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11 Abstract

Abstract

In a first experiment, the oxy-ene reaction was studied with the highly preorganized

model (50) developed by Schmid [1]. A kinetic study was conducted by comparing the

rates of reaction of models with various substitutents on the phenyl of the benzyl

alcohol part ring (70 to 73) to that of the standard 50. Analysis of the samples by gas

chromatography and interpretation of the data with a Hammett plot provided a negative

value for the reaction constant p in the case of the oxy-ene reaction. This negative

value is a good indicator that the reaction has an inverted mechanism when compared

to the classic ene-reaction, with a hydride transfer from the ene to the enophile and the

closing of the six-membered ring coming from the enophilic double bond. This kinetic

study was followed by an unsuccessful screening for catalysts and by attempts to carry

out the reaction in ionic liquids rather than in benzene.

70 R = OMe 79 R = OMe

71 R = N02 80 R = N02
72 R = F 81 R = F

73 R = CN 82 R = CN

The kinetic experiments were followed by an attempt at oxy-/4/öfer-ene reactions. A

first model, similar to the model 50 but with an enophilic triple bond was synthesized

(106). This compound was then submitted to the oxy-ene conditions. The anionic

conditions resulted in the decomposition of the starting material, and the thermal

reaction conditions resulted in the formation of the phenanthrene derivatives 123 and

124 with low yields. These two compounds probably resulted from an oxy-Alder-ene

reaction followed by various high temperature rearrangements to form the stable

phenanthrene system. This experiment was followed by the synthesis of the less

constrained model 135, which should not isomerize so easily to a fully aromatic

system. However, the oxy-Alder-ene reaction, under thermal conditions of 135 resulted

in the formation of the dimeric naphthalene derivative 137 with 34% yield, instead of
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the expected oxy-ene product. Here again, the model probably first underwent an oxy-

Alder-ene reaction followed by various rearrangements to provide the detected bis-

naphthalene derivative 137.

106

SiMe3

In a final phase, different models were synthesized in order to study the formation of

six-membered rings with the oxy-ene reaction. Only two of them resulted in the

formation of the desired oxy-ene products. The linear model 142 allowed us to study

the importance of the preorganization for the reaction. After extensive

experimentation, the model reacted to the desired cyclohexane derivative 152 with

56% yield and 75% ds. This result could only be obtained with the use of 0.5

equivalents of lithiated base. The drop in diastereoselectivity compared to the model 50

could be explained by the greater flexibility of the transition state in the case of the

model 152. Every attempt at the thermal reaction resulted in the formation of various

side products. Model 170 provided the desired spiro compound 181 with 14% yield

and 91% ds when heated at 235 °C in the presence of 0.5 equivalents of base. The

good diastereoselectivity could be explained by a quite big difference in the calculated

energies of the transition states leading to the trans and c/s-isomers, while the poor

yield could be attributed to a decrease of competitiveness of the oxy-ene reaction

against other side-reactions due to the strain in the transition state leading to the

137
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desired product. The other models, which should have led to various polycyclic

compounds, only resulted in decomposition of the starting materials, and/or products,

when submitted to the oxy-ene reaction conditions.

142 152

170 181
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Résumé

Dans un premier temps, nos connaissances au sujet de la réaction oxy-ène ont été

approfondies à l'aide d'un modèle présentant un haut degré de préorganisation (50),

déjà introduit par Schmid [1] dans ses publications. La première partie de ces

investigations a consisté d'une étude sur le déroulement de la réaction, composée de la

comparaison de la vitesse de réaction de modèles possédant divers substituents au

niveau du reste phénilique (70 à 72) avec la vitesse de réaction d'un standard consistant

en la substance 50. Le déroulement de la réaction a été analysé à l'aide d'un

chromatographe à phase gazeuse et les résultats interprétés dans le cadre de la relation

de Hammett, afin d'obtenir la constante de réaction p pour notre réaction. L'analyse des

résultats a fourni une valeur négative pour p, ce qui nous a mené à postuler un

mécanisme inversé pour la réaction oxy-ène en comparaison avec mécanisme standard

utilisé pour la réaction ène. Ce mécanisme se distingue par le déplacement d'un hydride

de l'ène à l'énophile ainsi que par le fait que la fermeture du cycle soit déclenchée par

l'énophile plutôt que par l'autre double liaison. Cette étude au niveau mécanistique a

été accompagnée par une tentative de trouver un catalyseur pour la réaction ainsi que

par des essais de réaction dans des liquides ioniques, qui se sont malheureusement

soldés par des échecs.

70 R = OMe 79 R = OMe

71 R = N02 80 R = N02
72 R = F 81 R = F

73 R = CN 82 R = CN

Dans un second temps, le modèle 50 a été pourvu d'une triple liaison énophile (106),

afin d'étudier si une réaction oxy-/4/ûfer-ène était possible dans des conditions

semblables à celles utilisées pour la réaction ène. Quand le modèle 106 a été chauffé

aux températures requises pour la réaction en présence de base, il s'est totalement

décomposé, alors qu'en l'absence de base la réaction n'a pas résulté en la formation de

la substance attendue mais plutôt en la synthèse des phénanthrènes substitués 123 et

124 avec un faible rendement. Cette transformation est probablement le résultat d'une
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réaction oxy-ène suivie par de multiples réarrangements afin d'obtenir un noyau

aromatique très stable. Cette expérience a été suivie par la synthèse du modèle 135, qui

possède une plus grande flexibilité et qui ne devrait pas s'aromatiser aussi facilement à

des températures élevées. Comme dans le cas précédent, seule la réaction en l'absence

de base a résulté en la formation d'un produit identifiable, 137, avec 34% de

rendement. Il ne s'agit de nouveau pas du produit attendu de la réaction oxy-ène, mais

d'un dérivé de naphtalène qui est probablement le résultat de la dimérisation du produit

de la réaction oxy-ène, suivi par des réarrangements à haute température afin de

parvenir encore une fois à un système aromatique très stable.

SiMe3

SiMe

137

Dans un dernier temps, on a élaboré une série de modèles afin d'étudier des

cyclisations formant des dérivés de cyclohexane à l'aide de la réaction oxy-ène.

Malheureusement seulement deux de ces modèles ont réagit pour former le produit

attendu. Les autres, qui devaient produire divers polycycles, n'ont pas réagi de façon

attendue. Le modèle linéaire 142 a été créé dans l'optique d'étudier l'importance de la

préorganisation pour la réaction oxy-ène. Après une longue optimisation des conditions

de réaction, le modèle 142 a finalement réagi comme attendu pour produire la

substance 152 avec un rendement de 56% et une diastéréosélectivité de 75%. Ce

résultat n'a été possible qu'en la présence d'un demi équivalent de base contenant du

lithium comme contre ion. La faible stéréosélictivité de la réaction avec 142 comparée

à celle de 50 peut être expliquée par la plus grande flexibilité de l'état de transition
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dans le cas du modèle linéaire. Le modèle 170 a résulté en la formation de la substance

possédant un centre spiro 181 comme attendu avec un faible rendement de 14% et une

diastéréosélectivité de 91%. Comme dans le cas du modèle précédent, la réaction n'a

fonctionné qu'en la présence de moins d'un équivalent de base. La bonne

diastéréosélectivité observée a été expliquée par des calculs énergétiques des états de

transition menant aux deux isomères, quand au faible rendement, il est dû à la faible

compétitivité de la réaction oxy-ène face aux réactions concurrentes provenant de

fortes contraintes géométriques dans l'état de transition.

142 152

OH

170 181
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Theoretical Part 1

I. Theoretical Part

1. Introduction

1.1. Ene Reaction

The ene reaction is an addition of a compound with a double bond (enophile) to an

olefin possessing an allylic hydrogen (ene) and involves allylic shift of one double

bond, transfer of the allylic hydrogen to the enophile and bonding between the two

unsaturated termini. This is a very useful reaction for creating new carbon-carbon

bonds. As shown in scheme 1, the reaction is not limited to carbon carbon double

bonds but can also be conducted on a wide variety of structures containing

heteroatoms.

Scheme 1 : Simplest theoretical ene reaction

/>J P X z

Hz
—-

KJ
X: CR2, O

Y=Z : C=C, C=0, C=S, 0=0, NO, N=N, C=C

The ene reaction proceeds through a six electron cyclic pathway and is therefore

similar to the Diels-Alder reaction and the Cope rearrangement. The reaction usually

takes place through a concerted pericyclic pathway but can also have a radical stepwise

pathway for sterically constrained molecules [2] or a zwitterionic stepwise pathway for

Lewis catalyzed ene-reactions [3]. The ene reaction with singlet oxygen has yet another

mechanism involving the formation of an oxirane ring [4] [5]. The transition state,

maximizing the overlap of the 7i-orbitals, was first introduced by Hoffmann [2] and

then confirmed with ST0-3G and 3-21G calculations by Loncharich [6]. It is

interesting to notice that the ideal transition state has a C-H-C angle of 156° and not

180° as usually postulated for hydrogen transfers and H-bridges.
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Scheme 2 Transition state for the ene-reaction

In the case of intermolecular ene-reactions, the stereoselectivity is mainly determined

by minimization of steric interactions between the reactants. For example, the reaction

of czs-2-butene with maleic anhydride provides a 85:25 mixture of 1 and 2. This can be

explained by the disturbance between the methyl group of the 2-butene and the cycle of

the maleic anhydride in the exo pathway. This steric clashing disrupts the approach of

the 2-butene to the transition state and so favors the endo pathway leading to product 1.

Scheme 3 Stereochemistry ofthe ene-reaction

favored disfavored

This concerted supra, supra-facial reaction went far from the first description by Alder

[7] in 1943, and is still an active field of research, in particular concerning metal-

promoted versions of the rearrangement. In the usual ene-rearrangement a proton

migrates from the ene moiety to the enophile double bond. In the case of metallo-ene

reactions, the migration is induced by a metallic anion. The most commonly found

metallo-enes use Li, Mg, Pd, Ni, Zn, Pt, B, Al.

Felkin [8] first reported such a reaction while studying the addition of an allylic

Grignard reagent to a simple non-functional olefin. Heating to reflux an ether solution

of Grignard reagent 3 resulted after hydrolysis in a 1:30 mixture of olefins 4 and 5.

Usually, stereoselective Grignard reagent additions to double bonds were executed

with olefins having a hydroxyl or amino group near the double bond [9]. The

coordination of the magnesium to the oxygen and the olefin was then responsible for

the stereoselectivity. Such reactions showed an acceleration upon addition of

magnesium bromide, as opposed to the reaction newly discovered by Felkin, which



Theoretical Part 3

was accelerated by precipitation of magnesium bromide with dioxane. This, in

conjunction with a rapid cyclisation providing mostly the c/s-isomer, indicated a

probable six-membered transition state, analogue to that of a classical ene-reaction.

Scheme 4: first reported metallo-ene reaction

MgBr

Et2Q, reflux /"""""[
^

V^x^ivlgBr ^^V^-MgBr

6

H20

7

H20

Magnesium-ene reactions witnessed a steady development after this first publication.

Cheng published the first example of a metallo-ene reaction stereochemically directed

by an allylic oxyanionic group and used it successfully in a synthesis of (±)-

matatabiether (8) [10]. After having seen that an oxyanionic group allylic to the

enophilic double bond greatly accelerated the lithium-ene reaction and led to a single

diastereomeric product [11], they decided to test the phenomenon on general

intramolecular metallo-ene rearrangements. Selenide 9, being a starting material for the

synthesis of (±)-matatabiether, was deemed to be a good candidate to test the

usefulness of the new directed reaction.

Figure 1: (±)-Matatabiether

The first attempts with lithium showed that the cyclised organolithium product tended

to abstract protons from THF at the reacting temperature, thus producing alcohol 10

rather than 9 after cyclisation and quenching. The reaction was then tried with

magnesium instead of lithium, since magnesium alcoholates are softer bases within the

HSAB concept than the lithium ones.
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The allyl magnesium substrate 11 (M=Mg) could not be prepared directly from the

allyl halide since the halide would immediately form a cyclic ether in presence of the

oxyanionic group. Phenyl thioethers, which are easier to prepare than organohalides,

don't react with oxyanions as easily as halides and therefore represent good starting

materials toward the allyl magnesium intermediate. In a first attempt thioether 12 was

deprotonated with methyl lithium and then converted into allyl lithium 11 (M=Li) by

reductive lithiation with LDBB in THF. The allyl lithium intermediate was then

converted into the allyl magnesium derivative by transmetallation with magnesium

bromide and then heated at 40 °C overnight. This resulted in a 3:1 mixture of 9 and 10

due to proton abstraction from THF. Reductive lithiation with LDMAN in diethyl

ether, followed by transmetallation with magnesium bromide and heating to 23 °C

improved the yield and produced a 10:1 mixture of 9 and 10. Unfortunately, this

procedure was accompanied by a loss of stereoselectivity due to the reversibility of the

ring closure in presence of lithium ions. The ring forms preferably in such a way that

the metal that just shifted can coordinate to the alcoholate, giving a czs-relationship

between methyl and alcoholate in intermediate 13. This directing effect was shown to

be much stronger with magnesium than with lithium. The lithium mediated

equilibration between the open and closed systems at a temperature where the

magnesium mediated reaction was not competitive anymore was deemed to be

responsible for the loss of stereoselectivity observed.

A new way of forming the allyl magnesium intermediate without using a

transmetallation from lithium was needed. The combination of a procedure byMarcher

[12] and its modification by addition of anthracene as used by Bogdanovic [13]

provided the solution. Alcohol 12 was deprotonated with methyl magnesium bromide

and subjected to reductive magnesination in presence of anthracene to give lithium free

11 (M=Mg), which cyclized with good yield and high diastereoselectivity. Alcohol 9

was then converted in a few steps to (±)-matatabiether (8).

Scheme 5 Directed metallo-ene reaction

OH OM

M = Li, Mg
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Lithium and magnesium ene reactions require a stoichiometric amount of metal in

order to proceed, whereas palladium introduces the possibility of using catalytic

amounts of metal. Oppolzer published the first results on a palladium catalyzed ene

reaction in 1987 [14]. The first step of the reaction is an oxidative addition of Pd° to

the allyl acetate 14. The allyl palladium complex then undergoes a metallo-ene

rearrangement. The presence of the symmetric intermediate 15 opens the possibility to

have the acetate at either side of the double bond allowing alternatives for the

oxidative addition in steric encumbered molecules. Final regeneration of the Pd°

occurs through a ß-elimination.

The ß-elimination is not only responsible for the closing of the catalytic cycle, but also

renders the reaction irreversible. This irreversibility, which cannot be achieved with

metals like lithium or magnesium, proves to be of significant synthetic interest.

Oppolzer also reported the reaction to be solvent- and ligand-sensitive. It would not

work in toluene or dichloromethane and the best yields were obtained in acetic acid. In

the absence of triphenylphosphine, no reaction was observed.

Scheme 6 Palladium catalyzed ene reaction

Ar02S..S02Ar Ar02S^,S02Ar Ar02S.,S02Ar

[ | Pd(PPh3)4, AcOH [ ] [ |

AcO

14 15 16

Alder ene reactions between alkynes and alkenes are more efficiently catalyzed by

ruthenium than by palladium [15]. Trost published the first example of a ruthenium

catalyzed Alder ene reaction in 1993 [16]. The first proposed mechanism involving

generation of a 7i-allylruthenium complex from activation of the allylic C-H of the

alkene was revised due to chemoselectivity considerations in favor of a mechanism

involving ruthenacyclopentenes in a more detailed subsequent publication [17].
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Scheme 7: Mechanism ofthe Ruthenium catalysed Alder ene reaction

The new mechanism starts with the coordination of both the alkene and the alkyne to

the Ru(II) catalyst, followed by an oxidative coupling to give the isomeric

mthenacycles 20 and 21. Two regioisomers are possible, depending on the orientation

of the alkyne. Electronic carbometallation normally prefers to attach the metal to the

less substituted terminus of the alkyne giving ruthenacyclopentene 20. However steric

effects between the bonding carbons can lead to an inversion of this tendency and

favor ruthenacycle 21, for example in the case of alkynes possessing big propargylic

subsituents. This allows to steer the reaction in direction of 25 rather than 24 by using

trimethylsilyl protected alkynes.

In principle, the alkene can also coordinate in the opposite orientation, but in this case

the formed ruthenacycle is unable to perform the syw-ß-hydrogen elimination, which

constitutes the next step in the proposed mechanism. A syw-ß-hydrogen elimination

then provides the vinylruthenium(IV) hydrides 22 and 23 from 20 and 21, respectively.

Regeneration of the ruthenium catalyst by reductive elimination finally furnishes the

Alder ene products 24 and 25.



Theoretical Part 7

Scheme 8: Regioselectivity through coordination between oxygen and ruthenium

OTBDMS

27

TBDMSO

10%CpRu(CH3CN)3PF6
t

Acetone, rt H3CO' OTroc

29

Chemoselectivity can also be gained with ß-hydroxy alkynes. As shown in scheme 8,

26 and 27 react to form mthenacyclopentene 28, in which the oxygen of the methoxy

group is coordinated with mthenium. Such a coordination not being possible with an

inverted orientation of the alkyne, substance 29 is produced as the sole regioisomer

with 85% yield.

Asymmetric catalysis is a very useful tool in modem synthesis and it is among the most

popular fields of research nowadays. Though there is no report yet concerning

asymmetrically catalyzed ene-reaction with olefins, the first asymmetric palladium

catalyzed ene reaction with a ketone has recently been reported by Kohsuke [18] and

shows much promises. Kohsuke found out that dicationic SEGPHOS-Pd(II) complexes

catalyzed ketone-ene reactions with high enantioselectivity and high yields. Even little-

activated 1,2-disubstituted olefins gave satisfying results under standard conditions.

For example, 3-hexene and ethyl trifluoropymvate reacted to provide 30 with a yield of

65% and 96% ee. Silver hexafluoroantimonate was used to produce the dicationic

SEGPHOS-Pd(II) complex in situ. In asymmetric palladium-ene rearrangements, the

transition state has a chair conformation with the palladium coordinated to the two

carbonyl groups. The asymmetric palladium complex steers the orientation of the

reactants with high efficiency, but does not participate directly in the reaction as in the

palladium-catalyzed reaction reported by Oppolzer [14].
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Scheme 9 asymmetric ketone-ene reaction

O

F3C

cat. Pd (5 mol%)

AgSbF6(10mol%)

CH2CI2

COOEt

F3C. OH

COOEt

30

1.2. Oxy-ene reaction

In analogy to the oxy-Cope rearrangement [19], the oxy-ene reaction, which binds an

enophile to an ene moiety that has an allylic hydroxy group, should be easier to

perform than the classic ene reaction. The rearrangement results in an enol, which can

then tautomerize to the corresponding carbonyl compound. The equilibrium between

starting material and oxy-ene product is shifted towards the direction of the product

through the creation of this stable carbon-oxygen double bond.

Scheme 10 Oxy-ene reaction

HO^ M HO O.

The study of the biosynthesis of the Anstotelia alcaloid aristone sparked the interest on

the oxy-ene reaction. Borschberg [20] formulated a hypothesis for the biosynthesis of

aristone, in which the hobartine derivative 31 is oxidized to hydroxy indole 32, which

rearranges to 33. This rearrangement is followed by an intramolecular condensation to

give 34 whose axial conformer 34' could undergo an oxy-ene reaction to give aristone

(35). With a possible biomimetic synthesis of aristone as a goal, a research project was

started by Schmid [21] in order to study the feasibility of the oxy-ene reaction in the

laboratory.
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Scheme 11 Biosynthesis ofaristone by Borschberg

Ariston 35

Before the beginning of this project there was only one known example of an

intramolecular oxy-ene reaction [22]. Klarner described the thermal formation1 of

cyclopropane 36 from olefin 37. In the case of starting materials without hydroxy

group, the equilibrium layed on the side of the open olefin. The formation of the

carbon-oxygen double bond in 36 was sufficient to shift the equilibrium in direction of

the cyclic product. The reaction conditions were quite harsh, since Klarner had to heat

the pure starting material up to 260 °C in the gas phase for the cyclisation to occur. The

half life times of the starting material, activation energies and yields are given in the

table below scheme 12. Only the czs-substituted cyclopropane 36 was obtained under

these reacting conditions.

1) Klarner called this reaction an oxy-homodienyl hydrogen shift It is therefore usually considered as a

homosigmatropic rearrangement rather than an ene reaction as we do in this work
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Scheme 12: Cyclopropane formation by Klarner

R:

OH

1 R4

R2

R4

^R1
*

*

0 >

R3

37 36

Entry R1 R2 R3 R4 Halflife [min] AG#[kcal/mol] Yield [%]

1 H H H H 569 43.5 82

2 H H CH3 H 49 40.7 90

3 CH3 H CH3 H 286 42.8 85

4 H CH3 H H 490 43.4 75

5 H H H CH3 203 42.5 85

In 1997 Dérien published a mthenium catalyzed oxy-Alder ene reaction [23] [24]. She

studied the formation of 5-alkoxy-5-methylenetetrahydropyrans by the coupling of

allylic alcohols with substituted prop-2-yn-l-ols. Alkyne 38 reacted with allylic alcohol

to form the oxy-ene product 39, which cyclised in situ to give hemiacetal 40 in 42%

yield. Experiments with 1,1-disubstituted prop-2-yn-l-ols showed that the size of the

substituents did not influence the efficiency or regioselectivity of the reaction, with

yields varying from 65% to 80% and only one regioisomer was formed in all cases.

The poor yield of the reaction with the unsubstituted starting material was a mystery,

but it looked as if a part of the starting material polymerized to an insoluble dark

product.

On the other hand, substitution at the other end of the triple bond played a role in the

regioselectivity of the reaction. The methyl substituted prop-2-yn-l-ol 41 reacted in a

much slower way to give a 52:48 mixture of the isomers 42 and 43 with a good yield.

This happened even when using RuCl(COD)Cp*, which was the catalyst that worked

best in converting the terminal unsubstituted prop-2-yn-l-ol into the branched isomer.

Mechanistic studies showed that this reaction has a similar mechanism to the one

introduced by Trost [17] (scheme 6), with a mthenacyclopentene intermediate followed

by a syn-fi elimination to give the product after regeneration of the catalyst by

reductive elimination. The regioselectivity follows the same trends as for the

mthenium-catalyzedyl/öfer ene reaction with substrates devoid of a hydroxy group.
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Scheme 13: Ruthenium catalysed oxy-Alder ene reaction

r
HO

38

RuCI(COD)Cp*
1h, r t OH

O

39

r
HO

41

RuCI(COD)Cp*
2h,40°C CHO

43

Not only oxy-ene, but also retro-oxy-ene reactions can be of interest. Jung reported the

first anionic oxy retro-ene reaction in 2001 [25]. Diol 44 was deprotonated with

potassium hydride and underwent at room temperature an anionic oxy retro-ene

reaction to give intermediate 45, which reacted in situ further to give, after an

intramolecular aldol condensation, ketone 46. The equilibrium was shifted in direction

of the product by the formation of a stable carbon-oxygen double bond like in the oxy-

ene reaction and by the loss of the strain in the four membered ring. Moreover a strong

alkoxyde acceleration was observed, since the diol 44 did not react to compound 46 in

the absence of base even if heated strongly for a week.

The mechanism was studied with an experiment using deuterium labelling. The

migrating hydrogen in 44 was replaced by a deuterium in an attempt to corrborate the

proposed mechanism. The reaction effectively provided the product 46 with the

deuterium in the methyl group, confirming that the reaction follows a tandem oxy

retro-ene/aldol path to the product.

Scheme 14: Retro oxy-anion-ene reaction, followed by an aldol condensation

HO^-^LOH
KH

44 45 46
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To study oxy-ene reactions forming six membered rings, Borschberg proposed three

possible types of reactions giving interesting structures. The differences between the

starting materials for these types of reactions is the position of the side chain on the

cyclohex-2-enone and the length of the side chain, which was adapted so as to create a

new cyclohexane ring during the reaction. The array of structures resulting from these

proposals ran from spiro to bridged cycles. There was no reason why we could not

form rings of other sizes, but six-membered rings provided a well referenced stable

structure for the first studies of the reaction.

Scheme 15: Possible different oxy-ene reaction types forming six membered rings by Borschberg

Type 3
H

HO

Houk studied the stereochemistry of ring forming ene-reactions [6] [26] and came up

with a model to explain the preferred trans stereochemistry of six membered ring

formation. It had been observed that the intramolecular ene reaction of substance 47

tended to give the trans substituted ring 48 rater than the eis substituted one (49).

Scheme 16: Stereochemistry ofthe ene-reactionforming six membered rings

HnC

47 48 96:4 49
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In the transition state the ring to be formed has, in the ideal case, an elongated chair

conformation with a dihedral angle 9 on the elongated bond of 56°. With substances

that have an (E) relation2 in the ene moiety the are two possible arrangements for the

transition state, described as C and D in scheme 17, giving the eis and trans rings

respectively after the reaction. The arrangement C with a dihedral angle 9 of 38° has a

bigger strain in the six membered ring than the arrangement D with his 77° dihedral

angle, therefore the formation of a /raws-cyclohexane derivative is favored. This effect

is augmented by steric interactions in the transition state. In arrangement C, there is a

steric repulsion between the substituent Ri and the connecting chain that is not present

in arrangement D, explaining that a big Ri substituent tends to improve the selectivity.

Interactions between R2, R3 and the rest of the structure are however to be examined in

each case. If the tether binding the two double bonds is substitued, the transition state

with the biggest substituents in a pseudoequatorial arrangement is preferred and steers

the stereoselectivity.

With a (Z) relation in the ene moiety, both of the arrangements A with a small dihedral

angle 9 of 39° and B with a much too big dihedral angle 9 of 154° strain equally the

conformation of the six membered ring, leaving only steric considerations to explain

the stereoselectivity, which is less marqued than with the (E) double bond. If the tether

binding the two double bonds is substitued, the transition state with the biggest

substituents in a pseudoequatorial arrangement is preferred and this steers the

stereoselectivity.

Scheme 17: Model to explain the sterochemistry ofring-forming ene-reactions

Ri
~

T1C

Z (ene) £pCCH3
3

Ri Ri
R3 H I R2

E (ene) ^=^CH3 - 49 HT^p^CH, 48

HH R2 ^H R3

C D

2) The (E) relation is in this model between the vinylic methyl group and the connecting chain.
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1.3. Thermal formation of six-membered rings by oxy-ene reactions

Within his Ph. D. thesis, Schmid extensively studied the formation of six-membered

rings by oxy-ene reactions [21]. After many unsuccessful experiments the first positive

results were obtained by heating a solution of 50 in benzene to 210 °C for 19 h [1]. 51

was obtained in 74% yield and high /raws-stereoselectivity (96% ds).

The alcohol 50 was an ideal model for the reaction for several reasons. First, it was

readily accessible from 2-bromobenzaldehyde with high yields. Besides, the

intermediates were stable and could easily be stocked over a long time. Secondly, this

model compound could not undergo a ß-elimination because there is no hydrogen in ß-

position to the allylic alcohol. This inhibited the principal side reaction during the

cyclisation and allowed to focus on the desired reaction. Thirdly, the presence of the

terminal phenyl ring activated the allylic hydrogen and facilitated the reaction. Fourth,

the structure with the biphenyl system is very rigid and places the substituents in an

ideal position for the rearrangement. This preorganization should help the reaction

through an entropie effect. Fifth, the structure composed of aromatic rings was very

unreactive and should not fragment or polymerize during the reaction. And lastly it was

easy to substitute the allylic hydrogen with a deuterium atom to test the mechanism of

the reaction.

Scheme 18: First reported thermal oxy-ene reaction.

50 51

The proposed oxy-ene mechanism was tested by deuterating the carbon on which the

hydroxy group was attached in 50 and by looking if the deuterium atom shifted to the

methyl group in 51. The only product of the reaction was effectively 51

monodeuterated on the methyl group, which was consistent with the proposed oxy-ene

mechanism.
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The high diatereoselectivity was explained by the fact that both the ideal transition

state and the A^-strain were favoring the /raws-cyclisation. As shown on figure 2, the

ideal transition state for the reaction results in a /ram-arrangement of the substituents

in the product, whereas the more strained boat-like arrangement leads to the minor cis-

isomer.

Figure 2 Ideal transition state for the building of51

r "i *

Ph

HO

The limits of the model 50 were tested by changing some of the substituents as shown

in scheme 19. The allylic phenyl group in 52 was replaced by an hydrogen to find out,

wether the activating effect by the aromatic ring was vital to the reaction. The

unsubstituted 54 reacted to give the corresponding product 55, but only at a higher

temperature, showing that there was some activation by the phenyl ring in the original

substance, but that it was not vital for the reaction. The yield and stereoselectivity were

not influenced by this substitution. To test the competitiveness of the oxy-ene process

in comparison to the thermally induced water elimination, the allylic phenyl ring was

replaced by a methyl group. The yield of the rearrangement from 56 to 57 effectively

decreased, but not as much as one might have expected, dropping from 74% to 62%,

and the stereoselectivity remained high. This interesting result showed that the oxy-ene

reaction can be competitive to dehydratation in cases were a hydrogen ß to the allylic

hydroxy group is present.

The next set of experiments dealt with the flexibility of the starting material. One of

the aromatic rings of the biphenyl group in 52 was removed to give 58 with loss of a

part of the preorganization that characterized 52. The model 60 with an allylic

hydrogen reacted with a good yield, but partial loss of the stereoselectivity. It seemed

that the preorganization was not vital for the reaction itself, but that the greater

conformational freedom of model 60 was responsible for the loss of stereoselectivity

observed. In the case of the phenyl substituted 58, it was observed that the phenyl ring

strongly accelerated the 8-elimination, lowering the yield of the ene-reaction down to

23%.
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Scheme 19: Different thermal oxy-ene reactions [21]

Benzene

52 R = Ph

54 R = H

56 R = Me

53 R = Ph

55 R = H

57 R = Me

58 R = Ph

60 R = H

Benzene

59 R = Ph

61 R = H

Reaction

time [h]

Yield

[%]

%ds

19 74 96

30 71 92

27 62 97

6 23 94

28 81 89

Entry Starting Substituent Temperature
[°C]

210

250

250

230

250

Material R

1 52 Ph

2 54 H

3 56 Me

4 58 Ph

5 60 H
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1.4. Six-membered ring formation by oxy-anion-ene reactions

Scheme 20: Base catalysed reactions startingfrom 50

'BuOK

toluene, r. t

LiHMDS

benzene, 200 °C

In analogy to the oxy-anion-Cope reaction [27], it was hoped that deprotonating the

allylic alcohol would result in an acceleration of the reaction and make the oxy-ene

rearrangement possible at milder temperatures. Schmids experiments demonstrated

that the outcome of the reactions critically depended on the kind of base employed.

The use of potassium tert-butylate to deprotonate the allylic alcohol of model 50

resulted in a isomerisation at room temperature, furnishing ketone 62. This

isomerisation is a known reaction, first reported by Cuvigny [28], but nobody had tried

yet to understand the mechanism, which could be a [1,2] or a [1,3] hydride shift. To

study the mechanism of the reaction, the allylic hydrogen was replaced by a deuterium

atom in model 50 and the substance was allowed to react in presence of potassium tert-

butylate. The reaction could either follow the path A as described in scheme 21 to give
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the a-deuterated ketone 62, or follow path B to the ß-deuterated product. Surprisingly,

a 13C-NMR spectrum of the deuterated product showed a 58:42 mixture of the a- and

ß-deuterated substances, indicating that the two processes A and B occur

simultaneously. Due to the kinetic isotope effect, the reaction with the deuterated 50

was three times slower than the reaction with the original non-deuterated substrate.

Scheme 21: Possible mechanismsfor the isomerisation of50 with 'BuOK

Ar Ar Ar

O"^ Ph O Ph

Treating 50 with Schwesinger's phosphazene base P4-/-Bu resulted in the synthesis of

63 in the absence of air and of 64 in non-degassed solvents. Similar mechanistic

studies with deuterium as for 62 allowed to formulate a mechanism for this unique

reaction. The reaction starts by deprotonation of the allylic alcohol followed by a [1,2]-

shift of the allylic hydrogen. The resulting structure 65 tautomerizes to give the

enolate, which adds to the vinyl group creating a new eight-membered ring. This ring

is immediately protonated to give ketone 63. This last substance is deprotonated by the

base and the resulting enolate can react with traces of dissolved oxygen to produce a

1,2-dioxethane ring intermediate which decomposes to give the norketone 64.

Treating 50 with LIHMDA and heating at 200 °C for 5h resulted in the desired oxy-

ene product 51 with 65% yield and good diastereoselectivity. Disappointingly, the

anionic reaction proceeded not much faster than the purely thermal one. Heating the

elimination-prone substrate 58 in the presence of LIHMDA resulted in 59 with 79%

yield and 96% ds, showing that the deprotonation of the allylic alcohol successfully

suppresses competing ß-elimination.

Finally, 60 reacted in presence of potassium tert-butylate at 110 °C to give the

corresponding aldehyde 61 with good yield. This showed that the potassium-mediated

reaction can be more efficient than the lithium-mediated one in the case of

unsubstituted allylic alcohols.
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Scheme 22: Mechanism ofthe phosphazen iduced reaction

1.5. Description of the project

In this project the study of oxy-ene reactions forming six-membered rings was

continued. At first, mechanistic studies involving kinetic experiments with model 50

were undertaken. Then models were to be constructed to investigate the 3 types of

cyclisation modes shown in scheme 15.
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2. Model studies under various conditions

2.1. Kinetic experiments

Schmid [21] showed that the allylic phenyl ring in model 50 was not vital for the oxy-

ene reaction, but that it accelerated the reaction nonetheless. We decided to add

electron donating or withdrawing substiuents on the /?ara-position of the allylic phenyl

ring and to study the effects of these substitutuents on the kinetics of the oxy-ene

reaction. The allylic phenyl ring is introduced in a late stage of the synthesis of model

50, which allowed us to have a convergent path for the first three steps of the synthesis

and to have only two steps with the differently substitued compounds. This further

enhances to the already cited advantages of model 50 for kinetic studies.

Scheme 23: Synthesis ofthe models usedfor the kinetic experiment

66 67 68 69

79 R = OMe 70 R = OMe 75 R = OMe

80 R = N02 71 R = N02 76 R = N02
81R = F 72R = F 77R = F

82 R = CN 73 R = CN 78 R = CN

a) CH3PPh3Br, BuLi, THF, RT, 3 h 25; b) Mg, THF, B(OBu)3, RT, 40 min; c) 2-Bromobenzaldehyde,

Pd(PPh3)4, DME/EtOH, Na2C03, reflux, 15 h 20; d) Acetophenone, EtOH, NaOH, RT, 15 h; reflux, 1 h;

e) NaBH4, CeCl3.6H20, MeOH/THF, 2 h, 0 °C; f) Benzene, 210 °C, 18h.

The first step of the synthesis was a Wittig reaction on 2-bromobenzaldehyde (66) to

give 2-bromostyrene (67) according to a procedure published by Hibino [29]. Noting

that the magnetic bar had problems stirring the viscous mixture, we replaced it by a

stirring helix, resulting in a better homogenization of the reaction mixture. With this

technique, the reaction was finished in only 3 h 30 compared to the 14 h reported by
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Hibino. This shorter reacting time was even accompanied by an increase in yield up to

79%. The produced triphenylphosphine oxide was separated from the main product by

precipitation from MTBE before the flash chromatography in order to avoid clogging

the column during the purification. 2-Bromostyrene showed to be quite light sensitive

and polymerized after a few weeks if kept in the presence of light. Storage in the fridge

slowed the process although it was not enough to avoid polymerization after long

times. Boronic acid 68 for the Suzuki coupling was prepared from 2-bromostyrene (67)

and tributylborate via a standard Grignard addition. The preparation of the Grignard

reagent in dry THF did not demand the use of any starter and proceeded effortlessly.

Extraction of the boronic acid 68 with water followed by azeotropic removal of the

remaining butanol yielded the desired product as white crystals with good yield. The

XH-NMR spectrum taken in deuterated DMSO shows only the monomer of the

substance. The OH hydrogens were observed at ô = 8.15 ppm.

Figure 3: 'H-NMR spectra of68 (d6-DMSO, 300 MHz)

tû O

ppm(t1) ppm(t1)

The Suzuki coupling of boronic acid 68 with 2-bromobezaldehyde provided the pivotal

building block 69 on which the /?ara-substituted acetophenone could be added. The

reaction was conducted in presence of a small quantity of ethanol in order to better

solubilize 68.

The different substituents R (scheme 23) were introduced via a Claisen-Schmidt

condensation of 69 with different /?ara-substitued acetophenones. The yields for the

condensation given in table 1 varied from poor to good, where the electron poorest

acetophenones gave the worst yields. The stereochemistry of the newly created olefinic

bond could only be determined after reduction of the ketone, because the signals of the

double bond protons in the ketones were hidden by the aromatic protons. After
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reduction, the olefinic protons could be identified in the 'H-NMR spectra and all

showed a coupling constant of 15.8 Hz, independent of the nature of the subsituent R.

This coupling constant, albeit a little small, is typical for a trans substituted double

bond. These coupling constants depend strongly on the electronegativity of the

substituents on the double bond and the presence of the allylic OH-group was

responsible for the decrease from 19 Hz measured for ethylene to the 15.8 Hz obtained

with compounds 50 to 73. Steric repulsion during the dehydration after the Claisen-

Schmidt condensation explains the fact that only the trans isomer could be isolated

from this reaction.

Figure 4: Mechanism explaining the stereoselectivity ofthe Claisen-Schmidt reaction

favored disfavored

—A® —A®

OH OH

(E) (Z)

Table 1: Yields and stereoselectivitiesfor the synthesis ofthe substituted models

Entry R Yield

stepd[%]

Yield

step e [%]

Yield

stepf[%]
Stereoselectivity
stepf[% ds]

1 H 86 73 69 95

2 OMe 79 91 6 82

3 N02 35 79 38 96

4 F 54 54 28 90

5 CN 31 61 33 90

The reduction to the allylic alcohol was conducted in the presence of 0.25 equivalents

of cerium trichloride following a general procedure published by Gemal [30]. Cerium

mediated carbonyl reduction with sodium borohydride in the presence of methanol has

shown to be very chemoselective and faster than reduction in the absence of cerium.

Cerium has a stronger affinity for alcohols than for carbonyls and coordinates to the

methanol, making it much more acidic. This allows methanol to react very rapidly with

sodium borohydride, forming an array of alkoxyborohydrides which are harder in the
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sense of the HSAB model and more reactive than unsubstituted borohydride. The

increased reactivity results in shorter reaction times and the increased hardness of the

newly created species is responsible for the 1,2 selectivity of the reaction under these

conditions. Where unsubstituted borohydride tends to react with the softer carbon in im¬

position, the harder reagent reacts with the hard carbon in a-position. Finally, the

improved acidity of the solvent also increases the push-pull effect during the reaction.

Figure 5 Transition state ofthe reduction with sodium borohydride in presence ofcerium (III)

MeO PMe R-, Ce3+

MeO" B—H )=0 H-O

OMe <\

R2

In a first attempt the ketones 74 to 78 turned out to be insoluble in methanol and

reacted very poorly. Addition of THF in order to dissolve the starting material resulted

in increased yields without loss of the chemoselectivity. The sterically hindered

rotation of the biphenyl, resulting in the creation of rotational isomers in conjunction to

the newly created stereocenter resulted in the formation of a 50:50 mixture of the two

atropic stereoisomers. The presence of different isomers did fortunately have no

negative effect on the oxy-ene reaction.

For the oxy-ene reaction, the ketones were heated to 210 °C in benzene for 18 h.

Benzene was chosen to permit a comparison of the results with the ones obtained by

Schmid [1] and because benzene is very stable at high temperatures. For unknown

reasons 70 reacted very poorly to yield a mixture of 79 (6%) and a black residue which

could not be identified. This decrease in yield, accompanied by a disappointing

stereoselectivity unfortunately rendered 70 difficult to use for the kinetic experience,

proably leaving us with only four different substrates. The other models reacted with

yields between 28% and 38% and with good stereoselectivity. It would seem that 70,

71, 72 and 73 are prone to decomposition at the high temperatures required for the

oxy-ene reaction.
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The conditions in which the oxy-ene reaction was conducted were not compatible with

a direct measurement of the kinetic constants. Direct measurement requires a

reproducible, constant temperature that could not be attained by heating the autoclave

in a tube oven. Besides, the long cooling time between the end of the reaction and the

moment the autoclave could be taken out of the oven prevented us to measure precise

reaction times.

Instead of measuring the reaction rates directly, we decided to let the models compete

with the standard 50. Equimolar quantities of 50 and of one of the substituted models

70 to 73 were dissolved in benzene and heated to 210 °C for 1 h. The cmde mixture

was then cooled down and injected directly in the gas Chromatograph in order to

determine the composition of the resulting mixture. Since the oxy-ene rearrangement

does not change the chemical composition of the models, the surface under the peaks3
for the starting material and the product were directly proportional to the quantity of

substances present and could be used without corrections in our calculations. In case of

model 70 the multitude of decomposition products interfered in the gas chromatogram

in such a way that the desired peaks could not be identified, rendering 70 definitely

useless for the kinetic study. The results are given in table 2.

Table 2: Results ofthe GC analysis (given is the surface ofthe respective peaks)

ttry run Substituen

t

Reference
Start. Mat.

Reference
Product

Model

Start. Mat.

Model

Product

1 1 F 193 7982 398 3887

2 2 F 180 7648 385 4031

3 3 F 170 8628 387 4448

4 1 CN 161 5686 640 1831

5 2 CN 212 8121 801 2507

6 1 N02 275 6929 2096 1377

7 2 N02 155 5018 1866 1043

8 3 N02 260 9003 2679 1683

3) The GC was equiped with a flame ionisation detector. This detector gives peaks whose size depends on the

oxydability of the substances. This latter property is dependent on the chemical composition of the measured

substance and cannot be used directly to compare the concentration of different molecules. To be able to do

that, one must first mesure a reference with known relative concentrations between the substances and then

calculate the proportionality factor between peak size and relative concentration for each substance.
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The reaction being intramolecular, it was reasonable to assume a first order rate law.

The reference and the substituted model having reacted for exactly the same time, the

system of equation could be simplified as shown in schemes 24 and 25 to give the ratio

between the two rate constants as a function of the measured surfaces under the peaks.

Scheme 24: Kinetic offirst orderfor the reference (R) and the model (M)

1 0 i R . 1 0 i M .

In—-—k -t In——= k -t

CR CM

Scheme 25: Ratio between the two rate konstants ofthe model là1 and the reference kR

The reaction and GC analysis were mn three times for each substrate, giving each time

very similar values for the rate constant ratios, and confirming that the assumption of a

first order mechanism is well founded. The calculated ratios kM/kR were 0.64 ± 0.008

for R = F, 0.38 ± 0.01 for R = CN, and 0.14 ± 0.008 for R = N02. For each electron

withdrawing substituent the speed of the reaction was decreased in comparison with

the unsubstituted model. The electron poorer the substituent was, the slower the

reactions proceeded.

Table 3: Values calculatedfor k^/W1for each model

Entry Substituent R Run Value ofkM/k>

1 F 1 0.63

2 F 2 0.65

3 F 3 0.64

4 CN 1 0.37

5 CN 2 0.39

6 N02 1 0.15

7 N02 2 0.13

8 N02 3 0.14
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These values could the be used in a Hammett plot [31] to give some informations about

the transition state. Hammett studied the relationship between the meta and para

substituents in benzoic acid and dissociation constant in water. He postulated the

Hammett relation as given in scheme 26. This relation can then be used to study other

reactions on bezoid side chains, by defining g as the log(KbM/KbR) for the dissociation

of the respective benzoic acids.

Scheme 26: Original Hammett relation

kb Kb
log—=p-log—r

kb Kb

g was then defined as the log(KM/KR) for the dissociation of the benzoic acids and

could be used to study other reactions or equilibria of aryl systems using the relation

given in scheme 27.

Scheme 27: Hammett relationfor the study ofreactions or equilibria

kM
for reactions : log —^- — a-p

k

KM
for equilibria : log——— cr-p

K

The p factor is called the reaction constant and depends on the reaction studied. It is

independent of the nature of the substituent for a given reaction, but is strongly

dependent on the solvent used, p represents the susceptibility of the reaction or

equilibrium to substituent effects. A positive value for p is an indication of an electron

rich transition state, as in the case of the dissociation of benzoic acid. On the contrary,

a negative p indicates an electron poor transition state. If the absolute value of p is big

(>1), it indicates that the transition state is much influenced by the electronic density in

the conjugated system, where a small p (<1) is an indication for a transition state that is

quite independent from the conjugated system. In the case where the transition state

would be totally disconnected from the conjugated system, a value of zero for the

reaction constant would be found.

The g value depends on the substituent and should be independent from the reaction

studied. Originally there were two sets of g values: gp if the substituent was in para

position and g m
if it was in meta position in relation to the reacting site. It was later
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noticed that sometimes the use of the Gm value gave better results for the calculation of

p even if the substituent was in para position. Some studies showed that it was the case

for transformations where the conjugated system remained unchanged during the

reaction, while g
p
was more suitable in situations where conjugation played a role in

the stabilization of the transition state. It would seem that the Gm value is an indicator

of the inductive effect of the substituent, where gp comprehends both the inductive and

mesomeric effects. Further refinements of the system introduced two other sets of g

values: g for reactions where a negative charge is created during the transition state

and g
+

if positive charges are created. Further ameliorations were introduced by Taft

[32], but these would be of little use in our simple kinetic experiments.

In practice log(kM/kR) for reactions or log(KM/KR) for equilibria is measured for

different substituents and plotted as a function of g in a Hammett plot. The sigma

values were taken from the work of Johnson [33]. Linear regression of the chart gives

then the value of p for the reaction studied. The different sets of g can be used in an

attempt to obtain information about the transition state. The set showing the best

linearity is the one describing best the type of transition state involved in the reaction.
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Figure 6: Hammettplots with the four a sets.

Hammett plot with a

-0,

-0.

_
-0,

l-°
g"-o.

-0,

-0,

-0,

-0,

1

2 -

3

4

5

6 -

7 -

R=H

R=F

R=CN

0,2 0,4 0,6

. R=N02

0,8 1

Hammett plot with a
m

n o
•

0

R=H

_
-0,2 -

8. -0,4

R=F

R=CN

o

-0,6

-0,8 -

R=N02.

0 0,2 0,4 0 6

a
0,8

0

[ R=H

Hammett plot with a

-0,2 -

-0,4

R=F

R=CN

-0,6

-0,8 -

R=N02

-1

t) 0,5 1
a

1 5

Hammett plot with a
*

0,2

0

_ -0,2 -

£
-0,4

Ol

o
"

-0,6 -

!

R=H

R=F

R=CN

-0,8
R=N02

0 0,2
^

0,4 0,6 0,8
a

Entry

1

2

3

4

a set used

a

_
+

Value of p
-0.83

-1.11

-0.56

-1.13

R2

0.83

0.87

0.91

0.83



Theoretical Part 29

The best linear correlation resulted with the g- set, being the only case with a

correlation factor R2 bigger than 0.9. The Hammet plot with the g- set gave a p factor

equal to -0.56, indicating that the thermal oxy-ene reaction is not much influenced by

the substituted phenyl ring. This had already been supposed by Schmid when he found

out that the removal of the allylic phenyl ring did not have the big effects on the

reaction that were anticipated. This supposition is now confirmed by the Hammett plot.

The negative value of the reaction constant p indicates that the carbon connected to the

phenyl ring has a low electron density in the transition state. This is interesting since it

had already been postulated by Borschberg [21] that the anionic oxy-ene reaction could

have an inverted polarity compared to the traditional ene-reaction, due to the presence

of the electron donating alcoholate in the allylic position.

Scheme 28: Possible pathways for the ene-reaction and anionic oxy-ene reaction

Classical pathway

83 84

Inverted pathway

85 86

The ene-reaction is usually described with the ene moiety of 83 creating the new

carbon-carbon bond and with a proton shift from the ene to the enophile double bond.

Borschberg postulated that the presence of the allylic alcoholate in 85 could be enough

to open another pathway, analogous to that of the oxy-anion-Cope rearrangement, with

a hydride shift from the ene to the enophile and a new carbon-carbon bond created by

the enophile moiety this time.

This new pathway would be accompanied by a decrease of the electron density on the

allylic carbon in the transition state of a thermal oxy-ene reaction. This pathway would

therefore be in a much better agreement with the measured negative reaction constant p

than the usual pathway. Interestingly, this would mean that the presence of a hydroxyl

group on the allylic position would be enough to trigger an inversion of the polarity in

the transition state, even if it is not deprotonated.

k^rH
"

^^H
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2.2. Ionic liquids as solvents for the oxy-ene reaction

Ionic liquids were first reported by Seddon [34]. They are salts with very low melting

points and are typically composed of a nitrogen containing cation with an inorganic

counterion. Typical cations like N-alkylpyridinium or imidazolium derivatives are

usually combined to anions like CI", N03", PF6", BF4" [35]. Due to their ionic nature,

these solvents have no significantl vapor pressure and are inflammable. This,

combined with a good thermal stability and their environmental benefits, makes them

excellent solvents for organic synthesis, in particular at high temperatures. Besides,

ionic liquids can be designed to be water miscible or not, as one desires, for better

recycling. This is usually done by a judicious choice of the anion, with PF6" salts being

usually insoluble in water and BF4" salts being very miscible in water for example. It is

generally belived that ionic liquids show further advantages when specifically designed

for the reaction under study, since each ionic liquid has its specific properties.

Diels-Alder reactions [36] and Heck couplings [37] were reported to show a nice

acceleration when conducted in ionic liquids. Besides, ene reactions had already been

shown to proceed well in ionic liquids [38], and we supposed that these solvents could

provide a good alternative to benzene, allowing us to conduct the oxy-ene reaction

without an autoclave but still at the high temperatures needed by the reaction. N,N-

Butylmethylimidazolium tetrafluoroborate (87) was chosen for its miscibility with

water, allowing easy separation of the ionic solvent from the reaction products through

a standard extraction and permitting an efficient way to recycle this expensive solvent.

N,N-Butylmethylimidazolium was chosen as a cation because of its versatility and

ready availability.

Scheme 29: Synthesis ofN,N-butylmethyhmidazohum tetrafluoroborate

cr r"" BF4"

NVN^ "V-N^N^
*

-V-N^N^
89 88 87

a) 1-chlorobutane, reflux, 23h; b) NaBF4, acetone, 24h, RT

88 was prepared following a method published by Wilkes [35] by refluxing N-

methylimidazole (89) in chlorobutane as solvent and reagent, followed by distillation

of the excess of chlorobutane. The chloride salt 88 could have been used as a solvent

for the oxy-ene reaction, but was deemed too unpractical due to its relatively high

melting point (60-65 °C). The ^-NMR in deuterated acetonitrile showed that the
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proton situated on the carbon between the two nitrogens displayed the typical

imidazolium chemical shift of 9.3 ppm, differing clearly from the value of imidazole

(7.7 ppm). The two other aromatic protons experienced only a small displacement in

comparison to imidazole and remained at 7.4 ppm.

Following the procedure published by Suarez [39], the more useful tetrafluoroborate

salt 87 was readily obtained from 88 by dissolving the latter in acetone and letting it

react with sodium tetrafluoroborate. Separation from the insoluble sodium chloride by

sedimentation provided 87 with a yield of 53% over two steps. The purity of the

obtained ionic liquid could be analyzed with ^-NMR following a clever relation

published by Seddon [40]. He found out that chloride impurities in the

tetrafluoroborate and hexafluorophosphate ionic liquids resulted in a noticeable

downfield shift of the proton situated on the carbon between the two nitrogens. With a

chloride concentration of 2 mol/kg, the chemical shift of the proton of the

tertafluoroborate salt can reach 9.8 ppm, whereas the pure product shows a chemical

shift of 8.9 ppm. In our case a chemical shift of 9.07 ppm would indicate a

concentration of chloride inferior to 0.5 mol per kg ionic liquid, which is quite good.

The ^-NMR spectrum also showed the presence of water in the ionic liquid.

Tetrafluoroborate ionic liquids are highly hygroscopic and hard to obtain waterfree.

The difficulty to get rid of these chloride and water residues explains the high price of

the commercially available ionic liquids in spite of a growing demand and an easy

synthesis.

Figure 7: 'H-NMR spectrum of87 (d6-DMSO, 300 MHz)
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The thermal oxy-ene reaction of 50 in solvent 87 resulted in a disappointing yield of

4% when left at 210 °C for 24 h. Reduction of the reaction temperature or of the

reacting time resulted in complete failure. TLC-analysis of the recycled ionic liquid

showed that the poor yields were not due to the leaking of the product into the ionic

liquid during the extraction. Fearing that the high polarity of the solvent was

responsible for the small yield by favoring side reactions whose transition state would

be better stabilized by the ionic liquid, we decided to try with the less sensitive anionic

oxy-ene reaction. Deprotonating the model 50 with LiHMDA before heating it to 210
°

C resulted in slightly better yields (18 %).

Figure 8: Deprotonated N,N-buthylmethyhmidazohum tetrafluoroborate

\^--N N^

90

This time, the culprit was the ionic liquid itself. Aggarval [41] reported that

imidazolium based ionic liquids showed a tendency to be deprotonated by mild bases

in spite of its high pKa (24 in DMSO) to give carbene 90. This reactive carbene can

then add to the enophile double bond to furnish many side products. The

tetrafluoroborate ionic liquids are also known to be very hygroscopic and are almost

impossible to dry. These two properties rendered the chosen ionic liquid far from ideal

to perform anionic oye-ene reactions. Therefore, the utilisation of ionic liquids as

solvents was not investigated further.

2.3. Catalysts

When studying the oxy-ene reaction of 50, an interesting observation was made by

chance. It was found out that washing the autoclave with soap and rinsing it with

acetone before conducting the reaction resulted in an acceleration of the reaction.

Under these conditions, the reaction was completed in 2 h at 203 °C instead of the 22 h

at 210°C usually needed.

At some point in the project we decided to turn from the standard heating in a steel

autoclave to microwaves heating into a PTFE autoclave cloaked in a ceramic mantle.

Microwaves heating should present many advantages for the oxy-ene reaction.

Microwaves have been known to sometimes accelerate reactions by quasi instantly
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raising the temperature of the bulk solvent to slightly higher temperatures than possible

by conventional heating [42]. Besides, the presence of overheated supercritical solvent

pockets that heat the starting material to high temperatures for short periods of time as

they move through the mixture, is known to reinforce the accelerating effect observed

by heating with microwaves. Modem microwave techniques involve simultaneous

cooling of the reaction being heated by microwaves [43]. Beside reaction acceleration,

microwave heating allows a precise monitoring of the reaction temperature when

coupled with an internal temperature detector. The almost instantaneous response of

the solvent temperature to changes in the energy of the microwaves allows the precise

monitoring of the heating rate and of the reaction temperature. The temperatures

measured being taken directly in the reaction mixture are more precise compared to

conventional heating. Microwaves have been used with good results in domains as

different as Ugi reactions [44], catalyst-free Suzuki couplings [45] or bipolar [2+3]-

cycloadditions [46].

The technique used in the microwave oven for our project was a litttle different from

the standard method used with the steel autoclave. First, the PTFE autoclave having a

volume of 75 ml, a way to reduce it to the 10 ml required by our samples had to be

developed. This was done by filling our reacting solution in a 10 ml bottle and

depositing the bottle in the autoclave. Solvent was then put around the bottle in order

to avoid evaporation and condensation of the solvent from the bottle to the bottom of

the autoclave during the reaction. The temperature detector placed in the center of the

autoclave would dip in the sample and accurately measure the temperature of the

solvent in the bottle. Secondly, since microwaves can only heat polar materials but we

used benzene which is an apolar solvent for the oxy-ene eraction, a way was needed to

transfer the energy from the microwaves to the sample. The problem was solved by

adding a Weflon ring, composed of a polar polymer, in the autoclave. The ring

absorbs the microwaves and heats the solvent placed around the bottle, which would in

turn heat the bottle and its content. The drawback of this technique is a slower

response of the temperature to the changes of the applied power, which resulted in a

slightly dimnished temperature control of the reaction as compared to the usual

microwaves technique.
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Figure 9: Apparatus for the microwaves experiments

75 ml PTFE autoclave -

temperature detector-

Weflon ring-

-ua=-10 ml bottle with sample

compensating solvent

Heating a solution of 50 in benzene for 6 h in the microwave oven resulted in a 28:46

mixture of 50 and 51 with a loss of 30% of the material. Anionic oxy-ene reaction of

50 in presence of n-butyl lithium resulted in formation of 51 in 56% yield. The fact that

the reaction conducted in the PTFE autoclave did not show the same acceleration as

registered in the steel autoclave safter a soap wash, and the fact that the microwave

oven should not be used for more than 8 consecutive hours aroused the curiosity to

find the metal or metal mixture responsible for the acceleration noted in the case of the

steel autoclave. In order to study this issue, small quantities of the metals composing

the autoclave either in the form of metallic powder or as metal complexes were

introduced in the 50 reaction mixture and heated in the microwave oven to 210 °C for

1 h. The sample was then analysed by TLC to see if an acceleration of the reaction was

to be seen. Only simple metal complexes were used in this sudy, since the acceleration

observed in the steel autoclave could not possibly have involved the presence of

complex ligands around the metal.

Scheme 30: Products ofthe conversion of51

HO'

50 51

O'

62
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In a first attempt, elemental chromium and nickel in form of powders were added to a

solution of 50 in benzene and heated with microwaves. The use of metal powder

proved to be incompatible with the use of a microwave oven. The metal strongly

absorbed the microwaves and overheated the solvent which then evaporated from the

reaction mixture and condensed outside the bottle. In the worst cases the dry metal

powder then sparked and began to melt forcing the interruption of the experiment.

Elemental chromium and nickel were therefore replaced by hexacarbonyl chromium(O)

and biscyclooctadiene nickel(O). These experiments were completed with

investigations using nickel(II), chromium(II), palladium or ferrocene as catalysts. Only

one of the needed nickel complexes was not already available and had to be prepared.

Bis-cyclooctadiene nickel(O) was choosen for its versatility. A first attempt to

synthesise the nickel complex following a procedure published by Otsuka [47]

involving the reduction of nickel II) chloride by metallic sodium in THF and pyridine

was not successful and resulted in a black residue. The nickel catalyst was finally

obtained by following a more recent procedure published by Damian [48]. Reduction

of technical grade nickel(II) acetate with DIBAH in THF resulted in the desired bright

yellow biscyclooctadiene nickel(O) crystals. The extreme air-sensitivity of the nickel(O)

complex imposed a strictly air-free synthesis and the storage of the product in a glove

box. Storing the complex in a Schlenk flask with an argon balloon resulted in

decomposition of the complex overnight.

Depending on the metal used for the oxy-ene reaction and on the presence or not of

base, four different results could be observed for the conversion after 1 h at 210 °C in

the microwave oven. In the worst case no reaction took place and the starting material

was recovered. This happened when using tetrakistriphenylphosphinepalladium(O),

palladium(II) acetate or nickel(II) acetate as potential catalysts for thermal oxy-ene

reactions. The anionic reaction with n-butyl lithium as a base showed slightly better

results, but again, they were inferior to those obtained without any deliberately added

metal.

The thermal reactions with hexacarbonylchromium(O) or biscyclooctadienylnickel(O)

were also very disappointing, resulting in a mixtuture of 50 and 51 with a ratio

approaching 2:1 in favor of the starting material. A mixture of both the nickel(O) and

the chromium(O) complexes gave the same results, as did the anionic reaction with

palladium(II) acetate. Only the thermal conversion in presence of ferrocene yielded

slightly better results with a l:2-mixture of 50 and 51 in favor of the product. This last
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case was only slightly better than the conversion of the thermal oxy-ene reaction

without presence of metal, which provided a 46:28 mixture of 51 and 50 after 4 h at

210 °C.

The use of bis-cyclooctadienylnickel(O) or hexacarbonylchromium(O) for the anionic

oxy-ene reaction with butyl lithium as a base interestingly resulted in the formation of

62 with yields between 26% and 47% as in the case of the potassium-mediated anionic

oyx-ene reaction reported by Schmid for model 50. The presence of soap did not

change the results of the reactions conducted in the PTFE autoclave.

Table 4: Results ofthe catalytic s,

Entry Catalyst Base Soap Conversion

50:51:62

1 elemental Cr no no 1:1:0

2 Cr(CO)6 no no 2:1:0

3 Cr(CO)6 no yes 2:1:0

4 Cr(CO)6 BuLi no 0:0:1

5 elemental Ni no no 1:1:0

6 Ni(COD)2 no no 2:1:0

7 Ni(COD)2 no yes 1:0:0

8 Ni(COD)2 BuLi no 0:0:1

9 Ni(OAc)2 no no 20:1:0

10 Ni(COD)2 + Cr(CO)6 no no 2:1:0

11 Ni(COD)2 + Cr(CO)6 no yes 2:1:0

12 Ni(COD)2 + Cr(CO)6 BuLi no 0:0:1

13 ferrocene no no 1:1:0

14 ferrocene BuLi no 1:0:0

15 Ni(COD)2 + Cr(CO)6 +

ferrocene

no no 1:0:0

16 Pd(PPh3)4 no no 1:0:0

17 Pd(PPh3)4 BuLi no 10:1:0

18 Pd(OAc)2 no no 1:0:0

19 Pd(OAc)2 BuLi no 2:1:0
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3. Model studies toward formation of different six-

membered rings

3.1. Alternative position of the phenyl ring

Having seen the effect of the substitution of the allylic phenyl on the reaction of 50 to

51, we decided to study the effects of moving the phenyl ring from the allylic to the

vinylic position. Model 91 was chosen to study if the ene-reaction would be

accelerated or slowed down by this structural change.

In a retrosynthetic analysis, 91 could be made by a Horner-Wadsworth-Emmons

coupling between intermediate 92 and the already available ketone 69 (scheme 31).

This approach would provide a nice convergent synthesis of 91 starting from 2-

bromobenzaldehyde and the comecially available acid 93. A problem in this pathway

towards 91 is present in the diastereoselectivity of the Horner-Wadsworth-Emmons

coupling between 69 and 92, which could result in the production of the undesired (E)-

isomer. Hopefully, some of the desired (Z) isomer could be produced and isolated.

Scheme 31 : Retrosynthesis ofmodel 91

91 92 69 93

The esterification of the commercially available acid 93 using triethylorthoformiate

provided ester 94 quantitatively (scheme 32). The two equivalents of

triethylortoformiate in excess were hydrolysed to ethyl formiate by the water relased

during the esterification and kept the reaction mixture waterfree. This method was

faster and yielded better results than the standard method using a Dean-Stark trap.
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Scheme 32: Synthesis of98

O

^OH

COOEt

78%

Hcr COOEt

LI-70 LI-72

a) HC(OEt)3,^-TosOH, EtOH, RT, 48 h; b) NBS, HBr, CC14, reflux, 2 h; c) P(OEt)3, 160 °C,

3 h; d) first NaH, DMF, then 69, RT, 30 h; e) DIBAH, CH2C12, -78 °C, 1 h.

94 was then brominated alpha to the carbonyl group by using a mild method published

by Epstein [49]. The presence of catalytic amounts of hydrobromic acid helps to shift

the equilibrium from 94 to the enol 94' which is further stabilized by conjugation with

the phenyl ring (scheme 33). The small amount of 94' present in the mixture can then

easily react with the N-bromosuccinimide to provide 95 with good yields. This method

is known to sometimes brominate the activated aromatic ring instead of the acetate,

particularly if not enough catalytic acid is present4. Fortunately, products resulting

from this side reaction were not isolated in our case.

4) This was observed by Epstein when scaling up the reaction with the methyl ester.
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Scheme 33: Bromination of94 with NBS

-H

o ^-1

r^
-h+

r j +h+

94

95 was then converted to 92 via a Michaelis-Arbuzov reaction, following a general

procedure recomended in the Organikum [50]. The bromoethane produced during the

reaction was removed by distillation as soon as it was formed, allowing a quantitative

conversion of bromide 95 to 92 (scheme 32).

A first attempt to couple the already prepared 69 (see scheme 23) with 92 via a

Horner-Wadsworth-Emmons reaction using sodium hydroxyde and aliquat 336 in

toluene [51] was unsuccessful. The reaction resulted in loss of the starting material 92

without production of the desired 96, while the other starting material 69 could be

recovered after the workup. A more vigorous procedure published by Tanaka [52],

using sodium hydride in DMF in order to deprotonate 92 to 92' was more successful

and resulted in a mixture of 96 and 97 with a yield of 70%, which was better than

expected considering that the resulting double bond was triply substituted. Steric

hindrance can be a great interfering factor for the proper running of the Horner-

Wadsworth-Emmons reaction, but fortunately not in the aforementioned case. The

inability to bring the two moieties together was one of the potential problems regarding

this pathway to model 91.

As already mentioned, the other possible problem concerned the stereoselectivity of the

Horner-Wadsworth-Emmons reaction. 69 and 92 can react with two different

orientations to give intermediates 99 or 100. 99 reacts further to the desired (E) isomer

97, while 100 results in the formation of the (Z) isomer 96. The intermediate 99

presents a bigger steric repulsion between the two large substituents placed on the

same side of the four membered ring than the intemediate 100 and should therefore

lead to the minor product of the reaction. However we hoped that the possibility to

have a parallel arrangement between the /7-methoxyphenyl group and the biphenyl

group would reduce the strain in 99 enough to render both pathways possible and lead
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to a mixture of both stereoisomers. The reaction actually yielded a 12:88-mixture of

diastereomers, but the two isomers could not be separated and identified. It turned out

to be easier to identify the major product of the reaction after the next step.

Scheme 34: Factors determining the stereoselectivity ofthe coupling between 69 and 92

69 92 99 100

While the first attempt to reduce the diastereomeric mixture with lithium aluminum

hydride in diethyl ether resulted in a poor yield of 55%, a second attempt with DIBAH

in dichloromethane resulted in much better yields. The aluminium hyroxide resulting

from the quenching of the reaction was cleanly removed with a saturated solution of

potassium sodium tartrate. A XH-NMR analysis showed that the same 12:88

diastereomeric mixture was obtained as in the previous step. This time however, the

13C-NMR analysis of the diastereomeric mixture allowed the identification of the major

product. The 13C-NMR spectrum displayed a big triplet at ô = 60.3 ppm and a small

one at 68.3 ppm for the two hydroxymethylene carbon atoms. The good

correspondence between the estimated 60.2 ppm for the (Z)-isomer and 66.2 ppm for

the (iT)-isomer and the observed chemical shifts allowed to identify the product of the

reduction as a 12:88-mixture of the desired 91 and of 98. Unfortunately, the two

isomers could not be separated by flash chromatography on silica gel.



Theoretical Part 41

In spite of this disappointing diastereomeric ratio, the mixture of 91 and 98 was used

for an oxy-ene reaction attempt. We hoped that the small quantity of 91 would react to

101, which could hopefully be separated from the mixture after the reaction. Besides, it

was still possible that a small part of 98 would isomerize to 91 at the high reaction

temperature and would then further react to give 101, allowing still more 98 to

isomerize until complete conversion (scheme 35).

Scheme 35: Oxy-ene reaction of98 and 91

Unfortunately, the model 98 decomposed when heated to the temperatures required for

the oxy-ene reaction. When the sample was heated to 110 °C, the starting material was

partially recovered while higher temperatures resulted in the creation of a multitude of

non-polar side products, which could not be identified except for the presence of 5%

phenanthrene when the sample was heated to 210 °C in benzene for 15 h (scheme 36).

The presence or not of base did not change anything to the reaction of 98.

Scheme 36: Possible mechanismfor the formation ofphenanthrene from 98

98 102 103
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A possible mechanism for the formation of phenanthrene from 98 begins with an

intramolecular Diels-Alder reaction between the phenyl ring and the two double bonds

of 98 to give the polycycle 102, which could then isomerize to 103 in order to regain

the aromaticity of the phenyl ring. The newly formed 103 could then undergo a retro-

Diels-Alder reaction to form phenanthrene and 104. Finally 104 could regain its

aromaticity by a thermally allowed suprafacial [1,5]-hydride shift, giving the aldehyde

105. The absence of 105 in the obtained mixture can be explained by its readyness to

polymerize at the high temperatures required by the attempted oxy-ene reaction.

3.2. Oxy-Alder-ene reaction with a highly prearranged structure

In the light of the success encountered by model 50 for the oxy-ene reaction, we

thought it interesting to investigate, whether an equivalent model with a triple bond

would react in a similar way. In a retrosynthetic analysis, model 106 could be prepared

with a Claisen-Schmidt condensation of acetophenone with aldehyde 107, which in

turn could be made from the already described central building block 69. The

advantage of this pathway was the use of the starting substance 69, which had already

been synthesised in large quantities for the construction of the models for the kinetic

experiments and for the synthesis of 98 (see schemes 23 and 32).

Scheme 37: Retrosynthesis ofmodel 106

The easiest way to convert a double bond into a triple bond is to add bromine to the

double bond and then to eliminate two equivalents of hydrobromic acid. The first

attempt to add bromine to substance 69, immediately followed by elimination of

hydrobromic acid with potassium hydroxyde in ethanol following a procedure

published by Dem'yanov [53] was unsuccessful.
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Scheme 38: First attempt toward the synthesis of106

69 109

The addition of bromine to 69 presented no problem and resulted in the formation of

108 as expected. However, under the action of sodium ethanolate 108 did not eliminate

two equivalents of hydrobromic acid to give 109 as expected but resulted in the

synthesis of the cyclic enol ether 110 with 23% yield (see scheme 39).

In the XH-NMR spectrum the two protons on carbon C(l) gave rise to two peaks at ô =

5.40 ppm and 4.71 ppm with a geminal coupling of 11.6 Hz, while the two protons on

carbons C(2) and C(3) showed up at ô = 6.12 ppm and 5.21 ppm respectively, with a

coupling of 8.8 Hz. The small coupling constant of the two protons on the C(2) and C

(3) carbons indicates the presence of a (Z)-configurated double bond. An (£)-

configurated double bond would be very strained in such a rigid eight-memberd ring,

and consequently no trace of the (i?)-isomer was detected.
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Figure 10: 'H-NMR spectrum and relevant 13C-NMR peaks of110 (CDCh, 300 MHz)

ppm(t1)

o o

Entry Localisation ofthe carbon
13
C-NMR chemical Multiplicity

shift [ppm]

1 C(l) 69.13 singulet

2 C(2) 142.34 doublet

3 C(3) 102.99 triplet

It is probable that 108 did not eliminate two equivalents of hydrobromic acid to give

109 as expected but instead underwent a Cannizzaro dismutation to give carboxylate

111 and alcoholate 112, which immediatly reacted further in an intramolecular ring

closing reaction followed by hydrobromic acid elimination to give the cyclic enol ether

110 (scheme 39)
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Scheme 39: Transformation of108 in the presence ofbase

109 110 113

A second attempt employing the bromination in chloroform and using sodium hydride

in DMF for the elimination as published by Staab [54] resulted in decomposition of the

starting material.

A new way to synthesise 106 had to be found. This time, instead of forming 107 from

69, it should be obtained by a Suzuki coupling of 2-bromobenzaldehyde with the

boronic acid 115, which could be synthesised from 2-bromostyrene (67).

Scheme 40: Alternative retrosynthesis for 106

SiMe3 SiMe3 SiMe3

106 HO Y ^1 107 115 67

In a first attempt, 116 was to be made directly from 68, allowing us to start from a

substance whose synthesis was well konwn and which had already been made in large

quantities for the Suzuki coupling leading to the central unit 69. Unfortunately, 68 did

not react with bromine to give 116 even under forcing conditions and the reaction
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always resulted in the recovery of the unreacted starting material. Apparently, the

presence of the strongly electron-withdrawing boron substituent on the phenyl ring

deactivated the double bond in such a way that it would not react with bromine to form

the intermediate bromonium ion.

Scheme 41: First attempt to synthesise 116

B(OH)2

68 116

Following this failure, a new attempt at the synthesis of 106 starting directly with 2-

bromostyrene (67) was made. A preparation of 117 directly from 67 by addition of

bromine in carbon tetrachloride followed by in situ treatement of the resulting

intermediate 118 with potassium hydroxyde in ethanol as indicated by Dem'yanov [53]

failed to produce the desired substance 117. A two-step procedure described by Staab

[54], consisting of the bromination of substrate 67 in chloroform to give intermediate

118, followed by elimination of hydrobromic acid with sodium hydride in DMF to

provide 117 yielded the desired compound 117 in good yields (scheme 42).

In the EI-MS spectrum of 118 the isotope patterns of the 3-fold bromine substitution

were readily identified, with four peaks possessing the masses 345.81, 343.81, 341.81

and 339.81 daltons for the molecular ion. With the loss of one bromine, peaks at

264.89, 262.89 and 260.89 daltons were to be seen and finally after loss of two

bromine only two peaks remained at 183.97 and 181.97 daltons. The relative intensities

of the peaks also correspond to the isotope pattern of multiple bromine substitution, as

shown in table 5.
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Table 5: Isotope patterns for multiple bromine in the MS spectrum of118

Entry Mass [dalton] relative intensity ofthepeak Isotope pattern

1 103.05 57 0 bromine

2

3

181.97

183.97

53.2

53.9
1 bromine

4 260.89 51.4

5 262.89 100 2 bromines

6 264.89 49.5

7 339.81 1.73

8

9

341.81

343.81

4.81

4.33
3 bromines

10 345.81 1.71

Deprotonation of 117 with ethylmagnesiumbromide, followed by quenching of the

carbanion with chlorotrimethylsilane provided the protected alkyne 119. The yield of

the reaction was largly improved from 25% to 93% by the use of ethylmagnesium

bromide prepared in situ instead of the commercially available reagent. The reaction

turned out to be very sensitive to the quality of the Grignard reagent and was much

disturbed by the presence of small quantities of magnesium hydroxide, which caused

the formation of polymeric side products. Interestingly, the reaction was very clean and

showed no traces of products with the silicium attached to the aromatic ring, showing

that the ethylmagnesiumbromide did not undergo halogen-magnesium exchange with

the aromatic bromide to give the aromatic Grignard reagent as described by Tamborski

[55] and Knöchel [56].
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Scheme 42: Synthesis of121

SiMe3 SiMe3
Br

This non-reactivity of the aromatic bromine, while fortunate for the protection of 117,

eventually caused a premature end of the originally planned approach. In fact, 119

could not be converted to the Grignard reagent needed to produce boronic acid 115

even with the use of bromoethene as starter, nor with an attempt of the Finkelstein

activation using iodine. As already mentionned, halogen-magnesium exchange with

ethylmagnesium bromide did not take place and could therefore not provide a viable

path to the desired Grignard reagent.

Abandoning the Suzuki coupling route, a direct synthesis of 107 from 119 involving a

palladium mediated coupling of 2-bromobenzaldehyde with 119 following a procedure

published by Collins [57] was used. 119 was converted to its organozincate by

halogen-lithium exchange with butyl lithium, followed by in situ transmetallation with

zinc bromide, and the organozincate was subsequently coupled to 2-

bromobenzaldehyde by tetrakis triphenylphosphine palladium(O). The coupling was

quite sensitive to the presence of water traces and the careful drying of the solvents as
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well as the use of rigorously waterfree zinc bromide improved the yield of the reaction

from 50% to 71%. Finally, the palladium mediated coupling provided a good solution

for our problem and thereby also shortened the planned synthesis of 106 by one step.

The Claisen-Schmidt condensation following the procedure developed for the synthesis

of model 50 worked very poorly with 107 as starting material, resulting in less than 5%

yield. The use of LDA prepared in situ as a base gave better yields, reaching 53% after

optimization. The Claisen-Schmidt condensation furnished only one isomer of 120.

Since the XH-NMR signal of the double bond protons in 120 was hidden by from the

signals of the aromatic protons, the configuration of the newly formed double bond

could only be identified with certainty after the next step. However, steric

considerations indicated that the formation of the (i?)-isomer should be favored in the

elimination step (see figure 4).

Figure 11: 'H-NMR spectrum of106 and scale up ofthe allylic domain (CDCh, 300 MHz)

J = 15.7 Hz

J = 15.7, 7.0 Hz

J =7.0 Hz

ppm(t1)
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The Claisen-Schmidt condensation was followed by a reduction of the carbonyl group

with sodium borohydride in the presence of cerium trichloride to provide 106. Like in

the previous models, the cerium salt was added in order to obtain selectively a 1,2-

reduction of the ketone. The 'H-NMR spectrum showed indeed no trace of the product

resulting from a 1,4-reduction of the enone. The two protons of the double bond (H(l)

and H(2) in scheme 43) gave clearly defined peaks with a value of J = 15.7 Hz for the

vicinal coupling, confirming the expected (^-configuration of the double bond formed

during the Claisen-Schmidt condensation.

In the final step, the trimethylsilyl protecting group was quantitatively removed with

potassium carbonate in a mixture of THF, methanol and water to provide 121. Both

models 106 and 121 were used as starting materials for the oxy-ene reaction. 121 was

used in the thermal as well as in the anionic version of the oxy-ene reaction, while 106

was only subjected to the thermal transformation due to the instability of the

trimethylsilyl group in the presence of base.

Figure 12 Transition state for the oxy-ene reaction of106

Me3Si ^=, C~^)

Ph

The transition state for the oxy ene reaction of compound 106 as given in the figure 10

doesn't seem to be strained and should lead to the oxy-ene product 122 without

problems. The arrangement of the triple and double bonds in 106 resulting from the

rigidity of the biphenyl system and the linearity of the triple bond provides the quasi

linear placement of the migrating hydrogen needed for the reaction. Consequently, the

model 106 should be even better in the sense or prearrangement than the already

studied model 50.
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Scheme 43:Oxy-ene reaction of106

Surprisingly though, when heated to 260 °C during 6 h 30 106 did not react to give the

oxy-ene product 122 as expected, but transformed into 123 and 124 with yields of 15%

and 18%, respectively. Lowering the temperature to 225 °C resulted in the same

mixture of products but with a slightly decreased yield. Even lower temperatures

showed no conversion of the starting material.

The phenanthrene ring-structure of 123 could be identified by the typical 'H-NMR

chemical shift of the H(4) and H(5), which moved downfield to ô = 8.74 ppm in

comparison to the 7.2 ppm of the starting material. The two 2-H singlets at 4.89 ppm

and 2.69 ppm in the 'H-NMR, as well as the presence of a carbonyl group recognized

by a singlet at ô = 196.99 ppm in the 13C-NMR spectrum and by a strong peak at 1691

cm"1 in the IR spectrum, allowed us to identify this product as the 9,10-disubstituted

phenanthrene derivative 123.
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Figure 13:'H-NMR spectrum of123 and scale up ofthe aromatic region (CDCh, 400 MHz)
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A possible mechanism for the transformation starts with the thermal intramolecular

oxy-ene reaction of 106 to give enol 125, which immediately tautomerize to the ketone

125'. A thermally induced isomerization of the remaining double bond of 125' results

in the 9,10-disubstitued phenanthrene 123. The kinetically limiting step for the

conversion of 106 to 123 is probably the oxy-ene reaction, which is then followed by a

much faster formation of the stable phenanthrene moiety, since no trace of compound

125' could be seen, even after partial conversion of 106.

Scheme 44:Possible mechanism for the formation of123

The identification of the second product 124 was not so easy. Like 123, 124 showed in

the XH-NMR spectrum the typical peaks of the phenanthrene ring at ô = 8.75 ppm, but

this time in conjunction with an ABX system for the aliphatic protons. Besides, with a

chemical shift ô of 6.44 ppm, the proton H(2') had to be situated on a double bond. The

13C-NMR and the IR spectra showed that no carbonyl or alcohol groups were present

in our compound. Finally the structure could be identified with the help of an high

resolution EI mass spectrum. The exact mass of the molecular ion confirmed the

abscence of any hetero-atom beside silicium and the mass of the fragments present

greatly helped to find the connectivity between the different parts of the structure

identified by NMR (see figure 14). The presence of monosubstituted phenanthrene

fragment C, was a good indication that there was only one side chain onto the

phenanthrene in substance 124 as opposed to compound 123. Besides, fragment D
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clearly indicated that the trimethylsilyl group was positioned a to the phenanthrene

ring. The combination of all these indications allowed us to postulate the structure of

substance 124 as being the one given in the scheme 43. The (^-configuration of the

double bond is indicated by the chemical shift of the hydrogen H(2'), which would

expected to be higher if it was trans to the trimethylsilyl group.

Figure 14: 'H-NMR spectrum of124 (CDCh, 500 MHz)

H(4). H(5)

jl_iJL ii
H(2')

SiMe?

H(3')

TMS

9 0 80

ppm(tl)

70 60 50 40 3 0 20

H(10)

m^AM

CHCi,

H(5')

H(6')l
H(4')

V

ppm (t1 )

7 00 6 500 6 450 6 400

ppm(t1)

3 200 3150 3 100

ppm(t1)



Theoretical Part 55

Figure 15: MS mainfragments for the compound 124

Si

A

Me3S

Entry Fragmen
t

Compositio
n

Calculated

mass [Dalton]
Effective

mass [Dalton]

Relative

intensity [%]

1 A C3H9Si 73 Ml'4 73.0473 100

2 B C14H10 178.0783 178.0779 67

3 C C15H12 192.0939 192.0932 95

4 D C18H20S1 264.1334 264.1329 27

5 E C26H26S1 366.1804 366.1797 5

A possible mechanism for the formation of 124 could begin with the oxy-ene reaction

of model 106 to give the enol 125, whose keto-form 125' could then undergo a 1,3-

shift of the acetophenone rest to give intermediate 126. The latter would then have to

be reduced somehow under the reacting conditions to the alcohol 127, which would

then eliminate water to provide 128. Finally, 128 could undergo a subsequent

isomerization to provide 124. The bulkiness of the trimethylsilyl group would then be

responsible for the (^-configuration of the shifted double bond.
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Scheme 45: Possible mechanismfor the formation of124

The oxy-ene reaction with the model 121 resulted in the formation of phenanthrene

containing polymers, this when using thermal reacting conditions as well as when base

was used. This could be due to the abscence of the trimethylsilyl group of 106, which

could be bulky enough to prevent an intermolecular reaction with the neighboring

double bonds.

3.3. Oxy-Alder-ene reaction with a less constrained framework

After having seen that the oxy-/4/öfer-ene reaction could work with model 106, even if

it was followed by an aromatisation of the central structure, we decided to test the

reaction with a less preorganized model, which should not have the tendency of 106 to

undergo isomerizations to in order to obtain an aromatic system. A model analogous to

the substance 60 used by Schmid was chosen, since the latter was already known to

react to the desired oxy-ene product. Retrosynthetically, 129 can be obtained from the
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Horner-Wadsworth-Emmons coupling between the aldehyde 130 and

trimethylphosphonoacetate, followed by a reduction of the ester to the alcohol. 130

could be made by a 1,2-addition of the already synthesized 119 to methyl prop-2-

enoate. This should provide a straightforward synthesis for 129 presenting no

particular difficulties.

Scheme 46: Retrosynthesis ofmodel 129

H

K

129
OH

SiMe3

>C

O

130

SiMe3

Br

119

The addition of 119 to methyl prop-2-enoate following a general procedure published

by Sustmann [58] began with the oxidative addition of zinc to the aryl-bromine bond

followed by a transmetallation of the organozincate with nickel (II). The resulting soft

nucleophile in the context of the HSAB model added selectively to the softer carbon at

the 8-position of the enoate rather than on the harder a-carbon to furnish compound

131. No trace of the a-addition product was seen in the XH-NMR spectrum of 131,

however the compound 132, resulting from the addition of the enolate of 131 to methyl

prop-2-enoate could be isolated with a yield of 5%.

Rather than partially reducing 131 to 130, we thought that it would be more reliable to

reduce it completely to alcohol 133, which could then easily be converted to compound

130 with a Swern oxidation. 131 was reduced with lithium aluminum hydride to give

compound 133 with 70% yield. The workup of the reduction was greatly simplified by

a prior extraction of the interfering aluminum hydroxide with a sodium potassium

tartrate solution. The following Swern oxidation provided aldehyde 130 with good

yields.
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Scheme 47: Synthesis ofmodel 129

SiMe3 SiMe3

Br

119

SiMe

COOMe

131

82%

SiMe.,

COOMe

SiMe,

HO

133

c

83%

SiMe,

O"

130
129 "OH 135 "OH 134

a) methyl prop-2-eneoate, Zn, NiCl2.6H20, pyridine, THF, reflux, 22 h; b) LiAlH4, THF, 0 °C, 1 h; c)

C2O2CI2, DMSO, CH2CI2, -78 °C, 30 min; then 133, CH2CI2, -78 °C, 30 min; thenEt3N, RT, 1 h; d)

tetramethylguanidine, trimethylphosphonoacetate, THF, RT, 15 h; e) DIBAL, CH2C12, -78 °C, 1 h 30; f)

K2CO3, THF, H20, MeOH, RT, 35 h.

A Horner-Wadsworth-Emmons reaction between 130 and ttimethylphosphono acetate

resulted in the formation of compound 134 with high yields. The 'H-NMR coupling

constant J of 15.6 Hz between the two protons of the double bond clearly indicates the

(^-configuration of the double bond in 134. The presence of less than 5% of the (Z)-

isomer could be detected, which is remarkably low considering that only small steric

factors were responsible for this high diastereoselectivity.

The reduction of 134 with DIBAL in dichloromethane provided 135 with a good yield.

The latter was finally deprotected to give 129 by using potassium carbonate in a

mixture of THF and methanol in presence of a small amount of water. Like in the case

of 106, the deprotection was very slow and required 35 h for completion. As with

model 106, both the protected and deprotected compounds were used for the oxy-ene

reaction, with 135 only being subjected to the neutral conditions in order to avoid the

loss of the protecting group during the reaction.
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Scheme 48: Result ofthe oxy-ene reaction with model 135

SiMe3

^Y I
y// * Me3Sl ^T

135 I I
.,

OH
^^

132

benzene

250 °C

Heating compound 135 in benzene to 250 °C did not provide the expected oxy-ene

product 136 but instead the bis-naphthalene derivative 137 with 34% yield. Increasing

the temperature to 260 °C resulted in an immediate drop of the yield to 9%. Like for

the other oxy-/4/öfer-ene reaction, the deprotected model 129 reacted to give apolar

polymers under thermal oxy-ene conditions as well as under anionic conditions. The

presence of the bulky trimethylsilyls group in 135 can probably be held responsible for

the observed decrease of polymer-forming reactions with the protected model.

On the 'H-NMR spectrum of 135, two triplets and a quintuplet with a coupling

constant of 7.5 Hz can be seen in the aliphatic region of the spectrum. This, combined

with the presence of six aromatic protons, led us to postulate the structure 138 for the

product of the oxy-ene reaction of 135. The 13C-NMR spectrum, with three peaks at

33.68, 30.96 and 24.45 ppm as well as six C-H peaks in the aromatic range, also

corresponded nicely with the postulated structure 138. However, a comparison with the

previously reported spectral data for 138 [59] clearly indicated that we had obtained

another compound than 138. This led us to postulate the alternative dimeric structure

137 for the product of the reaction of 135. 137 corresponds better with the spectral

data, as the presence of the highly flexible ten-membered ring provides a satisfactory

explanation for clean the triplets and quintuplet observed in the 'H-NMR (see figure

16). The presence of a more constrained ring would result in the formation of

multiplets for complex these hydrogens, as was reported for the compound 138. The

MS spectra of the substance were of no help to find out the structure of 137. The
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compoud has a very high ionization potential and is very hard to analyze with MS. In

the MALDI spectrum only peaks coming from the matrix could be seen, while the EI

spectrum provided only some naphtalene derivative peaks with medium intensities.

Figure 16: 'H-NMR spectrum of137 (CDCh, 300 MHz)

7 50 7 00 6 50 3 50 3 00 2 50

ppm(t1) ppm{t1)

A possible mechanism for the formation of 137 could begin with the oxy-ene reaction

of 135 to give the compound 139, which could the undergo a pericyclic itramolecular

reaction to provide 140. The latter could then eliminate trimethylsilanol in the same

way as in the the Petrson olefination[60] to give hydrocarbon 141, which would finally

isomerize to the two naphthalene units.
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Scheme 49: Possible mechanismfor the formation of137

3.4. Linear model

Until now, each studied model presented a large degree of pre-organisation, which

facilitated the oxy-ene reaction. In order to study whether the reaction would also be

viable without the help provided by a pre-organized starting material, the linear model

142 with its maximum amount of rotational freedom was considered a viable candidate

(scheme 50). A phenyl ring was attached to the model in order to avoid a too high

volatility of the starting material and potential products. Besides, the presence of the

phenyl group allows to follow the reaction conveniently by using thin layer

chromatography on a UV active support. 142 can readily be obtained by a Claisen-

Schmidt condensation of acetophenone with 6-heptenal (143), which can be prepared

either from the commercially available 1,6-hexanediol (144) or from the commercially

available 1,7-octadiene (145) [61]. This should provide a short straightforward
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synthetic pathway to model 142. A synthesis starting with the commercially available

6-heptenoic acid (146) was also considered, but abandoned due to the high cost of the

starting material.

Scheme 50: Retrosynthesis ofthe linear model 142

144

[C6]

In a first attempt to obtain 143, 1,6-hexanediol (144) was oxidized with pyridinium

chloroChromate to 1,6-hexanedial (147), which was then converted to the desired

aldehyde 143 by a Wittig reaction with methyltriphenylphosphonium bromide.

However both steps yielded poor quantities of the desired compounds, due to the

promptness of 1,6-hexanedial (147) to polymerize under the reaction conditions.

Consequently, this route was abandoned in favor of the approach that started with 1,7-

octadiene (145).

6-Heptenal was prepared following a procedure published by Taylor [61] for his

synthesis of epothilone A. The oxidation of 1,7-octadiene (145) with m-CPBA

provided epoxide 148. Unfortunately, we were unable to reproduce the 75% yield

reported by Taylor and obtained at most 33% yield under optimized conditions. The

epoxide was then oxidized with periodic acid in THF to provide 6-heptenal (143) with

good yields. These conditions produced better results with the use of periodic acid in

THF than when using sodium periodate or periodic acid in dichloromethane. This was

unfortunate, because the latter procedure could have provided a one-pot procedure for

the synthesis of 6-heptenal (143) from 1,7-octadiene (145).
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Scheme 51 : Synthesis of142

59%

142 149 151

a) PCC, CH2CI2, RT, 2 h; b) MePPh3Br, BuLi, THF, 0 °C, 15 min; then 147, RT, 3 h; c) /w-CPBA,

NaOAc, CH2CI2, 0 °C, 2 h 30; d) H5I06, H20, THF,0 °C, 3 h; e) LDA, acetophenone, THF, -78 °C,

5 h; f)/?-TosOH, benzene, 70 °C, 1 h; g) NaBH4, CeCh.ôftO, MeOH, THF, 0 °C, 1 h

In a first attempt, 143 was directly converted in 149 by a Claisen-Schmidt

condensation with acetophenone, followed by an in situ water elimination by heating

the reaction mixture to 60 °C. However, the temperature needed for the crotomsation

favored a second addition of acetophenone to 149 providing the side product 150,

instead of driving the equilibrium in the direction of the desired product.

Scheme 52: Claisen-Schmidt condensation of143 with acetophenone

The problem was solved by carrying out the Claisen-Schmidt condensation at -78°C

without crotomsation to produce intermediate 151 in 59% yield, which was then

quantitatively converted to 149 by a water elimination catalyzed by /?ara-toluene

sulfonic acid. The protons of the newly created double bond showed a coupling of J =

15.3 Hz in the XH-NMR spectrum, indicating an (^-configuration of the double bond.

In the same spectrum, the presence of 3% of the (Z)-isomer could also be discovered,
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with J = 11.6 Hz for the two vincinal olefinic hydrogens. The water elimination was

remarkably diastereo selective, considering that only steric factors were involved in the

selectivity. Ketone 149 was finally reduced by sodium borohydride in presence of

cerium trichloride to give the model 142 in good yield.

Figure 17 Mechanism to explain the diastereoselectivity ofthe water elimination of151

favored disfavored

i *

(£) (Z)

142 was then subjected to the oxy-ene reaction conditions. After extensive

investigations, it was found that the model 142 would react to the desired product 152

only if the steel autoclave was previously deactivated by a soap wash, while reactions

in the untreated autoclave systematically resulted in decomposition of the starting

material. The oxy-ene reaction under thermal conditions required a quite high

temperature of 280 °C to work and furnished only 28% of the desired product (scheme

53). Lowering the temperature resulted in a slow decomposition of the starting

material. The anionic oxy-ene reaction required a slightly lower temperature and gave

better yields. The best yields were obtained either by the addition of 0.2 equivalents of

«-butyl lithium or with 0.5 equivalents of LiHMDA and a temperature of 260 °C. The

use of 1 equivalent of base resulted in the formation of 153 as the single identifiable

reaction product in 65% yield.
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Scheme 53: Oxy-ene reaction ofmodel 142

AT

5)

153

Entry Temperature [°C] Base Result

1 280 - 28% 152

2 260 0.1 eq. BuLi 24% 152

3 260 0.2 eq. BuLi 54% 152

4 260 0.5 eq. BuLi 30 % 152

5 26 1 eq. BuLi 65% 153

6 260 0.5 eq. LiHMDA 56 % 152

In the 'H-NMR spectrum, the doublet of the methyl group H(l) is the typical signature

for the expected product of the oxy-ene reaction. The ABX system of H(2) can also be

seen, with ô A = 3.20 ppm, ô B = 2.62 ppm, J AB
= 15.7 Hz, J AX = 4.0 Hz and JBX

= 8.8 Hz. An analysis by gas chromatography showed that a 75:25 diastereomeric

mixture of the two isomers had been produced by the oxy-ene reaction. The

comparison of the 13C-NMR chemical shifts of the methyl group in the two isomers

showed that the major isomer was certainly the compound with a /raws-configurated

cyclohexane. The chemical shift ô = 20.52 ppm for the methyl group of the major

isomer corresponds to the one of an equatorial methyl group in a trans-1,2-

disubstituted cyclohexane derivative, whereas the shift of the methyl group in the

minor isomer 154 with its value ô of 15.06 ppm is typical for an axial methyl group in

a eis- 1,2-disubstituted cyclohexane.
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Figure 18 'H-NMR spectrum of152 (CDCh, 300 MHz)
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The stereoselectivity within the oxy-ene reaction with model 142 can easily be

explained by an analysis of the transition state of the reaction. Given the fixed relative

positions of the two reacting moieties, there are two possible arrangements for the

forming ring in the transition state. Either it adopts the chair-like arrangement A that

leads to the trans-isomer, or it adopts the boat-like conformation B resulting in the cis-

substituted compound. The greater steric strain in the transition state B compared to A

is responsible for the stereoselectivity observed with substance 142.

Figure 19 Transition states leading to the frans- and cis-substituted 152

HO HO

B

152 154
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This result shows that, while the pre-organisation of model 50 evidently supports its

conversion into 51, even unbiased linear models can be converted into the

corresponding oxy-ene products with acceptable yields and decent stereoselectivity

considering the high temperatures at which these reactions take place.

In order to corrborate the substitution pattern of the cyclohexane ring, we decided to

undertake an X-ray analysis of the major compound 152. Since this compound is a

viscous oil at room temperature, we converted it into its 2,4-dinitrophenylhydrazone

derivative 155. It is known that 2,4-dinitrophenylhyrazone containing compounds are

generally cristalline and therefore 155 should provide the monocrystal required for an

X-ray analysis. Converting the ketone to its dinitrophenylhydrazone derivative cannot

possibly change the relative configuration of the substituents on the cyclohexane ring.

The conversion of 152 to 155 proceeded without problems and yielded 65% of the

desired derivative.

Scheme 54: Preparation ofthe 2,4-dinitrophenylhydrazone derivatives 155 and 156

a) 2,4-dinitrophenylhydrazine, H2S04, EtOH, H20, RT, 5 min.

Surprisingly, the X-ray structure of the 2,4-dinitrophenylhydrazone derivative of the

investigated isomer clearly showed a c/s-relationsip of the substituents on the

cyclohexane ring, with the methyl group in the axial position and the other substituent

in the equatorial one. Beside this surprise, the cyclohexane displayed the expected

chair-conformation and the conjugated system between the phenyl group, the

hydrazone and the dinitrophenyl group showed to be fully planar, lying almost

perpendicular to the plane of the cyclohexane ring. This planar arangement allows to

maximize the conjugation in the whole system and is responsible for the nice orange

color showed by the crystals. There was no visible intermolecular hydrogen bridges in
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the crystalline stmcure, but the presence of an intramolecular hydrogen bridge between

the hydrazone hydrogen and one of the oxygens of the ortho-nitro group could be

detected.

Figure 20: Crystal structure of156



Theoretical Part 69

Table 6: Torsion angles ofthe conjugated system in 156

Entry Dieder Torsion angle [Degrees]

1C(26)-C(27)-N(6)-0(9) 12^6

2 C(24)-C(25)-N(5)-0(7) 3.6

3 C(25)-C(24)-N(4)-N(3) -0.3

4 C(24)-N(4)-N(3)-C(l) -175.5

5 N(4)-N(3)-C(l)-C(18) 178.9

6 N(3)-C(l)-C(18)-C(23) 1784

In order to explain the eis-relationship of the substituents in the crystal of 156, as

opposed to the /raws-relationship of the substituents for the major isomer of 152, 13C-

NMR spectra were taken both of the crystal and of the mother liquor of the

crystallization for the X-ray analysis. The methyl group of the crystal showed a peak at

13.58 ppm, which effectively corresponds to a methyl group in the axial position on

the cyclohexane ring, while the mother liquor showed peaks corresponding to both

isomers. The methyl peak of the second isomer showed up at 20.15 ppm, which is

characteristic for an equatorial methyl group on a cyclohexane ring. It seems probable

that the cis-isomer crystallized much more readily than the trans-isomer and this

explains why we eventually obtained the X-ray structure of the minor isomer from the

crystallization of a mixture of both isomers. For details of the X-ray structure, see

appendix I, p. 155.

3.5. Model for a reaction of Type 1

After these preliminary studies, models were prepared to study the three types of oxy-

ene reaction as given in the scheme 15. The first type required a 1,4-disubstituted core

cyclohexene unit. Model 157 was chosen because it should be easy to synthesize via a

substitution of 3-bromopropene with alcohol 158, followed by a hydrolysis of the enol

ether and and isomerization of the resulting compound. Alcohol 158 should be readily

accessible via a Birch reduction of the commercially available 159.
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Scheme 55: Retrosynthesis ofmodel 157

OH

Br'

OMe OMe
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In a first attempt, 159 was to be reduced to 158 via a Birch reduction in liquid

ammonia and then immediately hydrolysed to 160 with 10% hydrochloric acid (scheme

56). Lithium proved to be too unreactive to reduce 159 and only the starting material

could be recovered. Sodium was more reactive and reduced 159 readily. However, the

following hydrolysis of 158 with hydrochloric acid did not stop at the desired

compound 160 but was immediately followed by water elimination to give the

undesired compound 161.

Scheme 56: First attempt at the synthesis of157

OMe OMe

"OH "OH |_ V°H_
159 158 160 161

a) Na, NH3, MeOH, NH4C1, -78°C, 50 min; b) 10% HCl, RT, 20 min.

Consequently, we decided to carry out the hydrolysis after the following step. Finally,

the starting material 159 was reduced with sodium in liquid ammonia following a

procedure published by Wild [62] and this method eventually provided 158 in 84%

yield.
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Scheme 57: Synthesis of157

OMe OMe

i_^
84%

a) Na, EtOH, NH4C1, NH3, -78 °C, 50 min; b) 3-bromopropene, NaH, THF, -78 °C, 1 h; thenRT, 1 h

30; c) oxalic acid, THF, H20, RT, 40 min; d) NaOMe, EtOH, 45 °C 10 min; e) 3-bromopropene, NaH,

HMPA, THF, 60 °C, 4h; then 10% HCl, RT, 2 min; f) NaBH4, CeCL 6H20, MeOH, THF, 0 °C, 2h.

158 was then deprotonated with sodium hydride and the resulting alcoholate replaced

the bromine of 3-bromopropene to give the compound 162 with a poor yield. The enol

ether 162 was subsequently hydrolyzed with oxalic acid in a mixture of THF and water

to provide compound 163. Unfortunately, all attempts to isomerize the double bond of

163 resulted in decomposition of the starting material.

An attempt to optimize the O-alkylation (step b in scheme 57) by following a

procedure published by Ghosh [63] unexpectedly provided the solution to the

difficulties described in the previous paragraph. Adding HMPA to the sodium hydride

suspension and using 10% hydrochloric acid in the workup to neutralize the base

resulted not only in an increase of the yield of the alkylation, but also in the immediate

hydrolysis and isomerization to produce give 164 in 44% yield. This one-pot

transformation finally provided an elegant route to the desired ketone 164.

164 was then reduced to 157 with sodium borohydride in presence of cerium

trichloride. The presence of cerium(III) proved once again vital for the regioselectivity

and indeed no trace of the possible 1,4-reduction product was detected. The reaction

resulted in the formation of a 22:10 mixture of the two diastereomers 157 and 165. In
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the XH-NMR spectrum of the crude product taken in dVDMSO, the peaks of the

hydroxyl protons of the two isomers were clearly discernible. The major peak (5 = 4.68

ppm) corresponds to a OH-group in the pseudo-equatorial position, while the minor

peak with a chemical shift ô of 4.60 ppm corresponds to an OH-group in the pseudo

axial position. Assuming that the large alkyl rest takes up a. pseudo-equatorial position

in the most stable conformer, this points to a /ram-relationship between the hydroxyl

and alkyl side chain for the major isomer 157 and a eis-relationship for the minor

isomer 165.

Figure 21: 'H-NMR spectrum of157 (d6-DMSO, 300 MHz)
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To explain this selectivity, one has to look at the conformation of the starting material

(scheme 57). The cyclohexene ring has a conformation fixed by the presence of the

large alkyl substituent in the equatorial position and the hydride can then come to the

carbonyl by following two possible trajectories, A or B. Trajectory A has a relatively

free path to the carbonyl, being only disturbed by the interaction with the hydrogen in

axial position situated on the y-carbon relatively to the carbonyl. Trajectory B is more

encumbered, having to bypass the hydrogen in axial position situated on the ß-carbon

relatively to the carbonyl. Consequently, trajectory A leads to the major isomer 157,

while the trajectory B provides the minor isomer 165. The poor stereoselectivity is

explained by the fact that axial hydrogens present only a small steric hinderance for the

incoming hydride.
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Scheme 58: Mechanism explaining the stereoselectivity ofthe reduction of164

The reduction having produced mostly the desired trans-isomex 157, with the

migrating hydrogen on the same side of the cyclohexene ring as the enophile, no

inversion of the stereochemistry of the hydroxyl group was needed and 157 was ready

for the oxy-ene reaction attempts. As for the other models, the oxy-ene reaction could

produce two diastereomers with different configuration of the substituents on the

newly created ring. A look at the structure of the transition state of the reaction should

give an insight into which should be the major isomer produced. With part of the

structure fixed by the existing cyclohexene ring, there are two possibilities for the

transition state. Either the closing ring adopts the chair-like conformation A or the

boat-like conformation B. As shown in scheme 59, the approach A leads to the

compound 166, while the product 167 results from pathway B. The boat-like structure

B shows a bigger steric strain than the chair-like conformation A and should lead to the

minor isomer. The steric hindrance should be more pronounced than in the linear

model 142 and should therefore lead to a better diastereoselectivity.



74 Theoretical Part

Scheme 59 Transition state for the reaction of157
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The oxy-ene experiments with the model 157 were carried out in the microwave oven

using the same method as described previously. The oxy-ene reaction was carefully

conducted under thermal conditions, because the starting material 157 could easily

eliminate water to provide the side-product 168, as already reported by Schmid [21] for

models possessing hydrogens a to the hydroxyl rest. The results were quite

disappointing since the thermal oxy-ene conditions at a temperature of 210 °C resulted

in recovery of the starting material, while harsher reacting conditions caused

decomposition of the starting material. Unfortunately, the anionic oxy-ene reaction did

not provide the desired substance 166 either.

The use of one equivalent of «-butyl lithium or LIHMDA as a base resulted in the

formation of 169 among other unidentified side products, while the use of 0.5

equivalents of base resulted in the recovery of the starting material when the reaction

was mn at 210°C, and in the decomposition of the sample at higher temperatures. It is

probable that the model 157 was not robust enough to survive to the temperatures

required by the oxy-ene reaction, because of the presence of its quite labile allyl-ether

bridge.

PH

\^ x"
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Scheme 60: Oxy-ene reaction of157

166

3.6. Model for a reaction of Type 2

Oxy-ene reactions of type 2 involve the formation of a system of spiro condensed

rings. Such systems are not always easy to make and a new tool to obtain substituted

spiro cyclohexanes would be welcome. Since the presence of the ether bridge in model

157 could have played a role concerning the poor results of the oxy-ene reaction by

breaking at high temperature, we decided to use the more robust model 170 for the

reaction of type 2. The presence of the aromatic ring allowed to easily observe the state

of the reactions by using TLC on a UV active support. Besides, the aromatic ring

provides a certain pre-arrangement, which could be useful for this model.

Retrosynthetically, 170 could be obtained from a 1,6-addition of 2-bromostyrene (67)

to the ketone 171, which could be easily made from the commercially available 2-

cyclohexenone 172.
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Scheme 61 : Retrosynthesis ofmodel 170

OH 0 0

A first attempt to synthesize 171 directly from 172 with a modified palladium-

mediated coupling between 2-cyclohexenone (172) and bromoethene as reported by

Cacci [64] resulted in no conversion and recovery of the starting material. A new way

had to be found, and the oxidative rearrangement of 173 opened a new pathway to

obtain 171 from 172.

Scheme 62: Synthesis ofthe compound 170

d

67%

a) bromoethene, Mg, THF, reflux, 1 h; then 172, RT, 1 h; b) PDC, CH2C12, RT, 15 h;

c) 2-bromostyrene, BuLi, THF, -78 °C, 10 min, then Cul, Me2S, -78 °C, 30 min, then

171, Me2S, -78 °C, lh, RT, 2 h; d) NaBH4, CeCl3.6H20, MeOH, THF, 0 °C, 1 h.

In a first step, following a procedure by Spangler [65], vinylmagnesium bromide was

added in a 1,2-fashion to 2-cyclohexenone (172) to produce 173 in a good yield. The

reaction was quite sensitive to the quality of the Grignard reagent and the use of

vinylmagensium bromide prepared in situ from magnesium and bromoethene instead

of the commercially available one improved the yield of the addition from 60% to

79%. Fortunately, the employed Grignard reagent was a hard enough nucleophile in

the context of the HSAB model to react almost exclusively at carbonyl C'-atom,

resulting in the formation of the 1,2-addition product.
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An oxidative rearrangement with pyridinium dichromate, as first studied by Majetich

[66], provided the compound 171. The use of pyridinium dichromate for this oxidation

resulted in better yields than pyridinium chlorochromate or chromic oxide. 173 reacted

with pyridinium dichromate to give the dichromate intermediary 174. Having no

hydrogen a to the Chromate substituent, 174 did not immediately disproportionate to

the corresponding ketone and chromium(IV) oxide. Instead, the minor conformer 174'

underwent a [3,3]-sigmatropic rearrangement to give the intermediary 175, which

could then presumably react further to the desired product 171. At first sight, the major

conformer 174 could also rearrange to the intermediate 176, which would then

disproportionate to the side product 177. However, the vinyl side chain in the

intermediate 174 has much freedom of movement and therefore reacts more slowly

than the constrained double bond of the cyclohexene ring, which has already the right

alignment of its 7i-orbital for the [3,3]-sigmatropic rearrangement. These

conformational considerations explain the selectivity of the reaction to the desired

compound 171.

Scheme 63: Mechanism ofthe oxidative rearrangement leading to 171
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The oxidative rearrangement was followed by a 1,6-addition of 2-bromostyrene to the

ketone 171. In order to obtain a 1,6- rather than a 1,2- or 1,4-addition, we needed a

very soft nucleophile within the scope of the HSAB principle. Our choice went to a

cuprate, since they have been extensively studied and shown good results with 1,4-

versus 1,2-additions to enones. A first attempt to make the cuprate with a

transmetallation from 2-styrenyl lithium to copper iodide in THF as described by Cope

[67] unfortunately only provided the product of the 1,2-addition 178 with a yield of

10%.

Figure 22: Product ofthe attempted 1,4-addition.

178

A publication by Bertz [68] indicating the possibility of improving the

chemoselectivity of 1,4 additions to ketones by carrying them out in dimethylsulfide

instead of THF provided the solution to the encountered selectivity problem. The

reaction could not be carried out in pure dimethylsulfide, since 2-bromostyrene (67)

proved to be insoluble in this solvent, and consequently did not react well. Finally,

executing the lithium-bromine exchange on 2-bromostyrene (67) with «-butyl lithium

in THF and subsequently carrying out the transmetallation with copper iodide and the

addition of the resulting cuprate to 171 in dimethylsulfide gave the best results for the

envisaged transformation. The reaction showed to be very sensitive to the quality of

the starting materials and careful purification of every reagent finally increased the

yield of the reaction up to 31%. An attempt to improve the conversion further by using

a Grignard reagent instead of the organolithium one for the transmetallation with

copper iodide resulted in a loss of yield.

In a final step, 179 was reduced to 170 with sodium borohydride in the presence of

cerium(III) chloride in 67% yield. Once again the cerium mediated method proved its

worth and no trace of the 1,4-reduction product could be seen.
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Scheme 64: Oxy-ene reaction of170

OH

a ) 1 eq. BuLi, benzene, 235 °C, 15 h; b) benzene, 210 °C, 15 h; c) 1 eq BuLi, benzene, 260

°C, 15 h

The model 170 was then used for attempts at the oxy-ene reaction. The thermal oxy-

ene with the standard procedure in the steel autoclave resulted in ß-elimination of

water and provided 180 as the sole product. On the contrary, the anionic oxy-ene

reaction gave a 10:1 diastereomeric mixture of the desired spiro compounds 181 and

182 with 14% yield. The best results were obtained with 1 equivalent of «-butyl

lithium and a reacting temperature of 235 °C. With higher reaction temperatures, the

dominant side product for the reaction became the isomerization product 183, and with

lower reaction temperature a partial recovery of the starting material without the

formation of the desired product was observed.

Figure 23: 'H-NMR spectrum of181 (CDCh, 300 MHz)
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The 'H-NMR spectum of 181 showeds the typical doublet of the methyl H(l) group.

Integration of this signal allowed us to find out the ratio between the two diastereomers

produced by the reaction. The configuration of the main isomer however was not easy

to determine. In a first attempt, a 'H-NMR NOE experiment with irradiation of the H

(1) peak was carried out, hoping to get either a NOE signal with H(16), indicating

conformation C of compound 182, or with H(12), indicating conformer B of substance

181 (see figure 24). However, the NOE difference spectrum showed vincinity with

both the hydrogens H(16) and H(12), as well as with an aromatic hydrogen and H(2).

Unfortunately this indicates that the molecule has the conformation A or D with the

methyl group perpendicular to the cyclohexanone ring and gives no indication about

which isomer had been formed.

Figure 24: Newmann projection ofthe possible conformationsfor 181 and 182

181 181

A B

H12 H16

182 182

C D

The solution to this problem was brought by the 13C-NMR spectrum. Quantum

mechanical estimation of the 13C-NMR chemical shift using the Hartree-Fock model

with a 6-31 G* set showed that conformations A and D should have quite different

chemical shifts for the carbons C(12) and C(16). For the conformer A, a chemical shift

ô of 21.7 ppm was calculated for C(12) and 45.7 ppm for C(16). In the case of the

conformer D, the calculated values were 30.7 and 36.8 ppm respectively. The major
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isomer had measured chemical shifts of 25.9 ppm and 52.0 ppm for C(12) and C(16),

which correspond quite nicely with the values calculated for the trans-isomer 181 in

the conformation A.

Table 7: measured and calculated 13C-NMR chemical shifts for the different conformers

Entry Location of Measured Calculated Calculated

the carbon chemical shift chemical shiftfor chemical shiftfor
[ppm] A [ppm] D [ppm]

1 C(l) 19.6 15.7 15.8

2 C(2) 43.1 35.6 35.6

3 C(3) 141.7 136.5 136.2

4 C(4) 129.0 126.0 125.9

5 C(5) 125.9 124.5 124.4

6 C(6) 126.0 124.6 124.6

7 C(7) 129.9 127.2 127.3

8 C(8) 134.3 132.3 132.6

9 C(9) 25.9 23.3 23.1

10 C(10) 33.0 26.8 26.7

11 C(ll) 40.3 31.9 32.3

12 C(12) 25.9 21.7 30.6

13 C(13) 22.0 18.6 18.9

14 C(14) 41.3 35.6 35.0

15 C(15) 212.6 198.8 199.2

16 C(16) 52.00 45.7 36.8

The simple model presented by Houk [26] to explain the stereoselectivity of ring

forming ene-reactions cannot be used in the case of model 170 because of the

structural complexity of the polycyclic transition state. In order to explain the

stereoselectivity of the reaction providing 181, the energies of the transition states

leading to the eis- and /raws-isomers were calculated with a semi-empirical model

(figure 25). The calculations indicated that the transition state leading to the trans-

isomer is 8.19 kJ/mol lower than the transition state leading to the cis-isomer. This

calculated difference would indicate that the trans-isomer is formed 6.4 times faster

than the cis-isomer, which is quite close to the factor 10 observed. Besides, the

transition state leading to the desired oxy-ene product is quite strained and this results

in a loss in the competitivity of the oxy-ene reaction in comparison to the reactions

leading to the various side products, resulting in the poor yield of the reaction.
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Figure 25: Possible transition statesfor the formation of181 and 182

Transition state leading to the frans-isomer 181 Transition state leading to the c/s-isomer 182

3.7. Model for a reaction of Type 3

A third topology of the enophile side chain on the cyclohexene ring would give models

for the third type of oxy-ene reaction. Model 184 was chosen for its ability to be easily

synthesized by a Diels-Alder reaction between the diene 185 and the dienophile 186.

We chose a dienophile with an ester conjugated to the double bond in order to

accelerate the Diels-Alder reaction and to be sure to obtain the desired

chemoselectivity with the alkyl side chain positioned y to the silyl ether on the

cyclohexene ring. 186 should be easy to prepare from the commercially available

alcohol 187 via a Swern oxidation followed by a Wittig reaction.

Scheme 65: Retrosynthesis ofmodel 184

184 191 185 186

HO-

187
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In a first step, the commercially available ester 188 was converted to the desired Wittig

reagent 189 by the substitution of the bromine with triphenylphosphine, followed by

the deprotonation of the phosphonium bromide intermediate with sodium hydroxide

(scheme 66). The deprotonation had to be carried out under mild conditions in order to

avoid the hydrolysis of the ester group.

The second starting material for the Wittig reaction was to be prepared by Swern

oxidation of the commercially available alcohol 187. The oxidation itself presented no

difficulties, however every attempt to isolate the aldehyde 190 resulted in a fast

polymerization of the latter. In order to avoid the polymerization of the aldehyde, the

Wittig reaction was carried out directly after the oxidation, simply by adding the

reagent 189 shortly after having quenched the Swern oxidation with triethylamine. The

one pot reaction successfully provided the desired ester 186 as a single isomer with

58% yield over two steps. The hydrogens of the newly formed double bond showed a

coupling constant J of 15.6 Hz in the XH-NMR spectrum, indicating the presence of a

/raws-configured double bond. The relatively low value of the coupling constant can be

explained by the high electronegativity of the neighboring carbonyl group.

Scheme 66: Synthesis ofthe model 183

Br^^COOEt
7j0/o

' (Ph^P^^COOEt
188 189

HO^^^^ b
• O^/^

187 190

191

a) PPh3, Toluene, RT, 2 h; thenNaOH, H20, RT, 1 h; b) DMSO, oxalyl chloride, CH2C12, -78 °C, 5 min;

then 187, - 78 °C, 15 min; then EfeN -78 °C, 30 min; c) CH2CI2, RT, 2 h.

Unfortunately, every attempt to obtain 191 by a Diels-Alder reaction between 185 and

186 resulted either in the recovery of the starting materials or in the decomposition of

the reagents, depending on the conditions used. The use of different solvents as well as

the presence of Lewis acids did not help in the present case.

OSiMe,

—5— EtOOC
58%

186 185

//

COOEt

Me3SiO
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Table 8: Attempts towards a Diels-Alder reaction between 185 and 186

Entry Lewis acid Solvent temperature [°C] Result

1 - - 100 no conversion

2 - - 130 no conversion

3 - - 200 decomposition

4 - - 250 decomposition

5 - CH2C12 60 no conversion

6 - CH2C12 150 no conversion

7 TiCl4 - 75 decomposition

8 TiCl4 CH2C12 -78 decomposition

9 TiCl4 CH2C12 25 decomposition

10 TiCl4 THF -78 decomposition

11 AlCL CH2C12 -78 decomposition

12 AlCL THF -78 decomposition

A new model with a new synthetic pathway had to be found for the oxy-ene reaction of

the type 3. The structure of the chosen model 192 resulted this time from a Birch

reduction of anisole (193) rather than from a Diels-Alder reaction as in model 183.

Retrosynthetically, 192 can be made with a silane elimination from 194 followed by

the reduction of the resulting ketone. 194 was to be made in two steps from the enol

ether 195, which should result from the Birch reduction of anisole (193) in the

presence of chlorotrimethylsilane.

Scheme 67: Retrosynthesis ofmodel 192
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Following a procedure published by Laguerre [69], anisole (193) was reduced by

lithium in the presence of chlorotrimethylsilane to give the enol ether 195 (scheme 68).

The yield of the reaction could be effortlessly increased from 5% to 97% by the use of

lithium containing 5% sodium rather than pure lithium.
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In the same publication by Laguerre, 195 was converted to 196 in one step by the use

of diluted hydrochloric acid in acetone. However, being unable to carry out this

conversion with satisfying reproducibility, we decided to proceed in two separate steps

as proposed by Asaoka [70]. In a first step, the enol ether 195 was hydrolyzed to the

corresponding ketone by the use of dilute hydrochloric acid in acetone to produce the

intermediate 197 with 80% yield. The latter was then isomerized to 196 by treating it

with DBU in a mixture of dichloromethane and diethylether. The isomerization was

extremely slow and needed 8 days to be complete. This synthetic pathway in two steps

finally provided 196 with high reproducibility and with an overall yield of 59%.

Scheme 68: Synthesis of202

OMe 0Me

a
.
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Me3Si
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Me3Si
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Me3Si

64%

196

d

61%

Me3Srv
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a) Li + 5% Na, TMSC1, THF, 8 °C, 15h; b) cone. HCl, acetone, RT, 20 min; c) DBU, Et20,

CH2CI2, RT, 8 days; d) Butenylmagnesium bromide, Cul, LiCl, TMSC1, THF, -78 °C, lh; e) CuCl2,

DMF, 60 °C, 90 min; f) NaBH4, CeCl3.6H20, THF, MeOH, RT, 1 h; g) DIAD, PPh3, THF, 0 °C, 30

min; then 192, HCOOH, THF, RT, 15h; thenNH3, MeOH, RT, 30 min.

The isomerisation was followed by the addition of 4-bromobutene to 196. In this case

again, a cuprate reagent was chosen for the reaction because of the great

regioselectivity usually shown by these reagents in the case of 1,4-additions. The best

results were obtained by converting the 4-bromobutene to the corresponding Grignard

reagent, followed by a transmetallation with copper iodide to obtain the cuprate, which

was then added to 196 to give 194 with 61% yield. While in the synthesis of 179

dimethylsulfide was absolutely required in order to obtain the desired regioselectivity,

the 1,4-addition to 196 could be carried out without problems in THF, and no trace of

the product resulting from a 1,2-addition could be detected. Only one diastereomer

resulted from the reaction, but the relative configuration of the substituents on the ring
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could unfortunately not be determined by an analysis of the spectral data. However,

comparison of the spectra with those given in the literature [71] indicated the selective

formation of the trans-isomer. In order to explain the stereoselectivity of the reaction,

we can look at the conformation of the cyclohexene ring (scheme 69). The most stable

ring conformation, with the bulky trimethylsilyl group in a equatorial position, can be

attacked by the cuprate on the two sides of the ring. A reaction with the cuprate

following the trajectory A would lead to the cis-isomer 198, while one with the cuprate

following the trajectory B would lead to the trans-isomer 194. The presence of a

pseudo-axial hydrogen a to the double bond interferes with a reagent following the

trajectory A, while the the axial ß-hydrogen has much less impact onto the reaction

with the cuprate following the trajectory B. Consequently, the reaction provided the

product 194 resulting from the less hindered attack. Anyway, the configuration of the

substituents on the cyclohexene ring played only a minor role, since it will disappear

after the following elimination.

Scheme 69: Possible mechanismfor the stereoselectivity ofthe 1,4-addition to 194
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Trimethylsilane was subsequently eliminated to give compound 199 following a

copper mediated procedure published by Schmoldt [71]. The reaction presented no

difficulties, and furnished enone 199 in 64% yield..

In the final step, 199 was reduced with sodium borohydride to give 192 with 70%

yield. The reduction was conducted in the presence of cerium trichloride in order to

guarantee a 1,2-reduction of the conjugated ketone. This method proved effective,

since no trace of the 1,4-reduction product could be detected in the ^-NMR. Besides,

fX)

A)
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the analysis of the XH-NMR spectrum taken in d6-DMSO disclosed the presence of a

13:2-mixture of diastereomers. The spectrum showed two peaks for the hydroxyl group

H(l), the major peak with a chemical shift 5=4.66 ppm and the minor one with a

chemical shift ô of 4.45 ppm. The larger chemical shift corresponds to the alcohol in

the pseudo-axial position, while the smaller chemical shift corresponds to a pseudo-

equatorial position. Considering that the most stable conformer has the alkyl side chain

placed in a pseudo-equatorial position, this means that our major isomer is the cis-

configurated isomer 192, while the minor isomer 200 possess a /ram-configuration on

the cyclohexene ring.

Figure 26: 'H-NMR spectrum of192 (d6-DMSO, 300 MHz)
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H(2
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To explain this selectivity, one has to look at the conformation of the starting material.

The cyclohexene ring has a conformation fixed by the presence of the alkyl substituent

in the equatorial position and the hydride can then approach the carbonyl group by

following two possible trajectories, A or B. The trajectory A has a relatively free path

to the carbonyl, being only disturbed by the interaction with the hydrogen in axial

position situated on the y-carbon relative to the carbonyl group. Trajectory B is more

encumbered, having to bypass the hydrogen in axial position situated on the ß-carbon

relative to the C=0 group. Consequently, trajectory A leads to the major isomer 192,

while the trajectory B provides the minor isomer 200. The rather low stereoselectivity

can be explained by the fact that axial hydrogens result only in a small steric

disturbance for the incoming hydride.
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Scheme 70: Possible mechanism to explain the stereoselectivity ofthe formation of192

199 Hi \ 192 H

B

200 H

Unfortunately, this time the reduction provided the undesired diastereomer for the oxy-

ene reaction. With the enophile moiety on the oposite side of the ring compared to the

moving hydrogen, model 192 would not be able to undergo an oxy-ene reaction.

Before being able to test the model, we had first to invert the stereochemistry of the

alcohol with a Mitsunobu [72] reaction. The Mitsunobu reaction with formic acid,

followed by the hydrolysis of the corresponding ester 201 with ammonia in methanol

provided the desired isomer 202 with a yield of 66% (scheme 68). DIAD was used

with sucess instead of the usual DEAD for the Mitsunobu reaction. The inversion of

the stereochemistry of the OH group was confirmed by the 'H-NMR spectmm taken in

de-DMSO, which showed this time the major peak for the proton H(l) of the OH-group

at a chemical shift of 4.45 ppm and the minor one at 4.66 ppm.
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Scheme 71 Mechanismfor the inversion of192
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The relative position of the OH group and the alkenyl rest on the cyclohexene ring for

the model 202 forces a big change in the structure of the transition state in comparison

to the other models (see scheme 59 and figure 25). In order to place the enophile

double bond in the proper position for the oxy-ene reaction, the tether binding the

cyclohexene ring and the enophile double bond has to be wrapped under the

cyclohexene ring (scheme 72). The required arrangement can only be obtained by a

boat-like conformation of the ring to be closed in the transition state (B), which then

leads to the formation of the czs-isomer 203. If the transition state adopts a chair-like

conformation (A), there is no way for the enophile double bond to be placed in the

position required by the oxy-ene reaction. Consequently, the conformation A of the

transition state fails to lead to the trans-isomer 204 and should not react at all and the

oxy-ene reaction of compound 202 should result in the selective formation of the cis-

isomer 203.
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Scheme 72 Transition state for the oxy-ene reaction of202
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The oxy-ene experiments with the model 202 were carried out in the microwave oven

using the same method as described previously. The oxy-ene reaction was carefully

conducted under thermal conditions, because the starting material 202 could easily

eliminate water to provide the side-product 205, as already reported by Schmid [21] for

models possessing hydrogens a to the hydroxyl rest. The results were quite

disappointing since the thermal oxy-ene conditions at a temperature of 230 °C resulted

in recovery of the starting material, while harsher reacting conditions caused

decomposition of the starting material. Unfortunately, the anionic oxy-ene reaction did

not provide the desired substance 203 either.

The use of one equivalent of «-butyl lithium or LIHMDA as a base resulted in the

formation of 206 among other unidentified side products, while the use of 0.5

equivalents of base resulted in the recovery of the starting material when the reaction

was mn at 235°C, and in the decomposition of the sample at higher temperatures. It is

possible that the strain in the transition state for the oxy-ene transformation of 202 is

too big and that the oxy-ene reaction cannot compete against the isomerization to 206

or against reactions leading to the decomposition of the starting material.
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Scheme 73: Oxy-ene reaction ofmodel 202
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4. Conclusion and perspectives

This work showed that pre-organization, while being helpful, is not essential for the

oxy-ene reaction. Even fully linear molecules can react to the desired oxy-ene product

with acceptable yields and diastereoselectivity. To do so they only require higher

temperatures than the highly preorganized models already introduced by Schmid, with

a reacting temperature of 260 °C for the linear model 142 versus the 210 °C required

by the best preorganized model 50. While still possible, the reaction with the linear

model was accompanied by a drop of yield from 74% to 56% and by a decrease of

diastereoselectivity from 96% ds to 75% ds in comparison to the best preorganized

model. The drop of yield can be explained by the higher temperatures required for the

reaction of the linear model, which require a better stability of the model in order to

avoid decomposition of the starting material. The decrease of diastereoselectivity was

due to the increased freedom of the starting material, since the stereoselectivity results

from steric factors and not from stereoelectronic factors according to Houk [26]. The

much higher mobility of the connecting chain between the ene and enophile moiety

resulted in a increased flexibility of the transition state structure, which was then
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accompanied by a loss in the stereoselectivity of the reaction. It would be interesting to

study the variation of yield and diastereoselectivity with the size of the forming ring in

similar models. There could be two main trends for the yield, either it would simply

decrease when the ring grows bigger or it could have some favored ring sizes with

better yields than the others. The first behaviour would mean that the main factor for

the yield of the reaction is the distance between the ene and enophile moiety and that a

longer connecting chain is always accompanied by a loss of yield, while the second

would indicate a better arrangement of the reacting double bonds in the transition state

for the formation of some rings, leading to an increase of yield in these particular

cases. Similarly, the diastereoselectivity could simply decrease with the increase of

flexibility of the model or increase because of a particulary stable transition state

during the formation of some rings.

Scheme 74 Possible study about the influence ofthe ring size on the oxy-ene reaction

A

Benzene

Benzene

A

Benzene

A

Benzene
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The models used for the study of the oxy-/4/öfer-ene reaction showed a very high

tendency to undergo isomezizations in order to obtain an aromatic structure. This fact,

while unsurprising in the case of model 106 where only one shift was enough to

provide the substituted phenanthrene, was unexpected in the case of model 135 where
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many shifts were required to provide the observed naphthalene derivative. Beside this

tendency to isomerize at the temperature required by the reaction, the models studied

were also prone to react further in intermolecular side reactions to provide a variety of

useless polymeric compounds. Only the presence of a bulky trimethylsilyl side chain

near the reacting site provided enough steric encumbrance to allow the formation of

monomeric substances. These two factors render the oxy-/4/öfer-ene reaction an

unlikely tool for the organic synthesis unless a way is found to reduce the temperature

required by the reaction. The wide variety of catalysts available for the ene-reaction

show that it is certainly possible to find a suitable catalyst for the oxy-ene reaction.

The attempts at the different types of six-membered ring formation with the oxy-ene

reaction (scheme 15) were quite disappointing. Only the model for the reaction of type

2 gave the expected spiro structure with a small yield of 14% and a good

diastereoselectivity (91% ds). The other two structures either reacted to side products

or showed decomposition of the starting material. This result severely limits the use of

the six-membered ring forming oxy-ene reaction for the organic synthesis to the

formation of simple structures with highly robust starting materials. However, since the

cation in the anionic version of the reaction seems to have a big impact on the

transformation, it would be interesting to study this reaction with a wide selection of

metals beside lithium and potassium in the hope that the reaction would work better

when mediated by another cation.

Finally, the simple kinetics studies conducted with the help of the Hammet plot

indicated the presence of a inverted mechanism for the oxy-ene reaction. Instead of

having the ene moiety creating the new carbon-carbon bond, accompanied by with a

proton shift from the ene to the enophile double bond like in the classic mechanism for

the ene-reaction, the presence of the allylic alcohol seems enough to open another

pathway, with a hydride shift from the ene to the enophile and a new carbon-carbon

bond created by the enophile moiety. This interesting confirmation of a mechanism

already postulated by Borschberg in the scope of the anionic reaction could open the

way to more detailed mechanistic studies about the oxy-ene reaction.
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Scheme 75: Classic and inverted mechanismfor the ene reaction

Classical mechanism J

Inverted mechanism
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II. Experimental Part

1. General methods and materials

Standard reaction conditions: Solvents for the reactions were of the best available

quality either from Fluka or J. T. Baker. THF was freshly distilled over

potassium/benzophenone, dichloromethane over phosphorous pentoxide bound to inert

polymer, triethylamine and pyridine over calcium hydride and benzene over sodium

hydride. Technical solvents for the work up were distilled over Sikkon and stored in

steel flasks. Air sensitive reactions were carried out under argon (5.2, Pangas) via an

argon/high vacuum line in flasks which were previously dried in the dry oven at 156 °

C and cooled down under argon. Concentration under reduced pressure were effected

by mean of a rotatory evaporator of the firm Büchi in a water bath at 40 °C and

pressures from 10 to 600 mbar.

Thin layer chromatography (TLC): Precoated silica gel plates on glass (Merck 60

F254) were used for TLC. The spots were revealed with UV (254 nm) or with CAN

(phosphomolybdic acid (25 g, Fluka, puriss) and cerium (IV) sulfate (10 g, Fluka,

pumm) in concentrated sulfuric acid (60 ml) and distilled water (up to 1 1)). Spots of

compounds containing carbonyl groups were revealed with a 2,4-

dinitrophenylhydrazine solution (2,4-DNP (2.5 g, Fluka, puriss), in ethanol (60 ml) and

concentrated sulfuric acid (13 ml)).

Gas chromatography (GC): Gas chromatography was performed on a Varian

3400CX Chromatograph coupled to a Varian 4290 integrator. Helium (4.6, Pangas)

was used for carrier and makeup. The GC was equipped with a flame ionisation

detector.

Flash chromatography: Silica gel 60 (Fluka, 0.04-0.063 mm) was used with a

nitrogen pressure of 0.2-0.4 bar for flash chromatography.

'H-NMR: 1H-NMR spectra were measured on a Varian Mercury 300 (300 MHz) or a

Brucker DRX400 (400 MHz). The spectra were taken in deuterated chloroform at

room temperature unless otherwise specified. The chemical shift (5) is given in ppm
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with tetramethylsilane as reference, and coupling constants (J) are given in Hertz. The

multiplicity is abbreviated as follows: singlet (s), doublet (d); triplet (t) quartet (q)

quintuplet (quint.) and multiplet (m).

13C-NMR: 13C-NMR spectra were measured on a Varian Mercury 300 (75 MHz) or a

Brucker DRX400 (100 MHz). The spectra were taken in deuterated chloroform at

room temperature unless otherwise specified. The multiplicities of the 13C peaks were

determined with a DEPT experiment and are indicated as follow: s (C), d (CH), t

(CH2), q (CH3).

IR: 5% solutions in chloroform were measured on a Perkin-Elmer 781 IR or on a

Perkin-Elmer 1600 FTIR. The chloroform was filtered through an alox (alumina B,

activity I) plug in order to remove impurities and stocked in abscence of light at 5 °C.

ATR spectra were mesured on a Perkin Elmer Spectrum BX FTIR System

Spektrometer on diamond (Golden Gate). The absorbtion peaks are given in cm"1 and

their intensities indicated as follow: w (weak), m (medium), s (strong).

MS: EI-MS were measured on a VG-tribird and MALDI MS on a IonSpec Ultima 4.7

T FT spectrometer by the MS Service of the ETHZ. The intensity of the peaks relative

to the base peak [%] is shoiwn in parentheses.

Melting point: melting points were measured on a Büchi B-540 instrument.

Microwave: Experiments with microwaves were conducted in a Milestone MLS-

ETHOS plus oven with an infrared optical fiber thermal sensor. The reactions were

conducted in a 75ml PTFE with a ceramic coat HTV-75 autclave.
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2. Preparation of often used reagents

Pyridinium dichromate (Method: [73])

Pyridine (16 ml, 0.2 mol, Merck 99%) and acetone (60 ml) were added to a solution of

Cr03 (20 g, 0.2 mol) in distiled water (15 ml) at 0 °C. After having been stirred at 0 °C

for 50 min, the reaction mixture was filtered and the resulting bright orange crystals

dried under high vacuum in the abscence of light. The process yielded pyridinium

dichromate (31 g, 42%) as a light sensitive orange powder.

Mp.: 142-147 °C

Copper (I) iodide

Cmde Cul (10 g) was dissolved in the minimum amount of boiling saturated aq.

sodium iodide. The mixture was then cooled down to room temperature and diluted

with distilled water and the resulting suspension filtered. Washing the white powder

with distilled water, ethanol and pentane provided pure copper (I) iodide. The white

powder was stocked in the absence of light.

Sodium hydride

Sodium hydride dispersed in oil (10 g, Fluka techn.) was suspended in dry hexane and

then filtered. Washing the grey powder 3 times with dry hexane provided pure sodium

hydride (85%-95%). The pure hydride was stocked in a vacuum dessicator. The exact

hydride content was detemined by dissolving 100 mg NaH in distilled water and

titrating the resulting solution with 0.1 M aq. hydrochloric acid.

m-CPBA

Cmde m-CPBA (20 g, Fluka techn.) was dissolved in dichloromethane (200 ml) and

poured over pH 7.5 aq. phosphate buffer (250 ml). The mixture was extracted three

times with dichloromethane (200 ml) and the combined organic layers washed with pH

7.5 aq. phosphate buffer (250 ml). The organic layer was finally dried over sodium

sulfate and crefully concentrated under reduced pressure at room temperature. Pure m-
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CPBA (180 mg) was dissolved in a mixture of distilled water (10 ml), acetic acid (1

ml), ethyl acetate (5 ml) and sodium iodide (0.7 g) and subsequently titrated with 0.1M

aq. sodium thiosulfate in order to determine the purity of the obtained compound.

Bis(l,5-cyclooctadienyl) nickel (0)

^> Inf
I |l Ni |

1,5-Cyclooctadien (2.4 ml, 18.2 mmol, Fluka pumm) and DIBAH (1 M in THF, 11.4

ml, 11.4 mmol, Fluka pumm) were added under argon over 1 h to a solution of bis

(acetylacetonato) Nickel (II) (1.17g, 4.55 mmol) in dry, with argon degassed THF (7

ml) at -78 °C. After the reaction mixture had been allowed to slowly warm up to 0 °C,

it was diluted with dry degassed diethyl ether (20ml) and then allowed to crystallise at

-78 °C for 15 h. The mother liquor was removed under argon and the orange crystals

were washed 3 times under argon with dry, degassed diethyl ether (7 ml). The orange

crystals were then recrystallised under argon from dry, degassed toluene (20 ml) and

dried under high vacuum. The bright yellow crystals are very sensitive to air and were

immediately stored in a glove box.

N-Butyl-N-methylimidazolium chloride (88) (Method: [74])

CI

A mixture of dry 1-methylimidazole (51.8 g, 0.63 mol, Acros 99%) and 1-chlorobutane

(250 ml, Avocado 98%) was stirred under reflux (90 °C) during 23 h. The excess of

chlorobutane was removed by distillation. After having been dried under high vacuum

at 100 °C for 7 h, the chloride was crystallised overnight at -5 °C. The cmde 88

crystals were immediately used in the next step

C8H15N2C1 (174.7 g/mol)

Melting point: 60-65 °C

'H-NMR (300 MHz, CH3CN) 9 27 (s, 1 H), 7 44-7 42 (m, 2 H), 4 18 (t, J= 7 2, 2 H), 3 86 (s,

3 H), 1 85-1 78 (m, 2 H), 1 35-1 27 (m, 2 H), 0 92 (t, J= 7 4, 3 H)

The spectral characteristics were identical to those reported previously [35]
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A^-Butyl-A^-methylimidazolium tetrafluoroborate (87) (Method: [39])

r^ BF4"

To a solution of imidazolium salt 88 (0.63 mol) in acetone (50 ml) was added at room

temperature sodium tetrafluoroborate (69.2g, 0.63 mol). After having been stirred at

room temperature for 27 h, the reaction mixture was filtered over celite and

subsequently concentrated under reduced pressure. The cmde oil was treated with

acetone (100 ml) and activated charcoal for 6h30 and then filtered. Concentration

under reduced pressure yielded the imidazolium salt 87 (76.1 g, 0.34 mol, 53% over 2

steps) as a slightly yellow oil.

C8H15N2BF4 (226.0 g/mol)

'H-NMR (300 MHz, DMSO) 9.07 (s, 1 H); 7.74 (t,J= 1.9, 1 H); 7.67 (t, J =1.9, I H);

4.15 (t, J= 7.2, 2 H); 3.84 (s, 3 H); 1.78-1.71 (m, 2 H); 1.25 (h, J= 7.5, 2 H); 0.89 (t, J

= 7.5, 3 H).

13C-NMR (75 MHz, DMSO) 136.22 (d); 123.37 (d); 122.02 (d); 48.43 (0; 35.66 (q);

31.29 (0; 18.74(0; 13.23 (g).

The spectral characteristics were identical to those reported previously [35].
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3. Syntheses

(±)-(£)-l-Phenyl-3-(2'-vinylbiphen-2-yl)-prop-2-enol (50) (Method: [1])

Sodium borohydride (440 mg, 11.6 mmol, Fischer) was added to a solution of ketone

74 (1.2 g, 3.9 mmol) in THF (7.2 ml) and methanol (3.4 ml) at -30 °C. The reaction

mixture was stirred at -30 °C for 2 h. The reaction was quenched with brine and the

mixture extracted with MTBE5. The combined organic layers were washed with brine,

dried over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 9:1) yielded 50 (883 mg, 2.8 mmol,

73%) as a viscous yellow oil.

C23H20O(312.4g/mol)

Rf: 0.61 (cyclohexane/MTBE 2:1)

'H-NMR (300 MHz, CDC13): 7.67 (d,J=l.S, 1 H); 7.60 (m, 1 H); 7.42-7.14 (m, 11

H); 6.46-6.33 (m, 1 H); 6.24 (dd, J= 15.9, 6.5, 1 H); 5.66 (ddd,J= 17.6, 6.7, 0.9, 1 H),

5.04-5.18 (m, 2 H).

The spectral characteristics were identical to those reported previously [1].

(±)-2-[(frans)-10-Methyl-9,10-dihydrophenantren-9-yl]-l-phenylethanone (51)

A 15 ml steel autoclave with copper joint was activated by a soap wash, followed by

rinsing with acetone. A solution of alcohol 50 (23.9 mg, 76umol) in benzene (10 ml)

was transferred into the activated steel autoclave and degassed with argon. The

5) In the literature ethyl acetate ws used for the extraction and the flash chromatography
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solution was heated to 203 °C for 2 h and then cooled to room temperature.

Concentration under reduced pressure, followed by flash chromatography on silica gel

(cyclohexane/MTBE 100:1) yielded 51 (12.1 mg, 38.7 umol, 51%) as a colourless

solid.

A typical microwave experiment proceeded as follows:

A solution of alcohol 50 (lOOmg, 0.32mmol) in dry benzene (10 ml) was transferred

into a 75 ml PTFE autoclave and degassed with argon. After having been treated with

butyl lithium (1.6 M in Hexane, 0.2 ml, 0.32 mmol, Fluka pumm), the mixture was

heated in a microwave oven to 210 °C over 11 min and then stirred at 210 °C for 6 h.

The reaction mixture was allowed to cool to room temperature, then treated with

saturated aq. ammonium chloride and extracted with benzene. The combined organic

layers were dried wit magnesium sulfate and concentrated under reduced pressure.

Flash chromatography on silica gel (cyclohexane/MTBE 100:1) yielded 51 (56 mg,

0.17 mmol, 56%) as a white solid.

C23H20O(312.4g/mol)

Melting point: 107-110 °C

Rf: 0.46 (cyclohexane/MTBE 4:1)

'H-NMR (300 MHz, CDCL): 7.83-7.74 (m, 4 H); 7.49-7.46 (m, 1 H); 7.37-7.22 (m,

7H); 7.15 (d,J= 7.5, 1 H); 3.65-3.50 (m, 1 H), 3.07-2.94 (m, 3 H); 1.12 (d, J = 7.2,

3H).

The spectral characteristics were identical to those reported previously [1].

2-Bromostyrene (67) (Method: [29])

n-Butyl lithium (1.6 M in hexane, 74.3 ml, 119 mmol, Fluka 20160) was added

dropwise under argon at 0°C to a solution of methyltriphenylphosphonium bromide

(42.4 g, 119 mmol, Avocado Chemicals 98+%) in dry THF (120 ml). The reaction

mixture was stirred for 15 min at 0°C. 2-Brombenzaldehyde (12.5 ml, 108 mmol,

ABCR 98%) was dropped slowly at 0°C to the orange mixture to give a viscous white

slurry, which was vigourously stirred at room temperature for 3 h 30. The reaction was

quenched with brine and the mixture extracted with ethyl acetate. The combined

organic layers were washed with brine, dried over magnesium sulfate and concentrated

under reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 50:1)
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yielded bromide 67 (15.6 g, 85.2 mmol, 79%) as a colourless liquid.

C8H7Br (183.0 g/mol)

Rf: 0.61 (cyclohexane/MTBE 9:1)

'H-NMR (300 MHz, CDC13) 7.55 (d,J= 8.1, 2 H); 7.29 (tq, J = 7.3, 0.6, 1 H); 7.15-

7.00 (m, 2 H); 5.71 (dq,J= 17.4, 0.9, 1 H); 5.37 (dt, J= 10.9, 0.9, 1 H).

13C-NMR (75 MHz, CDC13) 137.31 (s); 144.20 (s); 135.65 (d); 132.73 (d); 128.94 (d);

127.35 (d); 126.66 (d); 123.48 (s); 116.59 (t).

The spectral characteristics were identical to those reported previously [75].

2-Vinylphenylboronic acid (68) (Method: [21]6)

B(OH)2

A solution of bromostyrene (67) (12.6 g, 69 mmol) in dry THF (64 ml) was added to

magnesium shavings (1.7 g, 69 mmol, Fluka pumm) so that the mixture boiled

continuously. The Grignard reagent was then stirred under reflux for 15 min, cooled to

room temperature and added to a solution of tributyl borate (21.2 ml, 83 mmol, Fluka

pumm) in dry THF (65 ml) at -78 °C. The reaction mixture was brought to room

temperature over 40 min, the reaction quenched with 1 M aq. HCl and the mixture

extracted with MTBE. The combined organic layers were washed with brine and

concentrated under reduced pressure. Residual butanol was removed azeotropically

with water. The cmde product was dissolved in hot water, the solution filtrated and

concentrated under reduced pressure. Residual water was removed azeotropically with

THF to give 68 (8.17 g, 55.2 mmol, 80%) as white crystals.

C8H9B02 (148.0 g/mol)

Rf: 0.33 (cyclohexane/MTBE 9:1)

'H-NMR (300 MHz, DMSO) 8.15 (s, 2 H); 7.57 (d, J = 7.8, 1 H); 7.43 (d, J = 6.9, 1

H); 7.32 (t, J= 7.5, 1 H); 7.21 (t,J= 7.5, 1 H); 7.09 (dd, J= 17.7, 11, 1 H); 5.69 (dd, J

= 17.6, 1, 1H); 5.20 (dd,J= 11.1, 1, 1 H).

13C-NMR(75 MHz, DMSO) 143.40 (s); 141.03 (s); 138.65 (d); 133.80 (d); 129.41 (d);

127.33 (d); 124.71 (d); 114.69 (t).

The spectral characteristics were identical to those reported previously [21].

6) In the literature, ethyl acetate was used for the extraction and residual water was removed with high vacuum.



Experimental Part 103

2'-Vinylbiphenyl-2-carbaldehyde (69) (Method: [1])

A solution of tetrakis(triphenylphosphine)palladium (96 mg, 0.08 mmol, Fluka pumm)

and 2-brombenzaldehyde (3.1 ml, 27 mmol, ABCR 98%) in dimethoxyethane (240 ml)

was stirred 10 min at room temperature. A solution of 68 (6g, 40.5 mmol) in ethanol

(30ml) and a solution of sodium carbonate (58 g, 54 mmol, pumm) in water (30 ml)

were added to the reaction mixture. After having been stirred 18 h under reflux, the

mixture was diluted with MTBE7, washed with brine, dried over magnesium sulfate

and concentrated under reduced pressure. Purification with flash chromatography on

silica gel (cyclohexane/MTBE gradient from 100:1 to 10:1) yielded 69 (4.69 g, 22.5

mmol, 84%) as a slightly yellow oil.

CisHnO (208.3 g/mol)

Rf: 0.69 (toluene/ethyl acetate 9:1)

'H-NMR (300 MHz, CDC13): 9.71 (s, 1 H); 8.03 (dd, J= 7.8, 1.6, 1 H); 7.68-7.61 (m,

2 H); 7.54-7.32 (m, 4 H); 7.24 (dd, J = 7.9, 1.3, 1 H); 6.40 (dd, J = HA, 10.9, 1 H);

5.68 (dd, J= HA, 0.9, 1 H); 5.17 (dd, J= 10.9, 0.9).

13C-NMR (75 MHz, CDC13): 192.1 (d); 144.6 (s); 137.0 (s); 136A (s); 134.7 (d); 134.3

(s); 133.6 (d); 131.2 (d); 130.7 (d); 128.6 (d); 128.0 (d); 127.6 (d); 121.1 (d); 125.4 (d);

116.3 (0-

The spectral characteristics were identical to those reported previously [1].

7) In the literature ethyl acetate was used for the extraction and the flash chromatography.
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(±)-(£)-l-(/?-Metoxyphenyl)-3-(2'-vinylbiphen-2-yl)-prop-2-enol (70) (Method8:

[30])

Sodium borohydride (71mg, 1.9 mmol, Fischer) was added to a solution of ketone 75

(640 mg, 1.9 mmol) and cerium trichloride hexahydrate (177 mg, 0.5 mmol, Fluka

pumm) in THF (4.7 ml) and methanol (4.7 ml) at 0 °C. The reaction mixture was

stirred at 0 °C for 1 h and then quenched with saturated aq. ammonium chloride and

extracted with MTBE. The combined organic layers were washed with brine, dried

over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 9:1) yielded 70 (453 mg, 1.3 mmol,

70%) as a viscous slightly yellow oil. It is composed of a 1:1 mixture of the two

atropic diastereomers.

C24H20O2 (340.4 g/mol)

Rf: 0.35 (toluene/ethyl acetate 2:1)

'H-NMR (400 MHz, CDC13): 7.66 (d,J= 7.8, 2H); 7.60-7.57 (m, 2 H); 7.38-7.13 (m,

16 H); 6.84 (d, J= 8.2, 4H); 6.42 (dd, J= HA, 11.0, 1 H); 6.36-6.31 (m, 2H); 6.22 (dd,

J= 15.8, 6.6, 2 H); 5.66 (dd,J= 9.4, 1.2, 1 H); 5.62 (dd,J= 9.4, 1.2, 1 H); 5.12-5.04

(m, 3 H); 3.79 (s, 6 H); 1.82-1.79 (m, 2H).

13C-NMR (100 MHz, CDC13): 159.14 (s); 159.11 (s); 139.82 (s); 139.75 (s); 139.59 (s,

x2); 136.21 (s); 136.19 (s); 135.43 (d, x2); 135.31 (s, x2); 135.23 (d, x2); 134.96 (d);

134.92 (d); 132.90 (d); 132.77 (d); 130.57 (d, x2); 130.55 (d); 130.52 (d); 128.93 (d);

128.90 (d); 127.67 (d); 127.62 (d); 127.61 (d); 127.54 (d); 127.49 (d); 127.45 (d);

127.34 (d); 127.31 (d); 125.47 (d); 125.41 (d); 124.85 (d); 124.82 (d); 114.55 (0;

114.44 (0; 113.87 (d); 113.85 (d); 14.18(d); 74.69 (d); 55.31 (q, x2).

IR (CHC13): 3600 (w); 3065 (w); 3005 (m); 2980 (w); 2960 (w); 2910 (w); 2840 (w);

1610 (s); 1587 (w); 1510 (s); 1470 (m); 1442 (m); 1415 (w); 1370 (w); 1305 (m); 1250

8) For solubility reasons, THF was added to the methanol indicated in he literature.The workup procedure was
also alterated.
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(s); 1175 (s); 1080 (w); 1037 (s); 992 (m); 970 (m); 910 (s); 834 (s).

MS (El): 342 (M+, 1.8); 203 (21); 193 (22); 192 (100); 191 (30); 179 (50); 178 (64);

165 (21); 150 (25); 135 (89); 121 (44).

(±)-(^)-l-(/?-Nitrophenyl)-3-(2'-vinylbiphen-2-yl)-prop-2-enol (71) (method9: [30])

A solution of 76 (280 mg, 0.8 mmol) in THF (2 ml) was added to a solution of sodium

borohydride (30 mg, 0.8 mmol, Fischer) and cerium trichloride hexahydrate (72 mg,

0.2 mmol, Fluka pumm) in methanol (2 ml) at 0 °C. The reaction mixture was stirred

at room temperature for 1 h 30. Since a TLC showed that the reaction was not finished,

the reaction mixture was treated again with sodium borohydride (10 mg, 0.26 mmol)

and stirred at 0 °C for 45 min. The reaction was quenched with saturated aq.

ammonium chloride and the mixture extracted with MTBE. The combined organic

layers were washed with brine and dried over magnesium sulfate. Concentration under

reduced pressure yielded 71 (220 mg, 0.62 mmol, 79%) as a viscous, slightly yellow

oil. It is composed of a 1:1 mixture of the two atropic diastereomers.

C23H19N03 (357.4 g/mol)

Rf: 0.35 (toluene/ethyl acetate 9:1)

'H-NMR (400 MHz, CDC13): 8.14 (d, J = 9.1, 2 H); 8.13 (d, J= 8.8, 2 H); 7.67-7.12

(m, 20 H); 6.43-6.26 (m, 4 H); 6.14 (dd,J= 15.8, 7.2, 1 H); 6.11 (dd,J= 15.8, 7.2, 1

H); 5.65 (d,J= 17.5, 1 H, x2), 5.24 (d,J= 7.2, 2 H); 5.08 (m, 2 H); 2.09 (d,J= 5.07, 1

H), 2.08 (d, J =7.9, 1H).

13C-NMR (100 MHz, CDC13): 149.68 (s); 149.64 (s); 147.25 (s, x2); 140.08 (s);

139.99 (s); 139.35 (d, x2); 136.10 (s, x2); 135.31 (d); 135.11 (d); 134.76 (s); 134.60

(s); 131.35 (d, x2); 131.15 (d); 131.14 (d); 131.01 (d, x2); 130.60 (d, x2); 130.40 (d,

x2); 130.02 (s); 129.89 (s); 127.96 (d); 127.92 (d); 127.85 (d); 127.78 (d); 127.58 (d);

127.55 (d); 126.87 (d, x2); 125.50 (d); 125.35 (d); 124.85 (d); 124.76 (d); 123.62 (d);

123.58 (d); 114.64 (0; 114.53 (0; 74.41 (d); 74.31 (d).

IR (CHC13): 3600 (w); 3400 (w); 3070 (w); 3010 (m); 2980 (m); 1630 (w); 1610 (m);

9) For solubility reasons, THF was added to the methanol indicated in he literature.The workup procedure was
also alterated.
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1530 (s); 1490 (w); 1470 (m); 1445 (w); 1415 (w); 1350 (s); 110 (m); 1080 (m); 1025

(m); 1015 (m); 1010 (m); 995 (m); 970 (m); 915 (m); 860 (m); 700 (m).

MS (El): 357 (M+, 0.01); 205 (10); 203 (11); 192 (18); 191 (15); 180 (13); 179 (100);

178 (84); 176 (10); 165 (18); 120 (16); 73 (17).

(±)-(^)-l-(/?-Fluorophenyl)-3-(2'-vinylbiphen-2-yl)-prop-2-enol (72) (Method10:

[30])

A solution of 77 (407 mg, 1.2 mmol) in THF (3 ml) was added to a solution of sodium

borohydride (47 mg, 1.2 mmol, Fischer) and cerium trichloride hexahydrate (114 mg,

0.32 mmol, Fluka pumm) in methanol (3 ml) at 0 °C. The reaction mixture was stirred

at 0 °C for 1 h 30. since the TLC showed that the reaction was not finished, the

reaction mixture was treated again with sodium borohydride (23 mg, 0.6 mmol) and

stirred at 0 °C for 50 min. The reaction was quenched with saturated aq. ammonium

chloride and the mixture extracted with MTBE. The combined organic layers were

washed with brine, dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 2:1) yielded 72 (260

mg, 0.81 mmol, 54%) as a viscous slightly yellow oil. It is composed of a 1:1 mixture

of the two atropic diastereomers.

C23H19OF (320.4 g/mol)

Rf: 0.26 (cyclohexane/MTBE 2:1)

'H-NMR (400 MHz, CDC13): 7.66 (d, J = 0.9, 1 H); 7.65 (d, J= 0.9, 1 H); 7.65-7.55

(m, 2 H); 7.38-7.23 (m, 12 H); 7.18-7.12 (m, 4 H); 6.99-6.95 (m, 4 H); 6.44-6.30 (m, 4

ÏÏ); 6.18 (dd, J = 15.8,6.9, 1 H); 6.17 (dd, J= 15.8,6.8, 1 H); 5.65 (dd, J= 17.5, 1.3, 1

H); 5.63 (dd, J= 17.5, 1.2, 1 H); 5.13 (d, J = 6.8, 2 H); 5.09 (dd, J= 11.0, 1.2, 1 H);

5.05 (dd,J= 11.0, 1.2, 1H); 1.89, (s,2 H).

13C-NMR (100 MHz, CDC13): 163.43 (s, x2); 160.99 (s, x2); 139.89 (s); 139.82 (s);

139.50 (s, x2); 138.35 (s, x2); 136.17 (s); 136.14 (s); 135.39 (d); 135.18 (d); 132.55

(d); 132.39 (d); 130.58 (d); 130.47 (d); 129.57 (d); 129.51 (d); 127.94 (d); 127.90 (d);

10)For solubility reasons, THF was added to the methanol indicated in he literature.The workup procedure was
also alterated.
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127.86 (d); 127.82 (d); 127.73 (d, x2); 127.68 (d); 127.66 (d); 127.53 (d); 127.51 (tf);

127.49 (öO; 127.48 (d); 125.49 (tf); 125.40 (d); 124.85 (tf); 124.79 (tf); 115.33 (d);

115.29 (öO; 115.11 (d); 115.08 (tf); 114.56 (0; 114.45 (0; 74.54 (d); 74.45 (d).

IR (CHC13): 3600 (m); 3420 (w); 3070 (w); 3010 (m); 2980 (w); 2940 (m); 2860 (w);

1610 (m); 1520 (s); 1470 (m); 1450 (w); 1415 (w); 1370 (m); 1160 (s); 1080 (m); 1020

(m), 1010 (m); 990 (m); 970 (m); 915 (m); 840 (s).

MS (EI): 330 (M+, 0.4); 205 (26); 203 (26); 202 (15); 193 (25); 192 (100); 191 (38);

189 (13); 180 (16); 179 (97); 178 (97); 165 (26); 152 (15); 151 (11); 123 (38); 109

(12); 95 (17); 73 (61); 57 (14); 56 (10); 41 (12); 28 (11).

(±)-(£)-4-(l-Hydroxy-3-(2'-vinylbiphen-2-yl)-prop-2-enyl)-benzonitrile (73)

(Method11: [30])

A solution of 78 (251 mg, 0.75 mmol) in THF (2 ml) was added to a solution of

sodium borohydride (28 mg, 0.75 mmol, Fischer) and cerium trichloride hexahydrate

(69 mg, 0.2 mmol, Fluka pumm) in methanol (2 ml) at 0 °C. The reaction mixture was

stirred at 0 °C for 1 h 30. Since the TLC showed that the reaction was not finished, the

reaction mixture was treated again with sodium borohydride (14 mg, 0.38 mmol) and

stirred at 0 °C for 40 min. The process was repeated a second time, the reaction was

stirred overnight at room temperature and subsequently quenched with saturated aq.

ammonium chloride and the mixture extracted with MTBE. The combined organic

layers were washed with brine, dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 2:1) yielded

73 (152 mg, o.45 mmol, 61%) as a viscous slightly yellow oil. It is composed a 1:1

mixture of the two atropic diastereomers.

C24H19NO (337.4 g/mol)

Rf: 0.45 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 7.67-7.64 (m, 2 H); 7.60-7.53 (m, 6 H); 7.45-7.24 (m, 12

H); 7.19-7.10 (m, 4 H); 6.41-6.30 (m, 4 H); 6.12 (dd,J= 15.8, 7.3, 1 H); 6.11 (dd, J =

1 l)For solubility reasons, THF was added to the methanol indicated in he literature.The workup procedure was
also alterated.
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15.8, 7.2, 1 H); 5.65 (dd, J= 17.5, 1.3, 1 H); 6.64 (dd, J= 17.5, 1.3, 1 H); 5.19 (d, J =

7.2, 2 H); 5.09 (dd, J= 11.0, 1.3, 1 H); 5.06 (dd, J= 11.1, 1.3, 1 H); 1.58(5, 2 H).

13C-NMR (100 MHz, CDC13): 147.73 (s); 147.69 (s); 140.04 (s); 139.95 (s); 139.37 (s,

x2); 136.11 (s, x2); 135.32 (d); 135.13 (d); 134.81 (s); 134.66 (s); 132.21 (tf); 132.17

(d); 131.48 (J, x2); 131.28 (d, x2); 130.94 (tf); 130.80 (d); 130.60 (tf); 130.41 (d);

127.90 (d); 127.86 (tf); 127.84 (d, x2); 127.76 (tf); 127.74 (d); 127.57 (tf); 127.53 (d);

126.78 (J, x2); 125.49 (d); 125.36 (tf); 124.85 (tf); 124.77 (d); 118.85 (5, x2); 114.60

(0; 114.51 (0; 111.21 (s); 111.17 (s); 74.54 (tf); 74.46 (d).

IR (CHC13): 3600 (m); 3420 (w); 3060 (m); 3010 (s); 2980 (s); 2240 (s); 1930 (w);

1715 (m); 1630 (w); 1612 (m); 1510 (m); 1470 (m); 1450 (m); 1415 (m); 1280 (s);

1090 (s); 1020 (s); 1007 (s); 995 (s); 970 (s); 920 (s); 840 (s).

MS (EI): 337 (M+, 0.8); 205 (30); 203 (21); 193 (24); 192 (86); 191 (32); 179 (90); 178

(100); 165 (25); 130 (22); 73 (87); 57 (20).

(E>l-Phenyl-3-(2'-vinylbiphen-2-yl)-propenone C74) (Method: [1])

Acetophenone (0.56 ml, 4.6 mmol, pumm) and aq. sodium hydroxide (2 M, 0.63 ml)

were added to a solution of 69 (1 g, 4.8 mmol) in ethanol (15 ml). After having been

stirred at room temperature for 17 h, the reaction mixture was heated to reflux for 1 h.

To the warm solution was added aq. pH 7 phosphate buffer, then the mixture cooled

down and extracted with MTBE12. The combined organic layers were washed with

brine, dried over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 19:1) yielded 74 (1.28 g, 4.1 mmol,

86%) as a viscous yellow oil.

C23H180 (310.4 g/mol)

Rf: 0.51 (cyclohexane/MTBE 2 :1)

'H-NMR (300 MHz, CDC13): 7.85-7.81 (m, 3 H); 7.67 (d,J=1.6, 1 H), 7.55-7.16 (m,

11 H); 6.41 (dd, J= HA, 10.9, 1 H); 5.65 (dd, J= 17.6, 1.2, 1 H); 5.10 (dd, J= 10.9,

1.2, 1 H).

12) In the literature ethyl acetate was used for the extraction and the flash chromatography.
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13C-NMR (75 MHz, CDC13): 190.64 (s); 143.40 (d); 141.99 (s); 138.56 (s); 137.85 (s);

136.15 (s); 134.74 (d); 133.74 (5); 132.42 (tf); 131.03 (d); 130.31 (tf); 129.65 (d);

128.40 (0O; 128.30 (tf); 128.03 (d); 127.76 (tf); 127.52 (d); 126.77 (tf); 125.13 (tf);

123.67 (d); 115.16(0-

The spectral characteristics were identical to those reported previously [1].

(£)-l-(p-Methoxyphenyl)-3-(2'-vinylbiphen-2-yl)-propenone (75) (Method13 [1])

/7-Methoxyacetophenone (0.36 g, 2.3 mmol, pumm) and aq. sodium hydroxide (2 M,

0.31 ml) were added to a solution of aldehyde 69 (500 mg, 2.4 mmol) in ethanol (8

ml). After having been stirred at room temperature for 17 h, the reaction mixture was

heated to reflux for 1 h. The warm reaction was quenched with aq. pH 7 phosphate

buffer, the mixture cooled down and extracted with MTBE. The combined organic

layers were washed with brine, dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 9:1) yielded

75 (643 mg, 1.9 mmol, 79%) as a viscous yellow oil.

C24H20O (340.4 g/mol)

Rf: 0.26 (cyclohexane/MTBE 9 :1)

'H-NMR (400 MHz, CDC13): 7.85-7.71 (m, 3 H); 7.67 (d,J= 7.9, 1 H); 7.55-7.16 (m,

8 H); 6.89 (d,J= 9.0, 2 H); 6.40 (dd, J= 17.5, 11.0, 1 H); 5.64 (dd, J= 17.5, 1.2, 1H);

5.09 (dd, J= 11.0, 1.2, lH);3.86(s, 3 H).

13C-NMR (100 MHz, CDC13): 189.00 (s); 163.25 (s); 142.55 (d); 141.98 (s); 138.85

(s); 136.30 (s); 134.91 (d); 134.07 (s); 131.14 (d); 130.95 (s); 130.79 (d); 130.43 (d);

129.52 (d); 128.08 (d); 127.81 (d); 127.62 (d); 126.97 (d); 125.26 (d); 123.66 (d);

115.18(0; 113.66 (d); 55.43 (q).

IR (CHC13): 3070 (w); 3010 (m); 2935 (m); 2855 (m); 1660 (s); 1610 (s); 1580 (m);

13)In the literature the reaction was made on the substrate without methoxy group. Besides ethyl acetate was

used for the extraction and the flash chromatography.
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1515 (m); 1470 (m); 1447 (m); 1422 (m); 1337 (s); 1315 (s); 1264 (s); 1175 (s); 1120

(w); 1080 (w); 1027 (s); 1010 (m); 992 (m); 920 (m); 840 (m).

MS (El): 340 (M+, 2.1); 191 (20); 178 (15); 135 (100); 56 (12).

(£)-l-(p-Nitrophenyl)-3-(2'-vinylbiphen-2-yl)-propenone (76) (Method14: [1])

/7-Nitroacetophenone (0.38 g, 2.3 mmol, Fluka pumm) and aq. sodium hydroxide (2 M,

0.31 ml) were added to a solution of aldehyde 69 (500 mg, 2.4 mmol) in ethanol (8

ml). After having been stirred at room temperature for 22 h, the black reaction mixture

was heated to reflux for 1 h. The warm reaction was quenched with aq. pH 7 phosphate

buffer, the mixture cooled down and extracted with MTBE. The combined organic

layers were washed with brine, dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 20:1)

yielded 76 (284mg, 0.8 mmol, 35%) as a viscous yellow oil.

C23H17N02 (355.4 g/mol)

Rf: 0.22 (cyclohexane/MTBE 9 :1)

'H-NMR (400 MHz, CDC13): 8.22 (d, J = 8.9, 2 H); 7.88 (d, J= 8.9, 2 H); 7.82-7.79

(m, 1 H); 7.68 (dt, J= 7.9, 0.6, 1 H); 7.51-7.12 (m, 8 H); 6.37 (dd, J= 17.5, 11.0, 1H);

5.66 (dd,J= 17.5, 1.1, 1H); 5.11 (dd, J= 11.0, 1.1, 1H).

13C-NMR (100 MHz, CDC13): 189.78 (s); 149.79 (s); 145.69 (d); 142.88 (s); 142.41

(s); 138.50 (s); 136.25 (s); 134.69 (d); 133.24 (s); 131.16 (d); 130.43 (d); 130.33 (d);

129.37 (d); 128.30 (d); 128.03 (d); 127.72 (d); 127.08 (d); 125.22 (d); 123.57 (d);

12332(d); 115.40(0-

IR (CHC13): 3070 (w); 3015 (w); 2935 (w); 2855 (w); 1670 (m); 1650 (m); 1605 (s);

1595 (s); 1530 (s); 1470 (w); 1450 (w); 1415 (w); 1350 (s); 1325 (s); 1287 (m); 1110

(w); 1080 (w); 1035 (m); 1025 (m); 1005 (m); 992 (m); 920 (m); 860 (m); 707 (m).

MS (EI): 355 (M+, 7); 206 (19); 205 (100); 203 (31); 202 (24); 191 (58); 189 (18); 179

(21); 178(58); 120(19).

14) In the literature the reaction was made on the substrate without the nitro group. Besides, ethyl acetate was

used for the extraction and the flash chromatography.



Experimental Part 111

(£)-l-(p-Fluorophenyl)-3-(2'-vinylbiphen-2-yl)-propenone (77) (Method15: [1])

/7-Fluoroacetophenone (0.28 ml, 2.3 mmol, Avocado 99%) and aq. sodium hydroxide

(2 M, 0.31 ml) were added to a solution of 69 (500 mg, 2.4 mmol) in ethanol (8 ml).

After having been stirred at room temperature for 22 h, the deep orange reaction

mixture was heated to reflux for 1 h. The warm reaction was quenched with aq. pH 7

phosphate buffer, the mixture cooled down and extracted with MTBE. The combined

organic layers were washed with brine, dried over magnesium sulfate and concentrated

under reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 50:1)

yielded 77 (407mg,1.2 mmol, 54%) as a viscous yellow oil.

C23H17OF (328.4 g/mol)

Rf: 0.49 (cyclohexane/MTBE 2 :1)

'H-NMR (400 MHz, CDC13): 7.85-7.79 (m, 3 H); 7.67 (dt, J= 1.1, 0.7, 1 H); 7.47-7.15

(m, 8 H); 7.06 (dd, J= 9.0, 8.5, 2 H); 6.39 (dd, J= 17.5, 11.0, 1 H); 5.64 (dd, J= 17.5,

1.2, 1H); 5.10 (dd,J= 11.0, 1.2, 1 H).

13C-NMR (100 MHz, CDC13): 189.32 (s); 166.68 (s); 164.15 (s); 143.73 (d); 142.13

(s); 138.72 (s); 136.29 (s); 134.83 (d); 133.75 (s); 131.14 (d); 131.12 (d); 131.03 (d);

130.39 (d); 129.85 (d); 127.89 (d); 127.65 (d); 126.97 (d); 125.25 (d); 123.49 (d);

115.60 (d); 115.38 (d); 115.26 (0-

IR (CHC13): 3070 (w); 3010 (m); 2930 (m); 2860 (m); 1665 (s); 1640 (m); 1600 (s);

1510 (m); 1490 (m); 1470 (m); 1445 (m); 1410 (m); 1330 (s); 1285 (m); 1160 (s); 1080

(m); 1030 (m); 1015 (m); 1005 (m); 990 (m); 920 (m); 840 (s).

MS (EI): 328 (M+, 12); 205 (100); 203 (26); 202 (21); 192 (41); 191 (74); 179 (45);

178 (93); 123 (75); 95 (30); 28 (32).

15) In the literature the reaction was made on the substrate without fluor. Besides ethyl acetate was used for the

extraction and the flash chromatography.
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(£)-4-(l-Oxo-3-(2'-vinylbiphen-2-yl)-prop-2-enyl)-benzonitrile (78) (Method16: [1])

4-Acetylbenzonitrile (334 mg, 2.3 mmol, Avocado 99%) and aq. sodium hydroxide (2

M, 0.31 ml) were added to a solution of 69 (500 mg, 2.4 mmol) in ethanol (8 ml). After

having been stirred at room temperature for 22 h, the deep red reaction mixture was

heated to reflux for 1 h. The warm reaction was quenched with aq. pH 7 phosphate

buffer, the mixture cooled down and extracted with MTBE. The combined organic

layers were washed with brine, dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 9:1) yielded

78 (25 lmg, 0.75 mmol, 31%) as a viscous yellow oil.

C24H17NO (335.4 g/mol)

Rf: 0.33 (cyclohexane/MTBE 2 :1)

'H-NMR (400 MHz, CDC13): 7.84-7.79 (m, 3 H); 7.70-7.67 (m, 3 H); 7.49-7.11 (m, 1

H); 6.37 (dd, J = 17.5, 11.0, 1 H); 5.64 (dd, J= 17.5, 1.1, 1 H); 5.11 (dd, J= 11.0, 1.1,

1H).

13C-NMR (100 MHz, CDC13): 189.90 (s); 145.44 (d); 142.38 (s); 141.31 (s); 138.52

(s); 136.26 (s); 134.72 (d); 133.31 (s); 132.22 (d); 131.17 (d); 130.35 (d); 128.85 (d);

128.28 (d); 128.01 (d); 127.70 (d); 127.00 (d); 125.22 (d); 123.19 (d); 118.02 (s);

115.61(5); 115.38(0-

IR (CHC13): 3070 (w); 3010 (m); 2980 (m); 2930 (w); 2240 (m); 1720 (m); 1670 (s);

1645 (s); 1625 (s); 1595 (s); 1470 (m); 1445 (m); 1410 (m); 1370 (m); 1330 (s); 1310

(s); 1280 (s); 1180 (m); 1080 (m); 1035 (m); 1020 (s); 1005 (m); 990 (m); 920 (m);

845 (m).

MS (EI): 335 (M+, 7); 205 (56); 192 (32); 191 (37); 179 (24); 178 (48); 177 (24); 147

(22); 130 (49); 120 (27); 102 (23); 91 (22); 73 (100); 57 (23).

16) In the literature the reaction was made on the substrate without nitrile. Besides ethyl acetate was used for the

extraction and the flash chromatography.
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(±)-2-[(^ra«^)-10-Methyl-9,10-dihydrophenantren-9-yl]-l-(p-methoxyphenyl)

ethanone (79)

LiHMDA (1 M in hexane, 0.17 ml, 0.17 mmol, Fluka purum) was added to a solution

of alcohol 70 (50 mg, 0.14 mmol) in benzene (10 ml). After having been transferred

into a steel autoclave with copper joint, the reaction mixture was degassed with argon

and heated to 210 °C for 48 h. The reaction was allowed to cool to room temperature,

quenched with saturated aq. ammonium chloride and the mixture extracted with

MTBE. The combined organic layers were dried over magnesium sulfate and

concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE gradient from 100:1 to 10:1) yielded 79 (3.3 mg, 9.6 umol, 6%)

as a yellow oil.

C24H2202 (342.4 g/mol)

Rf: 0.41 (cyclohexane/MTBE 2:1)

'H-NMR (300 MHz, CDC13): 7.80 (t, J = 7.8, 2 H); 7.72 (d, J = 8.9, 2 H); 7.36-7.20

(m, 5 H); 7.15-7.08 (m, 1 H); 6.82 (d, J= 8.9, 2 H); 3.82 (s, 3 H); 3.80 (dd, J= 7.0,5.9,

1 H); 3.55-3.49 (m, 1 H); 3.01 (dd, J = 16.5, 8.4, 1 H); 2.88 (dd, J = 16.5, 5.6, 1 H);

l.U(d,J=l.l,3R).
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(±)-2-[(^ra«^)-10-Methyl-9,10-dihydrophenantren-9-yl]-l-(/?-nitrophenyl)ethanone

(80)

A solution of 71 (20 mg, 56 umol) in benzene (10 ml) was transferred into a steel

autoclave with copper joint. The reaction mixture was degassed with argon and heated

to 210 °C for 18 h. The reaction was allowed to cool to room temperature, quenched

with saturated aq. ammonium chloride, and the mixture extracted with MTBE. The

combined organic layers where dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 50:1)

yielded 80 (7.5 mg, 20.1 umol, 38%) as a yellow oil.

C23H19N03 (357.4 g/mol)

Rf: 0.46 (cyclohexane/MTBE 4:1)

'H-NMR (300 MHz, CDC13): 8.16 (d,J= 9.0, 2 H); 7.86-7.77 (m, 4 H); 7.38-7.14 (m,

6 H); 3.54 (td, J= 7.0, 1.6, 1 H); 3.22-2.99 (m, 3 H); 1.12 (d, J = 7.2, 3H).

IR (CHC13): 3080 (w); 3015 (w); 2970 (m); 2930 (m); 2880 (w); 1700 (s); 1610 (m);

1530 (s); 1490 (m); 1460 (m); 1405 (w); 1350 (s); 1320 (m); 1265 (m); 1200 (m);

1110 (m); 1080 (m); 1015 (m); 980 (w); 860 (m).

MS (EI): 358 ((M+H)+, 0.3); 193 (12); 192 (57); 191 (15); 178 (19); 165 (10); 135

(100); 120 (19); 28 (18).
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(±)-2-[(^ra«^)-10-Methyl-9,10-dihydrophenantren-9-yl]-l-(/?-fluoroophenyl)

ethanone (81)

A solution of 72 (20 mg, 61 umol) in benzene (10 ml) was transferred into a steel

autoclave with copper joint. The reaction mixture was degassed with argon and heated

to 210 °C for 18 h. The reaction was allowed to cool to room temperature, quenched

with saturated aq. ammonium chloride and the mixture extracted with MTBE. The

combined organic layers where dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 75:1)

yielded 81 (5.6 mg, 16.9 umol, 28%) as a yellow oil.

C23H19OF (330.4 g/mol)

Rf: 0.58 (cyclohexane/MTBE 4:1)

'H-NMR (300 MHz, CDC13): 7.82-7.73 (m, 4 H); 7.36-7.13 (m, 6 H); 7.03-6.97 (m, 2

H); 7.00 (t,J= 8.7, 2 H); 3.53 (td,J= 7.0, 1.6, 1 H); 3.07-2.88 (m, 3 H); 1.11 (d,J =

7.2, 3 H).

IR (CHC13): 3080 (m); 3010 (m); 2970 (m); 2930 (m); 1685 (s); 1605 (s); 1510 (s);

1490 (m); 1455 (m); 1410 (m); 1365 (m); 1320 (m); 1265 (s); 1160 (s); 1100 (s); 1015

(s);910(s).

MS (EI): 330 (M+, 0.03); 193 (18); 192 (100); 191 (13); 178 (14); 123 (12); 95 (11).
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4-(l-Oxo-2-[(frans)-10-methyl-9,10-dihydrophenantren-9-yl]-ethyl)-benzonitrile

(82)

CN

A solution of 80 (20 mg, 59 umol) in benzene (10 ml) was transferred into a steel

autoclave with copper joint. The reaction mixture was degassed with argon and heated

to 210 °C for 24 h. The reaction was allowed to cool to room temperature, quenched

with saturated aq. ammonium chloride and the mixture extracted with MTBE. The

combined organic layers where dried over magnesium sulfate and concentrated under

reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 50:1)

yielded 82 (6.5 mg, 19.3 umol, 33%) as a yellow oil.

C24H19NO (337.4 g/mol)

Rf: 0.36 (cyclohexane/MTBE 4:1)

'H-NMR (300 MHz, CDC13): 7.82-7.76 (m, 4 H); 7.65-7.61 (m, 1 H); 7.37-7.13 (m, 1

H); 3.55-3.50 (m, 1 H); 3.10-2.96 (m, 3 H); 1.1 (d, J = 7.2, 3 H).

IR (CHC13): 3080 (w); 3020 (w); 2970 (m); 2930 (m); 2860 (w); 2240 (m); 1700 (s);

1610 (w); 1570 (w); 1490 (m); 1455 (m); 1405 (m); 1365 (w); 1290 (m); 1265 (s);

1110 (w); 1080 (w); 1010 (m); 910 (s); 830 (m).

MS (EI): 337 (M+, 0.2); 193 (20); 192 (100); 191 (15); 178 (17); 130 (42); 102 (24); 85

(33); 83 (49); 47 (10).
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Ethyl 2-diethoxyphosphoryl-2-(4-methoxyphenyl)acetate (92) (Method: [50])

A mixture of 95 (7.5 g, 27 mmol) and triethylphosphite (5.2 ml, 29 mmol, Fluka

pumm) was stirred at 160 °C for 3 h in a flask fitted with a Vigreux column and a

distillation apparature. Bromoethane was removed by distillation (vapours at 40 °C)

during the reaction. Subsequent concentration under reduced pressure yielded 92 (9 g,

27.2 mmol, 99%) as a yellow oil. The cmde material was used directly in the next step

without further purification.

C15H23P06 (330.3 g/mol)

IR (CHCI3): 3000 (s); 2937 (m); 2839 (w); 1732 (s); 1611 (m); 1512 (s); 1464 (m);

1443 (m); 1393 (m); 1369 (m); 1028 (s); 971 (s).

'H-NMR (300 MHz, CDC13): 7.45-7.42 (m, 2 H); 6.88 (d, J= 8.4); 4.23-4.05 (m, 1 H);

3.80(5, 3 H); 1.33-1.18 (m, 9 H).

13C-NMR (75 MHz, CDC13): 167.64 (s); 159.13(a); 130.57 (d); 130.49 (d); 122.69 (s);

122.58 (s); 113.69 (d); 63.06 (0; 62.73 (0; 61.47 (0; 61.24 (0; 54.97 (q); 51.97 (d);

50.18 (d); 16.10 (q); 13.84 (q).

MS (EI): 330 (M+, 42); 258 (12); 257 (24); 201 (11); 199 (11); 194 (16); 193 (53); 148

(44); 137 (19); 135 (11); 121 (100); 120 (10); 77 (15); 29 (15).

Ethyl 2-(4-methoxyphenyl)acetate (94)

/7-Toluenesulfonic acid (100 mg, Fluka puriss) and ttiethyl orthoformate (15 ml, 90

mmol, Fluka pumm) were added to a solution of 2-(4-methoxyphenyl)acetic acid (10g,

60 mmol). After having been stirred for 14h at room temperature, the reaction mixture

was treated with ttiethyl orthoformate (5 ml, 30 mmol) and then stirred further at room
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temperature for 48 h. The reaction was then quenched with saturated aq. sodium

bicarbonate, the mixture filtered and the organic layer concentrated under reduced

pressure. The cmde oil was then diluted with MTBE, washed with saturated aq.

sodium bicarbonate, and dried over magnesium sulfate. Concentration under reduced

pressure yielded cmde 94 (12g, 61.5 mmol)) quantitatively as a transparent oil that was

used without further purification in the next step.

CnH1403 (195.2 g/mol)

Rf: 0.58 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 7.20 (d, J= 8.7, 2 H); 6.86 (d, J= 8.7, 2 H); 4.14 (q, J =

7.2, 2 H); 3.79 (s, 3 H); 3.55 (s, 2 H); 1.27-1.21 (m, 3 H).

The spectral characteristics were identical to those reported previously [76] [77].

(±)-Ethyl 2-bromo-2-(4-methoxyphenyl)acetate (95) (Method: [49])

To a solution of 94 (11 g, 56.4 mmol) in dry tetrachloromethane (140 ml) were added

NBS (10.3 g, 58 mmol, Fluka pumm) and then hydrobromic acid (2 drops, 65%). After

having been stirred under reflux for lh40 the orange and subsequently white slurry was

filtered over magnesium silicate (Fluka Florisil, 60-100 mesh) and then concentrated

under reduced pressure. Concentration provided 95 (13.2 g, 48.0 mmol, 85 %) as a

transparent oil. The cmde material was used directly in the next step without further

purification.

CnH1303Br (275.1 g/mol)

'H-NMR (300 MHz, CDC13): 7.49 (dd, J= 6.9, 2.2, 2 H); 6.88 (dd, J= 6.7, 2.2, 2 H);

5.33 (s, 1 H); 4.26-4.21 (m, 2 H); 3.81 (s, 3 H); 1.29 (t, J= 7.2, 3 H).

The spectral characteristics were identical to those reported previously [78].
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(Z)-Ethyl 2-(4-methoxyphenyl)-3-(2'-vinylbiphen-2-yl)prop-2-enoate (96) (Method:

[52])

EtOOC
/=\ /

A solution of 92 (2 g, 6 mmol) in freshly distilled DMF (1 ml) was added under argon

to a suspension of freshly purified sodium hydride17 (144 mg, 6 mmol, 95%) in dry

DMF (3 ml) at 0 °C. After the reaction mixture had been stirred at room temperature

for 1 h, a solution of 69 in dry DMF (1.4 ml) was added. The reaction was stirred at

room temperature for 17 h and subsequently quenched with distilled water and the

mixture extracted with MTBE. The combined organic layers were dried over

magnesium sulfate and concentrated under reduced pressure. Flash chromatography on

silica gel (cyclohexane/MTBE 50:1) yielded 96 (1.1 g, 70%) as a viscous transparent

oil. The chromatography also allowed the recovery of unreacted starting material 92

(205 mg, 2.6 mmol, 10%). The NMR spectrum showed the presence of 14% of the (E)-

diastereomer.

C26H2403 (384.5 g/mol)

Rf: 0.38 (cyclohexane/MTBE 9:1)

'H-NMR (400 MHz, CDC13): 7.65 (dd, J= 7.8, 1.4, 1 H); 1.45-7.43 (m, 1 H); 7.35-

7.08 (m, 8 H); 6.79 (d, J= 9.0); 6.58 (s, 1 H); 6.57 (dd, J= HA, 11.0, 1 H); 5.64 (dd, J

= 17.5, 1.3, 1 H); 5.10 (dd, J = 11.0, 1.3, 1 H); 4.18 (qd,J= 7.1, 2.1, 2 H); 3.77 (s, 3

H); 1.11 (f, .7 =7.1).

13C-NMR (100 MHz, CDC13): 169.65 (s); 159.54 (s); 140.22 (s); 139.40 (s); 136.23

(s); 135.89 (s); 135.36 (d); 135.08 (s); 130.63 (d); 130.47 (d); 130.40 (d); 129.68 (s);

127.94 (d); 127.84 (d); 127.81 (d); 127.67 (d); 121AQ (d); 127.26 (d); 124.91 (d);

114.50 (0; 113.89 (d); 60.97 (0; 55.28 (q); 13.81 (q).

IR (CHC13): 3005 (m); 2936 (m); 2839 (w); 1712 (s); 1607 (s); 1575 (w); 1513 (s);

1466 (m); 1443 (m); 1371 (m); 1344 (w); 1291 (s); 1114 (w); 1078 (w); 1027 (s); 914

(m); 827 (m).

MS (EI): 384 (M+, 28); 339 (15); 338 (54); 311 (17); 310 (15); 309 (35); 206 (22); 203

(32); 202 (18); 194 (29); 191 (33); 178 (57); 121 (100); 73 (27).

17) In the reference, they used directly the dispertion in oil. Besides, the reacting time and the workup were

changed from the procedure described in literature.
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(Z)-2-(4-Methoxyphenyl)-3-(2'-vinylbiphen-2-yl)prop-2-enol(98)

A solution of DIBAH (IM in CH2C12, 10.4 ml, 10.4 mmol, Fluka pumm) was added

under argon to a solution of 96 (1 g, 2.6 mmol) in dry dichloromethane at -78 °C. After

the reaction mixture had been stirred at -78 °C for 1 h and subsequently allowed to

warm up to room temperature, saturated aq. sodium potassium tartrate (15 ml) and

diethyl ether (15 ml) were added. The reaction mixture was stirred until two

transparent layers were obtained, extracted with diethyl ether and washed with brine.

The combined organic layers were dried over magnesium sulfate and concentrated

under reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 10:1)

yielded 98 (779 mg, 2.3 mmol, 87%) as a slightly yellow viscous oil. The NMR

spectrum showed the presence of 14% of the (i?)-diastereomer.

C24H2202 (342.4 g/mol)

Rf: 0.20 (cyclohexane/MTBE 2:1)

'H-NMR (400 MHz, CDC13): 7.62 (dd,J= 7.6, 1.6, 1 H); 7.44-7.08 (m, 9 H); 6.82 (d,

J= 8.9, 2 H); 6.46 (s, I H); 6.45 (dd, J = 17.6, 11.0, 1 H); 5.62 (dd, J= 17.6, 1.2, 1 H);

5.09 (dd, J= 11.0, 1.2, 1 H); 4.53 (d,J= 7.5, 2 H); 4.24 (s, 1 H); 3.77 (s, 3 H).

13C-NMR (100 MHz, CDC13): 159.13 (s); 140.33 (s); 139.95 (s); 139.18 (s); 136.46

(s); 136.06 (s); 135.30 (d); 132.65 (s); 130.30 (d); 130.22 (d); 129.88 (d); 129.40 (d);

128.67 (d); 127.72 (d); 127.45 (d); 127.35 (d); 127.17 (d); 125.01 (d); 114.45 (0;

113.89 (d); 60.39(0; 55.25 (q).

IR (CHC13): 3601 (w); 3063 (m); 3006 (s); 2958 (m); 2936 (m); 2838 (m); 1607 (s);

1574 (w); 1513 (s); 1466 (s); 1442 (m); 1388 (w); 1290 (s); 114 (w); 1078 (m); 1031

(s); 1003 (m); 951 (m); 915 (m); 829 (m).

MS (EI): 342 (M+, 11); 277 (24); 276 (33); 265 (32); 264 (20); 263 (25); 253 (33); 252

(38); 251 (23); 250 (27); 239 (31); 238 (22); 215 (24); 213 (24); 204 (23); 203 (46);

202 (71); 201 (23); 200 (22); 193 (26); 192 (54); 191 (95); 190 (93); 189 (53); 179

(47); 178 (100); 177 (42); 176 (54); 138 (39); 135 (31); 133 (61); 132 (48); 131 (33);

126 (54); 125 (28); 120 (39); 119 (52); 118 (25); 113 (28).
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(±)-(£)-l-Phenyl-3-(2'-(2-trimethylsilylethynyl)biphen-2-yl)-prop-2-enol(106)

(Method: [30])

SiMe3

Sodium borohydride (1.54 g, 40.7 mmol, Fischer) was added to a solution of cerium

trichloride hexahydrate (79 mg, 2.06 mmol, Fluka pumm) in methanol (18.5 ml) at 0 °

C. After adding a solution of 120 (2,6 g, 6.8 mmol) in THF18 (26 ml) to the reaction

mixture, it was stirred for 2 h at 0 °C, quenched with saturated aq. ammonium chloride

and extracted with MTBE. The combined organic layers were dried over magnesium

sulfate and concentrated under reduced pressure. After flash chromatography on silica

gel (cyclohexane/MTBE 10:1) 106 (2.09 g, 5.5 mmol, 80%) was obtained as a yellow

oil.

C26H26OSi (382.5 g/mol)

Rf: 0.29 (cyclohexane/MTBE 2:1)

'H-NMR (400 MHz, CDC13): 7.52 (d, J = 7.6, 1 H); 7.48 (d, J =1.1, 1 H); 7.33-7.16

(m, 11 H); 6.42 (d,J= 15.8, 1 H); 6.17 (dd, J= 15.8, 7.0, 1 H); 5.15 (d,J= 6.8, 1 H);

1.87(5, 1 H); -0.07 (s, 9 H).

13C-NMR (100 MHz, CDC13): 144.05 (s); 142.74 (s); 139.81 (s); 135.17 (s); 132.07

(d); 130.31 (d); 130.07 (d); 129.55 (d); 128.46 (d); 128.22 (d); 127.64 (d); 127.54 (d);

127.13 (d); 127.09 (d); 126.23 (d); 125.37 (d); 123.07 (s); 104.3 (s); 97.94 (s); 75,26

(d); -0.39 (q).

IR (CHC13): 3697 (w); 3419 (w); 3064 (m); 3006 (m); 2961 (m); 2929 (m); 2852 (w);

2157 (m); 1956 (w); 1774 (w); 1602 (w); 1492 (m); 1468 (m); 1451 (m); 1366 (m);

1078 (m); 1005 (m); 966 (m); 865 (s); 645 (m).

MS (EI): 382 (M+, 5); 293 (26); 292 (80); 291 (100); 290 (54); 289 (59); 288 (17); 287

(17); 278 (17); 247 (16); 245 (20); 217 (25); 215 (16); 203 (28); 202 (32); 201 (18);

190 (18); 189 (20); 188 (16); 73 (17).

18) THF was added from the literature reference for solubility reasons. Besides the workup was also modified

from literature.
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2'-(2-Trimethylsilylethynyl)biphenyl-2-carbaldehyde (107) (Method: [57])

n-Butyl lithium (1.6 M in hexane, 3 ml, 4.7 mmol, Fluka 20160) was added dropwise

under argon to a degassed solution ofll9(lg, 3.9 mmol) in dry THF (20 ml) at -78 °

C, and the red solution was stirred for 15 min A degassed solution of dry zinc bromide

(1.07 g, 4.7 mmol) in THF (20 ml) was added to the reaction mixture at -78 °C, which

was then stirred at 0°C for 15 min To the reaction mixture was added a degassed

solution of tetrakistriphenylphosphonium palladium (75 mg, 0.065 mmol, Fluka

pumm) and bromobenzaldehyde (0.46 ml, 3.9 mmol, Acros 97%) in dry THF (10 ml)

at 0 °C, then the yellow solution was stirred under reflux overnight. The reaction

mixture was quenched with saturated aq. ammonium chloride and extracted with

MTBE19. The combined organic layers were dried over magnesium sulfate and

concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 100:1) yielded 107 (778 mg, 2.8 mmol, 71%) as a yellow oil.

Ci4H18OSi (278.4 g/mol)

Rf: 0.46 (cyclohexane/MTBE 9:1)

'H-NMR (400 MHz, CDC13): 9.80 (d, J= 0.9, 1 H); 7.99 (ddd, J= 7.8, 1.5, 0.5, 1 H);

7.60-7.29 (m, 1 H); -0.04 (s, 9 H).

13C-NMR (100 MHz, CDC13): 191.67 (d); 144.20 (s); 140.97 (s); 134.16 (s); 133.33

(d); 132.06 (d); 131.09 (d); 130.04 (d); 128.62 (d); 128.02 (d); 126.73 (d); 123.62 (s);

103.52 (s); 99.52 (s); -0.62 (q).

IR (CHC13): 3065 (w); 3005 (w); 2962 (m); 2855 (w); 2757 (w); 2158 (m); 1694 (s);

1598 (s); 1471 (m); 1441 (m); 1395 (m); 1114 (w); 1004 (w); 865 (s); 847 (s); 644 (m).

MS (EI): 278 (M+, 3); 264 (24); 235 (36); 233 (11); 203 (12); 202 (14); 191 (12); 190

(14); 189 (65); 188 (10); 165 (11); 131 (14); 124 (16); 117 (11); 73 (12).

19) In the literature diethylether was used.
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l-Bromo-2-ethynylbenzene (117) (Method20: [54])

Ar"
A solution of potassium tert-butylate (4.21 g, 37.5 mmol, Fluka pumm) in dry THF (60

ml) was added under argon to a solution of cmde 118 (4.29 g, 12.5 mmol) in dry THF

(40 ml) at -5 °C. The mixture was stirred at room temperature for 3 h 45. The reaction

was quenched with water and the mixture extracted with MTBE. The combined

organic layers were washed with brine, dried over magnesium sulfate and concentrated

under reduced pressure. Flash chromatography on silica gel (pure cyclohexane) yielded

117 (1.70 g, 9.4 mmol, 75%) as a slightly yellow liquid.

CsHsBr (181.1 g/mol)

Rf: 0.81 (toluene/ethyl acetate 100:1)

'H-NMR (300 MHz, CDC13): 7.59 (dd,J= 7.5, 1.4, 1 H); 7.53 (dd, J= 7.6, 1.7, 1 H);

7.30-7.20 (m, 2 H); 3.38 (s, 1 H).

The spectral characteristics were identical to those reported previously [79].

(±)-l-Bromo-2-(l,2-dibromoethyl)benzene (118) (Method: [54])

Br

Br

Bromine (0.67 ml, 13.1 mmol, Fluka pumm) was added dropwise under argon to a

solution of 1-bromostyrene (67) (2.4 g, 13.1 mmol) in dry chloroform (12 ml) at -5 °C.

After having been stirred at room temperature for 1 h, the mixture was concentrated

under reduced pressure to yield21 118 (4.21 g, 12.3 mmol, 94%). Cmde 118 was used

for the next step without further purification.

C8H7Br3 (342.9 g/mol)

Rf: 0.54 (cyclohexane/MTBE 20:1)

'H-NMR (300 MHz, CDC13): 7.59 (dd,J= 8.1, 1.2, 1 H); 7.54 (dd, J= 7.8, 1.6, 1 H);

20) In the literature, the mixture was stirred 12 h, extracted with diethylether and puirified with flash

chromatography with petrol ether (60-70)

21) In the literature this was followed by a recristallisation from ethanol. However the crude product was pure

enough for the next step.
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7.39 (ddd,J= 7.8, 7.5, 1.2, 1 H); 7.22 (ddd, J= 8.1, 7.5, 1.6, 1 H); 5.70 (t, J =8.1, 1H);

4.08 (d, J= 8.1, 2 H).

13C-NMR (75 MHz, CDC13): 137.54 (5); 133.28 (d); 130.35 (tf); 128.31 (tf); 128.20

(d); 124.39 (5); 48.49 (d); 33.91 (0-

IR (CHC13): 3065 (w); 3006 (m); 1698 (w); 1580 (w); 1569 (w); 1474 (s); 1442 (s);

1350 (w); 1279 (m); 1164 (m); 1137 (s); 1110 (m); 1027 (s); 908 (m), 882 (w); 668

(m).

MS (EI): 346 (1.7); 344 (4.3); 342 (4.8); 340 (M+, 1.73); 265 (49); 263 (100); 261 (50);

184 (54); 182 (53); 103 (57); 52 (41); 77 (38); 76 (11); 75 (14); 51 (40); 50 (13); 18

(33).

(2-(2-Bromophenyl)ethynyl)trimethylsilane (119) (Method: [54])

SiMe3

A solution of bromoethane (2.97 ml, 39.7 mmol, Fluka pumm) in dry THF22 (40 ml)

was added over magnesium shavings so that the mixture boiled continuously. The

Grignard reagent was then stirred under reflux for 40 min, cooled to 0 °C and added to

a solution of 117 (5 g, 27.6 mmol) in dry THF (5.2 ml). After having been stirred at 40

°C for 2 h 10, the reaction mixture was cooled down to 0°C and treated over 1 h with a

solution of TMSC1 (6.35 ml, 49.7 mmol, Fluka pumm) in dry THF (4 ml). The reaction

was then brought to room temperature, quenched with water and the mixture extracted

with MTBE. The combined organic layers were washed with brine, dried over

magnesium sulfate and concentrated under reduced pressure. Flash chromatography on

silica gel (cyclohexane) yielded 119 (6.5 g, 25.7 mmol, 93%) as a yellow liquid.

CnH13SiBr (253.2 g/mol)

Rf: 0.60 (cyclohexane/MTBE 9:1)

'H-NMR (300 MHz, CDC13): 7.56 (dd, J= 8.1, 1.2, 1 H); 7.48 (dd, J= 7.6, 1.7, 1 H);

7.26-7.12 (m, 2 H); 0.28 (s, 9 H).

The spectral characteristics were identical to those reported previously [80].

22) In te literature diethylether was used as solvent.
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(E)-l-Phenyl-3-(2'-(2-trimethylsilylethynyl)biphen-2-yl)-propenone (120)

SiMe3

n-Butyl lithium (1.6 M in hexane, 8.9 ml, 14.3 mmol, Fluka 20160) was added

dropwise under argon to a solution of freshly distilled diisopropylamine (1.63 ml, 14.3

mmol, Fluka puriss) in dry THF (16 ml) at -78 °C, and was then slowly brought to

room temperature. The LDA solution was added to a solution of 107 (3.69 g, 13 mmol)

and acetophenone (1.67 ml, 14.3 mmol, pumm) in dry THF (36 ml) at 0 °C and left to

stir at 0 °C for 2 h 15. The reaction mixture was heated to 60 °C, stirred for 20 min and

then treated with saturated aq. ammonium chloride and extracted with MTBE. The

combined organic layers were washed with saturated aq. ammonium chloride, dried

over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 100:1) yielded 120 (2.6 g, 6.8

mmol, 53%) as a yellow oil.

C26H24OSi (380.5 g/mol)

Rf: 0.32 (cyclohexane/MTBE 9:1)

'H-NMR (400 MHz, CDC13): 7.87 (d, J = 1.3, 1 H); 7.85 (d, J= 1.4, 1 H); 7.82-7.79

(m, 1 H); 7.58-7.48 (m, 3 H); 7.43 (d, J =4, I H); 7.40 (d, J= 3.3, 1 H); 7.38-7.22 (m,

1 H); -0.03 (s, 9 H).

13C-NMR (100 MHz, CDC13): 191.35 (s); 143.99 (d); 143.17 (s); 142.16 (s); 138.12

(s); 133.68 (s); 132.44 (d); 132.28 (d); 128.62 (d); 130.96 (d); 129.99 (d); 129.56 (d);

128.59 (d); 128.46 (d); 128.42 (d); 127.91 (d); 127.61 (d); 126.33 (d); 123.67 (d);

123.14 (s); 104.01 (s); 98.42 (s); -0.44 (q).

IR (CHC13): 3065 (w); 3006 (m); 2962 (m); 2158 (m); 1960 (w); 1928 (w); 1897 (w);

1815 (w); 1664 (s); 1637 (m); 1607 (s); 1468 (m); 1448 (m); 1331 (m); 1318 (m); 1285

(m); 1018 (m); 985 (m); 865 (s); 845 (s).

MS (EI): 380 (M+, 28); 379 (39); 308 (28); 307 (94); 292 (24); 291 (58); 290 (77); 289

(100); 288 (35); 287 (23); 276 (21); 263 (22); 217 (20); 207 (42); 202 (32); 201 (24);

189 (21); 178 (26); 144 (35); 73 (31).
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(±)-(£)-l-Phenyl-3-(2'-ethynylbiphen-2-yl)-prop-2-enol (121) (Method: [57]

One drop of water was added to a solution of 106 (100 mg, 0.26 mmol) in THF (1 ml)

and methanol (0.25 ml). K2C03 (180 mg, 1.3 mmol) was added to the reaction mixture

before letting it stir during 4 h. The reaction was quenched with water and extracted

with MTBE23. The combined organic layers were dried over magnesium sulfate and

concentrated under reduced pressure. Purification with flash chromatography on silica

gel (cyclohexane/MTBE 3:1) yielded alcohol 121 (82 mg, 0.26 mmol) quantitatively.

C23H180 (310.4 g/mol)

Rf: 0.26 (cyclohexane/MTBE 9:1)

'H-NMR (400 MHz, CDC13): 7.59 (d, J = 7.2, 2 H); 7.4-7.2 (m, 11 H); 6.47 (d, J =

15.7, 1 H); 6.24 (dd,J= 15,8 6,9, 1 H); 5.2 (d, J = 6.8, 1 H); 2.89 (s, 1 H); 1.91 (s, 1

H).

13C-NMR (100 MHz, CDC13): 143.69 (s); 142.70 (s); 139.51 (s); 135.09 (s); 133.07

(d); 130.44 (d); 130.34 (d); 129.20 (d); 128.50 (d); 128.45 (d); 127.87 (d); 127.58 (d);

127.23 (d); 127.21 (d); 126.23 (d); 125.55 (d); 121.94 (s); 80.38 (s); 75.21 (s).

IR (CHC13): 3597 (m); 3308 (m); 3065 (m); 3006 (s); 2107 (w); 1602 (w); 1492 (m);

1470 (s); 1453 (m); 1368 (m); 1069 (m); 1005 (s); 967 (s); 910 (m); 652 (s); 605 (m).

MS (EI): 310 (M+, 2.4); 207 (22); 206 (35); 205 (90); 204 (52); 203 (100); 202 (89);

201 (45); 200 (33); 191 (67); 190 (65); 189 (80); 188 (33); 179 (20); 178 (36); 177

(29); 176 (24); 165 (27); 151 (20); 150 (21); 105 (70); 101 (22); 77 (38).

23) The workup and the purification were adapted from the literature.
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2-(10-(Trimethylsilylmethyl)phenantren-9-yl)-l-phenylethanone (123)

SiMe3

123 124

A solution of 106 (95 mg, 0.24 mmol) in dry benzene (10 ml) was degassed with argon

and transferred into a steel autoclave with copper joint. The reaction mixture was

heated at 260°C for 6h30 and then allowed to cool to room temperature. After being

concentrated under reduced pressure, the mixture was purified with flash

chromatography on silica gel (cyclohexane/MTBE 100:1) to yield 123 (14 mg, 36

umol, 15%) and 124 (17 mg, 46 umol, 18%).

Spectral data for 123

C26H26OSi (380.5 g/mol)

Rf: 0.56 (cyclohexane/MTBE 100:1)

'H-NMR (400 MHz, CDC13): 8.74 (d,J= 10.3, 1 H); 8.72 (d, J= 8.9, 1 H); 8.18 (d, J

= 6.7, 2 H); 8.06 (d, J= 7.2, 1 H); 7.68-7.46 (m, 8 H); 4.89 (s, 2 H); 2.69 (s, 2 H); 0.05

(s, 9 H).

13C-NMR (100 MHz, CDC13): 196.99 (s); 137.09 (s); 135.25 (s); 133.32 (d); 131.84

(s); 131.39 (s); 130.38 (s); 129.06 (s); 128.86 (d); 128.16 (d); 126.80 (d); 126.14 (d);

125.98 (d); 125.79 (d); 125.03 (d); 124.07 (d); 122.95 (d); 40.40 (0; 20.67 (0; -0.19

(?)

IR (CHCla): 3074 (w); 2956 (m); 1691 (s); 1600 (m); 1491 (m); 1448 (m); 1324 (m);

1004 (m); 854 (s).

MS (MALDI): 405 (M+Na+, 100); 292 (15); 203 (5).

Spectral data for 124

C26H26Si (366.5 g/mol)

Rf: 0.69 (cyclohexane/MTBE 100:1)

'H-NMR (400 MHz, CDC13): 8.75 (dt, J = 8.3, 0.6, 1 H); 8.71 (d, J= 7.5, 1 H); 7.95

(dd,J= 8.1, 1.1, 1 H); 7.88 (d,J= 12.6, 1 H); 7.68-7.55 (m, 4 H); 7.37 (s, 1 H); 7.25

(dd, J= 7.5, 6.9, 2 H); 7.17 (t, J= 7.4, 1 H); 7.06 (dd, J= 8.1, 1.2, 1 H); 6.45 (dd, J =

7.2, 6.5, 1 H); 3.21 (dd, J= 15.6, 7.2, 1 H); 3.12 (dd, J= 15.6, 6.5, 1 H); 0.08 (s, 9 H).

13C-NMR (100 MHz, CDC13): 143.44 (s); 141.56 (d); 140.52 (s); 138.29 (s); 131.90

(s); 130.89 (s); 130.47 (s); 129.43 (s); 128.53 (d); 128.35 (d); 128.24 (d); 126.97 (d);

Me-,Si



128 Experimental Part

126.59 (d); 126.40 (d); 126.24 (d); 125.83 (d); 125.81 (d); 124.55 (tf); 122.86 (d);

122.50(d); 31.11 (t).

IR (CHC13): 3065 (m); 3006 (m); 2957 (s); 1952 (w); 1601 (m); 1494 (m); 1451 (s);

1421 (m), 1376 (w); 1088 (m); 1030 (m); 916 (m); 841 (s).

MS (EI): 366 (M+, 5.4); 264 (27); 235 (12); 206 (15); 193 (16); 192 (95); 191 (5); 190

(13); 189 (28); 179 (12); 178 (67); 177 (15); 176 (21); 165 (29); 105 (14); 94 (12); 91

(12); 89 (11); 88 (11); 82 (10); 76 (12); 75 (11); 73 (100).

(£)-5-(2-Ethynylphenyl)pent-2-enol (129) (Method: [57])

H

OH

Five drops of water and potassium carbonate (878 mg, 6.4 mmol) were added to a

solution of 135 (335 mg, 1.3 mmol) in THF (5.4 ml) and methanol (1.3 ml). After

having been stirred at room temperature for 53 h, the reaction was quenched with

saturated aq. ammonium chloride and the mixture extracted wit MTBE24. The

combined organic layers were dried over magnesium sulfate and concentrated under

reduced pressure. Purification with flash chromatography on silica gel

(cyclohexane/MTBE 4:1) yielded 129 (185 mg, 1.0 mmol, 77%).

Ci3H140 (187.3 g/mol)

Rf: 0.31 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 7.41 (dd, J= 7.6, 1.4, 1 H); 7.21 (td,J= 7.6, 1.4, 1 H);

7.12 (ddd,J=1.6, 1.4, 0.6, 1 H); 7.10 (td, J= 7.5, 1.4, 1 H); 5.74-5.67 (m, 1 H); 5.63-

5.56 (m, 1 H); 4.02 (dq, J = 5.8, 1.1); 3.19 (s, 1 H); 2.83 (dd, J = 8.0, 7.6, 2 H); 2.35

(dtd, J= 10.2, 6.6, 1.0, 2 H); 1.63 (s, 1 H).

13C-NMR (100 MHz, CDC13): 144.30 (s); 132.96 (d); 132.26 (d); 129.60 (d); 128.86

(d); 128.82 (d); 125.90 (d); 121.57 (s); 82.36 (s); 63.70 (0; 34.12 (0; 33.03 (0-

IR (CHC13): 3611 (m); 3454 (w); 3304 (s); 3006 (s); 2931 (s); 2863 (m); 2104 8w);

1669 (w); 1483 (s); 1446, (m); 1384 (m); 1085 (m); 971 (s); 653 (s); 616 (s).

MS (EI): 186 (M+, 1); 167 (25); 165 (21); 155 (33); 154 (21); 153 (44); 152 (20); 129

(33); 127 (28); 116 (34); 115 (100); 89 (26); 82 (20).

24) The workup and purification used other solvents than reported in the literature.
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3-(2-(2-Trimethylsilylethynyl)phenyl)propanal (130) (Method: [21])

SiMe3

Ao
A solution of DMSO (0.71 ml, 10 mmol, Fluka puriss) in dichloromethane (1.7 ml)

was added dropwise under argon to a solution of oxalyl chloride (0.39 ml, 4.6 mmol,

Fluka puriss) in dichloromethane (7.2 ml) at -78 °C. A solution of 133 (900 mg, 3.9

mmol) in dichloromethane (1.7 ml) was added to the reaction mixture after it had been

stirred at -78 °C for 30 min The reaction mixture was then stirred at -78 °C for 30 min

and subsequently treated with freshly distilled triethylamine (2.6 ml, 19 mmol). The

reaction was allowed to warm up to room temperature, quenched with aq. pH 3

phosphate buffer and the mixture extracted with dichloromethane. The combined

organic layers were washed with saturated aq. copper sulfate, dried over magnesium

sulfate and concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 5:125) yielded 130 (730 mg, 3.2 mmol, 82%) as a slightly yellow

oil.

Ci4H18OSi (230.4 g/mol)

Rf: 0.41 (cyclohexane/MTBE 2:1)

'H-NMR (300 MHz, CDC13): 9.83 (d, J = 1.6, 1 H); 7.44 (d,J=1.5, 1H); 7.26-7.16

(m, 3 H); 3.10 (dd, J= 7.8, 7.5, 2 H); 2.82 (ddd,J= 7.8, 7.5, 1.2, 2 H); 0.25 (s, 9 H).

13C-NMR (100 MHz, CDC13): 201.57 (d); 142.61 (s); 132.49 (d); 128.84 (d); 128.76

(d); 126.34 (d); 122.57 (s); 103.16 (s); 98.86 (s); 34.27 (0; 29.80 (0; -0.12 (q).

IR (CHC13): 2961 (s); 2900 (m); 2826 (m); 2727 (m); 2155 (s); 1720 (s); 1600 (w);

1483 (s); 1449 (s); 1408 (s); 1102 (m); 1048 (m); 948 (m); 866 (s).

MS (EI): 231 ((M+H)+, 2); 215 (16); 187 (22); 186 (33); 185 (62); 184 (48), 183 (100);

182 (34); 181 (31); 180 (16); 169 (14); 141 (17).

25) The purification was modified from the literature. (MTBE instead of ethyl acetate)
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Methyl 3-(2-(2-trimethylsilylethynyl)phenyl)propanoate (131) (Method: [21])

SiMe3

K^ COOMe

Methyl acrylate (680 ul, 0.4 mmol, Fluka pumm), Nickel (II) chloride hexaydrate (37

mg, 0.16 mmol, pumm), pyridine (90 ul, 1.12 mmol, Merck 99.5%) and zinc powder

(236 mg, 3.66 mmol) were added under argon to a solution of 119 (100 mg, 0.4 mmol)

in dry THF (1.2ml). After having been stirred under reflux for 21 h, the reaction

mixture was filtered over celite, diluted with MTBE26 and washed with aq. HCl IM.

The combined organic layers were dried over magnesium sulfate and concentrated

under reduced pressure. Flash chromatography on silica gel (cyclohexane/MTBE 10:1)

provided 131 (84 mg, 0.32 mmol, 82%) as a slightly yellow oil.

Ci5H20O2Si (260.4 g/mol)

Rf: 0.38 (cyclohexane/MTBE 2:1)

'H-NMR (300 MHz, CDC13): 7.43 (d,J= 7.2, 1H); 7.27-7.16 (m, 3 H); 3.68 (s, 3 H);

3.10 (dd, J= 8.1, 7.8, 2H); 2.68 (dd, J= 8.1, 7.8, 2 H); 0.25 (s, 9 H).

13C-NMR 75 MHz, CDC13): 173.10 (s); 142.80 (s); 132.29 (d); 128.72 (d); 128.61 (d);

126.13 (d); 122.41 (s); 103.18 (s); 98.58 (s); 51.55 (q); 34.49 (0; 30.20 (0; 0.02 (q).

IR (CHC13): 3006 (m); 2956 (s); 2901 (w); 2155 (s); 1733 (s); 1482 (m); 1438 (m);

1365 (m); 1297 (m); 1100 (m); 1025 (w); 986 (w); 948 (w); 867 (s); 845 (s); 645 (m).

MS (EI): 260 (M+, 52); 202 (100); 185 (33); 171 (83); 156 (23); 145 (26); 141 (21);

129 (24); 128 (74); 89 (62); 75 (43); 73 (56); 59 (44); 18 (64).

26) The workup and the purification were modified from the literature.
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3-(2-(2-Trimethylsilylethynyl)phenyl)propanol (133) (Method: [21])

SiMe3

an
^^

HO

To a solution of 131 (2 g, 7.5 mmol) in dry THF (20 ml) at 0 °C was added under

argon lithium aluminium hydride (632 mg, 16.5 mmol, Fluka pumm). After having

been stirred at 0 °C for 1 h, the reaction was quenched with saturated aq. sodium

potassium tartrate and stirred further at room temperature until two colourless layers

were obtained. The reaction mixture was extracted with MTBE27 and the combined

organic layers were dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 2:1) yielded 133

(1.0 g, 4.3 mmol, 57%) as a colourless oil.

Ci4H20OSi (232.4 g/mol)

Rf: 0.26 (cyclohexane/MTBE 9:1)

'H-NMR (400 MHz, CDC13): 7.44 (dd,J= 7.6, 1.0, 1 H); 7.27-7.12 (m, 3 H); 3.63 (t, J

= 6.3, 2 H); 2.89 (dd, J= 7.6, 7.3, 2 H); 1.93-1.87 (m, 2 H); 1.62 (s, 1 H); 0.26 (s, 9H).

13C-NMR (100 MHz, CDC13): 144.29 (s); 132.56 (d); 128.94 (d); 128.83 (d); 125.87

(d); 122.57 (s); 104.12 (s); 97.97 (s); 61.94 (0; 33.55 (0; 30.56 (0; 0.00 (q).

IR (CHC13): 3624 (m); 3550 (w); 3069 (w); 3006 (m); 2958 (s); 2152 (m); 1598 (w);

1482 (m); 1446 (m); 1389 (w); 1030 (m); 847 (s).

MS (EI): 232 (M+, 8); 200 (30); 199 (73); 198 (41); 197 (93); 196 (39); 195 (27); 183

(35); 169 (22); 143 (25); 142 (58); 141 (100); 140 (27); 129 (23); 128 (26); 75 (24).

27) The workup and the purification were modified from the literature.
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(£)-Methyl 5-(2-(2-trimethylsilylethynyl)phenyl)pent-2-enoate (134) (method: [21])

SiMe3

COOMe

Tetramethylguanidine (31 ul, 0.24 mmol, Fluka puriss) and ttimethyl

phosphonoacetate (34 ul, 0.23 mmol) were added under argon to a solution of 130 (50

mg, 0.22 mmol) in dry THF (0.6 ml). The reaction was stirred at room temperature for

15 h and then quenched with saturated aq. ammonium chloride. The mixture was

extracted with MTBE28 and the combined organic layers dried over magnesium sulfate

and concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 9:) yielded 134 (58 mg, 0.2 mmol, 93%) as a yellow oil.

Ci7H2202Si (286.4 g/mol)

Rf: 0.39 (cyclohexane/MTBE 4:1)

'H-NMR (400 MHz, CDC13): 7.38 (dd, J= 8.2, 1.5, 1 H); 7.17 (dd, J= 8.3, 7.9); 7.10

(d,J=1.9, 1 H); 7.09 (t, J= 7.2, 1 H); 6.96 (dt,J= 15.6, 6.9, 1 H); 5.80 (dt, J= 15.6,

1.6); 3.67 (s, 3 H); 2.87 (dd, J = 8.2, 7.4, 2 H); 2.49 (td, J = 8.4, 6.9, 2 H); 0.20 (s, 9

H).

13C-NMR (100 MHz, CDC13): 167.01 (s); 148.46 (d); 143.23 (s); 132.56 (d); 128.71

(d); 126.12 (d); 122.53 (s); 121.30 (d); 103.47 (s); 98.39 (s); 51.39 (q); 33.27 (0; 32.96

(0; -0.04 (q).

IR (CHC13): 3006 (m); 2954 (m); 2901 (w); 2154 (m); 1720 (s); 1658 (m); 1538 (s);

1321 (m); 1281 (s); 1042 (m); 869 (s), 844 (s).

MS (EI): 286 (M+, 22); 271 (46); 213 (30); 187 (37); 185 (37); 183 (64); 182 /48); 181

(47); 173 (30); 171 (35); 169 (54); 168 (35); 167 (76); 166 (32); 165 (65); 159 (31);

157 (45); 156 (40); 155 (89); 154 (72); 153 (100); 152 (47); 145 (55); 143 (64); 141

(35); 129 (58); 128 (62); 127 (42); 115 (33); 106 (31); 195 (58); 89 (74); 73 (33).

28) The workup and the purification were modified form the literature.
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(£)-5-(2-(2-Trimethylsilylethynyl)phenyl)pent-2-enol (135)

SiMe3

OH

A solution of DIBAH (IM in CH2CI2, 8.8 ml, 8.8 mmol, Fluka pumm) was added

under argon to a solution of 134 (633 mg, 2.2 mmol) in dry dichloromethane (13 ml) at

-78 °C. After the reaction mixture had been stirred at -78 °C for 1 h 30 and

subsequently allowed to warm up to room temperature, saturated aq. sodium potassium

tartrate and methanol were added. The reaction mixture was stirred until two

transparent layers were obtained, and then it was extracted with MTBE. The combined

organic layers were dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 4:1) yielded 135

(500 mg, 1.9 mmol, 88%) as a slightly yellow oil.

Ci6H22OSi (258.4 g/mol)

Rf: 0.19 (cyclohexane/MTBE 4:1)

'H-NMR (400 MHz, CDC13): 7.37 (dd,J= 7.6, 1.2, 1 H); 7.18 (td,J= 7.5, 1.4, 1 H);

7.10 (d, J= 7.5, 1 H); 7.07 (td,J= 7.4, 1.4, 1 H); 5.73-5.66 (m, 1 H); 5.63-5.56 (m, 1

H); 4.02 (dd, J = 5.8, 1.1, 2 H); 2.81 (dd, J= 8.0, 7.5, 2 H); 2.34 (qt, J= 1.1, 1.1, 2 H);

1.52(5, 1 H); 0.20 (s, 9 H).

13C-NMR (100 MHz, CDC13): 144.23 (s); 132.46 (d); 132.41 (d); 129.54 (d); 128.83

(d); 128.61 (d); 125.83 (d); 122.56 (s); 103.93 (s); 97.99 (s); 63.75 (0; 34.43 (0; 33.13

(0; 0.04 (q).

IR (CHC13): 3612 (w); 3006 (m); 2960 (m); 2862 (w); 2154 (m); 1669 (w); 1599 (w);

1482 (m); 1446 (w); 1384 (w); 1086 (m); 970 (m); 867 (s); 846 (s).

MS (EI): 258 (M+, 3); 184 (21); 183 (33); 182 (67); 181 (25); 180 (22); 171 (42); 170

(41); 169 (91); 168 (35); 167 (98); 166 (100); 165 (62); 164 (38); 163 (40); 157 (22);

156 (27); 155 (42); 154 (25); 153 (31); 151 (28); 150 (21); 145 (24); 143 (24); 142 (2);

141 (35); 129 (28); 128 (52); 127 (23); 115 (29); 195 (20); 82 (33); 77 (22); 75 (65);

73 (55); 59 (36).
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6,7,8,15,16,17-Hexayhdrobisnaphto[a,f]cyclodecene (137)

A solution of 135 (50 mg, 0.19 mmol) in freshly distilled benzene (10 ml) was

transferred into a 15 ml steel autoclave with copper joint and degassed with argon.

After having been heated at 250 °C for 15 h, the reaction mixture was allowed to cool

to room temperature and then concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 100:1) yielded 137 (11 mg, 65.4

umol, 34%) as a dark yellow oil.

Rf: 0.65 (cyclohexane/MTBE 4:1)

Ci3H12 (168.2 g/mol)

'H-NMR (300 MHz, CDC13): 7.84 (d, J= 8.4, 1 H); 7.83 (d, J= 8.4, 1 H); 7.69 (d, J =

8.4, 1 H); 7.53-7.40 (m, 3 H); 3.27 (t,J=1.5, 2 H); 3.13 (t, J= 7.5, 2 H); 2.27 (quint,

J =1.5, 2H).

13C-NMR(75 MHz, CDC13): 140.85 (s); 139.31 (s), 132.35 (s); 130.33 (s); 128.23 (d);

126.49 (d); 125.70 (d); 124.51 (d); 124.18 (d); 123.20 (d); 33.68 (0; 30.96 (0; 24.45

CO¬

IR (CHC13): 3593 (w); 3056 (m); 3006 (s); 2935 (s); 2849 (m); 1698 (m); 1515 (m);

1452 (m); 1377 (m); 1047 (s).

MS (EI): 168 (81); 167 04 M+, 100); 166 (49); 165 (70); 154 (24); 153 (43); 152 (44);

141(34); 128(21); 115(24).

Phenylnona-2,8-dien-l-ol (142) (Method: [30])

Sodium borohydride (58 mg, 1.5 mmol, Fischer) was added to a solution of cerium

trichloride hexahydrate (140 mg, 0.4 mmol, Fluka pumm) and 149 (332 mg, 1.6 mmol)

in methanol (3.8 ml) and THF (3.8 ml) at 0 °C. The reaction was stirred for 1 h at 0 °C,
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quenched with distilled water and the mixture extracted with MTBE29. The combined

organic layers were dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 10:1) provided 142

(297 mg, 1.4 mmol, 89%) as a yellow oil.

Ci5H210 (216.3 g/mol)

Rf: 0.32 (cyclohexane/MTBE 4:1)

'H-NMR (400 MHz, CDC13): 7.46-7.32 (m, 4 H); 7.29-7.24 (m, 1 H); 5.84-5.72 (m,

2H); 5.66 (ddt,J= 15.3, 6.6, 1.1, 1 H); 5.16 (d, J= 6.6, 1 H); 4.99 (ddd, J= 17.1, 3.7,

1.6, 1 H); 4.93 (ddd,J= 10.2, 2.3, 1.1, 1 H); 2.10-2.01 (m, 5 H); 1.44-1.37 (m, 4 H).

13C-NMR (100 MHz, CDC13): 138.89 (d); 132.60 (d); 132.36 (d); 128.52 (s); 128.48

(d); 127.51 (d); 126.16 (d); 114.38 (0; 75.22 (0; 33.58 (0; 32.02 (0; 28.52 (0; 28.44

CO¬

IR (CHC13): 3601 (m); 3448 (w); 3078 (m); 3006 (s); 2931 (s); 2857 (s); 1667 (m);

1640 (m); 1453 (s); 970 (s); 915 (s).

MS (EI): 216 (M+, 1.5); 133 (73); 131 (28); 120 (48); 119 (24); 115 (20); 107 (36); 105

(100); 91 (30); 79 (33); 77 (64); 69 (69); 55 (34); 41 (27); 28 (22).

6-Heptenal (143) (Method: [61])

To a solution of 148 (1 g, 7.9 mmol) in THF (4 ml) were added distilled water (4 ml)

and periodic acid (2 g, 8.9 mmol, Merck). The reaction mixture was stirred at 0 °C for

3 h and then diluted with diethyl ether and washed with saturated aq. sodium

thiosulfate. The combined organic layers were dried over magnesium sulfate and

carefully concentrated under reduced pressure to yield aldehyde 143 quantitatively.

The cmde material was immediately used in the next step without further purification.

'H-NMR (300 MHz, CDC13): 9.76 (t, J= 1.8, 1 H); 5.79 (tddd,J= 10.4, 8.3, 4.2, 2.1,

1 H); 5.10-4.91 (m, 2 H); 2.44 (td, J = 7.3, 1.8, 2 H); 2.06 (t, J= 6.4, 2 H); 1.64 (dd, J

= 15.6, 7.3, 2 H); 1.48-1.18 (m, 2 H).

13C-NMR (75 MHz, CDC13): 202.37 (d); 138.07 (d); 114.73 (0; 43.75 (0; 33.46 (0;

28.37 (0; 21.56 (0-

The spectral characteristics were identical to those reported previously [81] [82].

29) The workup and the purification used other solvents than indicated in the literature.
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(±)-2-(Hex-5-enyl)oxirane (148) (Method: [61])

JO

A suspension of sodium acetate (5g, 61 mmol, Merck 99%) and freshly purified m-

CPBA (llg, 62 mmol, 97%) in dichloromethane (130 ml) was stirred at 0 °C for 20

min and subsequently treated with a solution of 1,7-octadiene (8 ml, 53 mmol, Fluka

pumm) in dichloromethane (90 ml). After having been stirred at 0 °C for 2h30, the

reaction was quenched with saturated aq. sodium bicarbonate (50 ml) and saturated aq.

sodium thiosulfate (5 ml) and the mixture extracted with dichloromethane. The

combined organic layers were dried over magnesium sulfate and carefully concentrated

under reduced pressure. Distillation (6 mbar, bath at 50 °C, vapours at 25 °C) yielded

148 (2.2g, 17.4 mmol, 33%) as a colourless oil.

C8H140 (126.1 g/mol)

'H-NMR (300 MHz, CDC13): 5.80 (ddt, J = 17.0, 10.1, 6.7, 1 H); 5.01 (d, J = 17.0,1

h); 4.95 (dd, J= 1.2, 1 H); 2.91-2.89 (m, 1 H); 2.75 (t, J= 4.5, 1 H); 2.46 (dd, J= 5.0,

2.7, 1 H); 2.06 (d, J= 6.5, 2 H); 1.59-1.42 (m, 6 H).

13C-NMR (75 MHz, CDC13): 138.90 (d); 114.74 (0; 52.53 (d); 47.34 (0; 33.87 (0;

32.56 (0; 28.88 (0; 25.67 (0-

The spectral characteristics were identical to those reported previously [83].

(±)-l-Phenylnona-2,8-dien-l-one(149)

p-Toluenesulfonic acid (5 mg, Fluka puriss) was added to a solution of 151 (400 mg,

1.7 mmol) in benzene (10 ml). After having been stirred at 70 °C for 1 h, the reaction

was allowed to cool to room temperature, quenched with distilled water and the

mixture extracted with MTBE. The combined organic layers were concentrated under

reduced pressure to yield 149 quantitatively. The cmde material was used directly in

the next step without further purification.

C15H180 (214.3 g/mol)

'H-NMR (400 MHz, CDC13): 7.93 (dd, J = 8.3, 1.3, 2 H); 7.55 (t, J = 7.3, 1 H); 7.46

(dd, J= 1.1, 7.2, 2 H); 7.06 (dt,J= 15.4, 6.9, 1 H); 6.87 (dt,J= 15.4, 1.4, 1 H); 5.80

(ddt,J= 16.9, 10.1, 6.7, 1 H); 5.00 (dd, J = 17.0, 2.1, 1 H); 4.96 (dd, J = 10.1, 2.1, 1
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H); 2.33 (qd,J= 7.2, 1.4, 2 H); 2.08 (q, J =1.1, 2 H); 1.59-1.42 (m, 4 H).

13C-NMR (100 MHz, CDC13): 190.95 (s); 149.81 (d); 138.52 (d); 138.03 (s); 132.58

(d); 128.52 (tf); 128.50 (d); 126.02 (tf); 114.67 (0; 33.49 (0; 32.67 (0; 28.46 (0; 27.61

CO-

MS (El): 214 (M+, 24); 213 (22); 171 (24); 159 (24); 157 (62); 145 (24); 133 (22); 120

(22); 115 (22); 106 (23); 105 (93); 91 (25); 77 (100); 67 (24); 55 (24); 41 (50); 39 (32).

(±)-3-Hydroxy-l-phenylnon-8-enone (151)

O OH

Butyl lithium (1.6M in hexane, 7.1 ml, 11.4 mmol, Fluka pumm) was added under

argon to a solution of freshly distilled diisopropylamine (1.3 ml, 11.4 mmol) in dry

THF (7.5 ml) at -78 °C. Acetophenone (1.34 ml, 11.4 mmol) was added to the reaction

mixture at -78 °C after it had been stirred at room temperature for 15 min. The reaction

mixture was stirred at -78 °C for 15 min and subsequently treated with a solution of

143 (850 mg, 7.6 mmol) in dry THF (15 ml). After having been stirred at -78 °C for 5

h, the reaction was allowed to warm up to room temperature, quenched with brine and

the mixture extracted with MTBE. The combined organic layers were dried over

magnesium sulfate and concentrated under reduced pressure. Flash chromatography on

silica gel (cyclohexane/MTBE 9:1) yielded 151 (1.04 g, 4.5 mmol, 59%) as a viscous,

slightly yellow oil.

C15H20O2 (232.7 g/mol)

Rf: 0.31 (cyclohexane/MTBE 4:1)

'H-NMR (400 MHz, CDC13): 7.95 (dd,J= 8.4, 1.3, 2 H); 7.61-7.49 (m, 1 H); 7.47 (td,

J= 6.9, 1.4, 2 H); 5.81 (ddt, J= 16.9, 10.2, 6.7, 1 H); 5.02 (dd, J= 16.9, 2.1, 1 H); 4.94

(dd, J= 10.2, 2.1, 1 H); 4.22 (s, 1 H); 3.25 (d, J = 2.9, 1 H); 3.17 (dd, J= 17.7, 2.7, 1

ti); 3.04 (dd, J = 17.7,8.9, 1 H); 2.11-2.05 (m, 2 H); 1.68-1.42 (m, 6 H).

13C-NMR (100 MHz, CDC13): 200.98 (s); 138.87 (d); 136.85 (s); 133.52 (d); 128.70

(d); 114.44 (0; 67.73 (d); 45.05 (0; 36.39 (0; 33.72 (0; 28.87 (0; 25.08 (0-

IR (CHC13): 3561 (w); 3077 (w); 3006 (s); 2934 (s); 2861 (m); 1676 (s); 1598 (s);

1450 (s); 1410 (m); 1369 (m); 1332 (m); 1002 (s); 915 (s).

MS (EI): 214 ((M-OH)+, 0.7); 105 (29); 79 (23); 77 (69); 75 823); 74 842); 73 (26); 68

(55); 67 (100); 66 (35); 63 (33); 62 (36); 61 (23); 55 (24); 52 (22); 51 (78); 50 (78); 49

(32); 43 (21); 41 (43); 39 (36).
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(±)-#Yms-2-(2-Methylcyclohexyl)-l-phenylethanone (152)

A 15 ml steel autoclave with copper joint was activated by a soap wash followed by

rinsing it with acetone. A solution of alcohol 142 (50 mg, 0.23 mmol) in benzene (10

ml) was transferred into the activated steel autoclave and degassed with argon. Butyl

lithium (1.6 M in hexane, 30 ul, 46 umol, Fluka pumm) was added to the reaction

mixture, which was subsequently heated to 260 °C for 15 hours and then allowed to

cool to room temperature. The reaction was quenched with pH 3 aq. phosphate buffer

and the mixture extracted with benzene. The combined organic layers were dried over

magnesium sulfate and concentrated under reduced pressure. Flash chromatography on

silica gel (cyclohexane/MTBE 100:1) yielded 152 (27 mg, 0.12 mmol, 54%) as a

yellow oil. The compound was composed of a 75:25 mixture of the trans and eis

isomers.

C15H20O (216.3 g/mol)

GC: Column Nordion NB 54, starting at 130 °C for 2 min and then heating with 2.5 °

C/min until 200 °C. The retention time of the trans isomer was 12.38 min and the one

of the eis isomer 13.18 min The area of the peaks was 75.01% for the trans isomer and

24.99% for the eis isomer.

'H-NMR (400 MHz, CDC13): eis isomer 7.96 (dd, J= 8.3, 1.3, 2 H); 7.55 (t,J= 7.4, 1

H); 7.48-7.54 (m, 2 H); 3.20 (dd, J= 15.7, 4.0, 1 H); 2.62 (dd, J= 15.7, 8.8, 1 H); 1.88-

1.21 (m, 10 H); 0.95 (d, J= 6.5, 3 H); trans isomer 7.96 (dd, J= 8.3, 1.3, 2 H); 7.55 (t,

J =1.4, 1 H); 7.48-7.54 (m, 2 H); 2.88 (dd, J= 15.7, 5.8, 1 H); 2.83 (dd, J= 15.7, 8.2,

1 H); 2.31-2.23 (m, 1 H); 1.88-1.21 (m, 9 H); 0.92 (d,J= 7.1, 3 H).

13C-NMR (100 MHz, CDC13): eis isomer 201.01 (s); 137.60 (s); 132.81 (d); 128.55

(d); 128.14 (d); 40.92 (d); 40.63 (0; 37.71 (d); 35.64 (0; 33.01 (0; 24.43 (0; 22.31 (0;

15.06 (q); trans isomer 200.71 (s); 137.51 (s); 132.81 (d); 128.55 (d); 128.12 (d); 43.69

(0; 36.44 (d); 32.81 (d); 32.17 (0; 28.13 (0; 26.44 (0; 26.30 (0; 20.52 (q).

IR (CHC13): 2928 (s); 2857 (m); 1680 (s); 1598 (m); 1448 (s); 1285 (m); 1018 (w); 915

(w).

MS (EI): 216 (M+, 5); 205 (54); 131 (26); 121 (28); 120 (100); 119 (23); 105 (90); 77

(47); 73 (48); 69 (82); 32 (25); 28 (64).
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(±)-cw-(Z)-l-(2-(2-methylcyclohexyl)-l-phenylethylidene)-2-(2,4-dinitrophenyl)

hydrazine (155) (Method: [21])

Distilled water (0.54 ml) and ethanol (1.8 ml) were added to a solution of 2,4-

dinitrophenylhydrazine (72 mg, 0.24 mmol, Fluka puriss) in concentrated sulfuric acid

(0.36 ml). The orange solution was treated with a solution of 152 (27 mg, 0.12 mmol)

in ethanol (0.3 ml) and the filtrated. The bright orange crystals were dried and

recrystallized from dioxane to provide 155 (32 mg, 80.7 umol, 65%) as an orange

solid.

C2iH24N404 (396.4 g/mol)

Mp: 193-194 °C

'H-NMR (300 MHz, CDC13): 11.55 (s, 1 H); 9.18 (d, J= 2.7, 1 H); 8.35 (dd, J= 12.1,

2.5, 1 H); 8.13 (d,J= 9.6, 1 H); 7.86-7.82 (m, 2 H); 7.46 (dd, J= 3.6, 3.1, 3 H); 2.88

(dd, J= 14.3, 10.2, 1 H); 2.75 (dd, J = 14.3, 4.1, 1 H); 2.02-1.99 (m, 2 H); 1.55-1.15

(m, 8H); 1.05 (d, J = 6.9).

13C-NMR(75 MHz, CDC13): 156.61; 144.99; 137.95; 137.13; 129.94; 128.58; 126.64;

123.49; 116.66; 38.57; 33.12; 32.60; 30.81; 27.02; 25.25; 20.88; 13.58.

IR (CHC13):3317 (w); 2930 (m); 2857 (w); 1617 (s); 593 (s); 1518 (s); 1424 (m); 1337

(s); 1312 (s); 1270 (m); 1136 (m); 1110 (m); 923 (w).

MS (MALDI): 395 ((M-H)+, 100); 299 (32); 231 (20).
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(±)-frYms-4-((Allyloxy)methyl)cyclohex-2-enol (157) (Method: [30])

OH

Sodium borohydride (2 g, 54 mmol, Fischer) was added to a solution of cerium

trichloride hexahydrate (2.5 g, 7 mmol, Fluka purum) and 164 (4.5 g, 27 mmol) in

methanol (68 ml) and THF30 (68 ml) at 0°C. The reaction mixture was stirred for 2 h at

0°C, treated with distilled water and extracted with MTBE. The combined organic

layers were dried over magnesium sulfate and concentrated under reduced pressure.

Flash chromatography on silica gel (cyclohexane/MTBE 1:1) provided 157 (3.8 g, 22.6

mmol, 84%) as a slightly yellow oil.'H-NMR indicated a 22:10 mixture of the trans

and eis isomers.

CioH1602 (168.2 g/mol)

Rf: 0.23 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 5.95-5.82 (m, 2 H); 5.74 (dd,J= 2.8, 1.1, 1 H); 5.27 (dd,

J= 17.3, 1.9, 1 H); 5.17 (d, J= 10.4, 1 H); 4.22-4.15 (m, 1 H); 3.95 (dd, J= 4.1,1.4, 2

H); 3.33 (dd, J= 6.9, 3.3, 1 H); 3.27 (dd, J= 6.8, 1.3, 1 H); 2.44-2.37 (m, 1 H); 2.08-

2.03 (m, 1 H); 1.92-1.65 (m, 3 H); 1.58-1.34 (m, 1 H).

'H-NMR (300 MHz, DMSO): 4.68 (d,J= 5.2, 1 H, OH group)

13C-NMR (75 MHz, CDC13): 134.70 (d); 131.68 (d); 130.78 (d); 116.77 (0; 73.87 (0;

71.89 (0; 66.62 (d); 36.00 (d); 31.21 (0; 23.73 (0-

IR (CHC13): 3604 (m); 3442 (w); 3083 (w); 3005 (s); 2938 (s); 2861 (s); 1646 (w);

1450 (m); 1400 (m); 1349 (m); 1086 (s); 1050 (s); 1021 (s); 991 (s); 931 (s); 855 (m).

MS (EI): 168 (M+, 0.16); 111 (13); 110 (20); 97 (15); 95 (18); 81 (18); 80 (100);79

(51); 77 (14); 71 (14); 67 (23); 55 (14); 43 (10); 41 (85); 39 (21); 18 (18).

30) THF was added from the literature for solubility reasons, besides other solvents than indicated were used for

the workup and the purification.
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(4-Methoxycyclohexa-l,4-dienyl)methanol (158) (Method: [62])

OMe

HO

Ethanol (110 ml) and 4-methoxybenzylalcohol (12 g, 87 mmol, Fluka pumm) were

dissolved under argon at -78 °C in liquid ammonia (158 ml). Sodium (8.8 g, 382

mmol) was added and then the deep red solution was stirred at -78 °C for 50 min After

solid ammonium chloride (16g) had been added, the reaction mixture was allowed to

warm up slowly to room temperature, whereby the fleeing ammonia was led through a

10% hydrochloric acid solution. The resulting solid was then suspended in

dichloromethane (158 ml) and washed twice with distilled water (158 ml). The organic

layer was dried over magnesium sulfate and concentrated under reduced pressure to

yield 158 (10.3 g, 73.5 mmol, 84%) as a colourless oil. The cmde material was used

directly in the next step without further purification.

C8H10O2 (140.2 g/mol)

Rf: 0.29 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 5.67 (dtd, J = 4.8, 1.8, 1.4, 1 H); 4.67 (t, J= 3.5, 1 H);

4.05 (d, J= 0.7, 2 H); 3.56 (d, J= 0.2, 3 H); 2.84-2.73 (m, 4 H); 1.51 (s, 1 H).

13C-NMR (100 MHz, CDC13): 152.84 (s); 135.39 (s); 119.28 (d); 90.19 (d); 66.66 (0;

53.97 (^); 28.86(0; 26.80(0-

IR (CHC13): 3612 (s); 3452 (m); 3005 (s); 2938 (s); 2894 (s); 2829 (s); 1698 (s); 1666

(s); 1612 (w); 1514 (m); 1452 (s); 1390 (s); 1175 (s); 1012 (s); 878 (w); 827 (w).

MS (EI): 140 (M+, 19); 122 (58); 109 (100); 94 (31); 79 (33); 77 (41); 41 (21); 39 (22).

(±)-4-((Allyloxy)methyl)cyclohex-2-enone (164) (Method: [63])

o

Freshly purified sodium hydride (20.5 mg, 0.7 mmol, 83%) was added under argon to a

solution of 158 (100 mg, 0.7 mmol) in dry THF (1 ml). Freshly distilled HMPT (0.2

ml) and 3-bromopropene (72 ul, 0.85 mmol, Fluka puriss) were added to the thick
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slurry after it had been stirred 30 min at room temperature and 2 h at 60 °C. The

reaction mixture was stirred at 60 °C for 2 h and subsequently treated with distilled

water and 10% hydrochloric acid (0.25 ml) and extracted with MTBE31. The combined

organic layers were dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 4:1) yielded 164 (47

mg, 0.28 mmol, 40%) as a slightly yellow oil.

CioH1402 (166.2 g/mol)

Rf: 0.36 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 6.95 (ddd, J = 10.2, 2.6, 1.4, 1 H); 6.04 (ddd, J = 10.2,

2.5, 0.7, 1 H); 5.91 (ddt, 17.2, 10.4, 5.6, 1 H); 5.29 (ddt,J= 17.2, 1.7, 1.7, 1 H); 5.21

(ddt, J= 10.4, 1.7, 1.3, 1 H); 4.01 (ddd,J= 5.6, 1.6, 1.3, 2 H); 3.48 (dd, J= 9.1, 6.5, 1

H); 3.43 (dd, J= 9.1, 6.8, 1 H); 2.76-2.68 (m, 1 H); 2.53 (dt,J= 16.8, 4.6, 1 H); 2.38

(ddd,J= 16.8,12.5, 5.0, 1 H); 2.12 (dqd,J= 13.3, 4.9, 1.4, 1 H); 1.81 (dddd,J= 13.3,

12.6, 9.8, 4.6, 1 H).

13C-NMR (100 MHz, CDC13): 199.49 (s); 151.54 (d); 134.40 (d); 129.98 (d); 117.18

(0; 72.43 (0; 72.14 (0; 36.94 (d); 36.68 (0; 25.82 (0-

IR (CHC13): 3085 (w); 3006 (s); 2939 (m); 2864 (s); 1676 (s); 1453 (m); 1390 (m);

1351 (m); 1111 (s); 996 (m); 935 (s); 838 (m).

MS (EI): 166 (M+; 2.9); 136 (30); 95 (15); 94 (13); 79 823); 71 (15); 67 (24); 41 (100);

39 (21).

(±)-3-(2-(2-Vinylphenyl)ethyl)cyclohex-2-enol (170) (Method: [30])

OH

Sodium borohydride (56.5 mg, 1.5 mmol, Fischer) was added to a solution of cerium

trichloride hexahydrate (138 mg, 0.4 mmol, Fluka pumm) and 179 (338 mg, 1.5 mmol)

in methanol (3.7 ml) and THF (3.7 ml) at 0 °C. The reaction was stirred for 1 h at 0 °C,

quenched with distilled water and the mixture extracted with MTBE32. The combined

organic layers were dried over magnesium sulfate and concentrated under reduced

pressure. Flash chromatography on silica gel (cyclohexane/MTBE 4:1) yielded 170

(243 mg, 1.1 mmol, 67%) as a yellow oil.

3 l)The workup and purification were modified from the literature.

32) Other solvents were used for the workup and the purification tan indicated in the literature.
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Ci6H20O (228.3 g/mol)

Rf: 0.31 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 7.50-7.47 (m, 1 H); 7.25-7.11 (m, 3 H); 6.97 (dd, J =

17.4, 11.0, 1 H); 5.65 (dd, JO 17.4, 1.4, 1 H); 5.51-5.49 (m, 1 H); 5.30 (dd, J = 11.0,

1.4, 1 H); 4.18 (s, 1 H); 2.79 (dd, J= 8.3, 8.0, 2 H); 2.23-2.19 (m, 2 H); 2.01-1.94 (m, 2

H); 1.84-1.70 (m, 2 H); 1.64-1.55 (m, 2 H); 1.41 (d, J = 8.1).

13C-NMR (100 MHz, CDC13): 141.76 (s); 139.39 (s); 136.39 (s); 134.50 (d); 129.46

(d); 127.77 (d); 126.55 (d); 125.76 (tf); 124.21 (d); 115.52 (0; 65.82 (tf); 38.78 (0;

31.86 (0; 31.65 (0; 28.70 (0; 19.10 (0-

IR (CHC13): 3604 (m); 3441 (w); 3089 (w); 3063 (w); 3006 (s); 2940 (s); 2866 (s);

1664 (w); 1626 (w); 1483 (m); 1450 (m); 1383 (m); 1067 (m); 1021 (m); 990 (s); 956

(s);917(s).

MS (EI):228 (M+, 23); 156 (15); 129 (18); 119 (23); 118 (62); 117 (100); 116 (20); 115

(60); 97 (97); 91 (35).

3-Vinylcyclohex-2-enone (171) (Method: [66])

To a suspension of pyridinium dichromate (29 g, 78 mmol) in dichloromethane (110

ml), alcohol 173 (6.5 g, 52 mmol) was added dropwise. After having been stirred at

room temperature for 15 h, the reaction mixture was filtered over celite, concentrated

under reduced pressure, diluted with MTBE33 and washed with pH 3 aq. phosphate

buffer. The combined organic layers were dried over magnesium sulfate and

concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 4:1) yielded 171 (2.7 g, 22 mmol, 42%) as a yellow oil.

C8H10O (122.2 g/mol)

'H-NMR (300 MHz, CDC13): 6.49 (dd, J= 17.7, 10.6, 1 H); 5.94 (s, 1 H); 5.70 (d,J =

17.7, 1 H); 5.45 (d,J= 10.6, 1H); 2.48-2.39 (m, 4 H); 2.08-1.99 (m, 2 H).

13C-NMR (75 MHz, CDC13): 200.64 (s); 157.11 (s); 138.14 (d); 128.47 (d); 120.93 (0;

37.96 (0; 24.50 (0; 22.42 (0-

IR (CHC13): 3006 (m); 2947 (m); 2874 (w); 1658 (s); 1624 (m); 1582 (m); 1456 (m);

1430 (m); 1382 (m); 1351 (m); 1328 (m); 1136 (m); 989 (m); 928 (m); 888 (m).

The spectral characteristics were identical to those reported previously [84].

3 3) Different solvent than these of the literature were used for the extraction and the purification.
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(±)-l-Vinylcyclohex-2-enol (173) (Method: [65])

A solution of bromoethene (IM in THF, 75 ml, 75 mmol, Fluka pumm) was added

dropwise on magnesium shavings (1.83 g, 75 mmol, Fluka pumm) in such a way that

the black reaction mixture boiled continuously. A solution of 2-cyclohexenone (6 g, 62

mmol, Fluka pumm) in freshly distilled THF (9 ml) was added to the the Grignard

reagent after it had been stirred under reflux for 30 min The reaction was stirred at

room temperature for 1 h and then quenched with saturated aq. ammonium chloride

and the mixture extracted with MTBE. The combined organic layers were dried over

magnesium sulfate and concentrated under reduced pressure. Distillation (6 mbar, oil

bath at 60 °C, vapours at 30 °C) yielded 173 (6.1 g, 49.1 mmol, 79%) as a colourless

oil.

C8H120 (124.2 g/mol)

'H-NMR (300 MHz, CDC13): 5.91 (dd, J = 17.4, 10.6, 1 H); 5.88-5.82 (m, 1 H); 5.52

(dt, J= 10.0, 1.9, 1 H); 5.20 (dd, J= 17.4, 1.2, 1 H); 5.06 (dd, J= 10.6, 1.2, 1 H); 2.03-

1.95 (m, 2 H); 1.83 (s, 1 H); 1.74-1.57 (m, 3 H).

13C-NMR (75 MHz, CDC13): 144.38 (d); 131.20 (d); 130.49 (d); 113.2 (0; 71.18 (s);

36.50(0; 25.19(0; 19.17(0-

IR (CHC13): 3595 (s); 3448 (w); 3006 (s); 2941 (s); 2868 (m); 1706 (s); 1644 (m);

1438 (m); 1409 (m); 1314 (m); 1120 (m); 1072 (s); 994 (s); 957 (s); 927 (s); 870 (w);

848 (w).

The spectral characteristics were identical to those reported previously [85].

3-(2-(2-Vinylphenyl)ethyl)cyclohex-2-enone (179) (Method: [68])

Buthyl lithium (1.6 M in THF, 16.5 ml, 27 mmol, Fluka pumm) was added under

argon to a solution of 67 (4.2 g, 22 mmol) in freshly distilled THF (36 ml) at -78 °C.

After having been stirred at -78 °C for 10 min, the reaction mixture was added
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dropwise under argon with a cannula to a solution of copper iodide (5.1 g, 27 mmol) in

freshly distilled dimethlsulfide (55 ml). A solution of 171 (2.7 g, 22 mmol) in freshly

distilled dimethylsulfide (18 ml) was added under argon with a cannula to the red

reaction mixture after it had been stirred at -78 °C for 30 min The reaction mixture was

further stirred at -78 °C for 1 h, at 0 °C for 1 h and finally at room temperature for 2 h.

The reaction was subsequently quenched with pH 3 aq. phosphate buffer and the

mixture extracted with MTBE34. The combined organic layers were dried over

magnesium sulfate and concentrated under reduced pressure. Flash chromatography on

silica gel (cyclohexane/MTBE gradient from 4:1 to 2:1) yielded 179 (1.5 g, 4.4 mmol,

31%) as a viscous yellow oil.

Ci6H180 (226.3 g/mol)

'H-NMR (300 MHz, CDC13): 7.49 (dd,J= 5.4, 3.6, 1H); 7.26-7.10 (m, 3H); 6.92 (dd,

J =11.3, 11.0, lH);5.91(s, 1 H); 5.66 (dt, J= 17.2,0.9, 1 H); 5.32 (dt, J= 11.0,0.9, 1

H); 2.87 (dd, J= 9.4, 6.8, 2 H); 2.49-2.28 (m, 6 H); 1.99 (dt,J= 12.6, 6.4, 2 H).

13C-NMR (75 MHz, CDC13): 199.83 (s); 165.37 (s); 137.90 (s); 136.34 (s); 134.02 (d);

129.16 (d); 127.85 (d); 126.69 (d); 125.97 (d); 125.81 (d); 116.06 (0; 38.99 (0; 37.18

(0; 30.88 (0; 29.80 (0; 22.55 (0-

IR (ATR): 3054 (w); 3023 (w); 2928 (m); 2863 (w); 1663 (s); 1623 (m); 1452 (w);

1425 (w); 1374 (w); 1348 (w); 1325 (w); 1254 (m); 1193 (m); 1129 (w); 992 (w); 965

(w); 913 (w); 886 (w); 774 (m); 631 (w).

MS (EI): 226 (M+, 8); 154 (27); 118 (11); 117 (100); 115 (49); 91 (29); 41 (13); 39

(22); 27 (10).

(±)-^ra«^-l'-Methyl-3',4'-dihydro-l'H-spiro[cyclohexane-l,2'-naphtalen]-3-one

(181)

A 15 ml steel autoclave with copper joint was activated by a soap wash followed by

rinsing it with acetone. A solution of alcohol 170 (50 mg, 0.22 mmol) in benzene (10

ml) was transferred into the activated steel autoclave and degassed with argon. Butyl

lithium (1.6 M in hexane, 0.14 ml, 0.22 mmol, Fluka pumm) was added to the reaction

mixture, wich was subsequently heated to 235 °C for 15 hours and then allowed to cool

34) The workup and the purification were modified from that of the literature.
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to room temperature. The reaction was quenched with distilled water and the mixture

extracted with benzene. The combined organic layers were dried over magnesium

sulfate and concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 9:1) yielded 181 (6.9 mg, 30.2 umol, 14%) as a yellow oil. 'H-

NMR indicates a 10:ldiastereomeric mixture of the trans and eis isomers.

C15H180 (228.3 g/mol)

Rf: 0.38 (cyclohexane/MTBE 1:1)

'H-NMR (500 MHz, CDC13): 7.14-7.05 (m, 4 H); 2.78-2.76 (m, 2 H); 2.66 (dd, J =

13.2, 7.1, 1 H); 2.37-2.29 (m, 2 H); 2.34 (dd, J= 13.3, 1.5, 1 H); 2.27 (dt,J= 13.4, 1.8,

1 H); 1.91-1.88 (m, 2 H); 1.84-1.73 (m ,
2 H); 1.55-1.48 (m, 2 H); 1.15 (d,J=1.3, 3

H).

NOE (500 MHz, CDC13): pulse on düblet ô = 1.15 (C-9'), NOE at the peaks by ô =

2.66 (w, C-l'); 2.30 (w, C-2); 1.78 (w, C-6)

13C-NMR (75 MHz, CDC13): 212.46 (s); 141.69 (s); 134.34 (s); 129.93 (d); 126.00 (d);

125.91 (d); 51.99 (0; 43.14 (d); 41.44 (0; 40.29 (s); 33.03 (0; 25.95 (0; 25.28 (0;

21.96(0; 19.62(0-

IR (CHC13): 3006 (m); 2930 (s); 2875 (m); 1706 (s); 1491 (m); 1448 (m); 1376 (w);

1312(w); 1118 (w); 842 (w).

MS (EI): 228 (M+, 51); 170 (12); 141 (11); 129 (12); 128 (15); 119 (33); 118 (100);

115 (17); 91 (11); 32 (12); 28 (35).

(±)-c/s-5-(But-3-enyl)cyclohex-2-enol (192) (Method: [30])

OH

Sodium borohydride (2.6 g, 69 mmol, Fischer) was added to a solution of cerium

trichloride hexahydrate (2.6 g, 7.3 mmol, Fluka pumm) and 199 (4.4 g, 29 mmol) in

methanol (50 ml) and THF (50 ml) at 0 °C. The reaction was stirred for 1 h 45 at 0 °C,

quenched with saturated aq. ammonium chloride and the mixture extracted with

MTBE35. The combined organic layers were dried over magnesium sulfate and

concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE gradient from 10:1 to 4:1) provided 192 (3.1 g, 20.4 mmol, 70%)

as a slightly yellow oil. 'H-NMR inticated that a 13:2 mixture of the eis and trans

isomers was obtained.

3 5) Different solvents than indicated in the literature were used for the workup and the purification.
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CioH160 (152.2 g/mol)

Rf: 0.44 (cyclohexane/MTBE 1:1)

'H-NMR (400 MHz, CDC13): 5.74 (ddt, J = 16.9, 10.2, 6.7, 1 H); 5.70-5.66 (m, 1 H);

5.60 (d, 10.2, 1 H); 4.95 (ddt, J = 17.0, 2.0, 1.6, 1 H); 4.88 (ddt, J = 10.2, 2.0, 1.2, 1

H); 4.26-4.20 (m, 1 H); 2.07-1.98 (m, 4 H); 1.63-1.51 (m, 3 H); 1.36-1.27 (m, 2 H);

1.06 (td, J = 12.0,10.1, 1H).

'H-NMR (300 MHz, DMSO): 4.66 (d,J= 5.5, 1 H, OH group)

13C-NMR(100 MHz, CDC13): 138.71 (d); 131.20 (d); 128.59 (d); 114.45 (0; 68.11 (d);

39.43 (0; 35.70 (0; 32.40 (0; 31.74 (0; 30.83 (0-

IR (CHC13): 3602 (m); 3445 (w); 3079 (m); 3006 (s); 2918 (s); 2852 (s); 1640 (m);

1453 (m); 1395 (m); 1028 (s); 1006 (s); 914 (s).

MS (EI): 152 (M+, 0.9); 110 (20); 109 (30); 97 (100); 95 (93); 91 (20); 79 (46); 70

(53); 67 (26); 55 (21); 41 (43); 18 (50).

(±)-#Yms-3-(But-3-enyl)-5-trimethylsilylcyclohexanone (194) (Method: [71])

o

A solution of 4-bromobutene (8.4 ml, 82 mmol, Fluka pumm) in dry THF (61 ml) was

added under argon to magnesium shavings (2 g, 80 mmol, Fluka purum) in such a way

that the black suspension boiled continuously. While the Grignard reagent was allowed

to cool to room temperature, 196 (13.5 g, 80 mmol) and trimethylchlorsilane (10 ml, 80

mmol, Fluka purum) were added under argon to a suspension of lithium chloride (654

mg, 16 mmol) and freshly purified copper (I) iodide (1.5 g, 16 mmol) in dry THF (225

ml) at 0 °C. The Grignard reagent was transferred through a cannula to the brown

copper mixture at -78 °C
,
which was then stirred at -78 °C for 1 h. After having been

warmed up to room temperature, the reaction was quenched with saturated aq.

ammonium chloride and the mixture extracted with MTBE36. The combined organic

layers were dried over magnesium sulfate and concentrated under reduced pressure.

The cmde compound was then dissolved in a mixture of ethanol and water (28 ml, 1:1)

and subsequently stirred at room temperature for 15 h. The mixture was then diluted

with distilled water (40 ml) and extracted with MTBE. The combined organic layers

were dried over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 20:1) yielded 194 (11 g ,
49 mmol,

36) Other solvents than indicated in the literature were used for the workup and the purification.
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61%) as a slightly yellow oil.

Ci3H23OSi (224.4 g/mol)

Rf: 0.75 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 5.76 (ddt, J = 16.9, 10.1, 6.6, 1 H); 5.04-4.92 (m, 2 H);

2.47 (dd,J= 14.3, 6.2, 1 H); 2.29-2.12 (m, 4 H); 2.03 (dd, J = 15.3, 8.3, 2 H); 1.74-

1.61 (m, 2 H); 1.44-1.18 (m, 3 H); -0.01 (s, 9 H).

13C-NMR (75 MHz, CDC13): 213.21; 138.45; 115.05; 46.85; 42.31; 37.32; 32.29;

31.50; 30.00; 21.77;-3.31.

The spectral characteristics were identical to those reported previously [71].

(±)-l-Methoxy-3,6-bis(trimethylsilyl)cyclohexa-l,4-diene (195) (Method: [69])

OMe

J\^SiMe3

To a suspension of lithium (2.5 g, 368 mmol, Aldrich 99%, with 0.5% Na) in freshly

distilled THF (210 ml) at 0 °C were added under argon trimethylchlorsilane (64.5 ml,

510 mmol, Fluka pumm) and anisol (15 ml, 138 mmol). After having been stirred at 8

°C for 23 h, the reaction mixture was cooled to 0 °C and diluted with pentane (135 ml).

The white suspension was then filtered, the solution carefully concentrated under

reduced pressure (bath at 30 °C) and diluted again with pentane at 0 °C. (135 ml).

Filtration and concentration under reduced pressure (bath at 30 °C) yielded 195 (34.8

g, 0.14 mol, 97%) as a colourless oil. The cmde material was used directly in the next

step without furter purification.

Ci3H24OSi2 /254.5 g/mol)

Rf: 0.64 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 5.44-5.45 (m, 2 H); 4.38 (m, 1 H); 3.49 (s, 3 H); 2.31-

2.24 (m, 2 H); 0.03 (s, 9 H); 0.01 (s, 9 H).

13C-NMR (75 MHz, CDC13): 154.56 (s); 123.74 (d); 123.19 (d); 89.14 (d); 53.58 (q);

33.10 (d); 30.35 (d); -2.21 (q); -3.40 (q).

The spectral characteristics were identical to those reported previously [86].
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(±)-3-Trimethylsilylcyclohex-5-enone (196) (Method: [70])

o

Me3Si

DBU (0.6 ml, 3.9 mmol, Fluka pumm) was added to a solution of 197 (18.3 g, 109

mmol) in dichloromethane (39 ml) and diethyl ether (39 ml). After having been stirred

at room temperature for 8 days, the reaction mixture was treated with pH 3 aq.

phosphate buffer and extracted with dichloromethane. The combined organic layers

were dried over magnesium sulfate and concentrated under reduced pressure. Flash

chromatography on silica gel37 (cyclohexane/MTBE 9:1) yielded 196 (13.5 g, 80 mmol,

74%) as a colourless oil.

C9H15OSi (168.3 g/mol)

Rf: 0.53 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 7.03 (ddd, J = 9.9, 5.4, 2.5, 1 H); 5.99 (ddd, J = 10.0,

1.4, 1.3, 1 H); 2.45-2.11 (m, 4 H); 1.48-1.32 (m, 1 H); 0.02 (s, 9 H)

The spectral characteristics were identical to those reported previously [87].

(±)-3-Trimethylsilylcyclohex-4-enone (197) (Method: [69])

o

Me3Si

Silane 195 (34.8 g, 137 mmol) was slowly added dropwise to a solution of

concentrated hydrochloric acid (5 drops) and distilled water (7 ml) in acetone (151 ml).

After having been stirred at room temperature for 20 min the reaction was quenched

with saturated aq. sodium carbonate. The organic layer was concentrated at room

temperature under reduced pressure, diluted with MTBE38, washed with saturated aq.

ammonium chloride, dried over magnesium sulfate and concentrated at room

temperature under reduced pressure. Distillation (0.4 Torr, bath 60 °C, vapours 30 °C)

yielded 197 (18.3 g, 0.11 mol, 80%) as a colourless oil.

C9H15OSi (168.3 g/mol)

Rf: 0.60 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 5.91-5.84 (m, 1 H); 5.66 (dtd, J= 9.8, 3.5, 1.7, 1 H);

37) The purification was done with other solvents than in the literature.

38) A different solvent than the one indicated in the literature was used.
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2.88-2.83 (m, 2 H); 2.63 (dd, J = 14.6, 7.8, 1 H); 2.46 (dd, J = 14.6, 4.9, 1 H); 2.08-

2.01 (m, lH);0.01(s, 9 H).

13C-NMR (75 MHz, CDC13): 210.56 (s); 151.36 (d); 121.53 (d); 40.13 (0; 38.69 (0;

23.24(d);-3.6 (q).

The spectral characteristics were identical to those reported previously [88].

(±)-5-(But-3-enyl)cyclohex-2-enone (199) (Method: [71])

o

Copper (II) chloride (650 mg, 4.9 mmol, Fluka puriss) was added to a solution of 194

(369 mg, 1.64 mmol) in DMF (8 ml). After having been stirred at 60 °C for 90 min, the

reaction mixture was treated with distilled water (4 ml) and extracted with MTBE39.

The combined organic layers were washed with brine, dried over magnesium sulfate

and concentrated under reduced pressure. Flash chromatography on silica gel

(cyclohexane/MTBE 20:1) yielded 199 (158 mg, 1.1 mmol, 64%) as a yellow oil.

CioH140 (150.2 g/mol)

Rf: 0.75 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, CDC13): 6.96 (ddd,J= 9.9, 5.6, 2.3, 1 H); 6.01 (dd, J= 9.9, 2.5, 1

H); 5.77, (ddt,J= 16.9, 10.1, 6.6, J = 1 H); 5.05-4.93 (m, 2 H); 2.67-2.33 (m, 2 H);

2.16-1.98 (m, 5 H); 1.51-1.44 (m, 2 H).

13C-NMR (75 MHz, CDC13): 200.24 (s); 150.16 (d); 138.18 (d); 129.94 (d); 115.24 (0;

44.51 (0; 35.02 (0; 34.72 (d); 32.33 (0; 30.84 (0-

The spectral characteristics were identical to those reported previously [71].

(±)-#Yms-5-(But-3-enyl)cyclohex-2-enol (202)

OH

(TO
DIAD (1.9 ml, 9.9 mmol, Acros 94%) was given under argon at 0 °C to a solution of

triphenylphosphine (2.6 g, 9.9 mmol, Acros 99%) in dry THF (18 ml). A solution of

192 (lg, 6.6 mmol) and formic acid (0.4 ml, 9.9 mmol, Fluka purum) in dry THF (4.5

ml) was given to the white slurry, after it had been stirred at 0 °C for 30 min. The

39) The workup and the purification were modified from the literature.
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resulting yellow solution was stirred at room temperature for 15 h and subsequently

concentrated under reduced pressure to give a viscous mixture, which was then treated

with ammoniak (22.5 ml, 7 M in methanol, Aldrich). The reaction mixture was stirred

at room temperature for 20 min and then concentrated under reduced pressure. Flash

chromatography on silica gel (cyclohexane/MTBE 4:1) provided 202 (658 mg, 4.3

mmol, 66%) as a slightly yellow oil. 'H-NMR inticated that a 13:2 mixture of the trans

and eis isomers was obtained.

CioH160 (152.2 g/mol)

Rf: 0.44 (cyclohexane/MTBE 1:1)

'H-NMR (300 MHz, DMSO): 5.84-5.56 (m, 3 H); 4.99 (ddd,J= 17.1, 1.4, 0.7, 1 H);

4.92 (ddd,J= 10.2, 2.2, 1.2, 1 H); 4.50 (d, J = 5.3, 1 H, OH group); 4.15-3.96 (m, 1

H); 2.09-2.02 (m, 4 H); 1.72-1.46 (m, 3 H); 1.32-1.21 (m, 3 H).

13C-NMR (75 MHz, CDC13): 138.71 (d); 130.73 (d); 128.20 (d); 114.26 (0; 64.22 (d);

37.72 (0; 35.41 (0; 31.86 (0; 31.09 (0; 27.90 (d).

IR (CHC13): 3602 (m); 3445 (w); 3079 (m); 3006 (s); 2918 (s); 2852 (s); 1640 (m);

1453 (m); 1395 (m); 1028 (s); 1006 (s); 914 (s).

MS (EI): 152 (M+, 0.9); 110 (20); 109 (30); 97 (100); 95 (93); 91 (20); 79 (46); 70

(53); 67 (26); 55 (21); 41 (43); 18 (50).
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IV. Appendix I: Crystallographic Data

2-(2-Methylcyclohexyl)-l-phenylethanon-(2,4-dinitrophenylhydrazon) (155)

Experimental

From a crystal of size 0.7x0.08x0.06 mm 5573 reflexions were mesured on an Enraf

Nonius CAD-4 diffractometer with MoK a radiation (graphite monochromator, X =

0.71073 Â). The structure was solved by direct method with SIR97 (Altomare, 1997).

The non h-atoms were refined anisotropically with SHELXL-97 (Sheldrick, 1997). H-

atoms were calculated at idealyzed positions and included in the structure factor

calculation wuth fixed isotropic displacement param. Drawings of the molecule were

done with PLUTO, ORTEP (Johnson, 1976).
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Crystal data

C21H24N404

C21H24N404
M = 396.447

r

Triclinic

P"l

a = 7.2986 (5)Â
b= 11.5586 (10)Â
c= 12.5023 (11)Â
a = 78.193 (4)°
b = 84.218 (4)°

g
= 71.878 (4)°

V = 980.41 (14)Â3

Z = 2

D = 1.343 Mg m3
X °

Density measured by: not measured

fine-focus sealed tube

Mo Ka. radiation 1 = 0.71073

Cell parameters from 3040 refl.

q
= 0.998—25.028°

m = 0.095 mm1

T = 202 K

needle

0.7 x0.08 x 0.06 mm

orange

Data collection

KappaCCD CCD diffractometer

Absorption correction: none

5573 measured reflections

3421 independent reflections

2265 observed reflections

Criterion: >2sigma(I)

R =0.072
int

q =25.12°
Amax

h = -8 ^8

k = -13^13

1 = -14^14

Refinement

Refinement on F2

fullmatrix least squares refinement

R(all) = 0.1142

R(gt) = 0.0761

wR(ref) = 0.2204

wR(gt)= 0.1941

S(ref)= 1.215

3421 reflections

349 parameters

0 restraints

mixed

Calculated weights l/[s2(Io)+(Io+Ic)2/900]
D/s = 0.000

max

Dr = 0.466eÂ3
max

Dr =-0.211eÂ3
min

Extinction correction: none

Atomic scattering factors from

International Tables Vol C Tables 4.2.6.8

and 6.1.1.4

Fractional atomic coordinates and equivalent isotropic thermal parameters (Â2)

Atom X y z u

07 0.3834 (4) 0.3726 (2) -0.03834 (18) 0.0606 (7) 1

08 0.2974 (5) 0.4657 (2) 0.0990 (2) 0.0737 (9) 1

Occ
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Atom X y z Ue„
09 0.6243 (5;) 0.0820 (3) 0.4971 (2) 0.0760 (9) 1

010 0.3985 (5;) 0.2556 (3) 0.4657 (2) 0.0820 (10) 1

N3 0.7064 (4;) 0.0332 (2) -0.04285 (19) 0.0393 (6) 1

N4 0.5996 (4;) 0.1415(2) -0.0104 (2) 0.0414(6) 1

N5 0.3775 (4;) 0.3730 (2) 0.0610 (2) 0.0486 (7) 1

N6 0.5175(5;) 0.1669(3) 0.4349 (2) 0.0581 (8) 1

Cl 0.7345 (4;) 0.0337(3) -0.1465(2) 0.0376 (7) 1

C2 0.6598 (5;) 0.1466(3) -0.2351(3) 0.0400 (7) 1

Cll 0.8102(5;) 0.2117(3) -0.2783 (2) 0.0446 (8) 1

C12 0.7332 (5;) 0.3232 (3) -0.3708 (3) 0.0564 (9) 1

C13 0.8944 (8;) 0.3808 (4) -0.4151(3) 0.0666(11) 1

C14 0.9826 (6;) 0.4171 (3) -0.3252 (3) 0.0571 (9) 1

C15 1.0554(5;) 0.3071 (3) -0.2341 (3) 0.0559 (9) 1

C16 0.8962 (5;) 0.2488 (3) -0.1890(3) 0.0482 (8) 1

C17 0.5505 (6;) 0.4177 (4) -0.3359 (4) 0.0710(12) 1

C18 0.8541 (4;) -0.0852 (3) -0.1779(2) 0.0409 (7) 1

C19 0.9338 (5;) -0.1877(3) -0.0968 (3) 0.0500 (8) 1

C20 1.0459(6;) -0.2980 (4) -0.1242(4) 0.0627 (10) 1

C21 1.0820(6;) -0.3105(4) -0.2322 (4) 0.0667(11) 1

C22 1.0053 (6;) -0.2120(4) -0.3127(4) 0.0626 (10) 1

C23 0.8926 (5;) -0.0996 (3) -0.2862 (3) 0.0502 (8) 1

C24 0.5759 (4;) 0.1494(3) 0.0967 (2) 0.0379 (7) 1

C25 0.6612(5;) 0.0447 (3) 0.1771(2) 0.0439 (8) 1

C26 0.6421 (5;) 0.0509 (3) 0.2856 (3) 0.0478 (8) 1

C27 0.5364 (5;) 0.1600(3) 0.3192(2) 0.0451(8) 1

C28 0.4478 (5;) 0.2643 (3) 0.2455 (3) 0.0439 (7) 1

C29 0.4697 (4;) 0.2594 (3) 0.1352(2) 0.0408 (7) 1

H2A 0.542(5)' 0.204 (3) -0.213 (2) 0.038 (8) 1

H26 0.696 (6) -0.015 (4) 0.338 (3) 0.062 (10) 1

Hll 0.942 (6) 0.144(4) -0.309 (3) 0.070(11) 1

H15A 1.163(5) 0.245 (3) -0.275 (3) 0.040 (8) 1

H25 0.729 (5) -0.021 (3) 0.151(3) 0.054(10) 1

H16A 0.783 (5) 0.312(3) -0.152(3) 0.046 (8) 1

H19 0.906 (5) -0.182(3) -0.029 (3) 0.044 (9) 1

H4 0.539 (6) 0.206 (4) -0.058 (4) 0.072 (12) 1

H28 0.392 (5) 0.330(3) 0.270 (3) 0.040 (9) 1

H21 1.157(6) -0.390 (4) -0.244 (3) 0.075 (12) 1

H16B 0.949 (6) 0.169(4) -0.128(3) 0.069(11) 1

H12 0.679 (6) 0.293 (3) -0.443 (3) 0.065 (10) 1

H2B 0.626 (5) 0.119(3) -0.293 (3) 0.049 (9) 1

H14A 1.111(6) 0.447 (3) -0.357 (3) 0.067(11) 1

H15B 1.099(7) 0.335 (4) -0.163(4) 0.093 (14) 1

H13 1.013 (5) 0.324 (3) -0.438 (3) 0.043 (9) 1

Occ
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Intramolecular bond angles (degrees)

Cl—N3—N4 117.7(2;) C15--C16--Cll 112.1(3
C24—N4—N3 120.6 (3;) C23--C18--C19 117.6(3
08—N5—07 122.1(3;) C23--C18--CI 122.3 (3
08—N5—C29 118.6(3;) C19--C18--CI 120.1(3
07—N5—C29 119.3(3;) C20--C19--C18 120.9 (4
OlO—N6—09 123.2 (3;) C19--C20--C21 120.6 (4
O10—N6—C27 119.3(3;) C22--C21--C20 119.6(4
09—N6—C27 117.5(3;) C21--C22--C23 120.4 (4
N3—Cl—C18 115.8(3;) C18--C23--C22 120.9 (4
N3—Cl—C2 124.6 (3;) N4—-C24— C29 123.2(3
CI8—Cl—C2 119.6(3;) N4—-C24— C25 120.1(3
Cll—C2—CI 112.8(3;) C29--C24--C25 116.7(3
C2—Cil—C16 113.4(3;) C26--C25--C24 121.2(3
C2—Cil—C12 111.8(3;) C25--C26--C27 120.0 (3
C16—Cll—C12 111.3(3;) C28--C27--C26 121.6(3
C17—C12—C13 112.6(3;) C28--C27--N6 118.4(3
C17—C12—Cll 112.8(3;) C26--C27--N6 120.0 (3
C13—C12—Cll 109.4 (3;) C27--C28--C29 118.7(3
C12—C13—C14 112.6(3;) C28--C29--C24 121.7(3
C15—C14—C13 111.2(3;) C28--C29--N5 116.3(3
C14—C15—C16 110.8 (3>) C24--C29--N5 122.0 (3

Intramolecular torsion angles (degrees)

Cl--N3—N4—C24 -175.5 (3) C20--C21—C22—C23 0.4 (6)
N4--N3—Cl—C18 178.9 (2) C19--C18—C23—C22 0.4 (5)
N4--N3—Cl—C2 0.9 (4) Cl--C18—C23—C22 179.9 (3)
N3--Cl—C2—Cll 97.6 (4) C21--C22—C23—C18 -0.6 (6)
C18--Cl—C2—Cll -80.3 (4) N3--N4—C24—C29 179.0 (3)
Cl--C2—Cll—C16 -55.1(4) N3--N4—C24—C25 -0.3 (4)
Cl--C2—Cll—C12 178.0 (3) N4--C24—C25—C26 178.9(3)
C2--Cll—C12—C17 56.8 (4) C29--C24—C25—C26 -0.5 (5)
C16--Cll—C12—C17 -71.1(4) C24--C25—C26—C27 0.8 (5)
C2--Cll—C12—C13 -177.0 (3) C25--C26—C27—C28 0.2 (5)
C16--Cll—C12—C13 55.0 (4) C25--C26—C27—N6 -179.5 (3)
C17--C12—C13—C14 71.1(5) O10--N6—C27—C28 12.7 (5)
Cll--C12—C13—C14 -55.2 (5) 09--N6—C27—C28 -167.1(3)
C12--C13—C14—C15 55.7 (5) O10--N6—C27—C26 -167.6(3)
C13--C14—C15—C16 -54.4 (5) 09--N6—C27—C26 12.6 (5)
C14--C15—C16—Cll 55.6 (4) C26--C27—C28—C29 -1.4(5)
C2--Cll—C16—C15 176.6 (3) N6--C27—C28—C29 178.2 (3)
C12--Cll—C16—C15 -56.3 (4) C27--C28—C29—C24 1.8(5)
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N3--Cl—C18—C23 178.4 (3) C27-—C28—C29—N5 -178.4(3)
C2--Cl—C18—C23 -3.6(4) N4--C24—C29—C28 179.9 (3)
N3--Cl—C18—C19 -2.1(4) C25-—C24—C29—C28 -0.8 (4)
C2--Cl—C18—C19 176.0 (3) N4--C24—C29—N5 0.0 (5)
C23--C18—C19—C20 0.0 (5) C25-—C24—C29—N5 179.3 (3)
Cl--C18—C19—C20 -179.5 (3) 08--N5—C29—C28 4.0 (4)
C18--C19—C20—C21 -0.2 (6) 07--N5—C29—C28 -176.2(3)
C19--C20—C21—C22 0.0 (6) 08--N5—C29—C24 -176.2(3)
C20--C21—C22—C23 0.4 (6) 07--N5—C29—C24 3.6(5)
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V. Curriculum Vitae

I was bom the 7 of April 1977 in Martigny, Valais to Henriette and Helmut Schlicht.

After having attended the primary school in Pont-de-la-Morge and orientation school

in Sion, I went to the secondary school in 1991 at the Lycée-Collège des Creusets in

Sion and obtained in 1997 my scientific matura (type C). The same year I began my

undergraduate studies at the Swiss Federal Institute of Technology in Zürich in the

department of chemistry in order to improve my skills in the german language. I

decided to specialize in organic chemistry with analytical chemistry as elective subject

and obtained my diploma in 2001 after having done my diploma work in the research

group of Prof. Dr. E. M. Carreira under the supervision of Nina Lohse in the domain of

natural product synthesis. In April 2002 I began my Dr. Nat. Sei. studies at the Swiss

Federal Institute of Technology in Zürich with Prof. Dr. H.-J. Borschberg as my

research adviser in the domain of organic chemistry. During my graduate studies I was

teaching assistant for an introductory level organic chemistry course and I supervised

preparatory courses fort the examination of undergraduate students in organic

chemistry. I was also responsible for the supervision of a semester work student and

helped supervise the apprentices in our research group.

Zürich, October 2005.


