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Abstract 

In this thesis, synthetic studies toward the total synthesis of the Euphorbia diterpene 

euphorikanin A (IV) are described. Different possibilities to synthesize the unique 5/6/7/3 -fused 

tetracyclic carbon skeleton of the natural product IV were investigated. The first approach relied 

on an ambitious and unprecedented cascade of a silicon-directed Nazarov cyclization and 

Diels-Alder reaction, which should allow the construction of the A/B/C-ring system of the natural 

product IV in a single step. While the precursor II for this reaction could be obtained in 14 steps 

from commercially available prenol (I), the cascade for the synthesis of intermediate III failed 

under various conditions. 

 

The simplified substrates V and VII were synthesized in 12 steps, each in a similar way as 

intermediate II, to test the silicon-directed Nazarov cyclization as an isolated reaction. Even after 

extensive studies, the desired cyclopentenone VI could not be obtained by the envisioned 

silicon-directed Nazarov cyclization. 

 

Finally, cyclopentenone VI could be syƴǘƘŜǎƛȊŜŘ ŜƳǇƭƻȅƛƴƎ ŀƴ ƻǊƎŀƴƻŎŀǘŀƭȅǘƛŎ ʲ-vinylation of an 

ʰΣʲ-unsaturated aldehyde as the key transformation in 16 steps but the envisioned Pummerer 

reaction necessary for the thioether removal at a later stage of the synthesis to obtain 

aldehyde VIII, failed. 



VI 

 

The subsequent approach for the total synthesis of euphorikanin A (IV) relied on a Pauson-Khand 

reaction for the formation of the A/B-ring system. Three promising precursors (IX) for the 

envisioned reaction could be generated in 17 to 19 steps from prenol (I), but the key step to 

obtain enone X failed under various conditions. 

 

In a completely different approach, the very promising tricyclic enone XV could be constructed in 

which the B-, C-, and D-ring of the target molecule IV were established. For this, aldehyde XII was 

generated in five steps starting from chiral oxazolidinone XI, and the seven-membered cyclic 

ketone XIV was obtained in six steps starting from commercially available (+)-3-carene (XIII). Both 

building blocks were combined, and enone XV was synthesized in eleven steps in the longest 

linear sequence. 



VII 

 

Enone XV was converted to diketone XVI in three steps. For the formation of the last remaining 

carbocycle, an aldol addition was attempted, but even after extensive screening, no conditions 

generating the desired product XVII could be found. 

 

In the last approach, the remaining A-ring was envisioned to be constructed by a Conia-ene 

reaction of ketone XVIII. This was obtained in five steps starting from key intermediate XV. 

Though several modern methodologies for the Conia-ene reaction were tested, none of them led 

to the formation of the desired product XIX. 



VIII 

 

Thus, this thesis presents the synthesis of several advanced intermediates for the synthesis of 

euphorikanin A (IV). While the synthesis of a very promising intermediate, including the B-, C-, 

and D-ring (XV), can be reported, even after extensive studies, the total synthesis of 

euphorikanin A (IV) could not be concluded. 

  



IX 

Zusammenfassung 

In dieser Arbeit werden Studien zur Totalsynthese des Euphorbia-Diterpens Euphorikanin A (IV) 

beschrieben. Vielfältige Möglichkeiten zur Synthese des einzigartigen, tetracyclischen 5/6/7/3 -

Kohlenstoffskeletts des Naturstoffs wurden erprobt. Der erste Ansatz der Synthese beruhte auf 

einer anspruchsvollen, neuartigen Kaskadenreaktion, bestehend aus einer siliziumdirigierten 

Nazarov-Cyclisierung und einer Diels-Alder-Reaktion, durch welche das A/B/C-Ringsystem des 

Naturstoffs IV in einem einzigen Schritt aufgebaut werden sollte. Während die 

Vorläuferverbindung II für die geplante Reaktion in 14 Stufen ausgehend von kommerziell 

erhältlichem Prenol (I) dargestellt werden konnte, scheiterte die geplante Reaktionskaskade zur 

Synthese des Intermediats III unter verschiedenen Bedingungen. 

 

Die vereinfachten Substrate V und VII wurden unter analogen Bedingungen wie Intermediat III in 

12 Stufen dargestellt, um die geplanten siliziumdirigierte Nazarov-Cyclisierung als isolierte 

Reaktion zu testen. Selbst nach umfangreichen Studien konnte das gewünschte Cyclopentenon VI 

mittels der siliziumdirigierten Nazarov-Cyclisierung nicht erhalten werden. 

 

Letztlich konnte das Cyclopentenon VI durch eine organokatalytiscƘŜ ʲ-Vinylierung eines 

,h -̡ungesättigten Aldehyds im Schlüsselschritt in 16 Stufen dargestellt werden. Anschließend 

scheiterte jedoch die geplante Pummerer-Reaktion, die für die Synthese des Aldehyds VIII unter 

Abspaltung des Thioethers notwendig war. 



X 

 

Im Folgeansatz für die Totalsynthese von Euphorikanin A (IV) sollte das A/B-Ringsystem durch 

eine Pauson-Khand-Reaktion dargestellt werden. Drei vielversprechende Vorläufer für diese 

Reaktion (IX) wurden ausgehend von Prenol (I) in 17 bis 19 Stufen erhalten, jedoch scheiterte der 

Schlüsselschritt unter Erprobung umterschiedlichster Bedingungen. 

 

In einem gänzlich verschiedenen Ansatz konnte das tricyclische Enon XV dargestellt werden, in 

welchem der B-, C- und D-Ring der Zielverbindung IV bereits etabliert sind. Dafür wurden 

Aldehyd XII ausgehend vom chiralen Oxazolidinon XI und das Siebenringketon XIV ausgehend 

vom kommerziell erhältlichen (+)-3-Caren (XIII) dargestellt. Die beiden Bausteine wurden 

zusammengeführt, wodurch Enon XV in elf Stufen in der längsten linearen Sequenz erhalten 

werden konnte.  



XI 

 

Im Folgenden wurde das Enon XV in das Diketon XVI überführt. Für die Synthese des letzten 

verbleibenden Kohlenstoffringes wurde eine Aldoladdition angestrebt. Selbst nach ausgiebiger 

Erprobung der Reaktion konnte das gewünschte Produkt XVII nicht erhalten werden. 

  

Im letzten Versuch zur Synthese des verbleibenden A-Rings wurde eine Conia-En-Reaktion des 

Ketons XVIII angestrebt. Dieses wurde in fünf Stufen ausgehend vom Schlüsselintermediat XV 

erhalten. Obwohl verschiedene moderne Methoden für die Conia-En-Reaktion angewendet 

wurden, führte keine zur Bildung des gewünschten Produktes XIX. 



XII 

 

Somit wurden in dieser Arbeit mehrere fortgeschrittene Intermediate mit dem Ziel der 

Totalsynthese von Euphorikanin A (IV) dargestellt. Während die Synthese des vielversprechenden 

Intermediates XV, welches den B-, C- und D-Ring des Naturstoffes enthält, berichtet werden kann, 

konnte die Synthese des Naturstoffes Euphorikanin A (IV) nicht abgeschlossen werden. 
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I Studies Toward the Total Synthesis of Euphorikanin A 

1 Introduction 

1.1 Natural Products and their Role in Drug Discovery 

In a broader definition, natural products are all molecules produced by living organisms, however 

in organic chemistry, primary metabolites are excluded from this definition. Hence, only 

secondary metabolites, substances produced by living organisms that are not essential for the 

development, growth, or reproduction of the species, are included. These are usually produced 

to accomplish a higher function of the organism and can serve, for example, signaling or defense 

purposes. As these compounds were developed by nature over millennia, a huge structural 

diversity was formed, and consequentially, a broad diversity of biological activities can be 

observed.[1] 

Natural products have been a great source of therapeutic drugs for thousands of years. In 

traditional medicine, plants and plant extracts were used to treat all kinds of diseases without 

specific knowledge about the active compound and its mode of action. Especially during the last 

century, the identification of biologically active natural products, the elucidation of their mode of 

action, synthetic variation, and thus structure-activity relationship studies made a huge 

contribution to the development of therapeutic drugs, especially against cancer and infectious 

diseases.[2-4] 

For example, of the 75 small molecules approved by the FDA between 1946 and 1980 for cancer 

therapy, 40 were natural products or natural product-derived. While this proportion decreased 

from 53% before to 34% in the time frame from 1981 to 2019, if natural product mimics were 

included, the figure would change to 65%. This statistic emphasizes the importance of natural 

product total synthesis, which not only facilitates the preparation of larger quantities of 

substances for biological testing in the early stages of drug development, but also allows 

structural modification and the preparation of potentially even more active compounds.[3] 

Complementary to total synthesis, semi-synthetic approaches offer a viable option for preparing 

pharmaceuticals. A prominent example of the interplay of isolation, semi-synthesis, and total 
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synthesis in the field of drug discovery, resulting in an FDA-approved drug produced on a ton 

scale, is taxol (1, figure 1).[5] The terpenoid isolated from the stem bark of the western yew, Taxus 

brevifolia, showed to possess potent cytostatic activity towards tumor cells, which was first 

demonstrated by Wall and Wani in 1971.[6] The promising bioactivity, in combination with the low 

abundance of taxol (1) in nature, created great interest in synthetic approaches toward the 

compound. The first total syntheses were accomplished in 1994 by the groups of Holton and 

Nicolaou independently.[7, 8] As these could not provide the desired compound 1 on a scale 

relevant to industry, semi-synthetic approaches were developed in parallel. Holton patented a 

short access to taxol (1) starting from 10-deacetylbaccatin, which can be isolated in large 

quantities from the needles of the European yew, Taxus baccata, enabling the first industrial 

access to the compound.[9] Meanwhile, taxol (1) can be produced by plant cell cultures[10] and is 

used for the therapy of different forms of cancer.[5] 

 

Figure 1: The anti-cancer drug taxol (1). 

 

 1.2 Terpene Natural Products 

Terpenes represent an important class of natural products. They are found in most living 

organisms and represent the largest group of natural products. Terpenes can all be 

biosynthetically led back to isoprene monomers. Besides that, they show a vast structural 

diversity.[11] In nature, terpenes play a role in antagonistic and beneficial interactions between 

organisms. For example, they serve as substances to defend against pathogens, predators, or 

competitors. In addition, they can be involved in signal transmission regarding food, mates, or 

enemies.[12] Their biological effects include, for example, anticancer, antimicrobial, antifungal, 

antiviral, antihyperglycemic, analgesic, anti-inflammatory, and antiparasitic activities.[11] 
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1.2.1 Biosynthesis of Terpenes 

Terpenes in nature are constructed starting from the activated isoprene units, isopentenyl 

pyrophosphate (IPP, 7), and the isomeric 3,3-dimethylallyl pyrophosphate (DMAPP, 6). The 

C5 building blocks are generated in the first phase of terpene synthesis. Both compounds can 

originate from two different metabolic pathways (scheme 1).  

 

Scheme 1: Overview of the biosynthesis of terpenes. 

In the mevalonate pathway, which is active in most living organisms, IPP is synthesized selectively 

starting from acetyl-CoA (2) and acetoacetyl-CoA (3), which itself is formed from two molecules 

of acetyl-CoA (2). A sequence of enzymatic transformations under the consumption of ATP and 

NADPH/H+ yields IPP (7), which can be isomerized to DMAPP (6) by IPP isomerase.[13] Most 
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bacteria, plants, and some microorganisms are additionally capable of producing a mixture of 

IPP (7) and DMAPP (6) by the MEP/ DOXP pathway, which uses pyruvate (4) and glyceraldehyde-3-

phosphate (5) as starting materials.[14] 

In the second phase of terpene synthesis, the precursors for higher-order terpene building blocks 

are formed by chain elongation. By a nucleophilic attack of IPP (7) on DMAPP (6) under the 

elimination of pyrophosphate catalyzed by a prenyl transferase, the formation of the C10 building 

block geranyl pyrophosphate (GPP, 8) can take place. An analogous process is repeated for 

forming the C15 building block farnesyl pyrophosphate (FPP, 9) and the C20 building block 

geranylgeranyl pyrophosphate (GGPP, 10).[15] 

The aforementioned type of connection of isoprene units is classified as a head-to-tail connection 

(figure 2). Additionally, in the third phase of terpene biosynthesis, it is possible to observe the 

formation of tail-to-tail connected dimeric terpenes. For example, the triterpene squalene, the 

precursor for steroid biosynthesis, is obtained by the dimerization of two FPP (9) molecules. 

Furthermore, the phosphorylated terpene precursors can be utilized in enzymatic alkylations to 

attach terpenoid side chains to non-terpenoid natural products. But most importantly, 

intramolecular cationic cyclizations can occur after the enzymatic dissociation of the 

pyrophosphate. In this way, a variety of cyclic terpenes can be formed.[16] 

 

Figure 2: Different modes of connection of the isoprene units in terpenes. 

In the final fourth stage of terpene biosynthesis, the so-formed fundamental terpene structures 

can undergo diverse other enzymatic transformations such as oxidations, reductions, and 

isomerizations, leading to further cyclizations and rearrangements of the carbon skeleton 

resulting in the wide structural variety of terpenoid natural products.[16] 
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1.3 Euphorbia Diterpenes 

Spurges (Euphorbiaceae) represent one of the most prominent families of flowering plants. Of 

the over 300 genera consisting of more than 8000 species, the genus Euphorbia is the largest, 

comprising over 2000 species all over the world.[17, 18] Because of their wide distribution, the 

plants of the genus Euphorbia had to adapt to a variety of environmental influences. That is why 

they show a broad spectrum of chemical constituents such as sesqui-, di- and triterpenoids, 

phloracetophenones, cerebrosides, glycerols, flavonoids, and steroids. These components are the 

reason why plants of the genus Euphorbia have been used in traditional medicine globally for 

centuries.[19] The most pharmaceutically important and characteristic constituents of the 

Euphorbia species are diterpenoids, of which over 800 different compounds with a diversity of 

distinct carbon skeletons could be isolated from different parts of the plants such as leaves, aerial 

parts, milky latex, roots, and seeds.[20, 21] Among those diterpenoids, some of the most 

representative examples are the macrocyclic casbanes, lathyranes and jatrophanes, the tricyclic 

rosanes, abietanes, myrsinanes, and daphnanes as well as the tetracyclic atisanes, kauranes, 

premyrsinanes, cyclomyrsinanes, pepluanes, tiglianes and ingenanes (figure 3).[21] 

Amid these chemically diverse substances, several pharmacologically promising compounds could 

be identified, as the representatives of the Euphorbia diterpene family show a variety of biological 

activities. These include antiproliferative, cytotoxic, DNA-damaging, allergy-inhibiting, 

antimicrobial, antidiarrheal, antipyretic-analgesic, and antidipsogenic activities.[19] After 

extensive pharmacological studies, ingenol 3-mebutate, a representative of the ingenane 

diterpenoids, which can be isolated from different species of the genus Euphorbia, was even 

approved for the treatment of actinic keratosis, which is a precondition of squamous cell 

carcinoma.[22-24] 
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Figure 3: Overview of the diterpenoid skeletons observed in natural products isolated from Euphorbia plants.[21] 

 

1.3.1 Biosynthesis of Euphorbia Diterpenes 

The biosynthesis of Euphorbia diterpenes is assumed to commence with the cyclization of the 

general diterpenoid precursor geranygeranyl diphosphate (10), catalyzed by the enzyme casbane 

synthase (scheme 2).[25] Whereas this first cyclization step in the biosynthesis of Euphorbia 

diterpenes has been well established, the further steps containing oxidations, cyclizations, and 

skeletal rearrangements remain mostly hypothetical.[26] 
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Scheme 2: Cyclization of GGPP (10) to form casbene (15).[26] 

Taking the high degree of oxidation of the multicyclic Euphorbia diterpenes into account, it is 

indicated that the formation of those diterpenes takes place in a combined pathway of oxidation 

and cyclization controlled by cytochrome P450 monooxygenase. The primary oxidations of 

casbene (15) and the construction of lathyrane-type diterpenes have been studied, but 

biosynthesis of the higher Euphorbia diterpenes is still under investigation. Although there is no 

proof so far, in general, the pathway depicted in scheme 3 is suggested.[26, 27] According to this 

postulate, lathyranes are formed by the cyclization of oxidized casbane derivatives. Tiglianes are 

created by a further cyclization of lathyranes. Finally, ingenanes are obtained by a skeletal 

rearrangement of tiglianes. 

 

Scheme 3: Formation of the higher Euphorbia diterpenes.[26, 27] 
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1.3.2 Total Synthesis of Euphorbia Diterpenes 

Because of their interesting biological activities; but partially low abundance in the plants and 

their challenging chemical structure, Euphorbia diterpenes represent an attractive target in total 

synthesis. By chemical preparation, larger quantities of the compounds can be provided for 

bioactivity testing and potentially even pharmacological applications. Hence a wide variety of 

Euphorbia diterpenes have been synthesized in the past, for example, the daphnane diterpene 

(+)-resiniferatoxin (27) by Wender et al.,[28] the ƧŀǘǊƻǇƘŀƴŜ ŘƛǘŜǊǇŜƴŜ όҍύ-15-O-acetyl-3-O-

propionylcharaciol (28) by Hiersemann and Schnabel,[29] the ingenane diterpene (+)-ingenol (29) 

by Baran et al.[30] and the tigliane diterpene prostratin (30) by Li et al.[31] (figure 4). 

 

Figure 4: Selected Euphorbia diterpenes as former targets to total synthesis (characteristic carbon skeleton highlighted in blue). 
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1.4 The Euphorbia Diterpene Euphorikanin A 

1.4.1 Isolation of Euphorikanin A, Structural Features and Bioactivity 

In 2016 the isolation of euphorikanin A (31), a Euphorbia diterpene with an unprecedented 

5/6/7/3 -fused tetracyclic carbon skeleton, was reported by Zhang et al.[32] The group investigated 

the roots of Euphorbia kansui, which are used in traditional Chinese medicine to treat diseases 

such as edema, ascites, asthma, epilepsy, and soreness. This renders the plant an attractive target 

in the search for pharmaceutically relevant natural products. In the past, nearly 100 compounds, 

especially di- and triterpenes, have been isolated from Euphorbia kansui.[33] Some of them were 

shown to possess, for example, antiviral[34] or anti-cancer activities.[35] These previous results 

prompted Zhang et al. to continue their search for biologically active compounds produced by 

Euphorbia kansui, resulting in the isolation of euphorikanin A (31). Besides the interesting 

structural features of compound 31 discussed in the following paragraph, euphorikanin A (31) 

also showed moderate cytotoxic activities against the two human tumor cell lines HeLa and 

NCI-446. Hence, further testing of the biological activities seems promising. As only 2 mg of 

compound 31 could be isolated from 25 kg of the dried roots of Euphorbia kansui, an effective 

total synthesis would be desirable to make larger quantities accessible.[32] 

The structure of euphorikanin A (31), which was confirmed by single-crystal X-ray diffraction, is 

depicted in figure 5, together with the numbering used in this thesis and the key structural 

features. The 5/6/7/3-fused tetracyclic carbon skeleton of molecule 31 is unprecedented. It 

combines a trans-fused hydroindane skeleton (A/B-ring) with a cis-fused hydroazulene skeleton 

(A/C-ring). This tricyclic hydro benzo[cd]azulene core is known from kempane natural products, 

but together with the fused gem-dimethyl cyclopropane moiety (D-ring), it is unique.[36] Besides 

the synthetically challenging skeleton, euphorikanin A (31) also possesses eight contiguous 

stereogenic centers, two of which are tertiary oxygenated carbons (C-4 & C-14). Additionally, the 

natural product 31 includes the five-membered lactone E-ring bridging the hydroindane and two 

trisubstituted alkenes. 
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Figure 5: Structural features of euphorikanin A (31). 

 

1.4.2 Biosynthesis of Euphorikanin A 

A conclusive pathway of the biosynthesis of euphorikanin A (31) by skeletal rearrangement 

starting from the inganane-type precursor (33) was proposed by Zhang et al. upon its isolation 

(scheme 4).[32] The postulation is based on the coisolation of 4-O-acetyl-5-O-benzoyl-о-̡hydroxy-

20-deoxyingenol (32) from the same plant as euphorikanin A (31). The natural product 32 could 

be led back to the common precursor 33 by a short sequence of two acylations and oxidation. 

Intermediate 33 could undergo a retro-aldol reaction to form the tricyclic compound 34. By an 

intramolecular aldol addition, intermediate 35 could then be formed. After an oxidation step and 

another intramolecular aldol addition, the carbon skeleton of euphorikanin A (31) would then 

already be present in intermediate 37. The natural product (31) could be formed by a final retro-

benzoin condensation. 
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Scheme 4: Postulated biosynthesis of euphorikanin A (31).[32] 

 

1.4.3 Total Syntheses of Euphorikanin A 

While the work on this thesis was conducted, two successful total syntheses and one synthesis of 

the carbon skeleton of euphorikanin A (31) were reported.[37-39] 

The first synthetic approach toward the unique skeleton of euphorikanin A (31) was published by 

Yang et al. in 2020 (scheme 5).[39] Even though the closing of the remaining lactone E-ring turned 

out to be challenging in the envisioned way and could not be accomplished so far, an efficient 

synthesis of a promising intermediate containing the A, B, C, and D rings, as well as six of the eight 

stereocenters (see figure 5, chapter 1.4.1) was described. 
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The synthesis started from enantiomerically pure, commercially available (+)-3-carene (39) 

already containing the fully substituted three-membered D-ring of the target molecule. The 

six-membered ring of carene was cleaved by ozonolysis. The resulting aldehyde was protected, 

and the methyl ketone was functionalized by treatment with potassium hydride and dimethyl 

carbonate to obtain ̡ -ketoester 40. In the following, a TiCl4-catalyzed ring-closing reaction 

furnished enone 41 bearing the C- and D-ring of the target molecule. After a diastereoselective 

1,4-addition and subsequent trapping of the enolate by allyl iodide, ketone 42 was obtained. It 

could be further functionalized by diastereoselective alkylation with allyl bromide 43 and 

1,2-addition of ethynylmagnesium bromide, delivering dienyne 44 as the precursor for the key 

step of the synthesis, a domino ring-closing metathesis (RCM). 

Intermediate 44 was thoughtfully designed so Grubbs' second-generation catalyst (G-II) could 

selectively react with the less substituted terminal olefin to start the domino RCM reaction, 

delivering diene 45. In this single step, the five-membered A- as well as the six-membered B-ring 

of the target molecule could be generated. After extensive optimization, diene 45 could be 

converted to enone 46 by iron-catalyzed Wacker-type oxidation. Treatment of the latter with 

trimethylsilyl cyanide and zinc iodide furnished cyanide 47. Acidic conditions did not lead to the 

envisioned formation of lactone 49. Under various conditions, only enone 46 was regenerated. A 

palladium-catalyzed carbonylative ring formation was attempted as an alternative approach to 

lactone formation. For that, enone 46 was converted to the corresponding vinyl triflate 48, which 

was treated with different palladium catalysts and additives under CO-atmosphere. 

Unfortunately, no formation of the desired product 50 could be observed, presumably because 

of the rigidity of the system. This marked the endpoint of the studies so far. Even though the 

target molecule could not be obtained, Yang et al. accomplished the first synthesis of the 5/6/7/3 

carbon skeleton of euphorikanin A (31) by a domino RCM strategy on a gram scale. 
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Scheme 5: Synthetic affords towards the total synthesis of euphorikanin A (31) by Yang.[39] 

The first successful total synthesis of euphorikanin A (31) was published by Careirra et al. in 2021 

(scheme 6).[38] It featured a SmI2-mediated intramolecular ketyl-enoate addition to a ketone and 

a chemoselective 1,2-addition of a vinyl lithium species to an h -ketolactone. 

Carreira's synthesis also commenced from (+)-3-carene (39), which was converted to 

heptenone 52 by an optimized literature-known four-step procedure.[40] The ring enlargement 
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was accomplished by a sequence of ozonolysis, aldehyde protection, formation of TMS-enol ether 

51, Lewis-acid mediated ring closure, and acidic elimination furnishing enone 52. By a 

1,4-addition, the C-6 methyl group was introduced, and the resulting enolate could directly be 

trapped by aldehyde 53 in an aldol addition. The so-formed alcohol was TBS-protected before a 

further -halkylation with 2-chloro-1,3-dithiane (54) as a formyl cation equivalent was performed 

to obtain ketone 55. Oxidative PMB-deprotection, followed by Parikh-Doering oxidation and Still-

Gennari olefination, generated the precursor 57 for the key step. The formation of the ketyl-

enoate was mediated by treatment of the h Σʲ-unsaturated ester 57 with samarium iodide. The 

addition to the ketone moiety proceeded smoothly and under full stereocontrol to furnish the 

five-membered A-ring, the tertiary alcohol, as well as the lactone ring of the target molecule. 

Subsequently, the dithiane moiety was oxidatively converted to the corresponding aldehyde, 

which was directly subjected to a Ramirez olefination yielding 1,1-dibromo alkene 59. Afterward, 

the double bond was introduced to the A-ring by TBS-deprotection and elimination of the 

resulting secondary alcohol. Subsequently, the dibromo alkene was converted to the methylated 

(Z)-vinyl iodide 60. Then the lactone was h -hydroxylated with Davis' oxaziridine, and the 

subsequent oxidation delivered h-ketoester 61. Finally, the target molecule 31 could be obtained 

by treatment of vinyl iodide 61 with tBuLi inducing lithium-halogen exchange and chemoselective 

1,2-addition. In this way, euphorikanin A (31) could be synthesized by Carreira et al. in 19 steps in 

an enantiomerically pure form starting from (+)-3-carene (39), rendering this the shortest 

synthesis of the natural product published so far. 
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Scheme 6: Total synthesis of (+)-euphorikanin A (31) by Carreira et al.[38] 
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The second successful total synthesis of euphorikanin A (31) was published by Jia et al. in 2022 

(scheme 7).[37] While the start of the synthesis shows several parallels to Carreira's approach and 

even features the common intermediate 52, as well as similar bond-forming events by 

1,4-addition, enolate alkylation, and aldol reaction, the further synthesis differs drastically, 

involving a bioinspired benzilic acid type rearrangement as a key feature. 

Jia's synthesis, analogously to Carreira's synthesis, commenced with the conversion of 

(+)-3-carene (39) to enone 52. Though, by the development of a different sequence of 

transformations, a more efficient route toward the common intermediate 52 could be 

established. First, (+)-3-carene (39) was converted to compound 62 by a literature-known 

sequence of epoxidation and epoxide opening.[41, 42] The allylic alcohol 62 could be converted to 

phosphonate 63 by an Appel reaction followed by a Michaelis-Arbuzov reaction employing 

triethyl phosphite. Ozonolysis of the double bond and subsequent intramolecular condensation 

furnished cycloheptenone 52. The C-6 methyl group could be installed by 1,4-addition to 

enone 52. Afterward, two functionalized side chains could be introduced by regioselective 

-halkylation of the ketone with allyl iodide 64 and subsequent aldol addition to aldehyde 66. After 

some functional group protections and functional group interconversions, the five-membered 

A-ring of the target molecule and the tertiary alcohol could be installed by a nucleophile-

promoted aldol-lactonization with high stereoselectivity. Through reductive cleavage of the 

lactone 68 and several transformations to adjust the oxidation states and protecting groups of 

oxygen-containing functional groups, dialdehyde 69 was obtained, which served as the substrate 

for a McMurry coupling. By that, the seven-membered ring contained in the postulated 

biosynthetic precursor 36 (see chapter1.4.2) of euphorikanin A (31), which was necessary for the 

bioinspired end game of the synthesis, was closed. After the deprotection of acetate 70 and 

subsequent treatment with Bobbitt' s salt, lactol 71 was formed. Then the remaining free alcohol 

was oxidized by Corey-Kim oxidation, and the lactol hydroxyl group was acetylated, after which 

allylic oxidation could be performed with the only purpose of shifting the double bond to the 

endo-cyclic position at a later stage. Because the reaction conditions of the allylic oxidation also 

resulted in the MOM-deprotection of the molecule, elimination could be performed afterward to 

obtain compound 72. The contained exo double bond had to be shifted under the loss of the free 

hydroxyl group of intermediate 72 in order to obtain the precursor 73 for the bioinspired benzilic 
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acid type rearrangement. This could be accomplished by subjecting the acetate of compound 72 

to Stoltz's protocol. Treatment of the acetate 73 with KOH led to deacetylation, which triggered 

the aforementioned spontaneous rearrangement to furnish the target molecule euphorikanin A 

(31) in a biomimetic fashion. 
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Scheme 7: Jia's total synthesis of (+)-euphorikanin A (31).[37] 
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In summary, two complete total syntheses of euphorikanin A (31) and one synthesis of the carbon 

scaffold have been published so far.[37-39] They all started from (+)-3-carene (39), already 

possessing the correctly substituted three-membered D-ring with two stereocenters. They all 

used a ring enlargement strategy to construct the seven-membered C-ring from the carbon atoms 

of (+)-3-carene (39) by a ring-opening ring-closing sequence. Ring-opening was performed by 

ozonolysis, whereas ring-closing was accomplished by an aldol-type condensation in all the cases. 

In the following, all three strategies relied on a 1,4-addition for introducing the methyl group on 

C-6 of the natural product 31 and enolate chemistry (enolate alkylation or aldol addition) for the 

introduction of the C-1ςC-5 and the C-11ςC-12 carbon bonds (scheme 8). Thereby, most or in the 

case of Jia's synthesis, even all carbon atoms of the target molecule were introduced at this stage. 

After this point, the syntheses differed drastically, as distinct strategies for the further cyclization 

reactions were chosen.  

 

Scheme 8: General approach for the ring enlargement starting from (+)-3-carene (31) by Yang, Carreira, and Jia.[37-39] 

In Yang's approach, the ketone 41 was further functionalized by a 1,2-addition to install the 

tertiary alcohol. The five-membered A-ring and the six-membered B-ring were closed by a domino 

RCM reaction in a remarkably efficient fashion (scheme 9). Nonetheless, the obtained 

intermediate 45 could not be converted to the natural product 31, as the remaining lactone E-ring 

could not be closed. 

 

Scheme 9: Cyclization stage in Yang's synthetic approach towards the euphorikanin A skeleton.[39] 
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Carreira's synthesis involved an intramolecular ketyl-enoate addition using the functionalized 

ketone intermediate 57, closing the five-membered A-ring and the lactone E-ring both in one step. 

The final closing of the six-membered B-ring was conducted by a chemoselective 1,2-addition to 

an h -ketolactone (scheme 10). 

 

Scheme 10: Cyclization stage in Carreira's total synthesis of euphorikanin A (31).[38] 

Jia's synthesis relied on a nucleophile-promoted aldol-lactonization of functionalized 

intermediate 75 to form the five-membered A-ring. In the further course of the synthesis, a 

seven-membered ring was formed to prepare the final biomimetic benzilic acid type 

rearrangement to install the lactone E-ring and the six-membered B-ring by ring contraction in 

the last step (scheme 11). 
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Scheme 11: Cyclization and rerarrangement phase in Jia's total synthesis of euphorikanin A (31).[37] 

It is worth noting at this point that all the synthetic approaches described in this thesis differ 

drastically from the published ones. Even when (+)-3-carene (39) was used as the starting material 

the way of ring enlargement, the introduction of the methyl group on C-6 as well as the order of 

connecting the remaining rings of the target molecule 31 to the C- and D-ring containing 

intermediate was very distinct. 
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1.5 The Nazarov Cyclization 

An essential reaction discussed in this thesis is the Nazarov cyclization, which in its conventional 

form is a 4̄  electrocyclization of a divinyl ketone (76) to form a cyclopentenone (77) under Lewis 

or Brønsted acid catalysis or by photoinitiation (scheme 12) first described by Nazarov and 

Kuznetzova in 1942.[43, 44] After its discovery, a manifold of protocols using various differently 

substituted starting materials has been developed. For different purposes besides the classic 

Brønsted acids (BA) and the most common Lewis acid (LA) for the transformation, FeCl3,[43, 45] 

which were used earlier, different transition-metal-catalysts based on AuI,[46] AuIII,[47] AgI,[48] 

Pd0,[49] PtII,[50] IrIII,[51] and many others were applied more recently. Due to the easy accessibility 

of the starting materials and the availability of a broad spectrum of catalysts, the Nazarov 

cyclization represents a powerful tool for synthesizing densely functionalized cyclopentenone 

derivatives fused to aromatic, hetero-aromatic, and non-aromatic rings. In addition, several 

tandem processes were developed using the intermediate cation formed in the course of the 

Nazarov cyclization for nucleophilic trapping (so-called interrupted Nazarov cyclization)[52] or 

rearrangement chemistry.[53] 

 

Scheme 12: General reaction scheme of the conventional Nazarov cyclization.[44] 

 

1.5.1 Mechanistic Considerations 

The conventional Nazarov cyclization starts with a Lewis or Brønsted acid-mediated formation of 

the oxypentadienyl cation 79', ǿƘƛŎƘ ǘƘŜƴ Ŏŀƴ ǳƴŘŜǊƎƻ ŀ ǘƘŜǊƳŀƭ пˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ǘƻ ŦƻǊƳ 

the oxycyclopentenyl cation 80.[54, 55] In order to conserve orbital symmetry during this process, 

it has to proceed in a conrotatory mode (scheme 13).[56] A torquoselectivity during this process 

can be induced by the substrate (chapter 1.5.3) or the catalyst (chapter 1.5.4). Due to the two 

mesomeric forms of cation 80, the following deprotonation to form enol 82 can occur on both 

sides of the cyclopentenyl cation 80. In general, the thermodynamically more stable double bond 
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is formed, but methodologies to control the regioselectivity have been developed (chapter 1.5.2). 

Finally, protonation and dissociation of the Lewis acid lead to cyclopentenone 82 as the product. 

 

 

Scheme 13: Mechanism of the conventional acid-catalyzed Nazarov cyclization.[54, 55] 

 

1.5.2 Regioselectivity in the Nazarov Cyclization ς the Silicon-Directed Nazarov Cyclization 

In cases where asymmetrically substituted divinyl ketones 83 are employed for the Nazarov 

cyclization, the product formation is controlled by thermodynamics, and the higher substituted 

double bond is formed in the cyclopentenone product 86 (scheme 14, part A). Nevertheless, this 

regioselectivity could be inverted by Denmark et al. in 1982 by the development of the 

silicon-directed Nazarov cyclization.[45] Applying -̡TMS substituted divinyl ketones 87 in 

FeCl3-catalyzed Nazarov cyclization cyclopentenone 90 with the less substituted double bond 

ŎƻǳƭŘ ōŜ ƻōǘŀƛƴŜŘΦ ¢ƘŜ ǇǊƻŎŜǎǎ ƳŀƪŜǎ ǳǎŜ ƻŦ ǘƘŜ ʲ-silicon effect.[57] After the cyclization, the 

positive charge inside cyclopentenyl cation 88 is partially localized due to the stabilizing 

hyperconjugation with the neighboring CςSi- -̀bond orbital. Subsequently, the CςSi- -̀bond can 

be cleaved by nucleophilic attack of a halide anion under the formation of the desired double 

bond (scheme 14, part B). 
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Scheme 14: Reaction mechanism of the non-directed (part A) and the silicon-directed Nazarov cyclization (part B).[45] 

 

1.5.3 Torquoselectivity in the Nazarov Cyclization 

The first advances in the field of torquoselective Nazarov cyclizations were made by Denmark et 

al. in 1990.[58] In the first study, a substrate-controlled torquoselective Nazarov cyclization could 

be established by applying the enantioenriched silanes 91 and 94. In both cases, the silicon 

substituent is attached to an sp3-carbon atom in the ̡ -position of the ketone. In the course of this 

variation of the silicon-directed Nazarov cyclization, the TMS group is lost. Still, the two possible 

directions of the conrotatory electrocyclization lead to two enantiomeric products. In fact, 

complete torquoselectivity was observed as the conversion of enantiomer 91 led to the formation 

of enantiomer 93 and the application of 94 led to the formation of 96. This selectivity can be 

explained by steric factors, as a strong steric repulsion of the bulky TMS group and the rest of the 

molecules occurs each in one of both conrotatory directions (scheme 15). 
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Scheme 15: First example of a torquoselective silicon-directed Nazarov cyclization.[58] 

 

1.5.4 Enantioselective Variations of the Nazarov Cyclization 

In recent years, substantial efforts have been undertaken to establish protocols for 

enantioselective variations of the Nazarov cyclization. This means that torquoselectivity has to be 

induced externally by a chiral catalyst leading to enantioenriched products. In the course of these 

developments, several effective catalysts based on enantiomerically pure transition-metal 

complexes, frustrated Lewis pairs, or chiral amines were found to induce high enantiomeric ratios 

in the products of over 90% and good yields even though for mostly very specific substrates. Some 

exemplary catalysts are depicted in figure 6.[59-63] 
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Figure 6:  Selected examples of catalysts for enantioselective variants of the Nazarov cyclization.[59-64] 

Very recently, on top of that, the first enantioselective silicon-directed Nazarov cyclization was 

reported by Zhou et al. By the use of chiral spiro phosphoric acid 104 in combination with Zn(OTf)2 

as Lewis acid additive and PhOH as a proton source a broad scope of TMS-substituted divinyl 

ketones could be converted to the corresponding cyclopentenones with excellent regio- and 

enantioselectivities. Nevertheless, it Ƴǳǎǘ ōŜ ƳŜƴǘƛƻƴŜŘ ǘƘŀǘ ŀ ǎǳōǎǘƛǘǳŜƴǘ ƛƴ ōƻǘƘ ʰ-positions of 

the ketone seemed crucial for the success of the reaction.[65] 

 

Scheme 16: Zhou's asymmetric silicon-directed Nazarov cyclization.[65] 
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1.5.5 The Nazarov Cyclization in Total Synthesis 

The Nazarov cyclization has been representing a commonly used tool for the formation of 

cyclopentenones in the total synthesis of complex natural products for decades. Because of the 

high functional group tolerance and generally good yields, the reaction was applied at the early 

and late stages of total syntheses.[66-68] 

One example of the application of a very conventional Nazarov cyclization in the middle part of 

Chen's synthesis of ent-nanolobatolide is depicted in scheme 17. The ScIII-catalyzed Nazarov 

cyclization of divinyl ketone 107 was employed for the formation of one of the five-membered 

rings of the natural product 109. 

 

Scheme 17: Application of a conventional Nazarov cyclization in Chen's total synthesis of ent-nanolobatolide (109).[66] 

An example of a late-stage application of a Brønsted acid-catalyzed Nazarov cyclization is depicted 

in scheme 18. In Reddy's synthesis of (+)-fusicoauritone (113), the reaction is employed to form 

the natural product's five-membered and eight-membered ring in a single step.[67] 
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Scheme 18: Application of a Brønsted acid catalyzed Nazarov cyclization in Reddy's total synthesis of fusicoauritone (113).[67] 

A final example of the application of a Nazarov cyclization in total synthesis is depicted in 

scheme 19. This should highlight two variations of the conventional Nazarov cyclization, which 

are not further discussed in this thesis. First, the Nazarov cyclization employed by Gao et al. in the 

total synthesis of gracilamine (116) is photoinduced. By irradiation with UV light, the dienone 114 

is activated. In this case, the cyclization proceeds via the excited state and hence is disrotatory to 

conserve orbital symmetry.[56] Additionally, the dienone 114 is benzannulated, rendering the 

formed product 115 aromatic. This early-stage Nazarov cyclization enabled the total synthesis of 

gracilamine (116).[68] 

 

Scheme 19: Application of a photoinduced Nazarov cyclization in Gao's total synthesis of gracilamine (116) [68] 
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2 Results and Discussion 

2.1 Approach I: The Nazarov-Diels-Alder Cascade 

2.1.1 Retrosynthetic Analysis 

In the course of the first retrosynthetic analysis of the pentacyclic natural product 

euphorikanin A (31), a cascade reaction consisting of a Nazarov cyclization and a subsequent 

intramolecular Diels-Alder reaction was chosen as the key step. This unprecedented type of 

cascade reaction was envisioned to efficiently give access to the natural product's carbon 

skeleton, creating three of the four carbocycles in a single step. 

In the overall retrosynthetic analysis, the final product 31 was planned to be obtained starting 

from alcohol 117 by oxidation and subsequent lactone formation. For the latter, several options 

seemed promising, such as a SmI2-mediated reductive ketone-carbonate coupling[69] after 

functionalization of the tertiary alcohol on C-4, a simple 1,2-addition of cyanide, and a subsequent 

lactone formation under hydrolytic conditions[70] a 1,2-addition of LiCHCl2 and subsequent 

hydrolysis and oxidation[71] or even the use of photoredox catalysis.[72] Intermediate 117 should 

have been led back to the desired product of the Nazarov-Diels-Alder cascade 118 by a sequence 

of an epimerization on C-3, Pd-catalyzed methylation of a vinyl triflate,[73] Tamao-Fleming 

oxidation,[74] and a directed Ir-catalyzed CςH activation.[75] The precursor 119 of the Nazarov-

Diels-Alder cascade, on the other side, was planned to be obtained starting from alkyne 120 by a 

sequence of Ti-mediated alkyne-alkyne coupling,[76] HWE addition of a dianion,[77] Ru-catalyzed 

asymmetric hydrogenation of the hΣʲ-unsaturated acid,[78] Wittig reaction and 1,2-addition as the 

primary transformations. Alkyne 120 should be led back to the literature-known lactone 121 by 

lactone opening, oxidation, and Ohira-Bestmann alkynylation.[79] The enantioselective synthesis 

of lactone 121 by a three-step sequence featuring Ru-catalyzed cyclopropanation starting from 

commercially available prenol (122) and bromoacetyl bromide (123) was described by 

Iwasa et al.[80] 
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Scheme 20: Retrosynthetic analysis of euphorikanin A (31) in approach I. 

 

2.1.2 Synthesis of Nazarov-Diels-Alder Precursor 

The synthetic efforts toward euphorikanin A (31) started with the enantioselective synthesis of 

bicyclic lactone 121 (scheme 21).[80] Therefore the commercially available compounds 

prenol (122) and bromoacetyl bromide (123) were converted to the corresponding ester by 

treatment with triethylamine and catalytic amounts of DMAP.[81] The compound could be 

prepared on a decagram scale and was purified by distillation. Subsequently, ǘƘŜ ʰ-bromoester 

was converted to the diazo compound by diazotransfer with N,N'-ditosylhydrazine (124).[82] The 

resulting -hdiazoester underwent enantioselective intramolecular cyclopropanation upon 

treatment with chiral ruthenium-based catalyst 125 under literature-known conditions adapted 

for large-scale synthesis.[80] This three-step procedure allowed the preparation of lactone 121 in 

a decagram scale in excellent enantiomeric excess. In a convenient protocol, catalyst 125 could 

be prepared starting from (S)-(+)-2-phenylglycinol and RuCl3.[80] 
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Scheme 21: Synthesis of lactone 121. 

The high enantioselectivity of the reaction can be explained by the transition state depicted in 

figure 7. Due to the steric repulsion of the alkene chain of the starting material and the bulky 

phenyl group located on the sp3-carbon next to the dihydro oxazole-nitrogen, the attack of the 

carbenoid can only occur from one side. 

 

Figure 7: Postulated transition state in the synthesis of lactone 121.[80] 

With lactone 121 in hand, the construction of the TMS-diene motif represented the next 

challenge. Therefore, lactone 121 was opened with morpholine assisted by the Lewis acid AlMe3. 

This methodology has shown to be effective in the past for the opening of similar cis-cyclopropyl 

lactones without any epimerization.[83] The reaction worked with good yield, unfortunately 

rendering the product very polar, complicating the aqueous work-up for the following reaction 

steps. Unfortunately, opening the lactone by other less polar amines resulted in lower yields, so 

morpholine was preferred anyway. Subsequent oxidation of the primary alcohol by IBX in 

DMSO[84] and alkynylation of the resulting aldehyde by application of the Ohira-Bestmann 

reagent (127)[79] proceeded in high yields without any optimization to obtain alkyne 120. 

Subsequently, different ways of introducing the TMS-diene motif were tested. Inspired by 

Micalizio's recent publications, first, a generation of the primary alcohol out of the amide and a 

subsequent alkoxide-directed alkyne-alkyne coupling was tried.[85] The desired product could not 

be isolated in noteworthy yields. Fortunately, after studying the earlier findings by Sato et al.[76] 
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and combination with a current protocol developed by Micalizio et al.[86] it was found that 

alkyne 120 could be converted to diene 129 in high yields without any alkoxide direction. It is 

noteworthy that the temperature protocol had to be followed accurately to obtain full conversion 

of the starting material 120. At lower temperatures, no conversion occurred at all, at higher 

temperatures the intermediate titanium-alkyne complex was not stable for longer time-periods 

and only partial conversion was observed. 

 

Scheme 22: Synthesis of diene 129. 

The postulated mechanism of the Ti-metallacycle mediated alkyne-alkyne coupling is depicted in 

scheme 23. In the first step of the reaction, the titana(IV)cyclopropene 130 is formed starting 

from alkyne 128 and Ti(OiPr)4 by reduction with nBuLi at elevated temperatures. After the addition 

of the terminal alkyne 120, a ligand exchange could take place, rendering the following reaction 

intramolecular. The titana(IV)cyclopropene and the terminal alkyne in intermediate 131 are then 

arranged in a way that the steric interactions are minimized. Hence, the bulky TMS-group points 

away from the substrate resulting in complete regioselectivity. Subsequently, the terminal alkyne 

inserts into the titanium-carbon bond, forming the titanacyclopentadiene 132. After the protic 

quench of this intermediate 132, the trans-trans diene 129 is formed selectively.[76, 85] 
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Scheme 23: Postulated mechanism of the Ti-metallacycle mediated alkyne-alkyne coupling of 120 and 128.[85] 

With diene 129 in hand, the left arm of the molecule remained to be installed to set up the 

substrate 119 for the Nazarov-Diels-Alder cascade. Preliminary experiments showed that 

Schwartz's reagent (Cp2ZrHCl) allowed the direct conversion of amide 129 to the corresponding 

aldehyde. In order to increase the scale of the reaction, the use of Schwartz's reagent was 

replaced by the application of a protocol developed by Snieckus and Zhao for the in situ formation 

of the reagent starting from the much more inexpensive reagents Cp2ZrCl2 and LiAlH(OtBu)3.[87] 

This allowed the formation of the desired aldehyde in high yields. The aldehyde was further 

converted to the ŎƻǊǊŜǎǇƻƴŘƛƴƎ ʰΣʲ-unsaturated carboxylic acid by an HWE reaction with the 

dianion of the diethoxyphosphorylpropanoic acid 133 in quantitative yield.[77] Subsequently, the 

formed double bond needed to be hydrogenated in a diastereoselective manner to install the C-6 

stereocenter of the target molecule 31. For the asymmetric hydrogenation of the substrate type 

of (E)-2,3-disubstituted alkenoic acids, only a limited set of catalytic systems is known.[78, 88-92] 

Fortunately, hydrogenation of the substrate under the application of the commercially available 

catalyst (R)-Ru(OAc)2(H8-BINAP) (134) resulted in the formation of carboxylic acid 135 in 

acceptable yields and diastereomeric ratios (scheme 24).[78] Because of the linear nature of the 
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starting material, it was assumed that the diastereoselectivity in the product formation runs 

under catalyst control. The reaction conditions had to be carefully adjusted. Oxygen had to be 

excluded from the reaction mixture carefully by freeze-pump-thaw. The reaction had to be run at 

a slightly elevated temperature and under a slight hydrogen over-pressure of 5 bar. Too high 

reaction temperatures led to decomposition of the starting material and the product and an 

excessive H2-pressure led to overreduction. 

 

Scheme 24: Synthesis of carboxylic acid 135. 

The exact mechanism of the specific applied Ru-catalyzed hydrogenation has not been elucidated 

so far, but a general reaction mechanism is depicted in scheme 25. First, a rapid ligand exchange 

of an acetate ligand by the substrate carboxylic acid occurs. Subsequently, heterolytic hydrogen 

splitting leads to the formation of the ruthenium-dicarboxylate-monohydride species 138. Then 

an insertion of the alkene into the RuςH bond takes place. In this step, the asymmetric 

information of the chiral phosphane ligand is transferred to the substrate. Final protonolysis of 

the RuςC bond generates ruthenium-dicarboxylate 140. Ligand exchange liberates product 135 

and closes the catalytic cycle.[93] 
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Scheme 25: Postulated catalytic cycle for the asymmetric hydrogenation of alkenoic acid 136.[93] 

After the hydrogenation step, all the following compounds on the route turned out to be highly 

sensitive to temperatures higher than room temperature and acidic conditions. Decomposition 

of the materials occurred even in deactivated CDCl3, which rendered complete characterization 

of the compounds problematic. Due to this, the following structures could only be tentatively 

assigned, and the substances had to be rapidly converted. The observed decomposition could be 

affiliated with the TMS-diene motif by 1H-NMR, which already indicated potential problems in the 

course of the planned Lewis acid-catalyzed Nazarov cyclization. 
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The crude carboxylic acid 135 was converted to the corresponding Weinreb amide after removal 

of the solvent without further purification by treatment with CDI (141) and 

N,O-dimethylhydroxylamine hydrochloride.[94] Even here, it was crucial only to apply a slight 

excess of the amine hydrochloride. Otherwise, decomposition of the starting material, as well as 

the product, occurred. The subsequent reduction of the amide to form the corresponding 

aldehyde by DIBAL-H proceeded without complications, as well as the C-2 elongation by 

treatment with the stabilized ylid 142. Finally, a 1,2-addition after in situ formation of the 

nucleophile by lithium-halogen exchange starting from vinyl bromide 143 led to the formation of 

the Nazarov-Diels-Alder cascade precursor 119 in good yields (scheme 26). 

 

Scheme 26: Preparation of the tetraene 119. 

 

2.1.3 Attempts of the Nazarov-Diels-Alder Cascade 

With tetraene 119 in hand, the envisioned Nazarov-Diels-Alder reaction could be tested. The 

envisioned reaction cascade is depicted in scheme 27. On the one hand, it has to be admitted that 

the present plan was quite ambitious, and several points of the reaction cascade involved the 

possibility of failure. On the other hand, if the reaction had worked in the desired way, a unique 

and novel way of the construction of the 5/6/7-fused tricyclic core of euphorikanin A (31) in a 

single step would have been established.  



37 

 

Scheme 27: Planned silicon-directed-Nazarov-Diels-Alder cascade. [45] 

The first critical step of the cascade would be the silicon-directed Nazarov cyclization. One 

potential problem at this point could be chemoselectivity. It is known and in a later stage of the 

cascade specifically desired that Lewis acids are able to catalyze Diels-Alder reactions.[95] Hence, 

a Diels-Alder reaction could take place before the Nazarov cyclization with either one of the 

electron-poor double bonds of the divinyl ketone 119. The idea was that the presence of the bulky 

TMS group and the relatively large distance of the divinyl ketone and the diene in the linear 

substrate 119 should be enough to suppress this side reaction.  

Another issue in the case of the silicon-directed Nazarov cyclization is the torquoselectivity, which 

is necessary to construct the C-5 stereocenter selectively. A certain control over its formation was 

anticipated to be obtained by substrate control. The reactive conformation of the Lewis 

acid-activated divinyl ketone is depicted in scheme 28. It should be determined by the 

minimization of the allylic 1,3-strain.[96] Consequently, the conrotatory ring closure was expected 

to proceed, so that repulsion of the bulky substituent of the molecule and the TMS group is 

minimized, and thus the desired product is formed. If the stereoinduction by the substrate would 

not be sufficient, chiral catalysts for the Nazarov cyclization could be applied (see chapter 1.5.4). 
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Scheme 28: Envisioned control of torquoselectivity by allylic 1,3-strain model. 

If the silicon-directed Nazarov cyclization had worked, the subsequent Diels-Alder reaction had 

to proceed in a stereoselective manner. In the case of substrate 148, four potential 

diastereomeric products could be formed by two exo-transition states leading to the products 

118 and 149 and two endo-transition states leading to the products 150 and 151 (figure 8). While 

intermolecular Diels-Alder reactions generally proceed via an endo-transition state,[97] the case is 

much more complicated for intramolecular reactions.[98] Also, the use of bulky Lewis acids is 

known to render Diels-Alder reactions exo-selective.[99, 100] Interestingly, one of them, B(C6F5)3, is 

also known to catalyze Nazarov cyclizations, and even chiral versions are known.[101]  

Hence, it was anticipated that the exo/endo-selectivity could be controlled by the catalyst choice. 

The site-selectivity of the Diels-Alder reaction is harder to predict, especially for complex 

substrates such as 148, but a certain selectivity in favor of diastereomer 118 was expected. It was 

envisioned that the correct adjustment of the C-5 stereocenter would also lead to the formation 

of the desired product 118 in the Diels-Alder reaction. 

 

Figure 8: Possible products of the Diels-Alder reaction. 
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Implementing all these considerations, besides the classical conditions for the silicon-directed 

Nazarov cyclization under FeCl3-catalysis (table 1, entries 1 to 3), the Lewis acids BF3ϊOEt2 

(entry 6), the sterically hindered Lewis acid B(C6F5)3 (entry 7), and chromium-based catalyst rac-99 

(entry 8) were tested. Unfortunately, tetraene 119 underwent rapid decomposition under the 

Lewis acidic reaction conditions. The NMR spectra of the crude reaction mixtures indicated that 

the decomposition originated from the TMS-diene, of which not even traces could be detected, 

whereas other parts of the molecule were partially seen. Additionally, recently an iodine-

catalyzed Nazarov cyclization was reported, which is postulated to work by halogen bonding of 

iodine to the carbonyl oxygen atom without any Lewis acidic interaction.[102] Treatment of 

tetraene 119 with iodine under the reported conditions also led to decomposition, even though 

it occurred not as rapidly as before (entry 9). Also, the addition of water or methanol to the 

reaction mixture in the case of the FeCl3-catalyzed silicon-directed Nazarov cyclization, which was 

described to be beneficial to yield and the scalability of the reaction by West et al., did not change 

the outcome (entries 4 & 5).[103] 
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Table 1: Attempts of the planned Nazarov-Diels-Alder cascade. 

 

entry conditions result 

1 1.05 eq. FeCl3, DCM (0.1 M), -78 °C to -50 °C decomposition 

2 1.05 eq. FeCl3, DCM (0.1 M), -78 °C to -50 °C decomposition 

3 0.2 eq. eq. FeCl3, DCM (0.1 M), -78 °C to -50 °C decomposition 

4 0.6 eq. eq. FeCl3, 1.5 eq. H2O, DCM (0.1 M), -50 °C  decomposition 

5 0.6 eq. eq. FeCl3, 1.5 eq. MeOH, DCM (0.1 M), -50 °C  decomposition 

6 0.1 eq. BF3ϊOEt2, Et2O (0.1 M), -78 °C decomposition 

7 0.1 eq. B(C6F5)3, DCM, -78 °C to 0 °C  decomposition 

8 0.1 eq. rac-99, DCM, rt decomposition 

9 0.1 eq. I2, MeCN (0.1 M), rt decomposition 
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2.2 Approach II: Isolated Nazarov Cyclization and Diels-Alder Reaction 

2.2.1 Synthesis Plan 

After it was clear that the planned Nazarov-Diels-Alder cascade reaction failed due to the lacking 

stability of the TMS-1,3-diene motif, an adapted plan was developed. The key intermediated 118 

was intended to be converted to the desired natural product 31 in the aforementioned way 

(chapter 2.1.1), but in contrast to the previous plan, the Nazarov cyclization and the Diels-Alder 

reaction should be performed separately. The cyclopentenone should be obtained first by the 

desired silicon-directed Nazarov cyclization. The diene motif was planned to be constructed only 

after that to enable the Diels-Alder reaction. In order to accomplish that, only minor changes to 

the previously established route had to be made.  

In the first adaption -OTBS was identified as the most promising protection group for the right 

arm of the molecule. On the one hand, it was envisioned to be stable enough towards Lewis acidic 

conditions to facilitate the Nazarov cyclization. On the other hand, it should be cleavable without 

further complications. As a second option -SPh was considered as a protecting group. Although 

its cleavage by an envisioned Pummerer oxidation would directly lead to aldehyde 157, it was 

anticipated that the neighboring cyclopropane ring could lead to complications. Nevertheless, the 

use of a thioether was considered as it should represent one of the most inert protection groups 

towards Lewis acids usable in the synthesis. In this way, the general applicability of a Lewis acid-

catalyzed silicon-directed Nazarov cyclization for the synthesis of the desired cyclopentenone 156 

could be tested. If the envisioned sequence had been successful after deprotection and formation 

of aldehyde 157, two options were conceivable for the generation of tetracyclic intermediate 118. 

The more conventional option would have been an HWE reaction to construct diene 148 and 

proceed with a classical Diels-Alder reaction which has been described for comparable 

substrates.[104] Another interesting approach would have been the application of the previously 

described Ti-metallacycle mediated alkyne-alkyne coupling for the formation of the diene motif. 

In contrast to the previous case, a subsequent [4+2]-cycloaddition of the intermediate 

titanacyclopentadiene 158 and the cyclopentenone double bond would be conceivable. Similar 

methodologies were recently used by Micalizio et al. for constructing complex carbocycles.[105] 
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Both described options, in the best case, would lead to intermediate 118. The finalization of the 

synthesis would proceed as described in chapter 2.1.1. 

 

Scheme 29: Adapted plan for the synthesis of tetracyclic intermediate 118. 

 

2.2.2 Attempts of the Nazarov Cyclization under TBS-Protection 

The synthesis of the TBS-protected precursor 153 for the silicon-directed Nazarov cyclization 

proceeded smoothly (scheme 30). After TBS protection of the primary alcohol 152, the divinyl 

ketone motif was constructed under similar conditions as described in chapter 2.1.2. The yields, 

in general, were even better, and the problems related to the instability of the TMS-diene motif 

were eliminated. Related to this, especially the yields after the asymmetric hydrogenation step 
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could be increased significantly, and the compounds' characterization was no longer problematic. 

Additionally, separation of diastereomers was possible after the reduction of Weinreb amide 160. 

 

Scheme 30: Synthesis of the TBS-protected silicon-directed Nazarov precursor 153. 

With intermediate 153 in hand, the silicon-directed Nazarov cyclization could be tested. The hope 

was that without the acid-sensitive TMS-diene motif, which seemed to prevent the desired 

reaction before, the transformation would be feasible now as the TBS-protected alcohol showed 

much higher stability towards Lewis acids. Similar conditions, as described in chapter 2.1.3 were 

applied for the silicon-directed Nazarov cyclization (table 2). In the cases where no significant 

conversion was observed, the reaction temperature was increased in 10 K steps. Unfortunately, 

in none of the cases the formation of the desired product 155 could be observed. Even though 

the substrate turned out to be much more stable under all of the applied reaction conditions and 

no immediate decomposition was observed as before, upon increasing the reaction temperature, 

only advancing decomposition was observed in most cases. The 1H-NMR spectra of the crude 

reaction mixtures after the aqueous work-up indicated a loss of the OTBS moiety, presumably 

related to a Lewis acid-mediated opening of the cyclopropane ring.  
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Table 2: Attempts of the planned silicon-directed Nazarov cyclization of substrate 153. 

 

entry conditions result 

1 1.05 eq. FeCl3, DCM (0.1 M), -50 °C to -30 °C decomposition 

2 0.2 eq. eq. FeCl3, DCM (0.1 M), -50 °C to -30 °C decomposition 

3 0.6 eq. eq. FeCl3, 1.5 eq. H2O, DCM (0.1 M), -50 °C to -30 °C decomposition 

4 0.6 eq. eq. FeCl3, 1.5 eq. MeOH, DCM (0.1 M), -50 °C to -30 °C decomposition 

5 0.1 eq. BF3ϊOEt2, Et2O (0.1 M), -78 °C decomposition 

6 0.1 eq. B(C6F5)3, DCM, -78 °C to 0 °C  decomposition 

7 0.1 eq. rac-99, DCM, rt decomposition 

8 0.1 eq. I2, MeCN (0.1 M), rt decomposition 

 

2.2.3 Attempts of the Nazarov Cyclization under Thioether Protection 

After the OTBS-protecting group turned out to be too unstable towards Lewis acidic conditions in 

the attempt of the Lewis acid catalyzed silicon-directed Nazarov cyclization, the right arm of the 

molecule was protected as a thioether to prevent any complications related to Lewis acidic 

conditions. In that way, it was planned to elucidate if a Nazarov cyclization is applicable at all for 

the formation of the desired cyclopentenone starting from the specific substrate type. The 

protecting group was installed by treating primary alcohol 152 with diphenyl disulfide and 

tributylphosphine in pyridine to obtain the corresponding thioether in an excellent yield.[106] The 

remaining synthesis of Nazarov precursor 154 proceeded without complications, as described in 

chapter 2.2.2, in mostly very good yields (scheme 31). 
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Scheme 31: Synthesis of SPh-protected precursor 154 for the silicon-directed Nazarov cyclization. 

After the successful synthesis of the SPh-protected precursor 154 for the silicon-directed Nazarov 

cyclization, the same conditions as described before were applied to trigger the desired reaction. 

Under the same reaction conditions, which led to rapid decomposition of the previous substrates, 

no significant conversion of the starting material was observed. The reaction temperatures 

consequentially were increased in 10 K steps. At a certain temperature, in all of the cases, slow 

decomposition started. Unfortunately, no product formation could be observed. 
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Table 3: Attempts of the planned silicon-directed Nazarov cyclization of substrate 154. 

 

entry conditions result 

1 1.05 eq. FeCl3, DCM (0.1 M), -50 °C rt slow decomposition 

2 0.2 eq. eq. FeCl3, DCM (0.1 M), -50 °C to rt slow decomposition 

3 0.6 eq. eq. FeCl3, 1.5 eq. H2O, DCM (0.1 M), -50 °C to rt slow decomposition 

4 0.6 eq. eq. FeCl3, 1.5 eq. MeOH, DCM (0.1 M), -50 °C to rt °C slow decomposition 

5 0.1 eq. BF3ϊOEt2, Et2O (0.1 M), -78 °C to rt slow decomposition 

6 0.1 eq. B(C6F5)3, DCM, -78 °C to reflux slow decomposition 

7 0.1 eq. B(C6F5)3, DCE, rt to reflux slow decomposition 

8 0.1 eq. rac-99, DCM, rt to reflux no conversion 

8 0.1 eq. rac-99, DCE, rt to reflux slow decomposition 

9 0.1 eq. I2, MeCN (0.1 M), rt slow decomposition 

 

After extensive experimentation, it had to be concluded that the envisioned silicon-directed 

Nazarov cyclization of the present substrate type was not viable. After comparison of the 

investigated substrates for the desired reaction with literature-known substrates that underwent 

cyclization under the tested conditions, some differences became apparent that presumably 

rendered the transformation unsuccessful.  

In the original work of Denmark et al., the silicon-directed Nazarov cyclization of one substrate 

with the same substitution pattern as the substrates 119, 153, and 154 was described. In this 

case, the divinyl ketone was methyl-substituted. Even with the smallest possible substituent, the 

yield of the reaction with 54% was relatively low compared to the other substrates used.[45] To 

the best of our knowledge, only one substrate with the same substitution pattern and an aliphatic 

substituent, in addition to the one described by Denmark et al., is known in the literature. In that 
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case, the carbon atom connected to the divinylketone was secondary.[107] The substrates used in 

this work displayed a tertiary carbon next to the position of cyclization. Steric repulsion might 

have prevented the system from adapting to the reactive conformation. Reviewing the recent 

publications addressing Nazarov cyclization discussed in chapter 1.5 another factor becomes 

apparent. Most of the applied substrates either are part of a (poly-) cyclic system rendering the 

compounds more rigid, thus facilitating the cyclization process, or display an aromatic substituent 

or an oxygen atom directly connected to the divinylketone stabilizing the cationic intermediate. 

As the substrates investigated in this work were lacking both of these factors facilitating the 

reaction, the activation barrier for the cyclization is suspected to be too high. 

 

2.3 Approach III: The RCM-Diels-Alder Approach 

2.3.1 Retrosynthetic Analysis 

After no conditions could be found to trigger the desired silicon-directed Nazarov cyclization, the 

retrosynthetic analysis was adapted once more. As the Diels-Alder reaction still seemed to be a 

promising way to construct the six- and the seven-membered rings in one step, it was aimed for 

an alternative option for the construction of the cyclopentenone 148. In the new approach, this 

was planned to be accomplished by an RCM reaction of dienes 163 & 164 to obtain 

cyclopentenones 155 & 156 after subsequent oxidation. The dienes 163 & 164 should be obtained 

by a sequence of reduction of the Weinreb amides 165 & 166 to the corresponding aldehydes, 

asymmetric organocatalytic 1,4-addition,[108] and 1,2-addition. The synthesis of Weinreb amides 

165 & 166, starting from lactone 121, is described in chapters 2.2.2 and 2.2.3. 
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Scheme 32: Adapted retrosynthetic analysis of euphorikanin A (31). 

 

2.3.2 Construction of the Cyclopentenone 

The envisioned 1,4-addition introducing the vinyl group relied on an organocatalytic 1,4-addition 

of -̡nitroethyl sulfone 170 as a masked vinyl anion equivalent developed by Palomo et al. A 

proposed catalytic cycle is depicted in scheme 33. The mechanism starts with the formation of 

iminium ion 169 starting from prolinol-derived catalyst 167 ŀƴŘ ǘƘŜ ʰΣʲ-unsaturated 

aldehyde 168 as starting materials. The intermediate 169 is formed in a way that steric 

interactions between the bulky substituent on the pyrrolidine ring and the substrate are 

minimized. Subsequently, a 1,4-addition ƻŦ ǘƘŜ ʲ-nitroethyl sulfone (170') takes place from the 

backside of intermediate 169 as the bulky substituent of the prolinol-derivative sterically shields 

the front side. By hydrolysis of the product-catalyst adduct 172, the catalyst 167 is regained, and 

the primary product 173 is liberated. Subsequently, nitrous acid is eliminated directly to form 

vinyl sulfone 174. 
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Scheme 33: Postulated catalytic cycle involved in Palomo's organocatalytic ̡-vinylation protocol ƻŦ ʰΣʲ-unsaturated 
aldehydes (168).[108] 

The secondary reaction product, vinyl sulfone 174 can be converted to the desired ̡ -vinylated 

aldehyde 176 in a one-pot procedure. First, the aldehyde function is acetal protected under acid 

catalysis. Subsequently, the resulting intermediate can be reductively desulfurated by 

magnesium. Finally, hydrolysis yields the desired product 176 (scheme 34). 

 

 

Scheme 34: One pot conversion of vinyl sulfone 174 to -̡vinylated aldehyde 176. 

By the application of this one-pot procedure to prochiral aromatic and aliphatic ʰΣʲ-unsaturated 

aldehydes (168), Palomo et al. ŎƻǳƭŘ ƻōǘŀƛƴ ǘƘŜ ʲ-vinylated aldehydes 176 in excellent 

enantiomeric excess and good yield. Hence, it was anticipated that the reaction would be 
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applicable to the stereoselective construction of the C-5 stereocenter of target molecule 31 and 

enable the formation of the cyclopentenone in the envisioned way. 

The OTBS- and the SPh-protected Weinreb amides 165 and 166 obtained on the previous routes 

were reduced by DIBAL-H to the corresponding ʰΣʲ-unsaturated aldehydes. Those were used in 

tŀƭƻƳƻϥǎ ƻǊƎŀƴƻŎŀǘŀƭȅǘƛŎ ʲ-vinylation. The primary 1,4-addition turned out to be messy already 

for both substrates. In the case of the OTBS-protected compound, the subsequently attempted 

acetal formation did not lead to the formation of a defined spot on TLC. In the case of the 

SPh-protected substrate the following reactions were conducted as described by Palomo et al., 

ŀƴŘ ǘƘŜ ŘŜǎƛǊŜŘ ʲ-vinylated aldehyde 177 could be obtained in a rather poor yield of 26% but as 

a single diastereomer. It was tried to optimize the yield by isolation of the intermediates to 

suppress undesired side reactions. Unfortunately, no increase in yield was observed. 

 

Scheme 35: Attempts of the ̡ -vinylation starting from Weinreb amides 165 and 166. 

In this way, the -̡vinylated aldehyde 177 could be obtained even though the yield was poor. 

Nonetheless, the synthetic route was continued. With aldehyde 177 in hand, a 1,2-addition, an 

RCM reaction, and final oxidation were necessary to finish the synthesis of enone 156.  

The 1,2-addition was achieved by application of the commercially available Grignard reagent 

vinylmagnesium bromide yielding a 1.2:1 mixture of diastereomeric alcohols 164. RCM reaction 

proceeded rapidly with second-generation Grubbs' catalyst (178) in DCM at room temperature. 

Oxidation of the resulting cyclopentenols by PCC resulted in the formation of cyclopentenone 156 

in an acceptable yield. 



51 

 

Scheme 36: Synthesis of cyclopentenone 156. 

 

2.3.3 The Pummerer Rearrengement 

To obtain the desired aldehyde 157 from thioether 156 to enable the planned formation of the 

diene-motif for the Diels-Alder reaction, a sequence applying the Pummerer rearrangement, 

depicted in scheme 37, was planned to be applied. The Pummerer rearrangement allows the 

conversion of an alkyl sulfoxide (180) to an h -acyloxy-thioether (184) in the presence of a 

carboxylic acid anhydride (181).[109] In the greater image, this reaction allows the conversion of 

alkyl thioethers (179) to aldehydes (185) by a sequence consisting of thioether oxidation, 

Pummerer rearrangement, and final hydrolysis (scheme 37). This type of sequence was applied 

in the synthesis of various natural products.[110, 111] 

 

Scheme 37: Synthesis of aldehydes (185) from thioesters (179) by a sequence involving the Pummerer rearrangement. 
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The oxidation of thioether 156 to the sulfoxide 186 by mCPBA proceeded smoothly. 

Subsequently, the Pummerer rearrangement was tested by the addition of acetic anhydride or 

TFAA. This resulted in the rapid conversion to a complex product mixture at low temperatures. 

NMR analysis of the product mixture showed that the thiophenyl moiety was still incorporated in 

the products. Additionally, the formation of new double bonds was indicated, and no 

incorporation of trifluoroacetate could be seen. This indicated the instability of intermediate 

cation 188. It is supposed that this intermediate could undergo follow-up rearrangements under 

the opening of the strained cyclopropane (scheme 38). 

 

Scheme 38: Attempted Pummerer sequence and postulated follow-up reaction. 

These results showed that the envisioned Pummerer reaction for the thioether removal was 

incompatible with the substrate. As the sequence for the construction of the cyclopentenone only 

worked with the thioether protecting group, the approach had to be dismissed. 
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2.4 Approach IV: The Pauson-Khand Approach 

2.4.1 Retrosynthetic Analysis 

As all the plans relying on a Diels-Alder reaction to close the seven-membered ring tested before 

failed, a novel approach was developed. An alternative way for the construction of the 5,7-fused 

core of euphorikanin A (31) comprised an intramolecular Pauson-Khand reaction. By this reaction, 

the five- and the seven-membered ring were envisioned to be closed in a single step. 

In the final step of the planned synthesis (scheme 39), the methyl group on C-2 of the target 

molecule 31 should be introduced by Pd-catalyzed methylation of the vinyl triflate formed of 

ketone 189.[73] The six-membered carbocycle of the target molecule was planned to be 

constructed by a sequence consisting of an RCM reaction and an intramolecular aldol addition to 

a -hketoester. The precursor for the RCM reaction 190 was intended to be obtained by 

epoxidation of the Pauson-Khand product 191, reductive epoxide opening, and direct trapping of 

the alkoxide. The five-membered A-ring and the seven-membered C-ring were planned to be 

obtained in a single step by intramolecular Pauson-Khand reaction. Two options were envisioned 

for the synthesis of the precursors for this reaction. In one way, precursor 192 could have been 

obtained by a sequence of Rh-catalyzed asymmetric malononitrile addition followed by some FGIs 

starting from enyne 193. This enyne 193 was led back to intermediate 194 already obtained on 

the previous route by some simple transformations. The second alternative comprised an 

asymmetric organocatalytic aldol addition of aldehyde 196 for the construction of the C-11 

stereocenter.[112] A following Ohira-Bestmann alkynylation and TBS-protection would lead to the 

Pauson-Khand precursor 195. Aldehyde 196 could be led back to known intermediate 194 by 

simple transformations. 
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Scheme 39: Retrosynthetic analysis of euphorikanin A (31) using an intramolecular Pauson-Khand reaction. 

 

2.4.2 Synthesis of the Pauson-Khand Precursor 

The first approach for the construction of the C-11 stereocenter of the target molecule 31 (see 

chapter 1.4.1) was a Rh-catalyzed addition of a nucleophile to a methylalkyne developed by Breit 

et al.[113, 114] With the goal of the formation of the Pauson-Khand precursor 192, an addition of 

malononitrile to alkyne 193 seemed to be the most efficient option. Malononitrile (203) can be 

used as an acyl anion equivalent, as demonstrated by Helmchen et al.[115] The so-formed ester 

could be converted to compound 192 by reduction and subsequent alkynylation.  
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Aldehyde 194 was already known from the previous Nazarov approach (chapter 2.2.2) and 

converted into the precursor for the Rh-catalyzed malononitrile addition 193 in six steps. First, 

aldehyde 194 was methylenated by a Wittig reaction, and TBS-ether was subsequently cleaved 

by TBAF. High volatility of the compounds starting from this point of the route required careful 

handling. Aldehyde 197 was obtained in high yield by Ley-Griffith oxidation[116] and further 

converted to terminal alkyne 198 by Ohira-Bestmann alkynylation. The subsequent methylation 

required stoichiometric amounts of DMPU to achieve full conversion. 

 

Scheme 40: Synthesis of methylalkyne 193. 

With methylalkyne 193 in hand, the envisioned Rh-catalyzed malononitrile addition could be 

tested. The postulated mechanism of the Rh-catalyzed malononitrile addition is depicted in 

scheme 41. The catalytic cycle starts with the in situ formed monomeric Rh-species 200. After the 

coordination of the alkyne 201 and malononitrile (203), a proton transfer is enabled to form 

Rh-vinyl species 205. Subsequent ̡ -hydride elimination leads to the formation of the Rh-hydride 

species 206 and a coordinated allene. Hydrometalation yields the ̄ -allyl-Rh complex 207, which 

is formally attacked by the coordinated malononitrile anion. Reductive elimination liberates the 

desired product 209 and regenerates the catalytically active Rh-species 200.[117] 
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Scheme 41: Proposed catalytic cycle for the Rh-catalyzed addition of malononitrile (203) to a methylalkyne (201).[113, 114, 117] 

Several ligands were employed in the reaction to investigate their effect on diastereoselectivity 

(table 4). Even though the desired reaction was conducted successfully under the described 

conditions with ((pent-3-yn-1-yloxy)methyl)benzene as a test substrate, no reaction was 

observed using substrate 193, [Rh(cod)Cl]2 as the precatalyst and the phosphine-based ligands 

dppf (211, entries 1 & 4), BINAP (212, entries 2 & 5), and chiral Josiphos SL-J001-1 (213, entries 3 

& 6) and PTSA in different solvents. This might be caused by the increased steric bulk of the 

tetrasubstituted cyclopropane in h-position to the alkyne, which prohibits the proton transfer 

from the nitrile to the alkyne. Hence, no allene was formed, which should occur before the 

malononitrile's actual addition. 
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Table 4: Attempts of the planned Rh-catalyzed malononitrile (203) addition to alkyne 193. 

 

entry conditions result 

1 4 mol% [Rh(cod)Cl]2, 10 mol% 211, 2.0 eq. 203, 20 mol% PTSA, MeCN, 

80 °C 

no conversion 

2 4 mol% [Rh(cod)Cl]2, 10 mol% 211, 2.0 eq. 203, 20 mol% PTSA, MeCN, 

80 °C 

no conversion 

3 4 mol% [Rh(cod)Cl]2, 10 mol% 212, 2.0 eq. 203, 20 mol% PTSA, MeCN, 

80 °C 

no conversion 

4 4 mol% [Rh(cod)Cl]2, 10 mol% 212, 2.0 eq. 203, 20 mol% PTSA, PhMe, 

110 °C 

no conversion 

5 4 mol% [Rh(cod)Cl]2, 10 mol% 213, 2.0 eq. 203, 20 mol% PTSA, PhMe, 

110 °C 

no conversion 

6 4 mol% [Rh(cod)Cl]2, 10 mol% 213, 2.0 eq. 203, 20 mol% PTSA, PhMe, 

110 °C 

no conversion 

 

As the allene formation was suspected to be a problem and allenes are potential starting 

materials for the envisioned transformation as well, the synthesis of allene 215 was attempted. 

Direct conversion of alkyne 198 to allene 215 was attempted by Crabbé reaction,[118] but the 

reaction yielded propargylic amine 214 as the only product. As an alternative, the generation of 

allene 215 from amine 214 was attempted by the use of different conditions (table 5). Application 
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of CuI and CuBr did not lead to any conversion (entries 1 & 2). Catalytic amounts of Pd0 (entry 3) 

and PdII (entry 4) in combination with the Lewis acidic P(C6F5)-ligand resulted in conversion but 

led to a complex inseparable mixture of the desired product 215 and several unidentified 

byproducts.[119] Clean conversion of the starting material 214 was observed upon heating in 

benzene in the presence of catalytic amounts of CdI2 (entry 5).[120] Repetition of the reaction in 

C6D6 allowed for characterization of the crude product (entry 6), but all attempts to isolate 

allene 215 failed. After filtration of the reaction mixture and concentration under reduced 

pressure, only decomposition products were detected. Direct column chromatography of the 

reaction mixture was attempted to remove cadmium-related residues, which possibly led to 

decomposition but no allene 215 could be isolated after the column. 

Table 5: Attempts of the planned synthesis of allene 215. 

 

entry conditions  result 

1 0.5 eq. CuI, dioxane, reflux no conversion 

2 0.5 eq. CuBr, dioxane, reflux no conversion 

3 5 mol% Pd2(dba)3ϊCHCl3, 10 mol% P(C6F5), CHCl3, reflux complex mixture 

4 5 mol% Pd(OAc)2, 10 mol% P(C6F5), CHCl3, reflux complex mixture 

5 20 mol% CdI2, C6H6, 80 °C, sealed tube clean conversion, 

isolation failed 

6 20 mol% CdI2, C6D6, 80 °C, sealed tube clean conversion, 

isolation failed 
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As the attempted Rh-catalyzed malononitrile addition did not lead to the formation of the desired 

dinitrile 210 and allene 215 could not be isolated, the second option to obtain a suitable Pauson-

Khand precursor under the control of the stereochemistry at C-11 of the target molecule 31 was 

tested. The organocatalyzed addition of aldehyde 196 to formaldehyde was envisioned to fulfill 

this purpose.  

The postulated reaction mechanism for the planned transformation developed by Miller et al. is 

depicted in scheme 42.[112] At the start of the catalytic cycle, (E)-enamine 220 is formed from 

prolinol derivative 216 and aldehyde 217. Rotation around the CςN- -̀bond is hindered as the 

steric interaction between former aldehyde 217 and the bulky substituent on the pyrrolidine 

should be minimized. This results in shielding of the front side of the molecule by this bulky 

substituent and thus enantioselective h -functionalization by addition to formaldehyde (221). 

Product 225 is liberated by hydrolysis of the so-generated iminium cation 224, and catalyst 216 is 

regenerated to close the catalytic cycle. Under the reaction conditions, the formal product 225 of 

the transformation reacts with another molecule of formaldehyde (221) to form lactol 226. It is 

noteworthy that Miller et al. never isolated product 226 due to its instability but directly 

converted it to a more stable derivative, for example, to the corresponding acid by Pinnick 

oxidation or a corresponding hΣʲ-unsaturated ester by HWE reaction.  
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Scheme 42: Postulated catalytic cycle of Miller's enantioselective -hhydroxymethylation of aldehydes (217).[112] 
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A C1-homologation of aldehyde 197 had to be conducted to generate the precursor 196 for the 

planned organocatalytic transformation (scheme 43). Treatment of compound 197 with the 

pre-generated ylid of methoxymethyl triphenylphosphonium chloride gave an (E)/(Z)-mixture of 

methyl enol ethers which were hydrolyzed under acidic conditions without prior purification to 

obtain aldehyde 196 in good yield. 

Aldehyde 196 was treated with aqueous formaldehyde and catalyst 216 under the conditions 

described by Miller et al. Aqueous work-up was followed by treatment of the crude product with 

Ohira-Bestmann reagent. After column chromatographic purification, alkyne 227 was obtained in 

good yield as a single diastereomer without any optimization. The obtained alkyne 227 was 

directly used in the Pauson-Khand reaction. Additionally, two other derivatives were prepared. 

First, the primary alcohol in 227 was TBS-protected to prevent detrimental interaction during the 

Pauson-Khand reaction. Second, the terminal alkyne 197 was converted to chloroalkyne 228 by 

deprotonation and subsequent treatment with NCS to obtain another potentially promising 

substrate for the planned cyclization.  

 

Scheme 43: Preparation of the precursors for the planned Pauson-Khand reaction. 
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2.4.3 The Pauson-Khand Reaction 

The Pauson-Khand reaction is a powerful and widely used tool for the formation of 

cyclopentenones in natural product synthesis, especially of terpenes.[121] 

The classical Pauson-Khand reaction represents a cobalt-mediated formal [2+2+1] cycloaddition 

of an alkyne, an alkene, and carbon monoxide, first reported by Pauson and Khand in 1971.[122] 

The mechanism of the reaction, as postulated by Magnus et al. in 1985, is depicted in 

scheme 44.[123, 124] The reaction starts with the formation of the binuclear cobalt complex 229, 

which can be isolated in many cases. Coordination of the alkene can occur after the dissociation 

of an additional carbonyl ligand. Subsequently, the coordinated alkene inserts into a CςCo bond 

to form complex 232 via transition state 231. After the coordination of one molecule of carbon 

monoxide, CO-insertion into the newly formed CςCo bond takes place. After the addition of 

another CO molecule, reductive elimination via transition state 235 generates the binuclear 

Co-complex of the product (236). Dissociation of Co2(CO)6 leads to the liberation of 

cyclopentenone 237.[123, 124] Later, minor corrections were made after more detailed studies, but 

the overall mechanism could be confirmed.[125, 126] 

 

Scheme 44: Mechanism of the Pauson-Khand reaction postulated by Magnus et al.[123, 124] 
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After the development of this cobalt mediated [2+2+1] cycloaddition, different analogous 

transition-metal-catalyzed processes were developed which apply, for example, rhodium-,[127-129] 

titanium-,[130] ruthenium-,[131] nickel-,[132] or zirconium-based[133] procedures under 

CO-atmosphere. The reaction found wide application in the field of natural product total synthesis 

because especially the intramolecular Pauson-Khand reaction allows the formation of complex 

bicyclic structures from relatively simple substrates.[134, 135] 

The conventional conditions for the Pauson-Khand reaction were tested first. The formation of 

the alkyne-cobalt complex worked smoothly, as indicated by full conversion of the starting 

materials 195 & 227 to a defined spot on TLC after two hours at room temperature. Heating the 

resulting complexes in toluene did not result in any conversion (table 6, entries 1 & 6). The 

addition of TMANO as an N-oxide additive is known to potentially enhance the reaction by 

oxidation of a CO-ligand to CO2, generating a free coordination site for the alkene. Its application 

only led to partial decomplexation,[136] but no product formation was observed (entries 2 & 7).[137] 

The formation of seven-membered rings by the Pauson-Khand reaction has already been reported 

to be challenging due to the low population of the reactive conformation for the initial cyclization 

step.[138] This problem could be solved for some substrates by Pérez-Castells et al. by the addition 

of molecular sieves to the reaction mixture for the thermal and TMANO-induced Pauson-Khand 

reaction.[138, 139] The observed promotion of the reaction was rationalized by the adsorption of 

the substrates on the surface of the molecular sieves and a subsequent preorganization of the 

cobalt-alkyne complex and the alkene to facilitate the cyclization event. A certain rapprochement 

of the alkyne and the alkene by the cis-substituted, strained cyclopropane was anticipated 

anyway. Together with Pérez-Castells' methodology, this was envisioned to render the Pauson-

Khand reaction successful despite the necessary formation of a seven-membered ring. 

Hence, after the formation of the cobalt-alkyne complex at room temperature, the Pauson-Khand 

reaction of the TBS-protected substrate 195 and the unprotected substrate 227 was tested in the 

presence of molecular sieves with (entries 4 & 9) and without (3 & 8) TMANO-addition. No 

reaction was observed in the absence of TMANO. The addition of TMANO led to partial 

decomplexation and regeneration of the starting materials 195 and 227 as before. Subsequently, 



 

64 

also a rhodium-catalyzed reaction was attempted by application of [Rh(CO)2Cl]2 as the catalyst 

under a CO atmosphere, but no conversion was observed (entries 5 & 10). 

A final attempt to enable the Pauson-Khand reaction was the use of chloro alkyne 228 in the 

rhodium-catalyzed version of the reaction. In 2011 it was shown by Evans et al. that the 

polarization of the triple bond by a chloro substituent facilitates the rhodium-catalyzed Pauson-

Khand reaction, allowing the reaction to proceed under very mild conditions.[140] The 

methodology was recently applied by Yang and Chen in the course of their synthesis of 

(ҍ)-spirochensilide A.[141] Unfortunately, under the application of chloro alkyne 228 in the 

Rh-catalyzed Pauson-Khand reaction, no conversion was observed as well (entry 11).  
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Table 6: Attempts of the planned Pauson-Khand reaction. 

 

entry substrate conditions result 

1 195 1.0 eq. Co2(CO)8, PhMe, rt to reflux (sealed tube) no conversion 

2 195 1.0 eq. Co2(CO)8, PhMe, 3.0 eq. TMANO, -10 °C to reflux 

(sealed tube) 

195 

3 195 1.0 eq. Co2(CO)8, 4 Å MS, PhMe, rt to reflux (sealed tube) no conversion 

4 195 1.0 eq. Co2(CO)8, 4 Å MS, PhMe, 3.0 eq. TMANO, -10 °C to 

reflux (sealed tube) 

195 

5 195 10 mol% [Rh(CO)2Cl]2, CO (balloon), rt to reflux (sealed 

tube) 

no conversion 

6 227 1.0 eq. Co2(CO)8, PhMe, rt to reflux (sealed tube) no conversion 

7 227 1.0 eq. Co2(CO)8, PhMe, 3.0 eq. TMANO, -10 °C to reflux 

(sealed tube) 

227 

8 227 1.0 eq. Co2(CO)8, 4 Å MS, PhMe, rt to reflux (sealed tube) no conversion 

9 227 1.0 eq. Co2(CO)8, 4 Å MS, PhMe, 3.0 eq. TMANO, -10 °C to 

reflux (sealed tube) 

227 

10 227 10 mol% [Rh(CO)2Cl]2, CO (balloon), rt to reflux no conversion 

11 228 10 mol% [Rh(CO)2Cl]2, CO (balloon), rt to reflux no conversion 
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2.5 Approach V: The Aldol-RCM-Aldol Approach 

2.5.1 Retrosynthetic Analysis 

Since the Pauson-Khand approach for the construction of the A/C/D-ring system of 

euphorikanin A (31) did not succeed as well, an entirely new retrosynthetic analysis was designed. 

The plan involved the use of bromoenone 236. The synthesis of this intermediate 236 was 

developed in the Gaich group in the course of the synthesis of pepluanol A,[142] starting from 

commercially available (+)-3-carene (39) and employing a sequence developed by Baran et al. for 

the synthesis of ingenol.[30]  

The endgame of the envisioned synthesis featured Pd-catalyzed methylation of a vinyl triflate and 

the final formation of the lactone ring as described in chapter 2.1.1 to obtain the target 

molecule 31 starting from intermediate 232 (scheme 45). The latter was planned to be obtained 

by a sequence of aldol condensation and subsequent directed hydrogenation using Crabtree's 

catalyst to generate the five-membered A-ring.[143] The aldol precursor 233 was planned to be 

generated by a sequence of 1,4-addition to enone 234 followed by h -hydroxylation and Wacker 

oxidation. The key intermediate 234 should be obtained starting from the aforementioned 

bromoenone 236 by a sequence of 1,4-addition, Reformatski-type aldol addition to aldehyde 235, 

RCM, and elimination of the secondary alcohol.  
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Scheme 45: Retrosynthetic analysis of euphorikanin A (31) by use of bromoenone 236. 

 

2.5.2 Synthesis of the C/D-Ring Building Block 

The synthesis of the C/D-ring building block proceeded smoothly. The conversion of 

(+)-3-carene (39) to chloro hexanone 237 by application of Baran's conditions was conducted on 

a decagram scale.[30] Intermediate 237 could be converted to bromo cycloheptenone 236 by a 

protocol developed by Po Yuan in our group employing a sequence consisting of methylation, 

formation of TBS-enol ether 238, cyclopropanation, and ring enlargement.[142] The subsequent 

1,4-addition ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǿƛǘƘ ǾƛƴȅƭƳŀƎƴŜǎƛǳƳ ōǊƻƳƛŘŜΣ /ǳ.Ǌϊ{aŜ2, and LiCl under the 

application of the Lipshutz protocol,[144] employing TMSCl as a Lewis acid. In this way, the C/D-ring 

building block 239 could be obtained in 88% yield as a single diastereomer. Overall, the synthesis 
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of compound 239 required six isolated steps and could be accomplished in gram scale and 22% 

combined yield. 

 

Scheme 46: Synthesis of C/D-ring building block 239. 

 

2.5.3 Synthesis of the Aldehyde Building Block 

After the successful synthesis of building block 239, the side chain necessary for the construction 

of the six-membered B-ring needed to be synthesized. Shielding of the back side of molecule 234 

was crucial to allow a selective attack from the front side in the planned 1,4-addition. For the 

introduction of the stereocenter, an auxiliary controlled, reliable method developed by Evans et 

al. was chosen.[145] The methodology relies on ɹ-deprotonation of ʰΣʲ-unsaturated carbonyl 

compound 240 with NaHMDS at -78 °C. At that temperature, the O-(Z)-enolate 241 is formed 

selectively, and the molecule adopts the depicted conformation due to the chelation of the 

sodium cation. The backside of intermediate 241 is shielded by the isopropyl group of the 

D-valine-derived auxiliary. Hence, the reaction of the enolate with Davis' oxaziridine (242) occurs 

from the front side, accounting for the diastereomeric outcome of the reaction. Alcohol 245 is 

formed after the elimination of imide 244 and protic quench. 
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Scheme 47: Postulated mechanism of the diastereoselective -hhydroxylation of carbamate 240. 

Auxiliary 246 had to be coupled with acid chloride 247 to enable the previously described 

reaction. Auxiliary 246 was deprotonated by nBuLi and treated with freshly prepared acid 

chloride 247 to yield carbamate 240. Compound 240 was then deprotonated and treated with 

Davis' oxaziridine (242). It was crucial to quench the reaction with a solution of an organic acid 

(PTSA or CSA both worked) in THF at -78 °C since aqueous quenching resulted in a rearrangement 

related to the hydroxyl-anion as described by Evans et al.[145] Because separation of the 

-hhydroxylation product 245 from imine 244 was difficult, the crude material was treated with 

TBS-triflate and lutidine to obtain TBS-protected alcohol 248 as a single diastereomer after 

chromatographic purification. A two-step procedure for the cleavage of the auxiliary had to be 

applied since the direct treatment of carbamate 248 with hydride-based reducing agents led to 

partial TBS-deprotection of the secondary TBS-ether. The auxiliary was cleaved under the 

formation of the n-dodecyl thioester by treatment with deprotonated 1-dodecanethiol. The 

auxiliary 246 could be reisolated at this point. The thioester was reduced to the corresponding 

aldehyde 235 by DIBAL-H at -78 °C. In this way, aldehyde 235 could be obtained in five isolated 

steps on a gram scale and 61% overall yield. 
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Scheme 48: Synthesis of aldehyde 235 by auxiliary-controlled h -hydroxylation. 

 

2.5.4 B-Ring Formation by Reductive Aldol Addition and RCM 

With the two building blocks, -hbromoketone 239 and aldehyde 235, in hand, the planned 

reductive Reformatski-type aldol addition was attempted (table 7). Several different protocols for 

this transformation were developed in the past.[146] Some approaches rely on the reduction of the 

bromoketone by metallic zinc, for example, assisted by additives such as Et2AlCl as Lewis acid for 

the formation of an aluminum-enolate and CuBr.[147] Other protocols generate boron-enolates 

under radical reductive conditions,[147] zinc-enolates after lithiation with tBuLi,[148] or induce aldol-

addition by SET from SmI2 in the presence of different additives.[149, 150] It is noteworthy that the 

use of SmI2 led to the direct elimination of the formed hydroxyl group in some cases,[149] which 

was undesired in the specific case as complications due to the formation of an (E)/(Z)-product 

mixture were anticipated.  

Therefore, the Zn-based procedure reported by Nozaki et al. under the application of Et2AlCl and 

CuBr as additives was tested first.[147] Conversion of the two starting materials 235 & 239 at low 

temperatures, as described in the literature, was tested (table 7, entry 1). A solution of the 

starting materials was added dropwise over a period of two hours to a mixture of zinc and the 

additives listed in table 7. 1H-NMR analysis of the reaction mixture revealed barely any conversion 

of bromoketone 239. Only trace amounts of the desired product 249 and traces of the 
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debrominated starting material (250) were detected. An elevated reaction temperature did not 

change that outcome (entry 2). As an alternative, the more reactive zinc-silver couple was 

employed with and without the addition of catalytic amounts of copper(I) bromide (entries 3 to 

5). None of the combinations of zinc sources and Lewis acid seemed to be reactive enough for an 

efficient reductive enolate-formation starting from bromoketone 239. Next, conditions described 

by Kobayashi and Kawashima under the application of tBuLi and ZnI2 were tested (entry 6).[148] 

Different reaction times for enolate-formation and the aldol reaction itself were screened, but no 

significant improvement in yield and reproducibility was achieved. In addition, the separation of 

the aldol product 249 and the debrominated side product 250 by column chromatography was 

difficult. Finally, the SmI2-mediated protocol described by Kodama et al. was tested. No 

conversion of the starting materials occurred at -78 °C (entry 7). Satisfactorily, the dropwise 

addition of a mixture of the starting materials to an excess of SmI2 in THF at room temperature 

resulted in the clean conversion to aldol product 249 as a single diastereomer (entry 8). No 

formation of an elimination product, as described by Lin et al., was observed.[149] 
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Table 7: Screening of conditions of the reductive aldol addition. 

 

entry conditions result 

1 1.5 eq. Zn, 1.1 eq. Et2AlCl, 1.1 eq. 235, 5 mol% CuBr, THF, -20 °C 

to rt 

239 + traces of 249 

and 250 

2 1.5 eq. Zn, 1.1 eq. Et2AlCl, 1.1 eq. 235, 5 mol% CuBr THF, reflux 239 + traces of 249 

and 250 

3 1.5 eq. Zn(Ag), 1.1 eq. Et2AlCl, 1.1 eq. 235, THF, -20 °C to rt 239 + traces of 249 

and 250 

4 1.5 eq. Zn(Ag), 1.1 eq. Et2AlCl, 1.1 eq. 235, THF, reflux 239 + traces of 249 

and 250 

5 1.5 eq. Zn(Ag), 1.1 eq. Et2AlCl, 1.1 eq. 235, 5 mol% CuBr THF, 

reflux 

239 + traces of 249 

and 250 

6 2.5 eq. tBuLi, 2 eq. ZnI2, THF, -78 °C, then 1.1 eq. 235, -78 °C to 

rt, different reaction times tested 

best yield: 36% 249, 

inseparable mixture 

with 250 

7 3.0 eq. SmI2, 1.1 eq. 235, THF, -78 °C no reaction 

8 3.0 eq. SmI2, 1.1 eq. 235, THF, rt 88% 249 

 

After the successful preparation of aldol adduct 249, the planned RCM needed to be performed. 

For the optimization of the process, the second-generation Grubbs' catalyst (178)[151] and the 

second-generation Hoveyda-Grubbs catalyst (252)[152] were tested (table 8). With both catalysts, 

no reaction was observed in DCM, even under reflux conditions (entries 1 & 2). Therefore, the 

solvent was changed to toluene to allow higher reaction temperatures (entries 3 to 6). After 
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optimization of the procedure, the best yield was obtained by running the reaction in toluene at 

80 °C and by successive addition of three 5 mol%-portions of the catalyst. This result was 

independent of which of the two catalysts was used (entries 5 & 6). In this way, the desired 

tricyclic product 251 could be obtained with an excellent yield of 98% (table 8). For the up-scalcing 

of the reaction, second-generation Grubbs' catalyst (178) was used as in the case of application 

of second-generation Hoveyda-Grubbs catalyst (252), side products related to the catalyst were 

observed, which were hard to separate from the product 251. 

Table 8: Optimization of the RCM reaction of diene 249. 

 

entry conditions result 

1 10 mol% 178, DCM, rt to reflux, o.n. no conversion 

2 10 mol% 252, DCM, rt to reflux, o.n. no conversion 

3 10 mol% 178, PhMe, 60 °C 71% 251 

4 10 mol% 252, PhMe, 60 °C 74% 251 

5 15 mol% 178, PhMe, 80 °C 98% 251 

6 15 mol% 252, PhMe, 80 °C 98% 251 

 

After successful ring-closure, elimination of the secondary alcohol to construct enone 234 and 

enable the planned 1,4-addition was addressed. Two strategies were considered for this 

transformation. The first and more convenient option was a direct elimination of the hydroxyl 

group, analogous to an aldol condensation under acid or base-mediated conditions.[153-155] The 

second option was a two-step procedure in which alcohol 251 was converted to an appropriate 

leaving group first, and a base-mediated elimination took place in a separate step. Direct 

elimination was attempted first by the use of the Brønsted acids PTSA and TFA or the base 
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potassium tert-butoxide. Acidic conditions led mainly to the decomposition of the starting 

material (table 9, entries 1 &2), whereas no conversion was observed upon treatment with KOtBu 

(entry 3). Using PTSA at elevated temperatures, trace amounts of the aromatic side product 253 

were observed. 

Table 9: Screening of conditions for the direct elimination of -̡hydroxy ketone 251. 

 

entry conditions result 

1 10 mol% PTSA, PhMe, rt to reflux mostly decomposition, traces 253 

2 10 mol% TFA, DCM, 0°C to rt decomposition 

3 10 mol% KOtBu, THF, 0°C to reflux no conversion 

 

As the direct elimination did not seem very promising, the two-step procedure was tested. 

Various esters of organic and inorganic acids were considered for that purpose. The formation of 

a triflate, a benzoate, a trifluoroacetate, and a mesylate of the secondary alcohol was attempted 

(table 10).[156-159] The first attempt made was the mesylation of alcohol 251 under basic conditions 

in the presence of catalytic amounts of DMAP in DCM at room temperature. The reaction 

succeeded and produced the desired product 254 in good yield on 10 mg scale (entry 1). 

Unfortunately, the experiment could not be reproduced due to unknown reasons. Under the 

same conditions at room temperature, no conversion was observed even after purification of the 

applied mesyl chloride by distillation (entry 2). A change of the solvent to THF did not affect the 

observed outcome, and the application of elevated temperatures only led to the decomposition 

of the starting material (entry 3). Thus, the functionalization with other leaving groups was tested. 

The reaction with triflic anhydride led to full consumption of the starting material 251, but the 

intermediate 255 was not stable under the reaction conditions. Hence, only the formation of the 

aromatized product 253 was observed. Intermediate 255 could not be isolated under any 
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conditions (entries 4 to 6). As an alternative, the less reactive trifluoroacetate 257 should be 

obtained by treatment of alcohol 251 with trifluoroacetic anhydride, pyridine, and DMAP. No 

conversion of the starting material was observed, even under reflux conditions (entry 7). The 

same result was obtained using benzoyl chloride under analogous conditions (entry 8). After these 

disenchanting observations, the initially successful mesylation was tested once again (entry 9). 

Surprisingly the mesylation in toluene as the solvent resulted in the clean conversion of the 

secondary alcohol to the corresponding mesylate 254 in a reproducibly good yield.  

Table 10: Screening of conditions for the functionalization of ̡ -hydroxy ketone 251. 

 

entry conditions result 

1 3 eq. MsCl, 6 eq. NEt3, 10 mol% DMAP, DCM, rt 70% 254 (10 mg scale) 

2 3 eq. MsCl, 6 eq. NEt3, 10 mol% DMAP, DCM, rt to reflux no conversion (rt), 

decomposition (reflux) 

3 3 eq. MsCl, 6 eq. NEt3, 10 mol% DMAP, THF, rt to reflux no conversion (rt), 

decomposition (reflux) 

4 1.5 eq. Tf2O, py, rt 253 

5 1.5 eq. Tf2O, 2 eq. py, 10 mol% DMAP, THF, rt 253 

6 1.1 eq. Tf2O, 1.2 eq. NEt3, 10 mol% DMAP, THF, rt 253 + 251 

7 1.5 eq. TFAA, 2 eq. NEt3, 10 mol% DMAP, DCM, rt to reflux no conversion 

8 1.5 eq. BzCl, 2 eq. py, 10 mol% DMAP, DCM, rt to reflux no conversion 

9 3 eq. MsCl, 6 eq. NEt3,PhMe, 0 °C to rt 83% 254, reproducible 

 

As mesylation of alcohol 251 finally worked, the elimination to the enone 234 was attempted. 

Since compound 234 tended to undergo further elimination of TBSOH to form the aromatic 

compound 253, exactly 1.0 eq. of the strong base DBU was used. This allowed for the quantitative 
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formation of enone 234. The acid-sensitive compound was obtained in analytically pure form 

after careful aqueous work-up. 

 

Scheme 49: Synthesis of enone 234. 

 

2.5.5 Attempts of A-Ring Construction by Aldol Reaction 

With enone 234 in hand, the planned sequence of 1,4-addition of a vinyl anion, trapping of the 

enolate as silyl-enol ether, and subsequent Rubottom oxidation could be tested. The 1,4-addition 

under the use of the Lipshutz protocol[144] as applied before (chapter 2.5.2) led to clean 

conversion, and trapping of the enolate with TMSCl turned out to be successful as well without 

complications. Rubottom oxidation employing mCPBA yielded a mixture of TMS-protected and 

deprotected alcohol 258. Redissolving the crude reaction mixture in THF and the addition of acetic 

acid delivered the desired tertiary alcohol 258 in good yield as a single diastereomer with correct 

configuration (scheme 50).  

 

Scheme 50: Preparation of tertiary alcohol 258. 
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The subsequent transformation was planned to be a Tsuji-Wacker oxidation. This transformation 

of a terminal alkene to a methyl ketone represents a powerful PdII-catalyzed reaction used in 

research laboratories as well as in industry.[160, 161] 

The conventional Tsuji-Wacker oxidation is conducted using PdCl2 as a catalyst in a solvent 

mixture of DMF and water under the addition of copper(II) chloride under an oxygen 

atmosphere.[160] The catalytic cycle is depicted in scheme 51. The reaction starts with solvated 

PdCl2 (259), which coordinates the terminal olefin (260). Subsequently, a Markovnikov-type 

addition of water takes place to the partially positively charged carbon atom of the double bond 

in a hydroxypalladation forming PdII-complex 262. This can undergo a ̡-hydride elimination. After 

decomplexation, the desired methyl ketone (263) is formed. Subsequently, reductive elimination 

of HCl from PdII-complex 264 leads to Pd0-species 265. To close that catalytic cycle, this has to be 

reoxidized. This is managed by a coupled catalytic cycle. CuCl2 is responsible for the 

aforementioned oxidation process forming CuCl, which itself is reoxidized by the stoichiometric 

oxidizing agent oxygen.[162] 

 

Scheme 51: Catalytic cycle of the conventional Tsuji-Wacker oxidation.[162] 
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A known problem that was anticipated to play a role in the planned synthesis is the 

regioselectivity of the reaction in the case of allylic and homoallylic alcohols.[163] This observation 

is explained by the coordination of the substrate's oxygen atom to the Lewis acidic PdII atom of 

the catalyst (scheme 52). The hydroxypalladation of intermediate 267 then can occur through 

different pathways by Markovnikov and anti-Markovnikov addition of water, which in many cases 

leads to the formation of a product mixture of aldehyde 269 and methyl ketone 268 (part A, 

scheme 52), while sometimes even the selective formation of only the aldehyde 269 is 

observed.[164] 

 

Scheme 52: Rationalization of aldehyde-formation in the conventional Tsuji-Wacker oxidation (part A) and postulated 
intermediate in Sigman's Pd(quinox)Cl2 catalyzed Wacker-type oxidation.[165] 

Several strategies exist to circumvent this problem. The more conventional approach would be to 

use an orthogonal two-step procedure of oxidation of the alkene to a secondary alcohol by, for 

example, oxymercuration[166, 167] or Mukaiyama hydration[168, 169] and subsequent oxidation. 

Additional to that, in recent years, several PdII-catalyzed Tsuji-Wacker oxidation protocols were 

developed, specifically tailored for the described problem. Especially Sigman et al. addressed the 

issue by ligand-control of the hydroxypalladation step. Therefore bidentate nitrogen-containing 

ligands such as quinoline-2-oxazoline and sparteine were applied to shield the palladium atom 

during the reaction to prevent coordination of the substrate's oxygen functionalities (part B, 

scheme 52).[165, 170] Another methodology developed by Fernandes et al. involves the use of 
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Pd(OAc)2 as the catalyst and MnO2 as the terminal oxidant in a heterogenic system. While the 

exact mode of action remains speculative, it could be shown that oxygenated substrates that tend 

to aldehyde formation under conventional Tsuji-Wacker conditions were converted to the 

corresponding methyl ketone selectively. 

In the case of the planned Tsuji-Wacker-type oxidation of terminal alkene 258 to the desired 

methyl ketone 233 most of the above-mentioned strategies were tested (table 11). Application 

of the classical Tsuji-Wacker conditions only led to decomposition (entries 1 & 2).[161] When MnO2 

was used as the terminal oxidant under Fernandes' conditions, in contrast to his observations, an 

inseparable 4.1:1 mixture of methyl ketone 233 and aldehyde 273 was obtained in a poor yield of 

38% (entry 3).[171] Oxymercuration using Hg(OAc)2 or the more reactive Hg(O2CCF3)2 led to rapid 

decomposition of the starting material (entries 4 & 5).[166] The same was true when Mukaiyama 

hydration conditions were applied (entry 6).[169] Using a recently published methodology by 

Knölker et al. employing an iron-based catalyst also led to decomposition (entry 7).[172] Finally, 

the application of Sigman's protocol using Pd(quinox)Cl2 as the precatalyst and TBHP as terminal 

oxidant methyl ketone 233 was formed selectively in an acceptable yield of 56% (entry 8).[165] 
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Table 11: Screening of conditions of the Wacker-oxidation of olefin 258. 

 

entry conditions result 

1 0.2 eq. PdCl2, 1 eq. CuCl, DMF/H2O (7:1), O2 (balloon), rt slow decomposition 

2 0.2 eq. PdCl2, 1 eq. CuCl, DMF/H2O (7:1), O2 (balloon, stream), 

rt 

slow decomposition 

3 0.2 eq. PdCl2, 4 eq. MnO2, MeCN/H2O (7:1), rt 38% 233/273 (4.1:1) 

4 1.2 eq.Hg(OAc)2, THF/H2O (1:1), rt, then NaBH4 in NaOH(aq.) decomposition 

5 1.2 eq.Hg(O2CCF3)2, THF/H2O (1:1), rt, then NaBH4 in NaOH(aq.) decomposition 

6 20 mol% Co(acac)2, 2 eq. Ph3SiH, O2 (balloon), THF, rt decomposition 

7 20 mol% Fe(dbm)3, 2 eq. Ph3SiH, EtOH decomposition 

8 20 mol% Pd(quinox)Cl2, 40 mol% AgSbF6, 12 eq. TBHP(aq.), DCM, 

rt 

56% 233 

 

With methyl ketone 233 in hand, the crucial aldol reaction could be tested. Therefore, the enolate 

or the enole of the methyl ketone 233 had to be formed to allow the nucleophilic attack on the 

other ketone moiety. As the methyl group of the methyl ketone should represent the least 

hindered CςH acidic position of the molecule, the first attempts focused on the kinetic 

deprotonation of this position with sterically hindered bases at low temperatures to enable the 

aldol addition (table 12). When KHMDS or LDA were used at -78 °C, no conversion of the starting 

material was detected. Hence the reaction mixture was gradually warmed in 10 K steps. 

Unfortunately, upon increasing the temperature, only intense coloration of the solution and 

complete decomposition were observed (entries 1 & 2). The addition of HMPA to enhance the 

reactivity of the lithium-enolate did not change the outcome of the reaction (entry 3). As 
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deprotonation under kinetic conditions did not lead to the formation of the desired product 274 

thermodynamic conditions using higher temperatures and weaker bases were tested. First, KOH 

and K2CO3 were tested in MeOH as a protic solvent (entries 4 & 5). In both cases, the desilylated 

alcohol 275 was obtained after a short reaction time, presumably by the attack of methanolate 

at the silicon atom of the protection group. In consequence, KOtBu, as a sterically more hindered 

base, was used in the aprotic solvents THF and benzene. At room temperature, no conversion 

was detected. Upon heating the reaction mixtures, only decomposition was observed (entries 6 

& 7). Finally, enamine catalysis was attempted by treating the substrate with pyrrolidine. At room 

temperature, no significant conversion was observed. Upon heating, decomposition started 

(entry 7). 

Table 12: Attempts of the planned intramolecular aldol reaction of diketone 233. 

 

entry conditions result 

1 1.2 eq. KHMDS, THF, -78 °C to rt decomposition 

2 1.2 eq. LDA, THF, -78 °C to -20 °C decomposition 

3 1.2 eq. LDA, 2 eq. HMPA, THF, -78 °C to -20 °C decomposition 

4 2 eq. K2CO3, MeOH, rt 93% 275 

5 2 eq. KOH, MeOH, rt 76% 275 

6 KOtBu, THF, rt to reflux decomposition 

7 KOtBu, PhH, rt to reflux decomposition 

8 2 eq. pyrrolidine, DMF, rt to 60 °C decomposition 
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At this point, the apprehension was that the tertiary alcohol could be responsible for the observed 

decomposition reactions. After deprotonation of the h -position of ketone 233, an aldol 

elimination could take place to form enedione 276, which could, for example, further eliminate 

TBSOH to form aromatic compound 277, which could undergo further follow-up reactions. 

 

Scheme 53: Postulated start of the decomposition of diketone 233 under basic conditions. 

Diketone 279 should subsequently be synthesized without the tertiary alcohol to test this 

hypothesis. If the following sequence would prove feasible, a late-stage CςH-oxidation (see 

chapter 2.1.1) to introduce the tertiary alcohol was considered. The adapted substrate necessary 

for this plan was quite easily accessible by quenching the 1,4-addition of the vinyl cuprate with 

aqueous HCl instead of NEt3 (scheme 54) and subsequent Tsuji-Wacker oxidation. 

 

Scheme 54: Synthesis of vinyl ketone 278. 

For the Tsuji-Wacker oxidation, no problems with a competing aldehyde formation, as in the case 

of substrate 258, were anticipated as the tertiary alcohol was missing. Applying the conventional 

Tsuji-Wacker oxidation conditions with a stationary O2 atmosphere only led to poor conversion 

(table 13, entry 1). In contrast, when a stream of oxygen was bubbled through the solution, 

conversion was highly improved. Surprisingly aldehyde 280 was formed selectively (entry 2). This 

must be related to the ketone moiety, which of course, can also coordinate the Pd-catalyst. 
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Applying MnO2 as the stoichiometric oxidant led to the dominant formation of methyl ketone 279 

together with minor amounts of aldehyde 279 but in an overall poor yield. While screening 

conditions, surprisingly, it was found that the application of catalytic amounts of Pd(OAc)2 and 

DMP as the stoichiometric oxidant led to the exclusive formation of desired methyl ketone 279 in 

an acceptable yield of 60% (entry 4). 

Table 13: Screening of condition of the Wacker-oxidation of olefin 278. 

 

entry conditions result 

1 0.2 eq. PdCl2, 1 eq. CuCl, DMF/H2O (7:1), O2 (balloon), rt slow conversion 

2 0.2 eq. PdCl2, 1 eq. CuCl, DMF/H2O (7:1), O2 (balloon, stream), 

rt 

43% 280 

3 0.2 eq. PdCl2, 4 eq. MnO2, MeCN/H2O (7:1), rt 38% 279/280 (5:1) 

4 0.2 eq. Pd(OAc)2, 1.5 eq. DMP, MeCN/H2O (7:1), rt 60% 279 

 

With the desired methyl ketone 279 in hand, the planned aldol addition could be tested. The use 

of methanol as a protic solvent was avoided as similar substrate 233 tended to undergo 

desilylation under basic protic conditions. Interestingly, the application of the sterically hindered, 

strong bases KHMDS and LDA led to no conversion of the starting material 279, even at room 

temperature (table 14, entries 1 & 2). This observation validated the assumption that the 

decomposition of hydroxylated substrate 233 was related to the tertiary alcohol functionality (see 

scheme 53). Unfortunately, even under the addition of HMPA for the activation of the lithium 

enolate, no conversion was observed at room temperature (entry 3). It seemed that the 

envisioned aldol addition was not favored. Potentially, as the aldol addition process is reversible, 

another explanation might be that the addition-product was formed as an intermediate, but the 
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starting material was reformed upon work-up. An aldol condensation under thermodynamic 

conditions was tested to render the aldol reaction irreversible. Treatment of diketone 279 with 

KOtBu in THF or benzene led to no conversion at room temperature and decomposition at 

elevated temperatures (entries 4 & 5). The attempt of a Lewis acid-mediated aldol addition 

applying TBS-triflate only led to the formation of a complex, inseparable mixture of silyl enol 

ethers (entry 6).  

Table 14: Attempts of the planned intramolecular aldol reaction of diketone 279. 

 

entry conditions result 

1 1.2 eq. KHMDS, THF, -78 °C to rt no conversion 

2 1.2 eq. LDA, THF, -78 °C to rt no conversion 

3 1.2 eq. LDA, 2 eq. HMPA, THF, -78 °C to rt no conversion 

4 0.2 eq. KOtBu, THF, rt to reflux decomposition 

5 0.2 eq. KOtBu, PhH, rt to reflux decomposition 

6 3 eq. TBSOTf, 5 eq. NEt3, THF, 0 °C complex mixture 

 

As the envisioned ring-closure by aldol reaction did neither work for substrate 233, containing the 

tertiary alcohol, nor substrate 279, not including the alcohol, another option for the ring-closure 

was considered. The 1,4-addition of an isopropenyl anion was planned to enable an RCM after 

Rubottom oxidation and 1,2-addition of a vinyl anion. Subsequent deoxygenation should lead to 

the key intermediate 283 (scheme 55). 
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Scheme 55: An adapted synthetic approach toward intermediate 283. 

For the desired 1,4-addition, first, Normant cuprates were tested for accessibility reasons, 

applying commercially available Grignard reagent 284.[173] Besides CuI as the conventional 

copper(I) source (table 15, entry 1), the copper(I)bromide-DMS adduct was applied under the use 

of the Lipshutz protocol,[144] which turned out to be most efficient in the 1,4-addition of vinyl 

cuprates to substrate 234 as described in chapter 2.5.4.[144] The reaction was tested with (entry 3) 

and without (entry 2) the addition of TMSCl as Lewis acid for the enone activation. As in the other 

cases, no conversion of the starting material was observed, even at room temperature. Also, 

Gilman cuprates were tested.[174] The lithium organyl was prepared from the corresponding vinyl 

bromide 285 by lithium-halogen exchange with tBuLi, and the cuprate was subsequently prepared 

in situ by transmetallation. Besides the classical conditions (entry 4), several additives were 

tested, which were described in the literature to enhance the reactivity of either the cuprate or 

the enone. The addition of tributyl phosphine as a ligand for the cuprate (entry 5)[175] or HMPA 

with or without the addition of TMSCl as Lewis acid (entries 6 & 7),[176] did not lead to any 

conversion, even at room temperature. The addition of boron trifluoride as a strong Lewis acid to 

activate the enone 234[177, 178] led to the rapid formation of the previously observed aromatized 

product 253 (entry 8, see table 10, chapter 2.5.4). These observations indicated that all applied 

cuprates were not stable enough at reaction temperatures at which a 1,4 reaction could have 

potentially taken place. 
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Table 15: Attempts of the planned 1,4-addition of isopropenyl nucleophiles to enone 234. 

 

entry conditions result 

1 0.2 eq. CuI, 3.0 eq. 284, THF, -78 °C to rt no conversion 

2 1.0 eq. CuBr·SMe2, 1.0 eq. LiCl, 3.5 eq. 284, THF, -78 °C to rt no conversion 

3 1.0 eq. CuBr·SMe2, 1.0 eq. LiCl, 3.5 eq. 284, 1.5 eq. TMSCl, 

THF, -78 °C to rt 

no conversion 

4 4.0 eq. tBuLi, 2.0 eq. 285, 1.0 eq. CuI, THF, -78 °C to rt no conversion 

5 2.0 eq. tBuLi, 1.0 eq. 285, 1 eq. CuI, 2.2 eq. PBu3, THF, -78 °C to rt no conversion 

6 4.0 eq. tBuLi, 2 eq. 285, 1.0 eq. CuI, 2.0 eq. HMPA, THF, -78 °C to rt no conversion 

7 4.0 eq. tBuLi, 2.0 eq. 285, 1.0 eq. CuI, 2.0 eq. HMPA, 1.5 eq. TMSCl, 

THF, -78 °C to rt 

no conversion 

8 4.0 eq. tBuLi, 2.0 eq. 285, 1.0 eq. CuI, BF3·OEt2, THF, -78 °C to rt 253 

 

A potential reason for the failure of the envisioned 1,4-addition could be the sterical hindrance 

of the starting material. The bulky OTBS group in the -ɹposition of the ketone could prevent an 

effective 1,4 attack of the cuprate. As the length of a silicon-carbon bond is bigger than the one 

of a carbon-carbon bond,[179] cuprates generated from vinyl bromide 288 were used for the 

1,4-addition to sterically demanding substrates.[180, 181] If the reaction worked, the product 289 

could be converted analogously, as shown in scheme 55. Subsequently, the resulting vinyl silane 

could be converted to intermediate 283 via conversion to the correspondent vinyl iodide and 

subsequent Pd-catalyzed methylation.[180, 182] 

For the reactions described in the following, vinyl bromide 288 was treated with tBuLi for a 

lithium-halogen exchange, and the resulting organo-lithium compound was used for the 
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preparation of the corresponding Gilman cuprate under the listed conditions. Under the use of 

CuI without additives, no conversion was observed even after warming the reaction to room 

temperature successively (entry 1). Also, applying the Lipshutz protocol did not change this 

outcome with or without the addition of TMSCl (entries 2 & 3).[144] The addition of tributyl 

phosphine or HMPA did not lead to conversion as well (entries 4 to 6). Also, the application of 

cyano cuprates derived from 288 did not bring the desired success (entries 7 & 8). 

Table 16: Attempts of the planned 1,4-addition to enone 234. 

 

entry conditions result 

1 4 eq. tBuLi, 2 eq. 288, 1 eq. CuI, THF, -78 °C to rt no conversion 

2 2 eq. tBuLi, 1 eq. 288, 1 eq. CuBr·SMe2, 1 eq. LiCl, THF, -78 °C to rt no conversion 

3 2 eq. tBuLi, 1 eq. 288, 1 eq. CuBr·SMe2, 1 eq. LiCl, 1.5 eq. TMSCl, 

THF, -78 °C to rt 

no conversion 

4 2 eq. tBuLi, 1 eq. 288, 1 eq. CuI, 2.2 eq. PnBu3, THF, -78 °C to rt no conversion 

5 4 eq. tBuLi, 2 eq. 288, 1 eq. CuI, 2 eq. HMPA, THF, -78 °C to rt no conversion 

6 4 eq. tBuLi, 2 eq. 288, 1 eq. CuI, 2 eq. HMPA, 1.5 eq. TMSCl, THF, -

78 °C to rt 

no conversion 

7 2 eq. tBuLi, 1 eq. 288, 1 eq. CuCN, THF, -78 °C to rt no conversion 

8 2 eq. tBuLi, 1 eq. 288, 1 eq. LiCu(2-thienyl)CN, THF, -78 °C to rt no conversion 

 

As the desired late-stage aldol condensation in the previous approach failed with different 

substrates and under various conditions and strategies relying on the 1,4-addition of other 

nucleophiles failed as well, a novel approach comprising the promising key intermediate 234 was 

designed.  
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2.6 Approach VI: The Aldol-RCM-Conia-Ene Approach 

2.6.1 Retrosynthetic Analysis 

The target molecule 31 was led back to the ketone 291, which was planned to be converted to 

the natural product 31 by the lactone formation sequences discussed in chapter 2.1.1. Tetracyclic 

ketone 291 was intended to be obtained by a metal-catalyzed Conia-ene reaction[183] of alkynyl 

ketone 292, followed by reductive deoxygenation, possibly under Pd-catalysis.[184] The Conia-ene 

precursor 292 should be obtained by a Rubottom oxidation and a subsequent 1,2-addition, as 

well as some FGIs starting from TES-enol ether 293, that was planned to be generated starting 

from key intermediate 234 by 1,4-reduction, for example, by hydrosilylation.[185]  

 

Scheme 56: Retrosynthetic analysis of euphorikanin A (31) utilizing a Conia-ene reaction. 
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2.6.2 Attempt of a Conventional Conia-Ene Reaction 

For the preparation of the envisioned Conia-ene precursor 292, first, a 1,4-reduction of enone 234 

under the formation of a silyl-Ŝƴƻƭ ŜǘƘŜǊ ƻǊ ŘƛǊŜŎǘ ʰ-hydroxylation was necessary. Therefore, 

several conditions were tested. At first, hydride-based methodologies were applied. The use of 

L-selectride, which has been shown to perform selective 1,4-addition on cyclic enones,[186] 

surprisingly, led to 1,2-addition (table 17, entry 1). Also, the application of a copper(I)-catalyzed, 

DIBAL-H-mediated methodology for the 1,4-reduction of ketones led to the same result (entry 2). 

This was probably because of the strong steric hindrance due to the bulky TBS group, which 

already led to problems in the case of the 1,4-addition addressed in chapter 2.5.5. Consequential, 

complementary methodologies were tested. The application of the methodology employing the 

copper(I) hydride complex [(Ph3P)CuH]6 developed by Stryker et al. under the addition of TMSCl 

resulted in the formation of the aromatized product 253 (entry 3).[187] Birch conditions led to the 

formation of a complex product mixture (entry 4).[188] In consequence, attention was turned to 

transition-metal-catalyzed hydrosilylation reactions. Initial efforts were made employing the 

divinyl-disiloxane Pt0-based Karstedt's catalyst.[189] While the desired product 293 could be 

obtained, the reproducibility was rather bad. Independent of the reaction temperature and 

catalyst loading, often, no full conversion was observed after reaction times of multiple days 

(entries 5 & 6). Luckily, it was found that [Rh(OH)(cod)]2 catalyzed the desired transformation 

effectively and reproducibly (entry 7).[185] The optimization of this hydrosilylation of compound 

234 was part of the bachelor thesis of Nomi Busse in our group.[190] 
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Table 17: Screening of conditions for the 1,4-reduction of enone 234. 

 

entry conditions result 

1 1.5 eq. L-selectride, THF, -78 °C 294 

2 0.1 eq. CuI, 0.1 eq. MeLi, 1.2 eq. DIBAL-H, 3.0 eq. HMPA, THF, -78 °C 294 

3 0.32 eq. [(Ph3P)CuH]6, 2.0 eq. TMSCl, PhH, rt 253 

4 6.0 eq. Li, NH3, THF, -78 °C complex 

mixture 

5 10 mol% Karstedt's catalyst, Et3SiH, rt 25 - 63% 293 

6 10 mol% Karstedt's catalyst, Et3SiH, rt to 95 °C 16 - 65% 293 

7 1 mol% [Rh(OH)(cod)]2, Et3SiH/THF (1:1), rt 80 - 84% 293 

 

A postulated catalytic cycle for the transition-metal-catalyzed hydrosilylation of enones is 

depicted in scheme 57. The process commences with the oxidative addition of the silane's SiςH 

bond to the catalyst 295 to form metal hydride 296. This then can interact with enone 297 by ̀ - 

ŀƴŘ ˉ-coordination. Subsequently, insertion takes place, forming complex 299, which in the 

following can undergo reductive elimination to form the desired silyl-enol ether 300 and 

regenerate the catalyst 295. Besides the catalysts tested for the transformation, various other 

platinoid-based catalysts can be applied for similar transformations.[191-194] 
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Scheme 57: Postulated catalytic cycle for the transition-metal-catalyzed hydrosilylation of enones. 

As the synthesis of TES-enol ether 293 was successful, the subsequent Rubottom oxidation could 

be tested. Applying mCPBA as the oxidant, in this case, resulted in relatively low yields of the 

desired alcohol 301. Also, the reproducibility of the experiments was rather bad. This problem 

occurred using DCM, CHCl3, or ethyl acetate as solvent (table 18, entries 1 to 3). Fortunately, the 

use of the milder oxidant MMPP[195] led to the formation of product 301 in reproducibly good 

yield (entry 4). 
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Table 18: Screening of conditions for the Rubottom oxidation of TES-enol ether 293. 

 

entry conditions result 

1 1.1 eq. mCPBA, 2.0 eq. NaHCO3, DCM, 0 °C 23 -57% 

2 1.1 eq. mCPBA, 2.0 eq. NaHCO3, CHCl3, 0 °C 37% 

3 1.1 eq. mCPBA, 2.0 eq. NaHCO3, EA, 0 °C 40 - 59% 

4 0.55 eq. MMPPϊ6 H2O, 2.0 eq. NaHCO3, DCM/MeOH (1:1), 0 °C 80% 

 

Subsequently, the propargyl moiety was introduced to ketone 301 by Grignard addition applying 

the commercially available 1-propynylmagnesium bromide. Thus, diol 302 was obtained in 

quantitative yield. While substrate 302 showed no reactivity towards TBAF, desilylation 

proceeded smoothly under acidic conditions in methanol. Due to the high polarity, aqueous work-

up was omitted at this step. Subsequent oxidation by IBX led to the formation of Conia-ene 

precursor 292 in good yield.[84] 

 

Scheme 58: Synthesis of the Conia-ene precursor 292. 

Recrystallization of ketone 292 from toluene provided single crystals of the compound, which 

allowed unambiguous confirmation of the correct stereochemistry (figure 9). 
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Figure 9: ORTEP of 292 with ellipsoids drawn at 50% level and hydrogen atoms omitted for clarity. 

With ketone 292 in hand, the planned Conia-ene reaction could be tested. The Conia-ene reaction 

is a long-known methodology for the construction of five- and six-membered carbocycles by 

thermal sigmatropic cyclization of enolizable carbonyls with tethered unactivated alkyne or 

alkene moieties. This represents a variation of the classical ene reaction, which is a thermally 

allowed all suprafacial [ˉ2Ҍˉ2Ҍˋ2] sigmatropic rearrangement regarding the Woodward-

Hoffmann rules (part A, scheme 59).[56] The conventional thermal Conia-ene reaction was 

in-depth described by Conia and Perchec in 1975 (part B, scheme 59),[196] while in fact, a base-

catalyzed analogous reaction of specific substrates was already described in 1953 by Eglington 

and Whiting.[197] 
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Scheme 59: Classical ene reaction (part A) and example for a thermal Conia-ene reaction described by Conia and Perchec 
(part B).[56, 196] 

As for the classical thermal Conia-ene reaction in general, extremely high temperatures are 

necessary, and therefore the overall functional group tolerance is limited, in recent years, several 

catalytic versions of the Conia-ene reaction have been developed. A wide variety of transition-

metal-catalysts turned out to be applicable to the reaction. Besides dominantly used AuI-based 

catalysts,[198-200] for example CoI-,[201] NiII- and YbIII-,[202] FeIII-,[203] ZnII-,[204] InIII-,[205] CuI-[206] and 

Pd0-based[207] catalytic systems were developed. It is worth noting that all the aforementioned 

catalytic versions of the Conia-ene reaction ǳǎŜ ʲ-keto esters as substrates. They show a much 

higher CςI ŀŎƛŘƛǘȅ ƻƴ ǘƘŜ ʰ-position and therefore are much more easily enolizable. 

For the more challenging catalytic Conia-ene reaction of simple ketones with unactivated alkynes, 

a more limited set of protocols is known. One commonly used approach is the activation of the 

ketone by the formation of a silyl-enol ether and subsequent application of an AuI-based catalytic 

system as Ph3PAuCl in combination with AgBF4. This methodology was developed by Toste et 

al.[208] and was later, for example, used in Plietker's synthesis of some picrotoxane alkaloids.[209] 

Another mode of activation developed by Dixon et al. is represented by amine-copper 

co-catalysis. By the application of chiral amines for the enamine-formation, desymmetrization 

could be achieved in the course of the reaction.[210] Dixon's methodology was shown to represent 

a viable alternative for the more conventional activation in the form of a silyl-enol ether in 

Plietker's aforementioned synthesis of picrotoxane alkaloids.[209] More recently, an 

enantioselective Conia-ene reaction of simple linear ketones was reported by Wasa et al. by the 
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cooperative action of B(C6F5)3 as Lewis acid, a sterically hindered NȤalkylamine as Lewis base, and 

a Zn-based catalyst.[183] In addition to the metal-catalyzed Conia-ene reaction also, the more 

conventional base-catalyzed versions have to be mentioned. For example, a Conia-ene reaction 

of a cyclohexanone with a tethered alkyne catalyzed by KOtBu was applied in an early stage of the 

total synthesis of (+)-waihoensene by Huang and Yang et al.[211] 

As the substrate 292 for the envisioned Conia-ene reaction represents a non-activated simple 

ketone, the application of the latter methodologies was prioritized. Nonetheless, the application 

of the most common AuI-based catalysts together with different additives was tested. A 

hypothetical mechanism for the envisioned reaction is depicted in scheme 60. The catalytic cycle 

starts with the coordination of alkyne 310 by the catalytically active cationic AuI-species 309. 

Subsequent tautomerization allows the attack of the enol 312 on the activated triple bond via 

transition state 313. Protodeauration of intermediate 314 leads to the formation of the desired 

product 315 and regeneration of the catalytically active AuI-species 309. 

 

Scheme 60: Envisioned catalytic cycle of the AuI-catalyzed Conia-ene reaction.[198] 
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In the initial attempts toward the envisioned Conia-ene reaction of ketone 292, conventional AuI-

based catalysts, as described by Toste et al., were tested.[198] Ph3PAu(OTf) was prepared in situ by 

the combination of Ph3PAuCl and Ag(OTf) (table 19, entry 1). At room temperature, no conversion 

was observed, while at elevated temperatures, only decomposition took place. The same result 

was obtained under the use of Ph3PAu(NTf2) (entries 2 & 3). Subsequently, a base-catalyzed 

Conia-ene reaction, as described by Huang and Yang, was attempted.[211] Unfortunately, upon the 

addition of KOtBu to the substrate in DMF, only decomposition took place (entry 4). Also, under 

copper(I)-amine co-catalysis, as described by Dixon et al., no product formation was observed 

(entry 5).[210] Wasa's procedure for the Conia-ene reaction of unactivated ketones through 

cooperative action of B(C6F5)3, PMP, and ZnI2 or Ph3PAuCl was tested (entries 6 & 7). Upon use of 

Ph3PAuCl, decomposition took place at elevated temperatures, whereas the use of ZnI2 resulted 

in no conversion of the substrate 292. Additionally, in situ-formed Ph3PAu(BF4) was applied under 

the addition of water as a proton source. While no conversion was observed at room temperature 

decomposition took place at elevated temperatures (entry 8). 

Table 19: Attempts of the planned Conia-ene reaction of ketone 292. 

 

entry conditions result 

1 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(OTf), DCE, rt to reflux decomposition 

2 0.1 eq. Ph3PAu(NTf2), DCE, rt to reflux decomposition 

3 0.1 eq. Ph3PAu(NTf2), PhMe, rt to reflux decomposition 

4 0.5 eq. KOtBu, DMF, rt decomposition 

5 5 mol% Cu(OTf), 0.2 eq. PPh3, 0.2 eq. pyrrolidine, DMF, 70 °C slow decomposition 

6 0.1 eq. Ph3PAuCl, 0.1 eq. B(C6F5)3, 0.2 eq. PMP, DCE, rt to reflux decomposition 

7 0.1 eq. ZnI2, 0.1 eq. B(C6F5)3, 0.2 eq. PMP, DCE, rt to reflux no conversion 

8 0.1 eq. Ph3PAuCl, 0.1 eq. AgBF4, DCE/H2O (10:1), rt to reflux decomposition 
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As decomposition of the substrate 292 took place under most of the applied conditions, and this 

process was most likely related to interactions of the applied Lewis acids or bases with the diol 

motif, protection of it was attempted. For 1,2-diols, several protecting groups are known in the 

literature, such as cyclic carbonates, thiocarbonates, acetals, or siloxanes. The installation of all 

the aforementioned moieties at the diol 292 was attempted (table 20). The treatment of diol 292 

with O-phenyl chlorothioformate under literature-known basic conditions[212] for the formation 

of thiocarbonate 317 did not result in any conversion of the starting material, even at elevated 

temperatures (entries 1 & 2). The addition of catalytic amounts of DMAP led to decomposition 

(entry 3). For the construction of carbonate 318, first CDI (141) was employed.[213] Under neutral 

conditions, even at elevated temperatures, no conversion was observed (entry 4). The addition 

of catalytic amounts of DMAP resulted in the decomposition of the starting material 292 (entry 5). 

The application of triphosgene in the attempted synthesis of carbonate 318 led to decomposition 

already at low temperatures with (entry 7) and without DMAP addition (entry 6).[214] The attempts 

to obtain cyclic acetal 320 also did not lead to the desired product under the application of 

2-methoxypropene (entry 8) or 2,2-dimethoxypropane (entry 9) under acidic conditions. The 

synthesis of the cyclic siloxane 319 under the application of Corey's protocol failed as well 

(entry 10).[215] Treatment of substrate 292 with iPr2Si(OTf)2 with the addition of lutidine led to 

decomposition. 
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Table 20: Attempts of the protection of diol 292. 

 

entry conditions result 

1 2.0 eq. PhOC(S)Cl, py, DCM, rt to reflux no conversion 

2 2.0 eq. PhOC(S)Cl, py, DCE, rt to reflux no conversion 

3 2.0 eq. PhOC(S)Cl, 0.2 eq. DMAP, py, DCE, rt to reflux decomposition 

4 2.0 eq. CDI (141), PhMe, rt to reflux no conversion 

5 2.0 eq. CDI (141), 0.2 eq. DMAP, PhMe, rt to reflux decomposition 

6 0.5 eq. triphosgene, py, DCM, 0 °C decomposition 

7 0.5 eq. triphosgene, 0.1 eq. DMAP, py, DCM, 0 °C decomposition 

8 5.0 eq. 2-methoxypropene, 0.2 eq. CSA, DCM, rt to reflux decomposition 

9 5.0 eq. 2,2-dimethoxypropane, 0.2 eq. CSA, DCM, rt to reflux no conversion 

10 1.1 eq.  iPr2Si(OTf)2, 5.0 eq. lutidine, DCM, 0 °C decomposition 
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During the experiments towards the formation of a silyl-enol ethers of ketone 292, discussed in 

the next paragraph, it was found that treatment of the substrate with TMSCl, NEt3, and NaBr for 

the in situ formation of TMSBr did not result in the desired formation of the TMS-enol ether[216] 

but in the selective TMS-protection of the sterically less hindered propargylic alcohol of 

substrate 292. The compound 321 obtained in this way was further tested as a substrate for the 

envisioned Conia-ene reaction (table 21). The application of all the conditions described in 

table 21 for the unprotected substrate 292 substantially led to the same results (entries 1 to 7 & 

10). While the TMS-protected substrate 321 was slightly more stable under the applied 

conditions, and decomposition took place more slowly and at higher temperatures, the overall 

outcome was still the same, and no formation of the desired Conia-ene product 322 was 

observed. In addition to the before-tested conditions, an alteration of Wasa's protocol was 

attempted. When the addition of PMP as a basic additive was omitted, rapid decomposition took 

place (entry 8). Meanwhile, when no B(C6F5)3 was added, no conversion was observed at all 

(entry 9). Finally, the addition of methanol as a proton source to possibly facilitate 

protodeauration[217] resulted in the formation of a complex product mixture (entry 11). The crude 

NMR of this mixture indicated the addition of methanol to the triple bond of the substrate. This 

implied that the desired activation of the alkyne took place, but the ketone did not seem to be 

reactive enough to attack. 
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Table 21: Attempts of the Conia-ene reaction of TMS-protected compound 321. 

 

entry conditions result 

1 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(OTf), DCE, rt to reflux slow decomposition 

2 0.1 eq. Ph3PAuNTf2, DCE, rt to reflux slow decomposition 

3 0.1 eq. Ph3PAu(NTf2), PhMe, rt to 80 °C slow decomposition 

4 0.5 eq. KOtBu, DMF, rt decomposition 

5 5 mol% Cu(OTf), 0.2 eq. PPh3, 0.2 eq. pyrrolidine, DMF, 70 °C slow decomposition 

6 0.1 eq. Ph3PAuCl, 0.1 eq. B(C6F5)3, 0.2 eq. PMP, DCE, rt to reflux slow decomposition 

7 0.1 eq. Ph3PAuCl, 0.1 eq. AgBF4, DCE/H2O (10:1), rt to reflux decomposition 

8 0.1 eq. Ph3PAuCl, 0.2 eq. PMP, DCE, rt to reflux decomposition 

9 0.1 eq. Ph3PAuCl, 0.1 eq. B(C6F5)3, DCE, rt to reflux no conversion 

10 0.1 eq. ZnI2, 0.1 eq. B(C6F5)3, 0.2 eq. PMP, DCE, rt to reflux no conversion 

11 0.1 eq. Ph3PAu(NTf2), 2.0 eq. MeOH, PhMe, rt to 80 °C complex mixture 

 

As the ketone 321 itself seemingly was not reactive enough under the applied conditions to 

undergo a Conia-ene reaction, it was tested to activate it by the formation of silyl-enol ethers 323, 

324 & 325. This represents the most common strategy for solving the present issue.[208, 209] 

Unfortunately, the transformation turned out to be non-trivial. In the cases where conversion 

was obtained, the formed product turned out to be extremely unstable. While conversion was 

detected by TLC, clean isolation and characterization failed under any conditions. Hence, the 

crude product was directly subjected to the most common conditions for the Conia-ene reaction 

of silyl-enol ether (table 22). First, the formation of a TBS-enol ether 323 was attempted under 

various conditions (entries 1 to 4), and the obtained crude product was subjected to the 
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conditions described by Toste et al. for the envisioned Conia-ene reaction.[208] As this was not 

successful and only led to decomposition, the formation of the more reactive TMS-enol ether 324 

was tried (entries 5 to 7), but with the same outcome. In the last attempt, the formation of the 

more stable TIPS-enol ether 325 failed, presumably due to steric reasons (entries 8 & 9). 

Table 22: Attempts of the Conia-ene reaction after silyl-enol ether formation. 

 

entry conditions result 

1 a) 2.4 eq. LDA, 2.4 eq. TBSCl, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

2 a) 2.4 eq. LDA, 2.4 eq. TBSOTf, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

3 a) 5.0 eq. lutidine, 3.0 eq. TBSOTf, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

4 a) 2.4 eq. LiHMDS, 2.4 eq. TBSOTf, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

5 a) 2.4 eq. LDA, 2.4 eq. TMSCl, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

6 a) 5.0 eq. NEt3, 3.0 eq. TMSOTf, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

7 a) 2.4 eq. LDA, 2.4 eq. TMSOTf, THF, -78 °C to rt 

b) 0.1 eq. Ph3PAuCl, 0.1 eq. Ag(BF4), DCM/H2O (10:1), rt to reflux 

decomposition 

8 a) 2.4 eq. LDA, 2.4 eq. TIPSOTf, THF, -78 °C to rt no conversion 

9 a) 5.0 eq. lutidine, 3.0 eq. TIPSOTf, THF, -78 °C to rt no conversion 
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Considering the results of these extensive experiments, also the approach relying on the Conia-

ene reaction of the substrates 292 and 321 was discarded. 

 

2.6.3 Adapted Conia-Ene Approach 

Tricyclic ketone 301 seemed like an extremely promising intermediate on the route towards 

euphorikanin A (31), as it was obtainable by a relatively short and reliable synthesis and already 

included three of the four carbocycles, the central tertiary alcohol, and five of the eight 

stereocenters in the correct way. Hence, a last attempt was made to close the final carbocyclic A-

ring of the target molecule 31. The admittedly naive initial idea was to reproduce the synthesis of 

the Conia-ene precursor 292 with the only difference of using the anion of ethyl ethynyl ether for 

the 1,2-addition. Even if the Conia-ene reaction of this type of alkynyl ethers is not 

literature-known to the best of our knowledge, the long-known transformations[218] of addition 

products similar to 326 under Lewis- and Brønsted-acidic conditions indicated a chance. If the 

Conia-ene reaction had worked, diketone 327 would have been formed. The plan was to convert 

this intermediate 327 to intermediate 291 by a sequence of aldol elimination, hydroxyl-directed 

1,4-reduction, vinyl triflate formation, and Pd-catalyzed methylation. Finally, compound 291 was 

intended to be converted to target molecule 31 by lactone formation (see chapter 2.1.3). 
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Scheme 61: An adapted approach for the synthesis of euphorikanin A (31) starting from tricyclic ketone 301. 

The initial 1,2-addition of the deprotonated ethynyl ethyl ether (328) proceeded smoothly 

(scheme 62) after the deprotonation with nBuLi leading to the selective formation of alkyne 329. 

 

Scheme 62: 1,2-Addition of 328 to ketone 301. 

After the 1,2-addition, TBS-deprotection was planned to enable the synthesis of the desired 

Conia-ene precursor 326 by oxidation. As already observed for similar compound 302 (see 

chapter 2.6.2), treatment of the TBS-ether 329 with TBAF did not lead to the formation of the 

desired product even at elevated temperatures. When compound 329 was treated with acid in a 

protic solvent, which turned out to be effective for the TBS-deprotection before, the 

,h -̡unsaturated ester 330 was obtained selectively (scheme 63), indicating that the TBS-ether 

was more stable than the present propargylic alcohol motif in this case. The reaction is known for 

this kind of substrates,[218] but it was assumed that harsher conditions would be necessary.  
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Scheme 63: {ȅƴǘƘŜǎƛǎ ƻŦ ʰΣʲ-unsaturated ester 330. 

The envisioned Conia-ene reaction was no option anymore, considering the previous results. With 

this unprecedented h Σʲ-unsaturated ester 330 in hands, a sequence of 1,4-reduction, 

TBS-deprotection, and oxidation was envisioned. This should lead to the precursor 331 suitable 

for a Claisen condensation, which should finally facilitate the synthesis of the desired diketone 

327. Hence, a 1,4-reduction was applied next under conditions enabling the direction of the 

1,4-reduction process by the tertiary alcohol to obtain the desired stereochemical outcome. For 

the transformation, only conditions selective for 1,4-reduction were applied. Protocols for 

directed hydrogenation involved the danger of hydrogenation of the other alkene included in 

molecule 330, which is in close proximity to the hydroxyl group. The first protocol applied was the 

alkoxide-directed 1,4-reduction by DIBAL-H (table 23, entry 1) or LAH (entry 2), which was 

described by Liotta et al. It was reported that these hydride sources would enable a selective and 

directed 1,4-reduction at elevated temperatures by rapid coordination and subsequent 

intramolecular delivery of the hydride.[219] ¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ ǘƘŜ ʰΣʲ-unsaturated 

ester 330 under the described conditions only led to decomposition. The application of Pak's 

protocol for the 1,4-reduction ƻŦ ʰΣʲ-unsaturated esters by magnesium in methanol resulted in 

decomposition (entry 3),[220] as well as the application of Birch conditions (entry 4). In contrast, 

use of Stryker's reagent led to no conversion of the starting material 330 (entry 5). Finally, the 

application of Yokoyama's protocol utilizing SmI2 under the addition of DMA[221] led to the clean 

conversion to a single product on a small scale. As the NMR data acquired (too little material for 

13C-NMR) looked like the desired product 331 was formed, the remaining 8 mg of h Σʲ-unsaturated 

ester 330 were converted under the same conditions (entry 6). Proper characterization of the 

compound showed that, actually, elimination product 332 was formed. 
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Table 23: Attempts of the 1,4-reduction of h Σʲ-unsaturated ester 330. 

 

entry conditions result 

1 2.4 eq. DIBAL-H, DME, reflux decomposition 

2 1.1 eq. LAH, DME, reflux decomposition 

3 30 eq. Mg, MeOH, rt decomposition 

4 6.0 eq. Li, NH3, THF, -78 °C decomposition 

5 0.32 eq. [(Ph3P)CuH]6, PhH, rt to reflux no conversion 

6 3.0 eq. SmI2, THF/DMA (10:1), rt 41% 332 

 

At this point, no material was left to test further conditions for the desired 1,4-reduction. 

 

3 Summary and Outlook 

Several synthetic approaches toward the total synthesis of euphorikanin A (31) were explored in 

this thesis. While the first four approaches relied on the enantioselective synthesis of lactone 121 

and further functionalization and subsequent cyclizations, the later synthetic planning started 

from the literature-known bromoenone 236, which can be obtained from commercially available 

(+)-3-carene (39). 
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Scheme 64: Overview of the approaches towards the total synthesis of euphorikanin A (31). 

In the course of the first approach, the bicyclic lactone 121 could be prepared in three 

literature-known steps from commercially available prenol (122) by enantioselective 

cyclopropanation as the key step.[80] After lactone-opening, diene 129 could be obtained in a 

four-step sequence involving a Ti-mediated alkyne-alkyne coupling. Subsequently, carboxylic 

acid 135 was generated over three steps. The C-6 stereocenter was introduced by asymmetric 

hydrogenation. It took four further transformations to finally obtain the precursor 119 for the 

envisioned Nazarov-Diels-Alder cascade reaction, which thus could be obtained in 14 steps and 

8% overall yield. Unfortunately, the key step then failed under various conditions due to the 

severe instability of the TMS-diene motif. 

 

Scheme 65: Overview of approach I. 
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Due to the observed instability of the TMS-diene motif in approach I, its construction was planned 

to be performed after the formation of the cyclopentenone. In order to do so, alcohol 152, which 

was obtained in four steps from prenol (122), was converted to its TBS-protected derivative and 

to its corresponding thioether, and both were converted to the respective precursor 153 and 154 

for the silicon-directed Nazarov cyclization in the same way as described before in 7 steps each. 

In this way, the TBS-protected substrate 153 could be obtained in 12 steps in 26% overall yield, 

and thioether 154 was synthesized in 12 steps and 31% overall yield. Unfortunately, the 

envisioned silicon-directed Nazarov cyclization did not work with both substrates, even under 

harsh conditions. 

 

Scheme 66: Overview of approach II. 

Subsequently, the cyclopentenone 156 was generated by a five-step sequence involving an RCM 

ǊŜŀŎǘƛƻƴ ŀƴŘ ŀƴ ƻǊƎŀƴƻŎŀǘŀƭȅǘƛŎ ʲ-vinylation of ŀƴ ʰΣʲ-unsaturated enone, that was formed by 

the reduction of amide 166 obtainable from prenol (122) on the previous route. 

Cyclopentenone 156 could be generated in this way in 16 steps and 2% overall yield. The 

subsequently planned oxidation-Pummerer sequence failed due to the opening of the 

cyclopropane ring under the applied conditions. 

 

Scheme 67: Overview of approach III. 
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In the final approach reliant on allylic alcohol 122, intermediate 194, already obtained in the 

course of approach II, was used. Aldehyde 194 was converted to aldehyde 196 in five simple 

transformations. Under the ǳǎŜ ƻŦ ŀƴ ƻǊƎŀƴƻŎŀǘŀƭȅǘƛŎ ʰ-hydroxymethylation, the differently 

substituted precursors 227 (17 steps, 20%), 195 (18 steps, 19%), and 228 (19 steps, 18%) for the 

Pauson-Khand reaction were obtained. Unfortunately, the desired tricyclic enones 229, 230, or 

231 could not be obtained with any of the substrates under any of the tested conditions. 

 

Scheme 68: Overview of Approach IV. 

For the approaches V and IV, the C/D-ring building block (236) was constructed starting from 

commercially available (+)-3-carene (39) employing five literature-known steps followed by a 

diastereoselective 1,4-addition in 19% overall yield. Aldehyde building block 235 was obtained in 

five steps and 61% yield starting from D-valine derived auxiliary 246. Both building blocks were 

combined in a reductive aldol addition, and after four more transformations, including an RCM, 

key intermediate 234 was obtained in 11 steps and 14% yield in the longest linear sequence. 
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Scheme 69: Overview of the synthesis of key intermediate 234. 

The key intermediate 234 was then converted to the diketones 233 and 279. Diketone 233, 

containing the tertiary alcohol, was obtained in 14 steps and 5% overall yield. Diketone 279 

without the tertiary alcohol was obtained in 13 steps and 7% overall yield. The planned formation 

of the A-ring by aldol addition or aldol condensation did not deliver the desired products 274 and 

281 under any of the tested conditions with both substrates. 

 

Scheme 70: Overview of Approach V. 
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In approach VI, key intermediate 234 was converted to the Conia-ene precursor 292 by five simple 

transformations. Compound 292 was obtained in 16 steps in 6% overall yield. Unfortunately, the 

planned Conia-ene reaction did not proceed under any of the tested conditions. 

 

Scheme 71: Overview of approach VI. 

Due to a lack of material and time, the final approach could not be fully elaborated. On the way 

to test the Conia-ene reaction with an ethoxyalkyne, it was found ǘƘŀǘ ǘƘŜ ʰΣʲ-unsaturated 

ester 330 could be obtained starting from key intermediate 234 in 4 steps. So far, the only defined 

product that was obtained upon the subjection of the h Σʲ-unsaturated ester 330 to 1,4-reduction 

conditions was ester 332. 

 

Scheme 72: Overview of adapted approach VI. 

In conclusion, construction of the final A-ring of the target molecule 31 from intermediate 234 

was not possible, employing different reaction types and different directions of the construction 

under a multitude of conditions. Nevertheless, intermediate 234 should be considered in future 

attempts to construct the natural product 31 as it already contains three of the four carbocycles 

and four of the eight stereocenters.  

Besides further experimentation towards a selective 1,4-reduction ƻŦ ǘƘŜ ʰΣʲ-unsaturated 

ester 330 to pursue the synthetic plan described in chapter 2.6.3, the plan could also be adapted. 
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One option would be to omit the construction of the tertiary alcohol by Rubottom oxidation. In 

this way, the observed problems due to alcohol elimination in the SmI2-mediated 1,4-reduction 

could be circumvented, potentially leading to intermediate 333. This could be converted to 

intermediate 334 in the ways described in chapter 2.6.3. 

 

Scheme 73: Potential synthesis of intermediate 334. 

Only the lactone ring would need to be constructed to finish the total synthesis of 

euphorikanin A (31) using intermediate 334. CςH oxidation would be necessary in order to 

achieve that. The most efficient way to conduct the CςH oxidation would start with the synthesis 

of carboxylic acid 335. The carboxylic acid moiety could then be used as a directing group for the 

CςH oxidation, which would lead to lactone formation and, thus, the desired natural product 31. 

Analogous carboxylic-acid-directed CςH oxidations for the formation of butyrolactones were 

described in the literature under copper- and iron-catalysis.[222-224] 

 

Scheme 74: Potential endgame for the total synthesis of euphorikanin A (31). 

Additionally, there are several other promising options for the desired CςH oxidation in the case 

that the reaction under carboxylic acid direction would not work. The ketone 334 could be 

reduced, and the resulting alcohol could be used to attach other covalently bound directing 

groups such as carbamates,[225] silanes,[226] or N-hydroxyamides.[227] 
















































































































































































































































































































