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Résumé 

Cette thèse est composée d’une première partie sur la synthèse, l’identification de 

cibles et l’activité biologique du produit naturel goyazensolide. La seconde partie 

évalue les protéines ciblées par le produit naturel withaferin A et contribuant à un effet 

antiviral sur H5N1. 

La première partie commence par la synthèse totale de la sesquiterpène lactone 

goyazensolide via le premier exemple d’une allylation de Barbier faisant émerger la 

formation d’une-méthylène--butyrolactone et la formation du macrocycle 

germacrène de manière concomitante. La synthèse d’un analogue, 5-epi-

isogoyazensolide, a ensuite été achevé afin de valider la stratégie. L’obtention d’une 

sonde avec un groupement alcyne greffé sur la structure permettra par la suite 

l’identification d’une protéine nommée importin-5 (IPO5) en tant que cible covalente. 

Cette protéine ayant des propriétés intéressantes dans le domaine du cancer, il a été 

démontré que l’incubation de goyazensolide in-cellulo inhibe la translocation du cargo 

RASAL2 dans le noyau et ainsi, décroît drastiquement la phosphorylation de AKT, 

marqueur de la prolifération cellulaire. De plus, le traitement de goyazensolide sur un 

lysate montre la perturbation du binding entre IPO5 et deux « nuclear localization 

sequence » NLS provenant de protéines virales appartenant à influenza A et au VIH. 

Ces expériences démontrent la découverte du premier inhibiteur d’IPO5. Une étude 

de relation structure activité a ensuite montré que seuls goyazensolide et atripliciolide, 

contrairement aux analogues de la famille des furanohéliangolides, possèdent la 

capacité à binder IPO5. 

 

La seconde partie concerne une étude sur l’activité anti-influenza de la lactone 

stéroïdale withaferin A. De manière surprenante, withaferin A interagit également de 

manière covalente avec importin-5 malgré sa différence structurale significative et 

aucune référence ne mentionnant cette interaction malgré plus de deux décennies 

d’investigations sur cette molécule. Une diminution significative de la réplication 

d’influenza A a été démontré lorsque les cellules sont traitées avec withaferin A ainsi 

que les sondes WAPs alors qu’un effet modéré est observé avec goyazensolide. Les 

premières conclusions ont finalement exclu IPO5 en tant que cible unique dans 

l’activité anti-influenza A de withaferin A. Une recherche bibliographique a montré que 

withaferin A ciblait plusieurs protéines impliquées dans la réplication d’influenza A. Ces 



composés sont ainsi appelés « multi-target ».  Withaferin A cible, entre autres, la 

protéine Keap1, induisant l’expression de Heme Oxygenase 1 (HO-1) puis l’induction 

des interferons-stimulated genes (ISGs) qui ont un effet significatif sur l’inhibition de la 

réplication virale. Cette hypothèse a été testé avec succès en utilisant un inhibiteur de 

Keap1 : bardoxolone methyl. Cependant, la multitude de cascades biologiques durant 

le cycle de vie d’influenza A combinée à l’utilisation de composés multi-target 

complexifie drastiquement la détermination du mécanisme d’action globale inhibant la 

réplication virale. Malgré le très grand potentiel anti-influenza A de withaferin A en 

ciblant a minima huit protéines impliquées dans la réplication virale, la rationalisation 

globale de son mécanisme d’action demeure un énorme défi. 

  



Summary 

This thesis is composed of two parts:  the first is about goyazensolide and second part 

about Withaferin A. 

The first part started with the total synthesis of the sesquiterpene lactone 

goyazensolide via the first example of a Barbier allylation / lactonization merging an -

methylene--butyrolactone with the closure of a 10-membered germacrene in one step. 

An analog, 5-epi-isogoyazensolide, was also synthesized to validate the strategy. 

Synthesis of a goyazensolide probe with an alkyne tag allowed the identification of 

importin-5 (IPO5) as a covalent target of goyazensolide. As this protein has interesting 

anti-cancer activities, we have demonstrated that goyazensolide inhibits in cellulo the 

translocation of RASAL2, a negative regulator of RasGAP, causing a drastic decrease 

in the level of p-AKT, a marker of cell proliferation. Moreover, incubation of 

goyazensolide with a cell lysate indicated a perturbation in the pull-down of IPO5 with 

two nuclear localization sequence (NLS) of viral proteins belong to influenza and HIV. 

A structure activity relationship study of related furanoheliangolides demonstrated that 

only goyazensolide and atripliciolide were able to bind IPO5. 

The second part was focused on the study of the anti-influenza A activity by withaferin 

A. Surprisingly, withaferin A also binds IPO5 while its structure is significantly different 

to goyazensolide. A drastic reduction in the rate of influenza replication was observed 

when cells were treated with withaferin A and the probes WAPs, while a moderate 

effect was observed in the presence of goyazensolide. Literature reported that 

withaferin A targets several proteins related to influenza A. This compound can be also 

called “multi-target compound”. Keap1 is one of the targets of withaferin A and its 

inhibition induced heme oxygenase 1 (HO-1) expression, promoting the interferon-

stimulated genes (ISGs) induction which inhibits the influenza A replication. While the 

prediction of the anti-IAV activity from the Keap1 inhibitor bardoxolone methyl was 

successful, the myriad of biological pathways during the influenza A life cycle combined 

to the use of non-selective compounds drastically increase the difficulty to determine 

the whole mode of action. Natural products as goyazensolide and withaferin A are 

typically multi-target compounds and, despite their tremendous therapeutic potential, 

their rational development still represent a formidable challenge.  
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CHAPTER 1. Introduction & Literature 

I. Natural products as an important source of drugs 

It is likely that humans have used plants as medicine for as long as we have existed. 

The earliest historical records of herbs are found from the Sumerian civilization, where 

medications with plants are listed on clay tablets (Figure 1). Humans have 

experimented with plants to learn how they can help us cure diseases or pain. In other 

words, humans have been involved for dozen of centuries in a huge clinical trial with 

medicinal plants.1 Early therapeutics have combined these ingredients with mysticism, 

astrology or religion, and the treatments that were effective were recorded and 

documented leading to the early herbal remedies.2 As chemical techniques improved, 

the active constituents were 

 

Figure 1:  (Left) Sumerian medical clay tablet (2200 BC); (Right) treatment of a patient 

isolated from plants, characterized and were synthesized in a laboratory. Sometimes, 

chemical modifications (semi-synthesis) could enhance the activity or drugs were 

better tolerated. Gradually, synthetic compounds replaced many of the plant active 

constituents, though certain plant derived agents were never surpassed and remain as 

valued medicines to this day. The molecules shown below (Figure 2) are some of the 

natural product-derived medicinal compounds from past to present. 
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Figure 2:  Examples of natural products-based drugs from past to present 

There is currently a renewed interest in active natural products from plants, animals, 

or microorganisms, in the drug discovery continuum. This is clearly observable in the 

areas of cancer and infectious diseases. National Cancer Institute conducted a survey 

and, among the new 877 small-molecule authorized as drugs worldwide between 1981 

and 2002, 61% were inspired by natural products.3 The biological activity of natural 

products has been rationalized by the fact that during biosynthesis, they interact with 

multiple proteins as substrates and targets, so called “multi-target drugs”.4 Therefore, 

they are capable of penetrating biological barriers and exert their effect. Thus, most 

natural products are biologically validated to target specific proteins and triggered 

various biological cascades. In the plant itself, natural products as secondary 

metabolites and often serve to protect against predators. In humans, these chemical 

entities are used to protect or treat some of our diseases often by acting as specific 

toxins against aberrant cells or deregulating physiology. 

II. Electrophilic molecules “Michael acceptors” type 

An electrophilic molecule is a compound having one or more electron deficient atoms. 

It is able to form a bond with a compound called "nucleophile" which will share its 

electron doublet. Electrophiles are species which will be able to modulate certain 

biological functions by interacting with nucleophilic macromolecules. These 
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interactions lead to various biological activities of interest in therapy. There are a 

myriad of electrophilic molecules or patterns, but the subject of this research work 

focused on a particularly promising class of therapeutic agents:  “Michael acceptors”. 

After defining the concept of "Michael acceptor", explaining the chemical and biological 

reactivities of these compounds, this first part will describe different identified biological 

targets. Their clinical significance will, when possible, be illustrated by molecules 

currently on the market, or under development. 

II.1. “Michael acceptor”:  definition 

The so-called "Michael" addition reaction is a conjugated nucleophilic addition between 

a “Michael donor”, nucleophile, and an α,β-unsaturated electrophile or "Michael 

acceptor”. Michael donors are heteroatoms carrying a free doublet (Figure 3) such as 

thiols, anions, or amines. Michael acceptors (MA), on the other hand, are patterns with 

a double bond, or an alkyne function, in the α and β position of an electron-withdrawing 

group (EWG) such as carbonyl functions, amides or nitriles. 

 

Figure 3:  List of Michael donors and acceptors 



13 

Michael reaction is a case of vinylogy, the premise of which is that “the property of a 

functional group is expressed (or is relayed) through one (or more) double bond(s), 

that is to say vinyl(s)”. 

In the case of Michael acceptors, this principle can be visualized in Figure 4 

representing an α,β-unsaturated carbonyl system, motif regularly used to illustrate 

Michael acceptors. The figure shows the polarization of the carbonyl function relayed 

along the double bond by resonance. In the case of α,β-ethylenic carbonyl derivatives, 

there are therefore two electrophilic sites within the molecule which can rise two 

addition reactions in competition. 

 

  

Figure 4:  Representation of the vinylogy principle applicated to a α,β-unsaturated ketone 

In theory, a nucleophile can either directly attack the carbon of the carbonyl, or attack 

the β-carbon, which is electrophilic by mesomerism. The carbonyl attack is a direct 

addition of type 1,2 (reaction 1, Figure 5), while the addition taking place at the level of 

β-carbon is a conjugated addition, known as 1,4 addition or Michael addition (reaction 

2, Figure 5). Depending on the conditions, either of the additions may be favored. 

 

Figure 5:  Nucleophilic addition on conjugated systems 
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II.2. Chemical reactivity 

From a chemical point of view, the preferential position of the nucleophilic addition 

depends on three elements5: 

- the nature of the nucleophile 

- the nature of the electron-withdrawing group and the steric hindrance generated 

- the reaction conditions 

 

The first major principle explaining the selectivity of nucleophilic addition is the HSAB 

(Hard and Soft Acids and Bases) theory or Pearson concept, which is based on the 

characters "soft" or "hard" of the nucleophile and the electrophile involved in the 

reaction. The HSAB principle explains that the addition of a hard nucleophile to a hard 

electrophile, or a soft nucleophile with a soft electrophile, will be faster than those 

between species of opposite characters. They will therefore be favored. An electrophile 

or nucleophile is said “Soft” when it is bulky, neutral, or weakly charged, and easily 

polarizable, that is, their charge is dispersed. Conversely, a nucleophile or an 

electrophile is said "Hard" when it is small, has a high load and is weakly polarizable, 

i.e. the charge is very localized (Figure 6).6 

 

 

Figure 6 : Charges and polarization of an α,β-unsaturated carbonyl system. In this case, the carbon 
atom of the carbonyl is a hard electrophile due to its strong charge and its poor polarizability. The -

carbon is a soft electrophile due to it low and diffuse charge 

The hard interactions therefore involve the charges and the electrostatic characteristics 

of the species concerned, while the soft interactions are orbital interactions.5, 7 Since β 

-carbon is a soft electrophile (Figure 7), the Michael addition or addition 1,4 is defined 

as a soft interaction thus involving the orbitals. It is favored when the difference in 

energy levels between the orbitals LUMO of the electrophile and HOMO of the 
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nucleophile is low.7 The soft nucleophile has a high energy HOMO and the soft 

electrophile has a low energy LUMO. 

 

 

Figure 7:  Orbital interaction levels between hard and soft species (HSAB principle) 

These rules govern the reactivities of soft and hard species excluding all considerations 

of size, competition and other physicochemical phenomena that can be involved 

between two molecules. A classic example of the regioselectivity of the attack on an 

α,β-unsaturated ketone, conditioned by the hard or soft nature of the electrophilic, is 

the difference in reactivity of an organolithium (hard) and a cuprate (soft). In practice, 

this is more complex. The reactivity of the α,β-unsaturated electrophile will depend on 

the nature of the nucleophile present as well as the nature of the electron-withdrawing 

group, but also the steric hindrance generated.8 The carbon of the carbonyl, being a 

hard electrophile (Figure 7), is capable of reacting in presence of a hard nucleophile 

by a 1,2 addition. The nature of the EWG and the steric size may in some cases 

promote a 1,2 addition. 

The reactivity also depends on the reaction conditions and on the presence of several 

nucleophiles in competition. Thus, the selectivity of the 1,2 or 1,4 addition depends on 

the kinetic or thermodynamic control of the reaction. Under kinetic control, the favored 

addition is the fastest kinetic constant. 1,2 addition is often faster but giving a less 

stable product. Kinetic control takes place at low temperature, with short reaction times, 

in an aprotic medium and in the presence of a strong base. If the nucleophile is a good 

leaving group, the 1,2 addition may be reversible. Nevertheless, the conjugate adduct 

is also formed, in parallel, but no longer slowly. It becomes the persistent species at 

the end of the reaction.5, 9 Thus, thermodynamic control favors the conjugate addition, 
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which is slower, but generally a more stable β-adduct is obtained. Conditions involving 

a thermodynamic control are so-called balancing conditions: a high temperature, the 

presence of a weak base and a long reaction time. In these conditions, all stages of 

Michael addition are potentially reversible; the nucleophile can be removed, 

regenerating the acceptor.7 The product may be stabilized by external factors and 

persist. Although the nucleophilic character of the Michael donor is improved in basic 

medium, it has been shown that the conjugate addition can also occurs in acidic 

catalysis. The reaction rate is then significantly increased.10 

II.3. Biological reactivity 

Although it is difficult to generalize, the HSAB principle makes it possible to understand 

and predict, to some extent, the privileged responsiveness of Michael acceptor 

systems to many nucleophilic biological molecules. In fact, many proteins are likely to 

interact with Michael acceptors at the level of their nucleophilic amines. This is 

particularly the case with sulfhydryl groups of cysteine residues (Figure 8), the primary 

amine and the ε-amino group of lysine, or even the amine of histidine imidazole.11 

 

Figure 8:  Structure of cysteine. The soft nucleophilic character is due to the terminal thiol function 

Michael acceptors have been shown to be more prone to react with sulfhydryl groups 

molecules than with amine groups (Figure 9). This is explained by the fact that the 

thiols are softer nucleophiles than amine groups.11 Cysteine residues are therefore 

important targets of Michael acceptors. 

 

 

Figure 9:  Addition between a biological macromolecule and a Michael acceptor via the thiol group 
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The reaction with biomolecules can also, in some cases, be stabilized by external 

factors,7 such as intermolecular hydrogen bonds between Michael acceptor and 

cysteine,12 and become irreversible. Some Michael acceptors were identified as 

potentially genotoxic acting as alkylating agents of DNA. 

However, many molecules, for whom a Michael addition corresponds to the 

mechanism of action, have already been shown to have a medicinal benefit, or are 

undergoing clinical trials. The interactions, irreversible or not, with cysteine residues, 

particularly at the enzymatic sites, are responsible for many therapeutic effects. 

II.4. “Michael acceptors” biological targets 

II.4.1. Cysteine proteases 

Some Michael acceptors are irreversible inhibitors of enzymes bearing cysteine 

residues. These enzymes have a cysteine residue within their active site and are 

therefore good nucleophiles. They constitute interesting therapeutic targets due to their 

ubiquitous presence within protozoa, helminths, viruses, bacteria, but also 

mammals.13, 14 In humans, their deregulation is linked to many cardiovascular, 

inflammatory, neurological and immunological diseases.13 The mechanism of action is 

through Michael addition at the cysteine active site of the enzyme.15 

Cysteine proteases may serve as preferred targets in the development of human 

rhinoviruses.16 Rupintrivir (AG7088) is an example of an antiviral protease inhibitor C3 

(Figure 10). The molecule acts by a Michael addition to a cysteine residue of the 

protease.16 Development of Rupintrivir stopped in phase II due to its limited 

effectiveness in the prevention and treatment of the common cold but investigations 

are still ongoing.17 More recently, the molecule has been repositioned as a potential 

SARS-CoV-2 treatment.18 
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Figure 10:  Structure of Rupintrivir, recently repositioned as potential SARS-CoV-2 treatment 

Certain cysteine proteases are also essential for the survival of pathogens and are 

excellent targets for the treatment of malaria agent Plasmodium falciparum and 

Trypanosomes. Among these are cruzaïne from Trypanosoma cruzi, which causes 

Chagas disease; falcipain present in P. falciparum; or rhodesaine, present in 

Trypanosoma brucei, the agent of sleeping sickness.15, 19 Compound K11777 or K777, 

containing a vinyl sulfone, is one example to illustrate this case (Figure 11). This 

molecule was identified at the University of California, San Francisco and is in clinical 

trials in the United States for the treatment of Chagas disease.20 This molecule has 

been shown to be effective against different strains of Trypanosoma cruzi, including 

strains resistant to current treatment, benznidazole and nifurtimox. Compound K777 

inhibits selectively cruzaïne by binding irreversibly to the thiol residue Cys25 of the 

enzyme by Michael addition.21, 22 This molecule is also being investigated to fight 

SARS-CoV-2 as it inhibits infection of human cells.23 

 

Figure 11:  Structure of K777, a cruzaïne selective inhibitor 

Numerous peptide and peptidomimetic derivatives possessing a Michael acceptor 

function were therefore developed in therapy as inhibitors of cysteine proteases.13 
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II.4.2. Kinases 

Michael acceptors are also of great interest as irreversible inhibitors of another type of 

enzyme, protein kinases and more particularly tyrosine kinases. Proteins are involved 

in many physiological mechanisms, and their dysfunction can lead to pathologies 

ranging from inflammation to cancer.24, 25 Michael acceptors have the ability to 

covalently bind with cysteine residues at the non-catalytic site of the enzyme. Currently 

this mechanism of action is the subject of renewed interest in therapeutic, more 

particularly in cancerology and it leads not only to the discovery of original Michael 

acceptor structural patterns, but also new potential targets, among the kinases. This 

keen interest for kinase inhibitors has also led to the discovery of a new class of 

potential anti-parasite compounds since many kinases have been identified in the 

genus Plasmodium26 and the family of Trypanosomatids (Leishmania, 

Trypanosoma)27. A natural polyketide derived from a fungus, hypothemycin (Figure 

12), showed excellent activity against the agent T. brucei, in which it inhibits 10 of the 

21 CDXG3 identified kinases.27-29 This molecule acts by Michael addition at the 

cysteine from CDXG kinases.25 It has also been observed to possess 

immunosuppressive activity against concanavalin A-induced T cell proliferation.30 

 

Figure 12:  Structure of hypothemycin, a kinase inhibitor of Trypanosoma brucei 

Many other kinases have been identified in humans as therapeutic targets. The 

kinases involved in the vital regulatory pathways of MAPs (Mitogen-Activated 

Protein)31 can be inhibited at several levels of the signaling.25, 32 AKT Kinase B is 

another example.33 

The compound E6201 has successfully passed a Phase 1 clinical trial in the treatment 

of solid tumors34  and Phase 2 in psoriasis (Figure 13).35 It acts as a competitive 

inhibitor at the level of MEK kinase ATP binding site by Michael addition. E6201 is 

derived from a natural compound.36, 37 
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Figure 13:  Structure of E6201, a MEK kinase inhibitor 

These tyrosine kinases, intracellular or intramembrane, catalyze the phosphorylation 

of proteins by transferring an ATP molecule to protein effectors. Thus, they play a major 

role in cell signaling.38 The development of irreversible tyrosine kinase inhibitors is 

currently one of the avenues of research in the fight against cancer.39 For instance, 

Michael acceptors can bind irreversibly to a cysteine residue nucleophile of the 

epidermal growth factor receptor (EGFR) protein.38 Many molecules possessing this 

mechanism of action are currently in development or already on the market 

(Dacomitinib, PF-00299804, Neratinib, HKI-272, BIBW-2992)38. One of them, Afatinib 

(Giotrif®, Boehringer Ingelheim International Gmbh®), is currently on the market for 

the treatment of non-small cell bronchial cancer. Within its structure, it possesses an 

acrylamide motif and covalently binds to EGFR through a Michael addition.24 An 

another molecule, Neratinib (Puma Biotechnology, Inc.®), is a selective inhibitor 

indicated in HER2-positive breast cancer.24 He is currently at different stages of clinical 

development, alone or in combination with other anticancer agents.40, 41 

II.4.3. Other enzymatic targets 

There are many other potential targets of Michael acceptors at the enzymatic level. 

Finasteride, a 5-α-reductase inhibitor used in the treatment of benign prostatic 

hyperplasia has a mechanism of action involving a Michael addition.42 Selegiline, used 

in the treatment of Parkinson's disease irreversibly inhibits MAO-B (Monoamine 

Oxidase type B), thus making it possible to block its dopamine degradation function 

and therefore regulating its rate. Two mechanisms of action have been proposed and 

both involve Michael adducts.42 Monoglyceride lipase (MGL) is also efficiently and 

selectively inhibited by N-substituted maleimide Michael acceptors.43 It has been 

reported that transportins can be targeted by Michael acceptors. One example is 

leptomycin (Figure 14), through covalent modification of Cys529 of exportin-1 (XPO1), 
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a protein which transport cargos from the nucleus to the cytosol.44, 45 Significant efforts 

in medicinal chemistry led to the development of Selinexor, a covalent inhibitor which 

is FDA approved for multiple myeloma and diffuse large B-cell lymphoma. 

 

Figure 14:  Structures of leptomycin (left) and selinexor, FDA approved (right) 

II.5. Partial conclusion 

Until very recently, electrophilic compounds, including Michael acceptors, were often 

neglected, and even denigrated in the discovery of new therapeutics. This was mainly 

due to the lack of selectivity of their mechanism of action and the non reversible nature 

of the bonds.7, 46 Michael acceptors are often associated with a risk of high toxicity, 

including risks of immunogenicity, carcinogenicity and contact dermatitis.10, 11 

Recently, the discovery and the development of promising new molecules, some of 

which are selective (Neratinib, K777), aroused keen interest in this class of 

compounds.  

The formation of adducts with sulfhydryl groups of macromolecules has appeared as 

an important mechanism, selectivity constitutes a challenge for the development of 

future treatments. New studies to investigate the structure activity relationships as well 

as the role played by various factors (reversibility, pH, competition of nucleophiles) in 

the reactivity of Michael acceptors and their toxicity have emerged.7, 8 While waiting to 

better understand these relationships, the bioguiding is an essential avenue of 

discovery for the identification of new molecules. This also makes it possible to feed 

the structural databases of this class, important treatment and ultimately, perhaps, to 

better understand their mechanism of action and identify new biological targets. The 

plant world has always been and continues to be a considerable source of inspiration 

in the development of new therapeutic molecules. Plants produce, for their survival and 

protection, a certain number of secondary metabolites having within their Michael 



22 

acceptor structures: aldehydes-, amides-, ketones-, γ-lactones-, δ-lactones- or 

nitrones- α,β-unsaturated and vinylsufone giving them interesting biological activities.47 

Among the major families of secondary metabolites exhibiting Michael acceptor, can 

be mentioned phenolic compounds such as cinnamates, coumarins, chalcones, 

curcuminoids48, N-alkylamides or even the well known, sesquiterpene lactones. This 

last class of metabolites includes many bioactive molecules and is particularly 

represented within the Asteraceae plant family. 

III. The sesquiterpene lactone family 

Sesquiterpene lactones are secondary metabolites with a 15 carbon sesquiterpene 

skeleton, which have subsequently undergone structural modifications by cyclization 

and oxidation.49-51 

They represent an important class of secondary metabolites due to their high number 

of compounds and their great structural diversity. These molecules are present in fungi, 

bryophytes, and plants. It is within the Asteraceae family that they are found for the 

most part. 

The great interest in the study of these compounds comes from their strong therapeutic 

potential. Many plants containing sesquiterpene lactones are frequently used in 

traditional medicine52 and these compounds have been widely studied for many years 

for their broad spectrum of biological activities, such as antibacterial, antifungal, 

antiprotozoal53 and more importantly anti-inflammatory and anti-tumor. They are 

therefore very promising compounds for the development of new anti-inflammatory and 

anti-cancer therapeutic molecules.54 From a physico-chemical point of view, they are 

lipophilic, weakly volatile, colorless, bitter and often thermolabile compounds.55 

III.1. Structure 

Sesquiterpene lactones are divided based on the structure of carbon skeletons, to 

which is added the suffix “olide” indicating the presence of a lactone function (Figure 

15). 
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Figure 15:  Examples of sesquiterpene lactones structures 

By 2015, more than 6000 sesquiterpene lactones had been discovered.56 According 

to Schmidt, there are 100 different sesquiterpene groups in the Dictionary of Natural 

Products and more than 300 according to certain authors, but 87% of the structures 

identified would derive from seven main groups.57, 58 These seven major groups are 

the germacranolides group, as well as 6 groups deriving from the germacranolides 

precursor type: guaianolides, pseudoguaianolides, eudesmanolides, 

eremophilanolides, elemanolides and xanthans (Figure 16). 
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Figure 16:  The seven main groups of sesquiterpene lactones according to Schmidt (2006) and their 
relationships according to Fischer et al. (1979) 

The group of germacranolides is the predominant group in terms of number of 

compounds and it is itself divided into subgroups according to the configuration of the 

two double bonds of the cyclodecadiene skeleton (Figure 17): the germacrolide (E,E), 

heliangolides (1-10-E, 4-Z), melampolide (1-10-Z, 4-E) and Z,Z-germacranolides.59 

The subgroup of germacranolides is the most represented. 
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Figure 17:  Number of germacranes lactones discovered in function of their respective subgroup from 
1957 to 2013. 

 

III.2. Historical milestones 

Since 1957, important steps have been reached in the knowledge of the sesquiterpene 

lactones family, from the first structural elucidation of Pyrethrosin to the total synthesis 

of (+)-diversifolin.59-71 
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1957 The first structural elucidation of Germacrane Lactones-Pyrethrosin was performed. 

1958 Simplest representative, costunolide, was isolated. 

1970 Nobilin was isolated. 

The structure of costunolide was confirmed with the use of X-ray. 

1971 First review of Germacrane Sesquiterpenoids. Various natural sources especially in 
Compositae. Fused α-methylene-γ-lactone moiety and variegated oxygen containing groups. 

1976 The isolation and structure determination of goyazensolide responsible for the schistosomicidal 
properties. Pycnolide, the first seco-germacranolide found in nature. 

1979 A very comprehensive review of all sesquiterpenoid lactones reported. At the end of 1977, 
nearly 950 sesquiterpene lactones were known, including G 123, M 26, H 56, CC 6. Liverworts tends to 
produce sesquiterpenoids enantiomeric to those found in higher plants. 

1980 Newest additions -allenic germacranolides-vernonallenolides. 

1983 Professors Herz and Bohlmann.  Search for biologically active compounds and the 
chemotaxonomic classification. Tagitinin C was transformed to Tagitinin F. 

1990 Bisparthenolidine an unusual new germacranolide alkaloid with antitumour properties. 

1991 Cronquistiolide, a new carbon skeleton with 1,3-cyclopropane. 

First stereoselective total synthesis of eremantholide A. 

1994 New skeleton with 1,4-cyclobutane. 

2009 The first total synthesis of the bioactive lactone (+)-diversifolin. Except for the isolation, chemical 
(cationic or radical, total synthesis) and biological transformations were reported. More and more 
different activities were reported.  

anti-inflammatory activities, anti-cancer agents, antiplasmodial activity, antibacterial and antifungal 
activities, antifeedant, phytotoxic activity, inhibitor of tumour necrosis and interleukin-6, NF-κB inhibitors, 
inhibitors of germination and seedling growth in plant species and other various biological activities. 
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III.3. Biogenesis 

There are quite a few studies on the biogenetic origins of sesquiterpene lactones. They 

originate, within higher organisms, from two biosynthetic pathways of terpenoids: the 

mevalonate pathway (MVA) located in the cytosol and the methylerythritol phosphate 

pathway (MEP) located in the plastid. These two pathways lead, either from acetyl-

CoA (MVA), or from pyruvate (MEP) to the formation of a C5 unit, isopentenyl 

pyrophosphate (IPP). IPP is a key intermediate in the biosynthesis of terpenes. The 

methylerythritol phosphate pathway was discovered more recently, in the 1980s. It has 

been shown that the IPP behind the biosynthesis of sesquiterpene lactones could 

originate from these two pathways and that exchanges were possible between the 

cytoplasm and the plastid.72 The IPP is then isomerized into 

dimethylallylpyrophosphate (DMAPP) by the enzymatic route. The two intermediates 

IPP and DMAPP subsequently condense into geranylpyrophosphate (GPP), precursor 

of the chemical group of monoterpenes (Figure 18). The following series derive from 

successive condensations: farnesyl PP (FPP), geranyl-geranylPP (GGPP), geranyl-

farnesylPP (GFPP), squalene and Z-phytoene, which are the precursors of the various 

classes of terpenes.73 

The precursor of sesquiterpenes is farnesylpyrophosphate (FPP), a linear unit in C15, 

and it is generally accepted that the main skeletons of the sesquiterpene lactones are 

derived from the cyclization of the conformer 2E, 6E-farnesylPP by ionization of C2 and 

elimination of pyrophosphate OPP forming the precursor of all the sesquiterpene 

lactones: the cation germacradiene, a cyclodecadiene.49 This germacrene 

intermediate is oxidized to a carboxylic function at the level of C12, a double bond is 

created at C11, constituting the germacranic acid. This acid will then be hydroxylated 

in position C6 or C8, in  or in  of the cycle, allowing the formation of an ester bond 

between the hydroxyl and the carbonyl leading to lactonization. The hydroxyl leading 

to this lactonization (whether in position C6 or C8). Lactonization most often leads to a 

five-membered ring, called -lactone.49, 74, 75 The six-cyclizations, cycle breaks, 

migration of methyl functions then take place, even before the formation of the lactone, 

δ-lactone cycles are very rare.49 The diagram representing the biosynthetic pathway 

of the main sesquiterpene lactone groups is presented in Figure 18.76 
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The synthesis of sesquiterpene lactones in plants mainly takes place at the level of the 

leaves, bracts, inflorescences, as well as at the level of achenes.75, 77 These 

compounds are sequestered in specialized organs such as secretory hairs and may 

be present in an exudate covering the surface of the organs mentioned above.49, 78 

This main localization in the aerial parts is explained by the main function of these 

secondary metabolites which is the chemical protection of the plant against its 

predators. 

 
Figure 18:  Schematic representation of the STLs biogenesis 
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III.4. Biological and therapeutic properties of the sesquiterpene 

lactones 

One of the first biological properties attributed to sesquiterpene lactones is their 

cytotoxicity, undoubtedly linked to their protective role within the plant.79 They also 

have a strong propensity to induce allergies or contact dermatitis.53 Beyond this 

cytotoxicity, sesquiterpene lactones have a very wide range of biological activities, 

generally exercising at very low concentrations, between nanomolar and micromolar, 

or even lower.79 Antitumor, antibacterial, antifungal and antiparasitic properties have 

been reported, which were compiled in 1986 by Picman.53 In 2012, Schmidt et al. have 

identified promising secondary metabolites in the treatment of neglected tropical 

parasitic diseases.80 More than 80 sesquiterpene lactones are among these 

compounds, in particular several germacranolides. Parthenolide, costunolide and 

eupatoriopicrin are some examples. Most of the biological properties of these 

molecules which have antiparasitic properties but also cytotoxicity, are most often 

correlated with the presence of the same structural patterns: the α,β-unsaturated 

group.81 Michael acceptor motifs are particularly represented in sesquiterpene 

lactones compared to other classes of molecules and are involved in addition reactions 

with biological nucleophilic molecules, particularly cysteine residues.58, 82 The Michael 

addition is not the sole mechanism responsible for the biological activity of this class 

of secondary metabolites. This is the case, for instance, of artemisinin, a sesquiterpene 

lactone with antimalarial properties83, initially isolated from the plant Artemisia annua 

L., a species of Asteraceae used in traditional Chinese medicine for the same 

indication.84, 85 Artemisinin’s activity comes from the endoperoxide motif of the 1,2,4-

trioxane cycle present within its structure (Figure 19 Left). Its mechanism of action is 

still the subject of debate, but it would act as a prodrug, undergoing a reduction via the 

Fe2+ of the heme leading to the homolytic cleavage of endoperoxide, leading to the 

release of radical species. The antiparasitic effect is thought to result from the reaction 

of these species with various proteins of the parasite, inducing cellular damage.86 
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Figure 19:  (Left) Structure of Artemisinine, (Right) structure of parthenolide  

Perhaps one of the most representative example of the therapeutic potential of this 

class of compounds is parthenolide (Figure 19).87 Parthenolide is a germacranolide 

mainly isolated from Chamomile, Tanacetum parthenium (Asteraceae), and possesses 

an α-methylene-γ-butyrolactone motif within its structure. This molecule is particularly 

interesting for its anticancer and anti-inflammatory properties, which is the case for the 

large group of sesquiterpene lactones more generally.54, 55, 88 Mathema et al. published 

in 2011 an article summarizing its different biological targets justifying a promising 

future in these two fields which have been shown to be closely linked.89, 90 Parthenolide 

first acts as an anti-inflammatory by inhibiting the NF-B pathway at several levels.90 

Its anticancer properties come from this inhibition but also from its ability to increase 

the production of ROS (Reactive Oxygen Species) within cancer cells and to inactivate 

the STAT pathway, transcription factors involved in cell proliferation. Parthenolide also 

has interesting antiparasitic properties. It has been shown to selectively inhibit the 

parasites Leishmania amazonensis and Trypanosoma cruzi in vitro.91, 92 Parthenolide 

is capable of activating the Keap1 / Nrf2 / ARE pathway93, 94 in the same way as other 

molecules with an α-methylene-γ-butyrolactone motif.95 

Cynaropicrin is a natural molecule isolated from Centaurea salmantica L. (Asteraceae) 

inhibiting the growth of T. brucei rhodesiense in vitro and in vivo.96 This sesquiterpene 

lactone has been shown to be able to block the parasite's redox trypanothione system 

by binding to reduced trypanothione. The molecule binds via these two Michael 

acceptor motifs at the level of the two sulfhydryl functions of the molecule (Figure 20).97 

This reaction may explain the trypanocidal activity of the molecule. 
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Figure 20:  Formation of a bis-adduct between cynaropicrin and trypanothione 

III.5. Partial conclusion 

The great structural diversity of sesquiterpene lactones and their numerous therapeutic 

properties continue to arouse interest within the scientific community. The fact that the 

cytotoxicity and the biological properties of these compounds are carried by the same 

pharmacophores makes it difficult to predict selectivity. Like reactivity, it seems to be 

modulated by other factors, in particular by the lipophilicity, the geometry and the 

electronic environment of these molecules.55 Discovery efforts for new sesquiterpene 

lactones by bio-guidance therefore continues to be a privileged access route in the 

search for new active compounds which may ultimately lead to the development of 

therapeutic agents. 
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IV. The natural product goyazensolide 

Goyazensolide is a natural product discovered from plants of the family Asteraceae 

(Figure 21). The compound was first isolated from Eremanthus Goyazensis during a 

research program to find schistosomicidal agents.98 This compound has also been 

extracted from Erementhus mattogrossensis,99 Lychnofora granmongolense,100 

Lychnofora pohlii,101 Camchaia calcarea,102 Centraterum Punctatum103 and Piptocoma 

rufescens104 but essentially from Eremanthus goyazensis. This plant is an Asteraceae 

specie endemic of quartzite rupestrian fields. This ecosystem emerges at the top of 

Brazilian savannas ("Cerrado") located in central Brazil within the states of Minas 

Gerais, São Paulo, Bahia, and Goiás.105 In these areas, the specie is known as 

"candeia". 

 

Figure 21:  (Left) Erementhus goyazensis plant; (Right) Structure of goyazensolide 

IV.1. Structure 

Goyazensolide is a sesquiterpene lactone belonging to the furanoheliangolide 

subfamily. Furanoheliangolides is a highly oxidized subgroup of germacranolides with 

C3 and C10 bridged furan ring that are mainly present in plants. From a structural point 

of view, furanoheliangolides can be divided into two subsets-8α-OR and 8β-OR (Figure 

22). The diverse members exhibit a broad range of bioactivity ranging from anti-

parasitic, anti-cancer, anti-inflammatory activity to plant defensive functions.106 
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Figure 22:  Structure of furanoheliangolides pointing / configuration on C8 

The first investigation on furanoheliangolides can be traced back to 1970, zexbrevin 

was isolated and named by de Vivar et al..107 In 1982, Herz et al. published the first X-

ray structure of goyazensolide (Figure 23).108 

 

Figure 23:  X-Ray structure of goyazensolide CCDC number 1111128 

Despite the intriguing architecture as well as diverse activities, there are very few 

reports on their synthetic studies and total synthesis.109 Presented by eremantholide A 

and diversifolin (Figure 24), the furan-fused 10-membered ring can be constructed by 

Ramberg–Bäcklund reaction, vinylogous aldol reaction or ring-closing metathesis 

(RCM) reaction. 68, 71, 110-112 However, the formation of α-methylene-γ-butyrolactone or 

its C8 side chain hybrid version as shown in eremantholide A is strategically inefficient 

as it requires multiple steps.  



34 

 

Figure 24:  Structure of Eremantholide A and (-)-Diversifolin 

Biogenetically, furanoheliangolides are originally derived from universal isoprenoid 

precursor as shown previously. This ionization−recombination−reionization sequence 

followed by oxidation and cyclization cascade affords structural diverse 

furanoheliangolides.113, 114 

IV.2. Biological properties 

Goyazensolide possesses various bioactivities such as schistosomicidal, 

trypadocinal101, 115, antimicobacterial102, cytotoxic102, 104, 116 and genotoxic117 effects. 

This compound exhibits nuclear factor kappa B (NF-kB)104, 118, 119 and C-myb-

dependent gene expression inhibitory activity.120 Goyazensolide induces aptoptosis in 

cancer cells in vitro and in vivo.121 More recently, the first in vivo experiments 

demonstrated an anti-hyperuricemic activity and a potential trypanocidal activity for 

Chagas disease.122 

While goyazensolide shows various biological activities, its mode of action remains to 

be defined. 
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V. Objective 

While goyazensolide properties remains largely unstudied, it has been shown to be an 

interesting compound in the treatment of an animal model bearing colon tumors. The 

objective of this work consisted of establishing a rationalization of its anti-cancer 

activity. 

As goyazensolide is not commercially available, the first step will be its total synthesis 

via the design of a novel synthetic route as goyazensolide or close analogs have never 

been synthesized. 

Having access to the natural product, design and synthesis of a goyazensolide probe 

will be performed with the intention of preparing an activity-base probe for a proteome-

wide target screen. With this in mind, the structure of goyazensolide indicates a quick 

and easy incorporation of the tag on the allylic alcohol through an acylation with 4-

pentynoyl chloride. 

The alkyne tag probe incubated in a cell lysate followed by reaction with a fluorophore 

will revealed specific targets of goyazensolide. Once localized, targets of interest will 

be enriched, digested and analyzed via MS/MS. Identification of the target will be 

confirm by the use of a specific antibody. 

Moreover, MS/MS analysis would also detect the probe adduct and, thus, provide the 

exact localization of the covalent interaction. 

The identification of the target will let us interrogate its functions in the presence or in 

the absence of goyazensolide. Biological cascades trigger various protein modulations 

and will be monitored by the use of specific antibodies. In consequence, its anti-cancer 

activity will be rationalized. 
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CHAPTER 2. Total synthesis 

I. Total synthesis of goyazensolide: strategy 1 

I.1. Ring closing metathesis strategy  

The retrosynthetic route was composed of two key steps: a ring closing metathesis 

(RCM) and a Barbier allylation (Figure 25). To simplify the synthesis and validate the 

strategy, the allylic alcohol of the south part (C4) and the methyl group at the C10 have 

been removed. 

 

Figure 25:  Retrosynthetic route of goyazensolide 1 and its analog 2. 

I.1.1. Synthesis of bromolactone 3 

 

Figure 26:  Structure of bromolactone 3 
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The synthesis of 3 was already performed in the laboratory and described in the 

literature (See experimental section).123  

I.1.2. Synthesis of aldehyde 4 

 

Figure 27:  Retrosynthetic route of synthon 4 

Intermediate 7 was obtained from Malic acid according to the literature (Figure 28).124, 

125 Weinreb amide 8 is obtained after the cleavage of the acetonide by 

trimethylaluminium and the Weinreb salt. An alkynylation of 8 gave the ynone 10 which 

require two equivalents of alkyne 9 due to the free alcohol present on the weinreb 

amide.126 The 3-(2H)-furanone 11 was accessed by an intramolecular cyclization with 

HgO in acidic conditions.127 Dess-Martin oxidation afforded aldehyde 13 followed by a 

second oxidation with H2O2 to obtain the corresponding sulfoxide, but the harsh 

thermolysis conditions under microwave irradiation (MW) did not afford 4. This 

“masked alkene” deprotection was also tested on the alcohol 11 but a decomposition 

was observed. Thus, the thermolysis will be applied after the Barbier reaction. 

 

Figure 28:  Synthetic route of the synthon 13 precursor 
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I.1.3. Synthons 3 and 13 coupling 

 

Figure 29:  Last part of the synthetic route 

Intermediates 3 and 13 reacted in the presence of Zinc and ammonium chloride to 

provide 14 via a Barbier allylation (Figure 29).128, 129 Analysis of the Barbier products 

indicated the presence of several non-separable compounds by NMR with the correct 

mass (LC-MS) suspecting a possible racemization at the 3-(2H)-furanone position 

during the Barbier reaction or during the previous steps. Oxidation with one equivalent 

of H2O2 gave the sulfoxide 15, which should be eliminate by thermolysis.130 Although 

the reaction was clean arising a single compound, the obtained product didn’t 

correspond to the expected dienone 16. After full analysis, the elimination reaction 

occurred but the intermediate 16, which already bears a dienophile, can revealed by 

prototropy a diene furan scaffold 17 and reacts in an intra Diels Alder reaction to give 

a single polycyclic compound 18 (Figure 30). NMR analysis did not allow the 

determination of the exact stereochemistry. 
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Figure 30:  Intra Diels Alder during the thermolysis reaction 

Several tests to crystallize the compound were unsuccessful, even with the 

incorporation of a 3,5-dinitrobenzoyl on the secondary alcohol. DFT calculations were 

performed and indicated that only the stereoisomer 18a endo should be formed during 

the intramolecular Diels-Alder reaction (Computational study was performed by Dr. 

Romain Pertschi, see experimental section). The scaffold of this unexpected product 

didn’t correspond to any structure in the literature and further investigations might be 

done for a potential utility. 

I.2. The tetrahydrofuranol scaffold 

 

Figure 31:  (Top) Retrosynthetic route of the tetrahydrofuranol strategy. (Bottom) Strategy from 
tetrahydrofuranol to 3-(2H)-furanone synthesis 

As the 3-(2H)-furanone scaffold was highly sensitive, this moiety will be constructed 

later in the synthetic route, via double oxidation of the tetrahydrofuranol starting with a 

first oxidation to give the tetrahydrofuranone followed by the formation of the 
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conjugated double bond using DDQ oxidation (Figure 31 bottom). In this case, 

chemical transformations should be cleaner and more robust due to the higher stability 

of the protected tetrahydrofuranol compared to the conjugated 3-(2H)-furanone. 

 

Figure 32:  Synthetic route of the tetrahydrofuranol strategy 

 

Intermediate 11 was reduced by NaBH4 to give the diol 19 (Figure 32). Both alcohol 

were protected using TBSOTf then a mono-deprotection of the primary alcohol gave 

21.131 DMP oxidation afforded the aldehyde 22  followed by the Barbier allylation. By 

using this tetrahydrofuranol scaffold, the elimination of the bromohydrin to give the 

alkene during the Barbier allylation was efficient as well as the thermolysis to obtain 

24 in good yields. To facilitate investigations on the RCM, the methacrylate ester was 

substituted by an acetyl, which is represented by the intermediate 25. The ring closing 

metathesis step gave a single macrocyclized compound.132 Nevertheless, NOESY 

analysis of the macrocycle 26 has indicated clear correlations and revealed the wrong 

configuration obtained at the fused five membered ring position (Figure 33). 
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Figure 33:  (Left) NOESY correlation of intermediate 26; (Right) 3D representation 

 

I.3. Partial conclusion 

While the ring closing metathesis with the analog 26 successfully occurred, only the 

stereoisomer with the wrong configuration has cyclized. Furthermore, problems of 

racemization have been observed underlining the acidic character of the proton 

localized in -position of the carbonyl within the 3-(2H)-furanone. In consequence, a 

new approach is required to synthesize goyazensolide. 

II. Total synthesis of goyazensolide:  strategy 2 

II.1. Trans-disubstituted-exo-methylene--butyrolactone 

synthesis 

A strategy has been performed within the laboratory to synthesize chiral disubstituted 

-exo-methylene--butyrolactone scaffold from bromolactones (like bromolactone 3) 

but the major bottleneck is number of steps to obtain the bromolactone (8 steps) and 

using harsh conditions (HBr aq.48%) non compatible with sensitive chemical moieties 

(See experimental section).123 A potential strategy to build a trans-disubstituted -exo-

methylene--butyrolactone scaffold would be to, first synthesize the 

monosubstituted-exo-methylene--butyrolactone (Figure 34), followed by a Riley 

oxidation133-135, a bromination in smooth conditions136, 137, and finally a Barbier type 

allylation to obtain the trans-disubstituted -methylene--butyrolactone.  
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Figure 34:  Strategy to obtain the trans-disubstituted--methylene--butyrolactone 

From a mechanistic point of view, the intermediate passed by a Zimmerman-Traxler 

transition state and gives the trans-trans-configuration (Figure 35).138, 139 

 

Figure 35:  Formation of the -exo-methylene--butyrolactone with a trans-trans-configuration via a 
Barbier allylation. 

It is interesting to note that the strategy uses two aldehydes R1 and R2 (Figure 34). If 

R1 and R2 are on the same molecule, it could be possible to perform a macrocyclization 

with a concomitant formation of the -exo-methylene--butyrolactone (Figure 36). 

 

Figure 36:  Schematic representation of the macrocyclization strategy. 

The retrosynthetic route possesses 3 key steps:  a gold catalyzed transannulation, a 
Barbier allylation and a Sonogashira coupling (Figure 37).  
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Figure 37:  Retrosynthetic route of the second synthetic strategy 

 

II.2. Racemic route validation 

To validate the route as soon as possible, the design of the synthetic route will be 

racemic. Other unsuccessful routes have been tested to obtain the racemic “coupled 

intermediate” (Figure 37) and are described in the experimental section. 

The intermediate 31 was prepared from the commercially available diol 27 through a 

monoprotection with TBDPSCl followed by a bromination in the presence of Red-Al to 

give 29 (Figure 38). After a Dess Martin oxidation, a Barbier allylation/lactonization with 

ethyl 2-(bromomethyl) acrylate afforded 31. 
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Figure 38:  Scheme of the racemic synthetic route 

 

With 31 in hand, the commercially available compound 32 has been protected with 

TESCl and deprotonation of 33 with t-BuLi allowed the attack of the 1,1-dimethoxy-3-

butanone to form 34 in a mixture of diastereoisomers (Figure 38).140 Desilylation of 

TMS and TES with TBAF afforded 35. The Sonogashira coupling gave a mixture of 

diastereoisomers in good yield. At this stage, LC-MS monitoring and analysis will take 

a higher consideration in the compound characterizations as the complexity of the 

NMRs has increased. Some diastereoisomers are separable by flash chromatography 

but they are collected all together to avoid any loss of diastereoisomer. Propargyl 

alcohol oxidation with Parikh-Doering reaction gave good yield and gold catalyzed 

cyclization afforded 38.141 Allylic oxidation step increased the number of 
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diastereoisomers due the formation of a new chiral center and, moreover, was not 

clean due to the partial acetal deprotection. A bromination screening did not afford the 

expected compound but a mixture of by-products.137, 142-145 

 

Figure 39:  Screening of bromination with different intermediates 

Allylic alcohols have been synthesized on previous intermediate to screen the 

bromination step but failed (Figure 39). Interestingly, the expected compound during 

the bromination of intermediate 44 has been clearly detected (LC-MS) but disappeared 

during the reaction. It has been explained by, once 45 was formed, desilylation due to 

the acidic conditions decomposed the structure. The next step was to incorporate a 

protecting group resistant to acidic conditions.  

II.3. Acetate protecting group 

In order to avoid any deprotection of the propargyl alcohol 35 in acidic conditions (as 

observed with the TES protecting group), the acetate group would be an appropriate 

protecting group (Figure 40).131 As the allylic oxidation step was not clean enough 

(partial deprotection of acetal), the incorporation of the allylic alcohol has been shifted 

before the Sonogashira coupling. 
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Figure 40:  Racemic synthetic route with the propargyl alcohol acetate protection 

Propargyl alcohol 35 was acetylated with acetic anhydride then coupled with the vinyl 

bromide 37. Sonogashira coupling between 36 and 37 gave intermediate 46 in low 

yield. This drastic decreased of yield may be due to a potential chelation of the 

palladium to the allylic alcohol and thus block the reaction. Bromination converted the 

allylic alcohol into the bromide (SN2’) with concomitant deprotection of the 

dimethylacetal to afford the cyclization precursor 47. A screening of different metals 

(Zn, CrCl2, In, SnCl2)146-149 indicated that only CrCl2 afforded the macrocyclization. The 

use of DMF increased the yield compared to THF. At this stage, proper separation of 

each spots became too complicated due to the formation of a high number of 

diastereoisomers but analysis by LC-MS have shown several peaks corresponding to 

the expected mass. Replacing the racemic alkyne 36 by the chiral one will reduce the 

number of diastereoisomers. 
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II.4. Stereoselective route of the alkyne moiety 

 

Figure 41:  Synthetic route of the chiral alkyne intermediate 

The route started with a carboalumination of the homopropargylalcohol 49 followed by 

a quenching with iodine to afford the vinyl iodide 50 (Figure 41).150, 151 A one pot 

oxidation / acetal protection followed by a Sonogashira coupling with 

trimethylsilylacetylene gave the enyne 52. A Sharpless dihydroxylation with the ligand 

(DHQD)PYR afforded the diol 53 in good yield and enantiomeric excess.152 The 

enantiomeric excess was evaluated by the formation of the Mosher esters and gave 

ee = 94% (Figure 42).153 Indeed, the poor UV absorption of the structure did not allow 

any analysis by chiral chromatography. The propargyl alcohol of the diol 53 was then 

acylated followed by a desilylation with TBAF to give 55. 

 

Figure 42:  Mosher ester synthesis and NMR analysis 
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II.5. En route to goyazensolide 

 

Figure 43:  En route to goyazensolide 

With the vinyl bromide 37 and the alkyne 55 in hand, Sonogashira coupling was 

performed followed by a treatment with PBr3 to obtain the cyclization precursor 59 

(Figure 43). Treatment of 59 with CrCl2 in DMF afforded a clean transformation to the 

desired germacrene framework as a separable mixture of diastereoisomers (60 and 

61) arising from the undefined stereocenter at C6. Full NMR analysis didn’t give clear 

conclusions on the stereochemistry of the two diastereoisomers, thus the two 

diastereoisomers were pushed until the last step (Synthesis with the diastereoisomer 

60 described in the experimental section). Macrocycle 61 was treated with methacrylic 

anhydride followed by a selective deprotection of the propargyl acetate gave 63. MnO2 

oxidation followed by a gold catalyzed transannulation gave the strained bicyclic 

framework 65. Finally, deprotection of the TBDPS occurred smoothly in the presence 
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of HF/Pyr to obtain the single diastereoisomer (-)-goyazensolide 1. The structure was 

confirmed by NMR and by optical activity found from the literature. 

II.6. Partial conclusion 

While the access of the sesquiterpene lactone goyazensolide is now available, this 

build-couple-pair strategy could be generalized and thus gave an opportunity to access 

to various furanoheliangolides. 5-epi-isogoyazensolide has been selected for its easy 

and quick accessibility. 

III. Synthesis of 5-epi-isogoyazensolide 

III.1. Retrosynthetic route 

 

Figure 44:  Retrosynthetic route of 5-epi-isogoyazensolide 

To generalize the strategy, a second natural product, 5-epi-isogoyazensolide, was 

synthesized (Figure 44). It is interesting to note that intermediate 67 without the allylic 

alcohol was already described in the literature154 and intermediate 55 was already used 

for the total synthesis of goyazensolide. 
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III.2. Synthesis of the chiral lactone 67 

 

Figure 45:  Synthetic route of intermediate 67 

The route started by a treatment of the commercially available alcohol 68 with triethyl 

orthoacetate in acidic conditions to afford the diene 69 (Figure 45).155 A Sharpless 

dihydroxylation followed by the protection of the allylic alcohol with the 

trichloroacetamide 71 gave the lactone 72.135 Bromination followed by treatment of 

Eschenmoser salt gave the -exo-methylene--butyrolactone 74.154, 156, 157 Finally, the 

allylic oxidation afforded 67. 
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III.3. Access to 5-epi-isogoyazensolide 

 

Figure 46:  End of 5-epi-isogoyazensolide synthetic route 

With 55 and 67 in hand, Sonogashira coupling was performed to obtain 75 (Figure 46). 

The route continued as described for goyazensolide to finish by a deprotection of the 

p-methoxybenzyl alcohol 81 with DDQ to afford 5-epi-isogoyazensolide 66.158 The 

access of 5-epi-isogoyazensolide is entirely stereoselective. 

IV. Conclusion 

A novel strategy was designed for the synthesis of furanoheliangolides. Most of the 

furanoheliangolides possess a methyl group in the south part of the structure (C4 

position) and an ideal starting point would be the “Primary cyclized intermediate” with 
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a methyl group in the south part of the structure (Figure 47).159 It is interesting to note 

that modulations of the “primary cyclized intermediate” 82, such as a chiral inversion 

at C8 position and Meyer-Schuster type rearrangement at C1-3 position would  increase 

structural diversity (Synthesis of the “Primary cyclized intermediate described in the 

experimental section).  

 

Figure 47:  Structure of the « Primary cyclized intermediate » and the hot spots modulations160, 161 

Investigations continued in the laboratory and led to the optimization of the route 

(Sonogashira coupling, propargyl alcohol oxidation,…) and the synthesis of a 

significative number of other natural products (Figure 48). None of which had been 

previously synthesized. 

 

Figure 48:  Non exhaustive list of natural products synthesized in the laboratory. 
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CHAPTER 3. Target identification 

I. Natural products alkyne tagged as probes for target identification 

The identification of small molecule-protein interactions is one of the main goals of 

chemical biology. There are several methods to identify the protein targets of bioactive 

compounds, such as chemical proteomics, haploinsufficiency profiling or resistance 

profiling.162 The incorporation of an alkyne on the natural product allows chemical 

modifications within the biological matrix, such as clicking a fluorophore or a 

biotinylated probe and thus, discriminating proteins of interest. 

I.1. Proteome labeling 

With the natural product goyazensolide in hand, it was then possible to synthesize a 

probe to target proteins. The alkyne tagged natural product was incubated in a lysate, 

clicked to a fluorophore and proteins were separated via SDS Page (Figure 49). 

 

Figure 49:  Schematic representation of the proteome labeling experiment with the alkyne tagged of 
goyazensolide 
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I.2. Probe design 

I.2.1. Synthesis of the probe GOYA-1 

Goyazensolide possesses a free primary allylic alcohol on the southern part of the 

structure. The alkyne was incorporated by reacting the natural product with pent-4-

ynoyl chloride (Figure 50). 

 

Figure 50:  Synthesis of GOYA-1 

I.2.2. Gel base assay with GOYA-1 

The labeling experiment used Helenalin probe as control (already synthesized in the 

laboratory). 

 

Figure 51:  Proteome labeling with an increasing concentration of GOYA-1 
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A range of concentrations of GOYA-1 was used and incubated in a HeLa cell lysate. 

Then, Cy3-N3 with the click reagents were added and incubated, followed by a SDS 

Page. Even at high concentration the signal is extremely low (Figure 51). With this 

disappointing result in hand, a click reaction in blank conditions (without the lysate) 

was tested and confirmed that the probe reacted correctly with Cy3-N3 to give the click 

product GOYA-1-Cy3 (See experimental section). Temperature and incubation time 

were then screened but no improvement was observed (Figure 52). 

 

Figure 52:  Temperature and incubation time screening 

These results demonstrated that the probe had problems labeling proteins for unknown 

reasons (hydrolysis of the ester?). The next step was the substitution of the allylic 

alcohol of goyazensolide to an azide to obtain GOYA-N3. 
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I.2.3. Synthesis of the probe GOYA-N3 

 

Figure 53:  Synthesis of GOYA-N3 

The synthesis of GOYA-N3 started with the activation of the allylic alcohol by tosyl 

chloride followed by a nucleophilic substitution of the azide group. Unfortunately, the 

nucleophilic substitution gave a single compound which was the isogoyazensolide 

scaffold through a SN2’ reaction (Figure 54). The stereochemistry was determined by 

NOESY. 

 

Figure 54:  Unexpected synthesis of ISOGOYA-N3 

This result could explain the loss of signal from GOYA-1. Indeed, if a protein attacked 

the 1,6-dienone at the C6 position, it may remove the alkyne by elimination of the ester 

and thus, eliminate the possibility to incorporate the fluorophore. The obtention of the 

compound 85 is not the best-case scenario to continue the target identification. This 

scaffold would allow the detection of false positive results due to the structural 

differences with goyazensolide 1. Furthermore, a secondary azide will be more difficult 

to react compared to a primary azide. Finally, the choice was prioritised to incorporate 

the alkyne on the side chain of the natural product. 
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I.2.4. Synthesis of the probe GOYA-2 

 

Figure 55:  Synthetic route of GOYA-2 

To synthesize GOYA-2, a methacrylate side chain analog must be designed with an 

alkyne tag to react with the secondary alcohol of the macrocycle 61 (Figure 55). The 

anhydride 87 has been synthesized from the nucleophilic substitution of propargyl 

alcohol with the allyl bromide followed by HCl treatment to give the carboxylic acid 

86.163 A Yamaguchi esterification164 didn’t afford the formation of the asymmetric but 

the symmetric anhydride 87. The next steps were the same as goyazensolide synthetic 

route previously described.  

I.2.5. Gel base assay with GOYA-2 

With GOYA-2 in hand, the proteome labeling experiment was performed. The labeling 

with GOYA-2 and Cy3 as fluorophore revealed a strong band at around 120 kDa and 

was selectively competed in the presence of the natural product as the competitor 

(Figure 56).  
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Figure 56:  Proteome labeling with GOYA-2 and Cy3-N3. (Left) Labeling with different incubation 
times; (Right) Labeling competition experiment showing the disappearance of a specific band in the 

presence of goyazensolide 

Five other cancer cell lines were tested and showed the same profile (Figure 57). 

 

Figure 57:  Labeling competition experiment on 5 different cancer cell lines 

I.2.6. A second band at 38kDa in A549 cells 

A strong and specific band at around 38 kDa was observed with A549 cell line for the 

labeling/competition with goyazensolide (Figure 58). 



59 

 

Figure 58:  Labeling competition experiment on A549 cell line revealed a second specific band at 38 
kDa 

After a pulldown experiment, the band was cut and digested. MS/MS analysis has 

detected Annexin A2 as the major protein. Further investigations have shown a 

competition with other sesquiterpene lactones (Helenalin, deoxyelephantopin). In 

consequence, this target is not specific to goyazensolide and investigations will be 

focused on the specific band at around 120 kDa. Details of these investigations are 

described in the experimental section. 
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II. Protein of interest determination 

II.1. Target enrichment 

As indicated in Figure 59, targets of interest can be enriched by immobilization on 

streptavidin beads via a biotin/desthiobiotin tag. 

 

 

Figure 59:  Schematic representation of the target identification process 

II.2. Pull-down experiment with desthiobiotin 

Investigations started by incubating a cell lysate with GOYA-2 prior to clicking a 

desthiobiotin with a fluorophore incorporated via a CuAAC reaction (preincubation with 

goyazensolide for the competition experiment). Proteins were precipitated, washed to 

remove excess of desthiobiotin and resolubilized to perform immobilization on 

streptavidin beads. Proteins were separated by SDS Page and silver stain gel revealed 

a band at around 120 kDa as observed in the labeling by fluorescence (Figure 60). 

Surprisingly, the band was observed in the pull-down labeling as well as in the pull-

down competition. Does the band observed by fluorescence was the same as 

observed by silver stain? The band was cut, digested, and analyzed by MS/MS. 
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Figure 60:  Pull-down experiment with desthiobiotin (Fluorescence gel as a reference). 

Data processing was performed by Maxquant software, and the protein selection 

method was based on the number of unique peptides, molecular weight and intensity. 

The major protein detected was pyruvate carboxylase: a protein which naturally 

possesses a biotin, which represented a typical false positive.165 This result was 

consistent as the protein of interest shouldn’t be detected in the pull-down competition 

experiment. 

In order to cut the band observed by fluorescence after the pull-down, a new chemical 

entity which possesses a desthiobiotin as well as a fluorophore Cy3 has been 

synthesized. 

II.3. Pull-down experiment with DTB-Cy3 

The desthiobiotin moiety and the Cy3 motif were incorporated on a lysine azide (Figure 

61) to afford desthiobiotin-Cy3 azide (DTB-Cy3). 
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Figure 61:  Structure of the three generations of DTB-Cy3 

Three generations of DTB-Cy3 have been designed and tested during the pull-down 

optimization sequence. The different lengths of the linker did not show any difference. 

Cell lysate was incubated with GOYA-2 and then clicked with DTB-Cy3. Tagged 

proteins were immobilized on streptavidin beads. After elution, proteins were 

separated by SDS Page, and the band of interest was determined by fluorescence 

(Figure 62). 
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Figure 62:  Pull-down labeling experiment with DTB-Cy3 followed by the band cut 

II.4. InGel digestion 

Once the band of interest was cut (Figure 62) in small pieces, treatment with DTT 

followed by iodoacetamide was performed to avoid any formation of disulfide bond. 

Optimized digestion conditions were obtained with a triple digestion by trypsin, 

chymotrypsin and GluC.  

II.5. MS/MS analysis 

The band of interest localized at around 120 kDa detected Importin-5 (IPO5) as the 

major protein. A triple digestion trypsin/GluC/chymotrypsin is required. Indeed, simple 

digestion gave a very poor coverage of IPO5 and was detected as a minor protein. 

Other proteins were detected with lower number of unique peptides, sequence 

coverage and intensity (Table 1). Within the top 4 proteins, pyruvate carboxylase has 

been detected followed by ubiquitin-like modifier-activating enzyme 1 (UBA1) and 

ATP-citrate synthase (ACLY). These two other remaining proteins were then tested by 

a specific antibody. 
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Table 1:  Raw data of top 8 protein list. Selection by number of unique peptides, molecular weight and 
intensity 

 Description Coverage Unique peptides MW [kDa] 

1 Importin-5 OS=Homo sapiens  40.65634 63 123.55 
2 Pyruvate carboxylase, mitoch OS  32.85229 52 129.55 

3 Heterog. nuclear ribonucleoprotein U OS  28.84848 33 90.528 

4 Acetyl-CoA carboxylase 1 OS  10.99744 27 265.39 

5 Keratin, type II cytoskeletal 1 OS  36.3354 26 65.999 

6 Ubiquitin-like modifier-activ. Enzyme 1 OS  17.76938 19 117.77 

7 Alanine--tRNA ligase, cytoplasmic OS  17.56198 19 106.74 

8 ATP-citrate synthase OS=Homo sapiens  13.44233 18 120.76 

II.6. Target confirmation by antibody 

  

Figure 63:  Immunoblot of competitive pull-down labeling experiment with DTB-Cy3 followed by the 
use of specific antibodies 

The positive result by a specific antibody for IPO5 confirmed the identity of the target 

(Figure 63). Moreover, the use of UBA1 and ACLY antibodies didn’t reveal any signal.  
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II.7. Selectivity versus other importins 

Once IPO5 was confirmed as goyazensolide’s target, the selectivity versus other 

importins was tested. Several pull-down experiments have been carried out followed 

by the use of KPNB1, KPNB2, IPO7, IPO8 and IPO12 antibodies as shown in Figure 

64. None of the five other importins were targeted by goyazensolide. 

 

Figure 64:  Immunoblots of competitive pull-down labeling experiments with DTB-Cy3 which 
demonstrates the selectivity of goyazensolide versus other importins 

III. Conclusion 

The target identification process afforded the discovery of IPO5 as the target of 

goyazensolide and confers a particular interest due to its selectivity. To the best of our 

knowledge, no pharmacological modulators of IPO5 have been reported to date. In 

consequence, goyazensolide is a tool of choice to investigate potential modulations of 

IPO5 activities. 
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CHAPTER 4. Biological activity 

I. The nuclear transport protein Importin-5  

I.1. Presentation 

In 1997, a 124 kDa protein was identified and characterized as a novel Ran binding 

protein and named RanBP5.166 This protein is related to importin β family, a part of the 

karyopherin superfamily.167 Thus, RanBP5 can be called IPO5, importin-5, importin β-

3, karyopherin β3 or KPNB3. In these initial reports, IPO5/RanBP5 (hereafter referred 

to as IPO5) was found to bind short amino acid sequences called nuclear localization 

sequences (NLSs) in proteins that were actively imported to the nucleus from the 

cytosol. IPO5 has been shown to mediate the nuclear import of not only cellular 

proteins, but also viral proteins.168-170 In fact, crucial signaling pathways, such as the 

RAS pathway and viral replication processes, involve IPO5-dependent nuclear import 

steps.171-173 The constant and increasing number of publications demonstrates an 

interest as a potential therapeutic target due its crucial role in protein trafficking.174 

 

Figure 65:  (Left) Crystal structure of IPO5 (6xte). (Right) Number of publications per year in which 
IPO5 is mentioned 
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I.2. RASAL-2 translocation 

 

Figure 66:  Illustrative overview of the IPO5 nuclear import cycle. Nuclear import of a cargo protein 
bearing a NLS mediated by IPO5. This illustration was created with Biorender (http://biorender.com) 

IPO5 has been shown to be involved in the transport of RAS protein activator-like 2 

(RASAL2) to the nucleus, a negative regulator of RasGAP (Figure 66). Thus, nuclear 

translocation of RASAL2 frees RasGAP to convert inactive Ras-GDP to active Ras-

GTP.173 It is interesting to note that the RAS pathway induces phosphorylation of 

protein kinase B (AKT). 

I.3. Impact of goyazensolide on RASAL-2 translocation 

 

Figure 67:  Illustrative representation of the RASAL2 cytosolic/nuclear ratio measurement. 
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Zhang et al. has demonstrated that the ratio of cytosolic RASAL2 was clearly shown 

to depend on IPO5 using siRNA silencing of IPO5 (increased cytosolic concentration 

of RASAL2) and IPO5 overexpression (decreased cytosolic concentration of 

RASAL2).173 In order to understand if goyazensolide could phenocopy the silencing 

activity of siRNA targeting IPO5, a SW620 colon cancer cell line was used to measure 

the RASAL2 ratio in the cytosol versus the nucleus in the presence and the absence 

of goyazensolide (Figure 67). In the absence of treatment, the cytosolic/nuclear ratio 

of RASAL2 is 1.2 (Figure 68). Upon treatment with 1.0 or 2.5 M of goyazensolide for 

3 hours, the ratio increased to 1.8 and 2.0 respectively. Thus, goyazensolide treatment 

led to an increased cytosolic/nuclear ratio of RASAL2 in a dose dependent manner. 

DMSO

1 M

2.5 M

 

Figure 68:  (a) Confocal microscopy images of SW620 cells treated with DMSO or 1 or 2.5 mM 
goyazensolide for 3 h, imaging of localization of RASAL2 using a RASAL2 primary antibody followed 
by an Alexa fluor488 secondary antibody (green), nuclear stain with Hoescht (blue), and fluorescence 

quantification of the images. Fluorescence intensity profile across the red line is shown on the right. (b) 
Ratio of fluorescence in cytosol versus nucleus (number of cells > 15). (c) Immunoblot of pAKT (pAKT 

Ser473) expression upon treatment of SW620 cells with DMSO or goyazensolide (5 M, 4 h) 

 

I.4. Downstream effect of RASAL-2 translocation inhibition 

Since the inhibition of RASAL2 translocation to the nucleus should have a downstream 

effect on the amount of pAKT, level of pAKT (Ser473) was also monitored in the 

presence or absence of drug. As shown in Figure 68c and in Figure 69, treatment with 

5 M of goyazensolide led to a dramatic reduction of pAKT. Collectively, these 
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experiments demonstrate that IPO5 is the target of goyazensolide and that covalent 

engagement of IPO5 inhibits its transport activity in-cellulo. 

 

Figure 69:  Time-/Dose-dependent manner of pAKT assay. Immunoblot of p-AKT (p-AKT Ser473 
antibody) expression upon treatment of SW620 cells with DMSO or goyazensolide (5 µM) 

I.5. Pulldown of IPO5 by the NLSs immobilized on beads 

IPO5 has been shown to be recruited by influenza A to transport essential cargo to the 

nucleus, and disruption of the interaction between the NLS of the influenza A protein 

PB1 and IPO5 inhibits viral replication.169 IPO5 is also important for the transport of 

viral proteins of HCV and HIV.175 To test whether goyazensolide was effective at 

inhibiting the interaction between IPO5 and the NLSs of viral proteins, the sequences 

NLS-1 (NLS of Rev; HIV) and NLS-2 (NLS of PB1; influenza A) were coupled to biotin 

tags and loaded on magnetic beads for pull-down experiments with IPO5 (Figure 70, 

see Supporting information for the NLSs synthesis). 

Lysate alone

SDS Page

Biotinylated-NLS

Lysate preincubated
with Goyazensolide

OR i) Wash

ii) Elution

-IPO5

 

Figure 70:  Illustrative representation of the NLS pull-down experiment 

In the absence of an inhibitor, both NLS sequences effectively pulled-down IPO5, as 

observed in a Western blot of the elution fraction (Figure 71). Addition of goyazensolide 

(10 M) to the cell lysates prior to the addition of the beads inhibits the pull-down of 

IPO5. Thus, the covalent interaction between goyazensolide and IPO5 inhibits its 

interaction with these two NLSs. 
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Figure 71:  Immunoblot of the NLS pull-down experiment 

II. Conclusion 

The fact that a small molecule can outcompete a high affinity interaction with larger 

molecular entities such as the interaction of transportin with a NLS sequence of a 

protein underpins the unique features of covalent inhibitors. Transport of cargo 

between the cytoplasm and nucleus is a highly regulated process with the nuclear pore 

complex acting as a molecular sieve restricting diffusion. Translocation thus requires 

active transport leveraged on the action of a superfamily of karyopherin (importin and 

exportin).176 The ability to modulate this traffic with small molecules is empowering, but 

there are only few examples thus far.177-180 The finding that goyazensolide selectively 

engages IPO5 covalently and inhibits its interaction with cargo rationalizes its 

anticancer activity and points to potential antiviral applications. 
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CHAPTER 5. Binding mode 

I. Binding mode 

I.1. Synthesis/Competition with truncated Michael acceptors analogs 

In order to determine which Michael acceptor of goyazensolide reacts with IPO5, 

several compounds with truncated Michael acceptors were synthesized (Figure 72). 

 

Figure 72:  Synthetic route of the truncated Michael acceptors analogs 

To obtain the truncated Michael acceptor 1 (MA1), the methacrylate side chain was 

replaced by an isobutyl side chain to obtain 93. MA2 required the use of the Stryker 

reagent181 to selectively reduced the exo-methylene and gave the exo-methyl 

intermediate 98.  The fastest and easiest way to obtain an analog with the truncated 
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1,6 dienone was to deprotect the intermediate 64 (from goyazensolide’s route). 

Competitions were performed with these analogs and the unexpectedly synthesized 

ISOGOYA-N3. 

 

Figure 73:  Competition with truncated Michael acceptors analogs (Cy3 used as fluorophore). 

As observed in Figure 73, the complete competition with goyazensolide slightly differs 

with the partial competition with analogs 97, 103 and ISOGOYA-N3 (85). Nevertheless, 

no competition was observed with analogs 104. No definitive conclusions can be drawn 

as analog 104 scaffold is too different from goyazensolide scaffold and the other 

analogs didn’t completely compete with the natural product. 

I.2. Competition with other natural products 

Competitions with various sesquiterpene lactones versus GOYA-2 were performed. A 

series of natural products were selected with identical or similar Michael acceptors 

such as deoxyelephantopin, helenalin, cnicin, cynaropicrin and lactucin. Two other 

natural products were included bearing different Michael acceptors:  thapsigargin and 

withaferin A (Figure 74). 
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Figure 74:  Competition experiment of GOYA-2 with various natural products (Cy3 used as 
fluorophore). 

The competition of GOYA-2 with various sesquiterpene lactones indicated that none 

of them binds to the same target as goyazensolide (Figure 74). Surprisingly, the 

steroidal lactone withaferin A binds IPO5. Further investigations of withaferin A were 

described in Chapter 6. 
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I.3. Synthesis and comparison of various natural products probes 

Additional probes from natural sesquiterpene lactones have been synthesized and 

tested to investigate the selectivity of goyazensolide (Figure 75). 

 

Figure 75:  Labeling experiment comparison of GOYA-2 with various probes (Cy3 used as 
fluorophore) 

No strong band at around 120 kDa was observed for the other probes, which confirms 

the selective nature of goyazensolide. 

I.4. Competition of analogs versus GOYA-2 

A collection of furanoheliangolides and analogs were synthesized in the laboratory and 

have been tested to evaluate a potential binding with IPO5. 

The experiment used GOYA-2 in competition with a series of natural products (Figure 

76). The assay revealed that only atripliciolide was as effective as goyazensolide, 

suggesting that the interaction of goyazensolide with IPO5 may not require the acrylate 

side chain at C8. However, the C8 stereochemistry has an impact on the binding 

efficiency as shown by the difference of competition between a-e versus f-l (Figure 77). 
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R = H, Atripliciolide(a)
R = MeAcr, 15-Deoxygoyazensolide (b)
R = Ang, Lychnopholide (c)
R = Tig, Atripliciolide-tiglate (d)
R = iBu, Atripliciolide-isobutyrate (e)

R = H, 8-epi-Atripliciolide (f)
R = MeAcr, Calaxin (g)
R = Ang, 8-epi-Lychnopholide (h)
R = Tig, 8-epi-Atripliciolide-tiglate (i)
R = iBu, Ciliarin (j)
R = iVal,8-epi-Atripliciolide-isovalerate (k)
R = (S)-MeBu, 8-epi-Atripliciolide-2-(S)-MeBu (l)
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Figure 76:  Competition experiment of GOYA-2 with various synthesized natural products (p is 15-
deoxygoyazensolide stereoisomer, Cy3 used as fluorophore) 
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Figure 77:  Binding efficiency. Difference of binding efficiency by comparison of compounds a-e 
versus f-l is observed. The C8 stereochemistry plays a role in the binding efficiency 

I.5. Comparison between goyazensolide, atripliciolide and 

deoxygoyazensolide 

I.5.1. IPO5 binding capacity 

A competition in a dose dependent manner has been investigated between the two 

IPO5 binders (goyazensolide and atripliciolide) and the very similar non-binder 15-

deoxygoyazensolide (Figure 78). 

 

 

Figure 78:  Dose response of GOYA-2 in competition with goyazensolide, atripliciolide or 15-
deoxygoyazensolide (Cy3 used as fluorophore) 

It is clear that goyazensolide and atripliciolide react in a dose dependent manner while 

15-deoxygoyazensolide does not compete. As the global morphology seems similar, 

the Michael acceptors reactivity is expected to be similar. Nevertheless, experimental 

observations demonstrated a clear difference. 
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I.5.2. Reaction with glutathione monitored by LC-MS 

Natural products were incubated with an excess of glutathione (GSH) in order to 

determine the number of reactive Michael acceptors. 

 

Figure 79:  LC-MS monitoring of the reaction between goyazensolide and glutathione 
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Figure 80:  LC-MS monitoring of the reaction between atripliciolide and glutathione 
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Figure 81:  LC-MS monitoring of the reaction between 15-deoxygoyazensolide and glutathione 

LC-MS monitoring of goyazensolide indicated a quasi-exclusive mono-addition of 

glutathione and 15-deoxygoyazensolide gave an exclusive mono-addition while 

atripliciolide is able to react with two glutathiones (Figure 79, Figure 80, Figure 81). 
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I.5.3. Reaction with glutathione monitored by NMR 

 

Figure 82: NMR monitoring of the reaction between 15-deoxygoyazensolide and glutathione 

Experiment realized by Dr. Weilong Liu 

Reaction between 15-deoxygoyazensolide and glutathione gave an adduct in which 

glutathione attacked the Michael acceptor localized on the -methylene--

butyrolactone. But surprisingly, a cyclization occurred to give the eremantholide 



81 

scaffold. No other attack from glutathione was observed, even after 16 hours (Figure 

82). 

 

Figure 83:  NMR monitoring of the reaction between goyazensolide and glutathione 

The reaction between goyazensolide and glutathione gave the same result as 15-
deoxygoyazensolide. No bis-adduct was observed, even after 16 hours (Figure 83). 
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Figure 84:  NMR monitoring of the reaction between atripliciolide and glutathione 

Reaction between atripliciolide and glutathione clearly indicated the first glutathione 

attack localized on the -methylene--butyrolactone within the five first minutes 

characterized by the disappearance of protons (a,a’) and then a slow Michael addition 

on the 4,5 double bond of atripliciolide (Figure 84). The second Michael addition was 

characterized by the disappearance of the proton 6, the shift of the methyl group (still 
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a singlet after the shift) and the correlation by HMBC between proton 3 and carbon C3 

of the macrocycle (See experimental section). 

The reaction on the 1,6-dienone of goyazensolide with glutathione was not clearly 

characterized. Nevertheless, nucleophilic attack by NaN3 on the 1,6-dienone was 

previously demonstrated and Le Quesne et al. observed that propanethiol reacts on 

the 4,5 double bond of eremantholide A, indicating that the reactivity depends on the 

type of nucleophile and the pH (Figure 85).182 

 

Figure 85:  Nucleophilic attack on the 1,6-dienone of eremantholide (Le Quesne et al.) 

I.6. Cysteine determination 

Various labeling / pull-down experiments with goyazensolide / biotinylated probe / 

biotinylated iodoacetamide and pure IPO5 (expressed in the laboratory) followed by 

tryptic digestion and LC-MS/MS analysis didn’t give a clear adduct. A deeper proteomic 

analysis within the laboratory found Cys563 as the potential reactive cysteine (Elsa 

Peev’s investigations). 

II. Conclusion 

The difference of binding properties between goyazensolide / atripliciolide and other 

furanoheliangolides was unexpected. The specific micro-environment in protein 

binding pockets modulates the nucleophilic and electrophilic properties of species. The 

system “natural product, PBS, glutathione” is clearly too reductive. This modulation of 

reactivity due to the microenvironment can dramatically change the binding mode of 

these compounds and are extremely difficult to predict. For instance, Schmidt 

demonstrated that glutathione reacts with the cyclopentenone of helenalin whilst 

cysteine reacts with the -methylene--butyrolactone of helenalin (Figure 86).183 As a 

possible reason for the dramatic increase in reactivity of the exomethylene group 

towards free cysteine; an electrostatic interaction of the ammonium group of cysteine 
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with the lactone carbonyl (carbonyl and double bond in a cisoid orientation) of helenalin 

might stabilize the transition state and product, while a similar interaction would not 

occur in case of the cyclopentenone. 

 

Figure 86:  Chemoselectivity of glutathione and cysteine addition to helenalin 

As atripliciolide effectively binds IPO5, the methacrylate on the side chain is not 

essential for the binding. The first Michael addition occurred for all three compounds 

on the -methylene--butyrolactone. The formation of the eremantholide scaffold 

seems to desactivate the 1,6-dienone of goyazensolide and 15-deoxygoyazensolide. 

Nevertheless, the allylic alcohol in the southern part of the structure has a role in the 

binding as its analog, 15-deoxygoyazensolide, doesn’t bind IPO5. This allylic alcohol 

could interact or stabilize the complex molecule-protein and help the binding of IPO5 

(Figure 87).  

 

Figure 87:  Structural SAR 

Finally, both Michael acceptors, -methylene--butyrolactone and the 1,6-dienone may 

have a role in the binding. One hypothesis is a double binding with two cysteines: the 
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three compounds are able to react with the first cysteine as a reversible Michael 

addition. The formation of the eremantholide scaffold desactivates the 1,6-dienone but 

the allylic alcohol of goyazensolide has a probable role of assistance and thus the 1,6-

dienone would be able to react with a second cysteine (or a lysine) in an irreversible 

reaction (Figure 88). 

Cys

Cys

Cys

Cys

Cys

Cys

 

Figure 88:  Hypothesis of the binding mode with importin-5 

 

X-ray co-cristallization experiments are on-going and may provide insights on the 

binding mode. 
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Perspectives 

Competition experiments with various natural products (Figure 74) indicated that 

withaferin A competed GOYA-2 for IPO5. The discovery that withaferin A targets IPO5 

was unexpected. While this natural product has a wide range of pharmacological 

activities, including antiviral activities, no one demonstrated any anti-influenza activity. 

Recruitment of IPO5 by influenza A to translocate essential viral proteins has been 

reported. As now we know that withaferin A targets IPO5, this is an ideal starting point 

to investigate a potential anti-influenza activity of withaferin A. We will also include 

goyazensolide during the investigations. 
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CHAPTER 6. Anti-influenza A activity of withaferin A 

I. Introduction 

 

Figure 89:  Structure of withaferin A 

Withaferin A (WA) is a steroidal lactone found in the medicinal plant Withania somnifera 

used in Ayurvedic medicine for over 3000 years (Figure 89). This natural product has 

wide a range of pharmacological activities and recently, WA passed a phase I clinical 

trial in advanced stage high grade osteosarcoma.184, 185 It has anticancer activity in 

breast cancer,186-192 ovarian cancer,193-198 prostate cancer,199-205 colorectal cancer,206-

209 and lung cancer.210 In addition, it’s therapeutic potential includes anti-diabetic 

activity,211-215 neuroprotective activity,216-220, cardioprotective activity,221, 222 anti-

osteoporosis,223 anti-hepatitis activity 224 and anti-SarS CoV2 activity.225, 226 Only a 

single reference has mentioned, by a computational studies, the neuraminidase of 

H1N1 influenza as a potential target of WA.227 However, this was not supported by 

experimental evidence. Additionally, whilst several proteomic characterizations of 

withaferin A have been published, it has never been mentioned that withaferin A targets 

IPO5.228-230 
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II. Withaferin A targets IPO5 and possesses anti-influenza activity 

II.1. Dose dependent competition and pull-down experiment with 

GOYA-2 for target confirmation 

A competition assay was performed at a range of concentrations. It was discovered 

that WA competed with GOYA-2 for IPO5 in a dose dependent manner (Figure 90). 

Moreover, IPO5 was not pulled-down by GOYA-2 when the lysate was preincubated 

with WA. 

 

 

Figure 90:  (a) proteomic profile and competition with goyazensolide or withaferin A in PC3 cells using 
GOYA-2 probe at 10 µM followed by CuAAC reaction with Cy3-N3 1 hour at room temperature in the 
dark, then proteins were separated by SDS-PAGE. (b) Structures of withaferin A, goyazensolide and 
GOYA-2. (c) Immunoblot of competitive pull-down upon treatment of HT29 cell lysate with withaferin A 
or goyazensolide (10 µM, 30 min) followed by GOYA-2 (10 µM, 30 min), CuAAC reaction with 
biotinylated fluorophore and streptavidin enrichment. 

This result was remarkable in two ways: from a structural point of view, goyazensolide 

selectively binds IPO5, whilst other close structural furanoheliangolides do not. WA, a 

steroidal lactone, has a significantly different shape. The second point is that WA has 

been studied for more than twenty years, with several proteomic studies and none of 

them mentioned any interaction between WA and IPO5.228-231 
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II.2. Probe synthesis and pull-down experiments 

 

Figure 91:  (Left) Structure of WAPs. (Right) Proteome profile of WAPs in A549 cells 

Probes WAP-1 and WAP-2 (Figure 91) were obtained by acylation with the 

corresponding acyl chloride. A gel base assay indicated highly close proteome profile 

between the two probes (Cy3 used as fluorophore). 

 

 

Figure 92:  (a) proteomic profile in PC3 cells using GOYA-2 or WAP-1 or WAP-2 probes at 10 µM 
followed by CuAAC reaction with Cy3-N3 1 hour at room temperature in the dark, then proteins were 
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separated by SDS-PAGE. (b) Immunoblot of pull-down upon treatment of PC3 cell lysate with WAP-1 
or WAP-2 (10 µM, 30 min), CuAAC reaction with biotinylated fluorophore and streptavidin enrichment.  

 

Surprisingly, neither WAP-1 or WAP-2 exhibited a fluorescent band at the same 

position as GOYA-2 (Figure 92). Moreover, IPO5 was not pulled down by these probes. 

It could be explained by the fact that the alkyne moieties hinder the binding between 

IPO5 and WAPs, or that the individual alcohols play a role in the binding. 

Both goyazensolide and withaferin A will be tested, and WAP-1/2 will be used as 

negative controls due to their absence of covalent interaction with IPO5. 

II.3. Cell viability assay 

As withaferin A and goyazensolide are known to be cytotoxic, a cell viability assay was 

measured by microscopy (cell counting) to exclude any bioactivity resulting from the 

cytotoxicity of goyazensolide, WA or WAPs.232, 233 Incubation in A549 cells for plaque 

assay experiments was performed with a total exposure time of 10 hours with the 

compounds. The maximum concentration was fixed at 1 M.  

 

 

Figure 93:  Cell viability assay with 10 h incubation of compounds (1 M) on A549 cells 

The cell viability assay indicated that cells were not affected in the presence of 

thecompounds at 1 M for 10 hours (Figure 93).  
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II.4. Plaque assay 

A plaque assay consists of infecting cells with influenza A and removing a sample of 

the supernatant at a desired time point. A serie of dilutions is then performed and 

MDCK cells are then infected followed by addition of an agar layer. Thus, virions can 

only infect the neighbouring cells. The advantage of using a plaque assay is the direct 

quantification of infectious virions through the counting of discrete plaques (infectious 

units or cell dead zone) in cell culture (Figure 94). 

The replication cycle of influenza viruses, from the time of entry to the production of 

new virus, is very quick, with shedding of the first influenza viruses from infected cells 

occurring after only 6 hours. 

 

*

 

Figure 94:  Schematic representation of a plaque assay experiment, alongside the first result 
comparing DMSO and withaferin A 

A first experiment, comparing DMSO and withaferin A at 0.01 MOI (corresponding to 

1 virion for 100 cells), indicated a strong inhibition in the viral replication when cells 

were incubated with withaferin A (Figure 94). Encouraged by this first result, plaque 

assays were performed with goyazensolide and the WAPs. The results indicated a 

strong inhibition in the viral replication with the WAPs, on par with withaferin A (Figure 

95). Goyazensolide exhibited a moderate inhibition of influenza replication but was less 

effective than WA.  



92 

 

**

**

*

 

Figure 95:  Results of the plaque assays (0.2 MOI) with goyazensolide, WA and the WAPs 

II.5. Partial conclusion 

While both goyazensolide and withaferin A bind IPO5, the difference of anti-IAV activity 

is significant and presumes another mechanism of action. Moreover, the fact that the 

WAPs exhibited a strong inhibition while they don’t bind IPO5 suggests a minor role in 

the inhibition of IAV replication by the covalent interaction of goyazensolide and 

withaferin A with IPO5. Additional plaque assays indicated a complete loss of activity 

at 500 nM with goyazensolide while WA and WAPs still exhibited a moderate activity 

(See experimental section). A complete loss of activity was observed at 250 nM for WA 

and WAPs. Puzzled by these results, a literature search was performed to explore 

other mode of actions. 
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III. Withaferin A targets multiple proteins related to influenza A 

III.1. Literature search 

 

Figure 96:  List of targets related to influenza A replication for each compound 

Literature searching indicated that withaferin A covalently targets multiple proteins 

related to IAV replication (Figure 96). Similar to goyazensolide, withaferin A covalently 

binds IPO5, Annexin A2, and inhibits the NF-kB pathway.200, 201, 234-250. However, NF-

B inhibition could be detrimental rather than beneficial to influenza A inhibition. 

Additionally, WA covalently binds the cellular chaperone Hsp90, a protein which plays 

a role in nuclear import by translocating the viral protein PB1 and PB2 to the 

nucleus.245, 246  

WA also covalently binds vimentin, a protein that plays a role in the release of IA viral 

genome, and the knockout of vimentin inhibited IAV replication.200, 240  

It is also known that WA covalently binds C/EBP, a transcription factor that forms a 

complex with the viral protein NS1.251-253 This complex inhibits retinoic acid inducible 

gene 1 (RIG-1) transcription, a pathogen sensor indispensable for protection against 

many viruses including influenza A.  

Additionally, WA covalently binds Kelch Like ECH Associated Protein 1 (Keap1) and 

induces expression of Heme oxygenase 1 (HO-1) through Nrf2 pathway activation. 

Three examples in the literature report the suppression of IAV replication by the use of 

HO-1 inducers.254-257 
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Finally, WA inhibits JAK/STAT signaling by suppressing the phosphorylation of JAK2 

and STAT3.258 Wang et al. reported anti-IAV activity by JAK/STAT inhibitors 

Gingerenone A and ruxolitinib, as well as teriflunomide (anti-rheumatoid arthritis) by 

suppressing the phosphorylation of JAKs and STAT3.258, 259 

Based on the different target engagement of withaferin A versus WAP-1/2 relative to 

IPO5, we asked if other targets of withaferin A would also be affected and could inform 

on the crucial target(s) for IAV replication. 

III.2. Target identification by gel-based assay and chemical 

proteomics 

III.2.1. Hsp90 

WA covalently binds the cellular chaperone Hsp90, a protein which translocates 

influenza polymerases PB1 and PB2 to the nucleus (Figure 97).245, 246 Additionally, 

Hsp90 directly interacts with the viral protein NS1 and mediates apoptosis induced by 

influenza A.260 

 

Figure 97:  A model for Hsp90-related nuclear import and assembly of the influenza virus 
polymerases. (A) PB1 and PA interact with each other in the cytoplasm and translocate into the 

nucleus as a complex. PB2 is transported into the the nucleus with Hsp90. (B) Hsp90 interacts with 
PB1, PB2, and a PB1-PB2 subcomplex, and then a PB1-PB2-Hsp90 complex is formed and 

translocated into the nucleus. The ternary polymerase complex is assembled with nuclear transported 
viral polymerase subunits and/or subcomplexes, and concomitantly Hsp90 is released from subunits 

and/or subcomplexes (Scheme from Naito et al., licence number 1150112-1).246 
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A pulldown experiment was performed with the probes WAP-1 and WAP-2 followed by 

a treatment with a specific Hsp90 antibody. 

 

 

Figure 98:  Immunoblot of pulldown experiment of Hsp90 with WAP-1 and WAP-2 

Immunoblot revealed that all probes effectively pulled-down Hsp90 (Figure 98). 

 

III.2.2. Annexin A2 

Involvement of annexin A2 in the replication of influenza virus was characterized by 

the fact that activation of plasminogen, mediated by annexin A2, promotes the 

replication of IAV.238 The inhibition of the conversion of plasminogen into plasmin 

blocked influenza virus replication.238 Moreover, Ma et al.  demonstrated an interaction 

between the viral protein NS1 and annexin A2.242 Overexpression of annexin A2 

significantly increased the concentration of IAV, whereas siRNA-mediated knockdown 

of annexin A2 inhibited the expression of viral proteins and reduced the virus 

concentration. 

  

Gel based assays using WAP-1 indicated that a protein was specifically competed by 

WA in A549 cells (Figure 99a). This band was pulled-down and MS/MS analysis 

detected Annexin A2, in line with the literature.234 As annexin A2 is now localized by 

WAPs, competition experiments with withaferin A / goyazensolide were performed. 
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Figure 99:  Proteomic profiling, competitions and pull-downs in A549 cells. (a) Target identification of 
a specific competitive band in A549 cells using WAP-1 probe at 10 µM followed by CuAAC reaction 

with DTB-Cy3-N3 1 hour at room temperature in the dark. Band of interest was pulled-down, cut, 
digested with trypsin and analyzed by MS/MS. (b)(c) Labeling/competition using GOYA-2, WAP-1 and 
WAP-2 probes at 10 µM followed by CuAAC reaction with Cy3-N3 1 hour at room temperature in the 

dark, then samples were analyzed by SDS-PAGE. 

Competition experiments indicated that both withaferin A and goyazensolide competed 

with GOYA-2 (Figure 99b). WA competed with WAPs but, surprisingly, goyazensolide 

didn’t compete with WAPs for annexin A2 (Figure 99c). This unexpected result could 

be explained by the fact that withaferin A reacts with two reactive cysteines whereas 

goyazensolide binds with only one reactive cysteine or WAPs labeled a protein at the 

same molecular weight while goyazensolide did not. 

 

III.2.3. Vimentin 

WA covalently binds vimentin, a protein which plays a role in the release of IA viral 

genome, and knockout of vimentin inhibited IAV replication.200, 240  

A second competitive band was observed in PC3 cells, and the identification process 

was similar to annexin A2 (Figure 100a). This specific band corresponded to vimentin, 

in line with the literature. 
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Figure 100:  Proteomic profiling, competitions and pull-downs in PC3 cells. (a) Target identification of 
a specific competitive band in PC3 cells using WAP-1 probe at 10 µM followed by CuAAC reaction 
with DTB-Cy3-N3 1 hour at room temperature in the dark. Band of interest was pulled-down, cut, 

digested with trypsin and analyzed by MS/MS. (b) Labeling/competition using GOYA-2, WAP-1 and 
WAP-2 probes at 10 µM followed by CuAAC reaction with Cy3-N3 1 hour at room temperature in the 

dark, then samples were analyzed by SDS-PAGE 

A labeling/competition assay was performed and indicated that GOYA-2 didn’t label 

vimentin (Figure 100b). Moreover, goyazensolide didn’t compete with WAPs for 

vimentin. The lack of binding of goyazensolide to vimentin could explain the difference 

of anti-IAV activity as vimentin plays a role in the replication of influenza. 

III.2.4. Plaque assay using the selective vimentin inhibitor FiVe1. 

In order to investigate if vimentin has a role in anti-IAV activity, a plaque assay was 

performed with the selective inhibitor FiVe1 (Synthesis of the compound described in 

the experimental section).261 
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Figure 101:  (Left) structure of FiVe1. (Right) Plaque assay with FiVe1 

Results of the plaque assay (0.2 MOI) in Figure 101 indicated that selectively targeting 

vimentin is not sufficient to obtain an anti-IAV activity. 

III.3. Withaferin A, WAPs and BXM induce HO-1 in A549 cells 

The modulator effects of heme oxygenase-1 (HO-1) on the immune response as well 

as the antiviral activity mediated by HO-1 induction is well known and several examples 

reported suppression of IAV replication using HO-1 inducers (Figure 103a).254-257, 262 

HO-1 induction is triggered by three major transcription factors:  NF-B, AP-1, and Nrf2 

(Figure 102b). Interestingly, withaferin A inhibits both NF-B and AP-1.236, 263 

Nevertheless, the detrimental impact of these inhibition could be rescued by Nrf2. 

Heyninck et al. demonstrated that withaferin A induces heme oxygenase 1 (HO-1) 

expression via activation of the Keap1/Nrf2 pathway in HUVEC cells by covalent 

interaction of Kelch Like ECH Associated Protein 1 (Keap1) (Figure 102a).254 

Moreover, this induction triggered by withaferin A was observed in 3 other cancer cell 

lines (EA.hy926, Ca9-22 and MMR1).228, 264  
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Figure 102: (a) Induction of HO-1 mediated by withaferin A that produces the dissociation of Keap1 

and Nrf2. Then Nrf2 is phosphorylated, translocated, and promotes in fine the induction of HO-1. 

(Figure modified from Espinoza et al., Licence number 5150710269283).262 (b) Schematic 

representation showing different HO-1 induction pathways. Under external stimuli, transcription factors 

NF-kB, AP-1, and Nrf2 are translocated and lead to the HO-1 induction. (Figure modified from Waza et 

al., Licence number 5156390802945). 

 

Nrf2 can be activated by inhibiting Keap1 or by activating phosphorylation of p38/ERK 

(MAPK pathway) as indicated in Figure 103b. Surprisingly, WA inhibits phosphorylation 

of p38/ERK and thus, confirms that HO-1 induction exclusively comes from the 

Keap1/Nrf2 pathway.265  
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Figure 103:  (a) Structures of the three compounds inducing HO-1 expression. 

(b) Schematic showing that YZH-106 (a rupestonic acid derivate) inhibits influenza virus replication. 

YZH106 induces p38 MAPK and ERK1/2 phosphorylation, which subsequently leads to nuclear 

translocation of Nrf2. Next, Nrf2 binding to ARE increases HO-1 expression. HO-1 up-regulation 

enhances type I IFN expression and subsequent induction of ISGs, which finally leads to inhibition of 

influenza virus replication (Figure from Ma et al., Licence number 5150710751748).256 

 

Additionally, Dai et al. discovered that curcumin exhibited an anti-IAV activity by 

modulating several pathways including Nrf2 activation, and Shin et al. demonstrated 

that curcumin covalently binds Keap1.266, 267  

In a second aspect, WA also inhibits the JAK/STAT signaling by suppressing the 

phosphorylation of JAK2 and STAT3. Involvement of JAK inhibitors in anti-IAV activity 

was clearly demonstrated whereas the mechanism of action is not completely 

understood.268, 269 Han et al. reported that JAK2 silencing leads to the increased 

expression of antiviral genes such as IFN-, MxA, IFIT1, RIG-1, and ISG15, suggesting 

that the inhibition of JAK2 may enhance the antiviral defense activity of host cells.270 

On the other hand, Du et al. reported that JAK1 was ubiquitinated and degraded in 

infected cells, resulting in inhibition of IFN responses, demonstrating that IAV 

antagonizes the IFN-activated JAK/STAT signaling pathway by inducing the 

degradation of JAK1. Their findings suggest that IAV infection induces SOCS1 

expression to promote JAK1 degradation, which in turn inhibits host innate immune 

responses.271 
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Thus, the specific choice to include the compound bardoxolone-methyl (BXM) in the 

next experiments was motivated by its capacity to covalently bind Keap1 and 

selectively inhibit JAK1 but not JAK2 (Figure 104).272 Conversely, WA covalently 

targets Keap1 and inhibits JAK2. This difference may show the contribution of JAK2 

inhibition in anti-IAV activity. BXM also interacts with Hsp90, and inhibits NF-B 

pathway by targeting Cys179 of IKKlike withaferin A.273, 274 

 

 

Figure 104:  Structure of BXM, a covalent Keap1/JAK1 inhibitor 

Investigations started by the demonstration of HO-1 induction in A549 cells. BXM 

(Phase III clinical trial, renal disease, oral administration) was included in these 

investigations.275-277 Interestingly, it was reported that BXM induces HO-1 expression 

in U937 cells.278, 279  

 

 

Figure 105:  Immunoblot of A549 cell lysate incubated with DMSO or compound (1 M) then treated 
with a specific HO-1 antibody. Actin antibody was used as control. 
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Treatment of A549 cells with DMSO or compounds indicated an induction of HO-1 with 

WA, WAPs, BXM, and goyazensolide (Figure 105). No HO-1 induction was observed 

with FiVe1. 

III.4. Plaque assay using the Keap1 inhibitor Bardoxolone methyl 

(BXM). 

A plaque assay was performed to evaluate a potential anti-IAV activity of BXM. 

**

ns

 

Figure 106:  (Left) Structure of withaferin A and bardoxolone methyl. (Right) Plaque assay result 

A plaque assay with BXM revealed a strong inhibition of the viral replication, as with 

withaferin A (Figure 106). Since BXM does not inhibit JAK2, the major anti-IAV activity 

does not come from JAK2 inhibition. Moreover, we expected a lower anti-IAV activity 

as JAK1 inhibition upregulates IAV infection. 

Next results from BXM were used to validate or exclude previously discussed targets. 

While BXM exhibited similar anti-IAV activity to withaferin A, it didn’t compete with 

GOYA-2 for IPO5, nor did it compete WAP-1 for both annexin A2 or vimentin, and a 

pull-down experiment indicated that WAP-1 still pulled-down Hsp90 with a lysate 

preincubated with BXM. 
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Figure 107:  Labeling/competition experiments and pulldown experiment for BXM target 
characterization (DTB-Cy3 used as fluorophore). 

This series of results showed several clear differences between BXM and withaferin A 

while their anti-IAV activities are similar. BXM didn’t compete with WAP-1 for Hsp90, 

although the interaction between BXM and Hsp90 was reported and indicated a 

covalent binding.274 The fact that BXM didn’t compete with WAP-1 for Hsp90 

underlines a possible covalent interaction to a different cysteine residue targeted by 

withaferin A. This result indicated that the biological modulation of Hsp90 activity may 

be different between withaferin A and BXM, pointing out, once more, the difficulty to 

validate or exclude involvement of a target in the global anti-IAV activity. Zhang et al. 

reported a protein-protein interaction between Hsp90 and the viral protein NS1.260 

Investigating the disruption of this interaction with withaferin A and BXM could reveal 

some difference if their binding sites are different. 
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III.5. Future experiments 

To confirm the covalent binding between WAPs and Keap1, fluorescent probes will be 

synthesized and tested, followed by competition experiments with goyazensolide and 

JAK inhibitor teriflunomide. These investigations are currently on-going. 

The signal transducer and activator of transcription 1 (STAT1) is a cytoplasmic protein 

and, once activated, is translocated to the nucleus and acts as part of a protein 

complex to activate transcription from IFN-regulated genes (Figure 108). In the 

absence of STAT1, IFN-mediated gene induction does not occur and anti-IAV 

response is inhibited. Plaque assays with WA, WAPs, GOYA, and BXM will be 

performed using A549 cells (STAT1 -/-) to validate the mechanism of action. 

 

Figure 108 :  Induction of type I IFNs and ISGs by influenza virus. Innate immune cells, such as 
macrophages and lung epithelial cells, produce type I IFNs after sensing IAV genomic RNA using 

various PRRs. In infected and neighboring cells, type I IFN signaling activates the JAK-STAT pathway, 
leading to transcription of ISGs, the products of which initiate intracellular antiviral effectors that limit 

the spread of the viruses. (Figure modified from Wu and Metcalft, Licence creative Commons CC-BY-
NC-ND).280 
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IV. Conclusion 

Withaferin A targets multiple proteins involved in the influenza A life cycle. But which 

are more important? It is not known to date. To answer this question, several 

investigations were performed to compare the anti-IAV activity of compounds, and the 

different targets involved. 

The difference of anti-IAV activity between goyazensolide and withaferin A pushed us 

to investigate specific targets of withaferin A, such as vimentin. WA covalently bind 

Keap1, activates the Nrf2 pathway and induces HO-1. Nevertheless, WA inhibits the 

MAPK pathway and desactivates the translocation of Nrf2 into the nucleus.265 Sun et 

al. demonstrated that phosphorylation of Nrf2 by MAP kinases has a limited 

contribution in modulating Nrf2-dependent antioxidant response, which is consistent 

since withaferin A clearly induces HO-1.281 As withaferin A inhibits NF-B, it confirms 

that HO-1 induction comes from the Keap1/Nrf2 pathway. 

The similar effect between the Keap1/JAK1 inhibitor BXM and withaferin A underlines 

the fact that monitoring inhibition of JAK2/STAT3 phosphorylation may be not sufficient 

to explain the biological effect of compounds described as anti-IAV agents 

(gingerenone, …). Moreover, literature reported that the anti-IAV JAK inhibibitor 

teriflunomide also induced HO-1.282, 283 

Withaferin A and BXM both inhibit replication of influenza A and both covalently interact 

with Keap1. 

Future investigations using selective Keap1, NF-B or JAK inhibitors would highlight 

the relative contributions of Keap1/Nrf2, NF-B and JAK/STAT pathways, respectively. 

Nevertheless, designing selective covalent inhibitors is challenging, and targeting 

several proteins related to influenza A by a single compound may have some 

advantages, such as a synergistic effect. Research for anti-IAV compounds has been 

first focused on Neuraminidase (NA) inhibitors, M2 channel ion blockers, followed by 

influenza RNA polymerase as specific drug targets. The limited efficiency from anti-

IAV compounds demonstrated the drawback of the “one drug-one target” paradigm by 

especially when targeting the complex influenza life cycle which involves more than 

900 biological factors.284-289 The challenge also comes from the high rate of mutation 

and evolves resistance against drugs. Combination of natural extracts from medicinal 
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plants with empirical knowledge has provided a new platform for the development of 

new therapeutics.290 The use of natural products in traditional medicine gives them the 

benefit of a preliminary toxicology profile in human and their high reactivity allowing the 

targeting of several proteins and modulating various biological pathways through the 

new paradigm “target network” or “multi-component therapeutics”.291  
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General conclusion 

The work presented in this manuscript focuses on the total synthesis of 

furanoheliangolides, the target identification of goyazensolide and its mode of action. 

Further investigations have been performed to elucidate the anti-influenza activity of 

the steroidal lactone withaferin A. 

Regarding the total synthesis of goyazensolide, the route includes the first example 

merging the -methylene--butyrolactone formation with the closure of a 10-membered 

germacrene framework via a Barbier allylation. This synthetic strategy allowed the 

access of various furanoheliangolides and sesquiterpene lactones never synthesized. 

It is interesting to note that this Barbier allylation might be applied to the synthesis of 

diverse sesquiterpene lactone families, such as germacranolides or even the more 

famous guaianolides which may benefit from merging the -methylene--butyrolactone 

formation with the easier closure of a 7-membered ring. 

The total synthesis of goyazensolide enabled access to its alkyne tagged probe, 

required for investigations of protein targeting. The design of a fluorophore with a 

desthiobiotin incorporated enabled the monitoring of the labeling as well as an efficient 

method to discriminate enriched proteins. The study of the covalent interactome of 

goyazensolide, revealed IPO5 as its molecular target. 

In the case of goyazensolide, there was clear evidence of anticancer activity from 

mouse xenografts and cellular assays, but the mode of action remained unknown. The 

finding that goyazensolide selectively engages IPO5 covalently and inhibits its 

interaction with RASAL2 rationalizes its anticancer activity. 

The unexpected covalent interaction of IPO5 by withaferin A pushed to investigate the 

potential anti-influenza activity for both natural products. The multi-target properties 

and the strong anti-IAV activities of withaferin A and WAPs lead to the conclusion that 

IPO5 is not the major target responsible for this biological effect. While the prediction 

of the anti-IAV activity from bardoxolone methyl was successful, the myriad of 

biological pathways involved in the influenza A life cycle combined with the use of non-

selective compounds drastically increased the difficulty to determine the complete 

mode of action. Nevertheless, research has focused on the paradigm “one drug-one 
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target” for decades and the complexity of this disease has clearly demonstrated that 

such single-target drugs are inadequate to achieve an efficient therapeutic effect. 

Natural products, such as goyazensolide and withaferin A are typically multi-target 

compounds and, despite their tremendous therapeutic potential, their rationalised 

development still represents a formidable challenge. 
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Experimental section 

I. Supplementary synthetic routes and strategies 

I.1. Synthesis of intermediate 3 

The synthetic route starts by the esterification of the commercially available (+)-Tartaric 

acid followed by the protection of the diol 112 (Figure 109). Treatment with LiAlH4 

reduced both esters and monoactivation by Tosyl chloride afforded the nucleophilic 

substitution with LiBr to give 116. A Swern oxidation, followed by a Morita-Baylis-

Hillman reaction and HBr treatment gave the first synthon 3. 

Procedures and characterizations are available in the literature.123 

 

Figure 109:  Synthetic route of intermediate 3. 

I.2. Synthesis of the dinitrophenyl derivate 

In order to cristallize compound 18a, a solvent screening was performed 

(CH2Cl2/Pentane, Et2O/Pentane, i-Pr2O/Pentane, EtOH) but no crystals have been 

obtained. The secondary alcohol localized on the structure was an opportunity to 

incorporate a dinitrophenyl moiety to help for the crystallization.292, 293 
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Figure 110:  Synthesis of the dinitrophenyl derivate 

I.3. Coupling between 30 and 8 

The first investigation indicated that early formation of the conjugated furanone 

conducts to very sensitive intermediates. Indeed, deprotection of the dimethyl acetal 

to access to the furanone conjugated aldehyde failed in all the conditions tested (Figure 

111A) due to its probable instability. While the access of the enyne conjugated 

aldehyde was possible, lactonization or furanone synthesis didn’t give any expected 

product. Also, coupling reaction with the iodoalkyne and the aldehyde was a failure 

(Figure 111B). 
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Figure 111:  First investigation of the « coupled intermediate » synthesis 

I.4. Synthesis of the alkyne intermediate via a Wittig / Wittig-Horner 

strategy 

 

 

Figure 112:  First Investigations on the racemic/chiral alkyne intermediate 
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Synthesis of alkyne intermediate via a Wittig-Horner strategy was limited due to the 

lack of E/Z stereoselectivity of the enyne (Figure 112). 

 

 

I.5. Synthesis of goyazensolide diastereoisomer 

 

Figure 113:  Synthetic pathway to obtain the diastereoisomer of goyazensolide 

Synthesis of the goyazensolide diastereoisomer 131 was performed in similar 

conditions than goyazensolide. 
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I.6. Synthesis of the « primary cyclized scaffold » 

 

Figure 114:  Synthetic route of the “primary cyclized scaffold” 

Synthesis of the « Primary cyclized scaffold » was performed in similar conditions than 

goyazensolide unless the use of iodine in the carboalumination step. 

 

I.7. Synthesis of FiVe1 

The synthetic route of FiVe1 starts with the formation of acyl chloride 140 from the 

commercially available acid. Attack of the magnesium diethyl malonate on the acyl 

chloride followed by a decarboxylation in strong acidic conditions gave the 

acetophenone derivative 141. Once the nitro reduced, the formation of the electrophilic 

diazonium species allowed an intracyclization by its enol form to give the cinnoline 143. 

Treatment with POBr3 followed by a SNAr with the piperidine derivative 145 allowed 

the access of FiVe1 (146).261 
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Figure 115:  Synthetic route for the preparation of FiVe1 

II. Supplementary proteomic experiments 

II.1. Click reaction in blank conditions. 
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Figure 116:  (Left) Click reaction of GOYA-1. (Right) LC-MS analysis indicating the presence of the 
major compound as GOYA-1-Cy3 

II.2. Investigations of the band at 38 kDa in A549 cells 

 

1. Investigations on selectivity 

To determine the selectivity of goyazensolide, competition with other natural products 

have been applied. 
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Figure 117 : Labeling/competition experiment of the 38 kDa band with various natural products 

The 38 kDa band is competed by Helenalin as well as Deoxyelephantopin, indicated 

that the binding of this band is not specific to goyazensolide. 

 

2. Protein identification 

 

Figure 118:  Pulldown experiment followed by a band cut 
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A pulldown labeling experiment followed by a band cut and a tryptic digestion gave a 

mixture of peptides ready to be analyzed by MS/MS. 

3. MS/MS analysis 

MS/MS analysis for the second band indicated the characterization of the protein 

Annexin A2 as the major protein. Nevertheless, it has been previously demonstrated 

that the target is not selective to other sesquiterpene lactones. Moreover, the natural 

product withaferin A has been described as covalent binder of annexin A2 and several 

inhibitors are described in the literature.234, 294, 295 

 

III. Experimental procedures 

III.1. General information for the chemistry part 

NMR spectra were recorded on AMX-300, AMX-400 and AMX-500 Bruker Advance 

spectrometers at 298 K with CDCl3 as the solvent unless otherwise stated. Chemical 

shifts are reported in parts per million, relative to chloroform (1H, δ 7.26; 13C, δ 77.16) 

unless otherwise stated. Data for 1H NMR are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintuple, sept. = 

septuplet, m = multiplet), coupling constants and integration. Infrared spectra (IR) were 

recorded on a Perkin-Elmer 1650 FT-IR spectrometer using neat samples on a 

diamond ATR Golden Gate sampler. High-resolution mass spectra (HRMS) were 

obtained on a Xevo G2 Tof spectrometer (Ionization mode: ESI positive polarity; Mobile 

phase: MeOH 100 µL/min). Optical rotations were recorded on OMNI Lab JASCO P-

1030 polarimeter at 589 nm and are recorded as [α]T 
D  (concentration in grams/100 mL 

solvent). Analytical thin layer chromatography (TLC) was performed using 0.25 mm 

silica gel 60-F254 plates from Merck, using 250 nm UV light as the visualizing agent and 

a solution of phosphomolybdic acid or potassium permangante and heat as developing 

agents. Flash chromatography was performed using 200-400 mesh silica gel. Yields 

refer to chromatographically and spectroscopically pure materials, unless otherwise 

stated. Reverse phase column chromatography was performed using Isolera Biotage 

using SNAP Cartridge KP-C18-HS of 60 g or 12 g. The X-ray diffraction data were 
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collected on an Agilent Supernova diffractometer equipped with an ATLAS CCD 

detector using CuKα (λ = 1.54184 Å) radiation. The enantiomeric excess (ee) were 

determined by HPLC analysis. Chiral HPLC analysis was performed on Waters Acquity 

UPC2 with column OJ-H. All reagents were used as supplied by Aldrich, Fluka, Acros 

or Strem and used without purification unless otherwise stated. All reactions were 

carried out in oven-dried glassware under nitrogen atmosphere unless otherwise 

stated.  

 

III.2. Protocols 

III.2.1. Synthesis of synthon 13  
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Step 1: 
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In a 1 L flask under N2, D-malic acid (25 g, 182 mmol) was charged followed by 2,2-
dimethoxypropane (150 mL). PTSA was added (350 mg, 2.03 mmol) and the mixture 
was stirred 4 h at room temperature. After completion, the crude mixture was diluted 
with 400 mL EtOAc and 400 mL HCl 0.1 M. The organic phase was washed with brine, 
dried over Na2SO4 and concentrated under vacuo. Compound 5 (24.2g, 76%) was 
used without further purification. 
1H NMR (300 MHz, CDCl3) δ 4.73 (dd, J = 6.5, 3.9 Hz, 1H), 3.09 – 2.79 (m, 2H), 1.62 
(d, J = 15.6 Hz, 6H). 
 
Step 2: 

 
 
In a 500 mL flask under N2 was added dropwise BH3.Me2S (45 mL 2 M in THF, 91 
mmol) to the mixture of acid 5 (12.2 g, 70.1 mmol) in THF (120 mL) at 0 °C. The mixture 
was allowed to warm at room temperature and stirred one night at this temperature. 
After completion, the crude mixture was quenched with MeOH (40 mL) at 0 °C and the 
solvent was removed. MeOH was added again and the solvent was removed. Oil 6 
was obtained (10.8 g, 96%) and used without further purification. 
1H NMR (300 MHz, CDCl3) δ 4.58 (dd, J = 7.1, 5.0 Hz, 1H), 3.84 (ddd, J = 8.1, 6.7, 4.9 
Hz, 2H), 2.24 – 1.92 (m, 2H), 1.65 – 1.56 (m, 6H). 
 
Step 3: 

 
 
In a 500 mL flask under N2, TBDMSCl (3.5 g, 23.2 mmol) was added by portions to the 
mixture of alcohol 6 (3.4 g, 21.2 mmol), imidazole (3.75 g, 52 mmol) in DMF (20 mL) 
and stirred 2 h at room temperature. Dilution with 250 mL Et2O and 200 mL water. 
Organic layer was washed with water, brine, dried over Na2SO4 and concentrated 
under vacuo. Flash chromatography (Pentane/EtOAc 8/2 as eluent) gave 7 as a yellow 
oil (4.5 g, 78%). 
1H NMR (300 MHz, CDCl3) δ 4.55 (dd, J = 7.9, 4.3 Hz, 1H), 3.92 – 3.73 (m, 2H), 2.15 
– 2.05 (m, 1H), 2.00 – 1.82 (m, 1H), 1.59 (dd, J = 19.4, 0.8 Hz, 6H), 0.91 (s, 9H), 0.08 
(s, 6H). 
 
Step 4: 

 

In a 250 mL flask under N2, AlMe3 (27 mL, 54.7 mmol) was added dropwise to the 
Weinreb salt (5.3 g, 54.7 mmol) in CH2Cl2 (100 mL) at 0 °C. The mixture was allowed 
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to warm at room temperature and stirred 45 min. The mixture was cooled to 0 °C and 
acetonide 7 (5 g, 18.2 mmol) was added dropwise. The mixture was stirred 2 h at 0 °C 
and carefully quenched with HCl 0.1 M. The mixture was diluted with 200 mL CH2Cl2 
and 200 mL HCl 0.1 M. The organic layer was washed with water, brine and dried over 
Na2SO4. Flash chromatography (Pentane/EtOAc 1/1 as eluent) gave 8 as a yellow oil 
(3.2 g, 63%). 
1H NMR (300 MHz, CDCl3) δ 4.57 (t, J = 8.3 Hz, 1H), 3.87 (s, 2H), 3.73 (s, 3H), 3.25 
(s, 4H), 1.99 (dd, J = 8.2, 5.6 Hz, 1H), 1.66 (dd, J = 9.1, 4.6 Hz, 1H), 0.91 (s, 9H), 0.08 
(d, J = 2.9 Hz, 6H). 
Step 5: 

 

In a 250 mL flask under N2, n-BuLi (8.7 mL, 2.5 M in hexane, 21.6 mmol) was added 
dropwise to a solution of alkyne 9 (3.5 g, 21.6 mmol) in THF (50 mL) at -78 °C and 
stirred 1 h. The deprotonated alkyne mixture was added in portions by cannula to the 
solution of Weinreb amide 8 (2.4 g, 8.64 mmol) in THF (60 mL) at -78 °C. The mixture 
was allowed to warm at 0 °C and stirred 30 min. The mixture was cooled to -78 °C and 
quenched with saturated NH4Cl. The mixture was diluted with 200 mL Et2O and 100 
mL water. The organic layer was washed with brine and dried over Na2SO4. Flash 
chromatography (Pentane/EtOAc 7/3 as eluent) gave 10 as a yellow oil (2.65 g, 81%). 
1H NMR (300 MHz, CDCl3) δ 7.36 – 7.18 (m, 6H), 4.27 (dt, J = 6.9, 4.2 Hz, 1H), 3.74 
(ddd, J = 10.4, 6.6, 4.9 Hz, 2H), 3.53 (d, J = 4.4 Hz, 1H), 3.04 (t, J = 7.3 Hz, 2H), 2.63 
(t, J = 7.3 Hz, 2H), 2.20 – 2.07 (m, 1H), 2.00 – 1.85 (m, 1H), 0.83 (s, 9H), -0.00 (d, J = 
1.8 Hz, 6H). 
 
Step 6: 

 
In a 500 mL flask under N2, mercuric solution (2.76 mL, 0.1 M in 2.5% H2SO4) was 
added dropwise to the solution of ynone 10 (2.65 g, 7 mmol) in dry acetone (250 mL) 
and stirred 2 h at room temperature. The reaction was quenched with NaHCO3, stirred 
1h30 at room temperature, filtered and the solvent was removed in vacuo. Flash 
chromatography (Pentane/EtOAc 3/7 as eluent) gave 11 as a yellow oil (1.4 g, 76%). 
1H NMR (300 MHz, CDCl3) δ 7.35 – 7.18 (m, 5H), 5.45 (s, 1H), 4.52 (dd, J = 7.6, 5.9 
Hz, 1H), 3.78 (d, J = 5.4 Hz, 2H), 3.13 (t, J = 7.4 Hz, 2H), 2.76 (t, J = 7.2 Hz, 2H), 2.02 
(d, J = 1.8 Hz, 1H), 1.97 – 1.87 (m, 1H).  

1. MS(ESI) [M + H]+ calculated for C14H16O3S: 265.08, found 265.21.  
 
Step 7: 
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In a 50 mL flask under N2, DMP (385 mg, 0.91 mmol) was added by portions to the 
mixture of alcohol 11 (200 mg, 0.76 mmol) in CH2Cl2 (8 mL) at 0 °C. Mixture was 
allowed to warm at room temperature and stirred 40 min. The reaction was quenched 
with Na2CO3 saturated, 15 mL of Et2O and 10 mL of NaHCO3 saturated. The organic 
layer was washed with NaHCO3, water, brine and dried over Na2SO4. Aldehyde 13 was 
obtained as a yellow oil (154 mg, 77%). 
1H NMR (300 MHz, CDCl3) δ 9.72 (s, 1H), 7.33 – 7.18 (m, 5H), 5.47 (s, 1H), 4.77 (dd, 
J = 8.8, 3.2 Hz, 1H), 3.15 – 2.95 (m, 3H), 2.80 – 2.65 (m, 3H). 
MS(ESI) [M + H]+ calculated for C14H14O3S: 263.07, found 263.28. 

III.2.2. Coupling between intermediates 3 and 10  

 
Step 1: 

 

In a 100 mL flask under N2, Zinc (186 mg, 2.86 mmol) was added by portions to the 
cold mixture of aldehyde 13 (150 mg, 0.572 mmol), bromolactone 3 (189 mg, 0.63 
mmol) in THF/NH4Cl saturated water 2/1 (6 mL). The mixture was stirred 30 min at 0 
°C and then heated to 70 °C for 1 h. The mixture was diluted with EtOAc (40 mL) and 
Brine (20 mL). The aqueous phase extracted with EtOAc (10 mL) and the combined 
organic layers were dried over Na2SO4. The solvent was removed under vacuo and 
the crude was purified by flash chromatography (Pentane/EtOAc 4/6 as eluent) gave 
14 as a yellow oil (94 mg, 43%). 
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1H NMR (300 MHz, CDCl3) δ 7.38 (d, J = 1.4 Hz, 5H), 6.42 (d, J = 2.3 Hz, 1H), 5.87 – 
5.78 (m, 2H), 5.56 (s, 1H), 5.40 (d, J = 1.2 Hz, 1H), 5.27 (s, 1H), 4.96 – 4.85 (m, 1H), 
4.65 (d, J = 3.2 Hz, 1H), 4.06 (dd, J = 8.7, 3.4 Hz, 1H), 3.20 (s, 2H), 2.97 – 2.85 (m, 
4H). 
MS(ESI) [M + H]+ calculated for C21H22O5S: 387.12, found 387.18. 
 
Step 2: 

 

In a 50 mL flask under N2, H2O2 (14 mL, 0.227 mmol) was added to the mixture of 
sulfide 14 (80 mg, 0.206 mmol) in HFIP (500 mL) at 0 °C and stirred for 30 min. The 
reaction was quenched with Na2S2O3 and the mixture was diluted with CH2Cl2 (10 mL) 
and NaHCO3 saturated (10 mL). The organic layer was washed with NaHCO3, brine 
and dried over Na2SO4. The solvent was removed under vacuo. Sulfoxide 15 was 
obtained (78 mg, 94%) as a yellow oil and used without further purification. 
MS(ESI) [M + H]+ calculated for C21H22O6S: 403.11, found 403.18. 
 
Step 3: 

 

In a sealed tube under N2, the sulfoxide 15 (20 mg, 0.05 mmol) was irradiated under 
microwave in toluene (2 mL) at 180 °C for 10 min. The solvent was removed under 
vacuo. The crude was purified by flash chromatography (Pentane/EtOAc 1/1 as eluent) 
gave 18a as a light yellow solid (8 mg, 58%). 
 

 
 

1H NMR (500 MHz, CDCl3) δ 6.16 (d, J = 10.9 Hz, 1H, Ha), 5.88 (ddd, J = 17.0, 10.6, 
5.6 Hz, 1H, Hf), 5.40 – 5.39 (m, 1H, Hc1), 5.38 – 5.36 (m, 2H, Hc2+Hg1), 5.35 (d, J = 
0.8 Hz, 1H, Hg2), 5.24 (d, J = 10.6 Hz, 1H, He), 5.02 – 4.98 (m, 1H, Hi), 2.93 – 2.80 
(d, 1H, OH), 2.79 (s, 1H, Ha1), 2.71 – 2.68 (m, 1H, Hh), 2.61 (s, 1H, Hd1), 2.49 (d, J = 
2.5 Hz, 1H, Ha2), 2.36 (t, J = 6.1 Hz, 1H, Hk1), 2.19 – 2.16 (m, 1H, Hd2), 2.12 – 2.09 
(m, 1H, Hk2). 
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 13C NMR (126 MHz, CDCl3) δ 200.70(C1), 174.46(C8), 136.76(C10), 134.31(C4), 
115.24(C5-C11), 114.07(C9), 70.71(C13), 52.47(C12), 46.41(C6), 43.82(C2), 
30.18(C14). 
 

2D NMR correlations 
 1H-1H COSY HMBC NOESY  
18a 

   
 

 
MS(ESI) [M + H]+ calculated for C15H16O5: 277.10, found. 277.22. 

 

In a 5 mL flask under N2, acyl chloride (6.2 mg, 0.027 mmol) was added dropwise at 0 
°C in a mixture of alcohol 18a (5 mg, 0.018 mmol), Et3N (7.5 L,0.054 mmol), DMAP 
(0.2 mg, 0.002 mmol) in CH2Cl2 (1 mL). The resulting mixture was allowed to warm at 
room temperature and stirred for 18 h. The crude mixture was directly purified on PTLC 
(Pentane/EtOAc 7/3 as eluent) to give 26 as a yellow oil (5.2 mg, 62%). 
1H NMR (400 MHz, CDCl3) δ 9.29 (t, J = 2.1 Hz, 1H), 9.15 (d, J = 2.1 Hz, 2H), 6.19 
(dd, J = 17.5, 11.0 Hz, 1H), 6.02 – 5.77 (m, 2H), 5.49 – 5.38 (m, 2H), 5.36 – 5.26 (m, 
2H), 5.06 (d, J = 1.5 Hz, 1H), 3.16 (dd, J = 7.7, 4.3 Hz, 1H), 2.84 (d, J = 17.6 Hz, 1H), 
2.67 (d, J = 12.5 Hz, 1H), 2.59 – 2.42 (m, 2H), 2.31 (dd, J = 12.6, 2.4 Hz, 1H). MS(ESI) 
[M + H]+ calculated for C22H18N2O10: 471.10, found. 471.19. 
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III.2.3. The tetrahydrofuranol scaffold 

 

 

 

Step 1: 

 

In a 250 mL flask under N2, NaBH4 (220 mg, 5.7 mmol) was added by portions to the 
mixture of furanone 11 (1.5 g, 5.7 mmol) in THF (30 mL) at 0 °C. The mixture was 
allowed to warm at room temperature and stirred 3 h. The mixture was quenched with 
HCl 0.5 M at 0 °C and diluted with Et2O (100 mL) and HCl 0.1 M (50 mL). The aqueous 
phase was extracted with Et2O (50 mL) and the combined organic layers were washed 
with Brine and dried over Na2SO4. The solvent was removed under vacuo. Diol 19 was 
obtained as a yellow oil (1.5 g, 98%). The compound was used without further 
purification. NMR gave acomplex mixture of diastereoisomers 19.  
1H NMR (300 MHz, CDCl3) δ 7.36 – 7.27 (m, 5H), 4.37 – 4.17 (m, 1H), 4.08 (d, J = 6.8 
Hz, 1H), 3.92 – 3.74 (m, 3H), 3.16 – 2.91 (m, 2H), 2.43 (dd, J = 12.4, 5.4 Hz, 1H), 2.12 
– 1.91 (m, 2H), 1.90 – 1.80 (m, 2H), 1.72 – 1.59 (m, 1H). 
MS(ESI) [M + H]+ calculated for C14H20O3S: 269.11, found. 269.08. 
 
Step 2:  
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In a 250 mL flask under N2, TBSOTf (7 mL, 3.04 mmol) was added dropwise to the 
mixture of diol 19 (370 mg, 1.38 mmol), 2,6-lutidine (513 mL, 4.42 mmol) in CH2Cl2 (15 
mL) at 0 °C. Mixture stirred 1 h at 0 °C, then quenched with NaHCO3 saturated and 
diluted with Et2O (50 mL) and NaHCO3 10%. The organic layer was washed with HCl 
0.1 M, water, brine and dried over Na2SO4. The solvent was removed under vacuo. A 
filtration on silica gel (Pentane/EtOAc 9/1 as eluent) gave 20 as a yellow oil (424 mg, 
62%). NMR gave complex mixture of diastereoisomers. 
1H NMR (300 MHz, CDCl3) δ 7.40 – 7.13 (m, 5H), 4.33 – 4.09 (m, 1H), 4.09 – 3.89 (m, 
1H), 3.77 (dddd, J = 12.7, 7.5, 5.9, 2.9 Hz, 3H), 3.22 – 2.83 (m, 2H), 2.38 – 2.17 (m, 
1H), 2.14 – 1.95 (m, 1H), 1.95 – 1.69 (m, 3H), 1.67 – 1.50 (m, 2H), 0.92 – 0.89 (m, 
18H), 0.07 (dt, J = 5.0, 1.1 Hz, 12H). 
MS(ESI) [M + H]+ calculated for C26H48O3SSi: 497.29, found. 497.18. 
 
Step 3:  

 

In a 100 mL flask under N2, CHCl3 (10 mL, pretreated with HCl 1 M, shaken in a 
separating funnel) was added to the disilylated product 20 (160 mg, 0.322 mmol). The 
mixture was stirred one night at room temperature, diluted with Et2O (50 mL) and brine 
(30 mL). The organic layer was dried over Na2SO4 and the solvent was removed under 
vacuo. Flash chromatography (Pentane/EtOAc 8/2 as eluent) gave 21 as a yellow oil 
(90 mg, 73%). NMR gave complex mixture of diastereoisomers. 
1H NMR (300 MHz, CDCl3) δ 7.25 (dd, J = 15.0, 1.5 Hz, 5H), 4.20 (dd, J = 3.7, 2.5 Hz, 
1H), 3.97 (dd, J = 6.4, 4.5 Hz, 1H), 3.86 – 3.68 (m, 3H), 2.97 (ddd, J = 20.5, 8.6, 6.2 
Hz, 2H), 2.32 – 2.13 (m, 1H), 2.06 – 1.80 (m, 3H), 1.74 – 1.43 (m, 3H), 0.83 (s, 9H), 
0.00 (s, 6H). 
MS(ESI) [M + H]+ calculated for C20H34O3SSi: 383.20, found. 383.12. 
 
Step 4: 

 

In a 50 mL flask under N2, DMP (72 mg, 0.17 mmol) was added by portions to the 
alcohol 21 (50 mg, 0.131 mmol) in CH2Cl2 (2 mL) at 0 °C. The mixture was allowed to 
warm at room temperature and stirred 40 min. The reaction was quenched with 
Na2CO3 saturated, diluted with 25 mL Et2O and 10 mL NaHCO3 saturated. The organic 
layer was washed with NaHCO3, water, brine and dried over Na2SO4. The solvent was 
removed under vacuo. A yellow oil of 22 was obtained (39 mg, 79%). NMR gave 
complex mixture of diastereoisomers. 
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1H NMR (300 MHz, CDCl3) δ 9.83 – 9.59 (m, 1H), 7.49 – 7.06 (m, 5H), 4.36 – 3.94 (m, 
3H), 3.08 – 2.84 (m, 2H), 2.68 – 2.45 (m, 2H), 2.25 (s, 1H), 1.97 (d, J = 8.5 Hz, 1H), 
1.78 (s, 1H), 1.61 – 1.47 (m, 1H). 
MS(ESI) [M + H]+ calculated for C20H32O3SSi: 381.18, found. 381.24. 
 
Step 5: 

 

In a 50 mL flask under N2, Zinc (33 mg, 0.51 mmol) was added by portions to the cold 
mixture of aldehyde 22 (39 mg, 0.102 mmol), bromolactone 3 (42 mg, 0.143 mmol) in 
2/1 THF/NH4Cl saturated water (3 mL). The mixture was stirred 30 min at 0 °C and 
then heated to 70 °C 1 h. The crude mixture was diluted with EtOAc (10 mL) and Brine 
(10 mL). The aqueous phase was extracted with EtOAc (5 mL) and combined organic 
layers were dried over Na2SO4. The solvent was removed under vacuo. A flash 
chromatography (Pentane/EtOAc 1/1 as eluent) gave 23 as a yellow oil (38 mg, 73%). 
NMR gave complex mixture of diastereoisomers 1H NMR (300 MHz, CDCl3) δ 7.29 – 
7.19 (m, 7H), 6.34 (s, 1H), 5.71 (d, J = 2.1 Hz, 1H), 5.40 (d, J = 17.1 Hz, 1H), 5.28 (s, 
1H), 4.95 – 4.77 (m, 1H), 4.19 (d, J = 1.9 Hz, 2H), 3.97 (d, J = 5.5 Hz, 1H), 3.74 (s, 
1H), 2.91 (d, J = 7.5 Hz, 2H), 2.31 – 2.21 (m, 1H), 2.02 – 1.93 (m, 1H), 1.79 (dd, J = 
6.3, 2.8 Hz, 2H), 1.55 (d, J = 7.7 Hz, 2H), 0.83 – 0.80 (m, 10H), -0.00 (s, 7H). 
MS(ESI) [M + H]+ calculated for C27H40O5SSi: 505.24, found. 505.32. 
 
Step 6: 

 

In a 10 mL flask under N2, H2O2 (3.1 mL, 0.09 mmol) was added to the mixture of 
sulfide 23 (38 mg, 0.075 mmol) in HFIP (200 mL) at 0 °C and stirred 30 min. The 
reaction was quenched with Na2S2O3 and diluted with CH2Cl2 (3 mL) and NaHCO3 
saturated (3 mL). The organic layer was washed with NaHCO3, brine and dried over 
Na2SO4. The solvent was removed under vacuo. Sulfoxide 24 was obtained as a yellow 
oil (38 mg, 99%). The compound used without further purification. 
 
Step 7: 

In a sealed tube under N2, the sulfoxide (38 mg, 0.073 mmol) was heated in toluene (2 
mL) at 180 °C 4 h. The solvent was removed under vacuo. A flash chromatography 
(Pentane/EtOAc 1/1 as eluent) gave a light yellow solid 24 (16 mg, 55%). NMR gave 
complex mixture of diastereoisomers. 
1H NMR (300 MHz, CDCl3) δ 6.32 (d, J = 2.4 Hz, 1H), 5.84 (d, J = 7.5 Hz, 1H), 5.77 – 
5.69 (m, 1H), 5.37 – 5.17 (m, 3H), 5.15 – 4.98 (m, 2H), 4.96 – 4.74 (m, 1H), 4.43 (dd, 
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J = 6.8, 1.1 Hz, 1H), 4.04 – 3.97 (m, 1H), 3.83 – 3.72 (m, 1H), 2.92 (dd, J = 3.6, 2.1 
Hz, 1H), 2.28 (d, J = 1.4 Hz, 1H), 1.94 (s, 1H), 1.84 – 1.75 (m, 1H), 1.61 (d, J = 12.4 
Hz, 1H), 1.49 – 1.38 (m, 1H), 0.83 – 0.77 (m, 12H), 0.03 – -0.07 (m, 8H). MS(ESI) [M 
+ H]+ calculated for C21H34O5Si: 395.22, found. 395.31. 
 
Step 8: 

 

In a 5 mL flask under N2, Acetic anhydride (5.7 mL, 0.06 mmol) was added to the 
mixture of alkene 24 (16 mg, 0.04 mmol), pyridine (6.6 mL, 0.08 mmol), DMAP (0.48 
mg, 0.004 mmol) in CH2Cl2 (500 mL) at 0 °C. The mixture was allowed to warm at room 
temperature and stirred for 1 h. The mixture was diluted with Et2O (5 mL) and HCl 0.1 
M (5 mL). The aquous phase was extracted with Et2O (5 mL), and the combined 
organic layers were washed with Brine and dried over Na2SO4. The solvent removed 
under vacuo. A flash chromatography (Pentane/EtOAc 7/3 as eluent) gave 25 as a 
yellow oil (12 mg, 68%). NMR gave complex mixture of diastereoisomers. 
1H NMR (300 MHz, CDCl3) δ 6.35 (d, J = 1.6 Hz, 1H), 5.93 – 5.66 (m, 3H), 5.34 – 5.11 
(m, 4H), 5.04 (s, 1H), 4.81 (dd, J = 2.9, 1.5 Hz, 1H), 4.51 – 4.27 (m, 1H), 3.88 (dd, J = 
6.8, 4.2 Hz, 1H), 3.81 – 3.58 (m, 1H), 3.30 – 3.06 (m, 1H), 2.35 – 2.16 (m, 1H), 1.98 
(d, J = 5.2 Hz, 3H), 1.91 – 1.72 (m, 2H), 1.67 – 1.56 (m, 1H), 0.84 – 0.80 (m, 9H), 0.02 
– -0.04 (m, 6H). 
MS(ESI) [M + H]+ calculated for C23H36O6Si: 437.23, found. 437.13. 
 
Step 9: 

 

In a 25 mL flask under N2, the alkene 25 (12 mg, 0.027 mmol), Hoveyda-Grubbs II (3.4 
mg, 0.005 mmol) in toluene (20 mL) were stirred 2 h at 100 °C under N2. The crude 
mixture was quenched with silica and the solvent was removed under vacuo. The crude 
was purified by PTLC (Pentane/EtOAc 7/3 as eluent) and gave 26 as a yellow oil (2 
mg, 18%). 
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1H NMR (500 MHz, CDCl3) δ 6.33 (dd, J = 3.3, 0.8 Hz, 1H, h1), 6.11 – 6.01 (m, 1H, f), 
5.81 (dd, J = 3.0, 0.9 Hz, 1H, h2), 5.68 – 5.58 (m, 1H, d), 5.50 (ddd, J = 11.6, 7.7, 2.5 
Hz, 1H, e), 5.11 – 4.95 (m, 2H, c+i), 4.39 (dd, J = 12.4, 3.0 Hz, 1H, k), 4.10 (d, J = 5.4 
Hz, 1H, a), 2.97 (dd, J = 10.2, 9.0 Hz, 1H, g), 2.32 – 2.17 (m, 1H, b1), 2.14 (s, 3H, l), 
1.98 (dd, J = 6.9, 1.3 Hz, 1H, b2), 1.90 – 1.81 (m, 1H, j1), 1.68-1.64 (dd, 1H, j2), 0.91 
(s, 9H, t-Bu), 0.09 (s, 6H, 2 CH3). 
13C NMR (126 MHz, CDCl3) δ 136.76 (C10), 136.00 (C6), 125.93 (C7), 124.37 (C11), 
85.74 (C17), 77.44 (C5), 76.68 (C8), 76.09 (C3), 75.19 (C13), 49.44 (C12), 41.47 (C4), 
40.16 (C16), 25.80 (C1), 21.17 (C15), 1.04 (C2). 
 

2D NMR correlations 
 1H-1H COSY HMBC NOESY  
26    

 
 
MS(ESI) [M + H]+ calculated for C21H32O6Si: 409.20, found. 409.32. 

III.2.4. Total synthesis of goyazensolide: Strategy 2 

 

Step 1: 
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28 was prepared from 27 according to the reported procedure.1  

Step 2: 

 

To a solution of 28 (38 g, 104 mmol) in THF (400 mL) in a 1000 mL flask under N2, 
was added vitride (53 mL, 3.5 M in toluene, 185 mmol) at 0 °C. The mixture was stirred 
at 0 °C for 15 minutes, and then Br2 (6.96 mL, 135 mmol) was added dropwise over 5 
minutes. After 15 minutes, saturated aqueous Na2S2O3 (100 mL) and saturated 
aqueous Rochelle’s salt (100 mL) were added at room temperature, and the mixture 
was stirred for 30 minutes. The mixture was then extracted with ethyl acetate (3 x 100 
mL), and the combined organic layers were washed with brine (200 mL), dried over 
MgSO4, and concentrated to give the crude alcohol 29 as a colorless oil (28 g, 67%). 
Colorless oil. 
1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J = 7.9, 1.5 Hz, 4H), 7.44 (ddd, J = 18.9, 7.6, 
6.1 Hz, 6H), 6.39 (tt, J = 6.1, 1.6 Hz, 1H), 4.34 (d, J = 6.1 Hz, 2H), 4.30 (d, J = 1.5 Hz, 
2H), 1.11 (s, 9H) ppm; 
13C NMR (101 MHz, CDCl3) δ 135.5, 132.9, 129.9, 127.8, 126.8, 126.6, 68.0, 61.8, 
26.7, 19.2 ppm; TLC: Rf = 0.4 (Pentane/Ethyl acetate = 3/1). 
 
Step 3: 

 

To a solution of 29 (25 g, 61.7 mmol) in CH2Cl2 (300 mL) was added DMP (31.3 g, 74 
mmol) in portions at 0 °C. The mixture was stirred at 0 °C for 15 minutes, and the 
mixture was allowed to warm to room temperature. After 30 minutes, saturated 
aqueous Na2S2O3 (50 mL) and saturated aqueous NaHCO3 (50 mL) were added at 
room temperature, and the mixture was stirred for 10 more minutes. The whole was 
extracted with Et2O (3 x 150 mL), and the combined organic layers were washed with 
brine (200 mL) dried over MgSO4, and concentrated to give crude aldehyde 30 as a 
paled yellow oil (20.3 g, yield 82%). 
1H NMR (400 MHz, CDCl3) δ 10.00 (d, J = 6.9 Hz, 1H), 7.67 (d, J = 8.0 Hz, 4H), 7.47 
(dd, J = 15.8, 6.0 Hz, 6H), 6.93 (d, J = 6.9 Hz, 1H), 4.43 (s, 2H), 1.11 (s, 9H) ppm. 
13C NMR (101 MHz, CDCl3) δ 192.5, 147.3, 135.1, 131.8, 129.9, 127.7, 125.2, 68.1, 
26.4, 18.9 ppm; TLC: Rf = 0.6 (Pentane/Ethyl acetate = 8/2). 
 

 1 Koura, M., Yamaguchi, Y., Kurobuchi, S., Sumida, H., Watanabe, Y., Enomoto, T., Matsuda, T., Koshizawa, T., Matsumoto, Y., Shibuya, K. Bioorg. Med. Chem. 2016, 24, 3436-3446. 
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Step 4: 

 

To a mixture of 30 (8.5 g, 21.2 mmol), allyl bromide (6.13 g, 31.8 mmol) in THF/water 
(6/1, 140 mL) at 0 °C under a vigorous stirring was added Zn (2.48 g, 38.2 mmol) in 
portions. The mixture was allowed to warm to room temperature for 1 hour. The 
reaction mixture was then diluted with Et2O (200 mL) and water (150 mL). The organic 
phase was washed with Brine (100 mL), dried over Na2SO4 and volatiles were 
evaporated in vacuo. The crude was diluted in CH2Cl2 (150 mL) and to the solution 
was added p-toluene sulfonic acid (0.86 g, 5.0 mmol). Then the mixture was stirred for 
4 hours at room temperature. The reaction was then diluted with HCl (0.1M, 100 mL), 
the organic phase was then washed with H2O (100 mL) and Brine (100 mL), dried over 
Na2SO4 and the solvent was removed in vacuo. Chromatography on silica gel 
(pentane/ethyl acetate 8/2 as eluent) gave 31 as a pale-yellow oil (8.1 g, yield 81%). 
1H NMR (400 MHz, CDCl3) δ 7.67 (dd, J = 8.7, 3.8 Hz,4H), 7.50–7.39 (m, 6H), 6.36 
(dt, J = 7.6, 1.7 Hz, 1H), 6.30 (t, J = 2.8 Hz, 1H), 5.70 (t, J = 2.5 Hz, 1H), 5.37 (dd, J = 
14.6, 7.6 Hz, 1H), 4.36–4.24 (m, 2H), 3.30 (dd, J = 17.1, 7.9 Hz, 1H), 2.66 (dd, J = 
17.1, 6.7 Hz, 1H), 1.10 (s, 9H) ppm; 13C NMR (101 MHz, CDCl3) δ 170.0, 135.4, 135.4, 
133.7, 132.7, 132.5, 130.0, 130.0, 128.9, 127.9, 127.8, 126.1, 122.5, 76.0, 67.8, 33.8, 
26.7, 19.2; 
HRMS(ESI) [M + H]+ calculated for C24H27BrO3Si: 471.0913, found 471.1007;  
 
Step 5: 

 

To a stirred solution of lactone 31 (2,0 g, 4.2 mmol) in dioxane (20 mL) was added 
SeO2 (2.8 g, 25.2 mmol) in 3 portions at 95 oC within 1.5 hours. After the addition, the 
reaction mixture was stirred at the same temperature for another 30 minutes and then 
cooled down to room temperature. Then dioxane was evaporated and Et2O (80 mL) 
was added, stirred for 30 minutes, filtered and the solution was washed with saturated 
aqueous NaHCO3 (20 mL), diluted Na2S (10 mL) and brine (20 mL). The organic phase 
was dried over Na2SO4, then filterred and concentrated in vacuo. The residue was 
purified on silica gel chromatography (Pentane/Ethyl acetate = 10/1 ~ 1/1 as eluent) to 
provide 37 as a light yellow oil (860 mg, 42%). A mixture of diastereomers was obtained 
(dr = 2:1 as determined by 1H NMR); 
1H NMR (400 MHz, CDCl3) δ 7.66 (td, J = 7.2, 1.5 Hz, 4H), 7.48–7.39 (m, 6H), 6.51 (d, 
J = 1.7 Hz, 0.33H), 6.49 (d, J = 2.4 Hz, 0.66H), 6.40 (dt, J = 7.6, 1.7 Hz, 0.33H), 6.26 
(dt, J = 8.0, 1.7 Hz, 0.66H), 6.06 (d, J = 1.5 Hz, 0.33H), 6.02 (d, J = 2.1 Hz, 0.66H), 
5.35 (dd, J = 7.5, 5.6 Hz, 0.33H), 5.14 (dd, J = 8.0, 4.7 Hz, 0.66H), 5.01 (dt, J = 5.6, 
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1.6 Hz, 0.33H), 4.63 (dt, J = 4.6, 2.3 Hz, 0.66H), 4.36 (d, J = 5.0 Hz, 0.66H), 4.34 (s, 
1.32H), 1.10 (s, 9H) ppm; 
13C NMR (101 MHz, CDCl3) δ 167.9, 137.4, 135.5, 132.7, 132.4, 131.0, 130.1, 130.0, 
127.9, 126.1, 123.5, 121.1, 83.4, 81.0, 73.8, 69.1, 67.9, 26.7, 26.7, 19.2 ppm; 
HRMS(ESI) [M + Na]+ calculated for C24H27BrO4Si: 509.0862, found 509.0772;  

 

 

Step 1: 

 

33 was prepared from 32 according to the reported procedure. 2  

Step 2: 

 2 Koura, M., Yamaguchi, Y., Kurobuchi, S., Sumida, H., Watanabe, Y., Enomoto, T., Matsuda, T., Koshizawa, T., Matsumoto, Y., Shibuya, K. Bioorg. Med. Chem. 2016, 24, 3436-3446. 
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In a 500 mL flask under N2, t-BuLi (15.7 mL, 26.78 mmol) was added dropwise to a 
solution of alkyne 33 (5 g, 20.6 mmol) in THF (100 mL) at -78 °C. The mixture was 
stirred 30 min at -78 °C, the commercial methylketone (3.26 mL, 24.7 mmol) was added 
dropwise and reaction stirred 1 h at -78 °C. The reaction was quenched with NH4Cl 
saturated, diluted with EtOAc (150 mL) and HCl 0.05 M (100 mL). The aquous phase 
was extracted with EtOAc (80 mL) and the combined organic layers were washed with 
brine and dried over Na2SO4. The solvent was removed in vacuo and the crude was 
purified by flash chromatography (Pentane/EtOAc 7/3 as eluent) to give 34 as a yellow 
oil (5.2 g, 65%). 
1H NMR (400 MHz, CDCl3) δ 4.85 – 4.74 (m, 1H), 4.22 (d, J = 26.1 Hz, 1H), 3.43 – 
3.32 (m, 6H), 2.08 – 1.98 (m, 1H), 1.88 (ddd, J = 14.4, 11.4, 6.2 Hz, 1H), 1.27 (d, J = 
2.5 Hz, 3H), 1.04 – 1.00 (m, 6H), 0.78 – 0.61 (m, 9H), 0.18 (d, J = 0.7 Hz, 9H). 
 
Step 3: 

 

In a 250 mL flask under N2, K2CO3 (810 mg, 5.87 mmol) was added by portions to the 
mixture of silylated alkyne 34 (2.2 g, 5.87 mmol) in MeOH (45 mL) and stirred one night 
at room temperature. The mixture was quenched with HCl 0.05 M dropwise at 4°C and 
diluted with EtOAc (50 mL) and HCl 0.05 M (10 mL). The organic phase was extracted 
2 times with EtOAc (80 mL), and the combined organic layers were washed with brine 
and dried over Na2SO4. The solvent was removed under vacuo and the crude was 
purified by flash chromatography (Pentane/EtOAc 7/3 as eluent) to give 35 as a yellow 
oil (590 mg, 54%). 
1H NMR (400 MHz, CDCl3) δ 4.86 – 4.67 (m, 1H), 4.24 (d, J = 9.4 Hz, 1H), 3.86 – 3.51 
(m, 1H), 3.51 – 3.34 (m, 6H), 2.98 (d, J = 131.3 Hz, 1H), 2.50 (d, J = 2.3 Hz, 1H), 2.21 
– 1.85 (m, 2H), 1.34 (d, J = 10.2 Hz, 3H). 
 

Step 4: 
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To a stirred solution of alkyne 35 (550 mg, 2.92 mmol), vinyl bromide 31 (1.15 g, 1.76 
mmol), PdCl2(PPh3)2 (280 mg, 0.244 mmol), CuI (93 mg, 0.488 mmol) in degassed 
THF (21 mL) was added dropwise degassed Et3N (3 mL)) at 4°C under N2 atmosphere. 
The resulted mixture was allowed to warm at room temperature and stirred for 2 hours. 
The reaction was quenched by NH4Cl saturated (15 mL) and extracted with ethyl 
acetate (3 x 20 mL). The combined organic layers were dried over Na2SO4, filterred 
and concentrated in vacuo. The residue was purified on silica gel chromatography 
(CH2Cl2/EtOAc = 3/7 as eluent) to provide enyne 36 as mixture of diastereomers as a 
yellow oil (807 mg, 79%). 
1H NMR (300 MHz, CDCl3) δ 7.66 (d, J = 7.9 Hz, 4H), 7.51 – 7.39 (m, 6H), 6.29 (t, J = 
2.8 Hz, 1H), 6.26 – 6.16 (m, 1H), 5.68 (s, 1H), 5.47 (d, J = 7.7 Hz, 1H), 4.78 – 4.65 (m, 
1H), 4.39 – 4.29 (m, 1H), 4.21 (d, J = 1.9 Hz, 2H), 3.43 – 3.33 (m, 6H), 3.31 – 3.19 (m, 
1H), 3.13 (t, J = 5.6 Hz, 1H), 2.74 – 2.61 (m, 1H), 2.20 – 2.09 (m, 1H), 2.03 – 1.77 (m, 
1H), 1.25 (s, 3H), 1.08 (s, 9H). 
MS(ESI) [M + H]+ calculated for C33H42O7Si: 579.27, found. 579.41. 
 

Step 5: 

 

To a stirred solution of propargyl alcohol 36 (750 mg, 1.30 mmol), Et3N (1.8 mL, 13 
mmol) in CH2Cl2/DMSO (10 mL/5 mL) was added SO3.Pyridine complex (2.06 g, 13 
mmol) by portions at 4 °C. The mixture was allowed to warm at room temperature and 
stirred for 1 h. The mixture was diluted with CH2Cl2 (100 mL) and HCl 0.05 M (100 mL) 
and extracted 2 times with CH2Cl2 (50 mL). The combined organic layers were washed 
2 times with water, brine and dried over Na2SO4. The solvent was removed under 
vacuo and the crude was purified by flash chromatography (CH2Cl2/EtOAc 1/1 as 
eluent) to give 37 as a yellow oil (532 mg, 71%). 
1H NMR (400 MHz, CDCl3) δ 7.72 – 7.61 (m, 4H), 7.50 – 7.39 (m, 6H), 6.51 – 6.37 (m, 
1H), 6.31 (t, J = 2.8 Hz, 1H), 5.71 (t, J = 2.5 Hz, 1H), 5.49 (s, 1H), 4.47 (dd, J = 7.0, 
4.3 Hz, 1H), 4.28 (dq, J = 2.1, 1.0 Hz, 2H), 3.97 (d, J = 12.0 Hz, 1H), 3.30 (dd, J = 12.7, 
2.4 Hz, 7H), 2.67 (ddd, J = 17.2, 5.1, 2.1 Hz, 1H), 2.39 – 2.25 (m, 1H), 2.07 – 1.97 (m, 
2H), 1.38 (s, 3H), 1.09 (s, 9H). 
MS(ESI) [M + H]+ calculated for C33H40O7Si: 577.25, found. 577.32. 
 
Step 6: 



151 

 

To a stirred solution of ynone 37 (550 mg, 0.954 mmol) in THF (50 mL) was added 
dropwise a premixed solution of AuClPPh3 (9.4 mg, 0.019 mmol) and AgSbF6 (6.5 mg, 
0.019 mmol) in THF (5 mL). The mixture was stirred 15 min at room temperature and 
diluted with Et2O (100 mL) and HCl 0.05 M (50 mL). The aqueous phase was extracted 
with Et2O and the combined organic layers were washed with brine and dried over 
Na2SO4. The crude was purified by flash chromatography (CH2Cl2/EtOAc 1/1 as 
eluent) to give 38 as a yellow oil (397 mg, 72%). 
1H NMR (400 MHz, CDCl3) δ 7.65 (ddd, J = 6.6, 2.8, 1.4 Hz, 4H), 7.52 – 7.40 (m, 6H), 
6.31 (td, J = 2.9, 1.0 Hz, 1H), 6.20 (dd, J = 8.0, 4.6 Hz, 1H), 5.84 – 5.74 (m, 1H), 5.58 
(d, J = 5.2 Hz, 1H), 4.45 – 4.32 (m, 3H), 3.98 (dd, J = 7.4, 5.5 Hz, 1H), 3.45 – 3.15 (m, 
7H), 2.63 (d, J = 17.3 Hz, 1H), 2.15 (ddd, J = 14.7, 6.0, 3.4 Hz, 1H), 1.87 – 1.83 (m, 
1H), 1.41 (d, J = 2.2 Hz, 3H), 1.08 (d, J = 1.2 Hz, 9H). 
MS(ESI) [M + H]+ calculated for C33H40O7Si: 577.25, found. 577.32. 
 
Step 7: 

 
 
To a stirred solution of lactone 38 (200 mg, 0.347 mmol) in dioxane (8 mL) was added 
SeO2 (192 mg, 1.73 mmol) in 3 portions at 95 oC within 1.5 hours. After the addition, 
the reaction mixture was stirred at the same temperature for another 30 minutes and 
then cooled down to room temperature. Then dioxane was evaporated and Et2O (80 
mL) was added, stirred for 5 minutes, filtered and the solution was washed with 
saturated aqueous NaHCO3 (20 mL), diluted Na2S (10 mL) and brine (20 mL). The 
organic phase was dried over Na2SO4, then filterred and concentrated in vacuo. The 
residue was purified on silica gel chromatography (CH2Cl2/EtOAc = 1/1 ~ 1/4 as eluent) 
to provide 39 as a yellow oil (43 mg, 21%). 
1H NMR (400 MHz, CDCl3) δ 7.70 – 7.64 (m, 4H), 7.50 – 7.41 (m, 6H), 6.50 (dd, J = 
4.8, 1.8 Hz, 1H), 6.16 – 5.98 (m, 2H), 5.79 – 5.45 (m, 2H), 4.57 – 4.47 (m, 2H), 4.37 
(q, J = 1.3 Hz, 2H), 3.34 – 3.24 (m, 6H), 2.25 – 2.09 (m, 2H), 1.43 (d, J = 3.8 Hz, 3H), 
1.08 (d, J = 3.4 Hz, 9H). 
MS(ESI) [M + H]+ calculated for C33H40O7Si: 577.25, found. 577.18. 
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Step 1: 

 

Vinyl iodide 50 was prepared from commercially available 3-butyn-1-ol using a 
carboalumination /iodination according to the literature.3  

Step 2: 

 
To a 0 oC solution of alcohol 50 (132 mmol) in CH2Cl2 (250 mL) Dess–Martin 
periodinane (DMP, 56 g, 132 mmol) was slowly added by portions. The mixture was 
stirred at room temperature for 3 hours, until TLC analysis showed disappearance of 
starting material (aldehyde, Rf = 0.60, Pentane/Ethyl acetate = 5/1). Then, the mixture 
was cooled down again to 0 oC and a catalytic amount of p-TsOH•H2O (1.0 g) was 
added, followed by addition of CH(OMe)3 (21.6 mL, 198 mmol). The reaction mixture 
was allowed to warm to room temperature and stirred for 30 minutes. the mixture was 
then quenched with saturated aqueous NH4Cl and Na2SO3(v/v = 1:1, 500 mL) and 
extracted with CH2Cl2 (3 × 500 mL). The combined organic layers were washed with 
brine (500 mL), dried over Na2SO4, then filtered and concentrated in vacuo. The 
residue was purified on silica gel chromatography (Pentane/Ethyl acetate = 30/1 as 
eluent) to provide 51 as yellow oil (26.4 g, 78%). 

1H NMR (400 MHz, CDCl3) δ 6.02 (m, 1H, H1), 4.47 (t, J = 5.7 Hz, 1H, H4), 3.32 (s, 6H, 
-OMe), 2.50 (dd, J = 5.7, 1.0 Hz, 2H, H3), 1.88 (d, J = 1.1 Hz, 3H, H5) ppm; 

 3 Prasad, K. R., Pawar, A. B. Org Lett., 2011, 13, 4252-4255. 
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13C NMR (100 MHz, CDCl3) δ 143.4 (C2), 102.9 (C4H), 77.8 (C1H), 53.1 (-OMe), 42.5 
(C3H2), 24.6 (C5H3) ppm; 

Step 3: 

 
To a stirred solution of vinyl iodide 51 (20.8 g, 81 mmol) in THF/i-Pr2NH (150 mL/50 
mL) was added trimethylsilyl acetylene (13.5 mL, 97.5 mmol) at 0 oC. Then 
Pd(PPh3)2Cl2 (2.8 g, 4.05 mmol) and CuI (1.54 g, 8.1 mmol) were added at the same 
temperature. The reaction mixture was allowed to reach room temperature and stirred 
for 1 hour until TLC analysis showed disappearance of starting material. Then, pentane 
(800 mL) was added to the reaction mixture, stirred for 30 minutes, the mixture was 
filterred and the solution washed with saturated aqueous NH4Cl (200 mL).  The 
aqueous phase was extracted with CH2Cl2 (2 × 100 mL). The combined organic layers 
were dried over Na2SO4, then filtered and concentrated in vacuo. The residue was 
purified on silica gel chromatography (Pentane/Ethyl acetate = 50/1 ~ 25/1 as eluent) 
to provide the 52 as light-yellow oil (13.3 g, 72%). 

1H NMR (400 MHz, CDCl3) δ 5.38 (m, 1H, H3), 4.47 (t, J = 5.7 Hz, 1H, H6), 3.30 (s, 6H, 
-OMe), 2.37 (d, J = 5.8 Hz, 2H, H5), 1.94 (d, J = 0.8 Hz, 3H, H7), 0.18 (s, 9H, -TMS) 
ppm; 

13C NMR (100 MHz, CDCl3) δ 148.9 (C4), 107.9 (C6H), 103.2 (C2), 103.1 (C3H), 97.6 
(C1), 52.9 (-OMe), 41.8 (C5H2), 20.2 (C7H3), 0.2 (-TMS) ppm; 

HRMS(ESI) [M + H]+ calculated for C12H23O2Si: 227.1467, found: 227.1250; TLC: Rf = 
0.30 (Pentane/Ethyl acetate = 25/1). 

Step 4: 

 
A 500 mL round bottom flask equipped with a magnetic stir bar was charged with 
K2OsO2(OH)2•2H2O (320 mg, 0.9 mmol), (DHQD)2PYR (1.2 g, 1.36 mmol), K3Fe(CN)6 
(44.6 g, 136 mmol), K2CO3 (18.8 g, 136 mmol) and t-BuOH/H2O (100 mL/100 mL). The 
bi-phasic mixture was stirred at room temperature for 30 minutes, then MeSO2NH2 (4.8 
g, 50.5 mmol) was added and the mixture was stirred for another 30 minutes. Enyne 
52 (10.2 g, 45 mmol) was added to the AD-mix-β mixture and stirred at room 
temperature for 1 night. The reaction was followed by NMR analysis till disappearance 
of the starting material. The reaction slurry was filtered and the filtrate was extrated 
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with CH2Cl2 (4 × 100 mL). The combined organic layers were dried over Na2SO4, 
filtered, concentrated in vacuo to obtain 53 a yellow oil (13.4 g, 51.5 mmol). The 
compound was used without further purification. [α]20 

D  -34 (c 0.3, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 4.70 (t, J = 5.8 Hz, 1H), 4.23 (s, 1H), 3.38 (d, J = 3.6 Hz, 
6H), 2.03 (dd, J = 14.5, 5.9 Hz, 1H), 1.90 (dd, J = 14.6, 5.7 Hz, 1H), 1.32 (s, 3H), 0.18 
(s, 10H). 
 

Step 5: 

 

To a mixture of compound 53 (13.4 g, 51.5 mmol), acetic anhydride (5.84 mL, 61.85 
mmol) and DMAP (628 mg, 5.15 mmol) in CH2Cl2 (200 mL) was added dropwise Et3N 
(17.8 mL, 129 mmol) at 4 °C. Mixture allowed to warm at room temperature and stirred 
1 hour. Mixture diluted with CH2Cl2 (20 mL) and HCl 0.1M (100 mL). Organic phase 
washed with H2O and Brine then dried over sodium sulfate. Solvent removed and 54 
was obtained as a pale-yellow oil (15.5 g, yield 99%). [α]20 

D  -34 (c 0.3, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 5.42 (s, 1H), 4.73 (dd, J = 6.4, 5.3 Hz,1H), 3.40 (d, J = 
9.9 Hz, 6H), 2.15 (s, 3H), 2.09 (dd, J = 14.6, 5.3 Hz, 1H), 1.91 (dd, J = 14.6, 6.5 Hz, 
1H), 0.19 (s, 9H). 
13C NMR (101 MHz, CDCl3) δ 169.96, 102.34, 100.46, 92.03, 72.79, 69.77, 53.57, 
53.22, 39.89, 23.08, 21.02, -0.29. 
HRMS(ESI) [M + Na]+ calculated for C14H26O5SiNa: 325.15, found: 325.1437 
 

Step 6: 

 

To a solution of 54 (15.5 g, 51.5 mmol) in THF (170 mL) was added dropwise TBAF 
(51.5 mL, 1M in THF, mmol) at 4 °C. The mixture was stirred 15 minutes and quenched 
with NH4Cl saturated (50 mL). The mixture was diluted with Et2O (200 mL) and HCl 
0.1M (100 mL). The organic phase was washed with H2O and Brine then dried over 
Na2SO4. A flash chromatography on silica gel (pentane/EtOAc 7/3 as eluent) gave 55 
as a yellow pale oil (9.75g, yield 82%).[α]20 

D  -19.4 (c 0.1, CHCl3). 
1H NMR (400 MHz, CDCl3) δ 5.38 (d, J = 2.2 Hz, 1H), 4.74 (t, J = 5.8 Hz, 1H), 3.40 (d, 
J = 4.4 Hz, 6H), 2.50 (d, J = 2.2 Hz, 1H), 2.15 (s, 3H), 2.11 (dd, J = 14.6, 5.6 Hz, 1H), 
1.93 (dd, J = 14.6, 6.0 Hz, 1H). 
13C NMR (101 MHz, CDCl3) δ 169.89, 102.20, 79.08, 74.87, 72.52, 69.39, 53.43, 
53.24, 39.59, 23.22, 20.91. 
HRMS(ESI) [M + H]+ calculated for C20H28O: 230.12, not found. 
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Mosher ester 1 (56) 

To a mixture of diol 53 (5 mg, 0.019 mmol), Et3N (6.6 L, 0.047 mmol) in CH2Cl2 (200 
mL) was added (R)-(-)--methoxy--trifluoromethylphenylacetyl chloride (4.3 mL, 
0.023 mmol) at 0 °C. The mixture was allowed to warm at room temperature and stirred 
for 30 min. The mixture was directly purified by PTLC (Pentane/EtOAc 1/1 as eluent) 
to give 56 as a yellow oil 4.8 mg (yield 53%). 
1H NMR (400 MHz, CDCl3) δ 7.65 – 7.56 (m, 2H), 7.45 – 7.38 (m, 3H), 5.60 (s, 1H), 
4.70 (t, J = 5.7 Hz, 1H), 3.61 (d, J = 1.1 Hz, 3H), 3.37 (d, J = 9.9 Hz, 6H), 2.07 (dd, J = 
14.6, 5.6 Hz, 1H), 1.85 (dd, J = 14.5, 5.9 Hz, 1H), 1.23 (s, 3H), 0.19 (s, 9H). 
Enantiomeric excess: 94% 
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Mosher ester 2 (57) 

To a mixture of diol 53 (5 mg, 0.019 mmol), Et3N (6.6 L, 0.047 mmol) in CH2Cl2 (200 
mL) was added (S)-(+)--methoxy--trifluoromethylphenylacetyl chloride (4.3 mL, 
0.023 mmol) at 0 °C. The mixture was allowed to warm at room temperature and stirred 
for 30 min. The mixture was directly purified by PTLC (Pentane/EtOAc 1/1 as eluent) 
to give 57 as a yellow oil 5.3 mg (yield 58%). 
1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 3.6 Hz, 2H), 7.44 – 7.39 (m, 3H), 5.57 (s, 
1H), 4.72 (dd, J = 6.2, 5.3 Hz, 1H), 3.61 (d, J = 1.2 Hz, 3H), 3.40 (d, J = 12.5 Hz, 6H), 
2.09 (dd, J = 14.6, 5.3 Hz, 1H), 1.93 (dd, J = 14.6, 6.3 Hz, 1H), 1.30 (s, 3H), 0.16 (s, 
9H). 
Enantiomeric excess: 94% 
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Step 1: 

 

To a stirred solution of alkyne 55 (269 mg, 1.17 mmol) and vinyl bromide 37 (860 mg, 
1.76 mmol) in DMF/Et3N (6.0 mL/2.0 mL) was added PPh3 (60 mg, 0.23 mmol) at room 
temperature, under N2. Then Pd2dba3 (109 mg, 0.12 mmol) and CuI (11 mg, 0.06 
mmol) were added to the reaction. The resulted mixture was stirred at the same 
temperature for 3 hours or until the TLC analysis showed disappearance of starting 
material. The reaction was quenched by sat. aq. NH4Cl (5.0 mL) and extracted with 
ethyl acetate (3 x 20 mL). The combined organic layers were dried over Na2SO4, 
filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (CH2Cl2/ethyl acetate = 1/1 as eluent) to provide enyne 58 as a 
mixture of diastereomers as a yellow oil (402 mg, 54%). 

1H NMR (400 MHz, CDCl3) δ 7.66 (m, 4H), 7.42 (m, 6H), 6.47 (m, 1H), 6.22 (m, 1H), 
6.01 (m, 1H), 5.51–5.33 (m, 1H), 5.30–4.97 (m, 1H), 4.77–4.55 (m, 2H), 4.23 (m, 2H), 
3.45–3.24 (m, 6H), 2.18–1.98 (m, 4H), 1.96–1.79 (m, 1H), 1.33 (t, 3H), 1.08 (s, 9H) 
ppm; 

13C NMR (101 MHz, CDCl3) δ 170.2, 168.4, 137.9, 137.6, 135.5, 133.4, 133.0, 132.8, 
132.8, 132.7, 132.7, 129.9, 129.8, 128.0, 127.8, 126.3, 126.1, 126.0, 126.0, 102.3, 
102.1, 102.0, 92.4, 92.4, 84.0, 83.9, 81.6, 80.1, 74.1, 74.1, 72.8, 72.7, 72.7, 70.5, 70.4, 
70.2, 69.8, 65.0, 64.7, 64.7, 53.6, 53.5, 53.4, 53.3, 53.2, 53.2, 39.4, 39.4, 39.3, 26.7, 
26.7, 23.9, 23.8, 23.7, 20.9, 20.9, 19.2 ppm; 

HRMS(ESI) [M + Na]+ calculated for C35H44O9Si: 659.2755, found 659.2652;  

Step 2: 

 

To a solution of 58 (402 mg, 0.63 mmol) in Et2O (20 mL) at -25 °C, was added dropwise 
a solution of PBr3 (1.2 mL, 1M in Et2O). After 30 minutes, the mixture was quenched 
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with cold H2O (1 mL) and allowed to warm to room temperature. Then the reaction was 
extracted with CH2Cl2 (50 mL), and the organic layer was dried over Na2SO4 and 
concentrated. The residue was purified on silica gel chromatography (Pentane/Ethyl 
acetate = 7/3 ~ 3/7) to give a yellow solid corresponding to 59 as a mixture of 
inseparable 1:1 diasteroisomers (213 mg, yield 52%). Yellow solid; 

1H NMR (400 MHz, CDCl3) δ 9.85 (t, J = 3.8 Hz, 1H), 7.71–7.60 (m, 4H), 7.52–7.37 
(m, 7H), 7.35 (d, J = 1.2 Hz, 1H), 5.96 – 5.81 (m, 2H), 5.48 (d, J = 2.6 Hz, 1H), 4.21 (d, 
J = 0.7 Hz, 2H), 4.14 (d, J = 0.8 Hz, 2H), 2.70 (ddd, J = 29.0, 15.2, 9.3 Hz, 2H), 2.13 
(s, 3H), 1.41 (s, 3H), 1.07 (s, 9H) ppm; 

13C NMR (101 MHz, CDCl3) δ 201.30, 201.28, 170.98, 170.95, 169.66, 169.64, 150.55, 
135.68, 135.66, 135.63, 135.61, 132.85, 132.74, 131.53, 131.51, 130.18, 129.33, 
129.32, 128.04, 127.88, 92.58, 92.52, 81.81, 81.79, 79.31, 79.28, 77.41, 77.16, 76.91, 
73.45, 70.19, 70.17, 65.17, 50.65, 50.60, 26.91, 24.18, 24.16, 20.98, 20.96, 19.38 
ppm; 

HRMS(ESI) [M + Na]+ calculated for C33H37BrO7Si: 675.1492, found 675.1390; 

Step 3: 

 

A 10 mL round bottom flask equipped with a magnetic stir bar was charged with 
bromolactone 59 (213 mg, 0.33 mmol) and DMF (10 mL). The reaction mixture was 
cooled down to -30 oC and CrCl2 (405 mg, 3.3 mmol) was added. The temperature was 
allowed to rise to room temperature and stirred for 30 minutes till the TLC analysis 
showed disappearance of the starting material. Then the reaction was quenched with 
sat. aq. NH4Cl (50 mL) and extracted with ethyl acetate (3 × 25 mL). The combined 
organic layers were dried over Na2SO4, then filtered and concentrated in vacuo. The 
residue was purified on silica gel chromatography (CH2Cl2/Ethyl acetate = 1/1 as 
eluent) to provide 61 as a yellow solid (72 mg, 38%). Yellow solid; [α]20 

D  -108 (c 0.25, 
CHCl3). 
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1H NMR (500 MHz, CDCl3) δ 7.64 (dd, J = 6.5, 5.0 Hz, 4H, Ph), 7.48–7.36 (m, 6H, Ph), 
6.46 (s, 1H, g1), 6.41 (s, 1H, d)), 5.81 (s, 1H, g2), 5.20 (s, 1H, e), 5.16 (s, 1H, b), 4.15 
(s, 2H, c), 4.10 (s, 1H, h), 3.98 (s, 1H, f), 2.63 (d, J = 14.0 Hz, 1H, i1), 2.16–2.09 (m, 
4H, a+i2), 1.42 (s, 3H, j), 1.07 (s, 9H, tBu) ppm; 

13C NMR (126 MHz, CDCl3) δ 169.7, 169.3, 139.2, 135.5, 135.5, 132.8, 132.8, 129.9, 
129.9, 127.8, 125.7, 70.8, 70.4, 63.9, 29.7, 26.8, 20.8, 19.2 ppm; 

 
2D NMR correlations 

 1H-1H COSY  NOESY  
61 

 
 

 
 

 

HRMS(ESI) [M + Na]+ calculated for C33H38O7Si: 597.2387, found 597.2284; 

 

Diasteroisomer 60 

 

1H NMR (400 MHz, CDCl3) δ 7.68 – 7.63 (m, 4H, Ph), 7.46 – 7.38 (m, 6H, Ph), 6.54 
(d, J = 2.2 Hz, 1H, d), 6.48 (d, J = 3.4 Hz, 1H, g1), 5.75 (d, J = 2.9 Hz, 1H, g2), 5.25 
(s, 1H, b), 5.12 – 5.03 (m, 1H, e), 4.80 (s, 1H, h), 4.17 (s, 2H, c), 3.97 – 3.87 (m, 1H, 
f), 2.50 (dd, J = 15.2, 6.3 Hz, 1H, i1), 2.10 (s, 3H, a), 2.04 – 1.99 (m, 1H, i2), 1.37 (s, 
3H, j), 1.08 (s, 9H, tBu). 
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13C NMR (101 MHz, CDCl3) δ 169.29 (C2), 169.17 (C12), 135.57 (C10+Ph), 129.95 
(Ph), 127.84 (Ph), 123.22 (C14), 80.15 (C11), 69.05 (C3), 67.26 (C16), 64.65 (C7), 
49.75 (C15), 47.46 (C17), 26.80 (C19+tBu), 20.85 (C1). 
MS(ESI) [M + H]+ calculated for C33H38O7Si: 575.24, found. 575.31. 
 
 

2D NMR correlations 
 1H-1H COSY  NOESY  
60 

 
 

 
 

 

Step 4: 

 

To a solution of 61 (50 mg, 0.087 mmol), methacrylic anhydride (20 µL, 0.13 mmol) 
and DMAP (1.0 mg, 9.0 µmol) in CH2Cl2 (1.0 mL) at 0 °C, was added dropwise a 
solution of Et3N (30 μL, 0.22 mmol) in CH2Cl2 (0.5 mL). The mixture was allowed to 
warm at room temperature for 4 h. The mixture was quenched with HCl 0.1M (1.0 mL) 
and the aqueous phase was extracted with CH2Cl2 (2 x 2.0 mL), and the combined 
organic layers were washed with brine (1.0 mL), dried over MgSO4, and purified by 
silica gel chromatography (pentane/ethyl acetate = 6/4 as eluent) to give 62 as a yellow 
oil (27.5 mg, yield 49%). Yellow oil; [α]20 

D  -61 (c 0.15, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 7.67–7.64 (m, 4H), 7.45–7.38 (m, 6H), 6.50 (d, J = 2.4 
Hz, 1H), 6.43 (d, J = 2.8 Hz, 1H), 6.04 (s, 1H), 5.86 (s, 1H), 5.84 (d, J = 2.3 Hz, 1H), 
5.59 (s, 1H), 5.02 (dd, J = 5.1, 2.6 Hz, 1H), 4.53 (dd, J = 5.1, 2.5 Hz, 1H), 4.20–4.12 
(m, 2H), 2.39 (dd, J = 14.8, 3.6 Hz, 1H), 2.20 (t, J = 8.3 Hz, 4H), 1.91 (s, 3H), 1.39 (s, 
3H), 1.09 (s, 9H) ppm; 
13C NMR (101 MHz, CDCl3) δ 169.7, 166.2, 138.5, 135.8, 135.5, 134.8, 132.8, 129.9, 
127.8, 126.4, 124.0, 122.7, 95.9, 80.4, 74.7, 72.6, 69.4, 64.2, 46.2, 29.6, 26.8, 20.8, 
19.2, 18.2 ppm; 
HRMS(ESI) [M + H]+ calculated for C37H42O8Si: 643.2649, found 643.2888; TLC: Rf = 
0.25 (Pentane/Ethyl acetate = 2/1). 
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Step 5: 

 

To a solution of 62 (27.5 mg, 0.043 mmol) in MeOH (2.0 mL) at 0 °C, was added 
dropwise a solution of K2CO3 (27 µL, 1M in H2O). The mixture was stirred 20 minutes 
at 0 °C and quenched with a cold mixture of CH2Cl2/H2O (10mL). The reaction was 
then extracted with CH2Cl2 (5.0 mL), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 1/1 as eluent) to give the propargyl alcohol 63 as a yellow oil 
(24 mg, yield 92%). Yellow oil; [α]20 

D  -48 (c 0.12, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 7.9, 1.5 Hz, 4H), 7.47–7.37 (m, 6H), 6.46 
(dd, J = 6.5, 2.6 Hz, 2H), 6.06 (s, 1H), 5.92 (d, J = 9.4 Hz, 1H), 5.86 (d, J = 2.5 Hz, 1H), 
5.63–5.58 (m, 1H), 4.95 (dd, J = 5.6, 2.6 Hz, 1H), 4.43 (td, J = 4.6, 2.5 Hz, 1H), 4.26 
(s, 1H), 4.23–4.16 (m, 2H), 4.14 (d, J = 7.1 Hz, 1H), 2.29 (dd, J = 15.0, 3.3 Hz, 1H), 
2.19–2.10 (m, 1H), 1.90 (s, 3H), 1.45 (s, 3H), 1.09 (s, 9H) ppm; 

13C NMR (101 MHz, CDCl3) δ 169.4, 166.9, 137.7, 135.6, 135.5, 134.6, 132.8, 129.9, 
127.8, 126.9, 123.8, 122.6, 98.7, 84.5, 80.3, 75.7, 72.5, 69.6, 64.4, 60.4, 53.4, 46.0, 
39.8, 29.0, 26.8, 21.0, 19.2, 18.0, 14.2 ppm; 

HRMS(ESI) [M + H]+ calculated for C35H40O7Si: 601.2543, found 601.2622; TLC: Rf = 
0.25 (Pentane/Ethyl acetate = 2/1). 

Steps 6/7: 

 

To a stirred solution of 63 (24 mg, 40 µmol) in CH2Cl2 (5.0 mL) was added MnO2 (35 
mg, 0.4 mmol) and the solution was stirred at room temperature for 2 hours, till the 
TLC analysis showed disappearance of the starting material. The crude mixture was 
filterred and a trace of tBu3PAuNTf2 was added and the solution was stirred for 10 
more minutes till the TLC analysis showed disappearance of the starting material. The 
resulted solution was concentrated in vacuo and the residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 3/1 as eluent) to provide 65 as a white solid 
(19 mg, 82%). 
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Analysis of 64  
White solid; [α]20 

D  -36 (c 0.12, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 7.70–7.62 (m, 4H), 7.51–7.39 (m, 6H), 6.80 (q, J = 2.0 
Hz, 1H), 6.49 (d, J = 3.3 Hz, 1H), 6.09 (s, 1H), 5.84 (t, J = 4.5 Hz, 1H), 5.81 (d, J = 2.9 
Hz, 1H), 5.66–5.59 (m, 1H), 5.28 (dq, J = 7.3, 2.5 Hz, 1H), 4.32–4.25 (m, 2H), 4.01 (dt, 
J = 6.0, 2.8 Hz, 1H), 2.51 (dd, J = 15.5, 5.7 Hz, 1H), 2.36 (dt, J = 6.4, 2.9 Hz, 1H), 1.92 
(s, 3H), 1.47 (s, 3H), 1.10 (d, J = 6.4 Hz, 9H) ppm; 
13C NMR (101 MHz, CDCl3) δ 190.0, 169.0, 167.0, 143.8, 136.1, 135.9, 133.5, 133.0, 
130.7, 128.5, 127.7, 125.1, 121.4, 96.0, 94.4, 80.3, 80.2, 71.2, 64.8, 50.9, 44.4, 27.3, 
25.6, 19.8, 18.7 ppm; 
HRMS(ESI) [M + H]+ calculated for C35H38O7Si: 599.2387, found 599.2465; TLC: Rf = 
0.3 (Pentane/Ethyl acetate = 2/1).  
 
Analysis of 65 
[α]20 

D  -2 (c 0.1, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 7.69–7.65 (m, 4H), 7.50–7.38 (m, 6H), 6.26 (d, J = 3.2 
Hz, 1H), 6.14 (d, J = 2.9 Hz, 1H), 6.03 (s, 1H), 5.68 (s, 1H), 5.58–5.54 (m, 1H), 5.48 
(d, J = 2.7 Hz, 1H), 5.30 (td, J = 5.0, 2.3 Hz, 1H), 4.53 (d, J = 11.8 Hz, 1H), 4.40 (dd, J 
= 34.3, 13.9 Hz, 2H), 3.77–3.72 (m, 1H), 2.49 (dd, J = 13.8, 11.8 Hz, 1H), 2.32 (d, J = 
11.9 Hz, 1H), 1.85 (s, 3H), 1.51 (s, 3H), 1.09 (s, 9H) ppm; 
13C NMR (101 MHz, CDCl3) δ 204.6, 184.7, 168.7, 166.7, 135.6, 135.5, 135.4, 134.3, 
133.9, 133.3, 132.6, 130.1, 127.8, 127.8, 126.4, 124.3, 106.4, 89.6, 81.5, 73.1, 64.1, 
50.8, 43.9, 29.6, 26.7, 20.6, 19.2, 17.9 ppm; 
HRMS(ESI) [M + H]+ calculated for C35H38O7Si: 599.2387, found 599.2450; 
TLC: Rf = 0.25 (Pentane/Ethyl acetate = 2/1).  

Step 8: 

 

 

To a solution of 65 (17 mg, 0.029 mmol) in THF (2.0 mL) at 0 °C, was added dropwise 
a solution of HF·pyridine 70% (85 µL) in THF (1.0 mL). The mixture was stirred 4 hours 
at 0 °C and quenched with saturated NaHCO3 (2.0 mL). The quenched mixture was 
then extracted with Et2O (5.0 mL × 2), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, and purified by PTLC (Pentane/Ethyl acetate = 
2/8 as eluent) to give (-)-Goyazensolide 1 (8.5 mg, yield 82%). Waxy solid. 

 [α]20 
D  -19 (c 0.1, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.30 (dt, J = 3.0, 1.5 Hz, 1H), 6.25 (d, J = 3.1 Hz, 1H), 
6.03 (s, 1H), 5.82 (s, 1H), 5.59–5.54 (m, 1H), 5.49 (d, J = 2.7 Hz, 1H), 5.36 (dd, J = 
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4.9, 2.7 Hz, 1H), 4.57 (dt, J = 11.7, 2.2 Hz, 1H), 4.42 (dt, J = 3.1, 1.7 Hz, 2H), 3.82 (t, 
J = 5.3 Hz, 1H), 2.56–2.48 (m, 1H), 1.85 (s, 3H), 1.56 (s, 3H) ppm; 

13C NMR (126 MHz, CDCl3) δ 204.6, 184.2, 166.8, 135.5, 135.3, 134.2, 133.1, 126.6, 
124.6, 106.6, 89.8, 81.5, 73.2, 63.2, 50.9, 43.9, 20.7, 18.0 ppm; 

HRMS (ESI) [M + H]+ calculated for C19H20O7: 361.1209, found 361.1392; TLC: Rf = 
0.2 (CH2Cl2/Ethyl acetate = 1/2).  

 

III.2.5. Total synthesis of 5-epi-isogoyazensolide 

 

 

 

Step 1: 



165 

 

To a stirred solution of alkyne 55 (210 mg, 0.913 mmol), PdCl2(PPh3)2 (21 mg, 0.03 
mmol) and CuI (11.6 mg, 0.061 mmol) in THF/TEA (3 mL/1 mL) was added dropwise 
vinyl bromide 67 (225 mg, 0.609 mmol). The mixture was then stirred for 2 hours and 
the reaction was quenched by addition of sat. aq. NH4Cl (10 mL) and extracted with 
ethyl acetate (3 × 20 mL). The combined organic layers were dried over Na2SO4, then 
filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 3/1 as eluent) to provide enyne 75 as a 
yellow oil (57 mg, 18%). 
1H NMR (400 MHz, CDCl3) δ 7.25 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H), 6.40 
(d, J = 2.4 Hz, 1H), 5.94 (d, J = 2.1 Hz, 1H), 5.83 – 5.77 (m, 1H), 5.71 (t, J = 1.2 Hz, 
1H), 5.44 (s, 1H), 4.73 (s, 1H), 4.65 (d, J = 11.6 Hz, 1H), 4.48 – 4.40 (m, 1H), 4.34 (d, 
J = 11.5 Hz, 1H), 4.00 (d, J = 5.1 Hz, 1H), 3.83 (s, 3H), 3.38 (d, J = 6.1 Hz, 7H), 2.16 
(s, 4H), 1.92 (dd, J = 14.6, 5.8 Hz, 2H), 1.35 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 132.14, 132.04, 129.61, 128.59, 128.47, 113.89, 102.21, 
102.15, 84.98, 79.67, 72.90, 72.84, 70.76, 70.26, 69.80, 69.37, 55.28, 53.58, 53.51, 
53.09, 39.72, 39.64, 23.61, 23.57, 20.96, 20.82. 
MS(ESI) [M + H]+ calculated for C27H34O10: 519.22, found. 519.28. 
 
Step 2: 

 

Enyne 75 (30 mg, 0.058 mmol) was dissolved in Et2O (3.0 mL). The reaction was 
cooled down to -30 oC and PBr3 (5.5 µL, 0.058 mmol) was added. The mixture was 
allowed to warm slowly to -10 °C in 45 min then the reaction was quenched with water 
(5.0 mL) and extracted with Et2O (10 mL). The combined organic layers were dried 
over Na2SO4, then filtered and concentrated in vacuo. The residue was purified on 
silica gel chromatography (Pentane/Ethyl acetate = 3/1 as eluent) to provide 
bromolactone 76 as a colorless oil (14 mg, 58%). 
1H NMR (300 MHz, CDCl3) δ 9.95 – 9.79 (m, 1H), 7.51 – 7.37 (m, 1H), 7.30 – 7.22 (m, 
2H), 6.95 – 6.84 (m, 2H), 5.86 – 5.73 (m, 1H), 5.70 – 5.62 (m, 1H), 5.49 – 5.40 (m, 
1H), 5.17 – 5.05 (m, 1H), 4.69 – 4.57 (m, 1H), 4.45 – 4.32 (m, 1H), 4.14 – 4.06 (m, 
2H), 3.83 (s, 3H), 2.88 – 2.59 (m, 2H), 2.14 (d, J = 2.6 Hz, 3H), 1.43 (s, 3H). 13C NMR 
(75 MHz,) δ 201.66, 169.61, 159.63, 149.74, 132.31, 129.68, 128.74, 127.84, 125.48, 
113.99, 87.04, 84.48, 81.38, 79.70, 73.41, 71.09, 70.25, 55.33, 50.61, 24.01, 20.89, 
20.72. 
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MS(ESI) [M + H]+ calculated for C25H27BrO8: 535.09, found. 535.27. 
 
Step 3: 

 

Bromolactone 76 (14 mg, 0.026 mmol) was dissolved in DMF (1 mL). The reaction 
mixture was cooled down by a mixture of ice + NaCl and CrCl2 (6.2 mg, 0.5 mmol) was 
added to the mixture. The temperature was allowed to warm at room temperature and 
stirred for 30 minutes. Reaction was quenched with NH4Cl saturated (5.0 mL) and 
extracted with ethyl acetate (3 × 5.0 mL). The combined organic layers were dried over 
Na2SO4, then filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 2/1 as eluent) to provide 77 as a waxy solid 
(5 mg, 42%). 
1H NMR (400 MHz, CDCl3) δ 7.37 – 7.29 (m, 2H), 6.96 – 6.85 (m, 2H), 6.49 – 6.37 (m, 
1H), 5.88 – 5.80 (m, 2H), 5.74 (t, J = 1.5 Hz, 1H), 5.23 (s, 1H), 4.66 – 4.56 (m, 2H), 
4.47 (dd, J = 8.8, 3.7 Hz, 1H), 4.26 (d, J = 4.1 Hz, 1H), 4.10 (d, J = 7.4 Hz, 1H), 3.96 – 
3.88 (m, 1H), 3.81 (s, 3H), 2.32 (dd, J = 15.2, 3.1 Hz, 1H), 2.15 (d, J = 1.4 Hz, 3H), 
2.13 – 2.08 (m, 1H), 1.40 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 169.62, 134.91, 129.78, 129.31, 126.57, 125.55, 124.87, 
113.92, 90.80, 83.56, 81.63, 72.69, 70.07, 69.89, 60.40, 55.29, 47.62, 29.35, 20.88. 
MS(ESI) [M + H]+ calculated for C25H28O8: 457.18, found. 457.24. 
 
Step 4: 

 

To a stirred solution of alcohol 77 (5 mg, 0.011 mmol) in CH2Cl2 (1.0 mL) was added 
Et3N (4.5 μL, 0.033 mmol) and methacrylic anhydride (2.5 μL, 0.016 mmol) followed 
by a trace of DMAP at 0 °C. The reaction mixture was allowed to warm at room 
temperature and stirred for 1 h. Reaction was then quenched with sat. aq. NaHCO3 
(2.0 mL), the mixture was extracted with ethyl acetate (5.0 mL), the combined organic 
layers were dried over Na2SO4, then filtered and concentrated in vacuo. The residue 
was purified by PTLC (Pentane/Ethyl acetate = 2/1 as eluent) to provide the 78 as a 
waxy solid (4 mg, 69%). 
1H NMR (500 MHz, CDCl3) δ 7.34 – 7.28 (m, 2H), 6.94 – 6.81 (m, 2H), 6.46 (d, J = 2.8 
Hz, 1H), 6.01 (dt, J = 9.1, 1.6 Hz, 2H), 5.94 – 5.89 (m, 1H), 5.83 – 5.77 (m, 1H), 5.75 
(t, J = 1.8 Hz, 1H), 5.56 (p, J = 1.5 Hz, 1H), 5.26 (s, 1H), 4.70 (d, J = 11.1 Hz, 1H), 4.58 
(d, J = 11.0 Hz, 1H), 4.48 (dd, J = 5.2, 2.7 Hz, 1H), 4.25 (dd, J = 9.3, 5.0 Hz, 1H), 3.98 
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(dt, J = 9.3, 2.0 Hz, 1H), 3.82 (s, 3H), 2.29 (dd, J = 14.7, 4.0 Hz, 1H), 2.18 – 2.11 (m, 
1H), 2.06 (s, 2H), 1.42 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 134.38, 129.70, 126.49, 125.99, 125.35, 124.00, 113.90, 
90.50, 86.54, 84.03, 81.41, 74.37, 73.66, 72.65, 69.17, 55.29, 45.78, 40.62, 29.71, 
28.53, 20.90, 18.14. 
MS(ESI) [M + H]+ calculated for C29H32O9: 525.20, found. 525.31. 
 
Step 5: 

 

To a solution of 78 (4 mg, 7.6 mol) in MeOH (0.5 mL) at 0 °C, was added dropwise a 
solution of K2CO3 (3.8 µL, 1M in H2O, 0.0038 mmol). The mixture was stirred 20 
minutes at 0 °C and quenched with a cold mixture of CH2Cl2/H2O (10mL). The reaction 
was then extracted with CH2Cl2 (5.0 mL), and the combined organic layers were 
washed with brine (5.0 mL), dried over MgSO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 1/1 as eluent) to give propargyl alcohol 79 as a yellow oil (3.4 
mg, yield 92%). 
1H NMR (500 MHz, CDCl3) δ 7.35 – 7.30 (m, 2H), 6.93 – 6.83 (m, 2H), 6.46 (d, J = 2.9 
Hz, 1H), 6.01 (q, J = 1.6 Hz, 2H), 5.92 (d, J = 2.5 Hz, 1H), 5.85 – 5.77 (m, 1H), 5.73 (t, 
J = 1.8 Hz, 1H), 5.57 (p, J = 1.5 Hz, 1H), 4.74 – 4.57 (m, 2H), 4.40 (dt, J = 5.7, 2.7 Hz, 
1H), 4.27 (s, 1H), 4.22 (dd, J = 9.1, 5.4 Hz, 1H), 3.99 (dt, J = 9.2, 1.9 Hz, 1H), 3.82 (s, 
3H), 2.25 (dd, J = 14.8, 3.6 Hz, 1H), 2.15 – 2.05 (m, 2H), 1.94 – 1.81 (m, 3H). 
13C NMR (126 MHz, CDCl3) δ 135.69, 134.29, 129.69, 126.71, 125.54, 125.47, 123.87, 
83.96, 81.49, 75.42, 73.64, 72.44, 69.47, 55.30, 45.83, 40.30, 29.71, 27.83, 18.06. 
MS(ESI) [M + H]+ calculated for C27H30O8: 483.19, found. 483.24. 
 
Step 6: 

 

To a stirred solution of 79 (2 mg, 4.0 µmol) and NaHCO3 (2 mg, 0.024 mmol) in CH2Cl2 
(1 mL) was added DMP (3.5 mg, 80 µmol) and the solution was stirred at room 
temperature for one night. Reaction diluted with Et2O and water (10 mL). The organic 
layer was washed with brine, dried over Na2SO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 7/3 as eluent) to give ynone 80 as a yellow oil (1.5 mg, yield 
75%). 
1H NMR (500 MHz, CDCl3) δ 7.32 (t, J = 2.0 Hz, 2H), 6.94 – 6.84 (m, 2H), 6.46 (dd, J 
= 3.2, 1.8 Hz, 1H), 6.26 (q, J = 1.6 Hz, 1H), 6.14 – 6.08 (m, 1H), 6.08 – 5.98 (m, 1H), 
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5.88 (t, J = 2.3 Hz, 1H), 5.75 (d, J = 8.6 Hz, 1H), 5.60 (q, J = 1.8 Hz, 1H), 5.32 (d, J = 
1.8 Hz, 1H), 4.74 – 4.58 (m, 2H), 4.31 (td, J = 7.2, 1.7 Hz, 1H), 4.13 (ddd, J = 9.1, 6.2, 
1.9 Hz, 2H), 3.83 (t, J = 1.7 Hz, 3H), 2.45 – 2.33 (m, 1H), 2.26 – 2.16 (m, 1H), 1.95 – 
1.87 (m, 3H), 1.33 – 1.28 (m, 3H). 
13C NMR (126 MHz, CDCl3) δ 132.35, 129.74, 126.85, 124.33, 123.89, 114.00, 98.07, 
82.43, 80.43, 73.17, 70.13, 55.31, 47.70, 44.05, 25.28, 18.14. 
MS(ESI) [M + H]+ calculated for C27H28O8: 481.18, found. 481.22. 
 
Step 7: 

 

To a stirred solution of 80 (1.5 mg, 3.1 µmol) in THF (1 mL) was added a premix 
AuClPPh3 (0.15 mg, 3.1 µmol) / AgSbF6 (0.1 mg, 3.1 µmol) in THF (0.3 mL). Reaction 
was stirred at room temperature for 15 min diluted with Et2O and water (10 mL). The 
organic layer was washed with brine, dried over Na2SO4, concentrated and purified by 
PTLC (pentane/ethyl acetate = 7/3 as eluent) to give furanone 81 as a yellow oil (1.1 
mg, yield 73%). 
1H NMR (500 MHz, CDCl3) δ 7.41 – 7.33 (m, 2H), 6.96 – 6.88 (m, 2H), 6.29 (d, J = 3.4 
Hz, 1H), 6.22 (dd, J = 2.2, 1.0 Hz, 1H), 6.05 – 5.95 (m, 3H), 5.59 – 5.50 (m, 2H), 4.87 
(d, J = 11.1 Hz, 1H), 4.69 (dd, J = 9.4, 5.8 Hz, 1H), 4.61 (d, J = 11.2 Hz, 1H), 4.39 (ddt, 
J = 9.5, 6.1, 1.9 Hz, 2H), 3.83 (s, 3H), 3.69 – 3.63 (m, 1H), 2.50 (dd, J = 13.7, 11.9 Hz, 
1H), 2.45 – 2.33 (m, 1H), 1.87 – 1.79 (m, 3H), 1.34 – 1.29 (m, 3H). 
13C NMR (126 MHz, CDCl3) δ 129.78, 126.50, 124.14, 123.70, 113.93, 106.81, 85.49, 
80.72, 74.67, 70.65, 55.31, 51.74, 45.38, 29.72, 21.08, 17.99. 
MS(ESI) [M + H]+ calculated for C27H3428O8: 481.18, found. 481.24. 
 
Step 8: 

 

To a stirred solution of protected alcohol 81 (1.1 mg, 2.2 mol) in CH2Cl2/water 10/1 
(1.1 mL) was added DDQ (1.5 mg, 6.9 mol) and the mixture was stirred at room 
temperature for 24 h. The mixture was quenched by NaHCO3 saturated (1 mL) and 
extracted with CH2Cl2 (2 x 5 mL). The combined layers were dried over Na2SO4, 
filtered, concentrated in vacuo and purified by PTLC (Pentane/EtOAc 2/1 as eluent) to 
provide 5-epi-isogoyazenslide 66 (0.4 mg, 56%). 
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1H NMR (500 MHz, CDCl3) δ 6.29 (d, J = 3.5 Hz, 1H), 6.26 (dd, J = 2.2, 0.9 Hz, 1H), 
6.03 – 6.00 (m, 2H), 5.97 (s, 1H), 5.59 – 5.55 (m, 2H), 4.71 – 4.65 (m, 1H), 4.61 (dd, J 
= 9.6, 6.0 Hz, 1H), 4.42 – 4.36 (m, 1H), 3.70 – 3.65 (m, 1H), 2.50 (d, J = 12.0 Hz, 1H), 
2.38 – 2.36 (m, 1H), 1.84 (d, J = 0.6 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 126.70, 124.84, 123.28, 106.49, 84.97, 73.93, 70.49, 
60.41, 53.42, 51.13, 45.18, 29.71, 21.18, 21.06, 14.21. 
MS(ESI) [M + H]+ calculated for C18H20O7: 361.12, found. 361.18. 
 

III.2.6. « Primary cyclized scaffold » 

 

Step 1: 

 

Aldehyde 134 was prepared from commercially available 2-butyn-1-ol (132) in 2 steps 
using a carboalumination / iodination then modified DMP oxidation process. All 
spectroscopic and spectrometric analyses were in agreements with the literature 
accordingly for allylic alcohol (Z)-3-iodobut-2-en-1-ol (133)4 and aldehyde 134.5  

 4 Dakoji, S.; Li, D.; Agnihotri, G.; Zhou, H.; Liu, H. J. Am. Chem. Soc. 2001, 123, 9749-9759. 5 Meyer, C., Marek, I., Normant, J. F. Synlett. 1993, 6, 386-388. 
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Modified DMP oxidation: To a stirred solution of crude allylic alcohol 133 (~ 42 g, 212 
mmol) in CH2Cl2 (400 mL) was added DMP (90 g, 212 mmol) in portions at 0 oC. The 
reaction was monitored by TLC until no starting material remained (2 hours). Then 
pentane (1.2 L) was added to the reaction and stirred at room temperature for 30 
minutes. The white precipitate was filtered off and the resulting colorless solution was 
concentrated in vacuo to give a yellow to brown oil 134 (~ 42 g) which was used directly 
for Barbier reaction without any further purification. 

Supplement. Synthesis of ethyl 2-(bromomethyl)acrylate  

 

ethyl 2-(bromomethyl)acrylate was prepared in 2 steps including Baylis–Hillman 
reaction6 and bromination7 from triethyl phosphonoacetate. All spectroscopic and 
spectrometric analyses were in agreement with the literature. 

Step 2: 

 

A 2.5 L round bottom flask equipped with a magnetic stir bar was charged with 
aldehyde 134 (82 g, 418 mmol), ethyl 2-(bromomethyl)acrylate (121 g, 627 mmol), THF 
(800 mL) and NH4Cl saturated solution (160 mL). The yellow bi-phasic mixture turned 
colorless and was cooled down to 0 oC.  Then Zn (54 g, 836 mmol) was added in small 
portions within 30 minutes (caution the reaction is very exothermic). The reaction 
mixture was stirred at 0 oC for 20 minutes. The reaction mixture was filterred, the filtrate 
was concentrated in vacuo and redissolved in CH2Cl2 (800 mL). The organic layer was 
washed with water (200 mL) and brine (200 mL), dried over Na2SO4, filtered, 
concentrated in vacuo and used directly for cyclization without further purification. The 
crude product was dissolved in CH2Cl2 (500 mL) and a catalytic amount p-TsOH•H2O 
(1.0 g) was added. The reaction mixture was stirred at room temperature until the TLC 
analysis showed disappearance of starting material. Then the mixture was washed 
with sat. aq. NaHCO3 (100 mL), brine (100 mL), dried over Na2SO4, then filtered and 
concentrated in vacuo. The residue was purified on silica gel chromatography 
(Pentane/Ethyl acetate = 20/1 ~ 5/1 as eluent) to provide the 135 as light-yellow oil 
(70.6 g, 64%). 

 6 Patil, S., Chen, L., Tanko, J. M. Eur. J. Org. Chem. 2014, 3, 502-505. 7 Li, Y., Zhang, J., Li, D., Chen, Y. Org. Lett. 2018, 20, 3296-3299. 
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1H NMR (400 MHz, CDCl3) δ 6.25-6.20 (m, 1H), 5.71 (dt, J = 7.6, 1.8 Hz, 1H), 5.65 (q, 
J = 2.2 Hz, 1H), 5.04 (dt, J = 9.8, 6.8 Hz, 1H), 3.25 (ddt, J = 17.1, 7.7, 2.3 Hz, 1H), 2.64 
(ddtd, J = 17.2, 6.2, 3.0, 1.3 Hz, 1H), 2.54 (d, J = 1.7 Hz, 3H) ppm; 

HRMS(ESI) [M + H]+ calculated for C8H10IO2: 264.9725, found: 264.9709; 

Step 3: 

 

To a stirred solution of lactone 135 (22 g, 83 mmol) in dioxane (500 mL) was added 
SeO2 (50 g, 450 mmol) in 3 portions at 95 oC within 2 hours. The reaction mixture was 
stirred at the same temperature for another hour and cooled down to room 
temperature. Then dioxane was evaporated and Et2O (800 mL) was added, stirred for 
30 min, filtered and the solution was washed with saturated aqueous NaHCO3 (100 
mL), diluted Na2S (50 mL) and brine (100 mL). The organic phase was dried over 
Na2SO4, then filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 10/1 ~ 1/1 as eluent) to provide the 21 as 
light-yellow oil (9.8 g, 42%). Lactone 136 was obtained as a mixture of inseparable 
diastereomers.; 

1H NMR (300 MHz, CDCl3) δ 6.48 (dd, J = 4.6, 2.0 Hz, 1H), 6.04 (dd, J = 10.5, 1.8 Hz, 
1H), 5.76 (ddd, J = 46.7, 7.6, 1.6 Hz, 1H), 5.19 – 4.53 (m, 2H), 2.64 (ddd, J = 10.3, 1.5, 
0.6 Hz, 3H). 

HRMS(ESI) [M + H]+ calculated for [C8H10IO3]+: 280.9669, found: 280.9675 

Step 4: 

 

To a stirred solution at 4 °C and under inert atmosphere of N2 of Pd2Cl2(PPh3)2 (300 
mg, 0.43 mmol) CuI (40 mg, 0.21 mmol) and vinyl iodide 136 (1.20 g, 4.3 mmol) in 
THF/Et3N (3/1 12 mL) was added dropwise the alkyne (1.29 g, 5.6  mmol). The resulted 
mixture was allowed to warm at room temperature and stirred for 3 hours. The reaction 
was then quenched by addition of sat. aq. NH4Cl (100 mL) and extracted with ethyl 
acetate (3 × 200 mL). The combined organic layers were dried over Na2SO4, then 
filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 1/1 ~ 1/3 as eluent) to provide enyne 137 
as yellow oil (380 mg, 23%). Enyne 137 was obtained as a complicated mixture of 
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diastereomers and that could not be seperated by conventional chromatographic 
techniques.  

1H NMR (400 MHz, CDCl3) δ 6.45 (d, J = 2.4 Hz, 1H), 6.00 (d, J = 2.1 Hz, 1H), 5.86 – 
5.66 (m, 1H), 5.43 (s, 1H), 5.06 – 4.84 (m, 1H), 4.72 (t, J = 5.7 Hz, 2H), 3.60 (s, 1H), 
3.41 (d, J = 3.9 Hz, 6H), 3.37 – 3.26 (m, 1H), 2.63 (ddd, J = 13.7, 1.6, 0.6 Hz, 2H), 2.20 
– 2.14 (m, 4H), 2.13 – 2.04 (m, 2H), 2.00 – 1.89 (m, 3H). 
LCMS(ESI) [M + H]+ calculated for C19H26O8: 383.16, found: 383.28; 
 
Step 5: 

 

A 100 mL round bottom flask equipped with a magnetic stir bar was charged with enyne 
137 (100 mg, 0.26 mmol) and Et2O (5 mL). The reaction mixture was cooled down to -
30 oC and PBr3 (25 L, 0.26 mmol) was added. The temperature was allowed to rise 
to -10 oC and stirred for 45 min. Then, the reaction was quenched with water (5 mL) 
and extracted with Et2O (2 × 5 mL). The combined organic layers were dried over 
Na2SO4, then filtered and concentrated in vacuo. The residue was purified on silica gel 
chromatography (Pentane/Ethyl acetate = 3/1 ~ 1/1 as eluent) to provide bromolactone 
138 as colorless oil (60 mg, 58%) as a 1:1 mixture of non seperable diastereomers.  

1H NMR (300 MHz, CDCl3) δ 9.86 – 9.80 (m, 1H), 7.28 (s, 1H), 5.75 (t, J = 8.1 Hz, 1H), 
5.51 – 5.31 (m, 2H), 4.03 (t, J = 1.4 Hz, 2H), 3.43 – 3.24 (m, 1H), 2.80 – 2.61 (m, 2H), 
2.08 (d, J = 2.3 Hz, 4H), 2.04 – 1.96 (m, 1H), 1.91 – 1.87 (m, 3H), 1.38 (s, 3H). 

LCMS(ESI) [M + H]+ calculated for C17H19BrO6: 399.04, found: 595.1516; 

Step 6: 

 

A 50 mL round bottom flask equipped with a magnetic stir bar was charged with 
bromolactone 138 (60 mg, 0.15 mmol) and DMF (2 mL). The reaction mixture was 
cooled down to 0 oC and CrCl2 (55 mg, 0.45 mmol) was added. The temperature was 
allowed to rise to room temperature and stirred for 1 hour. Then, the reaction was 
quenched with sat. aq. NH4Cl (20 mL) and extracted with ethyl acetate (3 × 5 mL). The 
combined organic layers were dried over Na2SO4, then filtered and concentrated in 
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vacuo. The residue was purified on silica gel chromatography (Pentane/Ethyl acetate 
= 1/1 ~ 1/3 as eluent) to provide 139 as a light yellow solid (14 mg, 30%). 

1H NMR (400 MHz, CDCl3) δ 6.43 (d, J = 1.8 Hz, 1H), 6.02 (dd, J = 3.5, 1.8 Hz, 1H), 
5.81 (dd, J = 1.6, 0.7 Hz, 1H), 5.22 (s, 1H), 5.19 – 5.12 (m, 1H), 4.08 (d, J = 9.2 Hz, 
1H), 3.89 (s, 1H), 2.67 (d, J = 15.5 Hz, 1H), 2.15 (s, 4H), 1.85 (t, J = 1.8 Hz, 3H), 1.43 
(s, 3H). 

LCMS(ESI) [M + H]+ calculated for C17H20O6: 321.13, found: 321.21; 

 

III.2.7. Unexpected synthesis of ISO GOYA-N3 (85) 

 

Step 1: 

 

To a stirred solution of goyazensolide 1 (3.0 mg, 8 µmol) in CH2Cl2 (0.3 mL) was added 
Et3N (2.9 μL, 21 µmol) and tosyl chloride (1.9 mg, 10 µmol) at 0 °C. The reaction 
mixture was allowed to warm at room temperature and stirred for 1 h. Reaction was 
then quenched with sat. aq. NaHCO3 (1.0 mL), the mixture was extracted with ethyl 
acetate (5.0 mL), the organic layer was dried over Na2SO4, then filtered and 
concentrated in vacuo. The residue was purified by PTLC (Pentane/Ethyl acetate = 2/1 
as eluent) to provide the 84 as a yellow oil (3.8 mg, 88%). 
1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.24 – 
6.20 (m, 1H), 6.16 (d, J = 3.1 Hz, 1H), 5.93 (t, J = 1.4 Hz, 1H), 5.61 (s, 1H), 5.48 (t, J 
= 1.7 Hz, 1H), 5.39 (d, J = 2.7 Hz, 1H), 5.21 – 5.14 (m, 1H), 4.73 – 4.64 (m, 2H), 4.39 
(d, J = 11.8 Hz, 1H), 3.61 (dd, J = 5.3, 2.7 Hz, 1H), 2.39 (s, 4H), 2.22 (dd, J = 13.9, 2.0 
Hz, 1H), 1.75 (s, 3H), 1.43 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 204.28, 166.82, 145.63, 141.20, 132.76, 130.08, 128.09, 
126.72, 124.80, 107.20, 89.92, 81.00, 73.11, 68.80, 50.55, 43.89, 21.71, 20.64, 17.97. 
MS(ESI) [M + H]+ calculated for C26H26O9S: 515.13, found. 515.19. 
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Step 2: 

 

To a stirred solution of 84 (3.8 mg, 7.4 µmol) in DMF at 0 °C was added NaN3 (0.48 
mg, 7.4 µmol). The mixture was stirred 10 min at 0 °C and purified by reverse HPLC 
(water/ACN 9/1 to 8/2 as eluent) to obtain 85 as a pale yellow oil (2.1 mg, 73%). 
 

 
 
1H NMR (500 MHz, CDCl3) δ 6.26 (d, J = 3.3 Hz, 1H, f1), 6.07 (s, 1H, b1), 6.02 (q, J = 
1.1 Hz, 1H, h1), 5.91 (s, 2H, a+b2), 5.56 (t, J = 1.8 Hz, 1H, h2), 5.51 (d, J = 2.9 Hz, 
1H, f2), 4.82 (d, J = 5.1 Hz, 1H, d), 4.75 (s, 1H, c), 4.29 (d, J = 12.0 Hz, 1H, g), 4.06 
(m, 1H, e), 2.54 (dd, J = 13.7, 12.0 Hz, 1H, j1), 2.40 – 2.34 (m, 1H, j2), 1.85 – 1.83 (m, 
3H, i), 1.58 (s, 3H, k). 
13C NMR (126 MHz, CDCl3) δ 204.16 (C1), 184.22 (C3), 168.26 (C13), 166.99 (C9), 
135.31 (C quat.), 133.62 (C quat.), 127.48 (C5), 126.71 (C14), 124.44 (C11), 107.23 
(C2), 83.39 (C7), 71.93 (C12), 67.93 (C6), 46.18 (C8), 44.51 (C16), 21.27 (C18), 17.97 
(C15).  
 

2D NMR correlations 
 1H-1H COSY HMBC NOESY  

85 

   
 

 
NOESY: Correlation beween c and d. 
MS(ESI) [M + H]+ calculated for C19H19N3O6: 386.13, found. 386.22. 
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III.2.8. Synthesis of GOYA-1 and GOYA-2 

 

 

To a solution of 1 (5.0 mg, 14 µmol), pent-4-ynoyl chloride (2.4 mg, 21 µmol) and DMAP 
(0.17 mg, 0.0014 mmol) in CH2Cl2 (0.3 mL) at 0 °C, was added dropwise a solution of 
Et3N (6.0 µL, 42 µmol) in CH2Cl2 (0.1 mL). The mixture was allowed to warm to room 
temperature and after 4 hours, HCl (0.1M, 0.2 mL) was added. The solution was then 
extracted with CH2Cl2 (1.0 mL × 2), and the combined organic layers were washed with 
brine (1.0 mL), dried over MgSO4, and purified by PTLC (Pentane/Ethyl acetate = 1/1) 
to give GOYA-1 as a white solid (2.5 mg, yield 41%). 

Data of GOYA-1: [α]20 
D  -13 (c 0.1, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 6.39–6.34 (m, 1H), 6.26 (d, J = 3.1 Hz, 1H), 6.03 (s, 1H), 
5.83 (s, 1H), 5.57 (s, 1H), 5.49 (d, J = 2.7 Hz, 1H), 5.35 (d, J = 1.9 Hz, 1H), 4.86 (s, 
2H), 4.60 – 4.51 (m, 1H), 3.80 (d, J = 2.5 Hz, 1H), 2.63 (t, J = 6.8 Hz, 2H), 2.59–2.49 
(m, 3H), 2.34 (dd, J = 13.9, 1.9 Hz, 1H), 2.02 (t, J = 2.6 Hz, 1H), 1.85 (s, 3H), 1.57 (d, 
J = 7.8 Hz, 3H) ppm 
 
13C NMR (101 MHz, CDCl3) δ 204.4, 183.0, 170.9, 168.4, 166.8, 138.7, 135.3, 132.9, 
129.5, 126.6, 124.7, 106.8, 89.8, 82.0, 81.2, 73.2, 69.5, 63.6, 50.8, 43.9, 33.1, 20.6, 
17.9, 14.3 ppm 
 
HRMS(ESI) [M + H]+ calculated for C24H24O8: 441.1471, found 441.1394; 
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Steps 1/2: 

 

A sealed solution of propargyl alcohol (1.2 g, 21.4 mmol), ethyl 2-(bromomethyl) 
acrylate (5.8 g, 30 mmol), NaI (320 mg, 2.1 mmol) and Et3N (12 mL, 85.6 mmol) in 
CH2Cl2 (80 mL) was heated overnight at 50 °C. The mixture was then diluted with 
CH2Cl2 (50 mL) and HCl (0.1 M, 100 mL). The aqueous phase was extracted with 
CH2Cl2 (100 mL), and the combined organic layers were washed with brine (200 mL), 
dried over MgSO4, concentrated and purified by silica gel chromatography 
(Pentane/Ethyl acetate = 8/2 as eluent) to give a pale yellow oil (2.8 g, yield 78%). 

1H NMR (400 MHz, CDCl3) δ 6.34 (s, 1H), 5.89 (s, 1H), 4.30 (s, 2H), 4.27 – 4.20 (m, 
4H), 2.46 (t, J = 2.4 Hz, 1H), 1.31 (d, J = 7.1 Hz, 3H); 

13C NMR (101 MHz, CDCl3) δ 165.7, 136.7, 126.2, 79.3, 74.7, 67.9, 60.7, 57.8, 14.1 
ppm; TLC: Rf = 0.4 (Pentane/Ethyl acetate = 4/1).  

A solution of Ester (500 mg, 2.98 mmol) in 6N HCl (5.0 mL) was heated at 65 °C 
overnight. The mixture was then diluted with H2O (20 mL) and CH2Cl2 (20 mL). The 
solution was then extracted with CH2Cl2 (10 mL × 2), and the combined organic layers 
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were washed with brine (10 mL), dried over MgSO4, and concentrated to give crude 
acid 86 as a brownish solid (308 mg, yield 74%). 

1H NMR (400 MHz, CDCl3) δ 6.49 (s, 1H), 6.04 (s, 1H), 4.31 (s, 2H), 4.24 (s, 2H), 2.48 
(s, 1H); 

13C NMR (101 MHz, CDCl3) δ 170.9, 135.9, 129.0, 79.2, 74.9, 67.4, 57.9 ppm; TLC: 
Rf = 0.3 (Pentane/Ethyl acetate/AcOH = 1/1/0.01).  

Step 3: 

 

To a solution of 86 (308 mg, 2.2 mmol) and Et3N (608 µL, 4.4 mmol) in CH2Cl2 (6.0 
mL) at 0 °C, was added dropwise a solution of acyl chloride (644 mg, 2.64 mmol) in 
CH2Cl2 (2.0 mL). The mixture was then allowed to warm to room temperature and after 
30 minutes, HCl (0.1 M, 5 mL) was added. The solution was then extracted with CH2Cl2 
(5.0 mL × 2) and the combined organic layers were washed with brine (5.0 mL), dried 
over MgSO4, and purified by Isolera Biotage using SNAP Cartridge KP-C18-HS 12 g 
column (Water/acetonitrile 9/1 to 1/1) to give 87 as a yellow oil (153 mg, yield 53%). 
Compound unstable on silica gel; 

1H NMR (400 MHz, CDCl3) δ 6.50 (s, 1H), 6.19 (s, 1H), 4.35 (s, 2H), 4.26 (s, 2H), 2.48 
(s, 1H); 

13C NMR (101 MHz, CDCl3) δ 161.0, 136.0, 130.3, 75.1, 67.2, 65.8, 58.0 ppm; 
HRMS(ESI) [M + Na]+ calculated for C14H14O5: 285.0841, found 285.0836. 

Step 4: 

 

 

To a solution of 61 (50 mg, 0.087 mmol), 87 (103 mg, 0.39 mmol) in DCE (1.0 mL) at 
50 °C, was added dropwise a solution of DMAP (46 mg, 0.38 mmol) in CH2Cl2 (0.3 
mL). The mixture was stirred 2 hours and then allowed to cool at room temperature. 
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HCl (0.1M, 1.0 mL) was added and the mixture was extracted with CH2Cl2 (5.0 mL × 
2), the combined organic layers were washed with brine (5.0 mL), dried over MgSO4, 
the solvent was evaporated in vacuo and the resulting residue was purified by silica 
gel chromatography (Pentane/Ethyl acetate = 7/3 as eluent) to give 88 as a yellow oil 
(16 mg, yield 26%). 

[α]20 
D  -57 (c 0.1, CHCl3); 

1H NMR (400 MHz, CDCl3) δ 7.66–7.62 (m, 4H), 7.46–7.38 (m, 6H), 6.47 (dd, J = 3.3, 
2.0 Hz, 2H), 6.42 (d, J = 2.3 Hz, 1H), 6.04 (d, J = 1.4 Hz, 1H), 5.90 (d, J = 1.2 Hz, 1H), 
5.64 (s, 1H), 5.19 (s, 1H), 5.09 (s, 1H), 4.49 (d, J = 2.1 Hz, 1H), 4.36–4.30 (m, 2H), 
4.25 (d, J = 2.4 Hz, 2H), 4.21 (dd, J = 5.0, 2.4 Hz, 2H), 2.49 (m, J = 3.5 Hz, 2H), 2.17 
(m, 4H), 1.36 (s, 3H), 1.08 (s, 9H); 

13C NMR (101 MHz, CDCl3) δ 169.5, 168.4, 164.3, 138.7, 135.9, 135.5, 134.8, 132.8, 
129.9, 128.8, 127.8, 127.7, 79.1, 78.9, 75.2, 74.9, 74.7, 72.8, 69.8, 68.2, 67.6, 64.0, 
57.9, 57.7, 30.0, 29.7, 20.8, 19.2 ppm; 

HRMS(ESI) [M + Na]+ calculated for C40H44O9Si: 719.2755, found 719.2653; TLC: Rf 
= 0.3 (Pentane/Ethyl acetate = 2/1).  

Step 5: 

 

To a solution of 88 (8.0 mg, 11 µmol) in MeOH (1.0 mL) at 0 °C, was added dropwise 
a solution of K2CO3 (0.6 µL, 1 M in H2O). The reaction was stirred for 20 minutes at 0 
°C and quenched with a cold mixture of CH2Cl2/H2O (1 mL/1mL). The solution was 
then extracted with CH2Cl2 (2.0 mL) and the combined organic layers were washed 
with brine (1.0 mL) dried over MgSO4, concentrated and purified by PTLC 
(Pentane/Ethyl acetate = 1/1 as eluent) to give propargyl alcohol 89 as a pale-yellow 
oil (4.1 mg, yield 54%). 

[α]20 
D  -51 (c 0.2, CHCl3) 

1H NMR (500 MHz, CDCl3) δ 7.66 (dd, J = 6.6, 1.3 Hz, 4H), 7.48–7.39 (m, 6H), 6.43 
(d, J = 2.5 Hz, 2H), 6.33 (s, 1H), 5.92 (d, J = 1.1 Hz, 1H), 5.84 (d, J = 2.1 Hz, 1H), 5.77 
(s, 1H), 5.02 (d, J = 2.1 Hz, 1H), 4.42 (s, 1H), 4.28 (s, 1H), 4.24 (s, 1H), 4.22–4.20 (m, 
2H), 4.19 (d, J = 1.8 Hz, 1H), 4.17 (d, J = 2.3 Hz, 1H), 4.14 (d, J = 7.1 Hz, 1H), 2.49 (t, 
J = 2.3 Hz, 1H), 2.40 (d, J = 13.1 Hz, 1H), 2.15 (dd, J = 14.5, 10.5 Hz, 1H), 1.43 (s, 
3H), 1.08 (s, 9H); 
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13C NMR (126 MHz, CDCl3) δ 171.1, 170.9, 169.4, 165.0, 137.9, 135.8, 135.5, 134.7, 
132.8, 129.9, 129.3, 127.8, 124.4, 123.1, 79.8, 78.9, 75.7, 75.2, 72.7, 69.8, 68.0, 64.3, 
60.4, 57.77, 53.4, 46.4, 31.9, 29.7, 29.3, 26.8, 22.7, 21.0, 19.2, 14.2, 14.2, 14.1 ppm; 
HRMS(ESI) [M + Na]+ calculated for C38H42O8Si: 677.2649, found 677.2546; TLC: Rf 
= 0.3 (Pentane/Ethyl acetate = 1/1).  

Steps 6/7: 

 

To a stirred solution of 89 (4.1 mg, 6.26 µmol) in CH2Cl2 (1 mL) was added MnO2 (5.0 
mg, 63 µmol) and the solution was stirred at room temperature for 2 hours, till the TLC 
analysis showed disappearance of the starting material. The reaction was filtered and 
a trace of t-Bu3PAuNTf2 was added to the CH2Cl2 solution and the mixture stirred for 
10 more minutes till the TLC analysis showed disappearance of the starting material. 
The resulted reaction was then concentrated in vacuo, and the residue optained was 
purified on a PTLC (Pentane/Ethyl acetate = 3/1 as eluent) to provide 91 as a white 
solid (2.7 mg, 66%). 

Data analysis of 90. [α]20 
D  -56 (c 0.1, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.66 (ddd, J = 8.0, 2.5, 1.4 Hz, 4H), 7.50–7.39 (m, 6H), 
6.78 (d, J = 2.3 Hz, 1H), 6.49 (d, J = 3.2 Hz, 1H), 6.32 (d, J = 0.9 Hz, 1H), 5.96 (d, J = 
1.3 Hz, 1H), 5.82 (d, J = 2.8 Hz, 2H), 5.27 (dd, J = 6.6, 2.6 Hz, 1H), 4.28 (dd, J = 4.0, 
2.1 Hz, 2H), 4.24 (d, J = 1.0 Hz, 2H), 4.23–4.19 (m, 2H), 4.03 (d, J = 5.1 Hz, 1H), 2.50 
(dt, J = 4.7, 4.1 Hz, 2H), 2.42 – 2.37 (m, 1H), 1.47 (s, 3H), 1.10 (s, 9H); 

13C NMR (126 MHz, CDCl3) δ 189.2, 168.3, 164.8, 143.2, 135.8, 135.5, 132.9, 132.4, 
130.1, 128.7, 127.9, 124.7, 120.9, 95.3, 94.0, 79.0, 75.1, 70.9, 67.7, 64.1, 60.4, 57.8, 
53.4, 50.1, 31.9, 29.7, 26.8, 25.2, 22.7, 21.0, 19.2, 14.1 ppm; 

HRMS(ESI) [M + Na]+ calculated for C38H44O8Si: 675.2492, found 675.2390; TLC: Rf 
= 0.35 (Pentane/Ethyl acetate = 2/1).  

Data analysis of 91. [α]20 
D  -11 (c 0.1, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 7.68–7.65 (m, 4H), 7.44–7.39 (m, 6H), 6.26 (dd, J = 3.7, 
2.2 Hz, 2H), 6.15–6.12 (m, 1H), 5.91 (d, J = 1.3 Hz, 1H), 5.68 (s, 1H), 5.50 (d, J = 2.7 
Hz, 1H), 5.28 (d, J = 2.3 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H), 4.46–4.33 (m, 2H), 4.18 
(d, J = 2.6 Hz, 2H), 4.14 (d, J = 7.2 Hz, 2H), 3.75 (d, J = 2.6 Hz, 1H), 2.54–2.46 (m, 
2H), 2.36–2.31 (m, 1H), 1.52 (s, 3H), 1.09 (s, 9H) ppm; 



180 

13C NMR (126 MHz, CDCl3) δ 204.5, 168.6, 135.7, 135.6, 135.5, 134.3, 133.9, 132.6, 
130.1, 127.9, 127.8, 124.7, 106.4, 89.5, 81.5, 74.9, 73.5, 67.4, 64.1, 60.4, 57.8, 50.8, 
43.9, 31.9, 29.7, 29.3, 26.8, 22.7, 20.6, 19.2, 14.1 ppm; 
HRMS(ESI) [M + H]+ calculated for C38H40O8Si: 653.2492, found 653.2570; 
 

Step 8: 

 

To a solution of 91 (2.3 mg, 3.5 μmol) in THF (1.0 mL) at 0 °C, was added dropwise a 
solution of hydrogen fluoride pyridine (hydrogen fluoride ~70%, 10 μL) in THF (0.2 mL). 
The mixture was stirred 4 hours at 0 °C and quenched with saturated NaHCO3 (0.5 
mL). The mixture was then extracted with Et2O (2.0 mL × 2), and the combined organic 
layers were washed with brine (1.0 mL), dried over MgSO4, and purified by PTLC 
(Pentane/Ethyl acetate = 2/8 as eluent) to give GOYA-2 (92) (0.21 mg, yield 14.5%) 
as a waxy solid. [α]20 

D  -14 (c 0.1, CHCl3); 

1H NMR (500 MHz, CDCl3) δ 6.30 (s, 1H), 6.23 (s, 2H), 5.91 (s, 1H), 5.82 (s, 1H), 5.51 
(s, 1H), 5.35 (s, 1H), 4.63–4.40 (m, 3H), 4.24–4.12 (m, 4H), 3.83 (d, J = 2.4 Hz, 1H), 
2.58–2.48 (m, 1H), 2.47 (t, J = 2.3 Hz, 1H), 2.37 (dd, J = 15.7, 8.7 Hz, 1H), 1.32 (s, 
9H) ppm; 

13C NMR (126 MHz, CDCl3) δ 196.2, 184.1, 135.6, 132.8, 127.9, 124.9, 106.6, 89.6, 
81.0, 75.0, 73.4, 63.1, 57.6, 50.8, 43.2, 31.8, 29.3, 22.7, 20.6, 13.9 ppm; Traces of 
water (integration = 135.65) and grease (integration = 75.65). Purity 19%. DMSO stock 
solutions have been prepared by weighting residues after high vacuum evaporation. 

HRMS(ESI) [M + H]+ calculated for C22H22O8: 414.1315, found 415.1394; 

 

III.2.9. Synthesis of goyazensolide analogs 

 



181 

 

 

Truncated MA1, Step 1 

 

To a stirred solution of alcohol 61 (10 mg, 17.4 µmol) in CH2Cl2 (1 mL) was added 
DMAP (4.2 mg, 0.035 µmol) and methacrylic anhydride (3.5 μL, 21 µmol) at 0 °C. The 
reaction mixture was allowed to warm at room temperature and stirred for 1 h. The 
reaction was then quenched with NaHCO3 saturated (2 mL), the mixture was extracted 
with ethyl acetate (5 mL), the combined organic layers were dried over Na2SO4, then 
filtered and concentrated in vacuo. The residue was purified by PTLC (Pentane/Ethyl 
acetate = 2/1 as eluent) to provide 93 as a waxy solid (8 mg, 71%). 
1H NMR (400 MHz, CDCl3) δ 7.65 (dd, J = 6.5, 1.5 Hz, 4H), 7.48 – 7.38 (m, 6H), 6.50 
(d, J = 2.3 Hz, 1H), 6.42 (d, J = 2.8 Hz, 1H), 5.88 – 5.72 (m, 2H), 5.01 (dd, J = 5.1, 2.6 
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Hz, 1H), 4.48 (dd, J = 5.0, 2.5 Hz, 1H), 4.23 – 4.14 (m, 2H), 2.70 – 2.57 (m, 1H), 2.25 
(s, 1H), 2.17 – 2.09 (m, 1H), 1.38 (s, 3H), 1.17 – 1.13 (m, 6H), 1.08 (s, 9H). MS(ESI) 
[M + H]+ calculated for C37H44O8Si: 645.28, found. 645.21. 
 

Truncated MA1, Step 2:  

 

To a solution of 93 (8 mg, 12.4 µmol) in MeOH (0.5 mL) at 0 °C, was added dropwise 
a solution of K2CO3 (6.2 µL, 1M in H2O, 6.2 µmol). The mixture was stirred 20 minutes 
at 0 °C and quenched with a cold mixture of CH2Cl2/H2O (10mL). The reaction was 
then extracted with CH2Cl2 (5.0 mL), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 1/1 as eluent) to give propargyl alcohol 94 as a yellow oil (6 
mg, yield 80%). 
1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 6.7, 1.4 Hz, 4H), 7.48 – 7.40 (m, 6H), 6.44 
(dd, J = 10.7, 2.6 Hz, 2H), 5.84 (d, J = 2.5 Hz, 2H), 4.93 (dd, J = 5.6, 2.7 Hz, 1H), 4.38 
(d, J = 2.9 Hz, 1H), 4.18 (d, J = 6.9 Hz, 2H), 3.75 (d, J = 5.0 Hz, 1H), 3.64 (d, J = 2.2 
Hz, 1H), 2.53 (s, 1H), 2.30 – 2.19 (m, 1H), 2.12 (d, J = 10.3 Hz, 1H), 1.44 (s, 3H), 1.14 
(dd, J = 7.0, 2.6 Hz, 6H), 1.09 (s, 9H). 
MS(ESI) [M + H]+ calculated for C35H42O7Si: 603.27, found. 603.22. 
 
Truncated MA1, Step 3:  

 

To a stirred solution of 94 (6 mg, 10 µmol) and NaHCO3 (25 mg, 100 µmol) in CH2Cl2 
(1 mL) was added DMP (12.6 mg, 30 µmol) and the solution was stirred at room 
temperature for one night. The reaction was diluted with Et2O and water (10 mL). The 
organic layer was washed with brine, dried over Na2SO4, concentrated and purified by 
PTLC (pentane/ethyl acetate = 7/3 as eluent) to give ynone 95 as a yellow oil (4.5 mg, 
yield 75%). MS(ESI) [M + H]+ calculated for C35H40O7Si: 601.25, found. 601.18. 
 

Truncated MA1, Step 4:  
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To a stirred solution of 95 (4.5 mg, 7.5 µmol) in THF (1 mL) was added a premix 
AuClPPh3 (0.37 mg, 0.75 µmol) / AgSbF6 (0.26 mg, 0.75 µmol) in THF (0.3 mL). 
Reaction was stirred at room temperature for 15 min diluted with Et2O and water (10 
mL). The organic layer was washed with brine, dried over Na2SO4, concentrated and 
purified by PTLC (pentane/ethyl acetate = 7/3 as eluent) to give furanone 96 as a 
yellow oil (3.1 mg, yield 68%). 
MS(ESI) [M + H]+ calculated for C35H40O7Si: 601.25, found. 601.32. 
 

Truncated MA1, Step 5:  

 

To a solution of 96 (3.1 mg, 5.2 μmol) in THF (1.0 mL) at 0 °C, was added dropwise a 
solution of hydrogen fluoride pyridine (hydrogen fluoride ~70%, 20 μL) in THF (0.2 mL). 
The mixture was stirred 4 hours at 0 °C and quenched with saturated NaHCO3 (0.5 
mL). The mixture was then extracted with Et2O (2.0 mL × 2), and the combined organic 
layers were washed with brine (1.0 mL), dried over MgSO4, and purified by PTLC 
(Pentane/Ethyl acetate = 2/8 as eluent) to give 97 (1.1 mg, yield 58%) as a waxy solid. 
1H NMR (500 MHz, CDCl3) δ 6.30 (dd, J = 3.1, 1.9 Hz, 2H), 5.81 (s, 1H), 5.50 (d, J = 
2.7 Hz, 1H), 5.33 (dd, J = 5.0, 2.7 Hz, 1H), 4.50 – 4.39 (m, 3H), 3.80 (dd, J = 5.3, 2.6 
Hz, 1H), 2.52 – 2.35 (m, 2H), 2.29 (dd, J = 13.9, 2.0 Hz, 1H), 1.27 (s, 3H), 1.08 (dd, J 
= 16.9, 7.0 Hz, 6H). 
13C NMR (126 MHz, CDCl3) δ 204.63, 184.28, 135.76, 134.13, 132.85, 124.47, 106.78, 
81.61, 72.57, 63.35, 50.92, 44.07, 33.61, 29.72, 20.77, 18.76, 18.58. 
MS(ESI) [M + H]+ calculated for C19H22O7: 363.14, found. 363.12. 
 

Truncated MA2, Step 1:  
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To a stirred solution of 61 (21 mg, 36.5 μmol) in THF (1 mL) was added Stryker reagent 
(36 mg, 18.3 μmol). Mixture stirred 30 min at 0 °C quenched with saturated NH4Cl (0.5 
mL). The mixture was then extracted with Et2O (2.0 mL × 2), and the combined organic 
layers were washed with brine (1.0 mL), dried over MgSO4, and purified by PTLC 
(Pentane/Ethyl acetate = 2/8 as eluent) to give 98 (10 mg, yield 47%). 
1H NMR (400 MHz, CDCl3) δ 7.68 – 7.65 (m, 4H), 7.50 – 7.41 (m, 7H), 6.60 – 6.49 (m, 
1H), 5.17 (s, 2H), 5.07 (s, 1H), 4.18 – 4.13 (m, 3H), 3.31 – 3.16 (m, 1H), 3.11 (dd, J = 
7.6, 5.7 Hz, 1H), 2.12 (d, J = 2.0 Hz, 3H), 2.10 – 2.08 (m, 1H), 2.03 (d, J = 7.6 Hz, 1H), 
1.41 (s, 3H), 1.36 (d, J = 7.4 Hz, 3H), 1.08 (s, 9H). 
MS(ESI) [M + H]+ calculated for C33H40O7Si: 577.25, found. 577.18. 
 

Truncated MA2, Step 2:  

 

To a stirred solution of alcohol 98 (10 mg, 17.4 µmol) in CH2Cl2 (1 mL) was added NEt3 
(7.3 µL, 52 µmol), DMAP (0.2 mg, 5.2 µmol) and methacrylic anhydride (3.2 μL, 22.5 
µmol) at 0 °C. The reaction mixture was allowed to warm at room temperature and 
stirred for 1 h. The reaction was then quenched with NaHCO3 saturated (2.0 mL), the 
mixture was extracted with ethyl acetate (5.0 mL), the combined organic layers were 
dried over Na2SO4, then filtered and concentrated in vacuo. The residue was purified 
by PTLC (Pentane/Ethyl acetate = 2/1 as eluent) to provide the 99 as a waxy solid (8 
mg, 71%). 
1H NMR (400 MHz, CDCl3) δ 7.68 – 7.65 (m, 4H), 7.48 – 7.40 (m, 6H), 6.54 (d, J = 2.3 
Hz, 1H), 6.13 (d, J = 1.2 Hz, 1H), 6.08 – 6.01 (m, 1H), 5.65 (d, J = 1.5 Hz, 1H), 5.20 
(s, 1H), 4.83 (dd, J = 8.6, 2.5 Hz, 1H), 4.17 (q, J = 2.0 Hz, 3H), 3.65 (ddd, J = 9.5, 8.6, 
1.1 Hz, 1H), 3.02 (dd, J = 9.4, 7.2 Hz, 1H), 2.23 (d, J = 11.2 Hz, 1H), 2.18 (s, 3H), 2.03 
(d, J = 5.0 Hz, 1H), 1.99 – 1.97 (m, 3H), 1.47 (d, J = 7.3 Hz, 3H), 1.36 (s, 3H), 1.08 (d, 
J = 1.1 Hz, 9H). 
MS(ESI) [M + H]+ calculated for C37H44O8Si: 645.28, found. 645.21. 
 

Truncated MA2, Step 3:  
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To a solution of 99 (8 mg, 12.4 µmol) in MeOH (0.5 mL) at 0 °C, was added dropwise 
a solution of K2CO3 (6.2 µL, 1M in H2O, 6.2 µmol). The mixture was stirred 20 minutes 
at 0 °C and quenched with a cold mixture of CH2Cl2/H2O (10mL). The reaction was 
then extracted with CH2Cl2 (5.0 mL), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 1/1 as eluent) to give propargyl alcohol 100 as a yellow oil (5 
mg, yield 67%). 
1H NMR (400 MHz, CDCl3) δ 7.71 – 7.65 (m, 5H), 7.50 – 7.40 (m, 6H), 6.51 (d, J = 2.2 
Hz, 1H), 6.19 – 6.03 (m, 2H), 5.67 (t, J = 1.5 Hz, 1H), 4.79 (dd, J = 8.9, 2.5 Hz, 1H), 
4.24 – 4.16 (m, 3H), 3.56 (ddd, J = 9.7, 8.9, 0.9 Hz, 1H), 3.04 (dd, J = 9.7, 7.2 Hz, 1H), 
2.20 – 2.10 (m, 1H), 2.04 – 1.95 (m, 4H), 1.49 (d, J = 7.3 Hz, 3H), 1.41 (s, 3H), 1.09 
(s, 9H). 
MS(ESI) [M + H]+ calculated for C35H42O7Si: 603.27, found. 603.24. 

Truncated MA2, Step 4:  

 

To a stirred solution of 100 (5 mg, 8.3 µmol) and NaHCO3 (7 mg, 83 µmol) in CH2Cl2 
(1 mL) was added DMP (10.6 mg, 25 µmol) and the solution was stirred at room 
temperature for one night. The mixture was diluted with Et2O and water (10 mL). The 
organic layer was washed with brine, dried over Na2SO4, concentrated and purified by 
PTLC (pentane/ethyl acetate = 7/3 as eluent) to give ynone 101 as a yellow oil (3.5 
mg, yield 70%). 
1H NMR (400 MHz, CDCl3) δ 7.69 – 7.64 (m, 4H), 7.43 (dd, J = 7.2, 5.1 Hz, 6H), 6.85 
– 6.76 (m, 1H), 6.20 (t, J = 1.2 Hz, 1H), 6.14 – 6.05 (m, 1H), 5.72 (t, J = 1.5 Hz, 1H), 
5.02 (dd, J = 9.3, 2.5 Hz, 1H), 4.28 (d, J = 2.2 Hz, 2H), 3.11 – 2.86 (m, 2H), 2.26 (dd, 
J = 10.0, 4.5 Hz, 1H), 2.01 (d, J = 0.6 Hz, 3H), 1.44 (d, J = 1.4 Hz, 3H), 1.11 (s, 9H). 
MS(ESI) [M + H]+ calculated for C35H40O7Si: 601.25, found. 601.17. 
 

Truncated MA2, Step 5:  



186 

 

To a stirred solution of 101 (3.5 mg, 5.8 µmol) in THF (1 mL) was added a premix 
AuClPPh3 (0.28 mg, 0.58 µmol) / AgSbF6 (0.19 mg, 0.58 µmol) in THF (0.3 mL). The 
reaction was stirred at room temperature for 15 min and diluted with Et2O and water 
(10 mL). The organic layer was washed with brine, dried over Na2SO4, concentrated 
and purified by PTLC (pentane/ethyl acetate = 7/3 as eluent) to give furanone 102 as 
a yellow oil (2.7 mg, yield 77%). 
1H NMR (500 MHz, CDCl3) δ 7.67 (dt, J = 8.1, 1.5 Hz, 4H), 7.52 – 7.42 (m, 6H), 6.19 
(d, J = 1.9 Hz, 1H), 6.10 (s, 1H), 5.70 (s, 1H), 5.65 (s, 1H), 5.08 (dd, J = 9.3, 2.3 Hz, 
1H), 4.94 (dt, J = 11.7, 2.0 Hz, 1H), 4.50 – 4.29 (m, 2H), 3.06 – 2.96 (m, 1H), 2.49 – 
2.33 (m, 2H), 2.23 – 2.15 (m, 1H), 1.93 (d, J = 0.7 Hz, 3H), 1.37 (d, J = 6.9 Hz, 3H), 
1.09 (s, 9H). 
MS(ESI) [M + H]+ calculated for C35H40O7Si: 601.25, found. 601.21. 
 

Truncated MA2, Step 6:  

 

To a solution of 102 (2.7 mg, 4.5 μmol) in THF (1.0 mL) at 0 °C, was added dropwise 
a solution of hydrogen fluoride pyridine (hydrogen fluoride ~70%, 20 μL) in THF (0.2 
mL). The mixture was stirred 4 hours at 0 °C and quenched with saturated NaHCO3 
(0.5 mL). The mixture was then extracted with Et2O (2.0 mL × 2), and the combined 
organic layers were washed with brine (1.0 mL), dried over Na2SO4, and purified by 
PTLC (Pentane/Ethyl acetate = 2/8 as eluent) to give 103 (1.0 mg, yield 62%) as a 
waxy solid. 1H NMR (500 MHz, CDCl3) δ 6.28 (d, J = 1.8 Hz, 1H), 6.11 (t, J = 1.2 Hz, 
1H), 5.88 (s, 1H), 5.66 (t, J = 1.5 Hz, 1H), 5.14 (dd, J = 9.2, 2.1 Hz, 1H), 5.01 – 4.93 
(m, 1H), 4.53 – 4.36 (m, 2H), 3.05 (ddd, J = 11.7, 9.2, 2.4 Hz, 1H), 2.48 – 2.35 (m, 2H), 
2.25 – 2.18 (m, 1H), 1.93 (s, 3H), 1.37 (d, J = 6.9 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 184.29, 133.60, 127.18, 106.81, 80.20, 67.67, 64.25, 
54.97, 44.97, 38.31, 29.71, 29.67, 20.59, 18.16, 15.35. 
MS(ESI) [M + H]+ calculated for C19H22O7: 363.14, found. 363.12. 
 

Truncated MA3, Step 1:  
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To a solution of 64 (2.0 mg, 3.3 μmol) in THF (1.0 mL) at 0 °C, was added dropwise a 
solution of hydrogen fluoride pyridine (hydrogen fluoride ~70%, 20 μL) in THF (0.2 mL). 
The mixture was stirred 4 hours at 0 °C and quenched with saturated NaHCO3 (0.5 
mL). The mixture was then extracted with Et2O (2.0 mL × 2), and the combined organic 
layers were washed with brine (1.0 mL), dried over Na2SO4, and purified by PTLC 
(Pentane/Ethyl acetate = 2/8 as eluent) to give 104 (0.5 mg, yield 41%) as a waxy 
solid. 
MS(ESI) [M + H]+ calculated for C19H20O7: 361.12, found. 361.21. 

 

III.2.10. Goyazensolide diastereoisomer 

 

Step 1: 
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To a solution of 60 (38 mg, 0.067 mmol), methlacrylic anhydride (15 µL, 0.10 mmol) 
and DMAP (0.77 mg, 6.9 µmol) in CH2Cl2 (1 mL) at 0 °C, was added dropwise a 
solution of Et3N (23 μL, 0.17 mmol) in CH2Cl2 (0.5 mL). The mixture allowed to warm 
at room temperature and after 4 hours, HCl 0.1M (1.0 mL) was added. The mixture 
was extracted with CH2Cl2 (2.0 mL × 2), and the combined organic layers were washed 
with brine (1.0 mL), dried over MgSO4, and purified by silica gel chromatography 
(pentane/ethyl acetate = 6/4 as eluent) to give 153 as a yellow oil (22 mg, yield 52%). 
Yellow oil,  
1H NMR (400 MHz, CDCl3) δ 7.66 – 7.62 (m, 4H), 7.45 – 7.38 (m, 6H), 6.54 (d, J = 2.2 
Hz, 1H), 6.49 (d, J = 3.4 Hz, 1H), 6.08 (t, J = 1.2 Hz, 1H), 5.78 (d, J = 3.0 Hz, 1H), 5.71 
– 5.64 (m, 2H), 5.22 (d, J = 1.2 Hz, 1H), 5.16 (s, 1H), 4.95 – 4.86 (m, 1H), 4.46 – 4.37 
(m, 1H), 4.24 – 4.16 (m, 2H), 2.74 (dd, J = 16.0, 6.1 Hz, 1H), 2.10 (s, 3H), 2.02 (d, J = 
1.2 Hz, 1H), 1.89 (s, 3H), 1.27 (s, 3H), 1.08 (s, 9H). 
MS(ESI) [M + H]+ calculated for C37H42O8Si: 643.26, found. 643.31. 
 
Steps 2/3: 

 

To a solution of 153 (22 mg, 0.034 mmol) in MeOH (2.0 mL) at 0 °C, was added 
dropwise a solution of K2CO3 (17 µL, 1M in H2O). The mixture was stirred 20 minutes 
at 0 °C and quenched with a cold mixture of CH2Cl2/H2O (10mL). The reaction was 
then extracted with CH2Cl2 (5.0 mL), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, concentrated, and purified by PTLC 
(pentane/ethyl acetate = 1/1 as eluent) to give the propargyl alcohol 154 as a yellow 
oil (17 mg, yield 86%). Yellow oil;  

To a stirred solution of 154 (17 mg, 28 µmol) and NaHCO3 (23 mg, 280 µmol) in CH2Cl2 
(1 mL) was added DMP (35 mg, 84 µmol) and the solution was stirred at room 
temperature for one night. Reaction diluted with Et2O and water (10 mL). Organic layer 
was washed with brine, dried over Na2SO4, concentrated and purified by PTLC 
(pentane/ethyl acetate = 7/3 as eluent) to give ynone 155 as a yellow oil (11.5 mg, yield 
71%). 
1H NMR (400 MHz, CDCl3) δ 7.68 – 7.63 (m, 4H), 7.49 – 7.40 (m, 6H), 6.75 – 6.65 (m, 
1H), 6.46 (d, J = 3.1 Hz, 1H), 6.13 – 6.03 (m, 1H), 5.72 (d, J = 2.7 Hz, 1H), 5.62 (t, J = 
1.5 Hz, 1H), 5.55 (d, J = 2.0 Hz, 1H), 5.25 – 5.19 (m, 1H), 4.27 (d, J = 2.2 Hz, 2H), 
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3.71 (d, J = 3.0 Hz, 1H), 2.56 – 2.39 (m, 2H), 1.89 (d, J = 0.6 Hz, 3H), 1.44 (s, 3H), 
1.09 (s, 9H). 
MS(ESI) [M + H]+ calculated for C35H38O7Si: 599.24, found. 599.21. 
 

Step 4: 

 

To a stirred solution of 155 (11 mg, 18 µmol) in THF (1 mL) was added a premix 
AuClPPh3 (0.87 mg, 1.8 µmol) / AgSbF6 (0.59 mg, 1.8 µmol) in THF (0.3 mL). The 
reaction was stirred at room temperature for 15 min diluted with Et2O and water (10 
mL). The organic layer was washed with brine, dried over Na2SO4, concentrated and 
purified by PTLC (pentane/ethyl acetate = 7/3 as eluent) to give furanone 156 as a 
yellow oil (4.5 mg, yield 68%). 
1H NMR (400 MHz, CDCl3) δ 7.68 – 7.61 (m, 4H), 7.48 (m, 6H), 6.28 (d, J = 2.7 Hz, 
1H), 6.22 – 6.15 (m, 1H), 6.06 (t, J = 1.2 Hz, 1H), 5.72 (s, 1H), 5.63 – 5.55 (m, 2H), 
5.48 (d, J = 2.3 Hz, 1H), 5.03 (dd, J = 8.7, 4.8 Hz, 1H), 4.37 (s, 2H), 2.87 (d, J = 2.7 
Hz, 1H), 2.37 (dd, J = 14.1, 11.1 Hz, 1H), 2.25 (dd, J = 14.1, 2.4 Hz, 1H), 1.93 – 1.86 
(m, 3H), 1.61 (s, 3H), 1.07 (s, 9H). 
MS(ESI) [M + H]+ calculated for C35H38O7Si: 599.24, found. 599.28. 
 

 

Step 5: 

 

To a solution of 156 (4.5 mg, 7.5 mol) in THF (0.5 mL) at 0 °C, was added dropwise 
a solution of HF·pyridine 70% (55 µL) in THF (1.0 mL). The mixture was stirred 4 hours 
at 0 °C and quenched with saturated NaHCO3 (2.0 mL). The quenched mixture was 
then extracted with Et2O (5.0 mL × 2), and the combined organic layers were washed 
with brine (5.0 mL), dried over MgSO4, and purified by PTLC (Pentane/Ethyl acetate = 
2/8 as eluent) to give 157 (1.8 mg, yield 66%).  
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1H NMR (400 MHz, CDCl3) δ 6.35 (s, 1H), 6.27 (d, J = 2.6 Hz, 1H), 6.06 (s, 1H), 5.78 
(d, J = 10.3 Hz, 2H), 5.59 (d, J = 2.4 Hz, 1H), 5.49 (d, J = 2.4 Hz, 1H), 5.07 (s, 1H), 
4.43 (s, 2H), 3.66 (s, 2H), 2.42 (d, J = 14.3 Hz, 1H), 2.29 (d, J = 2.3 Hz, 1H), 1.89 (d, 
J = 1.3 Hz, 3H). 

MS(ESI) [M + H]+ calculated for C19H20O7: 361.12, found. 361.19. 
 
 

III.2.11. Desthiobiotinylated fluorophore 
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To a solution of desthiobiotin 147 (100 mg, 0.46 mmol), N-Boc-ethylenediamine 148 
(90 mg, 0.56 mmol), HATU (213 mg, 0.56 mmol) in DMF (4.0 mL) was added Et3N 
(190 μL, 1.38 mmol) at 0 °C. The mixture was allowed to warm to room temperature 
stirred 10 more minutes, and then diluted with ethyl acetate (20 mL) and HCl 0.1N (10 
mL). The aquous phase was extracted with ethyl acetate (10 mL × 3) and the combined 
organic layers were washed with brine (20 mL) dried over MgSO4, concentrated and 
purified by silica-gel chromatography (CH2Cl2/ ethyl acetate = 8/2) to give the amide 
as a pale-yellow oil. The crude product was dissolved in dichloromethane (3.0 mL) and 
cooled down to 0 °C. Trifluoro acetic acid (0.3 mL) was added to the solution and the 
reaction was carried out for 2 hours at 0 °C. The solvents were evaporated to give 149 
as a yellow oil (137 mg, yield 81%). 

To a solution of deprotected amine 149 (137 mg, 0.37 mmol), (S)-6-azido-2-(tert-
butoxycarbonylamino) hexanoic acid 150 (121 mg, 0.44 mmol), HATU (167 mg, 0.44 
mmol) in DMF (4.0 mL) was added Et3N (153 µL, 1.11 mmol) at 0 °C. The mixture was 
allowed to warm to room temperature, stirred for 10 more minutes, and then was 
diluted with ethyl acetate (20 mL) and HCl 0.1N (10 mL). The solution was extracted 
with ethyl acetate (10 mL × 3), and the combined organic layers were washed with 
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brine (20 mL), dried over MgSO4, concentrated and purified by silica-gel 
chromatography (CH2Cl2/ethyl acetate = 7/3 as eluent) to give the amide 151 as a pale-
yellow oil (188 mg, yield 71%).  

HRMS(ESI) [M + Na]+ calculated for C23H42O8N5: 511.3278, found 511.3366. 

151 (188 mg, 0.37 mmol) was dissolved in dichloromethane (3.0 mL) and cooled down 
to 0 °C. Trifluoro acetic acid (0.3 mL) was added to the solution and the reaction was 
carried out for 2 hours at 0 °C. The solvents were evaporated to give a yellow oil 152 
(178 mg, yield 92%).  

To a solution of 152 (178 mg, 0.34 mmol), Cy3 153 (194 mg, 0.34 mmol), HATU (155 
mg, 0.41 mmol) in DMF (5.0 mL) was added Et3N (141 µL, 1.02 mmol) at 0 °C. The 
mixture was allowed to warm to room temperature and stirred 10 minutes. The mixture 
directly purified by reverse chromatography (H2O/acetonitrile 8/2) followed by 
lyophilization to give Desthiobiotinylated Cy3-N3 as a pink powder (135 mg, yield 
42%).  

HRMS(ESI) [M + H]+ calculated for C47H67N10O4: 835.5341, found 835.5364.  

 

 

 

 

1H NMR (400 MHz, DMSO-d6) δ 7.06 (dd, J = 9.8, 6.3 Hz, 1H), 6.11 (d, J = 9.8 Hz, 
1H), 5.59 (d, J = 4.2 Hz, 1H), 4.56 (t, J = 5.4 Hz, 1H), 4.27 (d, J = 13.2 Hz, 1H), 4.12 
(dd, J = 13.3, 5.4 Hz, 2H), 3.53 (dd, J = 6.3, 4.2 Hz, 1H), 3.15 (s, 1H), 2.38 (dd, J = 
18.0, 13.1 Hz, 1H), 2.15 – 1.94 (m, 5H), 1.91 – 1.67 (m, 3H), 1.65 – 1.51 (m, 2H), 1.25 
(s, 7H), 1.17 – 0.98 (m, 3H), 0.90 (d, J = 6.6 Hz, 4H), 0.84 – 0.72 (m, 1H), 0.64 (s, 3H). 
MS(ESI) [M + H]+ calculated for C28H38O6: 471.27, found. 471.21. 
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III.2.12. Synthesis of WAPs 

 

To a stirred solution of Withaferin A (3 mg, 6.37 µmol) in THF (0.3 mL) was added Et3N 
(2.4 µL, 17 µmol), DMAP (1.5 mg, 12.7 µmol) and withaferin A (1.4 mg, 7.6 µmol) at 0 
°C. The reaction mixture was allowed to warm at room temperature and stirred for 1 h. 
Reaction was then quenched with NaHCO3 saturated (2 mL), the mixture was 
extracted with ethyl acetate (5.0 mL), the combined organic layers were dried over 
Na2SO4, then filtered and concentrated in vacuo. The residue was purified by HPLC 
(water/CH3CN  90/10 to 10/90) to provide WAP-1 (0.6 mg, 20%) and WAP-2 (0.6 mg, 
20%). 
Analysis of WAP-1: 
1H NMR (500 MHz, DMSO-d6) δ 7.08 (dd, J = 9.8, 6.3 Hz, 1H), 6.13 (dd, J = 9.8, 1.5 
Hz, 1H), 5.60 (dd, J = 4.2, 1.5 Hz, 1H), 4.84 – 4.73 (m, 2H), 4.33 (d, J = 13.1 Hz, 1H), 
3.57 – 3.53 (m, 1H), 3.16 (d, J = 1.8 Hz, 1H), 2.39 (s, 1H), 2.18 (t, J = 8.1 Hz, 6H), 2.03 
(s, 4H), 1.91 (d, J = 7.2 Hz, 4H), 1.83 – 1.68 (m, 3H), 1.60 – 1.52 (m, 2H), 1.35 – 1.30 
(m, 3H), 1.08 (dd, J = 18.8, 10.6 Hz, 3H), 0.91 (dd, J = 6.5, 1.5 Hz, 4H), 0.77 (d, J = 
4.1 Hz, 1H), 0.65 (d, J = 1.5 Hz, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 202.24, 159.57, 145.68, 131.80, 120.65, 78.16, 
72.07, 69.13, 59.20, 58.36, 55.73, 51.59, 48.95, 43.88, 42.42, 38.85, 33.07, 29.48, 
26.92, 24.48, 21.16, 20.63, 17.70, 16.64, 14.30, 13.50, 11.77. 
MS(ESI) [M + H]+ calculated for C33H42O7: 551.29, found. 551.22. 
 
Analysis of WAP-2: 
1H NMR (500 MHz, DMSO-d6) δ 7.10 (dd, J = 9.8, 6.2 Hz, 1H), 6.31 (d, J = 9.8 Hz, 
1H), 4.76 (d, J = 6.1 Hz, 1H), 4.28 (d, J = 13.2 Hz, 1H), 4.21 – 4.07 (m, 2H), 3.40 (s, 
1H), 2.35 (dd, J = 7.0, 2.6 Hz, 3H), 2.18 (s, 1H), 2.16 – 2.05 (m, 2H), 2.00 (s, 4H), 1.92 
– 1.84 (m, 2H), 1.80 (s, 1H), 1.72 (d, J = 4.4 Hz, 1H), 1.61 – 1.46 (m, 3H), 1.31 (s, 4H), 
1.17 (s, 1H), 1.15 – 1.02 (m, 4H), 0.99 – 0.82 (m, 7H), 0.65 (s, 3H). 
13C NMR (126 MHz, DMSO-d6) δ 201.16, 170.82, 155.21, 140.73, 134.06, 125.91, 
78.00, 72.39, 72.22, 59.62, 55.61, 54.99, 51.61, 43.64, 42.37, 38.86, 33.04, 30.90, 
29.61, 29.52, 26.95, 24.44, 21.25, 20.37, 15.86, 14.21, 13.54, 11.77. 
MS(ESI) [M + H]+ calculated for C33H42O7: 551.29, found. 551.34. 
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III.2.13. Synthesis of FiVe1 

 
 

Step 1:  

 
 

3-chloro-2-nitrobenzoyl chloride 140. To a solution of 2-nitro-3-chlorobenzoic acid 
(1.00 g, 5 mmol) in dichloromethane (7 mL) was added thionyl chloride (1.82 mL, 25 
mmol) followed by DMF (1 drop). The reaction was refluxed 2 hours and evaporated 
in vacuo to give the acid chloride 140 (1.03 g, 94%). 
1H NMR (300 MHz, CDCl3) δ 8.45 (dt, J = 7.2, 1.0 Hz, 2H), 8.17 (t, J = 8.0 Hz, 1H). 

Step 2:  

 
 
1-(3-chloro-2-nitrophenyl)ethan-1-one 141. To a suspension of magnesium (258 mg, 
10 mmol) in dry THF (15 mL) at 50 °C was added ethanol (1 mL) and carbon 
tetrachloride (70 L). After 30 min. a solution of diethyl malonate (1.68 g, 10 mmol) in 
ethanol (0.7 mL, 1.72 mmol) was added and the reaction was allowed to stir at 60 °C 
for 2 hours. The acyl chloride 140 was added (1.0 g, 4.97 mmol) and mixture stirred 1 



194 

hour. Quench with 10% sulfuric acid (5 mL). Separate and evaporate the organic layer 
to give a yellow oil. To the oil was added acetic acid (10 mL), sulfuric acid (1.5 mL) and 
water (5 mL). This mixture was refluxed 10 hours and the product was extracted with 
ethyl acetate. The combined extracts were washed with water followed by brine and 
dried over sodium sulfate and evaporated in vacuo to give the methyketone 141 650 
mg, 72%). 
1H NMR (300 MHz, CDCl3) δ 7.77 (dd, J = 7.8, 1.3 Hz, 1H), 7.70 (dd, J = 8.0, 1.4 Hz, 
1H), 7.56 (t, J = 8.0 Hz, 1H), 2.62 (d, J = 0.8 Hz, 3H). 
 

Step 3:  

 
 
1-(2-amino-3-chlorophenyl) ethan-1-one 142. To a solution of 1-(3-chloro-2-
nitrophenyl) ethan-1-one 141 (1.0 g, 5 mmol) in glacial acetic acid (7 mL) was added 
iron powder (877 mg, 15 mmol). The mixture was stirred viguorously at 80 °C for 4 
hours. The mixture was cooled, quenched with 10% sodium hydroxide and extracted 
by ethyl acetate. The combined organic layers were filtered through celite, dry over 
sodium sulfate and evaporate in vacuo to give the aniline 142 (743 mg, 87%). 
1H NMR (300 MHz, CDCl3) δ 7.68 (dd, J = 8.0, 1.4 Hz, 1H), 7.42 (dd, J = 7.8, 1.4 Hz, 
1H), 6.65 – 6.59 (m, 1H), 2.61 (s, 3H). 
MS(ESI) [M + H]+ calculated for C8H8ClNO: 170.03, found. 170.21. 
 

Step 4:  

 
 
8-chlorocinnolin-4-ol 143. To a suspension of 1-(2-amino-3-chlorophenyl)ethan-1-one 
142 (500 mg, 2.95 mmol) in water (3 mL) at 0 °C was added conc. HCl (20 mL). A 
solution of sodium nitrite (205 mg, 2.97 mmol) in water (0.75 mL) was added dropwise. 
The reaction was stirred for 1 hour at 0 °C then heated at 65°C for 4 hr. After cooling, 
the product was collected by filtration. The product was triturated with a minimum of 
acetone to give the cinnoline 143 (414 mg, 78%). 
1H NMR (400 MHz, CDCl3) δ 8.20 (dd, J = 8.2, 1.3 Hz, 1H), 7.91 (s, 1H), 7.77 (dd, J = 
7.7, 1.3 Hz, 1H), 7.40 – 7.32 (m, 1H). 
MS(ESI) [M + H]+ calculated for C8H5ClN2O: 181.01, found. 181.12. 
 

Step 5:  
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4-bromo-8-chlorocinnoline 144. Phosphorus tribromide (158 L, 1.66 mmol) was 
added into chloroform (15 mL). To this solution was added 8-chlorocinnolin-4-ol 143 
(100 mg, 0.55 mmol) and the reaction was refluxed 2 hours. The mixture was cooled 
and basified with 10% sodium carbonate. The mixture was filtered through celite and 
extracted with chloroform. The combined organic layers were dried over sodium sulfate 
and evaporated to give the product 144 (92 mg, 68%) as a green-brown solid. 
1H NMR (300 MHz, DMSO-d6) δ 9.84 (s, 1H), 8.25 (dd, J = 7.4, 1.2 Hz, 1H), 8.14 (dd, 
J = 8.6, 1.2 Hz, 1H), 8.05 – 7.99 (m, 1H). 
MS(ESI) [M + H]+ calculated for C8H4BrClN2: 242.92, found. 242.84. 
 

Step 6:  

 
 
8-chloro-4-(4-(3-chlorophenyl)piperazin-1-yl)cinnoline 146. To a solution of 4-bromo-
8-chlorocinnoline 144 (10 mg, 0.04 mmol) and 1-(3-chlorophenyl)piperazine HCl 145 
(9.6 mg, 0.04 mmol) in dimethylformamide (0.5 mL) was added potassium carbonate 
(17 mg, 0.123 mmol). The reaction was stirred at 60 °C for 4 hours. Mixture was directly 
purified by HPLC (water/CH3CN 95/5 to 10/90) to give 146 (9 mg, 61%). 
1H NMR (400 MHz, DMSO-d6) δ 9.13 (s, 1H), 8.16 – 8.02 (m, 2H), 7.72 (dd, J = 8.6, 
7.5 Hz, 1H), 7.26 (t, J = 8.1 Hz, 1H), 7.07 – 6.93 (m, 2H), 6.83 (dd, J = 7.8, 1.8 Hz, 
1H), 3.70 – 3.62 (m, 4H), 3.53 – 3.48 (m, 4H).  
13C NMR (101 MHz, DMSO-d6) δ 152.27, 145.37, 136.18, 134.38, 131.61, 131.03, 
129.32, 123.74, 120.96, 118.87, 115.09, 114.17, 51.16, 47.75. 
MS(ESI) [M + H]+ calculated for C18H16Cl2N4: 359.08, found. 359.14. 
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III.3. Computational study (Performed by Dr. Romain Pertschi) 

 

Figure 119 :  Gibbs energy reaction profile of the intramolecular Diels-Alder reaction. Energies in 
kcal.mol-1. B3LYP-D3/6-311+G** (SMD = toluene) 

To decipher the stereochemistry of the formed polycyclic compound 18, 
calculations were carried out at DFT level of theory using Gaussian 09.296 Structures 
were optimized using the hybrid functional B3LYP including Grimme dispersion model 
D3 and all the atoms were described by the 6-311+G** basis set.297-303 To account for 
the solvation energy the SMD model was used (toluene, ε = 2.3741).304  All reported 
data are Gibbs free energies given in kcal.mol-1 at 298 K and 1 atm. All optimized 
structures were characterized by frequency analysis either as energy minima without 
imaginary frequencies or with only one imaginary frequencies for transition states. A 
was used as model substrate to avoid possible conformational issues coming from allyl 
side chain. Figure 119 shows the reaction profile of the intramolecular Diels-Alder 
reaction. From A, two different approaches of the dienophile to the diene were 
considered, the endo (TS(A-C)) and the exo (TS(A-B)). The endo approach is highly 
favoured over the exo by 21.8 kcal.mol-1 and the cycloaddition occurs through an 
activation barrier of 24.4 kcal.mol-1 via TS(A-C). This approach is favoured thanks to 
the intramolecular hydrogen bond (in green in Figure 119) between the furane hydroxy 
group and the carbonyl of the enone moiety. This step yields intermediate C lying at 
9.5 kcal.mol-1 which rapidly evolves towards stable product E by keto-enol 
tautomerism. The overall process from reactants to product is exergonic by 11.0 
kcal.mol-1. In conclusion, the computational study of the system shows that only the 
stereoisomer 18 endo should be formed during the intramolecular Diels-Alder. 
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III.4. General information for proteomic/biological part 

Biological materials. All materials were purchased from Sigma Aldrich unless 
otherwise stated. DMEM/High glucose medium, F12-K media, phosphate buffered 
saline (PBS), MEM Non-Essential Amino Acids, Penicillin-Streptomycin (Pen/Strep) 
and Trypsin-EDTA were obtained from Life Technologies. Protein concentration was 
determined using a Q-Bit assay. HeLa cell line (Adenocarcinoma), PC3 cell line 
(Prostate; derived from metastatic site: bone), HT29 cell line (Colorectal 
adenocarcinoma), U2OS cell line (Metastatic: lung, other bones), SW620 cell line 
(Colorectal adenocarcinoma) obtained from ATCC. IPO5 (Sigma-Aldrich, HPA056548) 
antibody was purchased from Sigma Aldrich. Phospho-AKT (Ser 473) antibody was 
purchased from Cell signaling. Karyopherin 1, Karyopherin 2, IPO7, IPO8 and IPO12 
antibodies were purchased from Santa Cruz biotechnology. UBA1, ACLY, RASAL2, -
actin, anti-rabbit and anti-rabbit Alexa Fluor 488 antibodies were purchased from 
ABCAM. Images were obtained by image stacking (Confocal microscope Zeiss 
LSM800). Fluorescence measured with ImageJ software. 

Cell culture and preparation of lysates. HeLa, PC3, HT29, U2OS and SW620 cells 
were maintained in their corresponding media supplemented with 10% (v/v) fetal calf 
serum (FCS) and Penicillin-Streptomycin 1% (v/v). Cells were grown at 37 °C under 
5% CO2 atmosphere in a humidified incubator. Cells were allowed to grow to 
confluence and harvested by scraping, centrifuged at 4 °C and resuspended in PBS. 
Cells were then lysed by sonication in lysis buffer and protein concentration was 
determined using a Q-Bit assay. 

Pull-down experiments. PC3 cells were seeded (350,000 cells/mL) on 10 cm dishes 
and grown to confluence for 2 days. The cells were harvested and lysates (3 mg/mL, 
100 µL each) were prepared as described above. Lysates were treated with DMSO (1 
µL) or goyazensolide 10 µM (1 mM, 1 µL) for 30 minutes and then incubated with 
GOYA-2 10 µM (1 mM, 1 µL) for 30 minutes. Click reaction was achieved by addition 
of desthiobiotinylated Cy3-N3 (20 µM, 50X stock in DMSO, Figure S13 for 
synthesis), TCEP (1 mM, 50X fresh stock in H2O), TBTA (100 µM, 16X stock in DMSO: 
tButanol = 1:4), copper (II) sulfate (1 mM, 50X stock in H2O) and incubated for 1 hour 
at room temperature in the dark. Proteins were precipitated by adding 450 µL of cold 
MeOH, 117 µL of cold CHCl3 and 350 µL of cold H2O, vortexed and centrifuged for 5 
minutes at 14000 g (4 °C). The protein layer was isolated, dried and solubilized in 100 
µL of 0.2% SDS in PBS via sonication. Tubes were centrifuged at 4,700 g for 5 minutes, 
and soluble fractions were transferred to new tubes. Streptavidin agarose beads (25 
µL) were added and incubated for 2 hours. Supernatant was discarded and the beads 
were washed three times with PBS (100 µL). Then 10 L of 2% SDS and 5 L of 
Laemmli buffer were added to the beads and heated 5 minutes at 95°C. Proteins were 
separated using a 10% SDS-PAGE gel. Gels were visualized at 625 nm using a 
fluorescence scanner. 
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Examples of labeling competitions experiments with pulldowns (IPO5, UBA1 and 
ACLY) 

 

 

In-Gel tryptic digestion. The bands cutted from the SDS-PAGE were cut in smaller 
pieces and washed twice with a mixture of 50% NH4HCO3 50 mM in CH3CN, twice with 
200 µL CH3CN, then twice again with 200 µL NH4HCO3 100 mM and finally twice with 
200 µL CH3CN. The gel fragments were incubated then for 30 minutes at 37 °C with 
30 µL of DTT 10mM in H2O, followed by 30 minutes with 30 µL iodoacetamide 30 mM 
in H2O. Gel pieces were washed again twice with CH3CN, followed by NH4HCO3 100 
mM and finally twice with CH3CN. Then, the in-gel digestion started with 30 µL of a 
mixture of Trypsin + Glu-C + Chymotrypsin (1.0 µg each in 500 µL of NH4HCO3 50 
mM) at 37 °C for 18 hours. 50 µL of NH4HCO3 50 mM were added to the digested 
mixture and incubate for 10 minutes at room temperature. The supernatant was 
removed and place into a microtube and the remaining gel fragments were incubated 
for 10minutes with 50 µL of extraction buffer 1 (20% CH3CN, 80% H2O, 1% formic 
acid). The supernatant was then collected and the fragments incubate for another 10 
minutes with 50 µL of extraction buffer 2 (95% CH3CN, 5% H2O, 1% formic acid). The 
combined supernatants were lyophilized and summited to MS/MS analysis. 

In-Solution Digestion. An IPO5 batch was incubated with one of the natural products 
(in water) or DMSO control for 45 minutes at room temperature. Solutions were then 
treated with 10 mM DTT in 10 mM NH4HCO3 for 30 minutes at room temperature and 
then they were treated with the same volume of 50 mM iodoacetamide in Milli-Q water. 
The solutions were adjusted to 50 µL with NH4HCO3 50 mM. Then the desired protease 
was added in a relation 1 : 20 to IPO5 (Glu-C or Trypsin, in NH4HCO3 50 mM), 
overnight at 37 °C. A second Protease addition was done (1 : 100) and the mixture 
was incubated for 4 hours more at 37 °C. The solutions were lyophilized, resuspended 
in 20 µL Buffer A (95% H2O, 5% CH3CN, 0.1% formic acid) and summited to LC-
MS/MS analysis. 
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Mass spectrometry analysis. MS data were analyzed using Maxquant and 
ProteomeDiscoverer 2.0 software (Thermo Scientific) and MSMS-spectra were 
grouped according by fragmentation technique and searched against the homo 
sapiens Uniprot database using the Sequest and MS-Amanda algorithms. Search 
against b- and y-ions was specified for HCD and CID spectra and against c- and z-ions 
for EThcD spectra. A search tolerance of 10 ppm was applied for the precursor and 
0.05 Da for fragmen-ions. Oxidation of methionine and modification of cysteines by 
carbamidomethylation or by Goyazensolide or thiolated Goyazensolide were allowed 
as variable modifications. 

 

III.5. Experimental procedures for confocal microscopy 

Microscopy. Cells (50000/well) were seeded on coverslips in a 12 well plate. After 24 
hours, cells were treated with goyazensolide (1) or DMSO for 3 hours. Cells were fixed 
with PFA 4% for 25 minutes at room temperature. After 3× wash with PBS, cells were 
blocked using 5% BSA + 0.1% saponin in PBS for 2 hours. Then they were incubated 
with anti IPO5 antibody (1:100) in 1% BSA in PBS (30 µL/well) for 3 hours at room 
temperature. 

Incubations were performed as followed:  the coverslips were taken out of the plate, 
and place on a drop of antibody solution on parafilm in a humidity chamber, then they 
were washed 3× with PBS, incubated with anti-rabbit AlexaFluor488 (1:   400), washed 
3× with PBS, incubate with Hoechst diluted 2000× in PBS for 10min, washed 3× with 
PBS, then water and finally the edges were dried. The coverslips were then mounted 
on a clean slide treated with 5 µL ProlongDiamond per coverslip for 24 hours at room 
temperature and finally sealed with nail polish. 

Ratio (cytosol/nucleus) caculation of RASAL2.  
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Figure 120 : Confocal microscopy images of SW620 cells after treatment with DMSO or 
goyazensolide. Ratio of RASAL2 levels in the cytosol and nucleus was calculated applying a threshold 

mask to quantify fluorescence intensity in the cytosol and in the nucleus 

Calculation of fluorescence intensity in the cytosol/nucleus. 

Threshold masks were generated in ImageJ software to calculate the integrated 
density of the signal in the green channel (Alexa488, RASAL2) and blue channel 
(Hoechst, nuclei). 

Step 1: Cell surface and green density determination.  

 

Step 2: Determination of the surface and green density within the nucleus 
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Step 3: Determination of the surface and green density within the cytosol by difference 

 

Step 4: Ratio calculation to all pictures 
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Table 2 : Ratio calculation 

DMSO  
Area Integrated density Int/Area Ratio 

No Treatment A 
   

Whole cells 999.836 79215.392 79.22839 
 

Nucleus 524.499 35443.651 67.5762 
 

Cytosol 475.337 43771.741 92.0857 1.362694  
B 

   

Whole cells 1326.899 122651.425 92.43464 
 

Nucleus 726.149 64428.407 88.72615 
 

Cytosol 600.75 58223.018 96.91722 1.092318  
C 

   

Whole cells 1143.299 47116.191 41.21073 
 

Nucleus 559.298 20005.295 35.76858 
 

Cytosol 584.001 27110.896 46.42269 1.297862  
D 

   

Whole cells 2663.854 264164.23 99.16618 
 

Nucleus 1405.78 131809.013 93.76219 
 

Cytosol 1258.074 132355.217 105.2046 1.122037   
Average Ratio DMSO 1.218728 

 

 
Goyazensolide 
 Area Integrated density Int/Area Ratio 
Goyazensolide 1A    
Whole cells 1036.597 70567.839 68.07645  
Nucleus 383.935 17332.133 45.1434  
Cytosol 652.662 53235.706 81.56704 1.806843 
 1B    
Whole cells 2079.43 142805.488 68.6753  
Nucleus 1030.202 52726.816 51.18105  
Cytosol 1049.228 90078.672 85.85233 1.677424 
 25A    
Whole cells 1452.821 70476.786 48.5103  
Nucleus 618.297 18677.594 30.20813  
Cytosol 834.524 51799.192 62.07034 2.054756 
 25B    
Whole cells 890.415 42677.438 47.92983  
Nucleus 405.471 12686.904 31.2893  
Cytosol 484.944 29990.534 61.84329 1.9765 
  Average Ratio 1 µM 1.742134  
  Average Ratio 2.5 µM 2.015628  
  Ratio increasing (%) 65.38786  
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Table 3:  Raw data 

RAW DATA ImageJ Software 1:   Whole cells   
   2:   Nucleus   
 PICTURE A Area Mean Min Max IntDen RawIntDen 
1 999.836 79.228 11 255 79215.392 15905174 
2 524.499 67.576 0 255 35443.651 7116514 
 PICTURE B Area Mean Min Max IntDen RawIntDen 
1 1326.899 92.435 19 255 122651.425 24626430 
2 726.149 88.726 0 255 64428.407 12936186 
 PICTURE C Area Mean Min Max IntDen RawIntDen 
1 1143.299 41.211 5 255 47116.191 9460172 
2 559.298 35.769 0 225 20005.295 4016741 
 PICTURE D Area Mean Min Max IntDen RawIntDen 
1 2663.854 99.166 23 255 264164.23 53039921 
2 1405.78 93.762 0 255 131809.013 26465126 
       
 PICTURE 1A Area Mean Min Max IntDen RawIntDen 
1 1036.597 68.076 12 255 70567.839 14168885 
2 383.935 45.143 0 255 17332.133 3480013 
 PICTURE 1B Area Mean Min Max IntDen RawIntDen 
1 2079.43 68.675 6 255 142805.488 28673041 
2 1030.202 51.181 0 255 52726.816 10586695 
 PICTURE 25A Area Mean Min Max IntDen RawIntDen 
1 1452.821 48.51 5 255 70476.786 14150603 
2 618.297 30.208 0 227 18677.594 3750160 
 PICTURE 25B Area Mean Min Max IntDen RawIntDen 
1 890.415 47.93 6 255 42677.438 8568942 
2 405.471 31.289 1 255 12686.904 2547326 

 

 

 

Figure 121:  Plot profile determination (Image J software) 
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Figure 122 : DMSO treatment 

 

 

Figure 123: Goyazensolide 1 µM treatment 
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Figure 124:  Goyazensolide 2.5 µM treatment 

 

Table 4 : Standard deviation (STDEV) and Standard error of mean (SEM) 

Ratio Ratio Ratio    

DMSO Goyazens
olide 1 μM 

Goyazensolide 
2.5 μM 

Standard 
deviation 

 Standard error of 
mean 

1.362694 1.806843 2.054756 0.132056852 4 0.066028426 
1.092318 1.677424 1.9765 0.091513053 2 0.0647095 
1.297862   0.055335348 2 0.039128 
1.122037      

DMSO Goyazens
olide 1 μM 

Goyazensolide 
2.5 μM 

   

1.218728 1.7421335 2.015628    

 

III.6. Experimental procedures for pAKT assay and NLS pull-down 
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pAKT assay. 

SW620 Cells were seeded (350.000 cells/mL) in a 6 well plate and left two days to 
attach and grow. Cells were incubated with DMSO or goyazensolide (5 µM) in a time 
dependant manner. Cells were lysed and scrapped in the presence of phosphatase 
inhibitors at 4 °C. Lysates were centrifuge at 14000g for 15 minutes at 4 °C. SDS-
PAGE followed by western blot treated with respective antibodies (pAKT and actin). 

 

 

Figure 125 : Full immunoblot of p-AKT (p-AKT Ser473 antibody) expression upon treatment of SW620 
cells with DMSO or goyazensolide (5 µM, 4 h) 

 

Pulldown experiment with viruses NLS. 10µL of 100µM solutions of the 
corresponding NLS (0.2% SDS in PBS) were added to 30 µL of magnetic streptavidin 
beads and the suspension was shaken for 1 hour. The supernatant was discarded and 
the beads were washed 5× with a solution of 0.2% SDS in PBS. The pre-treated lysates 
(30 µL of treated lysate (3 mg/mL) with DMSO or goyazensolide 10 µM for 30 min) 
were added to the beads and shaken 3 hours. The supernatants were discarded and 
the beads were washed 2× times (20 µL) with 0.2% SDS in PBS. 15 µL of SDS 5%. 
For elutions 5 µL of Laemli buffer were added to the beads and the mixtures were 
shaken and heated at 95°C for 3 minutes followed by SDS-PAGE and western blot. 
Incubation with IPO5 antibody (1:1000) followed by rabbit secondary antibody (1:   
10000). Chemoluminescence was used for detection. 
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Figure 126 : Full immunoblot of competitive interaction between NLS and IPO5. Magnetic streptavidin 
beads were saturated with corresponding NLS and then incubated for 2 hours with HT29 lysate 

treated with DMSO or goyazensolide (10 µM, 30 min). 

 

Biotin probes        -          Biocytin        NLS-2        NLS-2
Withaferin A       -    -    -            +

IPO5 antibody

Control Influenza A

 

Figure 127 : Full immunoblot of competitive interaction between influenza NLS and IPO5. Magnetic 
streptavidin beads were saturated with biotinylated NLS and then incubated for 2 hours with SW620 

lysate treated with DMSO or withaferin A (10 µM, 30 min). 

 

III.7. Preparation of NLS-1 and NLS-2 

NLS-1 and NLS-2 were synthesized using solid-phase synthesis. General procedure 
described in PLoS One 2020, 15, e0238089. 
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Figure 128 : Chemical structures of NLS-1 and NLS-2 
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Data of NLS-1: 

(C110H194N56O26S), [M+H]+ isotopic peaks with relative distribution:   2748.53 (100.0%), 
2747.53 (84.1%), 2749.54 (35.9%) 

 

Data of NLS-2: 

(C167H299N65O42S3), [M+H]+ isotopic peaks with relative distribution:   3984.24 
(100.0%), 3985.25 (66.1%), 3983.24 (55.4%), 3986.25 (46.9%), 3985.24 (24.0%)  
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III.8. Quantification of fluorescent bands 

Experimental procedures for Figure 76 and Figure 129 

 

Figure 129 : Competition experiment with 50 µM of 1-17 and 32 (correspond to a-p, see Figure 76) 

Goyazensolide and atripliciolide selectively bind IPO5 versus other members of the 
same family of heliangolides. Competition experiment. A SW620 Lysate was incubated 
for 30 minutes with DMSO or one of the natural products (50 µM) for 30 min, and then 
labeled with 10 µM of GOYA-2 followed by CuAAC reaction with Cy3-N3. The 
labeling/competition experiment shows selective binding of goyazensolide (1) and 
atripliciolide (2) to IPO5 protein. 

Quantification (ImageJ software) 

 

Figure 130 : Competition experiment with 10 µM of analogs 1-17 and 32 (See Figure 76) 
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PC3 cell lysate were preincubate for 30 min with 10 µM of DMSO or analogs and then 
labeled with 10 µM of GOYA-2 followed by CuAAC reaction with Cy3-N3. Proteins were 
separated using a 10% SDS-PAGE gel. Gels were visualized at 625 nm using a 
fluorescence scanner and then stained with Coomassie brilliant blue. 

Quantification  

Binding efficiency was calculated by density of the fluorescent band. We used 
Coomassie staining was used as reference. 

1) Grey intensity determination for fluorescence 

 
2) Grey intensity determination for Coomassie 
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3) Calculation 

Table 5 : Raw data and calculation of Quantification  

Gel1 

Analogs Fluorescence density Coomassie density (dye) F/C Fraction 
- 9938.844 5119.347 1.941428 1 
1 3166.782 5275.811 0.600246 0.309177 
2 2863.225 5417.861 0.528479 0.272211 
3 8507.43 5651.154 1.505432 0.775425 
4 7714.823 5615.276 1.373899 0.707675 
5 6462.045 5792.276 1.115631 0.574645 
6 9374.38 5868.276 1.597467 0.822831 
7 9108.43 5645.276 1.613461 0.831069 
8 10058.309 5812.811 1.730369 0.891287 
9 9769.966 5093.296 1.918201 0.988036 
10 11011.693 5687.468 1.936133 0.997272 
Gel2 
- 11349.67 4811.569 2.35883 1 
1 3077.953 4637.569 0.6637 0.281368 
11 11662.79 4956.861 2.352859 0.997469 
12 10525.38 4756.154 2.213002 0.938178 
13 10426.62 4422.326 2.357724 0.999531 
14 10538.92 4654.569 2.264209 0.959886 
15 8101.48 4933.326 1.642194 0.69619 
16 10379.97 4987.983 2.080995 0.882215 
17 9482.602 4648.619 2.039875 0.864783 
32 11447.21 4881.447 2.345044 0.994156  

Binding efficiency representation. We observed a difference of binding efficiency by 
comparison of compounds 1-6 versus 7-13. The C8 stereochemistry plays an 
important role in the binding efficiency. 

III.9. Reaction between goyazensolide / atripliciolide / 15-

deoxygoyazensolide with glutathione. 

Procedure: 

1 equivalent of natural product was dissolved in 50 L of DMSOd6 and 450L of 

deuterated PBS and placed in an NMR tube. 1 equivalent of glutathione was added 
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and reaction was monitored by NMR. Once the first binding occurred, a second 

equivalent of glutathione was added and the reaction was monitored by NMR. 

Characterization of atripliciolide by HMBC 

 

 

Figure 131:  HMBC analysis on the second binding of atripliciolide 

 

III.10. Synthesis of desthiobiotinylated Iodoacetamide. 

 

 

Figure 132:  Synthetic route of desthiobiotinylated iodoacetamide 

Step 1. DIPEA (325 L, 1.79 mmol) was added dropwise to a solution of desthiobiotin 

(175 mg, 0.717 mmol), amine (186 mg, 0.86 mmol), HATU (327 mg, 0.86 mmol) in 
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DMF (3 mL) at 0 °C. Mixture stirred 15 min at 0 °C and was used without further 

purification (315 mg, yield 99%). 

Step 2. Compound 2 (315 mg, 0.713 mmol) was treated with 10%TFA in CH2Cl2 (2 

mL) and stirred 45 min at RT. Solvent removed and purified by HPLC Biotage 

(Water/ACN 95/5 to 10/90). Lyophilization gave a white powder (188 mg, 58%). 

Step 3. Et3N (18 L, 0.128 mmol) was added dropwise to a solution of amine (20 mg, 

0.044 mmol) and acyl chloride (18 mg, 0.088 mmol) in CH2Cl2 (3 mL) at 0 °C. Mixture 

stirred 15 min at 0 °C and purified by HPLC ZORBAX (Water/ACN 5/95 to 90/10). 

Lyophilization gave a white powder (8 mg, 36%). 

 

Figure 133:  MS analysis of the desthiobiotinylated iodoacetamide 

Desthiobiotinylated Iodoacetamide Pull-Down. IPO5-GST (2 µg in 2 µL DPBS, 8 

µM) was treated with 10 µL TCEP for 30 minutes at room temperature. 10 µL of 

desthiobiotinylated iodoacetamide (20 mM) were added, and the mixture incubated 1 

hour in the dark at room temperature. Streptavidin enrichment incubating the solution 

with 20 µL of streptavidin magnetic beads during 2 hours rotation at room temperature. 

The beads were then washed 2 x PBS/SDS 0.2 % and 3 x NH4HCO3 50 mM and then 

treated with 20 µL of NH4HCO3 50 mM, 5 µL acetonitrile and 4 µL of trypsin (1 µg in 

50 µL NH4HCO3 50 mM) followed by overnight digestion at 37°C under high agitation 
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(1’500 rpm). The supernatant was removed, and the beads were incubated again with 

4 µL of trypsin during 4 hours at 37 °C. The supernatant was again removed, 30 µL of 

NH4HCO3 50 mM was added and the elution was done with a thermal denaturation (5 

minutes, 95 °C). The supernatant was placed into a microtube and the remaining beads 

were incubated for extra 2 minutes under high agitation with 30 µL of extraction buffer 

I (20% CH3CN, 80% H2O, 1% formic acid). The supernatant was then collected, and 

the fragments incubate for another 2 minutes with 30 µL of Extraction Buffer 2 (95% 

CH3CN, 5% H2O, 1% formic acid). The combined supernatants were lyophilized, 

resuspended in Buffer A (95% H2O, 5% CH3CN, 0.1% formic acid) and summited to 

high-resolution mass spectra. (HRMS, Xevo G2 Tof spectrometer, Ionization mode: 

ESI positive polarity; Mobile phase: MeOH 100 µl/min). 

 
III.11. Cell viability / cytotoxicity assays 

Procedure cell viability assay 

3000 A549 cells per well were seed in a 96 well plates and grow 24h. Cells were 

incubated with DMSO or compound during 10h. Cells were blocked with PFA 4% 

during 30 min followed by Hoescht (1 g/mL) 30 min. If penetration of Hoescht is not 

optimal, add saponin 0.01%. Cells were washed with Plate washer, Biotek EL406 

(PBS) to remove dead cells. Cells were counted with microscope Whitefield IXM-XL. 

A total of 25 pictures for each well are taken and give an average per well. Each sample 

have 6 biological replicates (Total of 125 pictures per samples for a consistent 

average). 

 

Figure 134:  Cell viability assay with all the compounds tested on the plaque assay 
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Procedure cytotoxicity assay (cell counting) 

Same procedure as cell viability assay. A range of concentration was used and cells 

were incubated 48h. 

 

Cytotoxicity of withaferin A 

 

Cytotoxicity of FiVe1 

 

 

III.12. Procedure viral nucleoprotein quantification 

 In 6 well plates, seed 1.5 105 A549 cells in each wells and let them grow 24h. Cells 

were preincubated 30 minutes with DMSO or compound.  Media removed, cells were 

washed with PBS and infected at 5 MOI (200 µL) during 40 minutes at 37°C, shake 
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every 10 minutes. Viral solution removed, washed with infection media (DMEM + BSA 

0.2% + TPCK Trypsin Y20000) and add infection media in the presence of DMSO or 

compound. For each time point, infection media was removed, cells were washed with 

PBS and Lysis buffer was added. Incubation 3 min then freeze at -80 °C. Lysates were 

injected in SDS page followed by western blot and nucleoproteins were labeled by the 

corresponding antibody.                                                 

 

III.13. Procedure plaque assay 

In 6 well plates, seed 1.5 105 A549 cells in each wells and let them grow 24h. Media 

removed and cells were preincubated with DMSO or compound 2h. Media removed, 

cells were washed with PBS and infected at desired MOI (200 µL) during 40 minutes 

at 37°C, shake every 10 minutes. Viral solution removed, washed with infection media 

(DMEM + BSA 0.2% + TPCK Trypsin Y20000) and add infection media in the presence 

of DMSO or compound. Take out 100 µL samples after 8h, 24h, 48h and freeze in a 

screw cap tube (-80 °C). After 24h, add fresh infection media with DMSO or compound. 

In 6 well plates, seed 106 MDCK cells in each well until confluence (around 24 h). 

Prepare plaque medium, dilute viral solutions were prepared from 10 to 106. 

Remove MDCK cells media, wash with PBS and cells were infected with diluted viral 

solutions (200 µL, 45 minutes, shake every 10 minutes). Viral solutions were removed, 

agar plaque medium was added, and plates were placed in the incubator 24-48 hours. 

Cells were fixed with PFA 4% and stained with cristal violet. Number of viral plaques 

were counted. 
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Additional plaque assays 

Plaque assay with WA and WAP-1 at 500-250 nM (0.3 MOI) 

 

 

 

 

Plaque assay with goyazensolide at 500 nM (0.02 MOI) 
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IV. NMR spectrum 
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