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Abstract 

Pericyclic reactions have been used in the total synthesis of natural products 

for decades; they often serve as a crucial element in elegant cascade se-

quences facilitating complex molecule construction.  

Among these, the divinylcyclopropane rearrangement has been proven to be 

a very versatile and powerful reaction allowing stereospecific introduction of 

chirality in a molecule. Therefore, this methodology was chosen for the first 

project of this thesis, which deals with the synthesis of cyclohepta[b]indole 

derived spiropyran photoswitches via a chiral Fischer base. The newly devel-

oped methodology relies upon results previously obtained in this research 

group and has been demonstrated to provide access to the enantioselective 

synthesis of cyclohepta[b]indoles. As a modification of this established meth-

odology, a racemic route towards the synthesis of cyclohepta[b]indole derived 

spiropyran photoswitches has been accomplished. This synthesis can easily 

be adjusted for an asymmetric synthesis by the use of Charette’s ligand in the 

cyclopropanation reaction. First investigations of the chiroptical properties of 

the chiral photoswitch have been assayed.  

The second part of this thesis deals with the application of pericyclic reactions 

in the total synthesis of a natural product called elisabethin A. The molecule 

belongs to a family of highly bioactive secondary terpenoid metabolites col-

lected from the Caribbean sea whip Pseudopterogorgia elisabethae. Many 

research groups became particularly interested in the synthesis of those com-

pounds reflecting their biological and medicinal importance due to their high 

anti-inflammatory and analgesic properties. Despite several attempts to ac-

complish a total synthesis of elisabethin A none of the reported approaches 

were able to establish a total synthesis, which is correct with respect to the 

stereochemical peculiarities of this molecule. This is due to the unique struc-

ture and very challenging molecular complexity of elisabethin A containg a 

trans-decalin system, which is cis-annelated to a five-membered ring. As a 

representative of pericyclic reactions, the intramolecular Diels-Alder reaction 

has been demonstrated to be a versatile tool for the introduction of decalin 

systems unfortunately resulting in the cis-configuration. Therefore, a 1,3 dipo-

lar cycloaddition, another example of a pericyclic reaction, will be used for the 

installation of the correct stereochemistry in elisabethin A.  

  



 

 

 

V 

Zusammenfassung 

Seit vielen Jahrzehnten werden perizyklische Reaktionen in der Totalsynthese 

von Naturstoffen verwendet. Oft dienen sie als entscheidendes Element einer 

eleganten Kaskadenreaktion, die den Aufbau von komplexen 

Molekülstrukturen erlaubt. 

Als Vertreter einer perizyklischen Reaktion hat sich die Divinylcyclopropan-

Umlagerung besonders hervorgehoben, da sie es erlaubt stereospezifisch 

Chiralität in einem Molekül aufzubauen. Daher beschäftigt sich das erste 

Projekt dieser Dissertation mit der Anwendung von der Divinylcyclopropan-

Umlagerung zur Synthese von Spiropyran-basierten Photoschaltern, welche 

strukturell aus Cyclohepta[b]indolen hervorgehen. Diesem Ansatz liegt eine 

Methode zugrunde, die bereits vorher in unserer Arbeitsgruppe für die 

enantioselektive Synthese von Cyclohepta[b]indolen verwendet wurde. Die 

Modifizierung der bereits etablierten Methode erlaubt die racemische 

Synthese von optisch aktiven Photoschaltern. Unter Verwendung von 

Charettes Liganden für die Cyclopropanierung kann die Syntheseroute auch 

für die asymmetrische Synthese von enantiomerenreinen 

Cyclohepta[b]indolen verwendet werden. Zudem wurden bereits erste 

Experimente durchgeführt, welche Aufschluss über die spezifischen 

Eigenschaften der Photoschalter geben. 

Der zweite Teil dieser Doktorarbeit befässt sich mit der Anwedung von 

perizyklischen Reaktion für die Synthese des Naturstoffs Elisabethin A. 

Dieses Molekül gehört zu einer Familie von terpenoiden Sekundärmetaboliten 

mit einer besonders hohen biologischen Aktivität. Entdeckt und isoliert wurden 

die Naturstoffe in der karibischen Seepeitsche Pseudopterogorgia 

elisabethae. Das große Interesse vieler Forschungsgruppen an einem 

synthetischen Zugang zu diesen Molekülen spiegelt die Bedeutsamkeit für 

biologische und medizinische Zwecke wider, da manche von ihnen eine 

besonders hohe entzündungshemmende und schmerzlindernde Wirkung 

besitzen. Trotz zahlreicher Versuche einer Totalsynthese von Elisabethin A, 

ist es bis heute keiner Forschungsgruppe gelungen eine Synthese mit 

zweifelsfrei korrekter Stereochemie zu publizieren. Dies lässt sich mit der 

einzigartigen und sehr anspruchsvollen, komplexen Strutkur von Elisabethin A 

begründen. Das Molekül besitzt ein trans-Dekalinsystem, welches cis-

anneliert zu einem Fünfring vorliegt. Als ein weiteres Beispiel für eine 

perizyklische Reaktion hat sich die intramolekulare Diels-Alder Reaktion 

hervor getan, um das Dekalinsystem in Elisabethin A elegant aufzubauen. 

Leider ergibt diese Reaktion immer ein cis-Dekalinsystem, sodass eine zweite 

perizyklische Reaktion, die 1,3-dipolare Cycloaddition, ausgewählt wurde, um 

die richtige Stereochemie zu erhalten. 
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1. Introduction 

1.1. Introduction for the Application of the Divinylcyclopropane 

Rearrangement in the Synthesis of Spiropyrans as 

Photoswitches 

1.1.1. Photoswitches 

During the last decade, molecular photoswitches have attracted considerable 

interest due to their great promises as molecular electronic and photonic de-

vices.[1] Molecular switches allow the storage of information on a molecular 

level and are not restricted to the simple switching process on and off. Their 

potential application in biomedicine, nanotechnology, and computer chip de-

sign allows one to think about whole new horizons. In general, molecular 

switches are addressed by an electrical field, a chemical or electrochemical 

reaction to specifically switch the physical properties between at least two 

states.[2] Without any doubt, photoswitchable molecules are of tremendous 

potential for several fields, ranging from chemistry, physics, and materials sci-

ence all the way to biology and medicine.[3] 

1.1.2. Photochromism 

Reversible shift between two or more stable states of a molecule is termed as 

molecular switch.[4] These switches can be induced by changes in physical 

environment such as light, temperature or electrical current, besides by a lig-

and-exchange. Furthermore, a change in pH can induce the switching pro-

cess. The switching process itself is also described as photochromism since it 

can cause a change in color, such as in pH indicators. Literally, the term de-

scribes a photoinduced change in color (greek: phos = light, chroma = color) 

and is presumably the oldest form of molecular switches, termed as acidi-

chromism.[5] Photochromic compounds illustrate a broadly explored area and 

can switch between different electronic configurations by irradiation with light 

of a specific wavelength.[2] The phenomenon is a reversible transformation 

between two different forms A (thermodynamically stable) and B by irradiation 

(Figure 1). The reverse reaction can occur photochemically (P-type photo-

chromism) or thermally (T-type photochromism).[6] 

 

Figure 1. The principle of photochromism. 

A B
hn1

hn2 or D
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The two forms differ in their absorption spectra (Figure 2). Furthermore, the 

species also differ in their physical properties, such as refractive index or die-

lectric constant. In most cases, A is a colorless or pale colored form while B is 

a colored form.[2, 7] 

 

Figure 2. Absorption spectra for a typical AB photo- or thermochromic system. 

However, photochromic transformations are usually attended by absorbance 

changes shifting towards the visible region.[8] Consequently, visible absorption 

spectroscopy has been demonstrated as a very convenient analytical meth-

odology to investigate photochromic processes. Typically, after the photo-

induced absorbance change of A to the photochromic compound B, it may 

fade thermally back to its original state A as soon as the irradiation is stopped. 

In case of thermally stable photochromic molecules, the photo-generated state 

B will remain after the irradiation is stopped.[9] Nevertheless, in both cases the 

fall back to their initial state A can either occur by decolorizing (bleaching) us-

ing visible irradiation, or generally, using irradiation at a different wavelength.  

1.1.3. Photochromism in Nature 

Photochromism is also a phenomenon that appears in Nature since important 

biological processes are triggered by light signals and controlled by the natural 

properties of the light source (i.e., wavelength and incident flux).[10] As a com-

mon feature of all these systems chromophores (photosensor) have been 

shown to be an essential part in the biological process. Those molecules are 

sensitive upon light absorption and consequently trigger-on (switch on) a se-

ries of signaling cascades that are recognized by the surrounding biomem-

brane or protein assemblies. The response to the light-induced chemical 

transformations of the chromophore initiates secondary biotransformations 
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and complex biological events, e.g. neural responses or the activation of ion 

pumps. For example, the process of vision is based on chromophores.[11] In 

the retina, visual pigments are attained by light stimuli. As a consequence of 

this the chromophore 11-cis-retinal (1, Scheme 1) isomerizes to the 11-all-

trans-retinal (2, Scheme 1). Retinal is bound to the protein opsin and forms 

the holoprotein rhodopsin with it. The photo switch leads to further transfor-

mations, resulting in an electric signal transmitted to the brain. So the genera-

tion of the seen picture can be started.[12] 

 

Scheme 1. 11-cis-retinal to 11-trans retinal isomerization. 

1.1.4. Organic Photochromic Compounds 

Over the last decades, organic photochromic compounds of the AB-type at-

tained more interest due to their high potential for many technologically im-

portant fields like nanoelectronic technology and biomedicine.[6] 

There are two categories for photochromic processes: unimolecular and bimo-

lecular transformation processes.[7] The first ones include photo-induced ring 

opening/closing, cis-trans- isomerization and intramolecular proton transfer; 

basically all conversions of two isomers A and B. A bimolecular process such 

as photo-induced cycloadditions consists of two identical reactants that are 

converted into a single product. This is a very rare transformation with only a 

few examples.[13] 

Many photochromic systems of the AB-type are known (Scheme 2). Cis-trans 

isomerization of azabenzenes leads to two forms differing in their absorption 

spectra. Due to their chemical robustness and easy synthetic access, 

azabenzenes are applied in chemical biology (A, Scheme 2).[14] Fulgides (B, 

Scheme 2) undergo an electrocyclization reaction comparable to the 1,3,5-

hexatriene cyclization by UV-irradiation. A similar ring-closing reaction by UV-

irradiation is observed in diarylethenes (C, Scheme 2) and leads to thermally 

stable compounds. Moreover, an intramolecular proton transfer is possible for 

interconversion of two photochromic compounds (D, Scheme 2).[7] 
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Scheme 2. Examples for photochromic AB-systems; a) azabenzenes, b) fulgides, c) diarylethenes, d) 

Schiff’s bases. 

Another example for a photochromic system of the AB-type are compounds 

that belong to the class of spiropyrans (11; also spirobenzopyrans) and spi-

roxazines (12; also spirooxazines) as depicted in Scheme 3; their mechanism 

of photochromism is based on ring opening and ring closing reactions. Spiro-

pyrans (11) consist of two heterocyclic parts linked together by a spiro center, 

forming two orthogonal planes.[15] 

 

Scheme 3. General structure of spiropyrans (11 = CH) resp. spiroxazines (12 = N). 

In 1952, Hirshberg and Fischer discovered the photochromic properties of 

these compounds.[16] Applications for light-actuated nanovalves or photo-

chemically erasable memory devices were suggested.[1] Later on, the use of 

spiropyrans for bit-oriented three-dimensional optical data memory systems 

has been demonstrated.[17] The photochromic activity of spiropyrans can be 

explained by the ring-opening reaction induced by UV-irradiation (Scheme 4). 

In the closed form (13, SP), the spiropyran is colorless. The open merocya-

nine dye (14, MC) can form a zwitterionic species, which can be stabilized in 

polar solvents. The MC-form can be reverted to the SP-form by irradiation of 

visible light or by thermal treatment. Switching from the closed form (13) to the 

opened structure (14) occurs on a picosecond to nanosecond time-scale. The 

resulting system 14 differs from the primary (13) in the point that the two pre-

viously isolated systems become extensively conjugated leading to a colored 

form.[2, 18] Transformation of the SP-form (13) to the MC-form (14) is associat-

ed with the loss of the stereogenic center at the spiro carbon.[19] Consequent-

ly, reconversion of the achiral species 14 causes racemization.[20] 
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Scheme 4. Interconversion of the SP and MC form of a spiropyran. 

In spiroxazines the photochromism is based on a ring opening reaction by 

cleaving the carbon-oxygen bond of the oxazine ring. Due to their brilliant re-

sistance to light-induced degradation, spiroxazins are applied in optical filters 

and lenses.[21] Functionalization of spiropyrans and spiroxazines would allow 

connecting them to biomolecules, e.g. via Click chemistry.[22] 

1.1.5. Synthesis of Spiropyran Photoswitches 

Spiropyran photoswitches usually arise from the condensation of an indole-

based enamine, a so-called Fischer’s base (16), with salicyclic aldehydes 

such as 17 (Scheme 5).[23] A broad scope of suitable aldehydes derives from 

heteroaromatic and polycyclic analogues and those compounds are in most 

cases commercially available.[24] The synthesis of the Fischer’s base (16) 

commences with alkylation of indolenine 15 and subsequent treatment with a 

strong base such as potassium hydroxide delivering enamine 16, the Fischer 

base. 

 

Scheme 5. Synthesis of a spiropyran photoswitch (18). 

Characteristically, spiroindolinopyranes of type 19 exhibit photoisomerism up-

on irradiation with light in the near UV range, which leads to the conversion of 

the spiropyran (SP) to an open, zwitterionic merocyanine form (MC) (A, Figure 

3).[16] As a result of the switching process and the formation of the chromene 

subunit in the merocyanine form the orthogonal -system is broadly expanded 

leading to the evolution of a far-red shifted band in the UV-Vis spectrum. 

Since the merocyanine band lies usually within the visible range a drastic col-

or change is observed for the transformation of the spiropyran form to the 

merocyanin form (B, Figure 3). Additionally, changes in terms of physical 

properties such as the dipole moment and the redox potential, as well as the 

chemical reactivity are typically found. The reverse reaction pathway can be 
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triggered via irradiation with visible light within reach of the merocyanine band. 

Consequently, the photoisomerism of spiropyranes is fully reversible in most 

cases and multiple reaction cycles are possible. Transitions between the two 

states of the switch can further be induced by chemical stimuli (pH change, 

ligation of Lewis acids) as well as temperature changes.[25] 

 

Figure 3. SP-MC Transition in the UV-Vis spectrum.[25] 

The quaternary carbon at the 3-position is absolutely essential for all spiropy-

rane switches since a tertiary carbon would results in irreversible degradation 

of the spiropyrane upon contact with protic media (Scheme 6).[26] 

 

Scheme 6. Reactivity of a spiropyrane without quaternary carbon atom in the 3-position of the indole. 
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Spiropyrans have been intensively investigated and found a wide range of 

applications in material science, chemical biology or analytics.[25] However, 

only very little has been reported on optically active spiropyranes and their 

chiroptical properties. The major reason for this is the instability of the configu-

ration of the inherently chiral spiropyrane moiety (Scheme 7).[26b] Due to ther-

mal transition between the MC- and SP-form of spiropyranes close to room 

temperature formation of an equilibrium between those two states is observed. 

Usually, the equilibrium is far shifted towards the spiropyrane form. However, 

this process enables a potential reaction pathway that leads to epimerization 

of the spiropyrane. The separation of spiropyrane enantiomers is feasible at 

low temperatures in the dark, but heating to ambient temperature under light 

exposure was shown to result in fast racemization and loss of optical 

activity.[26b, 27]  

 

Scheme 7. Racemization process triggered by irradiation of spiropyrans. 
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1.2. Introduction for the Application of Pericyclic Reactions in 

the Total Synthesis of Elisabethin A 

The Carribean reefs are an extraordinary habitat for organisms such as sea 

plumes, sea fangs, and sea whips of the Pseudopterigorgia. Since the 1990s, 

the West Indian gorgonian octocoral Pseudopterogorgia elisabethae has been 

extensively studied.[28] It turned out that this plant possesses an exceptional 

source of a large variety of secondary metabolites, mainly diterpenoids, ses-

quiterpenoids, and steroids.[29] The natural products are of current interest due 

to their interesting biological and medical activities.[30] For example, some 

pseudopterosins are considered as potent anti-inflammatory and analgesic 

compounds that have been licensed for medical use for example. as potential 

anti-inflammatory drugs.[31] Investigations from the Rodríguez group on the 

chemical constituents of a sample of Pseudopterogorgia elisabethae collected 

near San Andrés Island, Colombia, resulted in the isolation of many structural-

ly interesting diterpenoids. Those molecules stood out having the most com-

plex structures and therefore are of high interest for organic chemists. Also 

compounds with a rearranged carbon skeleton such as terpenoids of the nor-

sandresane skeletal class in addition to amphilectane- and serrulatane-based 

diterpenes were found. Some of these fascinating natural products will be dis-

cussed in the following section.[32] 

1.2.1. Octocoral Pseudopterogorgia Elisabethae  

Since 1980s, the interest in natural compounds form Pseudopterogorgia elis-

abethae (Figure 4) has been continuously increasing due to the newly discov-

ered inflammatory activity of these isolated terpenes. The first pseu-

dopterosins were isolated by the Schmitz[33] and Fenical[34] group. As soon as 

other research groups like the Rodríguez[31] group from Puerto Rico and the 

Kerr[35] joined the field, even more terpenoid compounds were isolated from 

Pseudopterogorgia elisabethae. 

 

Figure 4. Pseudopterogorgia Elisabethae.[36] 



 

 

 

10 

1.2.2. Occurance and Isolation 

The gorgonian soft corals belong to one of the most common octocorals in the 

warm waters of the Caribbean Sea. Thus, the Caribbean sea whip Pseu-

dopterogorgia Elisabethae (Figure 1) was was found in the reefs of the Florida 

Keys, the Bahamas and the West Indian region.[37] Generally, the natural habi-

tat of this plant is on deeper reef communities as well as on fore reef zones. 

Systematic classification for the animal kingdom is assigned as followed: Phy-

lum Cnidaria, class Anthozoa, order Gorgonacea, family Gorgoniidae, genus 

Pseudopterogorgia, species Pseudopterogorgia Elisabethae.  

In 1999, the Rodríguez group isolated a small sample of this octocoral near 

San Andrés Island for further investigations.[32] The freshly collected plants 

(1.0 kg) were dried in the sun and kept frozen for storage. Extraction of the 

organism from the sample was performed with MeOH/CHCl3 (1:1) and the 

organic suspension was filtrated. The remaining solvent was removed in vac-

uo and the obtained solid was partitioned between hexane and water. The 

hexane layer was separated and concentrated under reduced pressure to an 

oil. A small portion was dissolved in toluene and purification was obtained 

through successive size exclusion chromatography (Bio-Beads SX-3 in tolu-

ene), silica gel based flash chromatography, and high-performance liquid 

chromatography. Thus, they were able to isolate the natural products from P. 

elisabethae to a solution ranging in concentration of 0.0001 wt.% according to 

the isolated dry weight.[38] 

1.2.3. Structural Classes of Carbon Skeleton 

More than twenty different skeletal classes of terpenoids with complex and 

unique structural motives, exciting substitution patterns and different function-

alities have been found in P. elisabethae. The following section will give a 

short overview of some classes of diterpenes isolated from P. elisabethae. 

They are categorized by their structural carbon skeleton. Determination of all 

of those compounds was accomplished by spectral analyses (NMR) and if 

accessible by X-ray crystallographic analysis.  

1.2.3.1. The Amphilectane Class 

The first class discussed is the amphilectane class (Scheme 8). The mutual 

core structure features three annulated six-membered rings, which are deco-

rated with a methyl on each ring and an isobutenyl chain on the C-ring. Com-

pound 22 is a higher oxygenated derivative, which was first isolated by Feni-

cal.[39] Pseudopterosin A-D (23) and pseudopterosin K,L (26) are bearing 

different D-xylose moieties at position eight indicated by the indices. 23 and 

26 are enantiomers to each other and both of them possess a high biological 
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activity. A little later, elisabathin A (24) and B (25) were isolated by 

Rodriguez.[32b] With respect to their unique structural features, those two mol-

ecules are outstanding among the amphilectane class since they consist of a 

very high level of aromatic conjugation. 

 

 

Scheme 8. The amphilectane (21) class. 

1.2.3.2. The Serrulatane Class 

On a structural level, the amphilectane class is closely related to the serru-

latane class. However, this class of natural products is missing the carbon-

carbon bond between C-1 and C-13 (Scheme 9) and is featured by a very 

simple carbon skeleton with only few functionalities. It is decorated with two 

annulated cyclohexane rings that are each bearing one methyl group. Addi-

tionally, there is a branched side chain containing eight carbon atoms at posi-

tion 3. The least complex compound of this family is elisabethatriene (28). Fol-

lowing this order, the next compound would be 3 exhibitng a higher 

oxygenated carbon skeleton with a tertiary alcohol and a fully substituted qui-

none system. Compound 30 was first found and described by Fenical and is 

one of the rather less complex molecules.[39] Structural features of this com-

pound are as well the quinone system and a side chain with an allylic alcohol. 

Elisabethadienol (31) was isolated and first described by Rodríguez.[38] A well-

known serrulatane is seco-pseudopterosin A-D aglycon (32), which contains 

an aromatic ring with two phenol groups. Glycosylation reaction of the phenol 

groups leads to the corresponding seco-pseudopterosins (32).  
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Scheme 9. The serrulatane (27) class. 

1.2.3.3. The Elisabethane, Elisabane and bisnorseco-Elisabethane Class 

The class of molecules that are categorized as elisabethane, elisabane, and 

bisnorseco-elisabethane share as a mutual structural feature a 5,6-annulated 

ring system (Scheme 10). The elisabethane class is congeneric to the amphi-

lectane class since it also possesses three rings. But in contrast, this class 

contains two annulated six-membered rings and an additional five-membered 

ring. Elisabethin A (36) and elisabethin D (39) are among those compounds in 

this class and are only distinguished in the oxidation state at the central car-

bon atom C-7. For the elisabane class, an additional five-membered ring is 

annulated at the carbon atoms of C-2 and C-13, which introduces to two qua-

ternary carbon centers. Actually, this class is considered as a nor-diterpene 

since it consists only nineteen carbon atoms – C-8 is absent between the two 

carbon atoms of C-7 and C-9. The tricyclic ring system is decorated with one 

isopropyl group and three methyl groups. One example of this class is the 

natural product elisabanolide, which bears as a structural feature an addition-

ally oxygenated carbon atoms at C-7 and C-1 and also exhibits a lactone func-

tionality. The next class in this context is the bisnorseco-elisabethane class, 

which contains two methyl groups, a propyl substituent and an isobutyl group. 

Again, this class is not categorized as diterpenes since it only contains eight-

een carbon atoms in total. Therefore, it is classified as another derivative of 

the nor-diterpenes. Elisabethin C (38) is a representative of this class consist-

ing of only one quaternary carbon atom. 
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Scheme 10. The elisabethane (33), elisabane (34) and bisnorseco-elisabethane (35) class. 

1.2.3.4. The Elisapterane and Colombiane Class 

The remaining two classes, the colombiane and elisapterane, are decorated 

with a more complex carbon skeleton (Scheme 11). They both contain a tetra-

cyclic system only differing in the carbon-carbon bond connection. 

The elisapterane class exhibits two annulated six-membered rings and two 

five-membered rings. Due to an additional carbon bond between the carbon 

atoms of C-10 and C-14 a new five-membered ring is generated, which builds 

up a bicyclic ring system (bicycle[3.2.1]octane). This class contains of two 

quaternary carbon centers, which are also present in the diterpenoids elisap-

terosin A (42) and B (43). In addition, elisapterosin A that is highly oxygenated 

and contains an additional quarternary carbon atom and a hemiacetal moiety 

at C-9. 

Closely related to the elisabethane class is the class of the colombianes. In 

contrast, there is another carbon atom between C-7 and C-16, which leads to 

the formation of the additional ring. It also consists of an annulated ring sys-

tem of three six-membered rings and one five-membered ring that are all dec-

orated with a methyl group. Colombiasin A (43) reflects as a representative of 
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this class the very challenging and unique molecular structure of the colombi-

anes.[40] 

 

Scheme 11. The elisapterane (40) and colombiane (41) class. 

1.2.4. Biosynthesis 

The building block for the biosynthesis of all previously discussed diterpenoids 

is geranylgeranyl diphosphate (45, GGPP), the common precursor for the bio-

synthesis of diterpenoids.[41] 

Since all essential carbon atoms are already in place in GGPP, the biosynthe-

sis mainly consists of functional group interconversions, cyclization cascades 

and insertion reaction. A cyclization reaction is reported as the first step in the 

biosynthetic pathway of all previously discussed diterpenoids. The enzyme, 

which is responsible for catalyzing this process, is described in the literature 

as the elisabethatriene cyclase (Scheme 12). 
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Scheme 12. Cyclization of GGPP to Elisabethatriene (28) catalyzed by elisabethatriene cyclase. 

Acting as a terpene cyclase this enzyme assembles most parts of the carbon 

skeleton in a single step to furnish elisabethatriene. Structurally, it is a mono-

mer with a molecular mass of 47 kDa, which is quite small for a diterpene 

cyclase (usually ~80kDa). A possible mode of action is reported (Scheme 13). 

 

Scheme 13. Possible mechanism for the cyclization of GGPP to elisabethatriene (28). 

As postulated, the first step describes the release of pyrophosphate from 

GGPP resulting in intermediate 46, which contains of a stabilized allylic cation. 

Isomerization from of the double from (E) to (Z) takes place to form the reac-

tive intermediate 47. In the next step, 47 is attacked by the double bond be-

tween C-10 and C-11 in order to build up a ten-membered ring and also leads 

to the formation of a tertiary cation in compound 48. As a consequence of two 

subsequent hydride shifts, the stereochemistry at C-3 and C-11 is correctly 

introduced. The newly formed allylic cation in 49 is then attacked from the 

double bond between C-6 and C-7 resulting in two annulated six-membered 

rings delivering intermediate 50. Again, two subsequent hydride shifts take 

place building up the right stereochemistry at the two carbon atoms C-6 and 

C-7. The resulting allylic cation is trapped through hydride abstraction at the 

carbon atom C-18 delivering the required diene system in elisabethatriene. 
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From there, the next step is oxidation to the aromatic ring system in erogor-

giaene (51, scheme 14). Introduction of two phenol group in ortho- and meta-

position to the methyl group at the aromatic ring leads to 52. Oxidation of 52 to 

the corresponding quinone system results in compound 53, which can then 

undergo allylic oxidation to give 54. After phosphorylation of the allylic alcohol 

takes place, another nucleophilic attack of either a hydride or water adds to 

quinone system in the fashion of a 1,4 addition. Substitution of the pyrophos-

phate results in the formation of elisabethin A (36) resp. elisabethin D (39).  

 

Scheme 14.Proposed biosynthesis of elisabethin A (36) and D (39). 

1.2.5. Biological activity 

The biological activity of natural products isolated from P. elisabethae includes 

a broad variation of anti-tuberculosis, anti-cancer, anti-plasmodial activity, and 

anti-inflammatory. 

Several representatives of the amphilectane, the sereulatane, elisabethane 

and elisapterane class are consisting of antituberculosis activity against Myo-

bacterium tuberculosis H37Rv. Among those components, elisapterosin B (44) 

and ergogorgiaene (51) exhibit a strong growth inhibitory activity against the 
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bacteria of Mycobacterium tuberculosis (79%, 97%, and 96% resp.).[42] Addi-

tonally, elisabanolide (37) and elisabethin C (38) have proven for a moderate 

inhibitory activity of 39% and 42% again M. tuberculosis. Usually, the values 

of licensed compounds for growth inhibition of M. tuberculosis are broad-

ranging between 20% and 60% with typical concentration of 12 μg/mL.[43] 

Furthermore, anti-flammatory and anti-analgesic activity was attested for 

some of the seco-pseudopterosins, elisabethadione and pseudopterosins.[42a] 

They exhibit strong activity in in-vivo mice ear tests that even exceed the po-

tencies of existing drugs such as indomethacin.[44] These compounds act in 

different modes compared to the previously known non-steroidal anti-

inflammatory drugs.[45] Unprocessed pseudopterosin extracts are used for 

commercial interest as an additive in skin creams to prevent irritation caused 

by exposure chemicals or sun.[46] 

A large number of the diterpenes of P. elisabethae are featured with remarka-

ble activity in cancer cell cytotoxicity tests. Elisapterosin A (42) and elisabatin 

A (24) have been demonstrated to show non-selective cell cytotoxicity in the 

NCI’s 60 cell-line tumor panel.[32b, 42b] In addition, elisabathin B (25) exhibits 

significant activity in vitro cancer cell cytotoxicity tests. 
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2. Aim of this work 

2.1. Aim of the First project: Application of the 

Divinylcyclopropane Rearrangement in the Synthesis of 

Spiropyranes as Photoswitches 

Aim of this project was the enantioselective construction of a chiral Fischer’s 

base, which would give access to the synthesis of enantioenriched spiropy-

rans. To the best of our knowledge, all known spiropyrans were synthesized 

as racemates. Herewith, we wished to explore the first enantioselective syn-

thesis of a spiropyran photoswitch. Due to their well-known use in the re-

search field of photoswitching processes, they would not only allow investiga-

tions of their chiroptical behavior but would also allow access to promising 

applications towards the process of chiral recognition. 

A crucial aspect of this project was the synthesis of the chiral quaternary car-

bon atom in the 3-position of the indole core, which is known to undergo rac-

emization during the irridation for the photoswitching process. Therefore, we 

envisioned to use the structure motif of a cyclohepta[b]indole core as a “chiral 

relay” since the seven-membered ring would stabilize a preferred configura-

tion of the spiropyrane stereocenter. This concept is depicted in scheme 15. 

 

Scheme 15. Concept for the synthesis of chiral photoswitches. 

Based on previous results determined in our group the application of the divi-

nylcyclopropane-heptadiene rearrangement (DVCPR) for the synthesis of cy-

clohepta[b]indoles was expanded.[47] It was envisioned to use the methodolo-

gy for the enantioselective introduction of a quaternary carbon center at the 3-

position of the indole. The resulting cyclohepta[b]indole featured an enamine 

and could therefore serve as a potential Fischer’s base. The absolute configu-

ration of the spiropyrane was predefined by the inert stereocenter at the 3-

position of the indole core structure. Ideally, it would allow the introduction of a 

linker containing a functional group suitable for different applications in biolog-

ical systems, e.g. via Click-Chemistry.[22]  
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In summary, the main tasks of this project were:  

i.) Application of the previously developed methodology of the divinyl-

cyclopropane rearrangement for asymmetric introduction of a quater-

nary carbon center in the cyclohepta[b]indole. 

 

ii.) Application of this methodology to the synthesis of a new class of 

chiral cyclohepta[b]indole based spiropyrane photoswitches. 

 

iii.) Introduction of a linker bearing a functional group at the quaternary 

carbon center which would allow derivatization of the photoswitches for 

the application in biological systems. 
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2.2. Aim of the Second Project: Application of Pericyclic 

Reactions in the Total Synthesis of Elisabethin A 

Driven by the conflict in the literature of current status of research for the total 

synthesis of elisabethin A, the aim of this project was the determination and 

clarification of the transition state for the intramolecular Diels Alder reaction. 

Since the results of the Mulzer group and the Rawal group are not consistent, 

both dienes were explored for the desired reaction sequence. Based on these 

results a new retrosynthetic strategy was designed, which would allow the in-

stallation of the stereochemistry at C-7 independently and would not require a 

late-stage epimerization. 

 

In summary, the main tasks of this project were:  

 

i.) Determination and clarification of the transition state for the intramo-

lecular Diels Alder reaction of system comparable to Mulzer and Rawal. 

 

ii.) Development of a new retrosynthetic strategy for the total synthesis 

of elisabethin A, which would circumvent a late-stage epimerization of 

the proton at C-7. 

 

iii.) Completition of the total synthesis of elisabethin A. 
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3. State of the Art  

3.1. State of the Art for the Application of a Divinylcyclopropane 

Rearrangment 

3.1.1. Methodologies for Construction of Cyclohepta[b]indoles  

The structure motif of a cyclohepta[b]indole exhibits a seven-membered ring 

fused to an indole and is a prominent structure motif in indole alkaloids (Figure 

5).[48]  

 

Figure 5. Natural products containing a cyclohepta[b]indole (68) as a core structure. 

Compounds containing this structural feature display a broad spectrum of bio-

logical activities varying from deacetylation of histones,[49] inhibiton of adipo-

cyte fatty-acid-binding protein (A-FABP),[50] antituberculosis activities,[51] leu-

kotriene production p53,[49] and anti-HIV activities. It has been shown that 

those biological activities correspond to the structure motif of the cyclohep-

ta[b]indole. Consequently, molecules with such a structural feature have at-

tracted considerable interest from the pharmaceutical industry, which is re-

flected by a high number of patents solely based on the cyclohepta[b]indole 

motif. Therefore, there is strong need for the efficient preparation of highly 

functionalized and substituted cyclohepta[b]indoles.  
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The Fischer indole synthesis has served as the methodology of choice for 

many decades since it has proven to be a very robust and useful reaction 

tool.[52] Unfortunately, it is restricted by certain limitations and especially the 

synthesis of asymmetrically functionalized cyclohepta[b]indoles still remains 

challenging.[53]  

Therefore, several novel methodologies have been reported mostly involving 

pericyclic reactions. This includes versatile examples such as [4+3] cycloaddi-

tions,[52b, 54] formal [4+3] cycloadditions,[55] [5+2] cycloadditions[56], sigmatropic 

rearrangements,[56c] Pd-catalyzed cyclizations[57] and also enantioselective 

approaches.[47, 57c] However, among these is only one example that allows 

diastereoselective introduction of a quaternary carbon center in the 3-position 

of the indole (Scheme 16). The methodology was reported by Li and co-

workers and relies upon a [5+2] cycloaddition reaction yielding selectively the 

endo-product.[56a] Influenced by the work of Wender[56b] and Mascarenas, -

pyrone 69 is converted into the methoxy pyrylium salt 70 with methyltriflate. 

Exposure to cesium fluoride leads to the formation of oxidopyrylium ylide 71, 

which undergoes the cycloaddition at ambient temperature to give exclusively 

the endo-product 72. Interestingly, a variety of indole systems with both elec-

tron-withdrawing groups and electron-donating groups at the indole-C5 posi-

tion as well as in the indole-N1 are tolerated. In addition, oxidopyrylium ylides 

with a mismatched electronic demand are also suitable. 

 

Scheme 16. Synthesis of cyclohepta[b]indoles via dearomative indole [5 + 2] cycloaddition reaction by 

Li and co-workers. 

Due to the limited amount of methodologies available there is still urgent de-

mand for the development of synthetic methodologies that would allow the 
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enantioselective introduction of a quaternary carbon center at the 3-position of 

the indole. 

3.1.2. Enantioselective Synthesis of Cyclohepta[b]indoles 

Approaching the enantioselective synthesis of cyclohepta[b]indoles our group 

has already accessed those compounds via a domino reaction sequence 

summarized in Scheme 17.[47]  

 

Scheme 17. New methodology affording rapid access to indole alkaloids exhibiting cyclohepta[b]indoles 

as a core structure. 

To the best of our knowledge, this domino reaction process represents the 

first enantioselective synthesis of the cyclohepta[b]indole core.[47, 55a, 58]  

3.1.2.1. Divinylcyclopropane-cycloheptadiene Rearrangement (DVCPR) 

This domino reaction sequence relies upon a divinylcyclopropane-

cycloheptadiene rearrangement (DVCPR), which was first reported back in 

1960 from Vogel and co-workers observing the thermal rearrangement of 

small carbocycles (Scheme 18). 

 

Scheme 18. First divinylcyclopropane-cycloheptadiene rearrangement reported by Vogel. 

Since the desired cis-divinylcyclopropane 79 readily rearranged under the ap-

plied Hofmann elimination conditions Vogel and co-workers directly isolated 

the corresponding cycloheptadiene 80.[59] Ten years later, Brown and co-

workers were able to isolate the elusive cis-divinylcyclopropane 79 following 

an approach that includes low temperature and short-timed Wittig reaction of 

aldehyde 81 (Scheme 19).[60] 

  



 

 

 

24 

 

Scheme 19. Isolation of cis-divinylcyclopropane (79) under low temperature conditions by Brown. 

The mechanism of the DVCRP has been studied extensively since 1960 and 

many applications of this versatile methodology for the total synthesis of com-

plex molecules have been reported.[56c] 

Although the DVCPR can be considered as a tethered Cope rearrangement it 

is noteworthy that the transition state is a different (Scheme 20).[61] Therefore, 

the preferred reaction pathway goes through a boat-like transition state with 

both vinyl moieties consisting an endo-orientation regarding to the cyclopro-

pane. With respect to other potential conformations for the divinylcyclopro-

pane (79), this is the only one which does not include a (E)-configurated dou-

ble bond in the resulting cycloheptadiene. This is an important feature since a 

(E)-configurated double bond is inaccessible in a seven-membered ring due to 

ring constrains.[62] Calculations have shown that the endo/endo conformation 

of the divinylcyclopropane is not energetically favored, thus only conforma-

tional changes will lead to the reactive conformation of endo/endo. It turned 

out that the necessary energy for the transition state of endo/endo results in 

19.7 kcal/mol. This value matches the experimental values of von Doering, 

who showed that the rearranged cycloheptadiene (80) is favored by −20.1 

kcal/mol compared to the corresponding cis-divinylcyclopropane (79).[63]  

 

Scheme 20. Considerable transition states for the DVCPR.[56c] 
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As a consequence of those mechanistic considerations, the trans-

divinylcyclopropane should not undergo the desired rearrangement process. 

However, it can be used for this transformation as it tenders to undergo 

cis/trans isomerization at elevated temperatures (above 200 °C). This process 

presumably occurs either through formation of an intermediate diradical-

species (pathway A, Scheme 21)[64] or through an one-center epimerization 

process (pathway B, Scheme 21).[63a, 65] Noteworthy, the stereoinformation is 

lost during this process since the desired product is obtained as a racemate.  

 

Scheme 21. Possible mechanisms for cis/trans-isomerization of divinylcyclopropanes. 

3.1.2.2. Scope and limitations of the DVCPR based methodology  

In order to put the concept of the divinylcyclopropane-cycloheptadiene rear-

rangement (DVCPR) into practice, we have explored a broad scope of sub-

strates, resulting in substituents at different positions on the seven-membered 

ring. Many functional groups are tolerated, making it an eligible and efficient 

methodology for the general synthesis of this structural motif. Since our strat-

egy is based upon a Wittig/ DVCPR,[62, 66] it not only delivers the seven-

membered ring but also allows the transfer of chirality from the cyclopropane 

to the benzylic position due to Woodward-Hoffmann control (Scheme 22).[67] 

Dearomatization of the indole core was observed for both substrates but only 

occurs spontaneously in the case of 2-indole-vinylcyclopropanes (86), which 

contain an enamide moiety (not displayed). The general chirality transfer for 

both 2- and 3- indole-vinylcyclopropanes 82 and 85 is depicted in figure 2. The 

transition state 84 illustrates that R2 and the indole proton will adopt a cis-

stereo-relationship on the seven-membered ring (Scheme 22, A). Since the 

geometry of the double bond is crucial for the relative configuration, (Z)-double 

bonds will yield cis-compounds, whereas (E)-double bonds will give trans-

compounds. The same concept can be applied to 2-indole-vinylcyclopropanes 

85 (Scheme 22, B). The stereochemistry is retained on only one stereo center 
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in the final product due to spontaneous aromatization in the course of the re-

action.  

 

Scheme 22. Chirality transfer in the DVCPR. 

Diversely substituted indole-vinylcyclopropanes derived from aldehydes 88/94 

were tested in order to validate this concept and to explore the scope of the 

domino sequence (Scheme 23). A broad range of substituents (both electron 

rich and electron deficient) can be applied to this transformation. Even the in-

stallation of quaternary carbon centers has been demonstrated (entries 92, 

98, and 99). We were able to further expand the substrate scope of the reac-

tion by introduction of an additional substituent at the cyclopropane moiety 

using a transition metal catalyst for the cyclopropanation with ethyl diazoace-

tate (see compound 100). 
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Scheme 23. Substrate scope of the DVCPR. 

Cyclohepta[b]indoles resulting from indole 3-vinylcyclopropane did not re-

aromatize spontaneously. However, upon exposure to acidic conditions, 96 

aromatized to 102. Additionally, using Wilkinson’s catalyst directly leads to 

conjugated compound 101 (Scheme 24). 

 

Scheme 24. Aromatization of cyclohepta[b]indoles from indole 3-vinylcyclopropane (96) adducts. 

In summary, the combination of various phosphor ylides with either 2-indole-

vinylcyclopropyl aldehyde (88) or 3-indole-vinylcyclopropyl aldehyde (94) 

gives rapid access to a broad range of versatile products, bearing different 

functional groups and substitution patterns, resulting from a Wittig reaction 

followed by DVCPR.  

To show the advantage of this striking and very promising methodology, we 

would like to apply this cascade of a Wittig olefination/divinylcyclopropane re-

arrangement to the introduction of quaternary carbon atoms in the 3-position 

of the indole for the synthesis of cyclohepta[b]indoles. 
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3.1.3. Chiral Fischer’s Base 

To date, only one example of a chiral spiropyran has been described.[68] Buss 

and coworkers reported the chiral resolution of a derivative of Fischer’s base 

(103) with a quarternary carbon center at the 3-position of the indole (Scheme 

25). Fractional crystallization with enantiopure tartaric acid ester yielded a di-

vergent set of chiral Fischer bases bearing substituents with varying steric 

demand. Condensation reaction of the enamine with 4-nitrosalicylic aldehyde 

(17) delivered an optically active spiroindolinopyrane (104). Although equili-

bration at the spiropyran stereocenter is still possible, the difference in steric 

interaction between the phenolate anion and the substituents at the 3-position 

favors a preferred formation of one diastereomer over the other conserving 

the optical activity. A diastereomeric ratio of approximately 1:4 depending on 

the temperature was reported. 

 

Scheme 25. Synthesis of an optically active spiropyran via chiral resolution. 

Introduction of a second electron donating group in the spiropyran and subse-

quent irradiation leads to the merocyanine form, which is capable of chelating 

divalent metal ions.[69] The formed merocyanine metal complexes show high 

affinity towards small molecules with a suitable bite angle and donor qualities. 

Since the formation of a stable complex causes distinct changes in the UV-Vis 

spectra, it has been extensively used in applications for recognition and sens-

ing of such small molecules. For example, the formation of complexes with 

amino acids like cysteine and homocysteine has been reported (Scheme 

26).[70]

 

Scheme 26. Recognition of cysteine by a merocyanine Cu(II)/Hg(II) complex.  
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3.2. State of the Art for the Application of Pericyclic Reactions in 

the Total Synthesis of Elisabethin A 

This section will cover previously reported partial and total syntheses of Pseu-

dopterogorgia elisabethae diterpenes.  

3.2.1. (+)-Erogorgiaene 

(+)-Erogorgiaene (51) is a representative of serrulatane metabolites found in 

the marine gorgonian Pseudopterogorgia elisabethae and is known for a 

broad range of biological activities but especially for its promising antimyco-

bacterial properties. Many synthetic approaches have been reported but the 

shortest (8 steps) and most efficient (overall yield = 44%) example of a total 

synthesis for (+)-erogorgiaene (51) was reported by Aggarwal and co-workers 

in 2011 (Scheme 28).[71] The main challenge for the synthesis of this molecule 

is certainly the lack of functional groups near the stereogenic centers in the 

mainly hydrocarbon core skeleton. In order to control the stereochemistry dif-

ferent approaches have been applied including chiral pool synthesis[72], a chi-

ral auxiliary/substrate[71, 73] catalysis or asymmetric catalysis[74].  

Aggarwal and co-workers’ retrosynthetic strategy relied upon a double lithia-

tion/borylation reaction[75] as a key step, which would allow stereo control for 

all three stereogenic centers (Scheme 27).  

 

Scheme 27. Retroysnthetiv analysis of (+)-erogorgiaene (51). 

The synthesis commenced from p-methylacetophenone (111) and the first 

step is a Noyori reduction[76] followed by subsequent carbamoylation of the 

alcohol to give carbamate 113 (Scheme 28). Under retention of the stereogen-

ic center the carbamate was converted into the desired tertiary boronic ester 

114 using s-BuLi. Protodeboronation of 114 with TBAF[77] delivered ester 110, 

followed by the addition of polyphosphoric acid to give ketone 115. Again, 
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Noyori reduction[76] and carbamoylation delivered carbamate 109, which was 

then treated in another lithiation/borlyation cycle to give the desired natural 

product 51. 

 

Scheme 28. Total synthesis of (+)-erogorgiaene (51) by Aggarwal. 

3.2.2. Pseudopterosins 

Representatives of the pseudopterosins are members of the largest family of 

amphilectane diterpenes comprising 31 isolated compounds to date.[78] All of 

them derive from only one of the three steoisomeric aglycones and produced 

by a single celled algae living inside the Carribean sea whip Pseudopterogor-

gia elisabethae.[79] Due to their wide range of biological acitives and strong 

potential for pharmaceutival use, in total 14 syntheses have been reported to 

synthesize one or several family members of the pseudopterosins.[80] 

The latest and to date shortest and most efficient total synthesis was contrib-

uted by Newton and co-workers.[81] This synthesis relied upon a triple Diels-

Alder approach using chiral cross-conjugated hydrocarbon, which were usual-

ly considered to be too unstable and difficult to handle. 

Newton and co-workers began their retrosynthetic analysis (Scheme 29) with 

the idea to use the 1,2-diketone tautomer (118) of the catechol A-ring of pseu-

dopterosin (-)-G-J glycone (117), which reveals it as an ideal target for a Diels-

Alder disconnection building up the tricyclic framework. Another Diels Alder 

reaction between diene 122 and ethylene (121) would provide the B-ring. The 

remaining ring C should be built up by a Diels Alder reaction between axially 

chiral, substituted 1,1-divinylallene (124) and diene 123.  
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Scheme 29. Retrosynthetic analysis of pseuopterosin (-)-G-J by Newton and co-workers.. 

The first synthetic challenge for the Newton group was to come up with an 

asymmetric synthesis for the chiral 1,2-divinylallene 124, which is supposed to 

be very unstable and prone to undergo polymerization (Scheme 30).[82] As a 

precursor, alcohol 127 was either synthesized from commercially available 

and highly enantioenriched propargylic alchol 128 in a one-step procedure or 

through a two-step enantioselective synthesis starting from croton aldehyde 

(125).[83] Treating alcohol 127 with mesyl chloride under basic conditions de-

livered the corresponding sulfonate, which was then converted into the de-

sired chiral 1,2-divinylallene 124 using Ni(0)-catalyzed Kumada cross-

coupling. Due to the strong tendency for polymerization of this compound, the 

excess of Grignard reagent 130 was quenched by an excess of MeOH. Com-

mercially available dienophile 131 was added to the reaction mixture deliver-

ing Diels-Alder product 132 in 61% (d.r. = 5:1:1). The s-cis 1,3-butadiene in 

compound 132 turned out to be very unreactive and a Diels Alder reaction 

with ethylene was not possible. Based on computer model studies for the 

transition, they came up with acrolein (133) as a suitable dienophile. Since the 

starting material was never fully consumed, several cycles of the next Diels-

Alder reaction with acrolein (133) were performed to push the yield to an ac-

ceptable overall yield of bicycle 134. Next, deformylation with Wilkinson’s 

catalyst[84] followed by a selective reduction/olefination sequence provided the 

precursor 135 in 47% for the third Diels-Alder reaction. To date, no catechol 

synthesis has been reported by way of a Diels-Alder reaction before. As envi-

sioned in the retrosynthetic analysis, the desired dienophile would be ethylene 

dione, which unfortunately has a fleeting existence under normal working con-

ditions. Therefore, nitro ethylene (137) was chosen as a synthetic equivalent. 

The Diels Alder reaction was performed at 19 kbar and ambient temperature 

proving to go smoothly and in good yield (81%) to the desired tricycle. Re-

moval of the nitro group under Nef conditions[85] provided ketone 138, which 
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was hydroxylated in -position using Davis’ oxaziridine. Oxidation under 

Swern conditions delivered the desired pseudopterisin (-)-G-J aglycone 117 in 

only 10 steps (chiral pool) respectively 11 steps (catalytic enantioselective). 

The described synthesis can easily be adjusted to synthesize the remaining 

two other pseudpterosin aglycones (pseudopterosin K-L aglycone and pseu-

dopterosin A-F aglycone). 

Scheme 30. Total synthesis of pseudopterosin (-)-G-J agylcon by Newton and co-workers. 
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3.2.3. Pseudopteroxazole 

Pseudopteroxazole (139) is known as a very potent antituberculosis diterpe-

noid and has therefore been a target for synthetic chemists.[86] The main syn-

thetic challenge of this molecule is the formation of the highly substituted aro-

matic ring. The first reported total synthesis of the originally proposed and 

revised structure of 139 is from Corey using an intramolecular Diels-Alder re-

action.[87] Later on, the Harmata group employed a strategy based upon ben-

zothiazine chemistry.[88] More recently, Li and co-workers reported a third total 

synthesis, which also includes two other natural products from this family.[89] 

Their approach relies upon an electrocyclization/aromatization strategy. 

The retrosynthetic analysis by Li et al. began with the initial disconnection of 

the C13-C5 bond (Scheme 31). This bond would be formed through an 

iron(II)-mediated ring closure. The arene 140 should be build up in an electro-

cyclization/aromatization cascade. The precursor for this transformation 

should arise from a Stille coupling of 142 and 143. The triflate would be gen-

erated from commercially available (+)-isopulegol (144). 

Scheme 31. Retrosynthetic analysis for the total synthesis of pseudopteroxazole (139) by Li. 

Starting from commercially available (+)-isopulegol (144) the synthesis began 

with a Mitsunobu reaction and subsequent basic hydrolysis to invert the stere-

ochemistry of the alcohol functionality (Scheme 32). This sequence was nec-

essary since the next step was a directed hydroboration/peroxide cleavage 

and the obtained primary alcohol was then monosilylated. Next steps included 

oxidation of the secondary alcohol to the corresponding ketone, which was 

then converted into the triflate under standard conditions. Next reaction in-

volved a carbopalladation/Stille coupling event, which not only formed the two 

required C-C bond but also controlled the stereochemistry of the central olefin. 

With compound 143 in hand, everything was set for the electrocycliza-

tion/aromatization cascade, which was the key step of this synthesis. The for-
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mation of the fully substituted arene was achieved under exposure to air at 

140 °C in 68% yield. From there, removal of the silicon tether with HF*pyr and 

subsequent oxidation with DMP delivered the corresponding aldehyde yielding 

in 91% resp. 86%. Homologation of this aldehyde to 145 following a standard 

olefination/hydrogenation/reduction protocol gave 145 in 69% yield over three 

steps. The last central C-C bond was formed under MacMillan[90] conditions 

providing tetracycle 147 in 60% yield. Olefination of the aldehyde yielding in 

83% furnished the desired natural product 117.  

Scheme 32. Total synthesis of pseudopteroxazole (139) by Li and co-workers. 

3.2.4. Elisabethin C 

The main challenge for the, in comparison to earlier shown compounds, rather 

less complex diterpenoid elisabethin C is the stereoselective construction of 

the quaternary carbon atoms at C-1. To date, there is only one total synthesis 

of elisabethin C (38) has been reported from the Yamada group in 2002.[91] 

Their retrosynthetic strategy relied upon an intramolecular Dieckmann con-

densation as a key step (Scheme 33). The right stereochemistry of the two 
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side-chains would be introduced through spirolactone 148. The challenging 

quaternary carbon atom should be introduced in an early stage an alkyla-

tion/aldol reaction sequence. This analysis leads back to (+)-carvone (152) as 

the starting material already carrying the right stereochemistry. 

Scheme 33. Retrosynthetic analysis of Elisabethin C (38) by Yamada. 

Starting from commercially available (+)-carvone (152), a double alkylation 

sequence using both times LDA as base and first phenylbromide and then 

formaldehyde as electrophiles was performed (Scheme 34). The quaternary 

carbon atom was installed in a 9:1 mixture of diastereomers. The double bond 

of the enone and the ketone in 153 was reduced under Birch conditions and 

subsequent TBS and MOM protection afforded 154 with an overall yield of 

68%. Regio- and stereoselective hydroboration of the exo-methylene group 

and subsequent oxidation with H2O2 delivered the primary alcohol, which was 

then protected with pivaloyl chloride and the TBS group of the other alcohol 

was removed with TBAF. Ozonolysis of the trisubstituted double and subse-

quent work-up with DMS afforded a five-membered lactol, which was oxidized 

with PDC to the corresponding lactone. Acidic hydrolysis of the MOM protect-

ing group set the primary alcohol free and subsequent oxidation with PCC de-

livered ketone 156. Epimerization of the methyl group in -position with potas-

sium carbonate gave a 10:1 mixture of diastereomers favoring the desired 

one. Treating 157 with TMSCH2Li and subsequent work-up with HCl convert-

ed the ketone into an exo-methylene group. The pivaloyl group was cleaved 

under basic conditions (NaOMe) and the resulting alcohol oxidized under 

Jones conditions to the carboxylic acid. Susequent esterification with methyl 

iodide and potassium carbonate generates the methyl ester 158. Next step 

involved the Dieckmann condensation as the key step of this synthesis: enoli-

zation of the spiralactone with sodium hydride and 15-crown-5 ether as an 

additive led to the desired formation of the tricyclic intermediate 159. Notewor-

thy, the methyl group at C-11 epimerized under these conditions. Next steps 

included reduction of the remaining ketone in 159 followed by a desoxygena-

tion sequence (Barton-McCombie).[92] Ozonolysis of the ketone with a reduc-
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tive work-up generated the secondary alcohol, which is protected with a TES 

group. The lactone was reduced to the lactol and subsequent Wittig reaction 

installs the isobutylene side chain. Oxidation of the primary alcohol with DMP 

delivered aldehyde 161. The second side-chain is introduced via a Grignard 

reaction, the TES protecting group was cleaved with TBAF and subsequent 

oxidation with DMP delivers elisabethin C (38) with an overall yield of approx. 

4% in 29 steps. 

 

Scheme 34. Total synthesis of Elisabethin C (38) by Yamada and co-workers. 

3.2.5. Colombiasin A 

Colombiasin A is among the diterpenoids isolated from Pseudopterogorgia 

elisabethae one of the most challenging and aestetically most pleasing mole-

cules due to its very unique structure: it consists of three six-membered rings 

and one five-membered ring that are all annulated to each other. As a result of 
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this construction, there are two vicinal quaternary carbon atoms in the center 

of the molecule. Nicolaou and co-workers reported the first total synthesis in 

2001.[93] They were not only able to accomplish the synthesis but also to re-

vise and fully determine the absolute configuration. Their retrosynthetic analy-

sis is based upon two Diels-Alder reactions: an intermolecular one to build up 

the decalin system and an intramolecular one to install the bridged six-

membered ring system (Scheme 35). The diene precursor for the latter one 

should be synthesized via a Wittig reaction. Ketone 163 should arise through 

a Claisen-type reaction of 164, which is envisioned to come from an O-

acylation of 165. Access to 165 should be gained via an intermolecular Diels-

Alder reaction. 

Scheme 35. Retroysnthesis of Colombiasin A (43) by Nicolaou and co-workers. 

The first step of this synthetic approach, an intermolecular Diels Alder reac-

tion, already installed two of the four ring systems of this molecule (Scheme 

36). In the presence of Mikami catalyst[94], the desired Diels Alder product 168 

was obtained as the only enantiomer. Aromatization through a double enoliza-

tion of the ketones under basic conditions and subsequent methylation deliv-

ered the arene system. Acidic hydrolysis with TFA of the silyl enol ether gave 

ketone 165 in 70% yield (3 steps, 94% ee). O-acylation of 165 with LiHMDS 

and crotyl chloroformate led to 164 in 94% yield. This compound served as a 

precursor for the Claisen-type rearrangement, which introduced the side chain 

in -position to the ketone and also generates a mixture of two products 

(2.4:1), where the major one was the desired product. Reduction with sodium 

borohydride and subsequent TBS protection of the resulting alcohol furnished 

170 resp. 171 in an overall yield of 80%. Next steps included dihydroxylation 

of the exo-methylene group, sodium periodate mediated cleavage of the diol 

to the aldehyde and epimerization of the stereogenic center in -position to 

the aldehyde under basic conditions (NaOMe) yielded in a 1.1:1 mixture of 

diastereomers favoring the desired one (67%, 3 steps). Homologation of the 

aldehyde was achieved following a standard protocol: olefination, hydrobora-
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tion and subsequent oxidation with PCC. A further Wittig reaction introduced 

the isobutylene side chain in a 3:1 mixture of double bonds isomers. Protec-

tion of the diene with SO2 followed by deprotection of the TBS group and two 

of the aromatic methoxy groups with AgO in HNO3 delivered the precursor for 

the second Diels-Alder reaction. Heating the reaction mixture up to 180 °C 

opened the cyclic sulfone and allowed the system to undergo the intramolecu-

lar Diels-Alder reaction yielding in the desired bridged system. From there, a 

Barton-McCombie sequence[92] (NaH, CS2, MeI and AIBN, Bu3SnH) was per-

formed to remove the remaining hydroxyl group. Deprotection of the methoxy 

group with boron tribromide afforded the desired natural product 38. 

Scheme 36. Total synthesis of colombiasin A (43) by Nicolaou and co-workers. 

3.2.6. Elisabethin A 

3.2.6.1. Total Synthesis of Elisabethin A by Mulzer et al.  

To date, the first and only total synthesis of elisabethin A has been published 

by Mulzer in 2003.[95] Their retrosynthetic strategy was based upon an intra-

molecular Diels-Alder reaction in order to avoid the formation of regio- or ste-

reoisomers (Scheme 37). With this powerful transformation they would be able 

to install four out of six stereogenic centers in one step. The precursor for this 
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approach would be synthesized in convergent manner by dividing the mole-

cule in two fragments A and B.  

 

Scheme 37. Retrosynthetic analysis of elisabethin A(36) by Mulzer. 

For the synthesis of the highly substituted aryl compound 178, they started 

from benzaldehyde derivative 182 (Scheme 38). First step was a Bayer-

Villiger reaction with subsequent saponification to afford the corresponding 

phenol. Demethylation of the para-substituted methoxy group under oxidative 

conditions (CAN) and subsequent reduction with sodium hydrosulfite delivers 

hydroquinone 183.[96] TBS protection of the phenolic hydroxyl group followed 

by regioselective bromination with NBS led to an aryl bromide, which is used 

in a palladium-catalyzed Negishi-Reformatzki[97] reaction to yield in 185. Next 

steps included reduction of the ester with DiBAl-H and subsequent oxidation 

under Swern conditions to the aldehyde followed by a Pinnick oxidation to the 

carboxylic acid. In order to install the auxiliary, the carboxylic acid was first 

transformed into the mixed anhydride with pivaloyl chloride and then trapped 

by the lithium auxiliary affording 187. 
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Scheme 38. Synthesis of fragment A: a highly substituted arene (187). 

The other fragment, diene 179, was synthesized in five steps starting from 

aldehyde 181 (Scheme 39). Olefination of the aldehyde with Weinreb amide 

188 gave 189, which was then reduced to aldehyde followed by a second ole-

fination step, a “salt-free” Wittig reaction, to install the (Z)-double bond. Cleav-

age of the trityl group with boron trichloride and conversion of the alcohol into 

the iodide under Appel conditions delivered the desired (E,Z)-diene 179. 

 

Scheme 39. Synthesis of fragment B: (Z,E)-configurated diene (179). 

The two fragments were assembled under basic conditions (NaHMDS, HMPA, 

THF) to give amide 190 with the desired stereochemistry (dr = 93:7) (Scheme 

40). Cleavage of the auxiliary followed by a Swern oxidation led to the for-

mation of the corresponding aldehyde, which is then subjected to an olefina-

tion reaction installing the isobutylene chain of elisabethin A. Cleavage of the 

TBS group liberated the hydroquinone that is subsequently oxidized under 

exposure to air and iron(III) chloride. Under these conditions, the desired Diels 

Alder reaction took place delivering 176 as the exo-product. Noteworthy, this 

is a special result since usually the endo-product is expected for Diels-Alder 

reactions with quinones.[98] Next steps were hydrogenation of the double bond 

with palladium on charcoal under hydrogen atmosphere and crucial epimeriza-

tion of C-7 under basic conditions in order to obtain the desired diastereomer 

of elisabethin A. After demethylation of the methoxy group BBr3 the natural 

product 36 was obtained with an overall yield of 7% in 21 steps. 
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Scheme 40. Assembling of fragment A and B for the total synthesis of elisabethin A (36). 

3.2.6.2. First Approach Towards the Total Synthesis of Elisabethin A by 

Enev et al.  

In 2016, another partial approach towards the total synthesis of elisabethin A 

was published by Enev and co-workers.[99] Unfortunately, they ran into trouble 

with the synthesis of enantiomeric pure key compound 198.  

Their retrosynthetic approach relied upon either a late-stage intramolecular 

alkylation strategy or a palladium-catalyzed Friedel-Crafts allylic alkylation, 

which would both require alcohol 195 (Scheme 41). This should arise from 

Grignard addition to aldehyde196. The decalin system would be build up in 

ring-closing metathesis reaction. The two olefins would be introduced by a 

successive sequence of Claisen rearrangements leading back to arene 201 as 

a potential starting material. 
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Scheme 41. Retrosynthesis of elisabethin A (36) by Enev and co-workers. 

Starting from literature known compound 201 the first step was the cleavage 

of the MOM group with TMS bromide and subsequent O-alkyation of the liber-

ated phenol using n-BuLi and 202 to give 203 (Scheme 42). Heating 203 al-

lowed a Claisen rearrangement, which provided smooth and clean conversion 

into 204. The phenol in 204 was protected with a MOM group and the TBS 

group was cleaved off with TBAF. The next step was a second O-alkyation 

followed by a Lewis acid-catalyzed Claisen rearrangement[100] installing the 

second olefin for the ring-closing metathesis reaction. Again, the phenol was 

protected with a MOM group and the Hoveyda-Grubbs catalyst[101] delivered 

the desired bicyclic compound 207/208 in a mixture of diastereomers (1.4:1) 

favoring the desired one 207. Hydrogenation with palladium on charcoal and 

subsequent oxidation afforded aldehyde 197 as an advanced intermediate 

towards the total synthesis of elisabethin A (36). 
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Scheme 42. Partial synthesis of elisabethin A (36) towards an advanced intermediate by Enev and co-

workers. 

3.2.6.3. Second Approach Towards the Total Synthesis of Elisabethin A 

by Enev et al.  

In 2017, Enev and co-workers reported an enantio- and diastereoselective 

approach towards intermediate 198.[102] In this they adjusted their retrosynthet-

ic plan with respect to synthesis of compound 215, which was now based on 

the use of Myer’s auxiliary[103] allowing selective introduction of the first side-

chain (Scheme 43).  

 

Scheme 43. Second generation of a retrosynthetic analysis of elisabethin A (36) by Enev and co-

workers. 
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The synthesis started with the conversion of orthoester 212 into the corre-

sponding methylester by heating 212 in MeOH/H2O (Scheme 44). Formation 

of the lactone was achieved under acidic conditions (pTSA) and the phenolic 

hydroxy group was protected with a TBS group. Hydrolysis of the lactone gave 

acid 213 and subsequent treatment with TIPS chloride and Hünig’s base re-

sulted in simultaneous protection of both the phenol and the acid functionality. 

Therefore, the crude mixture was hydrolyzed with potassium carbonate to af-

ford the corresponding carboxylic acid. Introduction of Myer’s auxiliary[103] fol-

lowed by the alkylation and subsequent cleavage of the auxiliary delivered 

215 in an enantiopure and diastereoselective manner as an advanced inter-

mediate for the total synthesis of elisabethin A (36).  

 

 

Scheme 44. Second generation: enantiopure and diastereoselective synthesis towards an advanced 

intermediate. 

3.2.7. Elisapterosin B and Colombiasin A 

3.2.7.1. Total Synthesis of Elisapterosin B and Colombiasin A by 

Rychnovsky et al. 

In 2003, the Rychnovsky group reported a total synthesis of elisapterosin B 

(44) and colombiasin A (43) both synthesized through a common precursor. 

Their retrosynthetic analysis relied upon [5+2] cycloaddition for the bridged 

ring system in elisapterosin B (44, Scheme 45). The decalin system would 

arise from an intermolecular Diels-Alder reaction of 218 and 219. The required 

stereochemistry for 218 is should be introduced through a Myers’ alkylation[102] 

using pseudoephedrine as an auxiliary. 
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Scheme 45. Retrosynthesis of elisapterosin B (44) by Rychnovsky and co-workers. 

The synthesis commenced with an asymmetric alkylation of 220 using Myer’s 

pseudoephedrine auxiliary for chiral induction (Scheme 46). Subsequent re-

duction of the amide liberated aldehyde 222 with excellent enantioselectivity. 

Olefination of aldehyde 222 afforded 224, which was then converted into the 

corresponding lithium ynolate followed by treatment with lithium hydride and 

acetylation with acetic anhydride gave diene 225 as a single isomer. Under 

exposure to lithium perchlorate, diene 218 and quinone 219 underwent an 

intermolecular Diels Alder delivering a mixture of 225 and 226 in a 1.7:1 ratio 

favoring the desired diastereomer. Next steps included Luche reduction[104], 

substitution of the acetate group with a methyl group, hydrogenation and oxi-

dation with DMP to give 217. From there, the next steps were a DBU initiated 

enolization and subsequent oxidation to the quinone under exposure to air. 

Reduction with zinc and subsequent protection of the hydroquinone with ace-

tic anhydride installed the aromatic system. Deprotection of the silyl ether with 

HF*pyr and subsequent oxidation with DMP gave aldehyde 227, which was 

converted into diene 216 in a Wittig reaction.  
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Scheme 46. Synthesis of common precursor 216. 

With diene 216 as a common precursor in hand, both natural products colom-

biasin A (43) and elisapterosin B (44) were synthesized (Scheme 47). For 44, 

the diene is treated with BF3*OEt2 and via a [5+2] cycloaddition elisapterosin 

B was obtained. In contrast, simple intramolecular Diels Alder reaction fol-

lowed by deprotection with AlCl3 resulted in colombiasin A (43).  

 

Scheme 47. Endgame for the total synthesis of colombiasin A and elisapterosin B through common 

precursor 216. 
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3.2.7.2. Total Synthesis of Elisapterosin B and Colombiasin A by Rawal 

et al. 

As well as the Mulzer group, Rawal and co-workers also started their initial 

synthetic efforts with the ambitious plan to synthesize elisabethin A. Unfortu-

nately, they ran into serious problems with the late-stage epimerization of C-7 

and could therefore only finish the synthesis of epi-elisabethin A. However, 

they were able to demonstrate a remarkable total synthesis of (+)-

elisapterosin B (44).[105] Other significant contributions were reported by the 

Harmata group.[88a] 

Their retrosynthetic analysis was based upon an oxidative ring closing reac-

tion to construct the bridged ring system in 44 (Scheme 48). An intramolecular 

Diels-Alder reaction would build up the cis-decalin system. The diene should 

be synthesized via a cross-coupling reaction. A ketal rearrangement of 230 

would afford 229. Negishi coupling of the electron-rich arene 232 and the opti-

cal pure acyl chloride 231 should provide 230.  

Scheme 48. Retrosynthesis of (+)-elisapterosin B (44) by Rawal. 

The total synthesis commenced with Negishi-coupling of bromo aryl 232 and 

acyl chloride 231, which was prepared as enantiopure material from inexpen-

sive L-glumatic acid (Scheme 49). The resulting ketone was protected as a 

ketal and -methylation afforded 230 in a diastereomeric mixture of 8:1 favor-

ing the desired one. The lactone moiety was reduced to the lactol with DiBAl-

H and then converted into the alkyne under Gilbert-Seyferth conditions. In the 

next step, the secondary alcohol was mesylated and subsequent treatment 

with base initiates the desired Pinacol-type rearrangement delivering 229. 

Terminal bromination of the alkyne with NBS and catalytic amounts of AgNO3 

and followed by subsequent diimide reduction provided the vinyl bromide; 

which was employed in a palladium-catalyzed cross-coupling event with (E)-1-

bromopropene to give diene 233. DiBAl-H reduction of the ester to the alde-
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hyde, followed by a Wittig reaction and subsequent demethylation of one 

methoxy group with sodium ethanethionate delivered 234. Under exposure to 

air and with salcomine in catalytic amounts 234 was oxidized to the corre-

sponding quinone, which then underwent an intramolecular Diels-Alder reac-

tion at 80 °C affording the desired endo-Diels-Alder product as the only prod-

uct. The disubstituted double bond was hydrogenated with Wilkinson’s 

catalyst under hydrogen atmosphere. Demethylation of the remaining methoxy 

group with lithium iodide in 2,6-lutidine and subsequent oxidative cyclization 

with CAN give (+)-elisapterosin (44). Noteworthy, Rawal and co-workers were 

not able to epimerize 3-epi-elisabethin A at C-7 to afford elisabethin A as it 

was stated previously in a total synthesis reported by Mulzer.[95]  

 

Scheme 49. Total synthesis of (+)-elisapterosin B (44) by Rawal. 

3.2.7.3. Total synthesis of Elisapterosin B and Colombiasin A by Mulzer 

et al. 

In 1998, the isolation of elisabethin A, elisapterosin B and colombiasin A led to 

the assumption that these three natural products are all biosynthetically relat-

ed and can be interconnected via elisabethin A.[31] Therefore, the Mulzer 

group initially designed their retrosynthetic analysis for a total synthesis of 

elisabethin A (Scheme 50). Although, they could not complete their target with 
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this approach, a new synthetic access toward colombiasin A and elisapterosin 

B was found.[106] 

Retrosynthetically, the five-membered ring would be build up via a Heck-type 

metallo-ene cyclization (Scheme 50). Since Rawal reported difficulties with the 

epimerization at C-7, they planned epimerization of the cis-decalin system to 

the trans-decalin system at an earlier stage. The cis-decalin system would 

arise from a intermolecular Diels-Alder reaction, crucial for the synthesis of the 

quaternary center.  

 

Scheme 50. The retrosynthetic analysis of elisabethin A (36). 

The synthesis started with the preparation of the (E,E)-configurated diene 241 

by the treatment of commercially available aldehyde (240) with TESOTf and 

triethyl amine (Scheme 51). Next step was the intermolecular Diels-Alder re-

action between 240 and quinone 219 yielding diastereomerically the corre-

sponding pure bicycle in 78% yield. From there, transmetallation of al-

lylmagnesium chloride with zinc chloride to the corresponding zinc organyl led 

to the formation of 243 in 95% (dr = 4:1). Functional group interconversions 

and isomerization of the critical C-7 stereogenic center were performed in a 

three-step sequence. The subsequent Heck cyclization under palladium-

catalysis delivered the desired tricycle in 90-92% yield followed by hydrogena-

tion of the exo-methylene group and the disubstituted olefin. At this point, five 

of six stereogenic centers were properly installed and only the missing isobu-

tenyl chain had to be introduced. Unfortunately, all attempts to do so by direct 

C-C coupling failed. Carbonylation to the triflate was successful, but also led 

to epimerization of the stereogenic center at C-7. 

Therefore, ketone 236 was treated with trimethylsulfonium methylide and 

n-BuLi to initiate a Grob-fragmentation-like process delivering seven-

membered lactone 245. A reduction/oxidation sequence followed by TIPS pro-

tection led to the formation of compound 246, which is an intermediate of 

Rychnovsky’s synthesis of elisapterosin B (44) and colombiasin A (43).[107]  
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Scheme 51. Formal synthesis of colombiasin A (43) and elisapaterosin B (44) by the Mulzer group. 
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3.2.8. Summary Status of Research 

The total synthesis of diterpernoids isolated from Pseudopteriogorgia Elisa-

bethae are still an ongoing field of research indicated by the fact that more 

than over thirty total and formal syntheses of those compounds have been 

reported since their isolation and structural elucidation starting in 1989. The 

latest publication was published in 2017 describing a new approach towards 

elisabethin A that still remains as an unsolved challenge in organic synthesis. 

Although Mulzer et al. reported a total synthesis of elisabethin A in 2003, there 

is strong evidence that this synthesis may be incorrect. Reasonable concerns 

have been raised since the key step of this approach, an intramolecular Diels-

Alder reaction, is still suspicious: the transitions state was reported as exo alt-

hough it is known in the literature that quinone derivatives have a strong ten-

dency to proceed through an endo transition state. Additionally, Rawal report-

ed an endo-transition in his approach towards (+)-elisapterosin B, where he 

applied almost the same substrate only varying the configuration of the diene. 

Another problem of this approach is that the late-stage epimerization of epi-

elisabethin A is somehow mysterious since Rawal only synthesized the enan-

tiomer (235) to Mulzer (176) and was not able to epimerize it in the crucial po-

sition of C-7. Even under strongly basic (e. g. sodium ethanolate) conditions, 

they were not able to obtain any epimerization at all. This result can be ex-

plained with the three-dimensional structure of epi-elisabethin A (Figure 6). It 

clearly shows that the proton at C-7 is in a 90° angle towards the 𝜋∗-orbital of 

the carbonyl group. Therefore, no orbital overlap is possible and the proton at 

C-7 is not acidic; it clearly behaves as a simple aliphatic C-H. 

 

Figure 6. Computational supported simulations of the three dimensional structure of the derivative epi-

elisabethin A (36). 

In summary, these observations give rise to doubts whether the Mulzer group 

has ever finished the total synthesis of elisabethin A. The correctness of the 

reported stereochemistry for several intermediates throughout this approach is 
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highly doubtful and has been questioned by several research groups. Addi-

tional approaches by Mulzer, Rawal, Rychnovsky and Enev also failed. 
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4. Results and Discussion 

4.1. Results and Discussion for the Application of the 

Divinylcyclopropane Rearrangement in the Synthesis of 

Spiropyrans as Photoswitches 

Scheme 52. Conceptual design of a cyclohepta[b]indole based spiropyran photoswitches. 

4.1.1. Development of a Test System for the Introduction of a Quaternary 

Carbon Center in the DVCPR  

pplication of the previ-

ously developed methodology of the DVCPR for asymmetric introduction of a 

quaternary carbon center in the cyclohepta[b]indole, a test system was de-

signed: Enamine 247 consisting of an additional methyl group in the indole 3-

position and arising by a DVCPR from cyclopropane 248 serves as a test sys-

tem for the chiral Fischer base (Scheme 53). A Wittig reaction will install the 

terminal olefin and the cyclopropane will be synthesized through a Simmons-

Smith reaction. For the latter step is an enantioselective version introduced by 

Charette[108] and co-workers available. 
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Scheme 53. Retrosynthetic approach for a potential test system. 

Starting from commercially available carbaldehyde 250 the first step is a to-

sylation of the indole nitrogen yielding in 87% (Scheme 54). For the selective 

introduction of the (Z)-double Ando modification[109] of the Horner-Wadsworth-

Emmons reaction was performed, which delivers the desired olefin in a 5:1 

ratio in 71% yield. The use of 18-crown-6 ether is necessary since the 1,3-

allylic strain would preferentially lead to the formation of an (E)-configurated 

double bond. Next step is DiBAl-H reduction of the ,-unsaturated ester 252 

yielding in 74% of the allylic alcohol, which is then subjected to a Simmons-

Smith cyclopropanation resulting in 73% yield of the corresponding cis-

cyclopropane. Oxidation of cyclopropyl alcohol 253 was performed with IBX in 

DMSO delivering the aldehyde in 88% yield, which is then treated with methyl-

triphenyl phosphonium bromide and NaHMDS to give divinyl cyclopropane 

248. Since the product decomposed during column chromatography, the 

crude product was used without further purification. It was heated to 130 °C 

and the starting material was fully consumed. The formation of the cyclohep-

ta[b]indole 247 was observed in the crude NMR but isolation proved difficult 

due to the strong tendency of the enamine to decompose on silica gel. 

 

Scheme 54. Synthesis of divinyl cyclopropane 248 and enamine 247. 

Since this approach only served as a test system and more material was not 

readily available, the purification step was not further optimized. As envi-

sioned, the desired Fischer base is supposed to contain a linker instead of a 

methyl group, which would allow its use for biological applications. Therefore, 

a new retrosynthesis was designed to match those structural requirements.  
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4.1.2. Introduction of a Quaternary Carbon Center in the DVCPR  

Based upon the very promising results of test system 247, the synthesis of a 

Fischer’s base that would match the structural requirements was envisioned. 

The idea was to come up with a molecular structure that would not only bear a 

quaternary carbon center in the 3-position but also allows the introduction of 

different functional groups serving as a potential linker for biological applica-

tions such as Click chemistry.[22] 

Thus, enamine 253 was chosen as the target molecule containing a nitrile as 

a functional group, which can easily be converted into several other useful 

functionalities such as a hydroxyl group, an aldehyde, or amine. Key step will 

be the DVCPR of divinyl cyclopropane 254, which will result from cyclopropa-

nation via a Simmons-Smith reaction of allylic alcohol 255 (Scheme 55). Intro-

duction of the nitrile group will be achieved through a Horner-Wadsworth-

Emmons reaction. The allylic alcohol will arise from a Sonogashira cross-

coupling reaction followed by hydrogenation. This leads back to bromocarbal-

dehyde 256, which is synthesized in a one-pot procedure via a bromoformyla-

tion sequence starting from oxindole 257. 

 

 

Scheme 55. Retrosynthesis of enamine 253. 

The synthesis commences with a bromoformalytion reaction sequence start-

ing from commercially available oxindole 257 (Scheme 56).[110] The obtained 

product was used without further purification steps and was directly subjected 

to methylation conditions of the indole nitrogen resulting in 95% yield over two 

steps. Next step is a palladium-mediated Sonogashira cross coupling with 

TBS protected propargylic alcohol delivering alkyne xxx in 72% yield. Hydro-

genation of the alkyne to the alkene was achieved with Lindlar’s catalyst[111] at 

65 bar hydrogen pressure and resulted in 96% yield. 
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Scheme 56. Synthesis of aldehyde 259. 

Since it has been described in the literature that a cyclopropanation reaction in 

the presence of electron withdrawing groups might be challenging,[112] protec-

tion of aldehyde 259 as the corresponding acetal was envisioned (Table 1). 

Therefore, several conditions were explored. 
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Table 1. Attempts for the derivatization of aldehyde 259. 

# Reagent 
Additive 

I 

Additive 

II 
Solvent 

Temperature 

[°C] 
Comments 

1 ethylene glycol 
0.2 eq. 

pTSA 
molsieves - rt decomposition 

2 ethylene glycol 
0.2 eq. 

pTSA 
molsieves 

benzene 

0.3 M 
40 sm 

     80 decomposition 

3 ethylene glycol 
0.2 eq. 

PPTS 
molsieves 

benzene 

0.3 M 
40 sm 

     80 decompositon 

4 ethylene glycol 
0.1 eq. 

PPTS 
molsieves 

benzene 

0.3 M 
40 sm 

5 
1,2-bis(trimethyl-

siloxy)ethane 
I2  

CH2Cl2 

0.1 M 

rt 2 h: sm 

      
16 h: decom-

position 

6 (MeO)3CH 
0.1 eq. 

pTSA 
 

benzene 

0.1 M 
rt sm 

 

The initial idea was to protect the aldehyde with ethylene glycol and p-TSA as 

catalyst (see entry 1). Since a condensation reaction takes places, molsieves 

was added to remove formed water and to push the equilibrium of the reaction 

towards the product side. Unfortunately, only decomposition was observed. 

Therefore, benzene was chosen as a solvent system in order to dilute the re-

action mixture (see entry 2). Unfortunately, at ambient room temperature 

(40 °C) no reaction occurred and heating to 80 °C only led to decomposition. 

The same result was obtained for PPTS, even with 0.1 or 0.2 equivalents (see 

entry 3 and 4). The use of1,2-bis(trimethyl-siloxy)ethane, which is known for 

smooth and selective kinetic acetalization of carbonyl compounds under apro-

tic conditions,[113] did only lead to the recovery of starting material (see entry 

5). Changing from ethylene glycol to trimethoxymethane also remained unaf-

fected and only starting material was recovered (see entry 6).  
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Alternatively, it was considered to move forward without protecting the alde-

hyde and to test whether the cyclopropanation reaction would also lead to the 

desired product formation. Unfortunately, deprotection of the allylic TBS alco-

hol resulted in the formation of a six-membered lactone. It turned out that the 

aldehyde is prone to undergo Horner-Wadsworth-Emmons olefination with 

phosphonate 261 introducing the nitrile functionality as a linker in the molecule 

in 100% yield (Scheme 57). Subsequent reduction of the double bond with 

magnesium in methanol delivered the corresponding alkane in 75% yield and 

cleavage of the TBS group gave allylic alcohol 263 in 76% yield. 

 

Scheme 57. Synthesis of allylic alcohol 263. 

With allylic alcohol 263 in hand, several attempts were explored to introduce 

cis-cyclopropane 264 via a Simmons-Smith reaction (Table 2). 
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Table 2. Attempts for the cyclopropanation of 264. 

 

Although it is known that cyclopropanation reactions can be difficult in the 

presence of electron-withdrawing groups, different attempts were explored for 

the introduction of the cis-cyclopropane following the standard procedure.[114] 

Variation of the amounts of equivalents for the carbene source and the tem-

perature did only lead to the desired product in 23% yield (entry 1-6). Since it 

is reported in the literature that DME[115] could have a significant influence on 

the yield of cylopropanation reactions due to its ability to stabilize the in situ 

formed carbene, it was also tested as a co-solvent (entry 8 and 9).  
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However, it was not possible to further improve the yield and thus a new ap-

proach, which would allow the synthesis of the cyclopropane in absence of 

any electron-withdrawing group, was considered.  

4.1.3. A New Convergent Approach Towards the Introduction of a 

Quaternary Carbon Center in the DVCPR  

Scheme 58

Scheme 58. Retrosynthesis of enamine 60 via Stille coupling. 

4.1.3.1. Overview of the synthesis of divinylcyclopropane 61 and its 

application in the DVCPR 

(In collaboration with Msc. Fabian Schneider) 
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Scheme 59

 

Scheme 59. Synthesis of TBS-protected iodocyclopropyl alcohol 266.

Scheme 60

 

Scheme 60. Synthesis of isonitrile 273.

Scheme 61

Scheme 61
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Scheme 61. Synthesis of divinyl cyclopropane 277.

Scheme 62

 

Scheme 62. Synthesis of spiropyran 280 and merocyanin 281.

4.1.3.2. Optimization Studies of the Stille coupling 

(In collaboration with Msc. Fabian Schneider) 

Scheme 63
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Scheme 63

 

Scheme 63. Isolated products of Stille coupling under standard conditions.

A mechanism was proposed for the formation of the bisindole 282 and is de-

scribed in Scheme 64. Coordination of Pd(II) to the electron rich 3-position of 

the indole leads to ring opening of the strained cyclopropane accompanied by 

nucleophilic attack of a chloride at the TBS group under release of carbon 

monoxide. A ‘chain walking’ like transition of the palladium catalyst forms al-

lylpalladium species 286, which may participate in a Stille coupling with the 

indyl stannane 287 to form the bisindole 282.  
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Scheme 64. Proposed mechanism for the formation of side product 282. 

Optimization studies for the Stille coupling were conducted on a scale of 

50 mg (Table 3). It turned out that lower temperatures, which should prevent 

ring opening of the cyclopropane in 276, only led to very low conversion. The 

same result was observed for the reaction without the use of LiCl (see entry 

5). Variation of ligands that are known to enhance the activity of Stille cou-

plings due to a smaller bite angles such as DPPF and SPHOS remained with-

out any improvement (see entry 6 and 8).[124] The used amounts of triphenyl 

arsine influenced the byproduct formation dramatically. It turned out that the 

addition of 0.3 equivalents resulted in 85% yield of the desired product, which 

is the best obtained result in this survey (entry 4). Interestingly, the byproduct 

formation was not completely suppressed and on gram scale, the yield was 

even better with 90%. In that case, the byproduct formation was marginal (~ 

4%). 

Table 3. Optimization studies of reaction conditions for the Stille coupling 

# Pd(PPh3)4 Ligand LiCl CuI T Yield Comment 

1 4% 0.5eq. AsPh3 2 eq. 10% 115 °C 37% - 

2 4% 0.2eq. AsPh3 2 eq. 10% 115 °C 23% - 

3 4% 1.0 eq. AsPh3 2 eq. 10% 115 °C 26% - 

4 4% 0.3eq. AsPh3 2 eq. 10% 115 °C 85% side product 

5 4% 0.3eq. AsPh3 - 10% 115 °C <20% - 

6 4% DPPF 2 eq. 10% 115 °C 20%  

7 4% 0.3eq. AsPh3 2 eq. 10% 60 °C <20% side product 

8 10% 0.3eq. SPHOS - 10% 115 °C <20% No side product 
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4.1.3.3. The Divinylcyclopropane Rearrangement en detail 

 (In collaboration with Msc. Fabian Schneider) 

The DVCPR of divinylcyclopropane 277 to cyclohepta[b]indole 278 takes 

place at 150°C in 1,2-dichlorobenzene, which has been used previously for 

similar systems (Scheme 65).[47] 

 

Scheme 65. DVCPR for cyclopropane 278. 

It proved difficult to purify the corresponding cyclohepta[b]indole 278 on flash 

chromatography since the compound decomposes on both silica gel as well 

as aluminum oxide. However, it was possible to monitor the reaction (based 

on the consumption of the starting material) and to obtain NMR spectra from 

the crude mixture, which indicated nearly quantitative conversion to cyclohep-

ta[b]indole 278. The reaction was performed in a sealed tube in d6-benzene 

requiring neither a work-up nor purification to determine the integrity of the 

product structure. 

Based upon these observations it was decided to perform the condensation 

reaction in a one-pot reaction sequence as the following: divinylcyclopropane 

277 was heated to 150 °C for 90 min, cooled to room temperature and salicyl-

ic aldehyde 17 was added in ethanol, which is reported in the literature as a 

suitable solvent for this condensation reactions due to its increased polarity.[24] 

The reaction mixture was then heated to 120 °C overnight resulting in spiropy-

ran 280 (Scheme 66). Again, it was not possible to purify this compound by 

flash chromatography on silica gel or aluminum oxide. Surprisingly, it turned 

out to be feasible to isolate the spiropyran by semi-preparative HPLC (petro-

lether/ethyl acetate gradient). After careful characterization of the obtained 

product it was proven that only one diastereomer of the spiropyran was 

formed (within the detection limit of NMR spectroscopy, >20:1). The obtained 

crude NMR spectra of the reaction mixture confirmed this observation and 

showed a very clean conversion of salicyl aldehyde 17 to spiropyran 280.  
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Scheme 66. One-pot reaction sequence for the formation of spiropyran 280. 

4.1.4. Application of a Cyclohepta[b]indole Derived Spiropyran as a 

Photoswitch 

(In collaboration with Msc. Fabian Schneider) 

With spiropyran 280 in hand the next step is to explore its potential application 

as a photoswitch. Therefore, kinetic experiments regarding the photoismerism 

of spiropyrane 280 were performed according to a set-up described in fig-

ure 7: a sample of spiropyran 280 was dissolved in a suitable solvent system 

and irradiated for a given time interval, whereas the proceeding reaction was 

monitored by UV-Vis spectroscopy. 

The use of a band interference filter would generate the monochromic light, 

which would lead to a limitation of the wavelengths for irradiation since only 

the bands of the mercury emission spectrum could be applied. 

 

Figure 7. Setup for kinetic experiments. 

After some investigations regarding different wavelengths in the mercury 

emission spectrum it turned out that irradiation at 366 nm was suitable to trig-

ger the photoisomerism process of the spiropyran. However, it could be 

demonstrated that the reaction rate strongly depends on the solvent system 

as shown in  
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Table 4. A broad variety of polarity was tested and the different solvents were 

compared regarding the average reaction rate over the first 30 s of irradiation 

(c(SP) = 1×10-4 M).  

Table 4. Reaction conditions for SP-MC transition. 

 

Solvent max(1) 

(nm) 

max(2) 

(nm) 

max(3) 

(nm) 

Conversion 

(30s) 

K1 [109mol L-1s-

1] 

Cyclohexane 266 297, 305 330 3.35 % 111.67 

Hexane 267 297 333 3.33 % 111.00 

CH2Cl2 274 304 351 0.40 % 13.33 

CHCl3 274 305 349 0.20 % 6.67 

EtOH:hexane 

(1:1) 

270 299 339 0.34 % 11.33 

EtOH 270 300 339 0.11 % 3.67 

EtOH:water (1:1) 274 303 350 0.09 % 3.00 

 

It was found that the polarity of the solvent system correlates to the reaction 

rate of the photoswitching process. Less polar solvents lead to preferred 

isomerization to the spiropyran, which may appear contra intuitive. However, 

there is no direct correlation for a photoreaction between the stabilization of 

the ground state of the reaction product and the reaction rate. It may be diffi-

cult to verify the influence of the energy of the transition state. Other factors 

can be considered such as solvent dependent shifts or solvatochroism of the 

absorption bands of the spiropyran and merocyanine, which triggers the cor-

responding transition. Thus, variations in their overlap with the emission band 

of the mercury spectrum of the lamp (which is not solvent dependent) can be 

obtained. An overlap between the emission band of the mercury lamp and the 

absorption band of the spiropyran and the merocyanine form should critically 

influence the reaction rates of both the forward and backward reaction. The 

pronounced solvatochroism of the spiropyrane switch 280, in accordance with 

the literature[25] is described in Figure 8. 
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Figure 8. Solvatochroism of the spiropyrane switches. 

In order to trigger the reverse reaction pathway to the spiropyran form it was 

found that irradiation at 334 nm is suitable. Again, the influence of the solvent 

system on the reaction rate was explored (Table 5). To determine a preferred 

solvent for the reaction the influence on the reaction rate was screened.  

Table 5. Reaction conditions for MC-SP transition. 

 

Solvent max (nm) Conversion (120 s) K [109mol L-1s-1] 

Cyclohexane 306/299 n. d. (260 nm) n. d. 

CH2Cl2 306 0.8 % (276 nm) 2.54 

THF 278 n.d. (270 nm) n. d. 

CHCl3 279 0.67% (270 nm) 2.13 

Ethanol 297 1.46% (270 nm) 4.64 

Methanol 285/296 n. d. (270 nm) n. d. 

Acetonitrile 294 0.53% (270 nm) 1.68 
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Irradiation of a merocyanine sample in cyclohexane (c(SP) = 3.81×10-5 M) 

was performed for 1000 s, reaching the photostationary state (PSS) of the 

isomerization to the merocyanine and then evaporated (Figure 9). The residue 

was dissolved in the corresponding solvent system and the rate of the back-

ward reaction upon irradiation ( = 334 nm) was determined by monitoring the 

reaction via UV-Vis spectroscopy. In contrast to the rate of the transition from 

the spiropyran to the merocyanin, no clear correlation between solvent polarity 

and reaction rate can be determined. It turned out that ethanol was a suitable 

solvent for further irradiation experiments for this reaction. The merocyanine 

form also exhibited solvatochroism, as previously described in the literature.[25]  

 

 

Figure 9. Solvatochroism of the merocyanine 281. 
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4.2. Results and Discussion for the Application of Pericyclic 

Reactions in the Total Synthesis of Elisabethin A 

4.2.1. First Retrosynthetic Approach: 1,4 Addition via Sakurai Allylation  

Scheme 67. First retrosynthetic approach towards the total synthesis of elisabethin A. 

Our first retrosynthetic strategy was based upon a late-stage Sakurai allylation 

to install the crucial stereogenic center at C-7 (Scheme 67). A major concern 

for this reaction is the reactivity a 1,2 addition vs. the desired 1,4 addition. 

Trimethylallylsilane 282 would be synthesized from lactone 283 through a se-

quence of reduction, oxidation and olefination. The seven-membered lactone 

283 should result from a Grob-Eschenmoser fragmentation-like process of the 

Diels-Alder product 284. Precursor for the intramolecular Diels-Alder reaction 

should be assembled through an organolithium-mediated 1,2 addition of bro-

mo aryl 232 and aldehyde 287 resp. 288.  

Theoretically, two reaction pathways could be considered for the Sakurai al-

lylation reaction: either the desired 1,4 addition of the allyl silane to the qui-

none or a 1,2 addition to the carbonyl functionality of the quinone (Scheme 

68). Inspired by a potential biosynthetic pathway for the synthesis of elisa-

bethin A,[42a] a dienone-phenol rearrangement was envisioned if the Sakurai 
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allylation would result in the 1,2 addition product. The stereochemistry at C-7 

should depend on the configuration of the trimethylallylsilane. However, the 

stereogenic outcome was hard to predict; a mixture of both diastereomers was 

also likely.  

 

Scheme 68. Potential reaction pathways of the Sakurai allylation reaction: 1,2 addition vs. 1,4 addition. 

Since the current literature is not clear about the transition state of this intra-

molecular Diels-Alder reaction,[95, 105] both dienes should be synthesized and 

tested for this transformation in order to explore whether this reaction proceed 

through an endo- or exo-transition state (Figure 10). 

 

Figure 10. Possible transition states for the intramolecular Diels-Alder reaction. 

Starting from commercially available (R)-Roche ester 291 the first step was 

the benzylation of the primary alcohol under Bundle’s conditions[125] in 97% 

yield (Scheme 69). Subsequent homologation of the methyl ester via the 

Kowalski rearrangement[126] delivered ethyl ester 292 in overall 51% yield. 

Next, DiBAl-H reduction and protection of the resulting primary alcohol with 

TBDPSCl was performed and the benzyl group was cleaved with palladium on 
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charcoal under hydrogen atmosphere to give alcohol 293 in 76% yield. This 

alcohol served as precursor for both dienes and can be prepared in gram-

scale. 

 

Scheme 69. Synthesis of building block 293. 

The synthesis for the (Z,E)-diene continued with Appel reaction converting 

alcohol 293 in corresponding iodide, which was then treated with tri-

phenylphosphine in acetonitrile to form the corresponding Wittig salt (Scheme 

70). The desired diene 294 was synthesized in a Wittig reaction with 

trans-croton aldehyde and NaHMDS as base in a ratio of 6:1 selectivity favor-

ing the desired Z-configuration of the double bond. The TBDPS protection 

group was cleaved with TBAF and the crude alcohol was oxidized to the de-

sired aldehyde 288 with an overall yield of 56%. 

 

Scheme 70. Synthesis of (Z,E)-diene 288. 

For the synthesis of the (E,Z)-diene 287, it continued with a Swern oxidation of 

the primary alcohol 293 and subsequent HWE reaction under Masamune-

Roush conditions[127] to form exclusively the desired (E)-configurated double 

bond in 59% yield over two steps (Scheme 71). Next steps included DiBAl-H 

reduction of 295, another Swern oxidation to the aldehyde and Wittig reaction 

with NaHMDS as base delivering the desired (E,Z)-diene as the only isomer 

with an overall yield of 67%. Again, deprotection with TBAF and subsequent 

Parikh-Doering[128] oxidation afforded aldehyde 287 in 72% yield over two 

steps. 

 

Scheme 71. Synthesis of (E,Z) diene 287. 
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With both aldehydes in hand, the precursor for the Diels-Alder reaction was 

prepared in three steps (Scheme 72 and Scheme 73): First step was the 1,2-

addition of lithiated aryl compound 232 to aldehyde 288 resulting in the cou-

pling product 297 in 87% yield. Since the benzylic alcohol tendered to elimi-

nate the crude product was usually carried further without purification. Initially, 

the oxidation of 297 was performed with manganese dioxide in CH2Cl2. Unfor-

tunately, the yields of this reaction strongly varied with the charge of manga-

nese dioxide. Therefore, the Ley-Griffith oxidation[129] was performed with 

TPAP/NMO in acetonitrile. Cleavage of both MOM groups under strong acidic 

conditions (6 M HCl) led to the precursor for the intramolecular Diels-Alder 

reaction. Quinone 298 was in-situ generated by oxidation of the hydroquinone 

with Ag2O.  

In case of the (Z,E)-diene, the starting material is fully consumed within four 

hours but the cycloaddition took five days without heating for full conversion 

(Scheme 72). Gratifyingly, ambient temperature led to shorter reaction times 

(~ 2 days). Temperatures over 40 °C led to partial decomposition of the in-situ 

generated quinone and thus lower yields were obtained. 

 

Scheme 72. Studies towards the intramolecular Diels-Alder reaction with the (Z,E)-diene 288. 

With respect to the (E,Z)-diene 287 full consumption of the hydroquione 300 

was also observed and the corresponding quinone (301) was formed indicated 

by a bright yellow spot on TLC (Scheme 73). Unfortunately, no conversion of 

the quinone into a Diels-Alder product was observed. After five days and heat-

ing up to 50 °C, the quinone only decomposed.  
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Scheme 73. Studies towards the intramolecular Diels-Alder reaction with the (E,Z)-diene 287. 

These results led to the conclusion that at least in case of this system the en-

do-transition state was favored and the exo-transition state did not serve as a 

potential reaction pathway for the intramolecular Diels-Alder reaction. These 

findings were consistent with the results of Rawal and co-workers and discon-

firmed Mulzer’s claim for the exo-transition state. 

From there, the initial idea was to move forward with hydrogenation of the di-

substituted double bond, which turned out to be a difficult step in this synthe-

sis (Scheme 74). On one hand, there was a problem with over-reduction of the 

dienone system, which could also be hydrogenated (not shown in the 

scheme). On the other hand, isomerization to the more substituted double 

bond (see compound 303) as well as a Lewis acid-catalyzed fragmentation 

(see compound 304) was observed. Another problem was the fact that hydro-

genation did not proceed to completion and therefore starting material was 

recovered. Purification of the desired product from the starting material and 

the side-product proved difficult since the three compounds were an insepara-

ble mixture. Despite several attempts to adjust pressure, to change the sol-

vent systems (MeOH, EtOAc, EtOH, EtOH/AcOH) and to use different catalyst 

loading (10% w/wt to 50% w/wt), no clean conversion of 284 to the pure al-

kane 302 was obtained.  

 

Scheme 74. Hydrogenation problem of the Diels-Alder adduct 284 with Pd/C. 

The fragmentation product 304 is presumably formed through Lewis acid 

(Pd(OH)2 resulting from wet MeOH) catalyzed activation of the ketone in 305 
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and subsequent nucleophilic attack of methanolate delivering 304 (Scheme 

75). 

 

Scheme 75. Lewis-acid catalyzed fragmentation of ketone 284 to ester 304. 

In order to circumvent the issues of over-reduction, isomerization or fragmen-

tation the hydrogenation was reconsidered at this stage. The next step would 

be a Grob-Eschenmoser fragmentation-like process delivering a seven-

membered lactone. The lactone would not be prone to over-reduction or frag-

mentation and allows the use of a more reactive catalyst, such as Adam’s cat-

alyst[130]. 

Therefore, the Diels-Alder product was treated with sodium hydride and 

ethanethiol and the fragmentation followed by a retro-Claisen reaction took 

place delivering the seven-membered lactone 284 in 80% yield (Scheme 76). 

Mechanistically, the ketone was first attacked by the thiolate forming tetrahe-

dral intermediate 308 and then underwent fragmentation to enolate 309. The 

enolate attacked the thioester and formed seven-membered lactone 307. 

Subsequent oxidation to the aromatic ring delivered the final product 304. 

Next steps included hydrogenation of the double bond with Adam’s 

catalyst[130], reduction of the lactone to the primary alcohol with lithium alumi-

num hydride and oxidation to aldehyde 311 with IBX in 91% yield over three 

steps.  
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Scheme 76. Synthesis of key intermediate 311. 

The most common way to introduce a trimethylallylsilane is a Wittig 

reaction[131]: the Wittig reagent is formed in-situ by treating methyltri-

phenylphosphonium bromide with n-BuLi and subsequent alkylation with iodo-

trimethylsilylmethane. With another equivalent of n-BuLi the ylid is formed, 

which can then react with a carbonyl to give the desired trimethylallylsilane. 

Unfortunately, the reaction did not yield in any product formation with n-BuLi. 

Interestingly, NaHMDS was the only base that would work in this olefination 

reaction but the yields did broadly vary from 23% to 56% (Scheme 76).  

Alternatively, a synthesis of trimethylallylsilane 282 via cross-metathesis reac-

tion was considered. Thus, aldehyde 311 was converted into terminal olefin 

312 under standard Wittig conditions (Scheme 77).  

With respect to Grubbs research[132], terminal olefins and allyl silanes both are 

part of the “olefin type I”, which has strong tendency to fast homodimerization. 

Therefore, Schrock’s catalyst is supposed to be the only catalyst eligible to 

catalyze this reaction. However, these reactions are reported in very low 

yields and with many side products. Additionally, Schrock’s catalyst is very 

sensitive to air and difficult to handle. Thus, olefin 312 and an excess of trime-

thyl allyl silane were treated with Schrock’s catalyst in refluxing dimethoxye-

thane and also in dichloromethane, but both attemtps failed and only starting 

material was recovered. This leads to the conclusion that the catalyst was ei-
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ther not reactive enough or the reaction was contaminated by air and the cata-

lyst decomposed. 

 

Scheme 77. Synthesis of trimethylallylsilane 282. 

Nevertheless, the desired trimethylallylsilane, obtained via the olefination 

pathway is carried further for the Sakurai allylation (Table 6). Unfortunately, 

most Lewis acids (TiCl4, AlMe2Cl, Ti(OiPr)2Cl2) that were employed yielded in 

the 1,2 addition product 313 (see entry 1,2,3,7 and 11). In case of BF3*OEt2, 

no reaction was obtained and after prolonged reaction time only decomposi-

tion was observed (see entry 4 and 5). The use of less reactive Lewis acids 

such as Sn(OTf)2, ZrCl4, and Al(OiPr)3 did not indicate any consumption of the 

starting material (see entry 6,8 and 9). In contrast, the use of EtAlCl2 led to the 

formation of several new spots but unfortunately the desired product was not 

observed in the crude NMR (see entry 10). Purification and characterization of 

a potential product was not successful.  
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Table 6. Results of the Sakurai allylation reaction. 

 

Entry Lewis acid Amount of equiva-

lents 

Temperature 

[°C] 

Comment 

1 TiCl4 1 -78 1,2 addition 

2 TiCl4 2 -78 to r.t. 1,2 addition; then decomposition 

3 TiCl4 4 -78 to r.t. 1,2 addition; then decomposition 

4 BF3*OEt2 2.5 -78 to r.t. sm 

5 BF3*OEt2 5 -78 to r.t. -78: no reaction 

r.t.: decomposition 

6 Sn(OTf)2 2.5 -78 to r.t. sm 

7 AlMe2Cl 1 -78 1,2 addition 

8 ZrCl4 2 -78 to r.t. sm 

9 Al(OiPr)3 2 -78 to rt sm 

10 EtAlCl2 2 -78 to r.t. Several new spots; not the de-

sired product 

11 Ti(OiPr)2Cl2 2 -78 1,2 addition 

Standard conditions: anhydrous CH2Cl2 (0.01M). Entry 2, 3, 4, 6, 7, 8, 9: the temperature was gradually 

warmed and monitored every 10 °C by TLC. 

Given these results, the attempt of a dienone-phenol rearrangement was ap-

plied (Table 7). The initial idea was to form the 1,2 addition product 313 in situ 

under Lewis acid catalysis and the use of a second equivalent should initiate 

the anticipated rearrangement process. Encouraged by previously obtained 

results with the use of tin(IV)chloride, which led to a clean conversion for the 

1,2-addition reaction, further experiments were investigated. Unfortunately, at 

-78 °C only the formation of the 1,2-addition product was observed (see entry 

1). Therefore, the reaction was allowed to warm to room temperature monitor-

ing it at a step of every 10 °C (see entry 2). The formation of several new 

spots was observed at 0 °C. However, it was not possible to isolate any of 

those compounds. Analysis of the crude NMR spectra did not indicate the 
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formation of the desired product. Isolation of the 1,2-addition product 313 and 

subsequent treatment with a Lewis acid was also explored. However, the use 

of boron trifluoride etherate only led to the recovery of starting material (see 

entry 3). Under catalysis of dimethyl aluminum chloride no reaction was ob-

served at -78 °C (see entry 4). Thus, it was gradually warmed to 0 °C without 

any consumption of the starting material and only decomposition was ob-

served at room temperature. The use of a sodium hydride, which would depro-

tonate the tertiary alcohol and then initiate the rearrangement process, was 

also investigated (see entry 5). Although the formation of several new spots 

was observed, no defined product could be isolated and the crude NMR did 

not indicate that the desired transformation process took place. 

Table 7. Attempts of the dienone-phenol rearrangement. 

 

Entry Starting 

material 

Additive Solvent Amount 

of eq. 

Temp. 

[°C] 

Comment 

1 in situ 

formed 314 

TiCl4 CH2Cl2 2 -78 to 

r.t. 

1,2 addition; then de-

composition 

3 in situ 

formed 314 

TiCl4 CH2Cl2 4 -78 to 

r.t. 

1,2 addition; then de-

composition 

4 314 BF3*OEt2 CH2Cl2 2 -78 to 

10 

sm 

5 314 AlMe2Cl CH2Cl2 2 -78 to 

r.t. 

-78: no reaction 

r.t.: decomposition 

6 314 NaH THF 1.2 -30 to 0 Several new spots; no 

defined product 

 

Bi(OTf)3 is known for many application in the Sakurai allylation to quinone sys-

tems yielding in the 1,4 addition product.[133] However, the use of Bi(OTf)3 as a 

Lewis acid for the Sakurai allylation with 282 resulted in tetracycle 316. It is 

hypothesized that the reaction proceeds via a [5+2] cycloaddition under acti-

vation of the double bond through Bi(OTf)3 (Scheme 78).  
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Scheme 78. Lewis acid-catalyzed [5+2] cycloaddition. 

With compound 316 in hand, it was envisioned that a strong nucleophile would 

be eligible to attack the silicon atom triggering a rearrangement, which would 

result in o-hydroquinone 318 and deliver the desired elisabethin A core in 319 

structure under exposure to air. If successful, the isobutylene chain is all that 

would remain to be installed (Scheme 79). 

 

Scheme 79. Nucleophilic rearrangement of 316 to 319. 

The first idea to initiate the desired rearrangement was to treat 316 with TBAF 

in THF at 0 °C. Since no conversion of starting material was observed, the 

reaction was allowed to warm to room temperature. However, only starting 

material was recovered. Next, sodium methanolate was freshly prepared from 

sodium hydride in methanol as a 0.1 M solution and tested as a potential nu-

cleophile at  -20 °C. Again, no reaction was observed and the reaction was 

allowed to warm to room temperature. As an alternative to a nucleophilic rear-

rangement, boron triflouride was consired as a Lewis acid initiating the rear-

rangement via activation of the carbonyl functionalities. Unfortunately, the de-

sired rearrangement did not take place and only starting material was 

recovered. 
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4.2.2. Second Approach: Alder-en Cyclization  

Scheme 80. Second generation for the endgame: Alder-en cyclizations. 

Since all attempts failed to introduce the quaternary stereogenic center in a 

1,4 addition via a Sakurai allyation, a new strategy for the endgame was antic-

ipated: an Alder-en cyclization of olefin 320 under Lewis acid catalysis would 

give rise to the tricyclic framework of elisabethin A (36) (Scheme 80).  

Starting from previously synthesized aldehyde 311 the desired olefin was ob-

tained in a Wittig reaction (Scheme 81). Interestingly, NaHMDS and KO-tBu 

were not suitable as a base for this reaction, only LiHMDS led to the desired 

olefin 320.  

 

Scheme 81. Synthesis of precursor 320 for the Alder-en cyclization. 

The yield for the synthesis of olefin 320 was not reliable, which was problably 

due to high reactivity of the quinone towards nucleophiles. However, olefin 

320 was treated with different Lewis acids to initiate the desired Alder-en cy-

clization reaction (Scheme 82).  
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Scheme 82. Results of the Alder-en cyclization. 

Some Lewis acids were tested under standard conditions (0.01 M anhydrous 

CH2Cl2) to catalyze the anticipated transformation but in most cases only start-

ing material was recovered (BF3*OEt2, Sn(OTf)2). For the use of tin(IV) chlo-

ride and dimethyl aluminum chloride the cyclization product 321 was obtained. 

This leads to the conclusion that firstly the cyclization yields in a 1,2 addition, 

which is consistent with the observed reactivity of the Sakurai allylation. Sec-

ondly, the resulting cation at the position of the former double was rather 

trapped with water and then elimination occurred. Most likely, this is due to 

small amounts of water in the applied solvent system and could be avoided by 

the use freshly dried dichloromethane. Since the reaction did not show the 

desired reactivity for the 1,4 addition, this attempt was not further continued.  

4.2.3. Third Approach: Radical cyclization 

Based on the results that both a Sakurai allylation and an Alder-en cyclization 

yielded in the 1,4 addition product, a new retrosynthetic strategy was designed 

to introduce the quaternary carbon atom and to install the right stereochemis-

try at C-7 (Scheme 83). The idea was to use a radical approach to obtain the 

desired cyclization process. Therefore, a moiety on secondary alcohol 323 

was envisioned to initiate the radical cyclization under treatment with AIBN. 

The alcohol would result from a zinc-mediated Grignard addition of aldehyde 

311.  
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Scheme 83. Third generation for the endgame: radical cyclization. 

This synthetic approach commenced with the previously employed and opti-

mized Zn/Grignard yielding in allylic alcohol 323. Subsequent treatment with 

1,2-thiocarbodiimidazol and DMAP in CH2Cl2 did unfortunately not lead to 325 

(Scheme 84).  

Scheme 84. Synthetic approaches towards a precursor for radical cyclization. 

Instead, a [3,3]-sigmatropic rearrangement occurred and compound 326 was 

obtained (Scheme 84). Driving force for this process is thermodynamically 

more favored C=O double bond in comparison to the C=S double bond. 

 

Scheme 85. Observed [3,3] sigmatropic rearrangement. 

Alternatively, the synthesis of the corresponding bromide resp. iodide) was 

considered as a potential substrate for the radical cyclization approach. Thus, 

allylic alcohol 323 was treated under Appel conditions with either tri-

phenylphosphine/bromine or imidazole/triphenylphosphine/iodine. Unfortu-

nately, under those conditions the obtained product is the result of a SN2’ re-

action delivering diene 329, which is an intermediate of Davies’ total synthesis 

of elisapterosin B and colombiasin A (Scheme 86).[134] Other attempts such as 

PBr3 only led to decomposition.  
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Scheme 86. Appel reaction of 323 to 327/328 and subsequent radical elimination to 329. 

Davies accomplished the enantioselective total synthesis of elisapterosin B 

and colombiasin A in 13 resp. 14 steps in the longest linear sequence from 

literature known starting material. In comparison, our reported enantioselec-

tive approach requires 15 resp. 16 steps for the longest linear sequence from 

literature known arene 232 and alcohol 293.  

Unfortunately, it was not possible to find suitable conditions to obtain the de-

sired halide since the allylic alcohol rather reacts in a SN2’ fashion than the 

anticipated SN2 mode. 

4.2.4. Fourth Approach: Samarium(II) iodide-mediated Cyclization 

Scheme 87. Retrosynthetic analysis based upon a SmI2-mediated cyclization. 

Since the radical approach above did not result in any observation of the reac-

tivity of a radical cyclization, a single electron transfer was envisioned in order 

to initiate cyclization. Retrosynthetically, the isobutylene chain would be intro-

duced by a nucleophilic replacement of secondary alcohol 330 (Scheme 87). 

Samarium(II) iodide mediated cyclization should build up the five-membered 

ring and install the quaternary carbon atom.  
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Scheme 88. Observed Pinacol coupling event. 

Therefore, previously synthesized aldehyde 311 was treated with a freshly 

prepared solution of SmI2 in THF at 0 °C (Scheme 88). The reaction was fin-

ished within a few minutes but unfortunately the obtained product was diol 331 

resulting from a Pinacol-coupling reaction. Again, the system showed a higher 

reactivity towards a 1,2 addition over a 1,4 addition. Thus, this approach was 

not further continued. 

4.2.5. Endgame: 1,3 Dipolar Cycloaddition and Samarium(II) iodide-

mediated cyclopropane ring opening 

Scheme 89. Retrosynthetic analysis based upon a 1,3 dipolar cycloaddition. 

Based on previously obtained results, the 1,4 addition to the quinone does not 

seems to be favored in this system. To circumvent this misleading reactivity of 

the quinone, a new retrosynthetic strategy based upon a 1,3 dipolar cycloaddi-

tion was designed (Scheme 89).  

The retrosynthesis would commence with a samarium(II) iodide mediated cy-

clopropane ring opening installing the stereochemistry at C-7. The cyclopro-

pane should result from a 1,3 dipolar cycloaddition and the isobutylene chain 

could be installed via a Grignard reaction. The stereochemistry at C-7 would 

be installed through a SmI2 mediated reductive cyclopropane ring opening.  

The crucial step for the endgame of the total synthesis of elisabethin A is a 

reductive cyclopropane ring opening. Computational calculations supported 

the assumption that this transformation would give the desired stereochemis-

try for the isobutylene chain as well as for proton at position C-7. As depicted 

in Scheme 90, this process would take place via single electron transfer from 
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samarium(II) iodide, which is a common methodology for reductive cyclopro-

pane ring opening.[135] Regioselective activation of only the carbonyl group 

next to the methoxy group would be ensured through a chelating effect in-

duced by the methoxy group and the carbonyl group. Thus, the first single 

electron transfer would result in ketyl radical 333, which should then open the 

cyclopropane and lead to the allylic radical 334. A second single electron 

transfer should take place and 344 should be converted into an allylic anion, 

which would be protonated either by the solvent or during the work-up. Due to 

the shielding effect of the five-membered ring for the upper face, protonation 

of the enolate in 335 should occur from the lower face. Deprotection of the 

corresponding enantiomer is literature known and would result in the desired 

natural product elisabethin A.[105] 

If however the wrong stereochemistry for the proton at C-7 is obtained, the in 

situ formed enolate 335 can be trapped with NBS or PhSeCl as an alternative. 

The corresponding halide resp. selenide would be removed under radical 

conditions presumably yielding in at least a mixture of diastereomers. 

 

Scheme 90. Proposed endgame of the total synthesis of elisabethin A (36). 

The first step was again Zn-mediated Grignard reaction of aldehyde 311 de-

livering a secondary alcohol, which was then oxidized with IBX in 82% yield 

over two steps (Scheme 91). The ,-unsaturated carbonyl 322 was treated 

with tosyl hydrazine under acid catalysis to give hydrazone in 68% yield. As a 

side product of this reaction, the 1,4-addition product is observed. Formation 

of this by-product can be avoided by a very low concentration (< 0.05 M). Next 

step is the 1,3-dipolar cycloaddition initiated by deprotonation of the tosyl hy-

drazone 338 with potassium carbonate, which forms the corresponding diazo 

compound 339 in situ. It is proposed that the cyclopropane rearrangement 

occurs through an intramolecular 1,3 dipolar addition of 339 to the quinone 
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system resulting in heterocycle 340, which then collapses to the correspond-

ing cyclopropane 332 under nitrogen release. At 110 °C the reaction proceeds 

smoothly and under clean conversion of 338 to cyclopropane 332.  

Scheme 91. Application of the 1,3 dipolar cycloaddition. 

With cyclopropane 332 in hand, the next was the reductive cyclopropane ring 

opening. Although there is a lot of literature evidence for the opening of cyclo-

propanes with samarium(II) iodide via a single electron transfer,[135d, 136] this 

step turned out to very difficult. In addition, this would be the crucial step of the 

total synthesis of elisabethin A since it would install two of the six stereogenic 

centers including the one that has been a major challenge in previously re-

ported approaches. Standard conditions are usually THF in combination with a 

protic solvents (e.g. MeOH, EtOH, tBuOH) and 2-3 equivalents of the samari-

um iodide. Since samarium(II) iodide is very sensitive to oxygen it is crucial for 

the success of the reaction to work under strong exclusion of air. Reaction 

temperatures could vary from –78 °C to room temperature. The use of HMPA 

as an additive has been reported to enhance the reduction potential of samar-

ium(II) iodide and comes along with increased yields and lower reaction tem-

peratures. Several approaches have been explored and were summarized in 

Table 8. 
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Table 8. Reductive opening of cyclopropane 332. 

 

# SmI2 

[eq.] 

Solvent system conc. 

[mol/l] 

additives temperature 

[°C] 

comments 

1 2.5 THF/MeOH (4:1) 0.1 - –78 to r.t. no reaction 

2 2 THF/HMPA (9:1) 0.05 2 eq. tBuOH –78 no reaction 

3 2.5 THF/tBuOH (9:1) 0.1 4 eq. 

HMPA 

–78 to r.t. -desoxygenation 

4 2 THF/HMPA (4:1) 0.01 tBuOH (quench) –78 to 0 no reaction 

5 2 THF/HMPA (4:1) 0.01 tBuOH (quench) –78 to r.t. decomposition 

6 2 THF/MeOH (4:1) 0.2 H2O (quench) –30 no reaction 

General remarks: A solution of SmI2 in THF (~0.08 M) was freshly prepared under strong exclusion of 

oxygen. 

Under standard condition using a solvent system of THF/MeOH (4:1) and rais-

ing the temperatures from –78 °C to room temperature no consumption of the 

starting material was observed (entry 1). However, the addition of HMPA as a 

co-solvent to enhance the reduction power of samarium iodide did not lead to 

any conversion of the starting material (entry 2). The use of THF/tBuOH as a 

solvent system and the addition of 4 equivalents of HMPA did not show any 

reaction at –78 °C (entry 3). Interestingly, raising the temperature gradually to 

room temperature did lead to -deoxygenation of the methoxy group next to 

the carbonyl group.[137]  

In order to avoid the deoxygenation of the methoxy group, the reaction was 

carried out without any solvent that could serve as a potential proton source 

(entry 4-6). tBuOH was usually added after 20 min since the single electron 

transfer is a very fast process and the reaction should be finished within 

minutes. Unfortunately, it turned out that none of the conditions showed any 

desired reaction and only decomposition was observed as soon as the reac-

tion temperature was allowed to warm to room temperature. 
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This leads to the conclusion that the system is not reactive enough towards a 

single electron transfer with samarium(II) iodide. Thus, cleavage of the meth-

oxy group was anticipated to increase the reactivity of the dienone system 

(Scheme 92). Under especially mild conditions with lithium iodide in 2,6-

lutidine at 80 °C deprotection of the methoxy group was performed to give 341 

in 79% yield.[105] 

 

Scheme 92. Reduction cyclorpopane ring openening of deprotected 341. 

Next, 341 was treated under various conditions with samariumiodide. The ad-

dition of HMPA led to decomposition of the starting material at -78° C. Without 

the use of HMPA and the addition of a proton source such as methanol, only 

starting material was recovered.  

Alternatively, a radical ring opening process with the use of AIBN and tribu-

tylstanne in benzene was considered.[138] Unfortunately, only starting material 

was recovered. Reductive ring opening with Zn/ZnCl2[139] at room temperature 

did not show any consumption of the starting material. Unfortunately, activa-

tion of the Zn/ZnCl2 with ultrasound also remained without any effect as well 

as the variation of the amount of equivalents. 
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5. Conclusion and Outlook 

5.1. Conclusion and Outlook for the Application of the 

Divinylcyclopropane Rearrangement in the Synthesis of 

Spiropyrans as Photoswitches 

In summary, the application of the DVCPR has been demonstrated to be a 

versatile and feasible methodology allowing the introduction of a quaternary 

carbon center at the 3-position of the indole core in a cyclohepta[b]indole. The 

synthesis relies upon an assembling of two building blocks via a Stille cou-

pling, which has not been reported in the literature for these systems so far. In 

principle, this convergent approach allows the enantioselective introduction of 

a cis-cyclopropane using Charette’s cyclopropanation ligand.[108] In contrast to 

our previously reported methodology,[47] the indole was synthesized de novo 

through a radical approach based upon the Fukuyama indole synthesis. The 

reaction conditions for the synthesis of divinyl cyclopropane 277 were further 

optimized resulting in a very robust and high yielding approach with an overall 

yield of 59% in six steps from literature known stannane 247 and cyclopropyl 

alcohol 266. First kinetic experiments have shown strong evidence for the po-

tential application of the cyclohepta[b]indole based spiropyrans as pho-

toswitches. Additionally, this approach comes along with the introduction of an 

ester group in the indole 3-position, which allows further functionalization of 

the potential photoswitches for biological applications.[22]  

In this thesis, the newly developed synthesis of cylcohepta[b]indole 278 is de-

scribed as a racemic route. Enantioselective introduction of the cyclopropane 

is easily accessible and has been described previously in the literature by 

Charette and co-workers (Scheme 93).[108]  

 

Scheme 93. Enantioselective Synthesis of cyclopropane 342. 

Inspired by these very promising results, further kinetic experiments will be 

conducted such as kinetic measurement for the progression of the reaction 

from spiropyran to merocyanine (and vice versa). For the characterization of 

our photoswitch system, an actinometry of azobenzene will be performed, 
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which allows the comparison of our newly established system to a known and 

well-characterized photoswitch.[140] 

With an enantiomerically enriched form of the spiropyran in hand, it would be 

possible to explore their photochemical behavior with the use of circular polar-

ized light (CPL). Sources of CPL are known in Nature, such as refraction of 

light through a specific type of crystals, or angle-dependent light reflection at 

the interface between water and air.[141] The principle of circular polarization of 

an electromagnetic wave is described in Figure 11. 

 

Figure 11. The principle of circular polarized light (CPL). 

 Theoretically, it consists of a state in which the vector of the electronic field 

rotates within a plane perpendicular to the direction of the electromagnetic 

wave at a constant rate. An effect called circular dichroism is observed when 

one specific form of CPL contains a bias in the interaction with two enantio-

mers of an organic compound. In principle, this would lead to a preferred ab-

sorption of CPL of one kind by one specific enantiomer within a racemic mix-

ture. Ideally, only one enantiomer would undergo the transition reaction with 

only one form of the light, either right – or left polarized light. This would allow 

racemic resolution induced by CPL since the rate of a photoreaction depends 

on the absorbance rate of the reactants. Therefore, a photoreaction driven by 

CPL should result in uneven reaction rates for two enantiomers as reactants; 

presumably only leading to a little enatiomeric excess.[142] Therefore, it would 

be desirable to run multiple reaction cycles enabling an iterative enhancement 

of the distinction in concentration between two enantiomers subjected to the 

photochemical reaction. A reversible photoreaction controlled by a chiral pho-

toswitch would meet this requirement. Chiral resolution of a photoswitch by 

CPL would lead to an enantiomeric enrichment of the photoswitch, which 

should results in chemical interaction with other chiral molecules through the 

formation of diastereomers – those can be used for ‘chiral recognition’. Theo-

retically, this concept may be applied for chiral resolution of biological building 

blocks, such as amino acids. Among a broad variety of known photoswitch 
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systems, spiropyrans have shown to meet above requirements with their reac-

tivity pattern and have already been intensively investigated.[25] Although the 

neutral spiropyrane form is an unfavorable donor, the zwitterionic merocya-

nine has been reported as a ligand for divalent metal ions.[69c, 69d, 143] It has 

been previously shown that the merocyanine form is able form complexes for 

the recognition of small molecules.[70] Salicylic aldehydes have been de-

scribed for the ligation with amino acids forming a reversible complex of the 

corresponding Schiff base.[144] Based upon those observations, this system 

may be utilized for the proposed chiral resolution of amino acids, as depicted 

in Figure 12. 

 

Figure 12. Chiral resolution of amino acids using CPL.[140] 

Additionally, more derivatives of the cyclohepta[b]indole based spiropyrans 

will be synthesized to explore their characteristic behavior and the influence of 

electronic effects (Scheme 94). Ideally, it would be possible to obtain a batho-

chromic effect by expansion of the mesomeric -system of the spiropyran. 

This would allow a photochromism within the range of visible light resulting in 

a photo-induced change in color. Thus, it is envisioned to decorate the indole 

core with electron-donating group (e.g. -OMe) and the salicylic aldehydes with 

electron-withdrawing group (e.g. –NO2). 

 

Scheme 94. Synthesis of derivatives that may result in a bathochromic effect for the photochromism of 

this system. 
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Although the synthesis of the Fischer Base can be achieved enatioselectively, 

it remains unclear whether the enantiomeric excess is conserved during the 

photoisomerization process. Therefore, the configurational stability of the spi-

ropyran stereocenter has to be determined.  

This thesis only provides the results of the early stage of this project. Further 

experiments, syntheses, characterization and calculations can be found in the 

Master’s thesis of Msc. Fabian Schneider.[140]  
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5.2. Conclusion and Outlook for the Application of Pericyclic 

Reactions in the Total Synthesis of Elisabethin A 

Many different approaches towards the total synthesis of elisabethin A have 

been reported in the last two decades but none of them was successful. Alt-

hough the synthesis of elisabethin A was not accomplished throughout this 

thesis, several key points were explored.  

As a contribution to the current literature, it was determined and clarified that 

the intramolecular Diels-Alder reaction proceeds through an endo-transition 

state. This observation is consistent with the results published by Rawal and 

co-workers and also reflects the expected reactivity of a masked quinone for 

an intramolecular Diels-Alder reaction. 

During the studies towards the total synthesis of elisabethin A, aldehyde 311 

has become a key intermediate, which already contains three out of six stere-

ogenic centers. The synthesis can be accomplished on multi gram-scale in 18 

steps from commercially available starting material with an overall yield of 

19%. Key steps of this synthesis include an organolithium-mediated 1,2-

addition of building blocks 232 to 288 and a Grob-Eschenmoser like fragmen-

tation process to install a seven-membered lactone in 283. 

Starting from aldehyde 311, several approaches have been explored for the 

late-stage installation of the trans-decalin system, e.g. a Sakurai allylation, a 

dienone-phenol rearrangement, radical cyclization reactions, and a samari-

umiodide-mediated cyclization process. Finally, the formation of hydrazone 

338 was successful, which was able to undergo a 1,3-dipolar cycloaddition 

delivering cyclopropane 332 as an advanced intermediate of the total synthe-

sis of elisabethin A. 

With cyclopropane 332 in hand, four out of six stereogenic centers including 

the quaternary carbon atom were established. Several attempts to cleave the 

cyclopropane ring were explored but unfortunately all of them failed. Thus, it 

was not possible to introduce the desired stereochemistry in the crucial posi-

tion at C-7. The stereogenic center at C-13, which determines the orientation 

of the isobutylene chain, could also not be installed.  

So far, only very mild conditions have been explored for the cleavage of the 

cyclopropane ring. It is assumed that the pre-established dienone system al-

lows orbital interaction between the delocalized -orbitals of the dienone sys-

tem and the pseudo-sp2 orbitals of the cyclopropane ring. Consequently, the 

HOMO of the cyclopropane ring should be lower in energy and the energy 

level of the LUMO should be increased, which leads to a higher reactivity to-

wards nucleophilic reagents. However, it was not possible to effect any reac-

tion of the cyclopropane ring except a -desoxygenation reaction.  
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According to these last results, other reagent that are eligible to undergo sin-

gle electron transfer reactions will be explored. It is reported in the literature 

that cyclopropane rings can be cleaved under Birch conditions.[145] For this 

purpose, different reagents have been developed possessing a broad varia-

tion of reduction potentials. Similar to the reaction sequence with samarium 

iodide, a proton transfer from the lower face of the molecule is envisioned due 

to steric hindrance by the five-membered ring from the upper face installing 

the correct stereochemistry of the trans-decalin system (Scheme 95). 

 

 

Scheme 95. Proposed mechanism for the cyclopropane ring opening under Birch conditions. 

An especially mild variation of the Birch reduction includes the use of either 

lithium or sodium naphthalenide bearing a reduction potential of -2.5 V.[146] 

Both variations of the reagent have been used for the cleavage of cyclopro-

panes in total synthesis.[147] Alternatively, standard Birch conditions with lithi-

um or sodium in liquid ammonia have also been used for this purpose.[148]  

More recently, the use of lithium di-tert-butylbiphenyl (LiDBB) has been intro-

duced as ammonia free reduction of aromatic compounds[149] and sulfones[150]. 

Here, LiDBB also serves as an electron carrier and is able to transfer a single 

electron to an acceptor molecule. It has been demonstrated that the use of 

this reagent leads to a significant increase of yield and allows a broad sub-

strate scope including the use of enolate, which are not tolerated under Birch 

conditions. In comparision to the Birch reduction, LiDBB is easy to handle and 

can be prepared and stored for month as a stock solution.[151]  

As an alternative methodology to the Birch reduction, Cossy and co-workers 

reported the use of a reductive photoinduced electron transfer (hν = 254 nm, 

Et3N, LiClO4, CH3CN) for the cleavage of cyclopropanes and cyclopropylke-
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tones.[152] Depending on the substrate, the ring cleavage can either occur on 

the endo- or exo-cyclic bond. However, they observed a selective cleavage of 

the exo-cyclic bond for six-membered rings.[153]  

With respect to those opportunities, we are very confident to finish the total 

synthesis of elisabethin A via a reductive cyclopropane ring opening.  
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6. Experimental Section 

6.1. General 

All moisture and oxygen sensitive reactions were performed in flame-dried 

glassware under a slight nitrogen overpressure. All reactions were stirred 

magnetically. Sensitive solutions, solvents or reagents were transferred via 

cannula or syringe. Reactions were monitored by thin-layer chromatography 

(TLC) or NMR of the crude mixture. Evaporations were conducted under re-

duced pressure at temperatures less than 40 °C, unless otherwise noted. Fur-

ther dryings of the residues were accomplished using a high vacuum pump. 

All solvents were purchased as the highest available grade from Sigma-

Aldrich, Acros-Organics or Fisher-Chemicals. Ethyl acetate, hexane and di-

chloromethane for column chromatography were distilled and used without 

further purification. All other reagents were used as received from Sigma-

Aldrich, Acros-Organics, TCI or Fisher-Chemicals unless otherwise noted. 

Thin-layer chromatography was carried out on pre-coated Merk silica gel 60 

F254 to monitor all reactions. The detection of spots was first performed by 

using a UV (254 nm) lamp followed by visualization by a Vanillin or KMnO4 

based TLC Stain. Preparative column chromatography was performed with 

silica gel 60 from Merk (0.040-0.063 μm, 240-400 mesh).  

All NMR spectra were measured on a Bruker Avance III 400 or Avance III 600. 

Chemical shifts are given in ppm and referenced to the solvent residual peaks 

(Chloroform-d 1H, = 7.26 ppm, 13C, = 77.00 ppm; DMSO-d6 
1H, = 2.50 

ppm, 13C, = 39.52 ppm; Benzene-d6 
1H, = 7.16 ppm, 13C, = 128.06 ppm). 

Data are reported as follows: chemical shift, multiplicity (s = singlet, d = dou-

blet, t = triplet, q = quartet, m = multiplet), coupling constant J, integration. In-

frared spectra were recorded as thin films of pure products on an ATR-unit on 

a Perkin ElmerSpectrum 100 ATR spectrometer. High-resolution mass spectra 

were measured on a Bruker microTOF II or Fischer Scientific Orbitrap Velos 

Pro. Optical rotation was measured on a Jasco P-2000 polarimeter.  

Continuous irradiation in solution A high-pressure mercury lamp (Osram 

HBO 200) was used. The light was passed through a heat filter (optical length 

5 cm, filled with a saturated aqueous solution of CuSO4), a collimating lens, 

an electronic shutter, a 313 nm, 366 nm or 438 nm interference filter (Schott), 

and a thermostated optical cell holder with a cell of 1 cm path length (Hellma 

QS) equipped with a magnetic stirring bar. At 313 nm, 334 nm, 366 nm and 

438 nm, the photon irradiance I0 was determined by azobenzene 

actinometry.[154] Values of I0 were between 7.7810-10
 and 1.7810-8

 einstein  

cm-2 s-1. The cell was 1 cm in optical path length and filled with 2 ml of probe 

solution. The samples were not degassed. UV/Vis absorption spectra were 
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recorded before and after irradiation on a Cary 50 UV/Vis spectrophotometer. 

Quantum yields were determined by the method due to Gauglitz.[154]  
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6.2. Experimental Section for the Application of the 

Divinylcyclopropane Rearrangement in the Synthesis of 

Spiropyrans as Photoswitches 

6.2.1. Synthesis of a Test System for the Introduction of a Quaternary 

Carbon Center in the DVCPR  

 

2-bromo-1-tosyl-1H-indole-3-carbaldehyde (S-4) 

 

Aldehyde 250 (1.15 g, 5.14 mmol, 1 eq) was dissolved in THF (17 mL) at 0°C. 

Sodium hydride (60% in mineral oil, 226 mg, 5.65 mmol, 1.1 eq.) was added 

portion wise. The reaction mixture was stirred for 20 min and then tosyl chlo-

ride (1.08 g, 5.65 mmol, 1.1 eq.) was added. It was allowed to return to room 

temperature and kept stirring for 16 h. The reaction was quenched by the ad-

dition of aq. ammonium chloride, extracted with ethyl acetate (3x), washed 

with brine and dried over MgSO4. The solvent was removed by rotary evapo-

ration and the resulting residue was purified by flash column chromatography 

(hexane/EtOAc, 4:1) to give S-1 (1.69 g, 4.47 mmol, 0.87 eq.) in 87% as a 

white solid. The obtained analytical data matched those reported in the litera-

ture.[155] 

 

Rf = 0.45 (5:1, hex:EtOAc) 

 

1H NMR (CDCl3, 400 MHz): = 8.22 (d, J = 8.4 Hz, 1H), 7.64 – 7.51 (m, 4H), 

7.37 (m, 1H), 7.14 (d, J = 8.0 Hz, 2H), 2.51 (s, 3H), 2.31 (s, 3H) ppm. 
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Ethyl (Z)-3-(3-methyl-1-tosyl-1H-indol-2-yl)acrylate (252) 

 

Ethyl 2-(diphenoxyphosphoryl)acetate (404 mg, 1.26 mmol, 1.05 eq.) and 18-

crown-6 (1.59 g, 6.00 mmol, 5 eq.) were dissolved and placed in THF (8.7 mL) 

under argon atmosphere and cooled to -78°C. Potassium 

bis(trimethylsilyl)amide (0.7 M in toluene, 1.7 mL, 1.20 mmol, 1 eq.) was add-

ed and the reaction mixture was stirred for 20 min at -78°C and for 10 min at 

0°C.  

Aldehyde S-1 (376 mg, 1.20 mmol, 1eq.) was dissolved in THF (2.2 mL) and 

added slowly to the reaction mixture at -78 °C. It was kept at this temperature 

for 2 h and then slowly warmed to room temperature overnight. The reaction 

was quenched by the addition of aq. ammonium chloride, extracted with ethyl 

acetate (3x), washed with brine and dried over MgSO4. The solvent was re-

moved by rotary evaporation and the resulting residue was purified via flash 

column chromatography (hexane/EtOAc, 15:1) to give 252 (325 mg, 

0.84 mmol, 0.71 eq.) as a clear liquid in 71% yield in a mixture of double bond 

isomers with a ratio of 1:5 = (E/Z). Only the major isomer was isolated and 

characterized. 

 

Rf= 0.62 (5:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz): = 8.11 (d, J = 8.2 Hz, 1H), 7.66 (d, J = 8.5 Hz, 

2H), 7.38 (m, 1H), 7.38 – 7.27 (m, 2H), 7.22 – 7.18 (m, 1H), 7.06 (d, 

J = 7.9 Hz, 2H), 6.23 (d, J = 11.9 Hz, 1H), 4.10 (q, J = 7.2 Hz, 2H), 2.21 (s, 

3H), 2.06 (s, 3H), 1.14 (t, J = 7.2 Hz, 3H) ppm. 

 

13C NMR (CDCl3, 100.6 MHz): = 165.5, 144.5, 136.4, 134.9, 133.5, 131.3, 

131.0, 129.4, 127.0, 125.6, 123.7, 122.4, 121.9, 119.7, 114.6, 60.3, 21.4, 

14.1, 10.4 ppm. 
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(Z)-3-(3-Methyl-1-tosyl-1H-indol-2-yl)prop-2-en-1-ol (S-2) 

 

Ester 252 (244 mg, 0.64 mmol, 1 eq.) was dissolved in THF (6.3 mL) under 

argon atmosphere and cooled to -78 °C. DiBAl-H (1 M, 1.6 mL, 1.59 mmol, 

2.5 eq.) was added slowly and the reaction was stirred at this temperature for 

3 h. It was diluted with diethyl ether (10 mL) and quenched by the addition of 

aqueous Rochelle’s salt (20 mL). 

It was stirred for 2 h and then extracted with diethyl ether (3x), washed with 

brine and water. It was dried over MgSO4 and the solvent was removed by 

rotary evaporation. The resulting residue was purified by flash column chro-

matography (hexane/EtOAc, 15:1) to give S-2 (154 mg, 0.47 mmol, 0.74 eq.) 

as a clear liquid. 

 

Rf = 0.18 (5:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz): = 8.24 (d, J = 8.2 Hz, 1H), 7.61 (m, 2H), 7.40 (d, 

J =7.2 Hz, 2H), 7.36 (dt, J = 7.2, 1.4 Hz, 1H), 7.27 (dt, J = 7.7, 0.8 Hz, 1H), 

7.15 (d, J = 7.8 Hz, 2H), 6.73 (d, J = 11.6 Hz, 1H), 6.07 (dt, J = 11.4, 6.6 Hz, 

1H), 3.90 (dd, J = 6.6, 1.5 Hz, 2H), 2.31 (s, 3H), 2.00 (s, 3H) ppm. 

 

13C NMR (CDCl3, 100.6 MHz): 144.7, 136.9, 135.4, 133.6, 131.8, 129.5 

(2x), 126.8 (2x), 125.3, 123.6, 121.0, 119.8, 115.0, 60.3, 21.5, 9.9 ppm. 
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(2-(3-Methyl-1-tosyl-1H-indol-2-yl)cyclopropyl)methanol (253) 

 

A solution of Et2Zn (1 M in hexane, 0.8 mL, 0.81 mmol, 2.2 eq.) was dissolved 

in CH2Cl2 (1.5 mL) in a Schlenk flask covered with aluminum foil and cooled 

to -10 °C. Freshly distilled diiodomethane (0.13 mL, 1.61 mmol, 4.4 eq.) was 

dissolved in CH2Cl2 (1.5 mL) and also added. It was kept at this temperature 

and stirred for 1.5 h. Alcohol S-2 (120 mg, 0.37 mmol, 1 eq.) was dissolved in 

CH2Cl2 (1 mL) and slowly added to the reaction mixture. It was kept at -10°C 

for 30 min and for 3 h at room temperature. The reaction was quenched by the 

addition of aq. ammonium chloride, extracted with CH2Cl2 (3x), washed with 

brine and dried over MgSO4. The solvent was removed by rotary evaporation 

and the resulting residue was purified by flash column chromatography (hex-

ane/EtOAc, 2:1) to give 253 (94.0 mg, 0.27 mmol, 0.73 eq.) as a clear liquid. 

 

Rf = 0.65 (2:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 8.19 (d, J = 8.5 Hz, 1H), 7.53 (d, J = 8.6 Hz, 

2H), 7.37-7.29 (m, 1H), 7.25 – 7.22 (m, 1H), 7.13 (d, J = 8.2 Hz, 2H), 3.43 (dd, 

J = 11.3, 5.5 Hz, 1H), 3.43 (dd, J = 11.3, 7.9 Hz, 1H), 2.45 (bs, 1H), 2.31 (s, 

1H), 2.19 (s, 3H), 2.10 (m, 1H), 2.04 (s, 1H), 1.66 (m, 1H), 1.35 (dt, J = 8.4, 

5.1 Hz, 1H), 0.83 (q, J = 5.6 Hz, 1H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 144.8, 137.0, 135.5, 133.7, 131.9, 129.7 

(2x), 126.4 (2x), 125.1, 123.9, 121.8, 118.7, 115.6, 63.6, 21.7, 21.2, 14.6, 

11.4, 10.4 ppm. 
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2-(3-Methyl-1-tosyl-1H-indol-2-yl)cyclopropane-1-carbaldehyde (S-3) 

 

Alcohol 253 (55.0 mg, 0.16 mmol, 1 eq.) was dissolved anhydrous DMSO 

(0.5 mL) and IBX (87.0 mg, 0.31 mmol, 2 eq.) was added. The reaction was 

stirred at room temperature upon completion monitored on TLC. The reaction 

was quenched by the addition of water, extracted with ethyl acetate (3x), 

washed with brine and dried over MgSO4. The solvent was removed by rotary 

evaporation and the resulting residue was purified by flash column chromatog-

raphy (hexane/EtOAc, 2:1) to give S-4 (48.0 mg, 0.14 mmol, 0.88 eq.) as a 

yellow oil.  

 

Rf = 0.38 (1:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 8.87 (d, J = 5.3 Hz, 1H), 8.18 (m, 1H), 7.60 (d, 

J = 8.3 Hz, 2H), 7.45-7.32 (m, 3H), 7.20 (m, 2H), 2.76 (m, 1H), 2.51-2.39 (m, 

1H), 2.37 (s, 3H), 2.31 (d, J = 1.4 Hz, 3H), 1.94 - 1.75 (m, 2H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 185.6, 145.4, 137.7, 134.3, 133.1, 132.3, 

130.7, 129.9, 129.2, 126.8, 124.7, 121.7, 116.0, 29.8, 21.7, 10.7 ppm. 
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3-methyl-1-tosyl-2-(2-vinylcyclopropyl)-1H-indole (248) 

 

Triphenylmethylphosphonium bromide (22.0 mg, 60.0 µmol, 2 eq.) was dis-

solved in THF (200 µL) under argon atmosphere and cooled to -78 °C. Sodi-

um bis(trimethylsilyl)amide (2.0 M in THF, 31.3 L, 60.0 µmol, 2 eq.) was add-

ed dropwise and the reaction was stirred for 15 min and then warmed to 0 °C 

for 30 min.  

Aldehyde S-3 (11.0 mg, 30.0 µmol, 1 eq.) was dissolved in THF (200 µL) and 

slowly added to the freshly formed ylide at -78 °C.  The reaction mixture was 

stirred for 1 h at the same temperature and then warmed to 0 °C for 30 min. 

The reaction was quenched by the addition of aq. ammonium chloride, ex-

tracted with ethyl acetate (3x), washed with brine and dried over MgSO4. The 

solvent was removed by rotary evaporation. The yield was not determined 

since the material was used for the next step without further purification.  

 

Rf := 0.52 (5:1, hex/EtOAc) 

 

 

  



 

 

 

110 

6.2.2. Synthesis of a Derivative in the 3-Indole Position for the 

Introduction of a Quaternary Carbon Center in the DVCPR  

 

 

 

 

 

2-Bromo-1H-indole-3-carbaldehyde (S-1) 

 

 

DMF (1.38 mL, 18.4 mmol, 3 eq.) was dissolved in CH2Cl2 (8 mL) and phos-

phorus oxybromide 257 (4.20 g, 14.7 mmol, 2.4 eq.) was added at 0 °C. It was 

stirred for 15 min and then heated to reflux for 15 min. Oxindole (814 mg, 

6.11 mmol, 1 eq.) was added and it was stirred for additional 2 h. Then, 

crushed ice was added and the reaction mixture was stirred for 20 min. the 

resulting two layers were separated and the aqueous phase was neutralized 

with aq. sodium bicarbonate. It was then extracted with CH2Cl2 (3x) and the 

combined organic layers were washed with brine. The solvents were removed 

and the remaining residue used for the next step without further purification. 
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2-bromo-1-methyl-1H-indole-3-carbaldehyde (256) 

 

 

Aldehyde S-4 (2.76 g, 12.0 mmol, 1 eq.) was dissolved in THF (24mL) and 

cooled to 0 °C. Sodium hydride (60% in mineral oil, 719 mg, 18.0 mmol, 

1.5 eq.) was added and the reaction mixture was stirred for 10 min. Methyl 

iodide (1.12 mL, 18.0 mmol, 1.5 eq.) was added and it was stirred for 16 h. 

The reaction was quenched by the addition of aq. ammonium chloride, ex-

tracted with ethyl acetate (3x), washed with brine and dried over MgSO4. The 

solvent was removed by rotary evaporation and the resulting residue was puri-

fied by flash column chromatography (hexane/EtOAc, 5:1) to give 256 (2.71 g, 

11.4 mmol, 0.95 eq.) in 95% yield over two steps. The obtained analytical data 

matched those reported in the literature.[156] 

 

Rf = 0.53 (5:1, hex/EtOAc). 

mp.: 105 °C (literature 110-111 °C) [156] 

1H NMR (CDCl3, 400 MHz): = 10.05 (s, 1H), 8.34 – 8.31 (m, 1H), 7.37 – 7.28 

(m, 3H), 3.85 (s, 3H) ppm. 

IR (film): 𝜈̃  = 736, 797, 839, 1014, 1035, 1095, 1128, 1253, 1326, 1373, 1386, 

1468, 1498, 1579, 1650, 1739, 2811, 2946, 3056 cm
-1

.  

HRMS (ESI): calc. for C10H8BrNONa [M+Na]
+
: 259.9681, found: 259.9687.  

 

 

  



 

 

 

112 
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2-(3-((tert-butyldimethylsilyl)oxy)prop-1-yn-1-yl)-1-methyl-1H-indole-3-

carbaldehyde (258) 

 

Copper (I) iodide (40.0 mg, 0.21 mmol, 0.025 eq.) and Pd(PPh3)2Cl2 (590 mg, 

0.84 mmol, 0.1 eq.) were placed under argon atmosphere in a flame-dried 

flask. Bromide 256 (2.00 g, 8.40 mmol, 1 eq.) was added in in degassed THF 

(16.8 mL). It was stirred for 5min and then TBS protected propargylic alcohol 

(2.00 g, 11.7 mmol, 1.4 eq.) and triethylamine (11.8 mL, 84.0 mmol, 10 eq.) 

were added to the reaction mixture. It was stirred for 1h and then quenched by 

the addition of aq. ammonium chloride. It was extracted with ethyl acetate 

(3x), washed with brine and dried over MgSO4. The solvent was removed by 

rotary evaporation and the resulting residue was purified by flash column 

chromatography (hexane/EtOAc, 4:1) to give 258 (1.98 g, 5.05 mmol, 

0.72 eq.) in 72% yield as a yellow solid. 

 

Rf = 0.61 (5:1, hex/EtOAc) 

1H NMR (CDCl3, 400 MHz):  =10.17 (s, 1H), 8.32 – 8.30 (m, 1 H), 7.40 – 7.30 

(m, 3H), 4.69 (s, 2H), 3.86 (s, 3H), 0.95 (s, 9H), 0.19 (s, 6H) ppm.  

13C NMR (CDCl3, 100.6 MHz): =185.2, 137.3, 133.4, 125.1, 124.3, 123.6, 

122.3, 120.3, 109.7, 100.2, 73.1, 52.2, 31.1, 25.8 (3x), 18.3, -5.1 (2x) ppm. 

IR (film): 𝜈̃  = 633, 744, 779, 835, 938, 1006, 1050, 1090, 1129, 1158, 1255, 

1334, 1384, 1411, 1469, 1516, 1578, 1655, 1730, 2856, 2929 cm-1.  

HRMS (ESI): calc. for C19H25NO2SiNa [M+Na]+: 350.1547, found: 350.1552.  
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(Z)-2-(3-((tert-butyldimethylsilyl)oxy)prop-1-en-1-yl)-1-methyl-1H-indole-3-

carbaldehyde (259) 

 

Alkine 258 (200 mg, 0.52 mmol, 1 eq.) was dissolved in MeOH (1 mL) and 

Lindlar’s catalyst was added (950 mg). It was purged with hydrogen at 65 bar 

and stirred for 3 h. It was filtered through Celite® and the solvents were re-

moved. It was subjected to flash chromatrography (hexane/EtOAc, 20:1) to 

give 259 (192 mg, 0.50 mmol, 0.96 eq.). 

 

Rf = 0.49 (4:1, hex/EtOAc) 

mp.: 116.7 °C. 

1H NMR (CDCl3, 400 MHz): = 9.85 (s, 1 H), 8.38 – 8.33 (m, 1 H), 7.37-7.30 

(m, 3H), 6.52 (dt, J = 11.7, 1.3 Hz, 1H), 6.41 (m, 1H), 4.25 (dd, J = 6.8, 4.6 Hz, 

2H), 3.71 (s, 3H), 0.83 (s, 9H), -0.03 (s, 6 H) ppm.  

13C NMR (CDCl3, 100.6 MHz): = 145.9, 141.7, 137.4, 125.2, 123.9, 123.1, 

122.0, 116.2, 115.7, 109.5 (2x), 60.6, 30.5, 25.8 (3x), 18.2, -5.3 (2x) ppm. 

IR (film): 𝜈̃  = 673, 756, 777, 841, 924, 988, 1042, 1075, 1256, 1329, 1376, 

1422, 1443, 1468, 1521, 1650, 2855, 2928 cm-1.  

HRMS (ESI): calc. for C19H27NO2SiNa [M+Na]+:352.1703, found: 352.1709.  
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3-(2-((Z)-3-((tert-butyldimethylsilyl)oxy)prop-1-en-1-yl)-1-methyl-1H-indol-

3-yl)acrylonitrile (262) 

 

Sodium hydride (60% in mineral oil, 73.0 mg, 1.83 mmol, 1.3 eq.) was dis-

solved in THF (6 mL) and cyanomethylphosphonic acid diethyl ester (310 µL, 

1.83 mmol, 1.3 eq.) was added at 0 °C. It was stirred for 10min and then alde-

hyde 259 (473 mg, 1.44 mmol, 1 eq.) was added. It was stirred at 0 °C for 

1.5h and then 15min at room temperature. The reaction was quenched by the 

addition of aq. ammonium chloride. It was extracted with ethyl acetate (3x), 

washed with brine and dried over MgSO4. The solvent was removed by rotary 

evaporation and the resulting residue was purified by flash column chromatog-

raphy (hexane/EtOAc, 10:1) to give 262 (510 mg, 1.44 mmol, 1 eq.) in quanti-

tative yields. 

 

Rf = 0.61 (4:1, hexane/EtOAc). 

1H NMR (CDCl3, 400 MHz): 7.76 (d, J = 7.8 Hz, 1H), 7.37 – 7.27 (m, 4H), 

6.43 – 6.30 (m, 2H), 5.78 (d, J = 6.7 Hz, 1H), 4.13 (dd, J = 5.9, 1.4 Hz, 2H), 

3.68 (s, 3H), 0.84 (s, 9H), -0.02 (s, 6H) ppm.  

13C NMR (CDCl3, 100.6 MHz): = 143.9, 141.2, 140.5, 138.2, 125.3, 123.7, 

122.3, 120.3, 117.3 (2x), 110.8, 110.4 (2x), 90.0, 61.0, 31.0, 26.1 (3x), -5.0 

(2x) ppm.  

IR (film): 𝜈̃  = 633, 741, 778, 837, 967, 1090, 1254, 1366, 1417, 1442, 1469, 

1607, 2206, 2856, 2929 cm-1.  

HRMS (ESI): calc. for C21H18N2OSiNa [M+Na]+ :375.1863, found: 375.1869.  
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(Z)-3-(2-(3-((tert-butyldimethylsilyl)oxy)prop-1-en-1-yl)-1-methyl-1H-indol-

3-yl)propanenitrile (S-5) 

 

Compound 262 (294 mg, 1.12 mmol, 1 eq.) was dissolved in MeOH (22 mL) 

and Mg (815 mg, 33.5 mmol, 30 eq.) was added at 0 °C. It was stirred for 

15min and then allowed to return to room temperature. After 2.5 h, it was 

poured onto water and acidified with 0.5 M HCl until no gas was released an-

ymore. It was extracted with EtOAc (3x), washed with brine and dried over 

MgSO4. The solvent was removed by rotary evaporation and the resulting res-

idue was purified by flash column chromatography (hexane/EtOAc, 10:1) to 

give S-5 (299 mg, 0.84 mmol, 0.75 eq.). 

 

Rf = 0.57 (5:1, hexane/EtOAc)  

1H NMR (CDCl3, 400 MHz): 7.56 – 7.50 (m, 4H), 7.34 – 7.27 (m, 2H), 7.25 

(m, 2H), 6.45 (td, J = 11.3, 1.4 Hz, 1H), 6.17 (m, 1H), 4.14 (dd, J = 6.4, 4.4 Hz, 

2H), 3.63 (s, 3H), 3.04 (t, J = 7.7 Hz, 2H), 2.60 (t, J = 7.7 Hz, 2H), 0.88 (s, 

9H), -0.01 (s, 6H) ppm.  

IR (film): 𝜈̃  = 632, 740, 777, 837, 1010, 1088, 1189, 1252, 1331, 1367, 1470, 

2856, 2929 cm-1.  

HRMS (ESI): calc. for C21H30N2OSiNa [M+Na]+:377.2020, found: 377.2025.  
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(Z)-3-(2-(3-hydroxyprop-1-en-1-yl)-1-methyl-1H-indol-3-yl)propanenitrile 

(263) 

 

TBS ether S-5 (299 mg, 0.84 mmol, 1 eq.) was dissolved in THF (4.2 mL). 

HF*pyr (70% in pyridine, 1.4 mL) was diluted with pyridine (2.8 mL) at 0 °C 

and added at room temperature. It was stirred for 2.5 h and then quenched by 

the addition of aq. ammonium chloride, extracted with EtOAc (3x), washed 

with aq. calcium chloride, 0.5 M HCl, brine and dried over MgSO4. The solvent 

was removed by rotary evaporation and the resulting residue was purified by 

flash column chromatography (hexane/EtOAc, 2:1) to give 263 (151 mg, 

0.63 mmol, 0.76 eq.) as a clear oil. 

 

Rf = 0.10 (3:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 7.49 (m, 1H), 7.36-7.29 (m, 2H), 7.23 – 7.10 

(m, 1H), 6.53 (d, J = 11.3 Hz, 1H), 6.27 (dt, J = 11.3 6,5 Hz, 1H), 4.14 (t, J = 

5.5 Hz, 2H), 3.61 (s, 3 H), 3.06 (t, J = 6.9 Hz, 2H), 2.66 (t, J = 6.9 Hz, 2 H), 

2.15 (s, 1 H) ppm. 

IR (film): �̃�̃ = 616, 639, 711, 737, 765, 821, 901, 979, 1017, 1066, 1151, 1189, 

1250, 1312, 1333, 1366, 1411, 1469, 1548, 1651, 2248, 2365, 2931, 3447 cm-

1. 

HRMS(ESI): calc. for C19H16N2ONa[M+Na]+ :263.1155; found: 263.1160. 
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6.2.3. Synthesis of a Derivative in the 3-Indole Position through A New 

Convergent Approach for the Introduction of a Quaternary Carbon 

Center in the DVCPR  

 

 

  



 

 

 

124 

Ethyl (Z)-3-iodoacrylate (268) 

 

NaI (13.8 g, 91.7 mmol, 1.5 eq.) was suspended in acetic acid (60 ml) and 

ethyl propiolate 267 (6.20 ml, 6.00 g, 61 mmol, 1 eq.) was added. The mixture 

was heated to 72 °C for 16 h, a red solution was obtained. Upon cooling to r.t. 

water was added and the mixture was extracted with diethyl ether (3x). The 

combined organic phases were washed with aqueous KOH (3x) until a color-

less solution was obtained. The organic phase was washed with brine, dried 

over MgSO4 and the solvent was evaporated to obtain the product as a color-

less oil (13.7 g 60.8 mmol, 0.99 eq.). The product was used for the following 

steps without further purification. 

The spectroscopic data obtained are consistent with those previously reported 

in the literature.[117] 

1H NMR (CDCl3, 400 MHz)  = 7.43 (d, J = 8.9 Hz, 1H), 6.89 (d, J = 8.9 Hz, 

1H), 4.25 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3,101 MHz) = 164.6, 129.9, 94.5, 60.8, 14.2 ppm.
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(Z)-3-Iodoprop-2-en-1-ol (269) 

 

268 (13.7 g, 60.0 mmol, 1 eq.) was dissolved in CH2Cl2 (150 ml) under nitro-

gen atmospehere and cooled to -78 °C. Then DiBAl-H (1 M in hexane, 210 ml, 

210 mmol, 3.5 eq.) was added over 30 min and the reaction was stirred for 

2.5 h at -78 °C. Diethyl ether (200 ml) and saturated aq. solution of Rochelle’s 

salt were added and the mixture was allowed to warm up to r.t. and stirred 

overnight. Then water was added and the phases were separated, the aque-

ous phase was extracted with diethyl ether (2x) and the combined organic 

phases were washed with brine, dried over MgSO4 and the solvent was evap-

orated. The product (269) was isolated by column chromatography (10:1, 

hexane/EtOAc) in form of a colorless oil (8.72 g, 47.4 mmol, 0.79 eq.). The 

spectroscopic data obtained are consistent with those previously reported in 

the literature.[117] 

1H NMR (CDCl3, 400 MHz)  = 6.50 (dt, J = 7.7, 5.7 Hz, 1H), 6.37 (dt, J = 7.7, 

1.5 Hz, 1H), 4.25 (dd, J = 5.7, 0.8 Hz, 2H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 140.1, 82.8, 65.9 ppm. 

 



 

 

 

127 

 

  



 

 

 

128 

((1S,2S)-2-Iodocyclopropyl)methanol (racemate) S-6 

 

Procedure A 

ZnEt2 (0.9 M in hexane, 50.8 ml, 45.8 mmol, 4 eq.) was dissolved in anhy-

drous CH2Cl2 (50 ml) under nitrogen atmosphere. Under strict light exclusion 

CH2ICl (6.60 ml, 92.0 mmol, 8 eq.) was added at 0 °C and stirred for 10 min. 

Then 269 (2.11 g, 11.5 mmol, 1 eq.) was added over 10 min and the reaction 

mixture was stirred for another 10 min at 0 °C. The ice bath was removed and 

the reaction mixture was stirred at r.t. for 6 h. The reaction was quenched with 

saturated aq. ammonium chloride, and extracted with CH2Cl2 (3x). The com-

bined organic phases were washed with brine, dried over MgSO4 and the sol-

vent was evaporated. The product (S-6) was isolated by column chromatog-

raphy (10:1 to 3:1, hexane/EtOAc) as a colorless oil (1.23 g, 6.22 mmol, 

0.54 eq.).  

The reaction usually does not reach completion and the majority of starting 

material may be recovered (Product: Rf = 0.3 (3:1, hexane/EtOAc, 

brown (vanillin)); Starting material: Rf = 0.4 (3:1, hexane/EtOAc, 

brown (vanillin)). 

Procedure B 

Following the same steps as for procedure A, S-6 was synthesized using 

ZnEt2 (0.9 M in hexane, 50.8 ml, 45.8 mmol, 2 eq.), CH2I2 (7.4 ml, 92 mmol, 4 

eq.), 269 (4.21 g, 22.9 mmol, 1 eq.) and TiCl4 (1 M in CH2Cl2, 1.70 ml, 

1.72 mmol, 0.08 eq.) in CH2Cl2 (50 ml). The product was obtained as a color-

less oil (1.64 g, 8.30 mmol, 36 %). The spectroscopic data obtained are con-

sistent with those previously reported in the literature.[118] 

1H NMR (CDCl3, 400 MHz)  = 4.01 – 3.86 (m, 1H), 3.58 – 3.42 (m, 1H), 2.68 

– 2.55 (m, 1H), 1.78 – 1.67 (m, 1H), 1.39 – 1.24 (m, 1H), 1.02 – 0.89 (m, 1H), 

0.72 – 0.60 (m, 1H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 68.2, 17.8, 13.9, -10.3 ppm. 
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Tert-butyl(((1S,2S)-2-iodocyclopropyl)methoxy)dimethylsilane (racemate) 266 

 

S-6 (1.23 g, 6.22 mmol, 1 eq.) and imidazole (847 mg 12.2 mmol, 2 eq.) were 

dissolved in anhydrous CH2Cl2 (20 ml) under nitrogen atmosphere. The mix-

ture was cooled to 0 °C and TBSCl (1.03 g, 6.84 mmol, 1.1 eq.) was added. 

After 5 min at 0 °C the ice bath was removed and the reaction mixture was 

stirred at .r.t. for 1 h. The reaction was quenched with water and the mixture 

was extracted with CH2Cl2 (3x). The combined organic phases were washed 

with brine, dried over MgSO4 and evaporated. The product (266) was isolated 

by column chromatography (10:1, hexane/EtOAc) as a colorless oil (1.87 g, 

5.97 mmol, 0.96 eq.). 

ESI-HRMS analysis of the alkyl iodide 266 did not yield unambiguous values 

for the molecular mass peak, therefore HRMS values for this compound were 

omitted. 

1H NMR (CDCl3, 400 MHz)  = 3.75 (dd, J = 10.9, 5.9 Hz, 1H), 

3.62 (dd, J = 10.9, 7.3 Hz, 1H), 2.61 (td, J = 7.6, 5.1 Hz, 1H), 1.37 – 1.27 (m, 

1H), 0.93 (s, 9H), 0.89 – 0.78 (m, 1H), 0.65 – 0.55 (m, 1H), 

0.10 (d, J = 0.8 Hz, 6H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 68.8, 18.6, 17.6, 14.2, -4.9, -4.9., -10.2 ppm. 

IR (film, cm-1): 2955, 2859, 1464, 1256, 1086, 838, 774. 
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Ethyl (E)-3-(2-aminophenyl)acrylate 272 

 

2-Iodoanilline 270 (7.84 g, 35.8 mmol, 1 eq.), tri(o-tolyl)phosphane (2.18 g, 

7.16 mmol, 0.2 eq.) and NEt3 (12.5 ml, 89.7 mmol, 2.5 eq.) were suspended in 

anhydrous acetonitrile (50 ml) under nitrogen atmosphere in a sealed tube. 

Palladium acetate (804 mg 3.58 mmol, 0.1 eq.) was added and the mixture 

was stirred at 80 °C for 18 h. Upon cooling to room temperature, water was 

added and the mixture was extracted with EtOAc (3x). The combined organic 

phases were washed with brine, dried over MgSO4 and the solvent was evap-

orated. The product (272) was isolated by column chromatography (10:1, 

hexane/EtOAc) as a yellow solid (5.91 g, 30.9 mmol, 0.86 eq.) 

The spectroscopic data obtained are consistent with those previously reported 

in the literature.[119] 

1H NMR (CDCl3, 400 MHz)  = 7.82 (d, J = 15.8 Hz, 1H), 7.41 – 7.36 (m, 1H), 

7.21 – 7.13 (m, 1H), 6.81 – 6.73 (m, 1H), 6.73 – 6.66 (m, 1H), 

6.35 (d, J = 15.8 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 3.96 (s, 2H), 

1.34 (t, J = 7.1 Hz, 3H). 

13C NMR (CDCl3, 101.6 MHz)  = 167.4, 145.7, 140.2, 131.4, 128.3, 120.1, 

119.1, 118.4, 116.9, 60.6, 14.5.
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Ethyl (E)-3-(2-formamidophenyl)acrylate S-7 

 

NaH (60 % in paraffin, 2.20 g, 55.0 mmol, 2.2 eq.) was suspended in anhy-

drous THF (30 ml) and 272 (4.79 g, 25.0 mmol, 1 eq.) and ethyl-

formiate (12.0 ml, 150 mmol, 6 eq.) dissolved in anhydrous THF (40 ml) were 

added over a period of 5 min. The mixture was stirred for 14 h and water and 

EtOAc were added. The phases were separated and the aqueous phase was 

extracted with EtOAc (2x). The combined organic phases were washed with 

brine, dried over MgSO4 and the solvent was evaporated. The crude product 

S-7 was titurated with hexane (3x, ultrasonicated for 5 min each) and dried in 

vacuo to obtain the product as a yellow solid (4.96 g, 22.6 mmol, 0.9 eq.). 

The compound exists as mixture of two rotamers in a ratio of 1.5:1 at 300 K in 

CDCl3. The conversion of the compound in both forms to the corresponding 

isocyanate in 84 % yield indicates integrity of the structure as opposed to by-

product formation or decomposition. 

The spectroscopic data obtained are consistent with those previously reported 

in the literature.[119] 

1H NMR (CDCl3, 400 MHz) = 8.55 – 8.45 (m, 1H), 8.19 – 8.06 (m, 0.5H), 

7.95 (d, J = 8.1 Hz, 0.5H), 7.87 (dd, J = 15.8, 10.4 Hz, 1H)., 7.68 (s, 0.5H), 

7.58 (dd, J = 20.2, 7.7 Hz, 1H), 7.45 – 7.35 (m, 1H), 7.32 – 7.15 (m, 1.5H), 

6.42 (dd, J = 15.8, 4.3 Hz, 1H), 4.34 – 4.16 (m, 2H), 1.39 – 1.27 (m, 3H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 166.8, 166.3, 163.3, 159.5, 138.9, 138.4, 

135.2, 134.8, 131.1, 130.9, 128.0, 127.9, 127.2, 126.7, 126.6, 125.9, 124.4, 

122.6, 121.7, 121.2, 60.8, 14.3, 14.3 ppm. 
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Ethyl (E)-3-(2-isocyanophenyl)acrylate (273) 

 

S-7 (5.00 g, 22.6 mmol, 1 eq.) and Burgess reagent (5.32 g, 27.1 mmol, 

1.2 eq.) were dissolved in CH2Cl2 (50 ml) and the mixture was heated to 40 °C 

in a sealed tube for 3 h. Water and CH2Cl2 were added and the phases were 

separated. The aqueous phase was extracted with CH2Cl2 (2x) and the com-

bined organic phases were washed with brine, dried over MgSO4 and the sol-

vent was evaporated. Product 273 was isolated by column chromatog-

raphy (10:1, hexane/EtOAc) as a colorless solid (3.84 g, 19.1 mmol, 0.84 eq.). 

The spectroscopic data obtained are consistent with those previously reported 

in the literature.[118] 

1H NMR (CDCl3, 400 MHz) δ = 8.02 – 7.88 (m, 1H), 7.71 – 7.63 (m, 1H), 

7.52 – 7.36 (m, 3H), 6.63 – 6.44 (m, 1H), 4.30 (q, J = 7.0 Hz, 2H), 

1.35 (t, J = 7.0 Hz, 3H) ppm. 

13C NMR (CDCl3, 101 MHz) δ = 166.4, 138.1, 131.4, 131.1, 130.1, 128.2, 

127.4, 123.0, 61.4, 14.8 ppm 

.  
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Ethyl 2-(2-(tributylstannyl)-1H-indol-3-yl)acetate 274 

 

273 (1.62 g, 8.07 mmol, 1 eq.) and AIBN (66.0 mg, 400 µmol, 0.05 eq.) were 

dissolved in anhydrous acetonitrile (30 ml) under nitrogen atmosphere in a 

sealed tube. HSnBu3 (2.40 ml, 8.90 mmol, 1.1 eq.) was added and the mixture 

was heated to 100 °C for 3 h. The reaction mixture was diluted with 

CH2Cl2 (50 ml) and the solvent was evaporated. The product (274) was isolat-

ed by column chromatography (10:1, hexane/EtOAc, 1% NEt3) in form of a 

yellow oil (3.33 g, 6.77 mmol, 0.84 eq.). 

The stannane was found to be bench stable, but under weak acidic conditions 

rapid deprotostannylation was observed. Consequently, silica gel for column 

chromatography needs to be quenched by adding 1% NEt3 to the eluent and 

purging the column before addition of the crude product. Small amounts of the 

deprotostanylated product are commonly obtained as side product (Side 

product: Rf = 0.2 (hexane/EtOAc, 4:1), purple (vanillin), Product: Rf = 

0.7 (hexane/EtOAc, 4:1), purple (vanillin)). 

ESI-HRMS analysis of tributylstannyl indole derivatives did not yield unambig-

uous values for the molecular mass peak, therefore HRMS values for these 

compounds were omitted. 

1H NMR (CDCl3, 400 MHz)  = 7.91 (s, 1H), 7.64 (d, J = 7.7 Hz, 1H), 

7.35 (d, J = 7.9 Hz, 1H), 7.17 – 7.12 (m, 1H), 7.12 – 7.06 (m, 1H), 

4.12 (q, J = 7.1 Hz, 2H), 3.73 (s, 2H), 1.61 – 1.51 (m, 6H), 1.36 (h, J = 7.3 Hz, 

6H), 1.25 – 1.15 (m, 9H), 0.90 (t, J = 7.3 Hz, 9H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 172.2, 139.4, 136.9, 128.4, 121.7, 119.4, 

118.8, 118.4, 110.6, 60.8, 33.6, 29.3, 27.5, 14.4, 13.8, 10.2 ppm. 

IR (film, cm-1): 3399, 2955, 2924, 2851, 1724, 1463, 1442, 1418, 1337, 1262, 

1237, 1159, 1073, 1030, 865, 738, 667. 
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Ethyl 2-(1H-indol-3-yl)acetate 283 

 

Compound 283 is commonly obtained in small amounts (< 5 %) in the synthe-

sis of compounds 274 by deprotostannylation of the corresponding stannane 

274. 

1H NMR (CDCl3, 400 MHz)  = 8.21 (s, 1H), 7.70 – 7.63 (m, 1H), 7.31 – 

7.27 (m, 1H), 7.25 – 7.20 (m, 1H), 7.20 – 7.15 (m, 1H), 7.03 (d, J = 2.4 Hz, 

1H), 4.22 (q, J = 7.1 Hz, 2H), 3.81 (s, 2H), 1.31 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 172.4, 136.2, 127.3, 123.3, 122.1, 119.6, 

118.9, 111.4, 108.3, 60.9, 31.5, 14.3 ppm. 

IR (film, cm-1): 3355, 2981, 2903, 1720, 1457, 1429, 1404, 1335, 1300, 1206, 

1173, 1098, 1028, 924, 882, 777, 736, 667. 

HRMS: m/z calculated for C12H14NO2
+: 204.1019; found: 204.0921. 
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Ethyl 2-(2-((1R,2S)-2-(((tert-butyldimethylsilyl)oxy)methyl)cyclopropyl)-1H-

indol-3-yl)acetate (racemate) 275 

 

AsPh3 (284 mg, 926 µmol, 0.3 eq.), LiCl (262 mg, 6.17 mmol, 2 eq.) and 

CuI (59.0 mg, 310 µmol, 0.1 eq.) were suspended in anhydrous DMF (25 ml) 

under nitrogen atmosphere. 274 (1.52 g, 3.09 mmol, 1 eq.) and 266 (1.93 g, 

6.17 mmol, 2 eq.) were added and the mixture was degassed (freeze-pump-

thaw, 3 cycles). Pd(PPh3)4 (143 mg, 124 µmol, 0.04 eq.) was added and the 

mixture was heated to 115 °C for 1.5 h. The product was isolated directly from 

the reaction mixture by column chromatography (10:1, hexane/EtOAc, 1% 

NEt3) in form of a colorless oil (1.06 g, 2.74 mmol, 0.9 eq.). 

The excess of compound 266 is usually not converted in the reaction and can 

be recovered (266: Rf= 0.8 (10:1, hexane/EtOAc, green (vanillin)); Product: 

Rf= 0.6). The yield of this reaction is limited by formation of a defined byprod-

uct 275, the formation of the byproduct can be monitored by TLC (Rf= 0.3,(5:1, 

hexane/EtOAc, blue (vanillin))).For above reaction 55 mg, 0.12 mmol, 

4 % (0.24 mmol, 8 % converted starting material) of the byproduct was isolat-

ed. 

1H NMR (CDCl3, 400 MHz)  = 9.44 (s, 1H), 7.57 (d, J = 7.7 Hz, 1H), 

7.23 (d, J = 7.8 Hz, 1H), 7.15 – 7.10 (m, 1H), 7.10 – 7.05 (m, 1H), 4.13 (m, 

3H), 3.87 – 3.72 (m, 2H), 3.04 (t, J = 11.1 Hz, 1H), 2.22 – 2.10 (m, 1H), 1.54 – 

1.43 (m, 1H), 1.24 (m, 4H), 1.02 (s, 9H), 0.64 (q, J = 5.5 Hz, 1H), 

0.14 (d, J = 16.6 Hz, 6H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 172.3, 135.1, 134.9, 128.7, 121.5, 119.3, 

118.4, 110.8, 107.8, 64.4, 60.7, 30.9, 19.1, 18.3, 14.4, 12.3, 10.1, -5.0, -5.2 

ppm. 

IR (film, cm-1): 2954, 1732, 1463, 1257, 1065, 836, 775. 

HRMS: m/z calculated for C22H34NO3Si+: 388.2302; found: 388.2293. 
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Optimization of reaction conditions 

# Pd(PPh3)4 Ligand LiCl CuI T Yield  Comment 

1 4 % 0.5eq 

AsPh3 

2 eq 10 %  115  °C 37 % - 

2 4 % 0.2 eq 

PPh3 

2 eq 10 % 115  °C 23 %* - 

3 4 % 1.0 eq 

AsPh3 

2 eq 10 % 115  °C 26 %* - 

4 4 % 0.3 eq 

AsPh3 

2 eq 10 % 115  °C 85 % Still ByP observed 

5 4 % 0.3 eq 

AsPh3 

- 10 % 115  °C <20 % No ByP, low conver-

sion 

6 4 % DPPF 2 eq 10 % 115  °C 20 %* - 

7 4 % 0.3 eq 

AsPh3 

2 eq 10 % 60 °C <20 % ByP formed, low 

conversion 

8 10 % 0.3 eq 

SPHOS 

- 10 % 115 °C <20 % No ByP, low conver-

sion 
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Diethyl 2,2'-(prop-1-ene-1,3-diylbis(1H-indole-2,3-diyl))(E)-diacetate 282 

 

This compound is commonly obtained as byproduct in 5-10 % yield in the syn-

thesis of compound 275. In a typical reaction under optimized conditions, 

starting from of 274 (1.52 g, 3.09 mmol, 1 eq.) the compound was isolated via 

column chromatography directly from the reaction mixture (4:1, hex-

ane/EtOAc) as a red solid (55.0 mg, 120 µmol, 4 % (0.24 mmol, 8 % convert-

ed starting material)). 

1H NMR (CDCl3, 400 MHz)  = 8.23 (s, 1H), 8.15 (s, 1H), 7.58 (d, J = 7.8 Hz, 

2H), 7.30 – 7.22 (m, 2H), 7.20 – 7.06 (m, 5H), 6.71 (d, J = 16.0 Hz, 1H), 6.19 

– 6.06 (m, 1H), 4.18 – 4.06 (m, 4H), 3.76 (d, J = 13.8 Hz, 3H), 

3.72 (d, J = 6.7 Hz, 2H), 1.26 – 1.20 (m, 7H). 

13C NMR (CDCl3, 101 MHz)  = 172.3, 171.9, 136.2, 135.5, 133.9, 133.2, 

128.7, 128.7, 125.9, 123.2, 121.8, 121.4, 120.1, 119.8, 119.1, 118.6, 110.8, 

110.8, 107.5, 105.1, 61.1, 61.0, 30.6, 30.5, 30.4, 14.4, 14.4. 

IR (film, cm-1): 3381, 2981, 1719, 1460, 1368, 1311, 1267, 1160, 1096, 1030, 

957, 742, 694. 

HRMS: m/z calculated for C27H29N2O4+: 467.1941; found: 467.1914. 
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1H, 1H-COSY 

 

1H, 13C - HSQC 
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1H, 13C - HMBC 
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Ethyl 2-(2-((1R,2S)-2-(((tert-butyldimethylsilyl)oxy)methyl)cyclopropyl)-1-

methyl-1H-indol-3-yl)acetate (racemate) S-8 

 

NaH (60 % in paraffin, 167 mg, 4.17 mmol, 1.4 eq.) was suspended in anhy-

drous DMF (5 ml) under nitrogen and cooled to 0 °C. A mixture of 275 (1.14 g, 

2.93 mmol, 1 eq.) and MeI (950 µl, 5.56 mmol, 1.9 eq.) in DMF (25 ml) was 

added over 5 min. The mixture was stirred at 0 °C for 20 min, then at r.t. for 

13 h. Water and CH2Cl2 were added, the phases were separated and the 

aqueous phase was extracted with CH2Cl2 (2x). The combined organic phases 

were washed with brine, dried over MgSO4, and the solvent was evaporated. 

The product (S-8) was obtained after column chromatography (10:1, hex-

ane/EtOAc) in form of a colorless oil (1.12 g, 2.79 mmol, 0.95 eq.). 

1H NMR (CDCl3, 400 MHz)  = 7.55 (d, J = 7.8 Hz, 1H), 7.24 (d, J = 8.2 Hz, 

1H), 7.20 – 7.15 (m, 1H), 7.10 – 7.05 (m, 1H), 4.11 (q, J = 7.1 Hz, 2H), 

3.92 (d, J = 15.6 Hz, 1H), 3.81 (s, 2H), 3.74 (d, J = 15.7 Hz, 1H), 

3.49 (dd, J = 11.0, 5.3 Hz, 1H), 3.18 (dd, J = 11.0, 8.0 Hz, 1H), 2.05 – 1.95 (m, 

1H), 1.57 – 1.49 (m, 1H), 1.27 – 1.18 (m, 4H), 1.11 (q, J = 5.6 Hz, 1H), 

0.81 (s, 9H), -0.12 (d, J = 6.2 Hz, 6H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 172.4, 136.8, 135.1, 128.0, 121.4, 119.1, 

118.5, 108.8, 106.8, 63.5, 60.5, 31.0, 26.1, 19.3, 18.4, 14.4, 12.7, 8.2, --5.3, -

5.4 ppm. 

IR (film, cm-1): 2928, 2856, 1732, 1471, 1365, 1317, 1256, 1157, 1074, 834, 

774, 738. 

HRMS: m/z calculated for C23H36NO3Si+: 402.2459; found: 402.2447. 
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Ethyl 2-(2-((1R,2S)-2-(hydroxymethyl)cyclopropyl)-1-methyl-1H-indol-3-

yl)acetate (racemate) 276  

 

HF*pyridine (70 %, 5.83 ml, 224 mmol, 80 eq.) was added to anhydrous pyri-

dine (10 ml) under nitrogen at 0 °C over 5 min. A solution of S-8 (1.29 g, 

2.79 mmol, 1 eq.) in anhydrous THF (16 ml) was added over 5 min at 0 °C. 

The mixture was stirred at 0 °C for 10 min, then at r.t. for 1.5 h. Saturated 

aqueous NH4Cl was added and mixture was extracted with EtOAc (3x). The 

combined organic phases were washed with saturated aqueous CaCl2, 

HCl (0.5 M), brine and dried over MgSO4. The solvent was evaporated and 

product 276 was isolated by column chromatography (1:1, hexane/EtOAc) as 

a colorless solid (638 mg, 2.22 mmol, 0.80 eq.). 

1H NMR (CDCl3, 400 MHz)  = 7.55 (d, J = 7.9 Hz, 1H), 7.25 (d, J = 6.5 Hz, 

1H), 7.22 – 7.17 (m, 1H), 7.12 – 7.07 (m, 1H), 4.13 (q, J = 7.1 Hz, 2H), 

3.92 (d, J = 15.7 Hz, 1H), 3.80 (s, 3H), 3.77 (d, J = 15.7 Hz, 1H), 

3.46 (dd, J = 11.4, 7.1 Hz, 1H), 3.35 (dd, J = 11.4, 6.5 Hz, 1H), 2.10 – 2.01 (m, 

1H), 1.68 – 1.57 (m, 1H), 1.33 – 1.27 (m, 1H), 1.24 (t, J = 7.2 Hz, 4H) ppm. 

13C NMR (CDCl3, 101 MHz)  = 172.4, 136.7, 134.9, 127.8, 121.5, 119.3, 118. 

4, 108.7, 106.7, 62.7, 60.7, 30.7, 18.7, 14.2, 12.3, 8.2 ppm. 

IR (film, cm-1): 2924, 1733, 1037, 771. 

HRMS: m/z calculated for C17H22NO3
+: 288.1594; found: 288.1585. 
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Ethyl 2-(2-((1R,2S)-2-formylcyclopropyl)-1-methyl-1H-indol-3-

yl)acetate (racemate) S-9 

 

276 (539 mg, 1.88 mmol, 1 eq.) was dissolved in anhydrous DMSO (35 ml) 

and IBX (1.58 mg, 5.62 mmol, 3 eq.) was added. The mixture was stirred for 

70 min and water and EtOAc were added und the phases were separated. 

The aqueous phase was extracted with EtOAc (2x), the combined organic 

phases were washed with brine, dried over MgSO4 and the solvent was evap-

orated. Product S-9 was isolated by column chromatography (1:1, hex-

ane/EtOAc) as a colorless solid (508 mg, 1.78 mmol, 0.95 eq.) as a mixture of 

diastereomers (dr 20:1 cis:trans). 

The stereo center in -position to the aldehyde is not configuration stable in 

solution and slow isomerization of significant amounts of the product to the 

corresponding trans product was observed in the NMR sample in CDCl3 at 

300 K over 24 hours, evident by formation of a dublett at 9.50 Hz. It is advised 

to convert the product to the corresponding stable divinylcyclopropane in a 

timely manner. 

1H NMR (CDCl3, 400 MHz) = 9.49 (d, J = 4.6 Hz, 1H, (1R,2R), minor), 

8.52 (d, J = 7.1 Hz, 1H, (1R,2S), major), 7.61 (d, J = 7.9 Hz, 1H), 7.30 – 

7.22 (m, 2H), 7.18 – 7.10 (m, 2H), 4.21 – 4.10 (m, 2H), 3.97 (d, J = 15.6 Hz, 

1H), 3.84 (d, J = 15.6 Hz, 1H), 3.73 (s, 3H), 2.63 (q, J = 7.8 Hz, 1H), 2.33 – 

2.17 (m, 2H), 1.90 – 1.79 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 200.9, 171.9, 136.8, 132.4, 127.4, 122.3, 

119.8, 118.9, 109.1, 107.1, 61.0, 30.8, 30.1, 28.4, 16.2, 14.3, 12.3 ppm. 

IR (film, cm-1): 2345, 1708, 1219, 772. 

HRMS: m/z calculated for C17H20NO3+: 286.1438; found: 286.1429. 
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Ethyl 2-(1-methyl-2-((1R,2R)-2-vinylcyclopropyl)-1H-indol-3-

yl)acetate (racemate) 277 

 

Methyltriphenylphosphonium bromide (572 mg, 1.60 mmol, 1.2 eq.) was sus-

pended in anhydrous THF (15 ml) under nitrogen and cooled to -78 °C. 

NaHMDS (2 M in THF, 800 µl, 1.60 mmol, 1.2 eq.) was added and the sus-

pension was stirred for 30 min at 0 °C, upon which a yellow solution was 

formed, and subsequently cooled to -78 °C. S-9 (378 mg, 1.33 mmol, 1 eq.) 

was dissolved in anhydrous THF (15 ml) under nitrogen in a separate Schlenk 

tube and cooled to -78 °C. The previously formed solution of the ylide was 

added to the solution of the aldehyde at -78 °C. The reaction mixture was al-

lowed to slowly warm up to r.t. over 18 h. The reaction was quenched with 

saturated aqueous NH4Cl and EtOAc was added. The phases were separated 

and the aqueous phase was extracted with EtOAc (2x). The combined organic 

phases were washed with brine, dried over MgSO4 and the solvent was evap-

orated. The product (277) was isolated by column chromatography (10:1, 

hexane/EtOAc) in form of a colorless oil (357 mg, 1.26 mmol, 0.94 eq.). 

The phosphonium salt should (nearly) completely dissolve upon addition of 

the base. Upon addition of the ylide a color change to green indicates for-

mation of the betain intermediate. NaHMDS may be exchanged for KHMDS 

without significant changes in the yield.  

The use of base in this reaction must be restricted to 1.2 equivalents and the 

ylide must be preformed, deviating from more common procedures, to prevent 

byproduct formation which will restrict the yield of the reaction to < 30 %. 

1H NMR (CDCl3, 400 MHz)  = 7.56 (d, J = 7.9 Hz, 1H), 7.24 (d, J = 8.1 Hz, 

1H), 7.21 – 7.16 (m, 1H), 7.12 – 7.06 (m, 1H), 5.21 (dd, J = 17.0, 1.9 Hz, 1H), 

5.09 – 4.94 (m, 1H), 4.83 (dd, J = 10.3, 1.9 Hz, 1H), 4.19 – 4.06 (m, 2H), 

3.93 (d, J = 15.7 Hz, 1H), 3.80 – 3.74 (m, 1H), 3.72 (s, 3H), 

2.18 (q, J = 8.2 Hz, 1H), 2.04 – 1.95 (m, 1H), 1.52 – 1.46 (m, 1H), 1.36 – 

1.31 (m, 1H), 1.23 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3, 101.6 MHz)  = 172.2, 138.3, 136.5, 135.3, 127.6, 121.4, 

119.06, 118.5, 114.3, 108.7, 106.6, 60.6, 30.8, 30.0, 21.3, 14.2, 14.2, 12.7 

ppm. 
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IR (film, cm-1): 2980, 1728, 1471, 1366, 1314, 1261, 1242, 1156, 1035, 895, 

771, 741. 

HRMS: m/z calculated for C18H22NO2
+: 284.1645; found: 284.1637. 

Separation of racemate via Chiralcell-OJ (46x250mm) column; Flow rate: 

1 ml/min; Mobile Phase: isocratic hexane: iPrOH 80:20; Detector wavelength 

254 nm. TR(1)= 8.45 min, TR(2)= 11.20 min. 
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Ethyl (R)-2-(5-methyl-7,10-dihydrocyclohepta[b]indol-10a(5H)-

yl)acetate (racemate) 278 

 

277 (9.60 mg, 34.0 µmol, 1 eq.) was dissolved in benzene-d6 (2 ml) and heat-

ed to 150 °C for 1.5 h in a sealed tube. NMR spectra of the reaction mixture 

indicated formation to the desired product 278.  

In an alternative procedure 277 (16.8 mg, 60.0 µmol, 1 eq.) was dissolved in 

1,2-dichlorobenzene (2 ml) and heated to 120 °C for 1.5 h. The solvent was 

evaporated and the residue was taken up in CDCl3 (0.6 ml). NMR spectra in-

dicated formation of the desired product 278. 

Attempts to isolate Fischer’s base by column chromatography, either on silica 

gel or Al2O3 failed due to decomposition of Fischer’s base. The Fischer’s base 

was found to be unstable and the solution of the product formed by the divi-

nylcyclopropane rearrangement may be used directly for following steps. 

1H NMR (CDCl3, 400 MHz)  = 7.10 (td, J = 7.8, 1.1 Hz, 1H), 

7.02 (d, J = 7.4 Hz, 1H), 6.66 (t, J = 7.4 Hz, 1H), 6.42 (d, J = 7.8 Hz, 1H), 

5.68 (d, J = 5.0 Hz, 2H), 4.55 (dd, J = 8.1, 2.6 Hz, 1H), 3.93 (qd, J = 7.1, 

1.4 Hz, 2H), 3.38 – 3.26 (m, 1H), 3.17 (d, J = 14.8 Hz, 1H), 2.94 (s, 3H), 2.92 

– 2.80 (m, 2H), 2.69 – 2.61 (m, 1H), 2.57 – 2.49 (m, 1H), 1.03 (t, J = 7.1 Hz, 

3H) ppm. 

1H NMR (Benzene-d6, 400 MHz)  = 7.11 (d, J = 7.4 Hz, 1H), 7.06 (dd, J = 7.7, 

1.1 Hz, 1H), 6.73 (t, J = 7.4 Hz, 1H), 6.22 (d, J = 7.7 Hz, 1H), 5.65 – 5.50 (m, 

2H), 4.37 (dd, J = 8.0, 2.6 Hz, 1H), 3.83 – 3.72 (m, 2H), 3.27 – 3.17 (m, 2H), 

3.14 (d, J = 15.0 Hz, 1H), 2.89 (d, J = 15.0 Hz, 1H), 2.76 – 2.62 (m, 2H), 

2.55 (s, 3H), 0.77 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (Benzene-d6, 101.6 MHz) δ = 170.0, 153.1, 147.6, 138.4, 134.0, 

128.6, 128.2, 125.7, 122.4, 117.9, 104.5, 90.4, 59.4, 49.5, 40.2, 36.9, 27.7, 

13.7 ppm. 
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General Procedure: Spiropyrane Synthesis 

The corresponding cis-divinylcyclopropane (1 eq.) was dissolved in ben-

zene (2 ml for 60.0 µmol scale) in a sealed tube and the solution was de-

gassed. The reaction mixture was heated to 150 °C for 1.5 h (in case of trans-

divinylcyclopropanes: 220 °C, 1.5 h), then cooled to r.t. In a separate Schlenk 

flask the corresponding salicylic aldehyde (0.9 eq.) was dissolved in 

EtOH (4 ml for 0.06 mmol scale) and the solution was degassed. The sealed 

tube with the previously generated Fisher base was charged with the salicylic 

aldehyde solution and the mixture was heated to 120 °C for 14 h. The reaction 

mixture was cooled to r.t. and the solvent was evaporated. The product was 

isolated via semi-preparative HPLC (Gradient hexane/EtOAc 100:0 to 0:100 in 

50 min, Flowrate: 20 ml/min, Detectors: UV-Vis (254 nm, 280 nm), 

TR(Spiropyrane) = 12- 22 min). 

Occasional 1H-NMR spectra of the crude reaction mixture indicated complete 

conversion of the starting material and low byproduct formation for certain 

combinations of substrates. Isolated yields however did usually not exceed 

60 %. The difference in amount of substance may be assigned in these cases 

to losses in the isolation and purification process. 
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Ethyl 2-((4bR,14aR)-15-methyl-11-nitro-5,8-

dihydrochromeno[2',3':1,7]cyclohepta[1,2-b]indol-4b(15H)-

yl)acetate (racemate) 281 

 

The compound was synthesized following the general procedure starting from 

278 (18.1 mg, 64.0 µmol, 1.1 eq.) and 4-nitrosalicylic aldehyde 17 (9.60 mg, 

58.0 µmol, 1 eq.) in benzene (2 ml)/EtOH (4 ml). The product 281 was ob-

tained as a colorless oil (6.20 mg, 14.0 µmol, 0.25 eq.). 

1H NMR (CDCl3, 400 MHz)  = 8.00 (dd, J = 8.9, 2.7 Hz, 1H), 

7.96 (d, J = 2.7 Hz, 1H), 7.25 – 7.17 (m, 2H), 6.84 (t, J = 7.4 Hz, 1H), 

6.74 (d, J = 8.9 Hz, 1H), 6.70 (s, 1H), 6.51 (d, J = 8.0 Hz, 1H), 5.76 – 5.66 (m, 

1H), 5.59 – 5.49 (m, 1H), 4.02 – 3.86 (m, 2H), 3.18 (dd, J = 16.7, 4.8 Hz, 1H), 

3.08 – 2.99 (m, 2H), 2.82 (d, J = 2.5 Hz, 2H), 2.75 (s, 3H), 2.56 (dd, J = 15.0, 

7.6 Hz, 1H), 1.14 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3, 101 MHz)  = 171.1, 158.3, 148.0, 132.5, 131.8, 129.3, 

128.3, 126.5, 124.9, 124.6, 123.1, 121.8, 119.4, 119.1, 114.7, 108.4, 106.2, 

60.3, 58.2, 39.6, 34.5, 34.0, 28.4, 14.0 ppm. 

IR (film, cm-1): 3356, 2923, 2853, 1731, 1657, 1519, 1468, 1337, 1266, 1175, 

1089, 1026, 799, 743. 

UV-Vis(Cyclohexane) max [nm]([l mol-1 cm-1]): 334 (2542), 305 (3782), 

268 (6471), 260 (5485), 253 (5019). 

HRMS: m/z calculated for C25H25N2O5
+: 433.1758; found: 433.1745. 

Separation of racemate via Chiralcell-OJ (46x250mm) column; Flow rate: 
1ml/min; Mobile Phase: isocratic hexane: iPrOH 80:20; Detector wavelength 
254nm; TR(1)= 17.56 min, TR(2)= 26.92 min. 
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1H, 1H-COSY 

 



 

 

 

165 

1H, 13C - HSQC 

1H, 13C - HMBC 
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6.3. Experimental Section for the application of Pericyclic 

Reactions in the Total Synthesis of Elisabethin A 

6.3.1. Synthesis of Aryl bromide 232 

 

1,2,4-Trimethoxy-3-methylbenzene (S-11) 

 

To a solution of 1,2,4-trimethoxybenzene (8.19 g, 6.50 mL, 48.7 mmol, 1 eq.) 

in THF (70 mL) was slowly added n-butyllithium (23.3 mL, 2.5 M in hexane, 

58.4 mmol, 1.2 eq.) under argon atmosphere at room temperature. After stir-

ring for 1h at room temperature, the reaction mixture was cooled to –78°C and 

methyl iodide (3.70 mL, 58.4 mmol, 1.2 eq.) was added. It was stirred for 

30min at –78°C and then slowly allowed to return to room temperature. The 

resulting solution was quenched by the addition of aq. ammonium chloride, 

extracted with diethyl ether (3x), washed with brine and dried over MgSO4. 

The solvent was removed by rotary evaporation and the resulting residue was 

purified by flash column chromatography (hexane/EtOAc, 6:1) to give S-11 

(8.25 g, 45.3 mmol, 0.93 eq.) as a clear liquid. The obtained analytical data 

match with the literature.[106] 

 

Rf = 0.6 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): =6.74 (d, J = 8.9 Hz, 1H), 6.53 (d, J = 8.9 Hz, 

1H), 3.81 (s, 1H), 3.79, (s, 1H), 3.77 (s, 1H), 2.16 (s, 1H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 152.2, 148.2, 147.2, 121.2, 109.4, 105.2, 

60.3, 56.3, 55.9, 8.9 ppm. 
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2-Methoxy-3-methylbenzene-1,4-diol (S-12) 

 

To a solution of S-11 (18.2 g, 99.9 mmol, 1 eq.) in H2O/MeOH (84 mL, 4:1) 

was slowly added PIDA (48.2 g, 149.7 mmol, 1.5 eq.) and the reaction mixture 

turned deep orange. After stirring for 18 h at room temperature, the solution 

was treated with aq. ammonium chloride, extracted with diethyl ether (3x) and 

washed with sat. NaHCO3.  

The organic layer was evaporated till approx. 100 mL and then water (100 mL) 

and sodium hydrosulfite (69.6 g, 400 mmol, 4 eq.) were added. The reaction 

mixture was stirred for 1h at room temperature. The aqueous layer was ex-

tracted with diethyl ether (3x) and the combined organic layers were washed 

with brine, dried over MgSO4, and the solvent was removed under reduced 

pressure. The precipitate was washed with hexane (3x) to yield the crude 

product S-12 (11.3 g, 72.9 g, 0.73 eq.) as a brown solid. The material was 

used in the next without further purification. The obtained analytical data 

match with the literature.[106] 

 

Rf = 0.51 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): =6.68 (d, J = 8.7 Hz, 1H), 6.49 (d, J = 8.7 Hz, 

1H), 5.19 (bs, 1H), 4.30 (bs, 1H), 3.78 (s, 3H), 2.20 (s, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 147.6, 145.9, 142.9, 112.3, 110.9, 60.9 

ppm.  
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2-Methoxy-1,4-bis(methoxymethoxy)-3-methylbenzene (S-13) 

 

Sodium hydride (8.88 g, 60% in mineral oil, 222 mmol, 3.5 eq.) was suspend-

ed in THF (315 mL) at 0°C and 2-methoxy-3-methylbenzene-1,4-diol S-12 

(9.81 g, 63.5 mmol, 1 eq.) was slowly added. After stirring for 1h at room tem-

perature, the reaction was cooled to 0°C and chloromethyl methyl ether 

(19.3 mL, 253 mmol, 4 eq.) was added. The suspension was stirred for 24h at 

room temperature and then quenched with water. It was extracted with diethyl 

ether (3x), washed with brine and dried over MgSO4. The solvent was re-

moved under reduced pressure and the remaining residue was purified by 

flash column chromatography (hexane/EtOAc, 4:1) to give S-13 (10.0 g, 

41.3 mmol, 0.65 eq.) as clear oil.[106] 

 

Rf = 0.63 (6:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): =6.90 (d, J = 9.0 Hz, 1H), 6.75 (d, J = 9.0 Hz, 

1H),5.14 (s, 2H), 5.12 (s, 2H), 3.81 (s, 3H), 3.51 (s, 3H), 3.46 (s, 3H), 2.22 (s, 

3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 151.1,149.2, 145.3, 122.2, 144.6, 95.9, 

95.2, 60.4, 56.0, 55.9, 9.2 ppm. 
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1-Bromo-4-methoxy-2,5-bis(methoxymethoxy)-3-methylbenzene (323) 

 

To a solution of S-13 (9.31 g, 37.7 mmol, 1 eq.) in THF (125 mL) was added 

N-bromosuccinimid (8.04 g, 45.2 mmol, 1.2 eq.) portionswise at 0 °C. The 

mixture was stirred for 4h in the dark at 0 °C. The solution was quenched by 

the addition of sodium hyposulfite, extracted with diethyl ether (3x), washed 

with brine and dried over MgSO4. The solvent was removed under reduced 

pressure and the remaining residue was purified by flash column chromatog-

raphy (hexane/EtOAc, 4:1) to give 232 (9.08 g, 28.3 mmol, 0.75 eq.) as clear 

orange oil.[106] 

 

Rf = 0.60 (6:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): =7.21 (s, 1H), 5.16 (s, 2H), 5.02(s, 2H). 3.80 (s, 

2H), 3.64 (s, 3H), 3.51 (s, 3H), 2.72 (s, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):=148.5, 148.4, 147.6, 128.1, 118.3, 111.3, 

99.9, 95.7, 60.6, 58.0, 56.4, 10.9 ppm. 
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6.3.2. Racemic Synthesis of Alcohol S-19 

 

3-Methylfuran-2,5-dione (S-15) 

 

Citraconic anhydride S-14 (13.3 g, 118 mmol, 1.00 eq.) was dissolved in THF 

(236 mL) at 0 °C and NaBH4(11.3 g, 297 mmol, 2.50 eq.) was added portion-

wise to the stirred reaction mixture. After two hours, the reaction mixture was 

quenched with water (80mL) and acidified (pH = 1) with 2 M HCl. The organic 

phase was separated and the aqueous phase was extracted with EtOAc (3x). 

The combined organic phases were dried over MgSO4 and the solvents were 

removed under reduced pressure. 

The crude material was distilled (5 mbar, 101 °C) to afford butenolide S-15 

(9.25 g, 94.4 mmol, 0.8 eq.). The obtained analytical data are consistent with 

the literature.[157] 

 

bp.: 101 °C (5 mbar) 

1H NMR (CDCl3, 400 MHz):=5.84 (1 H, s), 4.71 (2H, s), 2.12 (3H, s) ppm. 
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3-Methylfuran-2,5-dione (S-16)  

 

Butenolide S-15 (5.93 g, 60.5 mmol, 1 eq.) was dissolved in EtOAc (10 mL) 

and Pd/C (10 wt. %, 500 mg) was added. It was purged with a H2 balloon at 

1 atm. The reaction was stirred over night at room temperature. It was filtered 

through celite® and the solvent was removed under reduced pressure. The 

desired compound was obtained as a crude product S-16 and used for the 

next step without any further purification. The obtained analytical data are 

consistent with the literature.[158] 

 

1H NMR (CDCl3, 400 MHz): = 4.40 (dd, J = 7.2, 8.7, 1H), 3.86 (dd, 

J = 6.3 Hz, J = 9.0 Hz, 1H), 2.71-2.57 (m, 1H), 2.18-2.10 (m, 1H), 1.16 (d, J = 

6.5 Hz, 3H) ppm. 
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Ethyl 4-bromo-3-methylbutanoate (S-17) 

 

Acetyl bromide (13.5 mL, 181 mmol, 3 eq.) was carefully dissolved in EtOH 

(23 mL) at 0°C and stirred for 1 h. Crude S-16 (60.5 mmol, 1 eq.) was dis-

solved in EtOH (5 mL) and added dropwise. After 30 min the reaction mixture 

was warmed to room temperature and stirred for another 3 h. The solvents 

were removed and it was diluted with CH2Cl2. The organic phase was washed 

with aq. sodium hydrogen carbonate, brine and water. It was dried over 

MgSO4. The solvent was removed under reduced pressure and the remaining 

residue was subjected to flash chromatography (hexane/EtOAc, 10:1) to give 

S-17 (8.80 g, 42.1 mmol, 0.7 eq.) as a slightly yellow liquid and in 70% yield 

over two steps. The obtained analytical data are consistent with the 

literature.[159] 

 

Rf = 0.52 (3:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 4.15 (q, J = 7.1 Hz, 2H), 3.44 (m, 2H), 2.52 

(dd, J = 15.4, 5.8 Hz, 2H), 2.35 (m, 1H), 2.25 (dd, J = 15.3, 7.2 Hz), 1.27 (t, 

J = 7.2 Hz, 3H), 1.02 (d, J = 6.5 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):=172.3, 60.6, 40.2, 39.5, 32.3, 18.9, 14.4 

ppm. 
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Ethyl (4Z,6E)-3-methylocta-4,6-dienoate (S-18) 

 

To a solution of bromide S-17 (8.80 g, 42.1 mmol, 1 eq.) in acetonitrile 

(28 mL) was added triphenylphosphine (11.0 g, 42.1 mmol, 1 eq.). The reac-

tion mixture was heated to 105°C for 32 h. The solvents were removed and 

the crude residue was washed with toluene (3x) and the precipitated tri-

phenylphosphine was filtered off. The mother liquor was evaporated and the 

obtained Wittig salt was used without further purification. 

Crude Wittig salt (1.3 eq.) was dissolved in THF (240 mL) under nitrogen at-

mosphere and cooled to –78 °C. A solution of sodium bis(trimethylsilyl)amide 

(2 M in THF, 17.8 mL, 35.6 mmol, 1.1 eq.) was added. The reaction mixture 

was warmed to 0 °C for 20 min and then cooled again to 78°C followed by 

slow addition of croton aldehyde (2.7 mL, 32.4 mmol, 1 eq.) in THF (100 mL) 

via a dropping funnel. The reaction was stirred at 78°C for 3 h and then 

warmed to room temperature. It was quenched by the addition of aq. ammoni-

um chloride and the aqueous phase was extracted with diethyl ether (3x). The 

combined organic phases were washed with brine and water and dried over 

MgSO4. The solvents were removed and a crude solid was obtained. It was 

washed with toluene (3x) and the precipitated triphenylphosphine oxide was 

filtered off. The mother liquor was evaporated. And the resulting residue was 

purified via flash chromatography (hexane/EtOAc, 20:1) and the desired prod-

uct was obtained but still containing as a mixture with some tri-

phenylphosphine. The mixture was used for the next step without further puri-

fication. The obtained selectivity for the (E/Z) geometry between C-4 and C-5 

ranges from 20:1 to 4:1 for the desired (Z) double bond depending on the 

scale. 

 

Rf = 0.72 (10:1 hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 5.92 (m, 1H), 5.71 (dq, J = 13.6, 6.7 Hz, 1H), 

5.10 (dd, J = 10.3, 10.3 Hz, 1H), 4.13 (q, J = 7.0 Hz, 2H), 3.22-3.11 (m, 1H), 

2.30 (m, 2H), 1.80 (d, J = 5.9 Hz, 3H), 1.26 (t, J = 7.2 Hz, 3H), 1.06 (d, J = 6.8 

Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 172.6, 133.0, 129.9, 128.0, 126.8, 60.6, 

42.4, 29.7, 21.4, 18.5 14.4 ppm. 

HRMS (ESI): calc. for (C11H19O2) [M+H]+: 183.1385; found: 183.1389 
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(S,4Z,6E)-3-methylocta-4,6-dien-1-ol (S-19) 

 

Crude ester S-18 (8.70 g, 47.7 mmol, 1 eq.) was dissolved in CH2Cl2 (165 mL) 

under nitrogen atmosphere. DiBAl-H (1 M in hexane, 170 mL, 167 mmol, 

3.5 eq.) was added dropwise at -78 °C. The reaction mixture was stirred for 

1.5 h and then allowed to return to room temperature. It was diluted with 

diethyl ether. An inverse quench with Rochelle´s salt was executed and the 

mixture was stirred over night. The organic phase was seperated and the 

aqueous phase was extracted with diethyl ether. The combined organic 

phases were washed with brine and dried over magnesium sulfate. The 

solvent was removed and the residue was subjected to flash chromatography 

(hexane/EtOAc, 20:1 then 2:1) to give S-19 (3.26 g, 23.3 mmol, 0.49 eq.) in a 

yield of 49% over three steps as mixture (E/Z) isomers between C-4 and C-5. 

 

Rf = 0.38 (3:1 hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): 6.37 – 6.28 (m, 1H), 5.92 (dd, J = 10.9, 

10.9 Hz, 1H), 5.69 (dq, J = 13.6, 6.8 Hz, 1H), 5.07 (dd, J = 10.4, 10.4 Hz, 1H), 

3.68 – 3.57 (m, 2H), 2.86 – 2.74 (m, 1H), 1.76 (d, J = 6.8 Hz, 3H), 1.64 (m, 

1H), 1.51 – 1.44 (m, 1H), 1.43 (s, 1H), 1.00 (d, J = 6.6 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 135.2, 130.0, 128.1, 127.0, 61.5, 40.3, 

29.3, 21.6, 18.4 ppm. 

IR (film): �̃�̃ = 3307, 3017, 2959, 2927, 1655, 1453, 1275, 1085, 1048, 983, 

947, 822, 851, 822, 742 cm-1 
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6.3.3. Enantioselective Synthesis precursor 293 

 

Methyl (R)-3-(benzyloxy)-2-methylpropanoate (S-20) 

 

(R)-Roche ester (291) (36.0 mL, 323 mmol, 1 eq.) and Bundle’s reagent 

(98.0 g, 388 mmol, 1.2 eq.) were dissolved in absolute CH2Cl2 (1 L) and 

cooled to 0 °C under argon atmosphere. Triflic acid (8.50 mL, 97.0 mmol, 

0.3 eq.) was slowly added to the reaction mixture. It was stirred for 6 h and 

then quenched by the addition of water, extracted with CH2Cl2, washed with 

brine and dried over MgSO4. The solvent was removed under reduced pres-

sure and the remaining residue was washed with hexane. The precipitate was 

filtered off and discarded. The solvent of the mother liquor was removed by 

rotary evaporation and purified by flash column chromatography (hex-

ane/EtOAc, 15:1) to give S-20 (74.0 g, 313 mmol, 0.97 eq.) as slightly yellow 

liquid. The obtained analytical data are consistent with those reported in the 

literature.[160] 

 

Rf = 0.68 (7:1, hexane/EtOAc) 

[𝜶]𝐃
𝟐𝟒 -12.5° (c = 2.4, CHCl3);[160] [𝜶]𝐃

𝟐𝟓 -13.71°(c = 2.1, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.30 − 7.27 (m, 2H), 7.25 – 7.03 (m, 3H), 4.47 

(s, 2H) 3.63 (s, 3H), 3.60 (dd, J = 9.1, 5.8 Hz, 1H), 3.44 (m, 1 H), 2.73 (m, 1H), 

1.13 (d, J = 7.0 Hz, 3 H) ppm. 

IR (film): �̃�̃ = 1093, 1176, 1199, 1737, 2862, 2951, 3028 cm -1. 

HRMS (ESI): calculated for C12H16O3Na [M+Na]+ : 231.0997, found: 231.0999. 
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(R)-1,1-dibromo-4-hydroxy-3-methylbutan-2-one (S-21) 

 

S-20 (20.0 g, 96.0 mmol, 1 eq.) and dibromoethane (16.8 mL, 230 mmol, 

2.5 eq.) were dissolved in THF (320 mL) and cooled to –78 °C under argon 

atmosphere. Freshly prepared LiTMP (230 mmol, 2.4 eq.) was added over a 

course of 15 min via a syringe pump under argon counter current flow. The 

temperature was kept at –78 °C and the reaction mixture was stirred for 

30 min. It was quenched by the addition of 1 M HCl and then slowly returned 

to room temperature. It was extracted with diethyl ether (3x) and the organic 

phase was washed with aqueous sodium hydrogen carbonate, brine and wa-

ter. The solvents were removed under reduced pressure and the remaining 

residue was purified by flash column chromatography (hexane/EtOAc, 25:1) to 

give S-21 (21.7 g, 62.4 mmol, 0.65 eq.) as yellow oil in 65% yield. The ob-

tained analytical data are consistent to those reported in the literature.[126b] 

 

Rf : 0.71 (8:1, hex:EtOAc) 

[𝜶]𝐃
𝟐𝟐 -109.25° (c = 6.7, CHCl3);[161] [𝜶]𝐃

𝟐𝟑 -108.88°(c = 16, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.39 - 7.25 (m, 5H), 6.11 (s, 2H), 4.50 (s, 2H), 

3.57 - 3.55 (m, 2H), 3.48 (m, 1H), 1.25 (d, J = 6.5 Hz, 3H) ppm. 

IR (film): �̃�̃ = 416, 426, 451, 640, 698, 738, 1097, 1454, 1494, 1735, 2976 cm-

1. 

HRMS (ESI): calc. for C12H14Br2O2Na [M+Na]+: 370,9258; found: 370.9254. 
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Ethyl (S)-4-(benzyloxy)-3-methylbutanoate (292) 

 

Dibromoketone S-21 (21.7 g, 62.0 mmol, 1 eq.) was dissolved in THF (1 L) 

and cooled to –78°C under argon atmosphere. Lithium hexamethyldisilazide 

(68.0 mL, 1 M solution in THF/ethyl benzene, 68.2 mmol, 1.1 eq.) was slowly 

added over a course of 10 min and the reaction mixture was stirred for 15 min. 

It was then added n-butyllithium (55.0 mL, 2.5 M solution in hexane, 

136 mmol, 2.2 eq.) over a course of 10 min and then stirred for another 15min. 

Ethanol (40 mL) was added and the reaction mixture was stirred for 30min 

and then quenched with 1 M HCl. The suspension was stirred for an additional 

hour and slowly warmed to room temperature. It was extracted with Et2O (3x) 

and the organic phase was washed with aq. sodium hydrogen carbonate, 

brine and water. It was dried over magnesium sulfate and the solvents were 

removed under reduced pressure and the remaining residue was purified by 

flash column chromatography (hexane/EtOAc, 20:1) to give 292 (11.4 g, 

48.4 mmol, 0.78 eq.) as clear oil. Spectroscopic data matches those previous-

ly reported in the literature.[162] 

 

Rf = 0.65 (8:1, hexane/EtOAc) 

[𝜶]𝐃
𝟐𝟓 -6.0° (c = 1.4, CHCl3);[126b] [𝜶]𝐃

𝟐𝟐 -4.4°(c = 3.8, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.37 - 7.27(m, 5H), 4.50 (s, 2H), 4.11 (q, 

J = 7.2 Hz, 2H), 3.34 (dd, J = 5.7, 9.2 Hz, 1H), 3.31 (dd, J = 6.9, 9.2 Hz, 1H), 

2.49 (dd, J = 6.1, 15.1 Hz, 1H), 3.32 (m, 1H), 2.15 (dd, J = 7.9, 14.9 Hz, 1H), 

1.24 (t, J = 7.2 Hz, 3H), 0.99 (d, J = 6.8, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 173.1, 138.7, 128.5, 127.7 (2x), 127.6 (2x), 

75.0, 73.1, 60.3, 38.9, 31.0, 17.1, 14.4 ppm. 

IR (film): �̃�̃ = 451, 557, 605, 640, 696, 734, 908, 952, 1008, 1028, 1074, 1095, 

1149, 1205, 1361, 1452, 1492, 1735, 2860 cm-1. 

HRMS (ESI): calc. for C14H20O3Na [M+Na]+: 259.1310; found: 259.1311. 
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(S)-(4-(Benzyloxy)-3-methylbutoxy)(tert-butyl)diphenylsilane S-22 

 

To a solution of 292 (15.2 g, 64.2 mmol, 1 eq.) in CH2Cl2 (120 mL) was added 

DiBAl-H (266 mL, 1 M solution in hexane, 256 mmol, 4 eq.) at –78 °C under 

argon atmosphere. The reaction mixture was stirred for 2 h and then poured 

onto an aqueous solution of potassium sodium tartrate and diluted. It was left 

overnight and then extracted with CH2Cl2 (3x) and the combined organic 

phases were washed with brine and water. The solvent was removed and the 

remaining residue was used without further purification for the next step. 

To a solution of crude alcohol in CH2Cl2 was added imidazole (8.74 g, 

128 mmol, 2 eq.) at 0 °C under argon atmosphere. After stirring for 10 min 

tertbutyl(chloro)diphenylsilane (20.0 mL, 77.0 mmol, 1.2 eq.) was added. The 

reaction was allowed to return to room temperature and was then stirred for 

12 h. It was quenched by the addition of aq. ammonium chloride and extracted 

with CH2Cl2 (3x) and the combined organic phases were washed with brine 

and water. The solvent was removed under reduced pressure and the remain-

ing residue was subjected to flash column chromatography (hexane/EtOAc, 

15:1) to give S-22 (22.8 g, 52.6 mmol, 0.82 eq.) as clear oil. The obtained 

analytical data matched with the literature.[163] 

 

Rf = 0.78 (10:1, hexane/EtOAc) 

[𝜶]𝐃 -1.1°(c = 1.3, CHCl3);[163] [𝜶]𝐃
𝟐𝟐 -1.05°(c = 2, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.69 – 7.64 (m, 4H), 7.44 – 7.26 (m, 11H), 

4.47 (s, 2H), 3.72 (t, J = 6.7 Hz, 2H), 3.33 (dd, J = 9.1 Hz, 5.8 Hz, 1H), 3.24 

(dd, J = 9.0 Hz, 6.6 Hz, 1H), 1.99 (m, 1H), 1.75 (m, 1H), 1.39 (m, 1H), 1.04 (s, 

9H), 0.92 (d, J = 6.6 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 140.3, 137.0, 135.5, 130.9, 129.7, 129.0, 

128.9, 128.8, 77.3, 74.3, 63.5, 37.9, 31.7, 28.3, 20.6, 18.6 ppm. 

IR (film): �̃�̃ = 489, 505, 613, 700, 734, 823, 997, 1006, 1028, 1087, 1105, 

1361, 1388, 1427, 1454, 1471, 2856, 2929, 2956 cm-1. 

HRMS (ESI): calculated for C28H36O2Si [M+H]+ : 433.2563, found: 433.2566. 



 

 

 

193 

 

  



 

 

 

194 

(S)-4-((tert-butyldiphenylsilyl)oxy)-2-methylbutan-1-ol (293) 

 

S-22 (22.8 g, 52.7 mmol, 1 eq.) was dissolved in EtOAc (20 mL) and Pd/C 

(22.8 g, 10 wt. % loading) was added in one portion. It was purged with H2 

under atmospheric pressure. The reaction was stirred at room temperature for 

16 h and then filtered through Celite®. The solvents were removed and the 

remaining residue was subjected to flash chromatography (hexane/EtOAc, 

4:1) to give alcohol 293 (18.1 g, 52.2 mmol, 0.99 eq.) in 99% yield. The ob-

tained analytical data matches those reported in the literature. [164] 

Rf = 0.32 (1:5, EtOAc/hexane) 

[𝜶]𝐃
𝟐𝟓 -5.4°(c = 1, CHCl3);[164] [𝜶]𝐃

𝟐𝟑 -5.14 °(c = 2.2, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.75 – 7.68 (m, 4H), 7.47 – 7.37 (m, 6H), 

3.80 – 3.68 (m, 2H), 3.55 – 3.46 (m, 2H), 2.52 (s, 1H), 1.90 – 1.82 (m, 1H), 

1.69 – 1.60 (m, 1H), 1.54 – 1.46 (m, 1H), 1.07 (s, 9H), 0.91 (s, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 135.7 (3x), 134.9, 133.6 (3x), 129.8 (3x), 

127.8 (2x), 68.4, 62.6, 36.9, 34.0, 26.9, 19.2, 17.3 ppm. 

IR (film): �̃�̃ = 503, 702, 736, 1089, 1111, 1427, 2858, 2929, 2956, 3415 cm-1. 

HRMS (ESI): calc. for C21H31O2Si [M+H]+: 343.2093; found: 343.2091. 
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6.3.4. Enantioselective Synthesis (Z,E)-diene 288 

 

(S)-tert-butyl(4-iodo-3-methylbutoxy)diphenylsilane (S-23) 

 

Alcohol 293 (8.79 g, 25.7 mmol, 1 eq.) was dissolved in CH2Cl2 (26 mL) and 

triphenylphosphine (6.73 g, 25.7 mmol, 1 eq.) was added at 0 °C. The reaction 

mixture was stirred for 10 min and then imidazole (1.75 g, 25.7 mmol, 1 eq.) 

was added in one portion. After another 10 min, iodine (6.51 g, 25.7 mmol, 

1 eq.) was dissolved in CH2Cl2 (26 mL) and added to the reaction mixture. It 

was slowly warmed to room temperature and stirred for 16 h. It was quenched 

by the addition of aq. ammonium chloride and extracted with CH2Cl2 (3x). The 

organic phases were combined and washed with aq. sodium thiosulfate, 1 M 

HCl, aq. sodium hydrogen carbonate, brine and water. It was then dried over 

magnesium sulfate and the solvents were removed under reduced pressure. 

The remaining residue was subjected to flash chromatography (hex-

ane/EtOAc, 20:1) and the desired iodide S-23 (10.2 g, 22.6 mmol, 0.88 eq.) 

was obtained in 88% yield. The obtained analytical data matches those re-

ported in the literature.[165] 

 

Rf : 0.75 (10:1, hexane/EtOAc) 

[𝜶]𝐃
𝟐𝟓 0.34°(c = 1, CHCl3) for the (R)-enantiomer;[165] [𝜶]𝐃

𝟐𝟓 -0.03 °(c = 5.7, 

CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 7.68 (m, 4H), 7.47 − 7.34 (m, 6H), 3.71 (t, 

J = 6.1 Hz, 2H), 3.28 (dd, J = 9.6, 4.4 Hz, 1H), 3.18 (dd, J = 9.6, 5.8 Hz, 1H), 

1.83 − 1.69 (m, 1H), 1.69 − 1.60 (m, 1H), 1.56 − 1.39 (m, 1H), 1.07 (s, 9H), 

0.98 (d, J = 6.5 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 135.7, 133.9 (2x), 129.8 (2x), 127.8, 61.8, 

39.3, 31.6, 20.8, 19.6, 18.3 ppm. 
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tert-Butyl(((S,4Z,6E)-3-methylocta-4,6-dien-1-yl)oxy)diphenylsilane (294) 

 

To a solution of iodide S-23 (2.67 g, 5.90 mmol, 1 eq.) in acetonitrile (6 mL) 

was added triphenylphosphine (1.54 g, 5.90 mmol, 1 eq.). The reaction mix-

ture was heated to 105 °C for 16 h. The solvents were removed and crude 

residue was washed with toluene (3x) and the precipitated triphenylphosphine 

was filtered off. The mother liquor was evaporated and the obtained Wittig salt 

was used without further purification for the next step. 

The crude Wittig salt (42.1 mmol, 1.3 eq.) was dissolved in THF (240 mL) un-

der nitrogen atmosphere and cooled to – 78 °C. Sodium 

bis(trimethylsilyl)amide (2 M in THF, 17.8 mL, 35.6 mmol, 1.1 eq.) was added. 

The reaction mixture was warmed to 0 °C for 20 min and then cooled again to 

– 78 °C followed by slow addition of croton aldehyde (2.70 mL, 32.4 mmol, 

1 eq.) in THF (100mL) via a dropping funnel. The reaction was stirred at –

 78 °C for 3 h and then warmed to room temperature. It was quenched by the 

addition of aq. ammonium chloride and the aqueous phase was extracted with 

diethyl ether (3x). The combined organic phases were washed with brine and 

water and dried over MgSO4. The solvents were removed under reduced 

pressure. The crude product was washed with toluene (3x) and the precipitat-

ed triphenylphosphine oxide was filtered off. The mother liquor was evapo-

rated. The resulting residue was filtered through a short pad of silica and used 

for the next step without further purification. It was not possible to purify the 

obtained product 294 from the remaining triphenylphosphine by flash chroma-

tography. However, the obtained selectivity was in a ratio of 6:1 (Z/E).  
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(S,4Z,6E)-3-methylocta-4,6-dien-1-ol (S-19) 

 

TBDPS silylether 294 (4.45 g, 11.8 mmol, 1 eq.) was dissolved in THF 

(37 mL) and cooled to 0 °C. Tetra-n-butylammonium fluoride (1 M in THF, 

17.6 mL, 17.6 mmol, 1.5 eq.) was slowly added to the reaction mixture. It was 

allowed to return to room temperature and kept stirring for 2 h. It was 

quenched by the addition of water and the organic phase was separated. The 

aqueous phase was extracted with EtOAc (3x) and the combined organic 

phases were washed with brine. It was dried over magnesium sulfate and the 

solvents were removed under reduced pressure. The resulting residue was 

purified via flash chromatography (hexane/EtOAc, 5:1) and the desired prod-

uct S-19 (1.15 g, 8.26 mmol, 0.70 eq.) was obtained. At this point, the (E) and 

(Z) isomers could not be separated, therefore the undesired isomer is still car-

ried further. 

 

Rf = 0.38 (3:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 6.37 – 6.28 (m, 1H), 5.92 (t, J = 10.9 Hz, 1H), 

5.69 (dq, J = 13.6, 6.8 Hz, 1H), 5.07 (t, J = 10.4 Hz, 1H), 3.68 – 3.57 (m, 2H), 

2.86 – 2.74 (m, 1H), 1.76 (d, J = 6.8 Hz, 3H), 1.64 (m, 1H), 1.51 – 1.44 (m, 

1H), 1.43 (s, 1H), 1.00 (d, J = 6.6 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): =135.2, 130.0, 128.1, 127.0, 61.5, 40.3, 29.3, 

21.6, 18.4 ppm. 

IR (film): �̃�̃ = 3307, 3017, 2959, 2927, 1655, 1453, 1275, 1085, 1048, 983, 

947, 822, 851, 822, 742 cm-1. 
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(S,4Z,6E)-3-methylocta-4,6-dienal (288) 

 

Alcohol S-19 (2.17 g, 15.5 mmol, 1 eq.) was dissolved in DMSO/ CH2Cl2 (1:4) 

(78 mL) and cooled to 0 °C. Triethylamine (10.7 mL, 77.4 mmol, 5 eq.) was 

added and the reaction mixture was stirred for 10 min. Sulfur trioxide pyridine 

complex (7.25 g, 46.4 mmol, 3 eq.) was added and it was stirred for another 

3 h at 0 °C. It was quenched by the addition of water and the organic phase 

was separated. The aqueous phase was extracted with CH2Cl2 (3x) and the 

combined organic phases were washed with brine. It was dried over magnesi-

um sulfate and the solvents were removed under reduced pressure. The re-

sulting residue was purified via flash chromatography (hexane/EtOAc, 10:1) 

and the desired product 288 (1.67 g, 12.1 mmol, 0.78 eq.) was obtained. At 

this point, the (E) and (Z) isomers could not be separated, therefore the unde-

sired isomer is still carried further. 

 

Rf = 0.82 (10:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz): = 9.69 (t, J = 2.2 Hz, 1H), 6.36 – 6.28 (m, 1H), 

5.91(t, J = 10.9 Hz, 1H), 5.75 – 5.67 (m, 1H), 5.08 (t, J = 10.2 Hz, 1H), 3.26 –

 3.16 (dq, J = 13.5, 6.9 Hz, 1H), 2.39 (t, J = 2.0 Hz, 1H), 2.37 (t, J = 2.4 Hz, 

1H), 1.77 (d, J = 6.8 Hz, 3H), 1.05 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz): = 202.4, 132.9, 130.9, 128.4, 126.6, 51.1, 

27.5, 21.3, 18.4 ppm. 

IR (film): �̃�̃ = 2964, 2929, 2725, 1223, 1454, 1376, 1076, 985, 949, 823, 745 

cm-1 
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6.3.5. Enantioselective Synthesis (E,Z)-diene 287 

 

4-((tert-Butyldiphenylsilyl)oxy)-2-methylbutanal (S-24) 

 

To a solution of oxalyl chloride (310 µl, 2.70 mmol, 1.1 eq.) in dry CH2Cl2 

(20 ml) at −78 °C was added a solution of dimethylsulfoxide (190 µl, 

3.40 mmol, 1.4 eq.) in CH2Cl2 (20 ml) dropwise. After 10 min, a solution of al-

cohol 293 (830 mg, 2.40 mmol, 1 eq.) in CH2Cl2 (10 ml) was added. The reac-

tion mixture was then stirred at −78 °C for 15 min and triethylamine (1.70 ml, 

12.1 mmol, 5 eq.) was added in one portion. After stirring the mixture at 

−78 °C for 90 min, the mixture was allowed to warm up to room temperature 

and diluted with CH2Cl2. The organic layer was washed with aq. ammonium 

chloride and brine (3x). The combined organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. The aldehyde S-24 

was obtained (810 mg, 2.35 mmol, 0.98 eq.) as a colorless oil and used for 

the next step without further purification. 

 

Rf = 0.34 (25:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz): = 9.68 (d, J = 1.6 Hz, 1H), 7.71 – 7.60 (m, 4H), 

7.45 –7.33 (m, 6H), 3.78 – 5.63 (m, 2H), 2.64 – 3.52 (m, 1H), 1.98 (m, 1H), 

1.65 (m, 1H), 1.08 (d, J = 7.0 Hz, 3H), 1.04 (s, 9H) ppm. 
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Ethyl (E)-6-((tert-butyldiphenylsilyl)oxy)-4-methylhex-2-enoate 295 

 

To a suspension of dry LiCl (310 mg, 3.10 mmol, 1.2 eq.) in acetonitrile 

(20 ml) was added triethyl phosphonoacetate (690 mg, 3.10 mmol, 1.2 eq.) 

and stirred for 5 min. 1,8-diazabicyclo [5.4.0] undec-7-ene (390 mg, 

2.60 mmol 1 eq.) was added at room temperature and stirred for 10 min. Al-

dehyde S-24 (880 mg, 2.60 mmol, 1 eq.) in acetonitrile (10 ml) was added in 

one portion at 0 °C and stirred overnight. The reaction was quenched by addi-

tion of aq. ammonium chloride (50 ml) and ethyl acetate (50 ml) was added, 

and the organic layers were separated. The aqueous layer was extracted with 

ethyl acetate (3x) and the combined organic extracts were washed with HCl 

(2x), brine (1x), dried over magnesium sulfate and concentrated under re-

duced pressure. Purification via column chromatography (hexane/EtOAc, 

10:1) afforded α, β-unsaturated ester 295 (620 mg, 1.56 mmol, 0.6 eq.) as a 

colorless oil. 

 

Rf = 0.42 (25:1, hexane/EtOAc) 

 

1H NMR (400 MHz, CDCl3) = 7.61 – 7.45 (m, 4H), 7.31 – 6.86 (m, 6H), 6.86 

(dd, J = 15.7, 7.8 Hz, 1H), 5.77 (dd, J = 15.7, 1.2 Hz, 1H), 4.18 (q, J = 7.2 Hz, 

2H), 3.66 (t, J = 6.3 Hz, 2H), 2.28 (m, 1H), 1.65 – 1.57 (m, 2H), 1.29 (t, J = 7.3 

Hz, 3H), 1.07 – 1.00 (m, 12H) ppm. 

IR (film): �̃�̃ = 489, 503, 613, 688, 700, 736, 823, 987, 1006, 1037, 1105, 1147, 

1176, 1217, 1269, 1301, 1367, 1427, 1471, 1651, 1716, 2856, 2929, 2958 cm-

1.  
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(E)-6-((tert-Butyldiphenylsilyl)oxy)-4-methylhex-2-en-1-ol (S-25) 

 

To a solution of α,β-unsaturated ester 295 (620 mg, 1.51 mmol, 1 eq.) in 

CH2Cl2 (10 ml) at −78 °C was slowly added DiBAl-H (1 M in hex-

anes, 7.55 mmol, 7.60 ml, 5 eq.) over a period of 10 min. The reaction was 

stirred for 3 h and quenched by pouring into Rochelle`s salt solution. The bi-

phasic mixture was overlaid with ether and stirred overnight. The layers were 

separated and the aqueous layer was extracted with ether (3x). The combined 

organic extracts were washed with brine, dried over MgSO4, filtered and con-

centrated under reduced pressure. Allylic alcohol S-25 was used without fur-

ther purification.  

 

Rf = 0.12 (25:1, hexane/EtOAc) 

1H NMR (400 MHz, CDCl3) = 7.66 – 7.64 (m, 4 H), 7.43 – 7.36 (m, 6 H), 

5.55 – 5.51 (m, 2H), 4.03 – 4.02 (d, J = 4.1 Hz, 2H), 3.67 – 3.64 (t, J = 6.5 Hz, 

2H), 2.43 – 2.33 (m, 1H), 1.58 (m, 2H), 1.04 (s, 9H), 0.97 (d, J = 6.8 Hz, 3H) 

ppm. 

IR (film): 𝜈̃ ̃ = 489, 503, 613, 688, 700, 736, 821, 972, 997, 1006, 1085, 1105, 

1427, 1471, 2856, 2927, 2956, 3392 cm-1. 

HRMS (ESI): calc. for C23H32O2SiNa [M+Na]+: 391.2069, found: 391.2066. 
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(E)-6-((tert-Butyldiphenylsilyl) oxy)-4-methylhex-2-enal (S-26) 

 

 

To a solution of oxalyl chloride (160 µl, 1.87 mmol, 1.3 eq.) in CH2Cl2 (10 ml) 

at −78 °C was added dropwise a solution of dimethylsulfoxide (205 µl, 

2.88 mmol, 2 eq.) in CH2Cl2 (10 ml). After 10 min, a solution of allylic alcohol 

S-25 (530 mg, 1.44 mmol, 1 eq.) in CH2Cl2 (10 ml) was added. The reaction 

mixture was stirred at −78 °C for 15 min and triethylamine (999 µl, 7.20 mmol, 

5 eq.) was added in one portion. After stirring the mixture at −78 °C for 90 min, 

the mixture was allowed to warm up to room temperature and diluted with 

CH2Cl2. The organic layer was washed with aq. ammonium chloride and brine 

(3x). The combined organic extracts were dried over MgSO4, filtered and con-

centrated under reduced pressure. The α, β-unsaturated aldehyde S-26 was 

obtained as colorless oil and used for the next step without further purification. 

 

Rf = 0.33 (25:1, hexane/EtOAc) 

1H NMR (400 MHz, CDCl3) = 9.46 − 9.44 (d, J = 7.9 Hz, 1H), 7.66 – 7.63 (m, 

4H), 7.43 – 7.26 (m, 6H), 6.75 − 6.69 (dd, J = 15.7, 7.5 Hz, 1H), 6.09 – 6.03- 

(ddd, J = 15.7, 7.9, 1.0 Hz, 1H), 3.72 – 3.65 (m, 2H), 2.75 – 2.68 (m, 1H), 

1.69 – 1.64 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 1.05 (s, 9H) ppm. 

IR (film): �̃�̃ = 489, 505, 615, 688, 702, 736, 823, 975, 1111, 1427, 1691, 2856, 

2929, 2958 cm-1. 
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tert-Butyl(((4E,6Z)-3-methylocta-4,6-dien-1-yl)oxy)diphenylsilane (296) 

 

To a suspension of ethylphosphonium bromide (727 mg, 1.96 mmol, 1.5 eq.) 

in THF (5 ml) at −78 °C was added NaHMDS (1 M in THF, 2 ml, 1.96 mmol, 

1.5 eq.). The mixture was allowed to warm up to 0 °C and stirred for 30 min. 

The reaction was cooled to −78 °C before a solution of the allylic aldehyde 

S-26 (478 mg, 1.31 mmol, 1 eq) in THF (5 ml) was added dropwise over a 

period of 20 min. The reaction mixture was stirred for 3 h while stepwise 

warming to finally reach 0 °C. The reaction was quenched by addition of aq. 

ammonium chloride. The layers were separated, and the aqueous layer was 

extracted with ether (3x). The combined organic layers were washed with wa-

ter and brine (2x), and dried over MgSO4. The organic extracts were concen-

trated under reduced pressure, and the resulting product was purified by col-

umn chromatography (hexane/EtOAc, 96:4) to afford (Z)-olefin 296 (360 mg, 

956 mmol, 0.73 eq.) as a colourless liquid. 

 

Rf = 0.82 (12.5:1, hexane/EtOAc) 

 

1H NMR (400 MHz, CDCl3) = 7.69 – 7.66 (m, 4H), 7.42 – 7.35 (m, 6H), 

6.35 – 6.28 (dd, J = 15.0, 10.9 Hz, 1H), 5.98 – 5.92 (m, 1H), 5.54 – 5.46 (dd, 

J = 15.0, 8.2 Hz, 1H), 5.41 – 5.37 (m, 1H), 3.67 (t, J = 6.5 Hz, 2H), 2.53 − 2.42 

(m, 1H), 1.73 (dd, J = 7.2, 1.7 Hz, 3H), 1.62 − 1.55 (m, 2H), 1.05 (s, 9H), 1.00 

(d, J = 6.8 Hz, 3H) ppm. 
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(S,4E,6Z)-3-methylocta-4,6-dien-1-ol (S-27) 

 

Diene 296 (417 mg, 1.10 mmol, 1 eq.) was dissolved in THF (5.5 mL) and 

cooled to 0 °C. Tetra-n-butylammonium fluoride (1 M in THF, 1.65 mL, 

1.65 mmol, 1.5 eq.) was slowly added to the reaction mixture. It was allowed 

to return to room temperature and kept stirring for 2 h. It was quenched by the 

addition of water and the organic phase was separated. The aqueous phase 

was extracted with EtOAc (3x) and the combined organic phases were 

washed with brine. It was dried over magnesium sulfate and the solvents were 

removed under reduced pressure. The resulting residue was used for the next 

step without further purification. 

 

Rf = 0.25 (4:1, hexane/EtOAc) 
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(S,4E,6Z)-3-methylocta-4,6-dienal (287) 

 

Crude alcohol S-27 (14.3 mmol, 1 eq.) was dissolved DMSO/CH2Cl2 (1:4) 

(70 mL) and cooled to 0 °C. Triethylamine (11.0 mL, 78.7 mmol, 5 eq.) was 

added and the reaction mixture was stirred for 10 min. Sulfur trioxide pyridine 

complex (7.07 g, 47.1 mmol, 3 eq.) was added and it was stirred for another 

3 h. It was quenched by the addition of water and the organic phase was sep-

arated. The aqueous phase was extracted with CH2Cl2 (3x) and the combined 

organic phases were washed with brine. It was dried over magnesium sulfate 

and the solvents were removed under reduced pressure. The resulting residue 

was purified via flash chromatography (hexane/EtOAc, 10:1) and the desired 

product 287 (1.75 g, 12.7 mmol, 0.89 eq.) was obtained. 

 

Rf = 0.82 (10:1, hexane/EtOAc) 

 

1H NMR (400 MHz, CDCl3) = 9.74 (t, J = 2.2 Hz, 1H), 6.36 (m, 1H), 5.95 (m, 

1H), 5.60 (dd, J = 15.1, 7.5 Hz, 1H), 2.85 (m, 1H), 2.46 (dd, J = 5.4, 2.2 Hz, 

1H), 2.42 (dd, J = 5.7, 2.2 Hz, 1H), 1.74 (dd, J = 7.0, 1.7 Hz, 3H), 1.11 (d, 

J = 6.8 Hz, 3H) ppm. 
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6.3.6. Diels Alder approach with the (Z,E)-diene 288 

 

 

(3S,4Z,6E)-1-(4-methoxy-2,5-bis(methoxymethoxy)-3-methylphenyl)-3-

methylocta-4,6-dien-1-ol (297) 

 

Bromide 232 (750 mg, 2.34 mmol, 1.7 eq.) was dissolved in Et2O (13.7 mL) 

and cooled to –78 °C under N2 atmosphere. Tert.-butyllithium (1.9 M in pen-

tane, 4.30 mL, 8.19 mmol, 3.5 eq.) was added dropwise to the reaction mix-

ture and stirred for 45 min. Aldehyde 288 (190 mg, 1.38 mmol, 1 eq.) was dis-

solved in Et2O (2 mL) and added dropwise. The reaction mixture was allowed 

to warm to room temperature overnight. It was quenched by the addition of 

water and extracted with Et2O (3x). The combined organic layers were 

washed with brine and water. It was dried over magnesium sulfate and the 

solvents were removed under reduced pressure. The resulting residue was 

purified via flash chromatography (hexane/EtOAc, 10:1, 5:1, 2:1) and the de-

sired product 297 (462 mg, 1.21 mmol, 0.88 eq.) was obtained as an insepa-

rable mixture (1:4, (E)/(Z)) of diastereoisomers. For analytical purpose, the 

major diastereoisomer was separated in small amounts from the minor dia-

stereoisomer.  

Rf = 0.32 (4:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz): = 7.13 (s, 1H), 6.30 (m, 1H), 5.86 (t, J = 10.4 Hz, 

1H), 5.67 (dd, J = 15.0, 6.8 Hz, 1H), 5.19 (t, J = 10.9 Hz, 1H), 4.91 (s, 2H), 

3.88 (s, 2H), 3.53 (s, 3H), 3.52 (s, 3H), 3.31 – 3.19 (m, 1H), 2.93 (d, 
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J = 7.2 Hz, 2H), 2.27 (s, 3H), 2.22 (m, 1H), 1.77 (d, J = 6.8 Hz, 3H), 1.05 (d, 

J = 6.8 Hz, 3H) ppm. 

IR (film): 3459, 2959, 2934, 1593, 1482, 1451, 1434, 1396, 1353, 1322, 1237, 

1154, 1117, 1048, 973, 874, 822, 746 cm-1. 

HRMS (ESI): calc. for (C21H31O5) [M-OH]- : 363.2166; found: 363.2165 
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(S,4Z,6E)-1-(4-methoxy-2,5-bis(methoxymethoxy)-3-methylphenyl)-3-

methylocta-4,6-dien-1-one (S-28) 

 

Compound 297 (461 mg, 1.21 mmol, 1 eq.) was dissolved in MeCN (60 mL) 

and cooled to 0 °C. Tetrapropylammonium perruthenat (21.0 mg, 60.0 µgmol, 

0.05 eq.) was dissolved in MeCN (10 mL) and added to the reaction mixture. 

After 10min, N-methylmorpholin-N-oxide (568 mg, 4.85 mmol, 4 eq.) was dis-

solved in MeCN (5 mL) and added in one portion. The reaction mixture was 

kept at 0 °C for 10 min and then slowly warmed to room temperature. Af-

ter  2h, the solvents were removed until only 5 mL of the mixture were remain-

ing. It was diluted with EtOAc and filtered through Celite® and the solvents 

were removed. The crude product S-28 was used for the next without any fur-

ther purification. 
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(S,4Z,6E)-1-(2,5-dihydroxy-4-methoxy-3-methylphenyl)-3-methylocta-4,6-

dien-1-one (298) 

 

Crude ketone S-28 (1.21 mmol, 1 eq.) was dissolved in MeOH (4 mL, 0.3 M) 

at room temperature and 6 M HCl (4.1 mL, 24.3 mmol, 20 eq.) was added. It 

was stirred for 18 h and then diluted with Et2O (10mL). The aqueous phase 

was extracted with Et2O (3x) and the combined organic layers were washed 

with brine and water. It was dried over magnesium sulfate and the solvents 

were removed under reduced pressure. The resulting residue was purified via 

flash chromatography (hexane/EtOAc, 5:1) and the desired product 298 

(302 mg, 1.05 mmol, 0.86) was obtained in 86% yield over two steps. At this 

point, the (E) and (Z) isomers could not be separated, therefore the undesired 

isomer is still carried further. 

 

Rf = 0.62 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 12.58 (s, 1H), 7.22 (s, 1H), 6.35 – 6.26 (m, 

1H), 5.91 (t, J = 10.9 Hz, 1H), 5.71 (dq, J = 13.6, 6.8 Hz, 1H), 5.30 (s, 1H), 

5.15(t, J = 10.2 Hz, 1H), 3.87 (s, 3H), 3.39 – 3.29 (m, 1H), 2.88 (dd, J = 6.8, 

2.0 Hz, 2H), 2.22 (s, 3H), 1.77 (d, J = 6.8 Hz, 3H), 1.10 (d, J = 6.8 Hz, 3H) 

ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 204.7, 156.7, 152.2, 140.8, 133.2, 130.3, 

128.2, 126.8, 119.7, 115.2, 111.8, 61.0, 45.8, 29.4, 21.2, 18.3, 9.1 ppm. 

HRMS (ESI): calc. for (C17H22NaO4) [M+Na]+ : 313.1416; found: 313.1179. 
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(3S,3aS,6S,6aS,10aR)-8-methoxy-3,6,9-trimethyl-3,3a,6,6a-

tetrahydrocyclopenta[d]naphthalene-1,7,10(2H)-trione (284) 

 

Hydroquinone 298 (874 mg, 3.01 mmol, 1 eq.) was dissolved in toluene and 

the flask was covered with aluminum foil. Silver(I)oxid (1.40 g, 6.02 mmol, 2 

eq.) was added and it was heated to 35 °C over three days. The reaction mix-

ture was filtered through Celite® and the solvents were removed under re-

duced pressure. The resulting residue was purified via flash chromatography 

(hexane/EtOAc, 5:1) and the desired product 284 (696 mg, 2.41 mmol, 0.8 eq) 

was obtained in 80% yield. At this point, the (E) and (Z) isomers could not be 

separated, therefore the undesired isomer is still carried further. 

 

Rf : 0.48 (3:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.87 (m, 1H), 5.77 (m, 1H), 4.13 (s, 3H), 3.45 

(m, 1H), 2.81 (d, J = 5.9 Hz, 1H), 2.58 (m, 1H), 2.42 (dd, J = 16.4, 6.3 Hz, 1H), 

2.14 (dd, J = 16.4, 13.1 Hz, 1H), 1.92 (s, 3H), 1.80-169 (m, 1H), 1.31 (d, 

J = 6.3 Hz, 3H), 0.71 (d, J = 7.2 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 209.5, 195.3, 192.7, 162.3, 132.5, 130.3, 

125.2, 67.0, 60.8, 49.9, 46.0, 42.5, 35.0, 33.7, 18.3 (2x), 10.2 ppm. 

IR (film): 2958, 1744, 1688, 1662, 1607, 1451, 1373, 1351, 1308, 1192, 1164, 

1128, 1028, 988, 946, 905, 869 cm-1. 

HRMS (ESI): calc. for (C17H21O4) [M+H]+: 289.1390; found: 289.1388. 
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6.3.7. Diels Alder approach with the (E,Z)-diene 287 

 

 

(3S,4E,6Z)-1-(4-methoxy-2,5-bis(methoxymethoxy)-3-methylphenyl)-3-

methylocta-4,6-dien-1-ol (300) 

 

Bromide 232 (277 mg, 861 µmol, 1 eq.) was dissolved in Et2O (2.8 mL) and 

cooled to –78 °C under N2 atmosphere. Tert.-butyllithium (1.7 M in pentane, 

1.30 mL, 2.15 mmol, 2.5 eq.) was added dropwise to the reaction mixture and 

stirred for 45 min. Aldehyde 287 (119 mg, 861 µmol, 1 eq.) was added drop-

wise. The reaction mixture was allowed to warm to room temperature over-

night. It was quenched by the addition of water and extracted wit Et2O (3x). 

The combined organic layers were washed with brine and water. It was dried 

over magnesium sulfate and the solvents were removed under reduced pres-

sure. It was used for the next step without further purification. 

Rf = 0.32 (4:1, hexane/EtOAc) 
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(S,4E,6Z)-1-(4-methoxy-2,5-bis(methoxymethoxy)-3-methylphenyl)-3-

methylocta-4,6-dien-1-one (S-29) 

 

Crude alcohol 300 (90.0 µmol, 1 eq.) was dissolved in CH2Cl2 (200 µL) and 

cooled to room temperature. MnO2 (155 mg, 1.78 mmol, 20 eq.) was added in 

one portion. After 16h, it was filtered through Celite® and the solvents were 

removed. It was used for the next step without further purification. 

 

 

Rf = 0.45 (4:1, hexane/EtOAc) 
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2.1 (S,4E,6Z)-1-(2,5-dihydroxy-4-methoxy-3-methylphenyl)-3-

methylocta-4,6-dien-1-one (301) 

 

 

Crude Ketone S-29 (0.09 90.0 µmol, 1 eq.) was dissolved in MeOH (4 mL, 

0.3 M) at room temperature and 6 M HCl (300 µL, 1.80 mmol, 20 eq.) was 

added. It was stirred for 18 h and then diluted with Et2O (10mL). The aqueous 

phase was extracted with Et2O (3x) and the combined organic layers were 

washed with brine and water. It was dried over magnesium sulfate and the 

solvents were removed under reduced pressure. The resulting residue was 

purified via flash chromatography (hexane/EtOAc, 5:1) and the desired prod-

uct 301 (5.00 mg, 20.0 µmol, 0.22 eq.) was obtained in 22% yield over three 

steps.  

 

Rf = 0.62 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 12.19 (s, 1H), 6.98 (s, 1H), 6.95 (s, 1H), 6.36 

(dd, J = 15.4, 10.9 Hz, 1H), 5.95 (dd, J = 10.9, 10.9 Hz, 1H), 5.64 (dd, 

J = 15.2, 6.6 Hz, 1H), 5.47 – 5.39 (m, 1H), 3.87 (s, 3H), 3.01 – 2.91 (m, 2H), 

2.88 – 2.80 (m, 1H), 2.23 (s, 3H), 1.73 (d, J = 7.5 Hz, 3H), 1.13 (d, J = 6.8 Hz, 

3H) ppm. 
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6.3.8. Entry towards Key Intermediate 311 

 

 

(4S,4aS,7S)-8-hydroxy-9-methoxy-4,7,10-trimethyl-3,4,4a,7-tetrahydro-

2H-naphtho[1,8-bc]oxepin-2-one (283) 

 

NaH (60% in mineral oil, 31.0 mg, 760 µmol, 1 eq.) was dissolved in THF 

(7.6 mL) under nitrogen atmosphere and cooled to 0 °C. Thiophenol (120 µL, 

1.13 mmol, 1.5 eq.) was added dropwise and the reaction mixture was stirred 

for 1 h. Compound 284 (218 mg, 760 µmol, 1 eq.) was dissolved in THF 

(800 µL) and added to the reaction mixture. It was stirred for 18 h while warm-

ing to room temperature and then quenched by the addition of aq. ammonium 

chloride and extracted with CH2Cl2 (3x). The organic phases were combined 

and washed with brine and water. It was dried over magnesium sulfate and 

the solvents were removed under reduced pressure. The resulting residue 

was purified via flash chromatography (hexane/EtOAc, 20:1, 5:1, 2:1) and the 

desired product 283 (175 mg, 610 µmol, 0.8 eq.) was obtained in 80% yield. 

 

Rf : 0.75 (3:1, hexane/EtOAc) 

[𝜶]𝐃
𝟐𝟑 +202.51°(c = 10, CHCl3) 

1H NMR (CDCl3, 400 MHz):  = 5.92 (d, J = 10.4 Hz, 1H), 5.80 (m, 2H), 3.83 

(s, 3H), 3.55 (m, 1H), 3.13 (d, J = 10.8 Hz, 1H), 2.65 (dd, J = 12.0, 7.8 Hz, 

1H), 2.23 (s, 3H), 2.08 (d, J = 11.9 Hz, 1H), 1.99 – 1.88 (m, 1H), 1.35 (d, 

J = 7.8 Hz, 3H), 1.32 (d, J = 7.0 Hz, 3H). 

13C NMR (CDCl3, 100.6 MHz):  =171.0, 144.1, 143.9, 142.6, 130.5, 123.9, 

123.3, 122.9, 119.5, 61.1, 41.5, 38.5, 27.9, 29.7, 22.2, 28.9, 9.9 ppm. 
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HRMS (ESI): calc. for M+Na (C17H20NaO4): 311.1259; found: 311.1259. 
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(4S,4aR,7S)-8-hydroxy-9-methoxy-4,7,10-trimethyl-3,4,4a,5,6,7-

hexahydro-2H-naphtho[1,8-bc]oxepin-2-one (S-30) 

 

Lactone 283 (175 mg, 610 µmol, 1 eq.) was dissolved in EtOAc (2 mL) and 

PtO2 (34.0 mg, 120 µmol, 0.2 eq.) was added. Hydrogen was bubbled through 

with a balloon and the reaction mixture was stirred at room temperature for 

12 h. It was then filtered through Celite® and the solvents were removed under 

reduced pressure. The desired compound S-30 was used for the next step 

without further purifications.  
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(5R,8S)-5-((S)-4-hydroxybutan-2-yl)-2-methoxy-3,8-dimethyl-5,6,7,8-

tetrahydronaphthalene-1,4-dione (S-31) 

 

Compound S-30 (127 mg, 440 µmol, 1 eq.) was dissolved in anhydrous diethyl 

ether (9 mL) and cooled to 0 °C. Lithium aluminum hydride (1.0 M in THF, 

7.00 mL, 7.00 mmol, 16 eq.) was added slowly and the reaction mixture was 

then warmed to room temperature and stirred for 4 h. It was cooled to 0 °C, 

diluted with diethyl ether (10 mL) and quenched by the addition of Rochelle’s 

salt. It was stirred for 1.5 h and then extracted with diethyl ether (3x) and 

washed with brine. It was dried over magnesium sulfate and the solvents were 

removed under reduced pressure. The obtained product was used for the next 

step without further purification.  
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(S)-3-((1R,4S)-6-methoxy-4,7-dimethyl-5,8-dioxo-1,2,3,4,5,8-

hexahydronaphthalen-1-yl)butanal (311) 

 

Alcohol S-31 (120 mg, 410 µmol, 1 eq.) was dissolved in anhydrous DMSO 

(1.4 mL) and IBX (287 mg, 1.03 mmol, 2.5 eq.) was added. It was stirred at 

room temperature for 2 h and then quenched by the addition of water. It was 

extracted with CH2Cl2 (3x) and washed with water. It was dried over magnesi-

um sulfate and the solvents were removed under reduced pressure. The 

crude residue was subjected to flash chromatography (hexane/EtOAc, 2:1) 

and the desired aldehyde 311 (95.0 mg, 330 µmol, 0.8 eq.) was obtained in 

80% yield. Despite several attempts, it was not possible to obtain a HRMS 

from ESI for this compound. 

 

Rf : 0.58 (5:1, hexane/EtOAc) 

 

[𝜶]𝐃
𝟐𝟑 +205.75°(c = 11, CHCl3) 

 

1H NMR (CDCl3, 400 MHz):  = 9.75 (t, J = 2.3 Hz, 1H), 3.15 (s, 3H), 3.04 –

 2.09 (m, 1H), 2.79 (m, 1H), 2.53 – 2.43 (m, 1H), 2.36 – 3.32 (m, 1H), 1.95 (s, 

3H), 1.84 (ddd, J = 13.7, 5.8, 3.6 Hz, 1H), 1.75 (m, 1H), 1.68 (ddd, J = 14.0, 

6.0, 3.4 Hz), 1.51 (m, 1H), 1.09 (d, J = 7.0 Hz, 3H), 0.94 (d J = 6.9 Hz, 3H) 

ppm. 

 

13C NMR (CDCl3, 100.6 MHz): 202.7, 188.8, 183.2, 155.7, 146.8, 143.5, 

128.8, 61.0, 50.0, 35.4, 31.8, 29.8, 29.5, 18.8, 18.3, 9.0 ppm. 
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6.3.8.1. Sakurai Allylation Approach 

 

 

 

(5R,8S)-2-methoxy-3,8-dimethyl-5-((S,Z)-6-(trimethylsilyl)hex-4-en-2-yl)-

5,6,7,8-tetrahydronaphthalene-1,4-dione (282) 

 

Methyltriphenylphosphonium bromide (92.0 mg, 258 mol, 2.5 eq.) was dis-

solved in anhydrous THF (140 µL) under nitrogen atmosphere and cooled to –

 78°C. NaHMDS (2 M in pentane, 133 µL, 266 mol, 2.6 eq.) was added and 

the reaction was warmed to 0°C for 15 min. It was then cooled to – 78°C and 

(trimethylsilyl)methyl iodide (40.0 µL, 289 mol, 2.8 eq.) was added to the re-

action mixture. It was stirred overnight and slowly warmed to rt. Then, it was 

cooled to – 78°C and NaHMDS (2 M in pentane, 123 l, 258 mol, 2.5 eq.) 

was added. The reaction mixture was stirred for 30 min at 0°C and then 

cooled – 78°C and NaHMDS (2 M in pentane, 123 L, 258 mol, 2.5 eq.) was 

added. The reaction mixture was stirred for 30 min at 0°C and then cooled to –

 78°C. Aldehyde 311 (30.0 mg, 103 mol, 1 eq.) was dissolved in anhydrous 

THF (1.03 mL) under nitrogen atmosphere, cooled to – 78°C and the freshly 

prepared ylide was added to the aldehyde. It was kept for 30 min at the same 

temperature and then raised to – 30°C for 3 h. The reaction was carefully 

monitored by TLC and upon completion it was warmed to rt for 15 min. The 

reaction was quenched by the addition of aq. ammonium chloride and extract-

ed with Et2O (3x). The organic phases were combined and washed with brine 

and water. It was dried over magnesium sulfate and the solvents were re-
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moved under reduced pressure. The resulting residue was purified via flash 

chromatography (hexane/EtOAc, 20:1) and the desired product 282 (25.0 mg, 

66.7 mol, 0.65 eq.) was obtained in 55% yield as pale yellow oil. 

Rf : 0.79 (10:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.30 – 5.25 (m, 1H), 5.09 (m, 1H), 3.99 (s, 

3H), 2.94 – 2.90 (m, 1H), 2.85 (m, 1H), 2.67 – 2.58 (m, 1H), 1.95 (s, 3H), 

1.83 – 1.74 (m, 2H), 1.70 – 1.64 (m, 2H), 1.54 – 1.44 (m, 4H), 1.22 (d, 

J = 7.1 Hz, 3H), 1.06 (d, J = 6.6 Hz, 3H) ppm. 

HRMS (ESI): calc. for (C22H35O3Si) [M+H]+: 375.2355; found: 375.2347. 
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(8S)-2-methoxy-3,8-dimethyl-5-((S)-pent-4-en-2-yl)-5,6,7,8-

tetrahydronaphthalene-1,4-dione (312) 

 

Methyltriphenylphosphoniumbromide (14.0 mg, 39.2 mol, 1.2 eq.) was dis-

solved in THF (50 L) under nitrogen atmosphere and cooled to –78 °C. 

NaHMDS (2 M in pentane, 20.0 µL, 35.9mol, 1.1 eq.) was added and it was 

warmed to 0 °C for 15 min. 

Aldehyde 311 (9.50 mg, 32.7 mol, 1 eq.) was dissolved in THF (50 L) under 

nitrogen atmosphere and cooled to -78 °C. The freshly prepared ylide was 

added and the reaction mixture was stirred at this temperature for 45 min be-

fore it was allowed to return to r.t. for 30 min. It was quenched by the addition 

of aq. ammonium chloride and extracted with EtOAc (3x). The organic phases 

were combined and washed with brine and water. The resulting residue was 

purified via flash chromatography (hexane/EtOAc, 20:1) and the desired prod-

uct 312 (3.70 mg, 12.8 mol, 0.39 eq.) was obtained as pale yellow oil. 

 

Rf : 0.79 (20:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.73 (m, 1H), 4.99 (m, 1H), 4.89 (m, 1H), 3.96 

(s, 3H), 2.93 – 2.89 (m, 1H), 2.84 (m, 1H), 2.37 – 2.28 (m, 1H), 1.92 (s, 3H), 

1.82 – 1.71 (m, 1H), 1.68 – 1.60 (m, 2H), 1.51 – 1.45 (m, 1H), 1.35 –-1.28 (m, 

2H), 1.11 (d, J = 6.8 Hz, 3H), 1.09 (d, J = 7.1 Hz, 3H) ppm. 
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(4S,6S,9S)-3a-hydroxy-2-methoxy-3,6,9-trimethyl-4-vinyl-3a,4,5,6,6a,7,8,9-

octahydro-1H-phenalen-1-one (313) 

 

Trimethylallylsilane 282 (5.00 mg, 13.3 mol, 1 eq.) was dissolved in anhy-

drous CH2Cl2 (1.3 mL) and cooled to –78°C. TiCl4 (1 M in CH2Cl2, 30.0 µL, 

26.7 mol, 2 eq.) was added and the reaction mixture was kept stirring for 

70 min. It was then quenched by the addition of aq. sodium hydrogen car-

bonate, brine and water. It was dried over MgSO4. The solvent was removed 

under reduced pressure and the remaining residue was subjected to flash 

chromatography (hexane/EtOAc, 2:1) to give 313 (3.00 mg, 9.98 mol, 

0.75 eq.) in 75% yield. 

 

Rf : 0.36 (4:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz):  = 6.00 (dt, J = 17.1, 9.7 Hz, 1H), 5.00 (dd, 

J = 11.0, 0.8 Hz, 1H), 4.94 (d, J = 17.2 Hz, 1H), 3.71 (s, 3H), 3.01 – 2.95 (m, 

1H), 2.45 (dd, J = 11.1, 3.4 Hz, 1H), 1.98 (s, 3H), 1.83 (m, 1H), 1.73 – 1.66 

(m, 4H), 1.58 – 1.54 (m, 1H), 1.48 – 1.44 (dt, J = 13.6, 4.1 Hz, 1H), 1.41 (m, 

1H), 1.04 (d, J = 7.0 Hz, 3H), 1.02 (d, J = 6.4 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 180.5, 158.9, 149.6, 145.6, 139.3, 134.7, 

115.6, 75.1, 59.1, 57.8, 39.6, 37.6, 36.4, 25.5, 24.2, 20.5, 19.6, 18.6, 14.1 

ppm. 

HRMS (ESI): calc. for (C19H27O3) [M+H]+ : 274.1438; found: 274.1374. 
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(2S,2aR,2a1S,5S)-6-hydroxy-2,5,8-trimethyl-9-((trimethylsilyl)methyl)-
1,2a,3,4,5,8,9,9a-octahydro-2a1,8-methanobenzo[cd]azulene-7,10(2H)-
dione (316) 

 

Curde trimethylallylsilane 282 (112 mol, 1 eq.) was dissolved in anhydrous 

CH2Cl2 (2.2 mL) and cooled to –78°C. Bi(OTf)3 (7.40 mg, 112 mol, 1 eq.) was 

added and the reaction mixture was kept stirring for 5 h. It was then quenched 

by the addition of water. It was extracted with CH2Cl2 and washed with brine 

and water. It was dried over MgSO4. The solvent was removed under reduced 

pressure and the remaining residue was subjected to flash chromatography 

(hexane/EtOAc, 100:1) to give 316 (8.00 mg, 23.0 mol, 0.21 eq.). 

 

Rf = 0.72 (10:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.99 (s, 1H), 3.17 – 3.09 (m, 1H), 2.40 – 2.29 

(m, 2H), 19.5 – 1.88 (m, 1H), 1.87 – 1.79 (m, 1H), 1.78 – 1.70 (m, 2H), 1.67 –

 1.61 (m, 1H), 1.51 – 1.42 (m, 2H), 1.20 (s, 3H), 1.17 (d, J = 7.0 Hz, 3H), 1.05 

(d, J = 7.0 Hz, 3H), 0.71 (m, 2H), 0.60 (dd, J = 14.3, 13.0 Hz, 1H), 0.01 (s, 9H) 

ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 212.3, 195.4, 150.2, 143.5, 65.3, 61.3, 

52.1, 41.3, 39.2, 37.3, 36.7, 28.6, 24.9, 20.4, 18.2, 17.0, 14.5, 9.6, -.0.7 ppm. 

HRMS (ESI): calc. for (C21H33O3Si) [M+H]+ : 361.2193; found: 361.2106. 
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6.3.9. Alder-En Cyclization approach 

 

(5R,8S)-2-methoxy-3,8-dimethyl-5-((S,Z)-6-methylhept-4-en-2-yl)-5,6,7,8-

tetrahydronaphthalene-1,4-dione (320) 

 

The ylide was freshly prepared as followed: Wittig salt (26.0 mg, 65.1 mol, 

2.7 eq.) was dissolved in THF (30 µL) under nitrogen atmosphere and cooled 

to –78 °C. LiHMDS (1 M in ethylbenzene, 60.3 mL, 60.3 mol, 2.5 eq.) was 

added. It was warmed to 0 °C for 15 min and then cooled again to –78 °C. 

Aldehyde 311 (7.00 mg, 24.1 mol, 1 eq.) was dissolved in THF (240 µL) un-

der nitrogen atmosphere and cooled to –78 °C. The freshly prepared ylide was 

added and the reaction mixture was stirred for 3 h at this temperature. It was 

then allowed to return to room temperature for 30 min. The reaction was 

quenched by the addition of aq. ammonium chloride and extracted with Et2O 

(3x). The organic phases were combined and washed with brine and water. It 

was dried over magnesium sulfate and the solvents were removed under re-

duced pressure. The resulting residue was purified via flash chromatography 

(hexane/EtOAc, 6:1) and the desired product 320 (13.0 mg, 37.8 mol, 

0.58 eq.) was obtained as pale yellow oil. 

Rf : 0.78 (6:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.40 – 5.26 (m, 2H), 4.00 (s, 3H), 3.05 – 2.94 

(m, 1H), 2.90 – 2.82 (m, 1H), 2.60 (m, 1H), 2.08 – 1.98 (m, 2H). 1.96 (s, 3H), 

1.93 – 1.73 (m, 4H), 1.68 – 1.56 (m, 1H), 1.53 – 1.45 (m, 1H), 1.10 (d, J = 

7.0 Hz, 3H), 1.00 – 0.94 (m, 6H), 0.84 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 188.5, 183.3, 155.4, 138.6, 126.2, 125.5, 

60.8, 37.7, 34.9, 34.2, 33.5, 30.3, 26.6, 26.2, 23.2, 21.0, 17.9, 17.6, 8.9 ppm.  
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(6S,9S)-3a-hydroxy-4-(1-hydroxy-2-methylpropyl)-2-methoxy-3,6,9-

trimethyl-3a,3a1,4,5,6,6a,7,8,9,9a-decahydro-1H-phenalen-1-one (320) 

 

Olefin 320 (17.0 mg, 51.5 mol, 1 eq.) was dissolved in anhydrous CH2Cl2 

(5.2 mL) and cooled to -78 °C. TiCl4 (1 M in CH2Cl2, 210 µL, 206 mol, 4 eq.) 

was added dropwise. The reaction mixture was stirred for 3 h and then 

quenched by the addition of aq. NaHCO3. It was extracted with CH2Cl2 (3x) 

and washed with brine. The solvents were removed under reduced pressure 

and the resulting residue was subjected to flash chromatography (hex-

ane/EtOAc, 10:1). Product 320 (18.0 mg, 51.3 mol, 1 eq.) was obtained in 

quantitative yields. 

 

Rf : 0.52 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 4.87 (m, 1H), 3.74 (s, 3H), 2.97 (m, 1H), 

2.47 – 2.44 (m, 2H), 2.12 (s, 3H), 1.80 (m, 1H), 1.71 (m, 2H), 1.63 -1.59 (m, 

2H), 1.49 (d, J = 6.6 Hz, 3H), 1.44 (m, 1H), 1.39 (m, 1H), 1.33 (m, 1H), 1.04 

(d, J = 6.4 Hz, 3H) , 1.0o (d, J = 6.9 Hz, 3H), 0.96 (d, J = 7.1 Hz, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 180.3, 160.4, 150.0, 145.3, 133.8, 77.0, 

60.1, 59.7, 59.6, 42.7, 40.1, 37.6, 31.6, 25.2, 24.0, 22.3, 20.5, 19.8, 18.6, 

14.4, 14.3 ppm. 
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6.3.10. Radical Cyclization Approach 

 

(5R,8S)-5-((2S)-4-hydroxy-6-methylhept-5-en-2-yl)-2-methoxy-3,8-

dimethyl-5,6,7,8-tetrahydronaphthalene-1,4-dione (323) 

 

Dichloro zinc (1 M in Et2O, 1.92 mL, 1.92 mmol, 3 eq.) was dissolved in Et2O 

(2 mL) and cooled to – 78 °C under nitrogen atmosphere. Isopropenylmagne-

sium bromide (0.5 M in Et2O, 1.73 mmol, 3.46 mL, 2.7 eq.) was added and it 

was warmed to room temperature for 10 min and then cooled again to – 78°C. 

Aldehyde 311 (186 mg, 640 µmol, 1 eq.) was dissolved in Et2O (4 mL) and 

added dropwise to the reaction mixture. It was stirred for 1 h and then 

quenched by the addition of aq. ammonium chloride and extracted with Et2O 

(3x). The organic phases were combined and washed with brine and water. It 

was dried over magnesium sulfate and the solvents were removed under re-

duced pressure. The resulting residue was used for the next step without fur-

ther purification.  
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S-((6R,E)-6-((4S)-6-methoxy-4,7-dimethyl-5,8-dioxo-1,2,3,4,5,8-
hexahydronaphthalen-1-yl)-2-methylhept-3-en-2-yl) 1H-imidazole-1-
carbothioate (326) 

 

Allylic alcohol 323 (14.0 mg, 40.4 mol, 1 eq.) was dissolved in CH2Cl2 (400 

µL) at room temperature. DMAP (1.00 mg, 8.10 mol 0.2 eq.) was added and 

the reaction mixture was stirred for 10 min. 1,1'-Thiocarbonyldiimidazole 

(22.0 mg, 121 mol, 3 eq.) was added and the reaction was stirred for 2 h. the 

solvents were removed and the crude product was subjected to flash chroma-

tography (5:1, hexane/EtOAc) to give 326 (17.0 mg, 37.2 mol, 0.92 eq.). 

 

Rf : 0.23 (4:1, hexane/EtOAc) 

 

1H NMR (CDCl3, 400 MHz):  = 8.14 (s, 1H), 7.42 (s, 1H), 7.06 (s, 1H), 5.82 –

 5.61 (m, 2H), 3.99 (s, 3H), 3.03 – 2.91 (m, 1H), 2.89 – 2.80 (m, 1H), 2.11 –

 2.01 (m, 1H), 1.94 (s, 3H), 1.86 – 1.76 (m, 3H), 1.72 – 1.69 (m, 6H), 1.52 –

 1.44 (m, 1H), 1.33 – 1.27 (m, 1H), 1.12 – 1.09 (m, 6H). 

 

HRMS (ESI): calc. for (C25H33N2O4S4) [M+H]+ : 457.2156; found: 457.2139. 
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(8S)-2-methoxy-3,8-dimethyl-5-((R,E)-6-methylhepta-4,6-dien-2-yl)-5,6,7,8-
tetrahydronaphthalene-1,4-dione (329) 

 

Triphenylphosphine (14.0 mg, 52.0 mol, 2 eq.) was dissolved in 

CH2Cl2/MeCN (4:1, 400 µL), and cooled to 0 °C. A stock solution of bromine in 

CH2Cl2/MeCN (4:1, 0.01 M) was prepared and added (3.00 L, 52.0 mol, 

2 eq.). After 5 min of stirring, trimethylamine (7.00 L, 52.0 mol, 2 eq.) was 

added. The reaction mixture was stirred for another 10 min. Allylic alchol 323 

(9.00 mg, 25.0 mol, 1 eq.) was added to the reaction mixture and it was kept 

stirring at 0 °C for 2 h. It was quenched by addition of water, extracted with 

CH2Cl2 (3x) and the combined organic phases were washed with 1 M HCl, aq. 

sodium bicarbonate, brine and water. It was dried over MgSO4 and the sol-

vents were removed. The crude residue was purified via flash chromatography 

(10:1, hexane/EtOAc) to obtain 329 (5.00 mg, 15.2 mol, 0.53 eq.). 

.  
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(8S)-2-methoxy-3,8-dimethyl-5-((R,E)-6-methylhepta-4,6-dien-2-yl)-5,6,7,8-

tetrahydronaphthalene-1,4-dione (329) 

 

Allylic alcohol 323 (10.0 mg, 28.9 mol, 1 eq.) was dissolved in CH2Cl2 (100 

µL) and cooled to 0 °C. Imidazole (2.00 mg, 28.9 mol, 1 eq.) and tri-

phenylphosphine (8.00 mg, 28.9 mol, 1 eq.) were added. After 10min, iodine 

(7.00 mg, 28.9 mol, 1 eq.) was dissolved in CH2Cl2 (100 µL) and added to 

the reaction mixture. The reaction mixture kept stirring overnight. It was 

quenched by addition of water, extracted with CH2Cl2 (3x) and the combined 

organic phases were washed with 1 M HCl, aq. sodium bicarbonate, brine and 

water. It was dried over MgSO4 and the solvents were removed. The crude 

residue was purified via flash chromatography (10:1, hexane/EtOAc) to obtain 

329 (6.00 mg, 18.3 mol, 0.63 eq.). 

Rf : 0.68 (4:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 6.16 – 6.06 (m, 1H), 5.67 – 5.52 (m, 1H), 

4.89 – 4.82 (m, 2H), 3.97 (s, 3H), 3.00 – 2.80 (m, 3H), 2.12 – 2.03 (m, 2H), 

1.93 (s, 3H), 1.81 (s, 3H), 1.51 – 1.44 (m, 1H), 1.35 – 1.27 (m, 3H), 1.08 (d, 

J = 7.4 Hz, 3H), 0.57 (d, J = 6.9 Hz, 3H) 

HRMS (ESI): calc. for (C21H29O3) [M+H]+ : 351.1931; found: 351.1938 
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6.3.11. 1,4 Addition via Single Electron Transfer with Samarium(II) iodide 

 

 

(6S,9S)-3a,4-dihydroxy-2-methoxy-3,6,9-trimethyl-3a,4,5,6,6a,7,8,9-

octahydro-1H-phenalen-1-one (331) 

 

 

Aldehyde 311 (7.00 mg, 24.1 mol, 1 eq.) was dissolved in anhydrous and 

degassed THF (2.4 mL) under nitrogen atmosphere at 0 °C. SmI2 (~0.08 M, 

750 µL, 60.3 mol, 2.5 eq.) was added dropwise to the solution. It was stirred 

for 30 min and then quenched by addition of aq. sodium bicarbonate. It was 

extracted with EtOAc (3x) and the organic phases were combined and 

washed with brine and water. It was dried over magnesium sulfate and the 

solvents were removed under reduced pressure. The crude residue was sub-

jected to flash chromatography (hexane/EtOAc, 5:1, 2:1) and the product 331 

(4.00 mg, 13.7 mol, 0.57 eq.) was obtained in 57% yield. 

 

Preparation of SmI2:[166] 

1,2-Diiodoethane (3.00 g, 10.6 mmol) was dissolved in Et2O (40 mL) and 

washed with aq. sat Na2S2O3 solution (5x) and brine. The organic layer was 

dried over MgSO4, the solvent removed in vacuo and the residue dried under 

high vacuum for 30 min. A round bottom flask was charged with samarium 

(902 mg, 6.00 mmol, 1 eq.) and 1,2-diiodoethane (846 mg, 3.00 mmol, 1 eq.) 

and degassed THF (30 mL) was added under slow stirring. The suspension 

was stirred for 20 h at room temperature, the stirring was stopped and after 

30 min the solid was settled and the blue solution was ready to use. The con-

centration was determined by titration (I2 in THF, 3x), c = ~0.08 M. 
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Rf : 0.65 (5:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.67 – 5.62 (m, 1H), 5.51 (s, 1H), 3.77 (s, 3H), 

3.15 – 3.08 (m, 1H), 2.75 (d, J = 5.2 Hz,1H), 2.69 (dd, J = 9.7, 5.7 Hz, 1H), 

2.24 (s, 3H), 1.90 – 1.84 (m, 1H), 1.81 – 1.75 (m, 1H), 1.74 – 1.60 (m, 4H), 

1.58 – 1.56 (m, 1H), 1.22 (d, J = 6.9 Hz, 3H), 1.20 (d, J = 6.8 Hz ,3H) ppm. 

 

HRMS (ESI): calc. for (C17H24O4Na) [M+Na]+ : 315.1567; found: 315.1757. 
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6.3.12. Endgame: 1,3 Dipolar Cycloaddition 

 

 

(5R,8S)-2-methoxy-3,8-dimethyl-5-((S)-6-methyl-4-oxohept-5-en-2-yl)-

5,6,7,8-tetrahydronaphthalene-1,4-dione (337) 

 

 

Crude alcohol 323 (0.64 mmol, 1 eq.) was dissolved in DMSO (2 mL) and IBX 

(448 mg, 1.60 mmol, 2.5 eq.) was added in one portion. It was stirred at room 

temperature for 2 h and then quenched by the addition of water and extracted 

with EtOAc (3x). The organic phases were combined and washed with brine 

and water. It was dried over magnesium sulfate and the solvents were re-

moved under reduced pressure. The crude residue was subjected to flash 

chromatography (hexane/EtOAc, 2:1) and the desired product 337 (142 mg, 

410 µmol, 0.64 eq.) was obtained in 64% yield over two steps. 

Rf : 0.65 (5:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 6.02 (s, 1H), 3.96 (s, 3H), 2.99 – 2.91 (m, 1H), 

2.74 (m, 1H) 2.39 – 3.31 (m, 1H), 2.29 – 2.23 (m, 2H), 2.08 (s, 3H), 1.92 (s, 

3H), 1.91 – 1.87 (m, 1H), 1.86 (s, 3H), 1.74 (m, 1H), 1.66 – 1.59 (m, 1H), 1.46 

(m, 1H), 1.07 (d, J = 6.9 Hz, 3H), 0.90 (d, J = 6.6 Hz, 3H) ppm. 

HRMS (ESI): calc. for (C21H29O4) [M+H]+ : 345.2061; found: 345.2071. 
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N'-((S,Z)-6-((1R,4S)-6-methoxy-4,7-dimethyl-5,8-dioxo-1,2,3,4,5,8-

hexahydronaphthalen-1-yl)-2-methylhept-2-en-4-ylidene)-4-

methylbenzenesulfonohydrazide (S-32) 

 

Compound 337 (10.0 mg, 29.0 µmol, 1 eq.) was dissolved in MeOH (300 µL) 

and tosyl hydrazide (7.00 mg, 35.0 µmol, 1.2 eq.) was added. It was stirred at 

room temperature and catalytic amounts of conc. HCl (diluted in MeOH) were 

added to the reaction mixture. After 8 h, it was diluted with CH2Cl2 (1 mL) and 

the solvents were removed under reduced pressure. The resulting residue 

was subjected to flash chromatography (hexane/EtOAc, 5:1) and the desired 

product S-32 (9.00 mg, 20.0 µmol, 0.6 eq.) was obtained in 60% yield. 

 

Rf : 0.42 (5:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 7.77 (d, J = 8.3 Hz, 2H), 7.62 (bs, 1H), 7.22 

(d, J = 8.3 Hz, 2H), 5.51, (s, 1H), 3.98 (s, 3H), 2.94 (m, 1H), 2.49 – 2.44 (m, 

1H), 2.33 (s, 3H), 2.29 – 2.24 (m, 1H), 2.12 – 2.09 (m, 1H), 2.03 (m, 1H), 1.90 

(s, 3H), 1.88 (s, 3H), 1.78 – 1.71 (m, 1H), 1.69 – 1.62 (m, 1H), 1.55 (s, 3H), 

1.44 – 1.32 (m, 2H), 1.06 (s, 3H), 0.65 (s, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 188.3, 183.3, 156.2, 155.6, 146.6, 144.2, 

144.1, 143.6, 135.9, 129.5 (2x), 128.8, 128.1 (2x), 116.6, 60.9, 43.3, 34.1, 

33.9, 26.4, 26.3, 25.6, 21.7, 21.0 (2x), 17.7, 17.5, 9.0 ppm. 

HRMS (ESI): calc. for (C28H37N2O5S) [M+H]+ : 513.2418; found: 513.2439. 
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(1R,2S,8S)-5-methoxy-2,6,8-trimethyl-3a-(2-methylprop-1-en-1-yl)-

1,2,3,3a-tetrahydro-3b,1-propanocyclopenta[1,3]cyclopropa[1,2]benzene-

4,7-dione (332) 

 

Hydrazone S-32 (10.0 mg, 19.5 mol, 1 eq.) was dissolved in 1,4-dioxane 

(130 µL) and K2CO3 (4.00 mg, 29.4 mol, 1.5 eq.) was added. The reaction 

mixture was heated to 110 °C for 3 h. It was diluted with CH2Cl2 and quenched 

by the addition of water. It was extracted with CH2Cl2 (3x). The organic phases 

were combined and washed with brine and water. It was dried over magnesi-

um sulfate and the solvents were removed under reduced pressure. The 

crude residue was subjected to flash chromatography (hexane/EtOAc, 20:1) to 

obtain the desired product 332 (6.00 mg, 16.6 mol, 0.85 eq.). 

 

Rf : 0.84 (7:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 5.21 (s, 1H), 3.77 (s, 3H), 3.08 (m, 1H), 2.87 

(m, 1H), 2.73 (dd, J = 14.4, 6.7 Hz, 1H), 2.01 – 1.92 (m, 2H), 1.90 (s, 3H), 

1.59 (s, 3H), 1.55 (s, 3H), 1.52 – 1.46 (m, 2H), 1.40 – 1.37 (m, 1H), 1.31 (m, 

1H), 1.05 (m, 6H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 197.0, 191.4, 158.0, 139.8, 132.0, 125.0, 

59.8, 57.3, 50.7, 49.3, 45.9 (2x), 41.4, 26.5, 35.9, 24.9, 23.6, 23.4, 21.1, 19.1, 

9.4 ppm. 

HRMS (ESI): calc. for (C21H29O3) [M+H]+: 329.2111; found: 329.2114. 
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(1R,2S,8S)-5-hydroxy-2,6,8-trimethyl-3a-(2-methylprop-1-en-1-yl)-1,2,3,3a-

tetrahydro-3b,1-propanocyclopenta[1,3]cyclopropa[1,2]benzene-4,7-

dione (341) 

 

Cyclopropane 332 (6.00 mg, 185 mol, 1 eq.) was dissolved in 2,6-lutidine 

(100 µL) and lithium iodide (5.00 mg, 365 mol, 2 eq.) was added in one por-

tion. The resulting mixture was heated to 80 °C for 6 h. It was quenched by 

the addition of water and the organic phases were extracted with CH2Cl2 (3x). 

The combined organic phases were washed with 0.5 M HCl, brine and water. 

It was dried over magnesium sulfate and the solvents were removed under 

reduced pressure. The crude residue was subjected to flash chromatography 

(hexane/EtOAc, 5:1) to obtain the desired product 341 (4.50 mg, 143 mol, 

0.77 eq.) in 77% yield. 

 

Rf : 0.53 (5:1, hexane/EtOAc) 

1H NMR (CDCl3, 400 MHz):  = 7.02 (s, 1H), 3.13 (m, 1H), 2.85 (m, 1H), 2.71 

(m, 1H), 2.02 – 1.95 (m, 2H), 1.91 (s, 3H), 1.57 (s, 3H), 1.52 (s, 3H), 1.48 –

 1.37 (m, 2H), 1.32 (m, 1H), 1.28 (m, 1H), 1.06 (s, 3H), 1.04 (s, 3H) ppm. 

13C NMR (CDCl3, 100.6 MHz):  = 196.0, 192.1, 153.3, 140.5, 124.4, 124.3, 

58.8, 49.8, 46.0, 45.9, 41.4, 29.8, 26.5, 25.7, 25.1, 23.7, 23.6, 21.2, 19.2, 8.9 

ppm. 

HRMS (ESI): calc. for (C20H27O3) [M+1]: 315.1960; found: 315.1962. 
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7. Appendix 

7.1. List of Abbreviations 

 

[ specific rotation 

Ac acetyl 

AIBN azobis(isobutyronitril) 

aq. in aqueous solution 

Ar aryl 

ATR attenuated total reflection 

Bn Benzyl 

Bu butyl 

Bz Benzyl 

CAN Cerium ammonium nitrate 

CD circular dichroism 

CDI 1,1’-carbonyldiimidazole 

cm centimeters 

cod 1,5-cyclooctadiene 

Cp Cyclopentadiene 

CPL circular polarized light 

CSA camphorsulfonic acid 

d days 

d dublet 

dba dibenzylideneacetone 

DBU 1,8-diazabicyclo[5.4.0]undec-7-

ene 

DDQ 2,3-dichloro-5,6-dicyano-1,4-
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benzoquinone 

DIBALH diisobitylaluminium hydride 

DIC N,N’-diisopropylcarbodiimide 

DiPEA Diisopropyldiethylamin 

DMAP N,N-dimethylpyridin-4-amine 

DMF dimethyformamide 

DMDO dimethyldioxirane 

DMSO dimethylsulfoxide 

dppf 1,1′-

bis(diphenylphosphino)ferrocene 

dr Diastereomeric ratio 

DVCR divinylcyclopropane rearrange-

ment 

EDC*HCl 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide 

hydrochloride 

ee enantiomeric excess 

equiv. equivalents 

Et ethyl 

EtOAc/ 

EE 

ethyl acetate 

g gram 

h hours 

HMDS hexamethyldisilazane 

HMPA hexamethylphosphoramide 

HRMS high resolution mass spectroscopy 

hv irridation with light 

Hz Hertz 
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IBX 1-Hydroxy-1,2-benziodoxol-3(1H)-

on-1-oxid 

IR infrared 

i iso 

IBX 2-iodoxybenzoic acid 

Im imidazole 

IR infrared spectroscopy 

J coupling constant 

K kelvin 

KHMDS kaliumhexamethyldisilazid 

LDA lithium diisopropylamide 

LiHMDS Lithium hexamethyldisilazid 

L-

selectride 

lithium tri-sec-butylborohydride 

M molar concentration 

m multiplet 

MC merocyanine 

mCPBA Meta-chlorpenbezoic acid 

Me methyl 

MS mass spectrometry 

MW Microwave irradiation 

ml milliliter 

l microliter 

mmol millimole 

NaHMDS Natriumhexamethyldisilazid 

n-BuLi n-Butyllithium 

nm nanometer 
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NMR nuclear magnetic resonance 

NOE nuclear overhauser effect 

o ortho 

p para 

PE petroleum ether 

Ph phenyl 

ppm parts per million 

q quartet 

r.t. room temperature 

Rf retention factor (TLC) 

s seconds 

s singulet 

SEAr electrophilic aromatic substitution 

SN nucleophilic subsitiution 

solvent-

dn 

deuterated solvent 

SP spiropyrane 

SPHOS dicyclohexyl(2',6'-dimethoxy-[1,1'-

biphenyl]-2-yl)phosphane 

t triplet 

TBS tert-butyldimethylsilyl 

THF tetrahydrofurane 

TIPS triisopropylsilyl 

TLC thin layer chromatography 

TMEDA N1,N1,N2,N2-tetramethylethane-

1,2-diamine 

TOF time of flight 
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Tol toluyl 

UV ultraviolet 

Vis visible light spectrum 
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Working as a visiting student under supervision of Prof Ben G. Davis 
on an own project with the title “Tunicamycin – Investigations into the 
syntheses of analogues for inhibitor studies”. 

Nov 2009 – Dec 2011 Student Assistant, Department of Environmental Engineering, Leibniz 
University of Hannover 
Processing and modelling of data for current research projects, such as 
the effects of climatic and structural changes on water pollution. 

Jan 2009 – Nov 2009 Internship, DR. U. NOACK-LABORATORIEN, 31157 Sarstedt, Käthe-
Paulus-Straße 1 
Assisting scientists in the analytical chemistry and naval toxicology 
divisions with the planning and conducting tests systems. 

Presentation and Conferences 

 
May 2015 Institute Colloquium, University of Hannover, Hannover 

Oral presentation  
 

Jun 2015 Tetrahedron Symposium, Berlin 
Poster Presentation 

 

Jul 2015 Lindau Nobel Laureate Meetings 
Attendee 

 

April 2017 Spring ACS Meeting, San Francisco, CA, USA 
Oral presentation 

 

Sports and Hobbies 

 
2014 – present 
1995 – present 
1999 –  2009 

 
Rock climbing, bouldering 
Judo, 1st Dan (black belt) 
MTV Barnten (local sports club) 
Junior Squad/ Senior Squad of Germany 
Including several international training camps and tournaments. 

2008 – present Kenpokan Hannover, Mixed Martial Arts 
 
September 14th 2017, Konstanz 

 

http://dict.leo.org/ende?lp=ende&p=HpZR0yYAA&search=environmental&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=HpZR0yYAA&search=engineering&trestr=0x8001



