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1. Introduction: 1.1 A note on the graphical representation of stereochemistry

1. Introduction

1.1. A note on the graphical representation of stereochemistry

Before we could start presenting the following thesis, we must make a small
excursion into some terms of stereochemistry and its representation in drawings.
Although the experimental work presented later is racemic in nature (i.e.: no effort was
taken to control the absolute configuration of the molecules), we will discuss
enantioselective reactions in the literature summary. Furthermore, while the absolute
configuration of our compounds later to be presented is inconsequential, we will meet
instances in which the applicability of our proposed route will hinge on the correct
relative stereochemistry of our molecules. Therefore, we find it worthwhile to clarify how
we will depict the absolute configuration and the relative stereochemistry of molecules in
our schemes. First, we will define these two terms: thus, under absolute configuration we
mean the description of the three dimensional arrangement of substituents around a
chiral element, whilst we use the term relative stereochemistry to describe the position of
substituents on different atoms in a molecule relative to one another.[!] We shall refrain

from using the term relative configuration due to its ambiguity.[2]

It is apparent from the definition, that relative stereochemistry describes a relation
of substituents in a molecule, and as long as the relation itself remains unchanged, the
absolute configuration of the individual stereocenters is irrelevant. This in turn raises the
question how to depict these different layers of stereochemical information. While the
drawing of absolute configurations is well established, such unanimous treatment of the
depiction of relative stereochemistry is lacking. It is nevertheless imperative to use a
system capable making this distinction, we will thus now lay down the basis to be used

henceforth with regards to the depiction of stereochemistry.

Since the official recommendation of the International Union of Pure and Applied
Chemistry (IUPAC) for depicting relative stereochemistry is vastly impractical (it would
require us to draw both enantiomers of a given compound, or to add the phrase
“+ enantiomer” to each structure),i3! we adapted a slightly modified system suggested by
MAEHR.[*5] The essence of the system is to use different types of bond drawings for relative

stereochemistry and for absolute configuration, therefore we shall use bold or hashed block
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bonds (Figure 1, red box) to describe relative stereochemistry, while the bold or hashed

wedge bonds (Figure 1, green box) are reserved for the depiction of absolute configuration.

(Hal

Figure 1 Bond types used in the description of stereochemistry. Red box: relative stereochemistry; Green box: absolute
configuration

cert ]
——/

The practical application of this system is illustrated in Figure 2 through the
example of 4-hydroxyproline. In the blue box we can see the structure of 4-hydroxyproline
which does not reveal any information about its stereochemistry. It can, however, become
necessary to differentiate between its two diastereomeric forms, namely the trans and cis
diastereomers (red box), in which the hydroxyl and carboxylic groups are on the opposite
or the same side of the ring respectively. It is also apparent, that each relative stereoisomer
is a mixture of its respective enantiomers (green box), to which absolute configuration and

optical rotation can be assigned.

s R s 1\

HO, HO, HO,
OH OH + ; \_ OH
N N N \(
% H ) H 0 H O
HO trans-4-hydroxyproline (-)-(2S, 4R)-4-hydroxyproline  (+)-(2R, 45)-4-hydroxyproline
U\KOH
Y R [ R
H o
H H H
4-hydroxyproline \ ° © O,(‘
OH OH + [ ). OH
N N N I\(
H 0 H 0 H 0
cis-4-hydroxyproline (-)-(2S, 45)-4-hydroxyproline  (+)-(2R, 4R)-4-hydroxyproline
J . J

Figure 2 Stereoisomerism of 4-hydroxyproline. Red box: Structure of 4-hydroxyproline; Green box: relative
stereochemistry of 4-hydroxyproline; Blue box: absolute configuration of 4-hydroxyproline

A consequence of the above introduced system can be seen in Figure 3. Since bold
or hashed block bonds only describe a relative relationship, it follows that if we change
every bond to its counterpart (that is, if we replace each hashed block bond with a bold
block bond and vice versa) we, in fact, have the very same representation of
stereochemistry. In other words, cis-4-hydroxyproline, for example, can be drawn with
two different structures (one with two hashed and one with two bold block bonds)
without any change of meaning. These drawings can be interchanged at will, and apart

from a subjective notion of preference, they are identical. This is obviously not true for
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the wedge bonds. If we replace each hashed wedge bond with a bold one and vice versa,

we acquire the enantiomer of the original structure, which are not identical.

A
e H 7\
HO, HO, \ HO_ HO,
Z—>\WOH same as ([ ), OH E O\«OH same as : ), JOH
N N \( : N N \(
H 0 H 0 . H 0 H e}
cis-4-hydroxyproline E trans-4-hydroxyproline
B Z
( | N\
HO, HO, : HO, HO
mOH enantiomer of )., OH E O\«OH enantiomer of : V.., OH
N N \( . N N \(
H O H O : H O H O
(25, 45)-4-hydroxyproline (2R, 4R)-4-hydroxyproline E (2S, 4R)-4-hydroxyproline (2R, 4S)-4-hydroxyproline

L J

Figure 3 Stereochemical depiction of 4-hydroxyproline. A: relative stereochemistry. B: absolute configuration

Naturally, this system can be extended to an arbitrary number of stereocenters. It
is also obvious, that in case of molecules with only a single stereocenter, the block bonds

are meaningless, and their use is therefore incorrect.

Lastly, we wish to address the nomenclature of the relative stereochemistry. Unlike
depiction and naming of absolute configuration, the description of relative relationship of
substituents lacks a commonly accepted nomenclature. Several systems were developed
which co-exist to give a large number of possible descriptors to the point of confusion (1//u,
threo/erythro, syn/anti, parf/pref etc.).7] Since our compounds with stereochemical
issues are mostly cyclic molecules, we shall use the descriptors cis/trans to describe the
relative relationship of substituents in accordance with already existing practice for cyclic
compounds.[] We will not use nuanced descriptors like cisoid or transoid™! which will

cause no loss of understandability.

In case we need to generate a full name (which we will see only in the Experimental
section), we shall do so by observing the rules put forth by IUPAC. The relative
stereochemistry will be denoted by applying the Cahn-Ingold-Prelog (CIP) sequence rules
to the stereocenters, with an asterisk in the superscript indicating that the molecule
containing stereocenters with the opposite configuration is also present (R*, $*). The rules
shall be applied to the enantiomer, in which the centre of chirality with the lowest locant
has the configuration “R” (Figure 4).[%8] In these instances we will prefer to draw

structures that correspond to the name, that is, if we were to change the block bonds to

3
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wedge bonds, we would acquire the enantiomer to which the CIP-descriptors correspond.
Generally speaking, we will use trivial names along with the cis/trans descriptors rather

than full [IUPAC nomenclature (as can be seen through this example of 4-hydroxyproline).

A B

HO
Z—> OH
N
H 0

(2R*,45*)-4-hydroxypyrrolidine-2-carboxylic acid

HO,
[ )\, OH

N \(

H o]

(2R*,4R*)-4-hydroxypyrrolidine-2-carboxylic acid

Figure 4 IUPAC nomenclature of A: cis-4-hydroxyproline and B: trans-4-hydroxyproline
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1.2. A short history of total synthesis

Since the advent of humanity, herbs have been used as remedies for various
illnesses. The first written records, dating from around 2600 BC in Mesopotamia, listed
about one thousand plant products, many of which are still being used today,[® quite often
in the same indication in which we use them with our current knowledge of medicine (the
relaxing and painkilling effect of opium, for example, was known and used by the
Egyptians as early as 1500 BC[10]). Every major ancient culture (Mesopotamian, Egyptian,
Greek, Roman, Indian, Chinese etc.) had their own records about medicinally relevant
herbal and animal products.[®11] This vast knowledge was then inherited and extended by
Arabian physicians through which it was (re)introduced into Western Europe and was
codified in the early modern period producing the first pharmacopoeias standardizing
herbal products used in healing.[’l The developing sciences however made it possible to
actually determine the active ingredients of these plants and this search has culminated
into the first isolation of pure natural products (strychnine, morphine, colchicine etc.) in

the beginning of the 19t century.[]

The first half of the 19th century was in any case a crucial period in the birth of
organic chemistry. Up until this point it had been thought that organic molecules can be
produced solely by living organisms, since a mysterious “living force” is required to
convert inorganic elements into organic materials. This was proven wrong by WOHLER in
1828, whose famous experiment, converting ammonium cyanate into urea upon heating,
marked the beginning of what we now know as organic synthesis.[1213] In the following
decades many more organic molecules were synthesized, albeit these compounds tended
to be “simple” aromatics, nevertheless synthetic chemistry in the 19t century could
already achieve remarkable feats (eg.: EMIL FISCHER’s synthesis of glucose in 1890).112.13]
The development of synthetic methods also made structure elucidation possible. Devoid
of any practical physical method of mapping atomic connectivity of molecules, the only
viable way of structure determination was to carefully degrade molecules into already
known compounds and with that information, accumulated through years of hard labour,

one could propose a structure to a given compound.[1415]

The beginning of the 20t century saw a steep increase of molecular complexity
conquered by synthetic chemists. The achievements of PERKIN (a-terpineol, 1904),

ROBINSON (tropinone, 1917) or HANS FISCHER (haemin, 1929) among others foreshadowed
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the rapid development of the field.[?2] Arguably the next milestone was reached with the
appearance of ROBERT B. Wo0oDWARD. His formal synthesis of quinine, with its
mechanistically planned steps and control over stereochemistry, marked the beginning of
the golden age of total synthesis. Indeed, from this point every aspect (chemoselectivity,
stereochemistry etc.) could be and was expected to be controlled and with his leadership
previously hopelessly complex targets (strychnine, B12 etc.) were conquered in mere
decades. These achievements were also followed by the quick development of related
fields (methodology, theory etc.).[1213] The second half of the 20t century saw the peak of
total synthesis. With the development of novel structure determination techniques as well
as isolation and synthetic methods, a myriad of natural products with previously not seen
core structure were isolated and synthesized. This period also gave rise to the rigorous,

logical planning of synthetic routes (E.]. COREY).[12.15]

In the 90s however the symptoms of decline began to manifest. The trends in
organic chemistry gradually shifted to methodology development, in which the synthesis
of natural products was still present, however the goal of which was to showcase the
applicability of a given method.[16] The existence of “pure” total synthesis had started to
come into question. Structure determination was hardly a justification at this point
(although sporadic errors in instrumental structure determination were indeed
discovered through synthesis(14]) and the most problematic aspect of total synthesis was
highlighted more and more often: its length and directly related to it: its overall yield.[17.18]
Few of the then-existing total syntheses carried even the slightest possibility of industrial
applicability due to their unacceptable length and/or their insignificant overall yields (see
for example the total synthesis of Taxol®, a quite sought after antitumor drug, the
chemical synthesis of which usually required 30-40 steps.[1°]) Moreover, the emergence
of “metabolic engineering” enabled the synthesis of complex secondary metabolites
through genetic modification of cells in order to use them as “bioreactors” requiring cheap
and basic starting materials, capable of achieving complex chemical synthesis in a single
step.[1820]1 Nevertheless, total synthesis has managed to survive. Natural products
themself quite often are not the most optimal binding partners for therapeutic targets.[5]
This necessitates the modification of the peripheral substitution pattern, which is often
rather difficult on the natural product or on one of its advanced intermediate. Total
synthesis however enables the production of a family of compounds from a common

intermediate.[15] Also, modular total synthesis emerged as a tool for drug discovery, in
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which a natural product is divided into modules that can be modified during their
synthesis, so upon their assembly they directly provide the natural product as well as its

analogues and derivatives.[21]

Understandably, natural product chemistry has changed over the decades of its
history. However, it is also clear that it will remain to be used extensively. The new
challenges in medicinal chemistry demand that the horizon of potentially drug-like
candidates be widened. In the 2000s it has become undeniable, that flat, heterocyclic
compounds cannot live-up anymore to the demands of medicinal chemistry. It has also
been shown, that the more complex (i.e.: more sp3 carbons, more chiral centres etc.)
molecules become, the higher their selectivity will be.[22-24] This fact will ensure, that the
(bio)chemistry of natural products (or natural product-like molecules) will still be

worthwhile to be pursued in the coming decades.[25-27]
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1.3. Isolation, Structure and Biochemistry of Lingzhiol

Around 100 B.C. experiences accumulated by Chinese medical practitioners were
compiled into a treatise called SHEN NONG BEN CA0 JING.[28] The book collected the
description of 365 materials, of which one of the most prized was called Lingzhi, a group
of mushrooms, which in turn was sub-divided into six categories according to their colour.
Later authors used different groupings, and also left accurate drawings of Lingzhi.[28] Of
these six mushrooms two species (Ganoderma lucidum and Ganoderma sinensis) are
accepted in contemporary legal traditional Chinese medicine. Their indication includes

diabetes, cancer and cardiovascular diseases among others.[28-32]

The mushroom in our focus, Ganoderma lucidum is a white rot fungus found
growing on woody plants and on logs mainly in Asia.l3133] Due to the high regard of the
members from the Ganoderma genus in Asian medical tracts, a great effort was taken to
characterize their chemical constituents. G. lucidum was thus extensively researched
revealing a plethora of natural products of different structures. By far the largest group of
constituents are triterpenes (at least 140 different compounds), which tend to be highly
oxygenated. The second most populous family belongs to the polysaccharides (about 100
members). These two compound families are to be held accountable for the majority of
the fungus” therapeutic effect.[3133-37] Due to its potential health benefits, G. lucidum is
widely consumed as functional food or in the form of supplements,38-401 and even
brewing beer fortified with the mushroom was investigated in order to harvest its
beneficial properties.[*l] Beyond its consumption in various forms, G. lucidum was also
suggested as a potential candidate for bioengineering for the biomanufacturing of
proteins and nutraceuticals due to its metabolic versatility and rich genome content,[42]
and the mushroom’s mycelium was investigated to be used as a biodegradable scaffold

for circuit boards and other applications in electronics.[43]

In 2013 a novel compound in racemic form was isolated from the ethanolic extract
of G. lucidum. Structure determination revealed a hitherto not observed core structure
consisting of a 6/6/5/5 ring system. The compound was named Lingzhiol (1-1) the
structure of which can be seen in Figure 5.1 The compound consists out of an aromatic
hydroquinone ring (A) condensed with saturated ring B to form a tetralone like ring

system, which is in turn condensed with five membered ring C, bridged by lactone ring D.
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Figure 5 Structure of (-)-Lingzhiol[44]

Based on the mushroom’s therapeutic indications the compound was investigated
whether it proved valuable treating diabetic nephropathy (DB).[44] DB is a chronic kidney
disease occurring in patients suffering from either type of diabetes. One of the major
factors in the occurrence of DB (and really in other complications of diabetes) is the high
glucose induced overproduction of reactive oxygen species (ROS). ROS can, due to their
nature, directly damage cells where they are produced, they are also capable of inducing
some stress-sensitive pathways that result in cellular damage and also inducing the
activation of transduction cascades and transcription factors that result in the excessive
deposition of extracellular matrix leading to the scarring of the kidney (fibrosis).
Antioxidants are thus suggested for the treatment of such conditions.[#>46] It was shown,
that Lingzhiol can effectively reduce the overproduction of ROS in the kidney,[#4 and
similar results were acquired when this protective effect was investigated in liver cells.[47]
The general antioxidant effect of structurally related compounds was also investigated

and proven.[48]

The biosynthesis of Lingzhiol remains unclear. The compound belongs to the
Ganoderma meroterpenoid subclass of the shikimate-meroterpenoids, the biosynthesis of
which has not been systematically researched due to its complex nature and the relative
lack of interest in these natural products.[*91 Nevertheless, one can propose an
approximate route piecing together information found in literature. The origin of the
terpenoid part of the molecule is easy to explain. Genetic study of G. lucidum showed the
presence of all the required enzymes to the mevalonate (MVA) pathway (but none
belonging to the methylerythritol 4-phosphate pathway, which is consistent with
previous research stating that fungi can synthesize terpenes only through the MVA
pathway).[50 The source of the aromatic part is a bit more obscure, however it is generally
accepted, that it is formed through the shikimate pathway. The proposed biosynthesis of

Lingzhiol can be seen in Scheme 1. Shikimic acid (1-2) is converted to 4-hydroxybenzoic

9
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acid (1-4) through chorismic acid (1-3)[51 followed by the geranylation of 1-4 to afford
compound 1-5 which is then converted to the geranylated hydroquinone 1-6.[5253] The
following steps remain to be obscure. The geranyl side chain is heavily modified through
oxygenation and ring formation. Different advanced intermediates were proposed (e.g.:

1-7a and 1-7b) which can serve as precursors to Lingzhiol.[34

MVA pathway

COOH COOH COOH COOH
J\ GPP = =
HO" > “OH Y0~ “COOH
OH OH OH OH
1-2 1-3 1-4 1-5

OH

OH

OH O
1-7b

Scheme 1 Proposed biosynthesis of Lingzhioll51-54]

10
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1.4. Total syntheses of Lingzhiol

The first total synthesis of 1-1 was published in 2014 by R. LONG, ]. HUANG et al.[>3]
It utilises a Rh catalysed [3+2] cycloaddition reaction to construct bicyclic systems
(Scheme 2A). The total synthesis (Scheme 2B) starts with tetralone 1-11 which is
converted to the ring enlarged analogue 1-12, from which enantiomerically pure epoxide

1-13 (that existed as keto-enol tautomers) was synthesised.

A
Rh
O  Rhcatal el OR
3 catalyst | O | reaction
, oy o (| o 0
H OHC
RO
e 8 A X 110
B

OH

nop4d  ho gH
S2A
()-1-1 ©

Scheme 2 First total synthesis of (-)-Lingzhiol. (A) Rh catalysed reaction to access bicyclic systems. (B) Total synthesis of
(-)-Lingzhiol 1551 Reagents: a.) PPhsCH3Br, KO‘Bu, THF, 98% b.) PhI(OH)OTs, MeOH, 95%; c.) TEA.HCI, Et2NH, (CH20)»,
1,4-dioxane, 98%; d.) (R)-CBS, BHs, THF, 91%, 92% ee; e.) m-CPBA, Na:HPOs, benzene; f.) DMP, NaHCOs, DCM, 81% (two
steps); g.) LIHMDS, ethyl cyanoformate, THF; h.) "BusNF, THF, 62% (two steps); i.) Nal, MeCN, TFA, 92%, j.) NaBHa,
CeCl3.7H:z0, EtOH, 63%; k.) [Rh(CO)zCl]z CO, DCE, 86%; I.) NaBH4, MeOH, 89%; m.) Se0:, 1,4-dioxane, 65%, n.) Pd/C, Hz,
MeOH, 95%, 0.) NBS, BPO, NaHCO3, Hz0, CCls; p.) MnOz, DCM, 71% (two steps); q.) tBuSH, AICl3, DCM, 71%

11
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The acetylenic side chain was introduced through reaction with WASER’S reagent
(ethynyl-1,2-benziodoxol-3(1H)-one (1-14)) to afford 1-15 which was converted in two
steps to the precursor of the Rh catalysed key reaction 1-16. The ring closing took place
with 86% yield affording 1-17, that was transformed into compound 1-17 through
reduction/spontaneous lactonization and RILEY oxidation at position 6. 1-18 already
possesses the core structure of Lingzhiol. A four-step sequence (reduction of the double
bond, consecutive oxidation of benzylic position first to alcohol then to ketone, and

deprotection of phenolic groups) finished the asymmetric synthesis of (-)-Lingzhiol (1-1).

The second (racemic) total synthesis was achieved by H. B. QIN et al. in 2015,[56]
that used an epoxy-arene cyclization to construct the core structure of Lingzhiol. The
synthesis (Scheme 3) begins with ketoester 1-19, which is alkylated with iodide 1-20 to
afford 1-21 that was converted through two steps (GRIGNARD addition and elimination) to
the isomeric mixture of endo and exo alkenes 1-22a and 1-22b respectively, with an
endo/exo ratio of 2.2/1. The conversion of the minor exo alkene to Lingzhiol is
straightforward: 1-22b is oxygenated at the allylic position through well-known protocol
to acquire 1-23 which is then epoxidized to afford the precursor to the key reaction.
Treating 1-24 with boron trifluoride induces the epoxide opening/FRIEDEL-CRAFTS like
ring closing sequence directly affording lactone 1-25, which is then converted through
familiar reactions (benzylic oxidation in two steps, deprotection) to racemic Lingzhiol.
However, since not incorporating the major endo isomer 1-22a in the synthesis would
have been a major blow to the synthesis altogether, steps were taken to facilitate the
conversion of 1-22a to 1-23. Ultimately a four-step procedure was devised
(dihydroxylation, acylation of secondary alcohol, elimination of the tertiary alcohol,

saponification) to allow the utilization of the major exo isomer 1-22a.
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1. Introduction: 1.4 Total syntheses of Lingzhiol

o)
o) | | |
| | o 0 0
1-20 b, c O +
Q== Ao, =Moo
EtOOC | o
COOEt COOEt COOEt
1-19 1-21 1-22a 1-22b
e f,gh d
| I
o) o)
OH OH
j i
COOEt COOEt
1-24 1-23

(£)-1-1

Scheme 3 Total synthesis of (+)-Lingzhiol according to H. B. QIN.I56] Reagents: a.) 1-20, K.CO3, DMF, 78%; b.) MeMg],
Et;0, 95%, c.) TEA, SOClz, DCM, 80% overall, 1-22a/1-22b: 2.2/1; d.) SeOz, TBHP, DCM, 40%; e.) OsO4, NMO, acetone,
Hz0; f.) Ac:z0, pyridine, DCM, 68% (two steps); g.) TEA, SOClz, DCM; h.) K2COs, MeOH, Hz0, 85% (two steps); i.) VO(acac).,
TBHP, DCM, 90%; j.) BFs.Et20, DCM, 75%; k.) NBS, BPO, H20, CCls; .) MnOz, DCM, 50% (two steps); m.) BBrs, DCM, 60%

The next two total syntheses were published in the spring of 2016 by K. GAUTAM
and V. BIRMAN[571 and three weeks later independently by P. XIE et al.[581 Both approaches
are almost identical (practically apart from the last three steps), using a Pinacol-type
rearrangement to construct the core structure of Lingzhiol. They (Scheme 4) start with
tetralone 1-11 which is converted to the ketoester 1-26 with its subsequent ROBINSON
annulation with methyl vinyl ketone providing the o, 3-unsaturated ketone 1-27, that was
subjected to LUCHE reduction to afford allylic alcohol 1-28.Treating 1-28 with meta-
chloroperbenzoic acid initially gave epoxide 1-7b which upon protonation quickly
underwent an epoxide ring opening, with the emerging cation being stabilised by the
aromatic ring (1-30) followed by a Pinacol rearrangement on 1-30 affording aldehyde 1-
32 after loss of proton. Reduction of aldehyde 1-32 with sodium borohydride gave

precursor 1-25 already mentioned before. Standard oxidation and protecting group

13



1. Introduction: 1.4 Total syntheses of Lingzhiol

manipulations afforded racemic Lingzhiol. GAUTAM and BIRMAN also mentioned that their
synthesis can be executed in an enantioselective fashion simply by employing an
asymmetric catalytic version of the MICHAEL reaction on 1-26 which after ring closing
affords enantiomerically pure 1-27 from which the total synthesis of (+)-Lingzhiol is

warranted.[57]

In 2020 a third paper was published by C. S. SCHINDLER et al.[5°1 who also utilised
the very same principle in order to achieve the enantioselective synthesis of both
Lingzhiol enantiomers. By choosing an appropriate rare earth metal catalyst with chiral

ligands they could synthesize both enantiomers of 1-27 in an enantioselective fashion.
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O O O (0]
O\ o\
1-11 1-26
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1-29 1-7b

HO,
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(£)-1-1

Scheme 4 Total synthesis of Lingzhiol according to K. GAUTAM and V. BIRMANIS7] and independently by P. XIE et al.[58]
Reagents (according to BIRMAN's synthesis)!571: a.) NaH, diethyl carbonate, THF, quant.; b.) MVK, TMG, DCM, 79%; c.)
NaOMe, MeOH, 79%; d.) NaBHs, CeCls.7H20, MeOH, 73%; e.) m-CPBA, then cat. TFA, MeOH; f.) NaBH4, MeOH, 56% (two
steps); g.) Acz0, pyridine, DMAP, DCM; h.) Oz, NHPI, AIBN, MeCN, 95%; i.) HCl, MeOH, H:0, 90%. Last steps of XIE's
synthesists8l: g.) MOMCI, DIPEA, DCM; h.) Cr0Os, 3,5-dimethylpyrazole, DCM, 45% (two steps), i.) tBuSH, AlCls, DCM, 70%.
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1. Introduction: 1.4 Total syntheses of Lingzhiol

The fifth total synthesis (Scheme 5) again by H. B. QIN et all®0] starts with the
alkylation of ketoester 1-19 with protected bromoacetaldehyde 1-33 to afford
substituted ketoester 1-34 whose reduction with baker’s yeast provided 1-35 in an
enantioselective fashion. 1-35 was then in turn converted to o,f-unsaturated ketone 1-
36 the reaction of which with aryl lithium 1-37 afforded allylic alcohol 1-38 which was
converted stereoselectively to the epoxide 1-39. Treating this epoxide with trimethylsilyl
trifluoromethanesulfonate induced its Pinacol rearrangement to compound 1-40 which
then underwent a FRIEDEL-CRAFTS alkylation followed by elimination through 1-41 and 1-
42 to provide lactone 1-43, that was converted into 1-44 in a four-step sequence and was
subjected to BAEYER-VILLIGER oxidation affording dilactone 1-45. Treating dilactone 1-45
(Scheme 6) with potassium carbonate in methanol induced a skeletal rearrangement the
product thereof was acylated and subsequently treated with trifluoroacetic anhydride
that afforded advanced precursor 1-49. Reaction with boron tribromide finished the total

synthesis.
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Scheme 5 Total synthesis of (+)-Lingzhiol by H.B. QINI601: Synthesis of dilactone 1-45 Reagents: a.) 1-33, K2CO3, KI, DMSO,
65%; b.) baker’s yeast, HCOONH4, Cu0, 20% aqueous sucrose, 40%; c.) DMP, DCM, 95%; d.) PhsPCH3Br, tBuOK, toluene,
80%; e.) Se0z TBHP, DCM, 87%; f.) 1-37, THF, 81%; g.) VO(acac)z, TBHP, DCM, 95%; h.) TMSOTJ, Lutidine, DCE, 75%; i.)
NBS, THF, Hz20; j.) PCC, NaOAc, DCM, 85% (two steps); k.) Zn powder, AcOH, 95%; L) NaBH4, MeOH; m.) m-CPBA, KHCOs3,

DCM, 80%.
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Scheme 6 Total synthesis of (+)-Lingzhiol by H.B. QINI®Vl: Completion of synthesis. Reagents: a.) K2CO3, MeOH, then acidic
work-up; b.) Acz0, DMAP, DCM; c.) TFAA, TFA, 80% (three steps); d.) BBrs, DCM, 90%.

In 2017 RENGARASU and MAIER[®1] published a study towards the total synthesis of
Lingzhiol that was the first in our group (Scheme 7). Conceptually it is identical with that
of H. B. QIN’s first route (see Scheme 3) and aimed to utilize a cationic ring closure to
construct the core structure. Compound 1-21 was synthesized analogously and was
converted to the exo-alkene 1-22b. This was then epoxidized and the oxirane ring was
subsequently opened to allylic alcohol 1-51 which was subjected to a second PRILEZHAEV
reaction to afford the hoped precursor 1-52. Treating this precursor with LEwIS acids
however showed no promise of product formation irrespective of whether the primary
alcohol was protected or not. This research did nevertheless make QIN’s route more
efficient since the loss of material due to the unwanted endo-alkene 1-22a (see Scheme 3

and its discussion) was bypassed.
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COOEt COOEt COOEt
1-21 1-22b 1-50

O o O
OH Lewis acid d O
~—#—— 0 0 o) ‘ OH

X COOEt COOEt
1-25 1-52 1-51

I 0
y (Y
OH : :
Lewis acid 0 f
~— 0 o ‘ OAc

o OAc ~———
| OAc |
COOEt COOEt COOEt
1-55 1-54 1-53
Scheme 7 Synthetic plan by RENGARASU and MAIERI®Y] towards Lingzhiol. Reagents: a.) PhsPCH3Br, tBuOK, THF, 79%; b.)

m-CPBA, NaHCO3, DCM, 61%; c.) H2504, DCM, 33%; d.) m-CPBA, NaHCO3, DCM, 59%; e.) Ac:z0, pyridine, 77%; f.) m-CPBA,
NaHCO3, DCM, 32%.

MEHL and MAIER published the second total synthesis from our group in 2017541, It
employs a titanium(III) induced radical ring opening of an epoxide followed by a radical
ring closing (Scheme 8). The sequence starts with tetralone 1-11 which is converted to

MICHAEL adduct 1-56, the treatment of which with the OHIRA-BESTMANN reagent (1-57)

afforded the alkyne 1-58.
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Scheme 8 Total synthesis of Lingzhiol according to MEHL and MAIERI>*] Reagents: a.) NaH, diethyl carbonate, THF, 90%;

b.) acrylaldehyde, TEA, DMF, 81%; c.) 1-57, K2C03, MeOH, 58%; d.) CH2Brz, "BulLi, THF, 43%; e.) Zn, Cp2TiClz, THF, 69%;

f) K20504.2H:0, NalOs, THF, H20, 63%; g.) NaBHs, CeCl3.7H20, 86% (overall, 1-25/1-65: 1/1); h.) Ac20, DMAP, pyridine,
DCM, 98%; i.) Oz, NHPI, AIBN, MeCN, 42%; j.) HCI, MeOH, 66%; k.) AICls, tBuSH, DCM, 50%.

The introduction of epoxy function proved to be difficult. Conversion of the ketone
group to exocyclic alkene was met with failure. COREY-CHAYKOWSKI conditions also failed.
However, it was possible the form the required epoxide 1-59 through the reaction of
ketone 1-57 with bromomethyl lithium. The epoxide was then treated with Cp2Til''C]
(formed in situ in the reaction of titanocene dichloride with zinc) which initiated a radical

opening of the oxirane ring,[62] creating benzylic radical 1-60, which then subsequently

20



1. Introduction: 1.4 Total syntheses of Lingzhiol

added onto the triple bond accompanied by lactone formation, with the formed vinyl
radical 1-61 being reduced by means of a Tilll species and eventually affording exocyclic
alkene 1-63. Cleavage of the double bond through LEMIEUX-JOHNSON reaction afforded
ketone 1-64 the reduction of which under LUCHE conditions (which delivered the best
diastereomeric ratio) gave alcohols 1-25 and 1-65 as a 1:1 mixture of diastereomers.
Conversion of the required 1-25 to Lingzhiol was done analogously as discussed before.
The “wrong” diastereomer 1-65 could be recycled through oxidation with DESS-MARTIN
periodinane to 1-64. MITSUNOBU-type inversion of the secondary alcohol was not

successful.[>4]

As of now, the latest total synthesis originates again from the working group of H.
B. QIN.[63] Their synthesis (Scheme 9) starts with ketoester 1-66 the kinetic resolution
thereof with baker’s yeast afforded alcohol 1-67 and ketoester (R)-1-66. The palladium
catalysed addition of boronic acid 1-68 to (R)-1-66 furnished alkene 1-69 that was
elaborated into epoxide 1-70, in which the alcohol function was protected as a benzyl
ether and was treated with trimethylsilyl trifluoromethanesulfonate to induce a cationic
cyclization affording the core structure of Lingzhiol 1-72 with an exocyclic alkene moity.
1-72 was subjected to LEMIEUX-JOHNSON reaction furnishing 1-73 that was converted to

(-)-Lingzhiol upon treating it with boron tribromide.
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Scheme 9 Total synthesis of Lingzhiol according to QIN63] Reagents: a.) baker’s yeast, HCOONH4, Cu0, 20% aqueous
sucrose, 43%; b.) (+)-1-66, Pd(PPhs)+, HCOOH, 1,4-dioxane, 80%; c.) Ph3PCH3Br, tBuOK, THF, 81%; d.) SeOz, TBHP, DCM,
69%; e.) VO(acac)z, TBHP, DCM, 82%; f.) NaH, BnBr, DMF, 75%; g.) TMSOTf, DCM, 51%; h.) OsO4, NMO, tBuOH, THF; i.)
NalO4, THF, H20, 74% (two steps); j.) BBrs, DCM, 52%.
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1. Introduction: 1.5 Motivation

1.5. Motivation

The aim of the present work is to present the results of our investigation of new
synthetic strategies towards the total synthesis of Lingzhiol. During this project we have
researched numerous, conceptually different synthetic routes which often chosen so that
the possibility of a later enantioselective synthesis would be warranted. Figure 6
summarises the different disconnection points, which we considered for the total

synthesis of Lingzhiol.

Pinacol/Semipinacol/Conia-ene

routes

OH

OH| ;
P ‘<O
A\
5

O’\O Pauson-Khand route

Diels-Alder route

Figure 6 Investigated disconnection points for the total synthesis of Lingzhiol
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

2. Results and Discussion

2.1. ConiA-ene reaction as key step

The retrosynthetic analysis of the CONIA-ene route can be seen in Scheme 10

Intramolecular
Friedel-Crafts

Allylic oxidation

N 6 Conia-.ene
ﬂ Epoxidation reaction
‘/
—_— p—
\< O COOMe
Carbonyl manipulation
o
OH ><
j\/i NN ———
(0] o o
O\
2-6 2-5 2.4

Scheme 10 Retrosynthetic analysis of Conia-ene route

The key ring forming reaction, namely the intramolecular FRIEDEL-CRAFTS
alkylation between C3 and C7’ is similar to QIN’s[56] and MAIER’s[61], with its precursor 2-1
could be envisioned from 2-2 through allylic oxidation at C6’[¢4] and epoxidation of the
exocyclic double bound at C7’. 2-2 could be in turn synthesized through a CoNIA-type
reaction from2-3. The synthesis of 2-3 from simple starting materials is easily conceived.
One should mention however an inherent problem of the route regarding the oxidation
pattern of Lingzhiol. As can be seen in Scheme 10, at the end of the sequence the C2’ carbon
would bear the carbonyl group as opposed to the natural molecule that has it on its C1”
carbon and it is thus necessary that at one point during the total synthesis the carbonyl

groups to be transposed.

It was decided that the synthesis (Scheme 11) would start from the commercially
available 2,5-dimethoxyphenylacetic acid (2-6) and that the ketoester moity would be
introduced through the utilization of MELDRUMs acid (2-5) that serves as a surrogate to
dialkyl malonates. Accordingly, 2-6 was converted to its corresponding acyl chloride 2-7
by refluxing it in neat thionyl chloride. Acid chloride 2-7 was then reacted with the enolate
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

formed from MELDRUM’s acid under mild conditions taking advantage of its anomalously
high acidity.[®>] The so formed acyl ketoester 2-8 was not isolated, but was immediately
converted to methyl ketoester 2-9 by refluxing it in methanol, which, again due to the

reactive nature of 2-8 effortlessly performed the decarboxylation.[66:67]

o o ~o
0 a 0 b OH O
OH Cl A o
O O oL oo
2-6 2-7 L 2-8 -

~o
X: Cl (2-10)] q
X NN X (2-4) o 0
Conditions OMe

2-9

Scheme 11 Synthesis of the precursor to the CONIA-ene reaction. Reagents: a.) SOCI, neat, reflux, 4 h, 87%; b.) Meldrum's
acid (2-5) (1.0 eq.), pyridine (2.5 eq.), DCM, 0 °C to RT, 2 h; c.) MeOH, reflux, 3 h, 68% (two steps); d.) Nal (6.0 eq.),
acetone, RT, 24 h, 66%

Then, the introduction of the alkyne side chain was investigated. Formally a simple
analogue to the malonic ester synthesis it proved to be the difficult. As electrophile 5-iodo-
1-pentyne (2-4) was an obvious choice, which was synthesized from the corresponding
chloropentyne 2-10 through a FINKELSTEIN reaction, and one attempt was made whether

it was possible to combine the two steps into a one-pot reaction.

Table 1 Attempts to introduce alkyl side chain

Entry Reagents Conditions Result

1 1.0 eq. NaOMe MeOH, No reaction
1.1 eq. 5-lodo-1-pentyne Reflux, 8 h

2 1.0 eq. K2CO3 DMF, RT, 3d No reaction
1.0 eq. 5-lodo-1-pentyne

3 1.0 eq. LIHMDS THF, -78°C No reaction
1.0 eq. 5-lodo-1-pentyne toRT,4 h

4 1.0 eq. KHMDS THF, -78°C No reaction
1.0 eq. 5-lodo-1-pentyne toRT,4h

5 1.2 eq. NaH DMF, RT, 1d 33 % 2-3
1.0 eq. 5-lodo-1-pentyne

6 1.2 eq. NaH DMF, 60 °C, 19 % 2-3

2.0 eq. 5-chloro-1-pentyne 2.5d
0.5 eq. TBAI

As can be seen in Table 1 among the various bases and conditions only sodium
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

hydride in DMF provided any positive result (Table 1, Entry 5). Also, the effort to combine
the FINKELSTEIN reaction and the alkylation into a single step, while worked, resulted in a
lower yield (Table 1, Entry 6), and thus was not used in the synthesis. With 2-3 in hand
we could start to investigate the cyclization reaction needed to form the five-membered

ring with the exocyclic double bond.

Classical ”ene”-reactions belong to the group transfer reaction class of the
pericyclic reactions!(8l The reaction consists of an “ene” and an “enophile” component

(Scheme 12)168691,

LN
Al = 13

ene enophile
X:CH,, 0

Scheme 12 Ene-reaction

Although the reaction is in principle reversible, it usually takes place from left to
right (in which case a m-bond is replaced by a 0-bond).[68] The “ene”-component is a three-
atom moity (it is not necessary for all three atoms to be carbon), that contains a double
bond and at the allylic position the group which is to be transferred.[68.6° This group is in
the vast majority of cases hydrogen, other than that it could be silicon, tin, or some other
metals (Li, Mg, Pd)[®8] The “enophile”-component can be quite varied: alkenes, alkynes,
(thio)carbonyl groups, diazo compounds, singlet oxygen,[6°] nitroso compounds[79] etc. In
case of alkenes/alkynes, activation of the “enophile” through substitution with electron-
withdrawing groups (EWG) accelerates the reaction.[®8] The mechanism of the parent
reaction (i.e.: reaction of an all-carbon “ene” with an alkene/alkyne) is a thermally allowed
[o2s+n2s+n2s] pericyclic reaction, although in some cases evidence for a reaction through
biradicals was forthcoming (usually the absence of trace amounts of cyclobutene product
is a good indicator for a concerted mechanism).[686971] Whilst somewhat resembling
DIELS-ALDER reactions and sigmatropic rearrangements, one definitive difference is the
much harsher conditions that are required for the reaction (for a thermally induced

reaction that usually means 200-400 °C).[6872]

In 1975 CoNIA and LE PERCHEC published an extensive research about the thermal
intramolecular cyclization of unsaturated carbonyl compounds. It was noticed, that in

most cases the carbonyl group participated in the reaction through its enol tautomer(73!
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

(Scheme 13A). This type of cyclization is therefore nowadays collectively known as the
CoNIiA-ene reaction.[7274] [t should be noted however, that even an enolizable carbonyl
compound can undergo cyclization in which the carbonyl group acts as the enophilel7273]

(Scheme 13B)

OH

H A

\

Scheme 13 Intramolecular cyclizations of enolizable carbonyl compounds!72731: A. Reaction through the enol tautomer
(Conia-ene reaction). B. Cyclization of (+)-citronellal

In its simplest form the CoNiA-ene reaction is still plagued by the harsh conditions
required to its initiation and progression (200-300 °C) rendering its scope of substrates
rather limited.[”4l Ketones and aldehydes exist mostly as carbonyl compounds and not as
enols. It is thus necessary that readily enolizable carbonyl compounds should be used, the
common substrates being -ketoesters, [-diketones, (-ketoamides, malonates etc. In
addition to that, in almost all the cases the system is further activated through either by
facilitating the enolate formation (i.e.: deprotonation) and/or by coordination of a LEWIS

acid to the alkyne. The different activation modes are summarized in Scheme 14(74]

o
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Py
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o)
Py
\
I
Py
ol

| =]
ccccccese

(MP, M9): (K, Pd)

M: Na, Li, Ti M: Ag, Au, Pt, Cu M: Ni, Co, Re M: In, Bi, Fe
(La, Ag), (Na, Mo)

Scheme 14 Different activation possibilities for ConiA-ene reactionsl’4: A. Enolate activation. B. Alkyne activation. C. Ene-
yne activation. D. Double activation by single metal. E. Double activation by two metals (Mh: hard metal, Ms: soft metal)

We thus started to investigate the applicability of some of the more
straightforward methods existing in literature to find out whether it is possible to perform

the cyclisation reaction with our substrate 2-3.
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Scheme 15 Conia-ene reaction for the synthesis of 2-2

First, we tried a gold(I) catalysed protocol developed by TOSTE et all7>! Using
chloro(triphenylphosphine)gold(I) as described by them (Table 2, Entry 1) delivered the
product in 17 % yield. This could be improved to 56 % by employing a different ligand
(JohnPhos, Table 2 Entry 2). Although this yield was adequate enough to enable further
investigation of the route, we also tried different methods to materialize the ring closing.
Thus, we attempted the reaction by deprotonating with potassium tert-butoxide (Table 2,
Entry 3) according to TRAUNER et al.[’6] which however failed to deliver the product.
Executing the reaction with double activation using copper(I) iodidel’’! to activate the
triple bond (Table 2, Entry 4) also did not lead to product formation, neither did the use
of titanium enolatel’8l instead of potassium (Table 2, Entry 5). We then turned to
activation of the alkyne moity without the use of base. CONIA himself published a simple
method in which a BR@NSTED acid would serve as an assist to the enolization and

mercury(II) chloride activates the triple bond[7°] that however failed in our case (Table 2,

Entry 6).
Table 2 Attempts to CONIA-ene reaction
Entry Reagents Conditions Result Activation type
(see Scheme 14)
11751 0.1 eq. (PPh3)AucCl DCM,RT,1h 17% B
0.1 eq. AgOTf
21751 0.1 eg. (JohnPhos)AucCl DCM,RT,1h 56% B
0.1 eq. AgOTf
3176 1.0 eq. KOtBu DMSO, RT, 3 h No reaction A
4177] 1.0 eq. KOtBu THF,RT, 12 h No reaction E
1.0 eq. Cul
51781 0.4 eq. Ti(OPr)4 THF, -78 °C to No reaction E
1.2 eq.Cul (1.2 eq.) RT,1d
61791 0.1 eq. HgCl; DCM/EtOH, RT, 2 d No reaction B (orE)
0.1 eq. HCI

With 2-2 in hand we turned our attention to the oxidation of the allylic position.
We intended to follow the procedure that was already used in our research group.[61]

However upon performing the reaction with catalytic amounts of selenium dioxide and
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

TBHP we obtained a highly complex mixture with signs of decomposition. Since selenium
dioxide is known to oxidize the a-position of carbonyl group(8%81 in addition to the allylic
position of an alkene, we tried to achieve the allylic oxidation using singlet oxygen as a
milder alternative, that is known to react with alkenes at the allylic position through an
ene-reaction generating allylic peroxides that can be reduced by simple means to
alcohols.[82-84] Singlet oxygen was generated through the irradiation of a methanolic
solution of 2-2 by visible light under oxygen atmosphere using -either
tetraphenylporphyrin (TPP)[85-87] or rose bengal (RB)[87] as photosensitizer. Regrettably

all our attempts proved to be in vain, as conversion of any kind was never observed.

In order to circumvent the problems associated with the presence of the carbonyl
group at the 2’ position instead at 1’, a slightly modified strategy was devised, that
nevertheless still utilised the CoNiA-ene reaction as one of its key steps (Scheme 16). In
this scenario the precursor to the CoNiA-ene cyclisation would be acquired through the
alkylation of the tert-butyl ester 2-19 either with epoxide 2-14 or with a-ketochloride 2-
18. Thus, the position of the oxygen would correspond to the natural product. One major
disadvantage of this approach is the loss of the double activation of the “ene” component.
Although transformations of this kind are known, they usually require the prior activation
of the carbonyl group as silyl enol ethers or as analogous compounds.[888% Another
problematic aspect is the alkylation of 2-19 with 2-14 or 2-18, which is scarcely know in
the literature. Epoxide 2-14 was synthesized (Scheme 17) from 2,5-
dimethoxybenzaldehyde (2-20) following the protocol of COREY and CHAYKOVSKY,[°%l while
a-ketochloride 2-18 was acquired by treating 1,4-dimethoxybenzene (2-21) with
chloroacetyl chloride in a FRIEDEL-CRAFTS acylation.[®!] Tert-butyl hept-6-ynoate (2-19)

was synthesized from tert-butyl acetate and iodide 2-4.
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Scheme 16 Modified retrosynthetic analysis of the CONIA-ene route
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Scheme 17 Synthesis of precursors to the modified CoNiA-ene route. Reagents and conditions: a.) NaH (1.2 eq.),
trimethylsulfonium iodide (1.2 eq.), THF, 55 °C, 2 h, 51%; b.) AlCls (2.0 eq.), chloroacetyl chloride (2.0 eq.), DCM, RT, 8 h,
47%; c.) DIPA (1.2 eq.), "Buli (1.2 eq.), DMPU (4.0 eq.), 5-iodopent-1-yne (2-4) (1.0 eq.), THF, -78 °C to RT, 24 h, 77%
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2. Results and Discussion: 2.1 Conia-ene reaction as key step

Having all precursors at hand, the alkylation of 2-19 was investigated. As
mentioned before, these type of alkylations are seldom reported in literaturel®2-25, thus

we opted to investigate a number of general methods. (Table 3)

Table 3 Attempts to alkylate alkyne 2-19

Entry Electrophile Reagents and Conditions Result
(Product)
1 2-14 (2-13) 1.2 eq. DIPA No conversion
1.2 eq."BulLi
1.0 eq. 2-19
THF, -78 °C to RT, overnight
2 2-14 (2-13) 1.2 eq. DIPA No conversion
1.2 eq."BuLi
4.0 eq. DMPU
1.0 eq. 2-19
THF, -78 °C to RT, overnight
3 2-14 (2-13) 1.2 eq. LIHMDS No conversion
1.0 eq. 2-19
THF; -78 °C to RT, overnight
4 2-18(2-17) 1.2 eq. DIPA No conversion
1.2 eq."BulLi
1.0 eq. 2-19
THF, -78 °C to RT, overnight

As can be seen, no attempt was successful, and this negative outcome combined
with the fact, that the CoNIA-ene reaction itself was expected to be more difficult led us to
abandon this route. With this we concluded our investigation of routes utilizing the CONIA-

ene reaction and our attention was directed to other possibilities.
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2. Results and Discussion: 2.2 Semipinacol reaction as key step

2.2, Semipinacol reaction as key step

As a short detour we investigated a strategy that relies on a Semipinacol

rearrangement as key step, the retrosynthetic analysis thereof can be seen in Scheme 18.

Epoxidation

Semipinacol
rearrangement

Aromatic
Benzylic oxidation electrophilic
substitution

Shapiro reaction

o
o
+ EtOOC. f
|
o o EtooC
2-27 2-26 1-21

Scheme 18 Retrosynthetic analysis of the Semipinacol route

We envisioned that epoxide 2-24 could be subjected to a Semipinacol
rearrangement,[°¢! which would give advanced intermediate 2-23, the conversion of
which to Lingzhiol akin to literature should be straightforward. Since compound 1-21 is
literature known, our efforts were focused on the exploration of the Shapiro reaction,
which in turn requires a corresponding sulfonyl hydrazone. We synthesized ketoester 1-
21 (Scheme 19) from 2-(2,5-dimethoxyphenyl)acetic acid (2-6) as reported by RENGARASU
and MAIERI®1] by first reducing the acid to its corresponding alcohol 2-29 with lithium
aluminium hydride, then converting the alcohol into iodide 2-27 by reacting it with iodine
and triphenyl phosphine. Alkylation of 2-26 with this iodide furnished 1-21 with
acceptable yields. We then turned our attention to the synthesis of the required sulfonyl
hydrazone. We chose to use p-toluenesulfonyl hydrazide as substrate and tried to achieve
the hydrazone formation at first by using methods known in literature. We thus first
refluxed 1-21 with p-toluenesulfonyl hydrazide according to HoDGSON et al°71 (Table 4,
Entry 1), and when this procedure provided no product we tried a slightly modified

method using neutral alumina as catalyst to facilitate the conversion according to SZANTAY
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2. Results and Discussion: 2.2 Semipinacol reaction as key step

et al.[°8], again, without success. (Table 4, Entry 2). Having met these failures, we opted to
attempt a simple procedure using titanium tetrachloride as LEwiIS acid to enable the
hydrazone formation, which to our delight provided us the hydrazone 2-30 in reasonable

yield. (Table 4, Entry 3).

>0 ~o >0
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OH OH |

2-28 2-29 2-27
(6]
EtOOC
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2-26
~ O. ~
O \IS;O O

'\/‘/NH Conditions 0

o Etooc o Etooc

2-30 1-21

Scheme 19 Synthesis of hydrazone 2-30 . Reagents and conditions: a.) LiAlH4 (2.0 eq.), THF, 55 °C, overnight, 80%; b.) I-
(1.1 eq.), PPhs (1.1 eq.), Imidazole (3.0 eq.), DCM, 0 °C to RT, overnight, 70%; c.) K2C03 (3.0 eq.), 2-26 (1.0 eq.), DMF,
75 °C, overnight, 55%

Table 4 Synthesis of hydrazone 2-30 from ketoester 1-21

Entry Reagents and Conditions Result
10071 1.0 eq. 1-21 No conversion
2.0 eq. p-Toluenesulfonyl hydrazide
THF/EtOH: 1/1, Reflux, 8 h
2198 1.0 eq.1-21 No conversion
2.0 eq. p-Toluenesulfonyl hydrazide
10.0 eq. Al;O3 (Brockmann [, neutral)
EtOH, Reflux, 8 h
3 1.0 eq. 1-21 50%
1.0 eq. p-Toluenesulfonyl hydrazide
1.0 eq. TiCls
THF, 0 °C to RT, overnight
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2. Results and Discussion: 2.2 Semipinacol reaction as key step

With 2-30 at hand, the SHAPIRO reactionl®®l was investigated. However, reacting 2-
30 with n-buthyllithium at -78 °C using tetramethylethylenediamine (TMEDA) as solvent,
then quenching the mixture with dimethylformamide as described in the literature[100.101]
provided no product. In order to circumvent this problem, we synthesized epoxide 2-31
from 1-21 (Scheme 20) using a procedure already reported in our group®4], and tried to
perform an epoxide-aldehyde rearrangement either with sulfuryl chloride,[192] that would
have directly given 2-25, or with boron trifluoridel103.104] which would have provided the

saturated analogue of 2-25, neither of which proved to be successful.
\O ~

(0]

o Ftooc o _Et00C
1-21 2-31

Scheme 20 Synthesis of 2-31. Reagents and conditions: a.) CHzBrz (1.5 eq.), "Buli (1.2 eq., 2.5 M in hexane), THF, -78 °C to
RT, overnight, 54%

We also tried to synthesize a precursor to an alternative Semipinacol
rearrangement. (Scheme 21) Lingzhiol 1-1 could thus be formed from epoxide 2-32,
provided, that the tertiary cation emerges. Accordingly, 2-32 could be envisioned from
alkene 2-33, which in turn could be gained from 2-34 through a MCMURRY or Pinacol
coupling.[105-107] We thus investigated the possibility to synthesize 2-34 from aldehyde 2-
35, which, after suitable carbonyl group protection could partake in an alkylation
analogous to the synthesis of 1-21. We planned the synthesis 2-35 according to literature

examples.
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2. Results and Discussion: 2.2 Semipinacol reaction as key step
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Scheme 21 Retrosynthetic analysis of the modified Semipinacol route

We conceived the synthesis of 2-35 starting from alcohol 2-29 which was
converted to its MOM ether followed by the cyclisation to isochroman derivative 2-37 by
treating 2-36 with trimethylsilyl trifluoromethanesulfonate.[108109] (Scheme 22) Opening
of isochromans directly to compounds analogous to 2-35 is literature know, thus we first
tried reacting 2-37 with copper(II) bromide in refluxing acetonitrile(110.111] from which
however no product could be isolated. We then tried to synthesize 1-methoxyisochroman
2-38 the conversion of which to 2-35 could have been achieved by treatment with
trimethylsilyl bromide and tetrabutylammonium bromide.[108] We therefore attempted
the oxidation of 2-37 with DDQ unfortunately without success.[198] We also tried to access
2-38 directly from alcohol 2-29 by refluxing it in triethyl orthoformate in the presence of
catalytic amounts of p-toluenesulfonic acid,[112] however only starting material was
isolable. Since with this result we deemed this route to be futile, we shifted our attention

to other possibilities.

35



2. Results and Discussion: 2.2 Semipinacol reaction as key step

o o o
a b 0
OH o o~

2-29 2-36 2-37
S0 Mo ~o
@ij ______ - CHO
Br
SN (ONQ
2-38 2-35

Scheme 22 Synthetic studies towards 2-35. Reagents and conditions: a.) MOMCI (1.5 eq.), DIPEA (1.5 eq.), DCM, 0 °C to
RT, overnight, 87%; b.) TMSOTY, (0.25 eq.), MeCN, 0 °C to RT, 6 h, 24%
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

2.3. PAUSON-KHAND reaction as key step

We envisioned a route using the PAUSON-KHAND reaction as one of the key reaction
the form the B and C ring in a single step. The retrosynthetic analysis can be seen in

Scheme 23.

OHOH
(T k&
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HO 1 _ 0

2,
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Oxidation

1-1 2-35

o R ~o R’
Z Z
Pauson-Khand
H L — R —
O\ (0] O\ X
2-43 2-42

"Carbonyl transposition™

Scheme 23 Retrosynthetic analysis of the PAUSON-KHAND route

Starting from an adequately substituted benzaldehyde derivative like 2-43, the
alkene containing moiety could be introduced using nucleophilic addition followed by the
oxidation of the terminal allylic position and adequate protection or conversion of the
hydroxyl group. Then the PAUSON-KHAND reactionl113114] would be applied, that would
afford 2-41, which already contains three out of four rings found in the natural product.
The introduction of the necessary hydroxymethyl portion could be materialized through
umpolung chemistryl(115] (the stereochemical outcome, i.e the relationship between the
substituents on 3" and 7" is expected to be syn due to the geometry of 2-41, after which
however the transposition of the carbonyl group needs to be addressed. As can be seen in
Scheme 23 the newly formed C ring bears the oxygen atom on its 5" position (Lingzhiol
numbering), that does not correspond to the natural product. The transposition of the
carbonyl groupll1¢l must be therefore attempted, which nevertheless raises issues,
namely the number of steps of such procedure and the regiochemistry in case if the
intermediate after the addition of a formyl anion synthon to 2-41 cannot be trapped as an

enolate anion. Both difficulties could be potentially tackled if the PAUSON-KHAND reaction
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

would be performed with a silylalkynyl analogue (then R! = SiR3 in Scheme 23) then after
reducing the carbonyl group on C5” to a methylene group, the silyl group on C6’could be
converted to a hydroxyl group using FLEMING-TAMAO oxidation.[117] This approach should
thus mitigate the problems associated with the carbonyl transposition, also should not
pose any setback to the ring closing step, as reactions of alkynylsilanes under PAUSON-
KHANDI118-121] or other conditions providing analogous products!122-125] are amply

reported.

We thus started to consider our options to synthesize the precursor for the PAUSON-
KHAND reaction. The use of the SONOGASHIRA coupling[126] to introduce the acetylenic side
chain is evident. This in turn requires the appropriate substitution of the aromatic core,
which however should be quite feasible using directed ortho metalation[127.128] to
substitute the ortho position with iodine. We could also utilize the fact, that the ortho
metalation of lithium benzylalcoholate salts were reported,[129130] and therefore we
conceived a route starting from the commercially available 2,5-dimethoxybenzaldehyde
(2-20) (Scheme 24). We converted it through a GRIGNARD reaction to 2-44, which served

as a model compound to flesh out the feasibility of the directed ortho metalation.

™o o o
a 4 e conditions
CHO N N N
ONg 0. OH O._ OH

2-20 2-44 2-45

Scheme 24 Synthetic studies towards SONOGASHIRA precursor. Reagents and conditions: a.) Mg (1.8 eq.), 4-bromo-1-
butene (1.5 eq.), THF, Reflux to RT, overnight, 79%

When we however applied literature reported conditions,[131.132] we found that
either no reaction occurred, or the iodination took place at the regioisomeric 4 position
(Table 5). Lowering the temperature resulted in no conversion, and switching the source
of lithium generally has not changed the outcome neither did the use of benzene as a

solvent, which may be ascribed to the low solubility of the resulting dianion.
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

Table 5 Attempts to lithiate 2-44

Entry Reagents and Conditions Result
1 2.2 eq."Buli No conversion
1.1 eq. lodine
Diethyl ether, 0 °C
2 2.2 eq."BulLi No conversion
1.1 eq. Iodine
Diethyl ether, -78 °C

3 2.2 eq. ‘BuLi Small amounts
1.1 eq. lodine of regioisomer

Diethyl ether, 0 °C
4 2.2 eq. 'BulLi No conversion

1.1 eq. lodine
Diethyl ether, -78 °C
5 2.2 eq."BulLi No conversion
1.1 eq. lodine
Benzene, 0 °C

6 2.5 eq."BuLi Small amounts
3.0 eq. "BuMgBr of regioisomer
2.5 eq. TMEDA

1.5 eq. lodine
Diethyl ether, -15-(-10) °C

Considering these results, we turned to an alternative, that would have enabled us
to doubly functionalise an aromatic iodide with control over regiochemistry in a single
step. In the late 90s and early 2000s CATELLANI and her co-workers developed a palladium
catalysed methodology, that made it possible to simultaneously functionalise the ortho
and the ipso position of an aryl iodide. (Scheme 25A)[133-135] The catalytic cycle[136-141]
starts with the oxidative addition of aryl iodide I to the Pd(0) affording aryl palladium
iodide II. Subsequently, norbornene (III) insertion into complex Il results in the formation
of the stable cis,exo-aryl norbornyl palladium adduct IV followed by C-H metalation of the
meta hydrogen of the aryl substituent to form aryl norbornyl palladacycle V.[14Z] The
following step is the oxidative addition of an appropriate organic halogenide VI to afford

complex VII on which rapid reductive elimination takes place producing complex VIIL.
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Scheme 25 CATELLANI reaction. A: Original methodology by CATELLANLI'33] B: Catalytic cycle (ligands on palladium are
omitted for clarity)
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

The mechanism of the conversion of V to VIII was investigated by ECHAVARREN et
al, whose theoretical calculations suggested, that if an aryl iodide is used as the
electrophilic species VI, then complex V is transmetallated directly to VIII by an aryl
palladium halide (i.e.: E-Pd-X formed by the oxidative addition of E-X to Pd(0)).[243] This
was nevertheless refuted by the computational studies of CATELLANI, which showed, that
such transmetallation is energetically favoured only if the ortho position with respect to
the iodide is not substituted (i.e.: R: H), and the formation of the Pd(IV) oxidative adducts
are favoured in other cases.l44] Moreover, Pd(IV) complexes formed by the oxidative
addition of various allylic and benzylic halides to aryl norbornyl palladacycles had already
been characterised in the late 80s and early 90s,[145-147] thus the involvement of Pd(IV)
species is nowadays rarely disputed.[148] Retro-carbopalladation of VIII, accelerated by
steric crowdedness,[136138148] affords IX, which then participates in an another cross-
coupling reaction (HECK, SUZUKI, SONOGASHIRA)[136138-140,148] with an appropriate
organometallic species X that terminates the reaction affording the ortho/ipso

functionalised product XI and Pd(0), and thus regenerating the catalyst.

The role of norbornene in the reaction is pivotal. Carbopalladation of II is
accelerated by the fact, that the strain in norbornene is relieved upon the addition.[?36]
Also, the B-hydride elimination, which usually makes alkyl palladium complexes rather
unstable,[149] is severely inhibited by the cis/exo stereochemistry of complex IV,[150.151]
since it would require a syn-coplanar conformation of the hydrogen and the palladium
unit.[152] The bulkiness of norbornene is also beneficial in order to facilitate the retro-

carbopalladation (VIII - IX) as mentioned before.

The issue of selectivity still needs to be addressed. Since the CATELLANI reaction is
performed as a one-pot procedure, theoretically a plethora of products could arise, as two
organic halogenides (I and VI), an organometallic compound (X) and different palladium
species are present at the same time. General guidelines however can reduce the number
of possibilities. For example, it has been shown that aryl halogenides tend to participate
in an oxidative addition onto Pd(0) with higher reactivity then their aliphatic
counterparts, due to the back-donation between the Pd(0) and the iodoarene’s m*
orbital.[’53] Also the oxidative addition of the aliphatic halide to the Pd(II) species V is
expected to be easier than that of an aryl halide owing to the steric crowdedness of the

aryl norbornene palladacycle.[138] Regardless, there are still other side reactions, that
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

could take place (e.g.: aryl palladium II reacting with the terminating reagent X) which

can be suppressed with the careful adjustment of the reaction conditions.[154]

We thus decided to investigate if the reaction could serve our needs. We oriented
ourselves along the work of ZHOU et al.[155] who used different terminal alkynes in a copper
free SONOGASHIRA reaction!156157] to terminate the reaction sequence. We applied their
methodology to three substrates (Scheme 26), two of which (2-iodotoluene (2-46a) and
2-iodoanisole (2-46b)) were reported by themselves and were included to validate their
findings. Moreover, we used n-butyl bromide or iodide as an electrophilic species to
introduce a butyl group to the meta position in order to reduce the complexity associated
with the presence of an additional double bond as well as for the sake of comparison with

literature results.

Pd(0OAc), (10 mol%)

1 1
R | Norbornene (2.0 eq.) R = ™S
Cs2C03 (2.0 eq.)
TMS-Acetylene (1.5 eq.)
Conditions
R? R?
2-46a-c 2-47a-c

Scheme 26 Screening the applicability of the CATELLANI reaction

During our screening process, we left the palladium source (Pd(OAc)2), the
norbornene, the base (Cs2C03) and TMS-acetylene unchanged. (Scheme 26) The
conditions reported by the literaturel'>>] are using n-butyl bromide as electrophilic
reagent, sodium iodide, presumably to further activate the butyl bromide, tri(2-
furyl)phosphine as ligand, acetonitrile as solvent, and heating the mixture at 90 °C (Table
6, Entry 1). We further tried to replace the butyl bromide with butyl iodide and omit
sodium iodide (Table 6, Entry 2), to use a different solvent (NMP instead of acetonitrile,
Table 6, Entry 3) or to use tris(4-methoxyphenyl)phosphine as ligand (Table 6, Entry 4).
The reactions were followed by GC-MS measurements to investigate the mixtures.
Regardless of the employed conditions, the outcome for each case was less than

satisfactory.
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Table 6 Screening of conditions of the CATELLANI reaction

Entry
1

Starting Material
2-46a (Rt CHs, R2: H)
2-46b (R!: OCH3z, R2: H)
2-46¢ (R1: OCHs, R2: OCH3)

2-46a (R CH;, R2: H)
2-46b (Rt: OCH;, R2: H)
2-46¢ (R1: OCHs, R2: OCH3)

2-46a (R: CH;, R2: H)
2-46b (R1: OCH;, R2: H)
2-46¢ (R1: OCHs, R2: OCHs)

2-46a (Rl CHs, R2: H)
2-46b (Rt: OCHs, R2: H)
2-46¢ (R: OCHs, R2: OCH3)

Reagents and Conditions

2.0 eq. Nal
4.0 eq. "BuBr
20 mol% P(2-furyl)s
CH3CN, 90 °C

4.0 eq. "Bul (4.0 eq.)
20 mol% P(2-furyl);
CH3CN, 90 °C

2.0 eq. Nal
4.0 eq. "BuBr
20 mol% P(2-furyl)s
NMP, 90 °C

2.0 eq. Nal
4.0 eq. "BuBr

20 mol% P(4-MeO-Ph);

CH3CN, 90 °C

Result
2-46a: Complex mixture
2-46b: Complex mixture
2-46c¢: Mainly homo-
coupled side product

2-46a: Complex mixture

2-46b: Complex mixture
2-46c: Mainly homo-
coupled side product

2-46a: Complex mixture

2-46b: Complex mixture
2-46¢: Mainly homo-
coupled side product

2-46a: Complex mixture

2-46b: Complex mixture
2-46c: Mainly homo-
coupled side product

When we used 2-iodotoluene (2-46a) or 2-iodoanisole (2-46b) as substrates, the

reaction resulted in complex mixtures in which the respective products were indeed

present, however usually only in small amounts, with the major constituents being

undesired side products. To showcase such a mixture, the GC-MS spectrum of the reaction

of 2-iododtoluene (2-46a) under the reported literature conditions (Table 6, Entry 1) is

presented in Figure 7.
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Figure 7 GC-MS spectra of the CATELLANI reaction of 2-iodotoluene (2-46) under literature reported conditions.

As can be seen, the mixture consists of four major components (Figure 8): A which

is the SONOGASHIRA product between 2-iodotoluene 2-46a and TMS-acetylene, B which is
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2. Results and Discussion: 2.3 Pauson-Khand reaction as key step

the expected CATELLANI product 2-47a (R1: CHs, R2: H), C that is the SONOGASHIRA product
of the arylnorbornyl palladium species and TMS-acetylene and lastly D which could not
be identified with certainty. Large number of other, smaller impurities were also present.
The reaction of 2-iodo-1,4-dimethoxybenzene (2-46c) under these conditions was even
more disappointing. GC-MS analysis showed no formation of product, with the major
constituent of the reaction mixture being the presumed homo diaryl coupled product 2-

48 (Figure 8).

P P i
fj/&\ f:(i % |
\ / ;

Si—— '

/ \

A B (= 2-47a) C ' 2-48

o

Figure 8 Constituents of CATELLANI reaction mixtures (A-C: 2-iodotoluene (2-46a) as starting material; 2-48: 2-iodo-1,4-
dimethoxybenzene (2-46c) as starting material)

During these investigations we also attempted to furnish the ortho/ipso
substitution through zirconium chemistry, the basic principle of which[158-161] can be seen
in Scheme 27. Aryl halide XII lithiated to give XIII which then participate in a
transmetalation with XIV affording XV that is converted upon heating to zirconocene
benzyne complex XVI. Reaction of this complex with an electrophile (carbonyl
compounds, nitriles etc.) affords XVIII (the regiochemistry is determined by steric
factors), which in turn can react with a second electrophile to give the ortho/ipso
substituted compound XIX. Correspondingly, we attempted to convert 2-iodo-1,4-
dimethoxybenzene (2-46c) according to this procedure, however the reaction mainly

gave homo diaryl coupled product 2-48 again.
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Scheme 27 Ortho/ipso substitution of aryl halides through zirconium chemistry

Since the ortho litihation of 2-44 could not be materialised, two alternative routes
were attempted. At first, we aimed to synthesize triflate 2-53, from which aldehyde 2-57
would be accessible. Following a literature procedurel162] we started from ortho-vanillin
(2-49), which was acetylated and brominated affording 2-51, that was subjected to an
ULLMANN condensation[163] that resulted in the formation of 2-52 with poor yields.
Conversion of 2-52 to its triflate followed standard procedures using N-phenyl-
bis(trifluoromethanesulfonimide) as triflating agent. The SONOGASHIRA reaction of 2-53
however never afforded the desired 2-57. We thus investigated our second alternative
route reverting to aldehyde 2-20 as starting material. The aldehyde was protected as
cyclic acetal,[164] which was followed by the ortho lithiation of 2-54(165] which provided
the correct regioisomer 2-55 albeit with rather poor yield. Interestingly, in a trial run we
tried to replace the hexane/benzene solvent mixture with THF, upon which however the
wrong regioisomer was again formed. Cleavage of the acetal group followed by
SONOGASHIRA coupling to afford 2-57 were performed without difficulties. The addition of
the GRIGNARD reagent prepared from 3-bromo-2-methylpropene however could be
facilitated only with yields below 10%. Preliminary attempts to oxidize the allylic
positions did not show any formation of product which, combined with the low yield and

length just to synthesize 2-58, led us to abandon this route.
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Scheme 28 Synthesis of 2-58. Reagents and conditions: a.) Acz0 (1.0 eq.), pyridine, RT, 24 h, 76%; b.) Brz (1.1 eq.), KBr
(3.3 eq.), water, RT, 1 h, then HCI (6 M), RT, 24 h, 83%; c.) Na (7.4 eq.), Cul (10 mol%), MeOH/DMF, 85 °C, overnight, 39%;
d.) N-phenyl-bis(trifluoromethanesulfonimide) (1.0 eq.), DMAP (10 mol%), DCM, RT, 1 d, 48%; e.) 1,3-propanediol
(4.0 eq.), trimethyl orthoformate (1.0 eq.), TBABr3 (1 mol%), neat, RT, 1 h, 89%; f.) "BuLi (11.0 M in hexane, 1.5 eq.), 1,2-
diiodoethane (1.9 eq.), hexane/benzene, -25 °C, overnight, 29%; g.) cc. HCI, THF, RT, 30 min, 50%; h.)
ethynyltrimethylsilane (3.0 eq.), Cul (12mol%), (PPh3)2PdCl: (4 mol%), TEA/THF, RT, overnight, 73%;i.) Mg (1.8 eq.), 3-
bromo-2-methylpropene (1.5 eq.), THF, Reflux to RT, overnight, 8%
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2. Results and Discussion: 2.4 Pinacol reaction as key step

2.4. Pinacol reaction as key step

We devised a route that is conceptually similar to the Conia route in that that the
B ring would here also be formed as last by a Friedel-Crafts type alkylation. The

retrosynthetic analysis can be seen in Scheme 29.

O\ Friedel-Crafts

1-25 2-59

Lemieux-Johnson

o
(0]
>
OH
o\

Alkylation

2-60 2-6

Scheme 29 Retrosynthetic analysis of the samarium route

As discussed in the introduction, Lingzhiol (1-1) can be accessed from 1-25. A
corresponding precursor to the cation needed for the Friedel-Crafts alkylation could be
vicinal diol 2-59, which could be synthesized from 2-60 through an intramolecular

Pinacol type reaction.[107] 2-60 in turn should be available from 2-6.

In order to obtain 2-60,[16¢] we first synthesized ketoester 2-62 from commercially
available ethyl 4-chloroacetoacetate (2-61),[1671 which was alkylated with
phenylethyliodide 2-27 prepared from 2-(2,5-dimethoxyphenyl)acetic acid (2-6) as
described before. Alkylating 2-63 gave rise to 2-64 which was converted to tetronic acid
derivative 2-94 by treating it with hydrogen chloride gas in acetic acid. LEMIEUX-]JOHNSON
oxidation[168.169] of the terminal double bond afforded aldehyde 2-60 which was subjected
to samarium(II) iodide[170-172] mediated intramolecular Pinacol coupling to provide diol

2-65.
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O'Bu

O~ 'OEt
2-27 2-63

2-65 2-60 2-94
Scheme 30 Synthesis of precursor to the ring closing 2-65. Reagents and conditions: a.) KO'Bu (2.4 eq.), THF, RT, 1 d,
67%; b.) K2C0s3 (2.0 eq.), 2-62 (1.1 eq.), DMF, RT, overnight, 75%; c.) K2CO03 (2.0 eq.), KI (1.5 eq.), 4-bromo-1-butene

(1.5 eq.), DMF, RT, 20 h, 48%; d.) HCI (gas, large excess), AcOH, RT, 1 h, 74%; e.) OsO4 (2 mol%), NalO4 (4.0 eq.), 2,6-
lutidine (2.0 eq.), water/1,4-dioxane, RT, overnight, 45%; f.) Sm (4.0 eq.), 1,2-diiodoethane (2.2 eq.), THF, RT, 6 h, 61%

The stereochemical outcome (the determination of which will be discussed shortly
below) of the Pinacol coupling needs to be addressed. If we examine the relative
stereochemistry of 2-65, it is immediately obvious that it does not correspond to the
natural product. Although the configuration of the C7” carbon is irrelevant, since
according to our synthetic plan a cation will eventually form on it destroying the
stereocenter in the process, but the relative relationship between the C3” and C6’ is cis

instead of the required trans.

Nevertheless, we pushed forward since the stereochemistry can be adjusted later.
We, thus, investigated the FRIEDEL-CRAFTS cyclization of 2-65. In accordance with
literature examples['73] we screened a variety of BR@NSTED and LEWIS acids. The general
trend is obvious. Methanesulfonic acid did not facilitate the reaction (Table 7, Entry 1).
Commonly employed LEwWIS acids gave complex, decomposition mixtures when

nitromethane was used as solvent, or no reaction at all if DCM was employed (Table 7,
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2. Results and Discussion: 2.4 Pinacol reaction as key step

Entries 2-5). Using scandium(III) triflatel174175] as milder and more water resistant LEWIS

acid also gave no conversion (Table 7, Entry 6).

Conditions

Scheme 31 Cyclization of 2-65

Table 7 Attempts to cyclise 2-65 through intramolecular FRIEDEL-CRAFTS reaction

Entry Reagents and Conditions Result
1 MeSOsH (neat), RT, 8 h No conversion
2 5.0 eq. ZrCly DCM: No Conversion
DCM or CH3NO; CH3NOz: Decomposition
RT,8h
3 5.0 eq. TiCl4 DCM: No Conversion
DCM or CH3NO; CH3NO;: Decomposition
RT,8h
4 5.0 eq. AlCl; DCM: No Conversion
DCM or CH3NO; CH3NO2: Decomposition
RT,8h
5 5.0 eq. SnCl4 DCM: No Conversion
DCM or CH3NO; CH3NO2: Decomposition
RT,8h
6 10 mol% Sc(0Tf)3 DCM: No Conversion
DCM or CH3NO; CH3NOz: No Conversion
RT,2d

49



2. Results and Discussion: 2.4 Pinacol reaction as key step

We then converted diol 2-65 to its cyclic carbonate ester (Scheme 32A) with the
idea, that if a LEwis acid would coordinate to the carbonyl group of the carbonate, it

could lead to the formation of a cation on the tertiary carbon (Scheme 32B).

Scheme 32 A: Synthesis of cyclic carbonate 2-67 and its cyclization to 2-66. Reagents and conditions: a.) triphosgene
(1.1 eq.), pyridine (2.1 eq.), DCM, RT, 2 h, 79%. B: Emergence of the tertiary cation upon treating 2-67 with LEWIS acid

Table 8 Attempts to cyclise 2-67 through intramolecular FRIEDEL-CRAFTS reaction

Entry Conditions Result
1 2.0 eq. Me3OBF4 No conversion
DCM, RT, 8 h
2 3.0 eq. ZrCl4 DCM: No Conversion
DCM or CH3NO2 CH3NOz2: Decomposition
RT,8h
3 3.0 eq. TiCls DCM: No Conversion
DCM or CH3NO2 CH3NOz2: Decomposition
RT,8h
4 3.0 eq. AlCl3 DCM: No Conversion
DCM or CH3NO2 CH3NOz2: Decomposition
RT,8h
5 3.0 eq. SnCls DCM: No Conversion
DCM or CH3NO2 CH3NOz2: Decomposition
RT,8h
6 10 mol% Sc(0Tf)3 DCM: Stating material +
DCM or CH3NOz2 2-65
RT,2d CH3NO2: No Conversion
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2. Results and Discussion: 2.4 Pinacol reaction as key step

As can be seen in Table 8 our efforts practically had the same outcome as with 2-
65 as substrate. BRGNSTED acids was not selected in this screen, instead we made an
attempt to use MEERWEIN salt to facilitate the conversion (Table 8, Entry 1) without
success. LEWIS acids provided the same results as before (Table 8, Entries 2-5). Scandium
triflate in DCM mostly gave the starting material, however small amounts of 2-65 were
also observable. Changing the solvent to nitromethane only gave us complex mixtures

with presumed decomposition.

One advantage of synthesizing 2-67 was however, that it was, as opposed to 2-65,
a solid, which enabled us to grow crystals of it suitable for X-ray diffraction (XRD) analysis,
whereby the relative stereochemistry of the bicycle could be unambiguously determined,
therefore the all-cis relative configuration of the substituents in 2-67 and consequently in

2-65 was proven.

Figure 9 X-ray crystallographic structure of 2-67
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

2.5. DIELS-ALDER reaction as key step

The last route, which we will consider differs from the previously mention insofar
as it creates the aromatic A ring rather than incorporating it from the beginning (Scheme

33).

Allylic 0X1dat10n

¢ OH \ OR! \ OR!
p— D*OTMS +
\\ TMSO
' COOEt COOEt
- o)
Diels-Alder 4 _4 Lactonisation 2-68 2-69 2-70
y-oxidation

\ or

o @)
COOEt COOEt
2-71 2-72

Scheme 33 Retrosynthetic analysis of the DIELS-ALDER route

Lingzhiol (1-1) is thus disconnected to bicyclic compound 2-69 and to furan
derivative 2-68, which is indeed used for the synthesis of hydroquinones through DIELS-
ALDER reactions with various dienophiles.[176] 2-69 can be conveniently accessed from 2-
70 which in turn could be acquired from 2-71. The way how this transformation is
practically implemented will be fleshed-out in this chapter. Note, that the relative
configuration between the ethyl ester and the hydroxymethyl function must be cis,
otherwise the Ilactone formation would be impossible. This necessitates the

stereoselective introduction of the hydroxymethyl substituent to 2-71.

First, we investigated the y-functionalisation of 2-72. Therefore, commercially
available ethyl 2-oxocyclopentanecarboxylate (2-26) was converted to 2-72 through a
two-step ROBINSON annulation procedure first reacting it with methyl vinyl ketone using
iron(III) chloride as catalyst[177.178] followed by the ring closing upon treatment of 2-73

with acetic acid and pyrrolidine.[179] (Scheme 34)
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o) o) I
Oj\:> a >—\_\}\:> b m Conditions ©
-~ 0 - -
EtOO0C EtOOC COOEt COOE
2-26 2-73 2-72 2-74a (X: Br)

2-74b (X: OH)

Scheme 34 Synthesis of 2-72 and the substitution of its y-position (see Table 9). Reagents and conditions: a.) MVK
(1.2 eq.), FeCl3.6H20 (2 mol%), neat, RT, 1 d, 51%; b.) Acetic acid (1.0 eq.), pyrrolidine (1.0 eq.), EtOAc, RT, overnight, 63%

Having 2-72 at hand we investigated the substitution of the y-position. y-
bromination of o,f-unsaturated ketones under WOHL-ZIEGLER conditions is literature
reported,[180] and did indeed provide 2-74a, albeit only with poor yield (Table 9, Entry 1).
Introduction of a hydroxyl function to the y-carbon is also well known. First we tried a
simple procedure using air under basic conditions!181l to facilitate the oxidation, which
however did not provide us any product (Table 9, Entry 2). Then, we opted to investigate
an improved version of the oxidation, which employs a copper-aluminium mixed oxide as
catalyst under basic conditions,[182] but it also failed (Table 9, Entry 3). We were able to
hydroxylate the y-position through a two-step procedure,[183] reacting 2-72 first with
isopropenyl acetate in the presence of catalytic amounts of BRONSTED acid, which afforded
the extended enol acetate,[184185] the reaction of which with dimethyl dioxirane, generated
in situ from acetone and Oxone, under basic conditions provided 2-74b with poor yield
(Table 9, Entry 4). Although NMR-spectra of both 2-74a and 2-74b suggest, that they were
formed as a single diastereomer, at this stage no further efforts were undertaken to

determine whether they exist as the cis or trans isomer.

Table 9 y-substitution of 2-72

Entry Reagents and Conditions Result
11180] 1.5 eq. NBS 2-74a (36%)
4 mol% AIBN
DCE, Reflux, 6 h
20181] 10 w/w% KOH in MeOH (as solvent), No conversion
Air
RT,2d
3[18z] 1.3 eq. tBuOK No conversion
Cu/Al-oxide (70 mg/mmol)
Air
EtOH,RT, 1d
4uss] 0.2 eq. p-TsOH 2-74b (33%)

Isopropenyl acetate (as solvent),
Reflux, 1 d then
3.0 eqg. Oxone
Acetone/water/sat. NaHCO3 sol.
RT,1d
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

At this point we decided to press forward with our investigation regarding the
introduction of the hydroxymethyl function at the B-position. Due to the low yields of the
substitution of the y-positions as well as for the sake for simplicity it was decided, that we
first limit our scope to 2-72. Although a successful synthesis would thus result in 6'-
deoxy-Lingzhiol as product, we considered 2-72 a suitable alternative the flesh out the

proceeding reactions.

As mentioned before, the stereoselective introduction of the hydroxymethyl side
chain is of great importance. Inspecting the structure of 2-72, a 1,4-addition of an
appropriate C1 nucleophile can be quickly conceived. Fortunately, the chemistry of
structurally closely related compounds was extensively researched from the mid-20th
century due to their importance in steroid chemistry, which provided insights into the
conjugate addition of nucleophiles (mostly cuprates[186.187.196188-195] hyut also
carbanions(197] and cyanide ion[186.198199]) to enones of type XX or to related steroidal
compounds (Scheme 35A). Theoretically, two possible diastereomers could arise: one in
which the substituents are cis to each other (XXIa), and one in which they are trans
(XXIb). Experiments showed, that in the majority of cases cis products are formed, which
would enable us to introduce the hydroxymethyl motif with the correct stereochemistry

for later lactone formation.

A
o o o Nu o Nu
o —_Nu o+ )
R: H, CH; alkyl
R n: 1,2 R R
XX XXlIa XXIb
B B-face (convex)
S)
T Ny
&
R R
H I — 0]
WAO _— H j
Hz?}/ “ﬁ%
Ae) YO
Nu Nu
major conformer o-face (concave) minor conformer

Scheme 35 A Conjugate addition to bicyclic enones analogous to 2-72. B Facial selectivity of conjugate addition to 2-72
(R: COOEt)

To explain this selectivity, we consider the 3D structure of an arbitrary indenone

(Scheme 35B, if R: COOEt, then we have 2-72). The cyclohexene ring exists mostly in its
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

two half-chair conformations as is expected[200-204] (with the major conformer being
present at about 95%(201]) and the whole geometry of the molecule creates two
diastereotopic faces (an “outer” convex termed 3, and an “inner” concave termed q,
borrowed from the steroid nomenclaturel205206]) along the C-C double bond. We
supposed, that although no nucleophilic attack would be possible on the major conformer
due to steric hindrance, the nucleophile could approach from the convex face of the minor
conformer. Facial selectivity in bent molecules has been observed quite early and
generally speaking an approach trajectory from the less hindered convex face is
preferred.[188207-212] However, we also acknowledge, that the above presented simple
rationale does not apply for every case. Examples, which violate the rule, certainly exist,
mostly with cyanide ion as nucleophile.[?13]1 Also, when cuprates are used, specific
interactions between the organometallic species and the substrate have to be taken into
consideration. It was suggested quite early,[188] and was later proven[190.214.215] that during
the addition of cuprates different copper complexes emerge, the stability of which is then
paramount for the stereoselectivity. The steric effect of the substituent R in XX must also
be considered. It was noted, that the more sterically demanding the R group is, the more
sluggish the addition of a cuprate becomes. It is worthwhile to mention however, that only

the yield changed but never the stereoselectivity, which remained to be cis.[188194]

We thus started to investigate the conjugate addition of formyl anion equivalents
(Scheme 36).11151 We screened a wide range of possible methodologies, however the best
case scenario was hoped to be in which the intermediate enolate could be trapped to avoid

later regioselectivity issues (2-75a).

o R R
Conditions QO\@ OR OU:>

COOEt COOEt COOEt
2-72 2-75a 2-75b

Scheme 36 Conjugate addition onto 2-72 (see Table 10)

We first tried to introduce a tert-buthoxymethyl function using the addition of tert-
butoxymethyl cuprate to the enone 2-72 (Table 10, Entry 1),[216] which however provided
no product. We also attempted a modified version of the COREY-SEEBACH reaction[217.218] in
which copper catalysis is utilised to ensure the 1,4-addition of the reagent(219 without
success (Table 10, Entry 2). We also tried to facilitate the addition through a STETTER
reaction[220] in which a thiazolium salt was used as catalyst with glucose serving as the

source of the formaldehyde anion synthon,[221] unfortunately, however, we could isolate
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

only the starting material (Table 10, Entry 3). Lastly, we attempted the addition of a
hydroxymethyl radical, generated from methanol upon irradiation with UV-light in the

presence of benzophenone as photosensitiser,[222-224] without success (Table 10, Entry 4).

Table 10 Conjugate addition to 2-72

Entry Reagents and Conditions Expected Result
Product
1(z16] 3.0 eq. KOtBu 2-75a Starting Material
3.0 eq. sBulLi R: CH20tBu
MTBE (as reactant and solvent), Q: MesSi

-78 °C, 1.5 h, then
1.1 eq. CuBr.Me>S

10.0 eq. iPr2S
-78 °C, 30 min, then
2.0 eq. TMSCI
21219] 1.1 eq. "Buli 2-75a Starting Material
1.1 eq. 1,3-Dithiane S
1.0 eq. Cul R: E%S}
2.0 eq. TMSCI . .
THF, -78 °C, overnight Q: MeSi
3l221] 2.0 eq. Glucose 2-75b Starting Material
0.2 eq. 3-Ethyl-5-(2-hydroxyethyl)-4- R: CHO
methylthiazolium bromide
0.2 eq. K2C03
Acetonitrile, 90 °C, 5 h
4l222-224] 0.8 eq. Benzophenone 2-75b Starting Material
hv (Hg-Lamp) R: CH,OH
MeOH, RT, 6 h

The failure of these reactions led us to believe, that the steric hindrance of the
ethylester group is indeed significant, and thus the convex face of the double bond is for
all intents and purposes blocked. The concave face of the molecule remains to be shielded

by the shape of the molecule itself, therefore no reaction can occur.

In light of the failure to introduce the hydroxymethyl function through a conjugated
addition, we opted for C1 synthons, which can be introduced to allylic alcohols. Optimal
candidates include the utilisation of cyclopropanes and the [2,3]-WITTIG rearrangement.
First, however, we had to facilitate the stereoselective reduction of the ketone 2-72 to cis
alcohol. Luckily, reducing 2-72 under LUCHE conditions([225226] (Scheme 37A) provided the
required cis alcohol 2-76a with good yields and stereoselectivity. To explain the observed
stereochemistry, we shall consider the major conformer of 2-72 again, particularly the
NEWMAN-projection of the carbonyl group along the C6-C5 bond. (Scheme 37B). The

reduction of a carbonyl group with metal hydrides takes place through a cyclic transition
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structurel227-229]1 and thus the BURGI-DUNITZ angle of the approaching hydride is
considerably smaller then it would be for a “free” nucleophile (~90° as opposed to 105-
115°).1230] If the approaching reagent forms the cyclic transition structure on the a-face
resulting in XXIIa, the reduction can proceed effortlessly through the almost perfectly
staggered XXIIla to give the required cis alcohol 2-76a with the hydroxyl group occupying
the pseudo-equatorial (W-e) B-position. If, however, the reagent formed the transition
structure on the -face, XXIIb would arise, in which already a small steric repulsion is
present due to the eclipsing nature of the hydride and the axial hydrogen on C5. Even
worse, the reduction would need to proceed through XXIIIb with fully eclipsed
substituents inducing tremendous torsional strain, making this reaction path hugely

disfavoured.[203,230231]

A
(@) HO
a
.
COOEt COOEt
2-72 2-76a
B
T wem
H H : -
@ ﬁoﬁ EtOOG _SJEH o
(0] o g —_— ?
H z’ | I—Ili H H \/ 6H
Et0OG 5 fl H™M 8-
3 /X §ﬁ° XXIla XXIlla 2-76a
v ‘(? : 8- H
2-72 7@ gw‘ & Et0OC SJEH y
(@] B 5 —— —
§ H 233 ISP ;:\/ 6OH
XXIIb XXIIIb 2-76b ¥-a(a)

Scheme 37 A: Reduction of 2-72. Reagents and conditions: a.) NaBH4 (1.0 eq.), CeCl3.7Hz20 (1.0 eq.), MeOH, RT, 30 min,
75%. B: Rationalisation of stereochemical outcome of the reduction.

We then tried to utilize a cyclopropane moity as a one-carbon synthon, the
rearrangement of which could later serve as precursor to the hydroxymethyl group. For
this purpose we wanted to utilise the cyclopropylcarbinyl rearrangement[232-236], that
necessitated the cyclopropanation of 2-76a, which we achieved through the FURukAwA
modification[237] of the SIMMONS-SMITH reaction (Scheme 38).[238239] Since the hydroxy
group exerts immense directing effect in SIMMONS-SMITH reactions,[240] the all-cis relative
configuration of 2-77 and thus the correct relative stereochemistry at the bridgehead
carbons was established. We then tried to flesh-out the applicability of the

cyclopropylcarbinyl rearrangement. Upon treating 2-77 with BR@NSTED- or LEWIS acid,
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formally a secondary cation 2-78 forms, followed by the opening of the cyclopropane ring
to give either 2-79 or 2-80 where “X” depends on the conditions, but usually is OH or
halogens.[232-236] Naturally, if we except products to form according to MARKOVNIKOV s rule,
one would presume 2-80 or rather its elimination product to be prevalent, however

reversal of regioselectivity using LEWIS acids has been reported.[233]

X
COOEt
HO 2>
a Hoiji> Conditions_ ® 2-79
COOEt COOEt COOEt X
2-76a 2-77 2-78

COOEt

2-80

Scheme 38 Synthesis of 2-77 and attempted cyclopropylcarbinyl rearrangement. Regents and conditions: Et2Zn (4.0 eq.,
1 min hexane), CHzIz (4.0 eq.), Etz0, 0° C to RT, 3 d, 55%

As can be seen in Table 11 four different conditions were attempted. Treating 2-77
with aqueous hydrogen bromide led to a complex reaction mixture with no clear isolable
product (Table 11, Entry 1). Using hydrogen bromide in acetic acid instead of water gave
a less complex mixture from which however only 2-80 was detectable (Table 11, Entry 2).
Using LEwIs-acid or catalytic amount of BRONSTED acid gave only the starting material
(Table 11, Entries 3 and 4).
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Table 11 Attempts to facilitate the cyclopropylcarbinyl rearrangement of 2-77

Entry Reagents and Conditions Result
11232] HBr (48% in H:O, as reagent and Decomposition
solvent)
RT,6 h
2 HBr (33% in AcOH, as reagent and Small amounts of
solvent) 2-80 (X: Br)
RT,6 h
3[233] 1.4 eq. ZnBr; Start. Mat.
1.0 eq. MgBr;
Etz0, RT, Overnight
4l[236] 10 mol% TsOH.H,0 Start. Mat.
CH3CN/H20:1/1
Reflux, 6 h

Since the acid induced rearrangement gave us no product, we also attempted a
radical pathway to facilitate the conversion. The concept(?41l can be seen in Scheme 39 and
starts with converting cyclopropylcarbinyl compound XXIV to its phenylselenyl analogue
XXV, which under irradiation homolyses to radical XXV], that is, after the opening of the
cyclopropane ring, converted into radical XXVII, the reaction thereof with a hydrogen

source then provides the product XXVIII.

OH SePh

)
d}xm <><0| hv (}"ZCI Q\/ Ph,SnH Q\ﬁ
cl ’ Cl g cl ’ cl > cl
n n n n . n H
cl cl
XXIV XXV XXVI XXVII XXVIII

Scheme 39 Radical opening of the cyclopropane ring(241]

For this purpose, we examined the dihalocarbene addition to 2-76a (Scheme 40
and Table 12). The stereochemistry of the addition was expected to be cis according to
literature.[241-243] From the known methods to form dichlorocyclopropanes we tried the
classical method employing chloroform and alkaline biphasic system in the presence of
phase transfer catalyst benzyltriethylammonium chloride (BTEAC)[241.242] (Table 12,
Entry 1) and using chloroform in solution treated by strong basel244l (Table 12, Entry 2)
however only decomposition was observable. We also tried to generate dichlorocarbene
either from sodium trichloroacetatel245246] or from ethyl trichloroacetatel247] (Table 12,
Entries 3 and 4), however only decomposition was detected. We as well attempted to
utilise procedures, which bypass the use of strongly alkaline media, namely forming
dichlorocarbene either from tetrachloromethane upon treatment with magnesium/[248]

(Table 12, Entry 5) or from the thermal decomposition of
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phenyl(trichloromethyl)mercuryl24°l (Table 12, Entry 6), neither of which showed any
conversion. We also tried to form the dibromocyclopropane by using bromoform and a
strong base either in a biphasic[2>% or in a single phasel2>1l reaction (Table 12, Entries 7
and 8), which however also showed only slow decomposition. This tendency of 2-76a to

decompose under basic conditions will continue to plague our reactions.

X
X

HO HO
Conditions

COOEt COOEt
2-76a

Scheme 40 Dihalocarbene addition onto 2-76a

Table 12 Attemtps to the dihalocarbene additions onto 2-76a (see Scheme 40)

Entry Reagents and Conditions Result
11241,242] 2 mol% BTEAC Start. Mat. + Decomposition
(X:CD CHCl3/NaOH (50% in H20)

0°C(or0°CtoRT), 2-12h
2[244] 1.3 eq. KOtBu Start. Mat. + Decomposition
(X:C) 1.0 eq. CHCI3

Et;0,-30°CtoRT, 6 h
3[245,246] 6.0 eq. CI3COONa Start. Mat. + Decomposition
(X:CD Diglyme/1,1,2,2-Tetrachloroethylene
Reflux, 4 h
41247] 20.0 eq. CI3COOEt Start. Mat. + Decomposition
(X:CD 0.7 eq. NaOEt
Pentane, 0 °C to RT, overnight

5[248] 1.0 eq. Mg Start. Mat.
(X:ChH 2.0 eq. CCls

Et,0O/THF: 4/1
Ultrasound, RT, 6 h

61249] 3.0 eq. PhHgCCl; Start. Mat
(X: CD) Toluene, 80 °C, 2 h
71250] 1.5 eq. CHBr3 Start. Mat. + Decomposition
(X: Br) 2 mol% BTEAC

CH2Clz/NaOH (50% in H20)

0°C 4h

81251] 1.0 eq. KOtBu Start. Mat. + Decomposition
(X: Br) 1.0 eq. CHBr3

Hexane, RT, 6 h

These failures led us to realise that only SIMMONS-SMITH conditions can convert 2-
76a into its cyclopropane derivative. Luckily, modifications exist which allow the
introduction of substituted cyclopropanes under SIMMONS-SMITH conditions, we thus

employed the methodology developed by CHARETTE et al.[252] that itself was based on
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earlier results.[253-255] Cyclopropane 2-81a was isolated as a single diastereomer from the
reaction mixture with medium yield (Scheme 41A). The observed diastereoselectivity
warrants a closer look. That the cyclopropane forms on the same side with the hydroxyl
group is not surprising, as mentioned before. However, the stereochemistry of the
cyclopropyl carbon carrying the bromine is not determined by the hydroxyl group. A
possible explanation, which was put forward by GADEMANN et al. after their use of this
procedure on a structurally very similar compound, can be seen in Scheme 41B.[125¢] The
coordinated bromocarbenoid can approach the double bond either with the bromine
facing outwards and the hydrogen inwards to the ring or conversely the bromine facing
inwards and the hydrogen outwards. The former leads to the formation of transition
structure XXIX in which the steric interaction between the hydrogen and the
ethylcarboxylate is negligible, and the reaction can proceed into 2-81a without difficulty.
In the latter case however the sterically demanding bromine and ethylcarboxylate come
close to each other creating considerable repulsion in the process, destabilizing XXX and

thus ultimately disfavouring the formation of the epimeric 2-81b.

A Br
b
HO a HO >
COOEt |-
2-76a 2-81a
B
Br—--Zn - -
Hoo /s HO QBB(\ A
EtOOC g A 0 <~ \Qi> —%—=  EOOC LA A g
( );\/ COOEt 6;\/
XXIX 2-76a XXX

COOEt COOEt
2-81a 2-81b

Scheme 41 A: Bromocyclopropanation of 2-76a. Reagents and conditions: a.) CHBr3 (3.0 eq.), Etz0 (3.0 eq.), Et2Zn (1 M in
hexane, 3.0 eq.), DCM, 0 °C to RT, overnight, 59%, B: Transition structures leading to epimers 2-81a and b

This rationale could be also used to explain the apparent lack of reaction when we

tried to facilitate the cyclopropanation using dichlorocarbene. Since the geometry of the
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

transition states for the two reactions are similar(240.257-261] gne could imagine a transition
structure not too dissimilar to XXIX or to XXX. In this case however, since both
substituents are chlorine, there is no possibility to alleviate the steric repulsion which in

turn hinders the reaction.

With 2-81a in hand, we tried to convert it to selenyl ether 2-82,[262] the irradiation
thereof would provide the radical necessary to the rearrangement, however no product
was isolable. We also attempted the conversion of 2-81a to its xanthate ester 2-83,[263]
since the generation of radicals from xanthate esters is quite straightforward,[264]
however classic method to form methylxanthates from alcohols failed to give 2-83

presumably due to the basic nature of the reaction.

Br
S (0]
i
S
COOEt
2-83
Br Br
HO a HO PhSe.,,
—_— +>
COOEt COOEt COOEt
2-76a 2-81a 2-82

\b
oo

9.g4  COOE

Scheme 42 Cyclopropanation of 2-76a and derivatization of 2-81. Reagents and conditions: a.) CHBrs3 (3.0 eq.), Et20
(3.0 eq.), Et2Zn (1 M in hexane, 3.0 eq.), DCM, 0 °C to RT, overnight, 59%; b.) 4-nitrophenyl isocyanate (1.2 eq.), TEA
(1.6 eq.), DCM, RT, overnight, 68%

Finally, we also intended to unambiguously assign the relative stereochemistry of
2-81a (and thereby that of 2-76a). For this purpose, we converted 2-81a into its 4-
nitrophenylcarbamate,[265] which afforded crystals suitable to XRD analysis. The X-Ray
structure of 2-84 can be seen in Figure 10 and it unambiguously shows the previously

expected all-cis relative configuration of the indane core.
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

Figure 10 X-ray crystallographic structure of carbamate 2-84

Since the cyclopropane moity failed to serve as a one-carbon synthon, we lastly
investigated the [2,3]-WITTIG rearrangement,[266:267] the principle of which can be seen
Scheme 43. Since the sigmatropic rearrangement of the anion 2-86 is suprafacial in nature
(for both component), the stereochemistry of the alcohol is transferred to the bridgehead
carbon, thus creating the necessary cis relationship between the hydroxymethyl and
ethylcarboxylate substituents. Generating the anion 2-86 requires however, that 2-85 be
adequately substituted, since the direct deprotonation of a methyl ether (X: H) is not

possible due to its extremely low acidity.

X H\TG O
: @)
g O/—\ O
TR — “Cp, —
COOEt COOEt COOEt
2-85a-d 2-86 2-87

Scheme 43 [2,3]-WiTTIG rearrangement to introduce the hydroxymethyl side chain

By far, the most common method to generate anion 2-86 is the transmetalation of
stannylated ether 2-85a (X: "BusSn) with n-buthyllithium, which is known as WITTIG-STILL
rearrangement (or STILL's variant of the WITTIG rearrangement).[268.269] One can, however,
use other substituents on 2-85 to generate 2-86: notably by the treatment of
chloromethyl ethers (2-85b, X: C1)[270] or S,0-acetals (2-85c, X: PhS)[271.272] with lithium
arene complexes or through the treatment of silylmethyl ethers (2-85d, X: R3Si) with large
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

excess of n-buthyllithium.[273] Naturally, we first had to investigate the conversion of 2-

76a into 2-85a-c (silylmethyl ethers were not investigated).

X

[

HO o
COOEt COOEt
2-76a 2-85a-c

Scheme 44 Derivatization of 2-76a for the [2,3]-WITTIG rearrangement

Table 13 Attempts to derivatise 2-76a for [2,3]-WITTIG rearrangement

Entry Reagents and Conditions Result
11274275] 2.0 eq. KH (30% in mineral oil) Decomposition
(X: nBusSn) 1.2 eq. "BuzSnCH2I
THF,RT, 6 h
2 1.2 eq. NaH (60% in mineral oil) Decomposition
(X: "BuzSn) 1.5 eq. "BuzSnCH;I
DMF, RT, 6 h
3 1.0 eq. DBU or TEA No reaction
(X: nBusSn) 1.5 eq. "BuzSnCH;I
DCM, RT, 6 h
41272] 3.0 eq. DIPEA Decomposition
(X: PhS) 2.7 eq. PhSCH:Cl
Toluene, 130°C, 4 h
5 1.2 eq. DIPEA or DBU No reaction
(X: PhS) 1.2 eq. PhSCH:Cl
1.2 eq. TBAI
DCM or MeCN, RT, overnight
6 1.2 eq. NaH (60% in mineral oil) Decomposition
(X: PhS) 1.2 eq. PhSCH:Cl
DMF, RT, 6 h
71276] 2.0 eq. NaH (60% in mineral oil) Decomposition
(X: PhS) 1.2 eq. PhSCH:Cl
1.0 eq. Nal
Monoglyme, RT, 6 h
812771 1.0 eq. Paraformaldehyde or 1,3,5- Decomposition
(X:CD Trioxane
1.1 eq. TMSCI
neat, RT,6 h
9 2.0 eq. Paraformaldehyde or 1,3,5- Decomposition
(X:C1 Trioxane

~6.0 eq. HCI (gas)
Et;0, 0 °C, overnight

As can be seen in Table 13, all our efforts to convert 2-76a into a precursor to the

Wittig rearrangement were met with failure. Methods employing strong bases (Table 13,

Entries 1, 2, 6 and 7) led to the decomposition of 2-76a in accordance what we
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2. Results and Discussion: 2.5 Diels-Alder reaction as key step

experienced earlier. Introduction of the stannylmethyl group using milder bases (Table
13, Entry 3) gave no reaction whatsoever. Attempts to form S,0-mixed acetal using weaker
bases afforded either no product (Table 13, Entry 5) or a complex mixture from which no
product was isolable (Table 13, Entry 4). Experiments towards the formation of the
chloromethyl ethers also gave complex mixtures (Table 13, Entries 8 and 9). Since we
failed to synthesize an appropriate precursor to the [2,3]-WITTIG rearrangement, this

route was also abandoned and with it the thesis came to its end.
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3. Summary

The aim of the present work was to investigate different synthetic routes towards
the total synthesis of the fungal meroterpenoid Lingzhiol. During the thesis we

investigated several routes that might afford the natural product.

(0]
COOEt
(e}
SN
1-1 2-2
1step | 56%
~o ~o ~o &
H COOMe COOMe
o 3 steps 1 step
o 5% o 33% °
o< o< (ONQ
2-6 2-9 2-3

Scheme 45 The ConiA-ene route

Firstly, we investigated the CONIA-ene reaction as can be seen in Scheme 45.
Synthesis of precursor 2-3 was fairly straightforward, and the following cyclisation could
be facilitated with medium yields. Hydroxylation of the a-position of the exocyclic double
bond was however not possible. Classical method like RILEY oxidation but also
photochemical oxidation using triplet oxygen generated by the irradiation of oxygen in
presence of photosensitizer failed to facilitate the oxidation. Some other alternative
routes utilising the CONIA-ene reaction were also conceived but abandoned after the

failure to synthesize of the necessary precursors.

We then turned our attention to routes the key reaction of which were the Pinacol
rearrangement. As can be seen Scheme 46 Lingzhiol (1-1) would be accessible from 2-23
which in turn should be synthesized by the Semipinacol rearrangement of 2-24. Thus 1-
21 was synthesised from phenylacetic acid 2-6 in an overall yield of 31%. Conversion of
1-21 into aldehyde 2-25 was planned to involve hydrazone formation followed by a
SHAPIRO reaction. Although the tosylhydrazone of 1-21 could be synthesized, all attempts
to facilitate the SHAPIRO reaction failed. Alternatively, the keto group in 1-21 was

converted into an epoxide, the rearrangement of which under the action of either Lewis

66



3. Summary

acid or thionyl chloride, that was hoped to provide 2-25, was nevertheless met with

failure.
I 0o HO
0 O™ o
f— - OH f—
o Yo COOEt
COOEt
2-23
~o ~o
o 3 steps o -
on 3% EtOOC
O\ o\
2-6 1-21

Scheme 46 Summary of the Pinacol route
An alternative approach to synthesize 2-23 was also investigated (Scheme 47),
which started with phenylethanol 2-29 that was converted into isochromane 2-37 in two
steps with an overall yield of 26%. Attempts to convert 2-37 into bromide 2-35 were

unsuccessful.
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Scheme 47 Alternative approach to 2-33
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Next, we investigated a strategy in which the core structure would have been
established through a PAUSON-KHAND reaction (Scheme 48). Our attention was focused
around the synthesis of 2-42. First, we converted benzaldehyde 2-20 into 2-44 and
attempted to iodinate the aromatic core, taking advantage of the directing effect of
hydroxyl group in ortho lithiation reported in literature. It was however found that the
sterically less crowded iodide would form, and thus the synthesis of 2-45 was
unsuccessful. We then aimed to synthesize aldehyde 2-57. Starting from ortho-vanillin (2-
49) triflate 2-53 was accessible in four steps with an overall yield of 12%, the SONOGASHIRA
coupling of which with TMS-acetylene was however unsuccessful. We could synthesize 2-
57 starting from aldehyde 2-20 in four steps with 10% overall yield. Attempts to convert

2-57 into a precursor to the PAUSON-KHAND reaction was met with failure.
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Scheme 48 Summary of the PAUSON-KHAND route
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We also explored a route involving a FRIEDEL-CRAFTS alkylation step to create the
core structure of Lingzhiol. In our first approach we aimed to synthesize aldehyde 2-60
from 2-63 which we synthesized from phenylacetic acid 2-6 in two steps, however both
alkylation and MICHAEL addition were unsuccessful. We therefore synthesized an
adequately substituted precursor and formed the lactone ring afterwards affording
aldehyde 2-60 in six steps with 7% overall yield. Samarium diiodide initiated Pinacol
coupling gave 2-65 which served as a precursor to the cationic ring closing. Experiments
to the FRIEDEL-CRAFTS ring closing of 2-65 were executed using LEWIS- or BRONSTED acids
in either DCM or in nitromethane, mostly affording no conversion in the former and
complex decomposition in the latter. Converting 2-65 into its cyclic carbonate ester and
attempting the cyclisation with it gave almost identical results, it had however the
advantage that, the carbonate ester being crystalline, the relative stereochemistry could

be definitively established through XRD analysis.

HO,
OH *

2-27

2 steps |56%

OH

2-6

Scheme 49 Summary of the FRIEDEL-CRAFTS route
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The last approach towards Lingzhiol rests on the late-stage introduction of the
aromatic part through a DIELS-ALDER reaction (Scheme 50). For sake of simplicity we,
investigated a strategy, that would result in 6°-deoxylingzhiol 2-93. A possible
disconnection of 2-93 could be either 2-90 or 2-91. In order to synthesize these
compounds, we started with indenone 2-72, which is readily available from ethyl 2-
oxocyclopentanecarboxylate in a ROBINSON annulation with methyl vinyl ketone. We then
attempted to introduce the hydroxymethyl substituent through conjugated addition of
different C1 synthons without success. We therefore diverted our attention to methods
that indirectly introduce the required substitution pattern. We first reduced 2-72
stereoselectively to afford cis alcohol 2-76a. We attempted to introduce various
cyclopropane moieties, the ring opening or rearrangement of which serving as the source
of the one carbon synthon. Accordingly, we explored the idea of a cyclopropylcarbinyl
rearrangement (2-88, X2: H) without success, we also tried to convert an adequately
substituted cyclopropane derivative (2-88, X2: Br) into a precursor to a radical
rearrangement which was as well unsuccessful. We then investigated the suitability of
[2,3]-WITTIG rearrangement, and thus attempted to convert 2-76a into accordingly
substituted methyl ether derivatives 2-85 (X!: Cl, SPh, Sn"Bus) without success, which

concluded this work.
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Scheme 50 Summary of the DIELS-ALDER route

73



4. Zusammenfassung

4. Zusammenfassung

Der Zweck der vorliegenden Arbeit bestand darin, Studien zu der Totalsynthese
des aus dem Fungus Ganoderma lucidum isolierten Meroterpenoids Lingzhiol vorzulegen.
Untersuchungen zur biologischen Wirkung des Naturstoffes ergaben, dass er unter
anderem die Produktion von reaktiven Sauerstoffspezies (ROS) hemmt, ohne zytotoxisch
zu sein. Es wurde infolgedessen vorgeschlagen, dass Lingzhiol in der Behandlung der von
Zuckerkrankheit hervorgerufenen diabetischen Nephropathie Verwendung finden
konnte. Im Rahmen dieser Promotion wurden verschiedene Synthesestrategien verfolgt,

die zu dem Naturstoff fithren sollten.

Als erstes nahmen wir uns vor, eine Route mit der CoNIA-En-Reaktion als
Schliisselschritt auszuprobieren. Wie in Abbildung 1 zu sehen ist, konnte Lingzhiol (1-1)
aus 2-1 durch eine kationische Zyklisierung entstehen. Epoxid 2-1 lasst sich auf Alken 2-
2 zuriickfithren, welches durch eine CoNiA-En-Reaktion aus Alkin 2-3 herzustellen ist. Die
Synthese von 2-3 war unkompliziert, und die Zyklisierung zu 2-2 konnte auch mit
akzeptabler Ausbeute durchgefiihrt werden. Die Hydroxylierung des a-Kohlenstoffes der
exozyklischen Doppelbindung war jedoch nicht zu bewerkstelligen. Klassische Methoden,
wie die RILEY-Oxidation, aber auch z.B. photochemische Oxidation mit Triplett-Sauerstoff,
welcher durch Belichtung mithilfe eines Photosensibilisators entstand, sind gescheitert.
Einige andere Wege, in denen die bereits erfolgreich angewendete CoNIA-En-Reaktion
weiterhin Verwendung fande, waren auch vorgeschlagen, sind jedoch aufgegeben
worden, denn die zu der Zyklisierung benétigten Edukte konnten nicht hergestellt

werden.
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4. Zusammenfassung

konzentriert, in dem sich Lingzhiol (1-1) aus Aldehyd 2-23 herstellen lief3e, der in der
Semipinakol-Umlagerung von 2-24 entstiinde. Keton 1-21 wurde aus Phenylessigsdaure
2-6 in drei Schritten mit Gesamtausbeute von 31% dargestellt. Zu der Umsetzung des
Ketons 1-21 zum Aldehyd 2-25 erschien die SHAPIRO-Reaktion anwendbar zu sein. Wir
haben deswegen Keton 1-21 zu seinem Tosylhydrazon umgesetzt, dessen Reaktion unter
SHAPIRO-Bedingungen jedoch kein Produkt lieferte. Die Ketogruppe in 1-21 wurde
deshalb in ein Epoxid umgewandelt, dessen Umlagerung zu 2-25 mithilfe einer LEWIS-
Saure oder Thionylchlorid aber gescheitert ist. Ein alternativer Vorschlag zu der Synthese
von 2-23 ist Abbildung 3 zu sehen. Phenylethanol 2-29 wurde in zwei Schritten in

[sochroman 2-37 mit Gesamtausbeute von 26% umgesetzt. Verschiedene Versuche, die

OH
O
o

Demnach haben wir unsere Aufmerksamkeit auf einen anderen Weg (Abbildung 2)

3 Schritte
59%

Abbildung 1 Zusammenfassung der CONIA-En-Route

COOMe
O

2-9

1 Schritg
33%

COOEt

2-2

1 Schritt|56%

~o 4
COOMe
O
SN
2-3

2-37 in Aldehyd 2-35 hitten umwandeln sollen, waren aber nicht erfolgreich.
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Als nachstes haben wir die Anwendbarkeit der PAUSON-KHAND-Reaktion zu der
Synthese von Lingzhiol erforscht. Zu diesem Zweck musste erst die Herstellung des
entsprechend substituierten Alkins 2-42 erarbeitet werden. Wir begannen die Forschung
mit der Umsetzung des Aldehyds 2-20 in Alkohol 2-44 durch eine GRIGNARD-Reaktion mit
guter Ausbeute. Wir hatten vor, eine regioselektive ortho-Metallierung gefolgt von einer
lodierung durchzufiihren, die laut Literaturbeispielen dasjenige Regioisomer ergibe,
welches den einzufiihrenden Substituenten direkt neben dem benzylischen Alkohol
enthalt. Es ist in unserem Fall jedoch festgestellt worden, dass sich das sterisch weniger
gehinderte Produkt gebildet hat. Demnach haben wir uns mit der Herstellung des Alkins
2-57 auseinandergesetzt. Triflat 2-53 war aus ortho-Vanillin (2-49) in vier Schritten mit
einer Gesamtausbeute von 12% zuganglich, dessen SONOGASHIRA-Kupplung aber 2-57
nicht geliefert hat. Alkin 2-57 lief3 sich schlief3lich aus Aldehyd 2-20 in vier Schritten mit
10% Gesamtausbeute herstellen. Versuche zur Umsetzung von 2-57 in das Edukt der

PAusON-KHAND-Reaktion sind allerdings gescheitert.
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4. Zusammenfassung

Wir haben auch eine Route untersucht, in der sich die Kernstruktur von Lingzhiol
in einer FRIEDEL-CRAFTS-Alkylierung bilden wiirde. Erst haben wir Ketolacton 2-60 aus
Phenylessigsdure 2-6 in zwei Schritten hergestellt, aber jeglicher Versuch sie in 2-60
umzusetzen war erfolglos. Wir haben deshalb 2-60 durch einen alternativen Weg in sechs
Schritten mit 6% Gesamtausbeute synthetisiert. Pinakol-Kupplung mit Samariumdiiodid
hat das Edukt der FRIEDEL-CRAFTS-Reaktion 2-65 geliefert. Die FRIEDEL-CRAFTS-Reaktion
wurde mit LEWIS- oder BR@NSTED-Sauren in DCM oder in Nitromethan versucht, es hat
jedoch entweder keine Reaktion oder komplexe Zersetzungsmischungen ergeben. Die
FRIEDEL-CRAFTS-Reaktion des aus 2-65 hergestellten cyclischen Carbonatesters hat das
gleiche Ergebnis geliefert. Allerdings hatte die Synthese des Carbonatesters den Vorteil,
dass sich seine Struktur durch XRD aufkldren liefs und somit die relative Stereochemie

eindeutig zugeordnet werden konnte.
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Abbildung 5 Zusammenfassung der FRIEDEL-CRAFTS-Route
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Die letzte Route, die wir zu der Totalsynthese des Lingzhiols vorgeschlagen haben,
ist in Abbildung 6 zu sehen. Der Einfachheit halber haben wir uns nach einer Strategie
gerichtet, die schlief3lich 6’-Deoxylingzhiol 2-93 ergdbe. Als mogliches Synthon von 2-93
konnte entweder 2-90 oder 2-91 auftreten. Um sie herzustellen, haben wir die Synthese
mit Indenon 2-72 angefangen, welches in einer ROBINSON-Anellierung leicht zuganglich
ist. Wir haben versucht den Hydroxymethyl-Substituenten erst durch konjugierte
nucleophile Addition einzufiihren, die jedoch keinen Erfolg geliefert hat. Demnach haben
wir einige indirekte Routen ausprobiert. Indenon 2-72 wurde unter LUCHE-Bedingungen
stereoselektiv zu cis-Alkohol 2-76a reduziert. Dann haben wir 2-76a in verschiedene
Cyclopropanderivate umgesetzt, deren Ring6ffnung und Umlagerung als Quelle des
Hydroxymethyl-Substituenten dienen wiirde. Wir haben deshalb erst die von LEwIs- oder
BR@ONSTED-Sduren getriebene Cyclopropylcarbinyl-Umlagerung (2-88, X?: H) untersucht,
danach versuchten wir 2-88 (X2: Br) in ein Edukt einer radikalischen Umlagerung
umzusetzen, beide Ansdtze waren jedoch erfolglos. Als letzte Moglichkeit haben wir die
Anwendbarkeit der [2,3]-WITTIG-Umlagerung geprift. Wir haben deswegen versucht 2-
76a in entsprechend substituierte Methylether-Derivate 2-85 (X1: Cl, SPh, Sn»Bus)
umzuwandeln. Diese Versuche sind jedoch gescheitert und damit ist diese Arbeit zu ihrem

Schluss gekommen.
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Abbildung 6 Zusammenfassung der DIELS-ALDER-Route
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5. Experimental section

5.1. Techniques and Chemicals

All reactions were performed using standard laboratory equipment. Air- and/or
moisture-sensitive reactions were performed using Schlenk technique (Schlenk line,
rubber septa, Schlenk flasks etc.) under nitrogen or argon atmosphere. For this purpose,
all reaction vessels were flame-dried under vacuum, followed by flushing with an inert
gas, this process being repeated three times. Solutions, solvents, liquid reagents etc. were
manipulated using syringes, needles, and cannulas.[278] Chemicals were purchased from
commercial vendors (Merck, TCI, ABCR, ThermoFisher, Fluorochem etc.) and - unless
otherwise noted - were used without further purification. Solvents were purified

according to literature protocols.[279]

Preparative column chromatography was performed using silica gel (MACHEREY-
NAGEL Gmbh & Co. KG, Silica 60 M, 0.04-0.063 mm, henceforth referred to as “silica”) or
neutral aluminium(III) oxide (Merck, Aluminium oxide 90 active neutral, activity stage I,

0.063-0.200 mm, henceforth referred to as “neutral alumina”) as stationary phase.

5.2. Thin Layer Chromatography

The progression of reactions was followed by thin layer chromatography (TLC).
For this purpose, silica coated (0.20 mm thick layer of silica gel 60 with fluorescent
indicator) plastic sheets (MACHEREY-NAGEL GmbH & Co. KG, Pre-coated TLC sheets
POLYGRAM® SIL G/UV2s4) of adequate size were used. Development of the plates was
performed using solvent mixtures. Visualisation of the TLC spots were done by exposing
the plates to UV light (254 and/or 366 nm) and/or staining the plates with one of the

following stains.

KMnOa4: The plates were dipped into an alkaline potassium permanganate solution
(1.5 g KMnOs4, 10.0 g K2CO3 and 1.5 ml 10 w/w% NaOH (aq.) dissolved in 200 ml water)
followed by gentle heating.
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Vanillin: The plates were dipped into an ethanolic vanillin solution (15 g vanillin,

2.5 ml 96 w/w% H2504 dissolved in 250 ml ethanol) followed by gentle heating.

FeCls: The plates were dipped into a methanolic FeCls solution (5w/w%

FeCl3.6H20 in methanol) followed by gentle heating.

5.3. NMR-Spectroscopy

All NMR-spectra were obtained with a Bruker Avance III HD 400 spectrometer,
which operated at 400.16 MHz for H and at 100.62 MHz for '3C nuclei. Chemical shifts (&)
are reported in parts per million (ppm) and are referenced to the residual proton and
carbon shifts of the solvents: CDClz: 7.26 ppm for H and 77.16 ppm for 3C, DMSO-d®:
2.50 ppm for *H and 39.52 ppm for *3C. The NMR-data are reported as follows: chemical
shift(s) in ppm (multiplicity: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broadened; coupling constant(s) reported in Hz; normalized integral; assignment).
The shifts are listed from downfield to upfield, that is, the first entry corresponds to the
highest chemical shift.

5.4. Mass Spectrometry

High resolution mass spectrometry (HRMS) was performed on a Bruker maXis 4G
spectrometer with either electrospray ionisation (ESI) or atmospheric pressure chemical

ionisation (APCI), with the ions separated and analysed by time of flight (TOF) analyser.

Gas chromatography-mass spectrometry (GC-MS) was performed on an Agilent

5977B MSD; 8890 GC System with electron ionisation (EI) and quadrupole analyser.
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5.5. X-Ray Crystallography

X-ray diffraction (XRD) analysis was performed on a XtaLAB Synergy-S, Dualflex,
HyPix diffractometer with the exact procedures described in detail in the corresponding

experimental segment.
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5.6. Experimental procedures

2-(2,5-Dimethoxyphenyl)acetyl chloride (2-7)

OCH;

> 17Cl
>
OCH,

2-(2,5-Dimethoxyphenyl)acetic acid (10.0 g, 50.97 mmol, 1.0 eq.) was mixed in thionyl
chloride (14 mL, 22.8 g, 191.93 mmol, 3.8 eq.) and was then heated at reflux (bath
temperature: 80°C) for 2.5 hours. The excess thionyl chloride was then removed through
distillation in vacuo (10 mbar) at RT, and then the temperature was gradually increased

to 160 °C at which the acid chloride 2-7 (9.5 g, 44.3 mmol, 87%) was distilled as a yellow

oil. This yellow oil was used immediately without further analysis and purification.

85



5. Experimental section

Methyl 4-(2,5-dimethoxyphenyl)-3-oxobutanoate (2-9)(66!

OCH;

Meldrum’s acid (6.4 g, 44.26 mmol, 1.0 eq.) was dissolved in DCM (16 mL) and was then
cooled to 0°C, upon which the clear solution became slightly cloudy. Pyridine (8.9 mL,
8.8 g, 110.65 mmol, 2.5 eq.) was then added giving a clear solution, that was stirred at 0°C
for 10 min. Then a solution of 2-(2,5-dimethoxyphenyl)acetyl chloride (2-7) (9.5 g, 44.26
mmol, 1.0 eq.) in DCM (16 mL) was added over 10 min. After ~10 mL of acid chloride
solution was added, the originally clear mixture became cloudy, and gradually turned
more viscous during the addition of the rest of the acyl chloride solution. After the
addition was complete, the mixture was stirred at 0 °C for 1 h and at RT for another hour.
The orange mixture was then diluted with DCM (50 mL) and poured into ice-cold
hydrochloric acid (1 M, 200 mL), the phases were separated, the aqueous phase was
extracted with DCM (1x100 mL), the combined organic phases were washed with
hydrochloric acid (2 M, 150 mL) and sat. sodium chloride solution (1x150 mL) and were
then dried over sodium sulphate. The drying agent was filtered, and the volatiles were
evaporated in vacuo to afford an orange oil, that was dissolved in methanol (200 mL), and
it was refluxed for 4 h, the methanol was then removed in vacuo to afford a deep orange
oil, that was subjected to flash chromatography (petroleum ether/ethyl acetate: 3/1) to
afford ketoester 2-9 (8.7 g, 34.52 mmol, 78%) as a light-yellow oil.

Rf: 0.23 (petroleum ether/ethyl acetate: 1/1, UV)

1H NMR (400 MHz, CDCl3): § [ppm]: 6.80 - 6.78 (m, 2H, 3'-H, 4’-H), 6.72 (dd, J=2.5, 1.0 Hz,
1H, 6’-H), 3.76 (s, 3H, Ar-OCH3), 3.75 (s, 3H, Ar-OCHz), 3.73 (s, 2H, 4-H), 3.70 (s, 3H,
COOCHs), 3.46 (s, 2H, 2-H).

13C NMR (151 MHz, CDCl3): 8 [ppm]: 200.9 (C3), 167.9 (C1), 153.7 (C5"), 151.6 (C2’), 123.6
(C1), 117.5 (C6’), 113.3 (C3’ or C4"), 111.5 (C3’ or C4), 56.0 (Ar-OCH3), 55.8 (Ar-OCH3),
52.3 (COOCH3), 48.1 (C2), 45.1 (C4).

HRMS (ESI-TOF): m/z: calcd. for [C13H1605+Na]*: 275.08899; found: 275.08942
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5-iodopent-1-yne (2-4)[280]

To a solution of sodium iodide (92.2 g, 615.36 mmol, 6.0 eq.) in acetone (600 mL) 5-
chloro-1-pentyne (10.1 mL, 10.0 g, 97.50 mmol, 1.0 eq.) was added, and this solution was
stirred at reflux for 24 h. The precipitated sodium chloride was then filtered, and the
acetone was removed in vacuo, affording a slurry of product and excess sodium iodide.
This slurry was taken up with DCM (1x150 mL), and water (1x200 mL) was added, the
phases were separated after shaking, the aqueous phase was extracted with DCM (1x150
ml) and the combined organic phases were dried over sodium sulphate, filtered, then they
were concentrated in vacuo to afford the product (12.5 g, 64.35 mmol, 66%) as a yellow

liquid, that was used without further purification.

1H NMR (400 MHz, CDCl3): § [ppm]: 3.31 (t, J=6.7 Hz, 2H), 2.34 (td, J=6.7, 2.7 Hz, 2H), 2.05
- 1.96 (m, 3H).

13C NMR (151 MHz, CDCl3): 8 [ppm]: 82.39, 69.59, 31.95, 19.58, 5.19.

NMR data conform to literature.[280]
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Methyl 2-(2-(2,5-dimethoxyphenyl)acetyl)hept-6-ynoate (2-3)

OCH;

Sodium hydride (60% dispersion in mineral oil, 380 mg, 9.50 mmol, 1.2 eq.) was
suspended in abs. DMF (10 mL) and methyl 4-(2,5-dimethoxyphenyl)-3-oxobutanoate (2-
9) (2.0 g, 7.92 mmol, 1.0 eq.) was added dropwise while the mixture was kept at RT with
a water bath. After the addition, the mixture was stirred for 15 min, then 5-iodopent-1-
yne (2-4) (3.1 g, 15.84 mmol, 2.0 eq.) was added in a single portion, and the mixture was
stirred at RT for 24 h. The mixture was poured into hydrochloric acid (1 M, 100 mL), and
it was extracted with diethyl ether (3x50 mL). The combined organic phases were washed
with saturated sodium chloride solution (1x150 mL) then the organic phases were dried
over sodium sulphate, filtered, and the volatiles were removed in vacuo affording the
crude product, that was subjected to flash chromatography (silica, petroleum ether/ethyl
acetate: 3/1) to afford a pale oil, that was not adequately pure, and thus was purified by a
second chromatographic step (silica, petroleum ether/ethyl acetate: 4/1) to afford

ketoester 2-3 (840 mg, 2.63 mmol, 33%), as a pale yellow oil.
Rf: 0.20 (petroleum ether/ethyl acetate: 1/1, UV)

H NMR (400 MHz, CDCl3): § [ppm]: 6.78 - 6.77 (m, 2H, 3”-H, 4”-H), 6.70 (t, J=1.6 Hz, 1H,
6”-H), 3.77 (s, 1H, 2’-H), 3.76 (s, 1H, 2’-H), 3.74 (s, 3H, Ar-OCHs3), 3.74 (s, 3H, Ar-OCH3),
3.70 (s, 3H, COOCH3), 3.60 (t, J=7.2 Hz, 1H, 2-H), 2.15 (td, J=7.1, 2.7 Hz, 2H, 5-H), 2.00 -
1.91 (m, 3H, 3-H, 7-H), 1.51 - 1.42 (m, 2H, 4-H).

13C NMR (151 MHz, CDCl3): 8 [ppm]: 202.6 (C1’), 170.1 (C1), 153.6 (C2” or C5”), 151.6
(C2” or C5”), 123.6 (C1”), 117.6 (C6”), 113.1 (C3” or C4”), 111.4 (C3” or C4”), 83.7 (C6),
68.9 (C7), 57.1 (C2), 55.9 (Ar-OCHs), 55.8 (Ar-OCHs), 52.4 (COOCH3), 44.2 (C2’), 27.3 (C3),
26.2 (C4), 18.3 (C5).

HRMS (ESI-TOF): m/z: calcd. for [C1sH220s5+Na]*: 341.13594; found: 341.13554
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Methyl 1-(2-(2,5-dimethoxyphenyl)acetyl)-2-methylenecyclopentane-1-
carboxylate (2-2)[7°]

To a mixture of chloro[(1,1'-biphenyl-2-yl)di-tert-butylphosphine]gold(I) (32 mg, 0.06
mmol, 10 mol%) and silver trifluoromethanesulfonate (15 mg, 0.06 mmol, 10 mol%) in a
Schlenk flask wunder nitrogen atmosphere, a solution of methyl 2-(2-(2,5-
dimethoxyphenyl)acetyl)hept-6-ynoate (2-3) (200 mg, 0.63 mmol, 1.0 eq.) in DCM (1 mL)
was added upon which a cloudy pink, later a blue mixture formed. This mixture was
stirred overnight at RT. The mixture was then directly loaded onto a column (without
work-up) and was purified by flash chromatography (silica, petroleum ether/ethyl
acetate: 4/1) to afford ketoester 2-2 (112 mg, 0.35 mmol, 56%) as a colourless oil.

Rf: 0.55 (petroleum ether/ethyl acetate: 3/1, UV)

1H NMR (400 MHz, CDCl3): & [ppm]: 6.76 (m, 2H, 3”-H, 4”-H), 6.70 (s, 1H, 6”-H), 5.33 (¢,
J=2.2 Hz, 2H, 2-CH>), 3.85 (d, J=2.8 Hz, 2H, 2’-H), 3.76 (s, 3H, Ar-OCH3 or COOCH3), 3.75 (s,
3H, Ar-OCHs or COOCH3), 3.72 (s, 3H, Ar-OCHs), 2.52 - 2.45 (m, 3H, Ring-H), 2.33 (dt,
J=13.4, 6.9 Hz, 1H, Ring-H), 1.75 (pd, J=7.2, 2.0 Hz, 2H, Ring-H).

13C NMR (151 MHz, CDCI3): § [ppm]: 203.3 (C1’), 171.77 (COOCH3), 153.5 (C2” or C5”),
151.7 (C2” or C5”), 149.0 (C2), 124.4 (C1”), 117.6 (C6”), 112.9 (C3” or C4”), 112.5 (C2-
CHz2), 111.5 (C3” or C4”), 70.6 (C1), 56.0 (Ar-OCH3 or COOOCH3), 55.8 (Ar-OCHs or
COOOCH3), 52.8 (Ar-OCH3 or COOOCH3), 40.4 (C2), 35.3 (Ring-C), 34.2 (Ring-C), 24.3
(Ring-C).

HRMS (ESI-TOF): m/z: calcd. for [C1sH2205+Na]*: 341.13594; found: 341.13615
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2-(2,5-Dimethoxyphenyl)oxirane (2-14)[°0

OCH;

Sodium hydride (60% in mineral oil, 530mg, 14.45 mmol, 1.2 eq.) was suspended in THF
(100 mL), and a solution of trimethylsulfonium iodide (2.9 g, 14.45 mmol, 1.2 eq.) in THF
(20 mL) was added slowly, then the mixture was stirred at room temperature for 30 min.
Then, a solution of 2,5-dimethoxybenzaldehyde (2.0 g, 12.04 mmol, 1.0 eq.) in THF
(20 mL) was added over 30 min, the mixture was then heated to ~55 °C and was kept
there for an additional hour. It was then allowed to cool to room temperature, and about
100 mL THF was distilled off in vacuo. To the remaining thick slurry water (150 mL) was
added, and the aqueous mixture was extracted with ethyl acetate (3x100 mL), the
combine organic phases were washed with saturated sodium chloride (1x200 mL) and
dried over sodium sulphate. The mixture was filtered and then concentrated in vacuo, and
the crude product was purified by flash chromatography (silica, petroleum ether/diethyl
ether: 10/1 to 6/1 to 4/1) to afford epoxide 2-14 (1.1 g, 6.10 mmol, 51%) as a colourless
liquid.

Rf: 0.53 (petroleum ether/ethyl acetate: 6/1, KMnO4)

1H NMR (400 MHz, CDCl3): & [ppm]: 6.82 - 6.76 (m, 2H, 3’-H, 4-H), 6.73 (dd, J=2.7, 0.7, 1H,
6’-H), 4.19 (dd, J=4.1, 2.6 Hz, 1H, 2-H), 3.82 (s, 3H, 2’-0OCH3), 3.75 (s, 3H, 5'-0CH3), 3.13 (dd,
J=5.8, 4.2 Hz, 1H, 3-H2), 2.67 (dd, J=5.8, 2.6, 1H, 3-Hb).

13C NMR (151 MHz, CDCls): § [ppm]: 154.1 (C5’), 152.4 (C2"), 127.3 (C1’), 113.7 (C4),
111.6 (€3"), 110.6 (C6"), 56.2 (2’-0CH3), 55.8 (5’-0CH3), 50.9 (C3), 48.3 (C2).

NMR data conform to literaturel281]
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2-Chloro-1-(2,5-dimethoxyphenyl)ethan-1-one (2-18)[°1l

Aluminium chloride (23.2 g, 174.0 mmol, 2.0 eq.) was added to a solution of 1,4-
dimethoxybenzene (12.0 g, 86.9 mmol, 1.0 eq.) in DCM (100 mL) at room temperature. To
this stirred mixture then chloroacetyl chloride (14 mL, 19.9 g, 176.2 mmol, 2.0 eq.) was
added carefully, and the resulting mixture was stirred for 8 h at room temperature. The
solution was then poured into a mixture of hydrochloric acid (36 w/w%, 40 mL) and ice
(~200 g), the phases were separated, the aqueous phase was extracted with DCM
(3x100 mL), the combined organic phases were washed with water (2x100 mL), aqueous
sodium hydroxide solution (10 w/w%, 100 mL) and again with water (2x100 mL), then
were dried over sodium sulphate. The mixture was then filtered, and the solvent was
evaporated in vacuo to give a white solid as crude product, which was recrystallised from

methanol to give 2-chloroketone 2-18 as a fine crystalline mass (8.8 g, 41.0 mmol, 47%).
Rf: 0.31 (petroleum ether/ethyl acetate: 7/1, UV)

1H NMR (400 MHz, CDCl3): § [ppm]: 7.40 (d, J=3.2 Hz, 1H), 7.09 (dd, J=9.0, 3.3 Hz, 1H), 6.93
(d, J=9.0 Hz, 1H), 4.79 (s, 2H), 3.90 (s, 3H), 3.80 (s, 3H).

13C NMR (151 MHz, CDCl3): & [ppm]: 192.0, 153.8, 153.6, 125.1, 122.0, 114.4, 113.2, 56.3,
56.0,51.3

NMR data conform to literaturel63]
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tert-Butyl hept-6-ynoate (2-19)[282]

0]
5 3
Mok
; Z 1 3

"BuLi (2.5 M in hexane, 36.0 mL, 90.0 mmol, 1.2 eq.) was added slowly into a solution of
DIPA (12.5 mL, 9.0 g, 88.9 mmol, 1.2 eq.) in THF (300 mL) under nitrogen atmosphere at
-78 °C. The mixture was stirred for 45 min at this temperature, then tert-butyl acetate
(10.0 mL, 8.7 g, 74.9 mmol, 1.0 eq.) was added dropwise and the mixture was stirred for
1 h, then DMPU (36.0 mL, 38.2 g, 298.0 mmol, 4.0 eq.) was introduced, and the mixture
was stirred for 10 min and 5-iodopent-1-yne (2-4) (14.5 g, 74.7 mmol, 1.0 eq.) was added
then the mixture was allowed to warm to room temperature and was stirred for 24 h. The
mixture was quenched with sat. ammonium chloride solution (150 mL) and diluted with
petroleum ether (150 mL). The phases were separated, the organic layer was washed
with hydrochloric acid (1M, 2x150 mL) and water (1x150 mL) and was dried over
sodium sulphate. The mixture was filtered, the filtrate was concentrated in vacuo and the
crude product was subjected to flash chromatography (silica, petroleum ether) to afford

ester 2-19 as a colourless, viscous liquid (10.5 g, 57.6 mmol, 77%).
Rf: 0.30 (petroleum ether, KMnO4)

1H NMR (400 MHz, CDCl3): § [ppm]: 2.24 - 2.16 (m, 4H), 1.93 (t, J=2.7 Hz, 1H), 1.73 - 1.64
(m, 2H), 1.59 - 1.49 (m, 2H), 1.43 (s, 9H).

13C NMR (151 MHz, CDCl3): & [ppm]: 172.9, 84.2, 80.2, 68.6, 35.1, 28.2, 28.0, 24.3, 18.3

NMR data conform to literaturel[283]
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2-(2,5-Dimethoxyphenyl)ethan-1-ol (2-29)61]

OCH;

A solution of 2-(2,5-dimethoxyphenyl)acetic acid (10.0 g, 51.0 mmol, 1.0 eq.) in THF
(50 mL) was added dropwise to a stirred suspension of lithium aluminium hydride (4.0 g,
102.0 mmol, 2.0 eq.) in THF (150 mL) at 0 °C. After the addition was complete, the mixture
was heated to 50 °C and was stirred at that temperature overnight. The mixture was let
to cool to room temperature, afterwards it was placed into an ice-water bath and was
quenched by the addition of water (10 mL) followed by the addition of an aqueous sodium
hydroxide solution (15 w/w%, 5 mL). The mixture was then filtered through a celite pad,
and the precipitates were washed with hot ethyl acetate (2x100 mL), and the combined
ethyl acetate solution was dried over sodium sulphate, filtered, then the solvents were
evaporated in vacuo affording alcohol 2-29 (7.4 g, 40.6 mmol, 80%) as a yellow oil, which

was used without further purification.
Rf: 0.24 (petroleum ether/ethyl acetate: 9/1, UV)

H NMR (CDCl3, 400 MHz): § [ppm]: 6.80 - 6.71 (m, 3H, Ar-H), 3.81 (t, J=6.5 Hz, 2H, 1-H),
3.77 (s, 3H, 2’-0OCHs), 3.75 (s, 3H, 5’-OCH3), 2.87 (t, J=6.5 Hz, 2H, 2-H), 2.17 (s, 1H, OH)

13C NMR (CDCl3, 101 MHz): § [ppm]: 153.6 (C5’), 151.9 (C2"), 128.4 (C1"), 117.2 (C3’ or C4’
or C6"), 111.8 (C3’ or C4’ or C6), 111.4 (C3’ or C4’ or C6’), 62.9 (C1), 56.0 (2’-OCHs), 55.7
(5’-0CHs), 34.3 (C2).

NMR data conform to literaturel6ll
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2-(2-lodoethyl)-1,4-dimethoxybenzene (2-27)[61

OCH;

lodine (8.3 g, 32.6 mmol, 1.1 eq.) was added to a solution of imidazole (6.1 g, 88.8 mmol,
3.0 eq.) and triphenylphosphine (8.5 g, 32.6 mmol, 1.1 eq.) in DCM (40 mL) at 0 °C, and
the mixture was stirred for 5 minutes followed by the addition of a solution of 2-(2,5-
dimethoxyphenyl)ethan-1-ol (2-29) (5.4 g, 29.6 mmol, 1.0 eq.) in DCM (20 mL), then the
flask was tightly wrapped in aluminium foil, and was left stirring overnight at RT. The
mixture was then washed with saturated sodium thiosulfate solution (1x50 mL), the
aqueous phase was extracted with DCM (2x100 mL), the combined organic phases were
dried over sodium sulphate followed by the evaporation of volatiles in vacuo to afford a
yellowish liquid which was purified by flash chromatography (silica, petroleum
ether/ethyl acetate: 10/1) to afford iodide 2-27 (5.2 g, 17.9 mmol, 60%) as a colourless

oil.
Rf: 0.45 (petroleum ether/ethyl acetate: 10/1, UV)

1H NMR (CDCls, 400 MHz): & [ppm]: 6.78 - 6.77 (m, 2H), 6.73 - 6.72 (m, 1H), 3.79 (s, 3H),
3.77 (s, 3H), 3.36 (t, J=8.2 Hz, 2H), 3.16 (t, J=8.0 Hz, 2H)

13C NMR (CDCls, 101 MHz): 8 [ppm]: 153.4, 151.6, 130.0, 116.6, 112.2, 111.3, 55.8, 55.8,
35.8, 4.5

NMR data conform to literature.[61]
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Ethyl 1-(2,5-dimethoxyphenethyl)-2-oxocyclopentane-1-carboxylate (1-21)[61]

To a solution of ethyl 2-oxocyclopentanecarboxylate (3.5 g, 3.3 ml, 22.2 mmol, 1.2 eq.) in
DMF (30 mL), potassium carbonate (6.4 g, 46.3 mmol, 2.5 eq.) was added, and the mixture
was stirred for 15 minutes at RT, followed by the addition of 2-(2-iodoethyl)-1,4-
dimethoxybenzene (2-27) (5.4 g, 18.5 mmol, 1.0 eq.) in DMF (20 mL), then the mixture
was stirred overnight at 75 °C . The mixture was diluted with water (100 mL) and was
extracted with ethyl acetate (3x100 mL). The combined organic phases were washed with
sat. sodium chloride solution (1x100 mL) and were dried over sodium sulphate followed
by filtration and evaporation of the volatiles in vacuo to afford a yellow liquid as crude
product, which was then subjected to flash chromatography (silica, petroleum ether/ethyl
acetate: 30/1 to 10/1) to afford ketoester 1-21 (5.6 g, 17.5 mmol, 79%) as a colourless

oil.
Rf: 0.43 (petroleum ether/ethyl acetate: 4/1, UV)

1H NMR (CDCl3, 400 MHz): § [ppm]: 6.75 - 6.67 (m, 3H, 3”-H, 4”-H, 6”-H), 4.21 - 4.13 (m,
2H, COOCH:CH3), 3.76 (s, 3H, Ar-OCHs), 3.74 (s, 3H, Ar-OCHs3), 2.65 - 2.49 (m, 3H, 2’-H,
Ring-H), 2.46 - 2.38 (m, 1H, Ring-H), 2.32 - 2.17 (m, 2H, 1’-H#, Ring-H), 2.06 - 1.94 (m, 3H,
Ring-H), 1.78 (ddd, J = 13.6, 11.7, 5.0 Hz, 1H, 1’-Hb), 1.27 (t, ] = 7.1 Hz, 3H, COOCH2CHz).

13C NMR (CDCl3, 101 MHz): § [ppm]: 214.9 (C2), 171.0 (COOCH2CH3), 153.6 (C2” or C5”),
151.7 (C2” or C5”), 131.1 (C1”), 116.2 (C6”), 111.5 (C3” or C4”), 111.3 (C3” or C4”), 61.5
(COOCH:CH3), 60.7 (C1), 56.0 (Ar-OCH3), 55.8 (Ar-OCH3), 38.1 (Ring-CHz), 34.2 (C1’), 32.8
(Ring-CHz2), 26.0 (C2’), 19.8 (Ring-CHz), 14.3 (COOCH2CH3).

NMR data conform to literature.[61]
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Ethyl 1-(2,5-dimethoxyphenethyl)-2-(2-tosylhydrazineylidene)cyclopentane-1-
carboxylate (2-30)

To a solution of ethyl 1-(2,5-dimethoxyphenethyl)-2-oxocyclopentane-1-carboxylate (1-
21) (500 mg, 1.56 mmol, 1.0 eq.) in THF (3 mL), p-toluenesulfonyl hydrazide (291 mg,
1.56 mmol, 1.0 eq.) then titanium(IV) chloride (175 pL, 296 mg, 1.56 mmol, 1.0 eq.) were
added at RT and the resulting brown mixture was stirred overnight. The mixture was then
diluted with ethyl acetate (50 mL) and water (50 mL), the phases were separated, the
aqueous phase was extracted with ethyl acetate (2x50 mL), the combined organic layers
were washed with sat. sodium chloride (1x50 mL) and were dried over sodium sulphate,
filtered and the solvents were removed in vacuo to afford the crude product as a yellowish
oil, which was purified by flash chromatography (silica, petroleum ether/ethyl acetate:
7/1to 4/1 to 2/1) to afford hydrazone 2-30 (414 mg, 0.85 mmol, 54%) as a colourless

resin, which retained traces of ethyl acetate despite of extensive drying in vacuo.
Rf: 0.30 (petroleum ether/ethyl acetate: 2/1, UV)

H NMR (400 MHz, DMSO-de): & [ppm]: 10.15 (s, 1H, NH), 7.70 (d, J=8.2 Hz, 2H, 2”-H, 6"-
H), 7.30 (d, J=8.1 Hz, 2H, 3""-H, 5""-H), 6.84 (d, J=8.9 Hz, 1H, 3”-H), 6.71 (dd, J=8.8 Hz, 3.1,
1H, 4”-H), 6.58 (d, J=3.0 Hz, 1H, 6”-H), 3.93 (qd, J=7.1, 1.6 Hz, 2H, COOCH2CH3), 3.69 (s,
3H, OCH3), 3.69 (s, 3H, OCHs), 2.44 (dd, J=12.5, 4.6 Hz, 1H, 2’-H?), 2.41 - 2.35 (m, 1H, 2-
Hb), 2.35 - 2.24 (m, 5H, 4”’-CHz, 4-H?, 2-HY), 2.21 - 2.14 (m, 1H, Ring-CHz), 1.92 (ddd,
J=13.3,11.9, 4.6 Hz, 1H, Ring-CH>), 1.81 - 1.70 (m, 3H, Ring-CHz), 1.63 (ddd, J=13.4, 12.0,
4.8 Hz, 1H, Ring-CHz), 1.03 (t, J=7.1 Hz, 3H, COOCH2CH3).

13C NMR (101 MHz, DMSO-ds): 8 [ppm]: 172.5 (COOCH2CHs), 165.5 (C2), 153.1 (C2” or
C5”), 151.1 (C2” or C5”), 143.0 (C1"”), 136.3 (C4™), 131.0 (C1"), 129.2 (C2"”/C6™), 127.3
(C3/C5™), 115.7 (C6”), 111.5 (C3” or C4”), 110.9 (C3” or C4”), 60.4 (COOCH2CHs), 56.8
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(C1), 55.8 (Ar-OCH3), 55.3 (Ar-OCHs), 35.5 (C1"), 34.1 (Ring-CHz), 28.6 (Ring-CHz), 25.2
(C2"), 21.5 (Ring-CHz), 20.9 (4”-CH3), 13.7 (COOCH2CH3).

HRMS (ESI-TOF): m/z: calcd. for [C2sH32N206S+Na]*: 511.18733; found: 511.18761
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Ethyl 4-(2,5-dimethoxyphenethyl)-1-oxaspiro[2.4]heptane-4-carboxylate (2-
31)654

6" 2

. . 1O
' ’ 4

2 7
o EtooC
To a solution of ethyl 1-(2,5-dimethoxyphenethyl)-2-oxocyclopentane-1-carboxylate (1-
21) (1.0 g, 3.12 mmol, 1.0 eq.) and dibromomethane (330 pL, 814 mg, 4.68 mmol, 1.5 eq.)
at-78 °C, n-buthyllithium (2.5 M in hexane, 1.5 mL, 3.74 mmol, 1.2 eq.) was added, and the
mixture was stirred at -78 °C for an hour, then it was allowed to warm to RT, and was
stirred overnight. It was then directly concentrated in vacuo, and the deep orange crude
product was purified by flash chromatography (silica, petroleum ether/ethyl acetate:

5/1) to afford epoxide 2-31 (563 mg, 1.68 mmol, 54%) as a colourless oil.
Rf: 0.27 (petroleum ether/ethyl acetate: 5/1, UV)

IH NMR (CDCls, 400 MHz): § [ppm]: 6.75 - 6.64 (m, 3H), 4.16 (ddt, J=10.6, 7.1, 3.5 Hz, 2H),
3.75 (s, 3H), 3.74 (s, 3H), 2.94 (d, J=4.7 Hz, 1H), 2.82 (d, J=4.7 Hz, 1H), 2.61 - 2.48 (m, 2H),
2.42 (td, J=12.7, 4.9 Hz, 1H), 2.13 - 2.06 (m, 1H), 1.90 - 1.66 (m, 5H), 1.62 (ddd, J=13.4,
12.2, 4.7 Hz, 1H), 1.28 (t, J=7.1 Hz, 3H).

13C NMR (CDClI3, 101 MHz): § [ppm]: 175.1, 153.5,151.7,131.9, 116.2,111.2, 111.1, 68.1,
60.8, 56.0, 55.8, 54.6, 50.0, 34.3, 33.0, 32.9, 26.3, 21.7, 14.4.

NMR data conform to literature.[61]

98



5. Experimental section

1,4-Dimethoxy-2-(2-(methoxymethoxy)ethyl)benzene (2-36)[108.109]

To an ice-cool solution of 2-(2,5-dimethoxyphenyl)ethan-1-ol (2-29) (2.0 g, 11.0 mmol,
1.0 eq.) and DIPEA (2.9 mL, 2.1 g, 16.5 mmol, 1.5 eq.) in DCM (10 mL), MOMCI (1.2 mL,
1.3g, 16.5 mmol, 1.5 eq.) was added slowly, and the mixture was allowed to warm to room
temperature and was then stirred overnight. The orange mixture was then diluted with
DCM (20 mL) and was quenched with sat. sodium hydrogencarbonate solution (50 mL),
the phases were separated, the aqueous phase was extracted with DCM (1x50 mL), the
combined organic phases were dried over sodium sulphate, then filtered and the volatiles
were removed in vacuo affording an orange oil as crude product that was purified by flash
chromatography (silica, petroleum ether/ethyl acetate: 10/1 + 1 v/v% TEA) to give MOM-
ether 2-36 (2.2 g, 9.6 mmol, 87%) as a colourless oil.

Rf: 0.37 (petroleum ether/ethyl acetate: 10/1, UV)

H NMR (CDCls, 400 MHz): § [ppm]: 6.80 - 6.75 (m, 2H, 3'-H, 6'-H), 6.71 (dd, J=8.8, 3.0 Hz,
1H, 5’-H), 4.62 (s, 2H, 1”-H), 3.78 (s, 3H, 4-0CHs), 3.76 - 3.71 (m, 5H, 1-0OCHs, 2-H), 3.32
(s, 3H, 1”-0OCHz), 2.90 (t, J=7.2 Hz, 2H, 1-H).

13C NMR (CDCls, 101 MHz): § [ppm]: 153.5 (C1’), 152.0 (C4"), 128.3 (C2’), 117.0 (C3"),
111.6 (C5"), 111.3 (C6’), 96.4 (C1”), 67.2 (C2), 56.0 (Ar-OCH3), 55.7 (Ar-OCH3), 55.2 (1”-
OCHs), 31.1 (C1).

HRMS (ESI-TOF): m/z: calcd. for [C12H1804+Na]*: 249.10973; found: 249.10986
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5. Experimental section

5,8-Dimethoxyisochromane (2-37)[108109]

To an ice-cool solution of 1,4-dimethoxy-2-(2-(methoxymethoxy)ethyl)benzene (2-36)
(1.5 g 6.63 mmol, 1.0 eq.) in acetonitrile (10 mL), TMSOTf (300 pL, 370 mg, 1.66 mmol,
0.25 eq.) was added dropwise and the red mixture was then allowed to warm to room
temperature and was stirred for 6 h. The mixture was then diluted with DCM (50 mL) and
washed with water (1x50 mL), the aqueous phase was washed with DCM (1x25 mL) the
combined organic phases were washed with sat. sodium hydrogencarbonate solution
(1x50 mL), and were dried over sodium sulphate, filtered, and the volatiles were removed
in vacuo to afford an orange oil as crude product which was subjected to flash
chromatography (silica, petroleum ether/ethyl acetate: 10/1) to afford isochromane 2-

37 (310 mg, 1.60 mmol, 24 %) as a colourless, viscous oil.
Rf: 0.41 (petroleum ether/ethyl acetate: 10/1, UV)

1H NMR (CDCls, 400 MHz): 8 [ppm]: 6.68 - 6.59 (m, 2H, 6-H, 7-H), 4.72 (s, 2H, 1-H), 3.92
(t, J=5.7 Hz, 2H, 3-H), 3.79 (s, 3H, OCHz), 3.76 (s, 3H, OCHz), 2.72 (t, J=5.7 Hz, 2H, 4-H).

13C NMR (CDCls, 101 MHz): § [ppm]: 151.1 (C5 or C8), 149.6 (C5 or C8), 125.0 (C8a), 123.8
(C4a), 107.5 (C6 or C7), 106.9 (C6 or C7), 64.7 (C3), 64.4 (C1), 55.7 (OCH3), 55.5 (OCH3),
23.1 (C4).

HRMS (ESI-TOF): m/z: calcd. for [C11H1403+Na]*:217.08352; found: 217.08332
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5. Experimental section

1-(2,5-Dimethoxyphenyl)pent-4-en-1-ol (2-44)[284]

To a mixture of magnesium turnings (530 mg, 21.65 mmol, 1.8 eq.) in THF (10 mL) a
solution of 4-bromo-1-butene (1.9 mL, 2.5 g, 18.05 mmol, 1.5 eq.) in THF (10 mL) was
added according to the following procedure: about 5 mL of the above mentioned solution
was given to the magnesium mixture, then the reaction was initiated by heating, and the
rest of the solution was given in a pace that the magnesium mixture kept refluxing. After
the addition was complete the blackish Grignard-solution was allowed to cool to RT, and
a solution of 2,5-dimethoxybenzaldehyde (2.0 g, 12.03 mmol, 1.0 eq.) in THF (20 mL) was
added, and the mixture was stirred at RT overnight. The mixture was then poured into
hydrochloric acid (1 M, 100 mL), and was extracted with ethyl acetate (1x150 mL), the
organic phase was then dried over sodium sulphate filtered and the volatiles were
removed in vacuo, and the yellow crude product was purified by flash chromatography
(silica, petroleum ether/ethyl acetate: 5/1) to afford alkenol 2-44 (2.1 g, 9.51 mmol, 79%)

as a colourless oil.
Rf: 0.35 (petroleum ether/ethyl acetate: 5/1, KMnOa or vanillin)

1H NMR (CDCls, 400 MHz): & [ppm]: 6.90 (d, J=2.9 Hz, 1H, 6'-H), 6.81 - 6.73 (m, 2H, 3’-H,
4-H), 5.86 (ddt, J=16.9,10.2, 6.5 Hz, 1H, 4-H), 5.05 (dq, J=17.2, 1.7 Hz, 1H, 5-H2), 4.97 (ddt,
J=10.2, 2.2, 1.3 Hz, 1H, 5-HY), 4.85 (dd, J=7.6, 5.5 Hz, 1H, 1-H), 3.80 (s, 3H, 2’-OCHz), 3.76
(s, 3H, 5'-OCHs), 2.62 (br, 1H, OH), 2.27 - 2.07 (m, 2H, 3-H), 1.92 - 1.78 (m, 2H, 2-H).

13C NMR (CDCl3, 101 MHz): & [ppm]: 153.8 (C5"), 150.8 (C2’), 138.6 (C4), 133.7 (C1’), 114.7
(C5),113.3 (C6’), 112.5 (C3’or C4"), 111.6 (C3’or C4"), 70.5 (C1), 55.9 (OCH3), 55.8 (OCH3),
36.5 (C2), 30.4 (C3).

HRMS (ESI-TOF): m/z: calcd. for [C13H1803+Na]*: 245.11482; found: 245.11497
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5. Experimental section

2-Formyl-6-methoxyphenyl acetate (2-50)[162]

ortho-Vanillin (50.0 g, 0.33 mol, 1.0 eq.) was dissolved in pyridine (50 mL) and to this
solution acetic anhydride (32 mL, 34.6 g, 0.33 mol, 1.0 eq.) was added, and the yellow
mixture was stirred for 24 h at RT. The mixture was then poured into hydrochloric acid
(6 M, 300 mL), the precipitated crystals were collected by vacuum filtration, washed with
hydrochloric acid (6M, 3x200 mL) and water (3x200 mL), air-dried, and were
recrystallized from methanol yielding aldehyde 2-50 (48.1g, 0.25mol, 76%) as

colourless crystals.
Rf: 0.25 (petroleum ether/ethyl acetate: 5/1, UV)

'H NMR (CDCl3, 400 MHz): § [ppm]: 10.13 (s, 1H, CHO), 7.45 (dd, J=7.8, 1.5 Hz, 1H, 3-H or
5-H), 7.33 (t,/=8.0 Hz, 1H, 4-H), 7.21 (dd, /=8.2, 1.5 Hz, 1H, 3-H or 5-H), 3.87 (s, 3H, OCH3),
2.40 (s, 3H, Ar-OCOCH3)

13C NMR (CDCls, 101 MHz): § [ppm]: 188.8 (CHO), 168.8 (Ar-OCOCH3), 151.8 (Ar-C?), 141.6
(Ar-C9), 129.3 (Ar-C%), 126.9 (Ar-Ct), 121.4 (Ar-CY), 117.9 (Ar-C'), 56.4 (OCH3), 20.6 (Ar-
0COCH3).

NMR data conform to literature.[285]
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5. Experimental section

6-Bromo-2-hydroxy-3-methoxybenzaldehyde (2-51)[162]

Bromine (10 mL, 31 g, 192.6 mmol, 1.1 eq.) was dissolved in a solution of potassium
bromide (69 g, 577.8 mmol, 3.3 eq.) in water (680 mL), then 2-formyl-6-methoxyphenyl
acetate (2-50) (34 g, 175.1 mmol, 1.0 eq.) was added in portions at RT, the mixture was
stirred for an hour at this temperature, then it was filtered, the residue was washed with
water, and was suspended in aqueous hydrochloric acid (6 M, 700 mL) and was stirred for
24 h at RT. The lemon-yellow solids were then filtered with suction, thoroughly washed
with water (3x300 mL) and were then taken up with ethyl acetate (500 mL), the phases
were separated, the organic phase was washed with sat. sodium hydrogencarbonate
solution (1x200 mL), dried over sodium sulphate, filtered and the ethyl acetate was
evaporated in vacuo affording aldehyde 2-51 as a lemon-yellow solid mass (37 g,
160.1 mmol, 83%) that was pure enough for all practical purposes and was thus used
without further purification. An attempt to recrystallise one batch from methanol

according to literaturel162] resulted in the sole formation of the respective dimethylacetal.
Rf: 0.40 (petroleum ether/ethyl acetate: 5/1, UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 12.27 (s, 1H, OH), 10.29 (s, 1H, CHO), 7.09 (d, J=8.6
Hz, 1H, 4-H), 6.91 (d, J=8.5 Hz, 1H, 5-H), 3.89 (s, 3H, OCHs).

13C NMR (CDCls, 101 MHz): § [ppm]: 198.5 (CHO), 154.7 (C2), 148.6 (C3), 123.6 (C4), 118.3
(C5),117.4 (C1), 116.6 (C6), 56.5 (OCH3).

NMR data conform to literature.[286]
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5. Experimental section

2-Hydroxy-3,6-dimethoxybenzaldehyde (2-52)[162]

Sodium metal (~11.0 g, 478.5 mmol, 7.4 eq.) was dissolved in methanol (150 mL) and a
solution of 6-bromo-2-hydroxy-3-methoxybenzaldehyde (2-51) (15.0g, 64.9 mmol,
1.0 eq.) in dimethyl formamide (60 mL) and then copper(Il) iodide (1.2 g, 6.3 mmol,
10 mol%) were added, and the mixture was stirred at 85 °C overnight. The mixture was
then allowed to cool to RT, and was filtered through a celite pad, washed with a small
amount of methanol (30 mL) and was poured into a mixture of ice (~200g) and
hydrochloric acid (36 w/w%, 60 mL), upon which a solid mass precipitated, the mixture
was then filtered by suction, the solids were washed with water, and were recrystallized
from methanol affording aldehyde 2-52 (4.6 g, 25.3 mmol, 39%) as a yellow crystalline

mass.
Rf: 0.50 (petroleum ether/ethyl acetate: 2/1, UV)

1H NMR (CDCls, 400 MHz): & [ppm]: 12.17 (s, 1H, OH), 10.31 (s, 1H, CHO), 7.01 (d, j=8.9
Hz, 1H, 4-H), 6.26 (d, J=8.9 Hz, 1H, 5-H), 3.83 (s, 6H, 2xOCH3).

13C NMR (CDCls, 101 MHz): § [ppm]: 195.0 (CHO), 156.0 (C3), 153.7 (C2), 142.2 (C6), 120.4
(C4),111.19 (C1), 99.5 (C5), 57.0 (OCHs3), 55.9 (OCH3).

NMR data conform to literature.[287]
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5. Experimental section

2-Formyl-3,6-dimethoxyphenyl trifluoromethanesulfonate (2-53)

To a solution of 2-hydroxy-3,6-dimethoxybenzaldehyde (2-52) (500 mg, 2.74 mmol,
1.0 eq.) in DCM (6 mL) DMAP (33 mg, 0.27 mmol, 10 mol%), triethyl amine (760 pL,
555 mg, 5.48 mmol, 2.0 eq.) and N-phenyl-bis(trifluoromethanesulfonimide) (980 mg,
2.74 mmol, 1.0 eq.) were added, and the mixture was stirred at RT for a day, then it was
diluted with DCM (20 mL) and was washed with hydrochloric acid (2 M, 2x50 mL), and
was dried over sodium sulphate, filtered and evaporated to afford a dark oil as a crude
product, that was purified by flash chromatography (silica, petroleum ether/ethyl
acetate: 4/1 to 2/1) to afford aldehyde 2-53 (410 mg, 1.30 mmol, 48%) as a brown solid.

Rf: 0.17 (petroleum ether/ethyl acetate: 2/1, UV)

1H NMR (CDCl3, 400 MHz): § [ppm]: 10.42 (s, 1H, CHO), 7.23 (d, J=9.3 Hz, 1H, Ar-H), 6.99
(d, J=9.3 Hz, 1H, Ar-H), 3.91 (s, 3H, OCHs), 3.87 (s, 3H, OCHs).

13C NMR (CDCls, 101 MHz): & [ppm]: 187.4 (CHO), 156.0 (ArC?), 145.6 (ArC?), 137.0(ArCv),
119.2 (ArC), 118.8 (CF3S02-0Ar), 111.9 (ArCY), 56.9 (OCH3), 56.8 (OCH3).

HRMS (ESI-TOF): m/z: calcd. for [C10HoF306S+Na]*: 336.99641; found: 336.99649

105



5. Experimental section

2-(2,5-Dimethoxyphenyl)-1,3-dioxane (2-54)[164]

To a mixture of 2,5-dimethoxybenzaldehyde (5.0 g, 1.0 eq., 30.1 mmol) in propane-1,3-
diol (8.7ml, 9.2 g, 120.4 mmol, 4.0 eq.) and trimethyl orthoformate (4.0 mL, 3.8 g,
36.1 mmol, 1.2 eq.), tetrabutylammonium tribromide (145 mg, 0.3 mmol, 1 mol%) was
added, and the orange solution was stirred for one hour at RT, then it was diluted with
ethyl acetate (100 mL) and was extracted with a mixture of sat. sodium
hydrogencarbonate (50 mL) and water (50 mL), the aqueous phase was extracted with
ethyl acetate (2x50 mL) the combined organic phases were extracted with sat. sodium
hydrogencarbonate (1x50 mL) and sat. sodium chloride solution (1x100 ml), then they
were dried over sodium sulphate, filtered, the volatiles were removed in vacuo affording
a yellow liquid as crude product, which was then subjected to flash chromatography
(silica, petroleum ether/ethyl acetate: 5/1 + 5 v/v% triethyl amine) to afford acetal 2-54
(6.0 g, 26.7 mmol, 89%) as a colourless liquid.

Rf: 0.41 (petroleum ether/ethyl acetate: 5/1, UV)

H NMR (CDCl3, 400 MHz): & [ppm]: 7.20 (d, J=2.9 Hz, 1H, 6'-H), 6.86 - 6.80 (m, 2H, 4’-H,
3'-H), 5.85 (s, 1H, 2-H), 4.27 - 4.23 (m, 2H, 4/6-H%), 4.04 - 3.97 (m, 2H, 4/6-H"), 3.80 (s,
3H, 5’-0CH3), 3.79 (s, 3H, 2’-0CHs), 2.30 - 2.18 (m, 1H, 5-H?), 1.45 - 1.40 (m, 1H, 5-H®).

13C NMR (CDCls, 101 MHz): & [ppm]: 154.0 (C2’), 150.7 (C5"), 127.8 (C1’), 116.0 (C4"),
112.4 (C3), 112.0 (C6'),96.9 (C2), 67.7 (C4/C6), 56.5 (5'-0CH3), 55.9 (2’-OCH3), 26.0 (C5).

NMR data conform to literature.[164]
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5. Experimental section

2-(2-lodo-3,6-dimethoxyphenyl)-1,3-dioxane (2-55)165]

2-(2,5-Dimethoxyphenyl)-1,3-dioxane (2-54) (5.0 g, 22.3 mmo], 1.0 eq.) was dissolved in
a mechanically stirred mixture of abs. hexane (150 mL) and abs. benzene (50 mL). This
solution was then cooled to -25 °C and n-buthyllithium (11.0 M in hexane, 3.0 mL, 33.5
mmol, 1.5 eq.) was added in portions, and the mixture was stirred at -25 °C overnight,
after which it was quenched with a solution of 1,2-diiodoethane (12.0 g, 42.4 mmol,
1.9 eq.) in THF (50 mL), and the reddish mixture was stirred at RT for 24 h, then it was
washed with sat. sodium thiosulphate solution (3x150 mL) and sat. sodium chloride
solution (1x150 mL) and was dried over sodium sulphate, filtered, and the volatiles were
evaporated to afford an orange oil that solidified upon standing as a crude product, which
was purified by flash chromatography (silica, petroleum ether/ethyl acetate: 7/3 to 1/1)
to afford acetal 2-55 (2.3 g, 6.57 mmol, 29%) as a lemon-yellow solid.

Rf: 0.38 (petroleum ether/ethyl acetate: 2/1, UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 6.89 (d, J=9.0 Hz, 1H, 5'-H), 6.79 (d, J=9.0 Hz, 1H, 4'-
H), 6.18 (s, 1H, 2-H), 4.33 - 4.28 (m, 2H, 4/6-H%), 4.03 - 3.96 (m, 2H, 4/6-H"), 3.81 (s, 3H,
OCHs), 3.81 (s, 3H, OCHz), 2.48 - 2.36 (m, 1H, 5-H?), 1.40 - 1.36 (m, 1H, 5-H?).

13C NMR (CDCl3, 101 MHz): & [ppm]: 153.3 (C3’or C6"), 152.6 (C3’or C6’), 129.8 (C1’), 113.6
(C5"),112.3 (C4"),101.7 (C2),90.8 (C2"), 67.9 (C4/C6), 57.6 (OCH3), 57.4 (OCH3), 25.7 (C5).

NMR data conform to literature.[165]
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5. Experimental section

2-lodo-3,6-dimethoxybenzaldehyde (2-56)[16]

To a solution of 2-(2-iodo-3,6-dimethoxyphenyl)-1,3-dioxane (2-55) (2.3 g, 6.57mmol,
1.0 eq.) in THF (35 mL) hydrochloric acid (36 w/w%, 30 mL) was poured, and the ochre
mixture was stirred at RT for 30 min, then it was diluted with diethyl ether (250 ml), the

phases were separated, and the organic phase was washed with sat. sodium chloride

solution (3x100 mL) and was dried over sodium sulphate. The drying agent was then

filtered off and the filtrate was evaporated in vacuo affording an olive-green solid mass as

crude product, that was purified by flash chromatography (silica, petroleum ether/ethyl
acetate: 4/1) to afford aldehyde 2-56 (960 mg, 3.29 mmol, 50%) as a lemon-yellow solid

mass.

Rf: 0.20 (petroleum ether/ethyl acetate: 4/1, UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 10.21 (s, 1H, CHO), 7.00 - 6.94 (m, 2H, Ar-H), 3.87 (s,

3H, 0CHs), 3.87 (s, 3H, OCHs).

13C NMR (CDCl3, 101 MHz): § [ppm]: 193.1 (CHO), 155.7 (ArC?), 152.9 (ArC?), 126.9 (ArC?),
116.0 (ArC), 112.8 (ArCY), 90.3 (ArC?), 57.5 (OCH3), 56.8 (OCH3).

NMR data conform to literature.[165]
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5. Experimental section

3,6-Dimethoxy-2-((trimethylsilyl)ethynyl)benzaldehyde (2-57)288]

@) Si
g ~
A 3 1/2
2
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6 CHO
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To a solution of 2-iodo-3,6-dimethoxybenzaldehyde (2-56) (960 mg, 3.29 mmol, 1.0 eq.)
in  THF (15mlL) copper(l) iodide (75 mg, 0.39 mmol, 12 mol%),
bis(triphenylphosphine)palladium(II) dichloride (93 mg, 0.13 mmol, 4 mol%) and
triethylamine (3.5 mL) were added, and the deep orange mixture was stirred at RT for 15
min. Then ethynyltrimethylsilane (1.4 mL, 970 mg, 9.87 mmol, 3.0 eq.) was added, and the
resulting deep green solution was stirred overnight at RT. The mixture was then
concentrated in vacuo and the black residue was directly subjected to flash
chromatography (silica, petroleum ether/ethyl acetate: 4/1) to afford aldehyde 2-57
(630 mg, 2.40 mmol, 73%) as a colourless liquid.

Rf: 0.25 (petroleum ether/ethyl acetate: 4/1, UV [366 nm])

1H NMR (CDCl3, 400 MHz): & [ppm]: 10.57 (s, 1H, CHO), 7.03 (d, J=9.2 Hz, 1H, 4-H), 6.90
(d,J=9.1 Hz, 1H, 5-), 3.85 (s, 3H, OCHs), 3.84 (s, 3H, OCHs3), 0.26 (s, 9H, Si(CHz)3).

13C NMR (CDCl3, 101 MHz): § [ppm]: 191.0 (CHO), 155.2 (C3), 154.3 (C6), 126.2 (C1), 117.4
(C4), 116.1 (C2), 113.1 (C5), 107.5 (C27), 97.0 (C1°), 56.9 (OCHs), 56.5 (OCH3), 0.0
(Si(CH3)3).

HRMS (APCI-TOF): m/z: calcd. for [C14H1803Si+H]*: 263.10980; found: 263.10967
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5. Experimental section

1-(3,6-Dimethoxy-2-((trimethylsilyl)ethynyl)phenyl)-3-methylbut-3-en-1-0l  (2-
58)(284]

To a mixture of magnesium turnings (100 mg, 4.01 mmol, 1.8 eq.) in THF (4 mL) a solution
of 3-bromo-2-methylpropene (340 pL, 452 mg, 3.55 mmol, 1.5 eq.) in THF (10 mL) was
added and the reaction was initiated by heating. The blackish Grignard-solution was
allowed to cool to RT, and a solution of 3,6-dimethoxy-2-
((trimethylsilyl)ethynyl)benzaldehyde (2-57) (586 mg, 2.23 mmol, 1.0 eq.) in THF (4 mL)
was added and the mixture was stirred at RT overnight. The mixture was then poured into
sat. ammonium chloride solution (20 mL) and was extracted with diethyl ether
(1x50 mL), the organic phase was then washed with sat. sodium hydrogencarbonate
solution (1x50 mL) and was dried over sodium sulphate, the drying agent was filtered off,
the volatiles were removed in vacuo, and the orange crude product was purified by flash
chromatography (silica, petroleum ether/ethyl acetate: 3/1) to afford the product (56 mg,

0.18 mmol, 8%) as a yellow oil.
Rf: 0.40 (petroleum ether/ethyl acetate: 3/1, UV)

1H NMR (CDCl3, 400 MHz): & [ppm]: 6.81 (d, J=9.0 Hz, 1H, 4-H), 6.69 (d, /=9.0 Hz, 1H, 5'-
H), 5.45 - 5.38 (m, 1H, 1-H), 4.81 (s, 1H, 4-H?), 4.74 (s, 1H, 4-H), 3.82 (s, 3H, OCH3), 3.81
(s, 3H, OCH3), 2.64 (dd, J=13.8, 9.3 Hz, 1H, 2-H%), 2.44 (dd, J=13.8, 4.8 Hz, 1H, 2-H"), 1.84
(s, 3H, 1"”-H), 0.25 (s, 9H, Si(CH3)3).

13C NMR (CDCl3, 101 MHz): § [ppm]: 155.2 (C3"), 151.2 (C6’), 142.9 (C3), 135.6 (C1’), 112.9
(C4),112.3 (C4), 111.7 (C2’), 109.7 (C5’), 104.5 (C2”), 98.7 (C1"), 70.7 (C1), 56.5 (3'-OCH3
or 6’-OCH3), 56.0 (3'-OCHs or 6'-OCH3), 45.6 (C2), 22.5 (C1™), 0.1 (Si(CH3)3).

HRMS (ESI-TOF): m/z: calcd for [C18H2603Si+Na]*: 341.15434; found: 341.15477
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5. Experimental section

Ethyl 4-(tert-butoxy)-3-oxobutanoate (2-62)[167]
O o0
SOy e

To a mechanically stirred suspension of potassium tert-butoxide (80 g, 0.71 mol, 2.4 eq.)
in THF (1500 mL) ethyl 4-chloroacetoacetate (41 mL, 50 g, 0.30 mol 1.0 eq.) was added
slowly, and the resulting brown slurry was stirred for a day at room temperature. The
reaction was then stopped by the slow addition of hydrochloric acid (4 M, 375 mL), the
mixture was then extracted with ethyl acetate (3x400 mL), the combined organic phases
were washed with sat. sodium hydrogencarbonate solution (2x200 mL) and dried over
sodium sulphate. The mixture was then filtered, the filtrate was concentrated in vacuo
and the brown crude product was distilled (95-100 °C, 10 mbar) to afford ketoester 2-62
(41.4 g, 205 mmol, 67%) as a colourless liquid.

Rf: 0.61 (petroleum ether/ethyl acetate: 3/1, FeCl3)

H NMR (CDCl3, 400 MHz): & [ppm]: 4.16 (g, J=7.2 Hz, 2H, 0CH2CHs), 3.99 (s, 2H, 4-H), 3.52
(s, 2H, 2-H), 1.25 (t, J=7.2 Hz, 3H, OCH2CH3), 1.19 (s, 9H, OC(CHz)3).

13C NMR (CDCls, 101 MHz): § [ppm]: 203.6 (C3), 167.5 (C1), 74.4 (OC(CHz)3), 68.1 (C4),
61.3 (OCH2CHs), 46.3 (C2), 27.3 (OC(CH3)3), 14.2 (OCH2CH3).

NMR data conform to literature.[28°]
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5. Experimental section

Ethyl 4-(tert-butoxy)-2-(2,5-dimethoxyphenethyl)-3-oxobutanoate (2-63)[16¢]

Potassium carbonate (4.8 g, 35.0 mmol, 2.0 eq.) was added to a stirred solution of ethyl 4-
(tert-butoxy)-3-oxobutanoate (2-62) (3.9 g, 19.3 mmo], 1.1 eq.) in DMF (40 mL). To this
mixture a solution of 2-(2-iodoethyl)-1,4-dimethoxybenzene (2-27) (5.1g, 17.5 mmol,
1.0 eq.) in DMF (20 mL) was added, and the mixture was stirred overnight at RT. The
reaction was then quenched by adding water (120 mL), it was extracted with ethyl acetate
(3x70 mL), the combined organic phases were washed with water (2x60 mL) and sat.
sodium chloride solution (1x60 mL) and were dried over sodium sulphate. The drying
agent was then filtered off and the filtrate was concentrated in vacuo affording a yellow
oil as crude product which was then purified by flash chromatography (silica, petroleum
ether/ethyl acetate: 30/1 to 4/1) to give ketoester 2-63 (4.8 g, 13.1 mmol, 75%) as a

colourless oil.
Rf : 0.33 (petroleum ether/ethyl acetate: 10/1, UV)

1H NMR (CDCl3, 400 MHz): § [ppm]: 6.76 - 6.67 (m, 3H, 3xAr-H), 4.15 (q, J=7.1 Hz, 2H,
OCH:CHs3), 4.01 (s, 2H, 4-H), 3.74 (s, 6H, 2xOCH3), 3.68 (t, J=7.1 Hz, 1H, 2-H), 2.69 - 2.55
(m, 2H, 2"-H), 2.20 - 2.04 (m, 2H, ’-H), 1.25 (t, J=7.1 Hz, 3H, OCH2CHs), 1.17 (s, 9H,
OC(CH3)3).

13C NMR (CDCls, 101 MHz): § [ppm]: 205.1 (C3), 169.9 (C1), 153.5 (C5”), 151.8 (C2"),
130.7 (C1”), 116.4 (C6”), 111.6 (C3” or C4”), 111.3 (C3” or C4”), 74.3 (OC(CH3)3), 67.7
(C4), 61.2 (OCH2CHs), 55.9 (OCH3), 55.7 (OCH3), 54.5 (C2), 28.1 (C2’), 27.7 (C1"), 27.2
(OC(CH3)3), 14.2 (OCH2CH3).

NMR data conform to literature.[166]
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5. Experimental section

Ethyl  2-(2-(tert-butoxy)acetyl)-2-(2,5-dimethoxyphenethyl)hex-5-enoate  (2-
64)1166]

To a solution of ethyl 4-(tert-butoxy)-2-(2,5-dimethoxyphenethyl)-3-oxobutanoate (2-
63) (4.8 g 13.1 mmol, 1.0 eq.) and 4-bromo-1-butene (2.7 g, 2.0 mL, 19.7 mmol, 1.5 eq.)
in DMF (40 mL), potassium carbonate (3.6 g, 26.2 mmol, 2.0 eq.) and potassium iodide
(3.3 g, 19.7 mmol, 1.5 eq.) were added, after which the mixture was stirred for 20 h at RT.
The mixture was diluted with water (100 mL) and was extracted with ethyl acetate
(3x100 mL) the combined organic phases were washed with sat. sodium chloride solution
(1x100 mL) and were dried over sodium sulphate followed by filtration and evaporation
of the volatiles in vacuo to afford a yellow liquid as crude product, which was then
subjected to flash chromatography (silica, petroleum ether/ethyl acetate: 30/1 to 10/1)
to afford ketoester 2-64 (1.60 g, 3.80 mmol, 29%) as a colourless oil.

Rf: 0.49 (petroleum ether/ethyl acetate: 10/1, UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 6.76 - 6.65 (m, 3H, 3xAr-H), 5.82 (ddt, J=16.7, 10.2,
6.4 Hz, 1H, 5-H), 5.07 - 5.02 (m, 1H, 6-H?), 4.99 - 4.95 (m, 1H, 6-H?), 4.16 (q, J=7.1 Hz, 2H,
OCH2CH3), 4.08 (s, 2H, 2’-H), 3.74 (s, 6H, 2x0CH3), 2.42 - 2.30 (m, 2H, 2”-Hz), 2.25 - 2.15
(m, 1H, 17-H?), 2.14 - 2.01 (m, 3H, 1”-H®, 3-H), 2.00 - 1.85 (m, 2H, 4-H), 1.26 (t, J=7.1 Hz,
3H, OCH2CHz), 1.18 (s, 9H, OC(CHz)3).

13C NMR (CDCl3, 101 MHz): & [ppm]: 206.1 (C1’), 171.7 (C1), 153.5 (C5”), 151.6 (C2"),
138.0 (C5), 131.2 (C1), 116.3 (C6™), 114.9 (C6), 111.2 (C3”” or C4”"), 111.1 (C3" or C4™),
74.1 (OC(CH3)3), 67.1 (C2'), 60.9 (OCH2CH3), 60.5 (C2), 55.7 (OCH3), 55.7 (OCH3), 31.0
(C1™),29.9 (C3), 27.9 (C4), 27.1 (OC(CH3)3), 25.0 (C2”), 14.1 (OCH2CHs3).

NMR data conform to literature.[166]
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5. Experimental section

3-(But-3-en-1-yl)-3-(2,5-dimethoxyphenethyl)furan-2,4(3H,5H)-dione (2-94)[167]

Ethyl 2-(2-(tert-butoxy)acetyl)-2-(2,5-dimethoxyphenethyl)hex-5-enoate (2-64) (1.6 g,
3.80 mmol, 1.0 eq.) was dissolved in glacial acetic acid (15 mL). In a separate flask
sulphuric acid (96 w/w%, 200 ml, 368 g, 3.8 mol, 1000 eq.) was added dropwise to solid
sodium chloride (75.0 g, 1.3 mol, 340 eq.), and the so generated hydrogen chloride gas
was bubbled into the above-mentioned acetic acid solution. After all the sulphuric acid
was added, the solution was stirred for 1 h at RT, it was then diluted with ethyl acetate
(100 mL) and water (50 mL), the phases were separated, the aqueous phase was
extracted with ethyl acetate (2x50 mL), the combined organic layers were washed with
water (2x50 mL) and sat. sodium hydrogencarbonate solution (2x100 mL), then the
organic layer was dried over sodium sulphate, filtered, and concentrated in vacuo to
afford a lemon-yellow oil as crude product, which was purified by flash chromatography
(silica, petroleum ether/ethyl acetate: 7/1) to afford ketolactone 2-94 (900 mg,

2.83 mmol, 74%) as a colourless oil.
Rf: 0.18 (petroleum ether/ethyl acetate: 7/1, UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 6.71 - 6.70 (m, 2H, 3""-H, 4""-H), 6.62 (dd, J=2.4, 1.1
Hz, 1H, 6""-H), 5.64 (ddt, J=16.9, 10.1, 6.5 Hz, 1H, 3’-H), 5.03 - 4.96 (m, 2H, 4’-H), 4.47 (d,
J=17.1 Hz, 1H, 5-H?), 4.33 (d, J=17.1 Hz, 1H, 5-H®), 3.75 (s, 3H, OCH3), 3.73 (s, 3H, OCH3),
2.60 (ddd, J=13.0, 10.9, 4.7 Hz, 1H, 2”-H?), 2.48 (ddd, J=13.0, 10.9, 6.1 Hz, 1H, 2”-H"), 2.18
~2.06 (m, 2H, 17-H?, 2"-H?), 2.04 - 1.97 (m, 2H, 1”-HP, 2’-HY), 1.96 - 1.89 (m, 2H, 1’-H).

13C NMR (CDCls, 101 MHz): § [ppm]: 210.5 (C4), 176.7 (C2), 153.4 (C5™), 151.8 (C2"),
136.5 (C3"), 129.0 (C1”), 116.7 (C4"), 116.3 (C6™), 112.3 (C3” or C4™), 111.3 (C3" or
C4""),73.3 (C5), 55.8 (0CH3), 55.8 (OCHs3), 52.7 (C3), 35.8 (C1”), 34.4 (C1"), 29.2 (C2"), 26.0
(c2").

NMR data conform to literature.[166]
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5. Experimental section

3-(3-(2,5-Dimethoxyphenethyl)-2,4-dioxotetrahydrofuran-3-yl)propanal (2-
60)195]

3-(But-3-en-1-yl)-3-(2,5-dimethoxyphenethyl)furan-2,4(3H,5H)-dione (2-94) (860 mg,
2.70 mmol, 1.0 eq.) was dissolved in a mixture of 1,4-dioxane (27 mL) and water (9 mL)
at RT, and to this mixture 2,6-lutidine (630 pL, 580 mg, 5.40 mmol, 2.0 eq.), sodium
metaperiodate (2310 mg, 10.8 mmol, 4.0 eq.) and osmium(VIII) oxide (4 w/w% solution
in water, 350 pL, 0.054 mmol, 2 mol%) were added, and the reaction mixture was stirred
overnight. The reaction mixture was diluted with water (30 mL) and was extracted with
dichloromethane (3x50 mL), the combined organic phases were dried over sodium
sulphate, filtered, then the solvents were evaporated in vacuo affording a brownish oil as
crude product that was subjected to flash chromatography (silica, petroleum ether/ethyl

acetate: 1/1) to afford aldehyde 2-60 (390 mg, 1.22 mmol, 45%) as a yellowish oil.
Rf: 0.44 (petroleum ether/ethyl acetate: 1/1; UV)

'H NMR (CDCls, 400 MHz): 6 [ppm]: 9.70 (t, J=0.9 Hz, 1H, CHO), 6.73 - 6.71 (m, 2H, 3"’-H,
4’"-H), 6.62 (dd, J=2.4, 1.1 Hz, 1H, 6’’-H), 4.58 (d, /=17.1 Hz, 1H, 5-H?), 4.37 (d, J=17.1 Hz,
1H, 5-H®), 3.76 (s, 3H, OCH3), 3.74 (s, 3H, OCH3), 2.66 - 2.49 (m, 4H, alkyl-H), 2.17 - 2.00
(m, 4H, alkyl-H).

13C NMR (CDCl3, 101 MHz): § [ppm]: 209.3 (C4), 200.0 (CHO), 176.2 (C2), 153.5 (C5™),
151.9 (C2™),128.8 (C1”), 116.5 (C6™), 112.4 (C3” or C4™"), 111.4 (C3”” or C4”), 73.0 (C5),
55.87 (2 x OCHs), 51.2 (C3), 38.3 (C%), 34.9 (C%), 26.5 (C%), 26.1 (C?).

HRMS (ESI-TOF): m/z: calcd for [C17H2006+Na]*: 343.11521; found: 343.11508
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5. Experimental section

(3aR*,4R*,6aR*)-6a-(2,5-Dimethoxyphenethyl)-3a,4-dihydroxyhexahydro-1H-

cyclopenta|c]furan-1-one (2-65)(2%0

To a mixture of samarium powder (734 mg, 4.88 mmol, 4.0 eq.) and 1,2-diiododethane
(756 mg, 2.68 mmol, 2.2 eq.) THF (10 mL) was added, and the mixture was vigorously
stirred at RT for 1.5 h. Then a solution of 3-(3-(2,5-dimethoxyphenethyl)-2,4-
dioxotetrahydrofuran-3-yl)propanal (2-60) (390 mg, 1.22 mmol, 1.0 eq.) in THF (7 mL)
was added and the deep blue mixture was stirred for 4 h, then the reaction was quenched
by the addition of saturated sodium hydrogencarbonate solution (50 mL) and the mixture
was extracted diethyl ether (3x50 mL), the combined organic phases were washed with
sat. sodium chloride solution (1x100 mL), and was dried over sodium sulphate, filtered,
the volatiles were removed in vacuo, and the greyish residue was subjected to flash
chromatography (silica, petroleum ether/ethyl acetate: 1/1) to afford diol 2-65 (240 mg,
0.75 mmol, 61%) as a pale, viscous oil, that solidified to an off-white waxy mass upon

standing.
Rf: 0.21 (petroleum ether/ethyl acetate: 1/1; UV)

1H NMR (CDCls, 400 MHz): § [ppm]: 6.76 - 6.67 (m, 3H, Ar-H), 4.24 (d, J=10.2 Hz, 1H, 3-
H), 4.14 (d, J=10.2 Hz, 1H, 3-HP), 4.01 (dd, J=4.6, 3.4 Hz, 1H, 4-H), 3.89 (s, 1H, OH), 3.77 (s,
3H, 2”-0CH3), 3.73 (s, 3H, 5”-0CH3), 3.30 (br, 1H, OH), 2.82 (td, J=12.6, 4.6 Hz, 1H, 2’-H?),
2.57 (td, J=12.5, 5.2 Hz, 1H, 2’-HP), 2.11 - 1.98 (m, 2H, 6-H), 1.96 - 1.90 (m, 1H, 1’-H?), 1.88
- 1.80 (m, 2H, 1’-H®, 5-H%), 1.71 - 1.61 (m, 1H, 5-H®).

13C NMR (CDCl3, 101 MHz): § [ppm]: 181.5 (C1), 153.6 (C5”), 151.4 (C2”), 131.3 (C1"),
116.2 (C6™), 111.5 (C3” or C4”), 111.5 (C3” or C4”), 84.0 (C3a), 78.6 (C4), 75.6 (C3), 56.2
(2”-0CH3), 55.8 (5”-0OCH3), 54.6 (C6a), 33.8 (C6), 33.0 (C1"), 30.9 (C5), 26.1 (C2").

HRMS (ESI-TOF): m/z: calcd. for [C17H2206-H]: 321.13436; found: 321.13477
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5. Experimental section

(3aR*,5aR*,8aR*)-5a-(2,5-Dimethoxyphenethyl)tetrahydro-6H,8H-furo[3',4":1,5]
cyclopenta[1,2-d][1,3]dioxole-2,6-dione (2-67)291]

Diol 2-65 (100 mg, 0.31 mmol, 1.0 eq.) was dissolved in DCM (1 mL) and pyridine (53 pL,
52mg, 0.65mmol, 2.1eq.) was added. Then a solution of triphosgene (101 mg,
0.34 mmol, 1.1 eq.) in DCM (2 mL) was added and the reaction was stirred for 2 h at room
temperature. The mixture was then diluted with diethyl ether (10 mL) and was washed
with sat. copper(1I) sulphate solution (1x20 mL), sat. sodium chloride solution (1x20 ml)
and was dried over sodium sulphate. The mixture was filtered, the filtrate was
concentrated in vacuo and the resulting brownish solids were purified by flash
chromatography (silica, petroleum ether/ethyl acetate: 2/1) to afford the cyclic carbonate
2-67 (85 mg, 0.24 mmol, 79%) as a white powder.

Rf: 0.38 (petroleum ether/ethyl acetate: 2/1; Vanillin)
Mp.: 128-130 °C (petroleum ether/ethyl acetate)

H NMR (CDCls, 400 MHz): § [ppm]: 6.76 (d, J=9.7 Hz, 1H, Ar-H), 6.71 (dd, J=6.8, 2.9 Hz,
2H, Ar-H), 5.00 (d, J=4.7 Hz, 1H, 3a-H), 4.50 (d, J=2.0 Hz, 2H, 8-H), 3.78 (s, 3H, OCH3), 3.75
(s, 3H, OCHz), 2.82 (td, J=12.5, 5.0 Hz, 1H, 2’-H?), 2.56 (td, J=12.5, 4.8 Hz, 1H, 2’-H"), 2.46
(dd, J=13.4, 6.9 Hz, 1H, 5-H?), 2.29 (dd, J=15.3, 6.4 Hz, 1H, 4-H?), 2.06 - 1.90 (m, 3H, 1"-H,
5-Hb), 1.82 - 1.72 (m, 1H, 4-HP).

13C NMR (CDCl3, 101 MHz): 8 [ppm]: 176.5 (C6), 153.6 (C5”), 152.5 (C2), 151.7 (C2”),
129.9 (C1”), 116.2 (C6”), 112.0 (C3” or C4”), 111.4 (C3” or C4"), 92.2 (C8a), 89.1 (C3a),
69.4 (C8), 56.7 (C5a), 55.9 (OCH3), 55.9 (OCH3), 32.8 (C5), 31.9 (C1"), 30.0 (C4), 26.0 (C2).

HRMS (ESI-TOF): m/z: calcd for [C18H2007+Na]*: 371.11012; found: 371.11025
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5. Experimental section

In order to obtain crystals suitable for XRD measurement the following procedure was
performed: 20 mg of the product was measured into a 1.5 ml screw-necked vial
(32.0 mmx@ 11.6 mm; Macherey-Nagel, Product No.: 70213) and ethyl acetate (900 pL)
was added, the mixture was then homogenised in an ultrasonic bath and the open 1.5 ml
vial was placed into a bigger, 40 ml screw-necked vial (95.0 mmx@ 27.5 mm; Fisher
Scientific, Product No.: 10465982) and petroleum ether 40/60 (5 mL) was added, the
40 mL vial was closed and was carefully placed into a fridge (0-4 °C) so, that the inner,
smaller vial would not slide to the side of the bigger vial. Suitable crystals presented

themselves after 7 d.

The XRD measurement was performed as follows: a suitable crystal with dimensions
0.18 x 0.14 x 0.07 mm?3 was selected and mounted on a XtaLAB Synergy-S, Dualflex, HyPix
diffractometer. The crystal was kept at a steady T = 149.99(10) K during data collection.
The structure was solved with the ShelXT 2018/2[292] solution program using dual
methods and by using Olex2 1.5-ac5-024[293] as the graphical interface. The model was

refined with ShelXL 2018/3[294] using full matrix least squares minimisation on F2.

Crystal Data: CisH2007, Mr= 348.34, triclinic, P-1 (No. 2), a= 7.5303(4) A b=
10.1469(4) A, c= 11.0137(4) A, a= 80.071(3)°, B= 86.956(4)°, y= 76.829(4)’, V=
807.05(6) A3, T= 149.99(10)K, Z= 2, Z'= 1, u(Cu Ko) = 0.932, 29350 reflections
measured, 3471 unique (Rint = 0.0275) which were used in all calculations. The final wR2

was 0.1043 (all data) and R: was 0.0445 (122 o(1)).
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5. Experimental section

Ethyl 2-0x0-1-(3-oxobutyl)cyclopentane-1-carboxylate (2-73)[177.178]

Iron(III) chloride hexahydrate (865 mg, 3.2 mmol, 2 mol%) was added to ethyl-2-
oxocyclopentancarboxylate (25.0 g, 160 mmol, 1.0 eq.) and to this deep blue solution
methyl vinyl ketone (16 ml, 13.5 g, 192 mmol, 1.2 eq.) was added dropwise over 1 h, while
the reaction was being kept at room temperature with a water bath. After the addition
was complete, the mixture was stirred for a day at RT, followed by the evaporation of
volatiles in vacuo (70 °C, 15 mbar), then the crude product was distilled under high
vacuum (110-115 °C, 1.5:10-2 mbar) to afford ketoester 2-73 (18.4 g, 81.3 mmol, 51%) as
a colourless liquid, that was used immediately in the next step without further purification

or analysis.
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5. Experimental section

Ethyl 6-0x0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-72)[17°]
(@] ! 7a !
S W
5
4 COOEt

Ethyl 2-oxo-1-(3-oxobutyl)cyclopentane-1-carboxylate (2-73) (18.4g 81.3 mmol],
1.0 eq.) was dissolved in ethyl acetate (50 mL) and then acetic acid (4.7 mL, 4.9 g,
81.3 mmol, 1.0 eq.) and pyrrolidine (6.7 mL, 5.8 g, 81.3 mmol, 1.0 eq.) were added while
the mixture was being kept in a water bath at RT. The resulting dark yellow solution was
then stirred at RT overnight. Then it was concentrated in vacuo, and the dark greenish
crude mixture was purified by flash chromatography (silica, petroleum ether/diethyl

ether: 2/1) to afford indenon 2-72 (10.7 g, 51.4 mmol, 63%) as a colourless liquid.
Rf: 0.31 (petroleum ether/diethyl ether: 2/1, UV)

'H NMR (CDCl3, 400 MHz): 6 [ppm]: 5.88 (t, J=2.0 Hz, 1H, C7-H), 4.12 (p, J=7.1 Hz, 2H,
OCH2CH3), 2.79 - 2.71 (m, 1H, 1-H?), 2.59 - 2.45 (m, 2H, 1-H®, 5-H?), 2.35 - 2.30 (m, 3H, 3-
H, 4-H?), 1.83 - 1.74 (m, 3H, 5-H®, 2-H), 1.61 - 1.53 (m, 1H, 4-H®), 1.20 (t, J=7.1 Hz, 3H,
OCH2CH3).

13C NMR (CDCl3, 101 MHz): & [ppm]: 199.0 (C6), 173.4 (COOCH2CH3), 170.5 (C7a), 123.5
(C7), 61.5 (COOCH2CHs), 54.4 (C3a), 38.4 (C4), 34.8 (C3), 33.4 (C5), 31.9 (C1), 22.1 (C2),
14.2 (COOCH2CHs3).

HRMS (ESI-TOF): m/z: calcd. for [C12H1603+H]*: 209.11722; found: 209.11732
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5. Experimental section

Ethyl 1-bromo-6-0xo0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-74a)

4 COOEt

Ethyl  6-oxo-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate  (2-72) (500 mg,
2.40 mmol, 1.0 eq.) was dissolved in 1,2-dichloroethane (10 mL) and NBS (512 mg,
2.88 mmol, 1.2 eq.) was added. The mixture was then heated to 75 °C and AIBN (8 mg,
0.048 mmol, 2 mol%) was added to initiate the reaction, and the mixture was stirred at
this temperature for 3 h. Then an another portion of NBS (125 mg, 0.70 mmol, 0.3 eq.) and
AIBN (8 mg, 0.048 mmol, 2 mol%) was added, and the heating was continued for another
3 h. Then the mixture was allowed to cool to room temperature, was partitioned between
diethyl ether (50mL) and water (50 mL), separated, the aqueous phase was extracted with
diethyl ether (1x50 mL), the combined organic layers were washed with water (1x50 mL)
and dried over sodium sulphate. After the drying agent was removed by filtration and the
volatiles were evaporated in vacuo, the deep orange crude product was subjected to flash
chromatography (silica, petroleum ether/diethyl ether: 8/1to4/1to 2/1to 1/1) to afford
indenon 2-74a (248 mg, 0.86 mmol, 36%) as a yellow liquid.

Rf: 0.48 (petroleum ether/diethyl ether: 1/1, KMnO4)

H NMR (CDCls, 400 MHz): & [ppm]: 6.20 (s, 1H, 7-H), 5.13 - 5.10 (m, 1H, 1-H), 4.20 - 4.11
(m, 2H, OCH2CH3), 2.66 (ddd, j=13.0, 4.9, 2.2 Hz, 1H, Ring-H), 2.49 - 2.40 (m, 2H, 1-Hs,
Ring-H), 2.38 - 2.28 (m, 2H, 1-HP, Ring-H), 2.21 - 2.14 (m, 1H, Ring-H), 2.01 - 1.91 (m, 2H,
Ring-H), 1.23 (t, J=7.1 Hz, 3H, OCH2CHs).

13C NMR (CDCls, 101 MHz): § [ppm]: 198.6 (C6), 172.8 (COOCH2CH3), 167.6 (C7a), 127.4
(C7), 62.0 (COOCH2CH3), 54.2 (C3a), 47.3 (C1), 35.3 (Ring-C), 35.3 (Ring-C), 34.7 (Ring-C),
33.7 (Ring-C), 14.2 (COOCH2CHs3).

HRMS (ESI-TOF): m/z: calcd. for [C12H15sBrO3+H]*: 287.02773; found: 287.02801
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Ethyl 1-hydroxy-6-oxo0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-
74b)[183]

4 COOEt

Ethyl 6-0x0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-72) (500 mg,
2.40 mmol, 1.0 eq.) and p-toluenesulfonic acid monohydrate (90 mg, 0.48 mmol, 0.2 eq.)
were dissolved in isopropenyl acetate (4 mL) and the solution was kept in gentle reflux
for 24 h. Then the mixture was allowed to cool to RT and was diluted with diethyl ether
(25 mL), the ethereal solution was washed with sat. sodium hydrogencarbonate solution
(1x25 mL) and sat. sodium chloride solution (1x25 mL) and was dried over sodium
sulphate, filtered, and the volatiles were evaporated in vacuo. The deep orange oil was
immediately dissolved in acetone (35 mL) then water (7.5mL) and sat. sodium
hydrogencarbonate solution (7.5 mL) were added, followed by the addition of Oxone®
(2220 mg, 7.2 mmol, 3.0 eq.), and the milky mixture was stirred for 24 h at RT. The
mixture was then poured into water (50 mL) and was extracted with ethyl acetate
(2x50 mL), the combined organic phases were dried over sodium sulphate, filtered and
the volatiles were removed in vacuo affording a deep orange oil as crude product, that
was subjected to flash chromatography (silica, petroleum ether/ethyl acetate: 1/1) to
acquire indenon 2-74b (176 mg, 0.78 mmol, 33%) as a light yellow oil.

Rf: 0.23 (petroleum ether/ethyl acetate: 1/1, UV)

H NMR (CDCls, 400 MHz): § [ppm]: 6.03 (d, J=2.0 Hz, 1H, 7-H), 4.86 (ddd, J=8.8, 7.6, 2.2
Hz, 1H, 1-H), 4.13 (qd, J=7.1, 6.3 Hz, 2H, OCH2CH3), 3.28 (s, 1H, OH), 2.61 - 2.56 (m, 1H,
4-H?), 2.38 - 2.34 (m, 2H, 5-H), 2.24 - 2.15 (m, 2-H?, 3-H), 1.90 - 1.78 (m, 2H, 3-H®, 4-
HP), 1.67 - 1.59 (m, 1H, 3-HP), 1.21 (t, J=7.1 Hz, 3H, OCH2CH5).

13C NMR (CDCls, 101 MHz): 8 [ppm]: 199.5 (C6), 173.5 (COCH2CHs), 171.4 (C7a), 121.4
(C7), 73.4 (C1), 61.7 (OCH2CH3), 51.1 (C3a), 35.1 (C5), 34.3 (C4), 33.7 (C3), 31.5 (C2),
14.1 (OCH2CHs3).

HRMS (ESI-TOF): m/z: calcd. for [C12H1604+Na]*: 247.09408; found: 247.09421
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5. Experimental section

Ethyl (3aR*,65*)-6-hydroxy-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-
76a)(225]

HO.,, i? |1 2

i 4 éOOEt
Ethyl 6-0x0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-72) (4.0 g, 19.2 mmol,
1.0 eq.) was dissolved in methanol (50 mL) and cerium(III) chloride heptahydrate (7.2 g,
19.2 mmol, 1.0eq.) was added followed by the portionwise addition of sodium
borohydride (730 mg, 19.2 mmol, 1.0 eq.) and the mixture was stirred for 30 min at room
temperature. Then the mixture was diluted with water (100 mL) and diethyl ether
(100 mL) was added, the phases were separated, the aqueous phase was extracted with
diethyl ether (2x100 mL) and the combined organic phases were dried over magnesium
sulphate. The drying agent was filtered of, and the filtrate was concentrated in vacuo to
afford a yellow oil as crude product which was purified by flash chromatography (silica,
petroleum ether/ethyl acetate: 2/1) to give allylic alcohol 2-76a (3.0 g, 14.3 mmol, 75%)

as a faint yellow oil.
Rf: 0.26 (petroleum ether/ethyl acetate: 2/1, KMnO4)

H NMR (CDCls, 400 MHz): & [ppm]: 5.55 (s, 1H, 7-H), 4.25 (br, 1H, 6-H), 4.13 (qq, J=10.8,
7.1 Hz, 2H, OCH2CH3), 2.59 - 2.50 (m, 1H, 1-H?), 2.39 - 2.36 (m, 1H, 3-H2), 2.30 - 2.17 (m,
2H, 1-Hb, 4-Ha), 2.10 - 2.03 (m, 1H, 5-H4), 1.78 (br, 1H, OH), 1.70 - 1.59 (m, 2H, 2-H), 1.44
~1.35 (m, 3H, 3-Hb, 4-Hb, 5-Hb), 1.24 (t, J=7.1 Hz, 3H, OCH2CH3).

13C NMR (CDClI3, 101 MHz): 6 [ppm]: 176.0 (COCH2CH3), 146.5 (C7a), 123.7 (C7), 68.3 (C6),
60.9 (OCH2CH3), 53.5 (C3a), 38.5 (C4), 33.0 (C3), 31.1 (C5), 30.3 (C1), 21.5 (C2), 14.3
(OCH2(CH3).

HRMS (ESI-TOF): m/z: calcd. for [C12H1803+Na]*: 233.11536; found: 233.11501
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5. Experimental section

Ethyl (1aR*,25*,4aR*,7a5*)-2-hydroxyhexahydro-1H-cyclopropa|d]indene-4a(5H)-
carboxylate (2-77)[29]

H 1
7

HO.,, X
s
4 COOEt

To a solution of ethyl (3aR*65*)-6-hydroxy-1,2,3,4,5,6-hexahydro-3aH-indene-3a-
carboxylate (2-76a) (500 mg, 2.38 mmol, 1.0 eq.) in diethyl ether (25 mL), diethyl zinc
(1M in hexane, 4.8 mL, 4.76 mmol, 2.0 eq.) and a solution of diiodomethane (390 pL,
1275 mg, 4.76 mmol, 2.0 eq.) in diethyl ether (5 mL) were added dropwise at 0 °C. The
mixture was then allowed to warm to RT and was stirred for 24 h after which another
portion of diethyl zinc (1 M in hexane, 2.4 mL, 2.38 mmol, 1.0 eq.) and diiodomethane
(200 pL, 660 mg, 2.46 mmol, 1.0 eq.) were added at RT, and the reaction was stirred at RT
overnight, after which a third portion of diethyl zinc (1 M in hexane, 2.4 mL, 2.38 mmaol,
1.0 eq.) and diiodomethane (200 pL, 660 mg, 2.46 mmol, 1.0 eq.) were added at RT, and
the reaction was stirred again at RT overnight, then it was cooled to 0 °C, and quenched
with sat. ammonium chloride solution until the zinc salts dissolved, diethyl ether
(100 mL) was added, the phases were separated, and the aqueous layer was extracted
with diethyl ether (2x50 mL). The combined organic layers were washed with sat. sodium
hydrogencarbonate solution (1x100 mL), dried over sodium sulphate, filtered, and
concentrated in vacuo to afford a colourless oil as crude product which was then purified
by flash chromatography (silica, petroleum ether/ethyl acetate: 3/1 to 2/1) to afford
cyclopropane 2-77 (294 mg, 1.31 mmol, 55%) as a colourless oil.

Rf: 0.20 (petroleum ether/ethyl acetate: 2/1, KMnO4)

H NMR (CDCls, 400 MHz): § [ppm]: 4.19 - 4.05 (m, 3H, OCH2CHs, 2-H), 2.23 - 2.13 (m, 2H,
4-H?, 7-H?), 2.10 - 2.02 (m, 1H, 6-H?), 1.85 - 1.77 (m, 1H, 5-H?), 1.69 - 1.57 (m, 4H, OH, 3-
H?, 4-Hb, 5-H), 1.34 - 1.29 (m, 6-H?), 1.24 (t, J=7.1 Hz, 3H, OCH2CH3), 1.18 - 1.12 (m, 1H,
1a-H), 1.03 - 0.89 (m, 2H, 3-H®, 7-HP), 0.67 (dd, J=8.7, 5.6 Hz, 1H, 1-H?), 0.52 (t, J=5.7 Hz,
1H, 1-HY).

13C NMR (CDCls, 101 MHz): 8 [ppm]: 177.6 (COCH2CHs), 68.2 (C2), 60.4 (OCH2CH3), 49.3
(C4a), 41.1 (C4), 39.6 (C6), 35.0 (C7a), 32.1 (C7), 27.9 (Cla), 26.8 (C3), 25.4 (C5), 14.4
(OCH2€Hs3), 10.6 (C1).
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5. Experimental section

HRMS (ESI-TOF): m/z: calcd. for [C17H2006+Na]*: 247.13047; found: 247.13064
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5. Experimental section

Ethyl (1R*,1aR*,25*,4aR*,7a5*)-1-bromo-2-hydroxyhexahydro-1H-cyclopropa
[dlindene-4a(5H)-carboxylate (2-81)(252]

4 COOEt

To a cooled (0 °C) solution of ethyl (3aR*65*)-6-hydroxy-1,2,3,4,5,6-hexahydro-3aH-
indene-3a-carboxylate (2-76a) (200 mg, 0.95 mmol, 1.0 eq.) in DCM (3 mL), bromoform
(250 pL, 720 mg, 2.85 mmol, 3.0 eq.) and diethyl ether (300 pL, 211 mg, 2.85 mmol,
3.0 eq.) were given. This was followed by the dropwise addition of the diethylzinc solution
(1 M in hexane, 2.85 mL, 2.85 mmol, 3.0 eq.). The mixture was allowed to warm to RT and
was stirred overnight, then was diluted with DCM (20 mL), and was washed with water
(2x20 mL), dried over sodium sulphate, filtered and concentrated in vacuo affording an
orange oil as crude product, that was purified by flash chromatography (silica, petroleum

ether/ethyl acetate: 3/1) to afford a faint yellow oil (169 mg, 0.56 mmol, 59%) as product.
Rf: 0.48 (petroleum ether/ethyl acetate: 2/1, KMnOa4)

H NMR (CDCl3, 400 MHz): § [ppm]: 4.27 - 4.19 (m, 1H, OCH2°CHs), 4.12 - 4.06 (m, 2H,
OCH2*CHs, 2-H), 3.00 (d, J=4.4 Hz, 1H, 1-H), 2.28 - 2.15 (m, 3H, 4-H?, Ring-CH>), 2.00 - 1.92
(br, 1H, OH), 1.93 - 1.87 (m, 1H, Ring-CHz), 1.78 - 1.65 (m, 3H, 3-H?, Ring-CHz), 1.64 - 1.58
(m, 1H, Ring-CHz), 1.50 (t, J=5.2 Hz, 1H, 1a-H), 1.29 (t, J=7.1 Hz, 3H, OCH2CH3), 0.96 - 0.88
(m, 2H, 3-H®, 4-HY).

13C NMR (CDCls, 101 MHz): § [ppm]: 176.5 (COCH2CH3), 67.0 (C2), 60.9 (COCH2CH3), 50.1
(C4a), 41.2 (Ring-CHz), 39.9 (C7a), 38.7 (Ring-CHz), 36.2 (C1a), 31.1 (C4), 27.0 (C3), 26.8
(C1), 25.0 (Ring-CHz), 14.4 (COCH2CHs3).

HRMS (ESI-TOF): m/z: calcd. for [C13H19BrOs+Na]*: 325.04098; found: 325.04107

126



5. Experimental section

Ethyl (1R*,1aR*,25*4aR*,7a5*)-1-bromo-2-(((4-nitrophenyl)carbamoyl)oxy)
hexahydro-1H-cyclopropald]indene-4a(5H)-carboxylate (2-84)[265]

Br
2' H H 1 7
3 N0, X
O -
0N N
2 5 4 COOEt

To a solution of ethyl (1R*1aR*2S*4aR*7a$*)-1-bromo-2-hydroxyhexahydro-1H-
cyclopropa[d]indene-4a(5H)-carboxylate (2-81) (200 mg, 0.66 mmol, 1.0 eq.) in DCM
(2 mL) 4-nitrophenyl isocyanate (130 mg, 0.78 mmol, 1.2 eq.) and TEA (150 pL, 107 mg,
1.06 mmol, 1.6 eq.) were added, and the mixture was stirred at RT overnight, then it was
poured into aqueous hydrochloric acid (1 M, 10 mL), the phases were separated, the
aqueous phase was extracted with DCM (2x10 mL) the combined organic layers were
dried over sodium sulphate, filtered and concentrated in vacuo. The crude product was
purified by flash chromatography (silica, petroleum ether/ethyl acetate: 5/1) to afford
carbamate 2-84 as an off-white solid (211 mg, 0.45 mmol, 68%).

Rf: 0.55 (petroleum ether/ethyl acetate: 5/1, UV)
Mp.: 87-89 °C (ethanol)

1H NMR (CDCls, 400 MHz): § [ppm]: 8.30 - 8.27 (m, 2H, 3'-H, 5-H), 8.21 - 8.18 (m, 2H, 2'-
H, 6'-H), 5.42 (dt, J=11.1, 6.3 Hz, 1H, 2-H), 4.27 (dq, J=10.7, 7.1 Hz, 1H, COOCH22CH3), 4.12
(dg, J=10.7, 7.1 Hz, 1H, COOCH2PCH3), 3.12 (d, J=4.3 Hz, 1H, 1-H), 2.32 - 2.23 (m, 3H,3-Hs,
Ring-H), 2.01 - 1.92 (m, 1H, Ring-H), 1.91 - 1.71 (m, 4H, 4-Hs, 1a-H, Ring-H), 1.69 - 1.64
(m, 1H, Ring-H), 1.32 (t, J=7.1 Hz, 3H, COOCH2CHs), 1.23 (tdd, j=13.3, 11.1, 2.0 Hz, 1H, 4-
Hb), 1.08 (td, J=13.7, 2.1 Hz, 1H, 3-Hb).

13C NMR (CDCls, 101 MHz): & [ppm]: 176.1 (COOCH2CH3), 164.6 (Ar-NH-C0-0-C2), 150.7
(C4"), 135.8 (C1"), 130.9 (C2’/C6’), 123.7 (C3’/C5"), 71.9 (C2), 61.0 (COOCH2CH3), 50.1
(C4a), 41.1 (Ring-CHz), 40.3 (C7a), 38.5 (Ring-CHz), 32.6 (Cla), 30.7 (C3), 26.9 (C1), 25.0
(Ring-CHz), 23.5 (C4), 14.5 (COOCH2CH3).

HRMS (ESI-TOF): m/z: calcd. for [C20H23BrN206+Na]*: 489.06317; found: 489.06389
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5. Experimental section

In order to obtain crystals suitable for XRD measurement the following procedure was
performed: 100 mg of the product was measured into a 1.5 ml screw-necked vial
(32.0 mmx@ 11.6 mm; Macherey-Nagel, Product No.: 70213) and ethanol (~100 pL) was
added, the vial was heated and ethanol was dropped to the mixture until all solids were
dissolved hot, followed by additional ethanol (~100 pL). The vial was closed with the
appropriate cap, which was punctured three times with a needle (@ 1.1 mm) that allowed
the slow evaporation of the solvent. The vial was then placed into a polystyrene box and

was left undisturbed at RT. Suitable crystals presented themselves after 7 d.

The XRD measurement was performed as follows: A suitable crystal with dimensions
0.22 x 0.09 x 0.04 mm?3 was selected and mounted on a XtaLAB Synergy-S, Dualflex, HyPix
diffractometer. The crystal was kept at a steady T = 149.99(10) K during data collection.
The structure was solved with the ShelXT 2018/2[292] solution program using dual
methods and by using Olex2 1.5[293] as the graphical interface. The model was refined with

olex2.refine 1.5[2%] using full matrix least squares minimisation on F2.

Crystal Data: C20H23BrN20e¢, Mr= 467.319, triclinic, P-1 (No. 2), a= 8.9606(1) A b=
14.9434(2) A, c= 16.4576(2) A, a= 81.249(1)°, B= 76.856(1)°, y= 73.416(1), V=
2047.70(5) A3, T= 149.99(10)K, Z= 4, Z'= 2, u(Cu Ka) = 3.083, 88242 reflections
measured, 8821 unique (Rint = 0.0236) which were used in all calculations. The final wR2

was 0.0358 (all data) and R: was 0.0159
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6. NMR Spectra

6. NMR Spectra

Methyl 4-(2,5-dimethoxyphenyl)-3-oxobutanoate (2-9)
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6. NMR Spectra

5-lodopent-1-yne (2-4)
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6. NMR Spectra

1-(2-(2,5-dimethoxyphenyl)acetyl)-2-methylenecyclopentane-1-carboxylate
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6. NMR Spectra

2-(2,5-Dimethoxyphenyl)oxirane (2-14)
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6. NMR Spectra

2-Chloro-1-(2,5-dimethoxyphenyl)ethan-1-one (2-18)
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6. NMR Spectra

tert-Butyl hept-6-ynoate (2-19)
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6. NMR Spectra

2-(2,5-Dimethoxyphenyl)ethan-1-ol (2-29)
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6. NMR Spectra

2-(2-lodoethyl)-1,4-dimethoxybenzene (2-27)
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6. NMR Spectra

Ethyl 1-(2,5-dimethoxyphenethyl)-2-(2-tosylhydrazineylidene)cyclopentane-1-

carboxylate (2-30)
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6. NMR Spectra

[2.4]heptane-4-carboxylate (2-31)
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6. NMR Spectra

1,4-Dimethoxy-2-(2-(methoxymethoxy)ethyl)benzene (2-36)
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6. NMR Spectra

5,8-Dimethoxyisochromane (2-37)
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6. NMR Spectra
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6. NMR Spectra

2-Formyl-6-methoxyphenyl acetate (2-50)

>0 150000
6
5 OAc
; 140000
2
4 CHO 130000
3
120000
22T paRARg )
et U saes 110000
S £ oot
5 N
2 100000
J I 2 90000
T u T T kh N 80000
T T T I — T T
\ 750 745 740 735 730 725 720 715 740 70000
\ f1 (ppm) /
\ / 60000
\“ /(’
Y ya 50000
\
\‘ r
A / 40000
\ E 30000
o \ £ /
1 2 20000
£9IELARTAA5NNAS
A
Y\ T “ 7 ~10000
\ s
\\ ,"
o
| Fy ! ¥
g LRS- 8 s --10000

11.5 1.0 105 10.0 95 90 B85 80 75 70 65 60 55 50 45 40 35 30 25

230U
2200
2100
2000

1900

77.16 Chl

1800
1700
1600
1500
1400
1300

o 1200
2

18884

T~129.28
126.91

——121.39
11793

1100

1000

58

00

800

700

600

168.84
151 .84

500

400

e 141 60

300

200

r1o0

+-100

F-200

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 f %DD ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm

144



6. NMR Spectra

6-Bromo-2-hydroxy-3-methoxybenzaldehyde (2-51)
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6. NMR Spectra

2-Hydroxy-3,6-dimethoxybenzaldehyde (2-52)
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6. NMR Spectra

2-Formyl-3,6-dimethoxyphenyl trifluoromethanesulfonate (2-53)
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6. NMR Spectra

2-(2,5-Dimethoxyphenyl)-1,3-dioxane (2-54)
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6. NMR Spectra

2-(2-lodo-3,6-dimethoxyphenyl)-1,3-dioxane (2-55)
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6. NMR Spectra

2-lodo-3,6-dimethoxybenzaldehyde (2-56)
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6. NMR Spectra

3,6-Dimethoxy-2-((trimethylsilyl)ethynyl)benzaldehyde (2-57)
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6. NMR Spectra

1-(3,6-Dimethoxy-2-((trimethylsilyl)ethynyl)phenyl)-3-methylbut-3-en-1-o0l (2-58)
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6. NMR Spectra

Ethyl 4-(tert-butoxy)-3-oxobutanoate (2-62)
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6. NMR Spectra

Ethyl 4-(tert-butoxy)-2-(2,5-dimethoxyphenethyl)-3-oxobutanoate (2-63)
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6. NMR Spectra

Ethyl 2-(2-(tert-butoxy)acetyl)-2-(2,5-dimethoxyphenethyl)hex-5-enoate (2-64)
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6. NMR Spectra

3-(But-3-en-1-yl)-3-(2,5-dimethoxyphenethyl)furan-2,4(3H,5H)-dione (2-94)
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6. NMR Spectra

3-(3-(2,5-Dimethoxyphenethyl)-2,4-dioxotetrahydrofuran-3-yl)propanal (2-60)
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6. NMR Spectra

(3aR*,4R*,6aR*)-6a-(2,5-Dimethoxyphenethyl)-3a,4-dihydroxyhexahydro-1H-

cyclopenta[c]furan-1-one (2-65)
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6. NMR Spectra

(3aR*,5aR*,8aR*)-5a-(2,5-Dimethoxyphenethyl)tetrahydro-6H,8HH-furo[3',4'

cyclopenta[1,2-d][1,3]dioxole-2,6-dione (2-67)
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6. NMR Spectra

Ethyl 6-0x0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-72)
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6. NMR Spectra

Ethyl 1-bromo-6-0x0-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-74a)
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6. NMR Spectra
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6. NMR Spectra

Ethyl (3aR*,65*)-6-hydroxy-1,2,3,4,5,6-hexahydro-3aH-indene-3a-carboxylate (2-76a)
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6. NMR Spectra

Ethyl (1aR*,25*,4aR*,7a5*)-2-hydroxyhexahydro-1H-cyclopropa[d]indene-4a(5H)-

carboxylate (2-77)
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6. NMR Spectra

Ethyl (1R*,1aR*,25*4aR*,7a5*)-1-bromo-2-hydroxyhexahydro-1H-cyclopropa[d]indene-
4a(5H)-carboxylate (2-81)
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6. NMR Spectra

Ethyl (1R*,1aR*,25* 4aR*,7aS*)-1-bromo-2-(((4-nitrophenyl)carbamoyl)oxy) hexahydro-

1H-cyclopropa[d]indene-4a(5H)-carboxylate (2-84)
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7. X-ray structures

7. X-ray structures

(3aR*,5aR*,8aR*)-5a-(2,5-Dimethoxyphenethyl)tetrahydro-6H,8H-furo[3',4":1,5]
cyclopenta[1,2-d][1,3]dioxole-2,6-dione (2-67)

Figure 11 X-ray structure of cyclic carbonate 2-67
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7. X-ray structures

Table 14 Crystallographic data for cyclic carbonate 2-67

Formula

CCDC

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

Br

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/o

@max/o
Measured Refl's.
Indep't Refl's
Refl's 122 o(1)
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR:z (all data)
WR2

R (all data)
R1

C18H2007
2210466
1.433
0.932
348.34
clear colourless
block-shaped
0.18x0.14x0.07
149.99(10)
triclinic
P-1
7.5303(4)
10.1469(4)
11.0137(4)
80.071(3)
86.956(4)
76.829(4)
807.05(6)
2

1

1.54184
Cu Kq«
4.075
80.122
29350
3471

3340
0.0275
356

6

0.222
-0.195
1.180
0.1043
0.1037
0.0460
0.0445
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7. X-ray structures

Ethyl (1R*,1aR*,25* 4aR*,7aS*)-1-bromo-2-(((4-nitrophenyl)carbamoyl)oxy) hexahydro-
1H-cyclopropa[d]indene-4a(5H)-carboxylate (2-84)

H Br
2! H . N
s N__o <]"7
/©/1' \n/ 7a >6
, (@] "5
0,N"4 6 3 ,
5 4 COOEt

Figure 12 X-ray structure of carbamate 2-84
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7. X-ray structures

Table 15 Crystallographic data for carbamate 2-84

Formula

CCDC

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

Br

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/o

@max/o

Measured Refl's.

Indep't Refl's
Refl's 122 o(1)
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR:z (all data)
WR2

R (all data)
R1

C20H23BrN206¢
2244971
1.516

3.083
467.319
clear colourless
block-shaped
0.22x0.09x0.04
149.99(10)
triclinic

P-1
8.9606(1)
14.9434(2)
16.4576(2)
81.249(1)
76.856(1)
73.416(1)
2047.70(5)

4

2

1.54184

Cu Kq«

2.77

80.03

88242

8821

8561

0.0236

937

0

0.5098
-0.6949
1.0911
0.0358
0.0356
0.0165
0.0159
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