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ABSTRACT 

PART I - TOTAL SYNTHESIS OF (-)-PF-1018 

The family of polyketide natural products arising from 1,3,5-cyclooctatriene intermediates has grown 

significantly in the last decade. The oldest and most famous members of this family are the endiandric acids, 

and more recently natural products such as the elysiapyrones, kingianins and ocellapyrones have been 

isolated and synthesized. The reaction cascades that yield these compounds commence from conjugated 

E,Z,Z,E ǘŜǘǊŀŜƴŜǎΣ ǿƘƛŎƘ ǳƴŘŜǊƎƻ ŀƴ уˉκсˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ sequence leading to bicyclo[4.2.0]octadienes. 

For some of these natural products, such as endiandric acid C, this cascade is followed by an intramolecular 

Diels-Alder reaction. (-)-PF-1018 can also be considered a member of this family, since this polyketide 

originates from a 1,3,5-cyclooctatriene precursor. However, (-)-PF-1018 is obtained through a variation of 

ǘƘŜ уˉκсˉκDiels-Alder cascade: the cyclooctatriene intermediate is intercepted by a dienophile in an 

intramolecular [4+2] cycloaddition, bypassing tƘŜ сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ǎǘŜǇΦ This unique reactivity defines 

the unprecedented structure of (-)-PF-1018, which comprises a tricyclic 8/6/5 ring system bearing 6 

contiguous stereocentres. This core is linked to a bicyclic tetramic acid by an ethylene linker. 

 

 

The first part of this thesis describes the total synthesis of (-)-PF-1018. The key cascade reaction started 

with a polyene bearing a doubly protected syn-diol responsible for the divergent reactivity that led to the 

[4+2] cycloaddition. In the absence of these hydroxy groups the corresponding polyene underwent the 

άŎƭŀǎǎƛŎalέ уˉκсˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ŎŀǎŎŀŘŜΦ ¢ƘŜ ǘǊƛŎȅŎƭƛŎ ŎƻǊŜ ǿŀǎ ŦǳǊǘƘŜǊ ŜƭŀōƻǊŀǘŜŘ ōȅ ƳŜŀns of a 

Barton-McCombie reaction which yielded the desired product together with an unexpected tetracycle. 

Both intermediates reconverged into an aldehyde which was transformed into (-)-PF-1018 via a 

Horner-Wasworth-Emmons reaction. 
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PART II ς DEVELOPMENT OF PHOTOSWITCHABLE GABAA RECEPTOR POTENTIATORS 

GABAA receptors are ionotropic receptors ubiquitous in the central nervous system which are activated by 

gamma-aminobutyric acid (GABA). The binding of two molecules of GABA induces pore opening causing a 

flow of chloride anions into the cell which inhibits neurotransmission. The activity of these receptors can be 

modulated by different drugs, the most prevalent of which are benzodiazepines and Z-drugs. These 

compounds induce current potentiation by increasing the affinity of the GABAAR for the GABA 

neurotransmitter. Benzodiazepines and Z-drugs show low specificity for the different GABAAR subtypes, and 

therefore cause undesired side effects such as drowsiness, anterograde memory loss and ataxia. Although 

the binding site and binding modes of benzodiazepines have been recently elucidated, other binding 

pockets for these drugs exist. In the case of Z-drugs, it is known that they bind the benzodiazepine binding 

site, but their binding mode has yet to be described. 

 

 

In the second part of this thesis we describe the principles of design and the synthesis of a photoswitchable 

benzodiazepine. The azo-extension approach on the benzodiazepine scaffold relied on the early 

introduction of the azobenzene moiety at the ortho-position of the pendant phenyl ring. This resulted in the 

isolation of new azobenzophenone intermediates as well as the envisioned azobenzodiazepine. 

 

We also describe the design and synthesis of the first reported photoswitchable Z-drugs. The design was 

built on a lead compound found in a virtual screening campaign based on the benzodiazepine binding 

model. Given the high affinity of the parent compound for the GABAAw ŀƴŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴ άŀȊƻǎǘŜǊeέ 

in its structure, we decided to synthesize a series of photochromic ligands using an azologization approach. 

Again, the strategy relied on the early introduction of the azobenzene moiety, giving rise to new types of 

heterocyclic azobenzenes. 
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IR  infrared 
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spectroscopy) 
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KR   ketoreductase 
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 ˂  wavelength 

L   ligand 
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1. Introduction 

1.1 1,3,5-Cyclooctatriene: Thermal Electrocyclizations 

and Historical Perspective 
 

The first synthesis of 1,3,5-cyclooctatriene (1.4 or simply cyclooctatriene) was reported by Richard 

Willstätter and Hans Veraguth in 1905 as an intermediate in the synthesis of cyclooctatetraene (1.7).[1] 

Starting from pseudopelletierine (1.1), a natural product present in the root-bark of the pomegranate tree, 

1.4 could be obtained through ketone reduction and dehydration of the resulting alcohol followed by two 

consecutive Hofmann eliminations of the amino bridge present in 1.2 (Scheme 1.1, A). Three decades later, 

American chemists including Hurd, Drake, Horning, Goldwasser or Taylor, who could not reproduce these 

results argued that the product isolated by Willstätter could not be identified as cyclooctatetraene.[2ς5] In 

1947 however, Arthur C. Cope reproduced WillstätǘŜǊΩǎ ǊŜǎǳƭǘǎ ŀƴŘ ŎƻǊǊƻōƻǊŀǘŜŘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ 

cyclooctatetraene (1.7) by comparison to a sample obtained by the method of Walter Reppe from BASF 

Ludwigshafen, who synthesized 1.7 from acetylene in the presence of a nickel catalyst at high pressures.[6,7] 

The previous laborious synthesis of 1,3,5-cyclooctatriene from pseudopelletierine did not allow for isolation 

of large quantities of 1.4Σ ōǳǘ ōȅ wŜǇǇŜΩǎ ƳŜǘƘƻŘ significant amounts of cyclooctatetraene, a near 

precursor, could be readily prepared. This prompted Cope and others to develop a method in which 1.7 was 

transformed into a mixture of 1,3,5-cyclooctatriene and 1,3,6-cyclooctatriene under Birch conditions. 

Treatment of the mixture with potassium tert-butoxide yielded solely the conjugated isomer (Scheme 1.1, 

B).[7,8] 

¸ŜŀǊǎ ƭŀǘŜǊΣ ƛƴ мфсрΣ ŎƻƛƴŎƛŘƛƴƎ ǿƛǘƘ ǘƘŜ ǇǳōƭƛŎŀǘƛƻƴ ƻŦ ²ƻƻŘǿŀǊŘ ŀƴŘ IƻŦŦƳŀƴΩǎ ŀǊǘƛŎƭŜ which established 

the rules for pericyclic reactions, the first synthesis of 1,3,5-cyclooctatriene from a linear precursor was 

developed by Ziegenbein using a method by Meister, which consisted of partial hydrogenation of diyne 1.8, 

obtained by Glaser coupling of vinylacetylene, (Scheme 1, C) followed by an 8̄ electrocyclization.[9,10] This 

sequence was later used in the synthesis of endiandric acids by Nicolaou, as described in Chapter 1.2.1. 

 

Scheme 1.1. Overview of the different synthetic routes towards cyclooctatriene in chronological order. 

 

In 1950, Cope was intrigued by the slight variations found in the refractive indices of different samples of 

1,3,5-cyclooctatrienes. Upon distillation of 1.4 at unusually high temperatures (80 ºC instead of 40 ºC), which 
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ǇǊŜǎǳƳŀōƭȅ ǘǊƛƎƎŜǊŜŘ ŀ сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴΣ ŀƴŘ ǘǊŜŀǘƳŜƴǘ ƻŦ ǘƘŜ ŦǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ƭƻǿŜǎǘ ǊŜŦǊŀŎǘƛǾŜ ƛƴŘŜȄ 

with silver nitrate, bicyclo[4.2.0]octa-2,4-diene (1.10) was isolated.[11] Its structure was confirmed by 

hydrogenation to bicyclo[4.2.0]octane and by separate Diels-Alder reaction with succinic anhydride. Cope 

ǊŜŎƻƎƴƛȊŜŘ ǘƘŀǘ ǘƘŜ сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ǿŀǎ ŀ ǊŜǾŜǊǎƛōƭŜ ǊŜŀŎǘƛƻƴ ǎƛƴŎŜ ǳǇƻƴ ƘŜŀǘƛƴƎ 1.10 various amounts 

of cyclooctatriene were obtained. 

After the first description of the valence isomerization of cyclooctatriene by Cope and given its now easy 

access, many chemists studied the у /̄с  ̄reaction cascade of octatetranes,[12,13] with Huisgen being the 

most prolific for several years. 

 

 

Scheme 1.2 and Figure 1.1. Top. Activation energies for у  ̄and с  ̄electrocyclizations of 1.9 and 1.4 obtained 

by Huisgen experimentally(a) and calculated by Houk.(b) Bottom. Transition states for both transformations 

calculated by Houk (included with his permission).[20] 

 

Huisgen focused on the kinetics and thermodynamics of these electrocyclizations providing the first 

activation energy values, (1.9Ҧ1.4 = 17.0 kcal/mol and 1.4Ҧ1.10 = 27.8 kcal/mol, Scheme 1.2), reaction 

constants, distribution of the different species at different temperatures and substituent effects on the 

electrocyclization processes.[14ς17] In the case of 2,4,6,8-decatetraene for example, he described that the 

(E,Z,Z,E)-isomer cyclized fastest, followed by the (E,Z,Z,Z)-isomer and the all cis (Z,Z,Z,Z)-isomer, which was 

the slowest.[18] IŜ ŀƭǎƻ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ ǇǊƻŎŜǎǎŜǎ ǿŜǊŜ ŎƻƴǊƻǘŀǘƻǊȅ ŦƻǊ ǘƘŜ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ŀƴŘ 

ŘƛǎǊƻǘŀǘƻǊȅ ŦƻǊ ǘƘŜ сˉΣ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ²ƻƻŘǿŀǊŘ-Hoffman rules. At high temperatures (>140 ºC), 

ƘƻǿŜǾŜǊΣ άŦƻǊōƛŘŘŜƴέ ǇǊƻŎŜǎǎŜǎ ƻŎŎǳǊǊŜŘ ǘƻ ǎƻƳŜ ŜȄǘŜƴǘΦ[19] 

 

Scheme 1.3. Torquoselectivity in cyclooctatriene ring opening. The lowest energy transition state is the one 

in which the biggest substituent points out of the ring (outward), which in this case involves a clockwise 

rotation along the C-C axis next to the breaking sigma bond. Note that for ring closure, the positioning of 

the substituent in the transition state is predefined by the Z- or E- configuration of the terminal double bond. 
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Major contributions based on computational chemistry were later made by Kendall N. Houk. He reported 

the structures for transition states and made systematic studies on the influence of terminal substituents 

in the outcome of the cyclization cascade.[20ς23] ¢ƘŜ ǘƻǊǉǳƻǎŜƭŜŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǊŜǘǊƻ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ǿŀǎ 

one of the main subjects of study in these articles. This concept coined by Houk is defined as the preference 

of the terminal substituents to occupy an inward or an outward position during the transition state (Scheme 

1.3).[24,25] 

Unlike for cyclobutene, the electronic influence of the terminal substituents is not relevant in у  ̄

electrocyclizations given the low orbital overlap in the transition state.[21,25ς27] Steric bulk, however, plays an 

important role in determining the direction of rotation of the side chains, with the outward preferred in a 

vast majority of cases. Interestingly, Houk also provided an explanation as to why no natural products with 

a disubstituted endo-syn pattern at C7 and C8 in bicyclo[4.2.0]octadienes have been found. The transition 

state for such compounds is too high in energy due to the steric clash of the substituents with the hexadiene 

ring and with each other (Scheme 1.4 and Figure 1.2). 

 

 

 

Scheme 1.4 and Figure 1.2. Activation energies for the с  ̄electrocyclization of triene 1.12 and calculated 

structures of the transition states by Houk (included with his permission).[20] The energy difference of 4 

kcal/mol can explain why no disubstituted endo-C7,C8-syn natural products have been found. 

 

Regarding other electrocyclizations of cyclooctatriene, the relative energies of the transition states for с ̄

and 4̄  thermal electrocyclizations are respectively 18 and 32 kcal/mol higher than the activation energy 

for the у  ̄process.[27] This explains why such reactivities are scarcely observed (Scheme 1.5, Top).[28] The 

photochemical у  ̄ electrocyclization is outcompeted by [4+2] cycloaddition, yielding vinyl 

bicyclo[3.1.0]hexene.[28ς31] 

!ǎ ŀ ŎƭƻǎƛƴƎ ǊŜƳŀǊƪ ƻƴ IƻǳƪΩǎ ǎǘǳŘƛŜǎ ƻƴ ǘƘŜ у /̄с  ̄ electrocyclization cascade, substitution at the 

octatetraene termini strongly influences the outcome of the cyclization process (Scheme 1.3). When w ґ I, 

the activation energy for the у  ̄ electrocyclization increases, especially for terminal (Z)-configured 

tetraenes. The presence of substituents at terminal positions also increases the instability of the resulting 

cyclooctatriene intermediates, (especially if they are syn-configured, such as 1.12, Scheme 1.4) lowering the 

activation energy for the с  ̄electrocyclization. Therefore, the equilibrium of the у /̄с  ̄electrocyclization 

cascade is generally shifted towards the bicyclo[4.2.0]octadienes (1.13 in Scheme 1.4), except for 

unsubstituted cyclooctatriene (1.4, Scheme 1.2), isolable at room temperature. 
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1.2 Cyclooctatriene-Derived Natural Products 
 

As shown in Chapter 1.1, cyclooctatrienes arise from octatetraenes upon у  ̄electrocyclization, but this is 

not the only reactivity available to octatetraenes, since photochemically induced intramolecular Diels-Alder 

reactions and с  ̄disrotatory electrocyclizations can also take place. These reactivities have been exploited 

for the synthesis of different natural products (NPs), many of which are thought to share common 

precursors. For example, ocellapyrone A (1.15), photodeoxytridachione (1.16) and 9,10-deoxytridachione 

(1.17) can be traced back to the same precursor 1.14 (Scheme 1.5, bottom).[31ς33]In some occasions this 

reactivity has led to undesired side products or frustrated synthetic approaches, as later discussed with 

regard to ¢ǊŀǳƴŜǊΩǎ ŜŀǊƭȅ ŀǘǘŜƳǇǘǎ ǘƻǿŀǊŘǎ {bCппорΦ[34] Moreover, these reaction pathways can be 

responsible for the relatively low yields in many of the у /̄с  ̄cyclization cascades which follow. 

In this chapter we will provide an overview on the total syntheses of most members of the Cyclooctatriene-

Derived natural product family. The polyketide nature of these NPs together with the ubiquitous presence 

of cyclooctatriene derivatives as key intermediates in their total syntheses (and presumably also in the 

corresponding biosyntheses), justifies in our opinion the inclusion of these NPs, together with PF-1018 in 

the aforementioned family.  We also include the syntheses of three sesquiterpene natural products which 

do not belong to this family but entail a cyclooctatriene key intermediate.  

 

Scheme 1.5. Top. Octatetraene and its different pericyclic reactions. Bottom. Natural products which 

originate from the linear precursor 1.14 as a result of the processes shown above.[31ς33] 

 

1.2.1 Endiandric acids 

Until recent years, cyclooctatrienes had only been scarcely used as intermediates in total synthesis. The first 

and most remarkable use of cyclooctatrienes in natural product synthesis was reported by Nicolaou in his 

biomimetic synthesis of various endiandric acids.[35] ¢Ƙƛǎ ǿƻǊƪ ǿŀǎ ƛƴǎǇƛǊŜŘ ōȅ .ƭŀŎƪΩǎ ōǊƛƭƭƛŀƴǘ мфул 

biosynthetic proposal, in which he hypothesized that the endiandric acids A, B and C, isolated from 
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Endiandra introrsa (Lauraceae) were formed from linear polyenes.  He posited that these polyenes 

underwent an у  ̄electrocyclization to deliver functionalized cyclooctatrienes (Scheme 1.6),[36] which was 

followed by a с  ̄ thermal disrotatory electrocyclization to yield bicyclo[4.2.0]octadienes, known as 

endiandric acids E-G (Scheme 1.6).[36ς38] Finally, upon intramolecular Diels-Alder reactions, the intrincate 

structures of endiandric acids A, B, and C, bearing 8 stereocentres could be obtained. Black observed that 

these natural products were all racemic, and therefore suggested that no enzymes took part in the 

cyclization steps. 

 

Scheme 1.6. Biosynthesis of endiandric acids A-C as proposed by D. St. C. Black. 

 

As mentioned in Chapter 1.1, linear polyenes such as 1.27 (Scheme 1.7) bearing 1,3,5,7-tetraene entities 

(where C3-C4 and C5-C6 olefins must be Z) undergo у  ̄thermal conrotatory electrocyclization via transition 

state 1.27TS delivering cyclooctatriene 1.21. This compound exist as a mixture of two conformers, 1.21a 

and 1.21b, which interconvert by a ring flip with an energy barrier of 4-7 kcal/mol (Scheme 1.7).[39] Each 

conformer, 1.21a or 1.21b, yields a different diastereomer upon с  ̄electrocyclization, which in the case 

depicted in Scheme 1.7 are endiandric acids D and E. 

 

Scheme 1.7. Biosynthesis of endiandric acids D-E as proposed by D. St. C. Black showing one of the two 

possible transition states for the у  ̄ electrocyclization and the two conformers of the resulting 

cyclooctatriene. 
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CƻƭƭƻǿƛƴƎ .ƭŀŎƪΩǎ ǊŜŀǎƻƴƛƴƎΣ bƛŎƻƭŀƻǳ ŜƴǾƛǎƛƻƴŜŘ ŀ biomimetic synthesis of endiandric acids using simpler 

substrates for the у /̄с  ̄cascade, which would be further functionalized prior to the Diels-Alder reaction.[40] 

Thus, starting from symmetric diyne 1.30 obtained through Glaser alkyne coupling of enyne 1.29, partial 

reduction with Lindlar´s catalyst presumably led to the non-isolable octatetraene 1.31, which after the 

8p/6p cascade yielded bicyclo[4.2.0]octadiene 1.32 (Scheme 1.8). Selective protection of the exo-alcohol 

was achieved by regiospecific iodoetherification of the endo-alcohol followed by TBDPS protection of the 

remaining primary alcohol and reversal of the etherification by treatment with Zn dust and acetic acid. Appel 

reaction followed by nucleophilic substitution of the resulting bromide by sodium cyanide in HMPA allowed 

for isolation of the key intermediate 1.34, which could be further elaborated affording endiandric acids A-

G (Schemes 1.8 and 1.9). Subsequent DIBAL reduction of 1.34 and condensation of the resulting aldehyde 

with diethyl trans-cinnamylphosphonate yielded the Diels-Alder precursor 1.35. The desired [4+2] 

cycloaddition was achieved in refluxing toluene, which smoothly yielded the core structure 1.36. This was 

elaborated into the common precursor of endiandric acids A and B, 1.37 by TBAF deprotection, Appel 

reaction and one-carbon homologation via nucleophilic attack of sodium cyanide. 1.37 was finally converted 

into endiandric acids A and B by simple cyanide hydrolysis for endiandric acid A (1.25) and Wittig olefination 

with phosphonium salt 1.38 and ester hydrolysis for endiandric acid B (1.26). 

 

Scheme 1.8. Total synthesis of endiandric acids A and B by Nicolaou. 

 

Starting from the key intermediate 1.34, Nicolaou also accomplished the synthesis of endiandric acids C-G 

(Scheme 1.9).  At the time, only endiandric acids C and D had been found in nature.[41] 

Bicyclo[4.2.0]octadiene 1.43 was prepared from 1.34 in 7 steps and was condensed with dimethyl E-
cinnamylphosphonate to yield endiandric acid D. Endiandric acid D was then transformed into its 
corresponding methyl ester by treatment with diazomethane, and was further reduced to give aldehyde 
1.44, which was coupled with phosphonate 1.38 and hydrolysed to yield endiandric acid G. Aldehyde 1.39 
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was obtained from the key intermediate 1.34  by DIBAL reduction and was submitted to a HWE reaction 
which yielded tetraene 1.42, from which endiandric acids E and F were obtained in 5 steps each. 

Aldehyde 1.39 was also an intermediate in the synthesis of endiandric acid C. After condensation with 

phosphonate ester 1.38, an intramolecular Diels-Alder reaction took place in excellent yield by refluxing 

triene 1.40 in toluene for 12 hours. The resulting tetracycle 1.41 was converted into endiandric acid C in 6 

steps using similar chemistry as previously described. 

 
Scheme 1.9. Total synthesis of endiandric acids C-G by Nicolaou. 

 

Having achieved the first total syntheses of endiandric acids A-G, Nicolaou provided another approach 

towards these natural products in a strictly biomimetic fashion.[42] Now the main goal was to give evidence 

ǘƻ ŎƻǊǊƻōƻǊŀǘŜ .ƭŀŎƪΩǎ ƘȅǇƻǘƘŜǎŜǎΦ .ŀǎŜŘ ƻƴ ǘƘŜƛǊ ǇǊŜǾƛƻǳǎ ŜȄǇŜǊƛŜƴŎŜΣ two initial considerations were 

taken as guidelines: 1) The central (Z,Z)-diene should be masked until a late stage to avoid undesired у  ̄

electrocyclization. 2) For practical reasons, the carboxylic acid groups would be exchanged by methyl esters. 

 

Scheme 1.10. Preparation of the building blocks for the biomimetic syntheses of endiandric acid methyl 

esters A-G. 
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As depicted in Scheme 1.10, alkylation of deprotonated thioether 1.45 with alkyl iodide 1.46 led to silyl 

ether 1.47, which was subsequently deprotected and oxidized to deliver aldehyde 1.48. Condensation of 

1.48 with dimethyl trans-cinnamylphosphonate yielded thioether 1.49, which was converted to the 

corresponding sulfoxide by treatment with m-CPBA. Thermally induced elimination and TMS deprotection 

with silver nitrate and potassium cyanide then provided triene 1.50 as a 1:1 mixture of E/Z isomers. Upon 

purification, the E-isomer was independently submitted to two Glaser couplings with alkynes 1.51 and 1.52, 

both derived from thioether 1.47. A further oxidation/elimination sequence led to diynes 1.53 and 1.54, 

which could be separated by flash chromatography. 

 

Scheme 1.11. Biomimetic synthesis of the methyl ester derivatives of endiandric acids A-G. 

 

Finally, the linear endiandric acid precursors 1.53 and 1.54 were successfully submitted to semi-reductive 

conditions with LindlarΩǎ catalyst in the presence of hydrogen affording the desired endiandric acid methyl 

esters.[43] Thus, when 1.53 was stirred for few hours at room temperature under these conditions, the semi-

ǊŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ŘƛȅƴŜ ǿŀǎ ŦƻƭƭƻǿŜŘ ōȅ ŀƴ уˉκс ˉ electrocyclization sequence delivering endiandric acid 

analogues D and E (1.55, 1.56) in low yields without any trace of the Diels-Alder product 1.57. However, if 

the mixture was heated up to 100 ºC for a few minutes ǳƴŘŜǊ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ ŎƻƴŘƛǘƛƻƴǎΣ ǘƘŜ уˉ 

electrocyclization was followed by a [4+2] cycloaddition resulting in the isolation of endiandric acid A methyl 

ester (1.57) as the single product. 

In the case of polyene 1.54, the same reaction at room temperature led to the isolation of the respective 

methyl esters of endiandric acids F and G (1.58, 1.59. When the reaction mixture was heated up for few 

minutes at 100 ºC, the previous sequence was followed by a Diels-Alder reaction, which delivered 

endiandric acid methyl esters B and C (1.60, 1.61). 
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Finally, a NMR study of the thermal conversion of these compounds was performed at 70 ºC. The equilibrium 

between endiandric acid methyl esters E and D and the transformation of the former into endiandric acid A 

was monitored showing a half-life of 1.3 hours for 1.56, with 1.57 being the major component after 6 hours. 

When pure endiandric acid F methyl ester was submitted to the same conditions, build-up of G took place 

quickly in the first 2 hours and then slowly decayed. Unlike the latter, endiandric acid B methyl ester slowly 

enriched the mixture and turned into the major isomer after 6 hours. Finally, endiandric acid C methyl ester 

slowly built-up and only represented 10% of the mixture after 14 hours. 

¢Ƙƛǎ ŜȄǘŜƴǎƛǾŜ ǿƻǊƪ ōȅ bƛŎƻƭŀƻǳ ǇǊƻǾŜŘ .ƭŀŎƪΩs hypothesis for the biosynthesis of endiandric acids and 

described an elegant and high yielding synthesis of these complex natural products. It also established a 

new type of cascade that would be used in the future for the synthesis of other intricate natural products 

such as the kingianins and the elysiapyrones. The question of how the Diels-Alder reaction takes place in 

nature without the assistance of enzymes would remain an intriguing question until a possible explanation 

was provided with the total synthesis of kingianin A.[44] 
 

1.2.2 SNF4435 

A remarkable case of a total synthesis race took place with the immunosuppressant natural products 

SNF4435C and SNF4435D.[45ς47] Unlike the endiandric acids, these pyrones, isolated by Kurosawa from 

Streptomyces spectabilis were found as single enantiomers.  

 

Scheme 1.12. Proposed biosynthesis of SNF4435 C and D. 1.67 and 1.68 represent a pair of isomers not found 

in nature, presumably due to the torsional strain between the contiguous nitrobenzene and methyl groups 

(the tetrahydrofuran ring was omitted for clarity). 1.71 represents the misassigned structure of SNF4435 D 

by Kurosawa and 1.70 the real structure as corrected by Trauner. 
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SNF4435C and SNF4435D showed unprecedented potent selective immunosuppressive activity towards B-

cell proliferation without affecting T-cell production, suggesting a new mode of action. This interesting 

bioactivity together with their attractive bicyclo[4.2.0]octadiene core prompted several research groups to 

pursue their total synthesis, reviving a cascade sequence which had not been utilized for 20 years. The main 

participants in this race were Christopher M. Beaudry and Dirk Trauner from UC Berkeley; Jack E. Baldwin, 

John E. Moses, Robert M. Adlington, Mikkel F. Jacobsen and Rodolfo Márquez for Oxford University; and 

Kathlyn A. Parker and Yeon-Hee Lim from Stony Brook University, New York. 

The first article was released in April 2002 from the Trauner group[34] and included synthetic studies, a 

proposed biosynthesis and a corrected structure for SNF4435D based on the logic of the у /̄с  ̄cascade. 

The synthesis portion consisted of two linear routes which failed to provide a cascade precursor and one 

elegant and simple modular approach which yielded a bicyclo[4.2.0]octadiene with a methyl ester handle 

for further functionalization (Scheme 1.13). 

 

Scheme 1.13. Synthetic approaches towards SNF4435 by Trauner. A, B. failed attempts towards the 

bicyclo[4.2.0]octadiene core. C. Successful approach towards bicyclic precursor 1.86 Ǿƛŀ уˉκсˉ 

electrocyclization cascade. 
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The first explored route started with aldehyde 1.72, which was elongated via Still-Gennari olefination 

followed by DIBAL reduction and HWE reaction to install the ethyl ester handle. Although the labile ester 

1.73 underwent spontaneous с  ̄ electrocyclization yielding undesired cyclohexadiene 1.74, it could be 

reduced to alcohol 1.75 upon treatment with DIBAL. However, 1.75 was also unstable and could not be 

further oxidized to aldehyde 1.76. 

A second-generation approach was inspired by biogenetic considerations. Since the biosynthesis of 

polyenes is achieved by a series of reduction and dehydration steps,[48] this strategy was translated to the 

synthesis by the hydration of one of the double bonds in search for increased stability. Thus, starting with 

aldehyde 1.77, an intermediate in the previous route, an Evans aldol reaction afforded oxazolidinone 1.78, 

which was transformed into advanced intermediate 1.79 in 5 steps. Unfortunately, all attempts to 

dehydrate this compound led to decomposition. 

The final approach relied on a late-stage Stille coupling of vinyl iodide 1.81 with stannane 1.83. The former 

was synthesized by a Stork-Zhao olefination of aldehyde 1.72, and the stannane was obtained by a 

carbocurpation of propargyl alcohol followed by trapping of the metalated species with iodine to give the 

branched product 1.82. Oxidation of the alcohol followed by Wittig olefination and metalation with 

hexamethylditin yielded 1.83. The tandem Stille coupling between 1.81 and 1.83 followed by the у /̄с  ̄

cascade took place at room temperature in the presence of Pd(MeCN)Cl2 yielding exclusively 

bicyclo[4.2.0]octadiene 1.86. The high stereoselectivity could be assigned to the torsional strain between 

the adjacent aromatic and methyl groups, analogous to the repulsion present in 1.65b and 1.66b (Scheme 

1.12). 

Four months later Moses and Baldwin published their studies on the biomimetic synthesis of SNF4435 C.[49] 

Starting with the same aldehyde as Trauner, 1.72, Moses and Baldwin aimed for the total synthesis of the 

natural product spectinabilin,[50] thought to be natural precursor of 1.69 and 1.70 via double bond 

isomerization and у /̄с  ̄electrocyclization cascade[34,49] (Scheme 1.14). 

 

Scheme 1.14. Top. Biomimetic strategy followed by Moses and Baldwin for the synthesis of SNF4435 C from 

spectinabilin. A double olefin isomerization of spectinabilin would give the right stereochemistry to induce 

the у /̄с  ̄cascade. Bottom. Proof of principle with a simplified system using esters 1.90 and 1.91. 

 

Chain extension of aldehyde 1.72 was performed by a series of E-selective Wittig olefinations with stabilized 

ylide 1.89. Once the conjugated tetraene was obtained, Pd(II)-induced E/Z isomerization at room 
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temperature triggered the electrocyclization process yielding the desired bicyclo[4.2.0]octadiene core in 

35% and 48% yield for the ethyl (1.93) and methyl ester analogues (1.86), respectively. Interestingly, all 

thermal and photochemical attempts to convert the all-E tetraene 1.91 into hexadiene 1.93 failed, 

suggesting that the isomerization requires metal catalysis. 

ParkerΩǎ ŀǇǇǊƻŀŎƘ was published one year later.[51] Noting that the works by Trauner and Baldwin yielded 

only the diastereomer leading to SNF4435 C, she pursued a systematic study of the cascade. Using the 

successful domino Stille/у /̄с  ̄electrocyclization developed by Trauner, a series of vinyl stannanes with 

different substitution patterns were synthesized to evaluate whether they could give access to the skeleton 

of SNF4435 D (Scheme 1.15). 

 

Table 1.1. Screening of different substituents at the terminal end of the vinyl stannane participating in the 

Stille coupling with vinyl iodide 1.81. 

 

Parker was the first to explore the у /̄с  ̄cascade with two substituents, here called RE and RZ, present at 

one terminus of the tetraene. In contrast to the previous work by Trauner and Baldwin (Schemes 1.13 and 

1.14, compound 1.86) where only the endo product was obtained, when the reaction was run with diene 

1.94 bearing a silyl ether (Table 1.1, Entry 1)Σ ŀ ŎƻƳǇƭŜǘŜ ƭŀŎƪ ƻŦ ǎŜƭŜŎǘƛǾƛǘȅ ŦƻǊ άendoέ ƻǊ άexoέ ǇǊƻŘǳŎǘǎ ǿŀǎ 

observed. The torsional strain between the silyl ether chain and the cyclohexene ring presumably equals 

that of the aromatic ring with the adjacent methyl group, which previously governed the stereoselectivity 

ƻŦ ǘƘŜ сˉ electrocyclization. ¢ƻ ŎƻƳǇŀǊŜ ǿƛǘƘ ¢ǊŀǳƴŜǊΩǎ ŀƴŘ .ŀƭǿƛƴΩǎ ǿƻǊƪΣ the reaction was run with 

stannane 1.83 (Entry 2), confirming the previous findings (exclusive endo selectivity) and increasing the yield 

from 48% (Baldwin) to 60%. When running the reaction with a terminal Z ethyl ester (Entry 3), E/Z 

isomerization occurred, affording product 1.100 with the same relative configuration found in entry 2 (100% 

endo). When replacing the hydrogen by a methyl group, the stereoselectivity gained in Entries 2 and 3 was 

lost once again (Entries 4 and 5). As for Entry 1, this could be explained by the steric clash between the RZ 

substituent and the cyclohexadiene ring, which destabilizes the endo transition state. Finally, when using 

the small linear cyano group, the mentioned torsional strain in the endo transition state was greatly 

diminished and a 9:1 endo/exo ratio was obtained. The nitrile was also a potential handle for future work 

in the installation of the tetrahydrofuran and the pyrone.  
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Scheme 1.15. Synthesis of the advanced intermediate 1.107 by Parker. 

 

Thus, after having established the cyanide as suitable group, the advanced intermediate 1.107 was 

synthesized starting from diol 1.104, which was monoprotected with TBS chloride followed by mesylation 

and SN2 displacement to install the required phosphonate ester. Horner-Wasworth-Emmons reaction of 

phosphonate 1.105 with aldehyde 1.106 followed by Stille coupling at room temperature yielded the 

stannane required for the cascade, which delivered bicyclo[4.2.0]octadiene 1.107 in 40% yield from 1.105. 

One year later, Parker published the first total synthesis of (ς)-SNF4435 C and (+)-SNF4435.[44] The route 

took advantage of the previously developed Stille coupling and installed the enantiopure tetrahydrofuran-

pyrone moiety prior to the cascade reaction (Scheme 1.16). 

 

 

Scheme 1.16. Total synthesis of (-)-SNF4435 C and (+)-SNF4435 by Parker. 

 

The synthesis started with the functionalized phosphonate ester 1.108, analogous to 1.105 (Scheme 1.15), 

which was converted into vinyl iodide 1.109 in 4 steps (Scheme 1.16). Sharpless epoxidation of the allylic 

alcohol followed by ester hydrolysis triggered a 5-exo-tet cyclization, which was followed by oxidative 

cleavage of the resulting 1,2-diol by treatment with sodium periodate delivering aldehyde 1.110. Oxidation 

of 1.110 by treatment with silver nitrate followed by activation of the acid with carbonyldiimidazole yielded 

acylimidazole 1.111. This was condensed with 1.112 and heated to reflux in benzene to induce 

transesterification yielding 1,2-pyrone 1.113. SNF4435 C and D were synthesized by the conversion of 1.113 

into the desired 1,4-pyrone by treatment with methyl fluorosulfonate followed by Stille coupling, which 

yielded the required stannane for the reaction cascade. The Stille/8̄ κсˉ ǎŜǉǳŜƴŎŜ was performed with vinyl 
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iodide 1.81 under palladium catalysis at room temperature, yielding (-)-SNF4435 C and (+)-SNF4435 D in a 

very similar ratio as in nature. 

7 months later, Trauner and Beaudry published their total synthesis of these natural products featuring a 

biomimetic convergent synthesis which included a [3,3]-sigmatropic rearrangement and the tandem Stille 

coupling/у /̄с  ̄electrocyclization cascade (Scheme 1.17).[52] This approach started with vinyl iodide 1.106, 

which instead of engaging in a Wittig olefination as for the previous synthesis (Scheme 1.15), was alkylated 

with dianion 1.114. The resulting primary and secondary alcohols were protected with TBS chloride and 

acetic anhydride respectively. The resulting diene 1.115 underwent an Ireland-Claisen rearrangement upon 

treatment with LDA and TMSCl. The resulting acid was esterified, brominated at the -hposition and 

subjected to a transetherification after TBS deprotection, affording diene 1.116. This route afforded pyrone 

1.116 in 10 steps from commercially available starting materials vs 11 steps for tŀǊƪŜǊΩǎ synthesis. Following 

the method developed by Parker, vinyl iodide 1.117 was prepared in 4 more steps and purified by chiral 

HPLC. Vinyl iodide 1.81 was stannylated with hexamethyl ditin under palladium catalysis and subsequently 

coupled to vinyl iodide 1.117 under .ŀƭŘǿƛƴΩǎ ŎƻƴŘƛǘƛƻƴǎ[53] affording  1.69 and 1.70 in a remarkably high 

89% combined yield. Again, the product ratio was similar to the mixture of isomers found in nature. 

 

Scheme 1.17. Total synthesis of (-)-SNF4435 C and (+)-SNF4435 by Trauner. 

 

Interestingly, a publication by Trauner and Hertweck published one year later showed that the у /̄с ̄

electrocyclization was not the end of the cascade. There was a consensus about the biosynthetic origin of 

1.69 and 1.70, thought to arise from spectinabilin after a double olefin isomerization and electrocyclic 

cascade (Scheme 1.18), which ǿŀǎ ǇǊƻǾŜƴ ōȅ .ŀƭŘǿƛƴΩǎ ƭŀǘŜǊ ǿƻǊƪ.[54] Trauner and Hertweck studied the 

metabolic profile of Streptomices orinoci, a bacteria known to produce spectinabilin under various growth 

conditions.[55] As expected, the bicyclo[4.2.0]octadienes were only produced under light exposure, which 

was necessary for the double olefin isomerization, but more interestingly, a new natural product named 

orinocin was found (Scheme 1.18). Orinocin was only produced in the presence of light and was detected 

together with isolated fractions of 1.69 and 1.70, which suggested that 1.118 could originate from the 

SNF4435 natural products. This was proven by submitting SNF4435 C and D to fermentation conditions (28 

ºC, sunlight), under which 1.69 and 1.70 underwent a photochemical retro-[2+2] cycloaddition, releasing 

orinocin and mesitylene, the latter of which has been catalogued as a natural product. This process of 

extrusion of internal ketide units from a polyene backbone Ƙŀǎ ōŜŜƴ ƴŀƳŜŘ άǇƻƭȅŜƴŜ ǎǇƭƛŎƛƴƎέ ōȅ ¢Ǌauner 

and Hertweck.[55] 
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Scheme 1.18. Biosynthetic origin of SNF4435 C and D as proven by Baldwin and further conversion into 

orinocin as proven by Trauner and Hertweck. 

 

Baldwin and Moses later presented a unified synthesis of spectinabilin and SNF4435 C and D along with the 

related natural products aureothin and aureothamine.[54,56] 

 

Scheme 1.19. Collective total synthesis of racemic SNF4435 C and D, spectinabilin, aureothin and 

aureothamine by Moses and Baldwin. 
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Their synthesis started with pyrone 1.120, obtained from pyrone 1.119 in 3 steps. The aldehyde could be 

converted into alkenyl boronic ester 1.123 via a formal [3+2] cycloaddition with 1.121 under Tsuji-Trost 

conditions in the presence of an indium salt to promote 1,2-addition[57] followed by cross-metathesis with 

pinacol boronate 1.122 giving pyrone 1.123 as a mixture of E/Z isomers. Suzuki coupling of 1.123 with vinyl 

dibromide 1.124 in the presence of thalium ethoxide followed by Negishi coupling to install the olefinic 

methyl group yielded racemic aureothin (1.125), which was converted into aureothamine (1.126) by 

reduction of the nitro group with Zn/ammonium chloride. 

Spectinabilin (1.128) was synthesized in a similar fashion as aureothin via Suzuki coupling of dibromotriene 

1.127 with boronate 1.123 followed by Negishi coupling to install the olefinic methyl group. Treatment of 

spectinabilin with palladium(II) at 70 ºC for 24 hours in the dark caused isomerization of the E,E,E,Z-tetraene 

to the required E,Z,Z,Z configuration, triggering the 8ˉκсˉ electrocyclization as previously seen. Racemic 

SNF4435 C and D were obtained together with isomers 1.130 and 1.131, presumably consequence of the 

isomerization of 1.128 to the E,Z,Z,E tetraene. The yield of the final step was therefore quite modest. 
 

1.2.3 Elysiapyrones 

In 2005, Trauner published 3 papers on the synthesis of natural products originating from уˉκсˉ 

electrocyclizations.[33,52,58] Elysiapyrones are natural products isolated from the sea slug Elysia diomedea,[59] 

one of the few animals capable of retaining ingested chloroplasts in its own tissues to perform 

photosynthesis.[60] These natural products contain a rare bis-epoxide pattern in the 6 membered ring of the 

bicyclo[4.2.0]octane (Scheme 1.20). 

 

Scheme 1.20. Total synthesis of racemic elysiapyrones A and B by Trauner. 
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The synthesis started with dienal 1.132, which was elongated by addition of ketoester 1.133 followed by 

DMP oxidation to yield tricarbonyl 1.134. This species underwent a Dieckmann-type condensation upon 

heating in the presence of base and was later methylated with methyl fluorosulfonate affording 1,4-pyrone 

1.135. Synthesis of the stannane 1.137, partner for the Stille coupling, was initiated by a Stork-Zhao[61] 

olefination of tiglic aldehyde with ylide 1.136 followed by lithiation/stannylation. Submission of vinyl iodide 

1.135 and stannane 1.137 ǘƻ .ŀƭŘǿƛƴΩǎ {ǘƛƭƭŜ у /̄с  ̄electrocyclization conditions yielded a mixture of endo 

and exo isomers (1.140 and 1.141) which could be separated by column chromatography. The lower yield 

of the 1.141 is probably a consequence of the torsional strain between the pyrone and the ̡ -methyl groups 

in the transition state of the с  ̄electrocyclization. 

Now the core structure was set for the introduction of the bis-epoxide groups. This was accomplished by 

the Diels-Alder reaction of 1.140 and 1.141 with singlet oxygen generated upon light irradiation in the 

presence of a photosensitizer delivering endo-peroxides 1.142 and 1.143. These adducts were isomerized 

using the Noyori protocol with RuCl2(PPh)3 yielding elysiapyrones A and B in good yield.[62]
 

 

1.2.4 Ocellapyrones 

Ocellapyrones A and B were isolated from Placobranchus ocellatus, a mollusc found in shallow waters.[63] 

Ocellapyrone A, whose structure was corrected simultaneously by Baldwin and Trauner,[32,33] is an ethylated 

derivative of elysiapyrone A precursor 1.140 (Scheme 1.20) and ocellapyrone B the ethyl derivative of 

endoperoxide 1.142, precursor of elysiapyrone A (Scheme 1.20). Trauner theorized that the ocellapyrones, 

photodeoxytridachione and 9,10-deoxytridachione could originate from the same tetraene precursor 

(Scheme 1.5). Since the biogenesis had been already established for photodeoxytridachione and 9,10-

deoxytridachione,[31,32] the synthesis of 1.147 and 1.148 demonstrated the versatility of the tetraene 

scaffold. 

The synthesis followed the same pathway as for elysiapyrones and can be seen in Scheme 1.22. 

 

Scheme 1.22. Total synthesis of ocellapyrones A and B by Trauner. 

 

1.2.5 Shimalactones A and B 

The shimalactones were isolated from the marine fungus Emericella variecolor.[64,65] They contain a unique 

oxabicyclo[2.2.1]heptane moiety linked to a bicyclo[4.2.0]octadiene core by a trisubstituted ethylene linker. 

Trauner proposed an interesting biosynthesis for these natural products in which the polyene chain of 1.149 

(Scheme 1.23) would undergo oxidation to epoxide 1.150 followed by protonation yielding 

undecapentaheptenyl cation 1.151. This species can now be intercepted by the enol present in the adjacent 

lactone, forming the bicyclic structure 1.152. Finally, E/Z isomerization of the two central double bonds 

would trigger the у /̄с  ̄electrocyclization.[66] 
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Scheme 1.23. Biosynthesis of shimalactones A and B as proposed by Trauner. 

 

The bicyclic ketolactone moiety was prepared starting from oxazolidinone 1.155, which was converted into 

diene 1.157 upon asymmetric anti-aldol reaction with aldehyde 1.156 followed by esterification of the 

secondary alcohol and a Stille coupling to introduce the terminal olefin. Then, a Dieckmann condensation 

of 1.157 afforded ketolactone 1.158, which upon treatment with CSA at 150 ºC cyclized to give the desired 

oxabicyclo[2.2.1]heptane 1.159, which subsequently yielded vinyl iodide 1.160 in 6 further steps. 

 

Scheme 1.24. Total synthesis shimalactones A and B by Trauner. 

 

Stannane 1.163 was obtained from aldehyde 1.161 upon reaction with 2-butenyl methyl zinc in the 

presence of asymmetric ligand 1.162 followed by halogen-metal exchange. Finally, a Liebeskind-type Stille 

coupling between vinyl iodide 1.160 and stannane 1.163 at room temperature yielded both shimalactones 

in 66% overall yield. Interestingly, when the same reaction conditions were applied to polyene 1.164, the 

equivalent Z,E,Z,Z,E isomer, the cascade did not take place even under forcing conditions and only 1.164 
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could be isolated. Presumably, the bulk of the bicyclic substituent which would be positioned in endo in the 

transition state does not allow for the у  ̄electrocyclization to occur. 

1.2.6 Kingianins 

Once again, Parker and Moses worked in parallel on the same natural product and this time also Sherburn 

pursued the synthesis of Kingianin A (1.175). This natural product was found as a racemate in the bark of 

Endiandra kingiana, a tree collected in the rainforest of Malaysia.[67] The fact that Kingianin A is found as a 

racemic mixture again suggests that no enzymes take part in the у /̄с  ̄cascade. 

The first synthetic approach was published by Moses, who tested the biosynthetic proposal suggested by 

Litaudon and co-workers, featuring an endo-Diels-Alder dimerization after the у /̄с  ̄

electrocyclization.[67,68] This hypothesis was rather controversial, since a spontaneous intermolecular 

Diels-Alder reaction of unactivated dienes seemed unlikely without the assistance of enzymes.  

Thus, Moses synthesized prekingianins 1.168 and 1.169 starting from catechol acetal 1.165, which was 

transformed into vinyl bromide 1.166 in four steps. The stannane partner for the Stille coupling was 

prepared by DIBAL reduction of ester 1.166 followed by treatment with acetone cyanohydrin, delivering 

vinyl stannane 1.167. Stille coupling of 1.167 and 1.166 yielded the expected bicyclooctanes 1.168 and 

1.169, which were partially hydrolyzed to the respective amides and N-alkylated by reductive amidation 

affording 1.170 and 1.171. All attempts to thermally induce the Diels-Alder dimerization of 1.170 and 1.171 

failed, even at 195 ºC or using DǊƛŜŎƻΩǎ ŎƻƴŘƛǘƛƻƴǎ ƛƴ a 5M LiClO4 ethereal solution. 

 

Scheme 1.25. aƻǎŜǎΩ ǎǘǳŘƛŜǎ ǘƻǿŀǊŘǎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ƪƛƴƎƛŀƴƛƴ !Φ 

 

In parallel to this work, new kingianins were isolated[69] and tested for inhibition of Bcl-xL, an anti-apoptotic 

protein implicated in tumour growth, showing modest binding affinity (Scheme 1.26). All the kingianins 

isolated from Endiandra kingiana (A-N) share common patterns, since they derive from an endo-Diels-Alder 

reaction taking place on the less hindered convex face of both diene and dienophile (άƻǇŜƴ ōƻƻƪ ŜŦŦŜŎǘέ) 

(1.175TS, Scheme 1.27). This arrangement leads to a transition state stabilized through secondary orbital 

interactions and avoids steric clashes between the cyclobutane ring of the dienophile and the hexadiene 

ring of the diene (Scheme 1.27). 
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Scheme 1.26. Structure of kingianins A, D, E and K. Kingianin A is the homodimer of one enantiomer of pre-

kingianin A. Kingianin D is the heterodimer of both enantiomers of pre-kingianin A. 

 

Moreover, of the two possible arrangements fulfilling the previous conditions, only the olefin closest to the 

exo-substituent engages as a dienophile in the [4+2] cycloaddition.  

 
Scheme 1.27. Three possible regiosomers for the endo-[4+2] cycloaddition. Top. Favoured arrangement 

leading to kingianin A: reaction from both convex faces of diene and dienophile; dienophile olefin proximal 

to the exo-substituent. Middle. Unfavoured arrangement: dienophile olefin proximal to the endo-

substituent. Bottom. Unfavoured arrangement: approach from the concave face of the dienophile, clash 

between the cyclobutane ring and the diene. 
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Therefore, the cyclohexene bridge formed upon the [4+2] cycloaddition is always located on the same face 

as the closest substituent on the cyclobutane ring of the former dienophile (marked in blue on Schemes 

1.26 and 1.27). 

Parker deduced that if the thermal Diels-Alder was not taking place and was not the result of enzymatic 

participation, the dimerization could occur via a radical cation Diels-Alder reaction (RCDA), maybe 

photoinduced in nature. Putting all this into context, kingianin A (homoenantiomeric, 1.175) and kingianin 

D (heteroenantiomeric, 1.176) would be obtained from racemic pre-kingianin A (1.174) by means of a RCDA 

reaction, whose stereochemistry would be defined by an endo transition state stabilized by secondary 

ƻǊōƛǘŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎΦ ¢ƘŜ ǊŜƎƛƻŎƘŜƳƛǎǘǊȅ ǿƻǳƭŘ ƛƴ ǘǳǊƴ ōŜ ŘƛŎǘŀǘŜŘ ōȅ ǘƘŜ άƻǇŜƴ ōƻƻƪ ŜŦŦŜŎǘέ όƛΦŜΦ ǊŜŀŎǘƛƻƴ 

on both convex faces of diene and dienophile) and by the substituents at the cyclobutane ring of the 

dienophile. Given the difficulties experienced by Litaudon in separating kingianins A and D during the 

isolation process,[69] Parker opted to perform an intramolecular RCDA approach binding two molecules of 

1.174 by a tether, reasoning that only the homoenantiomeric C2 symmetric dimer could adopt the 

conformation required for the endo transition state (1.188, Scheme 1.28). The disposition of the ester 

substituents in the heteroenantiomeric dimer would keep the diene and dienophile too far from each other 

to engage in the same reaction. Thus, this dimer was expected to remain unreacted and would be easily 

separated from the Diels-Alder product and recycled (1.189, Scheme 1.28). 

 

Scheme 1.28. Total synthesis of kingianin A by Parker. 

 

tŀǊƪŜǊΩǎ ǎȅƴǘƘŜǎƛǎ ōŜƎŀƴ ǿƛǘƘ trans hydroboration of enyne 1.181 under rhodium catalysis yielding Z-vinyl 

boronate 1.182 (Scheme 1.28). Suzuki coupling of 1.182 with vinyl iodide 1.183 followed by heating at 100 

ºC for several hours and TBAF deprotection delivered two diastereomeric analogues of pre-kingianin A, 

1.184 and 1.185Σ ǿƘƛŎƘ ǿŜǊŜ ǎŜǇŀǊŀǘŜŘ ǳǎƛƴƎ bƛŎƻƭŀƻǳΩǎ ƛƻŘƻŜǘƘerification (Scheme 1.8).[40] The high yield 

of the Suzuki coupling is notable, and avoided the use of highly toxic organotins. Upon separation of the 
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reacted tricycle 1.186, 1.184 was treated with adipoyl dichloride and DMAP yielding the expected 1:1 

mixture of dimeric esters 1.188 and 1.189.  

As it was expected, only the homoenantiomeric dimer underwent the endo-Diels-Alder reaction upon 

ǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ²ŜƛǘȊΩ ŀƳƛƴƛǳƳ ǎŀƭǘ (1.190). However, the heteroenantiomeric substrate 1.189 underwent 

an exo-Diels-Alder reaction, affording 1.192 in a slightly higher yield than the desired product 1.191. 

Presumably, the presence of the tether induced a prearrangement favourable for this type of Diels-Alder. 

Upon isolation by column chromatography, the desired product 1.191 was converted into Kingianin A in 5 

steps. In subsequent work, Kingianin A was prepared by the same means and in similar yields without the 

use of a tether, together with other members of the kingianin family.[70] 

Moses, inspired by Nigenda et al., who performed an exhaustive study on the radical cation Diels-Alder 

reaction of cyclohexadiene, [71] later published on how the [4+2] cycloaddition could be performed by means 

of an electrochemically induced RCDA on pre-kingianin A. The reaction was triggered by electron transfer 

using a reticulated vitreous carbon electrode in a 0.4 M solution of n-Bu4NBF4.
[72] The yield was however 

rather low (Scheme 1.29). 

 

Scheme 1.29. Formal synthesis of kinginain A by Moses. 

 

Michael S. Sherburn presented in a series of two articles the total synthesis of kingianin A by using a 

combination of the strategies developed by Nicolaou, featuring the semi-hydrogenation of polyynes, and 

tŀǊƪŜǊΩǎ intermolecular RCDA for the dimerization of pre-kingianins.[73,74] The synthesis featured an 

unprecedented semi-reduction of a tetrayne to an all-Z tetraene. 

The starting point for the synthesis was a Negishi coupling between benzyl bromide 1.193 and alkynylzinc 

1.194 affording TMS benzyl diyne 1.195, which was then converted into tetrayne 1.197 by the first reported 

unsymmetric Mori-Hiyama coupling[75] (Scheme 1.30). In previous syntheses,[40,76] Lindlar reduction was 

ineffective due to the low reactivity of the catalyst, so after an extensive screening campaign, Rieke zinc in 

ethanol proved to be the best choice for semi-reduction of tetrayne 1.197. The obtained tetraene 1.198 

was immediately submitted to cyclization conditions (PhMe, 100 ºC) followed by TBAF deprotection, 

delivering bicyclo[4.2.0]octadienes 1.199 and 1.200. These were separated and submitted to a sequence of 

oxidation ǘƻ ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ǳƴŘŜǊ {ǘŀǊƪΩǎ ŎƻƴŘƛǘƛƻƴǎ,[77] radical cation Diels-Alder reaction induced by 

Ledwith-²ŜƛǘȊΩǎ ǎŀƭǘ (1.190) and amidation to give Kingianins A, D and F.   
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Scheme 1.30. Total synthesis of kingianins A, D and F by Sherburn. 

 

1.2.7 Unified Synthesis of Kingianins and Endiandric Acids 

Finally, Sherburn developed a unified synthesis of endiandric acid A, kingianic acid E and kingianins A, D and 

F, achieving the highest step efficiency to date for these natural products.[74] The synthesis relied on the 

preparation of the versatile tetrayne intermediate 1.206, which diverges into three different routes upon 

coupling with three different alkyl bromides (Scheme 1.31). 

The preparation of the key building block 1.206 started with homopropargylic alcohol 1.204, which was 

transformed into tetrayne 1.205 in 3 steps and deprotected by treatment with potassium carbonate in 

methanol to yield 1.206, which was immediately submitted to three different reaction sequences. 

For kingianic acid E, metalation of 1.206 with tert-butylmagnesium bromide was followed by alkylation with 

vinyl bromide 1.202 under copper catalysis. The resulting tetrayne 1.213 was submitted to reduction on 

Rieke zinc at 0 ºC and subsequent thermal treatment at 150 ºCΣ ǿƘƛŎƘ ǘǊƛƎƎŜǊŜŘ ǘƘŜ уˉκсˉκ5ƛŜƭǎ-Alder 

cascade yielding alcohol 1.208. This alcohol was oxidized with TPAP/NMO·H2h ǳƴŘŜǊ {ǘŀǊƪΩǎ ŎƻƴŘƛǘƛƻƴǎ[77] 

to yield racemic kingianic acid E. 

Endiandric acid A was synthesized in a similar manner as 1.209 by copper catalysed alkylation of 1.206 with 

allyl bromide 1.203, semi-reduction on Rieke Zinc and 8 /̄6 /̄Diels-Alder cascade sequence, delivering 

tetracycle 1.211. Exhaustive oxidation of the primary alcohol of 1.211 afforded endiandric acid A in 9 total 

steps from commercial precursors. 
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Scheme 1.31. Unified total synthesis of endiandric acids and kingianins by Sherburn. 

 

Tetrayne 1.206 failed to provide propargyl catechol 1.212 upon reaction with benzyl bromide 1.193 under 

the previous copper catalysed conditions. Therefore, 1.212 was accessed through Negishi cross-coupling 

and was further elaborated in 6 steps following the sequence shown in Scheme 1.30. 

With this, Sherburn presented an elegant and step-economic synthesis of kingianins A, D and F, kingianic 

acid E and endiandric acid A with an approach that combines bƛŎƻƭŀƻǳΩǎ alkyne reduction strategy,[40ς43] 

extending it to more advanced tetrayne intermediates, and the intermolecular radical cation Diels-Alder 

reaction developed by Parker.[70] The low yields of the electrocyclization cascades are the major drawback 

of this otherwise brilliant work. 
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Scheme 1.32. Use of photoredox catalysis in the RCDA of 1.214 compared to the Ledwitz-Weiz salt 

procedure. 

 

Lastly, a new method for the generation of the radical cation intermediate was applied to 

bicyclo[4.2.0]octadiene 1.214. tƘƻǘƻǊŜŘƻȄ Ŏŀǘŀƭȅǎƛǎ ǳƴŘŜǊ ¸ƻƻƴΩǎ ŎƻƴŘƛǘƛƻƴǎ[78] yielded tetracycle 1.208 in 

ǎƭƛƎƘǘƭȅ ƘƛƎƘŜǊ ȅƛŜƭŘǎ ǘƘŀƴ tŀǊƪŜǊΩǎ, who generated the radical cation with Ledwith-Weitz salt.[70]  

 

1.2.8 Hypnophilin, Coriolin and Ceratopicanol 

Although they cannot be considered members of the Cyclooctratriene-Derived NP family given their 

sesquiterpene nature, the total synthesis of these natural products presented by Paquette features a rare 

8  ̄electrocyclization/transannular aldol cascade. 

In 2002, Paquette et al. exploited the applications of his previously developed squarate ester cascade[79ς81] 

for the step-economic total synthesis of hypnophilin, coriolin and ceratopicanol.[82,83] These compounds 

possess antibiotic and antitumor activity.[84ς86] 

 

Scheme 1.33. Squarate ester cascade developed by Paquette giving access to triquinane 1.221. 

 

The substrate for the cascade is obtained through selective 1,2-addition of a pair of alkenyl anions to 

squarate ester 1.215 resulting in syn or anti addition. The resulting anti cyclobutene undergoes a 4̄ 

conrotatory ring opening followed by an у  ̄electrocyclization leading to cyclooctatriene 1.219. In the case 

of the syn product, the retro 4̄  electrocyclization is outcompeted by a faster oxy-Cope rearrangement, 

which directly delivers the same cyclooctatriene 1.219. 9ƭƛƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ʲ-acetal leads to intermediate 

1.220, which upon ring closing aldol reaction yields linear triquinane 1.221. 
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This cascade was used for the synthesis of hypnophilin, coriolin and ceratopicanol (Scheme 1.34). For 

ceratopicanol, isolated from the fungus Ceratocystis piceae,[87] squarate ester 1.215 was treated with 

alkenyllithium 1.222 followed by isopropenyllithium, yielding triquinane 1.223 in 44% yield. Further 

elaboration of 1.223 afforded h -  ̡unsaturated ketone 1.224 in 3 steps. Exhaustive reduction of 1.224 in 3 

further steps delivered ceratopicanol (1.225). 

 

Scheme 1.34. Total synthesis of racemic ceratopicanol, hypnophilin and coriolin by Paquette. 

 

The cascade reaction shown in Scheme 1.33 delivered triquinane 1.221, bearing an enol-ether handle. 

Hydrolysis of this ether with diluted aqueous sulfuric acid followed by chlorination of the tertiary hydroxylic 

carbon and Birch reductive cleavage of the resulting chloride led to alcohol 1.226 in good yield (Scheme 

1.34). Further elaboration of 1.226 into 1.227 was accomplished in 5 steps after which one-pot epoxidation 

and MOM deprotection with basic hydrogen peroxide afforded hypnophilin (1.230). Intermediate 1.227 was 

also used for the synthesis of coriolin by means of a KOt-Bu-induced double bond migration followed by 

monoepoxidation, b-elimination and bisepoxidation. 

Starting from simple building blocks, this stereoselective cascade, featuring a non-isolable cyclooctatriene 

intermediate, delivered a tricyclic system bearing 4 stereocentres, which gave access to three different 

racemic natural products in few synthetic steps: 7 for ceratopicanol (vs 7 for Prof. Michel Chanon[88]), 10 for 

hypnophilin, shortening the previous shortest 14-step racemic synthesis by Curran[89] and 13 for coriolin, 

again shortening previous syntheses of 16-21 steps.[89ς92] 
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2. Project Background 

2.1 Isolation and Structure of (-)-PF-1018 
 

In 1993, Koyama and co-workers, from the Meiji Seika Kaisha Pharmaceutical Research Center in Japan, 

performed a screening program in the search for novel insecticides of microbial origin. In this context, a 

fungal strain found in a soil sample from Ohmachi city, identified as Humicola sp. PF1018, produced a new 

polyketide which they called (-)-PF-1018 (2.1).[93]  

 

Scheme 2.1. Different projections of (-)-PF-1018. 

 

The structure of (-)-PF-1018 features two distinguishable parts. First, a tricyclic 8-6-5 ring system bearing 

six contiguous stereocentres, two of which are quaternary, and three trisubstituted double bonds 

containing methyl groups. This congested core is connected by an ethylene linker to a proline-derived 

tetramic acid bearing an additional stereocentre (Scheme 2.1).  

1H and 13C CDCl3 NMR spectra of 2.1 showed a main set of signals accompanied by minor peaks, which upon 

the addition of water, coalesced into a single set of broad peaks. It was therefore concluded that PF-1018 

existed as two interconverting isomeric forms, as it is known for other acyl tetramic acids.[94,95] 2D NMR 

studies provided the structure of 2.1, which was later verified by X-ray analysis (Figure 2.1). The absolute 

configuration was confirmed by degradation with sodium hypochlorite followed by HCl, which afforded L-

proline. 

 

 
Figure 2.1. Crystal structure of (-)-PF-1018 
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2.2 Proposed Biosynthesis of (-)-PF-1018 
 

As a polyketide, 2.1 originates from the assembly line within the polyketide synthase (PKS).[96,97] However, 

given the presence of a non-ribosomally-derived tetramic acid moiety, it is most likely that a hybrid of a PKS 

and a non-ribosomal peptide synthase (NRPS) is responsible for the biosynthesis of (-)-PF-1018.[98ς102]  

 

Scheme 2.2. Proposed biosynthesis of (-)-PF-1018. 

 

Thus, the biosynthesis would start with a keto synthase domain (KS)-bound acetyl-CoA (2.2) which 

undergoes a Claisen condensation with a proximal methyl malonyl-CoA unit linked to the acetyl carrier 

protein (ACP) domain (2.3). Then KS-bound cysteinyl residue 2.5 binds covalently to the extended chain 2.4 

forming complex 2.6, which yields alkene 2.7 under the action of the ketorreductase (KR) and the 

dehydratase (DH) domains. Repetition of these Claisen condensation/decarboxylation/migration steps with 

a new methylmalonyl unit leads to diene 2.8. The incorporation of three more units of methylmalonyl-CoA 

and 2 of acetyl CoA yields polyene 2.9. We propose that the tricyclic core of 2.1 could be obtained from 2.9 
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ƛƴ ŀ ǎƛƳƛƭŀǊ ŦŀǎƘƛƻƴ ŀǎ ǘƘŜ ƴŀǘǳǊŀƭ ǇǊƻŘǳŎǘǎ ǎƘƻǿƴ ƛƴ /ƘŀǇǘŜǊ мΦнΣ ōǳǘ ǿƛǘƘ ŀ ƪŜȅ ŘƛŦŦŜǊŜƴŎŜΥ !ŦǘŜǊ ǘƘŜ уˉ 

electrocyclization, the resulting cyclooctatriene 2.10, unlike for all the other cyclooctatriene-derived natural 

ǇǊƻŘǳŎǘǎΣ ƛǎ ƛƴǘŜǊŎŜǇǘŜŘ ōȅ ŀ ŘƛŜƴƻǇƘƛƭŜ ŜƴƎŀƎƛƴƎ ƛƴ ŀ ώпҌнϐ ŎȅŎƭƻŀŘŘƛǘƛƻƴ ƛƴǎǘŜŀŘ ƻŦ ǳƴŘŜǊƎƻƛƴƎ ŀ сˉ 

electrocyclization. This reactivity leads to tricyclic intermediate 2.11. We think that this sequence takes 

ǇƭŀŎŜ ŜŀǊƭȅ ƛƴ ǘƘŜ ōƛƻǎȅƴǘƘŜǎƛǎ ƎƛǾŜƴ ǘƘŜ ǎǇƻƴǘŀƴŜƻǳǎ ƴŀǘǳǊŜ ƻŦ ǘƘŜ уˉκсˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴΣ ōǳǘ ŀ ƭŀǘǘŜǊ 

cascade reaction cannot be ruled out.[103,104] To the best of our knowledge, this is an unprecedented reaction 

sequence, and consequently so is the structure of 2.1. Given the fact that unlike the endiandric acids or the 

kingianins, PF-1018 has been isolated as a single enantiomer, it seems that the diastereo- and 

enantioselectivity of these steps could derive from the chiral environment within the enzyme.  

After the pericyclic cascade, the chain is extended again with two units of acetyl-CoA leading to intermediate 

2.12. The transfer of proline takes place from the thiolation domain of the non-ribosomal peptide synthase 

(NRPS) 2.14 and the tetramic acid is formed upon Dieckmann condensation releasing 2.1 from the hybrid 

complex. 

 

2.3 Biological Activity of (-)-PF-1018 
 

As it has been mentioned in Chapter 2.1, PF-1018 was found in a screening campaign for new insecticides. 

2.1 was tested against critical pests including Thrips palmi Kany, Tetranychus cinnabarinus Boisd., Plutella 

xylostella L. and Musca domestica.[105] Exposure of these insects to aqueous solutions of 2.1 at different 

concentrations led to high levels of mortality, especially for the diamondback moth (Table 2.1).[93,105] The 

mode of action has not been studied and is therefore unknown. 

 

Table 2.1. Biological activity of 2.1 on critical pests. Test periods of 48 hours. 

 

Of all the pests tested, the most problematic is Plutella xylostella or diamondback moth. This lepidoptera is 

a major destructive pest affecting the Brassicaceus vegetables (includes cabbage, brussels sprouts, 

cauliflower, broccoli, etc.) showing high adaptability to different environments, a fast reproductive cycle 

and high mutability, which results in quick development of insecticide resistance.[106ς108] More specifically, 

the diamondback moth has developed resistance to virtually all insecticides, being the only species showing 

resistance against Bt toxin.[109] Moreover, Plutella xylostella has spread to the whole world affecting 

dramatically to the yields of Brassicaeus crops, lowering crop yields by nearly 70%.[108,110ς112] Fighting this 

plague has an estimated cost of US$ 5 billion per year,[113] therefore the development of new insecticides is 

essential to keep the damage under control. 
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2.4 Previous Efforts Towards (-)-PF-1018 
 

Initial studies at the Trauner group aimed for a straightforward synthesis of (-)-PF-1018 following the 

tandem Stille coupling/у  ̄ electrocyclization strategy analogous to the synthesis of ocellapyrones and 

elysiapyrones, which have been highlighted in Chapters 1.2.3 and 1.2.4. In this case, however, the desired 

reactivity involved intercepting the cyclooctatriene intermediate with an intramolecular dienophile 

inducing a Diels-Alder reaction. For this purpose, stannane 2.15 and vinyl iodide 2.16 were prepared 

(Scheme 2.3). Not surprisingly, the у /̄с  ̄electrocyclization reaction took place instead. Trying to reverse 

the с  ̄electrocyclization by heating over 150 ºC led to thermal retro-[2+2] cycloaddition, releasing triene 

2.21 and mesitylene in a new case of άpolyene splicingέ, which was previously observed in the orinocin 

cascade (Scheme 1.18). 

 

Scheme 2.3. Initial studies in the Trauner group towards (-)-PF-1018. 

 

A new asymmetric approach started with aldehyde 2.23 (Scheme 2.4). Two stereogenic centres were 

ƛƴǘǊƻŘǳŎŜŘ ōȅ ƳŜŀƴǎ ƻŦ ŀƴ 9Ǿŀƴǎ ŀƭŘƻƭ ǊŜŀŎǘƛƻƴ ƛƴ ŀ άōƛƻƛƴǎǇƛǊŜŘέ dehydration strategy in order to control 

the stereoelectronics of the polyene system.  

 

Scheme 2.4. Previous efforts towards (-)-PF-1018. 
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The resulting alcohol 2.25 was transformed in 4 steps into vinyl iodide 2.26, which would serve as the 

reaction partner for the Stille coupling. The reaction cascade with stannane 2.15 gave 2.27 as the only 

isolable product in 32% yield.[114] Interestingly, the same reaction with the unprotected alcohol did not 

ŘŜƭƛǾŜǊ ǘƘŜ ŘŜǎƛǊŜŘ ǇǊƻŘǳŎǘΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ǘƘŜ h¢.{ ŀƴŘ ǘƘŜ ʲ-methyl group impart a torsional strain 

ǿƘƛŎƘ ŀǾƻƛŘǎ ǘƘŜ сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ όǎŜŜ CƛƎǳǊŜ мΦм ŦƻǊ ǘƘŜ сˉ ǘǊŀƴǎƛǘƛƻƴ ǎǘŀǘŜ structure). 

Further elaboration of cascade product 2.27 yielded alcohol 2.28 in 3 steps. A set of elimination conditions 

including Burgess and Chugaev was tried on 2.28, but failed to afford the desired product 2.30 either by lack 

of reactivity or decomposition. Hoping that an anti-elimination would solve this problem, the configuration 

of the free alcohol was inverted by the formation of a chloromethyl sulfonate derivative followed by 

treatment with CsOAc, affording an acetate with net inversion of configuration. Methanolysis upon 

treatment with sodium methoxide in methanol yielded alcohol 2.29. Unfortunately, all attempts for 

elimination failed again, frustrating this approach towards PF-1018. 

 

2.5 Project Outline 
 

The structure of (-)-PF-1018 is not only aesthetically attractive given the complexity of its tricyclic core, but 

also entails a challenge for synthetic chemists, since the ubiquitous у /̄с  ̄cascade must intercepted at the 

cyclooctatriene intermediate with an intramolecular dienophile. This is a unique case in the Cyclooctatriene-

Derived natural product family described in Chapter 1, and the synthesis of 2.1 will add new significant 

insights on how these secondary metabolites arise from cyclooctatrienes and what is the reason behind the 

fact that some are isolated as racemates or as single enantiomers. 

 

Scheme 2.5. Examples of tetramic acid natural products with relevant bioactivity. 

 

Regarding the applications of synthetic 2.1 given its bioactivity, maybe the heavy economic losses in 

agriculture caused by the diamondback moth could justify the use of complex synthetic molecules such as 

(-)-PF-1018. Moreover, other natural products bearing tetramic acids have proven to entail a very broad 

range of interesting biological activities such as antibiotic[115], antifungal[116], cytotoxic[117], antimoebal[98] and 

antiviral.[118ς120] For example, vermisporin, produced by the fungus Ophiobolus vermisporis exhibits activity 

against Bacteroides spp, Clostridium perfringens (90% inhibition at 0.25-2 µg/mL), and Staphylococos aureus 

(90% inhibition at 0.15-0.5 µg/mL)[121] pyreudione C shows antimoebal activity (IC50 1 µg/mL)[98] and eliamid 

cytostatic activity against human lymphoma cell line U-937 (IC50 0.5 ng/mL).[122] Hence, it is likely that 2.1  

would also display potent bioactivity against some of these targets, which could be identified by means of 

a screening process. The material for this screening could be obtained through the total synthesis of (-)-PF-

1018. 

In our initial retrosynthesis, we envisioned that 2.1 could be obtained via Horner-Wasworth-Emmons 

reaction between aldehyde 2.35 and phosphonate ester 2.34 (Scheme 2.6). 2.34 could be accessed from L-
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proline and diethyl phosphonacetic acid. Tricycle 2.35 could in turn be obtained from ketone 2.36 by 

olefination and double bond migration. Consequently, ketone 2.36 could be derived from diol 2.37 upon 

deprotection, oxidation and deoxygenation at C2. Diol 2.37 would in turn arise from the previously 

described Stille/у /̄[4+2] cascade of stannane 2.15 and vinyl iodide 2.38. By exchanging the methyl group 

at C3 (compound 2.26, Scheme 2.4) by a protected alcohol (compound 2.38, Scheme 2.6) we expected to 

overcome the elimination problem described above. Triene 2.38 would be synthesized in an analogous 

manner as 2.26 via Evans aldol reaction of conjugated aldehyde 2.23 (Scheme 2.4), itself arising from vinyl 

iodide 2.39. Stannane 2.15 could be accessed from angelic aldehyde by means of a Stork-Zhao olefination. 

 

Scheme 2.6. Initial retrosynthetic analysis of (-)-PF-1018. 
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3. Results and Discussion 

3.1 Evans Aldol Approach 
 

This approach aimed for the asymmetric installation of the syn-diol via Evans aldol reaction of aldehyde 3.4 

with oxazolidinones 3.8 and 3.9 (Scheme 3.1), chosen for their different bulk and stability towards 

deprotection. As it has been mentioned Chapter 2.4, it seemed that the substituent size at C2 and C3 

strongly influence the outcome of the cascade reaction. 

Thus, the preparation of aldehyde 3.4 started with propargyl alcohol, which underwent a carbocupration 

followed by iodine quench to deliver Z-vinyl iodide 3.1.[123,124] Oxidation of the alcohol with manganese 

dioxide led to an unstable conjugated aldehyde which was immediately submitted to a 

Horner-Wasworth-Emmons reaction with diethyl phosphonate 3.2, leading to conjugated ester 3.3. 

Aldehyde 3.4 was obtained by DIBAL reduction of 3.3 followed by allylic oxidation. 

 

Scheme 3.1. Attempts for the preparation of syn-diols 3.10 and 3.11. 

 

Oxazolidinones 3.8 and 3.9 were synthesized by reaction of protected h -hydroxy acids 3.5 and 3.6 with PivCl 

in the presence of a base and Evans auxiliary 3.7. The Evans aldol reaction of aldehyde 3.4 and 

oxazolidinones 3.8 and 3.9 was initially performed using the same reaction conditions developed in previous 

work.[114] However, Evans glycolate aldol couplings with conjugated aldehydes are rare, and the reported 

yields are usually markedly lower than for non-conjugated or non-oxidized systems, occasionally displaying 

lower stereoselectivity.[125ς128] Thus, these reaction conditions using dibutylboron triflate and triethylamine 

yielded only traces of 3.10 (Method A, Table 3.1, Entries 1, 2 and 7). ¢ƘŜ ǎŀƳŜ ǊŜŀŎǘƛƻƴ ǳƴŘŜǊ tŀǘŜǊǎƻƴΩǎ 

conditions (Method B, Entries 3-6 and 8) with different sources of dibutylboron triflate also failed to deliver 

the desired product.[129] We confirmed the validity of this method by testing it with the same substrate used 

by Paterson, noticing that freshly distilled dibutylboron triflate was required for the reaction to succeed 

(Table 3.2, Entry 3). An attempt lacking boron chelation also failed to provide the desired product (Table 

3.1, Method C, Entry 9).[130,131] 
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Scheme 3.2 and Table 3.1. Conditions screened for the Evans aldol reaction of aldehyde 3.4. 

 

 

Scheme 3.3 and Table 3.2Φ wŜǇǊƻŘǳŎǘƛƻƴ ƻŦ tŀǘŜǊǎƻƴΩǎ 9Ǿŀƴǎ ŀƭŘƻƭ ǊŜŀŎǘƛƻƴ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ŘƛōǳǘȅƭōƻǊƻƴ 

triflate sources. 
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3.2 Brown Allylation Approach 
 

Although many variations could still be applied to the Evans aldol reaction, we thought of a more 

straightforward approach towards 1,3-diol 3.17 which involved a cross-metathesis of triene 3.18 with 

methyl acrylate. In turn, 3.18 could be accessed from aldehyde 3.4 via Brown allylation with MOM protected 

allyl alcohol. This strategy would afford the desired triene 3.17 in three steps including alcohol protection, 

versus 4-5 steps for the Evans aldol route (Scheme 3.4).[132] 

 

Scheme 3.4. New strategy towards 3.17 featuring a Brown allylation/cross-metathesis strategy. 

 

In the Brown allylation, the allyllithium species 3.20 generated by treatment of allyl alcohol 3.19 with sec-

buthyllithium reacts with diisopinocampheylborane and boron trifluoride etherate to deliver allylboron 

intermediate 3.21, whose Z-configuration is maintained at low temperature through boron-oxygen 

coordination (Scheme 3.5). This configuration will dictate the diastereoselectivity of the reaction upon 

addition of aldehyde 3.4, yielding syn-diol 3.22 via transition state 3.22 TSB. The isomer of h -pinene 

employed is responsible for the enantioselectivity result of the steric repulsion between the methyl groups 

from pinene and the terminal allyl hydrogens (3.22TSA, Scheme 3.5).[132] 

 

Scheme 3.5. Brown allylation mechanism. 

 

Thus, the following conditions for Brown allylation were screened (Table 3.3). 
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Scheme 3.6 and Table 3.3. Conditions screened for Brown allylation of 3.4. 

 

We first used the reaction conditions by Crimmins et al., who reported an excellent yield in the reaction of 

a conjugated aldehyde in the synthesis of Sorangicin A.[133] In our hands this method delivered the desired 

product in moderate yield (55%) and low diastereoselectivity (6:1 d.r.) for this kind of reaction (Table 3.3, 

Entry 1). Intrigued by the large excess of borane used by Crimmins, we decided to use less equivalents. This 

led to a slightly higher yield (57 %) but a decrease in stereoselectivity (5:1 d.r., Entry 2). Since the 

temperature is a key factor to control the stereoselectivity in the Brown allylation,[132,134] we decided to 

lower it to -78 ºC while diminishing the equivalents of allyl borane (Entry 3). These changes led to a much 

higher diastereomeric rate (>20:1) and excellent enantioselectivity (92% e.e.). Finally, upon further 

modifications in concentration, reagent ratio and workup procedure, we obtained diol 3.22 in decent yield 

(60%) and excellent diastereo- and enantioselectivity (>20:1 d.r. and 94% e.e., Entry 4). The enantiomeric 

excess was calculated by Mosher ester analysis.[135] 

Further chain elongation could be achieved by cross-metathesis of the terminal alkene of 3.22. Both 

metathesis partners are considered type II olefins, therefore they are not expected to homodimerize at a 

significant rate.[136] Thus, the reaction was initially set with the second-generation Grubbs catalyst and an 

excess of methyl acrylate in refluxing toluene with phenol as a stabilizer,[137ς139] and stirred for 45 minutes. 

The desired product 3.23 was obtained, although conversion was not complete (Table 3.4, Entries 1 and 2). 

We run again the reaction under the same conditions and then added more equivalents of catalyst and 

acrylate while extending the reaction time, but this did not lead to any relevant improvement (Entry 3). 

Thus, we exchanged the catalyst with the more stable second-generation Hoveyda-Grubbs and further 

extended the reaction time while decreasing the temperature. Unfortunately, these changes only led to 

lower starting material recovery or increased decomposition when the temperature was kept at 110 ºC 

(Entries 4-5). Further improvement was observed when the reaction scale was increased from 100 to 700 

mg and the temperature decreased to 80 ºC (Entry 6). At this point it seemed clear that the catalyst turnover 

was low, and that the high temperatures were leading to decomposition. Therefore, addition of 10 mol% of 

the catalyst with a syringe pump over 19 hours to a refluxing toluene solution of 3.22 and methyl acrylate 

allowed for isolation of triene 3.23 in a 50% yield and no starting material recovery (Entry 7). When the 

addition was performed over 8 hours and at lower temperature (80 ºC) the yields decreased again (Entry 8). 

Finally, given the inconvenience of injecting the material over so many hours, a solution of the catalyst was 

prepared, loaded into a syringe and connected to the system doing periodic injections of ~1% after each 

hour (Entries 9-17). The best reaction conditions involved the sequential addition of the catalyst solution 

over 12 hours to the reaction mixture at 50 ºC, leading to a 66% yield (Entry 17). 
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Scheme 3.7 and Table 3.4. Reaction conditions screened for the cross-metathesis reaction. 

 

With vinyl iodide 3.23 in hand, the stannane partner was synthesized via Stork-Zhao olefination.[58,61] This 

one-pot procedure started with phosphonium salt 3.24 (Scheme 3.8, A), which was deprotonated with n-

BuLi and trapped with iodine giving alkyl iodide 3.25. This intermediate was subsequently deprotonated 

with a milder base and condensed with angelic aldehyde (3.14). The resulting vinyl iodide was then 

submitted to a lithium/halogen exchange with n-BuLi and transmetalated with trimethyltin chloride, 

affording the unstable stannane 3.16. 

As it has been mentioned in Chapters 2.4 and 3.1.1, the substitution pattern and stereochemistry of the 

hydroxy substituents in triene 3.23 proved to be essential for outcome of the cascade reaction, probably as 

a result of the existing steric strain ōŜǘǿŜŜƴ ǘƘŜ h¢.{ ŀƴŘ ǘƘŜ ʲ-methyl group, which disfavours the с  ̄

electrocyclization. To further explore this effect, a series of silyl ethers was used to protect the free alcohol 

of triene 3.23 (Scheme 3.8, B).  
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Scheme 3.8. Synthesis of tricycles 3.31-3.34. 

 

Now the stage was set for the key step, a one-pot Liebeskind-type Stille coupling followed by an у  ̄

electrocyclization and a Diels-Alder reaction.[140,141] The Liebeskind-type reaction takes advantage of the 

άŎƻǇǇŜǊ ŜŦŦŜŎǘέΣ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǊŜŀŎǘƛƻƴ ǎǇŜŜŘ upon transmetalation from stannane 3.16 to copper 

and then to palladium. Copper also sequesters the free triphenylphosphine ligands which cause 

autoretardation and could also catalyse the cross-coupling by itself (Scheme 3.9).[53,142ς144] 

 

Scheme 3.9. Proposed mechanism for the Liebeskind-type Stille coupling.[143,144] 

 

Thus, in parallel experiments performed in the dark to avoid undesired photochemical pathways (Scheme 

1.5), stannane 3.16 and the different vinyl iodides 3.27-3.30 were heated in DMF together with Pd(PPh3)4 

and copper thiophene carboxylate. Under these conditions, the desired tricyclic product could be cleanly 

isolated for R = TBS (3.31) and TES (3.32) in 42 and 32% yield respectively (Scheme 3.8, B). The reactions 

with TIPS and TBDPS were more sluggish and 3.33 and 3.34 were obtained in lower purity and yield 
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(calculated by NMR). No other products could be isolated. Although computational studies later predicted 

ǘƘŀǘ ōǳƭƪƛŜǊ ǎǳōǎǘƛǘǳŜƴǘǎ ŀǘ /н ǿƻǳƭŘ ƛƴƘƛōƛǘ ǘƘŜ сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ǿƘƛƭŜ ǇǊƻƳƻǘƛƴƎ ǘƘŜ 5ƛŜƭǎ-Alder 

reaction (Chapter 3.3), in our hands the introduction of TIPS and TBDPS silyl ethers led to decreased yields. 

These reactions were performed once, in parallel with the TBS and TES experiments and under optimized 

conditions. The fact that these were one-time reactions could explain the divergent results, but given our 

broad experience with this particular reaction, we think that other options should be considered: the 

introduction of these groups could have promoted unexplored reaction pathways, or, the presumably 

ƘƛƎƘŜǊ ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎƛŜǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ in the presence of bulkier substituents may 

demand longer reaction times or higher temperatures. 

Taking a closer look to the cascade reaction, many potential products could arise from tetraene 3.35. 

Discarding the photochemical pathway, polyene 3.35 could ǳƴŘŜǊƎƻ ŀ сˉ ŘƛǎǊƻǘŀǘƻǊȅ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ 

yielding cyclohexadienes 3.36 and 3.38 depending on the reaction torquoselectivity (Scheme 3.10). 

Moreover, it would be theoretically possible for both to engage in a [4+2] cycloaddition affording tricycles 

3.37 and 3.39.  

DƛǾŜƴ ǘƘŜ ƭƻǿŜǊ ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎȅ ǊŜǉǳƛǊŜŘ ŦƻǊ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴǎ όƛƴ ǳƴǎǳōǎǘƛǘǳǘŜŘ ƻŎǘŀǘŜǘǊŀŜƴŜ му 

ƪŎŀƭκƳƻƭ ƭŜǎǎ ǘƘŀƴ ŦƻǊ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ сˉύΣ ǘƘƛǎ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ǘƘŜ ƳŀƧƻǊ ǊŜŀŎǘƛƻƴ ǇŀǘƘǿŀȅΦ[27] 

Depending on the torquoselectivity, the conrotatory electrocyclization could lead to cyclooctatrienes 3.40 

and 3.41, each of which exists as a mixture of two conformers that interconvert by ring flip with an activation 

energy of 4-7 kcal/mol.[39] These cyclooctatrienes would afford bicyclo[4.2.0]octadienes 3.42 to 3.45 upon 

сˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴΣ ǿƘƛŎƘ ƛƴ ǘǳǊƴ ŎƻǳƭŘ ǳƴŘŜǊƎƻ ŀ ǊŜǘǊƻ-[2+2] cycloaddition extruding mesitylene and 

triene 3.47, as earlier described for Orinocin (Scheme 1.18).[55] For endo bicycles 3.42 and 3.45, a Diels-Alder 

reaction analogous to the one yielding endiandric acid C could take place affording tetracycles 3.46 and 

3.48. 

Finally, the desired product 3.31 is obtained from 3.40 by the reaction sequence comprising a conrotatory 

ŎƻǳƴǘŜǊŎƭƻŎƪǿƛǎŜ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ŦƻƭƭƻǿŜŘ ōȅ ŀ ώпҌнϐ ŎȅŎƭƻŀŘŘƛǘƛƻƴ ǿƛǘƘ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ 

regioselectivity. If the other possible diene in cyclooctatriene precursor 3.40 would engage in the 

Diels-Alder reaction, tricycle 3.49 would be obtained instead. Evidently, the homologous compounds 3.50 

and 3.51 would arise from the same process, starting with cyclooctatriene 3.41, itself originating from 

ŎƭƻŎƪǿƛǎŜ уˉ ŜƭŜŎǘǊƻŎȅŎƭƛȊŀǘƛƻƴ ƻŦ ǘŜǘǊŀŜƴŜ 3.35. 
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Scheme 3.10. Potential products that could arise from cascade reaction 3.35 Ҧ 3.31. 
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Scheme 3.11. Possible reaction pathways followed by 3.40 and 3.52 including transition states. 

 

As it can be deduced from the experimental results, the right arrangement of substituents at C2 and C3 

positions allowed for remarkable stereoselectivity, and consequently, a reaction which could yield at least 

14 different products delivered the desired tricycle in 42% yield. The explanation for this phenomenon can 

be attributed to the steric strain between the side chain, increased by the presence of the OTBS group, and 

the ̡ -methyl group present in transition states 3.43TS and 3.42TS, of which the latter is presumably higher 

in energy given the endo position of the alkyl chain (Scheme 3.11). Computational calculations in this regard 

can be seen in Chapter 3.3. This strain is not present (or is greatly minimized) in the transition states of the 

analogous tetraene (3.54TS and 3.55TS), explaining why in previous work only the сˉ ǇǊƻŘǳŎǘǎ, 

bicyclo[4,2,0]octadienes 3.54 and 3.55 were isolated under similar reaction conditions. Moreover, attempts 

to thermally reverse this reaction only led to retro-[2+2] cycloaddition (Scheme 3.11). 

With the core structure in hand, we aimed to install the olefinic methyl group in the cyclopentane ring. We 

envisioned that -hhydroxyketone 3.57 (Scheme 3.12) obtained from tricycle 3.31 by MOM deprotection, 

oxidation and TBS deprotection could be deoxygenated with SmI2 yielding ketone 3.58.[145,146] This versatile 

intermediate could potentially deliver cyclopentene 3.59 by 3 different approaches based on intermediates 

3.60 to 3.62. The first strategy would involve olefination of the ketone yielding exo-methylene 3.60, which 

could be isomerized to the desired intermediate 3.59.[147ς150] Another option would be the synthesis of an 

enol sulfonate (3.61a, b or c) which could engage in a cross-coupling reaction to install the methyl 

group.[151,152] Finally, methylation of ketone 3.59 with a Grignard or an equivalent reagent would lead to 

tertiary alcohol 3.62, which upon elimination would afford 3.59.[153,154] 

2 

3 
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Scheme 3.12. Envisioned routes towards intermediate 3.59. 

 

For this purpose, we first proceeded to deprotect the MOM group of intermediate 3.31. After trying 

different methods including the use of B-Bromo catecholborane, (Table 3.13, Entries 1-2),[155,156] zinc 

bromide (Entries 3-4)[157ς159] and TES triflate and base (Entries 5, 7-8)[160] at different temperatures, either 

no conversion or decomposition was observed (Table 3.5, Entries 1-5). We then tried CǳƧƛƻƪŀΩǎ ŎƻƴŘƛǘƛƻƴǎ, 

which consisted in the treatment of the acetal with TESOTf and 2,6-lutidine at 0 ºC, forming a lutidinium salt 

intermediate which could be hydrolysed in situ yielding the desired alcohol.[161] For our hindered substrate, 

3.31, no conversion was observed under the mentioned conditions. This prompted us to apply more forcing 

conditions, switching the solvent to chloroform and heating up to reflux. After 5 hours the expected 

lutidinium salt 3.63 was observed by proton NMR, and further hydrolysis was achieved by keeping the 

sample in a biphasic mixture of chloroform and water at 65 ºC for 48 h, obtaining alcohol 3.64 in 81% yield. 

In another publication by Fujioka,[162] the problem of lutidinium salt hydrolysis was addressed by the use of 

bipyridine, which yielded labile bipyridinium salts. However, when we applied this method, only 

decomposition was observed (Entries 7-8).[162] 
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Scheme 3.13 and Table 3.5. Conditions screened for the deprotection of MOM alcohol 3.31. 

 

Alcohol 3.64 was oxidized with DMP yielding protected h -hydroxy ketone 3.65, which we were unable to 

deprotect by treatment with various fluoride sources including TBAF, TASF, HF/Pyridine and BF3 due to 

decomposition (Scheme 3.13).[163ς166] An attempt to directly deoxygenate silyl ether 3.65 with SmI2 based 

on literature precedents also failed.[145,167] Thinking that the ester group could be playing a role in the 

decomposition of 3.65, we opted to reduce it and protect the resulting alcohol. This was accomplished by 

treatment of 3.64 with DIBAL followed by primary alcohol protection with TBDPSCl and oxidation with DMP, 

which smoothly delivered ketone 3.67. We attempted the SmI2 mediated h -hydroxy ketone deoxygenation 

on 3.67,[163ς166] but again no conversion was observed. Wittig olefination of 3.67 to obtain exo-methylene 

3.69 and alkylation attempts with different organometallic reagents including methyl magnesium bromide, 

methyllithium, lithium trimethyl magnesiate and methyl titanium trichloride aiming to deliver tertiary 

alcohol 3.70 were also unsuccessful,[153,168ς173] presumably due to the steric hindrance around the carbonyl 

group. 



45 
 

 

Scheme 3.14. Attempts to synthesize advanced intermediates 3.58 and 3.68 to 3.70. 

 

Since the deoxygenation attempts on -hhydroxy ketones 3.65 and 3.67 were unsuccessful, we decided to 

first deprotect the TBS silyl ether and submit the resulting alcohol to deoxygenation with NugentΩs reagent 

using .ŀǊǊŜǊƻΩǎ conditions (Scheme 3.15).[174] Unfortunately, when applied to alcohol 3.71 or silyl ether 3.31, 

no conversion was observed. This prompted us to redesign our retrosynthesis for the last time (Scheme 

3.16). 

 

Scheme 3.15 and Table 3.6. Attempts to deoxygenate intermediates 3.31 and 3.71 ǿƛǘƘ bǳƎŜƴǘΩǎ ǊŜŀƎŜƴǘΦ 
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Scheme 3.16. Definitive retrosynthesis of (-)-PF-1018. 

 

We envisioned a new way of obtaining tricycle 3.75 from diol 3.31. The olefinic methyl group of 3.75 could 

be installed by means of Negishi coupling on an enol triflate derived from ketone 3.58. 3.58 could in turn 

be obtained from 3.31 upon TBS deprotection, Barton-McCombie deoxygenation and oxidation of the 

alcohol at C3. This strategy together with the Brown allylation route towards 3.31 and the final HWE 

reaction define the retrosynthetic analysis that delivered (-)-PF-1018 (Scheme 3.16). 
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3.3 Bioinspired Synthesis of (-)-PF-1018 
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