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“Chemistry is thought to be an arcane subject, one from which whole populations seems to have

recoiled, and one that many think can be understood only by the monkishly initiated. It is thought to

be abstract because all its explanations are in terms of scarcely imaginable atoms. But, in fact, once

you accept that atoms are real and imaginable as they go about their daily lives, the theatre of

chemical change becomes open to visualization.”

Reactions: The Private Life of Atoms, Peter Atkins

“Chemistry is like cooking, just don’t lick the spoon!”

meme found on 9GAG

“In learning you will teach

And in teaching you will learn”

Son of Man, Phil Collins
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Vers la synthèse totale des momilactones

Réactions de Diels-Alder asymétriques de quinones et sulfinylquinones pour la synthèse de terpènes

Loïc Jeanmart

Les momilactones A et B sont deux métabolites secondaires, isolés des balles de riz, qui par-

ticipent aux mécanismes de défense de la plante de riz. Ce sont des diterpènes de la famille des

pimaranes avec une γ-lactone 4,6-transannulaire et ont d’abord été identifiées comme composés an-

tifongiques, antibactériens et inhibiteurs de croissance. Plus récemment, des études ont publié leurs

activités anticancéreuses contre plusieurs lignées cellulaires sans pour autant réduire la viabilité des

cellules saines. Elles présentent également une activité contre le diabète de type 2. Ces nombreuses

activités biologiques en font de bons candidats en tant que potentiels agents médicamenteux.

Le but de ce projet était de proposer la première synthèse énantiosélective des momilactones en

utilisant une réaction de Diels-Alder asymétrique, entre un diène oxygéné et une quinone, pour la

construction des deux premiers cycles, suivie de la formation stéréosélective de la lactone transan-

nulaire. La construction du troisième cycle est prévue par une annélation de type Tsuji-Trost d’une

chaine allylsilane sur une double liaison exocyclique.

Cette thèse présente d’abord le profil des pimaranes contenant le même motif γ-lactone 4,6-

transannulaire. Elle se concentre ensuite sur les momilactones en présentant leurs activités bi-

ologiques, leur biosynthèse et l’unique synthèse totale racémique de la momilactone A. Un bref

historique de la réaction de Diels-Alder et des caractéristiques qui ont rendu cette réaction si célèbre

en synthèse totale est ensuite décrit. Certaines méthodes de réactions de Diels-Alder asymétriques

sur les quinones et l’utilisation de sulfinylquinones chirales sont présentées plus en détails.

Après une description des voies de synthèse prévues pour la synthèse totale des momilactones,

la deuxième partie de ce document présente la préparation et l’utilisation des précurseurs pour les

réactions de Diels-Alder asymétriques prévues. Un chapitre est dédié à la préparation de six diènes

oxygénés et, plus spécifiquement, au développement d’une nouvelle méthode de synthèse des 4-

alkoxy-α-pyrones, par des cyclisations de β-cétoesters en milieu acide, qui nous a aussi menés à la

découverte d’une nouvelle méthode de synthèse de thiométhylènefuranones.

Le chapitre suivant décrit la synthèse et l’étude des quinones et sulfinylquinones. Une analyse

structurelle, par diffraction aux rayons X et des méthodes théoriques, nous a permis de suggérer

des ajouts aux modèles proposés précédemment pour expliquer la conformation préférentielle des

sulfinylquinones et la stéréosélectivité de leurs cycloadditions. Par la suite, une étude de l’effet du

solvant sur cette stéréosélectivité nous a conduit à la découverte du HFIP qui accélérait grandement

la réaction et donnait une excellente stéréosélectivité. Ces propriétés d’accélération ont aussi été

démontrées avec d’autres quinones et différents diènes.

Enfin, le dernier chapitre de cette thèse présente les premiers essais de réactions de Diels-

Alder asymétriques. Après avoir testé les différentes combinaisons de diènes et quinones, deux

voies de synthèse potentielles sont ressorties. Elles nécessitent encore une optimisation mais sont

prometteuses. L’échec d’un système catalytique nous a aussi mené à la conception d’une nouvelle

quinone phtalide qui devrait fournir une voie de synthèse élégante pour les momilactones A et B.
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Momilactones A and B are two secondary metabolites isolated from rice husks that participate in

the defence mechanisms of the rice plant. They are pimarane diterpenes with a 4,6-transannular

γ-lactone and have been first identified as antifungal, antibacterial compounds and growth inhibitors.

More recently, studies reported that momilactones showed anticancer activities against several cell

lines without decreasing the viability of healthy cells. They also exhibited activity against type 2

diabetes. Those numerous biological activities make them good candidates as potential medicinal

agents.

The aim of this project was to propose the first enantioselective synthesis of momilactones using

an asymmetric Diels-Alder reaction, between an oxygenated diene and a quinone, for the construction

of the two first rings, followed by the stereoselective formation of the lactone. The formation of the

third ring is planned via a Tsuji-Trost type annelation of an allylsilane chain on an exocyclic double

bond.

This thesis first presents the profile of the pimarane diterpenes bearing the same 4,6-transannular

γ-lactone pattern as the momilactones. It then focuses on momilactones by presenting their biological

activities, their biosynthesis and the only racemic total synthesis of momilactone A that has been

reported. Then, a brief historic of the Diels-Alder reaction and the main features that made this

cycloaddition so famous in total synthesis is described. Some methods to carry out asymmetric

Diels-Alder reactions on quinones and the use of chiral sulfinylquinones are extensively discussed.

After a description of the planned synthetic sequences for the total synthesis of momilactones,

The second part of this document presents the preparation and the use of the different precursors

for the planned asymmetric Diels-Alder reactions. A chapter is dedicated to the preparation of six

oxygenated dienes and more specifically to the development of a new method for the synthesis of

4-alkoxy-α-pyrones, through the acid-promoted cyclisation of β-ketoesters, that also led us to the

serendipitous discovery of a versatile method for the synthesis of thiomethylenefuranones.

The next chapter reports the synthesis and study of quinones and sulfinylquinones. A structural

analysis of sulfinylquinones, using X-ray diffraction and computational methods, allowed us to suggest

some complements to the models previously proposed to explain the preferential conformation of the

sulfinylquinone and the stereoselectivity of their cycloadditions. Then, a study of the effect of the

solvent on the stereoselectivity of the cycloadditions of sulfinylquinones led us to the discovery of

HFIP that greatly accelerated the reaction and gave an excellent stereoselectivity. The accelerating

properties of HFIP were also demonstrated with other quinones and different dienes.

Finally, the last chapter of this thesis depicts the first attempts of asymmetric Diels-Alder reactions

between our oxygenated dienes and quinones. After testing the different combinations of dienes and

quinones, two potential pathways stood out. They still need optimisation, but are most promising.

One catalytic system that failed also led us to the design and preparation of a brand new phthalide

quinone that should provide an elegant pathway for both momilactones A and B.
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Pimarane diterpenes and

momilactones





1 Pimarane diterpenes and momilac-
tones
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Figure 1.1: Structures of momilactones A and B.

Momilactones are natural substances of the pimarane

diterpene family and bear a 4,6-transannular γ-

lactone. The two first members of that family, momi-

lactones A (1) and B (2), were isolated in 1973 from

rice husks and participate in the defence mechanisms

of the rice plant. They were first identified as antifugal,

antibacterial compounds and growth inhibitors. More

recently, they proved to possess anticancer activities

against several cancer cell lines, but without decreas-

ing the viability of healthy cells. They also showed to be active against type 2 diabetes. Given their

numerous biological activities, making them good candidates as potential medicinal agents, the great

interest shown in them is quite natural. Moreover, their peculiar structure makes them attractive to

the chemist as a synthetic challenge.

Therefore, in this chapter, an overview of the diterpene family will be presented, including the

biosynthesis of their common precursor, geranylgeranyl diphosphate, as well as the richness of the

substructures of those natural compounds. We will then focus on the pimarane diterpenoids and use

some examples to illustrate the natural sources from which this compounds can be isolated.

We will later focus on pimarane diterpenoids bearing a 4,6-transannular γ-lactone that is the

general pattern of the momilactones, the natural compounds in which we take a great interest in

this work. We will show the variety of those substructures and describe the natural sources of the

compounds of that subfamily. We will also highlight the great interest that can be taken in those

compounds by presenting the biological activities they possess and that can be very interesting for

the human kind.

The final part of this chapter will provide more details on the momilactones and their origin, es-

pecially momilactones A and B. As said above, those two natural compounds play an important role

in the protection of the rice plant, but also present a great interest as potential drug against human

diseases. Thereby, a detailed description of their biological activities will be presented as well as their

biosynthetic pathway, that is one of the best known for that family of compounds, and the first racemic

total synthesis of momilactone A.

1.1 Terpenes and the isoprenoids family

Plants, fungi and even marine organisms are seemingly an inexhaustible source of natural products

with remarkable structural and biological diversity. Many of those natural compounds are part of the

isoprenoid family and are constructed from the same five carbon atoms units: isopentenyl diphos-

phate (IPP, 17) and its allylic isomer, dimethylallyl diphosphate (DMAPP, 18). Oligomers of those two

units, formed by head-to-tail union, undergo diverse biochemical transformations giving rise to a large

library of natural substances (more than 30 000) ranging from vitamins to steroids or pigments.1–3

There are two known pathways for the biosynthesis of IPP. The first one that was discovered, and

which was considered as the only one for decades, is the mevalonic pathway (Scheme 1.1).

5
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This pathway starts with the condensation of three acetyl-CoA units, giving hydroxymethylglutaryl-

CoA (HMG-CoA, 5), which is then reduced into mevalonate (6). A double phosphorylation, performed

by kinases, leads to 5-pyrophosphomevlonate (DPM, 8). The latter then undergoes a decarboxylation

and a dehydration, to give IPP (17).8

In the late eighties, 13C and 14C studies allowed to highlight the existence of a non-mevalonate IPP

biosynthesis pathway (Scheme 1.1).9,10 This pathway, also called methylerythritol phosphate (MEP,

12) pathway, starts with the condensation of pyruvate (9) and glyceraldehyde-3-phosphate (G3P,

10), in presence of thiamine pyrophosphate (TPP), giving 1-deoxy-D-xylulose-5-phosphate (DXP, 11).

That intermediate is then reduced into 2-C-methyl-D-erythritol-4-phosphate (MEP, 12). A molecule of

cytidine triphosphate (CTP) is then introduced to form cytidine diphosphomethylerythritol (CDP-ME,

13), which is then phosphorylated. A cyclisation reaction is then performed on intermediate 14, with

the elimination of cytidine monophosphate (CMP), giving methylerythritol cyclodiphosphate (MECDP,

15). The latter is then reopened to give hydroxymethylbutenyl diphosphate (HMBDP, 16), which is

reduced into IPP (17) or DMAPP (18). IPP and DMAPP are in an equilibrium thanks to the action of

the IPP isomerase (IDI).11–13

Once those two units are synthesised, the oligomerisation process can be started (Scheme 1.2).

In this process, an IPP unit and a DMAPP unit are condensed via a “head-to-tail” addition to give the

first isoprenoid oligomer, geranyl diphosphate (GPP, 19). The latter will serve as base unit for the

biosynthesis of well known monoterpenes such as limonene, carvone, menthol, geraniol, and many

others.14,15

Me

Me
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18
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IPP PPi

19
Me

Me

Me
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FPPS
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20
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2 PPi
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PPi

21

Me Me

OPPMe Me

Me

Geranylgeranyl diphosphate (21)

diterpenes

carotenoids
retinoids

chlorophyls

Scheme 1.2: Condensation of IPP (17) to give the first isoprenoid oligomers.3,5,7,14,16

The sequence continues by addition of a third IPP unit to form farnesyl diphosphate (FPP, 20),

which can later lead to the biosynthesis of sesquiterpenes (e.g. parthenolide, artemisinin, and hu-

mulene).16,17 Along with the biosynthesis of sesquiterpenes, FPP (20) can also be dimerised into
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squalene, through a “head-to-head” condensation, that can then lead to the synthesis of sterols.5,14

Finally, a fourth IPP unit can be added to form geranylgeranyl diphosphate (GGPP, 21), that will be the

base unit for the biosynthesis of chlorophylls, retinoids, and carotenoids.3,18 But most of all, GGPP

can be transformed into diterpenes, the isoprenoid class that interests us in this work.

1.2 The diterpene classes

Due to its twenty carbon atom base unit, GGPP (21) can be transformed into many biologically active

natural compounds, through complex chemo-, regio-, and stereoselective enzymatic processes.

In order to simplify the diterpene nomenclature, they have been classified according to the num-

ber of full carbon atom cycles formed with the diterpene chain. They are then further divided into

subfamilies depending on the size of the cycles and the position of the remaining side chains. The

main classes of diterpenes, based of the extended listing of Hanson over the last four decades,19–28

are represented in Figure 1.3, but many other structural types exist in nature. Taking into account the

different stereochemical possibilities and the unclassified isomers, there are more than 120 types of

diterpene structures.29

The first group contains the acyclic diterpenes, also called the phytane (24) diterpenes. This fam-

ily was named after phytol, the prenyl side chain of chlorophyll, from which phytane would be obtained

after a series of reduction reactions.30

As can be noticed in Figure 1.3, there is no subclass of monocyclic diterpenes, due to the fact very

few examples have been found in nature. Although cembrane (41) could be classified as a mono-

cyclic compound, it was rather defined as a macrocyclic one. Nevertheless, some examples can be

cited, such as sauruchinenols A (22a) and B (22b), secondary metabolites extracted from the aerial

parts of Saururus chinensins, a plant known as Asian lizard’s tail (Figure 1.2).31 Another example is

jaspaquinol (23), a benzenoid monocyclic diterpene isolated from marine sponges Suberea sp. and

Jaspis splendens.32

22

O
Me

HO

Me COOH

Me

Me

Sauruchinenol A (22a): E isomer
Sauruchinenol B (22b): Z isomer

23
Me

Me Me Me Me

HO

OH

Jaspaquinol (23)

Figure 1.2: Structure of sauruchinenol A (22a) and B (22b), and jaspaquinol (23), three monocyclic diter-
penoids.31,32

One of the constituents of the bicyclic diterpenoid group are labdanes (25). They are named after

labdanum, a resin derived from the gum rockrose, from which several products of that family are

extracted.33–35 This group is also composed of clerodanes (26), named after Clerodendrum infor-

tunatum, a plant providing many very potent natural antifeedants.36 There are also halimanes (27),

that were initially called “rearranged labdanes”, but that were later renamed after the plant Halimium

viscosium.37,38
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Acyclic diterpeneoids

24
Phytane (24)

Bicyclic diterpenoids

25
Labdane (25)

26
Clerodane (26)

27
Halimane (27)

Tricyclic diterpenoids

28
Abietane (28)

29
Pimarane (29)

30
Cassane (30)

31
Rosane (31)

Tetracyclic diterpenoids

32
Kaurane (32)

33
C19-Giberellane (33)

34
C20-Giberellane (34)

35
Aphidicolane (35)

36
Trachylobane (36)

37
Atisane (37)

38
Beyerane (38)

39
Stemarane (39)

40
Grayanotoxin (40)

Macrocyclic diterpenoids

41
Cembrane (41)

42
Casbane (42)

43
Taxane (43)

44
Jathrophane (44)

45
Lathyrane (45)

46
Daphnane (46)

47
Tigliane (47)

48
Ingenane (48)

39,40

Figure 1.3: Backbones of the main classes of diterpenoids organised by the number of cycles.19–28,41
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The next category of diterpenes are tricyclic compounds. This group is composed of abietanes

(28), pimaranes (29), cassanes (30), and rosanes (31). The abietane subgroup takes its name from

a series acidic compounds found in the distillation residue of pine resins (Abies is latin for pine).39,40

The cassane class was named after compounds isolated from plants of the Caesalpinia species.

These tricyclic diterpenes often bear a furan ring or an α,β-butenolide.42,43 Most of the members of

the rosane diterpenes, although very few examples are found in the literature, are isolated from the

root bark of Hugonia castaneifolia, a medicinal plant found in the tropical areas of Africa, Madagascar

and Mauritius.44,45

The tetracyclic diterpenoid family is close to the tricyclic one, as their members possess three

main carbon atoms rings, but with a carbon bridge on the third cycle. Eight recurring structural types

have been identified in Hansons’s work: kauranes (32), giberellanes (33 and 34), aphidicolanes (35),

trachylobanes (36), atisanes (37), beyeranes (38), stemaranes (39), and grayanotoxins (40).19–28

Among the members of that family, giberellins are the most abundant and are considered as phy-

tohormones, necessary for the growth and development of the plants.46,47 The giberellins are also

divided into two subgroups: a twenty carbon atom group and a nineteen carbon atom group, which

have lost one carbon atom.47

Diterpenoids containing at least one cycle of seven carbon atoms or more are listed in the macro-

cyclic diterpenoid family. They are especially composed of cembranes (41), casbanes (42), taxanes

(43), jathrophanes (44), lathyranes (45), daphnanes (46), tiglianes (47), and ingenanes (48). Those

compounds, besides the complexity of their macrocylic structure, reveal various effects such as an-

titumor, cytotoxic, multidrug-resistance-reversing, antiviral properties, and anti-inflammatory activi-

ties.48

1.3 The pimarane diterpenoids

1.3.1 Where to find them

The first occurrence of a pimarane diterpene we could find was pimaric acid49 (49, Figure 1.4) that

was isolated from the turpentine of the marine pine and whose name was created by contracting the

latin name of that three, Pinus maritima.50 Since then, many other compounds entered that classifi-

cation, such as ent-pimaradienes (50a-f) isolated from the air-dried tubers of Vigiuera arenaria.51,52

49
Me

Me

Me

CO2H

Pimaric acid (49)

50

R1

Me

R4

Me
R5

Me

R2 R3

50a: R1=R3=R4=R5=H, R2=CO2H
50b: R1=R5=H, R2=CO2H, R3+R4=O
50c: R1=OH, R2=R3=R4=R5=H
50d: R1=R2=OH, R3=R4=R5=H
50e: R1=R5=OH, R2=R3=R4=H
50f: R1=R3=R5=H, R4=OH, R2=CO2H

Figure 1.4: Structures of pimaric acid (49) and six ent-pimaradienes (50a-f).49,51,52

It was shown that ent-8(14)15-pimaradiene-3β-ol (50c) induced vascular relaxation, using stan-

dard muscle bath procedures with isolated aortic rings from male Wistar rats.53 This property, which
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is even more pronounced for pimaradienoic acid 50a, was found to result from an inhibitory effect on

the Ca2+ influx, which induces alterations of the smooth muscle cellular membrane.54,55

Most pimarane diterpenes come from plants and fungi but are more rarely produced by marine

organisms.56,57 Most importantly, they possess interesting biological activities along with potential

applications in agriculture and medicine.58–60 In this section, a few examples of such pimarane diter-

penes will be presented in order to highlight the large amount of sources and structural diversity.

Another provider of a large amount of pimarane diterpenes is Oryza sativa. The rice plants mostly

produce those secondary metabolites as phytoalexin agents when they are infected with Pyricularia

oryzae, a fungus being the causal agent of rice blast.61 One family of phytoalexins extracted from

infected rice blast leaves are the oryzalexins A-D (51a-d, Figure 1.5).62,63 A few years later, Akat-

suka et al. isolated oryzalexins E (51e) and F (51f) after UV-irradiation of rice leaves infected by P.

oryzae.64,65 It was also evidenced, when tested against P. oryzae to evaluate its mode of action, that

oryzalexin D (51d) caused membrane permeability, acting like a detergent.66

51Me

R3

Me

Me

R6 R4

R5

R1

R2

Oryzalexins (51)

51a: R1=R5=H, R2=OH, R3+R4=O, R6=Me
51b: R1+R2=O, R3=OH, R4=R5=H, R6=Me
51c: R1+R2=R3+R4=O, R5=H, R6=Me
51d: R1=R4=R5=H, R2=R3=OH, R6=Me
51e: R1=R3=R4=H, R2=R5=OH, R6=Me
51f: R1=R3=R4=R5=H, R2=OH, R6=CH2OH

52
R2O

Me

Me
BzO

Me

Me

R1O
BzO

OAc

O
OH

Orthosiphols (52)

52a: R1=Ac, R2=OH
52b: R1=OH, R2=Ac

53
HO

Me

Me

Me

Me

HO

O
OGlc

Ephemeranthoside (53)

Figure 1.5: Structures of oryzalexins (51), orthosiphols (52), and ephemeranthoside (53), isolated from O.
sativa, O. stamineus, and E. lonchophylla, respectively.62–65,67,68

Another example pimarane diterpenes from plants are orthosiphols A (52a) and B (52b), both

isolated from the dry leaves of Orthosiphon stamineus, a Southeast Asian plant, well-known for its di-

uretic and anti-inflammatory activity. It was shown that both compounds possess an anti-inflammatory

activity against inflammation in mouse ears induced by TPA, a tumor promoter.67

Another particularity observed in plants is their ability to produce metabolites with sugar frag-

ments such as ephemeranthoside (53), a glycosylated pimarane diterpene, isolated from the stems

of Ephemerantha lonchophylla, a plant used in traditional Chinese medicine.68

Fungi are also contributors to the structural diversity of pimaranes and many of them were isolated

from the liquid cultures of fungi belonging to the genus Sphaeropsis and Diplodia, causal agents of

canker diseases of the Mediterranean cypress (Cupressus sempervirens L.).69 Evidente et al.70,71

isolated sphaeropsidins A and B (54a and 54b, Figure 1.6) from the fermentation of Sphaeropsis sap-

inea f. sp. cupressi, even though they had already been isolated from the fermentation of Aspergillus

chevalieri two decades earlier,72 and confirmed the structure of 54a by X-ray analysis.73
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Me

Me

Me OH

O

O
OH

R1

R2

54Sphaeropsidin A (54a): R1+R2=O
Sphaeropsidin B (54b): R1=OH, R2=H

Me

Me

Me OH

O

OH

R1

R2

HO

HO

55Diaporthein A (55a): R1=OH, R2=H
Diaporthein B (55b): R1+R2=O

56

Me

Me OH

OH

AcO
HO O

Libertellenone D (56)

Figure 1.6: Structures of sphaeropsidins A (54a) and B (54b), diaportheins A (55a) and B (55b), and lib-
ertellenone D (56), isolated from S. sapinea f. sp. cupressi, Diaporthe sp. BCC 6140, and Libertella sp.,
respectively71,73–75

In 2003, Kittakoop et al. isolated diaportheins A (55a) and B (55b), from the culture broth of the

fungus Diaporthe sp. BCC 6140.74 They showed 55b has interesting biological activities, evidenced

by the strong inhibition of the growth of M. tuberculosis.

Libertellenone D (56), along with three other derivatives, were biosynthesised by the marine-

derived fungus Libertella sp. after addition of bacteria. It was also shown that 56 presented a strong

cytotoxic activity against the HCT-116 human adenocarcinoma cell line (IC50 = 0.76 µM).75

The last subgroup of pimarane-producers are marine organisms. As an example, Aplysia dacty-

lomela, a sea hare, produces parguerol (57), a brominated pimarane diterpene. Analogues of par-

guerol also exhibit a cytotoxic activity in vitro against lymphocytic leukaemia (P388), supposedly due

to the formation of an epoxyde on the bromohydrin moiety, which could later react with nucleophilic

entities, such as glutathione or amino acid residues.76

57

Me

Me
AcO

OH

Br
OH

OH

Parguerol (57)

58

Me

Me
AcO

OH

Br
OSO3

Me Me
Br

Tedanol (58)

Figure 1.7: Structures of parguerol (57) and tedanol (58), two pimarane diterpenes isolated from Aplysia dacty-
lomela and Tedania ignis, respectively.76,77

Another brominated pimarane, tedanol (58), has been isolated from the Caribbean sponge Teda-

nia ignis. Its structure also presents a sulfate group. The latter showed a potent anti-inflammatory

activity at 1 mg kg−1 when assayed in a mouse model of inflammation.77

1.3.2 Pimarane diterpenes with a 4,6-transannular γγγ-lactone

In the course of this thesis, a focus has been put on pimarane diterpene structures bearing a 4,6-

transannular γ-lactone ring in a cis relation with respect to the C20 angular methyl group (Figure 1.8).

Indeed, this pattern is the one observed in momilactones A (1) and B (2). An interest has also been

taken into the 17-nor-pimarane equivalents, a pattern found in many of closely related compounds.78

Momilactones will be further discussed in the next section, but a closer look will be taken at other

natural products with a similar core structure.
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Figure 1.8: Structures of momilactones A (1) and B (2) and both patterns of 4,6-transannular pimarane and
17-nor-pimarane lactones.78

The main providers of such pimarane diterpene lactones are the Icacinaceae, a family of flowering

plants, composed of trees, shrubs, and lianas primarily found in the tropics (structures in Figure 1.9,

names and sources in Table 1.1). The root decoctions of Icacina claessensis and Icacina guessfeldtii

are used as anticonvulsant in popular medicine in the Democratic Republic of the Congo. Therefore,

in order to identify the active principles of these plants, Vanhaelen et al. studied them and isolated ica-

cinol (59a) from the ethanolic extract of the roots. They determined its structure using X-ray analysis.

However only the relative configurations had been determined.79

In 2014, Zhao et al. presented the isolation of a closely related diterpenoid, 17-hydroxyicacinol

(59b), from the tubers of Icacina trichanta. They also restudied the structure of icacinol (59a) and

determined its absolute configuration. By comparison of NMR analyses of 59b with the latter, they

observed very high similarities between both compounds and proposed a similar structure for both of

them.80 Among the bioactivities icacinol possesses, it was identified as a potential herbicidal agent,

and a crop defence herbicide, as it highly reduced the germination rate and seedling growth of plants

such as rice (Oryza sativa) and Arabidopsis thaliana.81

A few years before the isolation and identification of icacinol, different groups from the Université

Libre de Bruxelles and the Université de Louvain isolated three diterpene-based alkaloids from the

leaves of Icacina guessfeldtii.82,83 Using a series of reactivity experiments, coupled with analytical

experiments and X-ray analysis, they could determine the structure of icacine (60) to be the one de-

scribed in Figure 1.9.82 Two other alkaloids, icaceine (61a) and its de-N-methyl analogue 61b, were

correlated to icacine based on a set of several analytical and NMR experiments. Although Vanhae-

len’s group could resolve most of the structures, the absolute configurations of carbon atoms 13, 14,

and 15 were not elucidated.83 These three compounds are the very first examples — and, to the best

of our knowledge, the only ones — of pimarane alkaloids.

In 2015 and 2016, the group of Zhao et al. described the identification and characterisation

of thirteen new 17-nor-pimarane diterpenes (62-69 and 71) and two new pimarane diterpenes (70

and 72) called icacinlactones.84–88 They were isolated from the tubers of Icacina trichanta, another

traditional herbal medicine used in Nigeria and other regions of western Africa to treat food poisoning,

constipation, and malaria.89 In their first paper, they elucidated the structures of incacinlactones

A-G (62a, 63a and 64-68) by spectroscopic and HRMS techniques and determined the absolute

configuration of icacinlactone B (63a) by X-ray crystallographic analysis. Due to the similarity of

spectroscopic data, they assigned the same configurations on the other icacinlactones.84
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Figure 1.9: Structures of 4,6-transannular pimarane and 17-nor-pimarane lactones isolated from plants
(Icacina sp., Humirianthera sp., Annona coriacea, Juniperus chinensis, and Hypnum plumaeforme).
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In the course of the same year, the group published the isolation of icacinlactone H (69a), the

eighth member of this family. Given the strong similarities in the spectroscopic analyses of 69a and

icacinlactone B 63a, they could deduce that icacinlactone H (69a) had the same strcuture as 63a

but for the hydroxy group on the C2 position.85 Unfortunately for the group, 69a showed no antiviral

activity when tested against HSV-1, HSV-2, and the Epstein-Barr virus, three herpes viruses.

A bit later, another set of incacinlactones have been extracted, including the 12-hydroxy analogue

of icacinlactone A (62b), and the 7α- and 7β-hydroxy analogues of icacinlactone B (63b and 63c).

They also obtained icacinlactone I (70), which is the only member of the icacinlactone family that

possesses the C17 carbon atom, and icacinlactone L (71), bearing a double bridged acetal moi-

ety.86,87 Unsurprisingly, they could elucidate these structures by comparison with the already known

icacinlactones and by detailed 2D NMR analysis.

Very recently, that group isolated the 2-O-β-D-glucopyranoside derivative of icacinlactone H (69b)

and a brand new pimarane diterpene, icacinlactone M (72), from the tubers of I. oliviformis.88

In 1985, the group of Vanhaelen isolated icacenone (73a) from I. mannii, another medicinal plant

used for the treatment of fibrous tumours. Its structure was determined by X-ray analysis and compar-

ison with icacinol (59a) and icacine (60) facilitated the interpretation of spectroscopic data.90 Zhao’s

group also isolated it from I. trichanta along with its 7α-hydroxy analogue (73b) whose structure was

elucidated by comparison with the spectroscopic data of icacenone and a detailed analysis of 2D

NMR spectroscopy.80,87

Another major provider of pimarane diterpene lactones are the Humirianthera species, now re-

grouped with the Casimirella species,91 belonging to the Icacinaceae as well. This plant is commonly

used in the treatment of snakebites. One of the constituents isolated from H. ampla is humirianthol

(74a), as well as its 15-epi isomer (74b).92,93 Elucidation of their structure was performed by standard

spectroscopy analysis but was later confirmed, along with their absolute configurations, by the X-ray

analysis of the 15-O-acetyl derivative of 74a.94

Although humirianthol was first discovered in Humirianthera species, hence the trivial name it was

given, it was also iolated from I. trichanta and I. oliviformis, along with several analogues (74c-f) to

which no new names have been given.80,86,88,95

Closely related to humirianthol, two oxidised forms, humirianthone (75a) and its 1β-hydroxy equiv-

alent (75b), have been isolated from the same source. Its structure elucidation was really easy to

perform as the spectroscopic data were almost identical but for the presence of a carbonyl group at

the C15 position.93

The last 17-nor-pimarane lactone isolated from a Humirianthera species is humirianthenolide C

(76a), which was extracted from the tubers of H. rupestris and identified by Gottlieb et al.96 Like hu-

mirianthol (74a), it was also isolated from I. trichanta, along with its 2β-hydroxy analogue (76b).80,87

Two other natural compounds isolated from icacenaceae as well are acrenol (77a) and its oxy-

dised analogue, annonalide (78). The first one to have been isolated is annonalide, which was ex-

tracted, not from an icacinacea, but from a fruit tree from Brazil, Annona coriacea, hence its taxonomic

etymology.97 As many of the previous examples, its structure was first elucidated by comparison of

NMR data with other known pimarane diterpenes such as momilactones A (1) and B (2), but was later

unambiguously confirmed by X-ray analysis.98
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Table 1.1: names and sources of 4,6-transannular pimarane and 17-nor-pimarane diterpene lactones isolated
from plants and described in Figure 1.9.

names sources

Icacinol (59a) I. claessensis,79 I. trichanta,80,81 I. olivi-
formis,88,95 H. ampla93

17-Hydroxyicacinol (59b) I. trichanta80

Icacine (60) I. guessfeldtii 82,83

Icaceine (61a) I. guessfeldtii 83

De-N-methylicaceine (61b) I. guessfeldtii 83

Icacinlactone A (62a) I. trichanta,84 I. oliviformis88

12-Hydroxyicacinlactone A (62b) I. trichanta,86 I. oliviformis88,95

Icacinlactone B (63a) I. trichanta,84 I. oliviformis88

7α-Hydroxyicacinlactone B (63b) I. trichanta87

7β-Hydroxyicacinlactone B (63c) I. trichanta86

Icacinlactone C (64) I. trichanta84

Icacinlactone D (65) I. trichanta84

Icacinlactone E (66) I. trichanta84

Icacinlactone F (67) I. trichanta84

Icacinlactone G (68) I. trichanta84

Icacinlactone H (69a) I. trichanta,85 I. oliviformis88

Icacinlactone H 2-O-β-D-glucopyranoside (69b) I. oliviformis

Icacinlactone I (70) I. trichanta,86 I. oliviformis95

Icacinlactone L (71) I. trichanta87

Icacinlactone M (72) I. oliviformis88

Icacenone (73a) I. mannii,90 I. trichanta80

7α-hydroxyicacenone (73b) I. trichanta87

Humirianthol (74a) H. ampla,92,93 I. trichanta,80 I. oliviformis95

(15R)-Humirianthol (74b) H. ampla93

14α-Methoxyhumirianthol (74c) I. trichanta,86 I. oliviformis88,95

3-O-Methylhumirianthol (74d) I. oliviformis95

3-O-Methyl-14α-hydroxymethylhumirianthol (74e) I. oliviformis95

3-O-Methyl-14α-methoxyhumirianthol (74f) I. oliviformis95

Humirianthone (75a) H. ampla93

1β-Hydroxyhumirianthone (75b) H. ampla93

Humirianthenolide C (76a) H. rupestris,96 I. trichanta80

2β-Hydroxyhumirianthenolide C (76b) I. trichanta87

Acrenol (77a) H. ampla,92,93 Hypnum plumaeforme99

Acrenol acetonide (77b) I. oliviformis88

Annonalide (78) Annona coriacea,97,98 H. ampla,93 I. olivi-
formis88

Compound 79 Juniperus chinensis100
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Like other members of that family, annonalide (78) was also isolated with acrenol (77a) from

icacinaceae such as H. ampla or I. oliviformis, although in the last case, acrenol was extracted un-

der its acetonide form (77b) as an artefact of the extraction.88,92,93 Although acrenol’s structure was

mostly elucidated by spectroscopic means, it was confirmed by X-ray analysis of its diacetyl derivative

in 2003.101 Surprisingly, acrenol was also found in a completely different source, Hypnum plumae-

forme, a moss which also provided other related compounds such as momilactones A (1) and B (2).99

Finally, from plants, another 17-nor-pimarane diterpene lactone (79), which had not been given

any name, was isolated from Juniperus chinensis, a common ornamental tree.100 Besides its extrac-

tion and characterisation, this compound, to the best of our knowledge, was not studied further.

As expected for diterpenoids, a wide range of biological activities can be observed with such

compounds. It is therefore quite logical that some of the groups cited here above tested some of

those natural products against different cancer cell lines (Table 1.2).

Table 1.2: IC50 (µM) values of the tested compounds against human cancer cell lines: ovarian cancer (A278093

and OVCAR384,87,88), melanoma (MDA-MB-43580,84,86–88), breast cancer (MDA-MB-23184,87,88), and colon
cancer (HT-2980).

Entry Compounds Cancer cell lines

A2780 OVCAR3 MDA-MB-435 MDA-MB-231 HT-29

1 59a 1.7 5.6 1.25 3.4 4.23

2 59b — — 5.61 — 18.27

3 67 — 10.50 6.16 8.94 —

4 73a — 10.87 6.44 10.85 13.25

5 73b — 7.53 2.91 7.60 —

6 74a 3.0 4.12 1.65 3.74 4.94

7 74b 2.2 — — — —

8 74c — 6.3 3.6 4.0 —

9 75a 6.1 — — — —

10 76a — 1.05 0.66 0.67 3.00

11 76b — 3.23 1.48 2.85 —

12 77a 1.8 — — — —

13 78 3.9 4.4 2.3 2.7 —

The group of Kingston et al. tested humirianthol (74a), 15R-humirianthol (74b), humirianthone

(75a), acrenol (77a), and annonalide (78) against the A2780 human ovarian cancer cell line.93 These

compounds exhibited a rather good cytotoxic activity with IC50 values below 6.1 µM, humirianthone

being the most active one with 1.7 µM. They also demonstrated that humirianthone has a strong

fungicidal activity against Phytophtora infestans, a phytopathogenic fungus, with an IC50 value of

0.93 µM.

Throughout their work, the group of Zhao et al. tested several of the compounds cited here above

against different human cancer cell lines, such as OVCAR3 ovarian cancer, MDA-MB-435 melanoma,

MDA-MB-231 breast cancer, and HT-29 colon cancer cell lines.80,84,86–88
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They showed that against OVCAR3, all the tested compounds presented good cytotoxic activities

below 10 µM (at the exception of icacinlactone F (67) and icacenone (73a)), with humirianthenolide

C (76a) possessing the best activity with and IC50 of 1.05 µM.

Most of the compounds listed in Table 1.2 have also been tested against MDA-MB-435 human

melanoma cells and showed good IC50 values. Similar tendencies have been observed when they

were tested against MDA-MB-231 human breast cancer, but in both cases humirianthenolide C (76a)

exhibited the best cytotoxic activity with 0.66 and 0.67 µM, respectively.

The last cancer cell line against whom some of the cited compounds were tested is the HT-

29 human colon cancer cell line. In that case, icacinol (59a) and humirianthol (74a) showed good

activity with IC50 values of 4.23 and 4.94 µM, respectively, but the best result was obtained with

humirianthenolide C (76a) with 3.00 µM.

Although this group displayed significant interest as anticancer agent, the mode of action of these

compounds has not been studied.

In 2018, the group of de Oliveira et al. further tested annonalide (78), along with semisynthetic

derivatives, against other human cancer cell lines.102 It was tested against HL-60 leukemia, PC-

3 prostate carcinoma, HepG2 hepatocellular carcinoma, SF-295 glioblastoma, and HCT-116 colon

cancer with IC50 values of 2.1, 3.6, 5.7, 2.2, and 1.7 µM. It was therefore a good candidate as

potential anticancer agent, although some of its derivatives exhibited even better cytotoxic activities.

They also evaluated the interaction of annonalide with ctDNA using spectroscopic techniques

(molecular fluorescence and UV-visible spectroscopy), which confirmed the formation of a supramolec-

ular complex. They also showed, via competition assays with fluorescent probes, that annonalide

preferentially interacts through DNA intercalation.

Besides plants, fungi also provided many examples of 4,6-transannular pimarane γ-lactones

(structures in Figure 1.10 and sources in Table 1.3), albeit less abundantly than in the former case.

The very first was described by Bodo et al. in 1987. They extracted hymatoxin A (80a) from Hy-

poxylon mammatum, a pathogenic fungus of Leuce poplars causing stem cankers.103 Using standard

spectroscopic techniques, they could determine its structure (with relative configurations), showing it

bears a sulfate group, making hymatoxin A the first example of sulfate diterpene biosynthesised by a

fungus.104

Four years later, the group published the isolation of four new hymatoxins, including hymatoxins

B (81) and E (82), which contains the same pattern of interest for this thesis.105 They elucidated

most of the structures using the same procedure, showing 81 has a sulfate group and a hydroxyl

group at the C15 position, but whose relative configuration could not be determined. In the case

of 82, a hydroxyl group was present instead of a sulfate. The latter was also later extracted from

a mutant strain Tubercularia sp. TF5, an endophytic fungal strain isolated from the medicinal plant

Taxus mairei.106,107

Hypoxylon mammatum also provided two α-D-mannopyranosyl related diterpenes, hymatoxins K

(83) and L (84).108 The first one was identified as the 16-mannopyranosyl equivalent of hymatoxin E

(82) and the second one as possessing a completely new structure. Almost two decades later, they

were also found in Stilbohypoxylon elaeicola YMJ173, a fungus belonging to the Xylariaceae.109
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Figure 1.10: Structures of 4,6-transannular pimarane diterpene lactones isolated from fungi (Xylaria sp., Hy-
poxylon mammatum, Tubercularia sp., Stilbohypoxylon elaeicola YMJ173, Myrothecium sp., Stilbella fimetaria,
Xylaralyce sp., and Apiospora montagnei).

From another member of the Xylariaceae, Xylaria sp. BCC 4584, hymatoxin E (82) was isolated

along with a new related pimarane lactone (85a), which was given no name, but corresponds to hy-

matoxin L (84) without its mannopyranosyl moiety.110 The same compound 85a was isolated from

Myrothecium inundatum, an endolichenic fungus, by Liu et al.111 Peculiarly, the group decided to

name it hymatoxin L, although they present its structure without the sugar moiety, which is even more

surprising as they claim having compared the NMR data of both 84 and 85a. A second group isolated

85b from Xylaria longipes HFG1018 and analysed and confirmed its structure by X-ray diffraction.

By comparison with the NMR data described by the previous group, they noticed the high similarities

between both structures and proposed a revision of that compound by removing the hydroxyl group

on the C14 position. Although the described structure is even more different from the one described

by Bodo et al., they still named it hymatoxin L.112

In 2014, Wu et al. described the isolation of 9-deoxy-hymatoxin A (80b) from Xylaria sp. YM

311647, whose characterisation data were similar to hymatoxin A (80a) but for the alcohol group
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Table 1.3: Names and sources of 4,6-transannular pimarane diterpene lactone isolated from fungi and de-
scribed in Figure 1.10.

names sources

Hymatoxin A (80a) Hypoxylon mammatum104,105

9-deoxyhymatoxy A (80b) Xylaria sp. YM 311647113

Hymatoxin B (81) Hypoxylon mammatum105

Hymatoxin E (82) Tubercularia sp. TF5,106,107 Xylaria sp. BCC 5484,110 X. allantoidea
BCC 23163114

Hymatoxin K (83) Hypoxylon mammatum,108 Stilbohypoxylon elaeicola YMJ173,109 X.
allantoidea BCC 23163114

Hymatoxin L (84) Hypxylon mammatum,108 Stilbohypoxylon elaeicola YMJ173109

Compound 85a Xylaria sp. BCC 5484,110 M. inundatum111

Compound 85b X. longipes HFG1018112

Myrocine B (86) M. verrucaria,115 Stilbella fimetaria,116 Phomopsis sp. S12117

Myrocine C (87) M. verrucaria,118,119 Ganoderma applanatum120

Myrocine F (88) Stilbella fimetaria121

Xylarenolide (89) Xylaria sp. 101,122 X. allantoidea BCC 23163114

Xylallantin B (90) X. allantoidea BCC 23163114

Xylallantin C (91) X. allantoidea BCC 23163114

Xylaroisopimaranin A (92) Xylaralyce sp. (HM-1)123

Xylarilongipin B (93) X. longipes HFG1018112

libertellenone G (94) Apiospora montagnei 124

at C9.113 They studied the in vitro inhibitory activity of several compounds isolated from the same

fungus, including 80b, against different pathogenic fungi. Among the tested products, 80b gave the

best results against C. albicans YM 2005, A. niger YM 3029, P. oryzae YM 3051, F. avenaceum YM

3065, and H. compactum YM 3077 with MIC values of 16, 32, 16, 64, and 64 µg mL−1, respectively.

A second class of pimarane lactones extracted from fungi are the myrocins. Nakyama et al.

isolated two of those diterpenoids, myrocin B (86) and C (87), from Myrothecium verrucaria strain No.

55, a soil fungus.115,118 Using spectroscopic techniques, including 2D NMR experiments, they could

identify the structures of both compounds, but only for their relative configurations. The structure of

87, with relative configurations, was confirmed by X-ray analysis of its 6-O-acetyl derivative.125

They tested both compounds against the Gram-positive bacterium Bacillus subtilis IFO 12210,

the fungus Aspergilus niger IFO 4416, and the yeast Candida albicans which showed MIC values of

12.5, 50, and 25 µg mL−1 for myrocin B (86) and 50, 100, and 50 µg mL−1 for myrocin C (87). They

also evaluated the therapeutic effect of those two compounds on mice injected with Ehrlich ascites

carcinoma, which showed a prolongation rate (T/C) of 169% at a dose of 2.4 mg kg−1 for 86 and of

130% at a dose of 1.6 mg kg−1 for 87. These results indicate that the presence of a ketone moiety

at the C11 position seems to play an important role in the inhibitory activities. Both compounds,

however, revealed to be ineffective against Gram-negative bacteria.

Myrocin B (86) was also identified from Stilbella erythrocephala (also known as S. fimetaria), a

coprophilous fungus colonising individual rabbit pellets and using antifungal antibiosis metabolites as
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a strategy for habitat conquest.116 Similarly to the work of Nakayama et al., this paper presents the

inhibitory activities of 86 against several bacteria and yeasts, which exhibited good MIC values.

Besides the sources cited here above, myrocins B (86) and C (87) has also been isolated from

Phomopsis sp. and Ganoderma applanatum, respectively.117,120

Finally, a third myrocin lactone, myrocin F (88), has been extracted from a marine-derived Stil-

bella fimetaria IBT 28361.121 They showed that 88 possesses a moderate cytotoxic activity against

glioblastoma stem-like cells with a IC50 value of 40 µM. It also possesses similar activity against A549

lung carcinoma, MCF7 breast carcinoma, SW480 colorectal adenocarcinoma, and DU145 prostate

carcinoma cells with IC50 values between 20 and 50 µM.

The next family of pimarane lactones from fungi was extracted from Xylariaceae, fungi commonly

found on dead wood. From Xylaria sp. 101, the group of Shen et al. isolated and elucidated the

structure of xylarenolide (89), which bears a carboxylic acid on the ethylene unit. Upon evaluation of

the activity of the compounds extracted from that source against several bacteria but none of them

had any effect.

Four years later, Isaka et al. found, from X. allantoidea BCC 23163, two new diterpenes bearing

the pattern described in Figure 1.8, xylallantins B (90) and C (91), as well as xylarenolide (89).114 It is

noteworthy that those xylallantins look similar to the first compound but they possess a closed lactone

ring instead of an open carboxylic acid moiety. This group tested all three products against different

cancer cell lines, as well as Plasmodium falciparum K1 (malaria) and Mycobacterium tuberculosis

H37Ra, but they exhibited no activity against them.

In 2019, Guo et al. isolated xylaroisopimaranin A (92) from Xylaralyce sp., an endophytic fungus,

on the healthy leaves of Distylium chinense. After elucidation of its structure, they evaluated its

cytotoxicity against Hep G2 cancer cells and its antimicrobial activity against plant-pathogenic Erwinia

carotovora subsp. but no activity was evidenced. However, it exhibited an IC50 value of 10 µmol mL−1

against the hatchability of brine shrimp.123

One last compound of that family is xylarilongipin B (93), which is not a pimarane diterpene per se

as it possesses a bicyclo[2.2.2]octane moiety.112 However, its backbone does not correspond to any

of the common tetracyclic diterpene families (Figure 1.3) and could correspond to a pimarane with its

ethylene unit linked to the C9 position.

The last compound identified from a fungus which corresponds to the desired pattern, is libertel-

lenone G (94), which was isolated from a lichen-associated fungus Apiospora montagnei.124 As the

carbon atom at the C6 position is involved in a double bond with the C5 carbon atom, only the C10

and C4 position keep stereogenic information, however the desired relative configuration of these two

centers corresponds to the main pattern.

When this compound was tested against the L5178 murine lymphoma cell line, it gave one of the

best results with an IC50 value of 2.6 µM.

Despite the different results of bioactivities, no mode of action has been proposed by any of the

cited groups for the molecules described in Figure 1.10.
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1.3.3 Total syntheses of myrocins C and G

To the best of our knowledge, myrocin C (87) was the only example, among those presented in

the previous section, that has been subjected to total synthesis. Danishefsky et al. published its

racemic synthesis (Scheme 1.3) in 1992, followed by the fully detailed investigation of the best route

in 1994.126,127
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Scheme 1.3: Total synthesis of myrocin C (87) by the group of Danishefsky et al. in 1992.126,127

They started with a Diels-Alder reaction between benzoquinone (95) and the oxygenated diene

96 which gave adduct 97 in a very good yield, introducing three stereogenic centers with the desired

relative configurations. DMDO oxydation of the enol ether gave intermediate 98 which, upon reduction

in Luche’s conditions, allowed the formation of a transannular lactol. The remaining allylic alcohol was

later acetylated to give product 99 with a 65% yield over three steps. The TBS protecting group was

then uneventfully removed with TBAF and the diol 100 underwent an oxidative cleavage to give the

4,6-transannular lactone ring.

Intermediate 101 was subjected to a series of transformations including the stereoselective epoxy-

dation of the double bond, the conversion of the aldehyde into a mesylate group and the insertion of

a conjugated vinyl moiety. The cyclopropane moiety was then formed by a nucleophilic addition of

(trimethylstannyl)lithium on the vinyl group, followed by an intramolecular nucleophilic substitution of
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the mesylate group. The stannane moiety was then eliminated, leading to the formation of a diene

and the opening of the epoxyde, giving compound 104.

The third cycle was stereoselectively obtained by tethering of butenoic acid 105, followed by an

intramolecular Diels-Alder reaction. The aldehyde was submitted to a Wittig olefination, the newly

formed lactone was selectively cleaved and a series of oxidations, selectively gave 6-desoxymyrocin

C (108) in nine steps and 17% global yield from intermediate 106. Finally, the latter was hydroxylated

through air oxidation, presumably passing through a peroxide later reduced by (EtO)3P, to give (+–)-

myrocin C (87) in 68% yield.

In 2004, Corey et al. proposed a way to carry out an enantioselective total synthesis of myrocin

C (87), using an oxazaborolidinium salt as a chiral catalyst in the Diels-Alder reaction being the first

step of the synthesis (Scheme 1.4).128
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They run the reaction at −95 ◦C for four hours in toluene, which gave the tricyclic dione 97 in 85%

ee and 80% yield. Its enantiomeric purity was verified by reduction with LiAlH4 of the dione to the

corresponding diol (unacetylated version of 99), conversion of the latter to its MTPA ester, and 19F

NMR analysis.

In Danishefsky’s work, they reported that the treatment of myrocin C (87) with two equivalents of

thiophenol led to bis(sulfide) 111 (Scheme 1.5).129 This reactivity led them to speculate that the my-

rocins cross-link DNA by sequential nucleotide addition reactions. Given the similarities with myrocin

B (86), whose active form is myrocin A, Herzon et al. suggested that the bioactivities of myrocin C

(87) might actually be due to a hypothetical isomer, myrocin G (110).130
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In order to verify this hypothesis, they decided to develop the total synthesis of myrocin G (110)

to obtain some material and compare its behaviour to the one of myrocin C (87). Contrariwise to

Danishefsky’s synthesis of myrocin C (87, Scheme 1.3), which was linear, Herzon et al. designed a

convergent synthesis of myrocin G (110) from two key intermediates 113 and 115 (Scheme 1.6).
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They started that synthesis by preparing the intermediates 113 and 115, that correspond to rings

A and C respectively, both prepared in three steps from starting materials whose syntheses were al-

ready described (Scheme 1.6).131–133 Once those two precursors were prepared, they coupled them

with an iodine magnesium exchange on 113, followed by the addition of the intermediate organo-

magnesium reagent on ketone 115. They then performed a Stille coupling on iodide 116 using a

methoxyvinyl stannane, followed by the acidic hydrolysis of the intermediate vinyl ether to reach ke-

tone 117. The synthesis continued with the protection of the tertiary alcohol, followed by a Rubottom

oxidation on the ketone and conversion of the newly formed primary alcohol into an allyl carbonate.
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After some investigation, they found out that the treatment of allyl carbonate 118 with NaOtBu in

THF at 0 ◦C led to the formation of compound 121, which correspond to a protected version of myrocin

G (110). Mechanistic studies seemed to indicate that the latter is obtained via an aldol addition and

intermediate 119 undergoes a carbonate migration, followed by a second order elimination.

Finally, deprotection of the carboxylic acid and the tertiary alcohol allowed them to obtain the

desired myrocin G (110) which, after its treatment with thiophenol in the same conditions as described

by Danishefsky,129 led to the expected bis(sulfide) 111 (Scheme 1.5).

1.4 Momilactones: secondary metabolites with extraordinary
properties

The very first description of momilactones was published by Kitahara et al in 1973.134 They isolated

two active components from the seed husk of Oryza sativa L., momilactones A (1) and B (2), which

showed inhibition of the growth of the root of the rice plant at less than 100 ppm.

The structure of 1 (Figure 1.11) was unambiguously determined by X-ray analysis and its absolute

configuration was determined by positive cotton curves of CD and ORD of 124, isolated from the

hydrolysate of momilactone A with aqueous KOH in hot dioxane. The structure of momilactone B (2)

was determined by comparison of its spectral data with the ones of 1. Given the similarities between

both compounds, except for the presence of a lactol group instead of a ketone, the structure of 2
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was assigned as described in Figure 1.11 and its absolute configuration was assumed due to the

similarities with the ORD curves of 1. They later confirmed the structures of 1 and 2 by a series of

chemical transformations.142

Momilactones A and B were further studied by several groups who isolated them, not only from

the husk, but also from the coleoptiles143, the straws144, the root exudates145, the rice seedlings146

or even the rice environment at different levels throughout its life cycle.147 Cartwright et al. also

showed they could be produced in response to either infection by the blast fungus Pyricularia oryzae

or by UV irradiation.148,149

These two natural products have been found not only in rice, but also in two mosses, Plagiom-

nium acutum and Hypnum plumaeforme.135,136 Similarly to the work of Cartwright et al., another

group showed it was possible to induce the production of both momilactone A and B by treatment of

H. plumaeforme with jasmonic acid, UV-irradiation, metals (CuCl2 and FeCl2) or cantharidin, a protein

phosphatase inhibitor.150

In 1976, the same group isolated a third minor component from the same plant, momilactone

C (122a), whose structure was determined by X-ray analysis.138 Peculiarly, the group of Lou et al.

isolated two compounds from the moss Pseudoleskeella papillosa, momilactone A (1) and a second

lactone diterpenoid 122b with a very similar backbone.139 They elucidated the structure of the latter

by NMR experiments and optical rotation studies and named it momilactone C, even though its struc-

ture is different from the one previously described.

The 7,8β-epoxy derivative of Momilactone A (7,8β-epoxy-1) was described by Tahir et al. in 2008.

They isolated it from Leucas urtivifolia, a wild Lamiacea herb found in Pakistan and north-west India

and used in various medicinal applications, and elucidated its structure via X-ray analysis.137

Two new momilactones, momilactone D (123) and E (124) were identified and their structure elu-

cidated by Baek et al.140 Even though momilactone E does not possess the lactone ring found in

other momilactones, it was named as such. The latter was initially described by Kato et al. as a nor

derivative coming from the treatment of momilactone A with aqueous KOH in hot dioxane,134,142 and

its analogue oxidised at C6 was later identified as a degradation intermediate by Hasegawa et al.151.

The sixth member of momilactones, momilactone F (125), was isolated from the moss Hypnum

plumaeforme by Song et al., along with 1 and 2.99 Its structure and absolute configuration were elu-

cidated using NMR experiments and circular dichroism experiments.

The last compound extracted from O. sativa, and related to momilactones, was described by Tan

et al. in 2018. After the study of the NMR analyses, they came to the conclusion that the structure

bears the same structure as momilactone A (1), but for the presence of a phenyl allylidene unit on the

C2 position. They then identified it as 2-[(E)-3-(4-hydroxy-3-methoxyphenyl)allylidene]momilactone

A, but trivally named it orizamomilactone (126).141
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1.4.1 Momilactones participating in the rice allelopathy and its defence mechanism

The particular interest in momilactones came from their role as agents participating in the defence of

the rice plant via allelopathic properties.a Many studies have been conducted on the different activ-

ities of the rice plant’s allelochemicals onto its environment. One of those activities is their ability to

inhibit the the growth of seedlings of diverse plants, but mostly invasive weeds. Indeed, it was shown

that when it was co-cultivated with rice seedlings, the growth of other seedlings, such as barnyad

grass (Echinocloa crus-galli)152 or the common water plantain (Alisma plantago-aquatica),153 two

of the most troublesome weeds in rice, was inhibited. They also performed the same study with

the seedlings of alfalfa (Medicago sativa), cress (Lepidium sativum), and lettuce (Lactuca sativa) as

model plants, and obtained the same observations.154

The same studies correlated the production and release of momilactone B (2) to the growth in-

hibition depending on the rice cultivar. The higher was the growth inhibition, the higher was the

concentration of momilactone B.152,153 The inducing factors of such allelopathy were also put under

investigation. It has been demonstrated that the production of momilactones only starts when the rice

plant is in the presence of barnyard grass, for example. The study showed that rice has the ability to

recognise chemicals, released by the other plant, inducing the production of allelochemicals.155

In order to show that momilactones, and more particularly momilactone B, was the most active

allelochemical, the different compounds were tested individually on the seedlings of lettuce,156,157

barnyard grass,158,159 the common water plantain, and other weed seedlings as well.160 They in-

deed showed that momilactones possess a high seedling growth inhibition activity on those plants.

Moreover, momilactone B always had a higher activity than momilactone A.

The group of Kato-Noguchi et al. attempted to identify the mode of action of momilactones A

and B using Arabidopsis thaliana as a model plant. They first observed, in addition to the growth

inhibition, that the subject plant absorbed both momilactones through its roots.161 They later studied

the protein expression on the same model plant when treated with momilactones. They observed

a higher amount of cruciferin, a high molecular weight protein, in the plants treated with momilac-

tones, indicating the tested compounds inhibited the breakdown of that protein.162 The breakdown of

cruciferin is indeed essential for the growth of seedlings as it provides the initial source of nitrogen

needed for the germination. Without its degradation, cell structures or components cannot develop.

Momilactone B also inhibits the accumulation of enzymes needed for cell structures resulting in plant

growth and development.163

The second important, and main, activity of momilactones is their implication in the defence mech-

anism against the rice blastb fungus, Magnaporthe oryzae (or Pyricularia oryzae). It was previously

identified that the production of momilactones A (1) and B (2) was significantly higher when the rice

plant was infected with the cited fungus.143,148 Many studies corroborated those results throughout

the years (as examples, see Ohashi et al.164, Kim et al.165 or Ishihara et al.166). This response

mechanism in the rice plant and activation of the biosynthesis pathway of phytoalexinsc would be

aSet of activating or inhibiting effects, direct or indirect, of one plant (including micro-organisms) on another by produc-
tion and release of chemicals into the environement.

bFungal disease of the aerial organs of the rice plant.
cLow molecular weight anti-microbial chemicals only produced after infection of the organism.
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induced by recognition of β-glucan fragments from the rice blast fungus.167 It was also shown that

depending on the rice cultivar the level of momilactones produced was different, inducing diverse

levels of response to infection and, therefore, weaker or stronger protection against fungi.168 In ad-

dition to that observation, it was determined that M. oryzae is able to metabolise those phytoalexins,

leading to its detoxification as an effective solution to evade growth inhibition. It is then comprehensi-

ble that rice cultivars producing low levels of phytoalexins, such as momilactones, are more prone to

infection, whereas rice types producing higher levels of those chemicals may more effectively protect

themselves.151

It is noteworthy that they also showed a great in vitro inhibitory activity against other strains of

fungi, such as Botrytis cinerea, Fusarium solani, Colletrotrichum gloesporioides, and Fusarium oxys-

porum.169

Studies also showed that production and accumulation of momilactones in rice was induced by

other factors such as infestation by herbivores,170 UV-irradiation,171 or even drought and high levels

of salinity.172 However, no evidence between those phytoalexins production and their implication in

the rice defence against those stresses was found. Nevertheless, given their herbicidal and antifungal

activity, these compounds possess a great potential as agricultural chemicals.78

1.4.2 Momilactones A and B as new potential medicinal agents

Besides their important role in the rice plant’s protection, momilactones A and B have also been

tested against several pathogens and diseases afflicting humans.

In addition to the herbicidal and antifungal activity study of momilactones, Tawata et al. also eval-

uated their in vitro antibacterial activity against four bacteria strains: Pseudomonus ovalis, Bacillus

cereus, Bacillus pumilus, and Escherichia coli. Although both momilactones showed good inhibitory

activities against all four bacterial cultures, it was always lower than the one of ampicillin.169

Without any surprises, both compounds have also been tested on cancer cell lines. In 2005, the

in vitro study of Ahmad et al. showed that momilactones A and B exhibited IC50 values of 2.7 and

0.21 µM against P388 murine leukemia cells, respectively.173

Another study was led by Lee et al. in 2007.174 In that work, a group of male rats was fed the

methanolic extract of rice hulls and was then injected carcinogenic 1,2-dimethylhydrazine, a chemical

inducing colonic aberrant crypt focid (ACF). It was observed that the frequency of ACF was 35%

less with those rats than the ones that was fed a basal diet. More importantly, no sign of treatment-

related adverse effects was observed in the clinical appearance of the animals, such as body or

organ weight loss. They then identified the active agent to be momilactone B (2) and studied its in

vitro activity against human colon cancer HT-29 and SW620 cell lines. The latter showed an IC50

value of less than 1 µM.

Momilactone B was also efficient against human leukemic T cells (Jurkat cells) and murine mas-

tocytoma p815 cells at less than 3 µM.175 The publication also presents that apoptosis of Jurkat cells

was induced via the activation of caspase and induction of mitochondrial permeability.

dClusters of abnormal tube-like glands in the lining of the colon and rectum, which are one of the earlier changes seen
in the colon that may lead to cancer
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In 2008, Yang et al. showed that momilactone B decreased the viability of human breast can-

cer T47D cells by +–50% at 50 µM under hypoxic conditions.176 They suggested that apoptosis was

induced through activation of caspase-3 and STAT5b (a transcription activator) protein pathways.

Momilactone B also reduced the cell viability by 50% in the case of B16 murine melanocytes for

a concentration of +–30 µM. It represses tyrosinase enzyme activity and inhibits the protein kinase

A signaling pathway, two processes involved in the melanin synthesis and, therefore, decreasing

melanogenic expression.177

The group of Yoo et al. wanted to determine the mode of action of momilactone B by study-

ing its anticancer activity on cultured leukemia U937, against which it exhibited an IC50 of less than

1.5 µg mL−1.178 They demonstrated that the compound of interest caused G1 cell cycle arrest and

apoptosis in U937 cells through the induction of p21 expression, inhibition of cyclin-dependent and

cyclin-associated kinase activities, and reduced phosphorylation of retinoblastoma protein, which

may be related to anticancer activity.

Other than its antibacterial and anticancer activities momilactone B also inhibits ketosis, which is

the accumulation of high levels of ketone bodies in the blood, resulting from the metabolism of fatty

acids to provide energy when the body lacks glucose. It was shown, using in vitro assays on FL83B

mouse hepatocyte cells, that 2 down-regulated the expression of angiopoietin-like-3 (ANGPTL3),

which modulates lipoprotein metabolism by inhibiting lipoprotein lipase (LPL). The LPL enzyme was

then up-regulated and could normally break down stored fat to produce triglyceride.

The second target studied in that work is 3-hydroxy-3-methylglutarate-CoA synthase-2 (HMGCS2),

a mitochondrial enzyme that converts acetyl-CoA to ketone bodies. The results indicate that momi-

lactone B suppresses the expression of HMGCS2 through the increased expression of STAT5b.179

Two other biological properties of momilactones A and B have been evaluated by the group of

Xuan et al. in 2019. The first one concerns the study of the skin ageing using chemical and bio-

logical assays.180 When tested in ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) as-

says, momilactones A and B decolorised a solution of ABTS by 50% at concentrations of 2.838 and

1.283 mg mL−1, respectively, which is rather high compared to tricin (0.312 mg mL−1), a well-known

antioxidant and anti-skin-ageing flavonoid from rice, and BHT (0.080 mg mL−1), the standard antioxi-

dant. However, when both momilactones A and B were mixed in a 1:1 (v:v) ratio of prepared solution,

this concentration lowered to 0.319 mg mL−1, indicating a synergistic activity.

The second test was to evaluate the in vitro inhibition of elastase and tyrosinase, two key enzymes

related to wrinkles and freckles. At a concentration of 2 mg mL−1 momilactones A and B inhibited the

activity of pancreatic elastase by 30.9% and 18.5%, respectively, and the activity of tyrosinase by

37.6% and 12.6%, respectively. In that evaluation, momilactone A presented a much higher inhibi-

tion activity than tricin at the same concentration (14% inhibition against elastase and 15.7% against

tyrosinase). In this case, combination of both momilactones did not increase the inhibition of the

enzymes significantly.

The second property studied by that group is their potential use as α-amylase and α-glucosidase

inhibitors, two enzymes involved in type 2 diabetes.181,182 When tested against porcine pancreatic

α-amylase, momilactones A and B exhibited IC50 values of 132.56 and 129.02 µg mL−1, respectively.
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When the same test was made against α-glucosidase from Saccharomyces cerevisiae, they exhibited

IC50 values of 991.95 and 612.03 µg mL−1, respectively, which indicates a better inhibition activity than

γ-oryzanol (1754.20 µg mL−1), a well-known diabetes inhibitor.

Moreover, they also tested both compounds of interest against trypsin, an enzyme linked to

both diabetes and obesity, and they found IC50 values of 921.55 µg mL−1 for momilactone A and

884.03 µg mL−1 for momilactone B.182

1.4.3 Biosynthesis of momilactones A and B

Many research groups have been working on the elucidation of the biosynthesic pathway of momilac-

tones since the 1990s. In this section, only some representative work will be used in order to present

their biosynthesis. As mentioned previously, momilactones are part of the diterpene family whose

universal precursor is GGPP (21).

Me OPP

Me

Me

Me

Me

21

syn-CPP

synthase

OPP
MeMe

MeMe

127

9βH-pimara-
7,15-diene

synthase

Me

MeMe

Me

128

Oxidations

O

O

Me

Me

Me

O

1

Oxidation

O

O

Me

Me

HO

O

2

Scheme 1.7: Global biosynthetic pathway of both momilactones A (1) and B (2) via the bicyclisation of GGPP
(21), followed by a series of oxidations.183–186

As represented in the global overview of the biosynthesis (Scheme 1.7), the first step consists

in the cyclisation of GGPP, initiated by the protonation of the terminal double bond, into syn-copalyl

diphosphate (syn-CPP, 127), forming the trans-decaline core.183–186 The represented configurations

of syn-CPP are obtained thanks to the “chair-boat” conformation that GGPP adopts in the enzymatic

pocket of the diterpene cyclase (Scheme 1.8). Other conformations (induced by different enzymes)

allow to reach other intermediates leading to the biosynthesis of diverse secondary metabolites (for

example, the “chair-chair” conformation forms the ent-CPP which leads to the biosynthesis of oryza-

lexins or phytocassanes).183,187
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The biosynthesis continues with the conjugate addition of the exo-cyclic double bond on remaining

alkene along with the elimination of the pyrophosphate group, followed by first order elimination, form-

ing the third cycle and the endo-cyclic double bond of the 9βH-pimara-7,15-diene (128) as described

in Scheme 1.9. That step is also catalysed by a diterpene cyclase.187
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Scheme 1.9: Enzymatic mechanism of the syn-CPP (127) cyclisation into 9βH-pimara-7,15-diene (128).187

Once pimaradiene 128, the common precursor to several natural compounds, is synthesised,

the latter undergoes a series of oxidation steps, on positions 3, 6 and 19 (Scheme 1.10), in order

to reach momilactone A (1). These oxidations occur via a cluster of cytochrome P450 (CYP) ox-

idases. The oxidation of the C20 position happens through the action of CYP99A2 or CYP99A3

(both oxidases seemingly play the same role in the case of momilactones synthesis), leading to

syn-pimara-7,15-dien-19-oic acid (130). This oxidation goes through the primary alcohol and the
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aldehyde, successively, before reaching the carboxylic acid.188 In parallel the oxidations of positions

3 (132) and 6 (131) are obtained by CYP701A8 and CYP6M8, respectively. Results indicate that

those three oxidations can occur in diverse orders.189 All three oxidation paths lead to intermediate

133 which later undergoes the oxidation of the 6β-hydroxy group into a ketone in order to obtain

momilactone A (1). This transformation is performed by the Oryza sativa momilactone A synthase

(OsMAS), a short-chain alcohol dehydrogenase/reductase, along with NAD(P)+ as co-factor.190–192

Finally, momilactone B (2) is obtained by the oxidation of the C20 angular methyl group of momi-

lactone A (1). Once again, a cytochrome P450 oxidase, CYP76M14, selectively converts the angular

methyl group to an alcohol which spontaneously cyclises on the ketone to form the hemiacetal of

momilactone B (2).193,194

Remarkably, the results published by Sattely et al. earlier this year suggest that the oxidations on

C19 and C6 are the first ones to occur (to form the lactone moiety). The intermediate is then either

oxidised on the C3 position to obtain momilactone A (1), which is later oxidised to momilactone B (2),

or it can first be oxidised on the C20 angular methyl group, and later be oxidised on the C3 position,

directly leading to 2.194

1.4.4 First total synthesis of (+–)-momilactone A

To the best of our knowledge, only one total synthesis of momilactone A (1), in its racemic form, has

been published so far by Germain and Deslongchamps.195,196 In that total synthesis, the main strat-

egy is the use of a transannular Diels-Alder (TADA) reaction on a 14-membered macrocycle having

a trans-trans-cis olefin geometry, leading to the formation of the A.B.C [6.6.6] tricyclic pattern of 1

possessing a trans-syn-trans ring junction stereochemistry. This TADA reaction has indeed shown to

be really efficient in total syntheses with a spectacular chemo-, regio- and diastereoselectivity.197
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Scheme 1.11: Retrosynthetic analysis of momilactone A (1) proposed by Germain and Deslongchamps.195,196

In their retrosynthetic analysis (Scheme 1.11), they first disconnected the methyl group on the C3

position, opened the lactone ring, and transformed the methyl and vinyl groups on the C13 position

into a malonate derivative, leading to cycloadduct 135. They then identified the trans-syn-trans (TST)

relation of the tricycle juctions and continued with the retro-transannular Diels-Alder deconnexion to

reveal the macrocycle 136, possessing a trans-trans-cis (TTC) olefin geometry. It was then decon-

nected via a malonate alkylation on the right part of the molecule and via an aldol reaction on the left

part, leading to precursors 137 and 138.
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Both precursors 137 and 138 had to be synthesised, the first one in ten steps and 17% global yield

from neryl acetate (139) and the second one in seven steps and 26% global yield from but-3-yn-1-ol

140 (Scheme 1.12). Once they were synthesised, they could engage those precursors into an aldol

condensation which gave an almost equimolar mixture of syn and anti isomers of the β-hydroxyester

141. The alcohol of both isomers was then uneventfully protected by a MOM group and the primary

alcohol was efficiently deprotected and converted to a chloride.
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The next, and most important reaction of this sequence, was the one-pot macrocyclisation and

subsequent TADA reaction. That step was performed in refluxing acetonitrile in the presence of

Cs2CO3 as a base, giving the TST tricyclic cycloadduct in 40% and 60% yields for isomers 135a

and 135b, respectively. The specific formation of the TST tricycle can be explained by the sterically

favored endo transition state having a “chair-boat-chair” conformation as shown in Scheme 1.13.

The exo transition state suffers from steric interactions between the pseudoaxial ester group and

one double bond of the diene (path a). Then, the macrocycle can adopt two interconvertible confor-

mations, leading to a TST isomer (path b), with either the carboxymethyl and OMOM groups both in

a pseudoaxial or pseudoequatorial orientation. In this case, the face selectivity is the result of the

orientation of the C4-carbomethoxy group in a pseudoequatorial position. Indeed, the pseudoaxial

orientation of this group leads to a steric interaction with the C10-methyl. The same conclusion can

be reached for the specific formation of the syn isomer 135a. In this case, the OMOM group occupied

a pseudoaxial orientation in the transition state that further disfavored the formation of the cis-syn-cis

(CSC) isomer.
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Once the TADA reaction took place, they could continue the synthesis of (+–)-1 (Scheme 1.14). But

before pursuing the sequence, preliminary results showed that the selectivities obtained with isomer

135b were better than with isomer 135a. They then decided to convert the latter into 135b by a four

step sequence of alcohol deprotection, oxidation, stereoselective reduction, and MOM protection in a

63% global yield (Scheme 1.12).
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The desired isomer was then submitted to a series of transformations in order to stereoselectively

convert the malonate residue into a methyl group and a primary alcohol with the desired relative

configuration (Scheme 1.14). The secondary alcohol of intermediate 145 was deprotected and the

remaining olefin moiety was transformed into the bromoacetate 146. The latter then underwent an
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oxidation with the Dess-Martin periodane, followed by a Wittig olefination on the aldehyde 147 to give

the alkene 148.

Displacement of the bromide by the acetate group was accomplished in mixture of acetic acid

and water at 90 ◦C. The formation of the lactone was then subsequently performed by methanolysis

to yield compound 149. The introduction of the methyl group on the C3 position was done using

Cs2CO3 and MeI in refluxing acetonitrile to give hydroxymomilactone A (150) with a 89% yield. The

structure and relative configuration of the latter were confirmed by X-ray analysis.

Finally, the last step of this synthesis consists in the elimination of the remaining alcohol. How-

ever, standard dehydration conditions did not work for this substrate, despite the ideal antiperiplanar

alignment of the alcohol with the C8 hydrogen atom. In each case, they recovered the starting alco-

hol. Astonishingly, the use of the Burgess reagent allowed to overcome this issue, although the latter

is more commonly employed in syn-eliminations.

In conclusion, Germain and Deslongchamps managed to synthesise momilactone A (1) in its

racemic form in a 19 steps sequence from precursors 137 and 138 (the longest sequence being 29

steps from 137) with a very high degree of chemo-, regio-, and stereoselectivity, except for the aldol

condensation.

1.5 Conclusion

In the course of this chapter, we could highlight the enormous diversity of natural compounds that

could be reached from one common precursor: isopentenyl diphosphate (17). Even by focusing our

search of natural molecules on the pimaranes, one subgroup of the diterpene family that are built

out of four IPP units, the amount of compounds remained quite important. Nevertheless, we could

discuss the richness of structures by presenting the natural sources that provide those products, such

as plants, fungi and marine organisms.

We continue the focus by getting closer to the structure of the natural compounds that interest

us in this work: momilactones A (1) and B (2). We looked up for structures that are part of the pi-

marane diterpenoid family but that also bear a 4,6-transannular γ-lactone moiety. We broadened our

search by taking into account the products whose C17 is missing (4,6-transannular 17-nor-pimarane

lactone). In doing so, we found out around sixty structures, including the momilactone family. Based

on what we found in the literature, those natural products are mainly isolated for plants (+–2/3) but also

from fungi (+–1/3).

Some of those products have been tested against diverse diseases such as bacteria, fungi or

cancers and have shown very interesting biological activities that could be of interest for the human

health. However, no studies on the mode of action of those compounds have ever been done, to the

best of our knowledge.

Among all the natural compounds bearing the studied pattern, we found only one example of total

synthesis for myrocin C (87), in its racemic form, reported by Danishefsky et al. in 1992.126 In 2004,

Corey et al. proposed to perform that synthesis in an asymmetric manner by carrying out the first
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step, a Diels-Alder reaction, using a chiral oxazaborolidinium salt.128 They obtained the cycloadduct

of that first step with a 85% ee. In 2018, Herzon et al. also proposed the total synthesis of myrocin G

(110) which is suspected to be the putative form of myrocin C (87).130

We then moved on to the presentation of the momilactone family. Nine natural products named

momilactone have been found, albeit one of them is a 19-nor-pimarane diterpene whose lactone

moiety is missing.

Among those compounds, it would seem that only momilactones A (1) and B (2) have been

studied for their biological properties. The different groups could highlight the importance of those

two phytoalexins for the defence mechanism of the rice plant, from which they are extracted, mainly

against the rice blast fungus P. oryzae but also against the growth of seedlings in the environment of

the rice plant.

But momilactones do not only represent an interest for the rice plant. Indeed, many studies have

been carried out to demonstrate that both momilactones A and B could be potential medicinal agents

against various diseases afflicting humans. They notably showed good inhibitory activities against

four bacterial strains, albeit not as good as ampicillin.

More importantly, they exhibit very good activities as cytotoxic agents against different types of

cancer. It was even shown that they could reduce the size of tumours injected in rats without inducing

apparent side effects, such as body mass or hair loss. It would therefore make them very interesting

anti-cancer agents. However, it was reported that, in most of the cases, momilactone B (2) exhibits a

better activity than momilactone A (1).

It was also reported that they could act against ketosis, skin ageing or diabetes due to their inhi-

bition of key enzymes in those diseases.

We could also present the biosynthesis of momilactone A (1) and B (2) that seems to be only one

that is known for that family of compounds. Moreover, that biosynthesis is rather well-known as it has

been studied by many groups since the early nineties. It was highlighted that the oxidation steps to

reach both momilactones from a common intermediate, 9βH-pimara-7,15-diene (128), are performed

by a series of cytochrome P450 oxidases gathered in a cluster of enzymes. Even though the differ-

ent oxidations steps on the different positions of the common intermediate 128 are now known, their

exact order is not completely sure yet.

Finally, we presented the only total synthesis of momilactone A (1) that has been carried out, in a

racemic manner, by Germain and Deslongchamps.195,196 For that synthesis, they used a transannular-

Diels-Alder reaction that exhibited extraordinary chemo-, regio- and diastereoselectivities.

It should be noticed that, despite the fact that momilactones, as well as other 4,6-transannular

pimarane-γ-lactone, are known for several decades, only two total syntheses have been reported so

far (and in a racemic manner). It is even more surprising given the extraordinary biological activities

those compounds possess.

Given the synthetic challenge those natural products represent, we were even more motivated to

work on this family of compounds and to develop a enantioselective synthesis for these pimarane

diterpenes with a 4,6-transannular γ-lactone and, more specifically, momilactones A (1) and B (2).
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2 Asymmetric Diels-Alder reactions on
quinones

After taking an interest in the family of molecules that are at the centre of this thesis, the present

chapter will cover a second aspect that is treated in this work: the Diels-Alder reaction.

First, a brief historical overview will be presented, from the publication of this [4+2] cycloaddition

in 1928 to its increasing use that made it one of the most important reactions for the development of

new strategies in total synthesis. We will also cover some of the controversies behind that reaction:

were Otto Diels and Kurt Alder the true discoverers of that amazing pericyclic reaction?

Claiming this reaction is one of the most important transformations in organic chemistry is far

from an exaggeration. Indeed, over the years, its features have been extensively studied and make

it possible, in most of the cases, to predict the outcome of those reactions. We will present those

features and how the change of some of the parameters impact the rate, the chemo-, regio- and

diastereoselectivities of the reactions.

Several methods have been developed in order to obtain enantioenriched cycloadducts. Some of

those methods will be discussed in this document and concern, among other things, chiral auxiliaries,

chiral organocatalysts or chiral Lewis acids. We will then continue this chapter with asymmetric Diels-

alder reactions specifically developed for quinones. The importance of such combination of quinone

and asymmetric catalysis will be illustrated with some examples of enantioselective total syntheses

of natural products.

The last part of this chapter will focus of the sulfoxide group as chiral auxiliary for the Diels-Alder

reactions. More specifically, we will present a short review of what can be done when a quinone bears

such sulfoxide group. After discussing the general pathway to synthesise such sulfinylquinones, we

will present some of the works that describe the different parameters that allow the control of the

stereoselectivities with those chiral quinones. Finally, some examples of enantioselective syntheses

of natural compounds, as well as helicenes, using those compounds will be discussed.

2.1 Origins of the Diels-Alder reaction

Nowadays, every chemist is aware of the [4+2] cycloaddition named after two German chemists, Otto

Diels and Kurt Alder, after their seminal publication in 1928 describing the reaction between para-

benzoquinone (95) and cyclopentadiene (151) (Scheme 2.1).1 Not only did it open many possibilities

in the field of organic synthesis, but it also allowed them to win the Nobel Prize in chemistry in 1950.2
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Scheme 2.1: Reaction between benzoquinone (95) and cyclopentadiene (151) described by Otto Diels and
Kurt Alder in 1928.1
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Interestingly, they were quite possessive about this new reaction they described and realised the

great interest it could bring for the synthesis of natural molecules, mainly terpenes. Therefore, in order

to discourage the scientific community to use “their” reaction for such purposes, they stated in their

original publication: “We explicitly reserve for ourselves the application of the reaction discovered by

us to the solution of such problems.”a Ironically, they barely contributed to the synthesis of natural

molecules using their discovery as they explored the inexhaustible richness of the mechanistic and

stereochemical questions of the reaction. This could also in part be explained by the advent of World

War II which completely disrupted academic research in Germany.

Astonishingly, until their Nobel Prize in 1950, no one published any work related to the use of the

diene addition for the synthesis of natural compounds at the exception of the young Robert Burns

Woodward. He indeed defied the implied prohibition by performing a failed attempt of a Diels-Alder

strategy for the total synthesis of cantharidin (156), ending up in 6-deoxycantharidin (157) (Scheme

2.2).3 However, one year after they won their Nobel Prize, the chemical community came to ignore

their claim of ownership of the reaction, and the use of that strategy for total synthesis took off.

154

O

Me

Me

O

O

155

+

156

O O

Me
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O

Cantharidine (156)
157

O

Me

Me

O

O

Desoxycantharidine (157)

Scheme 2.2: Synthesis of desoxycantharidine (157) by Robert Woodward, using a Diels-Alder strategy, in
attempt to synthesise cantharidine (156).3

The Diels-Alder reaction had already been unknowingly observed by other researchers.4 The

exactly same mono- and double addition of cyclopentadiene (151) on benzoquinone (95) had indeed

already been discussed by Albrecht in 1906.5 In his description of the products, that he named

cyclopentadienequinone (158) and dicyclopentadienequinone (159), he stated that cyclopentadiene

binds itself on one of the double bonds of the quinone and that both double bonds of 151 are still

present (Scheme 2.3). Unfortunately for him, as we all know, he misassigned the structure of the

actual products.

O

O

95

151

O

O

158

151

O

O

159

Scheme 2.3: Reaction between benzoquinone (95) and cyclopentadiene (151) as described by Walther Al-
brecht in 1906.5

Six years later, Zincke had correctly found that tetrachloropentadienone (160) forms a dimer

(Scheme 2.4), but he did not realise the generality of the process and missed the opportunity to

further study the reaction.6

aIn original version: “Wir behalten uns die Anwendung der von uns gefundenen Reaktionen zur Lösung derartiger
Probleme ausdrücklich vor.”
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Scheme 2.4: Dimerisation of tetrachloropen-
tadienone (160).6

One last example of missed opportunity is the reac-

tion between benzoquinone (95) and isoprene (162) de-

scribed by von Euler and Josephson in 1920 (Scheme

2.5).7 Based on their analysis, they proposed the struc-

ture to be 164 or 165. Although they were very close

to the correct elucidation of the cycloaddition reaction,

they did not follow up on those remarkable results, most

likely because von Euler, who later won the Nobel Prize

in 1929, had been too busy with other projects.8,9
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Scheme 2.5: Reaction between benzoquinone (95) and isoprene (162) described by von Euler and Josephson
in 1920.7

Since then, the Diels-Alder reaction has been widely used in many synthetic strategies, including

the total synthesis of natural products (see some examples in Figure 2.1).10 It ranges from steroids,

to terpenes, passing by alkaloids and anthraquinones, or even the unnatural highly strained hydro-

carbon cubane (172). Needless to say this represents only a tiny sample of what can be achieved

with such an amazing reaction.
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Figure 2.1: Examples of total syntheses carried out from diversely substituted quinones and dienes.10
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2.2 Features of the Diels-Alder reaction

The Diels-Alder reaction is a [4+2] cycloaddition between a conjugated (hetero)diene and a dienophile

— that can be a double or triple bond between either two carbon atoms, a carbon atom and a

heteroatom, or two heteroatoms — which is symmetry allowed in the ground state.21

The great interest in the Diels-Alder reaction mainly comes from its amazing properties. It is

indeed a reaction that provides great control over the regio- and diastereoselectivity. This process is

also diastereospecific which can prove useful in many cases. Depending on the substituents present

on both diene and dienophile, the outcome of the reaction can be finely tuned.

2.2.1 Rates of the Diels-Alder reactions and frontier orbital interactions

Most Diels-Alder reactions are sluggish if no substituents are present on either the diene or the

dienophile. As an example, the reaction between unsusbtituted butadiene (154) and ethylene (173)

(Scheme 2.6.a) takes 17 h at high temperatures (165 ◦C) and high pressure (900 atm).22 The addition

of an electron withdrawing group (EWG) on the dienophile increases the reaction rates. For example,

when ethylene (173) is replaced by acrolein (175) (Scheme 2.6.b), the reaction takes much less time

(0.5 h) at lower temperatures (150 ◦C) and atmospheric pressure.23 In the same vein, the presence

of two EWG increases even more the rate of the reaction, as observed with methylenemalonate (177)

that reacts at 25 ◦C (Scheme 2.6.c).24
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Scheme 2.6: Examples of Diels-Alder reactions with diverse dienes and alkenes to illustrate the effect of the
substituents on the reaction rate.22–27

On the other hand, the increase of the rate of the Diels-Alder reaction can be performed by the

addition of a electron donating group (EDG) on position 1 or 2 of the diene. The reaction of acrolein

(175) with piperylene (179) (Scheme 2.6.d) or isoprene (162) (Scheme 2.6.e), takes 20 ◦C less than

the reaction with butadiene (Scheme 2.6.b).25,26 Unsurprisingly, this effect is even more pronounced

with a stronger EDG, such as a methoxy group (182) (Scheme 2.6.f).

Given the fact that the Diels-Alder reaction is concerted, the acceleration of the reaction cannot

be explained by the stabilisation of charges in a potential zwitterionic intermediate. The most rational

explanation comes from the frontier orbitals theory, developed in 1952 by Kenichi Fukui and for which

he won, together with Roald Hoffmann, the Nobel Prize in Chemistry in 1981.31,32
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Figure 2.2: Frontier orbital interactions for Diels-Alder reaction for (a) butadiene with an unsubstituted
dienophile; (b) an EDG-substituted butadiene with an EWG-substituted dienophile; (c) an EWG-substituted
butadiene with an EDG-substituted dienophile.27–30

As shown in Figure 2.2, in the Diels-Alder reaction with the unsubstituted butadiene (154) and

ethylene (173) (Figure 2.2.a), the reaction occurs via the overlap of the HOMO orbital of the diene

and the LUMO orbital of the dienophile as it corresponds to the smaller HOMO-LUMO gap. As this

combination of orbitals corresponds to the “normal” situation, since no substituents are present on

the reagents, it was named the normal electron demand Diels-Alder reaction.

As described in Scheme 2.6, unsubstituted diene and dienophile do not react rapidly and the

addition of appropriate groups will help the reaction rate to increase. Indeed, the addition of an EWG

on the dienophile lowers the energy of its LUMO orbital (Figure 2.2.b). Similarly, the presence of

an EDG on the diene increases the energy of its HOMO orbital. Compared to the reaction between

unsubstituted butadiene and ethylene (Figure 2.2.a), both effects participate in the reduction of the

HOMO-LUMO gap, facilitating the overlap of the HOMO orbital of the diene and the LUMO orbital of

the dienophile and, therefore, enhancing the rate of the reaction.28–30

The inverse situation is possible as well, where the EWG is on the diene and the EDG is on the

dienophile, leading to the inverse electron demand Diels-Alder reaction. An example, described by

Boger et al., involves ethyl vinyl ether (185) as an electron-rich dienophile and azadiene 184 as an

eletron-poor diene (Scheme 2.7).33

Me N
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+
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110 ◦C, 48 h

toluene NMe

SO2Ph

H

OEt

186

Scheme 2.7: Inverse electron demand Diels-Alder reaction between N-sulfonyl-1-aza-1,3-butadiene 184 and
ethyl vinyl ether (185).33

In that situation, the EWG on the diene lowers its LUMO orbital and the EDG on the dienophile

increases the HOMO orbital of the latter (Figure 2.2.c). The gap is reduced as well, but the overlap

occurs between the HOMO orbital of the dienophile and the LUMO orbital of the diene.
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2.2.2 Regioselectivity of the Diels-Alder reaction

The question of regioselectivity in the Diels-Alder reaction concerns the orientation of the diene upon

its addition on the dienophile. For example, the reaction between 1-methoxybutadiene (182) and

acrolein (175) only gives the adduct in which the methoxy group and the aldehyde are in a 1,2-

relation, also called the “ortho” adduct (Scheme 2.8.a).27 On the other hand, the same reaction with

2-methoxybutadiene (188) only gives the “para” adduct (Scheme 2.8.b).34
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MeO
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MeO
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CHOMeO
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EDG

HOMO LUMO

EWG

EDG

HOMO LUMO

Scheme 2.8: Diels-Alder reactions between acrolein (175) and (a) 1-methoxybutadiene (182) or (b) 2-
methoxybutadiene (188), regioselectivities thereof, and coefficients of the frontier orbitals of a butadiene sub-
stituted with an EDG on position 1 or 2, and EWG-substituted dienophile.27,34

These observed results can be explained by the coefficients of the frontier orbitals. In these

situations, the HOMO orbitals of the EDG-substituted diene will react with the LUMO orbital of the

EWG-substituted dienophile as it leads to the smallest energy gap. Thereafter, the coefficients of the

HOMO and LUMO orbitals must be calculated in order to determine which bonds are preferentially

formed.28–30

In these cases, the largest HOMO coefficients for 1- and 2-methoxybutadiene (EDG-substituted

dienes) are on position 4 and 1, respectively, whereas the largest LUMO coefficient for acrolein

(EWG-substituted dienophile) is on position 3. The regioselectivity can then be determined by pairing

the largest HOMO and LUMO coefficients of both diene and dienophile.

However, one could be tempted to evaluate the regioselectivity based on the electron densities

highlighted by the resonance forms of the reagents. Therefore, the drawing of such forms brings out

a higher electron density on position 4 and 1 for 1- and 2-methoxybutadiene (182 and 188), respec-

tively, and a lower electron density on position 3 for acrolein (175) (Scheme 2.9).
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MeO

188
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H

175

O
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Scheme 2.9: Resonance forms of 1-methoxybutadiene (182), 2-methoxybutadiene (188), and acrolein (175).
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Although it is a much simpler way to determine the regioselectivity, it does not make it possible

to account for more complex examples, such as the reaction between butanedienoic acid (191) and

acrylic acid (192), both being EWG-substituted diene and dienophile (Scheme 2.10.a).35
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Scheme 2.10: Diels-Alder reaction between butadienoic acid (191) and acryclic acid (192), their resonance
forms, and coefficients of the frontier orbitals thereof (HOMO-LUMO gap energies are approximated val-
ues).27,35

As observed, the main product corresponds to the “ortho” adduct (193), along with a smaller

amount of the “meta” adduct (194). If the resonance forms are used to determine the regioselectivity

of that reaction, it shows that position 4 on the diene possesses a low electron density (Scheme

2.10.b). The latter should therefore not make any bond with the C3 position of acrylic acid, that also

has a low electron density.

On the other hand, when the frontier orbitals are employed, it can be first determined that the

smallest energy gap turns out to be between the HOMO orbital of the diene and the LUMO orbital

of the dienophile. From this situation, it is found that butadiene bearing an EWG on position 1 has a

slightly larger HOMO coefficient on the C4 position. The preferential pairing will then occur between

the latter and the C3 position of acrylic acid (Scheme 2.10.c).

The FMO theory can also account for the observed regioselectivities in the case of polysubstituted

dienes and dienophiles. In the course of their attempt to synthesise steroids, Dickinson et al. used

the Diels-Alder reaction between diene 195 and 2,6-xyloquinone (196). Unfortunately, an adduct with

a regioselectivity opposite to the desired one was obtained (Scheme 2.11).36 Once again, it can be

explained by the fact that the smallest energy gap exists between the HOMO of the diene and the

LUMO of the dienophile and that, in such a situation, the HOMO coefficient of the diene is slightly

higher on position 2’ and the highest LUMO coefficient is on the C3 position of the quinone.

When the same group used BF3 as Lewis acid in that reaction, the latter formed an adduct with

the oxygen atom having the highest electron density. Consequently, it modified the coefficients of the

LUMO orbital of the quinone, greatly increasing the LUMO coefficient on its C2 position, leading to

the desired cycloadduct for the synthesis of steroids.37
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Scheme 2.11: Diels-Alder reaction between diene 195 and 2,6-xyloquinone (196) or the xyloquinone-BF3
Lewis adduct 198, and coefficients of the frontier orbital thereof.27,36,37

2.2.3 Stereoselectivity of the Diels-Alder reaction

The third great feature of the Diels-Alder reaction is its stereoselectivity. Based on the outcome of

different reactions, such as the addition of cyclopentadiene (151) on maleic anhydride (200) (Scheme

2.12), Alder stated that the favoured transition structure has the electron-withdrawing substituents

in the more hindered environment, under the diene unit. This approach, which was called endo,

seems to be the kinetically favoured one, but not the thermodynamically favoured one. Indeed, when

cycloadduct endo-201 was heated at 190 ◦C, it isomerised to the more stable cycloadduct exo-201,

through a retro-cycladdition and re-addition via the exo approach.38
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Scheme 2.12: Diels-Alder reaction between maleic anhydride (200) and cyclopentadiene (151), transition
states of the endo and exo approaches, and the resulting cycloadducts endo-201 and exo-201. Thermal
isomerisation of the endo adduct into the exo adduct.38

The usual explanation, behind the observation of the endo adducts as main products, is based

on secondary orbital interactions. In the endo approach, the frontier orbitals show a potential overlap

between lobes of the HOMO of the diene and the LUMO of the dienophile, which do not participate

in the formation of new bonds, but whose coefficients have the same sign.39 As an illustration, the

endo approach of cyclopentadiene (151) and acrolein (175) exhibits primary orbital interactions (solid

bold lines) that will lead to the new bond formation, and secondary orbital interactions (dashed line)

between the carbon atom in position 2 of 151 and the carbonyl (Scheme 2.13.a).40
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Similarly, this model can also be applied to inverse electron demand Diels-Alder reactions (Scheme

2.13.b). In this case, secondary orbital interactions occur between the HOMO of the dienophile (203)

and the LUMO of the diene (204). More precisely, those interactions occur between the nitrogen atom

and the C2 carbon atome of the diene.41

(a)
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O

H CHO

H
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(b)
N
Me

203

S(O)Ph

204
Ph(O)S

R2N N
MePh(O)S

205

Scheme 2.13: Representation of the primary orbital interactions (solid bold lines) and of the secondary orbital
interactions (dashed line) in the endo approach, and main product thereof, for: (a) normal demand Diels-Alder
reaction between acrolein (175) and cyclopentadiene (151); (b) inverse electron demand Diels-Alder reaction
between the sulfinyldiene 204 and the enamine 203.27,39–41

However, some counterexamples have also been described, casting doubt on the proposed

model. As described here above, the reaction between acrolein (175) and cyclopentadiene (151)

mainly gives the endo adduct according to the favourable secondary orbital interactions. Neverthe-

less, a small proportion of exo adduct is obtained (Scheme 2.14). On the other hand, when the same

reaction is performed using methacrolein (206), the main adduct is not the one with the aldehyde in

endo position, but the one with the methyl group in endo position.40 This example puts the secondary

orbital interactions in question, as the preference for the unexpected adduct is much higher than for

the expected one.
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Scheme 2.14: Diels-Alder reaction between cyclopentadiene (151) and acrolein (175) or methacrolein (206),
and cycloadducts thereof.40
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Another set of examples are the reaction between 1-methoxycyclohexa-1,3-diene (208) and fu-

maroyl chloride (209) (Scheme 2.15.a) or the reaction between 2-methoxycyclohexa-1,3-diene (212)

and methyl fumarate (213) (Scheme 2.15.b). In the former case, the main product is adduct 211,

which would come from an approach where the p orbital of the carbonyl has a favourable secondary

overlap with the p orbital of the carbon atom on position 3 of the diene.42 Indeed, as illustrated in

Scheme 2.15, the coefficient (determined with the Hückel method) on the carbonyl of fumaroyl chlo-

ride (209), in the LUMO orbital of the latter, is closer to the coefficient on the C3 position of 208, in

the HOMO orbital, than to the coefficient on the C2 position. Therefore, this better overlap leads to

the most favourable secondary orbital interaction and to the kinetically favoured cycloadduct 211.
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+

OMe
COCl

COCl

211(28:72)
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CO2Me

MeO
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Scheme 2.15: Diels-Alder reaction between: (a) 1-methoxycyclohexa-1,3-diene (208) and fumaroyl chloride
(209), coefficients of the HOMO orbital of the diene and of the LUMO orbital of the dienophile, and representa-
tion of the primary orbital interactions (solid bold lines) and of the secondary orbital interactions (dashed line);
(b) 2-methoxycyclohexa-1,3-diene (212) and methylfumarate (213).42,43

But in the second reaction, an equimolar amount of each adduct 214 and 215 is obtained.43 This

example implies that fumarate 213 does not approach the diene 212 with a preferential secondary

orbital overlap and that the secondary orbital effects can be overridden.

Alongside those results, it was shown that the polarity of the solvent has a non negligible effect

on the endo:exo ratios. The preference for the endo adduct in more polar solvents implies that

electrostatic interactions might play a role in the preferential approach.44–46

In the case of cyclopentadiene (151) reacting with acrolein (175), these electrostatic effects can

be invoked, in the exo approach, by a repulsion between the methylene unit of cyclopentadiene,

whose C-H bonds are slightly polarised towards the carbon atom, and the carbonyl group, whose

bond is polarised towards the oxygen atom (Figure 2.3.a).47 Similarly, when furan derivatives (216)

are used with cyclopropenone derivatives (217) an attractive electrostatic interaction occurs between

the oxygen atom and the carbonyl (Figure 2.3.b). In this specific case, the exo transition state leads

to the cycloadduct which is the kinetically, as well as the thermodynamically favoured one.48,49
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216216
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δ-

attraction

Figure 2.3: (a) Electrostatic repulsion between the carbonyl group of acrolein (175) and the hydrogen atoms
of the methylene unit of cyclopentadiene (151).47 (b) Electrostatic attraction between the carbonyle group of
cyclopropenone (217) and the oxygen atom of furan (216).48,49

In 2014, Fernández and Bickelhaupt performed computational studies on the Diels-Alder reaction

between cyclopentadiene (151) and maleic anhydride (200) (Scheme 2.12) in order to determine the

major contributors to the preferential endo approach of the reactants. This example was chosen as it

exclusively gives the endo adduct and should therefore give a better insight in the stereoselectivity of

the reaction.50

In their calculation, they decomposed the potential energy surface into strain energy, associated

with the structural deformation of the reactants, and the gain of energy due to the interactions between

those two increasingly deformed reactants. They further decomposed the interaction component into

electrostatic interactions, Pauli repulsion, primary and secondary orbital interactions, and dispersion

forces.

Even though orbital interactions somewhat intervene in the stabilisation of the transition struc-

tures, they observed it has little to do with the preference between the endo or exo approach, as both

of them showed similar stabilisation due to those effects. Instead, the selectivity seems to be mainly

driven by steric factors as the activation strain was more destabilising for the exo approach than for

the endo one. In this specific reaction, in the exo pathway, the methylene unit of cyclopentadiene

(151) and the oxygen atom of maleic anhydride (200) suffer from an unfavourable steric arrangement

in the transition state, leading to a more destabilising activation strain.

Comparatively, the use of butadiene does not lead to such unfavourable steric strain as the methy-

lene unit is missing. This observation can be verified experimentally as the reaction between (deuter-

ated) butadiene (154) and maleic anhydride (200) also gives a non negligible amount of exo adduct.51

2.3 The asymmetric Diels-Alder reaction

Even though the Diels-Alder reaction already presents great features in terms of regio- and diastereo-

selectivity, one of the main remaining challenges is the formation of enantioenriched cycloadducts.

Therefore, different types of strategies have been used throughout the years to answer this issue.

2.3.1 Chiral auxiliaries

One of those strategies consists in adding an enantiopure unit on one of the reactants, mostly derived

from natural abundant compounds. Some of these examples are presented in Table 2.1.

Most of the examples found in the literature described those types of asymmetric Diels-Alder reac-

tions with chiral auxiliaries added on the dienophile. Those chiral units are often derived from natural

compounds, such as menthol (entries 1 and 2),54,55 camphorsulfonamide (entries 3 and 4),56,57 and
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Table 2.1: Asymmetric Diels-Alder reactions of acrylate derivatives (218), functionalised with chiral auxiliaries,
with cylopentadiene 151.52,53

R*

O

218

151
219+R*

O
H

R

(2R)-219

R*

O
H

S

(2S)-219

Entry R* Lewis Acid Solvent Temp. Major Yield endo de
(eq.) (◦C) product (%) (%) (%)

154
iPr

Me

O BF3·OEt2 (0.43) CH2Cl2 0 (2R)-219 74-81 95 74

255

Me

O

PhMe

Me

TiCl4 (1.5) CH2Cl2 −20 (2R)-219 83 89 90

356

MeMe

O

SO2NiPr2

TiCl2(OiPr)2 (1.5) CH2Cl2 −20 (2R)-219 98 97 88

457

MeMe

O

SO2Nchex2

TiCl2(OiPr)2 (1.5) CH2Cl2 −20 (2R)-219 97 96 93

558

MeMe

N

S

O O

EtAlCl2 (1.5) EtCl −130 (2S)-219 84 99.5 95

659

N

CO2Bn TiCl4 (1) CH2Cl2 −10 (2R)-219 53 94 94
759 EtAlCl2 (1) CH2Cl2 0 (2S)-219 96 92 80

860
OO

O

O

OMe
TiCl4 (2) PhMe −78 (2S)-219 71 >99 >99

champhorsultam (entry 5),58 which are terpenes. They can also come from amino acids, such as

proline (entry 6 and 7),59 or sugars, such as arabinose (entry 8).60

Depending on the auxiliary used, the facial selectivity can be improved. For example, adding a

phenyl group on the isopropyl moiety of menthol significantly increases the diastereoisomeric excess

(entries 1 and 2). The facial selectivity can also be inverted, going from (2R)-219 (entries 1-4) to

(2S)-219 (entry 5). In some cases, with the same chiral auxiliary, the facial selectivity can be inverted

by changing the Lewis acid used (entries 6 and 7).

Naturally, the addition of the chiral auxiliary can be done on the diene. As an illustration, Bourghli

and Stoodley described cycloadditions between anthraquinones, such as 220, and a glucosylated

diene, such as 221 (Scheme 2.16).61 This example gave the diastereoisomer 222 exclusively.
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Scheme 2.16: Asymmetric Diels-Alder reaction between anthraquinone 220 and the glucosylated diene 221.61

Obviously, many other types of chiral auxiliaries exist and can even be modified in order to in-

crease, or even invert, the facial selectivities of these cycloadditions.52,53,62

2.3.2 Asymmetric organocatalysis for Diels-Alder reactions

Another way to perform asymmetric Diels-Alder reactions is the use of organocatalysts.63,64 One of

the most famous examples is the catalysis developed in 2000 by MacMillan, who is the first scientist

to employ the term “organocatalysis”.65 In that work, they used a chiral ammonium salt 223, derived

from (S)-phenylalanine, with enals 224 (Scheme 2.17). The combination of those two reagents forms

an α,β-unsaturated iminium 225 that is more reactive but also chiral. Therefore, the diene, here

cyclopentadiene (151), preferentially reacts on iminium 225 on the back face, as the front face is

blocked by the benzyl group.
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N
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N
O
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Me
Me
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O
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O

Me
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R NR1R2
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(2S)-exo-226

H2O

227+
CHO

R

(2S)-endo-227

R
CHO

(2S)-exo-227

R = Me, Pr, iPr,
R = Ph, Furyl
75-99% yield
endo:exo = 1:1-1:1.3
90-93% ee (endo)
84-93% ee (exo)

Scheme 2.17: Catalytic cycle of the catalysed asymmetric Diels-Alder reaction developed by MacMillan, using
a chiral ammonium salt 223 as catalyst. The conditions are: 223 (5 mol %) in MeOH/H2O (95/5 v/v, 1.0 M) at
23 ◦C.65
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The cycloaddition then leads to the formation of two adducts, (2S)-endo-226 and (2S)-exo-226,

followed by their hydrolysis to give the corresponding aldehyde version of the adducts, (2S)-endo-227

and (2S)-exo-227. Even though the reaction has a low control on the endo:exo selectivity (equimolar

amount in most of the examples with cyclopentadiene (151)), the enantiomeric excesses for both the

endo and exo products were good to very good.

A second example of asymmetric organocatalysis is the use of chiral pyrrolidines with enolisable

aldehydes, which form reactive enamine derivatives. This type of pyrrolidine-catalysed Diels-Alder

reactions had already been reported by Boger in 1982,66 but its asymmetric variation was developed

and reported in 2003 by Jørgensen (Scheme 2.18).67

The catalytic cycle starts with the formation of a chiral enamine 230. This electron-rich dienophile

undergoes a hetero-Diels-Alder reaction with the enone 231. Hydrolysis of adduct 232 in presence

of silica leads to the recovery of catalyst 228 and to lactol 233, which was later oxidised into lactone

234.

In their study, they determined that pyrrolidine 228 gave the best results with various aldehydes

and enones. This reaction was proven efficient to reach good to excellent enantiomeric excesses.
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R1=Et, iPr, Bn
R2=Ph, 4-ClC6H4, Me
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80-94% ee

Scheme 2.18: Catalytic cycle of the inverse electron demand hetero-Diels-Alder reaction developed by Jør-
gensen. The conditions used for the Diels-Alder part are (0.5 mmol scale): 228 (10 mol %), silica (50 mg),
−15 ◦C to rt, CH2Cl2 (0.5 mL). Yields and ee are given for product 234.67

Although the products obtained with that catalytic system correspond to Diels-Alder cycloadducts,

the group of Jørgensen could not conclude whether these reactions are concerted or stepwise. A

few years later, computational studies on similar processes would indicate that this type of catalysis

goes trough a stepwise mechanism (composed of consecutive Michael addition and Mannich-like

reaction).68,69
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The version in which a chiral dienamine is formed also exists. The group of Serebryakov has

published such a catalytic asymmetric Diels-Alder reaction in 1998 (Scheme 2.19).70
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Me

MeMe

MeO2C

240
40%, 100% ee

+ CO2

Scheme 2.19: Catalytic cycle of the Diels-Alder reaction developed by Serebryakov. The conditions used for
the Diels-Alder part are: 235 (10 mol %), 20 ◦C, 168 h in benzene. Yield and ee are given for product 240.70

In this pyrrolidine-catalysed cycloaddition, pyrrolidine 235 first reacts with the enal 236 to form the

dienamine 237. The latter reacts with compound 238 on its most reactive double bond. The formed

adduct 239 later undergoes a β-cis elimination via a decarboxylation to recover the catalyst and to

obtain cyclohexadiene 240. Among their results, pyrrolidine 235 gave the best results in terms of

enantiomeric excess, albeit the yield was lower with this example. They also determined that apolar

solvents gave better results than polar and protic ones.

Another type of organocatalysis consists in the use of hydrogen bond donor and has proven to be

efficient to accelerate many types of reaction, but also to carry out those reactions in an asymmetric

manner.71 The Diels-Alder reactions are no exception to that rule as it has been illustrated by Terada

et al.72 They used the chiral BINOL-phosphoric acid 243 to asymmetrically catalyse hetero-Diels-

Alder reactions with excellent enantiomeric excesses (Scheme 2.20).
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Scheme 2.20: Asymmetric hetero-Diels-Alder reaction, between dienes 241 and glyoxylate 242, catalysed with
the chiral BINOL-phosphoric acid 243.72

That example is not the only one and other groups also worked other types of such reactions,

mostly hetero-Diels-Alder reactions, catalysed by chiral Brønsted acids.73–75
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2.3.3 Lewis acid catalysed asymmetric Diels-Alder reactions

The third method, and probably the most used nowadays, is the use of chiral Lewis acids as catalysts.

Diels-Alder reactions were the very first example of Lewis acid catalysed reactions and it was indeed

shown that Lewis acids can increase the rate of the Diels-Alder reaction if the dienophile bears a car-

bonyl group.76 It was later reported, via X-ray structures, that the oxygen atom of the carbonyl plays

the role of a Lewis base and coordinates the Lewis acid, which lowers its LUMO orbital and, therefore,

accelerates the reaction. The reactions can therefore be performed in milder conditions.77,78

Besides the increase of reactivity, the use of chiral Lewis acids brings multiple advantages: a

smaller amount of chiral precursor is required and the product is directly obtained. Such application

of an asymmetric catalysis for the Diels-Alder reaction started in the late 1970’s with the work of

Koga et al. One of the reactions studied was the addition of cyclopentadiene (151) and methacrolein

(206).79 In order to induce some stereoselectivity in the reaction, they added 0.15 eq. of catalyst 245,

prepared from menthol and EtAlCl2 (Scheme 2.21). As explained earlier, the major diastereoisomer

is the one with the aldehyde group in exo position (Scheme 2.14), and an enantiomeric excess of

64% was reached.

As shown in the box in Scheme 2.21, the stereoselectivity would be explained by a coordination

of the carbonyl to the aluminium with the methyl group pointing in the less hindered environment.

The back face of methacrolein (206) is then hindered, and cyclopentadiene (151) will preferentially

approach on the front face, in an exo orientation.
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PhMe, −78 ◦C
69%, 64% ee

(0.15 eq.)

iPr O
Cl2Al

Me

245

Me

CHOS

(S)-exo-207

iPr O
Al

ClCl

MeO

H

Me

Scheme 2.21: Asymmetric Diels-Alder reaction between cyclopentadiene (151) and methacrolein (206) carried
out using chiral catalyst 245, prepared menthol as ligand and EtAlCl2 as Lewis acid.79

Since then, the development of chiral catalysts for the synthesis of enantioenriched cycloadducts

took off.80–84 The Lewis acids used are numerous, such as boron, aluminium, iron, titanium, magne-

sium, copper, ruthenium, chromium, zirconium, samarium, gadolinium, or even ytterbium. The panel

of ligands chosen for those reactions can be infinite, as modifying them with different substituents

can allow a fine tuning of the reactions to reach the highest ee possible.

Nevertheless, reviewing of the literature reveals that some types of ligands stand out (Figure

2.4). They can be derived from natural terpenes, such as menthol or pinene, or amino acids, such

as prolinol, oxazaborolidinium salts or oxazaborolidinones. Chelating ligands have also been devel-

oped such as diols, disulfonamides, diphosphanes, bisoxazolines, Schiff bases or binaphtols. Some

groups also used metalloenzymes, containing a porphyrine as ligand for a metal core.85

Since then, very good stereoselectivities can be achieved, allowing the application of this method

as a powerful tool in many types of syntheses, including total synthesis. Indeed, the formation of

enantiomerically enriched cycloadducts, with up to four controlled stereogenic centers, can alleviate

synthetic issues encountered with other types of reactions.
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Figure 2.4: Examples of chiral catalysts used in asymmetric Diels-Alder reactions.80–85

2.4 Catalytic asymmetric Diels-Alder reactions applied on quinones

In the course of this thesis, we took a particular interest in the asymmetric Diels-Alder reactions of

quinones as it is one of the key steps for the total synthesis of momilactones, as it will be presented in

Chapter 3. We report here some of the methods to perform such reactions in an asymmetric manner.

One of the main contributions to the catalytic asymmetric Diels-Alder reaction, with quinones as

dienophiles, was reported by Corey’s group (Scheme 2.22).86,87 In that work they use the oxazaboro-

lidinium salt ent-109 as catalyst with a variety of quinones and dienes. They obtained only endo

adducts with moderate to excellent enantiomeric excesses.
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Scheme 2.22: Asymmetric Diels-Alder reaction developed by Corey, using the oxazaborolidinium ent-109 as
chiral catalyst, between a quinone and diverse dienes (151, 154, 162, 246-249).86,87
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Figure 2.5: Model of the coordination
of quinones to catalyst ent-109 for the
asymmetric Diels-Alder reaction devel-
oped by Corey.86

In order to explain the facial selectivity observed with this

catalysis, they proposed the model described in Figure 2.5.

First, one of the carbonyl groups binds to the boron atom. Given

the results obtained, it was postulated that the most electron-

rich oxygen atom is the one to be involved in that bond. Then,

a hydrogen bond, between a hydrogen atom in α position of the

linked carbonyl group and the oxygen atom of the oxazaboroli-

dinium salt, takes place. The back face is then blocked by one

of the phenyl groups, and the diene arrives on the front face.

In the case of 2-substituted dienes, the latter approaches the

quinone with the preferential regioselectivity, described in Fig-

ure 2.5, in which the C1 position of the diene will make a new

bond with the C5 position of the quinone.86

In their study, the group assessed the reactivity of mono-

substituted quinones 250. The cycloaddition occurred with an excellent enantioselectivity, with the

preferential approach on the C5-C6 double bond and the expected regioselectivity (Figure 2.5). In

those examples (Scheme 2.23), the hydrogen bond can occur with three different hydrogen atoms.

Based on the structure of the resulting cycloadducts, they hypothesised that the quinone adopts an

orientation in which the bulkiest group (R2) is place in the least hindered environment.87
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Scheme 2.23: Asymmetric Diels-Alder reactions between diene 249 and monosubstituted quinones 250 with
ent-109 as chiral catalyst.87
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Figure 2.6: Model of the coordination
of quinones 252 to catalyst ent-109
and the two possible approaches of di-
enes 162 and 248.86

The only drawback presented in their work is the reaction

of 2,5-dimethyl-1,4-benzoquinone (252) with unsymmetrical di-

enes 162 and 248. Besides the good enantiomeric excesses

observed for those examples, they encountered regioselectivity

issues (Table 2.2).

They supposed, as those dienes are less electron-rich than

diene 249, their selectivity towards the C5-C6 double bond is

lower. Therefore, even though quinone 252 would adopt the

expected coordination to the catalyst, the dienes may react on

the C2-C3 double bond as well with the new bond formed be-

tween the C1 position of the diene and the C3 of the quinone

(Figure 2.6). Nevertheless, these latter still approach with an

endo orientation on the front face of the quinone, leading to

very good enantiomeric excesses.86
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Table 2.2: Asymmetric Diels-Alder reactions of dienes 162 or 248 with 2,5-dimethyl-1,4-benzoquinone (252),
using ent-109 a catalyst, and regioselectivity issues thereof.86

R

162: R=Me
248: R=CH2TMS

+

O

O

Me

Me

252

ent-109
(20 mol %)

CH2Cl2, −95 ◦C

O

O

H

Me
R

Me

253

O

O

H

Me

MeR

254

+

Entry R Yield 253:254 ee 253 ee 254

(%) (%) (%)

1 Me 99 62:38 >99 93

2 CH2TMS 98 48:52 92 >99

The same year, Evans’ group published another method to perform asymmetric Diels-Alder reac-

tions on 2-carboxylate-1,4-quinones 256.88 Their methodology focuses on the use of catalysts 255,

derived from pyridinyl-bis(oxazoline) (pybox) ligands and samarium or gadolinium triflates. The mode

of coordination of the quinone consists in a chelation of the metal core between both carbonyl groups

of the quinone and ester moieties (Figure 2.7). It was supposed that the third triflate anion might be

replaced by one or several solvent molecules.
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Figure 2.7: Structure of the catalyst 255, derived from pyridinyl-bis(oxazoline) (pybox) ligands and samarium
or gadolinium triflates, and structure of the coordination mode of quinones 256.88

They then assessed the efficiency of the catalysis by testing two benzoquinones and a naphtho-

quinone with five dienes substituted with aliphatic chains. They obtained good to excellent ee and

determined that 255a was the best catalyst for benzoquinones and 255b was the best one for naph-

thoquinones. They also noticed that gadolinium triflate gave slightly better ee in some cases.88
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255 (10 mol %)
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X=CO2Me
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R1=H, Me, Et, Pr
R2=H, Me
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84-99% ee

Scheme 2.24: Asymmetric Diels-Alder reactions between 2-benzoate-1,4-quinone (256) and diverse dienes,
using catalyst 255, derived from pyridinyl-bis(oxazoline) (pybox) ligands and samarium or gadolinium triflates.88
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In 2013, Jørgensen et al. applied their enamine-mediated strategy (Scheme 2.18) on 1,4-naphtho-

quinone derivatives (Scheme 2.25).89 In their study, they used a dienal, which was transformed into

a trienamine in situ with catalyst 261. In addition to the formation of a chiral enamine, the efficacy of

the catalyst was reinforced thanks to the presence of a hydrogen bond donor moiety, facilitating the

approach of the quinone on the desired face with an exo orientation. Even though the yields of the

reaction were somewhat low, very good enantiomeric excesses were reached.
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ClCH2CH2Cl, DEA
50 ◦C, 24 h
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R1=Me, R2=H
or R1=R2= (—(CH2)4—)
R3=Me, Pr, Ph, Bn,
R3=CH2(4 -ClC6H4)
43-71% yield
85-95% ee

Scheme 2.25: Asymmetric Diels-Alder reaction, developed by Jørgensen et al., using a trienamine, formed by
reaction of catalyst 261 on dienal 259, as diene and a naphthoquinone 260 as dienophile.89

More recently, in 2019, Antilla et al. proposed an asymmetric catalysis for Diels-Alder reac-

tions between quinones and naphthoquinones (263) and 3-vinylindoles (264), assisted by BINOL

phosphate salt complexes.90 That catalytic cycloaddition proved to be efficient for a wide range of

quinones and vinylindoles with yields between 70 and 99% and ee between 79 and 99%. There were

only a few exceptions with low ee of 5, 29 and 48%, one case where the conversion was very low,

and one case where they encountered regioselectivity issues.

Using that strategy, the group tried to offer a global efficient synthetic pathway for the total syn-

thesis of tetrahydrocarbazoles that can be found in Nature.
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R1=H, Me, OH, Cl, Br
R2=H, Me, OMe, F, Cl, Br
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R4=CH2(4 -tBuC6H4),
R4=CH2(4 -ClC6H4)
70-99% yield
79-99% ee

Scheme 2.26: Asymmetric Diels-Alder reaction between 1,4-quinones 263 and vinylindoles 264, using BINOL
phosphate complex 265 as chiral catalyst.90

These few examples naturally represent a non-exhaustive part of what can be done on quinones in

terms of cycloadditions. Although they are not the very first results of asymmetric catalytic Diels-Alder

reaction on quinoid systems,91–94 those works report some of the best ees achieved so far. Other

catalytic systems have also been reported,95–97 including reactions on “masked” quinones.98–100
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With the development of more complex systems for asymmetric Diels-Alder reactions, new appli-

cations in total synthesis can be envisaged. As an illustration, in 2000, White’s group developed a

new synthetic route for the synthesis of (–)-ibogamine ((–)-167).13 It started with a cycloaddition be-

tween benzoquinone (95) and diene 267, asymmetrically catalysed by the BINOL complex 268. They

obtained the cycloadduct 269 with an enantiomeric excess of 87% (Scheme 2.27). Even though

this ee is moderate, it remains an achievement as unsubstituted benzoquinone (95) possesses two

double bonds that are equivalently reactive. A higher facial selectivity in those cases could then be

thwarted by issues in the double bond selectivity. With an additional thirteen steps, they could finish

the total synthesis of (–)-ibogamine with a 10% yield.
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13 steps
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(–)-ibogamine ((–)-167)

Scheme 2.27: Asymmetric total synthesis of (–)-ibogamine ((–)-167) from benzoquinone (95) and diene 267,
using BINOL catalyst 268 in the Diels-Alder step.13

Gaining in complexity, Jacobsen et al. proposed an enantioselective total synthesis of colombiasin

A (280).101 They first performed attempts on different quinones and dienes to evaluate the efficiency

of the catalyst they designed, the dimeric chromium complex 271. Those tests gave adducts with

yields between 62 and 92% and ee between 86 and 97%.102

First, they had to synthesise the diene 273 that presents a stereogenic center (Scheme 2.28).

Following the strategy they developed a few years earlier,103,104 they started their synthesis with

an asymmetric hetero-Diels-Alder between crotonaldehyde (270) and ethyl vinyl ether (185), using

catalyst 271, obtaining dihydropyran 272 with a 93% ee. In three more steps, diene 273 was reached.
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O
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3 steps
60%

Me
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Scheme 2.28: Synthesis of diene 273, starting from an asymmetric hetero-Diels-Alder between crotonaldehyde
(270) and ethyl vinyl ether (185) using the dimeric chromium complex 271.101
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N O
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ClO

H

H

Me concave face

convex face

Figure 2.8: Representation of a
3D model of catalysts 271 or 274
and both possible approaches of
a quinone.102

With the desired diene in hand, they could continue the synthesis

with another asymmetric Diels-Alder reaction involving quinone 275

(Scheme 2.29). As the presence of a stereogenic center in the diene

is not sufficient to induce a high stereoselectivity, they used the cat-

alyst 274, a monomeric version of the chromium complex. This reac-

tion gave two products: the expected cycloadduct 276 and its isomer

277 with a 86% yield. Nevertheless, it was shown by other methods

that a diastereomeric excess of 94% was reached, and both com-

pounds gave the exact same products when engaged in the same

reaction sequence.

The good stereoselectivity observed with those catalytic systems can be explained by an analysis

of the structure of a monomeric unit of the catalyst (Figure 2.8). When water molecules are removed,

it would appear, between both binding sites, that binding to the inner, concave face of the catalyst

would be more consistent with the high enantioselectivities observed.102
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Scheme 2.29: Total synthesis of combiasin A (280), starting with an asymmetric Diels-Alder reaction betwen
diene 273 and quinone (275), and its conversion into elisapterosin B 281.101

After four more reactions from 276 and 277, intermediate 278 was obtained and dehydrated to

form a diene in situ. The latter directly underwent a intramolecular Diels-Alder reaction to build

the tetracyclic frame of colombiasin A (280). A Barton-McCombie deoxygenation, followed by a

demethylation, led to the natural substance. With that sequence, Jacobsen’s group accomplished the

enantioselective total synthesis of Colombiasin A in 12 steps and 11.5% overall yield. The latter was
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then efficiently converted into a second natural molecule, elisapterosin B (281), via a rearrangement

catalysed by BF3·OEt2 in a very good 94% yield.101

2.5 Sulfinylquinones as chiral dienophiles

Over the last four decades, the chiral sulfinyl group has been widely used in stereoselective carbon-

carbon or carbon-heteroatom bond forming reactions.105–111 More specifically, in our field of interest,

it also proved to be a powerful chiral auxiliary for the Diels-Alder reactions.112,113

As an example, Shiro et al. reported, in 1991, the use of α-sulfinyl maleimides 284 as chiral dien-

ophiles (Table 2.3).114 They tested the reaction with cylocpentadiene (151) at different temperatures

with and without ZnCl2 as Lewis acid. They first noticed that the temperature had little impact on the

diastereoselectivity. They also highlighted that in the absence of a Lewis acid, the major adduct was

(S)-285, but in the presence of ZnCl2, the selectivity is inverted towards (R)-285 and is even better.

They suggested that without catalyst, the preferential conformation of the sulfinyl moiety orientates

the bulky group (R) on the front face, and forces the approach of the diene on the back face. On the

other hand, when zinc is added to the reaction, a chelation of the metal by the sulfoxide group and

the closest carbonyl of the maleimide can occur, changing the orientation of the R group towards the

back face, forcing the approach of the diene on the top face.

Table 2.3: Diels-Alder reaction between cyclopentadiene (151) and α-sulfinyl maleimide 284.114
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83%
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284 (>99% de)
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151
+
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S
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O

O Bn

O

R
R

(R)-285

S

N

O

O Bn

O
R

S

(S)-285

Entry Temp. Lewis acid Time Yield (R)-285:(S)-285

(◦C) (min) (%)

1 40 — 5 >99 31:69

2 40 ZnCl2 5 91 94:6

3 0 — 60 97 28:72

4 0 ZnCl2 20 >99 97:3

5 −78 — 60 >99 36:64

6 −78 ZnCl2 30 97 97:3

A particularity one should be aware of concerning the sulfinyl groups, is their ability to undergo

a β-syn elimination when both sulfoxide group and a hydrogen atom are syn-periplanar (Scheme

2.30).115

R1

R2

R4
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SR +
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R2 R3
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Scheme 2.30: β-syn elimination of the sulfinyl group.115
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In 1994, García Ruano et al. described Diels-Alder reactions between diverse dienes and sulfinyl

maleates (for example 286), which could either take place via an endo or an exo approach (Scheme

2.31).116 However, the cycloadducts 287 and 290 were not stable, and the pyrolysis products were

obtained after one to two days. Indeed, the orientation of the sulfoxide is propitious for the β-syn

elimination described in Scheme 2.30.

In the case of the endo adduct 287 two pyrolysis products are reachable as two hydrogen atoms

are in a cis orientation with respect to the sulfoxide, leading to cyclohexadienes 288 (pathway a) and

289 (pathway b). On the other hand, the exo adduct 290 only possesses one hydrogen atom in the

adequate orientation and only one elimination product (291) was obtained.

In their communication, they reported that the reactions mainly underwent the endo route and

that, on the whole, good enantiomeric excesses were reached, although mixtures of products 288

and 289 were obtained.
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Scheme 2.31: Diels-Alder reactions between sulfinyl maleate 286 and diverse dienes, giving endo adduct 287,
that pyrolyses into 288 and 289, or adduct 290, that pyrolyses into 291.116

2.5.1 Synthesis of enantiomerically enriched sulfinylquinones

h117,118

Me

S
O

O

iPr
Me

292

Figure 2.9: Structure of menthyl
(–)-S(S)-para-toluenesulfinate
(292).119–121

As quinones, acting as dienophiles, seem to be important starting

materials in the synthesis of many products, including natural ones,

Carreño et al. wanted to synthesise chiral sulfinylquinones with high

optical yields. For that purpose, they developed two different path-

ways, starting from bromodimethoxybenzene 293 (Scheme 2.32).117

The top pathway starts with the anodic oxidation (E) of 293 into its

ketal form 294, as described by Swenton et al.118 It later underwent

an bromine lithium exchange, followed by a substitution on menthyl

(–)-S(S)-para-toluenesulfinate (292, Figure 2.9). This chiral precur-
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sor was prepared following the procedure of Andersen et al.,119,120 improved by the group of Solladié

two decades later.121

The other pathway consists in inverting the synthetic steps, staring with the halogen metal ex-

change and the nucleophilic substitution, followed by the anodic oxidation. Both ways give approxi-

matively 55% overall yield. Finally, the sulfinyl ketal 296 is hydrolysed into the desired sulfinylquinone

297 that was obtained with an excellent enantiomeric excess.
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Scheme 2.32: First synthesis of an enantiopure sulfinylquinone (297). E = electrochemical oxidation.117

Three years later, they improved their synthesis by performing an ortho-directed lithiation on 1,4-

dimethoxybenzene (298), followed by the usual substitution on 292, directly giving sulfoxide 295

(Scheme 2.33).122 The latter was then cleanly oxidised into its quinone form (297), using CAN in-

stead of an electrochemical oxidation. This reagent does not oxidise the sulfinyl group, nor invert its

absolute configuration. This route is one step shorter than the previous one (Scheme 2.32) and has

a 68% overall yield.
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Scheme 2.33: Optimised synthesis of sulfinylquinone 297 and sulfinylnaphthoquinones 301.122

They then applied this strategy to the synthesis of various sulfinylnaphthoquinones (301) substi-

tuted with methoxy groups. They obtained three new examples of sulfinylquinone derivatives with

moderate to very good yield in two steps with enantiomeric excesses above 95%.
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Since then, many examples of sulfinylquinones and sulfinylnaphthoquinones have been synthe-

sised with different types of substituents such as alkyl, alkoxy, chloride, silyl or nitrile groups.123–133

The main strategy to obtain such compounds is to start with the functionalisation of an aromatic ring.

The latter, which contains a hydroquinone pattern, is converted into an organometallic compound

eiher by metallation or halogen metal exchange, followed by a substitution on a sulfinate. Finally, the

hydroquinone core is oxidised into a quinone, mostly with CAN or DDQ (Scheme 2.34).

The nature of the sulfinyl group can also be modulated. The main chiral auxiliaries used are

menthol and diacetonidegluucofuranose (DAG) for arylsulfinyl and alkylsulfinyl groups, respectively.

It is to be noticed that some of those sulfinates will lead to the S enantiomer, while others will lead to

the R one.
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Scheme 2.34: General route for the synthesis of enantiopure sulfinylquinones.

2.5.2 Double bond selectivity in Diels-Alder reactions with sulfinylquinones

With their enantiopure sulfinylquinone 297 in hand, Carreño’s group assessed its reactivity in Diels-

Alder reactions.117 They first started with acyclic dienes (Scheme 2.35). As expected, they reacted

on the sulfinyl-substituted double bond, as it is supposed to be the most electron poor, leading to

the adducts 303. However, those adducts were not detected as they pyrolysed rather quickly to the

products 304, that were themselves not isolable due to the further aromatisation to naphthoquinones

305.
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Scheme 2.35: Diels-Alder reactions between sulfinylquinone 297 and acyclic dienes 302 and products
thereof.117



CHAPTER 2. ASYMMETRIC DIELS-ALDER REACTIONS ON QUINONES 73

However, when the same reaction was performed with a cyclic diene, such as cyclopentadiene

(151), it surprisingly occured on the other double bond (Scheme 2.36). Nevertheless, as the adducts

could not pyrolyse, the group was able to determine a facial selectivity with the preferential approach

on the back face, leading to α-306 as major adduct. They showed that the sulfinyl group was a good

inducer of stereoselectivity, even though the diene did not react on the expected double bond.
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Scheme 2.36: Diels-Alder reaction between sulfinylquinone 297 and cyclopentadiene (151), leading to cy-
cloadducts α- and β-306.117

When the group used cyclohexadiene (246), they observed the same behaviour as for cyclopen-

tadiene.134 Given the unexpected results with cyclic dienes, the group proposed a model to explain

such observations.134 They postulated when cyclic dienes approach in an endo orientation on the

sulfinyl double bond (Figure 2.10.a), a steric repulsion arises between the methylene unit (or the

ethylene unit for cyclohexadiene) and the sulfinyl group, whether on the top or bottom face of the

quinone. Therefore, the addition occurs on the other double bond, still with an endo approach (Figure

2.10.b), hence the unexpected cycloadducts.

On the other hand, when acyclic dienes are employed, such steric clash is no longer occurring,

as the methylene or ethylene unit is missing. The reaction can therefore take place on the sulfinyl

double bond, that is supposedly the most reactive one (Figure 2.10.c).
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Figure 2.10: Proposed model for the explanation of the observed double bond selectivity with cyclic dienes (a
and b) and acyclic ones (c).134

In 2020, a group performed theoretical calculations on the cycloaddition between sulfinylquinone

297 and cyclopentadiene (151) and determined that the transition state with the lowest energy was

indeed the approach on the bottom face in situation (b) described in Figure 2.10. They determined

that this approach was stabilised by a CH-π interaction between the cyclopentadiene and the para-

tolyl group.135

As the goal of performing Diels-Alder reactions with sulfinylquinone 297 was to evaluate the fa-

cial diasteroselectivity of the cycloaddition on the sulfinyl-substituted double bond, Carreño’s group
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designed new sulfinylquinones with a substituent in C3 position. This way, the pyrolysis and aromati-

sation processes observed with 297 (Scheme 2.36) should not take place.123

Unfortunately, the addition of a substitutent on the C3 position made dimethylbutadiene (247)

react on the C5-C6 double bond of quinones 307 (Scheme 2.37). They postulated that a group on

the C3 position caused steric and/or electronic repulsions, which rendered the approach on that bond

too difficult, even for acyclic dienes. Nonetheless, they could observe that some stereoselectivity

was achieved as a slight preference was obtained for one of the diastereoisomers (determined on the

basis of the selectivity observed for the reaction described in Scheme 2.36).
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Scheme 2.37: Diels-Alder reaction between 3-substituted sulfinylquinones (307) and dimethylbutadiene (247),
leading to cycloadducts α- and β-308.123

Since an unsubstituted sulfinylquinone (297) or 3-substituted ones leads to the addition of the

diene on the C5-C6 double bond, a way to force the reaction on the C2-C3 double bond is to add bulky

or electron donating groups on the C5 and/or C6 positions (Scheme 2.38).125 Indeed, as observed

by Carreño et al., such substituted sulfinylquinones (309) led to the cycloaddition occurring on the

sulfinyl-bearing double bond (adducts 310).

In those examples, the preferential cycloadducts are the β-310 ones, corresponding to the diene

approaching on the front face with an endo orientation. The facial diastereoselectivities were much

better on that double bond, as the reaction is happening closer to the sulfinyl moiety.
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Scheme 2.38: Diels-Alder reactions between sulfinylquinones 309 and cyclopentadiene (151), leading to cy-
cloadducts α- and β-310.125

In the same vein, it would be possible to favour the addition on the C2-C3 double bond by the

addition of an electron withdrawing group on the C3 position, such as a nitrile group, as performed

by García Ruano’s group in 2004 (Scheme 2.39).129 Given that sulfinylquinone 312 was not stable, it

was generated in situ, directly followed by the Diels-Alder reaction. As expected, the addition of the

diene occurred on the quite reactive C2-C3 double bond, via an endo orientation of the diene, albeit

with a poor facial diastereoselectivity.
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Scheme 2.39: Diels-Alder reaction between 3-cyanosulfinylquinone 312 and cyclopentadiene (151), leading to
adducts α- and β-313.129

Another way to make an impact on the double bond selectivity is the use of Lewis acids. As

already presented in Scheme 2.36, the reaction between the unsubstituted sulfinylquinone 297 and

cyclopentadiene (151) leads to the addition on the C5-C6 double bond, with a preference for the

adduct α-306 (Table 2.4, entry 1).117 However, the use of different Lewis acids had an impact, not

only on the facial diastereoselectivity, but also on the double bond selectivity.134

Table 2.4: Diels-Alder reactions between sulfinylquinone 297 and cyclopentadiene (151) with or without Lewis
acid as catalyst, and the resulting cycloadducts α-306, β-306 or α-314.134

S
pTol

OO

O

297

CH2Cl2, −20 ◦C

151
H

H

O

O

S
pTol

O

α-306

+

H

H

O

O

S
pTol

O

β-306

+

314

O

O

S(O)pTol

H

α-314

Entry Lewis acid Time Yield α-306:β-306 α-314

(eq.) (h) (%)

1 — 16 95% 71:29 —

2 BF3·OEt2 (5) 0.5 90% 10:90 —

3 Eu(fod)3 (2) 0.5 80% 89:11 —

4 ZnBr2 (2) 1 89% 26:38 36

When BF3·OEt2 was used (Table 2.4, entry 2), the reaction still occurred on the C5-C6 double

bond, but the stereoselectivity was inverted towards the adduct β-306. On the other hand, the use of

Eu(fod)3 maintained the same facial selectivity as in the absence of Lewis acid, but with an increased

preference for the α adduct (Table 2.4, entry 3). Finally, the use of zinc bromide as catalyst allowed

to reach the adduct α-314, corresponding to the addition of the diene on the C2-C3 double bond, as

initially expected for those reactions.

In an attempt to explain those observations, models have been developed (Figure 2.11). It has

already been described that, in the absence of Lewis acid (Figure 2.10), the methylene unit of cy-

clopentadiene (151) and the sulfinyl group might repel each other due to a steric clash, leading to the

preferential addition on the C5-C6 double bond. However, the link between the sulfoxide configura-

tion and the stereoselectivity observed is unclear.117



76 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

O

O

S

O
pTol

F3B

F3B

BF3

(a)

O

S pTol
O

O

(fod)3
Eu

(b)

O

O

S

O

pTol

Br2

Zn

(c)

Figure 2.11: Proposed models for the preferential double bond selectivity of cyclopentadiene (151) on sulfinyl-
quinone 297 with Lewis acids. (a) BF3·OEt2; (b) Eu(fod)3; (c) ZnBr2.134

In the case of BF3·OEt2 (Figure 2.11.a), each oxygen atom individually coordinates a boron atom.

The sulfoxide group would then be in an s-cis conformation due to too large steric and electrostatic

repulsions between both BF3-coordinated oxygen atoms. Consequently, the para-tolyl group points

towards the bottom face of the quinone plane, hindering it, and the diene preferentially approaches

on the top face, leading to the adduct β-306.

When europium was used as catalyst, the coordination mode is different as it is able to form a

chelate between the oxygen atom of the sulfoxide and the oxygen atom of the carbonyl. The sulfinyl

group then adopts an s-trans conformation, orienting the para-tolyl group on the top face. Therefore,

the diene goes on the bottom face, leading to the adduct α-306.

Similarly, zinc bromide is able to form a chelate, just as europium. However, zinc being a smaller

atom, and the size and geometry of its ligands being less hindering, the chelate will be more planar,

bringing the sulfoxide bond in the same plane as the quinone. The C2-C3 double bond should be

more accessible, enabling the diene to approach on the latter, hence the non negligible proportion of

adduct α-314. For the same reasons as for europium, the bulky para-tolyl group points towards the

top face, forcing the reaction on the bottom one.

2.5.3 Control of the facial diastereoselectivity

Having a better understanding of the double bond selectivity, one can now focus on the facial dia-

stereoselectivity observed in Diels-Alder reactions performed on sulfinylquinones. Although some

of those selectivities have already been presented in the previous section, a deeper insight on that

question will be developed below.

In the continuity of the work described in Table 2.4, the group of Carreño also studied the dif-

ference between cyclopentadiene (151) and 1,3-cyclohexadiene (246).134 The stereoselectivities ob-

served with 151 have received a hypothetical explanation based on the supposed conformation of

the sulfinyl moiety, depending on the Lewis acid used (Table 2.5, entries 1-4).

Without any surprise, cyclohexadiene (246) presented a similar behaviour as 151 with α:β ratios

almost identical (Table 2.5, entries 5-8). The only major difference is the absence of adduct resulting

from the addition of diene 246 on the C2-C3 double bond. The ethylene unit must be bulkier than

the methylene one to disfavour that cycloaddition, even when zinc bromide is used (Table 2.5, entry

8). Nonetheless, with both cyclopentadiene (151) and cyclohexadiene (246), a low facial selectivity

is observed on the C5-C6 double bond.
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Table 2.5: Diels-Alder reactions between sulfinylquinone 297 and cyclopentadiene (151) or 1,3-cyclohexadiene
(246) with or without Lewis acid as catalyst.134

S
pTol

OO

O

297

CH2Cl2, −20 ◦C

( )n

151: n=1
246: n=2

315

H

H

O

O

S
pTol

O

( )n

α-306
α-315

+

n=1
n=2

H

H

O

O

S
pTol

O

( )n

β-306
β-315

+

O

O

S(O)pTol

H

α-314

Entry Diene Lewis acid Time Yield α-306:β-306 α-314 α-315:β-315

(eq.) (h) (%)

1 151 — 16 95% 71:29 — —

2 151 BF3·OEt2 (5) 0.5 90% 10:90 — —

3 151 Eu(fod)3 (2) 0.5 80% 89:11 — —

4 151 ZnBr2 (2) 1 89% 26:38 36 —

5 246 — 480 94% — — 83:17

6 246 BF3·OEt2 (5) 2 95% — — 9:91

7 246 Eu(fod)3 (2) 24 81% — — 90:10

8 246 ZnBr2 (2) 24 95% — — 46:54

In order to properly evaluate the stereoselectivity when the reaction takes place on the C2-C3

double bond, a similar assessment has been done on sulfinylquinone 309c (Table 2.6).125 When the

reaction was run in the absence of Lewis acid, the main adduct is β-310c (entry 1). According to the

model described in Figure 2.10.c, the sulfinyl moiety would adopt a preferential s-cis conformation,

blocking the bottom face and forcing the approach on the top face, hence the preferred β adduct.

Table 2.6: Diels-Alder reactions between sulfinylquinone 309c and cyclopentadiene (151) with and without
Lewis acids, and their cycloadducts α- and β-310c.125

S

O

pTol

O

O

MeO

iPr

309c

CH2Cl2, −20 ◦C

151
+

O

O

MeO

iPr

S(O)pTol

H

α-310c

O

O

MeO

iPr

S(O)pTol

H

β-310c

Entry Lewis acid Time Yield α:β

(eq.) (h) (%)

1 — 22 73 11:89

2 BF3·OEt2 (5) 1 50 69:31

3 ZnBr2 (3) 1 72% >97:<3

In the case of BF3·OEt2 (entry 2), the β adduct remains the major one, but the facial selectivity is

much lower than in the previous example. This could be explained by the coordination of each oxygen
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atom to boron, adding some hindrance to the sulfinylquinone and disfavouring a selective approach

on only one face of the quinone part.

Finally, it was observed that zinc bromide almost totally inverted the diastereoselectivity. This can

easily be explained by the model developed in Figure 2.11.c. The chelate formed by the zinc atom

and both oxygen atoms of the sulfoxide and the carbonyl orientates the para-tolyl group towards the

top face, forcing the diene to approach on the bottom face.

The same reaction has been performed with piperylene (179) to evaluate the stereoselectivity

with acyclic dienes (Table 2.7).125 In this case, the cycloadduct β-316 was not stable and rapidly

pyrolysed into β-317.

When the reaction was run in absence of Lewis acid or with BF3·OEt2, the expected β product

is obtained in a high enantiomeric excess (entries 1 and 2), for the expected reasons discussed

previously. However, the use of zinc bromide did not give an inversion of facial selectivity as observed

with cyclopentadiene (Table 2.7, entry 3 vs. Table 2.6, entry 3).

Table 2.7: Diels-Alder reactions between sulfinylquinone 309c and piperylene (179) with and without Lewis
acid, and their product β-317.125

S

O

pTol

O

O

MeO

iPr

309c

CH2Cl2, −20 ◦C

Me

179

316

O

O

MeO

iPr

S
(O

)p
T

o
l

H

Me

β-316
317

O

O

MeO

iPr

Me

β-317

Entry Lewis acid Time Yield ee

(eq.) (h) (%) (%)

1 — 48 55 94

2 BF3·OEt2 (5) 0.8 80 84

3 ZnBr2 (3) 0.5 79 92
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Figure 2.12: Model proposed for the re-
tention of facial diastereoselectivity with
piperylene (179) in the presence of zinc
bromide as Lewis acid.125

Assuming zinc bromide is able to form a chelate with the

sulfinylquinones (Figure 2.12.a), it should be in equilibrium

with the non-chelated form (Figure 2.12.b). Somehow, the

former should be less reactive than the latter in the case

of piperylene (179). One possible explanation is the pres-

ence of the methyl group pointing in the direction of the

chelated zinc, causing steric repulsion. Therefore, the more

favourable approach would be the one in which zinc is co-

ordinated to each oxygen atom individually, leading to the

approach of 179 on the top face of the quinone moiety.

It was actually suggested, via computational methods,

that the stereoselectivity observed in the case of ZnBr2-catalysed cycloadditions of sulfinylquinones

was explained by the formation of a Zn2Br4-sulfinylquinone complex.136
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Another example presenting a retention of facial selectivity in the presence of ZnBr2 was reported

by Hanquet’s group in 2006.130 They assessed the stereoselectivities obtained between sulfinylqui-

none 318 and diverse dienes, including cyclopentadiene (151). As expected, given the results already

reported by other publications, the reaction run under thermal conditions, in the absence of catalyst,

gives β-318 as major adduct (Scheme 2.40). However, the addition of zinc bromide, with the intention

of forming a chelate and inverting the conformation of the sulfinyl group, did not give the adduct α-318

as major product. It even had a much higher selection for the β adduct.

In order to explain that difference, it was proposed that the carbonyl group, usually forming a

chelate with the sulfoxide group, will preferentially form a chelate with the methoxy group at C6

position. Consequently, the sulfinyl group would individually coordinate a zinc atom, maintaining it in

an s-cis conformation. The bottom face would be blocked and the diene would preferentially approach

on the top face, hence the excellent selectivity for the β adduct.
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Scheme 2.40: Diels-Alder reactions between sulfinylquinone 318 and cyclopentadiene (151), with or without
ZnBr2, and the proposed structure for the complex between sulfinylquinone 318 and zinc bromide.130

Besides the evaluation of the use of Lewis acids, Carreño’s group also studied the impact of the

solvent on the facial selectivity of cyclopentadiene (151) on sulfinylquinone 297 (Table 2.8).134 In the

course of that study, the group used apolar, polar aprotic, and polar protic solvents, at low and higher

temperature. It can be noticed that only the addition on the C5-C6 double bond was obtained and

that the major adduct was α-306 in every case. It was also highlighted that, in a given same solvent,

the temperature had little impact on the stereoselectivity.

It can then be observed that reactions run in apolar solvents, such as benzene, gave low selectiv-

ities or no selectivity at all (entries 1-3). Increasing the polarity of the solvent increased the selectivity

towards the α adduct, with better selectivities obtained in strongly polar solvents (entries 4-12).

The best selectivity was obtained in ethanol at −20 ◦C (entry 14). As the use of hydrogen bond

donors seemed to increase the facial selectivity, the reaction has been tested in ethanol with the

addition of water. However, although the reaction time significantly decreased, the stereoselectivity

decreased as well (entries 15 and 16). It has also been directly tested in water as reaction solvent. It

gave the lowest reaction time, but the selectivity was not as good as in ethanol (entry 17).

Those observations showed that Diels-Alder reactions are not insensitive to solvent effects, as

already described for other systems.137 The most remarkable example is the use of water, an un-

usual solvent for organic reactions, that actually proved to greatly accelerate the cycloaddition.138–140

These results showed that the choice of the solvent for the Diels-Alder reactions is of great importance

in terms of rate and stereoselectivity, particularly in the case of sulfinylquinones. The phenomenon

behind those results remains not well understood.
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Table 2.8: Diels-Alder reactions between sulfinylquinone 297 and cyclopentadiene (151) in different solvents
and at different temperatures.134

S
pTol

OO

O

297

solvent
Temp.

151
H

H

O

O

S
pTol

O

α-306

+

H

H

O

O

S
pTol

O

β-306

Entry Solvent Temp. time Yield α:β

(◦C) (h) (%)

1 benzene 80 0.5 76 50:50

2 benzene rt 2 81 57:43

3 benzene 5 2 85 60:40

4 THF 67 0.5 80 60:40

5 THF rt 5 82 67:33

6 THF −20 24 86 69:31

7 CH2Cl2 rt 1 90 69:31

8 CH2Cl2 −20 16 95 71:29

9 DMSO −20 12 92 74:26

10 DMF −20 10 91 75:25

11 acetone −20 10 92 75:25

12 MeCN −20 10 92 75:25

13 EtOH 0 1 91 80:20

14 EtOH −20 6 95 86:14

15 EtOH:H2O (19:1) −20 1 90 81:19

16 EtOH:H2O (9:1) −20 1 92 78:22

17 H2O rt 0.5 91 70:30

The results presented above are not the only studies done on sulfinylquinones. It has been

shown on several occasions that the choice of the solvent, the catalyst, the quinonoid system, or

even the nature of the sulfinyl group, had a non negligible impact on the reactivity of the sulfinylqui-

none.126,131,141–144 Those parameters are to be taken into account to precisely control the double

bond, regio- and stereoselectivity.

2.5.4 Applications of the asymmetric Diels-Alder reactions on the sulfinylquinones

Given the extraordinary features of the sulfinylquinones, they can be used as starting materials in

many types of stereoselective processes. One of the first applications investigated by Carreño et al.

was the synthesis of (+)-royleanone (326), an abietane diterpenoid isolated from the roots of Inula

royleana D. C. by Edwards et al. in 1962.145,146

They first started their synthesis with the preparation of sulfinylquinone 323 in three steps from

320. They determined that a tert-butylsulfinyl group, prepared using the enantiomerically pure [(S)-

tBuSO2DAG],147,148 induced a better facial selection than its para-tolyl equivalent.
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Scheme 2.41: Total synthesis of (+)-royleanone starting via an asymmetric Diels-Alder reaction between sulfi-
nylquinone 323 and diene 324.146

They then performed the Diels-Alder reaction with diene 324 at high pressure, giving the pyrol-

ysed cycloadduct 325 with an excellent enantiomeric excess. Later on, hydrogenation of the latter

gave a mixture of cis and trans isomers. The desired cis isomer was isolated by a series of three

successive crystallisations in methanol to give pure (+)-royleanone with a 35% yield.

The same group published in the early 2000s several papers on the total synthesis of members

of the angucyclinone family. For that purpose, they performed kinetic resolution studies, that they

applied in their total synthesis.149–151

The two first members of that family to have been synthesised using this kinetic resolution were

(+)-rubiginone B2 (331) and (+)-ochromycinone (332).152 For that purpose, they started with a Diels-

Alder reaction between the enantiopure sulfinylnaphthoquinone 327 and a racemic mixture of diene

328 (Scheme 2.42). Even though the cycloadduct could not be isolated, due to the sulfoxide elimina-

tion, it was determined that the pyrolysed product 330 was obtained in an enantioenriched form. An

additional three steps gave (+)-rubiginone B2 (331) with 80% ee and in 28% overall yield from 327.

Demethylation of the phenolic unit of 331 led to (+)-ochromycinone (332) with 80% ee as well, and

with 86% yield.

In order to explain the obtained product and, therefore, the selection of one of the enantiomers of

diene 328, a model has been proposed (in the box in Scheme 2.42). It was supposed that the sulfinyl

group of 327 is in an s-cis conformation, orienting the reaction on the top face of the naphthoquinone

moiety. Then, both enantiomers (3R,5S)-328 (model A and B) and (3S,5R)-328 (model C and D) are

in an equilibrium between two half-chair conformations.

Transition states B and D have been discriminated based on the fact that the group in the allylic

position (in this case, a hydrogen atom and an OTBS groups) must be staggered with respect to

the forming bond, as suggested by Houk’s work.153–156 Then, based on the major product obtained,

the matched pair must correspond to transition state A with (3R,5S)-328. That selection might be

due to a disfavouring steric repulsion between the TBS protected alcohol and the sulfinyl moiety in
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Scheme 2.42: Total synthesis of (+)-rubiginone B2 (331) and (+)-ochromycinone (332), using a kinetic resolu-
tion process between sulfinylnaphthoquinone 327 and racemic diene 328, and models of the transition states
with both enantiomers of racemic diene 328.152

transition state C. The group indeed showed in their study that the increase of the protecting group

size improved the stereoselectivity of the reaction.150 Therefore, reaction of the diene (3R,5S)-328

via transition state A would be the favourable pathway to selectively reach 330.

In 2002, the same group used the same kinetic resolution principle for the synthesis of two other

angucyclinone derivatives, rubiginones A2 (338) and C2 (337).157 However, in that total synthesis,

they used the diene 335 as the enantiopure partner and the sulfinylnaphthoquinone 327 as the

racemic one (Scheme 2.43). The diene was stereoselectively prepared in eight steps from inter-

mediate 334, itself prepared in three steps from the diketal form of benzoquinone (333).158

Based on the same principle used for their previous total synthesis (Scheme 2.42), one of the

enantiomers of the sulfinylquinone 327 will form a matched pair with the enantiopure diene 335,

stereoselectively leading to the pyrolysed cycloadduct 336. The product was then exposed to light

and air to oxidise it into (–)-rubiginone C2 (337). Finally, the hydrolysis of the latter gave (+)-rubiginone

A2 (338) in 91% yield. It was determined that both natural products were obtained over eleven steps

with enantiomeric excesses above 95%, in a 4.8 and 4.4% overall yield from 334.
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Scheme 2.43: Total synthesis of rubiginones A2 (338) and C2 (337), using a kinetic resolution process between
the enantiopure diene 335 and the racemic sulfinylnaphthoquinone 327.157

Using the same process, Carreño et al. reported the synthesis of unnatural derivatives of the

angucyclinone family with very good enantiomeric excesses.159,160 A few years later, Hanquet et al.

employed the same strategy to develop a new route for the total synthesis of salvinorin A and its

analogues.161

Another application developed by the group of Carreño, using enantiopure sulfinylquinone, is the

synthesis of enantioenriched helical bisquinones.162 They are an important group of compounds that

present extraordinary optical and electronic properties, closely related to their inherent chirality.163,164

The first example of optically active helicenes prepared from sulfinylquinones starts with a Diels-

Alder reaction between vinyl aryl bromide 339 and the racemic mixture of 297 (Scheme 2.44). The

resulting cycloadduct directly pyrolysed to give quinone 340. The bromine atom was then converted

into a vinyl group. The intermediate 341 was later engaged in an asymmetric Diels-Alder reaction

with the enantiopure sulfinylquinone (S)-297 that gave, after pyrolysis of the cycloadduct, the helical

bisquinone (M)-342 with a 80% ee.
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Scheme 2.44: Synthesis of an enantioenriched helical bisquinones (M)-342, based on an asymmetric Diels-
Alder approach between a vinyl aryl quinone 341 and sulfinylquinone 297.162
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To extend the results obtained, they performed the same type of reaction on divinylnaphthalene

344 (Scheme 2.45). They made the latter react with sulfinylquinone (S)-297. The double cycloadduct

pyrolysed to give the helical bisquinone (M)-345 with an excellent 88% ee, albeit with a rather low

yield.
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CH3

O

O

S

O
pTol

Figure 2.13: Proposed model on
the steric and electrostatic repul-
sions between sulfinylquinone
(S)-297 and diene 348 to explain
the preferred (P) adduct.162

On the other hand, they also performed a mono-Diels-Alder reac-

tion on 1-bromo-4-vinylnaphthalene (343) to obtain quinone 346. The

latter was reduced into a hydroquinone that was methylated (347),

followed by the conversion of the bromine atom into a vinyl group

(348). That intermediate then underwent a Diels-Alder reaction with

(S)-297. This time, the major isomer obtained was the (P) helicene,

with a 30% ee. They postulated that the presence of both methoxy

groups somewhat destabilises the endo approach on the sulfinylqui-

none, due to steric and electrostatic repulsions, leading to a preferen-

tial exo approach on the opposite face (Figure 2.13). The pyrolysed

cycloadduct (P)-349 was then submitted to a CAN oxidation to yield

the helicene bisquinone (P)-345, also with a 30% ee.

Br

343

CH2CHSnBu3

PhMe, 110 ◦C
4 h, 65%

344

(S)-297 (6 eq.)

CH2Cl2, 4 kbar
4 d, 12%

345

O

O

O

O

(M)-345
(88% ee)

(+–)-297 (3 eq.)

PhMe, 110 ◦C
2 h, 84%

Br

O

O

346

1. Na2S2O4
1. Et2O, rt

2. Me2SO4, K2CO3
2. acetone, 60 ◦C
2. 24 h, 45% Br

OMe

OMe

347

CH2CHSnBu3
PhMe, 110 ◦C
4 h, 63%

OMe

OMe

348

(S)-297 (3 eq.)

CH2Cl2, 12 kbar
48 h, 41%

349

O

O

OMe

O

Me

(P)-349
30% ee

CAN

MeCN/H2O
rt, 2 h, 59%

O

O

O

O

(P)-345
30% ee

Scheme 2.45: Synthesis of both (M) and (P) isomers of the helical bisquinone 345, using two divergent routes
from aryl vinyl 343.162

With that type of strategy in hand, they later worked on larger helicenes. Therefore, in 2005, the

group managed to synthesise [7]helicenebisquinones.165 To that end, they performed a double Diels-

Alder reaction between two equivalents of sulfinylquinone (S)-297 and the bis-diene 350. (Scheme
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2.46). The resulting double cycloadduct was not isolated as it pyrolysed directly into bisquinone

351. The latter was then oxidised with DDQ in order to rearomatise both resulting cyclohexadienes

into product (M)-352 with a 90% yield and a 96% ee. Alongside that helicenebisquinone, they also

synthesised one example bearing an ethoxy group and one bearing a tert-butyldimethylsilyloxy group.

350

(S)-297

CH2Cl2
−20 ◦C, 50%

O
O

O

O

H

H

351

DDQ

CH2Cl2, 4 ◦C
20 h, 90%

352

O
O

O

O

(M)-352
(96% ee)

Scheme 2.46: Synthesis of the [7]helicenebisquinone (M)-352 by a double Diels-Alder reaction between sulfi-
nylquinone (S)-297 and a bis-diene 350.165

In addition to those examples, the group reported the synthesis of a few more enantioenriched

helicenequinones, with varying size, with saturated and unsaturated ring structures, and with bulky

groups inducing helical chirality.166–171

Later on, Carreño et al. took an interest in coupling optically active helicenes with other types of

chirality. In 2009, they synthesised helicenequinones, with a labile chiral axis, by performing Diels-

Alder reactions between (1-naphthyl)-substituted vinyl tetrahydrophenanthrenes (+–)-353, in a racemic

mixture of atropoisomers, and sulfinylquinone (S)-297 (Scheme 2.47).172 With both subtrates 353a

and 353b (bearing a methoxy group on either position R1 or R2, respectively), they stereoselectively

obtained the P isomer of helicenequinones 354 and 355 with excellent enantiomeric excesses.

353

R
1

R
2

(+–)-353a; R1=OMe, R2=H
(+–)-353b: R1=H, R2=OMe

CH2Cl2, −27 ◦C
a: 68%; b: 74%

O

O

Me

S
pTol

O

(S)-309a (2 eq.)
+

354

O

OMe

R2

R1

(P,aS)-354a (99% ee)
(P,aR)-354b

355

O

OMe

R2

R1

(P,aR)-355a (98% ee)
(P,aS)-355b (93% ee)

(50:50)
(20:80)

Scheme 2.47: Synthesis of (1-naphthyl)-substituted tetrahydro[5]helicene quinones 354 and 355, using an
asymmetric Diels-Alder reaction between diene (+–)-353 and sulfinylquinone (S)-297.172

However, depending on the position of the methoxy group, both helicenes presented different ra-

tios of atropoisomers. When the methoxy group is place in position R1, a 50:50 ratios of isomers aS

and aR are obtained. Indeed, as 353 is used in a racemic form and the methoxy group is in ortho

position with respect to the chiral axis, the naphthyl group in not able to freely rotate around that axis.

On the other hand, when the methoxy group is in R2, the ortho position is not hindered anymore and

the naphthyl group can freely rotate. As postulated by the group and based on the X-ray structure of
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the major isomer, (P,aS)-355b, the naphthyl group preferentially adopts the conformation illustrated

in Scheme 2.47, presumably due to better π-stacking interactions with the naphthoquinone part of

the helicene.

Similarly, they synthesised another compound with a biphenyl group instead of the naphthyl one

(Scheme 2.48). As the previous example, they performed the cycloaddition of diene (+–)-356 on the

same sulfinylquinone (S)-309a. In that case, they still selectively obtained the P helicene as well but

with a total control of the axial chirality (100% of the aS isomer).

356
OMe

(+–)-356

(S)-309a (2 eq.)

CH2Cl2
−27 ◦C, 75%

357

O

OMe

OMe

(P,aS)-357
100% de, 95% ee

Scheme 2.48: Synthesis of (2-biphenyl)-substituted [5]helicene quinone (P,aS)-357, using an dynamic kinetic
resolution system in a Diels-Alder reaction between diene (+–)-356 and (S)-309a.172

A second type of helicene derivatives featuring a second element of chirality, studied by Carreño’s

group, are ferrocene helicene compounds.173 Indeed, when ferrocenes bear two different subsitu-

tents at positions 1 and 2, the loss of plane symmetry induces chirality, called planar chirality.174

Fe

O

O

Me

S
O

pTol

(S)-309a

(pS)-359

Figure 2.14: Matched pair for
the double asymmetric induction
between (pS)-359 and (S)-309a
en route to tetracyclic derivative
(pS,S,P)-360.173

They first synthesised diene 359 in its racemic form in two steps

from (+–)-358 (scheme in Table 2.9). Those dienes were then engaged

in Diels-Alder reactions with sulfinylquinone (S)-309a. In order to ver-

ify the diastereoselectivity of the process, they first used two equiva-

lents of sulfinylquinone, going from −78 ◦C to room temperature, lead-

ing to the formation of the pyrolysed cycloadduct (pS,S,P)-360 as only

diastereoisomer among the four possible ones, albeit with a low 55%

ee (entry 1).

Then, 0.5 equivalent of sulfinylquinone was used (entry 2). In that

case, product (pS,S,P)-360 was isolated with a 34% yield and a 93%

ee and the unreacted diene (pR)-359 was recovered with 50% yield

and a 63% ee. Those results indicates that sulfinylquinone (S)-309a

forms a matched pair with diene (pS)-359 (Figure 2.14).

The best result in terms of optical rotation for the recovered unreacted diene (pR)-359 was ob-

tained when 0.9 equivalent of quinone was used. Indeed, the greater amount of (S)-309a ensures

that the totality of the diene (pS)-359 is consumed. Even though only 28% of the unreacted diene

was recovered, it possessed an excellent enantiomeric excess of 99% (entry 3).

Finally, the best results for the product (pS,S,P)-360 were obtained with 0.5 equivalents of sulfi-

nylquinone but, this time, the reaction was run at −10 ◦C (entry 4). The pyrolysed cycloadduct was

isolated with a 45% yield and a remarkable 97% ee.
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Table 2.9: Kinetic process in the Diels-Alder reaction between the racemic mixture of diene 359 and sulfinyl-
quinone (S)-309a.173

358

O

Fe

(+–)-358

1. KHMDS, PhN(Otf)2
1. THF, −78 ◦C, 65%

2. CH2CHSnBu3
2. Pd(PPh3)4, LiCl
2. THF, 90 ◦C, 70%

+
359Fe

(pR)-359

Fe

(pS)-359

(S)-309a
+

Fe

(pR)-359
360

Fe

Me

O

OH

(pS,S,P)-360

Entry Temp. (S)-309a (pR)-359 (pS,S,P)-360

(◦C) (eq.) (% yield/% ee) (% yield/% ee)

1 −78 to rt 2 — 56/55

2 −78 to rt 0.5 50/63 34/93

3 −78 to rt 0.9 28/99 46/73

4 −10 0.5 32/47 45/97

Finally, the oxidation of the enantiomerically enriched product (pS,S,P)-360 with DDQ led to the

formation of the helical ferrocene (pS,M)-361 with an excellent 97% ee (Scheme 2.49). The enan-

tiomer of the latter could be reached as well by starting from the recovered diene (pR)-359. They

made it react with two equivalents of racemic sulfinylquinone 309a, to ensure the opposite matched

pair, followed by the oxidation of the intermediate product. It was then possible to obtain the helical

ferrocene (pR,P)-361 with a 95% ee.

Fe

Me

O

OH

(pS,S,P)-360

DDQ

CH2Cl2, rt
15 min, 74%

361

Fe
O

O

Me

(pS,M)-361
(97% ee)

Fe

(pR)-359

1. (+–)-309a (2 eq.)
1. CH2Cl2, −10 ◦C
1. 3 h

2. DDQ, rt
2. 15 min, 68%

Fe
O

O

Me

(pR,P)-361
(95% ee)

Scheme 2.49: Synthesis of enantiopure ferrocene[4]helicenequinones (pS,M)-361 and (pR,P).173

A few years later, the group did not stop at the compounds described above, but worked on the

synthesis of more complex systems, with extraordinary optical and electronic properties, such as

ferrocene helicene with a chiral sulfinyl group on the ferrocene unit or ferrocenes with two helicene

units.175,176
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2.6 Conclusion

Throughout this chapter, one could realise that the use of the Diels-Alder reaction can reveal to be

a powerful synthetic tool. That cycloaddition, described almost one century ago by two German

chemists, indeed possesses extraordinary features that allow to determine and control the outcome

of the reaction.

Despite the fact that Otto Diels and Kurt Alder were not exactly the first ones to have discovered

the reaction, their tremendous amount of work on the understanding of that pericyclic reaction could

bring some light on the way this transformation works. But many others took a close look in order

to highlight the mechanistic aspects of that spectacular reaction and some aspects are still being

studied today.

We discussed some of those features that include the rate of the reaction, its regioselectivity and

its diastereoselectivity. It was highlighted that for all these three properties, the factor that has the

main impact on the outcome of the reaction are the substituents present on both the diene and the

dienophile. The impact of those substituents could be rationalised by the use of frontier molecular

orbital theory developed by Fukui. On one hand, the use of that theory allows to determine the best

HOMO-LUMO combination based on the smallest energy gap between the partners of the cycloaddi-

tion and how changing the substituents modify that gap. On the other hand, this theory also helps to

explain the regioselectivity observed by using the coefficient of the orbitals and by pairing the orbitals

with the closest coefficients.

The last feature, the diastereoselectivity of the reaction, has been first described as an endo ap-

proach of the diene and the dienophile, also called “endo rule” by Kurt Alder, based on the product

obtained from the reaction between cyclopentadiene (151) and maleic anhydride (200). Once again,

the FMO has been used to rationalise those results and secondary orbital interactions have been in-

voked to explain the outcome of the reactions. However, many counterexamples have been reported

in the literature and indicate that steric and electrostatic repulsions have a non negligible influence

on the stereoselectivity of the cycloaddition. More recently, the publication of computational studies

suggested that the endo selectivity initially observed for cyclopentadiene (151) and maleic anhydride

(200) would rather have a steric component and that the secondary orbital interactions actually have

no or little impact on that stereoselectivity.

Several strategies have been developed in order to make this process asymmetric. One of them is

to add a chiral auxiliary on one of the reagents, mostly on the dienophile. The use of such auxiliaries,

prepared from readily available enantiopure natural substances, proved to efficiently obtain one of

both possible cycloadducts, leading to very good stereoselectivities. However, this method requires

two additional steps: one for the addition of the auxiliary and another for its removal.

The second way to perform asymmetric cycloadditions is to use chiral organocatalysts. One of

the first examples, developed by MacMillan, uses a chiral ammonium derivative, prepared from an

amino acid, that forms a chiral α,β-unsaturated iminium salt with enals. The dienophilicity of the

latter is increased and it enantioselectively reacts with cyclopentadiene (151), albeit with a very low

endo/exo selectivity. Similar processes have been later developed with enolisable aldehydes and

enals to form reactive enamines and dienamines, respectively. In a more simple manner, the use of
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chiral Brønsted acids also allows the Diels-Alder reaction to occur in an enantioselective manner with

excellent enantiomeric excesses.

The third type of asymmetric Diels-Alder reaction uses chiral Lewis acids to favour one enantiomer

over the other. Since the use of menthol as a chiral ligand for aluminium as Lewis acid, many types

of chiral Lewis acid based catalysts have been developed and exhibited excellent stereoselectivities.

We then showed that some of the methods to carry out asymmetric Diels-Alder reactions have

been specifically developed for quinone derivatives as dienophiles. A particular interest has been

taken in those compounds as they are an important part of the work carried out in this thesis. Indeed,

it was found out in the literature that those quinones are interesting starting materials for the synthesis

of more complex structures, such as natural substances for example.

Among the presented methods, the use of chiral catalysts is the most described one, in particular

the use of chiral Lewis acids. The different groups could reach very good enantioselectivities with a

wide range of quinones and dienes. Some of them could also used their method to synthesise rather

complex natural molecules with outstanding enantiomeric excesses.

The last part of this chapter focused on the use of sulfinylquinones as dienophiles. These com-

pounds bear a sulfinyl group as chiral auxiliary and the first example of the preparation of such an

enantiopure sulfinylquinone was described in 1989 by the group of M. Carmen Carreño. They have

been extensively studied throughout the years and have proven to exhibit very good stereoselectivi-

ties and some light has been brought on their extraordinary reactivity.

The different works reported in the literature have shown that many parameters have an impact on

the behaviour of those peculiar quinones. Indeed, the substituents on the quinone moiety, the solvent

or the use of Lewis acids can drastically change the outcome of the reaction in terms of double bond

selectivity or facial diastereoselectivity. Even the nature of the diene, such as going from cyclic to

acyclic dienes, can have an impact on those outcomes.

Nevertheless, they also proved to be an excellent choice for the stereoselective synthesis of

complex molecules, such as natural substances or enantioenriched helicene derivatives.
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3 Strategy and objectives
Despite the fact that momilactones A (1) and B (2) have been known since the early 1970s,1 only

one total synthesis of racemic momilactone A has been reported (cf. Chapter 1, section 1.4.4).2

Therefore, the goal of this thesis is to propose a new, and enantioselective, route towards both momi-

lactones.

First, a retrosynthetic analysis will be established in order to highlight the main strategic transfor-

mations, followed by a more detailed description of the planned synthetic steps.

However, as in most of the total syntheses, it is preferable not to directly dive in. Therefore, a

series of methodology studies will be proposed in order to evaluate the key steps of the synthetic

pathway described below.

3.1 Retrosynthetic analysis of momilactones A and B

In order to develop the total synthesis of momilactones A (1) and B (2), the retrosynthetic analysis,

presented in Scheme 3.1, presents the main transformations, leading to two precursors, an oxy-

genated diene and an adequately substituted quinone.

The first disconnection consists in the opening of the third cycle. The latter will be formed using a

metal-catalysed cyclisation that is closely related to Bäckvall’s intramolecular additions.3 This Tsuji-
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Trost type reaction occurs on an exocyclic double bond, previously introduced via thioalkylation of

intermediate 363, and uses an allylsilane group, introduced via a conjugate addition on enone 364,

as nucleophile. It should be noticed that in the case of momilactone B, the alcohol needed for the

formation of the lactol moiety is obtained using a Fleming-Tamao oxidation on the corresponding

silane.4–7 This step is the only one differing between both momilactones.

Enone 364 is obtained by the elimination of the alcohol in intermediate 365. That alcohol and the

lactone ring of intermediate 365 come from the reduction of the conjugated ketone of intermediate 366

and from the intramolecular condensation between the carboxylic acid and the alcohol of intermediate

366, respectively. Transformation of the alcohol of 366 into a carbonyl and changing the enone into

an enol ether highlights the Diels-Alder cycloadduct between an oxygenated diene and a quinone.

3.2 Synthetic plan for the total synthesis of momilactones

As described in Scheme 3.1, the total synthesis of momilactones should start with an asymmetric

Diels-Alder reaction between an oxygenated diene and a quinone. In order to selectively form the

two first hydrocarbon rings of the natural compounds, as well as the lactone ring, several quinonoid

systems, combined with different dienes, can be used.

3.2.1 Choice of the quinonoid system

The first type of strategy that will be investigated in this work is the use of a sulfinylquinone. In

order to reach the cycloadduct with the desired absolute configuration, and given the observed facial

diastereoselectivities obtained with such systems (cf. Chapter 2), sulfinylquinone ent-318a would be

a suitable candidate (Scheme 3.2). Its synthesis would be the same as that described by Hanquet et

al., except for the chiral precursor that would be prepared from d-menthol instead of l-menthol.8

The first step of the sequence proposed in Scheme 3.2 is the asymmetric Diels-Alder reaction of

an oxygenated diene and sulfinylquinone ent-318a. What may seem surprising in this cycloaddition

is the regioselectivity with respect to the diene. But, as already reported with sulfinylquinone 318a,

the presence of a methyl group next to the sulfoxide led to the same unusual regioselectivity with

3-trimethylsilyloxypenta-1,3-diene (PG = TMS, R1 = H, R2 = Me).8 It was suggested that a steric

clash between both methyl groups disfavoured the expected regioselectivity. We expect the same

behaviour for other dienes bearing a substituent in R2.

Once the Diels-Alder reaction is done, the intermediate cycloadduct 368a will be treated with

Raney nickel to reduce the carbon-sulfur bond. This reagent is indeed one of the most used for

this transformation.9–14 However, attention must be paid to the stability of such an adduct. The
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Scheme 3.2: Diels-Alder reaction between an oxygenated diene and sulfinylquinone ent-318a, followed by the
desulfinylation of cycloadduct 368a into the corresponding trans-decalin 367a.
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promptitude of sulfoxides to undergo an elimination reaction when a hydrogen atom is placed in syn

orientation, sometimes even at low temperatures, might complicate the use of this strategy.

Nevertheless, if the reduction of the carbon-sulfur bond is successful, the trans-decalin 367a

would be obtained with the desired absolute configurations. Indeed, due to the presence of the car-

bonyl group next to the sulfoxide, an inversion of the configuration is expected during the reduction

step as it will form the most stable decalin.

N
B

O

H

H

oTol

Ph
Ph

Tf2N 109

Figure 3.1: Structure of oxaza-
borolidinium salt 109.

In the event the strategy via the sulfinylquinone does not give sat-

isfactory results, it is envisaged to turn towards asymmetric catalysis.

The first one to be tested will be Corey’s catalysis, using an oxazaboro-

lidinium salt as chiral catalyst.15,16 In that reaction (Scheme 3.3), the

diene will undergo the cycloaddition with quinone 369a in the presence

of catalyst 109. Similarly to what was discussed in the previous strat-

egy, the unusual regioselectivity is likely to take place as well.

The resulting cycloadduct, the cis-decalin 370a, will be converted into its trans isomer 367a by

the action of a base, such as MeONa,17 or in an acidic medium, such as silica gel in ethyl acetate.18
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Scheme 3.3: Diels-Alder reaction between an oxygenated diene and quinone 369a using Corey’s asymmetric
catalysis, followed by the isomerisation of cycloadduct 370a into the corresponding trans-decalin 367a.

The second asymmetric catalytic system that could be used for the desired cycloaddition is the

one described by Evans (Scheme 3.4).19 In this case, quinone 371a will be used in the presence of

catalyst 255a, once again with the unusual regioselectivity. The cycloadduct 372a can then undergo

a modified version of the Krapcho dealkoxycarbonylation, using lithium iodide in refluxing 2,6-lutidine.

This method has already been used with success in other total syntheses.20,21
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Scheme 3.4: Diels-Alder reaction between an oxygenated diene and quinone 371a using Evans’ asymmetric
catalysis, followed by the decarboxylation of cycloadduct 372a into the corresponding trans-decalin 367a.

Based on the same first key step, being an asymmetric Diels-Alder reaction between a quinone

and an oxygenated diene, three potential pathways could be used to reach a common intermediate
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367a. One of them employs a chiral sulfinylquinone that will be prepared according to an already

described synthesis of the opposite enantiomer.8 The other two use an asymmetric catalysis, one

developed by Corey and the other by Evans. In those cases, the syntheses of both quinones 369a

and 371a first have to be designed and optimised.

In any case, in all three of the strategies proposed here, the evaluation of the reactions should be

done in order to determine which of them gives the best results in terms of yield, as well as in terms

of regio- and stereoselectivity.

3.2.2 Choice of the diene

Based on the retrosynthetic analysis that has been proposed (Scheme 3.1), the diene can be var-

ied as well. For that purpose, five oxygenated dienes are proposed for the asymmetric Diels-Alder

reaction (Figure 3.2).
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Figure 3.2: Structures of the five oxygenated dienes proposed as starting materials for the total synthesis of
momilactones.

The first diene that is potentially envisaged, for this total synthesis, is diene 373a. Its synthesis

has already been described by several groups22–24 and its use in cycloadditions has been studied,

notably with sulfinylquinone 318a.8 However, this diene does not possess an oxidised carbon atom

on position 1 of the diene, but a methyl group. Therefore, the subsequent insertion of an oxidised

carbon must be taken into account in the design of the synthesis.
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Scheme 3.5: Planned reaction sequence to get to the intermediate 377a from diene 373a engaged in an
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Figure 3.3: Nucleophilic attack of a cyclic
enolate in a trans-decalin system without (left)
and with (right) an angular methyl group.25

After the cycloaddition and conversion of the cy-

loadduct into the trans-decalin 367aa, the strategy will

continue with the reduction of the ketone of the latter with

K-selectride and the enol deprotection (Scheme 3.5). The

next important transformation will be the insertion of the

oxidised carbon atom that will serve for the formation of

the transannular lactone ring. Unfortunately, such an in-

sertion cannot be carried out using a simple nucleophilic

attack of a cyclic enolate, formed from 374a, on an elec-

trophile. Indeed, as described by Stork, the alkylation of such enolates in a trans-decalin system

should normally occur in axial orientation (Figure 3.3).25 However, when an angular methyl group is

present, the axial position is too hindered and the nucleophilic attack preferentially occurs in equato-

rial orientation. Thus, in order to overcome this issue, the oxidised carbon would be tethered on the

secondary alcohol via the use of carbonyldiimidazole (CDI). Next, Intermediate 375a will be treated

with a base to form a cyclic enolate 376a. As the electrophilic oxidised carbon is positioned on the

top face of the trans-decalin, the nucleophilic attack has no choice but to occur in equatorial position,

leading to intermediate 377a.

The next diene (373b), designed as potential starting material for this total synthesis, possesses

an oxidised carbon atom on position 1. To the best of our knowledge, that diene is not described in

the literature and its synthesis will need to be designed and optimised.

After the Diels-Alder reaction and the transformation of the adduct into the trans-decalin 367ab,

the latter will undergo a selective reduction of the carbonyl next to the methoxy group to give interme-

diate 378a (Scheme 3.6).

Then, the primary alcohol and the enol will be deprotected to reach intermediate 379a that will

undergo oxidation. Using the right conditions, the oxidation of the primary alcohol and the formation of

the lactone can be done in one-pot. Indeed, the primary alcohol will first be oxidised into an aldehyde

MeO

OPMB

373b

MeO OMe

O

O
PMBO

Me

H

367ab

K-selectride

378

MeO OMe

O

OH
PMBO

Me

H

378a

Deprotection

379

O OMe

O

OH

Me

H
HO

379a

Oxidation

380

O OMe

O

OH

Me

H
O

380a381

O
HO

H

Me

O

O

OMe

381a

Oxidation

382

O
O

H

Me

O

O

OMe

382a

NaH
MeI

O

O

H

Me

O
Me

O

OMe

377a

Scheme 3.6: Planned reaction sequence to get to the intermediate 377a from diene 373b engaged in an
asymmetric Diels-Alder reaction.
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(380a) that is in equilibrium with its lactol form (381a). The reaction will continue with the oxidation

of the latter into the lactone 382a. Given the facts that the aldehyde intermediate 380a is able to

epimerise, and that the secondary alcohol in oriented on the top face, the formation of the hemiketal

381a, and subsequently the lactone 382a, will take place on the top face. In order to perform such

transformation, one can either use pyridinium dichromate (PDC),26 phenyliodonium diacetate (PIDA)

with a catalytic amount of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)27 or N-methylmorpholine

N-oxide (NMO) with a catalytic amount of tetrapropylammonium perruthenate (TPAP).28

Finally, the insertion of the missing methyl group will be performed. In this case, the insertion of

that methyl should easily be done on the opposite face to the angular methyl group, as described

in the model developed by Stork (Figure 3.3). Using diene 373b, we should remove the selectivity

issue that is expected with diene 373a and the oxidised carbon atom needed for the lactone should

selectively and easily be oriented on the same face as the angular methyl group.

The next type of diene proposed for the synthesis are 3-oxypentadienoates 373c and 373d. Sim-

ilarly to diene 373b, both those dienes contain the oxidised carbon atom but at a higher oxidation

state. Therefore, the oxidation step needed for the previous diene will not be necessary with these

two. However, we also take the risk of lowering the reactivity of the dienes as they are conjugated to

a carbonyl group.

The preparation of diene 373c was reported by Gebauer and Blechert in 2006, but they did not

use it in a Diels-Alder reaction.29 On the other hand, diene 373d has been described by Dickschat

and co-workers and was effectively used in a Diels-Alder reaction.30
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Scheme 3.7: Planned reaction sequence to get to intermediate 377a from dienes 373c or 373d engaged in an
asymmetric Diels-Alder reaction.

Those two dienes will follow a similar pathway (Scheme 3.7). After the cycloaddition and the series

of transformations leading to trans-decalin 367ac or 367ad, one of the ketones will be selectively

reduced with K-selectride. The resulting alcohol will then be protected. From intermediates 383ac

and 383ad, the goal will be to reveal a β-ketoester in order to perform the methylation step (Scheme

3.8). The deprotection of compound 383ac can be done by treating the latter with ethanol in refluxing

toluene, as described by Suzuki et al.31 Firstly, an isomerisation of the double bond has to occur,
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followed by a cycloreversion that will release one molecule of acetone and reveal a ketene. The

ketene moiety will then react with ethanol to form the corresponding ester in 384ac.

On the other hand, the deprotection of enol 383ad is more straightforward as a standard treatment

with TBAF should easily give the desired β-ketoester 384ad.
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Scheme 3.8: Synthetic plan for the deprotection of the enol ethers 383ac into the β-ketoesters 384ac.

Then, the deprotonation with sodium hydride should selectively occur between both carbonyl

groups of the β-ketoester, followed by the addition of iodomethane. That methylation, similarly to the

sequence with diene 373b should occur on the opposite face to the angular methyl group, orienting

the ester on the same face as that angular methyl. Once the addition of the methyl group is done, de-

protection of both the carboxylate and the alcohol will be done and their condensation, which should

be spontaneous or in acidic medium, will lead to the common intermediate 377a

The last diene proposed for this total synthesis is the α-pyrone 373e. The preparation of this

reactant has already been described by Effenberger et al. in 1985.32 The same group reported its use

as diene in Diels-Alder reactions with maleic anhydride (200) two years later.33 However, Diels-Alder

reactions with α-pyrones are known since the early 1960s34 and have already been used in many

total syntheses.35 They indeed possess a strategic interest as they are able to form cyclohexadienes,

or even polysubstituted benzenes if reacted with alkynes, upon decarboxylation via a retro-Diels-Alder

reaction (Scheme 3.9).
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Scheme 3.9: Diels-Alder reaction between an α-pyrone (388) and an alkene (389) or an alkyne (392), leading
to cycloadducts 390 and 393, respectively, that can decarboxylate to cyclohexadiene 391 and benzene 394,
respectively.

The main difference between pyrone 373e and all the previous dienes is the presence of both the

methyl group and the oxidised carbon atom at the desired oxidation state. If the Diels-Alder reaction

of this pyrone undergoes the expected endo selectivity, the oxidised carbon atom will be oriented

on the same face as the angular methyl group and the other methyl group will be oriented on the

opposite face, in one single step. Should this diene work with one of the three quinonoid system,

the number of steps will be greatly reduced and the stereoselectivity issues will be avoided. These

prospects make 373e the most desirable of the five dienes.
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Scheme 3.10: Planned reaction sequence to get to intermediate 377a from pyrone 373e engaged in an asym-
metric Diels-Alder reaction.

After the Diels-Alder reaction and a series of transformations, leading to the trans-decalin 367ae,

the selective reduction will be performed with K-selectride (Scheme 3.10). The lactone will then be

opened with an acidic catalysis. Once the lactone ring is opened, the condensation between the

carboxylic acid and the alcohol will occur in acidic media, but could also be spontaneous (given their

proximity). The synthesis will continue with the palladium-catalysed hydrogenation of the enone 397a

into the corresponding ketone 377a.

3.2.3 Formation of the third cycle

The next part of the synthesis will focus on the preparation of an enone in order to insert an allyl

silane chain via a 1,4-addition. Intermediate 377a will undergo a selective reduction of one of its

ketones using Luche’s conditions (Scheme 3.11). The resulting alcohol 365a will then be eliminated

to obtain the enone 364a on which the allylsilane chain will be added.
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Scheme 3.11: Preparation of intermediate 364a from intermediate 377a.

The next steps from enone 364a involve a new strategy which will need a methodological devel-

opment (Scheme 3.12). The stereocontrolled conjugate addition of the allylsilane fragment 398 on

enone 364a will form the corresponding enolate, converted into enol ether 363a. As α-methylenecyclo-

hexanone derivatives are unstable, since they can dimerise via a hetero-Diels-Alder reaction,36–38 the

α-methylene unit will be masked using an appropriate sulfide derivative (400a) introduced by the alky-

lation of the enolsilane 363a. Before the revelation of the exocyclic double bond, the ketone will be
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regioselectively reduced and the corresponding alcohol acetylated. Finally, oxidizing the sulfide into

the sulfoxide followed by the elimination of the sulfenic acid will lead to the α-methylene unit (362a).
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Scheme 3.12: Synthetic plan from the enone 364a to momilactone A (1).

The final step in the synthetic plan towards momilactone A (1) is the formation of the third cycle.

This cyclisation will be done by the addition of the allyl silane moiety on a π-allyl-metal complex. A

similar intermolecular addition of a nucleophile onto a π-allyl-metal complex has already been de-

scribed by Carreira et al., using iridium as metal.39–41 However, that transformation, similar to a

Tsuji-Trost reaction,42,43 has never been described intramolecularly. Nevertheless, allylsilanes have

already been studied in intramolecular 1,4-additions on conjugated dienes, in order to perform car-

bocyclisations.3

3.2.4 Specific route for the total synthesis of momilactone B

As described in the retrosynthetic analysis (Scheme 3.1), the additional oxygen atom present on the

angular methyl in momilactone B (2) will be inserted in the structure through a Fleming-Tamao oxida-

tion of a dimethylphenylsilyl group.4–7

But first, those silylated quinones (Scheme 3.13) must be prepared by metallation on the benzylic

position, followed by the nucleophilic addition of the formed carbanion on ClSiMe2Ph (pathway a).

Another way to reach the same quinones would be to start from a benzene derivative without the

methyl group, to regioselectively metallate the aromatic core, and to add (chloromethyl)dimethyl-

phenylsilane as electrophile (pathway b).

The silylated hydroquinone derivative will then be converted into the corresponding quinone by ox-

idation. The choice of the silylated quinone will depend on the best pathway, which will be determined

during the total synthesis of momilactone A (1).
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Scheme 3.13: Structure of the three silylated quinones that could be used for the total synthesis of momilactone
B, following one of the three strategies developed in Schemes 3.2, 3.3, and 3.4.

Once the desired silylated quinone is synthesised, the same reaction sequence as for momi-

lactone A (1) can be used (Scheme 3.14). It will start with a Diels-Alder reaction with the most

appropriate oxygenated diene, as it will be determined during the total synthesis of 1. Then, a series

of transformations will lead to the trans-decalin 367b.

From that intermediate, the same reactions should give compound 364b. The silyl moiety of the

latter will be converted into an alcohol using the Fleming-Tamao oxidation, followed by a protection

step. The sequence can go on to reach the precursor 401. The primary alcohol can be deprotected

and will cyclise on the ketone to form the lactol moiety of momilactone B (2). That last transformation

will be done under acidic catalysis or might even be spontaneous.
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Scheme 3.14: Synthetic steps towards the total synthesis of momilactone B (2) from an oxygenated diene and
a silylated quinone.

In conclusion, different strategic plans have been proposed, including three potential asymmetric

Diels-Alder reactions, on three different quinones, as first key step, that could be used to reach a

trans-decalin 367. Subsequently, five different dienes have been proposed with different synthetic
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plans depending on the diene. Therefore, several combinations of quinones and dienes must be

tested in order to determine the best pathway to reach a common intermediate 377.

Then, from intermediate 377, a few more steps should lead to the desired natural products. The

enone 364 will be prepared in order to insert an allylsilane chain into the structure. After a few trans-

formations that will introduce an exocyclic double bond, a metal catalysis would allow the formation of

the third cycle via the addition of the allylsilane chain onto that double bond, giving the momilactones.

The only difference in the synthetic pathways of momilactone B (2) is the presence of a substituted

angular methyl group. At the beginning of the synthesis of 2, that substituent will be the dimethyl-

phenylsilyl group, that corresponds to a hidden hydroxyl group. Such a group is to be inserted during

the synthesis of the quinone and will be converted into a hydroxyl group right before the 1,4-addition

of the allylsilane chain.

3.3 Additional objectives of this thesis

Besides the ultimate goal that is the total synthesis of both momilactones A (1) and B (2), several

intermediate studies are planned in the course of this thesis. These objectives concern the syntheses

of the starting materials that are not described yet, as well as the development and optimisation of

the key step reactions through model studies. More specifically, the study of the Diels-Alder reactions

with sulfinylquinones will be analysed in depth at different levels.

3.3.1 Synthesis of the starting materials

The first objective will consist in the synthesis of the different quinones and dienes previously pre-

sented (Figure 3.4). As explained, some of them have already been synthesised by other groups.
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Figure 3.4: Structures of the quinones and dienes proposed for the different pathways developed for the total
synthesis of momilactones A (1) and B (2).
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As presented above, sulfinylquinone 318a was already prepared, using l-menthol as chiral aux-

iliary.8 In the synthetic plan that has been developed earlier, and based on the stereoselectivities

reported in the literature (cf. Chapter 2), its enantiomer ent-318a, prepared from d-menthol, should

be used. Among the other quinones, the synthesis of 369a has also been described.44

On the other hand, quinone 371a and the silylated version of all of the quinones have never been

described so far. Concerning the silylated quinones, only few examples of them are described in the

literature, and none bearing a (dimethylphenylsilyl)methyl group. Therefore, their synthesis will need

optimisation.

On the diene part, four out of the five chosen dienes have already been described. The only one

that will need to be developed and optimised is diene 373b.

Once all the desired quinones and dienes are obtained, the different possible combinations for

the Diels-Alder reactions must be tested, and the most promising pathways must be optimised.

3.3.2 Formation of the third cycle

Once the Diels-Alder reaction and the next steps are optimised, the next key step of this strategy

is the formation of the third cycle of momilactones. In order to evaluate the feasibility and the effi-

ciency of that sequence (Scheme 3.12), a model study will be performed on the commercially avail-

able 4,4-dimethylcyclohex-2-en-1-one (402) that mimics the cyclohexenone part of intermediate 364.

Moreover, the diastereoselectivity of the cyclisation will be evaluated.
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Scheme 3.15: Model study for the insertion of the allylsilane chain and the palladium catalysed cyclisation,
using cyclohexenone 402 as model for the cyclohexenone part of intermediate 364.

However, before performing the insertion of the allylsilane chain, another alkyl chain, such as a

butyl group, may be used. This way, the reactions can be studied up to intermediate 405. Indeed,

as the synthesis of the organomagnesium reagent 398 must be developed and optimised as well,

it would be laborious to directly develop the sequence described in Scheme 3.15 with the desired

allylsilane moiety.
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3.3.3 Study on the sulfinylquinones as dienophile in the Diels-Alder reaction

Although the Diels-Alder reaction of sulfinylquinones had already been thoroughly studied, mostly by

Carreño and co-workers, the models proposed to explain the obtained stereoselectivities are solely

based on the products of those reactions. Based on that work, the phenomena behind the results of

those reactions are not yet fully understood, even though a good overview has already been reached

(cf. Chapter 2). Therefore, the evaluation of the reactivity and the stereoselectivities of these sulfinyl-

quinones will be further studied from different points of view.

Firstly, a structural analysis will be attempted. For that purpose, various sulfinylquinones will be

synthesised and submitted to crystallisation. If the formation of suitable crystals is successful, their

analysis by X-ray diffraction will be possible. This way, information on the sulfoxide conformation at

the solid state will be collected. Although that structural analysis would not be fully representative of

the situation in solution, those results would already give a better understanding on the preferential

sulfoxide conformation.

Then, in addition to the X-ray analysis of those sulfinylquinones, computational methods will be

employed to add another level of understanding on the preferential conformation of those compounds.

That theoretical study will determine the impact of the substitutents on more complex sulfinylquinones

than the ones that could be easily synthesised. Moreover, simulations of Diels-Alder reactions with

those quinones could be done to calculate the potential energy curves of the different approaches of

the dienes on the quinone core.

Finally, complementary reactivity studies will be performed on sulfinylquinone 318a with the eval-

uation of the impact of the solvent on the reaction rate and the facial diastereoselectivity. Those tests

are similar to the ones reported by Carreño in 1996.45 However, the group worked on the unsubsti-

tuted sulfinylquinone 297 that underwent a cycloaddition on its C5-C6 double bond. In the case of

sulfinylquinone 318a, the reaction is expected on the C2-C3 double bond. This way, it will possible to

evaluate the impact of the solvent on the double bond that is the closest to the sulfinyl moiety. Differ-

ent model dienes will also be tested on sulfinylquinone 318a in order to determine which substituents,

on the diene, are compatible in that specific case.

Investigating the sulfinylquinones from these three points of view, we hope to be able to make a

more detailed and comprehensive model to explain the stereo-outcome of these reactions when the

cycloaddition occurs on the C2-C3 double bond.



114 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

References

[1] Kato, T.; Kabuto, C.; Sasaki, N.; Tsunagawa, M.; Aizawa, H.; Fujita, K.; Kato, Y.; Kitahara, Y. Momilac-
tones, Growth Inhibitors from Rice, Oryza sativa L. Tetrahedron Lett. 1973, 14, 3861–3864.

[2] Germain, J.; Deslongchamps, P. Total Synthesis of (+–)-Momilactone A. J. Org. Chem. 2002, 67, 5269–
5278.

[3] Castaño, A. M.; Persson, B. A.; Bäckvall, J.-E. Allylsilanes as Carbon Nucleophiles in the Palladium-
Catalyzed 1,4-Oxidation of Conjugated Dienes. Chem. Eur. J. 1997, 3, 482–490.

[4] Tamao, K.; Ishida, N.; Kumada, M. (Diisopropoxymethylsilyl)methyl Grignard Reagent: A New, Practically
Useful Nucleophilic Hydroxymethylating Agent. J. Org. Chem. 1983, 48, 2120–2122.

[5] Fleming, I.; Henning, R.; Plaut, H. The Phenyldimethylsilyl Group as a Masked Form of the Hydroxy
Group. J. Chem. Soc., Chem. Commun. 1984, 29–31.

[6] Fleming, I.; Henning, R.; Parker, D. C.; Plaut, H.; Sanderson, P. E. J. The Phenyldimethylsilyl Group as a
Masked Hydroxy Group. J. Chem. Soc., Perkin Trans. 1 1995, 317–337.

[7] Jones, G. R.; Landais, Y. The Oxidation of the Carbon-Silicon Bond. Tetrahedron 1996, 52, 7599–7662.
[8] Lanfranchi, D. A.; Hanquet, G. Asymmetric Diels-Alder Reactions of a New Enantiomerically Pure Sul-

finylquinone: A Straightforward Access to Functionalized Wieland-Miescher Ketone Analogues with (R)
Absolute Configuration. J. Org. Chem. 2006, 71, 4854–4861.

[9] Kondo, K.; Negishi, A.; Matsui, K.; Tunemoto, D. A New Approach to the Stereospecific Total Synthesis of
Racernic Cecropia Juvenile Hormone. J. Chem. Soc., Chem. Commun. 1972, 1311–1312.

[10] Boekelheide, V.; Anderson, P. H.; Hylton, T. A. Transformation of sulfide linkages to carbon-carbon double
bonds. Syntheses of [2.2]metaparacyclophane-1,9-dienes. J. Am. Chem. Soc. 1974, 96, 1558–1564.

[11] Tsuchihashi, G.-I.; Mitamura, S.; Ogura, K. Asymmetric synthesis using α,β-unsaturated sulfoxides. Cre-
ation of both (R)- and (S)-asymmetric centers from a single chiral origin. Tetrahedron Lett. 1976, 855–858.

[12] Solladié, G.; Greck, C.; Demailly, G.; Solladié-Cavallo, A. Reduction of β-ketosulfoxides: a highly efficient
asymmetric synthesis of both enantiomers of methyl carbinols from the corresponding esters. Tetrahderon
Lett. 1982, 23, 5047–5050.

[13] Caubère, P.; Coutrot, P. Reduction of Sulfur–Carbon Bonds and of Other Heteroatoms Bonded to Tetra-
hedral Carbon. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Eds.; Pergamon: Oxford,
1991; pp 835–870.

[14] Nishide, K.; Shigeta, Y.; Obata, K.; Inoue, T.; Node, M. Reductive Desulfurization Using the Raney Nickel -
Sodium Hypophosphite Combination System without Racemization of a Secondary Alcohol. Tetrahedron
Lett. 1996, 37, 2271–2274.

[15] Ryu, D. H.; Corey, E. J. Triflimide Activation of a Chiral Oxazaborolidine Leads to a More General Catalytic
System for Enantioselective Diels-Alder Addition. J. Am. Chem. Soc. 2003, 125, 6388–6390.

[16] Hu, Q.-Y.; Zhou, G.; Corey, E. J. Application of Chiral Cationic Catalysts to Several Classical Syntheses of
Racemic Natural Products Transforms Them into Highly Enantioselective Pathways. J. Am. Chem. Soc.
2004, 126, 13708–13713.

[17] Bold, G.; Chao, S.; Bhide, R.; Wu, S.-H.; Patel, D. V.; Sih, C. J. A chiral bicyclic intermediate for the
synthesis of forskolin. Tetrahedron Lett. 1987, 28, 1973–1976.

[18] Anglea, T. A.; Pinder, A. R. Total Synthesis of (+)-Balanitol and of (+)-Selin-4-(15)-ene-1β,11-diol. Tetra-
hedron 1987, 43, 5537–5543.

[19] Evans, D. A.; Wu, J. Enantioselective Rare-Earth Catalyzed Quinone Diels-Alder Reactions. J. Am. Chem.
Soc. 2003, 125, 10162–10163.

[20] Hayakawa, I.; Asuma, Y.; Ohyoshi, T.; Aoki, K.; Kigoshi, H. Synthetic study on 13-oxyingenol: construction
of the fullcarbon framework. Tetrahedron Lett. 2007, 48, 6221–6224.

[21] Pronin, S. V.; Shenvi, R. A. Synthesis of a Potent Antimalarial Amphilectene. J. Am. Chem. Soc. 2012,
134, 19604–19606.

[22] Danishefsky, S. J.; Yan, C. F. A useful divinyl ketone equivalent. Synth. Comm. 1978, 8, 211–218.
[23] Ackland, D. J.; Pinhey, J. T. The Chemistry of Aryl-lead(IV) Tricarboxylates. Reaction with Vinylogous

β-Keto Esters. J. Chem. Soc., Perkin Trans. 1 1987, 2689–2694.
[24] Cazeau, P.; Duboudin, F.; Moulines, F.; Babot, O.; Dunogues, J. A new practical synthesis aldehydes and

ketones. II. From α,β-unsaturated aldehydes and ketones. Tetrahedron 1987, 43, 2089–2100.
[25] Stork, G.; Rosen, P.; Goldman, N.; Coombs, R. V.; Tsuji, J. Alkylation and Carbonation of Ketones by

Trapping the Enolates from the Reduction of α,β-Unsaturated Ketones. J. Am. Chem. Soc. 1965, 87,
275–286.

[26] Nakashima, K.; Kawano, H.; Kumano, M.; Kodama, H.; Kameoka, M.; Yamamoto, A.; Mizutani, R.;
Sono, M.; Tori, M. What is the absolute configuration of (+)-crispatanolide isolated from Makinoa crispata
(liverwort)? Tetrahedron Lett. 2015, 56, 4912–4915.

[27] Lee, J.-H.; Cho, C.-G. H-Bonding Mediated Asymmetric Intramolecular Diels−Alder Reaction in the For-
mal Synthesis of (+)-Aplykurodinone-1. Org. Lett. 2018, 20, 7312–7316.



CHAPTER 3. STRATEGY AND OBJECTIVES 115

[28] Liu, W.; Wang, B. Synthesis of (+–)-Merrilactone A by a Desymmetrization Strategy. Chem. Eur. J. 2018,
24, 16511–16515.

[29] Gebauer, J.; Blechert, S. Synthesis of γ,δ-Unsaturated-β-keto Lactones via Sequential Cross Metathesis-
Lactonization: A Facile Entry to Macrolide Antibiotic (–)-A26771B. J. Org. Chem. 2006, 71, 2021–2025.

[30] Rabe, P.; Klapschinski, T. A.; Brock, N. L.; Citron, C. A.; D’Alvise, P.; Gram, L.; Dickschat, J. S. Synthesis
and bioactivity of analogues of the marine antibiotic tropodithietic acid. Beilstein J. Org. Chem. 2014, 10,
1796–1801.

[31] Aoki, Y.; Mochizuki, Y.; Yoshinari, T.; Ohmori, K.; Suzuki, K. Expeditious Modular Assembly of Multisub-
stituted Cyclohexanes via Dioxanone-Diene. Chem. Lett. 2011, 40, 1192–1194.

[32] Effenberger, F.; Ziegler, T.; Schönwälder, K.-H. Enolether, XVI. Synthese von 4-Hydroxy-2H-pyran-2-onen.
Chem. Ber. 1985, 118, 741–752.

[33] Effenberger, F.; Ziegler, T. Diels-Alder-Reaktionen mit 2H-Pyran-2-onen: Reaktivität und Selektivität.
Chem. Ber. 1987, 120, 1339–1346.

[34] Märkl, G. Diensynthesen mit chlorierten α-Pyronen. Chem. Ber. 1963, 96, 1441–1445.
[35] Cai, Q. The [4+2] Cycloaddition of 2-Pyrone in Total Synthesis. Chin. J. Chem. 2019, 37, 946–976.
[36] Harde, C.; Bohlmann, F. Synthesis of 3α-hydroxy-5β,10β-epoxychiliolide, an isolabdane derivative from

Chiliotrichium rosmarinifolium. Tetrahedron 1988, 44, 81–90.
[37] Nicolaides, D. N.; Adamopoulos, S. G.; Hatzigrigoriou, E. J.; Litinas, K. E. Synthesis and Study of 10-

(4-Methoxybenzylidene)-9(10H)-phenanthrone, a Stable ortho-Quinone Methanide. J. Antibiot. 1989, 42,
218–222.

[38] Zhu, H.; Meng, X.; Zhang, Y.; Chen, G.; Cao, Z.; Sun, X.; You, J. Chemoselective α-Methylenation of
Aromatic Ketones Using the NaAuCl4/Selectfluor/DMSO System. J. Org. Chem. 2017, 82, 12059–12065.

[39] Schafroth, M. A.; Sarlah, D.; Krautwald, S.; Carreira, E. M. Iridium-Catalyzed Enantioselective Polyene
Cyclization. J. Am. Chem. Soc. 2015, 134, 20276–20278.

[40] Schafroth, M. A.; Rummelt, S. M.; Sarlah, D.; Carreira, E. M. Enantioselective Iridium-Catalyzed Allylic
Cyclizations. Org. Lett. 2017, 19, 3235–3238.

[41] Rössler, S. L.; Petrone, D. A.; Carreira, E. M. Iridium-Catalyzed Asymmetric Synthesis of Functionally
Rich Molecules Enabled by (Phosphoramidite,Olefin) Ligands. Acc. Chem. Res. 2019, 52, 2657–2672.

[42] Tsuji, J.; Takahashi, H.; Morikawa, M. Organic synthesis by means of noble metal compounds. XVII.
Reaction of π-allylpalladium chloride with nucleophiles. Tetrahedron Lett. 1965, 4387–4388.

[43] Trost, B. M.; Fullerton, T. J. New Synthetic Reactions. Allylic Alkylation. J. Am. Chem. Soc. 1973, 95,
292–294.

[44] McDonald, J. W.; Miller, J. E.; Kim, M.; Velu, S. E. An expedient synthesis of murrayaquinone A via a
novel oxidative freeradical reaction. Tetrahedron Lett. 2018, 59, 550–553.

[45] Carreño, M. C.; García Ruano, J. L.; Toledo, M. A.; Urbano, A. Influence of the Sulfinyl Group
on the Chemoselectivity and π-Facial Selectivity of Diels-Alder Reactions of (S)-2-(p-Tolylsulfinyl)-1,4-
benzoquinone. J. Org. Chem. 1996, 61, 503–509.





Chapter 4
Synthesis of the dienes





4 Synthesis of the dienes
As explained in the previous chapter, two partners are needed for the Diels-Alder reaction, a quinone

and an oxygenated diene. As the desired dienes are not commercially available, work must be put

into their synthesis. Their preparations are presented below.

Among the five dienes proposed for the total synthesis of momilactones, four were already re-

ported in the literature. Nevertheless, they still need to be synthesised and the efficiency of the

published protocols must be verified to validate the synthesis and the use of those dienes. Moreover,

as the synthesis of diene 373b has never been described, it will need to be designed and optimised.

4.1 Synthesis of 3-trimethylsilyloxypenta-1,3-diene 373a

As presented in the strategic plan, the first proposed diene, 3-trimethylsilyloxypenta-1,3-diene (373a),

has already been studied by several groups in Diels-Alder reactions. Several syntheses of the latter

have also been reported, but the one published by Ackland and Pinhey was chosen as it gave one of

the best yields.1

Me
O

407

TMSCl, Et3N

DMF, 80 ◦C
o/n, 62%

Me
OTMS

373a

Scheme 4.1: Synthesis of diene 373a, using the method reported by Ackland and Pinhey.1

This diene, in its Z configuration, is easily prepared in one step from ethyl vinyl ketone (407) by

treatment of the latter with Et3N and TMSCl in DMF (Scheme 4.1).

4.2 Synthesis of 1,3-dialkoxypenta-2,4-diene 373b

The second diene that has been designed in this project is a 1,3-dialkoxypenta-2,4-diene 373b. To

the best of our knowledge, it has never been described and its synthesis must be developed and

optimised. For that purpose, two pathways have been tried in parallel, one starting from but-3-en-1-ol

(408) and one from propan-1,3-diol (411), that will converge to the same goal (Scheme 4.2).

The first pathway, from butenol 408, starts with the protection of the alcohol with PMBCl to give

intermediate 4092 and the alkene is then converted into an epoxide (410) with the help of mCPBA.3

The latter is opened by a sulfur ylide to form an allylic alcohol 414.4

On the other side of the synthesis, the same intermediate 414 can be reached, starting with a

monoprotection of propanediol 411 with PMBOH in acidic conditions,5 and the remaining alcohol of

412 is oxidised into an aldehyde (413) using the Parikh-Doering oxidation.6 That aldehyde was then

converted into the same allylic alcohol 414, as obtained in the first sequence, by the nucleophilic

addition of vinylmagnesium bromide.7

Although both pathways were quite efficient, the first one, starting from butenol 408, gave the best

results to obtain the common intermediate 414. The synthesis continued with the transformation of

414 into enone 415, using once again the Parikh-Doering oxidation. The use of the same conditions

as for the oxidation of 412 proved to be quite efficient as well.

119
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OH

408

NaH
PMBCl

DMF/THF, rt
20 h, quant.

OPMB

409

mCPBA

CH2Cl2, rt
24 h, 76%

OPMB
O

410

HO OH

411

PMBOH
Amberlyst-A15

CH2Cl2, reflux
o/n, 80%

HO OPMB

412

Py·SO3
Et3N, DMSO

CH2Cl2, 0 ◦C
15 min, 71%

O OPMB

413

Me3SI, HexLi

THF, −20 ◦C
1 h, quant.

CH2CHMgBr

THF, 0 ◦C to rt
o/n, quant.

OPMB

OH

414

Py·SO3
Et3N, DMSO

CH2Cl2, 0 ◦C
1 h, 87%

OPMB

O

415

LiHMDS
Me3OBF4

THF/HMPA
−78 ◦C, 3 h, 69%

OPMB

OMe

373b

Scheme 4.2: Synthetic pathways for diene 373b, one starting from but-3-en-1-ol (408) and one starting from
propane-1,3-diol (411).

The final step for the synthesis of the desired diene 373b is the formation of the enol ether. Ideally,

the diene should be synthesised in its Z configuration. Indeed, the E isomer would highly disfavour

the s-cis conformation required for the Diels-Alder reaction. Therefore, the conditions used were

inspired from the work of Xie and Saunders who developed a method for the selective synthesis of

Z silyl enol ethers.8 However, a more robust enol ether is desired in our case and we decided to

orientate the synthesis towards a methyl enol ether. For that purpose, Me3OBF4 has been chosen as

electrophile as it should be more selective for the O-alkylation9,10 than alkyl halides or dialkyl sulfates,

that would rather lead to the C-alkylation.11–13

H3CO

H

H

H2C
OPMB

Figure 4.1: n.O.e correla-
tions for diene 373b.

We scrupulously followed the procedure of Saunders and diene 373b

was obtained with a 69% yield. The configuration of the diene was then ver-

ified via n.O.e analyses (Figure 4.1), which indicated a correlation between

both vinylic protons, as well as a correlation between the allylic methylene

and the methyl group of the enol ether. We were confident that the Z isomer

was obtained as those correlations are consistent with that isomer.

4.3 Synthesis of penta-2,4-dienoates 373c and 373d

The next two dienes to be tested in the Diels-Alder reaction, as described in the previous chapter, are

dienes 373c and 373d that are two penta-2,4-dienoates.

4.3.1 Preparation of 6-vinyl-1,3-dioxin-4-one 373c

For this third diene, the first intermediate, 5-chloro-3-oxopentanoate 418, was prepared according

to a procedure described by the group of Ohta et al. (Scheme 4.3).14 It consisted in a Claisen

condensation between tert-butyl acetate (416) and the 3-chloropropanoate 417. This reaction was

really efficient as chloropentanoate 418 was obtained with a quantitative yield and did not require any

purifications.
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Me OtBu

O

416

417

1. LDA, THF
1. −78 ◦C, 1 h

2. Cl OEt

O

417
2. THF, −78 ◦C
2. 30 min, quant.

Cl

O

OtBu

O

418

Ac2O
H2SO4(cat.)

acetone, rt
o/n, 76%

Cl

OO

Me Me

O

419

Et3N

CH2Cl2, rt
3 h, quant.

O O

O

Me Me

373c

Scheme 4.3: Synthetic pathway used to reach diene 373c according to described procedures.14,15

The next step was the formation of the acetonide 419 that was described by Blechert et al.15 This

reaction was performed using acetic anhydride and a catalytic amount of sulfuric acid in acetone.

Intermediate 419 was uneventfully isolated with a 76% yield. Finally, the elimination of the chlorine

atom quantitatively afforded the desired diene 373c.

4.3.2 Preparation of 3-silyloxypenta-2,4-dienoate 373d

The diene 373d was reported by the group of Dickschat et al. (Scheme 4.4)16 In their work, they

synthesised the latter starting with an aldol condensation between tert-butyl acetate and acrolein

(175). They then oxidised the β-aldol into the 3-oxopent-4-enoate 421 with chromium(VI) oxide. In

this thesis, the route described by Ohta et al. was chosen as it starts with the same reaction as for

the synthesis of diene 373c (Scheme 4.3).14 The difference here is that the chloropentanoate 418

is not isolated and is directly engaged in an elimination reaction, after the work up of the Claisen

condensation, giving the pentenoate 421 with a good yield (a 3:2 mixture of the keto and enol forms

was observed by NMR in CDCl3).

Me OtBu

O

416

1. LDA, THF
1. −78 ◦C, 2 h

2. CHO 175
2. THF, −78 ◦C
2. to rt, 3 h, 94%

OH

OtBu

O

420

CrO3
H2SO4

acetone, rt
3 h, 90%

421

O

OtBu

O

keto-421

+

OH

OtBu

O

enol-421(3:2)

Et3N
TMSCl

PhMe, rt
24 h, 89%

TMSO

OtBu

O

373d
(dr=2:1)

Me OtBu

O

416

1. LDA, 1 h
2. 417, 30 min
2. THF, −78 ◦C

3. Et3N, Et2O, rt, o/n
3. 91%

Scheme 4.4: Synthetic sequence for the synthesis of diene 373d. The pathway from acrolein (175) was
reported by Dickschat et al.,16 while the pathway used in this thesis for the synthesis of 421 started from
chloropropanoate 417 as described by Ohta et al.14

The last step of this synthesis was the formation of the silyl enol ether using Et3N and TMSCl.

Initially, this reaction was described in benzene as solvent, but performing it in toluene gave the

same product with a similar yield. As described by Dickschat’s group, the diene was isolated in a 2:1

mixture of both E and Z isomers (the assignment of the major and minor isomers was not done).
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4.4 Synthesis of ααα-pyrone 373e

O

O

Me

MeO

373e

Figure 4.2: Structure
of pyrone 373e.

As presented in Chapter 3, the fifth, and peculiar, diene 373e, an α-pyrone,

was also chosen as it is the most interesting one, and probably the most am-

bitious one, for the total synthesis. Indeed, if this diene proves to be efficient

in the Diels-Alder reaction, it would allow the insertion of the oxidised carbon

atom, needed for the 4,6-transannular γ-lactone of the natural compounds, on

the same face as the angular methyl group (Scheme 3.10).

To the best of our knowledge, the synthesis of that specific pyrone has only

been described by the group of Effenberger. It was also used as a diene in a

Diels-Alder reaction with maleic anhydride two years later.17,18

4.4.1 Effenberger’s synthesis

The synthetic route reported by Effenberger et al. started with 2-methylmalonyl chloride (422) which

was treated by ethyl vinyl ether (185) at room temperature in diethyl ether (Scheme 4.5).17 Ethanol

was then added to the solution at 0 ◦C, followed by the quench of the reaction with triethylamine, to

give the oxopentanoate 423 with a 88% yield. The latter was then submitted to a basic hydrolysis for

two days. The solvent was removed and the intermediate carboxylate was treated with fuming sulfuric

acid (10% SO3) at 100 ◦C to yield hydroxypyrone 424. Finally, methylation of the hydroxy group gave

pyrone 373e with a 75% yield.18

Cl

O

Me

O

Cl

422

1. OEt 185
1. rt, 3 h
2. EtOH
2. 0 ◦C, 15 min
3. Et3N, 0 ◦C

Et2O, 88%

O

Me

O

OEtEtO

OEt

423

1. KOH
1. EtOH, rt, 2 d

2. H2SO4/SO3 (10%)
2. 100 ◦C, 1 h, 40%

O

O

Me

HO

424

Me2SO4
K2CO3

acetone
50 ◦C, 20 h

75%

O

O

Me

MeO

373e

Scheme 4.5: Synthesic pathway of α-pyrone 373e as reported by Effenberger et al.17,18

As that synthesis seemed to be quite efficient, we tried to reproduce it. Unfortunately, none of the

standard chemical suppliers used in our laboratory provided malonyl chloride 422. Therefore, that

reagent needed to be synthesised as well.

The new synthesis started with the saponification of diethyl 2-methylmalonate (425) using potas-

sium hydroxide in ethanol (Scheme 4.6) as reported by Ng and McMorris.19 The same article also

presented the transformation of diacid 426 into its diacyl chloride equivalent 422 using thionyl chlo-

ride, in toluene, as a chlorinating agent. However, it was prefered to replace thionyl chloride by oxalyl

chloride with a catalytic amount of DMF, in dichloromethane, as proposed by Körner and Hiersemann

on a similar substrate.20 Indeed, in the first conditions, diacyl chloride 422 needed to be distilled at

very low pressures as the temperature could not go over 45 ◦C. In the second conditions, removal

of dichloromethane and the excess of oxalyl choride could be performed at room temperature with a

rotary evaporator. This way, malonyl chloride 422 could be used in the next step without any further

purification.
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Scheme 4.6: Synthetic pathway for α-pyrone 373e performed in our group.

Diacyl chloride 422 was then engaged in the same reaction as described by Effenberger. How-

ever, it was observed that better yields were obtained if all the steps of the reaction, including the

addition of ethyl vinyl ether (185), were performed at 0 ◦C. Another issue that was not anticipated in

that reaction was the low purity of the oxopentanoate 423 in the crude mixture, as the group depicted

the product as pure without any purification. The only way to gain some purity for this compound was

to use flash chromatography on demetallated21 and neutralised22 silica gel (otherwise, more than

70% of the product was lost during the chromatography). Nevertheless, the purification remained

complex as a lot of side products were present. It was suspected that those undesired products

came from the difficulty to differentiate both acid chlorides of malonyl 422. But, given the problems

encountered, it was still possible to isolate oxopentanoate 423 with a 51% yield from diacid 426.

Finally, the two last steps were performed as described by Effenberger. Pentanoate 423 was hy-

drolysed with KOH, but one night instead of two days, and the resulting carboxylate was treated with

fuming sulfuring acid (with 20% SO3 instead of 10%), giving hydroxypyrone 424 with a 34% yield.

The latter was then methylated using dimethyl sulfate and potassium carbonate to give the desired

methoxypyrone 373e with a 77% yield.

Even though the yields were similar to the ones reported by Effenberger et al., the sequence was

a bit long and the overall yield (13%) rather low for such a small molecule. Therefore, it was decided

to try and find a more suitable pathway with a lower amount of steps and a higher overall yield.

4.4.2 Metal-catalysed cyclisation of 3-oxopent-4-ynoates

Among the publications reporting the synthesis of 4-hydroxypyrone derivatives, the group of Fürstner

et al. presented a general method based on a gold-catalysed cyclisation of 3-oxopent-4-ynoates 429

(Scheme 4.7).23,24

In their study, they worked on substrates, either commercially available or prepared by a Claisen

condensation of esters 427 and alkynoates 428, bearing various types of substituents such as alkyl

groups and halides for ester 427 (R1) and alkyl, phenyl, TMS or an aryl alkenyl group for alkynoate

428 (R2).
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Scheme 4.7: Synthesis of 4-hydroxy-2-pyrones 431 via a gold-catalysed cyclisation of 3-oxopent-4-ynoates
429.23

The group determined the best catalyst was the SPhos-AuNTf2 complex 430 and the reaction

was conducted with 1 mol % of the catalyst in acetic acid as solvent. Among the tested substrates,

most of them gave 4-hydroxy-2-pyrones 431 with very good to excellent yields (82-98%). The only

counter-example was the one bearing the TMS group on the alkyne (45%), which is not surprising

given the sensitivity of the silyl groups towards acidic media.

Alongside their results, they proposed a plausible catalytic cycle for the reaction (Scheme 4.8). It

starts with the coordination of the gold catalyst by the triple bond, which increases the electrophilicity

of the latter. Then, the ester group attacks the triple bond to form the cycle in a 6-endo-dig manner.

The pyrone pattern is later obtained by elimination of the tert-butyl group and proto-deauration.

LAu
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O
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OO
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MeMe
Me
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O

R1

OR2

OH

LAu

H+ + Me

Me

H+

O

R1

OR2

OH

431

Scheme 4.8: Proposed catalytic cycle for the gold-catalysed cyclisation of 3-oxopent-4-ynoates 429 into 4-
hydroxy-2-pyrones 431.23
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Given the good results of that new cyclisation for the synthesis of 4-hydroxy-2-pyrones, they

applied their new strategy to the synthesis of Neurymenolide A (432), a macrolide isolated from a red

alga of the Fiji, containing the hydroxypyrone pattern (Figure 4.3).

In 2014, the same strategy, using a gold catalysis, was applied by Lee et al. for the synthesis of

(+)-violapyrone C (433) and violapyrone I (434)25 and by Liu et al. for the synthesis of wailupemycin G

(435).26 More recently, Yang and co-workers also used that gold-catalysed cyclisation to synthesise

various 4-O-glycosylated 2-pyrones 436 with moderate to good yields.27

432

Me

H

O

O OH

Neurymenolide A (432)23

433
OO

Me

OH

Me

Me

(+)-Violapyrone C (433)25

434OO

Me

OH

Me

Violapyrone I (434)25

435OH OH

Ph

O

OHO

Wailupemycin G (435)26

436

O
(PGO)n

O

O

O

R

43627

R = Me, Et, Ph, pentyl

Figure 4.3: Structures of four natural compounds (432-435) and sugar derivatives 436 containing the 4-
hydroxy-2-pyrone pattern (highlighted in red) synthesised by a gold-catalysed cyclisation of a 3-oxopent-4-
yonate derivative.

Similarly, another group performed the same type of cyclisation using silver catalysts on 3-oxopent-

4-ynoate bearing aryl subtitutents (Scheme 4.9).28 On one hand, they could reach 4-hydroxy-2-

pyrones 438, corresponding to a 6-endo-dig cyclisation, by using AgSbF6 in methanol with good

to excellent yields. On the other hand, when they switched the catalytic system to silver carbonate

in acetonitrile, in the presence of DABCO as a base, they obtained the 4-hydroxy-2-furanones 439,

predominantly under the Z isomer form.

Ar

O

Ph

O

OtBu

437
6 examples

6-endo-dig

AgSbF6

MeOH
25 ◦C, 16 h

80-96%

O

Ar

O

Ph

HO

438

5-exo-dig

Ag2CO3
DABCO

MeCN
25 ◦C, 16 h

58-86%

O

Ar

O

Ph

HO

439

Scheme 4.9: Silver-catalysed cyclisation of 3-oxopent-4-ynoates 437 into the corresponding 4-hydroxy-2-
pyrones 438 or 4-hydroxyfuran-2-ones 439.28

Given those promising results reported in the literature, we decided to carry out the same type of

reaction to the desired pyrone 373e. For that specific compound, a hydrogen atom is needed on the

alkyne. Therefore, methyl propiolate (441) should be used (Scheme 4.10). The sequence first starts

with the Claisen condensation between tert-butyl propionate (440) and methyl propiolate (441). The

3-oxopent-4-ynoate 442 was obtained uneventfully with a 90% yield. Unfortunately, any attempt to

purify that intermediate turned out to be unsuccessful. Even a simple filtration over silica gel led to

the complete degradation of the compound. Nevertheless, its purity was sufficient to be engaged in

the next reaction as such.
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Scheme 4.10: Synthetic sequence for hydroxypyrone 424, using the gold catalysis strategy on oxopentynoate
442.

We first tried to perform the cyclisation using trifluoroacetic acid (TFA) in dichloromethane. Indeed,

besides the use of Lewis acids, increasing the electrophilicity of an alkyne should also work with the

use of Brønsted acids.29 The concentration of TFA was gradually increased but the only reaction

observed was the partial loss of the tert-butyl group. The reaction was finally attempted with TFA as

solvent but, in those conditions, a complex mixture was obtained.

The next attempt was to use the gold catalyst 430 in acetic acid but, unfortunately, even in the

optimal conditions described by Fürstner,23 the formation of the desired hydroxypyrone 424 was not

observed.

Indeed, none of the groups previously cited presented the synthesis of such 4-hydroxy-2-pyrone

with terminal alkyne moiety. By looking up in the literature, such Lewis acid catalysed cyclisations

were already described on pent-2-en-4-ynoic acids (443), leading to either the 2-pyrones 444 or the 2-

furanones 445 (Scheme 4.11). The first example was described in 1964 by the group of Serratosa30

and several groups reported the same type of synthesis throughout the years.31–36 However, none

of the reported syntheses of 2-pyrones, via that method, used terminal alkyne derivatives, and the

only examples of pent-2-en-4-ynoic acids with a terminal alkyne led to the 2-furanone derivatives

445.37,38 It was then supposed that the lack of substitution on the alkyne must play a role in the lack

of reactivity of oxopentynoate 442.

CO2R

R1

R2

R3

443

Lewis acid
orO

R1

O

R2

R3

444

O

O

R3

R2

R1

445

Scheme 4.11: Synthesis of 2-pyrones 444, and their 2-furanone isomer 445, via the cyclisation of pent-2-en-
4-ynoic acids 443.

A hypothesis for that lack of reactivity would be the possible formation of an allenylidene gold

complex. Indeed, in 1992 Trost and Flygare suggested the formation of such a complex as an inter-

mediate in the ruthenium catalysed coupling of prop-2-yn-1-ols (being a terminal alkyne) with allylic

alcohols (Scheme 4.12).39 A few years later, Fürstner employed that phenomenon to develop new

cationic ruthenium allenylidene complexes as precatalyst for ring closing metathesis.40,41

More recently, another group reported the first preparation of a stable gold-allenylidene complex

449 (Scheme 4.12).42 They obtained that complex by treating IPrAuCl with propiolamide 448 under

basic conditions. The intermediate gold-acetylide was then treated with MeOTf to give the stable

gold-allenylidene complex 449.
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Scheme 4.12: Formation of metal allenylidene complexes: from ruthenium and propynol derivatives 446
(left)39–41 and from gold and propiolamide 448 (right).42

The formation of such a complex, that occurs with terminal alkynes, might be possible in our case

and might explain the lack of reactivity of 442. Given those metal-allenylidene complexes appeared

to be stable, it might quench the expected reactivity in our case (Scheme 4.10), even though we had

no evidence for the formation of such a complex.
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O

Me

O OtBu

R

450

•
•
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O

Me
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R

E+

Scheme 4.13: Resonance form of 3-oxo-5-thiopent-
4-ynoates 450 highlighting the increased elec-
trophilicity on the C5 position.

Despite the lack of success of the catalysed cy-

clisation of oxopentynoate 442, it was decided not

to give up on that strategy. As the absence of sub-

stitution on the alkyne does not allow the reaction

to occur, the addition of a substituent, that would be

easily removed afterwards, might solve this issue.

To that purpose, the use sulfides has been envis-

aged.

The use of such sulfide substituents has several avantages. They should be easily inserted onto

the alkyne as multiple forms of electrophilic sulfide derivatives are available or can be prepared in

very few steps. The removal of the sulfide groups at the end of the pyrone synthesis, using Raney

nickel, should also be feasible without any issue. Moreover, its electron donating property should

also help the reaction to occur as it should increase the electrophilicity of the triple bond on the C5

position of the oxopentynoate 450 (as highlighted in the resonance form in Scheme 4.13).

In order to prepare such 3-oxo-5-thiopentynoates (450), diverse eletrophilic sulfide derivatives,

namely thiosulfonates (452), were chosen as they are easily prepared in one step from sodium para-

tolylsulfinate (451) and disulfides (Table 4.1), as reported by Fujiki et al.43 Moreover, both those

reagents were already available in the laboratory.

The reactions were easily carried out by mixing sulfinate 451, the corresponding disulfide and

iodine. Diphenyl, dimethyl, and dibutyl disulfide led to the synthesis of the thiosulfinates 452 with

good to excellent yields (entries 1-3). In the last case (entry 4), however, the disulfide derivative was

not available and its thiophenol equivalent was used. Similarly to the previous examples, the same

conditions were employed. Indeed, the use of iodine will first generate the corresponding disulfide in

situ.44 The reaction will directly continue to the formation of thiosulfinate 452d with a good yield.

After the preparation of the electrophilic sulfides, they could be used to insert the sulfide group on

propiolate 441. The sulfenylation was carried out following a slightly modified procedure described

by Minkata et al.45 It consisted in deprotonating propiolate 441 with LDA, followed by the nucleophilic

substitution on thiosulfonates 452. From that reaction, 3-thiopropiolates 453a-c were obtained with

good yields (entries 1-3). On the other hand, the use of thiosulfonate 452d (entry 4), gave the desired

3-thiopropiolate 453d but with a more moderate yield.
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Table 4.1: Preparation of thiosulfonates 452 and their use as eletrophiles to synthesise 3-thiopropiolates 453.

Me

S

O

ONa

451

RSSR or RSH, I2

CH2Cl2, rt, o/n
Me

S
SR

O O

452

O

OMe

441

1. LDA, 30 min
2. 452, 30 min

THF, −78 ◦C
RS

OMe

O

453

Entry RSSR or RSH 452 (yield, %) 453 (yield, %)

1 PhSSPh 452a (79) 453a (75)

2 MeSSMe 452b (90) 453b (74)

3 BuSSBu 452c (99) 453c (73)

4
MeO

SH

452d (67) 453d (37)

Then, the synthesis could continue with the Claisen condensation between 3-thiopropiolates 453

and propionate 440 (Scheme 4.14). Those condensations were performed with the same procedure

that was applied with propiolate 441 (Scheme 4.10). Similarly to 3-oxopentynoate 442, any attempt

to purify the 3-oxo-5-thiopentynoates 450 resulted in their complete degradation, even with the use

of demetallated and neutralised silica gel. Therefore, after treatment of the reaction mixture and

evaporation of the solvent, the crude product was directly engaged in the next step.

Me

O

OtBu

440

1. LDA, 30 min
2. 453, 30 min

THF, −78 ◦C
RS

O

Me

OtBu

O

450

TFA

CH2Cl2
rt, o/n

× O

HO

Me

O

SR

454

Raney Ni O

O

Me

HO

424

O

SR

O

Me

HO

455

Over two steps:

455 R Yield

a Ph 44%

b Me 33%

c Bu 36%

d PMP 38%

Scheme 4.14: Planned sequence for the synthesis of hydroxypyrone 424 from 3-thiopropiolates 453 and yields
of the obtained 4-hydroxy-5-thiomethylenefuran-2-ones 455 via that sequence.

As described earlier, it was first tried to perform the cyclisation using a Brønsted acid, such as

TFA, as it should already be able to increase the electrophilicity of the alkyne. Interestingly enough,

using such conditions led to the formation of a clear precipitate that could simply be filtered off to

afford a pure product with moderate yields between 33 and 44%.

Initially, the first example was done with the phenylthio group and it was thought the desired 4-

hydroxy-5-phenylthio-2-pyrone 454a had been obtained. Indeed, the chemical shifts in the 1H NMR

spectrum were consistent with that structure. Nevertheless, the compound was easily crystallised and

was submitted to an X-ray analysis for structure confirmation (Figure 4.4). Unfortunately, it turned out

the structure of the isolated compound was not the expected pyrone 454a, that would have come

from a 6-endo-dig cyclisation, but its 5-methylene-2-furanone isomer 455a, that came from a 5-exo-

dig cyclisation.
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455a 455b 455c 455d

Figure 4.4: X-ray structures of the four 4-hydroxy-5-thiomethylenefuran-2-ones 455 obtained with the reaction
sequence described in Scheme 4.14.

Given those results, it was supposed that the presence of the phenyl group, to which the sulfur

atom is conjugated, decreased its electron donating contribution towards the alkyne and would there-

fore lower its ability to increase the electrophilicity of the latter. It was then imagined that replacing

the phenyl group with an alkyl group, such as a methyl or a butyl group, could help the sulfur atom

to increase its electron donating effect towards the alkyne. Nonetheless, the analogous furanones

455b and 455c were obtained as well, as proven by their X-ray structures (Figure 4.4). A last attempt

was done by using the para-methoxyphenyl group which should highly increase the electron donating

effect of the sulfur atom but, once again, the 5-exo-dig cyclisation occured.

Despite the fact that the desired pyrones 454 were not obtained, it is to be noticed that all four of

the synthesised 4-hydroxy-5-thiomethylene-2-furanones possess a Z configuration for the alkene, as

revealed by their X-ray structures.

Given that modifying the substituent on the sulfur atom had no effect on the regioselectivity of

the cyclisation, the electronic properties of the alkyne must have little effect. It is most likely that the

conformation of the reagent has the highest impact as it is the case for the Baldwin rules. In 2011,

Alabugin et al. revised and extended those rules for the cyclisation of a anionic nucleophile on an

alkyne.46 They reported that the activation energy barrier of the 6-endo-dig cyclisation is much higher

than for the 5-exo-dig pathway. This difference in energy is mostly due to a shorter distance of the

nucleophilic oxygen atom to the internal carbon atom of the alkyne.

O

Me

O OtBu
MeS

keto-450b

OH

Me

O OtBu
MeS

enol-450b

Figure 4.5: Keto-enol equilibrium of methylthiooxopentynoate 450b and modelled structures of its ketone and
enol forms with the distances between the oxygen atom of the ester and both carbon atoms of the alkyne.
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Indeed, when both ketone and enol forms of the 5-methylthio-3-oxopent-4-ynoate 450b were mod-

elled and their conformation was optimised, using the MM2 energy-minimisation of the Chem3D soft-

ware, it was highlighted in both forms that the oxygen atom of the ester group was closer to the

internal carbon atom of the alkyne than to the external one. Although it was determined using a sim-

ple optimisation rather than an advanced calculation method, it could already give a good idea of the

difference in distance in each case.

In order to favour the 6-endo-dig cyclisation, the gold or silver catalysis, as described by the

different groups presented earlier, should be used. The regioselectivity observed with those cases

could be explained by the formation of a gold complex leading to the most stabilised carbocation, as

suggested by Fürstner.47 In the case of our 5-methylthio-3-oxopent-4-ynoates 450, such a carboca-

tion, stabilised by gold, would be on the C5 position. However, it was decided not to use a gold- or

silver-catalysed reaction as the presence of the sulfur atom might poison the catalysts. We therefore

preferred to change our strategy.

Nevertheless, the synthesised 3-oxo-5-thiomethylene-2-furanones 455 seem to be interesting

compounds with a rather exotic pattern, and only a few examples are reported in the literature.48–56

Therefore, it would be interesting to study them further.

A master student in our lab did this by converting the furanone 455b into the corresponding triflate

456.57 He then performed Suzuki coupling reactions58 with different arylboronic acids, and he ob-

tained fifteen examples of aryl derivatives 457 with yields ranging from very low to very good. On the

other hand, he also methylated 455b and tried to optimise Liebeskind-Srogl coupling reactions (cou-

pling reactions with thioethers as leaving groups) on 458 with phenylboronic acid.59 Unfortunately, in

this last case, the student could only reach a maximum conversion of 50% and isolate the phenyl-

methylenefuranone 459 with a 17% yield.

O

SMe

HO

Me

O

455b

Tf2O
2,6-lutidine

CH2Cl2, −78 ◦C
2 h, 82%

O

SMe

TfO

Me

O

456

ArB(OH)2, KF
Pd2dba3 (1.5 mol %)

[(tBu)3Ph]BF4 (3 mol %)

THF, rt
O

SMe

Ar

Me

O

457

15 examples
9-88%

Me2SO4
K2CO3

acetone, 50 ◦C
30 min, 83%

O

SMe

MeO

Me

O

458

PhB(OH)2, CuTC
Pd2dba3 (4 mol %)

TFP (16 mol %)

THF, 50 ◦C, 18 h
50% conv., 17%

O

Ph

MeO

Me

O

459

Scheme 4.15: Synthetic pathways of triflate 456 and methoxy 458, both prepared from 455b, Suzuki coupling
reactions of triflate 456 with arylboronic acids58 (top) and the Liebeskind-Srogl coupling reaction59 of 458 with
phenylboronic acid (bottom).57

4.4.3 Third strategy for the synthesis of pyrone 373e

Our initial strategy provided pyrone 373e with a rather long sequence (Scheme 4.6), for a such a small

molecule, and a low overall yield, probably due to the need to differentiate both carbonyl groups of the

malonyl reagent, even though it was described as successful by Effenberger et al. (Scheme 4.5).17
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The second strategy, reported by Fürtsner et al. for the synthesis of 4-hydroxypyrone (Scheme 4.7),23

was quite promising but did not work with an unsubstituted alkyne (Scheme 4.10). The addition of a

sulfide group on the alkyne, that was easy to insert and should have been easy to remove, led to the

undesired 5-exo-dig cyclisation.

However both strategies presented advantages. The first one, using a dialkoxyoxopentanoate,

such as 423, avoided the regioselectivity issues in the cyclisation and only led to the formation of

the six-membered cycle. The second one, using a Claisen condensation to form the precursor of the

cyclisation, avoided the differentiation issue. Therefore, a step backwards was taken to rethink the

synthesis of the desired 373e. For our third strategy, we thought to use a Claisen condensation be-

tween tert-butyl propionate (440) and an ester already bearing the acetal group such as 460 (Scheme

4.16).

Me

O

OtBu

440

460

1. LDA, 440
1. −78 ◦C, 30 min

2. EtO

OEt

OEt

O

460
2. −78 ◦C to rt, o/n
2. THF, 70%

O

Me

O

OtBuEtO

OEt

461

H2SO4(conc.)

rt, 3 h, 51%
or 39% over

two steps

O

O

Me

HO

424

Scheme 4.16: Third strategy for the synthesis of hydroxypyrone 424, using a Claisen condensation between
propionate 440 and 3,3-diethoxypropionate 460, followed by the cyclisation in sulfuric acid.

We found that the best conditions were to start the Claisen condensation at low temperatures and

to slowly warm the mixture up to room temperature overnight. Indeed, keeping the reaction at low

temperature led to an incomplete conversion of the starting materials and warming it up too quickly

led to the formation of undesired side products. But applying those conditions gave the desired β-

ketoester 461 with a 70% yield. However, to achieve such a yield, demetallated and neutralised silica

gel had to be used during purification to avoid a drop in yield.

Then, the cyclisation reaction to reach hydroxypyrone 424 was first attempted using TFA at dif-

ferent concentrations, and also as solvent, but the only product obtained was the partial removal of

the tert-butyl group. We then decided to use concentrated sulfuric acid, as used by Effenberger in its

synthesis.17 Those conditions gave the best results as 424 was obtained with a 51% yield. The main

advantage of the use of a tert-butyl ester is its deprotection in acidic media, whereas the ethyl ester

needed a basic hydrolysis first.

It is worth noting that oxopentanoate 461 may also be directly engaged in the cyclisation step

without any further purification. In doing so, a 39% yield over two steps was achieved. This would cor-

respond to the overall yield reported by Effenberger for the synthesis of hydroxypyrone 424 (Scheme

4.5), but with a sequence one step shorter as the basic hydrolysis of the ester group is no longer

necessary. Moreover, compared to the sequence that had to be used in our case (Scheme 4.6), this

one is three steps shorter and the overall yield was more than doubled. Even more interestingly, no

chromatography was needed as 424 was obtained pure using a simple trituration in dichloromethane.

Consequently, it was possible to develop a shorter and more efficient synthesis sequence for 4-

hydroxypyrones that gave an analytical sample. In order to validate the efficiency of that method, it

could be applied to other substrates with various substitutents in order to enlarge the scope of that

strategy.
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In the meantime, it was possible to achieve a multigram scale synthesis of 4-methoxypyrone 373e,

after the methylation of hydroxypyrone 424 following the procedure described in Scheme 4.5, to study

the Diels-Alder reaction with sulfinylquinone 318a.

4.5 Synthesis of a new diene by reduction of ααα-pyrone 373e

In the course of this thesis, it was also attempted to reduce pyrone 373e into its pyran derivative

462. Indeed, given the aromaticity of pyrone 373e, a lower reactivity in a Diels-Alder reaction was

expected. Therefore, pyrone 373e was submitted to reduction reactions (Scheme 4.17).

The first reducing agent that was tested was sodium borohydride in combination with BF3·OEt2.

However, this method was described on benzochromenone and not on pyrones.60,61 Unfortunately,

no reaction occurred with that reagent. A similar reagent, BH3·SMe2, has been attempted as it was

used for the desired transformation on coumarins and benzochromenones,62,63 but it did not work on

our pyrone 373e. It was then decided to increase the strength of the reducing agent by using DIBALH,

which was used to perform a similar transformation on pyranonaphthyl or benzochromenone.64,65

But, again, it was never described on pyrones and was still not strong enough to reduce pyrone 373e

into the desired pyran 462.

O

O

Me

MeO

373e

×

NaBH4, BF3·OEt2
or BH3·SMe2

or DIBALH

LiAlH4

THF, 0 ◦C
30 min, 86%

O
Me

MeO

462

OH
Me

MeO

373f

Scheme 4.17: Reduction of α-pyrone 373e, leading to the new diene 373f.

CH2H3C

OH

H3CO
H

H H

Figure 4.6: n.O.e correla-
tions for diene 373f.

Finally, LiAlH4, that was described on coumarins and iscoumarins,66,67

was employed and, in that case, a reaction occurred. However, the prod-

uct obtained was not the desired pyran 462 but its opened form 373f. To

the best of our knowledge, that compound had never been described and

it was decided to include it in the list of the dienes to be tested in Diels-

Alder reactions. However, before using that diene, its configuration had to

be determined. Similarly to diene 373b, an n.O.e analysis was performed.

This analysis showed correlations between the allylic methylene and one vinylic proton, between the

vinylic methyl group and the methoxy group, and between the methoxy group and one of the terminal

vinylic protons. Those correlations indicated the E isomer had been obtained, corresponding to a re-

tention of the double bond configuration with respect to that in the pyrone 373e. Moreover, the n.O.e

response for those signals was quite intense, indicating that the conformation presented in Figure 4.6

must be the most favoured one.

By looking up in the literature, it was found out that this kind of opening of 2-pyrones is not so

unexpected. Indeed, in 1995, Mestres et al. reported the treatment of pyrone 463 with NaBH4 in basic

conditions.68 It led to the formation of the hexanedienoic acid 464 that has retained the configurations
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for both double bonds. Two decades later, Fürstner et al. published the addition of a nucleophile,

methylmagnesium bromide, on the same pyrone 463 and obtained a similar hexanedienoic acid 465

that also had retained the Z configuration for one of the double bonds.69

O OMe

Me

463

NaBH4, KOH

MeOH, reflux
14 h, 28%

Me

Me

CO2H

464

MeMgBr

PhMe, −30 ◦C
20 min, 93%

Me

Me

CO2H

Me

465

Scheme 4.18: Nucleophilic 1,4-additions on pyrone 463, followed by its opening, either by a reducing agent,
such as NaBH4,68 or by methylmagnesium bromide.69

Very few examples of pyrones reacting with LiAlH4 were found. Nevertheless, Cornforth et al.

published, in 1992, the synthesis of (+–)-abscisic acid (468) using that reductant on the pyrone deriva-

tive 466 at the end of the sequence (Scheme 4.19).70 Similarly to the reduction reported in Scheme

4.18, a dienoic acid 467 was obtained. As the enone was also reduced in the same process, the

resulting alcohol was oxidised in order to reach the desired natural product 468, albeit no yield was

reported.

Me Me

O

O O
OH

Me

Me

466

LiAlH4

THF, 45 ◦C
90 min

Me Me

HO

OH

Me
CO2H

Me

467

Mg2O

CHCl3, rt, 60 h
no yield
reported

Me Me

O

OH

Me
CO2H

Me

468

Scheme 4.19: Synthesis of (+–)-abscisic acid (468) by reduction of compound 466, followed by the subsequent
oxidation of the allylic alcohol.70

Although the use of LiAlH4 opened the pyrone core in that last example, the carboxylic acid group

was left untouched, as described for the majority of reactions leading to such opening of pyrones,

whether a reduction or a nucleophilic addition. To the best of our knowledge, only one example of

reduction of an α-pyrone to a pentadienol derivative was described by Rosenthal and co-workers in

1962 (Scheme 4.20).71 Even though their example is more complex than ours, the process seems to

be equivalent and they were not expecting it either.
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Me Me
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iPr

O

469

LiAlH4

THF
HO

Me

Me

Me

H
Me Me

HO

iPr

470

Scheme 4.20: Reduction of the pyrone core of compound 469 into the pentadienol equivalent 470.71

Nevertheless, the group proposed a mechanism that would explain the isolated product (Scheme

4.21). It would start with the nucleophilic addition of a hydride ion on the δ-carbon atom of the pyrone
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as it exhibits a rather strong electrophilicity. The intermediate dienolate would then be opened to form

a dienoate. From there, the reaction continues further with the reduction of the carboxylate into the

corresponding alkoxide.

O

O

R

R'

H

O

O

R'

R H

O

O

R'

R

LiAlH4

R'

R

O

Scheme 4.21: Proposed mechanism for the reductive opening of an α-pyrone, followed by the subsequent
reduction of the carboxylate into an alkoxide.71

Given the fact that no examples of α-pyrone reduction to the corresponding pyran were found, it is

unlikely that such transformation could be done with a classical reducing agent, although it appears

to be working on benzo- and dibenzopyranone derivatives such as coumarins or benzochromenone.

Nevertheless, this new diene 373f is not without interest as it bears the desired functional groups,

including the oxidised carbon that will serve to introduce the lactone moiety, with the proper con-

figuration to obtain a cycloadduct with the desired relative configurations for the total synthesis of

momilactones.

4.6 Conclusion

Me
OTMS

373a

O O

O

Me Me

373c

TMSO

OtBu

O

373d

Figure 4.7: Structures of dienes 373a, 373c and
373d.

For this part of the project, the syntheses of five

dienes were initially planned and we succeeded in

synthesising all five of them. Among those dienes,

373a (Scheme 4.1),1 373c (Scheme 4.3)15 and 373d

(Scheme 4.4)16 were already described and we were

able to reproduce their synthesis, even though a slight

modification was done in the case of diene 373d.

OPMB

OMe

373b

Figure 4.8: Structure
of diene 373b.

We also managed the synthesis of diene 373b (Scheme 4.2) that, to the

best of our knowledge, had never been described. We developed a synthesis

from two different starting materials that both gave the desired diene 373b in

five steps and with good overall yields (45% from butenol 408 and 34% from

propanediol 411). More importantly, we succeeded in forming the Z enol ether

selectively.

O

O

Me

MeO

373e

Figure 4.9: Structure
of pyrone 373e.

The fifth diene whose synthesis was planned was pyrone 373e. Its prepa-

ration was already described by Effenberger et al. (Scheme 4.5)17,18 but we

could not reproduce their synthesis as efficiently as them (Scheme 4.6).

We tried a second strategy, based on the work of Fürstner.23 We efficiently

prepared the 3-oxopent-4-ynoate 442, prepared via a Claisen condensation

between tert-butyl propionate (440) and methyl propiolate (441), but the cycli-

sation did not work either with TFA nor the gold catalysis (Scheme 4.10). As

the absence of substituent on the alkyne seemed to be the cause for the lack
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of reaction, we decided to functionalise the alkyne with a sulfide group that should be easy to insert

and remove, as well as increase the electrophilicity of the alkyne.

O

SR

O

Me

HO

455

Figure 4.10: Structure of
thiomethylenefuranones 455.

We prepared four 3-thiopropiolate derivatives 453 (Table 4.1) that

were engaged in the Claisen condensation with propionate 440. We

could not isolate the intermediate β-ketoesters 450 and we directly en-

gaged them in the cyclisation step with TFA (Scheme 4.14). Although

a cyclisation occurred for all four examples, the products obtained were

5-thiomethylenefuran-2-ones 455, coming from a 5-exo-dig cyclisation,

and not the desired pyrones 454. We did not try the gold catalysis as the

presence of a sulfide group is likely to poison the catalyst.

We then used a third strategy by performing a Claisen condensation between tert-butyl propi-

onate (440) and ethyl 3,3-diethoxypropanoate (460) (Scheme 4.16). The intermediate β-ketoester

461 was efficiently obtained and treating the latter with concentrated sulfuric acid gave the desired

hydroxypyrone 424 with 39% over two steps. Moreover, the new method we developed for the syn-

thesis of 4-hydroxypyrones did not require any purification but a simple trituration in dichloromethane.

We could therefore prepare the 4-methoxypyrone 373e on a multi-gram scale.

OH
Me

MeO

373f

Figure 4.11: Structure
of diene 373f.

Finally, by serendipity, we obtained a new diene 373f by reduction of py-

rone 373e with LiAlH4 (Scheme 4.17). Initially, we wanted to obtain pyran 462,

with a milder reductant, but only LiAlH4 could reduce pyrone 373e into diene

373f, with an E configuration. Surprisingly, this transformation is not so com-

mon as only one group reported the opening of a pyrone with a nucleophilic

hydride, followed by the reduction of the carbonyl to the alcohol.71 We have

thus prepared a new diene that was not described in the literature and we will

test the latter in the tests of asymmetric Diels-Alder reactions.
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5 Synthesis and study of quinones and
sulfinylquinones

This chapter will present the studies performed on quinones and sulfinylquinones that will be used

in diverse Diels-Alder reactions. With these studies, we hoped to get a better understanding of the

cycloadditions with those particular dienophiles. By searching the scope and limitations of the first key

step of the developed sequence for the total synthesis of momilactones (cf. Chapter 3), we planned

to determine which diene is the most appropriate. If necessary, a new diene might even be designed

based on the results obtained from such attempts.

First, the synthesis of the desired quinones and sulfinylquinones will be presented. We will not

limit ourselves to the ones described for the total synthesis, but also others whose structure might be

of interest for the different reactions that will be performed.

Then, we will focus on sulfinylquinones and study them from a structural point of view. As ex-

plained in Chapter 3, to the best of our knowledge, no X-ray structure of such compounds has been

described yet. Therefore, several sulfinylquinones were synthesised in order to propose a correlation

between the conformation of the sulfinyl moiety at the solid state to the observed stereoselectivities

when they are engaged in a Diels-Alder reaction. The analysis of the X-ray structures will also be

coupled to a computational study to afford a deeper understanding of the preferred conformations.

Finally, reactivity studies were undertaken by changing different parameters. On one hand, the

effect of the solvent on the reaction rates, and the stereoselectivities in the case of the sulfinylquin-

ones, was investigated as previously done by Carreño et al.1 On the other hand, the impact of the

nature of the (sulfinyl)quinones and dienes will be evaluated.

5.1 Synthesis of enantiomerically enriched sulfinylquinones

As presented in Chapter 2, the main methodology for the preparation of sulfinylquinones consists

in the addition of a chiral sulfoxide on a functionalised aromatic core through a SN2 process. The

sulfoxide originates from a sulfinate, itself stereoselectively prepared from a chiral auxiliary.
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Scheme 5.1: Synthesis of the menthyl (–)-(S)-para-toluenesulfinate ((SS)-292).2–4

141



142 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

As described earlier, the most used chiral auxiliary for the preparation of such stereochemically

defined sulfinates is (–)-menthol (472). As described by Andersen et al., sodium para-toluenesulfinate

(451) is first converted into the corresponding sulfinylchloride 471 with the use of SOCl2 (Scheme

5.1).2,3 The chloride 471 is directly engaged in the next step to react with (–)-menthol (472). However,

as chloride 471 is racemic, the menthyl sulfinate 292 will be obtained as a mixture of diastereoiso-

mers. Fortunately, Solladié et al. optimised this process by recrystallisation in acetone using hy-

drochloric acid to epimerise the sulfur center.4 As (SS)-292 crystallises, whereas its epimer (SR)-292

remains in solution, the equilibrium is shifted towards the formation of (SS)-292. In doing so, the yield

of that reaction can go up to 80% of the SS isomer.

5.1.1 Preparation of non silylated sulfinylquinones

As described in Chapter 3, two sets of sulfinylquinones (and quinones) are planned depending on

whether momilactone A (1) or B (2) is desired. In the case of the former, the series without the silyl

group are to be used. More specifically, sulfinylquinone ent-318a should be used in order to reach

the proper enantiomer of 1. However, in order to synthesise that sulfinylquinone, the enantiomer of

(SS)-292, itself prepared from (+)-menthol (ent-472), must be used. As (–)-menthol (472) is more

abundant and cheaper than its enantiomer, it was decided to first study the synthesis of momilactones

on the opposite enantiomeric series.

Therefore, we will first focus on the synthesis of sulfinylquinone 318a that has already been de-

scribed by Lanfranchi and Hanquet and starts from methylhydroquinone 473 (Scheme 5.2).5

The first step consists in the protection of both phenols with dimethyl sulfate. The protected hydro-

quinone 474 then undergoes a Vilsmeier-Haack formylation to introduce an aldehyde (that will later

serve for the introduction of a third oxygen atom on the aromatic ring). The selective deprotection

of 475 reveals the phenol 476 which activates the ortho position to selectively introduce a bromine

OH
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Scheme 5.2: Synthetic pathway of sulfinylquinone 318a carried out following the procedures described by
Lanfranchi and Hanquet.5
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atom to obtain bromide 477. After reprotection of the phenol group, a Dakin rearrangement of 478,

followed by the hydrolysis of the corresponding formate, gave phenol 479 that was later methylated to

give intermediate 480. The latter was treated with magnesium to form a Grignard reagent that reacted

with sulfinate (SS)-292 to introduce the sulfoxide group. The hydroquinone 481 was then oxidised

into the desired quinone 318a. This sequence is quite long (ten steps), but only the formation of the

sulfoxide has a yield below 90%. Therefore, it was possible to obtain 318a with 42% overall yield,

which is quite good for such a long synthesis. In addition to the excellent overall yield, no chromatog-

raphy was needed to purify the different intermediates of the sequence.

As explained earlier, sulfinylquinone 318a is not the only one in which we are interested. In or-

der to make a more complete structural and reactivity study, other sulfinylquinones, bearing other

substituents, will be used to propose a model to explain the sulfoxide conformation and the stereos-

electivities with those quinones when they are engaged in Diels-Alder reactions.

The second sulfinylquinone that was chosen is the one without any substituents and that was

the first example described in 1989 by Carreño’s group.6 However, we chose to use the synthetic

sequence described in 1992, starting from 1,4-dimethoxybenzene (298) as presented in Scheme

5.3.7 The latter undergoes an ortho lithiation (in our case, we used hexyllithium instead of butyllithium)

to insert the sulfoxide using sulfinate (SS)-292, followed by an oxidation to reach quinone 297.
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Scheme 5.3: Synthetic pathway for sulfinylquinone 297 as described by Carreño et al.7

From 297, a second sulfinylquinone can easily be reached. As reported in 1994 by the same

group, a chlorine atom can be inserted next to the sulfoxide (Scheme 5.4).8 For that purpose, sulfi-

nylquinone 297 is treated with TiCl4 in dichloromethane. The group described that reaction with an

82% yield, but no precise procedure was described in the corresponding paper and we were able to

reach 44% at best. Nevertheless, it gave us enough material for our study.
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Scheme 5.4: Synthetic pathway for sulfinylquinone 307a as described by Carreño et al.8

Finally, it was decided to synthesise a fourth sulfinylquinone that, to the best of our knowledge,

was not described yet. We wanted to assess the effect of the position of the methoxy group on the

quinone core. In the case of sulfinylquinone 318a, the methoxy group is on position 6. It was thought

to synthesise another one with the methoxy group on position 5.
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Scheme 5.5: Synthetic pathway for sulfinylquinone 488.

The synthesis of that new sulfinylquinone 488 starts with a Dakin oxidation of vanillin (483), di-

rectly following a procedure reported by Fereira et al. in 1995 (Scheme 5.5).9 This hydroquinone

484 is then brominated, following the procedure of Keana and co-workers,10 to obtain aryl bromide

485. Both phenol groups must be then protected. However, methoxy groups cannot be used in

this case. Indeed, as reported by Carreño’s group, it would seem that the CAN oxidation does not

work to convert sulfinyltrimethoxybenzene into the corresponding quinone in the absence of a methyl

group, as opposed to sulfinylquinone 318a.11,12 Therefore, a more labile protecting group must be

employed. Two of them have been tested: the ethoxyethyl (EOE) group, introduced using ethyl vinyl

ether (185),13 and the ethoxymethyl (EOM) group, introduced using the corresponding chloride.14

Both protected derivatives 486a and 486b were then engaged in the bromine-lithium exchange to

undergo the nucleophilic substitution on (SS)-292 to insert the sulfoxide group. Both versions of the

sulfoxide intermediate 487 were then oxidised using CAN to give the desired new sulfinylquinone 488.

Both protecting groups gave similar overall yields, albeit the EOM pathway was slightly better.

However, from a practical point of view, the EOM series was much easier to handle and intermediates

486b and 487b were much more stable than their EOE counterparts (for example, 487a was fully

degraded in one day, even when it was conserved in the fridge, under inert atmosphere, and with a

small amount of K2CO3). Moreover, from the analytical point of view, the EOM series was easier to

analyse. Indeed, each EOE protecting group adds a stereogenic centre in the structure, leading to a

mixture of four diastereoisomers for 487a, leading to rather complex spectra that could not allow us

to be completely confident in the purity of the product.

5.1.2 Preparation of silylated sulfinylquinone

As described in Chapter 3, in order to synthesise momilactone B (2), according to our plan (Scheme

3.14), a silylated version of sulfinylquinone ent-318a must be synthesised. For the same reasons ex-

plained here above, we first started on the opposite enantiomeric series and attempted to synthesise

318b.

In order to synthesise this sulfinylquinone, we decided to start from sulfoxide 481 and to use the

general procedure for lateral functionalisation reported by García Ruano et al.15,16 As described in

Scheme 5.6, we have been able to perform the lateral lithiation and to insert the silyl group on the

benzylic methyl group with a very good 87% yield.
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Scheme 5.6: First plan for the synthesis of sulfinylquinone 318b.

We then tried to oxidise 489 into the desired quinone, using CAN as previously done for the other

sulfinylquinones. Unfortunately, it did not work and a complex mixture was obtained. We supposed

that the presence of the silane moiety in ortho position of a methoxy group could cause some issues.

Indeed, during this process, there is a carbocation intermediate on the aromatic core that could be

stabilised by the silane group on the β position, hence a series of degradations (Scheme 5.7).
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Scheme 5.7: Proposed mechanism and explanation for the degradation of sulfoxide 489 during its oxidation.

Therefore, as a solution, it was thought to replace the methoxy groups by more labile protecting

groups that could more easily be removed, such as EOE or PMB (Scheme 5.8). Rather than design-

ing a completely new synthetic pathway, we thought of a way to selectively remove the two methoxy

groups we wanted to replace. We then tried to simply oxidise the aryl bromide 480 with CAN. Luckily

enough, it gave the corresponding para-benzoquinone 490 selectively. Reducing that quinone with

NaBH4 gave back the unprotected hydroquinone.
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Scheme 5.8: Second sequence for the synthesis of sulfinylquinone 318b.
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From hydroquinone 491, we then have the possibility to add the chosen protecting groups. The

ethoxyethyl group was added, using the same method as described in Scheme 5.5. On the other

hand, the PMB groups were added, using PMBCl and K2CO3 in DMF at 120 ◦C. Both those protec-

tions have proven to be efficient. Afterwards, the insertion of the sulfoxide is achieved via a bromine

lithium exchange, followed by the nucleophilic substitution on sulfinate (SS)-292. In the case of the

EOE group, the desired sulfoxide 493a was obtained with a moderate yield of 48%, whereas the

reaction on substrate 492b (PMB groups) gave sulfoxide 493b with a good yield of 72%. The lower

yield for 493a can be explained by stability issues of the protecting groups, just as observed during

the synthesis of sulfinylquinone 488 (Scheme 5.5).

Then, the insertion of the silyl group was performed using the same method attempted on 481

(Scheme 5.6). It worked with a good yield (68%) for the PMB protected hydroquinone 493b. However,

in the case of the EOE protected hydroquinone 493a, the TLC monitoring indicated the consumption

of the latter, but the NMR analysis showed the silylation did not take place and deprotected 493a was

found in traces in the spectrum along complex mixtures of unidentified products.

Finally, sulfoxide 494b was submitted to the CAN oxidation but, similarly to 489, a complex mix-

ture of unidentified products was obtained. Therefore, we switched the oxidant to DDQ. Indeed, that

oxidant should be able to first remove the PMB protecting groups and, then, oxidise the deprotected

hydroquinone in one pot. Unfortunately, no reaction occured at all, not even the deprotection of the

phenols.

The synthesis of quinones bearing a silylmethyl group does not seem easy to carry out. Indeed, so

far, only two publications reported the oxidation of a hydroquinone derivative, bearing such silylmethyl

group, to the corresponding quinone. In both cases, the hydroxy groups were not protected and the

oxidation was done using silver(I) oxide17 or PIDA.18

We could have decided to find a way to cleanly deprotect the PMB groups, or to redesign the

synthesis with another protecting group that could be easily removed, to reach such unprotected hy-

droquinones. However, given the appearing difficulties to synthesise such silylated quinones, it has

been decided that sulfinylquinone 318b was not a priority and that it would be wiser to first focus on

the total synthesis of momiactone A (1).

5.2 Synthesis of quinones for the asymmetric catalyses

As explained in Chapter 3, in the event the sulfinylquinone would not prove to be efficient, the main

strategy will be rerouted to catalytic asymmetric Diels-Alder reactions. Two methods have been

chosen for that purpose: Corey’s oxazaborolidinium salt catalysis19,20 and Evans’ pybox catalysis.21

5.2.1 Preparation of the quinone for Corey’s method

The first catalyst to be tested is the oxazaborolidinium salt ent-109 employed by Corey.19,20 But first,

quinone 369a, that should correspond to the type of substrates used by Corey, had to be prepared.

Therefore, a short synthetic pathway, described in Scheme 5.9, was designed from compound 475

that was already in our hands as it is an intermediate in the synthesis of sulfinylquinone 318a (Scheme

5.2).
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Scheme 5.9: Synthetic pathway for quinone 369a.

The first step is a Dakin oxidation, similar to the one used in Scheme 5.2. However, as this trans-

formation was already described on that specific benzaldehyde 475, it was decided to use that slightly

different procedure.22 Then, methylation of the obtained phenol 495 was done, using the standard

procedure employed in other syntheses described above. Finally, the oxidation of the hydroquinone

derivative 496 was uneventfully carried out using the usual CAN oxidation.

It is to be noticed that the synthesis of this quinone was already described several times in the lit-

erature, but not with the sequence we present here. However, with that pathway, containing reactions

already used in other synthesis reported in this thesis, we efficiently reached the desired quinone 369

that will be tested with Corey’s catalytic system.

5.2.2 Preparation of the quinone for the Evans catalysis

The second catalytic system that will be tried is the samarium or gadolinium complex 255a, using

a pybox ligand, developed by Evans’ group.21 Once again, the design of a quinone matching the

general pattern of the substrates used by that group must be done. In this case, an ester group must

be present on the quinone. Just as for quinone 369a, we did not need to go very far to design that

synthesis. Indeed, we took aryl bromide 480, from the synthetic pathway for sulfinylquinone 318a

(Scheme 5.2), and we engaged it in a bromine lithium exchange, followed by the nucleophilic sub-

stitution of methyl chloroformate (Scheme 5.10), following a described procedure.23 The obtained

benzoate 497 was then oxidised, once again with CAN, and it gave the desired ester substituted

quinone 371a.
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2. −78 ◦C to rt, 1 h
2. THF, 83%

OMe
MeO

OMe
Me

CO2Me

497

CAN, H2O

MeCN, rt
15 min, 83%

O

O

MeO CO2Me
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Scheme 5.10: Synthetic pathway for quinone 371a.

As opposed to 369a, quinone 371a has never been described. Therefore, its behaviour in Diels-

Alder reactions is unknown and needs to be assessed. It will first be reacted with simple dienes in

order to evaluate its reactivity. Then, it will undergo the Evans asymmetric catalysis to determine if

this quinone can be used in the context of the total synthesis of momilactones.
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5.3 Structural analysis of sulfinylquinones

As discussed earlier, the reactivity of sulfinylquinones has already been extensively studied, mainly

by the group of Carreño. But, the exact explanation of the facial diastereoselectivity observed with

those compounds, when they are engaged in Diels-Alder reactions, is not yet well understood. How-

ever, based on the products obtained, hypotheses have been emitted concerning those stereose-

lectivities.24 As represented in Figure 5.1, the sulfoxide can adopt two conformations called s-trans

and s-cis with respect to the double bond of the quinone part. It was supposed that in the s-trans

conformation, an electrostatic repulsion arises between both oxygen atoms of the sulfoxide and the

carbonyl. Therefore, that conformation is destabilised, inducing the rotation of the sulfinyl moiety to-

wards the s-cis conformation. In that situation, the sulfoxide can place itself in the same plane as the

quinone, ensuring the conjugation with the double bond and minimising the electrostatic repulsions.

498

O

O
S

O

Me

498
s-trans

O

O

S

O

Me

498
s-cis

O

O

S

O

Me

Bottom face
hindered

Figure 5.1: Proposed model for the preferential conformation of the sulfinyl moiety in sulfinylnaphthoquinone
498 and for the preferential approach of a diene.24

From that conformation, as observed in the cycloadducts with that sulfinylquinone, the preferential

approach of the diene would be on the top face of the quinone (if one looks at the structures as

represented in Figure 5.1). This approach would be explained by the hindrance of the bottom face

caused by the para-tolyl group oriented on that side of the quinone. Therefore, the diene has no

choice but to arrive on the top face.

Although this model seems to work well to explain the products obtained, it is based only on the

outcomes of the cycloadditions. Therefore, we are going to try to bring some new perspectives on

the stereoselectivities reached with the sulfinylquinones.

5.3.1 Analysis of the X-ray structures of sulfinylquinones

One of the ways to study the sulfinylquinones from a structural point of view is to achieve their crys-

tallisation, as well as obtaining crystals with a sufficient quality, in order to submit them to an X-ray

analysis. Indeed, to the best of our knowledge, no example of such X-ray structure of a sulfinylqui-

none has ever been reported, even though the recrystallisation of some sulfinylquinones has already

been described.

Among the four sulfinylquinones we have prepared, the recrystallisation method for 318a and 297

was described. In the first case, boiling methanol was used5 and, in the second case, boiling diethyl

ether.7 We then reused the same conditions but by slowly decreasing the temperature after the total

dissolution of the compound, in order to obtain the biggest crystals possible, even it if meant losing

some material. Fortunately, the crystals obtained in both cases had a high enough quality to be

analysed by X-ray diffraction (Figure 5.2).
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318a 297 307a 488

Figure 5.2: X-ray structures of sulfinylquinones 318a, 297, 307a, and 488 and dihedral angle between the
quinone plane and the sulfoxide.

However, for sulfinylquinones 307a and 488, the recrystallisation conditions had to be found. We

determined that the best crystals were obtained in a boiling mixture of pentane and toluene for 307a,

and in boiling ethanol for 488.

As it can be seen, in all four of the sulfinylquinones, the preferential conformation of the sulfox-

ide is the s-cis one, as hypothesised by Carreño. However, it can be seen that the dihedral angle

between the sulfoxide and the quinone plane varies depending on the substituents. In the case of

sulfinylquinone 318a, the sulfoxide adopts an angle of −12.6 ◦. When we moved to the unsubstituted

sulfinylquinone 297, that angle lowers to −0.44 ◦, indicating that the torsion of the sulfoxide in the first

case might be due to the steric hindrance of the methyl group.

However, when a chlorine atom is added next to the sulfinyl moiety on the quinone, that same

angle goes up to −23.5 ◦. As chlorine is a rather small atom (compared to a methyl group), it is most

likely that the repulsion of the sulfoxide should be due to electrostatic interactions.

Finally, the fourth sulfinylquinone 488 had been synthesised in order to see if the position of the

methoxy group on the opposite double bond, compared to the position of the methoxy group in 318a,

might play a role in the preferential conformation of the sulfoxide. But, given the dihedral angle of

−3.2 ◦ observed for that sulfinylquinone, it seems that the position of the methoxy group on the oppo-

site double bond has no or little effect on the preferential orientation of the sulfoxide.

So far, we can conclude that the groups on the opposite double bond to the one bearing the

sulfinyl moiety do not directly influence the preferred conformation of the sulfoxide. We can also

assert that the carbonyl and the group next to the sulfinyl moiety have an effect on that same confor-

mation (mainly via electrostatic repulsions, but also steric ones).

We decided to take that structural analysis a bit further by doing the same analysis on hydro-

quinone derivatives. For that purpose, we crystallised compound 481 (from the synthesis of sulfinyl-

quinone 318a, Scheme 5.2). We also had the opportunity to obtain the non alkylated hydroquinone

482. In order to be able to compare the latter with its alkylated version, we methylated it with dimethyl

sulfate (Scheme 5.11). It was then possible to try and crystallise both 482 and 499.
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Scheme 5.11: Methylation of hydroquinone 482.

All three hydroquinones were successfully crystallised and submitted to X-ray diffraction, which

provided the structures presented in Figure 5.3. The first surprising result was obtained with the

hydroquinone derivative 481 that is present in both s-cis and s-trans conformations inside the same

unit cell. Compared to the result obtained with the corresponding quinone 318a (Figure 5.2), the

simple fact to go from a carbonyl to an ether group seems to be enough to reduce the electrostatic

repulsion between both oxygen atoms. This observation actually makes sense as the electron density

on the oxygen atom of the ether group is lower than for the carbonyl. It would also seem that the

repulsion caused by the methyl group (which might be steric and/or electrostatic) is similar to the one

caused by the methoxy group as both conformations are present with similar dihedral angles for the

sulfoxide group (28.6 ◦ for the s-cis conformation and 25.7 ◦ for the s-trans one).
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Figure 5.3: X-ray structures of hydroquinone derivatives 481, 482, and 499 and dihedral angles between the
sulfoxide and the hydroquinone plane. *Deviation angle from the hydroquinone plane.

In the case of the hydroquinone 482, it can be seen that the preferred conformation is the s-

trans one. Indeed, not only does the chlorine atom destabilise the s-cis conformation, by causing

an important electrostatic repulsion on the sulfoxide group as observed in the X-ray structure of

307a (Figure 5.2), but the presence of the free phenol group allows an intramolecular hydrogen

bond. This bond must greatly stabilise the s-trans conformation as indicated by the deviation angle

(14.2 ◦). When methyl groups are added on those phenols, the hydrogen bond in 499 is no longer

possible and the sulfoxide is repelled with an angle of 58.1 ◦ out the hydroquinone plane, in the s-

trans conformation. The repulsion of the chlorine atom must be too important in this example to allow

the sulfoxide to adopt the s-cis conformation.
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The additional study on those three hydroquinones corroborates the observations done on the

sulfinylquinones (Figure 5.2). The preferential conformation, s-cis or s-trans, is highly dependent on

the groups next to the sulfoxide moiety and is most likely due to the electrostatic repulsion caused by

those substituents.

However, those observations were made in the solid state. Although these structures are consis-

tent with the proposed hypothesis, it does not prove the s-cis conformation remains the favoured one

in solution nor justify the selectivities observed for Diels-Alder reactions with these sulfinylquinones.

It is most likely that the interactions with the solvent and other sets of parameters must be taken into

account.

5.3.2 Theoretical approach of the sulfoxide conformation

To complete the model, geometry optimisations on both s-cis and s-trans conformations of the sulfox-

ide have been run. First, analyses on sulfinylquinones bearing different substituents (general struc-

ture 500 in Figure 5.4) have been made to compare the effect of each of them on the preferential

conformation. The dihedral angles between the sulfoxide and the quinone plane (concerned atoms

circled in blue on the represented structure in Figure 5.4) for both s-cis and s-trans conformation and

the energy difference between those two conformers have been listed in Table 5.1.

318a s-cis 318a s-trans

O

O

S
pTol

O

R1

R3

R2

500

Figure 5.4: Optimised geometries for s-cis and s-trans conformations (illustrated here with the sulfinylquinone
318a) and general structure for the studied sulfinylquinones (500). The atoms of the concerned dihedral angles
(Table 5.1) are circled in blue.

It can be directly noticed that the calculated dihedral angles for 318a, 297, 307a, and 488 are

close to the one in the crystal structure. It indicates that the results obtained from the calculation are

consistent with the observed ones (for the conformations). Then, whatever the substituents are, the

angles for the s-trans conformation do not vary a lot (between 45 ◦ and 60 ◦). We can conclude that

only the oxygen of the carbonyl group influences the orientation of the sulfoxide group in the s-trans

conformation. Moreover, the negative ∆E indicates that the s-cis conformer is the more stable one in

each case.

When the methyl group in R1 is removed (500a) it can be observed that the angle decreases from

17 ◦ from the quinone plane to 2 ◦ and that the energy difference almost doubles. A similar result

is obtained when the methoxy group is absent (297). The R3 substituent does not seem crucial for

the preferential conformation. On the other hand, if the size of the R1 substituent is increased, such

as an isopropyl group (500b), the sulfoxide moves further from the quinone plane (32 ◦) even if the

stabilisation energy is similar to 318a.
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Table 5.1: Dihedral angles (atoms circled in blue in Figure 5.4) and energy difference between the s-cis and
s-trans conformations of different sulfinylquinones in vacuum at 25 ◦C. Level of theory: M06-2X/6-31+G(d,p).

Quinone Substituents Dihedral angle Ecis−Etrans
(◦) (kcal mol−1)

R1 R2 R3 s-cis s-trans
318a Me H OMe −17 (−13)[a] 129 (51)[b] −2.91
500a H H OMe 2.0 128 (52)[b] −5.62
297 H H H 3.0 (−0.44)[a] 128 (52)[b] −5.99

500b iPr H OMe −32 129 (51)[b] −3.13
488 H OMe H 1.5 (−3.2)[a] 128 (52)[b] −6.51
500c NH2 H OMe −14.3 119 (61)[b] −9.19
500d SiH3 H OMe 0.9 135 (45)[b] −5.30
318b CH2SiMe2Ph H OMe −20 124 (56)[b] −2.08
500e F H H −16 130 (50)[b] −0.81
307a Cl H H −21 (−23)[a] 135 (45)[b] −0.77
500f CN H H −9.1 138 (42)[b] −2.06

[a] Dihedral angles from the crystal structures. [b] Deviation angle from the quinone plane.

In the case of the sulfinylquinone 488, where the methoxy group is in position R2 instead of

R3, a similar angle to 500a is obtained but the stabilisation energy is almost 1 kcal mol−1 greater.

This higher value could be explained by an increase of the electronic density on the oxygen of the

carbonyl group due to the electrodonating properties of the methoxy group conjugated to the carbonyl

group, increasing the electrostatoc repulsion. In the case of 500a, the methoxy group is indeed not

conjugated to the upper carbonyl group and does not influence its electronic density.

In the case of 500c, we observe a greater angle (14 ◦) than the previous cases but a much greater

stabilisation energy. This stabilisation should most likely be due to an intramolecular hydrogen bond

between the sulfoxide and the amine group. The higher angle could be caused by the conformation

the sulfoxide has to adopt to make such a hydrogen bond. When the amine is replaced by a silane

group (500d), a similar phenomenon is observed. The angle gets closer to the quinone plane (almost

in the same plane) and the s-cis conformation comes with a great stability. In this case, the silicon

atom could play the role of a Lewis acid and the oxygen of the sulfoxide the role of the Lewis base.

The calculations have also been made on the sulfinylquinone 318b and, even though the R1 group is

rather bulky, the angle only goes up to 20 ◦ out of plane. This should probably due to the same Lewis

pair interaction, getting the sulfoxide closer to the plane.

As explained earlier, we wanted to observe the effect of an electronegative atom on the "ortho"

position to see if the repulsion observed in the s-cis conformation was due to a steric or an electro-

static repulsion. Calculations have then been made with a fluorine and a chlorine atom. As expected,

the dihedral angle is high (16 ◦ for fluorine and 21 ◦ for chlorine) even though those atoms do not

occupy a large volume. The stabilisation energy also gets smaller. The electrostatic repulsion would

then be the key to explain the higher repulsion of the sulfoxide in the s-trans conformation.

In the last case (where R1 is a nitrile group), we could have expected a high angle and a low

stabilisation energy due to the electrostatic repulsion of the nitrogen atom. But as shown in Table 5.1,

those two values are quite reasonable. Once again, an interaction with the electrophilic carbon atom

of the nitrile group could explain that the conformation of the sulfoxide does not deviate too far from

the quinone plane and that the energy does not decrease a lot.



CHAPTER 5. SYNTHESIS AND STUDY OF QUINONES AND SULFINYLQUINONES 153

As we suggested, the effect of the solvent should also play a role in the observed selectivities

in asymmetric Diels-Alder reactions. The relative stability of both conformations for sulfinylquinone

318a have been studied using an implicit solvation and are listed in Table 5.2.

Table 5.2: Energy and free ∆G difference between both s-cis and s-trans conformations of sulfinylquinone
318a, and ratios therefore, in different solvents (implicit solvation) at 25 ◦C. Level of theory: M06-2X/6-
31+G(d,p).

Solvent εr Ecis − Etrans ∆G s-cis/s-trans
(kcal mol−1) (kcal mol−1)

Vacuum 1 −2.91 −2.36 98/2
Hexane 1.9 −2.12 −1.02 85/15
Benzene 2.3 −1.90 — —
CHCl3 4.8 −1.16 — —
CH2Cl2 8.9 −0.70 0.16 43/57
DMSO 47 −0.20 0.41 33/67
H2O 80 −0.05 0.23 40/60

The first observation that can be made, based on the results presented in Table 5.2, is that the

more polar the solvent becomes, the lower the ∆E between the s-cis and s-trans conformations gets.

It can also be noticed that the ∆G tends to increase with the polarity of the solvent and even becomes

positive for dichloromethane, indicating the s-trans conformation is favoured over the s-cis one.

Even though one can argue, in the case of DMSO and water, that the implicit solvation does

not allow to take into account the solvent-solute interactions and, therefore, discredits the results for

those two solvents, the case of dichloromethane raises questions. Indeed, no strong interactions are

expected between molecules of dichloromethane and sulfinylquinone 318a and the use of an implicit

solvation in that case might be sufficient to model the solvent. Therefore, the values obtained for that

solvent, indicating a slight preference for the s-trans conformation, may be reliable.

However, it was experimentally proven that the Diels-Alder reaction of sulfinylquinone 318a mainly

led to the adduct corresponding to the approach of the diene on the top face of the quinone,5 which

would correspond to the situation in which the sulfoxide is in the s-cis conformation, according to the

proposed model (Figure 5.1).24

The contradiction between those theoretical and experimental results may indicate that the pre-

ferred conformation of the sulfoxide in solution is not directly correlated to the facial diastereoselecti-

vity of the Diels-Alder reaction of sulfinylquinones, although the importance of the sulfoxide conforma-

tion is undeniable. A reasonable explanation would be a high enough difference in reactivity between

the s-cis and s-trans conformation. As shown in Table 5.1, the deviation angle of the sulfoxide from

the quinone plane ranges from 0.9 to 21 ◦ in the s-cis conformation and from 45 to 61 ◦ in the s-trans

one. Thereby, even in the most unfavourable situation (sulfinylquinone 307a), the sulfoxide is always

closer to the quinone plane in the s-cis conformation. As a consequence, the conjugation between

the double bond and the sulfoxide should be much better in the s-cis conformation, which makes that

conformation more reactive than the s-trans one, even if the s-trans conformer is more favoured in

more polar solvents.

Moreover, it was calculated that, in vacuum and at 0 ◦C, the energy barrier for the rotation of the

sulfoxide has a value of 6.5 kcal mol−1. That value is not excessively high and the sulfoxide group can

freely rotate. Therefore, the equilibration may be fast enough in a range of temperature close to room

temperature.
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In addition to our calculations made in 2016, a group published in 2019 theoretical calculations to

explain the stereoselectivity observed for the Diels-Alder reaction of sulfinylquinones.25 They showed

that the preferential approach of a diene occurred on the top face of the s-cis conformer of a modelled

sulfinylquinone. More interestingly, they also showed that even the minor α adduct was obtained by

the approach of the diene on the bottom face of the s-cis conformer as well. These results corroborate

our conclusion saying the s-cis conformer must be the most reactive one.

In order to complete this theoretical study on sulfinylquinone 318a and propose a more accurate

model, calculation of the transition state energies, for the Diels-Alder reaction of our sulfinylquinone,

should be performed on both s-cis and s-trans conformers. In the cases of strongly polar solvents,

such as DMSO, or even protic ones, such as water, explicit solvation will be necessary, for both

calculations of the preferential conformation of the sulfoxide and the transition state energies, as the

solvent-solute interactions cannot be disregarded.

5.4 Reactivity study of quinones and sulfinylquinones

In order to complete our evaluation on the stereoselectivities obtained with sulfinylquinone 318a and

with sulfinylquinones in general, those compounds will be engaged in diverse Diels-Alder reactions.

This way, we have the intention to complete the models described before, as well as the ones pre-

sented in this thesis.

5.4.1 Effect of the solvent on the Diels-Alder reaction with sulfinylquinone 318a

The first study that has been done is the study of the effect of the solvent on the facial diastereosel-

ectivity of sulfinylquinone 318a with cyclopentadiene (151). That work has been done in our lab by

a master student.26 As already explained, a similar study has been performed by Carreño et al. on

sulfinylquinone 297 (Table 2.8).1 However, the Diels-Alder reaction occurred on the C5-C6 double

bond, whereas, in our case, the reaction takes place on the C2-C3 double bond.

When the reaction is run in apolar solvents such as benzene or chloroform (Table 5.3, entries 1

and 2), the major adduct obtained is the one resulting from the top approach of the diene, as ex-

pected by the different models proposed. It can be seen that when the polarity slightly increases,

the selectivity for β-319 slightly decreases. Interestingly enough, when the reaction was run in cy-

clopentadiene (151) as solvent (entry 3), the reaction rate was much higher, surely due to the high

concentration of diene. Moreover, the stereoselectivity towards the β-adduct was also higher, even

though its polarity is similar to benzene. Therefore, this selectivity cannot only be explained by the

polarity of the solvent, but most likely by solvent-solute interactions.

When polar aprotic solvents were used (entries 4, 6 and 8), a different pair of unexpected products

was obtained. After a deeper analysis of the products, it appeared to be a mixture of diastereoisomers

and we proposed the structure 501. Unfortunately, we could not separate those diastereoisomers

and we have not been able to assign the absolute nor the relative configurations yet. As proposed

in Scheme 5.12, this compounds could come from a hetero-Diels-Alder reaction between a tautomer

of sulfinylquinone 318a, playing the role of the diene, and cyclopentadiene, playing the role of the

dienophile. Although this reactivity is not the same as the standard Diels-Alder reaction, it seemed to

possess a rather good stereoselectivity in DMF and DMSO.



CHAPTER 5. SYNTHESIS AND STUDY OF QUINONES AND SULFINYLQUINONES 155

Table 5.3: Times, ratios and yields of the different products obtained for the reaction between sulfinylquinone
318a and two equivalents of cyclopentadiene (151) in different solvents at room temperature.26

O

O

MeO S
pTol

O

Me
5

6 2

3

318a

151 OMeO

O Me
S

O
pTol

Top→ β

Bottom→ α

O

O

S(O)pTol

Me

MeO

α-319

+

O

O

S(O)pTol

Me

MeO

β-319

+

OH
MeO S(O)pTol

O

501

Entry Solvent Time Conv.[a] α-319:β-319[b] 501a:501b[b] Isolated
(%) yield (%)

1 C6D6 10 d 80 21:79 — n.d.
2 CHCl3 5 d quant. 32:68 — 74
3 neat[c] 24 h quant. 17:83 — 91
4 THF 18 h quant. — 50:50 47
5 Acetone 5 d quant. 22:56 16:6 89
6 DMF 26 h quant. — 28:72 82
7 MeCN 5 d quant. 30:70 — 70
8 DMSO 10 h quant. — 19:81 46
9 AcOH 2 h quant. 64:36 — 75
10 HFIP 35 min quant. 88:12 — 66
11 CH2Cl2/HFIP (1 eq.) 3 d quant. 69:31 — 96
12 EtOH 3 d quant. 42:58 — 85
13 H2O 5 d quant. 93:7 — 86
14 EtOH/H2O (9/1) 4 d quant. 56:44 — n.d.

n.d. = non determined yield. [a] Based on the 1H ratio of the remaining sulfinylquinone 318a and the
products in the crude mixture. [b] Based on the 1H NMR ratio of the products in the crude mixture.
[c] Reaction directly run in cyclopentadiene (151) as solvent, corresponding to 34 eq. of diene 151.

In acetonitrile (entry 7), on the other hand, the partners underwent a standard Diels-Alder reaction

with a similar selectivity for the β adduct as in benzene or chloroform. Acetone gave a mixture of

all four possible adducts with a slight preference for the standard Diels-Alder reaction and a good

selectivity for the β-adduct.

We tried to observe the presence of the tautomer of sulfinylquinone 318a via NMR in deuterated

DMSO but we did not succeed. It was concluded that the concentration of that species was rather

low but, for some reasons, much more reactive in THF, DMF and DMSO. It is also possible that this

hetero-Diels-Alder reaction might be asynchronous or even ionic.
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O

MeO S
O

pTol

Me

318a

151

O

O

S(O)pTol

Me

MeO

α/β-319

OH

O
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pTol

O
MeO

OH
MeO S(O)pTol

O

501

Scheme 5.12: Pathways for a Diels-Alder or a hetero-Diels-Alder reaction between sulfinylquinone 318a and
cyclopentadiene (151).
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Figure 5.5: Possible interactions between protic
solvents and sulfinylquinone 318a. D = hydrogen
bond donor.

The third part of this study (entries 9-14) used pro-

tic solvents. The interest of those tests was to deter-

mine the influence of the hydrogen bond on the se-

lectivity of the reaction. We suggested that two types

of interactions could be possible when hydrogen bond

donors were present. As illustrated in Figure 5.5, a

hydrogen bond donor can either form a six membered

ring where both oxygen atoms of the carbonyl and the

sulfoxide act as acceptors or make hydrogen bonds

with each oxygen atom individually. In the first ar-

rangement, the sulfoxide is blocked in s-trans confor-

mation and the para-tolyl group hinders the top face. In the second case, due to steric hindrance, the

sulfoxide is blocked in s-cis conformation and the para-tolyl hinders the bottom face. The preference

for one or the other arrangement should probably be linked to the strength of the donor.

First of all, it can be noticed that most of the reactions run in those solvents gave a preference

for the α adduct (bottom approach). It can be supposed that the arrangement with the six membered

ring (leading to the s-trans conformation) is, in most of the cases, the favoured one.

The reaction has been run in acetic acid (entry 9) and gave a slight preference for the α adduct.

As explained earlier, the formation of the six membered system is likely to depend on the strength

of the donor. In this case, acetic acid is a good donor but also a good acceptor. It is well known

that acetic acid dimerises to be both donor and acceptor which probably decreases its donor strength

towards the sulfinylquinone.

One astonishing solvent that was used is HFIP (entry 10). Indeed, the reaction time in this solvent

was very short compared to the other reaction times (35 min instead of a few hours to a few days). In

that solvent, the observed selectivity was also quite high towards the α adduct. This can be explained

by the fact that HFIP is a very good hydrogen bond donor and a poor acceptor. It is then expected

to form the six membered arrangement rather than the other one. Its hydrogen bond donor strength

can also be highlighted when it is used as one equivalent in dichloromethane (entry 11). An inversion

of facial selectivity is observed compared to reactions run in aprotic solvents. It is therefore not

necessary to work in pure HFIP to benefit from its properties.

As for Carreño’s work, ethanol, water and a mix of the two have been tested as solvents (entries

12-14). The reaction in ethanol did not give a good selectivity (with a slight preference for the β

adduct). This solvent is indeed a less good donor than acetic acid or HFIP, leading to a mixture of

both possible arrangements. We expected that water would give a similar result (as they possess

similar pKa values) but, surprisingly, the best diastereoselectivity was observed in the latter. This can

be explained by the fact that both sulfinylquinone 318a and cyclopentadiene (151) are not soluble in

water and will have a tendency to aggregate. The interactions between the solvent and the solutes

happen then at the interface between both phases. In order to make a hydrogen bond with 318a, a

water molecule needs to break favourable interactions with the rest of the solvent. It will afterwards

make a less favourable interaction with an organic molecule. To minimise the loss of favourable

interactions, the six membered arrangement should be the favoured one as it uses one less molecule

of hydrogen bond donor. The sulfoxide will then preferentially be oriented in an s-trans conformation,
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leading to the α adduct as the major one. When a mixture 9/1 of ethanol and water is used as solvent,

the selectivity goes towards the α adduct but remains low. The presence of water might increase the

amount of cyclic arrangement but the ethanol being the main solvent, its counter effect is not strong

enough to get a high facial selectivity.

5.4.2 The Diels-Alder reaction of 1,4-quinones in hexafluoroisopropanol

Given the outstanding results of the cycloaddition between sulfinylquinone 318a and cyclopentadi-

ene (151) in hexafluoroisopropanol (HFIP), we wanted to study further the use of that solvent for the

Diels-Alder reaction of 1,4-quinones. It was found that HFIP has already already been used in a wide

range of reactions since it is a strong hydrogen bond donor, but a weak acceptor and nucleophile. It

has been shown to accelerate a variety of transformations,27–33 and was shown to be an excellent

solvent to promote [4+2] cycloadditions.33–35 However, to the best of our knowledge, only few exam-

ples of such Diels-Alder reactions of quinones in that solvent were reported.36,37 In those examples,

endo selectivities were exclusively obtained, in addition to very high regioselectivities.

In order to assess the scope and limitations of the use of HFIP as solvent for the [4+2] cycloaddi-

tion reactions with 1,4-quinones, different substituted quinones have been employed. As presented

in Figure 5.6, eight benzoquinones (Q1-8), two naphthoquinones (Q9 and Q10), as well as the four

sulfinylquinones that have been prepared (SQ1-4) have been chosen to compare the reactions run

in HFIP to the ones run in dichloromethane. Among those quinones, different properties, due to

the substituents, have been targeted such as hindrance, electron donation, and electron withdrawal.
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Figure 5.6: Structures of the quinones (Q1-10), sulfinylquinones (SQ1-4), and dienes (D1-3) used in this study,
and their new labelling specific to this section. Quinones Q1 and Q9 are commercially available. The syntheses
of quinones Q2, Q4, Q5, Q7, and Q10 are described in the experimental section.
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Moreover, the question of facial dastereoselectivity will be studied in the case of the sulfinylquinones

(SQ1-4). As partners for those quinones, three model dienes have been selected: cyclopentadiene

(D1), piperylene (D2) and 2,3-dimethylbutadiene (D3).a In order to have reproducible results, we

decided to run the reaction at room temperature in both dichloromethane and HFIP at similar con-

centrations. It has also been decided to stop the reaction after fifteen days maximum.

The first set of reactions have been done with benzoquinones Q1-8 and are presented in Table

5.4. On first glance, it can be noted that all the reactions run in HFIP were much faster than the

ones run in dichloromethane (from days to hours or even minutes in some cases). For example, the

reaction of benzoquinone Q1 (entries 1-6) took 30 min with cyclopentadiene (D1) and a few days with

acyclic dienes D2 and D3 when it was done in dichloromethane. But when it was performed in HFIP,

the reaction time dropped to less than one minuteb for dienes D1 and D2 and barely five minutes with

diene D3, which is impressive due to the low reactivity of the latter. This acceleration of the reaction

rate can be explained by the strong hydrogen bonds between the solvent and the carbonyl groups of

the quinone, which cause an effect similar to a Lewis acid. It therefore lowers the LUMO orbital of the

quinone and highly increases its reactivity towards the cycloaddition.

Without any surprise, the substituents on the quinone substrates greatly influence their reactivity.

Indeed, when we moved to a rather hindered quinone, such as Q2 (entries 7-12), the conversions

in dichloromethane were rather low (entries 7 and 9) after fifteen days, or no reaction occurred at all

(entry 11). However, when the solvent was replaced by HFIP, full conversion was reached within a

few hours with all three dienes (entries 8, 10, and 12). Similar observations have been made with

quinones Q3 and Q4 (entries 13-24) that bear methoxy groups, that are both hindering and electron

donating groups. Besides the reaction with cyclopentadiene, in dichloromethane, low conversion or

no conversion at all were obtained. Using HFIP, on the other hand, led to the full conversion of the

quinones within a very reasonable amount of time.

The reaction of quinone Q5 with diene D1 (entries 25 and 26) worked uneventfully, whether in

dichloromethane or HFIP. However, when that quinone was reacted with acyclic dienes D2 and D3,

unexpected products were obtained. They will be presented later in Table 5.7.

In the case of quinone Q6 (entries 27-32), the most reactive double bond bears a bromine atom

and a methyl group, making the latter very hindered. When that quinone was engaged in a Diels-

Alder reaction with dienes D1 and D3, no reaction took place and a very low conversion was reached

with diene D2. The use of HFIP could solve this reactivity issue with D1 and D2. However, even the

use of that solvent did not allow to go over 55% conversion with diene D3, which is not surprising

given that both partners are very hindered reagents.

We then moved forward to quinone Q7 that bears an electron withdrawing group (entries 33-38).

That quinone being quite reactive, the rate of the cycloadditions were high, even in dichloromethane.

As an illustration, the reaction of Q7 with cyclopentadiene (D1) was over within less than one minute

aAs it can be noticed, the labelling of the reagents and the products have been changed in order to simplify the reading
of the results in this section. This new labelling is specific to this section and will not be used in other parts of this document.
The letter code Q was given to quinones and naphthoquinones, SQ to sulfinylquinones and D to dienes. The label of the
expected cycloadducts is built by combining the labels of the quinone and the diene (for example, quinone Q1 reacting with
D1 will give the expected cycloadduct Q1D1). In the case of the Diels-Alder reactions of the sulfinylquinones, the letter
code P was added to the label for pyrolysed cycloadducts.

bExperimentally, one can visually observe that the reaction is instantly over as the quinone solution directly discolours
upon the addition of the diene.
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Table 5.4: Reaction times, products, conversions, and yields for the Diels-Alder reactions between quinones
Q1-8 and dienes D1-3 in dichloromethane and HFIP at room temperature.

O

O

R1

R2R3

R4

Q(1-8)

Solvent
rt, time

D1
O

O

R1

R2

R4

R3

Q(1-8)D1

Solvent
rt, time

R6

R7

R5

D2: R5=Me, R6=R7=H
D3: R5=H, R6=R7=Me

O

O

R1

R2

R4

R3

R5

R6

R7

Q(1-8)D2: R5=Me, R6=R7=H
Q(1-8)D3: R5=H, R6=R7=Me

Entry Quinone R1 R2 R3 R4 Diene Solvent Time Product Conv.[a] Isolated
(eq.) (%) yield (%)

1 Q1

H H H H

D1 (2) CH2Cl2 30 min Q1D1 quant. 94
2 Q1 D1 (1) HFIP <1 min Q1D1 quant. >98
3 Q1 D2 (2) CH2Cl2 6 d Q1D2 quant. 92
4 Q1 D2 (2) HFIP <1 min Q1D2 quant. 97
5 Q1 D3 (2) CH2Cl2 8 d Q1D3 quant. 80
6 Q1 D3 (2) HFIP 5 min Q1D3 quant. 96
7 Q2

H Me Me Me

D1 (2) CH2Cl2 >15 d Q2D1 68 60
8 Q2 D1 (2) HFIP 2 h Q2D1 quant. >98
9 Q2 D2 (2) CH2Cl2 >15 d Q2D2 40 31
10 Q2 D2 (2) HFIP 31 h Q2D2 quant. >98
11 Q2 D3 (2) CH2Cl2 >15 d — 0 —
12 Q2 D3 (2) HFIP 24 h Q2D3 quant. 70
13 Q3

H Me H OMe

D1 (2) CH2Cl2 15 d Q3D1 quant. >98
14 Q3 D1 (2) HFIP 2 h Q3D1 quant. 93%
15 Q3 D2 (2) CH2Cl2 >15 d — 0 —
16 Q3 D2 (2) HFIP 28 h Q3D2 quant. 81%
17 Q3 D3 (2) CH2Cl2 >15 d — 0 —
18 Q3 D3 (2) HFIP 36 h Q3D3 quant. 97%
19 Q4

H Me OMe OMe

D1 (2) CH2Cl2 10 d Q4D1 quant. 98
20 Q4 D1 (2) HFIP 1 h Q4D1 quant. >98
21 Q4 D2 (2) CH2Cl2 >15 d Q4D2 35 23
22 Q4 D2 (2) HFIP 19 h Q4D2 quant. 95
23 Q4 D3 (2) CH2Cl2 >15 d — 0 —
24 Q4 D3 (2) HFIP 24 h Q4D3 quant. 70
25 Q5

Br H H OMe
D1 (2) CH2Cl2 2 h Q5D1 quant. >98

26 Q5 D1 (2) HFIP <1 min Q5D1 quant. >98
27 Q6

Br Me H OMe

D1 (2) CH2Cl2 >15 d — 0 —
28 Q6 D1 (2) HFIP 22 h Q6D1 quant. >98
29 Q6 D2 (2) CH2Cl2 >15 d Q6D2 13 —
30 Q6 D2 (2) HFIP 20 h Q6D2 quant. >98
31 Q6 D3 (2) CH2Cl2 >15 d — 0 —
32 Q6 D3 (2) HFIP >15 d Q6D3 55 36
33 Q7

CO2Me H H H

D1 (2) CH2Cl2 <1 min Q7D1 quant. 88
34 Q7 D1 (2) HFIP <1 min Q7D1 quant. 92
35 Q7 D2 (2) CH2Cl2 1 h Q7D2 quant. >98
36 Q7 D2 (2) HFIP <1 min Q7D2 quant. >98
37 Q7 D3 (2) CH2Cl2 100 min Q7D3 quant. >98
38 Q7 D3 (2) HFIP <1 min Q7D3 quant. 98
39 Q8

CO2Me Me H OMe

D1 (2) CH2Cl2 15 d Q8D1 quant. 85
40 Q8 D1 (2) HFIP 7 h Q8D1 quant. 82
41 Q8 D2 (2) HFIP 8 h Q8D2 quant. 79
42 Q8 D2 (2) HFIP 14 h Q8D3 quant. 82

[a] Based on the 1H NMR ratio of the starting material and the products in the crude mixture.
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in dichloromethane. It took a bit longer for dienes D2 and D3, but it was still a very reasonable amount

of time. In HFIP, the reactions with all three of the dienes were almost instantly over.

The last benzoquinone that was tested, Q8, is the one planned for the total synthesis of momilac-

tones via the Evans catalysis (Scheme 5.10). This example is a bit particular as it bears a electron

donating group (OMe) on one of the double bond and an electron withdrawing group (CO2Me) on

the other. Nonetheless, the Diels-Alder reactions were expected on the double bond that bears the

ester group as it is supposed to be the most electron poor one. When the reaction with cyclopentadi-

ene (D1) was run in dichloromethane (entry 39), it took fifteen days for the reaction to be complete.

We were a bit astonished as both D1 and Q8 should be quite reactive. The second astonishment

came when the reactions were performed with D2 and D3. Indeed, not only did they not reached

completion, but the standard cycloadducts were not the products obtained. As for quinone Q5, those

unexpected products are presented in Table 5.7. However, when the same reactions were done in

HFIP (entries 40-42), not only were they much faster (only a few hours), but they also gave the ex-

pected cycloadducts for dienes D2 and D3. As it will be evidenced later at the end of this section,

these two examples are the only ones that led to a different double bond selectivity depending on

whether the reaction is run in dichloromethane or HFIP.

The next category of substrates studied are naphthoquinones Q9 and Q10 (Table 5.5). These

two examples gave similar tendencies, albeit their reactions were slower than their benzoquinones

counterparts, if Q9 and Q10 are compared to Q1 and Q7, respectively.

Table 5.5: Reaction times, products, conversions, and yields for the Diels-Alder reactions between naphtho-
quinones Q9-10 and dienes D1-3 in dichloromethane and HFIP at room temperature.

O

O

R1

Q(9-10)

Solvent
rt, time

D1
O

O

R1

H

Q(9-10)D1

Solvent
rt, time

R3

R4

R2

D2 or D3

O

O

R1

H

R5

R6

R7

Q(9-10)D2: R2=Me, R3=R4=H
Q(9-10)D3: R2=H, R3=R4=Me

Entry Quinone R1 Diene Solvent Time Product Conv.[a] Isolated
(eq.) (%) yield (%)

1 Q9

H

D1 (2) CH2Cl2 3 h Q9D1 quant. 93
2 Q9 D1 (2) HFIP <1 min Q9D1 quant. >98
3 Q9 D2 (2) CH2Cl2 14 d Q9D2 quant. >98
4 Q9 D2 (2) HFIP 30 min Q9D2 quant. >98
5 Q9 D3 (2) CH2Cl2 >15 d Q9D3 68 59
6 Q9 D3 (2) HFIP 40 min Q9D3 quant. 95
7 Q10

CO2Me

D1 (2) CH2Cl2 10 min Q10D1 quant. 95
8 Q10 D1 (2) HFIP <1 min Q10D1 quant. 97
9 Q10 D2 (2) CH2Cl2 6 h Q10D2 quant. >98
10 Q10 D2 (2) HFIP <1 min Q10D2 quant. >98
11 Q10 D3 (2) CH2Cl2 18 h Q10D3 quant. >98
12 Q10 D3 (2) HFIP <1 min Q10D3 quant. >98

[a] Based on the 1H NMR ratio of the starting material and the products in the crude mixture.
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In the case of Q9 (entries 1-6), it took several days for the reaction with D2 to be complete, and

completion was not reached after fifteen days with D3. However, replacing dichloromethane by HFIP

lowered that reaction rate to 40 min at maximum.

As expected for a dienophile bearing an electron withdrawing group, Q10 was more reactive and,

in less than one day, all three reactions were complete in dichloromethane (entries 7, 9, and 11).

Nevertheless, the use of HFIP made those reactions instantly complete (entries 8, 10, and 12).

502
pTol

S
S

O
pTol

502

Figure 5.7: Structure of
thiosulfinate 502.

In the case of sulfinylquinones SQ1-4, many products can be obtained

compared to the other quinones. Indeed, as described in the scheme of

Table 5.6, the possible cycloadducts can be obtained as mixtures of di-

astereisomers. As presented in the scheme of Table 5.3, the diene can

either approach on the top face of the quinone, leading to the β adduct,

or on the bottom face, leading to the α adduct. In addition, the sulfoxide

group can undergo a β-syn elimination and provide pyrolysis products. Therefore, the cycloadducts

resulting from the reaction with D1 may pyrolyse into product SQ(1-3)D1P if the R1 substituent is a

hydrogen atom. Similarly, the adducts obtained with D2 and D3 may pyrolyse following two paths,

leading to the corresponding products P1 or P2. Typically for that pyrolysis, the para-toluenesulfenic

acid is not recovered as such, but rather as a thiosulfinate 502, that comes from the condensation of

two molecules of sulfenic acid.

The relationship between the structure of those sulfinylquinones and their reactivity is less obvious

as they possess a rather bulky electron withdrawing group. The main factor in those cases seems to

be steric hindrance, as less substituted sulfinylquinones (Q2-4) react rapidly (less than 24 h), while

SQ1 needs days to achieve complete conversion in dichloromethane. The reactivity of SQ1 and SQ2

in dichloromethane was already known5,6,8 and we compared those results to the ones in HFIP. As

can already be seen, SQ4 did not react following any of the expected pathways described in the

scheme of Table 5.6. Its products will be discussed later in Table 5.7.

For the cycloadditions involving quinones SQ1 and SQ2, in dichloromethane (entries 1, 3, 5 and

7), the β-adduct (either followed by pyrolysis or not) was the major one for all three dienes, when the

latter reacted on the expected double bond, as already explained by diverse models.5,24 When the

solvent was replaced by HFIP, with cyclopentadiene (D1), the selectivity was inverted towards the α

adduct (entry 2), as already described above. Surprisingly, acyclic dienes (D2 and D3) did not show

the same inversion of facial diastereoselectivity (entries 4 and 8). Instead, the same selectivity as

in dichloromethane was observed. Such observations had already been made by Carreño’s group

(and has already been presented in Chapter 2, Table 2.7) by studying the reaction of diverse sulfi-

nylquinones with cyclopentadiene (D1) and piperylene (D2) in the presence of Lewis acids.38 When

they used a chelating Lewis acid (ZnBr2), favouring the s-trans conformation and the approach of the

diene on the opposite face of the quinone, an inversion of facial selectivity was observed compared

to the reaction without catalyst or with a non-chelating Lewis acid (BF3·OEt2). However, with acyclic

dienes, such as piperylene, the stereoselectivity remained unchanged whether a chelating or non-

chelating Lewis acids were used. In order to rationalise those different behaviours, they postulated a

significant difference in the transition states energy between cyclic and acyclic dienes, leading to the

selection of one face or the other in the presence of chelating Lewis acids.
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Table 5.6: Reaction times, products, selectivities and yields for the Diels-Alder reactions between sulfinylquin-
ones SQ1-3 and dienes D1-3 in dichloromethane and HFIP at room temperature.
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R1
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O

R3

R2
S

(O
)p

T
o
l

R1
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O

R3

R2

R4

R5

R6

R1

α-SQ(1-3)D(2-3)P1

O

O

R3

R2

R4

R5

R6

R1

β-SQ(1-3)D(2-3)P1

-pTolSOH

if R1=H
+

O

O

R3

R2

R4

R5

R6

α-SQ(1-3)D(2-3)P2

O

O

R3

R2

R4

R5

R6

β-SQ(1-3)D(2-3)P2

Entry Quinone R1 R2 R3 Diene Solvent Time Products α:β ratio Isolated
(eq.) yield (%)

1 SQ1

Me H OMe

D1 (2) CH2Cl2 5 d SQ1D1 36:65 93
2 SQ1 D1 (2) HFIP 35 min SQ1D1 88:12 66

35 SQ1 D2 (2) CH2Cl2 10 d SQ1D2P1 <2:98< 90
4 SQ1 D2 (2) HFIP 2 h SQ1D2P1 <5:95<[a] 79

55 SQ1 D3 (2) CH2Cl2 12 d
α-SQ1D3P1

10:90 81
+ β-SQ1D3

6 SQ1 D3 (2) HFIP 24 h
α-SQ1D3P1

12:88[b] 81
+ β-SQ1D3

738 SQ2
H H H

D2 (1) CH2Cl2 20 h SQ2D2P2 <3:97< 71
8 SQ2 D2 (1) HFIP 5 min — — —[c]

9 SQ3

H OMe H

D1 (2) CH2Cl2 20 min SQ3D1P <5:95<[a,d] 36
10 SQ3 D1 (2) HFIP <1 min SQ3D1P >95:5>[a,d] 46
11 SQ3 D2 (2) CH2Cl2 16 h SQ3D2P2 α<<β[d,e] 59
12 SQ3 D2 (2) HFIP 3 min SQ3D2P2 α<β[d,e] 63

[a] Based on the 1H NMR ratio of the non-pyrolysed adducts in the crude mixture. [b] Based on the 1H NMR of the
pyrolysed α-adduct and the non-pyrolysed β-adduct in the crude mixture. [c] No product could be isolated, although
the presence of thiosulfinate in the crude mixture suggests the formation of cycloadducts followed by pyrolysis. [d]
Assignment of the structure based on the selectivity for SQ1. [e] The exact selectivity could not be determined.

Despite the presence of thiosulfinate 502 in the crude mixture, suggesting the formation of a cy-

cloadduct followed by pyrolysis, we were not able to isolate nor identify any Diels-Alder adduct from

the reaction between quinone SQ2 and diene D2, neither in HFIP nor by reproducing Carreño’s pro-

cedure (entries 7 and 8),38 and therefore could not assess the effect of the solvent in this particular

case.

Finally, we tested quinone SQ3 that has never been described in Diels-Alder reactions so far.

When it was reacted with diene D1 (entries 9 and 10), we obtained, after chromatography, the py-

rolysed product SQ3D1P, both in dichloromethane and HFIP. Nevertheless, the reaction being quite

fast in both solvents, we were able to analyse the cycloadducts by 1H NMR before they pyrolysed.
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Each one of them possessed a different spectrum with the presence of only one diastereoisomer,

leading us to the conclusion that we may have obtained both α and β adducts individually depending

on the solvent we used. The opposite optical rotations for each sample after pyrolysis confirmed

that hypothesis. We suspected that, as for quinone SQ1, the product formed in dichloromethane is

β-SQ3D1P and the one obtained in HFIP is α-SQ3D1P, corresponding to an inversion of selectivity,

as observed for quinone SQ1 with cyclopentadiene.

When the same quinone was reacted with diene D2 (entries 11 and 12), the cycloadduct SQ3D2

could not be observed, probably due to a rather fast pyrolysis, and we isolated SQ3D2P2 as product

of that reaction. Although we did not assess the stereoselectivity obtained from both reactions, we

measured the specific optical rotations of both samples; +100.9 ◦ for the product obtained in dichloro-

methane and +85.1 ◦ for the one obtained in HFIP. We assumed, for the same reasons as described

earlier, that the major adduct obtained in dichloromethane was the β isomer (possessing a positive

optical rotation). The relatively high positive optical rotation measured for the HFIP sample would

indicate that, although the selectivity was slightly decreased, the β adduct remained the major one,

just as observed with quinone SQ1.

Even though the involvement of strong hydrogen bonds is consistent with the spectacular ac-

celeration of the reactions, its influence on the diastereoselectivity of the Diels-Alder reactions with

sulfinylquinones remains unclear.

As mentioned earlier in this section, some of the reactions did not give any of the expected cy-

cloadducts, or pyrolysed adducts in the case of the sulfinylquinones. Therefore, we gathered those

unexpected products in Table 5.7 and will attempt to provide an explanation of their formation.

As it can be seen in Table 5.4 for benzoquinone Q1, only one equivalent of cyclopentadiene (D1)

has been used for the reaction in HFIP (entry 2). Indeed, if a second equivalent of diene was added

to the mixture, it was not possible to obtain adduct Q1D1 because a second cycloaddition quickly

occurred (Table 5.7, entry 1). Therefore, the double cycloadduct 153, with a trans relation between

both cyclopentadiene units, was obtained in forty minutes, whereas it took thirty minutes in dichloro-

methane to reach the mono-cycloadduct Q1D1 (Table 5.4, entry 1).

The second quinone that gave unexpected products is Q5 when it reacted with acyclic dienes D2

and D3 (entries 2-5). Even though the reaction was much faster in HFIP than in dichloromethane, we

were not able to isolate the cycloadducts. Any attempt to dry the crude mixture led to the degradation

of the adducts. We identified them as being naphthoquinone derivatives coming from the elimina-

tion of the bromide, followed by an oxidative aromatisation. In order to obtain those products more

cleanly, we treated the cycloadducts with Et3N to control the elimination process (HFIP was removed

and replaced by dichloromethane for that step). We were then able to isolate naphthoquinones 503

and 504 in acceptable yields.

As described for quinone Q8, its reactions with acyclic dienes D2 and D3 gave different products

in dichloromethane and HFIP. Although the reactions with those dienes gave the expected adducts in

HFIP (Table 5.4, entries 41 and 42), they did not react on the expected double bond in dichloro-
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Table 5.7: Reaction times, products, conversions, selectivities and yields for the Diels-Alder reactions that did
not lead to the standard cycloadducts and pyrolysis products, in dichloromethane and HFIP at room tempera-
ture.

Entry Quinone Diene Solvent Time Products Conv.[a] Ratio[b] Isolated
(eq.) (%) yield (%)

1

O

O Q1

D1 (2) HFIP 40 min

O

O

H

H

H

H 153

quant. — 93

O

O

MeO

Me

503503

2[c]

O

O

MeO Br

Q5

D2 (2) CH2Cl2 24 h quant. — 74
3[c] D2 (2) HFIP 3 min quant. — 71

O

O

MeO Me

Me

504504

4[c] D3 (2) CH2Cl2 42 h quant. — 75
5[c] D3 (2) HFIP 10 min quant. — 72

6[d,e]
O

O

MeO CO2Me

Me
Q8

D2 (2) CH2Cl2 >15 d

O

O

CO2Me

Me

MeO

H

Me

505505

54 — 50

7[d,e] D3 (2) CH2Cl2 >15 d

O

O

CO2Me

Me

MeO

H

Me

Me

506506

30 — 24

S

O

O

H

H

pTol

O

α-306

S

O

O

H

H

pTol

O

β-306

8[d]

O

O

S

O

pTol

SQ2

D1 (1) CH2Cl2 1 h quant. 68:32[f] 89
9[d] D1 (1) HFIP <1 min quant. 77:23[f] 78

O

O

Me

Me

305

10[g] D3 (1) CH2Cl2 20 h quant. — 11
11[g] D3 (1) HFIP 5 min quant. — 15

O

O

S

O

pTol

MeO
SQ3

O

O

Me

MeMeO

504

12[g] D3 (2) CH2Cl2 22 h quant. — 53
13[g] D3 (2) HFIP 3 min quant. — 56

S

O

O

H

H
Cl

pTol

O

507α-507

S

O

O

H

H
Cl

pTol

O

β-507

14[d] D1 (1) CH2Cl2 1 h quant. 55:45[f] 75
15[d] D1 (1) HFIP <1 min quant. 77:23[f] 72

O

O

S

O

pTol

Cl

SQ4

16 D2 (1) CH2Cl2 20 h Complex mixture quant. — —
17 D2 (1) HFIP 10 min Complex mixture quant. — —

S

O

O

H

H
Cl

pTol

O

Me

Me

α-308a

S

O

O

H

H
Cl

pTol

O

Me

Me

β-308a

18[d] D3 (2) CH2Cl2 20 h quant. 79:21[f] 90
19[d] D3 (2) HFIP 10 min quant. 39:61[f] 82

[a] Based on the 1H NMR ratio of the starting material and the products in the crude mixture. [b] Based on the 1H
NMR ratio of the products in the crude mixture. [c] After the formation of the cycloadduct, the latter was treated with
two equivalents of Et3N overnight at room temperature in dichloromethane. [d] Reaction on the less reactive double
bond of the quinone. [e] [2+2]-cycloaddition. [f] Assignment of the structure as proposed in Carreño’s work.8 [g]
Pyrolysis of the cycloadduct followed by an oxidative aromatisation.
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methane. Even more than that, they also provided products that were not Diels-Alder adducts.

Through 1H-13C correlation NMR experiments, we determined the structure to be the result of a

[2+2]-cycloaddition of the diene on the more electron rich double bond of the quinone. The relative

configurations were determined by a series of n.O.e experiments (Figure 5.8).

O

O

Me

CO2Me

H
HH

MeO
H

Me

H

H

505

O

O

Me

Me
HH

MeO
H

H

H

Me

O

OMe

506

Figure 5.8: Tridimensional representation of
products 505 and 506 and n.O.e correlations.

Even though this quinone presents a strong electron

withdrawing group, and should behave like Q7 or Q10, it

also presents a methoxy group and a methyl group, that

both disfavour the standard Diels-Alder reaction by elec-

tron donation and steric hindrance, respectively. As can

be seen in its X-ray structure (Figure 5.9), the ester group

of Q8 is twisted out of the quinone plane by 54.0 ◦, proba-

bly due to an electrostatic repulsion between both oxygen

atoms of the quinone carbonyl and the ester group, as well as steric hindrance caused by the methyl

group, in analogy to what was discussed previously for sulfinylquinones.

O

O Me

MeO

O

OMe O

O Me

MeO

O

OMe

Me

in CH2Cl2

O

O Me

MeO O

OMe

H
OCH(CF3)2

Me

in HFIP

Figure 5.9: X-ray structure of quinone Q8, torsion angle between the ester group and the quinone plane, and
representation of the supposed approaches of an acyclic diene in dichloromethane and in HFIP.

Assuming the conformation in an apolar aprotic solvent (such as dichloromethane) is similar to

the one in the solid state, the out-of-plane conformation of the ester reduces its electron withdrawing

effect, decreasing the reactivity of the double bond in a Diels-Alder reaction. We also supposed that,

being almost perpendicular to the quinone plane, the ester group, combined with the methyl group,

causes a significant steric hindrance, disfavouring the approach on the double bond (Figure 5.9).

However, as can been seen in Table 5.4, the expected Diels-Alder reaction with cyclopentadiene

(entry 39) took place, albeit very slowly. We supposed that the forced s-cis conformation of D1

increases its reactivity enough to compensate the steric hindrance.

Due to the strong hydrogen bond donation of HFIP, the ester group could be brought back into

the quinone plane (as shown in Figure 5.9), increasing its electron withdrawing effect and decreasing

its steric hindrance, thereby increasing the reactivity of the quinone double bond. Indeed, reactions

with dienes D2 and D3 in HFIP gave the expected cycloadducts and the reactions of all three dienes

D1-3 were complete within hours (Table 5.4, entries 40-42).

In order to verify if the unexpected [2+2]-cycloaddition is a photochemical pericyclic or a stepwise

ionic process, we decided to perform the reaction between quinone Q8 and diene D2 in two different

conditions: one in the dark and one under blue LED light. The choice of this light source was made

on the basis of the λmax of quinone Q8, which gave a value of 367 nm (near UV) in dichloromethane.
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O

O

MeO CO2Me

Me

Q8

Me

D2

CH2Cl2, blue LED
rt, 24 h

quant. conv.

O

O

CO2Me

Me

MeO

H

Me

505

Me

D2

CH2Cl2, dark
rt, 8 d

10% conv.

O

O

MeO

C
O

2
M

e

Me

Me

Q8D2

Scheme 5.13: Reactions between quinone Q8 and diene D2 in absence of light and under blue LED.

On one hand, the reaction run in absence of light did not give 505 and, after eight days, it was

determined that a small amount (10% conversion) of the cycloadduct Q8D2 was obtained (Scheme

5.13). On the other hand, the use of blue light led to the quantitative conversion of quinone Q8 into

the [2+2] cycloadduct 505 (the isolated yield has not been determined) within only 24 h.

Given these results, we could assume that the reaction occurs via a slow photoinduced [2+2]

process and that quinone Q8 is capable of being photochemically excited by artificial and/or sun light

present in the laboratory, albeit in only a small proportion. Moreover, it also means that the [2+2]-

cycloaddition in this particular case is faster than the Diels-Alder reaction. This difference between

the reaction rates might be explained by the conformation of the ester group, which disfavours the

approach of the diene on the ester-substituted double bond.

A similar phenomenon as for quinone Q5 was observed with sulfinylquinone SQ2 and diene D3

(Table 5.7, entries 10 and 11). As described by Carreño’s group,6 after the formation of the cy-

cloadduct, the latter undergoes a pyrolysis, followed by aromatisation. Unfortunately, the cycloadduct

could not be observed and the stereoselectivity could not be determined as an achiral product (305)

was formed. Given the low yields, this product may not be the major one, but no others were isolated.

The same observation was made for quinone SQ3 reacting with diene D3 (entries 12 and 13).

After the cycloaddition, the pyrolysis process most probably occurred on the ring junction, followed

by an oxidative aromatisation leading to compound 504 in moderate yields.

Another unusual observation was made with quinone SQ1 reacting with diene D1 (entries 8 and

9) and quinone SQ4 reacting with dienes D1 and D3 (entries 14, 15, 18 and 19). Against all odds,

the Diels-Alder reaction occurred on the more electron rich double bond. This phenomenon was

already described in Carreño’s work who studied the effect of different parameters on the selectivity

of those reactions.6,8 In the case of quinone SQ2, they observed a preference for the α adduct that

was reinforced when the reaction occurred in protic solvents. As expected, when the reaction was

run in HFIP, not only the reaction rate, but also the selectivity towards the α product, increased.

In the case of the reaction of sulfinylquinone SQ4 with cyclopentadiene (D1), a similar reactivity

was observed towards the α adduct and reinforced in HFIP (based on the structural assignment pro-

posed by Carreño8). When the same quinone was reacted with diene D3, one diastereoisomer stood

out and was assigned as the α adduct in Carreño’s work, in agreement with the stereoselectivities

observed so far for those particular examples.8 But when the reaction was run in HFIP, an inversion

of selectivity, supposedly towards the β adduct, occurred. These last results confirmed that the stere-
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oselectivities observed for sulfinylquinones are far from trivial. Even though the models proposed up

to now seem to give rational explanations for the observed selectivity in aprotic solvents, the ones

proposed for reactions in protic solvents do not apply to every examples presented in this work.

Finally, the reaction between quinone SQ4 and diene D2 (entries 16 and 17) was rapidly finished

in both dichloromethane and HFIP, but complex mixtures of isomers were obtained and we were not

able to isolate the different constituents nor identify them.

O

O

S

O

pTol

Cl

Me
H

H

508

O

O

S

O

pTol

Cl

H

H
Me

509

Figure 5.10: Proposed structures of the products obtained from the Diels-Alder reaction between quinone SQ4
and diene D2.

We suggested that the reaction occurred on the least hindered double bond (as for dienes D1 and

D3 reacting with SQ4), as the 1H NMR of the crude mixture showed the disappearance of the vinylic

protons of sulfinylquinone SQ4 around 6.8 ppm. We also supposed that two regiosiomers (508 and

509, Figure 5.10) were formed as the regioselectivity on that double bond is poorly controlled. This

was supported by the observation of the mass of the expected cycloadducts by HRMS in the crude

mixtures (HRMS (ESI+) for [M+H]+ calc.: 349.0660, found: 349.0656).

5.4.3 Diels-Alder reactions between sulfinylquinone 318a and different dienes

In the course of her master thesis and in addition to the study of the effect of the solvent on the diaste-

reoselectivity obtained in the Diels-Alder reaction of sulfinylquinone 318a with cyclopentadiene (151),

Kalina Mambourg also studied the cycloaddition reactions of that sulfinylquinone with other dienes

(Figure 5.11).26 Besides the three dienes used so far (cyclopentadiene (151), piperylene (179), and

dimethylbutadiene (247)), she also used isoprene (162), cyclohexa-1,3-diene (246), 2,4-hexadiene

(510), hexa-2,4-dien-1-ol (511), 2-trimethylsyliloxybutadiene (512), Danishefsky’s diene 513, furan

(514), and hydroxymethylfuran (515).

Me

162 246
MeMe

510
Me

OH

511

TMSO

512

TMSO

OMe

513

O

514

O

OH

515

Figure 5.11: Structures of the different dienes used for the Diels-Alder reaction with sulfinylquinone 318a, in
dichloromethane or HFIP as solvent.

The aim of these choices was to have a wide range of dienes with different properties. This way,

we could have a larger idea of the type of dienes that might be used or not with sulfinylquinones 318a.

It was also planed to compare the reactions of those dienes with 318a in both dichloromethane and

HFIP (Table 5.8).
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Table 5.8: Reaction conditions, yields, and adducts corresponding to the Diels-Alder reaction between sulfinyl-
quinone 318a and different dienes at room temperature in dichloromethane or HFIP.26

Entry Diene Solvent Time Adduct Isolated

yield (%)

1 162 CH2Cl2 — — n.r.

2 162 HFIP 27 h

O

O

MeO
S(O)pTol

Me
Me

516

57

3 246 CH2Cl2 — — n.r.

4 246 HFIP — — n.r.

5 510 CH2Cl2 — — n.r.

6 510 HFIP — — n.r.

7 511 CH2Cl2 — — n.r.

8 511 HFIP — — n.r.

9 512 CH2Cl2 18 d

517

MeO

OH

O

S(O)pTol

TMSO

517 (71:29)

42

10 512 HFIP — — deg.

11 513 CH2Cl2 4 h

O

O

MeO

S
(O

)p
T

o
l

Me

OMe

O

518

96%

12 513 HFIP — — deg.

13 514 CH2Cl2 — — n.r.

14 514 HFIP — — n.r.

15 515 CH2Cl2 — — n.r.

16 515 HFIP — — n.r.

n.r. = no reaction. deg. = degradation of the diene.

When isoprene (162) was used as diene (entries 1 and 2), no reaction took place in dichlorometh-

ane. However, as already shown several times in this chapter, when dichloromethane was replaced

by HFIP a solvent, the reaction was finished within 27 h. Although only one isomer of cycloadduct

516 seemed to have been obtained, the absolute configurations have not been determined. Never-

theless, given the stereoselectivities obtained when acyclic dienes are used in a Diels-Alder reaction

with 318a, it was supposed that the β adduct was the one isolated.
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Figure 5.12: Approaches of cyclopentadiene
(151, left) and cyclohexadiene (246, right) on sul-
finylquinone 318a.26

The next diene that has been tested is cyclohexa-

diene 246. Surprisingly, no reaction occurred neither

in dichloromethane nor in HFIP. It was somewhat sur-

prising that this diene gave no reactions as, being in a

forced s-cis conformation, it should possess a similar

reactivity to cyclopentadiene (151). In order to explain

that lack of reactivity with diene 246, the approach of

both cyclic dienes 151 and 246 have been compared

(Figure 5.12). In the case of the cyclopentadiene (151), the hydrogen atoms of the methylene unit

can manage to fit between the methyl and sulfoxide groups that are present on the reactive double

of the quinone. On the other hand, when the same reaction is attempted with cyclohexadiene (246),

the conformation of the ethylene unit forces one hydrogen atom to be pointed towards the double

bond, causing a steric clash with either the methyl or the sulfoxide groups. Although this model is

only based on conformational conceptions of the dienes, it might give a reasonable explanation to

the total absence of reactivity with cyclohexadiene (246).

The same lack of reactivity has been observed with dienes 510 and 511 (entries 5-8). These

examples were more straightforward to explain. Indeed, the reactive double bond of sulfinylquinone

318a being a tetrasubstituted dienophile, and therefore a very hindered one, it is not surprising that it

cannot react with 1,4-disubstituted dienes, even with an optimal (E,E) configuration.

This master student then continued with dienes containing enol ethers. The first one, diene 512,

gave a product that was not a Diels-Alder cycloadduct. It was determined that, in dichloromethane

(entry 9), a hetero-Diels-Alder reaction occurred (on a tautomer of sulfinylquinone 318a), as already

observed with cyclopentadiene in certain conditions (Table 5.3). That product 517 was obtained in

a 71:29 ratio of two diastereoisomers, albeit the absolute configuration of the ketal center was not

determined for either isomer. When HFIP was used as solvent for the same reaction (entry 10), no

reaction occured due to the degradation of the silyl enol ether. Indeed, HFIP being quite acidic for an

alcohol (pKa = 9.3), it is likely that this solvent may be able to cleave silyl enol ethers.

In the case of the reaction with Danishefsky’s diene 513 in dichloromethane (entry 11), the [4+2]

cycloaddition occurred and was over in four hours. However, the adduct was not stable and the silyl

enol ether was cleaved upon purification via chromatography on silica gel and product 518 was iso-

lated with a very good yield. Similarly to diene 512, the reaction in HFIP (entry 12) gave no adduct

as the solvent cleaved the silyl enol ether of the diene.

The last substrates that have been tested by that master student were furan (514, entries 13 and

14) and hydroxymethylfuran (515, entries 15 and 16). Furan derivatives have already been used

as diene in Diels-Alder reactions with benzoquinones but they were often very electron rich ones or

the reaction was done under high pressure.39–44 It was hoped that the use of HFIP might increase

sufficiently the reactivity of the sulfinylquinone to be able to perform such cycloadditions with furans.

Unfortunately, no reaction occurred at all, whether in dichloromethane or HFIP. Even if HFIP proved

to be a very good solvent to accelerate the [4+2] cycloadditions with quinones and sulfinylquinones, it

did not increase the reactivity of 318a high enough to make it react with a poorly reactive diene such

as furan derivatives.
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5.4.4 Limitations of the use of HFIP

Although HFIP showed attractive properties in Diels-Alder reactions with quinones, its use cannot be

extended to all dienes. The main limitation comes from its relatively high acidity. We tried to use

oxygenated dienes, such as 2-trimethylsilyloxybutadiene (512) or Danishefsky’s diene (513), but the

only reaction occurring was the cleavage of the silyl enol ether group, leading to the ketone. However,

this side reaction does not represent a major drawback, since both dienes were quite reactive, even

in dichloromethane. It was not presented in the results but we also observed that, at temperatures of

and above 30 ◦C, a clear precipitate was forming with dimethylbutadiene (247/D3) but no Diels-Alder

reaction was occurring. We suspected a polymerisation of the diene, once again, because of the

acidity of the solvent.

The sensitivity of the reagents to acidic media should be then taken into account before attempting

to use HFIP as solvent.

5.5 Conclusion
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Figure 5.13: Structures of the four sulfinylquin-
ones synthesised and studied in this work.

In the course of the study on sulfinylquinones, we

have first been able to synthesise four sulfinylquin-

ones: three that were already known (318a,5 297,6

and 307a8, Scheme 5.2, 5.3 and 5.4) and one brand

new sulfinylquinone (488, Scheme 5.5). We also at-

tempted to synthesise the silylated version of sulfinyl-

quinone 318a (Schemes 5.6 and 5.8), that would al-

low us to study the synthetic pathway towards momi-

lactone B (2). We were able to reach the sulfoxide

precursor of that quinone, whose hydroquinone core

was protected with diverse groups but, unfortunately,

none of them gave the desired quinone 318b when

they were engaged in the oxidation step, either with

CAN or DDQ. We highlighted that obtaining such a

silylated sulfinylquinone is not straightforward. As found in the literature, it is likely that the hydro-

quinone must be deprotected prior to oxidation. Therefore, we will have to find the adequate condi-

tions for the clean removal of the PMB, or find a protecting group that is robust enough to withstand

the insertions of the sulfoxide and the silyl group, but that can also be smoothly removed without

degrading the hydroquinone precursor.

O

O

MeO

Me

369a/Q3

O

O

MeO CO2Me

Me

371a/Q8

Figure 5.14: Structure of the quinones for
Corey and Evans’s catalytic systems.

In addition to the synthesis of the sulfinylquinones, the

preparation of two quinones of interest for the total synthe-

sis of momilactones have been developed. The first one,

quinone 369 (Scheme 5.9), has been designed to match the

general pattern of the quinones used by Corey in his catal-

ysed asymmetric Diels-Alder reactions.19,20 We efficiently

obtained that quinone in four steps from one of the inter-

mediate of the synthesis of 318a.
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The second quinone of interest has to correspond to the substrates studied by Evans, in his own

version of asymmetric Diels-Alder reactions, that contain an ester group.21 Therefore, a route from

another intermediate of the synthesis of 318a has been designed to obtain quinone 371a in a two

step sequence with very good yields (Scheme 5.10).

We then took an interest in studying the preferential conformation of the sulfoxide of sulfinylquin-

ones by X-ray analysis and computational calculations. The X-ray structures of all four sulfinylquin-

ones showed the s-cis conformation for the sulfoxide in the solid state (Figure 5.2), as expected by

the model proposed by Carreño (Figure 5.1).24 We highlighted that only the substituent next to the

sulfoxide impacted the deviation angle of the latter from the quinone plane and that the substituents

on the other double bond had no or little effect on that angle (Table 5.1). That hypothesis was com-

forted with the theoretical study of other sulfinylquinones that indicated that bulky substituents or

electonegative atoms repelled the sulfoxide from the quinone plane, but also decreased the ernegy

difference between the s-cis and s-trans conformations.

An implicit solvation was then used to evaluate the impact of the solvent polarity on the preferred

conformation of sulfinylquinone 318a (Table 5.2). We noticed that the data for dichloromethane, that

indicated a slight preference for the s-trans conformation, were not in agreement with experimental

results, if one considers the preferred conformation of the sulfoxide is directly linked to the stere-

oselectivity of the Diels-Alder reactions of quinone 318a. However, the use of implicit solvation for

dichloromethane might be sufficient to model that solvent, as there should be no strong solvent-solute

interactions, and the almost 1:1 ratio of both conformations could not be discredited right away. We

concluded that, even if both conformations are present in an almost equimolar amount, the s-cis con-

formation must be more reactive than the s-trans one, hence the preference for the addition of the

diene on the top face of the quinone.

To complete that theoretical study, the transition state energies of the Diels-Alder reaction of sul-

finylquinones must be calculated. In doing so, we will be able to propose a complete model of the

approach of dienes onto the sulfinylquinones.

The next part of this work consisted in a reactivity study of quinones and sulfinylquinones. A

master student in our group studied the effect of the solvent in the Diels-Alder reaction with sulfinyl-

quinone 318a and cyclopentadiene (151) was performed (Table 5.3), similarly to the study reported

by Carreño (Table 2.8).1 The difference in this work is that the reaction occurred on the double bond

bearing the sulfinyl group, whereas it occurred on the opposite double bond in Carreño’s work.

MeO

O

O
Me

S(O)pTol

319/SQ1D1

OH
MeO S(O)pTol

O

501

Figure 5.15: Structures of cycloadduct 319
and product 501.

It was observed that in apolar solvents, adduct β-319

was the major one, whereas polar protic solvents led to a

preference for α-319, with the exception of ethanol. The

use of apolar aprotic solvents, however, surprisingly gave

a mixture of diastereoisomers of 501, that came from a

hetero-Diels-Alder reaction between a tautomer of 318a

and cyclopentadiene (151). The only exceptions to that last

case were acetonitrile, that led to the standard cycloaddi-

tion with a preference for the β adduct, and acetone, that

gave all four possible products with a preference for β-319.
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From those results, we highlighted that cyclopentadiene, as solvent, gave the best selectivity for

the β adduct within a reasonable amount of time and water gave the best selectivity towards the α

adduct with a reaction time of five days. But the most impressive solvent was HFIP as it gave a very

good selectivity for the α adduct within a very short amount of time (only 35 min).

Given the amazing results obtained with HFIP, in terms of rate and stereoselectivity, we decided

to study the Diels-Alder reaction of diverse quinones and sulfinylquinones in that solvent (Tables 5.4

to 5.7). We showed that the reaction time for those cycloadditions could be greatly reduced and we

even were able to reach full conversion of the quinone with example where no or very low conversion

was reached in dichloromethane. There was only one example, between two very hindered partners,

that never reached full conversion, even in HFIP.

Moreover, there was two examples that gave us totally unexpected products, in dichloromethane,

coming from a [2+2]-cycloaddition on the supposedly least reactive double bond of the quinone. But

when the reaction was run in HFIP, not only the reaction was much faster, but it also led to the

standard [4+2] cycloaddition on the expected double bond.

The same comparison between dichloromethane and HFIP was also done for the Diels-Alder re-

action of sulfinylquinones. It was shown that, when the reaction occurred on the double bond bearing

the sulfinyl group, an inversion of selectivity was observed with cyclic diene 151/D1 (preference for

the β adduct in dichloromethane and for the α adduct in HFIP). However, acyclic dienes 179/D2

and 247/D3 led to the same preference for the β adduct whether the reaction was done in dichloro-

methane or HFIP. In the example of dienes reacting on the opposite double bond to the one bearing

the sulfoxide group, the α adduct is the major in dichloromethane. This preference was reinforced

in HFIP, except for the reaction of dimethylbutadiene (247/D3) with sulfinylquinones 307a/SQ4 that

seemed to show a preference for the β adduct in HFIP.

Finally, the comparison between dichloromethane and HFIP was also investigated for the Diels-

Alder reaction of sulfinylquinone 318a with diverse dienes (Table 5.8). Despite the potency of HFIP

to greatly increase the reaction rate of cycloadditions with quinones, it cannot outweigh the steric

clash of two partners that are too hindered to react together (such as 1,4-disusbtituted dienes and

tetrasubstituted dienophiles) or not reactive enough (such as furan derivatives).

In conclusion, we showed that HFIP could be a good choice of a solvent to accelerate the Diels-

Alder reaction of quinones and that it could help some cycloadditions to take place when there is no

or low conversions in dichloromethane. We also highlighted that the use of this solvent led to very

good stereoselectivities for the Diels-Alder reactions of sulfinylquinones with a preference for the α

adducts with cyclic dienes and for the β adduct with acyclic ones. We finally determined that this

solvent had some limitations and could not be used with reagents sensitive to acidic media, such as

diene bearing a silyl enol ether, although it did not represent a major setback as those dienes were

reactive enough in dichloromethane.
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6 Diels-Alder reactions for the synthe-
sis of momilactones

Now that the synthesis of the different proposed quinones and dienes have been carried out, as well

as the study of the behaviour of the sulfinylquinones in the Diels-Alder reaction, we can focus on the

first steps of the total synthesis of momilactones.

In the present chapter, we will report the results obtained for different combinations of quinones

and dienes. We will also try to give some rationalisation of the outcomes of the reactions performed,

as well as some ideas for improvement.

6.1 Sulfinylquinone pathway

As discussed in Chapter 3, the first strategy that will be attempted is the one using sulfinylquinone

318a. As a reminder, according to the results reported in the literature for that sulfinylquinone,1

ent-318a should be used in order to reach the desired enantiomer of momilactone A (1) (Chapter

3, Scheme 3.2). However, as already explained, we decided to develop the synthesis on the other

enantiomeric series.

6.1.1 Diels-Alder reaction with diene 373a

The Diels-Alder reaction between sulfinylquinone 318a and diene 373a, the simplest of all the dienes

proposed in Chapter 3, is known to work (Scheme 6.1).1 Indeed, the combination of this diene and

this dienophile worked very well (full conversion of the reagents after ten days in dichloromethane

at −20 ◦C). However, the isolation of adduct ent-368aa was not possible due to the rapid pyrolysis

leading to product 519.
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Scheme 6.1: Diels-Alder reaction between sulfinylquinone 318a and diene 373a, pyrolysis of adduct ent-368aa
into product 519 and attempts of desulfinylation of ent-368aa.1,2

In the course of the total synthesis of momilactones, conditions should be found in order to

desulfinylate the adduct 368aa, using Raney nickel for example, before the pyrolysis takes place.

177
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This procedure might be tricky given that the desulfinylation of ent-368aa with Raney Nickel does

not work at low temperatures, whereas the sulfoxide undergoes the β-syn elimination at tempera-

ture above 0 ◦C as it has been highlighted by a master’s student in our group.2 Yet, it was possible

to perform that desulfinylation, directly on the crude mixture of ent-368aa with an H-Cuber system

(continuous flow chemistry), that also led to the cleavage of the silyl enol ether, albeit with low yields

for product 520.

Another way to remove the sulfoxide moiety that has been tried during the same internship was

to use tert-butyllithium. It that case, ent-367aa has been obtained but in low yields and in a complex

mixture of unidentified side products.

Another potential way to get closer to the desired intermediate ent-367aa would be to do a series

of controlled reductions on 519. For this purpose, the same student studied different reduction routes

of the latter (Scheme 6.2).2 She first studied the use of K-selectride on both 519 and its desilylated

derivative 521. In the case of the former, the reduction occurred, with a moderate yield, on the

carbonyl group next to the methoxy group, but also came with the deprotection of the enol ether.

When the same reaction was applied to 521, it led to the same product 522, albeit with a lower yield

than in the previous case.
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Scheme 6.2: Study on the reduction reactions of 519 and its derivatives.2

From that intermediate 522, it could be envisaged to perform a conjugate reduction, such as the

Birch reduction conditions, and to trap the intermediate enolate with TMSCl to obtain 523. However,

it is rather difficult to selectively reduce that double bond, and it would probably lead to a mixture of

several reduction products.3

As a proof of concept, it has been attempted to carry out the Luche reduction on intermediate

522. That reaction has proven to selectively reduce the most electron rich carbonyl group, leading to

diol 524 in moderate yields.

Even though some work has been done on the cycloaddition between sulfinylquinone 318a and

diene 373a and the reduction of the different derivatives of the resulting cycloadduct, that pathway is

not the most attractive among the ones presented in Chapter 3. Indeed, it was highlighted that the

desulfinylation of cycloadduct ent-368aa, or the selective reductions of 519, was difficult to carry out.
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More importantly, in the pathway developed from those two partners (Scheme 3.5), we foresaw

potential issues linked to the stereoselective insertion of the oxidised carbon atom that would serve

for the formation of the transannular lactone (Chater 3, pages 104 and 105).

Therefore, the strategy using diene 373a will be kept as last resort as it appears to come with

several issues, already encountered or foreseen.

6.1.2 Diels-Alder reaction with pyrone 373e

Instead of using diene 373a, it was decided to start the trials of this first key step with the most am-

bitious diene: α-pyrone 373e. Indeed, as explained in Chapter 3 (Scheme 3.10), if the Diels-Alder

reaction occurs with an endo selectivity, it should give us the cycloadduct with the desired relative

configurations, the carbonyl group would directly be present on the structure and given the quaternary

carbon atom next to the sulfinyl moiety, the latter cannot undergo a β-syn elimination. The desulfiny-

lation reaction should, therefore, be carried out without any issue.

Therefore, the first test was done by mixing sulfinylquinone 318a and pyrone 373e in deuterated

chloroform at room temperature in order to monitor the reaction by 1H NMR (Table 6.1, entry 1).

As no reaction occurred in those conditions, we decided to heat up the reaction to the reflux of

the solvent (entry 2). In those conditions, conversion of the reagent was complete after three days

and two products, seemingly a pair of diastereoisomers, were obtained in a 1:2 ratio. We later

performed a scale up in non deuterated chloroform to obtain enough material for a full characterisation

(entry 3). The mass spectrometry of both isolated isomers gave values corresponding to the sum

of both partners, indicating the addition of one reagent to the other without any loss of atoms or

groups. However, the 1H NMR of both products were not quite matching the expected spectrum for

cycloadduct 368ae. Indeed, after deeper NMR analyses, using 1H-13C correlation techniques, we

proposed the structure 525 as product of that reaction.

Table 6.1: Conditions, ratio and yields for the reaction between sulfinylquinone 318a and pyrone 373e.
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Entry Solvent Lewis acid Temp. Time 368ae 525a:525b[a] Yield (%)

1 CDCl3 — rt — — — n.r
2 CDCl3 — reflux — — 1:2 n.d.
3 CHCl3 — reflux 3 d — 1:2 62
4 C6D6 — reflux 2 d — 1:3 n.d.
5 CH2Cl2 ZnBr2 (2 eq.) reflux — — — n.r.
6 HFIP — rt — — — n.r.
7 HFIP — reflux — — — n.r.

[a] Based on the 1H NMR ratio of the products in the crude mixture. n.r. = no reactions.
n.d. = yield not determined
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This product would come from a hetero-Diels-Alder reaction between a tautomer of sulfinylquinone

318a and pyrone 373a (Scheme 6.3). This unexpected reaction is similar to what was obtained in

certain conditions for the reaction of 318a and cyclopentadiene (151), as presented in Chapter 5

(Table 5.3). We tried to determine the relative and absolute configurations of both diastereoisomers

of 525 with n.O.e experiments but could not come to any conclusion based on these analyses. We

also attempted to crystallise each isomer but we could not obtain any crystal of good enough quality

for an X-ray diffraction analysis.
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Scheme 6.3: Proposed pathway for the formation of product 525 via a hetero-Diels-Alder of a tautomer of
sulfinylquinone 318a.

When the same reaction was attempted in refluxing deuterated benzene (entry 4), the same prod-

uct 525 was obtained, albeit with a 1:3 ratio. We hoped that the use of a less polar solvent could help

to avoid the formation of the tautomer intermediate but it still led to the same outcome.

High
electron
density

O

O

MeO

Me

ZnBr2

O

O

MeO

Me

Figure 6.1: Resonance form of pyrone
373e and its proposed coordination mode
to ZnBr2.

An attempt to increase the reaction rate, as well as the

selectivity for the standard Diels-Alder reaction, was per-

formed by using zinc bromide (entry 5). The use of this

catalyst indeed showed to accelerate the cycloadditions with

sulfinylquinone 318a as well as others.1,4,5 Unfortunately, no

reaction occurred, even in refluxing dichloromethane. In ad-

dition to that lack of reactivity, when a 1H NMR of the reaction

medium was done, the peaks corresponding to pyrone 373e

were shorter and broader than in the absence of zinc bromide (Figure 6.2). It was therefore sug-

gested that the α-pyrone 373e is a better Lewis base than sulfinylquinone 318a. This might be due to

a high electron density on the oxygen atom of the carbonyl. If one takes a look at the resonance form

of that compound, it is possible to delocalise the lone pair of the endocyclic oxygen atom onto the

exocyclic one and, therefore, increase the electron density on the latter. Consequently, the reactivity

of the pyrone is even more reduced.

The next experiment that was tested to make 318a and 373e react together in a Diels-Alder reac-

tion was to use HFIP as solvent (Table 6.1, entry 6) as it proved to be good solvent to increase the

rate of the cycloadditions (Chapter 5, section 5.4.2). Disappointingly, no reaction was observed at

all, even when the solvent was set to reflux (entry 7). If our previous assumption with zinc bromide

is correct, pyrone 373e being the strongest Lewis base, the latter strongly interacts with HFIP and its

reactivity is greatly reduced.
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Figure 6.2: 1H NMR spectra of the reaction media containing sulfinylquinone 318a and pyrone 373e (a) in
absence of zinc bromide and (b) with zinc bromide (in the window between 6.5 and 3.0 ppm).

In the course of this thesis, we also had the opportunity to try Diels-Alder reactions with sulfinyl-

quinone 318a under high pressure in the Laboratoire de Synthèse organique et Phytochimie at the

Institut Le Bel in Strasbourg. It was indeed shown throughout the years that high pressure could

increase the rate of Diels-Alder reactions.6–10
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(a) High pressure reactor (b) Vial for the high pressure reactor

Figure 6.3: High pressure reactor and vial used for the high pressure reactions.

From a practical point of view, those high pressure reactions are carried out by preparing the

reaction mixture in a dedicated vial (Figure 6.3.b) and by inserting the latter in a steel cylinder with a

wall with a thickness of 5 cm. The cylinder is then filled up with a fluid (petroleum ether in this case)

and placed inside the enclosure of the reactor (Figure 6.3.a). The pressure build-up is done with a

mechanical piston that compresses the fluid inside the cylinder and allows to reach a pressure of

9 kbar (with this device).

Given the interest of high pressure for Diels-Alder reactions, we tried to use that technique for

the reaction between sulfinylquinone 318a and pyrone 373e (Scheme 6.4). Unfortunately, that last

method was not very effective and we could only get product 525 in traces.
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Scheme 6.4: Conditions for the high pressure reaction between sulfinylquinone 318a and pyrone 373e.

In spite of all the methods that have been tested to make the Diels-Alder reaction work between

those two partners, we could never obtain the desired cycloadduct. Therefore, we came to the

conclusion that pyrone 373e could not be a suitable diene for our total synthesis because of its

unexpected reactivity and we decided to move on to other dienes.

6.1.3 Diels-Alder reaction with pentadienoates

Given that pyrone 373e did not give the desired product, we had to change the diene. Therefore,

the next diene that has been tested is 373c, which should be a reasonable compromise between

reactivity and structure of the reagent. As explained in Chapter 3 (Scheme 3.7), the absence of the

methyl group is not a major drawback as it should be easily inserted later in the synthesis and the

oxidised carbon atom needed for the lactone is still present.
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We first tried to make it react with sulfinylquinone 318a in chloroform (Scheme 6.5). As no reac-

tion was occurring at room temperature, the solvent was set to reflux but it did not help to make the

reaction work. We then tried to use HFIP as solvent, but the same absence of reaction was observed

whether at room temperature or at reflux of the solvent.
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Scheme 6.5: Attempt of Diels-Alder reactions between sulfinylquinone 318a and diene 373c.

This vinyldioxinone 373c, whose synthesis was reported by Blechert et al.,11 has never been

described, to the best of our knowledge, as a diene in a cycloaddition. We were thereby wondering if

that reagent was actually reactive enough to undergo a Diels-Alder reaction.

In the aim to verify its ability to react as a diene, we attempted Diels-Alder reaction with simpler,

and more reactive, dienophile, such as para-benzoquinone (95) and maleic anhydride (200) (Scheme

6.6). However, neither of these two reactions worked, even in refluxing toluene for several days.

O

OO
Me

Me

373c

×
PhMe
reflux

O

O

95
O

O

O

OO
Me

Me
H

H

526

×
PhMe
reflux

O

O

O

200 O

OO
Me

Me
H

H

O

O

O

527

Scheme 6.6: Attempts of Diels-Alder reactions of diene 373c with para-benzoquinone (95) and maleic anhy-
dride (200) in refluxing toluene.

It was suspected that 373c was too electron poor due to the carbonyl group conjugated to the di-

ene part. Moreover, the presence of the gem-dimethyl group might also be a source of an important

steric hindrance as both methyl groups point out of the diene plane.

Nevertheless, in the course of the tests of the high pressure Diels-Alder reactions, we also tried

the reaction between diene 373c and sulfinylquinone 318a (Scheme 6.7). At first, we thought that

the cycloaddition took place as a new spot appeared on the TLC analysis. But, after purification

of the crude mixture to isolate that new product, the 1H NMR did not correspond to the expected

cycloadduct at all. The 1H and 13C NMR seemed to indicate the presence of two dioxinone units (two

gem-dimethyl units, two esters). Therefore, it would appear that a dimer of 373c has been formed.

The most likely pathway for such a dimerisation passes through a Diels-Alder reaction between two

units of diene 373c, giving the adduct 528 (bottom part of Scheme 6.7).
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Scheme 6.7: Attempt of Diels-Alder reactions between sulfinylquinone 318a and diene 373c under high pres-
sure and product 529 coming from the dimerisation of 373c.

Yet, that product still did not match the NMR spectra. Indeed, the DEPT analysis indicated the

presence of one tertiary carbon atom and three secondary ones in the aliphatic area, as well as only

one vinylic proton, whereas 528 contains two sets of each of these signals. In order to match the

obtained NMR spectra, we proposed an isomerisation of adduct 528 into product 529 by moving the

double bond of the cyclohexene, which allows the conjugation of the double bond with the carbonyl

group. Not only the new structure matched the 1H and 13C NMR spectra, but it was also in agreement

with the 1H-13C correlation experiments. If the structure we proposed corresponds to the product that

was actually isolated, the latter was obtained with a 39% yield from diene 373c.

We then tried the Diels-Alder reaction with pentadienoate 373d that, opposed to 373c, has already

been described as a diene in a cycloaddition.12 Similarly to the two previous dienes, we started doing

the reaction in refluxing chloroform but, once again, no reaction occurred.

We also tried the reaction in HFIP, but as described in Chapter 5, the acidity led to the degradation

of the diene by cleavage of the silyl enol ether group, even at room temperature.
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Scheme 6.8: Attempt of Diels-Alder reactions between sulfinylquinone 318a and diene 373d.

As neither of these two pentadienoates gave the expected outcome for the Diels-Alder reaction

with sulfinylquinone 318a, it was concluded that the presence of an EWG on the diene lowered the

reactivity of the diene towards the cycloaddition too much.
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By looking up in the literature we indeed found no example of Diels-Alder reactions of sulfinylquin-

ones with a diene bearing an EWG conjugated to the double bonds. It should therefore be wiser to

use a diene without the carbonyl group and to form it or insert it later in the synthesis.

6.1.4 Diels-Alder reactions with 1,3-dioxypenta-2,4-dienes

As explained here above, the presence of an EWG on the diene seems to reduce too much its

reactivity to make it react in a Diels-Alder reaction with sulfinylquinone 318a. Therefore, diene 373b,

that possesses the closest pattern to the pentadienoates 373c and 373d but for the carbonyl group,

has been tested (Scheme 6.9).
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Scheme 6.9: Attempt of Diels-Alder reactions between sulfinylquinone 318a and diene 373b (deg. = degrada-
tion).

As diene 373b should be more reactive than the previous ones, we started the reaction at 0 ◦C

in dichloromethane and slowly warmed up the reaction mixture to room temperature. In that case,

the TLC monitoring indicated the full conversion of sulfinylquinone 318a after a few hours but multiple

new spots also appeared. The analysis of the crude mixture showed a complex mixture of unidentified

products and we were not able to isolate any compounds of interest.

Nevertheless, we identified thiosulfinate 502 in the crude mixture. The presence of the latter would

indicate that the cycloaddition took place, but also that adduct 368ab quickly pyrolysed. Unfortunately,

for some reasons, the pyrolysed adduct 530 seemed to be unstable and to quickly degrade as well.

We attempted to perform the reaction at lower temperature (−20 ◦C) with zinc bromide as cata-

lyst. In those conditions, the reaction was also over within a few hours, but the same outcome was

obtained and no product of interest could be isolated.

The second diene of this category, diene 373f, has also been tested in the Diels-Alder reaction

with 318a. In term of structure, that diene has a small advantage over diene 373b as it bears a

methyl group that will not need to be inserted later in the synthesis. Moreover, diene 373f has the

same configuration as pyrone 373e and, thereby, should also lead to the cycloadduct with the desired

relative configurations of both methyl groups and the hydroxymethyl group, if the endo selectivity is

observed.

As for diene 373b, we first tried the reaction in dichloromethane but no reaction occurred, whether

at 0 ◦C or at room temperature (Scheme 6.10).
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As this diene seems to be less reactive than the previous one, we re-

placed the solvent with toluene and set it to reflux. Unfortunately, it did not

help the reaction to take place and the degradation of the diene was even

observed.

We suspected that this particular diene might be too hindered to be able

to react with sulfinylquinones 318a. Moreover, as indicated by the n.O.e

analysis of diene 373f, it would seem that the s-trans conformation (Figure

6.4) is the major one as no n.O.e correlation that would correspond to the s-cis conformation could

be observed, even in small amounts. It would therefore seem unlikely that this diene would be able

to undergo a cycloaddition with a tetrasubstituted dienophile such as sulfinylquinone 318a. Even its

ability to react as a diene in a cycloaddition might be questioned as the s-trans conformation seems

to be highly favoured over the s-cis one.

6.2 Corey’s asymmetric catalysis pathway

Since none of the dienes 373b-f gave any desired outcome in the Diels-Alder reactions with sulfinyl-

quinone 318a and that the route with diene 373a is to be kept as last resort, it was decided to move

on to the second strategy proposed in Chapter 3: the catalytic asymmetric Diels-Alder reactions.

In those reactions, the cycloadducts obtained do not suffer the issue of uncontrolled pyrolysis as

it was the case with sulfinylquinone 318a, but other methods must be put in place to convert the

cis-decalin obtained after the cycloaddition into the corresponding trans-decalin.

The first asymmetric catalysis that has been attempted was the use of the chiral oxazaborolidinium

salt as employed by Corey’s group.13,14 For that purpose, and as described in Chapter 3 (Scheme

3.3), quinone 369a has been chosen to carry out that catalytic asymmetric Diels-Alder reaction in the

context of the total synthesis of momilactones.

Based on Corey’s work, catalyst 109, prepared from the enantiopure (R)-(–)-α,α-diphenyl-2-

pyrrolidinemethanol, should give us the cycloadduct with the desired absolute configurations. How-

ever, we cannot be totally sure this selectivity will be the one obtained with quinone 369a. Therefore,

we decided to use the same catalyst ent-109 employed in their asymmetric Diels-Alder reactions.

Besides, this enantiomer of the catalyst is prepared from (S)-(–)-α,α-diphenyl-2-pyrrolidinemethanol

which is slightly cheaper than its R isomer.

In the case of quinone 369a, two coordination modes are possible according to the model pro-

posed by Corey (Figure 6.5). The latter can either bind to the catalyst with the carbonyl in position 1
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Figure 6.5: Structures of the oxazaborolidinium salt ent-109 and quinone 369a, and both their possible mode
of coordination.

and the hydrogen in position 6 or with the carbonyl in position 4 and the hydrogen atom in position 3.

As the most basic oxygen atom preferentially binds the boron atom, the second situation should be

the most probable. Nevertheless, both modes of coordination should lead to the same adduct as the

C5-C6 double bond should remain the most reactive one.

But, as said earlier, we cannot be totally sure the model proposed by Corey will correspond to

our quinone. Indeed, in the quinones tested by the group, none of them bore two different groups in

position 2 and 5. Therefore, the regio- and stereoselectivity must be evaluated.

6.2.1 Evaluation of the asymmetric catalysis with model dienes

Before trying the asymmetric cycloaddition with the oxygenated dienes proposed in this thesis, we

wanted to assess the reaction with more simple dienes (Scheme 6.11). The conditions described by

Corey have been applied to our quinone, except for the temperature that was set to −10 ◦C.

When the reaction was tried with piperylene (179) or dimethylbutadiene (247), we observed no

conversion of the reagents even when the reaction mixture was warm up to room temperature for

several hours. This lack of reactivity in presence of catalysts ent-109 was a bit surprising, especially

since 247 was tested by Corey’s group and worked uneventfully. But, we indeed observed that both
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Scheme 6.11: Asymmetric Diels-Alder reaction between quinone 369a and model dienes, using ent-109 as
catalyst. The configurations of products 531 are based on the products reported by Corey et al.13,14 and the
configurations of 532 were confirmed by its X-ray structure (Figure 6.6).
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dienes did not react at all with quinone 369a in dichlormethane at room temperature (Chapter 5,

Table 5.4). The Diels-Alder reaction of these partners must be too disfavoured, even in presence of

the catalyst, to form any cycloadduct.

Figure 6.6: X-ray structure of
the enantiomerically enriched
cycloadduct 532.

On the other hand, when cyclopentadiene (151) was used as di-

ene, the same conditions led to full conversion of the quinone in forty

minutes and the product was isolated with a 93% yield and a 96% ee.

In addition to this excellent reactivity and enantioselectivity, the X-ray

structure of that product (Figure 6.6) showed that the enantioenriched

cycloadduct 532 was obtained via the same facial selectivity as re-

ported by Corey.13,14 This example showed that the use of catalyst

ent-109 could really increase the reactivity of quinone 369a. Indeed,

the same reaction run in dichloromethane without any catalyst took

fifteen days at room temperature (Chapter 5, Table 5.4, Q3 and D1 that gives Q3D1). More impor-

tantly, this reaction proved to provide an excellent enantioselectivity which will be of great interest for

the total synthesis of momilactones.

However, given that only the reaction with cyclopentadiene (151) seemed to work, we supposed

that a rather reactive diene is still needed for the cycloaddition to occur.

6.2.2 Corey’s catalysis for the synthesis of momilactones

Now that we have established that the catalytic asymmetric Diels-Alder reaction could work with

quinone 369a, we decided to move on to the oxygenated dienes chosen for the total synthesis of

momilactones. Pyrone 373e was not tested in this part of the work, since, as discussed earlier in this

chapter, we suspected the pyrone to be a better Lewis base than the quinone.

We tested the asymmetric Diels-Alder reaction, using Corey’s catalyst, between quinone 369a

and dienes 373b-d (Scheme 6.12). Unfortunately, none of those three dienes led to the cycloadducts

ent-370b-d. In the case of diene 373c no reaction occurred at all, even after warming the reaction

mixture up to room temperature. This lack of reactivity was not really surprising as we suspected that

diene not to be reactive enough due to the presence of the conjugated carbonyl group, as well as the

gem-dimethyl group that likely causes an important steric hindrance.

O

O

Me

MeO

369a

373c
h

O

OO
Me

Me

ent-109 (20 mol %)

CH2Cl2
−10 ◦C to rt

×

O

O

MeO O

OO
Me

Me

Me

H

ent-370ac

or
h
h

373b 373d
h

OMe

OPMB

OTMS

CO2tBu

ent-109 (20 mol %)

CH2Cl2, −10 ◦C
×

O

O

MeO OR2

R1

Me

H

ent-370ab
ent-370ad

diene
degradation

Scheme 6.12: Attempts of asymmetric Diels-Alder reaction between quinone 369a and dienes 373b-d, using
ent-109 as catalyst. The absolute configurations of the products are based on the products reported by Corey
et al.13,14
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In the case of dienes 373b and 373d, another issue arose. After a few hours at low temperature,

not only no reaction had occurred, but the diene disappeared from the reaction medium, as indicated

by the TLC monitoring. It would seem the conditions used for Corey’s catalysis are acidic enough

to cleave enol ethers. As the corresponding enones were not found in the crude mixture, we also

suspected that the latter underwent side reactions that led to their consumption. We were some-

what disappointed by that outcome as Corey reported the use of a diene containing a silyl enol ether

group. Yet, the silyl group used in Corey’s work was a TIPS that is more robust than a TMS or a

methyl group, which might explain the degradation of our dienes.

As deduced from the test with the model diene (Scheme 6.11), in the case of quinone 369a, a

more reactive diene is probably needed for the reaction to work. Therefore, diene 373a, that is the

most reactive one among the chosen oxygenated diene for the synthesis of momilactones, has been

tested (Scheme 6.13).
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Scheme 6.13: Diels-Alder reaction between quinone 369a and diene 373a with and without catalyst 109. The
absolute configurations of ent-370aa were based on the product reported by Corey et al.13,14

In order to assess the efficacy of the catalytic system with that diene, the reaction was first carried

out in dichloromethane at room temperature in absence of the catalyst. In those conditions, the

partners did not react together, even after several days.

We then used the conditions previously employed with the other dienes. After 17 h at −10 ◦C,

quinone 369a was fully consumed. The 1H NMR analysis of the crude mixture indicated the forma-

tion of a major product that would correspond to cycloadduct ent-370aa, albeit the latter was not very

clean. Indeed, as explained above, we suspect the catalyst to be acidic enough to cleave enol ether

but, this diene reacting faster, it was possible to observe a cycloadduct in this case, even if it was

not clean. Unfortunately, when we attempted to purify the crude mixture to isolate the cycloadduct, it

came out even less clean, even with the use of demetallated and neutralised silica gel.

As we could not isolate a pure sample of the cycloadduct, we did not determine its enantiomeric

excess. Nevertheless, the reaction seemed to work as indicated by the NMR spectrum which cor-

responded to the expected cycloadduct. Therefore, if the pathway using diene 373a turns out to be

the best solution for the total synthesis of momilactones, the asymmetric cycloaddition between 369a

and 373a must be optimised and the enantioselectivity must be determined.

One potential solution to improve this process would be to directly engaged cycloadduct ent-

370aa in the next steps of the synthesis. In doing so, we could find an intermediate stable enough to

be isolated in a pure form and to determine its ee. A second way would be to change the silyl group
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to a TIPS, that should be more robust than the TMS. The preparation of such a diene (373g) might be

done using TIPSOTf with LDA in THF at −78 ◦C15 or with Et3N in refluxing dichloromethane (Scheme

6.14).16

O

Me

407

LDA, TIPSOTf
THF, −78 ◦C

or
Et3N, TIPSOTf
CH2Cl2, reflux

OTIPS

Me

373g

Scheme 6.14: Proposed synthetic pathway for 3-triisopropyloxypenta-1,3-diene (373g) based on reported pro-
cedures.15,16

If we manage to improve the outcome of this asymmetric Diels-Alder reaction with 3-silyloxypenta-

1,3-dienes and if the enantioselectivity of the process is high enough to be used for the total synthesis

of momilactones, this sequence is more interesting than the sulfinylquinone pathway. Indeed, con-

trariwise to the quinone bearing the sulfinyl moiety, no undesired side reaction should occur with

adduct ent-370aa. The handling of the latter should then be easier.

Yet, for the same reasons described in the previous section, the use of that type of diene later

leads to potential issues concerning the selective insertion of the oxidised carbon atom. We therefore

moved on to the next pathway proposed in Chapter 3 but kept Corey’s catalytic asymmetric Diels-

Alder reaction between quinone 369a and dienes 373a or 373g in mind as a potential route.

6.3 Evans asymmetric catalysis pathway

N

N N

O O

M

Ph Ph
TfO OTf

OTf

255a (M = Sm, Gd)

Figure 6.7: Structure of
Evans’s catalyst.

The second catalytic system, that was planned to carry out the asym-

metric Diels-Alder reaction for the synthesis of momilactones, is the

one developed by Evans.17 That process uses a pybox complex 255a,

with samarium or gadolinium as Lewis acid, on quinones bearing an

ester group. For the synthesis of momilactones, quinone 371a has

been designed and successfully synthesised (as presented in Chapter

5, Scheme 5.10).

6.3.1 Evaluation of the Evans catalysis with quinone 371a

Figure 6.8: X-ray structure of
371a and dihedral angle be-
tween the ester and the quinone
plane.

As a reminder, the Diels-Alder reaction of quinone 371a (Q8 in Chap-

ter 5) has already been studied in dichloromethane and HFIP and

is summarised in Scheme 6.15. It was observed that in dichloro-

methane, the product obtained for the reaction with piperylene (179,

D2 in Chapter 5) was not the expected cycloadduct rac-533 (Q8D2

in Chapter 5), but product 505. As we suggested, due to the out-of-

plane conformation of the ester observed in its X-ray structure (Figure

6.8), the addition on the ester-bearing double bond is disfavoured and

the reaction rather occurs on the other double bond through a (2+2)

cycloaddition. But, in HFIP, that is a very strong hydrogen bond donor, the latter would be able to

bring the ester back in the quinone plane and the standard cycloaddition can take place.
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Scheme 6.15: Reactions between quinone 371a and piperylene (179), as presented in Chapter 5 (Tables 5.4
and 5.7), and attempt of the asymmetric Diels-Alder reaction with catalyst 255a. The absolute configurations
of 533 were proposed based on the products reported by Evans et al.17

Similarly to Corey’s catalysis, we decided to first evaluate the efficacy of the Evans catalysis for

quinone 371a with a model diene. In order to make a comparison with Evans’s work, we tested

piperylene (179) that was also used in that study.

In spite of the unexpected reactivity of quinone 371a in dichloromethane in absence of catalyst

(Scheme 6.15), we were still expecting the Evans catalysis to work on that quinone. As the use of

HFIP could help the standard cycloaddition to take place, supposedly thanks to the strong hydrogen

bond donation that could bring the ester back in the quinone plane, we thought that a Lewis acid

could do the same. Unfortunately, the reaction of quinone 371a and piperylene (179) run in the

conditions described by Evans gave no product at all, whether samarium or gadolinium were used as

Lewis acid. We even let the reaction warm up to room temperature but, even after several hours, the

quinone remained unconsumed.

Given the preferred conformation of 371a observed in its X-ray structure, which might be the

same in apolar solvents, it might be possible that only strongly coordinating species, such as a strong

hydrogen bond donor like HFIP, can switch the reactivity of that quinone towards the expected [4+2]

cycloaddition. In the case of catalyst 255a, we supposed that neither samarium nor gadolinium may

be a strong enough Lewis acid to force the ester group to be in the same plane as the quinone part.

On one hand, the Lewis acid might not succeed in binding both oxygen atoms of the ester and the

carbonyl. On the other hand, the metal might manage the binding of both oxygen atoms, but the

geometry of the quinone-metal complex maintains the ester group out of the quinone plane, which

still blocks the reaction on the ester-substituted double bond.

By looking up in Evans’s work,17 we realised that none of the quinones used, or at least described,

bore a substituent next to the ester group. Therefore, Evans’s group may not have encountered the

drawback of the unfavourable ester conformation we had in our case, and we therefore had no way

of making comparisons with similar quinones.

In a last attempt to see if that reaction could work, we decided to use diene 373a as it is allegedly

the most reactive of the oxygenated dienes we had. We then engaged quinone 371a with diene 373a

in the conditions described by Evans with Sm-255a as catalyst (Scheme 6.16). Unfortunately, as
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observed with piperylene (179, Scheme 6.15), no reaction occurred, even when the reaction mixture

was warmed up at room temperature.
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Scheme 6.16: Attempt of the catalysed asymmetric Diels-Alder reaction between quinone 371a and diene
373a using catalyst Sm-255a. The absolute configurations of 372aa were based on the products reported by
Evans.17

Despite the lack of reactivity in the Evans catalysed asymmetric Diels-Alder reaction with quinone

371a, we did not give up on that method as synthetic tool for the total synthesis of momilactones.

As the main issue with our quinone seems to be the out-of-plane conformation of the ester group,

we considered modifying the quinone substrate to alleviate this conformational drawback as we will

discuss in the next section.

6.3.2 Design and synthesis of a new quinone for the Evans catalysis

Design of quinone 534

As said above, we suspected that the conformation of the ester group in quinone 371a might be the

cause of the lack of reaction when it is engaged in a cycloaddition in the Evans conditions. There-

fore, in order to use that catalytic system, we thought of modifying the quinone substrate and to find

a way to lock the ester in the quinone plane. The simplest solution that came to our mind would be to

tether the ester to the benzylic methyl group, giving quinone 534 derived from a phthalide (Figure 6.9).
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O

O

O
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Figure 6.9: Design of a new quinone 534 by tethering of the ester and the benzylic methyl group of quinone
371a and tridimensional representation of both quinones.

This phthalide quinone 534 should solve the conformational issue of 371a. Indeed, the γ-lactone

ring has no choice but to be in the same plane as the quinone core. Thereby, the carbonyl group

is also in the same plane and is conjugated to the double bond, which will significantly increase its

reactivity. Another important advantage is the orientation of the carbonyl groups of the quinone and

the lactone in the same direction. They are thereby adequately positioned to strongly chelate a Lewis

acid. This quinone should therefore be an excellent substrate for the Evans catalysis.
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Quinone 534 for the synthesis of momilactones

Now that we have designed a new quinonoid system for the total synthesis of momilactones, the

reaction sequence initially planned using quinone 371a (Chapter 3, Scheme 3.4) must be revised.

As discussed for the other quinonoid systems presented in Chapter 3 (Schemes 3.2 to 3.4), the

Diels-Alder reaction of dienes with an oxygenated group on position 2 and substituents on position 1

(R1 and/or R2) is most likely to give the opposite regioselectivity to the one expected for such dienes

as observed, for example, for the reaction of diene 373a with sulfinylquinone 318a.1 It was suggested

that the presence of the methyl group next to the EWG caused a steric clash with the methyl group on

position 1 of the diene. In the case of quinone 534, we expect the same inversion of regioselectivity

as presented in Scheme 6.17.
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O

O
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O

O
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X
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537

2

Scheme 6.17: Planned reaction sequence for the total synthesis of momilactones A (1) and B (2) from the
asymmetric Diels-Alder reaction of quinone 534 using Evans catalytic system. X = CO2R.

After the Diels-Alder reaction between one of the chosen oxygenated diene and phthalide quinone

534, the next step will be the opening of the lactone ring. On one hand, to reach momilactone A (1),

we need to fall back on an intermediate similar to 372a that possesses the angular methyl group and

the carboxylate.

One way to open the lactone ring to obtain such a pattern could be the use of a sulfide (Scheme

6.17).18,19 Then, the newly formed carbon-sulfur bond will be reduced with Raney nickel to reach

372a under its carboxylic acid form.

A second way to carry out the same transformation is the use of SOCl2 in methanol.20 The lactone

ring will be opened and give, on one side, a carboxylic acid that will be converted into a methylic ester

and, on the other side, a chloromethyl group. The latter will be reduced to the corresponding methyl

group with Bu3SnH and AIBN. Then, the decarboxylation will be performed to obtain the trans-decalin

367a and the rest of the synthetic pathway will be the same as developed in Chapter 3 (Scheme 3.4).

Interestingly, one important advantage of using the newly designed quinone 534, is that momilac-

tone B (2) can also be reached without having to insert the dimethylphenylsilyl group first. Indeed,

from adduct 535, hydrolysis or alcoholysis of the lactone will lead to the carboxylic acid (or ester

group), on one side and to the hyroxymethyl group on the other side (536). The primary alcohol will
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then be protected to give intermediate 537. The rest of the synthetic pathway will be the same as de-

scribed in Chapter 3 but, instead of the silane group initially planned for the synthesis of momilactone

B (2), we directly have the oxygenated angular methyl group which, therefore, should also shorten

the sequence.

Development of the synthesis of phthalide quinone 534

The development of the synthesis of phthalide quinone 534 is currently the subject of a master thesis

in our group.21 By looking up in the literature, no example of syntheses of a compound with the same

pattern (even without the methoxy group) could be found. The closest structures we could find are

quinones 538, 539, and 540.22–26 Among those three compounds, only 538 has been studied in

Diels-Alder reactions.22,23

538
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O

53822–24

539

O

O

O

O

O
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O
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O

O

O
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Scheme 6.18: Structures of reported quinones with the closest pattern to the desired phthalide quinone 534.

Therefore, the synthesis of the desired quinone must be fully developed and optimised. The sim-

plest way to do so would be to manage the synthesis of the corresponding hydroquinone (protected or

not) and to oxidise it. In 2017, Parsons et al. reported the synthesis of the 4,7-dimethoxyphthalide 542

(Scheme 6.19).27 In that synthesis, they performed an ortho-lithiation on compound 541, followed by

the addition of carbon dioxide and the lactonisation with hydrochloric acid.

OMe

OMe

OH

541

1. BuLi (2 eq.)
1. −78 ◦C, 1 h
1. to 70 ◦C, 1.5 h

2. CO2
2. 0 ◦C, 30 min
3. 2 M HCl(aq)
3. THF, 77%

OMe

OMe

O

O

542

Scheme 6.19: Synthesis of dimethoxyphthalide 542 from 541 reported by Parsons et al.27

Although they managed the synthesis of dimethoxyphthalide 542, they did not need to convert the

latter into a quinone for the rest of their work. But, as the reported phthalide is very close to the one

we need for our synthesis, we decided to use their procedure to form the lactone ring. However, in

our case, a third methoxy group is needed on the aromatic ring.

In the course of her master thesis, Amandine Traina proposed a four step sequence from methoxy-

hydroquinone 484 to reach trimethoxyphthalide 546 (Scheme 6.20). She first methylated hydro-

quinone 484 with dimethyl sulfate and then performed a Vilsmeier-Haack formylation to reach ben-

zaldehyde 544. Those two steps were similar to those used for the synthesis of sulfinylquinone 318a

(Chapter 5, Scheme 5.2). The aldehyde is then reduced with NaBH4 into the corresponding alcohol

545. So far, the three first steps have been carried out uneventfully with very good yields.
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Scheme 6.20: First investigated pathway for the synthesis of trimethoxyphthalide 546 from methoxy hydro-
quinone 484.21

The next step consists in the insertion of the oxidised carbon atom to form the lactone ring. For

that transformation, the same conditions as Parsons et al. (Scheme 6.19) have been employed

(except for the use of hexyllithium instead of butyllithium). After treatment of the reaction, a mixture of

two products was obtained. After purification of the crude mixture, the first compound that has been

identified was the desired phthalide 546. But the second product, the benzoic acid 547, was obtained

in majority (1:3 ratio in favour of 547).

The formation of 547 was not expected as Parsons et al. described only the formation of the

phthalide 542. But in our case, a third methoxy group is present on the aromatic ring. After the

first equivalent of hexyllitium deprotonates the alcohol into alkoxide 548, both position 3 and 6 can

undergo the ortho-lithiation. As methoxy groups are better ortho-directing groups than alkoxides, two

methoxy groups will more effectively direct the lithiation (on position 3) than one methoxy group and

one alkoxide (on position 6).28 As a consequence, benzoic acid 547 is obtained as the major product.
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Scheme 6.21: Both pathways for the ortho-lithiation of compound 545.21,28

To overcome that regioselectivity issue, she proposed to add a bromine atom on position 6. In

doing so, the bromine-lithium exchange should occur on position 6 and, if the temperature is kept low

and the addition of CO2 is quickly done, phthalide 546 should be the only product obtained.
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In order to insert the bromine atom in the synthesis, the bromination reaction of vanillin (483)

is carried out (Scheme 6.22), following the same procedure than the one used in the synthesis of

sulfinylquinone 318a (Chapter 5, Scheme 5.2). The brominated vanillin 550 then underwent a Dakin

oxidation as described by Cross and Zamitt.29 The three next steps (the methylation of the phenols,

the Vilsmeier-Haack formylation and the reduction of the aldehyde) are the same as in the first route

towards phthalide 546 (Scheme 6.20). The intermediate 554 was then engaged in the bromine-

lithium exchange, followed by the addition of carbon dioxide. After treatment of that reaction with

hydrochloric acid, two products were once again obtained. In this case, the major one was the

desired trimethoxyphthalide 546, together with the debromination product 545 (1:2 ratio in favour of

546). Even though the major product was the desired 546, the master student did not succeed in

separating them.
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Scheme 6.22: Second investigated pathway for the synthesis of trimethoxyphthalide 546 from vanillin (483).
[a] The yield of the last step has not been determined and the ratio of the products was based on their ratio in
the 1H NMR spectrum of the crude mixture.21

In the attempt to understand the reason the debromination of 554 occurred during that last step,

and determine where the proton came from, she treated 554 with two equivalents of hexyllithium,

followed by the addition of deuterated methanol (Scheme 6.23). After that treatment, the product

obtained did not bear a deuterium on position 6, but a hydrogen atom.

The hypothesis behind that observation would be that the bromine-lithium exchange is faster than

the deprotonation of the alcohol, which is then followed by the intramolecular deprotonation of the

alcohol by the newly formed organolithium. In 1990, the group of Narasimhan suggested that such

phenomenon was occurring with a (hydroxymethyl)quinoline,30 even though it was questioned by

Gallagher and Beak.31 Nevertheless, other examples highlighted that the halogen-lithium exchange

could actually be faster the the deprotonation of an acidic hydrogen.32,33 A similar process has also

been reported by Okamura and Theobald in 1990 in which they showed that the sulfoxide-lithium

exchange of vinyl sulfoxides was faster than the deprotonation of an alcohol.34
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Scheme 6.23: Treatment of bromide 554 with two equivalents of hexyllithium and deuterated methanol in order
to determine the reasons for the debromination process of the last reaction decribed in Scheme 6.22.21

As the separation of the desired phthalide 546 and the debrominated product 545 could not be

achieved, a new tactic to introduce the carbonyl group has been proposed in that master thesis. In-

stead of using carbon dioxide as an external source of the oxidised carbon atom, the student first

inserted the carbonyl by forming a carbonate with the use of methyl chloroformate (Scheme 6.24). A

subsequent bromine-lithium exchange followed by the intramolecular cyclisation of the organolithium

on the carbonate gave the desired phthalide 546 as sole product. However, she performed that re-

action only once and a low yield was obtained. Nevertheless, she proved that quinone 546 could

selectively be synthesised and optimisation of the reaction should lead to better yields.
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Scheme 6.24: Formation of the trimethoxyphthalide 546 by insertion of a carbonate on intermediate 554 and
intramolecular cyclisation after the bromine-lithium exchange of 557.21

Now that a potential pathway has been found for the synthesis of the phthalide 546, the next step

was the oxidation of the latter into the corresponding quinone 534. For that purpose, the usual reagent

used for the oxidation of hydroquinone, CAN, has been first tested (Scheme 6.25). Unfortunately, it

gave a complex mixture of unidentified products. She then tried DDQ but, in that case, no reaction

took place.

This behaviour is similar to the one encountered during the synthesis of the sylilated sulfinylqui-

none 318b (Chapter 5, Scheme 5.6). It would seem that the presence of a conjugated EWG on the

aromatic core and a heteroatom on the benzylic position leads to the degredation of the compound

when the CAN oxidation is employed and to no reaction at all with DDQ.
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Scheme 6.25: Attempts of oxidation of phthalide 546 into quinone 534.21

Therefore, the student proposed to replace the methyl group protecting the hydroquinone with

more labile groups that can be more easily removed during or before the oxidation step.

It was determined that the best stage to introduce those protecting groups was right before the re-

duction of the aldehyde. In that new synthetic pathway, the formylation reaction had to be carried out

on the unprotected hydroquinone 551. The student attempted to use the standard Vilsmeier-Haack

formylation with DMF and POCl3 but it did not work. She then determined that the Duff formylation

was the best way to obtain benzaldehyde 558 (Scheme 6.26).

Later on, she first tried to protect the phenols with Boc groups, that should easily be removed in

acidic conditions. However, when she performed the reaction, only one of the phenols was protected,

giving 559 and not 560. It was determined by n.O.e experiments that the Boc was added on the

phenol next to the methoxy group (as a correlation was observed between those two groups).

The second protecting group that was tested is PMB. Advantageously, the use of DDQ can remove

the PMB groups and oxidise the hydroquinone into the quinone in one signle step. Unfortunately, the

attempt to protect 558 with those groups did not work.

Finally, the protection of both phenols was possible with EOM groups. This protecting group has

already been successfully used in the synthesis of sulfinylquinone 488 (Chapter 5, Scheme 5.5).
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Scheme 6.26: Synthetic pathways for the preparation of hydroquinones derivatives with different protecting
groups.21
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Given EOM is more labile than a methoxy group, it might be removed during the oxidation step. In

the event the oxidation does not directly work on the protected hydroquinone, removal of the EOM

groups can be performed using acidic conditions.

The rest of the synthesis was carried out similarly to the one described in Schemes 6.22 and

6.24. The reduction of the benzaldehyde was done with a moderate yield of 53%, but the student

performed this reaction only once and she will most certainly do it again to optimise the conditions.

On the other hand, the formation of the carbonate was carried out with a good 82% yield.
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Scheme 6.27: New synthetic pathway proposed for the synthesis of phthalide quinone 534, using EOM as
protecting group for the phenols.21

So far, the master student arrived at the formation of carbonate 564 and she will soon pursue the

development and optimisation of this new synthetic pathway. From 564, the formation of the lactone

ring will be carried out with the use of hexyllithium. Then, the direct oxidation from the EOM-protected

hydroquinone 565 will be tested with CAN and DDQ. In the event those oxidations do not succeed in

providing the phthalide quinone 534, the phenol will be first deprotected to give hydroquinone 566.

The latter will be submitted to diverse oxidising agents including CAN and DDQ, but also other such

as PIDA, PIFA or silver(I) oxide.

Diels-Alder reaction with quinone 534

Once this newly designed phthalide quinone 534 is synthesised, its reactivity in Diels-Alder reaction

will be assessed. First, model dienes, such as the one used for the study presented in Chapter 5

(Figure 5.6) will be used with quinone 534 in dichloromethane, but also in HFIP in order to complete

the study.

Then various catalyst will also be employed to evaluate their impact on the cycloaddition of 534

with those model dienes. We will start with achiral catalysts and then Evans’s catalyst 255a to assess

if this new quinone is an adequate substrate for that asymmetric catalysis.

If the use of this quinone with simple dienes gives promising results, we will move on to the use of

the oxygenated dienes and determine which one(s) can be used with Evans’s asymmetric catalysis

and, subsequently, as precursor for the total synthesis of momilactones.
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6.4 Conclusion

So far, we have shown that sulfinylquinone 318a could react with simple oxygenated dienes such

as 373a. It was also highlighted that the selective reduction of the carbon-suflur bond to reach the

desired trans-decalin ent-367aa was not easy to carry out, but could be done using a H-Cuber

system (continuous flow chemistry) (Scheme 6.1).2 Yet, this strategy still needs optimisation. It was

also demonstrated that the carbonyl groups of the pyrolysed adduct 519 could be selectively reduced

(Scheme 6.2).

When we tested the Diels-Alder reaction between sulfinylquinone 318a with α-pyrone 373e, the

only product obtained (525) corresponded to a hetero-Diels-Alder reaction between a tautomer of

quinone 318a, acting as the diene, and pyrone 373a, acting as the dienophile (Scheme 6.3).

We later showed that the use of less reactive dienes such as 373c (Scheme 6.5) and 373d

(Scheme 6.8), that bear an EWG, or 373f (Scheme 6.10), that is quite hindered, could not react with

sulfinylquinone 318a due to that lack of reactivity. On the other hand, the use of diene 373b seemed

to form a cycloadduct followed by the pyrolysis of the sulfinyl moiety, as indicated by the presence of

thiosulfinate 502. But the pyrolysed cycloadduct 530 was rapidly degraded (Scheme 6.9).

These results therefore indicated that only simple oxygenated dienes, such as 373a, would be

suitable precursors, with sulfinylquinone 318a as dienophile, for the total synthesis of momilactone A

(1). It was also demonstrated that the reduction steps planned for the total synthesis of momilactones

(Chapter 3, section 3.2.2 and Scheme 3.11) are feasible.

The next part of this work was to test Corey’s asymmetric catalysis as potential synthetic tool for

the synthesis of momilactones. We first tested that reaction with the designed quinone 369a and sim-

ple dienes and showed that only the most reactive one, cyclopentadiene (151), was able to undergo

the catalysed asymmetric cycloaddition (Scheme 6.11). That example also led to the formation of a

cycloadduct with an excellent enantioselectivity and the structure and absolute configurations were

confirmed by X-ray diffraction.

The same process was tested with dienes 373b-d but they either were not reactive enough or

degraded (Scheme 6.12). We indeed suspected that Corey’s catalyst might be acidic enough to

cleave the enol ether moiety, which might also lead to further side reactions and the degradation of

the dienes.

Nevertheless, we could make the reaction work with the simpler (and smaller) oxygenated diene

373a and the NMR analysis of the crude product was consistent with the expected adduct (Scheme

6.13). Unfortunately, we could not isolate a pure sample nor determine the enantiomeric excess of

the formed cycloadduct. Yet, this reaction still deserves our attention and could be optimised.

We therefore showed that quinone 369a was able to undergo enantioselective Diels-Alder re-

actions with Corey’s catalyst. Similarly to sulfinylquinone 318a, it appeared that, for that catalytic

system, only small and reactive oxygenated dienes would be suitable as precursor for the total syn-

thesis of momilactones.

Finally, we moved on to Evans asymmetric catalysis. We observed that with quinone 371a, specif-

ically designed for this catalysis, no reaction took place whether with piperylene (179, Scheme 6.15),

a diene used in Evans work,17 or the more reactive oxygenated diene 373a (Scheme 6.16).
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We suggested that the out-of-plane conformation of the ester, as observed in its X-ray structure

(Figure 6.8), might be the cause of this lack of reactivity. As Evans did not present any examples

of quinone substrates bearing a substituent next to the ester, we could not compare our results with

reported ones and could not propose another hypothesis. We therefore came to the conclusion that

the conformational issue of quinone 371a could not allow the latter to be a suitable quinone substrate

for the Evans catalytic system and that its use as precursor for the total synthesis of momilactones

was compromised.

Therefore, a new phthalide quinone 534 was designed in order to overcome the conformational

issue. A master student in our group worked on the development of the synthesis of this quinone 534

and highlighted that the preparation of the hydroquinone precursor, trimethoxyphthalide 546, was

not straightforward (Schemes 6.20 and 6.22). Nevertheless, she managed to develop a seven step

sequence to reach the trimethoxyphthalide 546 precursor (Schemes 6.22 and 6.24). However, the

oxidation of that compound did not work with either CAN or DDQ (Scheme 6.25).

Therefore, she developed a new synthetic pathway with the use of EOM instead of methyl groups

for the protection of the hydroquinone (Schemes 6.26 and 6.27). So far, she could reach the carbon-

ate 564, precursor to the phthalide 565, without any issues.

In order to determine if that route is suitable for the synthesis of this new phthalide quinone 534,

a few more steps are needed. Once this quinone is synthesised, its reactivity in Diels-Alder reactions

must be assessed with different systems.
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7 Conclusion and outlook

The main goal of this thesis was to find the most suitable pathway for the enantioselective synthesis

of momilactones A (1) and B (2), two pimarane diterpenes from the rice plant Oriza sativa, using an

asymmetric Diels-Alder reaction as key step of the synthesis. Many interesting results were obtained

but we also encountered some setbacks. We will below present the achievements of this work,

but also propose some improvements of the syntheses carried out as well as new ideas for the

development of the project.

7.1 Conclusion

7.1.1 Synthesis of dienes

One of the partners planned for the Diels-Alder reaction was an oxygenated diene. Initially, five dienes

(373a-e, Figure 7.1), with increasing structural complexity, were chosen as potential precursors for

the total synthesis and we succeeded in synthesising all of them. Dienes 373a,1 373c,2 and 373d3

were already described and their syntheses were uneventfully reproduced.

The preparation of pyrone 373e, the most interesting diene for the total synthesis of momilac-

tones, was already reported by Effenberger et al.4,5 but we could not entirely reproduce their syn-

thesis. Therefore, we developed a new efficient synthetic pathway for the preparation of such 4-

alkoxypyrones that gave us pyrone 373e in three steps and 30% overall yield from tert-butyl propi-

onate (440) and ethyl 3,3-diethoxypropanoate (460) (Scheme 4.16).
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Figure 7.1: Structures of the six dienes 373a-f that have been synthesised.

The synthesis of diene 373b, on the other hand, had never been described. Nevertheless, we

managed to stereoselectively synthesise the latter in five steps and 46% overall yield from but-3-en-

1-ol (408) (Scheme 4.2).

Finally, in the attempt to reduce pyrone 373e into the corresponding pyran (462), we serendipi-

tously obtained the peculiar diene 373f in 86% yield.

7.1.2 Synthesis and use of 4-hydroxy-5-thiomethylenefuran-2-ones

O

Me

HO

O

SR 455

Figure 7.2: Structure of
thiomethylenefuranones 455.

One of the most surprising results was the unexpected synthesis of 4-

hydroxy-5-thiomethylenefuran-2-ones 455 with a Z configuration (four

examples). These products were obtained during one of the attempts to

synthesise 4-hydroxy-α-pyrones (454). Nevertheless, this type of exotic

pattern is barely present in the literature and we therefore have devel-

oped a new and versatile synthetic method to reach such products.

207
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Moreover, a master student also showed it was possible to perform Suzuki couplings on the

triflate derivative of 455b (R = Me) to reach new thiomethylenefuranone compounds with various aryl

substituents (15 examples).6

7.1.3 Synthesis of quinones

In addition to the synthesis of oxygenated dienes, three quinones (318a, 369a and 371a, Figure 7.3)

were chosen for the total synthesis of momilactones and three other sulfinylquinones (297, 307a

and 488) were designed for the structural study of such chiral quinones. Similarly to the dienes, we

managed to synthesise all of them. The syntheses of sulfinylquinones 318a,7,8 2979 and 307a10

were uneventfully reproduced.

The preparation of quinone 369a was reported several times but we proposed a new synthetic

pathway and the latter was synthesised in five steps and 64% overall yield from methylhydroquinone

473 (Scheme 5.9).
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Figure 7.3: Structures of the quinones and sulfinylquinones that have been synthesised.

We also achieved the syntheses of two new quinones: quinone 371a, that was prepared in ten

steps and 50% overall yield from methylhydroquinone 473 (Scheme 5.10), and sulfinylquinone 488,

that was prepared in five steps and 36% overall yield from vanillin (483) (Scheme 5.5).

We then tried the synthesis of the silylated sulfinylquinone 318b (Scheme 7.1) that was intended

to serve for the total synthesis of momilactone B (2). We efficiently introduced the dimethylphenylsilyl

group on the benzylic position of the aryl sulfoxide 481 (Scheme 5.6), but the oxidation of 489 did not

work.

We then proposed a second synthetic pathway with other protecting groups for the hydroquinone

part (Scheme 5.8) and we were able to obtain the PMB-protected aryl sulfoxide 494b. Unfortunately,

we did not manage to oxidise the latter either.
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Scheme 7.1: Attempts for the synthesis of the silylated sulfinylquinone 318b.

As we gave the priority to the development of the synthesis of momilactone A, we decided to leave

the synthesis of the silylated sulfinylquinone 318b aside.
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7.1.4 Structural analysis of the sulfinylquinones
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Figure 7.4: Representation of the s-cis
and s-trans conformations of the sulfi-
nylquinones.

The next objective of this project was to obtain crystals of the

synthesised sulfinylquinones in order to analyse them by X-ray

diffraction and observe the conformation of the sulfoxide in the

solid state. For all four sulfinylquinones (Figure 7.3), we suc-

ceeded in finding the best conditions to make suitable crystals

and they could all be analysed by X-ray diffraction (Figure 5.2).

To the best of our knowledge, we were the first ones to obtain

X-ray structures of sulfinylquinones.

We observed that all the sulfinylquinones adopted the s-cis

conformation (Figure 7.4), which was consistent with the pro-

posed model that was solely based on the obtained cycloadduct.11 It was also determined that the

torsion angle between the sulfoxide and the quinone plane was more important when a bulky group

(a methyl group compared to a hydrogen atom) or an electronegative atom (such as a chlorine atom)

was present next to the sulfinyl moiety. It also seemed that the substituents on the double bond op-

posite to the one bearing the sulfoxide had no or little effect on the preferred conformation.

The analysis of the X-ray structures was completed with a computational analysis of differently

substituted sulfinylquinones. It was indeed highlighted that the s-cis conformation was more stable

than the s-trans one (in the gas phase). Those calculations also comforted the hypothesis that the

substituent next to the sulfinyl moiety had the most important impact on the dihedral angle of the

sulfoxide and, subsequently, its relative stability (compared to the s-trans conformation).

Another theoretical study on the preferential conformation of sulfinylquinone 318a was also carried

out to compare the effect of the polarity of the solvent, using an implicit solvation. It indicated that

increasing the polarity decreased the preference for the s-cis conformation in favour of the s-trans

one. We found out that the calculated s-cis/s-trans ratio in dichloromethane (almost 1/1) was not

in agreement with the diastereoselectivities experimentally observed when the reactions were run

in that solvent (majority of adducts coming from the reaction on the s-cis conformer, according to

the proposed model). We therefore came to the conclusion that, even though a similar amount of

s-cis and s-trans conformers are present in solution, the s-cis conformation must be more reactive

than the s-trans one, hence the preference for products coming from the reaction with the s-cis

conformer. It is therefore undeniable that the conformation of the sulfoxide plays an important role in

the facial diastereoselectivity of the cycloaddition of sulfinylquinones, but that selectivity is not directly

correlated to the preferential conformation in solution.

However, in the case of strongly polar or protic solvents, that implicit solvation did not allow to take

into account the solvent-solute interactions that are known to be important, especially in the case of

the Diels-Alder reaction.

7.1.5 Reactivity study on sulfinylquinones and quinones

After the structural study of the sulfinylquinones, we moved on to the evaluation of their reactivity. A

master student in our group studied the impact of the solvent on the facial diastereoselectivity of the

cycloaddition of sulfinylquinone 318a with cyclopentadiene (151) (Scheme 7.2 and Table 5.3).12
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Scheme 7.2: Diels-Alder reaction between sulfinylquinone 318a and cyclopentadiene (151) in different solvents
at room temperature.12

She first observed that the use of apolar solvents led to the β adduct in majority, which was

consistent with the models proposed. When the polarity of the solvent increased, the selectivity for

β-319 slightly decreased.

On the other hand, the use of protic solvent inverted the selectivity towards the α adduct, most

likely due to the formation of a hydrogen bond between the oxygen atoms of the sulfoxide and the

carbonyl group that stabilises the s-trans conformation. The stronger the hydrogen bond donor was,

the higher the selectivity for α-319 was.

The most unexpected results were obtained in polar aprotic solvents. A new product 501, coming

from a hetero-Diels-Alder reaction between a tautomer of sulfinylquinone 318a and cyclopentadiene

(151), was obtained as a mixture of diastereoisomers. Similarly to the standard cycloaddition, the

increase of the polarity of the solvent increased the preference for one of the diastereoisomers.

From those tests, three solvents remarkably stood out. Cyclopentadiene (151), directly used as a

solvent, gave the best selectivity for the β adduct (α:β 17:83). On the contrary, water gave the best

selectivity towards the α adduct (α:β 93:7). The solvent that really captured our attention was HFIP

that, not only gave a very good selectivity for α-319 (α:β 88:12), but also decreased the reaction time

from several days to only 35 min.

Given the extraordinary accelerating effect of HFIP for the cycloadditions of quinones, we com-

pared the Diels-Alder reactions run in dichloromethane and in HFIP for fourteen quinonoid systems

with three model dienes (which made 42 combinations to be compared in both dichloromethane and

HFIP). We observed that the use HFIP drastically increased the reaction rate in all the examples.

This solvent could even help some reactions to proceed until completion when there was no or low

conversions in dichloromethane.
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Scheme 7.3: Comparison of the Diels-Alder reaction of quinones in dichloromethane and HFIP

In the case of the sulfinylquinones, when the reaction occurred on the sulfinyl-substituted double

bond, the selectivity was always in favour of the β adduct in dichloromethane. When the same
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reactions were run in HFIP, the selectivity switched towards the α adduct with cyclopentadiene (151),

but remained in favour of the β adduct with acyclic dienes. When the reaction occurred on the double

bond opposite to the sulfnyl-substituted one, the main adduct was the α one in dichloromethane and

the preference for the α adduct was increased even more in HFIP.

All the examples gave the same double bond selectivity in both dichloromethane and HFIP, at the

exception of quinone 371a (or Q8) with piperylene (179) and dimethylbutadiene (247). In dichloro-

methane, an unexpected [2+2]-cycloaddition occurred on the most electron rich double bond. We

suggested the out-of-plane conformation of the ester group hindered the double bond to which it was

bonded, hence the reaction on the other double bond. But when HFIP was employed, the standard

[4+2] cycloaddition took place on the most electron poor double bond. We hypothesised that HFIP

could make a hydrogen bond with both oxygen atoms of the ester and the carbonyl of the quinone,

which brought the ester back into the quinone plane.

The same master student, who studied the effect of the solvent on the Diels-Alder reaction be-

tween sulfinylquinone 318a and cyclopentadiene (151), also studied the reaction of that sulfinylqui-

none with different dienes in both dichloromethane and HFIP.12 She highlighted that too hindered or

poorly reactive dienes (like furans) did not react with 318a, even in HFIP. She also observed that di-

enes sensitive to acidic medium, such as silyl enol ethers, were degraded in HFIP. Those last results

did not constitute a major drawback as those dienes are already reactive enough in dichloromethane.

7.1.6 Diels-Alder reactions for the total synthesis of momilactones

The last part presented in this work concerned the Diels-Alder reactions with the oxygenated dienes

373a-f (Figure 7.1) for the synthesis of momilactones. The first quinonoid system used was the sulfi-

nylquinone 318a (Scheme 7.4).

The reaction of 318a with diene 373a was already known and led to a rapid pyrolysis of the adduct

ent-368aa, which rendered the isolation of the latter difficult.7,8 Nevertheless, it was found out that

the use of a H-Cuber system (continuous flow chemistry) with Raney nickel, directly on the crude

mixture, allowed the carbon-sulfur bond reduction, giving triketone 520.13 Even though this system

worked, optimisations are still required. It was also demonstrated, on the pyrolysed adduct 519, that

it was possible to selectively reduce one carbonyl group over the other.

We then tried the reaction with α-pyrone 373e. We observed that no reaction occurred in mild

conditions and that it was necessary to heat up the reaction mixture to reflux of the solvent to obtain

a product. In those conditions, we did not obtain the expected adduct, but product 525 coming from

the hetero-Diels-Alder of the tautomer of sulfinylquinone 318a and pyrone 373e. We also highlighted

that the use of other conditions (HFIP, ZnBr2 or high pressure) gave no reaction at all.

In the case of diene 373b, we observed the full conversion of sulfinylquinone 318a, but we were

not able to isolate any products of interest. Even though the presence of thiosulfinate 502 in the crude

mixture indicated the formation of the pyrolysed adduct 530, the latter underwent a rapid degradation.

Finally, the reactions of dienes 373c, 373d and 373f never took place with sulfinylquinone 318a

due to a too low reactivity caused by the presence of an EWG or a too important steric hindrance.
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Scheme 7.4: Outcomes of the Diels-Alder reactions of sulfinylquinone 318a with dienes 373a-f.
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Figure 7.5: Structure of oxaz-
aborolidinium salt ent-109.

The next quinonoid system used was quinone 369a with Corey’s chi-

ral catalyst ent-109 (Scheme 7.5).14,15 When this system was used with

cyclopentadiene (151), we obtained cycloadduct 532 with a good yield

and an excellent enantioselectivity for the expected enantiomer (based

on the products described in Corey’s work).

When the reaction was carried out with the oxygenated diene 373a,

a cycloadduct corresponding to ent-370aa, based on the 1H NMR spectrum of the crude mixture, was

obtained. However, when we attempted to purify the product, the latter degraded. We were therefore

not able to determine the enantiomeric excess of the cycloadduct.

We carried out the same procedure with dienes 373b-d but no reactions took place. We even

observed the degradation of dienes 373b and 373d, possibly through the cleavage of the enol ether.
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Scheme 7.5: Outcomes of Corey’s asymmetric catalysis for the Diels-Alder reactions of quinone 369a with
cyclopentadiene (151) and oxygenated dienes 373a-d.
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We then tested Evans’s asymmetric catalysis16 on quinone 371a with piperylene (179) and diene

373a but neither of those reactions worked (Scheme 7.6).
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Scheme 7.6: Outcomes of Evans asymmetric catalysis for the Diels-Alder reactions of quinone 371a with
piperylene (179) and diene 373a.

As we thought the conformation of the ester group was the cause of the lack of reactivity of

quinone 371a, we designed the new quinone 534 that should alleviate that issue. A master student

in our group is currently working on the synthesis of that quinone.17

So far, she succeeded in synthesising the trimethoxyphthalide precursor 546 in seven steps and

6% overall yield (some steps still require optimisation) from vanillin (483) but the oxidation step did

not work whether with CAN or DDQ (Scheme 7.7).

She then proposed a new pathway with EOM as protecting groups, instead of methoxy ones, and

she managed to synthesise 564 in six steps and 17% overall yield from vanillin (483). The next steps

of the synthesis of phthalide quinone 534 are still under study.
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Scheme 7.7: Synthetic pathways for the synthesis of phthalide quinone 534.17

What have we learned?

We developed new synthetic pathways and methods for the preparation of various compounds (di-

enes, quinones and sulfinylquinones), some of them by serendipity (thiomethylenefuranones), whose

structures were rather complex or exotic. We also showed that, for some of these products, their

syntheses were not straightforward and improvements, or development of new tactics, were needed.
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We also completed the models to explain the preferential conformation of the sulfinylquinones,

as well as the diastereoselectivity of the Diels-Alder reactions of the latter. X-ray and computational

analyses showed that the s-cis conformation was the preferred one, even though its relative stability,

compared to the s-trans one, was highly dependent on the substituent next to the sulfoxide. The com-

parison of experimental and theoretical results indicated that the stereoselectivity of the cycloaddition

of sulfinylquinones was more likely to depend on the most reactive conformation of those quinones

rather than on the ratio of the two conformers. Nonetheless, additional computational studies, no-

tably the calculation of the transition state energies of those cycloadditions, will allow us to propose

an even more accurate model for the approach of the dienes on the sulfinylquinones.

In the course of the reactivity study of quinones and sulfinylquinones, we highlighted that HFIP

was a potent solvent to promote and greatly increase the rate of the Diels-Alder reaction of quinones,

even in cases that did not work in dichloromethane. This solvent was also able to give a good, and

sometimes inverted, stereoselectivity with sulfinylquinones. We also observed a change in reactivity

for one substrate in that solvent, compared to the reaction in dichloromethane.

Finally, the first attempts on the asymmetric Diels-Alder reactions for the total synthesis of momi-

lactones showed that the sulfinylquinone 318a pathway and Corey’s method (quinone 369a) might

be used as potential routes, even though it appeared that only the most simple oxygenated diene

373a was a suitable diene precursor for those two quinonoid systems. Nevertheless, optimisation

of the Diels-Alder reaction of those two quinonoid systems with diene 373a should give promising

pathways.

On the other hand, the Evans’s catalytic system did not work and it appeared the presence of

substituent next to the ester, such as the methyl group in quinone 371a, thwarted the reaction. The

conformational issue observed with 371a may be solved with the use of the new phthalide quinone

534, whose synthesis, actually in progress, already gave promising results.

7.2 Outlook

As said earlier, many interesting results have been obtained during this thesis. But a lot of work

still needs to be done. Therefore, we will present in this section some ways of improvement for

synthetic pathways already carried out or that have failed. We will also propose new ideas to give

new perspectives to this project.

7.2.1 Synthesis of the silylated quinones

One of the parts of this project that needs attention is the synthesis of quinones with a dimethylphen-

ylsilyl group, that was planned for the synthesis of momilactone B (2). Even though we were able to

obtain silylated versions of the quinone precursor 494, we did not succeed in oxidising the latter.

Published work suggested this oxidation would only work on the free hydroquinone 567.18,19

Therefore, we planned a new synthetic route in which the protecting groups will be removed before

the oxidation step (Scheme 7.8). Then, transformation of hydroquinone 567 into sulfinylquinone 318b

will be done with Ag2O or PIDA, as proposed in the works cited above.

Consequently, the investigation of the protecting groups will be done in order to determine which

ones can be inserted on the hydroquinone core and whose removal is compatible with the silyl group.
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Scheme 7.8: New proposed pathway for the synthesis of silylated sulfinylquinone 318b.

Similarly, the same investigation will be done with quinones 369b and 371b. For the former,

the synthetic pathway will start with the protection of 485 (Scheme 7.9). Then, a bromine-lithium

exchange, followed by the addition of (chloromethyl)dimethylphenylsilane will lead to the insertion of

the silylated benzylic substituent. Intermediate 569 will later undergo deprotection and oxidation to

give the silylated quinone 369b.
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Scheme 7.9: Proposed pathway for the synthesis of silylated quinone 369b.

In the case of quinone 371b, the synthesis will start with the protection of hydroquinone 491.

We will then insert a carboxylic acid by bromine-lithium exchange, followed by the addition of car-

bon dioxide. A lateral lithiation of benzoic acid 571 will allow the silylation of the benzylic position.

The carboxylic acid will then be converted into a methylic ester and the hydroquinone core will be

deprotected. The hydroquinone 574 will finally be oxidised into quinone 371b
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Scheme 7.10: Proposed pathway for the synthesis of silylated quinone 371b.
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However, the synthesis of quinone 371b might become irrelevant as, on one hand, the presence

of a bulky substituent next to the ester group seemed to impair the course of the Evans catalysis and,

on the other hand, we designed the new phthalide quinone 534 that could lead to both momilactones

A (1) and B (2). Nevertheless, the synthesis of 371b will remain interesting as very few examples of

quinones bearing a methylsilyl group are reported. We could develop new methods for the synthesis

of such compounds and establish the scope of substituents compatible with those methods.

By looking up in the literature, we found some reports on the deprotection of phenols on aromatic

compounds bearing a methylsilyl substituent (Table 7.1). They reported the use of MOM19,20 and

EOM21 that were deprotected in acidic media or the use of benzyl groups that were deprotected with

thioanisole in TFA.22,23

Table 7.1: Methods of formation and cleavage of potential protecting groups to be tested in the planned se-
quences for the synthesis of quinone 318b (Scheme 7.8), 369b (Scheme 7.9) and 371b (Scheme 7.10).

OH

OH

MeO R1

R2

491: R1=Br, R2=Me
485: R1=H, R2=Br

Protection

OPG

OPG

MeO R1

R2

492: R1=Br, R2=Me
568: R1=H, R2=Br

OPG

OPG

MeO R

SiMe2Ph

494: R=S(O)pTol
569: R=H
573: R=CO2Me

Deprotection

OH

OH

MeO R

SiMe2Ph

567: R=S(O)pTol
570: R=H
574: R=CO2Me

PG Formation Cleavage

MOM MOMCl, DIPEA, THF, 0 ◦C to rt
AcCl, MeOH, rt19

TsOH (10 mol %), MeOH, 50 ◦C20

EOM EOMCl, NaOH, BnEt3NCl, THF, 0 ◦C to rt PPTS, iPrOH, 70 ◦C21

Bn BnCl, K2CO3, DMF, 120 ◦C PhSMe, TFA, 55 ◦C22,23

7.2.2 Computational study of the sulfinylquinones

A tremendous amount of work was already done on the theoretical study of the preferential confor-

mation of the sulfinylquinones. But, it mainly concerned the effect of the substituents on the quinone

core. The effect of the polarity of the solvent was also investigated, albeit implicit solvation was used.

It will therefore be interesting to push the study further by performing the same study with an explicit

solvation. This study should provide a better understanding of the solvent-sulfinylquinone interactions

and how they impact the preferred conformation of the sulfinyl group.

In addition to the theoretical study on the conformation of the sulfinylquinones, it will be of great

interest to perform computational studies of the reaction pathways of the Diels-Alder reactions be-

tween sulfinylquinone and different dienes. The transition state energies of the reaction of a diene

on both the s-cis and s-trans conformers of the sulfinylquinones will allow us to confirm or infirm the

hypothesis that the s-cis conformation must be more reactive than the s-trans one. Those studies

will also give some insights to explain why in some cases an inversion of facial diastereoselectivity is

observed with cyclic dienes but not with acyclic ones.
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7.2.3 Diels-Alder reactions for the synthesis of momilactones

Some progress on the asymmetric cycloadditions as key step for the total synthesis of momilactones

has already been achieved. Nevertheless, all of them still need to be improved.

Sulfinylquinone pathway

In the case of sulfinylquinone 318a, the most promising results were obtained with the oxygenated

diene 373a. As described, the use of H-Cuber system to reduce the carbon-sulfur bond, directly on

the crude mixture of the cycloadduct ent-368aa, gave product 520. Nevertheless, this method did not

give satisfying enough results and we will take some interests in improving this method.
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Scheme 7.11: Diels-Alder reaction of sulfinylquinone 318a and diene 373a and reduction of the adduct ent-
368aa with the H-Cuber system.13

However, the use of this method with diene 373a, that bears a trimethylsilyl enol ether, directly led

to the desilylation of the cycloadduct. This might complicate the selective reduction of the carbonyl

groups as a third one is present on the structure. In order to maintain the silyl enol ether after the

Raney nickel reduction, we should test the same procedure with a more robust silyl group, such as a

TIPS (diene 373g).
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Scheme 7.12: Proposed Diels-Alder reaction of sulfinylquinone 318a and diene 373g and reduction of the
adduct ent-368ag with the H-Cuber system.

Once triketone 520 or intermediate ent-367ag is obtained in good yields, the selective reduction

of the different carbonyl groups will be studied. As soon as we find the best reagents to carry out the

selective reductions, the rest of the synthesis will be continued as described in Chapter 3, including

the development of the insertion of the oxidised carbon atom necessary for the lactone ring (Scheme

3.5).

Corey’s asymmetric catalysis pathway

Similarly to the sulfinylquinone pathway, the best result we obtained for Corey’s asymmetric catalysis

was with diene 373a (Scheme 7.5). But given the instability of the obtained product, we will test
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that reaction again but without purifying the cycloadduct ent-370aa. Instead, the latter will be directly

engaged in the epimerisation reaction and the reduction of the carbonyl group with K-selectride,

that will likely lead to the cleavage of the silyl enol ether to give compound ent-374a. The latter will

probably be more stable than the two previous intermediates and its analysis (determining the relative

and absolute configurations, as well as the enantiomeric excess) will be more easily carried out.
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Scheme 7.13: Corey’s asymmetric catalysis for the Diels-Alder reactions of sulfinylquinone 369a with dienes
373a and 373g and the next steps to intermediate ent-374a.

Another solution that we will try is the use of diene 373g that possesses a TIPS instead of a TMS.

Indeed, Corey’s group reported the use of a diene bearing such a silyloxy group and the latter did

not seem to suffer degradation.14,15 In doing so, we will maybe be able to determine the efficiency of

Corey’s catalysis on cycloadduct ent-370ag directly.

As soon as we optimise the use of Corey’s catalysis for the total synthesis of momilactones, the

next steps of the sequence planned in Chapter 3 will be followed (Scheme 3.5).

Evans asymmetric catalysis pathway

For this catalytic system, we already ruled out quinone 371a as a suitable substrate and designed the

phthalide quinone 534 as a surrogate. We will finish the synthesis of 534, first with EOM as protect-

ing groups (Scheme 7.14). We will determine if the oxidation can directly be done on the protected

phthalide or if an early deprotection will be needed. In the event the EOM group is not the most

appropriate, we will continue the investigation of other protecting groups.

We will then continue with the study of the Diels-Alder reactions of this quinone 534. First, we

will engage the latter in non-catalysed cycloadditions with model dienes and the chosen oxygenated

dienes. We will then evaluate the same cycloadditions with achiral Lewis acids, as well as the use of

HFIP as solvent. Finally, the Evans asymmetric catalysis will be used and the reactivity, along with

the enantioselectivity, of quinone 534 will be assessed.

When we find the appropriate diene and conditions to apply that strategy in the synthesis of momi-

lactones, the sequence proposed in Scheme 6.17 (Chapter 6) will be investigated.
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Scheme 7.14: Final steps for the synthesis of the phthalide quinone 534 from the protected phthalide 565.

Once we find the best combination of the diene and the quinonoid system for the asymmetric

Diels-Alder reaction as key step for the synthesis of momilactones, the investigation of the pathway

to reach the common intermediate 377a (Chapter 3, Schemes 3.5 to 3.10) will be pursued.

7.2.4 Model study for the formation of the third cycle of momilactones

The model study for the formation of the third ring of the momilactones was not achieved in this thesis

(Chapter 3, Scheme 3.15). Nevertheless, some work was already done in a master thesis in 2014.24

In that work, the student studied the conjugate addition of a butyl chain, as a model substituent for

the allyl silyl chain. He started from 4,4-dimethylcyclohex-2-one as model substrate (402), to mimic

the cyclohexenone part of intermediate 364 (Scheme 3.12), on which he performed the addition of

the butyl copper, followed by the trapping of the intermediate enolate by trimethylsilyl iodide.25
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Scheme 7.15: Model study on cyclohexenone 402, that mimics the cyclohexenone part of precursor 364
(Scheme 3.12), for the 1,4-conjugate addition of an alkyl chain and the formation of the exocyclic double
bond.24
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Then, he alkylated enolate 575 with sulfide 39926–28 to give cyclohexanone 576 in a 5:1 ratio of

the trans and cis isomers with a 62% yield. On trans-576, a reduction with KBH4, followed by the

acetylation of the resulting alcohol gave intermediate 577 in a 3:1 ratio of the 1,2-trans-577 and 1,2-

cis-577 with a 87% yield. Finally, oxidation of the sulfide into the corresponding sulfoxide 578, on

the mixture of isomers of 577, was attempted with mCPBA.28,29 Unfortunately, the oxidation did not

stop to the sulfoxide but went on to the sulfone. The pyrolysis process, that would have led to the

formation of the exocyclic double bond, could therefore not take place.

A few years later, a post-doctoral researcher at the École européene de chimie, polymères et

matériaux (ECPM, University of Strasbourg, France) worked on the same model study.30 For the

attempts on the Tsuji-Trost type reaction, he prepared three substrates.

He synthesised the first substrate 587 from the simpler cyclohexenone 579 on which the 1,4-

conjugate addition of an allyl cuprate, prepared from allylmagnesium bromide (580), was performed,

followed by the trapping of the enolate with TMSCl (Scheme 7.16).31 The intermediate enolate

581 underwent a nucleophilic addition on Eschenmoser’s salt 582 and a subsequent oxidation with

mCPBA led to the formation of the desired exocyclic double bond.32,33
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Scheme 7.16: Preparation of precursor 587 for the test of the Tsuji-Trost type annelation.30

Enone 583 was then reduced into the allylic alcohol 584 with NaBH4. The alcohol was then

acetylated and the cross-metathesis of intermediate 585 and allyl silane 586 led to substrate 587.34

With this substrate 587, the carbocyclisation in the conditions of a Tsuji-Trost type reaction will

lead to the formation of a five membered ring.

He then prepared substrate 593 following the same synthetic route. In this case, butenylmag-

nesium bromide 588, generated in situ, was converted into the corresponding cuprate for its 1,4-

conjugate addition on 579 (Scheme 7.17). As an additional carbon atom is present in the alkyl chain,

the carbocyclisation will lead to the six membered ring.

The rest of the synthesis was similar to the one presented in Scheme 7.16. However, he encoun-

tered some drawbacks during the reduction of enone 590 and obtained a 47:53 mixture of the allylic

alcohol 591 and the isomerisation product 591’. The cross-metathesis of 591 and allyl silane 586

also led to the RCM, giving 592’ in majority. Nevertheless, he could isolate the desired intermediate

592 that was engaged in an acetylation of the alcohol to reach substrate 593.
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Scheme 7.17: Preparation of precursor 593 for the test of the Tsuji-Trost type annelation.30

Finally, the more complex substrate 601 was prepared from 4-propylphenol (594) that first un-

derwent an oxidative dearomatisation with PIDA and ethylene glycol (595) (Scheme 7.18).35 The

cyclisation of the remaining alcohol on the quinonoid core led to intermediate 597.36

This cyclohexenone 597 was then submitted to the same synthetic pathway presented in Scheme

7.17 but, in this case, no undesired products were obtained in the reduction and the cross-coupling

metathesis steps.
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Scheme 7.18: Preparation of precursor 601 for the test of the Tsuji-Trost type annelation.30

He then conducted the study on the intramolecular annelation with the different synthesised sub-

strates 587, 592, 593 and 601 (Table 7.2). In the case of 587, that would led to the five membered

ring 602, he could not make any conditions work, whether with Lewis acids (entries 1 and 2),37 a

Brønsted acid (Tf2NH, entry 3) or Bäckvall’s conditions (entry 4).38

He then moved on to the allylic alcohol 592. The use of a palladium catalyst did not make the

cyclisation work (entries 5 and 6). He decided to employ the catalytic system reported by Carreira for

the carbocyclisation of allylic alcohols.39 No reaction occurred in those conditions (entry 7) but when

he replaced zinc triflate by scandium triflate (entry 8), the cyclisation product 603 was observed by

NMR and gas chromatography. The use of BF3·OEt2 (entry 10) also seemed to lead to the same

product but it was confirmed by GC only.
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Table 7.2: Screening of conditions for the Tsuji-Trost type reaction with substrates 587, 592, 593 and 601.30

OR TMS

( )n

587: n=1, R=Ac
592: n=2, R=H
593: n=2, R=Ac

Conditions
602 603

( )n

602: n=1
603: n=2

OH

O
O

Pr

TMS

601

Conditions O
O

Pr

604

Entry Substrate Reagents Solvent Temp. Time Result

(◦C) (h)

1 587 BF3·OEt2
37 CH2Cl2 rt 1 n.r.

2 587 SnCl4
37 CH2Cl2 rt 1 n.r.

3 587 Tf2NH CH2Cl2 rt 1 n.r.

4 587 PdCl2(MeCN)2, BQ, K2CO3
38 acetone rt 24 n.r.

5 592 Pd(OAc)2, CsF MeCN rt 12 n.r.

6 592 Pd(OAc)2, TBAF THF rt 12 n.r.

7 592 (Ir(cod)Cl)2, Ligand, Zn(OTf)2
39 DCE rt to 36 n.r.

reflux

8 592 (Ir(cod)Cl)2, Ligand, Sc(OTf)3 DCE rt to 36 Confirmed

reflux by NMR, GC

9 592 TBAF THF rt 12 Mixture

10 592 BF3·OEt2
37 CH2Cl2 rt 1 Confirmed

by GC only

11 593 Pd(PPh3)4, TBAF THF 60 24 Mixture of cyclised

and desilylated

products

12 593 Pd(PPh3)4, DBU PhMe 80 24 n.r.

13 593 Pd(PPh3)4, DPEPhos, then TBAF PhMe rt 24/24 desilylation

14 601 (Ir(cod)Cl)2, Ligand, Sc(OTf)3 DCE reflux 3 Proto-

desilylation

n.r. = no reaction

When he tried the same transformation with the acetylated 593, the use of a palladium catalyst led

to a mixture of cyclised and desilylated product (entry 11), no reaction at all (entry 12) or desilylation

only (entry 13).

A last test was carried out on substrate 601 using the modified Carreira’s conditions (entry 14).

Contrariwise to 592, no annelation reaction was observed and only the protodesilylation of 601 was

obtained.

Besides the investigation of the preparation of the substrates bearing an exocyclic double bond

and an allyl silane chain, that work also reported the stereoselective synthesis of Z -610 (Scheme

7.19). That synthesis, whose first steps were already described,34 started from isoprenol (605) that

underwent a silylation reaction, followed by a RCM. Oxasilepine 608 was then opened by the nu-
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Scheme 7.19: Stereoselective preparation of the iodide precursor (Z )-610 that will be used to insert the allyl
silyl chain planned in the total synthesis of momilactones.30

cleophilic attack of methyllithium. The comparison of experimental data with the reported values

confirmed the Z configuration of alcohol 609. Finally, the alcohol was converted into the desired

iodide (Z )-610.

The last part of that project focused on the 1,4-conjugate addition of the cuprate derivative of the

allyl silane chain 610 on cyclohexenone substrates (Scheme 7.20). For those tests, a E/Z mixture of

610 (prepared via another pathway) was used and transformed into the corresponding cuprate in situ.

Unfortunately, such an addition on cyclohexenones 579 and 597 did not give rise to any reactions.
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O

O
Pr

Me

TMS
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Scheme 7.20: Attempts towards the 1,4-conjugate addition of the organolithium reagent derived from (E/Z )-610
on hexenones 579 and 597.30

As a perspective for the model study of the carbocyclisation of the third cycle of momilactones,

the conditions of the conjugate addition of the allyl silane chain on the cyclohexenone and the Tsuji-

Trost type reaction must be optimised in order propose a suitable method for the total synthesis of

momilactones.

Moreover, it was proposed to prepare various O- and C-substituted cyclohexenone derivatives in

the aim to determine the scope of the carbocyclisation. Indeed, this transformation could be used in

many other total syntheses and not only momilactones.
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7.2.5 Total synthesis of momilactones

Once we find the best conditions and partners for the asymmetric Diels-Alder reaction, in the course

of the total synthesis of momilactones, investigation on the next steps will be undertaken as described

in Chapter 3 (Schemes 3.5 to 3.10), until the common intermediate 364 is reached.

Similarly, when the optimisation of the carbocyclisation method is complete, the last steps of the

total synthesis (Scheme 3.12) will be carried out with the method developed on the cyclohexenone

substrates.

An additional perspective to the total synthesis of momilactones A (1) and B (2) will be the prepa-

ration of analogues of those two natural substances by en route insertions of other functional groups.

The synthesis of such analogues will allow, on one hand, SAR studies in order to evaluate the mode

of action of those metabolites and, on the other hand, the development of potential new drugs with a

better activity than that the natural momilactones.

The journey is not over yet...

In the course of this thesis, we have explored several domains of the organic chemistry. The initial

path that was planned was indeed strewn with pitfalls and many detours have been taken. But

those detours were worth the effort as they forced us to be imaginative in order to overcome the

problems encountered. We have therefore developed new synthetic pathways and methods, some

by serendipity, and obtained many new compounds of interest, from simple to complex or even exotic.

Nevertheless, this project is far from over. Although we succeeded in synthesising compounds of

interest and answered questions we were asking ourselves, we also have discovered new challenges

and opened doors to new projects, whether they were related to momilactones or not. A lot of work

has been done in this thesis and we have learned a great deal from the successes and the setbacks,

but the road is not at an end and we have prepared the path for the next generation to work on this

most challenging project.
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8 Experimental

8.1 General methods

8.1.1 Reagents, solvents and handling of the reactions

Reagents

Reagents were purchased as reagent grade from Merck (previously Sigma-Aldrich),1 fluorochem,2

TCI,3 Carbosynth,4 Fisher Scientific,5 or J&K Scientific6 and were used without further purification,

unless indicated in the list below.

• 1,4-Benzoquinone: benzoquinone was recrystallised from boiling 95% ethanol and was stored

away from light.7

• Cyclopentadiene: dicyclopentadiene was cracked (+–150 ◦C) and cyclopentadiene was distilled

(+–45 ◦C at atmospheric pressure) before use.7

• Diisopropylamine: DIPA was distilled from NaOH (84 ◦C at atmospheric pressure) and was

stored in the fridge under argon atmosphere.7

• Sodium para-toluenesulfinate: sodium para-toluenesulfinate was dried in a Dean-Stark appa-

ratus by azeotropic distillation with toluene for two days.8 The salt was filtered off, rinse with

pentane and vacuum dried.

• Trimethylsilyl chloride: TMSCl was distilled from CaH2 under argon atmosphere before use

(57 ◦C at atmospheric pressure).7

Organolithium reagents were titrated using the Suffert’s method with N-pivaloyl-o-benzylaniline

as titrating agent.9

Solvents

Solvents were purchased from Fisher Scientific.5 Technical grade solvents (treatments and chro-

matography) were distilled and stored in dedicated 5 L glass bottles.

Toluene, diehyl ether, THF and dichloromethane were purified and dried using a MBraun SPS

Compact solvent purification system when they were used for water sensitive reactions.

Absolute ethanol, methanol, isopropanol, acetone, acetonitrile, chloroform, hexane and acetic

acid were purchased at reagent or analytical grade and used without further purification.

Deionised water was used as solvent and for the aqueous work-ups.

Deuterated solvents were purchased from Eurisotop.10

General procedures

All water sensitive reactions were carried out under dry argon atmosphere in heatgun-dried glass-

ware. The introduction of the reagents in the liquid state (physical state of the reagent at room

231
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temperature or in solution) was done with a syringe through a rubber stopper. The addition of solid

reagents (if their introduction cannot be done before setting the inert atmosphere) was done by open-

ing of the stopper with a light flux of argon gas. All reactions were magnetically stirred and monitored

by thin layer chromatography (TLC) or NMR.

Cooled reactions were carried out using the following techniques:

• 0 ◦C: ice and water bath;

• −10 ◦C: ice mixed with sodium chloride and diluted with water until −10 ◦C was reached (or

freezer set to −10 ◦C for long reaction times);

• −20 ◦C: ice mixed with sodium chloride (or in a freezer set to −20 ◦C for long reaction times);

• −78 ◦C: dry ice and acetone bath.

Microdistillation were performed using a Büchi GKR-50 bulb-to-bulb glass oven . Distillation under

reduced pressure were performed by connecting the distillation set up to a vacuum pump PC 3001

VARIO pro (vacuubrand) with pressure control.

8.1.2 Chromatography

Thin layer chromatography

Thin layer chromatography (TLC) was performed on alumina sheets coated with silica gel 60 F254

from Merck. The eluant for the TLC is indicated between parentheses and mixtures of solvents are

given in volume/volume ratio.

After elution, the TLC plate was analysed under UV light at 254 nm, then by chemical stain fol-

lowed by heating. The solutions for the chemical stain technique are:

• p-anisaldehyde: 3.7 mL of para-anisaldehyde, 1.1 mL of acetic acid and 3.7 mL of H2SO4 in

100 mL of absolute ethanol;

• KMnO4: 3 g of KMnO4, 20 g of K2CO4 and 5 mL of an 5% aqueous solution of NaOH in 300 mL

of water.

The retention factor (Rf) of each spot was determined by dividing the distance the product traveled

by the distance the solvent front traveled using the initial spotting site as reference.

Column chromatography

Flash (column) chromatography was performed under pressure of compressed air and on silica gel

from 60 Merck (230-400 mesh, 0.040-0.063 mm).

Demetallated silica gel was prepared according to a reported procedure: silica gel was treated

with a 10% aqueous hydrochloric bath and by stirring the mixture every half an hour for a day. The

silica gel was then decanted, the supernatant was evacuated, and the remaining solution was diluted

with water. The last step was repeated until the pH of the supernatant was neutral.11

In the case of acid sensitive compounds, the purification by flash chromatography was carried out

on silica gel treated with 1% volume of Et3N during the preparation of the gel and conditioning of the

column.12
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8.1.3 Characterisation

NMR spectroscopy

NMR spectra (1H and 13C) were recorded on a Jeol JNM 400 MHz or 500 MHz (1H NMR at 400 MHz

or 500 MHz and 13C NMR at 100 MHz or 126 MHz). The samples were prepared in standard quartz

tubes (5 mm) in deuterated solvents and in room temperature. Chemical shifts were reported in ppm

and calibrated on the chemical shift of the solvent residual peak reported in the table below.13

Solvent δ (ppm) of solvent residual peak
1H NMR 13C NMR

CDCl3 7.26 77.16

acetone-d6 2.05 29.84 and 206.26

C6D6 7.16 128.06

DMSO-d6 2.50 39.52

CD3OD 3.31 49.00

Data for 1H NMR were reported as (multiplicity, total number of protons, coupling contsant(s) in

Hz, assignment of the signals) with the following code for the multiplicity: s = singlet, d = doublet, t =

triplet, q = quartet, m = multiplet and br = broad. All the 13C NMR spectra were decoupled from the

protons.

The assignment of the chemical shifts to the corresponding carbon and hydrogen atoms were

done by DEPT analysis, 1H-1H correlations (COSY, n.O.e and NEOSY) and 1H-13C correlations

(HMQC and HMBC).

Infrared spectroscopy

Infrared (IR) spectra were recorded on a “Spectrum Two” (Perkin Elmer) Fourrier transform infrared

spectrometer (FT-IR) using the Attenuated Total Reflection (ATR) technique. Wavenumbers (ν) were

given in cm−1.

Melting point

Melting points of solid compounds were measured with a Büchi Melting Point B-545 apparatus with a

gradient of temperature of 10 ◦C min−1. Samples were introduced inside the device via Rotilabr open

capillary tubes (1.35 mm × 80 mm). The indicated range of temperatures corresponds to the start of

the melting and to the full melting of the compound.

Optical rotation

The specific optical rotations were measured using an MCP200 Polarimeter (Anton Paar) operating

the sodium D line with a 1.0 dm long cell. The solutions were prepared using analytical grade solvents.

The specific optical rotations of solutions were calculated according the Biot law : [α]TD = 100 α
c.l

α: measured value by the polarimeter (◦)

T: temperature of the cell (20 ◦C)

c: concentration of the solution (g/100 mL)

l: the length of the cell (1.0 dm);

and are reported as [α]TD (concentration, solvent).
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High resolution mass spectrometry

HRMS were performed on a Bruker MaXis Impact mass spectrometer Q-TOF by the MaSUN platform

of University of Namur. The analytes were dissolved in a suitable solvent at the concentration of

1 mg mL−1 and diluted 500 times in a mixture of MeCN/H2O (50/50) . The diluted solutions (200 µL)

were delivered to the ESI source by a Harvard syringe pump at flow rate of 180 µL min−1. ESI con-

ditions were as follows: capillary voltage was set at 4.5 kV; dry nitrogen was used as nebulizing gas

at 0.4 bar and as drying gas at 180 ◦C. ESI-MS were recorded at 1 Hz in the range of 50-3000m/z.

Calibration was performed with ESI-TOF tuning mix from Agilent. Data were processed using Bruker

DataAnalysis 4.1 software. The masses found for [M+H]+, [M+Na]+ or [M+K]+ were compared to the

calculated values.

X-ray diffraction

Single-crystal X-ray diffraction data were collected using the Oxford Diffraction Gemini R Ultra diffrac-

tometer Cu Kα, multilayer mirror, Ruby CCD area detector at 295(2) K. Data collection, unit cells

determination and data reduction were carried out using CrysAlis PRO software package.14 Using

Olex215 and shelXle,16 the structure was solved with the SHELXT 201517 structure solution program

by Intrinsic Phasing methods and refined by full-matrix least squares on |F|2 using SHELXL-2018/3.18

Non-hydrogen atoms were refined anisotropically. Hydrogen atoms, not involved in hydrogen bond-

ing, were placed on calculated positions in riding mode with temperature factors fixed at 1.2 times

Ueq of the parent carbon atoms (1.5 times for methyl groups). The parameters of the crystals are

presented as:

a, b, c: unit cell lengths (Å)

α, β, γ: unit cell angles (◦)

V: unit cell volume (Å3)

Z: number of molecules in the unit cell

R: Resolution factor (%)

Flack: Flack parameter

The coulor codes used to represent the atoms are:

H: white

C: grey

O: red

S: yellow

Cl: green

Br: brown

Determination of the enantiomeric excess

Enantioselectivity was determined by HPLC analysis on an Agilent technologies 1200 Series device

with a Daicel Chiralcelr OJ column (0.46 cm × 25 cm). The samples were prepared in isopropanol

at a concentration of 1 mg mL−1. The elution was performed with 50% isopropanol in hexane at

0.2 mL min−1 and the compounds were detected at 254 nm.
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8.2 Synthesis of the dienes

8.2.1 (Z )-Trimethyl(penta-1,3-dien-yloxy)silane (373a)

Me

Me3SiO

1

2
3

4
5

6

Hb

Ha C8H16OSi

MW = 156.30 g mol−1

The title compound was synthesised according to Ackland and Pinhey.19

In a 50 mL two-neck flask under argon atmosphere and equipped with a condenser, a solution of

ethyl vinyl ketone (407) (1.4 mL, 14.1 mmol, 1.0 eq.), TMSCl (4.3 mL, 33.9 mmol, 2.4 eq.) and Et3N

(4.7 mL, 33.7 mmol, 2.4 eq.) in 10 mL of DMF was heated up to 80 ◦C overnight. The mixture was then

allowed to cool down to room temperature and the precipitate formed was filtered off. The filtrate was

diluted with 20 mL of pentane and washed with a saturated solution of NaHCO3. The aqueous phase

was extracted with pentane. The organic phases were gathered and quickly washed with a 10%

solution of HCl, then with saturated solutions of NaHCO3 and NaCl. The organic phase was dried

over Na2SO4 and the solvent evaporated. The crude was purified by distillation using a bulb-to-bulb

glass oven (50 ◦C, 30 mbar) to give 1.366 g of the desired Z diene.

Aspect: colourless oil

Yield: 62%
1H NMR (500 MHz, CDCl3): δ (ppm) 6.17 (dd, 1H, J = 17.1; 10.6 Hz, C2H), 5.24 (d, 1H, J = 17.1 Hz,

C1Ha), 4.94 (d, 1H, J = 10.6 Hz, C1Hb), 4.88 (q, 1H, J = 7.0 Hz, C4H), 1.65 (d, 3H, J = 7.0 Hz, C5H3),

0.22 (s, 9H, 3 × C6H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 149.84 (C3

q), 135.62 (C2H), 111.53 (C1H2), 110.44 (C4H),

11.76 (C5H3), 0.77 (3 × C6H3)

IR: ν (cm−1) 1651, 1606, 1251, 1203, 1084, 1051, 1016, 982, 898, 835, 798, 753

The experimental data were in agreement with those of the literature.19

8.2.2 (Z )-1-Methoxy-4-(((3-methoxypenta-2,4-dien-1-yl)oxy)methyl)benzene (373b)

1-((But-3-en-1-yloxy)methyl)-4-methoxybenzene (409)

MeO

O
Ha

Hb
1

2

3

4
5

6 7

8

9
10 C12H16O2

MW = 192.26 g mol−1

The title compound was synthesised according to the procedure of Schrof and Altmann20

in a 250 mL two-neck flask under argon atmosphere, NaH (60%) (4.995 g, 124.9 mmol, 5.4 eq.)

was suspended in 100 mL anhydrous DMF ad it was cooled down to 0 ◦C. A solution of but-3-en-1-ol

(408) (2.0 mL, 23.2 mmol, 1.0 eq.) and PMBCl (5.6 mL, 41.1 mmol, 1.8 eq.) in 20 mL of anhydrous

THF was added dropwise to the NaH suspension. The solution was allowed to warm up to room

temperature and stirred for 20 h. The solution was then cooled down to 0 ◦C and quenched with a

saturated solution of NH4Cl. The phases were separated and the aqueous phase was extracted with

diethyl ether. The organic phases were gathered and washed with brine, dried over MgSO4 and the

solvents were evaporated. The crude mixture was purified by flash chromatography (cHex/AcOEt:

98/2) to yield 4.442 g of the desired compound.

Aspect: colourless oil
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Yield: quantitative

TLC: Rf ≈ 0.65 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.27 (d, 2H, J = 8.6 Hz, C4H), 6.88 (d, 2H, J = 8.6 Hz, C3H),

5.83 (ddt, 1H, J = 17.1; 10.3; 6.8 Hz, C9H), 5.10 (ddt, 1H, J = 17.1, 1.5, 1.5 Hz, C10Ha), 5.04 (m, 1H,

C10Hb), 4.45 (s, 2H, C6H2), 3.81 (s, 3H, C1H3), 3.50 (t, 2H, J = 6.8 Hz, C7H2), 2.37 (tddd, 2H, J =

6.8, 6.8, 1.5, 1.5 Hz, C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.26 (C2

q), 135.46 (C9H), 130.66 (C5
q), 129.42 (2 × C4H),

116.46 (C10H2), 113.88 (2 × C3H), 72.69 (C6H2), 69.42 (C7H2), 55.41 (C1H3), 34.38 (C8H2)

IR: ν (cm−1) 1612,1512,1245,1092,1034,819

The experimental data were in agreement with those reported in the literature.20

2-(2-((4-Methoxybenzyl)oxy)ethyl)oxirane (410)

MeO

O

1
2

3
4

5
6 7

8

9

10

O C12H16O3

MW = 208.26 g mol−1

The title compound as synthesised according to Gupta and Kumar.21

To a solution of alkene 409 (2.007 g, 10.4 mmol, 1.0 eq.) in 20 mL of dichloromethane cooled down

to 0 ◦C was added mCPBA (70%) (3.110 g, 12.6 mmol, 1.2 eq.). The solution was allowed to warm up

to room temperature and stirred for 24 h. The solution was filtered off to remove the precipitate and

the cake was washed with dichloromethane. The organic phase was washed with saturated solutions

of Na2S2O3, NaHCO3 and brine. It was then dried over Na2SO4 and the solvent was evaporated.

The crude oil was purified by flash chromatography (cHex/AcOEt: 95/5) to yield 1.662 g of the desired

epoxide.

Aspect: colourless oil

Yield: 76%

TLC: Rf ≈ 0.33 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.27 (d, 2H, J = 8.6 Hz, 2 × C4H), 6.88 (d, 2H, J = 8.6 Hz, 2 ×
C3H), 4.46 (s, 2H, C6H2), 3.81 (s, 3H, C1H3), 3.62-3.64 (m, 2H, C7H2), 3.10-3.01 (m, 1H, C9H), 2.78

(dd, 1H, J = 5.0, 4.1 Hz, 1/2 × C10H2), 2.52 (dd, 1H, J = 5.0, 2.7 Hz, 1/2 × C10H2), 1.93-1.71 (m, 2H,

C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.31 (C2

q), 130.46 (C5
q), 129.42 (2 × C4H), 113.92 (22 ×

C3H), 72.91 (C6H2), 66.86 (C7H2), 55.42 (C1H3), 50.26 (C9H), 47.28 (C10H2), 33.09 (C8H2)

IR: ν (cm−1) 1512, 1244, 1087, 1032, 819

The experimental data were in agreement with those reported in the literature.21

3-((4-Methoxybenzyl)oxy)propan-1-ol (412)

MeO

O OH

1

2

3

4
5

6 7

8

9 C11H16O3

MW = 196.25 g mol−1

The title compound was synthesised according to a modified procedure of Mohapatra et al.22

A solution of 1,3-propanediol (411) (10.843 g, 142.5 mmol, 5.1 eq.), PMBOH (3.898 g, 28.2 mmol,

1.0 eq.) and Amberlyst-A15 (1.010 g) in 75 mL of dichloromethane was refluxed overnight. The mix-
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ture was filtered and the solid washed with dichloromethane. The organic phase was washed with

water and brine, then dried over Na2SO4. The solvent was evaporated and the crude was purified by

flash chromatography (cHex/AcOEt: 8/2 to 6/4) to yield 4.418 g of desired compound.

Aspect: colourless oil

Yield: 80%

TLC: Rf ≈ 0.12 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.25 (d, 2H, J = 8.8 Hz, 2 × C4H), 6.88 (d, 2H, J = 8.8 Hz, 2 ×
C3H), 4.45 (s, 2H, C6H2), 3.80 (s, 3H, C1H3), 3.78 (t, 2H, J = 5.9 Hz, C9H2), 3.64 (t, 2H, J = 5.9 Hz,

C7H2), 1.85 (tt, 2H, J = 5.9; 5.9 Hz, C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.36 (C2

q), 130.23 (C5
q), 129.45 (2 × C4H), 113.96 (2 ×

C3H), 73.08 (C6H2), 69.38 (C7H2), 62.25 (C9H2), 55.41 (C1H3), 32.13 (C8H2)

IR: ν (cm−1) 3700-3200, 1612, 1512, 1244, 1083, 1032

The experimental data were in agreement with those reported in the literature.22

3-((4-Methoxybenzyl)oxy)propanal (413)

MeO

O O

9

8

7

6
5

4 3

2

1 C11H14O3

MW = 194.23 g mol−1

The title compound was synthesised according to a modified procedure of Hayashi et al.23

Under argon atmosphere, at 0 ◦C, alcohol 412 (1.499 g, 7.38 mmol, 1.0 eq.) was dissolved in 5 mL

of anhydrous dichloromethane. To that solution was added Et3N (5.4 mL, 38.7 mmol, 5.3 eq.), DMSO

(3.8 mL, 53.5 mmol, 7.3 eq.) and sulfur trioxide pyridine complex (3.525 g, 22.2 mmol, 3.0 eq.). The

mixture was stirred 15 min at 0 ◦C. It was then quenched with a saturated solution of NaHCO3. The

phases were separated and the aqueous phase was extracted with AcOEt. The organic phases were

gathered and washed with brine, dried over Na2SO4 and the solvent was evaporated. The crude

product was purified by flash chromatography (cHex/AcOEt: 9/1 to 8/2) to yield 1.016 g of the desired

aldehyde.

Aspect: colourless oil

Yield: 71%

TLC: Rf ≈ 0.34 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 9.79 (t, 1H, J = 1.8 Hz, C1H), 7.25 (d, 2H, J = 8.6 Hz, 2 × C6H),

6.88 (d, 2H, J = 8.6 Hz, 2 × C7H), 4.46 (s, 2H, C4H2), 3.78 (s, 3H, C9H3), 3.81 (t, 2H, J = 6.1 Hz,

C3H2), 2.68 (td, 2H, J = 6.1; 1.8 Hz, C2H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 201.42 (C1H), 159.43 (C8

q), 130.04 (C5
q), 129.51 (2 × C6H),

113.97 (2 × C7H), 73.06 (C4H2), 63.64 (C3H2), 55.42 (C9H3), 44.02 (C2H2)

IR: ν (cm−1) 1722, 1612, 1512, 1244, 1173, 1088, 1031

The experimental data were in agreement with those reported in the literature.23
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5-((4-Methoxybenzyl)oxy)pent-1-en-3-ol (414)

MeO

O

1

2

3

4
5

6 7

8
11

OH Ha

Hb

10
9

C13H18O3

MW = 222.28 g mol−1

Method A: the title compound was synthesised from epoxide according to a modified procedure of

Seemand et al.24

Under argon atmosphere, trimethylsulfonium iodide (3.919 g, 19.2 mmol, 3.9 eq.) was suspended

into 60 mL of anhydrous THF and the resulting suspension was cooled down to −20 ◦C. A 2.6 M so-

lution of hexyllithium in hexanes (5.5 mL, 14.3 mmol, 2.9 eq.) was added dropwise over the sulfonium

solution and the solution was stirred one hour at −20 ◦C. A solution of the epoxide 410 (1.015 g,

4.87 mmol, 1.0 eq.) in 20 mL of anhydrous THF was added dropwise and the final mixture was stirred

one hour at −20 ◦C. The solution was then allowed to warm up to 0 ◦C and quenched with a saturated

solution of NH4Cl. The phases were separated and the aqueous phase was extracted with diethyl

ether. The organic phases were gathered and dried over Na2SO4 and the solvents were evaporated.

The crude oil was purified by filtration over silica gel (cHex/AcOEt: 7/3) to yield 1.082 g of the desired

allylic alcohol.

Aspect: colourless oil

Yield: quantitative

Method B: the title compound was synthesised from aldehyde according to a procedure of Matsub-

ara and Jamison.25

Under argon atmosphere, aldehyde 413 (837 mg, 4.31 mmol, 1.0 eq.) was dissolved in 10 mL of

anhydrous THF and cooled down to 0 ◦C. A 1.0 M solution of vinyl Grignard in THF (5.2 mL, 5.2 mmol,

1.2 eq.) was added dropwise. The solution was allowed to warm up to room temperature and was

stirred overnight. The mixture was quenched with a saturated solution of NH4Cl and the phases were

separated. The aqueous phase was extracted with diethyl ether. The organic phases were gathered,

washed with brine, dried over Na2SO4 and the solvents were evaporated. The crude oil was filtered

over silica gel (cHex/AcOEt: 7/3) to give 948 mg of desired allylic alcohol.

Aspect: colourless oil

Yield: quantitative

TLC: Rf ≈ 0.33 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.25 (d, 2H, J = 8.7 Hz, 2 × C4H), 6.88 (d, 2H, J = 8.7 Hz, 2

× C3H), 5.87 (ddd, 1H, J = 17.2; 10.5; 5.5 Hz, C10H), 5.27 (ddd, 1H, J = 17.2, 1.6, 1.6 Hz, C11Ha),

5.10 (ddd, 1H, J = 10.5, 1.6, 1.6 Hz, C11Hb), 4.45 (s, 2H, C6H2), 4.37-4.29 (m, 1H, C9H), 3.81 (s, 3H,

C1H3), 3.65 (dddd, ABXY, 2H, JAB = 9.4 Hz, JAX = 6.5 Hz, JAY = 4.6 Hz, JBX = 7.4 Hz, JBY = 4.5 Hz,

∆νAB = 35.3 Hz, C7H2), 3.03 (s (br), 1H, OH), 1.91-1.74 (m, ABXY , 2H, C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.40 (C2

q), 140.63 (C10H), 130.10 (C5
q), 129.51 (2 × C4H),

114.50 (C11H2), 113.96 (2 × C3H), 73.11 (C6H2), 72.19 (C9H), 68.26 (C7H2), 55.42 (C1H3), 36.35

(C8H2)

IR: ν (cm−1) 3600-3200, 1612, 1512, 1245, 1173, 1086, 1032

The experimental data are in agreement with those reported in the literature.24
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5-((4-Methoxybenzyl)oxy)pent-1-en-3-one (415)

MeO

O

1

2

3

4
5

6 7

8
11

O Ha

Hb

10
9

C13H16O3

MW = 220.27 g mol−1

Under argon atmosphere, allylic alcohol 414 (777 mg, 3.49 mmol, 1.0 eq.) was dissolved into 5 mL

of anhydrous dichloromethane and the solution was cooled down to 0 ◦C. To that mixture was added

Et3N (2.5 mL, 17.9 mmol, 5.1 eq.), DMSO (1.8 mL, 25.3 mmol, 7.3 eq.) and sulfur trioxide pyridine

complex (1.667 g, 10.5 mmol, 3.0 eq.) and the reaction mixture was stirred one hour at 0 ◦C. The

reaction was then quenched with a saturated solution of NaHCO3. The phases were separated and

the aqueous phase was extracted with diethyl ether. The organic phases were gathered and washed

with brine, dried over Na2SO4 and the solvents were evaporated. The crude was purified by filtration

over silica gel (cHex/AcOEt: 7/3) to yield 669 mg of the desired enone.

Aspect: colourless oil

Yield: 87%

TLC: Rf ≈ 0.46 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.25 (d, 2H, J = 8.6 Hz, 2 × C4H), 6.87 (d, 2H, J = 8.6 Hz, 2

× C3H), 6.37 (dd, 1H, J = 17.5; 10.6 Hz, C10H), 6.23 (d, 1H, J = 17.5 Hz, C11Ha), 5.86 (d, 1H, J =

10.6 Hz, C11Hb), 4.45 (s, 2H, C6H2), 3.80 (s, 3H, C1H3), 3.77 (t, 2H, J = 6.5 Hz, C7H2), 2.89 (t, 2H, J

= 6.5 Hz, C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.08 (C9

q), 159.33 (C2
q), 136.85 (C10H), 130.31 (C5

q), 129.49

(2 × C4H), 128.83 (C11H2), 113.90 (2 × C3H), 73.06 (C6H2), 65.08 (C7H2), 55.40 (C1H3), 39.77

(C8H2)

IR: ν (cm−1) 1680, 1612, 1512, 1244, 1095, 1032, 945, 814

The experimental data were in agreement with those reported in the literature.26

(Z )-1-Methoxy-4-(((3-methoxypenta-2,4-dien-1-yl)oxy)methyl)benzene (373b)

MeO

O

1

2

3

4
5

6 7

8
11

OMe Ha

Hb

10
9

12

C14H16O3

MW = 232.28 g mol−1

The synthesis of the title compound was inspired from the procedure of Xie and Saunders.27

In a dried 100 mL two-neck flask, a 1 M solution of LiHMDS in THF/toluene (10.0 mL, 10.0 mmol,

3.0 eq.) and HMPA (5.3 mL, 30.5 mmol, 9.0 eq.) was dissolved in 30 mL of anhydrous THF and the

resulting solution was cooled down to −78 ◦C. Enone 415 (745 mg, 3.38 mmol, 1.0 eq.) was dissolved

in 3 mL of anhydrous THF and added dropwise into the base solution. After ten minutes at −78 ◦C,

Me3OBF4 (2.578 g, 17.4 mmol, 5.2 eq.) was added portionwise. After three hours at that temperature,

the mixture was quenched with a saturated aqueous solution of NaHCO3. The phases were sepa-

rated and the aqueous phase was extracted with with diethyl ether. The organic phases were gathered

and washed with water and brine, successively. The organic phase was then dried over Na2SO4 and

the solvents were evaporated. the crude mixture was rapidly purified by flash chromatography on

demetallated and neutralised silica gel (cHex/AcOEt: 9/1) to yield 545 mg of the desired Z diene.
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Aspect: light yellow oil

Yield: 69%

TLC: Rf ≈ 0.61 (cHex/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, C6D6): δ (ppm) 7.25 (d, 2H, J = 8.8 Hz, 2 × C4H), 6.80 (d, 2H, J = 8.8 Hz, 2 ×
C3H), 5.96 (dd, 1H, J = 17.2; 10.8 Hz, C10H), 5.47 (dd, 1H, J = 17.2, 1.6 Hz, C11Ha), 5.20 (t, 1H, J

= 6.8 Hz, C8H),4.96 (dd, 1H, J = 10.8, 1.6 Hz, C11Hb), 4.37 (s, 2H, C6H2), 4.19 (d, 2H, J = 6.8 Hz,

C7H2), 3.34 (s, 3H, C12H3), 3.30 (s, 3H, C1H3)
13C NMR (126 MHz, C6D6): δ (ppm) 159.69 (C2

q), 156.88 (C9
q), 132.83 (C10H), 131.27 (C5

q), 129.51

(2 × C5H), 115.47 (C8H), 114.78 (C11H2), 114.04 (2 × C3H), 72.06 (C6H2), 64.37 (C7H2), 59.70

(C12H3), 54.76 (C1H3)

IR: ν (cm−1) 1611, 1512, 1245, 1173, 1087, 1056, 1033, 988, 916, 818

HRMS (ESI+): for [M+H]+ calc.: 235.1334, found: 235.1329

8.2.3 6-Ethenyl-2,2-dimethyl-2,4-dihydro-1,3-dioxin-4-one (373c)

tert-Butyl 5-chloro-3-oxopentanoate (418)

Cl

O O

O

Me

Me

Me

1
2

3
4

5

6

7 C9H15ClO3

MW = 206.67 g mol−1

This β-ketoester was synthesised according to a modified procedure of Ohta et al.28

In a dry 100 mL two-neck flask under argon atmosphere, DIPA (2.8 mL, 20.0 mmol, 1.9 eq.) was

dissolved in 40 mL of anhydrous THF and cooled down to −78 ◦C. A solution of 2.5 M hexyllithium

in hexane (8.0 mL, 20.0 mmol, 1.9 eq.) was added dropwise and the mixture was stirred at −78 ◦C.

After ten minutes, tert-butyl acetate (3.0 mL, 22.3 mmol, 2.1 eq.) was added dropwise at −78 ◦C and

the solution was stirred for 1h30. In a dry 250 mL two-neck flask under argon atmosphere, the ethyl

3-chloropropanoate (417) (1.4 mL, 10.3 mmol, 1.0 eq.) was dissolved in 25 mL of anhydrous THF and

cooled down to −78 ◦C. The enolate solution was added dropwise to the chloropropanoate solution

and the final mixture was at −78 ◦C. After thirty minutes, 5 mL of acetic acid was added dropwise.

The mixture was allowed to warm up to room temperature and diluted with 150 mL of diethyl ether,

followed by the addition of 50 mL of water. The phases were separated and the organic phase was

washed with saturated solutions of NaHCO3 and NaCl, successively. It was then dried over Na2SO4

and the solvents were evaporated to give 2.121 g of title compound 418 which is pure enough to be

used in the next reaction without any further purification.

Aspect: Light yellow liquid

Yield: quantitative

TLC: Rf ≈ 0.31 (cHex/AcOEt: 9/1), visualised by p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 3.75 (t, 2H, J = 6.6 Hz, C5H2), 3.39 (s, 2H, C2H2), 3.03 (t, 2H,

J = 6.6 Hz, C4H2), 1.47 (s, 9H, 3 × C7H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.08 (C3

q), 166.02 (C1
q), 82.50 (C6

q), 50.92 (C2H2), 45.42

(C2H4), 37.87 (C2H5), 28.05 (3 × C7H3)

IR: ν (cm−1) 1714, 1368, 1147

The experimental data were in agreement with those reported in the literature.29
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6-(2-Chloroethyl)-2,2-dimethyl-2,4-dihydro-1,3-dioxin-4-one (419)

Cl

1

2
3

4

5

6

7

OO

O

Me Me
C8H11ClO3

MW = 190.62 g mol−1

This compound was synthesised according to the procedure of Gebauer and Blechert.30

In a 50 mL two-neck flask under argon atmosphere, pentanoate 418 (1.009 g, 4.88 mmol, 1.0 eq.)

was dissolved in 10 mL of acetone. The solution was cooled down to 0 ◦C and acetic anhydride

(1.4 mL, 14.8 mmol, 3.0 eq.) and 0.27 mL of sulphuric acid (98%) was added dropwise. The reac-

tion was allowed to warm up to room temperature and stirred overnight. It was then diluted with

50 mL of water and the aqueous phase was extracted with dichloromethane. The organic phase was

then dried over MgSO4 and the solvents were evaporated. The crude mixture was purify by flash

chromatography on silica gel (cHex/AcOEt: 9/1) to give 705 mg of dioxinone 419.

Aspect: yellowish oil

Yield: 76%

TLC: Rf ≈ 0.18 (cHex/AcOEt: 9/1), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 5.36 (s, 1H, C3H), 3.69 (t, 2H, J = 6.3 Hz, C7H2), 2.70 (t, 2H, J

= 6.3 Hz, C6H2), 1.70 (s, 6H, 2 × C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 167.18 (C4

q), 160.89 (C2
q), 107.09 (C1

q), 95.85 (C3H), 39.53

(C7H2), 36.64 (C6H2), 25.17 (C5H3)

IR: ν (cm−1) 1723, 1637, 1390, 1374, 1271, 1251, 1200, 1176, 1014

The experimental data were in agreement with those reported in the literature.30

6-Ethenyl-2,2-dimethyl-2,4-dihydro-1,3-dioxin-4-one (373c)

1

2
3

4

5

6
7

OO

O

Me Me

Ha

Hb

C8H10O3

MW = 154.17 g mol−1

This compound was synthesised according to the procedure of Gebauer and Blechert.30

In a 25 mL round-bottom flask, dioxinone 419 (553 mg, 2.90 mmol, 1.0 eq.) was dissolved in 10 mL

of dichloromethane and Et3N (0.80 mL, 5.76 mmol, 2.0 eq.) was added dropwise. After three hours

at room temperature, the mixture was diluted with 70 mL of dichloromethane and washed with HCl

(5%). The organic phase was then dried over Na2SO4 and the solvent was evaporated. The crude

mixture was purified by flash chromatography on silica gel (cHex/AcOEt: 9/1) to yield 445 mg of diene

373c.

Aspect: yellowish oil

Yield: quantitative

TLC: Rf ≈ 0.34 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 6.21 (dd, 1H, J = 17.2; 10.8 Hz, C6H), 6.01 (d, 1H, J = 17.2 Hz,

C7Ha), 5.60 (d, 1H, J = 10.8 Hz, C7Hb), 5.35 (s, 1H, C3H), 1.72 (s, 6H, 2 × C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 162.92 (C2

q), 161.87 (C4
q), 129.45 (C6H), 124.00 (C7H2), 106.70

(C1
q), 95.37 (C3H), 25.13 (2 × C5H3)
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IR: ν (cm−1) 1725, 1645, 1581, 1390, 1375, 1272, 1251, 1202, 1172

The experimental data were in agreement with those reported in the literature.30

8.2.4 tert-Butyl 3-((trimethylsilyl)oxy)penta-2,4-dienoate (373d)

tert-Butyl 3-oxopent-4-enoate (421)
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170.21 g mol−1

This β-ketoester was synthesised according to a modified procedure of Ohta et al.28

The exact same procedure as for the synthesis of 5-chloro-3-oxopentanoate 418 with the same

quantity of 3-chloropropanoate 417 (1.4 mL, 10.3 mmol, 1.0 eq.). However, after the work up, the

diethyl ether was not evaporated and Et3N (7.0 mL, 50.4 mmol, 4.9 eq.) was added to the crude so-

lution of 5-chloro-3-oxopentanoate 418. The final mixture was stirred overnight at room temperature.

The organic phase was then washed with HCl (5%) and brine. The phases were separated and the

organic phase dried over Na2SO4 and the solvent was evaporated. The crude mixture was purified

by distillation using a bulb-to-bulb glass oven (100 ◦C, 3 mbar) to give 1.597 g of pure 421.

Aspect: colourless oil

Yield: 91%

TLC: Rf ≈ 0.72 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 11.93 (s, 0.4H, OH (enol)), 6.41 (dd, 0.6H, J = 17.7; 10.6 Hz,

C4H), 6.26 (d, 0.6H, J = 17.7 Hz, C5Ha), 6.09-6.04 (m, 0.8H, CDH+1/2 × CEH2), 5.94 (d, 0.6H, J =

C5Hb), 5.50 (dd, 0.4H, J = 7.0; 5.1 Hz, 1/2 × CEH2), 4.99 (s, 0.4H, CBH), 3.53 (s, 1.2H, C2H3), 1.49

(s, 3.6H, 3 × CGH3), 1.46 (s, 5.4H, 3 × C7H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 193.29 (C3

q), 172.75 (CA
q ), 168.26 (CC

q ), 166.54 (C1
q), 136.04

(C4H), 131.58 (CDH), 130.01 (C5H2), 122.10 (CEH2), 93.61 (CBH), 82.20 (C6
q), 81.29 (CF

q), 48.03

(C2H2), 28.43 (3 × CGH3), 28.07 (3 × C7H3)

IR: ν (cm−1) 3600-3200, 2965, 1713, 1651, 1588, 1457, 1415, 1395, 1369, 1321, 1256, 1144, 1085,

1014, 800

The experimental data were in agreement with those reported in the literature.31

tert-Butyl 3-((trimethylsilyl)oxy)penta-2,4-dienoate (373d)
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MW = 242.39 g mol−1

The title compound was prepared according to Dickschat et al.31

In a dry 50 mL two-neck flask under argon atmosphere, β-ketoester 421 (410 mg, 2.41 mmol,

1.0 eq.) was dissolved in 10 mL of anhydrous toluene. Et3N (0.50 mL, 3.59 mmol, 1.5 eq.) and TMSCl

(0.46 mL, 3.62 mmol, 1.5 eq.) were added to the solution that was stirred 24 h at room temperature.

The reaction mixture was quenched with water, the phases were separated and the aqueous phase

was extracted with ethyl acetate. The organic phases were gathered, dried over Na2SO4 and the

solvent were evaporated to give 520 mg of 373d in a mixture of E and Z isomers (2:1, not assigned).
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Aspect: colourless oil

Yield: 89%

TLC: Rf ≈ 0.68 (cHex/AcOEt: 95/5), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.58 (dd, 0.66H, J = 17.2; 10.6 Hz, C4H (major isomer)), 6.15

(dd, 0.33H, J = 17.2; 10.5 Hz, C4H (minor isomer)), 5.81 (ddd, 0.66H, J = 17.2; 2.2; 0.6 Hz, C5Ha

(major isomer)), 5.74 (ddd, 0.33H, J = 17.2; 1.3; 0.5 Hz, C5Ha (minor isomer)), 5.42 (ddd, 0.66H,

J = 10.6; 2.2; 1.5 Hz, C5Hb (major isomer)), 5.32 (ddd, 0.33H, J = 10.5; 1.3; 0.5 Hz, C5Hb (minor

isomer)), 5.18 (s, 0.33H, C2H (minor isomer)), 4.96 (d, 0.66H, J = 1.5 Hz, C2H (major isomer)), 1.49

(s, 6H, 3 × C7H3 (major isomer)), 1.46 (s, 3H, 3 × C7H3 (minor isomer)), 0.27 (s, 6H, 3 × C8H3

(major isomer)), 1.46 (s, 3H, 3 × C8H3 (minor isomer))
13C NMR (126 MHz, CDCl3): δ (ppm) 166.48 (C1

q (major isomer)), 165.02 (C1
q (minor isomer)), 162.12

(C3
q (major isomer)), 160.04 (C3

q (minor isomer)), 135.87 (C4H (minor isomer)), 130.73 (C4H (major

isomer)), 121.01 (C5H2 (major isomer)), 120.18 (C5H2 (minor isomer)), 104.94 (C2H (minor isomer)),

103.21 (C2H (major isomer)), 79.65 (C6
q (major isomer)), 79.16 (C6

q (minor isomer)), 28.32 (3 × C7H3

(major isomer)), 28.19 (3 × C7H3 (minor isomer)), 0.64 (3 × C8H3 (minor isomer)), 0.09 (3 × C8H3

(major isomer))

IR: ν (cm−1) 2979, 2934, 1734, 1703, 1655, 1635, 1586, 1574, 1456, 1415, 1368, 1301, 1249, 1129,

1064, 1042, 997, 984, 940, 884, 813

The experimental data were in agreement with those reported in the literature.31

8.2.5 4-methoxy-3-methyl-ααα-pyrone (373e)

2-Methylmalonic acid (426)
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MW = 118.09 g mol−1

This compound was synthesised according to the protocol of Ng et al..32

In a 500 mL flask equipped with a condenser, a solution of KOH (10.003 g, 152 mmol, 2.6 eq.) dis-

solved in 150 mL of absolute ethanol were added over a solution of diethyl 2-methylmalonate (10 mL,

58.13 mmol, 1.0 eq.) dissolved in 50 mL of absolute ethanol. The resulting mixture was refluxed for

two hours. The solution was allowed to cool down to room temperature and was stirred overnight.

The salts were filtered and dissolved in 150 mL of water. This solution was cooled down to 0 ◦C and

a solution of HCl (37%) was added dropwise until a pH value below 2 was reached. The aqueous

phase was extracted with ethyl acetate. Then the organic phase was dried over MgSO4, filtered off

and the solvent was evaporated to give 6.583 g of a white solid.

Aspect: white solid

Yield: 96%

TLC: Rf ≈ 0 (AcOEt), visualised by UV and KMnO4

mp: 128-130 ◦C
1H NMR (400 MHz, DMSO−d6): δ (ppm) 3.27 (q, 1H, J = 7.1 Hz, C2H), 1.17 (d, 3H, J = 7.1 Hz,

C3H3)
13C NMR (400 MHz, DMSO−d6): δ (ppm) 172.11 (2 × C1

q), 46.13 (C2H), 14.07 (C3H3)
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IR: ν (cm−1) 3200-2500, 1688, 1411, 1289, 1245, 896

The experimental data were in agreement with those reported in the literature.32

Ethyl 5,5-diethoxy-2-methyl-3-oxopentanoate (423)
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C12H22O5

MW = 246.30 g mol−1

This compound was synthesised according to the combined protocols of Körner et al.33 and

Minich et al.34

In a 250 mL two-neck flask under argon atmosphere, diacid 426 (5.125 g, 43.39 mmol, 1.0 eq.)

was suspended in 50 mL of anhydrous dichloromethane and cooled down to 0 ◦C. DMF (0.5 mL,

6.46 mmol, 0.15 eq.) and (COCl)2 (11.5 mL, 136 mmol, 3.1 eq.) was added dropwise (the solution

directly started to bubble). The solution was allowed to warm up to room temperature and was

stirred overnight. The solvents were then evaporated and the golden oil was dissolved in 25 mL of

anhydrous THF. Ethyl vinyl ether (21 mL, 220 mmol, 5.1 eq.) was dissolved in 15 mL of anhydrous

THF and cooled down to 0 ◦C and the malonyl chloride solution was added dropwise. The mixture

was stirred one hour at 0 ◦C and absolute ethanol (20.5 mL, 352 mmol, 8.1 eq.) was added dropwise.

After 15 minutes at 0 ◦C, Et3N (12.5 mL, 89.2 mmol, 2.1 eq.), dissolved in 15 mL of anhydrous THF,

was added dropwise and the solution was allowed to warm up to room temperature. The ammonium

salts were filtered, and the solvents were evaporated to obtain a golden oil which was purify by flash

chromatography on demetallated and neutralised silica gel (cHex/AcOEt: 100/0 → 99/1 → 98/2) to

give 5.492 g of 423.

Aspect: golden oil

Yield: 51%

TLC: Rf ≈ 0.63 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (400 MHz, CDCl3): δ (ppm) 4.89 (dd, 1H, ABX, JAX = 5.7 Hz, JBX = 5.5 Hz, C5H), 4.17 (q,

2H, J = 7.1 Hz, C6H2), 3.73-3.47 (m, 5H, 2 × C9H2 + C2H), 2.87 (2 × dd, ABX, JAX = 5.7 Hz JBX =

5.5 Hz, JAB = 15.0 Hz, ∆νAB = 20 Hz, C4H2), 1.31 (d, 3H, J = 7.1 Hz, C8H3), 1.29-1.14 (m, 9H, C7H3

+ 2 × C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 202.28 (C3

q), 170.03 (C1
q), 99.82 (C5H), 62.50 (C9H2), 62.11

(C9H2), 61.06 (C6H2), 53.38 (C2H), 46.19 (C4H2), 15.03 (2 × C10H3), 13.87 (C7H3), 12.09 (C8H3)

IR: ν (cm−1) 2979, 1743, 1716, 1244, 1195, 1123, 1057

The experimental data were in agreement with those reported in the literature.35

tert-Butyl 5,5-diethoxy-2-methyl-3-oxopentanoate (461)
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MW = 274.36 g mol−1

In a dry 500 mL two-neck flask, DIPA (4.4 mL, 31.4 mL, 1.5 eq.) was dissolved in 160 mL of an-

hydrous THF and cooled down to −78 ◦C. A 2.5 M solution of n-hexyllithium in hexane (12.5 mL,
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31.3 mmol, 1.5 eq.) was added dropwise and the solution was stirred for ten minutes at −78 ◦C. Then,

tert-butylpropionate (440) (4.6 mL, 30.6 mmol, 1.5 eq.) was added dropwise and the mixture was

stirred for half an hour. Ethyl 3,3-diethoxypropanoate (460) (4.0 mL, 20.6 mmol, 1.0 eq.) was added

dropwise to the solution at −78 ◦C. The resulting mixture was warmed up over two hours to room

temperature and stirred overnight. The yellow solution was cooled down to 0 ◦C and quenched with

water. The phases were separated and the aqueous phase was extracted with diethyl ether. The or-

ganic phases were gathered, washed with a saturated solution of NH4Cl and dried over MgSO4. The

solvents were evaporated and the crude golden oil was purified by flash chromatography on demet-

allated and neutralised silica gel (cHex/AcOEt: 100/0→ 98/2→ 95/5) to give 3.949 g of pentanoate

461. The crude oil can also be used directly in the next step without purification.

Aspect: colourless liquid

Yield: 70%

TLC: Rf ≈ 61 (cHex/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 4.91 (dd, 1H, ABX, JAX = 6.3 Hz, JBX = 5.7 Hz, C5H), 3.72-6.61

(m, 2H, C9H2), 3.58-3.45 (m, 3H, C9H2 + C2H), 2.86 (ddd, 2H, ABX, JAB = 15.5 Hz, JAX = 6.3 Hz, JBX

= 5.7 Hz, ∆νAB = 23.2 Hz, C4H2), 1.45 (s, 9H, 3 × C7H3), 1.27 (d, 3H, J = 7.45 Hz, C8H3), 1.24-1.12

(m, 6H, 2 × C10H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 203.45 (C3

q), 169.60 (C1
q), 100.16 (C5H), 81.98 (C6

q), 62.99

(C9H2), 62.53 (C9H2), 54.73 (C2H), 46.53 (C4H2), 28.04 (3 × C7H3), 15.41 (C10H3), 15.38 (C10H3),

12.41 (C8H3)

IR: ν (cm−1) 1715, 1251, 1215, 1058, 1006

HRMS (ESI+): for [M+H]+ calc.: 275.1858, found: 275.1853

4-Hydroxy-3-methyl-2H-pyran-2-one (424)
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MW = 126.11 g mol−1

From pentanoate 423 (according to Effenberger et al.35). In a 50 mL two-neck flask under ar-

gon atmsophere, pentanoate 423 (1.000 g, 4.06 mmol, 1.0 eq.) was dissolved in 10 mL of absolute

ethanol. A 2 M solution of KOH in absolute ethanol (5 mL, 10.0 mmol, 2.5 eq.) was added and the

mixture was stirred at room temperature overnight. The ethanol was evaporated and the residue

replaced under argon atmsophere and was cooled down to 0 ◦C. Carefully, 10 mL of fuming sulfuric

acid (20% in SO3). The mixture was heated up to 100 ◦C and was stirred for one hour. The hot

mixture was directly poured on 100 mL of water. The aqueous phase was extracted with ethyl ac-

etate. The organic phase was washed wit brine, dried over MgSO4, filtered off and the solvent was

evaporated to give a black sticky solid. The crude was purified by flash chromatography on silica gel

(cHex/AcOEt: 10/0→ 8/2→ 6/4→ 5/5→ 4/6→ 2/8) to give 0.174 g of hydroxypyrone 424. Crystals

of this compound were obtained from recrystallisation from boiling AcOEt.

Aspect: brown solid

Yield: 34%
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From pentanoate 461. In a 50 mL flask, pentanoate 461 (1.359 g, 4.95 mmol) was dissolved at 0 ◦C

with 15 mL of concentrated H2SO4 (98%). The reaction was allowed to warm up to room temperature

and was stirred two hours. The mixture was then poured into 150 mL of water. The aqueous phase

was extracted with AcOEt. The organic phase was washed with brine, dried over Na2SO4 and the

solvent was evaporated. The resulting brown slushy solid was triturated with dichloromethane and

the precipitate was filtered, thoroughly washed with dichloromethane and dried under vacuum to give

317 mg of hydroxypyrone 424.

Aspect: white solid

Yield: 51% (39% over two steps if pentanoate 461 is not isolated)

TLC: Rf ≈ 0.47 (AcOEt), visualised by UV and KMnO4

mp: 218-220 ◦C (decomposition)
1H NMR (500 MHz, acetone−d6): δ (ppm) 7.47 (d, 1H, J = 5.7 Hz, C5H), 6.22 (d, 1H, J = 5.7 Hz,

C4H), 1.86 (s, 3H, C6H3)
13C NMR (500 MHz, acetone−d6): δ (ppm) 165.50 (C1

q), 164.03 (C3
q), 150.58 (C5H), 103.63 (C4H),

101.76 (C2
q), 8.79 (C6H3)

IR: ν (cm−1) 3300-2800, 1663, 1618, 1340, 1291, 1218, 1149

The experimental data were in agreement with those reported in the literature.35

Monoclinic P21/n

a = 3.8224(4) Å α = 90 ◦

b = 12.465(13) Å β = 92.188(9) ◦

c = 24.225(3) Å γ = 90 ◦

V = 1153.5(2) Å3 Z = 8

R = 4.15%

Figure 8.1: X-ray structure of 424 and parameters of the crystal. Recrystallisation from bioling ethyl acetate.

4-Methoxy-3-methyl-2H-pyran-2-one (373e)
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MW = 140.14 g mol−1

This compound was synthesised according to Effenberger et al.36

In a 250 mL two-neck flask under argon atmosphere and equipped with a condenser, hydroxypy-

rone 424 (1.953 g, 15.5 mmol, 1.0 eq.) was dissolved in 65 mL of acetone. Anhydrous potassium

carbonate (5.369 g, 38.8 mmol, 2.5 eq.) and dimethyl sulfate (1.5 mL, 15.9 mmol, 1.0 eq.) were added

to the solution and the mixture was heated up to 50 ◦C. After 30 min, a TLC analysis indicated the

complete conversion of the starting material. The mixture was allowed to cooled down to room tem-

perature and the solid was filtered off and washed with acetone. The solvents were evaporated and

the crude was purified by flash chromatography on demetallated silica gel (cHex/AcOEt: 5/5) to give

1.666 g of methoxypyrone 373e.
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Aspect: pale yellow solid

Yield: 77%

TLC: Rf ≈ 0.38 (cHex/AcOEt: 3/7), visualised by UV and KMnO4

mp: 86-88 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.42 (d, 1H, J = 6.0 Hz, C5H), 6.25 (d, 1H, J = 6.0 Hz, C4H),

3.89 (s, 3H, C7H3), 1.93 (s, 3H, C6H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 165.34 (C1

q), 164.79 (C3
q), 145.00 (C5H), 104.67 (C2

q), 97.92

(C4H), 56.50 (C7H3), 8.76 (C6H3)

IR: ν (cm−1) 1678, 1629, 1323, 1295, 1168, 1004

The experimental data were in agreement with those reported in the literature.36

Triclinic P1

a = 7.8135(5) Å α = 78.041(7) ◦

b = 8.4390(6) Å β = 81.255(7) ◦

c = 11.9023(9) Å γ = 63.460(7) ◦

V = 685.29(10) Å3 Z = 4

R = 5.44%

Figure 8.2: X-ray structure of 373e and parameters of the crystal. Recrystallisation from boiling hexane.

8.2.6 (E)-3-Methoxy-2-methylpenta-2,4-dien-1-ol (373f)
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MW = 128.17 g mol−1

In a dry 50 mL two-neck flask, pyrone 373e (514 mg, 3.67 mmol, 1.0 eq.) was dissolved in 10 mL

of anhydrous THF and the solution was cooled down to 0 ◦C. A 2.0 M solution of LiAlH4 in THF

(2.4 mL, 4.80 mmol, 1.3 eq.) was added dropwise to the solution. After 30 min at 0 ◦C, the solution

was diluted with 10 mL of diethyl ether and the reaction was quenched with iced water. The phases

were separated and the aqueous phase was extracted with diethyl ether. The organic phases were

gathered, washed with brine, dried over Na2SO4 and the solvents were evaporated to give 402 mg of

the title compound that was pure enough to be engaged in other reactions.

Aspect: colourless oil

Yield: 86%

TLC: Rf ≈ 0.52 (cHex/AcOEt: 5/5), visualised by UV and KMnO4
1H NMR (500 MHz, C6D6): δ (ppm) 6.38 (dd, 1H, J = 17.0; 10.8 Hz, C4H), 5.49 (d, 1H, J = 17.0 Hz,

C5Ha), 5.02 (d, 1H, J = 10.8 Hz, C5Hb), 3.94 (s, 2H, C1H2), 3.32 (s, 3H, C7H3), 1.83 (s, 3H, C6H3)
13C NMR (126 MHz, C6D6): δ (ppm) 151.75 (C3

q), 127.83 (C4H), 124.74 (C2
q), 114.40 (C5H2), 62.09

(C1H2), 58.43 (C7H3), 14.07 (C6H3)

IR: ν (cm−1) 3200-2800, 1608, 1515, 1237, 1176, 1063, 975

HRMS (ESI+): for [M+H]+ calc.: 129.0916, found: 129.0918
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8.3 Synthesis of the 5-thiomethylenefuran-2-ones

8.3.1 Phenylthiomethylenefuranone 455a

S-Phenyl 4-methylbenzenethiosulfonate (452a)
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MW = 264.36 g mol−1

The compound was prepared according to the procedure reported by Fujiki et al.37

In a 500 mL two-neck flask under argon atmosphere, diphenyl disulfide (5.085 g, 23.3 mmol,

1.0 eq.) was dissolved in 120 mL of CH2Cl2. Sodium para-toluenesulfinate (16.367 g, 91.9 mmol,

3.9 eq.) and iodine (23.468 g, 92.5 mmol, 4.0 eq.) were added to the solution. The mixture darkened

and was stirred overnight. The solution was diluted with 50 mL of dichloromethane and a saturated

solution of Na2S2O3 was added until discolouration of the mixture. The phases were separated and

the aqueous phase was extracted with dichloromethane. The organic phases were gathered, washed

with brine, dried over MgSO4, filtered off and the solvents were evaporated. The crude was recrys-

tallised in boiling methanol to obtain 9.735 g of slightly yellow needles.

Aspect: yellowish needles

Yield: 79%

TLC: Rf ≈ 0.51 (cHex/AcOEt: 8/2), visualised by UV and KMnO4

mp: 78-80 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.50-7.45 (m, 1H, C9H), 7.44 (d, 2H, J = 8.1 Hz, 2 × C2H),

7.40-7.29 (m, 4H, 2 × C7H + 2 × C8H), 7.20 (d, 2H, J = 8.1 Hz, 2 × C3H), 2.41 (s, 3H, C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 144.85 (C4

q), 140.41 (C1
q), 136.72 (2 × C8H), 131.45 (C9H),

129.53 (2 × C3H or 2 × C7H), 129.51 (2 × C3H or 2 × C7H), 128.15 (C6
q), 127.72 (2 × C2H), 21.80

(C5H3)

IR: ν (cm−1) 1326, 1137, 815, 750, 701

The experimental data were in agreement with those reported in the literature.37

Orthorombic Pbca

a = 6.1088(6) Å α = 90 ◦

b = 16.0717(17) Å β = 90 ◦

c = 25.870(5) Å γ = 90 ◦

V = 2539.9(6) Å3 Z = 8

R = 4.26%

Figure 8.3: X-ray structure of 452a and parameters of the crystal. Recrystallisation from boiling methanol.
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Methyl 3-(phenylthio)propiolate (453a)
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MW = 192.23 g mol−1

This compound was synthesised according to Minakata et al.38

In a dry 100 mL two-neck flask under argon atmosphere, a solution of DIPA (3.2 mL, 22.8 mmol,

2.0 eq.) in 15 mL of anhydrous THF was cooled down to −78 ◦C. A solution of 2.5 M hexyllithium

in hexanes (4.5 mL, 11.3 mmol, 1.0 eq.) was added dropwise and the solution was stirred for ten

minutes at −78 ◦C. Methyl propiolate (441) (1.0 mL, 11.2 mmol, 1.0 eq.) was added dropwise. The

mixture yellowed and was stirred for thirty minutes at −78 ◦C. A solution of thiosulfonate 452a (3.002 g,

11.4 mmol, 1.0 eq.) in 20 mL of anhydrous THF was added dropwise and the mixture was stirred for

thirty minutes at −78 ◦C, then allowed to warm up to room temperature and stirred for another thirty

minutes. The reaction was quenched with a saturated solution of NH4Cl. The phases were separated

and the aqueous phase was extracted with dichloromethane. The organic phases were gathered,

dried over MgSO4, filtered off and the solvents were evaporated. The crude oil was purified by flash

chromatography on silica gel (cHex/TBME : 99/1) to give 1.611 g of propiolate 453a.

Aspect: orangish liquid

Yield: 75%

TLC: Rf ≈ 0.73 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.50-7.44 (m, 2H, 2 × C6H), 7.437.35 (m, 2H, 2 × C7H), 7.35-

7.27 (m, 1H, C8H), 3.81 (s, 3H, C4H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.44 (C1

q), 129.84 (2 × C7H), 129.49 (C5
q), 128.08 (C8H),

127.58 (2 × C6H), 91.47 (C2
q or C3

q), 80.55 (C2
q or C3

q), 52.81 (C4H3)

IR: ν (cm−1) 2159, 1703, 1233, 1022, 736, 685, 567

(Z )-4-Hydroxy-3-methyl-5-((methylthio)methylene)furan-2(5H)-one (455a)

O
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10

C12H10O3S

MW = 234.27 g mol−1

In a dry 500 mL two-neck flask under argon atmosphere, a solution of DIPA (3.4 mL, 24.3 mmol,

1.5 eq.) in 150 mL of anhydrous THF was cooled down to −78 ◦C. A 2.5 M solution of hexyllithium in

hexanes (6.5 mL, 16.3 mmol, 1.0 eq.) was added dropwise and the solution was stirred ten minutes

at −78 ◦C. To the mixture, tert-butyl propionate (440) (2.4 mL, 16.0 mmol, 1.0 eq.) was added drop-

wise and the solution was stirred thirty minutes at −78 ◦C. A solution of propiolate 453a (3.088 g,

16.1 mmol, 1.0 eq.) in 25 mL of anhydrous THF was added dropwise on the enolate solution. The

mixture was stirred one hour at −78 ◦C. It was then allowed to warm up at room temperature and

quenched with a saturated solution of NH4Cl. The phases were separated and the aqueous phase

was extracted with dietyl ether. The organic phases were gathered, dried over MgSO4, filtered off

and the solvents were evaporated. The crude oil was dried under vacuum and dissolved in 50 mL
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of dichloromethane. Carefully, TFA (0.50 mL, 9.02 mmol, 0.56 eq.) was added dropwise and a yellow

precipitate appeared. The solution was stirred overnight at room temperature. The solid was filtered,

washed with dichloromethane and pentane, and dried under vacuum to give 1.640 g of butenolide

455a.

Aspect: white powder

Yield: 44%

TLC: Rf ≈ 0.47 (cHex/AcOEt/AcOH : 7/3/0.5), visualised by UV and KMnO4

mp: 220-222 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 7.57-7.50 (m, 2H, 2 × C8H), 7.49-7.40 (m, 2H, 2 × C9H),

7.40-7.32 (m, 1H, C10H), 6.43 (s, 1H, C5H), 1.78 (s, 3H, C6H3)
13C NMR (500 MHz, acetone−d6): δ (ppm) 169.58 (C1

q), 161.36 (C3
q), 142.93 (C4

q), 134.84 (C7
q),

130.48 (2 × C8H or 2 × C9H), 128.52 (C10H), 104.32 (C5H), 94.42 (C2
q), 6.52 (C6H3)

IR: ν (cm−1) 330-2900, 1722, 1603, 1276, 1204, 832, 745, 687

HRMS (ESI+): for [M+H]+ calc.: 235.0429, found: 235.0423

Orthorombic Pbca

a = 12.1970(2) Å α = 90 ◦

b = 7.117 17(17) Å β = 90 ◦

c = 25.6835(5) Å γ = 90 ◦

V = 2229.54(8) Å3 Z = 8

R = 4.36%

Figure 8.4: X-ray structure of 455a and parameters of the crystal. Recrystallisation from boiling ethyl acetate.

8.3.2 Methylthiomethylenefuranone 455b

S-Methyl 4-methylbenzenesulfonothioate (452b)

S

Me

SMe

O O
1

2

3

45

6
C8H10O2S2

MW = 202.29 g mol−1

This compound was prepared following a procedure described by Fujiki et al.37

In a 250 mL two-neck flask under argon atmosphere, sodium para-toluenesulfinate (8.445 g,

47.4 mmol, 3.0 eq.) was suspended in 75 mL of dichloromethane. Over the suspension, dimethyl

disulfide (1.4 mL, 15.8 mmol, 1.0 eq.) was added, followed by the slow addition of iodine (10.101 g,

39.8 mmol, 2.5 eq.). The solution darkened and was stirred overnight at room temperature. The solu-

tion was then diluted with 50 mL of dichloromethane and a saturated solution of Na2S2O3 was added

until discolouration of the mixture. The phases were separated and the aqueous phase was extracted

with dichloromethane. The organic phases were gathered and washed with brine, dried over MgSO4

and the solvent were evaporated. The solid crude were recrystallised in boiling methanol to afford

5.724 g of thiosulfonate 452b.
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Aspect: white needles

Yield: 90%

TLC: Rf ≈ 0.45 (cHex/AcOEt: 9/1), visualised by UV and KMnO4

mp: 51-53 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.81 (d, 2H, J = 8.2 Hz, 2 × C2H), 7.35 (d, 2H, J = 8.2 Hz, 2 ×
C3H), 2.50 (s, 3H, C6H3), 2.46 (s, 3H, C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 144.95 (C4

q), 141.15 (C1
q), 129.98 (2 × C3H), 127.34 (2 ×

C2H), 21.78 (C6H3), 18.13 (C5H3)

IR: ν (cm−1) 1425, 1326, 1291, 1138, 809

Orthorombic Pnma

a = 7.1975(3) Å α = 90 ◦

b = 9.9356(5) Å β = 90 ◦

c = 13.6799(4) Å γ = 90 ◦

V = 978.28(7) Å3 Z = 4

R = 3.77%

Figure 8.5: X-ray structure of 452b and parameters of the crystal. Recrystallisation from boiling methanol.

Methyl 3-(methylthio)propiolate (453b)

OMe

O

MeS

1
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5

C5H6O2S

MW = 130.16 g mol−1

This compound was synthesised according to Minakata et al.38

In a dry 250 mL two-neck flask under argon atmosphere, a solution of DIPA (9.5 mL, 67.8 mmol,

2.0 eq.) in 45 mL of anhydrous THF was cooled down to −78 ◦C. A solution of hexyllithium 2.5 M in

hexanes (13.5 mL, 33.8 mmol, 1.0 eq.) was added dropwise and the solution was stirred ten minutes

at −78 ◦C. Methyl propiolate (441) (3.0 mL, 33.7 mmol, 1.0 eq.) was added dropwise and the mixture

was stirred thirty minutes at −78 ◦C. A solution of thiosulfonate 452b (6.897 g, 34.1 mmol, 1.0 eq.)

dissolved in 60 mL of anhydrous THF was added dropwise. The resulting mixture was stirred thirty

minutes at −78 ◦C, then allowed to warm up to room temperature and stirred for another thirty minutes.

The reaction was quenched with a saturated solution of NH4Cl and the phases were separated. The

aqueous phase was extracted with dichloromethane. The organic phase was dried over MgSO4,

filtered off and the solvents were evaporated. The crude oil was purified by flash chromatography on

silica gel (cHex/AcOEt: 100/0→ 99/1→ 98/2) to give 3.253 g of propiolate 453b.

Aspect: colourless liquid

Yield: 74%

TLC: Rf ≈ 0.54 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 3.77 (s, 3H, C4H3), 2.49 (s, 3H, C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.51 (C1

q), 86.41 (C2
q), 85.83 (C3

q), 52.63 (C4H3), 18.74

(C5H3)

IR: ν (cm−1) 2154, 1699, 1433, 1231, 740
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(Z )-5-((Methylthio)methylene)-4-hydroxy-3-methylfuran-2(5H)-one (455b)

O

O

SMe

Me

HO

1
2

3 4
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7

C7H8O3S

MW = 172.20 g mol−1

In a dry 500 mL two-neck flask under argon atmosphere, DIPA (4.8 mL, 34.3 mmol, 1.5 eq.) was

dissolved in 150 mL of anhydrous THF and cooled down to −78 ◦C. A solution of hexyllithium 2.5 M in

hexane (9.4 mL, 23.5 mmol, 1.0 eq.) was added dropwise and the solution was stirred for ten minutes

at −78 ◦C. Then, tert-butyl propionate (440) (3.5 mL, 23.6 mmol, 1.0 eq.) was added dropwise and

the resulting mixture was stirred for thirty minutes at −78 ◦C. A solution of propiolate 453b (3.007 g,

23.1 mmol, 1.0 eq.) dissolved in 40 mL of anhydrous THF was added dropwise. The solution turned

yellow and was stirred thirty minutes at −78 ◦C. The reaction mixture was allowed to warm up to room

temperature and was quenched wit a saturated solution of NH4Cl. The phases were separated and

the aqueous phase was extracted with dichloromethane. The organic phases were gathered, dried

over MgSO4, filtered off and the solvents were evaporated. The crude oil was dried under vacuum,

then dissolved in 50 mL of dichloromethane. TFA (0.65 mL, 11.7 mmol, 0.51 eq.) was added dropwise

at room temperature and a precipitate appeared. The mixture was stirred overnight. The solid formed

was filtered, washed with dichloromethane and pentane to give 1.331 g of 455b.

Aspect: white powder

Yield: 33%

TLC: Rf ≈ 0.28 (cHex/AcOEt/AcOH: 7/3/0.5), visualised by UV and KMnO4

mp: 196-199 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 6.20 (s, 1H, C5H), 2.46 (s, 3H, C7H3), 1.73 (s, 3H, C6H3)
13C NMR (500 MHz, acetone−d6): δ (ppm) 172.73 (C1

q), 163.07 (C3
q), 141.81 (C4

q), 110.43 (C5H),

97.62 (C2
q), 17.22 (C7H3), 6.11 (C6H3)

IR: ν (cm−1) 3400-3100, 3051, 1717, 1644, 1623, 1421, 1371, 1292, 1141, 1067, 824

HRMS (ESI+): for [M+H]+ calc.: 173.0272, found: 173.0267

Monoclinic P21/m

a = 6.7967(4) Å α = 90 ◦

b = 6.2975(5) Å β = 91.117(6) ◦

c = 9.0648(5) Å γ = 90 ◦

V = 387.92(4) Å3 Z = 2

R = 4.24%

Figure 8.6: X-ray structure of 455b and parameters of the crystal. Recrystallisation from bioling ethyl acetate.
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8.3.3 Butylthiomethylenefuranone 455c

S-Butyl 4-methylbenzenesulfonothioate (452c)

S

Me

S

O O
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45

Me
9

8
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6 C11H16O2S2

MW = 244.37 g mol−1

The compound was prepared according to the procedure reported by Fujiki et al.37

In a 250 mL two-neck flask under argon atmosphere, butyl disulfide (3.0 mL, 15.8 mmol, 1.0 eq.)

was dissolved in 100 mL of dichloromethane and sodium p-toluene sulfinate (8.390 g, 47.1 mmol,

3.0 eq.) was added (as suspension) to the solution. Iodine (10.059 g, 39.6 mmol, 2.5 eq.) was then

added and the dark resulting mixture was stirred overnight at room temperature. A saturated solution

of Na2S2O3 was added until the decolouration of the solution and the phases were separated. The

aqueous phase was extracted with dichloromethane and the gathered organic phases were washed

with brine. The organic phase was then dried over MgSO4 and the solvent evaporated to give a

golden oil. The crude was filtered through a short pad of silica using dichloromethane as eluant and

the solvent was evaporated to give 7.653 g of thiosulfonate 452c.

Aspect: golden oil

Yield: quantitative

TLC: Rf ≈ 0.59 (cHex/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 7.80 (d, 2H, J = 8.2 Hz, 2 × C2H), 7.34 (d, 2H, J = 8.2 Hz, 2 ×
C3H), 2.97 (t, 2H, J = 7.5 Hz, C6H2), 2.44 (s, 3H, C5H3), 1.57 (tt, 2H, J = 7.5; 7.5 Hz, C7H2), 1.32 (qt,

2H, J = 7.5; 7.5 Hz, C8H2), 0.84 (t, 3H, J = 7.5 Hz, C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 144.77 (C4

q), 142.11 (C1
q), 129.91 (2 × C3H), 127.11 (2 ×

C2H), 35.79 (C6H2), 30.66 (C7H2), 21.80 (C8H2), 21.76 (C5H3), 13.50 (C9H3)

IR: ν (cm−1) 1594, 1323, 1138, 812

Methyl 3-(butylthio)propiolate (453c)
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C8H12O2S

MW = 172.24 g mol−1

This compound was synthesised according to Minakata et al.38

In a dry 100 mL two-neck flask under argon atmosphere, DIPA (1.6 mL, 11.4 mmol, 1.0 eq.) was

dissolved in 15 mL of anhydrous THF and cooled down to −78 ◦C. A 2.5 M solution of hexyllithium in

hexane (4.5 mL, 11.25 mmol, 1.0 eq.) was added dropwise and the solution was stirred ten minutes

at −78 ◦C. Methyl propiolate (441) (1.0 mL, 11.24 mmol, 1.0 eq.) was added dropwise and the mixture

was stirred half an hour at −78 ◦C. A solution of thiosulfonate 452c (2.768 g, 11.3 mmol, 1.0 eq.)

dissolved in 20 mL of anhydrous THF was added dropwise to the solution which was stirred for thirty

minutes at −78 ◦C, then warmed up to room temperature and stirred for an extra thirty minutes. The

mixture was quenched with a saturated solution of NH4Cl and the phases were separated. The

aqueous phase was extracted with diethyl ether and the gathered organic phases were dried over

MgSO4, then the solvent was evaporated. The crude oil was purified by flash chromatography on

silica gel (cHex/AcOEt: 99/1) to give 1.4142 g of propiolate 453c.
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Aspect: golden oil

Yield: 73%

TLC: Rf ≈ 0.70 (cHex/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 3.76 (s, 3H, C4H3), 2.82 (t, 2H, J = 7.5 Hz, C5H2), 1.74 (tt, 2H,

J = 7.5; 7.5 Hz, C6H2), 1.44 (qt, 2H, J = 7.5; 7.5 Hz, C7H2), 0.94 (t, 3H, J = 7.5 Hz, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.57 (C1

q), 87.36 (C2
q), 84.98 (C3

q), 56.60 (C4H3), 35.39

(C5H2), 31.39 (C6H2), 21.40 (C7H2), 13.60 (C8H3)

IR: ν (cm−1) 2155, 1702, 1433, 1235

(Z )-5-((Butylthio)methylene)-4-hydroxy-3-methylfuran-2(5H)-one (455c)
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C10H14O3S

MW = 214.28 g mol−1

In a dry 100 mL two-neck flask under argon atmosphere, DIPA (0.75 mL, 5.35 mmol, 1.3 eq.) was

dissolved in 35 mL of anhydrous THF and cooled down to −78 ◦C. A 2.5 M solution of hexyllithium

(2.0 mL, 5.0 mmol, 1.2 eq.) in hexane was added dropwise and the mixture was stirred ten minutes

at −78 ◦C. Then, tert-butyl propionate (440) (0.65 mL, 4.32 mmol, 1.1 eq.) was added dropwise and

the solution was stirred thirty minutes at −78 ◦C. A solution of propiolate 453c (700 mg, 4.06 mmol,

1.0 eq.) in 15 mL of anhydrous THF was added dropwise and the solution was stirred half an hour

at −78 ◦C. The solution was then warmed up to room temperature and quenched with a saturated

solution of NH4Cl. The phases were separated and the aqueous phase was extracted with diethyl

ether. The organic phases were gathered, dried over MgSO4 and the solvents were evaporated. The

crude oil was transferred In a 50 mL flask and dissolved in 10 mL of dichloromethane. TFA (0.50 mL,

9.02 mmol, 2.0 eq.) was added dropwise and the solution was stirred overnight at room temperature.

Addition of pentane allowed a precipitate to form. The solid was filtered off, washed with pentane,

and vacuum dried to give 317 mg of butenolide 455c.

Aspect: white powder

Yield: 36%

TLC: Rf ≈ 0.42 (cHex/AcOEt/AcOH: 5/5/0.5), visualised by UV and KMnO4

mp: 117-119 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 10.26 (s, broad, 1H, OH), 6.24 (s, 1H, C5H), 2.91 (t, 2H, J

= 7.4 Hz, C7H2), 1.73 (s, 3H, C6H3), 1.67 (m, 2H, C8H2), 1.45 (m, 2H, C9H2), 0.92 (t, 3H, J = 7.4 Hz,

C10H3)
13C NMR (500 MHz, acetone−d6): δ (ppm) 169.93 (C1

q), 161.23 (C3
q), 141.52 (C4

q), 107.29 (C5H),

98.12 (C2
q), 34.16 (C7H2), 33.30 (C8H2), 22.13 (C9H2), 13.83 (C10H3), 6.41 (C6H3)

IR: ν (cm−1) 3300-3100, 1707, 1642, 1622, 1421, 1296, 1147, 1066

HRMS (ESI+): for [M+H]+ calc.: 215.0736, found: 215.0740
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Triclinic P1

a = 6.7654(6) Å α = 103.995(7) ◦

b = 7.1374(5) Å β = 96.984(8) ◦

c = 12.4381(11) Å γ = 102.648(7) ◦

V = 558.89(9) Å3 Z = 2

R = 3.99%

Figure 8.7: X-ray structure of 455c and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

8.3.4 (4-Methoxyphenyl)thiomethylenefuranone 455d

S-(4-Methoxyphenyl) 4-methylbenzenesulfonothioate (452d)
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C14H14O3S2

MW = 294.38 g mol−1

The compound was prepared according to the procedure reported by Fujiki et al.37

In a 250 mL two-neck flash under argon atmosphere, 4-methoxythiophenol (2.0 mL, 16.3 mmol,

1.0 eq.) was dissolved in 100 mL of dichloromethane. Then, Et3N (2.4 mL, 17.3 mmol, 1.1 eq.),

sodium p-toluenesulfinate (8.714 g, 48.9 mmol, 3.0 eq.) and iodine (12.391 g, 48.8 mmol, 3.0 eq.)

were added, respectively. The solution turned dark and was stirred overnight at room temperature. It

was then quenched with a saturated solution of Na2S2O3 (until decolouration) and the phases were

separated and the aqueous phase was extracted with dichloromethane. The organic phases were

gathered and dried over MgSO4 to give a yellowish oil. This oil was dissolved in 30 mL of methanol

and let in the fridge overnight to crystallise. The crystals were filtered off and washed with cold

methanol to give 3.184 g of thiosulfonate 452d.

Aspect: white crystals

Yield: 67%

TLC: Rf ≈ 0.33 (cHex/AcOEt: 8/2), visualised by UV and KMnO4

mp: 45-47 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.43 (d, 2H, J = 8.1 Hz, 2 × C2H), 7.25 (d, 2H, J = 8.4 Hz, 2 ×
C7H), 7.20 (d, 2H, J = 8.1 Hz, 2 × C3H, 6.83 (d, 2H, J = 8.4 Hz, 2 × C8H), 3.81 (s, 3H, C10H3), 2.41

(s, 3H, C5H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 162.33 (C9

q), 144.70 (C4
q), 140.34 (C1

q), 138.42 (2 × C7H),

129.49 (2 × C3H), 127.69 (2 × C2H), 118.76 (C6
q), 115.03 (2 × C8H), 55.58 (C10H3), 21.78 (C5H3)

IR: ν (cm−1) 1586, 1569, 1489, 1330, 1249, 1134, 835, 812
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Monoclinic P21/n

a = 14.6202(8) Å α = 90 ◦

b = 6.8934(4) Å β = 101.495(5) ◦

c = 14.6318(8) Å γ = 90 ◦

V = 1448.02(14) Å3 Z = 4

R = 3.99%

Figure 8.8: X-ray structure of 452d and parameters of the crystal. Crystallisation in cold methanol.

Methyl 3-((4-methoxyphenyl)thio)propiolate (453d)
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8MeO9 C11H10O3S

MW = 222.26 g mol−1

This compound was synthesised according to Minakata et al.38

In a 100 mL two-neck flask under argon atmosphere, DIPA (1.8 mL, 12.8 mmol, 1.1 eq.) was dis-

solved in 15 mL of anhydrous THF and cooled down to −78 ◦C. A 2.5 M solution of hexyllithium in

hexane (4.5 mL, 11.3 mmol, 1.0 eq. was added dropwise and the resulting mixture was stirred ten min-

utes at −78 ◦C. Methyl propiolate (441) (1.0 mL, 11.24 mmol, 1.0 eq.) was then added dropwise and

the mixture was stirred half an hour at −78 ◦C. A solution of thiosulfonate 452d (3.329 g, 11.3 mmol,

1.0 eq.) in 20 mL of anhydrous THF was added dropwise at −78 ◦C and the solution was stirred half

an hour at that temperature and then warmed up to room temperature and stirred for an extra thirty

minutes. The mixture was quenched with a saturated solution of NH4Cl, the phases were separated

and the aqueous phase was extracted with diethyl ether. The organic phases were gathered, dried

over MgSO4 and the solvent evaporated. The crude dark oil was purified by flash chromatography on

silica gel (cHex/AcOEt: 100/0→ 99/1→ 98/2) to give 915 mg of propiolate 453d.

Aspect: dark red oil

Yield: 37%

TLC: Rf ≈ 0.43 (cHex/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 7.41 (d, 2H, J = 8.9 Hz, 2 × C6H), 6.92 (d, 2H, J = 8.9 Hz, 2 ×
C7H), 3.81 (s, 3H, C9H3), 3.78 (s, 3H, C4H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 160.16 (C8

q), 153.52 (C1
q), 130.67 (2 × C6H), 119.33 (C5

q),

115.54 (2 × C7H), 89.74 (C2
q or C3

q), 82.40 (C2
q or C3

q), 55.60 (C9H3), 52.73 (C4H3)

IR: ν (cm−1) 2157, 1702, 1591, 1493, 1234, 1173, 1024, 822

(Z )-4-Hydroxy-5-(((4-methoxyphenyl)thio)methylene)-3-methylfuran-2(5H)-one (455d)
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C13H12O4S

MW = 264.30 g mol−1

In a 100 mL two-neck flask under argon atmosphere, DIPA (0.40 mL, 2.85 mmol, 1.2 eq.) was

dissolved in 20 mL of anhydrous THF and cooled down to −78 ◦C. A 2.5 M solution of hexyllithium
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in hexane (1.1 mL, 2.75 mmol, 1.2 eq.) was added dropwise and the resulting mixture was stirred for

ten minutes at −78 ◦C. Then, tert-butyl propionate (440) (0.40 mL, 2.66 mmol, 1.2 eq.) was added

dropwise and the mixture was stirred half an hour. A solution of propionate 453d (510 mg, 2.29 mmol,

1.0 eq.) dissolved in 10 mL of anhydrous THF was added to the solution at −78 ◦C and stirred one

hour. The mixture was warmed up to room temperature and quenched with a saturated solution

of NH4Cl. The phases were separated and the aqueous phase extracted with diethyl ether. The

organic phases were gathered, dried over MgSO4 and the solvent evaporated. The orange oil was

transferred to a 50 mL flask and dissolved in 10 mL of dichloromethane. TFA (0.20 mL, 3.61 mmol,

1.6 eq.) was added dropwise and a yellow solid precipitated. The precipitate was filtered, washed

with dichloromethane and pentane, and vacuum dried. It was recrystallised from boiling AcOEt to

give 229 mg of 455d as yellow needles.

Aspect: yellow needles

Yield: 38%

TLC: Rf ≈ 0.48 (cHex/AcOEt/AcOH: 5/5/0.5), visualised by UV and KMnO4

mp: 178-181 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 10.35 (s, 1H, OH), 7.47 (d, 2H, J = 8.8 Hz, 2 × C8H), 7.00 (d,

2H, J = 8.8 Hz, 2 × C9H), 6.28 (s, 1H, C5H), 3.82 (s, 3H, C11H3), 1.76 (s, 3H, C6H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 169.67 (C1

q), 161.41 (C3
q), 160.95 (C10

q ), 141.55 (C4
q), 133.52 (2

× C8H), 124.81 (C7
q), 115.99 (2 × C9H), 107.04 (C5H), 99.07 (C2

q), 55.77 (C11H3), 6.48 (C6H3)

IR: ν (cm−1) 3100-2700, 1706, 1642, 1612, 1498, 1243, 1062, 814

HRMS (ESI+): for [M+H]+ calc.: 265.0529, found: 265.0517

Monoclinic P21/n

a = 7.5237(3) Å α = 90 ◦

b = 14.2157(6) Å β = 97.566(4) ◦

c = 11.6448(4) Å γ = 90 ◦

V = 1234.63(9) Å3 Z = 4

R = 4.42%

Figure 8.9: X-ray structure of 455d and parameters of the crystal. Recrystallisation from boiling ethyl acetate.
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8.4 Synthesis of the sulfinylquinones

8.4.1 (l)-Menthyl (–)-(SS)-para-toluenesulfinate ((SS)-292)

O
S
O

Me

MeMeMe

1

2
3

45

6 7
8

9
10

11

12 13

14

C17H26O2S

MW = 294.45 g mol−1

This compound was prepared following the procedure reported by Solladié et al.39

In a 1 L three-neck flask under argon atmosphere, SOCl2 (62 mL, 850 mmol, 3.0 eq.) were dis-

solved in 175 mL of anhydrous toluene. Sodium p-toluenesulfinate (451) (50.232 g, 282 mmol, 1.0 eq.)

was added portionwise to the solution, which turned yellow and warmed up a bit. After two hours of

agitation at room temperature, the solvents were evaporated under reduced pressure (to one third).

The resulting residue was dissolved with 100 mL of anhydrous diethyl ether (the precipitation of NaCl

was observed) and cooled down to 0 ◦C.

A solution of l-menthol (472) (48.536 g, 311 mmol, 1.1 eq.), dissolved in 50 mL of pyridine, was

added over thirty minutes to the chloride solution. When the addition was finished, the mixture was

stirred for two hours at room temperature.

The reaction mixture was carefully quenched at 0 ◦C with 100 mL of water. The phases were

separated and the aqueous phase was extracted with diethyl ether. The organic phase was washed

a solution of HCl (10%) and brine. It was then dried over MgSO4, filtered off and the solvents were

evaporated. The resulting golden oil was diluted with 40 mL of diethyl ether and was allowed to

crystallise overnight. The white crystals were filtered and the solvents of the filtrate were evaporated.

The residue was diluted with 75 mL of acetone, treated with 1 mL of 1 mL of HCl (37%) and left in the

fridge to crystallise overnight. The process was repeated until wearing out of the mother liquors.

Aspect: white crystals

Yield: 79%

TLC: Rf ≈ 0.72 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 100-102 ◦C

[ααα]20
D : −201.1 ◦ (c = 2.0; acetone)

1H NMR (400 MHz, CDCl3): δ (ppm) 7.60 (d, 2H, J = 8.3 Hz, × 2 C2H), 7.32 (d, 2H, J = 8.3 Hz, 2 ×
C3H), 4.12 (td, 1H, J = 10.8; 4.5 Hz, C6H), 2.41 (s, 3H, C5H3), 2.31-2.24 (m, 1H, 1/2 × C11H2), 2.18-

2.07 (m, 1H, C12H), 1.72-1.64 (m, 2H, 1/2 × C8H2 + 1/2 × C9H2), 1.55-1.41 (m, 1H, C10H), 1.40-1.30

(m, 1H, C7H), 1.22 (dd, 1H, J = 23.3; 12.0 Hz, 1/2 × C11H2), 1.09-0.97 (m, 1H, 1/2 × C8H2), 0.96 (d,

3H, J = 6.5 Hz, C14H3), 0.93-0.80 (m, 1H, 1/2 × C9H2), 0.86 (d, 3H, J = 7.0 Hz, C13H3), 0.71 (d, 3H, J

= 7.0 Hz, C13H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 143.07 (C1

q), 142.27 (C4
q), 129.52 (2 × C3H), 124.90 (2 × C2H),

79.93 (C6H), 47.76 (C7H), 42.88 (C11H2), 33.93 (C9H2), 31.63 (C10H), 25.11 (C12H), 23.05 (C8H2),

22.02 (C14H3), 21.41 (C5H3), 20.81 (C13H3), 15.40 (C13H3)

IR: ν (cm−1) 2948-2846, 1456, 1388, 1370, 1341, 1180, 1129, 1106, 1080, 1040, 1006, 951, 916,

881, 821, 778, 755

The experimental data were in agreement with those reported in the literature.39
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8.4.2 Sulfinylquinone 318a/SQ1

This sulfinylquinone was prepared following the synthetic sequence reported by Hanquet et al.8,40

1,4-Dimethoxy-2-methylbenzene (474)

OMe

OMe
Me1

2

3
4

5

6

7

8

9

C9H12O2

MW = 152.19 g mol−1

Into 500 mL two-neck flask under argon, methylhydroquinone (473) (9.995 g, 80.5 mmol, 1.0 eq.)

was suspended into 200 mL of dichloromethane. An aqueous solution of NaOH (9.661 g, 255.3 mmol,

3.0 eq.) in 60 mL of water, was then added. After ten minutes, tetradecylammonium bromide (0.941 g,

1.439 mmol, 0.02 eq.) was added at once and Me2SO4 (31 mL, 327.6 mmol, 4.1 eq.) was added drop-

wise. After 45 minutes, NaOH (6.440 g, 161.0 mmol, 2.0 eq.) was added and the solution was vig-

orously stirred overnight. The next day, the phases were separated and the aqueous phase was

extracted with dichloromethane. The organic phases were gathered and dried over MgSO4. The

solution was filtered and the solvents were evaporated to give a colourless liquid. The filtration of this

liquid through silica, using dichloromethane as eluent, gave 12.083 g of dimethoxytoluene 474.

Aspect: colourless liquid

Yield: 98%

TLC: Rf ≈ 0.68 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (400 MHz, CDCl3): δ (ppm) 6.75 (d, 1H, J =8.7 Hz, C6H), 6.74 (d, 1H, J =3.1 Hz, C3H), 6.68

(dd, 1H, J =8.7; 3.1 Hz, C5H), 3.79 (s, 3H, C7H3), 3.76 (s, 3H, C8H3), 2.21 (s, 3H, C9H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 153.36 (C4

q), 152.01 (C1
q), 127.67 (C2

q), 117.01 (C3H), 110.71

(C5H), 110.60 (C6H), 55.62 (C7H3), 55.39 (C8H3), 16.32 (C9H3)

IR: ν (cm−1) 1498, 1464, 1442, 1280, 1218, 1179, 1156, 1129, 1047, 1030, 795, 710, 699

The experimental data were in agreement with those reported in the literature.8,40

2,5-Dimethoxy-4-methylbenzaldehyde (475)

OMe

OMe
Me

1
2

3

4
5

6

7

8

9

O

10

C10H12O3

MW = 180.08 g mol−1

In a 250 mL two-neck flask under argon atmosphere and equipped with a condenser, POCl3
(11.5 mL, 123.4 mmol, 1.7 eq.) was added dropwise on N-methylformanilide (15 mL, 121.5 mmol,

1.6 eq.). After ten minutes, dimethoxytoluene 474 (11.375 g, 74.7 mmol, 1.0 eq.) was added drop-

wise over the yellow mixture and the solution was heated up at 60 ◦C for 30 min. The mixture turned

black and solidified. The solid was then broken into pieces and poured into 200 mL of iced water.

The mixture was allowed to hydrolyse overnight. The next day, the solution was filtered and the solid

rinsed with water. It was then dissolved in dichloromethane and the organic phase was dried over

MgSO4 and filtered. The solvents were evaporated to give a yellowish solid. This solid was purified

by filtration over silica, using dichloromethane as eluent, to give 12.297 g of benzaldehyde 475.
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Aspect: Yellow solid

Yield: 92%

TLC: Rf ≈ 0.47 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 77-78 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 10.39 (s, 1H, C7H), 7.25 (s, 1H, C6H), 6.81 (s, 1H, C3H), 3.88

(s, 3H, C8H3), 3.83 (s, 3H, C9H3), 2.28 (s, 3H, C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 189.37 (C7H), 156.69 (C2

q), 152.04 (C5
q), 136.67 (C4

q), 122.88

(C1
q), 114.76 (C3H), 107.68 (C6H), 56.21 (C8H3), 55.82 (C9H3), 17.39 (C10H3)

IR: ν (cm−1) 1658, 1610, 1498, 1468, 1403, 1372, 1268, 1252, 1211, 1169, 1121, 1041

The experimental data were in agreement with those reported in the literature.8,40

2-Hydroxy-5-methoxy-4-methylbenzaldehyde (476)

OH

OMe
Me

1
2

3

4
5

6

7

8

9

O

C9H10O3

MW = 166.06 g mol−1

In a 500 mL two-neck flask under argon, equipped with a condenser and a dropping funnel, an-

hydrous AlCl3 (9.830 g, 66.8 mmol, 1.0 eq.) was dissolved in 100 mL of MeCN. A solution of ben-

zaldehyde 475 (12.052 g, 66.9 mmol, 1.0 eq.) into 100 mL of MeCN was added dropwise through the

dropping funnel. The solution was heated up to 45 ◦C and anhydrous NaI (15.294 g, 102.0 mmol,

1.5 eq.) was added. The mixture was refluxed for two hours. The solution was cooled down to room

temperature and the yellow solid formed during the reaction was filtered. The filtrate was evaporated

to give a curry yellow solid. Both solids from the cake and the filtrate were dissolved in 200 mL of

ethyl acetate and treated with 200 mL of a saturated solution of sodium potassium tartrate. The so-

lution was vigorously stirred for two hours. The phases were separated and the aqueous phase was

extracted with ethyl acetate. Organic phases were gathered and washed with a saturated solution

of Na2S2O3 (the organic phase cleared), then with brine, and were dried over MgSO4. The filtration

and evaporation of the solution gave 11.069 g of yellow needles that can be used in the next reaction

without any further purification. The analytic sample can be obtained by filtration over silica (using

dichloromethane as eluent) or by recrystallisation in petroleum ether.

Aspect: yellow needles

Yield: 99%

TLC: Rf ≈ 0.45 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 103-105 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 10.78 (s, 1H, OH (phenol)), 9.81 (s, 1H, C7H), 6.86 (s, 1H,

C6H), 6.80 (s, 1H, C3H), 3.84 (s, 3H, C8H3), 2.26 (s, 3H, C9H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 195.52 (C7H), 156.32 (C2

q), 151.40 (C5
q), 139.14 (C4

q), 119.67

(C3H), 118.19 (C1
q), 111.83 (C6H), 55.87 (C8H3), 17.23 (C9H3)

IR: ν (cm−1) 1651, 1621, 1499, 1486, 1471, 1320, 1247, 1210, 1193, 1172, 1122, 1016, 789, 706

The experimental data were in agreement with those reported in the literature.8,40
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3-Bromo-2-hydroxy-5-methoxy-4-methylbenzaldehyde (477)

OH

OMe
Me

1
2

3

4
5

6

7

8

9

O
Br C9H9O3Br

MW = 245.07 g mol−1

In a 500 mL two-neck flask under argon, equipped with a dropping funnel, benzaldehyde 476

(10.375 g, 62.5 mmol, 1.0 eq.) and anhydrous sodium acetate (7.908 g, 96.4 mmol, 1.5 eq.) were dis-

solved in 200 mL of glacial acetic acid. After a complete dissolution, a solution of Br2 (3.25 mL,

63.3 mmol 1.0 eq.), in 15 mL of glacial acetic acid was added dropwise through the dropping funnel.

After one hour, a precipitate appeared. After three hours, the mixture was filtered and the filtrate

was evaporated to give a yellowish solid. Both solids from the cake and the filtrate were dissolved in

dichloromethane and the organic phase was washed with saturated solutions of Na2S2O3, NaHCO3,

and NaCl, successively. The organic phase was dried over MgSO4, filtered, and the solvents were

evaporated to give a yellow solid. The recrystallisation in boiling methanol gave 14.786 g of yellow

crystals.

Aspect: Yellow crystals

Yield: 97%

TLC: Rf ≈ 0.58 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 106-107 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 11.43 (s, 1H, OH (phenol)), 9.80 (s, 1H, C7H3), 6.92 (s, 1H,

C6H), 3.86 (s, 3H, C8H3), 2.42 (s, 3H, C9H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 195.21 (C7H), 153.16 (C2

q), 151.43 (C5
q), 138.66 (C4

q), 117.89

(C1
q), 115.01 (C3

q), 111.36 (C6H), 56.36 (C8H3), 17.12 (C9H3)

IR: ν (cm−1) 1647, 1616, 1459, 1359, 1323, 1210, 1196, 1122, 1033, 881, 843, 760, 650

The experimental data were in agreement with those reported in the literature.8,40

3-Bromo-2,5-dimethoxy-4-methylbenzaldehyde (478)

OMe

OMe
Me

1
2

3

4
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7
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9

O
Br

10

C10H11O3Br

MW = 259.10 g mol−1

In a 500 mL two-neck flask under argon atmosphere, bromophenol 477 (11.778 g, 48.1 mmol,

1.0 eq.) was dissolved in 100 mL of dichloromethane. An solution of NaOH (2.885 g, 72.1 mmol,

1.5 eq.), in 50 mL of water, was added dropwise to the yellow solution. After ten minutes of agita-

tion, tetradecylammonium bromide (1.507 g, 2.29 mmol, 0.05 eq.) was added at once and Me2SO4

(10.0 mL, 105.7 mmol, 2.2 eq.) was added dropwise. The mixture was vigorously stirred. After one

hour, NaOH (2.952 g, 73.8 mmol, 1.5 eq.) was added and the mixture was allowed to stir overnight.

The next day, phases were separated and the aqueous phase was extracted with dichloromethane.

The organic phases were gathered, washed with brine, and dried over MgSO4. After evaporation

of the solvent, a white solid was obtained. The crude was purified by filtration over silica gel using

dichloromethane as eluent. After evaporation, 11.936 g of pure benzaldehyde 478 was obtained.
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Aspect: White solid

Yield: 96%

TLC: Rf ≈ 0.59 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 93-94 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 10.31 (s, 1H, C7H), 7.22 (s, 1H, C6H), 3.93 (s, 3H, C8H3), 3.86

(s, 3H, C9H3), 2.39 (s, 3H, C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 189.29 (C7H), 154.95 (C2

q ou C5
q), 154.93 (C2

q ou C5
q), 136.81

(C4
q), 127.83 (C1

q), 121.95 (C3
q), 106.39 (C6H), 64.05 (C8H3), 56.24 (C9H3), 17.08 (C10H3)

IR: ν (cm−1) 1688, 1596, 1466, 1388, 1368, 1216, 1195, 1109, 1037, 873, 697

The experimental data were in agreement with those reported in the literature.8,40

3-Bromo-2,5-dimethoxy-4-methylphenyl formate

OMe

OMe
Me

1
2

3

4
5

6

7

8

9

O Br

10O

C10H11BrO4

MW = 275.10 g mol−1

In a 500 mL two-neck flask under argon, mCPBA (70%) (13.656 g, 79.1 mmol, 1.7 eq.) was dis-

solved in 30 mL of dichloromethane. When mCPBA was completely dissolved, benzaldehyde 478

(11.864 g, 45.8 mmol, 1.0 eq.), dissolved in 150 mL of dichloromethane, was added dropwise to the

solution. The mixture was stirred for 24 hours. The meta-chlorobenzoic acid precipitate formed dur-

ing the reaction was filtered and washed with CH2Cl2. The organic phase was washed with saturated

solutions of Na2S2O3, NaHCO3 and NaCl, successively. The organic phase was dried over MgSO4

and the solvent were evaporated to obtain 12.480 g of an orangish solid which was directly used in

the next reaction without any further purification.

Aspect: Orangish solid

Yield: quantitative

TLC: Rf ≈ 0.57 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 82-84 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 8.28 (s, 1H, C7H), 6.61 (s, 1H, C6H), 3.79 (s, 3H, C9H3), 3.76

(s, 3H, C8H3), 2.31 (s, 3H, C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 159.31 (C7H), 154.40 (C5

q), 142.57 (C2
q), 141.38 (C1

q), 126.61

(C4
q), 121.80 (C3

q), 104.31 (C6H), 61.18 (C8H3), 56.25 (C9H3), 16.02 (C10H3)

IR: ν (cm−1) 1765, 1469, 1443, 1394, 1375, 1331, 1216, 1132, 1119, 1083, 1039, 975, 885, 849, 742

The experimental data were in agreement with those reported in the literature.8,40
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3-Bromo-2,5-dimethoxy-4-methylphenol (479)

OMe

OMe
Me

1
2

3

4
5

6

7

8

9

HO Br C9H11O3Br

MW = 247.09 g mol−1

In a 250 mL flask equipped with a rerigerant, the previously synthesised 3-Bromo-2,5-dimethoxy-

4-methylphenyl formate (9.327 g, 33.9 mmol, 1.0 eq.) was dissolved in 75 mL of refluxing methanol.

An aqueous solution of NaOH (1.424 g, 35.6 mmol, 1.0 eq., dissolved in 15 mL of water, was added

and the mixture directly darkened. After five minutes, the reaction mixture was cooled down to room

temperature, the methanol was evaporated and the resulting black oil was dissolved in 100 mL of

water. The solution was cooled down to 0 ◦C and HCl (37%) was added dropwise until the solution

reached a pH value below 2. The light brown precipitate formed during acidification was filtered off

and washed with cold water. The mother liquors were extracted with dichloromethane and the organic

phase was evaporated to give a yellowish solid. Both solid were gathered and dissolved in dichloro-

methane and the organic phase was washed with brine and dried over MgSO4. The evaporation of

the solvent gave a yellow solid which was purified by recrystallisation from a hot 50/50 mixture of

pentane and cyclohexane. After filtration, 7.306 g of yellow needles were obtained.

Aspect: Yellow needles

Yield: 93%

TLC: Rf ≈ 0.35 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 91-92 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 6.50 (s, 1H, C6H), 5.59 (s, 1H, OH (phenol)), 3.83 (s, 3H,

C2H3), 3.77 (s, 3H, C5H3), 2.23 (s, 3H, C9H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 154.98 (C5

q), 147.60 (C1
q), 137.97 (C2

q), 119.60 (C3
q), 119.01

(C4
q), 98.27 (C6H), 61.26 (C7H3), 56.14 (C8H3), 15.30 (C9H3)

IR: ν (cm−1) 3500-3200, 1606, 1582, 1483, 1446, 1409, 1378, 1314, 1202, 1167, 1123, 1035, 971,

863, 836, 812, 740, 696

The experimental data were in agreement with those reported in the literature.8,40

3-Bromo-1,2,5-trimethoxy-4-methylbenzene (480)

OMe

OMe
Me

1
2
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4
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8

9

MeO Br

10

C10H13BrO3

MW = 261.12 g mol−1

In a 250 mL two-neck flask under argon atmosphere, phenol 479 (7.279 g, 29.5 mmol, 1.0 eq.) was

dissolved in 100 mL of dichloromethane. An aqueous solution of NaOH (3.712 g, 92.8 mmol, 3.1 eq.),

in 40 mL of water, was added dropwise. After ten minutes, tetradecylammonium bromide (1.090 g,

1.41 mmol, 0.05 eq.) was added at once and Me2SO4 (6.0 mmol, 63.4 mmol, 2.2 eq.) was added

dropwise. After 30 minutes, NaOH (2.388 g, 59.7 mmol, 2.0 eq.) and the mixture was vigorously

stirred overnight. The next day, the phases were separated and the aqueous phase was extracted

with dichloromethane. The organic phases were gathered, washed with brine and dried over MgSO4.



264 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

Evaporation of the solvent gave a withe solid purified by filtration over silica using dichloromethane

as eluent. After evaporation of the solvent, 7.259 g of trimethoxytoluene 480 was obtained.

Aspect: White solid

Yield: 95%

TLC: Rf ≈ 0.45 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 58-60 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 6.47 (s, 1H, C6H), 3.87 (s, 3H, C7H3), 3.81 (s, 3H, C9H3), 3.79

(s, 3H, C8H3), 2.25 (s, 3H, C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 154.29 (C5

q), 151.46 (C1
q), 140.55 (C2

q), 121.72 (C3
q), 119.42

(C4
q), 96.86 (C6H), 60.70 (C8H3), 56.56 (C7H3), 56.41 (C9H3), 15.45 (C10H3)

IR: ν (cm−1) 1593, 1569, 1495, 1484, 1468, 1453, 1436, 1387, 1324, 1294, 1259, 1214, 1199, 1183,

1151, 1125, 1029, 1000, 971, 857, 819, 806, 740, 687

The experimental data were in agreement with those reported in the literature.8,40

(–)-(S)-1,2,5-Trimethoxy-4-methyl-3-(p-tolylsulfinyl)benzene (481)

OMe

OMe
Me
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4
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9

MeO S

10

O

Me15
14

13
12

11 C17H20O4S

MW = 320.40 g mol−1

In a dry 100 mL two-neck flask under argon atmosphere equipped with a condenser, magnesium

(819 mg, 33.6 mmol, 1.2 eq.) was suspended in 20 mL of dry THF. To that solution, bromide 481

(7.205 g, 27.6 mmol, 1.0 eq.), dissolved in 15 mL of dry THF, was added dropwise to the magnesium

suspension. An iodine crystal was added to activate the magnesium. Once the organomagnesium

was activated, the mixture was stirred for three to four hours.

The solution, containing the Grignard’s reagent, was cooled down to 0 ◦C and cannulated over a

solution of 8.142 g of (–)-(SS)-menthyl sulfinate (SS)-292 (27.65 mmol, 1.0 eq.) (dissolved in 50 mL

of dry THF under argon atmsophere and cooled down to 0 ◦C). The reaction was stirred overnight.

The next day, the reaction was slowly hydrolysed at 0 ◦C with 50 mL of a saturated solution of

NH4Cl. The phases were separated and the aqueous phase was extracted with dietyl ether. Organic

phases were gathered, washed with brine and dried over MgSO4. After evaporation of the solvent,

a waxy solid was obtained . Trituration of this solid with diethyl ether gave 4.458 g of a light brown

powder after filtration.

Aspect: light brown powder

Yield: 51%

TLC: Rf ≈ 0.22 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 125-127 ◦C

[ααα]20
D : −155.9 ◦ (c = 1.35; acetone)

1H NMR (400 MHz, CDCl3): δ (ppm) 7.47 (d, 2H, J = 7.3 Hz, 2 × C12H), 7.22 (d, 2H, J = 7.3 Hz, 2

×C13H), 6.58 (s, 1H, C6H), 3.87 (s, 3H, C7H3), 3.82 (s, 3H, C8H3), 3.78 (s, 3H, C9H3), 2.35 (s, 3H,

C15H3), 2.26 (s, 3H, C10H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 154.73 (C5

q), 151.13 (C1
q), 141.84 (C2

q), 141.60 (C11
q ), 139.93

(C14
q ), 137.49 (C3

q), 129.59 (2×C13H), 124.42 (2 ×C12H), 119.96 (C4
q), 100.65 (C6H), 61.82 (C8H3)
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56.47 (C9H3), 56.35 (C7H3), 21.41 (C15H3), 10.02 (C10H3)

IR: ν (cm−1) 1593, 1479, 1313, 1216, 1198, 1180, 1124, 1081, 1038, 973, 859, 818, 621

The experimental data were in agreement with those reported in the literature.8,40

Monoclinic P21

a = 8.0244(4) Å α = 90 ◦

b = 20.7591(11) Å β = 95.743(5) ◦

c = 9.6360(7) Å γ = 90 ◦

V = 1597.12(17) Å3 Z = 4

R = 6.03% Flack = –0.07(5)

Figure 8.10: X-ray structure of 481 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

(+)-(S)-5-Methoxy-2-methyl-3-(p-tolylsulfinyl)cyclohexa-2,5-diene-1,4-dione (318a/SQ1)

O

O
Me

1 2
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6

7

8
9MeO S

10

O

Me

13

12
11

C15H14O4S

MW = 290.33 g mol−1

In a 500 mL flask, sulfoxide 481 (4.344 g, 13.6 mmol, 1.0 eq.) was dissolved in 150 mL of acetoni-

trile. A aqueous solution of CAN (18.703 g, 34.1 mmol, 2.5 eq.) in 150 mL of water was quickly added

to the first mixture. The solution turned bright red. After 40 minutes, the solvents were evaporated

and the aqueous phase was extracted with dichloromethane. Organic phases were gathered, washed

with brine and dried over MgSO4. The evaporation of the solvents gave a red solid which was purified

by recrystallisation from boiling methanol. The crystals were filtered to obtain 3.738 g of red needles.

Aspect: Red needles

Yield: 95%

TLC: Rf ≈ 0.43 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 130-132 ◦C

[ααα]20
D : +469.4 ◦ (c = 0.98; CH2Cl2)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.64 (d, 2H, J = 8.1 Hz, 2 × C9H), 7.29 (d, 2H, J = 8.1 Hz, 2 ×
C10H), 5.96 (s, 1H, C6H), 3.79 (s, 3H, C13H3), 2.50 (s, 3H, C7H3), 2.39 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 185.37 (C1

q), 179.30 (C4
q), 157.96 (C5

q), 148.23 (C2
q), 144.67

(C3
q), 141.89 (C11

q ), 139.48 (C8
q), 130.24 (2 × C10H), 125.02 (2 × C9H), 108.06 (C6H), 56.68 (C13H3),

21.54 (C12H3), 9.55 (C7H3)

IR: ν (cm−1) 1665, 1629, 1593, 1354, 1305, 1200, 1184, 1081, 1046, 1013, 993, 861, 814, 796, 765,

704

The experimental data were in agreement with those reported in the literature.8,40
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Orthorombic P212121

a = 5.4490(4) Å α = 90 ◦

b = 8.3945(8) Å β = 90 ◦

c = 30.177(3) Å γ = 90 ◦

V = 1380.36 Å3 Z = 4

R = 5.23% Flack = –0.06(2)

Figure 8.11: X-ray structure of 318a and parameters of the crystal. Recrystallisation from boiling methanol.

8.4.3 Sulfinylquinone 297/SQ2

(–)-(S)-1,4-Dimethoxy-2-(p-tolylsulfinyl)benzene (295)

OMe

OMe

1 2

3
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6
9

10
11S

12

O

Me
8

7

13

C15H16O3S

MW = 276.08 g mol−1

The protocol of Carreño et al. has been used with slight modifications.41

In a 250 mL two-neck flask under argon atmosphere, dimethoxybenzene 298 (2.059 g, 15.0 mmol,

1.0 eq.) was dissolved in 60 mL of anhydrous THF. The solution was cooled down to 0 ◦C and a 2.5 M

hexyllithium solution in hexane (6.0 mL, 15.0 mmol, 1.0 eq.) was added dropwise. The solution was

stirred for one hour at 0 ◦C, then cooled down to −78 ◦C and quickly cannulated over a solution of

(–)-(SS)-menthyl sulfinate (SS)-292 (4.483 g, 15.0 mmol, 1.0 eq.) in 40 mL of anhydrous THF (also

cooled down to −78 ◦C). The mixture was stirred for two hours at −78 ◦C. The solution was allowed

to warm up to room temperature and quenched with 100 mL of water. The phases were separated

and the aqueous phase was extracted with dichloromethane. The organic phase was dried over

MgSO4, filtered off and evaporated. The crude was purified by flash chromatography on silica gel

(cyclohexane/AcOEt: 9/1→ 8/2→ 7/3) to give 3.188 g of sulfoxide 295.

Aspect: white solid

Yield: 77%

TLC: Rf ≈ 0.54 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 75-77 ◦C

[ααα]20
D : −20.6 ◦ (c = 1.06; CHCl3)

1H NMR (400 MHz, CDCl3): δ (ppm) 7.58 (d, 2H, J = 8.1 Hz, 2 × C10H), 7.48 (d, 1H, J = 3.1 Hz,

C3H), 7.21 (d, 2H, J = 8.1 Hz, 2 × C11H), 6.90 (dd, 1H, J = 8.9 ; 3.1 Hz, C5H), 6.77 (d, 1H, J =

8.9 Hz, C6H), 3.82 (s, 3H, C8H3), 3.72 (s, 3H, C7H3), 2.34 (s, 3H, C13H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 154.73 (C4

q), 149.67 (C1
q), 142.38 (C9

q), 141.47 (C12
q ), 134.11

(C2
q), 129.77 (2 × C11H), 125.49 (2 × C10H), 118.13 (C5H), 112.71 (C6H), 108.68 (C3H), 56.33

(C7H3), 56.13 (C8H3), 21.53 (C13H3)

IR: ν (cm−1) 1487, 1460, 1438, 1268, 1042, 1029, 806, 685

The experimental data were in agreement with those reported in the literature.41
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(+)-(S)-2-(p-Tolylsulfinyl)cyclohexa-2,5-diene-1,4-dione (297/SQ2)

O

O
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2
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6
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8
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10

O

Me
11

C13H10O3S

MW = 246.04 g mol−1

This molecule was synthesised according to Carreño et al. protocol.41

In a 500 mL flask, sulfoxide 295 (2.520 g, 9.12 mmol, 1.0 eq.) was dissolved in 100 mL of acetoni-

trile. A solution of CAN (12.627 g, 23.0 mmol, 2.5 eq.) in 100 mL of water was added at once over the

sulfoxide solution and stirred for one hour at room temperature. Acetonitrile was then evaporated and

the aqueous residue was extracted with dichloromethane. The organic phase was dried over MgSO4,

filtered off and evaporated to yield 2.183 g of the desired sulfinylquinone. Recrystallisation from hot

diethyl ether gave blood red needles.

Aspect: red needles

Yield: 97% (before recrystallisation)

TLC: Rf ≈ 0.63 ((), visualised by cHex/AcOEt: 5/5), revelated by UV and p-anisaldehyde

mp: 124-126 ◦C

[ααα]20
D : +1011 ◦ (c = 1.00; CHCl3)

1H NMR (400 MHz, CDCl3): δ (ppm) 7.66 (d, 2H, J = 8.1 Hz, 2 × C8H), 7.43 (d, 1H, J = 2.5 Hz, C3H),

7.29 (d, 2H, J = 8.1 Hz, 2 × C9H), 6.79 (dd, 1H, J = 10.1; 2.5 Hz, C5H), 6.71 (d, 1H, J = 10.1 Hz,

C6H), 2.39 (s, 3H, C11H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 185.23 (C4

q), 183.71 (C1
q), 155.46 (C2

q), 143.09 (C10
q ), 138.31

(C7
q), 137.53 (C5H), 136.58 (C6H), 131.69 (C3H), 130.39 (2 × C9H), 125.94 (2 × C8H), 21.62 (C11H3)

IR: ν (cm−1) 1657, 1591, 1057, 806

The experimental data were in agreement with those reported in the literature.41

Orthorombic P212121

a = 6.6870(1) Å α = 90 ◦

b = 13.2586(2) Å β = 90 ◦

c = 13.4136(2) Å γ = 90 ◦

V = 1189.25(3) Å3 Z = 4

R = 2.73% Flack = –0.012(16)

Figure 8.12: X-ray structure of 297 and paramaters of the crystal. Recrystallisation from boiling diethyl ether.
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8.4.4 Sulfinylquinone 307a/SQ4

(–)-(S)-2-Chloro-3-(p-tolylsulfinyl)benzene-1,4-diol (482)

OH

OH
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Cl

C13H11O3SCl

MW = 282.76 g mol−1

The title compound was cited by Carreño et al. although no experimental procedure was given.42

In a 250 mL two-neck flask under argon atmosphere, sulfinylquinone 297 (1.996 g, 8.10 mmol,

1.0 eq.) was dissolved in 150 mL of anhydrous dichloromethane and cooled down to 0 ◦C and TiCl4
(2.5 mL, 22.8 mmol, 2.8 eq.) was added dropwise. The dark red solution was allowed to warm up to

room temperature and was stirred overnight. Hydrolysis was performed by addition of 100 mL of a

saturated solution of sodium potassium tartrate and a vigorous stirring for five hours. The phases

were separated and the aqueous phase was extracted with dichloromethane. Organic phases were

gathered and washed with a saturated solution of Na2S2O3 and brine, successively. The organic

phase was then dried over MgSO4, filtered off and evaporated. The crude was purified by flash

chromatography on demetallated silica gel (cyclohexane/AcOEt: 9/1→ 8/2) to give 1.001 g of a pale

yellow solid.

Aspect: pale yellow solid

Yield: 44%

TLC: Rf ≈ 0.60 (cHex/AcOEt: 5/5), visualised by UV and p-aniseladehyde

mp: 173-176 ◦C

[ααα]20
D : −95 ◦ (c = 1.0; acetone)

1H NMR (500 MHz, CDCl3): δ (ppm) 10.85 (s, broad, 1H, OH), 7.73 (d, 2H, J = 8.2 Hz, 2 × C8H),

7.31 (d, 2H, J = 8.2 Hz, 2 × C9H), 7.00 (d, 1H, J = 9.0 Hz, C5H or C6H), 6.77 (d, 1H, J = 9.0 Hz, C5H

or C6H), 5.44 (s, br, 1H, OH), 2.40 (s, 3H, C11H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 154.58 (C1

q or C4
q), 144.98 (C1

q or C4
q), 143.35 (C10

q ), 139.52

(C7
q), 130.54 (2 × C9H), 126.22 (2 × C8H), 120.61 (C5H or C6H), 120.37 (C2

q or C3q), 119.63 (C5H

or C6H), 115.87 (C2
q or C3q), 21.67 (C11H3)

IR: ν (cm−1) 3400-2800, 1286, 1207, 966, 805

The experimental data were in agreement with those reported in the literature.42

Orthorombic P212121

a = 7.5344(5) Å α = 90 ◦

b = 7.6908(8) Å β = 90 ◦

c = 21.7319(12) Å γ = 90 ◦

V = 1259.26(17) Å3 Z = 4

R = 4.75% Flack = 0.01(3)

Figure 8.13: X-ray structure of 482 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.
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(–)-(S)-2-Chloro-1,4-dimethoxy-3-(p-tolylsulfinyl)benzene (499)
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C15H15ClO3

MW = 310.79 g mol−1

In a 50 mL two-neck flask under argon atmosphere and equipped with a condenser, hydroquinone

482 (207 mg, 0.732 mmol, 1.0 eq.) was dissolved in 10 mL of acetone. Potassium carbonate (505 mg,

3.66 mmol, 5.0 eq.) and dimethyl sulfate (0.15 mL, 1.58 mmol, 2.2 eq.) were added to the solution and

the mixture was heated up at 55 ◦C for two hours. The reaction mixture was cooled down to room

temperature and filtered to remove the potassium salts. The solid was thoroughly washed with ace-

tone and the solvent was evaporated. The crude was then dissolved in 10 mL of dichloromethane and

10 mL of water was added. Sodium hydroxide (63 mg, 1.58 mmol, 2.2 eq.) was added and the final

mixture was vigorously stirred for thirty minutes. The phases were separated and the aqueous phase

was extracted with dichloromethane. The organic phases were gathered, dried over MgSO4 and fil-

tered. The crude was purified by filtration on silica gel, using ethyl acetate as eluent. Evaporation of

the solvents gave 174 mg of dimethoxybenzene 499.

Aspect: white crystals

Yield: 77%

TLC: Rf ≈ 0.17 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 171-174 ◦C

[ααα]20
D : −133 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.54 (d, 2H, J = 8.6 Hz, 2 × C9H), 7.23 (d, 2H, J = 8.6 Hz, 2

× C10H), 6.98 (d, 1H, J = 8.6 Hz, C5H or C6H), 6.78 (d, 1H, J = 8.6 Hz, C5H or C6H), 3.85 (s, 3H,

C7H3 or C13H3), 3.67 (s, 3H, C7H3 or C13H3), 2.37 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.72 (C1

qorC4
q), 149.85 (C1

qorC4
q), 140.59 (C8

q), 140.26 (C11
q ),

132.29 (C2
q or C3

q), 129.34 (2 × C10H), 124.57 (C2
q or C3

q), 124.44 (2 × C9H), 116.02 (C5H or C6H),

111.88 (C5H or C6H), 57.15 (C7H3 or C13H3), 56.84 (C7H3 or C13H3), 21.50 (C12H3)

IR: ν (cm−1) 1563, 1462, 1429, 1269, 1049, 1031, 1014, 819

HRMS (ESI+): for [M+H]+ calc.: 311.0503, found: 311.0499

Orthorombic P212121

a = 7.3892(2) Å α = 90 ◦

b = 8.1936(3) Å β = 90 ◦

c = 24.3849(8) Å γ = 90 ◦

V = 1476.35(9) Å3 Z = 4

R = 3.91% Flack = –0.02(3)

Figure 8.14: X-ray structure of 499 and parameters of the crystal. Recrystallisation from boiling isopropanol.
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(+)-(S)-2-Chloro-3-(p-tolylsulfinyl)cyclohexa-2,5-diene-1,4-dione (307a/SQ4)
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C13H9O3SCl

MW = 280.74 g mol−1

This compound was cited by Carreño et al. although no experimental procedure was given.42

Therefore, the general procedure for the oxidation of hydroquinone was used.

In a 100 mL flask, sulfinylhydroquinone 482 (602 mg, 2.13 mmol, 1.0 eq.) was dissolved in 40 mL

of acetonitrile. A solution of CAN (2.942 g, 5.37 mmol, 2.5 eq.) in 40 mL of water was added at once

over the sulfoxide solution. After one hour, the acetonitrile was evaporated and the aqueous residue

was extracted with dichloromethane. The organic phase was dried over MgSO4, filtered off and

evaporated to give 578 mg of sulfinylquinone 307a.

Aspect: red needles

Yield: 97%

TLC: Rf ≈ 0.41 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 138-140 ◦C

[ααα]20
D : +638 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.72 (d, 2H, J = 8.2 Hz, 2 × C8H), 7.33 (d, 2H, J = 8.2 Hz, 2

× C9H), 6.91 (d, 1H, J = 10.1 Hz, C5H or C6H), 6.78 (d, 1H, J = 10.1 Hz, C5H or C6H), 2.40 (s, 3H,

C11H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 181.27 (C1

q or C4
q), 177.91 (C1

q or C4
q), 146.28 (C2

q or C3
q), 143.71

(C2
q or C3

q), 142.61 (C10
q ), 138.03 (C7

q), 130.34 (2 × C9H), 125.17 (2 x C8H), 21.63 (C11H3)

IR: ν (cm−1) 1676, 1652, 1063, 836

The experimental data were in agreement with those reported in the literature.42

Orthorombic P212121

a = 10.1899(5) Å α = 90 ◦

b = 10.1885(4) Å β = 90 ◦

c = 11.8334(5) Å γ = 90 ◦

V = 1228.54(9) Å3 Z = 4

R = 2.88% Flack = 0.01(4)

Figure 8.15: X-ray structure of 307a and parameters of the crystal. Recrystallisation from a boiling mixture of
pentane and toluene.



CHAPTER 8. EXPERIMENTAL 271

8.4.5 Sulfinylquinone 488/SQ3

2-Methoxybenzene-1,4-diol (484)

OH

OH
MeO 1
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5
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C7H8O3

MW = 140.14 g mol−1

Compound 484 was obtained using a modified version of the protocol of Ferreira et al.43

In a 100 mL two-neck flask, a solution of NaOH (1.574 g, 39.4 mmol, 1.2 eq.) in 40 mL of water

was used to dissolve vanillin (483) (5.163 g, 33.9 mmol, 1.0 eq.). Through a dropping funnel, an

aqueous solution of H2O2 (37%), (3.3 mL, 40.6 mmol, 1.2 eq.) diluted with 20 mL of water was added

dropwise to the phenolate solution. The mixture directly turned dark and was stirred overnight at room

temperature. The solution was acidified with 20 mL of HCl (10%) and extracted with ethyl acetate.

The organic phase was washed with a saturated solution of Na2S2O3, dried over MgSO4, filtered

off and evaporated to provide a dark oil which was purified by flash chromatography on silica gel

(cHex/AcOEt: 8/2) to give 3.633 g of 484 as a white solid.

Aspect: greyish powder

Yield: 76%

TLC: Rf ≈ 0.43 (cHex/AcOEt: 5/5), visualised by UV and KMnO4

mp: 85-86 ◦C
1H NMR (400 MHz, CD3OD): δ (ppm) 6.61 (d, 1H, J = 8.5 Hz, C6H), 6.42 (d, 1H, J = 2.7 Hz, C3H),

6.22 (dd, 1H, J = 8.5; 2.7 Hz, C5H), 3.80 (s, 3H, C7H3)
13C NMR (400 MHz, CD3OD): δ (ppm) 151.74 (C4

q), 149.46 (C2
q), 140.28 (C1

q), 116.36 (C6H), 107.43

(C5H), 101.22 (C3H), 56.16 (C7H3)

IR: ν (cm−1) 3500-3000, 1509, 1451, 1371, 1289, 1241, 1217, 1191, 1158, 1110, 1032, 945, 832,

795

The experimental data were in agreement with those reported in the literature.43

2-Bromo-5-methoxybenzene-1,4-diol (485)

OH

OH
MeO

1
2

3
45

6

7

Br C7H7BrO3

MW = 219.03 g mol−1

This compound was synthesised according to Keana et al.44

In a 500 mL two-neck flask, equipped with a dropping funnel, under argon atmosphere, 3.506 g

of hydroquinone 484 (3.506 g, 25.0 mmol, 1.0 eq.) was dissolved in 150 mL of glacial acetic acid. The

solution was cooled down using an iced-water bath. Bromine (1.3 mL, 25.3 mmol, 1.0 eq.), dissolved

in 30 mL of glacial acetic acid, was added dropwise through the dropping funnel. The mixture was

stirred for four hours. Then, the solvent was evaporated under reduced pressure and the residue

was dissolved in ethyl acetate. The organic phase was washed with saturated solutions of Na2S2O3,
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NaHCO3 and brine, successively, then dried over MgSO4, filtered off and evaporated. The crude was

purified by recrystallisation in hot toluene (80 ◦C) to give 4.582 g of 485.

Aspect: white crystals

Yield: 83%

TLC: Rf ≈ 0.46 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 120-122 ◦C
1H NMR (400 MHz, CD3OD): δ (ppm) 6.86 (s, 1H, C3H), 6.53 (s, 1H, C6H), 3.79 (s, 3H, C7H3)
13C NMR (100 MHz, CD3OD): δ (ppm) 149.17 (C5

q), 148.19 (C1
q), 141.27 (C4

q), 119.57 (C3H),102.03

(C6H), 100.05 (C2
q), 56.40 (C7H3)

IR: ν (cm−1) 3500-3000, 1512, 1443, 1274, 1197, 1165, 974, 820

The experimental data were in agreement with those reported in the literature.44

1-Bromo-2,5-bis(1-ethoxyethoxy)-4-methoxybenzene (486a)
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C15H23BrO5

MW = 363.25 g mol−1

In a 100 mL two-neck flask under argon atmosphere, hydroquinone 485 (1.415 g, 6.46 mmol,

1.0 eq.) were suspended into 25 mL of anhydrous dichloromethane. To that suspension, ethyl vinyl

ether (3.4 mL, 35.6 mmol, 5.5 eq.) was added dropwise. After five minutes, PPTS (42 mg, 0.167 mmol,

0.025 eq.) was added. The solid was dissolved after a few minutes. The reaction was stirred overnight

at room temperature and a saturated solution of NaHCO3 was added to quench the reaction. The

phases were separated and the aqueous phase was extracted with diethyl ether. The organic phases

were gathered and dried over MgSO4, then filtered off and the solvents were evaporated. The crude

was purified by filtration over a silica gel pad, using a cHex/Et2O mixture in 4/1 ratio as eluent. The

solvents were evaporated to give 2.344 g of 486a as a yellow oil.

Aspect: golden oil

Yield: quantitative

TLC: Rf ≈ 0.53 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (400 MHz, CDCl3): δ (ppm) 7.22(3) (s, 0.5H, C6H), 7.22(0) (s, 0.5H, C6H), 6.78 (s, 1H,

C3H), 5.34-5.27 (m, 1H, C7H or C12H), 5.27-5.20 (m, 1H, C7H or C12H), 3.89-3.76 (m, 2H, C9H2

or C14H2), 3.80 (s, 3H, C11H3), 3.65-3.53 (m, 2H, C9H2 or C14H2), 1.51-1.48 (m, 3H, C8H or C13H),

1.47-1.44 (m, 3H, C8H or C13H), 1.24-1.18 (m, 6H, C10H3 + C15H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 151.03 (C4

q), 149.01 + 148.98 (C2
q or C5

q), 141.48 + 141.46 (C2
q

or C5
q), 124.03 (C6H), 105.11 + 105.10 (C3H), 104.22 (C1

q), 101.90 + 101.86 (C7H or C12H), 101.74

+ 101.70 (C7H or C12H), 62.35 + 62.31 (C9H2 or C14H2), 61.80 + 61.77 (C9H2 or C14H2), 56.14

(C11H3), 20.33 + 20.30 (C8H3 or C13H3), 20.25 + 20.23 (C8H3 or C13H3), 15.36 (C10H3 or C15H3),

15.25 (C10H3 or C15H3)

IR: ν (cm−1) 1198-1040, 988-891, 820
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1,4-Bis(1-ethoxyethoxy)-2-methoxy-5-((S)-p-tolylsulfinyl)benzene (487a)
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C22H30O6S

MW = 422.22 g mol−1

In a 100 mL two-neck flask under argon atmosphere, a 2.5 M hexyllithium solution in hexane

(1.60 mL, 4.00 mmol, 1.0 eq.) were dissolved in 15 mL of anhydrous THF and cooled down to −78 ◦C.

A solution of bromide 486a (1.423 g, 3.919 mmol, 1.0 eq.), dissolved in 25 mL of anhydrous THF, was

added dropwise to the lithium solution. The golden mixture was stirred for one hour at −78 ◦C. After

15 minutes, the solution turned light green. In a 250 mL two-neck flask under argon atmosphere,

1.399 g of (–)-menthyl sulfinate (SS)-292 (1.399 g, 4.76 mmol, 1.2 eq.) was dissolved in 45 mL of

anhydrous THF and cooled down to −78 ◦C. The lithium solution was quickly cannulated over the

sulfinate solution and the final mixture was stirred for two hours at −78 ◦C. The solution was allowed

to warm up to room temperature and was quenched with water. The phases were separated and the

aqueous phase was extracted with diethyl ether. The organic phase was dried over MgSO4, filtered

off and evaporated. The crude was purified by flash chromatography on silica gel (cHex/AcOEt: 9/1

→ 8/2) to give 916 mg of 487a as a orange oil.

Aspect: golden oil

Yield: 55%

TLC: Rf ≈ 0.50 (cHex/AcOEt: 4/6), visualised by UV and p-anisaledhyde
1H NMR (400 MHz, CDCl3): δ (ppm) 7.62-7.51 (m, 2H, 2 × C17H), 7.32-7.26 (m, 2H, C18H), 6.93 +

6.89 + 6.70 (3 × s, 1H, C6H), 6.42 + 6.41 + 6.40 (3 × s, 1H, C3H), 5.37-5.27 (m, 1H, C7H or C12H),

5.24-5.14 (m, 1H, C7H or C12H), 3.91-3.72 (m, 5H, C11H3 + C9H2 or C14H2), 3.67-3.45 (m, 2H, C9H2

or C14H2), 2.37 (s, 3H, C20H3), 1.45-1.09 (m, 12H, C8H3 + C10H3 + C13H3 + C15H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 153.96 + 153.86 + 153.84 (C2

q), 148.95 + 148.86 + 148.80 +

148.68 CAr
q ), 142.82 + 148.81 + 148.78 + 148.76 (CAr

q ), 141.33 + 141.30 + 141.27 + 141.24 (CAr
q ),

141.11 + 141.09 (CAr
q ), 129.58 (2 × CpTolH), 125.65+126.61 (C6H), 125.21 (2 × CpTolH), 115.45 +

115.32 + 115.09 + 114.6 (CAr
q ), 101.99 + 101.97(C3H), 101.67 + 101.60 + 101.57 + 101.54 (C7H or

C12H), 100.35 + 100.26 + 100.17 + 100.16 (C7H or C12H), 62.62 + 62.58 + 62.26 + 62.20 (C9H2

or C14H2), 61.15 + 61.12 + 60.31 + 60.24 (C9H2 or C14H2), 56.11 + 56.10 + 56.08 (C11H3), 21.37

(C20H3), 20.53 + 20.37 + 20.34 (C8H3 or C13H3), 19.82 + 19.80 + 19.55 + 19.50 (C8H3 or C13H3),

15.23 + 15.18 + 15.14 (C10H3 + C15H3)

IR: ν (cm−1) 2996-2879, 1197-1081, 1046, 994-906
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1-Bromo-2,5-bis(ethoxymethoxy)-4-methoxybenzene (486b)

O

O
MeO

1
2

3

4
5

6

7

Br
OMe

OMe

8
9

10

1112

13

C13H19BrO5

MW = 335.19 g mol−1

In a 100 mL two-neck flask under argon atmosphere, a solution of hydroquinone 485 (2.501 g,

11.4 mmol, 1.0 eq.) and BnEt3NCl (267 mg, 1.17 mmol, 0.10 eq.), dissolved in 25 mL of anhydrous

THF, was cooled down to 0 ◦C. Solid sodium hydroxide (2.761 g, 69.0 mmol, 6.0 eq.) was added to the

solution, followed by ethoxymethyl chloride (4.2 mL, 45.3 mmol, 4.0 eq.). The resulting mixture was

stirred one hour at 0 ◦C, then one hour at room temperature. The reaction mixture was then poured

into 25 mL of water and the biphasic mixture was stirred for ten minutes. The phases were separated

and the organic layer was washed with brine, dried over MgSO4 and evaporated. The crude oil was

filtered over silica gel (eluent: cHex/AcOEt: 9/1) to yield 2.8055 g of the desired compound.

Aspect: Yellowish oil

Yield: 73%

TLC: Rf ≈ 0.57 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.32 (s, 1H, C6H), 6.82 (s, 1H, C3H), 5.22 (s, 2H, C7H2), 5.18

(s, 2H, C11H2), 3.84 (s, 3H, C10H3), 3.80 (q, 2H, J = 7.1 Hz, C8H2 or C12H2), 3.80 (q, 2H, J = 7.1 Hz,

C11H2 or C8H2), 1.24 (t, 3H, J = 7.1 Hz, C9H3 or C13H3), 1.23 (t, 3H, J = 7.1 Hz, C13H3 or C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 150.08 (C4

q), 149.57 (C2
q), 142.26 (C5

q), 121.41 (C6H), 102.72

(C1
q), 102.60 (C3H), 95.00 (C7H2 or C11H2), 94.92 (C11H2 or C7H2), 64.68 (C8H2 or C12H2), 64.68

(C12H2 or C8H2), 56.27 (C10H3), 15.22 (C9H3 or C13H3), 15.18 (C13H3 or C9H3)

IR: ν (cm−1) 1502, 1263, 1196, 1156, 1100, 1083, 974

(–)-(S)-1,4-Bis(ethoxymethoxy)-2-methoxy-5-(p-tolylsulfinyl)benzene (487b)
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MW = 394.48 g mol−1

In a dry 250 mL two-neck flask under argon atmosphere, bromide 486b (2.061 g, 6.15 mmol,

1.0 eq.) was dissolved in 60 mL of anhydrous THF and cooled down to −78 ◦C. A 2.3 M solution of

hexyllithium in hexane (2.7 mL, 6.21 mmol, 1.0 eq.) was added dropwise and the solution was stirred

thirty minutes at −78 ◦C. The solution was then cannulated over a solution of sulfinate (SS)-292

(1.878 g, 6.38 mmol, 1.0 eq.) dissolved in 60 mL of anhydrous THF and cooled down to −78 ◦C. The

resulting mixture was stirred one hour at −78 ◦C and one hour at room temperature. It was then

quenched with a saturated solution of NH4Cl and the phases were separated. The aqueous layer

was extracted with diethyl ether and the gathered organic layers were washed with brine, dried over
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MgSO4, and evaporated. The crude oil was purified by flash chromatography over silica gel (eluent:

cHex/AcOEt: 8/2→ 6/4) to yield 1.674 g of desired sulfoxide.

Aspect: yellowish oil

Yield: 69%

TLC: Rf ≈ 0.11 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

[ααα]20
D : −75.2 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.57 (s, 1H, C6H), 7.55 (d, 2H, J = 8.1 Hz, C15H2), 7.21 (d, 2H,

J = 8.1 Hz, C16H2), 6.73 (s, 1H, C3H), 5.21 (dd, AB, 2H, JAB = 6.6 Hz, ∆νAB = 10.7 Hz, C7H2), 5.14

(dd, A’B’, 2H, JA’B’ = 7.1 Hz, ∆νA’B’ = 19.2 Hz, C11H2), 3.84 (s, 3H, C10H3), 3.75 (q, 2H, J = 7.1 Hz,

C8H2), 3.58 (ddq, CDX, 2H, JCD = 9.6 Hz, JCX = JDX = 7.1 Hz, ∆νCD = 45.2 Hz, C12H2), 2.34 (s, 3H,

C18H3), 1.19 (t, 3H, J = 7.1 Hz, C9H3), 1.15 (t, CDX, 3H, JCX = JDX = 7.1 Hz, C13H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.43 (C2

q), 149.68 (C4
q), 142.09 (C1

q + C14
q ), 141.24 (C17

q ),

129.74 (2 × C16H), 125.34 (C5
q + 2 × C15H), 113.73 (C6H), 100.24 (C3H), 94.97 (C7H2), 93.95

(C11H2), 64.65 (C8H2 or C12H2), 64.65 (C12H2 or C8H2), 56.31 (C10H3), 21.50 (C18H3), 15.16 (C9H3

or C13H3), 15.13 (C13H3 or C9H3)

IR: ν (cm−1) 1493, 1272, 1195, 1148, 1106, 1081, 1049

(+)-(S)-2-Methoxy-5-(p-tolylsulfinyl)cyclohexa-2,5-diene-1,4-dione (488/SQ3)
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MW = 276.16 g mol−1

From sulfoxide 487a. In a 50 mL flask, sulfoxide 487a (604 mg, 1.43 mmol, 1.0 eq.) was dissolved

in 15 mL of acetonitrile. A solution of CAN (2.178 g, 3.97 mmol, 2.8 eq.) dissolved in 10 mL of water

was quickly poured on the sulfoxide solution. After 20 minutes, a TLC analysis indicated the complete

conversion of the starting material. The acetonitrile was evaporated and the aqueous residue was ex-

tracted with dichloromethane. The organic phase was dried over MgSO4, filtered off and evaporated

to give 375 mg of a light orange solid which was recrystallised from hot ethanol.

Aspect: orange needles

Yield: 95%

From sulfoxide 487b. In a 250 mL round bottom flask, sulfoxide 487b (1.500 g, 3.80 mmol, 1.0 eq.)

was dissolved in 50 mL of acetonitrile. A solution of CAN (5.267 g, 9.61 mmol, 2.5 eq.) in 25 mL

of water was added on the sulfoxide solution and the final mixture was stirred for thirty minutes.

Acetonitrile was evaporated and the aqueous phase was extracted with dichloromethane. The organic

phase was dried over Na2SO4 and the solvent was evaporated. The orange solid was recrystallised

from boiling ethanol to give 936 mg of orange needles of sulfinylquinones 488.

Aspect: orange needles

Yield: 89%

TLC: Rf ≈ 0.20 (cHex/TBME: 5/5), visualised by UV and p-anisaldehyde

mp: 121-123 ◦C

[ααα]20
D : +428.8 ◦ (c = 1.0; CHCl3)
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1H NMR (500 MHz, CDCl3): δ (ppm) 7.65 (d, 2H, J = 8.2 Hz, 2 × C9H), 7.34 (s, 1H, C6H), 7.29 (d,

2H, J = 8.2 Hz, 2 × C10H), 5.85 (s, 1H, C3H), 3.81 (s, 3H, C7H3), 2.38 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 183.65 (C1

q), 179.70 (C4
q), 159.73 (C2

q), 156.54 (C5
q), 149.94

(C11
q ), 138.54 (C8

q), 130.35 (2 × C10H), 129.73 (C6H), 125.98 (2 × C9H), 107.64 (C3H), 56.87 (C7H3),

21.60 (C12H3)

IR: ν (cm−1) 1676, 1634, 1634, 1079, 1055

HRMS (ESI+): for [M+H]+ calc.: 277.0535, found: 277.0529

Orthorombic P212121

a = 5.2721(2) Å α = 90 ◦

b = 8.2391(3) Å β = 90 ◦

c = 29.5941(10) Å γ = 90 ◦

V = 1285.50(8) Å3 Z = 4

R = 3.66% Flack = 0.007(12)

Figure 8.16: X-ray structure of 488 and parameters of the crystals. Recrystallisation from boiling ethanol.

8.4.6 Silylated sulfinylquinone 318b

(–)-(S)-Dimethyl(phenyl)(3,4,6-trimethoxy-2-(p-tolylsulfinyl)benzyl)silane (489)
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MW = 454.66 g mol−1

This compound was prepared following the procedure reported by García Ruano et al.45,46

In a dry 150 mL three-neck flask under argon atmosphere, DIPA (1.2 mL, 8.56 mmol, 1.8 eq.) was

dissolved in 30 mL of anhydrous THF. The solution was cooled down to 0 ◦C and a 2.5 M solution of

hexyllithium in hexanes (2.3 mL, 5.75 mmol, 1.2 eq.) was added dropwise. The mixture was stirred

ten minutes at 0 ◦C and then cooled down to −78 ◦C. The sulfoxide 481 (1.501 g, 4.69 mmol, 1.0 eq.).

was dissolved in 30 mL of anhydrous THF and added dropwise to the LDA solution which turned

dark. After stirring one hour at −78 ◦C, chlorodimethylphenylsilane (2.4 mL, 14.3 mmol, 3.1 eq.) was

added dropwise at −78 ◦C and the solution immediately lightened. After five minutes at −78 ◦C, the

solution was warmed up to room temperature and quenched with a saturated solution of NH4Cl. The

phases were separated and the aqueous phase was extracted with diethyl ether. Organic phases

were gathered, dried over MgSO4 and the solvents were evaporated. The crude oil was purified

by flash chromatography on neutralised silica gel (cHex/AcOEt: 100/0 → 95/5 → 90/10) to obtain

1.469 g of silane 489.

Aspect: golden oil

Yield: 69%

TLC: Rf ≈ 0.39 (cHex/AcOEt: 7/3), visualised by UV and para-anisaldehyde

[ααα]20
D : −54.4 ◦ (c = 1.0; CHCl3)
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1H NMR (500 MHz, CDCl3): δ (ppm) 7.52-7.47 (m, 2H, 2 × C10H), 7.39 (d, 2H, J =8.3 Hz, 2 × C14H),

7.35-7.25 (m, 3H, 2 × C11H + C12H), 7.16 (d, 2H, J =8.3 Hz, 2 × C15H), 6.47 (s, 1H, C5H), 3.82 (s,

3H, C19H3), 3.68 (s, 3H, C18H3), 3.56 (s, 3H, C20H3), 2.66 (2H, AB, JAB =13.4 Hz, ∆νAB = 55.4 Hz,

C7H2) 2.33 (s, 3H, C17H3), 0.24 (s, 3H, C8H3), 0.22 (s, 3H, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 153.04 (C6

q), 150.11 (C4
q), 142.05 (C13

q ), 141.89 (C3
q), 140.05

(C9
q), 139.64 (C16

q ), 136.22 (C2
q), 133.74 (2×C10H), 129.48 (2×C15H), 128.70 (C12H), 127.55 (2×C11H),

124.38 (2×C14H), 123.24 (C1
q), 99.99 (C5H), 61.62 (C18H3), 56.47 (C19H3), 55.20 (C20H3), 21.41

(C17H3), 15.03 (C7H2), −2.06 (C8H3), −2.20 (C8H3)

IR: ν (cm−1) 1591, 1477, 1462, 1428, 1317, 1225, 1198, 1033, 870, 808, 729, 699

HRMS (ESI+): for [M+H]+ calc.: 455.1712, found: 455.1708

3-Bromo-5-methoxy-2-methylcyclohexa-2,5-diene-1,4-dione (490/Q6)
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MW = 231.05 g mol−1

In a 1 L flask, compound 480 (5.002 g, 19.2 mmol, 1.0 eq.) was dissolved in 250 mL of acetonitrile.

A solution of CAN (26.306 g, 48.0 mmol, 2.5 eq.) in 250 mL of water was poured at once over the

aromatic solution. After stirring thirty minutes at room temperature, the acetonitrile was evaporated

and the aqueous residue was extracted with dichloromethane. The organic phase was dried over

MgSO4 and the solvents were evaporated. The crude was purified by recrystallisation from boiling

absolute ethanol to obtain 4.055 g of yellow needles.

Aspect: yellow needles

Yield: 92%

TLC: Rf ≈ 0.54 (cHex/AcOEt: 5/5), visualised by UV and para-anisaldehyde

mp: 101-104 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 5.96 (s, 1H, C6H), 3.84 (s, 3H, C8H3), 2.23 (s, 3H, C7H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.11 (C1

q), 174.74 (C4
q), 158.42 (C5

q), 146.78 (C2
q), 133.13

(C3
q), 107.39 (C6H), 56.82 (C8H3), 17.23 (C7H3)

IR: ν (cm−1) 1683, 1634, 1244, 981, 848

HRMS (ESI+): for [M+H]+ calc.: 230.9657, found: 230.9651

Monoclinic P21/n

a = 4.0250(4) Å α = 90 ◦

b = 7.0107(6) Å β = 91.100(9) ◦

c = 30.152(3) Å γ = 90 ◦

V = 850.69(14) Å3 Z = 4

R = 3.84%

Figure 8.17: X-ray structure of 490 and parameters of the crystal. Recrystallisation from boiling ethanol.
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3-Bromo-5-methoxy-2-methylbenzene-1,4-diol (491)
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MW = 233.06 g mol−1

In a 250 mL two-neck flask under argon atmosphere, quinone 490 (3.942 g, 17.1 mmol, 1.0 eq.)

was suspended in 100 mL of absolute ethanol. The solution was cooled down to 0 ◦C and NaBH4

(2.286 g, 60.4 mmol, 3.5 eq.) was added protionwise. The mixture darkened, then lightened after a

few minutes into a light orange solution. After half an hour, 40 mL of a HCl solution (10%) were added

at 0 ◦C and the mixture turned colourless. The phases were separated and the aqueous phase was

extracted with diethyl ether and dichloromethane. The organic phases were gathered and dried over

MgSO4, filtered off and the solvents were evaporated to give 3.743 g of hydroquinone 491.

Aspect: white powder

Yield: 94%

TLC: Rf ≈ 0.43 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 168-170 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 7.94 (s, 1H, OH), 7.44 (s, 1H, OH), 6.56 (s, 1H, C6H),

3.77 (s, 3H, C8H3), 2.21 (s, 3H, C7H3)
13C NMR (500 MHz, acetone−d6): δ (ppm) 148.37 (C1

q), 145.56 (C5
q), 136.77 (C4

q), 116.73 (C2
q),

112.92 (C3
q), 99.90 (C6H), 56.65 (C8H3), 15.58 (C7H3)

IR: ν (cm−1) 3500-3100, 1617, 1502, 1243, 1198, 1178, 1012, 829

HRMS (ESI+): for [M+H]+ calc.: 232.9813, found: 232.9808

3-Bromo-1,4-bis(1-ethoxyethoxy)-5-methoxy-2-methylbenzene (492a)
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MW = 377.28 g mol−1

In a 150 mL two-neck flask under argon atmosphere, hydroquinone 491 (1.349 g, 5.79 mmol,

1.0 eq.) was suspended in 40 mL of dichloromethane. Ethyl vinyl ether (185) (3.0 mL, 31.4 mmol,

5.4 eq.) was added dropwise, followed by the addition of PPTS (38 mg, 0.150 mmol, 0.025 eq.) and

the reaction was stirred overnight. The reaction was then quenched with a saturated solution of

NaHCO3 and the phases was separated. The aqueous phase was extracted with dichloromethane.

The organic phases were gathered, dried over MgSO4 and the solvents was evaporated. The crude

was purified by filtration over silica gel (cHex/Et2O: 8/2) and the solvent were evaporated to give

2.183 g of 492a.

Aspect: golden oil

Yield: quantitative

TLC: Rf ≈ 0.66 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde
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1H NMR (500 MHz, CDCl3): δ (ppm) 6.70 (s, 1H, C6H), 5.36 (q, 1H, J = 5.3 Hz, C8H), 5.27 (q, 1H, J =

5.3 Hz, C13H), 3.80 (s, 3H, C12H3), 3.77-3.63 (m, 4H, C10H2 or C15H2), 2.27 (s, 3H, C7H3), 1.51-1.43

(m, 6H, C9H3 or C14H3), 1.24-1.14 (m, 6H, C11H3 or C16H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 151.15 (C1

q or C5
q), 151.10 (C1

q or C5
q), 138.82+138.77 (C4

q),

121.87+121.83 (C2
q), 103.36+103.33 (C8H), 102.34+102.32 (C6H), 101.65 (C3

q), 101.00+100.99 (C13H),

63.58+63.55 (C10H2), 61.44+61.43 (C15H2), 56.25 (C12H3), 21.09+21.08 (C9H3 or C14H3), 20.41

(C9H3 or C14H3), 16.21 (C7H3), 15.42 (C11H3 or C16H3), 15.41 (C11H3 or C16H3)

IR: ν (cm−1) 2975, 2934, 1595, 1481, 1444, 1379, 1338, 1211, 1179, 1136, 1102, 1074, 1042, 1008,

941, 867

1,4-Bis(1-ethoxyethoxy)-5-methoxy-2-methyl-3-((S)-p-tolylsulfinyl)benzene (493a)
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MW = 436.56 g mol−1

In a dry 150 mL two-neck flask under argon atmosphere, a solution of bromide 492a (2.037 g,

5.40 mmol, 1.0 eq.) in 75 mL of anhydrous THF was cooled down to −78 ◦C. A 2.4 M solution of hexyl-

lithium in hexanes (2.3 mL, 5.52 mmol, 1.0 eq.) was added dropwise and the mixture was stirred at

−78 ◦C for thirty minutes. In a dry 250 mL two-neck flask under argon atmosphere, sulfinate (SS)-292

(1.603 g, 5.44 mmol, 1.0 eq.) in 80 mL of THF was cooled down to −78 ◦C. The aryllithium solution

was rapidly cannulated over the sulfinate solution and the final reaction mixture was stirred for two

hours at −78 ◦C. The reaction was warmed up to room temperature and quenched with a saturated

solution of NH4Cl. The phases were separated and the aqueous phase was extracted with dichloro-

methane. The organic phases were gathered, dried over MgSO4 and the solvents were evaporated.

The crude oil was purified by flash chromatography on demetallated silica gel (cHex/AcOEt: 9/1 →
8/2) to give 1.126 g of sulfoxide 493a.

Aspect: golden oil

Yield: 48%

TLC: Rf ≈ 0.59 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde
1H NMR (400 MHz, CDCl3): δ (ppm) 7.58-7.49 (m, 2H, 2 × C9H), 7.30-7.24 (m, 2H, C10H), 6.44 +

6.42 + 6.41 (3 × s, 1H, C6H), 5.42-5.30 (m, 1H, C13H or C18H), 5.21-5.11 (m, 1H, C13H or C18H),

3.95-3.71 (m, 5H, C17H2 + C15H3 or C20H2), 3.64-3.39 (m, 2H, C15H2 or C20H2), 2.29 (s, 3H, C12H3),

2.21 (s, 3H, C7H3), 1.36-1.10 (m, 12H, C14H3 + C16H3 + C19H3 + C21H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 152.96 + 152.89 + 152.81 (C5

q), 149.23 + 149.05 + 148.96 +

148.91 CAr
q ), 142.84 + 148.80 + 148.76 + 148.73 (CAr

q ), 141.15 + 141.06 + 140.99 + 140.92 (CAr
q ),

140.52 + 140.48 (CAr
q ), 129.65 (2 × CpTolH), 124.99 (2 × CpTolH), 116.12 + 116.02 + 115.97 + 115.93

(CAr
q ), 101.89 + 101.86(C6H), 101.67 + 101.60 + 101.57 + 101.54 (C13H or C18H), 100.35 + 100.26

+ 100.17 + 100.16 (C13H or C18H), 62.58 + 62.54 + 62.21 + 62.16 (C15H2 or C20H2), 61.20 + 61.16

+ 60.36 + 60.30 (C15H2 or C20H2), 56.15 + 56.12 + 56.09 (C17H3), 21.42 (C12H3), 20.46 + 20.36 +
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20.32 (C14H3 or C19H3), 19.79 + 19.76 + 19.49 + 19.46 (C14H3 or C19H3), 15.21 + 15.16 + 15.11

(C16H3 + C21H3) 10.12 + 10.02 + 9.99 (C7H3)

IR: ν (cm−1) 2987-2880, 1201-1065, 1039, 989-903

3-Bromo-1-methoxy-2,5-bis[(4-methoxyphenyl)methoxy]-4-methylbenzene (492b)

O
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O
Me

Br
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C24H25BrO5

MW = 473.36 g mol−1

In a 100 mL two-neck flask under argon atmosphere and equipped with a condenser, hydro-

quinone 491 (2.972 g, 12.8 mmol, 1.0 eq.) was dissolved in 30 mL of DMF. After the addition of K2CO3

(8.816 g, 63.8 mmol, 5.0 eq.) and PMBCl (7.0 mL, 51.6 mmol, 4.0 eq.), the mixture was heat up at

120 ◦C for two hours. The solution was cooled down to room temperature and poured into 270 mL of

water. The precipitate formed was filtered and rinsed with water. The latter was recrystallised from

boiling hexane to give 5.185 g of 492b as white needles.

Aspect: white needles

Yield: 86%

TLC: Rf ≈ 0.63 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 113-115 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.49 (d, 2H, J = 8.6 Hz, 2 × C10H), 7.36 (d, 2H, J = 8.6 Hz, 2

× C17H), 6.93 (d, 2H, J = 8.6 Hz, 2 × C11H or 2 × C18H), 6.91 (d, 2H, J = 8.6 Hz, 2 × C11H or 2 ×
C18H), 6.54 (s, 1H, C6H), 4.98 (s, 2H, C15H2), 4.98 (s, 2H, C8H2), 3.83 (s, 6H, 2 × OCH3), 3.82 (s,

3H, OCH3), 2.30 (s, 3H, C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.62 (C12

q or C19
q ), 159.60 (C12

q or C19
q ),153.45 (C5

q), 151.64

(C1
q), 139.83 (C2

q), 130.33 (2 × C10H), 129.83 (C9
q or C16

q ), 129.18 (2 × C17H), 129.13 (C9
q or C16

q ),

114.13 (2 × C18H), 113.81 (2 × C11H), 74.61 (C8H2), 71.35 (C15H2), 56.65 (OCH3), 55.43 (2 ×
OCH3), 15.82 (C14H3)

IR: ν (cm−1) 1612, 1595, 1514, 1491, 1459, 1255, 1222, 1206, 1028, 817

HRMS (ESI+): for [M+H]+ calc.: 473.0964, found: 473.0958

Triclinic P1

a = 7.411 86(13) Å α = 109.0828(13) ◦

b = 16.5746(2) Å β = 93.9318(13) ◦

c = 18.3483(3) Å γ = 91.2656(13) ◦

V = 2122.93(6) Å3 Z = 4

R = 2.47%

Figure 8.18: X-ray structure of 492b and parameters of the crystal. Recrystallisation from boiling hexane.
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(–)-1-Methoxy-2,5-bis[(4-methoxyphenyl)methoxy]-4-methyl-3-((S)-p-tolylsulfinyl)benzene
(493b)

O
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MeO
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C31H32O6S

MW = 532.65 g mol−1

In a 100 mL two-neck flask under argon atmosphere, bromide 492b (2.013 g, 4.26 mmol, 1.0 eq.)

was dissolved in 40 mL of anhydrous THF and the solution was cooled down to −78 ◦C. A solution

of buthyllithium 2.42 M in hexane (2.0 mL, 4.84 mmol, 1.1 eq.) was added dropwise and the mixture

was stirred for thirty minutes at −78 ◦C. In a 250 mL two-neck flask under argon atmsophere, sul-

finate (SS)-292 (1.255 g, 4.26 mmol, 1.0 eq.) was dissolved in 40 mL of anhydrous THF and cooled

down to −78 ◦C. The lithium solution was quickly cannulated over the sulfinate solution and the final

mixture was stirred for two hours at −78 ◦C. The reaction was then warmed up to room temperature

and quenched with a saturated solution of NH4Cl. The phases were separated and the aqueous

phase was extracted with dichloromethane. The organic phases were gathered, dried over MgSO4,

filtered off and the solvents were evaporated. The crude oil was purified by flash chromatography on

demetallated silica gel (cHex/AcOEt: 9/1→ 8/2) to give 1.607 g of sulfoxide 493b.

Aspect: white solid

Yield: 71%

TLC: Rf ≈ 0.37 (cHex/AcOEt: 7/3), visualised by UV and p-anisaledhyde

mp: 104-106 ◦C

[ααα]20
D : −85.0 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.45 (d, 2H, J = 8.6 Hz, 2 × C10H), 7.43 (d, 2H, J = 8.3 Hz, 2

× C15H), 7.30 (d, 2H, J = 8.6 Hz, 2 × C22H), 7.17 (d, 2H, J = 8.3 Hz, 2 × C16H), 6.90 (d, 2H, J =

8.6 Hz, C11H), 6.89 (d, 2H, J = 8.6 Hz, C23H), 6.65 (s, 1H, C6H), 5.04 (dd, 2H, AB, JAB = 10.0 Hz,

∆νAB = 61.8 Hz, C8H2), 4.94 (dd, 2H, AB, JAB = 11.4 Hz, ∆νAB = 13.8 Hz, C20H2), 3.85 (s, 3H, C7H3),

3.81(2) (s, 3H, C13H3 or C25H3), 3.80(6) (s, 3H, C13H3 or C25H3), 2.33 (s, 3H, C18H3), 2.26 (s, 3H,

C19H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 159.71 (C12

q ), 159.59 (C24
q ), 154.16 (C5

q), 151.05 (C1
q), 141.53

(C14
q ), 140.83 (C2

q), 139.86 (C17
q ), 137.68 (C3

q), 130.50 (2 × C10H), 129.54 (2 × C16H), 129.41 (C21
q ),

129.12 (2 × C22H), 128.91 (C9
q), 124.56 (2 × C15H), 120.65 (C4

q), 114.10 (2 × C11H or 2 × C23H),

113.88 (2 × C11H or 2 × C23H), 102.45 (C6H), 75.90 (C8H2), 71.39 (C20H2), 56.27 (C7H3), 55.42

(C13H3 or C25H3), 55.40 (C13H3 or C25H3), 21.37 (C18H3), 9.90 (C19H3)

IR: ν (cm−1) 3000-2800, 1612, 1587, 1513, 1464, 1442, 1303, 1246, 1211, 1172, 1124, 1081, 1027,

808

HRMS (ESI+): for [M+H]+ calc.: 533.1998, found: 533.1992
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Triclinic P1

a = 9.3239(3) Å α = 104.604(3) ◦

b = 11.9897(4) Å β = 108.076(3) ◦

c = 13.9472(5) Å γ = 100.316(3) ◦

V = 1377.08(9) Å3 Z = 2

R = 4.56% Flack = –0.01(3)

Figure 8.19: X-ray structure of 493b and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

(S)-(4-Methoxy-3,6-bis((4-methoxybenzyl)oxy)-2-(p-tolylsulfinyl)benzyl)dimethyl(phenyl)sil-
aneh(494b)
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C39H42O6SSi

MW = 666.90 g mol−1

This compound was prepared following the procedure reported by García Ruano et al.45,46

In a 25 mL two-neck flask under argon atmosphere, A solution of DIPA (0.10 mL, 0.714 mmol,

1.85 eq.) in 5 mL of anhydrous THF was cooled down to −78 ◦C. A 2.5 M solution of hexyllithium

in hexanes (0.20 mL, 0.500 mmol, 1.3 eq.) was added dropwise. After ten minutes, a solution of

sulfoxide 493b (205 mg, 0.386 mmol, 1.0 eq.) in 5 mL of anhydrous THF was added dropwise the

solution of LDA. After 45 min at −78 ◦C, ClSiMe2Ph (0.20 mL, 1.19 mmol, 3.1 eq.) was added dropwise

and the final mixture was stirred for five minutes at −79 ◦C. The reaction was allowed to warm up to

room temperature and was quenched with a saturated solution of NH4Cl. The phases were separated

and the aqueous phase was extracted with dichloromethane. The organic phases were gathered,

dried over MgSO4 and the solvents were evaporated. the crude was purified by flash chromatography

on demetallated silica gel (cHex/AcOEt: 9/1) to give 176 mg of 494b.

Aspect: viscous yellow oil

Yield: 68%

TLC: Rf ≈ 0.54 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

[ααα]20
D : −29.7 ◦ (c = 0.5; CHCl3)

1H NMR (400 MHz, CDCl3): δ (ppm) 7.44-7.34 (m, 5H, 5 × CArH), 7.30-7.18 (m, 4H, CArH), 7.08

(d, 2H, J = 8.0 Hz, 2 × C15H), 6.87 (d, 4H, J = 8.4 Hz, 2 × C21H + 2 × C28H), 6.57 (s, 1H, C5H),
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4.96 (dd, 2H, AB, JAB = 9.8 Hz, ∆νAB = 93.7 Hz, C18H2), 4.78 (dd, 2H, AB, JAB = 11.5 Hz, ∆νAB =

6.61 Hz, C25H2), 3.83 (s, 3H, C23H3 or C24H3 or C30H3), 3.81 (s, 3H, C23H3 or C24H3 or C30H3), 3.79

(s, 3H, C23H3 or C24H3 or C30H3), 2.67 (dd, 2H, AB, JAB = 13.3 Hz, ∆νAB = 72.8 Hz, C7H2), 2.29 (s,

3H, C17H3), 0.19 (s, 3H, C8H3), 0.16 (s, 3H, C8H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 159.61 (C22

q ), 159.55 (C29
q ), 152.47 (C6

q), 150.03 (C4
q), 141.98

(C13
q ), 140.88 (C3

q), 140.08 (C9
q), 139.57 (C16

q ), 136.41 (C2
q), 131.52 (2 × C10H), 129.90 (2 × C20H),

129.43 (2 × C15H), 129.21 (C26
q ), 129.05 (C12H), 128.96 (C19

q ), 129.92 (2 × C27H), 128.23 (2 ×
C11H), 124.52 (2 × C14H), 123.93 (C1

q), 114.30 (2 × C21H or 2 × C28H), 114.19 (2 × C21H or 2 ×
C28H), 101.79 (C5H), 75.70 (C18H2), 70.12 (C25H2), 56.39 (C24H3), 55.61 (C23H3 or C30H3), 55.58

(C23H3 or C30H3), 21.37 (C17H3), 14.91 (C7H3), −2.08 (C8H3), −2.16 (C8H3)

IR: ν (cm−1) 3000-2800, 1615, 1592, 1508, 1463, 1439, 1299, 1248, 1211, 1163, 1092, 1015, 875,

806, 732, 701

HRMS (ESI+): for [M+H]+ calc.: 667.2550, found: 667.2546
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8.5 Synthesis of the quinones

8.5.1 Quinone 369a/Q3

2,5-Dimethoxy-4-methylphenol (495)

OMe
HO

OMe
Me

1
2

3

45
6

7

8

9

C9H12O3

MW = 168.19 g mol−1

This compound was prepared following a procedure reported by Shishido et al.47

In a 100 mL round bottom flask, a solution of aldehyde 475 (5.030 g, 27.9 mmol, 1.0 eq.) and

NaHCO3 (6.342 g, 75.5 mmol, 2.7 eq.) was cooled down to −10 ◦C. Solid mCPBA (70%) (8.334 g,

33.8 mmol, 1.2 eq.) was added and the reaction mixture was stirred one hour. The solution was

treated with water, the phases were separated the aqueous phase was extracted with dichlorometh-

ane. The organic phase was then washed with a saturated solution of NaHCO3 and brine. The

latter was then dried over Na2SO4 and the solvent was evaporated. The resulting orange oil was

then dissolved in 100 mL of methanol and a solution of KOH (1.958 g, 34.9 mmol, 1.2 eq.) in 20 mL

in methanol was added. After thirty minutes, the solvent was evaporated and the resultig solid was

dissolved in 100 mL of water. Acidification of the solution with HCl (37%) was done until a pH below 2

was reached. The precipitate formed was filtered and rinsed with water. The solid was then dissolved

in ethyl acetate, the organic phase was dried over Na2SO4 and the solvent was evaporated to give

3.765 g of 495

Aspect: white solid

Yield: 80%

TLC: Rf ≈ 0.45 (cHe/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 78-79 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.68 (s, 1H, C6H), 6.53 (s, 1H, C3H), 5.52 (s, 1H, OH), 3.83 (s,

3H, C7H3), 3.76 (s, 3H, C9H3), 2.15 (s, 3H, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 152.21 (C5

q), 144.16 (C1
q), 139.98 (C2

q), 117.17 (C4
q), 114.14

(C3H), 99.23 (C6H), 56.89 (C7H3), 56.09 (C9H3), 15.78 (C8H3)

IR: ν (cm−1) 3600-3100, 2959, 2936, 2838, 1601, 1519, 1414, 1311, 1225, 1195, 1168, 1119, 1039,

1003, 838

The experimental data were in agreement with those reported in the literature.47

1,2,4-Trimethoxy-5-methylbenzene (496)

OMe
MeO

OMe
Me

1
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8 C10H14O3

MW = 182.22 g mol−1

In a 250 mL two-neck flask under argon atmosphere, phenol 495 (3.496 g, 20.8 mmol, 1.0 eq.)

was dissolved in 50 mL of dichloromethane. A solution of NaOH (1.248 g, 31.2 mmol, 1.5 eq.) in

water was added. After ten minutes, Bu4NBr (344 mg, 1.07 mmol, 0.05 eq.) was added, followed
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by the dropwise addition of Me2SO4 (4.0 mL, 42.3 mmol, 2.0 eq.). After two hours, NaOH (1.682 g,

42.1 mmol, 2.0 eq.) was added and the solution was vigorously stirred overnight. The phases were

then separated and the aqueous phase was extracted with dichloromethane. The organic phases

were gathered, washed with brine and dried over MgSO4. The solvent was evaporated and the crude

product was purified by filtration over silica gel, using dichloromethane as eluent, to give 3.635 g of

trimethoxytoluene 496.

Aspect: white solid

Yield: 96%

TLC: Rf ≈ 0.50 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 53-56 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.70 (s, 1H, C6H), 6.51 (s, 1H, C3H), 3.87 (s, 3H, C7H3), 3.83

(s, 3H, C8H3), 3.80 (s, 3H, C9H3), 2.17 (s, 3H, C10H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 151.73 (C4

q), 147.53 (C1
q), 142.82 (C2

q), 118.02 (C5
q), 114.97

(C6H), 97.93 (C3H), 56.70 (C7H3 or C8H3 or C9H3), 56.49 (C7H3 or C8H3 or C9H3), 56.41 (C7H3 or

C8H3 or C9H3), 15.66 (C10H3)

IR: ν (cm−1) 2957, 2834, 1515, 1454, 1220, 1199, 1043, 1030, 853, 818

The experimental data were in agreement with those reported in the literature.48

2-Methoxy-5-methylcyclohexa-2,5-diene-1,4-dione (369a/Q3)

O
MeO

O
Me
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C8H8O3

MW = 152.15 g mol−1

In a 500 mL round bottom flask, a solution of CAN (23.324 g, 42.5 mmol, 2.5 eq.) in 180 mL of

water was poured on a solution of 496 (3.080 g, 19.9 mmol, 1.0 eq.) in 180 mL of MeCN. After 10 min,

MeCN was evaporated and the aqueous phase was extracted with dichloromethane. The organic

phase was dried over MgSO4 and the solvent was evaporated to give 2.367 g of quinone 369a.

Aspect: yellow powder

Yield: 92%

TLC: Rf ≈ 0.18 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 170-172 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.54 (q, 1H, J = 1.6 Hz, C6H), 5.91 (s, 1H, C3H), 3.80 (s, 3H,

C7H3), 2.05 (d, 1H, J = 1.6 Hz, C8H)
13C NMR (126 MHz, CDCl3): δ (ppm) 187.79 (C4

q), 182.26 (C1
q), 158.81 (C5

q), 146.99 (C5
q), 131.37

(C6H), 107.68 (C3H), 56.35 (C7H3), 15.91 (C8H3)

IR: ν (cm−1) 1670, 1648, 1598, 1466, 1365, 1235, 1205, 975, 910, 859

The experimental data were in agreement with those reported in the literature.48
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Orthorombic Pnma

a = 6.6035(4) Å α = 90 ◦

b = 6.4719(4) Å β = 90 ◦

c = 16.7728(9) Å γ = 90 ◦

V = 716.82(8) Å3 Z = 4

R = 4.99%

Figure 8.20: X-ray structure of 369a and parameters of the crystal. Recrystallisation from boiling ethanol.

8.5.2 Quinone 371a/Q8

Methyl 2,3,5-trimethoxy-6-methylbenzoate (497)
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C12H16O5

MW = 240.26 g mol−1

In a dry 250 mL two-neck flask under argon atmosphere, a solution of bromide 480 (3.06 g,

11.7 mmol, 1.0 eq.) in 100 mL of anhydrous THF was cooled down to −78 ◦C. A 2.3 M solution of

hexyllithium in hexanes (6.5 mL, 15.0 mmol, 1.3 eq.) was added dropwise to the bromide solution.

After ten minutes, methyl chloroformate (1.2 mL, 15.5 mmol, 1.3 eq.) was added dropwise and the re-

action mixture was allowed to warm up to room temperature. After one hour, the mixture was cooled

down to 0 ◦C, quenched with water and diluted with diethyl ether. The phases were separated, the

organic phase was dried over Na2SO4 and the solvents were evaporated. The crude mixture was

purified by flash chromatography on silica gel (cHex/AcOEt: 95/5) to give 2.330 g of 497.

Aspect: white powder

Yield: 83%

TLC: Rf ≈ 0.36 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 51-53 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.52 (s, 3H, C4H3), 3.92 (s, 3H, C8H3), 3.87 (s, 3H, C10H3),

3.81 (s, 3H, C11H3), 3.80 (s, 3H, C9H3), 2.06 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 168.46 (C7

q), 154.20 (C5
q), 151.00 (C3

q), 139.39 (C2
q), 130.39

(C1
q), 115.71 (C6

q), 98.92 (C4H), 61.84 (C9H3), 56.53 (C10H3), 56.36 (C11H3), 52.39 (C8H3)

IR: ν (cm−1) 2948, 1728, 1438, 1334, 1267, 1195, 1063, 967

Methyl 5-methoxy-2-methyl-3,6-dioxocyclohexa-1,4-diene-1-carboxylate (371a/Q8)

O
MeO

O
Me

OMe

O

1

234

5 6 7
8

9

10 C10H10O5

MW = 210.19 g mol−1

A solution of CAN (12.91 g, 23.5 mmol, 2.5 eq.) in 100 mL of water was added to a solution of

benzoate 497 (2.24 g, 9.33 mmol, 1.0 eq.) in 100 mL of acetonitrile. After fifteen minute at room
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temperature, acetonitrile was evaporated and the aqueous phase was extracted with with dichloro-

methane. The organic phase was then dried over Na2SO4 and the solvents were evaporated. The

crude mixture was dissolved in a minimum of dichloromethane and the product was precipitated by

the addition of pentane. the yellow precipitate was filtered, washed with pentane and dried under

vacuum to yield 1.62 g of quinone 371a.

Aspect: bright yellow powder

Yield: 83%

TLC: Rf ≈ 0.38 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 98-100 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 5.98 (s, 1H, C4H), 3.92 (s, 3H, C8H3), 3.83 (s, 3H, C10H3), 2.06

(s, 3H, C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 186.42 (C3

q), 178.65 (C6
q), 164.48 (C7

q), 158.14 (C5
q), 143.44

(C2
q), 135.81 (C1

q), 107.71 (C4H), 56.58 (C10H3), 53.00 (C8H3), 13.59 (C9H3)

IR: ν (cm−1) 1716, 1683, 1648, 1607, 1436, 1369, 1292, 1249, 1222, 1059, 1009, 865

HRMS (ESI+): for [M+Na]+ calc.: 233.0420, found: 233.0412

Monoclinic P21/n

a = 3.9749(3) Å α = 90 ◦

b = 14.4461(8) Å β = 91.309(5) ◦

c = 17.1695(8) Å γ = 90 ◦

V = 982.64(10) Å3 Z = 4

R = 5.86%

Figure 8.21: X-ray structure of 371a and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

8.5.3 Quinone Q2

2,3,5-Trimethylcyclohex-2,5-diene-1,4-dione (Q2)

O
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C9H10O2

MW = 150.18 g mol−1

Into a 1 L round-bottomed flask, 2,3,5-trimethylhydroquinone (3.074 g, 20.2 mL, 1.0 eq.), was dis-

solved in 300 mL of acetonitrile. A solution of CAN (27.898 g, 50.9 mmol, 2.5 eq.) dissolved in 150 mL

of water was quickly added. The solution directly turned yellow. After ten minutes, the acetonitrile

was evaporated and the aqueous residue was extracted with dichloromethane. The organic phase

was washed with water and brine. It was then dried over MgSO4 and the solvents were evaporated

to give 2.001 g of a yellow solid.

Aspect: yellow powder

Yield: 66%

TLC: Rf ≈ 0.64 (cHex/AcOEt: 6/4), visualised by UV and p-anisaldehyde

mp: 34-36 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.54 (q, 1H, J = 1.6 Hz, C6H), 2.02 (d, 3H, J = 1.6 Hz, C9H3),
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2.01 (dd, 3H, J = 2.3; 1.2 Hz, C8H3), 1.99 (dd, 3H, J = 2.3; 1.2 Hz, C7H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 188.01 (C4

q), 187.63 (C1
q), 145.45 (C5

q), 141.02 (C2
q), 140.85

(C3
q), 133.19 (C6H), 16.00 (C9H3), 12.47 (C8H3), 12.17 (C7H3)

IR: ν (cm−1) 1643, 1615, 1371, 1316, 1261, 1191, 903, 889, 675

The experimental data were in agreement with those reported in the literature.49

8.5.4 Quinone Q4

2,3-Dimethoxy-5-methyl-cyclohexa-2,5-diene-1,4-dione (Q4)

O
MeO

O
Me

12

3 4 5

6

7

8 9MeO

C9H10O4

MW = 182.18 g mol−1

Into a 250 mL round-bottomed flask, 1,2,3,4-tetramethoxy-5-methylbenzene (1.013 g, 4.77 mmol,

1.0 eq.) was dissolved in 75 mL of acetonitrile. A solution of CAN (6.631 g, 12.1 mmol, 2.5 eq.) in

75 mL of water was quickly added. After twenty minutes, the acetonitrile was evaporated and the

aqueous residue was extracted with dichloromethane. The organic phase was washed with water

and brine. It was then dried over MgSO4 and the solvents were evaporated to give 815 mg of desired

benzoquinone.

Aspect: dark red solid

Yield: 94%

TLC: Rf ≈ 0.56 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 58-60 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.43 (q, 1H, J = 1.6 Hz, C6H), 4.02 (s, 3H, C7H3 or C8H3), 3.99

(s, 3H, C8H3 or C7H3), 2.03 (d, 3H, J = 1.6 Hz, C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.56 (C1

q or C4
q), 184.34 (C4

q or C1
q), 145.16 (C2

q or C3
q), 144.98

(C3
q or C2

q), 144.19 (C5
q), 131.43 (C6H), 61.40 (C7H3 or C8H3), 61.33 (C8H3 or C7H3), 15.62 (C9H3)

IR: ν (cm−1) 1669, 1653, 1640, 1600, 1458, 1430, 1318, 1277, 1215, 1199, 1125, 1089, 991, 943,

898, 884, 721, 675, 461

The experimental data were in agreement with those reported in the literature.50

8.5.5 Quinone Q5

3-Bromo-4-hydroxy-5-methoxybenzaldehyde (550)

OH
MeO Br

O

1
2

3

4
5

6

7

8
C8H7BrO3

MW = 231.05 g mol−1

Into a three-neck 1 L flask under argon atmosphere, equipped with a dropping funnel, vanillin (483)

(10.328 g, 67.88 mmol, 1.0 eq.) and sodium acetate (8.362 g, 101.9 mmol, 1.5 eq.) were dissolved in

250 mL of glacial acetic acid. Through the dropping funnel, a solution of Br2 (3.5 mL, 68.13 mmol,

1.0 eq.) in 25 mL of glacial acetic acid were added dropwise. After three hours, the solid formed

during the reaction was filtered and the filtrate were evaporated to give a brownish solid. Both solid
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were dissolved in dichloromethane and the organic phase was washed with saturated solutions of

Na2S2O3, NaHCO3 and NaCl, successively. The organic phase was dried over MgSO4 and the sol-

vent was evaporated to give 12.982 g of a yellowish solid. The analytical sample could be obtained

by recrystallisation from boiling methanol.

Aspect: Yellowish crystals

Yield: 83%

TLC: Rf ≈ 0.61 (cHex/TBME : 4/6), visualised by UV and p-anisaldehyde

mp: 160-163 ◦C
1H NMR (400 MHz, DMSO−d6): δ (ppm) 9.77 (s, 1H, C7H), 7.72 (d, 1H, J = 1.8 Hz, C2H), 7.41 (d,

1H, J = 1.8 Hz, C6H), 3.91 (s, 3H, C8H3)
13C NMR (400 MHz, DMSO−d6): δ (ppm) 190.48 (C7H), 149.83 (C4

q), 148.67 (C5
q), 128.94 (C3

q),

128.80 (C2H), 109.55 (C6H), 109.24 (C1
q), 56.37 (C8H3)

IR: ν (cm−1) 3500-3000, 1673, 1423, 1289, 1045, 854

The experimental data were in agreement with those reported in the literature.51

2-Bromo-6-methoxybenzene-1,4-diol (551)

OH
MeO Br

OH

1

2

3
4

5

6
7 C7H7BrO3

MW = 219.03 g mol−1

This compound was prepared following a procedure reported by Cross and Zammitt.52

Into a 250 mL two-neck flask equipped with a dropping funnel, benzaldehyde 550 (6.340 g of

phenol, 24.28 mmol, 1.0 eq.) was dissolved in of a 1 M aqueous solution of NaOH (25 mL, 25.00 mmol,

1.0 eq.). Through the dropping funnel, a 5% aqueous solution of H2O2 (20 mL, 30.00 mmol, 1.2 eq.)

was added dropwise. The solution darkened and heated up and a pink solid precipitated. The mixture

was stirred overnight. The next day, the solid was filtered and washed with water. After deep drying

under vacuum, 5.021 g of a light gray solid were obtained.

Aspect: light grey powder

Yield: 95%

TLC: Rf ≈ 0.45 (cHex/AcOEt: 4/6), visualised by UV and p-anisaldehyde

mp: 138-141 ◦C
1H NMR (400 MHz, CD3OD): δ (ppm) 6.49 (d, 1H, J = 2.7 Hz, C3H), 6.40 (d, 1H, J = 2.7 Hz, C5H),

3.81 (s, 3H, C7H3)
13C NMR (400 MHz, CD3OD): δ (ppm) 151.90 (C4

q), 150.23 (C6
q), 138.21 (C1

q), 111.12 (C3H), 110.07

(C2
q), 100.46 (C5H), 56.52 (C7H3)

IR: ν (cm−1) 3400-3000, 1470, 1430, 1214, 1190, 1134, 1036, 842

The experimental data were in agreement with those reported in the literature.53
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2-Bromo-6-methoxycyclohexa-2,5-diene-1,4-dione (Q5)

O
MeO Br

O

1
2

345

6
7 C7H5BrO3

MW = 217.02 g mol−1

Into a 500 mL round-bottom flask, hydroquinone 551 (2.013 g, 9.19 mmol, 1.0 eq.) was dissolved

in 150 mL of acetonitrile. A solution of CAN (12.700 g, 23.2 mmol, 2.5 eq.) in 150 mL of water was

quickly added and the orange mixture was stirred one hour at room temperature. The acetonitrile

was then evaporated under reduced pressure and the aqueous phase was extracted with dichloro-

methane. The organic phase was dried over MgSO4 and the solvents were evaporated. The crude

was recrystallised in boiling ethanol to yield 1.640 g of quinone.

Aspect: orange needles

Yield: 72%

TLC: Rf ≈ 0.37 (cHex/AcOEt: 6/4), visualised by UV and p-anisaldehyde

mp: 167-169 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.20 (d, 1H, J = 2.3 Hz, C3H), 5.96 (d, 1H, J = 2.3 Hz, C5H),

3.85 (s, 3H, C7H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.76 (C1

q), 174.67 (C4
q), 158.38 (C6

q), 138.61 (C3H), 134.39

(C2
q), 107.76 (C5H), 56.95 (C7H3)

IR: ν (cm−1) 1686, 1620, 1571, 1309, 1228, 1131, 991, 903, 788

The experimental data were in agreement with literature.53

Monoclinic P21/c

a = 3.842 87(14) Å α = 90 ◦

b = 19.5438(7) Å β = 99.648(3) ◦

c = 9.7482(3) Å γ = 90 ◦

V = 721.78(4) Å3 Z = 4

R = 3.68%

Figure 8.22: X-ray structure of Q5 and parameters of the crystal. Recrystallisation from boiling ethanol.

8.5.6 Quinone Q7

Methyl 2,5-dihydroxybenzoate

OH

OH

OMe

O

1
2

3

4
5

6

7 8 C8H8O4

MW = 168.15 g mol−1

Into a 250 mL round-bottomed flask, 2,5-dihydroxybenzoic acid (10.039 g, 65.1 mmol, 1.0 eq.) was

dissolved in 70 mL of methanol. Afterwards, 5 mL of sulfuric acid was added and the final mixture was

refluxed overnight. The methanol was evaporated and the residue was dissolved in dichloromethane.
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The organic phase was washed with water and a saturated solution of NaHCO3 and then, dried over

Na2SO4. The solvents were evaporated to give 9.704 g of the desired methyl ester.

Aspect: white solid

Yield: 89%

TLC: Rf ≈ 0.60 (PhMe/AcOEt: 7/3), visualised by UV and KMnO4

mp: 89-92 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.24 (d, 1H, J = 3.3 Hz, C6H), 6.99 (dd, 1H, J = 9.0; 3.3 Hz,

C4H), 6.84 (d, 1H, J = 9.0 Hz, C3H), 3.89 (s, 3H, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 170.37 (C7

q), 155.34 (C2
q or C5

q), 148.29 (C5
q or C2

q), 124.26

(C4H), 118.41 (C3H), 114.85 (C6H), 112.24 (C1
q), 52.47 (C8H3)

IR: ν (cm−1) 3500-3100, 1683, 1616, 1505, 1437, 1337, 1213, 1187, 1077, 872, 781, 681

The experimental data were in agreement with those reported in the literature.54

Methyl 3,6-dioxocyclohexa-1,4-diene-1-carboxylate (Q7)

O

O

OMe

O

1

23

4

5

6 7 8 C8H6O4

MW = 166.13 g mol−1

Into a 100 mL round-bottomed under argon atmosphere, methyl 2,5-dihydroxybenzoate (2.001 g,

11.9 mmol, 1.0 eq.) was dissolved in 20 mL of diethyl ether, followed by the addition of MgSO4

(4.101 g, 34.1 mmol, 2.9 eq.) and Ag2O (4.061 g, 17.5 mmol, 1.5 eq.). After four hours, the solution

was filtered over Celiter and the solvent was evaporated to give 1.875 g of desired benzoquinone.

Aspect: orange solid

Yield: 95%

TLC: Rf ≈ 0.65 (PhMe/AcOEt: 7/3), visualised by UV and KMnO4

mp: 51-52 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.11 (dd, 1H, J = 2.0; 0.5 Hz, C4H), 6.83 (d, 1H, J = 2.0 Hz,

C5H), 6.82 (d, 1H, J = 0.5 Hz, C2H), 3.91 (s, 3H, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 186.95 (C3

q), 183.11 (C6
q), 163.27 (C7

q), 137.14 (C1
q), 137.07

(C2H), 136.70 (C4H), 136.28 (C5H), 53.28 (C8H3)

IR: ν (cm−1) 1737, 1710, 1662, 1601, 1438, 1338, 1243, 1225, 1205, 1043, 962, 841, 793, 779, 560

The experimental data were in agreement with those reported in the literature.55

8.5.7 Naphthoquinone Q9

Methyl 1,4-dihydroxynaphthalene-2-carboxylate

OH

OH

OMe

O
1 2

3
45

6

7
8

9

10
11

12 C12H10O4

MW = 218.21 g mol−1

Into a 250 mL two-neck flask under argon atmosphere, 1,4-dihydroxy-2-naphthoic acid (10.019 g,

49.1 mmol, 1.0 eq.) was dissolved in 70 mL of anhydrous DMF. Afterwards, NaHCO3 (8.369 g, 99.6 mmol,
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2.0 eq.) and iodomethane (3.1 mL, 49.8 mmol, 1.0 eq.) was added to the solution. After seven hours,

the reaction mixture was poured into 350 mL of water. The precipitate was filtered off and thoroughly

washed with water. It was dissolved in ethyl acetate and dried over Na2SO4. The solvent was then

evaporated to give 7.690 g of desired product.

Aspect: greenish powder

Yield: 72%

TLC: Rf ≈ 0.66 (PhMe/AcOEt/AcOH: 8/2/0.5), visualised by UV and KMnO4

mp: 195-197 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 11.33 (s, 1H, OH), 8.21 (d, 1H, J = 8.3 Hz, C9H), 8.07 (d, 1H,

J = 8.3 Hz, C6H), 7.52-7.44 (m, 1H, C7H), 7.44-7.36 (m, 1H, C8H), 7.01 (s, 1H, C3H), 3.83 (s, 3H,

C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 171.16 (C11

q ), 154.16 (C1
q), 144.86 (C4

q), 129.52 (C5
q), 128.30

(C7H), 125.81 (C8H), 125.22 (C10
q ), 123.42 (C9H), 122.16 (C6H), 104.53 (C2

q), 104.28 (C3H), 52.03

(C12H3)

IR: ν (cm−1) 3500-3200, 1648, 1634, 1599, 1438, 1354, 1292, 1255, 1216, 1148, 1073, 991, 845,

792, 762, 664, 644, 600

The experimental data were in agreement with those reported in the literature.56

Methyl 1,4-dioxonaphthalene-2-carboxylate (Q9)

O

O

OMe

O

1 2

34
5

6

7
8

9

10
11

12 C12H8O4

MW = 216.19 g mol−1

Into a 100 mL round-bottomed flask under argon atmosphere, methyl 1,4-dihydroxynaphthalene-

2-carboxylate (2.671 g, 12.4 mmol, 1.0 eq.) was dissolved in 20 mL of diethyl ether, followed by the

addition of MgSO4 (4.214 g, 35.0 mmol, 2.9 eq.) and Ag2O (8.630 g, 37.2 mmol, 3.0 eq.). The resulting

mixture was stirred overnight. The solution was filtered over Celiter and the solvent was evaporated

to give 1.843 g of desired naphthoquinone.

Aspect: orange solid

Yield: 70%

TLC: Rf ≈ 0.47 (cHex/AcOEt: 7/3), visualised by UV and KMnO4

mp: 88-90 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 8.15-8.06 (m, 1H, C9H), 8.09-8.04 (m, 1H, C6H), 7.83-7.74 (m,

2H, C7H + C8H), 7.26 (s, 1H, C3H), 3.94 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.68 (C4

q), 181.24 (C1
q), 163.91 (C11

q ), 139.54 (C2
q), 138.45

(C3H), 134.70 (C8H), 134.38 (C7H), 131.88 (C10
q ), 131.69 (C5

q), 127.14 (C9H), 126.42 (C6H), 53.27

(C12H3)

IR: ν (cm−1) 1719, 1658, 1588, 1432, 1351, 1292, 1258, 1124, 963, 918, 784, 756, 711, 690

The experimental data were in agreement with those reported in the literature.55
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8.5.8 Phthalide quinone 534

1,2,4-Trimethoxybenzene (543)

OMe
MeO

OMe

12

3
4

5

6

7

8

9

C9H12O3

MW = 168.19 g mol−1

In a 500 mL two-neck flask under argon atmsophere, hydroquinone 484 (3.620 g, 25.8 mmol,

1.0 eq.) was suspended in 100 mL of dichloromethane. A solution of NaOH (2.904 g, 72.3 mmol,

2.8 eq.) in 100 mL of water was added. After ten minutes, Bu4NBr (416 mg, 1.29 mmol, 0.06 eq.)

was added, followed by the dropwise addition of Me2SO4 (10 mL, 105.4 mmol, 4.0 eq.). After two

hours, solid NaOH (3.004 g, 75.1 mmol, 2.9 eq.) was added to the reaction and the mixture was

vigorously stirred overnight. The phases were separated and the aqueous phase was extracted with

dichloromethane. The organic phase was washed with brine, dried over MgSO4 and the solvent was

evaporated. The crude oil was purified by filtration over silica gel using dichloromethane as eluent

and the solvent was evaporated to yield 3.646 g of trimethoxybenzene 543.

Aspect: yellow oil

Yield: 84%

TLC: Rf ≈ 0.48 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 6.78 (d, 1H, J = 8.7 Hz, C6H), 6.51 (d, 1H, J = 2.8 Hz, C3H),

6.39 (dd, 1H, J = 8.7; 2.8 Hz, C5H), 3.85 (s, 3H, C8H3), 3.83 (s, 3H, C7H3 or C9H3), 3.77 (s, 3H, C7H3

or C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 154.30 (C1

q or C4
q), 149.91 (C2

q), 143.51 (C1
q or C4

q), 111.77

(C6H), 102.83 (C5H), 100.38 (C3H), 56.51 (C7H3 or C8H3 or C9H3), 55.90 (C7H3 or C8H3 or C9H3),

55.75 (C7H3 or C8H3 or C9H3)

IR: ν (cm−1) 2938, 2833, 1596, 1508, 1455, 1437, 1281, 1261, 1226, 1205, 1181, 1155, 1137, 1122,

1047, 1024, 921, 830

The experimental data were in agreement with those reported in the literature.57

2,4,5-Trimethoxybenzaldehyde (544)

OMe
MeO

OMe

1
2

3

4
5

6

7
8

9

O

10

C10H12O4

MW = 196.20 g mol−1

In a 100 mL two-neck flask under argon atmosphere and equipped with a condenser, POCl3
(3.4 mL, 36.5 mmol, 1.8 eq.) was added dropwise on N-methylformanilide (4.2 mL, 34.0 mmol, 1.7 eq.).

After fifteen minutes, trimethoxybenzene 543 (3.413 g, 20.3 mmol, 1.0 eq.) was added dropwise to the

yellow oil and the final mixture is heated up to 60 ◦C. The solution slowly darkened and solidified. Af-

ter 35 min, the solution was cooled down to room temperature and 20 mL of iced water were added.

The mixture was stirred at room temperature overnight. The yellow precipitate was then filtered and

rinsed with water. The solide was dissolved in dichloromethane and the aqueous phase was extracted

with dichloromethane. The organic phases were gathered, dried over MgSO4 and the solvent was
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evaporated. The crude product was purified by filtration over silica gel using ethyl acetate as eluent.

The solvent was evaporated to give 3.178 g of benzaldehyde 544

Aspect: white solid

Yield: 80%

TLC: Rf ≈ 0.57 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 113-115 ◦C
1H NMR (126 MHz, CDCl3): δ (ppm) 10.31 (s, 1H, C7H), 7.33 (s, 1H, C6H), 6.49 (s, 1H, C3H), 3.98

(C8H3, C9H3, C10H3), 3.93 (C8H3, C9H3, C10H3), 3.88 (C8H3, C9H3, C10H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 188.2 (C7H), 158.77 (C2

q or C4
q or C5

q), 155.90 (C2
q or C4

q or C5
q),

143.68 (C2
q or C4

q or C5
q), 117.45 (C1

q), 109.08 (C6H), 96.01 (C3H), 56.43 (C8H3 or C9H3 or C10H3),

56.36 (C8H3 or C9H3 or C10H3), 56.34 (C8H3 or C9H3 or C10H3)

IR: ν (cm−1) 2931, 2864, 2833, 1657, 1607, 1516, 1478, 1357, 1290, 1263, 1213, 1187, 1126, 1041,

1024, 995, 863, 823

The experimental data were in agreement with those reported in the literature.58

(2,4,5-Trimethoxyphenyl)methanol (545)

OMe
MeO

OMe

1
2

3

4
5

6

7
8

9

OH

10

C10H14O4

MW = 198.22 g mol−1

In a 250 mL two-neck flask under argon atmosphere, benzaldehyde 544 (3.178 g, 16.2 mmol,

1.0 eq.) was suspended in 100 mL of methanol. Then, NaBH4 (672 mg, 17.8 mmol, 1.1 eq.) was

added by portions at 0 ◦C and the mixture was allowed to warm up to room temperature. After

35 min, the reaction mixture was cooled down to 0 ◦C and 20 mL of water were added. Methanol

was evaporated and the aqueous phase was extracted with diethyl ether. The organic phase was

then washed with brine, dried over MgSO4 and the solvent was evaporated to give 2.819 g of benzyl

alcohol 545.

Aspect: white solid

Yield: 88%

TLC: Rf ≈ 0.20 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 68-70 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.85 (s, 1H, C6H), 6.52 (s, 1H, C3H), 4.61 (d, 2H, J = 4.0 Hz,

C7H2), 3.88 (s, 3H, C8H3), 3.83 (s, 3H, C9H3 or C10H3), 3.83 (s, 3H, C9H3 or C10H3), 2.26 (s (br),

1H, OH)
13C NMR (126 MHz, CDCl3): δ (ppm) 152.28 (C4

q or C5
q), 149.75 (C2

q), 143.39 (C4
q or C5

q), 121.12 (C1
q),

113.74 (C6H), 97.82 (C3H), 62.13 (C7H2), 57.19 (C8H3 or CC9H3 or C10H3), 56.85 (C8H3 or CC9H3

or C10H3), 56.74 (C8H3 or CC9H3 or C10H3)

IR: ν (cm−1) 3486, 3367, 2937, 2835, 1509, 1439, 1122, 1030, 1001, 847, 810

The experimental data were in agreement with those reported in the literature.59
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Monoclinic P21/c

a = 7.6272(3) Å α = 90 ◦

b = 8.4191(4) Å β = 95.452(4) ◦

c = 31.0409(14) Å γ = 90 ◦

V = 1984.24(15) Å3 Z = 8

R = 4.35%

Figure 8.23: X-ray structure of 545 and parameters of the crystal. Recrystallised from a boiling mixture of
hexane and ethyl acetate.

1-Bromo-2,3,5-trimethoxybenzene (552)

OMe
MeO

OMe

12
3

4
5

6

7

8

9

Br C9H11BrO3

MW = 247.09 g mol−1

In a 250 mL two-neck flask under argon atmosphere, hydroquinone 551 (2.023 g, 9.24 mmol,

1.0 eq.) was dissolved in 50 mL of dichloromethane. A solution of NaOH (1.068 g, 26.7 mmol, 2.9 eq.)

in 50 mL of water was added. After ten minutes, Bu4NBr (149 mg, 0.462 mmol, 0.05 eq.) was added

to the biphasic mixture, follwed by the dropwise addition of Me2SO4 (3.5 mL, 36.9 mmol, 4.0 eq.).

After one hour, solid NaOH (1.100 g, 27.5 mmol, 3.0 eq.) was added to the reaction and the final

mixture was vigorously stirred overnight. The phases were then separated and the organic phase

was washed with brine, dried over MgSO4 and the solvent was evaporated. The crude product was

purified by filtration over silica gel using dichloromethane as eluent to yield 2.002 g of 552.

Aspect: orange oil

Yield: 88%

TLC: Rf ≈ 0.59 (cHex/AcOEt: 7/3), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.63 (d, 1H, J = 2.8 Hz, C6H), 6.44 (d, 1H, J = 2.8 Hz, C4H),

3.83 (s, 3H, C7H3 or C8H3 or C9H3), 3.79 (s, 3H, C7H3 or C8H3 or C9H3), 3.76 (s, 3H, C7H3 or C8H3

or C9H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 156.55 (C2

q or C3
q or C5

q), 154.22 (C2
q or C3

q or C5
q), 140.87 (C2

q

or C3
q or C5

q), 117.62 (C1
q), 107.91 (C6H), 100.08 (C4H), 60.85 (C7H3 or C8H3 or C9H3), 56.13 (C7H3

or C8H3 or C9H3), 55.88 (C7H3 or C8H3 or C9H3)

IR: ν (cm−1) 2938, 2834, 1598, 1570, 1489, 1454, 1426, 1231, 1212, 1447, 1034, 999, 821

The experimental data were in agreement with those reported in the literature.60

2-Bromo-3,4,6-trimethoxybenzaldehyde (553)

OMe
MeO

OMe
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C10H11BrO4

MW = 275.10 g mol−1

In a 100 mL two-neck flash under argon atmosphere and equipped with a condenser, POCl3
(0.64 mL, 6.93 mmol, 1.7 eq.) was added dropwise on N-methylformanilide (0.80 mL, 6.52 mL, 1.6 eq.).
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After ten minutes, bromotrimethoxybenzene 552 (1.101 g, 4.08 mmol, 1.0 eq.) was added dropwise

on the yellow oil and the reaction was heated up to 60 ◦C. The mixture darkened and solidified. After

1.75 h, the reaction was cooled down to room temperature and 60 mL of iced water was added. The

solution was stirred overnight and the solid that precipitated was filtered and rinsed with water. The

solid was dissolved in dichloromethane and the aqueous phase was extracted with dichloromethane.

The organic phases were gathered, dried over MgSO4 and the solvent was evaporated. The crude

product was purified by filtration over silica gel using ethyl acetate as eluent and the solvent was

evaporated to give 1.003 g benzaldehyde 553.

Aspect: light brown solid

Yield: 89%

TLC: Rf ≈ 0.74 (cHex/AcOEt: 6/4), visualised by UV and KMnO4

mp: 120-122 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 10.31 (s, 1H, C7H), 6.47 (s, 1H, C5H), 3.96 (s, 3H, C8H3 or

C9H3 or C10H3), 3.91 (s, 3H, C8H3 or C9H3 or C10H3), 3.79 (s, 3H, C8H3 or C9H3 or C10H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 189.56 (C7H), 160.07 (C6

q), 158.34 (C4
q), 140.92 (C3

q), 121.81

(C2
q), 116.17 (C1

q), 95.70 (C5H), 60.77 (C8H3 or C9H3 or C10H3), 56.62 (C8H3 or C9H3 or C10H3),

56.33 (C8H3 or C9H3 or C10H3)

IR: ν (cm−1) 2925, 1673, 1590, 1439, 1398, 1323, 1277, 1231, 1213, 1125, 1025, 971, 821

HRMS (ESI+): for [M+H]+ calc.: 274.9913, found: 274.9924

Monoclinic P21/c

a = 4.0205(1) Å α = 90 ◦

b = 14.8887(3) Å β = 93.408(2) ◦

c = 18.0394(3) Å γ = 90 ◦

V = 1077.93(4) Å3 Z = 4

R = 1.9%

Figure 8.24: X-ray structure of 553 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

(2-Bromo-3,4,6-trimethoxyphenyl)methanol (554)
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C10H13BrO4

MW = 277.11 g mol−1

In a 100 mL two-neck flask under argon atmosphere, benzaldehyde 553 (505 mg, 1.84 mmol,

1.0 eq.) was suspended in 50 mL of methanol. At 0 ◦C, NaBH4 (147 mg, 3.89 mmol, 2.1 eq.) was

added, the reaction was warmed up to room temperature and stirred overnight. The solvent was then

evaporated and the solid was treated with 50 mL of water at 0 ◦C. The mixture was stirred ten minutes

and dichloromethane was used to dissolve the solid. The phases were separated and the aqueous

phase was extracted with dichloromethane. The organic phases were gathered, dried over MgSO4

and the solvent was evaporated to give 490 mg of benzyl alcohol 554.
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Aspect: white solid

Yield: 96%

TLC: Rf ≈ 0.63 (cHex/AcOEt: 2/8), visualised by UV and KMnO4

mp: 107-109 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.49 (s, 1H, C5H), 4.84 (d, 1H, J = 5.8 Hz, C7H), 3.90 (s, 3H,

C8H3 or C9H3 or C10H3), 3.87 (s, 3H, C8H3 or C9H3 or C10H3), 3.79 (s, 3H, C8H3 or C9H3 or C10H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 155.11 (C6

q), 153.69 (C3
q or C4

q), 140.53 (C3
q or C4

q), 121.36 (C1
q

or C2
q), 121.09 (C1

q or C2
q), 96.46 (C5H), 60.80 (C8H3 or C9H3 or C10H3), 60.12 (C7H2), 56.42 (C8H3

or C9H3 or C10H3), 56.40 (C8H3 or C9H3 or C10H3)

IR: ν (cm−1) 3500-3300, 2924, 2851, 1591, 1564, 1434, 1396, 1322, 1201, 1029, 997, 965, 809

HRMS (ESI+): for [M+H]+ calc.: 277.0070, found: 276.9901

2-Bromo-3,4,6-trimethoxybenzyl methyl carbonate (557)
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C12H15BrO6

MW = 335.15 g mol−1

In a 25 mL two-neck flask under argon atmosphere, benzyl alcohol 554 (223 mg, 0.805 mmol,

1.0 eq.) and pyridine (0.22 mL, 2.74 mmol, 3.4 eq.) were dissolved in 2 mL of dichloromethane. The

solution was cooled down to 0 ◦C and methyl chloroformate (0.12 mL, 1.53 mmol, 1.9 eq.) was added

dropwise. The reaction was warmed up to room temperature and a precipitate was formed. The

solution was diluted with a minimum of dichloromethane to dissolve the solid and the organic phase

was washed with HCl (1 M), a saturated solution of NaHCO3 and brine, successively. The organic

phase were then dried over MgSO4 and the solvent was evaporated. The crude solid was purified by

flash chromatography on silica gel (cHex/AcOEt: 8/2) to give 231 mg of carbonate 557

Aspect: light brown solid

Yield: 86%

TLC: Rf ≈ 0.61 (cHex/AcOEt: 5/5), visualised by UV and KMnO4

mp: 77-79 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.47 (s, 1H, C5H), 5.36 (s, 1H, C7H), 3.90 (s, 3H, C10H3 or

C11H3), 3.84 (s, 3H, C10H3 or C11H3), 3.80 (s, 3H, C9H3 or C12H3), 3.79 (s, 3H, C10H3 or C11H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 156.49 (C4

q), 156.21 (C3
q or C4

q), 155.16 (C3
q or C4

q), 123.29

(C8
q), 122.44 (C2

q), 115.64 (C1
q), 96.63 (C5H), 64.86 (C7H2), 61.13 (C9H3 or C10H3 or C11H3 or C12H3),

56.91 (C9H3 or C10H3 or C11H3 or C12H3), 56.69 (C9H3 or C10H3 or C11H3 or C12H3), 55.26 (C9H3

or C10H3 or C11H3 or C12H3)

IR: ν (cm−1) 2952, 2923, 2853, 1742, 1598, 1438, 1253, 1226, 1134, 1035, 927, 817

HRMS (ESI+): for [M+H]+ calc.: 335.0130, found: 335.0080
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Triclinic P1
a = 7.3571(1) Å α = 100.495(2) ◦

b = 12.6102(3) Å β = 91.521(2) ◦

c = 15.8618(3) Å γ = 105.503(2) ◦

V = 1389.90(5) Å3 Z = 4

R = 2.2%

Figure 8.25: X-ray structure of 557 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

4,6,7-Trimethoxyisobenzofuran-1(3H)-one (546)
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C11H12O5

MW = 224.21 g mol−1

Method A: from benzyl alcohol 545. In a dry 50 mL two-neck flask under argon atmosphere and

equipped with a condenser, benzyl alcohol 545 (693 mg, 3.49 mmol, 1.0 eq.) was dissolved in 15 mL

of anhydrous THF and the solution was cooled down to −78 ◦C. A 2.4 M solution of hexyllithium in

hexanes (3.2 mL, 7.68 mmol, 2.2 eq.) was added dropwise. After one hour, the reaction mixture is

heated up to 70 ◦C for 1.5 h. the solution is cooled down to 0 ◦C and dry ice was added and the

mixture was stirred 30 min. Then, 10 mL of HCl (10%) was added and the reaction mixture was

warmed up to room temperature. The aqueous phase was extracted with dichloromethane. The

organic phases were gathered and washed with water and brine. The solvent was then evaporated

and the yellow oil was triturated with a minimum of dichloromethane. The precipitate formed was

filtered and rinced with dichloromethane. The filtrate was concentrated and the crude oil was purified

by flash chromatography on silica gel to isolate 86 mg of 546 in the first fraction (cHex/AcOEt: 8/2).

Aspect: orange solid

Yield: 11%

Method B: from benzyl alcohol 557. In a dry 100 mL two-neck flask under argon atmosphere,

benzyl alcohol 557 (106 mg, 0.317 mmol, 1.0 eq.) was dissolved in 20 mL of anhydrous THF and

the solution was cooled down two −78 ◦C. A 2.40 M solution of hexyllithium in hexanes (0.20 mL,

0.384 mmol, 1.2 eq.) was added dropwise. The mixture was allowed to warm up to room temperature

and was stirred for three hours. The reaction was then quenched with a saturated solution of NH4Cl

and the final mixture was stirred thirty minutes. The organic solvent was evaporated and the aqueous

phase was extracted with ethyl acetate. The organic phases were gathered, dried over MgSO4, and

the solvent was evaporated to give 10 mg of phthalide 546.

Aspect: white solid

Yield: 13%

TLC: Rf ≈ 0.19 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 153-156 ◦C
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1H NMR (500 MHz, CDCl3): δ (ppm) 6.74 (s, 1H, C5H), 5.14 (s, 2H, C8H2), 3.98 (s, 3H, C10H3), 3.93

(s, 3H, C9H3 or C11H3), 3.88 (C9H3 or C11H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 167.79 (C1

q), 153.86 (C4
q or C7

q), 149.61 (C4
q or C7

q), 141.73

(C6
q), 126.68 (C3

q), 119.31 (C2
q), 103.26 (C5H), 67.19 (C8H2), 62.54 (C10H3), 57.44 (C9H3 or C11H3),

56.05 (C9H3 or C11H3)

IR: ν (cm−1) 2935, 2843, 1758, 1505, 1453, 1340, 104, 1203, 1123, 1039, 1004, 981, 888, 852

HRMS (ESI+): for [M+H]+ calc.: 225.0757, found: 225.0767

Monoclinic P21/c

a = 33.222(7) Å α = 90 ◦

b = 3.976 99(10) Å β = 100.648(2) ◦

c = 16.0441(3) Å γ = 90 ◦

V = 2083.31(8) Å3 Z = 8

R = 2.6%

Figure 8.26: X-ray structure of 546 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

3-(Hydroxymethyl)-2,5,6-trimethoxybenzoic acid (547)
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MW = 242.23 g mol−1

This compound was obtained following the same procedure as the method A for the synthesis of

phthalide 546. The solid obtained from the filtration and the one isolated in the second fraction of the

chromatography (cHex/AcOEt/AcOH: 5/5/0.25) were gathered to give 244 mg of benzoic acid 547.

Aspect: white solid

Yield: 29%

TLC: Rf ≈ 0.22 (cHex/AcOEt/AcOH: 5/5/0.25), visualised by UV and p-anisaldehyde

mp: 115-116 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 7.20 (s, 1H, C4H), 4.63 (s, 2H, C9H2), 3.86 (s, 1H, C10H3

or C11H3), 3.81 (s, 1H, C10H3 or C11H3), 3.76 (s, 3H, C8H3)
13C NMR (126 MHz, acetone−d6): δ (ppm) 167.09 (C7

q), 150.06 (C5
q or C6

q), 148.05 (C2
q), 145.75 (C5

q

or C6
q), 132.09 (C3

q), 125.68 (C1
q), 114.20 (C4H), 63.09 (C8H2), 61.42 (C10H3 or C11H3), 59.06 (C9H3),

56.50 (C10H3 or C11H3)

IR: ν (cm−1) 3500-3200, 1716, 1486, 1274, 1122, 1056, 1012, 968, 856

HRMS: pending
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2-Bromo-3,6-dihydroxy-4-methoxybenzaldehyde (558)
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MW = 247.04 g mol−1

In a 50 mL two-neck flask under argon atmosphere and equipped with a condenser, hydroquinone

551 (208 mg, 0.950 mmol, 1.0 eq.) and hexamine (128 mg, 0.917 mmol, 1.0 eq.) was dissolved in 5 mL

of TFA and the solution was refluxed overnight. The mixture was cooled down to room temperature

and the solvent was evaporated. The solid was treated with 100 mL of water at 60 ◦C for six hours.

The solution was cooled down to room temperature and the aqueous phase was extracted with ethyl

acetate. The organic phase was washed with brine, dried over MgSO4 and the solvent was evapo-

rated to yield 190 mg benzaldehyde 558.

Aspect: brown solid

Yield: 81%

TLC: Rf ≈ 0.15 (cHex/AcOEt: 5/5), visualised by UV and KMnO4

mp: 199-201 ◦C
1H NMR (500 MHz, acetone−d6): δ (ppm) 10.13 (s, 1H, C7H), 6.56 (s, 1H, C5H), 3.99 (s, 3H, C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 196.75 (C7

q), 161.06 (C6
q), 156.8 (C4

q), 138.88 (C3
q), 111.70 (C1

q

or C3
q), 111.64 (C1

q or C3
q), 99.71 (C5H), 57.16 (C8H3)

IR: ν (cm−1) 3400-3000, 1628, 1488, 1432, 1251, 1206, 1158, 1018, 897

HRMS: pending

2-Bromo-3-formyl-4-hydroxy-6-methoxyphenyl tert-butyl carbonate (559)
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MW = 347.16 g mol−1

In a 50 mL two-neck flask under argon atmosphere, hydroquinone 558 (128 mg, 0.517 mmol,

1.0 eq.) and Boc2O (256 mg, 1.175 mg, 2.2 eq.) were placed in 5 mL of hexane. To that solution,

DMAP (5 mg, 38.5 mmol, 0.07 eq.) and the reaction was stirred for one hour. The reaction mixture

was partitioned between ethyl acetate, brine and HCl (1 M). The phases were separated and the

organic phase was washed with a saturated solution of NaHCO3. The latter was then dried over

Na2SO4 and the solvents were evaporated. The crude product was purified by filtration over silica gel

(cHex/AcOEt: 5/5) to give 154 mg of the mono-protected hydroquinone 559.

Aspect: brown solid

Yield: 86%

TLC: Rf ≈ 0.82 (cHex/AcOEt: 5/5), visualised by UV and KMnO4

mp: 99-103 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) : 12.53 (s, 1H, OH), 6.46 (s, 1H, C10H), 6.46 (s, 1H, C5H), 3.91

(s, 3H, C11H3), 1.56 (s, 9H, 3 × C9H3)
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13C NMR (126 MHz, CDCl3): δ (ppm) 195.86 (C10H), 164.35 (C4
q), 159.44 (C6

q), 150.59 (C7
q), 132.22

(C1
q), 122.11 (C2

q), 111.40 (C3
q), 99.33 (C5H), 84.61 (C8

q), 56.80 (C11H3), 27.72 (3 × C9H3)

IR: ν (cm−1) 2982, 2927, 1756, 1627, 1489, 1438, 1370, 1272, 1254, 1214, 1138, 803

HRMS (ESI+): for [M+H]+ calc.: 347.0125, found: 347.0134

Triclinic P1
a = 6.3546(4) Å α = 77.081(4) ◦

b = 10.6214(4) Å β = 79.573(4) ◦

c = 11.4898(5) Å γ = 84.618(4) ◦

V = 742.24(7) Å3 Z = 2

R = 3.5%

Figure 8.27: X-ray structure of 559 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

2-Bromo-3,6-bis(ethoxymethoxy)-4-methoxybenzaldehyde (562)
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MW = 363.20 g mol−1

In a 50 mL two-neck flask under argon atmosphere, hydroquinone 558 (212 mg, 0.857 mmol,

1.0 eq.) was dissolved in 5 mL of acetone. To that solution, K2CO3 (476 ṁillig, 3.442 mmol, 4.0 eq.)

was added, followed by the dropwise addition of ethoxymethyl chloride (0.17 mL, 1.834 mmol, 2.1 eq.).

The solution was refluxed overnight. The reaction was cooled down to room temperature and 1 mL of

water was added and the mixture was stirred one hour. The formed precipitate was filtered and the

filtrate was evaporated. The crude oil was purified by flash chromatography on silica gel (cHex/AcOEt:

8/2) to give 192 mg of the protected hydroquinone 562.

Aspect: yellow oil

Yield: 62%

TLC: Rf ≈ 0.64 (cHex/AcOEt: 6/4), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 10.31 (s, 1H, C7H), 6.82 (s, 1H, C5H), 5.29 (s, 2H, C12H2), 5.13

(s, 2H, C8H2), 3.94 (q, 2H, J = 7.1 Hz, C9H2), 3.90 (s, 3H, C11H3), 3.76 (q, 2H, J = 7.0 Hz, C13H2),

1.27-1.19 (m, 6H, C10H3 + C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 189.45 (C7H), 158.05 (C4

q or C6
q), 157.95 (C4

q or C6
q), 138.80

(C3
q), 121.04 (C2

q), 117.39 (C1
q), 99.66 (C5H), 97.23 (C8H2), 94.45 (C2H12), 66.08 (C9H2), 65.02

(C13H2), 56.31 (C11H3), 15.18 (C10H3 or C14H3), 15.14 (C10H3 or C14H3)

IR: ν (cm−1) 2976, 2930, 1688, 1587, 1480, 1445, 1383, 1316, 1265, 1195, 1108, 969, 942

HRMS: pending
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(2-Bromo-3,6-bis(ethoxymethoxy)-4-methoxyphenyl)methanol (563)
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MW = 365.22 g mol−1

In a 50 mL two-neck flask under argon atmosphere, benzaldehyde 562 (129 mg, 0.355 mmol,

1.0 eq.) was dissolved in 15 mL of methanol. The solution was cooled down and NaBH4 (15 mg,

0.397 mmol, 1.1 eq.) was added. After 1.25 h, the solvent was evaporated and replaced by 15 mL of

water. The aqueous phase was extracted with dichlorommethane and the organic phase was then

washed with water. The organic phase was dried over Na2SO4 and the solvent was evaporated. The

crude oil was purified by filtration over silica gel, using dichloromethane as eluent, to give 68 mg of

the benzyl alcohol 563.

Aspect: yellow oil

Yield: 53%

TLC: Rf ≈ 0.37 (cHex/AcOEt: 6/4), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.79 (s, 1H, C5H), 5.24 (s, 2H, C12H2), 5.13 (s, 2H, C8H2), 4.83

(s, 2H, C7H2), 3.94 (q, 2H, J = 7.1 Hz, C9H2), 3.84 (s, 3H, C11H3), 3.75 (q, 2H, J = 7.1 Hz, C13H2),

1.25 (t, 3H, J = 7.1 Hz, C10H3), 1.23 (t, 3H, J = 7.1 Hz, C14H3)
13C NMR (500 MHz, CDCl3): δ (ppm) 153.55 (C4

q), 153.31 (C6
q), 138.49 (C3

q), 122.52 (C1
q), 121.28

(C2
q), 100.48 (C5H), 97.24 (C8H2), 94.68 (C12H2), 65.96 (C9H2), 64.82 (C13H2), 60.11 (C7H2), 56.27

(C11H3), 15.21 (C10H3 + C14H3)

IR: ν (cm−1) 3600-3300, 2976, 2935, 2987, 1595, 1569, 1482, 1446, 1385, 1214, 1148, 1128, 1105,

1075, 988, 941, 844, 812, 733

HRMS: pending

2-Bromo-3,6-bis(ethoxymethoxy)-4-methoxybenzyl methyl carbonate (564)
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MW = 423.26 g mol−1

In a 50 mL two-neck flask under argon atmosphere, benzyl alcohol 563 (503 mg, 1.815 mmol,

1.0 eq.) and pyridine (0.50 mL, 6.21 mmol, 3.4 eq.) were dissolved in 5 mL of dichloromethane. The

solution was cooled down to 0 ◦C and methyl chloroformate (0.27 mL, 3.49 mmol, 1.9 eq.) was added

dropwise, the reaction was warmed up to room temperature and a precipitate was formed. The solu-

tion was diluted with a minimum of dichloromethane to dissolve the solid and the organic phase was

washed with HCl (1 M), then a saturated solution of NaHCO3 and brine. The organic phase was dried

over MgSO4 and the solvent was evaporated. The crude oil was purified by flash chromatography on

silica gel (cHex/AcOEt: 8/2) to give 498 mg of carbonate 564.

Aspect: yellow oil
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Yield: 82%

TLC: Rf ≈ 0.65 (cHex/AcOEt: 5/5), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.80 (s, 1H, C5H), 5.36 (s, 2H, C7H2), 5.22 (s, 2H, C14H2), 5.12

(s, 2H, C10H2), 3.94 (q, 2H, J = 7.1 Hz, C11H2), 3.84 (s, 3H, C13H3), 3.79 (s, 3H, C9H3), 3.73 (q, 2H,

J = 7.1 Hz, C15H2), 1.26-1.23 (m, 6H, C12H3 + C16H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 155.84 (C8

q), 154.62 (C4
q or C6

q), 154.25 (C4
q or C6

q), 138.34 (C3
q),

122.65 (C2
q), 116.26 (C1

q), 99.61 (C5H), 97.21 (C10H2), 94.18 (C14H2), 65.94 (C11H2), 64.65 (C7H2 or

C15H2), 64.62 (C7H2 or C15H2), 56.21 (C13H3), 54.88 (C9H3), 15.22 (C12H3 or C16H3), 15.19 (C12H3

or C16H3)

IR: ν (cm−1) 2926, 1747, 1597, 1486, 1443, 1257, 1135, 1005, 938

HRMS: pending
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8.6 Diels-Alder reactions

General procedure

The quinone was dissolved in dichloromethane or HFIP (10 mL/mmol). The diene was then added (1

or 2 equivalents) at room temperature. The reaction was then monitored by TLC. Once the reaction

reached completion or maximum conversion, the solvent was evaporated and the crude product

purified if necessary (otherwise it was pure enough to be analysed without any further purification).

Reactions times are reported in Tables 5.4, 5.5, 5.6 and 5.7 in Chapter 5.

8.6.1 Solvent study: expected cycloadducts and pyrolysed adducts

(1R,4S,4aR,8aR)-1,4,4a,8a-Tetrahydro-1,4-methanonaphthalene-5,8-dione (Q1D1)

H

H

O

O

1
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4 5

6

C11H10O2

MW = 174.20 g mol−1

Quinone Q1 (CH2Cl2: 208 mg, 1.92 mmol, 1.0 eq.; HFIP: 51 mg, 0.476 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.33 mL, 3.92 mmol, 2.0 eq.; HFIP: 0.04 mL, 0.476 mmol, 1.0 eq.) were reacted following

general procedure to give Q1D1 (CH2Cl2: 326 mg; HFIP: 83 mg).

Aspect: greyish powder

Yield: CH2Cl2: 94%; HFIP: quantitative

TLC: Rf ≈ 0.26 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 66-69 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.57 (s, 2H, 2 × C4H), 6.06 (dd, 2H, ABXYZ, JAX = JAY =

1.8 Hz, 2 × C5H), 3.54 (m, 2H, ABXY Z 2 × C1H), 3.22 (dd, 2H, ABXYZ, JYZ = 2.3 Hz, JBZ = 1.5 Hz, 2

× C2H), 1.48 (2 × ddd, 2H, ABXYZ, JAX = 1.8 Hz, JBZ = 1.5 Hz, JAB = 8.8 Hz, ∆νAB = 55.7 Hz, C6H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.62 (2 × C3

q), 142.20 (2 × C4H), 135.43 (2 × C5H), 48.91

(2 × C1H), 48.85 (C6H2), 48.47 (2 × C2H)

IR: ν (cm−1) 1748, 1720, 1667, 1301, 1279, 1055, 862, 734, 455

The experimental data were in agreement with those reported in the literature.61

(+–)-rel-(4aR,5R,8aS)-5-Methyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione (Q1D2)

O
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C11H12O2

MW = 176.22 g mol−1

Quinone Q1 (CH2Cl2: 217 mg, 2.01 mmol, 1.0 eq.; HFIP: 56 mg, 0.516 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.40 mL, 4.01 mmol, 2.0 eq.; HFIP: 0.10 mL, 1.00 mmol, 1.9 eq.) were reacted following

the general procedure to give Q1D2 (CH2Cl2: 324 mg; HFIP: 88 mg).

Aspect: greyish oil

Yield: CH2Cl2: 92%; HFIP: 97%

TLC: Rf ≈ 0.50 (cyclohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde
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1H NMR (500 MHz, CDCl3): δ (ppm) 6.75 (d, 1H, J = 10.3 Hz, C2H), 6.69 (d, 1H, J = 10.3 Hz, C3H),

5.70-5.65 (m, 1H, C7H), 5.64-5.59 (m, 1H, C8H), 3.34 (dd, 1H, J = 6.0; 5.9 Hz, C5H), 3.24 (ddd, 1H,

J = 7.5; 5.9; 3.9 Hz, C10H), 2.57 (m, 1H, C6H), 2.49 (m, 2H, C9H2), 0.94 (d, 3H, J = 7.4 Hz, C11H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 201.31 (C4

q), 199.71 (C1
q), 141.21 (C3H), 140.60 (C2H), 130.99

(C7H), 123.48 (C8H), 50.52 (C5H), 45.49 (C10H), 31.86 (C6H), 22.50 (C9H2), 18.69 (C11H3)

IR: ν (cm−1) 2961, 2924, 2868, 1669, 1487, 1460, 1264, 1180, 1094, 1040, 932, 867, 805, 737, 703

The experimental data were in agreement with those reported in the literature.62

(4aR,8aS)-6,7-Dimethyl-1,4,4a,5,8,8a-hexahydronaphthalene-1,4-dione (Q1D3)

Me

Me

O

O

H

H

12
3
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5

6

C12H14O2

MW = 190.24 g mol−1

Quinone Q1 (CH2Cl2: 206 mg, 1.90 mmol, 1.0 eq.; HFIP: 56 mg, 0.521 mmol, 1.0 eq.) and diene

D3 (CH2Cl2: 0.43 mL, 3.80 mmol, 2.0 eq.; HFIP: 0.12 mL, 1.06 mmol, 2.0 eq.) were reacted following

the general procedure to give Q1D3 (CH2Cl2: 288 mg; HFIP 95 mg).

Aspect: greyish powder

Yield: CH2Cl2: 80%; HFIP: 95%

TLC: Rf ≈ 0.59 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 120-123 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.65 (s, 2H, 2 × C2H), 3.24-3.12 (m, 2H, 2 × C5H), 2.21 (m,

4H, AB, JAB = 17.4 Hz, ∆νAB = 158.7 Hz, 2 × C4H2), 1.62 (s, 6H, 2 × C6H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.42 (2 × C1

q), 139.45 (2 × C2H), 123.41 (2 × C3
q), 47.18 (2

× C5H), 30.55 (2 × C4H2), 18.97 (2 × C6H3)

IR: ν (cm−1) 2881, 1708, 1231, 1137

The experimental data were in agreement with those reported in the literature.63

(+–)-rel-(1R,4S,4aR,8aS)-4a,6,7-Trimethyl-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-
dioneh(Q2D1)
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MW = 216.28 g mol−1

Quinone Q2 (CH2Cl2: 118 mg, 0.783 mmol, 1.0 eq.; HFIP: 52 mg, 0.345 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.13 mL, 1.55 mmol, 1.98 eq.; HFIP: 0.06 mL, 0.713 mmol, 2.1 eq.) were reacted follow-

ing the general procedure. The crude product was purified by flash chromatography on silica gel

(PhMe/AcOEt: 95/5) to give Q2D1 (CH2Cl2: 101 mg; HFIP: 75 mg).

Aspect: pale yellow oil

Yield: CH2Cl2: 60%; HFIP: quantitative

TLC: Rf ≈ 0.73 (PhMe/AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.06 (dd, 1H, J = 5.6; 2.9 Hz, C10H), 5.92 (dd, 1H, J = 5.6;

2.8 Hz, C9H), 3.43-3.36 (m, 1H, C8H), 3.09-3.02 (m, 1H, C1H), 2.81 (d, 7H, J = 3.9 Hz, C7H7), 1.91
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(s, 6H, C13H3 + C14H3), 1.57 (dddd, 2H, ABXY, JAB = 9.0 Hz, JAX = JAY = 1.7 Hz, JBX = JBY = 1.5 Hz,

∆νAB = 78.9 Hz, C11H2), 1.43 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 202.48 (C3

q), 199.14 (C6
q), 147.06 (C4

q or C5
q), 146.82 (C5

q or C4
q),

138.28 (C10H), 134.82 (C9H), 56.96 (C7H7), 53.68 (C1H), 52.47 (C2
q), 49.09 (C8H), 46.40 (C11H2),

26.92 (C12H3), 13.50 (C13H3 or C14H3), 13.12 (C14H3 or C13H3)

IR: ν (cm−1) 2963, 1742, 1728, 1660, 1455, 1379

HRMS (ESI+): for [M+H]+ calc.: 217.1229, found: 217.1223

(+–)-rel-(4aR,8S,8aS)-2,3,4a,8-Tetramethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione (Q2D2)
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MW = 218.30 g mol−1

Quinone Q2 (CH2Cl2: 215 mg, 1.43 mmol, 1.0 eq.; HFIP: 86 mg, 0.569 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.29 mL, 2.91 mmol, 2.0 eq.; HFIP: 0.11 mL, 1.10 mmol, 1.9 eq.) were reacted follow-

ing the general procedure. The crude product was purified by flash chromatography on silica gel

(cyclohex./CH2Cl2/acetone: 8/2/0.1) to give Q2D2 (CH2Cl2: 97 mg; HFIP: 124 mg).

Aspect: pale yellow oil

Yield: CH2Cl2: 31%; HFIP: quantitative

TLC: Rf ≈ 0.70 (CH2Cl2/cyclohex./acetone: 6/4/0.2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 5.67-5.59 (m, 1H, C7H), 5.59-5.52 (m, 1H, C8H), 2.93-2.82 (m,

2H, 1/2 × C6H2 + C10H), 2.15-2.02 (m, 2H, 1/2 × C6H2 + C9H), 2.00 (q, 3H, J = 1.0 Hz, C11H3), 1.98

(q, 3H, J = 1.0 Hz, C12H3), 1.40 (s, 3H, C13H3), 0.72 (d, 3H, J = 7.3 Hz, C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 203.25 (C4

q), 199.43 (C1
q), 146.07 (C2

q or C3
q), 144.75 (C3

q or C2
q),

130.17 (C8H), 122.79 (C7H), 50.34 (C5
q), 50.02 (C10H), 39.56 (C9H), 24.29 (C13H3), 20.93 (C6H2),

19.34 (C14H3), 13.36 (C11H3), 12.80 (C12H3)

IR: ν (cm−1) 2973, 2934, 1667, 1374, 1287, 1249, 1224, 1180, 1100, 1070, 708

HRMS (ESI+): for [M+H]+ calc.: 219.1385, found: 219.1380

(+–)-cis-2,3,4a,6,7-Pentamethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione (Q2D3)
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MW = 232.15 g mol−1

Quinone Q2 (HFIP: 176 mg, 1.17 mmol, 1.0 eq.) and diene D3 (HFIP: 0.26 mL, 2.30 mmol, 2.0 eq.)

were reacted following the general procedure. The crude product was purified by flash chromatogra-

phy on silica gel (cyclohex./AcOEt: 99/1) to give Q2D3 (HFIP: 269 mg).

Aspect: pale yellow oil

Yield: quantitative

TLC: Rf ≈ 0.66 (cyclohex./AcOEt: 8/2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 2.81 (t, 1H, J = 5.9 Hz, C10H), 2.52-2.43 (m, 1H, 1/2 × C9H2),
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2.40 (d, 1H, J = 17.2 Hz, 1/2 × C6H2), 2.11-2.03 (m, 1H, C9H2), 1.97 (s, 6H, C11H3 + C12H3), 1.66 (d,

1H, J = 17.2 Hz, 1/2 × C6H2), 1.62 (s, 3H, C15H3), 1.57 (s, 3H, C14H3), 1.26 (s, 3H, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 202.70 (C4

q), 200.20 (C1
q), 143.37 (C2H or C3H), 142.56 (C3

q

or C2
q), 122.97 (C7

q or C8
q), 122.87 (C8

q or C7
q), 52.80 (C10H), 48.16 (C5

q), 39.18 (C6H2), 30.17 (C9H2),

23.39 (C13H3), 19.08 (C14H3), 18.72 (C15H3), 13.26 (C11H3 or C12H3), 13.02 (C12H3 or C11H3)

IR: ν (cm−1) 2918, 1673, 1373, 1288, 1234, 1074, 1026, 753

HRMS (ESI+): for [M+H]+ calc.: 233.1542, found: 233.1536

(+–)-rel-(1R,4S,4aR,8aS)-7-Methoxy-4a-methyl-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-
5,8-dioneh(Q3D1)
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MW = 218.25 g mol−1

Quinone Q3 (CH2Cl2: 137 mg, 0.900 mmol, 1.0 eq.; HFIP: 100 mg, 0.655 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.15 mL, 1.78 mmol, 2.0 eq.) were reacted following the general procedure. The crude

product was purified by flash chromatography on silica gel (cHex/AcOEt: 7/3) to give Q3D1 (CH2Cl2:

196 mg; HFIP: 133 mg).

Aspect: white powder

Yield: CH2Cl2: quantitative; HFIP: 93%

TLC: Rf ≈ 0.24 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 107-109 ◦C
1H NMR (400 MHz, CDCl3): δ (ppm) 6.16 (dd, 1H, J = 5.7; 2.9 Hz, C10H), 5.98 (dd, 1H, J = 5.7;

2.8 Hz, C9H), 5.85 (s, 1H, C4H), 3.72 (s, 3H, C13H3), 3.45 (s (br), 1H, C8H), 3.07 (s (br), 1H, C1H),

2.88 (d, 1H, J = 3.9 Hz, C7H), 1.60 (ddt, 2H, ABX, JAB = 9.2 Hz, JAX = 1.4 Hz, JBX = 1.7 Hz, ∆νAB =

56.8 Hz, C11H2), 1.47 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 202.46 (C3

q), 194.56 (C6
q), 162.60 (C5

q), 138.70 (C10H), 134.09

(C9H), 114.13 (C4H), 57.20 (C7H), 56.46 (C13H3), 53.50 (C2
q), 53.48 (C1H), 49.65 (C8H), 46.58

(C11H2), 26.68 (C12H3)

IR: ν (cm−1) 2954, 1756, 1735, 1679, 1647, 1606, 1452, 1370, 1330, 1237, 1175, 1126, 1091, 995

HRMS (ESI+): for [M+H]+ calc.: 219.1016, found: 219.1008

(+–)-rel-(4aR,8S,8aS)-2-Methoxy-4a,8-dimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione
(Q3D2)
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MW = 220.27 g mol−1

Quinone Q3 (HFIP: 152 mg, 1.00 mmol, 1.0 eq.) and diene D1 (CH2Cl2: 0.20 mL, 2.00 mmol,

2.0 eq.) were reacted following the general procedure. The crude product was purified by flash chro-

matography on silica gel (cHex/AcOEt/acetone: 7/3/0.1) to give 177 mg of Q3D1.

Aspect: white powder
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Yield: 81%

TLC: Rf ≈ 0.41 (cHex/AcOEt/actone: 7/3/0.5), visualised by UV and p-anisaldehyde

mp: 52-54 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 5.82 (s, 1H, C3H), 5.67-5.61 (m, 1H, C8H), 5.61-5.55 (m, 1H,

C7H), 3.78 (s, 3H, C11H3), 3.01 (d, 1H, J = 5.7 Hz, C10H), 2.68-2.56 (m, 2H, 1/2 × C6H2 + C9H),

1.86-1.75 (m, 1H, 1/2 × C6H2), 1.33 (s, 3H, C12H3), 1.10 (d, 3H, J = 7.4 Hz, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 201.74 (C4

q), 195.88 (C1
q), 162.26 (C2

q), 130.43 (C8H), 123.24

(C7H), 109.30 (C3H), 56.72 (C10H), 56.50 (C11H3), 48.13 (C5
q), 32.36 (C6H2), 30.74 (C9H), 25.80

(C12H3), 18.35 (C13H3)

IR: ν (cm−1) 2967, 2935, 2875, 1700, 1661, 1602, 1459, 1343, 1213, 1173, 1145, 986, 874, 717

HRMS (ESI+): for [M+H]+ calc.: 221.1172, found: 221.1171

Tetragonal P41212

a = 7.694 62(15) Å α = 90 ◦

b = 7.694 62(15) Å β = 90 ◦

c = 38.8358(10) Å γ = 90 ◦

V = 2299.36(11) Å3 Z = 8

R = 4.49%

Figure 8.28: X-ray structure of Q3D2 and paramaters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

(+–)-cis-2-Methoxy-4a,6,7-trimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione (Q3D3)
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MW = 234.30 g mol−1

Quinone Q3 (HFIP: 153 mg, 1.01 mmol, 1.0 eq.) and diene D1 (CH2Cl2: 0.23 mL, 2.03 mmol,

2.0 eq.) were reacted following the general procedure. The crude product was purified by flash chro-

matography on silica gel (cHex/AcOEt/acetone: 7/3/0.1) to give 229 mg of Q3D1.

Aspect: white powder

Yield: 97%

TLC: Rf ≈ 0.41 (cHex/AcOEt/actone: 7/3/0.5), visualised by UV and p-anisaldehyde

mp: 60-62 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 5.81 (s, 1H, C3H), 3.78 (s, 3H, C11H3), 2.86 (t, 1H, J = 6.0 Hz,

C10H), 2.60 (m, 1H; 1/2 × C9H2), 2.44 (d, 1H, J = 17.4 Hz, 1/2 × C6H2), 2.17-2.03 (m, 1H, 1/2 × C9H2),

1.73 (d, 1H, J = 17.4 Hz, 1/2 × C6H2), 1.63 (s, 3H, C14H3), 1.58 (s, 3H, C13H3), 1.28 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 202.46 (C4

q), 195.25 (C1
q), 160.85 (C2

q), 123.13 (C7
q), 122.54

(C8
q), 109.24 (C3H), 56.40 (C11H3), 52.69 (C10H), 48.37 (C5

q), 39.32 (C6H2), 29.79 (C9H2), 23.61

(C12H3), 19.09 (C13H3), 18.69 (C14H3)

IR: ν (cm−1) 2926, 2908, 2836, 1699, 1661, 1610, 1464, 1427, 1357, 1228, 1175, 1121, 1102, 1029,

851

HRMS (ESI+): for [M+H]+ calc.: 235.1329, found: 235.1323
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(+–)-rel-(1R,4S,4aR,8aS)-6,7-Dimethoxy-4a-methyl-1,4,4a,8a-tetrahydro-1,4-methanonaphthal-
ene-5,8-dioneh(Q4D1)
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MW = 248.28 g mol−1

Quinone Q4 (CH2Cl2: 43 mg, 0.236 mmol, 1.0 eq.; HFIP: 50 mg, 0.276 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.04 mL, 0.476 mmol, 2.0 eq.; HFIP: 0.05 mL, 0.595 mmol, 2.2 eq.) were reacted follow-

ing the general procedure to give Q4D1 (CH2Cl2: 58 mg; HFIP: 68 mg).

Aspect: viscous yellow oil

Yield: CH2Cl2: 98%; HFIP: quantitative

TLC: Rf ≈ 0.38 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.09 (dd, 1H, J = 5.6; 2.9 Hz, C3H), 5.95 (dd, 1H, J = 5.6;

2.8 Hz, C2H), 3.88 (s, 3H, C13H3 or C14H3), 3.87 (s, 3H, C14H3 or C13H3), 3.36 (s (br), 1H, C1H),

3.02 (s (br), 4H, C1H4), 2.78 (d, 1H, J = 3.9 Hz, C10H), 1.55 (m, 2H, C11H2), 1.43 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.49 (C6

q), 194.89 (C9
q), 150.60 (C7

q or C8
q), 150.54 (C8

q or

C7
q), 138.15 (C3H), 134.52 (C2H), 60.66 (C13H3 or C14H3), 60.64 (C14H3 or C13H3), 57.05 (C10H),

53.41 (C4H), 52.56 (C5
q), 48.83 (C1H), 46.34 (C11H2), 26.51 (C12H3)

IR: ν (cm−1) 2949, 1661, 1594, 1450, 1332, 1287, 1254, 1206, 1128, 1110, 1078, 1029, 1006, 995,

974, 914, 709

The experimental data were in agreement with those reported in the literature.50

(+–)-rel-(4aR,8S,8aS)-2,3-Dimethoxy-4a,8-dimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione
(Q4D2)
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MW = 250.29 g mol−1

Quinone Q4 (CH2Cl2: 150 mg, 0.821 mmol, 1.0 eq.; HFIP: 173 mg, 0.847 mmol, 1.0 eq.) and di-

ene D2 (CH2Cl2: 0.13 mL, 1.65 mmol, 2.0 eq.; HFIP: 0.15 mL, 1.90 mmol, 2.3 eq.) were reacted fol-

lowing the general procedure. The crude product was purified by flash chromatography on silica gel

(cyclohex./CH2Cl2: 5/5) to give Q4D2 (CH2Cl2: 47 mg; HFIP: 225 mg).

Aspect: yellow viscous oil.

Yield: CH2Cl2: 23%; HFIP: 95%

TLC: Rf ≈ 0.46 (cyclohex./CH2Cl2/acetone: 5/5/0.2), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 5.66-5.60 (m, 1H, C7H), 5.60-5.53 (m, 1H, C8H), 3.98 (s, 3H,

C11H3 or C12H3), 3.97 (s, 3H, C12H3 or C11H3), 2.97-2.86 (m, 1H, 1/2 × C6H2), 2.80 (dd, 1H, J = 7.3;

1.8 Hz, C10H), 2.21-2.12 (m, 1H, C9H), 2.10-2.02 (m, 1H, 1/2 × C6H2), 1.41 (s, 3H, C13H3), 0.85 (d,

3H, J = 7.3 Hz, C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.53 (C4

q), 194.88 (C1
q), 150.42 (C2

q or C3
q), 148.92 (C3

q or

C2
q), 130.09 (C8H), 122.48 (C7H), 60.87 (C11H3 or C12H3), 60.51 (C12H3 or C11H3), 49.54 (C10H),
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39.55 (C5
q), 39.55 (C9H), 23.99 (C13H3), 20.48 (C6H2), 19.36 (C14H3)

IR: ν (cm−1) 2936, 1672, 1598, 1451, 1276, 1206, 1123, 1102, 1093, 1075, 1043, 1002, 716, 698

HRMS (ESI+): for [M+H]+ calc.: 251.1283, found: 251.1278

(+–)-cis-2,3-Dimethoxy-4a,6,7-trimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione (Q4D3)
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MW = 264.32 g mol−1

Quinone Q4 (HFIP: 245 mg, 1.35 mmol, 1.0 eq.) and diene D3 (HFIP: 0.30 mL, 2.65 mmol, 2.0 eq.)

were reacted following the general procedure. The crude product as purified by flash chromatography

on silica gel (cyclohex./AcOEt: 9/1) to give Q4D3 (HFIP: 246 mg).

Aspect: yellow oil

Yield: 70%

TLC: Rf ≈ 0.78 (PhMe/AcOEt: 5/5), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 3.96 (s, 3H, C11H3 or C12H3), 3.95 (s, 3H, C12H3 or C11H3),

2.76 (ddd, 1H, J = 6.1; 5.2; 0.6 Hz, C10H), 2.56-2.47 (m, 1H, 1/2 × C9H2), 2.43 (d, 1H, J = 17.2 Hz,
1/2 × C6H2), 2.16-2.02 (m, 1H, 1/2 × C9H2), 1.70 (d, 1H, J = 17.2 Hz, 1/2 × C6H2), 1.63 (ddt, 3HH, J =

2.8; 2.0; 1.0 Hz, C15H3H), 1.58 (ddt, 3H, J = 2.8; 2.0; 1.0 Hz, C14H3), 1.29 (s, 3H, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.77 (C4

q), 195.94 (C1
q), 147.70 (C2

q or C3
q), 147.08 (C3

q or

C2
q), 122.84 (C7

q or C8
q), 122.73 (C8

q or C7
q), 60.72 (C11H3 or C12H3), 60.62 (C12H3 or C11H3), 51.80

(C10H), 47.41 (C5
q), 39.13 (C6H2), 29.89 (C9H2), 23.28 (C13H3), 19.06 (C14H3), 18.70 (C15H3)

IR: ν (cm−1) 2916, 1674, 1597, 1449, 1330, 1282, 1218, 1194, 1134, 1112, 1076, 1031, 995, 944

HRMS (ESI+): for [M+H]+ calc.: 265.1440, found: 265.1434

(+–)-rel-(1R,4S,4aS,8aR)-4a-Bromo-6-methoxy-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-
5,8-dioneh(Q5D1)
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MW = 283.12 g mol−1

Quinone Q5 (CH2Cl2: 200 mg, 0.923 mmol, 1.0 eq.; HFIP: 50 mg, 0.230 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.16 mL, 1.90 mmol, 2.1 eq.; HFIP: 0.04 mL, 0.476 mmol, 2.1 eq.) were reacted following

the general procedure to give Q5D1 (CH2Cl2: 261 mg; HFIP: 65 mg).

Aspect: white powder

Yield: CH2Cl2: quantitative; HFIP: quantitative

TLC: Rf ≈ 0.45 (PhMe/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 103-105 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.18 (dd, 1H, J = 5.6; 2.8 Hz, C9H), 6.06 (dd, 1H, J = 5.6;

3.0 Hz, C10H), 5.97 (s, 1H, C5H), 3.79 (s, 3H, C12H3), 3.75-3.70 (m, 1H, C1H), 3.67 (d, 1H, J =

3.9 Hz, C7H), 3.56-3.48 (m, 1H, C8H), 2.06 (dddd, 2H, ABXY, JAX = 1.3 Hz, JAY = 0.6 Hz, JBX = JBY =

1.8 Hz, JAB = 9.4 Hz, ∆νAB = 136.6 Hz, C11H2)
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13C NMR (126 MHz, CDCl3): δ (ppm) 194.75 (C6
q), 186.92 (C3

q), 162.31 (C4
q), 138.02 (C9H), 135.39

(C10H), 114.39 (C5H), 62.44 (C7H), 61.51 (C2
q), 56.93 (C12H3), 54.79 (C1H), 47.61 (C8H), 47.27

(C11H2)

IR: ν (cm−1) 1703, 1648, 1600, 1356, 1328, 1257, 1230, 1195, 1166, 1100, 1082, 1017, 911, 883,

724, 676, 500

HRMS (ESI+): for [M+H]+ calc.: 282.9964, found: 282.9954

Triclinic P1

a = 7.5195(5) Å α = 104.395(5) ◦

b = 9.1616(5) Å β = 97.604(5) ◦

c = 9.3920(6) Å γ = 111.966(6) ◦

V = 562.63(7) Å3 Z = 2

R = 3.59%

Figure 8.29: X-ray struture of Q5D1 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

(+–)-rel-(1R,4S,4aS,8aR)-4a-Bromo-6-methoxy-8a-methyl-1,4,4a,8a-tetrahydro-1,4-methano-
naphthalene-5,8-dioneh(Q6D1)
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C13H13BrO3

MW = 297.15 g mol−1

Quinone Q6 (HFIP: 209 mg, 0.903 mmol, 1.0 eq.) and diene D1 (HFIP: 0.15 mL, 1.78 mmol, 2.0 eq.)

were reacted following the general procedure to give Q6D1 (HFIP: 265 mg).

Aspect: greyish powder

Yield: quantitative

TLC: Rf ≈ 0.43 (cyclohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 93-96 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.24 (dd, 1H, J = 5.5; 2.8 Hz, C9H), 5.96 (dd, 1H, J = 5.5;

3.1 Hz, C10H), 5.88 (s, 1H, C5H), 3.79 (s, 3H, C12H3), 3.72 (3.66, 1H, C1H), 3.14-3.08 (m, 1H, C8H),

2.06 (dddd, 2H, ABXY, JAX = JAY = 1.6 Hz, JBX = 0.75 Hz, JBY = 1.7 Hz, JAB = 9.7 Hz, ∆νAB = 189.9 Hz,

C11H2), 1.69 (s, 3H, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.62 (C6

q), 187.17 (C3
q), 162.47 (C4

q), 140.89 (C9H3), 134.63

(C10H), 113.06 (C5H), 71.17 (C2
q), 59.25 (C7

q), 56.86 (C12H3), 56.31 (C1H), 52.84 (C8H), 44.75

(C11H2), 30.83 (C13H3)

IR: ν (cm−1) 1698, 1660, 1603, 1358, 1244, 1180, 1162, 1085, 1007, 914, 835, 730, 719, 689, 665

HRMS (ESI+): for [M+H]+ calc.: 299.0283, found: 299.0277
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Monoclinic P21/c

a = 13.5152(7) Å α = 90 ◦

b = 6.4284(2) Å β = 103.413(5) ◦

c = 14.2521(7) Å γ = 90 ◦

V = 1204.47(10) Å3 Z = 4

R = 7.81%

Figure 8.30: X-ray structure of Q6D1 and crystal parameters. Crystallisation by slow evaporation from dichloro-
methane.

(+–)-rel-(4aR,8R,8aS)-8a-Bromo-2-methoxy-4a,8-dimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-
dioneh(Q6D2)

O

O

MeO
Br

Me

Me

1
2

3 4
5

6 7

89
10

11

12

13

C13H15BrO3

MW = 299.16 g mol−1

Quinone Q6 (CH2Cl2: 207 mg, 0.895 mmol, 1.0 eq.; HFIP: 208 mg, 0.902 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.14 mL, 1.77 mmol, 2.0 eq.; HFIP: 0.14 mL, 1.77 mmol, 2.0 eq.) were reacted following

the general procedure to give Q6D2 (HFIP: 268 mg). The conversion being too low in dichlorometh-

ane (13%), we did not try to isolate the adduct.

Aspect: greyish oil

Yield: HFIP: quantitative

TLC: Rf ≈ 0.64 (cyclohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 5.64 (s, 1H, C3H), 5.63-5.59 (m, 1H, C8H), 5.58-5.51 (m, 1H,

C7H), 3.80 (s, 3H, C11H3), 2.99-2.88 (m, 1H, C9H), 2.54-2.16 (m, 2H, C6H2), 1.56 (d, 3H, J = 0.8 Hz,

C12H3), 1.53 (d, 3H, J = 7.4 Hz, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.34 (C4

q), 186.49 (C1
q), 159.87 (C2

q), 130.15 (C8H), 122.17

(C7H), 105.96 (C3H), 74.92 (C10
q ), 56.67 (C11H3), 55.05 (C5

q), 38.68 (C9H), 36.40 (C6H2), 17.31

(C12H3), 16.59 (C13H3)

IR: ν (cm−1) 2983, 2941, 2845, 1716, 1671, 1611, 1455, 1376, 1351, 1244, 1213, 1172, 1147, 1087,

1055, 1000, 965, 853, 735, 687, 673, 647

HRMS (ESI+): for [M+H]+ calc.: 299.0283, found: 299.0277

(+–)-cis-8a-Bromo-2-methoxy-4a,6,7-trimethyl-4a,5,8,8a-tetrahydronaphthalene-1,4-dione
(Q6D3)
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MW = 313.19 g mol−1

Quinone Q6 (HFIP: 106 mg, 0.458 mmol, 1.0 eq.) and diene D3 (HFIP: 0.10 mL, 0.884 mmol,

1.9 eq.) were reacted following the general procedure. The crude product was purified by flash chro-

matography (cyclohex./AcOEt: 9/1) to give Q6D3 (HFIP: 52 mg).
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Aspect: greyish oil

Yield: 36%

TLC: Rf ≈ 0.59 (cyclohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 5.71 (s, 1H, C3H), 3.81 (s, 3H, C11H3), 3.18 (d, 1H, J = 17.2 Hz,
1/2 × C9H2), 2.63 (d, 1H, J = 17.2 Hz, 1/2 × C9H2), 2.46 (d, 1H, J = 17.6 Hz, 1/2 × C6H2),2.02 (d, 1H,

J = 17.6 Hz, 1/2 × C6H2), 1.67 (s, 3H, C14H3), 1.51 (s, 3H, C13H3), 1.49 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.85 (C4

q), 185.75 (C1
q), 159.26 (C2

q), 124.31 (C7
q or C8

q),

122.11 (C8
q or C7

q), 107.26 (C3H), 69.31 (C10
q ), 56.60 (C11H3), 53.21 (C5

q), 42.26 (C6H2), 38.59 (C9H2),

18.50 (C13H3 or C14H3), 18.48 (C14H3 or C13H3), 18.02 (C12H3)

IR: ν (cm−1) 2911, 1717, 1662, 1612, 1450, 1367, 1349, 1263, 1221, 1156, 1112, 1099, 1074, 1023,

965, 867, 732

HRMS (ESI+): for [M+H]+ calc.: 313.0439, found: 313.0435

Methyl (+–)-rel-(1R,4S,4aS,8aS)-5,8-Dioxo-1,5,8,8a-tetrahydro-1,4-methanonaphthalene-
4a(4H)-carboxylateh(Q7D1)
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MW = 232.24 g mol−1

Quinone Q7 (CH2Cl2: 230 mg, 1.38 mmol, 1.0 eq.; HFIP: 55 mg, 0.333 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.23 mL, 2.74 mmol, 2.0 eq.; HFIP: 0.06 mL, 0.712 mmol, 2.1 eq.) were reacted follow-

ing the general procedure. The crude product was purified by flash chromatography on silica gel

(cyclohex./AcOEt: 9/1) to give Q7D1 (CH2Cl2: 281 mg; HFIP: 71 mg)

Aspect: yellow oil

Yield: CH2Cl2: 88%; HFIP: 92%

TLC: Rf ≈ 0.47 (cycohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 6.61 (dd, A’B’, 2H, JA’B’ = 10.4 Hz, ∆νA’B’ = 4.6 Hz, C4H + C5H),

6.12 (dd, 1H, J = 5.6; 2.8 Hz, C9H), 6.09 (dd, 1H, J = 5.6; 2.9 Hz, C10H), 3.82-3.76 (m, 1H, C1H),

3.73 (s, 3H, C13H3), 3.52-3.44 (m, 1H, C8H), 3.38 (d, 1H, J = 4.0 Hz, C7H), 1.65 (dddd, ABXY, 2H,

JAB = 9.3 Hz, JAX = JAY = 1.4 Hz, JBX = JBY = 1.7 Hz, ∆νAB = 21.9 Hz)
13C NMR (126 MHz, CDCl3): δ (ppm) 197.58 (C3

q or C6
q), 194.98 (C6

q or C3
q), 171.16 (C12

q ), 141.45

(C4H or C5H), 141.42 (C5H or C4H), 137.20 (C9H), 136.45 (C10H), 54.26 (C7
q), 53.37 (C13H3), 52.07

(C1H), 48.33 (C8H), 48.10 (C11H2)

IR: ν (cm−1) 2955, 1732, 1673, 1435, 1316, 1286, 1250, 1228, 1153, 1113, 1070, 1040, 1012, 996

The experimental data were in agreement with those reported in the literature.64
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Methyl (+–)-rel-(4aR,5S,8aR)-5-Methyl-1,4-dioxo-1,5,8,8a-tetrahydronaphthalene-4a(4H)-
carboxylateh(Q7D2)
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MW = 234.25 g mol−1

Quinone Q7 (CH2Cl2: 213 mg, 1.29 mmol, 1.0 eq.; HFIP: 67 mg, 0.403 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.26 mL, 2.61 mmol, 2.0 eq.; HFIP: 0.08 mL, 0.802 mmol, 2.0 eq.) were reacted following

the general procedure to give Q7D2 (CH2Cl2: 300 mg; HFIP: 94 mg).

Aspect: pale yellow oil

Yield: CH2Cl2: quantitative; HFIP: quantitative

TLC: Rf ≈ 0.46 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 6.74 (dd, 2H, AB, JAB = 10.3 Hz, ∆νAB = 16.6 Hz, C2H + C3H),

5.67-5.62 (m, 1H, C7H), 5.61-5.56 (m, 8H, C1H8), 3.78 (s, 3H, C12H3), 3.78 (dd, 1H, J = 7.4; 4.2 Hz,

C10H), 3.07-2.94 (m, 1H, C6H), 2.66 (dtt, 1H, J = 18.7, 4.2, 1.9 Hz, 1/2 × C9H2), 2.09 (ddq, 1H, J =

18.7, 7.4, 2.6 Hz, 1/2 × C9H2), 0.99 (d, 3H, J = 7.5 Hz, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 197.74 (C1

q), 196.65 (C4
q), 170.75 (C11

q ), 140.29 (C2H or C3H),

140.17 (C3H or C2H), 130.55 (C7H), 122.65 (C8H), 63.13 (C5
q), 53.36 (C12H3), 48.20 (C10H), 34.65

(C6H), 22.16 (C9H2), 18.42 (C13H3)

IR: ν (cm−1) 2957, 1745, 1727, 1697, 1678, 1434, 1253, 1225, 1109, 1080, 1028, 806, 737, 709

The experimental data were in agreement with those reported in the literature.65

Methyl (+–)-cis-6,7-Dimethyl-1,4-dioxo-1,5,8,8a-tetrahydronaphthalene-4a(4H)-carboxylate
(Q7D3)
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MW = 248.28 g mol−1

Quinone Q7 (CH2Cl2: 216 mg, 1.30 mmol, 1.0 eq.; HFIP: 52 mg, 0.312 mmol, 1.0 eq.) and diene

D3 (CH2Cl2: 0.30 mL, 2.65 mmol, 2.0 eq.; HFIP: 0.07 mL, 0.619 mmol, 2.0 eq.) were reacted following

the general procedure to give Q7D3 (CH2Cl2: 321 mg; HFIP: 76 mg).

Aspect: grey powder

Yield: CH2Cl2: quantitative; HFIP: 98%

TLC: Rf ≈ 0.46 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 104-107 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.66 (dd, AB, 2H, JAB = 10.5 Hz, ∆νAB = 4.8 Hz, C2H + C3H),

3.74 (s, 3H, C12H3), 3.54 (dd, 1H, J = 7.2; 6.5 Hz, C10H), 2.62-2.54 (m, 1H, 1/2 × C6H2), 2.38-2.30

(m, 2H, 1/2 × C6H2 + 1/2 × C9H2), 2.16-2.01 (m, 1H, 1/2 × C9H2), 1.67-1.61 (m, 3H, C13H3), 1.61

(1.55, 3H, C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.15 (C1

q), 195.17 (C4
q), 170.65 (C11

q ), 139.63 (C2H or C3H),

138.07 (C3H or C2H), 123.08 (C8
q), 122.78 (C7

q), 60.84 (C5
q), 53.32 (C12H3), 49.04 (C10H), 33.96
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(C6H2), 30.21 (C9H2), 18.83 (C13H3 or C14H3), 18.77 (C14H3 or C13H3)

IR: ν (cm−1) 2899, 1743, 1677, 1439, 1291, 1262, 1248, 1229, 1211, 1195, 1095, 1070, 1049, 854

The experimental data were in agreement with those reported in the literature.66

Methyl (+–)-rel-(1R,4S,4aS,8aS)-6-methoxy-8a-methyl-5,8-dioxo-1,5,8,8a-tetrahydro-1,4-meth-
anonaphthalene-4a(4H)-carboxylateh(Q8D1)
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MW = 276.29 g mol−1

Quinone Q8 (CH2Cl2: 130 mg, 0.619 mmol, 1.0 eq.; HFIP: 118 mg, 0.561 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.10 mL, 1.19 mmol, 1.9 eq.; HFIP: 0.10 mL, 1.19 mmol, 2.1 eq.) were reacted following

the general procedure. After evaporation of the solvent, the crude mixture was triturated with diethyl

ether, filtered and dried under vacuum to give Q8D1 (CH2Cl2: 142 mg; HFIP: 125 mg).

Aspect: white powder

Yield: CH2Cl2: 85%; HFIP: 82%

TLC: Rf ≈ 0.55 (cHex/AcOEt: 7/3), visualised by UV and KMnO4

mp: 164-166 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 6.18 (dd, 1H, J = 5.7; 3.0 Hz, C9H or C10H), 6.02 (dd, 1H, J =

5.7; 2.9 Hz, C9H or C10H),5.88 (s, 1H, C5H), 3.77 (s, 3H, C14H3), 3.70 (s, 3H, C13H3), 3.65-3.62 (m,

1H, C1H), 3.04 (m, 1H, C8H), 2.10 (dt, 1H, J = 9.7; 1.4 Hz, 1/2 × C11H2), 1.60 (dt, 1H, J = 9.7; 1.7 Hz,
1/2 × C11H2), 1.40 (s, 3H, C15H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.20 (C6

q), 191.73 (C3
q), 171.31 (C12

q ), 162.42 (C4
q), 140.02

(C9H or C10H), 136.05 (C9H or C10H), 113.10 (C5H), 66.95 (C2
q), 57.48 (C7

q), 56.62 (C14H3), 54.06

(C8H), 52.77 (C13H3), 52.61 (C1H), 45.79 (C11H2), 23.64 (C15H3)

IR: ν (cm−1) 2958, 1736, 1694, 1649, 1607, 1435, 1363, 1225, 1169, 1030

HRMS (ESI+): for [M+Na]+ calc.: 299.0890, found: 299.0878

Methyl (+–)-rel-(4aR,5S,8aR)-3-methoxy-5,8a-dimethyl-1,4-dioxo-1,5,8,8a-tetrahydronaphthal-
ene-4a(4H)-carboxylateh(Q8D2)
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MW = 278.12 g mol−1

Quinone Q8 (HFIP: 127 mg, 0.605 mmol, 1.0 eq.) and diene D2 (HFIP: 0.12 mL, 1.20 mmol, 1.9 eq.)

were reacted following the general procedure. After evaporation of the solvent, the crude mixture was

triturated with diethyl ether, filtered and dried under vacuum to give Q8D2 (HFIP: 132 mg).

Aspect: White powder

Yield: 79%

TLC: Rf ≈ 0.47 (cHex/CH2Cl2/acetone: 5/5/0.5), visualised by UV and KMnO4

mp: 133-134 ◦C
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1H NMR (500 MHz, CDCl3): δ (ppm) 5.68 (s, 1H, C2H), 5.66 (ddt, 1H, J = 10.2; 2.5; 1.8 Hz, C7H),

5.52 (ddt, 1H, J = 10.2; 5.1; 2.6 Hz, C8H), 3.79 (s, 3H, C11H3), 3.69 (s, 3H, C13H3), 2.86-2.76 (m, 1H,

C6H), 2.35-2.24 (m, 1H, 1/2 × C9H2), 2.00-1.88 (m, 1H, 1/2 × C9H2), 1.52 (s, 3H, C15H3), 1.33 (d, 3H,

J = 7.5 Hz, C14H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.95 (C1

q), 189.79 (C4
q), 170.88 (C12

q ), 162.98 (C3
q), 130.52

(C7H), 121.63 (C8H), 106.65 (C2H), 65.19 (C5
q), 56.75 (C11H3), 52.73 (C13H3), 52.61 (C10

q ), 37.41

(C9H2), 33.43 (C6H), 17.01 (C15H3), 16.05 (C14H3)

IR: ν (cm−1) 2953, 1720, 1667, 1601, 1438, 1348, 1213, 1042, 859

HRMS (ESI+): for [M+Na]+ calc.: 301.1046, found: 301.1037

Monoclinic P21/c

a = 10.6822(6) Å α = 90 ◦

b = 11.3107(4) Å β = 114.202(6) ◦

c = 12.8714(6) Å γ = 90 ◦

V = 1418.48(13) Å3 Z = 4

R = 4.66%

Figure 8.31: X-ray structure of Q8D2 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.

Methyl (+–)-cis-3-methoxy-6,7,8a-trimethyl-1,4-dioxo-1,5,8,8a-tetrahydronaphthalene-4a(4H)-
carboxylateh(Q8D3)
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MW = 292.33 g mol−1

Quinone Q8 (HFIP: 139 mg, 0.663 mmol, 1.0 eq.) and diene D3 (HFIP: 0.15 mL, 1.33 mmol, 2.0 eq.)

were reacted following the general procedure. After evaporation of the solvent, the crude mixture was

triturated with diethyl ether, filtered and dried under vacuum to give Q8D3 (HFIP: 159 mg).

Aspect: white powder

Yield: 82%

TLC: Rf ≈ 0.47 (cHex/CH2Cl2/acetone: 5/5/0.5), visualised by UV and KMnO4

mp: 112-114 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 5.91 (s, 1H, C2H), 3.75 (s, 3H, C11H3), 3.66 (s, 3H, C13H3),

3.07 (d, 1H, J = 17.8 Hz, 1/2 × C6H2), 2.41-2.20 (m, 2H, 1/2 × C6H2 + 1/2 × C9H2), 3.07 (d, 1H, J =

17.7 Hz, 1/2 × C9H2), 1.79 (s, 3H, C14H3), 1.52 (s, 3H, C15H3), 1.29 (s, 3H, C16H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.59 (C1

q), 188.99 (C4
q), 169.52 (C12

q ), 158.97 (C3
q), 122.76

(C7
q or C8

q), 110.55 (C1H2), 65.34 (C5
q), 56.41 (C11H3), 53.34 (C13H3), 50.57 (C10

q ), 42.74 (C9H2),

31.66 (C6H2), 18.75 (C14H3 or C15H3), 18.72 (C14H3 or C15H3), 17.62 (C16H3)

IR: ν (cm−1) 2893, 1733, 1705, 1668, 1603, 1433, 1348, 1231, 1193, 1075, 884

HRMS (ESI+): for [M+Na]+ calc.: 315.1203, found: 315.1200
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(1R,4S,4aR,9aS)-1,4,4a,9a-Tetrahydro-1,4-methanoanthracene-9,10-dione (Q9D1)
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C15H10O2

MW = 222.24 g mol−1

Quinone Q9 (CH2Cl2: 195 mg, 1.23 mmol, 1.0 eq.; HFIP: 51 mg, 0.323 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.21 mL, 2.50 mmol, 2.0 eq.; HFIP: 0.06 mL, 0.714 mmol, 2.2 eq.) were reacted following

the general procedure to give Q9D1 (CH2Cl2: 257 mg; HFIP: 72 mg).

Aspect: brown powder

Yield: CH2Cl2: 93%; HFIP: quantitative

TLC: Rf ≈ 0.33 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 108-110 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 8.02 (dd, 2H, J = 5.9 Hz; 3.3 Hz, 2 × C5H or 2 × C6H), 7.69

(dd, 2H, J = 5.9 Hz; 3.3 Hz, 2 × C6H or 2 × C5H), 5.98 (dd, 2H, ABXYZ, JAX = JXY = 1.8 Hz, 2 ×
C7H), 3.66 (m, 2H, ABXY Z, 2 × C1H), 3.45 (dd, 2H, ABXYZ, JYZ = 2.5 Hz, JBY = 1.4 Hz, 2 × C2H),

1.55 (dddd, 2H, ABXYZ, JAX = 1.8 Hz, JBZ = 1.4 Hz, JAB = 8.6 Hz, ∆νAB = 17.2 Hz, C8H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 197.97 (2 × C3

q), 135.93 (2 × C4
q), 135.86 (2 × C7H), 134.24

(2 × C6H or 2 × C5H), 126.98 (2 × C5H or 2 × C6H), 49.66 (2 × C1H), 49.63 (2 × C2H), 49.35

(C8H2)

IR: ν (cm−1) 1672, 1586, 1298, 1269, 751, 702, 657, 548

The experimental data were in agreement with those reported in the literature.67

(+–)-rel-(1R,4aS,9aR)-1-Methyl-1,4,4a,9a-tetrahydroanthracene-9,10-dione (Q9D2)
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MW = 226.28 g mol−1

Quinone Q9 (CH2Cl2: 208 mg, 1.32 mmol, 1.0 eq.; HFIP: 66 mg, 0.419 mmol, 1.0 eq.) and diene D2

(CH2Cl2: 0.26 mL, 2.61 mmol, 2.0 eq.; HFIP: 0.08 mL, 0.802 mmol, 1.9 eq.) were reacted following

the general procedure to give Q9D2 (CH2Cl2: 300 mg; HFIP: 96 mg).

Aspect: greyish oil

Yield: CH2Cl2: quantitative; HFIP: quantitative

TLC: Rf ≈ 0.81 (cyclohex./AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 8.09-8.00 (m, 2H, C8H + C11H or C9H + C10H), 7.77-7.71 (m,

2H, C9H + C10H or C8H + C11H), 5.76-5.65 (m, 2H, C2H + C3H), 3.51 (dd, 1H, J = 5.9; 5.8 Hz,

C14H), 3.43-3.38 (m, 1H, C5H), 2.85-2.75 (m, 1H, 1/2 × C4H2), 2.73-2.55 (m, 1H, C1H), 2.26-2.18 (m,

1H, 1/2 × C4H2), 0.84 (d, 3H, J = 7.4 Hz, C15H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.14 (C13

q ), 198.35 (C6
q), 135.90 (C7

q or C12
q ), 135.43 (C12

q or

C7
q), 134.33 (C8H or C9H or C10H or C11H), 134.24 (C8H or C9H or C10H or C11H), 131.29 (C2H),

126.76 (C8H or C9H or C10H or C11H), 126.63 (C8H or C9H or C10H or C11H), 123.65 (C3H), 50.90

(C14H), 46.03 (C5H), 23.09 (C4H2), 18.49 (C15H3)
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IR: ν (cm−1) 2964, 2929, 2875, 1688, 1659, 1619, 1591, 1326, 1247, 1215, 1180, 1101, 913, 710

The experimental data were in agreement with those reported in the literature.68

(4aR,9aS)-2,3-Dimethyl-1,4,4a,9a-tetrahydroantracene-9,10-dione (Q9D3)
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MW = 240.30 g mol−1

Quinone Q9 (CH2Cl2: 196 mg, 1.24 mmol, 1.0 eq.; HFIP: 56 mg, 0.354 mmol, 1.0 eq.) and di-

ene D3 (CH2Cl2: 0.28 mL, 2.47 mmol, 2.0 eq.; HFIP: 0.08 mL, 0.707 mmol, 2.0 eq.) were reacted

following the general procedure. The crude was purified by flash chromatography on silica gel (cy-

clohex./AcOEt: 9/1) to give Q9D3 (CH2Cl2: 176 mg; HFIP: 81 mg).

Aspect: brown powder

Yield: CH2Cl2: 59%; HFIP: 95%

TLC: Rf ≈ 0.70 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

mp: 146-149 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 8.04 (dd, 2H, J = 5.8 Hz; 3.3 Hz, 2 × C3H or 2 × C4H), 7.73

(dd, 2H, J = 5.8 Hz; 3.3 Hz, 2 × C4H or 2 × C3H), 3.40-3.29 (m, 2H, 2 × C6H), 2.28 (m, 4H, AB, JAB

= 15.5 Hz, ∆νAB = 153.9 Hz, 2 × C1H2), 1.64 (s, 6H, 2 × C8H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 198.55 (2 × C5

q), 134.37 (2 × C3H or 2 × C4H), 134.22 (2 ×
C7

q), 126.97 (2 × C4H or 2 × C3H), 123.60 (2 × C2
q), 47.48 (2 × C6H), 30.79 (2 × C1H2), 19.04 (2 ×

C8H3)

IR: ν (cm−1) 2889, 1685, 1593, 1285, 1252, 777, 744, 719, 555

The experimental data were in agreement with those reported in the literature.63

Methyl (+–)-rel-(1R,4S,4aS,9aS)-9,10-dioxo-1,9,9a,10-tetrahydro-1,4-methanonaphthalene-
4a(4H)-carboxylateh(Q10D1)
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MW = 282.30 g mol−1

Quinone Q10 (CH2Cl2: 205 mg, 0.949 mmol, 1.0 eq.; HFIP: 51 mg, 0.237 mmol, 1.0 eq.) and diene

D1 (CH2Cl2: 0.16 mL, 1.90 mmol, 2.0 eq.; HFIP: 0.04 mL, 0.476 mmol, 2.0 eq.) were reacted follow-

ing the general procedure. The crude product was purified by flash chromatography on silica gel

(cyclohex./AcOEt: 8/2) to give Q10D1 (CH2Cl2: 256 mg; HFIP: 65 mg).

Aspect: pale yellow viscous oil

Yield: CH2Cl2: 95%; HFIP: 97%

TLC: Rf ≈ 0.55 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 8.09-8.00 (m, 2H, C8H + C11H), 7.75-7.69 (m, 2H, C9H + C10H),

6.03 (2H, ddd, ABXY, JAX = 2.9 Hz, JBY = 2.6 Hz, JAB = 5.6 Hz, ∆νAB = 13.1 Hz, C2H + C3H), 3.95-

3.88 (m, 1H, C1H), 3.70 (s, 3H, C17H3), 3.63-3.49 (m, 2H, C4H + C14H), 1.68 (dddd, 2H, A’B’X’Y’,

JA’X’ = JA’Y’ = JB’X’ = JB’Y’ = 1.5 Hz, JA’B’ = 9.2 Hz, ∆νA’B’ = 53.5 Hz, C15H2)
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13C NMR (126 MHz, CDCl3): δ (ppm) 195.92 (C6
q or C13

q ), 193.68 (C13
q or C6

q), 171.78 (C16
q ), 137.39

(C2H or C3H), 136.61 (C3H or C2H), 135.27 (C7
q or C12

q ), 134.99 (C12
q or C7

q), 134.60 (C9H or C10H),

134.48 (C10H or C9H), 127.49 (C8H or C11H), 127.16 (C11H or C8H), 64.37 (C5
q), 55.29 (C14H), 52.80

(C1H + C17H3), 49.05 (C4H), 48.63 (C15H2)

IR: ν (cm−1) 2959, 2930, 1737, 1671, 1588, 1267, 1219, 1155, 1049, 808, 775

HRMS (ESI+): for [M+H]+ calc.: 283.0965, found: 283.0961

Methylh(+–)-rel-(4R,4aS,9aS)-4-methyl-9,10-dioxo-1,9,9a,10-tetrahydroanthracene-4a(4H)-
carboxylateh(Q10D2)
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MW = 284.31 g mol−1

Quinone Q10 (CH2Cl2: 205 mg, 0.948 mmol, 1.0 eq.; HFIP: 62 mg, 0.286 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.15 mL, 1.90 mmol, 2.0 eq.; HFIP: 0.06 mL, 0.602 mmol, 2.1 eq.) were reacted following

the general procedure to give Q10D2 (CH2Cl2: 266 mg; HFIP: 80 mg).

Aspect: grey powder

Yield: CH2Cl2: quantitative; HFIP: quantitative

TLC: Rf ≈ 0.71 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4

mp: 98-101 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 8.10-8.01 (m, 2H, C8H + C11H), 7.79-7.71 (m, 2H, C9H +

C10H), 5.73-5.68 (m, 1H, C3H), 5.68-5.60 (m, 1H, C2H), 3.89 (dd, 1H, J = 6.8; 4.6 Hz, C14H), 3.74 (s,

3H, C17H3), 3.16-3.04 (m, 1H, C4H), 2.80-2.70 (m, 1H, 1/2 × C1H2), 2.20-2.12 (m, 1H, 1/2 × C1H2),

0.89 (d, 3H, J = 7.5 Hz, C15H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 196.34 (C13

q ), 194.95 (C6
q), 171.11 (C16

q ), 135.01 (C7
q or C12

q ),

134.77 (C12
q or C7

q), 134.67 (C9H or C10), 134.54 (C10H or C9), 130.85 (C3H), 127.22 (C8H or C11),

126.64 (C11H or C8), 122.80 (C2H), 63.23 (C5
q), 53.24 (C17H3), 48.59 (C14H), 34.83 (C4H), 22.64

(C1H2), 18.04 (C15H3)

IR: ν (cm−1) 2982, 2887, 1742, 1705, 1681, 1591, 1438, 1275, 1252, 1229, 1199, 1133, 1073, 1020,

942, 786

The experimental data were in agreement with those reported in the literature.65

Monoclinic P21/c

a = 7.5455(3) Å α = 90 ◦

b = 14.8987(5) Å β = 90.430(3) ◦

c = 12.7722(4) Å γ = 90 ◦

V = 1435.79(8) Å3 Z = 4

R = 4.13%

Figure 8.32: X-ray structure of Q10D2 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.
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Methyl (+–)-cis-2,3-dimethyl-9,10-dioxo-1,9,9a,10-tetrahydroanthracene-4a-(4H)-carboxylate
(Q10D3)
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MW = 298.34 g mol−1

Quinone Q10 (CH2Cl2: 217 mg, 1.00 mmol, 1.0 eq.; HFIP: 63 mg, 0.291 mmol, 1.0 eq.) and diene

D3 (CH2Cl2: 0.23 mL, 2.03 mmol, 2.0 eq.; HFIP: 0.07 mL, 0.619 mmol, 2.1 eq.) were reacted following

the general procedure to give Q10D3 (CH2Cl2: 297 mg; HFIP: 85 mg).

Aspect: pale yellow oil

Yield: CH2Cl2: quantitative; HFIP: quantitative

TLC: Rf ≈ 0.75 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 8.10-8.00 (m, 2H, C8H + C11H), 7.80-7.70 (m, 2H, C9H +

C10H), 3.69 (s, 4H, C4H + C18H3), 2.70 (d, 1H, J = 18.2 Hz, 1/2 × C4H2), 2.47-2.35 (m, 2H, 1/2 ×
C1H2 + C4H2), 2.23-2.09 (m, 1H, 1/2 × C1H2), 1.66 (ddt, 3H, J = 2.8; 1.9; 0.9 Hz, C16H3), 1.61 (ddt,

3H, J = 2.8; 1.9; 0.9 Hz, C16H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 196.35 (C6

q), 193.67 (C13
q ), 171.01 (C17

q ), 134.88 (C9H or C10H),

134.46 (C10H or C9H), 133.73 (C7
q or C12

q ), 133.19 (C12
q or C7

q), 127.43 (C8H or C11H), 127.16 (C11H or

C8H), 123.18 (C2
q or C3

q), 123.05 (C3
q or C2

q), 61.01 (C5
q), 53.22 (C18H3), 49.37 (C14H), 34.22 (C4H2),

30.66 (C1H2), 18.90 (C15H3 or C16H3), 18.82 (C16H3 or C15H3)

IR: ν (cm−1) 2915, 1735, 1694, 1593, 1434, 1278, 1230, 1159, 1128, 1105, 1067, 1026, 978, 845,

796

HRMS (ESI+): for [M+H]+ calc.: 299.1283, found: 299.1278

(–)-(1R,4S,4aS,8aR)-6-Methoxy-8a-methyl-4a-((S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dioneh(ααα-SQ1D1/ααα-319)
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MW = 356.44 g mol−1

Quinone SQ1/318a (CH2Cl2: 257 mg, 0.885 mmol, 1.0 eq.; HFIP: 260 mg, 0.896 mmol, 1.0 eq.)

and diene D1 (CH2Cl2: 0.15 mL, 1.78 mmol, 2.0 eq.; HFIP: 0.15 mL, 1.78 mmol, 2.0 eq.) were re-

acted following the general procedure.a The crude product was purified by flash chromatography

on demetallated silica gel (CH2Cl2/AcOEt/acetone: 40/1/0.2) to isolate α-SQ1D1/α-319 (CH2Cl2:

103 mg; HFIP: 186 mg).

Aspect: brown powder

Yield: CH2Cl2: 33%; HFIP: 58%

aThe use of other solvents for the study of the Diels-Alder reaction of sulfinylquinone 318a and cyclopentadiene (151)
followed the same procedure with the same proportions and concentrations. The times, yields and ratios of the reactions
are reported in Table 5.3 in Chapter 5.
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TLC: Rf ≈ 0.61 (CH2Cl2/AcOEt/acetone: 40/5/1), visualised by UV and p-anisaldehyde

mp: 124-126 ◦C (degradation)

[ααα]20
D : −249.6 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.50 (d, 2H, J = 8.2 Hz, 2 × C13H), 7.27 (d, 2H, J = 8.2 Hz, 2

× C14H), 6.24 (dd, 1H, J = 5.5, 2.9 Hz, C2H or C3H), 5.48 (s, 1H, C8H), 4.07 (s (br), 1H, C4H), 3.32

(s, 3H, C17H3), 3.24 (s (br), 1H, C1H), 2.39 (s, 3H, C16H3), 1.98 (dd, 2H, AB, JAB = 10.0 Hz, ∆νAB =

286.2 Hz, C11H2), 1.85 (s, 3H, C18H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.87 (C9

q), 187.01 (C6
q), 163.99 (C7

q), 142.70 (C15
q ), 140.39

(C2H or C3H), 136.82 (C12
q + C2H or C3H), 129.79 (2 × C14H), 126.46 (2 × C13H), 111.58 (C8H),

81.12 (C5
q), 58.19 (C10

q ), 56.04 (C17H3), 54.47 (C1H), 49.99 (C4H), 43.47 (C11H2), 25.78 (C18H3),

21.56 (C16H3)

IR: ν (cm−1) 2923, 2853, 1661, 1604, 1443, 1362, 1244, 1187, 1075, 1056, 807

The experimental data were in agreement with those reported in the literature.40

Orthorombic P212121

a = 7.9696(4) Å α = 90 ◦

b = 10.2226(4) Å β = 90 ◦

c = 21.4477(8) Å γ = 90 ◦

V = 1747.34(13) ◦ Z = 4

R = 4.92% F = –0.01(4)

Figure 8.33: X-ray structure of α-SQ1D1/α-319 and parameters of the crystal. Crystallisation by slow evapora-
tion from dichloromethane.

(+)-(1S,4R,4aR,8aS)-6-Methoxy-8a-methyl-4a-((S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-
methanonaphthalene-5,8-dioneh(βββ-SQ1D1/βββ-319)
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MW = 356.44 g mol−1

The same procedure as α-SQ1D1/α-319 was followed to isolate β-SQ1D1/β-319 (CH2Cl2: 189 mg;

HFIP: 25 mg) in the second fraction.

Aspect: brown powder

Yield: CH2Cl2: 60%; HFIP: 7.9%

TLC: Rf ≈ 0.37 (CH2Cl2/AcOEt/acetone: 40/5/1), visualised by UV and p-anisaldehyde

mp: 130-132 ◦C (degradation)

[ααα]20
D : +525.1 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.43 (d, 2H, J = 8.2 Hz, 2 × C13H), 7.39 (d, 2H, J = 8.2 Hz, 2 ×
C14H), 6.26 (dd, 1H, J = 5.5, 2.9 Hz, C2H or C3H), 5.83 (s, 1H, C8H), 5.80 (dd, 1H, J = 5.5; 3.1 Hz,



322 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

C3H or C2H), 3.77 (s, 3H, C17H3), 3.27 (s (br), 1H, C1H), 2.87 (s (br), 1H, C4H), 2.48 (s, 3H, C16H3),

2.17 (s, 3H, C18H3), 1.83 (dd, 2H, AB, JAB = 9.5 Hz, ∆νAB = 243.1 Hz, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.76 (C9

q), 190.62 (C6
q), 164.91 (C7

q), 143.59 (C15
q ), 141.15

(C2H or C3H), 136.66 (C12
q ), 135.67 (C3H or C2H), 129.59 (2 × C14H), 126.90 (2 × C13H), 112.00

(C8H), 79.32 (C5
q), 59.59 (C10

q ), 56.74 (C17H3), 53.30 (C1H), 51.01 (C4H), 43.40 (C11H2), 24.98

(C18H3), 21.87 (C16H3)

IR: ν (cm−1) 2922, 2852, 1691, 1655, 1611, 1448, 1364, 1239, 1181, 1162, 1081, 1034, 818, 734

The experimental data were in agreement with those reported in the literature.40

(–)-(R)-2-Methoxy-4a,8-dimethyl-4a,5-dihydronaphthalene-1,4-dione (βββ-SQ1D2P1)
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MW = 218.25 g mol−1

Quinone SQ1 (HFIP: 187 mg, 0.645 mmol, 1.0 eq.) and diene D2 (HFIP: 0.13 mL, 1.30 mmol,

2.0 eq.) were reacted following the general procedure. Once the reaction was over, the HFIP was

removed in vacuo and replaced by the same volume of dichloromethane to let the adduct pyrolyse

overnight. The solvent was evaporated and the crude product was purified by flash chromatography

on demetallated silica gel (cyclohex./AcOEt: 9/1 to 8/2) to give β-SQ1D2P1 (HFIP: 111 mg).

Aspect: yellow oil that crystallises in the fridge

Yield: 79%

TLC: Rf ≈ 0.31 (cyclohex./AcOEt: 2/1), visualised by UV and KMnO4

mp: 129-131 ◦C

[ααα]20
D : −109.2 ◦ (c = 0.40; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 6.28 (ddd, 1H, ABXY, JXY = 9.4 Hz, JAX = 6.4 Hz, JBX = 2.8 Hz,

C7H), 6.10 (dd, 1H, ABXY, JXY = 9.4 Hz, JBY = 2.8 Hz, C8H), 5.90 (s, 1H, C3H), 3.83 (s, 3H, C11H3),

2.57 (dd + ddd, 2H, ABXY, JAB = 18.9 Hz, JAX = 6.4 Hz, JBX = JBY = 2.8 Hz, ∆νAB = 92.8 Hz, C6H2),

2.35 (s, 3H, C13H3), 1.26 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 201.25 (C4

q), 181.42 (C1
q), 164.09 (C2

q), 147.56 (C9
q), 134.07

(C8H), 131.16 (C7H), 128.32 (C10
q ), 107.71 (C3

q), 53.51 (C11H3), 45.51 (C5
q), 32.48 (C6H2), 26.44

(C12H3), 22.28 (C13H3)

IR: ν (cm−1) 2968, 1655, 1605, 1529, 1453, 1356, 1240, 1219, 1167, 1025, 853

The experimental data were in agreement with those reported in the literature.40

(+–)-(S)-2-Methoxy-4a,6,7-trimethyl-4a,5-dihydro-naphthalene-1,4-dione (ααα-SQ1D3P1)
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MW = 232.28 g mol−1

Quinone SQ1 (HFIP: 198 mg, 0.682 mmol, 1.0 eq.) and diene D3 (HFIP: 0.16 mL, 1.41 mmol,

2.1 eq.) were reacted following the general procedure. The crude was purified by flash chromatogra-
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phy on demetallated silica gel (cyclohex./AcOEt: 9/1 to 8/2) to give α-SQ1D3P1 (HFIP: 15 mg) in the

first fraction.

Aspect: yellow oil

Yield: 9.7%

TLC: Rf ≈ 0.56 (cyclohex./AcOEt: 5/5), visualised by UV and p-anisaldehyde

[ααα]20
D : +12.8 ◦ (c = 0.40; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.16 (s, 1H, C9H), 5.94 (s, 1H, C3H), 3.84 (s, 3H, C11H3),

2.56-2.43 (m, 2H, C6H2), 1.92 (s (br), 3H, C13H3), 1.89 (s (br), 3H, C14H3), 1.21 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 201.14 (C4

q), 179.79 (C1
q), 163.67 (C2

q), 140.45 (C7
q or C8

q),

138.82 (C9H), 131.49 (C10
q ), 125.18 (C8H or C7H), 109.48 (C3H), 56.52 (C11H3), 44.78 (C5

q), 39.42

(C6H2), 26.06 (C12H3), 20.86 (C13H3), 17.16 (C14H3)

IR: ν (cm−1) 2925, 2854, 1664, 1597, 1549, 1453, 1365, 1238, 1213, 1166, 1097, 1022, 856

The experimental data were in agreement with those reported in the literature.40

(–)-(4aS,8aR)-2-Methoxy-4a,6,7-trimethyl-8a-((S)-p-tolylsulfinyl)-4a,5,8,8a-tetrahydronaphthal-
ene-1,4-dioneh(βββ-SQ1D3)
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MW = 372.48 g mol−1

The same procedure as α-SQ1D3P1 was followed to give β-SQ1D3 (HFIP: 181 mg) in the second

fraction.

Aspect: yellow solid

Yield: 71%

TLC: Rf ≈ 0.49 (cyclohex./AcOEt: 5/5), visualised by UV and p-anisaldehyde

mp: 125-126 ◦C

[ααα]20
D : −207.0 ◦ (c = 1.0; CH2Cl2)

1H NMR (500 MHz, C6D6): δ (ppm) 7.21 (d, 2H, J = 7.7 Hz, 2 × C16H), 6.87 (d, 2H, J = 7.7 Hz, 2

× C17H), 6.10 (s, 1H, C3H), 2.97 (s, 3H, C11H3), 2.64 (d, 1H, J = 17.4 Hz, 1/2 × C9H2), 2.20 (d, 1H,

J = 17.4 Hz, 1/2 × C6H2), 2.07 (d, 1H, J = 17.4 Hz, 1/2 × C9H2), 1.89 (s, 3H, C19H3), 1.82 (d, 1H, J =

17.4 Hz, 1/2 × C6H2), 1.78 (s, 3H, C12H3), 1.44 (s, 3H, C14H3), 1.22 (s, 3H, C13H3)
13C NMR (126 MHz, C6D6): δ (ppm) 197.42 (C4

q), 186.31 (C1
q), 161.67 (C2

q), 142.50 (C18
q ), 136.42

(C15
q ), 129.94 (2 × C17H), 125.56 (2 × C16H), 122.81 (C7

q or C8
q), 121.93 (C8

q or C7
q), 113.32 (C3H),

79.11 (C10
q ), 55.27 (C11H3), 49.77 (C5

q), 45.21 (C6H2), 30.10 (C9H2), 21.19 (C19H3), 18.58 (C13H3 or

C14H3), 18.50 (C14H3 or C13H3), 16.94 (C12H3)

IR: ν (cm−1) 1668, 1605, 1453, 1360, 1242, 1195, 1045, 810

The experimental data were in agreement with those reported in the literature.40
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(1R,4S,4aS,8aR)-7-Methoxy-4a-(S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthal-
ene-5,8-dioneh(ααα-SQ3D1)
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MW = 342.41 g mol−1

Quinone SQ3 (HFIP: 66 mg, 0.238 mmol, 1.0 eq.) and diene D1 (HFIP: 0.04 mL, 0.476 mmol,

2.0 eq.) were reacted following the general procedure to give the crude product α-SQ3D1.

TLC: Rf ≈ 0.68 (PhMe/AcOEt: 8/2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.35 (2H, d, J = 8.4 Hz, 2 × C13H or 2 × C14H), 7.20 (2H, d,

J = 8.4 Hz, 2 × C14H or 2 × C13H), 6.24 (dd, 1H, J = 5.5, 3.0 Hz, C2H or C3H), 6.18 (dd, 1H, J =

5.5, 2.8 Hz, C3H or C2H), 5.33 (s, 1H, C7H), 3.84-3.81 (m, 1H, C1H or C4H), 3.75 (s, 1H, C10H),

3.56-3.53 (m, 1H, C4H or C1H), 3.39 (s, 3H, C17H3), 2.34 (s, 3H, C16H3), 2.30-2.27 (m, 1H, 1/2 ×
C11H2), 1.51-1.40 (m, 1H, 1/2 × C11H2)

(+)-(1S,4R)-6-Methoxy-1,4-dihydro-1,4-methanonaphthalene-5,8-dione (ααα-SQ3D1P2)
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HFIP was removed in vacuo and replaced by the same volume of dichloromethane and the adduct

α-SQ3D1 was allowed to pyrolyse overnight. The crude product was purified by flash chromathogra-

phy on demetallated silica gel (cyclohex./AcOEt: 9/1) to give α-SQ3D1P2 (22 mg).

Aspect: pale yellow powder

Yield: 46%

TLC: Rf ≈ 0.12 (cyclohex./AcOEt: 6/4), visualised by UV and KMnO4

mp: 110-113 ◦C (degradation)

[ααα]20
D : +3.1 ◦ (c = 0.50; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 6.89-6.85 (m, 1H, C9H), 6.85-6.80 (m, 1H, C10H), 5.69 (s, 1H,

C5H), 4.11 (s (br), 1H, C8H), 4.08 (s (br), 1H, C1H), 3.78 (s, 3H, C12H3), 2.36-2.21 (m, 2H, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.26 (C3

q), 178.31 (C6
q), 162.61 (C7

q), 159.31 (C4
q), 158.37

(C2
q), 142.74 (C9H or C10H), 142.53 (C10H or C9H), 106.03 (C5H), 73.83 (C11H2), 56.67 (C12H2),

48.65 (C1H), 48.34 (C8H)

IR: ν (cm−1) 2924, 1717, 1666, 1636, 1582, 1217, 1010, 808

HRMS (ESI+): for [M+H]+ calc.: 203.0708, found: 203.0703
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(1S,4R,4aR,8aS)-7-Methoxy-4a-(S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthal-
ene-5,8-dioneh(βββ-SQ3D1)
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MW = 342.41 g mol−1

Quinone SQ3 (CH2Cl2: 154 mg, 0.558 mmol, 1.0 eq.) and diene D1 (CH2Cl2: 0.10 mL, 1.19 mmol,

2.1 eq.) were reacted following the general procedure to give the crude product β-SQ3D1.

TLC: Rf ≈ 0.27 (CH2Cl2/cyclohex./AcOEt/acetone: 3/7/0.2), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 7.35 (2H, d, J = 8.4 Hz, 2 × C13H or 2 × C14H), 7.20 (2H, d,

J = 8.4 Hz, 2 × C14H or 2 × C13H), 6.23 (dd, 1H, J = 5.3, 3.1 Hz, C2H or C3H), 6.17 (dd, 1H, J =

5.3, 3.2 Hz, C3H or C2H), 5.33 (s, 1H, C7H), 3.84-3.82 (m, 1H, C1H or C4H), 3.77 (s, 1H, C10H),

3.56-3.53 (m, 1H, C4H or C1H), 3.38 (s, 3H, C17H3), 2.33 (s, 3H, C16H3), 2.32-2.29 (m, 1H, 1/2 ×
C11H2), 1.49-1.45 (m, 1H, 1/2 × C11H2)

(–)-(1S,4R)-6-Methoxy-1,4-dihydro-1,4-methanonaphthalene-5,8-dione (βββ-SQ3D1P2)
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Once the cycloaddition was over, the adduct β-SQ3D1 was allowed to pyrolyse overnight. The

crude product was purified by flash chromathography on demetallated silica gel (cyclohex./AcOEt:

9/1) to give β-SQ3D1P2 (41 mg).

Aspect: pale yellow powder

Yield: 36%

TLC: Rf ≈ 0.12 (cyclohex./AcOEt: 6/4), visualised by UV and KMnO4

mp: 110-113 ◦C (degradation)

[ααα]20
D : −3.0 ◦ (c = 0.50; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 6.89-6.85 (m, 1H, C9H), 6.85-6.80 (m, 1H, C10H), 5.69 (s, 1H,

C5H), 4.11 (s (br), 1H, C8H), 4.08 (s (br), 1H, C1H), 3.78 (s, 3H, C12H3), 2.36-2.21 (m, 2H, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 184.26 (C3

q), 178.31 (C6
q), 162.61 (C7

q), 159.31 (C4
q), 158.37

(C2
q), 142.74 (C9H or C10H), 142.53 (C10H or C9H), 106.03 (C5H), 73.83 (C11H2), 56.67 (C12H2),

48.65 (C1H), 48.34 (C8H)

IR: ν (cm−1) 2924, 1717, 1666, 1636, 1582, 1217, 1010, 808

HRMS (ESI+): for [M+H]+ calc.: 203.0708, found: 203.0712
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(+–)-(5S)-2-Methoxy-5-methyl-5,8-dihydronaphthalene-1,4-dione (βββ-SQ3D2P2)
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MW = 204.23 g mol−1

Quinone SQ3 (CH2Cl2: 84 mg, 0.304 mmol, 1.0 eq.; HFIP: 90 mg, 0.326 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.06 mL, 0.602 mmol, 2.0 eq.; HFIP: 0.06 mL, 0.602 mmol, 1.8 eq.) were reacted follow-

ing the general procedure. The crude product was purified by flash chromatography on demetallated

silica gel (cyclohex./AcOEt: 95/5) to give SQ3D2P2 (CH2Cl2: 33 mg; HFIP: 42 mg).

Aspect: orange powder

Yield: CH2Cl2: 53%; HFIP: 63%

TLC: Rf ≈ 0.57 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4

mp: 84-87 ◦C (degradation)

[ααα]20
D (c = 0.50, CHCl3) : +100.9 ◦ from CH2Cl2; +85.1 ◦ from HFIP

1H NMR (500 MHz, CDCl3): δ (ppm) 5.88 (s, 1H, C3H), 5.83-5.72 (m, 2H, C7H + C8H), 3.80 (s, 3H,

C11H3), 3.43 (qdd, 1H, J = 7.0; 3.7; 1.3 Hz, C6H), 3.21-2.89 (m, 2H, C9H2), 1.18 (d, 3H, J = 7.0 Hz,

C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 186.84 (C1

q or C4
q), 182.14 (C4

q or C1
q), 158.45 (C2

q), 144.76

(C5
q), 137.47 (C10

q ), 130.02 (C7H), 121.29 (C8H), 107.63 (C3H), 56.26 (C11H3), 29.13 (C6H), 24.07

(C9H2), 22.29 (C12H3)

IR: ν (cm−1) 2931, 1737, 1667, 1634, 1602, 1456, 1444, 1352, 1301, 1218, 1178, 1138, 1059, 1046,

1018, 976, 942, 870, 850, 716

HRMS (ESI+): for [M+H]+ calc.: 205.0865, found: 205.0860

8.6.2 Solvent study: unexpected products

6-Methoxy-8-((S)-p-tolylsulfinyl)-1,3a,9,9a-tetrahydrocyclopenta[b]chromen-7-ol (501)
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This compounds was prepared following the general procedure with cyclopentadiene (151). For

the times, yields and ratios of the reaction, see Table 5.3 in Chapter 5. In the case of DMSO and

DMF, at the end of the reaction, the solution was diluted with 20 mmol of dichloromethane per mmol

of sulfinylquinone 318a. The organic phase was washed several times with water and then dried over

MgSO4. The solvent was then evaporated and the crude mixture was purified by flash chromatogra-

phy on demetallated silica gel (CH2Cl2/AcOEt/acetone: 40/1/0.2). The product was obtained as an

inseparable mixture of two diastereoisomers and the analyses were done with on mixture.
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Aspect: orange oil

TLC: Rf ≈ 0.71 (CH2Cl2/AcOEt: 8/2), visualised by UV and p-anisaldehyde

IR: ν (cm−1) 1594, 1441, 1265, 1121, 1017, 988, 809, 729

HRMS (ESI+): for [M+H]+ calc.: 357.1161, found: 357.1168

Product 501a
1H NMR (400 MHz, CDCl3): δ (ppm) 7.58 (d, 2H, J = 7.6 Hz, 2 × C15H), 7.27 (d, 2H, J = 7.6 Hz,

2 × C16H), 6.54 (s, 1H, C6H), 5.90 (dd, 1H, J = 6.0; 2.0 Hz, C10H or C11H), 5.78 5.90 (dd, 1H, J =

6.0; 2.0 Hz, C10H or C11H), 5.18 (d, 1H, J = 8.4 Hz, C12H), 3.80 (s, 3H, C13H3), 2.91 (dd, 1H, J =

9.6; 4.4 Hz, 1/2 × C7H2), 2.80 (m, 1H, C8H), 2.59 (dd, 1H, J = 14.4, 5.6 Hz, 1/2 × C9H2), 2.34 (s, 3H,

C18H3), 2.13 2.13 (m, 1H, 1/2 × C7H2), 1.86 (m, 1H, 1/2 × C9H2)
13C NMR (100 MHz, CDCl3): δ (ppm) 148.09 (C5

q), 147.81 (C1
q), 144.58 (C2

q), 142.47 (C17
q ), 140.17

(C14
q ), 136.92 (C10H + C11H), 130.36 (2 × C16H), 125.66 (2 × C15H), 120.93 (C3

q), 115.40 (C4
q),

106.37 (C6H), 82.25 (C12H), 56.17 (C56.17H13), 38.69 (C9H2), 36.30 (C8H), 24.91 (C7H2), 21.14

(C18H3)

Product 501b
1H NMR (400 MHz, CDCl3): δ (ppm) 7.59 (d, 2H, J = 8.2 Hz, 2 × C15H), 7.28 (d, 2H, J = 8.2 Hz, 2 ×
C16H), 6.59 (s, 1H, C6H), 5.90 (dd, 1H, J = 6.4; 3.2 Hz, C10H), 5.78 (dd, 1H, J = 6.0; 3.0 Hz, C11H),

5.11 (d, 1H, J = 7.6 Hz, C12H), 3.82 (s, 3H, C13H3), 2.96 (dd, 1H, J = 14.8; 6.4 Hz, 1/2 × C7H2), 2.77

(m, 1H, C8H), 2.48 (dd, 1H, J = 18.0; 9.2 Hz, 1/2 × C9H2), 2.38 (s, 3H, C18H3), 2.25 (dd, 1H, J = 14.4;

8.0 Hz, C7H2), 1.86 (m, 1H, 1/2 × C9H2)
13C NMR (100 MHz, CDCl3): δ (ppm) 148.40 (C5

q), 144.46 (C1
q), 144.46 (C2

q), 142.69 (C17
q ), 140.17

(C14
q ), 135.44 (C10H + C11H), 130.36 (2 × C16H), 126.10 (2 × C15H), 120.17 (C3

q), 116.05 (C4
q),

105.84 (C6H), 85.41 (C12H), 56.21 (C13H3), 36.70 (C8H), 25.44 (C7H2), 21.55 (C18H3)

(1R,4S,4aR,5S,8R,8aS,9aS,10aR)-1,4,4a,5,8,8a,9a,10a-Octahydro-1,4:5,8-dimethanoanthrac-
ene-9,10-dioneh(153)

H

H

H

H

O

O

1

2
3

4

5

C16H16O2

MW = 240.30 g mol−1

Quinone Q1 (HFIP: 57 mg, 0.525 mmol, 1.0 eq.) and diene D1 (HFIP: 0.09 mL, 1.07 mmol, 2.0 eq.)

were reacted following general procedure to give 153 (HFIP: 118 mg).

Aspect: white powder

Yield: 93%

TLC: Rf ≈ 0.33 (cHex/AcOEt: 8/2), visualised by UV and p-anisaldehyde

mp: 156-158 ◦C (degradation)
1H NMR (500 MHz, CDCl3): δ (ppm) 6.18 (dd, 4H, ABXYZ, JAX = JXY = 1.8 Hz, 4 × C4H), 3.35-3.32

(m, ABXY Z, 4H, 4 × C1H), 2.88-2.83 (m, ABXYZ, 4H, 4 × C2H), 1.39 (dddd, 4H, ABXYZ, JAX = JAY

= 1.8 Hz, JBY = JBZ = 1.4 Hz, JAB = 8.6 Hz, ∆νAB = 84.6 Hz, 2 × C5H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 212.85 (2 × C3

q), 136.49 (4 × C4H, 53.34 (4 × C2H), 49.71 (2

× C5H2), 48.37 (4 × C1H)
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IR: ν (cm−1) 1684, 1304, 1244, 1194, 1032, 807, 707, 517

The experimental data were in agreement with those reported in the literature.69

Monoclinic P21/n

a = 11.8774(4) Å α = 90 ◦

b = 6.166 55(16) Å β = 110.268(3) ◦

c = 16.9048(5) Å γ = 90 ◦

V = 1161.48(6) Å3 Z = 4

R = 4.25%

Figure 8.34: X-ray structure of 153 and parameters of the crystal. Recrystallisation from boiling hexane.

2-Methoxy-8-methylnaphthalene-1,4-dione (503)
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MW = 202.21 g mol−1

Quinone Q5 (CH2Cl2: 116 mg, 0.535 mmol, 1.0 eq.; HFIP: 50 mg, 0.229 mmol, 1.0 eq.) and diene

D2 (CH2Cl2: 0.11 mL, 1.10 mmol, 2.1 eq.; HFIP: 0.05 mL, 0.501 mmol, 2.2 eq.) were reacted following

the general procedure. Once the cycloaddition was over (remove HFIP in vacuo and replace it by

the same volume of dichloromethane), Et3N (CH2Cl2: 0.15 mL, 1.08 mmol, 2.0 eq.; HFIP: 0.07 mL,

0.504 mmol, 2.3 eq.) was added to the solution and the mixture was stirred overnight at room temper-

ature. The solution was washed with a saturated solution of NH4Cl and brine, successively, and dried

over Na2SO4. The solution was filtered and the solvent evaporated. The crude product was purified

by filtration over silica gel (eluent: CH2Cl2) to give 503 (CH2Cl2: 80 mg; HFIP: 33 mg).

Aspect: pale yellow powder

Yield: CH2Cl2: 74%; HFIP: 71%

TLC: Rf ≈ 0.54 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4

mp: 133-135 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 8.04-7.98 (m, 1H, C6H), 7.58 (dd, 1H, J = 7.7; 7.6 Hz, C7H),

7.50-7.47 (m, 1H, C8H), 6.12 (s, 1H, C3H), 3.89 (s, 3H, C11H3), 2.75 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 185.21 (C4

q), 181.68 (C1
q), 160.99 (C2

q), 142.01 (C9
q), 137.45

(C8H), 133.67 (C5
q), 133.54 (C7H), 128.79 (C10

q ), 125.16 (C6H), 108.62 (C3H), 56.56 (C11H3), 23.00

(C12H3)

IR: ν (cm−1) 2930, 1732, 1675, 1646, 1613, 1586, 1461, 1439, 1422, 1377, 1359, 1339, 1302, 1277,

1251, 1213, 1195, 1170, 1153, 1111, 1089, 1033, 1006, 867, 817, 795, 777, 731, 715, 702, 692

The experimental data were in agreement with literature.70
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2-Methoxy-6,7-dimethylnaphthalene-1,4-dione (504)

MeO

O

O
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Me
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MW = 216.24 g mol−1

From quinone Q5 : Quinone Q5 (CH2Cl2: 102 mg, 0.470 mmol, 1.0 eq.; HFIP: 62 mg, 0.288 mmol,

1.0 eq.) and diene D3 (CH2Cl2: 0.11 mL, 0.972 mmol, 2.1 eq.; HFIP: 0.07 mL, 0.619 mmol, 2.1 eq.)

were reacted following the general procedure. Once the cycloaddition was over (HFIP was removed

in vacuo and replaced by the same volume of dichloromethane), Et3N (CH2Cl2: 0.13 mL, 0.935 mmol,

2.0 eq.; HFIP: 0.08 mL, 0.576 mmol, 2.0 eq.) was added and the reaction mixture was stirred overnight

at room temperature. The solution was washed with a saturated solution of NH4Cl and brine, suc-

cessively, and dried over Na2SO4. The solution was filtered and the solvent evaporated. The crude

product was purified by filtration over silica gel (eluent: CH2Cl2) to give 504 (CH2Cl2: 76 mg; HFIP:

45 mg).

From quinone SQ3 : Quinone SQ3 (CH2Cl2: 91 mg, 0.328 mmol, 1.0 eq.; HFIP: 90 mg, 0.326 mmol,

1.0 eq.) and diene D3 (CH2Cl2: 0.07 mL, 0.619 mmol, 1.9 eq.; HFIP: 0.07 mL, 0.619 mmol, 1.9 eq.)

were reacted following the general procedure. The crude product was purified by flash purified by

flash chromatographyaphy on demetallated silica gel (cyclohex./AcOEt: 9/1) to give 504 (CH2Cl2:

38 mg; HFIP: 39 mg).

Aspect: pale yellow powder

Yield: CH2Cl2: 75%; HFIP: 72% (from quinone Q5)

Yield: CH2Cl2: 53%; HFIP: 56% (from quinone SQ3)

TLC: Rf ≈ 0.38 (cyclohex./AcOEt: 7/3), visualised by UV and KMnO4

mp: 168-169 ◦C
1H NMR (500 MHz, CDCl3): δ (ppm) 7.88 (s, 1H, C6H), 7.82 (s, 1H, C9H), 6.10 (s, 1H, C3H), 3.89

(s, 3H, C11H3), 2.39(3) (s, 3H, C13H3), 2.38(6) (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 185.45 (C1

q), 180.49 (C4
q), 160.53 (C2

q), 144.51 (C7
q), 143.22

(C8
q), 130.16 (C5

q), 129.14 (C11
q ), 127.92 (C6H), 127.42 (C9H), 56.50 (C11H3), 20.44 (C13H3), 20.20

(C12H3)

IR: ν (cm−1) 2948, 1685, 1651, 1598, 1566, 1451, 1359, 1325, 1302, 1250, 1195, 1184, 1154, 1077,

1013, 996, 872, 803, 741

The experimental data were in agreement with those reported in the literature.71
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Methyl (+–)-rel-(1R,6R,8S)-1-methoxy-4-methyl-2,5-dioxo-8-((E)-prop-1-en-1-yl)bicyclo[4.2.0]
oct-3-ene-3-carboxylateh(505)
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MW = 278.30 g mol−1

Quinone Q8 (CH2Cl2: 80 mg, 0.381 mmol, 1.0 eq.) and diene D2 (CH2Cl2: 0.08 mL, 0.802 mmol,

2.1 eq.) were reacted following the general procedure. After fifteen days, the solvent was evaporated

and the crude mixture was purified by flash chromatography on silica gel (cHex/AcOEt: 9/1) to give

53 mg of the title compound 505.

Aspect: yellow oil

Yield: 50%

TLC: Rf ≈ 0.54 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 5.74-5.53 (m, 2H, C13H + C14H), 3.91 (s, 3H, C11H3), 3.40

(dd, 1H, J = 10.9; 6.5 Hz, C6H), 3.21 (s, 3H, C9H3), 3.21-3.17 (m, 1H, C8H), 2.39 (td, 1H, J = 11.6;

6.1 hertz, 1/2 × C7H2), 2.16 (ddd, 1H, J = 11.6; 8.6, 6.5 Hz), 2.04 (s, 3H, C12H3), 1.71 (d, 3H, J =

5.2 Hz, C15H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 197.74 (C5

q), 193.13 (C2
q), 165.02 (C10

q ), 147.24 (C4
q), 142.11

(C3
q), 129.76 (C14H), 126.61 (C13H), 81.80 (C1

q), 52.97 (C9H3 or C11H3), 52.95 (C9H3 or C11H3),

46.36 (C6H), 44.00 (C8H), 27.88 (C7H2), 18.32 (C15H3), 14.43 (C12H3)

IR: ν (cm−1) 2955, 2855, 1739, 1679, 1436, 1240, 1058, 964

HRMS (ESI+): for [M+Na]+ calc.: 301.1046, found: 301.1033

Methyl (+–)-rel-(1R,6S,8R)-1-methoxy-4,8-dimethyl-2,5-dioxo-8-(prop-1-en-2-yl)bicyclo[4.2.0]
oct-3-ene-3-carboxylateh(506)
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MW = 292.33 g mol−1

Quinone Q8 (CH2Cl2: 76 mg, 0.362 mmol, 1.0 eq.) and diene D3 (CH2Cl2: 0.08 mL, 0.707 mmol,

2.0 eq.) were reacted following the general method. After fifteen days, the solvent was evaporated

and the crude mixture was purified by flash chromatography on silica gel (cHex/AcOEt: 9/1) to give

25 mg of the title compound 506.

Aspect: yellow oil

Yield: 24%

TLC: Rf ≈ 0.62 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 4.96 (s, 1H, C15Ha), 4.79 (s, 1H, C15Hb), 3.92 (s, 3H, C11H3),

3.24 (dd, 1H, J = 11.1; 5.1 Hz, C6H), 3.16 (s, 3H, C9H3), 2.96 (t, 1H, J = 11.6 Hz, 1/2 × C7H2), 2.07

(s, 3H, C12H3), 2.06-2.03 (m, 1H, 1/2 × C7H2), 1.82 (s, 3H, C16H3), 1.14 (s, 3H, C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 199.19 (C5

q), 193.80 (C2
q), 165.04 (C10

q ), 147.74 (C3
q or C4

q

or C14
q ), 147.66 (C3

q or C4
q or C14

q ), 143.97 (C3
q or C4

q), 110.99 (C15H2), 85.90 (C1
q), 52.97 (C9

q or
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C11
q ), 52.76 (C9

q or C11
q ), 51.37 (C8

q), 43.90 (C6H), 34.09 (C7H2), 24.32 (C13H3), 20.46 (C16H3), 14.63

(C12H3)

IR: ν (cm−1) 2926, 2854, 1743, 1681, 1437, 1378, 1260, 1234, 1061, 964, 892

HRMS (ESI+): for [M+Na]+ calc.: 315.1203, found: 315.1189

(+)-(1S,4R,4aS,8aR)-6-((S)-p-Tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-
dioneh(ααα-306)
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MW = 312.38 g mol−1

Quinone SQ2 (CH2Cl2: 151 mg, 0.611 mmol, 1.0 eq.; HFIP: 158 mg, 0.640 mmol, 1.0 eq.) and

diene D1 (CH2Cl2: 0.06 mL, 0.713 mmol, 1.2 eq.; HFIP: 0.06 mL, 0.713 mmol, 1.1 eq.) were reacted

following the general procedure. The crude product was purified by flash chromatography on demet-

allated silica gel (CH2Cl2/acetone: 100/0 to 100/5) to give α-306 (CH2Cl2: 116 mg; HFIP: 120 mg) in

the second fraction.

Aspect: yellow oil

Yield: CH2Cl2: 61%; HFIP: 60%

TLC: Rf ≈ 0.48 (CH2Cl2/acetone: 10/1), visualised by UV and p-anisaldehyde

[ααα]20
D : +273.2 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.53 (d, 2H, J = 8.7 Hz, 2 × C13H), 7.27 (d, 2H, J = 8.7 Hz, 2 ×
C14H), 7.16 (s, 1H, C5H), 5.83 (dd, 1H, J = 6.2; 3.1 Hz, C9H), 4.81 (dd, 1H, J = 6.2; 2.7 Hz, C10H),

3.47 (s (br), 1H, C8H), 3.28-3.18 (m, 3H, C1H + C2H + C7H), 2.38 (s, 3H, C16H3), 1.49-1.23 (m, 2H,

C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 196.74 (C3

q or C6
q), 196.16 (C6

q or C3
q), 161.16 (C4

q), 142.81

(C15
q ), 139.07 (C12

q ), 136.58 (C5
q), 135.34 (C9H), 134.13 (C10H), 130.00 (2 × C14H), 126.10 (2 ×

C13H), 50.26 (C1H or C2H or C7H or C8H), 49.85 (C1H or C2H or C7H or C8H), 49.74 (C1H or C2H

or C7H or C8H), 49.68 (C1H or C2H or C7H or C8H), 49.42 (C11H2), 21.60 (C16H3)

IR: ν (cm−1) 2921, 2869, 1667, 1335, 1244, 1081, 1047, 917, 810, 723

The experimental data were in agreement with those reported in the literature.72

(+)-(1R,4S,4aR,8aS)-6-((S)-p-Tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-
dioneh(βββ-306)
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MW = 312.38 g mol−1

The same procedure as α-306 was followed to give β-306 (CH2Cl2: 54 mg; HFIP: 36 mg) in the

first fraction.

Aspect: yellow solid

Yield: CH2Cl2: 28%; HFIP: 18%

TLC: Rf ≈ 0.61 (CH2Cl2/acetone: 10/1), visualised by UV and p-anisaldehyde



332 TOWARDS THE TOTAL SYNTHESIS OF MOMILACTONES

mp: 160-162 ◦C

[ααα]20
D : +471.6 ◦ (c = 1.0; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.60 (d, J = 8.3 Hz, 2 × C13H), 7.27 (d, J = 8.3 Hz, 2 × C14H),

7.21 (s, 1H, C5H), 6.19-6.14 (m, 2H, C9H + C10H), 3.59-3.48 (m, 2H, C1H + C8H), 3.17 (ddd, 2H,

ABXY, JAB = 8.5 Hz, JAX = JBY = 4.0 Hz, ∆νAB = 49.0 Hz, C2H + C7H), 2.38 (s, 3H, C16H3), 1.63-1.42

(m, 2H, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 196.94 (C3

q or C6
q), 196.03 (C6

q or C3
q), 160.95 (C4

q), 142.85

(C15
q ), 142.65 (C12

q ), 137.29 (C5H), 135.83 (C9H or C10H), 135.43 (C10H or C9H), 130.28 (2 × C14H),

125.92 (2 × C13H), 50.45 (C2H or C7H), 49.65 (C7H or C2H), 49.07 (C11H2), 48.87 (C1H or C8H),

48.86 (C8H or C1H), 21.67 (C16H3)

IR: ν (cm−1) 2922, 2854, 1666, 1602, 1490, 1245, 1078, 1059, 804, 771, 715

The experimental data were in agreement with those reported in the literature.72

6,7-Dimethylnaphthalene-1,4-dione (305)
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MW = 186.21 g mol−1

Quinone SQ2 (CH2Cl2: 100 mg, 0.406 mmol, 1.0 eq.; HFIP: 152 mg, 0.615 mmol, 1.0 eq.) and

diene D3 (CH2Cl2: 0.05 mL, 0.442 mmol, 1.1 eq.; HFIP: 0.07 mL, 0.619 mmol, 1.0 eq.) were reacted

following the general procedure. In the case of HFIP, the solvent was evaporated in vacuo after

the completion of the cycloaddition and replaced by the same volume of dichloromethane and the

adduct was allowed to pyrolyse overnight. The crude product was purified by flash chromatography

on demetallated silica gel (cyclohex./CH2Cl2: 7/3) to give 305 (CH2Cl2: 8 mg; HFIP: 17 mg).

Aspect: brown powder

Yield: CH2Cl2: 11%; HFIP: 15%

TLC: Rf ≈ 0.54 (cyclohex./CH2Cl2/acetone: 6/4/0.5), visualised by UV and KMnO4
1H NMR (500 MHz, CDCl3): δ (ppm) 7.82 (s, 2H, 2 × C4H), 6.90 (s, 2H, 2 × C2H), 2.40 (s, 6H, 2 ×
C6H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 185.50 (2 × C1

q), 143.95 (2 × C3
q), 138.69 (2 × C2H), 130.05

(2 × C5
q), 127.57 (2 × C4H), 20.36 (2 × C6H3)

IR: ν (cm−1) 3057, 1644, 1590, 1306, 1083, 942, 888

The experimental data were in agreement with those reported in the literature.73

(+)-(1R,4S,4aR,8aS)-6-Chloro-7-((S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methano-
naphthalene-5,8-dioneh(ααα-507)
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MW = 346.83 g mol−1

Quinone SQ4 (CH2Cl2: 106 mg, 0.377 mmol, 1.0 eq.; HFIP: 104 mg, 0.370 mmol, 1.0 eq.) and

diene D1 (CH2Cl2: 0.06 mL, 0.713 mmol, 1.9 eq.; HFIP: 0.06 mL, 0.713 mmol, 1.9 eq.) were reacted
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following the general procedure. The crude product was purified by flash chromatography on demet-

allated silica gel (CH2Cl2: 100%) to give α-507 (CH2Cl2: 55 mg; HFIP: 72 mg) in the first fraction.

Aspect: yellow oil

Yield: CH2Cl2: 42%; HFIP: 55%

TLC: Rf ≈ 0.62 (CH2Cl2/acetone: 20/1), visualised by UV and KMnO4

[ααα]20
D : +132 ◦ (c = 0.75; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.67 (d, 2H, J = 8.2 Hz, 2 × C13H), 7.30 (d, 2H, J = 8.2 Hz, 2

× C14H), 5.93 (ddd, 2H, ABXY, JAB = 5.6 Hz, JAX = JBY = 2.8 Hz, ∆νAB = 69.7 Hz, C2H + C3H), 3.53

(s (br), 1H, C1H), 3.50 (s (br), 1H, C4H), 3.34 (ddd, 2H, A’B’XY, JA’B’ = 8.5 Hz, JA’X = JB’X = 3.9 Hz,

C5H + C10H), 2.39 (s, 3H, C16H3), 1.48 (dddd, 2H, A"B"XY, JA"B" = 9.0 Hz, JA"X = JA"Y = 1.7 Hz, JB"X

= JB"Y = 1.5 Hz, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 192.44 (C6

q or C9
q), 190.05 (C9

q or C6
q), 152.24 (C7

q or C8
q),

148.35 (C8
q or C7

q), 142.33 (C15
q ), 138.19 (C12

q ), 135.83 (C2H or C3H), 135.08 (C3H or C2H), 130.09 (2

× C14H), 125.29 (2 × C13H), 50.37 (C1H or C4H + C5H or C10H), 49.79 (C1H or C4H), 49.41 (C11H2),

48.52 (C5H or C10H), 21.61 (C16H3)

IR: ν (cm−1) 2943, 2870, 1694, 1556, 1491, 1335, 1215, 1087, 1057, 910, 808, 729, 690

The experimental data were in agreement with those reported in the literature.42

(+)-(1S,4R,4aS,8aR)-6-Chloro-7-((S)-p-tolylsulfinyl)-1,4,4a,8a-tetrahydro-1,4-methano-
naphthalene-5,8-dioneh(βββ-507)
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MW = 346.83 g mol−1

The same procedure as α-507 was followed to give β-507 (CH2Cl2: 43 mg; HFIP: 21 mg) in the

second fraction.

Aspect: yellow oil

Yield: CH2Cl2: 33%; HFIP: 17%

TLC: Rf ≈ 0.53 (CH2Cl2/acetone: 20/1), visualised by UV and KMnO4

[ααα]20
D : +89.9 ◦ (c = 0.5; CHCl3)

1H NMR (500 MHz, CDCl3): δ (ppm) 7.68 (d, 2H, J = 8.1 Hz, 2 × C13H), 7.30 (d, 2H, J = 8.1 Hz,

2 × C14H), 5.99 (ddd, 2H, ABXY, JAB = 5.6 Hz, JAX = JBY = 2.9 Hz, ∆νAB = 55.3 Hz, C2H + C3H),

3.60-3.46 (m, 2H, C1H + C4H), 3.35 (ddd, 2H, A’B’XY, JA’B’ = 8.8 Hz, JA’X = JB’X = 3.7 Hz, ∆νA’B’ =

13.7 Hz, C5H + C10H), 2.40 (s, 3H, C16H3), 1.49 (dddd, 2H, A"B"XY, JA"B" = 9.0 Hz, JA"X = JA"Y =

1.8 Hz, JB"X = JB"Y = 1.4 Hz, ∆νA"B" = 59.2 Hz, C11H2)
13C NMR (126 MHz, CDCl3): δ (ppm) 192.31 (C6

q or C9
q), 189.86 (C9

q or C6
q), 152.26 (C7

q or C8
q),

148.53 (C8
q or C7

q), 142.37 (C15
q ), 138.22 (C12

q ), 136.09(C2H or C3H), 135.53 (C3H or C2H), 130.13 (2

× C14H), 125.35 (2 × C13H), 50.47 (C5H or C10H), 49.21 (C1H or C4H), 49.03 (C11H2), 48.93 (C10H

or C5H), 48.89 (C4H or C1H), 21.62 (C16H3)

IR: ν (cm−1) 2922, 1702, 1669, 1562, 1217, 1081, 1023, 809, 693

The experimental data were in agreement with those reported in the literature.42
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(4aS,8aR)-2-Chloro-6,7-dimethyl-3-((S)-p-tolylsulfinyl)-4a,5,8,8a-tetrahydronaphthalene-1,4-
dioneh(ααα-308a)handh(4aR,8aS)-2-chloro-6,7-dimethyl-3-((S)-p-tolylsulfinyl)-4a,5,8,8a-tetra-
hydronaphthalene-1,4-dioneh(βββ-308a)
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MW = 362.87 g mol−1

Quinone SQ4 (CH2Cl2: 97 mg, 0.344 mmol, 1.0 eq.; HFIP: 30 mg, 0.107 mmol, 1.0 eq.) and D3

(CH2Cl2: 0.09 mL, 0.795 mmol, 2.3 eq.; HFIP: 0.02 mL, 0.177 mmol, 1.7 eq.) were reacted following

the general procedure to give a mixture of α-308a and β-308a (CH2Cl2: 112 mg; HFIP: 32 mg).

Aspect: pale orange solid foam

Yield: CH2Cl2: 90%, α/β: 79/21; HFIP: 82%, α/β: 39/61
1H NMR (400 MHz, C6D6) on the α/β mixture from dichloromethane: δ (ppm): 7.90-7.79 (m, 2H, 2

× C12H), 6.90-6.80 (m, 2H, 2 × C13H), 2.40-1.95 (m, 2H, C5H + C10H), 1.90 (s (br), 0.63H, C15H3

(β)),1.88 (s (br), 2.37H, C15H3 (α)), 1.85-1.33 (m, 4H, C6H2 + C9H2), 1.29 (s (br), 2.37H, C16H3 or

C17H3 (α)), 1.27 (s (br), 0.67H, C16H3 or C17H3 (β)), 1.18 (s (br), 0.63H, C17H3 or C16H3 (β)), 1.15

(s (br), 2.37H, C17H3 or C16H3 (α))

8.6.3 Diels-Alder reactions for the synthesis of momilactones

(R)-2-Methoxy-4a,8-dimethyl-7-((trimethylsilyl)oxy)-4a,5-dihydronaphthalene-1,4-dione (519)
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MW = 306.43 g mol−1

In a 25 mL round bottom flask under argon atmosphere, a solution of sulfinylquinone 318a (1.000 g,

3.44 mmol, 1.0 eq.) in 15 mL of dichloromethane was cooled down to −20 ◦C. Diene 373a (948 mg,

6.07 mmol, 1.8 eq.) was added and the flask was placed in the fridge at −20 ◦C for ten days. The

solvent was then evaporated and the crude was vacuum dried. The crude was purified by flash chro-

matography on demetallated silica gel (cHex/AcOEt: 9/1→ 8/2) to give 896 mg of 519.

Aspect: bright yellow powder

Yield: 85%

TLC: Rf ≈ 0.39 (cHex/AcOEt: 7/3), visualised by UV and KMnO4

mp: 115-117 ◦C

[ααα]20
D : −159.3 ◦ (c = 0.5; CH2Cl2)

1H NMR (500 MHz, CDCl3): δ (ppm) 5.90 (s, 1H, C3H), 5.37 (dd, 1H, ABX, JAX = 6.9 Hz, JBX =

3.1 Hz, C7H), 3.83 (s, 3H, C11H3), 2.54 (ddd, 2H, ABX, JAB = 18.4 Hz, JAX = 6.9 Hz, JBX = 3.1 Hz,

∆νAB = 38.8 Hz, C6H2), 2.29 (s, 3H, C14H3), 1.28 (s, 3H, C12H3), 0.24 (s, 9H, 3 × C13H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 200.95 (C4

q), 181.162 (C1
q), 164.28 (C2

q), 149.33 (C8
q), 147.97

(C9
q), 130.77 (C10

q ), 109.65 (C7H), 107.84 (C3H), 56.60 (C11H3), 45.75 (C5
q), 31.22 (C6H2), 26.00

(C12H3), 16.02 (C14H3), 0.24 (3 × C13H3)
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IR: ν (cm−1) 2961, 1654, 1605, 1535, 1359, 1240, 1216, 1156, 1020, 920, 853

The experimental data were in agreement with those reported in the literature.8,40

8-Hydroxy-4a,7-dimethoxy-10a-methyl-9-((S)-p-tolylsulfinyl)-4a,10a-dihydro-1H,10H-pyrano
[4,3-b]chromen-1-oneh(525)

OH
MeO S

O

O

O

Me
O

MeO

Me

1

2
3

4

5
6

7 8 9

10
11

12
13

14 15
16

17

18
19

20

C22H22O7S

MW = 430.47 g mol−1

In a 25 mL round bottom flask equipped with a condenser, a solution of sulfinylquinone 318a

(216 mg, 0.745 mmol, 1.0 eq.) and pyrone 373e (106 mg, 0.745 mmol, 1.0 eq.) in 5 mL of chloroform

was refluxed for three days. The solvent was then evaporated and the crude was purified by flash

chromatography on demetallated silica gel (cHex/CH2Cl2/acetone: 7/3/0.1→ 7/3/0.5) to give 125 mg

of 525b (major) in the first fraction and 75 mg of 525a (minor) in the second one.

Product 525a (minor)

Aspect: orange mushy solid

Yield: 23%

TLC: Rf ≈ 0.57 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 10.76 (s (br), 0.80H, OH), 7.62 (d, 2H, J = 8.2 Hz, 2 × C16H),

7.31 (d, 2H, J = 8.2 Hz, 2 × C17H), 6.67 (d, 1H, J = 6.2 Hz, C2H), 6.49 (s, 1H, C6H), 5.74 (d, 1H, J =

6.2 Hz, C3H), 3.81 (s, 3H, C14H3), 3.50 (d, 1H, J = 16.1 Hz, 1/2 × C11H2), 3.33 (s, 3H, C13H3), 2.40

(s, 3H, C19H3), 2.30 (d, 1H, J = 16.1 Hz, 1/2 × C11H2), 1.25 (s, 3H, C20H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 170.22 (C1

q), 149.07 (C7
q), 145.65 (C8

q), 143.01 (C2H), 142.94

(C18
q ), 142.27 (C5

q), 139.72 (C15
q ), 130.59 (2 × C17H), 126.34 (2 × C16H), 119.95 (C9

q), 108.66 (C10
q ),

104.96 (C6H), 104.58 (C3H), 97.21 (C4
q), 56.28 (C14H3), 50.13 (C13H3), 44.81 (C12

q ), 27.13 (C11H2),

21.63 (C19H3), 20.31 (C20H3)

IR: ν (cm−1) 3400-3000, 1668, 1615, 1589, 1359, 1300, 1289, 1202, 1039, 987, 837

HRMS (ESI+): for [M+H]+ calc.: 431.1164, found: 431.1158

Product 525b (major)

Aspect: white mushy solid

Yield: 39%

TLC: Rf ≈ 0.68 (cHex/AcOEt: 5/5), visualised by UV and p-anisaldehyde
1H NMR (500 MHz, CDCl3): δ (ppm) 10.37 (s (br), 0.75H, OH), 7.68 (d, 2H, J = 8.3 Hz, 2 × C16H),

7.32 (d, 2H, J = 8.3 Hz, 2 × C17H), 6.65 (d, 1H, J = 6.2 Hz, C2H), 6.49 (s, 1H, C6H), 5.77 (d, 1H,

J = 6.2 Hz, C3H), 3.78 (s, 3H, C14H3), 3.39 (s, 3H, C13H3), 3.10 (dd, 2H, AB, JAB = 16.3 Hz, ∆νAB =

157.1 Hz, C11H2), 2.38 (s, 3H, C19H3), 1.41 (s, 3H, C20H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 170.70 (C1

q), 149.15 (C7
q), 145.60 (C8

q), 142.91 (C2H), 142.24

(C5
q or C18

q ), 138.98 (C15
q ), 130.39 (2 × C17H), 125.60 (2 × C16H), 120.66 (C9

q), 108.98 (C10
q ), 104.85

(C6H), 104.79 (C3H), 97.38 (C4
q), 56.22 (C14H3), 50.10 (C13H3), 44.85 (C12

q ), 27.32 (C11H2), 21.54
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(C19H3), 20.72 (C20H3)

IR: ν (cm−1) 3500-3100, 1671, 1619, 1578, 1456, 1352, 1311, 1284, 1210, 1154, 1026, 968

HRMS (ESI+): for [M+H]+ calc.: 431.1164, found: 431.1159

5-(2,2-Dimethyl-4-oxo-4H-1,3-dioxin-6-yl)-2,2-dimethyl-5,6,7,8-tetrahydro-4H-benzo[d][1,3]
dioxin-4-oneh(529)

O

O
O

O

Me

Me

O

O
Me

Me

12

3

4

5

6

7

8
9

10

11 12

13

14

C16H20O6

MW = 308.33 g mol−1

This product was obtained during the attempt of a Diels-Alder reaction between sulfinylquinone

318a and diene 373c under high pressure. In a vial, a solution of sulfinylquinone 318a (107 mg,

0.370 mmol, 1.0 eq.) and diene 373c (114 mg, 0.741 mmol, 2.0 eq.) in 2 mL of dichloromethane was

submitted to a pressure of 9 kbar for 48 h. The solvent was then evaporated and the crude was

purified by flash chromatography on demetallated silica gel (CH2Cl2/AcOE: 98/2) to obtain 45 mg of

the dimer 529.

Aspect: yellow oil

Yield: 39% from the amount of diene 373c introduced in the reaction.

TLC: Rf ≈ 0.58 (CH2Cl2/AcOEt: 8/1), visualised by UV and KMnO4
1H NMR (400 MHz, CDCl3): δ (ppm) 5.22 (s, 1H, C11H), 3.41 (t, 1H, J = 5.8 Hz, C8H), 2.26-2.22

(m, 2H, C5H2), 1.89-1.71 (m, 4H, C6H2 + C7H2), 1.70 (s, 3H, C3H3 or C14H3), 1.68 (s, 3H, C3H3 or

C14H3), 1.66 (s, 3H, C3H3 or C14H3), 1.63 (s, 3H, C3H3 or C14H3)
13C NMR (100 MHz, CDCl3): δ (ppm) 172.94 (C12

q ), 167.82 (C1
q), 161.48 (C10

q ), 160.69 (C4
q), 106.85

(C2
q or C13

q ), 105.90 (C2
q or C13

q ), 100.70 (C9
q), 93.80 (C11H), 37.11 (C8H), 27.41 (C5H2 or C7H2), 26.88

(C5H2 or C7H2), 26.23 (C3H3 or C14H3), 25.50 (C3H3 or C14H3), 24.73 (C3H3 or C14H3), 24.30 (C3H3

or C14H3), 18.78 (C6H2)

(–)-(1R,4S,4aR,8aS)-7-Methoxy-4a-methyl-1,4,4a,8a-tetrahydro-1,4-methanonaphthalene-5,8-
dioneh(532)

MeO
O

O

H

Me

1
2

3
4

567

8 910 11

12

13 C13H14O3

MW = 218.25 g mol−1

This product was synthesised by following the procedure described by Corey et al.74,75

Preparation of the oxazaborolidine pre-catalyst. In a 100 mL two-neck flask under argon atmo-

sphere, equipped with a condenser and a dropping funnel filled with 20 g of 4 Å molecular sieve, a so-

lution of S-(–)-α,α-diphenyl-2-pyrrolidinemethanol (165 mg, 0.651 mmol, 1.0 eq.) and tri(o-tolyl)boroxine

(74 mg, 0.209 mmol, 0.32 eq.) in 25 mL of toluene was refluxed for three hours. The reaction was

cooled down to 60 ◦C and toluene was distilled. When the volume was reduced to ca. 5 mL, 5 mL of
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toluene were added the solution was redistilled. That operation was repeated a second time. The ob-

tained oil was vacuum dried for one hour and dissolved in 8 mL of dry dichloromethane under argon

atmosphere. That solution (ca. 0.078 M of oxazaborolidine) can be used for several catalytic tests.

Asymmetric Diels-Alder reaction. In a dry 25 mL round bottom flask under argon atmosphere,

a 0.078 M solution of oxazaborolidine (2.0 mL, 0.156 mmol, 0.24 eq.) was cooled down to −20 ◦C.

A 0.205 M of trifluoromethanesulfonimide (0.65 mL, 0.133 mmol, 0.20 eq.) in dichloromethane was

added dropwise to the oxazaborolidine solution. After ten minutes, a solution of quinone 369a

(100 mg, 0.657 mmol, 1.0 eq.) in 2 mL of dichloromethane was added dropwise and the mixture was

stirred ten minutes at −20 ◦C. Cyclopentadiene (151) (0.07 mL, 0.832 mmol, 1.3 eq.). When the re-

action was over (40 min), 10 mL of water was added, and the phases were separated. Then, the

aqeuous phase was extracted with dichloromethane. The organic phases were gathered, dried over

Na2SO4 and the solvent was evaporated. The crude product was purified by flash chromatography

on silica gel (cHex/AcOEt: 7/3) to give 133 mg of 532.

Aspect: white powder

Yield: 93%

TLC: Rf ≈ 0.24 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde

ee: 96%; t major
r = 40.8 min, t minor

r = 49.8 min

[ααα]20
D : −37.6 ◦ (c = 1.0; CHCl3)

1H NMR (400 MHz, CDCl3): δ (ppm) 6.16 (dd, 1H, J = 5.7; 2.9 Hz, C10H), 5.98 (dd, 1H, J = 5.7;

2.8 Hz, C9H), 5.85 (s, 1H, C4H), 3.72 (s, 3H, C13H3), 3.45 (s (br), 1H, C8H), 3.07 (s (br), 1H, C1H),

2.88 (d, 1H, J = 3.9 Hz, C7H), 1.60 (ddt, 2H, ABX, JAB = 9.2 Hz, JAX = 1.4 Hz, JBX = 1.7 Hz, ∆νAB =

56.8 Hz, C11H2), 1.47 (s, 3H, C12H3)
13C NMR (126 MHz, CDCl3): δ (ppm) 202.46 (C3

q), 194.56 (C6
q), 162.60 (C5

q), 138.70 (C10H), 134.09

(C9H), 114.13 (C4H), 57.20 (C7H), 56.46 (C13H3), 53.50 (C2
q), 53.48 (C1H), 49.65 (C8H), 46.58

(C11H2), 26.68 (C12H3)

IR: ν (cm−1) 2992, 2960, 1754, 1734, 1690, 1641, 1602, 1451, 1362, 1319, 1233, 1147, 990, 867,

733

The experimental data were in agreement with the racemic Q3D1.

Orthorombic P212121

a = 8.127 20(10) Å α = 90 ◦

b = 10.506 60(10) Å β = 90 ◦

c = 12.919 20(10) Å γ = 90 ◦

V = 1103.161(19) Å3 Z = 4

R = 2.88% Flack = 0.02(5)

Figure 8.35: X-ray structure of 532 and parameters of the crystal. Crystallisation by slow evaporation from
dichloromethane.
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(4aR,8R,8aS)-2-Methoxy-4a,8-dimethyl-7-((trimethylsilyl)oxy)-4a,5,8,8a-tetrahydronaphthal-
ene-1,4-dioneh(ent-370aa)
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C16H24O4Si

MW = 308.45 g mol−1

In a dry 25 mL round bottom flask under argon atmosphere, a 0.078 M solution of oxazaborolidine

(2.0 mL, 0.156 mmol, 0.23 eq.) was cooled down to −20 ◦C. A 0.205 M of trifluoromethanesulfonimide

(0.65 mL, 0.133 mmol, 0.20 eq.) in dichloromethane was added dropwise to the oxazaborolidine solu-

tion. After ten minutes, a solution of quinone 369a (103 mg, 0.680 mmol, 1.0 eq.) in 2 mL of dichloro-

methane was added dropwise and the mixture was stirred ten minutes at −20 ◦C. After ten minutes,

diene 373a (131 mg, 840 mmol, 1.2 eq.). After 17 h, the reaction was diluted with hexane and the

organic phase was washed with water and brine. It was then dried over Na2SO4 and the solvent was

evaporated to give 46 mg of a crude oil. The attempt of purification led to degradation of the product

and the analyses were done on the crude product.

Aspect: yellow oil

Yield: 22% (unclean)

TLC: Rf ≈ 0.45 (cHex/AcOEt: 7/3), visualised by UV and p-anisaldehyde
1H NMR (400 MHz, CDCl3): δ (ppm) 5.83 (s, 1H, C3H), 4.69 (td, 1H, J = 4.0; 1.7 Hz, C7H), 3.78 (s,

3H, C11H3), 3.08 (d, 1H, J = 5.8 Hz, C10H), 2.73 (ddd, 1H, J = 17.3; 3.7; 2.4 Hz, 2 × C7H2), 2.60-2.49

(m, 1H, C9H), 1.85 (ddd, 1H, J = 17.3; 3.9; 1.9 Hz, 2 × C7H2), 1.34 (s, 3H, C12H3), 1.09 (d, 3H, J =

7.4 Hz, C14H3), 0.19 (s, 9H, 3 × C13H3)
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