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VI ABSTRACT

ABSTRACT

CHAPTERI:

STUDIES TOWARD THE TOTAL SYNTHESIS OF SALIMABROMIDE

In 2013, one of the first examples of a secondary metabolite from an obligate marine
myxobacterium was reported. The halogenated polyketide salimabromide was isolated from
Enbygromyxa salina and consists of an unprecedented tetracyclic core structure featuring a
dibrominated benzene ring. It contains four consecutive stereogenic centers, one of which is an
all carbon quaternary center. Moreover, this chiral quaternary center resides adjacent to an

additional all carbon quaternary carbon.

The first part of this thesis describes synthetic efforts toward the synthesis of salimabromide.
Both the tetraline core and the quaternary centers were successfully installed in a single step
using an intramolecular Friedel-Crafts alkylation (I — II). The amide precursor III for the key
step — a keteniminium [2+2] cycloaddtion developed by Ghosez — was synthesized in two
further steps. Successful application of the Ghosez method in our synthesis allowed the creation
of three additional stereocenters in a single process and in a stereodefined manner. Therefore,
the single stereocenter of the tetralin core of II could be used to stereoselectively install all the
others present in salimabromide. The highly congested tetracyclic intermediate IV was then
converted in three subsequent steps to tricyclic aldehyde V, the precursor for the Aldol

condensation to close the cycloheptenone portion of the natural product.
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ABSTRACT VII

CHAPTER II:

CATALYTIC ASYMMETRIC DEAROMATIZATION (CADA) REACTIONS

The asymmetric synthesis of all carbon quaternary centers is a challenging problem for synthetic
chemists. In the second part of this thesis, the development of an intramolecular CADA
reaction of 2-substituted 1-naphthols is described. We were able to overcome the challenge of
rearomatization via subsequent Cope rearrangement by developing mild and neutral conditions.
Diallylation caused by ion diffusion was avoided by the use of more elaborated chiral ligands. In
general, two types of substrates were found to be suitable for this CADA reaction of
1-naphthols: allyl carbonates I and allyl ethers III. Heating the substrates in benzene to 45 °C in
the presence of 5mol% Pd,dba; and 11 mol% of a chiral ligand afforded 3,4-dehydro-1-
tetralone II in up to 84% vyield. Amongst several chiral ligands screened, the (§,5)-DACH-
phenyl Trost ligand appeared to give the highest yields and e¢ values of around 59%. Higher ee
values could be obtained with the (§,5)-DACH-naphthyl Trost ligand, which gave constantly
values around 70%, although the yields were moderate. Several substrates with different
substituents were treated with these conditions to afford the corresponding ketones in very

good yields.
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VIII ABSTRACT

CHAPTER III:

CLAISEN REARRANGEMENT OF ALLYL CHLOROVINYL ETHERS

The third chapter of this thesis presents the development of a synthetic methodology to afford
a-chlorinated acids II and 2,4-dienoic acids III from allylic alcohols I. For the synthesis of
a-chlorinated acids II commercially available allylic alcohols were treated with KH and
trichloroethene (TCE) at low temperatures to undergo an elimination-addition reaction and
form 1,2-dichlorovinyl ether at around —30 °C. Upon warming to —10 °C, the ethers undergo in
situ Claisen rearrangement to generate a-chlorinated acid chlorides which are hydrolyzed upon
work-up. The obtained products were heated under basic conditions to 85 °C to formally
eliminate HCI and obtain the corresponding dienoic acids III. A one-pot protocol for this
reaction sequence was established as well. However, the sensitivity of both types of products II
and III toward a variety of purification methods made their isolation and identification very
difficult. Furthermore, the generation of the a-chlorinated acids was problematic and often

resulted in low yields.
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2 INTRODUCTION

1 Introduction

1.1 Myxobacteria and their Secondary Metabolites

Myxobacteria, first discovered in 1892 by R. Thaxter,' belong to the 8-group of gram-negative
proteobacteria and are a very rich source for secondary metabolites with diverse types of
structures and fascinating biological activities. However, myxobacteria are not typical bacteria,
since they are one of the bacterial groups that successfully achieved the transition from a single
cell to multicellular life. They move by gliding or creeping on surfaces and are able to form
complex fruit bodies. Those fruit bodies are build in times when nutrients are limited by
migrating swarm colonies, which then develop macroscopic clusters and exchange extracellular
chemical signals and physical contact signals (Figure 1). Within those fruit bodies, vegetative
cells differentiate into myxospores. Both multicellular processes, the cooperative predation by
swarm colonies and the multicellular development, are mediated by the coordinated movement
of the cells and illustrate the social nature of myxobacteria. However, since they can switch
between those two processes, their multicellularity is transitory and not obligatory in contrast to
organisms which have no other choice than multicellularity.>>* Another characteristic of
myxobacteria is their exceedingly large genome in contrast to other prokaryotes. The largest
sequenced genome contains 14,782,125 base pairs and was isolated from the So0157-2 strain of

. 6
Sorangium cellulosum.

Figure 1 Fruitbodies: a)7 and b); 8 Swarm colony: ¢)? and d).?
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Noticeable is in particular that the metabolites of myxobacteria show modes of action, which are
scarcely exhibited by other microbial natural products and are therefore very interesting as novel
drug leads. Especially polyketides are often isolated of which several possess very high
bioactivities, such as antiproliferative, antibiotic, antifungal and antiplasmodial activities. A
representative for such a bioactive polyketide is chlorotonil A (I.1) (Figure 2).* It was isolated
from the soil-dwelling myxobacterium Sorangium cellulosum So cel1525" and has already been
asymmetrically synthesized by Kalesse in 2008." It shows remarkable antibacterial and
antimalarial activities, as it is active against all blood stages of P. faliparum and also against
gametocytes. It proved also to be effective iz vivo after oral administration, however, its poor

solubility prevents at the moment clinical development.”

chlorotonil A (1.1)

Figure 2 Structure of chlorotonil A (L.1).

Another important class of myxobacteria derived polyketides is the epothilone family, produced
by Soranginm cellulosum, strain So ce90, and isolated first in 1985 by H. Reichenbach (Figure 3).
Several representatives of this class are highly bioactive, since they act as microtubule-stabilizing
agents, similar to taxol." Epothilon D (I.2) for example was identified as selective inhibitor of
early steps of HIV infection (ECs, 0.5 nM; selectivity index SI 24.4)* and was also tested in
clinical trials due to its potent antitumor activity (phase II, abandoned)." Epothilone B (I.3)
reached phase III trials for patients with advanced ovarian cancer, but failed unfortunately in the
end.” The most successful member of the epothilones is the semisynthetic derivative
ixabepilone (I.4). In 2007 it granted FDA approval for “treatment of metastatic or advanced
breast cancer, either as single agent or in combination with capecitabine, and will be marketed in

the US by Bristol-Myers Squibb (BMS) under the trade name Ixempra®™”."!
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OH O

epothilon D (1.2) epothilon B (1.3) ixabepilone (1.4)
KOS-862 EPO906 BMS-247550

Figure 3 Structures of epothilone D (I.2), epothilone B (I.3) and ixabepilone (I.4).

Due to their importance as drug candidates, several total syntheses were reported by
Danishefsky'>'*"| Nicolaou'*'""*| Schinzer"”, Sinha®, Carreira® and Shibasaki”* amongst others.
Ixabepilone (I.4) was prepared by a semisynthetic approach from epothilone B (I.3) in a three

23
step, one-pot sequence.

Although it was believed for a long time that there are only terrestrial myxobacteria, marine
myxobacteria were discovered in recent years and they are phylogenetically quite distinct. Since
their cultivation and isolation is very difficult and often not possible at all, only a few obligate
genera (Enbygromyxa, Haliangium and Plesiocycstis) are known. They are strictly halophilic and need
sea-like salinity conditions to grow. The first isolated secondary metabolite that occurs from
strict marine myxobacterial origin is haliangicin (1.5) from Haliangium ochracenn, which shows
antifungal bioactivity against Aspergillus niger (AJ117374, MIC: 12.5 pg mL™") and Fusarium sp.
(AJ177167, MIC: 6.3 pg mL™") (Figure 4). Interestingly, the production of haliangicin (I.5) is
dependent of the NaCl-concentration and is optimal at 2-3% NaCl (w/v). This is also the best

concentration for optimal growth.“’25

Me OMe CO,Me

haliangicin (1.5)

Figure 4 Structure of haliangicin (I.5).

Another obligate marine myxobacterium is the genus FEwnbygromyxa. This species is truly
halophilic and was isolated from coasts from all over the world. A NaCl-concentration of 1-2%

at a pH range of 7.0-8.5 seems to be optimal for growth. Five structures of presumably
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polyketide, shikimate and terpenoid origin have been isolated and described: the polyketide
salimabromide (1.6), the enhygrolides A (I1.7) and B (I.8), formed by the shikimic acid pathway,
and the terpenoids salimyxins A (I1.9) and B (I.10) (Figure 5). The structure of the enhygrolides
resembles the ones of cyanobacteria-derived metabolites. Both were tested for their biological
activity, but only enhygrolide A (I.7) showed some activity against Arthrobacter cristallopoietes with
an MIC value of 4 ug mL.™". The salimyxins belong to the terpenoid subgroup of incisterols and
are presumably degraded sterols. Similar to enhygrolide A (I.7), the salimyxins show only
biological activity against Arthrobacter cristallopoietes with an MIC value of 8 pgml.™' and

424

4 ug mL™, respectively.

salimabromide (1.6) enhygrolide A (1.7) enhygrolide B (1.8)

0]
salimyxin A (1.9) salimyxin B (1.10)

Figure 5 Structures of salimabromide (I.6), enhygrolides A (I.7) and B (I.8) and salimyxins A (I.9) and B (I.10).

1.2 Halogenated Natural Products of Marine Origin

The use and isolation of biologically occurring substances is known for a very long time, but the
main focus was on terrestrial natural products, due to their easier accessibility. However, since
the beginning of the 1970s the average number of isolated and characterized marine natural
products increased steadily and in the year 2007 over 1000 new compounds were described.”
This effect can be attributed amongst other things to new isolation and cultivation techniques,
like marine bioprocessing, and remote submersibles, which are able to access new depth in the
oceans. Data from 2001-2007 show particularly increasing average numbers of isolated new
compounds from the Caribbean, the China Sea, the Indian Ocean, Japan and the Western
Pacific (Figure 6b). Also noticeable is the spectacular increase of natural products isolated from

microorganisms (Figure 6a). Comparison of the data of 2007 with the average of 1965-2005
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reveals a rise by 600%. This reflects the augmented interest in bacteria and fungi from marine

origin. The numbers for the more traditional categories such as sponges and cnidarians remain

]y, 2726

steadily very high.
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Figure 6 a) Distribution of marine natural products by phylum.?¢ b) Trends in geographic distribution of collection
soutces.?0

An estimated number of over 15000 marine natural products of all types have been described in
total and around 15-20% of them (survey of the literature from 1998-2005) are
organohalogens.28 This is quite surprising, since in 1961 no halogenated substances from marine
origin were known, except for iodinated tyrosine derivatives, and even in 1973, only 50 of them
had been discovered.” Since then, a huge number of marine organohalogens was observed. Due
to the high halide concentrations in the oceans in contrast to the terrestrial occurrence (Table 1),
it is not astonishing that most of the halogenated natural products arise from marine organisms.
They were isolated from a huge number of organisms, such as sponges, cyanobacteria, molluscs,

sea hares, mussels, bryozoans (moss animals), tunicates, soft corals, symbiotic bacteria, marine

phytoplankton, macroalgae, marine bacteria and marine fungi.”

Table 1 Distribution of halides/mg kg™! in the environment.?

Halide Oceans Sedementary rocks Fungi  Wood pulp Plants

ClI 19000 10-320 70-2100 200-10000
Br~ 065 1.6-3 100

I 0.05 0.3

F 1.4 270-740
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1.2.1 Selected Halogenated Marine Natural Products

In particular the chloride concentration is extremely high in oceans, which leads to a vast
number of volatile chlorinated simple alkanes and alkenes. One of them is chloromethane
(CH,Cl) and interesting is that its natural production, mainly by salt marsh, dwarf the
anthropogenic contribution. It is also the most frequent occurring organohalogen in the
atmosphere. Chloroform (CHCL,) is another representative, which is produced, amongst others,
by green, red and brown seaweeds as well as macro- and microalgae. Studies revealed an increase
in the CHCI; production through an increase in light intensity, presumably when photosynthesis
reached its maximum. Similar to CH,Cl, over 90% of the atmospheric CHC, is derived from
nature.”® Also trichloroethene (TCE), a former dry-cleaning solvent, is produced by over 27
species of marine algae and the amounts of its emission from the oceans into the atmosphere is

quite high.30

Although the availability of bromide is a lot lower than that of chloride, there are multiple
bromine containing organohalogens, which is a result of the lower reduction potential: E° =
287V (F), 136V (CI), 1.09V (Br), 0.54V (I).” Bormoform (CHBr,) is the major
contributor of organic bromine in the atmosphere and is invariably produced by macro- and
microalgae. Around 70% of the worldwide produced CHBr; stem from macroalgae. Similar to
CHBYr,, iodomethane (CH,lI) is produced by marine algae and is often detected in the oceanic

2
atmosphere.”

In general, sea-salt spray is the major source for volatile reactive organohalogens (Cl,, Br,, BrCl,
HOCI, HOBY) in the atmosphere. These reactive species are subsequently converted to chlorine
oxide and bromine oxide, which affect the ozone layer and are probably the reason for the
detected low ozone concentrations over the Dead Sea and the Great Salt Lake.”* However, not
only halomethanes are generated by marine organisms, but a wide variety of metabolites such as
polyketides, terpenoids, alkaloids, peptides, indols, fatty acids and phenols.” They are often of
special interest for the pharmaceutical industry due to their high biological activities, which
include anti-inflammatory, antibacterial, antituberculosis, antifungal, anticancer, anti-infective,

antioxidant and antimicrobial activities.***

The sesterterpenoids (C,;) neomangicol A (I.11) and B (1.12), for example, were isolated from a
marine fungus of the genus Fusarium and are probably the first halogenated representatives for
this class of terpenoids (Figure 7). Both possess an unusual carbon skeleton that is proposed to
be formed by an atypical terpenoid pathway (“head to tail” isoprene configurations). The

halogenation pattern is also of interest, since it constitutes of a vinyl dihalogen group.
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Negmangicol A (I.11) appeared to be active against MCF-7 (human breast carcinoma) and
CACO-2 (human colon carcinoma) cell lines (IC,, = 4.9 and 5.7 uM, respectively). 1.12 however,
showed antibacterial activity against the Gram-positive bacterium Bacillus subtilus, similar to the
activity of the antibiotic gentamycin. The halogenation pattern seems to influence the biological
activity, since their nonhalogenated analog neomangicol C (I.13) does not show any effect at
all.” Until today no total synthesis of any neomangicol was reported, but only a synthesis of the

tetracyclic core of neomangicol C (I.13) by Sarpong.”

neomangicol A (1.11 = Cl) neomangicol C (1.13)
neomangicol B (1.12 = Br)

Figure 7 Structures of neomangicol A (I.11), B (I.12) and C (I.13).

Fluorinated natural products are in general very rare, due to the difficult accessibility of fluoride
arising from its physical and chemical properties, but marine fluorinated organohaloges are
especially scarce. In 2003, the first natural organofluorines from a marine source were described,
which were isolated from the marine sponge Phakellia fusca. The group of Xiao-Hua Xu reported
five 5-fluorouracil compounds, which are shown in Figure 8. The structures of I.14, 1.15 and
1.18 were new, but the ones of fluorouracil (I.16) and I.17 were known previously.” Fluorouracil
(1.16) was synthetically obtained in 1957” and is a prevalent antitumor agent against a variety of

cancer types and also part of the WHO model list of essential medicines.”

0 o) 0

F F 0 Q
AN HNTY . N F AN
HN
PN PN )\J\/Ir A P
HO MeO 07 N . H,NHN
H Ho_J
OMe o) o)
.14 .15 fluorouracil (1.16) 1.17 1.18

Figure 8 Structures of fluorouracil (I.16) and derivatives thereof.



CHAPTER I 9

Kalihinol A (I.19), a chlorinated representative of the huge family of highly functionalized
kalihinane diterpenoids, was isolated from the sponge Acanthella in 1984 (Scheme 1)." Several
members of this family possess biological activities such as antifungal, antifouling, antimicrobial,
cytotoxic and anthelminic properties. However, kalihinol A (I.19) is up to now the most potent
of all tested isocyanoterpenes. I.19 turned out to be remarkably active against the malaria
transmitting parasite Plasmodinm falsiparum (ECy, = 1.2nM) and shows also an exceptional
selectivity index (SI = 317), which was defined as the ratio of FM3A cell cytotoxicity to
Plasmodinm falsiparnm.>*>** A total synthesis with 35 steps was achieved by Miyaoka. At the
beginning, epoxide I.21 is synthesized in four steps, including a Sharpless asymmetric
epoxidation. Diol 1.23 was afforded by nucleophilic alkylation with Grignard reagent 1.22 and
additional seven steps were required to form the chlorinate tetrahydropyran ring of 1.24. Triene
I.25 for the intramolecular Diels-Alder reaction, to form the decalin system, was achieved in
seven steps. Deprotection of the TBS-group and oxidation resulted in the ketone, which
spontaneously underwent the Diels-Alder reaction to generate selectively cs-decalin 1.26. This
was then transferred into #rans-decalin 1.27 in seven steps, introducing also an azide moiety. In
the last seven steps, the azide was transformed into an isocyanide and the ketone into a methyl

and isocanide group.*

OH OBn BnO BnO
| MgBr HO PivO
4 steps 1.22 .. OH 7 steps 7 steps
—_— —_— —_—
Cul Me
OH (79%) OTBDPS (39%) (72%)
(94%)
1.20 1.21 1.23 1.24
s B

7 steps 7 steps

 —
—_

(21%)

Me

(78%)

kalihinol A (1.19)
J

L

Scheme 1 Structure and total synthesis of kalihinol A (I.19).

A very interesting structure is the one of obtusallene I (I.28), isolated from the red alga Laurencia
obtuse in 1982, which was not only determined by NMR spectroscopy, but also verified by X-ray

analysis.” Obtusallene I (I.28) belongs to a large family of halogenated C,s-acetogenins and
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possesses the typical bromide substituent in 3-position to the acetogenic oxygen (Figure 9).
Another typical feature is the bromoallene unit. To date, no total synthesis of I.28 or a
structurally related member of this family was reported. However, Braddock published a
possible biosynthesis starting from a linear precursor, involving several electrophilic

T 46,34
bromination events.™

H
Br  Me

obtusallene | (1.28)

Figure 9 Structure of obtusallene I (I.28).

Chlorosulfolipids are known for a long time since they are, together with other toxins,
responsible for seafood poisoning in humans. However, the mechanism of their biological
activity is still unknown. They were first isolated from freshwater microalgae (e. g. Ochromonas
danica and Ochromonas malhamensis) of which they constitute 15% of all lipids. The cytotoxin
mytilipin A (I.29) is a relatively small representative of the chlorosulfolipids compared to other
members of this family (Scheme 2). I.29 was isolated in 2001 from 4.3 kg of digestive glands of
mussels from the genus My#ilus galloprovincialis, collected along the coast of the Emilia Romagna.
However, it is not sure if the mussels produce 1.29 by themselves, or accumulate harmful
microalgae. Tests to reveal the bioactivity of mytilipin A (I.29) showed antiproliferative activity
on the J774 (murtine monocyte/macrophage), WEHI 164 (murine fibrosarcoma), and P388
(murine leukemia) cell line as well as inhibition of growth in all investigated cell lines, evaluated
after 72 h (IC, of 12.1, 16.3, and 10.4 ug/mlL., respectively).”*** Due to its unique structure, the
polyhalogenated backbone, 1.29 is a challenging target for total synthesis. The first synthesis of
racemic 1.29 was published by Carreira in 2009,” followed by an enantioselective synthesis by
Yoshimitsu™ and a very concise synthesis (7 or 8 steps, respectively) by Vanderwal.” The latter
is depicted in Scheme 2 and commences with a four step synthesis of racemic vinyl epoxide I1.31
from commercially available crotyl alcohol (I.30). At this stage, the epoxide could undergo a
kinetic resolution to afford enantioenriched material for an enantioselective synthesis.
Z-selective alkene cross-metathesis using Grubbs cycloadamantyl catalyst 1.33 gave vinyl

epoxide 1.34 in only 32% yield but excellent selectivity. Two further steps provided
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hexachlorinated alcohol 1.35, which was treated under conditions reported by Carreira to

complete the synthesis of 1.29.”'

\ (¢]]
OH
4 steps |32 0}
/\/\OH — -
@ o N o Cl
O/Ruf 5
1.30 V. 1.34
O/@ \<O
1.33
(32%, >20/1 ZIE)
0SO3H
2 steps Cl OH CI SOz°py Cl Cl
—— X o Cl
: 5 (94%) B
Ccl Cl ¢l Cl Cl Cl
1.35 mytilipin A (1.29)

Scheme 2 Structure and total synthesis by Vanderwal of mytilipin A (1.29).

The class of vicinal bromochlorinated natural products contains over 160 substances, whereby
many of them are highly bioactive.”” One of them is the tetrahalogenated terpene plocamenone
(I.36), isolated from the red alga Plocaminm angustum (Scheme 3). Its structure was revised several
times, until it was unequivocally identified as the one depicted.” The difficulty to elucidate the
correct molecular structure concerns the whole family of polyhalogenated monoterpenes. NMR
studies of the noncrystalline terpenes to clarify their structures are challenging as described by
several studies.”® Moreover, they are often relatively volatile and tend to decompose or
isomerize, as in the case of isoplocamenone, which isomerizes to plocamenone (I.36) upon

exposure to light.”

The most exciting one of the vicinal bromochlorinated natural products is halomon (1.37),
which was first isolated in 1975 from the red alga Chondrococcus hornemannii and fully described
and analyzed in 1992 (Scheme 3). The structure elucidation appeared to be very difficult, as
reported for plocamenone (I.36), but X-ray crystallography and extensive NMR studies
confirmed the proposed structure. In first biological tests 1.37 appeared to be inactive in the
anti-HIV assay, but highly cytotoxic against human cancer cells. Extended screenings at the NCI
(National Cancer Institute) revealed that I.37 was “one of the most extreme examples of

35 55

differential cytotoxicity”.” Most sensitive to halomon (I.37) treatment were brain tumor, renal

and colon tumor cell lines, compared to the less sensitive melanoma and leukemia cell lines. As a
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result of this extraordinary activity, the NCI decided to use 1.37 in preclinical drug development.
Although the first results were encouraging, these studies were unfortunately abandoned, since it
was not possible to gain enough material of 1.37. All efforts to isolate enough material from
natural sources were unsuccessful, probably as a result of seasonal and local deviation of the

55,56,52 . . .
2% Since the natural sources cannot provide sufficient

terpene concentration in the algae.
amounts of the drug, total synthesis could be a solution to this problem. The first selective
synthesis of (+)-1.37 was reported by Burns in 2009, who was able to synthesize the target
molecule in nine steps and 400 mg of 1.37 in total. The synthesis starts with the enantioselective
bromochlorination of allylic alcohol I.38 with the (R,$)-Schiff base 1.43. Deoxygenation
afforded the bromochlorinated myrcene derivative I.40, which was subjected to formal
1,4-bromohydration conditions. Bromohydrin I.41 was dichlorinated with the (§,K)-Schiff base

I.43 with excellent results. The final product 1.37 was obtained in two further steps in good

overall yield.”

o Br,
Cl, Me cl CL:
N
Br Br Cl

plocamenone (1.36) halomon (1.37)
(R,S)-1.43, NBS, cl Me
i(Oi- 3 1) Tf,0, 2,6-lutidine  Cl
HOW L HOW - w
A .
(73%, 90% ee) Br 2) L-selectride Br
1.38 1.39 (95%) 1.40
1) Bry, K,CO4 Br  (S,R)-1.43, +-BuOCI,
2) LiOAc, DMF Cl CITi(Oi-Pr)3 CI 1) Tf,0, 2,6-lutidine
halomon (1.37)
3) K,CO3, MeOH (82%, >20:1 dr) OH  2) NaOH (aq.), THF
0,
(39%) 1.42 (69%)
t-Bu
HO
OH
S RN
Ph" K/ A t-Bu
Ph 143

Scheme 3 Structures of plocamenone (I.36) and halomon (I1.37) and total synthesis of 1.37.
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One of the most interesting organohalogen is currently salinosporamide A (Marizomib,
NPI-0052) (I1.44), isolated from the obligate marine actinomycete Salinispora tropica (Figure 10). It
is a high functionalized y-lactam-§3-lactone with outstanding biological activity. 1.44 is an
irreversible proteasome inhibitor (IC;, value of 1.3 nM) and thus approximately 35 times more
effective than omuralide (I.45) (IC,, value of 49 nM). Furthermore, 1.44 displays high in vitro
cytotoxicity against several tumor cell lines (IC;, values of 10 nM or less). At the moment it is

tested in phase I clinical trials against advanced malignancies including multiple rnyeloma.S‘7

salinosporamide A (1.44) omuralide (1.45)

Figure 10 Structures of salinosporamide A (I.44) and omuralide (I.45).

Salinosporamide A (I.44) is also a good example to show the influence of the halogen
substituent on the biological activity. Tests with different substitution patterns, replacing the
chlorinated ethyl group by simple alkyl groups showed a dramatic decrease in activity. In
contrast, substitution of the chloride by bromide or iodide did not affect the potency. These
findings lead to a proposed mechanistic role of the chlorinated ethyl group. The B-lactone is
opened by the nucleophilic addition of the hydroxyl group of ThrlO", followed by
intramolecular S 2-displacement to generate the tetrahydrofuran ring (I1.46—1.47) (Scheme 4).
This reaction sequence results in an irreversible covalent inhibition of the proteasome, a key
player of the protein degradation pathway, and underlies the elegant way of action of this

inhibitor.*®

Since this organohalogen 1.44 was identified as potential drug lead, several groups of organic
chemists tried to investigate a total synthesis. In 2004, Corey” was the first to report an
enantiospecific synthesis, followed by Danishefsky® in 2005 and several others in the past few

61
years.’
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R=H
R =Thr107

1.47

Scheme 4 Simplified mechanism of hydrolysis and subsequent rearrangement of 1.44 in aqueous solution (R = H)
or in the binding pocket of proteasome core particle (R = Thr1O).

1.2.2 Biosynthesis of Halogenated Natural Products

As shown before, incorporation of halogen atoms profoundly influences the biological activity

of secondary metabolites. Thus, the exploration of the biosynthesis of those organohalogens is

an important research field. In general, there are three different types of halogenases that are

able to catalyze halogenation reactions. The classification was carried out according to the

chemical nature of active halogen species (Table 2). The primary halogen sources for all

halogenases are solvated halide anions.”

Table 2 Biohalogenation pathways.

Electrophilic Radical Nucleophilic
S~ @~ X R R R R X@
| — |]/ A R™OLG R X
e - M"— X X
Mn-1
XO~ X' X

Haem-dependent

haloperoxidases

Vanadate-dependent

haloperoxidases

Flavin-dependent

halogenases

Non-haem iron/2-oxoglutarate

dependent halogenases

SAM fluorinase

SAM chlorinase

SAM-dependent halide

methyl transferase
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The first type catalyzes electrophilic halogenations by oxidation of a halide anion to an
electrophilic halonium species “X"”. This gets then transferred to a nucleophilic system, such as
an alkene or an aromatic compound. The three halogenases use different ways to oxidize X to
hypohalous acid HOX or hypo halite XO", respectively. While the haem- and vanadium-
dependent haloperoxidases (HPO) require H,O, in combination with a metal co-factor, the
flavin-dependent halogenases use O, in the form of a hydroperoxyflavin (FADHOOH)
intermediate. This is activated by the flavin co-factor FAD (flavin adenine dinucleotide).” The
overall stoichiometry of halogenations via haloperoxidases and flavin-dependent halogenases is

depicted in Scheme 5, equation 1 and 2.%

A well-known member of the haloperoxidases is the chloroperoxidase (CPO), first isolated as
haem-dependent CPO in 1966 from the terrestrial fungus Caldariomyces fumago.”* An important
fact is that the CPO cannot only oxidize Cl', but also Br and I" to HOX. In contrast, the

bromoperoxidase (BPO) utilizes just Br~ and 1".%

X"+ HpOp + RH+H' —> R-X+2H,0 ™)
WMo fN_0
s
\ Y. 0,+X +R-H+H' —> R-X+2H,0+ b 2)
NH L __NH
N N
14g © 149 ©
o OH OH
HOWO +X +R-CHg + H* — R-CH,X + CO, + H,0 + HONO 3)
o o
1.50 1.51
o NH, NH,
NH; N Xy Nep N ®
B Me
o ! ) <o) NH;
07 "8 g NG +X  — > X/ o NW + o )
e Y e
HO  OH HO  OH
1.52 1.53 1.54

Scheme 5 Overview over the different types of halogenation reactions: (1) electrophilic halogenation via
haloperoxidases; (2) electrophilic halogenation via flavin-dependent halogenases; (3) radical halogenation via
2-oxoglutarate (I.50) dependent non-haem iron halogenases; (4) nucleophilic halogenation via SAM-dependent
halogenases.

For halogenations in marine environment, especially the vanadium-dependent haloperoxidases

(V-HPO) are thought to be responsible. A vanadate ion is thereby ligated to a histidine residue
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of a protein to keep the co-factor trapped in the active site of the enzyme. A proposed catalytic
cycle for the reaction is depicted in Scheme 6. The resting state of vanadium complex I gets
activated by H,O, to generate V(V) peroxide complex II. This complex is then able to oxidize a
halide ion to a vanadium bound hypohalous acid III. Probably, this active halogenation species
stays at least in close proximity to the enzyme, since V-HPOs have shown to be more selective
than Fe-HPOs. In contrast to the heme-dependent HPOs, the oxidation state of the metal
center stays constant.”*****® However it has to be noted, that the depicted catalytic cycle is

speculative, for which reason the protonated state of the complexes is not shown.

OH

e
A ®
R-X N H,0, + H
W
NH
R-H R 2H,0
o 0,000
.0 AN
0- V4 N7 YO
g
Ny HN
LY 1
NH
R
i
S

X

Scheme 6 Proposed catalytic cycle of a vanadium-dependent haloperoxidases (V-HPO).

The halogenation of inactivated carbon centers proceeds by a radical rebound mechanism.
Thereby, an Fe(1V) oxido species is generated via binding of O, to the Fe(1I) center followed by

oxidative decarboxylation of a-ketoglutarate to succinate (Scheme 5, equation 3).°*%>%

Organofluorine compounds are very rare in nature. This observation can be explained by the
fact that neither H,O, nor O, are able to oxidize F~ to either F" or F', as a reason of the high
reduction potential of fluorine.”’ Thus, the halogenases, working best for chlorine, bromine and
iodine are not able to catalyze fluorinations. The only possibility is to use the nucleophilic F~
directly as the halogenating agent, but the naked F~ is very difficult to generate in aqueous
media. The only reported enzyme to catalyze a fluorination is FIA (5-fluoro-5-
deoxyadenosinesynthase) and also accepts Cl'. SAM (§-adenosyl-L-methionine, 1.52) is not a co-
factor in these reactions, but functions as a substrate, unlike to the SAM-dependent halide
methyl transferases. The formation of the C-F bond proceeds via an S 2-type reaction of I to

SAM (1.52), which contains the very good leaving group methionine (Figure 11).*® A similar
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transformation is also known for the SAM chlorinase Sall. and the product of both halogenation
reactions is the corresponding halogenated adenosine derivative. 5-chloro-5’-deoxyadenosine is
physiologically used to generate chloroethylmalonyl-CoA, which is then incorporated into
salinosporamide A (I.44).” The large amounts of halogenated methanes CH,X (X = Cl, Br, I)
are produced by SAM-dependent halide methyl transferases, via a nucleophilic attack at the

methyl group instead of the adenosine part (Figure 11).%

halide methyl transferases

X@
® / ) NH,
Me < SN

J

o = /
0,c° " o NN

/T\S_z
H H
X@ (0] O

FIA, SalL 1.52

Figure 11 Halogenase catalyzed nucleophilic attack on SAM.
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2 Results and Discussion

In 2013, G. Konig and co-workers reported on the isolation of the unique structure of the
natural product salimabromide (I.6) (Figure 12) from a mud sample from the coast of the
German island Prerow. It turned out to be a novel secondary metabolite of the genome strain
SWBO007 of the obligatory marine myxobacterium Enbygromyxa salina. Due to the fact that only
minor amounts of the natural product are produced (8 ug L.™") and out of 64 L. culture just
0.5 mg of 1.6 could be isolated, only a few tests of its biological activity were performed.
However, an inhibitory activity against Arthrobacter crystallopoietes (MIC value of 16 ug mL™") was

observed.”**

Br. Me
XL
AN
Br / [e]
(o}

salimabromide (1.6)

Figure 12 Structure of salimabromide (I.6).

The authors of the isolation paper also suggest that the biosynthesis of salimabromide (I.6) is in
principle carried out by a polyketide synthase (PKS) III cluster adjacent to at least one
halogenase. Halogenated metabolites from marine myxobacteria are in general very rare and the
same holds for pure PKS-derived compounds, which makes the structure of the new natural
product even more interesting. I.6 consists of an unrivaled tetracyclic core structure, containing
a dibrominated tetraline subunit and a y-butyrolactone moiety, which are bridged by a
cycloheptenone. Moreover, the structure consists of four consecutive stereogenic centers of
which one is an all carbon quaternary center. Adjacent to this, another all carbon quaternary
center is positioned. The ethyl side-chain of the benzene ring is rarely found in natural products.
The structure determination was carried out by extensive NMR analysis and via comparison of
the experimental and the calculated circular-dichroism (CD) spectroscopic data."” The predicted
structure was validated in 2017 by Kutateladze, who published studies on “parametric
9566

corrections to DFT-computed ’C NMR chemical shifts and spin—spin coupling constants

which allow a fast comparison of measured and predicted NMR data.
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Due to its fascinating new structure and its low natural abundance salimabromide (I.6)
represents an attractive target for total synthesis. So far, only one toward synthesis was
published. Menche and Schmalzbauer reported in 2015 the synthesis of the tricyclic core 1.55 of
salimabromide (I.6) in 22 steps (longest linear sequence). Their idea was to synthesize an eight
membered lactone ring, which should be used to build the y-lactone and the cycloheptenone
subsequently (Scheme 7). To generate the eight membered lactone ring I.55, they applied a site-
selective carbonylative lactonization, which surprisingly did not affect the bromine substituents,
but proceeded in only 31% yield. The side-chain of 1.56 was introduced by an aldol reaction and
the tetraline core was closed by an endo-selective iodocyclization. The chiral quaternary center of
I.57 was set by an asymmetric Denmark crotylation in 85% vyield and 95% ee. The two

precursors 1.58 and 1.59 for the synthesis were prepared in five and four steps, respectively.”’

aldol
( DY
Br
carbonylative
lactonization 6-endo-trig
~ 7 cyclization
Denmark crotylation
o
/\)\/ 4 i
::> ¥z OTBDPS  +
Cl53Si
Br
1.57 1.58 1.59

Scheme 7 Retrosynthetic analysis of salimabromide (I.6) by Menche and Schmalzbauer.

2.1 First Generation Approach

The aim of this thesis was the development of a total synthesis of salimabromide (I.6) to
provide some material for detailed biological testings. The retrosynthetic planning hinged on the
idea to build up the tetraline core by our previously developed fragmentation methodology. This

68

provides highly substituted 1-naphthols I.61, which can be further functionalized (Scheme 8).
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0 OH
R Ro sulfolane, 190 °C
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1 (0] 1 o
¢l o— cl o
1.60 1.61
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CIe o) Cl O
1.62 1.63

Scheme 8 Electrocyclic ring-opening and 1,2-chloride migration.

The detailed retrosynthesis of I.6 is depicted in Scheme 9 and started with a double bromination
of the aromatic ring, followed by an aldol condensation of the ozonolysis product 1.64 (Scheme
9). The furano lactone I.65 was envisaged to be formed by an allylic C—H activation using the
methodology developed by C. White.”””” The double bond of the allyl group at the quaternary
center should be isomerized” and the second allylic side chain should be introduced via a
Michael addition. Precursor 1.67 is envisioned to be formed by a dearomatization reaction” of
the corresponding naphthol 1.68. This would generate a tetralone derivative, which could be
transformed into the second quaternary center by a gew-dimethylation. Naphthol 1.68 was

expected to be accessible by the fragmentation of 1.69.”

Starting from 5-bromo-1-indanone (1.70), the first steps were the formation of B-keto ester
I.71,” followed by an alkylation™ and a Krapcho decarboxylation” under strongly acidic
conditions (Scheme 10). Subsequent bromination with CuBr,” and elimination with DBU"
afforded indenone 1.75, which was cyclopropanated with methyl dichloroacetate (MDA).” At
this stage, the first purification by column chromatography was required to afford the
cyclopropanated indenone 1.76 in 50% yield over six steps. The ensuing fragmentation reaction
(sulfolane, 190 °C) afforded naphthol 1.77 in very good yield.”® The palladium-catalyzed Negishi
cross-coupling of 1.77 with diethyl zinc was performed on a 30.3 mmol scale and gave naphthol

1.78 in excellent yield.”
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Scheme 9 Retrosynthesis of salimabromide (I.6).
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Scheme 10 Synthesis of chlorinated naphthol 1.78.
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In parallel, we investigated the synthesis of the non-halogenated naphthol 1.68 (Scheme 11). The
beginning of the synthesis was the same as outlined for the halogenated naphthol I.78, but the
reagent for the cyclopropanation was dimethylsulfonium bromide 1.79 this time.* With this, the
cyclopropanated product I.80 was obtained in 43% yield over three steps. The fragmentation of
this substrate turned out to be challenging, since no reaction was observed at 190 °C (Table 3,
entry 1). The use of neat I.80 or the addition of allyl acohol or allyl amine had no effect on the
reaction and only starting material was recovered (entries 2—4).” Running the reaction at 320 °C
provided the product in very good yield. While the use of a sand-bath to reach such high
temperatures was quite difficult (entry 6), the handling of a “Luftbad” * was very convenient

(entry 7). Subsequent Negishi cross-coupling afforded the final naphthol 1.68.

S 0
Br é %

o) 0 “® o™ Me

1) CuBr,, EtOAc, CHCIj, 70 °C 1.79
Me ’ Br 0
B 2) DBU, benzene, 23°C B DBU, MeCN, o
r r
0°Cto23°C
173 175 ° 1.80 7

(43% over 3 steps)

OH OH
OO Et,Zn, Pd(dppf)Cl, OO
_ >
sulfolane, 320 °C gy o~ 1,4-dioxane, 90 °C o~
(85%) .81 O (97%) 168 O

Scheme 11 Synthesis of naphthol I.68.

The ensuing task was to dearomatize the phenolic ring of the naphthol. Our first idea to achieve
this was to oxidize the naphthols to the 1,4-naphthoquinones and introduce then an allyl or
vinyl side chain by 1,4-addition. The first step, the oxidation of substrate 1.68 with PIFA and
FeCl,, is depicted in Scheme 12 and gave the corresponding naphthoquinone 1.82 in 57%
yield.*
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Table 3 Screening of conditions for the fragmentation reaction of 1.80.

o
H
Me . ?
conditions
o 0 1
(0]
Br ~
.81 ©

(0]

1.80 7

entry conditions result

1 190 °C, sulfolane no reaction
2 190 °C, neat no reaction
3 110-130 °C, allyl alcohol no reaction
4 110-130 °C, diallylamine no reaction
5 170 °C, microwave no reaction
6 250— >400 °C, sand-bath 1.81, but:

* temperature difficult to
control

*  >400 °C: decomposition

*  poor heat distribution —

upscale not possible

7 320 °C, Luftbad 1.81 (85%)
OH o)
OO PIFA, FeCly6H,0 O‘
O~ CH3CN, H,0, 1M HCI SN
o) . O O
1.68 (57%) 1.82

Scheme 12 Oxidation of 1.68 to the naphthoquinone 1.82.

With I.82 in hands, several 1,4-alkylation reagents and conditions were screened (Table 4), but

unfortunately, only decomposition and unidentifiable byproducts were observed (entries 1—

5) 848586
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Table 4 Attempted alkylation.

i Me
O ‘ conditions R
o _~ o~
O O O O
1.82 1.83
R = allyl, vinyl
entry  reagent conditions result
1 ~SBus 184 Sc(OTH),, (CH,CI),, 50 °C, decomposition
2 ZMger 1.85 Et,0,0°C,2h decomposition
3 A~ MgBr 18s  Cul, Et,0, =30 °C,2 h decomposition
4 _~_SMe; 187 TBAF, HMPA, DMF, 23 °C, decomposition
30 min
5 ~.SMe; 187 TiCl,, CH,Cl,, =30 °C, 2 h 1.82 and unidentifiable

byproducts

Since the para-quinone approach turned out to be unsuccessful, a different strategy was
elaborated. This time, we planned to dearomatize the 1-naphthols by generating the quaternary
center at the C2-position. To implement this, we went for the or#ho-Claisen rearrangements of
allyl naphthol ethers. We decided to use the chlorinated naphthol 1.78 for this reaction, since the
substituent at the para-position should prevent or at least hinder a subsequent Cope
rearrangement after the Claisen rearrangement. The allyl ether I.88 for this reaction was

synthesized by the reaction of 1.78 with allyl bromide and potassium carbonate in 78% yield

(Scheme 13).

OH
O\
Cl O

1.78

Scheme 13 Synthesis of allyl naphthyl ether I.88.

With allyl naphthyl ether 1.88 in hands, different conditions were screened for the or#ho-Claisen
rearrangement (Table 5). The reactions were carried out either in sulfolane, mesitylene or neat

and at 190 or 120 °C, respectively (entries 1-5). The obtained products for all reactions were

allylBr, |<2c:o3

acetone, 60 °C

(78%)

I88
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identified as 1.90 and I.91. The para allylated naphthol I1.90 must be generated via a tandem
Claisen-Cope rearrangement, whereupon the chloride must have been eliminated. An
explanation for this result was found during the analysis of the other product, the tricyclic
lactone 1.91. We propose that its formation is initiated by a thermal Claisen rearrangement
(Scheme 14), whereupon the molecule undergoes a Cope rearrangement to unstable chloride
1.92. Hydrogen chloride elimination forms para-quinone methide 1.93, which is attacked by the
adjacent ester to form the lactone moiety.” Via this unanticipated cascade reaction three of the
four rings of the final natural product were formed correctly and the only missing cycle was the
one of the cycloheptenone. Thus, we tried to optimize the reaction in such a manner that the
lactone formation is favored; however, the best obtained yield of 1.91 was only 31% (entry 6). In
addition, the observation of both products I.90 and I.91 indicate that the chloride at the

p-position has no effect on the equilibrium of the tandem Claisen-Cope reaction.

Table 5 Various conditions for the envisioned or#ho-Claisen rearrangement.

| OH
o NF o) : OH
Me '
conditions = !
L o — = o
O ol i o
cl O Ccl O E | - o
1.89 ' 1.90 1.91

1.88

entry conditions result

1 sulfolane, 120 °C 1.90 and 1.91

2 sulfolane, 190 °C 1.90 (10%) and 1.91 (18%)
3 mesitylene, 120 °C 1.90

4 neat, 120 °C 1.90 and 1.91

5 neat, 190 °C, 5 min 1.90 (25%) and 1.91

6 neat, 190 °C, 2 h 1.91 (31%)
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O/\/
e O‘ O‘
OO (NG [3 3] O [3 3] CI —HCI
Ccl O

1.88 1.89
e} 8 OH . e
e O 64
O\ - \/?;(0\ - 0 A 2
| o} ® O . Br o
| | 3
1.93a 1.93b 1.91 salimabromide (1.6)

Scheme 14 Proposed mechanism for the formation of lactone 1.91.

We turned therefore one more time to a different dearomatization approach and investigated a
procedure, published by Wang et al. in 2015. Although, they only reported this methodology for
2-naphthols, we decided to also test it on 1-naphthol 1.68 (Scheme 15).* It was reported that the
Z/E ratio strongly depends on the quality of the Bu,Mg solution. Older Bu,Mg solutions
lowered the Z/E ratio of the product, but had no influence on the obtained ¢¢ values. Since the
Z/E ratio is inconsequential for our substrate we did not care about the age of the Bu,Mg

solution. Nevertheless, the envisaged product 1.96 could not be observed.

HO | 2
0\/ ©)\\ n-Bu,Mg, CPME, \/“;\/J
0°C to 23°C

I96

Scheme 15 Attempted intermolecular dearomatization of 1-naphthol 1.68.

Our following idea was then to test an intermolecular dearomatization following a procedure of
You from 2013.” He reported the use of cinnamyl carbonate 1.97* in combination with DBU, a

Pd(11) source and chiral Trost ligand (S5.,5)-L1 for the enantioselective dearomatization of
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2-naphthols. Subjecting our 1-naphthol I.68 to these conditions gave only traces of the

envisioned product 1.98.

(@]
OH Ph/\/\ O)J\ O/

e
o~ [PACI(C3Hs)]la, (S,S)-DACH-

o Phenyl Trost ligand (S,S)-LA1,
1.68 DBU, 1,4-dioxane, 23 °C

Scheme 16 Attempted asymmetric dearomatization via decarboxylative allylation.

Another idea to dearomatize our 1-naphthols was to perform a catalytic asymmetric
dearomatization (CADA) reaction, according to the intramolecular decarboxylative Tsuji
allylations.”””"”>” The allyl carbonates 1.99, 1.100 and I.102 were prepared with allyl
chloroformate in excellent yields (Scheme 17A and B). At this point, we also decided to simplify
the synthesis of the non-halogenated naphthol by simple dehalogenation of chlorinated
naphthol 1.78.

X
o O/\/
\ OO allyl chloroformate, EtzN
A
O~ THF, 0 to 23 °C OO o
o) ~
0,
1.68 (96%) 199 O
O
OH
OO allyl chloroformate, Et;N
o
> THF, 0 °C
(99%)
1.100
X
o O/\/

Pd/C, NH4HCO, OO allyl chloroformate, Et;N
(L o,

MeOH, 23 °C THF,0to 23 °C

(99%) (99%)

o}
1.101 1.102

Scheme 17 Synthesis of the dearomatization precursors 1.199, 1.100 and 1.102.

With these substrates in hand, various conditions for the CADA reaction were screened. We

started with the non-halogenated substrate I.102 and a selection of the tested conditions is
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reported in Table 6. We were pleased to obtain the dearomatized product 1.89 in over 80% yield
(entry 1). Unfortunately, this result could not be obtained on larger scale (entry 2). Both
reactions were stirred at 23 °C previously to heating to 45 °C, since we initially thought that this
would give slightly better results. Switching the solvent from THF to toluene afforded the
product in 66% yield (entry 3). Next, the solvent was changed back to THF, but this time, the
whole reaction mixture was degassed right after the addition of all components (entries 4—6).
The measure was taken to remove the generated CO, from the reaction mixture and to assure
that the CO, did not influence the reaction in any way. Monitoring the reaction by TLC showed
that the decarboxylation of the carbonate 1.102 occurred rapidly. The first new spot on TLC
turned out to be O-allylated naphthol I.103, which was also observed as a side-product for all
reactions. This could be the explanation for the slightly better yields when the reaction mixture
was previously stirred at 23 °C for 5 min compared to the results of directly heating to elevated

temperatures. However, all the listed results were inconsistent and sometimes not reproducible.

Table 6 Screening of conditions for the dearomatization of 1.102.

(0]

OJ\O/\/ ? Me o
Pd(PPhj3), ; ' i ;
OO conditions (ONg ' OO O
(@) H
~ o E S
1102 © 1.89 ' 1103
entry solvent T/t comment yield
1 THF 23 °C / 5 min 0.0305 mmol 82%
45°C /25h
2 THF 23 °C / 5 min 0.152 mmol 37%
45°C/18h
3 toluene 23°C / 5 min - 66%
45°C/25h
4 THF 45°C/2h degassed reaction mixtutre 50%"
5 THF 45 °C / 40 min degassed reaction mixture 87%
6 THF 23 °C / 45 min degassed reaction mixture 58%""

45°C / 15 min

[2l determined by 'H NMR (CDCls, 400 MHz; mesitylene as internal standard).
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During parallel studies to investigate this intramolecular Pd-catalyzed dearomatization reaction
of 1-naphthols further as a general methodology (for further information see Chapter II), a
"H NMR experiment was undertaken. This clearly revealed that the decarboxylation occurred
rapidly and that the first generated product is the allyl naphthyl ether, which then undergoes a

Pd-catalyzed rearrangement toward the dearomatized product.”

Based on these results, we decided to directly synthesize allyl ether I.103 by allylation of
naphthol 1.101 (Scheme 18). Treatment of 1.103 with Pd(PPh;), in THF gave - as anticipated -
the dearomatized product 1.104 in 77% yield. This time, the reaction was fully reproducible,

even on larger scale.

OH NF 0
0 Me
O O allylBr, K,COs4 Pd(PPhs), _
oS bwmR70°C OO Ol THF 45°C O‘ 2N
1101 © 1103 O 1104 O

(92%) (77%)

Scheme 18 Dearomatization of naphthol 1.101.

In parallel to the screening for the dearomatization of 1.101 (Table 6), an extensive screening
was performed for the chlorinated substrate 1.100 as well. The final outcome was that the best
yield for this transformation was achieved in a mixture of toluene and #-hexane in a ratio of 9 : 1

(Scheme 19).

(0]
OJ\O/\/ Pd(PPhg), i Me Z
O\ toluene:n-hexanes 9:1, 23 °C,
then 45 °C Ccl O
Ccl O
1100 (80%) 1.89

Scheme 19 Dearomatization of 1.100.

With the third substrate, the non-halogenated ethyl ester 1.99, the dearomatized product 1.105
was received in 69% yield with Pd(PPh;), in THF at 45 °C (Table 8, entry 1). The next aim was
to perform the reaction in an asymmetric fashion. For this purpose and in accordance with the

literature, we changed the source of palladium to Pd,(dba),, the solvent to toluene and the
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reaction temperature to 23 °C. We started the screening of the most common ligands for this
reaction, which are the (5,5)-DACH-Phenyl Trost ligand (5,5)-L1, the (5)-#Bu-PHOX ligand
(5)-L2 and the (,5)-ANDEN-Phenyl Trost ligand (S,5)-L3 (Scheme 20).”>"*"7%1%

&

NH HN ;
PPh2 NH HN
PPh, PhyP
2Ph; “t8u PPh, Ph,P
(S,S)-DACH-phenyl Trost ligand )-t-Bu-PHOX ligand (S,S)-ANDEN-phenyl Trost ligand
(S,S)-L1 (S)-L2 (S,S)-L3

Scheme 20 Chiral ligands (5,5)-L1, (5)-L2 and (S,5)-L3.

The best result was observed with (5,5)-L1, affording I.105 (32%) with 56% reisolated
1-naphthol I.68 (entry 2). The other two ligands gave 1.105 in 17% and 25% yield and each time
over 50% yield of the O-allylated product 1.106. Due to the relatively low yields of the
enantioselective reactions in comparison with the racemic one, we decided to carry on with the

racemic dearomatization.

Table 7 Screening of conditions for the CADA reaction of allyl carbonate 1.99.
O
/\/

Me
“ Condltlons \/“im/“

1.99 1.105 1.106

entry Pd source ligand solvent T[°C]/t[h] result™
1 Pd(PPh,), - THF (0.03 M) 45/ 3 1.105 (69%0)"H
(10 mol%)
2 Pd,(dba), ($,9)-L1 toluene (0.03 M) 23 /175 1.105 (32%)
(5 mol%) (10 mol%) 1.68 (56%)
3 Pd,(dba), ($)-L2 toluene (0.03 M) 23 /85 1.105 (17%)
(5 mol%) (10 mol%) 1.106 (52%)
4 Pd,(dba), ($,5)-L3 toluene (0.03 M) 23 /17 1.105 (25%)
(5 mol%) (10 mol%) 1.106 (50%)

[l determined by 'H NMR (CDCl3;, 400 MHz; mesitylene as internal standard.; Pl isolated yield; I9 the reaction was

carried out on a 0.266 mmol scale.
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We then turned our attention to the advanced tricyclic lactone 1.91 and tested the previously
established conditions for the dearomatization of this substrate. The first step was again the
formation of the allyl carbonate with allyl chloroformate to afford 1.107 in 80% yield.

Crystallization from dichloromethane afforded suitable crystals for X-ray crystallography.

(0]
OH O)j\o/\/
OO allyl chloroformate, EtzN
0 o o, -
3 THF, 0 °C 1)
\ (80%) ( 0
1.91 1.107

Scheme 21 Synthesis and crystal structure of carbonate 1.107.

We then started to screen for the optimal conditions for the allylic dearomatization of 1.107.
The first reaction with the elaborated conditions of Table 6 resulted in the formation of only
14% vyield of 1.108a+b (entry 1). With different ratios of toluene and #-hexane the product was
obtained as a mixture of isomers (entries 2—4), which were separated by flash column
chromatography. However, it was not possible to determine the relative stereochemistry of the
two diastereomers by NMR spectroscopy and suitable crystals for X-ray crystallography were
not obtained. In entry 5, the substrate 1.107 was added dropwise to a solution of Pd(PPh,), in
toluene/z-hexane, but the observed product I.108 contained an isomerized vinyl group. In
entries 6 and 7, the reaction mixtures were stirred first at 23 °C for a few minutes before they
were heated to 45 °C. The same procedure was described previously for Table 6. The intention
was to quantitatively form the allyl ether and then dearomatize it upon heating. The results
seemed promising, since the product was obtained in 69% yield (combined yield of both
isomers) also on larger scale (entry 8). Entries 9 and 10 were test reactions, which showed that

the allyl ether is formed quantitatively at 23 °C.
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Table 8 Screening of conditions for the CADA reaction of allyl carbonate 1.107.

OJI\O/\/
Pd(PPh3),
OO /o) conditions
o}
\
1107 1108 1109
entry solvent 1 solvent 2 T[°C]/t comment result!®
1 THF (0.028 m) - 45 /6h 1.108a+b
(14%)
+ allyl ether
2 toluene (0.038 M)  z-hexane (0.9 M) 45 / 15 min 1.108a (18%)
1.108b (27%)
3 toluene (0.038 M)  #-hexane (0.38 M) 45 /15 min  0.0284 mmol  1.108a (32%)
1.108b (43%)
4 toluene (0.038 M)  #-hexane (0.38 M) 45 /10 min  0.0851 mmol  1.108a (23%)
1.108b (31%)
5" toluene (0.038 M)  #-hexane (0.38 M) 45 / 10 min 1.109
6 toluene (0.038 M)  #-hexane (0.38 M) 23 /7min  0.0851 mmol  1.108a (28%)
45 / 10 min 1.108b (37%)
7 toluene (0.038 M)  #-hexane (0.38 M) 23 /4 min  0.255 mmol 1.108a (20%0)
45 / 10 min 1.108b (43%)
8 toluene (0.038 M)  #-hexane (0.38 M) 23 /4min  0.284 mmol 1.108a+b
45 / 45 min (69%)
9 THF (0.028 m) - 23 /6h allyl ether
10 toluene (0.028 M) - 23/6h allyl ether

[ Yields wete determined from crude 'H NMR; [P Different addition mode: Pd(PPhs)s was solved in
toluene/7-hexane and warmed to 45 °C. The substrate was solved in toluene and added dropwise to the Pd(PPhs)4

solution.
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The ensuing step was to selectively reduce the styrene subunit of 1.108 in the presence of the
allylic and the vinylic alkene. The intention of this was to bring both terminal double bonds in
close proximity in order to facilitate a ring-closing metathesis (RCM), which would generate the
fourth cycle. For the reduction of the tetrasubstituted unsaturated lactone moiety several
conditions were screened (Table 9). Unfortunately, all attempts for selective 1,4-reduction either
migrated the vinyl group to give the conjugated product 1.109 (entries 1 and 4) or reduced the
ketone to the corresponding secondary, benzylic alcohol (entry 3).””'*""" With CuCl and NaBH,

in diethyl ether, no reaction took place (entry 2).'”

Table 9 Screening of conditions for the 1,4-reduction of lactone 1.108.

conditions
1109

entry metal salt  reducing agent solvent T [°C] result

1 CoCl,»6H,0 NaBH, MeOH 23 decomposition and
traces of 1.109

2 CuCl NaBH, Et,O —78 no reaction

3 CuCl NaBH, MeOH/THF 7:4 0 ketone was reduced to
the alcohol

4 - Mg MeOH 23 1.109

We then changed back to our dearomatized naphthols and continued with the migration of the
exo-double bond (Table 10). A wide variety of catalysts in combination with several ligands and
additives were tested at different temperatures. Using the conditions shown in entries 4 and 6,'”
a-tetralone I.111 could be isolated as a mixture of double bond isomers in good yield.
Unfortunately, these results could not be reproduced on larger scale (entries 5 and 7). Next, a
methodology from the Nishida group was tested where they use Grubbs II in combination with
vinyloxy-trimethylsilane as catalyst (entry 11).""" With this, the E-isomer of 1.111 was afforded in

75% yield, but at least 20 mol% of the catalyst were required. Since these conditions are not
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practical on large scale, another migration reaction, developed by Skrydstrup, was elaborated.'”
This methodology reports the use of Pd(dba),, P(#Bu), and isobutyryl chloride in a ratio of 1:1:1
to migrate or isomerize double bonds. By using these conditions, product 1.111 could be isolated

in 79% yield together with remaining traces of the starting material 1.89 (entry 13).

Table 10 Screening of conditions for the migration of exo-double bond of 1.89.

o}
Me » o Me
> conditions X
LS LS
Ccl O

Cl O
1.89 1111

entty conditions T/t comment result
1 PdCL(CH,;CN), (30 mol%), 60/225h - 1.89

benzene
2 PdCL(CH,CN), (10 mol%), CH,Cl, 45/19h - 1.89
3 RhCl,'xH,0, EtOH 70/ 6h - decomposition
4 [Pd(ally])Cl], (5 mol%), P(s-tol), 23 /21.5h 0.0157 mmol L111 (92%);

(10 mol%), AgOTf, CH,Cl, dr.=56:1"
5 [PA(ally)CI], (5 mol%), P(s-tol), 23 /15.5h 0.0627 mmol LI111:1.89=0.67: 1

(10 mol%), AeOTf, CH,Cl,

6 [Pd(allyD)Cl], (10 mol%), P(o-tol), 23/15.5h 0.0627 mmol L111 (80%o);
(20 mol%), AgOTt, CH,CI, dr.=7.8:11
7 [Pd(allyD)Cl], (10 mol%), P(o-tol), 23/18h  0.188 mmol 1.89 and traces of
(20 mol%), AgOTt, CH,CI, L111
8 KHMDS, THF 23 / 5min - 1.89 and
decomposition
9 Grubbs II (10 mol%), MeOH 60/23h - 1.89

10 Grubbs II (10 mol%), 50/45h - traces of 1.111
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1

12

13

14

vinyloxyTMS, toluene

Grubbs II (20 mol%),
vinyloxyTMS, toluene

Pd(dba), (5 mol%), P(+Bu),
(5 mol%), isobutyryl chloride

(5 mol%), toluene

Pd(dba), (10 mol%), P(#Bu),
(10 mol%o), isobutyryl chloride

(10 mol%), toluene

Pd(dba), (10 mol%), P(#Bu),
(10 mol%), isobutyryl chloride

(10 mol%), toluene

100 / 28 h

80 /37h

80 /39h

80/41h

1.96 mmol

1111 (75%);
dr.>99: 19

1111 (72%);
dr.>99: 1;¥

remaining 1.89

L.111 (79%);
dr.>99: ;"

remaining 1.89

L111 (84%);
dr.>99: ;"

remaining 1.89

[l d.r. (E/Z) determined by "H NMR spectroscopy.

Having successfully isomerized the allylic double bond, we concentrated on the introduction of

the 2-methylallyl group at the C4-position. The idea was to couple the chloride of I.111 via a

Suzuki-Miyaura cross-coupling with boronic ester I.112, which was prepared according to a

procedure of Singaram and co-workers."” In Scheme 22, the screening conditions for the

coupling are depicted. It was possible to obtain the allylated product 1.113 under all reaction

conditions tested, but unfortunately, the product was co-polar with the starting material 1.111

and thus made the separation and isolation of pure 1.113 impossible. In addition, we were not

able to obtain full conversion of the starting material.

Jas

1.112

PdCI,(CH3;CN), or SPhos Pd G2, SPhos

CsF or Cs,CO3

oMe
AN

Cl O
1111

1,4-dioxane, 90 °C

Scheme 22 Suzuki-Miyaura cross-coupling to introduce the 2-methylallyl group.

1.113
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An alternative reaction was the Suzuki-Miyaura cross-coupling of I.111 with the commercially
available allyl boronic acid pinacol ester (Scheme 23). Starting material I.111 and product 1.114
were again co-polar, but after a detailed screen of reaction conditions full conversion of the
starting material could be achieved. The coupling product 1.114 could be isolated in pure form
and very good yield. This substrate was then selectively oxidized by a Wacker oxidation to
provide I.115 in 48% yield. Next, the formation of lactone 1.117 was investigated. The first

7 to obtain the

attempt was a direct «-hydroxylation, using LHMDS, O, and P(OEt);,
thermodynamic product 1.116 or the already cyclized lactone I.117, but this failed and only

decomposition was observed.

SPhos Pd G2, SPhos,

allyl pinacolborane, Cs,CO3 PdCl,, CuCl, O,

1,4-dioxane, 90 °C DMF/H,0, 23 °C

9% 48%
1111 (©1%) (48%)
o) 0 o)
Me M Me
\ ° x
O‘ LHMDS, P(OEt)s, O, O‘ O‘
O O or o
o THF, 78 to -35 °C S g
OH
o) ) o
1115 1116 1117

Scheme 23 Suzuki-Miyaura cross-coupling of 1.111, followed by Wacker oxidation and attempted a-hydroxylation.

For a stepwise a-hydroxylation, the formation TMS enol ether 1.118, followed by a Rubottom
oxidation was envisaged, however even attempts to prepare the TBS enol ether 1.119 failed

under these conditions (Scheme 24).
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o 0o
Me Me o
x X 1116
TMSCI, LHMDS m-CPBA, NaHCO3;
O\ O\ 77777777777777777 - or
(@] THF, 40 to -10 °C — (e} CH,ClI,, 0to 23 °C o
Me

0 OTMS AN
1115 1118 O‘
0

o
o)
M
e S e}
TBSOTY, LHMDS O‘ 1117
o\

THF, -40 to -10 °C 2 0

OTBS

1119

Scheme 24 Attempted stepwise a-hydroxylation.

Next, we focused on the formation of the aldehyde moiety. Therefore, the vinyl group of ketone
I.111 should be dihydroxlated first and then cleaved to yield the corresponding aldehyde 1.121.
Unfortunately, under the shown conditions either no reaction or decomposition occurred (Table
11).71"%'” Reasons for the decomposition might be unselective dihydroxylation of both
alkenes, or a retro-aldol reaction due to the presence of the ketone moiety in B-position to the

envisioned aldehyde. Lactonization reactions with the ester group are possible as well.

Table 11 Screening of conditions for the formation of diol I.120 and aldehyde 1.121.

3 0 Me B o Meo
conditions O‘ OH conditions O‘ H
(ONGg 2N
Cl O Ccl O
1.111 1.120 1.121
entry conditions solvent result
1 Os0O,, K;[Fe(CN) ], K,CO;, DABCO +BuOH/H,O L.111
2
OsO,, NMO, DABCO ethylene glycol/H,O decomposition
3 1) K,|OsO,(OH),], NMO 1) H,O/acetone decomposition

2) NalO, 2) THF/H,0
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Another approach to obtain the aldehyde was the ozonolysis of the vinyl group (Scheme 25).
However, the ozonolysis of 1.111 resulted in the formation of naphthol I.78 by a retro-aldol
reaction, mentioned also for Table 11. To avoid this problem, the ketone was converted to
tertiary alcohol 1.122 and used in another unsuccessful attempt to obtain the aldehyde via

ozonolysis, but only decomposition was observed.

At this point, we realized that the ketone moiety vicinal to the quaternary center is the reason
for many of the side-reactions. Therefore, we decided to introduce the ge-dimethyl group at

this position first and then investigate the the aldol condensation again.

o) i
Me Me . OH
A O3, then Me,S H 1
O‘ o O‘ o 5 OO 0
~ CH,Cl,, ~78 to 23 °C > ~
Cl O Cl O | Cl O
1111 1121 (0%) 1.78 (77%)
MeMgCl

THF, 0to 23 °C

(quant.)

HO Me HO Me O
Me Me

03, then Mezs H
OGN

CH,Cl,, ~78 to 23 °C
cl O

1.122 1.123

Scheme 25 Ozonolysis of ketone 1.111 and tertiary alcohol 1.122.

We started our investigations for the conversion of the ketone into a gen-dimethyl group with

the exhaustive methylation established by Reetz.'’

Since previous experiments with this
methodology were unsuccessful due to the sensibility of the Reetz reagent, the methodology was
optimized with the literature known test substrate - indanone I.124 (Table 12). During this
screening we realized that the Reetz reagent is prepared best at 0 °C'"" instead of —30 °C and
that it is slightly sensitive to light. With this in mind a complete conversion of 1.124 to 1.125

could be observed (entry 4).
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Table 12 Screening of conditions for the exhaustive methylation of indanone 1.124 as reported by Reetz.

o conditions \ ;
1.124 1.125
entry reagents T [°C] scale result®
[mmol]
1 TiCL" (2.2 equiv), Me,Zn (2.2 -30to  0.378 I.124
equiv) 0
2 TiCL (6 equiv), Me,Zn (6 equiv) —30to  0.757 ratio 1.124 : 1.125 =
0 33:1
3 TiCl, (6 equiv), Me,Zn (6 equiv) 0to23 0.757 ratio 1.124 : 1.125 =
0.8:1
4 TiCl, (6 equiv), Me,Zn (6 equiv) 0to23 0.378 1.125
5 TiCl, (3 equiv), Me,Zn (6 equiv) 0to23 0.378 ratio 1.124 : 1.125 =
0.8:1

[l No yields were measured, since the product I.125 was too volatile. Ratios of starting material to product were
determined from crude '"H NMR; [Pl Neat TiCly; [ 1 M solution of TiCly in CH2Cla.

With the optimized conditions of Table 12 in hands, the direct gezz-dimethylation of I.111 was
performed, but the observed product was identified to be the tricyclic lactone 1.127 and not the

envisioned product 1.126.

0 !
Me Me !
O ‘ N TiCl,, MeyZn O‘ X : O‘ o~ Me
0 oL ~
N CH,Cly, 01023 °C S
! Cl O

cl O Ccl O
1.111 1.126 1.127

Scheme 26 Attempted exhaustive methylation of ketone I1.111.
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The proposed mechanism for the formation of I.127 is depicted in Scheme 27. The benzylic
tertiary cation I.129 is trapped by the vicinal methyl group by a /7,2/-shift and the generated

bis-allylic cation I.130 is in turn trapped by the ester.

(0] [Ti]—O Me Me
M
e\ o Me ,Me\
L e — T —
Cl O Ccl O Ccl O
1.111 1.128 1.129

[1,2]-shift
—_—

Scheme 27 Proposed mechanism for the formation of I.127.

Since Reetz also reported two-step gezz-dimethylation reactions starting from tertiary alcohols,'’

we investigated this approach as well (Scheme 28). However, the observed product was again

the one from the unwanted /7,2/-shift.

HO Me Me :
Me conditions O‘ X !
. X
O‘ (ONG O '
Ccl O Cl O E
1.122 1.126

1) TiCl,, MeyZn, CH,Cly, 0 to 23 °C
2) T|C|4, MeZZn, CH2C|2, -40to 0 °C

Scheme 28 Conditions for the methylation of tertiary alcohol 1.122.

Another idea was to perform a two-step synthesis for the gez-dimethylation by a procedure of
Catlier.'” The first step was the formation of tertiary alcohol 1.131 (Scheme 29). Afterwards, the
benzylic alcohol was treated with SOCIL, Carlier and co-workers reported that first a
chlorosulfite intermediate is generated, which ionizes into a stabilized carbocation/chlorosulfite
ion pair, which forms subsequently the tertiary chloride under elimination of SO,. Subsequent
addition of AlMe; to this crude reaction mixture should then introduce the methyl group.
However, the only isolated product was the rearomatized Cope rearrangement product 1.133

(Scheme 29A). To prevent this rearrangement, substrate I.122, containing a vinyl instead of an



CHAPTER I 41

allyl group, was subjected to the same conditions, but only a complex mixture could be observed

(Scheme 29B).

Q Me
a MeMgBr =
v (I
o~ o~

THF,0to 23 °C

1105 O 1131 O
(86%)

Me ,
SOCl,, 0 °C, neat Z OO o
O\/ E ~
then AlMe3, CH,Cl,, ' o)
781023 °C o} ' |
1.132 (0%) 1.133 (28%)
HO MNelz
e Me
O‘ X SOCl,, 0 °C, neat O‘ X
B) o
~ then AlMe3, CH,Cl,, SN
Ccl O -78t023 °C cl O
1122 1126

Scheme 29 Attempted stepwise gez-dimethylation of 1.131 and 1.122 with SOCI; and AlMes.

Inspired by the idea of generating the tertiary chloride as intermediate, we next tried to isolate
such a halide (Table 13). Unfortunately, only decomposition or the formation of a complex
mixture could be observed with SOCI, as reagent (entries 1-3).""* Using MgBr,"Et,0 and TBAB,
only afforded alkene 1.136 (entry 4).'"

Table 13 Screening of conditions to convert tertiary alcohol I.122 into tertiary halide 1.134 or I.135.

HO Me Cl_ Me Br_Me 5 Me
Me .~ conditions Me Moo | AN
- : Noe
DO L I e o.
cl O cl o cl O 5 c o
1122 1134 1135 1136
entry reagents solvent result
1 SOCI,, pyridine CH,CI, complex mixture
2 SOCL, pyridine - decomposition
3 SO, - complex mixture
4 MgBr, Et,O, TBAB CH,(Cl, 1.136
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Another approach was to form a cyclopropane ring at the position of the ketone, which could
then be reduced to the gen-dimethyl group. The formation of the alkene 1.136 by a Wittig
olefination was the first step and gave the product in very good yield (Table 14). With this
alkene, various conditions for the ensuing Simmons-Smith cyclopropanation were screened.
However, this reaction turned out to be very challenging. With (CICH,),Zn, prepared from
Et,Zn and CH,ICI, no reaction took place at all (entry 1)."*'" Using Et,Zn/CH,l, instead did
not change the reaction outcome, even when a large excess of reagents was used (entries 2—4).
In a publication from 2003, Shi and co-workers report the in situ formation of a
CF;CO,ZnCH,I complex, which is part of a class of tunable zinc reagents. However, no

"6 Another idea was to

conversion could be observed with this reagent either (entries 5 and 0).
subject the reaction mixture to ultra high pressure (14 kbar), but this was again not successful
(entry 7). Subsequently, we changed from Et,Zn to Zn/Cu and Zn/Ag couple' ™" (entries 8—

12). However, this time only the starting material and a complex mixture were isolated.

Table 14 Screening of conditions for the Simmons-Smith cyclopropanation of 1.136.

o}
Me Me B \/Me
A MePPh;Br, t-BuOK X conditions X
@ oL T o
o
> THF, 23 °C > ~
cl O cl O

cl O
1.111 (99%) 1.136 1.137
entry reagents additive solvent / T [°C] t result
1 Et,Zn (1.2 equiv), - CH,CL,/0t023 4h 1136
CHLICI (2.4 equiv)
2 Et,Zn (2 equiv), CH,I, - CH,Cl,/ 23 8h 1136
(2.1 equiv)

3 Et,Zn (2.5 equiv), CH,I, 1,2-dichloroethane 27 h  1.136

(5 equiv) / 60

4 Et,Zn (15 equiv), CH,I, - CH,ClL,/ 23 27h 1.136
(30 equiv)

5 Et,Zn (2 equiv), CH,I, TFA (2.2 equiv) CH,CL,/ 0to 23 2h  1.136
(2.1 equiv)

6 Et,Zn (4 equiv), CH,I,  TFA (4 equiv)  CH,Cl,/ 23 5d 1136
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(4 equiv)
7 Et,Zn (4 equiv), CH,I, TFA (4 equiv)  CH,CL,/ 20; 18h I.136
(4 equiv) 14 kbar
8 Zn/Ag (100 equiv), - Et,O / 60 25h 1.136
CH,I, (16 equiv)
9 Zn/Ag (100 equiv), - Et,O / 60 2d 1136 +
CHL,IL, (16 equiv) complex
mixture
10 Zn/Ag (200 equiv), - Et,O / 60 2d  complex
CH,IL, (30 equiv) mixture
11 Zn/Cu (30 equiv), CH,I, 1, (cat.) Et,O / 50 4d 1136 +
(30 equiv) complex
mixture
12 Zn/Cu (30 equiv), CH,I, - Et,O / 50 4d 1136 +
(30 equiv) complex
mixture

Since the Simmons-Smith cyclopropanation reaction did not give any satisfying results, we

decided to test a gez-dihalocyclopropanation. However, we were not sure, if the obtained

product was the desired cyclopropane 1.138, since clean purification could not be carried out

(Scheme 30)."” Attempted dehalogenation with the impure material using either Bu,SnH or

LiAlH, was not successful.

Scheme 30 Gen-dihalocyclopropanation of 1.136 and attempted reduction to cyclopropane 1.137.

CCC
O\

Me

CHBr3, TBACI, NaOH

CH,Cl,, 23 °C

Cl O
1.136

Br,
Br

\/Me

Cl O
1.138

X

conditions
—_—
O\

1) BusSnH, Et,0, 0 to 23 °C
2) LiAIH,, THF, 0 to 23 °C

\/Me

A
L
Cl O

1.137
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Since all the methods to install the gezz-dimethyl group in a more or less direct way failed, we

envisaged a quite different approach. The ketone functionality of I1.111 was transferred into

120

aldehyde 1.139 by a Kluge-Wittig reaction and subsequent deprotection (Scheme 31).

o Me 1) Ph3P(Cl)CH,0OCHg,
X n-BuLi, THF, 0 to 23 °C
o\
2) HCIO,, Et,0, 23 °C
cl O
1111 (64% over 2 steps)

Scheme 31 Formation of the aldehyde I.137.

The ensuing step was the alkylation at the a-position of aldehyde 1.139 to form the second
quaternary center, which should afterwards be converted into the gen-dimethyl group. We
started the screening with the most commonly used conditions, by treating 1.139 with LHMDS
and Mel afterwards (entry 1). To our surprise, the obtained product turned out to be ketone
I.111. Changing to #BuOK or Cs,CO; gave ecither ketone I.111 again (entries 2 and 3), just
starting material 1.139 (entry 4), or a complex mixture (entry 5). With NaH and a large excess of
Mel (entry 7), product 1.140 could be isolated the first time, but with relatively large amounts of
O-alkylated aldehyde 1.141 as side product. Lowering the temperature (entry 8) only resulted in
the formation of the deformylation product I.111 again. A literature survey revealed that similar
reactions are known with molecular oxygen."”"'* Therefore, the conditions of entry 7 were
tested again, but this time the reaction mixture containing solvent, substrate and Mel was
carefully degassed before it was added to NaH (entry 9). Applying these conditions, 1.140 was
isolated in 69% yield without significant byproducts. An idea to improve the reaction even
further was to use KH instead of NaH (entries 10 and 11), but unfortunately only 1.141 was

observed.
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Table 15 Screening of conditions for the alkylation of aldehyde I.139.

O _H O _H E o)
Me « _ base, Mel MeJ Moo i LN
o O e
cl O cl O | c o
1.139 1.140 1.111
entry  base solvent / T [°C] result
1 LHMDS THF / =065 to 23 I.111
2 #~BuOK THF/#BuOH / =78 to —15 L1
3 #+BuOK THF / 0 to 23 I.111
4 #+BuOK THF/#BuOH / —78 1.139
5 Cs,CO, 1,4-dioxane / 23 complex mixture
6 NaHM THF / 0 to 23 I.111
7 NaH" THF / 0 to 23 1.140 (54%), 1.141 (227%)
8 NaH THF / =35 to 23 L1
9l NaH THF / 0 to 23 1.140 (69%)
10! KH THF / 0 1.141
11 KH THF / 23 1141

[ NaH (2 equiv) and Mel (2 equiv) wetre used; P NaH (2 equiv) and Mel (10 equiv) were used; I the reaction
mixture of I.139, Mel and solvent was thoroughly degassed by freeze-pump-thaw.

Therefore, we stayed with the conditions of entry 9 and carried on. The next step was the

conversion of the aldehyde into a methyl group. Our first idea was to perform a Wolff-Kishner

reduction (Scheme 32), but only decomposition of the starting material 1.140 could be

123
observed.

Another idea was to form thioacetal 1.142 from aldehyde I.140 and convert this into

a methyl group by treatment with Raney nickel. However, thioacetal 1.142 could never be

synthesized."**

1.126

N2H4‘H20, KOH

DEG, 120 or 190 °C

1.140

(0] H
Me Me
™
DO9Y
Cl O

\/S S\/
Me| M
EtSH, BF°Et,0 AN
——
0°C N
cl o
1142

Scheme 32 Attempted Wolff-Kishner reduction and thioacetal formation of 1.140.
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Since both attempts were not successful, aldehyde 1.140 was reduced to alcohol 1.143 followed
by separation of both diastereomers by flash column chromatography (Scheme 33). Subsequent
tosylation afforded 1.144, which was treated with excess LiAIH, at 60 °C, but even after stirring
for 18 h only starting material 1.144 was observed. Not even the ester moiety was reduced by

these conditions.

(@] H
Me| Me NaBH, p-TsCl, pyridine
-,
s o o
~ MeOH, 0 °C 23 °C
Ccl O
(80%, major isomer) (73%)
1140 1143

1,4-dioxane, 60 °C

Me
LiAIH, O‘ X
B —— o
~
cl O

1.126

Scheme 33 Formation of tosylate 1.144 and attempted reduction of the primary tosylate.

A different strategy to introduce the ger-dimethyl group was to perform a Peterson olefination
with ketone I.111, followed by a Simmons-Smith cyclopropanation and subsequent treatment
with Raney nickel to get 1.137. However, the product of the Peterson olefination with sulfide

1.145' could not be obtained (Scheme 34).

_S._TMs
1145

n-BulLi
—_—

THF, 0to 23 °C

Ph

1.111

1.137

Scheme 34 Attempted Peterson olefination to form alkene 1.146.
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Lastly, a Barton-McCombie deoxygenation was envisaged to remove the neopentylic hydroxyl
group. Thus, xanthate 1.147 was prepared according to a typical procedure and was provided in
very good yield (Scheme 35). Subjecting it to the deoxygenation conditions afforded however

only decomposition.

~ CS,, NaHMDS, THF,
: -78 to —65 °C

then Mel, —65 °C benzene, 90 °C

Me
n-BusSnH, AIBN O‘ X
—_—H—
O\
cl O

(83%)

1.143

1.126

Scheme 35 Attempted Barton-McCombie deoxygenation of 1.143.
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2.2 Second Generation Approach

2.2.1 Synthesis of a Common Precursor for the Aldol Condensation Approach and the
[2+2] Cycloaddition Approach

Since the synthesis of the intermediates I.89 and 1.104 was getting more and more unlikely, due
to serious problems with the introduction of the second quaternary center, the gez-dimethyl
group, we decided to explore a completely new synthetic approach to reach the core structure. A
short retrosynthetic analysis is depicted in Scheme 36. The plan was to start with the 6-methoxy-
1-tetralone (I.148) and form the intermediate 1.149. Based on this, two approaches for the key
step were intended (Scheme 36): an Aldol condensation — similar to the previously planned key

step — and a [2+2] cycloaddition.

o

O
0 Me‘L
1.148 S Aldol
condensation
e ., O ———
l ¢
OY O
Me Br Me
- Cr el
— — s o
Br \ «\—0O
e} — -
Me o/
~T0 . .
1.149 N N salimabromide (1.6)
AL [2+2]
\ //o' cycloaddition

Scheme 36 Cyclization precursors I.150 and 1.151 based on intermediate 1.149.

The Aldol condensation with 1.150 would give the tricyclic substrate I.152, which has the
cycloheptenone ring right in place (Scheme 37). Subsequent «-hydroxylation next to the
unsaturated ketone would afford alcohol I.153, which should immediately cyclize to the

y-butyrolactone moiety.
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O
Me\‘L Me
I\ H
., 0 Aldol condensation Oo a-Hydroxylation

OY (0] OS/

Scheme 37 Aldol condensation approach.

The envisaged [2+2] cycloaddition approach is depicted in Scheme 38. Starting from neopentylic
alcohol 1.155, we wanted to use the protocol of Brown and Rasik, who reported ketene-alkene
[2+2] cycloadditions, promoted by Lewis acids, with in situ generated alkenyl ketenes. Those
alkenyl ketenes are very reactive and tend to undergo [4+2] cycloadditions with itself. Therefore,
the alkene substrate has to be used in excess."” A second challenge for this step was that the
cycloaddition had to occur from the side of the alcohol. To accomplish this, we wanted to use
the aluminium alkoxide to coordinate to the ketene (I.157) and thus direct the cycloaddition.
This should be feasible, since the required Lewis acid for the cycloaddition is AIMe; or a variant
thereof. After the addition, the cyclobutanon should be transformed into the lactone 1.159 by a
Baeyer-Villiger oxidation."” Subsequent ozonolysis of alkene mojety of 1.159, followed by
oxidation of the alcohol would lead to I.160, which then cyclizes to 1.154 via an intramolecular

aldol condensation.

o
Fh Nm Mf\
Me 11 ?6 \/@é \/@é Baoyer-Viliger
=
Ph

1.155 1.157 1.158
O
Me\ Me‘L
“"oH WSy Aldol Me
) 1) O3 condensation 00 H
< “=0Q - > - II"/O ------------- - 0
F e

Scheme 38 [2+2] Cycloaddition approach.
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The synthesis of the common intermediate 1.149 started with the 1,2-addition of MeMgBr to
1.148, followed by the elimination of the tertiary alcohol under acidic conditions (Scheme 39)."*’
Epoxidation and subsequent Meinwald rearrangement'” afforded B-tetralone 1.162, which was
alkylated with KH and Mel."”” For this reaction, careful degassing of the solvent together with
the substrate was mandatory since otherwise a-hydroxylation of the benzylic position took
place. Interestingly, the alkylation did not work at all with NaH as base. A second 1,2-addition
of MeMgBr to I.163 - activated by lanthanum(iI) chloride bis(lithium chloride) complex

solution (L.aCly-2LiCl)"™ - followed by benzylic oxidation"' and elimination'”

of the tertiary
alcohol afforded 1.166 in a very good overall yield and also on large scale. It is important to
mention that without activation of the ketone functionality of 1.163 by the Lewis acid LaCl,, the

yield dropped significantly on larger scale.

Via the next three steps, the methoxy group was converted into the ethyl group. For this
purpose, the methoxy group was first deprotected with BBr; and then converted to the
triflate.”” A final Negishi cross-coupling” of the triflate afforded I.169 in 78% yield over three
steps. The second quaternary center was then introduced by a two-step sequence of 1,2-addition
of allylmagnesium bromide and subsequent oxy-Cope rearrangement'™ to obtain intermediate

1.170, which was afterwards isomerized by Skrydstrup’s protocol” to intermediate I.171.

For practical reasons, the synthesis of both intermediates I.173 and 1.174 was shortened by
removing the three steps to introduce the ethyl side chain. In our opinion, the reactivity of the
cyclohexanone part of the molecule does not change significantly if the aromatic part is
substituted by a methoxy group instead of the ethyl side chain. Therefore, we synthesized

intermediate 1.174 (Scheme 40) in the same way as reported for 1171 (vide infra).
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(0]
MeMgBr, THF, 23 °C m-CPBA, stOH KH, Mel
- then HCI, 23 °C TFE/CH,ClI,, 0 THF, 23 °C

(6]
1.148 1.161 57 mmol 1.162 95 mmol
(44% over 2 steps) (71%)
M Co(acac), (20 mol%),
O  LaClg « 2LiCl, MeMgBr CoH TBHP
\O THF, 0 °C \O acetone, 23 °C
1.163 (96%) 1.164 (95%)
MeOH )
ACOH, H,S0, O‘ O
= — > =
~0 100 °C ~o /\U/\
o) . 0
1.165 (88%) 1.166

BBr3 O‘ Tf0, EtsN O‘ Et,Zn, Pd(dppf)Cl,
CH,Cly, -78100°C  HO TfO

CH,Cl,, 78 to 23 °C 1,4-dioxane, 90 °C

o o]
1.167 (98% over 2 steps) 1.168 (88%)

Me

O‘ allyIMgBr O‘ £-BUOK, 18-crown-6 =
—_—

THF, 0 °C N THF,0t023°C
0 OH o
1169 1170 (38% over 2 steps) 1149
Pd(dba)y, P(t-Bu)s, Me
isobutyryl chloride N
toluene, 80 °C
0
(92%) 1171

Scheme 39 Synthesis of intermediate I.149 and the isomerized intermediate I.171.
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O‘ allyiMgBr O‘ t-BuOK, 18-crown-6
_ = \O
\O OH

THF,0t0 23 °C THF,0t0 23 °C

1166 ° 1172 | (77% over 2 steps)
Me Pd(dba)y, P(t-Bu)s, Me
isobutyryl chloride
~o toluene, 80 °C o
le} (0]
(92%)
1173 1174

Scheme 40 Synthesis of intermediate 1.173 and the isomerized intermediate 1.174.

With these four intermediates in hands, the next steps toward the key steps were envisaged. For
the Aldol condensation approach an ester at the o-position of the ketone was required.

However, the a-acylation turned out to be challenging. The first idea was to introduce the ester
by a direct acylation with dimethyl carbonate (DMC) (Table 16, entries 1-3). Since only starting
material or decomposition could be observed, methyl chloroformate (entry 4) and the even
more reactive Mander’s reagent were used (entries 5-7), but again only starting material could be
isolated. Interestingly, the use of LHMDS as base (entry 5) resulted in the formation of the TMS
enol ether 1.176, which was stable even during purification by column chromatography. With
Boc-protected imidazole I.177" as acylating reagent (entry 8) only the starting material could be

isolated.

Table 16 Screening of conditions for the direct o-acylation.

MeR2 MeR2 Me .
conditions . O‘
Ri Ry ORs :
o} 0O O 1 OTMS

1.149: R, = Et, R, = allyl 1175 1176

1.171: Ry = Et, R, = vinyl

1173: R; = OMe, R, = allyl

1.174: R, = OMe, R, = vinyl
entry substrate base reagent result
1 1.174 NaH DMC no reaction
2 1.174 NaH, KH DMC decomposition
3 I.171 NaH DMC no reaction
4 I.171 NaH methyl chloroformate no reaction
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5 1171 LHMDS Mander’s reagent 1.176
6 1.171 LDA Mander’s reagent no reaction
7 1.173 LDA, HMPA Mander’s reagent no reaction
8 1.174 NaH o no reaction
N//\N)I\oJ<
=

However, the observation of the stable TMS enol ether 1.176 brought us to the idea to test a
Mukajama Aldol reaction with I.173 (Scheme 41), but again no reaction was observed. Due to
all these negative results, we assumed that the bulkiness of the adjacent quaternary center
prevents the attack at the electrophiles. We therefore started to focus on smaller electrophiles,
such as formaldehyde, which could be oxidized afterwards. However, with aqueous

formaldehyde and Y(OTf),, no reaction took place.™

MelLi, HMPA, Me

Mander's reagent 7
~ O
Et,0, 78 t0 23 °C o ~
Me Me O O
Z LHMDS, TMSCI O‘ = 1.179
AN ~
o THF, -78 to 23 °C o
o} OTMS Me
1173 1.178 Y(OTf)3, CH,0 (aq)

THF, 23 °C o OH

e}

1.180

Scheme 41 Attempted a-acylation via Mukajama Aldol reaction.

Thus, the next variant was to trap the deprotonated ketone I.173 directly with the small
electrophiles MOMBr and benzotriazole-1-methanol (1.182) (Scheme 42). Unfortunately, no
reaction was observed. Another idea was to purge the reaction mixture with formaldehyde gas
that was freshly prepared from paraformaldehyde. However, only I.173 together with a complex

mixture was obtained.
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OH
~
N\
N
N 1182
LHMDS
Me Me THF, —78 to 23 °C Me
LHMDS, MOMBr
B £ —
o o< ~o S oH
THF, —78 t0 23 °C
0 0 LHMDS, [CH,O, o
1.181 1.173 1.180

THF, -78 to 23 °C

Scheme 42 Attempted formation of B-hydroxy ketones.

Our last approach to introduce either an ester or a synthetic equivalent thereof was to perform a
Reformatsky reaction. From former quenching experiments it was known that halogen atoms
could be introduced at the a-position of the ketone. Deprotonation with LHMDS and the use
of 1,2-dibromotetrachloroethane as halogen source gave the brominated product 1.183 in
quantitative yield (Scheme 43). With I1.183 in hands, several conditions for the alkylation were
tested. For Zn, only the dehalogenated ketone 1.173 was isolated and the use of SmI,"" only led

to a complex mixture.

At this point, we stopped our acylation efforts. The result of our attempts was that this
a-position is apparently not reactive enough to attack electrophilic carbon atoms, independent
of their sizes. However, it turned out that this position can easily be deprotonated and trapped
with bulky halogen atoms in quantitative yield, which is in contrast to all the other observed

results. Therefore, the lack of reactivity cannot be explained only by the sterics.

A) Zn, TMSCI, DMC Me
THF, 70 °C
~ O
B) Zn, TMSCI, methyl O
chloroformate (o] (o]
THF, 70 °C 1184
Me Me Zn Me
/ LHMDS, BrCCI,CCl,Br 7 TMSCI, MOMBr /
~ O
o THF, 78 t0 23 °C o) Br THF, 70 °C ~o ~
o] o] o)
1173 (quant.) 1183 1181
Smil,, Me
KHMDS, p-TsCN Z
THF, -78t023°C O CN
o)
1185

Scheme 43 Attempted Reformatsky reaction of 1.183.
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Therefore, we changed our strategy and focused on the [2+2]-cycloaddition approach. Starting
from vinyl ketone 1.171, the ozonolysis afforded ketoaldehyde 1.186 which was then reduced in
a second step to diol 1.187 (Scheme 44). Unfortunately, we realized later that ketoaldehyde 1.186
was very sensitive toward further oxidation and even started to decompose during the work-up.
Since we suspected the benzylic ketone to cause the problem, we reduced it to alcohol 1.188 and

tested the ozonolysis again, but this time decomposition occurred.

Me

S Me Me
03, then Me,S H NaBH, OH
—_—
R °
CH,Cl,, ~78 to 23 °C EtOH. 23 °C
0 o ’ OH
1.171: R = Et (67%) 1.186 1.187
1.174: R = OMe
O
Me
NaBH, X Og, then Me,S Me H
~o . ~
MeOH, 0to 23 °C CHyCly, -78t0 23 °C (@)
OH OH
(quant.) 1.188 1.189

Scheme 44 Ozonolysis of several vinyl substituted tetralins.

However, with a few milligram of diol I.187 in hands, the elimination of the benzylic alcohol to
the alkene was performed. In an attempt to dehydrate I.187 using Amberlyst® at ambient
temperature, we did not isolate the product 1.190, but cyclic ether 1.191 in good yield (Scheme
45).

Me '
OH Amberlyst® Me : Me
Seond
CH.Cl,, 23 °C 1
OH 2 : ©
1.187 1.190 1.191
(77% over 2 steps
from 1.186)

Scheme 45 Attempted elimination of the benzylic alcohol.

Since our initial attempt to generate 1.190 failed, we changed our strategy and went a few steps
back in the synthesis. From our former route toward the intermediates with the two adjacent
quaternary centers, we knew that we can overcome the steric repulsion of the gez-dimethylgroup
by an intramolecular electrocyclization. Due to this, we envisaged to use a [2,3]-Wittig-Still

8

rearrangement'® to form the alkene moiety and the primary alcohol together in one step.
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Starting from enone 1.166, the first step was a Luche reduction to provide the very unstable
benzylic, allylic alcohol (Scheme 46). To avoid elimination, the alcohol was immediately alkylated
with tin reagent 1.192" to afford 1.193, the precursor for the [2,3]-rearrangement. This crude
mixture was treated subsequently with #-Bulli and the desired product 1.194 was obtained in
48% yield over three steps. The common side-product of the Wittig-Still reaction, the [1,2]
rearrangement product, was isolated in minor amounts and could be separated by flash column

chromatography.

1) NaBH,, CeClz*7H,0, Me

° -BuLi
AT teonee ) — 90k
O S
O ~o

2) 17> SnBus, KH, THF, 0 °C THF, 78 to —35 °C
o) 1192 O._SnBus

1166 1193 (48% over 3 steps) 1194

Scheme 46 [2,3]-Wittig-Still rearrangement.

With the substrate for the ketene [2+2] cycloaddition in hand, a variety of reaction conditions
were screened in accordance to the literature (Table 17)."”° The two Lewis acids AlMe,Cl and
AlMe, were tested as well as different concentrations of the reaction mixture in CH,Cl,, but only
remaining starting material, traces of the ester of 1.194 and 1.195 and some kind of polymer
were obtained. However, the acid chloride I.195 was used in slight excess in contrast to the
literature of Brown, but studies of Hugelshofer et al. showed that the cycloaddition also works
with less ketene.'” We thus guessed that our substrate was not reactive enough to undergo the

cycloaddition and that the ketene therefore reacts with itself to form a dimer.

Table 17 Screening of conditions for the ketene-alkene [2+2] cycloaddition.

Me 0
~N
OH Ph O
QL A —
O

1194 1195
entry conditions result
1 DIPEA, AlMe,Cl, CH,CI,, =78 to 23 °C 1.194 + ester
2 DIPEA, AlMe,, CH,CI, (0.5 M), =78 to 23 °C 1.194 + ester

3 DIPEA, AlMe,, CH,CL, (1 M), —78 to 23 °C 1194 + ester
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Hereupon, we changed to the more reactive ketene precursor trichloroacetyl chloride (I.201).
With this, the cycloaddition product could be dehalogenated afterwards upon treatment with Zn

141 . .
However, we were not sure, if the reaction would tolerate

and functionalized in another step.
the use of a Lewis acid to tether the ketene and decided to test the cycloaddition conditions
without a Lewis acid. To avoid esterification with the acid chloride, the alcohol moiety was also

protected with several protecting groups (Table 18).

Table 18 Synthesis of protected alcohols.

Me Me
O‘ OH conditions O‘ OR
o o

1.194

entry  conditions result

1 TBSCI, im, DMF, 0 to 23 °C Me
O‘ OTBS
o

1197 (68%)

2 MOMCI, DIPEA, DMAP, CH,Cl,, 0 °C Me
OO
o

1198 (94%)

3 Mel, NaH, DMF, 0 to 23 °C Me
jee e
~o

1199 (80%)

4 Ac,0, Et;N, DMAP, CH,CL, 0 °C iiM
OAc
~o

1.200 (86%)

The reactive species dichloroketene is generated in situ by dehalogenation of 1.201 with Zn/Cu
couple and in order to avoid dimerization it is crucial to run the reaction under high dilution and

"2 With this in mind, the four substrates

to add the acid chloride very slowly to the zinc mixture.
1.197-1.200 were subjected to these conditions, but no conversion of the starting materials was

observed (Scheme 47).
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0O

CI3CJ\CI
Me ZniCu, 1201
g
~o Et,0, 23 °C
1.197: R = TBS 1.202
1.198: R = MOM
1.199: R = Me
1.200: R = Ac

Scheme 47 Attempted [2+2] cycloaddition by in situ generated dichloroketene.

Since the previous results for the generation of the cyclobutanone were all not successful due to
the low reactivity of the alkene substrate, we changed from the intermolecular [2+2]
cycloaddition to an intramolecular version. This would have several advantages, since it is
known that even very unreactive alkenes and ketenes react by an intramolecular cycloaddition to
form complex polycyclic compounds. Furthermore, we would be able to control the
stereoselectivity of the newly formed stereocenters. Our plan was thus to synthesize
(alkenyloxy)acetic acid 1.204 and generate then the corresponding acid chloride 1.205 (Scheme
48). Heating this with Et;N would lead to ketene 1.206, which should cyclize to the tetracyclic
product 1.207. The regioselectivity of the addition was proposed to be as depicted for 1.207,
because the partial positive charge of the transition state would be stabilized at the benzylic
position.'” Unfortunately, the synthesis of acetic acid 1.204 was not possible and only starting

material was observed.

Me Me
H, I203 OH
S

1.194 1.204

Scheme 48 Envisaged synthesis of the tetracyclic compound 1.207.
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For this reason, we modified the reaction again, to synthesize an alkoxyamide with which an
intramolecular keteniminium [2+2] cycloaddition could take place. An advantage of this
modification would be the positive charge of the keteniminium which makes the reagent more
electrophilic than ketenes and in addition prevents dimerization.'** The amide precursor 1.209
for the key step was prepared in quantitative yield by nucleophilic substitution with
2-chloroacetamide 1.208 (Table 19). Thereupon, several conditions for the cycloaddition were
screened. Different equivalents of Tf,0 and collidine as well as various reaction temperatures
and times were tested. Another point was to vary the way how the Tf,O and the collidine were
added to the reaction mixture. The best result with 70% vyield of the envisaged tetracyclic
product 1.207 was obtained when Tf,0 and collidine were added at 23 °C to the substrate in

1,2-dichloroethane and the mixture was then heated to 80 °C (entry 10).

Table 19 Screening of conditions for the thermal intramolecular alkoxyketeniminium [2+2] cycloaddition.

o)
Me - Cl\i;NEtz “ﬂj\ WNB st
OH ’ g (o) 2 conditions
~o O‘ DME,0t023°C g O‘ %
1194 (quant.) 1.209 1.207
entry conditions comment result
1 Tt,0 (1.1 equiv), collidine (1.2 equiv), DCE, addition of Ttf,0 no reaction
23 °C, 4 h, then CCl,/H,O, 100 °C over 45 min
2 Tt,0 (1.1 equiv), collidine (1.2 equiv), DCE, addition of Tf,0 1.207 (36%)
80 °C, 24 h, then acetone/H,0, 80 °C over 5h
3 Tt,0 (1.1 equiv), collidine (1.2 equiv), DCE, addition of Tf,O in  1.207 (traces)
80 °C, 24 h, then acetone/H,0, 80 °C one portion +
decomposition
4 Tt,0 (5.0 equiv), collidine (5.0 equiv), DCE, addition of Tf,O in  1.207 (40%)
80 °C, 2.5 h, then acetone/H,O, 80 °C one portion
5 T£,0 (3.0 equiv), collidine (3.0 equiv), DCE, addition of Tf,0 in  decomposition
65 °C, 1 h, then acetone/H,0, 65 °C one portion

6 T£,0 (2.5 equiv), collidine (2.5 equiv), DCE, addition of TH,O in  1.207 (36%)
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55 °C, 30 min, #hen acetone/H,O, 55 °C one portion

7 Tt,0 (2.5 equiv), collidine (2.5 equiv), DCE, addition of TH,O in  1.207 (25%)
60 °C, 1 h, then acetone/H,O, 60 °C one portion

8 T£,0 (5.0 equiv), collidine (5.0 equiv), DCE, addition of Tf,0 in  1.207 (traces)
60 °C, 2.5 h, then acetone/H, 0, 60 °C one portion

98 TEO (5.0 equiv), collidine (5.0 equiv), DCE,  addition of TE,O in 1207 (55%)
80 °C, 2 h, then acetone/H,0O, 80 °C one portion

10™] T£,0 (5.0 equiv), collidine (5.0 equiv), DCE, addition of T,O in  1.207 (70%)
80 °C, 2 h, then acetone/H,0, 80 °C one portion

[l the reaction was performed at 0.0868 mmol scale; Pl the reaction was performed at 0.174 mmol scale.

The mechanism of this thermal intramolecular alkoxyketeniminium [2+2] cycloaddition is
depicted in Scheme 49. In the first step, the triflated cation I.210 is formed, of which triflic acid
is subsequently eliminated to form the keteniminium salt I.211. This ketene derivative is attacked
by the benzylic alkene, resulting in the formation of a benzylic carbocation I.212 which is
subsequently trapped by the addition of enamine, forming the cyclic iminium ion I.213. The last
step is the hydrolysis of the iminium toward ketone I.207. Mechanistic studies of Ghosez in
1983 showed that the reaction proceeds stepwise through a cationic intermediate and not
concerted."” However, more recent studies discus also a concerted but highly asynchronous
cycloaddition. The two mechanisms could also compete and depend on the nature of both the

alkene and the ketene.'*

" H Me

e ® RSN

o~ NEt, Tf,0 Me NEt, collidine o __,
O/HO( ‘\ o 2 ~o 2 2

~ oTf =

1.209 1.210 1.211

o K,CO4
~ = =
(@) ®H o ) acetone/H,0
®OTf NEt2 2
1.212 1213 OTf 1.207

Scheme 49 Proposed mechanism of the keteniminium [2+2]-cycloaddition.
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After the successful synthesis of tetracycle 1.207, the ensuing step was to open up the cyclic
ether. Therefore, 1.207 was treated with SmI,,'"’ but hemiketal 1.214 was obtained instead of the
alcohol (Table 20). Therefore, the next aim was to open hemiketal 1.214 and trap the primary
alcohol to prevent the ring closure. The fist idea was to use basic conditions in combination
with a TBS silyl ether. The screened conditions for this transformation are depicted in Table 20,
but although various bases, solvents and temperatures were tested, either starting material 1.214
or the protected tertiary alcohol 1.216 was isolated. The observation of the latter in quite high
yields was surprising, since the protection of the tertiary alcohol should not be favored at all.
However, this result gave us a first hint that the conformation of the hemiketal is way more

preferred than its corresponding open form.

Table 20 Screening of conditions for the opening of hemiketal 1.214.

Me OTBS !
conditions L/ '
R H :

\O i
H ©) !

Sml,
_ =

AN
o THF/MeOH, 0 °C o

(quant.) 1215
entry conditions result
1 TBSCI, imidazole, DMF, 0 to 23 °C no reaction
2 TBSOTTY, Et,N, CH,CL,, =78 to —35 °C 81% I.216
3 'TBSCI, imidazole, DMAP, DMF, 0 to 23 °C no reaction
4 TBSCI, ~#BuOK, THF, =78 to 23 °C 1.216
5 TBSCI, Et,N, THF, 70 °C no reaction

Since the screening of Table 20 with relatively mild bases was unsuccessful, the attention was
turned to harsher conditions (Scheme 50). The intention this time was not only to protect the
primary alcohol, but also form the silyl enol ether of the ketone. As soon as the ketone would be
protected, the formation of the hemiketal is prohibited and the primary alcohol could be
protected by the excess of reagents. However, the silyl ether of tertiary alcohol 1.216 was again

the only observed product.
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1.214

1: LHMDS, TBSOTf, -78 to 23 °C
2: KHMDS, TBSOTf, -78 to 23 °C

Scheme 50 Conditions for the formation of 1.217.

A reason for the observations of Table 20 and Scheme 50 might be that, due to the very
strained, bowl shaped structure of 1.214, the primary alcohol points directly to the ketone and
therefore the equilibrium between the hemiketal and its open form is almost completely on the
side of the hemiketal. Another factor might be that the primary alcohol is neopentylic and

therefore sterically quite hindered.

To overcome at least the problem with the equilibrium of the hemiketal, the idea was to prevent
its formation during the cleavage of cyclic ether 1.207 (Table 21). Therefore, an excess of a
SmI,/HMPA complex was used to generate both the alkoxide and the enolate at the same time
and trap both as silyl ether directly. Unfortunately, just starting material or a complex mixture
was isolated (entries 1 and 2). A complex mixture was also obtained with just Sml,, followed by

addition of TBSOTT (entry 3).

Table 21 Screening of conditions for the ring opening and twofold protection of 1.207.

Me OTBS
Me " o/
conditions
~ O@ H \O O‘ H
o I
O'. o) H Q OTBS

1.207 1217
entry conditions result

1 Sml, (2.5 equiv), HMPA (5.0 equiv), TBSOTt, THF, 23 °C no reaction

2 SmlI, (15 equiv), HMPA (105 equiv), TBSOT{, THF, 23 °C complex mixture
3 Sml,, TBSOTf, THF, 23 °C complex mixture

Since all the attempts to avoid the formation of the hemiketal or drive its equilibrium to the
open form by trapping the primary alcohol failed - maybe also due to the sterical hindrance of

the neopentylic position - a different kind of protecting group was needed. The envisaged key
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step to build the cycloheptenone affords an aldehyde group at exactly the position of the
primary alcohol. An aldehyde would be on the one hand small enough for this congested
position and on the other hand would reduce the number of steps by two. Thus, the hemiketal
I.214 was exposed to oxidative conditions but no reaction at all could be observed (Scheme
51A). Another option was to treat hemiketal 1.214 with #butyl carbazate (1.219) under acidic
conditions to obtain hydrazone 1.220, but no conversion of the starting material was observed

(Scheme 51B)."*

DMP, pyridine
—_— =

~
CH,Cl,, 23 °C, 18 h o

i NHBoC
1.219 Me OH
HCI (aq) o/
—H—> H
EtOH, 80 °C <y HBee

Scheme 51 Attempted opening of hemiketal 1.214.

Although this attempt was unsuccessful, a similar approach came to our mind. Instead of
subjecting I.214 to oxidative conditions, it was treated with LiAlH, and in fact, diol 1.221 was
afforded in very good yield and diastereoselectivity (Scheme 52). The proximate reaction was the
selective protection of the primary alcohol I.222; but the main product was the silylated

secondary alcohol 1.223, presumably due to the sterically hindered neopentylic position.

To avoid this problem and since ketoaldehyde I.218 is needed anyway, diol 1.221 was oxidized

under Swern conditions to give 1.218 in very good yield.
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TBSCI, im, Me OTBS Me OH
DMAP L/ L/
DMF, 0 to 23 °C H ""OH H ""OTBS
1.222 (8%) 1.223 (23%)
Me OH
LiAlH,
—_—
Et,0,0t023°C O "
20, 0o H ""OH

(99%, d.r. = 30:1) 1.221

(COCl),, DMSO,
Et;N

N
CH,Cly, 78 °C Y

(95%)

Scheme 52 Reduction of hemiketal 1.214 to diol I.221 and further transformations.

With dicarbonyl 1.218 in hands, several attempts to alkylate the secondary a-position of the
ketone were performed (Scheme 53). First of all, a Pd-catalyzed a-vinylation by a procedure of
Huang et al. was tested,"” but only decomposition was observed. Since alkylations with vinyl
groups are often difficult the next idea was to use allyl bromide as electrophile. However, the
product was again not obtained. An aldol addition with acetone and subsequent elimination of
the tertiary alcohol with DBU was another idea to introduce a vinyl group, which contains a

methyl group at the C2-position, but the envisioned product could not be isolated."”

Me O
LHMDS, [Pd(Pt-Bus)Br],

toluene, 80 °C /1_224

1.225

Me O
allylBr, LDA, HMPA
~ HH
(6]
H O THF, -78 to 23 °C

1.218

M?{O Me /o
acetone, LDA, ZnCl, HH DBU m|‘.|<
N -~ H
H o Y
THF, -78 to -55 °C H o
HO
1.227 1.225

Scheme 53 Attempted alkylation and aldol addition of ketone I.218.
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Since the direct alkylation and aldol condensation respectively were not successful, a Mukaiyama
aldol reaction was envisaged. The product after the first step, the generation of the TMS enol
ether, was used directly in the next step without any purification (Scheme 54A). TiCl, and
acetone were added,””""**'> but the aldol condensation product I.227 was not obtained. Instead,
ketoaldehyde 1.228 and its aldol condensation product 1.229 were isolated. A possible
explanation could be that the deprotonation with LHMDS occurred at the tertiary a-position of
I.218 instead of the more accessible secondary one (Scheme 54B). Therefore, the cyclobutanone

ring was opened and the TMS enolate of ketone 1.230 was formed, which partially underwent an

Meo
908
o
" (¢}

intramolecular aldol condensation to give 1.229.

A)

1.228

Foes

1.229 o

1) LHMDS, TMSCI, -78 to 23 °C

2) TiCly, acetone, 78 to 23 °C

Meo Me(o-rMS Me
9O ¢ U S — D
N H
o ~o o
(@] O

COTMS
1.230 1.231 1.229

Scheme 54 A) Attempted Mukajama aldol addition. B) Proposed mechanism of the formation of 1.228 and I.229.

Our last idea was to oxidize the aldehyde moiety of I.218 to the carboxylic acid, to ease the
differentiation between the two carbonyl groups. Thus, aldehyde I.218 was treated with classical
Pinnick oxidation conditions. However, the so formed carboxylic acid attacked the

cyclobutanone and formed again a hemiketal.

NaH,PO,4, NaClO,,
2-methyl-2-butene

CH,Cly, 23 °C

1.232 (0%) 1.233 (87%)

Scheme 55 Pinnick oxidation of aldehyde 1.218.
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2.2.2 Optimized Synthesis of the Precursor for the Intramolecular

Alkoxyketeniminium [2+2] Cycloaddition*

Since a major problem with the above reported synthesis was the permanent lack of material
due to too many steps toward the key step, it was decided to develop in parallel a new synthetic
route for alcohol I.194. This new route started with a Ba(OH), catalyzed aldol condensation of
m-anisaldehyde (1.234) and pinacolone (I1.235)."" Subsequent hydrogenation of the obtained
enone provided ketone I.237 in good yield (71%, >13 g) over two steps (Scheme 56). Corey-
Chaykovsky epoxidation afforded epoxide 1.238 after the next step in very good yield (95%,
>10 g)."” Screening of conditions for the Friedel-Crafts alkylation revealed that the reaction
afforded the best yield and regioselectivity in HFIP with a catalytic amount of concentrated
H,SO,." Small amounts of the ortho-Friedel-Crafts product could be isolated as well.
Unfortunately, the benzylic oxidation of 1.239 with DDQ) to the alkene 1.194 did not afford the
envisioned product, but cyclic ether 1.240, which was also the product of a previous reaction
(compare Scheme 45). A crystal structure of 1.241 was obtained by deprotection of the Friedel-

Crafts adduct.

¢ Ba(OH), Pd/C (1 mol%), H,
o O+ — = o =
EtOH, 90 °C o EtOAc

H
1.234 1.235 1.236

(71% over 2 steps)
110 mmol scale

NaH, Me3SI, DMSO H,SO,
~o ~o o
) DMSO/THF, 70 °C, then d HFIP, 23 °C
1.237 0to23°C 1.238

(61%)
(95%)
49 mmol scale

Me ' Me
(o) DDQ H
O “ © :
N 114_dioxane! 1()0 oC ~ S \O O

1.239 1.194 1.240

BBI'3, CH2C|2,
-78t0 0 °C

(quant.)

Me
OH _
HO

1.241

Scheme 56 Synthesis of alcohol 1.239 and subsequent DDQ oxidation.

#The experiments of of Chapter 2.2.2 were performed in cooperation with Matthias Schmid.
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The next idea was therefore to protect the primary alcohol 1.239 as TBS ether 1.242 and oxidize
the benzylic position to ketone 1.243 (Scheme 57)."""" Subsequent reduction with LiAIH, and
in situ deprotection of the silyl protecting group afforded however not alcohol 1.194, but again

cyclic ether 1.240 in quantitative yield.

Me
imidazole, TBSCI oTBS Co(acac),, TBHP
/(I\/j DMF, 0 to 23 °C ~o

acetone, 23 °C

1.239 1.242
(97%) (64%)
Me Me :
LiAlH,, THF, 0 °C :
oTBS “/\OH |
~ :
o then HCI (conc.), ; ~o
O 0to23°C
1.243 1194 (0%) 1.240 (quant.)

Scheme 57 Benzylic oxidation of 1.242 and attempted elimination toward 1.194.

We then had another idea, which would also avoid a protection/deprotection sequence. The
amide mojety for the keteniminium cyclization could also be used as “protecting group” for the
benzylic oxidation to the alkene (Scheme 58). The first step, the formation of amide 1.244,
occurred in quantitative yield. Subsequent oxidation provided then alkene I.209 in very good
yield after some screening for the best conditions. It turned out that the reaction worked best in
1,4-dioxane with six equivalents of DDQ. In toluene or with less or more DDQ), either

decomposition or incomplete conversion was observed.

o
NEt2
1.208 "
NaH NEt2 DDQ OWNEQ
/(I\/j DME,0t023°C /[;ﬁﬁ 1,4-dioxane, 95°C 0O °
1.239 (quant.) 1.244 1.209

(90%)

Scheme 58 Synthesis of precursor 1.209 for the [2+2] cycloaddition.
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3 Conclusion and Outlook

In summary, several approaches toward the total synthesis of the natural product salimabromide
(I.6) have been investigated in this thesis. The epoxide 1.238 was synthesized in three steps from
the commercially available starting materials 1.234 and I1.235 (Scheme 59). Subsequent cascade
reaction consisting of a 1,2-methyl migration followed by Friedel-Crafts alkylation afforded
bicyclic primary alcohol 1.239 in good yield. Due to this elaborate reaction, two adjacent all
carbon quaternary centers were set in a single step. The synthesis of alkoxyamide 1.209
subsequently proceeded in two steps and set the stage for the keystep. Intramolecular
keteniminium [2+2] cycloaddition of alkoxyamide I.209 provided the envisaged tetracyclic
product in 55% yield. To the best of our knowledge, this is the most complex substrate where
such a keteniminium cycloaddition has been successfully applied. Three ensuing steps gave
dicarbonyl compound I.218, which proved to be difficult to further functionalize toward

salimabromide (I.6). Future studies are directed at advancing late-stage ketoaldehyde I1.218.

3 steps HZSO4 Me
)Kk OH
HFIP, 23°C g

1. 234 1.235 1.238
(61%)

2steps O‘ OWNEtz szo collidine, DCE, 80 °C

then acetone/H,0, 80 °C

1.209
(70%)

1.218 salimabromide (1.6)

Scheme 59 Synthesis of an advanced intermediate for the synthesis of salimabromide (I.6).

To shorten the synthesis the use of elongated amide 1.245 will be investigated in the [2+2]

cycloaddition instead of the alkoxyamide 1.209 (Scheme 60). This would have the advantage that
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— following Baeyer-Villiger oxidation of the cyclobutanone - the thus formed seven-membered
ring 1.255 would simply require an allylic oxidation to establish the tetracyclic core structure of

salimabromide (I.6).

In further experiments, the substitution pattern of the aromatic portion of salimabromide (I.6)
would be introduced. To avoid any additional sterical hindrance during the keteniminium [2+2]

cycloaddition, bromination is planned to occur at a later stage of the synthesis.

( R
Me " Br Me
A T,0, collidine, DCE, 80 °C e H
H 2 (o]
then acetone/H,0, 80 °C < ‘ o Br \ »—0O
R;N” S0 " IS
1245 1.246 salimabromide 1.6

Scheme 60 New approach for the keteniminium [2+2] cycloaddition.

During these studies toward salimabromide (I.6), several new and interesting reactions were
discovered, such as the cascade reaction of allyl naphthyl ether 1.88 that provided a tricyclic
lactone (I.91) (Scheme 61). Further exploration of this reaction could provide rapid access to

natural products with similar structural motif, such as dioscorealide B (I.247).

O
O/\/ OMe
we | PP 00
9 o °

oL B3 ~ B3 CIO
cl O Cl O |
1.88 1.89 1.92

OH MeO
O Ao
—_—
—HCl o Q. /°
O

HO OMe

\

1.91 dioscorealide B (1.247)

Scheme 61 Cascade reaction to yield tricyclic lactone 1.91.
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With the Pd-catalyzed intramolecular dearomatization of 1-naphthols another powerful
transformation was investigated for a new substrate class. This reaction enabled the successful
installation of an all carbon quaternary center at the C2-position of the former naphthol and was
capable of proceeding on multi-gram scale (Scheme 62). To date, no such dearomatization by a
Tsuji allylation is known. As such, it was further investigated in a separate project and is

presented in Chapter II of this thesis.

0]
oo Pd(PPhs)g Twe
OO O\ toluene:n-hexanes 9:1, 23 °C, O‘ O\
then 45 °C Cl O
Cl O
1.100 (80%) 1.89

Scheme 62 Successful dearomatization of a 1-naphthol under Tsuji conditions.
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4 Introduction

4.1 Asymmetric Palladium Catalyzed Decarboxylative Allylations

The formation of new carbon-carbon bonds is one of the most fundamental reactions to create
complex structures in organic chemistry. Several procedures to form C—C bonds have been
developed in the past, however, the formation of quaternary centers and especially their
asymmetric formation is still challenging. In recent years, significant improvement of the
palladium catalyzed asymmetric allylic alkylation allows the generation of tertiary and quaternary
centers in a highly asymmetric fashion. In general, there are two types of substrates for this

158 :
> However, in

reaction: allyl B-keto carboxylates (Scheme 63) and vinyl carbonates (Scheme 64).
recent years even 2-naphthols turned out to be viable substrates, which undergo a dearomative

allylation by generating selectively a quaternary center at the C1-position.

The first palladium catalyzed decarboxylative allylations were independently reported by Tsuji*’
and Saegusa™ in 1980 within two days. However, the first asymmetric version of the so-called
decarboxylative Tsuji allylation was reported over 20 years later in 2004 by Tunge and Burger
(Scheme 63)."” They were able to obtain yields up to 94% and e¢¢’s ranging from 54% to 98%,
using the (R,R)-DACH-phenyl Trost ligand ((R,R)-L1).

(0] O

R
-L1 ) N 2
1.1 (R,R)-L1 (10 mol %), .3 NH HN
Pdy(dba)s (5 mol %)
or or PPh, Ph,P
25 °C, CH,Cl,
o O o .
M (R,R)-DACH-phenyl Trost ligand

R O R * Vi (R,R)-L1

1.2 .4 L J

Scheme 63 Tirst reported asymmetric Tsuiji allylation.

Only a few months later, Stoltz published a very similar methodology for an enantioselective
Tsuji allylation of allyl enol carbonates IL.5 and silyl enol ethers I1.7 (Scheme 64).” In contrast
to Tunge, who was able to control the stereocenter of the B-position, Stoltz and co-worker
demonstrated the ability to control the stereochemistry at the a-position. A ligand screening
showed that the PHOX ligands - and especially one with the #butyl oxazoline - were able to

improve the ef’s significantly. Using this methodology, Stoltz was able to construct all carbon
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quaternary stereocenters both intra- and intermolecular in high yields (79-99%) and high e¢’s
(79-92%). The substrate scope covers a variety of 6 to 8 membered rings and 1-tetralones and
also cyclic enol silanes, for which the use of tetrabutylammonium difluorotriphenylsilicate

(TBAT) as initiator was essential.

(S)-L2 (8.25 mol %),
Pd,(dba)s (2.5 mol %),
i (S)-L2 (6.25 mol %), TBAT, (35 mol %), OTMS
o~ o F  Pday(dba); (2.5 mol %)

Me diallyl carbonat \\O>
N PPhy N—/
R@/ THF, 25 °C R‘ij THF, 25 °C R{ﬁ/ ‘+Bu
(S)-t-Bu-PHOX ligand
1.5 1.6 .7 L (S)-L2

Scheme 64 Asymmetric Tsuji allylation by Stoltz and co-workers.

A few months later, Trost also published an enantioselective Tsuji allylation where the
ANDEN-phenyl Trost ligand ((R,R)-L3) was used (Scheme 65).” The reaction was performed
in toluene instead of tetrahydrofuran (THF) and the obtained yields (64-99%) and ef’s (76—
100%) for the substrate scope, which even contains heterocycles, are similar to the ones of
Stoltz. Notwithstanding the similarity to Stoltz methodology, Trost expanded this methodology
to the synthesis of tertiary stereocenters and therefore simultaneously overcoming the issue of

product racemisation and dialkylation.

i (RR)-L3 (5.5 mol %), o o o
0" ~o" ™ Pdy(dba)s*CHCl; (2.5 mol %) Me ~ NH HN
toluene, 23 °C, 20 h ), PPh, Ph,P
)n
1.8 1.9 (R,R)-ANDEN-phenyl Trost ligand
' (RR)-L3

Scheme 65 Asymmetric Tsuji allylation by Trost and co-workers.

Employing the enol carbonate of 1-tetralone II.10 as model substrate for a solvent screening
gave astonishing results. In toluene and especially in THF substantial amounts of unalkylated
and dialkylated side products II.12 and II.13 were observed (Scheme 66). Only when the

reaction was conducted in 1,4-dioxane their formation was almost completely prevented. Trost
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speculates that the absence of the side products results from the formation of solvent-caged
contact ion pairs, which are predominantly generated in dioxane compared to other solvents.
According to this assumption, the equilibrium of the enolate and the product will be minimized,
if the alkylation reaction between the contact ion pairs is much faster than the diffusion rate of

the ions or the product out of the solvent cages.”

0 (R,R)-L-3 (5.5 mol %),

o)ko/\/ Pd,(dba); (2.5 mol %) 24 Q QA
+ +
.10 .11 .12 .13

Scheme 66 General scheme for the asymmetric Tsuji allylation using 1-tetralones.

In 2005, Stoltz reported the first example of a very efficient deracemization of a-substituted
B-ketoesters I1.14 by a decarboxylative Tsuji allylation (Scheme 67). In this work, Stoltz and co-
workers explored an enantioconvergent reaction mechanism “in which the same catalyst is
intimately involved in both the stereoablative (C—C bond-braking) and stereoselective (C—C
bond-forming) steps.”'® By this, they expanded the scope to a variety of racemic B-ketoesters
with a-quaternary centers, which could be transformed into their corresponding ketones in up

to 99% yield and 92% ee.

o o (S)-L-2 (8.25 mol %), o
R 9 R
o~ Pd,(dba); (2.5 mol %) s
THF or Et,0, 25-40 °C
.14 .15

Scheme 67 Enantioconvergent deracemization of B-ketoesters.

Hamada published in 2010 the first Pd-catalyzed dearomative zpso-Friedel-Crafts allylic alkylation
for the synthesis of spiro[4.5]cyclohexadienones (Scheme 68). Via this methodology, they were
able to dearomatize phenol I1.16 and obtain spirocycle I1.17 as the major diastereomer in 80%

yield (dr = 9.2:1) and 89% ee."”' Further studies in 2012 confirmed that ligand (R,R)-L3 gives the

best results.'*
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OH
(S,S)-L-3 (5.5 mol %),
Pd,(dba); (2.5 mol %), Li,CO3

___OCO,Me CH4CN, 10 °C, 40 h

+-Bu0,C CO,t-Bu
.16

Scheme 68 Pd-catalyzed asymmetric 7pso-Friedel-Crafts allylic alkylation.

In 2011, You published a quite similar reaction for the intramolecular asymmetric formation of
spirocyclohexadienone derivatives I1.19 via the dearomatization of phenols. In contrast to
Hamada, the reaction is Ir-catalyzed and the phosphoamidite ligand (S,S,5)-L4 is used, which
provides a wide scope of spirocycles in 60-95% yield and 85-97% ee. Again, the use of Li,CO,

. : 163
was crucial for the reaction outcome.

(S,S,S)-L4 (4-8 mol %), )
[{Ir(cod)Cl},] (2—4 mol %),
Li,COj3 (2 equiv)

OH

Me

OO O ¥—2-MeoPh
P—N

0  3—2-MeOPh
Me

X = NR', CH,NR', C(CO,R"), L (5,S,5)-L4 ]

.18 1.19

THF or 1,4-dioxane, 50 °C

X/\/\/OCOZMe

Scheme 69 Ir-catalyzed asymmetric jpso-Friedel-Crafts allylic alkylation.

Notwithstanding the complexity of the spirocyclic products by Hamada and You, the design of
the phenolic starting materials for the intramolecular dearomatization prevents competing O-
and ortho-alkylation. In 2013, You overcame this problem and reported the first Pd-catalyzed
intermolecular asymmetric allylic dearomatization of 2-naphthols (II.20) (Scheme 70). Various
carbonates (I1.21) served as allyl sources in combination with a Pd(II)-catalyst and the Trost-
ligand (K,R)-L1. This time, not Li,CO; but DBU turned out to be the optimal base concerning
enantioselectivity and chemoselectivity. The dearomatized products (I1.22) with an all carbon
quaternary center - generated in very good selectivity at the Cl-position - were obtained in high
yields and e¢’s. However, the chemoselectivity of the allylation decreased considerably when the
R*-substituent was a hydrogen atom. Another drawback of this methodology is that the

naphthols are used in excess with regards to the carbonates (2 equivalents vs. 1 equivalent).”
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Ry N"0co,Me
.21 Rs
R [{Pd2(C3H5)Cl},] (5 mol %), N
oy (RR)ML1(11mol %), DBU
OO Py
. 4 O
Ry 1,4-dioxane, rt
R
11.20 11.22

Scheme 70 Pd-catalyzed asymmetric intermolecular allylic dearomatization of 2-naphthols.

One vyear later You expanded his methodology and was able to obtain very good
chemoselectivities for the dearomatization of 2-naphthols (I1.23) even without a substituent at
the C3-position. The best chemoselectivities were observed for ester or ketone substituents at
the Cl-position, maybe due to the electron withdrawing effect. However, the ratio of naphthol
to carbonate is still 2 : 1. In contrast to the previously published methodology, the synthesis of
the dearomatized substrates is racemic and at elevated temperatures. Interestingly, You also
published a screening of chiral ligands, showing excellent conversion up to 90% but only

providing e¢’s of 10%.'*

Rs
Ry OCO,Me .
11.24 2
R
! Pd(PPhs), (5 mol %), Li,CO4 Ra—?
OH
R1
1,4-dioxane, 80 °C O‘ (0]
1123 .25

Scheme 71 Pd-catalyzed asymmetric intermolecular allylic dearomatization of 2-naphthols.

In 2017, You was able to overcome all the former problems of competing O-alkylation, low
enantioselectivity and unpractical substrate to reagent ratio. An iridium-catalyst was employed,
which allowed the use of the phosphoramidite ligand (5)-L6 (Scheme 72A) and allylic alcohols
(I1.27) and ethers (II.28) were found to be suitable substrates instead of allyl carbonates. A
beneficial feature of the use of allylic alcohols and ethers as substrates is the shorter synthesis
and the reduction of the generated waste. However, a Lewis acid had to be added to activate the
allylic alcohols and ethers. Screenings showed that Brensted acids promote the reaction as well

but with much lower efficiency.'”
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Just a month later, the Zhong group reported almost exactly the same methodology (Scheme
72B). With a chiral Ir/phosphoramidite complex they were able to dearomatize 2-naphthols
(I1.20) using allylic alcohols (I1.30). The major difference between both reactions is that Zhong
uses the chiral Bronsted acid II.31 to activate the allylic alcohol.'® Interestingly, the same
Bronsted acid was also tested by You with mediocre success. Another notable difference is the
used name for the dearomatization reaction: You refers to as catalytic asymmetric
dearomatization (CADA) reaction and Zhong as asymmetric allylic dearomatization (AADA)
reaction. To avoid confusion, the author of this thesis decided to just use the term CADA

reaction.

RS N"on  I.27
or
Ry N"0R, 1128

R [Ir(cod)Cl]5 (3 mol %), / R4 O‘ O
k (S)-L6 (7.5 mol %) Ri 5—/_ N
OH < o P-N |
Y rf /
= Fe(OTf),, CH,Cly, rt Rs OO O
2

(up to 92% yield and 98% ee) (S)-L6

Rs3

\/\OH

11.30 O‘ Rq
0
R, [Ir(cod)Cl], (4 mol %), R, _//—R3 e
OH (R)-L6 (8 mol %) § P
" O ’ e ™
R, 1131 (8 mol%), 4A MS, CHCI, rt O‘
2 R, R4
1.20 .22 _ )
(up to 87% yield and >99% ee) R4 = 2,4,6-i-Pr;CgHy
.31

Scheme 72 Catalytic asymmetric dearomatization reactions by You and Zhong.

Notwithstanding the results of You and Zhong, both use 2-naphthols for the allylic
dearomatization which hinders or even prevents subsequent rearomatization via Cope
rearrangement. The only publication that examined the intermolecular dearomatization of
1-naphthols and phenols by a similar methodology was published in 2016 by You. Herein the
main topic is the arylative dearomatization of 2-naphthols (Scheme 73A). However, they also
tried to expand the methodology to the dearomatization of 1-naphthol I1.34 by generating an all
carbon quaternary center at the C2-position, but they only could obtain a C4-substituted
dearomatized product I1.35 (Scheme 73B). The only dearomatization took place at a substituted

C4-position (I1.37). A very similar result was observed for phenols."”’
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R
X@ 11.32

A)
Ry [Pda(C3Hs)Cll, (2.5 mol%), R. Ar ©\P(l‘ Bu),
on  Q-Phos (L6) (7.5 mol%) o Ph_Fe Ph
Ph/@\lﬁh
Rs . Rs
R, Cs,CO3, toluene, 80 °C R, Ph
- L6
Il.26 (up to 99% yield) 11.33 Q-Phos (L8)
B) 3
PhBr ! PhBr
O (46% ! (81%)
: Me Ph
1.34 I. 35 .36 .37
OH !
_PhBr : Bu PhBr
j (60%
Me Ph ; Me Ph
1.38 .39 (5%) 140 (83%) .41 1.42

Scheme 73 Pd-catalyzed intermolecular arylative dearomatization.

4.2 Mechanism of the Palladium-Catalyzed Asymmetric Alkylation

The first investigations toward the mechanism of the Pd-catalyzed Tsuji allylation were cross-

16018 and Trost.” Interestingly, Trost’s group observed

over experiments performed by Stoltz
only minimal cross-over between both allyl groups, yet Stoltz observed all possible cross-over
products in a deuterium labelled experiment (Scheme 74). A possible explanation for the

different results might be the influence of the ligands on the reaction mechanism.

Trost proposes that his catalytic system containing the bisphosphine ligand accelerates the
alkylation reaction in such a way that it exceeds the rate of ion or product diffusion out of the
solvent—cages formed in 1,4-dioxane. In contrast, Stoltz suggests a similar catalytic cycle as
Saegusa in 1980,” which contains two stages for possible scrambling (Scheme 75). This cycle

would also be consistent with the results that were observed with his catalytic system.
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Trost

O
JL 0
/
g MeO =
MeO

(RR)-L3 (5.5 mol %),

1.43 Pd,(dba)3*CHCl; (2.5 mol %) 1.45
+ +
ji 1,4-dioxane, rt
(0}
o O/\/ P
MeO
11.44 11.46
(11.43/11.44 1:1) (11.45/11.46 10:1)
+
crotylated products
0 boD Stoltz
(0] (e}
OJ\O)V Me D D
Z 4 - isomer
Me
.47 (S)-L-2 (6.25 mol %), 149 1.50
. Pd,(dba)s (2.5 mol%) . )
+
o) THF, 25 °C
D
OJ\O/\/ Q CD, 0 CD;
Z . =
CD; b
+ isomer
11.48 11.51 11.52

Scheme 74 Cross-over experiments performed by the groups of Trost and Stoltz.
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O
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Scheme 75 Proposed catalytic cycle for the decarboxylative allylic alkylation by Stoltz and Saegusa.
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A few years later, Trost published another experiment to investigate the scrambling during the
Tsuji allylation. Trost used a very similar deuterated substrate as Stoltz in combination with the
different ligands L3, L5 and dppe (1,2-bis(diphenylphosphino)ethane) in 1,4-dioxane to rule out
the influence of the substrate and the ligand (Scheme 76). Contrary to Trosts previous
experiment, complete scrambling and thus formation of all six possible products was observed
this time for all the tested ligands. Therefore he suggests now that the exchange of the ion-pairs

is faster than the product generation.l(’g

o) o) o)
Me D D D D

= . Z . ¥
Me CD;

.53 Pd/L3 or L5 or dppe 1.55 11.56 .57

o 1,4-dioxane, rt
o) o D o} D
M NF CD; CD; Me
6 0O = — —
+ D *+ D
SO \
1.54 1.58 11.59 1.60

°
|\>
PPh, N—/
i-Pr

(S)-i-Pr-PHOX ligand
(S)-L5

Scheme 76 Cross-over experiment of Trost from 2009.

Trost also discussed the two mechanistic pathways for the recombination of the enolate and the
n-allylpalladium complex I1.61 (Scheme 77). In the inner sphere mechanism, the nucleophile
coordinates first to the palladium, followed by a reductive elimination to form the product I1.63.
This mechanism is usually favored for “hard nucleophiles” with a pKa>20. The other possibility
is the outer sphere mechanism where the nucleophile attacks directly the allyl moiety and
substitutes the palladium in a S 2’ fashion. This pathway is arbitrarily favored by “soft

nucleophiles” with a pKa<20.l(’9

Inner Sphere Outer Sphere

) Nu DL L

Lo o | ; o Sp2'
®Pd Nu L-Pd-L  reductive o d’ld(a LN~
oy > 1 - NF : S Nu
a4 ¥ elimination '
.61 11.62 11.63 ' 11.61 11.63

Scheme 77 Inner vs. outer sphere mechanism of the nucleophilic addition to the n-allylpalladium complex IT1.61.
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To figure out which pathway is more likely for the decarboxylative Tsuji allylation, (£)-11.64 was
treated with the usual Trost conditions. The result was an almost perfect kinetic resolution since
only one enantiomer of the racemate reacted selectively and the other one remained even after
12 h. Analysis of the configuration of the product I1.65 revealed the s configuration and thus
retention of configuration. Since ionisations of carbonates generally follow an anf-addition
mechanism, the observation of the overall retention of configuration strongly indicates an

: 169
“outer sphere” mechanism.”

i @ (RR)-L3 (5.5 mol %), o
o ol “p,  Pda(dba)s (2.5 mol %) Me
H H "'Ph +  (-)-1.64
1,4-dioxane, rt H H

(+/-)-11.64 (39%, 99% ee) (+)-11.65

inversion

Nel

Pd
H Inner Sphere

o H
—_— =
Cco, .
retention

.67

Scheme 78 Palladium-catalyzed decarboxylative allylation of II1.64.

In 2012, Stoltz and co-worker published extensive DFT calculations to get a deeper insight into
the mechanism — inner or outer sphere recombination of the enolate and the m-allylpalladium
complex — of the asymmetric Tsuji allylation (Scheme 79). They concluded that the inner sphere
mechanism explains the observed enantioselectivity better than the outer sphere mechanism.
Their calculations indicate the appearance of a 5-coordinate Pd-species I1.70 which undergoes a
ligand rearrangement to form intermediate IL.72. The reductive elimination occurs via an
unconventional seven-centered transition state I1.73 in contrast to the standard three-centered
carbon-carbon reductive elimination. Although it was not possible to irrevocably determine the
enantioselective step, all calculations show that the inner sphere pathway is energetically

170
preferred over the outer sphere one.
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Scheme 79 DFT-calculations for the asymmetric Tsuji-allylation.

You, who published the first Pd-catalyzed intermolecular asymmetric allylic dearomatization”
performed also mechanistic studies for this reaction (Scheme 80). Treatment of allyl ether I1.75
with Pd(PPh;), afforded the dearomatized product I1.76 and naphthol I1.77 in a ratio of 89 : 11.
Test reactions revealed that without Pd-catalyst no reaction was observed. Another test reaction
showed that no back reaction from the dearomatized product IL.76 to enol ether IL.75 is
possible. NMR studies of the intermolecular dearomatization displayed the O-allylated naphthol
to be an intermediate of the reaction which fully converts to the product. Interestingly, the
O-allylated naphthol I1.78 did not react at all with Pd(PPh,),. This indicates that the induced
effect of the substituent at the Cl-position influences the reversible ionization of the allyl ether.
However, cross-over experiments with IL.78 and a slight excess of the free naphthol II.79
afforded the dearomatized product I1.79 as major product. The result of another cross-over
experiment proved that the formal rearrangement of the O-allylated naphthol is neither an

. . . 164
intramolecular nor a contact ion pair process.

Based on the results of these experiments, You proposed a catalytic cycle (Scheme 81). At the
beginning, oxidative addition of Pd(0) to allyl carbonate II.84 generates a m-allylpallydium
species. This forms by nucleophilic attack of naphthol II either the dearomatized C-alkylated
species V or the O-alkylated species IV. The O-allyl ether can undergo another oxidative

addition with Pd(0) to start the catalytic cycle again.'”
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Pd(PPh3), (5 mol%),

COZM Li;CO3 (200 mol%) Me0,C / COzMe
o . OH
D Tems T QL CC
11.75 (L76:11.77 = 89:11) II.76 .77
Pd(PPhg), (5 mol%),
LioCO3 (200 mol%)
1,4-dioxane, rt
|| 78 Ph

cross-over experiments:

Pd(PPhs), (5 mol%), J—ph
oH g Li,CO3 (200 mol%) Me OO Og
o) +
1,4-dioxane, 80 °C O‘ ~

I1.79 (1.3 equiv.) .78 (1 equ) (.79:11.78 = 86:14) .79 .78

Pd(PPhs), (5 mol%),

Li,CO3 (200 mol%
OH 2C03 ( 0)
Oc J 1,4-dioxane, rt O‘
MeO MeO

11.80 (1 equiv.) 11.81 (1 equiv.) 11.82 (47%) 11.83 (37%)

Scheme 80 Mechanistic studies of the Pd-catalyzed allylic dearomatization.
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Scheme 81 Proposed catalytic cycle for the decarboxylative allylic dearomatization by You.
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5 Results and Discussion”

Although the asymmetric Tsuji allylation and CADA reaction was significantly advanced in the
last years, the allylic dearomatization of 2-substituted 1-naphthols by generating an all carbon
quaternary center at the C2-position is still unexplored. The most challenging aspect is the
accessibility of the para-position as the initially dearomatized molecules have the possibility to
rearomatize by a formal Cope rearrangement, or the allylation occurs at the para-position of the
aromatic compound. This would lead to the thermodynamically more stable 2,4-disubstituted

1-naphthols.

We assumed that if the n-allyl Pd-complex is spatially close enough to the naphthoate, the
allylation should occur preferentially at the C2-position (Scheme 82). However, the precondition
for this is to prohibit the ion diffusion. Very mild reaction conditions and low temperatures
would limit subsequent rearrangement and rearomatization. To fulfill these restrictions, the plan
of this thesis was to combine the asymmetric allylation methodologies of Trost and Stoltz with

the CADA reaction of You and Zhang.

I o e o
o 0 !
o O/\/ pq0 R : R1
R or R4 —_— \\\‘\/ ' R,
oyt el . |
' =
11.85 11.86 11.87 ! 11.88

Scheme 82 General idea for the intramolecular dearomatization of 1-naphthols.

5.1 Screening and Optimization of the Intramolecular CADA Reaction of the

Allyl Carbonate of 1-Naphthols

We started the screening with the allyl carbonates of 2-substituted 1-naphthols. Subjecting allyl
carbonate II.89 to Pd(PPh,), in various solvents afforded most of the time the dearomatized
product II.90, but as an inseparable mixture with the diallylated species I1.92 (Table 22).

Naphthol I1.34 was always observed as a side-product. This result indicates on the one hand

" The experiments of chapter 11 were supported by Bernard (Ruben) Andringa.
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that the Cope rearrangement is not suppressed and that on the other hand ion diffusion out of
the solvent cages takes place. A second side-product in all reactions was O-allylated I1.91, which
is, as before, in accordance to the reaction mechanism proposed by You (Scheme 81). Another
interesting fact can be seen by the comparison of entry 3 and 4: surprisingly, the reaction gave
better results in non-degassed 1,4-dioxane than in degassed one. However, we have no

explanation for this result.

Table 22 Screening of conditions for the racemic dearomatization reaction of allyl carbonate II.89.

(0] ' (0]
. AN Me
O)ko/\7 conditions 2 Me 1 ) O‘ F oH
D ——— Z
3 %

11.89 11.90 11.91 1192 11.34
entry catalyst solvent™ result ratio of
I1.90 : I1.921

1 Pd(PPh,), THF 11.89 +I1.92 (61%)  1:0.22

2 Pd(PPh;), n-hexane/toluene (1:10)  I1.91 -

3 Pd(PPh,), 1,4-dioxane! 11.89 + I1.92 (37%)  1:0.14

4 Pd(PPh,), 1,4-dioxane 11.89 + I1.92 (15%)  1:1.1

5 Pd(PPh;), THF! 11.89 + I1.92 (48%)  1:0.20

6 Pd(PPh,), CH,CI, 11.89 + I1.92 (28%)  1:1.6

7 Pd(dba),/PPh,¥ THF - -

[ 10 mol% catalyst were used; Pl solvents were degassed via freeze-pump-thaw; 0.05 M; [ not degassed; [ 0.02 M
solution; [ isolated as an inseparable mixture; 1 determined by 'H NMR; @ Pd(dba) (5 mol%) and PPh;
(11 mol%).

To optimize the reaction and thus reduce the amount of side-products, we decided to apply
chiral ligands since they are often far more optimized than the racemic ones. The most
commonly used chiral ligands are the P,P-C,-symmetric-coordinating Trost ligands (S,S5)-
DACH-phenyl Trost ligand (($,5)-L1), (5.5)-ANDEN-phenyl Trost ligand (($,5)-L3) and the
8,5)-DACH-naphthyl Trost ligand ((5,5)-L7), the P,N-coordinating PHOX ligand (R)-/-Pr-
PHOX ligand ((R)-L5) (Figure 13) and the N,N-C,-symmetric-coordinating Trost ligand (R,K)-
DACH-pyridyl Trost ligand ((R,K)-L6).
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L N

?NH HN—j ;

NH HN pphz
PPh, Ph,P i-Pr
27 PPh, Ph,P

(S,S)-DACH-phenyl Trost ligand (S,S)-ANDEN-phenyl! Trost ligand )-i-Pr-PHOX ligand
(R,R)-L1 (R,R)-L3 (R)-LS
O
NH HN NH HN O
PPh2 PhoP
(R,R)-DACH-pyridyl Trost ligand (S,S)-DACH-naphthyl Trost ligand
(R R)-L6 (S,S)-L7

Figure 13 Chiral ligands used for the CADA reaction.

The reactions with (§,5)-L3, (K)-L5 and ($,5)-L1 were all screened at 0.083 mmol scale, at a
concentration of 0.04 M and at 45 °C (Table 23). The resulting ¢ values of the reactions were
determined by chiral HPLC of the isolated clean products. One of the most popular Trost
ligands, the (§,5)-ANDEN-phenyl Trost ligand ((5,5)-L3), resulted only in the formation of allyl
ether I1.91 (entries 1-5). Using the (K)-~Pr-PHOX ligand afforded the product I1.90 in minor
amounts and negligible ¢ (entries 6—10). With the (5,5)-DACH-phenyl Trost ligand ((S,5)-L1)
the yields were still low (entries 11-15) but the obtained e¢ was up to 70% (entry 12). For the

two latter ligands, allyl ether I1.91 was always observed as the second product.

Table 23 Ligand screening for the CADA reaction of allyl carbonate I1.89.

0
=
O)KO/\/ Pd,(dba)s (5 mol%) o

11.89 11.90 3 11.91

entry ligand™ solvent result” ee [%]"
1 (5,5)-L3 THF I1.91 -
2 (5,9)-L3 toluene I1.91 -
3 (5,9-L3 n-hexane/toluene (1:2) I1.91 -
4 ($5,5)-L3 MTBE I1.91 -
5 ($5,5)-L3 DME I1.91 -
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6 (R)-L5 THF 11.90 (23%) 6
7 (R)-L5 toluene 11.90 (14%) 8
8 (R)-L5 n-hexane/toluene (1:2) I1.90 (trace) -
9 (R)-L5 MTBE I1.90 (trace) -
10 (R)-L5 DME 11.90 (9%) -
11 (5,511 THF 11.90 (12%) 58
12 (5,911 toluene 11.90 (18%) 70
13 (5,5)-L1 n-hexane/toluene (1:2) 11.90 (31%) 60
14 (5,911 MTBE 11.90 (24%) 62
15 (5,911 DME I1.90 (tracc) -

[ 11 mol% ligand were used; P! solvents wetre degassed via freeze-pump-thaw; 0.04 M; [ traces determined by
'H NMR of the crude reaction mixture; [4 determined by chiral HPLC analysis.

Since the (§,5)-L1 ligand seemed to be the best, the influence of different concentrations of
Pd,(dba),; was compared (Table 24). As expected, the best ¢¢ was obtained with low catalyst
loading (entry 1) and the best yield with the higher catalyst loading (entry 2). However, with
100 mol% catalyst, the yield was still just 49% (entry 3). The allyl ether was this time not

detected as second main product, but presumably the rearomatized Cope product.

Table 24 Screening of different amounts of catalyst.

oio/\/ conditions 7 me P
n-hexane/toluene (1:2), 45 °C
11.89 11.90
entry catalyst ligand result eet’!
1 Pd,(dba); (5 mol%) (5,5)-L1 (11 mol%o) I1.90 (31%) 60%
2 Pd,(dba); (10 mol%) (5.,9)-L1 (22 mol%o) I1.90 (55%) 50%
3 Pd,(dba); (100 mol%) (5.,5)-L1 (200 mol%o) I1.90 (49%) 32%

[l determined by chiral HPLC analysis; the solvents were degassed via freeze-pump-thaw; 0.04 M.

In parallel, the influence of the temperature was studied (Table 25). As expected, the yield
increased considerably when the reaction was heated to 60 °C and the ¢ decreased from 60% to

44% (entry 1 compared to Table 24, entry 1). An interesting observation was made, when the
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solvents for the reaction were used without degassing (entry 2 compared to Table 24, entry 1).
Thus, the ¢ decreased only to 52%, but as before, we have no explanation for this result. The
reaction was also run at ambient temperature (entry 3), but the product was only isolated in

minor amounts albeit in 64% ee.

Table 25 Screening the behavior of the CADA reaction at different temperatures.

o)
o)ko/\/ Pd,(dba)s (5 mol%) O e P
11.89 11.90
entry  ligand™ solvent™ T [°C] result ee [Yo]™
1 $,9)-L1 n-hexane/toluene (1:2)" 60 I1.90 (67%) 44
2 $.9)-1L1 n-hexane/toluene (1:2) 60 I1.90 (67%) 52
3 (5,5)-L1 benzene 23 I1.90 (26%) 64

[ 11 mol% ligand were used; P! solvents were not degassed; 0.05 M; [ determined by chiral HPLC analysis; [
solvent was degassed via freeze-pump-thaw.

To improve both the yield and the ¢ of the CADA reaction of allyl carbonate II.89, another
solvent screening was performed with ligand (§,5)-L1, but this time with the focus on aromatic
solvents (Table 26). Benzene as well as chlorobenzene, pyridine, trifluorotoluene and toluene
were tested and all of them were used without degassing. The best yield (70%) was obtained
with benzene but the e¢ was moderate (entry 1). A far better ee (66%) was achieved in toluene,
although with poor yield (entry 6). Since benzene gave superior yields, this solvent was used to
test the influence of the additives LiCl and DBU on the reaction outcome (entry 7 and 8). The
addition of 1 equivalent of LiCl increased the yield from 70% to 83% and left the e unchanged
(entry 7). A catalytic amount of DBU increased the ¢ to 68%, but decreased the yield to 28%.

Again, I1.91 was a side-product for all reactions.
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Table 26 Screening of aromatic solvents and additives.

[e) .
: -
O)ko/\/ Pd,(dba)s (5 mol%) O Me o o
oo O‘ 1

11.89 11.90 11.91

entry ligand™  solvent™ additive result ee [%0]™
1 S.9L1  benzenc i 1190 (70%) 42

3 $.9)-1L1 chlorobenzene - I1.90 (60%0) 42

4 (5,9L1  pyridine i 1190 (24%) 46

5 (5,.9L1  tifluorotoluene - 1190 (15%) 46

6 5,9L1  toluene i 1190 (18%) 66

7 (5,9-L1  benzene LiCl (1 equiv) 1190 (83%) 44

8 (5.5L1  benzene DBU (0.1 equiv)  IL90 28%) 68

[ 11 mol% ligand were used; P! solvents were not degassed; 0.05 M; [9 determined by chiral HPLC analysis; [
solvent was degassed via freeze-pump-thaw.

Since all the results with ligand (5,5)-L1 gave either good yields or ee but not both at the same
time the two remaining DACH ligands (R,R)-L6 and (§,5)-L7 were screened for the CADA
reaction of II.89 (Table 27). Unfortunately (R,R)-L6 did not even fully decarboxylate allyl
carbonate II.89 (entries 1-3). In contrast to this, the naphthyl ligand (5,5)-L7 afforded in all the
screened solvents the product I1.90 with e¢ values of around 70%; however, the received yields

were low (entries 4-7).

Table 27 Screening of further ligands for the CADA reaction of allyl carbonate I1.89.

[e) .
: -
o)ko/\/ Pd,(dba)s (5 mol%) O Ve e o
. OO

11.89 11.90 1191
entry  ligand™ solvent result ee [%]™
1 (R,K)-L6 benzene I1.89, I1.91 (trace)"! -

2 (R,R)-L6 toluene I1.89, I1.91 (trace) -

3 (R,R)-L6 THF I1.89, 11.91 (trace)l! -

4 (5,8)-L7 benzene I1.90 (12%) 70
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5 $,9-L7 toluene I1.90 (6%) 71
6 ($,8)-L7 chlorobenzene I1.90 (24%0) 70
7 ($,8)-L7 n-hexane/toluene (1:2) I1.90 (18%) 69

[ 11 mol% ligand were used; P! solvents were not degassed; 0.05 M; [ determined by chiral HPLC analysis; [
determined by crude 'H NMR.

Furthermore, we faced problems with the reproducibility of these reactions. Sometimes the
active catalyst degraded too fast, distinguishable by the formation of a suspension from the
previous clear solution. Thus, we also investigated the use of the Pd(11)-source Pd(OAc), instead
of Pd,(dba);. Various solvents were again screened, but the determined yields were all low to
mediocre and the main product was always the O-allylated naphthol II.91 (Table 28).
Sometimes, allyl carbonate I1.89 did not even fully decarboxylate (entries 9 and 10). As before,
reactions with degassed solvents (entries 1 and 13) showed lower yields when compared to the
corresponding non-degassed solvents (entries 2 and 12). However, the poor reproducibility did

not improve when Pd(OAc), was used.

Table 28 Screening of solvents with Pd(OAc)2 as catalyst.

0 !
\ P
o)ko/\/ Pd(OAc), (10 mol%) O e P | o

11.89 11.90 11.91
1 ligand®  solvent™ result’
1 $,9)-L1 n-hexane/toluene (1:2)1 I1.90 (8%) + I1.91 (40%)
2 $,9)-L1 n-hexane/toluene (1:2) I1.90 (11%) + I1.91 (46%)
3 $,9-1L1 benzene I1.90 (11%) + I1.91 (51%)
4 $.9-1L1 chlorobenzene I1.90 (12%) + I1.91 (71%)
5 $,9-L1 toluene I1.90 (17%) + I1.91 (83%)
6 $.9-L1 1,4-dioxane I1.90 (21%) + I1.91 (57%)
7 $.9-L1 1,2-dichloroethane I1.90 (9%) + I1.91 (72%)
8 (5,9-L1 trifluorotoluene I1.90 (6%) + I1.91 (62%)
9 $.9-L1 CPMEM I1.90 (2%) + I1.91 (6%) + I1.89 (69%)
10 $,9-L1 DMEM I1.90 (15%) + I1.91 (67%) + I1.89 (6%)
11 (5,9)-L1 CH,CNM I1.90 (8%) + I1.91 (70%)
12 $,8)-L1 CH,Cl, I1.90 (41%) + I1.91 (47%)
13 $,9-L1 CH,CL I1.90 (20%) + I1.91 (62%)

[ 10 mol% ligand were used; Pl solvents were not degassed; 0.05 M; [9 yield was determined by 'H NMR (CDCls,
400 ot 600 MHz, dimethyl sulfone-d as internal standard); [ solvents were degassed via freeze-pump-thaw.
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In each of the screenings, O-allylated naphthol I1.91 was observed as the side or even main
product. Therefore, we started to think about the reaction mechanism and at which point the
dearomatized product I1.90 and ether I1.91 were formed. Were they both formed at the same
time or was I1.91 formed first and then rearranged to I1.90? How fast is the decarboxylation of
the carbonate? To clarify those questions, a '"H NMR experiment was performed (Figure 14).
The reaction was set up as usual, but after addition of the starting material I1.89 to the catalyst
solution, aliquots were taken out of the reaction mixture after 1, 2, 5, 20 and 40 min and after
1.5 and 4.5 h. The samples were filtered through a short plug of silica gel, washed with diethyl
ether and concentrated. Remarkably, I1.89 decarboxylated in less than one minute and only
ether I1.91 and very small amounts of product I1.90 are visible. The following samples show
increased signals for I1.90 until 20 min and then the relative intensities of I1.90 to I1.91 do not
change any more. This led to the conclusion that the decarboxylation is in fact extremely fast
and II.91 is most likely formed first by O-alkylation. The second step is then the formation of
the product, presumably via a palladium catalyzed Claisen rearrangement. However, there is no
explanation why the reaction stopped after a certain time and no further conversion of I1.91 to

I1.90 took place.

Based on these observations and results in combination with the catalytic cycles of Stoltz and
You we tried to come up with a catalytic cycle for the intramolecular CADA reaction of
I-naphthol derivatives. Our proposed mechanism is depicted in Scheme 83 and illustrates
numerous pathways toward the dearomatized product I1.90. The first step is the oxidative
addition of Pd(0) to allyl carbonate I1.89 to form the Pd(11)-n-allyl complex I. This complex can
undergo a cross-over to separate the ion-pair. Both complexes I and II can decarboxylate and
generate IIT and IV respectively, which can be transferred into each other by another cross-
over. For the final yield of the reaction it might not be important which decarboxylation
pathway is the actual one, yet it might influence the ee. The O-Pd(11)-n-allyl complex IV can
either undergo reductive elimination to O-allylated naphthol I1.91, which was detected in almost
every reaction and can be converted to I'V again by oxidative addition of Pd(0). Or complex IV
can undergo a different reductive elimination to form the dearomatized product I1.90 and
simultaneously regenerate the Pd(0)-species. Additionally, ion pair III could generate the

product by an S 2’ attack of the naphtholate at the Pd(I)-n-allyl complex.
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Figure 14 'H NMR experiment (CDCls, 400 MHz); reaction conditions: Pda(dba)s (5 mol%), (5,5)-DACH-phenyl
Trost ligand (11 mol%), LiCl (1 equiv), benzene (non-degassed), 45 °C.

Evidence that at least one of the two possible cross-overs take place in the racemic allylic
dearomatization with Pd(PPh,), is the observation of the diallylated side-product I1.92 together
with the completely de-allylated naphthol I1.34. Since the second allylation seems to be
suppressed when using the chiral ligands, the ion-diffusion might be inhibited by them. To gain
further insights into the mechanism, substituted and/or deuterated allyl carbonates and
naphthols would have to be synthesized and subjected to various conditions to see if scrambling

takes place and if an inner- or outer-sphere mechanism is more likely.
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Scheme 83 Proposed mechanism for the intramolecular CADA reaction of allyl carbonate II.89.

5.2 Screening and Optimization of the Intramolecular CADA Reaction of Allyl
Naphthol Ethers

As a result of the screenings and the NMR experiment we decided to simplify our reaction
system in such a way that the allyl ether I1.91 was used directly instead of the allyl carbonate

I1.89. Thus, the decarboxylation step would be omitted and the mechanism simplified.

The screening of the best conditions for the dearomatization of the allyl naphthol started in the
same way as with the allyl carbonate. First of all, the racemic dearomatization with Pd(PPh,),
was tested with various solvents (Table 29). Overall, the yields were slightly better than with the
carbonate, but still an inseparable mixture of II.90 and I1.92 was isolated. Again, the
comparison of degassed and non-degassed dioxane (entries 2 and 3) showed a better result for

the non-degassed solvent.
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Table 29 Screening of conditions for the racemic dearomatization reaction of allyl ether I1.91.

o)
' Me
O/\/ conditions Q Me 3 O‘ Z
_— Z
3 |
11.91 11.90 ‘ 11.92
ratio of
entry catalyst!” solvent!™ result
I1.90 : I1.92"
1 Pd(PPh,), n-hexane/toluene (1:10)  II1.91 -
2 Pd(PPh,), 1,4-dioxane! 11.90 + I1.92 (45%)[°] 1:0.24
3 Pd(PPh,), 1,4-dioxane 11.90 + I1.92 (38%)[“] 1:0.50
4 Pd(PPh,), THFY 11.90 + I1.92 (47%)[°] 1:0.27
5 Pd(PPh,), CH,CI, 11.90 + I1.92 (34%)[°] 1:0.92
6 Pd(dba),, PPh,® THF - -

[ 10 mol% catalyst were used; Pl solvents were degassed via freeze-pump-thaw; 0.04 M; [ not degassed; [ 0.02 M
solution; [l isolated as an inseparable mixture; I determined by 'H NMR spectroscopy; [ Pd(dba)z (5 mol%) and
PPh; (11 mol%).

We then changed to chiral ligands and began with the (S,5)-DACH-phenyl Trost ligand
((5,9)-L1) (Table 30). The ee of all reactions turned out to be independent of the reaction
conditions and was always around 60% (entries 1—4). The best isolated yield was observed for
entry 1 with 84%. With the (5,5)-ANDEN-phenyl Trost ligand (($,5)-L3) no conversion could
be detected (entries 5 and 6). The (§,5)-DACH-naphthyl Trost ligand ((5,5)-L7) afforded the
highest ¢¢ with 78% but the yields were low (entries 7-10). Additionally to the well-established
ligands, the (K)-QUINAP ligand (R)-L8 was tested, yet with no success (entry 11). The yield was
only 19% and no ee at all was detected. All these results are in accordance with the previous ones
of the allyl carbonate I1.89: (§5.5)-L1 provides good yields, (5,5)-L7 good ¢’s and (5,5)-L3 is not
able to undergo an oxidative addition to the allyl ether. However, a still ongoing challenge is the

combination of a good yield and e¢ in one experiment.
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Table 30 Screening of conditions for the CADA reaction of allyl naphthol I1.91.

o)

N

Pd,(dba); (5 mol%)

S

OMe

|
N
_N

] ! PPh,

11.91 (R);g)t_JILZAP

entry ligand™ solvent™ T [°C] result [%o]™ ee [%o]™
1 $,9-L1 benzene 45 I1.90: 88 (84) 59
2 (5,9-L1 benzene! 45 I1.90: 84 (76) -
3 $,9)-L1 benzene 35 I1.90: 69 (68) 60
4 $,9)-L1 benzene 23 I1.90: 62 (57) 62
5 (5,9)-L3 benzene 45 I1.91 -
6 (5,9)-L3 1,4-dioxane 45 11.91 -

7 (5,9)-L7 benzene 45 I1.90: 17 (106) 78
8 (5,9)-L7 benzene! 45 I1.90: 18 -
9 $,8)-L7 1,4-dioxane 45 I1.90: 25 (24) 73
10 (5,8)-L7 1,4-dioxane! 45 I1.90: 18 -
11 (R)-L8!" THF 45 I1.90: (19) 0

[ 11 mol% ligand was used; [l solvents were not degassed; 0.05 M; [9 yield was determined by 'H NMR (CDCls,
400 or 600 MHz, dimethyl sulfone-de as internal standard); yield in parentheses refer to isolated yield; 4 determined
by chiral HPLC analysis of the isolated product; [9 solvents were degassed via freeze-pump-thaw; [ 12.5 mol%

ligand were used.

Thus, we tried to optimize the ratio of the catalyst to the ligand (Table 31). The best result was

obtained with 4 mol% catalyst and 8.8 mol% ligand (entry 5), however, the yield was similar to

the conditions, which were used before and the e was even lower. Therefore, the screening did

not lead to optimization of the reaction.
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Table 31 Screening for different catalyst to ligand ratios.

/\/
o ? Me P
11.91 11.90
entry catalyst ligand solvent™  result [%0]™ ee [%o]™

1 Pd,(dba), (5 mol%)  (5.5)-L1 (10 mol%) benzene!!  11.90: 72 (76) 53
2 Pd,(dba), (5 mol%) (5,9)-L1 (9 mol%) benzene!  I11.90: traces -
3 Pd,(dba), (5 mol%)  (§,5)-L1 (9 mol%) benzene I1.90: 36 (33) 60
4 Pd,(dba); (5 mol%)  (5.5)-L1 (8 mol%) benzene® 1191 -
5 Pd,(dba); (4 mol%)  (5,5)-L1 (8.8 mol%)  benzene I1.90: 85 (87) 49
6 Pd,(dba); (3 mol%)  (5,5)-L1 (6.6 mol%)  benzene!  11.90: 76 -
7 Pd,(dba); 3 mol%)  (5,5)-L1 (6.6 mol%)  benzene I1.90: 66 (56) 61

[ solvents were not degassed; 0.05 M; P! yield was determined by 'H NMR (CDCl;, 400 or 600 MHz, dimethyl
sulfone-ds as internal standard); yields in parentheses refer to isolated yields; [ determined by chiral HPLC analysis
of the isolated product; 4 solvents were degassed via freeze-pump-thaw.

In addition to this experiment and due to the fact that reproducibility was still a problem, we
also investigated other Pd-catalysts such as Pd(OAc),, Pd(#Bu,P),, Pd(dppe), and Pd(dmdba),
(Table 32). The first three catalysts, Pd(OAc),, Pd(#Bu,P), and Pd(dppe),, did not show any
reactivity and no conversion of the starting material was observed (entries 1-6). Pd(dmdba), in
contrast provided the product in up to 68% yield (entry 9) and 48—60% ee. Changing the ligand
from (5,5)-L1 to (§5.,5)-L7 was unsuccessful and no conversion of II.91 took place (entries 14—

16). However, all four catalysts were not able to compete with Pd,(dba),.

Table 32 Screening of different catalysts and solvents.

o = o

11.91 11.90
entry  catalyst® ligand™ solvent! result!’ ee [Yo]"
1 Pd(OAc), ($5,5)-L1 benzene I1.91 -
2 Pd(OAc), (5,9)-L1 benzene/CH,Cl, I1.91 -

3 Pd(OAc), L1 CHCL, 11.91 .
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4 Pd(OAc), (5,9)-L1 THF I1.91 -
5 Pd(#Bu,P), (5,9)-L1 benzene I1.91 -
6 Pd(dppe), (5,9)-L1 benzene I1.91 -
7 Pd(dmdba), (5,9)-L1 benzene I1.90 (41%) 60
8 Pd(dmdba), (5,9)-L1 benzene! I1.90 (63%) 60
9 Pd(dmdba), (5,9)-L1 toluene I1.90 (68%) 57
10 Pd(dmdba), (5,9)-L1 toluene! I1.90 (47%) 55
1 Pd(dmdba), (5,9)-L1 1,4-dioxane I1.90 (55%) 55
12 Pd(dmdba), ($5,5)-L1 THF I1.90 (traces) -
13 Pd(dmdba), (5,9)-L1 1,2-dichlorobenzene I1.90 (60%) 48
14 Pd(dmdba), I$.9-L7 benzene I1.91 -
15 Pd(dmdba), (8,8)-L7 toluene I1.91 -
16 Pd(dmdba), (5,9)-L7 1,4-dioxane I1.91 -

[ 10 mol% catalyst wete used; Pl 11 mol% ligand was used; [9 solvents were not degassed; 0.05 M; [ determined by
chiral HPLC analysis of the isolated product; [¢ solvents were degassed via freeze-pump-thaw. dmdba = 3,5,3',5'-
dimethoxydibenzylideneacetone.

5.3 Substrate Scope of the Intramolecular CADA Reaction of 1-Naphthols

Although the screenings did not afford optimal conditions for the intramolecular CADA
reaction of C2-substituted 1-naphthols, a few substrates with different substitution patterns
were synthesized. The adopted conditions are depicted in Scheme 84. All reactions were carried
out at 0.1 mmol scale and as a 0.05 M solution in benzene. The three products 1.89, I1.95 and
1.105 could be isolated in very good yields, yet only in very low to moderate ¢e. For the
brominated substrate I1.96, which was obtained in 83% yield, the ¢¢ could not be determined
due to insufficient separation by HPLC. The crude 'H NMR of tricyclic lactone 1.109 showed
full conversion toward the product, but unfortunately the dba ligand turned out to be co-polar
with the product I.109 and thus purification and determination of the ¢ was impossible. A
similar problem appeared for 11.97 and I1.98. The crude 'H NMR showed conversion toward
the products, albeit imperfect, but the dearomatized products and the corresponding starting
materials appeared to be co-polar. A heterocyclic substrate was tested as well, but the quinoline
derivative I1.99 did not undergo any reaction at all. Last but not least a fluorinated amide was

subjected to the CADA conditions, but instead of the dearomatized product, the Cope
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rearrangement product I1.100 was observed. Unfortunately, it could not be isolated, since it was

co-polar with the dba.

O/\/ Pd,(dba)s (5 mol%), 0
(S,S)-L1 (11 mol%) R
R1<©©/ benzene, 45 °C Ry
R3 R3
11.93 11.94
Me 9 Me Me
= =
.. . oo
Cl O Cl O (0]
1.89 (88%), 44% ee 11.95 (88%), 46% ee 1.105 (94%), 6% ee
0 o o)
Me
Me . g Me .
Br O~ = o Br O~
o 0 cl O
11.96 (83%) 1.109 .97
OH O
=
00 o OO NEt,
0o =
S0
N CF, F |
11.98 11.99 11.100

Scheme 84 Substrate scope of the CADA reaction of 1-naphthols.
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6 Conclusion and Outlook

In summary, the development of a Pd-catalyzed allylic dearomatization of 2-methyl-1-naphthols
has been investigated in this thesis. We were able to overcome the challenge of rearomatization
via subsequent Cope rearrangement by utilizing mild and neutral conditions. Diallylation caused
by ion diffusion was obviated by the use of more elaborate chiral ligands. Initial screenings with
allyl carbonate I1.89 gave yields up to 83% (Scheme 85), and the reaction was also analyzed by
NMR spectroscopy. These studies revealed that the decarboxylation reaction occurred rapidly
and resulted in the in the formation of the O-allylated naphthyl ether, which was then converted
to the product. Based on this and previous results, a mechanism was proposed for the

intramolecular CADA reaction of 1-naphthols.

Pd,(dba)s (5 mol%),

(S,S)-DA