1 SRC VEGF-R2
2 1.12 3.78 1.85 4.44 6.31 9.00 0.49 0.39
5 0.58 1.83 0.52 3.10 3.18 4.48 0.37 0.32

lal |Cso values were calculated from the inhibitory dose-response curves using the solvent DMSO set to 100% activity and the

negative control without enzyme set to 0% activity.

Table 4: Inhibitory effects of compounds 2 & 5 on HDAC activities (ICsp [um])[2],10

class | class llb class IV

compound total HDAC1 HDAC2 HDAC3 HDAC8 HDAC6 HDAC10 HDAC11
2 14.2+¢3.9 8.8%1.7 9.1+0.6 6.9+0.0 2.1+0.2 6.5+0.2 8.1+0.6 12.9+1.5

5 9.843.0 8.610.8 10.0+1.2 12.4+1.0 1.6%0.1 4.6%0.1 8.4+2.0 11.7+1.6

lal |Cso values were calculated from the inhibitory dose-response curves using the solvent DMSO set to 100% activity. Values

are the mean £ SD of three independent experiments.

Both of these kinds of inhibition can play a role in anticancer therapy development. For example, ALK
is a receptor tyrosine kinase, which is known to be involved in several human tumors.’®° AXL
overexpression is connected to myelogenous leukemia and other carcinomas, for example colon,
breast and lung cancer.®® An increased expression of FAK shows correlation with an increased
invasiveness and malignancy for some human tumors.?* The link of most of these protein kinases to

some form of human tumor and their progression was already thoroughly researched.?*°

By regulating the acetylation levels of various proteins, histone deacetylase enzymes play a vital role
in numerous cellular processes, including gene expression, cell mobility, and the modulation of
transcription factor activities. An alteration of their activity, especially an overactivity, can be
connected to the aggressiveness of a tumor as well as their general development. Hence, the
compounds that show the ability to inhibit these functions are promising candidates for anticancer

research.303

The most recent and most relevant discovery was the very potent inhibition (1.1+0.1 um) of the
galactosylceramide-sulfotransferase by epicoccolide B (2).% This sulfotransferase is a potential target
for substrate reduction therapy of metachromatic leukodystrophy, a rare lysomal storage disease.3¢3’
Metachromatic leukodystrophy (MLD) is a disease caused by a deficient activity of arylsulfatase A
(ASA). ASA is responsible for the degradation of 3-O-sulfogalactosyl ceramide (sulfatide). An

impairment of the ASA function causes an accumulation of sulfatide which clinically leads to a

progressive demyelination (destruction of the central nervous system) and ensuing neurological
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symptoms. Every form of MLD results in a progressive deterioration of neurodevelopment and
consequently a decrease of neurocognitive function.® This deterioration vastly impacts the quality of

life and often causes death within a few years depending on the age of onset.*

Regarding treatment many advances have been made in the past few years but the possibilities are far
from exhausted. The most commonly encountered treatment for MLD is a rather new gene therapy
approved by the FDA.*° The success of this gene therapy does not come without its downsides.
Although the treatment is comparably safe and very effective for patients in a presymptomatic stage
the criteria for being eligible are very hard to fulfill. For the late-infantile subtype MLD has to be
diagnosed in a presymptomatic stage, which is not without its challenges. In later onset stages (e.g.
early-juvenile subtype) the patient needs to be in a pre/early symptomatic stage with no evidence of
cognitive decline, among other things.*! An alternative treatment option is providing the deficient ASA
to combat the reduced activity. This method and variations of it all run into the same difficulty, which
is the poor permeability of the blood-brain barrier (BBB).3>*° The alternative to circumvent this
problem is small-molecule therapy. Small molecules can cross the BBB more easily and don’t need to
target the deficient ASA but can reduce the production of sulfatides directly. The sulfatide mentioned
before is produced by the enzyme galactosylceramide-sulfotransferase, which can be inhibited by
epicoccolide B (2). So rather than targeting the accumulation of sulfatide and their deficient
degradation the proposed small-molecule therapy relies on the inhibition of the production of the

sulfatide itself.3>
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1.4 A unique tetracyclic core

Epicoccolide A (1) and epicocconigrone A (5) have a very rare, almost unique core structure consisting

of a [6,6,6,6]-tetracycle with two oxygen bridges forming an acetal at C-1 (Figure 2).

o]
R
OH OMe
@ D@
OH
OH MeO 0 OH
OH
) ) ) ) Integrastatin A (7, R = CH,0OH)
Epicoccolide A (1) Epicocconigrone A (5) Integrastatin B (8, R = CHO)
/ /
HO HO

Chartarolide A (9) Chartarolide B (10)

Figure 2: All known natural products with the unique tetracyclic core (highlighted in red).3:104243

The same tetracyclic core can only be found in the structurally close Integrastatin A (7) and B (8) and
the non-related chartarolides A (9) and B (10).%>*® To this date no other natural products with the same
core have been reported, showing the uniqueness of the structural motif. The proposed absolute and
relative configuration shown above have been determined by NOE- & ROESY correlations together
with various modeling and calculations.>1%424 These configurations have however not been confirmed
by crystal structure analysis for any of the compounds since crystallizing these compounds poses
significant challenges. The relative configuration of H-1 and H-9 was determined to be cis for all natural
products. This was confirmed by simple NOE/ROESY experiments and can also be explained by the
massive ring strain the anti-conformation would inherit. For compounds 1, 9 and 10 ECD-spectra were
measured and compared to model calculations with defined absolute configurations.>** These
comparisons were used to assign the absolute configurations shown above. The configuration for the
tetracyclic core will be omitted in the remainder of the thesis unless specifically relevant. This is
intended to give a clear differentiation between stereospecific and non-stereospecific reactions. The

relative configuration between H-1 and H-9 will always be assumed to be cis unless stated otherwise.
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A confirmed biosynthesis for any of these compounds has not yet been reported but several different
pathways were proposed. For 1 an unsymmetrical benzoin condensation of two flavipin (4) molecules

is postulated forming intermediate 11 followed by an acetal formation to 12 and cyclization

o unsymmetrical
H benzoin condensation
\

(Scheme 1).3

T

T

Scheme 1: Proposed biosynthesis for epicoccolide A (1) via an unsymmetrical benzoin condensation.3

The proposed biosynthesis for 9 and 10 is very similar. Instead of a benzoin condensation a pinacol
coupling of two aldehydes (13a & 14) and an acetalization are the first step leading to 15, which then
cyclizes to 9 (Scheme 2).”* Only one isomer is shown, although the other one works analog to this with

inverted stereochemistry.

o R' pinacol coupling

X H Q 7804 hemiacetal formation cycllzat|on
I
R A nw " H = L /OH
HO

13a O 14

Scheme 2: Proposed biosynthesis for chartarolides A (9) and B (10). Only one isomer shown here.*3
The suggested biosynthesis for integrastatin A (7) and B (8) takes a completely different approach

starting with the condensation of nine acetate units (16). Following aromatization to 17 and further

cyclization to 18 gives a potential precursor for the integrastatins (Scheme 3).%2

decarboxylation
le) OH
HO,C methylation
COZB HO,C oxidation
O ——= _ 788
e O
o) o o HO OH OF

Scheme 3: Proposed biosynthesis for integrastatins A (7) and B (8).42
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Finally, | propose a new biosynthetic route for 1 via an oxidative benzofurane rearrangement of 2 in a
single step. The benzofurane is oxidized to epoxide 19 which opens leading to a brief dearomatization

(20) followed by a 4+2 cycloaddition resulting in the tetracyclic core and epicoccolide A (Scheme 4).

Scheme 4: Proposed biosynthesis of epicoccolide A (1) via an oxidative benzofurane rearrangement.

This theory would be supported by the fact that both 1 and 2 were isolated from the same strain of
Epicoccum and the same reaction was used for the total synthesis of integrastatin B (8) albeit with

).44

protecting groups (chapter 2.1).** Hence, one of the goals of this work is to achieve this reaction in a

possibly biomimetic way giving further insights into the potential biosynthesis.

All four of these postulated biosynthetic pathways to the tetracyclic core are plausible but none of
them have been verified so far. Considerable efforts have been invested in the synthesis of this unique

core structure but no total synthesis of 1 has been reported so far.






2. Past accomplishments

2.1 Synthesis of the tetracyclic core of epicoccolide A (1) and integrastatin B (8)

Considerable efforts have been invested into the synthesis of the unique [6,6,6,6]-tetracycle but no
total synthesis has been reported so far for epicoccolide A (1) and epicocconigrone A (5). The total
synthesis of integrastatin B (8) was accomplished and reported by Ramana et al. in 2016 after
extensive research.* All accomplishments for the unique core structure will be presented in a

chronological fashion starting with the oldest publication.

Shortly after the discovery of integrastatins A (7) and B (8) in 2002*? the first synthesis of the tetracyclic
core was already reported in 2003 by Taylor. Key steps include a Ramberg-Bdcklund reaction followed

by a Lewis acid promoted cyclization (Scheme 5).%°

o) — _
o_ O 2 steps 50%, E/Z = 1:8 __
4 steps 88%, E/Z =1:16 Q SnCl,*2 H,0 (
SO, N\ 94% OH
@)
n (oo

21 23

o]
8
PDC, TBHP, Celite
e I E‘ >
0,
o 77% o
25 24

Scheme 5: First synthesis of the tetracyclic core by a Ramberg-Bdcklund reaction and Lewis acid mediated cyclization.*>

Sulfone 21 is transformed to the desired Z-olefin 22 via a Ramberg-Bdicklund reaction. Only the Z-olefin
reacts in the following cyclization. Interestingly, the oxidation state of the acetophenone has an impact
on the ratio of E/Z for the double bond. The benzylic alcohol gives significantly better yields and ratio
(88%, E/Z = 1:16) compared to the ketone (50%, E/Z = 1:8). Subjecting 22 to tin(ll) chloride leads to the
deprotection of the benzyl protecting group and hemi-acetal formation with the ketone to
intermediate 23. The hemi-acetal then reacts with the double bond to form the tetracyclic core 24
without the ketone at C-8. Subsequent oxidation completes the desired core 25 in an efficient

manner.*

A few years later in 2008 Ramana published a synthesis of the tetracyclic core by using a pinacol

coupling and an intramolecular acetal formation (Scheme 6).4¢
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o) o) OH
©f‘\ H Mg(Hg), TiCl, oH O
on M 49% O od
26 O 13p .

(0] OH
Ml’l02
(@] (6]
79%
0" 29 0" 28

Scheme 6: Second synthesis of the tetracyclic core by a pinacol coupling of an aldehyde (13b) with a ketone (26).4¢

The pinacol coupling was done with o-phthalaldehyde (13b) and o-hydroxy acetophenone (26)
resulting in the intermediate 27 that immediately undergoes acetal formation to 28. Finally, 28 can be
oxidized to ketone 29 finishing the tetracycle with one of the two methyl groups present in the
integrastatins.*® The same sequence was also done without the methyl group present resulting in the
tetracyclic core of epicoccolide A (1) and epicocconigrone (5), however, 1 and 5 were not known yet
at the time. It is possible that this route inspired the postulated biosynthesis of chartarolides A and B

as the reaction path is identical (Scheme 2).*3

In 2011 Stoltz reported a palladium-based Wacker-type cyclization of diol 30 (Scheme 7).4

HO g
PdClz’ CUC|21 02 O (0] O
0,
O OH AN 61% O O
30 24

Scheme 7: Third synthesis of the tetracyclic core by a Wacker-type cyclization.*”

The diol 30 is subjected to catalytic amounts of PdCl, and CuCl, under an oxygen atmosphere which
leads to a cyclization, most likely through intermediate 31. Phenol 31 can then in turn cyclize
intramolecular onto the enol ether giving the core structure 24.*” The oxidation of 24 was already

published by Taylor before (Scheme 5).%°

Later on, Ramana published another possible route to the tetracyclic core utilizing an oxidative

benzofurane dearomatization cascade (Scheme 8).%
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R R Q
O N\ O Oxone, NaHCO4 O o O
00 88-89% o
32 R R=H,33
R = Me, 25

Scheme 8: Synthesis of the tetracyclic core by a single-step oxidative benzofurane rearrangement.4®

Benzofurane 32 was treated with Oxone® and sodium bicarbonate in a mixture of acetone and water
directly rearranging to the desired tetracyclic core (25/33). This was done both with and without the
methyl groups present giving direct access to the core of epicoccolide A as well.*® Shortly after,

Ramana used this reaction for the successful total synthesis of integrastatin B (8) as presented in

Scheme 9.%
o) (e}
35 OMe
DCC, DMAP
_ > OMe
MeO OH . MeO 0
82% OMe
OMe 0 OMe
34 36
1. TiCls, Zn, 71%
2. Ac,0, p-TSA, 82%
(o]
OMe Oxone, NaHC03
5% s 0 o«
OAc 7% MeO O
MeO (0} OAG
OAc 0
37 (R = Me) :\ BCl
1. NBS, 82202 - 74%
\ 2. K,CO3 38 (R=H) Ac,0, NEt; DMAP
63% 39 (R=Ac) 93%
Os._H ©O
OMe o
MeO
Crp Yy
OH
MeO (0] OH MeO
OH 8 OMe
Eudesmic acid (35)

Scheme 9: Total synthesis of integrastatin B using the oxidative benzofurane rearrangement.**

Starting from phenol 34 an esterification with eudesmic acid (35) provides the precursor for the first
cyclization. Ester 36 is cyclized through a Fiirstner-McMurry coupling and subjected to Friedel-Craft
acetylation conditions giving benzofurane 37 in an efficient sequence. Three out of the five phenols
are deprotected selectively (38) and reprotected with acetate groups (39). Following this, the key
reaction, namely the oxidative rearrangement, was accomplished in the presence of the acetate
protecting groups finishing the tetracyclic core (40) through the same route published before.
Introduction of the aldehyde and removal of the protecting groups completes the total synthesis of

integrastatin B (8) in a mere 8 steps with an overall yield of 18%.%*
13



2. Past accomplishments

Finally, Brimble published an entirely new strategy for composing the tetracyclic core in 2019

employing an umpolung alkylation as the key step (Scheme 10).°

s DIBAI-H
—_—
o 73%  EOMO
OMe 44 OH
M1

NaHSO4 *SiOQ
71%

0 &

S__S
PO mme oy 1)
9P Y
74%

0" 33 ° 0" 45

Scheme 10: Latest synthesis of the tetracyclic core by an umpolung alkylation reaction of a dithiane (41).4°

The basis of the strategy is the umpolung alkylation of dithiane 41 and coupling with aldehyde 42 to
give ester 43. The ester is reduced to the lactol 44 which undergoes an acid-catalyzed cyclization with
the in-situ deprotected phenol to close the final ring (45). The complete tetracyclic core 33 is released

by dithiane removal as the last step.*

This concludes the current reported pathways to construct the unique [6,6,6,6]-tetracyclic core.
Considerable efforts from many different groups have shown success for the total synthesis of
integrastatin B (8) but to date no total synthesis has been reported for epicoccolide A (1) and

epicocconigrone A (5).

2.2 Contributions to the total synthesis of epicoccolide B by Simon Dedenbach

Another pathway of the postulated biosynthesis of epicoccolide A (1) also leads to epicoccolide B (2).
Starting from the asymmetrical benzoin condensation 11 a reductive dehydration followed by
acetalization with the ketone (46) instead of immediate acetal formation with the aldehyde leads to 2

(Scheme 11).3

reductive hydration H OH
acetylization

OH 2
O
(0]

Scheme 11:Biosynthetic proposal for epicoccolide B (2).3

A biomimetically inspired total synthesis was designed our working group based on eudesmic acid (35)

and the asymmetrical benzoin condensation. Planning and execution were done by Simon Dedenbach,
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part of our working group, in the scope of his doctoral thesis. However, a selective asymmetric benzoin
condensation is not effective under laboratory conditions since a statistical distribution of the products
is highly likely and rather inefficient. Instead, a synthesis inspired by the benzofurane formation in
integrastatin B by a McMurry reaction was sought after. Sadly, the esterification between fragments

47 and 48 to form 49 was not possible resulting in a stop for this route (Scheme 12).%°

o)
MeO
€ OMe
H
MeO Oy_OMe
Q OH O Q
47

H
OH o}

M
MeO MeO O OMe

OMe O OMe H oM
35 OMe e
L, HO | 49 O OMe
H
OMe
48 O OMe

Scheme 12: First attempt to build the benzofurane by McMurry coupling.>°

MeO

An entirely new route was designed breaking epicoccolide B into two fragments which were combined

by a Suzuki cross-coupling reaction (Scheme 13).%°

0 0 1. saponification
O 5 memiaton M0 oMo 3. yaurabonyaton 1o J%
MeO MeO
OMe OMe MeO
35 50 502Me

1. formylation

2. o-deprotection

3. Ramirez homologation
4. cyclization

(0]
MeO
OMe
. /) 1. Suzuki cross-coupling
o 2. reduction
51 Br 3. selective oxidation

1. deprotection
2. formylation

Scheme 13: Second route for the synthesis of 2.50

Eudesmic acid (35) was transformed into the common precursor 50 by esterification and methylation
of the aromatic ring. The benzofurane fragment 51 was synthesized from the precursor 50 by a

sequence of steps, namely formylation, selective o-deprotection, Ramirez homologation and

15
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cyclization. The boronic ester fragment 52 in turn was assembled by saponification of the ester
followed by decarboxylative iodination and Miyaura-borylation. Fragment union was achieved by
Suzuki-coupling and the methyl ester was converted into the aldehyde by reduction and selective
oxidation to obtain 53. For the final steps of the synthesis a global deprotection and late-stage
formylation to arrive at epicoccolide B (2) were envisioned. Despite testing a broad range of conditions

for the deprotection the desired global removal of the methyl groups remained unsuccessful.>®

At this point the topic was handed over to Wing-Si Li with a small change in strategy.>?

2.3 Contributions to the total synthesis of epicoccolide B by Wing-Si Li

After the difficulties with the deprotection of the methyl groups, the strategy was adjusted to the use
of benzyl protection groups. Although being electronically rather different the steric influence of the
added phenyl ring on the main aromatic ring is surprisingly small due to the distance caused
by -O-CH,- in between. The cleavage of the benzyl groups in the end can be achieved by reduction with

H, or using Lewis acids.

Following the synthetic plan laid out in Scheme 13 the forward synthesis commenced with slight

deviations to accommodate for the change in reactivity (Scheme 14).5

Q BnCl, Q I, I 0
HO OMe K2COs KI BnO oM AJCO,CF; BNO oMo
HO 93% BnO 84%  BnO
OH OBn OBn
54 55 56
ZnMezY
Pd(dppf)Cl,
66%
0
BnO OMe
BnO
OBn
57

Scheme 14: Adapted synthesis of the benzyl protected general precursor 57.31

Starting with phenol 54 benzyl protection proceeded smoothly to 55 with a 93% yield in a decagram
scale. Several ortho-lithiation conditions applied to 55 did not result in the desired product so a
two-step sequence was applied. Single iodination to 56 in 84% yield followed by Negishi cross-coupling

with 66% yield completed the general precursor 57 efficiently and in a gram scale.>*

The boronic ester fragment was prepared without deviation from the original route (Scheme 15).5!
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0 ? Bpin),, KOA 9/k<
BnO BnO BnO | (BRin); KOAC, b B

OMe LIOH * H,0 OH 2, K3PO4 Pd(OAc), ~0
_— —_— - >
BnO 57 95% BnO 58 91% BnO 59 85% BnO 60
OBn OBn OBn OBn

Scheme 15: Synthesis of boronic ester 60.°1

Saponification of precursor 57 to acid 58 was successful (95% yield) after temperature elevation (50 °C)
compared to the methyl-protected compound 50 (rt.). The crucial decarboxylative iodination of the
acid 58 resulted in iodide 59 with a very good yield of 91%. Lastly, fragment 60 is completed by Miyaura
reaction to introduce pinacol borane onto the aromatic ring. Avoiding the formation of the
homo-coupling product boronic ester 60 was obtained in 85% vyield. Again, all reactions were

performed on a gram scale showing high efficiency and scalability of the route.>?

Synthesis of the benzofurane fragment caused major complications and significant effort had to be

invested (Scheme 16).!

(0}
Q AgOTf, BnO Q

BnO OMe MeOCHCI, =" OMe PPhs, CBry BnO OMe

—_— _—

BnO 43% BnO™ 3 H 40% BnO | H
TFA, PhMeg
quant.

(e} 0} (0}
BnO HO HO
OMe _ _____ OMe gMe
BnO ) HO ) HO |
(¢} o (¢}
4 63
65 Br 6 Br Er Br

Scheme 16: Partial synthesis of the benzofurane fragment 65.5%

Formylation of precursor 57 via various conditions proved to be quite difficult and ultimately was
moderately successful using a Gross-Riche-formylation giving aldehyde 61 in 43% vyield after
HPLC-purification. Next, a selective deprotection of C-5 was envisioned but screening of a wide range
of conditions either gave no conversion or decomposition with only minor amounts of desired product
(<11%). A slight change in the order of reactions was necessary so the Wittig reaction was done before
any deprotection. Wittig product 62 was isolated in 40% yield and subsequently globally deprotected
by TFA (63) in a quantitative yield. To finish the fragment cyclization needed to be accomplished (64)
in addition to the reprotection of the remaining phenols (65). An initial attempt of the cyclization was
unsuccessful and the reserve of 63 was fully depleted. Resynthesizing the required material was

beyond the scope of the project hence the master thesis was concluded.>!
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Significant progress has been made in the synthesis of the required fragments holding benzyl
protection groups. Precursor 57 and boronic ester 60 were synthesized in a gram scale with (very) good
yields. Preparation of the benzofurane fragment had many difficulties that were ultimately overcome

to progress the route several steps up to deprotected geminal dibromide 63.%!
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3. Objectives

The scope of this thesis includes three different objectives. The first and most important one is the
successful total synthesis of epicoccolide B. To achieve this the established route from
Simon Dedenbach with protecting group changes by Wing-Si Li will be continued. An initial synthesis
of the building blocks was necessary as the bulk of reserves was depleted by the research of
Wing-Si Li.>* A decagram scale of precursor 57 was planned, potentially increasing efficiency and yield
of the route. Following this the boronic ester 60 needed to be reproduced, again with reaction

optimization if possible (Scheme 17).

o) 0 o
HO OMe decagram scale BnO OMe 9ram scale BnO Elko
HO 54 BnO 57 BnO 60
OH OBn OBn

Scheme 17: Planned large scale reproduction of building blocks 57 and 60.
The final and more challenging part consisted of finishing the synthesis of benzofurane 65. After

assembling all necessary building blocks the coupling (66) and subsequent last steps needed to be

examined (Scheme 18).

o) o ?
BnO
B0 ome _Teproduce MO oM _ complete =" owe
BnO HO | BnO /
57 OH (6]
OBn 63 ~Br~ Br 65 Br
]
60 |
0 H (0] (0] OMe :
H OH OBn !
finish combine !
_— - - - = = = = — Jd
)L gon = LIy
HO 0 BnO 0
OH 2 OH OBn 66 OBn

Scheme 18 Mapped out synthesis of benzofurane 65 and finishing the total synthesis.

After a successful total synthesis of epicoccolide B a single step oxidation of the unprotected natural
product to obtain epicoccolide A was envisioned as shown in Scheme 4 (chapter 1.4). This reaction can
then in turn be used to potentially verify our proposed biosynthesis and give a protecting group free

alternative to the conditions shown by Ramana in the total synthesis of integrastatin B (Scheme 9).%

Lastly a modular route with potential for diversification is essential for SAR studies later on. Therefore,
a flexible and adaptable total synthesis is very advantageous. Following the completion of the total
synthesis of epicoccolide B a synthesis of simplified analogs is planned to discover the lead structure
of this class of natural products. The exact composition of the simplified analog is not determined yet
as the final route for the total synthesis has a big impact on possible variations.
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4. Results and discussion

4.1 Continuing the route established by Wing-Si Li

As mentioned before several fragments needed to be synthesized in a large scale to provide enough
material for the remaining steps. This started with the synthesis of the general precursor 57

(Scheme 19).

0 BnCl (3.03 eq), K,CO3 (6.01 eq), 0
Kl (6 mol%), acetone, reflux, 20 h
HO OMe ( o) BnO OMe
a 0,
HO 54 quant.? (97%) BnO 55
OH largest scale: 7.51 g (40.8 mmol) OBn

I, (1.00 eq), AgCO,CF3 (1.00 eq),

CHCI3 rt., 4 h

89% (89%)

largest scale: 20.0 g (44.0 mmol)
ZnMe, (1.05 eq),

©] Pd(dppf)Cl, (2.92 mol%), | 9]
BnO -di BnO
n OMe 1,4-dioxane, reflux, 2.25 h n OMe
BnO 57 70%" (84%) BnO 56
OBn largest scale: 21.1 g (36.3 mmol) OBn

Scheme 19: Synthesis of the precursor 57 in large scale. Conditions and yield shown for the largest scale. Best isolated yield
given in parentheses, sometimes from a different scale. 2 crude yield slightly over quantitative because of remaining solvent.
590% brsm based on recovered 55

The first reaction to 55 is a Williamson ether synthesis with the addition of potassium iodide (KI). The
potassium iodide increases the reactivity of benzyl chloride (BnCl) through chloride to iodide exchange
providing a better leaving group for the following Sx2 reaction with the phenolates.> The yield of this
benzyl protection could be consistently improved by a small amount from 93% to 97%, mostly due to
a simplified workup and purification. The initial purification was tedious column chromatography on a
large scale which has an inherit loss of material in most cases. Replacing the column by simple filtration
over a plug of silica removes any remaining inorganic salts (K,COs, Kl). Residue of benzyl chloride or
organic solvents in the crude product does not hinder the following reaction making further

purification unnecessary.

The iodination of 55 to 56 is an electrophilic aromatic substitution (SeAr) reaction. The electrophile I
is generated by heterolytic cleavage of iodine (l,) by the silver salt (AgCO,CFs) and precipitation of silver
iodide.” This reaction proceeded smoothly, again with nearly identical yield (84% vs. 89%). There are
two important factors for this reaction to succeed with high reproducibility and yield. First, the precise
measurement of silver salt and iodine to exactly 1.00 equivalents to avoid over-iodination or
incomplete conversion is crucial. Second, the chloroform used as a solvent for the reaction needs to

be as dry as possible. This can be easily achieved by buying pre-dried chloroform that is stored over
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molecular sieve (MS) and under argon. Further optimization is not needed as the yield is very good for

large scale reactions and purification is very simple recrystallization.

The third reaction to complete the precursor 57 is a Negishi cross-coupling of the aromatic iodide with
dimethyl zinc (ZnMe;). The catalyst Pd(dppf)Cl, is reduced to its active state by a small excess of
dimethyl zinc.>* The best improvement in regards to the yield was achieved for this reaction of the
sequence (66% to 84%). lodide 56 needs to be very dry, both in terms of water content and remaining
organic solvent. If the recrystallization from methanol is done correctly the product is obtained in a
very pure and dry fashion after removal of the methanol and other solvents in vacuo. The other
optimization was an adjustment of the eluent for the column chromatography including applying a
slower gradient. This change resulted in less mixed fractions and a cleaner isolation of the desired
product. Additionally, it facilitated a better re-isolation of deiodinated starting material (55). The yield
of the largest scale shown in Scheme 19 is slightly lower than expected due to insufficient purity of

iodide 56 showing the importance of the mentioned optimizations.

All three reactions were performed on a decagram scale (7.51 — 21.1 g, 36.3 — 44.0 mmol) with very
good yields (84 —97%). The purification of the first two steps is very fast and simple removing the need
for additional tedious column chromatography. With large amounts of 57 on hand the synthesis of the

other fragments could commence.
4.1.1 Reproducing the boronic ester synthesis and modifying the sequence

The reproduction of the boronic ester 60 proved to be difficult and some changes were made to

accompany that fact (Scheme 20).

Q o
LiOH * H,0 (6.01 eq), MeOH,
Bno OMe H,0, DCM, 55 °C, 18 h BnO oH
BnO 57 90% (quant.) BnO 58
OBn largest scale: 1.22 g (2.61 mmol) OBn

(Bpin), (1.56 eq), Pd(OAc), (11 mol%),
dppb (16 mol%), piv,0 (1.60 eq),

NEt; (1.67 eq), 1,4-dioxane, reflux, 20 h
46% (66%)

largest scale: 977 mg (2.15 mmol)

I, (3.02 eq), KsPO4 (1.06 eq),
MeCN, 24 h

59% (59%)

largest scale: 586 mg (1.29 mmol)

9’? (Bpin), (1.06 eq), KOAG (3.08 eq),
BnO B<g Pd(OAC), (3 mol%), DMF, 85 °C, 5 h BnO [
BnO 60 87% (87%) 50

largest scale: 384 mg (717 pmol
OBn 9 9l . ) OBn

Scheme 20: Synthesis of the boronic ester 60. Conditions and yield shown for the largest scale. Best isolated yield given in
parentheses, sometimes from a different scale.

The first reaction in this sequence is the saponification of the methyl ester using lithium hydroxide

(LIOH) in a wet solvent mixture to provide water (H.0), solubility of the compound (DCM) and
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miscibility of the solvents (MeOH). The yield is practically identical to that of Wing-Si Li (95% vs. quant.)
leaving no room for improvement. Straightforward aqueous workup provides acid 58 in a very pure

fashion with no further purification.

Following the saponification a decarboxylative iodination to 59 is performed. Contrary to the
Hunsdiecker reaction this method does not need a silver salt and supposedly follows a concerted
mechanism opposed to a radical pathway.” It was not possible to reproduce the very high yields of
Wing-Si Liand only moderate yields of up to 59% were achieved. In all cases conversion was incomplete
and starting material 58 could be partially isolated. The brsm yields reached up to 90% but purification
and separation of the two compounds was tedious. With decent amounts of 59 on hand the Miyaura

reaction was carried out.

The Miyaura reaction of 59 to 60 is a borylation to introduce a boronic ester onto the aromatic system
by cleavage of a bis-boronic ester.*® Through the use of a mild base (KOAc)*” and low catalyst loading
the homo-coupling can be avoided to obtain the product with high selectivity and good yields (87%).
Both the saponification and Miyaura reaction were reproducible with almost identical yields but the
decarboxylative iodination remained elusive. To avoid this step the acid 58 was directly converted to

the boronic ester 60 by a rather uncommon decarboxylative Miyaura reaction.>®

The first two attempts at the decarboxylative Miyaura were successful with a moderate to good
isolated yield of 46-66%. At this point further optimization was omitted because the total amount of
60 that was obtained during all performed reactions including reserves of Wing-Si Li were more than
enough to continue. The new route has a slightly lower overall yield (66% vs. 73%) but is one step
shorter and still needs to be optimized. Hence, the decarboxylative Miyaura borylation has its merits
and can be considered an improvement to the two-step sequence of iodination and Miyaura reaction

from before.

With sufficient amounts of precursor 57 and boronic ester 60 in hand the key synthesis of benzofurane

65 had to be completed next.
4.1.2 Finishing the benzofurane fragment

To complete the synthesis of benzofurane 65 significant improvements needed to be made to the first
two steps. The first reaction is a rather mild Gross-Rieche formylation®® but due to the methyl ester
ortho to the formylated position the side product 67 can be formed during the reaction and workup.®®
This side product is very difficult to remove by standard column chromatography and had to be
separated by tedious HPLC-purification.’® To simplify the step and remove the need for time

consuming purifications the goal for the following optimization was the avoidance of the side product

entirely in addition to improving the yield (Table 5).
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Table 5: Optimization of the formylation from 57 to 61.

o)
Q MeOCHCI, (3.0 eq), o
BnO OMe AgOT,DCM, T, t BO OMe BnO .
H
BnO 57 BnO BnO 67
OBn OBn O 61 oBn OMe

entry T[°C] t[h] AgOTf[eq] yield comment

1 -78 2 2.77 - decomposition in the rotary evaporator (40 °C
bath)

2 -78 2 3.00 56% mixture of product 61 and side product 67

-78 1.5 3.00 23-26% crude product stored overnight (-20 °C), slower

column gradient

4 -78 2 2.15 51% same day column, 79% brsm calculated

5 -78 5 3.04 45%

6 -78 2 4.00 31% gNMR yield

7 -78 2 4.98 25%  gNMR yield

8 -78 2 6.06 30% gNMR vyield

9 -90 4 3.02 76% adjusted reaction time to lower temperature

10 -90 4 3.01 quant  very fast column due to residual Et,0 from workup

11 -90 4.75 3.02 64-72% 75-97% brsm isolated, wet AgOTf, no column

12 -90 3.75 3.22 quant  no column, fully optimized conditions

Initial reproduction of the reaction conditions only gave total decomposition as the crude product is
not stable in the rotary evaporator at 40 °C (entry 1). Adjusting the workup resulted in the expected
mixture of product and undesired side product (entry 2). The next attempts were to separate 61 from
67 by changing the eluent for column chromatography parallel to improving the ratio of product to
side product in the crude reaction mixture. A few relevant observations were made: The crude product
is not stable for longer periods of time even while stored under argon in a freezer (entry 3). Reducing
the equivalents of silver triflate (AgOTf) to two and doing the column chromatography directly after
aqueous workup improved the isolated yield slightly (entry 4), while increasing the reaction time or

the equivalents of AgOTf had no positive effect on the outcome (entry 5-8).

At this point | theorized that the reactivity of the reaction was still too high so | lowered the
temperature to -90 °C which increased the yield drastically and reduced side product to barely
traceable amounts (entry 9). Repeating the same conditions on a larger scale resulted in remaining
diethyl ether (Et;0) in the crude product from aqueous workup. Due to this the column afterwards was
significantly faster than intended but surprisingly gave a quantitative yield of pure product (entry 10).
The only thing remaining at this point was the reproducibility of the excellent yield, which proved to
be harder than expected. The AgOTf used was from different suppliers and had noticeable impact on
the reaction. Some batches of AgOTf contained visible chunks implying the presence of moisture.
Employing this partially wet AgOTf reduced the yield significantly even when pre-drying was attempted

(entry 11). After developing a thorough drying protocol applicable for any batch of silver triflate the
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optimized reaction conditions were reproducible in a multigram scale (4.98 g, 10.6 mmol). In addition
to the aforementioned changes the column chromatography was omitted and instead the crude
product was merely filtered over a plug of silica to obtain pure aldehyde 61 after removal of the solvent

in vacuo (entry 12).

The Ramirez homologation®® of 61 to 62 was very unreliable but the yield could be improved

nonetheless (Scheme 21).

0}
PPh3 (6.00 eq), CBr, (3.00 eq),
BnO OMe DCM, rt, 19 h BnO OMe
H
BnO 55-91% BnO | H
largest scale: 3.00 g (6.04 mmol)
61 OBn O 62 OEP Br

Scheme 21: Ramirez homologation of aldehyde 61 to geminal dibromide 62.

In the master thesis of Wing-Si Li she described difficulties removing the triphenylphosphine oxide
(OPPhs) after the reaction through the means of column chromatography. Small changes in the
aqueous workup and filtering the crude product through a tall plug of silica with DCM alleviated this
problem while also improving isolated yields. Sadly, the yield of the reaction was subject to large
fluctuations (55-91%) with unknown origin. The best yield of 91% was obtained from the largest scale
reaction (3.00 g, 6.04 mmol) but there was no causal connection between scale and yield for the other
attempts. With a moderate minimum yield and a large amount of 62 on hand further optimization was

put on hold and the next steps were investigated.

As with both reactions before the deprotection presented complications that needed to be addressed
with extensive testing (Table 6). Trying to reproduce the conditions set by Wing-Si Li resulted in the
global deprotection but only with bad to moderate yields (entry 1).>52 Using other deprotection
methods did not seem promising either (entry 2-4).%® The good news was that the cyclized product 64
could be observed during the deprotection with aluminum trichloride (AICl3). Removing the benzyl
protecting groups through boron trichloride (BCls) seemed to be the most promising candidate so the
conditions and the workup were adjusted to obtain 63 in very good yields (entry 5-8).5* Interestingly
the yield showed medium fluctuations (73-98%) with no clear correlation to the reaction handling or
size. With a good minimum vyield of 73% and sufficient amounts of pure 63 the final steps could be

tested.
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Table 6: Different screened conditions for the global deprotection of 62.

o) o) 0
BnO OMe conditions HO OMe HO OMe
BnO | H HO | H HO
OBn OH o 1
62 Br Br 63 Br Br 64 Br
entry conditions result
1 TFA (excess), PhMes (3.04-4.69 eq), DCM, rt. 20-22 h 20-50% gNMR yield
AICl; (3-9 eq), PhNMe; (30.0 eq), DCM, rt.-40 °C, 0.5-22 h 30-36% yield, 4:1 ratio 63:64
Pd/C (3.00 eq), Hz (1 atm), MeOH, 30 min no reaction

BCl; (6.03 eq), PhMes (4.92-9.74 eq), DCM, -78 °C, 20 min  15-46% gNMR yield
BCl; (6.14 eq), PhMes (3.37 eq), DCM, -78 °C, 30 min, filter 98% isolated yield
over plug of silica (CH/EA 9:1) to remove scavenger, 850 mg
scale
6 BCl; (3.91 eq), PhMes (4.93 eq), DCM, -78 °C, 30 min, filter 76% isolated yield
over plug of silica (CH/EA 9:1) to remove scavenger, 1.25 g
scale
7 BCls (4.04 eq), PhMes (4.09 eq), DCM, -78°C, 15 min, 73% isolated yield
column chromatography, 2.34 g scale
8 BCl; (3.60eq), PhMes (3.27 eq), DCM, -78°C, 15 min, 61% over 3 steps starting
column chromatography, ~4 g scale from 57

u b WN

As a key reaction of this route the cyclization of the benzofurane is crucial to introduce the second ring.
The successful cyclization was already observed during the deprotection with AICI; but could not be
separated from the non-cyclized product. Attempting the reaction with pure 63 and the conditions set
beforehand, including slight variations (2 eq KsPO4, 0.2-1 eq Cul)®!, decomposition or no reaction
occurred. It has been reported that different ligands support the reaction and can drastically increase
reactivity and selectivity. Two of these ligands tested are dipivaloyl methane and picolinic acid.®>®
Employing these ligands and increasing the reaction time drastically resulted in the wrong product for

the former ligand while the latter gave the desired product (Scheme 22).

o K3PO, (2.08 eq), Cul (1.06 eq), o
picolinic acid (1.08 eq), THF,
HO OMe 80°C,23h HO OMe
HO H 45% (76%) HO
OH | largest scale: 1.00 g (2.62 mmol) o4
63  Br~ “Br 64 o

Scheme 22: Synthesis of the benzofurane 64. Conditions and yield shown for the largest scale. Best isolated yield given in
parentheses from a different scale.

Varying equivalents of base (1-2 eq) as well as different solvents (DMSO, DMF) showed no effect on
the yield. Just like the two reactions before an unusually large fluctuation of the yield could be
observed for different batches (45-76%), again with no clear correlation to the reaction handling or
size. Accepting this trend of unpredictability in the route, the fragment was almost finished. Only the

reprotection with benzyl protection groups was necessary.
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To reprotect the phenols with benzyl groups the same conditions as in the very first step were used.>?
The first attempts showed small signs of product but also large amounts of unknown side product were
obtained. Initial characterization of the side product was more confusing than helpful. Later on, |
realized that the side product was actually the dibrominated and protected benzofurane. Reducing the

temperature but in turn increasing reaction time improved the yield to 63% (Scheme 23).

K,CO3 (6.29 eq), KI (0.16 eq),

HO Q BnCl (%.(()J%gq%,za;etone, BnO Q
OMe ’ OMe
HO 63 %
o / largest scale: 175 mg (582 umol) o) /
64 Br 65 Br

Scheme 23: Final protection to complete fragment 65.

The debromination most likely occurs due to the base potassium carbonate (K,COs). Alternative
deprotonation by sodium hydride (NaH) prevented the debromination but gave less yield overall

(46%). This concludes the synthesis of benzofurane 65.

To summarize, the formylation could be improved drastically with high reproducibility and significantly
less purification effort. For the Ramirez homologation to the geminal dibromide 62 the best-case yield
improved significantly but large fluctuations of the yield were observed for different batches. The
sequence of deprotection, cyclization and reprotection to complete the fragment 65 suffered from the
same phenomenon. Using the highest obtained outcomes 65 was synthesized in 5 steps with 43% yield
starting from the precursor 57. With both fragments 60 and 65 in hand the coupling could finally be

tested followed by the remaining last few steps.
4.1.3 Coupling of borane and benzofurane followed by the final steps

The envisioned coupling of the fragments is a standard Suzuki-Miyaura cross-coupling with no
particularly challenging substituents.®” Therefore, a catalyst that is easy to handle and is used for a
wide variety of applications can be employed. In this case | chose XPhos Pd G4 because of its stability
under air and in aqueous environments in addition to a generally high reactivity even at low
temperatures. With a very low catalyst loading of 1.5 mol% (0.6 mol% also tested successfully) and a
low temperature (compared to most other cross-couplings) the fragment union to acquire 66

proceeded smoothly in a quantitative manner (Scheme 24).
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(0]
B0 0/? K3PO, (2.09 eq),
OMe ! XPhos Pd G4 (1.4 mol%),
BnO Bso THF/H,0, rt., 23 h
BnO +
(6] / BnO quant.
65 Br OBn 60 largest scale: 327 mg (679 ymol)

XPhos Pd G4

Me—N-—>-Pd-OMs

4
e Ve

Scheme 24: Coupling of fragments 65 and 60 to obtain the core structure 66.

Finally, having completed the core structure only a few steps remained. The second aldehyde needs
to be introduced, the methyl ester has to be converted into the aldehyde and the protection groups
have to be removed. For the order of the steps the deprotection was chosen as the final step since five
free phenols will have a significant impact on the solubility and reactivity of the compound.
Formylation to 68 is possibly the most difficult step of the remaining and will be done next with the

conversion of the methyl ester in between.

Going back to the originally employed temperature of -78 °C with a reaction time of 2 h but increasing

the equivalents of reagent instantly gave an excellent yield (Scheme 25).

AgOTf (5.55 eq),
MeOCHCI, (5.41 eq),
DCM, -78 °C, 2 h

largest scale: 270 mg (333 pymol)
OBn

BnO OBn

quant. BnO OBn

Scheme 25: Formylation of 66 to synthesize 68 but purely 69 was obtained.

Interestingly the obtained product was exclusively 69 and not the desired aldehyde 68. This is very
surprising since it is expected that the free aromatic position C-14 would react more readily than the
heterocycle. But apparently, in this case, the benzofurane has drastically higher reactivity towards
electrophiles than the other aromatic position, which has three protected phenols to increase electron
density. It is also possible that the methyl ester has a directing effect for approaching electrophiles.
This outcome was not predictable but highly reproducible and always gave a single product. This shows

the vast difference in reactivity for the two free aromatic positions.

| decided to finish the synthesis even though the aldehyde was at the wrong aromatic position as it
would be the first synthesized analog of epicoccolide B. Next, a reduction and selective oxidation need

to transform the methyl ester into the corresponding aldehyde. The second aldehyde will react as well
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so the equivalents need to be adjusted accordingly. To obtain diol 70 a standard reduction protocol

was used (Scheme 26).58

DIBAI-H (5.30 eq), THF,
0°C—rt,2h

98%
largest scale: 254 mg (302 pmol)

OBn

Scheme 26: Reduction of 69 to diol 70.

The use of an excess of reduction agent (DIBAI-H) ensures the complete reduction of both carbonyl
groups to the benzylic alcohols. When lithium aluminum hydride (LAH)®® was used, a much stronger

reducing agent, the yields were very inconsistent (36-94%) compared to the conditions shown above.

As the deprotection caused problems before, several different pathways were investigated in parallel:
the deprotection of 70, the oxidation of 70 and the development of a simplified test system to screen
reaction conditions that are hopefully transferable. Since it is impossible to describe multiple pathways
at once without confusing some readers | will elaborate on the test systems first and then their

application to diol 70, even if some of the following reactions were done in parallel.

For a simplified test system, the general precursor 57 was chosen. It bears most of the functional
groups that can be found in diol 70. To be a more accurate representation the methyl ester was
reduced to the benzylic alcohol as well (71).%8 Subsequent oxidation to aldehyde 72 presents another
test system for the oxidation of 70 and the following deprotection. The synthesis of 71 and 72 is shown

in Scheme 27.

D DIBAI-H (2.15 eq), OH |BX (2.01 eq), DMSO (2.06 eq) 0
BnO oMe THF. rt 45min  BnO EA, reflux, 1 h BnO y
quant. quant.
BnO 57 BnO 7 BnO 72
OBn OBn OBn

Scheme 27: Synthesis of benzylic alcohol 71 and aldehyde 72.

For the reduction of 57 to 71 both DIBAI-H and LAH resulted in excellent and reproducible yields with
minimal synthetic effort. Oxidation of alcohol 71 to aldehyde 72 was achieved by the use of IBX, a
cheap and selective oxidant.”® This reaction gave an excellent yield as well and needed no tedious
purification making for an efficient two-step sequence. A selective reduction is plausible as well but
poses significantly higher synthetic effort and needs a precise temperature control, while this
sequence is very simple and easy to handle. During the period of a practical course under my
supervision a bachelor student performed this sequence on a gram scale (1.63 g, 3.48 mol) with a very

good yield of 95% over two steps.
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With three different test compounds in hand (57, 71, 72) the most common deprotection for benzyl
groups was tested, namely the reductive removal using Pd/C and a hydrogen source resulting in the

deprotected compounds 73, 74 and 75 (Table 7).

Table 7: Deprotection testing for compounds 57, 71 and 72.71

Pd/C, 'H,', solvent,

BnO R Tt HO R
BnO HO
OBn OH
57 R = CO,Me 73 R=CO,Me
71 R = CH,OH 74 R = CH,OH
72 R=CHO 75 R = CHO
entry starting product Pd/C ‘H,’ source solvent T[°C] t[min] result
material [eq]
1 57 73 0.3-0.8 HCO3H MeOH, DCM rt. 120 no reaction
2 71 74 0.69 HCO;H MeOH rt. 20 h no reaction
3 71 74 1.34 iPrOH iPrOH 100 20 h no reaction
4 71 74 3.35 TES-H MeOH rt. 15 44%
5 71 74 3.72 H, MeOH rt. 50 84%
6 72 75 2.90 H, MeOH rt 25 97%

First, transfer-hydrogenations were tested as they generate the reactive hydrogen in situ and directly
at the reaction sites. Most of the reactions showed no conversion with standard to high amounts of
Pd/C (entry 1-3). Once the amount of Pd/C was increased drastically the benzyl groups were finally
removed with a moderate yield (entry 4). Swapping to pure hydrogen (Hz) bubbling through the
reaction in combination with the very high amounts of Pd/C very good yields were achieved for the

deprotection (entry 5-6).

Applying the deprotection conditions to diol 70 provided globally deprotected 76 in good yields. Sadly
the following oxidation of the benzylic alcohols did not work so the analog 77 could not be obtained

(Scheme 28).

Pd/C (8.93 eq), H,
MeOH, rt., 105 min

80%

Scheme 28: Global deprotection of diol 70 to 76. No oxidation to 77 could be achieved.

Since the deprotection of the test system also worked in the presence of the aldehyde (entry 6) diol

70 was oxidized to the dialdehyde 78 with IBX and attempted to deprotect with Pd/C (Scheme 29).7°
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Pd/C (5.18 eq), H2,
MeOH, rt., 35 min

IBX (12.2 eq),
EA, reflux, 2.6 h

Scheme 29: Oxidation of diol 70 to dialdehyde 78 and attempted deprotection.

As these reactions were not done in the exact order they are presented here the optimized conditions
for the IBX oxidation shown in Scheme 27 were not used here. Therefore, a large excess of IBX was
needed compared to the optimized lower amount in addition to small amounts of DMSO.
Nevertheless, a good yield was achieved obtaining dialdehyde 78 with good purity after simple
filtration. The deprotection conditions established before (~1 eq Pd/C per protection group) showed
no effect and the starting material was reisolated entirely. Increased reaction time or temperature

showed no different effect until at some point the starting material decomposed completely.

At this point | was very sure that the aldehydes are the major cause of complications so | decided to
protect them as acetals in hopes of facilitating any deprotection afterwards. | tested the acetalizations

and subsequent deprotections on aldehyde 72 for easier access (Table 8).

Table 8: Formation and deprotection of (thio)acetals.

o R™ R
BnO y  conditions 1 BnO R - conditions 2 HO R -
BnO BnO HO
OBn 72 OBn OH
79 R =OMe 80 R=0OMe
81 R = OCH, 82 R = OCH,
83 R=SCH, 84 R=SCH,
entry conditions 1 product, conditions 2 result
yield
1 TMOF (1.2 eq), MeOH, HCI (4 m), rt.  79,93% Pd/C (3.92eq), H,, 94% 75, 0% 80
17 h MeOH, rt. 1 h
2 TMOF (excess), ethylene glycol, 81,83% Pd/C (4.58eq), H», quant.75,0% 82
DCM, HCl (4 M), rt. 23 h MeOH, rt. 1 h
3 Amberlyst (2.0eq), 1,2-ethane 83, quant. Pd/C (5.02eq), H,, noreaction
dithiol (1.96 eq), MgS0,4, THF, rt. MeOH, rt. 1 h
20 h
4 Amberlyst (2.0eq), 1,2-ethane 83, quant. BCl;(5.39 eq), PhMes complete
dithiol (1.96 eq), MgSQ4, THF, rt. (5.95 eq), deprotection to
20 h DCM, -78 °C, 45 min  75°
5 Amberlyst (2.0eq), 1,2-ethane 83, quant. BFs-OEt; (8.01eq), 87% 84
dithiol (1.96 eq), MgS0Q,4, THF, rt. 1,2-ethane dithiol, rt.
20 h 45 min

a crude yield >>quant., no isolated yield determined.
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The simplest acetal is the dimethoxy acetal 79 formed by trimethyl orthoformate (TMOF) and catalytic
amounts of dry acid.”> Deprotection of 79 directly resulted in 75 rather than 80 showing the low
stability of this acetal (entry 1). Increasing the stability of the acetal by synthesizing the dioxolane 81
also works in good yields.”? Interestingly also this deprotection results in the removal of both the benzyl
groups as well as the acetal giving 75 again instead of the expected 82 (entry 2). Since the most stable
acetal 81 was not enough under the given conditions | decided to try thioacetals, known for their even
higher stability. Synthesis of 83 proceeded smoothly’® but deprotection with Pd/C showed no reaction
(entry 3). This was not unexpected as sulfur is a known catalyst poison completely inhibiting any
reactions including palladium.” Instead, Lewis acids were tested. Boron trichloride (BCl3)®* also
resulted in a complete deprotection of both the benzyl groups and the dithiolane, again giving 75
(entry 4). Employing boron trifluoride (BFs)”® in 1,2-ethane dithiol finally achieved the desired

deprotection of the benzyl groups while not removing the dithiolane (84, entry 5).

Before | got around to testing the dithiolane for 78 | managed to remove the protection groups through

a different method tested in the meantime (Scheme 30).7®

BBr; (11.56 eq), DCM
rt., 25 min

86%

Scheme 30: Successful global deprotection of dialdehyde 78 to obtain the first analog 77 of epicoccolide B.

This concludes the route that resulted in the first analog of epicoccolide B 77 instead of the planned
total synthesis. The longest linear sequence (LLS) consists of 13 steps and has a total yield of 21%. This
yield is calculated with the best-case outcomes, if more realistic yields are applied it is roughly half,

which is still a very good total yield.

There are several options for new approaches from this point onward. The first option is to try different
formylation methods in an attempt to arrive at 68. This would be very challenging as the current
formylation through an electrophilic mechanism shows remarkable selectivity for the heterocycle.
Alternatively, the aldehyde can be introduced to the boronic ester fragment before coupling,
eliminating the problem of selectivity later on. The third option consists of an entirely new route with

a different cyclization to build the benzofurane.

Even though scalability is good for the fragments and the few steps following | decided to pursue a
new route. This is mostly to avoid the synthesis of the benzofurane fragment 65, which was very
unreliable in many batches. Even though the best-case yields are very good for several steps it is very

difficult to reproduce them consistently. This problem can be seen for the Ramirez homologation (62),
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the deprotection (63) and the cyclization (64). The reprotection with benzyl groups as the last step can
very likely be optimized for very high and consistent yields if the time were to be invested to avoid the

debromination. The new cyclization and retrosynthetic approach will be presented in the next chapter.

4.2 New retrosynthetic approach to epicoccolide B

Extensive literature research revealed several possibilities for benzofurane generation. The
introduction of the benzofurane motif too early caused problems with the first route and opened up
the possibility for the formylation of the heterocycle. To avoid both problems the plan is to introduce
the heterocycle as late as possible while preparing the remaining substituents beforehand. The most
promising option is the cyclization of an alkyne with a phenol in ortho position (85) to the
corresponding benzofurane 86.77-8 By the use of the internal alkyne 87 both substituted benzyl rings

can be introduced before the cyclization (88) occurs (Scheme 31).

CuCl
or
Z  p, N
TN —xR
OH o RT g N\ /
85 86 88

Scheme 31: Left: Cyclization of an ortho-phenol alkyne 85 to the corresponding benzofurane 86. Right: Planned cyclization
of an internal alkyne 87.

Since the proposed reaction requires free phenols, it is envisioned to do the cyclization as the very last
step of the synthesis, in accordance with the plan. Through the versatile design of the precursor the

retrosynthetic approach has several options (Scheme 32).
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V4

92

OBn
OBn \
(0]
OBn
BnO
. OMe
BnO | OBn
OBn OBn
%
(6]

BnO

OMe

BnO 57
OBn

Scheme 32: Retrosynthetic approach to the alkyne cyclisation via two possible pathways.

The targeted alkyne for the final deprotection and cyclization is dialdehyde 89. It can be accessed
through two different routes. The first possibility is to introduce the alkyne to the precursor 57 to
obtain alkyne 90. This in turn would be coupled with iodide 59. Alternatively, the iodide 91 can be
coupled with the alkyne on the other benzyl ring (92). All new fragments can be derived from the

general precursor 57.
4.2.1 Synthesis of the new fragments

Many compounds from the first route can be reused minimizing the synthetic effort for the new route.
First, efforts were invested installing a terminal alkyne to the left side. A very common and simple

method for installing terminal alkynes is the Ohira-Bestmann reaction (Scheme 33).8!

K2CO3 (2.18 eq),
o Ohira-Bestmann reagent (1.21 eq),

BnO MeOH, rt., 48 h BnO

OMe OMe

H
BnO BnO

OBn O 61 OBn 90

4

Scheme 33: Ohira-Bestmann reaction of aldehyde 61 to obtain alkyne 90.

Aldehyde 61 is easily accessible and presents a good starting point. Sadly, the Ohira-Bestmann reaction
did not result in the desired product 90. A mixture of two products was observed. Both of which with

neither an aldehyde, nor the desired terminal alkyne. Starting only from previously synthesized
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compounds the following attempts were to introduce the alkyne onto the other aromatic ring

(Scheme 34).

1. Pd(PPh3),Cl, (8.3 mol%),
PPh; (16.6 mol%), Cul (8.3 mol%),
NEt; (7.44 eq), TMS acetylene (5.07 eq),

BnO " toluene, 40°C, 22 h
BnO 59 2.K,CO;3(3.70 eq), MeOH, DCM,
OBn rt., 1.5h
94% over 2 steps
1. XantPhos Pd G3 (10.9 mol%),
o DMAP (5.99 eq), piv,0 (1.60 eq),
BnO TIPS acetylene (5.42 eq), 1,4-dioxane, =
OH refiux, 19 h BnO Z
BnO
58 2. TBAF (8.10 eq), THF, rt., 1.5h BnO
OBn 38% over 2 steps OBn 92

@) K,CO3 (2.02 eq),
BnO Ohira-Bestmann reagent (1.51 eq),
H MeOH, THF, rt, 23 h

BnO 72 98%
OBn largest scale: 434 mg (990 umol)

Scheme 34: Three different pathways to synthesize alkyne 92.

Three different options were investigated. Starting with iodide 59 a Sonogashira cross-coupling to
alkyne 92 works perfectly well with a yield of 94%.%> The next option was a decarboxylative
Sonogashira reaction, similar to the Miyaura borylation from before, using acid 58.83%> Although it was
successful the yield is rather low with only 38%. The last option was again an Ohira-Bestmann reaction
of aldehyde 72,% originally only synthesized as a test fragment. With a yield of 98% this reaction was
the best out of the three options. Additionally, this reaction avoids the need for iodide 59, which

caused issues in regards to reproducibility before.

With the alkyne successfully synthesized in very good yields (98% over 3 steps from precursor 57) the
coupling partner 91 needed to be obtained. Applying the same iodination conditions>® used for 56 gave

91 with an excellent yield (Scheme 35).

AgCO,CF3 (1.06 eq),

o I, (1.10 eq), CHCI5, o
BnO BnO
n OMe rt., 23 h n OMe
BnO quant. BnO |
57 I le: 61 1.31 |
OBn argest scale: 615 mg (1.31 mmol) OBn 91

Scheme 35: Synthesis of iodide 91 in a single step from precursor 57.

With both fragments obtained the coupling could be investigated next.
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4.2.2 Sonogashira coupling and establishing key cyclisation

The first try for the coupling showed the importance of degassing a reaction properly as only Glaser
product was obtained instead of the desired alkyne 93. With a ratio of iodide 91 to alkyne 92 of 1:1
and properly degassed solvents resulted in 29% of the desired coupling product 93 (Scheme 36, top).%2
Testing of various different ligands for palladium catalysts gave valuable insight regarding the
challenges of the reaction. Highly reactive catalysts like ‘XPhos Pd G4’, ‘RuPhos Pd G4’ and ‘XantPhos
Pd G4’ purely gave the Glaser product, even after very thorough degassing of the reaction beforehand
(Scheme 36, middle). Less reactive catalysts like Pd(PPhs)s and Pd(P(tBu)s)s (but not Pd(dppf)Cl,) were

the best candidates giving up to 95% yield for optimized conditions (Scheme 36, bottom).

91:92 = 1:1
Pd(PPh3), (9.68 mol%),
Cul (23.9 mol%), NEt3 (7.54 eq),
toluene, 50 °C, 18 h

29%

O
BnO 'Pd' (6.50 - 18.0 mol%),
OMe Cul (7.70 - 15.4 mol%),
NEt; (4.80 - 8.34 eq),
BnO | 3
n 9N toluene, 40 °C, 19 h
OBn
. 'Pd' = XPhos Pd G4, RuPhos Pd G4,
XantPhos Pd G3, Pd(dppf)Cl,
X OBn
91:92 =14
Pd(PPh3), (6.27 mol%),
OBn Cul (6.98 mol%), NEt; (8.72 eq),
OBn 92 toluene, 90 °C, 21 h

95%

Scheme 36: Different coupling conditions for the fragments 91 and 92.

For a successful reaction it was necessary to increase the amount of alkyne to 4 equivalents for high
yields and good reaction times. Reducing the equivalents of alkyne 92 to 2.5 also resulted in a reduced
yield of 72%. The alkyne seems to be used up faster than iodide 91 even though no Glaser product was
observed. Interestingly, a different side product (94) was isolated explaining some of the loss of alkyne

(Scheme 37).

BnO é BnO S
2 _— O N OBn
BnO O
BnO
92 OBn 0Bn

OBn
94 OBn

Scheme 37: Asymmetric homocoupling of two alkynes to enyne 94.

The enyne 94 was observed in several batches of this reaction but only accounts for a fraction of the
lost alkyne. Another part of the excess of alkyne can be recovered through column chromatography
but a large amount cannot be recovered and most likely decomposes. In an attempt to optimize the
reaction and reduce the needed amount of alkyne the addition of alkyne took place over time instead

of all at once. The amount of alkyne was reduced to 1.7 eq and the yield was still very good with 76%.
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However, the reaction time was drastically higher and the constant addition of alkyne reintroduced
oxygen into the system leading to the formation of Glaser product. As a result, | concluded that the
tested optimization is not worth the synthetic effort since the alkyne fragment itself can be produced
in large amounts with very good yields. A reduction of the amount of alkyne can be investigated at a

later time if necessary.

Before completing the remaining functional groups, the validity of the strategy itself needed to be
tested. A variety of deprotection conditions were applied, one of which was successful in several
attempts. Removing the benzyl protection groups with BF3-Et,0”° in ethane (di)thiol globally
deprotected all six groups while already cyclizing the alkyne to the benzofurane. With initial low to
moderate yields of 20-51% in small scales (20-30 mg) the only observed product was cyclized 95.
Repeating the reaction on a much larger scale (462 mg) resulted in a mixture of the cyclized (95) and
non-cyclized product 96 with a very good combined yield of 90% (Scheme 38). The exact ratio was not

determined but can be estimated to roughly 95:96 2:1.

o 0
HO
BnO BF3Et20 (120 eq), OMe
O OMe EtSH, rt., 1.25 h

AN

BnO s X 0Bn 90% OH O OH
n

O . 95:96 ~2:1 oH

n 96

OH
93 OBn

Scheme 38: Deprotection of 93 with partial or complete cyclisation depending on the scale.

The most important take-away is that the cyclization itself works and can be observed during the
deprotection without any metal catalysts present. Due to these results the completion of the
functional groups was targeted next. This includes the introduction of the second aldehyde and
transformation of the methyl ester to the aldehyde, just like before. This time there is no heterocycle

present so there is only one free aromatic position left.

For the formylation the same Gross-Rieche reaction as before was used.*® Several batches were done
with varying temperature (-90 - -70 °C), different amounts of silver triflate (AgOTf, 3.55 - 4.58 eq),
different amounts of dichloromethyl methyl ether (MeOCHCI,, 6.20 - 9.78 eq) and adjusted reaction
times (2 — 26 h). Every single variation resulted in a mixture of product 97, starting material 93 and
unidentified side products (Scheme 39). The ratio varied depending on the conditions but never
achieved acceptable results. Instead of isolating and separating the compounds a two-step sequence
was applied, directly reducing® the entire mixture. Alcohol 98 could be isolated in 29% after two steps

(Scheme 39).
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AgOTf, MeOCHCI,
DCM, -78 °C, 2 h

incomplete conversion
and side products

1. AgOTf (4.30 eq), MeOCHCI, (7.84 eq),
DCM, -70 °C, 26 h
2. DIBAI-H (5.74 eq), THF, rt., 19 h

29% over 2 steps

Scheme 39: Formylation and reduction of 93.
These very low yields explain the observed selectivity of the first route where only the heterocycle is
formylated. The free aromatic position seems to be very inaccessible and hardly reacts. Similar results

were obtained when the small amounts of 98 were oxidized to the aldehyde with IBX (Scheme 40).7°

IBX (9.30 eq), EA,
reflux, 18 h

Scheme 40: Attempted oxidation of diol 98 to dialdehyde 89.

Both attempts lead to total decomposition of the starting material and no dialdehyde 89 could be
found. At this point | decided to change the plan to adjust to these new findings. The introduction of
the aldehyde has to occur before any fragment coupling to avoid the problems of the first two routes.
The alkyne cyclization works and remains the most promising approach so this route is adjusted to fit

the needs.
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4.3 Final adaptation to the total synthesis of epicoccolide B

The new retrosynthetic plan is shown in Scheme 41.

(0] o) X
BnO OMe BnO H % OBn
{— .
BnO 57 BnO | OBn
OBn OBn g9 100 OBn

Scheme 41: New retrosynthetic plan introducing the (protected) aldehydes before the coupling.

The new planned fragments are iodide 99 and alkyne 100. Since aldehydes caused problems in many
different cases before | decided to introduce the aldehyde on the alkyne in a protected form that does
not interfere with cross-coupling reactions. The vinyl group can be cleaved to the aldehyde both before

and after the fragment coupling, depending on reactivity and yields.
4.3.1 Synthesis of the adjusted fragments

lodide 99 can be synthesized by either reducing methyl ester 91 to the aldehyde or performing an
iodination of aldehyde 72 (Scheme 42).

(0] OH
BnO - BnO
n OMe DIBAI-H n
—_—

BnO | BnO |

AgCO,CF3 (1.02 eq),
O 1,(1.02 eq), CHCI;
BnO rt., 46 h BnO

o

97%

BnO BnO |

OBn OBn 99

Scheme 42: Synthesis of iodide 99.

The reduction of the methyl ester 91 to the alcohol 101 was not successful but the iodination of
aldehyde 72 works flawlessly on a gram scale. Increasing to a decagram scale (15.2 g) still gives very

good results (91%).
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For the synthesis of 100 there are two options as well. To introduce the vinyl group iodide 102 is the
first target followed by a Suzuki reaction. lodide 102 can be obtained by iodination of alkyne 92 or

Ohira-Bestmann reaction of aldehyde 99 (Scheme 43).

BnO 'iodination’ BnO
—
BnO BnO |

A\

OBn 102
Ohira-Bestmann reagent
(2.02 eq), K,CO3 (4.04 eq),
MeOH, THF, 94 h

BnO

BnO 94%

Scheme 43:Synthesis of alkyne 102.

Alkyne 92 did not react using different iodination methods. Aldehyde 99 could be transformed to
alkyne 102 by an Ohira-Bestmann reaction after drastically increasing the reaction time. The
Ohira-Bestmann reagent is thermally labile so an increase of temperature for a faster reaction is not
an option. On a gram scale (0.80 — 1.48 g) the yield is very good and reproducible (89 — 94%). To finish
fragment 100 a Suzuki reaction of iodide 102 with vinyl pinacol boronic ester (Bpin viny) was performed

(Scheme 44).%

K3POy4 (5.08 eq),
Pd(PPh3),Cl, (3.70 mol%),
Bpin vinyl (2.02 eq),

= =

BnO 7 1,4-dioxane, H,0, reflux, 18 h  BnO 4

BnO " 102 79% BnO =
OBn OBn 100

Scheme 44: Synthesis of fragment 100.

A good isolated yield of 79% was achieved on a gram scale (1.31 g) after column chromatography
(purity >95%). Trying different purification methods for a decagram scale (13.5g) reaction only
resulted in ~90% purity of the obtained product. Even though the obtained yield was better than 79%
it will not be listed due to the insufficient purity. Finally, the oxidative cleavage of the vinyl group to

the aldehyde 103 was tested. The simplest methodology is the cleavage by ozonolysis (Scheme 45).%

__ 1.03,DCM, MeOH, -78 °C, 5 min P
BnO 7 2.PPhs, DCM, MeOH, rt., 1 h BnO =z
o
BnO = 35% BnO &
OBn 100 OBn 103

Scheme 45: Ozonolysis of 100 to obtain aldehyde 103.

Only a low vyield of 35% could be isolated and other methods were not tested at that point.

Optimization was put on hold until the fragment coupling of iodide 99 and alkyne 100 was successful.
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4.3.2 Finishing the total synthesis of epicoccolide B

To achieve fragment union of aldehyde 99 and alkyne 100 to obtain alkyne 104 the optimized

conditions of the first Sonogashira reaction were applied (Scheme 46).

Pd(PPhj), (5.23 mol%),

X
o S Cul (9.88 mol%), NEt; (8.82 eq),
BnO oo OBn toluene, 100 °C, 2.25 h
.
BnO | OBn 88%
OBn 99 OBn 100

Scheme 46: Fragment union of iodide 99 and alkyne 100 to 104.

As with the coupling beforehand an increased amount of alkyne was necessary to ensure a fast
reaction and high yields. As long as three or more equivalents (3.01 — 4.34 eq) of alkyne 100 were used

the yield was very consistent (85 — 88%), no matter the scale of the reaction (0.26 — 2.23 g).

Next, the oxidative cleavage of the vinyl group needs to be optimized after the rather disappointing

results from the first attempt. Three different methods were tested (Table 9).

Table 9: Oxidative cleavage of 104.87-90

entry conditions yield 89 comment

1 03, DCM, pyridine (3.0 eq), -78 °C, 3 min 35%

2 0s04 (3.70mol%), NalOs (3.97 eq), 2,6-lutidine 44%
(2.01 eq), 1,4-dioxane, H,0O, rt., 22 h

3 1. 0s04 (5.58 mol%), NMO-H,0 (3.04 eq), acetone, 94% no isolation or purification
H,0O, rt., 26 h of diol 105
2. Pb(OAc)4 (1.51 eq), toluene, rt., 35 min

4 1. 0s04 (3.59 mol%), NMO-H,0 (3.11 eq), acetone, 88% diol 105 isolated: 65%
H,O, rt.,, 17 h
2. Pb(OAc)4 (1.53 eq), toluene, rt., 1 h

First, ozonolysis was tested again with identical bad results (entry 1).8” Next, a dihydroxylation
followed by glycol cleavage through osmium tetroxide (OsO,) and sodium periodate (NalO,) was
applied.® This sequence is a one-pot reaction with low synthetic effort but very toxic compared to the
ozonolysis. Slightly better yields were obtained but nothing satisfactory (entry 2). | theorized that the
combination of both reactions as a one-pot method was the main reason for the moderate yield. To
avoid this problem the sequence was separated into two steps. The glycol cleavage was now done by
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lead acetate Pb(OAc)4.%° This change increased the yield to very good results (entry 3) and can still be
handled on a gram scale (949 mg). Isolating the diol 105 before the glycol cleavage drastically reduced

the total yield, most likely due to losses during column chromatography (entry 4).

The final steps were the deprotection and cyclization of dialdehyde 89. To obtain phenol 106 many
different conditions were examined. Preliminary testing revealed that deprotection with BBr; shows
the most promising results.”® Optimization through the variation of conditions was thoroughly

screened (Table 10).

Table 10: Optimization of the deprotection of dialdehyde 89.

BBrs, DCM,
T, 10 min
entry BBrs;[eq] TI[°C] workup yield 106+2 [%]® combined yield [%]?
1 6.0 rt. H,O 35+4 39
2 6.0 0 acid/base 51+3 54
3 6.0 -41 acid/base 58+4 62
4 6.0 -78 acid/base 40+0 40
5 3.0 0 acid/base 7+13 20
6 3.0 -41 acid/base 7+7 14
7 6.0° -78 acid/base 44+6 50
8 12.0 -41 acid/base 50+7 57

a gNMR yield. * PhMes (6.49 eq) added as a cation scavenger.

All reactions, except entry 4, gave a mixture of the deprotected alkyne (106) and epicoccolide B (2).
Since the mixture can be cyclized without separation (vide infra) the combined yield is more relevant
than the ratio of cyclized to non-cyclized product. The first step to reduce reactivity and increase
selectivity to avoid potential decomposition is the reduction of the reaction temperature (entry 1-4).
A maximum in regards to the yield can be observed around -41 °C (entry 3). Since a reduction of the
reactivity had a generally positive effect the next option to reduce it further is lowering the amount of
Lewis acid (entry 5-6). The yield was drastically lower so other possibilities had to be investigated.
During the deprotection of the geminal dibromide 62 a cation scavenger (PhMes) was crucial. Adding
the same scavenger to this reaction at -78 °C increased the vyield slightly (entry 7) compared to no
scavenger (entry 4) but showed no significant effect at -41 °C (not shown). With an optimal reaction
temperature of -41 °C the last variation was an increase of BBr; giving similar results within the

accuracy of qgNMR (entry 8).
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The crude product still had significant amounts of benzyl bromide (BnBr) and other unidentified
impurities. Purification by column chromatography or preparative TLC resulted in the loss of most of
the material. This is very likely due to the very high adsorption of the very polar product on silica gel.
Recrystallisation by vapor diffusion gave very pure 106 but also lost a lot of the material. This was
sufficient for clean analytical data but inadequate for continuing the route. The optimal purification to
proceed with the next step was acid-base workup. For this the crude product is dissolved in alkaline
water (saturated aqueous NaHCOs) and other organic impurities are washed out with EA. After
acidifying the aqueous phase, the product could be extracted with drastically increased purity

compared to no acid-base workup.

Finally, as the last step the cyclization of 106 to epicoccolide B needs to be tested further. The
cyclization itself could already be observed during most deprotection reactions as a minor product.
Two options are prominent in literature for this kind of cyclization. First, the variation using copper
chloride (CuCl) and cesium carbonate (Cs,COs3) was examined (Scheme 47, top). Doing the reaction at
room temperature resulted in mostly cyclized product but showed no full conversion, even after long
reaction times (72 h). Increasing the reaction temperature to 70 °C and adjusting the time gave full
conversion and an isolated yield of 38%. The reaction requires an excess of both copper chloride and
cesium carbonate.?° As a more atom economic possibility the cyclization using catalytic amounts of

platinum chloride (PtCl,) was pursued (Scheme 47, bottom).”’

Cs,CO3 (6.24 eq),
CuCl (2.16 eq),
MeCN, 70 °C, 20 h

38%

PtCl, (12 mol%), THF,
toluene, 1,4-dioxane,
80°C,20 h

42%

Scheme 47: Final cyclisation of alkyne 106 to epicoccolide B (2).

Interestingly, the isolated amount of product was always very close to a quantitative yield but gNMR
experiments revealed a low purity of the obtained product. The purity was in the range of 25-47% for
different batches giving an actual yield for the reaction of up to 42%. Combining the best yields for the
deprotection (62%) and cyclization (42%) the two steps have an expected yield of 26%. If the isolation

of highly pure 106 is omitted and the cyclization is performed immediately afterwards a qNMR yield
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of 23-26% can be observed for several batches, even up to a gram scale (974 mg). The purity of the
crude product was still insufficient so several different purification methods were tested. Again, silica
gel adsorbs high amounts of the highly polar product resulting in significant loss of material. Acid-base
workup showed an unexpected reactivity resulting in a new product (chapter 4.4). In an attempt to
avoid tedious HPLC purification gel chromatography with Sephadex LH-20 was performed. A twofold
increase of purity could be observed (QNMR) from 34% to 73% for the tested batch. Sadly, the obtained
purity was not sufficient so HPLC purification was applied. The increased purity from gel

chromatography was helpful for the HPLC but not necessary.

After obtaining highly pure epicoccolide B by HPLC the synthesized compound could be compared to

the natural product (Table 11).

Table 11: NMR-comparison of synthetic and natural 2. Sorted by chemical shift, OH-signals omitted, in DMSO-ds.3

54 (synthetic 2) &4 (natural 2)3 Y] 8¢ (synthetic 2) &c (natural 2)3 it
[ppm] [ppm] [ppm] [ppm] [ppm] [ppm]

10.42 (s) 10.41(s) 0.01 194.8 194.7 0.1
9.48(s) 9.48(s) 0.00 190.2 190.1 0.1
7.47(s) 7.46(s) 0.01 151.6 151.6 0.0
2.58(s) 2.58(s) 0.00 151.5 151.5 0.0
2.01(s) 2.01(s) 0.00 150.2 150.2 0.0
142.4 142.4 0.0

140.9 141.0 0.1

136.4 136.7 0.3

132.7 132.7 0.0

127.6 127.5 0.1

124.9 124.9 0.0

122.9 122.9 0.0

118.7 118.7 0.0

117.2 117.1 0.1

112.6 112.6 0.0

109.0 108.9 0.1

12.7 12.6 0.1

11.1 11.0 0.1

The analytical data is practically identical for both *H- and 3 C-NMR with deviations within standard
measurement inaccuracy. This perfect match of the analytical data in addition to the confirmation by
mass spectrometry confirms the complete and correct structure of my synthetic epicoccolide B (2).
This concludes the first total synthesis of epicoccolide B with a mere 13 steps LLS and a total yield of
11%. All steps are highly scalable and were successfully completed on a (deca)gram scale without

significant loss of yield.
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4.4 Unexpected reaction of epicoccolide B observed

As mentioned before an unexpected reaction of epicoccolide B was observed during attempted
acid-base purification of the crude product. The unknown product could sometimes be observed when
crude epicoccolide B was dissolved in alkaline water (saturated agueous NaHCOs) and washed with
ethyl acetate in a separation funnel with vigorous shaking. After acidifying the aqueous phase and
extracting the remaining organic compounds small amounts of the new product could be seen in
'H-NMR. Repeating the process with the same mixture of epicoccolide B and the new product
increased the ratio in favor of the new compound. Interestingly, this reaction did not occur with every
batch that was tested. In rare cases no reaction was observed and only epicoccolide B was isolated. In
some other cases complete decomposition was the only result. It was not possible to find any
correlation between the reaction handling and the consecutive result of the acid-base workup. The
observed reaction never resulted in complete conversion and only gave very small amounts that could
barely be seen in 'H-NMR. To be able to obtain complete analytical data this reaction needed to be

reproduced in a controlled environment instead of the unreliable conditions in the separation funnel.

Even without extensive analytical data some assumptions can be made in regards to the product. It
can be observed that one of the aldehyde signals and the benzofurane signal are no longer present in
the unknown compound. Instead, two new signals appeared in the range of 6-7 ppm, both singlets
with an integral of one. The aldehyde of the left/upper ring and both methyl groups still exist. These
observations are consistent with my proposed biosynthesis for epicoccolide A (1). An air oxidation of
the benzofurane with a subsequent intramolecular reaction with the right-side aldehyde directly forms
1. According to the proposed mechanism in Scheme 48 the only possible product of this reaction is
epicoccolide A. No other product is possible without resulting in massive ring strain or instable

compounds.

Scheme 48: Proposed air oxidation of 2 to form 1 in a single step.

This result is very unexpected since the shown oxidation and rearrangement have neither been
reported under such mild conditions before, nor on a completely unprotected natural product. So far
this type of reaction was only published in 1993 for very low substituted benzofuranes® and in the
total synthesis of integrastatin B (8).***® Both literature known procedures use dimethyl dioxirane
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(DMDO) as the oxidant, either prepared in advance or in situ. Additionally, during the total synthesis
of integrastatin B this reaction is performed on the acetylated compound, protecting the remaining
phenols. To my knowledge, this constitutes the first occurrence of this reaction under very mild

conditions on an unprotected, highly substituted natural product.

To confirm this theory and provide reproducible reaction conditions thorough testing was done.
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4.4.1 Oxidation of epicoccolide B under controlled environment

A wide variety of conditions were applied to epicoccolide B under a controlled environment to attempt

a reproduction of this oxidation (Table 12).

Table 12: Optimization for the oxidative benzofurane rearrangement.

entry oxidant solvent additives time vyieldl unreacted2 comment
[min] [%)° [%]°
1 air (0y) H.O excess 20 - 5 10% side
NaHCOs;, 1% product ®
acetone
2 air (0y) EtOH 10 eq 10 - 100
NaHCOs, 3%
H.O
3 air (02) EtOH 10 eq 20 - 71
NaHCOs, 3%
H.0, PtCl,
4 0, DMF excess 5 - 100
NaHCO;
5 0, DMF 10 eq 5 - 48
NaHCOs, 4%
H.O
6 0, DMF/H,0 excess 15 - 15 15% side
1:1 NaHCOs product ®
7 0, DMF salcomine 50 - 10
8 mCPBA EtOH - 30 - 100
9 Oxone® acetone/H,O 9 eq NaHCO; 30 - 50
2 eq 2:1
10 DMDO acetone - 55 - 80 -41 °C
1.4 eq
11 DMDO acetone - 15 - 80
1.4 eq
12 DMDO acetone - 15 5 73
10 eq
13 DMDO acetone - 60 8 26
10 eq
14 DMDO acetone - 120 6 7
10 eq
15 DMDO acetone - 18 3-4 54
100 eq
16 DMDO acetone 12 eq 15 - - total
1leq NaHCO3 decomposition
17 DMDO acetone - 30 - 11 Ac protected 2
1.4 eq
18 Oxone® acetone/H,O 6 eqNaHCO; 120 - 12 Ac protected 2
2eq 2:1

a gNMR yield. ® unknown side product, not isolated.

The initial attempt was to recreate the conditions in the separation funnel by dissolving crude 2 in a
large excess of alkaline water (saturated aqueous NaHCOs) with minimal amounts of acetone for better

solubility. A short reaction time and air, instead of pure oxygen, were chosen to simulate the duration
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and atmosphere of the initial acid-base workup. Only decomposition and small amounts of a new
unknown side product could be observed (entry 1). More mild conditions with reduced amounts of
base and even small amounts of PtCl, also showed no conversion towards 1 (entries 2-3). Switching
the solvent to DMF with varying amounts of water content and the atmosphere to pure oxygen had
no impact on the desired reaction (entries 4-6). It continued to be only partial or no decomposition.
Alternative oxidants for the epoxidation were tested as well. A more reactive state of oxygen, the
singlet oxygen, was generated by the addition of salcomine and seemed to be too reactive for the
system (entry 7).92 Other standard oxidation conditions like mCPBA showed no reactivity as well

(entry 8).%

The most promising results were obtained with DMDO, the oxidant used in literature.**#%%! Generating
DMDO in situ or using small amounts of freshly distilled DMDO still gave no different results than
before (entries 9-11). Increasing the amount of oxidant drastically gave the same product as it was
observed in the separatory funnel, also as a mixture with unreacted 2 (entries 12-15). The best
outcome was a short reaction time of 15 minutes with 10 equivalents of DMDO at room temperature
resulting in a qNMR yield of 5% (entry 12). A large amount of unreacted 2 remained (73%). Increasing
the reaction time or the amount of oxidant had no significant effect on the yield of 1 and only reduced
the amount of reisolated starting material (entries 13-15). Also, the addition of base caused total

decomposition (entry 16).

To compare the reaction to the sequence in the total synthesis of integrastatin B* all phenols were

protected with acetate groups (Scheme 49).

AcO
AcClI (5.06 eq),

NEt; (10.0 eq),
THE rt,1h A0

_—

71%

Scheme 49: Acetate protection of all phenols of 2.

Acetate protected epicoccolide B 107 was obtained in a good yield following a standard protection
protocol.>* Applying both freshly distilled and in situ generated DMDO to 107 only caused major
decomposition (entries 17-18). The method published by Ramana*® was not applicable for this

compound.*®

After obtaining enough material purification by HPLC was necessary again. Luckily, the developed
method for 2 was suitable with a minor change of the gradient. Having barely enough material on hand

detailed analytical data could be measured.
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4.4.2 Comparing synthetic epicoccolide A to the literature

Mass spectrometry was able to confirm the absolute mass of the compound to perfectly fit the sum
formula of epicoccolide A. Comparing the measured H- and **C-NMR to the literature® caused serious
confusion. The difference in chemical shift for most of the signals is way higher than measurement
inaccuracy or residual solvent influences can explain. Furthermore, my NMR-data also does not match
that of epicocconigrone A (5), an almost identically substituted tetracycle with the same sum formula
introduced earlier.1® While comparing the data of my compound to the literature of epicoccolide A and
epicocconigrone A | noticed remarkable similarity between the published analytical data. A

comparison of all data sets sorted by chemical shift paints a very clear picture (Table 13).

Table 13: Comparison of epicoccolide A3, epicocconigrone Al0 and synthesized 1 sorted by chemical shift 6 [ppm].

entry H 3¢
isolated 1 Laatsch® Proksch*® isolated 1 Laatsch® Proksch®®
1 2.29 2.25 2.25 11.9 10.1 10.1
2 2.33 2.32 2.31 12.7 11.7 11.8
3 6.11 6.33 6.35 71.0 68.7 68.7
4 6.75 6.79 6.80 89.3 90.0 90.0
5 10.32 10.35 10.35 113.8 104.1 104.0
6 115.6 112.8 112.9
7 119.1 115.4 115.4
8 120.2 121.6 121.6
9 121.1 121.7 121.6
10 121.9 126.6 126.6
11 135.9 132.5 132.5
12 138.2 135.8 135.8
13 140.0 138.3 138.4
14 141.4 144.2 144.2
15 144.0 148.6 148.6
16 145.0 152.8 153.0
17 191.3 191.1 191.2
18 193.3 196.9 196.9

The biggest discrepancies in the *H-NMR can be seen at 6.11 ppm vs. 6.33 ppm (entry 3). The other
four signals are a near fit but still show a larger difference in chemical shift than the NMR data of
Laatsch and Proksch. Further comparison of 33C-NMR data presents a continuation of this trend. While
several signals are a near fit (e.g. entries 4,9,17) many others are vastly different (e.g. entries 5,7,16).
However, when comparing the published NMR data, it can be seen that they are nearly identical with
all differences well within measurement inaccuracy. Due to these observations, | formulated the
theory that Laatsch et. al actually isolated epicocconigrone A but misassigned the structure. This would
fully explain the findings regarding the NMR data. If this theory is correct that would also mean that
the actual compound epicoccolide A was not isolated from nature so far. This in turn implies that

epicoccolide A is not a natural product itself.
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The co-occurrence of epicoccolide B and epicocconigrone A in the investigated fungi Epicoccum sp.
CAFTBO (Laatsch et. al.) and Epicoccum nigrum (Proksch et. al.) clearly contradicts and questions both
proposed biosynthetic pathways. The common intermediate 11 proposed by Laatsch does not result
in epicoccolide A but only gives epicoccolide B. A possible explanation for the occurrence of

epicocconigrone A might be a divergent benzoin addition of flavipin (4, Scheme 51).

Os_H o

H H
\\/H
HO OH OH

OH O OH

unsymmetrical b : symmetrical
. o enzoin ) o
benzoin add|t|on/ addition benzoin addition
H

hemiacetal formation

HO H
OH
OH
HO HO OH

OH 109
reductlon condensatlon
dehydratlon
epicoccolide B (2) epicocconigrone A(5)

Scheme 50: New proposed biosynthesis via a divergent benzoin addition of flavipin (4).

The initially proposed unsymmetrical addition (red) leads to the intermediate 11 while a symmetrical
benzoin addition (blue) would result in 108. Formation of epicoccolide B (2) may be explained by a
selective addition of the C-5 hydroxyl to the C-10 ketone giving 109. On the other side hemiacetal
formation of the C-9 hydroxyl with the C-18 aldehyde instead of the C-10 ketone would result in the
intermediate 110 and following cyclization to epicocconigrone A (5). The selectivity of the different
pathways can be explained by the substitution pattern. Both cyclizations can be classified as 5/6 exo
trig cyclizations according to the Baldwin rules.®® For cyclizations at a trigonal center the Biirgi-dunitz
angle of 109° for the attacking nucleophile is crucial for a successful reaction.® This angle is not

possible for every reaction and can be shown by 3D modelling for both intermediates.
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11a, 5 exo 11a, 6 exo
%5,10,10' = 109° 49',18,18 = 166°
d(5,10)=2.5A d(5,10)=4.6 A

favored unfavored

108a, 5 exo 108a, 6 exo
%5°,10,10' = 109° 49,18,18 = 109°
d(5,10)=2.7A d(5,10)=2.1 A

unfavored favored

Figure 3: Modelling of the 5 exo cyclization (left) and 6 exo cyclization (right) for 11a (top) and 108a (bottom). Non
participating functional groups were omitted to improve visibility. Carbon atoms: dark grey; Hydrogen atoms: light grey;
Oxygen atoms: red. Relevant angles and distances shown.

Intermediate 11 forms two favored hydrogen bonds. These are between aldehyde C-18 and the
ortho-hydroxyl group and between ketone C-10 and the hydroxyl at C-9. The 3D model (Figure 3, top)
shows the fixed formation of this intermediate allowing only a single kind of cyclization. The hydrogen
bond located at the bridge of the two aromatic rings brings the phenol at C-5 to the perfect angle and

at a relatively short distance (Figure 3, top left). It is noteworthy that the ketone is rotated out of the
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plane of the neighboring aromatic ring. The hydroxyl group at C-9 however is not even close to the
aldehyde C-18 and at a completely different angle (Figure 3, top right). Furthermore, the aldehyde C-18
is fixed in the plane of the aromatic ring and can barely rotate out of it. If the hydroxyl group at C-9
were not engaged in a hydrogen bond it is still not possible to arrive at the optimal angle (not shown).
The required free rotation of the aldehyde is shown below. These presented differences for the 5 exo
and 6 exo cyclization show that it is basically impossible to form the previously proposed

intermediate 12.

The difference for intermediate 108 is not as drastic but can still explain the observed cyclization.
Ketone C-10 preferably forms a hydrogen bond with the ortho-phenol instead of the C-9 hydroxyl
group on the bridge because the formed 6-ring is more stable and has a higher overlap of the involved
orbitals. This introduces a rigidity that can also be observed for the aldehyde in intermediate 11. The
hydroxyl at C-5 can still reach the optimal attack angle of 109° but the distance to C-10 is slightly longer
and it has to break apart a more rigid structure (Figure 3, bottom left). On the other hand, the hydroxyl
at C-9 can move into the perfect position to attack aldehyde C-18 which rotates out of the aromatic
plane (Figure 3, bottom right). This 6 exo cyclization has more degrees of freedom for finding the best
possible attack angle and distance than the 5 exo cyclization. Additionally, it is possible that the C-9
hydroxyl can form a hydrogen bond with aldehyde C-18 fixing it in place for the attack (not shown).
The different cyclizations can potentially both occur but the 6 exo cyclization is clearly more favored

and results in the only observed benzofurane 2.

The shown new proposed biosynthesis explains the co-occurrence of epicoccolide B(2) and
epicocconigrone A(5) while no epicoccolide A (1) was ever isolated. Additionally, a detailed rational is

presented to explain the difference in selectivity and cyclization behavior of the intermediates.
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4.4.3 Detailed NMR-analysis of synthetic epicoccolide A

Finally, the last step to prove the structure of isolated epicoccolide A and the theory regarding Laatsch
isolating epicocconigrone A is a detailed analysis of 2D-NMR experiments (HSQC, HMBC and NOESY).

The final assignment and the most relevant correlations are shown in Table 14.

Table 14: NMR-assignment of epicoccolide A by 2D experiments in DMSO-d6. Only the most relevant correlations are shown.

position  8(*H) [ppm]  &(**C) [ppm]

1 6.75 89.3
2 119.1
3 140.0
4 141.4
5 145.0
6 120.2
7 115.6
8 193.3
9 6.11 71.0
10 113.8
11 121.9
12 121.1
13 144.0
14 138.2
15 135.9
16 2.33 12.7
17 10.32 191.3
18 2.29 11.9

The best starting point for the assignment is aldehyde H-17 with the unambiguous chemical shift of
10.32 ppm. The HSQC correlation to 191.3 ppm reveals the other carbonyl carbon (193.3 ppm) as C-8.
The methyl groups were differentiated by NOE correlation of aldehyde H-17 with 2.29 ppm, which can
only occur with H-18. Similarly, H-9 was assigned to 6.11 ppm by another NOE correlation to aldehyde
H-17. The carbons C-10 to C-13 can be assigned by HMBC couplings of aldehyde H-17 and methyl group
H-18. Hydrogens H-1, H-9 and H-16 all have HMBC couplings to 115.6 ppm assigning it to C-7, the only
possible carbon seen by all three positions in a normal distance. Carbons C-5 and C-6 can be seen by
methyl group H-16 and differentiated by their chemical shift. Similarly, C-2 and C-3 were assigned
through H-1. Lastly, C-15 is allocated via HMBC couplings of H-1 and H-9 to 135.9 ppm. The only
remaining unassigned carbons are C-4 and C-14 which are potentially exchangeable in their assignment
because no couplings are visible for both carbons in DMSO-d6. The 2D experiments were repeated in
acetone-d6 which showed very weak couplings of the methyl groups to the corresponding hydroxyl

carbons, leading to the assighnment shown above.

The three HMBC couplings that are connected to C-7 in addition to the coupling of H-1 to C-3 prove
the configuration of epicoccolide A since this is not possible when methyl group H-16 and C-3 hydroxyl

are swapped.
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4.5 A very fast route to the core structure

With the first total synthesis of epicoccolide B completed the access to a simplified analog is crucial for
SAR studies. Due to the success of the alkyne cyclization the simplest possible fragments were chosen
without impacting the core aromatic structure. To reduce the synthetic effort both chosen fragments
need to be easily accessible, ideally already synthesized before. Luckily, this is true for the iodide 99
and alkyne 92. Both fragments are readily available and can be synthesized from 54 in six steps with a
total yield of 70% and 71% respectively. Since reserves of both fragments were available the coupling

could be tested immediately (Scheme 51).

o) Pd(PPh3)4 (5.35 mol%),
NV Cul (9.55 mol%), NEt; (8.58 eq),
BnO oo OBn toluene, 100 °C, 3 h
+
BnO I OBn quant.
OBn g9 OBn largest scale: 400 mg (714 ymol)
92

Scheme 51: Coupling of iodide 99 and alkyne 92 to obtain 111.

Using the optimized reactions conditions established before coupling product 111 was obtained with
an excellent yield. As with the other reactions before an excess of alkyne (3.56 eq) was needed and

the side product 94 could be observed again. Next, the deprotection was tested (Table 15).

Table 15: Optimization of the deprotection of aldehyde 111.

BBr3, DCM,
T, 10 min
entry BBr; [eq] T[°C] yield 112[%]?
1 6.0 0 26
2 6.0 -41 28
3 3.0 0 0
4 3.0 -41 5
5 6.0° -78 39
6 12.0° -78 40

a gNMR yield. ® PhMes (

(<))

.22-6.71 eq) added as a cation scavenger.

Similar conditions as for the deprotection of 89 were applied. Varying temperature and equivalents of
BBr3 again the best result this time was achieved at -78 °C with the addition of the cation scavenger
(entry 5-6). The most notable difference is that this time the alkyne immediately cyclizes during the
deprotection to directly obtain 112 in moderate yields. Since no cyclization has to be done afterwards
the yields is better than the 26% from the two-step sequence for epicoccolide B.
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Analog 112 was synthesized in merely eight steps with a total yield of 28%. The scalability of the last
two steps was not tested extensively but can be assumed to be very good, following trends observed
before. For purification an acid-base workup of the reaction provided decently clean product which
was further purified by HPLC, applying a similar protocol as for 2, to give highly pure 112. The successful
coupling and cyclization using established or slightly modified protocols shows the high versatility of
the route and possible access to more analogs. It is important to note that any adaptations to the
substitution pattern should be done before the coupling of the fragments and final cyclisation. As
shown in the first two attempts for the total synthesis the reactivity is drastically reduced for several

reaction types once the conjugated m-system is built.

4.6 First attempts of synthesizing epicocconigrone A

With the success of the alkyne cyclization for two different routes and no total synthesis available for
epicocconigrone A (5) the next step was to adapt the synthetic plan to also make 5. The well thought
out construction of the fragments makes the initial planning very easy. lodide 99 can be used in a
symmetric coupling to obtain dialdehyde 113 in a single step. Deprotection and cyclization leads to
114, another analog of epicoccolide B, which can then in turn be rearranged to 5 by the method

developed before (Scheme 52).

BnO

BnO |

Scheme 52: Planned synthesis for epicocconigrone A (5) using the alkyne cyclization.

4.6.1 Fragment synthesis and coupling

First, the symmetric coupling of iodide 99 was tested but various conditions only gave deiodinated

product 72 (Scheme 53).
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Q Sonogashiral Q
BnO H Stille BnO H
—
BnO | BnO
OBn 99 OBn 72
0} O
BnO H Negishi ~ BnO H
—x—
BnO | BnO \\
OBn 99 OBn 115

Scheme 53:Several attempts to couple iodide 99 with an alkyne.

Even the introduction of a terminal alkyne to obtain 115 was unsuccessful in several attempts. This
behavior is consistent with the observations made before for every single coupling attempt of iodide
99 and was already expected. To avoid this problem the aldehyde was protected as a vinyl group (116)

to drastically change the reactivity of the system (Scheme 54).%

o) BrPPhsMe (2.07 eq),
NHMDS (2.03 eq), BnO
BnO H THF, rt., 30 min :
BnO | quant (96%) BnO |
oBn 99 largestscale: 1.42 g (2.51 mmol) oBn 116

Scheme 54: Protection of the aldehyde with a vinyl group. Best isolated yield in parentheses.

The symmetric coupling of iodide 116 was achieved by Stille coupling with bis(trimethylstannyl)
acetylene to get 117 (Table 16).%’

Table 16: Symmetric coupling if iodide 116 to internal alkyne 117. The acetylene linker is set to 1.00 equivalents.

MezSn S
\SnMeg
catalyst, DMF, |
BnO 100°C, 19 h BnO
BnO | BnO %
OBn 116 OBn
118
entry catalyst eq 116 116 [%] 117 [%] 118 [%]

1 Pd(PPhs3).Cl; (8.7 mol%) 1.58 0 58 23
2 Pd(PPhs)4 (8.5 mol%) 2.00 0 83 17
3 Pd(PPhs3).Cl> (9.9 mol%) 2.30 12 68 0

For entries 1 and 2 incomplete conversion could be observed leading to remaining terminal alkyne 118.
The separation of 117 and 118 through standard column chromatography was not possible due to
nearly identical polarity. The separation of product and starting material however was possible leading

to an isolated yield of 68%. There are further options to improve the yield and conversion of this
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reaction but they were beyond the time scope of this project. The amount obtained so far was

sufficient to continue investigating the route.

Next, the oxidative cleavage of the vinyl groups was performed to release the aldehydes (Scheme 55).

1. 050, (5.2 mol%), NMO*H,0 (4.03 eq), BNO

acetone, THF, H,O, rt., 21 h
2. Pb(OAc), (2.57 eq), toluene, rt., 35 min  BnO

93% over 2 steps

Scheme 55: Oxidative cleavage of the vinyl groups to obtain dialdehyde 113.

Applying the conditions established before the oxidative cleavage gave dialdehyde 113 in a very good
yield over 2 steps. The deprotection of 113 was attempted with all kinds of conditions, including the
optimized ones from the other routes. However, every tested condition only resulted in partial or total
decomposition. The same is true for the vinyl bearing compound 117. All reserves of dialdehyde 113
were depleted during deprotection testing and | came to the conclusion that this route will not lead to
the desired end products 114 and 5. Therefore, this marks the end of my attempts for a total synthesis

of epicocconigrone A (5).
4.6.2 Revised approach to epicocconigrone A

The following results were obtained in the course of the master thesis of Felicitas Wagner, who was
working under my supervision. Since the deprotection of 117 and 113 was not successful bearing
benzyl groups the plan was to change the protection groups at an earlier stage to facilitate easier
removal. Sufficient amounts of iodide 99 were provided to be deprotected and subsequently

reprotected with different groups (Scheme 56).%8

0 0
BnO. RO
H . H R=Ac, Bz,
SEM, MOM
BnO I RO
OBn 99 OR 99a-d

Scheme 56: Planned swap of the protection groups for 99.

As the first step a variety of deprotection methods were tested to obtain 119 (Table 17).
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Table 17: Deprotection attempts of iodide 99.98

o] o]
BnO H conditions HO H
BnO I HO [
OBn 99 OH 119
entry conditions time qNMR
[min] [%]
1 Pd/C (2.30 eq), H2 (1 bar), MeOH 30 -
2 Pd/C (3.00 eq), Hz (1 bar), MeOH 90 -
3 Pd/C (3.00 eq), H2 (20 bar), MeOH 60 -
4 TMSI (5.00 eq), MeCN 120 -
5 AICl3 (12.0 eq), N,N-dimethylaniline (9.00 eq), DCM 60 -
6 BF3:Et,0 (10.0 eq), 1,2-ethane dithiol 45 -
7 BBr3 (3.05 eq), DCM 20 39%

comment

no reaction

no reaction

no reaction

no reaction
decomposition
47% dithiolane
19% side product

Standard reductive deprotection did not show any reaction, even under very high pressure

(entries 1-3). While some conditions also showed no reaction or even decomposition (entries 4-5)%%°

boron trifluoride resulted in complete deprotection. As expected, the aldehyde formed the respective

dithiolane under these conditions but the thiol is crucial for the reaction and cannot be exchanged

(entry 6). Using the established deprotection with boron tribromide showed some desired product but

also an unidentified side product (entry 7). As this deprotection was the only one that worked without

the formation of a dithiolane and showed moderate amounts of product it was investigated further

(Table 18).%

Table 18: Detailed screening of the deprotection using BBr3 (3.00 eq).%®

BBr; DCM T 0
|'3’ y
BnO H Tt HO H HO H
_—
BnO | HO | HO
OBn 99 OH 119 OH 75

entry TI[°C] t[min] work-up 119 [%]° 75 [%]*

1 20 20 agueous 39 19
2 0 15 aqueous 42 18
3b 0 15 aqueous 37 23
4 -41 15 agueous 35 23
5P -41 15 aqueous 43 17
6 -78 15 agueous 42 16
7° -78 15 aqueous 66 9
8b -78 15 acid-base 7 -

a gNMR yield. * PhMes (3.00 eq) added as a cation scavenger.

Temperature control and the addition of a cation scavenger showed barely any effect on the yield

(entries 1-6) except for entry 7. The side product was identified as the deprotected and deiodinated
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75, which was visible for all reactions with aqueous workup. When switching to an acid-base workup
for purification major decomposition occurred and only a fraction of the expected yield remained
(entry 8). Other purification methods also failed and it was not possible to isolate any desired product

in a pure fashion.*®

At this point the plan was adapted to restart the entire synthesis from phenol 54 with different

protection groups (Scheme 57).

(0] (0]
H
© OMe RO OMe --------- -
--------- -
--------- E
HO RO
OH 54 OR 55a-b
R = SEM, MOM

Scheme 57: Currently ongoing plan for the total synthesis of 5.98

This endeavor is currently still ongoing and will be published at a later date once it is completed.
4.6.3 Different cyclisation attempts for core structure

In the course of the bachelor thesis of Felicitas Wagner she investigated the alternative cyclization of
the tetracyclic core published by Brimble (Scheme 10).*° Since the synthesis of the complete
substitution pattern was beyond the scope of the project simplified fragments (72 & 120) were

targeted (Figure 4).1%° The targeted tetracycle was that of epicocconigrone A.

(0] (0]
BnO
OMe OMe
S
BnO \S>
S OBn S
41 120
(0] (0]
dLH BnO H
OEOM BnO 72
42 OBn

Figure 4: Original fragments of Brimble (left)*° vs. adapted fragments (right).100

At the time of the bachelor thesis no reserves of material could be provided so the majority of the
work consisted of the synthesis of known compounds. General precursor 57 was successfully
synthesized and transformed to aldehyde 72. Fragment 120 was obtained from 57 in two steps

(Scheme 58).1%0
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1. AgOTf (4.85 eq), Tf,0 (20.0 eq),

o MeOCHCI, (5.25 eq), DCM, -90 °C, 4.5 h o
2. Amberlyst (2.00 eq), MgSO, (4.5 eq),
BnO OMe 1,2-ethane dithiol, THF, rt., 18 h BnO OMe
BnO 57 23% over 2 steps BnO S
OBn 120 ©OBn SJ

Scheme 58: Synthesis of fragment 120 from general precursor 57.1%
The sequence was not optimized but provided fragment 120 in a moderate yield through an efficient
route. With both fragments in hand the first step of the coupling to 121 was tested under literature

conditions (Scheme 59).

(0] (0]
BnO BnO
oms | i LDATHF
BnO \S> BnO 72
OBn S OBn

120

Scheme 59: Attempted coupling of the fragments.100

Interestingly, the literature conditions did not provide the desired coupling product 121 but rather

showed signs of a single decomposition side product of 120. Later it was found that under strong basic

conditions dithiolanes can decompose which does not occur with the respective dithiane.?

2 LDA, THF O
BnO OMe -78 °C—=r1t,20h BnO .
_—_—
s
BnO 15% BnO
OBn sJ OBn s-7
120 122

Scheme 60: Fragmentation of dithiolane 120 under basic conditions.100

The observed fragmentation product turned out to be the internal cyclization product 122. This
explains the choice of dithianes in the literature instead of the more common dithiolanes. Due to time
constraints, it was not possible to resynthesize fragment 120 with the respective dithiane. The project
was ended at this point and further investigations put on hold. Even with the setback of the
fragmentation the general plan might be worthwhile to pursue in the future as it provides an entirely

different approach to the tetracyclic core and does not rely on the synthesis of the benzofurane.
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4.7 Bioactivity assays of epicoccolide A & B and the two analogs

With the successful synthesis of epicoccolide A (1), epicoccolide B (2), analog 77 and simplified analog
112 first bioactivity studies were done in cooperation with Matthias Eckhardt. The sulfotransferase
inhibitory potency was evaluated for all four compounds.'®? The galactosylceramide-sulfotransferase
was not available for testing so SULT1A1 was analyzed instead to test for general inhibitory activity

(Table 19).

Table 19: IC50 values of the tested compounds for the inhibition of SULT1A1.

compound 1C50 [um]
epicoccolide A (1) 13.46
epicoccolide B (2) 4.81

analog 77 > 50

analog 112 16.38

Epicoccolide B showed high potency confirming the previous results.3® Furthermore, epicoccolide A
and analog 112 retained inhibitory activity even with the different core or substitution pattern. Analog
77 however was not active in the given concentration range. The difference between the aldehydes in
2, 77 and 112 seem to have a significant impact on the inhibitory potency. While the shift of the
aldehyde from the second aromatic ring to the heterocycle completely removes activity for 77 the

absence of that aldehyde entirely (112) only has a small impact and retains most of the activity.

These observations are very important for further SAR studies and give valuable insight into the lead
structure. Furthermore, the analog 112 is much more readily available with a shorter route and better

yields providing an excellent starting point for more in-depth studies in the future.
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In conclusion the results presented in this thesis are a major advancement for the natural product
family of epicoccolides. The first total synthesis of epicoccolide A (1) and epicoccolide B (2) was
achieved in addition to the synthesis of two structural analogs (77 & 112). The synthetic routes for
these compounds gave access to adequate amounts of product for important bioactivity studies. The
focus of these studies was set on the sulfotransferase inhibition as this topic is of highest importance
for the development of a new potential small molecule therapy to treat metachromatic
leukodystrophy. The observed bioactivity of all four isolated compounds gives first insights into the

SAR and a possible lead structure for further diversification.

The late-stage oxidation of unprotected epicoccolide B gave access to epicoccolide A, which then could
be compared to the literature published by Laatsch et al. in 2013. Surprisingly the NMR-data did not
match and later on it was found that the metabolite reported by Laatsch has to be reassigned to the
structure of epicocconigrone A, originally reported by Proksch etal. in 2014. This unexpected
correction questions both proposed biosynthetic pathways as epicoccolide A was, to my knowledge,
never reported as a natural product so far. A revised biosynthetic pathway is proposed with a possible

explanation for the unusual selectivity of the divergent benzoin addition.

Careful and thorough planning of the fragments and the routes made a divergent approach possible
where everything emerges from a general precursor. Additionally, several fragments, including
compounds originally synthesized for testing purpose, are used in different routes, minimizing
synthetic efforts and waste. A detailed overview of all routes combined, highlighting the versatility of

the successful and divergent approach, can be seen in Scheme 61.
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HO

HO

73% over 3 steps

BnO quant. over 2 steps
8%
BnO

OBn
66% 43%
over over
2 steps 5 steps 97%
74%
g over =
7 steps BnO BnO 7
-
7 BnO
OBn 100 OBn 92
OBn
l quant. jquant.

(0]
B
nO l H
BnO % OBn
OBn O
111 OBn
OBn

BnO  OBn OBn

lGQ% over 4 steps ‘ 24% over 4 steps

LLS 21% over 13 steps LLS 11% over 13 steps LLS 28% over 8 steps
5% }

Scheme 61: Complete overview of the synthesis of 1, 2, 77 and 112.

Starting from cheap and commercially available phenol 54 the general precursor 57 was synthesized
in three steps with a cumulative yield of 73%. From here, two pathways emerge. The first option is to
synthesize boronic ester 60 and benzofurane 65 separate from each other combining them to the core
structure 66. The benzofurane, synthesized midway through the complete route, presents interesting

and unexpected reactivity regarding the formylation, introducing the aldehyde solely at the
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heterocycle. Completing the route by transforming the methyl ester to the aldehyde and removing the
protection groups gives the first analog of epicoccolide B 77. The LLS consists of 13 steps with a
combined vyield of 21%, although fragment 65 displayed large inconsistencies regarding the

reproducibility.

The second branch employs a new precursor 72 made from the general precursor 57 with an excellent
cumulative yield over 2 steps. For the total synthesis of epicoccolide B aldehyde 72 is transformed to
the fragments 99 and 100 with very good yields in an efficient sequence. Union of the fragments
provides 104. The final steps consist of the release of the aldehyde, removal of the benzyl protection
groups and an alkyne cyclization to complete the first total synthesis of epicoccolide B (2). The LLS

consists of 13 steps with a combined yield of 11% with all steps being highly reproducible.

Analytical data of synthetic epicoccolide B is in full agreement with the reported data of the natural
product confirming the complete architecture of this highly substituted aromatic compound. Initially
during aqueous purification, a new product was observed under very mild conditions. The structure
turned out to be that of epicoccolide A (1) and the reaction could be reproduced under controlled

conditions with unprotected 2.

Another direction for the second branch is the synthesis of a simplified analog only bearing a single
aldehyde. Aldehyde 72 is converted to the alkyne 92 and coupled with previously synthesized iodide
99 with very good yields, again in an efficient sequence. Deprotection of 111 directly facilitated the
cyclisation to 112 in a single step revealing another interesting impact of the second aldehyde
regarding reactivity. This analog’s LLS consists of mere eight steps with a combined yield of 28%

providing a highly efficient and reproducible route to access the simplified analog 112.

The scalability of most steps has been discussed in detail before and will not be repeated here. In
summary a trend can be seen that all steps are highly scalable, once optimized, giving the desired
products in a (deca)gram scale without significant or any loss of yield compared to a smaller lab scale.
Purification methods have been adjusted and optimized to reduce effort and remove tedious and
expensive column chromatography where possible. In many cases simple recrystallization or filtration

over small amounts of silica gave pure products.

The goals of this thesis mentioned in chapter 3 were all completed successfully and first investigations
into the total synthesis of epicocconigrone A were already started. Even with the vast number of

results presented here, several topics are worthwhile to be researched further by other scientists.

Detailed mechanistic studies and optimization of the oxidative benzofurane rearrangement from 2 to
1 can significantly improve the yield and provide an established method to build further products
bearing the unique [6,6,6,6]-tetracycle. This would be most relevant for the total synthesis of

epicocconigrone A or other analogs. On the topic of epicocconigrone A, the alkyne route needs to be
65



5. Conclusion and outlook

investigated further to finish the first total synthesis. Alternatively, the cyclization presented in

chapter 4.6.3 is a promising approach to build the tetracyclic core by a completely different route.

The simplified analog 112 can be derivatized for important SAR studies. The introduction of different
functional groups, both on the heterocycle or the other aromatic position seem to have a very
important effect for the bioactivity. Other possibilities consist of the removal or exchange of existing

functional groups to increase reactivity and selectivity for the desired applications.

Finally, more testing of the bioactivity needs to be done in regards to antibacterial and antifungal
properties. The published data is slim but shows promising activity for epicoccolide B. The lead

structure can be very different compared to the results before and requires further investigation.
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6.1 Materials and methods

Solvents and reagents:

All reagents and solvents were purchased from commercial suppliers (Sigma Aldrich, TCl, Acros, Alfa
Aesar, abcr, Carbolution) in the highest purity grade available and used without further purification
except noted otherwise. Anhydrous solvents (THF, toluene, CH,Cl,, MeCN) were obtained from a
solvent drying system MB SPS-800 (MBraun) and stored over molecular sieves (4 A). Dry acetone,
1,4-dioxane, CHCl;, MeOH and DMF were bought from Acros Organics and were used as received.
Degassed solvents were obtained by using standard freeze-pump-thaw methods on anhydrous

solvents for 3 cycles.

Silver triflate (AgOTf) was dried and stored under argon in a glovebox. For drying the larger chunks
were pulverized with a mortar and pestle and the resulting powder was dried in a desiccator over P,0s
for up to 2 weeks. If any chunks remain repeat this process until only a fine powder remains. Fresh
dimethyl dioxirane (DMDO) was prepared and distilled according to literature and stored in the freezer
(-20 °C).%41% The concentration of the batch was also determined according to literature and was
60 mM. For in situ obtained DMDO Oxone ® was added to a mixture of acetone and water with the
following reaction in the same mixture and vessel. IBX was prepared according to literature and stored

in the freezer (-20 °C).1%*

Reaction handling:

The reactions in which dry solvents were used were performed under an argon atmosphere in flame-
dried glassware, which had been flushed with argon unless stated otherwise. The reactants were
handled using standard Schlenk techniques. Drying under vacuum refers to a pressure of <1 mbar at rt
for at least 15 min to remove any residual solvents or air prior to the reaction. Temperatures above rt
(23 °C) refer to oil bath temperatures which were controlled by a temperature modulator. For cooling,
the following baths were used: acetone/dry ice (-78 °C), acetonitrile/dry ice (-41 °C), water/ice (0 °C).

Reactions were magnetically stirred and monitored by TLC, unless otherwise noted.

Analytical Thin Layer Chromatography (TLC) monitoring was performed with silica gel 60¢2s4 pre-coated
polyester sheets (0.2 mm silica gel, Macherey-Nagel) and for reversed phase TLC silica gel 60 RP-18
F254S pre-coated aluminum sheets (Merck). The spots were visualized using UV light and stained with

a solution of CAM (1.0 g Ce(S04)2), 2.5g (NH4)sM07024, 8 mL conc. H,SO4 in 100 mL H,0O) and
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subsequent heating. Concentrations and removal of solvents in vacuo were performed by rotary

evaporation at 40 °C at the respective pressure, unless otherwise noted.

Purification methods:

Flash column chromatography was accomplished using silica gel (pore size 60 A; 0.040-0.063 mm)
purchased from Merck Millipore, Massachusetts (USA). Compounds were eluted using the stated
mixtures under a positive pressure of argon or air. Solvents for column chromatography (CH, EA) were
distilled over a Vigreux column prior to use. Semi-preparative and analytical HPLC were performed on
Knauer Wissenschaftliche Gerdte GmbH systems by Andreas J. Schneider. The solvents for HPLC were

purchased in HPLC grade. The chromatograms were recorded by UV-detection.

Analytical methods:

NMR spectra were recorded at room temperature (298 K) on a Bruker DPX-300 spectrometer with a
'H operating frequency of 300 MHz, a Bruker DPX-400 spectrometer with a 'H operating frequency of
400 MHz, a Bruker DSX-500 spectrometer with a H operating frequency of 500 MHz and a 3C
operating frequencies of 126 MHz and a Bruker Avance lll 700 spectrometer with a H operating
frequency of 700 MHz a *3C operating frequencies of 176 MHz in deuterated solvents obtained from
Deutero, Carl Roth or Sigma Aldrich. Spectra were measured at room temperature unless stated
otherwise and chemical shifts are reported in ppm relative to Si(Me)s (d = 0.00 ppm) and were
calibrated to the residual signal of undeuterated solvents.1®® Data for H-NMR spectra are reported as
follows: chemical shift (multiplicity, coupling constants, number of hydrogens, assignment).
Abbreviations used are: s (singlet), d (doublet), m (multiplet). The spectra are zoomed to 0 - 13 ppm
(*H) and -10 — 240 ppm (*3C) with no signals outside of this range. Coupling constants through n bonds
("J) are given in Hertz [Hz]. For quantitative NMR (gNMR) spectra the d; relaxation time was increased
to 30s. 1,3-Dichloro-4,6-dinitrobenzene or 1,1,2,2-tetrachloroethane were added as internal

standards.

Mass spectra (MS) and High-resolution-mass spectra (HRMS) were recorded on a MAT 95 XL sector
field device from Thermo Finnigan (Bremen) and microTOF-Q from Bruker Daltonik (Bremen) at the
University Bonn under supervision of Dr. Marianne Engeser. lonization processes and mol peaks are

given.
Molecular modelling method:

3D modeling was done using Avogadro version 1.2.0n. The models were force field optimized with
‘UFF’ using a ‘steepest descent’ algorithm. After force field optimization minor rotations, well within

regular molecule flexibility, were applied to improve visibility.
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6.2 Experimental procedures

6.2.1 Relevant to chapter 4.1

Synthesis of ester 55

HO
OMe

HO
OH

C29H2605
M = 454.52 g/mol

K2CO3; (400 mg, 2.89 mmol, 6.11 eq) was flame-dried under vacuum before phenol 54 (87.3 mg,
474 mmol, 1.00 eq) and Kl (26.4 mg, 159 mmol, 34 mol%) were added. The solids were suspended in
dry acetone (10 mL) and stirred at room temperature for 15 min. BnCl (170 uL, 1.48 mmol, 3.12 eq)
was added and the reaction was stirred at reflux for 20 h. After completion the reaction was cooled to
room temperature, filtered and concentrated in vacuo. Flash column chromatography (SiO,, CH/EA

19:1 - 9:1) gave 55 (209 mg, 460 mmol, 97%) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.47-7.44 (m, 4 H, H-Ph), 7.42-7.39 (m, 4 H, H-Ph), 7.39
(s, 2 H, H-2), 7.38-7.34 (m, 4 H, H-Ph), 7.28-7.25 (m, 3 H, H-Ph), 5.14 (s, 4 H, H-7), 5.09 (2, 2 H, H-8),
3.86 (s, 3 H, H-5). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 166.8 (C-6), 153.0 (C-3), 142.5 (C-4),
138.0 (C-Ph), 137.2 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.3 (C-Ph), 128.0
(C-Ph), 125.8 (C-1), 109.0 (C-2), 75.4 (C-8), 71.5 (C-7), 52.5 (C-5). MS (El, 70.0 eV) m/z: [M*] calcd. for
CasH2605* 454.1780, found 454.1777.
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Synthesis of iodide 56

BnO
" OMe

BnO
OBn 55

CagH25105
M =580.42 g/mol

Ester 55 (20.0 g, 44.0 mmol, 1.00 eq) and AgCO,CF; (9.71 g, 44.0 mmol, 1.00 eq) were dried under
vacuum and | (11.2 g, 44.0 mmol, 1.00 eq) was added. The solids were dissolved in dry CHCI3 (100 mL)
and the reaction was stirred at room temperature for 4 h. After completion the reaction was quenched
with aqueous Na;S$;0; (1M, 100 mL). The phases were separated and the organic phase was
concentrated in vacuo. Recrystallisation from MeOH (400 mL) gave iodide 56 (22.8 g, 39.2 mmol, 89%)

as a white amorphous solid.

1H-NMR (700 MHz, CD.Cl,, 298 K): & (ppm) = 7.54-7.51 (m, 2 H, H-Ph), 7.47-7.44 (m, 2 H, H-Ph),
7.43-7.40 (m, 2 H, H-Ph), 7.40-7.35 (m, 7 H, H-Ph), 7.32-7.28 (m, 2 H, H-Ph), 7.31 (2, 1 H, H-6), 5.13 (s,
2 H, H-11), 5.10 (s, 2 H, H-10), 5.03 (s, 2 H, H-9), 3.90 (s, 3 H, H-7). 3C-NMR (176 MHz, CD,Cl,, 298 K):
6 (ppm) = 167.2 (C-8), 153.6 (C-3), 153.3 (C-5), 144.9 (C-4), 137.4 (C-Ph), 137.2 (C-Ph), 136.6 (C-Ph),
132.1 (C-1), 129.2 (C-Ph), 129.0 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6
(C-Ph), 128.1 (C-Ph), 112.6 (C-6), 84.6 (C-2), 76.0 (C-10), 75.6 (C-9), 71.7 (C-11), 52.8 (C-7). MS (ESI-TOF)
my/z: [M+H]* calcd. for Ca9H26105" 581.0819, found 581.0815.

70



Dissertation | Tim Treiber

Synthesis of the common precursor 57

BnO
" OMe

BnO
OBn

C30H2805
M = 468.55 g/mol

lodide 56 (8.33 g, 14.4 mmol, 1.00 eq) and Pd(dppf)Cl; (310 mg, 424 umol, 2.95 mol%) were dissolved
in dry 1,4-dioxane (30 mL) and ZnMe; (10.5 mL, 10% in hexane, 15.25 mmol, 1.06 eq) was added. The
reaction was stirred at reflux for 3.25 h. After completion the reaction was cooled to room
temperature and filtered over a short plug of silica (Et;0). Et,0 (50 mL) and HCI (1.2 M, 100 mL) were
added and the phases were separated. The aqueous phase was extracted with Et,0 (3x50 mL) and the
combined organic phases were washed with H,O (50 mL) and brine (50 mL). The organic phase was
dried over MgS0, and concentrated in vacuo. Flash column chromatography (SiO,, CH/EA 19:1 - 9:1)

gave common precursor 57 (5.62 g, 12.0 mmol, 84%) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.48-7.45 (m, 2 H, H-Ph), 7.43-7.39 (m, 6 H, H-Ph), 7.38
(s, 1 H, H-6), 7.38-7.34 (m, 4 H, H-Ph), 7.31-7.28 (m, 3 H, H-Ph), 5.12 (s, 2 H, H-12), 5.11(s, 2 H, H-11),
4.97(s, 2 H, H-10), 3.85(s, 3 H, H-7), 2.40(s, 3 H, H-9). *C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) =
167.9 (C-8), 152.0 (C-3), 150.5 (C-5), 145.8 (C-4), 137.9 (C-Ph), 137.9 (C-Ph), 137.3 (C-Ph), 128.9 (C-Ph),
128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.4
(C-2), 128.1 (C-Ph), 125.9 (C-1), 112.1 (C-6), 75.7 (C-11), 75.6 (C-10), 71.5 (C-12), 52.2 (C-7), 13.5 (C-9).
MS (ESI-TOF) m/z: [M+H]* calcd. for C3oH2905* 469.2010, found 469.2008.
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6. Experimental part

Synthesis of acid 58

BnO
: OMe

BnO
oBn 97

C29H2605
M = 454.52 g/mol

Common precursor 57 (1.00 g, 2.15 mmol, 1.00 eq) and LiOH H,0 (455 mg, 10.8 mmol, 5.02 eq) were
dissolved in a mixture of MeOH/H,O/DCM (7:3:5, 30 mL) and the mixture was stirred at 60 °C for 46 h.
After completion the reaction was cooled to room temperature and HCl (2.5 M, 10 mL) and Et,O
(15 mL) were added. The phases were separated and the aqueous phase was extracted with Et,0
(3x10 mL). The combined organic phases were dried over MgS0,4 and concentrated in vacuo giving acid

58 (977 mg, 2.15 mmol, quant.) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.52 (s, 1 H, H-6), 7.49-7.45 (m, 2 H, H-Ph), 7.43-7.39 (m,
7 H, H-Ph), 7.37-7.34 (m, 3 H, H-Ph), 7.32-7.29 (m, 3 H, H-Ph), 5.14 (s, 4 H, H-10, H-11), 4.98 (s, 2 H,
H-9), 2.46 (s, 3 H, H-8). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 170.2 (C-7), 152.0 (C-3), 150.5
(C-5), 146.7 (C-4), 137.8 (C-Ph), 137.8 (C-Ph), 137.1 (C-Ph), 129.8 (C-2), 129.0 (C-Ph), 128.9 (C-Ph), 128.9
(C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.1 (C-Ph), 123.9 (C-1),
112.8 (C-6), 75.7 (C-4), 75.6 (C-3), 71.5 (C-5), 13.6 (C-8). MS (ESI-TOF) m/z: [M+NH,]* calcd. for
CasH300sN;* 472.2118, found 472.2118.
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Synthesis of iodide 59

BnO
: OH

BnO 58
OBn

Ph

CagH25103
M = 536.41 g/mol
Acid 58 (586 mg, 1.29 mmol, 1.00 eq), |, (990 mg, 3.90 mmol, 3.02 eq) and KsPO4 (290 mg, 1.36 mmol,
1.06 eq) were dissolved in dry MeCN (20 mL). The mixture was stirred at reflux for 23 h before being
cooled to 0 °C. The reaction was quenched with Na;S;0s (15 mL, 15 wt%), H,0, (15 mL, 30 wt%) and
aqueous NaHCOs (sat., 30 mL). The aqueous phase was extracted with Et,0 (3x40 mL) and CHCl,
(1x40 mL). The combined organic phases were dried over Na,SO, and the solvent was removed
in vacuo. Flash column chromatography (SiO,, CH/EA 4:1) gave iodide 59 (406 mg, 766 umol, 59%) as

a red oil.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.46-7.44 (m, 2 H, H-Ph), 7.43-7.34 (m, 11 H, H-Ph),
7.31-7.30 (m, 2 H, H-Ph), 7.29 (s, 1 H, H-6), 5.06 (s, 2 H, H-10), 5.04 (s, 2 H, H-9), 4.99 (s, 2 H, H-8), 2.29
(s, 3 H, H-7). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 151.9 (C-5), 151.2 (C-3), 143.0 (C-4), 138.0
(C-Ph), 137.8 (C-Ph), 137.1 (C-Ph), 129.3 (C-2), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph),
128.7 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.1 (C-Ph), 120.4 (C-Ph), 93.8
(C-1), 75.8 (C-8), 75.7 (C-9), 71.7 (C-10), 21.8 (C-7). MS (ESI-TOF) m/z: [M+NH]* calcd. for CasHaoOsliN1*
554.1187, found 554.1188.
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6. Experimental part

Synthesis of boronic ester 60 through decarboxylative Miyaura borylation

BnO

BnO
OBn

C34H37BOs
M = 536.48 g/mol

Acid 58 (55.3 mg, 122 umol, 1.00eq), (Bpin). (47.8 mg, 188 umol, 1.55 eq), Pd(OAc), (3.8 mg,
16.9 umol, 14 mol%) and dppb (7.7 mg, 18.1 umol, 15 mol%) were dried under vacuum. NEt; (25 pL,
180 umol, 1.48 eq) and piv,0 (37 uL, 182 umol, 1.5 eq) were added and the mixture was dissolved in
dry 1,4-dioxane (5 mL). The reaction was stirred at reflux for 23 h. After completion the reaction was
cooled to room temperature and filtered over a short plug of silica (CH,Cl;). Concentration in vacuo

and flash column chromatography (SiO,, CH/EA 19:1) gave boronic ester 60 (42.9 mg, 80.0 umol, 66%)

as a white amorphous solid.

1H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 7.53-7.50 (m, 2 H, H-Ph), 7.48-7.35 (m, 11 H, H-Ph),
7.33-7.31 (m, 2 H, H-Ph), 7.28 (s, 1 H, H-6), 5.15 (s, 2 H, H-12), 5.12 (s, 2 H, H-11), 5.00 (s, 2 H, H-10),
2.45 (s, 3 H, H-9), 1.38 (s, 12 H, H-8). 3C-NMR (176 MHz, CD,Cl,, 298 K): & (ppm) = 151.5 (C-3), 150.6
(C-5), 144.9 (C-4), 138.4 (C-Ph), 138.3 (C-Ph), 137.8 (C-Ph), 132.6 (C-1), 128.9 (C-Ph), 128.9 (C-Ph), 128.8
(C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.3 (C-Ph), 128.3 (C-Ph), 128.3 (C-Ph), 128.2 (C-Ph), 128.2 (C-2),
117.0 (C-6), 84.0 (C-7), 75.6 (C-11), 75.3 (C-10), 71.5 (C-12), 25.1 (C-8), 14.9 (C-9). MS (ESI-TOF) m/z:
[M+H]* calcd. for CsqH3sB10s* 537.2813, found 537.2805.
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Synthesis of boronic ester 60 through regular Miyaura borylation

BnO |

BnO

OBn 5

C34H37BOs
M = 536.48 g/mol

lodide 59 (385 mg, 717 umol, 1.00 eq), (Bpin)2, (193 mg, 759 umol, 1.06 eq), Pd(OAc); (5.2 mg,
23.2 umol, 3.2 mol%) and KOAc (217 mg, 2.21 mmol, 3.08 eq) were dissolved in dry DMF (11 mL) and
degassed. The reaction was stirred at 85 °C for 5 h. After completion the reaction was cooled to room
temperature and H,O was added (30 mL). The aqueous phase was extracted with EA (3x30 mL) and
the combined organic phases were dried over Na,SO.. Filtration over a plug of silica (EA) and removal
of the solvent in vacuo gave crude 60. Flash column chromatography (SiO,, CH/EA 4:1) gave boronic

ester 60 (336 mg, 626 umol, 87%) as a yellow oil.

For analytical data see above (decarboxylative route).
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6. Experimental part

Synthesis of aldehyde 61

BnO
: OMe

BnO
57

OBn

61

C31H2806
M = 496.56 g/mol
Common precursor 57 (2.40 g, 5.12 mmol, 1.00 eq) and dry AgOTf (3.96 g, 15.4 mmol, 3.00 eq) were
dissolved in dry CH,Cl; (40 mL) and cooled to -90 °C for 1 h. MeOCHClI, (1.37 mL, 15.4 mmol, 3.00 eq)
was added and the reaction was stirred at -90 °C for 4 h. After completion the reaction was quenched
with aqueous NaHCOs (sat., 20 mL) and stirred vigorously while thawing to room temperature. Et;0
(30 mL) was added and the reaction mixture was filtered. The phases were separated and the aqueous
phase was extracted with Et,0 (3x50 mL). The combined organic phases were dried over MgSO4 and
concentrated in vacuo (room temperature, 300 mbar). Flash column chromatography (SiO,, CH/EA

19:1) gave aldehyde 61 (2.54 g, 5.12 mmol, quant.) as a colorless oil.

H-NMR (300 MHz, CD,Cl,, 298 K): & (ppm) = 10.11 (s, 1 H, H-13), 7.48-7.43 (m, 2 H, H-Ph), 7.41-7.34
(m, 13 H, H-Ph), 5.22 (s, 2 H, H-12), 5.18 (s, 2 H, H-10), 5.13 (s, 2 H, H-11), 3.84 (s, 3 H, H-7), 2.09 (s, 3 H,
H-9). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 188.5 (C-13), 169.4 (C-8), 157.4 (C-3), 155.2 (C-5),
146.1 (C-4), 137.3 (C-Ph), 137.1 (C-Ph), 136.5 (C-Ph), 130.5 (C-1), 129.2 (C-Ph), 129.1 (C-Ph), 129.0
(C-Ph), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 126.5 (C-2), 123.5 (C-6),
77.5 (C-12), 76.4 (C-11), 75.8 (C-10), 52.8 (C-7), 12.7 (C-9). MS (El, 70.0 eV) m/z: [M*] calcd. for
Ca1H2506™* 496.1886, found 496.1887.
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Synthesis of geminal dibromide 62

BnO
OMe

BnO
OBn O 61

C32H28Br205
M = 652.38 g/mol

PPhs (9.51g, 36.2 mmol ,6.00 eq) was dissolved in dry CH,Cl; (20 mL) and cooled to 0 °C. CBr4 (6.01 g,
18.1 mmol, 3.00 eq) was added and the mixture was stirred at 0 °C for 15 min. A solution of aldehyde
61 (3.00 g, 6.04 mmol, 1.00 eq) in dry CH,Cl; (15 mL) was added and the reaction was stirred at room
temperature for 19 h. After completion the reaction was quenched with agueous Na;S,0s3 (sat., 50 mL).
The phases were separated and the aqueous phase was extracted with CH,Cl, (3x50 mL). The
combined organic phases were washed with agueous NaHCO; (50 mL), H,0 (50 mL) and brine (50 mL)
and dried over Na,SO.. Filtration over a short plug of silica (CH,Cl>) and removal of the solvent in vacuo

gave geminal dibromide 62 (3.60 g, 5.52 mmol, 91%) as a yellow oil.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.44-7.33 (m, 15 H, H-Ph), 7.26 (s, 1 H, H-13), 5.13 (s, 2 H,
H-11), 5.05 (s, 2 H, H-10), 5.00 (s, 2 H, H-12), 3.85 (s, 3 H, H-7), 2.20 (s, 3 H, H-9). *C-NMR (126 MHz,
CD.Cl, 298 K): & (ppm) = 168.4 (C-8), 152.0 (C-3), 148.4 (C-5), 147.7 (C-4), 137.6 (C-Ph), 137.5 (C-Ph),
134.1 (C-13), 129.1 (C-1), 129.0 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.6
(C-Ph), 128.6 (C-Ph), 127.3 (C-2), 126.0 (C-6), 94.1 (C-14), 76.1 (C-11), 76.1 (C-12), 75.6 (C-10), 52.6
(C-7), 13.6 (C-9). MS (ESI-TOF) m/z: [M+NHa]* calcd. for Cs,HsBr,0sN;* 668.0642/670.0624/672.0612,
found 668.0645/670.0620/672.0597.
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6. Experimental part

Synthesis of phenol 63

(0]
BnO
: OMe
BnO | H
OBn
62 Br Br

C11H10Br205
M = 382.00 g/mol

Dibromide 62 (850 mg, 1.30 mmol, 1.00 eq) and PhMes (650 mg, 4.38 mmol, 3.37 eq) were dried under
vacuum before being dissolved in dry CH,Cl, (10 mL). The mixture was cooled to -78 °C and BCls
(8.0 mL, 1 min CH,Cl;, 8.00 mmol, 6.14 eq) was added dropwise. After stirring at -78 °C for 30 min the
reaction was quenched with a mixture of CHCls/MeOH (10:1, 5 mL). The reaction was thawed to room
temperature and Celite (2.00 g) was added. The suspension was concentrated in vacuo and loaded
onto a short plug of silica. The plug of silica was purged with CH (200 mL) and CH/EA (9:1, 200 mL)
before extracting the product with EA (200 mL) into a different flask. Removal of the solvent in vacuo

gave phenol 63 (490 mg, 1.28 mmol, 98%) as a green amorphous solid.

'H-NMR (500 MHz, acetone-d6, 298 K): & (ppm) = 7.95 (s, 1 H, H-OH), 7.86 (s, 1 H, H-OH), 7.71 (s, 1 H,
H-OH), 7.38 (s, 1 H, H-10), 3.80 (s, 3 H, H-7), 2.17 (3 H, H-9). ®*C-NMR (126 MHz, acetone-d6, 298 K):
6 (ppm) = 169.1 (C-8), 145.0 (C-3), 141.3 (C-5), 135.9 (C-4), 135.1 (C-10), 124.9 (C-1), 116.5 (C-2), 115.7
(C-6), 94.2 (C-11), 52.0 (C-7), 12.9 (C9). MS (ESI-TOF) m/z: [M-H]" calcd. for Ci;HoBr,Os*
378.8822/380.8804/382.8781, found 378.8823/380.8802/382.8782.
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Synthesis of benzofurane 64

(0]
H
© OMe
HO |
63 OEr Br

C11H9Br05
M = 301.09 g/mol

Phenol 63 (50.0 mg, 131 umol, 1.00 eq), K3sPO,4 (56.0 mg, 264 umol, 2.02 eq), Cul (25.0 mg, 131 umol,
1.00 eq) and picolinic acid (18.0 mg, 146 umol, 1.12 eq) were dried under vacuum before being
dissolved in dry THF (2.0 mL). The reaction mixture was stirred at 80 °C for 24 h. After completion the
reaction was cooled to room temperature and filter over a short plug of silica (EA). Removal of the

solvent in vacuo gave benzofurane 64 (29.9 mg, 99.3 umol, 76%) as a white amorphous solid.

'H-NMR (500 MHz, acetone-d6, 298 K): & (ppm) = 9.38 (s, 1 H, H-OH), 7.78 (s, 1 H, H-OH), 7.12 (s, 1 H,
H-10), 3.90 (2, 3 H, H-7), 2.54 (s, 3 H, H-9). 3C-NMR (126 MHz, acetone-d6, 298 K): 6 (ppm) = 167.6
(C-8), 143.8 (C-5), 142.2 (C-3), 133.8 (C-4), 127.6 (C-11), 126.9 (C-1), 124.4 (C-6), 113.4 (C-2), 111.2
(C-10), 51.7 (C-7), 13.8 (C-9). MS (ESI-TOF) m/z: [M+H]" calcd. for Cy1H10Br10s* 300.9706/302.9687,
found 300.9722/302.9701.
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6. Experimental part

Synthesis of benzofurane 65

C25H21Br05
M = 481.34 g/mol

Benzofurane 64 (175 mg, 582 umol, 1.00 eq), K,COs (506 mg, 3.66 mmol, 6.29 eq) and Kl (15.0 mg,
90.4 umol, 16 mol%) were dried under vacuum and dissolved in dry acetone (10 mL). BnCl (135 pL,
1.17 mmol, 2.20 eq) was added and the reaction was stirred at reflux for 52 h. After completion the
reaction was cooled to room temperature and filtered over a plug of silica (CH,Cl;). Removal of the
solvent in vacuo and flash column chromatography (SiO,, CH/EA 19:1) gave benzofurane 65 (177 mg,

367 umol, 63%) as a white amorphous solid.

H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 7.51-7.48 (m, 2 H, H-Ph), 7.42-7.33 (m, 8 H, H-Ph), 7.09
(s, 1H, H-12), 5.51 (s, 2 H, H-11), 4.94 (s, 2 H, H-10), 3.91 (s, 3 H, H-7), 2.51 (s, 3 H, H-9). 3C-NMR
(176 MHz, CD,Cl,, 298 K): & (ppm) = 167.3 (C-8), 146.5 (C-3), 145.8 (C-5), 140.2 (C-4), 137.7 (C-Ph),
137.3 (C-Ph), 132.7 (C-1), 129.2 (C-13), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7
(C-Ph), 128.5 (C-6), 127.9 (C-Ph), 115.9 (C-2), 110.5 (C-12), 75.8 (C-10), 75.3 (C-11), 52.0 (C-7), 14.3
(C-9). MS (APCI) m/z: [M+H]" calcd. for CysH,1Br:0s* 481.0645/483.0627, found 481.0632/483.0611.
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Synthesis of coupling product 66

i 9?
BnO BnO B

OMe "0

BnO BnO
OBn 60
65 Br

Cs3H460s
M = 810.94 g/mol

Benzofurane 65 (327 mg, 679 umol, 1.00 eq), boronic ester 60 (533 mg, 994 umol, 1.46 eq),
XPhos Pd G4 (8.3 mg, 9.6 umol, 1.4 mol%) and KsPO4 (302 mg, 1.42 mmol, 2.09 eq) were dissolved in
degassed THF/H,0 (4:1, 30 mL). The reaction was stirred at room temperature for 23 h. Filtration over
a plug of silica (CH2Cl,) and removal of the solvent in vacuo gave crude coupling product 66 (613 mg).
The crude product was purified by flash column chromatography (SiO,, CH/EA 19:1) to obtain pure 66

(551 mg, 679 mol, quant.) as a red amorphous solid.

1H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 7.53-7.50 (m, 2 H, H-Ph), 7.48-7.41 (m, 9 H, H-Ph),
7.40-7.31 (m, 14 H, H-Ph), 7.25 (s, 1 H, H-14), 7.16 (s, 1 H, H-7), 5.58 (s, 2 H, H-19), 5.17 (s, 2 H, H-23),
5.14 (s, 2 H, H-22), 5.06 (s, 2 H, H-21), 4.97 (s, 2 H, H-18), 3.95 (s, 3 H, H-15), 2.53 (s, 3 H, H-17), 2.41 (s,
3 H, H-20). *C-NMR (176 MHz, CD,Cl,, 298 K): & (ppm) = 167.8 (C-16), 156.8 (C-8), 152.2 (C-13), 151.1
(C-11), 146.4 (C-3), 144.3 (C-5), 143.4 (C-12), 140.6 (C-4), 138.1 (C-Ph), 138.0 (C-Ph), 137.9 (C-Ph), 137.6
(C-Ph), 137.4 (C-Ph), 131.8 (C-1), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph),
128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4
(C-6), 128.0 (C-Ph), 125.8 (C-9), 124.4 (C-10), 116.6 (C-2), 110.3 (C-14), 106.8 (C-7), 75.8 (C-22), 75.8
(C-18), 75.7 (C-21), 75.3 (C-19), 71.6 (C-23), 51.9 (C-15), 14.3 (C-17), 14.2 (C-20). MS (ESI-TOF) m/z:
[M+H]* calcd. for CssHa7Os* 811.3265, found 811.3260.
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6. Experimental part

Synthesis of aldehyde 69

Cs4H4600
M = 838.95 g/mol

Coupling product 66 (99.2 mg, 122 umol, 1.00 eq) and dry AgOTf (95.3 mg, 371 umol, 3.03 eq) were
dissolved in dry CH,Cl, (5.0 mL) and cooled to -78 °C for 40 min. MeOCHClI, (34.0 uL, 383 umol, 3.13 eq)
was added and the reaction was stirred at -78 °C for 3 h. After completion the reaction was quenched
with aqueous NaHCOs (sat., 4.0 mL) and stirred vigorously while thawing to room temperature. Et,0
(5.0 mL) was added and the reaction mixture was filtered. The phases were separated and the aqueous
phase was extracted with Et,0 (3x20 mL). The combined organic phases were dried over MgSO4 and
filtered over a tall plug of silica (Et,0). Removal of the solvent in vacuo (room temperature, 300 mbar)

gave aldehyde 69 (103 mg, 122 umol, quant.) as a yellow amorphous solid.

1H-NMR (500 MHz, CD4Cl,, 298 K): & (ppm) = 9.67 (2, 1 H, H-24), 7.47-7.43 (m, 6 H, H-Ph), 7.43-7.39 (m,
6 H, H-Ph), 7.38-7.32 (m, 13 H, H-Ph), 6.93 (s, 1 H, H-14), 5.41 (s, 2 H, H-19), 5.18 (s, 2 H, H-22), 5.13 (s,
2 H, H-23), 5.09 (s, 2 H, H-21), 5.04 (s, 2 H, H-18), 3.96 (s, 3 H, H-15), 2.29 (s, 3 H, H-17), 2.15 (s, 3 H,
H-20). ¥*C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 185.9 (C-24), 168.8 (C-16), 168.1 (C-8), 152.2
(C-11),151.1(C-13),147.8(C-3), 145.6 (C-5), 145.1 (C-12), 138.4 (C-4), 137.9 (C-Ph), 137.8 (C-Ph), 137.7
(C-Ph), 137.3 (C-Ph), 136.9 (C-Ph), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph),
128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.5 (C-Ph), 128.1
(C-Ph), 128.1 (C-1), 126.9 (C-9), 122.9 (C-10), 122.7 (C-2), 118.9 (C-7), 118.5 (C-6), 113.8 (C-14), 75.9
(C-22),75.9 (C-18), 75.8 (C-19), 75.7 (C-21), 71.7 (C-23), 52.5 (C-15), 14.0 (C-20), 13.8 (C-17). MS (APCI)
m/z: [M+H]" calcd. for Cs4H4709" 839.3215, found 839.3215.
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Synthesis of diol 70

Cs3H480s
M = 812.96 g/mol

Aldehyde 69 (254 mg, 302 umol, 1.00 eq) was dissolved in dry THF (10 mL) and cooled to 0 °C. DIBAI-H
(1.6 mL, 1 M in hexane, 1.60 mmol, 5.30 eq) was added dropwise and the reaction was stirred for 2 h
while warming to room temperature. After completion the reaction was quenched with aqueous
Rochelle salt (sat., 10 mL). The phases were separated and the aqueous phase was extracted with Et,0
(3x20 mL). The combined organic phases were dried over MgS0O, and filtered over a short plug of silica
(Et20). Removal of the solvent in vacuo gave diol 70 (240 mg, 295 pumol, 98%) as a white amorphous

solid.

1H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 7.49-7.43 (m, 10 H, H-Ph), 7.41-7.31 (m, 15 H, H-Ph), 6.90
(s, 1 H, H-14), 5.40 (s, 2 H, H-18), 5.16 (s, 4 H, H-21, H-22), 5.09 (s, 2 H, H-20), 5.01 (s, 2 H, H-15), 5.00
(s, 2 H, H-17), 4.71 (s, 2 H, H-23), 2.39 (s, 3 H, H-15), 2.15 (s, 3 H, H-19). 3C-NMR (176 MHz, CD,Cl,,
298 K): & (ppm) = 155.1 (C-8), 152.0 (C-11), 150.8 (C-13), 146.9 (C-3), 145.8 (C-12), 143.8 (C-5), 138.1
(C-Ph), 138.1 (C-Ph), 138.0 (C-Ph), 137.9 (C-Ph), 137.6 (C-4), 137.4 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph),
128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.6
(C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.0 (C-Ph), 127.6 (C-6), 126.4 (C-9),
126.2 (C-2), 125.1 (C-1, C-10), 124.9 (C-7), 117.1, 113.0 (C-14), 75.9 (C-17), 75.8 (C-21), 75.6 (C-20), 75.4
(C-18), 71.5 (C-22), 59.3 (C-15), 57.2 (C-23), 13.9 (C-19), 12.2 (C-16). MS (ESI-TOF) m/z: [M+NH]* calcd.
for CssHs20sN1* 830.3687, found 830.3692.
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6. Experimental part

Global deprotection of diol 70 to 76

C1gH180s
M = 362.33 g/mol

Diol 70 (15.4 mg, 18.9 umol, 1.00 eq) and Pd/C (18.0 mg, 169 umol, 8.93 eq) were suspended in dry
MeOH (2.0 mL) and H, gas was bubbled through the reaction mixture at room temperature for 1.75 h.
After completion of the reaction the mixture was filtered over a plug of silica (EA) and the solvent was

removed jn vacuo to obtain 76 as a white amorphous solid (5.5 mg, 15.2 umol, 80%).

1H-NMR (400 MHz, acetone-d6, 298 K): & (ppm) = 7.11 (s, 1 H, H-14), 3.92 (s, 2 H, H-15), 3.78 (s, 2 H,
H-17), 2.56 (s, 3 H, H-16), 2.24 (s, 3 H, H-19). MS (ESI-TOF) m/z: [M+H-H,0]* calcd. for CigH1704*
345.0969, found 345.0965.
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Synthesis of dialdehyde 78

Cs3H4408
M = 808.93 g/mol

Diol 70 (16.2 mg, 19.9 umol, 1.00 eq) and IBX (68.2 mg, 244 umol, 12.2 eq) were suspended in EA
(2.0 mL) and stirred at 85 °C for 2.7 h. After completion the reaction mixture was cooled to 2 °C (fridge,
60 min). Filtration over a short plug of silica (EA) and removal of the solvent in vacuo gave dialdehyde

78 (13.2 mg, 16.3 umol, 82%) as a white amorphous solid.

1H-NMR (300 MHz, CD,Cl,, 298 K): & (ppm) = 10.95 (s, 1 H, H-15), 9.77 (s, 1 H, H-23), 7.48-7.32 (m, 25 H,
H-Ph), 6.95 (s, 1 H, H-14), 5.52 (s, 2 H, H-18), 5.19 (s, 2 H, H-21), 5.15 (s, 2 H, H-22), 5.10 (s, 2 H, H-20),
5.00 (s, 2 H, H-17), 2.58 (s, 3 H, H-16), 2.13 (s, 3 H, H-19). *C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) =
194.7 (C-15), 186.5 (C-23), 169.8 (C-8), 152.1 (C-11), 151.1 (C-13), 147.8 (C-3), 145.5 (C-5), 145.2 (C-12),
141.3 (C-4), 137.8 (C-Ph), 137.7 (C-Ph), 137.4 (C-Ph), 137.0 (C-Ph), 136.9 (C-Ph), 133.1 (C-2), 129.0
(C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph),
128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.5 (C-Ph), 128.1 (C-6), 127.1 (C-9), 124.1 (C-1),
123.3 (C-7), 123.0 (C-10), 120.1, 113.8 (C-14), 75.9 (C-17, C-21), 75.7 (C-18), 75.7 (C-20), 71.8 (C-22),
14.0 (C-19), 13.6 (C-16). MS (APCI) m/z: [M+H]" calcd. for CssHasOs™ 809.3109, found 809.3103.
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6. Experimental part

Synthesis of first analog 77

C1gH1404
M = 358.30 g/mol

Dialdehyde 78 (8.4 mg, 10.4 umol, 1.00 eq) was dissolved in dry CH,Cl; (1.0 mL) and BBr5 (120 uL, 1.0 m
in CHyCl, 120 umol, 11.6 eq) was added dropwise. The reaction was stirred at room temperature for
25 min. After completion H,0 (5.0 mL) and brine (5.0 mL) were added. The phases were separated and
the aqueous phase was extracted with EA (3x10 mL). The combined organic phases were washed with
brine (10 mL) and dried over Na;SO,. CH (15 mL) was added and the solution was filtered over a short
plug of silica. Purging the plug of silica with generous amounts of EA into a different flask and removal

of the solvent in vacuo gave the first analog 77 (3.2 mg, 8.9 umol, 86%) as a white amorphous solid.

'H-NMR (400 MHz, acetone-d6, 298 K): & (ppm) = 11.11 (s, 1 H, H-15), 9.84 (s, 1 H, H-18),9.74 (s, 1 H,
H-OH), 8.48 (s, 1 H, H-OH), 8.11 (s, 1 H, H-OH), 8.03 (s, 1 H, H-OH), 7.74 (s, 1 H, H-OH), 6.68 (s, 1 H,
H-14), 2.63 (s, 3 H, H-16), 2.17 (s, 3 H, H-17). 3C-NMR (176 MHz, acetone-d6, 298 K): & (ppm) = 195.4
(C-15),187.1(C-18), 171.7 (C-8), 145.5 (C-11), 143.8 (C-13), 143.3 (C-3), 143.1 (C-5), 136.6 (C-12), 135.0
(C-4), 126.4 (C-2), 121.7 (C-1), 120.9 (C-6), 120.4 (C-7), 119.2 (C-9), 118.3 (C-10), 111.6 (C-14), 13.3
(C-16), 13.2 (C-17). MS (APCI) m/z: [M+H]" calcd. for C1sH150s* 359.0761, found 359.0758.
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Synthesis of alcohol 71

BnO
n OMe

BnO
oBn o7

CogH2804
M = 440.54 g/mol

Common precursor 57 (1.20 g, 2.56 mmol, 1.00 eq) was dissolved in dry THF (10 mL) and cooled to
0 °C. DIBAI-H (5.5 mL, 1.0 M in hexanes, 5.50 mmol, 2.15 eq) was added and the reaction was stirred
at 0 °C for 45 min. After completion the reaction was quenched with aqueous Rochelle salt (sat.,
20 mL). The phases were separated and the aqueous phase was extracted with Et,0 (3x20 mL). The
combined organic phases were dried over MgS0O, and filtered over a short plug of silica (Et,0). Removal

of the solvent in vacuo gave alcohol 71 (1.13 g, 2.56 mmol, quant.) as a white amorphous solid.

1H-NMR (700 MHz, CD.Cl,, 298 K): & (ppm) = 7.48-7.46 (m, 2 H, H-Ph), 7.44-7.38 (m, 6 H, H-Ph),
7.38-7.33 (m, 4 H, H-Ph), 7.31-7.29 (m, 2 H, H-Ph), 6.90 (s, 1 H, H-6), 5.12 (s, 2 H, H-11), 5.05 (s, 2 H,
H-10), 5.00 (s, 2 H, H-9), 4.61 (d, %77 = 5.4 Hz, 2 H, H-7), 2.16 (s, 3 H, H-8). *C-NMR (176 MHz, CD,Cl,,
298 K): 6 (ppm) = 151.7 (C-3), 151.0 (C-5), 141.7 (C-4), 138.3 (C-Ph), 138.3 (C-Ph), 137.7 (C-Ph), 135.3
(C-1), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.3 (C-Ph), 128.3 (C-Ph),
128.3 (C-Ph), 128.0 (C-Ph), 123.2 (C-2), 109.7 (C-6), 75.7 (C-10), 75.5 (C-9), 71.5 (C-11), 63.6 (C-7), 11.3
(C-8). MS (El, 70.0 eV) m/z: [M™] calcd. for CoH,504* 440.1988, found 440.1988.
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6. Experimental part

Synthesis of aldehyde 72

BnO

BnO

C29H2604
M = 438.52 g/mol

Alcohol 71 (15.7 mg, 35.6 umol, 1.00 eq) and IBX (16.0 mg, 57.1 umol, 1.60 eq) were suspended in EA
(1.0 mL) and stirred at 85 °C for 2 h. After completion the reaction mixture was cooled to 2 °C (fridge,
60 min). Filtration over a short plug of silica (EA) and removal of the solvent in vacuo gave aldehyde 72

(15.6 mg, 35.6 umol, quant.) as a white amorphous solid.

1H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 10.21 (s, 1 H, H-7), 7.48-7.46 (m, 2 H, H-Ph), 7.41-7.39 (m,
7 H, H-Ph); 7.38-7.34 (m, 4 H, H-Ph), 7.31 (s, 1 H, H-6), 7.31-7.29 (m, 2 H, H-Ph), 5.17 (s, 2 H, H-10), 5.16
(s, 2 H, H-11),4.99 (s, 2 H, H-9), 2.47 (s, 3 H, H-8). 3C-NMR (176 MHz, CD,Cl,, 298 K): § (ppm) = 191.1
(C-7), 151.9 (C-3), 151.4 (C-5), 147.7 (C-4), 137.7 (C-Ph), 137.7 (C-Ph), 137.1 (C-Ph), 130.2 (C-1), 129.6
(C-2), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph),
128.5 (C-Ph), 128.1 (C-Ph), 110.7 (C-6), 75.7 (C-9), 75.7 (C-10), 71.4 (C-11), 10.8 (C-8). MS (ESI-TOF)
my/z: [M+H]* calcd. for Ca9H,704" 439.1904, found 439.1901.

Deprotection of alcohol 71 to 74

OH
BnO HO

BnO 71 HO
OBn

CgH1004
M = 170.16 g/mol

Alcohol 71 (123 mg, 280 umol, 1.00 eq) and Pd/C (112 mg, 1.04 mmol, 3.72 eq) were suspended in dry
MeOH (5.0 mL) and H; gas was bubbled through the reaction mixture at room temperature for 50 min.
After completion the reaction mixture was filtered over a plug of silica (EA) and the solvent was

removed in vacuo to obtain 74 as a white amorphous solid (40.2 mg, 236 umol, 84%).

'H-NMR (300 MHz, acetone-d6, 298 K): § (ppm) = 6.46 (s, 1 H, H-6), 4.45 (s, 2 H, H-7), 2.10 (s, 3 H, H-8).
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Deprotection of aldehyde 72 to 75

BnO

BnO

OBn 72

CgHgO4
M =168.15 g/mol

Aldehyde 72 (14.2 mg, 32.4 umol, 1.00 eq) and Pd/C (10.0 mg, 94.0 umol, 2.90 eq) were suspended in
dry MeOH (1.0 mL) and H; gas was bubbled through the reaction mixture at room temperature for
25 min. After completion the reaction mixture was filtered over a plug of silica (EA) and the solvent

was removed in vacuo to obtain 75 as a white amorphous solid (5.3 mg, 31.5 pmol, 97%).

1H-NMR (300 MHz, acetone-d6, 298 K): & (ppm) = 10.06 (s, 1 H, H-7), 6.95 (s, 1 H, H-6), 2.47 (s, 3 H,
H-8).

Synthesis of dimethoxy acetal 79

BnO

BnO 6

5
12(O 79
Ph

C31H3205
M = 484.59 g/mol

OBn 72

Aldehyde 72 (50.0 mg, 114 umol, 1.00 eq) was dissolved in dry MeOH (2.0 mL) and dry CHxCl, (0.5 mL).
CH(OMe)s (30 L, 29.1 mg, 274 umol, 2.41 eq) and dry HCL (4.0 m in 1,4-dioxane, 2 drops) were added
and the reaction was stirred at room temperature for 2.5 h. After completion the reaction was
guenched with aqueous NaHCOs; (sat., 5.0 mL). The aqueous phase was extracted with CH.Cl,
(3x20 mL) and the combined organic phases were dried over Na,SO4. Removal of the solvent in vacuo

gave dimethoxy acetal 79 as a white amorphous solid (52.2 mg, 108 umol, 94%).

1H-NMR (300 MHz, CD,Cl,, 298 K): & (ppm) = 7.49-7.28 (m, 15 H, H-Ph), 7.04 (s, 1 H, H-6), 5.12 (s, 2 H,
H-12) 5.06 (s, 2 H, H-11) 4.98 (s, 2 H, H-10), 4.92 (s, 1 H, H-7), 3.28 (s, 3 H, H-8), 3.27 (s, 3 H, H-8), 2.15
(s, 3 H, H-9).
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6. Experimental part

Synthesis of dioxolane 81

BnO

BnO 72

OBn

C31H3005
M = 482.58 g/mol

Aldehyde 72 (24.2 mg, 55.2 umol, 1.00 eq) was dissolved in dry ethylene glycol (3 mL) and dry CH,Cl,
(1.0 mL). CH(OMe)s (0.5 mL) and dry HCL (4.0 M in 1,4-dioxane, 2 drops) were added and the reaction
was stirred at room temperature for 23 h. After completion the reaction was quenched with aqueous
NaHCOs (sat., 5.0 mL). The aqueous phase was extracted with CH,Cl, (3x10 mL) and the combined
organic phases were dried over MgSO.. Filtration over a plug of silica (CH,Cl;) and removal of the

solvent in vacuo gave dioxolane 81 as a white amorphous solid (22.2 mg, 46.0 umol, 83%).

1H-NMR (300 MHz, CD,Cl,, 298 K): & (ppm) = 7.50-7.28 (m, 15 H, H-Ph), 7.07 (s, 1 H, H-6), 5.87 (s, 1 H,
H-7) 5.12 (s, 2 H, H-12) 5.06 (s, 2 H, H-11), 4.99 (s, 2 H, H-10), 4.10-4.17 (m, 2 H, H-8), 4.03-3.99 (m, 2 H,
H-8), 2.22 (s, 3 H, H-9).
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Synthesis of dithiolane 83

BnO

BnO 72

OBn

C31H3003S>
M =514.70 g/mol

Aldehyde 72 (107 mg, 243 umol, 1.00 eq), Amberlyst® (153 mg, 487 umol, 2.00 eq) and MgSO,
(178 mg) were dried under vacuum and dissolved in dry THF (4.0 mL).1,2-Ethane dithiol (40 L,
44.8 mg, 477 umol, 1.96 eq) was added and the reaction was stirred at room temperature for 20 h.
After completion the reaction mixture was filtered over a plug of silica (CH,Cl;) and removal of the
solvent in vacuo gave crude dithiolane 83. Flash column chromatography (SiO,, CH/EA 19:1) provides

pure dithiolane 83 (125 mg, 243 umol, quant.) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.49-7.46 (m, 2 H, H-Ph), 7.43-7.34 (m, 10 H, H-Ph), 7.33
(s, 1 H, H-6), 7.31-7.29 (m, 3 H, H-Ph), 5.83 (s, 1 H, H-7), 5.14 (s, 2 H, H-12), 5.04 (s, 2 H, H-11), 4.97 (s,
2 H, H-10), 3.44-3.38 (m, 2 H, H-8), 3.35-3.29 (m, 2 H, H-8), 2.23 (s, 3 H, H-9). 3C-NMR (126 MHz,
CD.Cl,, 298 K): & (ppm) = 151.3 (C-3), 150.9 (C-5), 141.9 (C-4), 138.3 (C-Ph), 138.1 (C-Ph), 137.7 (C-Ph),
134.3 (C-1), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.3 (C-Ph), 128.3
(C-Ph), 128.1 (C-Ph) (C-Ph), 123.5 (C-2), 109.7 (C-6), 75.7 (C-11), 75.6 (C-10), 71.4 (C-12), 53.5 (C-7),
40.1 (C-8), 11.9 (C-9). MS (ESI-TOF) m/z: [M+H]* calcd. for Cs;H3;05S," 515.1709, found 515.1710.
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6. Experimental part

Deprotection of dithiolane 83 to 84

S/>
BnO

BnO
72

OBn

C10H1203S;
M = 244.32 g/mol

Dithiolane 83 (101 mg, 197 umol, 1.00 eq) was dissolved in 1,2-ethane dithiol (4.0 mL) and cooled to
0 °C. BF3-OEt; (200 pL, 1.58 mmol, 8.01 eq) was added and the reaction was stirred at room
temperature for 45 min. After completion the reaction was quenched with H,O (20 mL) and the
aqueous phase was extracted with Et,0 (3x20 mL). The combined organic phases were washed with
brine (20 mL) and dried over Na,SO4 and concentrated in vacuo. Flash column chromatography (SiO,,
CH/EA 9:1 - 1:1) gave deprotected dithiolane 84 (41.8 mg, 171 umol, 87%) as a white amorphous

solid.

'H-NMR (700 MHz, acetone-d6, 298 K): 6 (ppm) = 6.92 (s, 1 H, H-6), 5.84 (s, 1 H, H-7), 3.46-3.41 (m,
2 H, H-8), 3.33-3.30 (m, 2 H, H-8), 2.20 (s, 3 H, H-9). *C-NMR (176 MHz, acetone-d6, 298 K): & (ppm) =
144.7 (C-3), 143.7 (C-5), 133.1 (C-4), 129.1 (C-1), 115.2 (C-2), 107.2 (C-6), 54.2 (C-7), 40.0 (C-8), 11.2
(C-9).
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6.2.2 Relevant to chapter 4.2

Synthesis of alkyne 92 by Sonogashira reaction of iodide 59 (route 1)

BnO | Ph10.0.3
- 1M1 g
BnO 59 Ph/\O 3
OBn
O
12(
Ph
C30H2603

M = 434.54 g/mol

lodide 59 (52.0 mg, 96.9 umol, 1.00 eq), Pd(PPhs),Cl, (5.65 mg, 8.05 umol, 8.3 mol%), PPhs (4.22 mg,
16.1 pumol, 16.6 mol%) and Cul (1.53 mg, 8.05 umol, 8.3 mol%) were dried under vacuum before NEt;
(100 pL, 721 pmol, 7.44 eq) was added. The compounds were dissolved in dry and degassed toluene
(2.0 mL) and the reaction was stirred at 40 °C for 22 h. After completion the reaction mixture was
filtered over a plug of silica (CH,Cl,) and the solvent was removed in vacuo. K,COs (49.6 mg, 359 umol,
3.70 eq) was added and the mixture was suspended in dry MeOH (5.0 mL) and dry CH,Cl, (5.0 mL). The
reaction was stirred at room temperature for 1.5 h. After completion the reaction mixture was filtered
over a plug of silica (CH2Cl;) and the solvent was removed in vacuo. Flash column chromatography

(SiO,, CH/EA 19:1) gave alkyne 92 (39.8 mg, 91.6 umol, 94%) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.47-7.44 (m, 2 H, H-Ph), 7.43-7.34 (m, 10 H, H-Ph),
7.32-7.30 (m, 3 H, H-Ph), 6.94 (s, 1 H, H-6), 5.09 (s, 2 H, H-12), 5.08 (s, 2 H, H-11), 5.01 (s, 2 H, H-10),
3.29 (s, 1 H, H-8), 2.29 (s, 3 H, H-9). *C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 151.6 (C-3), 151.0
(C-5), 143.8 (C-4), 138.0 (C-Ph), 138.0 (C-Ph), 137.3 (C-Ph), 128.9 (C-2), 128.9 (C-Ph), 128.9 (C-Ph), 128.8
(C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.0 (C-Ph), 117.5 (C-1), 113.9 (C-6),
82.6 (C-7), 80.5 (C-8), 75.8 (C-11), 75.5 (C-10), 71.5 (C-12), 14.2 (C-9). MS (APCI) m/z: [M+H]* calcd. for
CsoH2705" 435.1955, found 435.1956.
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6. Experimental part
Synthesis of alkyne 92 by decarboxylative Sonogashira reaction of acid 58 (route 2)

0O

BnO
" OH

BnO 58
OBn

C30H2603
M = 434.54 g/mol

Acid 58 (56.1 mg, 123 umol, 1.00 eq), XantPhos Pd G3 (12.8 mg, 13.5 umol, 10.9 mol%) and DMAP
(90.3 mg, 739 umol, 5.99 eq) were dried under vacuum before piv,0 (40.0 pL, 197 umol, 1.60 eq) and
TIPS acetylene (150 pL, 669 umol, 5.42 eq) were added. The compounds were dissolved in dry and
degassed 1,4-dioxane (2.0 mL) and the reaction was stirred at reflux for 19 h. After completion the
reaction mixture was filtered over a plug of silica (CH,Cl;) and the solvent was removed in vacuo. TBAF
(1.0 M in THF, 1.0 mL, 1.00 mmol, 8.10 eq) was added and the mixture was suspended in dry THF
(5.0 mL). The reaction was stirred at room temperature for 1.5 h. After completion the reaction was
quenched with aqueous NH4Cl (sat., 20 mL) and the aqueous phase was extracted with CHCl,
(3x15 mL). The combined organic phases were dried over Na,SO, and filtered over a plug of silica
(CH,Cl,). Removal of the solvent in vacuo and flash column chromatography (SiO,, CH/EA 100:1 >
24:1) gave alkyne 92 (20.4 mg, 46.9 umol, 38%) as a white amorphous solid.

For analytical data see route 1 above.
Synthesis of alkyne 92 by Ohira-Bestmann reaction of aldehyde 72 (route 3)

(0]
BnO

BnO 72
OBn

C30H2603
M = 434.54 g/mol

Aldehyde 72 (434 mg, 990 pumol, 1.00 eq) and K>COs (277 mg, 2.00 mmol, 2.02 eq) were dried under
vacuum before Ohira-Bestmann reagent (225 pL, 1.49 mmol, 1.51 eq) was added. The compounds
were dissolved in dry MeOH (5.0 mL) and dry THF (5.0 mL) and the reaction was stirred at room
temperature for 23 h. After completion Et,0 (30 mL) was added and the organic phase was washed
with agueous NaHCOs (sat., 20 mL). The organic phase was dried over MgS0, and filtered over a plug
of silica (Et,0). Removal of the solvent in vacuo gave alkyne 92 (421 mg, 970 umol, 98%) as a white

amorphous solid.
For analytical data see route 1 above.
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Synthesis of iodide 91

BnO

BnO

C30H27105
M = 594.45 g/mol

Precursor 57 (615 mg, 1.31 mmol, 1.00 eq) and AgCO,CF; (306 mg, 1.39 mmol, 1.06 eq) were dried
under vacuum and |, (365 mg, 1.44 mmol, 1.10 eq) was added. The solids were dissolved in dry CHCl;
(10 mL) and the reaction was stirred at room temperature for 23 h. After completion the reaction was
qguenched with agueous Na,;S;03 (1.0 M, 20 mL). The phases were separated and the organic phase was
concentrated in vacuo. Flash column chromatography (SiO,, CH/EA 9:1) gave iodide 91 (780 mg,

1.31 mmol, quant.) as a white amorphous solid.

H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.53-7.50 (m, 2 H, H-Ph), 7.43-7.34 (m, 13 H, H-Ph), 5.09
(s, 2 H, H-11), 5.05 (s, 2 H, H-12), 5.04 (s, 2 H, H-10), 3.91 (s, 3 H, H-7), 2.15 (s, 3 H, H-9). *C-NMR
(126 MHz, CD,Cl,, 298 K): & (ppm) = 169.3 (C-8), 152.4 (C-3), 151.4 (C-5), 146.9 (C-4), 137.5 (C-Ph),
137.4 (C-Ph), 137.2 (C-1), 137.1 (C-Ph), 129.2 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8
(C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 127.3 (C-Ph), 84.8 (C-6), 76.3 (C-11), 75.8 (C-12), 75.7 (C-10), 53.0
(C-7), 14.1 (C-9). MS (APCI) m/z: [M+H]"* calcd. for CsoHas10s* 595.0976, found 595.0976.
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6. Experimental part

Synthesis of alkyne 123

BnO BnO
n OMe

BnO | BnO
oBn 91 OBn

CeoHs5208
M =901.07 g/mol

lodide 91 (49.2 mg, 82.8 umol, 1.00 eq) and alkyne 92 (158 mg, 364 umol, 4.39 eq) were dried under
vacuum. Pd(PPhs)s (6.00 mg, 5.19 umol, 6.27 mol%) and Cul (1.10 mg, 5.78 umol, 6.98 mol%) were
added in the glovebox to ensure air-free conditions. NEt; (100 pL, 721 pumol, 8.72 eq) was added and
the mixture was dissolved in dry and degassed toluene (4.0 mL). The reaction was stirred at 90 °C for
21 h. After completion the reaction mixture was filtered over a plug of silica (CH,Clz) and the solvent
was removed in vacuo. Flash column chromatography (SiO,, CH/EA 100:1 - 9:1) gave alkyne 93
(70.7 mg, 78.5 umol, 95%) as an orange amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 7.51-7.48 (m, 2 H, H-Ph), 7.44-7.29 (m, 28 H, H-Ph), 6.79
(s, 1 H, H-14),5.20 (s, 2 H, H-20), 5.12 (s, 2 H, H-19), 5.08 (s, 2 H, H-23), 5.06 (s, 2 H, H-18), 5.00 (s, 2 H,
H-22), 4.97 (s, 2 H, H-24), 3.86 (s, 3 H, H-15), 2.25 (s, 3 H, H-21), 2.14 (s, 3 H, H-17). 3C-NMR (126 MHz,
CD.Cl,, 298 K): & (ppm) = 168.7 (C-16), 152.6 (C-5), 152.2 (C-3), 151.6 (C-11), 151.1 (C-13), 147.2 (C-4),
143.5 (C-12), 138.0 (C-Ph), 137.8 (C-Ph), 137.6 (C-Ph), 137.6 (C-Ph), 137.3 (C-Ph), 133.4 (C-1), 128.9
(C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph),
128.6 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.3 (C-10), 128.0 (C-Ph), 126.2 (C-2), 118.6
(C-9), 113.3 (C-14), 112.2 (C-6), 95.5 (C-8), 86.5 (C-7), 76.2 (C-19), 76.2 (C-20), 75.8 (C-18), 75.7 (C-23),
75.5 (C-22), 71.5 (C-24), 52.8 (C-15), 14.5 (C-21), 13.5 (C-17). MS (MALDI) m/z: [M+K]* calcd. for
CeoHs20sK* 939.3294, found 939.3324.
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Synthesis of benzofurane 95

C1gH1608
M = 360.32 g/mol

Alkyne 93 (462 mg, 513 umol, 1.00 eq) was dissolved in EtSH (10 mL) and BF5-Et,O (780 L, 6.16 mmol,
12.0 eq) was added dropwise. The reaction was stirred at room temperature for 1.25 h. After
completion the reaction was quenched with H,O (40 mL) and the aqueous phase was extracted with
EA (3x50 mL). The combined organic phases were dried over Na;SO4 and the solvent was removed
in vacuo. Flash column chromatography (SiO,, CH/EA 3:1 = 1:1) gave a mixture of non-cyclized 96 and
cyclized 95 (combined vyield, 167 mg, 461 pumol, 90%). Analytical data was obtained from a smaller,
earlier batch that only gave cyclized 95 (51%, see chapter 4.2.2).

H-NMR (500 MHz, acetone-d6, 298 K): & (ppm) = 7.08 (s, 1 H, H-7), 6.88 (s, 1 H, H-14), 3.91 (s, 3 H,
H-15), 2.55 (s, 3 H, H-17), 2.35 (s, 3 H, H-18). 3C-NMR (176 MHz, acetone-d6, 298 K): & (ppm) = 168.3
(C-16), 157.0 (C-8), 145.3 (C-11), 143.9 (C-13), 142.0 (C-5), 141.7 (C-3), 134.7 (C-12), 134.0 (C-4), 125.7
(C-1), 125.5 (C-6), 122.3 (C-9), 115.7 (C-10), 113.6 (C-2), 108.0 (C-14), 106.5 (C-7), 51.5 (C-15), 13.9
(C-17), 13.4 (C-18). MS (El, 70.0 eV) m/z: [M*] calcd. for C1sH10s" 360.0845, found 360.0853.
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6. Experimental part

Synthesis of aldehyde 97

Cs1H5200
M =929.08 g/mol

Alkyne 93 (104 mg, 115 umol, 1.00 eq) and AgOTf (127 mg, 494 umol, 4.30 eq) were dissolved in dry
CH,Cl; (4.0 mL) and cooled to -70 °C. The mixture was stirred at this temperature for 1 h before
MeOCHCI; (80 pL, 901 umol, 7.84 eq) was added slowly and the reaction was stirred at -70 °C for 26 h.
After completion the reaction was quenched with aqueous NaHCOs (sat., 10 mL) and the aqueous
phase was extracted with Et,0 (3x10 mL). The combined organic phases were dried over MgSO4 and
filtered over a plug of silica (CH,Cl;). Removal of the solvent in vacuo gave crude aldehyde 97 (97.1 mg),
which was used immediately in the following reduction (see below). For pure analytical data

preparative TLC (SiO,, CH/EA 9:1) was performed.

1H-NMR (400 MHz, CD,Cl,, 298 K): & (ppm) = 10.43 (s, 1 H, H-15), 7.49-7.45 (m, 2 H, H-Ph), 7.44-7.34
(m, 26 H, H-Ph), 7.29-7.27 (m, 2 H, H-2), 5.22 (s, 2 H, H-21), 5.12 (s, 2 H, H-23), 5.12 (s, 2 H, H-25), 5.12
(s, 2 H, H-20), 5.11 (s, 2 H, H-24), 5.06 (s, 2 H, H-19), 3.88 (s, 3 H, H-16), 2.25 (s, 3 H, H-22), 2.14 (s, 3 H,
H-18). 3C-NMR (176 MHz, CD,Cl,, 298 K): & (ppm) = 190.2 (C-15), 168.6 (C-17), 155.8 (C-11), 152.9
(C-13), 152.8 (C-5), 152.7 (C-3), 147.1 (C-4), 146.9 (C-12), 137.5 (C-Ph), 137.5 (C-Ph), 137.5 (C-Ph), 137.4
(C-Ph), 137.3 (C-Ph), 137.2 (C-Ph), 133.5 (C-1), 132.9 (C-10), 129.3 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph),
128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8
(C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.4 (C-Ph),
127.5 (C-14), 126.2 (C-2), 121.7 (C-9), 111.7 (C-6), 93.6 (C-8), 91.7 (C-7), 77.0 (C-25), 76.5 (C-21), 76.3
(C-20), 76.2 (C-24), 75.8 (C-19), 75.6 (C-23), 52.9 (C-16), 14.5 (C-22), 13.5 (C-18). MS (ESI-TOF) m/z:
[M+H]* calcd. for Cs1Hs30s* 929.3684, found 929.3696.
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Synthesis of diol 98

Co0H5408
M =903.08 g/mol

Crude aldehyde 97 (97.1 mg) was dissolved in dry THF (10 mL) and DIBAI-H (1.0 m in CH, 600 pL,
600 umol, 5.74 eq) was added. The reaction was stirred at room temperature for 19 h. After
completion the reaction was quenched with aqueous Rochelle salt (sat., 10 mL) and the aqueous phase
was extracted with Et,0 (3x10 mL). The combined organic phases were dried over MgS0O, and filtered
over a plug of silica (Et;0). Removal of the solvent in vacuo and flash column chromatography (SiO,,

CH/EA 19:1 - 4:1) gave diol 98 (29.6 mg, 32.8 umol, 29% over 2 steps) as a white amorphous solid.

1H-NMR (400 MHz, CD,Cl,, 298 K): & (ppm) = 7.48-7.46 (m, 2 H, H-Ph), 7.44-7.33 (m, 26 H, H-Ph),
7.29-7.27 (m, 2 H, H-2), 5.23 (s, 2 H, H-20), 5.14 (s, 2 H, H-23), 5.10 (s, 2 H, H-24), 5.09 (s, 2 H, H-19),
5.04 (s, 2 H, H-22), 5.03 (s, 2 H, H-18), 4.83 (s, 2 H, H-16), 4.71 (s, 2 H, H-15), 2.30 (s, 3 H, H-21), 2.28 (s,
3 H, H-17). 3C-NMR (176 MHz, CD,Cl,, 298 K): & (ppm) = 152.4 (C-3), 152.3 (C-5), 151.3 (C-11), 149.4
(C-13), 146.8 (C-4), 145.7 (C-12), 137.8 (C-Ph), 137.8 (C-Ph), 137.8 (C-Ph), 137.8 (C-Ph), 137.6 (C-1),
137.6 (C-Ph), 132.9 (C-14), 131.4 (C-10), 129.2 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9
(C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.6 (C-Ph),
128.6 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph), 128.3 (C-2), 120.1 (C-9), 115.1 (C-6), 93.6 (C-8),
92.2 (C-7), 76.7 (C-24), 76.1 (C-23), 76.1 (C-19), 76.1 (C-20), 75.7 (C-18), 75.5 (C-22), 61.1 (C-16), 58.8
(C-15), 14.9 (C-21), 12.3 (C-17). MS (ESI-TOF) m/z: [M+NHa]* calcd. for CgoHssOsN1* 920.4168, found
920.4156.
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6. Experimental part
6.2.3 Relevant to chapter 4.3

Synthesis of iodide 99

O O
Ph. 9 0O
BnO H S H
10 4

BnO 72 Ph" 07 %
OBn 11(0 99

Ph

CagH25104

M = 564.42 g/mol

Aldehyde 72 (1.19 g, 2.72 mmol, 1.00 eq) and AgCO,CF; (611 mg, 2.76 mmol, 1.02 eq) were dried
under vacuum and |, (706 mg, 2.78 mmol, 1.02 eq) was added. The solids were dissolved in dry CHCl;
(40 mL) and the reaction was stirred at room temperature for 46 h. After completion the reaction was
qguenched with aqueous Na,S5;0s5 (1.0 M, 40 mL). The phases were separated and the aqueous phase
was extracted with Et,0 (2x40 mL). The combined organic phases were dried over MgSQO, and filtered
over a short plug of silica (Et,0). Removal of the solvent in vacuo gave iodide 99 (1.48 g, 2.63 mmol,

97%) as a white amorphous solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 10.20 (s, 1 H, H-7), 7.54-7.51 (m, 2 H, H-Ph), 7.42-7.33 (m,
13 H, H-Ph), 5.17 (s, 2 H, H-10), 5.07 (s, 2 H, H-11), 5.01 (s, 2 H, H-9), 2.39 (s, 3 H, H-8). *C-NMR
(126 MHz, CD,Cly, 298 K): & (ppm) = 197.9 (C-7), 152.5 (C-3), 150.8 (C-5), 149.5 (C-4), 137.3 (C-Ph),
137.1 (C-Ph), 136.9 (C-Ph), 132.8 (C-2), 130.9 (C-1), 129.3 (C-Ph), 129.0 (C-Ph), 128.9 (C-Ph), 128.9
(C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 95.5 (C-6), 76.3 (C-10), 75.7 (C-9), 75.7 (C-11), 12.7
(C-8). MS (El, 70.0 eV) m/z: [M™] calcd. for CsH,5104* 564.0798, found 564.0792.
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Synthesis of alkyne 102

0 8
BnO Ph_100.3 12 _F
H , 1 7
11 4
BnO | Ph" Y07 36
OoBn 99 0 102
12
Ph
C30H25103

M = 560.43 g/mol

lodide 99 (797 mg, 1.41 mmol, 1.00 eq) and K,COs (788 mg, 5.70 mmol, 4.40 eq) were dried under
vacuum. Ohira-Bestmann reagent (430 plL, 2.85 mmol, 2.02 eq) was added and the mixture was
suspended in MeOH/THF (1:1, 20 mL). The reaction was stirred at room temperature for 94 h. After
completion Et,0 (20 mL), aqueous NaHCOs (sat. 10 mL) and H,0 (5.0 mL) were added. The phases were
separated and the aqueous phase was extracted with Et,0 (2x10 mL). The combined organic phases
were dried over MgS0, and filtered over a short plug of silica (Et,0). Removal of the solvent in vacuo

gave alkyne 102 (747 mg, 1.33 mmol, 94%) as a white amorphous solid.

1H-NMR (500 MHz, CDCl,, 298 K): & (ppm) = 7.54-7.50 (m, 2 H, H-Ph), 7.43-7.33 (m, 13 H, H-Ph), 5.10
(s, 2 H, H-11), 5.04 (s, 2 H, H-12), 5.02 (s, 2 H, H-10), 3.64 (s, 1 H, H-8), 2.36 (s, 3 H, H-9). *C-NMR
(126 MHz, CD,Cl,, 298 K): & (ppm) = 151.9 (C-3), 151.5 (C-5), 147.3 (C-4), 137.5 (C-Ph), 137.4 (C-Ph),
137.1 (C-Ph), 133.7 (C-2), 129.3 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8
(C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 124.7 (C-1), 94.4 (C-6), 85.1
(C-8), 84.4 (C-7), 76.3 (C-11), 75.6 (C-12), 75.5 (C-10), 16.0 (C-9). MS (APCI) m/z: [M+H]* calcd. for
CsoH26105* 561.0921, found 561.0917.
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6. Experimental part

Synthesis of fragment 100

A

BnO

BnO |

C32H2803
M = 460.57 g/mol

Alkyne 102 (1.31 g, 2.33 mmol, 1.00 eq) KsPO4 (2.51 g, 11.8 mmol, 5.08 eq) and Pd(PPhs),Cl, (60.5 mg,
86.2 umol, 3.7 mol%) were dried under vacuum before being dissolved in 1,4-dioxane/H,O (4:1,
50 mL). Vinyl Bpin (800 pL, 4.72 mmol, 2.02 eq) was added and the reaction was stirred at reflux for
18 h. After completion the reaction was quenched with HCI (6.0 m, 40 mL). The phases were separated
and the aqueous phase was extracted with Et,0 (3x50 mL). The combined organic phases were dried
over MgSQ,, filtered over a short plug of silica (Et;0) and concentrated in vacuo. Flash column

chromatography (SiO,, CH/EA 30:1) gave fragment 100 (853 mg, 1.85 mmol, 79%) as an orange oil.

1H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 7.44-7.39 (m, 6 H, H-Ph), 7.38-7.33 (m, 9 H, H-Ph), 7.00
(dd, 313,140 = 17.9 Hz, ¥J13140 = 11.8 Hz, 1 H, H-13), 6.16 (dd, /13,142 = 17.9 Hz, 142146 = 2.0 Hz, 1 H, H-14a),
5.51 (dd, 313,140 = 11.8 Hz, 2140140 = 2.0 Hz, 1 H, H-14b), 5.12 (s, 2 H, H-11), 5.02 (s, 2 H, H-10), 4.99 (s,
2 H, H-12), 3.56 (s, 1 H, H-8), 2.33 (s, 3 H, H-9). 3C-NMR (176 MHz, CD,Cl,, 298 K): & (ppm) = 150.5
(C-3), 149.5 (C-5), 147.6 (C-4), 137.8 (C-Ph), 137.8 (C-Ph), 137.7 (C-Ph), 132.3 (C-2), 131.6 (C-13), 130.8
(C-6), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.5 (C-Ph), 128.5 (C-Ph),
128.4 (C-Ph), 120.4 (C-14), 117.5 (C-1), 86.1 (C-8), 81.2 (C-7), 76.1 (C-11), 75.6 (C-10), 75.2 (C-12), 14.8
(C-9). MS (EI, 70.0 eV) m/z: [M"] calcd. for Cs,H,505* 460.2038, found 460.2035.
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Synthesis of coupling product 104

o)

BnO BnO Z
H

BnO | BnO =

OBn OBn
102

Ce1H5207
M = 897.08 g/mol

lodide 99 (300 mg, 531 umol, 1.00 eq), alkyne 100 (761 mg, 1.65 mmol, 3.1 eq), Pd(PPhs)s (32.1 mg,
27.8 umol, 5.2 mol%) and Cul (10.0 mg, 52.5 pumol, 9.9 mol%) were dried under vacuum before being
dissolved in dry degassed toluene (20 mL). NEts (650 uL, 4.69 mmol, 8.82 eq) was added and the
reaction was stirred at 100 °C for 2 h. After completion the reaction was cooled to room temperature
and filtered over a short plug of silica (Et,0). Concentration in vacuo and flash column chromatography
(SiO,, CH/EA 100:1 > 30:1) gave internal alkyne 104 (419 mg, 467 umol, 88%) as an orange amorphous

solid.

H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 10.73 (s, 1 H, H-15), 7.45-7.39 (m, 11 H, H-Ph), 7.38-7.33
(m, 17 H, H-Ph), 7.29-7.26 (m, 2 H, H-Ph), 7.04 (dd, 3/24 255 = 17.8 Hz, 3J24250 = 11.8 Hz, 1 H, H-24), 6.09
(dd, 3Jaa252 = 17.8 Hz, Yasazsa = 2.0 Hz, 1 H, H-25a), 5.41 (dd, 324250 = 11.8 Hz, Yasa2sa = 2.0 Hz, 1 H,
H-25b), 5.23 (s, 2 H, H-19), 5.19 (s, 2 H, H-22), 5.15 (s, 2 H, H-18), 5.02 (s, 2 H, H-21), 5.00 (s, 2 H, H-23),
4.99 (s, 2 H, H-17), 2.44 (s, 3 H, H-16), 2.31 (s, 3 H, H-20). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) =
193.5(C-15), 152.5 (C-5), 152.1 (C-3), 150.6 (C-11), 150.4 (C-12), 149.6 (C-13), 147.6 (C-4), 137.8 (C-Ph),
137.8 (C-Ph), 137.7 (C-Ph), 137.4 (C-Ph), 137.3 (C-Ph), 137.3 (C-Ph), 131.9 (C-24), 131.8 (C-10), 131.6
(C-1), 131.2 (C-2), 130.6 (C-14), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph),
128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.5
(C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 120.7 (C-25), 120.3 (C-6), 118.4 (C-9), 98.4 (C-8), 90.3
(C-7), 76.2 (C-19), 76.2 (C-18, C-22), 75.8 (C-17), 75.6 (C-21), 75.2 (C-23), 15.1 (C-20), 12.9 (C-16). MS
(ESI-TOF) m/z: [M+Na]* calcd. for Cg1Hs,07Na* 919.3605, found 919.3604.
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6. Experimental part

Synthesis of diol 105

Ce1H5409
M = 931.09 g/mol

Alkyne 104 (949 mg, 1.06 mmol, 1.00 eq) and NMO-H,0 (435 mg, 3.22 mmol, 3.04 eq) were dissolved
in acetone/H,0 (20:1, 40 mL) and THF (5 mL). OsO4 (4 wt% in H,0, 375 L, 59.0 umol, 5.6 mol%) was
added and the reaction was stirred at room temperature for 26 h. After completion the reaction was
guenched with aqueous Na,S$,0s (sat., 40 mL) and the agueous phase was extracted with EA (2x30 mL).
The combined organic phases were dried over MgS0,4 and filtered. Removal of the solvent in vacuo
gave crude diol 105 (1.10 g) as a yellow amorphous solid, which was immediately used in the following
reaction without purification. This step can be purified by flash column chromatography (SiO,, CH/EA
4:1) for analytical data.

H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 10.62 (s, 2 H, H-15), 7.45-7.33 (m, 27 H, H-Ph), 7.29-7.23
(m, 3 H, H-Ph), 5.34-5.28 (m, 1 H, H-24), 5.26 (s, 2 H, H-19), 5.23 (d, %2323 = 10.8 Hz, 1 H, H-23), 5.19 (s,
2 H, H-22), 5.14 (s, 2 H, H-18), 5.11 (d, 2J23,23 = 10.8 Hz, 1 H, H-23), 5.08-5.02 (m, 2 H, H-21), 5.02-4.96
(m, 2 H, H-17),3.82 (dd, %2525 = 11.3 Hz, 3J55,0n = 8.7 Hz, 1 H, H-25), 3.76 (d, 3/25,0n = 10.1 Hz, 1 H, H-OH),
3.60 (d, 2as2s = 11.3 Hz, 1 H, H-25), 2.42 (s, 3 H, H-16), 2.31 (s, 3 H, H-20). 3C-NMR (126 MHz, CD,Cl,,
298 K): 6 (ppm) = 192.9 (C-15), 152.6 (C-5), 152.3 (C-3), 151.1 (C-11), 150.3 (C-12), 149.6 (C-13), 147.1
(C-4), 137.7 (C-Ph), 137.5 (C-Ph), 137.3 (C-Ph), 137.2 (C-Ph), 137.2 (C-Ph), 137.1 (C-Ph), 132.3 (C-10),
132.2 (C-14), 132.1 (C-2), 131.1 (C-1), 129.0 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph), 128.9 (C-Ph), 128.9
(C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph),
128.6 (C-Ph), 118.6 (C-6), 117.9 (C-9), 96.6 (C-8), 91.6 (C-7), 76.5 (C-23), 76.2 (C-18), 76.2 (C-22), 76.1
(C-19), 75.9 (C-17), 75.6 (C-21), 73.3 (C-24), 66.8 (C-25), 14.9 (C-20), 12.6 (C-16). MS (MALDI) m/z:
[M+Na]* calcd. for Ce1Hs40sNa* 953.3660, found 953.3688.
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Synthesis of dialdehyde 89

Co0H500s
M = 899.05 g/mol

Crude diol 105 (1.10 g) and Pb(OAc)s (708 mg, 1.60 mmol, 1.51 eq) were dissolved in dry toluene
(40 mL) and stirred at room temperature for 35 min. After completion the reaction was filtered over a
short plug of silica (EA) and the solvent was removed in vacuo giving dialdehyde 89 (894 mg, 995 pumol,

94% over 2 steps) as a yellow amorphous solid.

'H-NMR (500 MHz, CD,Cl,, 298 K): 6 (ppm) = 10.80 (s, 1 H, H-15), 10.40 (s, 1 H, H-24), 7.47-7.33 (m,
27 H, H-Ph), 7.28-7.24 (m, 3 H, H-Ph), 5.22 (s, 2 H, H-19), 5.19 (s, 2 H, H-22), 5.16 (s, 2 H, H-23), 5.15 (s,
2 H, H-18), 5.13 (s, 2 H, H-21), 5.00 (s, 2 H, H-17), 2.45 (s, 3 H-16), 2.28 (s, 3 H, H-20). 3C-NMR
(126 MHz, CD,Cly, 298 K): & (ppm) = 194.3 (C-15), 189.7 (C-24), 156.2 (C-11), 154.1 (C-13), 152.8 (C-5),
152.5 (C-3), 150.3 (C-12), 146.7 (C-4), 137.4 (C-Ph), 137.3 (C-Ph), 137.3 (C-Ph), 137.2 (C-Ph), 136.9
(C-Ph), 133.3 (C-10), 131.7 (C-1), 131.6 (C-2), 129.3 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph),
128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7
(C-Ph), 128.6 (C-Ph), 128.4 (C-Ph), 127.4 (C-14), 119.8 (C-6, C-9), 96.6 (C-8), 91.8 (C-7), 77.2 (C-23),76.3
(C-18), 76.3 (C-19), 76.2 (C-22), 75.8 (C-17), 75.7 (C-21), 14.6 (C-20), 12.9 (C-16). MS (ESI-TOF) m/z:
[M+H]* calcd. for CeoHs10s" 899.3578, found 899.3580.
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6. Experimental part

Synthesis of phenol 106

C18H140s
M = 358.30 g/mol

Dialdehyde 89 (974 mg, 1.08 mmol, 1.00 eq) was dissolved in dry CH,Cl; (20 mL) and cooled to -41 °C.
BBr3 (6.6 mL, 1.0 M in CH,Cl,, 6.60 mmol, 6.09 eq) was added dropwise and the reaction was stirred
at -41 °C for 10 min. After completion the reaction was quenched with aqgueous NaHCOs (sat., 40 mL)
and brine (40 mL). The phases were separated and the aqueous phase was washed with EA (3x40 mL).
Afterwards the aqueous phase was acidified with HCl (12 m, dropwise and slowly) until pH < 1 and
extracted with EA (3x50 mL). The combined organic phases were dried over Na,SO,4 and filtered.
Removal of the solvent in vacuo gave crude phenol 106, which was immediately used in the following
reaction without purification. The crude product can be purified by vapor diffusion recrystallisation

(EtOH/pentane) for analytical data.

'H-NMR (700 MHz, acetone-d6, 298 K): & (ppm) = 10.68 (s, 1 H, H-15), 10.50 (s, 1 H, H-18), 2.49 (s, 3 H,
H-16), 2.41 (s, 3 H, H-17). 3C-NMR (176 MHz, acetone-d6, 298 K): § (ppm) = 197.1 (C-18), 192.4 (C-15),
151.7 (C-11), 150.9 (C-13), 146.4 (C-5), 145.9 (C-3), 139.2 (C-4), 133.1 (C-12), 127.3 (C-1), 121.9 (C-10),
121.4 (C-2), 119.4 (C-9), 114.6 (C-14), 108.5 (C-6), 94.4 (C-8), 92.2 (C-7), 13.6 (C-17), 11.8 (C-16). MS
(APCI) m/z: [M+H]* calcd. for C1sH150s" 359.0761, found 359.0753.
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Synthesis of epicoccolide B (2)

Z
HO OH

C1gH1408
M = 358.30 g/mol
Crude phenol 106 and PtCl, (57.3mg, 215umol, 19.9 mol%) were dissolved in dry
THF/toluene/1,4-dioxane (1:1:1, 30 mL) and stirred at 80 °C for 19 h. After completion the reaction
was cooled to room temperature and filtered. Removal of the solvent invacuo gave crude
epicoccolide B (2, 26% gNMR over 2 steps). The crude product can be purified by HPLC (MACHERY-
NAGEL Nucleodur 100-5 Gravity C18 250 x 16 mm, 0.1 Vol% TFA in both solvents, 0-20 min 25:75 >

40:60 MeCN/H,O0, product elution after 15 min) to obtain pure 2 as a yellow amorphous solid.

1H-NMR (700 MHz, DMSO-d6, 298 K): & (ppm) = 12.08 (s, 1 H, H-OH C-13), 10.81 (s, 1 H, H-OH C-4),
10.42 (s, 1 H, H-15), 10.18 (s, 1 H, H-OH C-11), 9.53 (s, 1 H, H-OH), 9.48 (s, 1 H, H-18), 8.80 (s, 1 H,
H-OH), 7.47 (s, 1 H, H-7), 2.58 (s, 3 H, H-16), 2.01 (s, 3 H, H-17). 3C-NMR (176 MHz, DMSO-d6, 298 K):
8 (ppm) = 194.8 (C-18), 190.2 (C-15), 151.6 (C-8), 151.5 (C-11), 150.2 (C-13), 142.4 (C-5), 140.9 (C-3),
136.4 (C-4), 132.7 (C-12), 127.6 (C-2), 124.9 (C-9), 122.9 (C-6), 118.7 (C-10), 117.2 (C-1), 112.6 (C-14),
109.0 (C-7), 12.7 (C-17), 11.1 (C-16). MS (APCI) m/z: [M+H]* calcd. for CisH1s0s* 359.0761, found
359.0758.
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6. Experimental part
6.2.4 Relevant to chapter 4.4

Synthesis of epicoccolide A (1)

C18H1409
M = 374.30 g/mol

Epicoccolide B (2, 1.98 mg, 5.53 umol, 1.00 eq) was dissolved in dry acetone (0.5 mL) and fresh DMDO
(1.0 mL, 60 mm in acetone, 60 umol, 10.8 eq) was added. The reaction was stirred at room
temperature for 15 min before quenching with aqueous Na,S;0s (sat., 4.0 mL). The aqueous phase was
extracted with EA (3x4.0 mL), the combined organic phases were dried over Na,SO, and filtered.
Removal of the solvent invacuo gave a crude mixture of epicoccolide A (1, 5% gNMR) and
epicoccolide B (2, 73% gNMR). The crude mixture can be purified by HPLC (MACHERY-NAGEL
Nucleodur 100-5 Gravity C18 250 x 16 mm, 0.1 Vol% TFA in both solvents, 0-20 min 20:80 - 40:60

MeCN/H-0, product elution after 12.5 min) to obtain 1 as a yellow amorphous solid.

1H-NMR (700 MHz, DMSO-d6, 298 K): & (ppm) = 10.32 (s, 1 H, H-17), 6.75 (s, 1 H, H-1), 6.11 (s, 1 H,
H-9), 2.33 (s, 3 H, H-16), 2.29 (s, 3 H, H-18). 3.C-NMR (176 MHz, DMSO-d6, 298 K): & (ppm) = 193.3
(C-8), 191.3 (C-17), 145.0 (C-5), 143.9 (C-13), 141.4 (C-4), 140.0 (C-3), 138.2 (C-14), 135.9 (C-15), 121.9
(C-11), 121.1 (C-12), 120.2 (C-6), 119.1 (C-2), 115.6 (C-7), 113.8 (C-10), 89.3 (C-1), 71.0 (C-9), 12.7
(C-16), 11.9 (C-18). MS (APCI) m/z: [M+H]* calcd. for C1sH150s" 375.0711, found 375.0705.
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Synthesis of acetylated epicoccolide B (107)

C2gH24013
M = 568.49 g/mol

Epicoccolide B (2) (42.5 mg, 119 umol, 1.00 eq) was dissolved in dry THF (5 mL). AcCl (1.0 m in CH,Cl,,
600 uL, 600 mol, 5.06 eq) and NEts; (165 pL, 1.19 mmol 10.0 eq) were added and the reaction was
stirred at room temperature for 1 h. After completion the reaction was quenched with brine (10 mL)
and H,0 (10 mL). The aqueous phase was extracted with EA (3x20 mL) and the combined organic
phases were dried over Na,SO,. Filtration and removal of the solvent in vacuo gave 107 (47.6 mg,

83.7 umol, 71%) as a white amorphous solid.

'H-NMR (700 MHz, acetone-d6, 298 K): & (ppm) = 10.67 (s, 1 H, H-15), 9.81 (s, 1 H, H-18), 7.81 (s, 1 H,
H-7), 2.65 (s, 3 H, H-16), 2.44 (s, 3 H, H-Ac), 2.41 (s, 3 H, H-Ac), 2.39 (s, 3 H, H-Ac), 2.38 (s, 3 H, H-Ac),
2.33 (s, 3 H, H-Ac), 2.16 (s, 3 H, H-17). 13C-NMR (176 MHz, acetone-d6, 298 K): § (ppm) = 190.9 (C-15),
188.8 (C-18), 168.9 (C-Ac), 168.5 (C-Ac), 167.9 (C-Ac), 167.6 (C-Ac), 167.4 (C-Ac), 153.8 (C-8), 147.2
(C-11), 146.6 (C-5), 142.5 (C-12), 140.4 (C-3), 139.0 (C-13), 135.3 (C-4), 133.2 (C-2), 132.810), 131.2
(C-9), 128.3 (C-6), 128.2 (C-14), 124.9 (C-1), 111.0 (C-7), 20.4 (C-Ac), 20.2 (C-Ac), 20.2 (C-Ac), 20.2
(C-Ac), 20.0 (C-Ac), 13.8 (C-17), 11.5 (C-16). MS (APCI) m/z: [M+Na]* calcd. for CysH24013Na* 591.1109,
found 591.1108.
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6. Experimental part
6.2.5 Relevant to chapter 4.5

Synthesis of coupling product 111

BnO BnO

BnO | BnO
OBn OBn

Cs9H5007
M = 871.04 g/mol

lodide 99 (403 mg, 715 umol, 1.00 eq), alkyne 92 (1.11 g, 2.54 mmol, 3.56 eq), Pd(PPhs)s (44.2 mg,
38.2 umol, 5.4 mol%) and Cul (13.0 mg, 68.3 umol, 9.6 mol%) were dried under vacuum before being
dissolved in dry degassed toluene (30 mL). NEts; (850 uL, 6.13 mmol, 8.58 eq) was added and the
reaction was stirred at 100 °C for 3 h. After completion the reaction was cooled to room temperature
and filtered over a short plug of silica (Et,0). Concentration in vacuo and flash column chromatography

(SiO,, CH/EA 100:1 - 30:1) gave internal alkyne 111 (623 mg, 715 umol, quant.) as a yellow solid.

1H-NMR (500 MHz, CD,Cl,, 298 K): & (ppm) = 10.75 (s, 1 H, H-15), 7.50-7.46 (m, 2 H, H-Ph), 7.45-7.34
(m, 21 H, H-Ph), 7.32-7.29 (m, 7 H, H-Ph), 6.87 (s, 1 H, H-14), 5.22 (s, 2 H, H-19), 5.21 (s, 2 H, H-18), 5.09
(s, 2 H, H-22), 5.01 (s, 2 H, H-17), 5.00 (s, 2 H, H-21), 4.97 (s, 2 H, H-23), 2.46 (s, 3 H, H-16), 2.29 (s, 3 H,
H-20). 3C-NMR (126 MHz, CD,Cl,, 298 K): & (ppm) = 193.3, 152.5 (C-5), 152.1 (C-3), 151.7 (C-11), 151.2
(C-13), 150.5 (C-4), 143.8 (C-12), 138.0 (C-Ph), 138.0 (C-Ph), 137.6 (C-Ph), 137.3 (C-Ph), 137.3 (C-Ph),
137.2 (C-Ph), 131.9 (C-2), 131.1 (C-1), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9
(C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.5 (C-10),
128.5 (C-Ph), 128.4 (C-Ph), 128.1 (C-Ph), 120.3 (C-Ph), 118.4 (C-9), 113.3 (C-6, C-14), 99.8 (C-8), 85.3
(C-7),76.2,76.1,75.8,75.8,75.6, 71.5, 14.6, 12.9. MS (APCI) m/z: [M+H]* calcd. for CsoHs10,* 871.3629,
found 871.3623.
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Synthesis of analog 112

(0]
BnO
PO
B
no % OBn
OBn O
OBn

111
OBn

1
HO OH

C17H1407
M = 330.29 g/mol
Alkyne 111 (6.80 mg, 7.8 umol, 1.00 eq) and PhMes (7.20 mg, 48.6 umol, 6.22 eq) were dissolved in
dry CH,Cl; (1.0 mL) and cooled to -78 °C. BBr3 (94 pL, 1.0 m in CH,Cl, 94.0 umol, 12.0 eq) was added
dropwise and the reaction was stirred at -78 °C for 10 min. After completion the reaction was
qguenched with aqueous NaHCOs (sat., 3.0 mL) and brine (1.0 mL). The phases were separated and the
aqueous phase was washed with EA (3x3.0 mL). Afterwards the aqueous phase was acidified with HCI
(12 m, dropwise and slowly) until pH < 1 and extracted with EA (3x5.0 mL). The combined organic
phases were dried over Na,SO4 and filtered. Removal of the solvent in vacuo gave crude analog 112
(40% gNMR). The crude product can be purified by HPLC (MACHERY-NAGEL Nucleodur 100-5 Gravity
C18 250 x 16 mm, 0.1 Vol% TFA in both solvents, 0-20 min 25:75 = 40:60 MeCN/H,0, product elution

after 9 min) to obtain pure 112 as a yellow solid.

H-NMR (700 MHz, acetone-d6, 298 K): & (ppm) = 10.52 (s, 1 H, H-15), 7.48 (s, 1 H, H-7), 6.94 (s, 1 H,
H-14), 2.66 (s, 3 H, H-16), 2.37 (s, 3 H, H-17). *C-NMR (176 MHz, acetone-d6, 298 K): § (ppm) = 190.4
(C-15), 158.7 (C-8), 145.3 (C-11), 144.0 (C-13), 142.2 (C-5), 141.2 (C-3), 136.3 (C-4), 134.8 (C-12), 127.5
(C-2), 125.5 (C-6), 122.1 (C-9), 118.9 (C-1), 115.6 (C-10), 107.9 (C-14), 104.9 (C-7), 13.4 (C-17), 11.0
(C-16). MS (APCI) m/z: [M+H]* calcd. for C17H1507* 331.0812, found 331.0817.
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6. Experimental part
6.2.6 Relevant to chapter 4.6

Synthesis of iodide 116

BnO

BnO |

C30H27103
M = 562.45 g/mol

BrPPhsMe (472 mg, 1.32 mmol, 2.02 eq) was dissolved in dry THF (10 mL) and NHMDS (1.0 M in THF,
1.31 mL, 1.31 mmol, 2.01 eq) was added. The mixture was stirred at room temperature for 15 min
before adding a solution of iodide 99 (369 mg, 653 umol, 1.00 eq) in dry THF (10 mL). The reaction was
stirred at room temperature for 40 min. After completion the reaction was quenched with aqueous
NH4CI (sat., 15 mL) and H,0 (5.0 mL). The aqueous phase was extracted with CH,Cl, (3x15 mL) and the
combined organic phases were washed with brine (10 mL). Drying over Na,SO,, filtration over a short
plug of silica (CH,Cl;) and removal of the solvent in vacuo gave crude 116. The crude product was
adsorbed on Celite (5.0 g) and washed thoroughly with cyclohexane. Isolation of the product by
dissolving it in CH.Cl, and filtration of the Celite gave iodide 116 (353 mg, 628 umol, 96%) as an

amorphous off-white solid.

1H-NMR (300 MHz, CD,Cl,, 298 K): & (ppm) = 7.75-7.66 (m, 2 H, H-Ph), 7.56-7.32 (m, 13 H, H-Ph), 6.60
(dd, 3J7,80 = 17.8 Hz, 3J7,8: = 11.3 Hz, 1 H, H-7), 5.53 (dd, 3J7,85 = 11.3 Hz, 2Jsa s = 1.7 Hz, 1 H, H-8a), 5.20
(dd, 37,80 = 17.8 Hz, 2sa s = 1.7 Hz, 1 H, H-8b), 5.08 (s, 2 H, H-11), 5.05 (s, 2 H, H-12), 5.03 (s, 2 H, H-10),
2.26 (s, 3 H, H-9). 3C-NMR (176 MHz, acetone-d6, 298 K): & (ppm) = 152.3 (C-3), 150.6 (C-5), 144.9
(C-4), 140.1 (C-7), 138.9 (C-1), 137.8 (C-Ph), 137.7 (C-Ph), 137.5 (C-Ph), 133.7 (C-Ph), 133.2 (C-Ph), 132.6
(C-Ph), 132.5 (C-Ph), 132.0 (C-Ph), 132.0 (C-Ph), 129.2 (C-Ph), 129.0 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph),
128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.5 (C-Ph), 128.5
(C-Ph), 128.5 (C-Ph), 127.7 (C-2), 120.9 (C-8), 92.7 (C-6), 76.2 (C-11), 75.4 (C-10, C-12), 15.5 (C-9). MS
(APCI) m/z: [M+H]* calcd. for C3oH2s103* 563.1078, found 563.1078.
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Synthesis of internal alkyne 117

BnO

BnO |
OBn

116

Ce2H5406
M = 895.11 g/mol

lodide 116 (1.41 g, 2.51 mmol, 2.30 eq), bis(trimethylstannyl) acetylene (384 mg, 1.09 mmol, 1.00 eq)
and Pd(PPhs),Cl, (76.0 mg, 108 umol, 9.9 mol%) were dissolved in dry DMF (22 mL). The reaction was
stirred at 100 °C for 19 h. After completion the reaction was quenched with aqueous NH4CI (sat.,
50 mL) and H,0 (20 mL). The aqueous phase was extracted with CH,Cl; (3x50 mL) and the combined
organic phases were washed with brine (50 mL). Drying over Na,SO,, filtration over a short plug of
silica (CH,Cl;) and removal of the solvent in vacuo gave crude 117. Flash column chromatography (SiO»,

CH/EA 49:1) gave pure 117 (664 mg, 742 umol, 68%) as a yellow amorphous solid.

1H-NMR (400 MHz, CD,Cl,, 298 K): & (ppm) = 7.47-7.33 (m, 26 H, H-Ph), 7.26-7.23 (m, 4 H, H-Ph), 6.92
(dd, 30 = 17.9 Hz, 3Jsea = 11.5 Hz, 2 H, H-8), 5.57 (dd, *Jgep = 17.9 Hz, 2sass = 1.7 Hz, 2 H, H-9b), 5.49
(dd, ¥Js.6a = 11.5 Hz, 2Joasp = 1.7 Hz, 2 H, H-9a), 5.18 (s, 4 H, H-13), 5.10 (s, 4 H, H-12), 5.05 (s, 4 H, H-11),
2.25 (s, 6 H, H-10). 3C-NMR (176 MHz, acetone-d6, 298 K): & (ppm) = 152.6 (C-5), 152.1 (C-3), 145.1
(C-4), 138.0 (C-Ph), 138.0 (C-Ph), 137.9 (C-Ph), 136.9 (C-1), 134.8 (C-8), 128.9 (C-Ph), 128.9 (C-Ph), 128.8
(C-Ph), 128.7 (C-Ph), 128.5 (C-Ph), 128.4 (C-Ph), 128.4 (C-Ph), 128.1 (C-Ph), 126.7 (C-2), 120.7 (C-9),
114.1 (C-6), 93.0 (C-7), 76.1 (C-12), 76.0 (C-13), 75.6 (C-11), 14.1 (C-10). MS (APCI) m/z: [M+H]* calcd.
for Ce2Hs506" 895.3993, found 895.3998.
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6. Experimental part

Synthesis of dialdehyde 113

CeoH5008
M = 899.05 g/mol

Alkyne 117 (537 mg, 600 umol, 1.00 eq) and NMO-H,0 (327 mg, 2.42 mmol, 4.03 eq) were dissolved
in acetone/THF/H,0 (10:10:1, 21 mL). OsO4 (4 wt% in H>0, 200 pL, 31.5 pmol, 5.2 mol%) was added
and the reaction was stirred at room temperature for 21 h. After completion the reaction was
guenched with aqueous Na,S$;0s (sat., 50 mL) and the agueous phase was extracted with EA (3x25 mL).
The combined organic phases were dried over Na,SO,4 and filtered over a plug of silica (EA). After
removal of the solvent in vacuo Pb(OAc)s (685 mg, 1.54 mmol, 2.57 eq) was added, the mixture was
dissolved in dry toluene (40 mL) and stirred at room temperature for 35 min. After completion the
reaction was filtered over a short plug of silica (EA) and the solvent was removed in vacuo giving

dialdehyde 113 (501 mg, 557 umol, 93% over 2 steps) as a yellow amorphous solid.

H-NMR (700 MHz, CD,Cl,, 298 K): & (ppm) = 10.62 (s, 2 H, H-8), 7.46-7.20 (m, 30 H, H-Ph), 5.20 (s, 4 H,
H-11), 5.16 (s, 4 H, H-12), 5.03 (s, 4 H, H-10), 2.44 (s, 6 H, H-9). 3C-NMR (176 MHz, CD,Cl,, 298 K):
6 (ppm) =193.1(C-8), 152.9 (C-5), 152.5(C-3), 150.4 (C-4), 137.3 (C-Ph), 137.1 (C-Ph), 131.8 (C-2), 131.2
(C-1), 129.2 (C-Ph), 129.2 (C-Ph), 129.2 (C-Ph), 129.1 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph), 129.0 (C-Ph),
128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.9 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.8
(C-Ph), 128.8 (C-Ph), 128.8 (C-Ph), 128.7 (C-Ph), 128.7 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph), 128.6 (C-Ph),
128.5 (C-Ph), 128.5 (C-Ph), 119.6 (C-6), 93.1 (C-7), 76.5 (C-12), 76.2 (C-11), 75.8 (C-10), 12.9 (C-9). MS
(APCI) m/z: [M+H]* calcd. for CeoHs10s" 899.3578, found 899.3574.
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7. List of abbreviations

AcCl
acetone-d6
AgCO,CF3
AgOTf
AICl3

APCI

ASA

BBB

BBr3

BCl;
BFs(-Et,0)
BnBr
BnCl

Bpin
BrPPhsMe
brsm
caled.
CBrs4
CD,Cl,
Ce(S04)2
CH
CH(OMe);
CHCl,
CHCl;
Cs,CO3
CuCl/CuCl;
Cul

DCM
DIBAI-H
DMDO
DMF
DMSO
DMSO-d6
dppb

acetyl chloride

deuterated acetone

silver trifluoro acetate

silver trifluoromethanesulfonate
aluminum(Ill) chloride
Atmospheric-pressure chemical ionization
arylsulfatase A

blood brain barrier

boron tribromide

boron trichloride

boron trifluoride (diethyl etherate)
benzyl bromide

benzyl chloride

pinacol boronic ester

methyl tri(phenyl)phosphonium bromide
based on recovered starting material
calculated

carbon tetrabromide

deuterated dichloromethane

cerium sulfate

cyclohexane

trimethyl orthoformate/trimethoxymethane
dichloromethane

chloroform

cesium carbonate

copper(l/Il) chloride

copper(l) iodide

dichloromethane
diisobutylaluminum hydride
dimethyl dioxirane
dimethylformamide
dimethylsulfoxide

deuterated dimethylsulfoxide

1,4-bis(diphenylphosphino)butane
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7. List of abbreviations

e.g.
EA

ECD

El
ESI-TOF
Et.O
etal.
eq

FDA

H.

H,O
H.0,
H,S04
HCl
HMBC
HPLC
HRMS
HSQC

I2

IBX
K,COs
KsPO4

Kl

KOAc
LAH
LiOH(-H,0)
LLS
MALDI
mCPBA
MeCN
MeOCHCI,
MeOH
MgSO,
MLD
MS
Na,S,03

exempli gratia (lat.) = for example

ethyl acetate

electronic circular dichroism

electron ionization

electrospray ionization-time of flight
diethyl ether

et alii (lat.) = and others

equivalents

Food and Drug Administration

hydrogen

water

hydrogen peroxide

sulfuric acid

hydrochloric acid

heteronuclear multiple bond correlation
high performance liquid chromatography
high resolution mass spectrometry
heteronuclear single quantum coherence
iodine

2-iodoxybenzoic acid

potassium carbonate

potassium phosphate

potassium iodide

potassium acetate

lithium aluminum hydride

lithium hydroxide (monohydrate)
longest linear sequence

matrix-assisted laser desorption/ionization
meta-chloroperoxybenzoic acid
acetonitrile

dichloromethyl methyl ether

methanol

magnesium sulfate

metachromatic leukodystrophy

mass spectrometry

sodium thiosulfate

116



NazS;0s
Na;S04

NaH
NaHCOs
NalO4

NEts

NH.CI
(NH4)sM07024
NHMDS
NMO-H,0
NMR
NOESY
OPPh;

0s04

P20s
Pb(OAC)4
Pd(dppf)Cl,
Pd(OAc);
Pd(P(tBu)s)s
Pd(PPhs).Cl,
Pd(PPhs)s
Pd/C

PdCl,
PhMes
piv,0

PPhs

PtCl,

gNMR
(Q)SAR
ROESY

r.t.

RuPhos Pd G4
SeAr
Si(Me)4
SiO;

Sn2

Dissertation | Tim Treiber

sodium persulfate

sodium sulfate

sodium hydride

sodium bicarbonate

sodium periodate

triethylamine

ammonium chloride

ammonium heptamolybdate

sodium bis(trimethylsilyl)amide
N-methylmorpholine-N-oxide

nuclear magnetic resonance (spectroscopy)
nuclear Overhauser enhancement and exchange spectroscopy
triphenylphosphine oxide

osmium tetroxide

phosphorus pentoxide

lead(lV) acetate
[1,1’-bis(diphenylphosphino)ferrocene]palladium(ll) dichloride
palladium diacetate
tetrakis(tri-tert-butylphoshpine)palladium(0)
bis(triphenylphosphine)palladium(ll) dichloride
tetrakis(triphenylphosphine)palladium(0)
palladium on charcoal

palladium dichloride

pentamethyl benzene

pivaloyl anhydride

triphenylphosphine

platinum dichloride

quantitative NMR

(quantitative) structure activity relationship
rotating frame nuclear Overhauser effect spectroscopy
room temperature

RuPhos palladium precatalyst generation 4
electrophilic aromatic substitution
tetramethylsilane

silicon dioxide

nucleophilic substitution
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7. List of abbreviations

TBAF

TFA

THF

TIPS

TLC

TMOF

XantPhos Pd G3/4
XPhos Pd G4
ZnMe;

tetrabutylammonium fluoride

trifluoro acetic acid

tetrahydrofuran

triisopropylsilane

thin layer chromatography

trimethyl orthoformate/trimethoxymethane
XantPhos palladium precatalyst generation 3/4
XPhos palladium precatalyst generation 4

dimethyl zinc
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Appendix 1: 'H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 55, CD,Cl,, 298 K.
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Appendix 2: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 56, CD,Cl,, 298 K.
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Appendix 3: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 57, CD,Cl,, 298 K.
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Appendix 4: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 58, CD,Cl,, 298 K.
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Appendix 5: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 59, CD,Cl,, 298 K.
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Appendix 6: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 60, CD,Cl,, 298 K.
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Appendix 7: 'H- (top, 300 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 61, CD,Cl,, 298 K.

134



Dissertation | Tim Treiber

o
BnO 5
n 88 a=5g g 8
OMe o Sl e o = o
I Y4
H
BnO | 62
OBn
Er Br
-, L.
i A [

T T T T T
12,5 12,0 115 11.0 105 10,0 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 40 3.5

a (ppm)
d
a
- OTM oM -~ OO0 Mmoo MmO . e w ‘-w -
E] EEL LR EEEEEEEE 3 JEpe = 2
g SETGASEASARERARS z gge B o
VN T N /
| L H l )
T T . . . T ; 7 : T T T T ' T T T T T . ; T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 1]

@ (ppm)
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Appendix 10: H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 64, acetone-d6, 298 K.
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Appendix 11: 1H- (top, 700 MHz) and 3C-NMR (bottom, 176 MHz) spectra of compound 65, CD,Cl,, 298 K.
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Appendix 12: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 66, CD,Cl,, 298 K.
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Appendix 13: H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 69, CD,Cl,, 298 K.
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Appendix 14: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 70, CD,Cl,, 298 K.
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Appendix 15: TH-NMR (400 MHz) spectrum of compound 76, CD,Cl,, 298 K.
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Appendix 16: 1H- (top, 300 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 78, CD,Cl,, 298 K.
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Appendix 17: 1H- (top, 400 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 77, acetone-d6, 298 K.
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Appendix 18: HSQC- (top, 700, 176 MHz) and HMBC-NMR (bottom, 700, 176 MHz) spectra of compound 77, acetone-d6,

298 K.
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Appendix 20: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 71, CD,Cl,, 298 K.
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Appendix 21: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 72, CD,Cl,, 298 K.
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Appendix 23: 'H-NMR (300 MHz) spectrum of compound 75, acetone-d6, 298 K.

149



Appendix

o~ g
BnO - B HusEs g5 o
o T R P v 7
BnO 79
OBn
T I
I.U li.S 12‘.0 11I.5 11I.D 10‘.5 10‘.0 9:5 9:0 8.‘5 E.‘U 7:5 7:0 6:5 6:0 5:5 S.IU
a (ppm)
Appendix 24: 'H-NMR (300 MHz) spectrum of compound 79, CD,Cl,, 298 K.
0/> g
[
BnO 5 @ a
[ NS
BnO 81
OBn
A

1663

100 —=

233
3.04 =

70 65 60 55
a (ppm)

099 —

2,02
w204 —
= | 206

T T T
.00 125 120 115 11.0 105 100 9.5 9.0 8.5 8.0 7.

i

Appendix 25: 'H-NMR (300 MHz) spectrum of compound 81, CD,Cl,, 298 K.
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Appendix 26: 1H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 83, CD,Cl,, 298 K.
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Appendix 27: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 84, acetone-d6, 298 K.
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Appendix 28: 1H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 92, CD,Cl,, 298 K.
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Appendix 29: 1H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 91, CD,Cl,, 298 K.
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Appendix 30: H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 93, CD,Cl,, 298 K.
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Appendix 31: 1H- (top, 500 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 95, acetone-d6, 298 K.
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Appendix 32: 1H- (top, 400 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 97, CD,Cl,, 298 K.
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Appendix 33: H- (top, 400 MHz) and 3C-NMR (bottom, 176 MHz) spectra of compound 98, CD,Cl,, 298 K.

158



Dissertation | Tim Treiber

(0] =
g
BnO H g o o &
Il N1/
BnO |
OBn 99
“JL |J‘\4 - 1 LJn_JJ L
i A !
: : ; ; — - - ‘ —_— - — ‘ ‘ ‘ L ; : -
.0 125 120 115 11.0 105 100 9.5 2.0 8.3 8.0 7.3 7.0 6.5 6.0 3.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 i}
a (ppm)
& ELEEEEELELELEL 8 2EE 5
N7 R 7 |
1] 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 1] 1
@ (ppm)

Appendix 34: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 99, CD,Cl,, 298 K.
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Appendix 35: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 102, CD,Cl,, 298 K.
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Appendix 36: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 100, CD,Cl,, 298 K.
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Appendix 37: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 104, CD,Cl,, 298 K.
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Appendix 38: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 105, CD,Cl,, 298 K.
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Appendix 39: 1H- (top, 500 MHz) and 3C-NMR (bottom, 126 MHz) spectra of compound 89, CD,Cl,, 298 K.
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Appendix 40: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 106, acetone-d6, 298 K.
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Appendix 41: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 2, DMSO-d6, 298 K.
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Appendix 42: HSQC (top, 700, 176 MHz) and HMBC-NMR (bottom, 700, 176 MHz) spectra of compound 2, DMSO-d6, 298 K.
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Appendix 43: NOESY-NMR (700, 700 MHz) spectrum of compound 2, DMSO-d6, 298 K.
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Appendix 44: H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 1, DMSO-d6, 298 K.
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Appendix 45: HSQC (top, 700, 176 MHz) and HMBC-NMR (bottom, 700, 176 MHz) spectra of compound 1, DMSO-d6, 298 K.
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Appendix 46: NOESY-NMR (700, 700 MHz) spectrum of compound 1, DMSO-d6, 298 K.
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Appendix 47: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 107, aceton-d6, 298 K.
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Appendix 48: 1H- (top, 500 MHz) and 13C-NMR (bottom, 126 MHz) spectra of compound 111, CD,Cl,, 298 K.

173



Appendix

g
P e 3 g 5 4
E T EE
OH
i AN Y P Y
1 I 4
0 125 120 115 110 105 10.0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
@ (ppm)
- - monnmE amame e .
g & SESERA RENZZ 5E mz
SYA [ i
L Ll \Hh | J
—
. ; . . . ; . : : . : . ‘ . ‘ . : . : ‘ : ‘ : :
0 230 220 210 =200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20 10 O

Appendix 49: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 112, acetone-d6, 298 K.
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Appendix 50: HSQC (top, 700, 176 MHz) and HMBC-NMR (bottom, 700, 176 MHz) spectra of compound 112, acetone-d6,
298 K.
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Appendix 51: NOESY-NMR (700, 700 MHz) spectrum of compound 112, acetone-d6, 298 K.
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Appendix 52: 1H- (top, 300 MHz, CD,Cly) and 13C-NMR (bottom, 176 MHz, acetone-d6) spectra of compound 116, 298 K.

177



Appendix

o
=
o
[
28 = SERBIS &
Meoa s o
[ SN

ull_,
Ty o0 LA N {
2. o v mom ~
m = 2o oo "~
EEEE B 5
.0 125 120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
a (ppm)
Mo SyLDagNERn2ISTI2S o e s
BRYERNSSSSSRE88838% o Zoa :
NONTE ) ettt | ~
L A sl
T T T T T T T T T . T T . T T T T T T . T . T T
1] 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 1]
@ (ppm)

Appendix 53: 1H- (top, 400 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 117, CD,Cl,, 298 K.
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Appendix 54: 1H- (top, 700 MHz) and 13C-NMR (bottom, 176 MHz) spectra of compound 113, CD,Cl,, 298 K.
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