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Abstract
In the first part of the thesis, the aim was to devise a new simple catalytic system based on
palladium to allow insertion of carbon monoxide in the presence of an alcohol into
unsaturated systems with retention of the double bond to give an unsaturated ester. The
process is known as oxidative carbonylation. To allow the process to become catalytic, the
palladium needs to be reoxidised in situ. Optimal conditions for the catalytic system were
developed and a wide range of substrates have been examined. Simple terminal alkenes and
alkenes bearing functional group have been successfully carbonylated (yield 16%-87%). The
method was applied to the synthesis of a known pharmaceutical intermediate.
The aim of the second part was to develop an efficient system for the intramolecular
oxidative amination of unsaturated hydrazine carboxylates to form novel vinyl oxazolidines.
After optimisation of the reaction conditions, the scope and limitations of the reaction were
established. Attempts were also carried out to develop an enantioselective version of the
cyclisation. The method was applied to the synthesis of a known intermediate in a sequence
towards -(-)-kainic acid thus accomplishing a formal total synthesis of this compound.
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Abbreviations and Acronyms
9,10-DMA

-

9,10-dimethylanthracene

Ac

-

Acetyl

aq

-

Aqueous

Ar

-

Aryl

BINAP

-

2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl

Bn

-

Benzyl

Boc

-

Di-tert-butyl dicarbonate

Bp

-

Boiling point

BQ

-

Benzoquinone

BTF

-

PhCF3

Bu

-

Butyl

Bz

-

Benzoyl

o

-

Degrees centigrade

Cat, cat*

-

Catalyst, chiral catalyst

CBz

-

Carboxybenzyl

cod

-

Cyclooctadiene

Cy

-

Cyclohexyl

DCE

-

Dichloroethane

DDQ

-

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

DEAD

-

Diethylazodicarboxylate

C

7

DFT

-

Density functional theory

DIAD

-

Diisopropyl azodicarboxylate

DIPEA

-

N,N-diisopropylamine

DMAP

-

4-Dimethylaminopyridine

DMF

-

Dimethylformamide

DMSO

-

Dimethylsulphoxide

dcpp

-

Bis(dicyclohexylphosphino)propane

dmpe

-

1,2-Bis(dimethylphosphino)ethane

dppb

-

1,3-bis(diphenylphosphino)butane

dppe

-

1,3-bis(diphenylphosphino)ethane

dppp

-

1,3-bis(diphenylphosphino)propane

dr

-

Diastereoisomeric ratio

ee

-

Enantiomeric excess

esp

-

α,α,α′,α′-tetramethyl-1,3-benzenedipropanoate

Et

-

Ethyl

Eq

-

Equivalents

EWG

-

Electron withdrawing group

GC

-

Gas chromatography

HMDS

-

Hexamethyldisilazane

HOMO

-

Highest occupied molecular orbital

hp

-

2-hydroxypyridine
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HRMS

-

High resolution mass spectrometry

I2

-

Iodine

i-Pr

-

Isopropyl

IR

-

Infrared

L, L*

-

Ligand, chiral ligand

LDA

-

Lithium diisopropylamide

LUMO

-

Lowest unoccupied molecular orbital

M

-

Metal

m-CPBA

-

meta-chloroperoxybenzoic acid

Me

-

Methyl

MeCN

-

Acetonitrile

MeOH

-

Methanol

MEOX

-

Methyl 2-hydroxyoxazolidine-4-carboxylate

Mg

-

Magnesium

Mmol

-

Millimole

Mp

-

Melting point

MS

-

Molecular sieves

NHC

-

Nitrogen heterocycle carbene

NMR

-

Nuclear Magnetic Resonance

Nu

-

Nucleophile

[ox]

-

Oxidising agent, oxidation, oxidative conditions
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Pc

-

phthalocyaninato

PCC

-

Pyridinium Chlorochromate

Ph

-

Phenyl

PhBQ

-

Phenyl Benzoquinone

PIDA

-

PhenylIodine diacetate

PIFA

-

PhenylIodine bis(trifluoroacetate)

PMB

-

para-Methoxybenzyl

PMBM

-

p-Methoxybenzyloxymethyl

Pr

-

Propyl

Py

-

Pyridine

Rt

-

Room temperature

Sat

-

Saturated

TAD

-

Triazolinedione

TBAB

-

tetra-n-butylammonium bromide

TBAI

-

tetra-n-butylammonium iodide

TBAP

-

tetra-n-butylammonium perchlorate

TBDPS

-

tert-butyldiphenylsilyl

TBHP

-

tert-butylhydroperoxide

tBu

-

Tert-butyl

Tf

-

Triflate

TFA

-

Trifluoroacetic acid
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TMS

-

Trimethylsilyl

Tpa

-

Tris(2-pyridylmethyl)amine

TPP

-

5,10,15,20-Tetraphenyl-21H,23H-porphine

Troc

-

2,2,2-Trichlorethoxycarbonyl

Ts

-

Tosyl

UV

-

Ultraviolet light

WCA

-

Weakly coordinating anion

11

Table of contents
Abstract ................................................................................................................................................... 5
Acknowledgements ................................................................................................................................. 6
Abbreviations and Acronyms .................................................................................................................. 7
Chapter 1: Palladium catalysed carbonylation of terminal alkenes to -unsaturated esters ........... 14
Chapter 1. Introduction: Carbonylation chemistry ............................................................................... 15
1.1. The Wacker-Hoechst-Tsuji oxidation ......................................................................................... 15
1.2 Carbonylation of aryl and alkyl halides ....................................................................................... 20
1.3 Amido and amino carbonylations ............................................................................................... 23
1.4 Hydroxycarbonylation and related reactions .............................................................................. 27
1.5 Oxidative carbonylation .............................................................................................................. 31
1.6 Cyclisative carbonylation ............................................................................................................. 42
1.7 Conclusion ................................................................................................................................... 46
Chapter 2: Palladium catalysed carbonylation of terminal alkenes to -unsaturated esters ........... 48
Chapter 2. Results and discussion: Palladium-catalysed carbonylation ............................................... 49
2.1 Aims and Objectives: ................................................................................................................... 49
2.2 Background information: ............................................................................................................ 49
2.3 Synthesis of carbonates substrates ............................................................................................. 53
2.4 Synthesis of nitrogen derivatives ................................................................................................ 56
2.5 Screening of the conditions ......................................................................................................... 58
2.6 Scope of the reaction .................................................................................................................. 64
2.7 Applications in synthesis ............................................................................................................. 72
2.8 Conclusion ................................................................................................................................... 74
Chapter 3: Allylic C-H functionalisation of unsaturated hydrazine carboxylates to vinyl isoxasolidines:
............................................................................................................................................................... 76
Chapter 3. Introduction: Allylic C-H amination of alkenes .................................................................... 77

12

3.1 Metal nitrenes allylic C-H functionalisation ................................................................................ 79
3.2 Palladium catalysed C-H amination ............................................................................................. 88
3.3 Palladium catalysed aerobic oxidative amination of alkenes ..................................................... 93
3.4 Nitroso and azo-ene Reaction ................................................................................................... 101
3.4.1 The nitroso-ene reaction ........................................................................................................ 102
3.4.2 The azo-ene reaction .............................................................................................................. 109
3.5 Summary of C-H amination approaches ................................................................................... 111
Chapter 4: Allylic C-H functionalisation of unsaturated hydrazine carboxylates to vinyl isoxasolidines
............................................................................................................................................................. 113
Chapter 4. Results & Discussion: Oxidative azo-ene cyclisation ......................................................... 114
4.1 Aims and Objectives: ................................................................................................................. 114
4.2 Background information: .......................................................................................................... 115
4.3 Substrates syntheses ................................................................................................................. 116
4.4 Optimisation of cyclisation conditions. ..................................................................................... 120
4.5 Scope of the reaction ................................................................................................................ 125
4.6 Enantioselective cyclisation....................................................................................................... 127
4.7 Application of azo-ene cyclisation in synthesis: Formal synthesis of (±)-kainic acid ................ 140
4.8 Conclusion and perspectives ..................................................................................................... 150
5. Experimental ................................................................................................................................... 152
5.1 Chapter 1: Substrates for the carbonylation reaction............................................................... 152
5.2 Chapter 2: Carbonylation reactions .......................................................................................... 168
5.3 Chapter 2: Intramolecular cyclisation ....................................................................................... 183
5.4 Chapter 2: Vanilloid receptoir-1 antagonist .............................................................................. 186
5.5 Chapter 4: Oxidative cyclisation substrates .............................................................................. 188
5.6 Chapter 2- Oxidative cyclisation ................................................................................................ 197
5.7 Chapter 2- Enantioselective studies .......................................................................................... 203
5.8 Chapter 2- Kainic acid synthesis ................................................................................................ 211
6.1 References ..................................................................................................................................... 219

13

Chapter 1

Palladium catalysed carbonylation of
terminal alkenes to -unsaturated
esters
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Chapter 1.
Introduction: Carbonylation chemistry
The term “carbonylation” covers a wide range of reactions but all have the incorporation of
carbon monoxide in common.1 Carbon monoxide is an important C1 building block allowing
transformation of readily available feedstocks into more functionalised products with varied
industrial uses (e.g. dyes, pharmaceuticals, agrochemicals).

1.1. The Wacker-Hoechst-Tsuji oxidation
The Wacker-Hoechst oxidation was reported in the early sixties and rapidly became a major
industrial process. Ethylene (1.1) reacts stoichiometrically with Pd(II) to give acetaldehyde
(1.2). Reoxidation of the metal is ensured by copper salts that is facilitated by aerobic
oxidation by air or molecular oxygen (Scheme 1.1).

Scheme 1.1: Catalytic cycle of the Wacker process
15

However, this process is limited by the scope of substrates as the olefins need to be water
soluble. Copper salts are poorly soluble in organic media and in the absence of efficient
reoxidation, Pd(0) will precipitate to inactive palladium black. Pd(II) complexes react
stoichiometrically with alkenes and reoxidation of the metal must be insured in order to
keep the process catalytic. Oxygen alone is not efficient enough to reoxidise the palladium,
therefore another intermediate oxidant has to be employed.
When other olefins were used, the reaction yields ketones as the oxygen will bond to the
carbon that takes up the hydroxyl group during the addition of water, according to
Markovnikov’s rule. An electron withdrawing group in the -position favoured the formation
of the ketone and the corresponding aldehydes were formed only in traces. Tsuji reported
an efficient system with PdCl2 and CuCl in a mixture of DMF/water under an oxygen
atmosphere (Scheme 1.2).2

Scheme 1.2: Tsuji - Wacker oxidation to ketones
Oxygen is an attractive terminal oxidant, environmental and practical considerations have
encouraged the development of methodologies which do not rely on co-catalysts. Oxygen
can be used as the sole oxidant when the reaction is run in DMA with PdCl2.3 The oxygen can
be inserted at either the C1 (1.4) or C2 (1.6) of the olefin depending upon which nucleophile
is employed (Scheme 1.3). The catalytic system is also efficient for Wacker type
intramolecular cyclisations.

16

Scheme 1.3: Selective oxidation of the olefin at C1 or C2
A palladium/sparteine complex was also reported at the same time to be efficient in the
oxidation of olefins (Scheme 1.4).4 First investigations with tert-butylhydroperoxide (TBHP)
as an oxidant gave promising results but oxygen alone (atmospheric pressure) was found to
be even more active. Only a low catalyst loading was required and no isomerisation product
was observed. Water was found to enhance the rate of the reaction but its concentration
requires to be balanced with catalyst stability and substrate miscibility.

Scheme 1.4: Oxidation with a palladium/sparteine complex with O2 as the sole oxidant
Mimoun and Roussel reported a system based on palladium acetate and hydrogen
peroxide.5 The reaction required a very low loading of catalyst and gave the corresponding
ketones in good yields. However, the safety risks associated with the exothermic
decomposition of hydrogen peroxide did not make the reaction attractive for industrial uses.
Takehira et al. later developed a system with PdCl2/CuCl2/O2 for the oxidation of
cyclopentene 1.9 to cyclopentenone 1.10 in high yields (Scheme 1.5).6 The substrate was
oxidised at the same time as the solvent. Unlike the Tsuji-Wacker oxidation, the oxygen
incorporated comes from the terminal oxidant (O2) via a peroxypalladation step. The authors
suggested that the copper acts as a transient oxygen carrier.
17

Scheme 1.5: Oxidation of cyclopentene to cyclopentenone with co-oxidation of ethanol
tert-Butyldroperoxide (TBHP) was also used as an oxidant with a Pd(NHC) complex 1.11 for
the oxidation of styrene 1.12 to acetophenone 1.13 (Scheme 1.6).7 Styrene is usually
challenging as a substrate due to its propensity to decompose to benzaldehyde or benzoic
acid.

Scheme 1.6: Oxidation of styrene with a palladium/NHC complex
In the case of allylic alcohol derivatives, the classic Tsuji-Wacker reaction lacks selectivity as
the heteroatom coordinates to the palladium centre and the addition of water can occur in
both a Markovnikov or anti-Markovnikov fashion (Scheme 1.7).

Scheme 1.7: Oxidation of allylic systems to Markovnikov and anti-Markovnikov product
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With specific substrates, the reaction can lead selectively to the aldehyde, where the
selectivity of the reaction was considered to be under substrate control. Feringa and
coworkers reported the selective formation of the aldehyde 1.15 from allylic phthalimides
1.14 (Scheme 1.8).8 The products were then transformed to valuable -amino acids. When a
nosyl protecting group was utilised, the reaction afforded the ketone product selectively.

Scheme 1.8: Selective oxidation of allylic phthalimide to aldehydes
In the case of peroxide mediated oxidation, the oxygen inserted was already coordinated to
the metal centre. Blocking the remaining coordination site with a bidentate ligand would
allow for the selective formation of the ketone 1.18 over the aldehyde (Scheme 1.9). The
selectivity of the reaction was considered to be under catalyst control.

Scheme 1.9: Insertion of oxygen atom via peroxypalladation
Quinox was found to be a suitable ligand for the process. Sigman and coworkers synthesised
a Pd(Quinox)Cl2 complex for the selective oxidation of allylic substrates 1.19.9 Enantiopure
substrates can be oxidised to ketone without any loss of enantiopurity (Scheme 1.10).
Protected nitrogen substrates (phthalimide, Cbz, Ts, Boc) can also be oxidised selectively.10
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Scheme 1.10: Oxidation of enantiopure substrates with a palladium/quinox complex
Recently, White and Bigi reported a tandem Wacker dehydrogenation reaction co-catalysed
by Pd(II) and a hypervalent iodine.11 The reaction afforded ,-unsaturated ketones from
terminal olefins. Pd(MeCN)4(BF4)2 and PIDA were identified as the more efficient catalysts.
The reaction was suggested to proceed via an intermediate iodonium enolate 1.23 which
enhanced the reactivity of the newly formed ketone 1.22 for dehydrogenation (Scheme
1.11).

Scheme 1.11: Suggested pathway for the Pd(II)/PhI(OAc)2 catalysed tandem Wacker /
dehydrogenation

1.2 Carbonylation of aryl and alkyl halides
Palladium catalysed carbonylation of aryl and alkyl halides have been intensively studied
since it was first reported in the seventies by Heck and co-workers.12 Carbonylation of aryl
halides is catalysed by Pd(0) (Scheme 1.12). The substrate 1.26 undergoes oxidative addition
20

with the palladium complex 1.28, followed by coordination and insertion of CO into the PdCarbon bond to afford complex 1.30. The product 1.27 is released by addition of a suitable
nucleophile. A stoichiometric amount of base was required to regenerate the catalyst 1.28
by reductive elimination.

Scheme 1.12: Carbonylation of aryl halides
Carboxylic acids, esters, amides, anhydrides, acid fluorides, aldehydes and ketones can be
synthesised if the substrate is treated with the appropriate nucleophile. 13 Intramolecular
reaction can also yield heterocycles14 (cyclocarbonylation) such as lactones,15 benzolactams
or cyclic ketones.16
The more challenging aryl chlorides, which usually show slower reactivity compared to aryl
iodides and aryl bromides,17 have also been carbonylated. Buchwald employed palladium
acetate and a commercially available phosphonium salt (bis(dicyclohexylphosphino)propane
(dcpp).HBF4) as a ligand18 while Beller et al reported the use of PdCl2(PhCN)2.19 Buchwald
also reported the alkoxycarbonylation of aryl tosylates, mesylates and sulphonates under
mild conditions, utilising palladium acetate with chelating phosphine as a ligand (Scheme
1.13).20
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Scheme 1.13: Alkoxycarbonylation of aryl mesylates
Double carbonylation usually requires a high CO pressure as it competes with
monocarbonylation. It allows synthesis of -keto-amides,21 keto-esters22 and keto-carboxylic
acids.23 Uozumi et al reported the use of DABCO as a base to promote double carbonylation
of aryl iodides 1.34 and primary amides 13.5, allowing synthesis of -keto-amides 1.36
(Scheme 1.14). 24

Scheme 1.14: Double carbonylation of iodobenzene to α-keto amide
Cross-coupling carbonylation reactions take place in the presence of an organometallic
reagent

such

as

organoboronates/borates,25

organozinc,26

organostannates,27

or

organosilanes.28 It is an useful method for the preparation of unsymmetrical ketones.
,-Unsaturated ketones are attractive targets because they can be used as dienophiles or
Michaël acceptors. Fluorated vinyl ketones can give access to a wide range of fluorinated
products. Their synthesis was reported by Mido and coworkers via carbonylative Stille-type
cross coupling (Scheme 1.15). 27

Scheme 1.15: Fluorated vinyl ketones synthesis
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Suzuki carbonylative cross coupling was also reported.25 More recently Beller et al achieved
these with inexpensive aryl chlorides in aqueous media (Scheme 1.16).29

Scheme 1.16: Carbonylative Suzuki cross coupling of aryl chlorides
Beller and coworkers reported the carbonylation of aryl halides with olefins (Heck type
reaction) to access chalcones under mild conditions (Scheme 1.17).30 Chalcones (1,3diarylpropen-1-ones) are important compounds of the flavonoid family with biological
activities including anti-inflammatory, antioxidant, antiallergic or analgesic properties.

Scheme 1.17: Carbonylative Heck cross coupling of aryl halides to chalcones

1.3 Amido and amino carbonylations
Amidocarbonylation has also been applied to the synthesis of N-acyl-α-amino acids with
cobalt and palladium catalysts (Scheme 1.18).31 This motif may be found in many
compounds with a wide range of applications, such as the sweetener Aspartame © (Figure
1.1). Chiral compounds can be accessed via enzymatic chiral resolution.
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Figure 1.1: Structure of Aspartame

Scheme 1.18: N-acyl-α-amino acids synthesis
N-Arylisoquinolone 1.50 was prepared via a one pot two step amidocarbonylation (Scheme
1.19).32 First, a N-arylenamine 1.49 was synthesised by reaction of an aryl bromide 1.47 and
o-aniline 1.48 in presence of a palladium catalyst. Then the reaction was exposed to a CO
atmosphere, allowing the carbonylation of the remaining aryl bromide followed by ring
closure. However, a bulky N nucleophile has to be used to avoid competitive formation of
the indole product.

Scheme 1.19: One pot two step formation of an isoquinolone
The field of cyclisative aminocarbonylation was pioneered by Yoshida and Tamaru in the
mid-80’s.33 Stereoselective aminocarbonylations of 3-hydroxypent-4-enylamides 1.51
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proceeds smoothly under mild conditions (Scheme 1.20). The products are structural units
for the synthesis of alkaloids and bear functionalities allowing further derivatisation.

Scheme 1.20: Aminocarbonylations of 3-hydroxypent-4-enylamides
Yoshida and coworkers reported the synthesis of 6- and 5-membered rings with urea 1.53
and 1.55 acting as the nucleophile.34 Substituted alkenes could also be utilised. The method
is versatile and 5-membered rings could also be synthesised (Scheme 1.21).

Scheme 1.21: Tetrahydropyrimidin-2-one and imidazolidin-2-one synthesis
Bicyclic systems were also obtained with ureas with long hydrocarbons chains. Both nitrogen
atoms were acting as a specific nucleophile. Carbamates and sulphonamides could also be
used as protecting groups but were found to be less reactive (Scheme 1.22).35 Nevertheless,
the use of trimethylorthoacetate and sodium acetate was later reported to enhance the
reactivity of the carbamates by increasing the yield and accelerating the reaction.36
Transformation to a six-membered ring was, again, found to be more challenging and poor
diastereoselectivity was observed in that case.
25

Scheme 1.22: Oxazolidine synthesis
The first enantioselective Pd(II) catalysed aminocarbonylation was reported with a chiral
spiro-isoxazoline ligand 1.61 and tosyl amines 1.59 (Scheme 1.23).37

Scheme 1.23: First enantioselective intramolecular aminocarbonylation
Later the method was optimised for the enantioselective aminocarbonylation of
alkenylureas 1.62 with ee up to 88% (Scheme 1.24).

38

Alkenyl sulphamide also cyclised to

the corresponding bicyclic sulphamide in 86% yield but low ee. It was also demonstrated
that the spiro skeleton of the ligand 1.64 contributed to the catalyst stability. Indeed, when a
bis(oxazoline) was employed, gradual formation of palladium black was observed.

Scheme 1.24: Enantioselective intramolecular aminocarbonylation of urea derivatives
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1.4 Hydroxycarbonylation and related reactions
Hydroxycarbonylations and related esterifications, occur with an unsaturated hydrocarbon,
carbon monoxide and a nucleophile. If the nucleophile is water, the reaction is referred to as
a hydroxycarbonylation. With another nucleophile such as an alcohol, the reaction is called
alkoxycarbonylation. The reaction is versatile and minor changes in the conditions can lead
to carboxylic acids, diesters or polyketones (Scheme 1.25). Cobalt and nickel carbonyl
derivatives have been used in the past but other transition metals such as palladium,
ruthenium, platinum or rhodium are of greater interest as they operate under milder
reaction conditions.

Scheme 1.25: Hydroxycarbonylation and related reactions
Hydroxycarbonylation catalysts can preferentially afford either isomer, depending upon the
conditions. It depends upon the Markovnikov (to compound 1.66) and anti-Markovnikov
addition (to 1.67) of the metal to the alkene 1.65 (Scheme 1.26).
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Scheme 1.26: Palladium catalysed alkoxycarbonylation of olefins
In [PdCl2L2] complexes (L= phosphine), the regioselectivity of the reaction can be controlled
by the ligands. It has been reported that triphenylphosphines will preferentially yield the
branched isomer while bidentate phosphines promote the linear isomer. The role of the
counter anion has also been investigated.39
Carbon monoxide insertion can allow the synthesis of sophisticated building blocks by tuning
the reaction conditions. Functionalised alkenes can also be used to give a wide range of
products. The hydroxycarbonylation reaction has been applied to a wide range of olefins to
access arylpropionic acids, fluorinated acids (1.69),40 silylated esters (1.71)

41

and -amino

acids (Scheme 1.27). These building blocks are valuable intermediates in the synthesis of
pharmaceuticals42 and agrochemicals.43

28

Scheme 1.27: Fluorinated acid and silylated esters synthesis by hydroxycarbonylation
Asymmetric hydroxycarbonylation and alkoxycarbonylation of olefins is of particular interest
as the products are precursors for non-steroidal anti-inflammatory drugs. However, it is
difficult to achieve both good selectivity and enantioselectivity.44 The selectivity of the
reaction of mono carbonylation of styrene depends on the catalytic system and conditions
applied.44 Monodentate ligands have been shown to favour the branched ester45 while
bidentate would favour the linear one.39a However, electronic effects46 and bite angles can
affect the selectivity (Figure 1.2).
Cometti and coworkers were the first to report the use of a chiral monodentate phosphine
(A) for the asymmetric carbonylation of styrene. They achieved 52% ee under atmospheric
pressure.47 Antropoisomeric phosphate (B) allows the synthesis of Ibuprofen© with an ee of
84% and an ee of 91% for Naproxen©.48 A phosphetane ligand (C), giving 29% ee and total
selectivity for the branched ester, was reported by Claver et al. 45 Bidentate ligands were also
employed.49 Consiglio and coworkers reported the asymmetric hydroxycarbonylation of αmethylstyrene with ee of up to 59% with a system composed of PdCl 2 and an
antropoisomeric diphosphane (D).50 In 1997, Zhou et al reported an ee of 99% with 98%
selectivity for the branched ester under mild conditions with a diphosphine ligand (E).51
Ferrocenyl diphosphines ligands (G) gave good enantioselectivities but the regioselectivity
29

was modest and the yields low.52 Better results were obtained with hemilabile P-N ligands
(H).53

Figure 1.2: Ligands used in the asymmetric carbonylation of olefins to branched ester
The methyl propanoate 1.73 (linear product of mono carbonylation) can also be accessed by
using bisphosphinometallocenes ligands 1.74 (Scheme 1.28).54

Scheme 1.28: Hydroxycarbonylation with metallocene ligands
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When a large excess of oxidant was added (benzoquinone, 400 eq), methyl cinnamate 1.75
was obtained rather than methyl propanoate (Scheme 1.29).

Scheme 1.29: Methoxycarbonylation of styrene with phosphines ligands

1.5 Oxidative carbonylation
While carbonylation of aryl/alkyl halides has been widely studied, less attention has been
paid to palladium catalysed oxidative carbonylation. Electrophilic Pd(II) coordinates to
alkenes to form -complexes and allows nucleophilic attack. Formation of a palladium
carbon -bond is called palladation. It can be formed from “oxidised” forms of alkenes and
arenes (eg: vinyl- and arylhalides) and Pd(0). In these reactions, Pd(0) is regenerated in the
catalytic cycle (Scheme 1.12). When “unoxidised” forms of alkenes and arenes are used,
Pd(II) 1.77 is reduced to Pd(0) 1.83 during the catalytic cycle and the reaction needs an
external oxidant to ensure a catalytic process. The reaction begins by the formation of a
palladium -complex 1.79, followed by nucleophilic attack at usually the more substituted
carbon to yield 1.80 (Scheme 1.30). Complex 1.80 can undergo either -elimination to give
1.81 or addition of another nucleophile to give 1.84.
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Scheme 1.30: Reactions of alkenes with Pd(II) and nucleophiles
Pd(II) complexes react in stoichiometric amounts with alkenes and alcohols, while releasing
Pd(0). Therefore, an appropriate co-oxidant is required in order to re-oxidise the Pd(0) to
Pd(II) and allow the catalytic cycle to resume, without affecting the reactivity of substrate or
product. Stoichiometric amounts of a reoxidant (typically copper chloride) allow palladium
to be used in economical amounts. A multi-step electron transfer can be used, involving a
catalytic oxidant, which is itself reoxidised by another oxidant such as atmospheric oxygen
(Scheme 1.31) like in the Wacker reaction. However, the reoxidation usually generates water
and it is important to employ water scavengers such as triethyl orthoformate as the water
gas shift reaction can happen, consuming CO.

Scheme 1.31: Multi-step electron transfer
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The oxidative carbonylation of alkenes in alcohols in the presence of PdCl 2 gives a ,unsaturated esters and -alkoxy ester by monocarbonylation and succinates by
dicarbonylations, depending on the conditions.
The very first oxidative carbonylation was observed in the sixties by Tsuji and coworkers.55
Reactions of alkenes with CO and a complex 1.85 prepared from PdCl2 and ethylene afforded
a -chloroacyl chloride 1.86 (Scheme 1.32). In the presence of alcohols, the corresponding
esters 1.87 were obtained. The reaction often yields a mixture of products when carried out
in the presence of alcohols, namely -alkoxy-esters and 2-substituted dialkyl succinates 1.88.
Furthermore, Pd(II) is known to catalyse the isomerisation of double bonds, which can be a
problem with unsymmetrical olefins.

Scheme 1.32: Early carbonylations of simple alkenes
Yukawa and Tsutsumi observed formation of cinnamate 1.75, succinate 1.90 and
hydrocinnamate derivatives 1.91 when studying the carbonylation of a styrene-palladium
chloride complex in alcohols (Scheme 1.33).56 Potassium carbonate was used to ease the
filtration of the palladium at the end of the reaction while triethylamine was presumed to
help in the formation of an alkoxycarbonyl palladium intermediate.

Scheme 1.33: Early carbonylation of a styrene-palladium chloride complex
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Succinate derivatives can be synthesised by reaction of an olefin and a catalytic system
constituted of Pd(II) and a suitable reoxidating agent. Fenton and Steinwand described the
early synthesis of succinate 1.92 and oxalate derivatives (Scheme 1.34).57 In the case of
succinates, a mild base such as sodium acetate was shown to enhance the reoxidation of the
palladium while the presence of a mineral acid such as HCl would inhibit this. A small
amount of water does not prevent succinate formation but would result in the increased
formation of carbon dioxide as the main by-product. Alkyl orthoformates (dehydrating
agent), reduces this formation.

Scheme 1.34: Succinates synthesis
Dialkyl oxalates 1.94 can be synthesised via oxidative carbonylation of alcohols 1.93 (Scheme
1.35). They are of interest as solvents and C2 building blocks. Their preparation was first
reported by Fenton et al in the early 1970’s.58 The reaction was carried out at high
temperature and pressures in the presence of palladium catalysts and other metals salts.
CuCl2 was found to be the best co-catalyst. The water produced during the reaction must be
removed by addition of water binding agents such as trialkyl orthoformates. Otherwise, it
might react with CO to form some CO2.

Scheme 1.35: Dialkyl oxalates synthesis
Biscarbonylation of styrene 1.12 to succinates was first reported by Heck employing a
stoichiometric amount of Pd(II) and Hg(II) salt.59 A few years later, Stille developed a
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catalytic system composed of palladium dichloride and copper chloride (Scheme 1.36).60
Strict anhydrous conditions were required to avoid the competing faster oxidation of CO to
CO2.

Scheme 1.36: Selective synthesis of dicarbonylated styrene
The nature of the base is the key to the selectivity. After coordination of the olefin and
carbon monoxide to the palladium (1.96), methanol addition can occur at the carbonyl (path
A) via a methoxy-palladium complex 1.97 or at the coordinated olefin (path B) to give
complex 1.100 (Scheme 1.37). Under neutral conditions, path B is preferred. Adding a base
catalysed the methanol addition at the carbonyl to form the methoxycarbonyl palladium
complex 1.97. Olefin insertion occurs afterwards to form complex 1.98. The role of the base
is to increase the concentration of that complex to favour path A and the formation of
succinate 1.92.
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Scheme 1.37: Mechanism for the formation of diester and methoxy ester product
Cyclic olefins can also undergo carbonylation.60 The reaction yields a mixture of products
(Scheme 1.38). In this case, the synthesis of 1,3-diesters 1.106 can be explained by an
intermediate isomerisation via elimination/addition of Pd-H species prior to second
carbonylation. The ratio of 1,2- (1.105) and 1,3-diesters (1.106) was dependent upon the
reaction conditions. With strong bases, the reaction showed preference for the 1,3-diester
1.106 while increasing the pressure of CO favoured the 1,2-diester 1.105.

Scheme 1.38: Cyclic olefins carbonylation
The carbonylation of 1,3-dienes has been reported to yield mixtures.61 However, the
selectivity can be tuned once the conditions are optimised (Scheme 1.39).62
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Scheme 1.39: Carbonylation of 1,3-dienes
Chauvin and co-workers studied biscarbonylation of olefins with PdCl2 and butyl nitrite,
leading to mixture of low amounts of succinates 1.111, malonates 1.113 and bisoxazolines
1.114 (Scheme 1.40).63 The CO pressure was high (15 bar) and the mixture of ethylene and
butyl nitrite was potentially explosive above 80°C.

Scheme 1.40: Biscarbonylation with butyl nitrite
The first enantioselective biscarbonylation of styrene 1.12 was reported by Consiglio in the
late 1970’s using DIOP ligand 1.115 (Scheme 1.41).64 The enantioselectivity was 60% ee,
however the conversion and chemoselectivity were poor.

Scheme 1.41: Enantioselective synthesis of dialkyl succinate by Consiglio et al 54
Several reports on enantioselective biscarbonylation appeared since 1977. A decade later,
Saigo reported the use of sulphides phosphines ligands for the asymmetric synthesis of
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dialkyl succinates.65 However, yields and enantioselectivity remained unsatisfactory (max
68% yield and 30% ee).

Scheme 1.42: Suggested mechanism for biscarbonylation involving Cu(I)
In 2001, Inomata and coworkers claimed the asymmetric bis-alkoxycarbonylation of
aromatic olefins with copper(I) and a bis-oxazoline ligand.66 However yields and
enantioselectivities remained modest for the olefins studied. Copper(I) is involved,
associated with O2, in the reoxidation of Pd(0) to Pd(II) (Scheme 1.42). The Cu was also
suggested to coordinate CO and form a carbonyl alkoxy intermediate 1.119 that was
transferred to the palladium centre to give complex 1.120. Ligand exchange occurred on the
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copper centre to produce a cationic palladium triflate intermediate that facilitated the
coordination of the olefin to complex 1.121. Insertion of the palladium into the internal
carbon of the olefin might be favourable due to steric interaction between the R group and
alkoxycarbonyl group. It is supported by the fact that a small amount of methyl cinnamate
was observed in the reaction with styrene.
In 2003, Chan and co-workers reported a catalyst which gave high conversion,
chemoselectivity and enantioselectivity in the synthesis of dimethylphenyl succinate 1.90
with chiral diphosphines based on a tetramethoxy bipyridine backbone (Scheme 1.43).67

Scheme 1.43: Enantioselective synthesis of dialkyl succinate by Chan et al
Similar results were obtained with thiourea-oxazoline ligands 1.127 and the method was
extended to the enantioselective biscarbonylation of other styrene derivatives 1.125
(Scheme 1.44).68 A library of ligands was synthesised and studied. Rigorous purification of
copper(I) was required as commercial sources only returned low ee. AgOTf was used to
maintain the reactivity at low temperature. Highest ee of 84% was obtained with styrene.
Low enantiocontrol (21% ee) was observed with homoallyl benzene.
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Scheme 1.44: Enantioselective synthesis of dialkyl succinate with thio-ureas ligands
Oxidative carbonylation of styrene can give access to cinnamate derivatives. Cometti et al
described a catalytic system composed of Pd(II) and Cu(II) as the reoxidant (Scheme 1.45).69
If no oxidant was added, a quick reduction of the active palladium to palladium black
occurred, terminating the reaction. A tetrameric palladium complex [((Pd(CO)(OCO2Me)]4.
2MeCO2H), formed in situ would be the active catalyst. Selectivity and conversion were both
quite low. The main product was the cinnamic acid 1.128 while the main by-products were
dialkyl succinates (double carbonylation product) and acetophenone.

Scheme 1.45: Cinnamic acid synthesis
A later study showed that with a catalytic system based on PdCl 2/CuCl2/Mn(OAc)2, the
selectivity could be improved with yields up to 60% for the cinnamic ethyl ester. 70 Under
these conditions, -hydride elimination was favoured compared to further CO incorporation,
followed by alcoholysis to yield succinate esters. Bianchini and coworkers employed
phosphines ligands to optimise conditions for the selective formation of either phenyl
succinate 1.90 (highest selectivity 82%, Scheme 1.46) or phenyl cinnamate 1.75 (highest
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selectivity of 96%, Scheme 1.47).71 The catalysts are stable during the reaction for 3h, after
that time, precipitation was observed. Other by-products observed were the linear and
branched products of the related alkoxycarbonylations and ketones resulting from
homocoupling.

Scheme 1.46: Phenyl succinate synthesis

Scheme 1.47: Phenyl cinnamate synthesis
It was suggested that the selectivity to cinnamate was inversely proportional to the binding
ability of the co-ligand for Pd(II) (MeCN being better than bipyridine or acetate). It was also
noticed that the conversion of styrene decreased with the increase in the rigidity of the
backbone of the phosphine ligand. Therefore, the authors suggested the following
mechanism (Scheme 1.48). Addition of CO and MeOH on the palladium centre gave the
square planar complex 1.130, CO inserted into the Pd-OMe bond to yield alkoxycarbonyl
complex 1.131. Olefin insertion led to 1.133 that could undergo -hydride elimination to
afford the cinnamate product 1.75, promoted by a weak co-ligand and a phosphine with a
flexible phosphine backbone. Further coordination and insertion of CO could also occurred
(1.133 -> 1.136 -> 1.137), favoured by a co-ligand with a stronger binding ability or less
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flexible phosphine backbone. However, no electronic effect arising from the phosphines was
observed. Attack of methanol on 1.137 released the dicarbonylated product 1.90.
In the case of [Pd(OAc)2L2] (L=phosphines), adding a strong protic acid (TsOH) shifted the
selectivity from succinate to cinnamate. The acid creates a free coordination site on the
metal centre and regulates the concentration of acetate ions. It also helps in the oxidation of
Pd(0) to Pd(II) by benzoquinone.

Scheme 1.48: Mechanism suggested by Bianchini et al for the formation of cinnamates and
succinates 71

1.6 Cyclisative carbonylation
The oxypalladation of hydroxyalkenes followed by carbonylation can provide a very useful
route to a wide variety of cyclic ethers. Intramolecular reactions are possible when the
nucleophile and the double bond are favourably positioned within the molecule (Scheme
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1.49).72 The reaction shown below occurs via an intramolecular nucleophilic attack of the
hydroxyl group on the double bond of 1.138 coordinated to the palladium complex. Further
CO insertion gives an acyl palladium 1.140. Intramolecular attack of the hydroxyl group
yields a benzopyran with a fused -lactone 1.141.73

Scheme 1.49 -lactone synthesis via pyran intermediate
Semmelhack and Bodurow studied the effect of the geometry of the alcohol substrate. The Z
isomer (Z)-1.142 gave the pyran 1.143 as the major product while the formation of furan
1.144 was favoured in the case of the E isomer (E)-1.142 (Scheme 1.50).74

Scheme 1.50: Regioselectivity of the product is induced by stereoselectivity of the substrate
Carboxylation of alkenes with an appropriate substrate may lead to the formation of
lactones. Oxidative carbonylation of 4-penten-1,3-diols took place under mild conditions to
yield cis-3-hydroxytetrahydrofuran-2-acetic acid lactones, with sodium acetate used as an
additive.75 In a similar manner, the double cyclization of 3-hydroxy-4-pentenoic acids 1.145
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provides bis-lactones 1.146 (Scheme 1.51).76 The reaction proceeds with high
stereoselectivity with only cis products being obtained. Palladium is thought to be directed
by the allylic hydroxyl during the attack of the olefin. Terminal double bonds were found
more reactive than the substituted ones.

Scheme 1.51: Bis-lactonisation reaction catalysed by palladium
Tamaru reported the oxidative dicarbonylation of 3-buten-1-ols 1.147 and 3-butyn-1-ols.77
The reaction was stereospecific and both carbonyls were introduced syn to the double bond
(Scheme 1.52). Propylene oxide was used as a HCl scavenger to maintain neutral conditions.

Scheme 1.52: Oxidative dicarbonylation of 3-buten-1-ols
Alper reported the synthesis of ,-substituted--butyrolactones 1.150 from ,-substituted
allylic alcohols 1.149 with Pd(OAc)2 and a diphosphine ligand (Scheme 1.53).78 The reaction
proceeds with high stereoselectivity and E alkenes gave trans lactones. The yield of the
reaction

decreased

with

the

chain

length

of

the

diphosphine

decreasing

(dppb>dppp>>dppe), which correspond to the flexibility of the metal chelate ring.

Scheme 1.53: Stereoselective γ-butyrolactone synthesis
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Allyl phenols are also reactive and allow access to 7-membered ring lactones.79 The
regioselectivity of the reaction depends on the catalyst, ligand and gas pressures employed.
The cationic hydridoaquopalladium complex Pd(PCy3)2(H)(H2O)+BF4- was slightly more
efficient than neutral palladium acetate with dppb as a ligand. 6-membered ring lactones
were more difficult to obtain and under the conditions for their regioselective formation (a
5:1 mixture of CO/H2 in CH2Cl2), the overall yield decreased to 48% (Scheme 1.54).

Scheme 1.54: Cyclisation of allyl phenol to lactones
At the same time, the group also developed a method for the asymmetric synthesis of
lactones starting from prochiral unsaturated alcohols, using a chiral diphosphine ligand
1.157 (Scheme 1.55).80 Aromatic substituents led to better ee than aliphatic ones. The
ligands required a rigid diphosphine backbone to promote chiral induction and to form
flexible 7-membered metal-ligand chelate. Better enantioselectivities were obtained a few
years later under similar conditions with a BICIP ligand 1.158.81

Scheme 1.55: Asymmetric synthesis of substituted lactones
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With palladium acetate, DIOP also proved to be efficient in the asymmetric synthesis of 3,4dihydro-4-methylcoumarins, an important building block in the synthesis of natural products
(Scheme 1.56).82

Scheme 1.56: Asymmetric synthesis of 3,4-dihydro-4-methylcoumarins

1.7 Conclusion
Carbon monoxide is an important C1 building block in organic synthesis and is involved in
various processes. Carbonylation of alkyl halides has been widely studied.13 This reaction is
catalysed by Pd(0). A wide range of compounds can be prepared (carboxylic acids, esters,
amides, anhydrides, aldehydes and ketones) when an appropriate nucleophile was used.
Cross coupling reactions are also possible with use of organometallic reagents. CO has also
been used in polymer chemistry to form polyketones that have interesting thermo-plastic
properties.83
The Wacker oxidation employs oxygen which is an attractive terminal oxidant. The carbonyl
group is introduced selectively at C1 or C2 of the olefin, depending upon the conditions
employed (catalyst/solvent/substrate). Several methods have been developed to use
oxygen4,8 or peroxides7,9 as the sole oxidant.
The hydroxycarbonylation reaction is catalysed by Pd(II). This occurs between an alkene and
CO to afford a saturated ester (with an alcohol) or carboxylic acid (with H 2O). Branched or
linear products can be obtained from Markovnikov or anti Markovnikov addition. This
reaction has attracted more attention, especially towards the synthesis of the branched
product, due to the potential for developing enantioselective variant. Several catalysts and a
wide range of ligands have been developed for the synthesis of branched esters.45,47,49-53
Cyclisative carbonylation also allows access to lactones72-82.
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The oxidative carbonylation of alkenes in alcohol in the presence of PdCl 2 gives a ,unsaturated ester and -alkoxy ester by monocarbonylation. Depending on the conditions,
succinates can also be produced by dicarbonylation. In oxidative carbonylation, efficient
reoxidation of Pd(0) to active Pd(II) is essential to ensure the catalytic cycle.
The synthesis of ,-unsaturated esters by oxidative carbonylation has been previously
reported. However, no methods with practical conditions and large scope have been
developed. Bimetallic systems such as Pd(II)/MgCl2/Cu(II)58 and PdCl2/CuCl2/Mn(OAc)270 have
been employed, however, conversion and yields were low. Bianchini achieved 96%
selectivity for the cinnamic ester with phosphines ligands, although high pressure (55 bar)
was required and only styrene was evaluated.71
,-Unsaturated esters can also be accessed via the Wittig reaction. This well-developed
methodology is, however, not atom efficient and can be unpractical due to the release of
phosphine oxide in stoichiometric quantities. Metathesis has also been used to prepare
these compounds.84 However, ruthenium catalysts are expensive and acrylate derivatives
rather volatile and unstable.
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Chapter 2

Palladium catalysed carbonylation of
terminal alkenes to -unsaturated
esters
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Chapter 2.
Results and discussion
Palladium-catalysed carbonylation
2.1 Aims and Objectives:
The studies are directed toward the insertion of carbon monoxide into terminal alkenes with
the retention of the double bond (Scheme 2.1). The main problem resides in the effective
reoxidation of palladium(0) to palladium(II) to permit an efficient catalytic system.

Scheme 2.1: General scheme of the oxidative carbonylation
Oxidative carbonylation of olefins has been previously reported in the literature.58,70,71
However, a mixture of mono and dicarbonylation was often obtained. So far, there is no
simple method to selectively access unsaturated carbonyl compounds via this route.

2.2 Background information:
The group of Bates reported the palladium catalysed ring closing carbonylation of simple Boc
protected homoallylic alkoxyamine (Scheme 2.2).85 The nitrogen atom acts here as an
internal nucleophile. Only cis stereoisomers were obtained under these conditions. A anti
addition of the palladium and nitrogen across the double bond was suggested.
The method failed to extend to the formation of 6-membered rings. Strong base was
required and tetramethyguanidine (TMG) was found to be more efficient than sodium
methoxide or potassium carbonate. Under the conditions developed by Tamaru et al for the
cis-selective cyclocarbonylation

of

3-hydroxy-4-pentenoic acids,76 palladium

black

precipitated quickly due to the slow reoxidation of Pd(0) to Pd(II). A more soluble copper salt
(copper acetate) was used instead of copper chloride. Acetonitrile, a good coordinating
solvent, was also employed.
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Scheme 2.2: Palladium catalysed ring closing carbonylation of simple Boc protected
homoallylic alkoxyamine
The alkoxy carbamates were prepared from the corresponding chiral alcohols, which were
reacted under Mitsunobu conditions as illustrated in scheme 2.3. Cleavage with hydrazine
hydrate released the alkoxamines which were protected with Boc group.86

Scheme 2.3: Synthesis of alkoxy carbamates
The alkoxycarbamates were reacted with palladium chloride and copper acetate. First
attempts at 0°C and room temperature led to starting material recovery only. At 30°C,
precipitation of palladium black occurred quickly, which was made worse by presence of
base. This problem was solved by the addition of methyl orthoformate, use to scavenge
acids generated by the reaction. A wide range of substrates were successfully amino
cyclocarbonylated with yields ranging from 60% to 93% (Table 2.1).

50

Table 2.1: Palladium catalysed ring-closing carbonylation of Boc-alkoxamines

Entry
1
2
3
4
5

R1
C6H5
4-MeOC6H4
4-F-C6H5
4-NO2-C6H5
C6H5
4-F-C6H5

R2
H
H

ee SM
Rac
Rac

Yield (%)
93
80

d :r
>50 : 1
>50 : 1

H
H
Me
Me

90
92
95
98

76
73
69
60

20 : 1
25 : 1
>50 :1
5.7 : 1

The mechanism of the reaction was investigated by Malkov et al using hydroxycarbamate
2.7 (Scheme 2.4).86 Configuration of the product 2.10 was established by X-ray
crystallography. The formation of the observed diastereoisomer reveals a syn addition of the
palladium across the double bond (2.9), preceded by coordination of the nitrogen to the
palladium, probably upon deprotonation (2.8). The anti pathway would give rise to another
diastereoisomer 2.13 that was not observed. This is contrary to the work of Bates and
coworkers who suggested an anti addition.85

Scheme 2.4: Mechanistic investigations with a crotyl hydroxycarbamate
During the study of the cyclisation of alkoxyamines to substituted isoxazolidines,86 a 1:1
mixture of the cyclised product 2.10 and an unexpected unsaturated ester 2.14 was
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obtained when a 8 :1 :1 mixture of MeCN/MeOH/(MeO)3CH was used as solvent (Scheme
2.5).

Scheme 2.5: Unexpected formation of an unsaturated ester 2.14
These two products are the results of different mechanistic pathway (Scheme 2.6). The
intermediate 2.9 can be trapped with CO and MeOH to afford the expected product 2.10.
The intermediate can also undergo -hydride elimination to 2.15. Subsequent coordination
of palladium, acyl insertion and -hydride elimination would give product 2.14.

Scheme 2.6: Mechanistic proposal for the formation of 2.14
A vinyl isoxazolidine 2.15 was prepared and submitted to the same conditions, resulting in a
full conversion overnight into the corresponding ,-unsaturated ester 2.14, which was
isolated in 75% yield (Scheme 2.7). A Boc protected alcohol 2.17 was also successfully
carbonylated (2.18). However, at the time the reaction was poorly reproducible, therefore,
further investigation was required with was performed in the course of this thesis.
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Scheme 2.7: Carbonylation of a vinyl isoxazolidine 2.15 and a Boc protected olefin 2.17

2.3 Synthesis of carbonate substrates
A homoallylic system was preferred to an allylic one to avoid any competing allylic
substitution and/or rearrangements. Homoallylic alcohols (2.22-2.26) were prepared from
the corresponding aldehydes by allylation reaction with allyl bromide or allyltrichlorosilane
(Table 2.2).87 A diastereoisomerically pure alcohol 2.29 was also prepared with (Z)crotyltrichlorosilane 2.27 (Scheme 2.8).

Scheme 2.8: Synthesis of a diastereoselective alcohol 2.29
The resulting alcohols were then treated with BuLi and methyl chloroformate to prepare
carbonates (Table 2.3). The simplest substrate 2.32 was prepared from the respective
homoallylic alcohol 2.31 following a procedure by Ito et al.88
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Table 2.2: Homoallylic alcohols synthesisa

Entry

X

1

SiCl3

Product

Yieldb

60%
2.22

2

SiCl3

70%
2.23

3

SiCl3

42%
2.24

4

Br

52%
2.25

5

Br

65%
2.26

a

Conditions : Allyltrichlorosilane and DMF was added to the

substrate in CH2Cl2 under N2 atmosphere and the reaction mixture
was stirred at rt for 2 h. OR. Substrate, allyl bromide and tin powder
were added to an aqueous solution of NaBF4 and mixture stirred for
b

16 h : Isolated yields.
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Table 2.3: Preparation of carbonate substratesa

Entry

1c

2

Substrate

Product

2.31

2.32

Yieldb

80%

2.23

85%
2.33

3

2.22

63%
2.34

4

2.24

78%
2.35

5

2.25

76%
2.36

6

2.26

65%
2.37

7

2.29

53%
2.38

a

b

Conditions :BuLi was added dropwise to the alcohol in THF. : Isolated
c

yields. . Reaction was run in CH2Cl2 with pyridine as a base
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A Boc derivative 2.40 was also prepared with Boc anhydride 2.39 and homoallylic alcohol
2.31 (Scheme 2.9).

Scheme 2.9: Synthesis of a Boc derivative 2.40

2.4 Synthesis of nitrogen derivatives
Phthalimide derivatives 2.42 were prepared from the corresponding homoallylic alcohol 2.21
by Mitsunobu reaction89 while tosylamides and carbamates 2.44 were prepared from the
corresponding aldehyde 2.19 reacted with allyltrimethylsilane 2.43 and TsNH2 or CBzNH2
(Table 2.4).90
A Boc-protected vinylisoxazolidine 2.56 was prepared according to a procedure developed
by Malkov’s group (Scheme 2.10) by cyclisation of Boc protected alkoxyamines 2.55 using a
Pd(OAc)2/DMSO catalytic system under O2 atmosphere at room temperature.91 The
protected alkoxyamine 2.55 was prepared by reduction of 3-pentenoic acid 2.52, followed
by Mitsunobu reaction, cleavage with hydrazine hydrate and treatment with Boc anhydride.

Scheme 2.10: Synthesis of a vinylisoxazolidine substrate 2.56
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Table 2.4: Synthesis of nitrogen derivativesa

Entry

1

Substrate

Product

Yieldb

65%

2.31
2.46

2

88%
2.22
2.47

3

68%
2.23

2.48

4

71%
2.45

2.49

2.45

2.50

2.28

2.51

5

76%

6
a

72%
b

Conditions : See experimental. : Isolated yields.
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2.5 Screening of the conditions
The initial investigations were directed towards optimisation of the reaction conditions.
Carbonate 2.32 was chosen as a model substrate, the results are shown in Table 2.5. Best
results were obtained with palladium chloride and copper acetate. Several co-oxidants were
employed, namely Cu(OAc)2, CuCl2, FeCl3 and benzoquinone. The use of copper acetate
(entry 1) lead to the selective formation of 2.57 but the conversion was poor (12%). While
CuCl2 and FeCl3 did not provide any conversion (entries 2 and 4), benzoquinone showed
some efficiency for the system but it resulted in complex mixtures where the double
carbonylation product (succinate 2.58) seemed to be the major product (entries 3 and 5).
Other Pd(II) sources were also investigated. While palladium acetate did not show any
activity (entries 7-8), palladium trifluoroacetate seems to favour the formation of the
succinate product 2.58 when used in combination with benzoquinone (entry 5). However, it
did not show any activity when coupled with copper. Palladium black often precipitated
during the reaction. It might therefore have prevented any further conversion. During the
reaction Pd(II) is reduced to Pd(0). The reoxidation to Pd(II) should occur fast enough to
prevent agglomeration and precipitation of palladium black.
Inspired by the examples of the catalytic systems combining copper salts with molecular
oxygen involved in Wacker chemistry, it was found that the use of an extra balloon filled
with oxygen drastically enhanced the reoxidation of the palladium system. It allowed to
decrease the catalyst loading to 5% PdCl2 and 1.2 eq Cu(OAc)2.2H2O. Results shown in Table
2.6 were obtained under an atmosphere of CO and O2 (1 atm, ~4:1 ratio).
The flask was loaded with the metal salts and tetrabutylammonium bromide (TBAB), MeCN
was added and the reaction mixture was flushed with CO for 5 minutes and then a CO
balloon was applied. The reaction mixture was heated at 40°C for 1 h. A colour change from
a clear solution to a dark blue or green was observed. A palladium deposit may occur but it
was easily re-dissolved by gentle shaking. Formation of a palladium-acetonitrile complex is
thought to ensue. If the reaction was carried out without acetonitrile, no conversion was
observed (entries 4,5). Substrate dissolved in MeOH was then added followed by
introduction of balloon of O2 and the reaction was stirred at 60°C for 48 h.
58

Table 2.5: Optimisation of the reaction conditions a

a

Entry

Catalyst

Oxidant

Conversionb

Ratio
2.57:2.58

1

PdCl2

Cu(OAc)2.2H2O

12%

100:0

2

PdCl2

FeCl3.6H2O

SM

-

3

PdCl2

Benzoquinone

70%

1:5

4

PdCl2

CuCl2

SM

-

5

Pd(TFA)2

Benzoquinone

50%

1:6

6

Pd(TFA)2

Cu(OAc)2.2H2O

SM

-

7

Pd(OAc)2

Cu(OAc)2.2H2O

SM

-

8

Pd(OAc)2

Benzoquinone

SM

-

Conditions : Palladium (10%), oxidant (3 eq), MeCN (8 mL) under CO atmosphere

(balloon). The reaction mixture was stirred at 40°C for 2 h prior to addition of the
substrate (0.2 g), dissolved in MeOH (4 mL). The reaction mixture was then stirred
b

1

at 60°C for 24 h. : Conversion was calculated from H NMR. SM=starting material

Tetrabutylammonium bromide salt (TBAB) was added to the reaction mixture to avoid
precipitation of the catalyst by agglomeration. In our hands, it seemed to help solubilisation
of both palladium and copper catalysts. When the reaction was carried out without TBAB,
only poor yields were obtained. TBAB is usually used for cross coupling reactions and
carbonylation reactions in ionic liquids with palladium catalysts.92 It acts both as a phase
transfer catalyst and to activate93 and stabilise94 the Pd(0) species. Cross coupling reactions95
and hydroxycarbonylation of styrene96 and 1-phenylethanol97 were carried out in TBAB
molten salt media. TBAB is thought to stabilise palladium by forming a 16 electrons complex
[NBu4]+[L2PdBr]-.98 TBAB has also been used in Heck reactions of aryl halides in aqueous
media.99
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With 5% of PdCl2 and 1.2 eq. of Cu(OAc)2.2H2O the unsaturated ester 2.57 was obtained in
78% yield (entry 1). The use of a half equivalent of copper salt proved to be less efficient and
gave a yield of 64% (entry 2). When the reaction was carried out in the absence of a copper
source (entry 3), only the starting material was recovered, which meant oxygen alone was
not efficient in reoxidising the Pd(0) complex.
In polar aprotic THF (entries 5 and 10) or using only methanol (entry 4) no conversion was
observed. It suggested that acetonitrile was an indispensable component of the catalytic
system. This was further confirmed by using a palladium acetonitrile complex as a catalyst
(82%, entry 6), which even in THF afforded 72% yield (entry 8). However, when the reaction
was run without TBAB (entry 7), the yield dropped to 48%. A related benzonitrile complex
gave 76% yield (entry 9); Pd(OAc)2 and Pd(TFA)2 exhibited modest results with 62% and 52%
yield respectively (entries 10, 12).
When the reaction was run without adding any halides source (entry 13), the palladium
precipitated quickly and the yield was much lower yield of 22%, in contrast to 62% yield
obtained for the same reaction carried out with TBAB (entry 12). This reinforced the thought
that TBAB may prevent precipitation by stabilising a Pd(0) intermediate. It also suggests that
a chloropalladation mechanism (formation of 2.62), followed by CO insertion (to 2.63) and
elimination of HX to product 2.66, is unlikely (Scheme 2.16).55b

Scheme 2.16: Alternative chloropalladation mechanism
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Table 2.6: Evaluation of different catalytic systems and additives under CO/O2 atmosphere a

Entry

Catalyst

Oxidant

Additive

Yieldb

Ratio
2.57:2.58

1

PdCl2

Cu(OAc)2.2H2O

-

78%

100:0

2c

PdCl2

Cu(OAc)2.2H2O

-

64%

100:0

3

PdCl2

-

-

SM

-

4d

PdCl2

Cu(OAc)2.2H2O

-

SM

-

5e

PdCl2

Cu(OAc)2.2H2O

-

SM

-

6

PdCl2(MeCN)2 Cu(OAc)2.2H2O

-

82%

100:0

7f

PdCl2(MeCN)2 Cu(OAc)2.2H2O

-

48%

100:0

e

PdCl2(MeCN)2 Cu(OAc)2.2H2O

-

72%

100:0

PdCl2(PhCN)2

Cu(OAc)2.2H2O

-

76%

100:0

10

Pd(TFA)2

Cu(OAc)2.2H2O

-

52%

100:0

e

Pd(TFA)2

Cu(OAc)2.2H2O

-

SM

-

12

Pd(OAc)2

Cu(OAc)2.2H2O

-

62%

100:0

f

Pd(OAc)2

Cu(OAc)2.2H2O

22%

100:0

14

g

PdCl2

Cu(OAc)2

CH(OMe)3 (10mL)

42%

1:9

15

g

PdCl2

Cu(OAc)2

DMSO (10%)

37%

1:9

16

PdCl2

Cu(OAc)2

Na(OAc)2 (20%)

45%

100:0

17

PdCl2

Cu(OAc)2.2H2O

Pyridine (10%)

SM

-

18

PdCl2

Cu(OAc)2.2H2O

HCl (10%)

SM

-

19

PdCl2

Cu(OAc)2.2H2O

PTSA (10%)

SM

-

20h

PdCl2

Cu(OAc)2.2H2O

CuBr (0.5 eq)

100% h

1:0.6

21h

PdCl2

Cu(OAc)2.2H2O

KI(0.5 eq)

100% h

0.8:1

22fh

PdCl2

Cu(OAc)2.2H2O

TBAI (10%)

100% h

1:2.4

8

9
11

13

a

Conditions : MeCN (8 mL), TBAB (10 %) under CO atmosphere (balloon). The reaction mixture was stirred at
40°C for 2 h prior to addition of the substrate (0.2 g), dissolved in MeOH (4 mL) and addition of oxygen balloon.
b
c
d
The reaction mixture was then stirred at 60°C for 48 h. : Isolated yield : 0.5eq of oxidant was used. : MeOH
e
f
g
was used as the only solvent. : THF (8 mL) was used as a solvent instead of MeCN. : No TBAB was added. :
h
1
Anhydrous conditions. : Conversion observed by H NMR. SM = starting material
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The use of water scavengers such as triethyl orthoformate seemed to afford principally the
double carbonylation product (entry 14). Addition of 10% DMSO to the reaction mixture
(entry 15) in the hope of stabilising the catalytic species and avoiding metallic precipitate,
however, yielded only a complex mixture, where dicarbonylated product was the main
component. A weak base such as sodium acetate was employed in the hope to enhance the
-hydride elimination required to obtain the unsaturated product. However, it did not
improve the yield of the reaction (45%, entry 16). On the other hand, pyridine inhibited the
reaction giving no conversion (entry 17) but precipitation of the catalyst was not observed
either, which might suggest that the pyridine competes for coordination at the metal centre
with the substrate. Acids (hydrochloric acid and p-toluenesulphonic acid) were found to
inhibit the reaction and palladium black precipitated quickly (entries 18 and 19). Other
sources of halides were added to study their role in the reaction (entries 20, 21). CuBr and KI
led to complete conversion as observed by NMR but seemed to promote the formation of
the dicarbonyl product (ratio of 1:0.6 for CuBr and 0.8:1 for KI). Switching from TBAB to TBAI
gave a 1:2.4 mixture of 2.57/2.58, which suggests that iodine ions favoured the formation of
the dicarbonyl product (entry 22).
According to the widely accepted mechanism50,51 PdCl2 and CO react with an olefin (in the
absence of MeCN) to generate complex 2.67 (Scheme 1.17), which can react with MeOH
present in the mixture either at the C≡O or C=C ligand, giving rise to 2.68 or 2.71, depending
on the actual conditions. Reaction of the latter complex 2.71 with another molecule of
MeOH will then produce the -methoxy ester 2.72. Complex 2.68, on the other hand, is
believed to undergo insertion, generating complex 2.69, which could produce ester 2.66 on
-hydride elimination. However, this reaction is apparently disfavoured and 2.69 is
preferentially carbonylated to produce succinate 2.70.50,51
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Scheme 2.17: Suggested mechanism for the formation of 2.66 and 2.70
MeCN seemed to play an important part in the catalytic system leading to unsaturated
esters as no reaction was observed in other solvent, except in THF when a Pd(MeCN)2Cl2
catalyst was used (Table 2.6, entry 8). To account for its unique role, which promotes the
formation of ,-unsaturated esters 2.66 at the expense of 2.70 and 2.72 (Scheme 1.17), it
can be reasoned that MeCN, as a ligand competing with CO, affects the reactivity of Pd.
Thus, (MeCN)2PdCl2, either used as such or generated in situ, when mixed with CO, can
undergo a ligand exchange. It can be conjectured, however, that only one molecule of MeCN
is replaced with CO in the equilibrium to generate complex 2.73 (L = MeCN), since otherwise
the reaction would follow the scenario discussed in the previous paragraph, giving rise to
2.67. Note that the optimised reaction conditions require that the catalyst and CO (in MeCN)
are first let to “mature” before the olefin is added. Complex 2.73 can then react with MeOH
(added as a solvent of the substrate) to produce 2.74,100 which would then coordinate the
olefin 2.59 upon replacement of one of the MeCN molecules. The resulting complex 2.75
would then undergo olefin insertion to generate 2.76 (in analogy to the transformation of
2.68 into 2.69). The latter complex, with MeCN in the coordination sphere of Pd, can then be
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assumed to react differently compared to its analogue 2.69, preferring -H elimination over
the second carbonylation, to produce 2.66. The latter assumption is in line with the
hypothesis that CO would not displace the remaining MeCN (as in 2.73) under the
atmospheric pressure. Note however that the “real” mechanism can be even more complex,
as Cu(OAc)2 is likely to play an additional role, as it should interact with Pd.6b

2.6 Scope of the reaction
The previously synthesised carbonates (Table 2.3) were evaluated in methoxycarbonylation
reactions under our optimised conditions. Results are shown in Table 2.7. Aryl and alkyl
carbonates were successfully carbonylated with yields ranging from 52% to 86%. Palladium is
prone to add to double bond, which may lead to isomerisation. However, no traces of the
β,γ-isomers (shift of the double bond) were observed except for the homoallylic carbonate
2.32 (entry 1). The presence of functional groups (both electron donating and withdrawing)
in the remote aromatic ring caused a slight decreased in the yield (entries 4 and 5). A tertbutyl ester 2.82 was synthesised in 63% using tert-butyl alcohol instead of methanol (entry
6). The presence of a substituent in α-position of the double bond did not prevent
carbonylation (62%, entry 8). Heteroaromatic 2.37 was also carbonylated in good yield (63%,
entry 7). A bulky Boc protecting group 2.40 was shown to be less efficient than the
methoxycarbonate group used previously (52%, entry 9). For the substrate with a free
hydroxyl group (2.22), the conversion was slow and the yield was only at 16% after one week
of reacting at 60°C (entry 10). The substrate might coordinate to the metal centre via the
free oxygen atom and bring the catalyst to a dormant state.
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Table 2.7: Methoxycarbonylation of carbonate substratesa

Entry

1

Substrate

Product

2.32

2.57, 2.77

2.33

2.78

2

Yieldb

78% (7:1)

65%

3

86%
2.34

2.79

4

72%
2.35

2.80

5

66%
2.36

2.81

6c

63%
2.34

2.82

7

63%
2.37

2.83

8

62%
2.38

2.84
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Table 2.7 (Continued): Methoxycarbonylation of carbonate substratesa

Entry

9

Substrate

Product

2.40

2.85

52%

10d

16%
2.22

a

Yieldb

2.86

Conditions : PdCl2 (5%), Cu(OAc)2.2H2O (1.2 eq), MeCN (8 mL) under CO atmosphere (balloon). The reaction

mixture was stirred at 40°C for 2 h prior to addition of the substrate (0.2 g), dissolved in MeOH (4 mL). The
b

c

reaction mixture was then stirred at 60°C for 24 h. : Isolated yields. . :t-BuOH was used as a solvent instead of
d

MeOH. : Reaction time of one week.

Investigation of the reaction scope with respect to other terminal alkenes is shown in Table
2.8. Styrene 2.87 gave the best result with full conversion (naphthalene was used as an
internal reference) and 87% isolated yield (entry 1). When the reaction was carried out in
tert-butanol instead of methanol, the yield dropped to 63%, which may be due to the
increased steric bulk of the tert-butyl group (entry 2). In the presence of phenol, the reaction
gave a complex mixture with the starting material as the main component. A double
carbonylation was achieved in 82% yield using divinyl benzene 2.88 (entry 3). The reaction
mixture showed only traces of mono-carbonylated product. Styrene and its derivatives (2.89,
2.90) gave good results (entries 1-5). Electron donating group (entry 4) or electron
withdrawing group (entry 5) were tolerated.

66

Table 2.8: Methoxycarbonylation of terminal alkenesa

Entry

1

2

Substrate

2.87

2.87

Product

Yieldb

87%
2.97
72%
2.98

3

82%
2.88
2.99

4

70%
2.89

2.100

5

62%
2.90

2.101

6c

69% (1:3.3)
2.91

2.102, 2.103

7c

74% (4:1)
2.92

2.104, 2.105

8

60%
2.93

2.106

9

22%
2.94

2.107
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Table 2.8 (Continued): Methoxycarbonylation of terminal alkenesa

Entry

10

11

Substrate

Product

2.95

2.108

2.96

2.109

Yieldb

62%

65%
b

c

d

Conditions : Same as Table 2.7 : Isolated yields : tBu-OH was used instead of MeOH : A
mixture of the expected product and a rearranged product (shift of the double bond) was
obtained.

In the case of allyl benzene 2.91, the reaction yielded two products, the expected ,unsaturated ester 2.102 and a ,-unsaturated ester (2.103), the latter being the major
product of the reaction (ratio 1:3) (entry 6). During the course of the reaction, the palladium
hydride species can eliminate with either of the neighbouring protons. The conjugation
arising from the phenyl ring would be stronger than the one provided by the carbonyl group,
thus leading to 2.103. In contrast, in the case of allyl cyclohexane, the expected ,unsaturated ester 2.104 was the major product due to the lack of neighbouring conjugation.
Recently, carbonylation of allyl benzene and its derivatives were reported in MeCN with a
catalytic system constituting of PdCl2, benzoquinone and DDQ (4:1).101 The authors claimed
that the reaction was proceeding via direct allylic CH insertion. The corresponding β,γunsaturated esters were obtained in yields of 47% to 83%. When we employed
benzoquinone as a sole oxidant under our conditions (Table 2.5, entries 3 and 5), a mixture
of the β,γ-unsaturated ester 2.57 and saturated diester 2.58 was obtained.
An allyl silyl ether 2.96 was synthesised employing a method from Velasco, Torrijos and
Murphy.102 This substrate gave an interesting result (entry 11). Carbonylation occurred as
expected, but shift of the double bond followed by hydrolysis of the resulting silyl enol ether
produced ketone 2.109. Palladium is prone to insert into C-Si bond and might be the cause
of this rearrangement. When allyl trimethylsilane and allyl triphenylsilane were subjected to
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our conditions, only a complex mixture of rearranged products with loss of the silicon group
was obtained.
The carbonylation of α-methyl styrene 2.94 interestingly gave the product resulting from the
C-H activation (Table 2.5 - entry 9). Allylic C-H insertion pathway is competing with oxidative
carbonylation. Under our conditions, the oxidative carbonylation product is normally
favoured but if the addition of palladium to the double bond is sterically compromised, C-H
insertion can occur to give a -allyl palladium intermediate 2.110, which than undergo
carbonylation (Scheme 2.19).

Scheme 2.19: C-H insertion with α-methyl styrene
Nitrogen derivatives, which are valuable building blocks for compounds with biological
activity, were prepared for their evaluation in methoxycarbonylation (Table 2.9). A
phthalimide 2.46 substrate gave promising results (72% yield, entry 1). However, the shift of
double bond was observed (3:1 ratio in favour of the expected -unsaturated ester 2.111).
The two other phthalimide derivatives 2.47 and 2.48 gave low yields due to poor
conversions, the ,-isomer was also present (entries 2-3). Tosylamide 2.49 and carbamate
2.50 gave modest yields of 53% and 58% respectively (entries 4, 5); in both cases, the shift of
the double bond was also observed. It is worth noting that no rearrangement had been
normally detected for the respective carbonate 2.33 (Table 2.7, entry 2).
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Table 2.9: Methoxycarbonylation of nitrogen derivatives a

Entry

Substrate

Yieldb

Product

72%
(3:1)

1
2.46

2.111

2.212
40%
(6:1)

2c
2.47

2.113

2.114
12%
(3:1)

3c
2.48

2.115

2.116
2.118

53%
(3:1)

2.120

58%
(2.5:1)

4d
2.49

2.117

5
2.50

2.119

6

60%
2.51

2.121

7

62%
2.56
a

2.122
b

Conditions : Same as Table 2.3 but the reaction time was increased up to 4 days. : Isolated
c

yields. Ratio of product and rearranged product is given in brackets. : Poor conversion.
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Unsaturated amides are valuable compounds used widely in agrochemical industry and
drugs manufacturing. Their preparation on an industrial scale can be tedious, as it often
requires the use of acyl chloride or anhydrides, reacted with ammonia or amines. This
reaction is also low in atom economy. Unsaturated amides can also be prepared by cross
metathesis but it requires a suitable starting material and expensive catalytic system.
Therefore, we next investigated oxidative carbonylation of alkenes using nitrogen
nucleophiles in place of alcohols under our previously developed conditions, (Table 2.10).
Unfortunately, no conversion was taking place. However, it is worth noting that no catalyst
precipitation was observed. Nitrogen is known to coordinate to palladium species.103 The
added amines might be competing with acetonitrile for coordination to the palladium centre
and bringing it to a dormant state. Other conditions should be investigated for this reaction.
Table 2.10: Amides synthesis via carbonylation a

a

Entry

Amine

Conversion

1

Aniline

SM

2

Benzyl amine

SM

3

Et2NH

SM

4

iPr2NH

SM

5

Pyrrolidine

SM

6

PhNHBoc

SM

Conditions : Pd (5 %), Cu(OAc)2.2H2O (1.2 eq), MeCN (8 mL)

under CO/O2 atmosphere (balloon). The reaction mixture was
stirred at 40°C for 2 h prior to addition of the substrate (0.1 g)
and the amine (2 eq), dissolved in MeCN (4 mL). The reaction
mixture was then stirred at 60°C for 24 h.
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2.7 Applications in synthesis
To demonstrate the practical utility of our catalytic system, the synthesis of an unsaturated
lactone 2.124 via intramolecular carbonylation was attempted. A long chain alkene bearing a
hydroxyl group 2.123 was used as a substrate. The expected 10-membered ring would be
sufficiently flexible to accommodate the trans double bond that is normally formed in the
reaction (Scheme 2.20).

Scheme 2.20: Proposed intramolecular carbonylation
The alcohol 2.123 was synthesised in six steps in 13% overall yield (Scheme 2.21).
Cycloheptanone 2.125 was oxidised under Bäyer Villiger conditions to give the lactone 2.126
in 75% yield, which was opened to the diol 2.127 with LiAlH4 in 46% yield. Treatment of
2.127 with sodium hydride (1 eq) followed by addition of 4-methoxybenzyl chloride allowed
mono-protection of one hydroxyl group. The resulting alcohol 2.128 was oxidised under
Swern conditions to yield aldehyde 2.129 in 90% yield. Wittig reaction led to the alkene
2.130 and deprotection with FeCl3 and DDQ afforded the alcohol 2.123 in 60% yield.

Scheme 2.21: Synthetic route to substrate 2.123
The substrate 2.123 was then submitted to the optimal conditions for carbonylation
previously developed (Table 2.11). It was hoped that the substrate would undergo
intramolecular carbonylation to form a ,-unsaturated lactone 2.124. However none of the
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attempts was successful. A complex mixture was obtained, containing traces of aldehydes,
suggesting side oxidation reaction.
Table 2.11: Attempted intramolecular carbonylation a

Entry

Catalyst

Conversion

1

PdCl2

SM

2

PdCl2

SM

3

PdCl2

SM

4

PdTFA2

SM

5

Pd(PhCN)2

SM

a

Additive

LiCl
(10%)
NaOAc
(20%)

: Conditions : Pd (5%), Cu(OAc)2.2H2O (1.2 eq), MeCN (8 mL)

under CO atmosphere (balloon). The reaction mixture was
stirred at 40°C for 2h prior to addition of the substrate (0.1 g),
dissolved in MeCN (4 mL). The reaction mixture was then stirred
at 60°C for 24 h.

Next, we focused on compound 2.131 that has been identified as a vanilloid receptor-1
(TRPV-1) antagonist (Figure 2.1).104 TRPV-1 is known to regulate the function of sensory
nerves. It is activated as a result of cell injury and inflammation or by capsaicin contained in
chillies. Antagonists of these receptors have therapeutical properties for the management of
pain by decreasing the sensitivity of these nerves. Compound 2.131 was identified as a
potent TRPV-1 modulator was used as a precursor to develop several other TRPV-1
antagonists.
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Figure 2.1: Acrylamide derivative identified as a potent vanilloid receptor antagonist
The developed palladium catalysed carbonylation procedure allowed to prepare compound
2.131 in only three steps from commercial t-butyl styrene 2.132 (Scheme 2.22). Styrene
2.132 was carbonylated to the methyl ester derivative 2.133 on 1 g scale in 85% yield, which
was hydrolysed to acid 2.134. Acid chloride formation and addition of the amine 2.135
afforded the compound 2.131 in an overall 44% yield.

Scheme 2.22: Reaction scheme to access compound 2.131 via palladium catalysed
carbonylation

2.8 Conclusion
In conclusion, a mild protocol for the Pd-catalysed alkoxycarbonylation of terminal alkenes
to produce ,-unsaturated esters with a wide range of substrates has been developed. The
reaction conditions, including PdCl2 (5 mol%), Cu(OAc)2.2H2O (1.2 eq), CO/O2 (1 atm), MeOH,
and MeCN as a solvent, were optimised to attain good yields and high chemoselectivity.
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Aliphatic and aromatic homoallylic carbonates, as well as other functionalised and nonfunctionalised terminal alkenes were carbonylated in 60-87% yields (Scheme 2.23). Nitrogen
derivatives (phthalimide, tosylamide and carbamate) exhibited reduced reactivity affording
products in 40-72% yields.
Significantly, the reaction proceeds under an atmospheric pressure of CO and O2 (from two
individual balloons), which helps preventing the double carbonylation pathway and Pd black
precipitation. Particularly noteworthy are the use of oxygen as the second gas, which
facilitates the reoxidation of Pd(0) to Pd(II), mediated by Cu(II), and the key role of MeCN as
a solvent (and ligand to Pd). This new protocol can serve as an attractive alternative to the
existing methods for the synthesis of ,-unsaturated esters, such as Wittig alkenylation,
cross-metathesis, and Heck addition. The method was applied to the synthesis of a vanilloid
receptor-1 antagonist 2.131 that was synthesised in three steps with an overall yield of 44%.

Scheme 2.23: Evaluation of the catalytic system with various substrates
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Chapter 3

Allylic C-H functionalisation of
unsaturated hydrazine carboxylates to
vinyl isoxasolidines:
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Chapter 3.
Introduction
Allylic C-H amination of alkenes
Allyl amine derivatives are important building blocks in organic chemistry. The two main
methods to synthesise allyl amines are outlined in Scheme 3.1. First method (Eq 1) involves
nucleophilic substitution, used in Mitsunobu reaction, Ritter reaction, Gabriel reaction and
metal catalysed allylic amination, which all require presence of a functional leaving group.105
This introduction will focus on the second method, direct allylic C-H functionalisation of
alkenes (Eq 2).

Scheme 3.1: Nucleophilic substitution and direct allylic functionalisation
The direct allylic amination can be further divided into nitrene insertion (Eq 3), 106 oxidative
amination (Eq 4),107 direct CH insertion108 (Eq 5) and aza-ene type reactions (Eq 6 - Scheme
3.2).109
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Scheme 3.2: Examples of C-H amination
Nitrogen functionalisation of C-H bonds has recently attracted much attention105-109 in the
literature since the report, in the early 80’s, of Breslow on the intramolecular C-H amination
with iron porphyrin and rhodium acetate.110
Transition metal catalysed C-H amination can be classified according to their mechanism
(Scheme 3.3).111 The inner sphere mechanism takes place in two distinct steps. Cleavage of
the C-H bond of 3.1 allows the formation of an organometallic intermediate 3.2.
Functionalisation with 3.3 then occurs at the metal centre to yield 3.4. The selectivity is
dictated by the formation of the metal-alkyl/aryl intermediate 3.2 and often favours less
hindered C-H bond. In the outer sphere mechanism, the alkene 3.1 reacts with an activated
ligand coordinated to a high oxidation state metal complex 3.6 (usually a nitrene complex
formed by reaction with nitrene precursors containing nitrogen in the suitable oxidation
state). Selectivity favours weaker C-H bonds such as benzylic, allylic, tertiary and  to a
heteroatom. The next two chapters will present a more detailed overview of these two
mechanistic routes.
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Scheme 3.3: Inner and outer sphere mechanisms

3.1 Metal nitrenes allylic C-H functionalisation
Nitrenes are neutral electron deficient highly reactive species, the nitrogen equivalent of
carbenes, which have to be generated in situ from a stable precursor. Nitrene insertion into
C-H bond usually proceeds by the outer sphere mechanism. Azides, treated under heat, light
or an appropriate catalyst, decompose to nitrenes and N2. However, some azides
decompose at room temperature and all are potentially explosive. Nitrenes may also be
generated from isocyanates, ylides, aziridines or oxaziridines. They have been involved in
catalytic C-H activation and cycloadditions.106,112 Free nitrenes are highly reactive species
and thus poorly selective. The group of Müller first reported a rhodium catalysed allylic C-H
amination with PhI=NSO2Ar, leading to the formation of nitrene-rhodium complexes.113
However, due to the rapid decomposition of PhI=NNs under the reaction conditions, 20
equivalents of the substrate had to be employed. Furthermore, yields were moderate and
aziridination competed in most cases with allylic amination.
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Oxazolidones, that can be opened to 1,2-amino alcohols, can be prepared by rhodium(II)
catalysed C-H insertion of carbamates using practical generation of nitrenes from
iminoiodane to allow control over the reaction. (Scheme 3.4).114 MgO was used as a base
additive to neutralise the AcOH by-product that was detrimental to the catalyst activity.
[Rh2(tpa)4] (tpa = tris(2-pyridylmethyl)amine) was more efficient than [Rh2(OAc)4] due to its
greater resistance to oxidation under the reaction conditions.

Scheme 3.4: Catalysed C-H insertion of carbamates to oxazolidones
Moreover, the C-H insertion was shown to be stereospecific. Cyclisation via nitrene insertion
should occur with retention of the configuration while formation of radical intermediates
would yield a mixture of stereoisomers. During the cyclisation of substrate 3.11, only one
enantiomer 3.12 was observed by chiral GC (Scheme 3.5).

Scheme 3.5: C-H insertion proceeded stereoselectively
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However, aziridination can compete strongly with C-H insertion in acyclic substrates.
Aziridination of homoallylic N-alkoxycarbamates 3.13 is catalysed regioselectively by
Rh2(OAc)4.115 Surprisingly, only C-H insertion product 3.16 was isolated with a phenyl
substrate 3.15 and Rh2(tpa)4. However when a substrate with a more electron rich double
bond (3.17) was employed, a mixture of C-H insertion (3.18) and aziridination (3.19)
products were obtained (Scheme 3.6).

Scheme 3.6: Allylic C-H functionalisation and aziridination catalysed by rhodium (II)
Similar results were reported by Humphries and Haynes with homoallyl carbamates; two
products were observed under the reactions conditions.116 Switching from CH2Cl2 to benzene
favoured the formation of the aziridine product 3.21 while the use of Rh2(S-MEOX)4 (MEOX =
Methyl 2-hydroxyoxazolidine-4-carboxylate) as a catalyst led to the 1,5 C-H insertion product
3.22 (Scheme 3.7).
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Scheme 3.7: Aziridination and 1,5 C-H insertion with homo allyl carbamates
This competition was also observed with unsaturated sulphamate esters 3.23.117 The catalyst
influenced the outcome of the reaction, with Rh(OAc)4 promoting the formation of the
oxathiazinane 3.24, whereas Rh2(tpa)4 favouring the aziridination to 3.25 (Scheme 3.8).

Scheme 3.8: Aziridination and C-H insertion with unsaturated sulphamate esters
Oxidation of cis and trans alkenes was stereospecific, with retention of the configuration of
the double bond. This suggests a concerted mechanism. To prove this hypothesis further, a
cyclopropyl substrate 3.26 was subjected to the reaction conditions (Scheme 3.9). No
cyclopropane fragmentation was observed, thus demonstrating that the reaction does not
involve radical formation.
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Scheme 3.9: C-H amination with a cyclopropyl substrate
A mechanism for the formation of intermediates iminoiodanes and nitrenes was suggested
(Scheme 3.10). Coordination of iodosobenzene diacetate leads to formation of the
intermediate iminoiodane 3.30 which converted to nitrene species 3.32 upon coordination
of the rhodium catalyst. Previously discussed experiments supported a concerted C-H
insertion mechanism rather than via radical rebound.

Scheme 3.10: Suggested CH amination mechanism
Lack of chemoselectivity (aziridination/allylic C-H) was observed during asymmetric C-H
amination of unsaturated sulphamate esters.118 However, the Rh2(S-nap)4 complex exhibited
a strong preference for the formation of the 6-membered rings (Scheme 3.11).
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Scheme 3.11: Asymmetric C-H insertion of unsaturated sulphamate esters
The Du Bois’ group also observed two products 3.40 and 3.41 when studying the reaction
with ruthenium catalysts.119 While ruthenium porphyrins have been used to promote
aziridination,120 a mechanism was suggested to explain why C-H amination is favoured over
aziridination with Ru2(hp)4Cl. However, diastereoselectivity was modest and electron
withdrawing groups close to the reaction centre decreased the yield (Scheme 3.12).

Scheme 3.12: Allylic C-H amination of sulphamate esters
Several transition states for both allylic amination and aziridination were calculated (DFT)
and it appeared that the TS leading to allylic C-H insertion was of a lower energy than the
one leading to the aziridination product. Also, a thermodynamic preference for the
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formation of the 6-membered ring via C-H amination (exothermic) was observed. Contrary
to the dirhodium operating by a concerted mechanism,121 a stepwise mechanism involving
the formation of discrete radical species was suggested. Their formation was established by
carrying out the reaction with a cyclophenyl substrate 3.45. Isomerisation of the product
3.46 would be consistent with a ring fragmentation followed by fast recombination (Scheme
3.13).

Scheme 3.13: Cis-trans isomerisation suggests radical formation
Copper mediated intramolecular C-H amination was reported with diimines ligands.122
However, while saturated substrates react in modest yields, an allylic substrate 3.47 shown
lack of regioselectivity, yielding up to four products 3.48-3.51 (Scheme 3.14).
Enantioselective attempts with these diimines ligands gave only 15-18% ee.

Scheme 3.14: Copper catalysed CH amination
Intermolecular enantioselective CH insertion was achieved by Müller, Dodd and Dauban with
a rhodium(II) complex associated with a sulphonimidamide reagent 3.54.123 Cyclic and linear
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allylic substrates were successfully aminated with yields from 66% to 90% and de from 50%
to 94% (Scheme 3.15). Secondary allylic positions were more reactive than primary ones and
the reaction proceeded with total regioselectivity.

Scheme 3.15: Regio and stereoselective allylic C-H amination
-Unsaturated N-sulphonylamines underwent allylic C-H amination to pyrrolidines and
piperidines.124 Activation of allylic C-sp3 with rhodium(III) proceeded via an “inner sphere“
mechanism. Two substrates (Z)-3.55 and (E)-3.56 bearing, respectively, a cis or trans
substituted double bond were submitted to the reaction conditions. Two products resulting
from the 1,8 C-H (3.59, 3.61) and 1,5 C-H (3.60, 3.62) insertions were formed in 1 to 1 ratio
with total isomerisation of the double bond, which suggest an intermediate -allyl rhodium
complex (3.57, 3.58 - Scheme 3.16). Furthermore, no aromatic or benzylic C-H insertions
were observed.
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Scheme 3.16: Formation of piperidines and pyrrolidines with a π-allyl rhodium complex
Rh(II)-Catalysed C-H amination has some practical utilities and was employed in the total
synthesis of (-)-kaitocephalin 3.68 in 21 steps with 4% overall yield (Scheme 3.17).125 Benzylic
C-H amination to 3.65 (catalysed by [Rh2(OAc)4] had to be performed prior to allylic C-H
amination

to

3.67

(catalysed

by

[Rh2(esp)2])

(esp

=

α,α,α′,α′-tetramethyl-1,3-

benzenedipropanoate). All attempts to perform the allylic C-H amination before the benzylic
C-H amination failed.
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Scheme 3.17: C-H amination in the total synthesis of (-) kaitocephalin

3.2 Palladium catalysed C-H amination
The group of Christina White worked intensively in the field of C-H activation and developed
a sulphoxide/palladium catalytic system 3.69 that was used in several reactions (Figure 3.1)
such as allylic CH oxidation,126 allylic C-H alkylation127 and intermolecular allylic C-H
amination.128
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Figure 3.1: Regioselective allylic C-H oxidation to linear acetates.
Linear allylic acetates were synthesised regioselectively by allylic C-H oxidation catalysed by
palladium with addition of DMSO (Scheme 3.18).129 No products of the classical Wacker
oxidation (3.73 and 3.74) were observed.

Scheme 3.18: Regioselective allylic C-H oxidation to linear acetates.
Other sulphoxides ligands were studied and a vinyl sulphoxide 3.76 appeared to be the ideal
candidate for the regioselective formation of the branched acetate 3.78 (Scheme 3.19).130
The sulphoxide ligand 3.76 would promote addition of the alkene 3.75 and formation of a allyl intermediate 3.77 while benzoquinone would promote the nucleophilic attack of the
acetate and release of the products 3.78 and 3.79.

Scheme 3.19: Regioselective allylic C-H oxidation to branched acetates.
The method was then generalised to the synthesis of allylic esters using various carboxylic
acids.131 Pd(MeCN)4(BF4)2 was employed in CH2Cl2 due to the poor solubility of the reagents
89

in DMSO. N,N-Diisopropylethylamine (DIPEA) was used to deprotonate the acid in situ and
thus, assist in the nucleophilic attack step.
Derivatives of 1,2- and 1,3-amino alcohol are of significant synthetic importance. These
patterns are commonly encountered in many compounds used in pharmaceutical and
agrochemical industries. The White group reported the Pd(II) sulphoxides catalysed
diastereoselective intramolecular allylic C-H amination of chiral N-tosyl carbamates.108 The
weak Lewis basicity of the nucleophile allows electrophilic C-H bond cleavage to occur,
forming a π-allyl palladium intermediate (Eq 7). A catalytic quantity of acetate would
deprotonate the N-tosyl carbamate and promote cyclisation via nucleophilic addition to the
electrophilic allyl-Pd complex (Eq 8). The acetate is itself regenerated by a benzoquinonemediated Pd(0) oxidation (Eq 9). The use of a stoichiometric amount of base led to a
decrease in the yield, probably by interfering with the electrophilic C-H bond cleavage step
(Scheme 3.20).

Scheme 3.20: Mechanism for oxidative C-H amination
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(+)-(2R,3S)-3-Hydroxyleucine 3.83, an unnatural -hydroxy--amino acid present in the
antitumor agent lactasyn, was synthesised to illustrate the efficiency of the method (Scheme
3.21), using phenyl benzoquinone 3.81 as a reoxidant.

Scheme 3.21: Synthesis of (+)-(2R,3S)-3-hydroxyleucine
The synthesis of 6-membered ring oxazinanones was also attempted. However, the N-tosyl
analogue gave a poor conversion of 15% after 72 h. Decreasing the electron density on the
nitrogen assists electrophilic metal catalysis. A more electron deficient N-nosyl carbamate
3.84 was used for the allylic C-H amination to afford syn-1,3-amino alcohols.132 (+)Allosedridine 3.86, an alkaloid with memory enhancing properties, was synthesised in 6
steps and in overall 27% yield, which is the shortest and more efficient synthesis up to date
(Scheme 3.22).

Scheme 3.22: (+)-allosedridine synthesis
The

group

developed

a

sequential

one-pot

Pd(II)-sulphoxide-catalysed

allylic

esterification/vinylic arylation of olefins133 and recently an analogous allylic amination/vinylic
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arylation sequence (Scheme 3.23).134 The Pd(II)-sulphoxide 3.69 acted as a catalyst in both
steps. 6-Membered ring derivatives were also synthesised.

Scheme 3.23: Selected examples of tandem Allylic C-H amination / vinylic arylation
The White group recently reported allylic C-H amination of sulphonamides with a
phthalocyaninato iron chloride catalyst [FeIIIPc]Cl (Pc = phthalocyaninato) which shown
strong chemoselectivity towards allylic C-H insertion compared to aziridination and other
types of C-H bond (allylic > benzylic > etheral > tertiary > secondary >> primary). 135 Fe(Pc)Cl
is often used as an inexpensive additive in ink and rubber industries. Fe(TPP)Cl, a porphyrine
based complex, also catalysed the reaction, albeit in lower yield. The use of phthalocyanine
ligands resulted in an increase electron density on the metal centre. A silver salt with noncoordinating counterion was used as an additive but only a slight decrease in reactivity was
observed in its absence. A hypervalent iodine reagent (PhI(CO2t-Bu)2) was employed as an
oxidant.
Mechanistic studies supported a stepwise process with homolytic C-H cleavage and radical
recombination. An unsaturated sulphamate ester 3.89 was reacted with both dirhodium and
iron catalysts. Scrambling of the double bond was observed with iron, probably via a
stabilised radical. No scrambling was observed in the case of dirhodium catalyst, proving it
proceeds through a different mechanism (Scheme 3.24).
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Scheme 3.24: Cis-trans isomerisation was observed with iron catalyst

3.3 Palladium catalysed aerobic oxidative amination of alkenes
The nucleophilic addition of amines to a non-activated olefin is unfavourable due to the
interactions between the lone pair of the nitrogen and the -character of the double bond.
Therefore, the formation of a new C-N bond often requires an appropriate catalyst. This type
of allylic functionalization does not involve direct insertion into C-H bond, it proceeds by
aminopalladation of alkenes followed by -elimination to afford the product of net allylic
amination. For comparison, reductive amination (Eq 10) involves the formation of an imine
from the reaction of an amine and a carbonyl group (Scheme 3.25). The imine can be
isolated or reduced in situ.136 Coupling of an unactivated alkene and an amine can be also
achieved by hydroamination, which is the addition of N-H across a double bond (Eq 11).137
The reaction may be catalysed by a wide range of metals, Brønsted acids and bases.138
During oxidative amination (Eq 12) the substrate undergoes an oxidation upon conversion to
the product, regenerating the double bond.

Scheme 3.25: Comparison of hydroamination and oxidative amination
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Oxidative conditions are often challenging as they require the use of an external oxidant and
the catalyst cannot be tailored with the commonly used phosphines ligands. Oxygen is the
most attractive oxidant due to its availability and low toxicity. Oxygen was first reported as
the oxidant in the catalytic oxidative transformations of allylic amines. 139 Boc protected
amino acids 3.91 undergo oxidative cyclisation to alkenyl isoxazolidines 3.92 in DMSO with
Pd(OAc)2 (Scheme 3.26).

Scheme 3.26: Cyclisation of Boc protected amino acid
The method was extended to the cyclisation of aminals 3.93 to give imidazolidines 3.94
(Scheme 3.27).140

Scheme 3.27: Cyclisation of aminals
Later, the oxidative cyclisation of tosyl amines was reported in DMSO by the group of
Larock.141 6-Membered rings can also be synthesised, but they were afforded in lower yields
and required harder conditions. Stahl and coworkers achieved similar results using pyridine
as a ligand (Scheme 3.28).107
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Scheme 3.28: Cyclisation of tosyl amines
Mechanistic investigations (Hammett plot, computational, kinetic and isotopic studies) were
carried out in order to understand the dependence of the reaction on oxygen and determine
the role of acetate and pyridine as ligands (Scheme 3.29).142
The reaction may be described as an intramolecular nucleophilic attack of the amidate ligand
on the coordinated alkene. Pyridine as a ligand allows an efficient reoxidation of the
palladium by oxygen. However, at higher concentrations, it inhibits the reaction due to its
coordination ability. A low concentration of acetate ions promotes the dissociation of the
pyridine from the metal centre by chelation.
The mechanism begins with coordination of the nitrogen of the substrate to the palladium
centre (3.99) which allows for the release of pyridine. It is followed by the formation of a
Pd(II) amidate alkene chelate (3.100) by the release of an acetate ligand.143 Two pathways
for the alkene insertion into palladium – nitrogen bond were identified as being plausible by
experimental data. The first pathway (3.100 to 3.101 to 3.103), involves pyridine dissociation
prior to alkene insertion, while the second pathway (3.100 to 3.102 to 3.103) features direct
insertion of the alkene into Pd-N bond. These two pathways include their own rate-limiting
step (pyridine dissociation and alkene insertion, respectively). Computational studies
suggested that the pyridine dissociation pathway was favoured over the direct alkene
insertion route. It might explain why it is challenging to develop an asymmetric version of
the reaction. The product of the amination of the olefin undergoes reversible -hydride
elimination to release the product. The elimination is favoured towards the methyl group
compared to the enamine product due to steric reasons. Irreversible reductive elimination of
acetic acid from 3.104 forms the Pd(0) complex 3.105 followed by oxidative regeneration of
the trans-Pd(py)2(OAc)2 3.97.144
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Scheme 3.29: Stahl suggested mechanism for the oxidative cyclisation of tosyl amides
The group of Stahl reported the use of a Pd(TFA)2(DMSO)2 complex for the oxidative
cyclisation of allylic sulphamides to 1,2-diamines at atmospheric pressure of oxygen.145
Sulphamides were easily prepared from allylic and primary amines. The sulphamide group
was also easily cleaved by lithium aluminium hydride at the end of the reaction. The reaction
tolerated a wide range of functional groups, which are stable under oxidising conditions
(Scheme 3.30). Substrates derived from chiral allylic amines were also cyclised and exhibited
a high diastereoselectivity.
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Scheme 3.30: Aerobic oxidation of sulphamides with a Pd(TFA)2/DMSO system
The reaction was shown to proceed via an amidopalladation pathway rather than an allylic
C-H activation (Scheme 3.31). A similar substrate 3.115 with a terminal double bond was
prepared but did not show any reactivity under the reaction conditions, which rules out the
allylic C-H activation pathway.

Scheme 3.31: The reaction goes via an aminopalladation/β-hydride elimination sequence
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While recently developed methods are usually limited to five-membered heterocycles, the
Pd(TFA)2(DMSO) complex was also efficient in the oxidative cyclisation to six-membered
nitrogen containing heterocycles.146 This catalyst was used to synthesise several
heterocycles (morpholines, piperidines, piperazines and piperazones) via an aminopalladation/-hydride elimination sequence (Scheme 3.32). DMSO was more efficient as a
ligand than a solvent. The use of a Brønsted base improved the yield. However, the reaction
required a higher oxygen pressure (4 bar) compared to the previously developed reaction. 145

Scheme 3.32: Aerobic oxidation of alkenes with a Pd(DMSO)2(TFA)2
Chiral -amino alkenes bearing a tBu-sulphinyl (3.118) undergo oxidative cyclisation
catalysed by Pd(TFA)2 to afford diastereomerically pure 2,5-disubstituted pyrrolidines (3.119
- Scheme 3.33).147 The substrates are easily prepared from cis-4-hexen-1-ols. It is worth
noting that cyclisation resulted in the diastereoselective formation of the cis pyrrolidine.

Scheme 3.33: Diastereoselective oxidative cyclisation of sulphinamides
The tBu-sulphinyl group was used as a chiral auxiliary as its sole presence induced
diastereoselectivity but both chiral centres were required for optimal results. If the
sulphinamide group was replaced by an achiral tosylate, low dr was obtained. With a
substrate not bearing the α-methyl group, the reaction gave good conversions but also with
a lower dr. Trans alkenes gave low dr and modest yields. A wide range of substrates bearing
different functional groups were successfully cyclised. Reaction of an -propenyl substrate
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3.120 gave a diene 3.121 that can further undergo metathesis to give a tropene derivative
3.122 that may be easily converted to a tropane alkaloid 3.123 (Scheme 3.34).

Scheme 3.34: Synthesis of a tropene derivative
A Pd(TFA)2/sparteine/DIPEA system was reported to give good enantioselectivity (up to 91%)
during tandem cyclisation reactions of unsaturated anilines.148 However, natural sparteine is
difficult to functionalise and the synthesis of the other enantiomer is troublesome. Also,
ligands that can tolerate oxidising conditions are always valuable. Therefore, the same group
studied quinoline-oxazoline QUOX ligands, readily prepared from quinaldic acid. tBu-QUOX
3.127 was identified as the best chiral ligand for the oxidative cascade cyclisation of
unsaturated acrylamides 3.126 with ee up to 96% (Scheme 3.35). 149
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Scheme 3.35: Enantioselective cyclisation of acrylamides
A similar ligand was used in the aza-Wacker type cyclisation of tosyl amines and gave up to
74% ee with Pd(TFA)2 and oxygen.150 However, the enantioselectivity was influenced by
substituents on the substrate. In the case of the o-substituted substrate, the reverse
absolute configuration was obtained for the product. Stahl reported the use of another
quinolineoxazoline ligand 3.130 for the enantioselective oxidative amination of unsaturated
tosyl amines (Scheme 3.36).151

Scheme 3.36: Enantioselective cyclisation of tosyl amines
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Recently, excellent yields and enantioselectivity were obtained in the aza-Wacker type
cyclisation for the preparation of isoindolinones (Scheme 3.37).152 Enantioselectivity was
shown to arise from syn-aminopalladation and steric interactions between the methyl group
of the substrate 3.131 and the tBu group of the ligand 3.132.

Scheme 3.37: Enantioselective aza-Wacker cyclisation

3.4 Nitroso and azo-ene Reaction
The ene reaction is another type of allylic C-H functionalisation. It was first reported by Kurt
Alder in 1943.153 It is formally the addition of alkenes to unsaturated bonds. The Alder-ene
reaction takes place with two alkenes but reactions involving alkynes and allenes are also
known. Hetero enes reactions involve an ene or enophile containing at least one
heteroatom.
The ene component 3.134 bears an allylic hydrogen, its HOMO interacts with the LUMO of
the enophile 3.135 (Scheme 3.38). The electronic properties of the enophile and the energy
difference of the HOMO-LUMO affect the reaction. An electron withdrawing group on the
enophile 3.135 or strain in the ene component 3.134 enhances the reactivity. Intramolecular
ene reactions are easier to proceed than intermolecular ones due to their lower activation
energy. The reaction often requires activation by elevated temperatures or the presence of a
Lewis acid. Nucleophilic attack by the allylic system usually takes place at the end of the
enophile where the least electronegative atom is positioned. Therefore, only nitroso and azo
compounds lead to allyl amines.
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Scheme 3.38: Mechanism of the ene reaction

3.4.1 The nitroso-ene reaction
The nitroso-ene reaction, first reported in 1965,154 allows the direct regioselective and
stereoselective allylic nitrogen functionalisation of unactivated alkenes. Nitroso compounds
are very reactive enophiles due to their low LUMO energy. Nitroso compounds have the
drawback that they readily take part in numerous side reactions such as addition,
isomerisation and reduction reactions. By-products of the nitroso-ene reaction involve
imines155 (Eq 14), persistent nitrosyl radicals156 (Eq 15), amines and nitrones (Eq 13)157 that
can be further react with nitroso to form azoxyarenes species158 (Eq 16) (Scheme 3.39).
Electrons rich substrates tend to give disproportionation of the ene adduct while acid or
base treatment or heat may lead to the formation of imines by dehydration.

Scheme 3.39: Side reactions occurring during the nitroso-ene reaction109
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Acyl nitroso compounds were found to be too reactive to be isolated. Oxidation of
hydroxamic acids159 and N-hydroxy carbamic esters160 lead to transient nitrosocarbonyls that
can be trapped as the Diels Alder adduct. Oxidation proceeded with tetraethylammonium
periodate or sodium periodate and the resulting acyl nitroso species 3.138 reacted with
dienes such as butadiene 3.139, cyclopentadiene 3.141 and thebaine 3.143 (Scheme 3.40).

Scheme 3.40: Trapping of acyl nitroso by Diels Alder reaction
Intermolecular and intramolecular examples were reported by Keck and coworkers by
thermolysis of the 9,10-dimethylanthracene (9,10-DMA) adducts 3.148 which were prepared
by the Diels Alder reaction of the acyl nitroso compound which was formed in situ by
oxidation of acetoxyhydroxyamic acid 3.146 with tetra-n-propyl ammonium periodate
(Scheme 3.41). 161
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Scheme 3.41: Pyrolysis of Diels Alder adduct releases the acyl nitroso that readily cyclises
The regioselectivity of the nitroso-ene for trisubstituted olefins was studied and compared
to the ene reaction with O2 and triazolinedione (TAD). The protons on the olefins can be
labelled according to their geometry. The lone proton is  of the double bond on the
monosubstituted terminus. The twix and twin protons, are respectively cis and trans to the
monosubstituent. Oxygen has been shown to prefer to abstract lone (to 3.154) and twix
protons (to 3.153) from the more crowded side (cis effect)162 while TAD abstracts the twin
(to 3.151) and twix hydrogens (to 3.152) from the more crowded end.163 Nitroso arenes
exhibit a higher degree of selectivity, abstracting preferentially the twix proton both at the
more crowded end (gem effect) and more substituted side (cis effect) to give 3.155 (Scheme
3.42).164
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Scheme 3.42: Hydrogen abstraction selectivity during ene reaction
This skew effect was studied during the ene reaction between a nitrosoarene 3.157 and
(E/Z)-3 methyl-2-pentene 3.156. No lone proton abstraction was observed. The cis olefin
reacted faster than the trans isomer and showed higher regioselectivity to 3.158 (Scheme
3.43).
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Scheme 3.43: Hydrogen abstraction selectivity during nitroso ene reaction
Twix abstraction is favoured due to steric clashes between the arene and aryl groups in the
case of twin abstraction (Z-Twin and E-Twin). Unfavourable 1,2-allylic strain also occurs
during the approach of the aryl group during twix abstraction of the Z isomer (Z-Twix) and
twin abstraction of the E isomer (E-Twin). However, the two effects are cumulated for the
twin abstraction of the E isomer (E-Twin), which explains the higher regioselectivity for ETwix abstraction to obtain 3.158 (Figure 1.3).

Figure 3.3: Steric clash and allylic strain during nitroso-ene reaction
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This regioselectivity can be enhanced by changing the lone substituent to a bulky tert-butyl
or phenyl group.165 The aryl substituent tends to be coplanar to the double bond, which
increases the steric bulk of the cis side. Additional electronic interactions between the
oxygen of the nitroso and the phenyl group stabilise the intermediate for twix hydrogen
abstraction (Figure 3.4).

Figure 3.4: Interactions during transition state
Furthermore, no [4+2] cycloadditions to 3.162 was observed between nitrosoarenes and
trisubstituted olefins 3.160 while O2166 and TAD167 can undergo either [4+2] or ene reaction
with 3.160 (Scheme 3.44).

Scheme 3.44: Competition between ene reaction and [4+2] cycloaddition
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Malkov’s group reported a single step intramolecular carbonyl-nitroso-ene cyclisation of
hydroxamic acids 3.163 to 3-hydroxy-4-vinyloxazolidin-2-one derivatives 3.164 using iron
chloride as a catalyst and hydrogen peroxide as a terminal oxidant.168 The oxidation of
hydroxamic acids to the nitroso intermediate is likely to be carried out by the metal while
the stoichiometric oxidant would regenerate the active catalytic species. The scope of the
reaction includes 6-membered ring 3.168 and spiro compound 3.169 (Scheme 3.45).

Scheme 3.45: Scope of the intramolecular carbonyl-nitroso-ene
An enantioselective version of the reaction via catalytic asymmetric induction was
attempted. Several chiral ligands were investigated along with iron and copper catalysts in
the hope of forming a metal-nitroso complex and induce enantioselectivity during the
cyclisation. However, none of the ligands exhibited any enantioselectivity, furthermore poor
conversions were observed. This could be rationalised by the dissociation of the metal
catalyst from the nitroso group prior to cyclisation being completed, thus preventing any
asymmetric induction via a metal complex. Other H-bonding ligands and organocatalysts
were also studied. It was intended that the ligand would bind directly to the nitroso group
and induce enantioselectivity in this way. These attempts were also unsuccessful despite
better conversions being obtained. The nitroso group might be too unstable and short lived
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to form any temporary bond with a chiral catalyst. The reaction rate may also be so high that
(chiral) Lewis acid catalysis would be competing with a non-catalysed reaction.
Concurrently, a similar method using CuCl and air as the terminal oxidant, was reported by
the group of de Alalniz, allowing both intra and intermolecular reactions.169 First
enantioselective intermolecular acylnitroso-ene was achieved with a chiral auxiliary
anchored to a tiglic acid derivative 3.170; the resulting α-methylene oxazolidinone 3.172 was
obtained in 97% ee after removal of the auxiliary (Scheme 3.46).

Scheme 3.46: Enantioselective intramolecular carbonyl-nitroso-ene
The enophile approached in a skew fashion from the less hindered Si-face, the Re-face being
hindered by the sulphonyl group (Figure 3.5).

Figure 3.5: Si attack of the enophile

3.4.2 The azo-ene reaction
Lectka and coworkers reported the catalytic enantioselective α-imino ene reaction with a
BINAP-CuClO4 complex to give valuable α-amino esters from tosyl imine (Scheme 3.47).170
Benzotrifluoride (BTF, PhCF3) was used as a solvent as it solubilised efficiently the complex
and has similar polarity with CH2Cl2, which gave good enantioselectivity but moderate yield.
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Independently, Jorgensen and coworkers reported the use of BINAP-CuPF6 complex in the
same reaction with alkyl and aryl alkenes.171

Scheme 3.47: Enantioselective imino-ene reaction of α-imino ene reaction
The first report of Lewis acid catalysed azo-ene reaction was by Jorgensen and coworkers.172
Azodicarboxylates 3.177 react with cyclic and acyclic alkenes giving the corresponding
aminated product (Scheme 3.48).

Scheme 3.48: Aza-ene reaction with azodicarboxylates
The first attempt for enantioselective variant with R-BOX ligands only yielded the product as
a racemic mixture. Mono-coordination is suspected to occur between Cu(II) and one oxygen
atom of the diazocarboxylate Troc group. Adding a coordination site on the azodicarboxylate
would lead to a more stable intermediate. The Jorgensen’s group decided to switch to a
substrate 3.180 used earlier in enantioselective amination of silyl enol ethers 3.179 to 3.182
(Scheme 3.49).173 Adduct 3.183 was suggested as an intermediate.
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Scheme 3.49: Enantioselective amination of enolsilanes
However, this substrate only gave 60% ee in the enantioselective azo-ene reaction (Scheme
3.50).

Scheme 3.50: Enantioselective aza-ene reaction

3.5 Summary of C-H amination approaches
C-H amination is a general term used for the nitrogen C-H functionalisation. Outer sphere
type reaction proceeds via reaction of the substrate with a coordinated nitrogen ligand on
the catalyst. However, the inner sphere type mechanism involves coordination of the
substrate on the metal by C-H cleavage and the transformation occurs within the metal
coordination sphere.
Direct allylic C-H bond transformation can be induced via rhodium catalysed nitrene
insertion. The alkene reacted with a rhodium nitrene intermediate, formed by oxidation of
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carbamates. However, aziridination often competed with C-H insertion, especially when
Rh2(OAc)4 was employed as a catalyst. 115,117
A sulphoxide-palladium catalyst developed by the group of White was used in the
intramolecular allylic C-H amination of chiral N-Tosyl carbamates to 1,2-amino alcohol
derivatives.108 More electron deficient N-nosyl carbamate gave better results to prepare syn
1,3-amino alcohols and the method was applied to the synthesis of natural product.128b The
reaction was thought to proceed via nucleophilic attack of the nitrogen on a -allyl
palladium complex formed by C-H bond cleavage.
Oxidative allylic amination proceeds by an aminopalladation, reductive elimination
sequence. The use of an external oxidant excludes the use of common phosphines ligands
due to their sensitivity. Oxygen is the most attractive oxidant due to its low toxicity and low
cost and was employed in various methods.145,146,149,150
Acyl nitroso ene reaction was involved in the synthesis of alkaloids natural products.174
Nitroso compounds were prepared in situ due to their unstability and trapped by Diels Alder
reaction.161 Cyclisation occurred under thermal conditions.
Malkov’s group reported an intramolecular carbonyl-nitroso-ene cyclisation of hydroxamic
acids to furnish vinyloxazolidinone derivatives using iron chloride and hydrogen peroxide.168
No enantioselectivity could be induced due to fast transformation of the intermediate. A
chiral auxiliary anchored to the substrate was required to obtained chiral products by this
methodology.169
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Chapter 4

Allylic C-H functionalisation of
unsaturated hydrazine carboxylates to
vinyl isoxasolidines
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Chapter 4.
Results & Discussion:
Oxidative azo-ene cyclisation
4.1 Aims and Objectives:
Nitrogen heterocycles can be synthesised by amine functionalisation of unactivated
alkenes.106-109 Malkov’s group recently reported the oxidative cyclisation of nitrosoenes
substrates synthesised in situ from hydroxamines 4.2 (Scheme 4.1).168 However, yields were
moderate and attempts to induce enantioselectivity failed due to the short-lived nature of
the intermediate.

Scheme 4.1: Oxidative cyclisation of acylnitroso alkenes
A method for the oxidative cyclisation of hydrazines dicarboxylates (azo-ene reaction) was
developed. Under optimised conditions, hydrazines dicarboxylates, 4.5 synthesised in one
step from the corresponding allylic alcohols 4.4, could cyclise under oxidative conditions to
give functionalised oxazolidones 4.6 (Scheme 4.2).

Scheme 4.2: Synthesis of substrates and oxidative cyclisation
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4.2 Background information:
Oxazolidones have been introduced to organic synthesis by Evans. The use of oxazolidones
as chiral auxiliaries promoted diastereoselective aldol reactions. The oxazolidone was
acylated to give a chiral imide 4.7 that could react with another carbonyl compound via
enolate formation. DIPEA and Bu2B(OTf)2 exhibited kinetic selection for the Z enolate 4.9 as
the hindered base preferred anti deprotonation. During the addition of the aldehyde,
chelate formation of 4.10 induced by borane enhanced the syn diastereoselectivity (Scheme
4.3).175 The reaction tolerated a wide range of aldehydes. Furthermore, the oxazolidone
could be easily cleaved and recovered on completion of the reaction.

Scheme 4.3: Diastereoselective aldol reaction
Oxazolidinones motifs are highly valued in the synthesis of biologically active compounds.176
Several drugs bearing this core have been developed in the past, in particular some
antibiotics (Figure 4.1). Oxazolidones have activity against Gram positive pathogens and
inhibit bacterial protein synthesis.177 The first drug to be approved for clinical use was
Linezolid 4.12 (Pharmacia & Upjohn Inc), used against pneumonia, and skin and soft tissues
infections.178 Since its discovery, several syntheses have been developed for large scale
production. The latest synthesis start from readily available material, (+)-(D)-manitol (Dr
Reddy)179 and (+)-epichlorohydrin (Pfizer).180 Rivaxobaran 4.13 is an anticoagulant developed
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by Bayer, used for the prevention of venous thrombosis (blood clot).181 Zolmitriptan 4.14 is a
selective serotonin receptor antagonist used globally for the treatment of migraines.182

Figure 4.1: Oxazolidones antibiotics.

4.3 Substrate syntheses
Most alcohols were commercial available but several additional alcohols were prepared in
order to fully evaluate the scope of the reaction. Three substrates (4.22, 4.23, 4.24) were
prepared by Wittig reaction, followed by DIBAL reduction (Table 4.1). Reduction of the
phenyl substrate (4.18, entry 1) had to be carried out at 0°C as shift of the double bond to
the more stable phenyl conjugated product occurred at higher temperatures. Use of LiAlH 4
in that case led to reduction of the double bond. Another substrate (4.25, entry 4) was
prepared from a commercial available ester 4.21 by LiAlH4 reduction. No reduction of the
double bond was observed with this compound.
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Table 4.1: Preparation of alcohols from aldehydes and esters

Entry

Aldehyde

Ester

1

Alcohol

65%

4.15

68%

74%

4.16

60%

4.23

4.19

3

66%

4.17

71%

4.24

4.20

-

-

4.21

Yield

4.22

4.18

2

4

Yield

87%

4.25

Substrates were synthesised using a method adapted from a publication by Fleming.183 The
alcohol was first treated with 1,1’-carbonyldiimidazole and the reaction stirred for at least 2
h at room temperature. Subsequent addition of ethyl carbazate and imidazole gave the
substrates in yields of 15% to 75% (Table 4.2). Isolation of the products from the hydrazine
by-products was challenging and several chromatography columns were required to reach
acceptable levels of purity. This explains the low yields obtained with some substrates (4.32,
4.33). Acetonitrile was found to be the best solvent for the reaction. CH 2Cl2 and THF gave
lower yields in general. Several equivalents of ethyl carbazate had to be used in order to
achieve reasonable conversion, especially for the more hindered substrates. Carrying out the
reaction at higher temperature did not have any positive effect on the yield.
117

Table 4.2: Synthesis of the substratesa

Entry

Product

Yieldb

72%

1

4.26
62%

2

4.27
63%

3

4.28
58%

4

4.29
75%

5

4.30
63%

6

4.31
45%

7

4.32
15%

8

4.33
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Table 4.2 (Continued): Synthesis of the substratesa

Entry

Product

Yieldb

53%

9

4.34
48%

10

4.35
a

Conditions : Alcohol was added to a mixture of 1,1’-carbonyldiimidazole (1.2 eq)

in MeCN. Ethyl carbazate (3-5 eq) and imidazole were added after 2 h and reaction
b

c

stirred for 16h-48 h. : Isolated yields. : Reaction was stirred at 50°C for 16 h. PIDA
= Phenyliodine diacetate. PIFA = Phenyliodine bis(trifluoroacetate). TBAP = tetra-nbutylammonium perchlorate

The reaction proceeds via a nucleophilic attack of the alcohol 4.4 on carbonyldiimidazole
4.36, releasing imidazole (Scheme 4.4). Substitution with ethyl carbazate 4.39 then occurs,
assisted by imidazole.

Scheme 4.4: Mechanism for the formation of substrates
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4.4 Optimisation of cyclisation conditions.
Conditions for the cyclisation were screened with the substrate 4.26 employing different
metal catalysts and oxidants (Table 4.3). Initial investigations were carried out in CH 2Cl2.
Sodium periodate gave only 14% conversion using FeCl3 as a catalyst (entry 1). MnO2 (entry
2), t-BuOOH/FeCl3 (entry 3), benzoquinone/CuCl2 (entry 4) and (n-Bu4N)ClO4 (TBAP) (entry 5)
were inefficient as oxidants at promoting the cyclisation.
Iodosobenzene diacetate (PIDA), an oxidant widely used in organic synthesis,184 has been
reported to oxidise hydrazines to their azo derivatives in Mitsunobu reactions185 and
oxidative cyclisations.186 It was found to be particularly efficient in combination with copper
salts (entries 6-8). CuCl2, Cu(OAc)2.2H2O and Cu(OTf)2 gave respectively 96%, 98% and 93%
conversion. FeCl3 was less efficient with 82% conversion (entry 9). Raising the temperature
of the reaction to 50°C led to a decreased yield of 60% (entry 10). Though when Fe(OTf) 3 was
used, it gave a 97% conversion (entry 12). Phenyliodine bis(trifluoroacetate) (PIFA), an
oxidant with a related structure, was also evaluated. Cu(OTf)2 gave the best conversion of
94% amongst the copper compounds (entry 16). The best conversion of 98% was obtained
with Fe(OTf)3 and PIFA in CH2Cl2 (entry 17). The reaction can also be performed in the
absence of a metal as using PIFA on its own resulted in 89% conversion (entry 19).
Other solvents were also assessed (Table 4.4). Good results were obtained in acetonitrile.
The system of FeCl3/PIDA gave 92% conversion (entry 1) while that of FeCl3/PIFA gave 96%
conversion (entry 3). In the case of other oxidants, 30% conversion was obtained when using
H2O2 as a reoxidant with CuCl2 (30%, entry 5). However, Cu(OAc)2.2H2O gave only 8%
conversion (entry 9) and only the starting material was recovered with Cu(OTf)2 (entry 10).
O2 was inefficient as a reoxidant with both CuCl2 and FeCl3 (entries 6,8). In toluene, a slightly
better conversion was obtained with PIDA (92% - entry 11) than PIFA (88% - entry 12).
Chloroform and THF appeared to inhibit the reaction (entries 13-16). Moderate conversion
(69%) was obtained in acetic acid (entry 17) and poor conversion (35%) was observed in
methanol (entry 18).
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Table 4.3: Screening of oxidants and metal catalysts for oxidative amination

Entry

Catalyst

Oxidant

Conversionb

1

FeCl3

NaIO4

14%

2

-

MnO2

4%

3

FeCl3

tBuOOH

SM

4

CuCl2

Benzoquinone

SM

5

-

TBAP

SM

6

CuCl2

PIDA

96%

7

Cu(OAc)2.2H2O

PIDA

98%

8

Cu(OTf)2

PIDA

93%

FeCl3

PIDA

82%

FeCl3

PIDA

60%

12

Fe(OTf)3

PIDA

97%

13

-

PIDA

76%

14

CuCl2

PIFA

93%

15

Cu(OAc)2.2H2O

PIFA

88%

16

Cu(OTf)2

PIFA

94%

17

FeCl3

PIFA

88%

18

Fe(OTf)3

PIFA

98%

19

-

PIFA

89%

9
10

a

c

Conditions : Catalyst (10 %), oxidant (1.2 eq), solvent (10
b

1

c

mL). : Conversion was calculated from H NMR. : Reaction
was stirred at 50°C for 16 h.
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Table 4.4: Screening of the conditions for oxidative amination
Entry

Catalyst

Oxidant

Solvent

Conversionb

1

FeCl3

PIDA

MeCN

92%

2

Cu(OAc)2.2H2O

PIDA

MeCN

88%

3

FeCl3

PIFA

MeCN

96%

4

Cu(OAc)2.2H2O

PIFA

MeCN

88%

5

CuCl2

H2O2

MeCN

30%

6

CuCl2

O2

MeCN

SM

7

FeCl3

H2O2

MeCN

10%

8

FeCl3

O2

MeCN

SM

9

Cu(OAc)2.2H2O

H2O2

MeCN

8%

10

Cu(OTf)2

H2O2

MeCN

SM

11

-

PIDA

PhMe

92%

12

-

PIFA

PhMe

82%

13

-

PIDA

CHCl3

SM

14

-

PIFA

CHCl3

SM

15

-

PIDA

THF

SM

16

-

PIFA

THF

SM

17

-

PIDA

AcOH

69%

18

-

PIDA

MeOH

a

35%
b

Conditions : Catalyst (10 %), oxidant (1.2 eq), solvent (10 mL). : Conversion was calculated
1

from H NMR.

Aerobic

oxidation

iron(phthalocyanine)

of

hydrazines

catalyst

in

to

azo

derivatives

Mitsunobu

was

reaction.187

reported
The

with

an

formation

of

diethylazodicarboxylate (DEAD) was not observed in the presence of Fe(Pc) and an air
balloon. However, ethyl 2-phenylazocarboxylate was obtained in 89% yield under the same
conditions (Scheme 4.5). The phenyl group would stabilise the intermediate cation or radical
formed during oxidation by delocalisation to the phenyl ring.
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Scheme 4.5: Aerobic oxidation of hydrazines
Further evaluations identified a dichlorophenyl hydrazine as the optimal catalyst. It was
recovered in its azo form after the reaction through separation by flash chromatography on
silica gel. Molecular sieves were found to trigger the Mitsunobu reaction, probably by
removing water or hydroperoxides formed by the oxidation of hydrazines with O 2. The yield
of the reaction was not improved by the use of a pure O 2 atmosphere. Several enantiopure
esters (expected inversion of the configuration) were obtained from enantiopure alcohols
and different nucleophiles under the conditions for catalytic Mitsunobu reaction (Scheme
4.6).

Scheme 4.6: Catalytic Mitsunobu reaction
Following on from these findings, a simple phenyl hydrazine substrate 4.49 was prepared to
attempt the azo-ene cyclisation under aerobic conditions (Scheme 4.7).

Scheme 4.7: Synthesis of a phenyl hydrazine substrate
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This substrate 4.49 was then evaluated in an aerobic oxidative cyclisation under various
conditions (Table 4.5). First the substrate 4.49 was tested with our previously optimised
conditions (10% Fe(OTf)3 – 1.2 eq PIFA – entry 1). However, low conversion was observed
and only 20% of product 4.50 was isolated. Formation of the product was observed under
the aerobic conditions developed by Tanigushi and co-workers, albeit in low yield (12% entry 2).187 The use of pure oxygen only gave a slight improvement in the yield (15% - entry
3).
Table 4.5: Screening of the conditions for aerobic oxidative aminationa

Entry

Catalyst

Oxidant

Temperature

Solvent

Yieldb

1

Fe(OTf)3 (10%)

PIFA

rt

CH2Cl2

20%

2

Fe(Pc) (10%)

Air balloon

65°C

THF

12%

3

Fe(Pc) (10%)

O2 balloon

65°C

THF

15%

a

b

Conditions : Catalyst (10 %), substrate (0.45 mmol), solvent (10 mL). : Isolated yields.

Table 4.6: Screening of the conditions for aerobic oxidative aminationa

a

Entry

Catalyst

Time

Temperature

Solvent

Conversionb

1

Fe(Pc) (10%)

72h

rt

THF

SM

2

Fe(Pc) (10%)

24h

65°C

THF

30%

3

Fe(Pc) (20%)

24h

80°C

Toluene

20%

4

Fe(Pc) (20%)

72h

40°C

CH2Cl2

8%

5

Cu(OTf)2 (20%)

72h

65°C

THF

b

SM
1

Conditions: See previous table. : Conversion was calculated from H NMR.
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The use of oxygen as a terminal oxidant was also evaluated with our principle substrate 4.26
(Table 4.6). At room temperature, no conversion was observed (entry 1). Heating up to 65°C
led to a promising 30% conversion to 4.41 (entry 2). However, no improvement could be
achieved by increasing the catalyst loading or changing to different solvents (entries 3, 4).
Copper was inefficient in catalysing the reaction (entry 5). Further evaluations are required
to develop a robust method for aerobic oxidative cyclisation.

4.5 Scope of the reaction
With the optimum conditions in hand (10% Fe(OTf)3, 1.2 eq PIFA in CH2Cl2) the scope of the
reaction was studied. Results are shown in Table 4.7. Good results have been obtained with
substrates bearing a dimethyl (4.26) and a methyl group (4.27) attached to the double bond
(92% and 81% yield - entries 1, 2). A substrate with a longer alkyl chain 4.28 cyclised in 80%
yield with a 5:1 trans:cis ratio (entry 3). A 6:1 ratio and 64% yield was observed in the
nitroso-ene reaction at 100°C in iPrOH.168 Reactivity decreased with the increase of the steric
bulk around the allylic C-H bond. Indeed, a benzyl substrate 4.29 cyclised in 72% yield (entry
4) and a substrate bearing an iPr group 4.31 in only 35% yield (entry 6). Though, these
substrates showed an increased reactivity compared with the nitroso-ene reaction (10% for
the benzyl substrate and no reaction with the iPr substrate). A geraniol 4.32 and nerol 4.33
substrate afforded reasonable yields of 75% and 60% yield (entry 7, 8). The additional double
bond did not interfere with the reaction. In the case of the nerol derived substrate, expected
abstraction of the proton in trans position resulted in the formation of an exo double bond
(4.57). Regioselectivity for the proton abstraction was total and no higher membered ring
was observed. A 6-membered ring 4.58 and a spiro compound 4.59 were also synthesised,
although the reactivity was lower and the products were obtained in only 55% and 50% yield
(entry 9, 10). 60% and 65% yields were reported for these substrates in the nitroso-ene
reaction.
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Table 4.7: Scope of the oxidative aminationa

Entry

Substrate

Product

1

Yieldb

92%
4.26
4.41

2

81%
4.27

4.51
80%
(ratio
trans cis 5:1)

3
4.28
4.52

4

72%
4.29
4.53

5

65%
4.30
4.54

6

35%
4.31
4.55
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Table 4.7 (Continued): Scope of the oxidative aminationa

Entry

Substrate

Product

7

Yieldb

75%
4.32
4.56

8

60%
4.33
4.57

9

55%
4.34
4.58

10

50%

a

4.35
4.59
b
Conditions: Fe(OTf)3 (10 %), PIFA (1.2 eq), CH2Cl2 (10 mL). rt, 16 h. : Isolated yield.

4.6 Enantioselective cyclisation
In order to induce enantioselectivity, it was decided to seek a better insight of how the
reaction proceeds. A saturated substrate 4.60 was prepared and subjected to the oxidation
conditions with PIFA and Fe(OTf)3 that were used for the cyclisation (Scheme 4.8). The
product 4.61 that was isolated confirmed the formation of a diazo intermediate, albeit in low
yield.
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Scheme 4.8: Formation of a diazo compound was observed
The reaction was also found to proceed in the absence of a metal catalyst (Table 4.3 entry 19
– 89%). Simple kinetic studies were carried out to see if the catalysed reaction would be
significantly faster to allow enantioinduction. Aliquots of a catalysed and non-catalysed
reaction were taken at intervals, quenched and submitted for 1H NMR analysis to calculate
the conversion (Figure 4.2). The catalysed reaction was found to be completed after 30
minutes with a 72% conversion after only 5 minutes. The non-catalysed reaction was more
sluggish and reached 95% conversion after 3 h.

Figure 4.2: Comparison of the reaction rate of catalysed and non-catalysed reaction
The reaction is thought to proceed as follows (Scheme 4.9). The hydrazine derivative 4.5
attacks the hypervalent iodine reagent 4.62, releasing a trifluoroacetate anion. Loss of a
second proton would form the azo derivative that readily undergoes the azo-ene cyclisation,
by concerted (4.65) or stepwise mechanism (4.66). Singlet oxygen188 and nitroso
derivatives189 have been reported to act through a stepwise mechanism.
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Only unreacted starting material was observed during reactions and no uncyclised azo
products were found to be present. The catalyst could be assisting in the oxidation step
and/or cyclisation step. It was hoped that the catalysed reaction might be sufficiently faster
than the non-catalysed background reaction to afford chiral induction, provided that the
catalysts remain associated with the azo-intermediate.

Scheme 4.9: Suggested mechanism of the reaction
Some attempts were made to develop an enantioselective version of the reaction. Iron (98%
conversion with PIFA in CH2Cl2) and copper (93% conversion with PIFA in CH2Cl2) efficiently
catalysed the reaction. It was thought that adding chiral ligands that would coordinate to the
metal could induce enantioselectivity. Several ligands and organocatalysts available in the
lab were selected for the study of the enantioselective aza-ene cyclisation (Figure 4.3).
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Figure 4.3: Ligands evaluated for the enantioselective oxidative cyclisation of substrate 4.26
There has been a great interest into chiral hydrogen donor organocatalysts 190 in the past
fifteen years since the 1998 report of Sigman and Jacobsen of the Strecker reaction
catalysed by a thiourea base.191 The catalysts share the features of a single or dual H donor
site surrounded by other groups that interact weakly with substrates (aromatic, weak acid or
weak base). They have been used widely in a variety of organic reactions. 192 Organocatalysts
are closely related to enzymes in their mechanism by the reversible formation of a
catalyst/substrate complex. In metal catalysed reactions, the metal acts as a framework to
coordinate and organise the reagents thus transferring chirality. In organocatalysis, the
reagents are “arranged together” through weak interactions (electrostatic, Van Der Walls,
hydrophobic, hydrogen bonding), which can also stabilise the transition state. The activation
of the reaction is based on the nucleophilic/electrophilic properties of the catalyst. Some
ligands used in organometallic chemistry are also employed in organocatalysis. Some natural
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products have also been utilised, such as cinchona alkaloids (cinchonidine, quinine,
quinidine). Wynberg reported in 1981 that these alkaloids, which bear a free hydroxyl group
in the vicinity of the basic bicyclic hydrogen, catalyse conjugate addition of aromatic thiols to
cyclohexen-one.193 The group of Takemoto developed several bifunctional thiourea Brønsted
acid catalysts that were used in many reactions (Figure 4.4).194 Catalyst 4.67 promoted the
Michaël addition, azo-Henry reaction and Mannich reaction while catalyst 4.68 has been
studied in the Petasis type reaction of quinolones. Catalysts embedded on polymer supports
have also been prepared.

Figure 4.4: Thiourea catalysts developed by Takemoto194
A similar catalyst 4.69 developed by another group was reported to be efficient in the
nucleophilic addition of N’,N-dialkylhydrazones to α,β-unsaturated esters by H-bonding
activation.195 The pendant hydroxyl group coordinated to the hydrazine 4.70 while the
hydrogens of the urea group on 4.69 held the dicarbonyl compound 4.71 in place (Scheme
4.10).

Scheme 4.10: H bonding in thiourea catalysed alkylhydrazone addition
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Binol derived phosphoric acids are efficient Brønsted acid catalysts and can also act via
transfer of a “chiral proton” by acting as a chiral conjugate base. 3,3’-Bis(2,4,6triisopropylphenyl)-1,1’-binaphtyl-2-2’-diylhydrogenphosphate (TRIP – L4) is the most widely
used phosphoric acid catalyst to date.196 It was recently employed in the Malkov’s group for
the kinetic resolution of secondary allyl boronates to Z-homoallylic alcohols.197 More
sterically hindered pinacol boronates favoured Z selectivity. DFT calculations confirmed a
double coordination of TRIP involving the pseudo axial oxygen atom of the boronate during
the

chair

transition

state.

Several

alcohols

were

synthesised

with

excellent

enantioselectivities and yields from aromatic aldehydes (Scheme 4.11).

Scheme 4.11: TRIP catalysed kinetic resolution of secondary allyl boronates
Substrate 4.26 was subjected to the conditions for oxidative cyclisation with various
catalysts and ligands (Table 4.8). The oxidant (PIFA) was added slowly (0.3 eq.h-1) to allow
the readily formed azo compound the opportunity to bind to the metal or organocatalyst. It
was hoped that the basic carbonyl groups of the azodicarboxylate would act as a good
coordination site.
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Table 4.8: Attempts in enantioselective oxidative cyclisation of 4.41a

Entry

Catalyst

Ligand

Yieldb

eec

1

Cu(OTf)2-

L1

85%

Na

2

-

L2

85%

<5%

3

Yb(OTf)2

L3

72%

<5%

4

Cu(OTf)2

L4

87 %

<5%

d

5

Cu(OTf)2

L4

76 %

<5%

6

La(OTf)3

L5

79%

<5%

7

La(OTf)3

L6

76%

<5%

a

Conditions: Catalyst (10%), 4.26 (0.46 mmol), PIFA (1.2 eq), CH2Cl2 (10 mL). Slow addition
-1

b

c

d

of PIFA (0.3 eq/h ). : Isolated yields. : ee was measured by chiral HPLC. : Temperature of
– 10°C.

The products 4.41 were obtained in good yields, however they were formed as a racemic
mixture. Chiral bisoxazoline (L1) coupled with copper (entry 1) and Takemoto catalyst (entry
2 - L2) did not induce enantioselectivity. Ytterbium and (R)-BINOL (L3) gave the racemic
product in 72% yield (entry 3). With L4, the TRIP, in the presence of Cu(II) the product was
obtained in 87% yield at rt (entry 4) though no ee was observed. Lowering the temperature
to -10°C proved to be detrimental to the yield which decreased to 76% (entry 5). L5 and L6
(PyBox ligand) were not efficient as a chiral ligands (entries 6, 7).
Another substrate 4.79 bearing a pyridine ring was also prepared with the hope it would give
an anchor point for the catalyst to bind and induce enantioselectivity. The corresponding
hydrazine 4.78 was prepared in two steps from picolinic acid 4.76 (Scheme 4.12).
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Scheme 4.12: Preparation of the hydrazine derivative 4.79
The substrate 4.79 was submitted to the cyclisation conditions. Interestingly, another
product 4.81 was observed, probably resulting from addition of water to the double bond
(Scheme 4.13). Using dry CH2Cl2 suppressed the formation of this product to a negligible
amount.

Scheme 4.13: Two products were observed with non-distilled solvent
This substrate 4.79 was evaluated in the enantioselective reaction (Table 4.9). Achiral
reaction with Fe(OTf)3 and PIFA gave the product in 70% yield (entry 1). Chiral bisoxazoline
L1 was added under the same conditions (entry 2). The same reactivity was observed (68%
yield) but no chiral induction was detected by chiral HPLC. Takemoto catalyst L2 led to a
drop in the yield to 57 %, which may be the result of a lack of metal catalyst. PyBox L6 was
evaluated with different metal salts (entries 4-7). Again, no chiral product was detected.
Iodosobenzene was prepared from iodosobenzene diacetate. It was thought that the acid
released during oxidation (AcOH or TfOH) might interfere with chiral Lewis acid catalysts. It
was used as an oxidant with tin(II) triflate (entry 7). The reaction proceeded as efficiently as
when no metal catalyst was present (56% yield, 57% entry 2) but no enantioselectivity was
observed.
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Table 4.9: Attempts in enantioselective oxidative cyclisation of 4.79a

Entry Catalyst Ligand

a

Solvent

Oxidant Yieldb

eec

1

Fe(OTf)3

-

CH2Cl2

PIFA

70%

<5%

2

Fe(OTf)3

L1

CH2Cl2

PIFA

68%

<5%

3

-

L2

CH2Cl2

PIFA

57%

<5%

4

La(OTf)3

L6

CH2Cl2

PIFA

59%

<5%

5

Cu(OTf)2

L6

THF

PIFA

43%

<5%

6

In(OTf)3

L6

Toluene

PIDA

44%

<5%

7

Sn(OTf)2

L6

Toluene

PhI=O

56%

<5%

Conditions: Catalyst (10%), substrate (0.46 mmol), PIFA (1.2 eq), solvent (10
-1 b

c

mL). Slow addition of PIFA (0.3 eq/h ) : Isolated yields. : ee was measured by
chiral HPLC.

In a recent report by Bong, a highly regio- and enantioselective azo- hetero Diels-Alder
reaction catalysed by gold(I) complexes associated with a phosphoramidite ligand 4.87
afforded piperazine derivatives 4.86 (Scheme 4.14).198 Gold(I) complexes are often used as a
π-Lewis acid. However in that case, coordination to the heteroatom (σ-Lewis acidity)
lowered the LUMO of the azo-dienophile and facilitated the reaction. The azo-urea
substrates 4.82 and 4.83 were subjected to the reaction (Figure 4.5).

Figure 4.5: Substrate 4.82 and 4.83
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However, only the substrate 4.82 bearing a free NH showed some reactivity. Gold(I) has also
been reported to catalyse cycloisomerisation reactions.199 Therefore, a cascade enyne
cycloaddition/hetero Diels-Alder sequence was developed leading to excellent yields and
enantioselectivities. Terminal alkynes reacted with total regioselectivity while substituted
alkynes gave two isomers (Scheme 4.14).

Scheme 4.14: Cascade cycloisomerisation/hetero Diels-Alder with gold (I) and a
phosphoramidite ligand 4.87
These results led to investigation of the use of a urea-hydrazine substrate in the cyclisation
reactions. The hydrazine 4.88 was prepared according to the method by Liu and coworkers
using hydrazine hydrate (Scheme 4.15).200

Scheme 4.15: Preparation of the hydrazine derivative 4.88
This hydrazine was coupled to an isocyanate derivative to yield a substrate bearing a urea
group 4.90 (Scheme 4.16).201
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Scheme 4.16: Preparation of the substrate 4.90
The same method was used to prepare a substrate bearing a diaminobenzhydrazide group
4.92, thought to enhance the electron density on the phenyl ring, and by extension, to the
aza moiety (Scheme 4.17). This would hopefully result in a stronger coordination to metal
centre or organocatalyst.

Scheme 4.17: Preparation of substrate 4.92
Conditions were optimised for the cyclisation of 4.90 (Table 4.10). The substrate was poorly
soluble in common NMR solvent thus no NMR analysis could be recorded for the substrate
(only azo compounds were isolated and characterised by Gong).198 The cyclised product 4.93
was obtained in 40% yield under our optimised conditions (Fe(OTf)3 10%, PIFA (1.2 eq),
CH2Cl2 – entry 1), confirming the structure of the starting material 4.90. A better yield of 79%
was obtained in THF after 72 h (entry 3). The substrate was not soluble at all in EtOAc or
acetone, and no reaction was observed (entry 4, 5). The reaction proceeded in MeCN albeit
in a lower yield of 55% (entry 6); Cu(OTf)2 (56% - entry 7), Sn(OTf)2 (58% - entry 8), La(OTf)3
(63% - entry 9) did not catalyse the reaction better than Fe(OTf)3.
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Table 4.10: Screening of conditions for cyclisation of 4.90

Entry

Catalyst

Solvent

Time

Yieldb

1

Fe(OTf)3-

CH2Cl2

16 h

40%

2

Fe(OTf)3

THF

2h

70%

3

Fe(OTf)3

THF

72 h

79%

4

Fe(OTf)3

EtOAc

16 h

-

5

Fe(OTf)3

Acetone

16 h

-

6

Fe(OTf)3

MeCN

72h

55%

7

Cu(OTf)2

THF

16 h

56%

8

Sn(OTf)2

THF

16 h

58%

9

La(OTf)3

THF

16 h

63%

10

Cu(OTf)2

MeCN

72 h

44%

11

Cu(OTf)2

THF

72 h

76%

a

Conditions: Catalyst (10%), substrate (0.1 g, 0.34 mmol), PIFA (1.2 eq),
b

solvent (10 mL),rt, time. : Isolated yields.

Substrate 4.90 was evaluated for enantioselective oxidative cyclisation with different
catalysts and ligands (Table 4.11). With a complex of bisoxazoline ligand L1 with Cu(OTf)2 at
0°C (entry 1), the yield dropped to 45% without showing any enantioselectivity. Lowering the
temperature to slow down the uncatalysed reaction was not helpful as at -40°C only 22% of
product was isolated despite being allowed to react for one week with the more active
Fe(OTf)3 catalyst (entry 2). A copper(II) TRIP salt was prepared and evaluated in the reaction.
However, it did not yield any enantioriched product (entry 4). When iodosobenzene was
used as an oxidant, 71% of product was isolated (entry 5), albeit in the racemic form. Other
ligands such as cinchonidine L7 (entry 6), tartratic acid L8 (entry 7), mandelic acid L9 (entry
8) and diisopropyl tartrate L10 (entry 9), were investigated in this reaction in THF at rt but
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without any success of inducing chirality. The chiral gold(I) catalyst with a phosphoramide
ligand L11 that was synthesised did not afford any ee (entry 10).
Table 4.11: Attempts in enantioselective oxidative cyclisation of 4.90

Entry Catalyst Solvent

a

Ligand

Oxidant

Time

T

Yieldb

eec

1

Cu(OTf)2

THF

L1

PIFA

72 h

0°C

45%

<5%

2

Fe(OTf)3

THF

L1

PIFA

1 week

-40°C

22%

<5%

3

-

Toluene

L2

PIFA

48 h

0°C

20%

<5%

4

Cu(TRIP)2

THF

-

PIFA

72 h

rt

73%

<5%

5

Cu(TRIP)2

THF

-

PhIO

72 h

rt

71%

<5%

6

Fe(OTf)3

THF

L7

PhIO

72 h

rt

60%

<5%

7

Fe(OTf)3

THF

L8

PhIO

24 h

rt

38%

<5%

8

Fe(OTf)3

THF

L9

PhIO

48 h

rt

34%

<5%

9

Fe(OTf)3

THF

L10

PhIO

48h

rt

41%

<5%

10

L*AuNTf2

MeCN

L11

PIFA

72 h

rt

77%

<5%

Conditions: Catalyst (10%), Ligand (20%), substrate 4.90 (0.1 g, 0.34 mmol), PIFA (1.2 eq) slow
-1

b

c

addition (0.3 eq/h ), solvent (10 mL), T, time. : Isolated yields. : ee was measured by chiral HPLC.

Our attention turned to substrate 4.92 for enantioselective cyclisation (Table 4.12). The
standard conditions (entry 1) gave a 68% yield of 4.94 after 72 h at rt. Bisoxazoline ligand L1
was, once again, inefficient at inducing chirality (entries 2, 3, 4). With the Takemoto catalyst
L2, 42% of the product 4.94 was isolated after 1 week at 0°C. Complexes of PyBox ligands L5
and L6 with La(OTf)3 gave only 14% of the racemic product at -78°C (entry 7) and 41% at 40°C (entry 8). Again, no enantioenriched product could be obtained under the various
evaluated conditions. Chelation of the catalyst and the substrate might occur. However, it
would seem that, once the substrate has been oxidised, it would be released from the chiral
sphere and readily cyclised in its racemic form. Further investigations into unveiling the
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mechanism and the exact nature of the intermediates should be helpful to design an
efficient chiral catalytic system.
Table 4.12: Attempts in enantioselective oxidative cyclisation of 4.92

a

Entry

Catalyst

Solvent

Ligand

T

Oxidant

Time

Yieldb

eec

1

Fe(OTf)3

CH2Cl2

-

rt

PIFA

72 h

68%

<5%

2

Fe(OTf)3

THF

L1

rt

PIFA

72 h

56%

<5%

3

Cu(OTf)2

Toluene

L1

0°C

PhIO

72 h

38%

<5%

4

Cu(OAc)2

THF

L1

0°C

PhIO

72 h

32%

<5%

5

-

THF

L2

0°C

PIFA

1 week

42%

<5%

6

AuNTf2

MeCN

L11

rt

PhIO

72 h

52%

<5%

7

La(OTf)3

THF

L5

-78°C

PIFA

1 week

14%

<5%

8

La(OTf)3

THF

L6

-40°C

PIFA

1 week

41%

<5%

9

Cu(TRIP)2

THF

-

-40°C

PhIO

1 week

45%

<5%
-1

Conditions: Catalyst (10%), Ligand (20%), substrate (0.1 g, 0.34 mmol), PIFA (1.2 eq) slow addition (0.1 eq/h ),
b

c

solvent (10 mL), T, time. : Isolated yields. : ee was measured by chiral HPLC.

4.7 Application of azo-ene cyclisation in synthesis: Formal synthesis of (±)-kainic
acid
-(-)-Kainic acid was isolated from a Japanese seaweed Digenea simplex in 1953 and used as
an insecticide and for its anti-intestinal worm properties. -(-)-Kainic acid monohydrate is an
agonist at the kainate class of ionotropic glutamate receptors (the most prominent excitory
neurotransmiters of the body). It induces seizures and neurodegeneration in vivo and is used
to induce experimental epilepsy in rodents and to study the mechanisms of excitationinduced neuronal apoptosis (auto destruction of the cell). Assignment of the absolute
stereochemistry was reported by Oppolzer and Thirring in 1982 in their synthesis of (-)-140

kainic acid 4.102 from (+)-5-ethyl (S)-glutamate 4.95 (Scheme 4.18).202 -(-)-Kainic acid is a
challenging target product, due to its highly functionalised trisubstituted pyrrolidine ring
with three stereogenic centres. Many synthetic pathways have been investigated over the
years.203

Scheme 4.18: Oppolzer and Thirring -(-)-kainic acid synthesis
The group of Fukuyama reported several synthesis of -(-)-kainic acid.204 The most recent
was carried out on a large scale with inexpensive starting materials, making the synthesis
attractive from an industrial perspective.205 The product was obtained in 13 steps (14.6 g,
10.3% overall yield) from 100 g of (+)-carvone 4.103 (Scheme 4.19).
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Scheme 4.19: Fukuyama large scale synthesis of  -(-)-kainic acid
In the reported synthesis of (-)-kainic acid by Parsons and co-workers, 206 D-Serine methyl
ester 4.104 was employed as a chiral pool starting material, which by a series of standard
transformations was converted into intermediate 4.105 (Scheme 4.20). Further synthetic
sequence towards the target product resembled the route reported by Oppolzer (Scheme
4.18), though different methods were used for manipulating the functional groups.

Scheme 4.20: Total synthesis of α-(-)-kainic acid
In our approach to kainic acid we envisioned the use of our newly developed oxidative azo
ene cyclisation of hydrazine dicarboxylates (Scheme 4.21). Oxidative cyclisation of 4.27
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would give 4.51, cleavage of the N-N bond would afford 4.110, which would be subjected to
the conditions of oxidative carbonylation, described in Chapter 2 to afford 4.111. Alkylation
of the latter would result in intermediate 4.105, thus completing the formal synthesis of the
racemic kainic acid. The project was carried out with the aid of Baptiste Laléousse, a
placement student from France.

Scheme 4.21: Route to intermediate 4.105
The first step, preparation of the substrate 4.27 from alcohol 4.109, was relatively
straightforward and was accomplished in 83% yield on a 4 g scale (Scheme 4.22).

Scheme 4.22: Preparation of 4.27
Oxidative cyclisation was carried out with Cu(OAc)2.2H2O and PIDA. These reagents were
cheaper to use on a large scale than Fe(OTf)3 and PIFA. However, on a 2 g scale, the reaction
was found to be sluggish, conversion was low even after leaving the reaction for a few days;
only 42% yield of product 4.51 was obtained (Scheme 4.23). The problem was solved by
carrying out the reaction in smaller batches of 0.5 g (72% yield).

143

Scheme 4.23: Route to intermediate 4.51
Cleavage of the N-N bond proved to be a challenging task as the traditional reduction
methods (Raney Ni, H2/PdC) could not be used due to the presence of the double bond.
Brimble and Lee reported the cleavage of the N-N bond of 4.114 by a Birch reduction by
dissolving sodium in liquid ammonia (61% yield).207 The substrate was obtained from the
asymmetric azo-ene reaction with cyclohexene (Scheme 4.24).

Scheme 4.24: Asymmetric diazo-ene reaction and N-N bond cleavage
These conditions were applied to our substrate 4.51. Liquid ammonia was condensed at 78°C and sodium pieces were added to the solution which turned blue, indicating the
formation of sodium-ammonia-solvated-electron complex [Na(NH3)6]+,e-. The substrate 4.51
was added in THF and the blue colour persisted. The cold bath was removed and the
reaction was kept at -33°C for 1 h. However, analysis of the crude product only revealed
unreacted starting material 4.51 (Scheme 4.25). The electron density on our substrate might
be different from the literature examples and, thus, prevents the reduction from taking
place.
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Scheme 4.25: N-N cleavage bond by Birch reduction
Cleavage of the N-N bond was attempted by a Magnus208 procedure. The cleavage took place
in two steps. First, the NH of substrate 4.51 was alkylated with methyl bromoacetate.
Secondly, elimination released the cleaved product 4.110 (Table 4.13). In our case, the
reaction was carried out “one pot” as only a complex mixture of 4.116 and unidentified
products could be isolated during the first step. It should be noted that some elimination
product 4.110 could also be isolated during the first step.
The original procedure used cesium carbonate as a base in the first stage, however, only a
combined yield of 35% was obtained over the two steps with our substrate (entry 1). BuLi
was used as a base in a hope of obtaining a clean alkylation (entry 2), but resulted in the
same complex mixture. More reactive iodomethyl acetate was employed as an alkylating
agent (entry 3) but failed to give any improvement. A triflate methyl acetate derivative was
prepared from the corresponding hydroxyacetate. Slow addition of this compound to 4.51
followed by reflux for 72h afforded the product 4.110 in a satisfactory 62% yield (entry 4). It
has to be noted that on a 4.7 g scale the reaction gave only 35% yield, though the conversion
was complete according to the NMR of the crude reaction mixture. Some decomposition
might take place during work up and purification on silica.

145

Table 4.13: N-N bond cleavagea

Entry

Base

X

Yield
4.110b

1

Cs2CO3 (3 eq)

Br

35%

2

BuLi (1eq)

Br

51%

3

Cs2CO3 (3 eq)

I

17%

4

Cs2CO3 (3 eq)

OTf

62%

a

b

See experimental section for conditions : Isolated yield.

Chi and co-workers recently reported cleavage of the N-N bond in 4.118 using 5.2 eq of SmI2
(Scheme 4.26).209

Scheme 4.26: Cleavage of N-N bond by Chi and coworkers
This method was applied to substrate 4.51 but no conversion was observed. To ensure the
veracity of the reported conditions, a similar substrate 4.110 was prepared from
benzhydrazine, cyclised (60%), and reacted under the reported conditions (Scheme 4.27).
Cleaved product 4.110 was isolated in 66%, along with some unreacted starting material.
The cyclisation step would require optimisation in order to yield an efficient route.
Furthermore, the method had the drawback of requiring the use of a large excess of
expensive samarium iodide.
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Scheme 4.27: Cyclisation and cleavage of the N-N bond of a benzhydrazine substrate
Compound 4.110 was subjected to the oxidative carbonylation conditions previously
developed by us (Chapter 2). The reaction did not go to completion, despite being left for 1
week. The product 4.111 was isolated in a mere 30% yield (57% yield based on recovered
starting material - Scheme 4.28). Indeed, nitrogen containing substrates generally showed
lower reactivity (see chapter 2 Table 2.9). Coordination of the substrate to a catalyst via the
nitrogen atom may inhibit the reaction.

Scheme 4.28: Carbonylation of 4.110
Compound 4.110 was alkylated using dimethyl allyl bromide (Scheme 4.29).210 The reaction
went smoothly and yielded the alkylated product 4.122 in a 94% yield. However, compound
4.122 showed no reactivity in the carbonylation reaction and only starting material was
recovered.

Scheme 4.29: Alkylation of 4.110 to 4.122
Next, cross-metathesis was attempted using the Hoveyda-Grubbs catalyst (5 mol%) in
toluene at 90°C for 72 h (Scheme 4.30). Compound 4.111 was isolated in a 40% yield (60%
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based on recovered starting material). Grubbs I and Grubbs II catalysts were inefficient in
this reaction. The low yield might be due to the deactivation of the metal catalyst due to
coordination to the N atom of the substrate.

Scheme 4.30: Metathesis to access 4.111
In an effort to inhibit possible coordination of the nitrogen atom to the catalyst it was
decided to Boc-protect the nitrogen of substrate 4.110. The new substrate 4.124 (produced
in 79% yield) was subjected the conditions for the carbonylation reaction (Scheme 4.31).
However, not a great improvement in reactivity was observed with only less than 50%
conversion and an isolated yield of 35% for 4.125 (65% based on recovered starting
material). Substrate 4.124 was also subjected to the cross-metathesis using with Grubbs II
catalyst to afford 4.125 in 40% yield (62% based on recovered starting material).

Scheme 4.31: Preparation of 4.125
Deprotection was easily achieved with TFA in 65% yield (Scheme 4.32).
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Scheme 4.32: Deprotection of 4.125
Alkylation was attempted with the previously used method by Wiemer et al.210 However, a
complex mixture containing mainly starting material was obtained and only 25% of the
desired product 4.105 was isolated (Scheme 4.33). The reasons for the low yield are not
clear, possibly t-BuOK was reacting with the carbonyl group. Other bases, such as NaH could
be evaluated, as reported for the alkylation of similar compound.206

Scheme 4.33 Alkylation of 4.111
In conclusion, a formal synthesis of racemic kainic acid was accomplished by synthesising
compound 4.105. Overall, the route that does not involve Boc protection of the free amine
seems more efficient (Scheme 4.34, 5 steps, 5% overall yield against 7 steps and 3% overall
yield). This route would be even more attractive if conditions for carbonylation were
optimised, illustrating the newly developed methodology. Oxidative cyclisation on a larger
scale and the alkylation step will also require optimisation to increase the overall yield and
make the synthetic route viable.
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Scheme 4.34: Synthetic route to access 4.105

4.8 Conclusion and perspectives
Optimal conditions for the oxidative azo-ene amination of unsaturated hydrazine
dicarboxylates have been developed. The reaction takes place with a stoichiometric amount
of a hypervalent iodine reagent (PIFA) in CH2Cl2 at room temperature. The use of a catalytic
amount of Fe(OTf)3 increases the reactivity.
Investigating the reaction scope, alkyl derivatives were cyclised in good yields (65%-92%),
with the exception of an iPr substrate, where the lower yield of 35% could be due to
formation of a trisubstituted alkene. No reaction had been observed for this derivative in the
related nitroso ene cyclisation. Geraniol and nerol derivatives were studied to evaluate the
regioselectivity of the reaction. Only the products formed by hydrogen abstraction from the
trans substituent were observed. A six-membered ring and a spiro compound were prepared
in respected yields. In general, increase reactivity was observed compared to the nitroso ene
reaction developed in the group earlier.
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Developing a chiral version of the reaction was also attempted. However, neither chiral
metal complexes, nor organocatalysts produced any enantioselectivity with a range of the
investigated substrates. Further evaluations need to be carried out. Like in the nitroso ene
reaction, it appears to indicate that, once the aza substrate has been oxidised to its azo
derivative, the cyclisation happens readily without participation of chiral controllers.
Therefore, the main challenge would be to find a catalyst that has a strong affinity to the
oxidised compound.
The methodology was applied to the racemic synthesis of natural α-kainic acid. The
intermediate representing formal total synthesis was obtained in five steps in 5% yield.
Oxidative cyclisation, followed by N-N bond cleavage, introduction of a carbomethoxy group
and subsequent alkylation delivered the target compound. However, the route still requires
further optimisation to reach its full potential.
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5. Experimental
Commercially available reagents and solvents were used throughout without further
purification, except tetrahydrofuran (benzophenone/Na), dichloromethane (CaH 2) and
acetonitrile (CaH) which were freshly distilled. Petroleum ether refers to the fraction with bp
40-60°C. Thin-layer chromatography (TLC) was conducted with E. Merck silica gel 60 Å F254
pre-coated plates, (0.25 mm) and visualised by exposure to UV-light (254 nm) or stained with
potassium permanganate. IR spectra were recorded using a Perkin Elmer 65 FTIR
Spectrometer, as a thin film. 1H and 13C NMR spectra were recorded using 400 MHz Bruker
Avance NMR machine (1H 400 MHz, 13C frequencies 100.6 MHz respectively); chemical shifts
are quoted in ppm and coupling constants, J, are quoted in Hz; d-Chloroform was used
throughout unless otherwise stated. TMS was used as an internal standard. High resolution
mass spectra were carried out on a Thermo exactive LTQ Orbitrap XL high resolution mass
spectrometer. Melting points were measured on a Stuart Scientific apparatus and are
uncorrected.

5.1 Chapter 1: Substrates for the carbonylation reaction
5.1.1 Allylation reactions :

2.22. 1-Phenyl-but-3-en-1-ol87b

Method A:87b To a solution of benzaldehyde (1.21 g, 11.4 mmol) and anhydrous dimethyl
formamide (833 mg, 0.9 mL, 11.4 mmol) in dry dichloromethane (30 mL), allyltrichlorosilane
(1.0 g, 5.7 mmol) was added at rt. The reaction mixture was then stirred for 2 h. The reaction
was quenched with water, extracted with Et2O, washed with brine and dried over MgSO4.
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The solvent was then evaporated under vacuum and the residue was purified by
chromatography on silica gel (petroleum ether/Et2O – 90:10) to afford the product as a
colourless oil (1.01 g, 6.8 mmol, 60%).
Method B:87a To a mixture of benzaldehyde (2.0 g, 18.0 mmol), in 0.25 mol.L-1 aqueous
sodium tetrafluoroborate solution (72 mL) and allyl bromide (4.5 g, 36 mmol), tin powder
(2.1 g, 36.0 mmol) was added in one portion and the mixture was vigorously stirred for 16 h.
Ethyl acetate was added to the reaction mixture and the organic layer was separated. The
aqueous phase was extracted with ethyl acetate. The organic extracts were combined and
dried over MgSO4, then was filtered and evaporated. The residue was purified by
chromatography on silica gel (petroleum ether/Et2O – 90/10) to afford the product as a
colourless oil (1.5 g, 10.3 mmol, 57%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.12 (s, 1H, OH),
2.40-2.46 (m, 2H, H2), 4.59-4.62 (m, 1H, H1), 5.04 (d, 3J = 10.0 Hz, 1H, H4), 5.07 (d, 3J = 17.1
Hz, 1H, H4), 5.70 (dt, 3J = 17.2, 10.3 Hz, 1H, H3), 7.14-7.30 (m, 5H, H5-8).

13

C NMR (CDCl3,

100 MHz) δ (ppm): 43.84 (C2), 73.35 (C1), 118.38 (C4), 125.83 (C7), 127.57 (C8), 128.23 (C6),
128.44 (C6), 134.53 (C3), 143.94 (C5).
2.23. Non-1-en-4-ol211

The compound was synthesised from hexanal (1.2 g, 12.0 mmol) following method A. (1.0 g,
7.2 mmol, 70%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.83 (t, 3J = 7.2 Hz, 3H, H9), 1.19-1.27
(m, 4H, H7, H6), 1.36-1.41 (m, 4H, H8, H5), 2.05-2.11 (m, 1H, H3), 2.21-2.29 (m, 1H, H3),
3.56-3.59 (m, 1H, H4), 5.05-5.09 (m, 2H, H1), 5.71-5.80 (m, 1H, H2). 13C NMR (CDCl3, 100
MHz) δ (ppm): 14.06 (C9), 22.64 (C8), 25.35 (C6), 31.86 (C7), 36.78 (C5), 41.94 (C3), 70.72
(C4), 118.12 (C1), 134.92 (C2).
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2.24. 1-(4-Nitro-phenyl)-but-3-en-1-ol212

The compound was synthesised from 4-nitrobenzaldehyde (1.5 g, 10.1 mol) following
method A to afford dark yellow oil (824 mg, 4.3 mmol, 42%). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 2.44-2.52 (m, 1H, H2), 2.56-2.63 (m, 1H, H2), 4.88-4.92 (m, 1H, H1), 5.19-5.24 (m, 2H,
H4), 5.76-5.87 (m, 1H, H3), 7.56 (d, 3J = 8.8 Hz, 2H, H6), 8.23 (dt, 3J = 8.9, 1.6 Hz, 2H, H7). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 43.96 (C2), 72.14 (C1), 119.77 (C4), 123.68 (C7), 126.57 (C6),
133.19 (C3), 151.04 (C5, C8). HRMS (ES): 216.0627, C10H11NO3Na requires 216.0631.
2.25. 1-(3,4-Dimethoxy-phenyl)-but-3-en-1-ol213

The compound was synthesised from 3,4-dimethoxybenzaldehyde (1.4 g, 8.2 mmol)
following method B to afford a white solid (894 mg, 4.3 mmol, 52%). mp = 94-95°C, literature
mp = 94-95°C.213 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.60 (s, 1H, OH), 2.53-2.55 (m, 2H, H2),
3.89 (s, 3H, OMe), 3.92 (s, 3H, OMe), 4.70 (t, 3J = 7.2 Hz, 1H, H1), 5.15-5.21 (m, 2H, H4), 5.805.87 (m, 1H, H3), 6.85 (d, 3 J= 8.2 Hz, 1H, H6), 6.91 (dd, 3J = 8.2, 2.4 Hz, 1H, H7), 6.95 (s, 1H,
H12). 13C NMR (CDCl3, 100 MHz) δ (ppm): 41.70 (C2), 55.68 (C9 or C11), 55.92 (C9 or C11),
73.19 (C1), 108.96 (C12), 109.65 (C7), 110.91 (C4), 118.23 (C6), 134.61 (C5), 136.61 (C3),
148.38 (C8 or C10), 148.99 (C8 or C10).
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2.26. 1-Thiophen-2-yl-but-3-en-1-ol214

The compound was synthesised from thiophene-2-carbaldehyde (1.5 g, 13.2 mmol) following
method B to afford a yellow oil (1.3 g, 8.6 mmol, 65%). 1H NMR (CDCl3, 400 MHz) δ (ppm):
2.25 (s, 1H, OH), 2.63-2.69 (m, 2H, H2), 5.00-5.04 (m, 1H, H1), 5.18-5.25 (m, 2H, H4), 5.815.91 (1H, m, H3), 6.99-7.02 (1H, m, H8), 7.27-7.28 (2H, m, H6, H7).

13

C NMR (CDCl3, 100

MHz) δ (ppm): 43.80 (C2), 69.38 (C1), 118.87 (C4), 123.70 (C8), 124.59 (C6), 126.65 (C7),
133.82 (C3), 147.79 (C5).
2.29. (syn)-(1S,2R)-2-Methyl-1-phenylbut-3-en-1-ol 87b

A mixture of (Z)-crotyltrichlorosilane (3.3 g, 17.6 mmol) prepared in the group according to a
procedure from Kobayashi,215 benzaldehyde (1.5 g, 14.1 mmol) and DMF (1.02 mL, 14.1
mmol) in dry MeCN (40 mL) was stirred at 0°C for 2 h. NaHCO3 (aq) was added to quench the
reaction, and the aqueous layer was extracted with Et 2O. The organic layer was washed with
water and brine successively and then dried over MgSO4. The residue was purified by
chromatography on silica gel (petroleum ether/EtO2 – 80/20) to afford the pure alcohol as a
single syn diastereoisomer (1.7 g, 10.6 mmol, 75 %).1H NMR (CDCl3, 400 MHz) δ (ppm): 0.94
(d, 3J = 6.8 Hz, 3H, H5), 2.49-2.54 (m, 1H, H2), 4.53-4.56 (m, 1H, H1), 4.98 (dt, 3J = 13.6, 1.8
Hz, 2H, H4), 5.65-5.73 (m, 1H, H3), 7.17-7.24 (m, 5H, H7-H9). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 14.01 (C5), 44.64 (C2), 77.28 (C1), 115.60 (C4), 126.52 (C9), 127.38 (C7 or C8), 128.09
(C7 or C8), 140.30 (C3), 142.55 (C6).
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5.1.2 Carbonates preparation :

2.32. But-3-en-1-yl methyl carbonate

To a solution of but-1-en-3-ol (5.0 g, 0.69 mmol) and pyridine (27.4 g, 347 mmol) in dry
dichloromethane (100 mL), methyl chloroformate (15.1 g, 160 mmol) was added at 0°C. The
reaction mixture was then allowed to warm to rt and stirred for 2 h. The reaction was
quenched with water, extracted with Et2O, washed with brine and dried over MgSO4. Solvent
was then evaporated under vacuum and the residue was purified by chromatography on
silica gel (petroleum ether/Et2O – 90/10) to afford product as a colourless oil (7.2 g, 55.5
mmol, 80%). Rf = 0.7 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3,104 MHz) δ (ppm):
2.32-2.36 (m, 2H, H2), 3.69 (s, 3H, H6), 4.11 (t, 3J = 6.8 Hz, 2H, H1), 5.01-5.05 (m, 1H, H4),
5.08-5.10 (m, 1H, H4), 5.69-5.76 (m, 1H, H3).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 54.61

(OMe), 33.02 (C1), 66.95 (C6), 117.54 (C4), 133.39 (C3), 155.71 (C5). HRMS (ES): 130.0652,
C6H10O3 requires 130.0624 IR (NaCl): 1749 ν(C=O), 1642 ν(Csp2-Csp2), 1266 .
2.33. Methyl non-1-en-4-yl carbonate

Method C : In a schlenk attached to a bubbler, BuLi (13.5 mL (2.5 M in hexane)), 33.7 mmol),
was added drop wise to a solution of the alcohol (4.0 g, 28.1 mmol) at 0°C in THF (20 mL).
Reaction mixture allowed to rt and stirred for 30 min. Methyl chloroformate (3.2 g, 2.6 mL,
33.7 mmol) was then added drop wise at 0°C. The reaction mixture was stirred for 2h. The
reaction was then quenched by pouring into ice. The aqueous layer was extracted with Et2O
and the organic layer washed with brine and dried over MgSO4. The product was purified by
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flash chromatography on silica gel with a mixture of petroleum ether/EtOAc (90/10) as a
solvent to afford the carbonate compound as a yellow oil (4.8 g, 23.9 mmol, 85%) Rf = 0.8
(petroleum ether/EtOAc – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.81-0.84 (t, 3J = 7.2
Hz, 3H, H9), 1.17-1.50 (m, 6H, H6, H7, H8), 1.48-1.54 (m, 2H, H5), 2.30 (t, 3J = 6.6 Hz, 2H, H3),
3.70 (s, 3H, H11), 4.65-4.68 (m, 1H, H4), 4.99-5.06 (m, 2H, H1), 5.67-5.74 (m, 1H, H2).

13

C

NMR (CDCl3, 100 MHz) δ (ppm): 13.98 (C9), 24.80 (C8), 31.61 (C6), 33.47 (C7), 38.52 (C5),
41.94 (C3), 54.67 (C11), 77.94 (C4), 117.96 (C1), 133.32 (C2), 155.62 (C10). HRMS (ES):
223.1295, C11H20O3Na requires 223.1305. IR (NaCl): 1748 ν(C=O), 1442 ν(C=C), 1275.
2.34. Methyl (1-phenylbut-3-en-1-yl) carbonate

The compound (pale yellow oil) was synthesised from 1-phenyl-but-3-en-1-ol (4.4 g, 29.7
mmol) following method C for the preparation of carbonates (3.9 g, 18.7 mmol, 63%) Rf =
0.8 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.60-2.62 (m, 1H,
H2), 2.72-2.74 (m, 1H, H2), 3.62 (s, 3H, H10), 5.08-5.16 (m, 2H, H4), 5.62-5.65 (m, 1H, H3),
5.71-5.75 (m, 1H, H3), 7.33-7.38 (m, 5H, H6-H8). 13C NMR (CDCl3, 100 MHz) δ (ppm): 39.04
(C2), 54.89 (C10), 78.28 (C1), 124.23 (C3), 126.32 (C7), 128.60 (C8), 128.66 (C6), 138.81 (C4),
142.88 (C5), 154.95 (C9). HRMS (ES): 229.0836, C13H16O3Na requires 229.0835. IR (NaCl):
1746 ν(C=O), 1648 ν(C=C), 1263.
2.35. Methyl (1-(4-nitrophenyl)but-3-en-1-yl) carbonate

The compound was obtained, using method C for the preparation of carbonates, from 1-(4nitro-phenyl)-but-3-en-1-ol (715 mg, 3.70 mmol) as a pale yellow oil (724 mg, 2.88 mmol,
78%) Rf = 0.6 (petroleum ether/Et2O – 80/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.51-2.54
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(m, 1H, H2). 2.61-2.63 (m, 1H, H2), 3.70 (s, 3H, H10), 5.00-5.04 (m, 2H, H4), 5.59-5.66 (m, 2H,
H1, H3), 7.53 (d, 3J = 5.2 Hz, 2H, H6), 8.24 (d, 3J = 4.4 Hz, 2H, H7). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 39.04 (C2), 54.89 (C10), 78.28 (C1), 124.23 (C4), 126.32 (C7), 128.60 (C8), 128.66 (C6),
128.73 (C6), 138.81 (C3), 142.88 (C5), 154.95 (C9). HRMS (ES): 274.0685, C12H13NO5Na
requires 274.0686. IR (NaCl): 1744 ν(C=O), 1524 ν(NO2), 1361, 1259.
2.36. 1-(3,4-Dimethoxyphenyl)but-3-en-1-yl methyl carbonate

The compound was obtained, using method C for the preparation of carbonates, from 1(3,4-Dimethoxy-phenyl)-but-3-en-1-ol (1.0 g, 3.74 mmol) as a pale yellow oil (756 mg, 2.84
mmol, 76%) Rf =0.8 (petroleum ether/EtOAc – 60/40). 1H NMR (CDCl3, 400 MHz) δ (ppm):
2.57-2.62 (m, 1H, H2), 2.71-2.76 (m, 1H, H2), 3.89 (s, 6H, H11, H12), 3.91 (s, 3H, 14), 5.095.16 (m, 2H, H4), 5.56-5.60 (m, 1H, H1), 5.70-5.77 (m, 1H, H3), 6.85-6.96 (m, 3H, H6, H7,
H10). 13C NMR (CDCl3, 100 MHz) δ (ppm): 40.66 (C2), 54.73 (C14), 55.88 (C11 or C12), 55.91
(C11 or C12), 79.44 (C1), 109.60 (C10), 110.88 (C7), 118.32 (C4), 119.28 (C6), 131.93 (C5),
133.04 (C3), 148.99 (C8 or C9), 149.001 (C8 or C9), 155.18 (C13). HRMS (ES): 289.1042,
C14H18O5Na requires 289.1046. IR (NaCl): 1758 ν(C=O), 1262, 1153, 1147.
2.37. Methyl (1-(thiophen-2-yl)but-3-en-1-yl) carbonate

The compound was synthesized from 1-thiophen-2-ylbut-3-en-1-ol (712 mg 4.6 mmol)
following method C for the preparation of carbonates to afford a yellow oil (635 mg, 3.0
mmol, 65%) Rf = 0.7 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm):
2.58-2.63 (m, 1H, H2), 2.70-2.73 (m, 1H, H2), 3.65 (s, 3H, H10), 5.00-5.09 (m, 2H, H4), 5.62158

5.69 (m, 1H, H1), 5.81 (t, 3J = 7.0 Hz, H3), 6.86 (dd, J = 5.2, 3.6 Hz, 1H, H7), 7.00 (d, J = 3.6 Hz,
1H, H8), 7.18 (dd, J = 5.2, 0.8 Hz, 1H, H6). 13C NMR (CDCl3, 100 MHz) δ (ppm): 42.55 (C2),
55.30 (C10), 74.83 (C1), 117.51 (C4), 124.87 (C6 or C7 or C8), 125.93 (C6 or C7 or C8), 126.53
(C6 or C7 or C8), 132.56 (C3), 141.93 (C5), 155.06 (C9). HRMS (ES): 212.0791, C10H12SO3
requires 212.0502. IR (NaCl): 1745 ν(C=O), 1260.
2.38. Methyl ((1S,2R)-2-methyl-1-phenylbut-3-en-1-yl) carbonate

The compound was obtained as single syn diastereoisomer, using method C for the
preparation of carbonates, from (syn)-(1S,2R)-2-methyl-1-phenylbut-3-en-1-ol (2.3 g, 14.0
mmol) as a pale yellow oil (1.6 g, 7.4 mmol, 53%) Rf = 0.8 (petroleum ether/Et2O – 90/10). 1H
NMR (CDCl3, 400 MHz) δ (ppm): 1.02 (d, 3J = 6.8 Hz, 3H, H11), 2.63-2.67 (m, 1H, H2), 3.67 (s,
3H, H10), 4.88-4.90 (m, 1H, H1), 4.92-4.93 (m, 1H, H4), 5.36 (d, 3J = 7.2 Hz, 1H, H4), 5.53-5.61
(m, 1H, H3), 7.19-7.27 (m, 5H, H6-H8). 13C NMR (CDCl3, 100 MHz) δ (ppm): 15.31 (C11),
42.94 (C2), 54.79 (C10), 82.23 (C1), 115.96 (C4), 127.06 (C8), 128.06 (C6 or C7), 128.20 (C6 or
C7), 138.47 (C5), 138.68 (C3), 155.29 (C9). HRMS (ES): 243.0992, C13H16O3Na requires
243.0992. IR (NaCl): 1761 ν(C=O), 1662 ν(C=C), 1280.
2.40. But-3-en-1-yl tert-butyl carbonate216

To a solution of homoallylic alcohol (2.0 g, 27.4 mmol) in dry THF (50 mL), was added
successively at rt, Et3N (8.3 g, 82 mmol), DMAP (335 mg, 2.7 mmol) and tBoc2O (11.9 g, 55
mmol). The mixture was then stirred at 50°C for 24 h. After cooling, water (2 mL) was added
and the mixture was stirred for an additional hour. The reaction mixture was extracted with
Et2O, washed with 1N HCl, NaHCO3 sat., brine and dried over MgSO4. Solvent was then
evaporated under vacuum and the residue was purified by chromatography on silica gel
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(petroleum ether/Et2O – 98/2) to afford product as a colourless oil (2.1 g, 12.3 mmol, 45%)
Rf = 0.7 (petroleum ether/Et2O – 98/2). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.49 (s, 9H, H7),
2.34-2.37 (m, 2H, H2), 4.04 (t, 3 J = 6.8 Hz, 1H, H1), 4.11 (t, 3 J = 6.8 Hz, 1H, H1), 5.02-5.05 (m,
1H, H4), 5.08-5.09 (m, 1H, H4), 5.68-5.78 (m, 1H, H3).

13

C NMR (CDCl3, 100 MHz) δ (ppm):

27.78 (C7) 33.06 (C2), 66.04 (C1), 81.00 (C3), 117.38 (C4), 133.45 (C6), 152.16 (C5). HRMS
(ES): 195.0991, C9H16O3Na requires 195.0997. IR (NaCl): 1743 ν(C=O), 1647 ν(C=C), 1270.
2.96. Trimethyl(oct-1-en-3-yloxy)silane102, 217

Trimethylsilylchloride (1.86 g, 61.6 mmol) was added slowly to a solution of oct-1-en-3ol
(2.00 g, 56 mmol) and NEt3 (1.90 g, 65.0 mmol) in dry dichloromethane (50 mL) under N2 and
cooled on an ice bath. The resulting suspension was allowed to stir on the ice bath for
further 15 min and then reach rt and stir overnight. The salts formed were removed by
filtration washing with dichloromethane and the filtrate was washed with sat. NaHCO3
solution and water. The organic layer was dried (MgSO4), filtered and the solvent was
removed under reduced pressure to give a colourless oil that was purified by flash
chromatography on silica gel using petroleum ether/Et2O (90/10) as an eluent to give the
compound as a colourless oil (2.85 g, 25.2 mmol, 45%). 1H NMR (CDCl3, 400 MHz) δ (ppm):
0.08 (s, 9H, SiMe3), 0.77 (t, 3J = 7.0 Hz, 3H, H8), 1.13-1.27 (m, 6H, H5, H6, H7), 1.30-1.44 (m,
2H, H4), 3.91-3.96 (m,1H, H3), 4.91 (t, 3J = 17.6, 1.4 Hz, 1H, H1), 5.00 (dt, 3J = 17.6, 1.4 Hz, 1H,
H1), 5.65-5.73 (m, 1H, H2).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 0.01 (SiMe3), 13.79 (C8),

22.37 (C7), 24.94 (C5), 31.50 (C6), 37.64 (C4), 73.61 (C3), 113.26 (C1), 114.50 (C2).
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5.1.3 Nitrogen containing substrates
2.46. 2-But-3-enyl-isoindole-1,3-dione89

Procedure for phthalimide synthesis : A mixture of 3-buten-1-ol (2.0 g, 27.7 mmol),
phthalimide (6.1 g, 41.5 mmol) and triphenylphosphine (8.0 g, 30.5 mmol) in anhydrous THF
(40 mL) was stirred for several minutes. Then, isopropyl azodicarboxylate (6.2 g, 6 mL, 30.5
mmol) was added dropwise keeping the temperature at 0°C. Then, the mixture was allowed
to stir at room temperature overnight. The solution was combined with CH 2Cl2 (50 mL) and
washed with water (50 mL). The solvent was removed and the remaining solid was purified
by column chromatography on silica gel to afford the product as an oil. (petroleum
ether/Et2O – 80/20) (5.6 g, 23.5 mmol, 65%) mp = 45-46°C Literature: mp = 46-47°C.89 1H
NMR (CDCl3, 400 MHz) δ (ppm): 2.44-2.50 (m, 2H, H3), 3.80 (t, 3J = 6.8 Hz, 2H, H4), 5.05 (dt,
3

J = 10.4, 1.2 Hz, 1H, H1), 5.11 (dt, 3J = 17.2, 1.6 Hz, 1H, H1), 5.77-5.84 (m, 1H, H2), 7.68-7.71

(m, 2H, H7 or H8), 7.76-7.78 (m, 2H, H7 or H8). 13C NMR (CDCl3, 100 MHz) δ (ppm): 27.35
(C3), 29.65 (C4), 115.57 (C1), 123.50 (C7), 128.98 (C6), 134.45 (C8), 137.34 (C2), 163.65 (C5).

2.47. 2-(1-Phenylbut-3-en-1-yl)isoindoline-1,3-dione

The compound was synthesised from 1-phenyl-but-3-en-1-ol (953 mg, 6.43 mmol) using the
procedure for phthalimide synthesis to yield a white solid (1.57 g, 5.66 mmol, 88%) Rf = 0.8
(petroleum ether/Et2O – 80/20) mp = 56-60°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.86-2.93
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(m, 1H, H2), 3.30-3.38 (m, 1H, H2), 4.95 (d, 3J = 10.0 Hz, 1H, H1), 5.08 (d, 3J = 13.2 Hz, 1H,
H4), 5.35-5.39 (m, 1H, H4), 5.65-5.75 (m, 1H, H3), 7.17-7.27 (m, 3H, H6, H8), 7.45-7.48 (m,
2H, H7), 7.57-7.58 (m, 2H, H11 or H12), 7.65-7.67 (m, 2H, H11 or H12). 13C NMR (CDCl3, 100
MHz) δ (ppm): 34.28 (C2), 53.36 (C1), 117.21 (C4), 122.18 (C11), 126.86 (C6, C8), 127.52 (C7),
132.88 (C10, C12), 133.34 (C3), 138.17 (C5), 167.28 (C9). HRMS (ES): 300.0991, C18H15NO2Na
requires 300.0995. IR (NaCl): 1703 ν(C=O), 1391, 1089. E.A.: %C = 78.21, %H = 5.63, %N =
5.09, C18H15NO2 requires %C = 77.96, %H = 5.45, %N = 5.05.
2.48. 2-(Non-1-en-4-yl)isoindoline-1,3-dione10

The compound was synthesised from non-1-en-4-ol (1.1 g, 7.8 mmol) using the procedure
for phthalimide synthesis to yield a yellow oil (1.4 g, 5.3 mmol, 68 %). 1H NMR (CDCl3, 400
MHz) δ (ppm): 0.76 (t, 3J = 6.6 Hz, 3H, H9), 1.17-1.24 (m, 6H, H6, H7, H8), 1.63-1.68 (m, 1H,
H5), 2.01-2.04 (m, 1H, H5), 2.41-2.46 (m, 1H, H3), 2.70-2.74 (m, 1H, H3), 4.19-4.24 (m, 1H,
H4), 4.85 (d, 3J = 10.2 Hz, 1H, H1), 4.95 (d, 3J = 16.8 Hz, 1H, H1), 5.58-5.68 (m, 1H, H2), 7.627.65 (m, 2H, H12 or H13), 7.72-7.75 (m, 2H, H12 or H13). 13C NMR (CDCl3, 100 MHz) δ (ppm):
13.98 (C9), 22.49 (C8), 26.33 (C6), 31.41 (C7), 32.04 (C5), 37.04 (C3), 51.79 (C4), 117.63 (C2),
123.08 (C13), 131.81 (C12), 133.79 (C11), 134.80 (C1), 168.72 (C10).
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2.49. 4-methyl-N-(non-1-en-4-yl)benzenesulphonamide 90, 218

Method for sulphonamide synthesis: To a stirred solution of hexanal (1.0 g, 10.0 mmol), ptoluenesulphonamide (2.0 g, 12 mmol) and allyltrimethylsilane (1.7 g, 2.4 mL, 15.0 mmol), in
dry acetonitrile (20 mL) under N2 atmosphere was added Cu(OTf)2 (180 mg, 0.5 mmol). The
mixture was stirred overnight at rt. The reaction was quenched with NH4Cl sat. and diluted
with EtOAc. The layers were separated and the aqueous layer was extracted twice with
EtOAc. The combined extract were washed with water and brine and dried over MgSO4. The
solvent was evaporated in vacuo and the residue was purified by column chromatography on
silica to afford the product as an oil (petroleum ether/EtOAc – 80/20) (2.1 g, 7.1 mmol, 71
%). 1H NMR (CDCl3, 400 MHz) δ (ppm):0.72-0.82 (m, 3H, H9), 1.17-1.25 (m, 6H, H6, H7, H8),
1.28-1.32 (m, 2H, H5), 2.03 (t, 3J = 6.6 Hz, 2H, H3), 2.35 (s, 3H, H14), 3.15-3.20 (m, 1H, H4),
4.24 (s, 1H, NH), 4.90 (dt, 3J = 16.8, 1.6 Hz, 2H, H1), 5.45-5.50 (m, 1H, H2), 7.21 (d, 3J = 8.2 Hz,
2H, H12), 7.67 (d, 3J = 8.2 Hz, 2H, H11). 13C NMR (CDCl3, 100 MHz) δ (ppm): 13.92 (C9), 21.50
(C8), 22.46 (C14), 25.04 (C6), 31.43 (C7), 34.48 (C5), 39.14 (C3), 53.27 (C4), 118.85 (C1),
127.14 (C11), 129.56 (C12), 133.29 (C2), 138.22 (C13), 143.22 (C10). HRMS (ES): 318.1491,
C16H25NO5SNa requires 318.1498.

163

2.50. Benzyl non-1-en-4-ylcarbamate 90, 219

Method for carbamate synthesis : To a stirred solution of hexanal (1.0 g, 10.0 mmol), benzyl
carbamate (1.8 g, 12.0 mmol) and allyltrimethylsilane (1.7 g, 2.4 mL, 15.0 mmol), in dry
acetonitrile (20 mL) under N2 atmosphere was added Cu(OTf)2 (180 mg, 0.5 mmol). The
mixture was stirred overnight at rt. The reaction was quenched with NH4Cl sat. and diluted
with EtOAc. The layers were separated and the aqueous layer was extracted twice with
EtOAc. The combined extract were washed with water and brine and dried over MgSO 4. The
solvent was evaporated in vacuo and the residue was purified by column chromatography on
silica to afford the product as an oil (petroleum ether/EtOAc – 80/20) (2.1 g, 7.6 mmol, 76%).
mp=39-41°C, literature mp = 40-42°C.219 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.78 (t, 3J = 8.1
Hz, 3H, H9), 1.16-1.37 (m, 6H, H6, H7, H8), 1.46-1.59 (m, 2H, H5), 2.18-2.24 (m, 2H, H3),
3.62-3.79 (m, 1H, H4), 4.46 (s, 1H, NH), 5.07-5.12 (m, 4H, H1, H11), 5.74-5.83 (m, 1H, H2),
7.31-7.41 (m, 5H, H13-15). 13C NMR (CDCl3, 100 MHz) δ (ppm): 13.92 (C9), 21.50 (C8), 22.46
(C7), 25.04 (C6), 31.43 (C5), 34.48 (C3), 39.14 (C4), 53.27 (C11), 118.85 (C1), 127.14 (C13),
129.56 (C15), 133.29 (C14), 138.22 (C2), 143.22 (C12), 143.22 (C10).
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2.51. Benzyl (1-phenylbut-3-en-1-yl)carbamate 220

The compound was synthesised from 1-phenyl-but-3-en-1-ol (1.3 g, 8.8 mmol) using the
procedure for the carbamate synthesis to yield a colourless oil (1.8 g, 6.3 mmol, 72%).
mp=64-66°C Literature mp= 65-67°C.221 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.46 (t, 3J = 8.3
Hz, 2H, H2), 4.74 (s, 1H, NH), 4.98 (t, 3J = 8.2 Hz, 1H, H1), 5.00-5.05 (m, 4H, H4, H10), 5.545.64 (m, 1H, H3), 7.15-7.27 (m, 10H, H6-H8, H12-14).

13

C NMR (CDCl3, 100 MHz) δ (ppm):

41.07 (C2), 54.62 (C1), 66.82 (C10), 118.2 (C4), 126.3 (C8), 127.2 (C6), 128.0 (C12, C14), 128.4
(C7), 128.5 (C13), 133.91 (C3), 136.64 (C11), 142.32 (C5), 155.72 (C9).
2.53. (E)-Pent-3-en-1-ol91

A round bottom flask, was flame dried under N2 and charged with LiAlH4 (1.4 g, 36.0 mmol)
and THF (100 mL). The mixture was cooled to 0°C in an ice bath. (E)-3-Pentenoic acid (3.0 g,
30.0 mmol, 3.0 mL) was then added dropwise via syringe and the reaction warmed to room
temperature and left to stir overnight. Upon completion, sodium sulphate decahydrate was
added portion-wise until any excess LiAlH4 was quenched and any visible reacting had
subsided. The aluminium salts were filtered through a pad of celite and washed with Et 2O (2
x 20 mL), the filtrate was then reduced in vacuo to yield the crude alcohol as a clear oil (2.4
g, 28.0 mmol, 92%), which was used in the next step without further purification. 1H NMR
(CDCl3, 400 MHz) δ (ppm): 1.73 (d, 3J = 3.6 Hz, 3H, H5), 3.10 (t, 3J = 6.4 Hz, 2H, H2), 5.54-5.67
(m, 2H, H3, H4).

13

C NMR (CDCl3, 100 MHz) δ (ppm):18.05 (C5), 35.98 (C2), 62.03 (C1),

127.13 (C3), 128.55 (C4).
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2.54. (E)-2-(Pent-3-en-1-yloxy)isoindoline-1,3-dione91

To an oven dried round bottom flask, N-hydroxyphthalimide (7.2 g, 44.4 mmol), (E)-3penten-1-ol (3.5 g, 40.4 mmol) and triphenylphosphine (11.9 g, 44.4 mmol) were added and
the flask flushed with N2. THF (100 mL) was added to the mixture with stirring. Once the
solids had dissolved, the mixture was cooled to 0°C and DIAD (9.0 g, 8.7 mL, 44.4 mmol) was
added dropwise via syringe. The reaction was then warmed to room temp and left to stir
overnight. Brine (100 mL) was added and the mixture was extracted with EtOAc: petroleum
ether (1:1). The organic layer was collected, dried with MgSO4, filtered and reduced in vacuo.
The resulting oil was purified by column chromatography on silica gel with a mixture of
petroleum ether/EtOAc (90/10) to yield the compound as a clear oil. (5.8 g, 25.0 mmol,
62%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.68 (d, 3J = 1.6 Hz, 3H, H5), 2.50-2.55 (m, 2H, H2),
4.23 (t, 3J = 7.2 Hz, 2H, H1), 5.46-5.5.54- (1H, m, H4), 5.59-5.66 (1H, m, H3), 7.75-7.79 (2H, m,
H8), 7.81-4.88 (2H, m, H9). 13C NMR (CDCl3, 100 MHz) δ (ppm): 18.03 (C5), 31.52 (C2), 77.86
(C1), 123.52 (C8), 125.40 (C4), 128.34 (C3), 128.97 (C7), 134.46 (C6).
2.55. (E)-tert-Butyl pent-3-en-1-yloxycarbamate91

To a solution of the (E)-2-(pent-3-en-1-yloxy)isoindoline-1,3-dione (2.8 g, 12.1 mmol), in
CH2Cl2 (50 mL), hydrazine hydrate (1.8 g, 1.8 mL, 36.3 mmol) was added. The reaction
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mixture was then left to stir for 1 h. The precipitated phthalimide salts were then removed
by filtration and the filtrate used in the next step immediately. To this solution Boc 2O (2.9 g,
13.3 mmol) was added, then a solution of NaOH (1.4 g, 24.2 mmol) in H 2O (15 mL) was
added and the biphasic mixture stirred vigorously overnight. The organic layer was
separated, dried with MgSO4, filtered and reduced to yield the crude product as an oil that
was purified by column chromatography on silica gel with a mixture of petroleum
ether/EtOAc (90/10) to yield the compound as a clear oil (1.3 g, 6.5 mmol, 54%). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 1.50 (s, 9H, H8), 1.67 (d, 3J = 5.2 Hz, 3H, H5), 2.31-2.37 (m, 2H,
H2), 3.88 (t, 3J = 6.8 Hz, 2H, H1), 5.39-5.47 (1H, m, H3), 5.51-5.62 (1H, m, H4), 7.11 (1H, NH).
13

C NMR (CDCl3, 100 MHz) δ (ppm):18.02 (C5), 28.23 (C8), 31.42 (C2), 76.26 (C1), 81.65 (C7),

126.70 (C4), 127.51 (C3), 156.91 (C6).
2.56. tert-Butyl 3-vinylisoxazolidine-2-carboxylate91

To an oven dried round bottom flask, PdCl2 (22 mg, 0.12 mmol) and NaOAc (41 mg, 0.50
mmol) were added and the flask flushed with O2 and a balloon of O2 was applied. THF (20
mL) was added and the mixture was stirred for 5min upon what DMSO (20 mg, 20 μL, 0.25
mmol) and (E)-tert-butyl pent-3-en-1-yloxycarbamate (500 mg, 2.48 mmol) in THF (5 mL)
were added via syringe. The mixture was stirred at rt overnight. Water (20 mL) was added
and extracted with EtOAc. The combined organic layers were washed with brine (20 mL) and
dried with MgSO4, filtered and the solvent removed in vacuo. The resulting oil was purified
by column chromatography on silica gel with a mixture of petroleum ether/EtOAc (90/10) to
yield the compound as a clear oil. (220 mg, 1.09 mmol, 44%). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.52 (s, 9H, H8), 2.05-2.14 (m, 1H, H2), 2.42-2.52 (m, 1H, H2), 3.82 (q, 3J = 7.2 Hz, 1H,
H1), 4.05-4.13 (m, 1H, H1), 4.61-4.66 (m, 1H, H3), 5.16 (d, 3J = 10.02 Hz, 1H, H5), 5.29 (d, 3J =
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17.2 Hz, 1H, H5), 5.81-5.88 (m, 1H, H4).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 28.24 (C8),

35.21 (C2), 60.97 (C1), 68.62 (C3), 81.91 (C7), 115.63 (C5), 137.50 (C4), 157.12 (C6).
tert-Butyl phenylcarbamate222

To a solution of aniline (3.0 g, 32 mmol) in CH2Cl2 (50 mL), was added tBoc 2O (3.8 g, 35
mmol), followed by a solution of NaOH (2.6 g, 64 mmol) in H2O (10 mL). The biphasic mixture
was stirred vigorously overnight. After that time, the organic layer was separated, dried with
MgSO4, filtered and reduced to an oil. The resulting oil was purified by column
chromatography on silica gel with a mixture of petroleum ether/EtOAc (80/20) to yield the
compound as white solid. (5.5 g, 28 mmol, 89%). mp = 130-135°C, Literature mp = 134136°C.222 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.55 (s, 9H, H7), 6.62 (s, 1H, NH), 7.06 (t, 3J =
7.6 Hz, 1H, H3), 7.31 (t, 3J = 7.6 Hz, 2H, H2), 7.38 (d, 3J = 8.0 Hz, 2H, H1). 13C NMR (CDCl3, 100
MHz) δ (ppm): 28.56 (C7), 80.49 (C6), 118.58 (C3), 123.03 (C1), 128.98 (C2), 138.38 (C4),
152.83 (C5).

5.2 Chapter 2: Carbonylation reactions
A round bottom flask was charged with PdCl2 (5%) and Cu(OAc)2.2H2O (1.1 eq). MeCN (4-10
mL) was introduced by syringe and the flask was flushed with N 2 then CO. CO balloon was
applied and the reaction mixture was left to stir at 40°C during 2 h. Substrate (50-200
mg,.0.25-0.67 mmol) dissolved in MeOH (1.5-4 mL) was introduced by syringe and O2
balloon applied. The reaction mixture was stirred at 60°C for 24 h, after which time the
mixture was cooled, dissolved in Et2O, washed with NaHCO3 sat., brine and dried over
MgSO4. Solvent was then evaporated under vacuum and the residue was purified by
chromatography on silica gel (petroleum ether/Et2O – 90/10) to afford product as oils. A
palladium deposit may occur during the reaction but it should be easily re-dissolved by
gentle swirling.
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2.57. (E)-Methyl 5-((methoxycarbonyl)oxy)pent-2-enoate

Oil (78%) Rf = 0.4 (petroleum ether/Et2O – 80/20). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.492.55 (q, 3J = 6.8Hz, 2H, H4), 3.66 (s, 3H, H7 or H8), 3.71 (s, 3H, H7 or H8), 4.18 (t, 3J = 6.4 Hz,
2H, H5), 5.85 (dt, 3J = 12.4, 1.6 Hz, 1H, H3), 6.85 (dt, 3J = 15.6, 6.8 Hz, 1H, H2).

13

C NMR

(CDCl3, 100 MHz) δ (ppm): 31.40 (C4), 51.56 (C7 or C8), 54.81 (C7 or C8), 65.73 (C5), 123.52
(C2), 143.70 (C3), 155.56 (C6), 166.50 (C1). HRMS (ES): 211.0574, C8H12O5Na requires
212.2920. IR (NaCl): 1749 ν(C=O), 1723 ν(C=O), 1267, 1178.
2.58. Dimethyl 2-(2-((methoxycarbonyl)oxy)ethyl)succinate

Oil (10%) Rf = 0.2 (petroleum ether/Et2O – 70/30). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.901.96 (m, 1H, H3), 2.07-2.10 (m, 1H, H3), 2.54 (dd, 3J = 16.8, 5.6 Hz, 1H, H1), 2.78 (dd, 3J =
16.8, 8.8 Hz, 1H, H1), 2.97-3.04 (m, 1H, H2), 3.70 (s, 3H, H6), 3.74 (s, 3H, H8 or H10), 3.80 (s,
3H, H8 or H10), 4.21 (t, 3J = 6.4 Hz, 2H, H4). 13C NMR (CDCl3, 100 MHz) δ (ppm): 30.54 (C3),
35.63 (C1), 38.04 (C2), 51.88 (C8 or C10), 52.12 (C8 or C10), 54.81 (C6), 65.42 (C4), 155.57
(C5), 171.90 (C9), 174.46 (C7). HRMS (ES): 271.0783, C10H16O7Na requires 271.0788. IR
(NaCl): 1743 ν(C=O), 1271.
2.78. (E)-Methyl 5-((methoxycarbonyl)oxy)dec-2-enoate

Oil (65%) Rf = 0.4 (petroleum ether/Et2O – 80/20). 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.810.85 (m, 3H, H10), 1.18-1.31 (m, 6H, H7, H8, H9), 1.45-1.58 (m, 2H, H6), 2.43 (t, 3J = 3.0 Hz,
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2H, H4), 3.66 (s, 3H, H12 or H13), 3.70 (s, 3H, H12 or H13), 4.70-4.74 (m, 1H, H5), 5.82 (dt, 3J
= 12.8, 1.2 Hz, 1H, H2), 6.80-6.87 (m, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 13.91
(C10), 22.44 (C9), 24.75 (C7), 31.49 (C8), 33.59 (C6), 36.63 (C4), 51.45 (C12 or C13), 54.66
(C12 or C13), 77.37 (C5), 123.94 (C2), 143.4.3 (C3), 155.39 (C11), 166.44 (C1). HRMS (ES):
281.1353, C13H22O5Na requires 281.1359 IR (NaCl): 1747 ν(C=O), 1663 ν(C=O), 1283, 1173.
2.79. (E)-Methyl 5-((methoxycarbonyl)oxy)-5-phenylpent-2-enoate

Oil (86%) Rf = 0.5 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.602.66 (m, 1H, H4), 2.72-2.70 (m, 1H, H4), 3.60 (s, 3H, H11 or H12), 3.63 (s, 3H, H11 or H12),
5.57-5.60 (m, 1H, H5), 5.86 (dt, 3J = 12.4, 1.6 Hz, 1H, H2), 6.74-6.81 (m, 1H, H3), 7.20-7.23 (m,
5H, H7-H9). 13C NMR (CDCl3, 100 MHz) δ (ppm): 35.65 (C4), 51.44 (C12) 54.78 (C11), 78.18
(C5), 124.18 (C2), 126.28 (C7), 126.55 (C7), 126.92 (C9), 128.37 (C8), 128.59 (C8), 138.88
(C6), 142.91 (C3), 154.92 (C10), 166.32 (C1). HRMS (ES): 287.0889, C14H16O5Na requires
287.0890. IR (NaCl): 1752 ν(C=O), 1726 ν(C=O), 1320, 1270.
2.80. (E)-Methyl 5-((methoxycarbonyl)oxy)-5-(4-nitrophenyl)pent-2-enoate

Oil (72%) Rf = 0.2 (petroleum ether/Et2O – 80/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.652.71 (m, 1H, H4), 2.74-2.80 (m, 1H, H4), 3.65 (s, 3H, H11), 3.72 (s, 3H, H12), 5.65-5.70 (m, 1H,
H5), 5.79 (dt, 3J = 15.6, 1.6 Hz, H14), 6.76 (dt, J = 15.6, 7.2 Hz, 1H, H3), 7.45 (d, 3J = 5.2 Hz, 2H,
H7), 8.17 (d, 3J = 4.18 Hz, 2H, H8).13C NMR (CDCl3, 100 MHz) δ (ppm): 38.75 (C4), 51.68
(C12), 55.22 (C11), 77.041 (C5), 123.85 (C2), 124.17 (C8), 125.01 (C8), 127.00 (C7), 127.63
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(C7), 141.43 (C3), 145.91 (C6), 147.94 (C9), 154.73 (C10), 166.15 (C1). HRMS (ES): 309.0772,
C14H15NO7 requires 309.0843. IR (NaCl): 1751 ν(C=O), 1713 ν(C=O), 1524, 1352, 1272.
2.81. (E)-Methyl 5-(3,4-dimethoxyphenyl)-5-((methoxycarbonyl)oxy)pent-2-enoate

Oil (66%) Rf = 0.2 (petroleum ether/EtOAc– 60/40). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.642.67 (m, 1H, H4), 2.77-2.81 (m, 1H, H4), 3.60 (s, 3H, H15 or H16), 3.66 (s, 3H, H15 or H16),
3.80 (s, 3H, H12 or H13), 3.85 (s, 3H, H12 or H13), 5.54 (dd, 3J = 7.6, 5.6 Hz, 1H, H5), 5.81 (d,
3

J = 14.4 Hz, 1H, H2), 6.74-6.78 (m, 3H, H7, H8, H3), 6.79-6.85 (m, 1H, H11). 13C NMR (CDCl3,

100 MHz) δ (ppm): 38.94 (C4), 51.55 (C15 or C16), 54.86 (C15 or C16), 55.90 (C12 or C13),
55.94 (C12 or C13), 78.27 (C5), 109.41 (C11), 111.04 (C8), 119.14 (C7), 124.13 (C2), 131.21
(C6), 143.00 (C3), 149.12 (C9 or C10), 149.24 (C9 or C10), 154.95 (C14), 166.45 (C1). HRMS
(ES): 347.1092, C16H20O7Na requires 347.1101. IR (NaCl): 1767 ν(C=O), 1732 ν(C=O), 1272,
1245, 1157, 1141.
2.82. (E)-tert-Butyl 5-((methoxycarbonyl)oxy)-5-phenylpent-2-enoate

Oil (63%) Rf = 0.4 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.39
(s, 9H, H13), 2.57-2.62 (m, 1H, H4), 2.72-2.76 (m, 1H, H4), 3.67 (s, 3H, 11), 5.56-5.59 (m, 1H,
H5), 5.73 (d, 3J = 15.6 Hz, 1H, H2), 6.67 (dt, 3J = 15.6, 6.0 Hz, 1H, H3), 7.26-7.29 (m, 5H, H7H9). 13C NMR (CDCl3, 100 MHz) δ (ppm): 28.12 (C13), 38.95 (C4), 54.85 (C11), 78.45 (C12),
126.32 (C8, C9), 128.54 (C7), 139.00 (C6), 141.35 (C3), 154.97 (10), 165.40 (C1). HRMS (ES):
329.1350, C14H16O5Na requires 329.1359. IR (NaCl): 1752 ν(C=O), 1716 ν(C=O), 1370, 1264.
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2.83. (E)-Methyl 5-((methoxycarbonyl)oxy)-5-(thiophen-2-yl)pent-2-enoate

Oil (63%) Rf = 0.2 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.772.81 (m, 1H, H4), 2.85-2.91 (m, 1H, H4), 3.64 (s, 3H, H11), 3.70 (s, 3H, H12), 5.85 (dt, J = 15.6,
1.6 Hz, 1H, H2), 5.87-5.90 (m, 1H, H5), 6.78 (dt, 3J = 15.6, 7.2 Hz, 1H, H3), 6.76-6.89 (m, 1H,
H8), 7.03-7.04 (m, 1H, H9), 7.19-7.25 (m, 1H, H7). 13C NMR (CDCl3, 100 MHz) δ (ppm): 38.87
(C4), 51.59 (C12), 54.98 (C11), 73.58 (C5), 124.50 (C2), 125.30 (C7 or C8 or C9), 126.17 (C7 or
C8 or C9), 126.80 (C7 or C8 or C9), 141.07 (C3), 142.33 (C6), 154.85 (C10), 166.37 (C1). HRMS
(ES): 293.0449, C12H14 SO5Na requires 293.0454. IR (NaCl): 1751 ν(C=O), 1719 ν(C=O), 1319,
1265.
2.84. (4R,5S,E)-syn-Methyl 5-((methoxycarbonyl)oxy)-4-methyl-5-phenylpent-2-enoate

Oil (62 %) Rf = 0.3 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.95
(d, 3J = 6.8 Hz, 3H, H13), 2.81-2.83 (m, 1H, H4), 3.63 (s, 3H, H12), 3.68 (s, 3H, H11), 5.44 (d, 3J
= 6.8 Hz, 1H, H5), 5.68 (d, 3J = 15.8 Hz, 1H, H2), 5.75 (dd, 3J = 15.6, 7.8 Hz, 1H, H3), 7.20-7.25
(m, 5H, H7-H9).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 14.98 (C13), 41.85 (C4), 51.54 (C12),

54.92 (C11), 82.12 (C5), 122.15 (C2), 126.83 (C9), 128.42 (C7 or C8), 128.45 (C7 or C8), 137.53
(C6), 148.42 (C3), 155.07 (C10), 166.64 (C1). HRMS (ES): 301.1041, C15H18O5Na requires
301.10546. IR (NaCl): 1750 ν (C=O), 1719 ν (C=O), 1656, 1270.
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2.85. (E)-Methyl 5-((tert-butoxycarbonyl)oxy)pent-2-enoate

Oil (52%) Rf = 0.4 (petroleum ether/Et2O – 90/10). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.41
(s, 9H, H8), 2.48-2.52 (m, 2H, H4), 3.66 (s, 3H, H9), 4.10 (t, 3J = 6.6 Hz, 2H, H4), 5.85 (d, 3J =
15.6 Hz, 1H, H2), 6.85 (dt, 3J = 15.6, 6.8 Hz, 1H, H3).

13

C NMR (CDCl3, 100 MHz) δ (ppm):

27.70 (C8), 31.52 (C4), 51.49 (C9), 64.69 (C5), 82.13 (C7), 123.32 (C2), 144.07 (C3), 153.31
(C6) 166.54 (C1). HRMS (ES): 253.1043, C11H18O5Na requires 253.1046. IR (NaCl): 1739
ν(C=O), 1665 ν(C=O), 1267, 1171.
2.86. (E)-Methyl 5-hydroxy-5-phenylpent-2-enoate223

Oil (16%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.11 (s, 1H, OH), 2.43-2.46 (m, 2H, H4), 3.68 (s,
3H, H10), 4.89 (t, 3J = 7.5 Hz, 1H, H5), 5.89 (d, 3J = 15.5 Hz, 1H, H2), 6.94-7.01 (m, 1H, H3),
7.21-7.27 (m, 5H, H7-H9).13C NMR (CDCl3, 100 MHz) δ (ppm): 43.81 (C4), 51.55 (C10), 73.12
(C5), 123.51 (C2), 125.77 (C7), 127.97 (C9), 128.64 (C8), 143.44 (C6), 145.71 (C3), 166.89
(C1).
2.97. (E)-Methyl cinnamate224

Oil (87%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.64 (s, 3H, H8), 6.30 (d, 3J = 16.0 Hz, 1H, H2),
7.21 (t, 3J = 9.1 Hz, 3H, H6, H7), 7.35 (d, 3J = 9.2 Hz, 2H, H5), 7.56 (d, 3J = 16.0 Hz, 1H, H3). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 51.61 (C8), 118.13 (C2), 144.82 (C3), 128.079 (C5), 129.28
(C6), 130.59 (C7), 134.08 (C4), 171.93 (C1).
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2.98. tert-Butyl cinnamate225

Oil (63%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.47 (s, 9H, H9), 6.29 (d, 3J = 15.6 Hz, 1H, H2),
7.29-7.30 (m, 3H, H6, H7) 7.42-7.44 (m, 2H, H5), 7.43 (d, 3J = 15.6 Hz, 1H, H3).

13

C NMR

(CDCl3, 100 MHz) δ (ppm): 28.21 (C9), 80.52 (C8), 120.21 (C2), 127.96 (C5), 128.82 (C7),
129.96 (C6), 134.68 (C4), 143.55 (C3), 166.35 (C1).
2.99. (E)-3-[4-(2-Methoxycarbonyl-vinyl)-phenyl]-acrylic acid methyl ester226

Oil (82%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.71 (s, 6H, H7), 6.36 (d, 3J = 14.4 Hz, 2H, H2),
7.34 (d, 3J = 6.4 Hz, 4H, H5, H6), 7.57 (d, 3J=16Hz, 2H, H3).

13

C NMR (CDCl3, 100 MHz) δ

(ppm): 51.76 (C7) 118, 81 (C2), 128.82 (C5, C6), 135.08 (C4), 143.62 (C3), 167.04 (C1). HRMS
(ES): 269.0778, C14H14 O4Na requires 269.0784.
2.100. (E)-Methyl 3-(4-methoxyphenyl)acrylate227

Oil (70%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.72 (s, 3H, H8 or H9), 3.77 (s, 3H, H8 or H9),
6.25 (d, 3J = 12.8 Hz, 1H, H2), 6.83 (d, 3J = 8.0 Hz, 2H, H6), 7.42 (d, 3J = 8.0 Hz, 2H, H5), 7.58
(d, 3J = 12.8 Hz, 1H, H3).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 50.82 (C9), 56.1 (C8), 115.07

(C6), 116.34 (C2), 127.45 (C5), 129.78 (C4), 145.03 (C3), 161.45 (C7), 170.02 (C1).
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2.101. (E)-Methyl 3-(4-bromophenyl)acrylate228

Oil (62%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.72 (s, 3H, H8), 6.32 (d, 3J = 16.0 Hz, 1H, H2),
7.28 (d, 3J = 8.4 Hz, 2H, H6) 7.42 (d, 3J = 8.4 Hz, 2H, H5), 7.53 (d, 3J = 16.0 Hz, 1H, H3). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 51.80 (C8), 118.49 (C2), 124.55 (C7), 129.44 (C5), 131.87
(C6), 133.29 (C4), 143.47 (C3), 167.13 (C1).
2.103. (E)-Methyl 4-phenylbut-3-enoate229
2.102. (E)-Methyl 4-phenylbut-2-enoate230

Oil (69%), obtained as an inseparable 1:0.3 mixture. 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.28
(d, 3J = 5.6 Hz, 2H, H2), 3.75 (s, 3H, H9), 6.34 (dt, 3J = 8.8, 7.2 Hz, 1H, H3), 6.52 (d, 3J = 15.6 Hz,
1H, H4), 7.24-7.27 (m, 2H, H7), 7.29-7.32 (m, 3H, H6, H8).

13

C NMR (CDCl3, 100 MHz) δ

(ppm): 38.91 (C2), 52.34 (C9), 121.53 (C3), 126.45 (C6), 127.41 (C8), 128.91 (C7), 133.56 (C4),
136.67 (C5), 169.78 (C1).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 3.52 (d, 3J = 5.6 Hz, 2H, H4), 3.75 (s, 3H, H9), 5.86 (dt, 3J =

15.6, 1.2 Hz, 1H, H3), 7.21-7.26 (m, 1H, H2), 7.27-7.32 (m, 5H, H6-H8). 13C NMR (CDCl3, 100
MHz) δ (ppm): 38.73 (C4), 52.27(C9), 124.42 (C2), 125.73 (C8), 128.63 (C6), 129.42 (C7),
136.67 (C5), 145.62 (C3), 166.84 (C1).
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2.104. (E)-Methyl 4-cyclohexylbut-2-enoate
2.105. (E)-Methyl 4-cyclohexylbut-3-enoate

Oil (75%), obtained as an inseparable 4:1 mixture, Rf = 0.7 (petroleum ether/Et2O – 80/ 20).
HRMS (ES): 205.1197, C11H18O2Na requires 205.1199. IR (NaCl): 1736 ν(C=O), 1655 ν(C=O),
1438, 1275.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 1.35-1.47 (m, 6H, H6, H8), 1.53-1.67 (m, 5H, H5, H7),

1.95-2.09 (m, 2H, H4), 3.64 (s, 3H, H9), 5.71 (dt, 3J = 15.2, 1.6 Hz, 1H, H2), 6.88 (dt, J = 16.4,
6.2 Hz, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 23.40 (C7, C8), 33.07 (C6), 35.77 (C5),
38.71 (C4), 51.54 (C9), 121.75 (C2), 148.44 (C3), 166.95 (C1).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 1.35-1.47 (m, 6H, H6, H8), 1.53-1.67 (m, 4H, H7), 1.95-

2.09 (m, 1H, H5), 2.94-2.96 (m,2H, H2), 3.60 (s, 3H, H9), 5.40-5.42 (m, 2H, H3, H4). 13C NMR
(CDCl3, 100 MHz) δ (ppm): 23.40 (C7, C8), 33.22 (C5), 34.23 (C6), 40.10 (C2), 51.34 (C9),
126.95 (C3), 136.55 (C4), 172.56 (C1).
2.106. (E)-Methyl 3-cyclohexylacrylate 231

Oil (60%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.44-1.48 (m, 6H, H6, H7), 1.58-1.62 (m, 4H,
H5), 2.26-2.33 (m, 1H, H4), 3.64 (s, 3H, H8), 5.69 (d, 3J = 15.6 Hz, 1H, H2), 6.84 (dd, 3J = 15.6,
7.0 Hz, 1H, H3).13C NMR (CDCl3, 100 MHz) δ (ppm): 25.41 (C6, C7), 26.47 (C5), 32.27 (C5),
40.36 (C4), 51.23 (C8), 118.43 (C2), 154.43 (C3), 167.38 (C1).
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2.107. Methyl 3-phenylbut-3-enoate101

Oil (20%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.55 (s, 2H, H2), 3.68 (s, 3H, H8), 5.26 (s, 1H,
H9), 5.58 (s, 1H, H9), 7.30-7.38 (m, 4H, H5, H6), 7.45 (d, 3J = 4.8 Hz, 1H, H7).

13

C NMR (CDCl3,

100 MHz) δ (ppm): 41.12 (C2), 52.09 (C8), 116.37 (C9), 125.84 (C5), 127.90 (C7), 128.50 (C6),
139.79 (C4), 140.86 (C3), 171.87 (C1).
2.108. (E)-Methyl 6-bromohex-2-enoate232

Oil (62%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.92-2.00 (m, 2H, H5), 2.29-2.35 (m, 2H, H4),
3.32-3.36 (t, 3J = 6.6 Hz, 2H, H6), 3.67 (s, 3H, H7), 5.81 (dt, 3J = 15.6, 1.6 Hz, 1H, H2), 6.86 (dt,
3

J = 15.6, 6. Hz 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 30.44 (C4 or C5), 30.78 (C4 or

C5), 37.73 (C6), 51.52 (C7), 122.19 (C2), 147.07 (C3), 166.83 (C1).
2.109. Methyl 4-oxononanoate233

Oil (65%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 0.82 (t, 3J = 7.0 Hz, 3H, H9), 1.18-1.25 (m, 4H,
H7, H8), 1.49-1.52 (m, 2H, H6), 2.38 (t, 3J = 7.0 Hz, 2H, H5), 2.52 (t, 3J = 6.6 Hz, 2H, H2), 2.66
(t, 3J = 6.6 Hz, 2H, H3), 3.61 (s, 3H, H10).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 13.72 (C9),

22.20 (C8), 23.25 (C6), 27.47 (C2), 42.513 (C7), 36.76 (C3), 42.51 (C5), 51.45 (C10), 173.09
(C1), 208.91 (C4). HRMS (ES): 209.1144, C10H18 O3Na requires 209.1148.
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2.111. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)pent-2-enoate
2.112. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)pent-3-enoate

Yellow oil (72%), obtained as an inseparable 2.5 :1 mixture, Rf = 0.2 (petroleum ether/EtOAc
– 60 :40). HRMS (ES): 282.0729, C14H13 NO5Na requires 282.0737. IR (NaCl): 1751 ν(C=O),
1719 ν(C=O), 1265.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 2.56 (q, 3J = 7.6 Hz, 2H, H4), 3.64 (s, 3H, H10), 3.74 (t, 3J =

7.2 Hz, 2H, H5), 5.80 (dt, 3J = 15.6, 1.6 Hz, 1H, H2), 6.86 (dt, 3J = 15.6, 7.2 Hz, 1H, H3), 7.657.69 (m, 2H, H9), 7.75-7.77 (m, 2H, H8).

13

C NMR (CDCl3, 100 MHz) δ (ppm): 31.17 (C4),

36.07 (C5), 51.13 (C10), 123.44 (C2), 127.64 (C8), 134.29 (C7, C9), 144.62 (C3), 166.34 (C1),
168.09 (C6).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 3.08 (d, J = 7.2 Hz, 2H, H2), 3.69 (s, H, H10), 4.30 (d, J =

6.0 Hz, 2H, H5), 5.68-5.72 (m, 1H, H3), 5.85-5.89 (m, 1H, H4). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 36.35 (C2), 37.9 (C5), 51.93 (C10), 126.19 (C3), 127.37 (C4), 167.90 (C1).
2.113. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)-5-phenylpent-2-enoate
2.114. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)-5-phenylpent-3-enoate

Clear oil (40%), obtained as an inseparable 6 :1 mixture, Rf = 0.6 (petroleum ether/Et2O –
80/20). HRMS (ES): 358.1041, C20H17NO4Na requires 358.1050. IR (NaCl): 1765 ν(C=O), 1719
ν(C=O), 1660 ν(C=O), 1439, 1387.
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1

H NMR (CDCl3, 400 MHz) δ (ppm): 3.18-3.20 (m, 1H, H4), 3.60-3.65 (m, 1H, H14), 3.67 (s,

3H, H14), 5.51 (dd, 3J = 10.0, 6.4 Hz, 1H, H5), 5.95 (dt, 3J = 16.0, 1.2 Hz, 1H, H2), 6.78-6.86 (m,
1H, H3), 7.30-7.37 (m, 3H, H7, H9), 7.55 (d, 3J = 7.6 Hz, 2H, H8), 7.69-7.72 (m, 2H, H12), 7.807.83 (m, 2H, H13). 13C NMR (CDCl3, 100 MHz) δ (ppm): 33.90 (C4), 51.50 (C14), 53.72 (C5),
123.38 (C12), 123.94 (C2), 127.38 (C8), 129.86 (C7, C9), 131.94 (C13), 134.04 (C11), 138.68
(C6), 144.30 (C3), 165.27 (C1), 168.12 (C10).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 3.16-3.18 (m, 2H, H2), 3.70 (s, 3H, H14), 5.98-6.02 (m,

2H, H3, H5), 6.52 (ddt, J = 14.0, 7.2, 1.6 Hz, 1H, H4).13C NMR (CDCl3, 100 MHz) δ (ppm):
37.44 (C2), 51.92 (C14), 56.01 (C5), 123.38 (C12), 127.18 (C4), 127.38 (C8), 128.23 (C3),
129.86 (C7, C9), 131.94 (C13), 134.04 (C11), 138.68 (C6), 167.70 (C10), 171.58 (C1).
2.115. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)dec-2-enoate
2.116. (E)-Methyl 5-(1,3-dioxoisoindolin-2-yl)dec-3-enoate

Clear oil (12 %), obtained as an inseparable 3:1 mixture, Rf = 0.4 (petroleum ether/Et2O –
70:30). HRMS (ES): 352.1510, C19H23NO4Na requires 352.1519. IR (NaCl): 1775 ν(C=O), 1705
ν(C=O), 1607 ν(C=O), 1467, 1386.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 0.75 (t, 3J = 5.2 Hz, 3H, 10), 1.16-1.23 (m, 6H, H7, H8, H9),

1.60-1.65 (m, 1H, H6), 1.79-1.81 (m, 1H, H6), 2.58-2.63 (m, 1H, H4), 2.91-2.95 (m, 1H, H4),
3.58 (s, 3H, H15), 4.26-4.33 (m, 1H, H5), 5.78 (dt, 3J = 15.6, 1.2 Hz, 1H, H2), 6.75-6.78 (m, 1H,
H3), 7.62-7.65 (m, 2H, H13), 7.72-7.73 (m, 2H, H14). 13C NMR (CDCl3, 100 MHz) δ (ppm):
13.93 (C10), 22.45 (C9), 26.13(C7), 31.30 (C8), 32.30 (C6), 35.35 (C4), 50.83 (C5), 51.43 (C15),
123.26 (C2), 125.36 (C13), 131.92 (C12), 133.90 (C14), 144.82 (C3), 166.46 (C1), 168.42 (C11).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 1.95-2.07 (m, 2H, H6), 3.0 (dt, J = 7.0, 1.5 Hz, 2H, H2),

3.59 (s, 3H, H15), 4.65 (q, J = 8.2 Hz, 1H, H5), 5.72 (t, J = 7.0 Hz, 1H, H4), 5.95 (dt, J = 8.2, 1.3
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Hz, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 37.39 (C2), 51.80 (C15), 53.34 (C5), 131.66
(C3), 131.93 (C4), 168.42 (C11), 171.71 (C11).
2.117. (E)-Methyl 5-(4-methylphenylsulphonamido)dec-2-enoate
2.118. (E)-Methyl 5-(4-methylphenylsulphonamido)dec-3-enoate

Clear oil (53%), obtained as an inseparable 3:1 mixture, Rf = 0.3 (petroleum ether/Et2O –
70:30). HRMS (ES): 376.1547, C18H27NO4SNa requires 376.1553. IR (NaCl): 3286 ν(N-H), 1720
ν(C=O), 1434, 1328, 1155, 1095.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 0.85 (t, 3J = 8.0 Hz, 3H, H10), 1.06-1.25 (m, 6H, H7, H8,

H9), 1.30-1.37 (m, 2H, H6), 2.25 (t, 3J = 7.6 Hz, 2H, H4), 2.34 (s, 3H, H15), 3.23-3.28 (m, 1H,
H5), 3.64 (s, 3H, H16), 4.88-4.89 (m, 1H, NH), 5.68 (d, 3J = 15.6 Hz, 1H, H2), 6.69 (dt, 3J = 15.7,
6.8 Hz, 1H, H3), 7.21 (t, 3J = 7.5 Hz, 2H, H13), 7.65 (t, 3J = 7.5 Hz, 2H, H12). 13C NMR (CDCl3,
100 MHz) δ (ppm): 13.93 (C10), 21.48 (C15), 22.96 (C9), 25.02 (C7), 29.67 (C8), 34.51 (C6),
37.21 (C4), 51.78 (C5), 52.97 (C16), 124.03 (C2), 129.15 (C12), 129.64 (C13), 133.67 (C14),
137.95 (C11), 144.08 (C3), 166.44 (C1).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 0.85 (t, 3J = 8.0 Hz, 3H, H10), 1.06-1.25 (m, 6H, H7, H8,

H9), 1.30-1.37 (m, 2H, H6), 2.79 (d, 3J = 5.2 Hz, 2H, H2), 2.26 (s, 3H, H15), 3.23 (m, 1H, H5),
3.58 (s, 3H, H16), 4.88 (m, 1H, NH), 5.68 (dd, 3J = 15.2, 1.2 Hz, 1H, H4), 6.69 (dt, 3J = 15.2, 7.2
Hz, 1H, H3), 7.21 (t, 3J = 7.5 Hz, 2H, H13), 7.65 (t, 3J = 7.5 Hz, 2H, H12). 13C NMR (CDCl3, 100
MHz) δ (ppm): 13.93 (C10), 21.48 (C15), 22.42 (C9), 24.95 (C7), 29.41 (C8), 35.54 (C6), 38.71
(C2), 52.97 (C5), 55.69 (C16), 127.25 (C4), 128.81 (C12), 129.41 (C13), 133.67 (C14), 138.17
(C11), 143.09 (C3), 171.64 (C1).
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2.119. (E)-Methyl 5-(((benzyloxy)carbonyl)amino)dec-2-enoate
2.120. (E)-Methyl 5-(((benzyloxy)carbonyl)amino)dec-3-enoate

Yellow oil (58%), obtained as an inseparable 2.5 :1 mixture. Rf = 0.3 (petroleum ether/Et2O –
70:30). HRMS (ES): 332.1736, C17H27NO4Na requires 332.1832. IR (NaCl): 3429 ν(N-H), 1715
ν(C=O), 1532, 1436, 1259.
1

H NMR (CDCl3, 400 MHz) δ (ppm):0.82 (t, 3J = 8.0 Hz, 3H, H10), 1.14-1.32 (m, 6H, H7, H8,

H9), 1.32-1.41 (m, 2H, H6), 2.37-2.35 (m, 2H, H4), 3.66 (s, 3H, H17), 3.70-3.75 (m, 1H, H5),
4.68 (d, 3J = 8.4 Hz, 1H, NH), 5.02 (s, 2H, H12), 5.80 (d, 3J = 15.2 Hz, 1H, H2), 6.82 (dt, 3J =
15.6, 7.4 Hz, 1H, H3), 7.19-7.29 (m, 5H, H14, H15, H16). 13C NMR (CDCl3, 100 MHz) δ (ppm):
13.92 (C10), 22.70 (C9), 25.57 (C8), 33.06 (C7), 34.53 (C6), 37.72 (C4), 50.38 (C5), 51.82 (C17),
66.62 (C12), 122.42 (C2), 127.50 (C14), 128.02 (C16), 128.81 (C15), 136.60 (C13), 143.22 (C3),
155.88 (C11), 166.59 (C1).
1

H NMR (CDCl3, 400 MHz) δ (ppm): 0.82 (t, 3J = 8.0 Hz, 3H, H10), 1.14-1.32 (m, 6H, H7, H8,

H9), 1.32-1.41 (m, 2H, H6), 2.97-2.99 (m, 2H, H2), 3.58 (s, 3H, H17), 4.03-4.13 (m, 1H, H5),
4.58-4.62 (d, 3J = 8.4 Hz, 1H, NH), 5.02 (s, 2H, H12), 5.41-5.48 (m, 1H, H4), 5.60-5.65 (m, 1H,
H3), 7.19-7.25 (m, 5H, H14, H15, H16). 13C NMR (CDCl3, 100 MHz) δ (ppm): 13.92 (C10),
22.70 (C9), 25.34 (C8), 33.06 (C7), 35.22 (C6), 37.48 (C2), 51.49 (C17), 51.82 (C5), 66.62 (C12),
126.65 (C4), 127.50 (C14), 128.02 (C16), 128.81 (C15), 134.68 (C13), 136.60 (C3), 155.88
(C11), 171.97 (C1).
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2.121. (E)-Methyl 5-(((benzyloxy)carbonyl)amino)-5-phenylpent-2-enoate

Oil (60 %) Rf = 0.3 (petroleum ether/Et2O – 70/30). 1H NMR (CDCl3, 400 MHz) δ (ppm): 2.592.64 (m, 2H, H4), 3.61 (s, 3H, H16), 4.80-4.83 (m, 1H, NH), 4.96-5.04 (m, 3H, H5, H11), 5.78
(d, 3J = 15.6 Hz, 1H, H2), 6.71-6.78 (m, 1H, H3), 7.16-7.23 (m, 10H, H7-H9, H13-H15).13C NMR
(CDCl3, 100 MHz) δ (ppm): 39.07 (C4), 51.53 (C5), 54.28 (C16), 66.98 (C11), 124.07 (C2),
126.26 (C9), 127.72 (C7), 128.18 (C13, C15), 128.54 (C8), 128.87 (C14), 136.26 (C12), 140.92
(C6), 143.87 (C3), 155.54 (C10), 166.29 (C1). HRMS (ES): 362.1361, C20H21NO4Na requires
362.1374. IR (NaCl): 3432 ν(N-H), 1721 ν(C=O), 1502 ν(C=O), 1437, 1268.
2.122. (E)-tert-Butyl 3-(3-methoxy-3-oxoprop-1-en-1-yl)isoxazolidinecarboxylate

Oil (62%) Rf = 0.2 (petroleum ether/EtOAc – 80/20). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.4
(s, 9H, H10), 2.08-2.15 (m, 1H, H2), 2.48-2.57 (m, 1H, H2), 3.72 (s, 3H, H7), 3.79 (q, 3J = 7.2
Hz, 1H, H1), 4.05-4.09 (m, 1H, H1), 4.72-4.80 (m, 1H, H3), 6.04 (d, 3J = 15.6 Hz, 1H, H5), 6.84
(dd, 3J = 15.6, 6.0 Hz, 1H, H4). 13C NMR (CDCl3, 100 MHz) δ (ppm): 28.14 (C10), 33.06 (C2),
51.79 (C7), 60.23 (C1), 68.61 (C3), 82.51 (C9), 121.18 (C5), 146.23 (C4), 156.91 (C8), 166.58
(C6). HRMS (ES): 257.1095, C12H19NO5 requires 257.1258. IR (NaCl): 1719 ν(C=O), 1669
ν(C=O), 1458, 1267, 1164.
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5.3 Chapter 2: Intramolecular cyclisation
2.126. Oxocan-1-one234

To a solution of m-CPBA (12.0 g, 267.5 mmol) in CH2Cl2, (100 mL) was added cycloheptanone
(6.0 g, 53.5 mmol). After stirring for 5 days at rt, the reaction mixture was filtered, washed
with Na2CO3 sat and water, and dried over MgSO4. The organic layer was evaporated under
vacuum to give a colourless oil (5.1 g, 40.1 mmol, 75%). 1H NMR (CDCl3, 400 MHz) δ (ppm):
1.56-1.83 (m, 8H, H3-H6), 2.42-2.50 (m, 2H, H2), 4.28 (t, 3J = 6.2 Hz, 2H, H7). 13C NMR (CDCl3,
100 MHz) δ (ppm): 23.94 (C2), 24.35 (C4), 25.83 (C3), 28.36 (C1), 31.28 (C6), 67.89 (C7),
176.74 (C1).
2.127. Heptane-1,7-diol235

To a solution of LiAlH4 (1.8 g, 46.7 mmol ) in THF (200 mL) under N2, was added oxocan-2one 2.126 (2.0 g, 15.6 mmol ) portion-wise at 0°C. The reaction mixture was left to stir at rt
for2 h. After that time, Na2SO5.10 H2O was added slowly till effervescence stopped.
Methanol (2 mL) was then added. The slurry was filtered over celite and washed with EtOAc.
The filtrate was concentrated under vacuum to give heptane-1,7-diol as a colourless oil (1.7
g, 13.1 mmol, 84%). The product was used crude in the following step. 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.23-1.36 (m, 6H, H3, H4), 1.45-1.58 (m, 4H, H2), 3.58 (t, 3J = 6.6 Hz, 4H, H1).
13

C NMR (CDCl3, 100 MHz) δ (ppm): 25.70 (C4), 29.17 (C3), 32.68 (C2), 62.98 (C1).
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2.128. 7-((4-Methoxybenzyl)oxy)heptan-1-ol236

To a suspension of sodium hydride (60% in oil, 620 mg, 15.4 mmol) in DMF (30 mL) was
added 1,7-heptanediol 2.127 (2.0 g, 15.4 mmol) at 0 °C under N2, and the mixture was
stirred at room temperature for 30 min. To the resulting solution was slowly added 4methoxybenzyl chloride (2.1 mL, 15.4 mmol) at -20 °C, and the whole was stirred overnight
at 0 °C. After being quenched with water, the mixture was extracted with Et 2O. The extract
was washed with brine, dried, and then concentrated in vacuo. The crude residue was
purified by flash column chromatography on silica gel with a mixture of petroleum
ether/EtOAc (60/40) to give PMB alcohol 2.128 (1.7 g, 7.08 mmol, 46%) as a colourless oil. 1H
NMR (CDCl3, 400 MHz) δ (ppm):1.28-1.38 (m, 8H, H2-H5), 1.52-1.62 (m, 4H, H6, H7), 3.43 (t,
3

J = 6.4 Hz, 2H, H1), 3.63 (s, 3H, H13), 8.43 (s, 2H, H8), 6.88 (d, 3J = 4.0 Hz, 2H, H11), 7.25-7.27

(m, 2H, H10). 13C NMR (CDCl3, 100 MHz) δ (ppm): 25.69 (C3), 26.18 (C4), 29.25 (C5), 29.69
(C6), 32.72 (C2), 55.29 (C13), 63.04 (C1), 70.13 (C7), 72.53 (C8), 113.75 (C11), 129.25 (C10),
130.76 (C9), 159.09 (C12).
2.129. 7-(4-Methoxyphenylmethoxy)heptanal236

To a solution of oxalyl chloride (2M in CH2Cl2, 7.9 mL, 15.7 mmol) in CH2Cl2 (10 mL) was
added a solution of DMSO (1.3 mL, 18.1 mmol) in CH2Cl2 (20 mL) at - 50°C and the mixture
was left to stir 30 min. A solution of 2.128 (3.0 g, 12.1 mmol) in CH2Cl2 (10 mL) was added at
– 78°C. After being stirred for 1.5 h, the mixture was quenched with freshly distilled
triethylamine (6 mL) at – 78°C, and left to stir for 15 min and allowed to warm to 0°C. The
mixture was then quenched with water at 0°C, and the mixture was extracted with EtOAc.
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The extract was washed with water and brine, dried, and then concentrated in vacuo to give
the product as an oil in 90% yield (2.7 g, 10.9 mmol). The product was used crude in the
following step. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.32-1.45 (m, 4H, H2, H4), 1.59-1.68 (m,
4H, H3, H5), 2.43 (t, 3J = 7.4 Hz, 2H, H2), 3.45 (t, 3J = 6.1 Hz , 2H, H7), 3.82 (s, 3H, H13), 4.44
(s, 2H, H8), 6.90 (d, 3J = 9.0 Hz, 2H, H11), 7.27 (d, 3J = 8.9 Hz, 2H, H10), 9.77 (s, 1H, H1). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 22.03 (C5), 26.00 (C4), 28.99 (C3), 29.57 (C6), 43.84 (C2),
55.29 (C13), 69.94 (C7), 72.56 (C8), 113.75 (C11), 129.25 (C10), 130.70 (C9), 159.11 (C12),
202.86 (C1).
2.130. 1-Methoxy-4-((oct-7-en-1-yloxy)methyl)benzene 237

To a solution of methylenetriphenylphosphine bromide (13.9 g, 38.9 mmol) in 60 mL THF,
was added potassium tert-butoxide (1 M in THF, 29 mL, 29.2 mmol) at 0 °C. The bright yellow
mixture was stirred 30 min at 0 °C upon which the aldehyde 2.129 (2.4 g, 9.8 mmol) was
added in 20 mL THF. The reaction was stirred 30 min at 0 °C then quenched with water. The
layers were separated and the aqueous layer was extracted with Et 2O (2x). The combined
organic layers were dried over MgSO4, filtered, and concentrated under reduced pressure.
The crude residue was purified via flash column chromatography on silica gel with a mixture
of petroleum ether/Et2O (90/10) as a solvent to afford the product as an oil (2.0 g, 7.9 mmol,
81%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.21-1.32 (m, 6H, H8-H10), 1.48-1.53 (m, 2H, H7),
1.93-1.98 (m, 2H, H11), 3.45 (t, 3J = 6.2 Hz , 2H, H6), 3.83 (s, 3H, H14), 4.45 (s, 2H, H5), 4.96
(dd, 3J = 17.2, 9.4 Hz, 2H, H13), 5.68-5.75 (m, 1H, H12), 6.90 (d, 3J = 8.0 Hz, 2H, H2), 7.27 (d, 3J
= 8.4 Hz, 2H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 26.07 (C10), 28.87 (C9), 28.96 (C8),
29.72 (C7), 33.73 (C11), 55.28 (C14), 70.18 (C6), 72.52 (C5), 113.75 (C2), 114.18 (C13), 129.21
(C3), 130.83 (C4), 139.14 (C12), 159.16 (C1).
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2.123. Oct-7-en-1-ol238

To a solution of 2.130 (1.0 g, 4.3 mmol) in CH2Cl2 (100 mL) was added FeCl3 (2.0 g, 12.1
mmol) and DDQ (91.4 mg, 0.43 mmol) the mixture was stirred at room temperature for 3 h.
After being quenched with a saturated sodium bicarbonate solution, the reaction mixture
was extracted with EtOAc, filtered through a pad of Celite and dried over MgSO 4. The
organic layer was concentrated in vacuo. The residue was purified by chromatography on
silica gel (petroleum ether/EtOAc – 70/30) to afford the product as a clear oil ( 310 mg, 2.4
mmol, 60%). 1H NMR (CDCl3, 400 MHz) δ (ppm):1.24-1.37 (m, 6H, H3-H5), 1.42-1.53 (m, 2H,
H2), 1.95-2.01 (m, 2H, H6), 3.66 (t, 3J =6 .4 Hz , 2H, H1), 3.83 (s, 1H, OH), 4.88 (dd, 3J = 16.9,
9.3 Hz, 2H, H8), 5.69-5.79 (m, 1H, H7). 13C NMR (CDCl3, 100 MHz) δ (ppm): 25.59 (C3), 28.85
(C4), 28.88 (C5), 32.73 (C2), 33.70 (C6), 63.00 (C1), 110.25 (C8), 139.05 (C7).

5.4 Chapter 2: Vanilloid receptoir-1 antagonist
2.133. (E)-Methyl 3-(4-(tert-butyl)phenyl)acrylate230

A round bottom flask was charged with PdCl2 (55 mg, 5%, 0.31 mmol) and Cu(OAc)2.2H2O
(1.37 g, 1.1 eq, 6.86 mmol) and flushed with N2 then CO. CO balloon was applied. MeCN (35
mL) was introduced by syringe. The reaction mixture was left to stir at 40°C during 2 h. tbutyl styrene (1.00 g, 6.24 mmol) dissolved in MeOH (15 mL) was introduced by syringe and
O2 balloon applied. The reaction mixture was stirred at 60°C for 24 h, after which time the
mixture was cooled, dissolved in Et2O, washed with NaHCO3 sat., brine and dried over
MgSO4. Solvent was then evaporated under vacuum and the residue was purified by
chromatography on silica gel (petroleum ether/Et2O – 90/10) to afford the product as an oil
(1.16 g, 5.30 mmol, 85%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.35 (s, 9H, H9), 3.83 (s, 3H,
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H10), 6.43 (d, 3J = 16.0 Hz, 1H, H2), 7.42-7.44 (m, 2H, H6), 7.49-7.51 (m, 2H, H5), 7.71 (d, 3J =
16.0 Hz, 1H, H3).
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C NMR (CDCl3, 100 MHz) δ (ppm): 31.17 (C9), 34.90 (C8), 51.65 (C10),

116.89 (C2), 125.88 (C6), 127.94 (C5), 131.65 (C4), 144.78 (C3), 153.88 (C7), 167.65 (C1).
2.134. (E)-3-(4-(tert-Butyl)phenyl)acrylic acid 239

A methanolic solution of sodium hydroxide (425 mg, 2 eq, 10.6 mmol in 5 mL MeOH) was
added to (E)-methyl 3-(4-(tert-butyl)phenyl)acrylate 2.133 (1.2 g, 5.3 mmol) dissolved in
CH2Cl2 ( 45 mL). The mixture was stirred at rt for 3 h until a white precipitate was formed.
Water (20 mL) and Et2O (20 mL) were added. The aqueous layer was collected, acidified with
HCl 2M, extracted with Et2O and dried over MgSO4. The resulting white solid (900 mg, 4.4
mmol, 83%) was used crude in the next step. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.26 (s, 9H,
H9), 6.35 (d, 3J = 16.0 Hz, 1H, H2), 7.35-7.37 (m, 2H, H6), 7.42-7.44 (m, 2H, H5), 7.71 (d, 3J =
16.0 Hz, 1H, H3).
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C NMR (CDCl3, 100 MHz) δ (ppm): 31.15 (C9), 34.96 (C8); 116.29 (C2),

125.96 (C6), 128.25 (C5), 131.33 (C4), 144.99 (C3); 154.42 (C7), 172.23 (C1).
2.132. (E)-3-(4-(tert-Butyl)phenyl)-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)acrylamide104

3-(4-(tert-Butyl)phenyl)acrylic acid 2.134 (900 mg, 4.40 mmol) was dissolved in dry toluene
(20 mL) under N2 atmosphere. SOCl2 (1.04 g, 2 eq, 8.78 mmol, 0.64 mL) was added by syringe
and the mixture was heated to reflux for 12 h. The SOCl2 and toluene were evaporated
under vacuum. The residue was dissolved in dry CH2Cl2 (20 mL) and 1,4-benzodioxan -6amine (665 mg, 1 eq, 4.40 mmol) dissolved in CH2Cl2 (10 mL) was added. The reaction
mixture was stirred at rt for 12 h. H2O (10 mL) was added and the reaction mixture extracted
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with EtOAc (3 x 20 mL). The organic layer was dried over MgSO4 and concentrated in vacuo.
The crude product was purified by chromatography on silica gel (petroleum ether/EtOAc –
60/40) to afford the product as a yellow solid. (920 mg, 2.73 mmol, 62%) mp = 156-158°C. 1H
NMR (CDCl3, 400 MHz) δ (ppm): 1.24 (s, 9H, H9), 4.14 (s, 4H, H14, H15), 6.45 (d, 3J = 15.6 Hz,
1H, H2), 6.72 (d, 3J = 8.8 Hz, 1H, H12), 6.92 (d, 3J = 8.8 Hz, 1H, H11), 7.18 (s, 1H, H17), 7.287.30 (m, 2H, H6), 7.34-7.36 (m, 2H, H5), 7.48 (s, 1H, NH), 7.63 (d, 3J = 15.6 Hz, 1H, H3). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 31.19 (C9), 34.84 (C8), 64.29 (C14 or C15), 64.41 (C14 or
C15), 109.88 (C17) 113.70 (C12), 117.22 (C11), 120.07 (C2), 125.80 (C6), 127.79 (C5, C10),
131.96 (C4), 141.85 (C13, C16), 143.50 (C3), 153.31 (C7), 164.16 (C1). HRMS.(ES): 360.1565,
C21H23NO3Na requires 360.1570.

5.5 Chapter 4: Oxidative cyclisation substrates
5.5.1 Preparation of alcohol derivatives
4.18. (E)-Ethyl 4-phenylbut-2-enoate240

Wittig reaction : Carboethoxymethyltriphenylphonium bromide (10.7 g, 25 mmol), was
added to a mixture of phenylacetaldehyde (3.0 g, 25 mmol) in THF (100 mL) and sodium
acetate (2.5 g, 30 mmol) and refluxed for 2 h. After this time, the mixture was cooled down
and NaHSO3 sat. was added. The reaction mixture was extracted with Et2O and washed with
H2O then dried over MgSO4. The crude residue was purified by chromatography on silica gel
(petroleum ether/Et2O – 95/05) to yield a yellow oil (3.8 g, 16.2 mmol, 65%).1H NMR (CDCl3,
400 MHz) δ (ppm): 1.22 (t, 3J = 7.2 Hz, 3H, H10), 3.44 (d, 3J = 7.6 Hz, 2H, H4), 4.12 (q, 3J = 7.2
Hz, 2H, H9), 5.73 (dt, 3J = 7.2, 1.6 Hz, 1H, H2), 7.09-7.16 (m, 1H, H3), 7.19-7.22 (m, 2H, H6),
7.26-7.36 (m, 3H, H7, H8). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.27 (C10), 38.52 (C4), 60.31
(C9), 122.38 (C2), 126.59 (C8), 128.64 (C6, C7), 137.72 (C5), 147.31 (C3), 166.53 (C1).
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4.22. (E)-4-Phenylbut-2-en-1-ol 241

DIBAL reduction : (E)-Ethyl 4-phenylbut-2-enoate (2.0 g, 10.3 mmol) was dissolved in THF (40
mL) at 0°C. DIBAL (1.5 g, 1.84 mL, 10.3 mmol) was added dropwise and the reaction allowed
to warm up to rt and stirred overnight. Na2CO3 sat was added and the mixture extracted
with EtOAc and dried over MgSO4. The crude residue was purified by chromatography on
silica gel (petroleum ether/Et2O – 95/5) to yield a yellow liquid (1.0 g, 7.0 mmol, 68%). 1H
NMR (CDCl3, 400 MHz) δ (ppm): 3.32 (d, 3J = 6.4 Hz, 2H, H4), 4.06 (t, 3J = 4.8 Hz, 2H, H1),
5.70-5.76 (m, 1H, H2), 5.85-5.5.93 (m, 1H, H3), 7.23-7.32 (m, 5H, H6-H8). 13C NMR (CDCl3,
100 MHz) δ (ppm): 38.65 (C4), 63.57 (C1), 126.09 (C8), 128.58 (C6, C7), 129.05 (C3), 130.32
(C2), 140.00 (C5).
4.19. (E)-Ethyl 5-methylhex-2-enoate242

This substrate was synthesised from isovaleraldehyde (5.0 g, 58 mmol) and
carboethoxymethyltriphenylphonium bromide (25.0 g, 58 mmol), using the Wittig method
described for compound 4.18 to afford the crude compound which was purified by
chromatography on silica gel (petroleum ether/Et2O – 90/10) to yield a yellow liquid (6.7 g,
43 mmol, 74%).1H NMR (CDCl3, 400 MHz) δ (ppm): 0.94 (s, 3H, H6 or H7), 0.97 (s, 3H, H6 or
H7), 1.31 (t, 3J = 7.2 Hz, 3H, H9), 1.75-1.82 (m, 1H, H5), 2.11 (t, 3J = 6.8 Hz, 2H, H4), 4.20 (q, 3J
= 7.2 Hz, 1H, H8), 5.82 (dt, 3J = 15.6, 1.2 Hz, 1H, H2), 6.92-7.02 (m, 1H, H3). 13C NMR (CDCl3,
400 MHz) δ (ppm): 14.19 (C9), 22.37 (C6, C7), 27.80 (C5), 41.47 (C4), 60.14 (C8), 120.25 (C2)
148.27 (C3), 166.71 (C1).
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4.23. (E)-5-Methylhex-2-en-1-ol243

This substrate was synthesised from (E)-ethyl 5-methylhex-2-enoate (6.7 g, 43 mmol) and
DIBAL (1M in Hexane, 43 mL, 43 mmol), using the method for DIBAL reduction described for
compound 4.22 to afford the crude compound which was purified by chromatography on
silica gel (petroleum ether/Et2O – 80/20) to yield a colourless oil (2.9 g, 26 mmol, 60%). 1H
NMR (CDCl3, 400 MHz) δ (ppm): 0.91 (s, 3H, H6 or H7), 0.94 (s, 3H, H6 or H7), 1.61-1.73 (m,
1H, H5), 1.96 (t, 3J = 6.4 Hz, 2H, H4), 4.25 (t, 3J = 5.6 Hz, 2H, H1), 5.66-5.71 (m, 2H, H2, H4).
13

C NMR (CDCl3, 400 MHz) δ (ppm): 18.85 (C6, C7), 28.23 (C5), 41.57 (C4), 63.86 (C1), 130.03

(C2) 132.19 (C3).
4.20. (E)-Ethyl 4-methylpent-2-enoate244

This substrate was synthesised from isobutyraldehyde (2.1 g, 29 mmol) and
carboethoxymethyltriphenylphonium bromide (12.4 g, 29 mmol), using the Wittig method
described for compound 4.18 to afford the crude compound which was purified by
chromatography on silica gel (petroleum ether/Et2O – 95/5) to yield a pale oil (2.7 g, 19
mmol, 66%).1H NMR (CDCl3, 400 MHz) δ (ppm): 1.08 (d, 3J = 6.8 Hz, 6H, H5, H6), 1.31 (t, 3J =
7.2 Hz, 3H, H8), 2.44-2.52 (m, 1H, H4), 4.20 (q, 3J = 7.2 Hz, 1H, H7), 5.78 (d, 3J = 15.6 Hz, 1H,
H2), 6.96 (dd, 3J = 15.6, 6.4 Hz, 1H, H3). 13C NMR (CDCl3, 400 MHz) δ (ppm): 14.29 (C8), 21.24
(C5, C6), 30.93 (C4), 60.17 (C7), 118.62 (C2), 155.46 (C3) 167.11 (C1).
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4.24. (E)-4-Methylpent-2-en-1-ol245

This substrate was synthesised from (E)-ethyl 4-methylpent-2-enoate (2.0 g, 14.1 mmol) and
DIBAL (1M in Hexane, 42.3 mL, 42.3 mmol), using the method for DIBAL reduction described
for compound 4.22 at -78°C for 4h to afford the crude compound which was purified by
chromatography on silica gel (petroleum ether/Et2O – 80/20) to yield a colourless oil (1.0 g,
10.0 mmol, 71%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.02 (d, 3J = 6.8 Hz, 6H, H5, H6), 2.422.57 (m, 1H, H4), 2.29-2.36 (m, 1H, H4), 4.11 (t, 3J = 5.7 Hz, 2H, H1), 4.63 (dt, 3J = 15.6, 5.7 Hz,
1H, H2), 5.68 (dd, 3J = 15.6, 5.2 Hz, 1H, H3). 13C NMR (CDCl3, 400 MHz) δ (ppm): 22.21 (C5 or
C6), 22.28 (C5 or C6), 30.73 (C4), 74.09 (C1), 127. 50 (C2) 140.55 (C3).
4.25. Cyclohex-1-en-1-ylmethanol246

Methyl cyclohex-1-enecarboxylate (1.4 g, 7.1 mmol) in Et2O (10 mL) was added dropwise to
a solution of LiAlH4 (433 mg, 11.4 mmol) in Et2O (25 mL) at 0°C. The reaction was allowed to
warm up to rt and left stirring overnight at room temperature. NaSO 4.10 H2O was added
carefully until no more effervescence was observed. The aluminium precipitate was filtered
off through celite and rinsed with Et2O. The solvent was then evaporated to give the
product, which was purified by chromatography on silica gel (petroleum ether/EtOAc –
70/30) to afford the product (710 mg, 6.4 mmol, 87%). 1H NMR (CDCl3, 400 MHz) δ (ppm):
1.58-1.70 (m, 4H, H5, H6), 1.97-2.05 (m, 4H, H4, H7), 4.00 (d, 3J = 6.0 Hz, 2H, H1), 5.70 (t, 3J =
3.6 Hz, 1H, H3). 13C NMR (CDCl3, 400 MHz) δ (ppm): 22.49 (C5, C6), 24.92 (C4), 25.62 (C7),
67.74 (C1), 123.05 (C3), 137.55 (C2).
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5.5.2 Preparation of the hydrazines dicarboxylates
Method A: The corresponding alcohol (1 eq) and 1,1’-carbonyldiimidazole (1.5 eq) were
dissolved in acetonitrile (0.5M) and stirred at rt for 3 h. Then ethyl carbazate (4 eq) and
imidazole (4 eq) was added and the reaction mixture was left to stir overnight. The mixture
was extracted with 1M HCl and CH2Cl2, dried over MgSO4 and concentrated under vacuum.
The residue was purified by chromatography on silica gel.
4.26. 1-Ethyl 2-(3-methylbut-2-en-1-yl) hydrazine-1,2-dicarboxylate

Synthesised from 3-methylbut-2-en-1-ol (1.5 g, 17.4 mmol) by method A. Chromatography
on silica gel (petroleum ether/EtOAc – 60/40) afforded the product as a white solid (2.7 g,
12.5 mmol, 72 %) Rf = 0.5 (petroleum ether/EtOAc – 60/40) mp = 58-60°C. 1H NMR (CDCl3,
400 MHz) δ (ppm): 1.30 (t, 3J = 7.2 Hz, 3H, H9), 1.74 (s, 3H, H5 or H6), 1.79 (s, 3H, H5 or H6),
4.23 (q, 3J = 7.2 Hz, 2H, H8), 4.67 (d, 3J = 7.2 Hz, 2H, H2), 5.23-5.30 (m, 1H, H3), 6.42 (s, 2H,
NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.42 (C9), 18.05 (C5 or C6), 25.78 (C5 or C6), 62.28
(C2), 63.02 (C8), 118.26 (C3), 139.73 (C4), 156.79 (C1, C7). HRMS (ES): 239.0997,
C9H16N2O4Na requires 239.1002. IR (NaCl): 3312 ν(N-H), 1714 ν(C=O), 1508, 1449, 1233. E.A.:
%C = 50.12, %H = 7.45, %N = 12.88, C9H16N2O4 requires %C = 49.99, %H = 7.46, % N = 12.96.
4.49. 3-Methylbut-2-en-1-yl 2-phenylhydrazinecarboxylate

Method B: A solution of 3-methylbut-2-en-1-ol (1.1 g, 12.4 mmol) in THF (20 mL) was slowly
added to a solution of 1,1’-dicarbyldiimidazole (2.4 g, 14.8 mmol) in THF (20 mL) and the
resulting solution was stirred at rt for 3 h. Phenyl hydrazine (5.35 g, 49.6 mmol) and Et 3N (1.5
g, 14.8 mmol, 2.0 mL) were sequentially added and the solution stirred for 8 h. The solution
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was concentrated under vacuum and the residue was purified by flash chromatography on
silica gel with a mixture of (petroleum ether/EtOAc – 60/40) as a solvent to give an orange
solid (1.7 g, 7.7 mmol, 62%). Rf = 0.2 (petroleum ether/EtOAc – 60/40) mp = 51-53°C. 1H
NMR (CDCl3, 400 MHz) δ (ppm): 1.74 (s, 3H, H4 or H5), 1.79 (s, 3H, H4 or H5), 4.66 (d, 3J =
7.2 Hz, 2H, H1), 5.36-5.48 (m, 1H, H2), 5.78 (s, 1H, NH), 6.54 (s, 1H, NH), 6.83 (d, 3J = 7.2 Hz,
2H, H8), 6.92 (t, 3J = 7.2 Hz, 2H, H10), 7.23-7.33 (m, 2H, H9). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 18.13 (C4 or C5), 25.87 (C4 or C5), 67.79 (C1), 113.11 (C8), 118.57 (C2), 121.00 (C10),
129.26 (C9), 139.74 (C3), 148.08 (C7), 157.39 (C6). HRMS (ES): 243.1104, C12H16N2O4Na
requires 243.1104. IR (NaCl): 3318 ν(N-H), 1716 ν(C=O), 1605 δ(N-H), 1496, 1236.
4.27. (E)-1-But-2-en-1-yl 2-ethyl hydrazine-1,2-dicarboxylate

Synthesised from (E)-but-2-en-1-ol (1.5 g, 20.8 mmol) by method A. Chromatography on
silica gel (petroleum ether/EtOAc – 70/30) afforded the product as a white solid (2.61 g, 12.9
mmol, 62%). Rf = 0.6 (petroleum ether/EtOAc – 70/30) mp = 87-89°C. 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.21 (t, 3J = 7.0 Hz, 3H, H8), 1.65 (d, 3J = 7.2 Hz, 3H, H4), 4.14 (q, 3J = 7.0
Hz,2H, H7), 4.50 (dt, 3J = 6.4, 1.2 Hz, 2H, H1), 5.50-5.56 (m, 1H, H3), 5.72-5.79 (m, 1H, H2),
6.36 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.41 (C8), 17.76 (C4), 62.31 (C7), 66.88
(C1), 124.82 (C3), 131.91 (C2), 156.52 (C5, C6). HRMS (ES): 225.0842, C8H14N2O4Na requires
225.0846. IR (NaCl): 3294 ν(N-H), 1714 ν(C=O), 1527, 1453, 1232. E.A.: %C = 47.40, %H =
6.59, %N = 13.33, C8H14N2O4 requires %C = 47.52, %H = 6.98, % N = 13.85.
4.28. (E)-1-Ethyl 2-hex-2-en-1-yl hydrazine-1,2-dicarboxylate

Synthesised from (E)-hex-2-en-1-ol (1.5 g, 15.0 mmol) by method A. Chromatography on
silica gel (petroleum ether/EtOAc – 60/40) afforded the product as a white solid (2.2 g, 9.43
mmol, 63%). Rf = 0.6 (petroleum ether/EtOAc – 60/40), mp = 54-56°C 1H NMR (CDCl3, 400
193

MHz) δ (ppm): 0.92 (t, 3J = 7.5 Hz, 3H, H6), 1.30 (t, 3J = 7.0 Hz, 3H, H10), 1.42 (q, 3J = 7.2 Hz,
3H, H5), 2.05 (q, 3J = 7.2 Hz, 2H, H4), 4.23 (q, 3J = 7.0 Hz,2H, H9), 4.61 (d, 3J = 7.2 Hz, 2H, H1),
5.52-5.63 (m, 1H, H2), 5.76-5.87 (m, 1H, H3), 6.49 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 13.66 (C6 or C10), 14.43 (C6 or C10), 22.02 (C5), 34.30 (C4), 62.31 (C9), 66.99 (C1),
123.60 (C2 or C3), 136.98 (C2 or C3), 156.68 (C7, C8). HRMS (ES): 253.1148, C10H18N2O4Na
requires 253.1159. IR (NaCl): 3302 ν(N-H), 1719 ν(C=O), 1516, 1419, 1227.
4.29. (E)-1-Ethyl 2-(4-phenylbut-2-en-1-yl) hydrazine-1,2-dicarboxylate

Synthesised from (E)-4-phenylbut-2-en-1-ol (1.12 g, 7.5 mmol) by method A.
Chromatography on silica gel (petroleum ether/EtOAc – 70/30) afforded the product as a
white solid (1.2 g, 4.4 mmol, 58%). Rf = 0.4 (petroleum ether/EtOAc – 70/30) mp = 65-70°C.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 1.26 (t, 3J = 7.0 Hz, 3H, H12), 3.38 (d, 3J = 6.8 Hz, 2H, H4),

4.19 (q, 3J = 7.0 Hz, 2H, H11), 4.62 (d, 3J = 6.8 Hz, 2H, H1), 5.62-5.69 (m, 1H, H3), 5.93-5.99
(m, 1H, H2), 6.39-6.50 (m, 2H, NH), 7.19-7.35 (m, 5H, H6-H8). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 14.50 (C12), 38.69 (C4), 62.42 (C11), 66.61 (C1), 125.01 (C3), 126.35 (C8), 128.59 (C6),
128.68 (C7), 135.08 (C2), 139.51 (C5), 156.69 (C9, C10). HRMS (ES): 301.1150, C14H18N2O4Na
requires 301.1159. IR (NaCl): 3416 ν(N-H), 3309 ν(N-H), 1738 ν(C=O), 1495, 1267, 1221.
4.30. (E)-1-Ethyl 2-(5-methylhex-2-en-1-yl) hydrazine-1,2-dicarboxylate

Synthesised from (E)-5-methylhex-2-en-1-ol (1.5 g, 13 mmol) by method A. Chromatography
on silica gel (petroleum ether/EtOAc – 70/30) afforded the product as a white solid (2.4 g,
9.8 mmol, 75%). Rf = 0.4 (petroleum ether/EtOAc – 70/30) mp = 48-54°C. 1H NMR (CDCl3,
400 MHz) δ (ppm): 0.90 (d, 3J = 6.4 Hz, 6H, H6, H7), 1.28 (t, 3J = 7.2 Hz, 3H, H11), 1.60-1.67
(m, 1H, H5), 1.95 (t, 3J = 6.8 Hz, 2H, H4), 4.22 (q, 3J = 7.2 Hz, 2H, H10), 4.59 (d, 3J = 6.4 Hz, 2H,
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H1), 5.53-5.58 (m, 1H, H2), 5.72-5.82 (m, 1H, H3). 13C NMR (CDCl3, 400 MHz) δ (ppm): 14.42
(C11), 22.26 (C6, C7), 28.07 (C5), 41.55 (C4), 62.32 (C10) 66.96 (C1), 124.56 (C2), 135.87 (C3),
155.20 (C8, C9). HRMS (ES): 267.1312, C11H20N2O4Na requires 267.1315. IR (NaCl): 3304 ν(NH), 1718 ν(C=O), 1229.
4.31. (E)-1-Ethyl 2-(4-methylpent-2-en-1-yl) hydrazine-1,2-dicarboxylate

Synthesised from (E)-4-methylpent-2-en-1-ol (1.0 g, 9.9 mmol) by method A.
Chromatography on silica gel (petroleum ether/EtOAc – 70/30) afforded the product as a
white solid (1.43 g, 6.3 mmol, 63%). Rf = 0.6. mp = 54-56°C. 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.02 (d, 3J = 6.8 Hz, 6H, H5, H6), 1.30 (t, 3J = 7.2 Hz, 3H, H10), 2.30-2.38 (m, 1H, H4),
4.25 (q, 3J = 7.2 Hz, 2H, H9), 4.61 (d, 3J = 6.4 Hz, 2H, H1), 5.59 (dt, 3J = 6.4 Hz,1H, H2), 5.79
(dd, 3J = 15.6, 1.6 Hz, 1H, H3), 6.48 (s, 2H, NH). 13C NMR (CDCl3, 400 MHz) δ (ppm): 14.44
(C10), 21.98 (C5, C6), 37.25 (C4), 62.23 (C9), 67.13 (C1) 119.55 (C2), 142.80 (C3), 155.52 (C7,
C8). HRMS (ES): 253.1158, C10H18N2O4Na requires 253.1159. IR (NaCl): 3328 ν(N-H), 2968
ν(CH), 1733 ν(C=O), 1494, 1219, 1059.
4.32. (E)-1-(3,7-Dimethylocta-2,6-dien-1-yl) 2-ethyl hydrazine-1,2-dicarboxylate

Synthesised from geraniol (2.0 g, 13.0 mmol) by method A. Chromatography on silica gel
(petroleum ether/EtOAc – 80/20) afforded the product as a colourless oil (1.4 g, 5.83 mmol,
45%). Rf = 0.2 (petroleum ether/EtOAc – 80/20). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.30 (t,
3

J = 7.2 Hz, 3H, H13), 1.62 (s, 3H, H9), 1.71 (s, 3H, H8), 1.73 (s, 3H, H8), 1.85-2.10 (m, 4H, H4,

H5), 4.23 (q, 3J = 7.2 Hz, 2H, H12), 4.69 (d, 3J = 7.1 Hz, 2H, H1), 5.10 (t, 3J = 7.0 Hz, 1H, H6),
5.36 (t, 3J = 7.1 Hz, 1H, H2), 6.43 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.43 (C13),
16.51 (C8), 17.71 (C9), 25.70 (C8), 26.27 (C5), 39.54 (C4), 62.30 (C1), 63.06 (C12), 117.91 (C2),
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123.86 (C6), 131.92 (C7), 134.75 (C3), 156.54 (C10, C11). HRMS (ES): 307.1621, C14H24N2O4Na
requires 307.1628. IR (NaCl): 3158 ν(N-H), 1660 ν(C=O), 1520, 1406, 1108, 1037.
4.33. (Z)-1-(3,7-Dimethylocta-2,6-dien-1-yl) 2-ethyl hydrazine-1,2-dicarboxylate

Synthesised from nerol (5.0 g, 32.4 mmol) by method A. Chromatography on silica gel
(petroleum ether/EtOAc – 80/20) afforded the product as a colourless oil (1.4 g, 4.9 mmol,
15%). Rf = 0.2 (petroleum ether/EtOAc – 80/20). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.33 (t,
3

J = 7.2 Hz, 3H, H13), 1.65 (s, 3H, H9), 1.72 (s, 3H, H8), 1.78 (s, 3H, H8), 2.08-2.16 (m, 4H, H4,

H5), 4.25 (q, 3J = 7.2 Hz, 2H, H12), 4.68 (d, 3J = 7.1 Hz, 2H, H1), 5.10 (t, 3J = 7.0 Hz, 1H, H6),
5.38 (t, 3J = 7.1 Hz, 1H, H2), 6.41 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.43 (C13),
17.69 (C8), 23.55 (C9), 25.72 (C8), 26.66 (C5), 32.18 (C4), 62.30 (C1), 62.81 (C12), 118.84 (C2),
123.50 (C6), 132.28 (C7), 147.50 (C3), 162.23 (C10, C11). HRMS (ES): 307.1618, C14H24N2O4Na
requires 307.1628. IR (NaCl): 3054 ν(N-H), 2080 ν(N-H), 1784 ν(C=O), 1746 ν(C=O), 1422,
1266.
4.34. (E)-1-Ethyl 2-pent-3-en-1-yl hydrazine-1,2-dicarboxylate

Synthesised from (E)-pent-3-en-1-ol (2.0 g, 23.2 mmol) by method A. Chromatography on
silica gel (petroleum ether/EtOAc – 70/30) afford the product as a white solid (2.66 g, 12.3
mmol, 53%) Rf = 0.4 (petroleum ether/EtOAc – 70/30) mp = 36-40°C. 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.29 (q, 3J = 7.2 Hz, 3H, H9), 1.68 (d, 3J = 6.4 Hz, 3H, H5), 2.33 (q, 3J = 7.3 Hz,
2H, H2), 4.15 (q, 2H, 3J = 7.2 Hz, H8), 4.22 (t, 3J = 7.3 Hz, 2H, H1), 5.37-5.43 (m, 1H, H3 or H4),
5.52-5.58 (m, 1H, H3 or H4), 6.68 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.41 (C9),
17.98 (C5), 32.08 (C2), 62.26 (C8), 65.85 (C1), 125.95 (C3), 128.15 (C4), 156.84 (C6, C7).
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HRMS (ES): 237.0840, C9H14N2O4Na requires 237.0846. IR (NaCl): 3164 ν(N-H), 1765 ν(C=O),
1470, 1406, 1287, 1184.
4.35. 1-(Cyclohex-1-en-1-ylmethyl) 2-ethyl hydrazine-1,2-dicarboxylate

Synthesised from cyclohex-1-en-1-ylmethanol 4.25 (0.70 g, 6.2 mmol) by method A using
THF as a solvent. Chromatography on silica gel (petroleum ether/EtOAc – 70/30) afforded
the product as a white solid (0.72 g, 3.0 mmol, 48%). Rf = 0.4 (petroleum ether/EtOAc –
70/30) mp = 89-91°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.28 (t, 3J = 7.2 Hz, 3H, H11), 1.561.67 (m, 4H, H5, H6), 1.97-2.05 (m, 4H, H4, H7), 4.19 (q, 3J = 7.2 Hz, 2H, H10), 4.50 (s, 2H,
H1), 5.74 (s, 1H, H3), 6.85 (s, 2H, NH). 13C NMR (CDCl3, 400 MHz) δ (ppm): 14.42 (C11), 22.06
(C5 or C6), 22.30 (C5 or C6), 24.97 (C4), 25.67 (C7), 62.27 (C10), 70.57 (C1), 126.79 (C3),
132.67 (C2), 156.82 (C8, C9). HRMS (ES): 265.10153, C11H18N2O4Na requires 265.1159. IR(
NaCl): 3422 ν(N-H), 3309 ν(N-H), 1728 ν(C=O), 1496, 1217, 1058.

5.6 Chapter 4- Oxidative cyclisation
5.6.1 General method for the cyclisation of the hydrazines dicarboxylates :
The substrate (0.1-0.2 g, 0.35-1.0 mmol), Fe(OTf)3 (10%) and PIFA (1.2 eq) were dissolved in
CH2Cl2 (10 mL) and the reaction mixture was stirred overnight at rt. Na 2S2O3 sat. was added
and the mixture was extracted with CH2Cl2. The organic layer was dried over MgSO4 and
concentrated under vacuum. The residue was purified by chromatography on silica gel.
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4.41. Ethyl (2-oxo-4-(prop-1-en-2-yl)oxazolidin-3-yl)carbamate

White solid (91 mg, 0.42mmol, 92 %) Rf = 0.3 (petroleum ether/EtOAc – 70/30) mp = 103106°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.31 (t, 3J = 7.0 Hz, 3H, H9), 1.79 (s, 3H, H5), 4.09
(t, 3J = 8.8 Hz, 1H, H1), 4.24 (q, 3J = 7.0 Hz, 2H, H8), 4.51 (t, 3J = 8.8 Hz, 1H, H1), 4.57-4.67 (m,
1H, H2), 5.12 (d, 3J = 8.8 Hz, 2H, H4), 6.53 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm):
14.33 (C9), 16.77 (C5), 62.61(C1, C8), 65.61 (C2), 117.82 (C4), 139.29 (C3), 155.01(C6, C7).
HRMS (ES): 237.0843, C9H14N2O4Na requires 237.0846. IR (NaCl): 3291 ν(N-H), 1776 ν(C=O),
1514, 1419, 1248, 1052. E.A.: %C = 50.13, %H = 6.43, %N = 12.80, C9H16N2O4 requires %C =
50.46, %H = 6.59, %N = 13.08.
4.50. Ethyl (2-oxo-4-(prop-1-en-2-yl)oxazolidin-3-yl)carbamate187

The substrate (0.1 g, 0.45 mmol) and Fe(Pc) (0.09 mmol, 52 mg, 20%) were dissolved in THF
(10 mL), then an O2 balloon was applied and the reaction mixture was stirred overnight at
65°C. Na2S2O3 sat. was added and the mixture was extracted with CH2Cl2. The organic layer
was dried over MgSO4 and concentrated under vacuum. The residue was purified by
chromatography on silica gel to give a brown oil (15 mg, 0.06 mmol, 15%) Rf = 0.3
(petroleum ether/EtOAc/acetone – 55/40/5). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.80 (s,
3H, H5), 4.20 (dd, 3J = 8.8, 5.2 Hz, 1H, H1), 4.47-4.51 (m, 1H, H2), 4.57 (t, 3J = 8.8 Hz, 1H, H1),
5.01 (s, 1H, H4), 5.11 (s, 1H, H4), 5.75 (s, 1H, NH), 6.83 (d, 3J = 7.6 Hz, 1H, H8), 6.95 (t, 3J = 7.6
Hz, 1H, H10), 8.09 (t, 3J = 7.6 Hz, 2H, H9).
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C NMR (CDCl3, 100 MHz) δ (ppm): 16.88 (C5),

62.30 (C1), 65.64 (C2), 113.95 (C4), 118.20 (C8), 121.76 (C10), 129.44 (C9), 139.60 (C3),
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145.40 (C7), 157.61 (C6). HRMS (ES): 241.0947, C12H14N2O2Na requires 241.0947. IR (NaCl):
3029 ν(N-H), 2910 ν(CAr -H), 2825 ν(CAr -H), 1767 ν(C=O), 1442, 1099.
4.51. Ethyl (2-oxo-4-vinyloxazolidin-3-yl)carbamate

Brown oil (80 mg, 0.40 mmol, 81 %) Rf = 0.5 (petroleum ether/EtOAc – 60/40). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 1.22 (t, 3J = 7.2 Hz, 3H, H8), 3.94-4.00 (m, 1H, H2), 4.15 (q, 3J = 7.2
Hz, 2H, H7), 4.43-4.49 (m, 2H, H1), 5.36 (dd, 3J = 10.8 Hz, 2H, H4), 5.67-5.5.75 (m, 1H, H3),
6.53 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.35(C8), 60.44 (C7), 62.58 (C2), 66.69
(C1), 122.84 (C4), 132.99 (C3), 155.10 (C5, C6). HRMS (ES): 223.0700, C8H12N2O4Na requires
223.0684. IR (NaCl): 3053 ν(N-H), 1779 ν(C=O), 1524, 1425, 1268, 1053.
4.52. (E/Z)-Ethyl (4-(but-1-en-1-yl)-2-oxooxazolidin-3-yl)carbamate

Oil (80 mg, 0.35 mmol, 80 %), obtained as an inseparable 5:1 mixture of E/Z isomers. Rf = 0.5
(petroleum ether/EtOAc – 60/40). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.01 (t, 3J = 7.2 Hz, 3H,
H10), 1.27 (t, 3J = 7.1 Hz, 3H, H6), 1.98-2.07 (m, 2H, H5), 3.88-3.96 (m, 1H, H2), 4.19 (q, 3J =
7.2 Hz, 2H, H9), 4.39 (t, 3J = 8.6 Hz, 2H, H1), 5.34 (m, 1H, H4), 5.85 (m, 1H, H3), 7.05 (s, 1H,
NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 12.99 (C6 or C10), 14.33 (C6 or C10), 25.24 (C5),
60.11 (C2), 62.39 (C9), 67.32 (C1), 123.49 (C4), 141.51 (C3), 155.34 (C7 or C8), 157.53 (C7 or
C8). HRMS (ES): 253.1153, C10H16N2O4Na requires 253.1154. IR (NaCl): 3059 ν(N-H), 1782
ν(C=O), 1524, 1423, 1268, 904.
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4.53. (E)-Ethyl (2-oxo-4-styryloxazolidin-3-yl)carbamate

Oil (71 mg, 0.26 mmol, 72 %) Rf = 0.4 (petroleum ether/EtOAc – 60/40). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.33 (t, 3J = 7.2 Hz, 3H, H12), 4.08-4.17 (m, 1H, H1), 4.30 (q, 3J = 7.2 Hz, 2H,
H11), 4.62 (t, 3J = 6.8 Hz, 1H, H1), 4.70-4.78 (m, 1H, H2), 6.11 (dd, 3J = 15.6, 8.8 Hz, 2H, H3),
6.63 (s, 1H, NH), 6.68 (d, 3J = 15.6 Hz, 2H, H4), 7.31-7.35 (m, 5H, H6-H8). 13C NMR (CDCl3, 100
MHz) δ (ppm): 14.41 (C12), 60.35 (C2), 62.65 (C1), 67.05 (C11), 123.50 (C8), 126.89 (C7),
128.89 (C3, C6), 135.27 (C4), 137.51 (C5), 155.20 (C9, C10). HRMS (ES): 299.1009,
C14H16N2O4Na requires 299.1002. IR (NaCl): 2983 ν(N-H), 1780 ν(C=O), 1742 ν(C=O), 1492,
1240, 1052 .
4.54. (E)-Ethyl (4-(3-methylbut-1-en-1-yl)-2-oxooxazolidin-3-yl)carbamate

Oil (129 mg, 0.53 mmol, 65 %) Rf = 0.4 (petroleum ether/EtOAc – 60/40). 1H NMR (CDCl3,
400 MHz) δ (ppm): 1.01 (d, 3J = 10.0 Hz, 6H, H6), 1.30 (t, 3J = 7.2 Hz, 3H, H10), 2.37 (m, 1H,
H5), 4.02 (m, 1H, H2), 4.23(q, 3J = 7.2 Hz, 2H, H9), 4.49-4.53 (m, 2H, H1), 5.34 (dd, 3J = 15.3,
8.0 Hz, 1H, H4), 5.85 (dd, 3J = 15.3, 6.4 Hz, 1H, H3), 6.56 (s, 1H, NH). 13C NMR (CDCl3, 100
MHz) δ (ppm): 14.37 (C12), 21.85 (C6), 22.01 (C6), 30.84 (C5), 60.02 (C2), 62.46 (C9), 67.21
(C1), 121.67 (C4), 146.85 (C3), 154.09 (C7 or C8), 156.02 (C7 or C8). HRMS (ES): 265.1155,
C11H18N2O4Na requires 258.1159. IR (NaCl): 2972 ν(N-H), 1782 ν(C=O), 1740 ν(C=O), 1524,
1490, 1241, 910.
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4.55. Ethyl (4-(2-methylprop-1-en-1-yl)-2-oxooxazolidin-3-yl)carbamate

Oil (70 mg, 0.31 mmol, 35 %) Rf = 0.4 (petroleum ether/EtOAc – 70/30). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.22 (t, 3J = 7.2 Hz, H9), 1.69 (s, 3H, H5), 1.80 (s, 3H, H5), 3.95 (t, 3J = 8.4 Hz,
1H, H1), 4.22 (q, 3J = 7.2 Hz, 2H, H8), 4.78 (t, 3J = 8.4 Hz, 1H, H1), 4.88-4.97 (m, 1H, H2) 5.10
(d, 3J = 9.2 Hz, 1H, H3), 6.65 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 13.90 (C9),
17.88 (C5), 26.39 (C5), 55.05 (C2), 62.14 (C1), 66.68 (C9), 119.46 (C3), 143.30 (C4), 155.50
(C6, C7). HRMS (ES): 251.1001, C10H16N2O4Na requires 251.1002. IR (NaCl): 3057 ν(C-H),
2984 ν(N-H), 1785 ν(C=O), 1738 ν(C=O), 1265, 1055.
4.56. (E)-Ethyl (4-(6-methylhepta-2,5-dien-2-yl)-2-oxooxazolidin-3-yl)carbamate

Oil (75 mg, 0.26 mmol, 75 %) Rf = 0.4 (petroleum ether/EtOAc – 70/30). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.30 (t, 3J = 7.2 Hz, 3H, H13), 1.56 (br s, 3H, H9), 1.59 (br s, 3H, H9), 1.63 (br s,
3H, H4), 2.69 (t, 3J = 7.2 Hz, 2H, H6), 4.00 (t, 3J = 8.8 Hz, 1H, H1), 4.23 (q, 3J = 7.2 Hz, 2H, H12),
4.37 (t, 3J = 8.8 Hz, 1H, H1), 4.39-4.50 (m, 1H, H2), 4.98 (t, 3J = 7.2 Hz, 1H, H7), 5.40 (d, 3J =
7.2 Hz, 1H, H5), 6.59 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.20 (C13), 17.80 (C9),
21.07 (C9), 25.67 (C5), 30.63 (C6), 60.43 (C12), 62.53 (C1), 66.57 (C2), 115.63 (C4), 123.09
(C7), 132.89 (C8), 143.75 (C3), 171.24 (C10, C11). HRMS (ES): 305.1451, C14H22N2O4Na
requires 305.1472. IR (NaCl): 3059 ν(N-H), 1781 ν(C=O), 1480, 1419, 1264, 910.

201

4.57. Ethyl (4-(6-methylhepta-1,5-dien-2-yl)-2-oxooxazolidin-3-yl)carbamate

Oil (60 mg, 0.21 mmol, 60 %) Rf = 0.4 (petroleum ether/EtOAc – 70/30). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.30 (t, 3J = 7.2 Hz, 3H, H13), 1.60 -1.69 (m, 3H, H9), 1.72-1.78 (m, 3H, H9),
2.00-2.07 (m, 2H, H6), 2.17-2.22 (m, 2H, H5), 4.06 (t, 3J = 8.4 Hz, 1H, H1), 4.17-4.26 (m, 2H,
H12), 4.53 (t, 3J = 8.4 Hz, 1H, H1), 4.55-4.63 (m, 1H, H2), 5.11 (t, 3J = 8.2 Hz, 1H, H7), 5.40 (d,
3

J = 8.0 Hz, 1H, H4), 6.59 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.20 (C13), 17.80

(C9), 21.07 (C9), 25.67 (C5), 30.63 (C6), 60.43 (C12), 62.53 (C1), 66.57 (C2), 115.63 (C4),
123.09 (C7), 132.89 (C8), 143.75 (C3), 171.24 (C10, C11). HRMS (ES): 305.1487, C14H22N2O4Na
requires 305.1472. IR (NaCl): 3054 ν(N-H), 1787 ν(C=O), 1742 ν(C=O), 1421, 1268, 912.
4.58. Ethyl (2-oxo-4-vinyl-1,3-oxazinan-3-yl)carbamate

Oil (55 mg, 0.25 mmol, 55 %) Rf = 0.5 (petroleum ether/EtOAc – 70/30). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.22 (t, 3J = 7.2 Hz, 3H, H9), 1.89-1.98 (m, 1H, H2), 2.24-2.30 (m, 1H, H2), 4.13
(m, 3J = 7.2 Hz, 2H, H8), 4.22-4.25 (m, 3H, H1, H3), 5.22-5.25 (m, 2H, H5), 5.68-5.77 (m, 1H,
H4), 6.75 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.36 (C9), 28.47 (C2), 61.62 (C1 or
C3), 62.34 (C8), 64.28 (C1 or C3), 118.76 (C5), 135.48 (C4), 156.09 (C6, C7). IR (NaCl): 3055
ν(N-H), 1746 ν(C=O), 1714 ν(C=O), 1421, 1266, 915.
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4.59. Ethyl (2-oxo-3-oxa-1-azaspiro[4.5]dec-6-en-1-yl)carbamate

Oil (120 mg, 0.50 mmol, 50%) Rf = 0.3 (petroleum ether/EtOAc – 70/30). 1H NMR (CDCl3, 400
MHz) δ (ppm): 1.31 (t, 3J = 7.2 Hz, H11), 1.57 (m, 1H, H7), 1.84-1.96 (m, 3H, H6, H7), 2.052.10 (m, 2H, H5), 4.14 (d, 3J = 8.8 Hz, 1H, H1), 4.22-4.25 (m, 3H, H1, H10), 5.67 (d, 3J = 9.2 Hz,
1H, H3), 5.98-6.02 (m, 1H, H4), 6.33 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.33
(C11), 19.41 (C6), 24.12 (C5), 29.16 (C7), 62.50 (C2), 65.51 (C10), 72.71 (C1), 126.46 (C4),
135.17 (C3), 156.06 (C8, C9). HRMS (ES): 263.0999, C11H16N2O4Na requires 263.0999. IR
(NaCl): 2987 ν(N-H) or ν(N-N), 2938 ν(N-H) or ν(N-N), 1778 ν(C=O), 1740 ν(C=O), 1492, 1244,
910.

5.7 Chapter 4- Enantioselective studies
5.7.1 Preparation of iodosobenzene247
Iodosobenzene diacetate (5.30 g, 15.7 mmol) was placed in a beaker and 25 mL of 3N NaOH
was added over 5 min with vigorous stirring. The lumps of solid that form were triturated
with a spatula for 15 min and the reaction mixture left to stand for an additional 45 min. 100
mL of water was added and the mixture stirred vigorously. The crude solid was collected on
a Büchner funnel, returned to a beaker and triturated in 200 mL of water. The solid was
again collected on a Büchner funnel, washed with water and dried under suction. The solid
was purified by trituration in CHCl3 to yield a yellow powder (2.83 g, 12.9 mmol, 82%).
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5.7.2 Preparation of hydrazine derivatives
4.60. Butyl hydrazine-1,2-dicarboxylate

This substrate was synthesised from butan-1-ol (1.0 g, 13.5 mmol), using the method A for
hydrazine dicarboxylate synthesis to afford the compound which was purified by
chromatography on silica gel (petroleum ether/EtOAc – 70/30) to afford the product as a
white solid (2.3 g, 11.2 mmol, 83%). Rf = 0.8 (petroleum ether/EtOAc – 70/30) mp = 50-52°C.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 0.91 (t, 3J = 7.1 Hz, 3H, H4), 1.28 (t, 3J = 7.0 Hz, 3H, H8),

1.33-1.43 (m, 2H, H3), 1.59-1.66 (m, 2H, H2), 4.15 (q, 3J = 8.0 Hz, 2H, H1), 4.21 (q, 3J = 7.0 Hz,
2H, H7), 6.68 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 14.66 (C4 or C8), 18.91 (C4 or
C8), 18.91 (C3), 30.81 (C2), 62.22 (C7), 66.08 (C1), 156.93 (C5, C6). HRMS (ES): 227.1007,
C8H16N2O4Na requires 227.1002. IR (NaCl): 3057 ν(N-H), 1736 ν(C=O), 1267, 1067. E.A.: %C =
47.67, %H = 8.21, %N = 13.84, C8H16N2O4 requires %C = 47.05, %H = 7.90, % N = 13.72.
4.77. Methyl picolinate248

Picolinic acid (10.0 g, 81.2 mmol), was dissolved in MeOH (150 mL). Concentrated H 2SO4 (5
mL) was added and the mixture was heated to reflux for 24 h. After cooling to rt, the mixture
was concentrated under vacuum, diluted in H2O (100 mL) and neutralised till pH neutral by
addition of K2CO3. The solution was extracted with EtOAc and the organic layer washed with
brine, dried over MgSO4 and concentrated to give methyl picolinate as a yellow oil (9.0 g,
65.6 mmol, 80%). 1H NMR (CDCl3, 400 MHz) δ (ppm): 4.03 (s, 3H, H7), 7.49-7.52 (m, 1H, H3),
7.87 (t, 3J = 8.0 Hz, 1H, H4), 8.17 (d, 3J = 8.0 Hz, 1H, H5), 8.76-8.77 (m, 1H, H2).
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C NMR

(CDCl3, 100 MHz) δ (ppm): 52.95(C7), 125.16 (C5), 127.00 (C3), 137.08 (C4), 147.92 (C2),
149.83 (C1), 165.73 (C6). HRMS (ES): 160.0479, C6H7N3ONa requires 160.0487.
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4.78. Picolinohydrazide249

Methyl picolinate 4.77 (9.0 g, 65.6 mmol) was added to hydrazine hydrate (18 mL) in water
(6 mL) and the mixture stirred at 70°C for 45 min. After that time, the reaction was cooled
down to rt and extracted with EtOAc, washed with brine, dried over MgSO 4 and
concentrated under vacuum to give a white solid (7.2 g, 52.5 mmol, 80%) mp = 225-227°C.
1

H NMR (CDCl3, 400 MHz) δ (ppm): 4.10 (s, 2H, NH), 7.47 (m, 1H, H3), 7.88 (t, 3J = 8.0 Hz, 1H,

H4), 8.17 (d, 3J = 8.0 Hz, 1H, H5), 8.57-8.59 (m, 1H, H2), 9.03 (s, 1H, NH). 13C NMR (CDCl3, 100
MHz) δ (ppm): 122.23 (C5), 126.50 (C3), 137.36 (C4), 148.39 (C2), 149.01 (C1), 164.71 (C6).
4.79. 3-Methylbut-2-en-1-yl 2-picolinoylhydrazinecarboxylate

Synthesised from 3-methylbut-2-en-1-ol (2.0 g, 23.2 mmol) by method A with
picolinohydrazide (1.96 g, 11.6 mmol). Chromatography on silica gel (petroleum ether/EtOAc
– 60/40) afforded the product as a white solid (2.1 g, 8.35 mmol, 72 %). Rf = 0.3 (petroleum
ether/EtOAc – 60/40) mp = 89-91°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.74 (s, 3H, H4 or
H5), 1.78 (s, 3H, H4 or H5), 4.69 (d, 3J = 7.2 Hz, 2H, H1), 5.39 (t, 3J = 7.2 Hz, 1H, H2), 6.88 (s,
1H, NH), 7.48-7.51 (m, 1H, H11), 7.88 (t, 3J = 7.6 Hz, 1H, H10), 8.19 (d, 3J = 7.6 Hz, 1H, H9),
8.58-8.60 (m, 1H, H12), 9.54 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 18.08 (C4 or
C5), 25.81 (C4 or C5), 63.11 (C1), 118.34 (C2), 122.73 (C9), 156.96 (C11), 137.38 (C3, C10),
148.42 (C12), 154.30 (C8), 156.20 (C6), 163.28 (C7). HRMS (ES): 272.1002, C12H15N3O4Na
requires 272.1006. IR (NaCl): 3362 ν(N-H), 1730 ν(C=O), 1676 ν(C=O), 1504, 1495, 1036.
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4.88. 3-Methylbut-2-en-1-yl hydrazinecarboxylate200

3-Methylbut-2-en-1-ol (2.0 g, 23 mmol) in CH2Cl2 (10 mL) was added dropwise to a mixture
of 1,1’-carbonyldiimidazole (5.7 g, 34 mmol) and 4-dimethylaminopyridine (1.42 g, 10 mmol)
in CH2Cl2 (20 mL). The reaction mixture was stirred at room temperature for 2 h. A solution
of the hydrazine hydrate (7.4 g, 7.2 mL, 230 mmol) in 2-propanol (5 mL) was then added.
After the mixture was stirred overnight, it was diluted with CH2Cl2 and washed with water
and brine. The organic layer was dried over anhydrous sodium sulphate, filtered, and
evaporated to dryness to afford the compound which was purified by chromatography on
silica gel (petroleum ether/EtOAc – 60/40) to afford the product as a colourless oil (2.1 g,
14.6 mmol, 87 %). Rf = 0.4 (petroleum ether/EtOAc – 60/40). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.75 (s, 3H, H4 or H5), 1.78 (s, 3H, H4 or H5), 4.73 (d, 3J = 7.2 Hz, 2H, H1), 5.42 (t, 3J =
7.2 Hz, 1H, H2), 7.50 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 18.27 (C4 or C5), 25.87
(C4 or C5), 62.63 (C1), 118.73 (C2), 139.54 (C3), 150.70 (C6). HRMS (ES): 167.0793,
C6H12N2O2Na requires 167.0791. IR (NaCl): 3050 ν(N-H), 1738 ν(C=O), 1267, 1048.
4.90. 3-Methylbut-2-en-1-yl 2-((4-chlorophenyl)carbamoyl)hydrazinecarboxylate201

4-Chlorophenyl isocyanate (0.54 g, 3.5 mmol) was dissolved in dry PhMe (5 mL) and this was
added to a solution of 3-methylbut-2-en-1-yl hydrazinecarboxylate 4.88 (0.50 g, 3.5 mmol) in dry
PhMe (20 mL). The mixture was left to stir for 2 h at rt. under N2 and then at 80 °C for 2 h. The
white precipitate was filtered and washed with cold PhMe (5 x 10 mL) then cold CH 2Cl2 (10 mL) to
leave the pure product as a white solid (0.96 g, 3.2 mmol, 92%). Rf = 0.3 (petroleum ether/EtOAc –
60/40) mp = 198-201 °C. Product was not soluble in common NMR solvents. HRMS (ES): 320.0771,
C13H16N3O3Cl requires 320.0772. IR (NaCl): 3309 ν(N-H), 1264 ν(C=O), 1663 ν(C=O), 1264.
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4.92. 3-Methylbut-2-en-1-yl 2-(4-(dimethylamino)benzoyl)hydrazinecarboxylate

4-(Dimethylamino)benzoic acid (4.00 g, 24.2 mmol) was dissolved in dry CH2Cl2 (100 mL) and
oxalyl chloride (2.5 mL, 29.0 mmol.) was added drop-wise. DMF (2 drops) was added and the
mixture was left to stir for 16h at r.t. under N2. The solvent was evaporated to leave a yellow
solid (4.22 g, 23.0 mmol, 95%). This freshly synthesised 4-(dimethylamino)benzoyl chloride
(0.70 g, 3.8 mmol) was dissolved in dry PhMe (30 mL) and this solution was added drop-wise
to a mixture of 3-methylbut-2-en-1-yl hydrazinecarboxylate 4.88 (0.55 g, 3.8 mmol) and Et3N
(0.5 mL, 3.8 mmol) in dry PhMe (20 mL). The reaction mixture was left to stir under N 2 at r.t.
for 2 h and then at 80 °C for a further 2 h. The white precipitate was filtered and washed
with cold PhMe (5 x 10 mL) then cold CH2Cl2 (10 mL) to leave a white solid that was dissolved
in CH2Cl2 (30 mL) and washed with Na2CO3 (15 mL). Evaporation of the CH2Cl2 left the pure
product as a white solid (0.70 g, 2.6 mmol, 69%). Rf = 0.4 (petroleum ether/EtOAc – 60/40)
mp = 180-182°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.74 (s, 3H, H4 or H5), 1.78 (s, 3H, H4 or
H5), 3.05 (s, 6H, H12), 4.68 (d, 3J = 7.2 Hz, 2H, H1), 5.39 (t, 3J = 7.2 Hz, 1H, H2), 6.76 (d, 3J =
8.0 Hz, 2H, H10), 7.72 (d, 3J = 8.0 Hz, 2H, H9), 7.74 (s, 1H, NH), 7.81 (s, 1H, NH).
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(CDCl3, 100 MHz) δ (ppm): 17.05 (C4 or C5), 24.77 (C4 or C5), 39.06 (C12), 61.99 (C1), 110.02
(C10), 117.15 (C2), 117.40 (C8), 127.88 (C9), 138.82 (C3), 151.95 (C11), 155.91 (C6), 165.90
(C7). HRMS (ES): 314.1474, C15H21N3O3Na requires 3.14.1475. IR (NaCl): 3285 ν(N-H), 2922
ν(N-H), 1734 ν(C=O), 1607 ν(C=O), 1510, 1447, 1268, 941.
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5.7.3 Preparation of catalysts
Gold (I) complex preparation250

To a solution of Na[AuCl4].H2O (200 mg, 0.53 mmol) in H2O (5 mL) at 0°C, was added 2,2’thiodiethanol (64 mg, 0.53 mmol) over 15 min. After stirring for 1 h, the phosphoramidite
ligand L11 (available in the lab) (44 mg, 1.06 mmol) was added in CHCl3 (1 mL) at 0°C and the
resulting mixture was stirred for 1 h. Extraction with CHCl3 and trituration in hexane led to
the L*AuCl(I) complex.which was dissolved in CH2Cl2 (5 mL) with AgNTf2 (136 mg, 0.53 mmol)
and stirred for 1h under darkness. The solution was filtrated through celite and the filtrate
was concentrated in vacuo to afford the L*AuNTf2(I) complex (410 mg, 0.46 mmol, 87 %).
The complex was used as such in the reaction. HRMS (ES): 892.0538, C28H26AuF6N2O6PS2
requires 892.0540.
Cu(II) TRIP complex preparation197

The phosphoric acid TRIP (80 mg, 0.12 mmol) was dissolved in dry MeCN (10 mL) under
nitrogen atmosphere. Cu2O (8 mg, 0.06 mmol) was added and the reaction was refluxed for
3 h until no solid Cu2O was observed. MeCN was evaporated under vacuum to collect the
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complex (63 mg, 0.04 mmol, 67%). The complex was used as such in the reaction. HRMS
(ES): 1502.7835, C100H112O8P2 requires 1502.7832.
5.7.4 Enantioselective oxidative cyclisation
Enantioselectivity was measured by chiral HPLC Chiralpak IB-3 (hexane/iPrOH = 7:3), 0.75
mL/min, UV detection at 225 nm).
4.61. 1-Butyl 2-ethyl diazene-1,2-dicarboxylate

Yellow oil (18 mg, 0.09 mmol, 18%) Rf = 0.5 (petroleum ether/EtOAc – 70/30). 1H NMR
(CDCl3, 400 MHz) δ (ppm): 0.88 (t, 3J = 6.8 Hz, 3H, H1), 1.35-1.44 (m, 5H, H2, H8), 1.69-1.76
(m, 2H, H3), 4.38 (q, 3J = 8.0 Hz, 2H, H4), 4.46 (q, 2H, 3J = 7.2 Hz, H7). 13C NMR (CDCl3, 100
MHz) δ (ppm): 13.59 (C1 or C8), 14.08 (C1 or C8), 18.83 (C2), 30.40 (C3), 65.51 (C4 or C7),
69.26 (C4 or C7), 160.34 (C6, C7). HRMS (ES): 225.0844, C8H14N2O4Na requires 225.0846. IR
(NaCl): 2926 ν(N-H) or ν(N-N), 2984 ν(N-H) or ν(N-N), 1777 ν(C=O), 1471, 1264, 905.
4.80. N-(2-Oxo-4-(prop-1-en-2-yl)oxazolidin-3-yl)picolinamide

Oil (63%) Rf = 0.3 (petroleum ether/EtOAc/Acetone – 55/40/5). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.76 (s, 3H, H5), 4.09 (t, 3J = 7.2 Hz, 1H, H2), 4.52 (t, 3J = 7.2 Hz, 1H, H1), 4.75 (t, 3J =
7.2 Hz, 1H, H1), 5.01 (d, 3J = 5.6 Hz, 2H, H4), 7.40-7.44 (m, 1H, H11), 7.80 (t, 3J = 7.6 Hz, 1H,
H10), 8.09 (d, 3J = 7.6 Hz, 1H, H9), 8.49 (m, 1H, H12), 9.41 (s, 1H, NH). 13C NMR (CDCl3, 100
MHz) δ (ppm): 16.89 (C5), 62.69 (C1), 65.86 (C2), 117.85 (C4), 122.84 (C9), 127.27 (C11),
139.73 (C10), 156.79 (C3), 148.03 (C12), 148.43 (C8), 157.02 (C6), 163.05 (C7). HRMS (ES):
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270.0845, C12H13N3O3Na requires 270.0849. IR (NaCl): 3360 ν(N-H), 2942, 1666 ν(C=O), 1453,
1026.
4.81. N-(4-(2-Hydroxypropan-2-yl)-2-oxooxazolidin-3-yl)picolinamide

Oil (12%) Rf = 0.4 (petroleum ether/EtOAc/acetone – 55/40/5). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.61 (s, 3H, H4 or H5), 1.63 (s, 3H, H4 or H5), 4.14-4.18 (m, 1H, H1), 4.50-4.54 (m, 1H,
H1), 4.75 (t, 3J = 8.9 Hz, 1H, H2), 7.41-7.45 (m, 1H, H11), 7.81 (t, 3J = 7.6 Hz, 1H, H10), 8.07 (d,
3

J = 7.6 Hz, 1H, H9), 8.48-8.49 (m, 1H, H12), 9.63 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ

(ppm): 21.10 (C4 or C5), 21.32 (C4 or C5), 61.84 (C1), 63.55 (C2), 88.03 (C3), 122.78 (C9),
127.41 (C11), 137.46 (C10), 147.69 (C12), 148.52 (C8), 157.29 (C6), 16303 (C7). HRMS (ES):
288.0950, C12H15N3O4Na requires 288.0955. IR (NaCl): 3288 ν(N-H), 1778 ν(C=O), 1690
ν(C=O), 1589, 1489, 1370, 1221.
4.90. 1-(4-chlorophenyl)-3-(2-oxo-4-(prop-1-en-2-yl)oxazolidin-3-yl)urea

White solid (79% in THF) Rf = 0.3 (petroleum ether/EtOAc/acetone – 50/40/10) mp = 7677°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.76 (s, 3H, H5), 4.13 (t, 3J = 8.4 Hz, 1H, H2), 4.52
(t, 3J = 8.4 Hz, 1H, H1), 4.89 (t, 3J = 8.4 Hz, 1H, H1), 5.09 (s, 2H, H4), 7.00 (d, 3J = 8.4 Hz, 1H,
H10), 7.14 (d, 3J = 8.4 Hz, 1H, H9), 8.05 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 28.68
(C5), 39.01 (C12), 61.41 (C1), 64.93 (C2), 109.91 (C10), 116.49 (C4, C8), 128.04 (C9), 138.54
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(C3), 152.08 (C11), 156.96 (C6), 165.00 (C7). HRMS (ES): 318.0618, C13H14N3O3Cl requires
3118.0616. IR (NaCl): 3063 ν(N-H), 2988 ν(N-H), 2997 ν(CAr -H), 1770 ν(C=O), 1265, 1210.
4.92. 4-(Dimethylamino)-N-(2-oxo-4-(prop-1-en-2-yl)oxazolidin-3-yl)benzamide

Oil (68%) Rf = 0.4 (petroleum ether/EtOAc/acetone – 50/40/1). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.83 (s, 3H, H5), 3.05 (s, 6H, H12), 4.15 (t, 3J = 8.2 Hz, 1H, H2), 4.62 (t, 3J = 8.2 Hz, 1H,
H1), 4.83 (t, 3J = 8.2 Hz, 1H, H1), 5.09 (s, 2H, H4), 6.62 (d, 3J = 8.4 Hz, 1H, H10), 7.69 (d, 3J =
8.4 Hz, 1H, H9), 8.05 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 28.68 (C5), 39.01 (C12),
61.41 (C1), 64.93 (C2), 109.91 (C10), 116.49 (C4, C8), 128.04 (C9), 138.54 (C3), 152.08 (C11),
156.96 (C6), 165.00 (C7). HRMS (ES): 312.1317, C15H19N3O3Na requires 312.1319. IR (NaCl):
3265 ν(N-H), 2849, 1774 ν(C=O), 1637 ν(C=O), 1498, 1229, 1062.

5.8 Chapter 4- Kainic acid synthesis

4.120. (E)-But-2-en-1-yl 2-benzoylhydrazinecarboxylate
Synthesised from (E)-but-2-en-1-ol (1.5 g, 20.8 mmol) by method A with benzhydrazine (9.90
mg, 72.8 mg) using THF as a solvent. Chromatography on silica gel (petroleum ether/EtOAc –
60/40) afforded the product as a white solid (3.65 g, 15.6 mmol, 75%). Rf = 0.6 (petroleum
ether/EtOAc – 70/30) mp = 125-128°C. 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.17 (d, 3J = 7.6
Hz, 3H, H4), 4.57 (d, 3J = 6.8 Hz, 2H, H1), 5.54-5.62 (m,1H, H2), 5.76-5.85 (m, 1H, H3), 7.40211

7.49 (m, 3H, H9, H10), 7.50-7.56 (m, 2H, H8), 8.82 (s, 2H, NH). 13C NMR (CDCl3, 100 MHz) δ
(ppm): 16.80 (C4), 66.03 (C1), 123.71 (C2), 126.30 (C8, C9), 127.73 (C7, C10), 131.42 (C3),
155.53 (C5), 165.97 (C6). HRMS (ES): 257.0899, C12H14N2O3Na requires 257.0897. IR (NaCl):
3053 ν(N-H), 2992 ν(C-H), 1787 ν(C=O), 1686, 1422, 1267.
4.121. N-(2-oxo-4-vinyloxazolidin-3-yl)benzamide

The substrate 4.120 (200 mg, 0.85 mmol), Fe(OTf)3 (10%), PIFA (1.2 eq) were dissolved in
CH2Cl2 (10 mL) and the reaction mixture was stirred for 48 h at rt. Na 2S2O3 sat. was added
and the mixture was extracted with CH2Cl2. The organic layer was dried over MgSO4 and
concentrated under vacuum. Chromatography on silica gel (petroleum ether/EtOAc – 60/40)
afforded the product as a clear oil (126 mg, 0.51, 60%). Rf = 0.3 (petroleum ether/EtOAc –
60/40). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.98-4.08 (m, 1H, H1), 4.51 (t, 3J = 8.6 Hz, 1H,
H1), 4.60-4.67 (m,1H, H2), 5.76-5.85 (m, 2H, H4), 5.77-5.86 (m, 1H, H3), 7.20-7.24 (m, 2H,
H9), 7.28-7.39 (m, 1H, H10), 7.63 (d, 3J = 7.2 Hz, 2H, H8), 9.32 (s, 1H, NH). 13C NMR (CDCl3,
100 MHz) δ (ppm): 59.36 (C2), 66.28 (C1), 121.71 (C4), 126.63 (C8), 127.49 (C9), 131.12 (C7),
131.96 (C10), 132.23 (C3), 165.09 (C5), 170.33 (C6). HRMS (ES): 255.0737, C12H24N2O3Na
requires 255.0740. IR (NaCl): 3271 ν(N-H), 2915 ν(C-H), 1775 ν(C=O), 1677, 1520, 1423,
1260.
4.110. 4-Vinyloxazolidin-2-one251

Birch reaction:207 A solution of the azo-ene product 4.51 (200 mg, 1 mmol) in dry THF (2 mL)
was added to anhydrous liquid ammonia (15 mL) cooled to -78°C. Freshly cut sodium metal
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(48 mg, 2 mmol) was added to the solution and a permanent blue colour developed. The
cold bath was removed and the reaction mixture stirred at reflux (-33°C) for 1.5 h. The
reaction was quenched by the addition of solid ammonium chloride and the ammonia was
allowed to evaporate. The residue was dissolved in water and extracted with ethyl acetate.
The organic extracts were dried over anhydrous sodium sulphate and concentrated under
reduced pressure to afford oil. Starting material was recovered.
Samarium iodide method:209 A round-bottomed flask charged with substrate 4.51 (50 mg,
0.20 mmol) was put under vacuum then refilled with N2 (x3). A solution of SmI2 in THF (0.1
M, 5.2 eq, 10. 5 mL) at 0°C was then added followed by addition of EtOH (0.5 mL) via syringe.
After stirring for 1.5 h at 0°C, the reaction mixture was concentrated under reduced
pressure. The crude residue was dissolved in EtOAc (15 mL) and washed with water. The
aqueous layer was extracted twice with EtOAc. The combined organic layers were dried over
Na2SO4 and concentrated under vacuum. The crude residue was purified by flash
chromatography on silica gel (petroleum ether/EtOAc (1:1)) to yield the product 4.110 as a
clear oil (15 mg, 0.13 mmol, 66%).
Alkylation and elimination reactions: With Cs2CO3:208 Methyl bromoacetate (153 mg, 0.1 mL,
1 mmol) or methyl iodoacetate (214 mg, 0.09 mL, 1 mmol) was added by syringe to a
solution of 4.51 (0.1 g, 0.5 mmol) and Cs2CO3 (407 mg, 1.2mmol) in dried MeCN (10 mL).
With BuLi: BuLi was added drop wise (0.1 M, 5 mL, 0.5 mmol) to a solution of 4.51 (0.1 g, 0.5
mmol) in dried MeCN (10 mL), at -20°C. Methyl bromoacetate (153 mg, 0.1 mL, 1 mmol) was
added by syringe after 30 minutes.
The reaction was heated at 50°C overnight. After that time, it was quenched with a solution
of NH4Cl aq, extracted with EtOAc, washed with brine and dried over Na 2SO4. Solvent was
evaporated under vacuum. The reaction afforded an inseparable mixture of possibility
starting material, impurities and alkylated product. To this mixture in MeCN (10 mL) was
added Cs2CO3 (450 mg, 1.4 mmol) and the reaction mixture was heated to reflux for 48 h.
The reaction was quenched with saturated NH4Cl, extracted with EtOAc and the combined
extract were washed with brine and dried over Na2SO4. The solvent was evaporated under
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vacuum and the product was purified by flash chromatography (petroleum ether/EtOAc
(1:1)) to give a brown oil (12 mg, 0.09 mmol, 20%).
With methyl OTf acetate: Methyl 2-(((trifluoromethyl)sulphonyl)oxy)acetate (225 mg, 1.0
mmol) in MeCN (5 mL) was added drop wise to a solution of 4.51 (0.1 g, 0.5 mmol) and
Cs2CO3 (326 mg, 1.0 mmol) in dried MeCN (5 mL). The reaction was refluxed for 72 h at 85°C.
The reaction was quenched with sat. NH4Cl, extracted with EtOAc (x3) and the combined
extracts were washed with brine and dried over Na2SO4. The solvent was evaporated under
vacuum and the product was purified by flash chromatography using a mixture of petroleum
ether/EtOAc (1:1) as an eluent to give a brown oil (35 mg, 0.3 mmol, 62%). 1H NMR (CDCl3,
400 MHz) δ (ppm): 4.04 (dd, 3J = 6.4, 2.0 Hz, 1H, H2), 4.35 (q, 3J = 7.2 Hz, 1H, H1), 4.52 (t, 3J =
7.2 Hz, 1H, H1), 5.22 (d, 3J = 10.0 Hz, 1H, H4), 5.30 (d, 3J = 16.8 Hz, 1H, H4), 5.81 (m, 1H, H3),
6.64 (s, 1H, NH). 13C NMR (CDCl3, 100 MHz) δ (ppm): 55.19 (C2), 69.98 (C1), 118.39 (C4),
135.79 (C3), 160.09 (C5).
Methyl 2-(((trifluoromethyl)sulphonyl)oxy)acetate252

The procedure followed a method by Cushman and Jurayj.253 Trifluoromethanesulphonic
anhydride (10.0 g, 5.8 mL, 35.4 mmol) was added to a cold (-22 °C) solution of dry pyridine
(3.1 mL, 38.9 mmol) in dry CH2Cl2 (120 mL). Methyl glycolate (3.2 g, 35.4 mmol) was added
dropwise and the mixture stirred for 5 min at -22 °C then allowed to warm slowly to -10°C.
After warming it to room temperature with a water bath, the mixture was partitioned
between hexane (40 mL) and ice cold water (30 mL). The organic layer was dried over
Na2SO4 and concentrated under vacuum. The residue was dissolved in hexane (50 mL) and
filtered through silica gel. The silica was washed with hexane and ether and the filtrate
concentrated to give a colourless liquid (4.7 g, 21.2 mmol, 60%). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 3.83 (s, 3H, H4), 4.86 (s, 2H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 53.28 (C2),
68.77 (C4), 146.31 (C1), 164.95 (C3).
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4.122. 3-(3-Methylbut-2-en-1-yl)-4-vinyloxazolidin-2-one210

To a solution of potassium tert-butoxide (369 mg, 3.29 mmol) and 18-crown-6 (54 mg, 2.05
mmol) in Et2O (10 mL), was added 4-vinyl-oxazolidin-2-one 4.110 (232 mg, 2.05 mmol) in
Et2O (5 mL) and the mixture was stirred for 45 minutes at rt. Then the mixture was cooled in
an ice bath and the residue was purified by chromatography on silica gel to obtain the
product

as

a

clear oil

(350

mg, 1.93

mmol, 94%).

Rf

=

0.8

(petroleum

ether/EtOAc/acetone)(5/4/1). 1H NMR (CDCl3, 400 MHz) δ (ppm): 1.59 (s, 3H, H9), 1.67 (s,
3H, H9), 3.52 (dd, 3J = 15.2, 8.4 Hz, 1H, H6), 3.87 (dd, 3J = 8.4, 7.2 Hz, 1H, H1), 3.94 (dd, 3J =
15.2, 5.6 Hz, 1H, H6), 4.14 (q, 3J = 8.4 Hz, 1H, H2), 4.35 (t, 3J = 8.4 Hz, 1H, H1), 5.09 (m, 1H,
H7), 5.25-5.30 (m, 2H, H4), 5.66 (m, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 17.10 (C9),
24.62 (C9), 38.90 (C6), 57.59 (C2), 66.12 (C1), 117.24 (C4), 119.95 (C7), 134.26 (C3), 136.10
(C8), 156.82 (C5). HRMS (ES): 204.0995, C10H15NO2Na requires 204.0995. IR (NaCl): 1756
ν(C=O), 1224, 1062.
4.111. (E)-Methyl 3-(2-oxooxazolidin-4-yl)acrylate

Carbonylation : A round bottom flask was charged with PdCl2 (16 mg, 9.0*10-5 mmol), TBAB
(58 mg, 0.18 mmol) and Cu(OAc)2.2H2O (432 mg, 2.2 mmol) and flushed with N2 then CO. CO
balloon was applied. MeCN (10 mL) was introduced by syringe. The reaction mixture was left
to stir at 40°C during 2 h. 4-vinyloxazolidin-2-one 4.110 (200 mg, 1.8 mmol) dissolved in
MeOH (4 mL) was introduced by syringe and O2 balloon applied. The reaction mixture was
stirred at 60°C for 72 h, after which time the mixture was cooled, dissolved in Et 2O, washed
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with NaHCO3 sat., brine and dried over MgSO4. Solvent was then evaporated under vacuum
and the residue was purified by chromatography on silica gel (petroleum ether/EtOAc –
50/50) (91 mg, 0.53 mmol, 30%) The starting material (98 mg, 0.87 mmol) was recovered
(yield of 57% based on recovered starting material).
Metathesis84 4-Vinyloxazolidin-2-one 4.110 (50 mg, 0.44 mmol) and methyl acrylate (380
mg, 0.4 mL, 4.4 mmol) were dissolved in dry toluene (10 mL). Grubbs Hoveyda catalyst (14
mg, 0.022 mmol) was added under flow of nitrogen. The reaction was stirred at 100°C for 72
h. After cooling down, solvent was evaporated under vacuum and the residue was purified
by chromatography on silica gel (petroleum ether/EtOAc– 1/1) (31 mg, 0.18 mmol, 40%; 60%
based on recovered starting material). The starting material (16 mg, 0.14 mmol) was
recovered (yield of 60% based on recovered starting material).
Boc cleavage:254 To a solution of 4.125 (460 mg, 1.7 mmol) in CH2Cl2 (40 mL), was added TFA
(235 mg, 0.2 ml, 2.1 mmol) under nitrogen atmosphere at rt. The reaction was stirred at rt
for 18 h. After that time, NaHCO3 aq. was added and the mixture extracted with CH2Cl2,
washed with H2O and dried over MgSO4. The residue was purified by chromatography on
silica gel (petroleum ether/EtOAc – 1/1) to yield a clear oil (190 mg, 1.1 mmol, 66%). Rf = 0.3
(petroleum ether/EtOAc – 1/1). 1H NMR (CDCl3, 400 MHz) δ (ppm): 3.78 (s, 3H, H6), 4.124.16 (m, 1H, H1), 4.58-4.64 (m, 2H, H1, H2), 6.08 (dd, 3J = 15.2, 0.8 Hz, 1H, H4), 6.28 (s, 1H,
NH), 6.88 (dd, 3J = 15.2, 6.4 Hz, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 51.50 (C2 or C6),
54.47 (C2 or C6), 67.93 (C1), 122.60 (C4), 142.80 (C3), 158.05 (C7), 165.18 (C5). HRMS (ES):
194.0425, C7H9NO4Na requires 194.0424. IR (NaCl): 3357 ν(N-H), 1763 ν(C=O), 1731 ν(C=O),
1453, 1265.
4.124. tert-Butyl 2-oxo-4-vinyloxazolidine-3-carboxylate255

To a mixture of 4-vinyloxazolidin-2-one 4.51 (830 mg, 7.3 mmol) in CH2Cl2 (60 mL), was
added DMAP (90 mg, 0.7 mmol), Et3N (1.11 g, 1.5 ml, 10.9 mmol) and Boc2O (3.2 g, 14.6
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mmol). The reaction mixture was stirred at rt for 48 h. After that time, the reaction was
concentrated under vacuum and the crude residue was purified by chromatography on silica
gel (petroleum ether/EtOAc – 60/40) to yield the product 4.124 (1.23 g, 5.8 mmol, 79%). 1H
NMR (CDCl3, 400 MHz) δ (ppm): 1. 50 (s, 9H, H7), 4.03 (dd, 3J = 8.6, 4.0 Hz, 1H, H2), 4.42 (t, 3J
= 8.6 Hz, 1H, H1), 4.62-4.72 (m, 1H, H1), 5.30-5.34 (m, 2H, H4), 5.84-5.90 (m, 1H, H3). 13C
NMR (CDCl3, 100 MHz) δ (ppm): 57.36 (C8), 57.36 (C2), 66.75 (C1), 84.05 (C7), 118.81 (C4),
134.62 (C3), 149.14 (C5), 152.15 (C6).
4.125. (E)-tert-Butyl 4-(3-methoxy-3-oxoprop-1-en-1-yl)-2-oxooxazolidine-3-carboxylate

Carbonylation: A round bottom flask was charged with PdCl2 (5 mg, 0.028 mmol), TBAB (18
mg, 0.056 mmol) and Cu(OAc)2.2H2O (134 mg, 0.67 mmol) and flushed with N2 then CO
balloon was applied. MeCN (10 mL) was introduced by syringe. The reaction mixture was left
to stir at 40°C during 2 h. 4.124 (120 mg, 0.56 mmol) dissolved in MeOH (4 mL) was
introduced by syringe and O2 balloon applied. The reaction mixture was stirred at 60°C for 72
h, after which time the mixture was cooled, dissolved in Et 2O, washed with NaHCO3 sat.,
brine and dried over MgSO4. The solvent was then evaporated under vacuum and the
residue was purified by chromatography on silica gel (petroleum ether/EtOAc – 60/40) to
give a white solid (53 mg, 0.20 mmol, 35%). The starting material (54 mg, 0.25 mmol) was
recovered (yield of 65% based on recovered starting material).
Metathesis:84 The compound 4.124 (1.23 g, 5.8 mmol) and methyl acrylate (5.0 g, 5.3 mL,
58.0 mmol) were dissolved in dry toluene (75 mL). Grubbs Hoveyda catalyst (38 mg, 0.06
mmol) was added under flux of nitrogen. The reaction was stirred at 100°C for 72 h. After
cooling down, the solvent was evaporated under vacuum and the residue was purified by
chromatography on silica gel (petroleum ether/EtOAc – 60/40) to give a white solid (650 mg,
2.4 mmol, 40%). The starting material (41 mg, 1.9 mmol) was recovered (yield of 62% based
on recovered starting material). Rf = 0.3 (petroleum ether/EtOAc – 60/40) mp = 102-106°C.
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H NMR (CDCl3, 400 MHz) δ (ppm): 1.52 (s, 9H, H9), 3.79 (s, 3H, H6), 4.09 (dd, 3J = 9.0, 4.4

Hz, 1H, H1), 4.50 (t, 3J = 9.0 Hz, 1H, H1), 4.88-4.93 (m, 1H, H2), 6.05 (dd, 3J = 15.6, 0.8 Hz, 1H,
H4), 6.90 (dd, 3J = 15.6, 7.2 Hz, 1H, H3). 13C NMR (CDCl3, 100 MHz) δ (ppm): 26.90 (C10),
51.05 (C6), 54.46 (C2), 64.71 (C1), 83.79 (C9), 122.95 (C4), 141.55 (C3), 147.70 (C8), 150.44
(C7), 164.62 (C5). HRMS (ES): 294.0931, C12H17NO6Na requires 294.0948. IR (NaCl): 3057 ν(CH), 2984 ν(C-H), 1817 ν(C=O), 1726 ν(C=O), 1333, 1267, 1152, 1078.
4.105. (E)-Methyl 3-(3-(3-methylbut-2-en-1-yl)-2-oxooxazolidin-4-yl)acrylate206, 210

The compound 4.111 (190 mg, 1.1 mmol) was dissolved in dry Et2O (20 mL) and t-BuOK (200
mg, 1.8 mmol) and 18-crown-6 (30 mg, 0.1 mmol) added. The reaction mixture was stirred at
rt for 45 min. After that time, the reaction was cooled to 0°C in an ice-bath and dimethyl allyl
bromide (250 mg, 0.2 mL, 1.6 mmol) added dropwise via syringe. The resulting mixture was
stirred at rt for 18 h. Filtration of a celite pad, drying over MgSO 4 and evaporation under
vacuum yielded the crude residue that was purified chromatography on silica gel (petroleum
ether/EtOAc – 70/30) to yield a clear oil (72 mg, 0.3 mmol, 25%). 1H NMR (CDCl3, 400 MHz) δ
(ppm): 1.48 (s, 3H, H11), 1.55 (s, 3H, H11), 3.52 (dd, 3J = 15.1, 8.4 Hz, 1H, H8), 3.56 (s, 3H,
H6), 3.95-3.98 (m, 1H, H1), 4.09-4.11 (m, 1H, H8), 4.45 (t, 3J = 8.7 Hz, 1H, H1), 4.58-4.61 (m,
1H, H2), 5.10 (t, 3J = 7.2 Hz, 1H, H9), 5.95 (dd, 3J = 15.6, 0.8 Hz, 1H, H3), 6.65-6.73 (m, 1H,
H4). 13C NMR (CDCl3, 100 MHz) δ (ppm): 17.04 (C11), 24.78 (C11), 39.28 (C8), 51.05 (C6),
55.25 (C2), 65.18 (C1), 116.60 (C9), 124.25 (C4), 142.04 (C3),142.38 (C10), 152.53 (C7),
164.09 (C5).
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